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Abstract

The study uses the phenomenon of high voltage partial discharge to investigate the phenomenon
of percolation and visualisation of the percolation channel. The phenomenon of partial discharges is very
similar to the quantum tunneling phenomenon observed in metal-dielectric nanocomposites. In both cases
the flow of alternating current occurs in the absence of direct contact between the metallic phase particles.

A measuring stand was developed and constructed to test models of metal dielectric nanocomposites
using high voltage partial discharge. The stand consists of a 110 kV high voltage transformer, a voltage
regulator protecting the constant rate of high voltage rise, a measuring system consisting of a measuring
probe, voltmeters and a computer. The communication between the measuring probe and the voltmeter was
made in digital technology with the use of fiber optic technology, which allowed the meter to communicate
with the computer without any errors and eliminated the interference caused by a strong electromagnetic field
resulting from the use of high voltage.

Systems modelling metal-dielectric composites were built, consisting of metallic elements in the form
of disks, randomly distributed on the surface of the dielectric matrix. The number of disks was increased in
series of 40 in each. The maximum number of disks was 1520. The dependence was determined of one of the
important parameters characterising an partial discharge, i. e. the initial voltage, at which an electric current
starts to flow between electrodes, on the concentration of the metallic phase. On the basis of these results,
a percolation threshold was established for a matrix with a random distribution of metallic phase elements,
the value of which is about 50 %. Films and pictures of partial discharges with visible percolation channels
were taken with the camera with which the stand was equipped.

Keywords: percolation, nanocomposites, partial discharge, high voltage.
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I/I3MepI/ITe.TI]>Haﬂ YCTAaHOBKA AJd UCCJICI0BAHUA U
BU3YyaJIu3allui AIBJCHUSA MMEPKOJAINNA B HEYIIOPATOYCHHBIX
MOAC/IAX HAHOKOMIIO3UTOB METAJJI-INIJICKTPUK

I1. Okauan

Jhobaunckuii mexHuueckull yHusepcumem,
ya. Haooviempuyxas, 384, Jlrooaun 20-618, Honvwa

Hocmynuna 05.06.2020
Hpunama k nevamu 27.08.2020

B craTpe 1 uccnenoBaHus SIBICHUS MEPKOJIALMN U BU3YAIN3alUN KaHAJIOB MTEPKOJISIIUN UCIIOIB30BaH
BBICOKOBOJIFTHBIA YaCTUYHBIN Mpo00il. YacTHuHbI mpo0oil OYeHb MMOX0K Ha KBAHTOBOE SIBJICHHE TyHHEIH-
poBaHusl, HabJro1aeMOe B HAHOKOMITO3HTaX METaJUI-IUAIICKTPUK. Kak B epBOM, TaKk U BO BTOPOM CITydasix
JUTSL IPOTEKAHUSI QJIEKTPUIECKOTO TOKA HE TPeOYyeTCcs KOHTAKT MEX/Ty YacTUIIAMU METAIITMYECKOl (asbl.

Pa3paboTrana u M3roToBJIeHAa M3MEpPHUTENbHAs YCTAaHOBKA, NMPEJIHA3HAYCHHAA JUISI U3MEPEHU Mozenei
HAaHOKOMITO3UTOB METAJUI-AMAJIEKTPUK C HMCIIOJIb30BAHHEM BBICOKOBOJIBTHOTO YaCTHMYHOIO mIpobdosi. B co-
CTaB YCTAaHOBKHU BXOJAT: BBICOKOBOJIBTHBIM TpaHC(OPMATOp C MaKCUMaJIbHBIM HampspkenueM 1o 110 kB,
PEryJIATOpP HANPSKCHHS MEPBUYHON 0OOMOTKH BBICOKOBOJIBTHOTO TpaHchopmMaropa, 00eCreYrBarOIIni 110~
CTOSTHHYIO CKOPOCTH YBEJIMYCHHUS HATIPSHKEHNS, U3MEPHUTEIBHBIN 30H, BOIBTMETPHI 1 KOMITbIOTep. CUTHAITBI
OT 30H/a ¥ BOJIBTMETpA C IEJIbI0 OTPAaHUYCHHUS IIOMEX, CBSI3aHHBIX C CHIIBHBIM 3JIEKTPHYECKUM TI0JIEM, TIepe-
JTAIOTCS C NCIOJIb30BAaHUEM ONTORJIEKTPOHHOTO KaOes.

Pa3paboTanbl 1 U3rOTOBJICHBI ABYMEPHBIE MOJIEIH HAHOKOMITIO3UTOB, B KOTOPBIX YaCTHUI[Bl METaJINIe-
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Introduction

There are currently more and more studies and
applications of nanocomposites and nanomaterials
which are characterised by a number of interesting
chemical, optical, mechanical and electrical
properties [1]. These are materials that consist of at
least two phases with at least one component less than
10”7 m in size [2]. Their special properties are related
to the influence of surface energy, much higher than
that of solid materials, and to quantum phenomena
that occur in nanocomposites. One of the types of
nanocomposites are metal-dielectric nanocomposites.
Such material has special electrical properties related
to conductivity. Metallic nanoparticles are so small
that they should be considered as wells of potential.
Then all phenomena must be described on the
principles of quantum physics.

In such materials, which are characterised by
high resistivity, there may be a type of conductivity,
based on step exchange (tunnelling) of electrons [3].
The condition of its observation is the weakening
to the lowest possible level of ionic conductivity
in dielectrics and electron or hole conductivity in
semiconductors. The basis for the occurrence of
the quantum effect of electron tunnelling between
potential wells is that the wave function of the
electron in a potential well of nanometre dimensions
or smaller has a non-zero probability beyond the
potential barrier. The probability of finding a valence
electron at a distance r outside a three-dimensional
potential well is given by the formula [3]:

¥ = exp (—2(XV), (1)

where: o — inverse of the radius of the location of the
electron; r — distance from the well of potential in
which the electron is located.

-1
o =Ry,

()

where R; — Bohr’s radius.

In the absence of an external electric field, the
direction of electron tunnelling is random. After
applying an electric field to the semiconductor, there
is a partial ordering of electron jumps, related to the

er-E

Debye factor [3]:
E
exp(i °r = sinh j,
T k-T
where: e — electron charge; » — distance between the

well of potential from which the electron is tunnelling
and the well to which it is jumping (tunnelling);

3)

E —electric field strength; k& — Boltzman constant;
T — temperature.

According to the precursor of the theory of
electron tunnelling in disordered semiconductors
and dielectrics [3] electron tunnelling between
potential wells can take place in two ways. The first
one occurs in the case of weak location of electrons
and temperature, close to the temperature of liquid
helium. The second mechanism occurs in the case
of strong electron localisation and high temperatures.
Then electron tunnelling occurs between the closest
adjacent potential wells. The conductivity formula
for the case of tunnelling between the closest
neighbours [3]:

where: r— distance between wells between which
the electron is tunnelled; k& — Boltzman constant;
T — temperature; AW — activation energy.

As can be seen from formula (4), in the
mechanism of electron tunnelling between the closest
adjacent potential wells there is a strong temperature
dependence of conductivity. The activation energy
entering the formula is related to the fact that the
tunnelling electron, as a rule, jumps from a lower
energy level in the first well to a higher level in the
second well. The distance between the potentials
wells to be seen in formula (4) is a function of their
concentration N:

1

er_g. Q)

Formulas (4) and (5) demonstrate that
conductivity increases faster than linearly as the
concentration of potential wells increases. Mott's
calculations [3] show that when the distance
between potentials wells decreases to a value two-
and-a-half times greater than Bohr's radius Ry, as the
concentration of potentials wells increases:

r=2,5R,,

AW
=200 ———

T 4)

0=0, exp(

(6)

there will be a transition from dielectric type
conduction with a positive temperature coefficient of
conductivity do/dT > 0 to metallic type conduction
with do/dT < 0.

The transition from dielectric type conductivity
at low contents to metallic type conductivity in the
area of high potential well contents is associated
with percolation [4]. Below the percolation threshold
there is a rapid increase in the conductivity of the
nanocomposite with an increase in the metallic phase
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content, while above the percolation threshold the
increase in conductivity significantly slows down and
the transition to metallic type conductivity occurs.

Percolation phenomena cover a wide range
of issues related to the flow of current in spatial
networks, self-generated in  metal-dielectric
nanomaterials. Networks composed of resistive (R),
resistive and capacitive (RC) and resistive, capacitive
and inductive (RLC) elements are used to model
such phenomena [5]. The network consists of nodes
connected to each other by sections consisting of
these elements [6]. When the network is continuous,
there is a current flow channel from one side of
the network (contact) to the opposite through the
elements forming the network. After it is connected
to a power source, current flows through the network.
When more than one damage is introduced into the
network, at some point the current stops flowing from
one contact to another. It is said that the percolation
threshold has been reached [7]. Such a state can be
achieved in networks consisting of passive elements
in two ways. In the first one, randomly determined
nodes are eliminated. In the second one, the sections
connecting the nodes are randomly cut. There are also
other ways of modelling the percolation phenomenon,
for example testing the current conduction by
randomly mixed balls of identical dimensions, one
of which is made of metal and the other of insulating
material. Gradually increasing the content of metallic
balls, we achieve a rapid increase in current intensity
practically from zero, which corresponds to passing
through the percolation threshold. Nowadays, the
phenomenon of percolation has been analysed
using the Monte Carlo method. The most common
models studied were two-dimensional networks
with translational symmetry. Such networks were
damaged by eliminating nodes or crossing bonds with
statistically independent probability p. Depending on
the method of network damage, they formed models
of bond percolation or node percolation. In the last
few decades a huge amount of work has been put into
finding precise and approximate ways to determine
the values of percolation thresholds for different
networks [8]. Exact thresholds are only known for
some two-dimensional networks such as square or
triangular.

Unfortunately, both in the grating, ball and
Monte Carlo models below the percolation threshold,
the conductivity of the investigated grating is zero,
which is not observed in real nanocomposites. The
models do not take into account the fact that in
nanocomposites the current conductivity is also

below the percolation threshold through electron
tunnelling, and with the increase of metallic phase
content the conductivity of the material increases [9].
Real nanocomposites are characterised, first of all,
by random distribution of metallic phase elements
in dielectric matrix, secondly, the flow of direct or
alternating current occurs also in the absence of
direct contact between adjacent nanoparticles. This is
due to the quantum tunnelling phenomenon. Another
problem related to both the network and ball models
is that these models do not allow to determine the
route of the percolation channel.

Comparing the voltage behaviour in the case
of high voltage partial discharge (HVPD) and
conductivity behaviour in the case of electron
tunnelling in the nanocomposite we can state that
they are similar. For both phenomena, HVPD
and tunnelling, the resistance decreases with the
decrease of distance. The application of an partial
high voltage discharge does not require direct
contact of the metallic phase elements to the current
flow between the electrodes. Of course the scale of
these phenomena is completely different. Tunnelling
occurs on a nanometer scale, while the phenomenon
of high voltage discharge — on a macroscopic
scale. Due to the similarity of both phenomena, the
phenomenon of high voltage discharge was used in
the study to model the percolation phenomenon in
metal-to-electric nanocomposites. The aim of this
work was to develop and build a stand for research
of the phenomenon of percolation and visualisation
of percolation channels in disordered systems
modelling metal dielectric nanocomposites, make
models and define the percolation threshold for them
and determine the route of percolation channels.

Measuring stand

In order to investigate the phenomenon of
percolation in metal-to-dielectric nanocomposites
based onanpartial high voltage discharge,ameasuring
stand was developed and made, the block diagram
of which is shown in Figure 1. A dielectric matrix 3
was used as a model of a two-dimensional metal-
to-dielectric composite. In the model, the dielectric
phase is modelled by air, while the metallic phase is
represented by metal disks. The base of the matrix
is XPS extruded polystyrene. The primary winding
of the single-phase high voltage transformer 2,
whose gearbox was 110 kV/220 V, was powered by
autotransformer 1, which was used to control the
voltage. It was a specially designed autotransformer
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with a stepper motor drive. Such a solution allowed
precise regulation of the voltage increase at a
constant speed. This is very important due to changes
in the strength of the system depending on the rate of
voltage increase. The stepper motor is controlled by
an electronic system based on a sixteen-bit Atmega
microcontroller. The program that has been written
and imported to the microcontroller supports the
motor controller in such a way that the value of
voltage increase is digitally regulated in the range
from 1 to 2 kV/s. On the surface of matrix 3 there
are flat electrodes between which, as a result of the
voltage increase, an partial discharge is created. The
essence of the work was to register the changes in the
HVPD current value along with the voltage increase
for different concentration of metallic phase. Due to
the very high values of the electromagnetic field it
was significantly difficult.

Vr
)

1

2

10

Figure 1 — Block diagram of the measuring station:
1 — autotransformer; 2 —high voltage transformer;
3 —percolation model; 4 —measuring probe; 5,6-—
voltmeters; 7 — computer; 8 — stepper motor; 9 — stepper
motor control electronics; 10 — camera

The first and fundamental problem was the
measurement of the current intensity. Due to the use
of high voltage it was not possible to make direct
measurements. In order to measure the current in the
grounding branch, resistance was incorporated into
the system. Two resistors of 50 Q each were used.
The voltage on the resistor did not exceed 4 V. The
tests showed the presence of residual inductance in
the measuring circuit, which significantly deformed
the course making it impossible to obtain reliable
measurements. This problem was solved by using
specialised non-inductive resistors. For smaller
voltage values, i. e. up to 80 kV, the system met the
requirements. For larger values, the electromagnetic
field induced a voltage in the cables and resistors,
which resulted in a very noisy signal. In order to limit

the influence of the field, a Faraday cage was used,
in which both resistors to which the test leads were
connected were placed. It was a 1 mm thick copper
cuboid, earthed, which allowed the wires to be
earthed. Figure 2 shows a diagram of the measuring
probe used in the model.

. N .

S

Figure 2 — Diagram of the measuring probe: 1 — BNC
connector; 2 —resistors; 3 —measuring BNC output;
4 — copper casing

1 —

+

An additional element used to reduce
electromagnetic field interference was the use of
BNC RG213 50 Q coaxial cables, double-insulated
with braid. These cables were used in the branch
between the model output and the probe in order not
to interfere with the input current and in the branch
that provided the measuring signal to the meter.
Thanks to this solution, the measuring system was
not exposed to a strong field and the received signal
was free of noise resulting from its operation.

Then, a computer program with a graphical
interface was created, communicating via a computer
with two electronic meters 5 and 6, which had
digital outputs. The communication was created in
accordance with the RS-232 standard. This allowed
the computer to receive 7 synchronised items of data
from the two meters. One indicated the voltage value
on non-inductive measuring resistors. The other
was connected to an autotransformer supplying a
high voltage transformer and was used to read the
voltage given to the model. The program supported
data recording at a frequency of 32 per second in a
CSV format file. Such a resolution of measurements
is sufficient to be able to plot characteristics such as
the value of the voltage on the measuring resistors
or changes in the current of the exhaust depending
on the voltage supplied by the test transformer. As it
turned out, such measurement method was effective
only for HVPD registration. When the stand was
applied in the full range, i. e. until the moment of
a full discharge, the electromagnetic field of the
resulting electric arc caused a disturbance of the
digital signal between the meters and the computer,
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which made it impossible to read the downloaded
data. Therefore Universal Serial Bus cables were
replaced by TOSLINK type optical fibre cables.
This procedure reduced transmission errors to zero,
thanks to which the created measuring station was
used in the full measuring range.

Test results and their analysis

In order to measure the changes in the current
intensity value as a function of the supply voltage
depending on the concentration of the diffuse phase,
it was necessary, in the first step, to place the metal
disks in the dielectric matrix in strictly defined
quantities depending on the series being tested.
The matrices with the coordinates of points were
generated by means of a computer program created.
This program was based on a random number
generator. The model of the matrix was generated
for the smallest possible distances equal to 0 mm and
the diameters of points were the same and amounted
to 6 mm. The matrix generated in this way leaves the
freedom to choose the number of disks in a series.
The whole matrix was composed of 1520 points,
randomly distributed on the matrix surface. Such a
large number of disks was selected due to the fact
that errors, resulting from the statistics, for sets over
1000 do not exceed 2 %. The matrix was divided into
38 series which contained 40 discs each [10]. It was
not a continuum type because the program did not
allow disk overlapping. The concentration of disks
modelling metallic phase molecules is defined as
the ratio of the metal surface area of the disks to the
surface area of the matrix. Figure 3 shows a matrix
for four concentration values of metallic phase as an
example.

For testing, another series of metal discs, 40 in
each, were placed on the matrix. When each series
was mounted on the model, a program was run to
connect to the meters and initiate the download of
measurement data from them. A microcontroller-
controlled stepper motor was started, driving an
autotransformer to control the test transformer
voltage. The rate of voltage increase was 2 kV/s in
the range from 0 V to jump voltage. An electric field
was generated between the electrodes on the matrix.
Voltages on the test transformer and on the probe
were read by electronic voltmeters and their values
were stored in the computer memory. In this way, for
a specific concentration value of the metallic phase,
the course of voltage changes on the resistors in the
probe depending on the model supply voltage was

obtained. The voltage measured on the measuring
probe was proportional to the current of the partial
discharge, formed on the model of nanocomposite
metal dielectric. The diagram for one of the series of
measurements is shown in Figure 4.

Figure 3 — Coordinates of discs of computer-generated
dielectric matrix for 12 %, 30 %, 42 %, 58 % concentration

One of the basic parameters of the partial
discharge is the initial voltage. Only when this voltage
is exceeded will an partial discharge be initiated and
a current start to flow between the electrodes. From
Figure 4 it can be seen that for a concentration of the
metallic phase of 42 % the partial discharge starts at
an initial voltage of about 35 kV.
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Figure 4 — The course of the voltage value on the
measuring probe depending on the model supply voltage
for concentration of metallic phase 42 %
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After exceeding this voltage, the current flowing
through the model starts to rise faster and faster.
After reaching the voltage value of about 45 kV, the
increase of the current intensity is clearly slowing
down. When a voltage of about 72 kV is reached, an
electric arc is ignited and the overcurrent protection
switches off the power supply. This can be seen on a
vertical drop to zero current.

The most important feature of the partial
discharge applied in the test is the flow of electric
current through the matrix below the percolation
threshold. This is due to the similarity of the
partial discharge and quantum tunnelling of
electrons. Metallic phase elements, exactly as in
real nanocomposites, do not need any direct contact
current for the flow of current and the flow of current
between them depends on the value of probability
of jumps as a function of distance. By comparing
the waveforms for individual concentrations of the
metallic phase shown in Figure 5, it is possible to
determine the initial voltage at which an partially
discharged current appears. Figure 5 shows that for
the concentration of the metallic phase X <42 %
the initial voltage of partial discharges appears at a
voltage of about 36 kV. An increase in concentration
up to 50 % causes the initial voltage of partial
discharges to decrease rapidly to about 15 kV.

4.5

4 -

3.5

— 12%
- 69%
— 65%
— 58%
- 50%
— 42%
— 25%
— 12%
— 8%

w
|

2.5

Output voltage (V)
TR
L\ |

T T | |
60 80
Input voltage (kV)

I
100

Figure 5 — Diagram of the voltage waveforms on the
measuring probe depending on the supply voltage for
different concentration of metallic phase

Such a leap change can be interpreted as reaching
the percolation threshold. Its value is (46 + 4)%. The
conductivity of the system suddenly changes, which

means that a small change of concentration between
42 % and 50 % significantly affects the properties of
the whole system.

Figure 6 — Example picture of percolation channel

During partial discharges radiation is generated
in the areas of visible light and ultraviolet. One of
the elements of the station equipment is a camera.
Its application allows the visualisation of percolation
channels which are recorded in the form of films
and photographs. Figure 6 shows a picture of an
partial discharge, on which percolation channels
and disks modelling the metallic phase are visible.
In the picture, the light is visible in places where
there is no direct contact with the metallic elements
of the model and an partial discharge occurs. The
photos taken during the research show that in the
matrix, similarly as in nanocomposites, a number of
percolation channels may occur.

Conclusion

A measurement stand was developed and built
to study the percolation phenomenon and visualise
the percolation channel using a high voltage partial
discharge. The phenomenon of partial discharge
applied in the work is very similar to the quantum
tunnelling phenomenon. In both cases the current
flow occurs in the absence of direct contact between
elements of the metallic phase.

The measuring equipment, i. e. the measuring
probe and connecting cables, were made in such
a way as to eliminate the interference caused by a
strong alternating electromagnetic field resulting
from the use of high voltage. The communication
between the measuring probe and the voltmeter
was made in digital technology with the use of
optical fibre technology, which allowed the meter to
communicate with a computer without errors.

Models of nanocomposites of metal dielectric
type were used for the tests. Modelling systems
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consisting of metallic elements in the form of
disks with concentration varying from 0% to
72 % randomly distributed in the dielectric matrix
were generated by computer and built. During the
research, the concentration of the metallic phase was
gradually increased by placing successive series of
discs, 40 in each. The maximum number of discs
was 1520 at 72 % concentration. The initial voltages
of the exhaust were determined, at which the electric
current starts to flow through the model, depending
on the concentration of the metallic phase. Based on
the obtained dependencies, a percolation threshold
was determined, the value of which for the random
distribution of the metallic phase elements is
about (46 £ 4)%. The radiation generated during
partial discharges in the visible light area was used
to visualise the percolation channels. Photographs
of partial discharges, on which percolation channels
are visible, were taken during the tests. The photos
taken during the study show that the matrix,
similarly to nanocomposites, may contain a number
of percolation channels.
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Abstract

Yttrium aluminium perovskite YAIO; (YAP) crystal, doped with rare-earth ions, has been extensively
studied as a diode-pumped laser host material. The wide interest to rare-earth ions doped YAP crystals is
explained by its good thermal and mechanical properties, high natural birefringence, widely used Czochralski
growth method. The aim of this work was to study the Yb’":YAIO, crystal as an active medium for high
power mode-locked laser.

Yb**-doped perovskite-like aluminate crystals have unique spectroscopic and thermooptical properties
that allowed using these crystals as an active medium of high power continuous wave (CW) and mode-
locked (ML) bulk lasers with diode pumping.

In our work spectroscopic properties of Yb:Y AP crystal and laser characteristics in CW and ML regimes
are investigated. Maximum output power of 4 W with optical-to-optical efficiency of 16.3 % and 140 fs
pulse duration have been obtained for Yb:YAP E//c-polarization with 10 % output coupler transmittance.
Tunability range as wide as 67 nm confirms high promise of using Yb:Y AP crystal for lasers working in wide
spectral range.
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BbICOKOMOIIHBIN JIa3ep HA KPpHCTAJLIE Yb3+:YAlO3,
padoTaromuii B pes;kuMe CHHXPOHHM3ALUH MO/

HA OCHOBE IOJIYIIPOBOJHMKOBBIX 3epKaJl

¢ HACBIIAIIHMMCSH NOII0THTEIeM

AJekcanap PyIleHKOBl, Bukrop Kncenbl, AHaTtoauii HcheBnql, Kapun OBaHGCLﬂHZ,
Awor Ierpocsn’, Hukooaii Kynemos'

1 . . . .
Llenmp onmuyeckux mamepuanos u mexnoio2uil, beropycckutl HaYUOHAIbHBIL MEXHUYECKUL YHUBEpCUmen,
np-m Hesasucumocmu, 65, Munck 220013, Benapyco

2 . .
Hncmumym ¢huzuueckux uccredosanuti Hayuonanohoii akademuu nayx Apmenuu,
0203, Awmapax-2, Apmenus

Hocmynuna 04.08.2020
Hpunama k neuamu 15.09.2020

Kpucranns! urtpuii-amomunuesoro neposckura YAlO; (YAP), nerupoBaHHble HOHAMH PEJKO3EMEIb-
HBIX 2JIEMEHTOB HHTEHCUBHO M3YYaJIMCh B KAUECTBE aKTUBHBIX CPEJl JIa3epOB ¢ AUOAHOM Hakaukoil. IHTepec
K JJaHHBIM KpUCTaJJIaM 00YyCJIOBJIEH UX BHICOKUMH TEIIIOPU3NICCKUMH U MEXaHUUECKUMH CBOHCTBAMH, BbI-
COKHUM JIBYJTy4eIPEIOMIIEHHEM, BO3MOKHOCTBIO POCTa IO IMIMPOKO PacHpocTpaHEHHOMY MeToay Hoxpasb-
ckoro. Llenbio nanHoi paGoThl GbLI0 H3yuenne kpucTamia Yb* Y AlO, B kauecTBe akTHBHO# cpeJibl Tasepa
C BBICOKOH cpeHel BBIXOAHOW MOIIHOCTBIO, pab0TaIOMIEro B PEKUME CHHXPOHU3ALUN MO/,

Kpucrannst YAIO,, nerupoBaHHble TPEXBaTEHTHBIME HOHAMU UTTEPOHS UMEIOT YHUKAJIBHbBIE CIIEKTPO-
CKONMYECKUE U TEeIUIO(PU3NUECKUE CBOMCTBA, UTO MO3BOJISIET UCIOIB30BATh JAHHBIC KPUCTAJIIBI B KAUECTBE
AKTUBHBIX CpEJl JIa3ePOB C BBICOKOM CpeHEH BBIXOJHOW MOIIHOCTBIO W JTMOJHON HaKauyKoH, paboTarommx
B peKMMax HEMPEpHIBHON reHepalvy U MaCCUBHOM CHHXPOHU3ALUU MO/,

B pabote nccienoBanbl ClIEKTPOCKONMUYECKHE XapaKTEPUCTHKH KpucTamia Yb:YAP, a Taxxke BbIxon-
HBIC XapaKTEPUCTHKH JIa3epOB HAa OCHOBE JAHHOTO KpHCTa/ula, paboTaloUMX B peXHMax HENpepbIBHON
reHepalMl M IAacCUBHOW CHUHXpoHM3auumu MoJ. CpenHsis BbIXoAHas MoliHocTe 4 BT ¢ onTtnueckoit
s dexTnBHOCTBIO 16.3 % M qnuTenbHOCTHI0 MMITyJibea 140 de monmyyena ms E//c-nonspuzauuul Ipu Opo-
MMyCKaHWH BbIXOAHOTO 3epkana 10 %. [Inana3on nepecTpoiiku 67 HM MOJATBEPKAAET BEICOKHE EPCIEKTUBEI
MCTIONIb30BaHMs Kpuctaia Yb:Y AP B kauecTBe akTHBHOW Cpebl JIa3epoB, pabOTAIONIMX B ITUPOKOM CIICK-
TpaJIbHOM JIHara3oHe.

KawueBbie cioBa: ja3ep ¢ CHHXpPOHHU3AIMEed MOJ, HOHBI WTTEepOUs, JMOJHAS HAKadKa, KPUCTAaJIbI
WUTTPUEBOTO AITIOMUHATA.
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Introduction

Yttrium aluminium perovskite (YAP) crystal,
YAIO,, doped with rare-earth ions, has been
extensively studied as a diode-pumped laser host
material. Numerous impressive results were reported
for Nd*-doped YAP crystal. Among them 100 W
output power at 1079 nm and 18.3 W at 1341 nm
were obtained in diode-side-pump module [1].
6.2 W laser output with a slope efficiency as high as
27.2 % at 1341.4 nm were demonstrated in a compact
plane-concave cavity [2]. Laser emitting at 1378 and
1385 nm with power of 800 mW was reported in
a folded cavity with prism inserted [3] and second
harmonic generation at 536 nm was obtained with an
LBO crystal inside the cavity [4]. Intensive studies
were also made with Tm** and Ho**-doping. 730 mW
of laser output power with 40.3 % slope efficiency
were obtained over the range 1965-2020 nm with
singly Tm-doped aluminate [5] and as high as 8.36 W
at 2120 nm [6] and 9.3 W at 2044 nm [7] with slope
efficiencies 35.7 % and 42.5 %, correspondingly,
were demonstrated in Tm and Ho co-doped YAP
crystal. Furthermore efficient Pr-doped YAIO; laser
operation under diode pumping was recently reported
emitting in the near-infrared spectral range [8].

The wide interest to rare-earth ions doped
YAP crystals is explained by its good thermal and
mechanical properties similar to those of YAG, but
growing faster and anisotropic [9]. Previously thermal
conductivity of undoped YAP crystal was reported
to be close to 11 W/[m'K] [9,10]. Lately more
modest values of 7-8 W/[m'K] were published [11].
Nevertheless they remain two times higher then those
of tungstate crystals [12]. YAIO; is a biaxial crystal
and belongs to orthorhombic space group [9]. Its high
natural birefringence dominates thermally induced
one in lasers and leads to overcoming depolarization
losses at high average powers [13]. It results in a very
high polarization degree of the laser emission under
different levels of pump power which is advantageous
for non-linear frequency conversion [14], efficient
modulation loss in Q-switch lasers [6] and other
applications where linearly polarized light is necessary.

In this work we present the experimental study
results of high power passively mode-locked laser
based on yttrium aluminium perovskite crystal doped
with Yb*" ions.

Crystal growth

Single crystals of Yb:YAP can be grown
by several growth techniques [15-20] among

which Czochralski is the most usable for practical
applications.

For this study Yb:YAP crystals were grown by
Czochralski method using Y,0;, Yb,0; and crystal-
line sapphire as starting oxides of at least 99.99 %
purity and seeds oriented along the b axis. The melts
were corresponding to stoichiometric compositions
Y, Yb AIO, (x=0-0.03). The growth melts (x = 0—0.03)
were held in iridium crucibles (40x5x40 mm®)
and inductively heated under a pure Ar atmosphere.
The pulling and rotation rates were 2.5 mm/h and
35 rpm. The grown boules are 15 mm in diameter and
30-40 mm long, transparent but some of them of a
yellow-brown shade.

Spectroscopy

Polarized absorption spectra of Yb**(2 at.%):YAP
(corresponding  ytterbium  concentration  was
4.02x10% crn73) at room temperature were regis-
tered by a Varian CARY-5000 spectrophotometer.
Absor-ption cross-section spectra for three light
polarizations parallel to the a, b and c crystallo-
graphic axes are shown in Figure 1.

30-
o Yb(2.0at.%): YAl
: bOat%):yAlO,
o 251 - — ElIb
&
2 151
Q
£ 10-
a
é S /)
2 2N,

900 950 1000 1050

Wavelength, nm

Figure 1 — Polarized absorption spectra of Yb3+:YAlO3
crystal (the spectra were obtained for Y (2 at.%):YAIO;)

Strong absorption is found for E//c light
polarization with the peak absorption at 978.2 nm
of about 25 cm™ ' and spectral bandwidth FWHM of
4 nm.

It is well known that radiation trapping strongly
affects the measured lifetime of Yb-doped materials
because of significant overlap of the absorption and
emission bands [21, 22]. The comparatively high index
of refraction of YAP (n.=1.914 for A= 1040 nm)
also increases the probability of reabsorption even
in optically thin samples because of the total internal
reflection. Thus the special methods discussed in the
literature [21, 22] should be used to determine the
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luminescence lifetime accurately. In our experiments
we used a fine powder of Yb:YAP crystal immersed
in glycerin. The diameter of the powder particles was
measured to be approximately 3040 pum, several times
lower than absorption length of the most heavily doped
Yb*'(8 at.%):YAP crystal (97 um at 978.2 nm). The
Yb ions contents in the samples were 1.5, 2, 3 and
8 at.%. The samples were excited by 20 ns pulses at
wavelength of about 978 nm and luminescence kinetics
were registered with the use of a 0.3-m monochroma-
tor, fast Ge-photodiode with a rise time of < 20 ns and a
500 MHz digital storage oscilloscope. All the samples
exhibited single exponential decays (see Figure 2).

| 1.000-%""’"‘~n‘;f;¢,,a,..%l Yb*'(1.5at.%): YAP
;2. 03681 b dﬁ'ﬂpﬂﬁ,ﬁw
fol M
Ll RN

0.0 0.6 1.2 1.8
Time, ms
a
Yb*'(8at.%): YAP
~ 1.0001 _
g ™
= P
€ 0.3681 ",
- i “"Mﬁ{n‘m ' N
B el
2 0.1351 ol |
: "l
0.050 r It ilh
00 03 06 09 12 15 1.8
Time, ms
b

Figure 2 — Kinetics of luminescence decay for
Yb(1.5 at.%):YAP (a) and Yb(8 at.%):YAP ()

Starting from certain powder content, the lifetime
remained constant despite further dilution (Figure 3),
thus indicating that reabsorption effects became
negligible. Emission lifetime for 8§, 3, 2 and
1.5 at.% Yb-doped crystals was measured to be about
510 £ 20 ps that indicates a weak influence of the
luminescence concentration quenching. Presented
values are in good agreement with the previously
obtained data [23].

