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Continuous-wave Laser on Er,Yb-Codoped Pentaborate
Crystal
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Abstract

We report, for the first time to our knowledge, a diode-pumped continuous-wave microchip
Er,Yb:YMgB;O,, laser. The purpose of this work was to study the growth technique, spectroscopic properties
and continuous-wave laser performance of Er**,Yb*":YMgB,O,, novel crystal.

Absorption and luminescence spectra as well as kinetics of luminescence decay were studied. Ytterbium-
erbium energy transfer efficiency was determined. The output characteristics (output power, slope efficiency,
laser wavelength) of Er’",Yb*":YMgB,0,, laser were determined.

Two intensive absorption bands with peaks centered at 937 nm and 976 nm were observed in the
absorption spectra at the wavelength near 1 pm. The maximum value of absorption cross-section was
determined to be 1.5-102° cm” at 976 nm for polarization E//N,. A number of narrow lines were observed
in the absorption spectra in the 1425-1575 nm spectral range (transition 4115/2 — 4113‘/2 of erbium ions).
The lifetime of the upper laser level *I,;, of Er'" ions was determined to be 390 + 20 ps. The ytterbium-
erbium energy transfer efficiency for YMgB,O,, crystal with 2 at.% of Er*" and 11 at.% for Yb*" was close
to 84 %. The maximal continuous-wave output power of 0.2 W with slope efficiency of 8 % regarding to
absorbed pump power was realized at the wavelength of 1570 nm. With the improvement of cavity parameters
the output laser performance of the Er,Yb:YMgBO,, crystal can be further enhanced.

Taking into account high thermal conductivity of = 6.2 W-m '-K "', the Er,Yb:YMgB,O,, crystal can be
considered as a good gain medium for 1.5 um lasers for applications in laser rangefinder and LIDAR systems.

Keywords: erbium, ytterbium, borate crystals, spectroscopy, diode-pumped, continuous-wave laser operation.
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BriepBrie coobmaercst 0 HepepbIBHOM Jlasepe Ha kpucrtamie Er,Yb:YMgB.O,, ¢ nuonHO# HakadKoil.
W3ydeHs! ycinoBus CHHTE3a KPUCTAJUIOB, CIEKTPHI MOTJIOMIEHUS W JIIOMUHECHEHITNH, KUHETHUKU 3aTyXaHHs
momuHeceHn. OmnpeneneHa 3QpQeKTHBHOCTh MepeHoca PHEPrul OT MOHOB MTTEpOMs K MOHaM SpOus.
OnpeneseHbl BEIXOJHBIE XapaKTEPUCTUKH (BBIXOHAS MOIIHOCTD, Tuddepenunansubii KI1JI, nmuHa BosHb
TeHepallin) Jlazepa Ha OCHOBE KpHCTalia Er3+,Yb3+:YMgB5010.

B cmektpax mornomenus B o0mactu 1 MKM HaOIIOJArOTCS 1B€ MHTEHCHBHBIE ITOJIOCHI TIOTJIOIMIEHUS
¢ TMKaM® Ha ITHHAX BOJH 937 HM 1 976 HM. MakcUMaabHOE TMOMIEPEYHOE CEUCHHE TTOTIIOMICHHSI TOCTUTAeT
1.5:10%° cm? Ha JUTHHE BOJTHBI 976 HM IS OIS PU3AuN E//Ng. B crniektpe mornonenust B CHEKTpaIbHOM 00-
nactu 1425-1575 am Habnronaercs HabOp y3KUX MOJIOC TorioeHus. VisMepeHHOe BpeMsl JKU3HH BEPXHETO
YPOBHS 4113/2 nonoB Er’* cocrasuio 390 + 20 mkc. O hexTUBHOCTH MEepeHoca YHEPTUN OT HOHOB UTTEPOUS
K HoHaM 3p0ust 1us kpucrauia Er(2 a1.%),Yb(11 a1.%):YMgB;O,, nocturana 84 %. MakcumanbHas Bbl-
XOJIHasi MOTITHOCTD JIa3epHOM reHepannu Ha juymmHe BOIHBI 1570 HM coctaBmia 0,2 Bt npu quddepenimans-
mom KII/1 8 %.

Briaroapsi BBICOKOH TeruonpoBogHocTH (= 6.2 Br-m “K') kpucramia Er,Yb:YMgB,O,,, oH MOxer
OBITh C YCIIEXOM HCIOIb30BaH B KaUeCTBE aKTHBHOW Cpeibl s J1a3epoB AaibHOMEpHBIX cucteM u JIMIAPoB.

KawueBble cioBa: 3pOuii, uTTepOuii, 60paThl, CIEKTPOCKOIIMYECKHE HCCICIOBAaHMs, AHOIHAS HAKayKa,
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Introduction

Nowadays eye-safe lasers emitting in 1.5—
1.6 um spectral range find application in LIDAR
systems for robots, self-driving cars, etc. due to its
eye-safety and high transparency of the atmosphere.
Currently, many sources are emitting in this spectral
range, but solid-state lasers on Er'" and Yb*'-
codoped crystals are of greatest interest. Phosphate
glasses currently are the leading Er**, Yb*"-codoped
laser materials, because they combine very efficient
energy transfer from Yb*" to Er’" ions (= 90 %)
with a long lifetime of the erbium upper laser level
4113/2 (7-8 ms) and short lifetime of the 41“/2 energy
level (2-3 us), which prevents the depopulation of
this level because of excited-state absorption and
upconversion processes [1]. However, phosphate
glass has poor thermomechanical properties (a
thermal conductivity of 0.85 W-m *K ") [2], which
limits the average output power of Er,Yb:glass
lasers because of the thermal effects. A maximal
continuous-wave (CW) output power did not exceed
353 mW with a slope efficiency of 26 % [3]. For
this reason, the search for new crystalline hosts for
Er,Yb-codoping is ongoing.

Due to their spectroscopic characteristics and
high thermal conductivity, Er,Yb-codoped borate
crystals are most widely used crystalline laser media
for lasers operating in the 1.5-1.6 pm spectral range.
To date, effective laser operation has been obtained
by using various erbium, ytterbium codoped borate
crystals [4-9]. By using of ErYb:GdAL(BO,),
crystal the maximal output power in continuous-
wave mode exceeded 1.5 W with the slope efficiency
of about 359%[9]. Recently, one more borate
crystal YMgB;O,, (YMBO) has been regarded as
a potential laser host material owing to large thermal
conductivity (6.2 +0.3 W-m K ') and good optical
properties [ 10]. Moreover, in comparison with huntite-
type borates, YMBO bulk crystals of large enough
with good optical quality can be obtained reproducibly
by optimizing the crystal growth conditions.

In this paper the laser related spectroscopy and,
for the first time to our knowledge, continuous-wave
laser performance of Er,Yb:YMgBO,, crystal are
presented.

Experimental details

Crystal growth

Er,Yb:YMBO (Er=2.0at.%, Yb=11 at.%)
single crystals were obtained by high-temperature

solution growth on dipped seeds (SGDS) from
K,Mo0;0,, flux melt. The ratio of the raw materials
was Er,Yb:YMgB,O,,: K,M0;0,, = 80:20 wt.%.
The growth technique follows Ref. [10]. The
chemicals used (at least 99.996 % and 99.99 %
purity for rare earth and other materials,
respectively) were R,0; (R=Y, Yb, Er), MgO
and B,0;, but K,Mo,0,, was previously sintered
from K,Mo00, (99.0 %) and H,Mo0O, (99.5 %) at
650 °C for 24 h by a scheme:
K,Mo00, + 2H,M00, — K,Mo0,0,,+2H,01. (1)
The starting charge was placed into a platinum
crucible of 250 ml in volume and heated to a
maximum temperature which is normally 100-
150 °C above the expected saturation point. After
the solution homogenization within 10-20 hours,
the saturation temperature (7,,) was accurately
determined by dipping a trial YMBO crystal in the
solution, and it was kept at constant temperature by
observing growth/dissolution of the crystal face at
different temperatures. The T, were found from
the experimental data on changes both in weight
and micro-relief of the probe seeds after soaking
in fluxed melts from 10 min to several hours,
depending on an expected deviation from their
equilibrium state. The obtained value of 7,, was
about =~ 950 °C for the solute concentration being
investigated. As a result visually macrodefect-
free Er,Yb:YMBO single crystal was grown.
The dimensions of the crystal obtained were
typically 20x15x10 mm (Figure 1).

Figure 1 — The Er,Yb:YMBO crystal grown by the SGDS
method
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Investigation of spectroscopic characteristics

In our study polarized absorption spectra of
Er,Yb:YMBO crystal at room temperature were regi-
stered by a Varian CARY-5000 spectrophotometer in
the spectral ranges 875-1025 nm and 14251575 nm.
The spectral bandwidth was 0.5 nm. Two polished
plates with dimensions of 5x7x2 mm’ oriented along
three principal optical indicatrix axes N,, N,, and N,
were used. The concentration of doping ions in the
crystal was determined by means of a Tescan VEGA
II LMU scanning electron microscope with Oxford
INCA Energy 350 energy dispersive x-ray analyzer to
be 1.4:10*° cm™ of Er'" and 9.8-10%° cm™ Yb*'.

The lifetime measurements were performed using
an optical parametric oscillator based on a $-Ba,B,0,
crystal and pumped by the third harmonic of a Q-swit-
ched Nd:YAG laser. The fluorescence from the sample
was collected on the entrance slit of a monochromator
and registered by an InGaAs photodiode coupled
with a 500 MHz digital oscilloscope. It is well
known that radiation trapping strongly influences the
fluorescence dynamics of ytterbium ions because of
the significant overlap of the absorption and emission
bands. To prevent reabsorption the measurements of
Yb*" luminescence kinetics were performed using a
fine powder of the crystals immersed in glycerin [11].

The energy transfer efficiency was determined
by estimation of the °Fs, level lifetime shortening
in Er,Yb-codoped crystals and Yb-single doped
crystal according to the formula (2) [12]:

n=t(/t-1/7,), )

where 7 is the ytterbium °Fs , level lifetime in Er,Yb-
codoped crystal; 7, is the ytterbium °Fs , level lifetime
in Yb single-doped crystal.

Luminescence spectra were registered at
room temperature using an experimental setup that
ensured synchronous detection of the optical signal.
The excitation source was a semiconductor laser
diode emitting at the wavelength near 976 nm. The
luminescence was detected by an InGaAs photodetector.
Its signal was processed by a lock-in amplifier. The
output signal of the amplifier was digitized using an
analog-to-digital converter and stored on a computer.

Setup for continuous-wave laser experiments

A plane—plane N,-cut Er,Yb:YMBO crystal with
a length of 2 mm was used as an active medium. The
polished facets of the crystal were antireflection-
coated for both pump (900-1100 nm) and laser
(1500-1650 nm) wavelengths. The active element

was wrapped in indium foil for good thermal contact
and mounted between two copper slabs with the
hole in the center to permit passing of pump and
laser beams. The temperature of an active element
was kept at 20 °C. As a pump source a 976 nm fiber
coupled laser diode (@105 um, NA=0.22) was
used. The plano-plano cavity with geometrical cavity
length not exceeding 5 mm was adopted. The one-
lens focusing system focused the pump beam into a
120-um spot inside the laser crystal with the confocal
parameter of 2.3 mm. Three output couplers with
different transmittances at the laser wavelengths
were used during laser experiments. The laser setup
is shown in Figure 2.

K

|

2 3 4 5 i

1 6

Figure 2 — The experimental setup of a continuous wave
diode-pumped Er,Yb:YMBO laser: 1—Ilaser diode;
2 — fiber; 3 — focusing system; 4 — input mirror; 5 — copper
heatsink; 6 — active element; 7 — output coupler

Results and discussion

Spectroscopy

The room-temperature polarized absorption
cross-section spectra of the Er,Yb:YMBO crystal
in the spectral range of 8§75-1025 nm (transitions
of ’F,,—’Fs5, of Yb’ ions and *I,5,—l,,,
of Er’" ions) are shown in Figure 3. Two intensive
absorption lines with peaks centered at 937 nm
and 976 nm are observed. These peaks coincide
with the emission wavelengths of commercial
available InGaAs laser diodes. The maximum
value of absorption cross-section was determined
to be 1.5:10%° cm” at 976 nm with the bandwidth
(FWHM) ofabout 3.5 nm for polarization E//N, axis.
Thus, the pump beam polarization corresponded to
the N, axis of the crystal will be preferable for laser
experiments.

Figure 4 shows the room-temperature polarized
absorption spectra of Er,Yb:YMBO crystal in the
1425—1575 nmspectralrange (transition"l15 /2—>411 1
of erbium ions). A number of narrow lines are
observed for three polarizations. The maximum
value of absorption cross-section was determined
to be 1.6-102° cm? at 1482 nm for polarization
E//N,, axis.
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Figure 3 — Polarised absorption cross-section spectra of
Er,Yb:YMBO crystal at near 1 pm

1.8+
] 1482 nm
1513 nm
1.5
— E/Np 1494 nm
1.24

0.9

0.6

0.31

Absorption cross section, *102° cm?

0.0
1425

T L T x T L T .
1475 1500 1525 1550

Wavelength, nm

1450 1575

Figure 4 — Polarised absorption cross-section spectra of
Er,Yb:YMBO crystal at near 1.5 um

The measured decay curve of 1.5um
emission was single exponential (Figure 5), and
the luminescence decay time of the *I,;, level was
obtained to be about 390 + 20 ps.
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Figure 5 — Kinetics  of  luminescence decay of

Er,Yb:YMBO in the region of about 1.5 pm

The dependence of obtained lifetimes of
2F5,2 energy level on different weight content of
Yb(1l at.%):YMBO crystalline powders in glycerin
suspension is presented in Figure 6. The fluores-
cence lifetime decreased with the decreasing of
powder concentration in suspension. Starting from
a certain powder content, the lifetime remained
constant despite further dilution, which indicates
negligible reabsorption influence. The ’F 55 energy
level lifetime of ytterbium ions was measured to be
580 £ 10 ps.
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Figure 6 - The °F;, energy level lifetimes of

Yb(1 at.%):YMBO crystal

The *F,, energy level lifetime of Yb*" was measu-
red to be 95+ 5 ps in Er(2 at.%),Yb(11 at.%):YMBO.
By using formula (2) the energy transfer efficiency
from ytterbium to erbium ions was calculated to be
about 84 %. It should be mentioned that the energy
transfer efficiency in Er,Yb:YMBO is similar to
those in Er,Yb:YAB and Er,Yb:GdAB crystals [8, 9].

The polarised luminescence spectra of the
Er,Yb:YMBO crystal (Figure 7) measured at room
temperature are characterized by a structured bands
in the spectral range 1450—1650 nm.
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Figure 7 — Polarised Iuminescence
Er,Yb:YMBO crystal

spectrum of the
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Laser characteristics of Er,Yb:YMBO crystal

Input-output characteristics of continuous-
wave diode-pumped microchip Er,Yb:YMBO laser
are plotted in Figure 8. The best laser performance
was demonstrated with the 2 % output coupler
transmittance. The laser threshold was measured
to be about 2 W of absorbed pump power. The
maximum CW output power of 200 mW with the
slope efficiency near 8 % was obtained at 1570 nm at
about 4.7 W of absorbed pump power. After further
increasing of pump power, the rising of output laser
power wasn’t observed. It provides evidence for
the influence of thermal load in the crystal on laser
performance. To our mind, with the improvement of
cavity parameters the output laser performance of the
Er,Yb:YMgB.O,, crystal can be further enhanced.

200~
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W
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Figure 8 — The laser performance of Er,Yb:YMBO
crystal in continuous-wave mode

The laser radiation was linearly polarized (E//N,,,).
The laser wavelength was measured to be 1570 nm.
The spatial profile of the output beam measured at
4.5 W of absorbed pump power is presented in the
inset in Figure 8.

Conclusion

In conclusion, a continuous-wave diode-
pumped Er,Yb:YMBO laser with output power of
200 mW and slope efficiency of 8 % at near 1570 nm
was realized for the first time to our knowledge.
Absorption and luminescence spectra, emission
lifetimes, and efficiencies of energy transfer from
Yb* to Er’” ions were determined.
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VJIK 681.2.082:531.45
YCTporCcTBO M METOAMKA U3MEPEHUSI MOMEHTOB CHJI
CONPOTHUBJICHUS KAYEHUIO HA MATHE KOHTAKTA

n.3. Ilmnnanzlapnl, C. MeKI/IIlz, H.H. Pusnookas'

I . . .
bBenopyccruil nayuonanvbhsill mexHuyecKkull yHUepcumen,
np. Hezasucumocmu, 65, 2. Munck 220013, berapyco

2
Vhueepcumem Hepmu u nonesnwvix uckonaemvix umeru kopoas Paoxa,
Jaxpan 31261, Cayoosckas Apasus

Tocmynuna 12.10.2019
Ilpunsama k nevamu 29.11.2019

B HacTosmee BpeMs u3ydeHHE TPEHUs KaUEeHHUs] SIBJISIETCS. OAHUM M3 OCHOBHBIX HAIIpaBJICHUM B HCCIIE-
JIOBAaHUHU 3aKOHOMEPHOCTEN KOHTAKTHOTO B3aUMOAEHUCTBHUS TBEPBIX Tell. O CIOKHOCTH peIIeHus Mpoodiem,
CYIIECTBYIOIINX B 3TOH 00JIACTH, CBHUJIETEIHCTBYET MPAKTHYECKH HEOOO3PUMOE KOJIMYECTBO ITyOIMKAIIHIA,
CIIMCOK KOTOPBIX ITOCTOSIHHO PACTET.

B nannoii pabore BHIMaHUE yIEIseTCs NCCIEAOBAHISIM MOMEHTOB COIIPOTHBIICHHS Ka4eHHUIO TIPU CMe-
IICHNSAX U3 TIONOKEHHSI PaBHOBECHS Tela B (hopMe IIapuKa, CyIIeCTBEHHO MEHBIIINX Pa3MepoB MATHA KOHTaK-
ta. Llems mpeacTaBneHHON paboThHl COCTOsIa B OMMCAHNN KOHCTPYKIMH pa3pabOTaHHOTO aBTOPaMH OJHO-
KOHTAKTHOTO MasTHHKOBOTO NpuOOpa, B KOTOPOM (PU3MUECKHH MAasSTHUK, ONMHUPAsCh Ha IJIOCKYIO TOBEPX-
HOCTH MCCJIETyEMOTO TeJa TOJIBKO OAHUM IIApUKOM, COBEPIIAET CBOOOIHBIE MaJIbIe KaYaHHsI CO CTA0MIIbHOM
BEPTUKAJIBHOM IUIOCKOCTBIO KQUaHUM, a TAKXKE B ONMCAHNUU CIIELMAIIBHON METOJMKH U3MEPEHUH C BBICOKOM
YyBCTBUTEJIBHOCTBIO U TOUHOCTBIO CHJI COITPOTUBIICHUSI KAUEHHIO, B TOM UHUCJIE, CUJI QATE3UN U YIIPYTUX CHJI
YaCTOTHO-HE3aBUCHMOI'O BHYTPEHHETO TPEHMUSL.

OpUrHHAIBHOCTh METOIMKH U3MEPEHHS CONPOTHUBRIICHHSI KAY€HUIO B JJAHHOUN paboTe COCTOUT B UCITOJb-
30BaHMM METOJIa HEJIMHEWHON anmnpOKCMMAalMy 3aBHCHUMOCTH aMILIUTYZAbl M IEPUOJA KAauaHUH MasiTHUKA
OT BpeMEHU. ANNPOKCUMALUS IPOBOJUTCS HA OCHOBAHUU MPEUIOKEHHBIX 3aKOHOB 3aTYXAHMSI aMILJIUTY/IbI
Y U3MEHEHHS TEePHO/Ia, KOTOPbIe OTINYAIOTCS OT OOBIYHOTO SKCTIOHEHIAIBHOTO 3akoHa. [Ipeanomnaraercs,
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TE€J: CTalb-CTaJlb, CTAIb-CTEKIIO, CTaNb-KpeMHMI. [I0CTpOEHBI KpHBBIE 3aBUCUMOCTH MOMEHTA COIPOTHUBIIC-
HHUS KQYEHUIO OT aMILIUTY bl KaYaHUH MasiTHUKA.
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Abstract

Currently, the study of rolling friction is one of the main directions in the study of the laws
of contact interaction of solids. The complexity of solving the problems existing in this area is evidenced
by the practically vast number of publications, the list of which is constantly growing.

In this paper, attention is paid to studies of the moments of rolling resistance at displacements from
the equilibrium position of a ball-shaped body that are substantially smaller than the size of the contact spot.
The purpose of the present work is to describe the design of the single-contact pendulum device developed
by the authors, in which the physical pendulum, resting on the flat surface of the body under study with
only one ball, makes free small stable swings in a vertical plane, as well as in the description of a special
measurement technique with high sensitivity and accuracy rolling resistance forces, including adhesion forces
and frequency-independent forces of elastic deformations. It is assumed that the adhesion forces can exhibit
both dissipative properties and elastic properties, while elastic forces are independent of the strain rate.

The originality of the method of measuring rolling resistance in this paper consists in using the method
of nonlinear approximation of the dependence of the amplitude and period of swing of the pendulum on time.
The approximation is carried out on the basis of the proposed laws of amplitude decay and period variation,
which differ from the usual exponential law.

It is assumed that this approach allows one to evaluate the surface tension of a solid and evaluate
the pressure of adhesion forces between the surfaces of the contacting bodies, as well as to establish
an analytical form of the moment of rolling resistance. The curves of the dependence of the rolling resistance
moment on the swing amplitude of the pendulum are constructed. Experiments were performed for the
following pairs of contacting bodies: steel-steel, steel-glass, steel-electritechnical silicon. It was assumed
that the pressure at the contact spot did not exceed the elastic limit.

The developed single-ball pendulum device and the proposed measurement procedure open up new
wide possibilities for studying the laws of mechanisms of rolling resistance under conditions of micro- and
mesoscale displacements of a rolling body from a state of rest.

Keywords: adhesion, surface tension, rolling resistance, physical pendulum, spherical support.
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BBenenue

W3ydeHune TpeHHs KauyeHHUS MPOBOAUTCS, Kak
MIpaBUJIO, B YCIOBUSX, KOTJ]a CKOPOCTh KaueHUs I10-
cTOsiHHA. B 2T0ii 001acTH HAKOIJIEH OOJIBIION OMBIT
u chopMyIMpOBaHbl OCHOBHBIE 3aKOHOMEPHOCTH,
OIHCHIBAIOIINE 3aBUCUMOCTh MOMEHTA COIPOTHUBIIE-
HUS KaYeHUIO OT Pa3InYHBIX BIMAIOUIMX (PaKTOPOB,
BEJIMYMHBI HATPY3KH U YCI0BUH IBHAKeHUS. O CI0XK-
HOCTH PELICHHUsI MPOoOJeM, CYIIECTBYIOIUX B TOH
00J1acTH, CBUIETEILCTBYET MPAKTUIECKH HEO003pH-
MO€ KOJIMYECTBO MyOJIUKAIMIA, CIIUCOK KOTOPBIX TO-
CTOSIHHO pacTeT [cM., Hampumep, paboThl, MOSBUB-
mmecs B mocieaHee Bpems, 1-4].

OpHako, MpHU pelIeHruH MPoOIeM JTOCTHKEHUS
BBICOKOH TOYHOCTH yIPABJICHUS ABHKEHUEM U TIO-
3UIMOHUPOBAHMUS B CHUCTEMax aBTOMATHYECKOIO
yrpaBlieHus], TpeOyeTcs 3HaHHE 3aKOHOMEPHOCTEH
COTIPOTHUBIIEHUS KaYeHHUIO B CaMOM Haydalie IBHKe-
HUS U3 COCTOSIHUS TOKOS U B 00J1acTH peBepca. ITo
MPHUBENIO K HEOOXOAMMOCTH U3YUCHHS 3aKOHOMEP-
HOCTEH TpeHHs KauyeHHs MpH MajblX Harpyskax,
MaJIbIX CKOPOCTSAX M MaJIbIX CMEIIEHUX KaTsIIero-
cs Tena. beulo yCcTaHOBJIEHO, UTO B 3TUX YCIOBUAX
OCHOBHBIE MEXaHM3MBbI TPEHMsI KaueHUs CBSI3aHBI
C YNPYTrOCThbIO KOHTaKTUPYIOIIMX TeJ, MPOCKAIb-
3bIBAHUEM U BHYTPEHHUM T'HCTEPE3UCHBIM TPEHH-
eM, a Takke aaresuei [5, 6]. [lepemernenus B mape
TpEeHUs, PU KOTOPBIX TPEHHE KaueHUsI BOSHUKAET
M3 COCTOSIHUS MOKOS M UMEET HeyCTaHOBUBIIUNCA
XapakTep, MOJYYWIM CIHeluaJbHOe Ha3BaHHE
«pre-rolling». 31ech 3aKOHBI 3aBUCUMOCTH MOMEH-
TOB COINPOTHUBIICHHUS KAUE€HHIO OT IMepeMeIleHHH
HMECIOT CIEHU(PUICCKUN HEIMHEHHBIA XapakTep,
KOTOpBIE 10 CUX MOP OCTAIOTCSA HEAOCTATOYHO H3-
yueHHbIMH [3, 7-10].

Kpome Toro, pa3BuTHe MUKPOTEXHHKH U Ha-
HOTEXHUKH TPHUBEIO K HEOOXOJUMOCTH B HCCIIE0-
BAaHUU CHJI aJr€3UH, KaKk MPUUYUHBI B3aUMHOTO INpH-
JIUMAHNS OTAETIbHBIX 3JIEMEHTOB MHUKPO3JIEKTpOMe-
XaHMYECKUX CUCTEM, HApyIIAIuX ux padory [11].
®dakTop nmpuIKNaHus, 00YCIOBICHHBIN CHIaMu ajl-
re3uu, JOJDKEH TaKKe YUYUTBIBATHCS B TEXHHUKE MPU
HCIOJIb30BaHNH MUKPO- U HAHOMAHUITYJISATOPOB [12,
13]. Aare3uto MOXXHO M3y4aThb Kak OJAMH M3 MeXa-
HU3MOB TPEHUS KaueHUsl.

