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Proceedings of the 13" International Scientific and Practical Conference. Volume 3, 15-19

Influence of the Overlap Coefficient on the
Contrast in Laser Marking of C110W Steel

Nikolay Angelov

Technical University of Gabrovo
Gabrovo, Bulgaria
angelov_np@abv.bg

Abstract - The laser marking process by melting samples
of C110W carbon tool steel was studied. The experiments
were performed with a fiber laser and a CuBr laser. A field
of squares is marked in a raster method for different values
of the overlap coefficient and power density. The contrast of
the marking is determined on each marked square. From the
obtained experimental data, graphs of the dependence of the
contrast on the overlap coefficient for three power densities
were drawn. The obtained results for the two lasers are
compared and the influence of the wavelength is indirectly
analysed. The working intervals of the overlap coefficient for
the studied power densities for the two lasers at which the
optimal contrast in the processing zone is obtained are
determined.

Keywords - laser marking, fiber laser, CuBr laser, C110W
steel, overlap coefficient, power density, contrast.

I. INTRODUCTION

Laser marking is a modern technology that is
increasingly used in modern production in electronics,
electrical engineering, mechanical engineering, medicine,
and others. One of its main advantages is that it allows
manufacturers to meet modern requirements for tracking
and quality control of their products. Laser marking of
serial numbers, matrix codes, barcodes, logos, tables, and
other operational information is the main factor for proper
optimization and monitoring of production processes [1 +
3], [11 + 17]. The wide penetration of laser marking
technology in industrial production is primarily due to its
special characteristics, such as non-contact during the
process, which allows processing both ultra-hard materials
for mechanical engineering and brittle and thin materials
for microelectronics. The selectivity of the laser interaction
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lyubomir.lazov@rta.lv

Edmunds Teirumnieks
Rezekne Academy of Technology,
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with the material combined with the simultaneous ability to
achieve heating, melting, and evaporation of the material in
a very small area is another significant advantage of this
innovative technology over other marking methods. The
ability of modern laser scanners to control the movement
of the laser beam in space at high speed and to position it
with high accuracy is another important factor that has
significantly contributed to the entry of this technology in
the modern production of various types of products [4].

Laser marking is a complex technological process that
depends on a number of factors that can be combined into
three main groups [5, 6]. It can be noted that these factors
in most cases are interrelated and have a complex effect on
the specific technological process [7]. The article [8] with
a nanosecond pulsed laser analyses the influence of the
pulse tracking frequency and the distance between the
processing lines when scanning titanium alloy substrates on
the process of colour laser marking. The authors in [9]
investigated the effect of a number of parameters of laser
processing, such as power and fill factor of laser pulses on
a certain working area when marking barcodes on the
surfaces of aluminum alloys. The results show that the
processing parameters significantly affect the surface
roughness.

The study [10] demonstrated a processing technique
related to the overlap of the laser pulses and the overlap
between the scanning lines influencing the formation of
specific microstructures on the surface of Ti6AI4V
samples. The topology of processing in the process
considered by the authors varies in a wide range between
40% and 90% and leads to a change in the density of the
absorbed laser energy in the range from 0.49 J/cm? to
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12.28 J/cm? and this in turn to optimization of the quality
of the technological process.

The present study focuses on the analysis and the
relationship between two technological factors, the overlap
coefficient and the scan overlap coefficient, on the quality
of the marking and in particular on the contrast in the
processing area. Their influence has a direct impact on the
linear density of the pulses entering at the processing area,
as well as on the linear energy density and the effective
energy for the realization of the specific technological
process.

Il. TOPOLOGY OF THE EXPERIMENTAL STUDY

The overlap coefficients ko, of the laser pulses and the
overlap coefficient ks in the scanning process are complex
factors that give us a relationship between the marking
speed (factor related to the technological process), on the
one hand, and the pulse repetition rate and laser power
density in diameter. at the workplace (factors related to the
parameters of the laser) on the other hand.

Considering that, the physical interaction of the laser
radiation with the substance in the treatment area leading to
heating, melting and evaporation is strongly influenced by
the absorbed energy (effective energy for the specific
technological process Eef).

Considering that the linear energy density at laser action
is the quantity defined by the absorbed energy per unit
length in the laser marking area
_AP
Y,

E, : @
where v is the marking speed, P is power and A is
absorption capacity.

In the case of pulsed raster marking, as in our study, the
overlap coefficient koy significantly affects the value of the
linear pulse density of laser pulses entering the processing
line

=2, 2)

where v is the frequency of pulse repetition.

In turn, the above two relations (1) and (2) have a
significant influence on the effective absorbed energy of
the laser radiation per unit area of the laser impact zone

_ APy

Eeff V2

©)

and on the volume absorbed energy of the laser radiation

_AP

R | 4
Podvo @
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where ¢ is the penetration of laser radiation into the
substance.

Taking into account all these interrelated relations
between the physical quantities and the technological
parameters of the processing of formulas (1) - (4) it is seen
that the topology of the experiment is essential for the
expected result of the processing.

The overlap coefficient ko, of the laser radiation pulses
is a complex factor that gives a relationship between the
marking speed (factor related to the technological process)
on the one hand and the frequency of pulse repetition and
laser power density through the diameter of the working
spot (factors related to the laser parameters) on the other
hand. It is defined by the expression

/
K, =§.100%=(1—a).100% , (5)

where d is the diameter of the working spot, x is the width
of the overlapped part of two consecutive pulses of laser
radiation, ¢ is the distance between two consecutive pulses
(Fig. 1).
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Fig. 1. Position of two consecutive pulses in the presence of overlap
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Fig. 2. Intervals of change of the scan overlap coefficient kg

_Ppulse overlap >

Taking into account that

\

(=— (6)
\'

where v is the marking speed and v is the frequency of
pulse repetition, and replacing (2) in (1) is obtained

\"
=(1— — 0 7
Koy = (1~ 5)-100% ()

The laser marking process also is affected on the scan
overlap coefficient ks. It depends on the diameter d of the
working spot and the raster step 4x. The scan overlap
coefficient is given by the formula
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K, :(1-%).100% - €)

When the condition Ax < d is fulfilled, it has positive
values and is in the interval ks € [0, 100] %. When the
condition Ax > d is fulfilled, it takes negative values. The
limitation for raster marking is that the consecutive lines
are at a smaller distance from the limiting ability of the
human eye, i.e. 4x <70 pm. In this case, the homogeneity
of the marking is not disturbed.

It should be noted that there is a relationship between
some of the considered physical quantities and
technological parameters. For example, the overlap
coefficient kov can be related to the linear pulse density L,
and the effective energy Ees with the expressions

1
=(1-—— 0 (9)
ko, =(1-)-100%
and |, _q__AP o - (10)
k,, =(1 Evd ).100%

I1l. EXPERIMENTS AND DISKUSIONS

The experiments refer to C110W carbon tool steel. It
is widely used in industry. C110W steel is used for making
hand taps, rasps, needle files, saws for woodworking,
matrices for cold stamping. It is high carbon steel and has
relatively high coefficients of thermal conductivity and
diffusivity (see Table 1).

TABLE 1. BASIC CHARACTERISTICS OF THE C110W CARBON TOOL STEEL

Characteristic Value
Coefficient of thermal conductivity k, W/(m.K) 45
Specific heat capacity ¢, J/(kg.K) 460
Density p, kg/m? 7850

1.25x10°

Coefficient of diffusivity a, m?/s

The experimental studies were performed with laser
technological systems for marking with fiber laser and
CuBr laser. Their main parameters are presented in
Table 2.

TABLE 2 SOME BASIC PARAMETERS OF A LASER TECHNOLOGICAL
SYSTEM FOR MARKING WITH FIBER LASER TYPE STYLES

Parameter Fiber laser CuBFr laser
Wavelength A, nm 1064 511 & 578
Power P, W 20.0 10.0
Frequency v, kHz 80 20

Pulse duration z, ns 100 30

Pulse energy E;, mJ 0.25 0.50

Pulse power Py, KW 2.50 16.7
Quality of beam M2 <11 <17
Positioning accuracy, pm 2.5 25
Efficiency, % 40 10

The fiber laser is a modern laser emitting in the near
infrared range. It works in pulse mode. It has extremely
high beam quality, high efficiency. and cheap

maintenance. The laser system has high precision and
very good repeatability.

The CuBr laser emits in the visible range. It works in
pulse mode. It is characterized by good beam quality and
relatively good efficiency. The laser system has high
precision and maintains stable parameters during
operation.

During the experiments, the scan overlap coefficient ks
remained constant. Squares with a side of 5 mm were
marked in a raster method way. The contrast was
determined several times for each marked square. The
contrast was measured according to the procedure
described in [7]. The mean contrast value for each square
was then obtained.

The experiments were conducted in two directions:

1. Investigation of the dependence of the contrast of
the marking k* on the overlap coefficient kov for fiber
laser

A series of experiments was carried out in order to study
the influence of the overlap coefficient kov on the contrast
k* of the marking. The overlap coefficient changes in the
interval kov € [72.5 + 95] % through 2.50 %. Experiments
refer for three values of the power density: gs = 1.24x10%°
W/m?; gs2= 1.50x10%° W/m?and gs3 = 1.77x101° W/m?2. The
parameters that are kept constant are given in Table 3.
During the experiments, the scan overlap coefficient had
value ks = — 25 %.

TABLE 3. PARAMETERS THAT DO NOT CHANGE DURING EXPERIMENTS

Laser Fiber CuBr
Parameter
Pulse duration z, ns 100 40
Diameter of working spot d, pm 40 30
Raster step 4x, um 50 50
Number of repetition 1 1
Defocusing 4f, mm 0

The obtained experimental dependencies of the
contrast k* of the marking from the overlap coefficient kov
are presented in graphical form in Fig. 3.
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Figure 3. Dependence of the contrast on the overlap coefficient for
marking with a fiber laser for power densities: red colour — gs; =
1.24x10% W/m?; green colour — gs; = 1.50x10%° W/m?; blue colour — g
= 1.77x10%° W/m?,
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From the analysis of experimental results it sees that:

e With increasing the overlap coefficient results in a
non-linear increase in contrast for all three power
density. In the interval koy € [80 + 95] % the contrast
k* increases significantly faster versus the interval Koy
€ [72.5 +80] %;

e The rate of increase of the contrast k* is given in the
table below.

The rate of increase of the contrast k*
interval Koy [72.5 + 80] % interval Koy [80 + 95] %

(st Qs2 (s3 (st Os2 Os3
0.96 1.20 1.44 245 2.87 3.28

The faster increase of the contrast in the interval koy €
[80 + 95] % compared to the interval koy € [72.5 + 80]
%kov is explained by the fact that with increasing the
overlap coefficient the absorbency of the material in the
impact zone also increases.

e  The following working intervals were determined for
the overlap coefficient Koy .

for power density gs, W/m?

the overlap coefficient koy

1.24x10%

91% <95 %

1.50x10%

87.5%+95%

1.77x10%

85 % + 95 %

These intervals refer to the visual perception of the
marking, for which the contrast must be at least 50%.

2. Investigation of the dependence of the contrast k*
of the marking on the overlap coefficient kov for CuBr
laser

A number of experiments was carried out in order to
study the influence of the overlap coefficient ko on the
contrast k* of the marking. The overlap coefficient
changes in the interval koy € [63.33 + 93.33] % with step
3.33 %. The experiments were performed at three constant
values of power density gs; = 0.99x10%° W/m?; g, =
1.20x10%° W/m? and s = 1.42x10° W/m2 The
parameters that are kept constant are given in Table 3.
During the experiments, the scan overlap coefficient had
value ks = — 66.7 %

The obtained experimental dependencies of the
contrast k* of the marking from the overlap coefficient Koy
are presented in graphical form in Fig. 4. From the analysis
of experimental results, it sees that:

e With increasing the overlap coefficient results in a
non-linear increase in contrast for all three power
density. In the interval Koy € [73.3 + 93.3] % the
contrast k* increases significantly faster versus the
interval Kov € [63.3 + 73.3] %;

e When working with a CuBr laser, the optimal contrast
of the marking is achieved with lower values of power

18

density gs and overlap coefficient than when marking
with a fiber laser. It is explained that CuBr laser
radiation (1 = 511nm & 578 nm) is better absorbed by
the studied material than fiber laser radiation (1 =
1064 nm).

90

80 // :
70 ‘(// /)“
g pa e
o // X,/ A
*-; 40 L /:(/ // /
30 == ———
st t
2 | gt

0
625 65 675 70 725 75 775 80 825 85 875 90 925 ©5

kaw Yo

Figure 4. Dependence of the contrast on the overlap coefficient for
marking with a CuBr laser for power densities: red colour — gs; =
0.99x10% W/m?; green colour — g5, = 1.20x10% W/m?; blue colour — s
= 1.42x10%° W/m?,

e The rate of increase of the contrast k* is given in the
table below.

The rate of increase of the contrast k*
interval Koy [63.3 + 73.3] % interval Koy [73.3 + 93.3] %

Os1 Os2 Os3 Os1 Qs2 (s3
0.60 0.78 0.98 1.80 2.06 231

Here again, the different rate of contrast increase is due
to the dependence of the absorbency of the material on the
overlap coefficient.

e The following working intervals were determined for
the overlap coefficient ko, for visual perception of the
marking.

for power density gs, W/m?

the overlap coefficient kov

0.99 x10%

88.5% +93.3%

1.20 x10%

84 % +93.3 %

1.42 x10"% 80 % +93.3 %

CONCLUSIONS

This study examines the effect of laser parameters on
contrast in the area of marking. The processing field
(squares) is marked using the raster method at different
values of the overlap coefficient between the individual
laser pulses and the overlap coefficient between the
scanning lines. The research is related to optimizing the
influence of the overlap coefficient on the marking process
and more precisely on the contrast. The results and analyses
of this study have a direct impact on the optimization and
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quality of application of two-dimensional QR codes on
C110W carbon tool steel surfaces with two types of lasers -
fiber and CuBr.
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Increasing the Effeciency of Laser Marking
Ofaluminum Alloys by Double Writing of the
Symbols

Atanas Atanasov
TU - Sofia, Plovdiv Branch
Plovdiv, Bulgaria
laser@gbg.bg

Abstract - A comparison is made between samples
marked by writing letters and symbols once, with these
marked by twice but writing with two times greater
velocity. As a consequence of the sharp decreasing of the
main characteristic of the material —its reflective index, in
the second case we received an enhancement of the
effectiveness of the laser marking, decreasing energy use at
the same time. Experimental studies have been carried out
with a CuBr (copper bromide vapour) laser for specific
mechanical engineering details.

Keywords - double writing, aluminium, aluminium alloys,
effectiveness, laser marking, copper bromide vapour laser.

. INTRODUCTION

In recent years, the laser marking is widely used for a
number of Aluminium devices and products — medical
instruments, machine parts in aerospace, electronics and
avionics, machine-building details, etc. [2, 4, 5] The
requirements for the label regarding its quality, speed and
efficiency of production [3] are constantly increasing. In
order to meet all these challenges, it is necessary to carry
out research, leading to the optimization and increasing
the efficiency of the technological process of laser
marking. The purpose of this report is to summarize and
analyse the methods of laser marking by double or
multiple writing and to show their capabilities. Specific
examples for optimization of the laser marking process
with various methods of industrial products are also
shown, using a copper bromide vapor (CuBr) laser
included in a MOPA (Master Oscillator Power Amplifier)
system and optical galvo scanhead.

Il. MATERIALS AND METHODS

In addition to the traditional laser marking, other
marking methods have recently been applied, leading to a

Angel Lengerov
TU - Sofia, Plovdiv Branch
Plovdiv, Bulgaria
anlengerov@abv.bg

better design and aesthetics of the product - by double-
writing the symbols, by hatching and by wobbling. The
aim of the present research is to show the possibilities of
these ways of marking and to determine some optimal
intervals of the main parameters of the CuBr laser and the
technological process for marking of aluminium details.

A.  Marking by double-writing the symbols

This method of laser marking was proposed and
discussed in [1]. For its realization it is necessary for the
laser to have a power density around the threshold of
destruction of the material. At the first writing along the
contour, the reflection coefficient of the material in the
impact zone decreases (due to the occurrence of structural
changes or oxidation of the surface). Repeatedly passing
the same contour absorbs a significantly larger part of the
energy (~ up to 75 - 85%) compared to the first discharge.
The energy absorbed by the heat source moving on the
surface of the article is sufficient to form a contrast
marking on it, and in some cases to form a channel with
the required width b and depth h.

This method, compared to the traditional one-time
pass, is realized with less energy due to the fact that the
process itself is performed at twice the speed with the
same quality of the marking. The use of modern scanners
allows achieving marking speeds (relative displacement
of the beam relative to the work surface) of the order of 3-
4 mm/s.

B. Marking by hatching of the symbols

Shading at two different angles is used to increase the
contrast and quality of the laser marking. Thus, in
reflected light, a greater contrast of the treated surface is
obtained as a result of the diffuse scattering of light by
multiple reflection centres. Marking with very good

Online ISSN 2256-070X
https://doi.org/10.17770/etr2021vol3.6550

© 2021 Atanas Atanasov, Angel Lengerov. Published by Rezekne Academy of Technologies.
This is an open access articleunder the Creative Commons Attribution 4.0 International License.

20


https://doi.org/10.17770/etr2021vol3.6550
https://creativecommons.org/licenses/by/4.0/

Atanas Atanasov, et al. Increasing the Effeciency of Laser Marking Ofaluminum Alloys by

quality is obtained by writing strokes at angles 0°, 75° and
150° relative to a given axis of processing. In Fig. 1 is a
photograph of such a CuBr MOPA laser marking on an
aluminium plate (Al-1050) and Fig. 2 shows a photograph
of the same marking taken under magnification using an
“Optica B-150" metallographic microscope.

Fig. 1. CuBr MOPA laser marking on an aluminium plate.

Fig. 2. Thesame marking taken under magnification using an optical
microscope.

I11. EXPERIMENTAL SET UP AND PROCEDURE

A series of experiments will be performed with a
change in the marking speed and the number of
repetitions on samples of Aluminum 1050. The obtained
results will be analyzed, examining the change of the
reflection coefficient and the change of the contrast of
the processed samples depending on the variation of
marking parameters.The experimental methods and
testing of engraving of materials were prepared in
laboratories of laser centre of Pulslight Itd. and Institute of
Electronics, BAS-Sofia.

. Movement of the laser beam was achieved by an
ARGES X-Y scanner (see device 2 on Fig.3).

. During the experiment the laser beam was
focused perpendicular onto the sample surface with an F-
Theta objective (see device 3 on Fig.3) (f=30 cm) because
of that only one laser line was applicable. In the
experiments we used the green laser line (511nm) because

21

Double Writing of the Symbols

the focusing system was not achromatic. The focal spot
after the scanner was 40 pm in diameter.

The control of the laser complex was achieved by a
special Master Timing System (MTS). This PC controlled
tool was aimed at synchronizing the work of the laser
oscillator and the power amplifier. It also played the role
of an optical shutter by controlling the delay time. PC also
controlled the ARGES scanning system.

The laser engraving machine CBL-MOPA10 and
software Arges InScript were used for the experimental
testing of three types of materials at various parameters

(Fig.3).

Fig. 3. The laser engraving machine CBL-MOPA10.

TABLE 1. TECHNICAL SPECIFICATION OF MOPA LASER SYSTEM

510,6nm and 578,2nm (2:1)
10w

wavelength

Average power

Pulse repetition
rate

20 kHz - fundamental

Pulse energy 0.5mJ
Beam diameter 20mm
Beam divergence 0.1 mrad

Quiality of beam
tyMZ <15
Duration of pulse 30ns

During the proposal of the experiment we used the
Arges InScript system to find right laser settings for tested
materials. In the proposed experiment were chosen laser
parameters and testing materials and suggested also the
laser beam ways/run through the testing field and how the
laser beam will run through the sample considering to the
first setting. During the engraving by laser beam, the
pattern of engraving determines:

« the angle of the incident beam at engraving is 90
degrees,

» number of repetitions—determined number of times
the laser beam passes over a given quadrant,

« sample lines pitch 0.05 mm,
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0,05

The track of pitch at the engraving A x=0.05mm

During the experiment was used material — aluminium
1050A, chemical properties are shown in the Table 2.

TABLE 2. CHEMICAL PROPERTIES OF ALUMINUM 1050A

Cu max 0.05
Mn max 0.05
Si max 0.25
Fe max 0.40
Mg max 0.50
Zn max 0.07
Ti max 0.03
Al max 99.5

TABLE 3. MECHANICAL AND PHYSICAL PROPERTIES OF ALUMINUM

1050A
Tensile Strength
(MPa) 75
Proof Stress 0.2% 35
(MPa)
Fatigue Strength 50 20
mil. cycles (MPa)
Hardness Vickers 2
(HV)
Hardness Brinell 20
Elongation % 50mm 32
Density 2.79 Kg/m?
Melting Point 640 °C
Thermal
Conductivity 121-193 W/m.K
Modulus of .
Elasticity 23.1x10"-6 /K

e Format of Al samples for laser treating: 1xlcm?
pieces, 2 mm thick

» We moved the laser beam to draw parallel lines with
distances of 50 um, almost equal to the laser spot size.

The treatment was done with 5 repetitions (A, B, C, D
and E) and scanning beam velocities of 2, 5, 10, 20,
50,100, and 200 mm/s.

22

Fig. 4. The sample from Aluminum 1050A material with defined
parameters.

A laser marked sample is created with a grid of 10x10
mm squares. Two technical parameters of laser system
are varied within this grid, scanning speed (from 2 to 200
mm/s) and number of marking repetitions (from 1 to 5).
The surface of Al sample with all squares is shown in
figure 4. This figure shows how the surface contrast
changes for each square in the matrix. An increase in
contrast is observed with a decrease in scanning speed
and increase of repetitions of laser marked lines.

IVV. OTHER RESULTS AND DISCUSSION

With the help of the Image pro plus program we study
the intensity of the reflected light at different parameters
of laser processing. The ratio between treated and
untreated surface in percent gives us an idea of the result
obtained by changing the speed and number of repetitions
on the treated aluminium substrate.

Definition of contrast in case of dark markings on a
lighter background
N
k=——=100%

J, (8),
where Js is the intensity of the reflected light from the
untreated surface of the sample (from the background), Jx
is the intensity of the reflected light from the zone of
influence on the sample.

In Fig.5, 6, 7 and 8 shows the graphical parameter
“la” in percent’s — intensity ratio of reflected light
between the treated and untreated surface depending on
the number of repetitions and scanning speed for
aluminium A105. Intensity ratio is inversely proportional
to the contrast of the laser marking. Therefore, a decrease
in this indicator indicates the production of more contrast
and quality marking. Repeated writing of the symbols
results in about 25-30% lower reflected intensity obtained
by marking compared to single marking. The result
obtained is explained as follows. Because the speed of
writing the symbols is twice as fast as writing them once,
the falling energy in the impact zone is the same.
However, the energy absorbed is different in the two ways
of laser marking. In the case of a single mark, the
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absorption capacity for the aluminium 1050 sample at this
wavelength A = 511 nm is A = 30%. With double marking
at the first writing of the symbols the absorption capacity
is the same, but at the second writing of the symbols it
becomes A = 65%. The reason for the increase in the
absorbency of this aluminium sample is that after the first
writing of the symbols on the surface in the impact zone
an oxide layer is formed and also increased roughness
leading to diffuse reflection of light and more contrast
marking.

CuBr MOPA- 10W

1l repeat
.; BOLD s _.- =
& 62,7
.E' -
E

= 100 !
Vo mana's
Fig. 5. Dependance of reflection of the light from scanning speed in

case of 1 repeatition.
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V, mn's

Fig. 6. Dependance of reflection of the light from scanning speed in
case of 2 repetitions.

In FIG.7 and 8 shown the change in the intensity of
the reflected light when marking an aluminium detail
with a CuBr laser, power 10W, scanning speed
respectively10 and 2 mm/s, repetitions from 1 to 5. We
can see that at lower scanning speed obtain lower
parameter of intensity, which means more contrast and
quality marking.
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Double Writing of the Symbols

CuBr MOPA- 10W
V=10mm/s

[0.2]

Intensity ratie in %

i 2 ¥ 4
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Fig. 7. Dependance of reflection of the light from repetitions in case of

scannig speed 10 mm/s .

CuBr MOPA- 10W
V=2 mm/s

Intensily ratio in %

0.0
1 2 i

Repeat
Fig. 8.

V. CONCLUSIONS

The optimization of the laser marking of Aluminum
products requires for each specific case to determine the
most appropriate way of marking with the optimal
parameters of the laser and the technological process. It
is of great importance for achieving high productivity
with good quality laser marking.

Reducing the energy invested in production per unit
of output, is great challenge in the modern industry.
When characters are displayed twice (or repeatedly), in
addition to improving efficiency marking through
economy of energy, the possibilities of technical
ecological system in terms of width and the depth of the
marked symbols and the growth of marking at a specific
denomination of laser power.

Achieving high quality brands is essential, but it must
achieve an optimal ratio between durability and quality
of markings on the one hand and its cost on the other.
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Comsol Simulation of Laser Welding of
Aluminum
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Abstract - This research includes a Comsol Mutiphysics
model describing the temperature distribution on aluminum
during the laser conductivity welding process. The influence
of laser power and speed on the welding process is discussed
and compared with experiments. Numerical simulations of
laser welding process have been performed to determine the
temperature fields of laser impact to samples of aluminum.
Numerical calculations are made for fiber laser. The plots of
the temperature dependence on the surface and in the depth
of aluminum samples on the velocity are analyzed for several
power densities for this laser.

Keywords - laser welding, comsol multiphysics, aluminium,
automotive industry, fibre laser

l. INTRODUCTION

The investigation of the temperature distribution in a
material induced by laser radiation is very important for
the optimization of different industrial laser material
processing like cutting, drilling, marking, or welding.

Laser welding technology is popular in the automotive
industry, where it is used in the production of a large
number of parts due to its high welding speed, low energy
input and the resulting low part distortion, ease of
automation, and other benefits [1]. Meanwhile, aluminium
is steadily growing in automotive use to lighten car
components. It is considered “material of choice” to meet
the challenge of reducing environmental footprints and
improving fuel economy while still retaining the security
of automobiles. Despite the good prospects, joining

Lyubomir Lazov
Rezekne Academy of Technology
Rezekne, Latvia
Lyubomir.Lazov@rta.lv

Nikolay Angelov

Technical University of Gabrovo
Gabrovo, Bulgaria
angelov_np@abv.bg

aluminium using this technique can be problematic at
present in terms of weld quality.

Laser welding of light and high reflective metals such
as aluminium is a very difficult technological process in
particular, it requires extreme precision and selection of the
correct laser source and technological parameters to ensure
a quality welding seam. That is why it is necessary to use
physical modelling and simulations as a powerful tool for
clarifying the fundamental aspects of the laser welding
process and for preliminary assessment and engineering
forecasts of the emerging effects and for correct choice of
the optimal working range of the technological parameters
in the process of laser welding [2 - 5], [6 — 10], [14].

There are two types of heating modes, conduction and
keyholes mode. They are used to describe the resulting
melting of the metal during laser welding process. The
power density applied to the welding area is the main
difference between these two modes. Conduction welding
takes place when the intensity is sufficient to cause meting
but not sufficient to cause boiling [11 - 13].

In this article, a theoretical model describing the
process of laser conduction welding of aluminum has been
developed. The numerical simulation methods used in this
research provide a good evaluation of both the optimum
technical parameters, such as output laser power and speed
of beam, as well as the dynamics of the process and the
thermal isotherms in the processing area.
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. RESEARCH METHODOLOGY

In order to approximate the depth and width of a
welding zone, a computer simulation of the laser welding
process was conducted using the commercial finite element
method (FEM) software package COMSOL Mutiphysics.
The laser beam was simulated as a moving heat source
whose profile was represented by vertical configuration of
Hermite-Gaussian mode (TEMO1). The simulation was
performed for the purpose of moving the laser beam over
the surface of the workpiece in a straight line. The heating
due to laser is treated as a body heat source on the surface.
The body heat load within the workpiece plate is given by
the following expression:

M (y*YO)Z

+ Yo )
202 20‘5

]e“‘ﬂz
1)
Qo is total input power, R. — reflection coefficient, ox and

oy are the standard deviation parameters which determine
the beam width and astigmatism.

Q(x,y,2)= Qo(l' Rc)-ﬂ_o_pko_e{

X7y

A. Welding process thermal model

The amount of energy that is absorbed from the target
material is much lower than the amount of energy that
transfers the laser beam as it is generated from the laser
beam machine, due to reflection coefficient and energy
losses that take place during the process. In order to
examine welding process the schema of the heating
process shown in Fig. 1. The target material is in liquid
phase which means that the temperature is above the
melting temperature but has not reached the evaporating
temperature. The amount of the total power that is
absorbed is calculated the same way as before using the
reflectivity coefficient of the material at melting phase:
Q= Qo(l— Rmelt)’ Timeit < T < Tevap (2)
where Q is the absorbed energy flux, Qo is the incidence
laser beam heat flux, Rmert is the reflectivity of the target
material at liquid phase, Tmer is the material melting
temperature, and Tewp IS the material evaporating
temperature.

Beam

Liquid
phase

b

<T<T

Tmelt evap
Fig. 1. Welding process thermal modelling
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B. Initial-boundary conditions and heat transfer
model

The top face of the 3D solid body used in the simulation
was set to be the target face for the incidence laser beam
pulses, and the geometry was set to be a rectangular block
with dimensions WxDxH. The initial temperature of the
solid body To was set to be equal to the ambient
temperature (To = Tamb=20 °C) in terms of the initial and
boundary conditions. The following version of the heat
equation is used to model heat transfer in a solid body:

;ﬁp%%+vq:Q,q:—kVT @

where p is the density of the material, C;, - heat capacity, k
— thermal conductivity, Q is the heat source.

The focal spot of the laser radiation focuses on the surface
of the body, so it is assumed that the heat source is on the
surface.

A moving heat flux with a 2D Gaussian (4) density
distribution is used as the laser beam. The expression for
2D Gaussian can easily be obtained as the product of 1D
Gaussian (3) on the x and y axes

90 () = =exp(- ) 3)
6,(6,9) = 9,0, 9,0) = Emsexp(- 52 (4

TABLE 1. CHEMICAL COMPOSITIONS OF ALUMINUM ALLOYS

Element Percent
Si 0.06
Fe 0.16
Cu 1.25
Mn 0.08
Mg 2.32
Zn 5.47
Cr 0.20
Ti 0.01
Ga 0.01
Vv 0.01
Al 90.41

The discretization of the sample was performed by
triangular finite elements with maximum element size 0.6,
minimum element size 0.1, maximum element growth rate
1.9 (Fig. 2).

Fig. 2. Discretization of welded samples
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The input data for numerical experiments is mentioned
in Table 2.

TABLE 2. THERMAL AND PHYSICAL PROPERTIES OF THE ALUMIMUM

7075 -T6.
Properties Value
Melting point T, °C 600
Boiling point T,, °C 2450
Thermal conductivity coefficient k, W/(m.K) 150
Density p, kg/m® 2800
Specific heat capacity c, J/(kg.K) 826
Thermal diffusivity coefficient a, m?/s 23.4x10°°

The numerical simulations of our study were divided
into two main series:
The power is maintained at a constant value of 1500 watts,
and the diameter of the focal spot on the surface is changed
in the range from 0.75 to 1 mm and the welding speed in
the range from 25 to 125 mm / s. In the second series of
computer simulations, the power is fixed at 2500 watts,
and the upper parameters of the laser radiation are changed
at the same operating intervals.

The Comsol Multiphysics software was used to
conduct a number of numerical experiments. The speed of
welding and the power of the laser were changed.

The Fig. 3 shows specific temperature distribution in
the plane x and y, obtained from numerical calculations
for the welding speed v = 25 mm/s and laser power 1500
W.

RESULTS AND DISCUSSIUON

(s ]

Isosurface: Temperature (degC)

A 3.46x10°
x10°
2.46

2.14

1.81

149

1.16

0.83

0.51

0.18
w183

L..

Fig. 3. Temperature field on the surface of aluminium for laser
power P = 1.5 kW and speed v = 25 mm/s.

Fig. 4 and Fig. 5 shows graphs of the dependence of the
depth of the welding pool on the speed for two diameters
of the working spot d; = 0.75 mm and d, = 1.00 mm,
respectively. The analysis of the results allows to draw the
following conclusions:
e As the welding speed increases, the depth of the
pool decreases non linearly for the four obtained
graphic dependencies;

27

e The average rate of depth reduction
for diameter d; =0.75 mm is
9.3 um/(mm/s) for power P; = 1.5 kW;
15.5 pm/(mm/s) for power P2 = 2.5 kW,
for diameter d2 = 1.00 mm is
8.0 um/(mm/s) for power P1 = 1.5 kW;
11.1 pm/(mm/s) for power P2 = 2.5 kW;
e The depth of the pool for diameter d, = 0.75 mm
is about 40% greater than the depth of the pool
for diameter d, = 1.00 mm.

X
~
‘\ i

375 50 62.5 75 875 100 1125 125

v, mm/s

Fig. 4. Dependence of the depth h on the welding speed v for a diameter
of the working spot d; = 0.75 mm and powers: P, = 1.5 kW (red colour),
P, =2.5 kW (green colour).
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Fig. 5. Dependence of the depth h on the welding speed v for a diameter
of the working spot d, = 1.00 mm and powers: P, = 1.5 kW (red colour),
P, =2.5 kW (green colour).

Fig. 6 presents graphs of the dependence of the depth h on
the speed v for a power P, = 2.5 kW and diameters of the
working spot d; = 0.75 mm and d, = 1.00 mm. The
following conclusions can be drawn from them:
e As the welding speed increases, the depth of the
bath decreases non linearly for both diameters.
The curves for speed interval v € [25; 62.5] mm/s
are steeper than the curves for speed interval v €
[62.5; 125] mm/s;
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e The depth of the pool varies from 0.67 mm to
2.10 mm for diameter d; = 0.75 mm and from
0.39 mm to 1.50 mm for diameter d> = 1.00 mm.

h, mm

\ _

02 ‘

25 375 50 625 75 87.5 100 1125 125

v, mm/s

Fig. 6. Dependence of the depth h on the welding speed v for a power
P, = 2.5 kW and diameters of the working spot: d; = 0.75mm (green
colour); d; = 1.00 mm (red colour)

Fig. 7 and Fig. 8 shows graphs of the dependence of the
width of the welding pool on the speed for two diameters
of the working spot d; = 0.75 mm and d, = 1.00 mm,
respectively. It follows from these graphs:

e As the welding speed increases, the depth of the
pool decreases non linearly for all obtained
graphic dependencies;

e Thecurves for speed interval v € [25; 62.5] mm/s
are again steeper than the curves for speed
interval v € [62.5; 125] mm/s;

e The average rate of width reduction
for diameter d; = 0.75 mm is
17.6 pm/(mmy/s) for power P; = 1.5 kW,

24.0 um/(mmy/s) for power P2 = 2.5 kW;
for diameter d, = 1.00 mm is

20.5 um/(mmy/s) for power P1 = 1.5 kW;
29.5 um/(mmy/s) for power P, = 2.5 kW;

e  The width of the pool for diameter d, = 1.00 mm
is about 25-30% greater than the depth of the
pool for diameter d; = 0.75 mm;

e The width of the pool for power P; = 2.5 kW is
about 40% greater than the depth of the pool for
P; = 1.5 kW for speed v = 25 mm/s and about
25% greater than the depth of the pool for P, =
1.5 kW for speed v = 125 mm/s.
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Fig. 7. Dependence of the width w on the welding speed v for a
diameter of the working spot d; = 0.75 mm and laser power: P, = 1.5
kW (red colour) and P, = 2.5 kW (green colour).
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Fig. 8. Graphs of the dependence of the width w on the welding speed v
for a diameter of the working spot d, = 1.00 mm and laser power: P, =
1.5 kW (red colour) and P, = 2.5 kW (green colour).

A good coherence of all experimental results with the
results of numerical experiments is obtained.

IV.CONCLUSION

Our current study is an attempt to make little progress
in the direction of optimization and implementation of
model and simulation approaches in solving a specific
technological process for laser welding of aluminium
sheets. The study will help speed up the entry of laser
technology and more accurate than that for welding in
such industries as mechanical engineering, aerospace,
automotive medicine, and others.

Due to their unique characteristics, laser welding is
increasingly being used in industry today, especially for
the production of value-added components that are
difficult to produce using traditional welding methods.

Several synergistic factors will contribute to
improving the quality and reliability of welds while
reducing productivity and production costs.
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These include continuous improvements in the use of
appropriate software for modelling, simulations, and
process optimization. The growing volume of research in
this direction will ultimately contribute to the deeper
penetration of laser technologies in the market of new
innovative, highly productive, and energy-efficient
technologies. Our model and numerical experiments with
Comsol Multiphysics tools are a small step in the right
direction.

ACKNOWLEDGEMENTS:

The authors gratefully acknowledge financial support by
the European Regional Development Fund, Postdoctoral
research aid Nr. 1.1.1.2/16/1/001 research application
"Analysis of the parameters of the process of laser
marking of new industrial materials for high-tech
applications, Nr. 1.1.1.2/VIAA/3/19/474".

REFERENCES

H. Zhao, D. R. White, and T. DebRoy, Current issues and problems
in laser welding of automotive aluminium alloys. International
Materials Reviews, 2013. 44(6): pp. 238-266.

A. Haboudou, P. Peyre, A. Vannes and G. Peix, Reduction of
porosity content generated during Nd:YAG laser welding of A356
and AA5083 aluminum alloys, Materials Science and Engineering:
A, 363, 2003, pp. 40-52.

J. Sanchez-Amaya, T. Delgado, L. Gonzélez-Rovira and F. Botana,
Laser welding of aluminum alloys 5083 and 6082 under conduction
regime, Applied Surface Science, 255 (23), 2009, pp. 9512-9521.

R. Ding, O. Ojo and M. Chaturvedi, Laser beam weld-metal
microstructure in a yttrium modified directionally solidified Ni3AI-
base alloy, Intermetallics, 15, 2007, pp. 1504-1510.

N. Dolchinkov, Investigation of the State of the Radiation Control
Systems and the Actions of the Competent Authorities and the
Population in the Event of a Change in the Radiation Background
in Bulgaria, International Conference KNOWLEDGE-BASED
ORGANIZATION, Vol. XXIV No 3, 2018, pp. 38-44.

(1]

[2]

(3]

(4]

(5]

29

[6] J.Yan, X.Zeng, M. Gao, J. Lai and T. Lin, Effect of welding wires
on microstructure and mechanical properties of 2A12 aluminum
alloy in CO2 laser-MIG hybrid welding, Applied Surface Science,
255 (16), 2009, pp. 7307-7313.

Y. Shi, F. Zhonga, X. Li, S. Gong, and L. Chen, Effect of laser
beam welding on tear toughness of a 1420 aluminum alloy thin
sheet, Materials Science and Engineering: A, 465, 2007, pp. 153-
159.

N. Abe, M. Tsukamoto, K. Maeda, K. Namba and J. Morimoto,
Aluminum alloy welding by using a high power direct diode laser,
Journal of Laser Applications, 18 (4), 2006, pp. 289-293.

N. Dolchinkov, Practical Research of Marking and Cutting of
Textiles with Increased Resistance, Using CO2 Laser, Journal of
Physics: Conference Series , Volume 1681, 2020, 012014

K. Howard, S. Lawson and Y. Zhou, Welding aluminum sheet
using a highpower diode laser, Welding Journal 85 (5), 2006, pp.
101-110.

L. Quintino, E. Assuncgéo, 6 - Conduction laser welding, Editor(s):
Seiji Katayama, In Woodhead Publishing Series in Electronic and
Optical Materials, Handbook of Laser Welding Technologies,
Woodhead Publishing, 2013, pp. 139-162.

P. Narica, L. Lazov, A. Teilans, P.Grabusts, E. Teirumnieks and P.
Cacivkins, Method for Color Laser Marking Process Optimization
with the use of Genetic Algorithms. Environment. Technology.
Resources. Proceedings of the 11" International Scientific and
Practical Conference. Volume Il. — Rezekne, 2017. — pp. 101. —
106. http://dx.doi.org/10.17770/etr2017vol2.2607

L. Lazov, N. Angelov, E. Teirumnieks and E. Teirumnieka,
Preliminary numerical analysis for the role of speed onto laser
technological processes. Environment. Technology. Resources.
Proceedings of the 12" International Scientific and Practical
Conference. Volume Ill. — Rezekne, 2019. — pp. 137. — 142.
http://dx.doi.org/10.17770/etr2019vo0l3.4154

L. Lazov, E. Teirumnieks, I. Draganov and N. Angelov, Numerical
modeling and simulation for laser beam welding of ultrafine-
grained aluminium. Laser Physics 31 (6), 066001.
https://doi.org/10.1088/1555-6611/abf5d3

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]



http://dx.doi.org/10.17770/etr2017vol2.2607
http://dx.doi.org/10.17770/etr2019vol3.4154
https://doi.org/10.1088/1555-6611/abf5d3

Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 13" International Scientific and Practical Conference. Volume 3, 30-35

Experimental Study and Numerical Modelling for
Flexural Capacity of FRC Structural Elements
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Abstract - Concrete reinforced by short steel fibres is
typical brittle matrix composite, in which fibres are
impeding cracks growth, such way increasing material’s
tensile strength. The use of steel fibre reinforced concrete
(SFRC) in structures with high physical and mechanical
characteristics makes possible to reduce their weight and
cost, to simplify their production technology, to reduce or
eliminate reinforcement labour, at the same time increasing
reliability and  durability. Randomly distributed
discontinuous fibres are bridging the crack’s flanks
providing material’s “ductility”- like non-linear behaviour
at cracking stage. The current study is focused on one
formulation of a specific type of concrete matrix with added
fibres and without fibres. Concrete cubes and prisms without
fibres and having in every situation the same content of
60 mm long  fibres  were  fabricated. Cubes
(100x100x100 mm) were tested in compression and beams
(100x100x400 mm prisms) were tested under four-point
bending (4PBT). Fracture process (crack growth) in the
material was modelled, based on experimental results (part
of experimental data was used). Finite element method
(FEM) using the ANSYS program analysis were realized
modelling stress distributions in the broken beams with the
goal to predict fracture process. Model’s prediction was
validated.

Keywords - short steel fibre, concrete, bending, numerical
modelling.

I. INTRODUCTION

Main used material in the construction sector is a
reinforced concrete. It is used twice as much as all other
building materials altogether [1]. At the same time
reinforced concrete is changing [2], [3], steel in the
reinforcing rebars is replacing by various materials as
well as, in many situations, rebars are replaced by short
fibers added to the concrete mix [4]-[7].

2nd Vitalijs Lusis
Institute of Mechanics and Mechanical Engineering,
Department of Theoretical Mechanics and
Strength of Material
Riga Technical University
Riga, Latvia
vitalijs.lusis@rtu.lv

Nowadays, one of the main engineering challenges
is to develop and introduce in the mass production

efficient reinforcement material. An example is:
innovative reinforcing composite fibre metal-crystal-
polymer with protective properties from the

electromagnetic field [8], [9]. Short fibres may be the main
or the secondary reinforcement (in combination with
rebars) bearing the bending moments and the shear
stresses. We can mention investigations were a concrete
matrix is successfully reinforced with various fibres, made
out of various materials [10]-[13] and by different
methods [13]-[19]. Homogenously mixed concrete with
added short fibres is used widely for shrinkage crack arrest
in combination with additional reinforcement [20]. A the
same time fibers are improving resistance to cracking of
the concrete structures [21]. One of the more important
property of the Steel Fibre Reinforced Concrete (SFRC),
with homogeneously distributed in the volume fibers, is its
superior resistance to cracking and crack propagation
[22]-[25].

The current study focused on mechanical
properties investigation of a specific type of concrete
matrix with added short steel fibres (60 mm), comparing
results with the concrete without fibres. Cubes and beams
were fabricated and tested, material fracture process was
observed and then modelled, based on experimental
results obtained in cubes compression tests and beams
4PBT. Model’s predictions were validated by
experimental data. Finite element method (FEM) using the
ANSYS program analysis were realized modelling stress
distributions in the broken beams with the goal to predict
fracture process.
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Il. MATERIALS AND METHODS

A. Materials

Generally, concrete containing a hydraulic cement,
water, fine and coarse aggregates and admixtures, such as
fly ash, silica fume and nano-silica. When selecting raw
materials to produce a concrete matrix, preference was
given to locally available mineral materials and cement
according to EN-206. The water to cement ratio was W/C
= 0.3 and the amounts of ingredients were fixed and is
tabulated in the table 1.

TABLE 1 DESIGNED CONCRETE MIX COMPOSITION
AND USED COMPONENTS

- Weight,

Composition kg/m?
Portland cement CEM 1 42.5N (SCHWENK Latvia 490
Ltd., Latvia)
Rubble 2/6 mm 650
Quartz Sand 0.4-1.2 mm (Saulkalne, Latvia) 417
Quartz Sand 0-1 mm (Saulkalne, Latvia) 277
Quartz Sand 0-0.4 mm (Saulkalne, Latvia) 92
Silica Fume, grade 920D (Elkem, Norway) 51
Fly Ash (SCHWENK Ltd., Kozienice, Poland) 110
Tap water 202
Superplasticizer “Sikament® 56 (Sika Baltic SIA, 10
Latvia)
Total 2300

Crimped steel fibres with shaped cross-section were
used in this research. The figure 1. shows the geometry of
steel fibre Tabix+ 1/60. Concentration of fibres in the
concrete mix was 78 kg/m3. The properties of the fibre
were tabulated in the table below.

TABLE 2 SPECIFICATION OF THE STEEL FIBRES
BY SUPPLIER’S DATA

. . Tensile |Modulus of
Fibre Type Il:enrgtmh Dc;anr:]er:sr le n/i'qt%/ '| strength, | elasticity,
f h 9 N/mm? | N/mm?
Tabix+ 1/60
(ArcelorMittal, 60 1 7900 1500 210000
Luxembourg)

@) TSNS
)

Fig. 1. Geometry of steel fibre Tabix+ 1/60,
by supplier’s data sheet.

B. Samples prepartion
Concrete mixing and casting details

The concrete mix with and without fibres was prepared
for the study. The coarse aggregates, fine aggregates,
cement, and silica fume were mixed first dry in a pan
mixer. The superplasticizer was then mixed thoroughly
with the water and added to the mixer. To obtain a fibre-
reinforced concrete matrix, the fibres were dispersed by
hand in the mixture to achieve a uniform distribution
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throughout the concrete. Fresh concrete mix was casted in
steel moulds and compacted on a vibrating table.

Sample sizes

The samples were divided into Group A (5 beams
without fibres) and Group B (5 beams with fibres). First,
the concrete mix was casted into the prism’s moulds of
size 100x100%400 mm. The specimens were demoulded
after 24 h and for maturing, were placed into a water tank
until the time of testing. In the case of flexural tests, were
used beam specimens (group A and B). Prisms were tested
under bending till rupture and the averaged curves of these
tests are reported in the load—deflection pictures (Fig. 7
and Fig. 8) and used for calculating the various
parameters. After flexural strength tests were done, the
non-cracked beam ends were cut into cubes of sizes
100x100x100 mm and then compressive strength tests
were performed at 28 days from casting.

C. Expermental tests and results
Compressive testing procedure of concrete cubes

In the concrete design and quality control, concrete is
classified by compressive strength. Many properties of a
concrete, such as modulus of elasticity, tensile strength,
permeability, etc., are believed to be dependent on the
compressive strength and may therefore be deduced from
the strength data. Though, the compressive strength
cannot be utilised as a replacement for all properties,
especially not for the increase of toughness observed in
fibre-reinforced concrete. This means that for fibre-
reinforced concrete some sort of toughness property is
required, and that other test methods have to be utilized to
characterise it [26]. Compressive Testing Procedure and
strength of concrete cube the defining strength properties
of these materials, be detected both by non-destructive
methods [27]-[29] and by the classical destructive method
in accordance with EN 12390-3. Standard compressive
cube tests using 100x100x100 mm specimens were
conducted to determine of the concrete compression
strength including 14 specimen’s data after 28 days.

A universal testing machine Controls Automax 5 was
used for testing the compressive strengths of cube
specimens at 28th day from the casting moment. Load was
applied in 0.25 kN steps for the period of 60s. The
deflections were recorded with two HBM WA20 LVDTs
sensors (Spider8_1 CH 1 and CH 2) on to a computer
connected through an electronic digital controller system.

Compressive strength of concrete cubes

Cubes in one formulation of a specific type of concrete
matrix were tested. It was obtained that the compressive
strength of the concrete cubes without fibres is 69.53
N/mm2 (concrete strength class C50/60 using correction
factor 0.95 according to standard LVS 156-1 table 4).
Compressive strength of the concrete cubes with steel
fibres is 93.74 N/mm2 (concrete strength class C70/85
using correction factor 0.95 according to standard
LVS 156-1 table 4). Using the test results stress (o) and
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strain () values were calculated and stress-strain curves
were generated.

Four-point bending test (4PBT) procedure

4PBT were performed after 28 days from the casting
moment. Used Controls Automax 5 4PBT testing
machines a test with constant bending moment by the
application of load through upper and lower rollers as
shown figure 4 according to standard EN 12390-5. Load
was applied until the specimens breaks completely. To
obtain the deflection of the beam, the frame with two HBM
WA10 LVDTs sensors on its sides used for recording
deformations in prisms during the tests were placed at
centre of the span. The maximum load was sustained, the
deflections were recorded and the flexural strength was
calculated.

Four-point bending test results

Group A and Group B were experimentally tested in
flexure under four-point bending conditions observing
their load carrying capacity in the macro cracking stage.
The maximum force in SFRC strength analysis is the post-
cracking behaviour up on high strain levels. According to
the testing results, specimens of Group B reached the
highest load carrying capacity as they had the
concentration of fibres in the prisms. Specimens of Group
A showed lower load carrying capacity comparing to the
specimens with fibres. Experimental average curves are
given in Fig. 7 and Fig. 8. Using the test results stress (o)
and strain (¢) values were calculated and stress-strain
curves were generated (Fig. 2 and Fig. 3).

10
=
2 s
€ 6
E 4 Group A
2 2
0
0.0000 0.0001 0.0002 0.0003
Strain (g)
Fig. 2. 4PBT averaged experimental stress-strain curves
of concrete for 28 days for Group A.
20
™~
E 15
@h Group B
2 10
4
@ s
0
0.00 02 . 0.04 0.06
Strain (g)

Fig. 3. 4PBT averaged experimental stress-strain curves
of concrete for 28 days for Group B.
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The presented results indicate that main contribution
of steel fibres to a concrete. Fibers are working before and
after matrix cracking. If a proper design is made, after the
matrix cracking, randomly distributed, short fibres in the
matrix arrests micro-cracks, bridge these cracks, undergo
a pull-out process and are limiting cracks propagation
[30], [31]. Steel fibres can increase significantly the
bending and the shear resistance of concrete structural
element. Specimens showed typical tri-linear variation in
their load-deflection and load-crack mouth opening
displacement curves under flexure.

D. Numerical modelling

Finite element (FE) analysis, allows to simulate the
behaviour of reinforced concrete members with sufficient
accuracy. A non-linear FE method is a numerical
technique for obtaining approximate solutions to a wide
variety of engineering problems. However, modelling of
fibre-reinforced concrete is challenging as many
parameters have to be taken into consideration to simulate
the quasi brittle material behaviour of concrete accurately.
[32]

In this study, FE modelling of beams with and without
fibres is carried out using ANSYS, to simulate the
behaviour of the control from linear through non-linear
response and up to failure. One model of each group of
samples were modelled in FEM software using ANSYS. A
quarter of the full cube and beam was used for modelling
by taking advantage of the symmetry of the sample,
loading and boundary conditions (Fig. 5).

From the analyses the load deflection at mid span
relationships until failure, and crack patterns that are
obtained from numerical simulations were obtained and
compared with the experimental results (Fig. 7 and Fig. 8).
The load deflection plots obtained from numerical studies
show good agreement with the experimental. The use of
computer software to model these elements is much faster,
and extremely cost-effective than make the real
experiments.

SOLID65 element was used for modelling concrete
material. The SOLID65 element type available in ANSYS
element library is a solid element with 8 nodes and has
three translation degrees of freedom at each node. It can
be used to model concrete with or without rebars and is
capable of modelling cracking in tension, crushing in
compression, plastic deformation and creep behaviour.
SOLIDG65 element requires linear isotropic and multilinear
isotropic material properties to properly model concrete.
[33]

Concrete material Elastic and Concrete material
definitions were identified. In Elastic definition, the
modulus of elasticity and Poisson’s ratio were necessary.
Poisson’s ratio for concrete is assumed to be 0.2. The
modulus of elasticity of concrete was determined by
experiments. For Concrete definition, axial tension
strength of concrete and shear transfer coefficients
between crack surfaces for open and closed cracks were
required. [33]
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To facilitate the modelling process, it was assumed
that the fibres in the element are divided into 3 equal parts
in each of the 3 planes in the coordinate system. The
volume ratio (0.01/3 = 0.00333) in each direction of the
coordinate system was defined as the rebar volume
divided by the total element volume. The orientation was
defined by two angles (in degrees) from the element
coordinate system. Material properties for the steel
reinforcement for finite element modelling were taken as
follows: Es = 210 GPa and Poisson’s ratio, v = 0.3. [34].

Fibres in the specimens are random distributed across
the volume. Fibre-reinforced concrete is considered as a
“quasy” homogeneous material. Called “homogeneous”
doesn’t mean homogeneous in reality, because during
filling the construction formwork (mix flowing process)
fibres added to concrete mix blend are obtaining non-
homogeneous distribution and orientations in to fresh mix
concrete volume which inevitably affects the mechanical
properties of FRC [35]-[39]. Despite the fact that the
fibres are mixed randomly, to facilitate modelling, it was
assumed that the fibres were mixed homogeneously.

lﬂz lﬁz
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Fig. 4. Four-point bending test scheme (EN 12390-5) 1 — loading roller
(capable of rotation and of being inclined); 2 — supporting roller;
3 — supporting roller (capable of rotation and of being inclined).
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Fig. 5. Model of a quarter of the full beam in ANSYS.

Displacement in Y direction of the beam in ANSYS is
shown in figure 6.

33

FRC Structural Elements

NODAL SOLUTTON

1
2020 R2
ACADEMIC

Fig. 6. Displacement in Y direction of the beam in ANSYS.

I11. RESULTS AND DISCUSSION

Averaged experimental load bearing curve comparison
with numerical simulation results for prisms without fibres
(Fig. 7) and with fibres (Fig. 8) were generated. The
modelling results for Group A quit well approximate the
data obtained experimentally, but to facilitate modelling
the elastic properties of the concrete were not included,
thereby a linear curve was obtained.

30
25 AT Expm‘hpe?tal
Eﬁ 20 ' —— Numerica
£ :
= 15 :
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Deflection, mm

Fig. 7. Averaged experimental load bearing curve comparison with
numerical simulation results for prisms without fibres (Group A).

Figure 8 shows that good agreement between
experimental and modelling data is obtained: non-linear
behaviour appears approximately at the load of 35-40 kN,
and the load — bearing capacity of the prism is 49 kN. With
the further loading, a drop of the force is observed in the
experiments, since concrete due to cracking gradually goes
out of loadbearing action, and the fibers take the load. Due
to limitation of the applied FE model (the fibres in FE work
only until the collapse of it), this phenomenon is not
obtained numerically. By the same feature of the numerical
model the drop of the force from 42 to 18 kN in the
beginning of non-linear work of the prism could be
explained.
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Fig. 8. Averaged experimental load bearing curve comparison with
numerical simulation results for prisms with fibres (Group B).

IV. CONCLUSIONS

Modelling results agreement with experimental data is
good in *“general”’. The moderate disagreement in
numerical values can have various reasons. Looking on
data presented in Fig. 7 and Fig. 8 the possible reason for
deviation from experimental data could also be because
fibre orientation in the specimen contrary to modelling
assumptions about random distribution across the volume
and random distribution of orientation angles and the
elastic properties of the concrete were not included in the
model.
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Abstract - Timber-concrete composite panels enables to
combine advantages of pure timber and pure concrete panels
in one structural member especially in the case, when the
rigid timber-concrete connection is provided. The
effectiveness of timber and concrete use and load-carrying
capacity of the timber-concrete composite panels will grow in
the case. The new concept of rigid timber to concrete
connection was developed by the using of the granite chips as
the keys to provide high quality of the glued connection.
Behaviour of the timber-concrete composite panels were
investigated by finite element method and laboratorian
experiment. Three timber-concrete composite panels in
combination with carbon fibre reinforced plastic composite
tapes in the tension zone with the span 1.8 m were statically
loaded till the failure by the scheme of three-point bending.
One specimen was produced by dry method, by gluing
together cross-laminated timber panel and prefabricated
concrete panel. Timber-concrete connection of the other two
specimens was provided by the granite chips, which were
glued on the surface of the cross-laminated timber by epoxy,
and then wet concrete was placed. Dimensions of the crushed
granite pieces changes within the limits from 16 to 25 mm.
The current study focuses on determining the effect of the use
of granite chips for timber-concrete composite panels with
adhesive connection between layers. The effect of the use of
granite chips in rigid connection is determined by
comparison of mid-span displacements and level of failure
load of the two variants of the timber-concrete composite
panels. Three-dimensional finite element models of timber-
concrete composite with rigid connection was developed and
validated by experiment data. Obtained results shown, that
the use of the granite chips in rigid timber to concrete
connection allow to make a quality rigid connection.
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Possibility to increase by 28% level of failure load of the
timber-concrete composite panels by the adding of granite
chips was stated. Maximal vertical mid-span displacements
of the panels decrease about 3.8 times at the same time.

Keywords - adhesive connection, bending test, carbon fibre
reinforced plastic, finite element method, glued connection,
rigid connection, timber-concrete composite, wood-concrete
composite.

I. INTRODUCTION

Effectiveness of timber-concrete composite (TCC)
structural members strongly dependent from the type of
timber to concrete connection. Semi-rigid and rigid once
are two types of timber to concrete connections in hybrid
timber-concrete composite structural members, which are
used now in the practice [1], [2]. Studies shows that the
adhesive composite connection of the timber-concrete
structural members is more effective in comparison with
the semi-rigid one so as provides higher bending stiffness
and leads to smaller deflections and a better structural
members behaviour, including higher natural frequency,
which is a very important characteristic of the floor
structures [3] - [10].

Timber component in timber-concrete panels very often
is presented by the cross-laminated timber (CLT). Cross-
laminated timber is a renewable structural material, which
possesses a decreased level of anisotropy in comparison
with the solid and glued timber. CLT could be used for
load-bearing walls and panels of multi-storey timber
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buildings as well as the decking structures of pedestrian and
road bridges [11].

Nowadays, two technologies to produce glued
connection of the TCC are known [12]. "Dry" is the gluing
of timber with a precast concrete slab; "wet" - is a
technology when a fresh concrete is placed on a freshly
applied layer of glue. Both techniques have high risk of
forming a poor-quality rigid connection in TCC, and there
are difficulties in controlling the quality of the glued
connection. So, for popularization of the rigid connection
in TCC it is necessary to offer more optimal connection
production technology.

Providing of the rigid connection between CLT and
concrete layers by gluing granite chips on the surface of the
CLT panel probably enables to obtain timber-concrete
composite structural member with increased stiffness [13]
—[15]. So, the objective of current study is investigation of
influence of the granite chips in the rigid timber to concrete
connection on the behaviour of timber-concrete composite
structural members subjected to flexure.

Il. MATERIALS AND METHODS

A timber-concrete composite panel with CLT as timber
component and additional strengthening by the carbon fibre
reinforced plastic tape in the tension zone subjected to the
three-point bending was considered as an object of this
investigation. Influence of the granite chips in the rigid
timber to concrete connection on the behaviour of hybrid
timber-concrete composite structural members subjected to
flexure was evaluated based on the laboratorian
experiments and finite element method (FEM) analyses.
Numerical model of TCC specimen (Fig.1.) was developed
with structural analysis program RFEM. The solid finite
elements were used for FEM model development. 3D
orthotropic elastic material model was used for CLT
elements, for carbon fibre reinforced plastic was used
isotropic non-linear material model and 3D isotropic
Mazars' damage material model was used with non-linear
stress-strain diagram for concrete layer. For 3D numerical
model of the TCC specimens contact solid between
concrete and CLT layers is defined with full force
transmission. Target length of FE equal to 0.02 m and 100
load increments was used for TCC model. The model of
TCC was divided into the finite elements by the rectangular
mesh.

Fig. 1. FEM model of timber-concrete composite with carbon fibre
reinforced plastic tape developed by the software RFEM.
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Fig. 2. TCC panel (a) design scheme; (b) placement of carbon fiber
reinforced tape on its surface in the tensioned zone, (c) placement in

testing machine.

The first laboratorian experiment was carried to
investigate the behaviour of the timber-concrete composite
produced by dry method [16]. Timber to concrete
connection in TCC panels was provided by gluing CLT
panel with prefabricated concrete panel by the epoxy
Sicadur 330. Timber-concrete composite panels consist of
the CLT components, which are strengthened by the carbon
fibre reinforced plastic tape Mapei Carboplate E250 in the
tensioned zone and with the layer of finishing mass Sacret
BAM with thickness of 30 mm in compressed zone.

The cross-laminated timber base was formed by the
three layers of strength class C24 timber boards. Thickness
of each board layer is equal to 20 mm. Fibres of outer layers
are oriented parallel to the longitudinal axis of the panels.
The panels have length, width and thickness equal to 2000,
350 and 60 mm, correspondingly. The panels were
produced by the Sconto enterprise, Ltd, Jelgava, Latvia.

The second laboratorian experiment was carried out to
check influence of the granite chips in the rigid timber to
concrete connection on the behaviour of timber-concrete
composite panel. Two specimens with the same dimensions
as the specimen from the first laboratorian experiment were
prepared. Timber to concrete connection was provided by
the granite chips with dimensions changing within the
limits from 16 to 25 mm glued to the surface of CLT by the
epoxy Sikadur 330 [17].

Design scheme of the laboratorian experiments and
specimen placement in testing machine are shown on the
Fig.2. Two groups of strain measuring devices and one
group of deflectometers were used during the static loading
of the timber-concrete composite. Strain measuring devices
T-2 and T-4 were placed in compressed zone. Strain
measuring devices T-1 and T-3 were placed in tensioned
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zone on the surface of the cross-laminated timber. A group
of the deflectometers I-1 and I-2 was placed in the middle
of the span. Precision of the maximum vertical
displacements and absolute deformations measurements
was equal to 0.01.mm and 0.001 mm, correspondingly. All
specimens were loaded until the failure to determine their
level of failure load.

I11. RESULTS AND DISCUSSION

The load-displacement curves of the specimens of TCC
subjected to the three-point bending are shown on the Fig.3.
The dependences of TCC specimens were obtained by the
experiment and developed 3D numerical model, for the
TCC with granite chips there are shown curve with average
values of two specimens.

As it can be seen from load-displacement curve of TCC
specimen with glued connection with granite chips, the
behaviour of the specimens is linear up to about 15 kN, then
increasing of specimen’s stiffness is observed. According
to the laboratory test, mid-span displacement of the TCC
specimen with granite chips at the load level equal to 15 kN
is 3.18 mm, while the calculated by 3D non-linear
numerical model corresponding displacement is 3.50 mm.
3D model produces little more conservative results of the
behaviour of the TCC specimens with granite chips
subjected to the three-point bending than data obtained by
the experiment. The curve obtained with the 3D model very
accurately describes the behaviour of the specimen with
granite chips in the initial linear stage. It can be concluded,
that developed model is safe for prediction of the behaviour
of TCC with rigid connection provided by use of granite
chips.

The behaviour of the TCC specimen produced by dry
technic without gluing of granite chips on the surface of the
CLT is completely different in comparison with TCC
specimen where new concept of rigid connection with
granite chips is used. According to the laboratory test, mid-
span displacement of the TCC specimen without granite
chips at the load level equal to 30 kN is 22.90 mm, for TCC
specimen with granite chips value of mid-span
displacements at the same load level was only 5.77 mm.

30
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<
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Q
= 10 . - .
—— 3D model with rigid connection
5 ++++ TCC without granite chips
= = TCC with granite chips
0

0 5 10 15

Mid-span displacements, mm

20 25

Fig. 3. Load-displacement curves for TCC specimens.
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Fig. 4. Failure of the TCC specimen produced by dry technic without
gluing of granite chips.

Results obtained by bending tests and FEM analyses
show, that connection of the TCC specimen without granite
chips is not rigid. The reason for this is the main problem
of this type of connection, it is the difficulty to ensure
complete and high-quality gluing of the layers. Splitting of
the concrete layer from the CLT panel after collapse can be
seen in Fig.4. It can be seen that a quality connection was
formed only on about 40% of all connection surface. A
similar result was obtained in testing of small-scale
specimens. Fig. 5 shows the collapse scenes for small-scale
TCC specimens with and without granite chips in the glued
connection. In the TCC specimen without granite chips
(Fig.5. (a)) splitting of the concrete layer takes place at the
glued connection. In the case of the TCC specimen with the
proposed connection concept with granite chips (Fig.5. (b))
it can be seen composite action of specimen and collapse
on concrete layer.

e .

Fig. 5. Failure mode of the TCC small-scale specimens (a) without
granite chips in glued connection, (b) with granite chips.
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According to the laboratory tests, level of failure load
for TCC specimen without use of granite chips with span
1.8 m in tree-point bending is equal to 32 kN. For TCC
specimen with rigid connection provided by granite chips
use the failure load equal to 41 kN was obtained.

IVV. CONCLUSIONS

Results of the laboratory experiments shows that
proposed concept of rigid adhesive connection with gluing
of granite chips on the surface of timber layer in timber-
concrete composite provides good connection quality and
full composite action.

Developed 3D numerical model of timber-concrete
composite member subjected to the flexure with rigid
connection and full composite action with sufficient
precision describes the behaviour of the TCC specimen
where connection between layers was provided by gluing
of granite chips on timber component surface and after that
placing wet concrete layer. In this case, quality of the glued
granite chips can be assessed visually but bonding between
concrete matrix and granite chips as aggregates of concrete
is developed naturally.

Based on the obtained data, an increase in stiffness of
the TCC specimens with granite chips has been observed.
On the load level of 30 kN 1.52 times less mid-span
displacements of the TCC specimen with granite chips was
obtained in comparison with displacement calculated by
developed numerical model of timber-concrete composite
with full composite action.

The difference in the failure load level between timber-
concrete composite specimen with and without use of
granite chips in connection between material layers
obtained by experimental bending tests is about 28%.
Timber-concrete composite with proposed connection
technology picks up greater load level than TCC without
granite chips in connection.

Possibility to increase by 28% level of failure load of
the timber-concrete composite panels by the adding of
granite chips was stated. Maximal vertical mid-span
displacements of the panels decrease about 3.8 times at the
same time.

At the load level equal to 30 kN by timber-concrete
composite specimen with granite chips in timber to
concrete connection it is possible to obtain at least 3.8 times
less vertical mid-span displacements than by timber-
concrete composite specimen without granite chips.
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Abstract - Composite of such renewable material as
timber and the most popular man-made material as concrete
offers many benefits. Such of them are high load-bearing
capacity with low dead load and increased structural bending
stiffness. Higher specific strength of high-performance
concrete in comparison with ordinary concrete ensures more
efficient use of the material. Addition of fibres can reduce the
fragility and autogenous shrinkage cracks of high-
performance concrete and makes it possible to design thinner
layers of concrete for timber-concrete composite structures.
Ribbed slabs as solution for the floor slabs, allows to reduce
material consumption and to integrate engineering
communications into the structures. The current study
focuses on determining the effect of the use of high-
performance fibre reinforced concrete for timber-concrete
composite ribbed slabs with adhesive connection between
layers, as the most effective connection type for composite
action. The effect of the use of high-performance fibre
reinforced concrete is determined by comparison of mid-
span displacements of the ribbed slabs numerical models.
Three-dimensional finite element models of timber and
ordinary concrete composite ribbed slab and high-
performance fibre reinforced concrete with additional
longitudinal reinforcement ribbed slab are validated by
experiment data. Developed numerical models makes it
possible to predict the dependence of applied load on mid-
span displacement in three-point bending with sufficient
precision. Obtained results showed, that replacement of
ordinary concrete layer by high-performance fibre
reinforced concrete in timber-concrete composite ribbed slab
with adhesive connection up to 1.68 times decrease vertical
mid-span displacements.
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I. INTRODUCTION

Timber is a renewable material what makes the
significant advantage for it use in construction. Concrete is
the most widely used man-made building material. Timber-
concrete composite (TCC) structures can ensure more
efficient use of resources and meet the growing demand for
sustainable structures.

Combining such two materials as timber and concrete,
can improve various classic disadvantages of wooden
floors, such as dynamic reaction, bending stiffness, load-
bearing capacity, sound insulation [1] — [3], structural fire
safety - the effective cross-sectional area increases as
timber member is subjected to the fire action from one side
[4], [5], seismic performance [6] and heat mass. The natural
frequency of the structure [7] is also important. Timber-
concrete slabs allow to achieve such dynamic design
parameters that ensure their safe operation for rhythmic
activities [2].

As high-performance concrete is characterized by
higher specific strength in comparison with ordinary
strength concrete, its use in structures is more rational.
Disperse reinforcement can reduce the fragility of high-
performance concrete [8] — [10], which makes it possible
to design thin layers and improve the fire safety of the
material. The ribbed slabs allow to reduce material
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consumption and the dead load of structures, as well as to
integrate engineering communications into the structures.

Studies approve that the use of fibre-reinforced
concrete in TCC structures with notch connections or shear
mechanical connectors increases the shear strength of
structure [11] — [13]. From the point of view of structure
strength and stiffness, adhesive connections are the best
solution that can ensure almost perfect performance of the
composite material.

The structural solution offered by the composite of
timber and high-performance fibre reinforced concrete
(HPFRC) ribbed slabs is actual and complies with the
principles of sustainable construction. So, the aim of this
study is to determine the effect of using HPFRC instead of
ordinary concrete (OC) layer in TCC ribbed slab with the
adhesive connection between materials.

Il. MATERIALS AND METHODS

A ribbed slab subjected to the three-point bending was
considered as an object of this investigation. Influence of
HPFRC in TCC ribbed slab with rigid connection between
materials layers on mid-span displacements was evaluated
by finite element (FE) numerical model. All numerical
models were developed with structural analysis program
RFEM by solid elements. For timber-based elements 3D
orthotropic elastic material model was used. For the
concrete type elements 3D isotropic Mazars' damage
material model was used with non-linear stress-strain
diagrams. For 3D numerical model of the TCC specimens
contact solid between concrete and plywood layers is
defined with full force transmission. Target length of FE
equal to 0.0075 m and 200 load increments was used for
TCC model, 0.02 m and 100 was used for HPFRC ribbed
slab model.

Two laboratorian experiments were carried out to
validate the used numerical modelling procedure of TCC
member and HPFRC material behaviour. The aim of the
numerical modelling procedure validation is comparison of
the specimen behaviour with actual operation and checking
of developed model safety.

The first laboratorian experiment was necessary to
validate TCC slab three-dimensional (3D) numerical model
by small-scale specimens. The four specimens of TCC
ribbed slabs were made with C24 strength class timber
boards with dimensions 67x43 mm for slabs ribs, 30 mm
OC layer with strength of C20/25 class and 9 mm plywood
layer. PVA D3 was used for timber boards and plywood
layer gluing. The adhesive connection between concrete
and plywood layers are made by gluing 16-25 mm granite
chips on plywood by epoxy Sikadur-31 CF [14], [15]. After
that concrete layer was placing on granite chips. Total
length of the specimens was 600 mm, with effective span
430 mm. Cross-section and design scheme of the timber-
concrete ribbed slab specimen is shown in Fig.1.
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Fig. 1. TCC ribbed slab specimen (a) cross-section, (b) design scheme.

The second laboratorian experiment was necessary to
determine the accuracy of prediction of high-performance
fibre reinforced concrete ribbed slab non-linear behaviour
by 3D numerical model within degradation of modulus of
elasticity cause of cracking.

The specimen of HPFRC ribbed slab was free
supported slab with span 1.23 m. The geometric
dimensions and loading scheme of HPFRC specimen is
shown in Fig.2. Each rib has B500 steel longitudinal bar
with diameter of 6 mm. Polypropylene (PP) Strux 90/40
fibres in amount of 0.5% of the concrete volume were used.
For 40 mm long fibres with an aspect ratio of 90, the tensile
strength is 620 MPa, the modulus of elasticity - 9.5 GPa
and the elongation - 10%. Compressive strength of cube
specimen with dimensions 10x10x10 cm from high-
performance synthetic macro fibres reinforced concrete,
according to compressed cube tests, was determined as
92.5 MPa. The following parameters of HPFRC were used
for calculations: 78 MPa compressive strength, 4.6 MPa
tensile strength and 41 GPa modulus of elasticity.
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Fig. 2. HPFRC ribbed slab specimen (a) cross-section, (b) design
scheme.
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With the aim of determining the effect of the use of HPFRC
in TCC ribbed slab 3D model with the same dimension as
timber-concrete composite ribbed slab was developed by
replacing ordinary concrete layer with HPFRC.

I1l. RESULTS AND DISCUSSION

Load-displacement curves of TCC ribbed slab
specimen in three-point loading, according to laboratory
testing as average result of four specimens testing and
numerical model calculations, are summarized in Fig.3.
First cracks in timber was heard at load level equal about
25 kN, at load level about 55 kN the concrete layer cracked,
average crashing load of the slabs was about 61.25 kN [16].
According to the results obtained (Fig.4.), distribution of
maximal stresses calculated by 3D numerical model
corresponds to the nature of the collapse of the TCC ribbed
slab with ordinary concrete layer. As it can be seen from
load-displacement curves of TCC ribbed slabs, linear
elastic stage is until about 40 kN, after what elastic-plastic
stage is started. According to the laboratory test, mid-span
displacement of the TCC ribbed slab at the load level equal
to 40 kN is 4.42 mm, while the calculated by 3D non-linear
numerical model corresponding displacement is 4.81 mm.

60

0 2 4 6 8
Mid-span displacement, mm

—— Laboratory test - --3D model

Fig. 3. Load-displacement curves for TCC ribbed slab specimen.
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Fig. 4. OC layers of TCC ribbed slab (a) collapse and (b)
corresponding stress distribution.
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In elastic-plastic stage 3D model produces little more
conservative results of the behaviour of the TCC ribbed
slab subjected to the three-point bending than data obtained
by the experiment. The curve obtained with the 3D model
very accurately describes the behaviour of the specimen.

Load-displacement curves of HPFRC ribbed slab
specimen in three-point loading, according to laboratory
testing and numerical model calculations, are summarized
in Fig.5. Experimental maximal load for ribbed slab was
15.42 kN with corresponding mid-span displacement 10.16
mm. Results obtained by numerical model showed, that
starting with the load level of 14.65 kN with corresponding
displacement 10.08 mm, load increasing by 1% increased
displacements by 8.3-22%. The behaviour of the
calculation model at the linear stage is identical to the
actual operation of the HPFRC ribbed slab specimen. The
linear stage of load-displacement curve is until about 4.28
kN with corresponding mid-span displacement equal to
0.34 mm, after what elastic-plastic stage is started. In
elastic-plastic stage 3D model produces more conservative
results of the behaviour of the HPFRC ribbed slab
subjected to the three-point bending than data obtained by
the experiment.

As it can be seen in Fig.6., distribution of maximal
stresses calculated by 3D numerical model corresponds to
the nature of the collapse of the HPFRC ribbed slab. It can
be concluded, that developed model is safe for prediction
of the behaviour of HPFRC material.

Load, kN

0.0 2.0 4.0 6.0 8.0 10.0 12.0
Mid-span displacement, mm
—Laboratory test  ---3D model

Fig. 5. Load-displacement curves for HPFRC ribbed slab specimen.

(b) ' /

Fig. 6. HPFRC ribbed slab (a) collapse and (b) corresponding stress
distribution.
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Fig. 7. Load-displacement curves for TCC ribbed slab specimens with
OC or HPFRC obtained by numerical model.

The load-displacement curves of ribbed slab subjected
to the three-point bending according to the developed 3D
numerical models of TCC with OC and with HPFRC layer
are enclosed in Fig.7.

As it can be seen from obtained curves, the character of
the curves is the same up to about 22 kN. After these load
level in the specimen with OC layer larger deformations
begin to develop, but for specimen with HPFRC layer the
dependence of the displacements on the load remains
linear. So, on the 40 kN load level, displacement obtained
by 3D numerical model with HPFRC layer equal to the 3.73
mm. At load level of 55 kN, when according laboratory test
OC layer in TCC completely cracked, the mid-span
displacement of the TCC ribbed slab with OC layer
obtained by numerical model is 8.67 mm, but displacement
of the TCC ribbed slab with HPFRC layer is only 5.15 mm.

On the load level of 61 kN maximal tension stresses
obtained by 3D numerical model of the TCC ribbed slab
with OC layer is up to 6.23 MPa, at a tensile strength of OC
2.2 MPa. At the same load level maximal tension stresses
obtained by 3D numerical model of the TCC ribbed slab
with HPFRC layer is up to 5.18 MPa, at a tensile strength
of HPFRC 4.6 MPa.