The stimulated-emission (SE) cross sections
were calculated by use of the modified reciprocity

method in which it is not necessary to know the
Stark level structure of the Yb*" manifolds (*Fs, and
2 .
Fo) [24]:

3-exp(—he/(kTL))

%= o M), (1)
’ 8nn21m . -c% 4B (Wexp(—he/(kThpan B
where 1, , is the radiation lifetime of an active

rad

center; ¢ is the light velocity; /4 and & are Planck and
Boltzmann constants, respectively; T is the crystal
temperature; n is the refractive index of a crystal;
a and B denote the polarization state; and o is
the ground-state absorption cross section.

6601 ® Yb(8at.%):YAP

® Powder -.
6404 ® Yb(3at.%):YAP i)
6201 ©® Yb(2at.%):YAP :' '
o 6001 * Yb(1.5at.%):YAP |
> 580 o
E 5601 L
& 5401 . ® o
50{ ¢ $§ § g8 ¢
500{ @

0 20 40 60 80 100
Weight content of powder, %

Figure 3 — Measured lifetime for different weight content
of Yb:YAP crystalline powder in glycerin suspension for
YAP with different Yb** concentrations

The SE cross section spectra calculated with this
method are presented in Figure 4.
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Figure 4 — Polarized absorption and stimulated emission
cross-section spectra of Yb’":YAIO; crystal
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The most intensive SE cross-section band at
999.2 nm has peak value of about 3.13 x 102 cm?
for E//c-polarization. Such a high value is very
suitable for mode-locked and actively Q-switched
laser operation.

Moderate SE cross-section values (0.4—
1.1x10 %" ¢cm?) are observed for E//b- and E//c-
polarizations in wavelength range 1005-1030 nm
where the spectra are smooth.

Continuous wave laser experiment

For laser operation the most interesting
polarization states in the crystal are E//c and
E//b (¢ and b are crystallographic axes) due to high
stimulated-emission cross sections values.

For a continuous wave laser experiments a set up
with X-folded cavity design was used (see Figure 5).
It consisted of two curved mirrors M1 and M2 and
two plane mirrors: OC and HR.

HR

Pump beam
M2~25

mode -
Pump chusmg
O optics
Figure 5 — Experimental setup of continuous wave diode-
pumped Yb:YAP laser: HR —highly reflective mirror;
OC —output coupler; P —prism; MI, M2 —concave
mirrors; AE — active element; LD — laser diode

The calculated TEM,, mode diameter in the
crystal was about 100 um. As a pump source, a
multiple single emitter InGaAs fiber-coupled laser
diode (@105 pum, NA = 0.15) with a maximum output
power of about 25 W was used. An "off-axis" pump
layout was used for longitudinal pumping of the active
element (see Figure 5). This pump arrangement was
successfully tested in our previous work [25-26] and
the main advantage of such a pump scheme is that
all the cavity mirrors have highly reflecting coating
at 900-1100 nm. The pump light was formed by a
set of lenses into the spot with a diameter of about
100 um (1&%). A 2 mm long Yb*'(2 at.%):YAIO,
crystal was used as a gain medium. The crystal was
a-cut to provide E//b and E//c polarized laser output.
It was a slab with dimensions 2(a) x 5(b) % 1.5(c) mm’;

both 5x2 mm? lateral faces were maintained at 15 °C
by means of copper plates (indium foil was used
to improve thermal contact) and thermo-electrical
cooling elements with water-cooled heat sink, while
1.5x 5 mm”* working faces were antireflection coated
for pump and laser radiation.

The dependencies of the laser output power
on the absorbed pump power for E//b— and E//c—
polarized outputs and different OCs are shown in
Figure 6. Absorbed pump power was real-time
measured during the laser action.

81E/c Toc=10%
7] n=76.7%
2 6 A=
§ 59 Toc=20%
3 44 n=75.3% Toc=5%
g 3] %,=998.7nm n=64.2%
& A =1025.7nm
5 24 0
@) 1] »n
0-—4‘!‘.’.. —_——
0 2 4 o6 8 10 12 14
Absorbed pump power, W
a
61E//b Toc=10%
5 n=60.5%
i N 2,=1012.1nm Toc—s%
3 n=51.8%
2 31 %,=1012.6nm
2, . .
ERY
%‘ Toc=20%
5 1- n=59.2%
0 2 4 6 8 10 12 14
Absorbed pump power, W
b

Figure 6 — CW laser performance of Yb:YAP crystal for
different polarizations and output coupler transmittances

The maximum CW output power of 7.6 W
at absorbed pump power of 13.6 W with slope
efficiency of 64.2 % was demonstrated for E//c
polarization with 5 % OC transmittance (Figure 6a).
With output coupler transmission of 10 % and 20 %
the laser output power slightly decreased to 7.3 W
and 6.0 W, respectively, while the corresponding
slope efficiencies increased to 76.7 % and 75.3 %.
Similar output powers were demonstrated for E//b
laser output (Figure 6b). With 10 % output coupler
transmittance 5.9 W of output power was obtained
at 11.7 W of absorbed pump power with 60.5 %
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slope efficiency. Output powers of 5.7 W and 3.7 W
with slope efficiencies of 51.8 % and 59.2 % were
obtained for 5 % and 20 % OCs, respectively.

Wavelength tunability of the Yb:YAP laser
was investigated during CW laser experiments. For
this purpose prism was inserted into the cavity. The
dependency of average output power (in normalized
units) from the central wavelength of the Yb:YAP
laser is shown in the Figure 7.

1.0 E

o g h

= 0.8 "'\‘

=

2 0.67

= Ellc

>

= 0.44 Toc=1.5%

=

[}

g 02 /'\
0 "/ ; : ; .
980 1000 1020 1040 1060

Wavelength, nm

Figure 7 — Tunability curve of Yb:YAP laser with output
coupler transmittance 1.5 % for E//c-polarization

Tunability range as wide as 67 nm (985.6—
1052.7 nm) was demonstrated with output coupler
transmittance of 1.5 %.

Mode-locked laser experiment

For the mode-locked laser experiment the same
crystal was used as for CW one. Schematic of the
experimental setup is shown in Figure 8.

SESAM TFP Out.

oC

Pump mirror

Pump beam
M2-25

Cavity mode
M?~1.1

AE

Pump focusing
optics

Figure 8 — Schematic of the Yb:YAP mode-locked
laser: SESAM —semiconductor saturable absorber
mirror; TFP —thin film polarizer; OC — output coupler;
GTI - chirped mirrors; M1, M2 —concave mirrors;
AE — active element; LD — laser diode

InGaAs-based SESAM with modulation depth
of about 4.0 % was used in the experiments. The
SESAM based on quantum wells separated by nano-

structured barriers was grown by molecular beam
epitaxy (MBE) technique over the semi-insulating
GaAs substrate of (001) orientation. The crystallinity
of each layer was controlled via reflection of high
energy electrons diffraction (RHEED technique).
The number of quantum wells, their thickness and
the concentration of the ternary alloy were chosen
to match the requirement on the saturable absorption
modulation depth. The recovery time shortening was
performed by the barriers separation into the thinner
layers via the insertion narrow band gap material. The
design ofthe SESAM described in [27]. The measured
reflectivity spectrum of the SESAM is presented in
Figure 9. Used SESAM enabled to support mode-
locking in the spectral range from 1000 nm to about
1050 nm. The result of the pump-probe testing of
the SESAM with modulation depth of 4 % is shown
in Figure 10. The saturation energy fluence of the
SESAM was measured to be about 70—120 pJ/cm?.

100+

e}
[}
|

Reflectivity, %
(o]
<

1000 1020 1040 1060

Wavelength, nm

70 .
960 980

Figure 9 — SESAM reflectivity spectrum with modulation
depth 4 %

=0.3ps;
3.2ps

Tfast

slow

-AOD

0 Pt
10

15 20 25 30
Time, ps

Figure 10 — "Fast" (0.3 ps) and "slow" (3.2 ps) recovery
times of the SESAM

Stable mode-locked operation of Yb*'(2 at.%):Y AP
laser was obtained only for OCs with 5% and
10 % transmittance. The maximum output power
of 4 W with optical-to-optical efficiency of 16.3 %
was obtained with 10 % OC for E//c-polarization.
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Pulses with 8 nm (see Figure 11) full width at half
maximum (FWHM) obtained at 1009.7 nm central
wavelength resulting in 140 fs pulse duration (see
Figure 12) with time-bandwidth product of about
0.32 assuming Sech?” pulse shape.

1.0+
Toc=10%
0.8 l0=1009.7 nm
g AA=8.0 nm
5 0.6
s
2 0.41
'3
=]
% 0.2
0 . . L
980 1000 1020 1040

Wavelength, nm

Figure 11 — Spectrum of the Yb:YAP (£//c) mode-locked
laser for 10 % OC

1.0

T=1.54*140 fs
0.8

0.6
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0.2

200

0
Time, fs

400 -200 400
Figure 12 — Autocorrelation trace of the Yb:YAP (E//c)

mode-locked laser pulses for 10 % OC

Output power of 24 W with optical-to-
optical efficiency of 10.7 % obtained with 5 % OC
transmittance. Spectral width of 7.6 nm at 1021.9 nm
central wavelength (Figure 13) was demonstrated
resulting in about 150 fs pulse duration (Figure 14)
with time-bandwidth product of about 0.33 assuming
Sech? pulse shape. The pulse repetition frequency

was around 70 MHz.
1.04 Toc=5%
k0=1021.9 nm

087 AA=7.6 nm

0.6

0.4+

Intensity, arb.unit.

0.21

1020 1040

Wavelength, nm
Figure 13 — Spectrum of the Yb:YAP (£//c) mode-locked
laser for 5 % OC
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Figure 14 — Autocorrelation trace of the Yb:YAP (E//c)
mode-locked laser pulses for 5 % OC
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Conclusion

In conclusion, Yb:YAP bulk crystal as a gain
medium for high power mode-locked lasers was
investigated in our work. Maximum output power
of 4 W with optical-to-optical efficiency of 16.3 %
and 140 fs pulse duration have been obtained for
Yb:YAP E//c-polarization with 10 % output coupler
transmittance. Tunability range as wide as 67 nm
confirms high promise of using Yb:YAP crystal for
lasers working in wide spectral range.
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Abstract

The paper presents a measuring stand designed and built for testing direct and alternating current
properties of power transformers basic insulation component i.e. electrotechnical pressboard impregnated
with transformer oil. Measurements of direct and alternating current parameters are performed using
the frequency domain spectroscopy and polarization depolarization current methods.

The measuring station includes a specially developed climatic chamber which is characterized by
high accuracy of temperature stabilization and maintenance during several dozen hours of measurements.
The uncertainty of temperature maintaining during several dozen hours of measurements does not exceed
+0.01 °C. The computer software developed to control the station allows for remote measurements,
changes in supply voltage and temperature settings and acquisition of the obtained results. A new type of
measuring capacitor was developed and manufactured, the structure of which significantly reduces the chance
of samples contamination during measurements. By increasing the accuracy of temperature stabilization
during measurements, the resolution of measurement temperatures was increased, at which it is possible
to perform measurements with the frequency domain spectroscopy and polarization depolarization
current methods. This allowed to reduce the step of measurement temperature change and thus to increase
the accuracy of determining the activation energy of the measured parameters.

The article also contains basic information on the analysis of the direct and alternating current electrical
parameters of the composite electrotechnical pressboard-mineral oil-water nanoparticles. The results
of several direct and alternating current parameters measurements of a transformer oil impregnated pressboard
sample with a moisture content of (5.2+0.1) % by weight obtained by the use of a measuring stand are
presented as examples.

Keywords: AC and DC measurements by FDS and PDC methods, electrotechnical pressboard, insulating oil.
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YcTraHOBKA, METOTUKA U Pe3yJbTAThI U3MEPEeHU
JIEKTPUYECKUX MaPpaAMETPOB KOMIIO3UTA
IEKTPOTEXHUYECKUUA KAPTOH-TPaHCHOPMATOPHOE MACIO

I1. Poraancku

JlobuncKull mexHuuecKkull yhusepcumen,
ya. Haooviempuyxas, 384, Jlrooaun 20-618, Ionvwa

Hocmynuna 21.07.2020
IHpunama k neuamu 03.09.2020

B pabote npeacrasiena paspaboTaHHast © K3TOTOBIICHHAS] yCTAHOBKA JUISI HCCIICA0BAHMSI OTHOW U3 II1aB-
HBIX COCTAaBJISIFOIMX U30JISIMU YHEPTeTHYECKUX TPAaHCHOPMATOPOB — DIEKTPOTEXHUIECKOTO KapTOHa, PO-
MUTaHHOTO TPaHC(HOPMATOPHBIM MACIIOM.

B coctaB ycTaHOBKM BXOAUT CIIEHATIbHO pa3padoTaHHas KIMMaTHYeCcKast KaMepa C BBICOKOH TOYHOCTBIO
M3MEPEHHMS, CTAOMIIN3ALIMY U ITOJICPKAHUS B TCUCHHE JUTUTEIILHOTO BPEMEHHU TeMIlepaTypbl. TOYHOCTD 110/
Jep>KaHUs ¥ U3MEPEHUS TEMIIEPATYPhl B TCUCHUE HECKOJIBKUX IECATKOB YaCOB U3MEPEHUN HE MTPEBOCXOIUT
+0,01 °C. DnexkTpudeckue U3MEPEeHHs Ha MOCTOSTHHOM TOKE BBITIOJHEHBI C UCIOJIb30BAHIUEM METO/Ia TOKOB
noJisipu3aluu u jaenossipusanuu (auri. Polarization Depolarization Current, cokp. PDC), a Ha nepeMEeHHOM
TOKE — METOJIOM UMIIEIAHCHOM crieKTpockonuu (aHri. Fquency Domain Spectroscopy, cokp. FDS). Yupas-
JieHre paboTON YCTaHOBKH M MPOLIECCOM U3MEPEHHI OCYIECTBIISIETCS C TIOMOILBIO pa3padoTaHHOW KOMIIBIO-
TEPHOU MPOTrpaMMBbI, KOTOPast MO3BOJISIET AUCTAHIIMOHHO MMPOBOIUTH U3MEPEHUS, U3MEHSIThH BU U3MEPCHHUH,
BEIMYMHBI HATIPSHKCHUS  TEMIIEPATYPhI, a TAK)KE PETUCTPUPOBATH PE3yJIbTAThl H3MEPEHUM.

Pa3paboTtaH 1 N3roTOBJICH U3MEPUTEIBHBIN KOHAEHCATOP HOBOTO THIA, KOHCTPYKIHS KOTOPOTO 3HAYH-
TEJIbHO YMEHbBIIAECT BEPOATHOCTH 3arpsi3HEHMsI 00pa3loB B Mpolecce n3MepeHuil. biarogaps yBennueHnio
TOYHOCTH CTaOWIIM3AIMK U TOJIEPIKAHUS TEMIIEPaTyphl BO BpEMsl HU3MEPEHUN YMEHBIIICH 1Al W3MEHEHUS
TeMIiepaTyphl pu usMepeHusax mertonamu FDS u PDC. 3To MO3BOIUIO YBEIHUYUTH TOUHOCTh ONPEACIICHUS
SHEPTUU aKTUBAIIMHN U3MEPSIEMBIX TAPAMETPOB.

[IpencraBiena Takke OCHOBHAs MHGOPMALUS [0 aHATHU3Y Pe3yJbTaTOB U3MEPEHHI Ha TOCTOSHHOM U
MEPEMEHHOM TOKE KOMIIO3HUTa — DJIEKTPOTEXHUYCSCKUI KaPTOH, MPOIUTAHHBIN TPaHC(HOPMATOPHBIM MACIIOM,
co/iepKaIllM HAHOKAIUIN BOJbL. B KauecTBe mpuMepa MpeACTaBICHBI Pe3ylIbTaThl HECKOJIBKUX U3MEpPEHUN
OCHOBHBIX IapaMeTPOB DIIEKTPOTEXHUYECKOTO KaPTOHA, MPOMUTAHHOTO TPAHC(HOPMATOPHBIM MAaCJIOM, CO-
JieprKalliiM HaHOKAaILIM BOAbI B KoHIEeHTpauuu (5,2+0,1) % Bec., moyryueHHbIE Ha YCTaHOBKE.

KaroueBble cjoBa: W3MEpEHHWs HA TIIOCTOSIHHOM W TIepeMeHHOM Toke Meromamu FDS wu PDC,
ANEKTPOTEXHUYECKUI KapTOH, TpaHC(HOpPMATOPHOE MACTIO.
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Introduction

For over a century cellulose in form of paper and
pressboard impregnated with mineral oil is a mainly
used material for power transformers insulation.
It is related to good electrical parameters and cost
efficiency of cellulose-mineral oil composite. This
kind of insulation is usually called paper-oil or
liquid-solid insulation. The main source of this type
of insulation malfunction is increase of cellulose
water content. At the beginning of transformer
operation water level of cellulose is usually lower
than 0.8 %. With years of the device operation water
penetrates seals of transformer, solutes in oil and
then is transported by it to the solid component of
insulation. After exceeding 5 % of water content in
pressboard or paper the catastrophic breakdown of
transformer is only a matter of time. Recently it was
discovered that water in cellulose insulation occurs
in form of nanodrops [1] creating cellulose-mineral
oil-water nanodrops composite.

Due to the fact that transformers are hermetic
devices extraction of insulation sample is impossible.
Because of that reason nowadays a lot of effort is
made to develop non-destructive methods of paper
and pressboard moisture level determination [2]. The
most popular are electrical methods. They can be
classified into two basic group. The first one includes
methods based on measurements in the time domain
like the return voltage measurement (RVM) [3, 4]
and  polarization-depolarization  current (PDC)
measurement [5],[6] while in the second one
there are methods based on measurements using
frequency-domain spectroscopy (FDS) [7, 8].

Presented in this article measurement stand
enables usage of FDS and PDC method. Due to the
low accuracy of temperature stabilization, so far
in research of temperature impact on solid-liquid
electrical parameters it was necessary to use results
for a large temperature differences, for example
AT =30 °C [9]. By increase of thermal stabilization
accuracy during the FDS and PDC measurements of
composite cellulose-mineral oil-water nanodrops, it
became possible to increase the concentration of the
measurements performed in a function of temperature
to AT=8°C. Usually FDS measurements are
made in frequency range from 100 uHz to 5 kHz,
with 3 points per decade resolution. A further rise
in accuracy was obtained by increasing the number
of measurement points per decade to 10 for the
frequency range from 1 mHz to 5 kHz and 5 for the
frequency range from 100 uHz to 1 mHz.

The aim of this study was to develop a new
measurement stand for precise tests of direct and
alternating current parameters of the composite
electrotechnical  pressboard-transformer oil-water
nanodrops in a wide range of measurement
temperatures, the maintenance accuracy of which
is below +£0.01°C. And to present selected
measurement results for a sample with a moisture
content of 5.2 % by wt.

The new polarization depolarization
current and frequency domain spectroscopy
measurement stand

Figure 1 shows a diagram with basic elements
of the measuring stand. The stand includes: climatic
chamber, measuring capacitor with a sample in glass
vessel, Omicron Dirana FDS Analyzer, Agilent data
acquisition unit with a PT100 temperature sensor,
a computer with control and recording software.

E b
Agilent 34970A

Figure 1 — Diagram of the stand for the measurements
of direct and alternating current electrical properties of
liquid-solid insulation: 1 — Dielectric Response Analyzer
Omicron Dirana; 2 — Agilent 34970a data acquisition unit;
3 —climatic chamber; 4 —glass vessel; 5—measuring
electrode; 6 —sample of oil-impregnated pressboard;
7 —guard electrode; 8 —PT100 temperature sensor;
9 — voltage electrode

7/

;,//

The measurement of dielectric response analysis
is made by Omicron Dirana FDS meter. The device
is equipped with voltage source with maximum
output voltage amplitude of 200 V and maximum
output current of 50 mA. The voltage source is
capable of outputting direct voltage and alternating
voltage in frequency range 10 uHz—5 kHz. The
meter can measure dissipation factor value up to
100, with accuracy 1 % + 3-10~* and capacitance in
range from 10 pF to 100 pF, with accuracy of 0.5 %
+1 pF. Furthermore, the device is capable of direct
current measurement in range of +10 mA, with
accuracy of 0.5 % =+ 1 pA, which is used in PDC
measurements. The meter work is fully supervised
by computer software. The Dirana FDS meter is
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capable of performing in field measurements on
number of devices such as: power transformers,
autotransformers, bushings, cables, current and
voltage transformers and electric motors, by using
predefined setups. Due to high electromagnetic
interference in case of infield measurements, the
meter is equipped in advance noise suppression
functions. Which facilitates measurements both in
the laboratory and in the field conditions.

For the need of the measuring station, a three-
electrode measuring capacitor was designed and
manufactured. It was built only of aluminum, and
as an insulator in between guarded and unguarded
electrode air gap was used. Before measurement,
capacitor is placed in glass cylindrical vessel, which
dimensions are few millimeters bigger than capacitor
itself. Small volume ofoilinthe vessel reduces chances
of moisture migration between oil and pressboard
during measurements performed in different
temperatures, due to changes of water solubility
in oil. After putting a sample of oil impregnated
pressboard into the capacitor, air gap is filled with
oil in which the sample was stored. All electrical
connections are made of silver plated copper wire
without any insulation. This approach is to eliminate
potential measured sample contamination. At the end
the vessel with the capacitor is hermetically closed.

Temperature value is measured by Agilent
34970a data acquisition unit with use of PT100
sensor in time intervals of 1 s.

The specificity of the measurements requires
high accuracy of temperature stabilization during
the measurement. In order to obtain this objective,
it was decided to build a climate chamber. For this
purpose, it was decided to modernize an old stove
that was once used for material testing. The housing
and heating elements have remained from the old
device. The electronic control system was redesigned
and made. The new control system includes: the
LCD display that allows to monitor the current
parameters of the chamber, the keyboard for entering
settings, the solid state relay (SRT) as an executive
element, the 12 V DC stabilized power supply and
the main controller board. Electronic circuit, printed
circuit board and software of controller was made.
The heart of the controller is the ATMEGA368
microcontroller. The temperature is measured using
the four-wire method with use of a PT1000 sensor.
The MCP3550-50 Single-Channel 22-Bit Delta-
Sigma ADC chip is responsible for the conversion
of the analog voltage signal representing temperature
to digital form, and then sending its value to the

microcontroller via SPI bus 11 times per minute.
Based on the obtained temperature value and using
PID algorithm, the microcontroller controls SRT to
regulate the power of the heater inside the chamber.
For precise control of the heater's power, phase
control was used. To make its realization possible,
the controller board is equipped with a mains voltage
zero crossing detection circuit. Inside the chamber
five small fans were used for fast and even heat
distribution. In order to achieve temperatures lower
than the ambient temperature, it was necessary to use
acold air source. For this purpose, a small freezer was
used, which was connected to the climate chamber
with two thermally insulated pipes. One of them is
equipped with a fan forcing cold air to flow into the
chamber. The rotational speed of the fan is supervised
by the main controller. The operation of the freezer
is steered by a relay located on the controller board.
The device is equipped with three independent
thermal fuses. One software and two physical in two
different circuits. The overheating protections will
react selectively after exceeding the temperature
of 100 °C. This threshold level was selected due
to the flammability of measured mineral oils. The
climatic chamber can be controlled via the USB bus
by a computer. For this purpose, a Windows Forms
Application software was developed, which enables
the display of the current temperature and settings. It
also provides the settings entering. In addition, the
software allows to program any two actions with a
given date and time, for example, in order to switch
off or change the chamber settings. Measurements
of capacitor temperature in time of FDS and PDC
measurements are shown in Figure 2.

70 —
| —T=333,15K —— T=317,15K —— T=301,15K
T=325,15K —— T=309,15K —— T=203,15K
60 _f
50 —
5 i
S 40 f
&
30
20 —
10 T I T I T I T I
0 10 20 30 40
th

Figure 2 — Time dependence of the measuring capacitor
temperature
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In order to estimate uncertainty of a temperature
stabilization, standard deviation of measured
temperatures was calculated (Figure 3). As can be
seen in Figure 3, all values of standard deviation
are lower than +£0.01 °C. Higher values of standard
deviation for temperature 20 °C and 28 °C than for
the rest of temperatures, are caused by on-off cycle
of cooling device operation, which is used in this
measurements.

0.016

0.014

0.012 —

0.010

. 4
< 0.008 —
g

0.006

0.004 —

0.002 —

0.000 ~————
10 20 30

T
40 70

T °C

50 60

Figure 3 — Measurement uncertainty of temperature
stabilization

Fundamentals of the direct and alternating
current material parameters analysis of the
composite cellulose-transformer oil-water
nanoparticles

Direct current conductivity —measurements
of the composite cellulose-transformer oil-water
nanoparticles take place in a three-clectrode
system [5], in which two electrodes, measuring and
voltage, are used to determine the conductivity. The
third electrode is designed to conduct the surface
current to the ground, characteristic in high-resistance
systems. Due to high values of relaxation times in
the tested materials, measurements within several
hours are necessary to achieve the value of the set
current. After obtaining the value of the set current /,
the direct current conductivity is determined by the
formula:

(M

where: /—steady value of current; U-—applied
voltage; d — pressboard thickness; S — electrode area.

Measurements of the alternating current
insulation characteristics of power transformers are
performed with FDS meters in a parallel equivalent
circuit, shown in the Figure 4a. The phasor diagram
for the parallel equivalent circuit is shown in
Figure 4b.

I U

R- L

/- A
Cs

Figure 4 — Parallel equivalent diagram of the insulating
material (a): U — supply voltage amplitude; /, — conduction
current amplitude; /. — displacement current amplitude;
R, —resistance; Cp — capacitance and phasor diagram for
the parallel equivalent diagram (b): ¢ — phase shift angle;
5 — loss angle

The second Maxwell equation (generalized
Ampere's law) shows that in real dielectric materials
a conduction current flows with a density j, and a
displacement current with a density j, so that [7]:

AXH = jp+ je, )

where: H —vector of the magnetic field strength;
Jr—conduction current density; j.— displacement
current density.

In FDS measurements, a sinusoidal forcing
electric field with a circular frequency o is used:

E = Esin(mt), (3)

where: E - electric field strength; E, — electric field
amplitude; o — circular frequency; ¢ — time.

The conduction current density, falling into
the second Maxwell equation, is described by the
formula:

Jz(®)=0(0)E =c(w)E, sin(mt), 4)

where o(m) — conductivity.
Displacement current density, falling into the
second Maxwell equation:
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- where: ¢ — conductivity; Gp — conductance; d—

Jo(®)= > =(D=¢,'E)=wee E, sin(0f — 5), (5)  dielectric thickness; S— voltage electrode surface

area.
where: ¢'—relative dielectric permittivity; g, — )
. : e P Y5 %o C,d |Ysing|d
dielectric permittivity of vacuum; D — electric field =2 = (11)
induction vector. e, S e, S

The conductivity in equation (4) describes the
material's ability to conduct an electric current.
The dielectric permittivity &' in the formula (5)
describes the ability of the dielectric to polarize.
In impregnated pressboard occurs dependencies
of conductivity and permeability on temperature,
frequency and moisture. In real dielectrics, the phase
shift angle ¢ ranges from 0° to —90° (Figure 4).
Meters designed to measure alternating current
parameters of electrical systems, the so-called
impedance (admittance) meters measure two basic
values characteristic for systems containing passive
elements. In the parallel equivalent scheme, these
are the values of the phase shift angle ¢ and the
admittance Y:

Y= >

V
where: Y — admittance; J —voltage amplitude; i—
current amplitude.

Parameters such as conductance G, and
capacitance C, in a parallel equivalent circuit and
the tangent of the loss angle tand are most often
used to analyze the results of in power transformers
insulation measurements. The FDS meter calculates
these parameters using formulas:

(6)

Gp:|Ycos(p; (7)

c = |Ysm (p|; ®)
(O]

tand = . |cotan (p|. )
|tan(p|

Based on the G, and C, values, taking into
account the geometrical dimensions of the dielectric
material, such as the thickness of the pressboard d
and the surface area of the measuring electrode S,
the material parameters are calculated using
appropriate formulas — conductivity and relative
dielectric permittivity, which are included in the
second Maxwell equation:

_Gd |YCOS(p|d

= (10)
S S

>

where: C, — capacitance; g, — dielectric permittivity
of vacuum; d— dielectric thickness; S — voltage
electrode surface area.

” _

i_|Ycoscp|d
T we,S

12)

e,

For the analysis of relaxation processes, the
power loss value ", calculated as:

The power loss value is used to develop its
dependence on the permeability value, so-called
Cole-Cole plots €"(¢"). The shape of the Cole-Cole
charts is related to the mechanisms of relaxation [10].

The analysis of formulas (4)—(12) shows that
the admittance and phase shift angle are the basic
measurement parameters determined in the FDS
method. On the basis of these values, using the
formulas (7)—(12), it is possible to calculate the
electrical parameters of cellulose-mineral oil-water
nanoparticles composite.

Measurements results of the cellulose-
mineral oil-water nanoparticles composite

In the work electrotechnical pressboard and
transformer oil with a moisture content of several
ppm produced by the world's leading companies,
dedicated to the construction for power transformers
insulation, were used. A pressboard sample
with a moisture content of 5.2+0.1 % by weight
was prepared for the tests. The work includes
measurements of basic direct and alternating current

parameters:

—time dependence of the polarization and
depolarization currents and their difference,
determining the strength of the resistive
current (Figure 5);

—frequency  dependence of  admittance
Y (Figure 6);

— frequency dependence of the phase shift angle
o (Figure 7).

Based on measurements of admittance and
phase angle, using the formulas (10)—(12) frequency
dependencies of the loss angle tangent tgo (Figure 8),
alternating current conductivity o (Figure 9),
permittivity &’ (Figure 10) and power loss value
¢" (Figure 11), were calculated.
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Figure 8 — Frequency dependence of the loss angle
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transformer oil with a moisture content of 5.2 % by weight
measured at 325.15 K
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Figure 11 — Frequency dependence of the power loss
coefficient of electrotechnical pressboard impregnated
with transformer oil with a moisture content of 5.2 % by

weight measured at 333.15 K
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The shape of the polarization and depolarization
current waveforms (Figure 5) is caused by the
presence of the sum of two components. The first is
the capacitive current that decreases with time, the
second is the resistive current that is constant over
time. During polarization, after charging is complete,
the resistive current that is constant over time can
be used to calculate the direct current conductivity.
The large changes in the low frequency range visible
in the phase shift angle ¢ (Figure 7), loss angle
tangent tgd (Figure 8), permittivity &’ (Figure 10)
and power loss value €” (Figure 11) waveforms
are caused by the relaxation processes occurring
in the water nanoparticles present in the composite
electrotechnical  pressboard-transformer oil-water
nanodrops. The reason for the significant changes in
electrical parameters such as admittance Y (Figure 6)
and alternating current conductivity ¢ (Figure 9) in the
high frequency range is the phenomenon of hopping
conductivity occurring between adjacent potential
wells formed by water nanoparticles. The occurrence
of water in the composite elctrotechnical pressboard-
transformer oil-water nanodrops significantly affects
the direct and alternating current parameters of the
material, thanks to which it is possible to determine
its moisture content.