Jlo cux mop u3y4deHue CuiI aAre3uH IpPOBO-
JIUJIOCh, B OCHOBHOM, HWJIM TaKUMH «TOHKHMH»
¢u3mUecKuMU MpUOOpaMU Kak aTOMHBIE CHIIOBBIC
Mukpockonsl (ACM) [14], unu TeXHHYECKUMHU
npubopaMu, B KOTOPBIX HCIOJB3yeTCs MpsSMOU
OTPBIB PA3JIMYHBIX TeJ, IPUKICEHHBIX K MOI0K-

K€, METOJIBI CKJIEPOMETPHH, IlapanaHbs, paccioe-
aus ' [15].

Omnako ACM 1o3BOJISIET TIPOBOIUTH H3MEpe-
HUS UG B TIpeJieNiaX HECKOJIFKUX HAaHOMETPOB WA
MHUKpPOMETPOB. B CBOIO odYepesnp, «TEXHHYECKUE
MpuOOpEl HE TO3BOJISIFOT IPOBOAWTH W3MEPEHUs
C BBICOKOH YYBCTBHUTEIBHOCTHIO H TOYHOCTHIO.

HecMmotps Ha mpakTHYECKY 0 BXKHOCTh yKa3aH-
HBIX BBIIIE TTPOOJIEM, IO CHX TIOp He OBLIH pa3pado-
TaHBl «IMITUPUYECKUE TPOIEITYyPHl UIS W3MEPEHHS
1 TIPEACTABICHHUS 3aKOHOB TPEHUs» [4] ¢ BBICOKOI
YYBCTBUTEIBHOCTHIO  TOYHOCTBIO.

B mammHo#l paboTe MpeacTaBIIeHBI PEe3yJIbTATHI
pa3paboTKH «OMITUPUYECKON MPOLIETYPHI TS U3Me-
pEeHHs W TPECTaBIICHNUS 3aKOHA TPEHUS KadeHUSD)
B TOM YaCTHOM Cllydae, KOTJa CMEIIEHUE Tesla Ka-
YeHWS WMEET pa3Mepbl, KOTOPhIE CYIIECTBEHHO
MEHBIIIe paJnyca ISATHA KOHTaKTa. DTy 001acTh Ka-
YeHHs MbI Ha30BeM «deep pre-rollingy», nimm « DPR».
Kak Oyzer mokaszaHo, B 3TOH 00JIacTH aare3ust Tel
Ha MATHE KOHTAaKTa MOXET OBITh U3MEpEeHa C BBICO-
KOH 9yBCTBUTEIHFHOCTHIO M TOYHOCTHIO B TIpejeax
HECKOIJIbKHX MHKPOMETPOB U OOJIBIIIE.

Lenp paGoTHI cOCTOSIIA B OMMMCAHUH KOHCTPYK-
MU pa3pabOTaHHOTO aBTOPAMH OJHOKOHTAKTHOTO
MassTHHKOBOTO TIpHOOpa, B KOTOPOM (DH3UICCKUI
MasiTHUK, OTMHPAsCh Ha IUIOCKYIO TTOBEPXHOCTH HC-
CJIelyeMOTO Tella TOJIBKO OJHWUM IIAPUKOM, COBEp-
aeT CBOOOJHBIE Mayble KayaHWs CO CTaOMILHOU
TUIOCKOCTHIO KadaHWH, a Tak)Ke B ONMHUCAHUH CIIEIIH-
aJIbHOW METOJUKHU BBIIIOJIHEHUS] U3BMEPEHUI CUJI CO-
MIPOTHUBJICHUS KAYEHUIO, B TOM YHCIIE U CHJI a [T €3HH,
C BBICOKOH 9yBCTBUTEIBHOCTBIO M TOYHOCTHIO B 00-
nactu DPR.

MasiTHHKOBBIE IPUOOPHI IS UCCJIeI0BAHUS
CHJI a/IT€3UH

[TpuOopsI, B KOTOPBIX MCHOJIB3YETCS METOJ CBO-
OOIMHBIX KAYaHUM (U3MYECKOr0 MasTHUKA, OMUPAIO-
HIErocs yepes Teao KadeHust (IIapuKH, POIUKH, pedpo
MpU3MBI (WA HOXA)), Ha TUIOCKYO TUIOMIAKy (MIH
MOMAYIIKY), JaBHO WCHOJNB3YIOTCS Ui HU3MEPCHUSI

'TOCT 15140-79. Marepuasl 1akokpacodnsie. Me-
Tonbl onpeaeneHus aaresu. — Beenén: 01.01.79. — M.:
Crangaptuadopm, 2009 — 9c.

TOCT 28574-2014. 3ammra or KOpPpO3UH B CTPOU-
TenbecTBE. KOHCTPYKIIMM OCTOHHBIC U JKEJIE300CTOHHBIC.
MeToabl MCOBITAHUN aare3uH 3alIUTHBIX MOKPBITUHA —
Beenéu: 01. 01.2015 — M.: Cranmapturdopm, 2014, —
12 c.
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TBEPIOCTH M IPOYHOCTH MaTSPHUAJIOB U M3AETHii [ 16,
17, 21]. TBEpAOCTH M MIPOYHOCTH TLIOMIATKHA-00pa3-
11a B 9THX MpHOOpax CBA3BIBAIOT C JEKPEMEHTOM 3a-
TyXaHUsl aMIUTATY 16l KadaHui MasTHUKa. [lockomb-
Ky CIOCOOBI pacdéra 3TOTO IapaMeTpa B pPas3HbBIX
mpuOopax pasHbIe, TO C KAKIABIM U3 HUX CBS3BIBAIOT
CBOE 3HauUeHHWE W TBEPIOCTH, W MPOYHOCTH. B pe-
3yJibTaTe, ISl MAATHUKOBBIX M3MEPEHUH MOSBUIIHACH
TaKue MOHATHS Kak «TBEpHOCTh o ['epbepry» [17—
20], damping hardness, cTEeKITHHOE qHCIIO° U AIP.

C TOUKH 3peHHS BO3MOXKHOCTH pacuéra medop-
MaIil TeNm MpH MX YIPYyroM KOHTaKTe, Hamboee
MIPOCTHIM SIBIISIETCSI KOHTAKT IapUKa U THIOCKOH T10-
BEPXHOCTH. DTa YaCTh TEOPUHU YIPYTOCTH SBISIETCS
HambOosee pa3paboTtanHol [6]. Psgom mcciaemoBare-
Jeil y>ke JaBHO OBLTH MPEANPHHSATHI MOMBITKH I10-
CTPOEHHSI MasiTHUKOBOTO TIpHOOpa Ha OJTHOM IIIapH-
ke. OmHaKo, mpu padoTe ¢ TakuM (OJHOKOHTAKTHBIM )
MasITHUKOM HCCIIEIOBATEIN CTOJKHYJINACh C TIPO-
O51eMoli HEYCTOWYHMBOCTH TUIOCKOCTH €Tr0 KadaHHid,
MTOCKOJIbKY MasTHHK Ha OJHOM IapuKe MMEET TPH
BpaIllaTebHBIX CTETEHN CBOOOMBI, YTO MPHUBOIMT
K HeCTaOWJIBHOCTH IIOCKOCTH KadaHWH W 3HAYH-
TEJIHHO YCIOXKHSIET MPOBEACHNE UCCIIETOBAHMI.

ITo-Bumumomy, JIx. A. ToMiimHCOH OBLT TIEp-
BBIM, KTO HCITOJ30BAN JBYXKOHTAKTHBIN (pr3u-
YECKUH MAasTHUK JUIA CUCTEMaTHYECKHX HCCIEN0-
BAHUIM MOJIEKYJSIPHOW HPHUPOJABI TPEHUS KaYCHUS
Opyd MajblX aMIUIMTyJaX KayaHuil. B ero ombl-
Tax (1929 r.) MasTHHUK B (hopMe AWCKA, HACAKEHHO-
r0 Ha OWIMHIPUYECKYIO OCh, OTIMPAJICS Ha J[BA Teia
KadeHus (ABa IWIMHJpPA, WIK JIBAa TOMYIWIHHIPA,
Wiu 1Ba 1mapuka). Koagduiment TpeHus KaueHus
HaXOAWIIU IyTEM BBIYHCIICHHUS JEKPEMEHTa 3aTyXa-
HUS aMIUTATY/IbI Ka9aHUH TUCKA B TIPEIIIOIOKEHHH,
YTO DOTOT JEKPEMEHT OCTAeTCsS IOCTOSHHBEIM [22].
B cBoeii cTaTbe, cpenid npounx, TOMIMHCOH MpHUIIES
K BBIBOJTY O TOM, YTO KO3(h(PHUIIMEHT TpeHUST KaUeHHUs
MIPAKTHYECKH HE 3aBUCHUT OT CKOPOCTH.

Panee aBTopamu nanHOM pabOTH OBLT pa3pado-
TaH IBYXKOHTaKTHBIH MasTHUKOBBIA MPHOOP, B KO-
TOpOM (PU3NICCKHIA MasSTHHK COBEpIal CBOOOIHBIC
3aTyxamollue KadaHus C aMIDIUTYIOH, CYIIECTBEH-
HO MEHBIIEH yIia yHpyroro KOHTAaKTa, OMUPAasCh
JIByMsI OJIMHAKOBBIMH MIapUKaMH Ha TUIOCKYIO HC-
cleqyeMyro TOBEpXHOCTh. LleHTp Macc MmasTHHKa
HaxXOIWJICS Ha ISTHE KOHTAKTOB IIapHWKOB [23, 24].

TOCT 5233-89. Marepuansl J1aKOKpaCOUYHBIE.
Meron ompezneneHus] TBEPAOCTH MOKPHITUH MO Ma-
STHUKOBOMY mpubopy. — Beenén: 01.01.1990. — M.:
UIIK u3narenscTBO cranaapros, 2003. — 5 c.

Brimo mpenmosiokeHo, YTO TPH HArpyskax,
HE BBIXOJAIIUX 32 00JIACTh YIPYTUX AehOopMaInid,
M MaJIbIX CKOPOCTAX KaueHWs, MIaPUKU COBEPIIAIOT
MepeMeIeHrne B yCIOBUAX, OMU3KUM K YCIOBHUSAM
YUCTOTO KadeHHsd. B 3TOM cirydae OCHOBHBIMHU Me-
XaHU3MaMH COIIPOTHUBIIEHUS KA4YCHHIO SIBISIOTCS
CHJTBI aIT€3UH ¥ CHJTBI YACTOTHO HE3aBUCUMOTO BHY-
TPEHHETO TPEeHM s, BO3HUKAIOMIETO IpH 1ehopmariu-
X KOHTaKTUPYIOIUX Tell. brima moctpoena ¢eHo-
MEHOJIOTHYECKas TEOPHUS COMPOTUBIICHUS KaueHUIO
B pexxume DPR, 1 OBLJIO TTOKa3aHO, YTO C TIOMOIIBIO
3TOr0 MpUOOpa MOKHO H3y4daTh 3aKOHOMEPHOCTH
COTIPOTHBJICHUS Ka4eHWI0 B HAaHO- M MHKpPOMAc-
mrabe ¢ peKOPIHO BEICOKUMHU YYBCTBUTEIBHOCTHIO
¥ TOYHOCTBIO.

OnHako, JBYXKOHTAaKTHBIM MAasSTHUK HMEET
OYEBHJIHBIA HEIOCTATOK: €ro MOXXHO TPHUMEHSATH
TOJIBKO TIPW HAJMYWU JIBYX OJUHAKOBBIX HCCIENY-
eMBIX 00pasIoB, IMOAKIAIBIBAEMBIX TOJ KaXKIbINA
IIapyK, WJIA OJHOTO 00pasIia ¢ OTHOCHTEIIBHO 00JThb-
1I0M OJTHOPOJHOM MOBEPXHOCTHIO. DTO CYIIECTBEH-
HO CHIDKAeT HOMEHKIIATypy UCTBITHIBAEMBIX MaTe-
puanoB. Kpome Toro, 3/1ech cymiecTByeT mpooiema
TOXKJIECTBEHHOCTH, KaK CAMUX IIIAPUKOB, TaK M yC-
JOBUH WX (UKCAITUH.

DeHOMEHOJI0rHYeCKas TEOPUsl CONIPOTHBJICHUS
Ka4yeHHI0 B pes;kume DPR

Ora Teopus MOCTPOCHA B MPEITOI0KESHUN, YTO
CHWJIBI a/IT€3UM MOYKHO TIPE/ICTaBHUTh, KAK HEKOTOPBIC
CWJIOBBIE CBSI3U (YIPYyTUE MPYKHUHBI), KOTOPHIE CO-
eAMHAIOT KOHTaKTUpyrole Tena. llpn kavaHuMsIX
MasiTHUKA YaCTh ATHX CBsI3€i pa3phIBaeTCs, U B 3TOM
Clly4ae Kakas-TO JIOJIS SHEPTrUU MasTHUKA YXOIHT
Ha COBepIIeHrne pabOThl MO OTPHIBY MOBEPXHOCTH
IapuKa OT HCCIeAyeMOW IOBEpXHOCTH. Tak ke,
4acTh DHEPTHH MasTHHKA JOJDKHA YXOIUTh Ha CO-
BepIllEeHUEe PadOTHI MPOTUB CUJI BHYTPEHHETO Tpe-
HUS TIpA JeopMaIiii KOHTAaKTUPYIOMIUX Tell, U 3TH
CHUJTBI SIBJITFOTCS YaCTOTHO HE3aBHUCHMBIMH.

Hcxons w3 3THX TPEINOJIOKEHHMA, <«JIUCCH-
MATUBHBIH» MOMEHT TPEHHs KaK (YHKIUSA YIiia @
OTKIIOHGHHS MasTHUKAa MOXET OBbITh 3alucaH
B Buje [24]:

M . =-mgR

do
+b(pp)sign — )
Y. (C )
t
IJie m — Macca MasTHHKA; g — yCKOPEHHE CBOOOIHO-
ro majeHus; R — paauyc mapuka; c, b, p — napame-
TPBI ANNPOKCUMALMH, ONPENEIIEMbIE M3 JKCIIEpPH-

MCHTA.
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3nech k03((GUIMEHT ¢ «OTBEUaeT» 3a aAre3u-
OHHYIO COCTABISIIOILYIO TPEHHs, M BTOpas 4YacTb
B IpaBo# yact (opmyisl (1) «oTBeuaeT» 3a 4acToT-
HO-HE3aBUCHMOE BHYTPEHHEE TPeHue pu 1epopma-
LU KOHTaKTUPYIOMINX Tell.

[ome3ysce dopmynoii (1), MOXKHO BBIYHCIHUTH
3HaUEHHE YJeIbHON MOBEPXHOCTHOM SHEPTUH B 30HE
KOHTAaKTe, KaKk OTHOIIeHHe paboTel 4,(9) = mgRco,
COBEpILIACMON CHJIaMH aJre3ud IMpH OTpPbIBE IO-
BEPXHOCTH IIAPUKA OT IMOBEPXHOCTH MSATHA KOHTAaK-
Ta Tonanpio S~ 2aR@ B mpolecce ero noBopoTa
Ha MaJIbI YTOJ @ MIPU €r0 OTKATE OT MOJIOKEHUSI PaB-
HOBeCHSI, K BEJIMYMHE TIOLIaI1 9TOT0 KOHTAKTa S:

A

4 Imee

== : )
S 2a
[Napamerp 6 o cBoeMy (U3NIECKOMY CMBICITY
U Pa3MEPHOCTU COBMANACT C AHAJIOTMYHBIM Mapa-
METPOM, HCIIONIE3yeMbIM B [3] (rme oH 0003HaYeH
yepe3 A), KOTOPBIH aBTOp HA3bIBACT MTOBEPXHOCTHOM
SHEPTUel WU MOBEPXHOCTHBIM HATSHKCHHUEM.
SIBneHue pe3Koro yMEHbUIICHUs Mepuojaa OT-
KJIIOHEHUH MasTHHUKA C YMEHBIICHUEM AMIUIATYAbI
MBI CBSI3aJIU C IEUCTBUEM CUJI aATC3UOHHBIX CBS3CH,
HO C TEMHU CBSI35IMU, KOTOPBIE «HE PBYTCS» MPHU Ka-
YaHUSAX MAasITHUKA. 3aBUCUMOCTh MOMEHTa 3THX
CWJ OT yrja MOBOPOTa IIApUKA MOXHO 3amucaTh
B BUjE [24]:

al[ T R )
M, (9)=2ya’R|g|"" [E - ;‘P) -sign(g), 3)

IJe a — paauyc IMATHA KOHTAaKTa; Y, 1 — IapaMeTphl
aTNMpOKCUMAITNH, OTIpEAeIsieMble U3 IKCTIEPIMEHTA.

2 .2 r .. R-r
I+m|(l,—R) +4RI sin [—Qj é+mi,
2(r—R) r—
rae I — MoMmeHT HHEpOUKU MasATHUKAa OTHOCHUTCIIBHO
OCH, TIPOXOSAIICH uepe3 LEeHTP Macc NapaljiesbHO
OCH BpalleHHUsl; /,—pacCTOsIHHE OT LEHTpa Liapa
JIO LIEHTpa Macc MasiTHUKA; M — NMpOoeKIus MOMEHTA
CHJIbI TPCHHA Ka4€CHUA Ha OCh BpalllCHHA.
[Ipoekuusi yckopeHHsI LIEHTpa MacCc MasTHHKa
Ha TOPHU30OHTAJIBHYIO KaCaTCJIbHYIO K OITOPE B TOUYKE
KOHTAaKTa, KOTOpas OIpeleIsIeT CUILy TPEHHUs, yIaep-
JKUBAIOLIYIO MasgTHUKA OT CKOJIBXKEHUSA, UMECT BU:

ac={lccos( R(P]—R}f)_{lcsm(r R‘bﬂ(‘i’)- ®)

r

r—

sin

[To HameMy MHEHHIO, TapaMeTp Y XapakTepH-
3yeT yIpyroe AaBJIeHUE CHIJI aAre3HUH, IEHCTBYIOIIEe
MEX[Y MOBEPXHOCTBIO LIApHKa U UCCIEAYyEeMOH Mo-
BepxHOCThIO. B [3] aBTOp B ciiyuyae NEHCTBUSA CHUIT
Ban-nep-Baanbca aHanmoru4HbIi mapamerp (TaM OH
0003HaYeH 4epe3 G) HaszblBaeT HampsbkeHuneM Ban-
nep-Baanbca.

[Monyunm muddepenunanbHOe ypaBHEHHE Kada-
HUH MasiTHUKA C OTOpoi B BUE mapuka. C Lesbto 10-
CTIOKEHMS OoJiee 00ILEero pe3ybTaTa, peluM 3a1ady
0 Ka4aHHUsIX MasTHUKA C ONIOPOH B BUJIE IIApUKa HIIH
LWIMHApA PaguycoM R, COBEPIIAIOLIETO IJIOCKOE
JBIKCHUE MO BOTHYTOH CQEpUUeCKON WM LUJIMH-
JPUUYECKOM TOBEPXHOCTU PaiiycoM 7 (PUCYHOK 1).

1Y

Pucynok 1 — ®usnueckuili MasgsTHUK, OMUPAIOLIUICS 1l1a-
PHKOM Ha BOTHYTOE OCHOBAaHHUE

Figure 1 — A physical pendulum supported by a ball on a
concave base

[Tpy oTCYTCTBHM MPOCKANB3bIBAHUS U Jedop-
Maruil (TOYEYHBI KOHTAaKkT) B 00JacTH KOHTAKTa
YpaBHEHUE KayaHUI MasiTHUKA C OMIOPOM, IIPE/ICTaB-
JIEHHOHM Ha pUCyHKe 1, uMeeT BU:

R
e|l=M, 4
R

= !

- (PJ () +mg|:lc sing + Rsin(
Crnydvaii ormopsl MasiTHUKA B BHJIE IIapa, ON1pa-
IOIIETOCs] Ha TUIOCKYIO TIOBEPXHOCTh, MOXKHO TOJY-
9UTh U3 ypaBHeHUH (4) u (5), yCTpeMHuB paamyc 7
k Oeckoneunoctu. Torma ypaBaernus (4) u (5) mpu-
MYT CIEIYIOUTUNA BU:
I+m| (L =R) +4RLsin’ g é+
(6)
+ml Rsin()-(¢)* +mgl_sing =M,

a, =(I.coso—R)$—1_sing(¢)’. (7)
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IIpu o4YeHb MaJIbIX 3HAYeHHUAX yriaa ¢ (¢ << 1) u
o . . .2
yITIOBOIt ckopocTH @ =0 (sin@ =@, cos@ =1, ¢~ =0),
IIOCIIE/IHNE 1B YPABHEHHSI 3AITHILYTCS B BUJIE:

|:I+m(lc —R)z}(prmglccp:M;
a, =(lc —R)('[').

Ecnu 1neHTp Macc MasTHUKA HAXOAUTCS
Ha IIATHE KOHTAKTa, T.€. BBIIOHSETCS YCIOBUE
[. = R, 13 nocneiHUX AByX YpaBHEHUH nUMeeM:

(®)

)

1®+mgRp=M; (10)

(11)

IlepBoe U3 3TUX IBYX ypaBHEHHMI MO CBOEMY
BUJY COBIIAQJAET C YPABHEHUEM MAJIbIX KAYaHUH Ma-
TEeMaTHYECKOT'0 MasiTHUKA, ITOABEIICHHOIO Ha HUTH
nnuHoM R. W3 mocinegHero paBeHCTBa CIEAYET,
YTO YCKOPEHHE LIEHTpa MAacC MasiTHUKA B HUYKHEHN
TOYKE PaBHO HYJIIO, MMOTOMY MAasTHHK He Oyjaer
HCHBITHIBATh JEHUCTBUSA CWJIbI TPEHUS CO CTOPOHBI
OTIOPBI U, KaK CIIEACTBUE, OH HEe Oy/IeT UCTIBLITHIBATH
BIIUSIHUS TOPU30HTAILHBIX COCTABISIONUX BUOpa-
WU OCHOBAHUSI.

ITonHBIIA MOMEHT CHJI CONPOTUBIIEHUSI KAUEHUIO
MOJKET OBITH 3aIIMCAaH B BUJE:

M) = M (¢) +M,(¢).

a, =0.

(12)
Torna ypasaenue (10) umeer Bun:

19 +mgRo=M ,(9)+ M, (). (13)

Ypasuenune (13) Oyaem pemats B IepBOM IPH-
OJIMDKEHUN aCUMITTOTHYECKONW TEOPHH HEITMHECHHBIX
KoJeOanmii. B 3TOM MpuOIMKEHNN 3aBUCUMOCTD aM-
IUTUTYIBI OT BPEMEHH 0(f) OTIPEAEIIeTCs TUCCUTIa-
THBHBIM MOMEHTOM, U 3aBHCHMOCTb TIEPHO/Ia OT aM-
ATy a6l 7(0) — yIpyTuM MOMEHTOM. 3aBUCHMOCTh
aMIUTATY 1Bl OT BpEMEHHU MOKHO HATH, permas ypas-

menue (13) B Buze:
e
. 14
(2) as

Pemenue ypaBuenus (14) B mepBoM mpuOIu-
’KEHUU aCUMIITOTHUYECKON TCOPUU HEIMHEUHBIX KO-
nebaHni €T 3aBUCUMOCTh aMIUTUTY/IbI O KauaHH
MasTHHUKA OT BPEMEHU / B HESIBHOM Bue [29]:

(o)

d2
Id—;p +mgRp = —ng(c +bo? )sign
t

(15)

b

T ¢ do
_Z'[l—

a9 ——b@” +¢
p+1

rae 7 — cpeaHee 3HaYCHUE NEPHOA KayaHUH MasT-
HUKA.

Ucnons3ys ypasaenue (15) B kauecTBe ypaBHe-
HUSI Perpeccuy AJIsl allpoKCUMAaLUM JKCIEpUMEH-
TQJIBHBIX KPUBBIX 3aTyXaHWs aMIUINTYZ KadaHWH,
MOYKHO OTIPE/ICINTh YMCICHHOE 3HaueHHEe Iapame-
TpOB ¢, b u p.

3aBUCUMOCTb IEpUOJA OT AMIUIUTYAbl MOKHO
HaiiTH, pemas ypasaenue (13) B Buze:

2

d o 2 R
Id—2+ mgRo =2va" R|¢|
t

T

n+1(
2 a

(Pj-sign((P)- (16)

Pemenne ypaBuenns (16) B mepBoM mpuOIIKe-
HUM aCUMITOTUYECKOM TEOPUH HEIMHEWHBIX KOJje-
Oanwuit mmeet Bua (hopmyna (28) B [24]):

-1
Rou

(1 —0.55—)
a

Ucnons3ys ypaBuenme Buga (17) kak ypas-
HEHHE pEerpeccu SKCIEpUMEHTAIbHON 3aBHCH-
mMoctd T'(0t), MOKHO HAaWTH YHCICHHBIC 3HAUYCHHS
napametpoB 7, y u n. Pemenue B Buge (17) sB-
asietcss HamOojee YCTOHYMBBIM 10 OTHOIICHHUIO
K BbIOOpY HayaJIbHBIX 3HAYEHUH 3THX MapaMEeTpPOB
MIPH BBIYUCIIEHUX B MTPOIECCE HETMHEHHON aIpoK-
cumarmu. M3 ypasuenwit (17) u (16) BugHO, 4TO

T,=T(0)=2n\mgR/I. B npuHuMIe, MocIexHsIs

Lo TN +2)
T(a)=T,|1- vy 2 (17)

mg F(% +2)

(hopmMyra MO3BOJISIET YMEHBITUTH KOJIMYECTBO Tapa-
METPOB ammpoKcHUManuu 10 AByX. OHaKo, 4TOOBI
MIPOBECTH TAKOE BBIUUCIICHHE, TpeOyeTcs 3HATh 3Ha-
YEHUE MOMEHTA WHEPINH / ¢ BRICOKOH TOYHOCTHIO.

3aBucuMocTh M(p) TpU M3BECTHOM 3aBHCHUMO-
¢t @(f) TMO3BOJSET TOCTPOUTH (HEHOMEHOJOTHYE-
CKYI0 TEOpHIO COMPOTHUBIIEHMSI KAUEHUIO CHUJ ajl-
re3uu B pexxume DPR. B yacTHOCTH, 3aBUCUMOCTh
M ,(9) 03BOJNISAET OCTPOUTH CKEIETHYIO KPUBYIO U
3aBUCUMOCTb M () II03BOJIIET IIOCTPOUTH HETIIO
ructepesuca. IIpuMepsl TaKUX KPHBBIX IPHBEICHbI
HUKE.