IV. CONCLUSIONS

Numerical models of high-performance fibre
reinforced concrete ribbed slabs and timber-concrete
ribbed slabs with ordinary concrete layer were checked and
showed adequate results. Developed models with sufficient
precision describes the behaviour of the ribbed slabs
subjected to the flexure. The difference in the mid-span
displacement between calculated with developed
numerical model and experimental results on the load level
of linear-elastic stage is about 8.8% for the TCC ribbed slab
with ordinary concrete layer. For high-performance fibre
reinforced concrete ribbed slab almost identical mid-span
displacements in the linear-elastic stage were obtained.

The use of high-performance fibre reinforced concrete
instead ordinary concrete layer in timber-concrete ribbed
slab increases energy absorption of the element. At the low
load level to about 22 kN there is no difference in behaviour
of the both specimens with different concrete layers. At the
load level, which according to the experiment corresponds
to the linear-elastic stage end with the HPFRC layer it is
possible to obtain at least 1.18 times less displacements
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than with ordinary concrete, and for load level of 55 kN,
which correspond to complete cracking of the ordinary
concrete layer, according to the numerical models, with the
HPFRC layer it is possible to obtain 1.68 times less
displacements of the TCC ribbed slab than with ordinary
concrete layer.

Results of tensile stresses obtained by numerical
models shows, that the specimen of the TCC ribbed slab
with OC layer completely cracked, because tensile stresses
exceeding the tensile strength of ordinary concrete by
183%. At the same time, tensile stresses of the TCC ribbed
slab with HPFRC layer exceeds the tensile strength by only
12.6%, what means, that cracking in this specimen are only
in initial stage.

In future studies, it is planned to make specimens of
TTC with the fibre reinforced concrete layer for laboratory
testing to verify the results obtained by numerical
modelling.
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Experimental Determination of the Powder
Quantity in the Ignition Cartridge for the
Reusable Training-Practice Mortar Round for
Firing on Short Distances

Conyu Conev
National Military University
Artillery, AD and CIS Faculty
Shumen, Bulgaria
conil9@abv.bg

Abstract - The article presents an experimental
investigation for the powder quantity in the ignition
cartridge for the reusable training-practice mortar round
for firing on short distances, which is part of a training
simulator for mortar crews. A formula for approximately
calculating of the required amount of quantity of the gun
powder in the ignition cartridge for many times used
training-practice mine for shooting at a distance of 100
meters is presented in the article. The experimental
investigation and the statistical hypothesis checking confirm
that the formula can be used for practically determination
of the required amount of charge in the ignition cartridge.

Keywords - mortar, training-practice mortar round

l. INTRODUCTION

A tendency aimed towards the modernization of the
Bulgarian Armed forces has been seen during the recent
decades. The modernization of the armed forces however
requires not only new equipment but also the
implementation of modern means and methods for
training military personnel and in military education
institutions.

Part of these tools are the practical simulators. The
most common disadvantage found in most practical
simulators is the fact that they cannot simulate the full
range of the crew’s combat functions. In most cases they
lack: the practical implementation of activities related to
the preparation of ammunition at the fire position
(installation of the fuze; setting the fuze function impact
or delayed detonation etc.) and activities related to the

Tsanko Karadzhov
Department of Mechanical and
Precision Engineering
Technical University of Gabrovo
Gabrovo, Bulgaria
karadjov_st@abv.bg

loading and unloading of the mortar whether a misfire
occurs. In addition, training equipment and simulators do
not give an accurate notion for the psychological impact
that affects the personnel during the use of real
ammunition at the firing position and the additional stress
accumulated during the firing.

One type of artillery system that is currently in service
in the majority of armies are mortars.

In order for a high quality and effective practical,
mortar training to be achieved, the development and
implementation of a practical simulator is required. The
created simulator must not only lower financial expenses
but also guarantee a high level of immersion in real
combat activities conducted on the firing position during
live firing.

Based on the analysis conducted on developed
practical simulators for the training of mortar crews in
different countries the following basic requirements for
the designed simulator can be identified:

- the construction of the simulator must include the
basic components that are required for live-firing: mortar,
training-practice mortar round, fuze and ignition cartridge;

- to enable the simulator to most accurately mimic the
activities performed by the mortar crew during real
combat operations;

- the training-practice mine must resemble, as much as
possible, its combat counterpart in terms of appearance,
weight and dimensions. The abovementioned criteria are
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required in order for the round to provide better practical
training and to create a true picture of the round’s
operation;

- the construction of the training-practice mortar round
must have simple technological design that incorporates
already manufactured elements from its combat
counterpart;

- the training-imitational fuze must be able to mark the
area where the round has made impact with the ground.
The fuze must be unable to cause fire, but at the same
time, must still be capable of clearly indicating the area
where the round has made impact;

- the training-practice fuze must fiction reliably and
have a simple design and reliable action;

- the construction of the training-practice fuze must
incorporate a safety mechanism that does not allow
detonation before the round is fired,;

- the ignition cartridge must resemble the ignition
cartridge used in the live round as much as possible in
terms of appearance and dimensions;

- the maximum firing distance must be 100 m,
allowing the system to be used on firing ranges and
training grounds;

- the minimum firing distance must be 20 m, ensuring
the safety of the mortar team.

In accordance with the above listed requirements a
simulator designed for the training of mortar teams was
developed. As one of the elements of the simulator is a
reusable training-practice mortar round for short distance
engagements.

Analytical calculations were carried out about the
required initial velocity of the round and the amount of
powder in the ignition cartridge in order for a maximum
engagement distance of 100 m.

The next step is an experimental study of the fidelity
of analytical models and the correct determination of the
amount of powder in the ignition charge.

The analytically determined initial velocity of the
round required for it to reach 100 m is 35 m/s.

For an approximate determination of the required
amount of smokeless nitroglycerin, ballistic, strip
gunpowder, brand NBL-11 (HBJI — 11) in the ignition
cartridge, formula 1 is used [2],[4]:

Vo
a

@

w ="

where:

@ — mass of the smokeless powder in the ignition
cartridge[g];

Vo — the desired initial velocity for the training-
practice mortar round required for maximum distance
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firing 100 m (the desired initial velocity has a value of
35 m/s) [m/s];

a — coefficient determined by the caliber and mass of
the round (for the 82 mm training-practice mortar round
the value of this coefficient is 20,601892) [2];

b — degree indicator (for the 82 mm training-practice
mortar round the value of this coefficient is 0,60068571)

[2].
@ = b\/Z — 0,6006 35 =2,4166
a 20,602

The required amount of gunpowder brand  NBL-11
(HBJI-11) calculated via (1) is calculated to be
approximately 2,4 g.

Using the calculated amount of gunpowder the
ignition cartridge are filled with 2,4 g of gunpowder
brand NBL-11 (HBJI - 11).

Il. EXPERIMENTAL STUDY

2.1. Objective: experimentally determine the required
amount of propelling charge required for the 82 mm
reusable training-practice mortar in order for the round to
reach 100 m.

2.2. Tasks:

- the amount of propelling charge required for
reaching a distance of 100 m for the 82mm reusable
training-practice mortar round for short distance
engagements;

- determining the hit deviation ellipse for the 82 mm
reusable training-practice mortar round at a distance of
100 m.

The experimental research was conducted on the
artillery and small arms training site “Markovo”.

Conditions under which the research was conducted:

- ambient temperature 19° + 2°C; with a relative
humidity of 65 +5%;

- ignition charges were armed with 2,4 g smokeless
nitroglycerin, ballistic, strip gunpowder, brand NBL-11
(HBJI - 11);

- the temperature conditioning of the ignition charges
is conducted inside the premises inside the premise of the
armory in the cadet's battery at a constant temperature for
the period of 24 hours before firing;

- the trial is conducted by firing from a single 82

mm mortar;

- firing is conducted at an elevation angle of 45° for
maximum firing distance.

2.3. Procedure for conducting the experimental study

A. Preparation of the weapon system and ammunition
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Sequence of activities:

- the bore of the mortar is cleaned from lubricant,
carbon and other contaminants before it is fired;

- the mortar is deployed in the firing position;

- the training practice mortar rounds are armed with
the ignition cartridges and the charges for the imitational
fuze;

- a mortar warm up shot is fired.
B. Carrying out the experimental shooting

The experimental shooting is carried out in the
following sequence:

- 10 shots are fired sequentially with training practice
mortar rounds;

- after each shot the area where the round has hit is
determined and the distance between the hit and the
muzzle of the mortar is measured.

2.4. Material supply.

The following material was used to carry out the
experimental shootings:

smokeless
NBL-

- ignition charges armed with 2,4 g
nitroglycerin, ballistic, strip gunpowder, brand
11 (HBJI - 11) — 10 (ten) pc.

- charges for the imitation fuze — 10 (ten) pc.
- training-practice mortar rounds — 10 (ten) pc.
- 82 mm mortar;

- tape measure — 25 m.

IIl.  RESULTS FROM THE EXPERIMENTAL STUDY

The results gathered from the experimental study
from firing the training-practice mortar rounds, armed
with smokeless nitroglycerin, ballistic, strip gunpowder,
brand NBL-11 (HBJI — 11) in the ignition charge, fired
from an elevation angle of 45° are presented in table 1.

TABLE 1 RESULTS FROM THE EXPERIMENTAL STUDY GATHERED FROM
FIRING THE TRAINING-PRACTICE MORTAR ROUND ARMED WITH
SMOKELESS NITROGLYCERIN, BALLISTIC, STRIP GUNPOWDER, BRAND
NBL-11 (HBJI — 11) IN THE IGNITION CHARGE, FIRED FROM AN
ELEVATION ANGLE OF 45°

~ Elevation | Expected hit Actual hit

] angle distance distance Error

K g

27| [deg] [m] [m] [%]
1 45° 100 86 -24%
2 45° 100 90 -10%
3 45° 100 97 -3%
4 45° 100 106 +6%
5 45° 100 111 +11%
6 45° 100 115 +15%
7 45° 100 89 -11%
8 45° 100 92 -8%
9 45° 100 103 +3%
10 45° 100 105 +5%

Average hit and error values 99,4 9,6%
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The average firing distance is 99,4 m, with an average
error from the experimental study results from firing the
training practice mortar-round armed with smokeless
nitroglycerin, ballistic, strip gunpowder, brand NBL-11
(HBJI - 11) in the ignition charge, fired from an elevation
angle of 45°is 9,6% .

The big axis of the deviation ellipse is 29 m.

IV. STATISTICS HYPOTHESIS CHECKING

The statistics hypothesis can be checked by
comparing of the dispersions of the experimental and
analytical results [5] [6] [7]. The zero hypothesis is that
the dispersion of data, received from the analytical model
is commensurable with the dispersion of the experimental
data [8].

Formula (2) can be used to check the statistics
hypothesis [1]:

, SS
Xo =2
Oy

@

where:

n B 2
SS= Z(yg - ij
i=1 - corrected sum of the squares of
the experimental investigation data;

n \2
= 1- (yi - yj
n-143 - dispersion of the analytical

model data;

1
Y—szi

i=1

Op

- average analytical model data;

_ 18
Ye :_ZYEi
Nz

data;

- average experimental investigation

n - data number.

The zero hypothesis is rejected in cases, when

2 2 2 2
Xo 7 Xarzna g Xo < Xraizna [1]. The values of
2 2
Harznt gng A1-al2n1 gre tapullar [1].
The received results are presented in table 2.

TABLE 2 RESULTS OF ZERO HYPOTHESIS CHECKING

2

Xo }(2(0,025;9) ){2(0,975;9)

1| 005 12,24168 23,3366 4,40778
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V. CONCLUSIONS

The results presented in table 2 show that the zero

hypothesis can be accepted as true and the analytical
model can be used for practical calculation of the quantity
of powder placed in the ignition cartridge for the reusable

training-practice mortar

round for firing on short

distances.
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[2]
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Geometric Synthesis of Involute Planetary Gears
with Connected Gear Wheels of Type 2K-H

Genadi Cvetanov
Department of Mechanical and Precision Engineering
Technical University of Gabrovo
Gabrovo, Bulgaria
gencvet@tugab.bg

Abstract - Based on the basic law of flat interlocking, the
paper considers a possibility of increasing the gear ratio of
low module involute cylindrical planetary gears by using
asymmetric tooth profile for the purposes of measuring
devices. An example of the synthesis of such reduction
gearing by optimal choice of asymmetry between the profiles
and Possibility of generation 111 is presented. Also presented
is a planar matching of the unconditional existence areas in
the field of independent coefficients of instrument
displacement by the straight optimization method and pre-
set qualitative indicators of the gearing.

Keywords - planetary involute cylindrical tooth gears,
asymmetric profile

l. INTRODUCTION

With large gear ratios in precision engineering gears
with combined gearing — internal and external are used.
These are the epicyclical gear drives, of which the most
widely spread is the kinematic scheme of 2K-H involute
cylindrical gear with symmetrical tooth profile and
different number of steps [1] [2] [3].

Fig. 1. Kinematic schemes of variants of gear 2K-H

According to fig. 1, five basic kinematic schemes of an
epicyclical mechanism with geometrically connected gears
are possible. Gear axes 1 and 3 coincide with the mutual
geometric axis and are called basic units of the mechanism
and the corresponding gears are called central. The gear

Tsanko Karadzhov
Department of Mechanical and Precision Engineering
Technical University of Gabrovo
Gabrovo, Bulgaria
karadjov_st@abv.bg

ratio is the ratio of the angular velocities of the two units —
1 and 3. Gear 2 engaged with units 1 and 3 does not affect
the gear ratio from shaft | to shaft Il and is called a satellite
wheel.

The carrier that carries the satellites can serve as the
main unit and in fig. 1 it is denoted by the letter H. In this
case the axis of gear 2 moves in space and the gear is called
planetary. Gear mechanism in which at least one axis is
mobile in space is called a planetary gear mechanism.

When the epicyclical gear mechanism has two degrees
of freedom it is called “differential”, and with one degree
of freedom — “planetary”. Combination of internal and
external gearing in one gear mechanism has a number of
advantages, some of which are:

. expanding the possibilities of planar gearing by
possible choice of three coefficients of displacement and
heights of the tooth profiles;

. increased load capacity of the gear at high torque;

. obtaining gears with larger gearing angles and
higher frontal overlap coefficient than those realized only
with external gearing at the same gear ratio;

. compactness of construction and
manufacturability in the process of manufacturing the gear
wheels.

Depending on the specific implementation 2K — H
uniaxial gears can be with or without connected wheels [4]

[5]:

EXPOSITION

tio

Z,t2
COS Oy

_2,%12,
L =45
oSOy,
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* Z,tz * Z,*+z
m t, =2—*1=m - =4—*3
Ccos atwu CoOS o Wy

(1)

where mu2 and mgs are the front modules of the
coupled gears;

71, Z», zzand 24 — the number of teeth of the gear wheels;

o2 and ouwss — engagement angles between the
coupled gear wheels for the “working part” of the tooth
profile;

o*wi2 and  a*ws4 — engagement angles between the
coupled gear wheels for the “non-working part” of the tooth
profile;

In case of an asymmetric tooth profile the engagement
angles are determined depending on the type of formation
and the following transcendental dependencies:

, , . 2. (x; £ x1). (tga + tga™)
nvayy, , +invay, , = +

Zy+ 2z
+inva, + inva;

*

dtbLz tbl,Z

oS Apy,, COS Qg ,

, . . 2. (x4 £ x3). (tga + tga™)
nvayy, , + vy, , = 7+ 2 +
4 = 43

+ inva, + inva;

*
dtb3‘4 fb3'4,

oS Ay,  COSQfy,.,

where dip12 and dwss are the diameters of the main
circles in the frontal section for the “working part” of the
tooth profile;

d"i12and d'iwsas - diameters of the main circles in the
frontal section for the “nonworking part” of the tooth
profile;

X1, X2, X3 and x4 — the displacement coefficient of the
tool for the respective gear wheels. The value of the
displacement coefficient of the wheel with internal teeth is
assumed to be the same as the displacement coefficient of
the equivalent wheel with external teeth.

In this model of kinematic gears there is no restriction
in the choice of instrument parameters and gearing module,
which make the epicyclical mechanisms attractive for
manufacturing when using a method other than standard
one - filament erosion.

uniaxial 2K — H gears with connected wheels with
asymmetric profile of the teeth (fig.2).

In this gear model the satellite wheel 2 is in external
engagement with central wheel 1 and internal wheel 3. If
the gear is driven by the central wheel clockwise, the
engagement of wheel 1 and 2 is along the active length of
the line B1* Bo* with profile angle ouw*1-2.. At the same time
the point of contact of wheels 2-3 is along the engagement
line B>B3 with profile angle owe-3

(2)
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Fig. 2. Computational scheme of planetary gear with asymmetric
profile of the teeth

Based on the basic law, the engagement angles for the
two parts of the composite profile are determined:

. _ 2.(x2+xl).(tgoc+tga*)
invoLy, | +invoy, | = S +
2+

+invo, +invo

d b, d ths 4

COSOLy, ,  COS oc:W1 )

2.(x5 — xz).(tgoc + tgoc*)+

iNVOLyy, , +iNVoLy,, | ——
3742

- . *
+inva, +invo,

3)

*

d b, d thy 3

COSCLy,,  COSOLy,, |

In the case of asymmetric tooth profile it is necessary to
take into account the driving unit because it affects the
alignment condition [6] [7] [8]. The use of the standard
dependency for symmetric profile is possible when the
drive is performed by satellite wheel 2:

COSOyy,, 7,+7,

cosay, 232

COSO tw,, 7 +2,

COS 0Ly 2;3-2,
2,3

cosa, ,  z;+2z, coso,
2,2, cosa,

COS Ly, |

(4)

COSQyy,, 7,+7, COSa,
coSoy, | Z3=2p COSay

The quality indicators of the planetary gears with
asymmetric profile depend on the parameters of the tool, its
coefficient of displacement and the parameter q:

®)

0=23-2,-22,;
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When selecting the number of teeth of the gear wheels,
so that the parameter g has a value of zero the following
correlations for the alignment condition of the gear are
obtained:

cos o“twu _ cos O(:

COSQly, .  COSQ,
" (6)

COSay, ,  cosay

cosay, ~ COSa
2,3

After determining the engagement angles for the two
parts of the composite profile a method for calculating the
vertex circle of the wheel is selected. Irrespective of the
adopted method of making the wheels, the following
correlation should always be observed:

12 23
da2 = da2 (7)
where d*2;, is diameter of the vertex circle for wheel 2,
but determined by external meshing with wheel 1;

23
daz - diameter of vertex circle for wheel 2, but
determined by internal meshing with wheel 3;

With this method of forming the profile the radial
clearance at external and internal meshing is kept constant,
and the standard method of checking the qualitative
indicators is fully applicable. The checking of the radial
clearance ratio is performed only between the heel circle of
the wheel with internal teeth and the vertex circle of the
satellite (cz3). In the case of a negative value of the
coefficient cz3, a tool for manufacturing the wheel with
internal teeth with increased coefficient of the tooth height
is selected.

Thus, the proposed approach for making the gear
wheels with asymmetric profile has the following
advantages:

o the teeth of the gear wheels have different heights
at different displacement coefficients;

e the involute profile of the teeth with internal
gearing is entirely used, achieving higher values of
the frontal overlapping;

o for the wheels with external gearing a tool with
standard heights is used;

The asymmetric profile of the teeth makes it possible to
obtain an involute cylindrical gear which has a constant
gear ratio, but has different quality indicators when
reversing the movement direction [9] [10].

One of the quality indicators of particular interest is the
coefficient of the pitch point displacement of gearingd,
because the asymmetry and its possibilities of generation
make it possible to influence its value. This makes it
possible to obtain gears with hitherto unknown quality
indicators.
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For the case of pitch point displacement £ shown in fig.
3 a) and b), the displacement coefficients 61, and 6*;,, are
determined successively for the two parts of the tooth:

(212 -(tgatalyz - tg(ltw)
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Fig. 3. a) at the base of the tooth of wheel — 1 and the head of the tooth
of wheel -2

// la
“O1
Fig. 3 b) at the base of the tooth of wheel — 2 and the head of the tooth

of wheel - 1

The asymmetric tooth profile hasn’t been considered in
this respect, as well as the effects that can be achieved with
it.

From fig 3 a) and b) and from dependency (8) it follows
that the asymmetry of the profile leads to obtaining involute
cylindrical gears that has “prediction ,,and “addiction” of
the pitch point.
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Therefore the asymmetry of the profile allows:

e to realize gears with different quality indicators
when reversing movement direction;

e to achieve different load capacity of the gear
wheels with and without revering the direction of
movement;

e to design a gear that takes into account the
stiffness of the meshing when reversing, and the
actual frontal overlapping coefficient of the
profiles;

The unconditional existence area makes possible the
realization of one gear with preset extreme quality
indicators in the field of different independent variables.
For the purposes of this work, the following values of the
quality indicators are accepted as limiting:

e S, = Sta12 = 0 — thickness of the teeth on the
vertex circles, determined by the milling

method;
e ¢=1,0 u ¢*=10 - frontal overlapping
coefficients when reversing movement

direction;

o |6.]=6,0; |6%|=6,0; |6.]=6,0; | 6% |=6,0
— coefficient of specific sliding between the
profiles;

e ¢=0 - radial clearance between the wheel and
the gear;

The conditional area of existence determines a certain
limit for the quality indicators, but only above a certain
extreme value. Therefore, the unconditional area of
existence contains in itself a number of conditional areas,
offering the possibilities for realization of such gears.

In such a synthesis approach the displacement
coefficient of the internal gear wheel (xs) is obtained as a
dependent variable:

. . * . . *
Invo + Inva —Invot —Inva )Z -7
X3:X2+( tw23 tw23 t thz3-2,)

2.(tga + tg(x*) 9)

To illustrate the unconditional areas of existence,
consider a 2 K-H planetary gear with parameters: m=1mm,
0=20°, a*=30°, h*;=1, h*=1.25, number of teeth of the
gear wheels - z,=30, z,=20, z5=70, angle of inclination of
the teeth p=0 and open profile milling method, with and
without reversing the direction of movement.

The geometric interpretation of contour lines with
constant magnitude of the coefficient xsis inclined straights
relative to the displacement coefficients x; and x. (fig. 4
and 5). The contour lines of constant coefficient X3 coincide
with contour lines of coefficient x; only in the case of
symmetric profile.

The slope of the contour lines (isolines) xs is
determined by the set asymmetry between the composite
profiles. This allows the cross section of the spatial area of
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existence to be considered as a plane, where Xz=xi1 is
satisfied along the ordinate of the unconditional area.

Fig 4 and 5 show the unconditional areas of existence
of planetary gear depending on the drive mechanism. They
are valid when involute corresponding to profile angle o is
selected for working angle of the gear with external
gearing.

Fig. 4. Unconditional area of existence of a planetary gear with
asymmetric profile of the teeth, driven by wheel 1 or 3

|tan|= 20

—_—
<7 ma=10

o

- S Bal=0Zm

Fig. 5. Unconditional area of existence of a planetary gear with
asymmetric tooth profile driven by satellite wheel 2

When reversing the direction of motion of the planetary
mechanism, the areas of existence have another axiomatic
form.

If we adopt the concept of “complex” unconditional
area of existence in planetary gears with asymmetric tooth
profile, we find that there are two such areas which depend
on the driving mechanism. The two complex areas are a
consistent combination of the qualitative indicators of
engagement with and without reversing of the direction of
movement.

Fig.6 shows a spatial solid model of 2K-H gear
designed by CAD/CAM system of company “Autodesk-
Inventor Professional”
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Based on the presented geometric synthesis of
planetary involute cylindrical gears with asymmetric tooth
profile, it is possible to achieve large gear ratios. This is
possible by reducing the number of teeth of the satellite
wheel and selecting an appropriate asymmetry and drive of

the gear mechanism.
¢ » ! ‘ >

e -

4

-~

i o
. g
i 1 !

§ v

Fig. 6. Solid model of 2K-H gear with asymmetric tooth profile and
geometrically connected gear wheels

I1l. CONCLUSION

The traditional approach in geometric synthesis of 2K-
H gears with asymmetric tooth profile with and without
connected gear wheels and combined gearing in different
possibilities of generation is presented. Also presented is
the necessary condition for alignment.

The main qualitative indicators are given and the pitch
point displacement is defined for the different possibilities
of generation, which allows the creation of sub-polar and
post-polar gears with increased efficiency because these
gears are used in measuring devices.

A field of the independent displacement coefficients of
the initial contour is defined, which allows the spatial
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unconditional areas of existence of the 2K-H gear to be
depicted as a plane.
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Consequences of the Basic Law of Flat
Interlocking of Involute Cylindrical Gears
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Abstract - Three consequences based on the basic law of
the flat interlocking have been determined that allow the
generation of asymmetric tooth profile on different poloidal
circles. Gears with asymmetric profile are used in both
mechanical engineering and measuring devices. Qualitative
indicators of engagement that cannot be accomplished with a
symmetric profile have been developed. A specific example of
generation 111 has been presented. The qualitative indicators
of engagement, which are invariant to the parameters of the
tool, have been improved.

Keywords - possibilities of generation, involute cylindrical
gears, asymmetric profile

l. INTRODUCTION

The asymmetric profile of the teeth relates to the special
gear transmissions in mechanical engineering for the
following reasons:

- use of non-standard tool to produce the toothed
wheels — by the method of centroid wrapping or copying in
view of the lack of interference and clipping of the work
piece [1] [4];

- arelatively small number of examples in literature
for gears with asymmetric profile of the teeth [2] [3];

- a lack of systematic approach in considering the
asymmetry of the tooth of the gear and the output contour
(1] [2] [3] [4];

- adoption of asymmetric modification of the
profile only for non-reversible gearings [2];

- adoption of asymmetric profile creates difficulties
of computational nature in determining the parameters and
the qualitative indicators of a gear transmission [3] [4];

- incomplete use of the accumulated stock of
knowledge on the symmetrical profile of teeth that can with
certain conditions be extrapolated onto the asymmetric
profile.

Tsanko Karadzhov
Department of Mechanical and Precision Engineering
Technical University of Gabrovo
Gabrovo, Bulgaria
karadjov_st@abv.bg

Il.  EXPOSITION

Low-module gears are one of the main components in
devices. The quality and reliability of these components
determine the accurate and reliable operation of the whole
device.

The specific requirements and conditions of operation
have separated the small-module gears in a separate group
for which the theoretical and experimental data obtained
for large and medium module gears are not applicable.

The lack of sufficient information about the
possibilities and accuracy in manufacturing gears with
asymmetric tooth profile makes their implementation quite
difficult.

In this regard, the investigation of small-module
involute cylindrical gears with an asymmetric tooth profile
is a pressing task of our industry.

Therefore, there is a need for development of a system
for calculation of asymmetric profile without using special
geometric parameters, which will allow for these gears to
be widely used in mechanical and precision engineering [5]

(6]

When the requirements for the gear cannot be satisfied
by the symmetrical profile, asymmetric modification can
be adopted and reversible or non-reversible gear with
different from the hitherto known qualitative indicators can
be obtained [7].

The basic law of the flat engagement in involute
cylindrical gears with asymmetric profile is derived on the
basis of the theorem for reversing the direction of the
movement [6, 7] and allows deriving the following
consequences:
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Consequence l:Equal thickness of the teeth of the
jointly working wheels of the gear along the poloid circle
are obtained within one complete pitch angle (2.7/z) -
Possibility | for generation.

This approach assumes that all variables are known in
the following transcendental system:

2(xp + xl).(tga + tgoc*)
Zpt2q

. . * . . *
iNVoLgy +iNVolyy = +invo +invo

*
dp _ dyp
coso. *
tw COosS Uty (1)

where:

aw and o*yw are the angles of engagement in the front
section;

a: and a*; — profile angles of the tool in the front section;

x1 and x, — coefficient of tool displacement for the gear
wheels as the internal gearing is assumed to be the
equivalent wheel with external teeth.

In this correlation the ,,+” sign refers to external
gearing while ,,-,, sign refers to internal gearing.

It is solved with respect to the unknown
angles of engagement ouw and o *w:

*
. . COS oLt
VoL (n) + V] arccos| - +.cos ltw(n)

t

Otw(n+1) = %tw(n) ~ +

2 2 cos (X:
9 a +t arccos .Cosa
g~ Ow(n) +19 [ [COS . tw(n)]]

{ |2.(x2 +xq ) (tgo.+ tga ) (25 + zl)J+ inva; + invaf}

tgz(xtw(n) + tgz[arccos[ .

COS(It.COS(xtW(n)J]
0S oLt
©

What is important with this possibility of generation is
that the sufficient condition for equality of inter axis
distances is reduced to the following:

*
Cosay  COSoL

COSQpw  cosoyy 3)
From correlation (3) it follows that this possibility of
generation has the following disadvantages (fig.1):

o the profile angles of the tool o; u a*; must be
known in advance;

e when a large difference between the profile
angles is used, the height of the tool is
decreased;

o the full form of the transcendental system (1)
is not used,;

there is wide range of data about gears with symmetric
profile, which cannot be extrapolated directly onto the
asymmetric profile;
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Fig. 1. General form of the tooth profile for possibility | of generation

All these disadvantages are eliminated by using a new
option in the synthesis, which is determined by the
following Consequence II: The asymmetric gear profile
can be implemented with a single tool by the method of
centroid wrapping.

Fig. 2. Difference between the initial symmetry axis OO’ and the new
axis OO” for Possibility II of generation in the front section of the
wheel

Based on consequence Il of the basic law of
engagement, two new approaches are offered for solving
the transcendental system (1). For the geometrical
interpretation of these two possibilities it is assumed that
the full form of the transcendental system (1) is
implemented, which implies that the asymmetry between
the profiles is expressed by the basic circles and not only
by the difference between the profile angles of the tool.
This implies a difference in the “initially” accepted axis
0OO’. Fig. 2 shows the difference between the “initial”
symmetry axis OO’ and the “new” axis - OO” in the front
section of the wheel. Hypothetically, we will assume that
we can set the position of this new axis OO”.
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Fig. 3. Congruent output contour for possibility 1l of generation of
asymmetric gear profile in the front section

It is assumed that the profile angles of the output
contour o 1 o* in the normal cross-section (fig.3) are known
in advance. Based on the transcendental system (1) the
engagement angle o*w iS determined by the method of
successive approximations [8], until the desired accuracy:

. . * . . *
. (zp+ zl)(mvatw +iMVaLgy (ny — inve —inva )
= Otw(n) —

a:w(ml) *
tgzatw(n)

. 2(xy + xl).(tga + tgoc*)

tg 20L’tkw(n)

(4)

The profile angle of the tool (o) in the front section is
determined by the sufficient condition of the basic law of
engagement in asymmetric profile [9]. The general form of
that other sequence of solving the system is:

2(x9 +xq1 )tgot

invoyy =
w Zy iZl

+invo
dip
COS Oy
2(xp + xl).(tgoc + tga*)
Zy iZl

dp  _
COS 0Ly

. * . . *
invouyy = +invo +invag —

iV gy

®)

Apart from this variant of solution, the transcendental
system (1) offers a third possibility for the same initial
assumptions, but in a different sequence.

The engagement angle a*yy, is determined based on the
ratio of the main circles, which is known in advance:

. dp
Oy = arccos 9 COS Oy
b

(6)
The profile angle of the tool a*;, is determined

depending on the correlation on slack-free gearing (1) as a

dependent variable until the desired accuracy:

. (22 zl).(invatw +iNVaLgy —invay — invoc’{(n))Jr

=a - * *
U 2.(xp £ xq).cos? oy +(z2 % zl).tgz(xt(n)
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+(zp% Zl)tgzat(n)

At(n+1)

n
2,(xp £ x1).cos? a(y) +

v
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The engagement angle a*y relative to axis OO’ is
determined in accordance with correlation (3).

. 2(X9 £ X1 )tga .
|nV(XtW = M‘F |nV0{,t
Zy iZl
*
COSU. dﬂCOSQ
tw
th
20 2 x1 g + tga”)
. * . AXo £ X o+ ga . . *
iNVoLpy + Vo, = —~-2="1 ga+1g +inva; +invo;
Zyp*27q (8)

Based on this other sequence in solving transcendental
correlation (3), the following Consequence I11 is reached:
The synthesis of gears with asymmetric profile allows
optimizing of the engagement of gears with symmetric
profile [10].

Such optimization of the asymmetric profile based on
the basic law of engagement has been implemented for
output involute cylindrical gear with external engagement
and the following parameters of the output contour:
m=1mm, o=a*=20°, h*,=1, h*=1,25, displacement of the
contour X1=x2=0,5, number of teeth of wheel 1 of gear
21=20, u=1.5, B=0 and an open profile milling method. The
data about the main qualitative indicators and comparison
with the output symmetric profile are given in table 1 [11].

As a basic parameter for the optimization (Table 1) the
criterion of maximum front overlap ratio g,=max. One
optimal variant has been determined without clipping at
integer value of o*. This possibility of solving obtains
increase of the front overlap ratio from &,=1,33 for
symmetric profile up to €*,=1,44 for asymmetric profile —
possibility I11.

This new optimization procedure, proposed for the first
time by the authors, is graphically interpreted in the field of
independent coefficients of displacement of the tool and is
a two-dimensional representation of a spatial area. This is
achieved through the new optimization procedure which
allows a finite number of iterations to reach the required
parameters of the output contour (fig.4).

This proposed new possibility 111 of generation has the
following advantages:

e uses the available data for symmetric profile;

o allows synthesis of asymmetric profile, where the
slack-free engagement is achieved relative to an
axis different from the initial one;

e the limitation of the tool is eliminated, while the
profile angle o* varies within the accepted
proportionality  between the two basic
(generating) circles;
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Fig. 4. Unconditional range of existence of involute cylindrical gear
with asymmetry factor 1,0368 and guaranteed front overlap ratio
£,>1,4 through the whole range

From correlation (5) and (8) it follows, that possibility
Il for synthesis does not change the necessary and
sufficient condition but complements, those by setting
them in the context of the Basic law of interlocking.
Therefore, the involutes generated through possibility | are
equidistant to those generated through possibility Il
Compared to possibility 1 for synthesis, possibility 111
offers another sequence for solving the transcendental
system (1), which is a conversion of the classic theory of
tooth engagement and creation of new gears with hitherto
unknown qualitative and strength parameters.

I1. CONCLUSION

Three consequences of the basic law of gear
interlocking have been defined and proved, which
presupposes different possibilities of generation and
geometric synthesis of involute gearing with asymmetric
profile of the teeth with different starting poloids of the gear
wheels, as well as various improved qualitative indicators
of the tooth engagement which is impossible to achieve if
the teeth have symmetric profile.

The existence of three possibilities of generation of
asymmetric tooth profile was proven, providing different
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qualitative and strength parameters at equal initial variables
of the synthesis, which has been shown by example of
optimization of a gear with asymmetric profile of the teeth
according to the criterion of maximum front overlap ratio
eo~max.

A new optimization procedure has been obtained and
geometrically presented, allowing geometric synthesis of
involute cylindrical gears with symmetric and asymmetric
profiles of the teeth according to pre-set qualitative
indicators through Possibility 1l of generation, which
provides equidistant profiles at variable parameters of the
tool.
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Abstract - The paper focuses on the study of the
performance of elastic and damping parameters of the car
suspension. The problem of arising vibrations of the sprung
and unsprung vehicle masses on the braking process is
considered. The article presents theoretical models of vehicle
braking taking into account the oscillations of the vehicle's
sprung masses. The research results will make it possible to
establish the relationship between the suspension parameters
and the estimated parameters of braking properties, to
supplement the "'driver - car - road"" system, and also to more
accurately assess the active safety of vehicles associated with
braking dynamics.

Keywords - car braking, mathematical model, sprung mass,
vibrations.

I.  INTRODUCTION

A car as a mechatronic object and a complex technical
system has a number of operational properties, which, in
the theory of car movement, are divided into two main
groups - associated and not associated with the movement
of the car. Also, in the classification of operational
properties, there are those that affect the active and passive
safety of the car [1]. According to the terminology, in the
automotive industry, passive safety is a combination of
properties that reduce the severity of the consequences of
road accidents, and its main requirement is the design of
the outer surfaces and elements of the car, in which the
probability of damage to the driver and passengers by
these elements in the event of a road traffic accident could
be minimal [1], [2].

Active safety refers to properties designed to minimize
the likelihood of a road traffic accident. Its provision is a
priority task in the formation of road safety. Active safety
includes several operational properties that allow you to
confidently drive a car: accelerate and decelerate with the
required intensity, as well as perform maneuvers required
by the road situation. The most important are braking
properties, and they account for 41.3% of the active safety
of vehicles [2], [3].

The braking process of a car is dynamic and there are
many factors affecting the braking performance, but in the
theory of vehicle motion, the brake dynamics is considered
under idealized conditions, corresponding to braking on a
flat road. However, in the process of braking on an uneven
road, under the influence of road irregularities, the car
makes longitudinal and angular vibrations, which lead to a
change in the indicators of the braking properties of the
car.

Il. VIBRATION SYSTEM OF THE CAR AND

SUSPENSION PARAMETERS

The car is an oscillatory system that determines the
smoothness of the vehicle and affects almost all
performance properties.

To determine the effect of vibration of a car on braking
properties, Fig. 1 shows a diagram of an oscillatory
system, which is equivalent to a car when braking. The
presented oscillatory system differs from the generally
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accepted one in the theory of oscillations and smoothness
of cars in that braking forces are applied in the contact of
the wheels with the supporting surface, causing an inertial
force applied at the center of gravity.

The designations on the diagram are generally
accepted in the theory of oscillations [4], [5]: M - sprung
mass of the vehicle; ¢12 - reduced coefficient of normal
suspension stiffness; n1» - reduced coefficient of inelastic
resistance of the suspension; qi2(t) - the current values of
the ordinates of the road surface micro-profile in the
contact of the wheels in time; z15(t) - the values of the
vertical displacements of the sprung masses; Jy — moment
of inertia of the vehicle's sprung masses relative to the

rift]

central transverse axis O; Py - braking forces applied in
the contact of the wheels; R;1, - normal reaction in the
contact of the wheels with the supporting surface; F;j is the
inertial force of the total mass of the vehicle during
braking; r12 - pair of forces equivalent to the moment of
braking forces and inertial force; L - vehicle base; a, b -
distance from the center of gravity to the vertical planes of
the front and rear unsprung masses; hg is the height of the
vehicle's center of gravity above the center line of the road
support surface.

Indices 1 and 2 mark the parameters belonging to the
front and rear suspensions, respectively.

ot

Z(H

Zylf]

g1t/

Fig. 1. Scheme of the oscillatory system, equivalent to the car when braking

This oscillatory system is simplified due to the fact that
the vibrations of the sprung mass are dominant, and the
influence of high-frequency vibrations of the unsprung
masses with a relatively small amplitude can be neglected.
Therefore, unsprung masses are excluded from
consideration, and the reduced stiffness coefficients are
introduced to take into account the elastic elements [4],

[5]:

Cp1,2 Ct1,2

= 1)
Where cs1.2 is the coefficient of normal stiffness of the

suspension; cu2 is the coefficient of normal stiffness of
tires.

C1,2 )
! Cp1,2+Ct1,2

Combining in the same way the inelastic resistance of
the suspension and tires and considering it proportional to
the deformation rate, following the example of an already
united elastic element, the damping properties of the above
system (Fig. 1) will be estimated by the coefficient of
inelastic resistance 71 2.

The movement of the rear and front sprung masses of
the vehicle during braking is described by the system of
equations:
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{Mlz"l +m(Z—q) +ci(zo—q)) =—n @)
Mz, +12(Z, — G2) + (2, — @) = 1,

These equations are simplified by introducing the well-
known notation:

MN1,2 _

1,2

®)

After substitution and elementary transformations, the
differential equations take the following form:

€12 _ 2
Zkl,Z’_M = W12,
1,2

. . 1
Zy + 2k121 + (1)2121 = w21q1 + 2k1q1 - M—lT'l;

(4)

.. . .1
Zy + Zkzzz + (1)22Z2 = wzzqz + Zkzqz - M_Zrz;

Forces equivalent to the moment of braking and inertial
forces are described by the dependence [4]:

Mgd, (t) +¢1(z; —9q) +
@ +m (2 —91) +C(2, —9,) +
+17,(2, - 97)

h
r1’2 = iT’/I

®)

In equation (5), taking into account braking with full
use of adhesion forces and instantaneous application of
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braking forces &o(t), the unit Heaviside function is
displayed, expressing a unit jump in the form:

0fort<o,

80(8) = {oo fort>0. ©)

The obtained equations reveal a significant feature of
vehicle vibrations with full use of adhesion forces, namely,
when braking forces are applied, a close interdependence
of vertical vibrations of the front and rear sprung masses
arises.

I1l. ESTIMATED PARAMETERS OF BRAKING
PROPERTIES TAKING INTO ACCOUNT
VIBRATIONS

When the vehicle's sprung masses oscillate, the vertical
load, which is formed in the contact of the wheels with the
road, also changes. When the vertical load changes, the
braking forces also change, which leads to a deterioration
in the braking dynamics of the vehicle.

The magnitude of the braking force P11.2 in contact of
the wheels with the road is determined as:

()

whereg _is the coefficient of adhesion of the tires to the
supporting surface.

Pr12 = R0,

The normal reaction in contact of the wheel with the
road, taking into account the resulting vibrations, is
determined:

Ry =Mi5(9 £73,), (8)

whereg— acceleration of gravity;Z; ,—acceleration of
the front and rear sprung masses of the vehicle.

The amount of deceleration, taking into account the
vibrations of the sprung masses, can be determined:

j=0gxZ)e,, )

where Z, — vertical acceleration of the center of gravity
of the sprung masses.
. Zpa+Z1b
Zy = Zya+tZy
a+b

(10)

The change in stopping distance when impacted by an
uneven road can be seen through the loss of kinetic energy
when driving.

The kinetic energy of a car moving in braking mode
under the influence of road surface irregularities is spent
on the work of friction in contact of the wheels with the
road, on overcoming the horizontal component Ry, arising
from the action of the normal reaction R, and on the
excitation of vibrations of sprung and unsprung masses:

MV,2
2

= StRz(px i ERx + Ep' (11)
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2
where 22~ _ kinetic energy of a car moving in braking

mode; V, — travel speed; S;R,;,¢, — friction work in
contact of the wheels with the road; S, — braking
distances; Eg, — energy consumption to overcome the
horizontal component R, ; E, — energy consumption for
vibrations of sprung masses.

Energy costs to overcome the horizontal component Ry
can be defined as [6]:

Egy ~ 0,063 %Mvzg, (12)
where v — disturbance frequency.
Disturbance frequency:
v="1a (13)

where [, —irregularity length.

Energy consumption for vibrations of sprung masses:

Ep = PpZO, (14)
where B, — work spent on vibrations.
P, = 0,392q,w*M (15)
where w — frequency of natural vibrations.
2 _ ¢
w® = (16)
Braking distances:
2_
S, = MVg Z(EpiERx). (17)

2Rz12¢x

Deceleration time provided that the final speed is equal
to zero:

_ 2MV,%-2(Ep+ERy)
2VaM(g+Z) @y

IV. THEORETICAL RESEARCH

For the theoretical study, a car was chosen, which is
characterized by the following parameters:

t (18)

- car base L = 2900 mm;

- distance from the center of mass of the vehicle to the
front axle a = 1500 mm;

- distance from the center of mass of the vehicle to the
rear axle b = 1400 mm;

- coefficient of normal suspension stiffness ci1, = 3
MN/m; ¢12 = 6MN/m; ¢12 =9 MN/m; ¢, = 12 MN/m;

- coefficient of normal stiffness of tires c;= 1,3MN/m;
- vehicle center of mass ho = 750 mm;
- sprung vehicle weight M = 1700 kg.

The adhesion coefficient is taken to be ¢x = 0.7,
unevenness height Q = 0,05 m.
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As a disturbing external influence during braking, an
impulse irregularity was chosen, the mathematical
description of which is characterized by the function[7],

[8]:

{q= 0, fort<tl,t>t, (19)

q=0Q fort; <t<t,

where Q — unevenness height; t,, t1 — the travel time of
the unevenness.

The variable parameter in the study by the
mathematical model is the suspension stiffhess coefficient,
which for cars is in the range ¢12= 3 - 12 MN/m.

The solution of the system of equations (4), allows you
to obtain the values of the acceleration of the sprung mass,
which are used in formulas (7) - (18) to determine the
estimated parameters of the braking properties.

The results of calculating the main values are presented
in Table 1.

TABLE 1-CALCULATION RESULTS

Coefficient of Normal Suspension
Nomination Stiffness c12, MN/m

3 6 9 12
Reduced stiffness of the
suspension C, MH/m 118 2,14 2,27 2,35
Moving the sprung 056 | 061 | 064 | 065
mass Z, m
Acceleration gf the , 65 6.9 72 75
sprung mass Z, mm/s
Braking distances S, m 6,56 7,43 8,26 9,3
Deceleration j, mm/s? 2,010 1,766 1,584 1,402
Braking time t, s 2,38 2,71 3,01 34

For clarity, the calculated data plotted the dependence
of the obtained values on the suspension stiffness
coefficient (Fig. 2).

b T T 15 15
T m/s
g 145
st 2y
7} —— 435
6 T 17
< 5 = I I
R E—
i e 42
Ik 115
z 47
TF 145
a | -1
1 5

1 - braking distances 2 — braking time 3 - car deceleration

Fig. 2. Influence of the suspension stiffness coefficient on the
estimated parameters of braking properties.
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V. CONCLUSIONS

The carried out theoretical studies allow us to
conclude that when braking on an uneven road with full
use of adhesion forces, an increase in the coefficient of
normal stiffness leads, as a consequence, to a change in the
arising oscillations of the sprung masses of the vehicle,
leading to an increase in the braking distance and braking
time of the wvehicle, and to a significant decrease in
deceleration, which corresponds to deterioration of the
braking dynamics of cars.

In addition, it should be noted that when braking on
an uneven road, the braking properties are reduced, in
contrast to braking on a flat road.
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Abstract - Different constructions of bars are analyzed in
the article, all of which are based on the idea of creating
prestressed state in material. Improved construction of bar is
proposed for equable spreading of elasticity zone along axis
of boring bar.
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l. INTRODUCTION

One of the problems which appear during boring and
internal grinding of deep holes is a complexity of providing
a required rigidity and vibration endurance of bar in the
limited space. The problems appear during machining in
conditions of reduced rigidity of manufacturing system.
There are two basic ways to solve them: to increase rigidity
and decline value of cutting force.

One of the best solutions of increasing rigidity and
vibration endurance is making prestressed state in the bar
material. The point of this method is mechanical influence
on the bar material. As a result, crystal lattice of material is
deformed and the distance between atoms decreases. This
impaction takes place according to Hooke's law and doesn’t
lead to plastic deformation. In the same time, rigidity of bar
goes up, vibration endurance and energy dissipation are
improving and the logarithmic decrement of oscillations is
increasing.
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II.  MATERIALS AND METHODS

There are many researchers about ways to increase
rigidity and vibration endurance of bars by creating
prestressed state their body [1-6].

One of the accomplished solutions is a boring bar for
stepped deep holes in hardly processed parts, welded of
different materials [1]. The bar has an expanding taper
which is set in an empty body from the cutting insert side.
The taper is connected with thread kernel which has a
regulating nut with a thrust on the end of the body. The
expanding taper is made of steel with a hardness <200 HB
and empty body is made of steel with a hardness 350-370
HB. The bar is mounted in a turret CNC machine through
a split bushing.

This construction provides even spread of stretched
tension in a cross section body of the bar. Radial
component of cutting force leads to bar bending, and in
according to machining scheme, its direction is essentially
permanent. It means that bending can be compensated more
effectively.

Other known construction is low-vibration tool holder
[2] (Fig. 1) with a tool holder base body 1 and a tensioning
arrangement 2 which provides axial tensioning of the tool
holder base body and which is simultaneously tensioned in
a radially flexible way with respect to the tool holder base
body.
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Fig. 1.

This tool holder is less susceptible to vibration than
previously known tool holders, which ensures better true
running even during operation and in particular when heat-
induced expansion of materials occurs, since the clamping
arrangement which is integrated in the tool holder is
continuously centered with respect to the tool holder base
body. Furthermore, such a tool holder, in particular within
a modular design, can be adapted very flexibly to different
types of tools and workpiece machining processes. This
holder has one or several formed seats 3 and 4 which
interact during movable contact with one or several mating
surfaces.

The most part of tensions made by such bar has axial
direction and its construction is good for tools with

£ B 3

b | =

Tool holder by RU 2400330.

constantly change directions of radial component of cutting
force. Besides, location of formed seats and mating
surfaces on the outer side of the bar leads to increased
requirement of careful during using and storage.

Another construction of boring bar [3] consist of body
1 which face surface has a hole with sliders 2 to tune the
damper, O-rings 3 and the absorber 4, relocatable by a
diagonal tuner 5 (Fig. 2). The bar also has end plug 6 and
cartridge 7 to mount the cutting insert. This construction
provides protection of absorber 4 and O-rings 3, however,
not good for rotatable bar because of imbalance which
emerges in the presents of tuner 5 and its variable position.
Besides rigidity increases on the limited length of the bar.

No

5 /

/
N

R
7
\4

I\

/

Fig. 2.

The enhanced version of previous construction is a
boring bar with improved stiffness [4]. A tunable or tuned
boring bar having increased stiffness is provided.
Increasing the stiffness of the bar increases the natural
frequency, thereby reducing directional deformation of the
bar during use. The tunable boring bar includes a distal
portion configured to support a tool, a proximal portion
configured for attachment to a support structure of a
metalworking machine, and a body, which is at least
partially tubular, extending between the proximal portion
and the distal portion. The tubular portion of the body has
an elongated cylindrical cavity. The body of the boring bar
includes a core layer 1 formed from a first material and a
coating layer 2 formed from a second material (Fig. 3). The
second material has a higher modulus of elasticity than the
first material. In certain configurations, the coating layer is
bonded to the core layer by cladding, welding, chemical
adhesives, chemical vapor deposition, pulsated plasma
diffusion, or combinations thereof.

Damper boring bar with inner absorber and tuner.

This design provides an increase bar rigidity over the
entire length of the body, a decrease imbalance due to a
decrease length of the screw, but does not protect the outer
layer of the coating from external factors.

Fig. 3. Boring bar with improved stiffness by US 10040127.
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I1l.  RESULTS AND DISCUSSION

A new bar with high rigidity and vibration endurance is
developing now. It will provide an opportunity to solve
mentioned problems of increasing spreading tension along
the body length and decreasing interaction external
influence on elements which are responsible for creating
prestressed state in boring bars, tool bars, etc.

The base of the offered solution is another widely
known tool for hardening processing inner cylindrical
surfaces [5]. It is made in a shape of cylindrical shells 1 and
2, one of them has a collar at the end and another one has a
flange (Fig. 4).

Fig. 4. Tool for hardening processing inner cylindrical surfaces by

SU 854696.

Those shells have stepped bevels 3 forming wedge
pairs. The angle of bevels to longitudinal axes of the shell
and bar is bigger than the self-holding angle on 1-2 degrees.
Bevels length and angle of their surface on the each step
are equal. The amount and value of the steppes are defined
by length of the hole, its diameter and condition of the
bevels angle excess above the self-holding angle.

Radial force emerges during the axial moving those
shells in the hole 4 and interacts on the walls of the hole.
Accordingly, a new prestressed device could be got by
placing such shells into the hole of the body.

This solution (Fig. 5) is based on construction tool bar
using which has an empty body 1 with cylindrical hole
which includes a system 2 for creating prestressed state in
the bar. This system consists of movable 3 and unmovable
4 shells and a nut 5. Stepped bevels 6 are made on the both
shells for forming wedge pairs. Unmovable shell 4 is fixed

on the body and movable shell 3 has a thread journal 7 with
a nut 5. The journal 7 partially located outside the body 1.
The opposite end of the movable shell 3 has the mating
surfaces and thread holes for tool 8 fixation. Plenty of
bevels 6 will increase life time of the bar and provide
equable spreading tensions along its length, while the body
1 will provide shells protection from external influence.

Partial location of thread journal 7 provides free nut 5
moving during creating prestressed state. To increase bar
rigidity one end of the movable shell 3 can be provided by
a collar 9 and between it and body end is located length
compensator 10 such as set of rings. It will allow to get rid
of axial tensions in the tool 8.

In the preferable construction value of the bevels angle
to the body axis was not less than the angle of friction,
which for steel shells is not less than 1°25'56" similarly
metric taper. The maximum value for this angle is about
10° which fits for composite or polymer materials of shells.

The developing high rigidity and vibration endurance
bar for deep holes has an empty (for instance, cylindrical or
conical) body with cylindrical hole, which provides
simplicity and high accuracy of machining. Unmovable
shell of the system for creating prestressed state is fixed by
radial screws which are located in the body walls. In the
preferable construction the screws amount is equal the
amount of bevels.

Shells are made of the same material (for instance,
constructed or alloy steel) which is softer than material of
the body, for example, due to different heat treatment or
composition. The thread journal with a nut can include a
device or material for providing self-locking anti-
disassembly such as locknut, spring lock washer, etc.

Shells are made of a one blank for machining error
decreasing. It can be provided by electrical-discharging
cutting with subsequent finishing bevels for decreasing of
resistance forces sliding. For the mentioned result lubricant
or grease also can be inflicted on the out surface of movable
shell and bevels.

Fig. 5.
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Developing high rigidity and vibration endurance bar for deep holes.
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The mounting shells surface can be located
perpendicularly to direction of radial component of cutting
force during using bar for the boring tool. It will have a
positive influence due to compress tensions emerging in
shells and sections A and B of the body wall (in according
to Fig. 6) will partially compensate this component. At the
same time, sections C and D of the body wall will have the
respond stretching tensions and will not increase a moment,
which is created by a tangential component of cutting force.

Fig. 6. Cross-section of the developing bar.
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IV. CONCLUSIONS

The developing bar can be used in the serial production

for edge and grinding of deep holes with different
diameters.
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[6]
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Abstract - The article is devoted to synthesis of the low-
frequency vibration exciter for checking of sensors of
acceleration. In many areas of the modern equipment sensors
of acceleration working in very low range of frequencies are
widely used. For checking and graduation of such sensors the
vibration exciter capable to provide rectilinear horizontal
harmonic oscillations of the calibrated accelerometer in so
low range of frequencies are required. Low frequencies of
fluctuations cause the necessity of creation of big amplitudes
of movements for ensuring the acceptable values of
amplitudes  of  accelerations. The  low-frequency
electrodynamic vibration exciter with a magnetic suspension
of mobile part which is a component of the National Standard
of the vibration movement of the Russian Federation is so far
created. However, development of the modern equipment
demands expansion of frequency ranges to the area of
ultralow frequencies. One of requirements shown to the
vibration exciter working in the ultralow range of
frequencies is increase in amplitude of horizontal movements
of a mobile part as with small amplitudes the speed and
acceleration of the harmonious law of the movements
proportional according to the frequency of fluctuations and
a square of this frequency, will have small amplitude values.
One of problems of realization of a control system of the
electric drive of the vibration exciter consists in that a mobile
part possesses indifferent position of balance. The centre of
fluctuations of a mobile part is not defined and can be in any
point on magnetic conductor length. That fluctuations had
the steady centre in an average point of a magnetic conductor
without use of a mechanical spring, the drive is supplied with
an additional control system of fluctuations, or a so-called
electromagnetic spring.
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l. INTRODUCTION

In many areas of the modern equipment (seismology,
the space and aviation industry, high-powered power
stations, construction of altitudinal objects, transport)
sensors of acceleration (accelerometers) working in very
low range of frequencies are widely used (0,01 ... 5 Hz).
For checking and graduation of such sensors the vibrating
exciters capable to provide rectilinear horizontal harmonic
oscillations of the calibrated accelerometer in so low range
of frequencies are required.

Low frequencies of fluctuations cause the necessity of
creation of big amplitudes of movements for ensuring the
acceptable values of amplitudes of accelerations. The low-
frequency electrodynamic vibrating [1] exciter with a
magnetic suspension of mobile part [2] with a range of
frequencies of 0,1 - 5 Hz and with an amplitude of
fluctuations of 0,5 m which is a component of the National
Standard of the vibration movement of the Russian
Federation is so far created. However, development of the
modern equipment demands expansion of frequency ranges
to the area of ultralow frequencies to 0,01 Hz.

This article examines the method of determining the
traction force of the vibrating exciter, the synthesis of the
digital control system and the results of the experiment in
physical modeling of the vibrating exciter.
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Il.  MATERIALS AND METHODS

Driving part of the vibrating stand (fig. 1) consists of a
magnetic conductor, four motionless coils of magnetization
1 and one mobile coil 2. The magnetic conductor consists
of five horizontally located ferromagnetic cores of round
cross section - three longitudinal 3 and two cross 4,
connecting face surfaces of the longitudinal cores.

Coils of magnetization are put on cross cores,
connected consistently, are powered a direct current 11 from
the power supply unit and create constant magnetic field on
all length of a working air gap between central and side
longitudinal cores. The mobile coil is put freely on the
central longitudinal core. At power supply of the coil with
the sinusoidal setting current it will be affected in the
longitudinal direction by the harmonious force of
electrodynamic influence.

The mobile coil together with the examinee
accelerometer forms a mobile part of the vibrating stand
which is supplied with system of an active magnetic
suspension [3].

The active magnetic suspension, thanks to lack of
lubricant and mechanical contact between mobile and
motionless parts, allows to exclude influence of friction and
dust on quality of working off of the setting signal.

1 3 4

Fig. 1. System of the electrodynamic drive of a vibrating exciter.

To synthesize the parameters of a low-frequency
vibration exciter, it is necessary to obtain an analytical
expression for the traction force of the mobile part. Given
the large linear size of the exciter, we scheme it as an
electromagnetic system with distributed parameters.

Let z be the coordinate of the center of the moving coil,
measured from the middle of the length of the magnetic
circuit.

Having written down expression for magnetic energy
[4] systems

1, ., 1, . .
w = 5L11112 "‘ELzzlz2 + Lipiiy, (D)

and taking the partial derivative of it with respect to the z
coordinate, considering that self-inductances L1; and L2, do
not depend on displacement, we arrive at an expression for
the electromagnetic traction force of the form

oL .
1:)em = 0—221112 (t)’

)
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where 11 is the current of the magnetizing coils (primary
circuit); i2(t) - current of the moving coil (second circuit);
L12 - coefficient of mutual inductance of these circuits.

The mutual inductance of the circuits can be defined as

W,
Lip =Ly = 21/1 ’ ©))

1

where W, is the flux linkage of the flows of the coils of the
first circuit with the turns w, of the second circuit.

It is supposed that the magnetic system is not saturated
both linear and, therefore, the magnetic resistance of steel
is constant. Therefore, we will use the principle of
superposition. Proceeding from it, we decompose the
magnetic system into two subsystems, one of which is
powered by the left magnetizing coils, the other - by the
right ones. We replace the magnetodriving force created by
two coils of magnetization located on a cross core with one,
located at the beginning of a longitudinal core.

a) 7
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Fig. 2. Decomposition of the magnetic system into two subsystems
powered by magnetizing coils a) left; b) right.

In the moving coil, we select an element with a length
dx at a distance x from the left end of the longitudinal rods
of the magnetic circuit. The element has the number of

turns dw = %dx, where I, is the length of the winding of
2
the moving coil.

In this case, it is obvious that the component of the
magnetic induction in the direction of the z-axis is in the air
BZ =0, and only the radial component BZ # 0 is present.
In addition, let the diameter |, of the magnetizing coils be
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small in comparison with the length | of the magnetic
circuit.

We consider that the left and right magnetizing coils
create counter-directed magnetic fluxes.

Let's find the magnetic fluxes created by the left and
right coils.

The considered magnetic system is the magnetic line
with the distributed parameters consisting of the
longitudinal and cross magnetic resistances distributed on
length. In this case, longitudinal magnetic resistance is
magnetic resistance of ferromagnetic cores (steel), and
cross - magnetic resistance of an air gap between central
and side cores. This magnetic line can be considered
uniform, since all the longitudinal resistances of the
sections of the cores of the same length are equal to each
other, and the cross resistances of the sections of the line of
the same length, due to the parallelism of the cores, are also
equal to each other.

We will neglect the magnetic resistances of the end
cores. The settlement scheme of the magnetic circuit for the
case with left magnetizing coils is shown in Fig. 3. The
diagram of the magnetic circuit for the case with the righ
coils has a similar view.

>_{ D(x)+dd
s @
T )E=Im gdx gt

| ) +du

Fig. 3. The settlement scheme of the magnetic circuit for the case with
left magnetizing coils.

On the provided scheme: dx - infinitesimal element of
the line length; p - reduced longitudinal magnetic
resistance per unit length of the magnetic circuit; g -
reduced cross magnetic conductivity of a unit of line
length; ©(x) - magnetic flux; u(x) — magnetic voltage;
F(x) = I;w; - magnetodriving force created by the left
magnetizing coils.

From the scheme according to Kirchhoff's laws, we
have the following equations:

-du/dx=p®(x); (4)

-d®/dx=gu(x). (5)

At the solution of the equations [5] it is necessary to set

boundary conditions. They are known only for u and have
an appearance u=F; at x=0; u=0 at x=l.

From the above, the following differential equation
follows

— —a‘u=0, (6)

VGTPRIP
where a = \/gp = —

The solution of this equation is the expression
u” = F;[ch(ax) — cth(al) - sh(ax)]. (7

Having made a number of substitutions, we obtain the
following expression for the traction force of the
electrodynamic vibration exciter:

dL .
Pen = a_izlllz(t) =

— F1F2(t)g(1 +%azzz>. ®)

(%)

From the obtained expression it follows that the traction
force will be purely harmonic at F,(t) = w,I,sinwt, if

a=.gp=0.As at g=0 we have Pem=0, the necessary
condition takes a form p = 0.

But, since even with small inductions p # 0, the
presence of higher harmonics is inevitable in the expression
for the force. They can be reduced by avoiding saturation
of the steel. A recommendation has been developed to
ensure a given permissible level of higher harmonics.

The synthesis of the parameters of the vibration exciter
is carried out taking into account the expression for the
traction force. Since when using the full number of turns of
the coils with a decrease in the oscillation frequency, the
currents in the coils decrease and take values of the same
order of magnitude with the noise currents, it is necessary
to increase the values of the currents in the windings.

This can be achieved by sectioning the windings of the
moving and stationary coils, adjusting the number of turns
in them with constant currents. The value of the currents
can be set based on the maximum vibration frequency of
the moving part, which will correspond to the maximum
number of turns in the coils. The magnetodriving forces
will be regulated with constant currents in windings. At a
given frequency range change of traction effort by 400
times is observed. In this case, the number of turns of
primary and secondary coils at the boundaries of the
frequency range differ by 7,5 and 53 times respectively.

Next problem of synthesis of the low-frequency
vibration exciter consists in that a mobile part possesses
indifferent position of balance. The centre of fluctuations
of a mobile part is not defined and can be in any point on
magnetic conductor length. That fluctuations had the
steady centre in an average point of a magnetic conductor
without use of a mechanical spring, the drive is supplied
with an additional control system of fluctuations, or a so-
called electromagnetic spring.

In case of realization of control systems of the
movement in analog execution, the regulator will have
constant control (in sense of constancy of coefficients of
strengthening of feedback). However, setup of the regulator
has to change with change of frequency of fluctuations. As
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the set range of working frequencies assumes change of
frequency by 20 times, use of the analog regulator will be
difficult. This circumstance caused transition to digital
control [6] which advantage is flexibility.

The object of control is the moving part of the vibration
exciter, which is a dynamic link, the input (control) variable
of which is the current in the moving coil of the magnetic
circuit, and the output (controlled) variable is the
coordinate of the center C of the moving coil relative to the
center of oscillations O. Considering that an active
magnetic suspension is used the moving part of the
vibration exciter, there is no friction force and the equation
of the object has the form

mi(t) = F(t); 9)

F(t) = hi, (v, (10)
where h - coefficient of transfer "current-force", depending
on the current 11 in the magnetizing coils; m - the mass of
the moving part.

The resulting discrete model of the control object in the
form of difference equations:

y(k+ 1) = Ay(k) + Bi,(k); (11)
z(k) = Cy(k), (12)
where y(k) = 2%8 yk+1) = igi i B A=
1 T aT—02
= 0), B="2;C=(01 0),
G ) gie=ao

where k is an integer; TO- period of quantization of an ideal
quantizer; a=h/m - coefficient.

The drive control system consists of a displacement
sensor 6(z) of the movable part in the longitudinal
direction from the center of vibrations and a regulator. The
signal from the sensor is processed by the regulator,
amplified and summed up with the reference current.

The signal from the displacement sensor goes to the
input of the transducer located in the control unit. The
differential displacement sensor, as one of the options,
consists of two ferromagnetic coils moving together with
the moving part of the vibration exciter along opposite
sides of the tensioned electrical steel strip (Fig. 4).

This realization allows to achieve almost linear
dependence of the measured voltage on the position of an
object. Small nonlinearity, connected with inhomogeneity
of material of the stretched tape, are eliminated by
introducing second-order digital filter into the control
system according to the control signal.
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Fig. 4. Function chart of a control system.

The output voltage of the converter is proportional to
the position of the moving part of the vibration exciter. This
voltage through a matching amplifier located in the
interface device is fed to the input of the analog-to-digital
converter of the input-output board of the personal
computer.

A personal computer acts as a control device and
implements a digital controller for object control. The
signal calculated by the regulator [7] is fed to the input of
the digital-to-analog converter of the input-output board.
The output voltage through the matching amplifier of the
interface device is fed to the input of the current amplifier.

The current amplifier controls the current i2 of the
moving coil of the vibration exciter in proportion to the
voltage supplied to the input.

A filter can be added to the system output to smooth out
micro current surges and acceleration.

I1l.  RESULTS AND DISCUSSION

When carrying out measurements, the problem of
experimental verification of the main theoretical relations
obtained when solving the problem of synthesis of a low-
frequency electrodynamic vibration exciter was solved.

Experimental studies were carried out on a model of a
vibration exciter created at the Pskov State Polytechnic
Institute

The model has the following parameters:

- amplitude of fluctuations at a frequency of 1Hz is
equal to 0,125 m;

- the magnetic conductor is made of Steel 10, length of
longitudinal cores of 0,66 m, cross cores 0,42 m, diameter
of cores of 0,1 m, an air gap between longitudinal cores of
0,06 m;
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- constant magnetic field in air gaps between
longitudinal cores is created by means of four magnetizing
coils, the 0,1 m coil radius, the 0,06 m coil length, a
framework of the coil is made of textolite, thickness of
walls of 5 mm, coils have on 530 turns of a copper wire
diameter of 1,55 mm;

- the mobile coil has the 74 mm radius, a framework
from textolite, the 0,05 m coil length, a gap between the
coil and the central core of a magnetic conductor along
which it moves of 8 mm, number of turns is 350, a winding
is executed by an aluminum wire; diameter of a wire of 1
mm.

- the mobile coil has the electromagnetic suspension
consisting of four linear active magnetic support moving
along a cylindrical guide from Steel 3 diameter of 25 mm,
and the linear active magnetic support limiting the rotary
pendular movements in the direction;

To measure the traction force, a stop was installed on
the central core of the magnetic circuit. When the currents
of the moving and stationary coils interact, a force arises
that presses the moving coil against the stop. A thread
thrown over a block was attached to a moving coil; a cup
with a weight was suspended from the second end of the
thread.

If the current is gradually reduced from a certain
maximum value (1,4A) to the value at which the coil will
detach from the stop, then we can assume that P,,,, = mg,
where m is the mass of the cup with the load. The traction
force was measured by measuring the breakout force.
11=4A current was supplied to the stationary coils, and 12
current in the interval (0,16 + 1,4)A to the moving one.

Thus, the dependence Pem(I2) was removed at fixed
values of the z coordinate and current I11. The form of the
function and the theoretical curve at z=125 mm and 11=4A
are shown in Fig.5.

Fig.5 shows that the dependence is linear, while the
calculated value of the traction force is 8-12% higher than
the experimental one.

The reason for the discrepancy may be unaccounted for
in the calculations such factors as the magnetic resistance
of the joints of the longitudinal and transverse rods of the
magnetic circuit; inhomogeneity of the magnetic properties
of the material along the length of the rods; leakage fluxes
of magnetizing coils.

Pew H

8 + Theoretical
1 dependence -
o /)/
4 Experimental
1 dependence

£ L, A
. —i

0,1 1.4

Fig. 5. Experimental and theoretical dependences of the traction force
on the current of the moving coil.
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In a similar way, the dependence Pem(z) was removed
at fixed values of 11=4A and 12=0,4A. The form of the
function and the theoretical curve are shown in Fig.6.

Fig.6 shows that the experimental dependence of the
traction force on the coordinate has a parabolic form, which
qualitatively confirms the theory. The theoretical curve
shown in this figure corresponds to the second term in the
expression for the thrust force. It follows from the
comparison of the curves that the experimental dependence
of the traction force on the coordinate is stronger than the
theoretical one.

Pemu
H Experimental
3+ dependence

= Thearetical
ek dependence
05 1
0 f f i f i f
0 20 120 Z mm

Fig. 6. Dependence of the traction force on the coordinate of the
moving part.

For the given values of the currents 11=4A and
12=0,4A, the contribution of the second term according to
the experiment is 19%, while according to the theoretical
dependence at the same currents this contribution is 0.9%.
Air gaps in joints of longitudinal and cross cores which
were not considered when calculating a magnetic
conductor are the reason of divergences. In addition, the
magnitude of the traction force can be influenced by the
inhomogeneity of the magnetic field in the working gap in
the direction of the coordinate z where the moving coil
moves.

The available equipment made it possible to perform
harmonic analysis in amplitude and acceleration and
measure the harmonic distortion, starting from 2 Hz. The
measurements were carried out at a frequency of 2.05 Hz.
The amplitude harmonic coefficient was found to be 0.2%,
although spikes of up to 0.7% were occasionally observed.
The acceleration harmonic coefficient did not exceed 1.7%.

IV. CONCLUSIONS

The article presents the main problems associated with
the synthesis of a low-frequency vibration exciter. A
method for determining the traction force of a low-
frequency vibration exciter with an active magnetic
suspension of the moving part is presented. The problem
associated with the uncertainty of the position of the
moving part of the vibration exciter is considered.

As a solution to this problem, a digital control system
for a low-frequency vibration exciter has been proposed
and implemented. The results of experimental studies on
the physical model of the vibration exciter are presented. A
comparative analysis of theoretical and experimental
dependences is carried out. The results of the experiment



Fedorov D., et al. Synthesis of the Low-Frequency Vibration Exciter

qualitatively and quantitatively confirm the theoretical
researches.

The research results are implemented at the Mendeleev
Research Institute.
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Abstract - For more than 40 years, low calcium alkali-
activated cement composite, or in other words, geopolymer,
has been around. In recent years there has been increased
interest in this material and its properties. It is mainly due to
the claim that geopolymer is the cement of the future. This
claim is based on environmental factors. For instance, the
COz emissions for geopolymer binder can be up to 6 less than
for Portland cement binder. Most of the researches regarding
geopolymer composite properties examine only mechanical
and long-term properties in compression. There has been a
lack of long-term tests in tension due to difficulties in
performing them. As the tensile stresses are an essential part
of structure assessment, it is necessary to evaluate new
material properties as thoroughly as possible. Due to the
nature of geopolymer specimen hardening (polymerisation),
there is a difference in modulus of elasticity development and
shrinkage caused by binding that could have factors that
regular Portland cement specimens do not.

This article aims to evaluate the surface composition of
plain and 1% PVA reinforced geopolymer compact tension
specimens that have been subjected to creep and shrinkage
tests. Specimen cross-section images were acquired using the
scanning electron microscope (SEM). Using the quantitative
image analysis method, amounts of cross-section composition
elements are determined. Furthermore, the amount of cracks
is determined and compared between plain and PVA fiber-
reinforced specimens.
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It has been determined that even though 1% of PVA
fibre-reinforced specimens have lower tensile strength, their
creep and shrinkage strains are lower, and the number of
microcracks at the notch base of the specimen. Still, it has to
be acknowledged that the amount of air voids in all analysed
specimens is relatively high.

Keywords - Geopolymer composite, long-term properties,
creep, shrinkage, quantitative image analysis

I. INTRODUCTION

Alkali-activated materials have been known as an
alternative binder to ordinary Portland cement (OPC)
mainly due to environmental reasons. Year by year, cement
consumption goes up and now is responsible for more than
1.5 billion tonnes of CO, emission annually or, in other
words, 5 to 8% of global CO, emissions. This due to
limestone decomposition to generate reactive calcium
silicate and aluminate phases [1]-[4]. By using alkali-
activated materials, environmental benefits are gained in
two ways. One is waste material stockpile reduction
because, in alkali-activated material, such materials are
used like fly ash, blast furnace slag, etc., as a part of the
binder. The second way is by using these industrial waste
materials as binder components, the necessity for OPC is
reduced, and therefore, the CO2 is reduced. It has been
estimated that by replacing OPC as a binder altogether with
a geopolymer matrix, the emitted CO; level can be reduced

Online ISSN 2256-070X
https://doi.org/10.17770/etr2021vol3.6569

© 2021 Rihards Gailitis, Andina Sprince, Leonids Pakrastins, Patrycja Bazan, Kinga Korniejenko.

Published by Rezekne Academy of Technologies.

This is an open access article under the Creative Commons Attribution 4.0 International License.

72


https://doi.org/10.17770/etr2021vol3.6569
https://creativecommons.org/licenses/by/4.0/

Rihards Gailitis, et al. Plain and PVA Fibre-Reinforced Geopolymer Compact Tension Specimen Critical Area Surface

up to 46% [5], [6]. The negative aspect of binder change
from OPC to geopolymer shows in cost increase,
approximately up to 39% [7].

Alkali-activated blast furnace slag cement types have
been studied since the 1930s, but research in alkali-
activated composites and geopolymers has increased
significantly since the 1980s [1]. Geopolymer is a low
calcium alkali-activated binder formed because of silicon
and aluminium reactions activated by hydroxide silicates
from sodium and potassium hydroxide solutions [7], [8].
The main issue regarding the wide usage of geopolymer
composites in construction is mainly because there is a
need for increased temperature for proper binder
hardening. In fact, for sufficient polymerisation, composite
has to be subjected to temperature from 40 to 100°C
(depending on fly ash or slag type and alkali activator) and
heated in this temperature from 12 to 48 hours and more,
therefore, preventing any on-site construction works [9].

Geopolymer composites have similar compressive
strength to OPC-based composites. The difference between
geopolymer and OPC composites is that geopolymer
composites will achieve 85% of their final compressive
strength in the first 48 hours [10]. Long-term property
geopolymer composites have 78% less shrinkage and 50%
less creep strains than foamed OPC-based composite and a
bit larger creep and shrinkage strains than OPC composite
[11].

Creep and shrinkage are very well-known phenomenon
for cement and similar binder-based composites. These
phenomenons may influence the lifetime of structures.
Most creep and shrinkage happen in the first ten years of
the composite’s lifetime. Cement and cement-like
materials are considered to have insufficient tensile strain
capacity and low tensile strength. Consequently, they are
brittle and susceptible to cracking. As performing creep test
in tension is quite difficult and there are differences in creep
and shrinkage mechanisms in compression and tension, it
is necessary not only to develop and carry out these kinds
of tests but also to determine factors that are influencing
long-term properties in tension [12]-[16].

This article focuses on determining the differences in
compact tension (CT) specimen polished section sample
surface compositions after creep and shrinkage tests. The
polished section's specific zone is marked. The images
taken and quantitively analysed to determine whether the
1% PVA fibre reinforcement incorporation has a
significant effect on sample microstructure and, therefore,
influence long-term properties.

For long-term tests, two types of geopolymer
composites were prepared. Geopolymer specimen matrixes
were based on fly ash sourced from the power plant based
in Skawina city (Poland). The fly ash contains spherical
aluminosilicate particles and contains oxides such as SiO2
(47.81%), Al203 (22.80%). The high value of SiO2 and
Al203 allows polymerisation [17].

MATERIALS AND METHODS
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Geopolymer specimens were prepared using sodium
promoter, fly ash, and sand (sand and fly ash ratio — 1:1).
The geopolymer activation process has been made by 10M
NaOH solution and the sodium silicate solution (at a rate of
1:2.5). The technical NaOH in flake form and tap water
with sodium silicate R-145 solution is used to make the
composite solution. The alkaline solution was prepared by
pouring sodium silicate and water over solid sodium
hydroxide into sodium silicate and water aqueous solution.
The solution was mixed, and the temperature was
stabilised. The fly ash, sand, and alkaline solution were
mixed for about 15 minutes using a low-speed mixing
machine (to achieve homogenous paste). Then the
geopolymers were poured into the plastic moulds, as is
shown in Fig.1. The specimens were hand-formed, and
then the air bubbles were removed by vibrating the mass.
Moulds were heated in the laboratory dryer for 24h at 75
°C. Then, the specimens were unmolded. All the
geopolymer specimen preparation was done at Cracow
University of Technology (CUT), Poland.