Conclusion

In the paper a new measurement stand for
frequency-domain spectroscopy and polarization-
depolarization current measurements of oil imp-
regnated pressboard for different temperatures was

presented. The stand includes: climatic chamber;
three electrode measuring capacitor with a sample;
Omicron Dirana Fquency Domain Spectroscopy
and Polarization Depolarization Current Analyzer;
Agilent temperature meter with a PT100 temperature
sensor; a computer with control and recording
software. For the purpose of the stand a new climatic
chamber was developed and made. The device
allows long term temperature stabilization in range
of 0°C to 100 °C with high accuracy +0.01 °C.
The use of three independent thermal fuses results
in safety operation of the device even without on-
site supervision. Equipping the chamber in USB
communication with computer and by development
of computer software, in combination with meters
computer software, enabled fully remote control of
the measuring stand. Application of new hermetical
three electrode measuring capacitor lowered the
chance for sample contamination.

Article presents basics of direct and alternating
current material parameters analysis of composite
cellulose-transformer oil-water nanodrops based on
frequency-domain spectroscopy and polarization-
depolarization current measurements. The use
of a new climatic chamber with a higher accuracy of
temperature stabilization resulted in the possibility
of reducing the difference between successive
measurement temperatures. Which resulted in the
possibility of increasing the number of measurements
in the scope of measuring temperatures. Additionally,
increasing the number of measurement points per
decade increased the accuracy of the measurements.
Additionally, by increasing number of measurement
points per decade to 10 for the frequency range
from 1 mHz to 5kHz and 5 for the frequency
range from 100 uHz to 1 mHz, resulted in increase
of measurements accuracy.

Thepaper presentsresults ofelectrical parameters
measurements of the composite electrotechnical
pressboard-mineral oil-water nanoparticles. The
measurements were made on a sample of oil-
impregnated pressboard with a moisture content
of 5.2+0.1 % by weight.
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Abstract

The method of correlation measurement of the coolant flow rate, widely used for operational diagnostics

of nuclear power plants, can be extensively used in research practice. The aim of this work was to apply
a correlation method based on the conductometric measurement system with wire-mesh sensors for measuring
a coolant flow rate.

Insignificant concentration of a salt solution (NaCl or Na,SO,) creates a gradient of the conductivity
in the flow, which is used as a passive scalar measured by the system. Authors used turbulent pulsations
at the interface of two concurrent flows with identical velocities in a square channel as a signal source
for the correlation method. The paper presents the methodology of the tests, test facility description, signal-
to-noise ratio estimation, the results of digital signal processing and comparison of the measured velocities
in the model with the flowrate—averaged velocity determined by the use of flowmeters. The measured velocity
values give acceptable agreement for the turbulent flow modes. It was shown that the measurement accuracy

drops sharply for low-Reynolds flows.

The obtained results were used for flowrate measurements in core-imitator channels of the nuclear reactor

test model.

The presented paper is an approbation of this approach for its application as part of an test model
of a nuclear reactor in order to determine the each duct flow rates in the channels of the core simulator using

wire mesh sensors.

Keywords: measuring system, correlation flowmeter, spatial conductometry, modeling of processes in the

elements of nuclear power units.
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IIpuMeHeHHe KOPPEISIIMOHHOTO METO/1a ONpeie/IeHUs
CKOPOCTH MOTOKA TENJIOHOCUTEJISI IPU MCCIAETOBAHUAX
THAPOAMHAMMKN TYPOYJE€HTHBIX MOTOKOB B 3JIEMEHTAX
SIICPHBIX PEAKTOPOB

H.A. Konosauos, A.E. Xpo6octoB, M.A. Jleruanos, /I.H. Connuesn, A.A. bapunos,
A.B. PsizanoB, A.A. UecnokoB, M.A. MakapoB

Huoicecopodckuii cocyoapemeennviii mexnuueckuti ynusepcumem umenu P.E. Anekceesa,
vi. Mununa, 24, 2. Huscnuii Hogeopoo 603950, Poccus

IHocmynuna 29.06.2020
Ipunama k neuamu 28.08.2020

KoppensimoHHsIit MeToa u3MepeHus pacxoia TEeIUIOHOCUTEINS, IMPOKO MPUMEHSEMBIH IS dKCILTya-
TAIMOHHOW JWArHOCTHKH SIACPHBIX YHEPreTUYECKUX YCTAHOBOK, MOXKET HAXOJUTh HMIMPOKOE MPUMEHEHHE
B TOM YHCJIE€ U B HCCIIEI0BATEIHCKON NpakThKe. Llenpio qannoi paboThl ABsIach 0TpaboTKa KOPPEISIHOH-
HOT'O METO/]Ia I3MEPEHUS pacXoa TeIUIOHOCUTEIIS C TPUMEHEHHEM KOHTyKTOMETPHYECKUX CUCTEM.

B paGorte npencraBieH BapuaHT IPUMEHEHHUS KOPPEIAIUOHHOTO METOIA JIJIsl UCCIIE0BAHUS TypOYJIeHT-
HBIX TIOTOKOB HA OCHOBE KOHYKTOMETPUIECKON H3MEPUTENBHON CHCTEMBI — POCTPAHCTBEHHBIX KOHAYKTO-
METpPOB CETYATON KOHCTPYKIMH. B KauecTBe MacCHBHOI MPHUMECH HCIOIb3yeTCs He3HAUNTENbHAs KOHICH-
Tpauus pacteopa coiu (NaCl uimu Na,SO,), coznaromeil rpaiueHT IPOBOAUMOCTH CPEAbl, PEIUCTPUPYEMBIi
KOHIYKTOMETPUYIECKON CHUCTEeMOW. B KadecTBe MEepPeHOCHMBIX BO3MYIIEHUN B pabOTE HCIIONB3YIOTCS Typ-
OyJIeHTHBIC MyJbCAlMU HAa TPaHUIlE pa3jeia JABYX CIIYyTHBIX CTPYH C OJMHAKOBBIMH CKOPOCTSIMH B KaHa-
Jie KBagpaTHoro cedenus. [IpencraBiena MeTonKa MpOBeIEHUS NCCIIEIOBAaHUN HA JIAOOPATOPHOM CTEH]IE,
pe3ynbTaThl OLEHKH OTHOIIEHHS CHTHAJI-IIYM M3MEPHUTEIBHON CHCTEMBI, MPOBeeHa 00paboTKa CUTHAIOB
MPOCTPAHCTBEHHBIX JATYNKOB U CPAaBHEHNE U3MEPEHHON CKOPOCTH B MOJEIH CO CPEeTHEPACXOAHOMN CKOpO-
CTBIO, OTIPEIEIIEMOI C TOMOIIIBIO TOKA3aHNH PAcX0AOMEPOB CTEH/IA.

PesynbpTaThl m3MepeHuii 1al0T IpUEeMIIEMOE COTJIacHe C IMTOKA3aHUSIMH IITATHBIX PACXOJI0MEPOB /IS Xa-
PaKTEpHBIX TypOYJEHTHBIX PEKUMOB TeUEHHUS (IOTPEITHOCTh U3MEPEHHs CKOPOCTH MOTOKA MPH TTOMOIIH
KOHIYKTOMETPOB COCTaBIIsIeT MeHee 5 %). [lokazaHo, 4TO TOUHOCTH U3MEPEHNUH PE3KO MaIAeT ISl TIOTOKOB
C HU3KUM 4HcioM PeiiHomnbca.

[IpencraBnennas padota ABIseTCS anpodanuell JAHHOTO MOAX0/1a IS €T0 IPUMEHEHHS B COCTAaBE IKC-
MEPUMEHTAIBHON MOJENN SAEPHOTO peakTopa C IeNbI0 ONpPEeeNIeHUsT TOKaHATBHBIX PacXoJ0B B KaHalaX
MMHUTATOpa aKTUBHOM 30HBI TIPH MTOMOIIX CETYATHIX KOHAYKTOMETPUIECKHUX JTaTIYHKOB.

KuaroueBbie cjioBa: u3MepuTEnbHas CHCTEMA, KOPPEISLMOHHBIM pacxomoMep, MPOCTPaHCTBEHHAs
KOHAYKTOMETPHSI, MOAETUPOBaHKE MTPOLIECCOB B AlleMeHTax S0V
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Introduction

In the modern designs of nuclear power plants
a special attention is paid to improve the reliability,
safety and economy of the operation. These
requirements dictate the need for experimental
studies on large-scale models of elements of nuclear
power plants [1], which in turn raises the question
of the development of new control systems for the
most important parameters of the reactor plant (RP)
which include the flow rate of the coolant in various
elements of nuclear power plants.

Currently known is the correlation method for
measuring the flow rate of the coolant, the main
requirement of which is the presence of some passive
scalar flow function, convectively transferred along
with the current mass. It allows one to implement
correlation measurements using various methods
for measuring flow properties: temperature, content
of radioactive isotopes, optically distinguishable
impurities, etc. [2].

In nuclear power, the correlation method is
used to determine the flow rates in the loops of
a reactor plant. It is based on the analysis of the
readings of detectors of gamma radiation caused by
the activation of the O'® isotope in the neutron field

ofthe core [3]. In the Russian nuclear power industry,
this method was first applied to measure the flow
rate of the primary circuit of a channel reactor [4].
Later in the prototype of the system for correlation
control of the coolant flow rate of the pressure vessel
reactor installed reactor at the Kalinin nuclear power
plant [5], [6].

However, this method cannot be applied for
laboratory studies of the reactor thermohydraulics,
since there are no necessary radionuclides in the
simulated flow. This problem can be solved by a measu-
ring system based on the conductometric sensors wi-
dely used in research practice with a hydrodynami-
cally passive admixture protruding as a tracer.

The purpose of this work was to develop a
correlation method for measuring the flow rate of a
heating agent using conductometric systems.

Test facility

The general circuit of the TF (Figure 1) allows
to perform experiments with isothermal mixing in
an open circulation loop (with the use of flows with
different concentrations of impurities) and non-
isothermal mixing when using flows with different
temperatures.

hot line

cold line

entry section
supply pump

drainage line

X

v

Figure 1 — Hydraulic diagram of the test facility: 1 — hot linecirculation pump; 2 — hot line supply pump; 3 — cold line
circulation pump; 4 — cold line supply pump; T1 — cold tank; T2 — hot tank; DT — drainage tank; TM — test model
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The mixed streams are supplied by the boost
pumps (2 and 4) to the constant level tank volumes,
from which they are fed to the suction side of the
circulation pumps (1 and 3). This solution provides
a constant hydrostatic pressure at the suction of the
pumps, which is one of the main criteria to maintain
the stationary mixing process. Further, the streams
are pumped along the supply lines through the test
model and enter the drainage tank. The valves of the
supply line assumes the possibility of the fluid from
each tank to enter the upper or lower branch pipes of
the model, or to direct a fluid from one of the tanks
to both branch pipes.

The equipment of the TF makes it possible to
create both laminar and turbulent flow mode (with
Re from 900 to 12-10%) at different temperatures,
flow rates and concentration of impurities in the
coolant flow. The main characteristics of the TF are
shown in Table 1.

Table 1
Main parameters of the test facility
Parameter Value
The total power of the heaters, kW 12
Flow through test model, m*/hr up to 2.9
Temperature of the mixing flows, °C 10-60

The measuring system of the TF consists of a
technological part, which is necessary to control the
mode parameters of the installation, and the research
part, which is necessary for measuring the physical
characteristics in the zone of turbulent flow mixing [7].

The measurements were carried out by method of
conductometry using two wire mesh sensors (WMS)
with location of cells 8x8 and a step between the
centers of adjacent cells of 5 mm [8].

The output current of the measuring system is
proportional to the electrical conductivity, which
depends on the salt content in the measuring cells of
the WMS. Before the measurements, the WMS cells
were calibrated to eliminate common and systematic
errors in measuring electrical conductivity.

Measuring principle

The measurements were carried out in a test
model with a square cross section of 50x50 mm,
the general view of which is shown in Figure 2. The
WMSs were installed in a zone of intensive mixing
at axial distance of 500 mm.

The mass flow rate measurements were
performed in the range from 0.173 m*/h (Re = 900)
to 2.64 m’/h (Re=12:10%). The actual flow rate
was recorded using individually calibrated flow
meters [4].

Wire mesh sensor 2

Wire mesh sensor 1

100 100 100 100

100

<
= N\ it
Flow 1 = ] [
e B
Flow 2 mm— T
L

P46

o050

Figure 2 — Test model
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The basis of the used flow measurement R (X.) 1 1 Ni_l
1 1 i ¢ ’ = Y X Vivws
method is to determine the time of transport of the k R.(OR,(0) N & 4k ()

turbulent fluctuations between two WMS. For this
purpose, an algorithm of cross-correlation (CCF)
between the electric conductivities X (¢) and
Y (¢), determined by the WMS was used. The
discrete CCF of time sequences X (¢) and Y (¢) was
calculated as follows:

1
where;: ————= — CCF normalization parameter;
JR )R, (0 P ’

x,—electrical conductivity obtained from the first
WMS;  y,,,—electrical conductivity obtained
from the second WMS (¢+k); k—shift by time
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axis; N—number of counting in implementation;
k=0,1, ..., N—1—sample numbers.

Because of the measurements were carried out
using WMS, after applying the specified algorithm,
an array of velocities in the measuring cells of the
WMS was obtained. The cell numbering is shown in
Figure 3.

DO1EIEIENEIE)
(2)10/18)29 394068
ODDIYEICEICED)
OBITIEICTICHIA
(5132)2IEIEIEIED
(6)14/2260 (3949962
(D19CIGIEIADEIE
(8)1629(32(40(49(0(64

Figure 3 — Measuring cells of WMS

The obtained velocity values depend on the
position of the measuring cells in the channel
section. This happened because the intensity of the
turbulent pulsations in the center of the channel is
greater than at the periphery, as a result of which the
cross-correlation between the readings of electrical
conductivity between the central cells of the sensors
is much stronger than between the peripheral ones.

2200

By this reason, the assessment of the integral
characteristic of the velocity over the channel section
of the test model was carried out using weight
coefficients:

i

@

w=
Zw
where: i — WMS cell number; o, — weight coefficient
of i-th cell; w; — flow rate in the i-th measuring cell.
In this case, the contribution of a particular
cell to the integral estimate of the velocity will be
proportional to the variance and the correlation
coefficient between the readings of the electrical
conductivity of the first and second WMSs in the i-th
measuring cell. Based on this, the weight coefficients
for each cell were calculated as follows:

2
w; = (Gzi) P> 3)
where: 6> — variance of readings in the i-th measuring
cell; p, =max(|R,(X, Y)|) — correlation coefficient

between the readings in the i-th measuring cell of the
first and second WMS.

Measurement results

As a result of the measurements, instantaneous
and averaged values of electrical conductivity at the
cells of the sensors were obtained. Figure 4 shows
an example of the measured conductivity in test with
Re = 12-10°.

—Cell 32

—Cell 31

2000 § 'f Cell 30

g 4 Wil—cell 29

% —Cell 28
=11
2
=
5
=
S
[=]
(=]
O

Time, s

Figure 4 — Example of the electrical conductivity data in test with Re = 12-10°

Figure 5 shows the distribution of the averaged
electrical conductivity over the measuring cells for
the data in test Re = 12-10” and Re = 900.

The presence of a sharp leap in the conductivity
for Re =900 indicates the absence of mixing of

flows in this test. Conversely, the smooth distribution
of conductivity over the cells with a simultaneous
shift of the maximum readings to the center indicates
a significant intensity of turbulent pulsations in the
test with Re = 12-10°.
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Figure 5 — Averaged electrical conductivity in measuring cells in tests with Re = 12-10° and Re = 900

The first objective was to assess the effect of
noise on the measurement results. To obtain this
estimate the electrical conductivity in a flow without a
tracer was measured. Further, based on the analysis of
the power spectral density (PSD) and the estimation
of the main vortex frequencies noise intensity and
it’s frequency band were obtained. In this case, the
assessment noise frequency band was f, ., = 61 Hz.

noise

The resulting periodograms are shown in Figure 6.

Further correlation measurements were carried
out using a digital low-pass filter with a passband
Jsop =40 Hz.

Figure 7 shows a view of the wire mesh sensor
realization after passing through a low-pass filter.
The signal shape for the central cells shows a high
level of their correlation.

10—

—Signal
—Noise
-~ Interference(61 Hz)

| L M | P |

10—]57 | |

107 107

10! 10

Frequency, Hz

Figure 6 — Periodograms of power spectrum density (PSD) during "contrast mixing" (signal) and "non-contrast"

mixing (noise)

A high level of correlation for the central
cells (p=0.63) provides good accuracy in
determining the time shift (t = 4.78 c).

Table 2 shows the data on the flow rate obtained
by the correlation method in comparison with the
readings from the flow meters of the TF.
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Figure 7 — Electrical conductivities and cross-correlation functions in test with Re =6.3-10° for central and peri-

pheral cells

Comparative analysis of values

Table 2

Reynolds

Parameter

Re =900 Re = 6300 Re =12000
Flow according .to standard 288 2238 43.92
flowmeters, 1/min
Correlation flow, 1/min 110.25 23.25 447
Relative error 3719 % 4% 2%
Correlation velocity, m/s 0.735 0.155 0.298
Temperature, °C 274 274 27.4
Density, kg/m® 996.41 996.41 996.41

The readings obtained indicate the presence of
an error of less than 5 % for higher Re numbers,
while with decreasing Re, an increase of the error
is observed. This is explained by the significant (in
comparison with the size of the energy-carrying
vortices) distance between the WMS. The intensity

of turbulence in the mixing zone decreases with the
decrease of Re number, which causes the decrease
of correlation strength between the readings of
the sensors. In this case, for Re =900, there is no
correlation between the readings of the sensors due
to the homogeneity of the flow in the laminar mode.
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Conclusion

The approbation of the method of correlation
determination of the coolant flow carried out in this
work on the basis of a conductometric measuring
system for turbulent flow in a square channel made
it possible to apply this method to measure channel
flow rates in scale models of elements and equipment
of the core of a nuclear power plant.

The discharge results obtained for various
Reynolds flows indicate a strong dependence of the
flow rate measurement accuracy on the turbulence
intensity. Furthermore, measurement results for
Re =900 allow making a general conclusion about
the presence of a lower limit of the measured flow
rate which will depend on temperature, flow rate and
distance between sensors. Hence this limit will be
different for each specific event.
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Abstract

Assessment of the environmental and economic performance of a safety valve requires information
about the flow of the substance through the valve when it is actuated. The goal of this paper was to determine
the flow rate of the discharged substance and the mass flow rate of the substance entering the safety valve
when it is actuated.

Proposed a mathematical model to describe the processes occurring in the valve. The model includes
a system of differential equations describing the physical laws of conservation in the internal volume
of the valve and differential equations, which link the value of gas flow through the valve with the pressure
and the amount of movement of the shut-off disk. Used a modified method by S.K. Godunov to solve gas-
dynamic equations.

Established that the determination of the flow and power characteristics of the valve requires the
preliminary construction of a mathematical model of the safety valve operation. Based on this, proposed a
method for determining the flow rate of the discharged substance and the mass rate of the substance entering
the safety valve when it is actuated.

Obtained the flow characteristics of the valves under review and the dynamics of movement of the shut-
off disc of the valve, as well as the dependence of the pressure change on the opening time of the valve.
Comparison of the calculated values with available experimental data gives good agreement of results (no
more than 5.6 % for a gas flow rate, under 10 % for the movement of the valve and change the arrival of gas
in time using the standard deviation function of the flow characteristics of 0.6 %), confirms the correctness
of the defined mathematical model, used numerical schemes and algorithms, as well as the proposed method
and recoverability of the arrival of gas in a pressure—time curve.
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OmnpeneneHue pacxoHbIX XapaKTEPUCTUK
B TEXHOJIOTHYECKHUX MPOoIeccax ¢ KOHTPOJIUPYeMbIM
JAaBJIeHUEM

T. Penep, B.A. Tenenes, A.A. YepHoBa

Hhicesckuii eocyoapcmeennviil mexnudeckutl ynusepcumem umenu M.T. Karawnukosa,
ya. Cmyoenueckas, 7, . Mbicesck 426063, Poccus

Hocmynuna 22.04.2020
Hpunama k nevamu 02.09.2020

OrneHKa YKOJIOTHYHOCTH ¥ 3KOHOMHYHOCTH PabOThI MPEOXPaHUTENFHOTO KilaraHa Tpedyer nHpopma-
MU O Pacxo/ie BEIIeCTBA Yepe3 KIanaH MpH ero cpadbarpiBanuy. L{enpro nanHoi paboTsl ABISIIOCH OMpee-
JICHHE BETMYMHBI PacXoaa cOpachlBAEMOT0 BEIIECTBA U MAaCCOBOI CKOPOCTH MOCTYIICHHS BEIIECTBA B Ipe-
JIOXPAHUTENbHBIN KJIallaH MPH €ro cpadaThIBAHNH.

g onmcanus poIieccoB, MPOTEKAIOMIMX B KiaraHe, MpeIokeHa MaTeMaTHIecKasi MOJIeNb, BKIIIO-
qaomasi cucreMy IupQepeHInaNbHbIX yYPaBHCHUH, ONMUCHIBAIOMINX (U3UYECKUE 3aKOHBI COXPaHCHHS
BO BHYTPEHHEM 00bEME KianaHa u AudQepeHnraabHble ypaBHeHNS, CBA3bIBAIOIINE BEIMIMHY PacXo/a ra3a
Yyepe3 KJIamaH ¢ JaBJICHHEM W BEIMYMHON IepeMeIeHus 3allOpHOro Aucka. Jls penienus ra3oquHaMuye-
CKUX ypaBHEHUI nmpumensiics MonudunupoBanubiii metoa C.K. I'ogyHoBa.

YCTaHOBIEHO, YTO OMpeAeNeHHE PAacXOAHONH M CHIIOBOM XapaKTepHUCTHK KiamaHa TpeOyeT MpejBa-
PHUTEIBHOTO MOCTPOCHHS MaTeMaTHUeCKOW MoJielin (YHKIIMOHUPOBAHUS MPEIOXPAHUTEIFHOTO KilaraHa.
Ha ocHoBannu yero mpeiokeHa METOIMKa OMpPeIesIeHUs] BETMUMHBI pacxo/1a cOpachklBaeMOr0 BEIIECTBA U
MacCOBOH CKOPOCTH TMOCTYIUICHHS BEIIECTBA B IPEJOXPAHUTENbHBINA KIIaaH MPH ero cpadaTbIBaHUH.

[Tosrydensl pacxonHble XapaKTEPUCTUKN PAacCMaTPUBAEMBIX KJIAITAHOB M TWHAMHKA TepeMeIIeHus 3a-
MTOPHOTO JIMCKa KJIaraHa, a TAaK)Ke 3aBHCHUMOCTh H3MEHEHHUS JIaBJICHHUS OT BPEMEHU OTKpHITH KiamaHa. Co-
MTOCTABJICHNE PACUYETHBIX 3HAUYECHUH C MMEIOUIMMHCSA DKCIIEPUMEHTAIBHBIMU JaHHBIMHU AT XOpollee Co-
BmaneHue (e 6osee 5,6 % s pacxomna raza, menee 10 % i mepeMenieHus Ki1amana U U3MEHECHHSI TIPUXO0-
Jla Taza BO BPEMEHHU NP CPEIHEKBAJAPATUIHBIX OTKIOHEHHAX (QYHKIUH PACXOIHBIX XapakTtepucTuk 0,6 %)
Pe3yNbTaTOB, MOATBEPKAAET KOPPEKTHOCTh C(HOPMYINPOBAHHON MaTeMaTHYECKON MOAEIH, UCIIOJIb3YEMBIX
YHICIEHHBIX CXeM W alTOPUTMOB, IPEUI0KEHHOW METOIUKN ¥ BO3MOKHOCTh BOCCTAHOBJICHHSI TPHX0/1a Ta3a
10 KPUBOM J1aBJIEHUE—BpPEMSI.

KuaroueBble cjioBa: TpegoXpaHUTENBHBIA KIIAlaH, W3MEPEHHE PACXOIHBIX XapaKTePUCTHK, KOHTPOIb
JTABJICHUS, YACICHHOE MOJCITUPOBAHHE.
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Introduction

Chemical and technological processes, oil and
gas pipeline systems, and high-pressure devices
require the use of pressure level monitoring. The
safety valve refers to the class of pipeline fittings
designed to protect against mechanical destruction
of equipment and pipelines, which is caused by
overpressure, using automatically relief of excess
working medium from systems and pressure vessels
in excess of the set pressure. The valve should also
ensure that the discharge of the medium is stopped
when the operating pressure is restored [1-3].
Dangerous overpressure may occur in the system due
to foreign factors (improper operation of equipment,
heat transfer from exterior sources, incorrectly
assembled thermal and mechanical circuit), as well
as due to internal physical processes caused by an
event beyond the normal operation.

In this case, the safety valve refers to quick-
operationdevices [4] thatrequire the use of specialized
quick-operation measuring instruments [5], the range
of operation of which is quite limited [6]. However,
we need to find the values of the discharge flow rate
to assess the economic and environmental impacts.
The determination of the mass rate of the substance
input due to the process deviation from the normal
technological mode is required to eliminate the
causes of abnormal operation.

If there is a record of measurement of the current
pressure in the tank, the value of gas arrival, G, and
gas flow through the valve, G, can be determined
based on the mathematical model of the safety valve
operation. Therefore, the goal of this paper was to
determine the flow rate of the discharged substance
and the mass flow rate of the substance entering the
safety valve when it is actuated.

Mathematical model of gas arrival
calculation

To obtain the dependence between the flow
characteristics and the pressure in the tank, let us
consider the mass balance equation:

o

G -G,
dt L

where: p is the gas density; W is the operation
capacity of the tank; # is the time.

In the adiabatic approximation, we obtain an
equation that links the pressure change, p, to the flow
characteristics, Gp, G,

k-1
p k

@ G”)(pm)j ’
where &, R is the adiabatic exponent and the gas
constant of the working medium; 7'(0), p(0) are the
initial values of temperature and pressure in the tank.

The gas flow through the valve is a function
dependant on the pressure and the value of the
movement, X, of the shut-off disc: G, = G (p, X). We
can obtain this dependence either experimentally or
by calculation. We propose to find this dependence
from the numerical solution of the equations of the
mathematical model of valve operation [7, 8] with
the verification using the results of experimental
measurements fora specific type of valve. Equation (1)
gives us the expression for the gas arrival:

E
)
p .

Expression (2) includes the value of the movement
of the valve disc, X(¢). We find this dependence from
the solution of the disk movement equation [7].

dn ax

m, 7 =F ,-F, 0 =1.

The movement of the disk in the axial direction is
determined by the action of the force from the gas, F/,
and the elastic force of the spring, F, = K,(X + X,).
Here: K| is the spring stiffness coefficient; X, is the
initial spring compression (preload): n is the speed
of the disk movement. Initial conditions: X(0) =0,
1n(0) = 0. The height of the disk lift is limited by the
value X, .

For the numerical solution of the disk
movement equations, we introduce a difference grid
{ty<ti<..<t,<.<t,=t.h, =t,,-1,}and a two-step

dp _ kRT(0)
dt /4

(1

dp W

a_W (2)
dt kRT(0)

p

3)

difference scheme [8]:

To calculate the movement of the disk, we
should define the dependence of the force acting on
the disk from the gas on the movement and pressure,
Fy(X, p). To calculate depe{ndencies, G, = G, (p, X),
F/(X, p), we use the following mathematical model.
X
h

n

X" x!
h

n

(F (X p()) - KX, ) h+K,X"+m, (

X =
m

Kh +—

s'n
n

Mathematical model of safety valve
operation

Processes occurring in the valve are described
by a mathematical model in the form of a system of
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differential equations describing the physical laws
of conservation in the internal volume of the valve.
For a gas safety valve, we consider the processes
of internal gas dynamics within the framework of
the viscous compressible gas model. The change in
the thermodynamic parameters of the gas in the tank
is subject to the equation of state: p = pRT.

The continuity equation is written down in
general form:
dp

—+pVU=0, 4
s p “)

where U is the gas flow rate vector. The momentum
conservation equations and the energy conservation
equation have the following form:

p% =-Vp+DivP; ©)
d U’ (6)
—| CT+— |=V(PU)+Vq,

pdt( ' 2j (PU)+Va

where P is the tensor of viscous stresses; C, is the
specific heat capacity of the gas at a constant volume;
q is the heat flow vector.

The system of equations (4)—(6) is supplemented
by equations for the transfer of the kinetic energy of
turbulence and the rate of turbulence dissipation [9].
The axial component of the force acting on the disk
from the gas is determined by the integral on the disk
surface, S,;:

F, = I pds. 7

Sa

The calculation area (Figure 1a) is divided into
two parts.

The first part is axially-symmetric and it uses a
cylindrical coordinate system (x, », ¢). The second
part uses a rectangular coordinate system (x, y, z).
We use the control volume method for the numerical
solution of a system of gas-dynamic equations. We
determine gas parameters at the boundaries of control
volumes using the S.K. Godunov method [10]. To
increase the order of approximation of the Godunov
difference method, we use the MUSCL (Monotone
Upwind Schemes for Conservation Laws) scheme.
In accordance with this scheme, we define the
values of gas-dynamic parameters for solving the
problem of discontinuity decay using extrapolation
with a limiter [11, 12]. For equations written down

in a cylindrical coordinate system, we construct
a difference grid (Figure 15) in the ¢ = const
plane using the complex method of boundary
elements [13]. For equations written down in
a Cartesian coordinate system, the difference
grid is unstructured. The gradients of variables
included in the tensor components P are calculated
in the middle of each face through the values
of variables in the surrounding control volumes,
as described in [14]. For time integration, we use
a two-step Runge—Kutta scheme with second-
order accuracy.

Figure 1 — Valve diagram (a), difference grid (b), and
flow structure (c)

The gas-dynamic equations (4)—(7) are solved
numerically together with the disk movement
equations (3). The difference grid is adapted to the
disk movement.

We consider two designs of the LESER
safety valve, 2J3 and 441. The gas-dynamic force
and flow through the valve are written down as:
Ff()(ap) :pW(X)’ Gv(an) :pY(X)> where W(X)a
v(X) functions are characteristics of the valve type.
The calculated and experimental dependencies are
shown in Figure 2.
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+ experiment 441 —calculate 441

—calculate 2J3

- experiment 2J3

12
X, mm
Figure 2 — Valve characteristics
The calculated dependencies, wy(X), are
approximated by  Sth-degree  polynomials,
S
y(X) =Y B,Xx*, with coefficients, B, in Table 1.
k=0
Table 1
Polynomial coefficients for y(X)
Valve By
441 1825704 22713 24635 -0.3243 0.0155 -0.0002
2J3 123.8281 9.6135 0.1595 -03951 0.0570 -0.0024

The flow characteristics of valves obtained
by calculation are approximated by 2nd-degree
polynomials with coefficients from Table 2.

Table 2
Polynomial coefficients for y(X)
Valve B
441 0 0.0345 -0.00071
2]3 0 0.0292 -0.001

The results of tests processing

The scheme for testing safety valves in
accordance with the ASME PTC 25-2014 standard
is shown in Figure 3.

The characteristics of the tested LESER 441 and
2J3 valves are shown in Table 3.