MasiTHUKOBBIH IPUOOP € ONOPOI HA OIMH
HIAPHUK (KOHCTPYKUMSA U METOAUKA
H3MepeHni)

Kak yxe oTmeuanoch BbIlI€, IPU HCIOJb30-
BaHWU MasTHUKOBOTO MpHOOpa ¢ OMopoi Ha OAMH
HIapUK BO3HHUKAET TNpoldiieMa HEyCTOWYUBOCTH
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BEPTUKAJIBbHON IUIOCKOCTH KayaHUH MAasATHHUKA.
DddexT HEeyCTOWYMBOCTH YyCWIMBAeTCs, KOTIa
LIEHTp Macc MasTHUKA TNPUOIMKAETCA K TOYKE
OTIOpBI, U TpeHUe HeBenuko. Eciam MasTHUK ycTa-
HOBJIEH OJHUM OIIOPHBIM IAPUKOM Ha TBEPIYIO
MIJIOCKYI0 TIOBEPXHOCTHh, OH MMEET BO3MOXXHOCTH
COBEpIIATh KadaHWUS BOKPYT JIBYX TOPH30HTAJb-
HBIX OCEH M COBEpIIaTh BPaIlleHHE BOKPYT BEPTH-
KaJIBHOW OCH.

B mammx skcmepuMeHTax OBIIO YCTaHOBIIE-
HO, 4TO B pexxuMme DPR npu OCTOPOXKHOM 3aIly-
CKE€ KauaHW{ BpallleHHe MasTHHKA BOKpPYT Bep-
TUKAJIBHONH OCH TPAKTUYECKH HE BO3HUKAET WIIH
OBICTPO MpeKpalaeTcs; T0 O3HaYaeT, 9TO TPEHHeE
BEpUYEHHS 3/IeCh MaKCHUMalbHO. BpuTO Takke 3a-
MEUYEHO, 4YTO, €CITM MAasATHHK HMEET BBITIHYTYIO
(dhopMmy, mpu KOTOPO MOMEHTHl HHEPUHU TIaB-
HBIX TOPW30HTAJBHBIX IEHTPATbHBIX OCEH WHeEp-
MM 3HAYUTENHHO OTIMYAIOTCS MEXIy Cco0oi
(pucyHOK 2), TO Ka4yaHUA C MaJbIM IEPUOJIOM BO-
KpyT anuHO# ocu (ock U ¢ MUHUMaIbHBIM MOMEH-
TOM WHEPIMH) 3aTyXaloT pPaHbIle, YeM KadaHWd
¢ OOJIBIITUM MTEPUOJIOM BOKPYT KOPOTKOM ocH (och V'
C MaKCHUMaJIbHBIM MOMEHTOM wmHepmuH). OTciona
CIIeIyeT, YTO, €CIIM B MAaATHHUKE C OMOPOH HA OJIUH
[IapyK 3aMUCHIBATh UTMHHO NMEPHOJNYECKUE Kada-
HUSA TIOCJI€ TOTO, KaK YCIIOKOSATCS KOPOTKO TEPHO-
MUYEeCKUe KadaHWs, TO IUIOCKOCTh KadyaHWH Oyner
CTaOMIHHOH.

screen

CMOS-matrix

//laser

L
\i/laser

adjusting screws

Pucynok 2 — MasTHUK ¢ CUCTEMOMN 3allUCU TPACKTOPUHU
JIBIDKCHUS JIyda ¥ OaJaHCHPOBOYHOE YCTPOUCTBO

Figure 2 — A pendulum with a system for recording
the beam trajectory, a balancing device

Ha pucynke 2 mnoka3aH MasTHHK C OIOpOMH
HAa OJWH INApUK, CHENUAIBHO W3TOTOBJICHHBIN
Juis TpoBenieHus n3Mepenuil. K BepxHell mosepx-
HOCTH MasiTHHKa MPHUKPEIUIEHO TOHKOE IUIOCKOE
3epkajgo. B 3TOM MasdTHHUKE OTHOIIEHHE MOMEH-

TOB mHepuuu [v/[u ObTO OKOJO 25, 9TO Ha OMBITE
JIaI0 OTHOIIICHHE TepuonoB kadaHuit 7v/Tu, pas-
HBIM OK0JIO 5. JIlnameTp mapuka paBusiicsa 12,1 mm.
Macca mastanka paBasiack 0,406 kr. LlenTp macc
MasTHUKA HaXOJWJICS BOJU3H ISITHA KOHTAKTA, YTO
JIOCTUTAJIOCH ITYTEM €ro TIIATeIbHON 0aTaHCUPOBKH
(cm. [Tpunoxenwue).

Jns v3MepeHus aMIUTATYABl U BPEMEHU KO-
nebaHui MasTHHKA HMCIOJIB30BAIACH ONMTHYECKAS
CHCTEMa 3aliCh €ro KadaHWid, COCTOsAImasl Wu3
MOJIyIIPOBOJIHUKOBOTO  Jla3epa, (oKycupyrolie-
ro yCTpoicTBa (Ha PHCYHKE 2 OHO HE MOKa3aHo),
3epKana, ycTaHOBJIeHHOro Ha MasTtHuke, KMOII-
MaTpUIbl U KOMITBIOTEPA, 3aITUCHIBAIOIETO CUTHA-
Bl ¢ MaTpHIBL. Takas cucTema MO3BOJIAET 3alu-
caTh TPACKTOPHUIO CMEMICHUS JTy4a, OTPaKEHHOTO
OT MasITHUKA, B KoopjanHatax YX KMOII-maTpuiist
(cM. pucyHoK 3).

Pucynok 3 — 3anuce TpaeKTOpUU MSATHA JIa3€PHOTO
Jyda Ha MaTpHIle B TeUEHHUE 2-X MEPBBIX NEPHOIOB Ka-
4aHU

Figure 3 — Recording trajectory spot of the laser beam
on the matrix within the first 2 swing periods

Ecnu MasTHHK ujaeanbHO cOalaHCUPOBAH, OI-
THUKO-3JIEKTPOHHAsI CUCTEMa HEaJIbHO HacTPOEHa U
HC UMECT IIYMOB, U BJIUSIHUC BPI6paHHI>'I OCHOBaHUsA
OTCYTCTBYET, TO KOPOTKOIIEPHOIUYECKHE TOTeped-
HbIC Ka4aHUA MasiTHHKa HE OOJIXKHBI BO36y)KI[aTI)C}I
U 3aIHCh Ha pUCYHKE 3 TOJKHA MPEACTaBIATh COO0M
BEpPTHUKAJIbHYIO JIMHUIO. O/IHAKO, B pealbHOCTH BCE
ke HaOmogarorcs Qurypsl, momoOHble (urypam
Jluccaxy.

M3menenue koopIMHATHI ¥ CO BPEMEHEM { SIBJISI-
€TCs 3allUChI0 aMIUIUTY AbI KoJe0aHnii MasiTHHKA BO-
KpyT KopoTkoil ocu. ITpumep 3anucu Y(f) masTHHKa
MOKa3aH Ha PUCYHKE 4.
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Pucynok 4 — 3anuch aMIuIMTYyJbl JJIMHHO MEPUOAU-
YeCKMX KayaHWi MasTHHKa Y(f) ¢ omopoil Ha oauH
HIapuK

Figure 4 — Recording long periodic amplitude pendulum
swing Y(¢) with a support on one ball

Pe3yabTaThl M3MepeHuil 1 pacyéToB

B skcniepumeHTax B KauecTBe ONOPbI MasITHUKA
HCIIOJIB30BAJICS WAPUK pagnycoM R = 6,05 MM, BbI-
noTHeHHBIH n3 cranu [11X15. B kxadecTBe MmaTepua-
JIOB, HA KOTOPbIE ONHUpacs MasTHUK, ObLTH BBIOpa-
HBI IOJTMPOBAHHBIE 00pa31[bl MOHOKPHUCTAIITNIECKO-
ro KpeMHus (mepoxosarocts Ra = 0,4 HM, MOZYJIb
ynpyroctu E ;= 1,31-10" H/M?,  kosddumment
Ilyaccona v; = 0,266), cranu IIX15 (Ra = 63 HM,
E,=2,11-10" H/M*, v,=~0,28) u onTHuecko-
ro crexna K8 (Rz=40um, E,=0,82:10" H/’,
v, = 0,206).

[TapameTpsl 001aCTH KOHTaKTa MIAPUKA U UCTIbI-
TBIBAEMBIX MOBEPXHOCTEH, paccuuTaHHble MO (op-
Mynam ['epia, mpuBeaeHBI B Tadnmie 1.

HauanpHas ammiuTyna kojieOaHWH MasTHHKA
o, Obuta BbIOpaHa, paBHOH, npumepHo, 124 yri. c,
KOHEYHas aMIUIMTyJa COCTaBisUIa, IPUMEPHO,
2 yri1. ¢, TaKk 4YTO MaKCUMaJIbHOE CMEIIECHHUE LIapuKa
T yaxe ~ 3,63 MKM, MUHMMaJIbHOE CMEIICHUE IIapUKa
Vo ~ 0,06 MKM. BUIHO, 4TO yIJIOBBIE U JTMHEHHBIE
CMEIIIeHUs 1apuKa Haxoawiuch B 30He DPR. Pe-
3yJbTaThl U3MEPEHUM 3aBUCUMOCTEN aMIUTUTYIbI O
OT BPEMEHHM ! U mepuoaa 7 OT aMIUIUTYIbl ¢, IO-
JydEeHHBbIE IJIS Iap TPEHWs IyTeM yCpPEeIHEHUs pe-
3yJIbTATOB CEPUHM H3 TPEX INPOBEAEHHBIX IOAPSAI
M3MEPEeHHUN TS KaXXIO0W Tapbl 00pa3IoB, TOKa3aHbI
Ha PUCYHKeE 5.

Pesynbrare! pacuéra napamMeTpoB armpoKcuMa-
1K (IapaMeTpoB TPEHNUS ) 3aBUCHUMOCTH aMILIUTY/IbI
OT BPEMEHH U IIEPHOJIA OT AMIUIUTY/bI IPEIICTABIICHBI

B Tabmure 2. [lorpemnoctu anmpokcumanuu (ITA)
IKCIIEPUMEHTATBHBIX 3aBUCUMOCTEH aHATTMTHYECKU-
MU, MPHUBEJAEHHBIC B TaOmuIE 2, ObUIH PACCUUTAHBI
o popmyie [TA(x):

(18)

IIe X; —U3MEpEHHble 3HadeHus; x(f,) — aHaAIUTHU-
YECKHE 3HAUCHHS, BBIYMCIICHHBIC B COOTBETCTBUHU
¢ hopmymoii (15) mrst amrmuTy s v ¢ Gopmysoit (17)
JUTS TIEpHOJIA.

OTMeTHM TakKe, 4YTO 3HAYCHHs Iapame-
Tpa G COIJIACYIOTCS MO TOPSJKY BEITHYHHBI
C 3HAYEHHSMH «AAr€3UOHHON DSHEPTUm» W,
(W, ~ 107 JIx/M%), TOTyYECHHBIME C HOMOIIBIO
ACM [14], a Takke ¢ MOMOIILI0O KOHTAKTHOTO aJl-
rezuomeTtpa [25, 26].

Tabnuya 1/ Table 1

IMapamerpbl 00J1aCTH KOHTAKTa IIApUKa H
HCNIBLITHIBAEMbIX II0BEPXHOCTEH, pacCUYUTAHHbIE
no (popmyaam I'epua

The parameters of the contact area of the ball
and the test surfaces, calculated according to the
Hertz formulas

Marepuan  Pagmyc I'myOuna Konrakt-
mapuka/ MsATHA BHEJPEHUS  HBIU yro,
Marepuay KOHTaKTa, IIapukaB  YIJI. MUH.
OTIOPBI MKM OI0py, MKM
Ball Contact Depth Contact
Material/ spot of ball angle, arc
Support radius,  penetration minute
Material pm into the
support, pm

Crais/
cTajb 54 0,5 31
Steel/steel
Crans/
KpEMHUI

59 0,6 34
Steel/
silicon
Crais/
crekio K8 66 0,7 38
Steel/glass
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Pucynok 5 — Bun kpuBBIX anmpoKCHMAIMM 3aBUCHMOCTH aMIUIMTY/bl Ka4aHUH MasTHHKA OT BpeMEHH (@) COTJIacHO
dbopmyie (15) u meproaa KayaHuil MassTHUKA OT aMIUTUTY /6! (b) coracHo (17)

Figure 5 — View of the approximation curves of the dependence of the swing amplitude of the pendulum on time (a)
(15) and the swing period of the pendulum on amplitude () (17)

Tabnuya 2 / Table 2
Pe3yabTaThl pacuera napaMeTpoB anlpoOKCUMALUH
Results of calculation of approximation parameters

KoHTakTHas mapa nrapuk/mMarepuai Oropbl

[Mapamerp Tpenusl, (HadaIbHas b |
Contact pair ball/support material

amruntyzaa 124 yri. c)

Friction parameter (initial crekno K8 KPEMHUI crans IX15
amplitude 124 ars. sec) glass silicon steel
p.10* 37.33 7.06 7.96
b 0.944 0.815 0.847
¢, 107 10.51 3.84 6.61
c, 107 Jix/m2 28.9 13.2 27.3
44,,10™ Ttk 15.7 45.72 9.86
44,10 Jix 98.6 75.2 64.3
HA(a) 0.008 0.026 0.035
n 0.092 0.552 0.461
Ty, ¢ 4.071 4.072 4.049
v, 10° H/w? 28.97 290.69 95.46
HA(T) 0.002 0.002 0.004

B Tabnmune 3 mpencraBieHbl TpauKH 3aBH-  pe3yabTarbl pacuéra padOThl JUCCHIIATUBHBIX CHII
CUMOCTH MOMEHTOB CHJI COIPOTHBIIEHUS KAQUE€HHUIO 3a OJWH IOJIHBIM LUK KadaHui 4A (mosHas Iio-
OT yIVIa OTKJIOHEHHs MasTHUKA B MpeJesiaX OJHOTO0  IaJb GUTYyp B JIEBOW KOJIOHKE TaOMHIIbI 3) ¥ paboThI
LMKJIa Ka4aHUs ¢ aMIUIATyao# 3.1 yIiL. ¢, MOCTpoeH-  CUJI aATe3WH Ha OTPBIB 3a OJUH MOJIHBIN ITUKI Kadya-
Hble 1o popmynam (1), (3) u (12) ¢ yuérom 3HaueHnit  Huit 4At (TU10IAAb MPSIMOYTOJIBHUKA, BBIJEICHHOTO
napamMeTpoB, MOJYUYCHHBIX IMyTEM anmnpOKCUMAlMU  IyHKTHPHBIMH JIMHUSMH, CM. (QUTYpHI B JIGBOH KO-
9KCIIEPUMEHTANIBHBIX JaHHBIX JUIS BCEX TPEX HMC-  JIOHKE TAONHIBI 3), YHCICHHBIC JAHHBIC TPUBEACHBI
MBITHIBAEMBIX MaTepHaIOB. B Hell Takxke Mmoka3zaHbl B TaduIe 2.
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Tabnuya 3 / Table 3

I'padykn 3aBHCMMOCTH MOMEHTOB CONMPOTHBJICHUS] KAYEHHS OT yIJI1a OTKJIOHEHUS] MAATHUKA, OCTPO-
eHHble 10 popmyaam (1), (3) u (12), aast HaYANBHOMH aMIIMTYABI ¢ = 3.1 yriL. ¢

Graphs of the dependence of the rolling resistance moments on the angle of deviation of the pendulum,
constructed according- to formulas (1), (3) and (12), for the initial amplitude o = 3.1 arc.s

IlonHBIT MOMEHT CHII

JuccunaTuBHbIN Ypyruii MOMEHT CHI
MOMEHT CHJI COIIPOTUBIICHUS COIIPOTHBIICHUS COUPOTHBIICHITL KATCHHIO
M(p) =M, (p)+ M
Kauenuro M, (¢) xauennto M,(¢) (©) =M;(0) + M, (.(P)
S ) . . . Total moment of rolling
Dissipative moment of rolling Elastic moment of rolling resistance
resistance forces M () resistance forces M, (o)

M) =M;(9) + M, (o)

Crexio / Glass

3 167 187
///
1.5 8 ol //
///
//
-4 -2 2 4 4 ) 0 2 4 4 2 // 0 2 4

-1.5 _87 //// -9
-3 16t V 18

VYToi OTKIIOHEeHUs! MasiTHHKA, YTII. ¢. / Pendulum deflection angle, arc. s

Kpemmnuii / Silicon

37
0.4
1.57 02
_4 2 2 -4 -2 0 2 4
-0.2
-1.57
-04
_3-

YTo1 OTKIIOHEeHHUST MasiTHHKA, YTII. ¢. / Pendulum deflection angle, arc. s

Crains / Steel

MowmeHT cornpoTuBieHus kadenuto, HH-m / Moment of rolling resistance, nN-m

3" 1’ 3,,
y 0.5t
al o 5 | a4 4—"2 0o 2 4
15 -0.5
3t -1 3

VYTo OTKIOHEeHUS! MasiTHHKa, YTII. ¢. / Pendulum deflection angle, arc. s
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W3 nanHON TaOiMubl HArJIIOHO BHIHO, 4TO,
B 00LIEeM ciIy4ae, MOMEHT 3aBHUCUMOCTH CHJI COTIPO-
TUBJICHUSI KAUCHHIO SIBJISCTCS HEIMHEHHBIM, Kak
IIpU ICHCTBUH CUJI YIPYTOCTH, TaK U JEHCTBUM CHII
aAre3uu, U, KpoOMe TOro, CyIIeCTBYEeT MOMEHT Tpe-
HUS TIOKOS, OIIpeessieMblii IMEHHO are3MOHHBIMU
CBOWCTBAMHU MOBEPXHOCTEH KOHTAKTUPYIOIINX Tell.

3akjaoueHue

IIpy kaueHun ONOPHOro LIApUKa B 30HE Iepe-
MEILEHUH, pa3Mepbl KOTOPOU CYIECTBEHHO MEHb-
e pa3MepoB IsATHA KOHTAaKTa — B 30HE «deep-pre-
rolling» (DPR), TpeHHe KauyeHUS OMpPEHeseTCs
JUCCUNIaTUBHBIM M YIIPYTUM MOMeHTaMu cuil. [luc-
CHUITaTHBHASI COCTaBJISIFOIIAsl BKIFOUAET PabOTy CHIT
are3MH Ha OTPBIB U pabOTy MPOTUB CHJI YACTOTHO
HE3aBUCUMOI0 BHYTPEHHEIO TPEHHs. YIpyras co-
CTaBJISIOIAS MOMEHTA COIPOTHUBIIEHUS KAa4EHUIO
ONpENENsIETCs] JaBICHUEM CUII aAre3uM MEXIy Io-
BEPXHOCTSAMHU KOHTAKTHPYIOIIUX TEl.

B 30He DPR TpeHue KayeHHUs yMEHBLIAECTCS
C YMEHBIIIEHHEM CKOPOCTH KadaHHH. DTa 0COOEH-
HOCTh TPEHUS MO3BOJISET MOCTPOUTH MasTHUKOBBIN
npudop ¢ ONOPOi Ha OJMH IIApUK CO CTAOMIIBHOM
BEPTUKAJIBHOM IUIOCKOCTBIO KayaHWid. B 3TOM Inpu-
0ope MasiTHUK JIOJDKEH UMETh (hOpMy, IPU KOTOPOW
TOPU30HTAIbHBIE MOMEHTBI MHEPLIUU CYLIECTBEHHO
OTJIMYAIOTCS MEXY COOOM.

B 3one DPR cyiiecTByeT 3P EKT pe3Koro yMeHb-
IIEHUS TIepuoja KayaHUuil MasTHUKA MPU YMEHbIIe-
HUH aMIUTUTYAbI KadaHui. [Ipu 3TOM MOMEHT TpeHus
KAUEeHUs TAK)KE€ YMEHBILIAETCSI U CTPEMUTCS K CBOEMY
MUHUMaJIBHOMY KOHEUYHOMY 3HAUEHHIO, Olpeaelsie-
MOMyY paboToii cui aare3un Ha oTpbB. [Ipu uccie-
JIOBaHUHM MOMEHTOB COIIPOTUBIICHHSI KAUEHUIO B 30HE
DPR Heo0X0AUMO MTPOBOUTH U3MEPEHHSI 3aBUCUMO-
CTH AMIUIUTY/Ibl KAUAHUI OT BPEMEHU KayaHU U Ie-
puoJa KayaHUH MasSTHUKA OT aMIUTATY/IbI.

Pa3paboTaHHBIil MakeT prOOpa U METOJIMKA W3-
MEpPEHUN BIIEPBBIE IO3BOJSIIOT ITOCTPOUTH IPOCTOM
pUOOP VTS TIPSIMBIX U3MEPEHHUH C BBICOKON TyBCTBU-
TEJIbHOCTBEO Y TOYHOCTBEO IIJIOTHOCTU IIOBEPXHOCTHOM
SHEPTHX CUJI aJIre3UH (WJIM TTOBEPXHOCTHOTO HATSIKe-
HHS) TBEPAOTO TeJa, TapaMeTPOB BHYTPEHHET0 YaCTOT-
HO-HE3aBUCUMOI'0 TPEHUS U IaBIICHUSI CUJT a[IN€31U.

IIpunoxenne

banancupoBKy MasiTHHKa IPOBOJAT B J[BA TAIA.
1. banaHcupoBKa IOJIOXKEHUS LIEHTPa Macc Ma-
ATHUKA B TOPU30HTAIBHOH IIIOCKOCTH:

1.1. JIBe cCTeKIsHHBIE MJIOCKOMApAJIEIbHbIC
npu3mbl (Harpumep, mo 'OCT 1121-54) ycranas-
JUBAIOT OJIHY Ha JIPYryl0, TaK 4TO MX IIOCKOCTH
pacrionaraloTcs IapaielbHO KpPOMKE MMIMHApA
MOJBEMHOI0 YCTPOWCTBA M, HUCIIOJIB3YS Iy3BIPHKO-
BBII YPOBEHbB, C IOMOILBIO PETYIMPOBOUYHBIX BUHTOB
IUIOIA/IKH, AOOMBAIOTCS MX TOPHU3OHTAIBHOIO IO-
nokeHus. BepXHssa npu3Ma J0IKHA pacronaraTbes
Ha YpOBHE 3epKajla CaMOr'0 MasTHHKE.

1.2. JIyu na3epa HanpaBJsIIOT HA [MOBEPXHOCTb
MPHU3MBI, 00JIaa0IIe OTpaxaTelbHON CIIOCOOHO-
cThio. Ha skpane oTMevaroT mosioXeHue Jyda Jia-
3epa, OTPaKEHHOTO OT ITOW MOBEPXHOCTH (IT0JI0XKE-
HHE A).

1.3. CHUMaIOT BEPXHIOIO MTPU3MY.

1.4. llunmuaap TOaBEMHOTO YCTPOWCTBA IIepe-
MEILAIOT BBEPX Ha YPOBEHb BEPXHEH NPU3MBIL.
IIpu 3TOM KpOMKa OJIBEMHOTO YCTPOMCTBA JOJIKHA
OBITH BBICTaBJICHA TOPU30HTAIIBHO.

1.5. KilagyT MadTHUK Ha KPOMKY LHJIMHJIpPA
HNOJbEMHOIO YCTPOUCTBA, TAaK, YTOOBI IIAPUK MAsAT-
HUKa HE KacaJcs HIKHEH MPU3MBI.

1.6. OmyckaioT moIEMHOE yCTPOHCTBO BMECTE
C MasgTHUKOM BHM3 [0 MOMEHTA KacaHHs IIAPUKOM
MasTHUKA HHKHEH TPU3MBI.

1.7. ®UKCUpYIOT MOJIOKEHHUE Jyya Jlazepa, OT-
PaXEHHOTO OT 3epKajia Ha 3KpaHe (monoxenue b).

1.8. HmwmuHap moabEMHOTO YCTPOWCTBA Tie-
peMelaoT BBEPX Ha YPOBEHb BEPXHEH NMPU3MBIL.
[MoaxpyunBaroT OaJaHCUPOBOYHBIC BHHTHI MasT-
HUKA.

1.9. IloBTopstor nm. 1.6—1.8 1o Tex mop, moka
nonoxeHue b iyda yazepa He COBIAAET ¢ IOJIOXKeE-
HUeM A.

2. banancupoBka TMOJIOXKEHHUS IIEHTpa Macc Ma-
ATHUKA B BEPTUKAIBHOM HalpaBiCHHUU.

2.1. YcTanaBnuBarOT MaSTHUK Ha IIOCKOTapar-
JIETBHBIA OPYCOK, BBIMOTHCHHBIA W3 TBEPIOTO Ma-
Tepuasa, 1 IepeMenIaoT 3TOT OpPyCOK Ha TOPU30H-
TaJbHON MOBEPXHOCTH C HEOOJBIINM YCKOPEHHEM
B HaNpaBJICHUH, MEPICHIUKYISIPHOM JIMHHON OCH
MasTHUKA.

2.2. HaGimro1aroT HanpaBJICHHE OTKIIOHEHHUS Ma-
ATHUKA B HaYase JABHKCHUSI.

2.3. [lonkpyurBass BepTUKAJIbHBIE OalaHCHPO-
BOYHBIE TPY3bl MATHUKA, JOOMBAIOTCS] TOTO, YTOOBI
B Hayale nepeMeleHns Opycka MasTHUK COXPaHsLI
COCTOSIHUE ITOKOSI.