The mixes were moulded into cube moulds
150x150x150mm. The mixing procedure is shown in Fig.

L

(© (d)
Fig. 1. Plain (a) and fibre-reinforced (b) geopolymer composite mixing
and moulding (c, d) process, CUT lab

For long-term testing purposes, each of the cubes was
cut to the tile-shaped CT specimens with a thickness of
15mm. Each of the tile-shaped specimens had grip 20mm
holes drilled, and 2mm notch sawed according to ASTM
E647 [18]. The rules of ASTM E647 for specimens
preparation, please see Fig. 2 (b). The actual prepared CT
dimensions are shown in Fig. 2 (a).
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Fig. 2. Geometry of the Compact Tension (CT) specimen [18], [19]

Compact tension specimens for the creep test were
loaded with 20% of their tensile strength, and shrinkage
specimens were kept in the same environment as the creep
specimens (*without loading). Strain readings were done
simultaneously for both tests. Tests were carried out for 91
days.

When long-term testing was done, each of the CT
specimens had their notch base area drilled out. In Fig. 3
(a,b,c) drilling process is shown.

e i S
L B il s

(@ (b) (c)
Fig. 3. CT specimen notch base sample drilling process, RTU lab

When areas for polished section samples were drilled
out, they were ground and polished with various
compounds at various speeds and durations. The polishing
and grinding are done with Mecatech 334 automatic single
station polishing machine. The polishing sequence is
shown in Table 1.

TABLE 1 SAMPLE SURFACE POLISHING SEQUENCE

Polishing Polishing Polishing Compression
stage compound cycle time, force to
number (sandpaper minutes sample
or paste polishing
grade) type surface, daN
1. P180 2 25
2. P320 2 25
3. P600 2 25
4. P1000 2 25
5. P1200 2 2.5
6. 3um 4 25

The polishing procedure is shown in Fig.4 (a,b).

@ (b)
Fig. 4. Notch base samples grinding (a) and polishing (b) process,
RTU lab

After grinding and polishing, samples are dried in the
chamber at 40°C for 48 hours to release all the excess
moisture from grinding. When samples are dried, they are
placed in zip-lock bags together with silica gel so that
samples stay dried for longer.

At the beginning of the samples’ SEM microanalysis,
the samples are covered with gold (Fig. 5 (a)). After the
sample covering the specific zone on it is marked, the
specific area's tracing on the polished section would be
done more precisely (Fig. 5 (b)).

Fig. 5. CT specimen polished section sample covering with gold (a)
and placement in SEM vacuum chamber (b), CUT lab

The marked zone on the sample in Fig. 5(b) is 10 x 20
mm. SEM microanalysis is done in JEOL JSM-820.
Achieved images are compiled and divided into layers and
analysed using Adobe Photoshop CC. Dividing into layers
is based on the partition type visible within the analysed
cross-section. Division layers are matrix, filler, air-voids,
and reinforcement. For each specific layer, an RGB tone is
allocated. The process is shown in Fig. 6(a,b,c,d).

Sy o

Fig. 6. Image dividing sequence into layers
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When the image dividing and RGB tone selection were
made, the amount of specific RGB pixels was counted. This
way, the composition amount of the studied cross-section
was acquired.

I1l. RESULTS AND DISCUSSION

The tensile strength of the CT specimens at the
beginning of the long-term tests is compiled in Table 2.

TABLE 2 TENSILE STRENGTH OF CT SPECIMENS

Mix type Ultimate tensile Average tensile
load value, average strength, MPa
(kN)

Plain  geopolymer 0.2767 5.1326
composite
Geopolymer 0.2667 4.9471
composite with 1%
PVA

When the tensile strength values are determined, then
load for the creep test is calculated. Creep and shrinkage
tests are carried out for 91 days. The creep and shrinkage
curves are shown in Fig.7.
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Fig. 7. Plain and fibre-reinforced geopolymer composite CT specimen
creep and shrinkage strains

From Fig. 7, it is apparent that 1% PVA fibre
incorporation into geopolymer composite does not bear any
significant improvements in creep properties. The creep
curves for plain and reinforced specimens are the same. As
for the shrinkage strain curves, there is a significant
difference between plain and fibre-reinforced specimens.
The difference here is, on average, a 54.21% decrease in
shrinkage strains for reinforced specimens in contrast to
plain specimens.

Also, it is visible in Fig.7 that reinforced specimens
have a significant reduction on day 70". This leads to
thinking that something has happened to one or more
specimens that could have caused this reduction in strains
and loss of load-bearing capability. To further elaborate on
this decrease in strains, the quantitative surface
composition analysis is done for the notch-based polished
sections. The results of the analysis are compiled in
Table 3.

75

Composition Assessment

TABLE 3 CROSS-SECTION COMPOSITION OF CT SPECIMENS

Test Mix Matrix Filler Air void Fiber
type type |amount, % | amount, % | amount, | amount,
% %
- 75.48 16.93 7.59 -
=
o
75.75 14.07 9.47 0.71
& B
g e
< o8
5 |E¢
77.39 15.60 7.01 -
o
74.98 14.58 9.51 0.93
o h O
8 |SE
(&) ire

As shown in Table 3, the reinforced samples show
higher amounts of air voids than plain samples. On average,
the increase is 19.85% and 26.29% for reinforced shrinkage
and creep specimens, respectively. Further analysing
results, there are differences between plain and reinforced
samples. For instance, plain samples that have been
subjected to load (samples from creep specimens) show a
lower amount of air voids than those that have not been
subjected to any load. The decrease to loaded specimens on
average is 7.64%. The same is not happening with fibre-
reinforced samples. There is a slight visible increase of
0.42% in air void amount for loaded samples for them. This
amount is negligible and leads to thinking that even
specimens are tested only in tension; there is still some
compression happening to specimens. As these
compression strains are quite low, the fibre reinforcement
does not allow compression effects to occur in the cross-
section.

At the microanalysis, it was also discovered that fibre-
reinforced samples have a significantly higher amount of
micro-cracks that had developed a macro crack that would
explain the creep curve drop in one polished section case
Fig. 7 on day 70™. In Fig. 8 (a,b), the actual image is shown.

In Fig. 8 (b), there is directly visible one main crack that
starts at the CT specimen base and goes throughout the
sample.

Further analysing the surface microanalysis results in
Table 3 shows a common trend that all of the reinforced
samples have lower filler amounts than plain samples. The
filler amount is relatively stable in context whether samples
have or have not been subjected to any load. The difference
between shrinkage and creep samples for reinforced
samples is 3.51%, and for plain samples, 7.86%.

The matrix amount of all the samples is similar to all
other entity amounts.
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(b)

Fig. 8. Fibre-reinforced CT specimen notch base sample air void,
reinforcement, filler placement (a), and air void/crack placement (b) in
polished section

IV. CONCLUSIONS
Such conclusions can be drawn from the results:

1. The air inclusion amount for the fibre-reinforced
samples is significantly higher and is not influenced
by tension strains. It is 19.85 and 26.29% higher
than plain shrinkage and creep samples
correspondingly.

2. Increased air void amount and low amounts of fibre
reinforcement increase the possibility of sample
cracking and load-bearing capability loss. Fibre-
reinforced specimens show 3.7% lower tensile
strength and structural imperfections due to the
small fibre reinforcement amount.

3. Reinforced samples show lower amounts of filler in
them. In contrast to plain specimens, the filler
amount for reinforced shrinkage and creep samples
is 3.51% and 7.86%, respectively.

4. Fibre reinforcement does not significantly affect
creep properties in tension but affects shrinkage
strain reduction. On average, shrinkage strains are
54.21% lower for fibre-reinforced specimens than
plain geopolymer CT specimens.
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Methods for Obtaining Silver
Nanoparticles - a Review
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Abstract - Silver has been part of active medical use for
treatment and disinfection from ages, even in the present
times. Particularly relevant today is the question of the effect
of silver nanoparticles on bacteria and viruses, including
against COVID-19. The study reviews distinct methods for
producing silver nanoparticles. The comparison and
preferences of different methods based on their classification
and features are reviewed. The main goal of this study is to
reveal the top-notch method and their benefits and prospects
of the possibilities of the method - laser ablation, as a cost-
effective and environment friendly technology for generating
silver nanoparticles in an aqueous environment. The method
of Pulsed Laser Ablation in Liquid for obtaining
nanoparticles is explained in detail. The paper is divided into
several main parts, starting with a briefing on silver and its
nanoparticles and is followed by various methods for their
production.

Keywords - Silver Nanoparticles, Laser Ablation, Material
Processing, Nanoparticles, Pulsed Laser Ablation in Liquid.

1. SILVER NANOPARTICLES

Silver (Ag) is the remarkably vital antimicrobial agent
usable before the introduction of antibiotics. [1] Silver
Nanoparticles (Ag NPs) are nanoparticles (NPs) of Ag
produced via nanotechnology of size varying between 1 —
100 nm in any dimension. [2] Ag NPs have been the
research theme from the past several decades because of
size, shape, antimicrobial effects, chemical stability,
catalytic activity high conductivity, and other
extraordinary characteristics. Several techniques for
obtaining Ag NPs have been priorly researched such as
laser ablation, gamma irradiation, electron irradiation,
chemical reduction, photochemical methods, microwave
processing, and synthetic biological methods. [3]

Dr. Sc. Ing. Lyubomir Lazov, Prof.
Engineering Faculty
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Rezekne, Latvia
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Nanotechnology is an essential field of present-day
research dealing in design, synthesis, and administrating
particle structures ranging, approximately, 1-100 nm. NPs
have several applications in fields of medication,
cosmetics, Eatables, substantial well-being, optics,
biomedical sciences, chemical & space industries,
electronics and many more. Synthesised Ag NPs are used
for various pharmaceutical applications. Few are
mentioned below: [3] [4]

e The remedy of ulcerative colitis & acne

e Remedy of dermatitis

¢ Inhibition of HIV-1 replication

e Molecular imaging of cancer cells

o Disclosure of viral structures (SERS & Ag nanorods)
¢ Antimicrobial effects against infectious organisms

e Varnishing of surgical mesh for pelvic reconstruction

¢ Varnishing of breathing mask patent (used in COVID-
19 pandemic)
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Figure 1: Bio-mechanism of antibacterial action of silver nanoparticles
and silver ions [5]

Depending on reducing sources and mechanism, there are
three prime methods to formulate Ag NPs. Physical
processes usually operate with laser impulse energy to
reduce Ag from volume to atoms and ions. Whereas,
chemical and biological methods utilise reducing
synthetic and organic agents, respectively, to reduce Ag
ions from their harbinger into metallic Ag atoms. [6]

2. FACTS ABOUT SILVER AND AG NPs

Over the centuries, because of alteration in nomenclature,
the complexity has remained among scientists, that the use
of Ag, commercially, is accessible for over 100 years and
are used as wound remedy, conductive/antistatic
composites, catalysts, as a biocide, and many more is
undeniable. The use of nanoscale Ag has a protracted,
distinct, and complexed past, that is why recently, an
exceptional study of AgNPs nomenclature has been
conducted approximately over the past 120 years, which
did not use “nano” classification. [7]

A. FACTS [7][1]

e In 702-705, Gabor listed the demand for silver nitrate
being used as a medical agent, for the first time.

¢ In 980 A.D. the Persian physicist-Avicenna registered
silver filings as a blood purifier, which countered the
heart palpitations and offensive breath.

e In 1520, Paracelsus introduced a treatment, which is
in use until present, used silver internally and applied
silver nitrate as a caustic for the treatment of wounds.

e In 1614, Angelo Sala gave silver nitrate internally as
a counterirritant, as a purgative, and for the treatment
of brain infections.

79

e In 1889, M. C. Lea reported the fusion of a citrate-
stabilized silver colloid and the obtained size for the
particles was between 7 - 9 nm.

e At present, every year, an estimate of about 320 tons
of nano-silver is manufactured and used universally.

3. METHODS FOR PROCESSING AG NPs

The synthesis of Ag NPs has been examined extensively
and, over the years, several procedures have been offered
for the processing. [8] Under two important techniques,
NP Production is classified (figure 2):

e Top-down Approach: - In this, an external force
applies to a solid bulk that guides it to breaking it into
nanostructures.

o Bottom-up Approach: - It begins at the atomic scale
& produces the NPs, till the required size & shape is
obtained. [9]

—Bulk

Top-down

—— Fragments

\

: D D‘ — Nanostructures

Y
0% 00 .Cust
09g0% usters

»
»-

Bottom-up

Figure 2: Schematic representation of ‘top-down’ and 'bottom-up’
approaches for the synthesis of nanoscale materials. [10]

Different methods to synthesise Ag NPs; such are
Physical, Chemical, and Biological Methods are explained
below:

A. PHYSICAL METHODS

Having non-synthetic liquids in the groomed thin films
and the NPs distribution having consistency are some of
the advantages of physically synthesised NPs as compared
to that of chemical methods. [3] These can be categorised
into different types of processes such as [8]

o Arc Discharge - The original element is vaporized via
an arc discharge between electrodes pursued by
condensation, nucleation, and production of NPs. [11]

o High-Pressure Magneton Sputtering - It is a bottom-
up mechanism & dwells in condensation of a super-
saturated vapour in a flow of cold inert gas and this
vapour atmosphere is procured by various methods as
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thermal evaporation, laser
plasma sputtering, etc. [12]

ablation, magnetron

e Laser Ablation - The process separated the layers
from solid bulk materials by utilising a laser beam for
utmost accuracy. The laser beam irradiates the top
layer, concluding that it has been disclosed to laser
beam radioactivity. [13]

B. CHEMICAL METHODS

The synthetic procedure became famous via several works
by John Turkevich in the 1950s, a professor of chemistry
in Princeton and a pioneer in the field of catalysis. The
synthetic reduction by organic and inorganic reducing
agents is the most appropriate and suggested method for
generating the Ag NPs. Various reducing agents such as
sodium citrate, ascorbate, elemental hydrogen, polyol
process, are commonly used for silver ions (Ag®)
reduction in all kind of solutions, whether it is liquid or
non-liquid. These agents dwindle Ag* and manage the
formation of silver (Ag®). [14] Protective agents are a
priority to be used to stabilise the breaking-up NPs during
metal NPs preparation and secure them from being
consumed or bhind onto NPs surfaces, escaping their
aggregation. [15] The presence of surface-active agents
like acids, amines or alcohol, comprising functionalities
for cooperation with particle skin can stabilise the growth
of particle, and conserve particles from sedimentation,
accumulation, or losing surface properties. [3] The
chemical methods can be differentiated into various types
also: [16] [8]

¢ Photochemical — It involves Ultraviolet irradiation of
the solid forerunner solution in an electron-
contributing reagent. With this method, NPs are
produced under solid-state status & at low
temperatures. [17]

e Microemulsion — It is thermodynamically balanced
colloidal diffusion of water in oil or vice-versa,
balanced by a surfactant. Ultralow interfacial tension,
large interfacial area, and being thermodynamically
stable and monodispersed NPs, are the advantages of
this method. [18]

e Hydrothermal - It is a solution reaction-based
approach and can produce NPs in a room- to a very
high- temperature. [19]

e Chemical Reduction - A prevailing synthesis method
of Ag NPs, by organic & inorganic reducing agents
such as sodium citrate, ascorbate, sodium
borohydride (NaBH4), elemental hydrogen, N-
dimethylformamide (DMF), & poly (ethylene
glycol)-block copolymers are used for Ag* ions
reduction. [3]

¢ Electrochemical Mechanism - A traditional method,
utilizing a two-electrode system for the
electrochemical synthesis. It has advantages over
other bottom-up approaches (purity of NPs). [20]

C. BIOLOGICAL METHODS
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The concept of Green synthesis comprises
polysaccharides, organic and irradiation mechanisms,
which have preferences over traditional methods requiring
synthetic agents associated with substantial harms. [21] It
has been gaining interest because this process uses organic
agents such as bacteria, fungi, yeast, and plant, making it
a simple, cost-effective, and eco-friendly mechanism. It
has a regular chemical reduction, with the reducing agent
as natural agents. [8] Ag NPs can be natural synthesised
(a.k.a. green synthesis) with the help of:

e Bacteria — It has great abilities to diminish heavy
metal ions & is the most prescribed for manufacturing
NP. E.g.: Pseudomonas stutzeri and Pseudomonas
aeruginosa. [22]

e Plants - Plant crude extract consists of metabolites,
which are highly important for the reduction of ionic
into bulk metallic NPs production. E.g.: Acalypha
indica, Alternanthera sessilis. [23]

e Fungi - These are interesting reducing agents for the
biosynthesis of Ag NPs as they offer high tolerance to
metals and are handled easily. The extraction of
extracellular proteins from fungi contributes to the
stability of the NPs. E.g.: Fusarium oxysporum. [24]

e Algae - These are uni- or multi- cellular organisms
residing in the distinct surrounding. Synthesis at low
temperature with higher energy efficiency, less
toxicity, & the risk to the environment, are some of its
advantages. E.g.: Chlorella vulgaris, Spirulina
platensis. [25]

4. COMPARISON

From all the above-mentioned methods, the mechanisms
for generating Ag NPs, Physical Methods can be preferred
as a top-notch method after tabular comparison with other
mechanisms, see table 1.

TABLE 1: COMPARISON BETWEEN VARIOUS MECHANISMS FOR THE
SYNTHESIS OF SILVER NANOPARTICLES [8]

METHOD m) PHYSICAL | CHEMICAL | BIO
FEATURES l
Type of Method Green Non-Green Green
Environment Friendly Yes No Yes
Hazardous Liquids None Yes None
Time consumed Timesavin Long time Long time
g
Synthesised using Laser Reducing Bacteria,
Ablation agents Fungi, etc
Resulted NPs Pure and Chemically | Organically
Uncontami | Uncontamin | Uncontamin
nated ated ated

5. TOP-NOTCH PREFERRED METHODS

Pulsed Laser Ablation in Liquid (PLAL) under physical
methods has the top-notch priority for synthesising Ag
NPs of metallic bulk in liquid because it is a green method
and consumes the lowest time & finances as compared to
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traditional mechanisms. [26] [27] Itis also introduced as a
bottom-up process because of nucleation, advancement, &
gathering of clusters. With the interaction of ultrashort
laser pulses (1073 - 1078 s), the generation of
nanostructures from the solid bulk material substrate, is
defined as laser ablation. Materials can be ablated in a
vacuum, gas, or liquid mediums. [9] [28] [29] [40]

Moreover, the Ag NPs produced by laser ablation
have rare properties as they are pure and uncontaminated
metal colloids. The obtained efficiency and the
characteristics of Ag NPs generated are based on several
specifications, including the laser’s wavelength (1), pulse
duration and ablation time operating on the marker. [30]
[31] This method is of high-quality and highly preferred
because it produces metal colloids without any synthetic
or organic assistance. Crucial specifications such as laser
wavelength (L), pulse duration, & the interaction of
individual NP with a laser beam inside the liquid,
influences the characteristics of NPs obtained in the liquid
solution. NPs size distribution in aqueous solution is
controlled either by spatial profiling of laser beam
intensity or fine balancing of A. [32] Some of the
important parameters are briefed below:

a) Pulse Duration: PLAL is used for the generation of
NP with pulse duration varying from Femto- to nano-
seconds. NPs produced by PLAL, originate due to
sputtering of the molten layer by the recoil pressure
of the liquid around the targeted element. The
temperature “T” of the laser spot is expressed by the
Simple heat balancing equation, i.e.:

Aj

cph

~
=~

o))

Here, A - absorptivity of the targeted material (A = 1 —
R) [R - reflectivity coefficient]

c - heat capacity of the targeted material,
p - density of the target material,
h - heat diffusion length inside the targeted material,

The heat diffusion length “h” dependent on the
heat diffusivity of the targeted element, expressed as:

h « at,

()

wherein, a % [k - heat conduction coefficient of the
target, & “t,” - laser pulse duration].

Larger the t,, thicker is the layer of the solid bulk
which is fiery by absorbed laser energy. Also, for heating
& evaporation of a liquid adjacent to the laser spot, an
amount of energy is consumed which is as small as to be
neglected in comparison to the one absorbed because of
lower thermal conductivity of liquids. [32]

b) Laser Wavelength: Any available wavelength is
relevant when PLAL is considered. Undoubtedly,
produced NPs can absorb laser radiation. Most of the
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NPs absorb in UV range because of which the use of
excimer UV lasers is least preferred. [32]

c) Repetition Rate: With each laser beam pulse
(absorbed laser energy can melt the material), NPs are
thrown out from the solid target. Therefore, the
production of NPs is higher, provided the repetition
rate of laser pulses is higher too. [32]

Inthe PLAL method, laser radiation is focused onto a solid
target immersed in a liquid. It is assumed that the liquid is
transparent at the laser wavelength, otherwise, the
focalization of the beam would be problematic due to
absorption of laser radiation in it. The simplest way is
working with the free surface of the liquid, which allows
avoiding additional reflection at the interface “covering
glass/air”. However, the use of volatile liquids, such as
acetone, ethanol, etc., requires covering the liquid with a
window that is transparent at the laser wavelength. [32]

The process of laser ablation works when -
nanostructures of noble metal are produced by pulsed laser
ablation in liquid, see figure 1. [33] In the process, a
metallic Ag target is placed in distilled water under a
pulsed laser and is synthesised by the laser ablation.
Various lasers can be used in the process such as Solid,
Gas or chemical lasers of several wavelengths varying
from picosecond to femtosecond. Laser ablated NPs have
unique properties and are non-reproducible by any
existing methods. [34]

laser beam

silwver
nanoparticles

stlver plaie

Figure 3: Systematic showing the working of the laser ablation process
for producing silver nanopatrticles [6]

To generate Ag NPs out of a metallic silver target through
laser ablation, high-power pulsed lasers are required.
Eventually, the ablation process relies on the physical
features of the element used. The ablation rate is affected
by several laser specifications including wavelength (%),
fluence, pulse duration, repetition rate, the light absorption
efficiency of the marked material, transmission, and
chemical composition of the liquid. These laser
parameters can be used to tune several NP features, such
as size, shape, surface properties, aggregation state,
solubility, structure, and chemical composition, see table
2.[8]
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TABLE 2: COMPARISON OF DIFFERENT PARAMETERS FOR PREPARING
SILVER NANOPARTICLES VIA LASER ABLATION. [35] [36] [37]

Wavelength 532 nm 800 nm 1064 nm
*)
Laser Nd: YAG Ti: Sapphire Nd: YAG
(ns) (fs) (ns)
Mean 2-3nm 400 nm 2-5nm
Diameter
Absorbance 0.28 > 0.05 <01
Quantity 170 ml (pure | 5 ml (deionised 25 ml
water) water) (pure
water)

When compared, the formation efficiency and the size of
colloidal pieces, was greater than those generated by a
nanosecond laser. The nanosecond pulses have higher
formation efficiency as of the femtosecond pulses. And
the produced colloids by nanosecond pulses are more
scattered than that of femtosecond pulses. Moreover, it
was discovered that the ablation performance for
femtosecond ablation in distilled water was diminishing
than that in the air. In contrast, in the case of nanosecond
pulses, the ablation energy was similar in both liquid and
air. It was noted that self-absorption efficiency of Ag is
superior at lower wavelengths than that of higher
wavelengths, which concludes that the ablation energy
with shorter-wavelength laser is lessened than that of a
longer-wavelength laser. [35] [38] [41] [42]

SUMMARY

As Ag NPs possess unique properties, they are usable in
various fields of science and technology, such as
medicine, ecology, food industry, pharmacy,
biotechnology, microelectronics, physics, and others. This
is because Ag NPs are chemically stable and antimicrobial
agents have a significant protective effect against
microbial pathogens. Also, Ag NPs are not toxic to the
human body in low concentrations. This makes them an
integral part of the composition of various products with
antimicrobial action.

These characteristics necessitated the active
search and development of new technologies to produce
Ag NPs with different shapes and sizes. Various teams
from leading research laboratories study and improve the
mechanisms of Ag NPs extraction, using chemical /
synthetic reduction, laser ablation, electron beam
exposure, concentrated microwave exposure, and many
more.

Bio methods for NP synthesis have new possibilities for
using organic and stabilizing agents. The proposal to use
bio-organisms to extract NPs can contribute to the
ecological purity of the environment. The biological
activity of Ag NPs depends on factors including surface
chemistry and morphology, size, shape, coating agent, NP
agglomeration and dissolution rate, particle reactivity in
solution, and ion release efficiency.

The flexibility of the chemical methods of Ag NPs and the
rapid incorporation of Ag NPs into individual
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environments have motivated researchers to continue to
study the mechanistic aspects of the antimicrobial,
antiviral and anti-inflammatory effects of these NPs. This
is achieved mainly through studies leading to a change in
the form, size of Ag NPs by changing the reaction
conditions, as well as the reagents and stabilizers used.

The laser ablation method to generate pure and
uncontaminated metal NPs with unique properties,
without the use of chemicals - organic or inorganic agents,
has an exceptional environmental effect. In this method,
laser parameters such as wavelength (1) and laser intensity
turn out to be the most characteristic responsible for NP
production, for example, green lasers show higher
formation efficiency than infrared lasers, and nanosecond
pulses of the laser cause a strong thermal effect.
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Abstract - The paper focuses on the work of steel
industrial fences in the conditions of the Far North, based on
the results of the actual impact of snow masses. A
computational model is developed for estimating the
resulting stresses in the structure. Methods for assessing the
impact of snow masses are proposed. The technologies of
strengthening the existing fences are analyzed.

Keywords - industrial fences, snow loads, technology of
reinforcement of industrial fences

I. INTRODUCTION

The article describes the features of the work of
industrial fences of the Glitter3d type, produced in the
form of a welded grating made of a steel bar with a
diameter of 3-5 mm with a polymer shell. Fences of this
type are used everywhere for the construction of fences of
various objects. The peculiarity of this fence is the ability
to maintain visual transparency without losing its main
functional purpose. Such fences can be used for fencing
school yards, warehouses, military and industrial facilities.
They are often installed on the borders of land plots of
railway stations and bus stations, sports grounds and house
territories, parks, gardens, squares. This type of fencing is
particularly widely used in the construction of protective
fences of protected areas and objects. Due to the
transparency, grating fences ensure timely detection of the
intruder near the protected object.
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The use of industrial fences is now widespread on the
territory of the Russian Federation. Fences are widely used
in various climatic latitudes. However, when using
industrial fences in latitudes with a high height of snow
cover, frequent destruction of the grids of this fence was
repeatedly noted.

In 2019, the authors of the article conducted a technical
survey of more than 30 kilometers of such a fence located
in the area of the Kola Peninsula, near the city of
Murmansk. During the survey, numerous damage to the
grating nets was revealed. Due to the large length of the
fence examined, it became possible to systematize the
defects and damages that occur in them in the conditions
of the Far North.

Il. CLIMATIC CONDITIONS

The climate of the area where the survey of fences was
carried out is formed under the influence of Arctic and
warm Atlantic air masses.

Natural and climatic conditions are characterized by
long and cold winters with strong winds, a lack of natural
light and ultraviolet radiation, the spread of permafrost,
and high humidity. Murmansk belongs to the Atlantic-
Arctic zone of temperate climate with a predominance of
warm air flows from the North Atlantic and cold air flows
from the Atlantic sector of the Arctic, which is
characterized by an increase in the frequency of cyclones
in the cold season and anticyclones in the warm season.
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The proximity of the warm Gulf Stream causes
abnormally high winter air temperatures here, large
temperature differences between the Barents Sea and the
mainland in the summer and winter months — large
temperature variability when the wind direction changes.

According to the schematic map of climate zoning (SP
131.13330.2012), the construction area belongs to the
construction and climate zone IlA. According to the
schematic map of the zoning of the northern construction
and climate zone (SP 131.13330.2012, fig. A2) the
territory is characterized by the least severe conditions.

The average temperature of the coldest winter months
(January, February) is - 9 ° C on the coast of the Kola Bay.
The average temperature of the warmest month (July)
ranges from +10 ° C to +14 ° C. The duration of the frost-
free period on the coasts exceeds 100 days, in other areas
it ranges from 50 to 100 days.

Murmansk completely belongs to the area of excessive
moisture. The annual precipitation reaches 600-700 mm
(on the coast of the Kola Bay). The height of the snow
cover varies from 80 cm in the south to 40 cm or less on
the coast of the Kola Bay, where the snow is blown away
by the wind.

Frequent snowstorms are typical for the city of
Murmansk. The largest number of them falls on the period
from January to March.

The Polar night lasts from December 2 to January 12,
and December 22 is its peak. In the period from May 22 to
July 22, the sun does not go below the horizon, the polar
day comes.

Storms are most frequent (the average annual number
of days — 70 - 90) from October to March, fog and
precipitation - in July - August. Poor visibility (less than 1
mile) can be observed throughout the year, its frequency is
5-15%.

Frequent and abrupt changes in weather conditions
sometimes lead to heavy snowfall with the formation of
snow drifts on the roads (with an average daily
precipitation rate of about 40 cm), storm winds (with a
wind force of 25 m/s. and more), severe frosts (with a
temperature of-25-30 ° C), ice on the roads, icing of power
lines.

In accordance with SP 20.13330.2016 “Loads and
impacts. Updated version of SNiP 2.01.07-85,*” the
territory belongs to:

- to the IV wind region, the standard wind pressure is
0.48 kPa (48 kgf/m2);

- to the Il district by the thickness of the ice wall, the
thickness of the ice wall is 5 mm;

- by the weight of the snow cover to the V district with
the calculated value of the weight of the snow cover-350
kgf/m2.

According to SP 14.13330.2018 and OSR-97, the
seismicity of the area is 6 points.

According to V. Demin and F. Romanenko, the climate
has been warming recently, but precipitation is also
increasing [1] - [4].

of Technologies for Strengthening Existing

I1l. RESULTS OF THE FENCE SURVEY AND
DAMAGE CLASSIFICATION

The fence is a metal grating welded at the crosshairs of
the rods. The rods are coated with a polymer shell or paint.
The supporting elements are metal racks with a cross
section of 50x50x2 or 80x80x2 millimeters.

The appearance of the section is shown in Fig. 1. The
main damage to the sections is structured according to the
frequency of their occurrence and is shown in the
following figures:

-

Fig. 1. View of an undamaged grating fence.

Fig. 2. Destruction of the panel near to the support.
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Fig. 4. Destruction of the panel between the supports.
The most common defect of the panels is the
destruction of the welded joints near the supports with the
bending of the panels. Next in frequency is damage with
the grid bending out of the plane. There are also such
destructions as a cut of bolts of fastenings, loss of stability
of support posts, but all these damages make no more than
10 percent, and are manifested together with damage to
welded joints near supports with bending of panels.
Damage to the panels is significant for the fence as a
whole. To determine the causes of destruction, it is
necessary to analyze the causes that led to the occurrence
of these damages.

IV. ANALYSIS OF THE CAUSES OF DEFECTS

After analyzing the nature of the damage to the fences,
taking into account their localization along its length, the
complex terrain where the fences are located, and the
difficult climatic and meteorological conditions of the
construction area, it can be concluded that all the above-
mentioned defects appeared due to the impact on the fence
of increased snow deposits that occur around it and which,
apparently, are characteristic of this type of terrain. In
accordance with SP 20.13330.2016 “Loads and impacts.
Updated version of SNiP 2.01.07-85,*”" construction
territory refers to:
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- to the 1V wind region, the standard wind pressure -
48 kgf/m2;

- to the Il district by the thickness of the ice wall; the
thickness of the ice wall is 5 mm;

- to the V snow area, the estimated weight of the snow
cover is 350 kgf/m2.

The estimated value of the snow cover weight
according to the normative data for this area is only 350
kgfim2 (250 kgf/m2 is the normative value), but it is
obvious that the actual snow loads in the area where the
fences are located are much higher.

Snowfall and snowstorms in winter due to the difficult
terrain lead to increased snow deposits, especially at the
foot of the slopes, in the lowlands and in the beds of
streams, forming snow drift of different heights and
different lengths.

In order to analyze what happens in the winter period
with the built fence, we will use information taken from
open sources, including data from manufacturers of
similar fence systems.

Let us consider the freely available photos taken in the
winter of 2016-2017 clearly illustrating the amount of
snow deposits (Fig. 5).

On the one hand, fences can be completely covered
with snow at its entire height. The thickness of the snow
cover in this case can reach 2-2.5 m, and in the presence
of a protective safety barrier and large values. The density
and thickness of the snow layer is such that it can
withstand the weight of a person (Fig. 5).

y

Fig. 5. The height of the snow next to the fence.

o8
TICT L

Fig. 6. Snow cover height.
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On the other hand, in winter, the elements of fences
become icy, snow freezes on them, gradually turning the
mesh panel into a vertical surface that is almost impervious
to wind and snow. In this state, the fences practically begin
to perform a snow-retaining function, for which they were
not designed.

W |
| ]

Fig. 7. Snow cover height.

Snowfalls and blizzards lead to increased snow
deposits at the icy fences, forming snow drifts — snow
bags. The height of snow bags can reach values
commensurate with the height of the fence. At the same
time, the snow bag is formed in two directions, but on the
windward side its value is greater.

Snow deposits are formed in layers. With temperature
changes and wind action, the snow gradually cures and
increases its density. In the lower layers, during thaws,
meltwater can appear, which, when absorbed into the
snow, significantly increase its mass, and when frozen, the
snow mass saturated with water can turn into ice.

Next, we will show how much the value of the snow
load can differ from the standard value for the V snow area
during the formation of snow drifts.

Let us estimate the amount of snow load on the earth's
surface from the accumulated snow cover with a thickness
of 2-2.5m.

According to clause 5.3 of GOST R 53613-2009 “The
impact of natural external conditions on technical
products. General characteristics. Precipitation and wind”,
the density of the accumulated snow varies from 200 to
400 kg/m3.

Then the snow load from the snow cover with a
capacity of 2 - 2.5 m on the ground surface will be:

2 - 200 = 400 kg/m?; 2 - 400 = 800 kg/m?;
2.5 - 200 = 500 kg/m?: 2.5 - 400 = 1000 kg/m?,

400 - 1000 kg/m?, which is 1.6 - 4 times higher than the
standard value for the V snow area of 250 kg/m?.

Let us estimate the amount of snow load when a snow
bag is formed at a fence with a height of 2 mand 2.5 m.

The assessment is performed using the program of the
WEST engineering and calculation complex “SCAD
OFFICE” in accordance with the requirements of clause
10 of SP 20.13330.2016 “Loads and impacts. Updated
version of SNiP 2.01.07-85*”. According to the results of
the calculation, it turns out that the snow load in the area
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of the formation of a snowbank at the fence exceeds the
standard value for the V snow area equal to 250 kg/m? by
1.3 - 1.6 times (Fig. 8).

0,41299
(0,57819)

\\\
M

0,20257
0,2836

S5m

Fig 8. Calculation result snow load.

Snow and ice masses formed at the panels in winter,
when freezing and subsequent thawing leads to
deformation of the panels and further to their damage in
the form of destruction of welded joints between the grid
rods. When the welded joints between the mesh rods are
destroyed, the rigidity of the panel decreases, causing even
greater deformations, which in turn lead to even greater
damage to it. Eventually, the panel breaks out of the
mounts on the racks.

Freezing and subsequent melting of snow and ice
masses also leads to damage to the fence elements.

Damage to panels and elements of protective barriers
can occur both during one winter period (for one year), and
gradually over several years. Since damage to fences leads
to violations of the protective perimeter and to expensive
repairs to replace fences, it is necessary to develop
measures for the construction of fences that resist such
snow loads [4] — [5]. Fences of this type are used
throughout the Russian Federation and it should be noted
that the fences which are regularly cleaned of snow do not
experience such damage.

V. MEASURES THAT INCREASE THE
OPERATIONAL PROPERTIES OF FENCES

To reduce the impact of meteorological influences
(primarily snow) on the elements of fences, two groups of
measures can be distinguished: constructive and
operational.

Structural measures (for strengthening fences) should
include the installation of 2 - 3 horizontal elements
between the posts at a height — crosshars made of bent or
closed galvanized profiles, to which additional fastening
of the panels is carried out with retainers.

An example of a reinforced similar fence and its
elements are shown in Fig. 9 and 10 (technical solution of
JSC "CeSIS NIKIRET», http://www.cesis.ru/
zagrazhdenie-maxaon-arktika).
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Fig. 9. An example of a reinforced similar fence, an additional stiffener,
a reinforced tip (taken from the site http://www.cesis.ru)

’/'

Fig. 10. Additional stiffener (taken from the site http://www.cesis.ru)

Operational measures should include:

- regular snow removal between the fences and in front
of them, thereby preventing the accumulation of snow
masses and the formation of huge snow drifts at the fences;

- cleaning of fence panels from frozen snow.

Snow removal is also recommended during the
construction period.

VI. CONCLUSION

According to the results of the study of the grating
fences features in the conditions of the Far North, it was
determined that the existing technology of the device of
fences needs to be improved. Fences around which snow
removal will be periodically carried out do not need to be
finalized. For the rest of the installed or projected fences
of this type, it is recommended that the fences be made
with additional horizontal elements that ensure the rigidity
of the panels.
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When using horizontal crossbars between the risers, a
structure is formed in which the panels cease to be load-
bearing elements and perform only an enclosing function.

In conclusion, it should be noted that the existing
standards of the Russian Federation do not have
instructions for determining the snow load on such panels,
which makes it difficult to calculate such structures.
According to the results of the inspection of the actually
mounted panels, it was determined that the fence panels
work as beams taking on the snow load. The deformation
and destruction of the panels look like a beam with a rigid
pinching on the supports.

Based on the results of this work, it is recommended to
conduct experiments with a real assessment of the snow
load on the fence panel. According to the results of the
survey, it was determined that a significant part of the
snow load can be transmitted directly to the fence panels,
and not to the ground surface.
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Abstract - Hydrolysis of the lignocellulosic biomass results
in the release of high-value chemicals that during industrial
processing can be recovered with membrane technologies. To
maintain an effective performance of the membranes used in
the technological processing of biomass, their regular
cleaning is essential. Although several guidelines may be
found for membrane cleaning in the cases of organic fouling,
the data for cleaning membranes fouled by hydrolyzed
lignocellulosic biomass is limited. Current research is aimed
to evaluate physical (air backpulse) and common cheap
chemical membrane cleaning methods. The results showed
that air backpulse alone had a minor (9%) effect on the
membrane cleaning. The alternation of NaOH (1 %) solution
with the NaClO (200 mg/L of Free chlorine) was the most
effective approach for membrane cleaning. The cleaning
effectiveness was 95.1 % for 50 nm membrane and 89 % for
200 nm membrane, indicating that membranes used for
hydrolyzed lignocellulosic biomass filtration can be
effectively cleaned using affordable and accessible chemicals.
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. INTRODUCTION

Lignocellulosic biomass is abundant on Earth with an
annual global production of about 181.5 hillion tonnes.
Around 7 billion tonnes are used as fodder or for energetic
and material purposes and about 3.5 billion tonnes are
produced as agricultural residues without any further use
[1]. At the same time, lignocellulosic raw materials and
bio-based primary products can be converted into high-
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value chemicals, e.g., biofuels, furfural, carbohydrates [2].
Traditionally, the conversion is one-way subsequent pre-
treatment, hydrolysis, fermentation, and product extraction.
To facilitate product concentration, purification, and
resource recovery, the introduction of membranes in the
process stream has been recognized and tested in the
treatment of lignocellulosic biomass after enzymatic
hydrolysis [3]. Despite the high potential of membrane
technologies, their efficiency is highly dependent on the
properties of the liquid to be treated and membrane
material.

Ceramic ultrafiltration membranes in comparison to
polymeric membranes possess several advantages,
including toleration to high temperatures and harsh
chemical conditions, and a lifespan of 10-20 years [4], [5].
Therefore, ceramic membranes are widely used in food
production, pharmaceutical, bioenergy, and other
industries. At the same time, membrane operation is
cumbersome, especially when fouling is tackled, since it
reduces membrane performance efficiency by flux decline
(in constant transmembrane pressure (TMP) systems) or
increases TMP in constant flux systems. To maintain the
membrane performance at a satisfactory level, regular
membrane cleaning should be performed [6]. Cleaning
procedures are commonly divided into physical (non-
reagent) and chemical. While every physical cleaning
method has different parameters affecting efficiency,
chemical cleaning depends on four basic parameters: flow,
reagent concentration, temperature, and contact time [7]. In
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the food industry, where organic compounds are the main
foulants, it is considered that the cleaning should be
performed at the same temperature as the filtration [7], to
avoid protein crosslinking and denaturation [8]. The
selection of the most appropriate cleaning agent and its
concentration is crucial to avoid unwanted chemical
reactions, damage of the membrane, or worsen
contamination. Similarly, as in the food industry, the same
issues have also been observed in the treatment of
hydrolyzed biomass, where the solution contains
lignocellulosic  residue, released carbohydrates, and
proteins, if enzymatic hydrolysis is performed [3]. All of
these tend to foul the membranes.

To remove the organic foulants, alkaline reagents are
the most widespread, since alkalis dissolve organic
compounds, saponificate fats, and oils, and hydrolyze
proteins [9], [10]. Nevertheless, the longevity of the
cleaning procedure should be carefully evaluated to
perform effective cleaning from one side, and not to
terminate the production process for too long on the other.
Although, general guidelines can be found on the cleaning
of membranes fouled with different types of contaminants,
every case must be evaluated individually. There are
detailed recommendations available for various fields of
the food industry [7], however, cleaning protocols for
membranes applied in the treatment of hydrolyzed
lignocellulosic biomass have not been reported or the data
is limited. Within this study, the selection of the most
appropriate treatment protocol for cleaning of ceramic
ultrafiltration membranes after the filtration of hay
hydrolysate was performed. To mimic industrial
production, a laboratory pilot scale membrane system was
used for the studies. Permeate flux was selected as the
representative parameter to characterize membrane
fouling. The general acceptance, that the lower the flux, the
bigger the fouling was used to estimate the efficiency of the
cleaning procedure.

Il. MATERIALS AND METHODS

A. Experimental Setup

Filtration experiments and cleaning procedures were
performed in a pilot-scale system (JWCMF - C.2, Jiangsu
Jiuwu Hitech Co, China) equipped with a 30L AISI 316
tank with a water jacket for temperature control. The
filtration setup (Fig. 1) was designed for constant flux
filtration experiments with an air backpulse option. The
constant feed flow was supplied by pump 4 (Grudfoss,
CM5-4 A-R-GE-AQQE F-A-A-N) and regulation valves
5 and 12. Air backpulse was driven by the air compressor
21, solenoid valves 15; 19; 20, and a programmable logic
controller for permeate flow, air intake, and air exhaust
time control. Two mechanical pressure meters (8, 11) were
used for the pressure measurement in feed flow and
retentate flow. Flow meters were used to measure the flow
of permeate (16) and retentate (13). The temperature was
recorded using an electronic thermometer (6).
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Fig. 1. Experimental filtration system with 30 L tank and 0.24 m2
membrane filtration area.

B. Membranes

Two tubular ceramic membranes from Jiangsu Jiuwu
Hitech Co (Jiangsu, China) with a pore size of 50 and 200
nm were used for filtration. Both membranes were made of
TiO; filtering layer on a-alumina support with 19 parallel
feed flow channels, an outer diameter of 25.4 mm, and a
total length of 1016 mm. The inner diameter of the feed
flow channels was 3.3 mm, the membrane area 0.24 m? and
the porosity 35 %. The hydraulic resistance for 50 and 200
nm membranes was calculated from the deionized water
flux to 4.8 * 10 and 3.9 * 10 bar m? hl%, respectively.
The cross-flow velocity during filtration was 0.87 ms™.

C. Hydrolysate Preparation and Filtration

Dried hay from semi-natural grasslands was used as a
source material for hydrolysate production. The biomass
was milled (Retsch SM100, Haan, Germany) to obtain
particle size ~ 1 mm. Then, the biomass (3% w/v in
nanofiltered water) was thermally pre-treated/hydrolyzed
(121°C, 1 bar for 5 minutes) in a 30 | AISI 316 reactor
equipped with a mixer. Further, the hay solution was cooled
to 30 °C and passed through the microfilter with a pore size
of 1 um (Geyser, Russia) to remove major suspended solids
able to block the ceramic membrane and the peristaltic
pump. All tests were performed using 15 | of hydrolysed
hay solution at 30°C that is the reported optimum
concentration for biomass hydrolysis in the given reactor
system [11].

Transmembrane pressure (TMP) was calculated
according to (1) :
P1+P;
T2

TMP = (1)
where: — P, feed pressure, MPa; P, — retentate pressure,
MPa;

After each filtration test, the membranes were cleaned
using selected chemicals.

D. Biomass granulometric composition

To analyze biomass particle size and evaluate the
efficiency of  microfiltration, the granulometric
composition of the biomass collected from the microfilter
was determined with the vibration separator Controls D
407 (Newzeland) and different sieve sizes (<63, 63, 125,
250, 500, 1000).
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E. Physical Membrane Cleaning

During air-water backpulse cleaning, the air was
supplied by the compressor through valve 7 (Fig. 1). The
air compressor pressure was set to 3 bar. The backpulsing
was performed for 5 sec. every 5 mins. The air exhaust
time was 8 mins.

F. Chemical Membrane Cleaning

The cleaning of membranes was performed according
to the scheme in Table 1 at TMP of 0.5 bar and included 8
different test setups at a constant temperature regime.
Before each chemical cleaning procedure, an initial rinse of
the fouled membrane and the filtration system with
deionized water at room temperature and a TMP of 0.5 bar
was performed for 3 min. After the rinse, permeate flux
(Qp) with deionized water at 25°C and average TMP of 2.5
bar was measured. The second rinse (0.5 bar TMP) was
performed with deionized water to remove chemical
cleaning agents after the cleaning. Finally, permeate flux
(Qa) was measured with deionized water at temperature
25°C and TMP average 2.5 bar.

G. Cleaning Efficiency Calculations

Before every filtration experiment, the initial water flux
of the clean membrane was measured using deionized
water. The cleaning efficiency was evaluated as permeate
flux recovery. The final flux recovery was based on the
measurements of deionized water permeate flux through
the cleaned membrane. Cleaning efficiency (%) was
calculated according to (2)

@

where: Q. — deionized water permeate flux after
cleaning, I/h; Qp, — deionized water permeate flux before
cleaning, I/h.

F=%"%y100
Qp

TABLE 1 TESTED CLEANING APPROACHES FOR 50 AND 200 NM CERAMIC

MEMBRANES
2 | Membr Agent
= ane concent Tempe
pore Cleaning ration, | Cleaning | rature,
size, nm agents % time, min °C
1 |50 HNO; 1 30 50
2 |50 NaOH 1 30 60
3 |50 backpulse - 30 30
4 |50 NaOCl 0.023 30 30
backpulse 30 and
5 |50 and NaOH 1 30+ 30 50
NaOH and land 50 and
6 |50 NaOCI 0.02 30+ 30 30
NaOH and land 50 and
7 |200 NaOCl 0.02 30+30 30
NaOCland |0.02 and 30 and
8 |200 NaOH 1 30+30 50
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I11. RESULTS AND DISCUSSION

The initial permeability of the two membranes (50 nm
and 200 nm) was determined before the experiments by
linear regression of the deionized water flux (J) against the
TMP (Fig.2).

700
600
500
400
300
200
100

0
0 0.05

4 50nm =200nm

Permeate flux, L/m2 h

0.1 0.15
TMP, MPa

0.2 0.25

Fig. 2. Water flux against transmembrane pressure for the 50 nm (A ) and
200 nm (m) membranes at 25°C.

As expected, the permeate flux (J) of deionized water
for clean membranes was higher for 200 nm membrane if
compared to 50 nm membrane. The estimated maximal
permeate flux in the pilot system was 1250 m? hl** for 50
nm membrane and 1653 m? hl* for 200 nm membrane.

A. Biomass and hydrolyzate characterization

The estimated granulometric composition revealed that
the particles are distributed within the whole range of used
sieves. The highest fraction attributed to 125 and 250 pm
sizes (Table 2). The fractions were acceptable for further
filtration tests.

The estimated physical parameters of the hay
hydrolysate (186 NTU turbidity, pH 5.1 — 5.5, conductivity
1850 pS/cm and zeta-potential of 17.5+4.5 mV) were
representative of both thermally treated/hydrolyzed
biomass and organic filtrates [12].

TABLE 2 GRANULOMETRIC COMPOSITION OF LIGNOCELLULOSIC

BIOMASS
Sieve eye size, pm Amount, %

1000 21,8

500 10,6

250 24,7

125 25,7

63 10,7
<63 6,5

B. Permeate Flux

Two different stages concerning the permeate flux were
distinguished in the thermally hydrolysed hay filtration
process. In the first stage, permeate flux decreased
significantly (from 28 hl** to 10 hI'%). This stage lasted
approximately 15 minutes for both selected membranes.
Then the permeate flux reached a steady-state and
remained constant (Fig. 3). The calculated trendlines of the
permeate flux decrease were similar when compared with
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other studies utilizing 50 and 200 nm ceramic membranes
[13], [14].

30
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=
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Fig. 3. The permeate flux of thermally hydrolyzed hay solution at 30°C
with and without air backpulse for 50 nm and 200 nm ceramic
membranes (t=2.02, P=0.05).

To enhance permeation flux, permeate or water can be
used for membrane backwashing [15]. Alternatively, air
backpulsing can be used [16]. In this study, backpulsing
was used to enhance permeation during the hay hydrolysate
filtration. The results showed a positive effect of air
backpulsing only for a 200 nm membrane. And no effect
for the 50 nm membrane. The 200 nm membrane air
backpulsing could withstand permeate flux near 15 hi* for
37 mins (until the full volume of thermally hydrolyzed hay
was filtered) (Figure 3).

Similar results for the positive effect of air backpulsing
for larger pore size membranes were obtained by [17] for
synthetic leather industry wastewater and [18] for raw
sugar cane juice filtration. The authors of both studies
indicated no positive effect for 20 and 50 nm membranes.
Thus, the results of the current study with lignocellulosic
hydrolysate complement other findings where air
backpulsing is useful for ceramic membranes of
microfiltration range/or some loose ultrafiltration range
(100-200 nm).

Furthermore, air backpulsing shortened the first phase
of intensive flux decline from 15 minutes to 7 minutes. This
phenomenon could be attributed to a small-size particle
layer disruption and resuspension, leading to more
intensive flux decline and faster stable phase onset.

C. Cleaning of Membranes

All of the thermally hydrolysed hay filtration
experiments were followed by cleaning methods (Table 1).
First, the efficiency of single-step cleaning methods (Test
1-4, Table 1) for a 50 nm membrane was evaluated (Fig. 4).
Assessment of HNO; (1%) acid solution resulted in no
positive effect on the membrane cleaning. This
phenomenon may be attributed to the fact that the filtered
solution of hydrolysed hay is of organic origin, whereas
acids are effective for dissolving inorganic contaminants
like metal oxides [8],[19]. The results were therefore
excluded from the graphs. NaOH (1%) solution resulted in
a 46.2% increase of permeate flux in 30 mins showing the
best results obtained by single-step cleaning technique
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(Fig. 4).
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Fig. 4. The permeate flux for 50 nm membrane before filtration (“b.
filtration™), after the filtration of thermally hydrolyzed hay solution (“b.
cleaning”), and after the cleaning (“a. cleaning™).

The Zeta potential of the filtering solution was 17.5+4.5
mV, meaning that the solution was in the unstable region,
and particle aggregation and sedimentation could take
place on the membrane surface [20]. In this case, it can be
beneficial to raise the pH by adding alkali, promoting
particle desorption from the membrane surface. The
common concentrations of alkalis in these systems are in
the range of 0.5 — 2% wiv [8].

Water + air backpulse showed minimal (9%) effect on
the cleaning of 50 nm membrane, probably because
residual hay particles present in the hydrolysate were much
bigger in size than membrane pores. Furthermore, the size
of air bubbles generated by the compressor was two orders
of magnitude larger than the size of membrane pores, thus,
air bubbles could not enter and clean the pores. Thus, air-
based hydraulic cleaning techniques are unsuitable for
microfiltration membranes [21], [22].

Application of NaOCI solution containing 200 mg/L of
free chlorine (shock chlorination technique) resulted in
33.2% cleaning efficiency.

Since single-step cleaning approaches showed only
modest results, two-step cleaning approaches were tested
(Tests 5-6 in Table 1) to evaluate the potential use of
apparently different chemicals in a single set-up.

The combination of air backpulse and NaOH resulted
21% cleaning efficiency (Fig. 5),

n

1200
1000

A O ©
o O O
o O o

Permeate flux (L/m2h)

N
o
o

b. filtration b. cleaning  backpulse NaOH

Fig. 5. The permeate flux for 50 nm membrane before filtration, after the
filtration of thermally hydrolyzed hay solution, and after the cleaning
with air-water backpulse and 1% NaOH solution. b.-before, a.-after.

which is low considering that in single-step cleaning
approach with NaOH efficiency was 46.2%. Probably
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backpulse disturbed debris layer presented in the pilot
system walls, resulting in secondary contamination and
decreased NaOH efficiency.

Subsequent use of NaOH and NaClO showed the best
performance resulting in 95.1 % cleaning efficiency (Fig.
6).
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b. filtration b. cleaning NaOH NaClO

Fig. 6. The permeate flux for 50 nm membrane before filtration, after the
filtration of thermally hydrolyzed hay solution, and after the sequencing
cleaning with 1% NaOH solution and 0.023% NaClO solution. b.-hefore,
a.-after.

Such consecutive use of alkali and active chlorine has
been also shown to be effective for removing biofilms from
pipe walls and killing Bacillus spores in a bulk [23]. After
successful selection of the treatment approach, filtration of
hydrolysed hay was validated for the 200 nm membrane.
The results demonstrated 89 % efficiency for the
consecutive use of NaOH and NaClO (Fig. 7), meaning that
the method is equally effective for different size
ultrafiltration membranes.

1800
1600
1400
1200
1000
800
600
400
200
0

Permeate flux (L/m2h)

b. filtration b. cleaning NaOH NaClO

Fig. 7. The permeate flux for 200 nm membrane before filtration, after
the filtration of thermally hydrolyzed hay solution, and after the
sequencing cleaning with 1% NaOH solution 0.023% NaCIO solution.
b.-before, a.-after.

To demonstrate the efficiency of the selected step-wise
treatment, NaOH and NaClO application was inversed. As
expected, the two-step protocol resulted in a mere 46 %
cleaning efficiency (Fig. 8), which was lower than using
the opposite sequence of reagents.
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Fig. 8. The permeate flux for 200 nm membrane before filtration, after
the filtration of thermally hydrolyzed hay solution, and after the
sequencing cleaning with 0.023% NaClO solution and 1% NaOH
solution. b.-before, a.-after.

This phenomenon may be attributed to the fact that
NaOH loosens deposits on the membrane surface and
disperse them, while NaCIO promotes a gel layer on the
membrane surface to decompose by oxidation and then fall
off. The cleaning process is not as effective if active
chlorine cannot penetrate the gel layer and effective
reaction occurs only with loose particles. Thus, the
sequence of the reagents is of big importance.

IVV. CONCLUSIONS

Multiple physical and chemical methods have been
tested to clean ceramic membranes after the filtration of
hydrolyzed lignocellulosic biomass to extract fermentable
carbohydrates. The results showed that single-step
treatment does not provide efficient cleaning and result in
less than 50 % cleaning efficiency. Alternation of NaOH (1
%) solution with the NaClO (0.023%) was the most
effective approach for membrane cleaning resulting in 95.1
% for 50 nm membrane and 89 % cleaning efficiency for
200 nm membrane. Thus, membranes used industrial
production of fermentable carbohydrates from hydrolyzed
lignocellulosic biomass can be effectively and quickly
cleaned with conventional inexpensive chemicals.
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Abstract - In this paper, a 3D mathematical model is
proposed to determine the dynamics of the temperature field
in a three-layer composite sapropel-hemp slab. The proposed
model consists of a system of three initial-boundary value
problems with respect to the temperature function for each
layer, respectively, and one initial-boundary value problem
with respect to the unknown velocity of heat propagation
along the thickness dimension of the composite sapropel-
hemp slab.

Keywords - Composite sapropel-hemp slab, temperature
field, mathematical model

. INTRODUCTION

One of the main ways to study the dynamics of the
temperature field in multilayer building structures is the
apparatus of the thermal conductivity theory, where the
hypothesis of a continuous medium is used in modelling,
which leads to obtaining linear and nonlinear differential
equations: therefore, there appears smoothness requirement
both in time and by spatial variables [1]-[3] related to the
functions characterizing the properties and states of the
components of the medium.

The main goal of such studies is to find the temperature
field inside a composite body under known initial and
boundary conditions [4]. In this paper, we consider the
problem of determining the temperature field in a three-
layer composite slab of the parallelepiped shape, where the
outer layers (fireproof facing) are bonded with hemp and
sapropel mineralized fill. Since sapropel consists mainly of
organic substances (ash content of organo-mineral sapropel
varies within 25+50%, mineral-organic — 50-70%,
mineralized — 70+85%, organic — about 30%), then over
time, the temperature state of the sapropel-hemp slab will
significantly depend, in addition to its heat exchange with
the environment, also on the processes of heat release/heat
absorption by the volume of the slab, happening due to
various reasons (it must be taken into account that the
viscosity of the sapropel can reduce gas exchange): for
example, resulting in exothermic/endothermic chemical
reactions [5]; the energy of radiation penetrating into the
volume of the slab through the deformed facing [3],[6],[7];
etc. Consequently, inside the sapropel-hemp slab, internal
sources of thermal energy are formed, which can have
various types of dependences both on time and spatial
variables, as well as on the temperature itself: for example,
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if the energy release in the inner layer of a sapropel-hemp
slab is caused by chemical reactions, which rate is
described by the Arrhenius equation, then the dependency
of the volumetric power of energy release on temperature
has a reverse exponential character [5],[8].

In this work, a 3D mathematical model is proposed that
describes dynamics of the temperature field in the studied
sapropel-hemp slab. In the proposed mathematical model,
due to the specifics of the material of the inner layer —
sapropel-hemp material, it is assumed that, firstly, the
temperature conductivity coefficient is a given step
function along the vertical axis directed along the thickness
dimension of the sapropel-hemp slab, and secondly, the
velocity of heat propagation, along with the thermal field,
is also considered to be the required function.

Il. RESTRICTIVE ASSUMPTIONS, AND CONSTRUCTION OF

MATHEMATICAL MODEL FOR TEMPERATURE FIELD

Before proceeding to the description of the
mathematical model, let us choose the Cartesian coordinate
system so that the positive semiaxis of the vertical axis
OX,, characterizing the thickness of the considered

sapropel-hemp slab is directed from the outer facing of the
slab to the inner side.

Fig. 1 schematically depicts the studied composite
sapropel-hemp slab having the size (length, width,
height/thickness, respectively) with a double-sided

fireproof facing: the outer facing PJ7° , where

def —
Rr® = {Xe]R” :x ela,b], i =1,n}, has a height I ;
the inner fireproof facing P, , | has a height L, -1,; the

sapropel-hemp component (i.e. the second/inner layer) of
the composite slab has a height I, -1,.

Now we can proceed to the construction of a
mathematical model for the dynamics of the temperature
field of the considered sapropel-hemp slab, having
previously listed its physical and mathematical
peculiarities and the necessary mathematical assumptions
arising from these aspects [9]-[12]. Due to the fact that the
considered composite slab is a solid non-periodic
heterogeneous medium, the following three circumstances
will be present in the constructed 3D mathematical model
of the temperature field dynamics [8], [13]-[19]:

First, it cannot be assumed that the velocity of heat
propagation is a priori given. Obviously, this circumstance
also gives rise to the necessity of constructing a
mathematical model to determine the unknown heat
propagation velocity. Consequently, there is a need to
construct a complete mathematical model consisting of two
interconnected equations with the corresponding initial and
boundary conditions: in the first equation with respect to
the desired unsteady temperature field T (x,t), there is a

vector function

def

§=5(xt)=(8,.9,.9,) (xt),
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describing the velocity of heat propagation in directions
0X,, OX,, OX,, and the second equation is an equation

relating to this unknown velocity.

thickness’height of external facing

composite material for splicing sapropel-hemp

thickness/height of internal facing

Fig. 1. Composite sapropel-hemp slab.

Second, the coefficient of temperature conductivity
a(ﬁT ) can be considered a step function along the vertical

axis OX, (i.e. relating to the layers). This circumstance,

together with the assumption about the insignificance of
thermal perturbations [13] in directions OX, and OX,,
allows to construct a one-dimensional by the spatial
variable (i.e. in the vertical component) nonlinear
inhomogeneous equation with respect to the heat
propagation averaged over directions OX, and OX,
vector velocity in a composite sapropel-hemp slab, i.e. with

respect to scalar function 9, (x,t).

Third, due to the fact that the first and third layers
interacting with the environment (i.e. facing — outer layers)
of the considered composite slab are made of homogeneous
fireproof materials (for example, made of clay; of mineral
fibres; etc., moreover, it is not necessary that both facings
are made of the same fireproof material), and the second
layer (inner layer) is its sapropel-hemp component (solid
non-periodic heterogeneous medium), then from a
mathematical point of view the heating processes on the
first and third layers should proceed with the heat flux
relaxation mode [17]-[19].

Taking into account the corresponding basic
fundamental laws of physics — the laws of molecular
diffusion and the laws of heat transfer in solid non-periodic
heterogeneous media [13]-[15], [20], — taking into account
the above listed three circumstances, we will have the
following mathematical model: for vt >0 it is required to
determine the temperature field
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T (xt),xeRY°,,
T(xt)= T (x.t),xe R,
T (x,t),xe R}

L,L, L

(1)

at any point xe P}’ of the composite sapropel-hemp
slab from
— a heterogeneous partial differential equation:
aTl (x,t) '™ (x.t)
+

- Textemal ( X’ t)

ot ot? )
i 3) T (1)) x<intR2SS,
—two initial conditions:

Tt =TV (0, xR @)
t=0 1,2,

6T{l}(x,t) L

| Woxer o
t=0

—six boundary conditions:
e Neumann homogeneous boundary condition at the
right end of the outer facing:

ot (x,1)
%
« Neumann homogeneous boundary condition at the
left end of the outer facing:

aT ™ (x,t)
24
o Neumann homogeneous boundary condition at the
underside of the outer facing:

aT™ (x,1)
0X,

e Neumann homogeneous boundary condition at the
upper side of the outer facing:

aT ™ (x,t)
0oX,

« Robin boundary condition at the outer surface of the
outer facing:

=0,xe POOLZ(I)l (%1 %), (5)

_ 1L,-0,0,0
=0,xe PLl,szll

(6)

=0,xeP’SY, (7

= O, Xe PL?’,:TI?YO’ (8)

aTl (x,1)
OX,
(t))" =0,xe P22,
e Dirichlet inhomogeneous boundary condition on the
inner surface of the outer facing:
TH (x,8) =T (%, %,,t),x € P2O%2;

L.l !

~#(9)

+6

external

+ B {T{l} (x,t) o)

(10)

—two conjugation conditions:
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X e po.0

=T{2}(x,t) o

11)

X3=k +0

_aTH (%)
e

{2}
:{a(g) i 6X(X7t)} Xe ng?-z’
3 X3=h+0

—corresponding consistency constraints of the initial
functions from (3), (4) and boundary functions from

(5)-(10);
—heterogeneous partial differential equation:
aT® (x,t)
ot
~& (x,)-grad T (x,1)

T (x,t)+T{3} (x,t),x eint Pﬁ',tlﬂz;

(12)

= div(a(8)- grad T (x.1))

(13)

—one initial condition:

T2 (x.t) =T0{2} (x),xe PL?',OL!l,lz?

(14)

t=0

—six boundary conditions:

e Dirichlet inhomogeneous boundary condition at the
right end of the sapropel-hemp material:

713 (X’t) :Tri;}n (Xz, Xs’t)' Xe PO(-)Y'?zV!I}z '

(15)
e Dirichlet inhomogeneous boundary condition at the

left end of the sapropel-hemp material:

Tl (x.t) :Tle{;t} (%, %a,t), x € PLHS:IZJl’

e Dirichlet inhomogeneous boundary condition at the
underside of the sapropel-hemp material:

T3 (x.t) -T2 (%, %3,t), xe P,_?’V%‘,'ﬁz,

inter.

(16)

(17)

e Dirichlet inhomogeneous boundary condition at the
upper side of the sapropel-hemp material:

T (x,t) =Tdih (4. %0,1), xe REE 24, (18)

e Robin boundary condition at the surface of the

sapropel-hemp material that is adjacent to the inner
surface of the outer facing:

hTm(xU—Tw(xQ

X (‘9Xs ) (19)
T (xt
- ey,
3

¢ Robin boundary condition at the surface of the
sapropel-hemp material, which is adjacent to the
inner surface of the inner facing:
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h
Z(‘g&) (20)
ot (x,t
T ppoio,
axs 1052112
—four conjugation conditions:

TRt =TH ) xer®, (21)

X3=k+0 Xa=h~0 12

L aT ¥ (xt
{a(&)_axix )}
X3=h+0

(22)
L aT P (xt
={a(,9) ax(3 )} X € P'—?’y?-’z’
X3=h—0
T2 (xt - =T (xt) Xe PL?’,OLZ . (23)
372 X3=l,+0
_ T (xt)
)
X3=1,—0 (24)

{3}
o]
3 X3=1,+0

—corresponding consistency constraints of the initial
function from (14) and boundary functions from (15),
(16);

—heterogeneous partial differential equation:

3] 2113
aT¥ (x,1) R o*T! }z(x,t) T (xt)
ot (25)
- div(a(§)~MT{3} (x,t)), xeint P ;

—two initial conditions:

T (x,t)Lo 1% (1), xe P, (26)
ot (xt aa
—at( ) T, (x),xe PLf,LZZ,{Z ; (27)

t=0

—six boundary conditions:

e Neumann homogeneous boundary condition at the
right end of the inner facing:
aT® (x,1)

28
« Neumann homogeneous boundary condition at the
left end of the inner facing:

aT ¥ (x,t)
%

=0,x e F{,‘,’*Lj'ig ., (28)

=0,xe P&;f;,‘j", (29)
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« Neumann homogeneous boundary condition at the
underside of the inner facing:
aT ¥ (x,t)

T =0,xe PL?',%,IQ . (30)

o Neumann homogeneous boundary condition at the
upper side of the inner facing:

aT™¥ (x,t L
ax(2 - OxeRMIL" ()

e Dirichlet inhomogeneous boundary condition at the
inner surface (that is, the surface that is adjacent to
the second layer) of the inner facing:

T (X ) =T? (x,%,t),xe P2 | (32)

« Robin boundary condition at the outer surface of the

inner facing:
NG (X t)
— ._9 —,+ m, T{g} X,'[
“Orner (t)}m2 =0,xe PL??_Z'-:O’
—two conjugation conditions:
T{3}(x,t) =T{2}(X,t) ,XEF’LO’?_ , (34)
X3=l,+0 X1, ~0 )

_ T (x,)
{a(g)—axs } )

ot (xt) 00
:{(X(S)T XEPLi’,Lzyb3;
X3=l,—0

—from the corresponding consistency constraints of the
initial functions from (3), (4) and boundary functions
from (5)-(10).

Before proceeding to the description and explanation
of the meaning and purpose of the designations that take
place in (2)-(35), let us note the following specifics of the
mathematical model (2)-(35).

First peculiarity. Obviously, (2)-(12) is a mathematical

(35)

model for finding a function T% (x,t), defined only on

the first layer (i.e. on the outer facing) of a composite
sapropel-hemp slab. Note that this mathematical model
includes an unknown function (see (10)-(12)), defined
only on the second layer (i.e. on the inner layer — in the
sapropel-hemp component) of the composite slab. This

means that without knowing the function T % (x.t), itis

impossible to determine the required function T (x,t)
from (2)-(12).
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Second peculiarity. (24)-(34) is a mathematical model
for finding a function T'¥ (x,t), defined only on the third

layer (i.e. on the inner facing) of a composite slab. As in
model (2)-(12), this mathematical model includes the same

unknown function T (x,t) (see (32), (34), (35)). This
means that, without knowing the function T (x.t), itis

impossible to determine the desired function T{3}(x,t)

from (25)-(35).
Third peculiarity. (13)-(24) is a mathematical model

for determining the function T (x,t), defined only on

the second layer (i.e. on the inner layer - in the sapropel-
hemp part) of the composite slab. This model includes (see

(13), (19)-(24)) both a function T™ (x,t), defined only on

the first layer and a function T'* (x,t), defined only on
the third layer. This means that without knowing the
functions T (x,t) and T™¥ (x.t), it is impossible to

determine the desired function T (x,t) from (13)-(24).

From the above listed peculiarities of the mathematical
model (2)-(35), it becomes clear that this model (2)-(35)
consists of three independent mathematical models

interconnected by their sought functions T{l}(x,t),

T{z}(x,t), T{3}(x,t): of the mathematical model (2)-

(12); mathematical model (13)-(24); mathematical model
(25)-(35). As arule, such a situation arises in those studied
real problems of mathematical physics, in which the
objects under study are multilayer objects or the
investigated processes and phenomena occur in layered
media [13], [22], [23]. When studying and solving
mathematical models of this kind, describing real
processes, phenomena or objects in many fields of science
and technology, it is imperative to deal with a special class
of problems in the theory of ordinary differential
equations, called the Sturm-Liouville problem [24], the
analysis and solution of which is often a rather
cumbersome process and requires from the researcher
either special knowledge in mathematics [13], [22]-[24],
or the involvement of a professional mathematician in the
research, who’s scientific interests cover both the theory
of differential equations and mathematical physics.

Now let us briefly describe the meaning and purpose
of the designations in model (2)-(35).

(A) First of all, we note that in the mathematical model
(2)-(35), the sought functions are only two functions:
function (1), which characterizes the unsteady temperature
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field in all three layers of the composite sapropel-hemp
slab; function J(x,t), that characterizes the vector

velocity of heat propagation in a composite sapropel-hemp
slab in directions OX,;, OX,, OX,.

(B) Mathematical model (2)-(35) does not contain a
separate sub model for determining the required function

§(x,t): in the next section, a separate mathematical

model will be formulated (see (36)-(47)) to determine this
function, or rather, to determine the heat propagation
vector velocity averaged by directions OX, and OX, ina
composite sapropel-hemp slab, i.e. to define a scalar
function 8 _(x,t) (see the second peculiarity at the
beginning of this section).

3 0 X, t .
M, called the divergence
-1 6Xj
operator, is a differential operator that maps a vector field

a

(©) div,&(x,t);f

i

A(x,t) to a scalar field. At each fixed moment in time, the

operator divA(x,t) for each spatial point xeR?
determines how much the incoming and outgoing heat
fluxes diverge. In the mathematical model (2)-(35), the
operator div(s) is present in equations (2), (13) and (25)

with  vector ~fields A=a(§(x,t))gradT{”(x,t),

j=1,3, where grad T“}(x,t), the called gradient of a

scalar function T{”(x,t), (j :1_3) is a vector whose

coordinates are the partial derivatives of this scalar
function T' (x,t). In the mathematical model (2)-( 35),

the gradient grad (+) is present in equations (2), (13), and

(25) with scalar functions T%(xt), T (xt) and

T (x,t), respectively.

(D) R >0 from equation (2) and R, >0 from
equation (24) are referred to as the heat flux relaxation
coefficients in the outer facing (i.e. the first layer) and the
inner facing (i.e. the third layer), respectively. These
numerical coefficients are assumed to be known, for
example, being determined experimentally. Further,
£, >0 from the boundary condition (9) and from the
boundary condition (33) characterize the averaged heat
transfer property of the outer and inner facings,
respectively. These numerical parameters are also
assumed to be known. Further, m, >0 from the boundary

condition (9) and m, >0 from the boundary condition
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(33) characterize the diffusion properties of the outer and
inner facings, respectively. These numerical values are
also assumed to be known. Further, the meaning of
positive numbers L, L,, L;, |, and I, is quite obvious
from Fig. 1. All these numbers are obviously assumed to
be known.

(E) All initial and boundary functions are assumed to

be given a priori: initial functions T." (x),xePIT°L,
T () xe UL, T () xe PO,
7,9 (x), P25, T, (x),xe PX% ;  boundary
functions T2k (%,,%t), %, €[0,L,], %, €[l,,1,],t >0,

T2 (%, %,),% €[0,L,],% €[h.1,],t 20,
T (%%, 0) % €[0,L] % <L), 20,
Te{’ﬁ’-(xl’xyt)’xl € [O’ Ll]’xs €[|1,|2],t 2 0;
Opeer. (1), £=0, 6

exter. inter.
temperature from which the surfaces of the outer and inner
facings perform heat exchange according to Newton's law,

functions

(t),t>0, meaning the ambient

respectively [13]; functions T, (xt),xeintP?’
Toer (1), x €Nt P  which characterize the density

of heat sources in the environment, with which heat
exchange occurs through the surfaces of the outer and
inner facings, respectively.

g(g(x,t))
cop(9(xt))

conductivity coefficient of a composite sapropel-hemp

(F) a(g(x,t)): is the temperature

8(x,t)

slab, where 1(@3) denotes the thermal conductivity

coefficient, p(SXS (xs,t)) denotes density, c, denotes the

specific heat capacity. Due to three peculiarities that were
presented at the beginning of this section, in the
mathematical model (2)-(35) this temperature
conductivity coefficient is assumed to be a known step

function for vx, €[0,L], (i=1,2):
0<ay, <a(3(xt))~a(d, (%.1))
o, if 0<x, <,
=la, if 1<x, <1,
o if 1, <x, <L,

where ¢, i :1,_3 are the constants.
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I1l. MATHEMATICAL MODEL FOR DESIRED VECTOR
VELOCITY OF HEAT PROPAGATION

As it has been mentioned in the previous section, the
function 9(x,t) characterizes the vector velocity of heat

propagation in a composite sapropel-hemp slab along the
directions OX,, OX,, OX,. Assuming that the velocity of

heat propagation along the axis OX, (i.e. along the

thickness/height dimension of the sapropel-hemp slab) is
much higher than the velocity of heat propagation in the
other two directions (i.e. along the width and length
dimensions of the sapropel-hemp slab), then the vector

velocity L§(x,t) can be averaged along the direction of the
OX, and OX, axes. Then, instead of the vector of the
function J(x,t) , you can consider only its third
component 3, (x,t). Inthis section, a mathematical model
is proposed for finding this particular scalar function.

So, let us turn to the formulation of a mathematical
model for a function 9,_(%;,t), that is present in many

places of the mathematical model (1)-(34), but still remains
undefined.

It required
9 (%5,t),% €[0,L5] for vt>0 from the following

is to define a  function

one nonlinear equation, one initial condition, four
boundary conditions, two conjugation conditions, and four

consistency constraints:
heterogeneous partial differential equation:

09, (%t 038, (Xt
L2 afo, (1))
3 3 (36)
09, (Xt
-9, (x3,t)M+ P(%;:1),0< %, < Ly;
¢ 0%,
— initial condition:
4, (x3,t)|[:0 =9 (%), 0<x,<L;  (37)
— boundary conditions:
e Dirichlet inhomogeneous boundary
condition:
3X3 (X3’t)|xa:0+0 = eexter. (t), (38)
o Neumann homogeneous boundary condition:
09, (X;,t
Ll o ()
0%,
X3=l; -0
« Neumann homogeneous boundary condition:
09, (Xt
Sleth g (40)
0%,
X3=l, +0
e Dirichlet inhomogeneous boundary
condition:
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=0

inter.

(41)

9, (%) _ (t);
conjugation conditions:

3 (x3,t)|xa:ll_0 =9, (xs,t)|xfll_o, t>0, (42)

| {a(SXQ(stt)) }wo
{a(sxg(xs't))m} W

0%,
consistency constraints of the initial function

from (37) and boundary functions from (38)-(41):
3, (0+0)=0,,, (0+0),

‘9><3 (LS _0) = eimer. (O+O)’
9, (1,-0)= 9, (1,+0)=0.

29, (%,t)
0%,

(43)

(44)

The function P(x,,t),x, €(0,L;), t>0, characterizes

the total density of heat sources of the environment external
to the composite sapropel-hemp slab. In the mathematical
model (36)-(44), all the initial data have already been
described in the frames of the mathematical model (2)-(35).
So, the complete mathematical model proposed in this
work consists of two mathematical models (listed in the
sequence of the solution required): from the mathematical
model (36)-(44) with respect to the function & (x,,t) of

the averaged velocity of heat propagation, and the
mathematical model (2)-(35) with respect to the desired

unsteady temperature field T(x,t)=T(x,X,,X;,t) of

composite sapropel-hemp slab.