Table 3
Characteristics of valves
Valve Xy, mm K, N/m L,m D,,m
441 0.017 54700 1.2 0.05
2J3 0.025 26000 1.2 0.05

The tests were carried out in the air. The vessel0
tank has a large volume under high pressure and

serves as a gas source for the vessel tank with pressure
control. The intensity of the gas arrival is regulated
by the operator during the test (regulator, R,). One
of the goals of the tests was to check the stability
of the valves with a long pipe between the tank and
the valve. A pipe with a length of L and a diameter
of D, connects the tank to the valve. Pressure and
temperature are measured at the inlet and at the end
of the pipe. The movement of the rod, X, is measured
on the valve. The pressure is measured using a P900
series load cell with an error of 0.2 %. The force is
measured using a U2B sensor with an accuracy class
of 0.2. The movement of the disk is controlled by
a WA standard displacement inductive transducer
with an error of 1 %. Sensor readings are recorded
in 0.000417 seconds.

Gv

Gp pWT L -
RI vessel pl Tl p272

Figure 3 — Safety valve testing scheme: vessel0 —a tank
with a large volume under high pressure, which is the
source of gas for the vessel tank; vessel —a pressure-
controlled tank with operating parameters P, 7T, W;
R, —gas flow regulator; G,—gas arrival; P, T —gas
pressure and temperature at the outlet of the tank with
pressure control; L — length of a pipe with a diameter, D,,
connecting the tank to the valve; P,, T, — gas pressure and
temperature at the inlet to the valve; G, — gas flow through
the safety valve

vessel(
Ny 00

The use of formula (2) for calculating the gas
arrival value based on the results of experimental
measurements of pressure, p(¢) , and disk move-
dp

ment, X(¢), requires calculating the derivative

Differentiation of functions based on the results of
experimental measurements is an incorrect operation.
Figure 4 shows the measured dependence, p(¢) (red
line).

The prese nce of acoustic oscillations and
measurement errors leads to the occurrence of
high-frequency oscillations. Therefore, the results
of measuring all parameters were smoothed using
smoothing cubic splines. The value of the derivative
was determined by the value of the relevant spline
coefficient. The smoothed dependency, p(¢), is shown
in Figure 4 with a black line.
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—smoothing —experiment

W

Figure 4 — Pressure versus time (valve 441)

The time change of the value of air arrival in the
vessel tank, which is calculated using the formula (2),
equations (3), and pre-calculated functions, y(X),
v(X), is shown in Figure 5.

2
1.6
1.2
0.8
0.4

O T T T 1
40

Gp, ke/s

78]

Figure 5 — Dependence of gas intake on time

The scheme of the valve tests under review
provided for measuring the movement of the valve
disc, as well as the pressure and temperature in
two sections of the pipe (Figure 1). Based on this
information, we can determine the value of gas flow
through the valve during testing and compare it
with the calculated dependence, G, (p, X) = py(X).
If p,, T, are the pressure and temperature at the
end of the pipe before the valve, we determine
the mass flow of gas through the pipe using the
following expression:

2

Dl
Gexp = (p27.c T

2(p-p,)

RT,’
where ¢, is the flow coefficient related to a
sharp narrowing at the inlet to the pipe from the
tank (Figure 6) and friction in the pipe. We determine
the flow coefficient when solving the gas-dynamic
problem in an axially-symmetric setting in the
calculated area (Figure 6).

The value of the flow coefficient, ¢, = 0.814.
The measured movement of the valve disc is shown
in Figure 7.

N Q !
ORI
%\\\

W
SR
s

Figure 6 — Fragment of the vessel — pipe design area

X, mm

(= R - -]

<

Figure 7 — Moving the valve disc

The calculated and experimental flow values
corresponding to these values, X, are shown in
Figure 8.

—experiment  —calculate

Figure 8
gas flow

— Calculated and experimental dependencies for

The experimental and calculated,
y(X) =0.0345X - 0.00071X* | flow characteristics
of the 441 valve are shown in Figure 9.

The average square deviation is 0.006. We may
conclude from the presented comparison of the
results of calculations and experiments that the design
characteristics of the valve provide the determination
of gas arrival in the controlled tank only through the
pressure—time dependence.

Let us review the test results of the 2J3 valve.
The time change in pressure is shown in Figure 10.
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Figure 10 — Time dependence of pressure (2J3 valve)

During this time, the three-time actuation of the
valve occurs, as shown in Figure 11.

12 - —experiment —calculate
10 q
g
2, )
b 1
>
o - B I T —
2 4 20 40 60 80 100 120 140

1S

Figure 11 — Measured and calculated movement of the
2J3 valve disc

The time interval under review corresponds to
the dependence of the gas arrival on time, which
is obtained by the calculation and confirmed in
experiments (Figure 12).

—experiment —calculate

=}

20 40 60 80

7,8

100 120 140

Figure 12 — Change of gas arrival in time (valve 2J3)

The comparison of the change in the value of
the disk movement obtained in the experiment and
by the calculated method (solution of equations (3)
using the power characteristic of the valve 2J3,
y(X)=123.8281 +9.6135X + 0.159X* — 0.3951X> +
+0.0570X* - 0.0024X°), which is shown in
Figure 11, demonstrates that the power characteristic
of the valve was obtained correctly.

Conclusion

We have shown that in order to find the arrival
of a gas mass in a controlled technological tank,
which leads to increase in pressure, it is required
to have the following information: the pressure-
time dependence recorded in the technological
process; calculated flow and power characteristics
of the valve. We confirmed during our work that the
determination of the flow and power characteristics
of the valve requires the preliminary construction of
a mathematical model of the safety valve operation.
Based on this, we proposed a method for determining
the flow rate of the discharged substance and the
mass rate of the substance entering the safety valve
when it is actuated.

Following the numerical simulation, we
obtained the flow characteristics of the valves under
review and the dynamics of movement of the shut-
off disc of the valve, as well as the dependence of
the pressure change on the opening time of the valve.
Comparison of the calculated values with available
experimental data gives good agreement of results (no
more than 5.6 % for a gas flow rate, under 10 % for
the movement of the valve and change the arrival
of gas in time using the standard deviation function
of the flow characteristics of 0.6 %), confirms the
correctness of the defined mathematical model, used
numerical schemes and algorithms, as well as the
proposed method in general and recoverability of the
arrival of gas in a pressure-time curve in particular.
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Abstract

One of the important characteristics of the surface properties of metal parts subjected to friction is
hardness. Hardness measurements are important for determining the operational characteristics of parts and
monitoring the technological regimes of surface modification. However, hardness measurements of thin
modified layers made by different methods can lead to differences in measurement results. The aim of the
article was to study the hardness of a metal surface modified with ultrafine particles of minerals by two
different methods (instrumental indentation and Vickers hardness measurement) and a comparative analysis
of the measurement results obtained by these methods.

Standard Vickers hardness measurements at loads of 0.025, 0.1 and 0.5 kgf showed a qualitative diffe-
rence between the hardness values of the two samples modified with different mixtures of ultrafine particles
of minerals and a large heterogeneity of the hardness values over the area. By the method of instrumental
hardness, standard measurements were performed without preliminary selection of the indentation site (at a
load of 1.05 N) and measurements during indentation into even sections (at low loads of 10 mN).

It is noted that the high precision of measurements implemented by instrumental indentation, due to
the large roughness of the samples, leads to large values of the error in calculating the measurement results.
An additional difference in the results of measurements performed by two methods at shallow indentation
depths may be due to the fact that the object under study has a complex structure consisting of a metal matrix
and particles distributed over the depth of the sample. A possible way out of the situation lies in the transition
from the use of hardness measures when calibrating instruments to standard samples of properties for which
the constancy of mechanical properties in the measured range of indentation depths will be ensured, but which
are not yet available in research practice. Therefore, at present, when carrying out work related to the search
for optimal conditions for obtaining thin wear-resistant layers on the surface of metals modified with ultrafine
particles of minerals, comparative measurements performed by one measurement method are recommended.
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Oco0eHHOCTH U3MepPEeHUS TBEPAOCTH METALIMYCCKOH
MOBEPXHOCTH, MOAUPUIMPOBAHHOM YJIbTPAAUCIIEPCHBIMH

qJacTunaMuu MUHEPaAJI0B

A.B. Ckazoukun', I'.I'. Bonnapemcoz, I1. )KyKOBCKnﬁ3

1 o . o . o
Kanyorcckuii unuan Poccutickoii akademuu HapoOH020 X0351Cm8a u 20Cy0apCmeeHHOU Cyiucobl,
ya. Oxpyoicnas, 4, cmp. 3, Kanyea 248030, Poccus
2 . .
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3 TTio6nunckuii mexnonoauueckuii yHUgepcumem
va. Haobviempuykas, 384, Jlrooaun 20-618, Honvwa
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Ipunama k nevamu 03.09.2020

OnHOI U3 BayKHBIX XapaKTEPUCTUK CBOMCTB MOBEPXHOCTH METAJUINYECKUX JIE€TaJle, OJBEPratOLINXCsI
TPEHUIO, ABIseTCS TBEPAOCTD. M3MepeHus: TBEPAOCTH BasKHBI AJIs1 ONPEACICHUS SKCIUTyaTallHOHHBIX XapaK-
TEPUCTHK JICTAJICH U KOHTPOJIE TEXHOJIOTHUYECKUX PEKUMOB MOIUPHUKAIMN OBepXHOCTH. OHAKO U3Mepe-
HUS TBEPIOCTH TOHKUX MOAU(DUIMPOBAHHBIX CIOEB, BHINOJIHEHHBIE PA3HBIMA METOIaMH, MOTYT IPUBOJUTH
K Pa3JIMuuIO Pe3yJIbTaToB U3MepeHuil. Llenbio nanHoN paboThl SIBISIIOCH UCCIIEA0BaHNE TBEPIOCTH TOBEPX-
HOCTH MeTajula, MOJU(PULUPOBAHHON YJIbTPAIUCIEPCHBIMU YacTULAMUA MMHEPAJIOB, ABYMS pa3lIWYHbIMU
METOAaMH (MHCTPYMEHTAJIbHOIO MHICHTUPOBAHUS U M3MEpeHus TBEPAOCTU 1o Bukkepcy) U cpaBHUTEIb-
HBII aHAJIN3 PE3YJIbTATOB U3MEPEHUI, OIYUEHHBIX STUMH METOJAMU.

CrannapTHble u3Mepenus Teépaoctu no Bukkepcy mpu narpyskax 0,025, 0,1 u 0,5 krc nmokasanu kaue-
CTBEHHOE OTJIMYME 3HAUCHHH TBEPIOCTH ABYX 00pa3loB, MOAM(DUIMPOBAHHBIX PAa3HBIMU CMECSMH YJIbTpa-
JICTIEPCHBIX YacTHUIl MUHEPAJIOB U OOJBIIYI0 HEOAHOPOIHOCTh 3HAYEHUH TBEPAOCTH MO Tutomanu. Mero-
JIOM MHCTPYMEHTAIBHOW TBEPIOCTH BBIMOJIHEHBI CTaHIAPTHBIC U3MEPEHHUs 0€3 MpeBapUTEIHHOTO BBIOOPa
MecTa HHAeHTHpoBaHus (pu Harpy3ke 1,05 H) u m3mepenwust mpu HHISHTHPOBAHUY B POBHBIC YIACTKHU (TIpH
Maibix Harpyskax 10 mH).

OTMed€eHO, UTO BBICOKAsI IIPELM3HOHHOCTh M3MEPEHHUM, peali3yeMast METOI0M HHCTPYMEHTAIBHOTO HH/ICH-
TUPOBAHUsI, U3-32 OOJIBLION LIEPOXOBATOCTH 00PA3LIOB MPUBOAUT K OOJIBIIUM 3HAYEHHSIM TIOTPEIIHOCTH IIPH pac-
4éTe pe3yNnbTaroB n3MepeHui. JIoNmoMHNTENbHYIO Pa3HULy Pe3yJIbTaTOB H3MEPEHUH, BHITIOTHEHHBIX IBYMSI Me-
TOJIAMHY Ha MaJbIX ITyOMHAX WHACHTUPOBAHUS, MOKET BHOCUTD TO, YTO UCCIIEyeMbIid OOBEKT UMEET CIIOKHYIO
CTPYKTYPY, COCTOSILIYIO W3 MaTpuUllbl METa/Ula U YacTHULl, pacipeeiéHHbIX 0 N1yOnHe oOpa3ua. Bo3moxkHbIHi
BBIXOZI M3 CUTYallMH 3aKJIOYAaeTCsl B MEPEXOE OT MCHOIB30BAHUS MEp TBEPAOCTH NPU KaTHOPOBKE NMPUOOPOB
K CTaHIApTHBIM 00pa3laM CBOMCTB, Ul KOTOPBIX Oy/ieT 0OecreyeHO MOCTOSHCTBO MEXaHHMYECKUX CBOWCTB
B M3MEPSEMOM JIHANa30He [TyOWH UHACHTUPOBAHMSI, HO KOTOPBIE ITOKa OTCYTCTBYIOT B HCCIIECIOBATEIbCKON MPaK-
THke. [ToaToMy B HacTosiILiee BpeMs ITPU IIPOBEACHUH padoT, CBI3aHHBIX C TIOMCKOM ONTUMANIBHBIX YCIIOBHH MOITY-
YEHHs! TOHKUX U3HOCOCTOMKHMX CITOEB Ha MOBEPXHOCTH METAIIOB, MOIU(DUIIMPOBAHHBIX YIIBTPAICIICPCHBIMH Ya-
CTUIIAMH MUHEPAJIOB, PEKOMEH/IYIOTCSI CPABHUTEIIbHBIE M3MEPEHMS, BHITIOJTHEHHbBIE OTHUM METOIOM M3MEPEHMSI.

KuroueBble ciioBa: TBEPIOCTh, METAJUIMYECKAs MOBEPXHOCTh, U3MEPEHUS 110 BUKKepcy, MHAYCTpUAIbHOE
WHJICHTUPOBAHUE, MUHEPAJIbHbIE TTOKPBITHS.
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Introduction

The properties of the surface layers of the metal,
modified with ultrafine particles of minerals, depend
on the technological conditions of production, the
composition of mineral mixtures and can vary widely.
For example, changing only some technological
regimes using the technology of mineral coatings [1],
which ensure that microparticles of minerals enter
the metal, it is possible to obtain modified layers
of various roughness Ra (average roughness) on
structural steel samples, differing by almost an order
of magnitude [2]. The interest in modified layers
enriched with microparticles of minerals is due to
their prospects as wear-resistant and/or antifriction
coatings on the surfaces of friction pairs of various
metals — steels [1], titanium [3], aluminum [4]
operating in an aggressive environment — abrasive,
marine water, in the presence of gases, acid solutions,
under thermocyclic loads [5, 6]. Studies show that
the thickness of the modified layer, the coefficient
of friction, the hardness of the layers depend both
on the composition of the mineral mixtures and
on the modes of particles entering the metal and
the properties of the modified metal surface. In
this case, a huge role is played by the quantitative
determination of some tribological parameters
of the created modified layers, in particular, the
determination of such a parameter as hardness for
comparison with the macroscopic properties of the
part itself and the evaluation of the practical benefits
of creating layers [7].

The most common method for determining
the hardness of thin modified layers is instrumental
indentation, which is the basis of the ISO 14577
standard. The essence of the measurement method
consists in the process of indenting a trihedral
diamond pyramid (Berkovich pyramidal indenter)
with recording the indentation diagram and then
calculating the hardness of the dependence of the
applied force on the implementation in accordance
with standard ISO 14577 [8, 9].

Also, to measure the hardness of thin microlayers,
the Vickers method of measuring microhardness
(ISO 6507 standard) is used, which is methodologi-
cally close to the instrumental indentation met-
hod [10]. Its essence is in measuring the diagonal
of the resulting fingerprint when an indenter is
introduced into the metal in the form of a tetrahedral
pyramid (Vickers pyramidal indenter) [11]. However,
due to the arising effect of elastic indentation of the
indentation when the indentation size is less than

10 pm and the resolution of the optical microscope is
limited when measuring the diagonal of an imprint of
this size, this method is used to measure the hardness
of films with a thickness of at least 10 pm [12].

There are common problems for all methods in
determining the hardness of thin layers and coatings,
such as the effect of the substrate, surface roughness,
and the presence of residual stresses, which can
make a significant correction in the measurement
results [4]. For example, the influence of the base
metal substrate in measuring hardness consists in the
fact that the recorded response of the material during
measurement depends on the modified layer and on
the properties of the metal volume [13].

Such features of thin layers modified with
ultrafine particles of minerals, such as the absence
of a clear interface between the layer and the
substrate [1], as well as the requirement to control
not only the properties of the surface layer, but also
the depth distribution, increase the requirements for
hardness determination methods.

It should be noted that, despite the similarity of
the industrial indentation method and the Vickers
method, namely, that the indenters have the same
projection area with the same penetration depths
and the imprint geometry is independent of the
penetration depth, their difference is also quite
significant [ 14]. The difference between the methods
is that in the Vickers method, hardness is defined
as the ratio of the applied load to the surface area
of the restored fingerprint, and in the industrial
indentation method, the hardness is equal to the ratio
of the maximum applied load to the projected area
of the unrepaired fingerprint [14, 15]. In general,
hardness, as a dimensionless quantity, characterizes
the behavior of the material under strictly specified
test conditions [12], is not a function of primary
physical quantities and depends on the measurement
technique [8, 11]. Therefore, situations are possible
in which differences in the hardness determination
procedures by these two methods can lead to
differences in the results of hardness measurements of
thin modified metal layers with a thickness of several
tens of microns, which is typical when microparticles
are modified with minerals. On the one hand, the
instrumental indentation method provides the largest
locality and precision of measurements [8, 9, 13,
14], the largest of all existing methods for measuring
the hardness of thin layers, on the other hand, the
hardness tester that implements the instrumental
indentation method is a complex laboratory complex,
and the price of the instrument, implementing this
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method, often differs by an order of magnitude from
the price of a Vickers microhardness tester, which
makes it difficult to use when scaling the technology.
It should also be noted that the implementation
of both methods in modern instruments provides
automatic hardness measurement, touch control, and
automatic focusing.

The purpose of this article is to study the hardness
of a metal surface (steel 20X13 — Russian analogue
of steel X20Cr13 (EU)), modified with ultrafine
particles of minerals, by two different methods
(instrumental indentation and Vickers microhardness
measurement) and a comparative analysis of the
measurement results obtained by these methods.

The development of procedures for measuring
such a parameter of thin layers as the hardness
of a metal surface modified by mineral particles
is aimed at developing solutions to such problems
of technological control of layer parameters
as adapting methods to specific technological
processes, developing automation of measurements
and possible remote control of measurements.

Materials and methods

Two samples of steel 20X13, with a diameter
of 5 (sample No. 1) and 8 cm (sample No. 2), about
1 cm thick, were made by turning with subsequent
standard grinding. On the surface of the samples
layers were created, modified with ultrafine
particles of mixtures of minerals according to the
basic technology of SPC "Geoenergetika" [1]. The
layers were created using different types of mineral
mixtures under the same technological conditions,
which implies the difference in their hardness from
each other. The thickness of each modified layer,
based on the technological parameters during its
creation and earlier experiments, was not less than
20 pum [1, 2]. Comparative measurements of surface
roughness, hardness, and elastic modulus (Young)
were performed on the samples.

The surface roughness was measured on a Model
130 profilometer (PROTON MIET manufacturer), the
measurement method was profilometry. Measurement
procedure parameters: profile length —12.5 mm,
profile measurement speed — 0.5 mm/s.

Hardness measurement was carried out by two
methods and, accordingly, by two devices:

1. Microhardness meter DuraScan (EMCO-
TEST, Austria). Parameters of the measurement
procedure: indenter — tetrahedral pyramid of the
Vickers type, load range: 0.025 kgf — 0.5 kgf.

2. Nanohardness tester "NanoScan-3D" (manu-
facturer FGBNU TISNUM). Parameters of the
measurement procedure: indenter — a trihedral
pyramid of the Berkovich type, loading time — 10 s,
unloading time — 10 s, time to maintain maximum
load — 3 s, load range: 10mN—1.05 N.

Research results and discussion

The roughness measurement was carried out
by measuring the surface profile of the samples, the
roughness parameters are shown in Table 1.

Table 1

Comparison of sample roughness parameters

Sample Ra, pm Rz, pm Sm, um
Ne 1 2.03 £0.02 10.7+0.3 236+ 13
Ne 2 2.62+0.02 143 +0.1 206+ 6

From the Table 1 it follows that the samples
have a similar roughness Ra, which is quite
predictable, given the constancy of technological
conditions. To exclude the influence of such
roughness, it is necessary to perform indentation
at a depth of =100 um, which significantly
exceeds the estimated thickness of the modified
layer (about 20 pm). At the same time, a large
roughness step (Sm = 200 pum) allows one to find
sufficiently even sections for the location of the
indent, which was done during indentation by the
Vickers method.

Before presenting the results of hardness
measurements by two methods, it should be
noted that the surface after modification is rather
heterogeneous due to the fact that the process
operations of the technology of mineral coatings
lead to the formation of a flat surface (about 90 %)
and randomly located microcavities (about 10 %)
throughout the entire working sample surfaces [1,
Figure 1] (or Figure 6 and 7 of this article,
see below). The resulting and existing surface
defects of a flat surface, as well as microcavities,
are filled with particles of minerals and undergo
further technological operations. Particle filling
of surface defects of a flat surface, as well as
microcracks and microcavities, and changes that
occur with defects in a surface hardened layer
during further technological operations, increase
the wear resistance of the material [2]. But then,
when conducting micromeasurements, the question
arises about the place of measurements and the
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correctness of the obtained parameters for the
characteristics of the surface. Given the state of
the surface, it is obvious that when carrying out
measurements it is necessary to adhere to two
measurement strategies:

— taking measurements of consciously selected
areas of the modified surface;

— performing measurements on a large number
of measurement sites selected at random and
statistical processing of the results.

Considering that it is precisely the even
sections of the modified surface that play the
dominant role in the friction processes, and it is
the parameters of the even sections of the surface
that are the characteristics of the surface during
friction and wear [1], indentation by both methods
must be carried out precisely in the even sections
of the modified surface. On the other hand, with
further automation of the hardness measurement
process, indentation locations will be randomly
selected, which means that it is necessary to take
into account the presence of microcracks and
microcavities that will introduce distortions into
the final result.

Vickers microhardness measurement

As indicated above, the samples have a
significant roughness, and to measure hardness,
a flat section was preliminarily selected and then
indentation was performed. An example of the image
obtained after indentation with a load of 0.5 kgf is
shown in Figure 1.

Figure 1 — Optical image of the fingerprint obtained after
indentation with a load of 0.5 kgf (magnification x60)

For measuring the samples, we selected the loads
of 0.025 kgf, 0.1 kgf and 0.5 kgf. The measurement
results are shown in Table 2.

A graphical representation of the results is
presented in Figure 2. Measurement at each load

was carried out 5 times, the standard deviation is
presented as an error.

Table 2

Vickers (HV) measurement results with different
loads

Sample  0.025 kgf 0.1 kgf 0.5 kegf
No | 1215+ 180 1080 + 225 382+ 58
- (HV) (HV) (HV)
No 2 600 + 120 530 £ 140 320+ 40
h (HV) (HV) (HV)
1600 T .

—m— sample Nel (Vickers)
1400 +
—— sample Ne2 (Vickers)
1200 +
= 1000 +
=-.
4 800+
=
2
o3
T 600 +
400 +
200 +
0 . . T . ‘ :
0 0.1 0.2 0.3 0.4 0.5 0.6

Load, kef

Figure 2 — Dependence of the measured Vickers hard-
ness (HV) on the indentation load

The results of Tables 2 and 3 show a qualitative
difference in hardness measured on samples 1 and 2,
and a large heterogeneity of hardness (greater than
100 %), measured over the area of the samples.

Table 3

Hardness (HV), measured according to Vickers
in different places of the samples

Hardness Hardness in Hardness
in the the middle of at the
Sample center of the sample, edge of
the sample between center the sample
(HV) and edge (HV) (HV)
Nel 933 £90 500 £ 145 1133 £275
Ne 2 563 +£210 519+ 50 732+ 175

When measuring hardness by instrumental
indentation (nanoindentation), an attempt was
made to measure with the two measurement
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strategies indicated above. It should be noted that
the instrumental indentation method can determine
the values of hardness and elastic modulus of a
material under loads of micronewtons or more.
However, it is precisely at these load values that
the quality requirements of the modified surface
increase.

Measurement of tool hardness (hardness determined
by instrumental indentation method) and elastic
modulus (nanoindentation): processing of a large
number of indentes.

Measurements in the nanoindentation mode
were carried out as follows: an array of injections
was applied to each of the obtained samples with a
load of 1.05 N. The measurements were performed
without first selecting the indentation site and,
thus, were significantly affected by roughness and
the presence of microcavities. The array contained
10x 10 points with a distance of 300 um between the
points (total size of the indented surface: 3%X3 mm).
The measurements were carried out with a tip in the
form of a Berkovich pyramid, (for estimates: the
transverse size of the indent is = 6 times the contact
depth, which in this case of small elastic recovery
is close to the maximum depth). The results of
measuring hardness H and elastic modulus E are
shown in the Figure 3 below.

It can be seen that the dependence of hardness
on depth is easily described by a curve of the form
~1/h?, which is due to the effect of roughness.
The value of hardness and elastic modulus of the
material can be determined by the peaks of the
distribution density of the measured values N (the
maximum value on the histogram) in Figures 4
and 5.

14.0 1
12.0 .
|
10.0 1 &
o3
& 8.0 E
T 6.0
4.0 1
2.0 1 ™ — L .
0.0
0 3 5 8
Depth, um

a

700 g
600 1 -
500 1 :
-
& 4001 & ': -
G -:-{:_
w3001 A4
200 { g
= "
100 1 Ty
0 =
0 3 5 8
Depth, pm
b

Figure 3 — Measurement of hardness (a) and elastic
modulus (b) depending on the maximum indentation
depth. Red dots — sample Ne 1; black dots — sample Ne 2

-

4.01
0.0 \_/
0 2 4 6 8 10 12 14
H, GPa

Figure 4 — Distribution =~ of measured  hardness.
Red dots— sample Ne 1; black dots — sample Ne2

24.0 1
20.0 1
16.0 1

==

- 12.04
Z j
8.0
4.0 4

0.0 ] e ol
(] 100 200 300 400 500 600 700

E, GPa

Figure 5 — Distribution of the measured elastic modulus.
Red dots — sample Ne 1, black dots — sample Ne 2

The positions of the maxima in Figures 4
and 5 correspond to the following values of the
hardness H,,,, and the elastic modulus £, shown
in the Table 4. It also presents the average values of
hardness and modulus (index "media"), as well as
extreme values.
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Table 4

Hardness and elastic modulus of the samples, determined by the distribution maxima of the

corresponding quantities

Hmean 4 H

E

Sample  H,,,, GPa Gpa > GPa G“i;‘;’ E),» GPa (’}”ff;’ E ... GPa E_ ., GPa
Ne 1 5.6 6.2 1.07 14.9 215 243 92 363
Ne 2 3.7 44 0.89 9.6 275 292 10.4 720

Measurement of tool hardness and elastic modulus
(nanoindentation). indentation in flat areas

In both samples, indentation was performed in
preselected surface areas. The indentation load was
10 mN, an example of the location of indentation
sites for sample No. 1 is shown in Figure 6. A
similar image for sample No. 2 is shown in Figure 7.
In these photographs, even areas that were selected
for nanoindentation, as well as microcavities, which
indicated in [1]. Identification with such a small load
into preselected flat surface areas is logical, since
measurement with such a load in arbitrary places, due
to the presence of cavities, caverns and other defects,
can lead to measurement results very different from
the main population. On the other hand, it is the
results of measurements with such a small load that
are closest to the values of surface hardness.

Figure 6 — Optical micrograph of the distribution of
indentation sites in sample Ne 1 (magnification x60,
aperture 0.85)

As a result of processing the obtained data,
the dependences of hardness and elastic modulus
were obtained, presented in Figure 8 and in Table 5.
Measurements significantly different from the main
population were deleted.

Figure 7 — Optical micrograph of the distribution of
indentation sites in sample Ne2 (magnification %60,
aperture 0.85)

Table 5

Hardness and modulus of elasticity of the samples,
determined when indented in flat areas with
a load of 10 mN

Sample H, GPa E, GPa
Ne 1 142 +2.1 268 £47
No 2 95+22 260+ 33

A comparison of the measured hardness values
by the two methods is shown in the Figure 9.

In Figure 9, the values of "nanoindentation" of
samples No. 1 and No. 2, determined at a load of
1 H= 0.1 kgf, refer to the indices located arbitrarily.

The values of "nanoindentation 10 mN" on
samples No. 1 and No. 2 refer to the indices located
on a flat surface area (load 10 mN = 0.001 kgf).

There are a number of methodological sources
of uncertainty in the results of measurements of
hardness by the above methods: 1) hardware related
to the calibration of the measuring installation [8];
2) methodological associated with assumptions in
the calculation methodology [8, 15]; 3) sources
associated with the physicomechanical properties
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of the studied material [16,17]. Without
considering the hardware and methodological
components of the uncertainty of the measurement
results by the Vickers and industrial indentation
methods, we note the sources of uncertainty
associated with the physical properties of the
mineral coatings of the metal surface. In particular,
the high precision of measurements implemented
by the instrumental indentation method leads to the
fact that the minimum deviation of the interfering

5 o'
e T
15 7 :+ 300 3 iy 3
B 2+
9‘: 1 * 4 9‘; 0 + 4
10 - 200
as] ko
35 100
50 100 150 50 100 150
Depth, nm Depth, nm

b

a

parameters, in particular, the roughness, leads
to large error values when calculating the
measurement results [13, 14], which is clearly
recorded graphically in Figure 9 when comparing
results measured by two methods. The role
of roughness as an uncertainty factor and the
associated error is affected by the actual contact
area with the indenter [14, 18], which is especially
noticeable when measuring at shallow indentation
depths (at a load of less than 0.1 kgf in Figure 9).

8
L 300 Sl
10 3, (T
e g e
“4t6 2 200 40
®! P
5 g
100

50 100 150 200 250
Depth, nm

50 100 150 200 250
Depth, nm

c d

Figure 8 — The dependence of hardness H and elastic modulus £ on the maximum indentation depth for sample No. 1 (a,

b) and sample No. 2 (¢, d)
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Figure 9 — The dependence of hardness on the indentation
load, measured by two methods

An additional difference in the results of
measurements performed by two methods at
shallow indentation depths, which is clearly fixed
in Figure 9, can be made by the fact that the object
under study is a complex structured material [1],
consisting of a metal matrix and fine particles
distributed over the depth of the sample. Given that
when calculating the values of hardness and elastic
modulus from the load—injection diagram according
to the standard method [8, 9], all the calculation
formulas are deduced from the assumptions about
the interaction of the indenter with a homogeneous
isotropic half-space [15, 17], the complex structure
of the distribution of particles and how consequence,
properties, can lead to distortion of the results. A
similar overestimation of hardness values at a small
indentation depth, measured on thin modified layers
of various metals and alloys, has been observed in
many works (see, for example, [18]).

All of the above leads to problems in determining
the actual properties of thin layers modified by
ultrafine particles of minerals. A possible way out
of the situation was identified in several works
and consists in the transition from the use of
hardness measures in calibrating instruments that
implement the instrumental indentation method to
standard property samples for which the mechanical
properties will be constant in the indentation depth
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range in which measurements are carried out (see,
for example [19, 20]). However, at the moment, such
reference samples are absent both in the markets
of materials and research instruments, and in wide
research practice. Therefore, the comparison of the
results of measurements of the hardness of the layers
of the metal surface modified with ultrafine particles
of minerals, performed by two methods, the Vickers
method and the industrial indentation method,
can be carried out with a considerable degree of
conventionality, especially at loads less than 0.1 kgf.
When carrying out experimental design work related
to changes in technological conditions and the search
for optimal conditions for obtaining thin wear-
resistant layers on the surface of metals modified
with ultrafine particles of minerals, comparative
measurements performed by one of the measurement
methods are preferable.