Pesynbrarom 0OanaHCHPOBKH SIBISIETCS COBIIa-
JICHHE TTOJIOKEHUS LIEHTPA MacC MasTHHUKA C IIATHOM
KOHTAKTa.
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Bausinue 3kCTpaKkuuM ALIPOK U3 02a30B0oH 001aCTH
KPEMHHEBOI'0 p—n—p-TPAH3UCTOPA HA €r0 PEAKTUBHBIH
UMIIeIaHC

H.A. Fopﬁaqykl, H.A. Hokaoncknii', SI.H. Mapoqmmal, C.B. IlInakoBcKmii’

! Benopycckuii 2ocydapemeentbiil yrusepcumen,
np-m Hezasucumocmu, 4, e. Munck 220030, berapycw

20AO «MHTEI'PAJI» — ynpasisiowas komnanus xonounea « AHTETPAJIy,
yn. Kasunya, 1214, 2. Munck 220108, Bearapyco

Hocmynuna 18.10.2019
Hpunama k newamu 29.11.2019

TpaH3UCTOpHBIE CTPYKTYPBI SABJISIFOTCS 0A30BBIMH 3JIEMEHTAMH MHTETPAJIbHON CXEMOTEXHUKH U YacTO
WCTIONB3YIOTCS TSl CO3JaHMsI HE TOJIBKO COOCTBEHHO TPaH3UCTOPOB, HO M AMOJIOB, PE3UCTOPOB, KOHACHCA-
TopoB. OnpeeeHne MexaHn3Ma BO3HUKHOBEHUS! NMIIEAAHCA HHAYKTHBHOTO TUIA B MOJIYIPOBOJHUKOBBIX
CTPYKTYypax sIBIISICTCS aKTyalbHOH 3a7jaueii, peeHne KOTOPOi CO31acT MPEANOCHIIKY K pa3paboTKe TBEPIO-
TEJBHBIX aHAJIOTOB KaTyIIeK HHIYKTUBHOCTH. L{esib paboThI — yCTaHOBUTH BIUSIHUE SKCTPAKIIMY HEpaBHOBEC-
HBIX HOCUTENEH 3apsiia u3 0a30BOH 001aCTH Ha PEAKTUBHBINA UMIIEAAHC OUITOJIIPHOTO p—H—p-TPAH3UCTOPA.

MeTonoM uMInenaHcHOH criekTpockonuu B nHTepBaiie yacToT 20 Hz—30 MHz nccnenoBaHsl cTpyKTyphI
Ha 6aze p—n—p-tpanzuctopoB KT814I" mpoussoncrsa OAO «MHTEI'PAJI». [loka3ano, 4To B TpaH3UCTOP-
HBIX CTPYKTYpax BO3MOXKHO HabOmroneHue «d¢p¢exTa oTpuLIaTeIbHONH EMKOCTHY (MMIeaHC UHIYKTHBHOTO
TUNa). Y CTaHOBIEHO, YTO HanboJiee BEPOSTHON MPUYMHON BO3HUKHOBEHHS UMIIEAAHCA HHAYKTUBHOTO TUIIA
SIBIISICTCSl HAKOIUIEHUE HECKOMIIEHCHPOBAaHHOTO 3apsia ABIPOK B 0ase, a Ha BEJIMYMHY WHAYKTHBHOTO MMIIE-
JlaHca BIUACT Kak 3G QEeKTUBHOCTH HHXKEKIMH B Tiepexoie 0a3a—3MHUTTEP, TaK U 3PPEKTUBHOCT SIKCTPAKIHH
B miepexojie 0a3a—KOJJIEKTOP.

PesynbpTaThl paboThl MOTYT OBITH HCIIOJIB30BAHBI IPU pa3padOTKe TEXHOIOTHI POpMUpPOBAHNUS dTIEMEH-
TOB MHTErPaJIbHBIX MUKPOCXEM Ha OCHOBE KPEMHUS C MMITEJaHCOM MHYKTHUBHOTO THIIA.

KiroueBble cii0Ba: nMIeJaHCHAs CIEKTPOCKOITUS, OUITOJSIPHBIN TPAH3UCTOP, HEPABHOBECHBIC EKTPOHBI U
JBIPKH, p—1-TIepeX0]], 00J1acTh MPOCTPAHCTBEHHOTO 3apsja.
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Abstract

Transistor structures are the basic elements of integrated circuitry and are often used to create not
only transistors themselves, but also diodes, resistors, and capacitors. Determining the mechanism of the
occurrence of inductive type impedance in semiconductor structures is an urgent task, the solution of which
will create the prerequisites for the development of solid-state analogs of inductors. The purpose of the work
is to establish the effect of extraction of nonequilibrium charge carriers from the base region on the reactive
impedance of a bipolar p—n—p transistor.

Using impedance spectroscopy in the frequency range 20 Hz—30 MHz, the structures based on p—n—p
transistors KT814G manufactured by JSC “INTEGRAL” were studied. It is shown that in the transistor
structures it is possible to observe the “effect of negative capacitance” (inductive type impedance). It is
established that the most probable cause of the inductive type impedance is the accumulation of uncompensated
charge of holes in the base, the value of inductive impedance is influenced by both the injection efficiency in

the base—emitter junction and the extraction efficiency in the base—collector junction.
The results can be applied in the elaboration of technologies for the formation of elements of silicon
based integrated circuits with an impedance of inductive type.

Keywords: impedance spectroscopy, bipolar transistor, nonequilibrium electrons and holes, p—n-junction,

space charge region.
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BBenenue

OneMeHThl ¢ MHIYKTHBHBIM HMIIEAAHCOM [0-
CTaTOYHO YaCTO HCIIOJIB3YIOTCS B CXEMOTEXHHUKE
AHAJIOTOBBIX MHTETPaAJIbHBIX MUKpocxeM [1]. OcHoB-
HBIMH crioco0aMu (HOPMHUPOBaHUS IEMEHTa LeMu
C MHIYKTHBHBIM HMIIEJAHCOM SIBJISI€TCSl CO3JaHUE
MJIEHOYHBIX METAJIIMYECKUX UHIYKTUBHOCTEH (CIH-
paneit) [2] w uMHTaUS HMHIYKTHMBHOM HAarpy3Kku
C TIOMOIIIBIO OTIEPAIMOHHBIX ycuiauTenew [3], oaHa-
KO ¥ TO M JIpyroe NpUBOJUT K HEpalMOHAILHOMY
HCIOJIb30BAHMIO TUIOIIAAN Ha MUKpocxeMe. B cBs3u
C OTUM IIPEJCTaBiIsIeT MHTEpPEC TaK Ha3bIBaeMbIN
«a¢dexT oTpunaTeIbHoOl EMKOCTHY (BUJ MPEICTaB-
JIEHWsI PEakTHUBHON MPOBOJMMOCTH HHJYKTUBHOI'O
tuma) [4].

OtpuuarensHast EMKOCTh HabOJIrOANach B pas-
JIMYHBIX TOJYNPOBOJAHUKOBBIX CTPYKTypax, TaKuX
KaK XaJIbKOTEHUIHBIC TIEHKHU [5], MOIYHU30IUPYIO-
UMM MOJUKPUCTAUINYECKUM KpeMHHU [6], MHOTrO-
CIIOIHBIE TEeTepOCTPYKTYPHI [7, 8], IpaHuUIlbI pazena
METaJIIT-TI0JyIPOBOJHUK [9]. Pu3nueckre MexaHu3-
MBI, NPUBOJALINE K BO3HUKHOBEHHIO OTPHIATENb-
HOM EMKOCTM B Pa3IUYHBIX IOJYIPOBOJAHUKOBBIX
CTPYKTypax, CyIIecTBeHHO pasnuyarotcs. IIpemamo-
JaraeTcsl, 4To B JUOJAaX ¢ p—n-niepexoaoM 3¢ ekt
OTpHLATETILHON EMKOCTH OOYCIIOBIIEH MOIYJISIIIHU-
el MPOBOJMMOCTH 3JEKTPOHEUTpaJIbHON 0O0NacTH
HEOCHOBHBIMH HOCHTEIISIMH 3apsiia MpH OOJNbLIMX
amiuutyax nepemennoro toka [10]. B [11] o00-
Hapy€Ha 3aBUCUMOCTb BEUIECTBEHHOM M MHUMOU
yacTel UMIe/laHca TUOJI0B KaK OT MOCTOSHHOM co-
CTaBJIAIOLIEH TOKA, TAK M OT 4YaCTOThI CUTHAJIA. BpLI10
ycTaHoBieHO [11], 9To mpu HEKOTOPOH MIIOTHOCTH
TOKa XapaKTep peakTUBHOTO CONMPOTHUBIEHMsS (MHH-
MOHM YacTH MMIIEJJAaHCA) TUOAA MEHSETCS ¢ EMKOCT-
HOTO Ha MHAYKTUBHBIH. B pabote [12] BbIckazaHo
MIPE/IOJIOKEHHEe, YTO OCHOBHYIO POJIb B (hOPMHPO-
BaHMU UMIIe/laHCa MHIYKTUBHOI'O THIA IS TUO/IOB,
CoJIep)KalIUX TOUYCUHBIE JIe(eKThl U UX KOMILIEKCHI,
WTPaOT LEHTPBl MPUIUIAHMS, aKKyMYJIUPYIOIIe
HOCHUTENHM 3apsja B TEUEHHE BPEMEHH IMOPsJIKa I10-
Jyrieproza KoJieOaHui TOKa B ey, AHAJIOTHYHBIH
¢ dexT Habmoaaics B KPeMHHUEBBIX (HOTOAMOAX,
00yueHHbIX HeWTpoHamu [13].

Panee nHamu B pabote [14] oTMEYEHO HEMOHO-
TOHHOE€ M3MEHEHHE EMKOCTH IPSIMOCMEIIEHHOTO
nepexoza 6asa—smurrep. s 3HaueHuit [, > 45 pA
npu vactotax <50 Hz Habmromancs mojoXHUTEINb-
HBIA yrou ciBura (a3 Mexay KojeOaHHsIMHU TOKa U
HaIpspKeHUsl, YTO XapaKTepHO Ul MMIIeJaHca UH-
JYKTUBHOI'O TUIA. BeposATHON NpUYMHON JaHHOTO

s dexTa MOTYT OBITH 0COOCHHOCTH HAKOTIJICHUS HO-
cuTenel 3apsaa B 6ase, B TOM YHCIIe U HEAOCTaTOU-
Hast 3 (PEKTUBHOCTH MX IKCTPAKITUH.

TpaH3ucTOpHBIE CTPYKTYpHI SIBISIOTCS 0a3o-
BBIMH JJIEMEHTaMH WHTETPAILHONW CXEMOTEXHHUKH U
94acTO MCTOJIB3YIOTCS ISl CO3AaHUS HE TOIBKO CO0-
CTBEHHO TPAaH3UCTOPOB, HO U JUOJOB, PE3UCTOPOB,
koHaeHcaTopoB [15]. [loaTomMy TpencTaBiseT HHTE-
pec HccleoBaHue OCOOECHHOCTEH (HOPMHPOBAHUS
VMMIIe/IaHCca B MHAYKTUBHOTO TUTA (OTpUIATENFHON
€MKOCTH) B TPAH3UCTOPHBIX CTPYKTypax Ui OIICH-
KH TIEPCTIEKTHB MPUMEHEHUS UX B KA4eCTBE TBEP]IO-
TEJIHHBIX AaHAIOTOB KaTYyIIeK MHITyKTHBHOCTH.

Llenp pabOTHI — YCTAaHOBUTH BIUSHUE JKCTPAK-
[N HEPAaBHOBECHBIX HOCHUTEIICH 3apsiia u3 0a30BOit
o0acTv Ha peakTUBHBIA UMIIEJITAHC p—1-TIEPEXOA0B
OUITONIIPHOTO p—N—p-TPAH3NUCTOPA.

MeToauka IKCIIepUMeHTa

Wccnenosanucy p—n—p-tpansuctopsl KT814I
npousBoactea OAO «MHTEI'PAJI» — ympaBis-
romasg kommanus xomauara «VMIHTEIPAJI». Tex-
HOJIOTHSI M3TOTOBJICHHS TPAH3UCTOPOB TIPUBEICHA
B pabore [14].

Jns mpoBeneHUST W3MEPEHWH BBIBOIBI 0Oa3bl
M KOJJICKTOpa TPAH3UCTOPA COCNWHSIINCH JpPYyT
C IpyroM 4epe3 pe3sucTop CONPOTUBICHHEM R, Tak,
KaK 3TO moka3zaHo Ha pucyHke 1. CoOTBETCTBEH-
HO, WCCIIETyeMbIe CTPYKTYphI MPEACTABISLIA COOOU
JIByXITOJIFOCHUK, B KOTOPOM MapajieIbHO MEPEXOTY
0a3a—KOJUIEKTOp MO/ICOeIMHEH pe3ucTop. Bapbupo-
BaHWE COMPOTHBIIEHUS PE3UCTOPA MO3BOJISIIO H3Me-
HATH TOK 0a3bl. VICTIONB30BaINCh PE3UCTOPHI C CO-
npotusienueM: 1,2 MQ, 370 kQ, 160 kQ, 100 kQ,
50 kQ. B anamazone gacrot ot /= 20 Hz no 30 MHz
AKTUBHOE COITPOTHUBIICHNE PE3UCTOPOB MPAKTHUECKU
HE 3aBHCENI0 OT YacTOTHI TIEPEMEHHOT0 TOKa, a MH-
JyKTUBHOCTH He mpeBsbiimana 10 nH.

M3mepenust 3aBUCMMOCTEH JI€MCTBUTENIBHOM
Z' nu mauMon Z" yacreir mmnenanca Z=27"'+iZ"
OT YacTOTHI = ®/27T TMEPEeMEHHOTO TOKa TPOBOIHU-
nuck Ha m3mepurtensix LCR Agilent EA9804 u Agilent
42854 B nuanazone ot 20 Hz o 30 MHz. AMmuTy-
Jla CHHYCOMJAIBHOTO HAIPsDKEHUS He TIPEeBbINIaia
40 mV. Bce uaMmepeHus: MpoOBOIMINCH IPU KOMHAT-
HOoM Temmeparype. IlorpemHocTs u3MepeHust aeu-
CTBUTEIBHON Z' 1 MHUMOII Z " yacTeil UMIIeIanca He
npesbrmana 3 %. ['paduku 3aBucuMOCTel MeHCTBU-
TEJIHHON M MHUMOMW YacTel MMIIeJaHca OT YacTOTHI [
MEPEeMEHHOTO TOKa U Toiorpadbl UMIENAaHCA CTPOH-
JIUCH TI0 cTaHAapTHON Metonuke [16]. [lns ynobersa
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CpaBHEHHUS C pe3ylbTaraMy M3MEpPEeHHH OapbepHBIX
MTOJTYTIPOBOTHUKOBEIX CTPYKTYP W KOMIIO3HIIMOH-
HBIX MaTepuajoB, 00JaJaloNnMX, KaK MMPaBUIIo, pe-
aKTHBHBIM UMITeaHCOM EMKOCTHOTO THma [17, 18]
MIpH TIOCTPOCHUHU TpauKOB 3Ha4YeHUs Z'' yMHOXKa-
Juch Ha —1.

Iy
—_—
—
L I
Ry
<--
“Upe = 1R,
Idc = IE |
o M '}
—+ w, . v IC —
Use = Ucg

Pucynok 1 — DnexTpudeckas cxema JBYXIOJIIOCHHUKA
Figure 1 — Circuit diagram of two-terminal device

BeinonHsuics Tpu cepun U3MEPEHU.

1) B nepBoii cepuyn u3MepeHuit COMPOTHRIICHHE
pesucropa OCTaBajoCh MOCTOSIHHBIM R, = 370 kQ.
OIHOBPEMEHHO C CHHYCOWIAIBHBIM H3MEPHUTENh-
HBIM CUTHAJIOM K CTPYKType€ MPHUKJIAJbIBAIOCH ITO-
CTOSIHHOE HampsbkeHne cmemenus U,.. B cooTset-
CTBUU CO CXEMOM, MPENCTaBICHHON Ha pHUCYHKeE 1,
HanpspkeHue cMmeineHuss U,. paBHO INOCTOSIHHOMY
HANpPsOKEHUIO  KOJUIEKTOP—AMUTTEp TPaH3UCTOpA
U,. = Uy HanpsbkeHue cMeleHns BapbupOBaIoch
B u"TepBaie ot 0 7o 0,7 V. [Ipu 3ToM BenuunHa 1o-
CTOSIHHOTO TOKa [, 4epe3 CTPYKTYpYy H3MEHsIach
ot 0 1o 50 pA. Tok [, IByXIOIIOCHUKA PABEH IO-
CTOSIHHOM COCTaBJIAIOIIEH TOKa 3MUTTEpa TpPaH3HU-
cropa: [, = I, =1, + I.,rae Iy u l-— IOCTOSHHBIE CO-
CTaBJIAIONINE TOKOB 0a3bl U KoJuiekTopa. JlonmomHu-
TEJIbHBIA KOHTPOIb [; U [; IPOBOIWICS HE3aBHCUMO
1o u3BecTHOM meroauke [19]. 3HaueHHUs] MOCTOSTH-
HOH COCTaBJIMtONIel TOKOB 0as3bl M SMHTTEpa IpH-
BezeHsl B Tabnuue 1. [lorpemnocts nsmepenus I u
1; B 9KCIIEpUMEHTaX NaHHOW CEpUU U MOCIETYIOINX
M3MEPEHUX He npeBblmana 5 %.

2) B xoze BTOpO# cepun n3MEpeHni Ha IBYXITO-
JOCHUKE TIOAEPKUBAIOCH MOCTOSTHHOE 3HadeHHe
Hanpsbkenusa Uy, = U, = 0,600 £ 0,005 V. Tok 6a3bl
BappupoBaiics B uHtepnajie ot 100 nA no 1,20 pA,
3a CYET HUCIOJIBb30BaHUS Pa3IMYHBIX PE3UCTOPOB R, :
1,2 MQ, 370 kQ, 160 kQ, 100 kQ, 50 kQ. IIpu aTom
BEJIMYNHA TOCTOSIHHOTO TOKa [, = [ 4epe3 CTPYyKTy-
py usMensnack ot 10 go 150 pA, a HanpskeHue Ha
KosuiekTopHOM nepexone Uy = IzR, (ecnu mpeHe-
Opedb MmageHneM HapsDKEHUS Ha aKTHBHOM 001acTH

6a3b1) — oT 48 mo 130 mV. KoHTpoJb BETHIHHBI I10-
CTOSIHHOM COCTaBIIAIOLIEH TOKA 06a3bl /5 IPOBOAMIICS
aHAJIOTHIHO TICPBON CepUU M3MEPCHHH. 3HAYCHUS
MO-CTOSSHHOW COCTABIIAIONIEH TOKa 0a3bl M TOKa
SMUTTEpA MPHUBEIEHBI B TA0IHIIE 2.

Tabonuya 1/ Table 1

3HavyeHHs] MOCTOSITHHOIO HANPSIKEHUs] dIMUTTEP—
K0JL1eKTOp Uy = Uy, NOCTOSIHHBIX TOKOB JMHT-
Tepa I, = I, v 6a3bl I B IepBoii cepuu u3Mepe-
HHi

Values of emitter—collector direct current voltage
U = U, and direct currents of emitter I, =1,
and base I in the first series of measurements

Curve

?r?EZil;es Uk = U V' 1 = Lges WA Ip, DA

2 and 3

#1 0 0 0

) 0,400+ 0,008 046+0,02 10+1

#3 0,420 += 0,008 1,27 £ 0,05 25+1

#4 0,450 +0,009 2,40+0,10 50+2

#5 0,500 £0,010 7,70+£0,31 110+5

#6 0,600 + 0,012 26,6 £1,1 300+15

#7 0,700+ 0,014  498+20 530425
Tabnuya 2 / Table 2

3HayeHUsI TIOCTOSIHHOTO IIOCTOSIHHBIX TOKOB
amurrepa I, =1, u 6a3el I; BO BTOPOiIl cepuun
u3MepeHui

Values of direct currents of emitter 7, =1,. and
base I in the second series of measurements

Curve number

in Figure 4 Tp = laes A Ty nA
#1 8,43+ 0,25 110£5
# 143 +0,4 170+ 8
#3 26,6 £0,8 300 £ 15
#4 64,4+1,9 680 + 34
#5 110+£3 1110+ 56

3) B Tperbeil cepun M3MEpPEHUH MOIEPKUBA-
JIOCh TIOCTOSIHHOE 3HAUY€HUE TOKA Yepe3 CTPYKTYpy
1,,=1;=27,0+ 0,8 pA. Tok 06a3bl Ipu 3TOM OCTa-
Bajics Ha ypoBHe [z =300 + 30 nA. KonTpons Toka
0a3bl MPOBOAMIICS TaK e, KaK M B IEPBBIX JBYX
cepusax u3MepeHuil. B skcnepuMmeHTe HCnoiab30Ba-
JMCh pa3nuuHble pesucTopl R;: 1,2 MQ, 370 kQ,
160 kQ, 100 kQ, 50 kQ. BcnencTBue 3Toro Hamps-
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xenune Uy = Uy, usmensanoce B uarepsane or 0,5
1o 0,7 V. 3nadeHus MOCTOSHHOTO HanpskeHus U
MIpUBEIEHBI B Ta0HIIE 3.

Tabnuya 3 / Table 3
3HayeHHs] TOCTOSHHOIO HANPSIKEHHS 3MHT-
Tep—KoiekTop Upp=U, 1 0a3a—KoJIEKTOP
Ugc= IR, B TpETbEH cepHH M3MepPeHuii

Values of direct current voltage of emitter—
collector U, = U, and base—collector Uy, = I;R,
in the third series of measurements

Curve number

in Figure 5 Ucg = Uges V. Upe = IR}, V
#1 0,700 £ 0,005 0,360 = 0,040
#2 0,597 + 0,005 0,110+0,010
#3 0,550 + 0,005 0,048 + 0,005
#4 0,531 + 0,005 0,030 + 0,004
#5 0,513 £0,005 0,015 £ 0,002

Pe3y.111)TaT1,1 IKCIIEPUMEHTA U UX oﬁcyme}me

Ha pucyHke 2a mnpeacTaBiieHbl 3aBUCUMOCTH

NEHCTBUTEIHHON YacTH MMITeJ]aHca Z ' OT YacTOTHI f

IepeMeHHOro Toka. Homepa KpHBBIX COOTBETCTBY-
o1 Tabmure 1. B mporecce n3mepenwuii BappbupoBa-
aock Uy, = Uy. Tok 6a3sl orpaHUYMBAICS PE3UCTO-
poMm R, =370 kQ.

B toMm cnyuae, korna TpaH3MCTOp HaXOAWTCS B
akTMBHOM pexume U, >0,7V, Ha 3aBHCHMOCTAX
JEHCTBUTEIBHONM 4YacTH MMIIEAAHCA OT YaCTOTHI
MIPUCYTCTBYIOT J1Ba IUIATO (T. €. YYacTKH cO ciiaboi
3aBucHUMOCTBIO Z'(f)). OmHo — mipu /< 103 Hz, BTO-
poe — B uHTepBasie yactor 103—106 Hz. Ocoben-
HOCcTH 3aBucuUMocTeit Z'(f) u —Z"(f) mis cTpyKTyp
U, > 0,7V npoananusuposansl B[14]. B nannoi
paboTe paccMaTpuBarOTCsl TOBEJCHHE YaCTOTHBIX
3aBHcUMOcCTel nmnenanca npu U, < 0,7 V. U3 nan-
HBIX, IPE/ICTABICHHBIX Ha PUCYHKE 24, CIIEyeT, YTO
npu HampsbkeHusx cmemenus 0,7V>U, >0V
Ha 3aBUCUMOCTSIX Z'(f) HaOmomaeTcss HU3KOUacToT-
Hoe 1utaro (mpu /< 103 Hz) 1 moCTeeHHO «BBIPOXK-
Jaroieecsi» BbIcokoyactotHoe (mpu > 106 Hz).
Ha pucyHnke muiato BelJieNeHbl TyHKTUPHBIMU OBajia-
MU 1 0003HaueHb! [ ¥ /1] COOTBETCTBEHHO. XapaKTep-
HOW 0COOCHHOCTBIO KPUBBIX 2—06 SIBIISETCS HAMYNE
y9acTKOB pocTa Z' mo mepe yBenudeHus f. Ha pu-
CYHKE 2a OHH BBIJCJICHBI M 0003HaYEHBI KaK 00J1acTh
1. YBenmuenue Z' npu pocte f BO3MOXKHO B TOM
ciydae, Korja B cucTeMe (IIeru) mpucyTcTByeT [16]
JIEMEHT C HMHAYKTUBHBIM (Z'>0) HMMIIEeAaHCOM.

Ha pucyHke 2b mokazaHbl 3aBHCHMOCTH MHHUMOU
yacTH MMIeJaHca OT 4acToTel. Ha 3aBucHMOCTSIX
YE€TKO BUHBI Y4aCTKH, COOTBETCTBYIOIINE UMIIEaH-
Cy MHAYKTUBHOTO THMAa, A KOTOpbIX —Z "' <0, T. €.
MHHMAas 4acTh UMIIeAaHca Z " MOJ0KATEIbHA.

109
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Pucynok 2 — 3aBucuMOCTH JACUCTBUTEIBHON Z'(a) u
MHUMOW Z" (b) uwacteil umrenaHca OT 4acTOTHI f Tepe-
MEHHOTro Toka. Homepa KpWBBIX COOTBETCTBYIOT TaOJIH-
ne 1; R, =370 kQ

Figure 2 — Dependences of real Z'(a¢) and imaginary
Z" (b) parts of impedance on frequency f of alternating
current. Curve numbers correspond to Table I;
R, =370kQ

Ha pucynke 3 npencrapiensl roqorpadsl UMIie-
nanca Z = Z'+iZ". Jlng 3HaueHui HapsKeHUs CMe-
menus 0,7 V> U, > 0V rogorpadsl UMEIOT Xapak-
TEPHBIN BUJ «crupanei» [16], 4To TOMOTHUTEIHHO
WTIOCTPUPYET CMEHY 3HaKa pPEaKTUBHOTO HUMIIe-
JAHCA UCCIENYEMBIX CTPYKTYD MPU YBEIUUYCHHUU Ya-
CTOTBl B paccMarpuBaeM uHTepBane U, = Ugp.
[Ipu mepexone B aKTHBHBIH peXUM PaOOTHI OUIO-
JISIPHOTO TPaH3UCTOpa BUJ rogorpados (Kpusas #7)
COOTBETCTBYET JaHHBIM paOoThI [14].
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Pucynok 3 — I'onorpader umnenanca Z =Z'+iZ". Ho-
Mepa KPUBBIX COOTBETCTBYIOT Tabiuiue | U pUCYHKY 2;
® = 27 — yrioBas 4acTora

Figure 3 — Nyquist diagram for impedance Z = Z'+ iZ".
Curve numbers correspond to Table 1 and Figure 2;
® = 27nfis the angular frequency

Hanwume wMmmnemanca WHAYKTHBHOTO —THIIA
MOXET OBITh CBSI3aHO KaK C TeOMETpHeH 0a3bl, Tak
1 C OCOOCHHOCTSIMH HaKOIICHUS 3apsiaa B Hel. I'eo-
MeTpus 06a3bl MOXKET BIHATh HAa BEUYMHY HWHIYK-
THBHOTO UMIIE/IaHCa B TOM Cllydae, KoTja W3MeHe-
HHUE TOKa 4Yepe3 aKTUBHYIO 001acTh 0a3bl BHI3BIBACT
M3MEHEHHEe MarHWTHOTO TOToKa. (dakTWdecku 3TO
WHAYKTUBHOCTH B «CTaHIapTHOMY ITOHUMAaHUHU JIaH-
HOTO TepMuHa. BenuumHa Takod HMHIYKTUBHOCTH
HE TIPEBBIIAET COTeH HaHOTeHpH [12]. Eciam ObI
TNIaBHYIO POJh B (OPMHUPOBAHHH HWHIYKTHBHOTO
MMIIE/TaHCa MCCIENYEMBIX CTPYKTYp UTpalla UMEH-
HO OHA, TO B PaCCMaTPHBAEMOM JHAIla30HE YacTOT
MTOJIOKUTENBHBINA yToJl cABUTa (haz ¢ MexIy Komeda-
HUSIMHU TOKa W HANpPSHKEHHUS HE TPEBBIAN ObI eIH-
HUI] TPaaycoB. B Hammx ke dSKCIepuMeHTax ¢ JI0-
cruraio 3HadeHnii 25° u 6onee. [loaromy Hamboee
BEPOATHOU MPUYMHON BO3HUKHOBEHHUS HMIIeJaHCa
WHAYKTUBHOTO THIIA SBJISIOTCS 0OCOOEHHOCTH HAaKO-
TJICHUS 3apsiaa B 0ase.