If to find a solution to model (36)-(44), the equation of
which can be attributed to the class of equations of the
Fisher-Kolmogorov-Petrovsky-Piskunov type [25]-[27],
then finding a solution to model (2)-(35) will not cause
particular difficulties: this can be implemented by the
separating variables method (also known as the Fourier
method) [6], [13], [22], [23]. In this paper, we are not
dealing with the solution of the one-dimensional initial-
boundary value problem (36)-(44), but here we would only
like to note that equation (36) using a nondegenerate
transformation

W (x,,t)

'9X3(x3,t)— P~
3

(45)
W(x,t) = In[U (1) %)

is reduced to a linear equation relating to the new sought

for function U (x,,t). The resulting initial-boundary value

problem can also be solved by the separating variables
method.
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IV. DISCUSSION

The nomenclature of composite materials used in
construction is constantly expanding, and innovative
methods are developed that make it possible to improve
the physical-mechanical, thermophysical, chemical,
environmental, economic, etc. characteristics of materials:
for example, resulting in substantial improvement of
hydrophobicity, fire resistance, intensity of heat exchange
processes, statistical and dynamic strength, endurance,
energy efficiency, sound insulation, etc. One of the most
beneficial from the environmental friendliness and cost-
effectiveness standpoint within the nomenclature of the
composite construction panels is considered to be a slab
made of the hemp shives (acting as filler) and sapropel
(acting as binding). Sapropels are a complex organic or
organomineral complex of various chemical compounds,
both preserved in the original biomass and newly formed
in the process of biochemical metamorphism of organic
substances [28]. In Latvia, the processes of their formation
and accumulation are constantly ongoing, and for many
water reservoirs these processes become progressive [28].
In Latvia, the processes of its formation and accumulation
are ongoing, and for many freshwater lakes (over 3
thousand with an area larger than 1 ha) and swamps (over
6 thousand) [29]-[31], which are under the control of the
"Latvian state forests” governmental institution, these
processes are having a progressive nature: according to
preliminary estimates, these reservoirs contain over 3
billion m® of sapropel. Due to the high degree of
destruction of fragments of the original biomass, sapropel
are characterized by a homogeneous structure with a high
content of fine-grained particles and a high water-holding
capacity.

Getting back to the constructed mathematical model
(2)-(44), let us note that knowledge of the thermal field
inside of a three-layer composite sapropel-hemp slab
allows us to calculate (at least in first approximation) the
strength of the enclosing and supporting structures built of
such slabs under thermal loading conditions: specifically,
the temperature changes are the root cause for appearing
of additional strain in the structure [32]-[34]. However, in
our opinion, in order to carry out an adequate strength
calculation for the constructions under thermal loading
conditions, it is necessary to consider the mathematical
model (2)-(44) in a many component system: this is
especially necessary if a construction built of composite
sapropel-hemp slabs, refers to: (1) objects of landscape
architecture; (2) objects of household facilities in rural
areas; (3) self-contained buildings; (4) sites in an urban
canyon-like area; (5) objects under the influence of
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periodic or almost periodic aero-, hydro-, or lithodynamic
flows [34]-[36]. The abovementioned means that the
corresponding boundary conditions in (2)-(35) must be

"stitched” at the left P*? and right P ends of each

L L
of two adjacent sapropel-nemp slabs. Since the
construction consists, as a rule, of a multiple sapropel-
hemp slabs, it seems that the specified "stitching” of the
boundary conditions for each adjacent pair of slabs will
significantly complicate the mathematical model (2)-(35)
within its computer modeling implementation. In fact, if
we consider the mathematical model (2)-(35) in a system
of only two bodies/slabs and "stitching™ the corresponding

PO,O, 0

boundary conditions to carry out between the right F; "

end of the left adjacent slab and the left P} end of the

right neighboring slab, then this approach will be quite
acceptable averaging of the mentioned complex system
consisting of many bodies/slabs: there is no need to apply
other types of averaging (for instance, see fundamental
monograph [34] as well as [37]).

V. CONCLUSIONS

In this paper, a 3D mathematical model is proposed to
determine the dynamics of the temperature field in a three-
layer composite sapropel-hemp parallelepiped slab, in
which the outer layers (fireproof facing) are bonded with
hemp and sapropel mineralized fill. In the proposed
mathematical model, due to the specifics of the material of
the inner layer — sapropel-hemp material, it is assumed
that, firstly, the temperature conductivity coefficient is a
given step function along the vertical axis directed along
the thickness dimension of the sapropel-hemp slab, and
secondly, the velocity of heat propagation, along with the
thermal field, is also considered to be the sought for
function. The proposed model consists of a system of three
initial-boundary value problems with respect to the
temperature function for each layer, respectively, and one
initial-boundary value problem with respect to the
unknown velocity of heat propagation along the thickness
dimension of the composite sapropel-hemp slab.

As it has been already mentioned at the end of Section
111, the constructed model (2)-(44) can be solved by the
method of separation of variables, by applying it
separately to (2)-(35) and to (36)-(44) (to be more precise,
to the linear initial-boundary value problem obtained after
using the nondegenerate transformation (45)): we
managed to find an analytical solution of the model (2)-
(44) in a closed form, however, unfortunately, we have not
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yet managed to implement it in a computer-based model
and carry out the corresponding numerical experiments.

ACKNOWLEDGEMENTS

This work is dedicated to the blessed memory of
Professor Janis S. Rimshans, Liepaja University.

The authors of this work would like to express their
gratitude to the anonymous reviewers for their equitable
critical comments and valuable advices, which we took into
account with gratitude.

REFERENCES

P. Germain, Cours de mécanique des milieux continus: Theéorie
générale. Paris: Masson et Cie, Editeurs, 1973.

Yu. I. Burchakov, V. E. Gnedin, and V. M. Denisov, Structural
mechanics. Moscow: Higher School, 1983.

A. V. Lykov, Heat conduction theory. Moscow: Higher School,
1967.

R. I. Nigmatulin, Continuum mechanics: Kinematics, dynamics,
thermodynamics, statistical dynamics. Moscow: GEOTAR-Media,
2014.

D. A. Frank-Kamenetsky, Diffusion and heat transfer in chemical
kinetics. Moscow: Nauka, 1987.

H. S. Carslaw and J. C. Jaeger, Conduction of Heat in Solids.
Oxford: Oxford University Press, 1986.

V. S. Zarubin, Modelling. Moscow: "Academy" Publishing Centre,
2013.

V. S. Zarubin, A. V. Kotovich, and G. N. Kuvyrkin, "Temperature
state of a plate with temperature-dependent thermal conductivity
and energy-release,"” Mathematics and Mathematical Modeling,
vol. 16, no. 3, pp. 18-28, 2016.

V. V. Vasiliev, Mechanics of structures made of composite
materials. Moscow: Mechanical Engineering, 1988.

L. N. Tyalina, A. M. Minaev, and V. A. Pruchkin, New composite
cmaterials. Tambov: Tambov State Technical University Press,
2011.

M. L. Kerber, Polymer composite materials: Structure, properties,
technology. St. Petersburg: Profession, 2008.

V. R. Bensman, "Classification problems for peat bogs and
sapropels,” Young scientist, vol. 1, no. 1-2, pp. 146-147, 2010.

A. N. Tikhonov and A. A. Samarskii, Equations of Mathematical
Physics. Moscow: Nauka, 1977.

Th. L. Bergman, A. S. Lavine, F. P. Incropera, and D. P. Dewitt,
Fundamentals of Heat and Mass Transfer. New Jersey: John Wiley
& Sons, 2011.

J. H. Lienhard IV and J. H. Lienhard V, A Heat Transfer Textbook.
— Massachusetts, Cambridge: Phlogiston Press, 2019.

Y. Ashida, Ke. Saito, and M. Ueda, "Thermalization and heating
dynamics in open generic many-body systems," Physical Review
Letters, vol. 121, no. 7, pp. 402-408, 2018.

P. P. Volosevich and E. I. Levanov, "Analysis of heat transfer
processes taking into account the relaxation of heat flux and bulk
energy sources in the medium," Transactions of Russian Higher
Educational Institutions: Mathematics, vol. 47, no. 1, pp. 36-42,
2003.

E. I. Levanov, "Heat transfer taking into account the relaxation of
the heat flux and energy sources," Mathematical Modelling, vol. 9,
no. 2, pp. 53-56, 1997.

D. S. P. Salazar, A. M. S. Macedo, and G. L. Vasconcelos,
"Quantum heat distribution in thermal relaxation processes,"”
Physical Review E, vol. 99, no. 2, pp. 2133-2138, 2019.

R. P. Feynman, R. B. Leighton, and M. Sands, The Feynman
lectures on physics: Mainly mechanics, radiation, and heat.
California: California Institute of Technology Press, 1963.

[1]
[2]
[3]
(4]

[5]
[6]
[71
(8]

[9]

[10]

[11]
[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]



[21]

[22]

[23]

[24]

[25]

[26]

[27]

Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 13" International Scientific and Practical Conference. Volume 3, 95-103

K. Micadei, J. P. S. Peterson, A. M. Souza, R. S. Sarthour, I. S.
Oliveira, G. T. Landi, T. B. Batalhao, R. M. Serra, and E. Lutz,
"Reversing the direction of heat flow using quantum correlations,"
Nature Communications, vol. 10, paper no. 2456, 6 p, 2019.

Sh. E. Guseynov, R. Aleksejevs, J. V. Aleksejeva, "On a 3D initial-
boundary value problem for determining the dynamics of impurities
concentration in a horizontal layered fine-pore medium,” in
Proceedings of the 12th International Scientific and Practical
Conference "Environment. Technology. Resources”, vol. llI,
Rezekne: Rezekne Academy of Technologies Press, 2019, pp. 60-
69.

Sh. E. Guseynov, R. Aleksejevs, J. V. Aleksejeva, and J. S.
Rimshans, "On the impurities concentrations dynamics in
multicomponent semidisperse semicolloid-high-molecular system:
a case study of two-layered anisotropic peat block,” Advanced
Mathematical Models & Applications, vol.4, no. 2, pp. 99-126,
2019.

A. Zettl, Sturm-Liouville Theory. Providence, Rhode Island:
American Mathematical Society Press, 2005.

A. N. Kolmogorov, I. G. Petrovsky, and N. S. Piscounov,
"Investigation of the diffusion equation combined with an increase
in matter and its application to a biological problem," Bulletin of
Moscow State University, Series A: Mathematics and Mechanivs,
vol. 1, pp. 1-25, 1937.

R. A. Fisher, "The wave of advance of advantageous genes," Annals
of Eugenics, vol. 7, pp. 355-369, 1937.

M.El-Hachem, S.W.McCue, WJin, Y.Du, and M.J.Simpson,
"Revisiting the Fisher-Kolmogorov-Petrovsky-Piskunov equation
to interpret the spreading-extinction dichotomy," Proceedings of
the Royal Society A: Mathematical, Physical and Engineering
Sciences, vol. 475, no. 2229, Paper 1D: 0378, 2019.

103

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

S. M. Shtin, Lacustrine sapropels and their complex development.
Moscow State Mining University Press, 2005.

N. Brakss, B. Vimba, and A. Kalnins, "On the properties and ways
of using sapropels of the Latvian SSR," Transactions of Latvian
Academy of Sciences, vol. 133, no. 8, pp. 43-50, 1958.

Central Statistical Bureau of Latvia, "Geographical data,” 2009.

[Online]. Available:

https://data.stat.gov.Iv/pxweb/Iv/OSP_PUB/START__ENV__ DR
DRT/DRTO020/. [Accessed: March 19, 2021].

Database, "Lakes," 2009. [Online]. Available:
https://www.ezeri.lv/?1=en. [Accessed: March 19, 2021].

R. M. Christensen, Mechanics of composite materials. Mineola:
Dover Publications, 2005.

G. L. Gorynin and Yu. V. Nemirovsky, "Mathematical modelling
of heat conduction process for 2D-periodic anisotropic composite
materials," Mathematical Methods and Physico-Mechanical Field,
vol. 57, no. 2, pp. 142-151, 2014.

N. S. Bakhvalov and G. P. Panasenko, Averaging processes in
periodic media. Mathematical problems in the mechanics of
composite materials. Moscow: Science 1984.

L. C. King, The morphology of the Earth: A study and synthesis of
world scenery. Edinburgh: Oliver & Boyd, 1962.

I. P. Baranov, "Using the concept of plastics relief in solving
problems modern city planning and architectural planning,” in
International Conference "InterCarto. InterGIS. Geoinformation
Support of Sustainable Development of Territories”, vol. 20, 2014,
pp. 575-587.

V. I. Gorbachev, "The Bakhvalov-Pobedri averaging method in the
mechanics of composites,” Bulletin of Lomonosov Moscow State
University, Series 1: Mathematics and Mechanics, no. 6, pp. 41-45,
2016.



https://data.stat.gov.lv/pxweb/lv/OSP_PUB/START__ENV__DR__DRT/DRT020/
https://data.stat.gov.lv/pxweb/lv/OSP_PUB/START__ENV__DR__DRT/DRT020/
https://www.ezeri.lv/?l=en

Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 13" International Scientific and Practical Conference. Volume 3, 104-109

Exploring the Impact of Burstiness on the
Service Process at the Cash Register

Detlef Hartleb
ETSIST, Universidad
Polit"ecnica de Madrid
Madrid, Spain
dethar@gmx.de

Andreas Ahrens
Department of Electrical
Engineering and Computer Science,
Hochschule Wismar, University of
Technology, Business and Design

Jelena Zascerinska
Centre for Education and
Innovation Research
Riga, Latvia

Wismar, Germany

Abstract - The service process is the key phase in any
queue system applied to business and industry operations.
The service process in shops is defined as the payment
process at the cash register. The service process consists of
two elements or sub-processes: the waiting in the queue to the
cash register as well as the payment processing (scanning the
goods, giving receipts to customers, etc). Analysis of
burstiness as the indicator of the service process has been
well-established. Against this background on burstiness as
the indicator of the service process, burstiness is also defined
as a factor that influences the service process. However,
burstiness as a factor in the service process has not attracted
a lot of research attention. The aim of this paper is to analyse
burstiness as a factor in the service process underpinning the
elaboration of scenarios of the service process for the queue
management purposes. The present work mostly employs
theoretical methods: scientific literature analysis, synthesis,
modelling, comparison, and systematization. The theoretical
research results in the outline of the conceptual framework
for exploring the impact of burstiness on the service process.
The key concepts have been identified, namely binary
customer behaviour, buyers’ burstiness, bottlenecks’
emergence at the server, and queue management. The logical
chain of the development has been emphasized: binary
customer behaviour — buyers’ burstiness — bottlenecks’
emergence at the check-out station or cash register (server)
— gueue management. The presented logical chain allows
finding out that buyers’ burstiness leads to the queue
appearance in the service process. In turn, queue appearance
requires queue management measures. Hence, buyers’
burstiness influences on the decisions in regard to queue
management within the service process. Further on, two
functions of buyers’ burstiness are defined: the indicators of
the service process, and the factor that influences the service
process. This bi-modal role of buyers’ burstiness in the
service process highlights the complex nature of the queue

management. Five scenarios of the service process will allow
using a combination of queue management measures in each
scenario or even between scenarios. The findings of the
comparative study propose the structure of the service
process as the unity of the waiting in the queue to the cash
register and the payment processing at the cash register, i.e.
scanning of the goods and the payment. The present research
has some limitations. Further research tends to validate the
model of five scenarios of the service process for the queue
management purposes. Comparative studies on buyers’
burstiness in the service process will be continued, too.

Keywords - binary customer behaviour, buyers’ burstiness,
bottlenecks’ emergence at the check-out station (server), queue
management.

I. INTRODUCTION

The service process or, in other words, server is a key
component in industrial and business operations [1]. Figure
1 as depicted in [1] shows the service process or, in other
words, the payment process in the buying process chain [1].

Phase 1:
customer arrival

| ,| (Phase2: | |
lselection of goods|

Phase 3:
payment process

Phase 4:
departure

Fig. 1. The key phases in business operations [1].

Figure 2 reveals that the service process includes two
sub-processes [1]:

e waiting in the queue to the cash register, and

e the payment processing at the cash register.
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Phase 3: payment process

|
waiting in the queus) payment |
| to the cash register processing time
|

Fig. 2. The elements of the service process [1].

It should be pointed that the service process as the unity
of waiting in the queue to the cash register and the payment
processing was analysed through generating functions [1]
as the generating function offers closed-form solutions
when modelling bursty business processes [2]. Closed-
form solutions are an advantage when using a single
function instead of analysing a sequence of infinite length
[2]. In the analysis of the service process, generating
functions were used for the analysis of the free time
intervals between buyers to the cash register as a part of the
payment process [1].

Similar concepts in regard to the presented service
process were later presented

e in[3] as illustrated in Figure 3 developed by
Kiataramkul and Neamprem [3], and

e in [4] as disclosed in Figure 4 created by
Cheong and Chia [4].

Queueing System

Calling Arrivals Queue Service Departure
Population "| | Quene "] Mechanism "
Customars Discipline Served

Customers

Fig. 3. The basic queueing process [3].

Step 2: The attendant
scans and packs all
items in the customer’s
basket.

Step 1: A QB attendant
approaches a customer
in the queue.

Step 4: The receipt is
passed to the cashier for
scanning before making
payment.

Step 3: The portable
printer generates a
receipt with a QR code.

Fig. 4. Process Flow for Queue Buster [4].

Table 1 demonstrates the results of the comparison of
the three concepts, namely

e the service process by [1],
e the queueing process by [3], and

e the queue buster [4].

TABLE 1 RESULTS OF THE COMPARISION OF THREE CONCEPTS

Concep- Compared elements
tual ap- Process
proach sﬁrﬁ)&isrse units of Process indicators
analysis
Burstiness that
The unity includes two
of the two parameters:
« Waiting in elements: * Buyers’
The the queue to | < Waitingin probability:
service the cash the queue buyers’ waiting
process register, to the cash times in the queue
[1] » The payment register, and buyers’ service
processing * The (payment
payment processing) times
processing « Buyers’
concentration
* Average queue
length,
The « The average total
. * Queue * Queue .
queueing . Service  Service work in process,
process mechanism channels : Thg average
[3] waiting time,
« The average total
time
» Customer
approaching .
in the queue Scanlfnd
« Scan and . Pac -
The Time/ltem * Wait Time,
pack .
queue « OR code « Payment « System Time,
buster [4] - Time « System Length
generation
- « Total
* Receipt Time
scanning and
payment

Table 2 described burstiness as the indicator of the
service process.

TABLE 2 BURSTINESS AS THE INDICATOR OF THE SERVICE PROCESS

Indicators elements
Indica- Buyers’
tor Buyers’ probability concent
-ration
e buyers’ * buyers’ service (payment
waiting processing) times at the cash .
Bursti- | times in the register buyers’
ness queuetothe | e pyyers: o free-time concen
cash service intervals between | tration
register time buyers

Analysis of burstiness as the indicator of the service
process has been well-established [5] - [9].

Against this background on burstiness as the indicator
of the service process, burstiness is also defined as a factor
[10] that influences the service process [11]. Figure 5
reflects the both functions of burstiness in the service
process.

Burstiness

Indicator Factor

Fig. 5. Burstiness functions.
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Hence, burstiness is a bi-modal phenomenon:

e on the one side, burstiness as the indicator is

used to determine developmental dynamics of
the object [12], and

on the other hand, burstiness as a factor
changes the service process.

It should be noted that by bi-modal phenomenon, a
phenomenon that obtains or exhibits two contrasting modes
or forms is meant [13].

However, burstiness as a factor in the service process
has not attracted a lot of research attention.

The aim of this paper is to analyse burstiness as a factor
in the service process underpinning the elaboration of
scenarios of the service process for the queue management
purposes.

The present work mostly employs theoretical methods:
scientific literature analysis, synthesis, modelling,
comparison, systematization.

The remaining part of this paper is organized as
follows: Section Il introduces the conceptual framework of
the research. The impact of buyers’ burstiness on the
service process is theoretically analysed in section Il
followed by five scenarios of the service process aimed at
the queue management. Finally, some concluding remarks
are given in Section 1V.

Burstiness is a factor that influences the service process
[1]. It should be noted that by factor, a reason of
phenomenon change is meant [14].

CONCEPTUAL FRAMEWORK

Burstiness that influences the service process is related
to customers [11]. In the present work, a customer is the
overall term. A customer refers to anything and anyone that
arrives at a facility and requires service. Examples of
customers are shoppers at the check-out station or cars at
the traffic light. The term “customer” has received a variety
of definitions. In scientific literature, customer and client
are synonymously used. Further, the term of "lost
customers" is introduced by Sharma [15]. Customer also
includes customer abandonment behaviour [16] in regard
to a customer who stopped trying to receive a service due
to a number of reasons. The term of "blocked customers"
describes one who retries to get a service after a random
amount of time [15]. Hence, these researchers have
established the understanding of the customer behaviour
based on the reception of service.

The present research is based on the concept of binary
customer behaviour as depicted in Figure 6 [11].

Binary customer behaviour means to buy or not buy
[17]. The use of the concept of binary behaviour allows
differentiating customers into [17]

visitors (i.e. who visit a shop but does not buy
anything) and
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e buyers (who visit a shop and buy a product).

Binary customer behavior

To buy Not to buy

Fig. 6. Elemenst of customer binary option [11].

Buyers are further differentiated into two types [18]:

e highly delay-sensitive but only check-out a
few items, and
highly delay-insensitive but check-out many

items.

It should be noted that the authors of the present work
have enhanced the buyers’ differentiation proposed by
Tang, Guo, and Wang [18]. The authors of the present
contribution introduce two more types of buyers:

o highly delay-sensitive buyer who only checks-
out many items, and
highly delay-insensitive buyer who checks-

out a few items.

Consequently, the overall term “customer” is used in
the same meaning by Sharma [15] and the authors of the
present work. The terms ”lost customer” and "visitor” are
used synonymously. Table 3 shows the inter-relationships
between customer, client, visitor, lost customer, customer
abandonment behaviour, buyer, highly delay-sensitive
buyer who only checks-out a few items, highly delay-
sensitive buyer who only checks-out many items, highly
delay-insensitive buyer who checks-out a few items, and
highly delay-insensitive buyer who checks-out many items.

TABLE 3 TERMS USED IN THE RESERACH

Customer / Client
Visitor,
Lost
customer,
Customer Buyer
abandon
ment
behaviour
highly highly highly
delay- delay- delay- highly
sensitive | sensitive | insensitiv delay-
buyer buyer e buyer insensitive
who only who who only who
checks- checks- checks- checks-out
outafew | outmany | outafew | many items
items items items

Buyers’ burstiness influences the service process [19].
Buyers’ burstiness corresponds to an enhanced activity
level over a short period of time followed by long periods
of inactivity [19]. Buyers’ bursty arrival at the server
influences the service process at the cash register in a shop.
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Buyers’ bursty arrival at the server leads to the emergence
of a bottleneck [2]. It should be noted that bottlenecks limit
the flow of customers, services or products, etc [2]. A
bottleneck emerges when single business processes within
the business system operate at their capacity limit or
beyond [2]. Due to the bottleneck, a queue appears [2].
Hence, the significance of queue management has become
apparent.

It should be pointed that Table 4 shows the relationships
between queuing systems, customer and server.

TABLE 4 THE RELATIONSHIPS BETWEEN QUEUING SYSTEMS,
CUSTOMER AND SERVER

Queuing Customer Server
System
Supermarket Buyer Cash register
Airport Passenger Check in counter
Bank Client Cash machine

The elaboration of this conceptual framework allows
identifying the key concepts underlying the present
research, namely

binary customer behaviour,

buyers’ burstiness,

bottlenecks’ emergence at the server, and
queue management.

The study presents a potential model for development
indicating how the steps of the process are related
following a logical chain: binary customer behaviour —
buyers’ burstiness — bottlenecks’ emergence at the server
— queue management. The presented logical chain allows
finding out that buyers’ burstiness leads to the queue
appearance in the service process. In turn, queue
appearance requires queue management measures. Figure
7 reveals the inter-relationships between the buyer
burstiness, the service process and the queue management.

Queuing system
Buyers* Queue
burstiness management
‘H“‘-\""\‘ /}'
= -~ Service 5
~ process

Fig. 7. The inter-relationships between the buyer burstiness, the
service process and the queue management.

The presented conceptual framework directs the
researchers to explore the impact of burstiness on the
service process aimed at queue management.
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1. IMPACT OF BUYERS’ BURSTINESS ON THE SERVICE
PROCESS

Impact is defined as the influence on the decisions
(regardless of outcome) that shape people’s lives,
communities, governance, the environment, and elsewhere
[20].

Burstiness is used to support decision making through
designation of a tendency in a field of scientific
investigation [21] as pointed in Figure 8 [6].

Decision making support
system

Phenomenon’s
burstiness

Fig. 8. The inter-connections between decision making support system
and phenomenon’s burstiness [6].

Consequently, buyers’ burstiness influences the
decisions on queue management of the service process. By
gueue management, planning, organizing, leading, and
controlling the queuing system aimed at organising an
efficient service process in order to reduce customer
waiting times in the queue to the cash register or payment
processing times at the cash register. The organization of
the smooth flow of the service process increases [1]

e the customers’ satisfaction with the service,
and

e customers’ loyalty to the serving company.

For the estimation of the impact of buyers® burstiness
on the service process, evaluation of buyers* burstiness can
be carried out. One of the reasons of the impact evaluation
is the situation where decisions need to be made about
whether and/or how to adapt, scale-up, mainstream or
replicate projects or processes [22]. Impact evaluations are
used in these circumstances because more certainty is
required about the changes brought about through these
kinds of intervention [22].

It is worth noting that the service process shown in [1]
can be described by

e a buyer probability pe (a visitor becomes with

a probability p. a buyer), and

a buyer concentration (describing the level of
burstiness between buyers « defined in [1]).

For a given level of concentration, probability can be
low or high. The probability depends on

o the number of customers in the shop as well as
e on the number of bought goods.

Table 5 presented in [9] indicates buyers’ burstiness’
constructs and levels for the impact measurement.
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TABLE 5 BUYERS’ BURSTINESS CONSTRUCTS AND LEVELS [9]

Levels

! nt(élrca Constructs 1 2 3 4 >
Very | Low | Ave | High | Very
low rage high
Probability Low | Low | Low | Low | Low

De or or or or or
Bursti high high high high high
ness Concentra- 0.0 0.11 041 0.60 0.80

tion (1 — a) - - - - -

0.10 0.39 059 | 0.79 1.0

Buyers* burstiness is limiting the service process.

A burstiness level serves as an indicator of bottlenecks
[1].

A high level of burstiness, expressed by the buyers
concentration, increases the possibilities of bottleneck
emergence [1].

The payment processing times at the cash register are
quite regular [1]. However, the analysis of the free time
intervals at the cash register describing the buyer waiting
in the queue to the cash register allows drawing the
conclusion on its bursty behaviour [1]. The bursty
behaviour of the cashier free time intervals implies long
breaks that alternate with many short breaks [1].

TABLE 6 SCENARIOS OF THE SERVICE PROCESS

Eers(; The service process Traffic flow
Process Waiting in the The payment Sce Queue
element | queue to the cash processing na descript

S register rio ion
Pro Pro Conc Nr
Const- Concen o
ba - babili | entra
ructs bility tration ty tion
Low Low Low Low 1 No
queuin
g
High Low Low Low 2 Pre-
Queuin
Level g
€VeIS  MHigh | High Low | Low 3 Queuin
g
High High High Low 4 Pre-traf
fic jam
High . High | High 5 Traf
High fic jam

Based on these findings of the impact of burstiness on
the service process, scenarios of the queue within the
service process can be identified. For modelling purposes,
Levels 1-3 are used as a low level, and Levels 4-5 — as a
high level. Five scenarios of the service process for the
gueue management purposes are described in Table 6.

IV. CONCLUSIONS

The theoretical research results in the outline of the
conceptual framework for exploring the impact of
burstiness in the service process. The key concepts have
been identified, namely
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binary customer behaviour,

buyers’ burstiness,

bottlenecks’ emergence at the server, and
queue management.

The logical chain of the development has been
emphasized: binary customer behaviour —  buyers’
burstiness — bottlenecks’ emergence at the server —
gueue management. The presented logical chain allows
finding out that buyers’ burstiness leads to the queue
appearance in the service process. In turn, queue
appearance requires queue management measures. Hence,
buyers’ burstiness influences the decisions in regard to
gueue management within the service process.

Further on, two functions of buyers’ burstiness are
defined:

o the indicator of the service process, and

o the factor that influences the service process.

This bi-modal role of buyers’ burstiness in the service
process highlights the complex nature of the queue
management. Five scenarios of the service process will
allow using a combination of queue management measures
in each scenario or even between scenarios.

The findings of the comparative study presented in
Table 1 propose the structure of the service process as the
unity of the waiting in the queue to the cash register and the
payment processing.

The present research has some limitations. A limitation
is the conceptual framework based on the key concepts,
namely

binary customer behaviour,

buyers’ burstiness,

bottlenecks’ emergence at the server, and
queue management.

Another limitation is the comparative study carried out
on the works found via the google search. If the access to
other databases would be available, the other findings of
the comparative study could be outlined.

The two functions of buyers’ burstiness also could limit
the investigation of the service process. If other functions
of buyers’ burstiness within the service process would be
determined they could help extend the understanding of the
organization of the service process.

Further research tends to validate the model of five
scenarios of the service process for the queue management
purposes. Comparative studies on buyers’ burstiness in the
service process will be continued, too.
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Microprocessor System for Temperature
Investigation of AC Machines
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Abstract The paper is about four channel
microprocessor system for temperature measurement during
static and running mode. It incorporates microcontroller
type PIC18F452 and employs sensors which convert
temperature into voltage. In addition it features optional
connection to a PC for storing and processing amassed data.
Based on this system a new method is proposed for analysing
overheating and cooling of individual parts of asynchronous
electric machines. A set of differential equations is derived
which later on are processed by MATHCAD software.
Obtained results can be presented in tabular or graphic form.
The outcome of resolving this task is in the relative ease with
which it is possible to establish overheat of various machine
parts. Similarly, such approach could be applied with other
types of electric machines.

Keywords Microprocessor, Microcontroller,
Asynchronous Electric Machine, temperature sensor.

l. INTRODUCTION

Both circuits and equipment for temperature
measurement find wide range of application in modern
industry which in turn necessitates the design of such
devices featuring an ever increasing number of function.
Using sensor type LM35 a multichannel microprocessor
system has been developed, capable of simultaneous
measuring of four temperatures.

II.  METHOD FOR THERMAL INVESTIGATION OF

ASYNCHRONOUS ELECTRIC MACHINES

Two dissimilar approaches are possible to be used in
determining the thermal condition of asynchronous
machines. [1] [2] [3] [4]

According to the first , an equivalent thermal circuit is
set up which usually includes four or five homogeneous
bodies such as:

Tsanko Karadzhov
Department of Mechanical and Precision Engineering
Technical University of Gabrovo
Gabrovo, Bulgaria
karadjov_st@abv.bg

1 - stator pack;
2 —rotor;
3 — stator coil;

All these elements with the exception of the last one do
generate thermal losses whose values become evident from
experimental measurements or calculations. Each body
(element) has its own thermal capacity and all of them are
interconnected by thermal conductivity which is
conductive and convective.

Convective conductivities are largely dependent on the
speed of rotation and, consequently, their values during
performance are far more different than the values taken
during pause.

With operation mode S4 which is usual for
asynchronous machines start-off losses are also to be taken
into account. This task entails the set-up of a system of four
differential equations and is further to be solved by means
of MATHCAD. This results in obtaining thermal
dependence for each element from the moment of the
transition period start and the quasi-initiation mode.

Such approach is appropriate for practical
investigations of thermal processes within the machine.
With real functioning machine it is possible to conduct
thermal investigations and define thermal parameters with
greater accuracy. That, in general, is the essence of this
approach.

The above equivalent thermal circuit which contains
four homogeneous elements is presented in Fig. 1
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Fig. 1. Equivalent thermal circuit

P1, P2 and P3 are the mean values of losses during
operation time t for each operation mode.
Aqgp —

A43 — thermal conductivity between copper and steel
via channel insulation;

thermal conductivity of the air gap;

Aa1 — thermal conductivity of contact gap between the
pack and the frame;

Ay —
the shaft;

A,3 — equivalent thermal conductivity between the
second and third body(element);

thermal conductivity of rotor to the frame via

Aps — equivalent thermal conductivity between the
third body and the frame;

Ap — thermal conductivity of the frame to the
ambience;

C4, C3, C5 u C, — thermal capacities of all four bodies;
91,02,03,1/1 04 -

These parameters are determined by way of experiment
and are derived from the measurements made with the
developed microprocessor system.

overheating of all four bodies.

The proposed equivalent circuit allows to compile the
following system of differential equations:

d6; _

A A A
— — A11 01 + 12 92 + 13 93

+%94+—P1(1+a191) (1)

1

a6y _ Aqp Azz A23

; - c; 1= 62 + 63 +

+220 4 2P (1 + a,6,) @)
Cs c,

dfs _ Ass Azz A33

e o 01 + EQZ 93 +

+230 4 2p.(1+aby) 3)
C3 C3

s _Amg Doy | Mazg

dt = Ca 61 + Ca 62 + 03
_Dua Basg _ Aga Bas g ()
Cy Cy

Ay = Aqp + Az + Ay ®)
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ApaDip + Apz + Ay (6)
Ay + Mgz + Mgz + Ags (7)
Mgy + Apg + Moz + Aps + Ap (8)

It should be solved with zero initial conditions. By
using Mathcad software we get the solutions for this set of
equations: 61, 62, 63 and 84. The obtained overheating values
01, 02, 03 and 04 for t=t; are initial conditions for solving the
set of equations. Solutions obtained for overheating 61, 65,
03 and 04 for t=t; are in turn the initial conditions for solving
the set of equations until quasi-established mode is reached.
It is evident that overheating values 61, 62, 63 and 62even in
quasi-established mode (S3) pulse in so narrow interval
that they could be regarded as constants. This is all the more
valid for (S4) mode. In this way the notion of “temperature
source” is reached. Power sources can be substituted with
overheating sources. Moreover, for this particular case it is
convenient to apply the method of average parameters
which is stated in [5] [6] [7]

I1l. PRINCIPLE ELECTRIC DIAGRAM OF MICROPROCESSOR

SYSTEM
The diagram is presented on Fig.2

LM35 stand for precision temperature sensors wherein
output voltage depends linearly on temperature [8]. They
feature a measuring range of:

LM35, LM35A from -55°C to +150°C
LM35A, LM35CA from -40°C to +110°C
LM35D from 0°Cto +100°C

Output voltage is changed by 10 mV/°C.
U, = 0,01¢t,[V] (10)

Voltage is transferred from sensors’ outputs to operation
amplifiers LM358 with amplification factor:

A=1+2=5 (11)
R1
In this way the entire measuring range of controller’s
analogue-digital converter is utilized.

Voltage supplied to analogue-digital converter is
Uyy = 5.0,01¢,[V] (12)

To effectively enable device operation a microcontroller
PIC18F452 is used, which features 10-bit analogue-to-
digital converter [9]. The controller has enough number of
input/output ports and sufficient storage to locate the
control program in.

Threshold voltages which determine the converter’s
measuring range are Vrer=0 V and Vgrer+=5,12 V. Input
analogue signal which is supplied to the converter is
presented by 2%° or 1024 levels.
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Fig. 2. Principle diagram of Microprocessor System
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The step of voltage increment is defined by the
formula:

Uee _ 512
=22 =5my

210 7 1024

Supply voltage is selected to be 5.12 V (Ucc) for the
step to be 5mV.

AU = (13)

The function diagram of microprocessor system is
composed of four measuring channels each of which
incorporates temperature sensor LM35 and measuring
amplifier LM358. Voltage is supplied from amplifiers’
outputs to the four leads of controller: RAO/ANO,
RA1/AN1, REO/ANS5, RE1/AN6 which are configured
as analogue inputs. Inputs are switched over. At any
point in time voltage is measured at only one input.

Fig. 3 shows a picture of the measuring system.

Fig. 3. Measuring system

Fig. 4 shows how the measuring microprocessor
system is linked to a personal computer.

+5V

1 16

2 15

+10V 1 Vgt GND —_I_
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5 12
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(474X

Fig. 4. Microcontroller linked to a PC

Flow chart (block schematic) of program’s algorithm

This flow chart is presented in Fig.7 and Fig 8. At
the beginning the controller is initialized, constants and

variables are defined and storage locations are allocated
for them in the data storage. The next step of the
program concerns determination of input/output ports.
Controller ports are given assignments as digital inputs,
analogue inputs and digital outputs. PIC18F452
features four internal module timers. Only Timer 0 is
used by means of which program time-lags are assigned
and used to synchronize operation of microcontroller
and RS232 of computer. The main program is a
continuous cycle which is interrupted only when
voltage measurement, done by analogue-to-digital
converter, is completed.

Processing of each measurement is executed by a
subroutine which is started whenever an interruption by
analogue-digital converter occurs which signals that
measurement has completed.

Input is made followed by processing of
measurement  result which includes hardware
multiplication of measurement value by the assigned
constant and conversion of the result from hexadecimal
into binary-decimal code. The second stage of the
subroutine involves measurement data transfer to the
PC. Finally, next measurement is started in the
subroutine followed by a return to the main program.

Fig 5 visualizes the dependence of voltages at the
output ports of operation amplifiers.

1] 20 40 60 &0 100 120
t°C

Fig. 5. Transmission characteristic of temperature sensor

IV. OPERATIONAL FEATURES OF THE ELECTRONIC
DEVICE FOR TEMPERATURE MEASUREMENT

1. Measurement of four different
temperatures on various parts of any
machine;

2. Measurement data transfer to a PC;

3. Possible control of four external electric
circuits depending on the assigned
threshold temperature values;

V. SUBROUTINE FOR PROCESSING ANALOGUE-DIGITAL
CONVERTER INTERRUPTION

At the initiation of subroutine a selection of
analogue input is made followed by processing of
measurement result which includes hardware
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multiplication of measurement value by the assigned
constant and conversion of the result from hexadecimal
into binary-decimal code. The second stage of the
subroutine involves measurement data transfer to the
PC. Finally, next measurement is started in the
subroutine followed by a return to the main program.

Initialization of
PIC18F452

v
Fig 6 visualizes the dependence of temperature (6)

at the time of operation (t). Defining constants
and variables

The experimental results are given in fig. 7

90

32 et y

60 Defining the 1/0
O 50
o // ports

30 ¢

20

10
0

Initialization a timer O of
controller

t,h ¢

Initialization of RS232
port

v

Determination of 8-bits

Fig. 6. Experimental results

Inerface to RS232 port

v

Configuration an
interruption of a
controller

v

Configuration of an
analog-digital converter

v

Starting the measurement
of analog-digital
converter (ADC)

v

Empty operation NOP 4—@

A 4

Avre there any

interruption of

ADC

Fig. 7. Algorithm of main program
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@—»

Subroutine which is
started whenever an
interruption from the
analog-digital converter
occurs

v

Choice of an analog input

v

Hardware multiplication
of the result value from
ADCx10

v

Conversion of this result
from hexadecimal to
binary-decimal code

The measurement values
received from the
registers of the ADC are
visualized on first sensor

The measurement values
received from the
registers of the ADC are
visualized on second
sensor

A 4

The measurement values
received from the
registers of the ADC are
visualized on third sensor

The measu:!mem Valtes
received from the
registers of the ADC are
visualized on fourth
sensor

A 4

Staring to next
measurement of ADC

The subroutine
followed by a return to
the main program.

20

Fig. 8. Algorithm of main program
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VI. CONCLUSION

Generally, the microprocessor system is applicable
to electric machines which vary in power capacity and
purpose of use allowing to be linked to a PC. In this way
it is possible to amass a data array later to be used for
thermal analysis. The system is mobile and attachable
to every electric machine; its computer link allows for
measurement processing with various software,
visualization of results and signalling in case of
exceeding temperature values.
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Water Discharge Measuring Instruments:
an up-to-date Overview
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Technological progress could not but affect the sphere
of hydrometric measurements. New instruments have been
implemented to add to such traditional measuring
instruments as mechanical current meters or to replace
them. Over the past 20 years, the number of different types
measuring instruments has increased dramatically. That is
why the analytical review and classification of these devices
are needed to help with making appropriate management
decisions in the field of streamflow monitoring and surveys.
The article presents the multivariable classification of
measuring instruments, based on such factors as:
morphology scaling (channel width and depth), measuring
conditions (open, weed or ice-covered channel), logistical
factor (mobile or stationary) and required accuracy.
Characteristics of each type of measuring instruments were
also considered and the limitations of their applicability
were described. The results presented in the paper are
expected to expand the horizons of approaches used for
estimation of water discharge.

Keywords — current meters, water discharge, ADCP, open
channel flow measurement classification

|I. PROBLEM INTRODUCTION

The classifications of instruments, used for velocity
of the streamflow measuring and further calculation of
water discharge, published earlier, are focused on the
environmental components and sustainability [1], or on
the methods of the physical essence [2], or give general
ideas that allow management decision making [3]. One
of the last attempts to do such an analytical work in the
field of flow measurements was undertaken by Indian
scientists under the leadership of Senthil Kumar J [4]. It
is worth noting the huge range of the materials covered
as well as in-depth development of the ultrasonic flow
measurement accuracy tasks, but focused more on pipe-
and artificial channel-based equipment. However, this
review is not suitable enough for solving problems of
instrumental equipment in the field of river (open

Sergei Buzmakov
State Hydrological Institute (SHI)
Saint Petersburg, Russia
s.buzmakov@hydrology.ru

Alisa Zorina
State Hydrological Institute (SHI)
Saint Petersburg, Russia
zorinaalisa@mail.ru

channel measurements) hydrology and meeting the
objectives, outlined in the abstract of this article.

Russian and foreign guiding normative documents in
the field of hydrometeorological monitoring and surveys
[5, 6] do not provide comprehensive information in a
quick and easy-to-use way either. They do not describe
all measuring instruments that can be used to measure
velocity or any other characteristics, which can be
further used for water discharge calculation. Present
review is multi-criteria, and each of the above criteria is
aimed at the presentation of information about the limits
of applicability of a particular method or measurement
instrument. In other words, the classification presented
in this article can be characterized as applicability-based.

Il. CLASSIFICATION IDEA

This multi-criteria classification was developed in
order to answer the most challenging and reasonable
questions related to the performing the hydrological
surveys and monitoring, forming certain level
(classifiers) of the classification:

1. Is it necessary to make measurements on-site
(continuously) or to make one-time in-situ
measurements as part of field work by portable
devices? This is how the "Logistic classifier" (A)
is formed, or the subdivision into stationary (on-
site) and portable measurement instruments,
which applicability is limited to use in field

surveys.

What is the size of the stream on which the
measurements are supposed to be made? The
answer to this question in a view of expected
depths and widths of the channel forms the second
level of classification (B) "River-morphological
scale".
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What are the hydrodynamic and associated with it
conditions on the river where the measurements
are supposed to be made (flow regime, the
possibility of immersion of the device)? This is
how the third level of grading of the classification
(C) "Flow regime and hydrodynamic conditions".

What type of devices or methods can be used to
determine water discharge, corresponding to a
particular previous level of gradation? The (D)
"Method or instrument type" level of the
classification contains the answer to this question.

What is required accuracy of estimating water
discharge of a river? The using of color level
"expected accuracy” (E) aims to solve this
problem.

Is it possible to use any other device in
unfavorable conditions such as freeze-up
channel, high turbulence or when a measuring
device or a person, carrying out measurements, is
not safe? You can understand this from the
graphical  classifier  (F)  "Measurement
conditions".

Which of the instrument is the most frequently
used of those given for a particular classifier? The
(G) "Usage frequency" classifier is about it.

The first level (A) realized in the benchmark of this
article use two different classifications — for the portable
(Figure 1) and on-site instrumental solutions (Figure 2).
Levels B and C are implemented directly as branches of
one large classification hierarchy. Level D uses a verbal
description at one level or another. Classifier E is
implemented in the form of shading a block of one or
another classification level in the color of the
corresponding measurement accuracy. Classifier F is an
additional graphic designation in a view of round sign
above one or another type of measuring instrument on
the right or left above. G level is a sequence of devices
in a block of one level - more frequently used devices are
locating higher than less used ones within a block of one
level.

I1. CLASSIFICATION LEVELS

A. The first "Logistic* level of classification
divides instruments into stationary (on-site) and portable
(in-situ). Stationary devices can operate autonomously,
or have such a mode, measuring certain characteristics
of the river with the subsequent continuous calculation
of water discharge. This is their undoubted advantage,
but, even in the time of fast technical progress, the choice
of such devices is very limited, and the cost is often very
high. It is also worth noting the high research intensity
of maintaining the operability of such devices. This
requires highly qualified staff that would be responsible
for the engineering and manufacturing development,
correct installation, operation and maintenance of such
equipment. Most of the on-site high-accuracy devices
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are intrusive, while non-intrusive allow measurements
only for general monitoring purposes (accounting for
water resources, hydro ecological issues and etc.).
Nevertheless, current tendency to transfer national
observation network equipment to autonomous regime
has been obvious.

Stationary devices include following instruments and
methods: hydrometric units of Hydro-electric power
stations HEPS (turbines and weirs), hydrometric
structures (weirs, flumes); non-contact Doppler and
ultrasonic radar flow meters; the slope-area method with
using two precise water level gauges; on-site
autonomous image velocimetry systems using high-
resolution cameras and satellites; bottom submersible
and river bank-side ADCP and ultrasonic devices and
measuring  systems;  indirect  methods  using
hydrochemical or physical parameters, stationary tracer
dilution and rising bubbles facilities; tilt current meters;
noise component analysis method.

Portable instruments and devices are widely spread
in hydrological surveys, and actually have achieved a
huge number of variations based on vastly different
principles. Such devices are used for in-situ
measurements, as a rule, by immersing the instrument in
the water column or using image velocimetry or radar
impingement, or making measurements remotely using
drones, aircrafts or satellites. Almost all the devices
listed as stationary have portable versions (excluding
HEPS facilities). In the field conditions it is also possible
to use volumetric and float methods; mechanical,
electromagnetic and pressure operated current meters
and moving-vessel ADCP devices.

B. "River morphological scale” level aims to
classify streams to creeks; minor, medium and large
rivers by morphological principle and estuaries by the
current distribution factor (with variable backwater
phenomena and complex, unique for estuarine areas
structure of currents). It is important to realize that this
division is not based on the traditional classification of
rivers (by the catchment area), but according to the
features of using certain measuring instruments and
equipment related to them.

The creeks are constituted in a separate category due
to the difficulty of immersing the instrument into the
water column. That is why the limiting factor for them is
a depth of 0.05 m (half of the sensor or propeller diameter
of the vast majority of the mechanical or other types of
the immersed current meters). Furthermore, it is true
(especially for the creeks) that measurements are suitable
for volumetric method and portable weirs and flumes.

Minor rivers are characterized by a depth of less than
1.3m - the depth of the river wading.

Medium rivers are determined by the channel width
of 100 m - the maximum possible distance between the
supports (armors) of hydrometric installations (meter-
suspension cables, towing systems and cableways).
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Large rivers include rivers where it is impossible to
perform measurements from a cableway or towing
system. Measurements on large rivers are associated
with large labour inputs and large number of additional
equipment in the case of using traditional submersible

measuring instruments (cranes, balance weights,
anchors, reliable floating crafts).
C. "Flow regime and morphological conditions"

classifier subdivides rivers into mountain or sub-
mountain and plain. The slope of the water surface can
be considered as a classifying parameter at this level. In

such a way, rivers or river sections with slopes of more
than 0.2 %o are considered to be semi-

mountain, more than 5 %o — mountain, less than 0.1-
0.2%o - plain or low-land [6]. The slope of the rivers can
integrally characterize the hydraulic characteristics of
the flows. There are such characteristics for mountain
and semi-mountain rivers: a turbulent flow regime, the
formation of whirlpools, waves, high flow rates reaching
several meters per second. For the plain rivers - a quasi-
stationary regime, mild turbulence, low and medium
current velocities around 0.1-1 m/s, meandering are

specific.

Portable in-situ solutions
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Fig. 1. Portable in-situ instruments and methods for determining water discharge classification (the best quality image can be viewed on the

website of the State Hydrological Institute (SHI) [7])
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Fig. 2. On-site stationary instruments and methods for determining water discharge classification with (the best quality image can be viewed on
the website of the State Hydrological Institute (SHI) [7])

D. At the "Method or instrument type" described
different methods or types of the measuring instruments.
Below follows the basic principles of operating of the
most frequently-used particular method or type of
instruments will be briefly considered (with further
recommendations on which sources can be found for
more detailed information).

Mechanical current meters are the most widely used
instruments for measuring current velocity with further
calculation of water discharge at the moment. The
velocity of flow at a point is proportional to the rate of
rotation of the rotor during a fixed period of time.

To date, there has been a huge range of devices
manufactured by different countries of the world. In
existing models there are such important tasks as: the
possibility of fixing simultaneous velocity (due to the use
of single-threaded screw with hermetic contact);
operation on shallow depths (by reducing the rotor
diameter); measurements of low velocities (due to the use
of light structural materials of the rotor, increasing its
sensitivity); operation under skew-jet conditions (by
optimizing the component effect). Besides can be
identified: optimized rotor and housing materials and
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recording and support equipment. According to the level
of development of the principles of hydrometric
instrumentation (production mechanical flow meters)
countries of the world today have approximately the same
level. Significant differences lie in the quality of the
devices. The devices are manufactured with cup-type and
propeller mechanisms [8]. The range of recorded
velocities for the river mechanical current meters is from
0.04 m/s to 4-6 m/s and from 0.025 to 2-6 m/s for micro-
ones. Specific deep- and sea- based mechanical current
meters allow more accurate measurement of velocity
when there are reverse currents and high pressure.

Despite the apparent completeness of the
development of hydrometric mechanical current meters,
there are unsolved problems as well. These include [8]:

e lack of an optimal ratio of sensitivity - component,
when an increase in the sensitivity of the device
would not lead to a significant deterioration
component qualities and vice versa (the issue is
solved by the layout of the current meter by several

replaceable rotors);
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lack of consensus on the influence of the relative
diameter of the propeller and its disk-area ration to
somewhat different the component properties of
the device;

unsolved issue of ensuring uninterrupted operation
of the device in complex conditions (frost,
increased mineralization, channel weed);

Methodological aspects of mechanical current meters
measurements are outlined in any of the guidelines for
stream gauging, for example [9].

Acoustic principle instruments — an Acoustic Doppler
Current Profilers (ADCP) and ultrasonic devices. There
are two basic types of acoustic current meters: Doppler
and Travel Time. Both methods use a ceramic transducer
to emit a sound into the water. Doppler instruments are
more common. The ADCP works by transmitting "pings"
of sound at a constant frequency into the water. As the
sound waves traffic, they ricochet off particles suspended
in the moving water, and reflect back to the instrument.
Due to the Doppler effect, sound waves bounced back
from a particle moving away from the profiler have a
slightly lowered frequency when they return. Particles
moving toward the instrument send back higher
frequency waves. The profiler sends out difference in
frequency between the waves and the waves it receives is
called the Doppler shift. The instrument uses this shift to
calculate how fast the particle and the water around it are
moving. There are four main types of ADCP devices:
portable, moving-vessel and river bank- or bottom
immerse-based stationary ones.

Travel time instruments determine water velocity by
at least two acoustic signals, one up stream and one
downstream. By precisely measuring, the time when
water have to travel from the emitter to the receiver, in
both directions (the average water velocity) can be
determined between the two points. By using multiple
paths, the water velocity can be determined in three
dimensions.

Travel time meters are generally more accurate than
Doppler meters, but they are only record the velocity
between the transducers. Doppler meters have the
advantage that they can determine the water velocity at a
considerable range, and in the case of an ADCP, at
multiple ranges.

Acoustic principle-based instruments cover a wide
range of measurable velocity from 0.003 m/s to 5-10 m/s
in both directions of speed with the accuracy less than
10% for the computed discharge. The profiling depth
depends on the frequency of the emitter: for example,
high-frequency (1200kHz) ADCPs measure velocity at
depths in the range from 0.1 to 7-8 m, medium-frequency
(600kHz) - from 0.15-0.2 to 30-40 m, low-frequency (300
kHz or less) - from 1-2 m to 100-300 m for river device
versions. In the short term, these devices can replace
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mechanical current meters due to low labour inputs for
measuring and obtaining flow velocities throughout the
water column. This process is held back mainly only by
high prime cost of ADCPs and Travel Time techniques.

There are many manuals and guidelines for measuring
water discharge with ADCP. It might be advised the
following ones: [10] for moving vessel measurements and
[11] for measurements under ice cover. For using
ultrasonic devices there are no regulatory papers yet, but
plenty of articles, for example, ones of Japanese
researchers [12].

Electromagnetic current meters. The motion of water
flowing in a river cuts the vertical component of the
Earth‘s magnetic field, and an electromotive force (Emy) is
induced in the water, that can be measured by two
electrodes. This Emr, which is proportional to the average
velocity in the river, is induced along each traverse
filament of water, as the water cuts the line of the Earth’s
vertical magnetic field. The basic system of an
electromagnetic gauging station consists of a coil placed
in the bed and the magnetic field, that are induced in the
x direction. Since the stream flow is in the z direction, the
Eme will be in y direction. Faraday’s law of
electromagnetic induction relates the length of a
conductor moving in a magnetic field to the Ens
generated. The electromagnetic method can be suitable
for use in rivers with weed growth, high sediment
concentration, or unstable for bed conditions. This
method gives a continuous record of the average velocity
in the cross-section that can be combined with stage to
given an on-site output of discharge [13]. But more often
such devices are in portable version.

Their use is governed by the same principles as for
mechanical current meters. However, it is worth noting
that the measurement methodology should be a little
different, but this is not reflected in any of the manuals at
the moment. The point is mainly in the approach to
averaging the obtained velocity values and their
interpretation.  Electromagnetic devices are very
vulnerable to the direction of flow, therefore they often
underestimate the value of the velocity, registering its
vector on one or another projection [14]. But this problem
is solved by a competent methodological approach (for
example, it is possible to recommend taking into account
the maximum from the 3-5 measured values with the
holding period necessary for the certain flow regime). It
is worth noting the low initial threshold of the measured
flow velocities - about 1 mm/s, which distinguishes this
instrument from a number of others. At the same time, the
measurement accuracy is only slightly lower. The upper
limit of velocity measurement is 5-10 m/s.

POEM (Pressure Operated Electronic Meter). Depth
and velocity measuring instrument that uses a forward-
facing pitot tube on the front of a streamlined weight, that
houses velocity and depth sensors. This instrument is best
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suited to flooded river measurement as the POEM is not
precise at water velocities <1 m/s. The average velocity
for the vertical is calculated in the POEM software by
integrating the depth and velocity readings. Pitot tubes, in
one version or another, are also used in laboratory
conditions, for measurements on minor streams and
creeks [15].

An in-depth comparative study of the tools given
above is described in the article [16].

Hydrometric ~ structures. This type includes
hydrometric flumes, weirs, hydroelectric power plants of
various capacities. As a rule, the water discharge for this
type of measuring facilities is determined depending on
the water level (or gross head) or recalculated from the
characteristics of the hydropower-plant capacity (for
HEPS).

It is worth noting the high accuracy of the water
discharges obtained in this way, while the main limiting
factors in the use of structural measures are the large
labour inputs during the construction of the structure (and
further intrusive impact on the natural self-regulating
fluvial-stream system) and the scale of the watercourse.
Thus, the maximum flow capacity for hydrometric flumes
and weirs does not exceed 50 m®/s (the minimum is about
60 mi/s).

The construction of HEPS is limited by the
commercial importance of its construction, while their
throughput capacities can vary from 0.5 to 500 m?'s for
small HEPS, and more than 100 000 m®/s for large ones.
Modern technologies make it possible to automate the
process of obtaining a water discharge, which ensures the
continuity of observations, and it is an undoubted
advantage. The practical aspects of using structural flow
metering facilities are well covered in [17],
methodological aspects — in [18].

Volumetric methods. The simplest way to estimate
water discharge of creeks is by direct measurement of the
time to fill a container of known volume. The flow is
diverted into a channel or pipe which discharges into a
suitable container, and the time to fill is measured by
stopwatch. The time to fill must be measured accurately,
especially when there is only a few seconds. The variation
between several measurements taken in succession will
give an indication of the accuracy of results.

If the water flow can be diverted into a pipe then it is
discharged under pressure, the rate of flow can be
estimated from measurements of the jet, or the water
column height in the case of vertical upward dislocation.
The main limitation of the method is a quite low range of
possible measuring discharges — from vanishingly small
to 50 Is.

Dilution techniques. The basic principle of dilution
gauging is to add a known quantity of a tracer to a stream
and to observe its concentration in the stream at a point
where it is fully mixed with the flow. The higher the flow

121

is, the more it dilutes the tracer. Dry salt that used as the
tracer must be injected at a point that favours rapid
dissolution. This creates a salt solution in situ that then
disperses into the flow aided by turbulence in the water
column. The resulting concentration of salt is measured
as electrical conductivity (at a point downstream of the
injection point where it is completely mixed). The
distance between the injection and measurement points is
known as the mixing length (L). The dispersion pattern
of conductivity over time is similar in shape to a storm
hydrograph. Streamflow Q is calculated dividing the
mass of salt (in grams) M by the area under the graph of
concentration over time (A). The units of A are milligram-
seconds per litre (equivalent to g - s/m?).

Dilution method-based measuring devices are
available in both portable and stationary versions. Errors,
with meeting all the requirements [19], for turbulent flows
with active mixing should not exceed 5-10%, but due to
the complexity of dilution processes and hydrodynamic
factors for flows unsuitable for measurement by this
method, because they can reach 200-300% [19]. In
general, this approach can be recommended for mountain
rivers with turbulent current and water discharge up to 5-
10 m%/s. Detailed information about the method is
presented on the website [19].

Within the scope of this article, it is impossible to
cover the entire range of possible water discharge
determining equipment, only the main ones have been
described above. For less common methods oriented
towards more scientific studies, links to research will be
provided below. Full information on the applicability of
certain means is contained in the classification itself
(Figures 1 and 2).

For the slope-area method look at [6], indirect
methods using physical and hydrochemical parameters -
[20], noise component analysis method [21], tilt current
metering - [22], LSPIV (PIV) remote non-intrusive
techniques — [23] and the rising bubble techniques — [24].

E. The classifier "Required measurement accuracy" is
implemented in a graphical form in a view of shading
blocks in one color or another (for more details, see the
legends of Figures 1 and 2).

F. Classifier "Possible measuremnent conditions" is
an additional graphic designation in round frames above
one or another type of measuring instrument on the right
or left above. It indicates whether unfavorable conditions
as freeze-up channel, high turbulence or conditions of
insecurity for the measuring instrument or measurer itself
are possible. Special attention should be focused on
instruments that are capable for making measurements in
insecure conditions, when there is no way to enter the
stream (trees carried, large debris, ice floes by the stream
and other factors).



INSTEAD OF CONCLUSION

Due to constant technological and scientific progress,
the classification presented is doomed to be updated and
refined. Therefore, the developers are waiting for your
remarks, additions and comments at Igpggi@yandex.ru.
By joint efforts, the development of this classification will
be faster, and its scientific and practical value will
increase.
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Doppler Non-contact Radar Sensors for Water
Discharge Estimation: Advantages and
Limitations

Artem lukhno
State Hydrological
Institute (SHI)

Saint Petersburg, Russia
artem-ardene@mail.ru

The use of non-contact doppler flow radars to determine
water discharge is a widespread trend in hydrometeorological
surveying and monitoring. However, is it reasonable to
consider such an instrument as one of the most suitable and
perspective for the hydrological observation network? In-situ
testing have been carrying out by authors of this article and the
analysis performed in scientific papers cannot provide a single-
valued positive conclusion on this issue. Obvious advantage of
these radars as independent safe mode of operation seems to
overweight their obvious weak points. Many "‘undercurrents"
do not allow this method to be recognized as reliable, such as
the problem of transition from surface to medium flow
velocities, which consists in the data processing apparatus,
reliable positioning of the device, blanking distance task and
etc. All in all, this article discusses the main advantages and
"vulnerabilities™ of the use of such an instrument as non-
contact doppler radars to determine water discharge from a
scientific and practical points of view.

Keywords — water discharge, non-contact measurements,
Doppler radars, non-intrusive river velocimetry

| GENERAL INFORMATION: DEVICE KIT DESCRIPTION AND
OPERATION PRINCIPLES

Doppler radar flow meters were developed over 40
years ago, but have not yet gained sufficient acceptance in
hydrological monitoring. This state of affairs is
accompanied by a relatively high cost of instruments, as
well as the complexity of the transition from measured
surface flow velocities to determining water discharge.

A Doppler radar flow meter consists of a
microcontroller, communications and power supply, as
well as two sensors: water level (most often a radar sensor
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is used, but other types of level gauges can be used) and
current velocity (local surface current velocity is
measured). In most cases, both sensors are placed in the
same housing. The current velocity sensor can be used as a
separate device, but it is more correct to call such a device
a velocimetry.

The radar flow meter measurement is based on the
following principle. When water moves, structural relief
formations appear on the surface of a turbulent flow -
waves that move along with the water mass. If irradiation
is performed at an acute angle to such a surface, part of the
energy is reflected by inversed manner, while the other is
reflected in the direction of the emitter. According to the
Doppler effect, the frequency of electromagnetic
oscillations of the reflected signal differs from the
frequency of the irradiation signal by the value which is
calculating using formula 1:

(1)

Where V - velocity of movement the irradiated object;

foxer. = 2Vc05(0)cos()

A — the wavelength of the emitted signal;

0 — the angle of the direction of irradiation relative to
the flow surface in the vertical plane;

¢ — the corresponding angle relative to the direction of
flow in the horizontal plane

The mechanism of the flow meter operation. The radar
flow meter transmits a signal at a constant frequency of
about 24 GHz to the surface of the water at a selected angle.
The miniature waves that are present on the surface reflect
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the radar waves back to the sensor. To measure the flow
velocity, a wave on the water surface of at least 3 mm is
required (according to the stated requirements of the vast
majority of the equipment manufacturers). The reflected
signal is shifted in frequency due to the Doppler effect from
the movement of the water surface. Comparing the
transmitted frequency with the frequency reflected from
the surface, the mathematical apparatus processes the
received data and converts it into local velocity.

The flowmeter is installed parallel to the stream flow
on a support (for example, on a bridge pier). Installation is
possible ashore, but this location does not guarantee good
measurement results. The transmitter should be directed at
an acute angle to the flow surface of 20-60 ° [1]. The
optimum range is 30-45°. The width range of the irradiated
spot should not fall to breakers, vegetation, driftwood and
other interference.

I1. THE INFLUENCE OF EXTERNAL ENVIRONMENTAL AND
OTHER FACTORS ON THE READING OF THE DEVICE

The quality of measurements can be influenced by
external environmental factors such as wind, rain,
vibration, etc.

The wind speed directly over the water surface is about
2% of the wind speed measured at a height of 10 m [2]. For
example, with a wind speed at the level of a air vane of 10
m/s, the wind speed above the water surface will be 20
cm/s, and assuming a logarithmic attenuation to the depth
of the radar flow velocity measurement, the wind will
introduce distortion the measurements by an amount equal
to 11 cm/s. Such an error in measuring the flow velocity
will occur only if the wind blows exactly in the direction in
which the transmitter is directed. For other directions, the
error will be less [3].

For the rain influence prevention, the most effective
solution is to mount the radar so that it points upstream.
When it rains, raindrops will drift away from the radar and
water will flow towards the radar. Then the radar can
distinguish the movement of water from the movement of
a rain. Additional rain suppression can be implemented by
mounting the radar under some structure (bridge, shield).
You should also make sure that no rain or melt water from
the bridge leak through the radar's field of view.

In some watercourses, changes in the direction of the
current are occurring. In such cases, the radar must be
configured to register both incoming and outgoing. This
radar setting will not filter rain.

The structure supporting the tool (pole, bridge, fence,
etc.) must be robust and vibration-free. However, some
models have a built-in vibration sensor.

Most  measurement  inaccuracies caused by
environmental factors can be eliminated by properly
installing the sensor.
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[1l. CHARACTERISTICS AND SPECIFICATION OF
MANUFACTURED DEVICES

According to the up-to-date marketing research carried
out by the employees of the Laboratory of Hydrological
Instruments of the State Hydrological Institute [4], the
average price of radar flow meters varies around two
values: 3800 € and 11000 €. The minimum measurable
flow velocity for 95% of radars is 0.1 m/s (some models
claim 0.02 m/s). The maximum recorded flow velocity for
90% of the devices is 15 m/s. The velocity measurement
error varies from (1% = 0.025) m/s to (0.5% % 0.02) m/s.
The length of the sensing spot can vary from 0.29 to 49.2
m, the width from 0.12 to 12.8 m.

IV. CASE STUDY: INVESTIGATION OF THE APPLICABILITY

OF A DOPPLER NON-CONTACT RADAR FLOW METER FOR

DETERMINING WATER DISCHARGE ON THE MINOR RIVER
DRAWING ON THE EXAMPLE OF POLOMET’ RIVER

The research subject is the Polomet’ river in the water
discharge section line in the Yazhelbitsy village. The
runoff observation period is 1952-2020. The length of the
river to the outlet section is 52 km, the catchment area is
631 km?, the width during the low-flow period is 15m, the
mean annual water discharge is 6.7 m®/s, the maximum is
120 m¥s.

The scope of the research is the assessment of the
accuracy of water discharge measurements on the Polomet’
river with the Doppler non-contact discharge radar
flowmeter RQ-24 fixed on an overpass across the river.
The angle of installation of the device is 55 degrees to the
water surface. The minimum recorded velocity of the
current is 0.3 m/s. Velocity measurement error (1% %
0.025) m/s.

The analysed data: water levels and current velocities
for the period from March 2016 to June 2020. Discreteness
of measurements for the velocity data link - 2 minutes (for
the analysis they were reduced to an interval of 1 hour), for
the water level data link - 1 hour.

Water level data link analysis. The whole range of
measured water levels was divided into 4 categories:

- with an open channel;

- with freeze-up;

- in case of ice phenomena;

- falling into the blind zone of the sensor

Radar readings were compared with reference water
levels obtained from averaged data from other automated
systems located at the same stream section. Data analysis
for each category is shown in Table 1.

With an open channel, the radar demonstrated high
measurement accuracy - less than 4% of hourly
observation times have an error of more than 3 cm. For the
period with ice phenomena (slush ice run, ice drift, etc.),
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the radar measurement accuracy was lower, but it can also
be used as a reliable water level assessment device.

TABLE 1 ANALYSIS OF THE QUALITY OF THE INITIAL DATA RQ-24 ON
THE WATER LEVEL DATA LINK

Number Mean | The number of observation times with an
Periods of deviation, | i ermor i i
readings cm <lem | % | <2cm | % | <3cm | %
Open 26231 1,298 | 8440 322 19998 T62 25234 | 96,2
channel | |
Freeze-up | 5233 0,208 112 204 531 10,1 2605 | 498
fee a5y 234 | 113 396 839 204 2242 | 786
phenomena | | | | | | |
Blind #one
of the 108 269 3 2,78 9 8,33 38 35,2
Sensor

During freeze-up, significant deviations from the
reference levels can be observed, primarily due to the
measurement of snow on ice. The worst results are
observed for the highest water levels falling into the blind
spot of the instrument.

Estimation of the current velocity data link. The gauge
section in which the radar is located is 50 meters upstream
from the main one, where the water discharge is measured.
Autumn 2020, single full-scale comparative field studies of
the local surface flow velocity were performed with a radar
flow meter and other instruments of measurement in the
radar measurement cross section alignment. The
comparison results confirmed the manufacturer's declared
accuracy of determining the flow velocity with the RQ-24
flow meter (Table 2).

TABLE 2 SURFACE CURRENT VELOCITY COMPARATIVE MEASUREMENTS
DATA AT THE RADAR SECTION

Surface
Measurement instrument velocity,
m/s
RQ-24 radar flow meter 0,487
I-',lecjn't_')magnetic current meter 0,485
wPoseidon»
ISP-1M  mechanical current 0462
meter with 70mm propeller ’
GR-21M1 mechanical current 0.498
meter with 120mm propeller ’
GR-21M1 mechanical current
. 0,445
meter with 70mm propeller

The water discharge calculation data link analysis. The
method for calculating water discharge using a radar flow
meter is based on the existence of a close relationship
between the surface current velocity and the mean flow
velocity. Three transition velocity indexes Ki, Kz, K3 are
distinguished depending on the width of the surface
velocity measurement zone:

Vmean flow

K, = (2

®)

Vmean surf.

Kz — Vmean flow

Vmax.surf
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(4)

|74
K3 __ Ymean flow

B Vlocal surf.

Where Vmean low— mMean flow velocity, m/s;
Vmean surt. — Mean surface velocity, m/s;
Vmaxsut. — Maximum surface velocity, m/s;
Viocal surf, — local surface velocity, m/s.

Since the radar flow meter measures only a certain part
of the surface velocity across the width of the river, the K3
velocity index will be used. The more correct the
distribution of velocities in the stream, the closer the
connection of the different transition velocity indexes with
each other and more accurate mean flow velocity possible
to obtain by radar. Most guiding manuals on the use of
manufactured radar flow devices recommend indicating a
constant value of this factor. The World Meteorological
Organization (WMO) and the United States Geological
Survey (USGS) recommend using the K; velocity index
equal to 0.86 for natural channels and 0.90 for artificial
channels [5, 6].

A detailed study of this issue was carried out in the
1960s by a group of scientists from the State Hydrological
Institute (SHI) under the leadership of D.E. Skorodumov
[7]. In his paper it is noted that according to the results of
measurements at 38 gauging stations, Ki can vary from
0.75 to 1.02. It should be noted that these studies set
themselves another task - the change in the transition
velocity indexes during a high-flow regime, the lower part
of the amplitude of water levels fluctuations was almost not
studied. However, this article also indicated that adding the
lower part of the water level amplitude to the analysis
increases the variation in K1 values.

For the velocity indexes analysis at the main discharge
section line, the results of 50 open channel water discharge
measurements with a mechanical current meter for 2016-
2020 were taken into an account (Figure 1).
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Figure 1 - Distribution of flow velocities at the main discharge

section line (according to measured water discharges for 2016-2019
during open channel period)

Since the low-water bed of the river has the correct
shape and relatively the same roughness across the width
of the river, there is a close relationship between the
transition velocity indexes. Figure 2 shows a graph of an
increase in the strength of the relationship between the
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mean flow velocity and the surface velocity with an
increase in the width of the averaging zone (based on the
results of 50 measured open channel discharges). Also,
with an increase in the width of the averaging zone from 1
m (the width of the averaging zone by the radar flow meter
at low water level), which corresponds to the index K3 up
to 15 m (the full width of the low-water bed), which
corresponds to the index Kj, the strength of the
relationship, expressed in units of a pair nonlinear
correlation coefficient, increases from 0.954 to 0.977. Such
a slight increase in the strength of the relationship indicates
the possibility of using the K3 index instead of the K; index
to calculate the water discharge with an acceptable error.

0.980
0.975
0.970
=~ 0.965
0.960
0955 |__—"

3 5 7 Ll

5 11
Wide of radar spot, m

Figure 2 - Graph of an increase in the strength of the relationship
between the mean flow velocity and the surface velocity with an increase
in the width of the averaging zone

The distribution of the transition velocity indexes for
the measured water discharges at the main discharge
section line is shown in Figure 3. Thus, the transition
indexes from the surface velocity to the average cannot be
a constant for the entire amplitude of the water level. In the
lower part of the amplitude of water levels, the value of the
transition indexes decreases significantly. There is no
unambiguous understanding of how these indexes will vary
when water flows out to the floodplain.

LK
oKz
-3

Water level. em
s x5 5 EEE Y Y

Figure 3 - Dependence of the transition velocity indexes on the
water level at the main discharge section line (according to the measured
water discharges)

To obtain the transition velocity index K3 for the radar
measurement section line, the following calculation
algorithm was carried out:

1 The rating curve Q=f(H) is plotted for the main
discharge section line. Since the section between the main
discharge section line and the radar measurement section is
very short (50 m) and absolutely free of inflows, the slope
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of the water surface is insignificant in its absolute value, so
this dependence was also applied to the radar measurement
section.

2 Based on the hourly resolution water level data, the
water discharges at the radar measurement section were
calculated with an interval of one hour.

3 Using measured cross-sectional profile at the radar
measurement section, depending on the water level the
water flow areas were calculated for each hour of
observation.

4 Based on the data obtained, the average velocity over
the entire cross-section of the radar measurement section
was calculated with a resolution of 1 hour.

5 By dividing the average velocity by the surface local
velocity measured by the radar, the transition velocity
index Kz was obtained (Figure 4). The analysis was
performed only for the open channel period and the period
with no blind-zone cases.

Water level, cm

k3

Figure 4 - Dependence of the transition velocity indexes K; on the
water level for the radar measurement section

The nature of the distribution of points in Figures 3 and
4 is similar, which indicates the correct scheme for
calculating K3 for the radar measurement section. The
scatter of points in Figure 4 is primarily due to the different
channel capacity of the river at the same water level during
the stages of rise and fall. Figure 5 clearly shows that the
distribution of the transition velocity indexes on the rise
and fall of the rainfall flood, which took place on October
13-17, 2019, is different. Figure 6 shows a complex graph
of this flood, on the abscissa axis counting hours from the
time of 10/13/2019 13:00. Only three parameters out of
five were measured (average velocity and K3 are calculated
parameters with accordance an unambiguous curve Q = f
(H). The slope, for the possibility of plotting four
characteristics on one axis, is presented in relative units
reduced to the variation of the surface velocity. The rise in
the level, slope of the water surface and surface velocity
began at 24 hours from the start of the countdown, after
another 9 hours (33 hours) the values of the slope and
surface velocity reached a maximum and began to
decrease, while the water level continued to rise and
reached its maximum only for 42 hours. From that moment
on, the surface velocity began to increase and the level to
fall. After approximately 62 hours of observations, the
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slope and surface velocity were stabilized at a quasi-
constant mode, while the level continued to decline. This
course of the main hydraulic elements of the flow, with
some changes, is repeated on the example of other rainfall
and spring floods. This suggests that at moments of intense
change in river flow, the relationship between the current
velocity and the water level is inverse, and not direct,
which is typical for the entire amplitude of water level
fluctuations.

Water level, cm

on the fall

* on the rise

k3

Figure 5 - Dependence of the transition velocity indexes K; on the water
level for the radar measurement section during the rain flood on October
13-17,2019

Water level, cm

Welocity; Slope; k3

Hours from 13,10.2019 13:00:00

Figure 6 - Comprehensive chart of the hydraulic characteristics of the
rain flood on October 13-17, 2019

V. THE RESULTS OBTAINED

The error in determining the water discharge using a
radar flow meter was calculated on the basis of 3 options:

Option 1 - with constant K3 = 0.623 (Figure 7);

Option 2 - with Kz = f (H), and the water level data of
the reference water level gauges;

Option 3 — with K3 = f (H), and the water level data of
the radar-based water level sensor.

=201 cub.m/sec
0 H = -004m
030 Vo= 0,302 misce
W= 664 sqm

Legend

w— radar Spot
V,,  0.302
™ ke =

S — batom
Vo D485

=0.623

waler surface

curve of equal velocity

Figure 7- Comprehensive chart of the hydraulic characteristics of
the rain flood on October 13-17, 2019
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The water discharge calculated by the rating curve Q =
f (H) at the main discharge section line was taken as the
true value. The results of calculating the error in calculating
the water discharge are presented in Table 3.

TABLE 3 WATER DISCHARGE CALCULATION ERROR ACCORDING TO USE
RQ-24 WATER FLOW RADAR

Qeate. error,% Option 1 Option 2 Option 3
Mean value 7.8 1.1 0,2
Minimum -280.0 -118.6 -122.7
Maximum 53.5 483 47.5
STD 243 11,5 11,5
AVG (relative) 20.0 835 8.4

The use of a constant value for the transition velocity
indexes is not permitted. This leads to an overestimation of
the minimum water discharge by 100-280%. The use of the
dependence Ks = f (H) allows you to obtain a water flow
rate with an acceptable error, but these observation are
complicated and the labour inputs for the determination of
this relationship are measure alike with the labour inputs
for obtaining a reliable rating curve.

When water flows out to the floodplain, the value of K3
may vary. Unfortunately, it was not possible to investigate
this issue, due to the fact that most of the data at high levels
of water outflow to the floodplain fell into the blind zone
of the sensor and was rejected. According to the available
episodic data, it is possible to assert with a sufficient degree
of reliability about an even greater stratification of the Ks
= f (H) dependence in the areas of rise and fall of rainfall
and spring floods.

V1. CONCLUSION AND RECOMMENDATIONS

As a result of the analysis performed, the following
advantages and limitations of using Doppler non-contact
flow radar devices to determine the water discharge may
be assessed.

Advantages:
+ Safety and contactless measurement. To measure,
hydrologist does not need to go into the water and endanger

his own life;

+ The possibility of using on mountain rivers with high
slopes;

+ The ability to measure the parameter of the mud flood
flow passage velocity;

+ The applicability even during the period of slush ice
run and ice drift;
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+ Using for the rating curve clarification in the periods
of the variable wind- and pressure- induced backwater
phenomena;

+ A wide range of measured flow velocities from 0.02
to 15 m/s;

+ Permissible error in measuring the flow velocity;

+ Continuity of measurements;

+ The ability to receive data in real time;

+ Low labour inputs for the maintenance.