Conclusion

A comparative study of the hardness of a
metal surface (steel 20X13) modified with ultrafine
particles of minerals was performed using two
different methods (instrumental indentation and
Vickers hardness measurement), taking into account
the features of measuring the hardness of thin
layers modified with ultrafine particles of minerals.
Given the state of the surface after modification,
indentation by both methods was carried out in
flat sections of the modified surface. Additionally,
taking into account the perspective automation of the
measurement process, the hardness was measured
by instrumental indentation at randomly selected
locations. Standard Vickers hardness measurements
at loads of 0.025, 0.1 and 0.5kg showed a
qualitative difference between the hardness values
of the two samples modified with different mixtures
of ultrafine mineral particles (1215 + 180 HV and
600 £+ 120 HV for samples No. 1 and 2, respectively)
and a large heterogeneity of values hardness by area.
By the method of instrumental hardness, standard
measurements were performed without preliminary
selection of the indentation site (at a load of 1.05 N)
and measurements during indentation into even
sections (at low loads of 10 mN). In addition,
measurements of roughness and elastic modulus
were performed.

In discussing the differences in the measurement
results performed by different methods, emphasis is
placed on the sources of uncertainty in the results
associated with the physicomechanical properties

of the material under study. In particular, the high
precision of measurements implemented by the
instrumental indentation method leads to the fact that
the minimum deviation of the interfering parameters,
in particular, roughness, leads to large values of the
error in calculating the measurement results. An
additional difference in the results of measurements
performed by two methods at shallow indentation
depths can be made by the fact that the object under
study is a material with a complex structure. All
of the above leads to problems in determining the
actual properties of thin layers modified by ultrafine
particles of minerals.

A possible way out of the situation lies in the
transition from the use of hardness measures in
the calibration of instruments that implement the
instrumental indentation method to standard samples
of properties for which the constancy of mechanical
properties will be ensured in the range of indentation
depths in which measurements are carried out. Given
the absence of such samples, it is preferable, when
conducting experimental design work, related to
changes in technological conditions and the search for
optimal conditions for obtaining thin wear-resistant
layers on the surface of metals modified with ultrafine
particles of minerals, are comparative measurements
performed by one of the measurement methods.
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Abstract

The nature of the molten electrode metal melting and transfer is the main process parameter of manual
metal arc welding (MMA) with coated electrodes. It significantly affects the efficiency of the welding process.
For this reason the relevant task is to identify the parameters of the transferred molten electrode metal drops
and their further transfer into the weld pool with maximum accuracy. The aim of the given paper is to develop
a method and visual representation of the form and the geometrics (volume, area, mass) of a molten electrode
metal drop.

We have developed the method of simulation modeling and visualization for molten electrode metal
drops transfer and their parameters. It allows obtaining highly reliable input data to be used for developing
and verification of mathematical models for the thermal fields distribution along the welded item surface.
The algorithm is realized as the calculation programs for specifying the molten metal drop parameters and
means of its geometrics and space form visualization.

We used this method to specify a number of molten electrode metal drop parameters: volume, mass,
center-of-gravity position, surface area.

We have established that it is possible to conduct the measurements with maximum

The suggested method significantly decreases the labor intensity of experimental studies aimed at
specifying the size of electrode metal drops in comparison to the standard methods. When we know the size
of the drops under certain welding conditions we can control the drop transfer process, i. e. reduce the heat
input into the welded item and produce weld joints with the tailored performance characteristics.

Keywords: MMA, a drop of molten electrode metal, parameters, simulation method, visualization.
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OCHOBHBIM TEXHOJIOTHUYECKUM [TapaMETPOM MPOLIECCa PyYHOU TyTroBOM CBapKHU, TOKPHITHIM dJIEKTPOIaMH, CY-
IIECTBEHHO BIHSIONINM Ha d(P(PEKTUBHOCTD €T0 MPOTEKAHUS, SBISETCS XapaKTep TUIaBJICHHUS U IIEpEeHOCca PacIIaB-
JIEHHOTO JIEKTPOAHOro MeTaiuia. [103ToMy akTyallbHBIM SIBJISI€TCSI BOIPOC MaKCHUMaJIbHO TOYHOIO OIpPEeSICHHS
rapaMeTpoB NEPEHOCUMBIX Karlesb PACIUIaBICHHOr0 3JIEKTPOIHOIO METallla M UX MOCIIEIYIOIIEro epexoia B cBa-
pouHyIo BaHHY. Llenbio JaHHOM paOOTHI SBIIsIACh pa3padoTKa METOJUKHU U BU3YAJIbHOTO TIpeicTaBiIeHus (DOPMBI U
reOMEeTPUUECKHX apaMeTpoB (00BEM, MI0IAAb, Macca) KAl PACIUIaBIEHHOTO 3JEKTPOAHOIO METAIA.

Pazpabotan MeTo MMHUTALIMOHHOTO MOJIETIMPOBAHUS U BU3yaIN3alliH TIepeHOca Karelb paciulaBIeHHOTO dJIeK-
TPOJHOTO METAJLIA ¥ UX NTapaMETPOB, UTO MTO3BOJIUT OIYUHTh BXOAHBIC JAHHBIE C BHICOKOH CTEMNEHBIO JOCTOBEPHOCTH
JUISL pa3pabOTKU MAaTeMaTHIECKUX MOJIENEH pacripeaeeHus TeMIepaTypHBIX MoJeil 0 MOBEPXHOCTH CBapHBAEMOr0
m3zenus ¥ e€ BepupuUKay. ANTOPUTM PEan30BaH B BHUJIE PACUETHBIX MPOTpaMM Ul OHPEEICHUs apaMeTpoB
KaIlIM PacIIaBJICHHOI0 METAIIA U CPEJICTB BU3YAIBHOTO MPEACTABICHNUS €€ TCOMETPUH U IPOCTPAHCTBEHHOMN (DOPMBL.

C moMOMIbI0 JAHHOTO METOJIA OMPEIENIEH Psii MapaMeTPOB Kalleslb PACIIaBICHHOTO 3IEKTPOTHOTO METaslIa:
00bEM, Macca, MOJIOKEHHE IEHTPA MACC, TUTOIIA b TOBEPXHOCTH.

YcTaHOBIEHO, UTO BO3MOKHO C MAKCHMAIIBHOH T0CTOBEPHOCTHIO MPOU3BOANTE H3MEPEHUS, YBEITHIUTH YUCIIO
H3MEpPsIEMBIX IIapaMETPOB, a TAKKE HAMIAAHO MPEICTaBUTh IPOUCXOASIIUE TPOLECCHI.

[peioxeHHbI METO 3HAUUTENIBHO YIIPOLIAET TPYIOEMKOCTb [IPOBEIEHHUS SKCIIEPUMEHTAIBHBIX UCCIIEIOBAaHUM
10 OIPEJETICHUIO pa3Mepa Kamelb IEKTPOAHOI0 MeTalla B CPaBHEHMH CO CTAHIApPTHBIMM METOaMu. 3Hasi pa3Mmep
Kariesb [py oNpeeNIEHHbIX PEKUMaX CBApKU, MOYKHO YIPABIIATH IIPOLIECCOM KaIUIeNepeHoca, T. €. yMEHbIIATh TeJIo-
BJIOXKEHHE B CBAPHBAEMOE U3/ICJIUE U MTOTy4aTh CBApHbIE COSMHEHUS C 3aJaHHBIMU IKCILTYaTallMOHHBIMU CBOMCTBAMH.
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Introduction

The main technological parameter of the process
of manual arc welding (MMA) with coated electrodes,
which significantly affects the efficiency of its flow, is
the nature of melting and transfer of molten electrode
metal from the end of the electrode to the weld pool.
The geometric parameters of the transferred droplets
of molten electrode metal have a significant effect
on the mechanical and operational properties of the
welded joint. Determination of the regularities of the
droplet transfer process, such as the formation and
size of a drop at the edge of the electrode, makes it
possible to create methods for controlling the volume
of drops, choose the optimal options for implementing
the technological process and serves as the basis for
solving a wide range of practical problems.

Now, methods are used to study the transfer
of electrode metal [1]: direct (separation and
weighing of drops and X-ray and video filming)
and indirect (oscillography of current and voltage),
which are significantly laborious.

There are various methods for determining the
size of drops of electrode metal based on the const-
ruction of mathematical models [2—4]. These met-
hods used with various simplifications (assump-
tions), for example, the arc column is stationary
and coaxial with the electrode, and a drop of molten
metal has the shape of a segment or a glob, etc., which
significantly reduce the reliability of the results
obtained. The use of modern computational and gra-
phic programs [5—7] makes it possible to perform
calculations with a high degree of reliability and
reduces the processing time of experimental data.

The aim of this work is to develop a method for
determining the parameters (volume, surface area
and mass) of the transferred drops of electrode metal
through the arc gap of the MMA process using a
software package.

Visualization of the manual metal arc
welding with coated electrodes

We applied a  numerical algorithm,
visualization of molten electrode metal droplets
transfer and specification of their dimensional
parameters (volume, area, mass) to develop a
simulation model of a molten electrode metal. The
method of simulation and visualization will allow
predicting heat input into the welded metal, as well as
predicting the mechanical and operational properties
of welded joints.

The construction of a spatial model of a liquid
droplet of molten electrode metal was carried out
on the basis of frames of high-speed video filming
carried out earlier [8] using the Kompas 3D software
package from ASCON.

An experimental setup for high-speed shooting
and process oscillography shown in Figure 1.

4 2
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Figure 1 — The experimental setup for high-speed

shooting and oscillography of the welding process:
1 — metal plate; 2 — power source; 3 — coated electrode,
4 —rotating electrode holder, 5 — electrode movement
limiter, 6 — digital high-speed video camera, 7 — electronic
oscilloscope, 8 — current sensor

A visual representation of the welding process
and the transition of molten electrode metal droplets
from the end of the electrode into the liquid weld pool
presented in the form of filming and oscillograms
shown in Figures 2 and 3, respectively.

-

Figure 2 — Filming of the process of transferring drops
of electrode metal during MMA: a — the beginning of
the formation of a drop on the surface of the coated
electrode; b — the growth of a drop of liquid metal on
the surface of the electrode; ¢ — drop transition from the
electrode surface to the weld pool with the closure of the
arc gap; d — the process of the onset of nucleation of the
subsequent drop
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Figure 3 — Oscillograms of current and voltage (electrodes
of the TsL-11 brand with a diameter of 3 mm, power
supply VD-306)

Simulation modeling

In order to simplify the simulation, it was
assumed, that in any section of the drop, by a plane
perpendicular to the axis of the electrode, a simple
geometric figure is obtained — a circle. In this case,
the sequence of constructing the calculated visual
model was as follows:

1. The image obtained during high-speed video
filming (Figure 2) was opened in the program
window, "Kompas 3D", where using the "spline"
command, the contour of the liquid drop was
visualized (Figure 4). At this stage, the scale of the
construction is determined based on the actual size
of the electrode (an electrode diameter of 3 mm was
used).

Figure 4 — Liquid drop contour

2. On the rendered contour of the drop, lines
were drawn corresponding to the position of the
future secant planes. At the same time, the lines
were initially drawn in places where the direction

of the contour changed, then with the same interval
between them.

3. The obtained image (Figure 5) was used to
determine the diameters of the section circles and
the position of the circle center relative to the axis
coinciding with the electrode axis.

Figure 5 — Placement of secant planes

4. Simulation of the droplet volume was
carried out in three-dimensional modeling mode in
the "Kompas 3D" application. For this, a number
of parallel planes were built (their position was
determined in point 2) in which the droplet sections
were constructed (according to the sizes determined
in point 3). Then, using the "Lines" function, a
volumetric body corresponding to the shape of a
liquid drop was built (Figure 6).

Figure 6 — Solid modeling of the spatial shape of a drop

5. Measurements were made of various
parameters of the spatial model of the drop (volume,
mass, position of the center of mass, surface area,

tc., Figure 7) using the "MCM model" function
presented in the "Kompas 3D" program.
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material
density

Weight
Area
Volume

Specified parameter

The estimated parameters (body and components)

15.04.2020
Part C:\Users\...\Body 2

Steel ANSI 304
R0=0,008 g/mm3

M=0,267184 g
$=65,486008 mm2
V=34,166731 mm3

Figure 7 — Determination of the parameters of the spatial droplet model

Analysis of the method adequacy

The method of simulation modeling and
visualization of a molten electrode metal droplet
geometrics was tested by comparing the results
obtained with the transferred drops parameters
obtained by the indirect method [2] after oscillograms

processing (Figure 3) according to the following
method [8].

The convergence of the results of theoretical
studies and the amount of deposition recommended
by the manufacturer of the electrode (table),
according to: the proposed method — 5 %, the indirect
method [8] — 23 %.

Table
Comparison of theoretical and experimental data of certain parameters of transferred drops
. . D iti

Data retrieval Electrode type, 3 Drop weight  Drop volume V, eposition
method power supply t, 107, sec m, g mm’ coefficient

’ a, g/Ah
Calculated,
according to the 0.37 £ 0.04 4548+ 4.9 13.6+0.4
methodology [8] CL11, s
Visualization, diode rectifier :
according to the 02644005 34167425 10.5+ 0.3
proposed method
Manufacturer
data* 11

*SpetsElectrode Company, https://www.spetselectrode.ru/electrod/cl11.htm

The proposed method will allow taking into
account the peculiarities of the configuration of
the transferred droplets when developing models:
thermal processes during welding [9-11] and
predicting the chemical composition and operational
properties of the deposited weld metal [12], which
increases its adequacy.

Conclusion

To determine the shape and size of a drop of
molten electrode metal, a method of simulation and

visualization was developed, including a mathematical
model, a spatial model of a drop of molten electrode
metal using a computer program package. Using
this method, a number of parameters of molten
electrode metal droplets were determined: volume,
mass, position of the center of mass, surface area. It
was found, that the proposed method significantly
simplifies the complexity of experimental studies
to determine the size of drops of electrode metal in
comparison with standard methods. Definition the
droplet size for different welding modes allow to
control the droplet transfer process, i. €. to reduce heat
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input into the welded product and to obtain welded
joints with specified operational properties.
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Abstract

The article notes the advantages of the method of constructing absolutely invariant measuring transducers

for working in conditions with disturbing influences. However, this method is not universal. Its limitations
are due to the impossibility of "symmetric" transmission of all disturbing influences into parallel measuring
channels. A broader interpretation of the two-channel principle is proposed to overcome these limitations.
The aim of the study was to substantiate and implement a method for constructing quasi-invariant measuring
transducers and systems that retain their metrological characteristics under external disturbances of unknown
physical nature.

The theory that develops the two-channel principle to a full-fledged technological method is presented
in the article. The theory includes the necessary and sufficient conditions for physical feasibility this method.
Two fundamental tasks have been solved in the work. The first task is to identify signs that reflect the essence
of the technological method in to specific cases and the second is to implement a methodology that allows

these signs to be effectively applied in practice.

In the examples, a complex of technologies is defined for groups of elements of quasi-invariant transducers
that provide compensation of the influencing factors acting on them with acceptable accuracy.

There are significant advantages in discussed method. It gives hope for acceptable measurement results
under conditions when character and even physical principle of influencing a priori are unknown.

Keywords: technological method, quasi-invariance, disturbing influences, measuring transducer.
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B craree oTMeueHBl MpenMyLIECTBa METOJa MOCTPOSHHS a0COIIOTHO WHBAPHUAHTHBIX M3MEPUTEIBHBIX
npeoOpazoBaresneil s padoThl B yCIOBUAX € BO3MYILAIOIIMME BO3ACHCTBUAMU. OHAKO 3TOT METOJ HE SIB-
JsieTcs yHUBEpcaibHbIM. Ero orpanuuenus oOycioBIE€HBI HEBO3MOXKHOCTBIO «CHMMETPHUYHON» Nepenayn
BCEX BO3MYLIAIOLINX BO3ACHCTBUI B apaiebHble H3MEepUTEIbHbIC KaHaJbl. JJIs TPeoJoIeHus] Ha3BaHHbIX
OrpaHUuEHHUN MpeAsiokeHa 0ojiee MMPOKask TPAKTOBKA NPUHLIMIIA IBYXKaHAIBHOCTHU. Llenbio uccnenoBanms
ABJSUTUCH 0OOCHOBaHME M PEaIM3aLusl METOAa MOCTPOCHUS KBa3UMHBAPUAHTHBIX M3MEPHUTEIBHBIX MPE00-
pasoBareiell 1 CHCTEM, KOTOPBIE COXPAHSIOT CBOU METPOJIOTHUECKUE XAPAKTEPUCTHKH B YCIOBHSIX BHEIIHUX
BO3MYIIEHU HEU3BECTHOW (PU3MUECKON TIPUPOJIBIL.

[Ipencrasnena Teopusi, pa3BUBAIOIIAsl NPUHIUII ABYXKaHAJIbHOCTH A0 MOJHOLEHHOTO TEXHOJIOTHYECKO-
r0 METO/a, BKJIIOYAIOLIETO HEOOXOAUMbIE U JOCTATOUYHBIE YCIOBHS ero (pru3ndeckoil peannzyemoctu. B pabo-
T€ peLIeHbI ABe NPUHIUIHAIbHbIE 3a1a4u. [IepBast n3 HUX 3aKIII04aeTcs B BBISBICHUH PU3HAKOB, OTPAXKAI0-
LIMX CYIIHOCTh TEXHOJIOTHYECKOTO METO/Ia IPUMEHUTENBHO K KOHKPETHBIM CITy4asiM, BTOpasi — B peaslu3alyn
METOIUKH, MO3BOJISIOIIEH 3TH NMPU3HAKK 3P PEKTUBHO NPUMEHUTD Ha ITPAKTHKE.

B mpumepax omnpenenéH KOMIUIEKC TEXHOIOTHYECKUX MEPOIPUATHH U TPYMIl SJIEMEHTOB KBa3HUMH-
BapUaHTHBIX IpeoOpa3oBaTesiel, KOTOpble 00ECNeYNBaIOT KOMIICHCAIMIO JEHCTBYIOMNX Ha HUX BIMSIOLIMX
(haxTOpOB € MPUEMIIEMOM TOYHOCTEIO.

PaccMoTpeHHBII METOR MMEET CyHIeCTBEHHblE NpenmymiecTBa. OH NaéT Hafexkay Ha MpHEMIIEMbIE
Pe3yNbTaThl U3MEPEHUH B YCIIOBHAX, KOIZIAa XapakTep U Aaxke (pU3NYeCKHi NPUHLUMI BIUSIOLINX (aKTOpPOB
AnpUOPH HEU3BECTHHBI.

KiroueBble c¢JI0Ba: TEXHOIOTHYECKHUI METO/Z, KBa3MMHBAPUAHTHOCTH, BO3MYIIAIOLIUC BO3Z[€I710TBH$1,
M3MEPUTEIBHBINA TPEOoOPa30BaATEIb.

DOI: 10.21122/2220-9506-2020-11-3-228-235

Aopec ona nepenucku:

B.H. Hecmepos

Camapckuil HayuonanbHblil UCCIe008amenbCKull YHugepcument
umenu akademuxa C.I1. Koponésa

Mockosckoe wiocce, 344, Camapa 443086, Poccus

e-mail: nesterov.ntc@yandex.ru

Addpress for correspondence:

V.N. Nesterov

Samara National Research University,

Moskovskoe highway, 344, Samara 443086, Russia
e-mail: nesterov.ntc@yandex.ru

Jna yumupoeanusn: For citation:

V.N. Nesterov, A.R. Li.
Application of Two-Channel Principle in Measuring Devices

to Compensate for Disturbing Influences of Unknown Physical Nature.

IIpuGops! 1 METOIBI M3MEPEHHIA.
2020.—T. 11, Ne 3. — C. 228-235.
DOI: 10.21122/2220-9506-2020-11-3-228-235

V.N. Nesterov, A.R. Li.

Application of Two-Channel Principle in Measuring Devices

to Compensate for Disturbing Influences of Unknown Physical Nature.
Devices and Methods of Measurements.

2020, vol. 11, no. 3, pp. 228-235.

DOI: 10.21122/2220-9506-2020-11-3-228-235

229



TIpubopul u memoowvl usmeperuil
2020.—-T. 11, Ne 3. — C. 228-235
V.N. Nesterov, A.R. Li

Devices and Methods of Measurements
2020, vol. 11, no. 3, pp. 228-235
V.N. Nesterov, A.R. Li

Introduction

The problems of accuracy have been and will
be relevant in measurement theory always regardless
of the place, time and type of measurement. This
explains the huge number of articles and their number
has been increasing steadily growing as humanity
expands its area of interests. The exploration of the
nearest outer space and in the future deep space,
oceans, technologies accompanied by various
unfavorable factors, for example, in nuclear energy
or chemical industry, poses new challenges to the
science of measurements. New applications and
operating conditions of the measuring instruments
in harsh conditions accompanied by various external
and internal disturbances require serious correction
of the results. In order to solve these problems
method of auxiliary measurements, method of
reference signals, method that using tests and others
have been developed [ 1-5]. Their correct application
can significantly reduce the errors of measuring
instruments in abnormal operating conditions.

To solve these problems, methods of auxiliary
measurements, of reference measures, of test
measures and others have been developed. Their
correct application can significantly reduce the errors
of measuring instruments in abnormal operating
conditions. However, each method requires certain
conditions to be met. If these conditions are not met,
then the effectiveness of the method may be reduced.
Moreover, incorrect use of the method can result in
the opposite result.

For example, the method of auxiliary
measurements requires knowledge of the func-
tions of the influence of interfering quantities, the
auxiliary measurements of which allow you to
enter the appropriate correction. But each auxiliary
channel contributes its share to the total error of
the measuring device. The test method requires
additional channels, which receive a measurable
value, functionally associated with exemplary
tests. The methods of invariance theory, which
are designed to compensate for the effect on the
system of external perturbations, stand out in the
theory of measurements. Initially, these methods
were used in the theory of automatic control. But
very soon there appeared papers in which ideas were
expressed on the connection between the theory of
invariance and the theory of stability of measuring
systems [6, 7]. Academician B.N. Petrov formulated
the two-channel principle [7], which was essentially
a necessary condition for compensating external

disturbing influences on measuring devices. The
combination of necessary and sufficient conditions,
which is based on the mentioned principle, makes
it possible to formulate and implement in the
corresponding structures methodical features, which
form the basis of a particular method and are imple-
mented in the corresponding class of invariant
measuring devices [8—11]. The fundamental
difference between the methods of the theory of
invariance and the methods of automatic correction
of errors is such an organization of the structure
of the system that provides compensation for
disturbances inside it with the general instability of
the component elements.

A series of works that consistently develops
the two-channel principle to the structural method,
allowed covering the classes of nonequilibrium
measuring bridges and voltage dividers [12]. The
absolute invariance of the transformation functions
of the parametric transducers with respect to the
instability of the power supply was achieved for
all representatives of the class. Accordingly, the
expression of the error from the instability of the
EMF of the power source is identically equal to zero
for all representatives of the class of two-channel
parametric measuring transducers:

_0F aU,
U, O

| OF U,
U, OE

AF AE= 0,

where F is two-channel transducer conversion
function; U, u U, are conversion functions of the first
and second measuring channels; £ is EMF of power
supply; AE is deviation of power supply EMF from
nominal value.

However, the physical feasibility of the
methodological features [12], which provide
absolute invariance of the transducers with respect
to the effect of influencing factors on all elements
of the devices, is limited by structural or economic
reasons. Sources of errors of measuring devices are
instability and technological variation of parameters
of all elements included in them. But it is not always
possible to provide "symmetry" of the influence of
these elements on measuring channels.

Further analysis of the problem led to an
understanding and a wider interpretation of the two-
channel principle. This made it possible to formulate
methodological features the im-plementation of
which leads to compensation of disturbing actions
on a wider set of elements of the measuring device.
A preliminary analysis of the essence of these
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methodological features allows us to propose the
name of the method.

Technological method for constructing
quasi-invariant measuring transducers

As already noted, the two-channel principle
is a necessary but not sufficient condition for
compensation of external disturbing influences on
measuring devices. Therefore, a formal apparatus
that develops the two-channel principle to the level
of necessary and sufficient conditions the fulfillment
of which due to specific technical or technological
solutions will compensate for the instability of the
device as a whole is the basis of the method, the
name of which was set in the heading of the section.

Formal features that develop the two-channel
principle to a full-fledged technological method,
which includes the necessary and sufficient
conditions for its physical feasibility, can be stated in
the form of the following three points.

1. There should be g elements ¢ > 2 in the system
structure that are affected by disturbing factors C;.

2.1t should be possible to implement special
technological measures leading to the "differential-
symmetric" effect of disturbing factors on the
parameters of the elements included in the system:

akal8)  aralt))
kiro kio

-0, r#l; r,leq, ()

where Ak,-r(C j) ’Ak,-,(f;,v) are deviations of the k-th
parameter, respectively, of the -th and /-th elements
of the i-th conversion channel from the nominal
values under the influence of disturbing factors ;.

3. The following criterion must be met:

L OF 9y,
o =1 0Y; akii((:j)

where: F is resulting system conversion function; Y,
is conversion function of i-th channel; »n is number
of channels.

In the limit case if the expressions (1) turn
into an identity then the criterion (2) reaches a zero
extremum. Then we can talk about achieving absolute
invariance of the system relative to disturbing
factors. However, such a case is ideal. Therefore,
the fundamental task is the methodological task of
searching for paired elements and the corresponding
technological measures that lead to the closest

AF = Ay(C)—> 0. @

possible fulfillment of criterion (2) in each specific
case. In essence, we are talking about identifying the
technological "know-how" for each pair (group) of
elements that make up the measuring circuit.

Based on the above the problem to be solved is
divided into two. The first task is to identify signs
that reflect the principle essence of the technological
method in a specific case. The second task is to
implement a technique that allows these signs to be
effectively applied in practice.

The technique for identifying technological
"know-how" is based on the use of criterion (2).
Since the left part of the criterion is an expression of
error the source of which is the effect of perturbing
factors on the elements, then equating it to zero
and carrying out the necessary transformations it is
possible to find in analytical form the conditions for
minimizing the this error:

Akir(Cj) _ Akil(c’j)
kiro ko

The latter will determine technological
conditions, the physical essence and feasibility
of which in each particular case depends on the
physics of influencing factors and the structural and
technological design of the device and its elements.

It should be emphasized that the fundamental
issue for the implementation of the method is the
possibility of identifying one or more groups of
technologically similar (identical) elements in the
device, where the number of elements in the group
meets the requirement g > 2.

We emphasize that the fundamental issue for the
implementation of the method is the possibility of
identifying one or more groups of technologically
similar (identical) elements in the device, where
the number of elements in the group meets the
requirement g > 2.

3)

, r#l; rleq.

The implementation of the technological
method

Let's consider the operation of the method
using the example of a half-bridge two-channel
transducer [13], which is shown in Figure 1. This
transducer contains two differentially included
primary converters 1 and 2 of the resistive type, the
third converter 3, made in the form of a resistor, a
power supply 4, differential amplifiers 5, 6 and 7 and
a division unit 8.
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4/1// 18
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Figure 1 — Half-bridge invariant measuring transducer: 1,
2 — sensors; 3 — resistor; 4 — source of power; 5, 6, 7 —
differential amplifiers; 8§ — division block

The signals at the outputs of differential
amplifiers 5 and 6 are determined by the expressions:

klE[(z1 +Az)+z3] .
[(zl +Az)+(22 —AZ)+Z3]’

U, = “4)

_ sz[(z1 +Az)+(z2 —Az)]
[(zl +Az)+(zz—Az)+z3]’

2 ®)
where k;, u k, are transmission coefficients for
voltage of differential amplifiers 5 and 6, re-
spectively; (z; +Az) and (z; —Az) are parameter
values of transducers 1 and 2; (z, and z, are initial
parameter values, and Az is informative increment of
parameters); z; is converter parameter value 3; E is
EMF of power supply 4.

Signals (4) and (5) are supplied to direct
and inverting inputs of differential amplifier 7,

(o) o]

respectively. And we get a difference signal at its
output, when the condition k, = k, = k is met:

KE[2 (2 - A2)] ©)

[z +82) (2, = ac)+ 2]

U -U, =

Next, the signals (5) and (6) are processed by the
division unit 8. When the condition z;, =z, =z; =z

is met we obtain at its output:

u-U, Az
F=—1-—"2=— (7)
U, 2z

Using (4), (5) and (7), we obtain:
__ 0F, dU, oF, JU,
oU, oE oU, OE

1

Thus, this transducer provides absolute invariance
with respect to the power supply EMF instability.
However, the instability of the parameters of the
remaining elements is the source of additional errors.

Based on the proposed procedure we can
identify groups of technologically similar
elements in the measuring transducer. These
groups comprise converters 1-3 and differential
amplifiers 5 and 6.

We will be writing an appropriately structured
expression of the error from the action of influencing
factors on these groups of elements in accordance
with criterion (2):

_ Ak Ak
o ] 8
. (2, +4z), (2, - Az), I:A(21+Az)_A<Zz—AZ) .
[(Zl+AZ)0+(22_AZ)0+Z30][(21+AZ>0+230] (ZI+AZ)0 (Z2_AZ)0
(Zz_AZ)OZw[Z(Zf"AZ) +(22_AZ)0+Z30] ®)

I:(Zl+AZ)0+(Z2—AZ)0+Z30]|:(ZI+AZ>O+Z30:||:(ZI+AZ)O+(22—AZ)O:|
x-ﬂ— A<Zz _AZ)]+ <Zl +AZ)0 230 o

o (2=da), | [(z+42), +(z, - A2), + 23 |[ (5 +A2), + (2, — A2), |

Az, Az +42)
e <zl+Az>0] o0
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Az, +Az) Az, - Az)
(zI + Az)(J ’ (22 —Az)

Ak,
Ky

Ak,

ko

3

> >

o %30

where are relative

changes, respectively, of the parameters of elements
1, 2, 3 and the transmission coefficients of differential
amplifiers 5 and 6 under the action of influencing
factors.

The error expression (8) will tend to zero with
the "differential-symmetric" effect of destabilizing
factors on the parameters of the corresponding
groups of elements:

Ak, Ak, ) A(Zl-i-AZ) A(zz—Az) .
{E_K}_)O, {(21+Az)0_ (Zz_m)o}ﬁo’

)
ﬂ_A(zz—Az) o ﬂ_A(ZI+AZ) R
{230 (ZZ_AZ)O} " {230 (21+Az)o} "

From expression (9) we obtain the conditions for
compensating the influence of destabilizing factors
on the corresponding groups of transducer elements:
Alzy+Az) Az, -Az) Az

(z1 +Az)0 - (z2 —Az)o

3

(10)

230

The analysis of conditions (10) allows us to
determine the complex of technological measures
relating to the corresponding groups of elements
of the considered converter, which will provide
compensation for disturbing factors acting on them
with an accuracy of:

The analysis of the conditions (10) allows
us to determine a set of technological measures
relating to the corresponding groups of elements
of the transducer considered, which will provide
compensation for the disturbing factors acting on
them with an accuracy up to €:

1. The elements in the group must be
technologically identical. For example, they must
be made of the same material, made of identical
components, taken from the same batch, etc.

2. Elements of the group must be in identical
conditions with respect to any disturbing influences.

3. The active elements in the group should be of
the same brand, preferably from the same batch and,
if possible, have a common power source.