Ha Benmumny 3apsima, HaKOIUIEHHOTO B 0Oase,
BITUSTIIOT KakK 3((EKTHBHOCTDh WHXKEKIIH B TTEPEX0IE

0aza—MUTTEp, TaK U IPPEKTUBHOCTh IKCTPAKIIUN
B mepexojie 0a3a—KkosuiekTop. B mepBoii cepun skc-
NEPUMCHTOB HM3MEHSJICS KaK YPOBEHb WHXKCKLUH
HEpaBHOBECHBIX HOCHUTEJICH B 0a3y uepes3 dIMHUTTEp-
HBIH TIEPEX0/l, TaK M HaNpsDKEHUE Ha KOJUICKTOPHOM
nepexone. Ilpuuem Oosbliasi yacTb MPUKIIAIbIBA-
€MOH K CTPYKType Pa3HOCTH IIOTEHIMAJIOB MPHUXO-
Iuiach Ha mepexon sMutrep—Oasa. [ns nposepku
BJIMSIHUSI MHKEKIIMM Ha (OPMHUpPOBAHUE MMIICAAHCA
MHIYKTHBHOTO THIA TPOBOAMIACH BTOpPas CEPHs
U3MEpPEHHH, B XO0Jle¢ KOTOPBHIX Ha JBYXIIOJIOCHHKE
HOJ/ICPKUBAJIOCH TIOCTOSIHHOE 3HAa4YCHUE Hamps-
wenus Uy, = Ugqp= 0,600+ 0,005 V. Tok 6a3bl Ba-
peupoBanics B untreppaige ot 100 nA mo 1,20 pA.
Ha pucynke 4a noxaszanbl rogorpadsl mmnenanca
uccielyeMbIX CTPYKTyp. Homepa KpuBbIX Ha pUCyH-
K€ COOTBETCTBYIOT Tabnuie 2. BunHo, 4yTo MHAYK-
TUBHBII MMIENAHC MOSBISETCS TOJBKO NMPH TOKAaX
6a3el ;> 170 nA.

- @ #1
P

_Z/!’ kO

-0.3 | | | | | |
10 102 10° 10* 10° 10 107
f,Hz
b

Pucynok 4 — I'ogorpadsr umnenanca Z=2'+iZ"(a) n
3aBUCUMOCTH U MHUMOM YacTH uMIezianca Z ' ot 4acToThl
fuepemennoro Toka (b). Homepa KpUBbIX COOTBETCTBYIOT
Tabmuie 2

Figure 4 — Nyquist diagram for impedance Z=Z'+iZ" (a)
and dependences of imaginary part of impedance Z" on
frequency f of alternating current (b). Curve numbers
correspond to Table 2
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Ha pucynke 4b mokaszaHbl 3aBHCUMOCTH MHHU-
MO 4acTH MMIeNaHca OT YacTOThl. MHUHUMYMBI (1
«TOYKM» CMEHBI 3HaKa MHUMOW 4acTH MMIIEJaHCa)
Ha 3aBUCHUMOCTAX —Z'(f) CHBHUTAlOTCS B CTOPOHY
BBICOKMX YacTOT IO MEpe poCcTa TOKa WHIKEKIHH.
Takum obOpa3om, conocTaBieHHE Pe3yIbTATOB JKC-
MepUMEHTa, MPEACTABICHHBIX Ha PUCYHKax 2 u 3,
C JAaHHBIMH, TPUBEAEHHBIMH Ha pHUCYHKE 4, TMOJ-
TBEPXKIACT IPEIIOI0KEHHE O BIUSHUN Ha BETUUUHY
WHAYKTHBHOTO MMIIEJaHCa TOKAa MH)KEKIIUU B TIepe-
xozae 0aza—smurTep. OTMETHM, YTO B ClIyyae MEHb-
mux 3Havennii Uy, = Uy, IMIIENaHC HHAYKTUBHOTO
TUIA HaOIroaCcs U pH 0ojiee HU3KUX TOKaxX 0a3bl.
Hamnpumep, nna U, = U, = 0,45 0110 10CTaTOYHO
Iz =50 nA (cM. pucynku 2—4).

Jnst mpoBepku BiusHUS 3(P(GHEKTUBHOCTH JKC-
TPaKLIMU HOCUTeNeH 3apsijia yepe3 KOJUIEKTOPHBIN
Mepexof] B TPEThEH Cepur M3MEPEHHUH MOAAEpKUBa-
JIOCh TIOCTOSIHHOE 3HAY€HHWE TOKa 4Yepe3 CTPYKTYpY
1,,=1;=27,0£0,5 nA. Tok 0a3bl mpu 3TOM OCTa-
Basicst Ha ypoBHe [; =300+ 30 nA, a HampspkeHue
U¢ = U, m3menstnocs B uatepsaie ot 0,513 10 0,700 V.

Ha pucynke Sa mokazaHbsl Tomorpadbl HMIIe-
JTaHCA HCCIeNyeMBIX CTpYKTyp. Homepa KpuBBIX
HA PHUCYHKE COOTBETCTBYIOT Tabuuue 3. BuaHo,
YTO WHIYKTUBHBIN MMIIEIaHC TOSBISETCS TOJBKO
npu U, =Uq;<0,6 V. Kak cienyer U3 HaHHBIX,
IIPEJICTABJICHHBIX Ha PUCYHKE 5b, NpPU CHIXKEHUHU
Ugp BeNUUMHA MMIEAAHCA UHAYKTUBHOIO THUIIA
yBesn4uuBaercs. Taxxke HaOJIt0gaeTCs CIBUT MUHU-
MyMma Ha 3aBHCUMOCTAX —Z "'(f) B CTOPOHY BBICOKHX
4acToT.

WnrepBan Hampsikennit Ugp, paccmaTpuBa-
eMblii B HacTosimeld paboTe, COOTBETCTBYET CIly-
yaro, Korga mepexo] 0a3a—KOJUIEKTOP 3aKpBIT.
Wrxeknust B 0a3y co CTOPOHBI KOJJIEKTOPA Maa.
Haxe npu Uy = IR, = 0,015+ 0,002 V (3aBucu-
MOCTh 5 Ha PHCYHKE 4) BBICOTa DHEPTETHYECKOTO
Oappepa AOCTaTOYHA Ui TOTO, YTOOBI el mpeHe-
opeub. Poct Uy, = IzR, NIpUBOJANUT K YBEIUYECHUIO
BBICOTBI IHEPTreTHYECKOro Oapbepa KOJIEKTOP-
HOT'O IIepexo/a, YTO €CTECTBEHHBIM 00pa3oM Io-
BBIIAET IPPEKTUBHOCTh IKCTPAKIMH HOCUTENCH
3apsiia, MHXEKTUPOBAaHHBIX B 0a3y yepe3 3MHUT-
TepHbI mepexoa. COOTBETCTBEHHO, Ha PUCYHKE 5
HaOmromaercst  TpaHcopmaiuss  3aBUCUMOCTEH
—Z"(f). Ecnmu nns xpuBBIX #5 XapakTepHO YETKOE
MPOSIBIICHUE HMIIeJaHCA MHAYKTHBHOTO THIIA, TO
npu Ug.= IR, = 0,360 + 0,040 V (xpusble #1) Ha
3aBucumocTsaX —Z"(f) (u Ha romorpadax) orcyT-
CTBYIOT YYacCTKH, COOTBETCTBYIOLIME HMIIEAAHCY
WHAYKTUBHOTO THIIA.
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Pucynok 5 — l'ogorpadsr nmmnenanca Z=Z2"'+iZ"(a) u
3aBUCUMOCTH U MHUMOH Z "' 4aCcTH UMIIEJaHCa OT YaCTOThI
fnepemenHoro Toka (b). Homepa KpUBBIX COOTBETCTBYIOT
Tabumne 3

Figure 5 — Nyquist diagram for impedance
Z=27'+iZ"(a) and dependences of imaginary part of
impedance Z" on frequency f of alternating current (b).
Curve numbers correspond to Table 3

Takum 00pa3oM, MOXKHO YTBEpXKIaTh 4TO (-
(DEKTHBHOCTH AKCTPAKIIMK HOCHTENICH 3apsijia uepes
KOJUICKTOPHBIM Iepexo]] TaKKe OKa3bIBaeT CyIIe-
CTBCHHOE BIIMSIHME Ha (HOPMHpPOBAHUE WMIICIAHCA
WHIyKTHBHOTO THIIa B TPAH3UCTOPHBIX CTPYKTypax.

3akjaouyeHue

B TpaH3UCTOPHBIX CTPYKTYpax p—n—p-THIA Ha-
omoaics 3¢ dekT oTpuraTenbHON EMKOCTH (MMITe-
JaHC MHAYKTUBHOI'O THIA). Y CTAHOBJICHO, YTO Hau-
0oJiee BEpOSITHON NMPUYHMHON BO3HUKHOBEHHS FIMIIC-
JaHCa MHIYKTUBHOTO TUIA SIBJSIETCSl HAKOIJICHHE
3apsiga B 0a30Boif obmacTu Tpan3ucropa. [lokazano,
YTO HA MHAYKTUBHBII HMIEIAHC BIMSET HE TOJIBKO
BEJIMYMHA TOKA MHXKCKIUH JbIPOK (HEOCHOBHBIX HO-
cuTenel 3apsa) gepes nepexo]1 0aza—3MHUTTED, HO U
3¢ (HeKTUBHOCTD AKCTPAKIIUU JBIPOK Yepe3 IMepexos
0a3a—KOJIEKTOP.
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MopeaupoBanue padoTbl HABUTALUOHHOI0 NPUEMHUKA
JJISL CBEPXMAJIOr0 KOCMMYECKOro anmnapara

A.A. Cniupuonos, /I.B. Ymakos, B.A. CaecunukoB

Benopyccruii 2ocyoapcmeenuviil yHugepcument,
ya. Kypuamosa, 5, e. Munck 220045, Berapyco

Hocmynuna 08.07.2019
lpunsama k neuamu 24.09.2019

B HacTosiiiee Bpems K cBepXMallbiM KOCMHUYECKUM armaparaM MpeabsBISIOTCS )KECTKHE TPeOOBaHUS
B YacTH TOYHOCTH OTNpeJesieHHs TOJIOKEeHUs CITyTHUKA Ha OpOMTE, IPU 9TOM Ha CIYTHHUK HAKJIaJbIBAIOTCS
OrpaHUuEeHHS 10 Macce, rabaputam U morpedisieMoil MomHOCTH. Llenpio JaHHON padoTHI SBISUIOCH MOZE-
JTMpOBaHUE pabOThl HABUT'ALIMOHHOTO NPUEMHHKKA CBEPXMAJIOr0 KOCMHUYECKOTO arnapara ¢ OrpaHuYeHUsIMH
10 YHEProNnoTPEOICHNUIO U BEIYUCIUTEIBHBIM PECypcaM.

PaccMoTpeHbl ycroBuUs KCIUTyaTalluy M ONpeiesieHbl TpeOoBaHus K OOPTOBOMY HaBHTI'alIMOHHOMY HpH-
E€MHHKY CBEpXMAJIOr0 KOCMHYECKOTo anmnapara. Onucana padoTa Ha Ha4ualbHOW CTaAMU DKCILTyaTallul HaBH-
FalIOHHOTO IPUEMHHUKA, TECTUPOBAaHHE PAOOTOCIIOCOOHOCTH, N€TEKTUPOBAHUE OIINOOK, aHAIU3 JOCTOBEp-
HOCTH pelleHus 3a/1a4l HaBUTallMOHHO-BPEMEHHOT'0 OIPE/IeIICHUs.

Pazpaborana cTpykTypa 3a7a4 NpOEKTHOW OaJNTMCTUKHU 110 MPOTHO3UPOBAHUIO OPOUT CBEPXMAJIOTO KOC-
MHYECKOTI0 aIapara 1 HaBUTallMOHHBIX CITyTHUKOB, HHTEPBAJIOB paanoBuanMocTH Jutst cucteM [JIOHACC
n GPS, a Takke apaMeTpoB HaBUTAIIMOHHBIX CUTHAJIOB.

s mpennonaraemoii opouTsl ciytHuka CubeBel-1 mpoBelieHO YUCIICHHOE MOJETUPOBaHUE OpPOUTAIIb-
HOTO JIBIKEHUSI OTHOCUTENBbHO cyTHUKOB cucteM GPS u IJTIOHACC. Paccuntana quHaMuKa T0TIEPOBCKO-
r'O C/IBUTA YacTOTHI CUTHAJIOB ciiyTHUKA GPS B mpuéMHHKe 0e3 OrpaHMYeHNH IO OTHOCHUTENILHON CKOPOCTH
JBUKEHUS 32 oiHU cyTKU. s cnytHukoB cucteM GPS u ITTOHACC paccunTtanbl HHTEpBaIbl PaIUOBHIU-
MOCTH U OINpe/eIeHbl ONTUMaJIbHBIE YCIOBUS I XOJIOAHOTO CTapTa HaBUTALIMOHHOTO NPUEMHHUKA C Orpa-
HMYEHHMEM 110 OTHOCUTENBHOM ckopoctH (V<500 m/c) 3a 1 u pabOTHI Kak NpH OTAEIbHOM, TaK U IPH CO-
BMECTHOM paboTe 1o 00erM crcTeMaM.

Jist 0TpaboTKH METO0B BepUPHKALIMU SKCIIEPUMEHTAIBHBIX JaHHbIX ciiyTHUKA CubeBel-1 nccnenosa-
Ha paboTa HABUTAMOHHOTO NPUEMHHUKA CITyTHUKA Nsight TI0 TaHHBIM PUHUMAEMOH TeJIEMETPHH OT Hayasia
€ro moJjéra O MOMEHTA BBIXO/Ia B CTAOMIIBHBINA peskuM padoThl. [loka3aHo, 4To HaHHBIE TeJIEMETPUU HABH-
ralMoOHHOTO MPUEMHHKA Ha dTalle TECTUPOBAHUS UMEIU CyIeCTBEHHYIO ommnOKy. [Toce nmporpamMmmHoit kKop-
PEKTHPOBKY HABUT'ALIMOHHBIN MPUEMHUK paboTai cTaOWIbHO B TEUCHUH BCEHl Helenn HaOMIOIeHHUs, OIINOKa
M3MEpEeHUH JONTOTHI U IUPOTHI He mpeBbiitana 0,2°.

KiroueBble cioBa: cBepxXMaliblii KOCMUYECKHH arapar, HaBUTAI[HOHHbIH TPUEMHUK, TPOSKTHAS OaJIITHCTH-
Ka, OpOUTaIbHOE ABMKEHHE, MHTEPBAJIBI PAIHOBUINMOCTH.
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Abstract

Currently, ultra-small satellite are subjects to stringent requirements in terms of the accuracy of determining
the position of the satellite in orbit, while the satellite is the subject to restrictions on mass, size and power
consumption. The aim of this work is to simulate of navigation receiver operation for the ultra-small satellite
with restrictions on energy consumption and computational resources.

The operating conditions are considered and the requirements to the onboard navigation receiver for the
ultra-small satellite are determined. The navigation receiver operation at the initial stage, performance
testing, error detection, analysis of the reliability of the solution of the navigation-time determination problem
are described.

The structure of the design ballistics problems for orbit prediction of ultra-small spacecraft and navigation
satellites, radio visibility intervals for GLONASS and GPS systems, parameters of navigation signals have
been developed.

The motion relative to the satellite systems GPS and GLONASS for a preliminary orbit of CubeBel-1
have been simulated. The Doppler dynamics of the GPS satellite signals in the receiver without restrictions
on the relative speed for one day has been calculated. Radio visibility intervals for GPS and GLONASS
satellites were calculated and optimal conditions for the cold start of the navigation receiver with a relative
speed limit (7, < 500 m/s) for 1 hour of operation both in separate and in joint operation on both systems
were determined.

To test the verification methods of the experimental data of the CubeBel-1 satellite, the operation of the
navigation receiver of the Nsight satellite was studied according to the received telemetry from the beginning
of its flight until the moment it entered stable operation.It is shown that the telemetry data of the navigation
receiver at the testing stage had a significant error. After software correction, the navigation receiver worked
steadily throughout the week of observation, the error of longitude and latitude measurements did not exceed
0.2 degrees.

Keywords: ultra-small satellite, navigation receiver, project ballistics, orbital motion, radio visibility
intervals.
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BBenenue

B nacrosimee Bpemsi, B CBS3M C MOBBILICHUEM
YPOBHS CJIO)KHOCTH HAay4YHBIX 33/1a4, K CBEPXMaJbIM
KOCMUYECKMM armaparaMm (Maccoii He Oonee 10 kr)
IPEIBSBISIIOTCS KECTKHUE TPeOOBaHNUS B YACTH TOYHO-
CTH ONPEIETICHNS TOJIOKEHUsI CITyTHHKA Ha opouTe [ 1—
3]. [nst oOpaOOTKM MaHHBIX HAYYHOH ammapaTypsl,
JATYMKOB TeJIEeMETPUH, IH(POBBIX KaMmep CBepxma-
TbIX KocMudeckux ammapatoB (CMKA), HeoOxommuma
WX TOYHAS] HAaBUTAITHOHHO-BPEMEHHAs TIPUBsI3Ka [4—06].
Kpome Toro, mis npoBeneHusi OONBIIMHCTBA KOCMH-
YECKHX 3KCIEPUMEHTOB HYXHO 3HATh TPACKTOPHIO
nmewkeHust CMKA, TouHoe Bpemsi U1 MECTO BKITIOUE-
HUS aImnapaTypbl, M3MEHEHHSI pexxnuma e€ padoThl, a
TaK’ke MOMEHT MEPEOPUEHTAIINH B TPOCTPAHCTBE OCEH
YyBCTBUTEIBHOCTH 3TOM amnmapaTypsl [7—8]. Hasura-
LIMOHHBIE ITPUEMHHKH TAKKE UCIIOJIb3YIOTCS Ha 00pTY
CMKA jns penieHust HayyHbIX 3ajad, HaIpUMeED,
pammo3aTMEHHOTO 30HANpPOBaHuUs HoHOChepsI [9—10].

BonpmmacTBO coBpemennsix CMKA He nmeror
Ha OOpPTy HAaBUTaLMOHHOTO NPUEMHMKA U3-3a €ro JI0-
POTOBU3HBI, OTPAaHUYEHUH TI0 SHEPTONOTPEOICHHIO 1
BBIYHCIUTENBHBIM pecypcaM. /it mporHo3upoBaHus
u pacuéra opoutel CMKA mosns3yroTcst JTaHHBIMH yC-
PEIHEHHBIX OPOUTAIBHBIX JIEMEHTOB B popmare TLE
(two-line elements — NMBYXCTPOYHBIA HAOOp SJIEMEH-
ToB) cucteMbl NORAD (North American Aerospace
Defense Command — KomanaoBanue BO3LyLIHO-KOC-
mudeckoir oboponsl CeBepHoit Amepukm). Pacuer
[0 3TUM JAaHHBIM Ja€T TOYHOCTH ONpeNeNieHHus KO-
OpIMHAT OKOJIO 1 KM, KOTOpasi yMEHBIIACTCS C yBe-
JIMYEHHUEM PAa3HOCTH MEXIY PacdETHBIM BpEMEHEM U
BpemeneM snoxu TLE [11]. Kpome Toro, 311 naHHbIC

B (hopmare 7LE MOXXHO WCIIOIIB30BaTh TOJBKO C MO-
nensmu cucteMbl NORAD. Ecnu TOYHOCTB MTPOTHO-
supoBanus opour CMKA 1o 7LE-naHHbIM 7151 33714
CIIeKEHHS, IPOBECHUS CEAHCOB CBS3M JOCTATOUHA, TO
JUIS 33724 IPUBSI3KU TaHHBIX BBICOKOTOUHBIX M3MeEpe-
HHI ¥ IPOBEJICHUsI SKCIIEPUMEHTOB B KOCMOCe €€ yiKe
He xBartaeT. Kommepueckre HaBUTalMOHHBIE MPUEM-
HHUKH, pa3pa0OTaHHbIE ISl HA3eMHBIX NPHIOKEHHIH,
B OpPOWTAJBHBIX YCIOBHSAX MOTYT MMETh MPOOJIEMBI,
CBSI3aHHBIE C IPOTPaMMHBIM oOecriedenneM. M3-3a sxc-
nopTHBIX orpanrdeHnii CIIIA GONBITIHCTBO TpaskIaH-
ckux GPS-puéMHUKOB HE MOT'YT pelIaTh 3aady Ha-
BUTAIIMOHHOI'O OINPEZEIEeH s IPU BBICOTE BhIlIe 18 kM
HaJ| ypoBHEM Mopst 1 ckopocTH Bbime 500 m/c [3]. Oty
npo0OIeMy MOKHO PELINTh, HACTPOUB apaMeTphl MPo-
MIMBKH IporpammMuoro obecnieueHust (I10).

Ilovck curHana HaBUTALMOHHOTO NPUEMHHKA
CMKA ocymiecTBIsSIeTCs 0 3aJePKKE U TOTUICPOB-
CKOMY CIBHTY YacTOT. Ecim aisi Ha3eMHBIX MOTpe-
ouTernel muama3oH 3HAYCHHH JTOTUICPOBCKOTO CIBHUTA
gacToT cocTaBiseT + 5 k[ [8], To misd HU3KOOPOU-
TaJIbHBIX KOCMUUYECKHUX aIlapaToB OH UMEET MOPAI0K
+ 40 x['u [12]. BaxxabiM siBisieTcs 3a1a4a MpeacKazaHus
JIMana3oHa 3TOro Mapamerpa sl KaKI0ro HaBHTalld-
OHHOTO CITyTHHKA B TAHHOM TOYKE OPOUTHI, 3TO MOJKET
CYILLIECTBEHHBIM 00pa30M YMEHBIINTH BPEMsI «XOJOJ-
HOro» cTapra HaBurauroHHoro npuéMHuka CMKA,
KoTopoe cocTaisieT nopsiaka 90-120 ¢ [13-14].

B Ttabnuue | mpuBeneHbl NpHMEpBl OTHO- H
JBYXYaCTOTHBIX OOPTOBBIX HABUTALIMOHHBIX MPUEM-
HHUKOB, KOTOPbIE UMEIOT YCIELIHYIO MOJETHYIO HUCTO-
puto [3,4, 14], B Tabmuie 2 mpHBEACHBI MPUMEPHI
WCTIONb30BaHUsl OOPTOBBIX HABUTAIIMOHHBIX HPHUEM-

aukoB st CMKA.
Taonuya 1/ Table 1

XapaKTepUCTHKHU OIHO-  IBYX4YACTOTHBIX OOPTOBBIX HABUTAIMOHHBIX MPHEMHUKOB C yCIEIHOH MO-

JIETHOI UcTOpHeH

Characteristics of single- and dual-frequency onboard navigation receivers with a successful flight history

Hazpanne Kanaser Cpennsist MomHOCTh (MBT) Macca (1)
Name Channels Average power (mW) Mass (g)
SSTL SGR- 12 curnanos GPS (C/A-kon)
05 12 GPS signals (C/A-code) 800 20
DLR 12 curnanos GPS (C/A-xon)
Phoenix 12 GPS signals (C/A-code) 830 20
NovAtel- 14 curnanos GPS (C/A-xonm)
OEMYV-1-L1 14 GPS signals (C/A-code) 1100 2
NSS GPS 12 CHTHAJIOB GPS (C/A-xon) 1000 110

12 GPS signals (C/A-code)
PINAV-L1 15 CHTHAJIOB GPS (C/A-xon) 500 24

15 GPS signals (C/A-code)
MHII-M6 24 curnana ' JIOHACC (CT-xox), GPS (C/A-xom) u SBAS

800 6

24 GLONASS signals (SP code)ngPS signals (C/A code)

and
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Tabauya 2 / Table 2

IIpuMepsI HcnoJib30BaHNs 00PTOBBIX HABUTAlIMOHHBIX NpUEMHNKOB 111 CMKA

Examples of use of onboard navigation receivers for USS

BopToBoii HaBUTaITMOHHBIN

Hassanue  T'op 3amycka Pa3zpaboTunku Macca (kr) MPUEMHUK
Name Launch Year Developers Mass (kg) Onboard navigation
recelver
Compass-1 2008 FH Aachen, Germany 1 Phoenix
AggieSat-2 2009 Texas A&M Univ., USA 3,5 DRAGON
AlISSat-1 2010 Norwegian Space Centre, Norway 6 OEM4-G2L
Jugnu 2011 IIT Kanpur, India 3 OEMV-1-L1
Goliat 2012 Univ.of Bucharest, Romania 1 Phoenix 2
STRaND-1 2013 SSTL, UK 43 SGR-05
nSight-1 2017 SCS Aer"ssl’;‘l’fh(:;?fa(SCSAG)’ 2 NSS) GPS
CubeBel-1 2018 BSU, Republic of Belarus 2 MHII-M6
Bei0op HaBUTAIMOHHOTO TPUEMHHUKA  JUIS Honmsupyromee u3ydeHue sBisieTcs: mpooie-

CMKA nomxeH ObITh 000CHOBaH POSKTHPOBILIMKOM
KOCMHMYECKOTO armapara. TO MOKHO CJIeNaTh C I0-
MOLIBIO MOJICJIUPOBAHUS paOOThI, PYHKIIMOHATBHOTO
TECTUPOBAHUS M MPOBEICHHS UCHBITAHUNA HA CUMY-
JSITOpax, Ui TOr0 YTOOBI POBEPUTH COOTBETCTBHE
HaBUTallMOHHOTO MPHEMHHKA TPEOOBAHUSM MUCCHU.
Llenpto maHHOM paOOTHI SBISAIOCH MOJCIUPOBAHUE
paboThl HaBUTAIIMOHHOTO NMPHEMHHMKA CBEPXMAaJIOro
KOCMHMYECKOT0 amrapara ¢ OrpaHMYeHHIMH 110 SHEp-
rOnoTpeOICHHUIO U BHIYMCIUTEIEHBIM PECYpCaM.