Limitations (disadvantages):

- Inability to measure in freeze-up channel conditions;

- The water discharge calculation is carried out using a
single complexly calculated coefficient of transition from
the fictitious discharge to the true one;

- The need for more precise extra measurements of
water discharge to plot the dependence of the transition
velocity index on the water level, as well as to revise and
upgrade the area curve;

- Changes in the averaging area of the surface velocity
(radar spot) due to water level fluctuations;

- A mandatory requirement is the presence of
microwaves on the surface of the water;

- The presence of a blind zone of the emitter,

- High limit of the minimum fixed velocity (for
outdated devices),

- The possible influence of external factors (practically
absent in modern devices).

Recommendations:

A. It is impossible to use a radar flow meter to
determine the water discharge in an unexplored measuring
section of the river without carrying out periodic
measurements. It is necessary to obtain the relationship
between the transition velocity indexes and the water level,
as well as monitor the change in the profile of the river
channel at the measurement section line.

B. Itisrecommended to use radar flow meters at the
discharge section lines of mountain rivers with high steep
slopes, as well as at section lines of rivers with variable
backwater phenomena.
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C. In order to study the distribution of current
velocities in the flow at different water levels, it is
recommended to create gauge sections equipped with
several flow meters, in combination with immerse
stationary Doppler or ultrasonic profilers (with river bank-
based or bottom-based location).

D. Taking into account all the technical requirement
and nuances of installation, setup, maintenance and
development of transition velocity indexes, you can
continuously measure the water flow with an acceptable
error.

5 It is necessary to create a methodology for measuring
water discharge by the "surface velocity-area™ method.
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Calculation of the Displacements of the Working
Coordinate Systems when Working by the Method

3 + 2 axes
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Abstract - This article discusses the possibility of
developing a postprocessor and macro program for
automatic calculation and input of the displacements in the
working coordinate systems when working by the method 3
+ 2 axes. The ability to take the information from the CL
Data file and its subsequent use by a macro program for
certain calculations is used. For this purpose, a generalized
G-POST postprocessor and a specialized FIL language are
used.

Keywords - CNC, 3+2 axis, postprocessor, Euler angles

I. INTRODUCTION

Often, machining of prismatic body parts on five axial
machines requires machining in several different positions.
In this case the method is 3 + 2 axes, where the two circular
axes are used only for adjusting the rotation of the
workpiece in the respective machined position. This
method has the advantage that the workpiece is processed
in one set, which leads to a reduction of the establishment
error, and in some cases to compensate for systematic
errors [3]. The working coordinate systems used for
machining by the 3 + 2 axis method can be set by using a
separate working coordinate system G54-G59 for CNC
Fanuc and others for each of the machined positions or
additional ones - G154 P1-P99 for CNC Haas [1], G54.1
P1-P300 for CNC Mazak [2] or setting using command
(G68.2 to establish an inclined working plane. In this case a
local coordinate system is created, where the values of
displacement and rotation of the newly obtained coordinate
system are set programmatically with command G68.2, i.e.
there is no need to enter an offset in the Offset page of the
machine. These various methods of adjustment may be

applied as by treatment with machining, and in the methods
associated with ball burnishing [5].

Il. DEVELOPING A POSTPROCESSOR AND
MAKROPROGRAMA

Each CNC machine is characterized by the machine
coordinate system Owm (Xwm, Ywm, Zwm) (fig. 1) against which
the workpieces are established and the coordinate system
Or (X1, YT, Z7), towards which the cutting tool is oriented.

Fig. 1. Relationship between Oy and Or.

When moving the tool according to a program, in order
to be able to achieve the dimensions according to the
drawing between these two coordinate systems Om and Or,
it is necessary to make a dimensional connection. As a
result of the attestation of the machine, the components of
the vector ry connecting the coordinate system of the
machine Owm and the coordinate system of the tool Ot when
the working bodies of the machine are at a reference point
are determined. When processing a given surface, it is
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necessary to determine the components of the vector rw
connecting the coordinate system of the machine with the
working coordinate system On (Xn, Yn, Zn) (fig. 1). The
vector ry is calculated automatically by the CNC and
represents the relative displacement to the Oy coordinate
system, where the length of the tool is included.

The treatment of surfaces and holes by the method 3 +
2 axes necessitate adjustment of the working coordinate
systems for each of the processed position i.e. to determine
the components of vectors rwi, rwz, fwn (fig. 2)

Fig. 2. Determination of the components of vectors rwi, fwe, fwn

To determine the components of vectors rwa, rwa, fwn, it
is most convenient to use Euler angles. They determine the
position of the different coordinate systems Oy relative to
the machine coordinate system Ow by rotating sequentially
about the three linear axes at an angle ¢ about the X axis,
an angle 6 around the newly obtained direction on the Y
axis and an angle y around the newly obtained position on
the Z axis.

Macro program (using a subroutine), which performs
calculation and automatically input the values of
displacement of different coordinate systems working in
Offset page by typing:

01000
#16=#26+#503

#104=#24*COS[-#3]-#25*SIN[-#3]
#105=#24*COS[-#1]*SIN[-#3]+#25*COS[-#1]*COS[ -
#3]-#16*SIN[-#1]
#106=#24*SIN[-#1]*SIN[-#3]+#25*SIN[-#1]*COS[ -
#3]+#16*COS[-#1]

G90G10L2P#2 X#104 Y#105 Z#106

M99

the A axis; B - register of the coordinate system G54,...,
G59; C - angle of rotation along the C axis; X, Y, Z - the
displacement along the X, Y and Z axes of the working
coordinate system with origin Oy set with respect to Owm

The new position of the working coordinate system is
set with the sentence G90G10L2P#2 X#104 Y#105 Z#106,
where L defines the category of displacement (L2 for
displacement of coordinate systems), P - the register of the
coordinate system in which enters the offset (the value is
taken from argument B of command G65); X, Y and Z - the
calculated offset value defined in variables # 104 (for X
axis), # 105 (for Y axis) and # 106 (for Z axis) . Variable #
503 sets the components of the vector rop, connecting the
coordinate system of the machine OM and the reference
base of the device Op (Xp, Ye, Zp) (fig. 2).

The developed postprocessor has the task to extract the
values from the CL Data file and set them to arguments A,
B, C, X, Y and Z in command G65, which calls the macro
program for calculation and introduces the offset of the
used coordinate systems.

UTCOM_GEOMETRY_TYPE / OUTPUT ON_CENTER
WM

MULTA
SPINDL / RPN
RAPID

Fig. 3. Argument - value taken from CL Data file

In fig. 3 shows to which argument what value of the CL
Data file is assigned. Using a specialized FIL language
(Factory Interface Language) and a generalized G-POST
postprocessor, | create an array of data about the coordinate
systems used and their displacements relative to the
reference base of the device. The RESERV command is
used to create an array of data for further use. For example,
RESERV / A, 4 will allow the following symbol-index
combination A (1), A (2), A (3), A (4).

In order to be able to generate the G65 command line
when generating the driver, it is necessary to use the Look
ahead technique, which allows to read the entire CL Data
file and extract the necessary information. In this case, a
macro record having the structure is used:

The values of variables # 1, # 2, # 3, # 24, # 25, # 26 are
set with the command for simple reference to macro
program G65 [3, 4] having the form:

G65P...A...B...C... X...Y...Z...,

where the meaning of the individual arguments is: P -
number of the macro program; A - angle of rotation along

GB5=NACRO
CLPOS=POSTF(7,1)+1
XX=POSTF(13)
DO/ENDDO, 1LOOP=1,100, 1
ILOOP=1
XX=POSTF(14)
FCL=POSTF(7,2)
SCL=POSTF(7,3)
IF(FCL.EQ.14000) THEN
1LOOP=101
ELSE
IF(FCL.EQ.2000.AND.SCL.EQ. ICODEF(SET)) THEN
IF(POSTF(6,5).EQ.1) THEN

131




Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 13" International Scientific and Practical Conference. Volume 3, 130-133

CNT=CNT+1
OFSREG(CNT)=POSTF(7,5)
IF(OFSREG(CNT) .EQ.54) OFSREG(CNT)=1
IF(OFSREG(CNT).EQ.55) OFSREG(CNT)=2
IF(OFSREG(CNT).EQ.56) OFSREG(CNT)=3
IF(OFSREG(CNT).EQ.57) OFSREG(CNT)=4
IF(OFSREG(CNT) .EQ.58) OFSREG(CNT)=5
IF(OFSREG(CNT).EQ.59) OFSREG(CNT)=6
ENDIF

ENDIF

IF(FCL.EQ.2000.AND. SCL.EQ. ICODEF(CAMERA) ) THEN
X11(CNT)=POSTF(7,4)
XJJI(CNT)=POSTF(7,8)
YKK(CNT)=POSTF(7,13)
ZKK(CNT)=POSTF(7.14)
XV(CNT)=TEXT/CONVF,POSTF(7,7),10,5,0,0,5
YV(CNT)=TEXT/CONVF,POSTF(7,11),10,5,0,0,5
ZV(CNT)=TEXT/CONVF ,POSTF(7,15),10,5,0,0,5
AVAL=ABSF (ATAN2F (YKK(CNT) , ZKK(CNT)))
CVAL=ATAN2F(XJJ(CNT) , XTT1(CNT))
AV(CNT)=TEXT/CONVF,AVAL, 10,5,0,0,5
CV(CNT)=TEXT/CONVF,CVAL, 10,5,0,0,5

ENDIF

ENDIF

ENDDO) CONTIN
DMY=POSTF(15,CLPOS)

TERMAC
Finding records related to the registers of the coordinate
system is performed with the operator IF

(FCL.EQ.2000.AND.SCL.EQ.ICODEF (SET)) THEN,
which creates an array of data for the used coordinate
systems IF (OFSREG (CNT) ) .EQ.54) OFSREG (CNT) =
1, IF (OFSREG (CNT) .EQ.55) OFSREG (CNT) = 2, etc.
In a similar way, the displacement and angles of rotation of
the coordinate systems relative to the machine coordinate
system are determined, and together with this the data set
is created. This part of the information is processed by the

second IF operator (IF
(FCL.EQ.2000.AND.SCL.EQ.ICODEF (CAMERA))
THEN).

The output of the created data set is performed at the
beginning of the control program, in the records related to
the machine. It has the structure:

CINFIL/0N, MACHIN

XX=POSTF(13)

CALL/G65

$$ SEND TO NC PROGRAM

DO/ENDO2, CNT=1, CURCNT

INSERT/"G65P2013B" ,OFSREG(CNT),, "X* , XV(CNT), *Y" Y
V(CNT),"\;"

INSERT/"Z* ,ZV(CNT)"A* ,AV(CNT), "C" ,CV(CNT), *; "

ENDO2)CONTIN
CIMFIL/OFF

The output of the data is done using the DO / Loop
operator, where the output is performed from the first index
of the array (CNT = 1) to the current one (CURCNT). The
output of the line with the G65 command is realized with
the body of the DO / Loop cycle.

With the postprocessor developed in this way, a control
program is generated (only a part of it is shown in fig. 4),
for processing the workpiece shown in fig. 5.
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5 #503=161.107

6 G65 P2013 Bl X0.0 Y0.0 Z60.0 A0.0 CO.0

7 G65 P2013 B2 X0.0 Y0.0 Z60.0 A5.0 C0.0

8 G65 P2013 B3 X16.25 Y10.5 Z56.0 A%0.0 C90.0

9 G65 P2013 B4 X-10.5 ¥-16.25 Z56.0 A90.0 C0.0

10 G65 P2013 B5 X0.0 Y0.0 Z60.0 A54.85847 C-90.0

11 G65 P2013 Be X13.5 Y-13.5 Z57.7647 A40.83016 C41.63354
12 TO1 MO6

13 82500 M03

14 G54 G43 X-30.426 ¥Y-18. Z9%90. HO1

15 GO0 X-30.426 Y-18. Z2.
16 |GO1 X-30.426 Y-18. Z0.

F250.

Fig. 4. Part of NC program
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Fig. 5. Test workpiece

The postprocessor was checked - virtual with the use of
Vericut and one on a machine with 5 axes and horizontal
layout MCO032 with CNC Fanuc 6MB and a test workpiece
was processed (Fig. 5). In fig. 6 shows the machined
workpiece on the machine.

Fig. 6. Machined workpiecenon the machine

I1l. CONCLUSION

1. The developed postprocessor in combination with the
macro program for automatic calculation and loading of the
values of displacement of the working coordinate systems
when working by the method 3 + 2 axes is correctly
working.

2. The proposed postprocessor and macro program are
valid for machines with five axes in which the machine
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coordinate system coincides with the intersection of the
two circular axes A and C.
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Vericut - Configuring CNC Systems for Turning
Center with Sub-spindle
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Abstract - This report discusses the configuration of some
preparatory and auxiliary commands for the Fanuc 18i TB
CNC system for a counter-spindle lathe using special macros
called Vericut macros. In most cases, this is necessary
because the Vericut library of machines and CNC systems
does not have the specific machine and system or do not
correspond to the actual ones, i. e. there is no match between
them. The need to configure the CNC control system is
related to the fact that it is possible to perform simulation,
optimization and verification of control programs in avirtual
environment before proceeding to the processing of
workpieces on the real machine.

Keywords - Vericut, CNC, verification, turning center, sub-
spindle

. INTRODUCTION

To reduce the risks associated with the defect of the
workpiece and reduce the cost of the final product,
products are used in which this check can be performed in
a virtual environment. When using such a class of products,
the stages of technological preparation for processing the
workpiece have the structure shown in fig. 1.

CAM POST

PROCESSOR

SIMULATION MACHINING

L

OPTIMIZATION
-y

s

Fig. 1. Stages of technological preparation with the use of products for
virtual simulation of the processing [2]

After the simulation stage, an evaluation of the result is
performed, after which, based on the obtained result, in
some cases optimization is required. Such products are
VERICUT, NCSIMUL and others. VERICUT [1] is a
product of high grade, that allows for verification and
optimization of the tool path, checking for collisions, the
simulation of cutting processes. All these possibilities are
available for milling, turning, laser, wire erosion discharge
machines, turning centers, multi-task machines and robots.

When verifying the tool path, a real machine, tools,
holders, workpiece are used, and the simulation is by
taking material in a virtual environment. Both the
generated driver from the CAM package and the CL data
file can be used to simulate the process.

Il. CONFIGURING A CNC SYSTEM FOR A TURNING CENTER

WITH A SUB-SPINDLE

To solve the problem, Vericut's capabilities for
configuring the CNC system are used. In this case, CNC
from the Vericut library will be used, where only the
necessary M- and G-commands for the Emco Maxxturt 45
machine with Fanuc 18i TB will be configured (added). In
fig. 2 shows the kinematic model of the machine [3].

As is well known, the manufacturer of CNC machines
determines the purpose of M-commands (other than those
standardized by ISO) to control more specific actions. Here
is considered the possibility of configuring the M-
commands related to the control of the main and counter
spindle in the two characteristic modes for the lathe
centers, namely the commands with which they are set in
the operating mode when they realize the cutting speed, i.e.
turning and mode in which they are used as a circular axis.
Table 1 gives M-commands [6] with their meaning, which
will be configured to control the machine.
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Fig. 2. Kinematic model of the EmcoMaxxturn 45 machine

In turning centers, the typical hole machining cycles
have a difference from the machining cycles on drilling and
milling machines and machining centers, consisting mainly
in the preparation command and on which axis the
machining is performed (X-axis or Z-axis). These
commands will also be configured.

TABLE 1 M-COMMANDS TO BE CONFIGURED

M-
comm Function
ands
M52 | Selection main spindle C-axis
M53 | Deselection main spindle C-axis
M69 | Open jaws of the main spindle
M168 | Open jaws of the counter spindle
M252 | Selection counter spindle C-axis
M253 | Deselection counter spindle C-axis
M203 | Counter spindle ON, clockwise rotation
M204 | Counterspindle ON, counter-clockwise rotation
M205 | Counter spindle OFF
M303 | Driven tool ON, clockwise rotation
M304 | Driven tool ON, counter-clockwise rotation
M305 | Driven tool OFF

The commands used by the CNC are configured from
the G-code Processing window using the so-called Vericut
Macro [4]. In essence, these are "macros" developed by
Vericut, where their use triggers a certain action. Auxiliary
M-commands related to the process of transferring the
workpiece between the two spindles are set in the Pick_Off
section. This is how the settings for the M69 command are
made: in the Add / Modify Word / Address window (fig.
3) the M-command is set. The MacroName uses the
ClampCompName macro, which sets the gadget name in
the Override Text field in this case Fixture. This field
records the name of the device used in the kinematic model
of the machine.

The state in which the device is located, set with the
macro ClampCompName, ie. the jaws of the chuck (collet
device) are open or closed, it is controlled by the macro
ClampOnOff. The status is set to 0 off and 1 on. The mode
is set in the Override Value field (fig. 3). The other M-
commands in the Pick_Off section are configured in a
similar way, as for command M168 with macro
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ClampCompName the name of the equipment of the
opposite spindle is set - Sub_Fixture (fig. 3).

“

fo—

CAQEINT R

rrrrr

Hon

Fig. 3. Windows Add / Modify Word / Address setup commands CNC

In fig. 4 shows the structure and Vericut Macro used to
configure the M52 command. After reading command
M52, the CNC is able to use the main spindle as a circular
axis C1.

Crasa Hame

BTN IO A~

| Process Afler labon

:::::

Fig. 4. 4 Structure of the M52 command with the Vericut Macro used
to configure it

In practice, this means that the "active" position of the
turret is used, i.e. instrumental transitions are made for
processing of openings, shifted in relation to the axis of
rotation of the workpiece, flat or profile sections are
processed, etc. This is also related to the use of polar and
cylindrical interpolation mode. Setting this mode is done
with the PolarRotational Axis macro.

In this mode, the axis is set, which is controlled in
Cartesian coordinates. The setting is done with a number,
where the correspondence number-controllable axis is
observed, namely: 4-A, 5-B, 6-C, 10-A2, 11-B2, 12-C2.
The variable CGT_PART_SPINDLE_TURNING_MODE
is entered by the user who controls the circular axis mode.
In this case it is the variable for the main spindle. A value
of 0 deactivates the lathe mode and 1-activates the lathe
mode. The macro ActiveSpindleCompName specifies
which spindle (main or counter) will be set as a circular
axis. When using the M52 command, it is necessary to stop
the main rotational movement of the spindle. This is
controlled with the ActiveSpindleOnOff macro, where the
current state of the spindle is set in the Override Value
field, with the M52 command running (0-off, 1-on). For
commands M252 and M253 proceed in a similar way. To
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configure the commands, to control the direction of
rotation of the "active" position of the turret of the machine
- commands M303, M304, M305, the macro
ActiveSpindleActiveTool is used, which activates the tool
set in the "active" position of the turret. The direction of
rotation of the tool set in the "active" position is done with
the already mentioned macros. In fig. 5 shows a screen with
the settings made for these commands.

File Edit L
= M3

=[G 85 66 68.1)

Macrovar

~- ACtvE SN
® Ted=CW
=-ActivaSpindielnon
* Value =1

S E
= (G B5 86 68.1)
MacroVar

Active SpindleactiveTool
= ActiveSpindieli
- ActiveSpindleOnHT
= MM
= (3 B5 66 BE.1)
Macrolar

Active SpindleactiveTool
=-ActivaSpindielnon
& Value=0
® After
=

Fig. 5. Configuring commands M303, M304, M305 for drive tools

In cycles G87, G88 and G89 for machining holes
perpendicular to the axis of the workpiece, the working
movement is along the X axis, ie. in the YZ plane. In FIG.
6 shows a window for setting the G87 command. Vericur
macro MotionPlaneYZ is used to set the working plane
YZ. The type of the preparatory command is read from the
system variable for modal information # 4009 [5].

|74 G-Cade Processin

File Edit Utilities

G83 Al

-G 831

G844

-G 841

-G 84.2

G843

-G 85

G 86

-G 86.1

=G 87
=S E

+-Variable: 4009
“-CyclesDeep

-G 88

-G B9

-G 99

Lt —

Fig. 6. Configuring G87 command

The type of the cycle is determined by Veicut macro
CycleDeep. As already mentioned, in these cycles the
working movement is on the X-axis. By default, the
working movement is performed on the Z-axis. For this
purpose, the settings shown in fig. 7.

In order for the working movement to be on the X-axis,
the conditions are introduced:

1. The type cycle is on (Cycle On);

2. The coordinates in the type cycle must be set
absolutely or incrementally (ABS_INC);
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3. The preparatory command for the cycle is G87, G88
or G89.

[74 G-Code Processing &J
File Edit Utilities

[=-(CYCLE ON) and (ABS_INC ABSOLUTE) and (G 87 88 89) -
[=-SetCycleDepth
¢ # Value =#5001

* Text=XAXS

-~ XAxisMotion

SetMotionFlag

—(CYCLE ON}) and (ABS_INC INCREMENTAL) and (G 87 88 8!
=-SetCycleDepth

- Value = #5001
Loe# Text=2
-CycleAxis
- XAxisMotion
SetMotionFlag —

€ 1 r

m

Fig. 7. Settings related to the output of the final coordinate along the X
axis when machining holes

If these conditions are met with the SetCycleDepth
macro, it is specified that the hole depth will be determined
by the system variable for position information # 5001.
This is the variable in which the final X-axis coordinate is
stored relative to the current operating coordinate system.
The Text field of the SetCycleDepth macro is set to 0,
which means that the value in the address is set to absolute.
The CycleAxis macro determines the axis along which the
machining is performed, depending on the selected
working plane, in this case the X axis. The XAxisMotion
macro indicates movement along the X axis. The G88
cycle settings are made in a similar way, using the
CyclesTap macro.

I1l. CONCLUSION

1. The special M-commands used in the operation of
the real machine Emco Maxxturn 45 and control Fanuc 18i
TB are configured, using Vericut Macro.

2. Fixed cycles for machining radial holes are
configured using Vericut Macro

ACKNOWLEDGEMENTS
The author would like to thank the Research and
Development Sector at the Technical University of Sofia
for the financial support.

REFERENCES

[1] www.cgtech.com

[2] www.webspring.ncsimul.com

[3] Kaldashev Ts., Developing a kinematic model for turning center
with sub-spindle with Vericut, Youth Scientific Conference
"Machines, Innovations, Technologies”, November 8-9, 2018,
"Bulgarian Journal of Engineering Design", pp. 35-40, ISSN 1313-
7530, issue No37

[4] Vericut Help

[5] FANUC Operator's Manual Series 18i- MB

[6] Programming/Operation Fanuc 18i — Turning Maxxturn 45, PMC-

Emco, V490


http://www.cgtech.com/
http://www.webspring.ncsimul.com/

Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 13" International Scientific and Practical Conference. Volume 3, 137-141

Microstructure and Properties of High
Chromium White Cast Irons Alloyed with Boron

Julieta Kaleicheva
Faculty of Industrial Technology
Technical University of Sofia
Sofia, Bulgaria
jkaleich@tu-sofia.bg

Zdravka Karaguiozova
Space Research and Technology
Institute
Bulgarian Academy of Sciences
Sofia, Bulgaria
karazuzi@yahoo.com

Abstract - The microstructure and mechanical properties
of high chromium white cast iron with composition:
2,6+3,4% C; 0,9+1,1% Si; 0,8+1,1% Mn; 1,0+1,3% Mo;
12,3+13,4% Cr, additionally doped with boron in an amount
of 0,18% to 1,25% is investigated. The microstructure of six
compositions of white cast irons is studied by means of an
optical metallographic analysis - one without boron, and the
others contain 0,18%; 0,23%; 0,59%; 0,96% and 1,25%
boron.

A test is performed to determine: hardness by the
Rockwell method; microhardness; bending strength and
impact toughness. It was found that at a boron content of
0,18%; 0,23% and 0,59%, the structure of white cast irons is
subeutectic, with impact toughness in the range of 1,80+1,52
J/cm2; with a boron content of 0,96%, the structure of white
cast iron is close to the eutectic, with impact toughness 0,98
J/lcm2 ; at a boron content of 1,25% the structure of white
cast iron is supereutectic and the impact toughness decreases
to 0,68 J/cm2.

With a change in the boron content from 0,8% to 1,25%,
the amount of carbide phase in the structure of white cast
iron increases, which leads to an increase in hardness from
53 to 59 HRC. The highest bending strength (Rmi=660,85
MPa) was obtained in white cast irons with a boron content
of 0,23%.

Keywords - high chromium white cast iron, boron,
microhardness, hardness, impact toughness, bending strength
INTRODUCTION

High chromium white cast iron is white cast iron with
high chromium content between 11% and 30% and carbon

Krasimir Kirov
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Kazanlak, Bulgaria
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Valentin Mishev
Faculty of Industrial Technology
Technical University of Sofia
Sofia, Bulgaria
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between 1,8-3,6%. The presence of high chromium content
in the white cast iron volume leads to the replacement of
some parts of iron carbide with chromium one. The
hardness and the toughness of which is higher than iron
carbide in unalloyed white cast iron. The proportional
dependence is observed between the carbon and chromium
content increase and improvement in the hardness and wear
resistance of white cast iron [1, 3, 4, 8]. In the high-
chromium irons, as with most abrasion-resistant materials,
there is a trade-off between wear resistance and toughness.
It is found that the abrasive wear resistance of high
chromium cast iron (HCCI) alloys rely on their chemical
composition and microstructure [4, 8]. By varying
composition and heat treatment, these properties can be
adjusted to meet the needs of most abrasive applications
[3, 7]

High chromium white cast irons have not only excellent
wear but in addition a good corrosion resistance results
primarily from the presence of high-volume fraction of
very hard eutectic carbides in a strong supporting matrix in
their microstructure. Due to inexpensiveness of the high-Cr
white cast irons they are used for production impact coal
crusher hammers, pulveriser rings, chute liner, and hard
facing alloys of rolls or molds [4]. These properties of
white cast iron could be improved by adding some
elements mostly elements forming strong carbides as
molybdenum, vanadium, boron [9-11]. In [1] authors find
the formation Mo,C by molybdenum addition less than 2%.
This could not improve its hardness in as-cast condition,
but the vanadium and boron addition improve the hardness
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of high chromium white cast iron significantly [8]. The
influence of both elements is different. Vanadium dissolves
into the austenitic matrix and carbide M,Cs, while boron
generates finer structure of eutectic carbide, needle like
structure (upper bainite) matrix, and martensite on carbide
boundary [1]. In high boron white cast iron with 4 wt%
chromium modificated with rare earth magnesium alloy the
primary austenite and the eutectic borides are refined. After
High temperature heat treatment of this alloy granulation
of the borides and the improvement of toughness and
tensile strength are observed [2]. Investigation of the
destabilization heat treatments undertaken at temperatures
of 825, 900 and 975°C for 25 minutes shows for the iron
containing boron, a density of carbide particles per square
micron at 825°C, is more than this one achieved at 975°C.
In the case of the alloy without boron additions, the same
relation is defined, but the quantity of the carbides is
significantly less. Higher volumes of carbide precipitation
imply higher values of bulk hardness and microhardness in
the alloys. The results suggest that boron works as nuclei
for the precipitation of secondary carbides [5]. A similar
effect of hardness and wear improvement is determined
due to additions of titanium of 1%, 3% and 5% to a 12%Cr-
3%C white iron. Some part of carbon is consumed to form
primary TiC during solidification and a decrease in the
carbon content in the alloy occurs. The results are decrease
in the eutectic M;Cs; carbide volume fraction and
promotion a more martensitic matrix. The best
combination of austenite/martensite matrix reinforced with
primary TiC carbides was obtained at 3% amount of
titanium results in best wear behavior, whereas bulk
hardness increases proportionally with the increase in the
amount of titanium. Heat treatment leads to the
precipitation of secondary carbides occurred within the
matrix, which improved the wear resistance of most irons.
The best behavior is observed again at 3%Ti iron, which is
caused by obtained microstructure; particularly in the well
distribution of primary TiC carbides within the matrix [6].
Significant impact of the heat treatment process on the
Microstructural Characteristics and Mechanical Properties
High-Cr White Cast Iron Alloys is manifested in the work
[7]. The work shows an essential role of the temperature
increase during heat treatment on the change of the
microstructure and therefore on the improvement of the
wear resistance through microstructure refinement and in
situ formation of fine new carbides. The -carbide
morphology also influences on the wear and fracture
behavior of high chromium white irons. The increase of the
carbide volume fraction for the austenitic and martensitic
structures is a reason for the hardness increase. The
austenite content influence on the abrasion resistance at
least to 20-30% level. The quantity above this level of
austenite content abrasion resistance is independent.
Destabilization heat treatment for high-Cr white cast irons
is employed to obtain the martensitic structure for
improving the toughness and abrasion resistance of these
cast irons [7]. The presence of the carbide forming
elements in high carbon cast irons play a significant role in
their influence on the wear resistance. Chemical
composition of these irons’ forms different proportion
content between M7Cs, M3C and M23Cs which determines
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their different morphology and hence different exploitation
properties. Authors in [8] investigate effect of boron on the
structure and properties of 13Cr-2,3C Chromium white
irons. Increase in the boron content above 0,39% leads to
higher tendency of boron-carbide formation. The
prevalence of M;C3 carbides and a small quantity of MsC
carbides is observed in the structure of the basic Fe-Cr-C
alloy. Increase of the boron content increases the amount
of MsC carbide, while the volume fraction of the M-C;
carbides remains unchanged. In the highest boron content
about 0,59 wt% secondary M23C6 carbides appear in the
structure. The assumption of the formation of complex
compounds of the type M;3(C,B) and My3(C,B)s is
suggested [8].

The alloying of ductile cast irons with boron from 0,03
to 0,135% leads to formation of eutectic carbides from 9 to
27% in the iron structure. On the base of this irons new
composition of carbide austempered ductile irons (CADI)
with structure of lower and upper bainite are produced.
These cast irons possess up to 3 times higher wear
resistance during abrasive wear compared to this one
without boron. In the structure of which there are no
eutectic carbides (ADI) [12].

High chromium white cast irons are increasingly used
in the practice as a wear-resistant and corrosion-resistant
material. The additional alloying of these cast irons affects
the chemical composition and dispersion of the carbide
phase and the structure of the metal base after casting and
heat treatment.

The aim of the present study is to investigate the
microstructure, mechanical properties and wear resistance
during abrasive wear of high chromium white irons,
alloying with boron.

MATERIALS AND METHODS

The samples from high chromium white cast irons
alloying with boron from 0,18% to 1,25% are investigated
(table 1). These samples are made of test specimens sized
@30 x 340 mm, cast insand molds.

The microstructure of six compositions of white cast
irons is studied by means of an optical metallographic
analysis - one without boron, and the others contain 0,18%;
0,23%; 0,59%; 0,96% and 1,25% boron. The
microstructural analysis is performed by means of an
optical metallographic microscope NEOPHOT 32. The test
samples are processed in the reagent composition: 20g
CuS04, 100ml HCI, 100ml C,Hs0H.

A test is performed to determine hardness of the studied
white cast irons by the Rockwell method (HRC). The
microhardness HV,; of the metal matrix and the carbide
phase in the structure of cast irons with loading 100g is
defined.

The impact toughness KC is performed by Charpy
impact test. The tested samples used are sized 10x10x55
mm without notch.
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The bending strength is carried out. The patterns are
tested on the universal test machine with a bending device.
The bending strength is determined by the formula:

R = 8L Epax/

(m.d?) (1)

where Fmax is @ maximum load, N; dc is an average
diameter of the test body in the load place, mm.

The wear resistance during abrasive wear is
investigated as measured loss of mass in terms of dry
friction under load of 1,5 kg during 10 min. The tested
sample sized o 30x40 mm circles with speed n=150 min,
pressed on an abrasive disc 99BA60R7V sized 250x20x20
mm .

TABLE 1 CHEMICAL COMPOSITION OF HIGH CHROMIUM
WHITE CAST IRON ALLOYED WITH BORON

sample Chemical element, %

Ne c Si | Mn | Mo cr B

| 3,23 0,88 1,07 1,08 13,406 -
1 2,58 101 | 106 | 1,28 13,501 0,18
1 3,22 1,11 1,06 1,27 13,351 0,23
v 2,77 1,00 0,93 1,05 13,175 0,59
\Y 3,35 091 | 085 | 1,01 12,698 0,96
\ 3,23 1,08 | 0,89 | 098 12,316 1,25

RESULTS AND DISCUSSION

Fig. 1 show the microstructure of high chromium white
cast irons compaosition presented in table 1. The structure
of the cast iron without boron is subeutectic (fig. 1a).
Alloyed cast irons with 0,18%; 0,23%; 0,59% boron
possess also subeutectic structure, but boron presence in
the mentioned content decreases the grain size of the
primary austenite and is a reason for the formation of a
more dispersed structure (fig. b, ¢, d). The more quantity of
boron in these cast irons persist the increasing part of the
carbide eutectic is observed in their structure. At 0,59%
boron (fig. 1d) the cast irons structure still is subeutectic,
but it contains a large quantity of carbide eutectic. At boron
content more than 0,6% to 1% the cast irons structure is
approaching the eutectic. The microstructure of high
chromium white cast iron with 0,96 % boron is presented
in fig. le. Besides carbide eutectic a certain amount of
primary carbides is observed in this microstructure. At 1,25
% boron content super eutectic structure of the cast irons is
noted with rude primary carbides up to 70um size (fig. 1f).

The increased percentage of the boron content in the
tested cast irons structure leads to the quantity of the
carbide phase increase (the volume of the carbide eutectic
increases and in the cast irons with 0,96 and 1,25% boron
primary carbides are formed). This explain hardness
increase from 53,5 HRC at 0,18% boron to 57,5 HRC at
1,25% boron (table 2).
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The influence of the boron content on the impact
toughness of the tested cast irons is shown in fig. 2 and
tabl.2. For the cast irons without boron and for those with
0,18 and 0,23 % boron the rates of the impact toughness
are close and are in the range from 1,88 to 1,72 J/cm?. The
increased percentage of the boron content is a reason of the
quantity increase of the carbide phase in the cast irons
structure and results in the impact toughness decrease from
1,52 J/cm? at 0,59% boron to 0,68 J/cm? at 1,25% boron.

o 1
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oW ﬁ%’%ﬁ"?p ;4;
GO b ‘:' . ¥ ?EL"'
2 4 “%‘} \:‘.2_\\#"7/’ 'Jrg-’,\‘
: s
84y

Microstructure of high chromium white cast irons alloyed
with boron x100. a) - 0% B; b) - 0,18% B; c) - 0,23% B;
d) - 0,59% B; ¢e)-0,96% B; f)-125% B

TABLE 2 BENDING STRENGTH Rwmi, IMPACT TOUGHNESS KC
AND HARDNESS HRC OF HIGH CHROMIUM WHITE CAST IRON
ALLOYED WITH BORON
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| - - 1,88 536,80
1 0,18 53,5 1,80 531,20
1l 0,23 54,0 1,72 660,85
v 0,59 56,5 1,52 391,43
\ 0,96 57,0 0,98 374,74
\ 1,25 57,5 0,68 293,27

From the performed bending test the bending strength
Rmi is defined for the tested high chromium white cast irons
with a different boron content (fig.3, table 2). The highest
bending strength is achieved for cast irons with 0,23%
boron (Rmi = 660,85 MPa).

—
L

Impact strength, KC (J/em?)
T =

—

il m w v VI
Sample

Fig.2. Dependence of the impact toughness KC on the boron content
in high chromium white cast iron
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Fig.3. Dependence of the bending strength Ry on the boron content
in high chromium white cast iron

The change of the microhardness HVy: of the metal
base and of the carbide phase depending on the boron
content in the studied cast irons is presented in fig.4, fig.5
and in table 3. In the alloyed with chromium white cast
irons depending on the percentage of the chromium content
it is possible to observe the following carbide phase in the
eutectic: M3C, M7Cs or M23Cs [3]. In the irons with ~13%
chromium the eutectic carbide is M7Cs. The addition of
boron in the cast irons depending of its content this boron
can alloy the carbide phases as well as to lead to the
appearance of additional carbide phases [3,8]. The highest
microhardness of the carbide phase in the boron alloyed
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cast irons of 1749+1854 HV, 1 (fig. 5) is achieved at 0,96%
boron. The dissolving of the boron in the austenite probably
increases its resistance to transformation during cooling.
The metal base structure at a room temperature could
consists as ferrite-carbide mixtures (perlite, sorbite,
troostite) as well as nonequilibrium structures (bainite,
martensite) and retained austenite. The lowest
microhardness is determined for the metal base in the cast
irons without boron and the highest - in the cast iron with
0,96% boron (825 HV,) (fig. 4).

TABLE 3. MICROHARDNESS HV( 1 OF THE METAL MATRIX
AND CARBIDE PHASE OF HIGH CHROMIUM WHITE CAST IRON
ALLOYED WITH BORON

Sample Ne B, % HVo1
metal matrix 672
| - 1427
carbide phase
1402
metal matrix 766
1 0,18 1097
carbide phase
1288
metal matrix 776
1l 0,23 1354
carbide phase
1226
metal matrix 786
\% 0,59 1533
carbide phase
1226
metal matrix 825
\Y 0,96 1854
carbide phase
1749
metal matrix 766
\ 1,25 1402
carbide phase
1783
800
s—:‘
= 750
£ 700
2
2
650
600 I n v v vl

Sample

Fig.4. Dependence of the microhardness HV,; of the metal matrix on
the boron content in high chromium white cast iron

The lowest mass loss during abrasive wear test in dry
conditions friction is defined for irons alloyed with 0,18 %
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boron. The alloyed cast irons with 0,18; 0,23 and 0,59%
boron, show higher wear resistance than this one without
boron. The highest mass loss is determined during abrasive
testing of alloyed cast irons with 0,96 and 1,25% boron
(fig. 6, table 4).

18001

= 16001

V

14001

Microhardness, H

“12004

1000

I I

ur I
Sample

Fig.5. Dependence of the microhardness HV, ; of the carbide phase on
the boron content in high chromium white cast iron

v VI

TABLE 4. TEST OF WEAR OF HIGH CHROMIUM
CAST IRON ALLOYED WITH BORON

Sample Ne | B, % Mg, g m, g Am,g
1 - 142,5032 | 142,2341 | 0,2691
1 0,18 | 147,4415 | 147,2946 | 0,1469
i 0,23 | 145,9076 | 145,7297 | 0,1779
v 0,59 | 143,6850 | 143,4546 | 0,2304
\% 0,96 | 143,8705 | 1435771 | 0,2934

\Y/| 1,25 | 147,6045 | 147,2214 | 0,3831

Am, g |
0,404 .
I
030+ I
I
|
0.20¢ i }
l |
0,104 : |
I
L ,'
025 050 075 100 125B%

Fig.6. Amendment of the weight loss Am during abrasive wear test
depending on the boron content in high chromium white cast iron

CONCLUSIONS

Additional alloying with boron of the high chromium
white cast iron 13,1Cr-3,1C-1,1Mo change the
microstructure of the cast iron. The microstructure of the
cast irons without boron and with 0,18%; 0,23% and 0,59%
boron is subeutectic, with 0,96% boron - is close to the
eutectic and with 1,25% boron - supereutectic. Boron
alloying decreases grain size of the primary austenite in the
subeutectic structure of the cast irons and increases carbide
eutectic dispersion. The highest irons impact toughness is
achieved in the cast irons without boron and in these of
them with 0,18% and 0,23% boron (KC is from 1,88 to 1,72
Jlcm?). The bending strength is highest in the alloyed irons
with 0,23% boron (Rmi=660,85MPa). The alloyed cast
irons with 0,18%, 0,23% and 0,59% boron have higher
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wear resistance compared to this one of the cast irons
without boron.
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Abstract - Fundamental and exploratory research in the The paper presents a project of the power unit that

field of energetics and rational nature management is provides both autonomous and traditional operation of a
currently focused on getting results in the field of the effective power plant having the possibility of recuperating electrical
development and functioning of energy systems. Such energy into the network. The structure and the composition
systems are based on modern electrical equipment, including of such a power unit is proposed, basic control strategies for
electrical machines and controlled power converters (active an autonomous power generating plant having a capacity of
rectifiers and regenerative units (AC/DC), direct voltage up to 15 kW, operating from the variable low speed engine,
converters (DC/DC), inverters (DC/AC)), conventional and also having the other sources of alternative energy with the
non-traditional electric power based on renewable energy possibility of power accumulation are considered.
sources (RES).

Keywords - autonomous power facility, microgeneration,

The Program of basic research in the Russian Federation module power systems control, recuperation.

on a long-term period (2021-2030 years) comprises the actual

problems of development of energy supply, energy efficiency, I. INTRODUCTION

renewable and alternative sources in industry and Federal Law of the Russian Federation of December 27,
agriculture, including the issues of production technology, of 2019 No. 471 "On the amendments of the Federal Law "On
conversion and storage of electric power. Electric Power" in part of the microgeneration

development" has defined the concept — "microgeneration
facility"[1]. It is the facility for the production of electrical
energy belonging on the right of ownership or on other
legal grounds to a consumer of electrical energy, and its
power receivers are technologically connected to power

Electric power from the renewable energy sources
requires its continuous correction, equalization and
buffering i.e. a control system for the system operating
modes.
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supply network facilities with a voltage level of up to 1000
V, as well operating on the basis of using renewable energy
sources (including but not limited to). The facility is used
by the consumer for the production of electrical energy for
both covering his own household or industrial needs and
selling it in the manner prescribed by the main provisions
of retail markets functioning if the amount of electric power
produced by this facility does not exceed the maximum
value of the connected power receivers of the consumer and
is not more than 15 kW [1-2].

In other words, it is made possible to sell excess
electricity to the network and subsequently to have an
income, in agreement with the utilities company, from the
autonomous power source on the basis of using renewable
energy sources (wind power plant, solar panels,
hydrogenerator set on water body, etc.) having a power of
up to 15 kW of the three-phase load (3x400 V, 50 Hz).

Electric power from renewable energy sources requires
continuous correction, equalization and buffering of the
power values, that is, a control system for operating modes.

The project seems to be relevant, given the New
Professions Atlas up to 2030. In the field of energy
generation and accumulation new professions include [3]:

local power supply systems specialist;
recuperation systems designer;
microgeneration systems developer;

power generation systems modernization
manager.

Local power systems specialist is engaged in
development, implementation and maintenance of low
power generation systems (wind, solar, bio, etc.). This type
of competence can be used for the owners of country
houses as well as in designing vertical farms.

Recuperation system designer is a specialist who
develops technological solutions for capturing excess
power of moving vehicles, primarily during braking of road
transport, subway trains and urban electric transport. There
is nothing revolutionary in electric energy recuperation, as
it applied now mostly in railway transport, trams and
trolleybuses. But recuperation in autonomous power
supply systems has just been started practicing.

Microgeneration systems developer is a specialist in
developing and designing new technological solutions
related to energy microgeneration according to customer
requirements. Microgeneration is rapidly growing all over
the world including Russia but it is often the case that the
standard solutions cannot be used for one reason or another,
for example, due to climate, and the development of
specialized systems to meet the particular factors is
required.

In addition, expenditure on the elements of an
autonomous-network electric power plant is getting
reduced in the structure of production costs for the reason
of expanding production of solar panels, inverters,
accumulator storage batteries and supercapacitors. There
has been a downward tendency of the cost of the permanent
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magnet synchronous motors (PMSM) that are increasingly
used as starter-generators for autonomous-network electric
power plants.

Il. BASIC POWER FACILITY MODULES

According to forecasts, private alternative energy will
be actively being developed in the next 10-20 years.
Technologies for production, transferring and storing
energy will be automated with the optimization of the
operating modes.

The starting data for the power facility design are
determined by the desire to create an autonomous power
plant for the own needs having the three-phase power of up
to 15kW and the possibility of accumulating electrical
energy and recuperating it to the network.

Let’s determine the main modules for the power facility
— microgeneration module system.

The algorithm for switching the operating modes of the
facility is designed for solid-state relays (SSR) applying.
SSR is module semiconductor block made using hybrid
technology and consisting of power switches using
MOSFETs, IGBTs, thyristors, triacs and the optocoupler
control circuit that performs the function of a conventional
electromagnetic relay coil (Fig. 1).

Modern SSRs using MOSFETs are capable of
withstanding overvoltages of up to 400V whereas SSRs
using IGBTs — up to 1700V at currents of 320-400A, and
SSR using thyristors — up to 1600V at currents of 320A in
single-phase networks and at currents of 120A in three-
phase networks.

Fig 2. shows the network part M1 of the autonomous-
network electric power plant. The input of the system is
global electrical network (3x400V four-wire circuit) with a
bidirectional electric energy meter (e.g. A1820RAL-P4G-
DW-4) [4]) connected to the object by circuit breaker QS.

g

Fig. 1. Solid-state relay.
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Fig. 2. The network module of the power facility.

Power module of active front end (AFE) rectifier
(recuperative converter) (e.g. EPV-R-TPPT-32-380-600,
Manufacturer: «CHEAZ-ELPRI», Cheboksary, RF) is
designed to interact with network. It provides the creation
of the local direct current bus (LDCB) for connection to
one or more sources of power generation and storage as
well as to local controlled frequency converters with
induction motors (pumps, fans, air conditioners, etc.).

Direct current SSR KV1.1 provides the connection of
adjustable voltage Upci (500-700V, 40A, e.g. 5P20.10G1-
40-6, Manufacturer: CJSC «Proton-Impuls», RF) both
when consumers are powered by network and in the mode
of transferring (selling) the excess power produced by
alternative source (recuperation mode).

Fig. 3 schematically shows the power facility
renewable energy sources, at least one three-phase electric
generator converting potential or kinetic energy, the solar
battery modules conventionally connected, forming a
single-phase alternating voltage when SSR KV1.0 is
switched on, and providing the battery charger, if
necessary, when SSR KV2.0 is switched on (L, N to Fig.
4).
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Sun
INV

Fig. 3. The renewable energy sources module of the power facility

Renewable energy sources module M2 may include:
solar panels (sources of DC voltage of the required level
with an inverter (Sun INV in Fig. 3)), wind generator or
wind park, some other prime mover using thermal energy
(rotary-vane external combustion engine, Stirling engine,
gas electric generator using the energy of the natural gas
stored in the gasholder) or hydroelectric generator using
potential and kinetic energy of water.

The number of these sources is determined by the
power requirements of the whole power facility and by
technical and economic parameters including the costs of
implementation.

Solar panels and an inverter (e.g. solar inverter SOFAR
5KTLM-G2 [5]) create the local single-phase AC network
(LspN1 connected with SSR KV1.0, e.g. MD-xx44.Z2D3
from KIPPRIBOR, RF) having a power of up to 5kW.
Switching on SSR KV2.0 provides, if necessary,
recharging the battery pack (or 48V supercapacitor) —
module M4 (Fig. 4). Fig. 4 shows the basic structure of the
power unit forming a three-phase local AC network
(3x400V, 50Hz) and providing the communication with
M1 and M2 modules. The dashed parts M1 and M2 of Fig.
4 are the corresponding parts of the modules presented in
Fig. 2 and Fig. 3 (DC1 and DC2 in Fig. 2 and Fig. 4; L, N,
U, V, Win Fig. 3 and Fig. 4).
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Energy storage device M4 is connected with direct
current SSR KV1.2 which can be switched on to start
initially a vertical-shaft-type wind turbine (together with
three-phase SSR Ka3.Start) using an inverter (INV, e.g.
Unidrive SP). The second local single-phase AC network
(LspN2) can be created, if necessary, using the network
single-phase inverter NetINV (48DC/220AC, e.g. TS-
1500-248B (48-220V), MeanWell (MW)). In the structure
designed, there is an option of providing the local single-
phase AC network by switching SSR KWV1.3 and
connecting the inverter to the buck DC/DC converter
having an output voltage of 42-60V (Upca).
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Fig. 4. The power unit of the power facility.
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The rectifier-inverter unit M3 is the core of the whole
power unit. It provides the generating local three-phase AC
network (LTpN) and connecting sources, power receivers
and energy storage via DC bus using is the boost DC/DC
converter [6].

Three-phase AC voltage LTpN of the microgeneration
module system is formed at the output of M3 inverter INV
and the electric load is connected via transformer TS1. The
load may include charging device CD for recharging the
accumulator batteries of M4.

A large number of types of the autonomous power
plants can have a variable speed of the prime mover (e.g.
wind turbines having the Savonius rotor system, rotary-
vane external combustion engine, hydrogenerator). The
variables speed of the system in the range from 300 to 750
rpm does not allow to ensure the normal functioning of the
three-phase inverter or requires applying the generators of
a special construction with a large number of poles.

One of the tasks of the microgeneration module system
is to provide the consumer with the constant frequency of
the three-phase supply voltage (50Hz, 3x400V). For
variable shaft speed systems the PMSM having the speed
of 1500 or 3000 rpm can be used. (e.g. PMSM of VDM-100
type from JSC “Uralelectro”, RF [7]).

The technical implementation of module M3 is a
complex task, such modules are not produced by industry
but become a viable proposition. The connection to
generation source is made with three-phase SSR
K3.Generation.

The module comprises an active front end rectifier
(AFE) or uncontrolled rectifier (UR), a DC/DC converter
and an inverter having the option of connecting to LDCB
via DC1 and DC2 of M1 (DC+ and DC- inputs), for
example, frequency converters of the series Unidrive
(Control Techniques) or ACS (ABB).

One of the implementation variants is presented in [8].
For transferring electric power from PMSM to LDCB a
DC/DC converter is provided. The DC/DC converter
includes the uncontrolled rectifier, H-bridge having 2 or 4
high-speed power IGBTS, high-frequency transformer
working at a frequency of 20-100kHz, and the bridge
performed with a half-wave rectification and Schottky
diodes and connected to the secondary winding of the
transformer.

I11. BASIC STRATEGY FOR CONTROLLING POWER FACILITY
OPERATING MODES

Let’s consider the main operating modes of the
microgeneration module system in accordance with the
structure given in Fig. 4from the standpoint of the
traditional logic of technological processes control.

Let’s introduce the Boolean variables a, b, c, d, e, f (in
brackets in Fig.2 and Fig.4).

a— switching on/off the mode of power generation from
the prime mover (from PMSM).
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b — switching on/off the starting mode from 48V DC
source.

¢ — switching on/off the load for the local three-phase
network (LTpN) of the power facility.

d — connecting/disconnecting the energy storage M4 to
the DC bus of M3.

e — connecting the global electrical network to the DC
bus of M3.

f — providing the local single-phase network (LspN2)
using a buck DC/DC converter.

For control of the power facility operating modes the
AC and DC SSR controlled with the direct voltage of up to
24V by a programmable logic controller (PLC) may be
used.

Following the analysis of the four input variables (a-d),
let’s introduce new variables:

e (G =a-c-b+d- establishes the generation

mode from the renewable energy source.

This mode should be switched on when the load of the
local network is connected (c = 1), the generation mode
from the PMSM has already switched on (a = 1), and start
of the PMSM had been completed after the DC source M4
had been disconnected (b +d = 0).

e S=b-d-a+ c- establishes the start mode
for PMSM when connecting the DC source

48V.

Table 1 shows the states of the four variables for
determining the basic operating modes of the power
facility. The rows with forbidden modes have been
excluded from the table.

The basic operating modes of the microgeneration
module system are highlighted in bold.

For the basic operating modes 7-9 the Boolean
functions Y1, Y2, Y3 has been synthesized.

Y1 =G -e- f — control function for operation of the
local three-phase network (LTpN).

Y2 =G -e- f - control function for operation of the
local three-phase network (LTpN) and the option of the
local single-phase network (LspN2).

Y3=a-b-c-d-e - control function for providing
the recuperation of excess electric power generated to the
global electrical network (QS = 1).

Fig. 5 shows the test bench having a power of 1,5kW
set up at the Electric Power Engineering, Electric Drive and
Automation Systems Department of Pskov State University
(PskovSU).
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TABLE 1 OPERATING MODES

Operating Mode

Switched Off

Power supply from the solar panels of
M2 module if available and connected to
SSR KV1.

Providing the local low-power single-
phase AC network for supplying the
single-phase AC load using using the
DC/DC converter and the network
single-phase inverter.

Operating from the global three-phase
AC network via the recuperative
module M1 providing the local network
3x400V having a power of up to 15kW.
Reactive energy accumulation. QS =1.
DC bus Upcs is additionally created. A
buck DC/DC converter is used.

Starting a wind power plant from an
external 48V DC source.

DC bus Upcs is additionally created. A
buck DC/DC converter is not regired.
Starting a wind power plant from the global
electrical network while the 48V DC
source is disconnected from inverter INV.
Carried out briefly by the operator for the
initial start.

Generation from a wind power plant.
Providing the local autonomous network
3x400V having a power of up to 15kW
(output variable Y1).

Generation from a wind power plant.
Providing the local autonomous network
3x400V having a power of up to 15kW
and additionally DC bus Upcs. A buck
DC/DC converter is wused (output
variable Y2).

Energy recuperation to the global
electrical network after switching off the
local 3x400 network (variable ¢ changes
from 1 to 0, and variable e from 0 to 1)
(output variable Y3).

The test bench allowed to carry out the studies, that
confirmed the efficiency of the innovative microgeneration
module system presented in the authors publications
[6, 9, 10].

Fig. 5. Test bench.

The studies carried out correlate with the data published
in [11], which indicated that “one of the problems of
electromechanics, which has not received a high effective
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solution, is the conversion of the mechanical energy of the
driving shaft having the variable speed into the electrical
energy with the specified quality indicators: stabilized AC
voltage and frequency or stabilized DC voltage”.

IV. CONCLUSIONS

1. The module structure for the microgeneration facility
has been developed.

2. It is recommended to apply a permanent magnet
synchronous machine (PMSM) as the electric generator for
the wind power plant [12].

3. The limited possibilities of output voltage control in
the structures with PMSM without applying mechanical or
electrical multiplicators require the creation of the special
power unit of the module type, consisting of a rectifier
module (controlled or uncontrolled), a boost DC/DC
converter and a conventional three-phase inverter.

4. The experimental studies have shown the efficiency
of the individual modules of the power facility with the
admissible values of the indicators of electrical power
quality [9, 13].
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Aluminum Based Composites Obtained by FSP
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Abstract - The composites based on aluminum alloys
obtained by friction stir processing (FSP) combine the
advantages of lightweight aluminum composites with the
well-refined structure obtained by deformation in plastic
state. When reinforcing elements in the form of powders or
nanoplates are introduced in the process, of mixing they are
evenly distributed in the processes zone, which acquires a
fine-grained structure. The study examines specific results in

l. INTRODUCTION

The composite materials, called "composites” for
brevity, have a complex of useful qualities and are widely
used nowadays. In most cases the application of metal
matrix composites (MMC), and in particular aluminum
matrix composites (AMC), is limited due to their high cost
despite their high performance combined with low weight
[1]. Extremely good opportunities for creating composites
are provided by the technology for friction stir processing
(FSP) [2], [3] and the technology friction stir welding
(FSW) for in non-detachable joining.

Both processes FSW and FSP, as the former is
developed by TWI Cambridge, UK [4] in 1991 and the
latter is developed by Mishra, India [2] in year 2000, are
based on the same principles. The main parameters of the
process, which determine the properties of the processed
layer, are the applied load, tool rotation velocity, traverse
velocity of processing, and tool type and geometry. The
process FSP has acquired worldwide spread due to the
following advantages [5] - [7]:

e Can be realized on universal metalworking
machines and machining centers;

e No expensive consumables, additive materials
or gasses, etc. are required;
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the use of various tools and materials, as well as some basic
parameters of the process in terms of surface smoothness,
defects and some performance characteristics of the tested
samples, such as strength, ductility, hardness and corrosion
resistance.

Keywords - aluminum alloys composites, friction stir
processing (FSP), fine-grained structure, nanoplates

e No specialized power source is required;

e The temperatures are lower than those for
conventional overlay welding and the alloying
elements are preserved;

e The material is not melted but only plasticized,
so there is no distortion and stability of the
geometric dimensions is ensured;

e Allows surface processing of dissimilar
materials;

e The costs for pre-cleaning and sanding after
processing are reduced,;

e Allows to process a specific area of the
surface;

e The process is clean and protects the
environment and human health;

e Refinement of the microstructure due to the
intensive mixing. The results achieved after
FSP are grain refinement, breaking the non-
metallic inclusions and the coarse dendritic
structure, and occurrence of dynamic
recrystallization, characterized by a large
number of high-angle grain boundaries [6].
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FSP is used as an excellent technique for making MMK
with reinforcing or modifying powders introduced and
uniformly dispersed in the processed area.

1. GEOMETRY OF THE TOOLS FOR FSP

The geometry of the tool is one of the most important
factors in FSP, which plays a key role for stirring the
material. The speed with which FSP is carried out depends
on the tool geometry. The tool for FSP consists of shoulder
and pin, as is shown in Fig. 1.

Retre
Si

ating
de

Fig. 1. Scheme of FSP [8].

The tool has two main functions: (a) local heating, and
(b) stirring the material. On the initial stage of entering the
tool, the heating is obtained mainly by the friction between
the pin and the part. Additional heat is released as a result
of the deformation of the material. The tool penetrates the
material until the shoulder comes in contact with the top
surface. The friction between the shoulder and the part
leads to the release of a large amount of heat. From the
point of view of the heat released, the relative size of the
pin and the shoulder is important.

The second function of the tool is to "mix" and "move"
the material. The uniformity of the microstructure and the
properties, as well as the efforts in the process depend on
the design of the tool. The most commonly used tool
combines a concave shoulder with threaded cylindrical
pins, see Fig. 2 [9].

Fig. 2.
(a) neutral flutes, (b) left flutes, and (c) right hand flutes
(after Thomas et al.) [9].

Flared-Triflute TM tools developed by TWI, UK:

The main factor determining the advantage of tools
with threaded pins and flutes over the conventional
cylindrical pins is the ratio of the entrained volume of the
material during rotation to the volume of the pin itself, i.e.
ratio between the "dynamic volume" and the "static
volume"”, which is important to ensure adequate flow
during mixing. Typically, this ratio for pins with similar
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root diameters and lengths is 1.1: 1 for conventional
cylindrical pin, 1.8:1 for pin model WhorlTM, and 2.6:1 for
pin model MX TrifluteTM (in welding plate with thickness
25 mm) [9].

©

Fig. 3. Tool shoulder designs [10].

Different tool shoulder profiles are designed to suit
different materials and conditions of processing, see Fig. 3.
These shoulder profiles improve the quality of processing
and ensure reintroduction of the plasticized material into
the stirring zone.

The profile of the pin in Fig. 4 has a significant impact
on hardness, strength and wear resistance [11].

4
n

24

it size 1)

. 12 Nus, Length 10, Widdh 1 (sl Unit: mm
: 30°

annels
2 0.5

Fig. 4. Tools used in FSW process showing knurling
shoulder feature [11].

As a result of the research performed regarding the type
of instrument, the following conclusions can be made:

Defects, such as delamination, tunnel defects
and imperfections, are observed in the
microstructures of the areas processed with the
individual tools, which are probably due to the
unstable flow of the plasticized material due to
improper combination of geometry of the pin
and the shoulder.

The best results are observed with a tool
having square pin and shoulder with knurling
re-entrant channels, which ensures uniform
distribution of the plasticized material, both on
the advance side and the retreat side of the
weld.

The instrument with a square pin and a
shoulder with knurling re-entrant channels
also shows the best values for ultimate tensile
strength of 182 MPa and hardness of HV78.
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TABLE 1 FORCE, TORQUE AND MECHANICAL PROERTIES OF WELDS WITH
DIFFERENT TOOLS [11]

Sample Todl Namber of  Static todynamic  Axial  Tooltorque®  UTS*  Avg micro-bardoess
No - sdes () volumersbo  forceMN  ONm)  MPa  mstir zo0e® (HV)
Taper cylindrical pin
1 - 1 65 589 17240.5 702
shaped tood (T}
Triangular pin shaped -
2 4 4 T -
ey 3 24 5 4.5 178410 621
Square pen shaped

: toal (Tiks !

Pentagonal pin shaped
toal (Tely
. Hexagoal pin shaped
i tool (Tghy
*Averape of thiee reading values. 8 Maxmum recorded force jonque @ entee welding

18240.8

4 5 132 1711206

& 12

172512

Similar results are obtained in FSP of composites based
on Al-Mg alloy (4 wt% Mg) reinforced with 1wt% SiC and
1wt% graphite particles [12]. In addition to providing
reliable joining, the FSP carried out significantly affects the
mechanical properties of hardness, tensile strength and
wear resistance. The reduction of the grain size, according
to the mathematical dependence derived by Hall-Petch,
gives information about the quantitative change of the
mechanical characteristics. The heat released due to
friction of a tool with a square-head pin is significantly less
than that in case of hexagonal- or octagonal-head pins. The
smaller grain growth in the stirring zone occurs in the
process of cooling to room temperature. This means that
the use of a tool with a square head pin provides enhanced
mechanical properties.

Aluminum alloys of all series can be subjected to FSP.
There are data for FSP of alloys of dissimilar composition.
There are a humber of techniques used to obtain AMCs
using FSP, which are described below.

111. OBTAINING AMC BY INCORPORATING REINFORCING
PARTICLES INTO THE MATRIX THROUGH CHANNELS AND
FURTHER FSP WITH A TOOL WITHOUT PIN OR A TOOL WITH
TAPERED PIN [7].

Fig. 5 [7] shows the scheme of FSP for obtaining AMC

based on alloy AA 6061-T6 with different concentrations
of reinforcing Al203 particles.

Fig. 5.

Obtaining AMC through FSP [7].

The microstructures of nano composites obtained
through different modes of FSP are shown in Fig. 6.
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Fig. 6. Microstructures of composites with concentration
of nano particles (a) 2%, and (b) 6% [7].

It was found that a defect-free structure was obtained at
concentration 2 vol. % of the reinforcing nano particles,
tool rotation speed 1120 rpm, traverse speed 16 mm/min
and a threaded taper pin tool with concave shoulder. Fig. 7
displays the comparison between the hardness of
composites with 2 vol. % and 6 vol.% nanoparticles with
respect to the raw material.
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Fig. 7. Hardness of the composites [7].
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It is obvious that at rotational speed 1120 rpm, traverse
speed 16 mm/min, and 6 vol. % concentration of Al203
nano particles the hardness of the obtained composite
reaches 132 HV.

V. OBTAINING AMK BY INCORPORATING
REINFORCING PARTICLES INTO THE MATRIX BY
DRILLING CYLINDRICAL HOLES AND FURTHER

FSP [13].

AMK based on alloy 7075-T651 with reinforcing
nanoparticles of SiC and ash in ratio 60:40, 75:25 and 90:10
and concentrations 4%, 8% and 12% volume percentages
are obtained by FSP [13]. The processing is performed
under the following parameters:

Microhardness (HV)

e Tool rotation speed 500, 1000 and 1500 rpm;
e Traverse speed 20, 30 and 40 mm/min. v- Tool Traverse Speed2

IS1 Tool

Surface Blind Holes filled
with reinforcement powders
(SiC + Fly Ash)

wear rate (mg/m)

Fig. 8. FSP by introduction of the reinforcing powder in
blind holes [13].

The influence of these parameters on the microstructure
of composites, wear rate and microhardness is studied.

Microhardness (HV)
2

wear rate (mg/m)

78

Vol%-Volume percentage® 23 )
9 ~ v- Tool Traverse Speed HR- Hybrid Ratio
a) 60 500

d)

Fig. 9. Effects of tool rotational speed, traverse speed and
hybrid ratio on the wear rate and microhardness of
AA7075-SiC/fly ash composites: a), b), ¢), d [13]

20
700 w-Tool Rotational Speed
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The degree of uniformity of distribution of SiC
reinforcing particles mixed with industrial powder in the
base alloy AA7075 is most important for improving the
microhardness and wear resistance of composites.

The minimum wear rate is achieved in the sample
processed with combination of parameters w=1000 rpm,
v=40 mm/min, HR=75:25, concentration 8 vol. %; and the
maximum hardness of 241,2 HV is achieved in the sample
processed with combination of parameters w=500 rpm,
v=40 mm/min, HR=90:10, concentration 12 vol.%.

V. OVERLAPPING FSW OF ALUMINUM ALLOY

AAGB061 WITH INTERMEDIATE GRAPHENE LAYER

The main disadvantage of aluminum based MMCs is
the poor weldability when applying conventional fusion
welding technologies [14], [15]. The defects observed are
inclusions, porosity, chemical interaction between the
materials of reinforcement and matrix, high residual
stresses and cracking due to the substantial difference
between the coefficients of thermal expansion of matrix
material and reinforcement [16], [17]. Their presence
reduces the weld efficiency up to 50% than that of the base
material [18]. Another substantial reason for the reduced
efficiency in fusion welding of MMCs are the metallurgical
aspects, such as the increase of grain size up to 10 times
compared to the base material, along with the large heat
affected zone (HAZ) [19]. These problems can be
effectively overcome by the method of friction stir welding
(FSW).

Over the last decade, graphene has been developed as a
promising reinforcement for various aluminum-based
composites. Its low density and exceptional mechanical
and thermal properties make it ideal reinforcement in
various low density alloys [20]. The large surface of the
graphene sheets favours its strong interfacial connection
with the metal phase of the composite. In solid state
preparation of Al-graphene composite by FSW, a huge
decrease in the degree of wear is also observed [21]. In
another study conducted by Jeon et al. [22] the thermal
conductivity of a graphene-reinforced composite is
increased by near 15% when obtained by FSW.
Khodabakhshi et al. [23] also observe a near 50% increase
in hardness and a threefold increase in strength of
graphene-containing aluminum as reinforcement.

Despite graphene is efficient enough to substantially
increase the strength of the alloy or composite, its
implementation is limited by its lower corrosion resistance
in aluminum alloys, since graphene layers activate the
corrosion of aluminum due to occurrence of galvanic
corrosion [24].

The study reported in [25] shows the increase of
strength of aluminum alloys welded by FSW with
overlapping (Fig. 10), using an intermediate layer of
graphene nanoplatelets (GNP) in the interface of the weld
joint.
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Graphene
interlayer

Bottom support plate .

Fig. 10.  Schematic representation of FSW [25].

The study shows that when using GNP as an
intermediate layer, the strength of the welded joint
increases by 121% and the percentage elongation increases
by 53% compared to the weld without an intermediate
layer. In the case of an intermediate layer weld, the bottom
of the top plate on the retreating side acts as a potential
fracture site due to the presence of an interfacial defect and
an undeformed GNP layer. The strengthening of the weld
is due to various primary reinforcement mechanisms such
as thermal discrepancy, grain refinement, Orowan
mechanism, and load transfer.

The following advantages are also observed when using
an intermediate layer of GNP:

o the type of destruction changes from brittle to
plastic; - the grain size in the welding zone
decreases by ~ 38%;
the height of the Hook Defect HD (CD) and
the cold lap defect CLD decreased by 26% and
41% respectively;
preventing the formation of a layer of Al203
on the surface of the overlap and thus
contributing to a significant strengthening of
the welded joint.

The technique of FSW of aluminum alloys with
overlapping and GNP can also be used to obtain hybrid
metal matrix composites.
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Experimental Compare of the Mechanical
Properties of Pultruded Glass Fibre Reinforced
Plastic Based on Polyester and Vinylester Resin
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Abstract - The main purpose of this study is an
experimental investigation and comparison of the
mechanical properties of pultruded glass fibre reinforced
polymer composite based on polyester and vinylester resin.
For this purpose, the specimens were cut from the walls of
square tube pultruded profile along to the fibres direction.
The mechanical properties of the pultruded composite such
as ultimate tensile strength and ultimate bending strength,
tensile modulus and flexural modulus were obtained. It was
observed that using of vinyl ester resin in pultruded
composite instead of polyester resin enhanced the ultimate
tensile and flexural strength from ~13% to ~24% in
dependence of composite specimen’s thickness.

Keywords - Pultruded unidirectional GFRP lamina, tensile
testing, flexural testing

I. INTRODUCTION

Modern composites are widely used now in different
engineering constructions due to their high stiffness-to-
weight and strength-to-weight ratios [1], [2] and high
dissipative properties [3], [4]. The mechanical properties of
composite materials are estimated in most cases by using
conventional fracture methods [5]-[6], ultrasonics [7] and
inverse technique based on low-frequency vibrations [8]-
[10].

Pultrusion is one of the fastest growing manufacturing
processes within the composites market. It is a continuous
and cost-effective technology and is widely used for a
production of high strength fibre-reinforced polymer
composite profiles with different cross-sections [11].

During the manufacturing process, the reinforcement
materials (fibres in the form of roving and mats) are pulled
through an impregnation bath, containing a resin, and then
fed into a heated forming where shaped into the geometry

Andrejs Morozovs
COMPOR Ltd

Riga, Latvia
andrejs.morozovs@compor.lv

of pultruded profile. Finally, the profile is pulled out of the
heated mould and cut according to desired length [12].

In literature, many different numerical and
experimental techniques are carried out to design
pultrusion processes. Mostly, thermo-chemical modelling
in transient and steady state analyses are developed for a
better understanding of pultrusion processes to analyse the
distributions of temperature and degree of cure inside the
die, using the finite element methodology [13]-[15] finite
difference methodology, based on the nodal control volume
method [16], [17].

Modern pultruded fibre reinforcing polymer (FRP) are
becoming significantly important for the production of a
large variety of products due to their light weight, higher
tensile strength, good environmental resistance, high
durability and electromagnetic neutrality [18], [19]. These
characteristics ensure extensive application in civil
engineering. Pultruded profiles are widely used as main
structural component in bridge and building construction
instead of the traditional materials [20]-[22].

The most common pultruded FRP composites used
continuous fibres in the form of rovings, mats, woven
fabrics and various type resin materials, including
polyester, epoxy and vinyl ester. Combinations of these
materials allows obtain the necessary mechanical
properties of composite used for construction purpose [23].
The knowledge about mechanical properties of various
pultruded GFRP composites significantly grow in last few
years. Many researchers reported advantageous of
pultruded composites by means of mechanical properties.
A systematic study on material properties of pultruded
GFRP composites is very important for extend application
these materials in civil engineering [24]-[26] and
simulation on mechanical behaviour of structures under
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loading. Characterization of mechanical behaviour is not
only an important study for entire structures under loading,
but also for the separate parts in time of their production,
since stresses and deformations caused by the process may
occur [27]- [29].

One of the main component in pultrusion is a type of
resins. Polyester resins is the most widely used type of resin
used in manufacture of pultruded composite. This resin can
be used in the manufacture of anything composite and has
an excellent resistance to corrosion in aggressive
environments. Disadvantage of this polyester resin in
compare to the vinylester resin is low long-term durability.
In addition, the vinylester resin faster in cure and offers
exceptional moisture resistance. The strength of vinylester
is higher than polyester resin but polyester resin is the
cheapest [30], [31].

The main aim of this investigation is an experimental
determination the mechanical properties of pultruded
GFRP composite based on polyester and vinylester resin
and their comparison. Mechanical characteristics include
tensile and flexural modulus of elasticity and ultimate
tensile and bending strength. Specimens with two thickness
and different structures used in this study.

Il. MATERIALS AND METHODS

The pultruded GFRP specimens involved in this study
were manufactured by COMPOR Company. They cut off
from E-glass/polyester and E-glass/vinylester sheets with
6.3 mm and 3 mm thickness, respectively. The sheets cut
off from walls of square tubes. GFRP square tube were
fabricated with unidirectional glass fibre yarn
(48009/1000m) and continuous filament mat (CFM) layers
embedded in polyester or vinylester resin matrix through
pultrusion process. Wall with thickness of 6 mm consist of
outer and internal middle layer of CFM with density 600
g/m? and inside layer with density 450 g/m2. The wall with
thickness of 3 mm consist of two CFM as outer and inside
layer with density 450 g/m?. It can be note that difference
in construction of specimens can lead to distinction in
mechanical properties.

The tension tests were carried out according to ASTM
D3039 [32] in order to determine the ultimate tensile
strength and longitudinal elastic modulus. Specimens were
tested using a universal testing machine ZWICK100 with a
capacity of 100 kN and crosshead movement speed of 2
mm/min. The dimension of specimens are 250 mm long in
the direction of roving fibres and 25 mm wide. Gauge
length of extensometer in tensile testing was 50 mm. The
resulting average values of tensile test results were taken
by repeating nine tests.

The ultimate tensile strength (o7) and longitudinal
tensile modulus (Er) were calculated using Equations (1)
and (2).

or = Pmax/A (1)

Er = Ag/Ac 2)
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where, Pmax is the force that caused failure (N); A is the
cross-sectional area (mm2); Ac is the difference in applied
tensile stress between the two strain points (MPa); Ae is the
difference between the two strain points

The flexural properties of pultruded GFRP composite
specimens were determined according to ASTM D790 [33]
using an Instron E3000 testing machine. The three-point
bending flexural test were carried out to determine values
of elastic modulus and ultimate flexural stress. Flexural
tests were carried out at crosshead speed of 5 mm/min and
using a 3 kN load cell. The dimension of flexural specimens
for thickness 6.3 mm are 120 mm long in direction of
roving fibres and 23 mm wide. The span was chosen
according to recommendation of ASTM D790 standard.
Span-to-thickness ratio, L/t, must be 16:1. Thus span
between two supports is 100 mm. Specimens with 3 mm
thickness has 60 mm long and 11 mm wide. Span between
two supports is 48 mm. The resulting average values of
bending test results were taken by repeating seven tests.

The ultimate flexural stress (o) and flexural modulus
(Es) were calculated using Equations (3) and (4).

3
“4)

O'f = 3PmaxL/2bt2
E; = [3AF /4bh*As

where: Pmay is the failure force (N); L is the support span
(mm); b is the width of specimen (mm); t is the thickness
of specimen (mm); As is the difference in specimen mid-
point deflections (mm); AF is the difference in loads at As
respectively (N).

I11. FRESULTS AND DISCUSSIONS

A. Tensile and Flexural Strength

Table 1 and Table 2 represent the comparison between
tensile and flexural average strength for two pultruded
composite with two type of resins and two thickness,
respectively. The largest value in the tensile and flexural
strength of the pultruded composites were obtained for
composites with vinylester resin.

Replacement of a polyester resin (PE) by vinylester
resin (VE) increases ultimate tensile strength of pultruded
composites (Table 1). The maximum tensile stress reached
448.6 MPa and 353.7 MPa for pultruded composites with
thickness 6.3 mm and 3 mm. The replacement of a
polyester resin (PE) by vinylester resin (VE) gives an
increase of ~18% and ~16%, respectively.

TABLE 1 TENSILE STRENGTH

Numbe Aver Star)da}rd Coeffi_cignt of
Specimen r of Deviation Variation
tests GPa GPa %
VE t=6.3 mm 9 448.6 21.58 5.07
PE t=6.3 mm 9 367.5 23.10 6.62
VE t=3 mm 9 353.7 24.99 7.45
PE t=3 mm 9 295.9 22.97 7.76
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A similar increase is observed for the flexural strength
in the pultruded composites (Table 2). Differences of the
maximal stress between two resins achieve ~13% for
specimens with thickness 6.3 mm and ~24% for specimens
with thickness 3 mm.

TABLE 2 FLEXURAL STRENGTH

) Number Mean Star]da}rd Coeffi_cie_nt of
Specimen of tests Deviation Variation
GPa GPa %
VE t=6.3 mm 7 506.0 20.24 4.00
PE t=6.3 mm 7 439.0 18.24 4,16
VE t=3 mm 7 268.6 21.80 8.12
PE t=3 mm 7 203.0 15.10 7.44

Averaged tensile stress-elongation curves of pultruded
composites with two type of resins is plotted in Fig. 1. The
stress-elongation curves for both type of resins were linear
up to break. It can be observed that elongation at break for
pultruded composite with polyester resin less than for
composite with vinylester resin.
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Fig. 1. Tensile stress-elongation curves of pultruded GFRP specimens
with different thickness and resin.

Fig. 2. shows average flexural stress-displacement
curves of pultruded composites with two type of resins. The
displacement at failure had similar values for the pultruded
composite with polyester and vinylester resin with the same
thickness. The stress increased linearly until failure. The
local destruction of the specimens begins on the lower
surface in the middle of the span.
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Fig. 2. Flexure stress-displacement curves of pultruded GFRP
specimens with different thickness and resins.
B. Tensile and Flexural Elastic Modulus

The average results obtained for the tensile and flexural
modulus with two type resin of the pultruded composites
are presented in Table 3 and Table 4, respectively.

TABLE 3 TENSILE ELASTIC MODULUS

Standard | Coefficient of
Specimen NO??;E; r| Mean Deviation Variation
GPa GPa %
VE t=6.3 mm 9 28.36 341 12.04
PE t=6.3 mm 9 29.25 1.46 4.97
VE t=3 mm 9 22.60 2.34 10.36
PE t=3 mm 9 22.84 2.25 9.84

The pultruded composite with polyester and vinylester
resin have approximately the same results in tensile
modulus (Table 3). Percentage difference between
polyester and vinylester resin does not exceed ~3% and
~1% for composites with thickness 6.3 mm and 3 mm,
respectively.

Comparing the flexural modulis of the pultruded
composite with two type of resin when thickness of
specimens is 6.3 mm no significant differences were
observed between them ~3%.