If the listed requirements are fully fulfilled
it is possible to approach the fulfillment of the
conditions (10). And, accordingly, additional error
of the transducer, the model of which is represented
by the expression (8), will be reduced.

Expression (8) does not take into account the
contribution of differential amplifier 7. Taking
into account the transmission coefficient of the
differential amplifier 7 after similar transformations
we can (10) supplement with the condition:

My _ Ak, _ Ak

k, k k,

0 0 0

Operational amplifiers have very high input
impedance that tends to infinity. There-fore, the
transmission coefficients of differential amplifiers
based on them are determined by the parameters of
the mounted resistors. Accordingly, their instability
depends on the instability of the parameters of the
mounted resistors.

By revealing the technical content of the
differential amplifier 7, which is shown in Figure 2,
we detect a group of similar resistors 9—12, which
determine its conversion function.

10 |
Ul |9 |
D>
11 |
| |
17 _2_ 1 Hgls
U2
(o,

Figure 2 — Differential amplifier as part of the measuring
transducer (see Figure 1): 9-12 — resistors of one type

The output voltage of differential amplifier 7 is
determined by the expression:

(H j

where Rqy, R, R,,, R, are resistance of the resistors
9-12, accordingly.

Obviously, when the condition Ry = R,, = R, =
= R, is met, the expression (11) takes the form:

RlO
1
Ry + R,

Rl2

R

UZ&’
Ry,

U, = (11)

11

U, =U,-U,,

which is required in accordance with the algorithm
of the circuit.

It can be seen from (11) that the instability of this
differential amplifier is determined by the instability
of the resistances: Ry, R, R, R,. The expression
of the error resulting from the instability of these
resistances is as follows:
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R9R10 R12

Rio

R PR
Ry + Ryo

R R

it

U U» .
Rll ( J[ :|

In accordance with criterion (2) from
expression (12), the need for a '"differential-
symmetric" effect of destabilizing factors on the
parameters of the corresponding groups of resistors
is revealed Ry, Ry and R, R,:

} — 0.

Dl

Then from (13) we obtain the conditions for
compensating the influence of destabilizing factors
on the differential amplifier:

ARlO :AR‘) . ARIZ _ARII
R, R R,

12 11

ARy _ ARy
R, R

AR, _ AR,
R,

>

(13)

10 9 Rll

(14)

Rl2

10 9

Conditions (14) are
technological measures:

—resistors Ry, R,, and R,,, R,, constituting
paired groups must be technologically identical,
made of the same material and on the basis of identical
components, and taken from the same batch, etc.;

—resistors Ry, R, and R;;, R, constituting
paired groups must be in identical conditions with
respect to any disturbing influences.

Obviously, the same requirements are true for
differential amplifiers 5 and 6.

implemented due to

Conclusion

The presented method allows one to create
circuits from unstable components that have minimal
sensitivity to disturbances in harsh operating
conditions. This is especially important for conditions
in which the nature of these disturbances is unknown
in advance.

The specific technology for bringing the devices
to the most stringent fulfillment of the conditions
of invariance is ensured both at the level of design
of the device and at the level of technology for its
manufacture. This essentially constitutes "know-
how" on a case-by-case basis.

The method discussed has a significant
advantage. This method not only improves the
accuracy of measuring devices in abnormal

— |1+ —=
(R9 +R10)2[ R,

operating conditions, but gives hope for acceptable
measurement results in conditions where the nature
and even physical principles of influencing factors
are unknown. We are talking about applications in
deep space and the depths of the oceans. The method
is also relevant for use in nuclear power plants, where
in case of emergency situations, change sudden s in
operating conditions are possible.

In conclusion, we note that the use of
certain methods of increasing accuracy should be
accompanied by a correct metrological analysis
confirming the correctness and effectiveness of the
measures applied. Otherwise, the result of applying
the method may not meet expectations and even lead
to the opposite result.
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Abstract

All measurements of mechanical properties of materials in the magnetic structural analysis are indirect
and relationships between the measured parameters are correlated. An important physical parameter of steel
is hardness. An increase in the correlation coefficient R and a reduction in the standard deviation (SD) are
achieved when controlling the hardness of steels with two-parameter magnetic methods compared to methods
that use a single measured parameter. However, the specific conditions and requirements for application of
the two-parameter methods remain unclear. The purpose of this article was to analyze conditions and the
achievable error reduction limit for two-parameter indirect determination of steels hardness and to compare
those with one-parameter methods.

In particular, we considered the mean Square Deviation (SD), 6, of indirect calculation of the physical
quantity F using two measured parameters x, and x, that are correlated with F' It was found that reduction of 6.
is most pronounced when x, and x, are inversely correlated with the maximum modulus |R| of the correlation
coefficient R between them. The most significant reduction in 6, occurs at similar values of the SDs o, and o,
between the true value of F and the values calculated based on the results of indirect measurements of /' using
each of the parameters x, and x,. The Results of the analysis are confirmed by an example of reduction in
SD when determining the hardness of carbon steels by measuring their remanent magnetization and coercive
force compared to use any one of these parameters.

This result can be applied to measurements in non-destructive testing and in related fields of physics and
technology. The Results of the analysis allow us to compare different parameters for indirect two-parameter
determination of a physical quantity, to select the optimal parameters, and to evaluate the minimum achievable
measurement error of a physical quantity by a two-parameter method before performing the measurements.

Keywords: indirect physical measurements, correlation coefficient, hardness, remanent magnetization,
coercive force.
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AHaJIU3 YCJIOBUM U JOCTHKMMOIO Mpeaesia CHUKCHHUS
NMOrPEeIHOCTH ABYXIIAPAMETPOBOIr0 MATHUTHOIO
onpeaeJeHus: TBEPAOCTH CTAJICH

C.I'. Canpomupckui

O0vedunénuviil uncmumym mawunocmpoenus Hayuonanonoti akaoemuu nayx benapycu,
ya. Axademuuecxas, 12, e. Munck 220072, Berapyco

Hocmynuna 20.03.2020
Hpunama k nevamu 28.07.2020

Bce u3mepenus Gpu3nKo-MeXaHUYECKHX CBOMCTB MaTepUalOB B MATHUTHOM CTPYKTYPHOM aHAJIM3E SB-
JISTFOTCS KOCBEHHBIMHU, a CBSI3M M@Ky HapaMeTpaMu UMEHOT KOPPESIMOHHBIN XapakTep. BaxHbiM Gu3u-
YECKUM TapaMeTPOM CTaJU sBJsieTcs TBEPAOCTh. MccnenoBaTenu qoOWIMCh MoBbIeHUs Kod(duinenta R
KOpPENSALUMHA U CHUKEHUSI CPEJHEr0 KBaApPaTUYHOIO OTKJIIOHEHHUs IIPU KOHTPOJE TBEPIOCTU CTAIEU ABYX-
[1apaMEeTPOBBIM MAarHUTHBIM METOJOM [0 CPAaBHEHHUIO C OJHOINAapaMeTpoBbIM. HO onrtumanbHbIE yCI0BUsA
MIPUMEHEHUS ABYXIapaMETPOBOrO METO/IA OCTAIOTCS HE YCTAHOBJIEHHBIMU. LI€NIbI0 CTaThU SIBIAJICS aHAIU3
YCJIOBHM U JOCTUKUMOTO MPEesia CHUKCHUS MOTPEIIHOCTH JBYXIIAPaMETPOBOI0 KOCBEHHOT'O ONPEACIICHUS
TBEPAOCTH CTAJIEN 110 CPABHEHUIO C OJHONIAPAMETPOBBIM.

HccnenoBano cpeanee KBapaTUYHOE OTKIOHEHHE Gy KOCBEHHOTO OIpenencHus pU3nIecKoil BeInuu-
HBI [’ C NCTIOJIB30BaHKEM JBYX [TAPAMETPOB X H X, , KOPPEISIHHOHHO cBsi3aHHbIX ¢ F. [lomyueno, uto addext
CHIDKCHHS G CHJIBHEE BCETO MPOSBIISICTCS NPU 00PaTHON KOPPEISILMOHHON CBS3H MEXKIY X, U X, C MaKCH-
MaJIbHBIM MOAYJeM |R| koa(duirienta R Koppesinuu Mex Ty HuMu. Hanbosee cyliecTBEeHHOE CHIIKEHUE
G MMEET MECTO NPH ONM3KHUX BEIMUYMHAX CPEAHUX KBaJIPAaTHUHBIX OTKIOHEHUH G, M G, MEKAY UCTUHHBIMU
3HAYEHUSAMM [ 1 3HAUEHUSIMU, PACCUYUTAHHBIMU 110 PE3yJIbTaTaM KOCBEHHBIX U3MEPEHUN I’ C UCII0JIb30BAaHU-
€M KaXXJ0ro U3 [apaMeTpoB X; U X,. Pe3ysbrarsl aHamu3a noATBEPKACHBI IPUMEPOM CHUXKEHUS CPEJHETO
KBaJpaTUYHOTO OTKJIOHEHUS ONPEAEIEHUS TBEPAOCTH YIIIEPOAUCTBIX CTAJEH 110 pe3yJibTaTaM U3MEPEHUS X
OCTaTOYHOW HAMAarHMYEHHOCTH U KOAPLUUTUBHOU CHJIBI [0 CPABHEHUIO C MCIIOJIB30BAHUEM JFOOOTO U3 3TUX
[1apaMeTpPOB.

O0J1acTh MPUMEHEHHS pPe3yJibTaTa — U3MEPEHUSI B HEPa3pyIIAONIeM KOHTPOJIE U CMEXKHBIX 00JIaCTAX
(¢u3vKKH ¥ TeXHUKU. Pe3ynbraThl aHaan3a MO3BOJSAT BHIOPATh ONTUMAIIBHBIC MAPAMETPHI JIIsi KOCBEHHOTO
JIByXIIapaMeTPOBOTO OMpEAeTICHUsI TBEPAOCTU CTANCH, OLICHUTh JOCTHKUMYIO MOTPEIIHOCTh ONMPEACICHUS
TBEPAOCTH.

KuroueBsble ci1oBa: KocBeHHBIE (U3NIECKIE N3MEPEHHST, KOOPPHUIMESHT KOPPEISAIUH, TBEPIOCTD, OCTATOTHAS
HaMarHWYeHHOCTb, KOOPITUTHBHAS CHIIA.
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Introduction

An important physical parameter of steel is
hardness — property of a material to resist plastic
deformation upon contact in the surface layer. HRC
hardness according to Rockwell is most often used
to characterize the hardness of heat-treated steel [1].
The importance of this parameter is also determined
by the fact that the hardness of the metal is closely
related to its mechanical properties: the conditional
yield strength o,,; the tensile strength o,; and
the relative restriction y [1]. The results of HRC
hardness measurements can be used to determine (or
at least to provide a very accurate estimate) for the
2> Op, and y of steels [2]. This means that a non-
destructive method for determining the hardness
of steels allows one to control an entire set of its
mechanical properties.

Magnetic structural analysis consists in the
non-destructive determination of the mechanical
properties of materials by measuring their magnetic
parameters [3]. Measurements of the mechanical
properties of materials in magnetic structural analysis
are indirect. The physical basis for the presence of
correlations between the mechanical and magnetic
properties of steels is that these properties (each in
its own way) are determined by the structure of the
metal (stresses, distribution of dispersed particles
in the alloy matrix, defects in the crystal lattice,
grain size) formed during heat treatment [3, 4].
These dependencies are influenced by random
factors. Therefore, the relationships between the
mechanical and magnetic parameters of steels are
not functional, but correlative. The coefficient R
of correlation between the results of direct and
indirect measurements of the mechanical properties
of steels is also influenced by the inevitable errors
in the measurement of mechanical [1] and magnetic
parameters [5].

To increase the reliability of magnetic structural
analysis, a combined use of several magnetic
parameters was proposed. Analysis of the theoretical
foundations of such methods, experiments, and
modeling showed a strong influence of errors in
measuring the parameters used in multiparameter
regression equations on the reliability of control [6—
10]. Nevertheless, multi-parameter models are used
to calculate the hardness of HRC steels [11, 12].
The results of measuring the coercive force H,. of
steels, their relaxation magnetization M/, relaxation
magnetic susceptibility y,, quadratic terms ch, sz
and the product y,M,, are summed with different

weight coefficients. This made it possible to
obtain ultra-high correlation coefficients (up to
R=0.9999 [11, Table 1]) and small mean square
deviations (SD) between the results of measuring
hardness and its determination using the developed
indirect calculations. Similar results were obtained
in studies [13—15] and other works. However, it
was established in [5] that the numerical values
of H,, M, and ¥, given in [4] are substituted into
the multiparameter equations for calculating the
HRC of steels in[11, 12]. Ultra-high correlation
coefficients R between the results of calculation
and measurement of HRC of steels and small SD
between them in [11, 12] were obtained by choosing
the weight coefficients of the terms. The inevitable
errors in measuring magnetic parameters and
calculating algebraic combinations were not taken
into account. A set of statistical control data under
the influence of interfering factors and correlation
analysis were not carried out.

In [16], an analysis of the technique [11, 12]
was performed. In the analysis, "for the sake
of simplification", it was assumed that in the
methodology [11,12] "the initial independent
variables had an error of 1 %, and those obtained by
calculation from the initial ones had a 2 % error".
It was found that the error in calculating the HRC
of steels according to the method [11, 12] "can be
tens of percent or more". However, it was shown
in [17] that the measurement error for each of the
relaxation magnetic parameters used in [11, 12]
is not 1 %, but itself can be tens of percent. And
algebraic operations inevitably increase the resul-
ting calculation error [18]. Therefore, the practical
application of multiparameter control of the struc-
ture of steels according to the method [11, 12] and
similar ones has not been reported so far.

Meanwhile, the authors of [19] have achieved an
increase in the correlation coefficient and a decrease in
the root-mean-square error of control of the hardness
of steel pipes in industrial conditions by the two-
parameter method (from H, and remanent induction
B,) in comparison with the one-parameter (from #,)
method. The optimal conditions for the application
of the two-parameter method have not been
established, however. The formula for the indirect
measurement error for the case of a function of two
variables is given in [20]. This formula does not take
into account the correlations observed in practice
between the measured variables. This hinders the
effective use of multiparametric magnetic structural
analysis methods in practice.
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The purpose of the article was to analyze the error of two-parameter indirect measurement of steel
conditions and the achievable limit for reducing the  hardness in comparison with one-parameter methods.

Table 1

The results of measuring the magnetic parameters and HRC hardness of carbon steels in [4] and the
results of calculating their HRC using different formulas

Measurement results in [4] HRC calculation results using the formulas:
0
R R R SR e
20 23 0.865 46 52 49.8 50.9 50.9
150 2.25 0.870 45 51.5 49.7 50.6 50.6
200 2.1 0.876 44.5 49.9 49.7 49.8 49.8
250 1.43 0.970 43.5 41.1 47.7 44.4 44.3
300 1.22 1.007 44 37.4 46.3 41.85 41.6
350 1.13 1.070 41 35.7 433 39.5 393
30 400 0.995 1.145 38 32.8 38.5 35.65 35.5
450 0.873 1.248 34 29.8 299 29.85 29.8
500 0.876 1.265 32 29.8 28.2 29 29
550 0.866 1.277 26 29.6 27 28.3 28.3
600 0.834 1.280 23 28.7 26.7 27.7 27.7
650 0.730 1.235 19 25.6 31.1 28.35 28.2
20 3.0 0.910 60 58.1 49.2 53.65 53.5
150 2.7 0.919 55 55.7 49 52.35 52.2
200 2.46 0.932 53 53.5 48.7 51.1 51
250 1.55 1.027 50 429 45.5 44.2 442
300 1.34 1.018 45 39.6 459 42.75 42.6
350 1.26 1.021 45 38.2 45.8 42 41.8
» 400 1.12 1.136 42 355 39.2 37.35 373
450 1.02 1.271 37 333 27.6 30.45 30.3
500 1.03 1.276 34 33.6 27.1 30.35 30.2
550 1.05 1.280 29 34 26.7 30.35 30.1
600 1.04 1.248 26 33.8 29.9 31.85 31.8
650 0.880 1.250 20 29.9 29.7 29.8 29.8
rcnzzri?;incizmcg:fglc{ignt R of the results of calculation and 0.868 0.860 0.901 0.899
SD between calculation and measurement of HRC, HRC units 4.81 4.58 4.17 4.22
Physical model for analysis F(x)=600) )
Let us establish that the physical quantity F (in
the particular case, the HRC hardness of a steel) can ~ @nd
be determined by measuring the correlated parame-
ters x, and x, related to it based on the dependencies: F(xy)=,(xy). @)
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Moreover, we denote the root-mean-square
deviations (SD) of the results of determining the
quantity F according to equations (1) and (2) from its
true values as 6, and 6, respectively, and assume that
the parameters x, and x, are correlated with each other
with the correlation coefficient R (-1 <R <1). We
use the results of measurements of both parameters
x, and x, to determine the physical quantity /. The
value of F is calculated as the arithmetic mean of
its definition by formulas (1) and (2):

F(xl,x2)=0,5[¢l(xl)+¢2 (xz)]~ 3)
Analysis and its results

Let us analyze how the SD wvalues, ¢, and
o, and the value of the correlation coefficient R
between the parameters x, and x, affect the SD o
of the indirect determination of the physical quantity
F by equation (3). It is known from the theory of
probability that the variance D(x; + x,) of the sum of
two random variables x, and x, in the general case is
equal to [21]:

D(x, +x,)=D(x)+D(x,) + ZKW2 , %

where D(x,) is the variance of x,; D(x,) — variance x,;
o, and o, — SD values x, and x,; R is the correlation
coefficient between them; me = Ro,0, — their cor-
relation moment.

From (4), the SD oy of the sum of the quantities
x, and x, is [21]:

Gy =\/0% +2R0,G, +02. %)

Taking into account (5) and (3), we obtain the
SD o, of the indirect determination of the physical
quantity F according to equation (3) an analytical
expression:

6, =0.5\0’ +2R0,0, + 0. 6)

To generalize the analysis, we introduce the
relative values:

G,=0,/0, and G, =0,/0,. O

The value G, shows how the use of the second
parameter x, to determine the value of F* decreases (if
G, <1)orincreases (if G, > 1) the SD of the indirect
measurement according to equation (3) compared
to using only the parameter x,. In the notation (7),
from (6) we obtain:

G, =051+ 2RG, +5.. ®)

Figure 1 shows the results of calculating the
dependences Gr =70Gx(G,) by formula (8) in the
range 0 <G, <3 for different coefficients R of the
correlation between the parameters x, and x, in the
possible range —1 <R <1 of its change. Figure 2
shows the results of calculating the dependences
by G, =06 (R) formula (8) at different values in
the range of —1 <R <1. Taking into account the
symmetric influence of the parameters x, and x, on
the result of calculating the value of F(x,, x,) by
formula (3), for analysis in the case of 0 <G, < 1, the
parameters x; and x, can be swapped and the case
G, > 1 can be considered.

The analysis of the dependences shown in
Figures 1 and 2 shows that values G,<1 cannot
be achieved at any values of R if G,>3. In these
cases, the use of the two-parameter method cannot
provide a decrease in SD for indirect measurement
of F in comparison with the one-parameter method.
At 1 <G, <3, the value decreases as R decreases and
approaches the value —1. From (8) it follows that the
condition 6 < yis satisfied for values of R satisfying
the equation:

R<(4y-1-53)/(25,). ©)

Or
2

1.5

0.5

0 1 ) 3]62

Figure 1 — Dependence of the relative standard deviation
G of the results of determining the physical quantity F
according to the formula (3) on the relative standard
deviation G, of the second parameter: 1 — 7 — respectively
atR=1;0.5;0;-0.5;-0.8;-0.9; —1. Calculation according
to the formula (8)

Figure 3 shows the isolines of the function G.=y
at different y in coordinates (G,, R). The analysis of
the dependences shown in Figure 3 shows that a
necessary condition for a two-fold () = 0.5) decrease
in the SD of the measurement of the parameter / by
the two-parameter method compared with the one-
parameter method is the simultaneous fulfillment of
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the conditions R <—0.5 and 1 <G, <2. Inpractice, on
can note that an approximately four-fold (y = 0.25)
reduction of the SD can be achieved for a two-
parameter measurement of a physical quantity <
in comparison with a one-parameter measurement:
this requires the simultaneous fulfillment of the
conditions R<—-0.9 and 1<G,<1.5 (area below
curve 4 in Figure 3).

/

0 s .

-1 -0.5 0
Figure 2 — Dependence of the
square deviation G of the results of determining the
physical quantity F' according to the formula (3) on the
coefficient R of the correlation between the parameters x;,
and x,: 1 — 4 — with the relative standard deviation G, of
the second parameter, respectively, equal to 1; 1.5; 2; 3.
The calculation according to the formula (8)

Or
1.5

0.5

1

root-mean-

0.5

relative

R
1

1.5

2 2.5

Figure 3 — Isolines of the function G, =y in coordina-
tes (G,, R): 1 —4 — when y is equal to: respectively, |
0.75; 0.5; 0.25. Calculation by the formula (9)

>

Solving inequality (9) with respect to the
parameter G,, we obtain:

G, <—R+\R*+4y” 1. (10)

Knowing the correlation coefficient R between
the parameters x, and x,, it is possible to calculate the
ratio G,=0,/0, (1 <G,<3) using equation (10),
which, when determining the value of F by the

parameters x; and x,, will provide the required
decrease (0 <y <1) in the SD G for the indirect
measurement of F by the two-parameter method
compared to the one-parameter method.

As an example, the results of the analysis are
confirmed by a decrease in the error in determining
the hardness HRC of carbon steels after tempering at
atemperature 7, by measuring their coercive force A,
and remanent magnetization M,, compared to using
any one of these parameters (Table 1, Figures 4, 5).
For analysis, we used the measurement results in [4,
Tables 1.1 and 1.3] of H,, M,, and HRC of steels 30
and 45. The parameters H, and M, given in [4] were
measured by standard methods GOST 8.377-80
"Magnetically soft materials. Measurement techni-
que for determining static magnetic characteristics".
The relative error of their measurement does not
exceed +2 % and + 3 %, respectively. The corre-
lation coefficient R between H, and M, according to
Table 1 was — 0.853.

Statistical processing of correlation depen-
dencies between H, and HRC (Figure 4a), M,
and HRC (Figure 4b) and plotting the trend lines
of these dependencies were performed in the
Microsoft Excel program. The following equations
were obtained for determining the hardness HRC
of the investigated steels from the results of
measuring their /, and M, (where 1, = 1 m/kA and
1, = 1 m/MA are dimensional factors):

HRC = ¢ (H,) =22.965-In(t,H,) +32.874-1,H_;  (11)

HRC = 6,(M, ) =-115.76-(1,M, )’ +192.61-T,M, —30.228. (12)

The data given in Table 1 show that the value
of the SD between the results of calculating the
hardness HRC of the investigated steels according
to formula (3), using formulas (11) and (12), and
the results of its measurement (Figure 5) amounted
to 86 % and 91 %, respectively, of the SD values
between the results of calculating the HRC hardness
of these steels according to formulas (11) and (12)
and its measurement.

The analysis results can be extended to other
functional processing of the indirect measurements
F(x,) and F(x,), that provide the same additional
relative error of calculation as the algorithm (3) [18].
For example, the analysis can be applied to the
geometric mean of the results of determining the
physical quantity F according to formulas (1) and (2):

F(xpxz): (1),(x1)-¢2(x2). (13)
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604 HRC °

504

o o

y=22.965In(x) +32.874
R2=0.7535

40
30-

201 o
10 , . , ' P[c,kA/I"ﬂ
0.5 1 1.5 2 2.5 3

‘60fHRC

501 *

401
y=-115.76x>+192.61x - 30.228

304  R2=0.7391

201 **
10 ' . . All,,, MA/m
0.8 0.9 1 1.1 1.2
b

Figure 4 — Correlation fields of dependences between /,
and HRC (a), M, and HRC (b) of steels 30 and 45, the
results of measuring the parameters of which in [4] are
given in Table 1, and the trend lines of these dependences

60{HRC .
°
50+
40 »=1.0044x
R>=0.8064
301
* o
)
201 **
10 HRC, calculation
20 30 40 50 60

Figure 5 — Correlation field of the relationship between
the results of calculating the HRC hardness of the studied
steels according to formula (3) and the results (Table 1)
of its measurement in [4] and the trend line of this
dependence

Indeed, let the value of F'be determined using the
results of measuring the parameter x, by formula (1)
with a relative error 9,, and using the results of
measuring the parameter x, using formula (2)—
with a relative error 6,. In this case, F(x,) = F(x,).
We use (Table 2) formulas [22] to calculate the
relative measurement errors introduced by algebraic
operations.

Table 2

Absolute and relative errors arising from the
application of certain algebraic functions

Function type ~ Absolute error ~ Relative error

A=a+b Ad=Ag+ap A _Aathb
A a+b

A Aa Ab

A=ab A =aAb+bAN\a —=—+—
A a b

A

A=4d" A =nd" 'Aa M=n—a
a

We obtain for the relative errors 8; and d,5 the
determination of the physical quantity F, respectively,
by formulas (3) and (13):

8, =0.5(8, +96,), (14)
(taking into account the fact that F(x,) = F(x,)),
8,; =0.5(5, +90,). (15)

Close relative errors 95 and 9,5 of determining
the physical quantity F by formulas (3) and (13),
in addition to formulas (14) and (15), are
shown (Table 1) by close results of applying
algorithms (3) and (13) to determine hardness HRC
of carbon steels according to the results of their M,
and A, measurements, given in Table 1.

The analysis of the influence of different factors
on the mean square deviation o, of the indirect
determination of the physical quantity F using two
parameters x; and x, correlated with F allows us to
draw the following conclusions.

Conclusion

The effect of reducing the mean square deviation
o, for determining the steel hardness (physical
quantity F') when using the second parameter x,
is most pronounced when the inverse correlation
between the parameters x, and x, with the maximum
modulus |R| the correlation coefficient R between
them. In this case, the most significant decrease in 6,
occurs at close values of the SD o, and o, between
the true values of F and the values calculated from
the results of indirect measurements of F using each
of the parameters x, and x,.

The application of the two-parameter method
will not provide a decrease in o for determining
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the hardness of steel (physical quantity /) compared
with the one-parameter method if the SD o, of
measurements of F using the second parameter
X, is more than 3 times greater than the SD o,
of calculating F using the first parameter x,.

Knowing the correlation coefficient R between
the parameters x; and x,, it is possible to calculate
the ratio 6,/ o, that, when determining the hardness
of steel (physical quantity /') by the parameters x,
and x,, will provide a specified reduction in the error
of its determination by the two-parameter method
compared to the one-parameter method. Achievable
in practice is an approximately four-fold decrease in
6 when measuring the hardness of steels by the two-
parameter method compared to the one-parameter
method: this requires the simultaneous fulfillment of
the conditions R <—0.9 and 6,/ 0, < 1.5.

The field of application of the result is measu-
rements in non-destructive testing and related
fields of physics and technology. The results of
the analysis will make it possible to select the
optimal parameters for the indirect two-parameter
determination of the hardness of steels and to
estimate the achievable error in determining the
hardness with their use.
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Lenbio paboTHI SIBISUIOCH MCCIIEOBAHUE KOHTpAcTa M300pakeHHs 00beKTa, HabII01aeMoro B 3a/1bIM-
JICHHOM Ccpejie, ¢ IPUMEHEHHEM TOJIIPU3alMOHHON (QUIBTPALUK N3TYUYEHUS, PACCESIHHOTO YaCTHLIAMH JbIMa
B CTOPOHY HaOJIIOAATeNs], M COMOCTABIEHHE JAHHOTO KOHTPACTa C KOHTPACTOM M300paskeHus1, (POPMUPYEMOTO
0e3 QpuIbTpalny, Ui OLCHKH BOBMOXKHOCTH Pa3pab0TKH KOMIUIEKTa ONTHYECKUX MPUHAIIIEKHOCTEH TToXKap-
HOTO-cIIacaresis, yay4IIarolero BujaeHue 00beKTOB B YCIOBHX JIBIMOOOpPA30BaHUsI ITPH TIOXKapE.

JlocTnkeHne NMOCTaBIECHHON LETH OCYLIECTBIIAIOCh METOAOM SKCHEPHMEHTAIBHOTO MOJEINPOBAHUS
rporecca nepeaadn u3o0pakeHuit u€pHO-0eIoro o0beKTa ¢ pe3koil rpaHuled mnepexoja 4épHoe/Oenoe
Yyepe3 pazIHyHbIe TUIIBI a9P030Jieil AbIMa ¢ TPUMEHEHHEM TOJISIPU3alMOHHON (GUIBTPALUU H3ITyUeHHUs, pac-
CEeSTHHOTO YaCTHLIAMHU JbIMa, 1 03 pHUIBTPALUK U OLIEHKEe KOHTPACTOB N300paKeHUH.

[IpoBeneHbI ncclieIoBaHUs KOHTPACTOB M300pasKEHH ISl Pa3IMUHBIX ONTUYECKHUX IUIOTHOCTEH JIBIMOB
B JIByX CXeMaX perucTpaiuu, Korjaa npuéMHas ONTHYecKas CHCTEMa PAaCloNIoKeHa BOIU3U UCTOYHHKA O
CBETKHM O00BEKTa Ha paccTOsHUU ~ 150 MM OT Hero, U KOrJa OHa pacrojioKeHa Ha YAaJeHWH OT UCTOYHHKA
MOJICBETKH 00beKTa Ha paccTostHud ~ 800 Mm.

YeraHoBIIEHO, UTO crt0co0 (OPMHUPOBAHHS M300paKeHHS 00bEKTa C MPUMEHEHHUEM MOJSPU3AIHOHHOM
¢unpTpanmu u3nydeHus: momexu odparnoro paccestaus (IIOP) mo3BomnsieTr CHU3UTH CKOPOCTh YMEHBLICHUS
KOHTpPAacTa M300paKeHHs C yBEITMUCHUEM ONTHUECKOH TIIOTHOCTH JIbIMa B CPAaBHEHHHU C PETHCTpalUel n30-
Opaxxenus 6e3 ¢puibrpanmu [TOP. CymecTBeHHast pa3HUIa B KOHTPACTax W300paKCHUH, PerHCTPUPYEMbIX
¢ noJsipu3anonHoi orceukoit [IOP u B otcyTcTBHE rnbTpann, HAOIIOAACTCS ISl «CBETIIBIX» IBIMOB (TIH-
O3 APEBECUHBI, TIICHHE XJIONKA) Ha CPETHUX YAETbHBIX ONTHUYECKUX MJIOTHOCTAX JIbIMA.

[ony4eHHBIE pe3ynbTaThl MOTYT OBITH UCTIOJIB30BAHBI MIPH Pa3padOTKe ONTHYECKUX MPHHAICKHOCTEH
MOYKapHOTO-CIiacaTessl JUIsl YAy4IleHNsl yCIOBUI HaOMIoneHNs 00bEKTOB B HEONArONPHUTHBIX YCIOBHSX BH-
JICHUS: 33/IbIMJICHNH, TapO0Opa30BaHNH, TYMaHe.

KuroueBble c/10Ba: 16IM, TAIBHOCTD HAOMIONCHHMS, TIOMEXa 00OPaTHOTO PacCestHNS U3ITyYeHNUs, KOHTPACT H30-
OpaskeHHsI, OIS pU3alUOHHAsT (DUITBTPAIHSL.
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Abstract

The aim of the work was to study the contrasts of the images of an object observed in a smoky environment,
using polarizing filtering of radiation scattered by smoke particles towards the observer, and without filtering.
Prospects for developing optical accessories for firefighters to improve the observation of objects in smoke

were evaluated by comparing image contrasts.