AHaJn3 TpeGoBaHUi K 00PTOBBIM
HABUTaMOHHBIM NPHEMHUKAM

Kommepueckne dIeKTpOHHBIE KOMITOHEHTHI,
NpeAHa3HAYeHHbIE JUISI HA3€MHOTO HCIOJNb30BaHuUS,
OyayT paboTarh B KOCMOCe B Oojiee KECTKUX YCIIO-
BUSIX M X pecypc OyZeT B pa3bl MEHbIIE, YeM TIPH HX
pabore Ha 3emuie. Kocmuueckasi cpena CHIIBHO OT-
JMYaeTcs OT TOH, YTO ecTh Ha 3emiie, U MOTEHIIH-
albHA OYCHb BpaXKJAeOHAa K JJIEKTPOHHKE M Mare-
puanam. Tak i BeicOTBI OpOUTHI OKoso 500 KM
KOMIIOHEHTBI B KOCMOCe OyIyT HaxOguTCs B ITy0O-
KOM Bakyyme (1anenue cocrasiser 3,2-107° ITa),
MOABEPTaThCcsl SKCTPEMATBHO XOJOJHBIM U TOPSIYUM
temreparypam (ot munyc 100 °C mo mroc 100 °C
B 3aBHCUMOCTH OT THIIa OPOUTHI) U OOJIee BHICOKUM
YpOBHAM paauanmu, 4yem Ha 3emie. Kpome Toro,
BO BpeMsl 3allyCKa KOMIIOHEHTaM MpHUAETCS BbIAEP-
JKUBAaTh pPa3UUHble MEXaHHMUYECKUE BO3JCHCTBUS
oT BUOpAaLMK 10 yIapHBIX HArpy3oK [1].

MOH ISl SJICKTPOHHBIX KOMIIOHEHTOB B KOCMOCE,
MIOCKOJIBKY KOCMHYECKUH amnmapaT Ha opOuTe He 3a-
MIMIIEH MarHUTHBIM ToJieM u atMocdepoil 3emiu.
O¢dexTrl, BbI3BaHHBIC M3TyYCHHEM, MOKHO pasze-
TUTh Ha 3(QEKThl CyMMapHOH 103bI U OJMHOYHBIC
cOou (BHe3amHble cOOM M OTKa3bl, CBSI3aHHBIE C BO3-
JercTBueM OTAENbHBIX YacTul) [1]. Dddextsr cym-
MAapHOMH /10361 OTHOCSITCS K JIETPaIallii AJICKTPOHHBIX
KOMITOHCHTOB H3-32 HAKOIUICHHOW J03bI OOIy4eHHMSI.
Jerpananust mpuBOJUT K TOMY, YTO KOMIIOHEHTHI OT-
KJIOHSIOTCS OT 33/IaHHBIX Pa00YMX apaMeTpoB U, BO3-
MOKHO, paspymarorcsi. OIMHOYHbIE COOM MPOUCXO-
JISIT, KOTIa HOHU3UPYIOIINE YaCTHIIbI IPOXOIAT Yepes
KOMITOHEHT, YTO MOXKET BBI3bIBATh COOH B €r0 padoTe.
Kpome Toro, BO3SMOXKHBI pa3pyIIUTeIbHbIE KOPOTKHE
3aMBIKaHUS1, KOTOPbIE MOTYT OBITH (paTaIbHBIMH.
OnuHOYHBIC COOM MOTYT JTHOO MMOBPEANTH JaH-
HbIE BO BpEMsI BBIIOJIHEHHSI, JTHU0O0 JaHHBIC, XpaHs-
muecsi B 00pPTOBOI MaMATH B TEUCHHUE JUINTEILHOTO
BpeMeHH. OmMOKH BPEMEHHU BBIMOJIHEHHUS MOXKHO
UCIIPaBUTh, IEPE3AyCTUB NPOrpaMMHOE olecrie-
yeHne. DPQeKThl, BbI3BAHHBIC PAJHALUCH, MOXKHO
YMEHBIINTh, BEIOMPasi KOMIIOHEHTBI, KOTOpPbIE Cl1abo
JEerpaupyoT B YCIOBUSX paJUAlMH, NPOCKTUPYS
nporpaMMHoe oOecriedeHne TakuM o0pazoM, 4TO-
OBl OHO MOTJIO BOCCTaHABIIMBATHCS OT OAMHOYHBIX
cOoeB, orpaHMYMBas BO3MOXKHBIE TOKM 10 Oe3omac-
HBIX YPOBHEH W OCYHIECTBIIAS KOPPEKIUIO OIIH-
O00K. B BBIKIIOUEHHOM COCTOSIHUM 3JIEKTPOHHKA
HAaBUTallMOHHOT'O NPUEMHMKA IIOIVIOIAET MEHbIINE
1036l paguanuu. IlodToMy miIsi HaBHTAIIMOHHBIX
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npueMHrkoB CMKA xapakTepHa mpepbIBHCTasl pa-
00Ta B TEYEHWH HECKOJIBKUX MHHYT C Tay3aMH, KO-
TOPBIE MOTYT JOCTHIaThb HECKOJBKMX 4acoB. Takoi
PEeKUM pabOThI TAKXKE PEIIaeT BOIIPOCHI OTPaHUYCH-
Hoctu 3HepreTku CMKA.

OCHOBHOE Pa3INYHe MEXITYy HaBUTAIIHOHHBIMH
npuéMHUKaMHU KOCMHUYECKOTO Kjiacca [3—6] u xoM-
MEpPYECKUMH 3aKJIF0YaETCs B TOM, UTO B TO BPEMsI KaK
HaBUTAIIMOHHBIE TPUEMHUKH KOCMUYECKOTO Kilacca
HAMHOTO JIOPOXKE, OHHU YK€ pa3paboTaHbl U MpoTe-
CTHPOBaHBI i1 paboThl B kocMoce. J{i1st HaBuranu-
OHHBIX MPUEMHUKOB HEKOCMHUYECKOTO HWCTIOIHEHUS
HE pEmIaMEHTHPOBAHBI TOTPEIIHOCTH H3MEpPEHHH,
a KayecTBO NMPUEMHHUKA OIPEEIIeTCs 10 MOI0KH-
TENBHOHN MOJETHON UCTOPUM U B pE3yabTaTe ero Te-
CTHpPOBAHHS Ha 3eMJIe U Ha OpOUTE.

[IpowsBoauTenn OOPTOBBIX HABUTAITMOHHBIX
npuémuukoB CMKA mpezncraBisioT coOCTBEH-
HBI TBOMYHBIA TIPOTOKON (Binary protocol), xoto-
PBIN TIO3BOJISIET M3MEHATH KOH(HUTYpAIHio MOIYIIS
[10J1 KOHKPETHOE HCIOJIb30BaHUE JMOO TOIydarTh
JOCTYH K AOHOJHUTENbHOMY (DYHKIMOHATY, HallpU-
Mep YCTaHaBIUBATh MPUOPHUTET MO padoTe ¢ HaBH-
TalMoOHHBIMU CHCTEMaMH, 3amperniatbh paboTy C OT-
JIEJIbHBIMM  CITyTHUKaMH. Takxe HCIoNb3ys 3TOT
MIPOTOKOJ MOXHO MOJIYYUTh JOCTYI K CBIPBIM H3Me-
peHmusIM (HE0OpaOOTaHHBIM JAHHBIM, TTOJYYaeMbIM
IocJie aHTEHHOTO OJI0Ka MPUEMHHKA) MO KaXKIOMY
CIYTHUKY JUIsl HA3€MHOUM 00paboTKH.

[Tpu pazpaborke CMKA BBIOOP KOMMEPUECKUX
KOMIIOHEHTOB JI0JDKEH ObITh 0OOCHOBaH. DTO MOXKHO
c/IeNaTh ¢ MOMOIIbI0 (DYHKIIMOHAIBHOTO TECTHPO-
BaHUs, TECTUPOBAHMS Ha CUMYJATOpax M CTEHIAX,
MEXaHWYEeCKUX, TEPMOBAKyYMHBIX, paJHaIioOH-
HBIX H JIp. UCIIBITAHUH, 9TOOBI TIPOBEPUTH COOTBET-
CTBHE KOMMEpPUYECKHUX KOMIIOHEHTOB TpeOOBaHUAM
muccun CMKA.

s CMKA MOXHO OmnpelenuTh Cieayrolue
TpeOoBaHHS K OOPTOBOMY HABHUTAIHOHHOMY IpH-
€MHHKY: BO3MOKHOCTh HOPMaJIbHOH paboThl mocie
KpaTKOBPEMEHOTO BO3JIEHCTBHS MIMPOKOTO CHEKTpa
MEXaHWYeCKUX Harpy30K; BO3MOXKHOCTH YyCTOMi-
YrBOH pabOThI B KECTKHX KOCMHYECKHX YCIIOBU-
sx (rmyOOKHH BakyyM, OOJBLIOH mepenaj Temiepa-
Typ, BBICOKHI ypOBEHb pajJHaIliH); BO3MOKHOCTb
paboTHl TIpH OOJBIIMX OTHOCHTEIBHBIX CKOPOCTSIX
CMKA u HaBUTAIITMOHHBIX KOCMHYECKHUX aIllapaToB
(HKA) ¢ noriepoBcKUM CABHTOM YacTOTHI TOPSI-
ka * 40 x['11; BO3MOXXHOCTh ONTUMHU3AIMNA BPEMEHU
«XOJIOJTHOTO» CTapTa 3a CUET MpejcKa3aHus auarna-
30Ha MapaMEeTPOB NPUHUMAEMbIX HABUTALIMOHHBIX
CUTHAJIOB ISl KaX/I0TO HaBUTAI[HOHHOTO CITyTHUKA

B JIAaHHOW TOYKE OPOUTHI; TOYHOCTH PEIICHUS 3a/[a4H
HaBHUTAIIMOHHO-BpeMeHHOTo  ompeneneHus (HBO)
[0 KOOpJauHATaM He JoJbkHa mpeBocxonuTh 100 m,
mo ckopoctd — 20 wm/c; OOpTOBOW KOMIBIOTED
CMKA pnomkeH WMETh BO3MOYKHOCTH TIEpPEIaBaTh
KOMaH/Ibl Ha BKJIIOUCHHE/OTKIIFOUEHHE NPUEMHIKA,
MIPUHUMATh U 00padaThIBaTh €ro TEIEMETPHIO, OCY-
HIECTBIISITH BPEMEHHYIO0 CHHXPOHU3AIUI0 OOPTOBOTO
BPEMEHH Ha OCHOBE CHCTEMHOTO HAaBHUTAIlMOHHOTO
BpeMeHu. Kpome TOro, HaBUTAIIMOHHBIN TPUEMHHIK
IOJDKEH HMETh HH3KOE DJHEepromorpediieHue (1o
1 BT); BO3MOXHOCTD MOIAKITIOYEHUS K CTAaHIAPTHBIM
muHaM nuTanus 3,3 u 5 B; Hanmuuue Takux wMHTEp-
¢eticoB nogkmtouenue kak [2C, SPI, USB, UART;
MaJjible pa3Mephl U Macca KaK caMoro NpHEMHHUKA,
TaKk W €ro aHTEHHBI (BO3MOXKHOCTH €¢ YIOOHOTO
pa3MerieHrs Ha BHemHel yactu kopryca CMKA);
SJEKTPOMAarHUTHYI0 COBMECTUMOCTH C OCTaJIbHBIM
obopynoBanuem. lIporpammuoe oOecnedeHue Ha-
BUTAIIMOHHOTO MPUEMHHKA JTOJDKHO UMETh BO3MOXK-
HOCTh MEPEnpOrpaMMHUPOBAHUS TPOIIUBKH B CIIy-
Yae, €CJIM ATa MPOIIMBKA TIOBPEKIACTCS.

Bnawane »skcrmuryatarmmm CMKA (B mepBoIit
Mecsill ToNéTa) TPOBOAAT TECTHPOBaHHE paboTo-
CIIOCOOHOCTH HaBUTAIMOHHOTO MpuéMHUKA. [Ipo-
BEPSIOT €r0 XapaKTepUCTHKH Kak IMpH pabdoTe 1o
otaenbHeiM cucteMam GPS mim 'JIOHACC, Tak
W IIpH COBMECTHOH paboTe mo o0erM CHCTeMaM.
VYmpasieHue oCcyIecTBIIETCS 10 KOMaHIHOM paau-
OJIMHHUH, HAa3eMHBIH KoMITIeke mepenaét Ha CMKA
MaKkeThl KOMaH/I, COJieprKalllie YIpaBIsaIone KaJapbl
JIBOMYHOTO IIPOTOKOJIA JIJIs1 HABUTAITMOHHOTO IPUEM-
Huka. [1o Tenemerpuueckoit paguoauauu or CMKA
Ha HA3eMHBIH KOMIUIEKC YTPaBICHHUS TEepPeaaroTCs
MaKeThl TEJIEMETPUH, COEpIKallue KaK pelIeHHne
3agaun HBO, Tak u ceipsle uamepenus. Ha ocHoBe
HaYaIbHBIX JaHHBIX B (opmare 7LE wnm JaHHBIX
BHEIIHETpaeKTOpHBIX u3Mepernnii CMKA cran-
LU CIEXEHUs] pacCUUTHIBACTCS BEKTOP COCTOSHHUS
Ha MOMEHTBl M3MEpPEHUH, ONPEACISIOTCS ONIMOKH
B TIOKA3aHMUSIX HaBUTAMOHHOTO npuémunka CMKA
W aHaIM3MpYyeTCs JOCTOBEPHOCTh peIleHuil 3aja-
gy HBO. B Teyenun HavyaabHOTO mepuona padboTbl
HaOWpaeTcss CTaTUCTHKA PadOThl HABUTAIIMOHHOTO
npuémanka CMKA kak 1Mo oTAensHBIM CO3BE3AMSIM
GPS n I'TIOHACC, Tak u npu UX COBMECTHOH pa-
oore.

Koppexkiust ommOoK B MOKa3aHUAX HAaBHUTAIlH-
onnoro nmpuémanka CMKA moxeTr ObITH ocyIecT-
BJICHA IIPU COBMECTHOM Ha3eMHOMN 00pabOTKe ChIPBIX
M3MepeHHii OOPTOBOIO HABHTAIIMOHHOTO TPUEMHH-
Ka (IICEeBIOAIBHOCTH, TICEBAOCKOPOCTH, (Da3oBBIX
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M3MEPEHNH) W BBICOKOTOYHBIX d(eMepua W I0-
mpaBok 6opToBeIXx yacoB HKA cucrem 'JIOHACC
n GPS, KoTopbIe HaXOIATCS B CBOOOJTHOM JOCTYIIE
Ha caiite MHpOpMaMOHHO-aHATUTHICCKOTO IICH-
Tpa KOOPAWHATHO-BPEMEHHOTO M HAaBUTAI[MOHHOTO
obecrieuennss DepeparbHOTO  TOCYIAPCTBEHHOTO
yHUTapHOTO Tipeanpusatus «LleHTpaapHbIii HaAyYHO-
WCCIIEIOBATEIBCKUIT WHCTHTYT MAIIMHOCTPOCHUSD.
Takxe KOppeKIHIO OMHOOK B MOKa3aHUSIX HAaBUTA-
uuoHHoro npuémHuka CMKA MOXXHO TpPOBOJUTH
MpH HAJIMYWH JaHHBIX BHEIIHETPAeKTOPHBIX H3Me-
PEHUM CTaHIIUN CIIEHKEHHUS.

MogaeanpoBaHue 3a1a4 NPOEKTHOM
0ALTHCTHKH CBEPXMAJI0r0 KOCMHYECKOI0
anmapara

Ha »tane npoextupoBanust CMKA, npu BbI-
0ope 3IeMEHTHOH 0a3bl, apXUTEKTYPbl TIOCTPOCHUS
OOpTOBBIX CHCTEM, Pa3pabOTKK MPOrpaMMBbl OJIETA,
PEKUMOB pabOThl OOPTOBBIX CHUCTEM, OLIGHKU BO3-
MOYKHOCTH Pa0OThl KOMMEPYECKOIO HaBHUTALMOH-
HOTO MPUEMHHKA C OTPAaHUYEHUEM 110 CKOPOCTH He-
00X0MMO pelIaTh 3aJaud MPOSKTHOM OaNTUCTUKY.
[IpenBaputeiabHO NPOTHO3ZUPYIOTCS OpOUTANIBHBIC
napamerpsl CMKA n HKA, wuntepBansl panuno-
Bugumoctu Bcex HKA cucrem I'NIOHACC u GPS
B OoproBoM HaBuraunoHHoMm npuémuauke CMKA,
napameTpbl IPUHUMAaeMbIX HaBUI'allUOHHBIX CHUTHA-
JIOB ISl PA3JIMYHBIX YaCTOT MO KaXKIOMY BUIUMOMY
HKA. Jlnsa pemenust 3tux 3anay B cpeae MATLAB
pa3paboTaHo mporpamMmMHoe oOecreueHue, KOTopoe
MO3BOJISIET peIlaTh CIEAYIOMINE 3a1aUH:

1.BBog um o00OpaboTka yCpeaHEHHBIX OpOH-
TaJbHBIX JaHHBIX B opmare TLE u3 0a3bl JaHHBIX
NORAD no Bcem HKA cucrem I'JIOHACC u GPS.

2.BBog um o00OpaboTka yCpeaHEHHBIX OpOH-
TaJbHBIX JTaHHBIX B (popmare TLE w3 0asbl naH-
HbIX NORAD wnn B BHUIE BEKTOpa COCTOSIHUS
CMKA (npu HanMYuM JaHHBIX BHEIIHETPAEKTOP-
HBIX M3MEPEHMH CTaHLUMU CIICKEHUS WIN JaHHBIX
0OpPTOBOTO HABUTALIMOHHOTO TPUEMHHKA).

3. Bri6op nHTEpBasa U 11ara BpeMeHH MOJACIH-
poBanus asmxeHus HKA otnocurensno CMKA.

4. BpiOop THma MoOIEIUpPYyeMOro OOpPTOBOTO
HaBUTallMOHHOTO TNpuéMHUKA (0e3 OrpaHUYCHMH,
C OrpaHUYCHUEM I10 OTHOCUTEIILHON CKOPOCTH).

5. Pacuér BekTopa coctosiHus cucteMbl HKA
B OpOUTANILHOM, TEOIEHTPHUYECKON HHEPIHAIBHOM,
reorpa)n4eckoii, TOMOLEHTPUIECKON CUCTEMaX KO-
Op/MHAT Ha 3aJaHHOM MHTEpBajie BPEMEHU MOJIEIIH-
POBaHHUSL.

6. Pacuér Bexropa cocrosaus CMKA B opoOu-
TaJIbHOW, TEOIEHTPUUYECKON HHEPIUAIbHOU, Teo-
rpaduyIeCcKoi, TOMOEHTPUISCKON CHCTeMax KOoop-
JIUHAT Ha 3aJIaHHOM UHTEpBajie BpeMEHHU MOJIEIHPO-
BaHUSI.

7. Pacu€r opOMTANBHBIX MapaMeTPOB CHCTEM
HKA otHocurenbHo CMKA u reomeTpuun B3auMHO-
ro monoxkeHus. OnpeneneHne TOMONEHTPUIECKUX
koopauHatr cucteM HKA ortHocutensHo CMKA:
YTOJ MECTa, a3UMYT, HaKJIOHHAS TATBHOCTh U CKOPO-
CTU UX U3MECHECHUM.

8. Onpenenenue uncia HKA B 30He paanoBu-
qumoctd CMKA, wuHTEpBajgoB paJIuOBUIAMMOCTH
kaxxgoro HKA, mapamMeTpoB MpuHUMAEMbIX HaBHTa-
IUOHHBIX CUTHAJIOB JUIS Pa3IMYHBIX YaCTOT IO KaXK-
nomy Bugumomy HKA.

9. Pacuér ontumaneHOrO co3e3aua HKA
U1t permenus 3amaun HBO opOuTanbHBIX mapame-
TpoB CMKA. OrnpeneneHne MOMEHTOB BpEeMEHHU
BKITFOYEHHUSI OOPTOBOTO HABHTAI[MOHHOTO TPUEMHH-
ka CMKA a1t mpoBeieHUsI XOJIOJTHOTO U TOPSIYEero
cTapra.

O0cy:xneHne pe3yJbTaATOB MOAEJIUPOBAHUS
3aJa4 NPOEKTHOH 0AUIMCTHKH CBEPXMAJIOr0
KOCMHUY€eCKOro anmnapara

Ha orame mnpoektupoBanus CMKA bI'Y
CubeBel-1 BcTamm BOMPOCH IMPOTHO3WPOBAHUS
napaMeTpoB MPUHUMAEMBIX HABUTAIIMOHHBIX CHT-
HaioB or kaxnoro HKA nans mpeamomaraemoit
opoutsl CubeBel-1, omeHKH BO3MOXXHOCTH TIpe-
PBIBUCTON paboOThl (M3-32 OTPAHUYCHHH 1O JHEp-
rormoTpebIeHNI0) W HCIOJIb30BaHUA KOMMeEpUe-
CKOro OOpTOBOTO HABUTAIIMOHHOTO MPUEMHHUKA
C OTpaHWYECHHEM I10 OTHOCHUTEIHHOW CKOPOCTH.
st TOTO OBUTO MPOBEIEHO YHCIEHHOE MOJEIHPO-
BaHHE OPOWTAIBHOTO IBIKCHHS co3Besnmii HKA
cucteM ['JIOHACC, GPS u CMKA CubeBel-1
C TUIAHUPYEMBIMU OpPOUTANTBHBIMH JIAHHBIMHU (BBI-
cota H =500 xm, sxcuentpucurer e = 0,001 u Ha-
KiIoHeHue opbursl i = 97,4°). Ha pucynke 1 mpen-
CTaBJIEHBI PE3YJIbTATHl YHCIEHHOTO MOJEIHUPOBa-
HUS OTHOCHUTEIHHOTO OpPOWTAIHHOTO JIBHYKEHUS
st HKA 25 cucremer GPS u CMKA CubeBel-1.
Paccunrtana nuHaMuKa M3MEHEHHS JOIIIEPOBCKOTO
CABHUra YacCTOTHI, MPUHUMAEMbIX HAaBHTAIIHOHHBIX
CUTHAJIOB MOJIETUPYEMOTO OOpPTOBOTO HaBHUTAIIH-
OHHOTO NPUEMHUKA OrPaHUYEHUI 110 OTHOCUTEb-
HOH CKOPOCTH JBHUKEHHUSI 32 OJTHU CYTKH. Bbruuncie-
HUE JOTIJIEPOBCKOTO CIBHUTA MPOBEICHO AJI YaCTOT
F,=1575,42 MI'u u F, = 1227,60 MI'.
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Doppler shift, kHz

Pucynoxk 1 — JlnHamMuka m3MeHEHUS OTIepoBckoro casura st GPS 25 u CubeBel-1 3a ogHU CyTKH

Figure 1 — Dynamics of change of the Doppler shift for GPS 25 and CubeBel-1 for one day

Jlnama3oH W3MeHEeHHs JOIUIEPOBCKOTO CIBUTA
Ha vactore FD1 cocraBmsan + 45 xI'm, Ha gacToTe
FD2 — +35,5 x['u. UntepBansbl, T¢ 3HaYCHUE N0-
IJIEPOBCKOTO CIIBUTA PAaBHO HYJIO, MPHHAMAIHCH
s cimydast, korna HKA naxommics B obnactu
3emHoM TeHn oTHOcUTeTbHO CMKA. Tleprnon o6pa-
wenust CMKA cocrasnsier 95 mus. [Ipu sTom, Kak
BuHO U3 pucyHka 1, HKA naxomutcs B 30He paano-
BUIUMOCTHU B TeueHun 60 MUH.