TABLE 4 FLEXURAL ELASTIC MODULUS

) Number Mean Star}dgrd Coeffi_cignt of
Specimen of tests Deviation Variation
GPa GPa %
VE t=6.3 mm 7 19.78 1.37 6.90
PE t=6.3 mm 7 19.14 1.75 9.15
VE t=3 mm 7 9.90 0.96 9.68
PE t=3 mm 7 7.23 0.66 9.08

The replacement of a polyester resin by vinylester resin
had the negligible influence on the flexural modulus of
elasticity for composites with thickness 6.3 mm (table 3).
The greatest increase of flexural modulus was obtained
only for composites with thickness 3 mm and achieves
~27%. The flexural modulus of elasticity increased from
7.23 to 9.90 GPa.
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The pultruded composite with thickness of 3 mm has a
lower tensile and flexural modulus in compared to the
corresponding values of composites with thickness of 6
mm. Different number of continuous filament mat in
construction of pultruded composite may explain this
difference.

IV. CONCLUSIONS

In the present research, the mechanical properties of
pultruded GFRP composite with combination of two resin
were studied. The knowledge about mechanical properties
of pultruded glass fibre reinforced polymer composite
based on polyester and vinylester resin are important
because this product is relatively light and can be used in
specific places. The experimental testing and analysis of
pultruded GFRP composite were performed with the aim to
investigate the influence of vinylester resin and polyester
resin on the ultimate tensile and flexural strength, elastic
and flexural modulus. For this reason, the composite
specimens with two thickness and two type of resin were
investigated experimentally. The results obtained allow us
to conclude:

e The ultimate tensile strength was obtained for the
pultruded composite with vinylester resin. The
ultimate tension strength increase by ~18% and
~16% for pultruded composites with thickness of
6.3 mm and 3 mm, respectively.

The ultimate flexural strength of pultruded
composites with thickness 6 mm was increased by
~13% from 439.0 to 506.0 MPa. Composite with
thickness 3 mm had the greatest percent increase in
strength ~24%.

The pultruded composite with polyester and
vinylester resin have approximately the same results
of tensile modulus.

The replacement of a polyester resin by vinylester
resin had the neglible influence on the flexural
modulus of elasticity for composites with thickness
6.3 mm. The greatest increase of flexural modulus
was obtained only for composites with thickness 3
mm and achieves ~27%. The flexural modulus of
elasticity increased from 7.23 to 9.90 GPa.
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Systems
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Abstract - The article is devoted to the application of
neural network methods and genetic algorithms in solving
problems of controlling an electric drive of an active
magnetic suspension. The method of rolling moment for
eliminating an imbalance is considered. The scheme of the
neural network controller and the curves of the transients in
the open single-mass electromechanical system and in the
system c of the neurocontrollers are presented.

Keywords - Active magnetic bearing, neural network the
neural network controller, transient simulation.

. INTRODUCTION

Active magnetic bearing (AMB) is a complex
mechatronic device, which makes it possible to achieve the
noncontact suspension of electric machine rotor towards a
stator. The process of fitting the stable rotor position is
accomplished by the magnet gravity power, that influences
the rotor from the side of electromagnets [1]. The AMB
control loop configures the current in magnet coils,
according to measures from the rotor displacement sensors
or by the signal from magnetic flux sensor. The primary
advantages of an AMB system are meant to be relatively
high carrying capacity, high-level mechanical resistance,
ability to gain a persistent non contact body bearing, a
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broad range to vary stiffness and buffering and opportunity
to apply the AMB system in cases of high-speed rotation,
in low and high temperatures. Negative points of applicable
AMB devices are the large cost of a final target device and
the high complexity of both system engineering and
controller implementation [2].

There is a number of issues, which could finally get a
resolution and thus make it possible to reduce both
engineering self-cost and operation cost. One of such issues
is the minimisation of human labour from the perspective
of system design and operational process. The other
relevant problem is the complete AMB diagnostic system
synthesis. These above-described topics can be considered
in terms of artificial intelligence, including neural network
application, that now becomes common use in control
system realisations and in diagnostics of electromechanic
facilities.
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Il. REVIEW OF CURRENT INVESTIGATIONS IN THE PROBLEM

SPACES

A.  Modern view on electromechanic system
diagnostics and operation using neural network
technologies

One of the viable approaches in order to improve the
inspection system functional efficiency and to achieve
better AMB diagnostics could be the application of
complex intelligent computer technologies. The idea of NN
usage in terms of gaining required diagnostic and
propagation results leads to a sufficient attenuation of the
electromechanical system diagnostics process. The ways of
neural network usage in the electromechanical diagnostics
systems are listed below:

o NN application for parameter-oriented valuation of
AMB elements. Here NN provides the ability to compare

the current AMB state and the non-defect element model.

. for

NN application electromagnetic  system
parameters  propagation.  Developing  appropriate
techniques allows to formulate variable relations as

polynomials.

¢ NN application in pattern recognition systems. NN
provides a common classification of an equipment state,
namely the distribution of the current state to one of state
classes (accurate or inaccurate with a concrete defect type),

that is rated by the given trial type or measure type.

Bearing Control Systems

NN application in diagnostics and in electromechanic
facility propagation tasks carries out these several positive
points:

e For neural network algorithm implementation the

minimum of object info is required.

e In case if NN synthesis it is possible to evaluate a
parallel information processing, that, firstly, improves the
system operational speed, and, secondly, leads to a higher

system reliability [3].

B. Direct electric motor torque control using a neural
network

One of the vital issues in electrical motors area is the
problem of current control systems modification via new
non-conventional approaches and control algorithms,
which could be artificial neural networks (NN) and fuzzy-
logic. Among these are the NN stator flux-linkage observer
and the special direct torque control device, published in
IJAREEIE [4, 5].

The main difference of the fuzzy-logic direct control
system in respect of the traditional one, based on an
optimized switch table, is that there occurs a neural block
that identifies the electrical motor parameters and the
parameters of a rotation speed fuzzy controller, see Figure
1. The duty of the neural network block is to calculate
electromotor characteristics [6]. The neuro-fuzzy controller
appears to be an artificial neural network, that is trained by
the regular laws of rotor rotation speed proportional-
integral controller.
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Fig. 1. An asynchronous motor control system with neural network block, Ni, - velocity threshold, N - rotor velocity, v - magnetic flux, M - torque
on the motor shaft, S - control signal, Sf - modulated signal, U - motor coil voltage, | - motor coil current.

The main difference of the fuzzy-logic direct control
system in respect of the traditional one, based on an
optimized switch table, is that there occurs a neural block
that identifies the electrical motor parameters and the
parameters of a rotation speed fuzzy controller, see Figure
1. The duty of the neural network block is to calculate
electromotor characteristics [6]. The neuro-fuzzy controller
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appears to be an artificial neural network, that is trained by
the regular laws of rotor rotation speed proportional-
integral controller.

The rotor rotation speed controller provides better
quality and higher speed of the transient process.
Therefore, the combination of fuzzy controller and



Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 13" International Scientific and Practical Conference. Volume 3, 159-162

parameters identifier block in the electrical motor system
would lead to the speed improvement of the controller
itself, as well as to higher adaptiveness due to data
integrating.

C. AMB control torque method using multilayer
perceptrons

The current discovery is about the neural network
application in terms of AMB control with torque method.
This new method can be applied to the active magnetic
bearing in order to eliminate the unbalance [7].

Torque method is used for training the NN with the aim
to minimize the error between an estimated model and the
real model of the AMB. The dynamic equation of the AMB
is given by (1) [8].

Diglig + hlg.q) + 1T =u 1)
where D- tensor of inertia, q - rotor position matrix, h -
rotor Coriolis matrix, T - rotor mechanical energy, U -

external torque matrix.

Since there are always uncertainties, the ideal error
response cannot be achieved in general. The neural network
controller is introduced to compensate these uncertainties.

The new control law can be written as (2).

u(t) = f)'[qj:a'['x )+ h (q.q)+ 7,

(@)
where v - rotor acceleration matrix, 7, - neural network
output value, u(t) - control signal.

The NN output 7z, cancels out the uncertainties
caused by the inaccurate model in the computed torque
controller.

The NN controller scheme is depicted on the Figure 2

[9].

+'T [ }(} T

+

1
Estimated model|:_

+

— D

i

Model
e

Fig. 2. Representation of the neural network controller, 7, - neural

network output, u - rotor external moment matrix, 7,,, - math model

A A
output, 7, =U—7,,,, D - estimated tensor of inertia, - estimated

rotor Coriolis matrix, g - rotor position matrix

Current study discovers the performance of the
proposed NN controller. System temporal responses are
investigated via modelling both standard PID-controller
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and the NN controller in Matlab. The process is modelled
on five AMB axes, three choices of estimated model are
highlighted. Figure 3 shows, for instance, the results for the
variable estimated model.

Simulations done in the study show very clearly the
improvement of responses by NN controller for a magnetic
bearing under a computed torque control, compare with
classical controllers.
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Fig. 3. Diagram representing the answers on the five axes for the variable
estimated model, in red-1: System with MLP, in blue-2: PID alone, and
in green-3: the desired answer

D. The application of NN approaches and genetic
algorithms in objectives of electric motor control

Although the existing approaches of electromotor
automatic control system synthesis, as, for instance, modal
control approach, make it possible to develop well-
controlled systems, the practical realization of such
systems leads to a variety of technical problems. These are
namely the necessity to get hard-to-measure control
variables (such as the moment of elasticity) and in some
cases the inability to built synthetic parameters in practice
because of restrictions, that exist on real electrical motors.
The replacement of linear controllers that are in service
with non-linear ones can provide the proper output control
response using less signal-from-coordinate dependencies.
The opportunity for such a replacement is achieved owing
to a non-linear controller, designed as the neural controller,
which is actually a neural network (NN) [10].

In current topic the usage of NN and genetic algorithms
with electrical motor devices lies over the concrete object
assignment, which is about suppressing the self-excited
frictional oscillations in electromechanic set-ups with a
non-linear friction pair load.

With the NN usage, the solution is based on a single
feedback of an easy measured axis, and such NN approach
provides, apart from the steadiness, both the motor axis
limitations required and the transient process quality.

As result there is a stable configuration build, transient
processes of the system are depicted in Figure 4. Auto
oscillation is gone and dynamical quality indexes are quite
good enough.
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M Eg

Fig. 4. Transient responses in the open-loop electromechanical configuration (on the left) and in the NN controller system (on the right), M - control
torque, M - friction pair load, E4 - control signal, @ - rotor velocity, t— time.

CONCLUSIONS AND PERSPECTIVES

From the point of current discovery, it can be
concluded, that a variety of investigations is being done in
the area of NN application in electromechanic control and
electromechanic diagnostics. Nevertheless, AMB control
and AMB parameters optimization using NN, as well as
NN usage in AMB diagnostics are quite unexplored and
have a large potential for future investigations, so the
researches and development in this area are certainly
relevant.
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Abstract - Today, methods for marking parts and
components in industrial production are constantly
improving, and they must meet several basic criteria for
active traceability by consumers. The parameter that is of
paramount importance for the quality of the marking is
related to the contrast of the marked sign or QR code. To
achieve optimal contrast, a number of technological factors
and the functional relationships between them must be taken
into account.

The report examines the role of the number of repetitions
on contrast in raster marking of HS6-5-2-5 tool steel
products. The dependences of the number of repetitions on
the speed and frequency are also taken into account - the
main factors in the process of laser ablation. Graphs of the
depth of the marking are drawn depending on the number of
repetitions and the linear density of the pulses. The
experiments were made with a fiber laser. By the performed
analyses the working intervals of processing between the
studied factors are deduced, allowing to achieve the desired
optimal result.

Keywords - laser marking, fiber laser, HS6-5-2-5 steel,
number of repetitions, linear density of the pulses, speed, power
density, contrast.

. INTRODUCTION

Laser marking of metals and alloys is a technological
process that is widely used in production. It is used in
mechanical engineering, automotive, aircraft, military
industry, electronics, in the production of medical
equipment, household goods and more.

The technological process of laser marking has been
studied in the work of some authors [1 - 8]:

Nikolay Angelov
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Gabrovo, Bulgaria
angelov_np@abv.bg

Edmunds Teirumnieks
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The paper [1] presents a study of laser micro processing
of metals by using a high repetition rate femtosecond laser.
On stainless steel (AISI 304), copper and aluminium the
impact of the significant laser processing parameters onto
the machining process was investigated, such as laser
fluency, repetition rate, lateral pulse distance and
polarisation. The machining results were evaluated by the
ablation rate, surface roughness, process efficiency,
material removal rate and the wall-angle. For
complementary discussions the experimental data are
compared with results achieved in theoretical analysis.
Outgoing from the results appropriate laser processing
parameters are derived in order to optimise the machining
process.

The basic factors affecting the laser marking of
products — volumetric density of the absorbed energy and
the number of repetitions, were studied in the publication
[2]. Experiments were conducted of marking the samples
of stainless steel with fiber laser. The dependence of the
contrast of marking from the power density for different
number of repetitions, and also the volumetric density of
the absorbed energy from speed was obtained and the
experimental results analysed.

The report [3] presents the results of the measurements
and analysis of the influence of laser process parameters on
the color contrasting obtained. In this case, the relevant
parameter, the field of high frequencies and low pulse
energy were examined. It describes studies a properties of
the laser radiation, such as, pulse width, average power, the
intensity and beam diameter.

Laser marking tests are carried out on AlSI 304 steel,
using a Q-switched diode pumped Nd:YAG laser in [4].
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The aim is to determine the correlation occurring between
working parameters (i.e. pulse frequency, beam scanning
speed, and current intensity) and resulting mark visibility.
The latter is evaluated as the contrast index measured from
digital images of the marks. To characterize mark features,
its width and roughness are estimated, and analyses
employing optical and scanning electron microscopy
coupled with energy dispersive X-ray technique were
carried out. An empirical model was built, and from it the
best processing conditions for optimum mark visibility,
taking into account the operating constraints of the laser
system used, were drawn.

The paper [6] presents the results of the measurements
and analysis of the influence of laser process parameters on
the colour obtained. The study was conducted for titanium
(Grade 2) using a commercially available industrial pulsed
fiber laser. It was determined how a variety of different
laser process parameters, such as laser power, the scanning
speed of the material, the temperature of the material, the
size of the marked area, and the position of the sample,
relative to both the focal plane and the centre of the
working field of the system, affect the repeatability of the
colours created. Additionally, a comparison of the results
for titanium with those obtained for stainless steel in a
previous study is presented.

The influence of a number of basic quantities on the
process of laser marking of metals and alloys as well as
their mutual connection during the realization of the
process is still not clarified. Also, lasers and laser marking
systems are constantly being improved, which undoubtedly
expands their application capabilities [9 — 12].

The aim of the development is to study the influence of
the overlap coefficient when marking HS6-5-2-5 tool steel
products with a fiber laser for different values of speed and
linear density of the pulses.

The laser marking process is influenced by a number of
physical quantities such as power density, speed, frequency
and duration of pulses, pulse power, pulse energy, linear
pulse density, linear energy density, effective energy,
overlap coefficient, fill factor, coefficient of reflection,
absorption capacity, wavelength of laser radiation,
coefficient of thermal conductivity, coefficient of
diffusivity, specific heat capacity, etc. In each specific case
of marking (depending on the material, laser, marking
method) studies must be performed. Numerical and / or real
experiments can be performed to determine the optimal
parameters of the technological process. The speed and
linear density of the pulses are quantities that have a
significant impact on the studied process.

THEORETICAL ASPECTS

Marking speed is one of the most important parameters
of the technological process. The time of impact on the
sample and the energy that is absorbed in the material in
the impact zone depend on it. It is decisive in choosing the
method of marking.

The requirements for the speed in the technological
process of laser marking are contradictory: on the one
hand, the speed must be high in order to reduce the time
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for performing the operation, and therefore to obtain
greater efficiency in the production of the product; on the
other hand, it must be relatively small in order to be able
to absorb the required amount of energy under the
influence in order to reach the required temperature and
contrast of the marking. By taking into account the other
factors influencing the process, a balance must be found
between these contradictory requirements and optimal
technological parameters must be obtained to achieve
laser marking with the required contrast.

Linear density of the pulses is a physical quantity equal
in number to the number of pulses dropped per unit length

L=, (1)
\"

where v is the frequency, v — the marking speed.

It is a quantity of complex character. It is determined
both by a quantity related to the laser source (marking
speed) and by a quantity related to the technological
process (marking speed). Linear density of the pulses
affects the contrast and homogeneity of the resulting
marking.

For each drawn square, the contrast was determined by
measuring the Grey colour saturation of the resulting
marking Jx and the background of the sample J. The
contrast of the marking was determined by the formula.

J

r = 2
J

X

x 100% 2)

b f

where Jp is the saturation of the black colour

The experiments were performed with samples of HS6-
5-2-5 rapid tool steel. It is widely used in industry. Steel
HS6-5-2-5 is used for making cutters, turning knives,
cutting strips for wood and steel, for roughing and semi-
finishing tools when machining advanced alloy and
stainless steels in conditions of increased heating of the
cutting edge. It is high carbon steel and has a high content
of chromium, molybdenum, tungsten, vanadium and
cobalt. Some physical characteristics of the steel are given
in Table 1.

MATERIAL AND LASER SYSTEM

TABLE 1. BASIC PHYSICAL CHARACTERISTICS OF THE HS6-5-2-5 RAPID
TOOL STEEL

Characteristic Value
Coefficient of thermal conductivity k, W/(m.K) 27
Specific heat capacity c, J/(kg.K) 460
Density p, kg/m® 8200
Coefficient of diffusivity a, m?/s 7.16x10°°

The experiments were performed with a laser
technological system with a fiber laser. Some of its basic
parameters are presented in table. 2. The fiber laser is an
innovative laser operating in pulsed mode. The wavelength
of its radiation is in the near infrared region. It has
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extremely high beam quality and high efficiency. The laser
system has high positioning accuracy.

TABLE 2. BASIC PARAMETERS OF A LASER TECHNOLOGICAL SYSTEM
WITH AFIBER LASER

Parameter Value
Wavelength 4, nm 1064
Power P, W 20
Diameter of working spot d, pm 35
Frequency v, kHz 80
Pulses duration z, ns 100
Pulse energy Ep, mJ 0.25
Pulse power P, KW 2.50
Beam guality M? <11
Positioning accuracy, um 25
Efficiency, % 40

IV. EXPERIMENTS

The study of the influence of the number of repetitions
on the process of laser marking of samples of alloy tool
steel HS6-5-2-5 was performed in two directions:

1. Investigation of the dependence of the contrast of

the marking on the speed

Samples of the study steel were prepared. A raster
method of marking was applied. Squares with a side of 5
mm were marked once, twice, three times and five times.
The marking speed varied in the interval v € [40, 220]
mm/s throug 20 mm/s. The parameters that are kept
constant are presented in Table 3. The marked sample from
HS6-5-2-5 steel is given in Fig. 1. The contrast for each
mark was determined. Five contrast measurements were
made at different locations in each square and the mean
contrast value was determined.

TABLE 3. PARAMETERS THAT DO NOT CHANGE DURING THE
EXPERIMENTS.

Parameter Value
Power density gs, W/m? 7.66.10°
Diameter of work spot d, um 35
Frequency v, kHz 20
Pulse duration 7, ns 100
Raster step Ax, um 50
Defocus Af, mm 0
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Fig. 1. Sample of tool steel HS6-5-2-5 marked with fiber laser
Results analysis

The graphs of the experimental dependence k*= k*(v)
are presented in Fig. 2 for different number of repetitions
of the marked squares: N = 1; 2; 3 and 5. The following
conclusions can be done from their analysis:

e As the number of repetitions increases, the

contrast of the laser marking increases
nonlinearly;
e When the speed changes in the interval

naTepBana V € [40, 100] mm/s in the double
raster marking of the lines the contrast k*
increases by about 62% compared to their single
marking (the graphics in orange and red,
respectively). When the speed changes in the
interval v € [100, 220] mm/s this increase is
about 2 times. The explanation for this
experimental result is that the first treatment
increases the absorption capacity in the impact
zone. Thus, when re-acting on the treated surface,
more energy is absorbed by the incident laser
radiation;

The number of repetitions N =3 and N =5 results
in a higher contrast k* of the marked area
compared to that of N = 2, but the increase in
contrast is about 25% and 40% respectively.
These results show that for laser marking of the
studied tool steels it is not necessary to do a large
number of repetitions (greater than N = 2). This
leads to a loss of time and energy to perform the
marking, which increases the production cost of
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the product. In this case, the quality of the
marking does not change noticeably;

Double marking should also be used when the
power of the laser source is not sufficient to
obtain a quality marking on a single marking. For
example, a contrast k* = 37% is obtained (see
Fig. 2) at a speed v = 40 mm/s for the used power
density and the marking is well perceived when
using special readers. A contrast k* = 60% is
obtained (see Fig. 2) for double marking at the
same parameters and the marking is well
perceived both visually and when using special

readers.
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Fig. 2. Graphs of the experimental dependence k* = k*(v) for marking
with fiber laser at number of repetitions: red color - N = 1; orange color
- N =2; green color - N = 3; blue color - N = 5.

2. Investigation of the dependence of the contrast of

the marking on the linear density of the pulses

The raster marking method was used again. Squares
with a side of 5 mm were marked once, twice and three
times. The linear pulse density varied in the interval L, €
[125, 1000] mm™ throug 125 mm-*. The parameters that are
kept constant are presented in Table 4. The contrast was
determined for each marked square. Figure 3 shows a
sample with a single (top row) and double marking (bottom
row) with power density gs = 7.66.10° W/m?2.

TABLE 4. PARAMETERS THAT DO NOT CHANGE DURING THE
EXPERIMENTS.

Parameter Value
Power density gs, W/m? 7.66.10°
Diameter of work spot d, um 35
Speed v, mm/s 80
Pulse duration z, ns 100
Raster step Ax, um 50
Defocus Af, mm 0
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Fug. 3. Single (top row) and double (bottom row) raster marked fields
with fiber laser

Results analysis

The graphs of the experimental dependence k*=k*(L,) are
presented in Fig. 4 for different number of repetitions of
the marked squares: N = 1; 2 and 3. Several conclusions
follow from the analysis of the graphs:

e As the linear density of the pulses increases, the
contrast of the marking increases nonlinearly for
all three graphs;;

In the interval L, € [125, 375] mm™ the curves
are significantly steeper than in the interval L, €
[375, 1000] mm™;

At number of repetitions N = 2 the contrast is
from 25% to 55% higher than at number of
repetitions N = 1 for the whole studied interval of
the linear pulse density;

At number of repetitions N = 3 the increase of the
contrast is from 40% to 100% greater than at
number of repetitions N = 1 for the whole studied
interval of the linear density of the pulses;
Again, it is seen that the required number of
repetitions should not be greater than N = 2.
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Fig. 4. Graphs of the experimental dependence k* = k*(L,) for marking
with fiber laser at number of repetitions: red color - N = 1; orange color
- N =2; green color - N =3.
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V. CONCLUSIONS

The study we present in this report shows the direct
relationship between the contrast in the marking area and
the number of repetitions. The relationship between the
contrast and the processing speed in the range from 40
mm/s to 220 mm/s with single and multiple repetitions of
the laser impact zone was also analysed.

The influence of the linear energy density (pulse
tracking frequency in combination with the processing
speed) on the contrast in single and multiple repetitions of
the marked area was also analysed.

The correct assessment of the impact of these technological
parameters on the contrast of the marking made on samples
of HS6-5-2-5 rapid tool steel contributes to the
optimization of the production process and increases the
wear resistance of the marking and the efficiency of
automated QR codes reading to track the quality of the
products.
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On the Possibility of Marking Eggs with a
CO, Laser

Lyubomir Lazov
Rezekne Academy of Technologies
Rezekne, Latvia
llazov@abv.bg

Abstract - A number of policies and standards regarding food
safety issues and quality management have been established
for the food industry. One of these requirements is related to
the marking of food products describing the expiration date,
content and quality. The report examines the possibility of
using laser technology to mark chicken eggs. The contrast of
the laser marking is the main criterion for determining its
quality. The study examines the functional dependences of
the contrast on the main technological parameters of the
marking process: laser output power (7 - 20.3 W) and
processing speed (50 - 300 mm/s). As a result of the research,
optimal parameters for marking with a technological laser
system CO2 have been determined.

Keywords - laser marking, marking of eggs, CO2 laser,
laser engraving

. INTRODUCTION

Today, in most countries of the world, food safety is very
important. A number of norms and standards for food
safety and quality have been developed for the food
industry [1]. One of these requirements is related to the
marking of food products describing the expiration date,
content, quality, etc. Tracking is one of the key tools for
achieving quality and safety standards. Tracking allows
you to determine the current location of the product, its
origin and expiration date, and also provides information
about processing, retailing and the final purpose of goods
[2]. To ensure high quality in the trading network,
automated systems are often used. Technologies for
automated identification of goods and data collection are
based on barcodes, QR codes, optical recognition of
encoded information, etc.

One of the most popular foods is chicken eggs. According
to the International Independent Institute for Agrarian
Policy (MHUAII), since 2000, the total production of
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Rezekne, Latvia
imants.adijans@rta.lv

chicken eggs has increased by 1.4 times, and by 2035 the
consumption of eggs in the world will increase by 50% [3].
Chicken eggs are usually marked with an alphanumeric
code. Fresh eggs of class "A" - intended for human
nutrition, are marked with a code consisting of numbers
and letters [4] (see figure 1).

country of origin

3LV12345

form of husbandry  unique farm ID
Figure 1. Marking a chicken egg with an alphanumeric code.

Traditionally, eggs are marked with an ink seal. This
method of marking has such disadvantages as the need for
chemical dyes, environmental pollution, the need for time
for the ink to dry.Laser technology has developed at a very
fast pace in recent decades. One of the main applications
of laser technology is laser marking. Laser marking is also
used in the food industry. The laser creates markings on
the eggshell without the need for additional materials such
as ink, while ensuring outstanding marking quality and
consistency. Unlike ink markings, laser markings are not
erased or smudged. The advantages of laser marking also
include high speed, repeatability, efficiency and low
operating costs. The method is non-contact, does not
require a special working environment and can be easily
automated and integrated into production lines.
[5.,6,7,14,15]

The aim of the present study is to analyse the capabilities
of one industrial CO; laser system for marking eggs, to
determine the optimal operating intervals for power and
processing speed to achieve optimal marking contrast [8].
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Il.  PROCESS RESEARCH EQUIPMENT

In the experimental studies we performed for marking the
eggs we used a CO, laser technological system with a
wavelength 2 = 10.6 um. Synchronous control of the on /
off laser generation and the movement of the laser beam
focusing system along a given contour along the X, Y
axes, as well as the change in the laser radiation
parameters, is carried out using a special computer
program. A schematic diagram of an experimental setup
for marking chicken eggs is shown in figure 2a. In the
experiments we used the raster laser marking method
(figure 2b).

Mirror

CO2 Laser

| —
Mirror

X Stage

L.
-

Focusing
Lens

Y Sta

Z Plaform . Egg

Computer

Figure 2a. Schematic diagram of an experimental setup for marking
chicken eggs using a CO;, laser.
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Figure 2b. Raster method of laser marking.

The main technical parameters of the CO; laser system
SUNTOP ST-CC9060, with which the experiments were
performed, are listed in table 1.

TABLE 1. TECHNICAL PARAMETERS OF CO2 LASER SYSTEM
SUNTOP ST-CC9060

Laser type CO:z laser
Operation mode cw
Laser wavelength 10.6 pm
Max. laser power 100 W

Process size 900 x 600 mm

Scanning speed 0 - 1000 mm/s
Positioning accuracy <0.02 mm
Focal length 63.5 mm
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The Ocean Optics STS VIS microspectrometer was used
to determine the contrast in the measurements, measuring
the reflectivity R [%] of the treatment area and comparing
it with that of the surrounding surface. A schematic
diagram of measuring the reflectance R [%] of the egg
shell surface using a microspectrometer is shown in figure
3a. The reflected light spectrum from the unmarked egg
shell surface (brown) and from the CO, laser marked egg
shell surface is shown in Figure 3b.

Computer

Micro
spectrometer

Tungsten Halogen
Light Source

Reflection
Probe

e

Figure 3a. Schematic diagram of measuring the reflectance R [%] of the
surface of the shell of chicken eggs.

-

Figure 3b. The reflected light spectrum from the unmarked egg shell
surface (above) and from the CO, laser marked egg shell surface
(below).

IIl.  SPECIFICS, PROPERTIES AND STRUCTURE OF THE

MATERIAL SUBJECTED TO LASER TREATMENT

The shell of a chicken egg is a hard, porous shell. From
above, the shell is covered with a thin over-scaled shell -
cuticle, and from below it is firmly connected with a two-
layer under-scaled shell. The cuticle is not strong and is
easily destroyed by mechanical action (washing with
brushes, etc.), but it protects a fresh egg from the influence
of the external environment. The basis of the shell is a
network of collagen-like protein fibers and an intermediate
inorganic substance, which contains mainly carbonate and
phosphate salts of calcium and magnesium, which
provides a certain strength and resistance to mechanical
stress. [9]

For a chicken egg, the shell has a thickness of 0.34 — 0.40
mm. The thickness of the eggshell depends on the mineral
content of the feed. In the structure of the shell, two layers
are distinguished. The outer layer is spongy and occupies
2/3 of the entire thickness. The inner layer is prismatic.
The shell of a chicken egg has about 7000 through pores
with a diameter of 4 to 40 microns. As a result, the shell is
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permeable to gases, water and water vapor. The
permeability of the shell to air is the same in both
directions (from the inside and from the outside). Water
enters from the outside into the middle as slowly as from
the inside into the external environment. The permeability
of the shell for carbon dioxide is better than for air, and vice
versa for oxygen. The density of the shell is 2.14 —
2.17g/cm?. [9,10]

Figure 4 shows the microstructure of an eggshell. The shell
of a medium-weight chicken egg consists of 1.6% (0.1 g)
of water, 98.4% (6 g) of dry substances, including organic
- protein 3.3% (0.29), lipids 0.03 (traces) and 95.1% (5.8
g) of inorganic substances. The shell mineral is 99%
calcium carbonate. In eggs of birds with a hard shell, it
exists in the most thermodynamically stable form - calcite.
Inorganic  phosphate, magnesium, zinc, copper,
manganese, selenium and other elements that are present
in small quantities can have a certain effect on the quality
of the shell. [9]

W S

1+ Vertical crystal layer

Figure 4. Microstructure of poultry eggshell, SEM (Scanning Electron
Microscope) image. [11]

For chicken eggshell typical is structure with nano
granules of various sizes (from 50 to 100 nanometres).
Five layers can be distinguished with different average
sizes of nanostructures, and this size increases from the
outer layers of the shell to the inner ones. Figure 4: B -
outer vertical crystalline layer VCL; C, D, E - middle
columnar (palisade) layer PL, F - inner layer of
hemispherical aggregates (mammillary) ML. [9,12]

IV. FACTORS AFFECTING THE PROCESS OF MARKING,
AND METHODOLOGY FOR THE EXPERIMENT

In general, factors that affect the laser marking process
can be divided into 3 main groups (figure 5a). Depending
on the choice of the technological system and the mode of
operation (pulse or CW mode), as well as the method of
marking, the process affecting factors also change. In our
study, due to the fact that the CO2 laser technological
system operates in CW mode and only two methods are
used (ablation and engraving), there are six factors that
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affect the contrast of the marking (figure 5b). These are:
laser power density gs [W/cm2] (respectively the energy
density Es [J/cm2]); marking speed v [mm/s]; distance
between raster strokes Ax [mm)] (raster step); focus offset
Af; number of repetitions; color of the treated surface.
Laser power density represents laser source parameters.
Marking speed, raster step, focus offset, and number of
repetitions represent the parameters of the technological
system and the method used. In terms of material
properties, this is the color of the treated surface. In our
specific case, the color of the examined chicken eggs is
brown.

Figure 5a. Three main groups of factors that affect the laser marking
process.

Marking
speed

Power
density Raster step
Laser Mark
Contrast
m

Number of
repetitions

Figure 5b. Six factors that affect the contrast of the marking

The methodology of the experiment in the present study is
related to the analysis of the contrast k as a function of the
processing speed v and the power P of the laser radiation.
Two series of experiments were carried out in which one
of the two main parameters, processing power P and the
speed v of the beam on the treated surface, was kept
constant. The rastering method of marking is used to fill in
a 10x10 mm square with a constant pitch between the
raster lines Ax = 0.1 mm. This size made it possible to
subsequently measure the reflectance R of the treated area
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using a microspectrometer (figure 5a) and calculate the
contrast k.

In the first series of experiments k = k (P), the contrast k is
studied in the range of power P change from 7.3 W to 20.3
W at six constant marking speeds v, respectively (50; 100;
150; 200; 250; 300 mm/s).

In the second series of experiments k = k (v), the contrast
k is investigated in the range of variation of the velocity v
from 50 mm/s to 300 mm/s sequentially for six constant
laser radiation powers P, respectively (7.3; 10; 12; 14; 17;
20.3 W). A total of 72 experiments were carried out and
related measurements of the reflectivity R. The choice of
research ranges for power P and speed v was made on the
basis of our previous studies [13] related to the study of
the functions b = b (P) and h = h (v), where b and h are the
width and depth of the marking lines on the treated surface.
The aim was to achieve the depth h of the treated area less
than 1/5 of the thickness of the chicken egg shell (0.34 +
0.40 mm) and at the same time to achieve the maximum
contrast k of the marking area. It should be borne in mind
that the depth of the stained area per eggshell is only
150pum.

V. RESULTS OF EXPERIMENTAL STUDIES

The results of experimental studies of the effect of
laser radiation power on the contrast of the marking zones
are shown in figure 6a. We can see contrast versus power
graphs for three different processing speeds: 50 mm/s; 150
mm/s and 300 mm/s. It is clearly seen from them that in
the range from 7.3 W to 14 W, the contrast k increases
nonlinearly for all three marking speeds, and in the range
from 14 to 20.3 W, the dependence is almost linear. For
the entire studied interval of power P, the contrast k in
absolute value increases by about 14-16%. In order to
better find out which of the two working intervals is more
advantageous for operation from a technological point of
view, ratio Ak/AP was calculated in the power range from
7.3 W to 14 W and from 14 W to 20.3 W. The results of
these calculations are shown in Table 2.

k = k(P)

Figure 6a. Contrast k as a function of power P.
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k=k(v)

v, mmys

Figure 6b. Contrast k as a function of speed v.

The analysis of the results of experimental studies of the
effect of the processing speed v on the contrast k is
summarized and presented in the graphs (figure 6b). The
graphs shows three dependences of the contrast k on the
velocity v for three different laser radiation powers 7.3 W;
14 W and 20.3 W. For the investigated range of velocity v
from 50 mm/s to 300 mm/s, a nonlinear decrease in
contrast k is observed for all three laser powers.
Comparing the three power graphs shows that the graph
with P = 7.3 W has a greater slope than with 14 W and
20.3W.

In order to better find out where the most successful
working intervals are from the technological point of view,
the rate of contrast change 4k/Av was calculated in the
speed range v from 50 mm/s to 300 mm/s. For better
visualization of the analysis, the interval of velocity v is
divided into two sections: 50 + 200 mm/s and 200 + 300
mm/s. The results of these calculations 44/4v are shown in
Table 2.

TABLE 2. THE RATE OF CONTRAST CHANGE AK / AP, [%/W] IN THE
POWER RANGE AND THE RATE OF CONTRAST CHANGE AK/A V [%/MM-S-
1] IN THE SPEED RANGE.

Speed v,
(mm/s)
50

Power P,
W)

Power P,
14 2203 W
0.70

Power P,
73+14W
18
150 1.5
200 1.2

Speed v,
50200 mm/s
0.093

Speed v,
200300 mm/s
0.03
0.035
0.04

13
14.0
203

0.95
0.75

0.07
0.073

Analysis of the graphs and tables shows that the lowest
values of the contrast change rate are in the range for
powers P - 14 +20.3 W and for processing speeds v - 200
+ 300 mm/s.

Finally, the following recommendations can be made
from this analysis: In this research, as the recommended
operating interval for optimal contrast (more than 35%) for
the studied power ranges P = 7.3 + 20.3 W and speed v =
50 + 300 mm/s.

There may be recommendations as follows:

P =14 +20.3 W. in the range for processing speed v = 200
+300mm/s.

In this analysis, we were guided by two factors that are
related to the optimization process:



Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 13" International Scientific and Practical Conference. Volume 3, 168-172

- on the one hand - reading the markings, both visually and
with the help of automatic recognition systems.

- on the other hand - to achieve a high processing speed v
(200 + 300 mm/s) with an optimal operating power P (14
+20.3 W) for a specific technological CO; laser system.
Another feature that we registered during the research is
that in the area of marking there is no melting of the main
material from which the eggshell is made. The interaction
of the marking process is related to the sublimation method
of processing, i.e. we have direct destruction and dusting
of the base material.

VI. CONCLUSION

The ability to spot the right area, label and evaluate
a product right on production lines is critical for laser
marking of food and especially for chicken eggs. This
study was divided into three phases.
First, the study was aimed at clarifying the geometry of the
marking zone and its functional dependencies on
technological processing parameters. The results of this
study were published at the scientific conference
"Radiation Safety in the Modern World" of the National
Military University "Vasil Levski" in year 2019 in
Bulgaria.
At the second phase - there was a research of the influence
of the power of technological parameters P and the
processing speed v on the achievement of the optimal
contrast k in the range from 35% to 55%, which was the
subject of this study.

The third phase - future of our research is related to the
development of algorithms for determining the optimal
position of the marking on the surface of chicken eggs.
This is due to the fact that the eggs have a specific oval
shape, which, in turn, affects the focusing and defocusing
of the workpiece during laser processing.

The generalization of these three studies will ultimately
lead to optimization of laser marking parameters and
providing contrast, and stable marking that is correctly
positioned on the working surface of the eggs.
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Methods for Measuring Laser Power

Lyubomir Lazov
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llazov@abv.bg

Abstract - Today we are witnessing the rapid development
of the laser industry. Laser sources with new wavelengths,
higher powers and energies, different modes of operation
(generation of laser pulses), as well as various applications in
industry, medicine, environmental protection etc. are
emerging. This requires the development of new physical
methods and principles for accurate measurement of power,
energy, and other parameters of laser sources. In different
types of laser technological processes, accurate measurement
of laser power is extremely important in terms of quality,
repeatability, and validation of the process. In most cases,
accurate laser power measurement is a difficult task,
especially when working with high-power lasers or having to
perform real-time measurements.

The report analyses and systematizes the physical
principles and methods on which existing laser measuring
instruments are based. This research also aims to help
researchers and technologists find and develop new
approaches to solving this challenging measurement
problem.

Keywords - laser power, measurement methods, types of
measuring devices, physical principles

. INTRODUCTION

In recent years, the laser industry has developed
extremely fast, with more new laser sources with new
wavelengths, higher power and energy, frequencies, and
modes of operation. All this is a prerequisite for the
emergence of new applications in various fields of
industrial production.

The result and the quality for each specific laser
technology such as laser welding, cutting, marking,
engraving, drilling, etc. They depend on many factors,
including material properties, processing speed, type of
shielded gas, laser parameters, including - laser power [1]

[2].

Laser power or more precisely the power density
together with the processing speed (respectively the
exposure time) are two of the main factors determining the
degree of energy absorbed in the material. Therefore, to
characterize in a qualitative aspect a technological
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operation for qualification, it is necessary to
specify/quantify the power delivered by the laser in the
processing area.

As laser technology is significantly ahead of the
methods for measuring the parameters of laser radiation, it
is necessary in recent years to look for new opportunities
for improvement and refinement of technologies for
measuring the power / energy of laser sources. [3] [4] [5]

1. The system requirements for accurate power output or
energy become higher. Years ago a tolerance of + 10%
of power was considered good, today the requirements
are higher to + 5%, and in some cases even higher +
1%. Today, some pulsed laser applications require

pulsed power stability of up to 0.2%.

Lasers have become not only more powerful, but with
versatile applications. For example, lasers are
available on the market emitting 300 J/s or 10 kW of
pulsed power in the processing area, the energy
density and power reaches values of the order of
several hundred J/m2 or over 10 kW/cm2. For such
power densities, new constructions and methods for
measuring the energy parameters of the laser are
needed.

Today, power and energy meters have to deal with
increasingly difficult and difficult tasks due to the fact that
they have to measure large intervals of change in power,
energy (from power pW up to 10 kW; pJ energy to
hundreds of J), the length of the wave ( from far UV to far
IR), the diameter of the beam, for example the pulse
duration and the repetition rate. An example of this great
variety of measuring devices offered on the market of
different types, operating ranges and based on different
methods, can be seen from just one portfolio of one of the
world's leading companies Coherent [6].
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TABLE 1
Laser Measurement Power Wavelength Sensor
Type Needed Range Range Type
10 nW 1o 250 nm 1o Optical
S0 mW 1800 nm Power Mode
W Avg Power
200 nWto 0.15 pm to Thermopile
-5 kKW 12 pm
200 pW to 0.15 nm to - )
Pulsed Avg Power RN : Thermopile
‘ ik -3 KW 12 nm oF
Energy Per 100 nJ 1o 0.15 pm 1o - -
Pulsed Pulse 107 12 um Pyroelectric
- - - Optical
X Energy Per 10 pJ o 800 32510 1700 L &_ X
Pulsed Energy
Pulse nJ nm o
Mode

Table 1 Different types of measuring devices offered
by Coherent with their operating ranges of: power and
wavelengths.Measurement and monitoring of laser power
is a continuous process from the beginning - the moment
when the laser is first manufactured, to its integration and
operation by the end-user, who will use the laser system in
various types of applications that we know are so wide
from industrial applications to those in medicine and
research. The choice of the appropriate measuring
equipment for the work in the specific technological
applications is no less important than the choice of the
appropriate laser for the realization of a specific
technological process.

Currently, available laser measuring devices use
different measuring methods and sensors. The choice of a
specific meter for a given application depends on the
spectral range, sensitivity or minimum required response
and trigger threshold.

The most commonly used methods for measuring laser
power are given in the following table2.

TABLE 2

Method Features and specifics of the method

with e Measures the energy of pulsed lasers and
pyroelectric can only work with pulsed lasers

Sensors

e The average power is calculated by
multiplying the pulse repetition frequency by
the pulse energy.

with thermopile | »  Measures the power of CW lasers and

sensor integrates the energy of pulsed lasers to
determine the average measured power.
e It canalso be used to measure the energy
of a pulse - most often to measure the energy
of medical and industrial lasers with wide
pulses.

with optical e Used to measure low CW laser power.

Sensors - . .

Photodiode » Itisalsoused in some sensors to measure

low-pulsed laser power.

The variety of sensitivity ranges of different types of
sensors operating in different circuit solutions and serving
concrete methods of power measurement are also in a wide
range. Figure 1 presents the possible ranges of operation of
two types of sensors used in thermal and optical methods.
The graph shows that thermopile sensors cover a wider
range than optical / diode laser radiation sensors.
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Fig. 1. The sensitivity of two types of sensors (photodiode detectors
and thermopiles) for measuring power relative to the wavelengths
of laser radiation [7]

When choosing a meter for the power of laser radiation,
it is necessary to take into account two factors, the method
of measurement and the range of operation of the sensor.
The importance of this parameter for two spacing
measurement methods is sowed by the diagram in Figure
2.

‘Ph‘otoldio‘de |

1pW 1nW W TmwW

Power

W 1kW

Fig. 2. Operating ranges of laser power measuring devices based on
two different methods using photodiode and thermopile detectors

[71.

Both types of detectors cover a large dynamic range of
powers. It is clear from the figure that devices based on the
thermal method are preferred when measuring high laser
power powers of the order of kW, and photoelectric
methods based on diode sensors are preferred at low
powers in the range pW to mW.

Some several key steps and considerations need to be taken
in the specific selection of the measuring device. This is
because, as there are many different types of lasers with
very different specifications, also there are different
measurement technologies that are suitable for specific
types of lasers and tailored to specific laser specifications.
In this article, we will try to discuss the basic approaches
and methods of measuring the power and energy of the
laser and we will try to give you a small contribution to the
selection process faced by each user of laser technology
equipment.

Il.  THERMAL MEASUREMENT METHODS

The thermal method using thermopile sensors is a great
universal technology suitable for measuring the power of
many lasers. They can be successfully used to measure the
power of CW lasers as well as the average power of pulsed
lasers. In some special cases, they can also be used to
measure the energy of individual long pulses. The basic
physical principle on which this type of power meter has
based the conversion of the absorbed electromagnetic
energy of the laser into heat. With the help of a heat
radiator, this heat is transferred to the environment by
convective cooling or water cooling. The temperature
difference between the temperature of the sensor/absorber
and the radiator/cooler is converted into an electrical signal
by a thermocouple.

Photodiodes are sensitive for powers down to 10 pW.
Incoming radiation above 100 mW leads to a saturation of
the electrical signal, setting the limit for the maximum
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power. The power saturation is critical when monitoring
e.g., ultrafast pulse lasers. Although the average power
might be rather low (and within the power range of the
detector), the power of the short pulses greatly exceeds the
upper power limit of the detector leading to saturation of
the signal and hence distorted measurement results.
Additionally, industrial applications use photodiodes
typically from 500nW upwards (when detecting stray light
or fractions of the beam), giving a very small dynamic
range and complicating its integration into the system. For
such applications, a thermopile detector is preferable, since
it has a broad dynamic range and integrates the signal of
the individual pulses, therefore monitoring the average
power.

Thermopile sensors are used to monitor laser beams of
up to 25 KW. The upper limit for those detectors is mainly
attributed to the ability to cool the sensor efficiently. In
recent years, the minimum detectable power has been
shifted more and more into the range of photodiodes and
has reached 10 pW. The company greenTEG offers a
resolution below 1 pW. [7]

Measurement of laser radiation with

thermocouple

power

Thermopile sensors are the best choice for measuring
average powers from 10 pW upwards. Especially outside
the visible range, where photodiode technologies are
expensive, thermopiles should be considered. Photodiodes,
on the other hand, are the best choice when single pulses
need to be analysed or when power levels in the nW range
should be resolved.

Most power meters are based on the principle of a
thermal detector: They convert optical power to heating
power via an absorber structure with a black coating. They
use a thermopile to measure the resulting temperature rise
(or the temperature difference between the absorber and the
mount). Thermal power meters are useful for average
powers between about 10 mW and several kilowatts.
Thermal power meters are moderately precise, have a
sensitivity that is independent of wavelength, and are
relatively slow.

In many cases, these meters use thermocouples. The
measured laser beam falls on one side of the thermocouple,
it is heated by the laser, and on the other side, there is a
radiator or cooler, which aims to maintain a constant
temperature. The laser energy absorbed by the
thermocouple material is converted into heat. The
temperature difference on both sides of the thermocouple
creates an electromotive voltage. This voltage is
proportional to the temperature difference, which is
proportional to the measured power. on the laser. This
voltage is measured to provide laser power readings in
watts fig. 3.
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The material used to absorb the energy of the laser
beam is essential because the parameters and
characteristics of the detector depend on its properties. This
material absorbs most of the laser's optical energy and
converts it into heat. A portion of the laser beam is
reflected, which can vary from a few percent to 50 percent
of the total optical power, depending on the material.

The laser beam falls in the center of the disk and the
heat energy passes radially from the center to the periphery.
The total amount of heat passing through the disk does not
depend on the size of the disk and the position of the beam.

Laser hits center of sensor

—

Periphery is cooled

Ring of thermacouples

Fig. 4. Thermocouples

The thermal power meter is not measuring the absolute
temperature of the sensor but rather the temperature drops
across the thermopile fig. 4. Therefore, the reading is quite
independent of ambient temperature. If the temperature of
the cooled periphery goes up, the temperature of the inside
of the thermopile goes up correspondingly and the
temperature drop — hence the reading — remains the same.

Thermopile laser measurement is almost wavelength-
independent, durable, and reliable. It is therefore the
mainstay of laser power/energy measurement. It cannot,
however, measure repetitive pulses or very low powers and
energies.

Pyroelectric power meters

The pyroelectric sensor used in laser power measuring
devices consists of a crystal that polarizes when heated.
These detectors work as follows:

When a laser pulse hits the surface of the detector, it
heats up and polarizes the crystal, thus creating an even and
opposite charge on both surfaces of the detector. The
surface of the detector is metallized so that the charge



collects on the parallel capacitor, regardless of where the
laser beam hits the surface. In this way, the charge of the
capacitor is proportional to the energy of the pulse. Once
the pulse is complete, the capacitor voltage is read, and the
capacitor is discharged electronically to be ready for the
next pulse.

Pyroelectric detectors are especially useful for
repetitive pulses and can measure up to thousands of pulses
per second. They are also quite sensitive. However, they
are not very durable, so for higher energies and powers, an
attenuator/diffuser is placed in front of the sensor crystal to
reduce the energy on the pyroelectric crystal.

Pyroelectric power meters are relatively fast meters.
They cannot be used to measure the continuous power of
the laser. The output signal of this type of laser power
meter is proportional to the changes in the incident input
energy.

Pyroelectric sensors for measuring radiant energy are
sensitive in a very wide range of wavelengths and can
measure energy from laser sources with different powers
up to 10 J. Most of these sensors have a ceramic coating to
withstand high energy density of laser radiation. The
sensors can be connected directly to a high input
impedance amplifier or oscilloscope via a BNC connector.

Resonant MMW
absorber Top
Bottom R NI () electrode
electrode T

(@)

Carrier Carrier

Support Pyroelectric
layer film

Fig. 5. Pyroelectric sensor [9]

The most commonly used sensors for measuring low
laser power are photodiodes due to their speed. In them, as
in other sensors, light is absorbed by materials and
converted into an electric current called photocurrent,
which is proportional to the power of the radiation.
Depending on the material from which they are made,
photodiodes are sensitive to laser beams with different
wavelengths. Photodiodes made of Si, Ge and InGaAs are
sensitive in the near infrared region up to 1800 nm. Using
materials such as HgCdTe (MCT) and In (As) Sh, the
measurement range is extended to about 6000 nm.
Photodiodes made of GaP are used to measure the power
of ultraviolet lasers.

PHOTOELECTRIC MEASUREMENT METHODS

Lyubomir Lazov, et al., Methods for Measuring Laser Power

176

The principle of measuring with photodiodes is one of
the most common methods for measuring the power of
laser radiation. It has both advantages and some significant
disadvantages. The action of the photodiode is based on
increasing the reverse current of the p-n junction during its
illumination, which is practically used to measure the
intensity or power of laser radiation.

The photodiode has the highest speed of all
optoelectronic photodetectors, which is its biggest
advantage. It can be used to measure fast-changing laser
radiation. The photodiode can operate in two modes -
photodiode and photo galvanic mode, and both modes can
be used to measure the intensity of light or laser fluxes. So-
called PIN photodiodes are used to measure the power of
pulsed lasers, which have an even higher speed than
traditional photodiodes with a PN junction.

Cr

R¢
NNN

—O0 V

out

LAt
Yt

Photodiode

v
Fig. 6. Light-to-voltage converter

Most laser power measurement circuits use light to
voltage converter at which the output voltage is
proportional to the luminance over the active area of the
photodiode created by the laser beam fig. 6.

There are also power meters that use light to frequency
converter with a photodiode at the input. This is a
programmable light to frequency IC that outputs a pulse
train or a square wave (50% duty) with the frequency that
is directly proportional to the incident light intensity. Uses
a simple TTL output for easy interfacing to a
microcontroller.

For example, the S9705 is a photo IC that combines a
photodiode and a current-to-frequency converter on a
CMOS chip. Output is a square wave (50 % duty ratio) with
frequency directly proportional to light intensity incident
on the photodiode. The CMOS level digital output allows
direct connection to a microcontroller or other logic
circuitry. The S9705 has a wide dynamic range and light
intensity can be easily measured when used with a digital
counter [10].

Features
Converts light intensity to frequency
Wide dynamic range: 5 orders of magnitude
Excellent linearity
Output timing reset function
Digital output for direct interface to microcontroller
4-pin plastic package.

In rare cases, semiconductor phototransistors and
photoresistors can be used as photosensitive elements.
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IV. PONDEROMOTIVE ACTION MEASUREMENT

METHODS

Another method is based on the physical phenomenon
of optical radiation pressure. In this method, the
measurement of the laser beam power is realized without
the need to absorb it, as is necessary, for example, in the
calorimetric method. There is no need for thermal control
of the absorbed laser energy and the reaction and recovery
time after each measurement in the receiver.

The idea of the radiation pressure or the momentum of
photons was first proved by the Russian scientist Peter
Nikolaevich Lebedev in 1899 [11]. Figure 1 shows a
schematic diagram of the idea of the experiment proposed
by Lebedev.

2
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Fig. 7. Lebedev's experiment

It consists of two circular plates, one of which is
blackened and absorbs light, and the other, shiny, reflects
light fig. 7. The plates are fixed at opposite ends of a light
rod suspended by a thin quartz thread. The whole structure
was placed in a glass vessel from which air was evacuated.
When reflected from a mirror, light transmits to it twice as
much pulse per unit time as light falling on an absorbing
plate of the same area, which leads to twisting of the
filament, which was measured by P.N. Lebedev. It is worth
noting that the actual installation was somewhat more
complicated since it was necessary to avoid the effects
associated with an insufficiently high vacuum level and
uneven heating of the installation parts.

The light flux propagating in space carries with it a
certain momentum, when interacting with a substance it
transmits its momentum, changing its direction of
propagation. For example, if the momentum carried by a
light beam is p, then the force F transmitted by it to the
substance (mirror) depends on the rate of change of this
pulse.
dp
at

F= (@)
Since the magnitude of the pulse is defined by the
amount of energy E divided by the speed of light c.

Ipl == )

Then for a beam with optical power P = dE / dt,
reflected from without diffusion and absorption by an ideal
mirror will reflect the radiation of incident light, generating
a force F = 2P / ¢ on the mirror. Thus, the light falling on
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a mirror with perfect reflection will press the mirror with
force fig.8:

F = %rcos@ 3)
where r is a function of the reflectivity R and the absorption
A = (1 - R), as well as the a part of the un-reflected light
absorbed by the mirror

r=R+(1—-R)a/2 4

Mirror

Fig. 8. The laser radiation, incident at § angle to the mirror, exerts a
force Fon it.

Here the fact is considered that the absorbed photon
gives its whole momentum, and the reflected photon gives
twice its momentum to the mirror.

Equation (3) describes a maximum power conversion
factor in force of 2/c = 6.67 x 10° N/W for a normal
frequency of a perfectly reflecting mirror.

The first successful experiments demonstrating the
light radiation pressure date back to the early 20th century
[12] [13]. The presence of small forces at powers of the
order of 100 mW of incident light on the plates of the scale
is demonstrated using torsion scales.

These as well as later developments by many authors
[14] [15] [16] [17] [18] [19] fully confirm the validity of
the radiation pressure. This method with the use of a
torsion balance has a high sensitivity but is not suitable for
working in a non-laboratory environment. That is why it
has been neglected for many years and can be said to have
been forgotten.

Today, highly sensitive scales and dielectric mirrors
with very high reflectivity are available (usually> 99.99%
for optical and> 90% for RF). This is precisely the
prerequisite for a new stage in the development of this
method of measurement - mainly for measuring high laser
power. Such devices are already available from several
research laboratories. They are based on the physics of the
interaction of incident photons on a strongly reflecting
mirror [20]. The advantage of the device offered by these
authors is the ability to directly deflect the laser beam from
the measuring mirror, in which case the measurement is
performed without interrupting the laser technology



process itself. However, this proposed design solution has
one significant drawback, namely sensitivity to inertial
forces (acoustic vibrations and tilt-dependent gravity
projection).

Ivan Ryger et al. [21] in their publication demonstrate
a miniaturized version of a radiation pressure sensor that
can potentially overcome the above-mentioned drawback,
namely by avoiding the impact of the environment
(acoustic vibrations and tilt-dependent gravity projection)
on the sensor readings, thus closer to the needs of users of
technological systems. A schematic diagram of the sensor
proposed by the authors is shown in figure. 9. The sensor
consists of a silicon micromachined parallel plate
capacitor, both of whose disk electrodes (diameter 20 mm)
are attached to a rigid frame through weak springs (width
465 pm, thickness 380 pm, length 45 mm) in the shape of
an Archimedean spiral (see fig,9). For the optical sensor, a
highly reflective dielectric mirror (optimized for
reflectance with a value of 0.9992 + 0.0002 at 1.07 pm
wavelength and 45° angle of incidence) is deposited onto
the front side of one disk electrode.

Fig. 9. Schematic diagram of a sensor for measuring laser radiation
pressure using an Archimedean spiral for a damper. [22]

To obtain a calibration between the measured electrical
signal and the applied optical radiation on the sensor, it is
necessary to know exactly the electromechanical
parameters (spring constant, the distance between the
capacitor plates and the capacity gradient concerning the
distance between the plates). For this purpose, lvan Ryger
et al. in [22] offers an optoelectronic characterization
technique, where a time-varying voltage of electrostatic
deviation is applied to the electrodes of the capacitor and
measuring the axial displacement of the mirror.

V. OTHER MEASUREMENT METHODS

Piezo-resistance method for measuring laser radiation
pressure

Piezoelectric sensors are based on the physical piezo
effect. When charged with pressure on the piezoelectric
materials on their opposite surfaces, electric charges
appear. When the magnitude and direction of the pressure
changes, the magnitude and type of electric charge also
change fig. 10.
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Fig. 10. Schematic diagram of a pressure sensor based on the
piezoelectric effect

Piezo-resistance pressure sensors based on micro-
electro-mechanical systems (MEMS) on a silicon substrate
can also be successfully used to measure the laser pressure.
The sensor is made of a thin silicon membrane,
hermetically covering the space below it, and four piezo
resistors applied on its surface, the resistance of which
depends on the pressure and temperature.

Any change in the external pressure under the action of
laser radiation causes deformation of the membrane and a
change in the resistance of the piezo resistors connected in
a bridge circuit fig. 11.

. piezo resistor
T [,
/ membrane A

piezo resistors

Laser
PIZ0  pressure 1
resistorN )1}

Fig. 11. Schematic diagram of membrane type pressure sensor in
combination with piezo resistors

Nonlinear optical method effects for measuring the
energy (power) of a laser radiation.

A method for measuring the energy or power of laser
radiation, based on nonlinear optical effects arising from
the passage of laser radiation through a substance, the main
of which are the effect of optical rectification, the effect of
optical polarization, generation of harmonics and Raman
scattering.

Photochemical method for measuring the energy
(power) of a laser radiation.

A method for measuring the energy or power of laser
radiation based on the use of photochemical reactions with
a known quantum yield arising from absorption laser
radiation by substance.

Photographic method for measuring the energy
(power) of a laser radiation.

A method for measuring the energy or power of laser
radiation, based on the photochemical effect of laser
radiation on photographic materials and functional
dependence the optical density of blackening D of the
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photosensitive layer from the irradiation of this layer E and
the exposure time t, determined by the formula:

D = [Ig(E.t")]

where D is the optical density of blackening; E is the
irradiance of the photosensitive layer; t is the exposure
time; p is the Schwarzschild parameter depending on E and
t.

VI. CONCLUSION

The present study aims to help users of laser equipment
in the correct selection of a laser measuring system. From
all that has been said so far, the first step must begin with
an analysis of a detailed examination of the laser (or lasers),
the parameters of which must be measured:

Key laser parameters in this analysis should be
minimum and maximum average power of the laser source,
the wavelength of the laser radiation, and the output
diameter of the laser radiation.

When working with a pulsed laser, it is important to
consider: the minimum and maximum pulse energy as well
as the width of the laser pulse and the frequency of
repetition of the pulses. (If the repetition rate is adjustable,
it will be useful to know the maximum repetition rate at
maximum energy, thus obtaining the maximum average
number of powers.) Taking these parameters and factors
into account in the mode of operation of the laser will help
to determine how much heat will be absorbed/absorbed if
a sensor system is selected.

The following considerations/guidelines should be
considered  when  determining the  appropriate
measurement method for a laser technology system:

e Water cooling is used in all modern thermal sensors to
measure powers greater than 300 W. And at high
powers of the order of kilowatts, a specialized high-
speed water line is provided in most cases for cooling

the sensor.

Thermopile sensors are preferable to use when it is
necessary to measure the power of pulsed lasers with a
pulse repetition frequency higher than 10 kHz. If the
frequency of the pulsed laser is less than 10 kHz, it is
preferable to use a pyroelectric sensor.

To measure the power of lasers operating at low power
and emitting in the far infrared region of the
electromagnetic spectrum, it is preferable to use
devices based on the photoelectric method.
Semiconductor photodiode sensors are often used,
which have a good response to low light levels. This
type of method and measurement sensors can be
successfully applied to lasers operating in CW and
pulsed mode, but with low average output power.

The next step after selecting the appropriate sensor for
a given measurement is to select a compatible meter
with the required measuring range and the required
sensitivity. This step is very important to perform
quality registration and visualization of the
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measurement. Usually the signal from the sensor is
converted from analog to digital signal on the
measuring display. The measuring device can also
perform digital signal processing and other correction
algorithms, such as wavelength or temperature
compensation.
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Abstract - Laser engraving is one of the most
commonly used laser procedures for interacting with
laser material. The speed, ease of use and high precision
make it an attractive process for use by manufacturers
and for removing insulation from various cables. Cable
stripping is a particularly common operation in
aeronautics. The aircraft is equipped with several
hundred kilometers of cables to control and operate the
various systems of the aircraft and most of these cables
must be stripped at both opposite ends to allow the cable
to be connected to different terminals.

This report examines the possibility of removing

polyvinyl chloride (PVC) insulation from
telecommunication cables of different colours and
thicknesses up to 600 [um]. The experimental

measurements of the study were performed with a low-
power continuous COz laser system. The main functional
dependence of the width and depth of the ablation zone
on the main technological parameters, such as the
average power and the processing speed, have been
experimentally studied. The zones of laser impact are
observed with a laser microscope. The graphic
dependencies are analyzed in order to determine the
optimal working intervals.

The analysis aims to help solve problems related to
the application of small diameter communication cables
in the production of various communication devices and
components for the needs of industry.

Keywords - ablation, cable, CO2 laser, polyvinyl
chloride

l. INTRODUCTION

Polyvinyl chloride is one of the major types of
plastics, which is widely used in various industries like

Andris Snikeris
Rezekne Academy of Technology Rezekne, Latvia
snikeris_a@protonmail.com

electrical, automotive  equipment,  packaging,
construction, aeronautics, and applications such as
windows, flooring, bottles, pipes, fittings, cables, etc.
[1]. At the global level, demand for PVC exceeds 35
million tonnes per year, and it is rated second only after
polyethylene as volume leader in the plastics industry
[2]. Due to its low cost and good dielectric and
processing properties, PVC is one of the most widely
used insulating materials [3]. It also has stable
chemical properties, has excellent fire resistance due to
the presence of chlorine, is easily process able, has
good insulation and dielectric performance, and is
environmentally friendly [4,5].

Nowadays in manufacturing, the ability to strip
insulation of various materials and materials from
cables or wires is very important. For “state-of-the-art”
applications it is necessary to be able to strip insulation
layers with high precision and efficiency, without
damaging the conductor. For copper (CU) cables laser
wire stripping mechanisms achieve this by their ability
to selectively remove insulating material while leaving
copper intact. It is very important to find a balance
between the intensity of laser radiation and the
preservation of cable characteristics to achieve an
optimal cable stripping process.

One of the most commonly used laser types for
wire-stripping systems is the CO; laser. CO; lasers
play a large role in the laser-material processing
industries. CO- laser offers good beam quality and low
cost per watt. Numerous discrete output wavelengths
from 9 to 11 microns in the far-IR spectrum. Specific
wavelengths can be selected with the use of isotopes in
a laser gas mixture. Radiation in this wavelength is
strongly absorbed by a large amount of commonly
used materials including PVC [6].
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The CO- laser beam does not damage the conductor
part of the CU cable, because copper is very reflective
to the CO, laser beam and has high thermal
conductivity, but the insulating materials tend to be
highly absorbing. As the laser beam passes through the
cable, it cuts precisely through the insulation, which
which allows easy removal of the insulating layer of the
cable [7].

Martnyuk has researched the usage of frequency
quadrupled Nd: YAG laser for wire stripping [8].
Iceland has researched the usage of CO; and Nd:YAG
lasers in wire-stripping equipment [9]. Miller has
researched the ability of a 10.6 [um] CO; laser to
selectively remove the insulation of various materials
[10].

The main purpose of this study is to determine the
necessary parameters of a CO. laser system to
completely remove the outer isolation layer of
communication cables, deriving the functional
dependencies of the depth of laser ablation on power,
speed, the raster step distance and influence of
material's colour on twisted pair CU cables outer
insulation layer made of PVVC with a thickness of up to
600 [uml].

I1. INSULATION REMOVAL TECHNIQUES

The cable stripping process is the removal of the
insulation, which covers the electrically conducting
wire or wires of a cable, to make the cable-ready
insertion in the cable connector. Conventional cable
stripping technologies include abrasive, chemical,
thermal, and mechanical methods. Each of those
methods has its drawbacks in one or several areas such
as damage to a copper conductor, low precision,
quality, or poor processing speed.

In precise manufacturing applications where perfect
insulation removal is needed it is unacceptable to have
such deficiencies. Mechanical cable-stripping methods
are not well suited to strip cables that do not have
regular cross-sections like twisted pair cables, which
are very frequently used in telecommunications. The
quality of this process highly depends upon the skill and
experience of the crafts-person to cut through the
protective cover without damaging or stressing the
elements [11]. Twisted pair cable (TPC) is composed of
two conductors which are twisted together. The
twisting is used to cancel electromagnetic interference
from external sources and to reduce the cross-talk with
surrounding wires (typically within large bundles) and
it is also used to protect the environment from its
radiation [12]. Chemical cable-stripping methods have
a long processing time and environmental issues.
Successful thermal cable-stripping requires very
precise calibration and temperature control and it needs
a secondary operation to completely remove all
insulation from a selected area of the cable.

Laser cable stripping has a faster processing time,
better process control, and very good precision
compared to other methods. Laser cable stripping is a
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contact-less process and using appropriate laser type
and laser power is important to significantly reduce the
risk of damage to the copper conducting part. The laser
beam can create a variety of patterns such as cross-cut
end strips, angled cuts, mini-windows, or any
programmable patterns and selected points of cable or
wire. A list of insulation types strippable by CO, laser
includes rubber, fabric, Teflon, polyvinyl chloride,
Kapton, and fiberglass.

1. EQUIPMENT AND MATERIALS

ST-CC9060 laser systems were used in the
experimental process for sample processing.
Parameters of ST-CC9060 laser are shown in table I.
This laser is specially designed for interaction with non-
metallic materials. This system has and a high-speed
XY coordinate table, with unique fully sealed cavity
construction shown in Fig. 1.

Principle of operation: the resonator tube of the CO,
laser is filled with a gas mixture as a laser-active
medium. A laser discharge generates when high voltage
is applied to the electrodes of the laser resonator, this
process causes the molecules in the CO, gas mixture to
release laser radiation in form of emissions. After
amplification, in laser resonator photons leaves it
through the output resonator. These photons, who are
directional, monochromatic, and coherent from the
laser beam with help of optical systems are directed to
the work surface.

CO: laser

Mirror

T

mputer

Fig. 1. Scheme of the operational stand
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TABLE |. PARAMETERS OF ST-CC9060 LASER

Laser Power P 100W

Laser Wavelength L 10640nm

in Table Il. Another important factor that influences
the absorbability of laser light for PVC is the colour of
the material. colour or PVC depends on the amount and
type of pigment additives present in the material.

TABLE Il. PARAMETERS OF RIGID AND PLASTICISED PVC [13]

Marking Area S 900 mm x 600 mm
Marking Speed v 0-1000mm/s Property Rigid Plasticized
Repetition Accuracy +0.02mm Density (g/m°) 1.34-1.39 1.29-1.34
Power Consumption 1.5 kw Tensi(légp?)dulus 2.41-2.45 -
Power Supply 220v/50HzZ/10A TenSi(',\e,”S,t;f”ght 37.2-42.4 14-26
Cooling system water Coolsicsgtjcnprotection Density (g/m®) 1.34-1.39 1.29-1.34
Focal Length f 65 mm E'°”ga“(f,’2)at break 250-400
2one,an OLS-5000 SAF laser microscope (g 2) was | \OIeId0am) | 074112 _
L] was ueed for determining the wicth anddepth of Haess | {0y | ATIoA% (Shor

the heat-affected zone.

Fig. 2. OLS-5000 SAF confocal laser microscope

IV. MATERIALS / EXPERIMENTAL SAMPLES

PVC is a thermoplastic material, meaning that it
can be softening when heated and hardening when
cooled and it can undergo these processes many times
without any noticeable change. Properties of PVC can
vary depending on its molecular weight and additives
(plasticizers, fillers, pigments, etc.) PVC is extremely
cost-effective in comparison to other plastics with a
high degree of versatility in end-use and processing
possibilities. It is durable, easily maintained, and can
be produced in a variety of colours. It has good
stiffness, impact strength, good chemical resistance,
and non-flammability [13, 14].

There are different types of PVC available on the
market which can be used as an insulation material.
The most common types are rigid PVC (PVC-U) and
plasticized PVC (PVC-P) PVC-P is usually used for
stranded cables where the flexibility of the cable is
necessary. PVC-U is used for solid cables which are
more useful for heavy-duty applications [13]. The most
important parameters of PVC-P and PVC-U are shown
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V. METHODOLOGY

Depth h of a single slit cut and 10 x 10 mm window
cut area was measured as a function of laser power P,
raster step distance 4x, and processing speed v. PVC-P
strips of different colours (white, yellow, red, green,
blue and black) with a size of 20 x 200 [mm], thickness
- 0.6 [mm] were prepared for the experimental series.
The focal length f and the spot size of laser beam d are
constant throughout the entire experimental study —d =
92.7 [um], f = 65 [mm]. Laser interaction time - t and
laser power density — W were measured for all
measurements. Error calculation was made for all
measurements. Every experiment was repeated 4 times
to achieve more reliable results. A 10 x10 [mm]
window cut area of each sample was performed using a
raster scanning method. (Figure 3.) Raster step distance
A x is the distance between the lines of the trajectory of
the laser beam.

AY

P
X

pd

AAMAAAAAAAAAAAAAAS

Fig. 3. Raster scanning method

Experimental part of the study is divided in four
parts.

In the first section of the experimental process,
ablation depth h was examined as a function of
processing speed v - h = h (v) for 10x10 [mm] area
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ablation for samples of six different colours. Values of
P and Ax are constant through experimental series. P =
const=4.5, 7.3, 10.5, 14 W, 4x = const = 20 [um]. v =
100 + 345 [mm/s].

In the second section of the experimental process,
ablation depth h was examined as a function of laser
power P : h =h (P) for 10 x 10 [mm] area ablation for
samples of six different colours. Values of laser power
P used in these series: 1, 2.2, 3.5, 4.5, 6.1, 7.3, 9, 10
[W]. Values of v and 4x are constant through
experimental series. v = const = 150, 225 and 300
[mm/s], Ax = const = 20 [um].

In the third section of the experimental process,
ablation depth h was examined as a function of laser
power P - h = h (P) for a single-slit cut samples of six
different colours. Values of laser power P used in these
series: 1, 2.2, 3.5,4.5,6.1, 7.3, 9, 10, 12, 14, 17.6, 20,
23.6, 27.6, 30, 34.5, 38.5, 43 [W]. Values of v and 4x
are constant through experimental series. v = const =
200 [mm/s].

In the fourth section of the experimental process,
ablation depth h was examined as a function of raster
distance 4x: h = h (4x). Values of P and v are constant
through experimental series. P = const = 4.5 [W], v =

const = 100 [mm/s], A4x = 10 + 80 [um].

V1. RESULTS OF EXPERIMENTAL STUDIES

Results of the first set of experiments are shown in
Fig. 4 and Fig. 5. Fig. 4 shows the depth of 10x10 [mm]
laser-ablated zone as a function of the laser processing
speed of four different colours — white, yellow, green,
and black samples to make the graph clearer.
Experiments where cable isolation was fully ablated (h
> 600 [um]) and the values of those measurements are
not shown in Fig. 4.

White -#-Black

Yelow

& Green

hipm

205

5 240 275
v [mms]

30 34

Fig. 4. Depth of the laser-ablated area as a function of laser
processing speed

Data shown in Fig. 4 shows an increase of depth h
of the laser-ablated zone by decreasing the laser
processing speed. The trajectory of change of h is
similar for samples of all colors, however, white-
colored samples consistently are showing the lowest
depth of laser-ablated area as black-colored samples
have the deepest zone of ablation among experimental
samples. Difference of h between black and white
sample groups are between 15.4% at v = 135 mm/s and
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20.5% at v = 345 mm/s. Fig. 5 shows how the depth of
heat-affected zone h changes as a function of laser
processing speed for four different values of laser
power P.

i

il 240 FiL E1]
¥ fmmi's]
Fig. 5. Depth of the laser-ablated area as a function of laser
processing speed of blue-coloured samples

A non-linear function can be observed. Changing
laser power from 4.5 [W] to 14 [W] (311% increase)
depth of laser-ablated zone at measured processing
speed values where does not exceed (170 — 345 [mm/s])
increases by 320.9 — 330.6 %. Depth of the laser-
ablated zone increases proportionally to increase the
laser power.

“

12 3%

41 56 13

0 12 M 176 203 BF W6 N U5 VS 0

PIW

Fig. 6. Depth of the laser-ablated area as a function of laser
power

Increasing laser power increases the depth of the
laser-ablated zone exponentially as seen in Fig. 6. To
analyze the way how increasing laser power P changes
the depth of the laser-ablated zone, measured results
were divided into four distinct intervals. Interval 1 — 1
to 10 [W]. Interval 2 — 10 to 20 [W]. Interval 3 — 20 to
30 [W] and interval 4 — 30 to 43 [W]. Increasing P of
black-coloured sample in interval 1 - from 1 [W] (5.32
[um]) to 10 [W] (56.13 [um]) increases h by 1055%.
This corresponds to a 5.65 [um] increase in depth of the
laser-ablated zone h per 1 [W]. Increasing P of the
black-coloured sample in interval 2 - from 10 [W]
(56.13 [um]) to 20 [W] (155.09 [um]) increases h by
176.3%. This corresponds to a 9.90 [um] increase of h
per 1 [W]. Increasing P of the black-coloured sample in
interval 3 - 20 [W] (155.09 [um]) to 30 [W] (258.36
[um]) increases h by 66.6%. This corresponds to a
10.33 [um] increase of h per 1 [W]. Increasing P of
black-coloured samples in interval 4 - 30 [W] (258.36
[um]) to 43 [W] (392.27 [um]) increases h by 51.2%.
This corresponds to a 10.30 [um] increase of h per 1
[W].
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B-10mms -+ 22 mms -%-300 ms

0=450- 68 pm
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[

13 L] 0

PIW
Fig. 7. Depth of the laser-ablated area as a function of laser power
for three different processing speed values

Fig. 7 shows the dependence of 10 x10 [mm] laser-
ablated zone on laser power P for three different laser
processing speed values — 150, 225, and 300 [mm/s].
Results of red-coloured samples are shown in Figure 7
however a similar trajectory of change of h is noticeable
for other tested colours, but the value of h slightly
differs due to the absorbency of PVC plastic insulation
for each colour. At P =10 [W], v = 150 [mm/s], depth
of laser-ablated area is 3.64 times larger than at P = 10
[W], v =300 [mm/s].

White —+-Black — Red

Grown+Oue  Yellow

Fig. 8. Depth of the laser-ablated érea as a function of raster step
distance
Fig. 8 shows the dependence of the depth of laser-
ablated area h on raster step distance 4 x at v = 100
[mm/s] and P = 4.5 [W] for all 6 tested colours. Due to
the beam diameter d = 92.7 [um] and TEMqo laser
beam, change of h between 4x = 70 [um] and 4x = 80
[um] is relatively small. As the value of Ax is decreased
further, h increases exponentially.

L1

40 50 &0 m

VII. SUMMARY

The following statements can be made from the
analysis of the experiments:

o Using the selected methodology
laser type and mode, it is possible to perform quick
and effective ablation of commercially available
telecommunication cable isolation. Laser power P,
procession speed v, and raster step distance Ax (for
area ablation) are the most important parameters in
the ablation process of PVC for single slit cuts and
10 x 10 area ablation. [15, 16] The chemical
composition of specific insulation material and its
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colour also considerably influence the ablation
process.

. Experimental dependencies of these
parameters and depth of laser-ablated area h can be
used to properly adjust laser stripping of the cable
insulation, depending on the thickness of the
insulation layer and diameter of the cable core
according to necessary safety standards, its
functionality, and specific needs of a customer.
These parameters can be changed at will to adjust
to different insulation material, its colour, or
thickness to make the process more efficient, for
example, increasing processing speed v and laser
power P, adjusting raster step distance Ax.

VIIl. CONCLUSION:

Finding the optimal operating parameters for
specific insulation material type and thickness and
understanding how a change of parameters influences
the geometry of the laser-ablated area are very
important steps to achieve optimal laser-material
interaction. Results of this study can be of interest to
different industries, which manufacturing process
include cables, wires, or other applications where it is
necessary to remove an area of insulating material.