The goal was achieved by experimentally simulating the process of transmitting images of a black- and-
white object with a sharp black/white transition boundary through various types of smoke aerosols using
polarizing filtering of radiation scattered by smoke particles, and without filtering and evaluating image

contrasts.

Studies of image contrasts for different optical densities of smoke in two registration schemes were
performed, when the receiving optical system is located near the illumination source of the object at a
distance of = 150 mm from it, and when it is located at a distance from the illumination source of the object

at a distance of = 800 mm.

It is established that the method of forming the image of the object using polarization filtering of radiation
backscattering (RBS) reduces the rate of image contrast reduction with an increase in optical smoke density

compared to image registration without filtering (RBS).

A significant difference in the contrasts of images recorded with filtration (RBS) and in the absence
of'it is observed for "light" fumes (smoldering of wood, cotton) at average optical densities of smoke.

The results obtained can be used in the development of optical accessories for firefighter-rescuer
to improve the conditions of observation of objects in adverse conditions of vision: smoke, vaporization, fog.

Keywords: smoke, range of observations, the backscattering of laser light, the image contrast, polarization

filtering.
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BBenenue

B HacTosiniee BpemMsi Ha pbIHKE CHApsKEHUM 110-
JKapHOTO-CIIacaTellsl TpesiaraeTcs MHUPOKUA BBIOOD
Pa3IMYHBIX TUTIOB M KOHCTPYKIHi (hoHapei. M crmons-
30BaHUE B COBPEMEHHBIX (POHAPSX MOIIHBIX CBETOAN-
OJTHBIX UCTOYHHUKOB M3IY4YCHHUsI ITO3BOJISIET TOOUTHCS
BBICOKMX 3HAYEHUH CBETOBOTO TIOTOKA U 00ECTIEUHNTh
MIPUEMIIEMYIO OCBEIIEHHOCTh B OTCYTCTBHE pacCeu-
BaroIel cpeasl Ha paccrostHUIX ~ 170-300 MeTpoB.
Oco0eHHOCTBIO MPUMEHEHUs TAKMX MOLIHBIX (hoHa-
peii st HabroieHusT 0OBbEKTOB B a3PO30JIbHBIX Cpe-
Jlax BJISIETCS MOSIBIIEHNE MHTEHCUBHOTO M3JTyUeHHUs,
paccesiTHHOTO YacTHUIAMU JIbIMa B CTOPOHY HalIo/1a-
TeJA, MTPUBOIAIIETO K €r0 YaCTUYHOMY OCJIETIIICHUIO
1 (aKTHYECKH K YMEHBIICHUIO TabHOCTH BUICHUS.

UzBectHo [1], uTo B pa3pabaTbiBacMbIX B Ha-
CTOsIIIIee BpeMsi CUCTeMax HaOJIIOECHUsS B CITy4aifHO
HEOJHOPOJHBIX cpefax (Boxaa, arMoc(epHbIi a’po-
30J1b) JUTS TIOZABJICHUS TTIOMEXH OOpaTHOTO pacces-
HUS M3IIy9EHUS WCIONB3YeTCs TMOJSApU3aliOHHAS
¢unprparmst. OHa 3aKITIOYaeTCsl B PaCIONOKEHUN
Ha BXOJ€ NMPUEMHON ONTUUYECKONU CUCTEMBI MOJISPHU-
3aTopa, OCh MOJIAPU3AIMH KOTOPOTO OPUEHTUPYETCA
10J] OTPEICIEHHBIM YTJIOM JJISl YCTpaHeHus: GoHa
paccessHHOTO W3MydeHHI. DPGHEeKTHBHOCTh OTCEU-
KU W3Jy4eHHsI 00paTHOTO PacCestHUS OTpeiesseTcs
CTETICHBIO NOJISIPU3AIMY U3TYyYCHHUS MTOJICBETKH 00b-
€KTa M ONTHYECKUMH CBOHCTBAMM HEOJHOPOJHOMN
cpeanl (pa3MepaMu U (OPMOHN pacceuBarOIIUX Ya-
CTHII, a TAK)KE ONTUYECKON TUIOTHOCTBIO CPEJIBI).

[IpumeHeHne  TONAPHU3AMMOHHOTO  CIIOcoOa
(unpTpani  paccesHHOTO W3IYUYSHHs JUIS YIIyd-
LIEHNs BUACHUS B a9PO30JIAX JbIMA JI0 HACTOSIIETO
BPEMEHHM Ha MPAKTUKE HE pacCMaTpPUBAJIOCH.

Henwro nanHO# pabOTHI ABISIETCS HCCIECOBAHIE
XapaKTEPUCTUK KavdecTBa M300pakeHU (KOHTpacTa
n300paxkeHns), (GOPMUPYEMBIX B 3aJIBIMICHHBIX
cpemax ¢ MPUMEHEHHEM IOJSPU3AIUOHHON (HUITb-
Tpaluy PAacCesSHHOTO M3IYUYEHMsI, U COMOCTABICHHE
JTAaHHBIX XapaKTEPUCTHK C XapaKTepUCTHKaMH H30-
OpaKeHUH, MOTyJaeMBbIX TPAAUIIOHHBIM CITOCO00M,
JUTSL OTIEHKH BO3MOYKHOCTH pa3pabOTKH KOMIUIEKTa
ONTUYECKUX TMPHHAUICKHOCTEH IMMOKapHOTO-Ccriaca-
TeJsl, YIYYIIAIONINX BUICHHE 0OBEKTOB B YCIOBUSIX
JIBIMOOOPA30BaHUs TPH TTOXKAPE.

OcHoOBHbIE XapaKTEePUCTUKH KayecTBa
u300pakeHus o0beKTa, popmupyeMoro
ONTHYECKOM CHCTEMOM Yepe3 CIy4aifHO-
HEOJHOPOIHYIO cpey, U CIOCo0bI UX OLleHKH

OCHOBHBIMH XapaKTepUCTHKAMH KaduecTBa M30-
OpaxxeHHs1 0O0BEKTa, HAOIIOMaeMOro TIIa3aMH WIIN

dhopMHEpyeMOTo ONTHYECKOW CHCTEeMOU (OOBEKTH-
BOM (poTOKaMepsl), SABISIOTCS IMPOCTPAHCTBEHHOE
paspernieHue (yriioBoe JU00 JTHHEHHOE) TI0 00BEKTY,
KOHTPACTHOCTh ¥ OTHOIICHNE CUTHAII/ IITyM.

Ilon TpOCTpaHCTBEHHBIM pa3pemieHHeM I10-
HUMAIOT MHHHMAaJbHOE YTJIIOBOE JMOO JHMHEHHOe
paccTosHue MEXAY ABYMS ACTATISIMHU H300paKeHHS
00beKTa, HAOMIOAACMBIMH Pa3eiIbHO TIPH HICAThb-
HOM 3peHWH. BenmuwHa paspemieHusi, Harmpumep
YIJIOBOTO Y, ONPEAEseTCs CpeHeN JUTMHOW BOJIHBI
M3ITy4YeHHsI A, B KOTOpoM (Qopmupyercs m3o0pa-
KeHHe 00BEKTa, U pa3MepoM IMPHEMHOMN amepTypsl
ONTHYECKOW CUCTEMBI d, pETUCTPUPYIOIICH N300pa-
)eHue (amameTpoM oObekTHBa (poTokamepsl). Ma-
TEMaTHYECKH CBS3b Y C TTapaMeTpaMu A U d BhIpaka-
€TCsI COOTHOIIIEHHEM BH/IA!

1,21
==

KonTpact u3o0paskeHHs XapaKTepus3yeT CTe-
MeHb Pa3IMYUMOCTH CBETIBIX M TEMHBIX yUaCTKOB
n300pakenus. Benmnmuuna koHTpacTa K onpeaenser-
sl BRIpQKEHUEM:

I -1

max min

5
+ Imin

()

1

max

2

rae /., — MaKCUMajbHas SPKOCTh CBETJIOIO y4acTKa
u3obpaxkeHus; /. — MUHHMMAaJbHas SAPKOCTb TEM-
HOI'0 y4yacTKa M300pakeHUsi. 3HaueHHWE KOHTpacTa
3aBUCUT OT YCIIOBHMH HaOJIOJeHUsI (PErHCTpaluu
n3obpaxenus) oOvbekTa. Hampumep, BenMUuHBI OC-
BEHIEHHOCTH OOBEKTa, MOIIHOCTH COOCTBEHHBIX
LIIYMOB PETUCTPUPYIOLIEr0 NPUEMHMKA, HAIUYMUS
(hOHOBOI1 3aCBETKH.

[TapameTp OTHOIIEHUE CUTHAJI/IITYM 1] YUYUTHIBA-
ST BJIMSIHUE Ha Ka4eCTBO N300paXkeHus1 00beKTa co0-
CTBEHHBIX IIYMOB PETHCTPUPYIOLIEr0 MaTepuaia
npruéMHHKA U3Ty4deHusi, poHa MOCTOPOHHEH 3acBeT-
KH MpUEMHUKA, (QITYKTyalluii MOIIIHOCTH MOJE3HOTO
CUTHAJIa U OTIpe/IeTsieTCs COOTHOLIEHUEM:

)

rae /,, — MHTGHCUBHOCTb IIOJIC3HOTO CUrHANa; [, —
MHTEHCUBHOCTB ITOMEXH.

VYuér napameTpa 1 Ba)KeH, KOTJAAa WHTCHCHUB-
HOCTB TIOJIE3HOTO CHUTHAJIA CPAaBHHBACTCS C WHTEH-
CHBHOCTBIO TIOMEXH.

[Tpu HaOmrOAEHUM (PETUCTPALU U300pAKEHUI)
O0OBEKTOB B CIIy4aiHO-HEOJHOPOIHBIX Cpelax THIIA
TOJIIIM BOJIBI, PA3IMYHOTO pojia a’po3oliell (TymaHa,
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IIbIMa) YacTh W3IYYCHUS, HCXOIAIIETO OT OOBEK-
Ta, PacceMBaeTCsl HAa ONTHYECKUX HEOJHOPOIHO-
CTSIX 3TUX Cpel, TepseT (a3oBYyI0 H aMILTUTYIHYIO
uHpOpMaIo 00 00bEKTe, YTO MPUBOJUT B HTOTE
K Pa3MBITHIO JeTanell n300pakeHus! 00beKTa, yXy/I-
IICHUI0 €T0 KOHTPACTHOCTH W YMEHBIIECHHUIO J1ajb-
HOCTH HaOJIIOAEHHS.

BenuunHa pazpemiaemMoro sieMeHTa u3o0pake-
HUS B JJAHHOM CITy4yae OTPENENISICTCS YIIIOBBIM HIIH
JMHEHHBIM Pa3MepoOM M300paKeHUs MATHA Pa3Mbl-
THS TOYeYHOTo MHU((Py3HOrO0 MCTOYHUKA, PACIIOIIO-
JKEHHOTO B TNIOCKOCTH 00BEKTa U ¢(HOPMHUPOBAHHOTO
HCIIOJIB3yEMOW ONTUYECKON CUCTEMOM Uepe3 TOILy
a’pPO30JIBHON CpeJibl, PACIOIOKEHHOW MEXIy 00b-
€KTOM M ONTUYECKON CUCTEMOH.

CyiecTBeHHOE yXYIIICHUE YCIOBUMA HAOIIO-
JIeHUs 0ObEKTOB B a’3pO30JbHBIX Cpelax IMpOHc-
XOJIUT B aKTUBHOM peXUME HAONIOACHUS, T. €.
KOTJla OCYIIECTBIISIETCS HAlpaBlieHHas MOJCBETKA
00BEKTOB C IMOMOIIBIO CHEIUANBHBIX (OHAPEH,
MPOKEKTOPOB. OCHOBHON TPUYMHON CHIDKCHHS
BUJUMOCTH OOBEKTOB (YMEHBIICHUSI KOHTPACTHO-
CTH) SBIAETCS U3TyYEeHHE, PACCETHHOE YaCTUIIAMHU
a’pO30JIM B HANPABJICHUH «Ha3al», KOTOPOE Mora-
JlaeT B TIJia3a HaOmonaTess 00 HaKJIaJIbIBaETCs
Ha H300pa)KCHHWE, PErHCTPHUPYEMOE ONTHUYECKOI
CHUCTEMOI.

B cnydae HaOmomeHus KpPYNHBIX OOBEKTOB
B YCJIOBHUSIX I0Kapa, KOT/la pa3pellieHHEeM MEJIKHX
JeTajgeld MOXHO IpeHeOpeub, OCHOBHOM XapakTe-
PUCTUKON KauecTBa HM300pakKeHHS MOXKET SBISTb-
Csl CTENEHb €r0 KOHTPACTHOCTH, T. €. OTIUYUMOCTD
00BbeKTa HaOMIOACHUS OT OKpy X aromero ¢pona. Jlan-
HBIH ()OH MOXKET CO3/1aBaTbhCs, HAIIPUMEDP, OCBeEIle-
HUEM OT MCTOYHHUKA MOKapa, & TAKKE U3ITyUYCHHEM,
paccessHHbIM Ha YacTUIAX a’po30Jid AbIMa, Mapa
W JIpyTuX HEOAHOPOJHOCTSX BO3IYIIHOW CpEbI
B 30He noxkapa. [IpenenbHoe 3HaueHne KoHTpacta K
M300pakeHUst 00bEKTa, TP KOTOPOM OOBEKT MOKET
OBITb OTIMYMM YEJIOBEKOM OT (DOHA, YJOBJIETBOPSIET
ycaosuto K > 0,02.

Jnst ynydiieHus: kadyecTBa M300pakeHHsT 00b-
eKTOB, HAa0JII01aeMbIX B a3PO30JIbHBIX Cpelax, npu-
MEHSIFOTCSl pa3IMYHbIE CIIOCOOBI U YCTPOHCTBA 00pa-
00TKHM 1 (HOPMHUPOBAHUS M300paKEHHUH, TO3BOJISIO-
M€ CHU3UTD WIN UCKIIOUUTD BIMSHHUE PACCESTHHOTO
Ha YacTUIaX a’po30Jisl U3JIyUYeHHs Ha KauecTBO M30-
Opaxenus [1, 2-6].

B nHacrosimee Bpemst 11t HaOIr01eHUS OOBEKTOB
B 3aJbIMJICHHOW cpele MpH MOoXKape MPUMEHSIOTCS
TEIUIOBU3MOHHBIE KaMmepbl. HecMoTpsi Ha BbICOKOE
Ka4ecTBO (DOPMHUPYEMBIX MU U300paKEeHUH 00BEK-

TOB, M3JIyYAIOINX TEIUIO, IMTUPOKOE IPUMEHEHNE X
OTPaHWYEHO BBICOKOH CTOMMOCTBIO, CPaBHHUTEIHHO
OOJBIITUM BECOM M YXY/IIICHHEM PabOThI NpH JTH-
TETHPHOM HAaXOXKJEHUH B 30HE TETIOBOTO U3TYUCHHS
noxapa [4].

HawnbGonee mpocreimuM crmocoOOM TOBBITIIE-
HUS KadecTBa M300pakeHHWs OOBEKTOB SBISETCS
MoJIIpU3aIioHHas GuIbTparus GoHa paccesHHOTO
W3IydeHus (M3IIy4eHHs, PACCESHHOTO, HalpuMmep,
MOJICTUIIAIONIEH TTOBEPXHOCTHIO 3eMITH, aTMocdep-
HBIM a3p030JIeM, a’po30JieM IbIMa), PAa3THIHOTO
pona OMMKOB. DTOT CIOCOO YacTO HMCIOJB3YyeTcs
B 00BIYHON (oTOTrpaduu B TACCHBHOM pEKHUME
MOJTy9eHHS H300paXKEHUH, T. €. KOT/Ia PETUCTPUPY-
eTCs M3JTydeHne camoro o0beKTa (TerioBoe) Tudo
OTpaXEHHOE MM HM3ITyYeHUE €CTECTBEHHBIX MCTOY-
HUKOB.

dotorpadupoBaHre 00HEKTOB B JAHHOM CITY-
yae OCYINECTBIISIETCS 4Yepe3 IOJSApU3aIlHOHHBINA
(bUIbTp, yCTAaHOBJIEHHBIN C OMNpene’aEHHON Oopu-
SHTaIMeH MIOCKOCTH MOJISIPU3ALNU TIepe]] 00beK-
tuBOM ¢oToKaMephl. [Ipu OGOMBIIMX TIOTHOCTSX
a’pO30JIBHBIX CpPEJI CYIIECTBEHHOTO YIy4YIICHUS
KadyecTBa W300paXeHUs B IMACCUBHOM pEXUME
dhopMmupoBaHus W300paKEHUH TOCTHYH HEBO3-
MOKHO BCJI€ICTBUE MAaJIbIX Pa3JIMyUil CTElneHeul
MOJISIPU3alMK TI0JIE3HOTO CHTHaJa, OTPaXEHHOTO
OoT 00BEKTa, W PACCESTHHOI'O a’po30JieM H3Jyue-
HUS.

Bosnbiioi uHTEpEC BBHI3BIBAET MPUMEHEHHE TO-
JSIPU3ALMOHHON (DUIBTPALlMK PAaCCEsTHHOTO H3Iy-
YeHHsI B aKTHBHBIX CXeMaX HaOJIOIEHUS C IpUMe-
HEHHEM II0JICBEeTKH OOBEKTa HENMpPEPBIBHBIM IJIMOO
UMITYJILCHBIM TIOJTHOCTBIO TTOJISIPU30BAaHHBIM H3ITY-
yeHneM. [[prMepoM NCTOYHUKOB TaKOTO U3ITYUCHHS
MOT'YT SIBJISITHCS JTA3€PHBIC U3Ty4aTelH.

Kax mokazai npoBeIEHHBIN aHATU3 TUTEPATYP-
HBIX JAHHBIX [ 7] TI0 HCCIIeTOBAHUIO TIOJIIPU3AITHOH-
HBIX XapaKTEPUCTUK U3IYUYCHHS, PACIpPOCTPAHSIO-
IIeTOCS B Pa3NIMYHBIX THIIAX a’dpPO30JBHBIX CpPE,
TaKWX, Hampumep, Kak atmocdepHas a’po30ilb,
a’po30Jb JIbIMa, HAOIIO/IaeTCs BBICOKAs CTEIEHBb
TOJISIPU3AIIMN U3TYUCHHUS, PACCESTHHOTO YaCTUIIAMH
a’po30Jicii B HANPABICHUU «HAa3a/1». BBISBICHHBIN
(hakT BBICOKOW MONIAPU3ANNH U3TyUEHHUs, PACCesH-
HOTO «HAa3aa», ¥ TO, YTO TUIOCKOCTH MOJIIPU3AIIH
ATOTO U3IMYYEHHUS OPTOTOHANbHA TIOCKOCTH ITOJISI-
pH3aIK UCXOHOTO M3JIyYeHHs, IO3BOJSET Haje-
SITbCA Ha APPEKTUBHYIO ero OJIOKUPOBKY Ha dTare
hopmMupoBaHUs H300paKeHHUS O00BEKTa TOJIpH3a-
[UOHHBIM (PUIBTPOM, YCTAHOBJICHHBIM TIEPE]T TPHU-
€MHOM ONTUYECKOU CUCTEMOM.
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Cxema 3KCIIepUMEHTAJIBHON YCTAHOBKH
JJISl perHCTPaluM N300paskeHnst 00beKTa
Yyepe3 pa3iuvHbIe THIIBI 23P030JIel AbIMa
METO0M MOJIAPU3ALUOHHON pUIbTpaLUK
PACCesTHHOT0 M3JIy4YeHHUs U 00bIYHBIM
doTorpadupoBanuem

Jis oueHku 3(QeKTHBHOCTH MONMSPU3ALMOH-
HOTO croco0a MOBBIICHUSI Ka4ecTBa U300paKeHUs
00BEKTOB, HAOJIIOJAEMBIX B a9PO30JIsIX IBIMOB, Oblia
coOpaHa dKCHeprUMEeHTallbHas yCTaHOBKA JJISl peru-
CTpanMu M300pakeHUi O0beKTa uepe3 3albIMIICH-
Hyto cpeny. Ontruyeckas cxeMa YCTaHOBKM Npe-
CTaBJIEHa HA pUCyHKe 1.

Pucynok 1 — OnTrueckasi cxema pPErucTpaiud u3o0pa-
JKEHUS1 00BEKTa uepe3 a’po30db JAbiMa: | — masep; 2 — Mu-
KPOJMH3a; 3 — ONTHYECKH-HEOTHOPOAHAsA cpeda (AbIM);
4 — OuHApHBIA O0BEKT; 5 — MOJIPHU3ALUOHHBIA (UIBTP;
6 — npuémHas ontudeckas cucrema; 7 —[13C— maT4ywk;
8 — KomMmBIOTEP

Figure 1 — Optical scheme of object image registration
through a smoke aecrosol: 1 —laser; 2 — microlens;
3 — optically inhomogeneous medium (smoke); 4 — binary
object; 5 — polarizing filter; 6 — receiving optical system;
7 — CCD sensor; 8 — computer

CxeMa BKIIOYAET JIA3E€PHBIH HMCTOYHHK W3-
mydenust 1 momrHOocThIO 20 MBT, renepupyromimii
Ha JUIMHE BOJHBI A = 532 HM, MHUKPOJIUH3Y 2 THaMe-
TPOM 5 MM ¢ (OKYCHBIM PacCTOSIHUEM 9 MM, 4€pHO-
Oenblil 00bEKT 4, MOJSPU3aTOpP S5, NPUEMHYIO ONTHU-
YECKYIO CUCTEMY 6 ¢ anepTypoit 55 MM 1 (hOKYCHBIM
paccrosauem 80 MM, (GOTONPUEMHHK 7, KOMIIbIO-
Tep 8.

B xadectBe mojsipu3aropa HCIONb30BajIach
nojsipu3anonHas miéuka [8-9] ¢ koaddunuen-
TOM TPOIYCKaHWsl k W3IIy4eHHs Ha JUIMHE BOJHBI
A =532 um, paBHOM k = 0,56, 1 CTEIICHBIO MOJISIPHU3a-
uuu P =0,3. [Inénka kpenuaach BO BpaIIaIOIIEMCS
B BEPTUKAJIHHOH MJIOCKOCTH OapabaHe ¢ HAaHECEHHBI-
MU Ha ero 000/IKe 3HaUCHHSIMH TPalycoB. 3HAYCHUS

IpajlycoB OTCUHUTBHIBAIOTCSI OTHOCHTENBHO PHCKH,
HaHECEHHOHN Ha JIPyroM (HEIMOJBM)KHOM) Oapabane,
CBSI3aHHOM C Y3JI0M KpEIICHUs TIOJISIPU3aTopa.

DOTONPUEMHUKOM  SIBIISUICS.  MHOTO3JIEMEHT-
HBIH JaTYMK C NPOCTPAHCTBEHHO-3apsIOBOH CBS-
3pt0  Mapku 1ohibaTCD13044P (I13C-paruuk).
DneMeHTapHble TPUEMHUKY AaTYUKA PACIIONIOKECHBI
BJOJIb OJHOM JIMHUM, [IO3TOMY €ro emé Ha3blBalOT
[13C-nuneiikoit. CBeTOUYBCTBUTENbHAS IUIOLIAAKA
aneMeHTapHoro npuémuuka [13C-natunka umeer
(bopMy TpSAMOYTONbHHKA IIUPUHON 14 MKM U BBI-
cotoir 200 MkM. YuCI0 MUKPONPUEMHUKOB PAaBHO
3647.

Perucrpanus n300paxeHu Ha YCTAHOBKE OCY-
LIECTBIISIACH CIeNyoIM o0pa3zoM. JlunelHo mo-
JSIPU30BAHHOE H3JIY4YEHHUE (CTEeNeHb NOJSPU3aLUN
P =0,3) mosynpoBOJHUKOBOTO Jia3epa HEMPEpPHIB-
HOro JEHCTBUS C JJIMHOM BOJHBI A = 532 HM, aua-
METPOM IIy4Ka 5 MM M PacXxOAMMOCTBIO ~ 3 Mpaj
HaNpaBJIsUIOCh HAa MOJOXKUTENBHYIO JTUH3Y 2 ¢ ¢o-
KyCHBIM paccTosiHHEM 9 MM. PacmmpeHHoe nuH30M
n3IydeHue ocBemano o0bekT 4. B xauecTBe 00beK-
Ta HWCIIOJIB30BAJICS IUIOCKMH HENpPO3pauHbId dKpaH
C HAaKJICCHHBIMU Ha HEM JABYMsI IIUPOKUMHU YEPHOI
u Oenoii mosgocamu, 00pa3yoLUMMU PE3KUN TEPEX0]
oT uépHoro Kk oenomy. M3o0paxkeHne 00beKTa Ipej-
CTaBJICHO HA PUCYHKE 2.

Pucynoxk 2 — McxonHoe n3obpaskeHne o0beKTa

Figure 2 — Initial image of the object

llInpuna monoc obOwekTa paBHsUTach 400 MM,
BbIcoTa — 800 MM. OTpak€HHOE OT 00BEKTa 4 H3ITy-
geHue (pUCYHOK 1), mpoiiast yepe3 moyspusarop 5,
MOTTa1ANI0 B MPUEMHYIO OTITHYECKYIO CHCTEMY 6, KO-
Topas hopMEpoBaIa U300pakeHNe 0OBEKTa B IIIO-
CKOCTH CBETOUYBCTBHUTEIHHBIX JJIEMEHTOB TMPHUEM-
HuKa 7. PactipenencHue MHTCHCUBHOCTH 10 M300pa-
YKEHUIO0 00BEKTa BIOJb TOPU3OHTATHHON OCH (TI0TIe-
PEK TPpaHUIIBI pa3jiesia YEPHOTO U OSIIOT0) PETUCTPH-
pOBaJIOCh  CBETOYYBCTBUTENBHBIMH  DIIEMEHTAMH
MpUEMHUKA 7, COXPAHSIIOCH B TTAMSATH KOMITBIOTEPA
8 1 0TOOpaXKAIOCh HAa €T0 MOHUTOPE.
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N3o0paxkeHnss 00BEKTa  PETUCTPHUPOBAIHCH 10 I
— 0

U pa3HBIX THIIOB JBIMOB IIPY Pa3IMYHBIX UX oNTH- D = 7 log 7 )

YEeCKHUX IUIOTHOCTAX B IBYX IOJOKECHUAX TPUEMHON
ONTHYECKOW CHCTEMBI OTHOCHUTEIFHO WCTOYHHKA
MTOACBETKH O0O0BeKTa. BOMM3M HMCTOYHWKA Ha pac-
cTossHUM = 150 MM, 4TO COOTBETCTBYET, IPUMEPHO,
PacCTOSHUIO OT TJIa3 MOXKapHOTo-cracarens 110 (o-
Hapsl TIOJICBETKH, 3aKpPEIUIEHHOMY Ha €ro Kacke,
00 yCTaHOBIIEHHOMY Ha TPYIH, W Ha YHaJCHUH
~ 800 MM, KOTOPOE UMUTUPYET PACCTOSIHUE OT IJ1a3
MO’KapHOTO-CIIacaTelts 10 (poHaps MOACBETKH, HAXO-
JISTIIETOCS B €0 PyKe.

Peructparmus ocymiecTBisiach Ipu JIBYX OpH-
EHTANUAX TUIOCKOCTH TPOITYCKaHUS TOJIPU3ATO-
pa 5, Korja rIocKOCTh MPOITYCKaHUs MOJISPH3aTopa
ObLTa MapayuieNTbHa TUIOCKOCTH TOJISPU3aliN U3ITY-
YeHHs TOJICBETKH 00BEKTa M KOTJa OHa ObLIa Iep-
NeHIuKysipHa eid. I1epBrlii ciaydail COOTBETCTBOBAI
¢unpTpanyu (010KkHpOBKe) GOHA HIITyUEHUSs, pacce-
STHHOTO YacCTHIIAMH JIbIMa B HATPABICHUH «HA3a]»,
BTOPOM — OTCYTCTBUIO €T0 (PHIBTPAIINH.

Pe3yabTaThl 3KCIEPHMEHTAIBHOIO
HCCJIEIOBAHNS KOHTPACTa H300paKeHN
OMHApPHOro 00bEeKTa, (POPMHUPYEMBIX B yCJIO-
BHUSIX 32IbIMJICHUS NIPHU NOJISIPU3ALMOHH O
¢puabTpanuu NoMexu 0OpPaTHOIO paccesiHus!
M3J1y4eHHUsI MOACBETKH U 0e3 GpuiIbTpanuu

Kontpactsl n3o0pakeHnii OMHapHOTO OOBEKTA,
perucTpupyeMsale Npu HATMYUH AbIMA, BEIYUCIISINCD
no gopmyiie (2) 1 OUEHUBAIUCH IJIsl TOYEK U300pa-
KEHUI BOJIM3M PE3KOW rpaHUIIbI lepexojia OT CBET-
JIOW YacTu 00beKTa K TEMHOW Ha paBHOYIANEHHBIX
OT I'PaHUIIbl PACCTOSAHUSAX.

Bo Bcex skcnepuMeHTax OOBEKT HaXOAMICA
Ha PacCTOSHUU OT MCTOYHHKA IOJCBETKH, PaBHOM
8,8 M.

Ha pucynke 3 mpencraBieHbl 3aBUCUMOCTH OT-
HOCHUTENBHBIX (110 OTHOUIEHMIO K KOHTPAcTy H30-
OpaskeHHs, 3apEerHCTPUPOBAHHOTO B OTCYTCTBHUE
abiMa K|)) koHTpacToB K/ K;n300paxeHuii 00bEKTOB
OT y/IeTIbHON ONTHYECKOW IUIOTHOCTU D JibIMa, 00-
pazyeMoro MoJienbHbIM ouarom noskapa TI12 (mupo-
JTU3 IPEBECHHBI) .

OneHka yAeIbHON ONTHYECKON MIOTHOCTH D
OCYIIECTBIISUIACH IO (hopMyJie:

! Cucrema CTaHJAPTOB MOXKapHO  0Oe30macHo-
cti. Cuctemsl NMOXKapHOHM curHanuzanuu. l3semiatenu
JIBIMOBBIE Toue4Hble. OOIMe TEeXHUYECKHUE YCIOBUS:

CTb 11.16.03-2009.

rae /, — BeJIM4YKMHA CUTHAJA, PETUCTPUPYEMOIO IIpHU-
EMHUKOM HM3ITyYeHUS B OTCYTCTBHE AbIMA; L — JTMHA
MyTH W3JIY4YeHUS OT HWCTOYHHWKA /0 MPHEMHUKA;
[ — BenmuMHA CUTHANA, PETUCTPUPYEMOTO TTPUEMHU-
KOM M3JTY4YCHHS MTPHU HATHYUH BIMA.

3aBHUCHMOCTH TOJMY4YEHBI TPH PACCTOSTHUU
OT UCTOYHHUKA U3JTYUEHHUS J10 TPUEMHON ONTUYECKOMN
cuctemsl =~ 150 MM.