Ha pucynke 2 npesncrasieHsl pacuéTHble Tpa-
¢ukn nHTepBanoB paanoBuanMmoctn HKA cucrem
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GPS u TJIOHACC 3a 1 4 paboThl KOMMEPYECKOT0
OOpPTOBOTO HABHUTAIIMOHHOTO TPHEMHUKA C OTrpa-
HUYEHHEM I10 OTHOCHUTEIbHOM ckopoctn CMKA
(Vo <500 m/c). U3 ananusa pucyHka 2 ciemyer,
yto Kaxaeii HKA B OOpTOBOM HaBHTrallHOHHOM
NpUEMHUKE C OTPAaHWYCHUEM BHUICH B TCUCHUE
~ 5 muH. B teuenne uaca giuga HKA cucremsr GPS
CYNIECTBYIOT JiBa MHTepBajia BpeMeHHu (2832 muH
n 38-42 MUH), B TeUCHHE KOTOPBIX BUIHO OT IIECTH
IO YETHIPEX CITyTHUKOB NPU U3MEHCHHH WHTEpBaa
HaOIOACHYS OT ABYX JO YETHIPEX MUHYT.
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Pucynox 2 — MiHTepBansl paguoBHIMMOCTH HAaBUTAIIMOHHOTO KocMH4eckoro ammapara cucreM GPS (a) u I'JIO-
HACC (b) 3a 1 gac paboThl KOMMeEpYECKOTro OOPTOBOTrO HABUT'ALMOHHOT'O IIPHEMHHKA C OTPAHUYCHHUEM 110 OTHOCHTEIb-

Hol ckopoct (V,,, < 500 m/c)

Figure 2 — Radio-visibility intervals of navigation satellite systems GPS (a) and GLONASS (b) for 1 hour of operation
of a commercial onboard navigation receiver with a limitation in relative speed (¥, < 500 m/s)
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Amnanornyno miss HKA cucremsr I'JIOHACC
CYLIECTBYIOT TOJIBKO OJMH MHTepBas BpemeHu (13—
17 MuH), B TeU€HUE KOTOPOTO BUAHO OT ISITH JI0 IBYX
CIIYTHHKOB ITPH M3MEHEHUH HHTEPBAJIa HAOIOICHHSI
OT IBYX 210 ueTbIpéx MuHyT. Kpome Toro, npu co-
BMECTHOI paboTe OOPTOBOIO HABUIALIMOHHOTO MPH-
émumnka 1o cossesausiM HKA cucrem GPS u I'JIO-
HACC cymecTByOT 4YeThlpe HMHTEpBaJla BPEMEHHU
JUINTENTBHOCTBIO 4 MUH, B TEUEHUH KOTOPBHIX BHIHO
4 u 6onee HKA: unrepsan 18-22 mun (2 HKA cu-
crembl [ JIOHACC u 2 HKA cucremsr GPS); untep-
Ban 23-27 muH (3 HKA cucremsr [JIOHACC u 1
HKA cucremsr GPS); uatepBan 3842 mun (2 HKA
cuctemsl [ JIOHACC u 4 HKA cucremsr GPS); un-
tepBan 43-47 mun (2 HKA cucremsr ' JIOHACC u
2 HKA cucremsl GPS). DTUX UHTEPBAIOB BPEeMEHH
JIOCTaTOYHO U1 IPOBEAEHUS XOJIOJIHOTO U TEMIOr0o
CTapTa KOMMEpPYECKOro OOPTOBOrO HABUTALMOHHO-
ro npuémarka CMKA ¢ orpannyeHreM 1o OTHOCH-
TEJIBHOW CKOPOCTH.

Pemenns 3aga4 02/ UIMCTUKU NJIAHUPOBAHUS
U NPOBe/IeHUsI oNlepauuii ynpaBjieHHs
CBEPXMAJIbIM KOCMHYECKHM annapaTrom

B mporecce penienus 3ajay OaJTMCTUKH TLIa-
HUPOBaHUS W TIPOBEJCHHS OIEpaIfii yIpaBICHUS
CMKA Ha cramuu ero sKCIuryaTarid HeoOX0oInMo
pelaTh BOMPOCH O BepU(UKAIMHA U3MEPUTEITHHBIX
JTAHHBIX OOPTOBOTO HABUTAIIMOHHOTO TPHUEMHHKA
C JIaHHBIMHM MOJICJIMPOBAHUS OPOUTAIILHOTO JIBHYKE-
HUS TI0 YCPENTHEHHBIM OpOWTAIBHBIM TapameTpam
CMKA B dpopmare TLE cucrembl NORAD. [lanuble
cucreMbl NORAD moitydaroTcst MyTeM yCpeTHEeHUs
OOJIBIIIOrO YHMCIIa WU3MEPEHHWI HA3eMHBIX CTaHIUH
CJICKCHUSI CUCTEMBbl KOHTPOJISI KOCMHYECKOrO IMpo-
ctpanctBa U i CMKA OOGHOBISIFOTCS HECKOJIBKO
pa3 B CyTKH, YTO IIO3BOJISIET CUMTATh ATHU JAHHEIC
JIOCTOBEPHBIMH ¥ HE3aBHCHMBIMHU OT M3MEPEHNI Ha-
BHUTAITMOHHOTO NMPUEMHHMKA. /)11 0TpaboTKH METOI0B
Bepu(UKaIuKM SKCIICPUMEHTAIBHBIX JJAHHBIX HaBHUTa-
nmorHoro nmpuéManka CMKA BI'Y CubeBel-1, pen-
BapUTEJILHO TIPOBEJICHO HCCIIEI0BaHHEe paOOThI HABH-
ranmonHoro npuéManka CMKA Nsight o qaHHBIM
MPUHUMAEMOH TeJIeMETpUH OT Hadajia ero IMoyiéra
JI0O MOMEHTA BBIXOJIa B CTA0MIBHBIN PEKUM PaOOTHI.

Ha pucynkax 3—4 mokasaHbl TpaduKu ONTHOKH
U3MEPEHUS BBICOTHI, IHUPOTH U Hoiarotel CMKA
Nsight ¢ momompl0 OOPTOBOTO HABUTAIMOHHOTO
IPUEMHUKA [10 CPAaBHEHUIO C PACUETHBIMU JIAHHBIMU,
MOJTy4YEHHBIMU B MOJIEITH BO3MYIIEHHOTO JIBUYKCHUS
SGP (Simplified General Perturbations — ympo-

mEHHasi MOJeNTb OOLIMX BO3MYILIEHHH), HA OCHOBE
YCpenHEHHBIX OpOUTANBHBIX TapameTpoB CMKA
B TLE-popmare 3a 08.08.2017 r. (pucyHok 3) u
3a niepuog 31.12.2017-06.01.2018 r. (pucyHok 4).
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Pucynok 3 — /lunaMuka U3MEHEHHSI OITHOKHA H3MEPEHHS
BBICOTHI (X), IIMPOTHI (0) W JOATOTHI (+) CBEPXMAIIOTO
KOCMHYECKOTo ammapaTa Nsight ¢ TIOMOIIBIO OOPTOBOTO
HaBUTallMOHHOTO MPUEMHHKA TT0 CPABHEHHUIO C PACUETHBI-
Mu ga"HHbIME 3a 08.08.2017 1.

Figure 3 — Dynamics of changes in the measurement
errors of the height (x), latitude (o) and longitude (+) of
the ultrasmall satellite Nsight using an onboard navigation
receiver as compared to the calculated data for 08.08.2017
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Pucynok 4 — JluHaMuka U3MEHEHHsI OLITHMOKHA U3MEpPEHUS
BBICOTHI (X), IIMPOTHI (0) U JOATOTHI (+) CBEPXMAIOrO
KOCMUYECKOro ammapata Nsight ¢ oMoIsi0 60pTOBOTO
HaBUTAIIMOHHOTO MPUEMHHUKA 110 CPABHEHUIO C PaCUETHBI-
MU IaHHBIME 32 iepuon 31.12.2017-06.01.2018

Figure 4 — Dynamics of changes in the measurement
errors of the height (x), latitude (o) and longitude (+) of
the ultrasmall satellite Nsight using an onboard navigation
receiver as com-pared to the calculated data for the period
0f31.12.2017-06.01.2018

Kak BugHO M3 pucyHKa 3, B NepBbIe TPU Me-
csia paboTel OOPTOBOM HABUIALIMOHHBIA MPHEM-
Huk CMKA Nsight pabotan HectabunbHO. JlaHHBIE
TEJIEMETPUH OOPTOBOTO HABUTALMOHHOTO MPHEM-
Huka CMKA Nsight 3a 08.08.2016 r. umenu cye-
CTBEHHYI0 OmmMOKy. HaBuraunoHHelli npuEMHHK
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MPOrPaMMHO HACTPauWBaJCs M KOPPEKTUPOBAJICS,
paboTan HecTaOUIIBHO, TaK KaK OIINOKU W3MEPEHHS
JIONITOTHI ¥ ITUPOTHI TIOCTOSTHHO «YTIIBIBATIN» U JI0-
cturanu npeneiabHbix 3HadeHuit 400 u 100° coot-
BeTcTBeHHO. [locie mporpaMMHONM KOPPEKTHPOBKH
OOpPTOBOTO HABWTAIIMOHHOTO TMPUEMHHKA OIIMOKa
JAHHBIX TeJeMETPHUH OOPTOBOTO HABHUTAIIHOHHOTO
MpUEMHUKA TI0 W3MEPEHHUSAM JOJTOTHl U IIAPOTHI
3anepuon 31.12.2017-06.01.2018 r., kak BHUIHO
W3 pHUCYHKa 4, TI0 CPAaBHEHHWIO C PACUETHBIMH JaH-
HbIMH, He npeBblmana 0,2° 1 HABUTAMOHHBIN MpU-
€MHUK paboTasl CTaOMIIBHO B TEUSHUH BCEH HENeNn
HaOmroaeHus1. MakCUMaJIbHbIE OIIMOKHU IO BBICOTE
yMeHbIiuch ¢ 10 km 10 400 M.

3akjao4YeHue

[Ipoananmu3upoBaHbl MapaMeTpbl  HaBUTAIH-
ounplx curHagoB GPS u I'JIOHACC crnyTHHKOB
IUISL TIPOTHO3UPYEMOH OpOUTHI HU3KOOPOHUTAIBHOTO
cnytHuka CubeBel-1 B TeueHun cyTok. YmncieHHO
MIPOMOJICNINPOBAHA 3a/1a4a XOJOAHOTO CTapTa HaBHU-
TalMOHHOTO MPUEMHHKA C OTpPaHUYEHHEM IO OTHO-
CHUTEJILHON CKOPOCTH M OTIpEIeJIeHbl MHTEPBAaJIbI Bpe-
MEHH MTPOBENICHUS XOJIOTHOTO CTapTa AJIs OTyYCHUS
anpmanaxa 1o co3se3nusaMm GPS u ['JIOHACC. Ilpo-
BeZleHa ONTUMHU3ALKS PaOOThl HABUTALIMOHHOTO MPHU-
€MHHKa C OrpaHHYEHHEM IO DHEPronoTpedICHHIO,
OIpeieTICHbl HHTEPBAaJIbl BKIIOUSHHSI HABUTallMOHHO-
ro NpuEMHUKA JUIS PEeLIeHusl 3a1a4l HaBUTallnOHHO-
BpPEMEHHOT0 omnpeaeneHus. s oTpaboTKu METOI0B
Bepr(UKALMHU SKCIEPUMEHTATBHBIX JAHHBIX CITy THU-
ka CubeBel-1 uccnenoBana padoTa HAaBUT'ALIMOHHOTO
NpuéMHUKA CITyTHUKA Nsight 0 JaHHBIM MPUHUMA-
€MOil TeJIeMEeTpHH OT Havaja ero nojiéra 10 MOMEH-
Ta BBIXOJA B CTAOWJIBHBIN pexuM padoThl. Pesyinb-
TaTbl MOJCIHPOBAHHUS MOTYT OBITH HCIOJB30BaHbI
pY pa3paboTKe MIaHa MOJNETa CBEPXMAIOro KOCMU-
YECKOro anmnapaTa ¢ HABUTallMOHHBIM TPUEMHUAKOM.
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AKTyanbHOCTb paHHEro oOHapy>KEeHHS MIPU3HAKOB M0Kapa BIIOJIHE OUEBUIHA, IOCKOJIBKY B pe3ylbTaTe
MPUHATHS HEOOXOAMMBIX MEP I10 BAKYaLHH JIIOACH U MaTepUalIbHBIX IICHHOCTEH, 00€CTOUNBAHUIO AIIEKTPO-
000pyAOBaHMS U TYLICHHUIO T0XKapa B MOMEHT Havajla BO3TOpaHHs JIMOO MaCCUBHOTO TIICHHSI MOYKHO TTOJIHO-
CTBIO N30€KaTh YEJIOBEUECCKUX KEPTB U COKPATUTH IKOHOMUYECKHE TIOTEPH 0 MUHUMYMa.

[TpuBeneHo rpaduueckoe MpeacTaBiICHNE KIacCU(PHUKalUU MOXKaPHBIX W3BelIaTesieil B Buae 0000meEH-
HOM CXEMBI C UCIIOJIb30BAHUEM BCEX OCHOBHBIX KJIACCH(DPHUKALMOHHBIX MPU3HAKOB, UX JTOCTOMHCTBA U HEMIO0-
cratku. OmnpeneneHbl ONTUMalIbHBIE 00JaCTH HCIIOJIB30BaHUS M3BELIAaTENeH B 3aBUCUMOCTH OT MOYKapHOH
Harpysku. [Tokazana 3peKTHBHOCTh MPUMEHEHNSI KOMOMHUPOBAHHBIX MOKapHBIX W3BEIATENICH, OCHAIIEH-
HBIX [TOMHUMO TPAJAWLIUOHHBIX JABIMOBBIX U TEIUIOBBIX JATYMKOB TA30BBIMH CEHCOPAMH, KaK KOMIUIEKCHOTO
MOJIX0/1a K OPraHrW3aliuy OCYILECTBICHNS KOHTPOJISL HaJl OXPaHsIEMbIMU OOBEKTaMHU.

[TpuBeneHs! pe3ynpTaThl pa3pabOTKU BHICOKOUYBCTBUTEIBLHOTO JBYX30HHOTO CEHCOPA C UyBCTBUTEIIb-
HBIMH 3JIEMEHTaMHU Ha OCHOBE IIJIEHOK OKCHJA JKeJe3a /Ui IeTEKTUPOBaHUs BBIJICIECHUS B3PBIBOONIACHBIX U
OTPABIISIOIIMX T'a30B B HAYAJIBLHOM CTAANU TICHUS A0 00pa30BaHusl yCIOBHH BociulaMeHeHusl. [IpuMeHenne
ra3oBBIX CEHCOPOB, PEArMPYIOIINX HA OMACHBIE ra3bl B OKPYKAIOWIEH cpesie, CYLUIECTBEHHO CHUXKAET PHUCK
ruOeIH JII0ACH OT OTPABJICHUS YTapPHBIM T'a30M.

KiroueBrble ci10Ba: CHCTEMbI TIOXKAPHOH 0€30MaCHOCTH, CUTHAIM3AIMH, SKCILTyaTallii MOMEIICHHH, paHHEe
oOHapyKCHUE TI0KAPOB, TA30BBIC CCHCOPHI.
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Abstract

The relevance of early detection of fire signs is quite obvious because due to the necessary measures for
evacuating of people and material values, disconnecting the electrical equipment and extinguishing the fire at
the time of the onset of fire or passive smoldering, human casualties can be completely avoided and economic
losses can be minimized.

A graphical representation of fire detectors' the classification in the form of a generalized scheme
using all the main classification features, their advantages and disadvantages is given. The optimal areas
for the use of detectors depending on the fire load are determined. The effectiveness of combined fire detectors'
use, equipped in addition to traditional smoke and heat sensors with gas sensors, as an integrated approach to
the organization of control over protected objects is shown.

The results of development of highly sensitive two-zone sensor with sensitive elements based
on iron oxide films for detecting the release of explosive and poisonous gases in the initial stage of decay
before the formation of ignition conditions are presented. The use of gas sensors that respond to hazardous
gases in the environment significantly reduces the risk of death due to carbon monoxide poisoning.

Keywords: fire safety systems, alarm systems, premises systems, early detection of fires, gas sensors.
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BBenenue

Pa3BuTne u coBepIIEHCTBOBAHME CUCTEM IIO-
JKapHOW CHUTHajJu3allld Ha COBPEMEHHOM JTarie
CBSI3aHO C MPUMEHEHNEM WHHOBALIMOHHBIX M3/1CTHH
MHUKPODJICKTPOHHUKH, MO3BOJISIONINX PACHIHUPUTh
(YHKIMH U MOBBICUTH 3(PPEKTUBHOCTH COBPEMEH-
HBIX CHCTEM OOHapy»XEeHHs O0YaroB BO3TOPAHUS C
LeNbI0 CHI)KEHUSI pUCKa HaHeceHHs yiepba 310-
POBBIO JIIO/IEN ¥ MaTepHalbHBIM LIeHHOCTsM [1, 2].
TpaguuroHHbIE TPOTUBOMOKAPHBIE CUCTEMBI (akK-
TUYECKH JIOCTHUIJIN Ipelieia CBOUX (YHKIHOHAIb-
HBIX BO3MOXkHOCTei. COBpeMEeHHbIE TEXHOJIOTHH
MO3BOJISIIOT CO3/JaBaTh NMPOTHUBOMOXKAPHBIE CHCTE-
MbI IPUHLIUITHAIEHO HOBBIX KaueCTBa, HAJAEKHOCTH
n 0e30MacHOCTH, HEJOCTH)KHMBIX B CYIIECTBYIO-
LOIMX CHCTeMaX, U (aKTUYEeCKH OTKPBIBAIOT HOBOE
HalpaBjeHHe B KOHCTPYMPOBAHUU TaKUX CHCTEM.
CpaBHHUTENbHBIC UCTIBITAHUS TIOKAPHBIX M3BEIIaTe-
ne#t (ITN) ¢ ucroip30BaHNEM HOBBIX TEXHOJOTHI BO
BHUUIIO MUC Poccuu B mae 2015 roga moareep-
JIUIIY UX NIPEUMYILECTBO Hax Kiaccuueckumu 111 B
4acTH BpeMEHH OOHapy)KEeHHUs M0KapoB TPU BCex
HOpMHpYyeMbIX THumax Bosropanuit TII2-TIIS [3].
B cBsizu ¢ aTHM mepen pazpaboTUYMKaMU CHCTEM
MO’KapHOM CHUTHAJIM3AallMM CTOUT akKTyalbHas 3a-
Jlada MOJIEpPHM3AIMU CYUIECTBYIOIIMX M CO3/IaHUA
HOBBIX CHCTEM M CPEJICTB, B YaCTHOCTH, TIOKAPHBIX
u3BelaTeNell Ha OCHOBE JaTYMKOB paHHEro oOHa-
pY’KeHHs MPHU3HAKOB HAYaIbHOW CTaauM TICHUS,
MO3BOJISIIONINX 00ECHeunTh CBOEBPEMEHHOE TpH-
HSTHE MEp IO dBaKyallMH JIOJeH W JHKBUAALUU
BO3MOJKHOTO Ouara BO3TOpaHHA, a TaKkKe CHU3ZUTH
BEPOSITHOCTD JIOXKHBIX cpabarbiBanuii [4]. B memnsax
CO3/IaHUsl  YCIOBHUH  KOHKYpPEHTOCIOCOOHOCTH
HOBBIX JaTYMKOB Ha PHIHKE CHCTEM 0€30MacHOCTH
TpeOyeTcs: OLUEHUTh MEPCIEKTUBBI X MPUMEHEHUS
B CYIIECTBYIOIIMX CHCTeMaX MOKapHOW CHUTHaJIH-
3anud. JTO B CBOIO ouepellb TpeOyeT pazpaboTKu
CUCTEMBI KIacCH(HUKAIMM TMEPBUYHBIX YCTPOHCTB
oOHapy)XeHHUsl — MOKapHBIX M3BeLIaTesel, B KOTO-
phble IpeanoiaraeTcs BCTpauBaTh JaTYUKU PAHHETO
oOHapy)KeHHUsl IPU3HAKOB BBIJICJICHUSI B OKPYIKalo-
LIYI0 Cpey OMAacCHBIX ISl YeJIOBEeKa T'a30BBIX KOM-
[IOHEHTOB U MOTEHIMAJIbHBIX 0YaroB BO3MO>KHOI'O
roxkapa.

Kaaccudukanmonnbie NpU3HAKH MOKAPHBIX
n3BeIareaen

HpHMeHHeMHC B COBPEMCHHBIX CHUCTEMaX II0-
)KapHOﬁ CUTHaJIM3all  ITOXKAapHBIC HU3BCHIATCIIN

MOXHO KJIACCH()MIIMPOBATH O CIIEAYIOIIUM OCHOB-
HBIM TIPU3HAKAM

1) ciocoOy npuBeneHHS B ICHCTBUE;

2) BOBMOKHOCTH MHOTOKPAaTHOTO HCTIOIb30BAHNS;

3) BO3MOKHOCTH OTIPEAETICHHUs] MECTOMOI0XKe-
HUS U3BELIATEII;

4) crioco0Oy mepeaayu CUTHAA;

5) BUOy KOHTPOJMPYEMOIo NpHU3HAaKa IO0Kapa,
KOH(QUTYpaLuu U3MEPUTEIBHON 30HBI U MPUHIHITY
JICHCTBHS,

6) XapakTepy peakuu Ha KOHTPOIUPYEMBIN
MIPU3HAK M0XKapa.

B pamkax yka3zaHHOM BbIlIE KIaCCU(PUKALIUH T10-
JKapHBIX M3BeLIaTeel CyIecTByeT 0oJiee IeTaabHas
uX KJIaccU(UKalLus, IpeaAcTaBlIeHHAs Ha pUCyHKe 1.

Ilo BO3MOXHOCTH OIpEENIeHNs MECTOIOJIOMkKE-
Huga [N pazpenstorcst Ha HealpecHble U aJpecHbIE.
Heanpecnsie 11 He coaepkat MoyJiei co BCTPOEH-
HBIM KOJIOM MECTOIIOJIOXKEHHSI U IIPU CpadaThIBAaHUH
W3BEIIAIOT TOJBKO O ()akTe BOSHUKHOBEHHUS MOXKaAPa,
0e3 yKa3aHUsl Ha PacCIoONIOKEHHE ovyara BO3rOpaHUsL.
Anpecnbie [1M coBMECTHO C CUTHAJIOM O BO3HHKHO-
BEHHH T0Kapa TepeatoT Ha TPUEMHO-KOHTPOIbHBIN
MprOOp YHUKAJIBHBIA aJPECHBIA KOJI, TI0 KOTOPOMY
chcTeMa I0XKapoOOHAPYKEHUs] aBTOMAaTHYECKH 0Oe3
MIPeBapUTEILHON HACTPONKHU OINpENENsieT MECTOHA-
XOXKJIEHHE odara BO3TOPAHUS, YTO SIBJIAETCS MCXOJ-
HBIMHU JTaHHBIMHM JJIS1 OPTaHU3aIlUH IBAKyaIluy U TPH-
BEJICHUA B ICUCTBHE CPEACTB M0KAPOTYIIICHHSL.

o cnocoOy nepenaun curnana [T paznensroT-
Csl Ha YEThIPE OCHOBHBIX BUAA:

— BKJIIOUEHHBIC B NUICH(], W3BEIIATeIH Mepeaa-
IOIIME CHT'HAI TOCPEJCTBOM MOXapHOTo muierda.
[Tpu 3TOM DIIEKTPONTUTAHHE BCTPANBACMBIX B IUICH)
I[N ocymiecTBiAsieTC OT CUTHAJIBHBIX TPOBOJIOB:
y JABYXHPOBOJHBIX 10 KOHTPOJIHMPYEMOMY LUICH(Y
C 3aJIefiCTBOBAaHNEM OJJHOM Mapbl MPOBOJOB, Y YETHI-
PEXIIPOBOTHBIX 1O IOTIOJHUTEIBHOM ITape MPOBO/IOB;

— panpuokananeHble I11, kak cienyer u3 Ha3Ba-
HUS, TIEPEeJal0T CUTHAJ MPU TTOMOIIH BCTPOEHHOTO
pazuoMOnyIs;

—ontoBoiokoHHble [IM — Tunm wuszBewmarenei,
KOTOpBIE 33/IEUCTBYIOT AJIs IEpEIady CUTHANA BOJIO-
KOHHO-ONITUYECKHUE JTMHUU CBS3H;

— aBroHOMHBIe [11 — mpubops! 0OHApPYKEHUS CO
BCTPOCHHBIM MOAYJIEM OIIOBELIECHUSI, IPU cpadaThiBa-
HUM W3aI0T MHTEHCHBHBIN MPOJOJLKUTEIBHBIN 3BY-
KOBOI1 curHai. He TpeOyroT moAKIIIoueHus K MyJIbTy.

'Cucrema CTaHJapTOB MOXapHoU Oe3zomacHocT. Cu-
CTeMBI MOKapHOW curHanuzanuu. OOmme TpeOoBaHMUS.
CTb 11.16.01-98. — Beex. 01.10.98. — Mu. benl UICC —
2011.—-12c.
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Pucynok 1 — O600ménnas cxema KIacCH(PUKAINN MOKapHBIX W3BEIIATENICH: @ — M0 CIOCO0y NMpHUBEACHHUS B JACH-
CTBHE: PyYHbIC; aBTOMATHYECKHE; b — 110 BO3MOKHOCTH yCTAHOBKH MECTOIIOJIOKEHHS: | — azipecHble, 2 — HeaAPECHBIE,
¢ —10 croco0y Tepenavn CUTHaANA: 3 — BKIIOUCHHBIE B IIIeH], 4 — paanokaHaIbHEBIE, 5 — ONTOBOJIOKOHHBIE, 6 — aB-
TOHOMHBIC; d — 110 BO3MOKHOCTH MHOTOKPATHOT'O HCITOJIb30BAHUS: 7 — OJJHOPA30BbIe, 8 — MHOTOPa3oBble, 9 — ¢ 3ame-
HSIEMBIM aKTHBHBIM 3JIEMEHTOM; € — [0 BH/ly KOHTPOJIMPYEMOro npu3Haka moxapa: 10 — remiossie: 10.1 — Toueunsre,
10.2 — maOrOTOUEYHBIe, 10.3 — nunueiinbie; 11 — apimoBbie: 11.1 — ontuueckue: 11.1.1 — toyeunsie, 11.1.2 — nuHe-
uele, 11.1.3 — acnupaunonnsie; 11.2 — nonuzanuonnsie: 11.2.1 — paguonszoronusie, 11.2.2 — 37eKTpOMHAYKIIMOHHBIE;
12 — mnamenn: 12.1 — ynerpaduonerossle, 12.2 — undpakpacusie, 12.3 — Bunumoro crekrpa, 12.4 — MHOroimana3zoH-
Hble; 13 —razoBele: 13.1 — nomynpoBogHUKOBEIE, 13.2 — anekTpoxumudeckue, 13.3 — repmoxumudeckue, 13.4 — metain-
JIOOKCHAHBIE; 14 — KOMOMHHPOBAHHBIE; f — MO XapaKTepy Peakluy Ha KOHTPOJIMPYEMBbIid PU3HAK Mmokapa: 15 — Makcu-
MalibHble, 16 — nuddepenumnanbaeie, 17 — MakcuMatbHO-AUGGepeHIIaTbHbIC

Figure 1 — Generalized classification scheme of fire detectors: @ —according to the method of activation: manual,
automatic; b — possibility of set location: 1 —addressed, 2 — non—addressed; ¢ — by the method of signal transmission:
3 —included in the loop, 4 — radio channel, 5 — fiber, 6 — autonomous; d — possibility of multiple use: 7 — disposable;
8 —reusable; 9 —with replaceable active element; e —by type of controlled fire sign: 10 —thermal: 10.1 — point,
10.2 — multipoint, 10.3 —linear; 11 —smoke: 11.1—optical: 11.1.1 —point, 11.1.2 —linear, 11.1.3 — aspiration;
11.2 —ionization; 11.2.1 —radioisotope, 11.2.2 —electric induction; 12 —flame: 12.1 — ultraviolet, 12.2 — infrared,
123 —-in visible spectrum, 12.4 —multirange; 13 —gas:  13.1 —semiconductor, 13.2 — electrochemical,
13.3 — thermochemical, 13.4 — metal oxide; 14 — combined; f— by the nature of reaction to the controlled fire sign:
15 — maximal, 16 — differential, 17 — maximal-differential
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Bce Bumwr [1U, kpoMe BKIIIOUEHHBIX B IIICH(],
MUTAIOTCSI OT ABTOHOMHOI'O CMEHHOTO 3JIEMEHTA,
He OyIy4H CBSI3aHHBIMH C CUTHAJIbHBIMU LICTISIMH.