The present study examines the depth of the laser-
ablated area as a function of parameters such as laser
power P, laser processing speed v, raster step distance
Ax as well as the influence of colour on the process of
laser ablation on a PVC-P CU twisted pair cable outer
layer isolation layer with a thickness of 600 [pml].
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Laser Ablation of Paint Coatings in Industry
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Abstract - A comparison is made between the laser and
sandblasting methods for removing paint from industrial
facilities. The advantages of laser ablation are discussed. The
possibilities of laser paint removal systems - stationary and
moving - are shown. The main factors influencing the laser
ablation process and the indicators that determine the
quality of the obtained surface are systematized.
Researchers' publications on this technological process are
analyzed.

Keywords - laser ablation, paint, advantages, factors, laser
paint cleaning system

. INTRODUCTION

Paint removal is a process that finds application in some
specific areas such as maintenance of vessels, aircraft, cars
and more. In industrial conditions, two main methods are
used - sandblasting method and laser method. Both
methods are widely used at the present stage of
development of science and technology. It should be noted
that the laser method is gradually expanding its position
due to a number of its advantages over the sandblasting
method:

- Nature is less polluted
The fine grits used in the sandblasting method are difficult
to clean, which is too unfavorable for the environment. In
the laser method, the coating is thermally removed and
blown;

- The health of the workers is spared
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The application of the sandblasting method requires
strictly specialized clothing due to the strong dusting of
the working environment, while the laser method uses
only goggles and normal workwear.

- Mobility
The laser beam is easily delivered to the impact area, as it
can be transported there by means of glass fiber.

- Flexibility
The paint can be removed without any surface damage or
a surface with the necessary roughness can be obtained for
easier repainting

- Low cost price

There is a lasting tendency to reduce the cost of the
process. The improvement of laser sources and laser
technology systems and the competition of manufacturing
companies have led to a significant reduction in their
market prices while expanding their capabilities. At the
same time, the prices of consumables for the sandblasting
method are slightly increasing.

- Processing of hard-to-reach places;
- Higher productivity;
- Easy maintenance of the laser technology
system;
- High quality;
- Precision;
- Lack of direct mechanical or chemical contact
with the substrate.
Laser ablation of paints is a complex process that is
influenced by some basic factors. They are in complex
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relationships with each other and both the specific
influence of each factor and the complex influence of the
main factors must be studied [4], [20], [25 - 27].

The aim of the publication is to systematize the various
techniques for the implementation of the technological
process of laser ablation of paint from industrial facilities,
to discuss their capabilities and to analyze the main factors
influencing the process.

Il.  PRESENTATION

Laser cleaning can be defined as the removal of unwanted
layers or the extended contamination of the unwanted
layers from a solid substrate. In particular, laser ablation
of paint from the surface of solids is an essential part of
this technological process [17], [22].

Laser ablation can be viewed as a process, in which the
rapidly applied heat can cause thermal expansion and
propagation of a pressure shockwave, which when applied
effectively can be implemented in the removal of coatings.
The laser ablation process can be schematically
represented as the rapid heating of the surface layers of the
material undergoing ablation there by forming a plasma,
which in turn creates a shockwave that ejects the ablated
material outwards as fine particles (see Fig. 1). The
substrate below the coating that is targeted for removal is
protected from damage by keeping the laser energy
density below the damage threshold. The laser ablation
process is shown schematically in Figure 1 [23], [20].

(a) (b) (c)

Coating is removed

Shock wave &
Laser beam Crack network s1°
Plasma ﬂ g P
feat v
- — . b,
Coating layers ; if I \,‘e Coating layers
Metal substrate Metal substrate Metal substrate

Fig. 1. Graphical illustration of the laser ablation mechanism: (a). Laser
vaporizes the coating layer and creates a plasma formation. (b). Plasma
creates a shock wave and crack network. (c). The top clear coat has
been removed in the ablation mechanism.

In the publications of a number of authors the process of
laser ablation of paint from metal surfaces is considered
and researched. Various technical solutions are offered.

I.1. Laser paint cleaning systems

11.1.1.

An experimental system with Nd:YAG laser (A = 1064
nm) was proposed in [18] (Fig. 2). The sample is
horizontally placed on the X-Y axis platform with the laser

Stationary laser paint cleaning systems

beam perpendicularly irradiates on it. A suction pump is
used to absorb the ablated paint debris. The thickness of
the paint covered on steel is ~360 um and a square of 40
mm x 40 mm is ablated by laser for performance
evaluation of laser cleaning.

. Mirror
Beam expander B

Lens

Objective

Suction pump

X-Y axis platform

Fig. 2. Paint removal experimental setup

In the publication [10], the results are analyzed in view of
the use of the system for industrial paint removal in a
variety of circumstances (Fig. 3), but specifically for the
use in a nuclear environment for decommissioning. The
experimental work is performed using a Rofin Sinar
DL025 stacked HPDL, emitting at approximately 900 nm.
The working distance used between laser optics and
coating surface was around 5 cm, with a spot size of
around 12 mm x 7 mm. The system optics were protected
by a nozzle assembly, allowing for protective air flow over
the lens to prevent combustion products from depositing
on the front surface.

Laser Head

\

\Shield Gas

\ Nozzle
o

S 10 gl A
L D)

Fig. 3. Schematic of the laser-nozzle—substrate arrangement used in the
experiments.

11.1.2.  Moving laser paint cleaning system
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The sample surfaces in [3] are irradiated while utilizing a
CW fiber laser (YLS-2000, IPG Photonics, Oxford, MA,
USA) with a maximum average power of 2 kW,
wavelength of 1070 nm. The laser beam spot is
perpendicular to the substrate surface and the laser spot
size is 5.0 mm. The beam quality factor (M?) is 1.2
measured by a laser beam quality analyzer (SP620U). The
laser head is installed on a six-axis robot arm (ABB,
Zurich, Switzerland). The auxiliary device includes a
water-cooled chassis for the laser and an argon canister,
which serves to protect the laser head lens. Argon process
gas is blown over the surface in this case, in order to
minimize the combustive effects. The nozzle assembly
protects the system optics that allows for protective
airflow through the lens to prevent combustion products
from depositing on the front surface. Figure 4 presents a
schematic diagram of the experimental setup.

The laser technological system can be configured for both
manual and robotic tool positioning. Figure 5 shows a
standard laser system with power 400 W installed in a
maintenance hangar at U.S. Naval Air Station, Patuxent
River, MD. The gray laser cabinet connects to the hand-
held laser tool via a 50-meter, orange-colored fiber optic
umbilical cable [24].

water

supply ; |

| Assisted B

y  argom
inlet

Workplece
holder

Fig. 4. Schematic diagram of experimental setup
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| .

Fig. 5. A laser system in use by the US Naval Undersea Warfare
Center, Keyport, WA, for cleaning test torpedoes

The manual laser tool in Figure 6 with extended fiber optic
umbilical can easily reach surfaces difficult or impossible
for human access. An optional video camera in the tool
and heads-up operator’s display enables stripping of
surfaces in confined spaces, e.g., voids and tanks, or in
difficult to reach spaces such as beneath or behind
equipment [24].

Fig. 6. Heads-up display for confined space access

The characteristics of lasers and laser paint ablation
systems are presented in Table 1. It can be seen that lasers
operating in both continuous and pulsed mode are used.
CO: lasers have less power than fiber lasers, Nd: YAG
lasers and diode lasers, because the absorbency of dyes for
radiation with a wavelength of 10.6 um (far infrared area)
is greater than this for wavelength of about 1 pum (near
infrared area). In addition, it should be noted that the
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radiation of fiber lasers, Nd: YAG lasers and diode lasers
is easily transmitted along the glass fiber to the area of

impact. It is impossible to transfer CO, laser radiation via
glass fiber.

TABLE 1. SOME CHARACTERISTICS OF LASERS AND LASER SYSTEMS USED FOR LASER PAINT ABLATION

Laser Fiber laser Nd:YAG laser Diode laser CO; laser
Characteristic
Wavelength, nm 1064 1064 800 + 950 10600
Operating mode Pulse mode Pulse mode Pulse mode CW

CcwW Q-switch mode CcwW
CcwW

Power, W 500 + 2500 500 + 2500 500 + 2500 100 + 1000
Diameter of work spot, mm 1+5 1+5 1+5 1+10
Frequency, kHz 20 20 20 -
Pulse duration, nm 100 100 250 -
Beam quality M? 1.2 15 10 6
Efficiency 40 30 50 20
Possibility to transmit radiation along glass fiber Yes Yes Yes No

1.2. Main factors influencing the process and
experimental results of their research

The main factors influencing the laser ablation process are
related to the laser source (wavelength, power density,
working spot diameter, pulse duration, frequency), the
technological process (speed, defocusing) and the physical
and chemical properties of the coating. Their reporting and
research as well as taking into account the physical
mechanisms in the implementation of the process will lead
to high quality processing (Table 2).

A number of scientists have studied the main factors
influencing the process of laser ablation of paint from
metals and alloys in their publications.

The influence of power, absorbed energy, frequency and
speed of scanning on the process of laser ablation of paint
is studied in [18]. Technological parameter are also pulse
duration 100 ns and diameter of work spot 100 pm. They
are determined experimentally. The performance of the
laser cleaning was evaluated. An experiment was
performed with repainted coating after laser ablation.
Excellent adhesion strength of 20 MPa is achieved
between the repainted coating and the substrate, which is
higher than what is required by shipyard applications.

The removal of paint from the surface of metal samples
using fiber lasers operating in continuous and pulsed mode
was studied in [8]. They choose the specific energy as a
quantity that determines the realization of the process. In
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cw mode the specific energy reduced with the increase of
laser scan speed and corresponding increase of laser
power. In case of repetitive pulsed mode the specific
energy was found to depend on the pulse on-time as well
as on the time interval between two successive pulses. At
1 kHz repetition rate, the specific energy reduced with the
increase of duty cycle and corresponding increase in
scanning speed, but at relatively low frequencies of 50—
150 Hz and 50% overlap between two pulses specific
energy was found to increase with increasing duty cycle.
Irrespective of the mode of operation specific energy
increased with the increase of average line energy. During
the laser paint irradiation a plume of burning fume was
formed over the surface and the variation in specific
energy with laser processing parameters has been
attributed to the absorption of laser radiation in the plume.

In the publication [10], the authors present work on
investigating the suitability and characteristics of a 2.5 kW
CW high power diode laser (HPDL) for the removal of
chlorinated rubber (CR) and epoxy resin type paints from
concrete and steel surfaces. The experimental dependence
of the removal rate on the output laser power for coverage
from chlorinated rubber (CR) paint, is obtained. Process
characteristics, safety issues, as well as costing issues and
various practical matters are discussed.
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TABLE 2. REALIZATION OF THE PROCESS OF LASER ABLATION OF PAINT

Inputs

Laser

Average power

Geometry of the work
area

Chemical composition of
the layer

Chemical composition of
the base material
Thermophysical and
optical properties of the
layer and the substrate
Surface characteristics

¢ Diameter of work spot

*  Wavelength

*  Operating mode: PI'OCESSES

pulse/CW

+ Beam profile o

¢ Pulses duration Physical

%) Erequency Phenomena Ou tpu ts

Beam deflection device * Absorption

¢ Relative speed * Ablation

*+  System accuracy . Ad.hesion of the Quality

* Focal length paint layer to the » Roughness of the
B su_bstr:?te surface after laser

Material * Diffusion between

the substrate layer

¢ Dynamics in the
processing area

* Removal of formed
gases / particles
from the melt

* Interaction - laser
absorption in the
layer and the base
material

ablation of the

layer

Change in

microhardness

® Change of
microstructure on
the surface of the
base material

Environmental

*  Quick cooling of
the area

protection

* Blowing the work area
Aspiration system
Cross jet

Nozzle

Powder stream
Profile

In the publication [2], authors research removal of a thin
oxide layer from a tungsten ribbon. They use the
fundamental (1 = 1064 nm), second (2 =532 nm) and third
harmonic (2 = 355 nm) radiation from a Q- switched Nd-
YAG laser. It was found that beyond the threshold, oxide
removal was achieved at all wavelengths for a wide range
of influence values. The removal mechanism of the oxide
layer was found to be dependent on both wavelength and
influence of the incident radiation and has been identified
as ejection or sublimation. The un-cleaned and cleaned
surfaces were analyzed by scanning electron microscopy
(SEM), energy dispersive X-ray analysis (EDS) and
atomic force microscopy (AFM). Laser cleaned tungsten
ribbons were wused in a thermal ionization mass
spectrometer (TIMS) to determine isotopic composition of
Neodymium atoms.

In the paper [3], the research about continuous wave (CW)
laser cleaning technique is employed to clean the paint on
the substrate of aluminum alloy, using in the shipbuilding.
The track width and depth of laser ablated craters are
measured to study the removal rates. The analysis of cw
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laser cleaning is performed to explain the removal process
that is theoretically based on the model, created from the
authors. The model uses the heat equation with the
corresponding initial and boundary conditions. It makes it
possible to determine the temperature profile in the area of
impact, the thermal stress profiles, the adhesion and the
cleaning force. Experimental studies have also been
conducted. The sample surfaces are irradiated while
utilizing a cw fiber laser. The laser beam spot is
perpendicular to the substrate surface and the laser spot
size is 5.0 mm. The following results were obtained:

e A relationship between the removal depth rate
and the power density for epoxy polyester (EP)
coatings;

e The removal rate of the EP paint depending on
the output power of the laser;

e The relationship between laser power density and
roughness on the cleaned surface;

e The relationship between scanning velocity and
the roughness on the cleaned surface;
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e The dependence of HV hardness on the center of
the scan line and the upper surface.

The parametric and morphological studies indicate that the
cleaned surface of aluminum alloy could be achieved at

proper parameters.

In [6], laser cleaningis researched as a proces with
significant advantages over the conventional cleaning
techniques. It is a well-controlled process with unique
properties, such as precise treatment, high selectivity, and
high flexi-bility. A cleaning technique using a high-power
fibre laser is developed for the surface preparation of steel.
Fibre laser has advantages of compact system, automation
capability, and low maintenance cost. They report the laser
cleaning results using a 500-W pulsed high-power fibre
laser. The laser cleaning is able to meet the requirements
of the International Organization for Standardization
(1S0O) standard 8501.

Laser assisted cleaning of oxide films on stainless steel
plates is studied both experimentally and theoretically in
[1]. The highly oxidized surfaces with oxide scales of
about 25 mm thickness are irradiated with Q-switched
pulsed Nd:YAG lasers with and without frequency
doubling, i.e., at 1064 nm and 532 nm wavelengths. Both
multiple irradiation on single spots and scanning with
pulsed lasers are employed. The variables studied are laser
wavelength, pulse duration, number of pulses, and
scanning velocity. Laser cleaning experiments were
performed in which the cleaned samples were at rest and
in motion. The results indicate that heavily oxidized
stainless steel surfaces can be cleaned with short, high
power density pulses. Shorter laser wavelength, higher
power density, and irradiation with multiple pulses
improve the surface cleaning. No loss of the underlying
metal layer is observed during treatment.

In the publication [12], the authors show that thermal
stress is the main mechanism in the process of paint
removal by Q-switched Nd:YAG laser (A = 1064 nm, t =
10 ns). A theoretical model of paint removal by short-pulse
laser is established from the perspective of thermal stress.
Thermal stress is generated by thermal expansion, and the
temperatures of different samples are calculated according
to the one-dimensional heat conduction equation. The
theoretical cleaning threshold can be obtained by
comparing thermal stress with the adhesion of paint, and
the theoretical damage threshold is obtained by calculating
the temperature. Moreover, the theoretical calculations are
verified by experimental results.

In the paper [16], authors show results of the investigation
into the feasibility of using a CO: laser technology to
perform critical cleaning of gas-turbine aero-engine
components for manufacture. They report the results of
recent trials and relate these to a thermal model of the
cleaning mechanisms, and describe resultant component
integrity. The paper defines the experimental conditions
for the laser cleaning of various aerospace-grade
contaminated titanium alloys, using a continuous wave
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CO: laser. Laser cleaning of Ti64 proved successful for
electron beam welding, but not for the more sensitive
Ti6246. For diffusion bonding the trials produced a
defective standard of joint. Effects of oxide formation is
modelled and examined experimentally.

The paper [7] investigated the feasibility and the efficiency
of removal of rust from the ship steel using CO> pulsed
laser. The results show that CO; pulsed laser can
effectively clean the rust by using suitable parameters
without damage the substrate. A cleaning threshold for
stripping rust of power density exists. Also, the effect of
the process parameters on the efficiency and performance
as well as the removal mechanism were studied in this

paper.

An investigation in the paint stripping of a single-layer
epoxy polyester hybrid coating from an aluminium
substrate highly suitable for recycling process is made in
[11]. The feasibility of a diode laser source without any
assistance of oxygen flow was checked and the best
operative conditions were sought. Attention was first paid
on the deposition of the polymeric film on aluminium
substrates so as to perform the paint stripping process on
coatings with the closest geometrical tolerances and
dimensional accuracy. Then, a full factorial experimental
design was led in order to study the influence of main
process variables, that is, the interaction time, the power
density, the focusing length, the absorption coefficient and
the number of passes on the effectiveness of paint stripping
expressed in terms of paint removal depth. Finally, several
process maps were developed as a support in identifying
the best way to lead the paint stripping process. Process
characteristics, leading mechanisms and a simple
regression linear model, easily applicable to a wide range
of paint stripping contexts, were also discussed in detail.

Experiments to investigate the potential for practical laser
graffiti-removal systems are reported in [19]. A universal
engineering curve for the time needed for removal of paint
from nonconductive substrates that was valid over a range
of 107 W/cm? in intensity was measured with a variety of
lasers. Comparable times were measured for conductive
substrates, when pulses shorter than the thermal
conduction times were used. The influence of the power,
pulse energy, frequency, pulses duration and exposure
time has been researched. Analysis suggests that Q-
switched Nd:YAG lasers may be the most efficient means
for removing graffiti and other unwanted paint. An 1-m2
area of paint 14 pm thick can be removed in approximately
10 min with a 50-Hz laser system of 15-W average power.

In the paper [21], the application of laser cleaning in the
conservation of cultural assets is reviewed - stone and
metal artifacts along with wall and easel paintings. The
innovative part is entirely dedicated to the extension of the
application perspective of the Nd:YAG lasers by
exploiting the significant versatility provided by their
different pulse durations. Besides extensively discussing
the specific conservation and physical problems involved
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in stone and metal cleaning, a significant effort was also
made to explore the application potential for wall and easel
paintings. The study of the latter was confined to
preliminary irradiation tests carried out on prepared
samples. The authors characterized the ablation
phenomenology, optical properties, and photomechanical
generation associated with the irradiation of optically
absorbing varnishes using pulse durations of 10 and 120
ns. Further results concern the nature of the well-known
problem of the yellowish appearance in stone cleaning,
removal of biological growths and graffiti from stones,
cleaning of bronze and iron artifacts and related aspects of
laser conversion of unstable minerals, removal of
calcareous stratification from wall paintings, and other
features.

I1l. CONCLUSIONS

In summary, the proposed methods of laser ablation
deepen the knowledge of technologists and operators in
this field. They can make a choice of suitable technical
devices for laser ablation of paint. In addition, they can
evaluate the influence of various factors on the laser
ablation process. Systematizing these factors makes it
easier for them to plan their experiments when working
with different paints or laser sources.
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Technological Optimization of Positioning
Prismatic-Body Details in Holding Devices
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Abstract - The aim of the present work is to propose and
substantiate a scheme of a device for positioning prismatic-
body details on two holes with parallel axes and a plane,
perpendicular to them. This will help to achieve high
accuracy of linear and angular orientation of the workpiece.
Thus the requirements for the accuracy of the center-to-
center distance of the base holes will be reduced and the
process of assembling the workpiece to the grip pawls will be
simplified.

Keywords - accuracy, optimization, prismatic —body details,

. INTRODUCTION

The process of prismatic-body details positioning,
based on two holes with parallel axes and a plane
perpendicular to them, is performed on support plates with
different combinations of mounting pawls: a cylindrical
and a sheared pawl; two cylindrical pawls, one of which
may be of reduced diameter relative to the base hole; two
conical, sinking pawls; two elastic grip pawls [1, 2] and
others. The most common and most precise in terms of
accuracy of orientation of the workpiece is the first of
these solutions. The main disadvantage of positioning by
means of a cylindrical and a sheared pawl is the need for
achieving high accuracy of the center-to-center distance
between the base holes of the workpiece during their
prefabrication. This makes the technological process more
expensive and is not justified in cases when the base
openings are not used in mounting and assembling, but
have a purely technological purpose. In addition, the
operation of these devices reveals [3, 4] some difficulties
in assembling the workpiece on the pawils.

The aim of the present work is to propose and
substantiate a scheme of a device for positioning of
prismatic-body details on two holes with parallel axes and
a plane perpendicular to them, which would allow to
achieve the highest possible accuracy of linear and angular
orientation of the workpiece with reduced requirements to
the accuracy of the center-to-center distance of the base

holes and greater ease when assembling the workpiece to
the pawls in a positioning process.

Il. METHODOLOGY

The construction and the principle of operation of the
proposed device are clarified in Fig.1. The workpiece 1 is
mounted on the support plates 2 on the base surface. The
pawls 3 are cylindrical. This is determined by the presence
of a tolerance T, at a distance L between the axes of the
base holes, as a result of which, when positioning a batch
of workpieces, the position of one of the pawls (Fig. 1 b)
is shared between two boundary positions. The diagram
shows that the area enclosed by the intersection of the two
boundary circumferences belongs to all workpieces in the
batch. The diameter of the right-hand pawl must fall into

this area and its tolerance must be equal to T.
a

Fig.1. Model design of the device
The linear movement of the detail in the direction of

Ox and Oy axes is limited within the clearance between
the fixed pawl and the base hole, assembled with it. In this
respect, the proposed scheme is completely equivalent to
the scheme of positioning on a cylindrical and a sheared
pawl.
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The limiting values for the displacement of the
workpiece from the middle position are:

Jamint = m2in1
. @
J — ‘]minl +Tl +T1 +Twl
3 max1 2
where J, .., and J, . are the limiting operating radial
clearances;
J iny - the minimum guaranteed clearance;

T, - the tolerance of the base opening;
T, - the tolerance of the diameter of the pawl;
T,, - the tolerance for the wear of the pawl.

The role of the movable pawl, similar to the role of
the sheared one, is to limit the rotation of the detail
around the axis of the fixed pawl. The largest angle of
rotation o (Fig. 2) from the middle position can be
determined by the formula

J
‘]Smaxl +‘]3max2 — +L5inﬁ+ fy
. cosp 2
sina ~ 3 , (2)

Fig. 2. Scheme for determining the error of the workpiece rotation

where J is the maximum operating radial clearance

3 max2
between the movable pawl and the base
hole;
Jamaxs - the maximum operating radial clearance

between the movable pawl and the
guide channel;

B . the angle between the direction of the center-to-
center distance and the axis of the channel, obtained as a
result of inaccuracy in its fabrication;

f, - the linear inaccuracy in the channel fabrication,

representing the distance between its middle part and the
direction of the center-to-center distance.
The clearance J is analogous to J,, ..,

depends on the same elements as the ones, specified in (1),
but taken for the connection pair movable pawl - base
hole. The maximum displacement of the movable pawl in
the guide channel is determined by the expression:

and

3max2

_J

3maxl —

FT, 4T, +T,, +T,,
2

min3

J 3)
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where J is the minimum guaranteed clearance;

T,, T, are the tolerances for fabrication and wear of
the pawl;

T,, T,, - the tolerances for fabrication and wear of
the channel.

min3

In case of positioning on a cylindrical and a sheared
pawl, the maximum error of rotation of the detail,
determined by the rotational angle a, is:

J +J +f
Sina _ 3 max1 3max2 y , (4)
L
In the above dependence, the clearances J, ., and

J
while f isananalogous inaccuracy in the position of the
sheared pawl.

completely cover by meaning the notation in (2),

3max2

The analysis of the errors in the angular position of the
workpiece for the two positioning schemes, expressed by
(2) and (4), shows that in the proposed scheme the error

JSmax3

cos

is greater, because in (3) the expressions and

T?Lsin S are added. This conclusion is still not sufficient

grounds to reject the scheme, however. The performed
calculations show that in practice the difference between
the errors in the two schemes is small and acceptable for
the production conditions.

The quantity T?Lsinﬁ can be neglected as

infinitesimal, since the tolerance T, is a small number

and the angle B is also small (B <1 °). As it can be seen
from (3), J;..; depends on the accuracy of

manufacturing both the pawl and the channel, as well as
on their wear. The capabilities of the modern tool shops
allow for making both elements with high accuracy and a
small minimum guaranteed clearance. Moreover, this
accuracy should be considered in relation to the required
accuracy of positioning the detail. The wear of both the
pawl and the channel is very small due to the fact that the
relative displacement path is small and the two details are
in constant contact (unlike the case with the connection
pair pawl-base hole).

The influence of the tolerance T, of the center-to-

center distance on the accuracy of the angular orientation
remains implicit, as it manifests itself in different
directions. When positioning on a cylindrical and a
sheared pawl, the increase of T, leads to inadmissible
sharpening of the sheared pawl, and after a certain value
of T, - to elimination of the cylindrical band. In these
cases the scheme is not applicable, and the only way out
is to increase the dimensional accuracy L of the
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workpieces. The inaccuracy of the device additionally
interferes with this scheme.

The proposed positioning scheme with two
cylindrical pawls, one of which movable, allows for full
compensation of the tolerance of the size L both for the
workpiece and for the device, without limiting their
nominal practical values. This is achieved at the expense
of the free run of the movable pawl. The length of the
channel (Fig. 2) when ignoring its angular error is
determined by the condition:

C>T, +T, -1

minl

(5)

Two operational advantages of the proposed scheme
follow from the above, compared to the case of
positioning on a cylindrical and a sheared pawl - greater
ease of assembly of the workpiece to the pawls and
applicability in large-sized details processing.

I1l. CONCLUSIONS

1. The proposed scheme for body details
positioning on two cylindrical pawls, one of which
movable, provides high accuracy of angular positioning of

197

details, comparable to the accuracy of positioning on a
cylindrical and a sheared pawl. This is achieved by
practically unlimited deviations in the center-to-center
distance of the base openings.

2. The technological process of pretreatment of the
base openings is simplified and the prime cost of the
product is reduced, while the technological possibilities of
the scheme expand toward large-sized details positioning.

3. In terms of details linear orientation accuracy
both schemes are equal.

4. The introduction of a movable pawl determines
greater ease when assembling the workpiece to the pawls
in a positioning process.
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Abstract - This paper presents the results of a study of
the accuracy of fixing body details on a flat surface and two
elastic grip pawls. The obtained experimental results,
concerning the displacement of a detail in longitudinal and
transverse direction, have been compared with the
analytically obtained errors, resulting from positioning a
detail on both a cylindrical and a sheared grip pawl. It has
been found that the results for the accuracy of details
positioning in devices with elastic grip pawls are better than
those, related to using a sheared grip pawl and a cylindrical
one.

Keywords - accuracy, elastic grip pawls, device

I. INTRODUCTION

The fixtures are a work-holding or support devices
used in the manufacturing industry. They are used to
accurately locate and position the workpiece in a specific
location and orientation and support it during machining,
with respect to the tool in order to maintain the specified
tolerances under the cutting and clamping forces [5].

The devices used by CNC machines should not limit
the technological capabilities and flexibility of the
machines, which defines some basic requirements for
them as [2]: the need for a complete orientation of the part
in the fixture, because the dimensions are obtained
automatically by CNC machining systems; Need for
complete orientation of the device and parallelism of its
coordinate axes with those of the machine.

Fixtures used in CNC machines are classified as
general purpose, modular, flexible or reconfigurable
workholders. There has been significant research on
automated flexible, reconfigurable and modular fixtures
design [1]. Engineering analysis methods such as
kinematic analysis, finite element analysis and expert
systems are often used in the CAFD. Expert systems have
been developed for assisting the fixture design and
selection. They are built on rule based systems, which

consist, synthesizing rules, constraining rules and strategic
rules [4].

The location of small and medium-sized prismatic
parts is often done on a flat surface and two pins, one of
which is made cylindrical and the other is cut [2]. This
scheme has become necessary due to its significant
advantages: simple construction of the fixture, the ability
to comply with the principle of unity of the bases, the
accessible a approach direction of the cutting tool from
different sides of the workpiece and more. But it also has
a significant disadvantage, which is emphasized in the
following particular case: with a small diameter of the
holes, the distance between the center of holes and pins
must be made with particularly high accuracy.

To eliminate these defects, a method has been
proposed for positioning prismatic parts on a flat surface
in two elastic pins. The two base pins are cylindrical and
assemble the holes in a transition joint. The error of
distance between the center of the holes is compensated by
the elastic deformation of the console part of the pins,
which has a reduced cross section.

The aim of the present work is to investigate the
accuracy of locating prismatic details in a fixture with
elastic pins. The obtained results can be used in the design
of fixtures, as well as in the development of expert systems
for CAFD.

Il. METHODOLOGY

The experimental setup (system) of the study is shown
in Fig.1. The error of the position of the part when basing
it in the fixture is determined in the fixed to the workpiece,
coordinate system XYZ. Control points on the surface of
the part, through which the error of the establishment in
space can be registered, are selected according to the
principle the 3-2-1 locating principle (6 points location) [2,
5, 6]. Their position is chosen depending on the
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configuration of the part and at the maximum possible
distance between them.

I

3

Fig. 1. The experimental setdp

Points 1, 2 and 3 determine the position of the part in
the plane xOy and rotation relative to the x and y axes, and
points 4 and 5 - the movement along the y-axis and rotation
relative to the z-axis. The sixth point determines the
movement of the part along the x-axis. The error of the
position of the part at each of these points is reported by
means of measuring clocks with a division value of 0,001
mm, fixed to the mass of the machine by means of
magnetic holder.

I11. RESULTS AND DISCUSSION

100 attempts were performed for three details with an
error of the distance between the centres of holes of 0
mm, -0,25 mm and +0,25 mm.

The rotations relative to the three coordinate axes were
calculated for each experiment using the equations:

o =Pt , @
Il
A +A
12 2—A3

o =% , )

2
A, —A
0(Z= 4 5 ] (3)

where «, ,a, ,a, are the angular deviations from the

three coordinate axes;
A, -the measured deviation of the respective clock;

I, 1, ,1,- the distances between the clocks, according to
fig.1.

The obtained results are statistically processed and are
shown in Table. 1 and graphically in Fig. 2 and Fig. 3.
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TABLE 1

hE”Ol’ in Positioning errors

the center- Error

to-center | character- a;‘ asy, asz' l;y;;ies l;)(ya;k;:

distance ristics
Mean 4 5 | 3 07 23
value

Omm M pispersion | 5 | 8 | 8 58 27
Deviation | g | 34 | 34 | 259 | 11,9
zone
Mean 2 | 6| 16 | -1,73 | -0,07
value

- 0,25 mm | Dispersion 8 7 8 7,34 1,94
Deviation | 56 | 59 | 35 | 328 | 87
zone
Mean 19 |15] 13 | 24 | 28
value

+0,25 mm| Dispersion 9 5 6 10,6 V7
Deviation | 53 | 55 | 3 | 474 | 64
zone

In Fig. 2 shows the experimental and theoretical curves
of the distribution of the obtained error along the y-axis,
and Fig. 3 - along the x-axis, in case of deviation the
distance between the centers of the holes.
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Fig. 2. Error of displacement of the part in the transverse cros direction
in case of error of the center distance: a) 0 mm;
b) -0,25 mm; ¢) + Omm
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Fig. 3. Error of displacement of the part in the transverse direction in
case of error of the center distance:
a) 0 mm; b) -0,25 mm; ¢) + 0Omm
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It can be seen from the figures that there is a good
agreement of the experimental curve with the normal

distribution law, which is confirmed by Pearson'’s criterion
2

X

Larger deviations of the center-to-center distance
result in larger scattering dispersion fields. This does not
contradict the physical meaning of the elastic deformation
of the pins.

An estimate of the error obtained by establishing on a
flat surface and two elastic pins can be made by comparing
it with the error when establishing a cylindrical and cut pin
for the same conditions. As no such device is available,
this comparison is made analytically.

The width b of the cut pin is determined by the
condition [3]:

J Join 2T

min = "L det

+T

d
+ E Ldev ' (4)

min

where J . - the minimum guaranteed clearance fit
between the pins and the holes;

d - diameter of the cut pin;

b - width of the cut pin;

T, 4 - tolerance of between the center distance of the
holes for the part;

T, 4o - tolerance of between the center of the pins from the

device.

L det

For specific conditions, when clearance fit ¢8%

with a minimum guaranteed clearance J_;, =0,013 mm,

when the tolerance of the center-to-center distance
T, 4oy = £0,02 according to [3] for the width of the cut pin

obtained in b = 0,198 mm. A pin of this width cannot
guarantee the normal operation of the device.

To obtain a width b= 2,5 mm, the tolerances of the
center-to-center distances must be adjusted accordingly
T, g =20,02mm, T ,,, =£0,005 mm, which means that

the base holes of the part must be machined on a
coordinate borring with an optical device for coordinate
reading. Such a solution is unacceptable in the conditions
of large-scale and mass production.

With the same tolerances at center distances, a
sufficient width of the cut pin can be ensured by increasing
the diameter of the holes. For the above conditions, it is

obtained b = 3 mm when clearance fit ¢51% the pins

with the holes. Such a solution is also impermissible, since
the diameter of the holes is determined by the construction
of the part.

When establishing a cylindrical and cut pin, the
displacement of the workpiece in a direction perpendicular
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to the axis of the pins is determined by the maximum
clearance J_,, between the pin and the hole according to
[3:

le

+— 1
2

J +L+T_1
2

max

= ‘]min (5)
where T, is the tolerance of the hole diameter;
T, - the tolerance of the diameter of the pin;

T,,, - the wear tolerance of the pin.

At clearance fit ¢51¥, J.x =0,075mm is obtained.
The study gives W, ., =48 um.

The largest angle of rotation when establishing a
cylindrical and cut pin can be determined by the relation

Sina — ‘]max +‘]lmax
L
where J, . is the clearance between the hole and the cut
pin;

L - center distance.

For the specific case we get o =3 . The study
obtained a maximum rotation ¢, =36".
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IV. CONCLUSIONS

A comparative study of the error of establishing on a
flat surface and two elastic pins and the popular scheme
with a cylindrical and cut pins performed in this paper.

The conducted researches show that when establishing
on flat surfaces and elastic pins, admissible linear and
angular errors of the position of the workpiece are obtained
for conditions under which the establishment on the
cylindrical cut pin is impossible or inexpedient.
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Abstract - Using the systematic approach, the possible
basing schemes of the workpieces in the machining
attachments have been discovered and systematized with a
view to their use in automated design. The analysis shows
that the use of the proposed systematization in computer-
aided design is significantly more rational, since the structure
reflects the sequence of choice of the optimal basing scheme -
analysis of the theoretical basing scheme, analysis of the
geometry of the workpiece, formation of the possible list of
the basing schemes. An analysis was performed with the help
of which the criteria for geometric compatibility were
revealed, allowing to make a choice of a basing scheme,
satisfying the geometric shape of the workpiece. An
algorithm for selection of locators has been developed. The
development is part of a system for automated design of
fixtures for locating of workpieces during machining.

Keywords - locating of workpieces; fixtures; basing
schemes; locators; computer aided design.

. INTRODUCTION

The development of systems for automation of
engineering work has necessitated the development of
systems for automated design and in particular fixtures for
locating workpieces, which include newer tools, libraries,
functional applications and levels of integration.

Compared to manual design, the use of CAD /CAE
systems makes it possible to reduce manual labor and
increase the quality of design, but does not allow complex
automation, as the key stages (choosing the optimal scheme
of basing (SB), calculating clamping forces, selection of
construction of the locators) is done manually [1] - [5].
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Gabrovo, Bulgaria
kalin_krasimirov_krumov@abv.bg

Ali Gitan
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One of the most complex tasks in the automated design
of fixtures is the selection of an optimal scheme of basing
the workpieces, so the purpose of this work is to systematize
the possible schemes of basing and selection of locators in
order to use them in automated design.

e Systematization of the schemes of basing the
workpieces

GENERAL REGULATIONS

The analysis of the existing systematizations of the
possible schemes of basing shows that the most rational is
the one proposed in [6], in which several possible
realizations correspond to one theoretical SB, the number
of which depends on the geometric shapes of the surfaces
used for location technological bases (LTB).

Since the workpieces are based on planar (P), external
(CI®) and internal (CI) cylindrical, external (Cn¢) and
internal (Cni) conical surfaces, different combinations of
geometric shapes of the base surfaces are obtained (PPP,
PPCI, etc.), occurring in practice, and a different number of
realizations of SB from these combinations. Moreover,
several possible combinations of geometric shapes of
workpiece surfaces, used for LTB, correspond to a
theoretical SB [6],[7].

The workpieces are based on one or several LTB, one
of which is the main, providing the best orientation of the
workpiece, depriving it of three (main plane LTB), four
(double guide LTB) or five (support guide LTB) degrees of
freedom.

Online ISSN 2256-070X
https://doi.org/10.17770/etr2021vol3.6603

© 2021 Hristo Metev, Kalin Krumov, Ali Gitan. Published by Rezekne Academy of Technologies.
This is an open access article under the Creative Commons Attribution 4.0 International License.

202


https://doi.org/10.17770/etr2021vol3.6603
https://creativecommons.org/licenses/by/4.0/

Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 13" International Scientific and Practical Conference. Volume 3, 202-207

A surface ensuring a stable position of the workpiece in
the fixture is chosen as the main base. The relatively largest
surface area of the workpiece is chosen.

The main LTB, depending on the degrees of freedom
taken away and their symbols are given in Table 1, and the
most frequently used locators - in Table 2. According to the
number of deprived degrees of freedom and the geometric
shape of LTB, locators are grouped as shown in Table 3.

TABLE 1 TYPES OF LOCATIONS ON TECHNOLOGICAL BASES

Geometric Deprived
shape of degrees Name Definition
the surface | of freedom
main
Plain 3 (primary) MP
P) 2 guide G
1 support S
4 dou_ble DG
guide
1 *
Cylindrical 8 main Mcl
©h 2 support DS
(centering)
1 support S**
5 support sG
guide
Conical 3 Csél:]?gg;tg SC
(Cn double
2 support DS***
(centering)
Spherical triple
(Sp) 3 support s
* When using a floating (self-locating) long V-blok [8]
** When using a floating (self-locating) short VV-blok
*** Eloating center or movable rear center

Combining the possible LTB with the possible used
locators, the possible schemes of full basing were obtained
(Table 4) [8].

The choice of LTB for a particular operation depends
on various factors. Thus, the use of this systematization in
computer-aided design is significantly more rational, as its
structure reflects the sequence of selection of optimal LTB
- analysis of the theoretical LTB, analysis of the geometry
of the workpiece, formation of a possible list of LTB.

If the described system is applied to a specific
workpiece, it is noticed that not all SB are applicable, which
is determined by the geometric incompatibility of the
workpiece and locators, which implement it. An important
role is played by the geometric characteristics of the
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workpiece: the presence of stamping or casting slopes;
location of the bases of the workpiece, not allowing the
implementation of the selected combination of locators,
etc.

TABLE 2 LOCATORS

Locators Definition

Support (cylindrical or flat) S
V-block long Vi
V-block long floating Vit
V-block short Vs
V-block short floating Vst

Pin cylindrical P
Diamond pin cylindrical Pd
Cylindrical mandrel Mc
Diamond mandrel cylindrical Mcd
Taper mandrel Mt
Bushing cylindrical long Bl
Bushing cylindrical short Bes
Taper bush long Bu
Taper bush short Bts
Centre hard Ch

Centre rotating Cr
Centre floating Cs

TABLE 3 APPLICATION OF LOCATORS

Geometric Deprived degrees
shape of of freedom

LTB 5 4 3 2 1
P - - S S S
Cle - |V, Ba | Vii |S,Vif, Vs, Bes | S, Vst
Cli - Mc Ch P, Mcq, Ct Pd
Cn® Bt - Bts - -
Cni Mt - Ch Ct, Cn -
Sp - - S - -

When choosing the construction of locators should take
into account the criteria:

« theoretical scheme of basing;

« type of locators;

« shape of the surface used for LTB;

« quality of the surface used for LTB (rough, finish,
presence of casting or stamping slopes);

* maintainability;

* possibility to combine with another locator.

¢ Algorithm for automated selection of locators

The choice of the construction of the locators is made
according to the scheme shown in Fig. 1, systematizing the
construction of the locators according to the above criteria.
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TABLE 4 POSSIBLE SCHEMES FOR BASING OF THE WORKPIECE

Theoretical SB Surfaces Realizations Theoretical SB Surfaces Realizations
e cl
PPCI SSVst VISS
PPCI SSPy BaSS
SSS CIePCle VISVt
SVis S
€
PCIeP SVS BcSVst
SBcsS D VISPqd
SSS CIPCl BciSP4d
SVsS V Vs
erle SBcsS CIeC|e BCIVS
PCICl SSVst VIS
SVsVst VISPq
MP + G (DS) + S SBesVst DG+S+S _ BelVsiPd
SS Py (DG + G) CleCleCl! Vst Pg
) SViPg
€| 1
PCIeCI SVPg BciSP4
SBCSPd Clecli VIP
PCIiP SP4S BclP
S McdS crclcl V| PgPg
SPS BelPd Py
: SMcdS CI'PP McSS
I €
PCl CI SMchsf CIiPCle MCSS
SP Vst McS Vst
SPPy CIPPCI McSPq
PCl'CI' SMchd i~lerli McSPd
S CiP4q clcrcl McVst Py
Cn°P BuS i M P
CneCl¢ BuVst cicl Mc Mcd
CneCl' BuPg i~ ChCnS
SG+S Cnip MS SC+DS+S Cn'Cn'P CiCiS
Cni Cle MVt
CniCli MiPqd

finish
Choice of main planar Condition flat head
LTB of LTB support
LTB -
there is
A > double guide no such
Analysis of
the purpose .
of LTB > double 9@ spherical head Orientation
support support of LTB
there is
> uide no such .
> g @ NP vertical horizontal
toothed head
support %@ support support plate, type 2

A4
support plate, type 1

Fig. 1. Selection of locators
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internal
cylindrical internal

cylindrical

\ 4
external
cylindrical mandrel cylindrical diamond pin external
S cylindrical
cylindrical
\ 4 \ 4 Yes Presence of
. L casting or
V-block long, type 1 bushing cylindrical stamping slopes
or type2 long

\
V'bIOCk. short V-block short
floating floatin
internal beveled g

cylindrical

Fig. 1. Selection of locators (continued)

external
cylindrical

2 A database with models of locators of the fixtures in the
pin cylindrical Solid Works software environment and tables for their
automated selection in the MS Excel software environment
has been built, some of which are shown in Fig. 2.

Presence of
casting or
stamping slopes

V
V-block short, type 1

A4 A4

bushing cylindrical
short

V-block short, type2

internal
cylindrical

diamond mandrel
cylindrical

Fig. 1. Selection of locators (continued)
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M fe | onc-1
B C D E F & H
Cylindrical supports
Type | Visualization | Definition | <O D a H
array
With a flat
E 2
head (sh) é ome-1 1 J 3 2
With 2 o
spherical
1 s 3 6
head, type |
(Ssh1) v
Witha
spherical
head, type2 & OIICn- 4 4 28 20 32
(ssh2)
£

no-1-1

Flat supports (plates)

Tape

Visualization Definition

Row of array

]

— =

Fig. 2. Tables for automated selection of locators

i

" Veblocks

Mp-1

Type

Visualization |Definition

Row of

array

V-block

lonz, type

V-blocl:
long, type

V-block:
short, typs
N

V-block
short, type| TpH-1
1

51

V-blocl:
short
floating

206

D6

7 J ne-1-1

A B < D E F G

Pins cylindrical

PRI

Row of
Type Visualization Definition i D d
! array

E6

alwle =

@

(1]

[2

12

LR

IIE-III-1 1 1

"

- S nec-1-1

A B c D E F G H

Diamond pins cylindrical

Row of
Type Visualization | Definition | ~ o © D d
array

OBCI-1 1 3 6

TBC-III-1 1 15 12

@ 2%

Fig. 2. Tables for automated selection of locators (continued)

CONCLUSION

Systematization of the possible schemes of basing the
workpieces in the fixtures for locating during
machining with a view to use and in automated design
has been performed.

An algorithm for selection of locators has been
developed.

A database with locators has been created and tables
for their automated selection have been developed. The
database allows the inclusion of new construction
elements.

The obtained results are a stage of the development of
a system for automated design of fixtures for locating
of workpieces during machining.
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Influence of Forest Stand Density on Pinus

Sylvestris Roundwood Quality in Even-Aged

Mixed Scots Pine Stands in Myrtillosa Mel.
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Abstract - Among different development directions for better forest
utilization, the purposefully detailed assessment of wood quality as
raw material, faciliating improved wood utilization in
manufacturing of traditional roundwood products as well as brand
new products, proves to be very perspective. Roundwood quality
features substantially differ depending on forest stand geographic
location, growing site conditions, tending of forest stands and other
circumstances [2], [3], [11]. Therefore, the economical estimation of
more important tree species in Latvia should not be based only on
scientific conclusions made in other countries, so particular research
is needed for this purpose. Pine (Pinus sylvestris) is the most
widespread tree species in Latvia, therefore a research work
provided the characteristic of round wood obtained from pine tree
stem is an actual point from several aspects, as it is necessary;
to create early prediction models of roundwood
quality;
to plan harvesting purposes;
to create the data basis of economically more
relevant domestic tree species;
to provide the further development of roundwood
quality assessment methods;
to estimate the competitiveness of Latvia pine
timber in the world market

The main goal of study is to work out the quality
characteristic of pine roundwood manufactured in final felling sites
depending on timber formation damages- bark abrasion caused
side drought.

Keywords - bark abrasion, side drought, mature stands, medium aged
stands, stands at harvesting age. stands above harvesting age.

I. INTRODUCTION

In order to ensure sustainable forest management it is
very important to know the forest health and viability. The
representing quality features like heartwood, sapwood,
wood cells e.t.c. characterize the whole tree and its parts.
Parametric characteristic of quality features depends on
many circumstances. The quality of forest - plantation on
the whole and growing trees are mostly affected by
growing conditions [5], [6], methods of reforestation [3],
[4], tending methods [11], tree bark diseases [1] forest
stand density and tree competition [2], [8], [12].

At the same time due to various factors as high forest
stand density and natural damage caused by wind-falls and
snow breaks a part of forest stands lose their viability and
die [11]. Stand damage can be classified according to
location as damage to the stem or root system. Stem
damage occurs above the root collar while root damage
occurs below in the stem or roots “Fig. 1”.

The majority of damage to the residual stand occurs
during the felling stage when falling trees collide with
residual tree stems. The injury can be designed further as
a superficial or deep wound depending on its depth. In
Picea abies stands, damage suffered almost inevitably
leads to decay. In Pinus sylvestris stands, damage suffered
leads to side drought with or without decay “Fig. 2”.
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Fig. 1. Stem damage above root co

Pinus sylvestris stands are more resistant to
heartwood rot but in case of Picea abies the situation

Harvesting in Latvia has been regulated by legislation
[12], which determine the final felling age and diameter
according to tree species and soil quality in forest lands.
Current Latvian legislation permits the final felling in
Pinus sylvestris stands where the trees of the dominant
stand have reached the mean age of 101 years or the mean
diameter of 35cm.

¥

Ilar and root daag

Fig.2. Side drought in Pinus sylvestris stands with and without decay

Scots Pine Stands in Myrtillosa Mel. Mesotrophic Site Type

=

drought

=

e caused side

in stem and can be used mostly as energy wood or pulp

wood.

Nevertheless by observing the instructions provided
in the regulatory dokuments and when final felling in hight
stands density has been performing, round timber with
high volume features have been harvested, e.g. side
drought, sweep e.t.c. which reduce the timber value “Fig.
3”.

Fig.3. The depth (h) limit of side draught (a) according to the roundwood assortiment’s quality requirements: 1cm for wood poles (b); 2cm for
sawlogs (c)
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Pinus sylvestris is the most widespread conifer tree
specie in Latvia. According to Latvian National Forest
Inventory data (2013-2017), pine stands comprise 856.4
thousand ha or 26.5% of the total forest area
(wwwe.silava.lv; according to forest defination - at least
1000 trees/ha, able to reach the height of 5 m).

4.7% from the total forest area is Myrtillosa and 22%
is Hylocomiosa. The total wood standing volume in
Myrtillosa stands (age 101>) reaches 310m®/ha and 365
m3/ha in Hylocomiosa stands, where Pinus Sylvestris
standing volume respecxtively 206m3ha in Myrtillosa
and 178m?%/ha in Hylocomiosa [11].

Because forest that grow today will ensure Latvia
with forest resources after several decades, therefore, it is
especially important that its value is not decreasing.

I. STUDY GOAL

The main task of forestry is the growing forest with its
most important indicator - wood resources stored in living
trees. In contrast, timber companies have an additional
interest not only in the volume of timber harvested, but
mainly in the quality indicators of round timber.

-

Papirmalka D
Tehnologiska koksne

o —

Therefore, it is important to predict possible wood defects
of growing trees, which may limit the applicability of the
produced round timber to high value-added sawn timber,
building construction elements, etc. production.

The main goal of study is to work out how the forest
stand density at the harvesting age as a most important
factor determine Correlation coef r=0.66 at rps=0.12
between Pinus Sylvestris stock volume and stand density
[11] impacts the quality of roundwood assortiments and to
evaluate the damages of side draughts as timber formation
damages caused by wind-falls and snow in high forest
stand density felling areas of mesotrophic site type (
Myrtillosa mel.)

The following objective was set to achieve the study
goal:

To clear up the characteristic of timber formation
damage — Side drought in the commercial part of pine
stems (10-15m section, devided in 4 zones) harvested as
wood poles “type A. Fig.1” in overstockled young stands
with overdue thinning where Scots pine current rotation
age are older than 101 years and forest stand density
higher than 0.7.

Fig.4. Harvested products from different pine stems types, where: A; B; C -pine stem types, St - wood poles; Zb- saw logs; Pm- pulp wood; Tk-
technological wood; Mk- fire wood; Sk-wood chips

M. MATERIALS AND METHODS

A field study was carried out at the period April -
June of 2020 in Zemgale region of Latvia and in energy

company JSC “Sadales tikli”. Wood poles which were
harvested in Myrtillosa mel. forest type where the age
of pine stands according to the forest inventory
description were more than 105 years old were selected
in the investigation. “Table 1.~

TABLE 1
DATA CHARACTERIZED HARVESTING SITE
Woodland type Myrtillosa mel.
Regeneration year 1905 1900
Species 6P3E1B11510E85 9P1E120+B12010E80
Area (ha) 0.70 1.3
Previous managment operation isn’t registred
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The average age of trees before harvesting in the
felling area was determined by drilling 20-25 trees at the

butt swelling using Presler drill and counting the annual
rings of increment core.

TABLE 2
DATA CHARACTERIZED HARVESTING SITE AND HARVESTING RESULTS
Harvesting site Area (ha) Amount (m®) Species Harvested Stems
identification amount (m®)

493380285996 1.99 969.03 Birtch 31 66
Spruce 360 946
Black alder 12 47
pine 581 584

Total 985 1643

Traceability of wood poles was ensured. In order
to gather information about impact of side draught on
wood pole’s quality parameters, the following approach,
methods and data was collected:

- data characterized the wood felling area: coordinates
of wood felling area; forest type; growing stock; growth
conditions; site quality classes; species compaosition index
and the age of species;

- data characterized the wood pole’s visual quality
parameters: lengh of wood pole;

211

wood pole top, butt diameter and diameters measured with
the interval 1m, wood pole diameter at a side draught
positions; a side draught possition measured from the
wood pole butt and a width/number of annual rings
characterized the age of injury.

15%

1%

63%
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Fig. 5. The methodical distribution of pine stem by volume, zone and by timber value when stem lenght H- 24,5m, DBH -36cm; H/D=0.68

The methodical scheme of the investigation is
given in “Fig. 5”, where the commercial parts of pine
stems manufactured as wood poles are devided in 4 zone
which represents more than 84% of roundwood value.

The quality control of each of harvested 221
pcs. wood poles “Table 3, 4” was done in harvesting
sites and JSC “Sadales tikli” in each stage of
technological process.

TABLE 3
HARVESTED AMOUNT OF WOOD POLES
Wood poles lenght (m) Pcs/ m® Average 1pcs volume (m®)
10 48/22.14 0.5
12 118/72.1 0.689
13 26/20.06 0.768
14 29/24.80 0.852
Total 221/139.1

The data characterized quality of harvested
wood poles are given in “Table 4”.

TABLE 4
THE QUALITY OF HARVESTED WOOD POLES
Quality appreciations Volume pcs /(m®) % from harvested volume % from harvested
stem
Defect (Curvature) 75/35.02 25.19 32.94
Defect (Side draughts) 38/25.71 18.49 18.19
Corresponds to the quality 108/78.27 56.32 48.87
Total 221/139.1

The measurement example of side draught

characterized parameters is given in “Fig. 6”.
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Fig. 6. The measurement example of side draught characterized parameters, where: A, B, C- zone of side draught position place; D;-wood pole
diameter at side draught position, mm; b- side draught depth, mm; a/b- number/thickness of annual rings characterized the age of injury; L;- distance
of side draught position measured from butt, cm; L- the lenght of wood pole, cm; D - the wood pole top diameter, mm; Dy, /Dy 5 - the wood pole
(from B zone) butt diameter / the wood pole (from A zone) butt diameter measured 0.5m from the butt, mm

V. RESULTS AND DISCUSSION

Harvesting development in Latvia is regulated by
Cabinet Regulation No. 935 “Regulations on Tree
Felling”, which determines the age and diameter of the
main felling according to the dominant tree species and
quality. However, following the instructions provided in
the regulatory documents and performing felling in
forest stands with high density, round timber with an
increased amount of wood faults, such as dry sides,
curvature is obtained. etc., which reduces the industrial

213

value of timber. With no or delayed felling of such
stands in such harvesting sites, the amount of dead wood
increases, which exceeds the natural growth.
Respectively, the biological value Of the forest stand

increases, but the industrial value decreases. Various
literature sources [11] indicate that the current growth of
wood in mature stands is approx. 6.5méha, in felling age
stands approx. 5.2m%/ha. At the same time, the natural
growth of the stock in uncultivated stands is close to zero
or even negative. The preservation of such stands is in
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stark contrast to the tasks of modern forestry - the

product produced in logging is defective [9], [14].
According to the methodical requirements the

measurement results characterized damages of pine

stems caused by side draughts are given in
6”,“Table 5”.

“Fig.

TABLE 5
THE MEASUREMENT RESULTS CHARACTERIZED DAMAGES OF PINE STEMS CAUSED BY SIDE DRAUGHTS
Zone A B C D
Diameters Dr0.5/D1/D2 D3 /D4 /D5 D6 /D7/D8/D9 /D10 D11/D12/
D13/
D14/D15
Taper (mm/m) (221wood poles)
Average 7.0
Stdev 0,57
Median 6.89
Wood pole diameters (mm) measured according to the methodical requirements (221wood poles) “Fig. 2”
Average 301/294/288 287/280/1273 267/260/253/246/240 23712311227/
229/223
Stdev 30/30/29 26/26/25 25/25/25/25/25 22/22/21/16/1
6
Median 295/288/281 287/280/274 267/261/254/248/241 241/234/231/
233/227
Wood pole diameters (mm) at side draught positions according to damaged zone (38 wood poles) “Fig. 2”
Average 300 265 245 211
Stdev 30 42 40 25
Median 290 247 252 207
The depth of side draught (mm) “Fig. 2”
Average 20.4 22.1 18 17
Stdev 8.6 8.9 4.8 4.1
Median 21 22 18 15.5
The width of annual rings (mm) characterized stem wound age “Fig. 2”
Average 0.98 1.09 0.91 1.06
Stdev 0.22 0.19 0.15 0.19
Median 1.10 1.15 1.08 1.11
Years before side draught damages (mm)
Average | 20.8 | 20.2 19.7 | 16.0
V. CONCLUSIONS AND mesotrophic site type ( Myrtillosa mel.)

RECOMENDATIONS

The results of the study indicated the following:

- About 18.19% of inspected wood poles (pine
stands) harvested in felling areas in Myrtillosa
mel. forest type where the mean age of pine trees
were 115-120 years old were damaged by timber

formation damages -side draughts.

- About 18.49% from harvested pine stems
volume (wood poles ) were rejected due to
timber formation damages -side draughts which

average depth (mm) exceeds 20mm.

harvesting sites where the age of stems is more
than 100 year.

There are advisible to raise the issue of reducing
the felling criteria (age of the main felling (in
years) depending on the quality and average
diameter of the stand) in non-cultivated felling
stands in felling stands where there is no
purposefully created tree stands structure, by
evaluating socio-economic and ecological
aspects.

In forests with this kind of management history
the application of the current rotation age (101
years) will likely be a grave mistake. The existing

- The data characterized stem wound age shows
that the biological value of the pine stand starts
to increase, but the industrial value decreases in

management model should be altered.
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Abstract - The purpose of this study was to evaluate the
depth of damages caused by harvester head feed roller
spikes to birtch veneer logs, harvested according to top
diameter group (18x25cm, 25<cm), spruce sawlogs
(6x10cm), spruce and pine sawlogs according to top
diameter group (10x14cm, 14x18cm).

Thirteen technical solutions and conditions of the
harvester head soft feed rollers (Moipu Standard, Rib),
standard feed rollers (Multi-Tree Handling (MTH), Steel
Thumbnail) and agreesive feed rollers (TP) were tested in
this study.

Regulation parameters of hydraulic system and angles of
delimbing knife blades during the harvesting of stems in
different woodland types and seasonality using single
grip harvesters: John Deere 1270E, John Deere 1070E
and John Deere 1070D equipped with harvester heads:
H754; H480C and H460 were examined in clearcutting
and thinning operations in twenty four wood felling sites
in Kurzeme and Vidzeme region of Latvia.

Key words - soft feed rollers, standard feed rollers,
agressive feed rollers, timber damages, roundwood
assortiments

I. INTRODUCTION

The useful outcome of sawmaterials when sawlogs are
manufactured, quality of rotary cut veneer when
veneer logs are rotary peeling, wood surface quality
when wood poles for power lines, building timber and

posts are manufactured, depends on mechanical
damages caused by harvester head feed rollers. The
severity of the damage influence technical solutions
and conditions of the harvester head feed rollers,
regulation parameters of hydraulic system, angle of
tooth of delimbing knifes, bark thickness, wood
density, seasonality, professional skills of harvester
operator and e.t.c. [4], [11], [1], [10], [6], [9].
According to the investigation results made by [7] the
depth of damage in the tested species exhibited broad
dispersion: birch 1.8-6.0, pine 4.2-8.7 and spruce 4.3-
8.7 mm, with mean values of 3.7, 5.5 and 5.8 mm,
respectively. Investigation results made by [4] revealed
that the mean damage to the pine and spruce was 5.9
and 3.9 mm, respectively. According to the
investigation results made by [4] damage caused by
harvester head feed rollers in the tested species wasn’t
deeper 10 mm.

How the depth of damage in 10mm caused by harvester
head feed rollers impacts the roundwood quality?

In rotary cut veneer manufacturing when the thickness
of veneer is 1.26mm and the birch veneer log rotary
cilinder is 25cm, the lenght of gained veneer in peeling
process is 28.9m. If the cilinder surface damage caused
by feed rollers reaches 10mm, veneer in lenght 3.1m
(20.7%) will be rejected because of inadequate quality.
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In posts manufacturing process, if the roundwood (top
diam.10cm) surface damage caused by feed rollers
reaches 10mm, a greater depth of wood requires to be

The optimal force with which the feed rollers and
delimbing knives clamp the roundwood is achieved by
setting the pressing force of the hydraulic cylinders.
Too low feed roller pressure comparing to delimbing
knives pressure or poor technical conditons of the feed
rollers and incorrect geometry of the cutting edge and
sides of the knife causes bark loosening and damage on
the wood surface as rollers slip. Too high pressure also
causes deep roundwood damages.

Investigations in this area have been conducted in
Finland, Sweden, Canada, Russia, Poland and other
countries [1], [4], [6], [7], [11]. According to the
investigation results made by [3], [7]. the problem
related to feed roller damage has increased in Sweden
and other countries, including Latvia.

Il. STUDY GOAL

The goal of this study was to evaluate the depth of
damages caused by harvester head feed roller spikes to

Fig.2. Roundwood surface damage caused by feed roller penetration in timber

Solutions and Conditions of Harvester Head Feed Rollers

- Fi.l. Cut veneer manufacturing process (a;b) and rejected veneer (c) caused by feed roller penetration in timber

removed. The technological timber loss in
manufacturing process will reaches 19%.

birtch veneer logs, harvested according to top diameter
group (18x25cm, 25<cm), spruce sawlogs (6x10cm),
spruce and pine sawlogs according to top diameter
group (10x14cm, 14x18cm). The following objectives
were set to achieve the study goal:

(i) to evaluate the technical solutions and
conditions of the harvester head soft feed
rollers (Moipu Standard, Rib), standard
feed rollers (Multi-Tree Handling
(MTH), Steel Thumbnail) and agreesive
feed rollers (TP), tested in this study;

(i) to evaluate the geometry of cutting edge
and sides of the harvester upper
delimbing knives;

(iii) to evaluate the harvester head feed rollers
and delimbing knives pressure settings
according to species and diameters of
harvested assortiments;

(iv) to measure the depth of damages caused
by harvester head feed roller spikes;
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(v) to collect and analyse all measurement
results

I1l. MATERIALS AND METHODS

A field study was carried out at the period Juni of 2016
— March of 2017, in Kurzeme and Vidzeme region of
Latvia. Investigations were made in Myrtillosa,
Vacciniosa, Hylocomniosa, Myrtillosa turf. mel.,
Oxalidosa, Myrtilloso-polytrichosa; Caricoso-
phragmitosa and Aegopodiosa forwest types. In study
thirteen technical solutions and conditions of the
harvester head soft feed rollers (Moipu Standard, Rib),
standard feed rollers (Multi-Tree Handling (MTH),
Steel Thumbnail) and agreesive feed rollers (TP) were
tested in clearcutting and thinning operations in twenty
four wood felling sites. The technical information of
the studied harvester head feed rollers is given in
Tablel. The investigation of feed rollers was
conducted with John Deere 1270E, John Deere 1070E
and John Deere 1070D equipped with harvester heads:
H754; H480C and H460. In order to gather information
about the depth of damages caused by harvester head
feed roller spikes to birtch veneer logs, harvested
according to top diameter group (18x25cm, 25<cm),
spruce sawlogs (6x10cm), spruce and pine sawlogs
according to top diameter group (10x14cm, 14x18cm),
the following approach, methods and data were
collected:

- data characterized the technical solutions
and conditions of the studied feed rollers
by measuring the average lenght of
spikes, mm;

- data characterized the technical
conditions of upper delimbung knives by
measuring sharpening angles and back
bevel shape using blade gauge F681744;

- data characterized regulation
adjustments of feed rollers and
delimbung knives according to wood
species and diametrs of harvested
roundwood,;

- data  characterized the  deepest
penetration point (u.b.) in most damaged
zone of objected assortiment caused by
inner or outer feed rollers.

Data characterized wood damage caused by harvester
head feed roller slip weren’t reflected in this study to
avoid incorrect conslusions. The main reasons caused
feed roller slip are low level of harvester operator
professional skills, incorrect adjustments of hidraulic
system, proportion of high-average branches, e.t.c.

IV. RESULTS AND DISCUSSION

Data characterized the technical solutions and
conditions of the studied feed rollers is given in
“Tablel”. According to the investigation objective, the
average lenght of the spikes were measured for each of
the feed roller of observed 14 equipment (Fig. 3).

Fig.3. The lenght measurement of the feed roller spikes and evaluation the visual quality
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Data characterized the deepest penetration point in
most damaged place of objected assortiment caused
by inner or outer feed rollers is given in Table 2.

TABLE 2
FEED ROLLER DAMAGES OF SPRUCE, PINE AND BIRCH ROUNDWOOD ASSORTIMENTS

Feed roller penetration depth (median/ average) in timber (u.b., mm)
p.s. inner roller

Spruce roundwood (top Pine roundwood (top | Birch roundwood

diameter, cm) diameter, cm) (top diameter, cm)
= 6x10 12x14 | 14x18 | 12x14 14x18 20x30 30>
o
1= = -
2ls, || B
= T 2 3
S| g€ | £ 8 g
o | £ 3 S 2>
A | Clear 09 | Myrtillosa 2.2/3.0 1.9/1.9
cutting 5.7/5.4 4.7/4.8
B | Thin- 07 | Vacciniosa 2.5/3.2 | 3.6/3.8 | 2.9/3.1 | 3.0/25 2.8/2.2 1.8/1.5 1.3/1.2
ning 2.8/3.2 3.6/3.4 2.713.2 3.4/3.4
C | Thin- 09 | Vacciniosa 5.8/5.9 5.4/5.4
ning 3.8/3.4 3.7/3.8
C1l | Thin- 09 | Vacciniosa 3.5/3.8 | 5.5/54 5.9/6.0
ning
D | Clear 3.6/3.8
cutting | 06 | Hylocom-niosa 1.8/2.2 | 2.4/2.4 2.4/2.2 4.4/4.3 2.4/2.6
E | Clear 07 | Hylocom-niosa 2.0/2.1
cutting 3.5/3.3 | 5.5/5.4 | 3.4/3.6 3.5/3.4 1.3/11
08 | Myrtillosa turf. 3.3/3.2 | 3.8/3.7 | 6.3/6.4 | 3.4/13.6 3.5/3.4 3.0/3.2
mel. 3.4/3.5
F | Thin- 07 | Oxalidosa 2.5/2.5 3.0/3.2 3.6/3.8 1.7/1.8
ning 2.5/2.3 3.9/3.0 1.8/1.7 3.5/3.6
Clear 12 | Oxalidosa 3.8/3.8 | 3.5/34
cutting | 02 | Oxalidosa 5.1/ 72176
03 | Hylocomniosa 3.6/.3. 4.9 3.1/34 4.8/5.2
3
G | Thin- 07 | Oxalidosa; 5.2/5.2 6.5/6.6 3.7/13.6
ning Myrtilloso- 4.5/4.2 3.5/3.8
polytrichosa;
11 | Caricoso- 3.8/3.6 | 3.9/3.9
phragmitosa
H | Thin- 08 | Hylocomniosa; 4.5/4.6 4.2/4.1
ning Myrtillosa mel.; 2.4/2.4 3.7/3.6 3.4/3.7
Oxalidosa
L | Clear 11 | Hylocomniosa 2.0/2.3 | 2.2/2.3 3.7/3.6 3.3/3.3 | 3.1/3.2
cutting
M | Clear 08 | Hylocomniosa 0.5/0.6 | 1.2/1.3 | 2.7/3.6 2527 | 25/2.6
cutting
N | Clear 10 | Oxalidosa 3.4/3.7 | 3.6/3.8 | 3.5/3.8 3.1/3.1 2.9/3.2 | 3.3/3.8
cutting
O | Clear 08 | Aegopodiosa 3.5/4.2
cutting
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The deepest penetration point in most damaged zone
of objected assortiment caused by inner or outer feed
rollers was measured under bark (u.b.) by using
penetration calliper (Fig. 2). The measurement zone
was chosen in 50cm lenght. The measurements were

taken in sampling plots which average area was about
60m2, According to the investigation task the

penetration depth caused by feed rollers were observed
and measured in each of objective assortiments (Fig.
4).

Fig. 4. The measurement of feed roller damage depth in timber

The technical conditions and back bevel shape of upper
delimbung knives were evaluated by measuring angles

of cutting edge and surface flatness using blade gauge
F681744 (Fig. 5).

Fig. 5. The measurement of angle of cutting edge and surface flatness of top and upper delimbing knives (d) using blade gauge F681744, where (a;
c) — correctly sharpened knife (36deg.); (b)- uncorrectly sharpened knife(>36 deg.)

Observation results of delimbing knives and fixed top
knife is given in Fig. 6.

Angles of cutting
1 2 3
>360 | 360 [ =360
360 360 360
>360 | 36° 369
369 360 | =360
369 369 369
360 360 360
<36° | 36° 360
360 360 360

Fig. 6. The points of measurement and observation results, where 1 - right upper delimbing knife; 2- top knife; 3 - left upper delimbing knife
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Data characterized regulation adjustments of feed species and diametrs of harvested roundwood is given
rollers and delimbung knives according to wood in Table 3.

TABLE 3

REGULATION ADJUSTMENTS OF FEED ROLLERS AND DELIMBING KNIVES OF EQUIPMENTS A;C;C1;E;F;H;L;N
ACCORDING TO WOOD SPECIES AND DIAMETERS OF HARVESTED ROUNDWOOD

e 1000

800
00 T
400

200

0

= =
B =
£ = 800 750 700 650 600 S50 500 450 400 350 300 250 200 150 100 350
) 5
: o 0 o2 ) E
i Upper knives (pine, spruce, birtch)
=—Upper knives (pi n (i —_ ; : :
= Lower knives (pine, spruce, birtch) Diameter (mm
=—Feed rollers (pine, spruce, birtch)
00 1000
400 @ 800
C e N
200 100
= o0 200
;. o
- 600 550 SO0 450 400 350 300 250 200 150 100 SO 2
5 800 750 700 650 600 550 500 450 400 350 300 250 200 150 100 350

Diameter (mm)

——Upper knives (pine, spruce, birtch) Lower knives (pine, spruce, birtch)
—— Upper knives (pine, spruce, birtch)

Feed rollers (pine, spruce, birtch]
(pene, spr ? d Diameter (mm)

m—LOWer

s (pine, spruce, birtch)

=== Feed rollers pressure (pine, spruce, birtch)

C1

650 600 550 500 450 400 350 300 250 200 150 100 50

Diameter (mm) 0 650 600 550 500 450 400 350 300 250 200 150 100 50

Diameter {mm)

= Upper knives (pine, spruce, birtch) Lower knives (pine, spruce, birtch) . . L . .
e U pper kenives (pine, spruce, birtch) ==L ower kuives (pine, spruce, birtch)

Feed rollers (pine, spruce, birtch) s Feed rollers (pine, spruce, birtch)
1000 Lo
s00
600
400
200 —
,;_ o
= 800 750 700 650 600 550 500 450 400 350 300 250 200 150 100 S50
B L (pine) Diameter (mm)
E
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V. CONCLUSIONS AND RECOMENDATIONS

The results of the study indicated the following:

(1]

(2]

(3]

(4]

(5]

1.

5.

The incorrect maintenance of the fixed knife and
upper delimbing knives when the actual angle of
cutting exceed the recommended 36° causes
cutting them into the stem. Therefore, the
penetration depth in timber caused of spikes of
harvester head feed rollers increases.The main
reasons when the actual angle of cutting differs
from the recommended are:
1.1.the surface deterioration of upper
delimbing knifes exceeds the recommended
(>2mm);
1.2.the width of delimbing knife reaches the
critical, when the correct maintenance is
impossible due to designed parameters
of the knife;
1.3.ignorance of recommended angle of
cutting in the process of sharpening
If the lenght of the feed roller spikes of inner feer
roller are longer comparing to the outer feed
rollers, the deepest penetration in timber made
the inner feed roller.
In cases when inner feed roller is aggressive or
standard but outer feed rollers respectively
standard or soft, the deepest penetration in
timber made inner feed roller.
The deepest feed roller damages (median)
caused by:
4.1.inner feed roller were observed in
spruce roundwood (14x18cm) when the
penetration depth in timber reached
6.5mm;
4.2.outer feed rollers were obseved in pine

roundwood (14x18cm) when the
penetration  depth in timber reached
7.2mm

The deepest feed roller damages (median) of
spruce roundwood (6x10cm) made inner roller
5.2mm.
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6.

10.
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The deepest feed roller damages (median) of
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5.8mm.
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The deepest feed roller damages (median) of
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4.8mm.
The deepest feed roller damages (median) of
birch roundwood (30<cm) made outer rollers
3.5mm.
To reduce the depth of penetration in timber
caused by feed rollers, the following
recomendations are given:
5.1.to inspect regulary feed roller spikes
technical conditions, angles of cutting
and tehnical conditions of delimbing
knifes;
5.2.to maintain optimal pressure settings of
feed rollers and delimbing knifes
according to wood species and
harvested roundwood diameters;
5.3.the pressure of feed rollers should be at
least 20 bar. higher comparing to upper
delimbing knifes;
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Features of Alloyed a Matry
of Water-Dispersed Iron Powders
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Engineering Engineering Technical University of Gabrovo
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Gabrovo, Bulgaria
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Abstract - The publication examines the peculiarities of
alloying a matrix of water-dispersed iron powders of the type
ASC 100.29, AHC 100.29 and ABC 100.30. The possible ways
of alloying in powder metallurgy are presented. The
influence of the main alloying elements - copper, nickel,
phosphorus, molybdenum, etc. was traced. on the
technological process in the production of powder
metallurgical details. A special place is given to the alloying
elements intensifying the process of coagulation of the pores
in the matrix during sintering - copper and phosphorus.
Graphical dependences for the influence of copper on the
dimensional changes of the iron matrix at different sintering
temperatures are presented.

Keywords - copper, nickel, phosphorus, powder metallurgy,
water-dispersed iron powders.

I. INTRODUCTION

General purpose sintered structural materials from iron
powders and alloyed iron matrices represent a major part
of powder metallurgical production. In developed
industrial countries, the relative share of these parts for the
needs of automotive, machine and instrument making,
electronics, as well as in a number of other areas of the
metalworking industry is significant [8,14,15,16,17,19].
With the correct selection of the initial composition of the
charge in many cases the parts obtained by the method of
powder metallurgy have similar operational properties
with those of the parts obtained by conventional
technologies (by casting) [7]. The main advantage of the
products obtained by the method of powder metallurgy is
the absence or insignificant mechanical processing without
loss of the material in the form of shavings, high degree of
preservation of the dimensions and quality of the surfaces,
accuracy of the mass, etc.[9,11].

Technical University of Gabrovo
Gabrovo, Bulgaria
ivinev@abv.bg

Gabrovo, Bulgaria
imitev@tugab.bg

Structural products in powder metallurgy, similar to
those in conventional ones, are usually made of alloys.
Pure metals are used only if the products require special
physical properties. Obtaining certain physical and
mechanical properties requires the use of alloyed iron
powders. Many of the alloying elements used in ferrous
metallurgy to improve the properties of iron are used by
analogy in powder metallurgy. However, there are some
significant features [7,9,17]:

+ the application of some alloying elements
widely used in ferrous metallurgy - chromium, manganese,
silicon, titanium and vanadium - is difficult due to their
strong affinity for oxygen;

+ the surface layer of the corresponding oxide,
which is formed during oxidation, is very difficult to
reduce under normal sintering conditions, moreover, as a
result of reactions with the sintering medium and the
oxygen present in the iron powder, additional oxidation
often takes place during the sintering process, due to which
diffusion is difficult and a material with low physico-
mechanical properties is obtained, therefore the oxides of
the alloying additives, which are mixed with the iron
powder, must be reduced more easily during sintering than
the oxides of the iron itself;

% in powder metallurgy some elements that are
used to a limited extent in ferrous metallurgy - copper and
phosphorus - are widely used for alloying;

+ in powder metallurgy some elements that are
used to a limited extent in ferrous metallurgy - copper and
phosphorus - are widely used for alloying;
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% comparison with classical metallurgy larger
quantities of alloying additives are needed here in order to
obtain the desired properties;

% important factor in selecting the type and
quantity of the alloying element is its influence on the
accuracy of the dimensions of the sintered products.

For these reasons, the chemical composition of a large
proportion of sintered steels differs significantly from the
composition of ordinary steels with the same field of
application.

In the present publication the aim is to study the
peculiarities of alloying an iron matrix based on water-
dispersed iron powders with copper, nickel and other
alloying elements.

Samples based on water-dispersed iron powders type
ASC 100.29, AHC 100.29 and ABC 100.30 were used in
the research process. The iron matrix is alloyed with
copper, nickel, phosphorus and carbon.

MATERIALS AND METODS

The samples are pressed with a force of 200+-800 MPa.
The measured density after sintering varies in the range of
6.00 + 7.00g /cm?.

The determination of the mechanical characteristics of
the tested samples is done according to the standardized
methods for determining the tensile strength, the relative
elongation and the change in the linear dimensions [12].

An increase in the size of the parameter of the crystal
lattice of iron during its alloying with copper was
determined by the method of X-ray diffraction analysis
[13].

I11. RESULTS AND DISCUSSION

The final complex of physical and mechanical
properties of the sintered materials largely depends on the
way of introducing the alloying elements in them. In
powder metallurgy, several methods of alloying are used:
mechanical mixtures; alloy powders, partially alloyed
powders - Fig.1 [19].

"

LA ﬁ:__ Y
v
b. c.

Fig. 1. Alloying schemes in powder metallurgy:
a - mechanical mixture; b - alloyed powder;
¢ - partially alloyed powder.

From Fig. 1, it can be seen that the most suitable for use
in production seems to be the finished alloyed powder,
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because the individual powders particles have the same
composition as the final product. Such powders are
obtained by sputtering, mechanical grinding and co-
reduction. The method of pulverization of metal melts has
found the widest industrial application [1,6,17]. In this
way, alloys of many non-ferrous metals are obtained -
bronze, brass, aluminium alloys, as well as low- and high-
alloy steels.