KK,

0,0 T T T T T T T T 1
0,0 0,1 0,2 0,3 04 0,5 0,6 0,7 0,8 0,9

D, nBbM'

Pucynok 3 — 3aBUCHMOCTH OTHOCUTEJIBHBIX KOHTPacTOB
K/K u3o6paxennii 6uHapHOro 00BbEKTa, PErHCTPUPYe-
MBIX BOJIM3HM UCTOYHHKA ITOACBETKH CIIOCOOOM (PHIIBTpa-
MK paccestHHoro m3nydenus (1) u 6e3 ¢punbrpanuu (2),
OT YAENbHOM ONTHUYECKON MIOTHOCTH D JbiMa (MTUpOIINU3
JIPEBECHUHBI)

Figure 3 — Dependence of relative contrasts of binary
object images registered near the illumination source by
filtering (1) and without filtration scattered radiation (2) on
the specific optical density D of smoke (wood pyrolysis)

Kpusas 1 oroOpaxkaer n3MeHeHHEe KOHTpacTa
M300paKeHUN C yBEIMUYEHHEM CpeIHel yIenbHOU
ONTHUYECKOW TIOTHOCTH JbIMa TPU (QUIBTpALUH
ITOP. Kpusas 2 nomyueHa B oTcyTcTBUe puibTpa-
nuu [1OP. BuaHo, 4TO ¢ yBennueHHEM yICTbHOMN
ONTHUYECKOW TIOTHOCTH JAbIMa KOHTPAacT M300pa-
JKeHuH ymeHsbinaercs. OIHAaKO CKOPOCTh yMEHb-
IIeHUs] KOHTpacTa W300paKeHUH, MOTYyYEHHBIX
npu ¢wibtpanun [1OP, Menbiie, yeM M3MeHEHHE
€ro B M300paKEeHUSX, PETUCTPUPYEMBIX 0e3 HUITb-
Tpauuu. CpaBHEHNE BEIMYNH KOHTPACTOB JJAHHBIX
M300paKeHUU sl ONTUYECKON IJIOTHOCTH JIbIMA,
paBHoii, Hanpumep, D = 0,4 1bM ', mokasbiBaer,
YTO KOHTPACT U300pakeHus, POPMUPYEMOTO C OT-
ceukoii [IOP, mpumepHo B 2 pa3a Bblllle KOHTpAcTa
U300paKeHus1, perucTpupyemoro 6e3 GuiabTpanuu
I1OP.
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Ha pucynkax 4 u 5 npuBeneHbl n300paKeHUs
00BEKTa, MOJyYeHHbIC TPU YACTbHON ONTHYECKOH
IUIOTHOCTHU JIbIMa, paBHOU D = 0,5 ILBM*I, COOTBET-
crBeHHo 0e3 puibTpannu [IOP u e€ orceuke. CipaBa
Ha M300paKEHUsIX 00BEKTa BUJACH CIIE/ W3Ty4YCHUS
WCTOYHHWKA (JJIMHA BOJIHBI M3Iy4YeHUs1 A = 650 HM),
WCTIOJIB30BABILETOCS I KOHTPOJIS YACTbHOH ONTH-
YEeCKOM TIOTHOCTH JIbIMA.

U3 pucyHka 5 BUIHO, YTO KOHTPACT OTQUIBTPO-
BaHHOT'O M300pa)KEHHSI BBIIIIE KOHTPACTa U300paxe-
HUs, mosydyenHoro 0e3 ¢unbrpanuu [TOP (momexa
00paTHOTO paccestHusl B BUAE SPKOTO CHOMA Jy4eH,
HaKJIaAbIBAOIIAsICS HAa U300pakeHHe 00beKTa (pUcy-
HOK 4), IpaKTU4ECKH MOIHOCTHIO ycTpaneHa). OHa-
KO SPKOCTh OT(MIIBTPOBAHHOTO H300paKEHHUS OUCHb
Masia. OTOT (hakT OOBSACHSIETCS TEM, YTO HCIOJb3Y-
€MBIIl B SKCIIEPUMEHTAX IOJISIPU3ATOP UMEN HU3ZKHUI
ko3 durrenT nponyckanus usnydenus k = 0,56.

Pucynok 4 — M3o0paxxenne OunapHoro oObekra, 3ape-
THCTPUPOBaHHOE 0e3 (PUIIbTpAIMU PacCesTHHOTO H3Iyde-
aust (D = 0,5 1bM ') BOIH3M MCTOYHMKA MOJCBETKH 00b-
eKTa

Figure 4 — Image of a binary object registered without
filtering scattered radiation (D=0.5dBm ') near the
illumination source

Pucynoxk 5 — M3zo6pakenre OMHapHOTO 00BEKTA, 3apETH-
CTPHPOBAHHOE B YCIIOBUSIX (DUIIBTPALIMH PACCESIHHOTO H3-
nygenus (D =0,5 nbM ') BOIM3H MCTOYHEKA MOACBETKH
00BeKTa

Figure 5 — Image of a binary object registered by filtering
scattered radiation (D = 0.5 dBm") near the illumination
source

[IpencraBnennbie Ha pUCYHKaX 3—5 pe3yJIbTaThbl
MIOJIYYEHBI B CXEME PETHCTPALIH, COOTBETCTBYIOIIECH

HaOJII0IEHUIO 00BEKTOB € TIOACBETKOW UCTOUHUKOM,
PACIIOJIOKEHHBIM HAa KaCKe I0KAPHOTO-cracaresis
6o ero rpyau. [Ipeacranser MHTEpeC OLECHHTH
KOHTPAcThl H300paskeHnH, (POPMHUPYEMBIX TPH IO/~
CBETKE 0OBEKTa HCTOYHUKOM, PACIOI0KEHHBIM, Ha-
IIpUMED, B PyKe criacaTelis.

Ha pucynke 6 0ToOpa’keHbI 3aBUCUMOCTH KOH-
TPacTOB M300pa’KeHHUH, TOTYUYECHHBIX MPH PaccTos-
HUU OT MCTOYHMKA U3JIyYEHUs JO NMPUEMHOM ONTHU-
YyecKkol cucteMbl, paBHOM =~ 800 MMm.

1,0
0,8
0,6
0,4-

0,24

0’0 T T T
00 02 04 06

0.8 1,0
D, nbwm'

PucyHok 6 — 3aBHCUMOCTH OTHOCHTEIBHBIX KOHTPACTOB
K/K, n306paxeHuii OMHApHOTO OOBEKTa, PErUCTpUpYeE-
MBIX Ha YJaJCHUH OT WCTOYHHKA TOJICBETKH CIIOCOOOM
¢unpTpanun paccestHaoro m3nyudeHus (1) u 6e3 duin-
Tpamuu (2), OT YAENbHOH ONTHYECKOW IUIOTHOCTH D
JIbIMa (TTHPONTN3 JPEBECHHBI)

Figure 6 — Dependence  of relative  contrasts  of
binary object images registered at a distance from the
illumination source by filtering scattered radiation (1) and
without filtration (2) on the specific optical density D of
smoke (pyrolysis of wood)

BuaHo, 4To OCHOBHBIE OCOOEHHOCTH HM3MEHE-
HUSl KOHTPAcTOB B 3aBUCHUMOCTH OT YJIEJIbHOW OIl-
THYECKOH IUIOTHOCTH JbIMA COXpaHsTCa. B To xe
BpEMsI COIOCTaBJICHHE KOHTPACTOB H300pa)KeHUIt
00beKTa, noiay4eHHbIX pH orceuke [TIOP (kpusas 1)
u 6e3 punpTpanun (KkpuBas 2), MOKa3bIBaET, YTO OHH
MEHBIIE OTINYAKTCS APYyT OT apyra. Ilpu ynensHoi
ONTHUYECKOHN MIOTHOCTH nbimMa D = 0,4 1M ! otHO-
IIeHHe KOHTpacToB paBHO 1,3. BripaBHUBaHuE Ka-
YyecTBa N300paKCHUH MOYKHO OOBSICHUTH yMEHBIIIe-
HUEM MOIIHOCTH, peructpupyemoii [1OP, Tak kax eé
4acTh HE NONANAET B INPUEMHBIN KaHaJ BCIEACTBUE
00JIBIIIOTO MPOCTPAHCTBEHHOTO PAa3HECEHUS MPHEM-
HUKa U UCTOYHUKA u3aydenus [10].

HccnenoBanne KOHTpacTa M300pakeHui OUHAp-
HOTO 00BEKTa, (POPMHUPYEMBIX IIPHU ABYX PEKUMAxX pe-
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THCTpauuu (depe3 MoJsIpU3alioHHbIN QUIBTP U 0e3
HEro), MPOBOAMIIOCH TAaKKe IS JbIMa, BBIIEIIEMOTrO
TMIPY TIICHUU XJIOTIKA (MOJIeNbHBIN ovar noxapa TI13).

JlaHHBIN THI bIMA NPOSIBISIETCS IPU BO3rOpa-
HUH XJIOMMYaTOOYMa)KHBIX (BOJIOKHUCTBIX) MaTepHa-
soB. OH, TaK ke KaK M JbIM TICIOIIEH JIpeBeCHHbI,
OTHOCHUTCSI K TaK Ha3bIBAEMBIM «CBETJIBIM» IbIMaM.
Takue JbIMBI COCTOAT U3 TBEPABIX YACTUIL C pa3Mepa-
MH OT 5 10 10 MKM, XOpOIIIO pacCenBarOIIUMHU CBET.

Ha pucynke 7 oToOpakeHbI 3aBUCHIMOCTH OTHO-
CHUTEJIbHBIX KOHTPAcTOB K/K|, n300paskeHuii 00beK-
TOB, TOJTy4eHHBIX npu ¢punbTpanuu [T1OP (kpusas 1)
1 B €€ oTCcyTCcTBHE (KpHBas 2) OT y/AeIbHON OoNTHYe-
CKOH INIOTHOCTH D IbIMa TJICIOLIETO XJIOMKA.
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PucyHox 7 — 3aBUCUMOCTH OTHOCHUTEIBHBIX KOHTPACTOB
K/K,, n300paxeHul, perucTpupyeMbIX crocodooMm ¢uib-
Tpalyu paccessHHOro u3nyueHus (1) u 6e3 punbrparmu (2),
OT YJeTTbHOM ONITHUYECKOH IIIOTHOCTH D JibiMa (TJICHUE XJIOTI-
Ka). PaccrosiHue MeX Iy perucTpUpyOIe ONTHYECKON CH-
CTEMOM ¥ ICTOYHHUKOM ITOACBETKH 00BekTa =~ 150 MM

0.4

Figure 7 — Dependences of relative contrasts of images
registered by filtering scattered radiation (1) and
without filtration (2) on the specific optical density D
of smoke (cotton smoldering). Distance between the
recording optical system and the object illumination source
=150 mm

W3 nuHamMuku 3aBUCUMOCTEN, NPEICTaBIEHHBIX
Ha PHCYHKE 7, CIIEAyeT, 4TO KOHTPacT H300paKeHHH,
nonmyyaemblx ¢ orceukoil IIOP, Belmie koHTpacTa
n300paXeHUH, PErHCTPUPYEMBIX B OTCYTCTBHE €&
¢unprpanmu. CoOOTHOIIEHHE KOHTPAcTOB H300pa-
JKEHUH, ONPENENEHHBIX IIPU YACIBHON ONTHUYECKON
mioTHocTH apiMa D = 0,4 I[EMil, paBHO = 2.

Ha pucynke 8 npeicraBieHsl 3aBUCUMOCTH KOH-
TPacToOB M300pa)KEHW, MONYyYEHHBIX MPU PACCTOSI-
HUU OT UCTOYHUKA U3ITyUEHUS! 10 MPUEMHOM ONTHYE-
ckoit cuctemsbl = 800 mm. CooTHOILIEHHE KOHTPACTOB
n300pakeHnit, chOpPMUPOBAHHBIX NIPH OTCEUKE U pe-
ructpauun [1OP, Ha ynenbHON OonTHYeCcKOH IMIIOTHO-

ctu geiva D = 0,4 ILEMil MIPUMEPHO TAKOE KE, KaK U
B cityyae ucrons3oBanus odara TI12 u pasHo 1,2.
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Pucynoxk 8 — 3aBUCMMOCTH OTHOCUTEIBHBIX KOHTPAacTOB
K/K,, n300paxxeHui, perucTpupyeMbIX crocoooM ¢uib-
Tpalyy paccessHHOro u3mydeHus (1) u 6e3 punbrpanmu (2),
OT YJEIbHOM ONTHUYECKOH IMIOTHOCTH D 1pIMa (TJICHHUE
XJI0TIKa). PaccTostHue MexX Ty periCTpHpYIOIeH ONTHYECKOM
CHCTEMOI M NCTOYHHUKOM ITOACBETKH 00beKkTa ~ 800 MM

Figure 8 — Dependences of relative contrasts of images
registered by filtering scattered radiation (1) and
without filtration (2) on the specific optical density D
of smoke (cotton smoldering). Distance between the
recording optical system and the object illumination
source =~ 800 mm

Ha pucynkax 9 u 10 npuBeseHbI 3aBUCUMOCTH
KOHTPACTOB M300paskeHuil OMHApHOTO 00BEKTA, pe-
TUCTPUPYEMBIX B IbIMaX, 00pa3yeMbIX MOIEIbHBIMH
ouaramu TmokapoB TII4 (ropeHme meHOMOIMYpe-
taHa) u TIIS (Topenme n-remTaHa) OT ONTHYECKOM
TUTOTHOCTH JIBIMOB.

Kax u panee, xpuBble 1 Ha pucynkax 9 u 10
XapaKTepU3yloT TUHAMHUKY HW3MEHEHHS C POCTOM
YAEJIBbHON ONTUYECKOM MIIOTHOCTH JbIMa KOHTpAcTa
n3o0paxkenui, popmupyemsix ¢ punprpanueii [1OP,
a KpuBbIe 2 — 6e3 pUIbTpanny.

W3 mocTpoeHHBIX 3aBUCHMOCTEH CIEIyeT, 4To
KOHTPACTBl H300paXKeHHH, PETUCTPUPYEMBIX paz-
JUYHBIMH CTIOCO0aMH, MPAKTHIECKH HE OTINYAIOTCS
MEXIy CO00#. DTO CBSI3aHO C TEM, UTO JBIMBI, BBIJIE-
JsieMble TIPU TOPEHWH CHHTETHYECKHX MaTepHajioB
(TmacTMacc) ¥ HEKOTOPBIX OPTaHWYECKUX IKUIKHX
COEMHEHNH KJIacca ajJKaHOB, OTHOCATCS K TaK Ha-
3BIBAEMBIM «UEPHBIM» JbiIMaM. OHH COCTOSAT B OC-
HOBHOM W3 YacTHIl, TIOTJIOMAIOMNX cBeT. [loaTomy
MomHOCTh [IOP, Bo3HWKaOMIEH B TaHHOM Ciydae,
HezHaunTenbHa. KoHTpacT w300paxeHWid majaer
B OCHOBHOM BCJIEJICTBHE YMEHBIIEHUS PETHCTPHPY-
€MOr0 TI0JIE3HOTO CHTHAJIa OT 00beKTa (TTOTIIOICHNUS
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YaCTUIAMHU JIbIMA M3ITyUeHUsI, OTPAKEHHOTO OT 00h-
€KTa) U HAKJIaJIbIBAIOIIETOCS Ha N300pakeHue (hoHa
M3IIyYEHUs OT IJIAMEHH TOPSIIETO BEIIECTBA.
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Pucynok 9 — 3aBUCUMOCTH OTHOCUTEJBHBIX KOHTPACTOB
K/K,, n306paxeHuil BOIM3U IpaHULb] paszesia OMHAPHOTO
00BEKTa, PETUCTPUPYEMBIX CIIOCOOOM (DHIIBTPALIMHN pacce-
stHHOTO M3TyueHus (1) u 6e3 puitpTpanun (2), oT yienbHOM
OIITHYECKON TNIOTHOCTH D JibIMa (TOpeHHe MEeHOIoInype-
TaHa). PaccTosiHME MEXIy PErHCTPUPYIOLICH ONTHYECKON
CHCTEMOH M KCTOYHHKOM MOJACBETKH 00bekTa ~ 150 MM

Figure 9 — Dependences of relative contrasts of images
registered by filtering scattered radiation (1) and
without filtration (2) on the specific optical density D of
smoke (burning foamex). Distance between the recording
optical system and the object illumination source =~ 150 mm
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Pucynoxk 10 — 3aBUCUMOCTH OTHOCUTEIBHBIX KOHTPACTOB
K/K, n300pakeHuii BOIN3YU rPaHULbl pa3iesa OUHapHOTO
00BEKTa, PETUCTPUPYEMBIX CITIOCOOOM (PHUIBTpaIuu pacce-
stHHOTO M3my4eHus (1) u 6e3 puiprpanum (2), OT yaeTbHOM
OINTUYECKON IUIOTHOCTH D IbiMa (TOpEHHE A-TENTaHA).
Paccrosinue mexny perucTpupyrouiei onTu4ecKoil cucre-
MOU ¥ HCTOYHUKOM TIOJICBETKH 00BeKTa =~ 150 MM

Figure 10 — Dependences of relative contrasts of images
registered by filtering scattered radiation (1) and without
filtration (2) on the specific optical density D of smoke
(burning n-heptane). Distance between the recording
optical system and the object illumination source =~ 150 mm

WccnenoBanne  KOHTPAcTOB — M300payKEHUI
B CXEME PErucTpaluu, Korja npuéMHasi ONTUYECKast
CHCTEMa PacloJiaraeTcs Ha yIaJIeHUM OT UCTOYHHKA
MOJICBETKA O0BEKTa, HE MPOBOJMUIOCH BCIEACTBHE
OYEBUJIHOCTU PE3YJIBTATOB, T. €. OTCYTCTBUS OTJIH-
YUl KOHTPACTOB, MOCKOIBKY MoltHOCTh [IOP B nan-
HOM CXEME €Ill€ MEHBLIE, YEM B PAaCCMOTPEHHBIX
BBIIIIE.

3akjao4eHue

YcTaHoBIeHO, YTO crtocod (OPMHUPOBAHUS U30-
OpakeHHsT O0BEKTa C MPUMEHEHHEM MOJSIpU3aIn-
OHHOHM (UIBTPALN M3ITYYCHHS MTOMEXH 00paTHOTO
paccestHAs TIO3BOJISIET CHU3UTh CKOPOCTh YMEHBbIIIE-
HUS KOHTpAcTa M300paKEHHSI C YBEITMUECHHUEM OTH-
YeCKOW TUIOTHOCTH JibIMa B CPAaBHEHHH C PErHcTpa-
et n300pakeHus 6e3 puiabTpanuu nomexu oopar-
HOT'O PacCesHus.

CymecTBeHHasi pa3HHIla B KOHTpacTax n3o0pa-
KCHUH, PErHCTPUPYEMBIX C OTCEYKON MoMexH 00-
paTHOTO paccesHus U B OTCYTCTBHE (PHUIbTpaIui,
HaOI0JaeTCs JUISI «CBETJIBIX» JIBIMOB (TJIEHHE JIpe-
BECHHBI, XJIOMKA) Ha CPEAHHUX Y/AETIbHBIX ONTHYe-
CKHX IUIOTHOCTAX JbIMa. [Ipu yaensHoM onTuyeckoi
IJIOTHOCTH ABIMOB, paBHOU D = 0,4 L[BMfl, OTHOIIIC-
HUE KOHTPACTOB B CXEME PErHcCTpanuy BOJIH3HM HC-
TOYHHKA TIOJICBETKH 00BEKTa PaBHO ~ 2, a TIPH PETH-
CTpanny M300paXeHNH Ha yJajJeHUH OT NCTOYHHKA
cocraBiseT ~ 1,2.

BrisiBIeHO, YTO TpW perucrpanuu u3o0paxke-
HUAW OWHApHOTO OOBEKTAa Uepe3 TaK Ha3hIBaCMBIC
«4&pHbIe» JBIMBI (TOPEHKE TUIACTMACC U HEKOTOPBIX
OpPTaHMYECKUX JKHUIKOCTEH) pasHMIla B KOHTpacTax
M300pakeHUH, MOMyYaeMbIX paccMaTPUBAEMBIMU
Croco0aMu, MPaKTUYECKH OTCYTCTBYET, YTO OOBsIC-
HSIETCS] HU3KUM YPOBHEM TIOMEXH 00paTHOTO pacce-
STHUSL, (POPMUPYEMBIM JIAHHBIM THUIIOM JIbIMA.

[TomyueHHble pe3ynbTarbl MOTYT OBITH HC-
MOJIb30BAaHbBI NP pa3pabOTKe ONTHYECKUX TPUHA-
JISKHOCTEM MOKapHOTo-cracaressi, YTO MO3BOJIUT
YIy4LIUTh YCIOBHs HaOmoaeHus: 00beKToB B HeOa-
TOMPUSTHBIX YCIOBUAX BHUICHUS: 3aJbIMICHUU, Ia-
pooOpa3oBaHuy, TYMaHe.

B nacrosmee Bpemst B HUM I1b u UC MUC be-
JapycH BeAyTcs MPOEKTHBIE PabOTHI MO pa3paboTke
KOHCTPYKIMU [UIEMa MOXKAPHOTO C YITyYIICHHOMN
(yHKIMEH BUACHUS B a3PO30JIbHBIX CPEIax M 3alllu-
TOM IJ1a3 IOKapHOT0 OT BO3/IEHCTBUSI U3TyUEHHH yiIb-
TparoIeTOBOr0O U HH(PPAKPACHOTO AUATIA30HA JITTUH
BOJIH Ha OCHOBE MPUMEHEHUsI JIa3epHOro (GoHaps u
TEPMOBJIArOCTOMKOM MOJSPU3ALIUOHHON TIEHKHU.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HanpaBlICHHbIE B PEJAKIHIO JKypHaja, JODKHBI YHAOBIETBOPATH TpeOoBaHMsAM «VHCTPYKLIMHM O IOpsiIKe
odopmiieHnst KBaM(pUKAIIMOHHON HayqHOH paboThl (uccepTanu). ..», yreepxaenHoi [locranosinennem BAK Pb
or 28.02.2014 1. Ne 3

1. Marepuan cTaTby JODKEH COOTBETCTBOBATH ITPO-
(uITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpPEACTABISAETCS HA PYCCKOM WM aHIJIMA-
CKOM SI3bIKE W ITyOJIMKYeTCs Ha SI3BIKE MTPEACTAaBICHNUSI.

3. [locTynuBine B peJakLUIO CTaTbu MPOXOAAT IBOM-
HOE Toycienoe peneHsupoBanne. OCHOBHBIE KPUTEPHUH
1IeJIeCO00PA3HOCTH OITyOTMKOBAHUSI — AKTYaJIbHOCTh TEMa-
THKH, HTHOOPMATHBHOCTh, HAYYHAS! HOBH3HA.

4. Crarbsi IpeiCTaBISICTCS B PACTICIATAHHOM H B DJICK-
TPOHHOM BHJIE B (hopmaTe TekcToBoro penakropa Word for
Windows. O0beM cTaTbi HE JODKSH TpeBbImarh 14 cTpa-
HUT, BKIodas TekeT (mpudt Times New Roman, pasmep
12 ., maTepBan 1,5), Tabmurpl, rpadpudeckuii MaTepual,
BCIO HEOOXOMMYT0 HH(OPMAITHIO Ha AHTIIMHCKOM SI3bIKE.

5. Ha mepBoii cTpaHHIe CTaThH YKa3bIBAIOTCS: MHIIEKC
VK, HazBaHue craThd, (aMITHN aBTOPOB ((aMILTHS aB-
TOpa, ¢ KOTOPBIM CIIEyeT BECTH TEPENHCKy, OTMEUaeTCs
3BE3JJ0YKOM M YKA3bIBAETCSl €0 aapec 3JIeKTPOHHOW MOod-
TBI), HA3BaHMS W TIOYTOBBIC aJ[peca OpraHM3anui (ynuuna,
HOMeEp JIOMa, HHJIEKC, TOPOJI, CTpaHa), B KOTOPBIX padoTaroT
aBTOPBI, HA PYCCKOM W aHIIMHACKOM si3bIKaxX. CTaThsi BKIIIO-
gaeT: aHHOTaIuo (B mpenenax 200—250 cioB); KITFOYEBEIC
cioBa (He Oonee 5); BBe/IeHNE, B KOTOPOM JIENIAeTCsT Kpar-
KWt 0030p C/IETAaHHOTO B MUPE M KOHKPETHO (pOpMyIHpyeT-
Cs 11e7Th pabOThI; OCHOBHYIO YaCTh; 3aKIIFOYCHHUE, B KOTOPOM
B CXXAaTOM BHJE CHOPMYTHPOBAHBI OCHOBHBIC TIOJTyYSHHBIC
pe3ynbTaThl ¢ yKa3aHHEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOYKHOCTEH TIPHMEHEHUsSI; CHHCOK HCIIOJIb30BAHHBIX
WCTOYHNKOB. AHHOTAIMs, KIIIOYEBBIC CIIOBA, CIMCOK HC-
TIOJTb30BAHHBIX MCTOYHHUKOB MPEICTABISIIOTCS HA PYCCKOM
1 aHDJINICKOM SI3BIKax.

6. AHHOTanWs IODKHA OBITH WH(POPMATHBHOH (co-
JIep>KaTh «BBDKUMKY» U3 BCEX Pa3/IeNiOB CTAThH — BBEJCHUS
C yKa3aHHEM LeJIM PadOThI, METOIMKH, OCHOBHOH YacTH H
3aKITFOUCHUS).

7. I'paduuecknii MaTepuan JAOIKEH OBITh KOHTPACT-
HBIM W 4eTKUM. HeoOxomammo mpuaepKuBaThesi €INHOO-
Opasus TEeXHUKH MCTIOIHEHUS OTHOTHITHBIX WILTIOCTPAIHH.
W300pa3uTenbHBIil MaTepra BCTABISETCS B TEKCT CTAThH,
a Taxke Jaércs B BHUIC OTHENBHEIX (aitmos (popmar tif,
jpg, paspeuienne He menee 300 dpi). TexcT Ha puCyHKax
HaOupaeTcsi OCHOBHOM TapHUTYPOH; pa3sMep Kerst COu3Me-
pUM C pa3MepoM pHCyHKa (KenaTelbHO 8 MmyHKTOB). Bee
PUCYHKH HYMEPYIOTCS W COIPOBOMKAAIOTCS IOAPHCYHOU-
HBIMH TroAmucsiMA. PparMeHTsl pHUCYHKa 0003HAYAIOTCS
CTPOYHBIMH KYPCHUBHBIMHU JIATHHCKUMHA OyKBaMU — «a», «b
n T. 1. Hagnuen Ha puCyHKax W MOINHCH K PUCYHKaM Ja-
IOTCSI HA PYCCKOM M aHIJIMHCKOM sI3bIKaxX. Bce cokpamienns
1 0003HAYEHUST JOJDKHBI OBITH PacIIN(pPOBAHEI B OAPHCY-
HOYHOW MOANHNCH. PUCYHKH KenaTeIbHO MPeoCTaBIsITh B
nBere. Ha pucyHKax JOMKHBI OBITH yKa3aHBI OCH ¢ 0003Ha-
YeHHWEeM MPUBOANMBIX BENMYMH W MacmitaboB. Ha rpadu-

Kax He HYXXHO JIaBaTh KOOPAWHATHYIO CETKY, €CIIH 3TO HE
OCHMILTIOTPaMMa.

8.IloxyToHOBEIE (hoTOrpaduu MPUOOPOB WIH UX Ya-
CTeH TPEICTABIAIOTCS TPH MyONUKAINK B TEX CIydasx,
KOTZIa OHM HECYT CyIIECTBEHHYIO HH(POPMAINIO, KOTOPYIO
HEIb3s1 BEIPa3UTh WHBIM CTIocoO00M. DoTorpaduu 10IKHBI
OBITH BBHICOKOKaYE€CTBEHHBIMH, KOHTPACTHBIMH, C XOPOIIO
Pa3INIUMBIMHA JICTATISIMH.

9. TabmuIbl He TOHKHEI TyOIHpoBaTh rpaduku. Kax-
Jlast TabJMIIa MMEeT 3arooBoK. Ha Bce TabiuIls! 1 puCyHKH
ClIelyeT AaBaTh CChUIKM B TeKcTe. Ha3BaHue u conepxanue
TaOJHI] IPEJICTABIISIETCS HA PYCCKOM M aHTJINHCKOM SI3BIKaX.

10. OOGo3Ha4eHUS W COKPAILICHUS, NPHHATHIC B CTa-
The, PACIIU(POBHIBAIOTCS HEITOCPEICTBEHHO B TEKCTE.

11. Pa3MepHOCTb BCeX BEIMYUH, IPUHSTHIX B CTAThe,
JIOJDKHA COOTBETCTBOBATH MEXTyHApOIHOW CHCTEME eH-
Hu1 mmMeperunit (CH).

12. MHoTOCTpOYHBIEC (HOPMYITHI TOIKHBI OBITH HaOpa-
Hel B penakrope MathType, Homepa dopmyr — 1o mpaso-
My kparo. HymepyroTcst mumibs popMyIisl, Ha KOTOpBIE €CTh
CCBUIKN B TekcTe. OTIeNnbHbIe CTPOUYHBIE OYKBBI U CIICIIH-
aJbHBIE CHMBOJIBI HAOMPAIOTCS B TEKCTE TapHUTYPOit Sym-
bol 6e3 mcmoab3oBanus pegakrtopa dopmyna. [Ipu Ha-
Ooope QGopMyn U OyKBEHHBIX 0003HAYCHHUH HEOOXOIHUMO
YUUTHIBATh CIEAYIOMNE TMpaBwia: pycckuii ajdaBut
He MCIMOoJIb3yeTesl; Tpedyeckne OyKBBI, MaTreMaTHdecKue
cumBoOJH (grad, div, In, min, max u ap.), CHMBOJBI XUMH-
YECKHX 3JIEMEHTOB (B T. 4. B MHAEKCE) HAONPAIOTCS MPSIMO;
JIAaTHHCKNE OYKBBI — IIEPEMEHHBIC ¥ CHMBOJIBI (DU3HUECKUX
BeJIMYMH (B T. 4. B HHACKCE) HAOUPAIOTCS KYPCHBOM; BEK-
TOPBI — KUPHBIM MIPH(TOM (CTPETKH BBEPXY HE CTABSTCS).

13. Criucok MCnob30BaHHBIX MCTOYHUKOB COCTABIIS-
eTcs B TIOPS/IKE YITOMHHAHMS CCBUIOK TI0 TEKCTY, JOJDKEH
coziepKaTh TONHBIe OnOIMorpaduveckue TaHHBIE W MPH-
BOAWTCS B KOHIIE cTaThi. He pexoMeHayeTcst 1aBaTh CChUI-
KN Ha MaTepHasbl KOHQEPEHIUH, CTaTbH U3 JIEKTPOHHBIX
KypHanoB 6e3 uneHTudukaropa DOI, yueOHBIE TTOCOOUS,
uHTepHET-pecypcehbl. CChIIKM Ha HEOMyOIMKOBaHHbIE pado-
THI HE JIOMycKatoTcs. JKemarensHo, 9ToObI KOJIMYECTBO CChI-
1ok Opw10 He MeHee 10; camonmTipoBanue — He Oomee 20 %.

14. ABTOpBI Ha OTAENBHON CTPAHULIE MTPETOCTABIISIIOT
0 cebe cnemyromye cBeJCHUS: (aMHUIHS, UMs, OTYECTBO,
yueHasl CTeTeHb M 3BaHWE, MECTO padOoThl M 3aHMMaeMas
JIOJDKHOCTB, aJIpeC ANEKTPOHHOMH CBSI3H.

15. Crarbu, u3nararonye pe3yJabrarbl UCCIeJOBaHMM,
BBITIOJTHEHHBIX B YUPEKICHUSX, JIOJDKHBI HIMETh COOTBETCTBY-
I0IIee pa3pelIeHne Ha OIyOJIMKOBAaHHUE B OTKPBITON IEYaTH.

16. IIpn HEOOXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSl HAaNMEHOBaHMe (DOHIA, OKa3aBIIeTO (pUHAH-
COBYIO TOJICP)KKY, WJIM YPOBEHb M HAaMMEHOBaHHWE IIPO-
TpaMMBbI, B paMKax KOTOpOH BBIMIONIHEHA padoTa, HA pyc-
CKOM U aHTJIMHCKOM SI3BIKaX.
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14. Articles containing investigation results ob-
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previously published or accepted by other publisher.
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