The use of alloyed powders makes it possible to
maximize the use of alloying elements, to obtain alloys
with high homogeneity of structure, and hence with the
greatest uniformity of properties and accuracy of the
geometric parameters of the products. Due to their higher
hardness, however, alloy powders have a relatively poor
compaction, which is of great importance when pressing
parts with a more complex configuration. In such cases,
high-energy molding methods are suitable - hot dynamic
pressing, high-speed pressing, etc. [6,11].

Until now, the compression of mechanical mixtures of
the necessary components has been more widely used in
powder metallurgy, as the desired alloys are formed by
diffusion during sintering [6,17].

Lag]

E 74

6,2

6,0

200 400 600 800 1000

P, MPa

Fig.2.Compactness of alloyed powders- 1 and
mechanical mixtures -2
with composition Fe + 2% Ni + 0.5% Mo + 0.5% C

Figure 2 shows experimental results proving a much
better compaction of a mechanical mixture compared to an
alloyed powder with the same composition.

The use of mechanical mixtures requires much better
mixing of the components before pressing, higher
temperature and longer duration of the sintering process in
order to homogenize the alloy. In some cases, in order to
obtain materials with special properties - for example, with
high wear resistance, the creation of nonequilibrium
structures is resorted to.

A compromise between alloy powders and mechanical
mixtures is pre-alloyed powders. During sintering, the
alloying elements diffuse relatively quickly into the base
metal, which allows the process to be carried out under
more favourable technological conditions. The heat
treatment is carefully controlled so that the interaction
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between the alloying elements and the iron powder is in the
initial stage.

The alloying of iron with copper or with copper in
combination with other elements makes it possible to
obtain alloys with very good physical and mechanical
properties [3,10,17]. Iron-copper alloys are usually
obtained from mechanical mixtures. A specific method of
alloying in this case is the impregnation of a porous iron
skeleton with molten copper or its alloys. Copper is also
used in the preparation of pre-diffusion-doped powders and
much less frequently in ready-made alloy powders.

The formation of the structure of the alloy during
sintering of a mechanical mixture of iron and copper
powder is of both theoretical and practical interest. The
iron-copper system has a limited solubility of the
components in the solid state - at a temperature of 1094°C
iron dissolves about 8% Cu, and copper in turn can dissolve
about 4% Fe [10]. As the temperature decreases, the mutual
solubility decreases. Eutectoid decay occurs at 850°C and
a mixture of a- and e-mixed crystals is observed at room
temperature. In a solid solution with iron remains less than
0.15% copper, and above this amount of copper in the
structure is in free form. The size and shape of the copper
inclusions depend on: the cooling rate; the total amount of
copper; temperature and duration of sintering.

The most commonly used powder materials based on
water-dispersed iron powders of the type ASC 100.29,
AHC 100.29 and ABC 100.30 are alloyed with 1+10%
copper. Unlike conventional metallurgy in powder
metallurgy, copper is the main alloying element, and its
advantages are as follows [2,7]:

% good mixing with iron powder;

% easy reducibility of copper oxides;

% formation of a liquid phase during sintering at
relatively low temperatures.

This is the most pronounced difference in the goals set
for alloying in conventional technologies and in powder
metallurgy.

Together with the increase of the strength
characteristics during sintering, the copper helps to
increase the parameters of the crystal lattice of the iron
depending on the copper diffused in it —fig.3. This helps to
compensate for the shrinkage of the iron matrix during
sintering.

Our experiments show that when alloying an iron
matrix of water-dispersed iron powders ABC 100.29 with
2.0% copper after a single double-sided pressing and
sintering at 1000+1200°C for 1h, practically no changes in
the linear dimensions of the parts are registered. — fig. 4.

The figure shows that an increase in the copper
concentration in the iron matrix leads to an increase in the
volume of sintered parts, as this increase is most significant
at a concentration of copper in the iron briquette - 8 +~ 10%.
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Fig. 4. Dimensional changes depending
of an iron matrix of ABC 100.29 alloyed with copper:
1-0% Cu; 2 - 2% Cu; 3 - 4% Cu;
4-6% Cu; 5 - 8% Cu.

The addition of other alloying elements can affect the
process in one direction or another. It was found that the
addition of carbon to the iron-copper system leads to a
reduction in the size of the workpiece. The same is found
when adding nickel and tungsten. These limit the solubility
of copper in iron and thus reduce the increase in the volume
of the parts. Therefore, in combination with the alloying
elements, powder metallurgical alloys with increased
strength can be realized while satisfactorily preserving the
size of the workpieces.

Highly alloyed with copper - up to 20%, powder steels
can be obtained by infiltration of pre-sintered carcasses or
water-dispersed iron powder pre-alloyed with copper. As
the iron frames can be pressed to the required dimensions,
high-precision powder products are obtained by
infiltration. From the experimental results of Fig.5. it is
seen that the sintered steels double their strength after
infiltration with copper.
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Fig.5. Tensile strength of iron matrix based on powders ASC

100.29, ABC100.29 and AHC 100.30 after alloyed with 29%Cu -1
and infiltration with 20% Cu - 2.

The measured tensile strength after diffusion annealing
and disperse hardening of powder materials based on iron
powders ABC 100.29, containing 1.0% carbon and 15%
copper depending on their density reaches 1150 + 1250
MPa, at relatively high values of relative elongation - 4 +
6%.

In powder metallurgy after copper, the next most
common alloying element is nickel. Like copper, it has a
weak affinity for oxygen. Its introduction makes it possible
to obtain appropriate values for strength and ductility. The
Fe-Ni system refers to the case of unlimited solubility of
solid components [1,7]. Iron and nickel form a continuous
series of solid solutions without brittle compounds. Unlike
the Fe-Cu system, here the partial diffusion coefficients
differ insignificantly and the effect of volume increase is
almost imperceptible. Nickel has a high activating ability
during sintering, which manifests itself at relatively high
temperatures - above 1150°C, and a longer process
duration. Alloying iron with nickel slows down the growth
of crystals during sintering, which helps to increase
shrinkage during the final stages of the process.

In the conducted experiments it was found that the way
of doping has a great influence on the structure of Fe-Ni
products. When working with finished alloy powders after
firing, the structure remains homogeneous, single-phase
and is externally similar to the structure of non-alloy iron
powder products. When using mechanical mixtures of iron
and nickel powder, the final structure depends exclusively
on the firing mode. At temperatures up to 850°C, regardless
of the duration of sintering, there is practically no
interaction between the nickel and iron particles in the
matrix.

As the temperature rises, nickel dissolves in iron. The
alloys obtained under such conditions are characterized by
a spotted, inhomogeneous structure. Only when the
temperature rises to 1250°C and the sintering duration
exceeds 120 min does the alloy acquire a single-phase
structure.
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From the experimental results obtained in the study of
iron-nickel samples, it was found that the properties of
copper-alloyed steel steels can be significantly improved
by adding nickel powders to the charge. The measured
values for the tensile strength of samples doped with 3%
copper and 2.5% nickel vary in the range of 450 + 550
MPa, and when the concentration of nickel increases to
5%, the values for the tensile strength increase by
approximately 100 MPa. When optimizing the
concentration of copper and nickel in the briquette of iron
powder ABC 100.29 (4.5% copper and 5% nickel) the
measured values for tensile strength reach 750 MPa. But at
the expense of significantly reducing the values for
elongation. If for iron-nickel steels with 5% Ni the
measured elongation is of the order of 14 + 16%, then for
the considered triple system it is only 4%.

We managed to increase the tensile strength values
found in the experiments by adding 0.5% C to the ternary
system, but at the expense of the results for the relative
elongation. The measured mechanical characteristics of
powder samples based on ABC 100.29 iron powders
alloyed with 7% Ni, 2.0% Cu and 0.5% C at a briquette
density of 7.01 g / cm3 are - tensile strength 635 MPa,
elongation 2.5+3% and hardness HRB 87. After heat
treatment (hardening of 950°C in oil), the tensile strength
increases to 1055MPa, the hardness HRC47, but the
relative elongation is only 1+2%.

The main representative of the alloying elements from
the group of non-metals in powder metallurgy is
phosphorus [4,5]. In ferrous metallurgy it is considered an
undesirable impurity, as in steels it increases the tendency
to liquation and favours the formation of brittle
phosphides. For strength reasons, the concentration of
phosphorus in powder steels is limited to 0.3 + 0.6%.
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Fig.6. Dependence of tensile strength - Rm, elongation - § and change of
linear dimensions — AL, on the concentration of phosphorus in the iron
matrix

As a result of the formation of a solid solution of iron
with phosphorus, the ferrite component in the tested
samples is stabilized. The tensile strength of samples of
iron powder ASC100.29 and ABC 100.30 alloyed with
0.5% phosphorus is in the range of 400 +~ 450MPa - Fig.6,
but thanks to the stabilized ferrite phase the plasticity of the
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parts is very high and the relative elongation of the parts
reaches - 14 + 16% - Fig.6.

As a result of the formation of solid solutions with iron,
phosphorus stabilizes Fe a . The iron-phosphorus state
diagram shows that in the case of alloys with a phosphorus
concentration =0.55%, the sintering process practically
proceeds without phase transformations. The increased rate
of self-diffusion in the o - phase favours the migration of
atoms during sintering, which allows the process to be
realized at temperatures of the order of 1000°C. In the case
of an iron matrix doped with 0.3% phosphorus, the
achieved hardening of the solid solution of phosphorus in
the iron reaches values similar to those in the case of
alloying the iron matrix with 2% copper. However, it
should be borne in mind that the measured relative
shrinkage of the parts at a phosphorus concentration =
0.4% may exceed 1% - fig. 6. Therefore, alloying the iron
matrix with phosphorus is not recommended for the
manufacture of products with increased dimensional
accuracy requirements.

In order to increase the strength characteristics of the
studied iron matrices in the presence of phosphorus in them
and to preserve the linear dimensions of the products, tests
were also performed on samples with the addition of
copper or nickel.

In the triple systems Fe-Cu-P and Fe-Ni-P at sintering
temperatures above 950°C the process takes place in the
presence of a liquid phase which accelerates the process of
sintering and coagulation of the pores. Under certain
conditions, in particular in the case of the Fe-Ni-P ternary
system, as a result of solid solutions formed in the initial
stage of sintering, instead of shrinking the blanks, their size
increases, which can be used as a compensating
mechanism of shrinkage.

IV. CONCLUSIONS

The following more important conclusions can be
formulated from the conducted research and the results
obtained:

* Powder metallurgy is a technological process
that allows the production of unique materials that are
impossible to obtain by applying conventional
metallurgical technologies. The mechanical mixing in solid
state of the components allows the use of copper and
phosphorus as alloying elements, which in practice do not
find  application in  conventional  metallurgical
technologies.

* The alloying of the ferrous matrix in powder
metallurgy can be realized in three ways - by mechanical
mixtures, partially and completely alloyed powders. It has
been proven that with the same pressing forces the
compaction of the mechanical mixtures is 0.30 g/cm?®
higher than the pre-alloyed powders.

% The alloying of iron matrices from water-
dispersed powders with copper and phosphorus allows the
sintering process to be realized in the presence of a liquid
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phase. This favours the coagulation of the pores, leads to
compaction of the blanks and increase their mechanical
properties.

+ Alloying iron with nickel slows down the
growth of crystals during sintering, which helps to increase
shrinkage during the final stages of the process.
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Investigation of Residual Stresses and
Deformations of a Pultruded Thin Beam Profile
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Riga, Latvia
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Abstract - In the present study, a coupled 3D transient
thermo-chemical analysis together with 2D plane strain
mechanical analysis is carried out for the pultrusion process.
For the mechanical analysis, a cure hardening instantaneous
linear elastic (CHILE) approach is used of a thin beam
profile made of glass fibre and epoxy resin. The applied
approach is efficient and fast to investigate the residual
stresses and deformations together with the distributions of
temperature and degree of cure obtained from the thermo-
chemical analysis.

Keywords - finite element method, pultrusion, residual
stresses, thermo-mechanical.

. INTRODUCTION

Characterization of mechanical behaviour is not only an
important study for entire structures under loading [1]-[3],
but also for the separate parts in time of their production [4]
since stresses and deformations caused by the process may
occur.

Pultrusion is a continuous and cost-effective process
and is widely used for a production of high strength fibre-
reinforced polymer composite profiles with different cross-
sections [5], [6]. During pultrusion, the fibres are saturated
with the resin in a tank and after that are continuously
pulled through a heated die. In literature, many different
numerical and experimental techniques are carried out to
design pultrusion processes. Mostly, thermo-chemical
modelling in transient and steady state analyses are
developed for a better understanding of pultrusion
processes to analyse the distributions of temperature and
degree of cure inside the die, using the finite element
methodology [7]-[9] finite difference methodology [10],
[11], based on the nodal control volume method.

It is well known, that in time of manufacturing process
of thermoset matrix composites, material characteristics of

resin vary during the glass transitions from rubbery to solid
state. It follows that, this change of resin material directly
influences its mechanical properties, which are
temperature- and degree of cure-dependent and can occur
as unwanted residual deformations. Therefore, the
investigation of process-induced variations like residual
stresses and deformations should be performed for a better
control of mechanical behaviour of pultrusion process.

In addition of thermo-chemical studies in literature, a
thermo-chemical-mechanical analysis of pultrusion for
glass-fibre reinforced profiles are developed in [12]-[14].
For this reason, in the present study a thermo-mechanical
analysis is applied by coupling a 3D thermo-chemical
model with a 2D plane strain mechanical model, like
described in [15], [16]. The thermo-mechanical finite
element model is created in the finite element code ANSY'S
Mechanical, based on the cure hardening instantaneously
linear elastic method (CHILE) as in [17] to investigate the
residual stresses and deformations of pultruded beam
profile made of glass fibre and epoxy resin.

Il. MATERIALS AND METHODS

A.  Formulation of multi-physical problem

The simulation of 3D thermo-chemical pultrusion
process can be solved by three governing energy equations:

aT d a aT d

por 5= 5 (kx ) = (6 5) — 5 (ke5) =0 (@
05 (Gt usy) -5 (5) -5 (B 5) - (f5) -
q=0 (@)

(g—:+ug—i)=Rr 3)
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where T is the temperature, u is the pull speed, c, is the
specific heat, p is the density, k,, k,, and k, are the thermal
conductivities in x,y and z directions, q, is the rate of
energy, a is the degree of cure. Accordingly, p is the
lumped density, ¢,is the lumped specific heat, k,, k,, and
k,, are the lumped thermal conductivities of the composite
material in x, y and z directions. The generative term g in
a relation of internal heat generation and due to the
exothermic reaction of resin can be expressed by the
following equation:
q="V.+pr+Hy+Ry “)
where ;. is the resin volume fracture, H,,. is the total heat

of reaction, p, is the density of resin and R,. is the resin
reaction rate, which can be described as in [18]:

da

1 dH(T
R.(a,T) =22 = L0

Htr

dac

K@) - f(a) (5
f () is the reaction function and K (T") can be defined by
the Arrhenius relationship:

E
K(T) = Koexp(— =) (©6)
where R is the universal gas constant and E is the
activation energy. E and K, could be determined by a
fitting procedure of the experimental heat flow curves
obtained from differential scanning calorimetry tests.

For the thermo-chemical simulation of pultrusion
process in this study, the equations above are solved using
the finite element code ANSYS Mechanical and the nodal
control volume method is applied to obtain the evolution of
temperature and degree of cure.

Since the resin state changes during the process from
rubbery to glassy state, the CHILE approach method is
applied to capture the transition mechanically for the
thermo-mechanical analysis. In this case, the resin modulus
is described:

B (aT) =
0
. Ey T < Te1
B+ T (B — D) for Ta<T' <Tm ()
c2—lc1 *
g T > Te,

where E? and E;° are the uncured and cured resin moduli,
Tq1 and T, are the critical temperatures at the begin and
completion of the glass transition and T* is the difference
between the instantaneous glass transition and resin
temperature: T* =T, —T. The evolution of the glass
transition is described as:

Aa

T 1-(1-Da

g

T+ (T —T)

) ®)

T, and T,° are the temperatures of glass transition of
uncured and cured resin, A is a constant fitting parameter.
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The chemical shrinkage of resin is calculated:

1+AV -1

where AV, = Aa -V, - the incremental volume resin
shrinkage as a function of change in the degree of cure and
total volume shrinkage V,=6.9% .

Ae, ©)

The thermo-mechanical problem is solved by using the
obtained distributions of temperature and degree of cure
from the thermo-chemical analysis. For the finite element
simulations in ANSYS, the incremental linear elastic
approach is applied to calculate the residual stresses and
deformations. The incremental thermal strains:

Aeft = a; - AT (10)
Mechanical properties of fibre and resin, fibre volume
fracture and as well as the chemical resin shrinkage strains
are affecting the incremental chemical shrinkage strains.
Assuming the fibre phase mechanical properties are cure
independentAe, = Ae,p = Aggr = 0, then incremental
chemical strain:

AgrEr(1-V)

Aefh = ————J—
1 EqqfVp+Er.(1-Vp)

(11)

Ae§" = Ae§t = (Mg, + v,0e,.) (1 — Vy) — (vigf Vs +
v, (1 — V;))Aefh (12)

where E;;r and v, is the longitudinal elastic modulus
and Poisson’s ratio of the fiber, E, and v, — of the resin,
V; is the fibre volume ratio. Ae{" - incremental chemical

strain in the longitudinal direction, AsS", AeS™ - in the
transverse directions.

B. Thermo-chemical model

A 3D transient thermo-chemical analysis is carried out
for a thin beam profile [12]. The pultrusion die for this
profile is with following dimensions 915 x 38.1 x 38.1 mm
and 1.59 x 12.7 mm for the cross-section of it. The
materials used for a production of beam are fiberglass and
epoxy resin. The finite element model is created in
ANSYS mechanical using 3D thermal solid finite
elements Solid 70 and only a quarter is modelled due to
the symmetry (see Fig.1). The total number of elements is
11102 and 3660 mm from the die exit of profile is
continued to extend the thermo-chemical analysis. The
initial conditions:

e at time t=0 all nodal points have the room

temperature and degree of cure is 0;
pull speed 20 cm/min;

solution time step is 4.5 s.
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Fig. 1. Fragment of the finite element model for the thermo-chemical
analysis.

C. Thermo-mechanical model

During the 2D thermo-mechanical analysis, the cross-
section of beam profile is moved through the pull direction.
The finite element model of profile cross section in ANSY'S
Mechanical is created by 2D plane strain solid finite
elements Plane 182. The model has following boundary
conditions — symmetry boundary conditions on the
symmetry line and sliding conditions on the contact
surfaces.

The mechanical properties of fibre and resin are given
in Table 1. The value of CTE of resin in a glassy state is
2.5 times smaller than in a rubbery state. The critical
temperature at the onset and competition of glass
transitions is assumed T, = — 45.7°C and T, = — 12°C.
For the T, calculation in equation (8), T, is assumed 0 °C
and T,° = 195 °C. The fitting parameter 1 = 0.4.

I1l. RESULTS AND DISCUSSIONS

It should be noted that all results for the thermo-
mechanical analysis should be viewed together with the
distributions of temperature and degree of cure obtained

TABLE 1 MECHANICAL PROPERTIES OF FIBRE AND RESIN

Value
Property
Sympol Fibre Resin
(unit)
E,°(MPa) 3.447
E/” (MPa) 3.447-10°
Young’s modulus
E1: (MPa) 7.308-10* Eq. 11 [1]
E2, (MPa) 7.308-10* Eq. 11 [1]
G2 (MPa) 2.992.10* Eq. 13 [1]
Shear modulus
Gis (MPa) 2.992-10* Eqg. 13 [1]
Vi2 0.22 0.35
Poisson’s ratio
Vi3 0.22 0.35
Coefficient of | a1 (1/°C) 5.04-10°% 5.76-10°
thermal expansion
(CTE) az (1/°C) 5.04-10° 5.76-10°

234

from the thermo-chemical analysis, which were measured
in two different control points. As the temperature and
degree of cure distributions are almost uniform all over the
cross-section of profile, the results are practically the same
for both control points. For this reason, the results of
thermo-chemical analysis are presented only for one
control point B (see Fig. 2).

The values of effective Young’s moduli at the end of
the pultrusion process are describing the final stiffness of
beam profile. These values are found to be 48 238.5 MPa
in the longitudinal direction and 12 439.9 MPa in the
transverse direction. Comparing them with the
recommended values found in literature [19], which is in
the range of 35 000 to 50 000 MPa for glass fibre reinforced
composite, it can be concluded that the stiffness of this
beam is adequate.

The evolution of corresponding strains are given in
Fig.3. In this case, thermal strain is the incremental thermal
strain and chemical strain is the linear chemical strain. The
total strain is the process induced strain obtained by
counting together thermal strain with chemical strain. The
maximum value of thermal strain is ¢4 ,=0.01116.

IVV. CONCLUSIONS

In the present study, a thermo-chemical-mechanical
analysis was performed with the aim to investigate the
residual stresses and deformations for the pultrusion
process of a rectangular thin beam profile. For this reason,
a 3D thermo-chemical model was coupled with a 2D plane
strain mechanical model performed in finite element code
ANSYS Mechanical. In order to obtain the resin modulus,
which is dependent of temperature and degree of cure, the
CHILE based approach was utilized.

During the thermo-chemical analysis, uniform
distributions of temperature and degree of cure were
obtained all over the profile in both control points, where
the process of curing were occurred very similarly at the
same time.
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Fig. 2. The distribution of temperature and dregee of cure in the
control point B.
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The obtained values of the effective elastic modulus of

the composite material were analysed and compared with
the recommendations in the literature, it can be concluded
that the stiffness of beam profile is appropriate.

The applied method was found to be quite fast and

efficient for the investigation of the residual stresses and
deformations together with the distributions of temperature
and degree of cure. It could be performed for further studies
also for more complex pultruded profiles for different
structures, where the geometrical precision is more
important.
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Abstract - Building sector is known as one of the biggest binders include magnesium oxide cements which, in
polluters, causing environmental pollution and carbon combination with other materials, may be used as
dioxide emissions, most of which are generated during the magnesium oxychloride cements, magnesium phosphate
production process of building materials. Therefore,  cements, magnesium silicate hydrate cements, etc. [1], [7]
researchers and manufacturers have become increasingly ] o ]
interested in environmentally friendly materials with low Magnesite (MgCOs) calcination is mainly used for the
energy consumption. Magnesium based cements are being  Production of magnesium oxide to be used as raw materials
studied as an alternative to a widespread material as  Of magnesium oxide-based cements [8], [9]. As another
Portland cement, thus reducing the temperature required for ~ source of magnesite serves dolomite (CaMg (COs),) with
calcination. During this research, magnesium binder-based larger deposits than magnesite [8], [10]. Magnesium oxide
composites using two types of magnesium (local dolomite ~ (MgO) forms during the calcination process of dolomite
waste material and caustic magnesia) were produced. Within  ores and dolomite has been already used as raw material to
the framework of this study, several regimes of thermal produce MgO-based cement [8], [11], [12]. Currently the
treatment were used to produce low carbon dioxide and most studied magnesium cements are magnesium

environmentally friendly magnesium binder composites. oxychloride cement (MOC) and magnesium phosphate
Physical, mechanical and thermal properties of obtained cement (MPC) [13].

specimens were tested.
Magnesium phosphate cement is obtained by a

Keywords - magnesium binder composites, magnesium-  chemical reaction between MgO and soluble acid
based cements, dolomite waste material, magnesium  phosphate. These cements possess vital properties as
oxychloride cements follows: fast setting, high early strength, excellent fluidity,
low shrinkage, high bonding strength, good
biocompatibility [8], [14] — [17]. Therefore, MPC have

Portland cement is currently one of the most produced  been applied in the following areas: rapid repair, hazardous
and consumed materials in the world, with an average  waste stabilization, biological materials, for the preparation
annual amount of production of 4.6 billion metrictons [1] -  process of foamed concrete and others [8], [13].
[3]. Building industry has significant impact on
environment. About 8 % of the world’s anthropogenic
carbon dioxide (CO2) emissions are related to the cement
and concrete industries; cement is responsible for 95 % of
the emissions during the production of concrete [1], [4].

. INTRODUCTION

Magnesium oxychloride cement, also known as Sorel
cement, first was invented in 1867 shortly after the
invention of Portland cement [18], [19]. MOC is

Growing concerns excessive CO, emissions led to
proposals for low-CO; alternative binders [1], [5], [6]. Such
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TABLE 1 CONTENT OF DOLOMITE SAMPLES

Samples
Content
LP LS
CaMg(COs), [%] 92 - 94 93-95
CaCOs [%] 21-36 15-25
SiO; [%] other other

obtained by a chemical reaction between MgO and
magnesium chloride (MgCl) solution at ambient
temperature, creating ternary system of MgO, MgCl, and
water [23].

Compared to traditional Portland cement, MOC
possesses: light weight, high early strength, good abrasion
and corrosion resistance properties, low thermal
conductivity [13], [18], [20] — [22]. MOC is widely used at:
industrial floor production, grinding wheels. MOC is useful
for decorative, fire protection, sound and thermal insulation
panels production [18], [19].

Compared to the calcination temperature required for
the production of Portland cement, it is many times lower
for the production of MOC. Consequently, there is some
interest in the construction industry for MOC, because
these materials are energy efficiency and has been
considered as environmentally friendly [23].

A. Used materials

Magnesium binder compositions were prepared in
laboratory conditions. Magnesium oxide (MgO) served as
the main component and two types of magnesium were
added during the experiment.

Caustic MgO CCM RKMH-F, produced by Austrian
company “RHI AG Ltd” with 76 % MgO purity, calcined
at 750°C and size distribution 90 % < 30um was used in the
first experimental part.

MATERIALS AND METHODS

Magnesium, produced from locally available dolomite
waste material, obtained from Plavipu and Silukalns
quarries in Latvia, was added in the second part of the
research (compositions LP and LS).

TABLE 2 CAUSTIC MAGNESIUM BINDER COMPOSITIONS

Components Magnesium binder compositions
[weight

propo rtions] T1 T2 T3 T4 T5 T6

Sand 225 | 225 | 225 | 225 | 225 | 225

MgO 1 1 1 1 1 1

MgCl;, 0.75 | 0.63 | 0.50 | 0.75 | 0.63 | 0.50

H,0 0 0.25 | 0.38 0 0.25 | 0.38
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Components Magnesium binder compositions
[weight

proportions] T1 T2 T3 T4 T5 T6

SF 0 0 0 0.13 | 0.13 | 0.13

TABLE 3 LIGHTWEIGHT MAGNEISUM BINDER COMPOSITIONS

) Magnesium binder
Components [weight compositions

proportions] il 2

MgO 1 1
MgCl, 0 0.87
H,0 0.82 0.64
KP 0.92 0.60
PB-LUX 0.92 0.92

To determine CaMg (COs3); and CaCQOs; content in the
samples with dolomite waste material, mineralogical
analysis (XRD or X-ray diffraction analysis) was
performed; the results are presented in Table 1. Performing
literature review and differential thermal (DTA) and
thermogravimetric (TGA) analyses, three regimes of
calcination temperature (730°C, 760°C and 790°C) were
used.

Magnesium chloride hexahydrate MgCl,-6H,0 (known
as bischofite) containing 47 % MgCl, served as brine
solution and was used at a ratio of 1:1 of mass to water.

Natural, washed sand with fraction size 0-1 mm,
supplied by local company “Sakret”, Latvia was added as a
filler.

Microsilica or silica fume (SF) has fine particle size in
arange from 1 pm to 15 nm. SF is pozzolanic additive with
complementary cementing properties that helps to improve
water resistance and durability of material [1], [24].

B. Magnesium binder compositions

In the first part of experimental study, magnesium
binder compositions using technogenic product - caustic
MgO were obtained. Six compositions (T1, T2, T3, T4, T5
and T6) with MgO/sand ratio 0.44 and containing variable
amount of MgCl,, SF and water were produced, see data in
Table 2.

Two compositions (A and A2) of lightweight
magnesium concrete were made. Monopotassium
phosphate KH,PO, fertiliser (KP) 0-52-35, supplied by
“Prayon S.A.” and with P,Os content of at least 51.6 % was
used for hardening of magnesia. Synthetic foaming agent
“PB-Lux” was added with a ratio of PB-Lux/MgO 0.92
(data summarized in Table 3).

In the second part of the experimental research,
compositions using local dolomite waste material were
obtained (LP and LS, adding dolomite waste material from
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Plavinu and Silukalna quarries, accordingly, see Table 4.)
Magnesium oxychloride cement or Sorel cement mixes
with three different calcination regimes and water/binder
rations 0.4 and 0.35 were prepared.

TABLE 4 COMPOSITIONS USING DOLOMITE WASTE MATERIAL

Magnesium binder compositions
Properties
LP LS
730 730
Temperature
of calcination 760 760
[*C]
790 790
Ratio of
water/binder 04 0.35

The use of recycled porous glass ceramic aggregates
with three particle sizes (0.63-1.25 mm, 1.25-2.5 mm and
2.5-5.0 mm) resulted in lightweight concrete compositions
(AP and /S) with water/binder ratio of 0.45, see Table 5.

C. Testing methods

To provide the maximum of MgO phase and the
minimum of CaO phase, calcination of dolomite powder
using three temperature regimes of 730°C, 760°C and
790°C was performed.

In order to obtain a binder powder with a uniform
consistency, the calcined dolomite material was subjected
to grinding. The process of grinding was done by using
planetary ball mill “Retsch PM 400” 220-230 V; 50/60 Hz
and rotation speed 300 rpm. Fig.1 presents the obtained
material before and after grinding. Dolomite material from
Plavinu quarry (LP) was grinded 3.5 min and grinding time
of dolomite from Silukalns quarry (LS) was 5.5 min. The
results of grinding fineness are 75.6 % and 76 % (for LP
and LS dolomites, respectively).

Universal testing machine “Zwick Z100” with the
maximal test force of 100 kN was used to conduct the
compressive strength test. The pressure was applied with
0.0005-600 mm/min speed. The samples were exposed
under relative humidity conditions (~90-95 %) and
temperature 15-20°C; the dimensions of the test samples
50x50x50mm.

TABLE 5 LIGHTWEIGHT MAGNEISUM BINDER COMPOSITIONS

Magnesium binder compositions
Properties
AP s
Particle
L 0.63- | 1.25- | 25- | 0.63- | 1.25- | 25-
fractionsize | 4 o5 | 55 | 50 | 125 | 25 | 50
[mm]
The amount 100 - 100
of particles
[wit%)] 20 40 40 20 40 40
Bulkdensity | o5 | 186 | 170 | 225 | 186 | 170
[kg/m7]
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. Magnesium binder compositions
Properties
P is
Ratio of
water/binder 0.45 0.45

Fig. 1. Dolomite material before and after grinding.

Testing of thermal conductivity was carried out
according to guidelines of the LVS EN 12667 standard. It
was recorded by equipment for measuring the thermal flow
“Laser Comp’s FOX 600 with thermal conductivity range
0.01-0.2 W/mK. Testing parameters were determined at
0°C for the upper and at 20°C for the lower panel.

Specimens-plates were tested in a hardened and dried
condition with the following geometry: 300x300x48 mm,
300x300x40 mm, 300x300x50 mm and 300x300x47 mm
(for A1, A2 — compositions being prepared using caustic
MgO and for AP and AS — compaositions being made adding
local dolomite waste material).

I11. RESULTS AND DISCUSSION

A. Density and compressive strength

Samples obtained by adding both caustic MgO
(compositions T1-T6) and dolomite powder from local
quarries (compositions LP and LS) were subjected to a 7-
day compressive test.

Analysing the results of caustic magnesia
compositions, it can be seen that as the amount of MgCl.
decreases, so do the strength values (data presented in
Fig.2). For example, reducing the amount of MgCl; in the
compositions T1-T3 by 66%, the compressive strength
decreases in the range from 29.5 MPa to 9.2 MPa.
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Summarizing the obtained data from the compositions
in the production of which local dolomite powder was
added, it can be concluded that the strength values depend
on the calcination temperature (data presented in Fig.3). As
the calcination temperature increases, the compressive
strength also increases.

Maximal compressive strength values of the tested
samples were obtained when more magnesium oxide was
released during the calcination process. For both series (LP
and LS), when dolomite powder from Plavinu (LP) and
Silukalns (LS) quarries was added during production, the
maximal strength was observed at a temperature of 790°C
and was 7.73 MPa and 13.82 MPa higher than at 730°C
calcination.

B. Water/binder ratio — compressive strength

A following relationship was observed between the
water/binder ratio and the compressive strength (the
corelation of water/binder ratio and compressive strength is
presented in Fig.4): a higher water/binder ratio resulted in
lower strength values.

The water/binder ratio increased from 0.25 to 0.45 and
the values of compressive strength decreased from 29.5
MPa to 8.7 MPa when testing the specimens produced
using technogenic product (caustic magnesia).

Compositions from local raw material (dolomite
powder) included two water/binder ratios 0.4 (LP mixes)
and 0.35 (LS mixes); the maximal strength value between
LP series samples was 11.0 MPa while it was 17.0 MPa
when LS series samples were tested.

239

Materials and Technogenic Products

C. Thermal conductivity

Thermal properties were tested on samples with caustic
magnesia and synthetic foaming agent (A1, A2
compositions) and on samples with dolomite waste
material and granulated aggregate (porous ceramics) (AP,
AS compositions), see the results of thermal conductivity
test in Fig.5.

Density values of 348 kg/m® and 305 kg/m® were
obtained using synthetic foaming agent (A1, A2), but for
compositions with porous glass ceramics (AP, AS) it was
about two times higher. With the increase of density values,
the coefficient of thermal conductivity also increased. The
coefficient was 0.088 W/mK and 0.07 W/mK for the
compositions with technogenic product used (caustic
magnesia), and it was 0.115 W/mK and
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g. 4. Corelation of water/binder ratio and compressive strength

0.097 W/mK for the compositions with local raw material
(dolomite powder).

Comparing to the results from similar mixes, it can be
concluded that the values of coefficient of thermal
conductivity decrease with the increase of the amount of
MgCl; (caustic magnesia compaositions). When comparing
to the data obtained using the porous ceramics of three
fractions, it can be seen the results are quite similar: density
of AP — 613 kg/m? and of AS — 600 kg/m3.

IV. CONCLUSIONS

In the experimental part of the research, two series of
magnesium binder compositions were prepared by using
technogenic product (caustic magnesia, produced by “RHI
AG”, Austria) with an average density value 2050 kg/m?
and 7-day compressive strength value 20.1 MPa (values
were in the range of 8.7-29.5 MPa); and by using local raw
material (dolomite powder from Plavinu and Silukalna
quarries in Latvia) with the values of 7-day compressive
strength 3.27-17.0 MPa.

The results of the research allow to conclude that
calcination temperature affects the strength values.
Analysing local dolomite powder compositions, it was
observed that with the increase of the calcination
temperature, when more magnesium oxide is released, the
maximal strength values of these samples were obtained.
Specimens produced using dolomite from Plavinu quarry
at calcination temperature 790°C showed average strength
value 11.0 MPa, but samples using Silukalns dolomite
material at the same temperature had 7-day compressive
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strength of 17.0 MPa. While testing the prepared specimens
with a calcination temperature of 730°C, about 70 % and
81 % lower compressive strength values were obtained.
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Fig. 5. Results of thermal conductivity test

It was also observed that the amount of magnesium
chloride also affects the strength values — as the magnesium
chloride content of the mixtures decreased, the
compressive strength values also decreased. Addition of 66
% less magnesium chloride to the compositions resulted in
a 70 % reduction in strength values (for the T4-T6
compositions from 29.2 MPa to 8.7 MPa).

The results of the study show that a higher water/binder
ratio resulted in lower 7-day compressive strength values.
Using caustic magnesia, the tested specimens showed
about 70.1 % lower values when increasing water/binder
ratio from 0.25 to 0.45. Using dolomite waste material and
increasing the ratio by 13%, an average compressive
strength values decreased in a range from 9.6 MPa to 6.3
MPa.

The use of synthetic foaming agent in the production of
lightweight magnesium binder compositions resulted in
43.2 % and 49.2 % lower density values, and in 23.5 % and
28 % lower values of coefficient of thermal conductivity,
comparing to the results of the specimens being prepared
by adding porous glass ceramics aggregate.
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Abstract - Laser colour-marking method often displace
conventional marking techniques. Complicated technology of
laser-induced periodic surface structure creation on stainless
steel samples allows changing their surface morphology and
optical properties, which were studied in this work by atomic
force microscopy (AFM), laser scanning microscopy,
reflectance spectroscopy and ellipsometry. Reflectance
spectra of the samples demonstrate reflectance maxima
correlate with the visible colours of the samples and with the
extrema in the non-monotonic spectral dependences of the
derivative of real part of complex dielectric permittivity
extracted from the ellipsometric data. Thus, the most
intensive light scattering takes place when the real part of
complex dielectric permittivity falls down quickly with
changing wavelength. We did not observe any “azimuth
anisotropy” in our optical measurements at constant
incidence angle: the spectra were the same independently of
the light incidence plane orientation (parallel or
perpendicular to the previous laser light spot scanning
direction). We suppose that this selective resonance-like light
scattering is due to the sample surface inhomogeneity, which
is the result of previous laser treatment. This assumption
agrees with estimations based on laser microscope and AFM
images as well as with predictions of Mie theory. Thus, the
colours of the samples under study are due to the light
scattering by randomly distributed surface species with
different sizes.

Keywords - laser colour-marking, stainless steel, optical
properties.
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l. INTRODUCTION

Two main methods of laser colouring of metals are
mentioned in the literature [1]. The first one utilizes a laser
as a heat source, which fabricates a transparent or
semitransparent oxide film on the metal surface. White
light illuminating the sample is reflected from the surface
of both the oxide and metal. As a result of interference of
the reflected light beams, a colour effect can be obtained.
The thickness of the oxide layer, its refractive index, and
the order of interference determine the colour spectrum. If
one uses the second method, colour can be obtained on the
metal surface by the formation of laser-induced periodic
surface structures (LIPSS), acting as diffraction gratings.

Our experimental results demonstrate one more
additional reason for colour appearance on the metal
surface after laser treatment: the colours of the sample may
be due to the light scattering by randomly distributed
surface species with different sizes.

II.  MATERIALS AND METHODS

We used the samples of stainless steel with dimensions
of 100 x 100 mm and thickness of 1 mm. Before the
experiment, the plates were washed with isopropyl alcohol
in an ultrasonic cleaner. The samples were marked in
atmospheric air with the help of industrial laser marking
system ,,DFL Ventus Marker 1I” (Firma ACI). Fiber laser
with wavelength 1062 nm, average output power 20 W,
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pulse peak power 12 kW, variable pulse duration and pulse
frequency 1-1000 kHz was used. Details of the sample
preparation have been described in [2], [3].

AFM images were obtained by scanning probe
microscope «NanoEducator». Surface morphology was
also studied by KEYENCE 3D Laser Scanning Microscope
VK-X100/X200.

Angular resolved reflectance spectra R(1) of the
samples under study were measured under illumination by
unpolarized white light from a tungsten lamp using a
collimated beam. Reflected light was analyzed by USB650
Red Tide spectrometer (Ocean Optics, Inc.).

Ellipsometry determines the change in polarization of
reflected light from a sample by measuring two parameters
Y and A that characterize the relative change in the
amplitudes of the p- and s- polarized waves and the phase
shift between them:

R

exp(iA) tan ¥ = Rp,

where R, and R; are the reflection coefficients.

After these measurements of ellipsometric parameters,
one can carry out calculations of important physical
characteristics (refractive index n, extinction coefficient k,
real (¢') and imaginary (&") parts of complex dielectric
permittivity etc.) of the sample using Fresnel formulae [4]
and some theoretical models (semi-infinite effective
medium is the simplest one).

In this work, we used spectroscopic ellipsometer
“Ellips-1891”, working at static photometric mode without
any rotating elements or modulators [5].

I1l.  RESULTS AND DISCUSSION

Reflectance spectra of the samples No. 2, 3, 4, 5 (having
blue, green, orange and red colour, respectively) measured
at the angle of light incidence 8 = 50° are shown in fig. 1.
One can see rather wide reflectance bands with maxima at
approximately 475, 570, 635 and 705 nm, respectively. The
similar results correlating with the visible colours of the
samples were obtained at the angle of light incidence 6 =
300 (fig. 2).
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Fig. 1. Reflectance spectra of the samples No. 2, 3, 4 and 5 at the angle
of light incidence 8 = 50°.
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Fig. 2. Reflectance spectra of the samples No. 2, 3, 4 and 5 at the angle
of light incidence 8 = 30°.

Fig. 3 demonstrates spectral dependences of
ellipsometric parameters W and Ameasured at the angle of
light incidence & = 50° for one of the samples. It should
be emphasized, that we did not observe any “azimuth
anisotropy” in our optical measurements at constant angle
of light incidence value: the spectra was almost the same
independently of the plane of light incidence orientation
(parallel or perpendicular to the previous laser light spot
scanning direction) — see solid and dotted lines in fig. 3.
Thus, the colours of the samples under study are not caused
by the “diffraction grating effect”.

¥, A (degrees)
2001

"
400 600 800 J (nm)

Fig. 3. Spectral dependences of ellipsometric parameters of the sample
measured at the angle of light incidence 8 = 50°. Solid and dotted lines
correspond to the plane of light incidence orientation (parallel or
perpendicular to the previous laser light spot scanning direction,
respectively).
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Fig. 4. Spectral dependences of the real part of complex dielectric
permittivity & for the samples No. 2, 3, 4 and 5 measured at the angle of
light incidence 8 = 50°. Solid and dotted lines correspond to the plane
of light incidence orientation (parallel or perpendicular to the previous
laser light spot scanning direction, respectively).
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Fig. 5. Spectral dependences of the derivative of the real part of
complex dielectric permittivity de’(4)/dA for the samples No. 2, 3, 4 and
5 measured at the angle of light incidence 8 = 50°.
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Fig. 6. Spectral dependence of the real part of complex dielectric
permittivity & for the initial stainless steel (“substrate™) measured at the
angle of light incidence 8 = 70°.

Figs 4 and 5 show non-monotonic spectral dependences
of the real part of complex dielectric permittivity &' and
those of its derivative de'(1)/dA extracted from the
ellipsometric data for the samples No. 2, 3, 4 and 5. Note
that no extrema could be observed in the monotonic
spectral dependence of the negative &'value for the initial
stainless steel (“substrate”) in the investigated intervals of
photon energy and the angles of light incidence (see, e.g.,
graph in fig. 6 which is typical for metals [6]).

One can see that all the maxima positions in fig. 1
correspond with minima in fig. 5. Thus, the most intensive
light scattering takes place when the real part of complex
dielectric permittivity & value falls down very fast with
changing wavelength 4. This behaviour is specific for
dissipating systems, where significant dispersion of £'value
(usually near the resonance frequency) leads to energy
dissipation, high dielectric losses etc.

We suppose that this selective resonance-like light
scattering [4], [7] is caused by the sample surface
inhomogeneity which, in its turn, may be the result of
previous laser treatment [8]. Qualitative estimation based
on laser microscope and AFM images [3] leads to the
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conclusion that the characteristic size of randomly
distributed surface species increases with the sample
number (from 2 to 5), correlating with the shift of the
peculiarities in figures 1 and 5 to the longer wavelengths.
This statement agrees with the predictions of Mie theory,
concluding that scattering characteristics of spherical
particles depend upon the non-dimensional parameter g =
2ma /A [4], [7], where 2a is the sphere diameter. From this
point of view, particle size growth has to increase
corresponding resonance scattering wavelength; this
prediction is in consistency with our experimental results.

IVV.  CONCLUSIONS

Laser colouring of metal surface may be caused not
only by interference in thin oxide films and/or by
diffraction of light on laser-induced periodic surface
structures. We suggest one more possible mechanism of
colour laser marking: selective resonance-like light
scattering due to the sample surface inhomogeneity, which
is the result of previous laser treatment. This assumption
agrees with optical data and estimations based on laser
microscope and AFM images as well as with predictions of
Mie theory. Thus, the colours of the stainless steel samples
may be due to the light scattering by randomly distributed
surface species with different sizes appeared after laser
irradiation.
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Abstract - The report presents analytical information about
the state of play of the processes of the Fourth Industrial
Revolution in different areas of the Bulgarian economy and
industry. Based on a survey conducted in Bulgarian SMEs,
the respondents’ idea of the challenges and obstacles faced
by company guides in its implementation in production,
digital education, qualification and training in the course of
the work is summarized. Data from a survey on key skills
and competences needed to work in digitalization conditions
have been released. Recommendations and sample
applications have been formulated to ensure a successful
symbiosis of Industry 4.0 with Industry 5.0.

Keywords - digital education, challenges, competences,
Industry 4.0

. INTRODUCTION

The digitalization coming into the world poses new
challenges for Bulgarian organizations from different
economic sectors. The COVID-19 pandemic has led to
numerous changes, and the economic crisis has affected
the whole world. Many business and non-profit
organisations have been placed in a new business
environment where consumer’s behaviour has changed
and conditions have become even more precarious. The
most affected by the crisis is the small business. This
sector of the economy is most vulnerable because it
represents over 90% of the entire business in Bulgaria. In
turn, the average occupies only about a percentage, and the
large one — below 0.5% (as of 2019) Given the situation,
digitalization has proved to be the key to the flexibility and
adaptability of each company.

In the exceptional difficult conditions in which modern
business is to function, Industry 4.0 has become
ubiquitous in the following economic areas, characterized
by enhanced digital connectivity and mobility of people of

EXPOSITION

active working age, whose existence has become part of
the large digital community:

- information and communication technologies;

- cyber-physical systems;

- storage and processing of large-scale data sets (so-
called cloud systems);

- systems for modeling, simulating and virtual
presentation of information;

- tools for interaction between humans and computing
machines.

A significant proportion of companies surveyed by
university lecturers [5],[6] put new materials into their
production using computer systems for production
management, the essential elements of which are the
minimization of waste and the use of technology for their
recovery. In 40% of them, new information technologies
have entered into administrative activity, accounting,
pricing, stock and order management. About 1/2 of the
companies surveyed do not yet have developed a
comprehensive system for training and upskilling of the
staff needed for working in the conditions of Industry 4.0.
About 1/3 of the companies are in the process of
developing such a system, and the remaining 20% already
have a developed and operational system. In recent
decades, it has become obvious to everyone that the
problems faced by organizations are becoming more
complex, dynamic and multidimensional. These include
transformation in all areas of the business related to
automation and digitization of workflows, constant
economic uncertainty, employee engagement, etc. The
internal dynamics of these problems are constantly
changing and complicated by the advancing Industry 5.0,
in which people and machines will have to interact as
harmoniously as possible in order to maintain their
competitiveness and adapt to the new way of working.

Many SMEs have managed to reap the benefits in the
country for creating added value and successfully
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participating in industry 4.0 processes. Positives for the
digital transformation of the Bulgarian industry are: well-
developed ICT infrastructure with high-speed broadband;
excellent tradition in the IT sector; access to European
programmes; widespread use of the Internet.

EXHIBIT 1| Nine Technologies Are Transforming Industrial Production

2
(2

S
Big data

Autonomous
bots
E g and analytics

rol

Simulation

Industry 4.0 .
Augmented Horizontal and vertical
reality system integration
Additive The Industrial

manufacturing )\/ Internet of Things

The cloud Cybersecurity

Industr{ 4.0 is the vision of the

industrial production of the future
Source: BCG.

Fig. 1. Vision of Industry 4.0
Source: Industry 4.0: The Future of Productivity and Growth in
Manufacturing Industries

The unfolding global pandemic has accelerated the
digital transformation process in almost all sectors and
united industries in their efforts to be more cooperative for
a functional digital future. The ability to use digital tools
and channels has become a major tool for entrepreneurs
trying not only to survive the current crisis, but also to
make the most of it. In a world of forced contactlessness, a
huge part of the interaction of companies with their
customers and employees must take place virtually. In
many of these cases, the digital presence becomes the only
way for the Bulgarian small, medium and large business to
survive in the conditions of forced closure and social
isolation.

When looking at the issues of "Industry 4.0" in the
context of the sustainability of the national economy, we
need to address not only the industrial sector, but also the
other areas relevant to the management of sustainable
development.

. Socio-economic development

. Sustainable consumption and production
. Social inclusion

. Demographic changes

. Public Health

. Climate change and clean energy

. Sustainable transport

. Natural resources

. Global Partnership

10. Effective management

The digital transformation of the business is studied
and analyzed in the publications of a number of Bulgarian
researchers through different approaches [1], [2], [3], [4].
Flexible adaptation of modern enterprises to dynamic
changes requires the development and use of new business
models.

OCoO~NOUT,WN -
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Through them, management teams can respond
quickly and adequately to ever-evolving technologies,
enabling them to collaborate in a new ecosystem,
effectively manage data as a valuable asset and tackle
cybersecurity.

Moblia devices

Cloud compating loT phatforms

Augrnated
reality/wearables

Location detection
technologies

Mutilavel customer
interaction and
custormer prefiling

o

Advanced Fuman-machine
interfaces

Big data analytica gn
and advanced

cithiem ;
algorithms Authentication &

= ey fraud detection
Fig. 2. Technological aspects of Industry 4.0 [11]

The following figure traces innovations during
individual industries in the course of their evolution:

o~ 4N
ﬂ?ﬂf.'-ﬁ % -1_

= Industry 2.0 Industry 4.0
Industry 1.0 Industry 3.0
o M
1785 1370 1970 today
Fig. 3. Industry development
Legend:

- Industry 1.0 - mechanization, steam power;
weaving loom

- Industry 2.0 - mass production, assembly line;
electric energy;

- Industry 3.0 - automation, computers, electronics]

- Industry 4.0 - cybernetic systems, the Internet of
Things, networks.

- Industry 5.0 — the future industry — collaboration

between robots and humans, the so-called "koboti*

The Internet of Things, cloud technologies, large
databases and analytical tools, mobile communications
and social networks are the strategic solutions needed for
digital transformation of organizations. They all set up a
quality new business model that achieves maximum
operational efficiency through data mining, forecast
modelling and forecast analysis; development of a
digitised ecosystem of products and services. The digital



Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 13" International Scientific and Practical Conference. Volume 3, 245-251

skills of the workforce combine digital and technical skills
with problem-solving skills; create new job descriptions,
incentives and career paths for the recruitment and
retention of skilled employees; flexibility in the
workplace; build global teams.

IMD's Global Digital Business Transformation Centre
has developed a so-called ,,grand piano model* in which
it describes seven areas of organisational change presented
in Figure 4: [7]

business model

organisational structure

digital skills of staff

digitisation of processes

IT infrastructure

Digital transformation of the business

degree of digitization of
products/services

digital channels for
customer interaction

Fig.4. Digital Royal

The new draft digital transformation strategy in the
country for the period 2020-2030, prepared by the
Ministry of Transport, Information Technology and
Communications, sets out the implementation of the
following main objectives:

- deployment of secure digital infrastructure;

- ensuring access to adequate technological knowledge
and digital skills;

- unlocking the potential of the data;

- digitisation in favour of a circular, low-carbon
economy;

- improving the efficiency of government and the
quality of public services.

Gigabit connectivity will be ensured by 2030 for all
major socio-economic drivers such as schools, transport
hubs and major public service providers, as well as
digitally intensive enterprises. Support for high-speed
connectivity will be accompanied by trainings for
acquiring new or improving key competences and
professional qualifications; new skills for specific new
jobs. Strategic measures include enhancing citizens'
digital skills and stimulating demand for internet-based
services from the population and businesses.
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Bulgarian small and medium-sized enterprises
(SMEs), which make up more than 99.8% of enterprises
in Bulgaria, face many challenges posed by digitization
and Industry 4.0.

Purpose of the study and methodology

This publication aims to explore the potential of
Industry 4.0 for Bulgarian SMEs and their level of
readiness (digital, infrastructure, etc.). The arguments
formulated above are set out in the questions of a
questionnaire, with the help of which, in the framework of
project 2009C "Management of technological change as a
structured process for finding effective and flexible
solutions through Industry 4.0, funded by the Research
Fund for 2020, a study has been carried out on the
problems related to digitization in Bulgarian SMEs. Some
of the answers to the questions received in the survey are
presented graphically.

For respondents were selected company managers, as
well as managers from the average management levels —
mainly operating managers, who are directly related to the
implementation of Industry 4.0 in their enterprises. The
results obtained, although the relatively small number of
SMEs surveyed cannot be claimed to be of great
representativeness, are interesting and indicative of the
problems and what is to be done for the preparation of
Bulgarian SMEs for the implementation of Industry 4.0.
The survey covers 86 companies from different districts in
the country By subject of activity they are allocated as
follows:

- processing industry — 42%;

- services — 50%;

- mechanical engineering — 8%.

By their size, the sampleD SMEs are relatively "evenly
distributed": medium — 35%, small — 32.5% and micro —
32.5% (Fig. 5).

micro I
e medium

Fig. 5. Structure by size of SMEs

According to a poll conducted, more than 80% of
respondents rated the role of digital in their company as
"decisive" or "very significant." With regard to the current
level of digitisation, more than half of respondents replied
that it was above average. Nearly 90% of the companies
where the survey was done indicated that within three
years they would have already taken steps towards
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digitizing the processes. The survey participants were
asked the questions:

1. What topics were discussed in the companies
surveyed last year?

We received the following responses, calculated in
percentage terms of the figure:

54%%

Legend:

- development and implementation of innovations —
54%;

- productivity gains — 51%;

- achieving growth — 47 %;

- expansion of markets — 44 %;

- introduction of new business models — 39%;

- implementation of modern technologies — 36%;

- attitude of the staff for change — 35%;

- minimizing operating costs —32%;

- protection against cyber attacks — 27%;

- achieving competitive advantages -23%;

- management of creative human resources (talents) —
19%.

51%

47%

44%

39%
36%

3%

3%
7%
3%
19%

Fig. 6. Topics discussed in companies

2. In which of these areas will Industry 4.0 have the
greatest impact on the public?
Each respondent gave up to three answers:

a9%

Legend:

- public sector — 69%;

- private sector — 62%;

- state regulators — 47%;

- intergovernmental cooperation - 38%;

62%
47 %
38%

I I I .

Fig. 7. Influence of Industry 4.0

18%

a

- electoral attitudes- 27%;
- non-governmental organizations — 18%.

3. What are the most common difficulties (obstacles)
in digital transformation of company processes?

The surveyed top managers formulate several main
obstacles in developing new business models to ensure
strategic competitiveness of the companies they manage.

S8

45%

42%

37%%

33%
I

Fig. 8. Barriers to introduction of Industry 4.0

15%

Legend:

- lack of internal ranking of strategic objectives - 58%;

- lack of cooperation with external partners - 49%;

- lack of a specific business case to justify investments
in the necessary IT structure — 42%;

- lack of adequate complex skills to absorb the
approach to Industry 4.0 — 37%;

- difficulties in coordinating the actions of the different
units — 33%;

- insufficient attitude and motivation to participate in
radical transformation — 26%;

- undesirables for changes by elderly employees in
enterprises — 15%;

4. How will the process optimization help you grow
your business?

Only strategic managers in the companies where the
survey was carried out answered this question. Of these,
25% working in SMEs and 34% of large enterprises
pointed to automatic connectivity with suppliers and
customers.

small and
medium-sized
enterprises

large
enterprises

aw =% £+

3%

Fig.9. Automatically connected business processes with suppliers
and customers

Fig.10 presents survey data among regional managers
on the necessary competencies of their employees:
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Fig.10. Key competences of HR
Legend:

- digital skills — 51%;

- technical competences — 15%;

- entrepreneurial attitudes — 13%;
- creativity — 10%;

- organizational skills — 7%;

- communication — 3%;

- others — 1%.

5. What challenges do company executives face from
the entry of Industry 4.0 into their organizations?

When interviewing linear and functional managers, we
ranked the following challenges for SMEs related to
Industry 4.0:

- security and cybersecurity issues;

-reliability and stability in critical communication;

- the need to preserve the integrity of production
processes;

- avoiding costly large interruptions;

- protection of industrial know-how in control files for
industrial automation;

- risk of redundancies in IT departments;

- challenges in integrating data from different sources.

The analysis of challenges identifies a number of new
specific opportunities and management solutions in the
context of digital transformation.

Findings

Industry 4.0 has different aspects that can affect
Bulgarian SMEs. It can transform business models and
value chains by connecting built-in systems and intelligent
manufacturing processes.

Nearly 50% of the study participants believe that
Industry 4.0 can significantly change their production
systems. Some 23% of respondents said that the 4th
Industrial Revolution could affect their business in all
aspects, while 15.6% of them believe that only IT systems
can benefit from the concept of Industry 4.0.

Based on the survey results, 36.8% of respondents
stated that the lack of internal digital culture and training,
insufficient opportunities for the introduction of new
business models, as well as dynamically changing market
requirements are the most critical barriers to the
implementation of Industry 4.0 in their organizations.

After conducting extensive interviews with some of
the managers in the machine building industry, they point
out that not only technological and product company
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renewal is necessary, but also the implementation of
modern technologies contributing to environmental
protection, in accordance with national and European
requirements.

Challenge analysis identifies a number of new specific
opportunities and management solutions in the context of
digital transformation.

On the other hand, the world's data on consumption
and nutrition of the population is extremely worrying -
over a billion and a half people on the planet suffer from
malnutrition. Between 30 and 50 per cent of all food
produced in the world is thrown away, according to a
sensational report by the British Association of Engineers.
This equates to between 1.2 and 2 billion tonnes per year.
In the UK itself, 30% of vegetables produced are not even
picked because they do not meet the appearance
requirements of distributors. Half of the food bought in the
US and UK goes to rubbish bins dumped by shoppers.
Globally, about 550 billion cubic meters of water are
wased each year to grow crops that never reach
consumers. The energy costs of supply exceed at times the
energy costs of producing a particular unit of each type of
fruit and vegetables. In this aspect, Industry 4.0 can
provide crucial support for optimal use of fertile areas and
the development of modern agriculture.

The solutions consist in the design and commissioning
of integrated complexes for organic production,
harvesting and delivery of fruit and vegetables on indoor
and outdoor areas, based on existing technologies,
technological solutions and finished elements. In order to
be efficient, integrated production complexes need to be
introduced on large vacant areas. They are suitable for the
territory of the Republic of Bulgaria and due to the lack of
labour. Variant of the application of Industry 4.0. are
mobile autonomous robots (drones, drones and ground
robots) used in the country for precise grain production.

In recent decades, large enterprises in the Bulgarian
mining industry have been among the leading ones in
Europe in the pace of introduction of new technologies in
all aspects of their activities. Modern solutions are
integrated both to achieve high safety at work in mining
sites and to minimise environmental footprints and
greenhouse gas emissions. Modern digital technologies
are successfully implemented and implemented programs
for complete digital transformation of production
processes. They cover automation, mining equipment
management and monitoring systems. The results are
higher productivity, better cost and quality of the finished
product, as well as the possibility of optimal and longer
utilization of natural resources. Mining companies can
observe different aspects of the modern concept of the
circular economy, which are actually implemented.

With the development of automated vehicles, the use
of clean technologies and, in particular, the emergence of
low-emission trucks and electric vehicles is increasing.
New digital technologies in the transport and logistics
industry reduce costs and improve efficiency by offering
automated analyses for business in real time.

In Bulgaria there are good examples of digital
transformation in both the leading sector of information
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and communication technologies, as well as in traditional
sectors and banking services. Over the past five years there
has been a rapid growth rate of employees in information
technology (by 56.2%) Bulgaria is at the forefront of ICT
start-ups in the EU.

Outside of the information and communication
technology sector and digital marketing agencies, good
examples of a holistic approach to these processes have
some of the banks in the country. Factors for the success
of the digital transformation in the Bulgarian banking
sector are the provided financial resource and the targeted
work to change the attitude of employees towards
replacing traditional processes with digital ones. With
regard to customers, the digital transformation is aimed at
narrowing the market segments based on more precise
processing of information, increasing the access
opportunities and speed of the service, as well as the
individualization of promotional offers in branch banking
structures.

Digital innovation for the Bulgarian banking market is
the introduction of the Factoring.bg. The platform
shortens the time and effort in the exchange of
information, improves the speed and transparency of
factoring transactions, speeds up advancepayments,
minimizes manual document filling and ensures
transparency throughout the process.

The force majeure circumstances has accelerated the
processes for the digitization of the Bulgarian economy,
from which it will continue to benefit in the long term. The
digital revolution achieved in a short time significant
objective advantages, some of which are:

- Increased efficiency. The digital economy has the
undoubted potential to optimize operations and automate
processes in a number of industries. As a result, each
company can optimize its time and human resources,
minimize its waste and environmental footprint, and focus
on revenue-generating activities.

- Improve the customer experience. The Internet of
Things (Internet of Things or 10T) is the basis for creating
a "smart world" - a reality built of objects, devices and
infrastructure connected to the Internet and, accordingly,
to each other. 10T has the capacity to accelerate and refine
a number of processes across industries. The digitization
of trade can be based on technologies such as loT and
artificial intelligence to offer its customers the
personalization of next-generation services and respond to
needs already in the bud of their emergence.

- Excellent security. Contrary to some outdated
perceptions, technologies such as blockchain and
decentralised data storage could make digital processes far
more secure and reliable than easily manipulative physical
reality.

- Adaptability. The digital economy gives tremendous
leeway in a physically limited world. It opens the door to
the practices of the future - remote teams, virtual
operations, omnichannel marketing, automated payments
and flexible co-op terms with partners and customers.

- Repeated return on investment. Digitization is a
complex process that requires a certain amount of time and
capital investment. Virtual operations save extremely
much time, resources and losses in the long term,

250

providing a much wider scope and adaptability of the
business to competition.

The digital trend for working from home achieves
much more connectivity and many more people learn to
use the digital environment, which means that there are
many more consumers for the digital products that
entrepreneurs create.

Short-term consequences

One of the most obvious consequences we are likely to
see in the coming years is the decline in demand for
labour. This will be the result of the slowdown of the
global, European and Bulgarian economies. The most
endangered groups will be older workers, as well as people
with lower education and skills. The decline can be offset
somewhat by demand in other sectors that will remain less
affected by the crisis. Employment will hold certain levels
as the virus flows less lightly in people of working age.

Long-term consequences

Social isolation required many companies to introduce
compulsory work from home - something that before the
pandemic was typical of only a few of them, especially the
liberal professions. On the one hand, if working from
home proves just as productive as working from an office,
it can become much more prevalent after the end of the
virus crisis. If it delivers well, many companies will have
more confidence in people in their teams to work outside
the office. At the same time, the offices of many
companies may prove to be an unnecessary cost of rent,
consumables and overhead.

This would also depend on the dynamics of working at
home and what results companies will show.
Technological developments will be one of the few
positive long-term consequences of the crisis. The need
for remote work will speed up the process of developing
new and improving existing technologies. The projected
expectations are for an increase in the rise of high
technology and the number of software and hardware
specialists without which remote operation is impossible.

The industry, in particular manufacturing, will
continue on the path of robotisation, but at a higher rate
due to market needs. Automation is one of the solutions to
curb the pandemic in the manufacturing sector, where
many people usually work in the same room. This will
provide more personal space for employees in factories
and other manufacturing plants.

The social distance will inevitably also require
changes in the work of the state administration. New
electronic administrative services and optimisation of
existing ones will need to be introduced. The inability to
physically go to the institutions will also require the
administration to change the way it works.

Many sectors will suffer huge economic losses. One of
the first sectors concerned is transport, as the production
and supply of raw materials and goods will decline. Trade,
restaurant business, culture and sport are also among the
most affected industries. Last but not least comes tourism,
which suffers severe consequences.
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CONCLUSION

In conclusion, we can say that the 2020 pandemic has
opened the doors of the digital economy, which is
currently creating its "creative destruction™ - a process in
which an outdated system collapses and goes into the past
to pave the way for something new, more accurate,
smarter and better. COVID-19 has become the catalyst for
digital transformation.

The results of the survey show a high level of
awareness of the Bulgarian managers for Industry 4.0.
Respondents demonstrated widespread use of IT
infrastructure in their accounting and financial systems
(78%), and also had significant benefits in supply
management and set-aside/stocks (around 67%).
participants in the survey indicate the existence of a
developed company strategy for the implementation of
Industry 4.0, yet most top managers are working on
creating one and intend to invest up to 10% of their
realized profit in the digitization of their processes in the
next 1-2 years.

The new industrial revolution has the potential to
improve productivity as well as life and quality of jobs, if
properly accompanied by a stable mix of policies for
inclusive and sustainable, innovation-driven growth.
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Abstract - The article describes an analysis of non-contact
optical methods for monitoring linear wear and the working
surface condition of the grinding wheel during dry grinding.
The presented methods are based on computer processing of
photo and video materials, 3D models surface construction of
the grinding wheel, the machine vision and using of the
optical equipment. The advantages and disadvantages of this
methods were analyzed. As a result of the conducted
research, it was concluded that the usable area of the
considered methods depends on the circle material, cutting
parameters, control objectives, including the requirement for
on-line control, and also the available material and technical
equipment.

Keywords - Grinding, tool wear, laser, triangulation,
machine vision, light polarization

l. INTRODUCTION

Condition monitoring of a working surface of a
grinding wheel has an important role in quality assurance
of the machined surface. During grinding process the wheel
wears out, becomes salted, and its geometric shape
changes. Workable state providing of the grinding wheel
surface is an actual task because of shaping treated surface
is the result of the interaction of the abrasive tool with the
surface of the work piece.

The control can be provided by contact and non-contact
methods. All contact methods have a significant drawback.
It is the wear of the probe during its interaction with the
abrasive grains of the grinding wheel. Therefore, non-
contact methods (optical, pneumatic, hydraulic) are
becoming more applying. Optical monitoring methods are
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Pskov, Russia
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Anton Usik
Institute of Engineering Sciences
Pskov State University
Pskov, Russia
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analyzed in this work, which are based on these basic
principles: laser scanning, polarized light using, 3D surface
modeling based on static micrographs. At the same time,
special software are widely used, such as with statistic
analysis using.

Il. MATERIALS AND METHODS

Non-contact method of texture analysis for wear
determination of a grinding wheel by using machine vision
is known [1]. This method consists in obtaining images of
the grinding wheel working surface by using a CCD camera
(CCD is a charge-coupled device) at different times during
the grinding process and their subsequent analysis by
existing statistical and fractal methods.

Other non-contact optical method for detection of
grinding wheel wear is based on a digital profile grinding
machine by using a CCD is also known [2]. A machine
vision system with a scheme for visual measurement of the
grinding wheel profile has been developed, which consist
of a profile grinding machine, a CCD camera GC2441M
with a telescoping lens, a controller and a computer
processing the received data. To measure the wheel profile
photographs of its working surface in different parts are
made. It is provided by repeatedly turning the grinding
wheel at 45° from the previous position within one full turn.
Then received images are transferred to the computer
memory, where they are processed by software.

System for active control of surface roughness by
measuring the degree of polarization of the reflected
radiation is also known [3]. The control method which is
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used in this system is an analysis of radiation polarization
characteristics, roughness value in the reflected radiation
and their relationship. As a result, a model is built
(experimental curve), which allows to monitor state of the
grinding wheel, focusing on it in real time. The surface
roughness control system consists of a radiation source, a
workpiece (rough surface), a linear polarizer, an optical
image capturing instrument and a data processing device.
The optimal angles of incidence and reflection is 45° that
was established empirically. Angles of 0° and 90° were also
used in the formula to determine the degree of polarization.

Next considered non-contact method for analyzing
grinding wheel working surface state by using three-
dimensional scanning has been proposed in work [4]. The
3D scanning system includes a Nanovea CHR150
chromatic white light sensor with a specially designed
circle positioning scheme. It consists of three tables -
horizontal, vertical and rotating, and a motor that drives the
grinding wheel. Due to this method, white light passes
through a lens with a high degree of chromatic aberration,
thus refracting and separating into its constituent colours.
The light ray length that hits the interest area of surface is
reflected and returned to the lens, while the other rays are
scattering. In this case, the reflected ray length is equal to
the distance from the lens to the grinding wheel working
surface. The 3D scanning system is controlled by using a
special LabView software package and the analysis and
editing of a grinding wheel surface 3D model is performed
by using the Nanovea Mountains 3D Analysis software.
This system has a homing subsystem that allows scanning
the same area multiple times during multiple grinding tests.

Also known optical method for monitoring of the
grinding wheel surface state, in which the wheel is
repeatedly photographed by an electron microscope [5]. 3D
model of the grinding wheel working surface is created
from array of photographs. During the experiment, images
of the interest area of the grinding wheel surface are
recorded by using a Supereyes B008 digital microscope.
Photographs are collected and processed by using the
special software Helicon Focus Professional; as a result, the
3D model is formed. Then the grinding wheel has been
processing a carbide workpiece for 15 minutes, after that it
is photographed again and new 3D model with changes is
created. Then the two models are compared by using the
same computer program.

Similar to the previous method is a method for analysis
the 3D parameters of the diamond grinding wheels working
surface by using laser scanning [6]. A significant difference
of this method is the using of a laser scanning device
instead of a digital microscope. Laser scanning allows
obtaining a 3D model of the analyzed surface without using
an array of photographs and its subsequent processing. The
laser processes the grinding wheel scanned profile,
transfers it in digital form to a computer and allows
simultaneously showing to nine parameters of the working
surface. The result of the analysis is a digital volumetric
surface relief, indices of the standard deviation of the
profile, the height from the top of the grains to the
centreline, the average step of irregularities, deviation from
the standard, the height of irregularities by ten points, and

253

the value of the relative reference surface area, showing the
contact area of the grinding wheel with the surface of the
processed workpiece.

Also, a method of colorimetric computer analysis of the
working surface parameters and defects of a superhard
material is proposed in work [6]. In the course of analysis
by a metallographic microscope, images of the grinding
wheel surface are obtained in polarized light rays. The
authors have developed the corresponding software in the
Borland Delphi 5.0, based on the Pascal programming
language. It allows determining grain wear by using the
obtained photographs as a percentage of the total number
of pixels in the image. Varying the tint components of the
photographs in the RGB color system allows selecting the
required colors in the image, calculating their exact number
in pixels to determine the surface quality of the grinding
wheel.

A predictive model for grinding surfaces based on the
topography of a wheel for modeling grinding is presented
in work [7]. The measurement is carried out by a laser
triangulation sensor mounted on the machine. The obtained
result is imported into the software for modeling of the
processing. Measuring of the grinding tool surface by using
laser triangulation allows describing the wear behaviour
with high accuracy.

The use of focus variation microscopy to assess active
surfaces is considered in article [8]. The principle of the
method is that the light reflected from the surface returns to
the optical system of the microscope and through the ray
splitter to the active area of the photometric detector. In
which an image containing information about color,
brightness, contrast, length and width are forming. The
signal processing unit searches only those parts of the
image on which the light ray has been focused, then these
parts are reconstructed and finalized. To create a 3D model,
surface microtopography is required, for which scans are
carried out along the Z axis. This method is used for
measuring and analyzing the active surfaces of abrasive
tools of various types. Focus variation microscopy is a
promising measuring method with greater potential for
development, especially with its hardware implementation.

Also known method on-machine measurement of the
grinding wheels 3D surface topography using a laser
displacement sensor [9]. The coarse diamond grinding
wheel is attached to the vertical spindle; the laser sensor is
attached to the work table. To ensure an accurate
measurement, the laser ray should be aligned with the
centre axis of the spindle. After the laser ray is reflected
through the controller, the point height is determined. The
laser sensor moves downward along the spindle axis with
low speed, thus scanning the entire circumference of the
grinding wheel surface along a spiral path. The results
obtained are processed in the Matlab. This method allows
to approximately revealing the shape of each grain. The
model determines the following three parameters: active
grain volume, active grain-containing amount, and active
grain. Knowing these parameters, it is possible to estimate
the real characteristics of the grinding wheel.
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Creation of a triangulation model of the grinding
wheels working surface relief consists in creating a set of
photographs of a working surface fragment with different
height orientation of the depth field [10]. Then happens
layer-by-layer photography with a step-by-step shift of the
digital microscope optical system. After that the set of
photographs is processed in the Helicon Focus Professional
application, as a result of which an OBJ-model of a
fragment of the grinding wheel working surface is
obtained. Using the MechLab application, the OBJ-models
are converted into an STL-model, and then into a DBF-

image (triangulation model). Topological analysis consists
in the determination of the Euler-Poincare characteristic,
the kind of surface, the analysis of the adjacency of faces
and edges. With the help of the triangulation model integral
characteristics (linear, angular, surface and volumetric) can
be determined.

I1l. RESULTS AND DISCUSSION

The advantages and disadvantages of the considered
methods are summarized in Table 1.

TABLE 1. OPTICAL METHODS FOR MONITORING THE WORKING SURFACE STATE OF THE GRINDING WHEEL

Name of the method Authors Advantages Disadvantages
Texture analysis by using N. Arunachalam, Obtaining reliable values with minimal Impossibility of obtaining data in real
machine vision [1] B. Ramamoorthy errors. time, and when rotating manually.

Grinding wheel wear
detection based on profile
grinding using a CCD
camera [2]

F.Fana, L.M.Xub,
Z.Zhangc, .J.Chaod,
C.Fane, L.Shif

High measurement accuracy comparable
to the data obtained during the
verification of the experimental results
with a profilometer.

Impossibility to analyze in real time; the
process is not automated - manual
rotation of the wheel to the desired angle
is required to provide CCD camera access
from the required angle.

System for active control
based on measuring the
degree of polarization of the
reflected radiation [3]

Ziyatdinov R.R., Shabaev
A.A., Valiakhmetov R.R

The ability of using method in real time;
automation of changing cutting
conditions; high reliability.

Indirectly monitoring - reaching a certain
degree of polarization indicates a
degradation of surface quality and wear.

Analysis of the grinding
wheel working surface state
by using three-dimensional

scanning [4]

A. Darafon

Automated, has a high speed of data
collection; suitable for testing wheels
made of various materials; varying data
sampling intervals, image resolution,
spot size.

Impossibility to receive data in real time;
removing the grinding wheel from the
machine is required.

Evaluation of the working
surface relief development
of diamond wheels on a
metal bond [5]

V. L. Dobroskok, Ya. N.
Garashchenko,
A. N. Shpilka

The ability to obtain a large amount of
statistical data; visual representation of
the state of the wheel working surface as
3D models, graphs and histograms.

Impossibility to receive data in real time;
large number of images is required to
create 3D models.

Analysis of 3D parameters
of the diamond wheels
surface by using laser

scanning [6]

A. I. Grabchenko,
V. A. Fedorovich

Reducing the time for obtaining a 3D
surface model; increased accuracy; the
possibility of analysis various grinding

materials; universal using.

Impossibility to receive data in real time
and with a rotating grinding wheel.

Colorimetric computer
analysis of parameters and
defects of the superhard
working surface [6]

A. |. Grabchenko
V. A. Fedorovich

High accuracy of results; applicability to
the analysis of the surface condition of
grinding wheels made of various
materials.

Impossibility to receive data in real time,
because each photo is saved manually and
processed separately.

Wheel topography method
[71

R. Hockauf,
V. BoR, T. Grove
B. Denkena

Measuring of the grinding tool surface
using laser triangulation allows high
accuracy describing of the wear.

Impossibility to receive data in real time.

Focus variation microscopy
to assess active surfaces of
the grinding wheel [8]

W. Kaptonek,
K. Nadolny,
G. M. Krélczyk

High measurement efficiency,
resolution, reproducibility, speed; simple
control; software with a number of
useful features.

Restrictions at large angles of inclination;
measurement errors or their absence
(appearance of unmeasured points).

Topography of the wheel by
using a laser displacement
sensor [9]

Y. Pan, Q. Zhao, B.Guo

The possibility of using the method to
analysis a rotating wheel while machine
processing; applicability to universal
surface grinding machines.

Possibility of inaccuracy during
measuring the grain shape of the grinding
wheel.

Triangulation model of the
wheel working surface relief
[10]

V. L. Dobroskok,
A. N. Shpilka,
V. B. Kotlyarov

The ability to obtain adequate 3D
models by analyzing the geometric
characteristics of the shadows.

The measurement results depend on the
resolution of the matrix and the optical
system, and the software features.

IV. CONCLUSIONS

Each of the considered methods has its own field of
application, depending on the resolution, measurement
accuracy, degree of automation, and the possibility of
obtaining data in real time.

Based on the analysis of existing methods, it can be
concluded that the most promising direction of optical
control of the grinding wheels surface state is the use of
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laser sensors for creating 3D models of the working
surfaces by using the triangulation method.

The authors are conducting research on the use of high-
resolution webcams in three main direction:

1) analysis of the colour scale of microphotographs of
the grinding wheel surfaces and the workpiece and their
statistical processing (the goal is to determine the moments
of occurrence of burns and the dynamics of salting);
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2) determination of the amount and size of sludge
particles on the grinding wheel surface based on pattern
recognition (the goal is to determine the optimal dressing
time);

3) analysis of the correlation between the degree of
salting (according to microphotographs) and the amount of
radial wear during grinding of various materials (according
to the indications of pneumatic-electric-contact transducers

[11D).
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