ITo BuAY KOHTPOIMPYEMOIo NpHU3HAKa MOXKapa
[I1 paznenstoTcst B OCHOBHOM Ha TETJIOBBIE, BIMO-
BbIC, IJITAMEHU U Ta3oBbie [5—7]. OTHOCATCS K aBTO-
matudeckuM [IU. JlomomHUTENHO KiTacCUBUIIPY-
IOTCSl TI0 KOH(UIYpauud H3MEPUTEILHONH 30HBI U
MIPUHLUITY JCHCTBUS.

[To xapakTepy peakuuu Ha KOHTPOJIUPYEMBIH
npusHak noxapa [IM pazgensorcst Ha MakcHMallb-
Hble, TuddepeHInanbHble 1 MaKCUMaITbHO-TH(de-
pEeHLHMANIBHBIC:

— MaKCHMaJIbHbIE — H3BeIaTeH, (HOPMHUPYIO-
LIMe U3BELICHUE O MOXape NpH MPEBbILICHUN yCTa-
HOBJICHHOT'O IOPOTOBOrO 3HAYEHHUs] KOHTPOJHpYe-
MOT0 TapoOMepa;

— nuddepeHnmanpabie — U3BeIaTeNu, Gopmu-
pyIolLIMe M3BEIICHUE O MOXKAape MPH IMPEBBILICHUN

OTIpeIeNIEHHOTO 3HAYEHHUS CKOPOCTH M3MEHEHUS Be-
JIUYAHBI KOHTPOJIIMPYEMOTO MTapaMeTpa;

— MakCUMallbHO-TU( G epeHIInaNbHbIE — W3Be-
aTesy, BKItoYaronme o0a KaHalla MaKCUMAaITbHBIH
n audQepeHaTbHbIA, BKIIOYEHHBIE 10 JIOTHYE-
ckoit cxeme «MJTN».

Hawnbonee paHHHIMH 110 BpeMEHU TOSBICHUS U
MacCOBO HCHOJB3yeMBIMH B CHCTEMax I0KapHOU
curHanuzauuu sBisitorcs remnossle [1W. Pearupytot
Ha M30BITOK TEIUIOTHl B TIOAIIOTOIOYHOM POCTPaH-
CTBE OXPaHAEMOTO TOMeIIeHUs. HedyBCTBUTENBHBI
K BJIQXKHOCTH, 3allBUIGHHOCTH W 3ara30BaHHOCTH
BO3/IyXa, a TAK)XKE K JIOOBIM BHUJaM MOHU3HUPYIOIIUX
M DIIEKTPOMATHUTHBIX M3JIYYCHUH; OTIMYAIOTCS He-
BBICOKOiT CTOMMOCTBI0. THIOBOIT TerutoBoii ITH? pe-
arupyeT Ha MOBBIIICHHE TEMIIEPATyphl B JHAITa30HE
3HaueHui ot +54 no +70 °C. Ilo koHpurypanuu us-
MepuTenbHo 30HbI [IW moapasnenstores Ha Toueu-
HbIC, MHOTOTOYCYHBIC M JUHCIHHBIC (Tabmuma 1).

Tabnuya 1/ Table 1

Kaacenpuxanus moxapHbIxX n3Bemaresaeil o KOHGUIypanuu H3MepuTeJbLHONH 30HbI

Classification of fire detectors on the base of the measuring zone configuration

Toueunnie

Point

MHuororouyeunnie

Multipoint

JInHelHble

Linear

KoHTpoas npu3HakoB noxapa B 30He, KOHTpOJb NpU3HAKOB M0XKapa
B HECKOJIBKMX KOMITAKTHBIX 30HaX,
pacIpeieNeHHbIX B IPOCTPAHCTBE

OTpaHUYEHHON paanycoM JeUCTBUS
N3BEIATENS

Fire sign monitoring in the zone
limited by the detector range

Fire sign monitoring in several
compact zones distributed in space

KoHTpoab npu3HakoB noxapa
B JII0OOOM MecTe Ha MPOTSHKECHUH
CUTHAJIBHOTO Kabess

Fire sign monitoring anywhere along
the signal cable

JpimoBble [T pearupyroT Ha IpUCYTCTBUE KO-
IIOTH U JbIMa B BO3JYXE OXPAHAEMOIO MOMEIICHHS.
brnarogapst cokpalieHHOMY O CPaBHEHMIO C TEIIO-
BbiMH [1M BpeMeHHn 00HapyKEHUSI 04aroB BO3ropa-
HUSI IO3BOJISIOT ITOBBICUTH O€3011aCHOCTD 3BAKYyaluu
JFOZIeH U3 3/IaHMs, a TAaK)Ke YCKOPUTH cpadaThIBaHNE
CTallMOHAPHBIX CHCTEM MOXKapoTymeHus. [Ipenmy-
LIECTBEHHO MPUMEHSIOTCS B JKUJIBIX U OOIIECTBEH-
HBIX TIOMEIICHHUAX C MpeoOiiajaHueM B WHTEphepe
OpPraHUYECKUX MATEPHAIIOB, BBIAEIAIONUX IPU TI'O-
peHun 60bIIOe KOJMMYecTBO AbiMa. [lo mpuHImmy
JIEHCTBHS JENATCS Ha ONTHYECKUE M MOHHU3ALMOH-
HbIe (Tabmuna 2).

OnTtuueckue neMosbie 111 comepskar omrude-
CKHUH 1aT4YMK, pearupyromnii Ha U3MEHEHHe Npo3pad-
HOCTH BO3[lyXa B OXPAHSIEMOM IIOMEIIEHUU BCIIE/-
CTBHE TPUCYTCTBUS MPOAYKTOB TOPEHUS U TICHHUS.
[To koHOUrypanuu U3MEPUTEILHONW 30HBI JICIATCS

Ha TOUYeYHBIC, TMHEWHbIe (Tabiuua 1) u acnupanu-
OHHBIE. YKa3aHHBIE THUITBI ONTHYECKUX bIMOBBIX TN
OTJIMYAIOTCS CJICAYIOIUMH OCOOCHHOCTSIMU B3aUM-
HOT'O PacIOOKEHUs U3IydaTesst 1 GoTonpuEMHHUKA,
BXOJISIIIMX B COCTaB ONTHYECKOTO JaTUHKa:

— TOYCYHbIE — H3Ny4arenb H (OTONPHUEMHHK
KOMIIaKTHO Pa3MEILIAlTCsl B KOPITyCe U3MEPUTENb-
HOW KaMepBhl;

— IMHEWHBIE — M37y4aresb U (HOTONPUEMHHK
B3aMMHO yIaJICHbI B IIpeJiesIaX U3MEPUTEIbHON 30HbI
60 OObEIMHEHBI B OJHOM KOPITyCE€ C HCIIONB30-
BaHUEM OTPAXKAIOIIEro 3JIEMEHTa, YTO MO3BOJISET
OXBAaTUTh W3MEPUTEIBHYIO 30HY MPOTIKEHHOCTHIO
ceeimre 100 m;

"Macniopt BUPIO 01.363.00.000-03 TIC, Musck 2011.
OAO «3aBon Crniertaromarukay. M3Bermarens nokapHbIi
TeruioBoi MakcuManbHelid MI1109-05-A2M
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— aCTIMpAaIFIOHHBIE — TIOI00HO TOYEYHBIM H3ITY-
Yartelib 1 (POTONMPUEMHUK KOMITAKTHO Pa3MEIIAOTCs B
KOpITyCce N3MEPUTENFHON KaMephl, BO3AyX B KOTOPYIO
MIOCPEJICTBOM TPYOOMPOBOIOB TPUHYIUTEIHHO TI0-
JIa€TCs U3 OJIHOM WJIM HECKOJIBKMX TOUYEK OXpaHsIeMOn
30HBI; 3TO TO3BOJISIET OXBATUTH U3MEPHTEIHHYIO 30HY
MPOTSHKEHHOCTHEO B COTHU METPOB M TIPH UCTIONH30Ba-
HUKM (QWIBTPOB BO3yXa OOSCIIEUUTh KOHTPOJIb TPH-
3HaKOB BO3HMKHOBEHMS 110Kapa B 3aIlblJIEHHOM cpee.

Tabnuya 2 / Table 2
Kaaccnpukanust 1bIMOBBIX IOKAPHBIX H3Bela-
TeJIe 110 NPUHIMITY AeHCTBUSA
Classification of smoke detectors on the principle
of operation

Onruueckue HNonuzanunonnsie

Optical lonization

Nonunzanmonusle nniMoBbie I B cBOIO oue-
penb OBIBAIOT PAAMOU3OTOIHBIC U DJICKTPOUHIYK-
LHUOHHBbIE. PalMOU30TONIHBIE pEarupyrOT HA YMEHb-
IICHUE MOHU3AIMOHHOTO TOKa, 00pa3yeMoro crie-
[IHATBHBIM ~ HU3KOPAJIMOAKTHBHEIM  BEIIECTBOM
BHYTPU H3MEPUTEIBHON KaMephl, BBI3BAHHOE
HaJU4YMeM B BO3JyXe JAbIMa, OCOOCHHO YEPHOTIO.
DJIEKTPOUHYKIIMOHHBIE PEarupyroT Ha KOHIICH-
TPaLMIO 3apsKEHHBIX YaCcTHUI[ B BO3AYyXE KOHTPO-
JUPYEMOT0 TOMEIIEHUs, MPUHYAUTEIILHO HarHe-
TaeMOM B HM3MEPUTEIBHYIO KaMepy MOCPEICTBOM
BO3YyXOBO/IA.

[IN nmamMeHn Mo 00NACTH CHEKTpa AJIEKTPO-
MarHUTHOTO U3IIYyUYCHUS, BOCIIPUHUMAEMOTO
YYBCTBUTEJILHBIM 3JIEMEHTOM, pa3JeisioTcs Ha
uH(pakpacHble, BUAMUMOTO CIEKTpa, YJbTpadu-
0JIETOBblE W MHoOrojuanazoHssie. Jlatumku I1A

Pearupyrot Ha mpoayk-
TBI TOPEHUSI, CIOCOOHBIE
BO3JICiCTBOBATH Ha ITOT-
JIOIIAIOIILYIO MITH PACCeH-
BAIOIIYIO CIIOCOOHOCTD U3-
JIy4eHUs B MHPPaKpacHOM,
yIBTPa(HOICTOBOM HITH
OIITHYECKOM JIMarna3oHe

Respond to combustion
products capable of
affecting the absorbing

or scattering ability of
radiation in the infrared,
ultraviolet or optical range

Pearupytor Ha u3mMeHeHUst
HMOHU3AI[MOHHOT'O TOKa
WA 00BEMHOTO JIEKTPH-
YECKOI'0 3apsi/ia BO3ayXa
BHYTPU U3MEPUTENHLHOM
Kamepsl 110 BO3JEHCTBU-
€M MPOAYKTOB TOpPEHUs

Respond to changes in

the ionization current or
volumetric electric charge
of air inside the measuring
chamber under the
influence of combustion
products

MJIaMeHU cpadaThIBAIOT Ha TOSIBJICHUE OTKPBHITOTO
orus. [Ipennasnayens! Ay oOHApY)KEHUS IPU3HA-
KOB BO3rOpaHus Ha IPOU3BOJICTBEHHBIX U CKJIal-
CKHX 00BEKTaX, CBA3aHHBIX ¢ JOOBIUEH, TpaHCIIOP-
THPOBKOH, 1epepaboTKOi M XpaHEeHHEeM MaTepHa-
JIOB U CBIPbsI, TOPEHHE KOTOPBIX COMPOBOXKIAETCS
MOSIBIEHUEM OTKPBITOTO OTHA 0€3 CTaauu TIEHUS.
B otnnume ot temnoBsix U AbiMOBBIX [ moryt
MPUMEHATHCS KaK B MOMEIIEHUsAX, TaK U MOJ OT-
KPBITEIM HEOOM.

l'azoBele IIM pearupyroT Ha W3MEHEHUS XH-
MHYECKOTO COCTaBa BO3AyXa IOJ BO3JEHCTBHEM
no’kapa — KOHLUEHTPAUU OAHOTO WJIH HECKOJIBKUX
OCHOBHBIX Ta30B (Tabnuma 3).

Tabnuya 3 / Table 3

OcHOBHBIE BUIBI rasoB, BbIACJIAIOIUXCH IPU TOPECHUH

Main types of gases released during combustion

HawnmenoBanue rasza

Gas name

Xumudaeckas popmyia

Chemical formula

IIpuunna BeIeTICHUS

Reason for allocation

‘YrapHslii raz
Carbon monoxide
Bonopon
Hydrogen

Meran

Methane

VYTHeKkuceIi ra3
Carbon dioxide

Jleryuue apomaTiue-
CKHUE YTIICBOJIOPOIBI
Volatile aromatic
hydrocarbons

CcO

H

Tepmudeckoe pasnoskeHue (TTHPOIH3) OPTaHUIECKUX
MaTepHanoB mpu temmeparype 750-800 °C

Thermal decomposition (pyrolysis) of organic materials at a

CH,

o,

CH

temperature of 750-800 °C

ITepexon moxapa U3 TIACHUS B INITAMEHHYO CTaIHIO

The transition of fire from decay to the flame stage

I'openue HedTH, Ta3a ¥ MIPOAYKTOB UX MEPepabOTKU

Combustion of oil, gas and products of their processing
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[lo Tumy 4yBCTBHUTENBHOTO 3JIeMEHTa (CEHCO-
pa) razoseie 1M mpeumyliecTBEHHO pa3leisioTCs
Ha TOJIYIPOBOAHUKOBBIE U BJIEKTPOXUMHUYECKHE.
JlelicTBrE NOIyIPOBOAHUKOBBIX CEHCOPOB OCHOBAHO
Ha M3MEHEHHWU MPOBOJMMOCTU TIOJIYIPOBOJIHUKO-
BOIO YYBCTBUTEIBHOIO CJOSA. XapaKTEPHU3YHOTCS
MaJIbIMU Pa3Mepamu, BBICOKOW UyBCTBUTEIbHOCTHIO
M HaAEXKHOCTBIO, HU3KOH CTOMMOCTBIO, UMEIOT J10-
CTaTOYHO OOJIBIIONH CPOK CIYXkOBbI, OJIHAKO BMECTE

C TeM OTJIMYAIOTCS MOBBIIIIEHHBIM dHEpronorpedie-
HUEM W HU3KOHN CEIEeKTUBHOCTHIO. JlelcTBUE AIeK-
TpOXUMHUYECKUX ra3oBbIX [T ocCHOBaHO HA OTIMUYKAX
MPOLECCOB AIEKTPOXUMHUUECKOTO OKUCIICHHUS ITOKap-
HBIX Ta30B Ha pabodeM 3JEKTPOJE AICKTPOTHTHYIC-
CKOU SYEHKH, XapaKTEPHU3YIOIINXCA 3JICKTPOXUMU-
YECKUMHU TIPOIlecCaMu B 00bEME U HA TTOBEPXHOCTH.
OCHOBHBIEC MapaMeTPbl IEKTPOXUMUYECKUX CEHCO-
POB IIpHUBEIEHBI B TabuIle 4.

Tabnuya 4 / Table 4

CpaBHHUTe/IbHbIE KAYeCTBEHHbIE XaPAKTEPUCTUKH 31eKTPOXHMHYECKHX CEHCOPOB

Comparative quality characteristics of electrochemical sensors

Xapakrep NpoTeKaHUsl OKUCIUTEIBHOW peakuuu

ITapamerp

The nature of the oxidative reaction

Parameter

Electrochemistry of volume

DICKTPOXUMHUS 00beMa

DNEeKTPOXUMHUSI TOBEPXHOCTH
Surface electrochemistry

Bun paboueit xapakTepucTuku Jluneitnas Jlorapupmudeckas
Type of performance Linear Logarithmic
Bpemst oTKIIMKa U BOCCTAaHOBIICHHS Brictpoe Ouenb ObIcTpOE
Response and Recovery Time Fast Very fast
CenexTUBHOCTb Xopomas Crnabas
Selectivity Good Weak
Bnusinue Bnaru OtcyTtcTByeT He3nauurenbnoe
Moisture effect Missing Insignificant
MexaHuueckas CTOMKOCThb Xopomas Xopowast
Mechanical resistance Good Good
[ToTpebsiemast MOIITHOCTH OTcyTCcTBYET He3naunrenbHas
Power consumption Missing Insignificant

Kak BumHO 13 Tabmuier 4, 00BEMHAs IIEKTPO-
XUMUYECKasl OKUCTUTEIIbHAS peakiusi (Ha dJICKTPO-
JlaX, TOMEIIEHHBIX B DJIEKTPOJIUT) MO CPaBHEHUIO
C TIOBEPXHOCTHOM (HA MOBEPXHOCTH MaTepuana,
Yale BCEr0 METaJUIOOKCHIHOTO TMOIYIPOBOIHHKA)
oOecrnieunBaeT Jiydinre padodne XapaKTePUCTUKU
ceHcopa razosoro IIM. BmecTte ¢ TeM MeTaniook-
CUJHBIE CEHCOPBI 3a CUET OTCYTCTBUSI HEMpEKpalia-
IOIeNcs XUMHUECKOU peakiuu UMEI0T Oosee mpo-
TIOJDKUTEITBHBIC CPOKH XPAHCHHSI M CITYIKOBI, CITOC00-
HbI pab0TaTh NIpU 00JIEE BEICOKUX TEMIIEpaTypax.

Cencopel ra3oBeix [IM pearupyroT Ha mpe-
JETBHO Majyl0 KOHLIGHTPALMIO TOXApHBIX TIa30B
B BO3/[yX¢ HAa HAYAJILHOM ATaIle BO3MOKHOTO BO3HHUK-
HOBeHUs noxapa — TiieHuu [8—10]. IToreHmansHo OHU
CIOCOOHBI MPE Y IPESTUTH BO3MOXKHBIH TIOKap JI0 IOSIB-
JIEHUS B OKpY XKarolIeH cpezie ibiMa 1 TuiaMeHu. Tem He
MeEHee, C yUETOM «HE UICATHHOCTI HX PA00YNX XapakK-
TEPUCTUK, HU3KOM CEJEKTUBHOCTH, MOBBILIEHHON BO3-
MOYKHOCTH <JI0KHBIX» CpabaThIBaHUMA, 1IENIeCO00pazHO

MpUMEeHSTh ra3oBbie [T/ coBMecTHO ¢ TpOBEpEHHBIMH,
CepTI/I(I)I/IHI/IpOBaHHI)IMI/I JbIMOBBIMH M TCIUIOBBIMMU.
BBujty TOr0, 94TO Tra30BBIE CEHCOPHI CITIOCOOHBI M30Mpa-
TEIILHO pearrpoBaTh Ha OTJCIBHBIC Ta3bl, IPUCYTCTBUC
KOTOPBIX B BO3AYIIHOM CpPeie KOHTPOJIUPYEMOI 30HbBI
OJTHO3HAYHO YKa3hIBAET HA BO3MO)KHOCTH TIOBBIIICHHS
KOHUCHTpALX OTPABJIAIOIINX U B3PbIBOOIIACHBIX T'a30B
JIO OTIACHBIX IS YeJIOBeKa IPEeoB ¥ BO3HUKHOBE-
HUsI ovara mo)kapa, Mx pa3pa0oTKa IpeACTaBIIseTCs
MEPCIIEKTUBHOMN U aKTyaJbHOM.

CoBpeMeHHBI TeXHHYECKHIl YPOBEHb
ra3oBbIX II02KapPHbIX U3BeLIATe el

B Hacrosiiee Bpemsi MOTYIPOBOHUKOBBIC Tra-
30BBIC CEHCOPBI MUPOKO UCIIOIB3YIOTCS JUIS aHAIU-
3a razoB [11, 12]. U3MeHeHHUE 37I€KTPOCOTIPOTHUBIIC-
HUSI TIOJMYMPOBOJHUKOBOIO Ta304yBCTBUTEIHHOTO
CJIOSI TIPY XMMHUECKOW aJIcCOpOLIMU Ha ero MmoBepX-
HOCTH Ta30B M03BOJIIET 3((HEKTUBHO HCITOIB30BATh
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MOJYIPOBOJHHUKOBBIE Ta30BbIE CEHCOPHI B IPUOOPax
MIPOTUBOIIOKAPHON CUTHATIM3AIINH, @ TAKXKE B CUTHA-
JM3aToOpax OMACHBIX Ul YeJOBEKa KOHLEHTpauui
TOKCHUYHBIX Ta30B.

Bonopon siBisieTcss OCHOBHBIM KOMITOHEHTOM
BBIJICJIIEMBIX I'a30B Ha CTAAMU TJICHWS B pe3yibTa-
T€ MHUPOJIN3a MAaTEPUAIIOB, UCIIOJIB3YEMBIX B CTPOU-
TEJIbCTBE, TAKUX KaK IPEBECHHA, TEKCTWUIb, CUHTE-
Tuueckue matepuansl [13]. Ha navanpHOU cTramuu
BO3MOXHOTO BO3HHMKHOBEHHS IOXKapa, B Hpolec-
ce TIeHMsS KOHIIGHTpalMs BOJOPOAA COCTaBISIET
1020 ppm. B panpHeliimeM OpouUCXOJUT Hapacra-
HUE COJIep)KaHUSI apOMaTHYECKUX YTIJIEBOJOPOIOB
Ha (oHE MPHUCYTCTBUS MOHO okcuza yriepoaa (CO)
B peaenax 20—-80 ppm.

OKcIepUMEHTAIBHBIE Pe3yNbTaThl OKAa3aJIH,
YTO MOPOr OOHAPY)KEHHUsI CUCTEMbl PAHHErO Ipea-
YIPEKICHUS TTOBBILICHUS! KOHIEHTPALUK OOJIbIIIH-
CTBa Ira30B, B TOM YHCJI€ B3PBIBOONACHBIX (BOJOPO-
J1a) U OTPABIISIIOMINX (YrapHOTO Tas3a), A0 OMACHBIX
JUIs 9eJI0BEKa MPEAEIOB U BO3MOKHOCTH BO3HUKHO-
BEHUS ouara Irokapa, COCTaBJsioT He Oosee 20 ppm
B aTMOC(epHOM BO3/AyXe NPU HOPMAJbHBIX YCJO-
Busax. [Ipu sToM OBICTpONEHCTBHE TAaKOH CHCTEMBI
He 70KkHO ObITh Oosiee 10 c. st paspaboTok 3¢h-
(bEeKTUBHBIX MOXKAPHBIX TA30BBIX AHAJIU3ATOPOB ITH
YCIJIOBUS JIOJKHBI PacCMaTpUBATHCS KaK OCHOBOIIO-
naratomue [14]. TlpuHUMNHATBHBIMU TIPEACTABIISA-
I0TCS U TaKMe XapaKTepUCTHKH, KaK BBICOKHE ce-
JIEKTUBHOCTB, 4yBCTBUTEJILHOCTb, OBICTpOnEHCTBHE
Y OTHOCHUTEIIbHAs JIeIIeBU3HA MOYTIPOBOAHUKOBBIX
ra3oBBIX JATYMKOB. B COBOKyMHOCTH Takue JOCTO-
WHCTBA MO3BOJIAIOT 3HAYMTENBHO PACIIUPUTH BO3-
MOYKHOCTH CTaHJIAPTHBIX MOXKapHBIX H3BEIIaTeNeH
KaK JUIsl )KUWJIbIX, TAK ¥ IPOMBIIIJICHHBIX IIOMELLICHUH.

Jus  obGecrieueHuss TpeOyemMoro OBICTpOJICH-
CTBHSI B HECKOJIBKO CEKyHI 3a Cc4eT (DPU3MKO-XMMHU-
YeCKMX MPOLECCOB Ha MOBEPXHOCTH YYBCTBUTEIb-
HOT'O CJIOSl CEHCOP NMEPHOANYECKH Pa30rpeBaroT 110
temneparypel 450-500 °C, uyTO aKTHBHPYET €ro
OBepXHOCTH [14]. B xauecTBe 4yBCTBUTEIBHBIX 110~
JIYTIPOBOJHUKOBBIX CIIOEB MOTYT OBITH HCIOJB30Ba-
HBI MJIEHKK oKcuaoB MetamioB (SnO,, ZnO u np.,
nerupoBanubix Pt, Pd u np.) ¢ pasBuroii yaensHOR
MOBEPXHOCTHIO0. Harpesarenu BBINOTHIIOTCS B BUJE
TOHKHUX ITOJIOCOK PE3UCTUBHOIO CJI0S HHEPTHBIX Ma-
tepuanoB (Pt, Au u zp.), 3NEKTPUUIECKH U30JIHPO-
BaHHBIX OT MOJYIIPOBOJAHUKOBOTO YyBCTBUTEIHHOTO
cinosi. B kauecTBe MOIUIOKKM HCIOJIB3YETCS IOJIU-
KPUCTAJUIMYECKUH OKCUJI AJIFOMUHUS, HA HEE C IBYX
CTOPOH HAHOCSATCS HarpeBaTelb W METaIJIOOKCH-

HBI Ta309yBCTBUTENBHBIN CI0H. YyBCTBUTENBHBIN
3JIEMEHT MOMEIIAETCS B KOPITYC, 3allMIIEHHBIN po-
HHUIIAEMOH JUIs ra3a MEMOPaHOM, yAOBIETBOPSIIOIICH
TPeOOBAHMSIM B3PBIBOIIOKAPOOES30TIAaCHOCTH.

CeHcopbl ¢ TAKUMH MaTepHajaMi YyBCTBUTEIb-
HBIX CJIOEB MOTYT IIpEIHAa3HAYaThCs AJIsl Ompenere-
HUSl KOHIEHTpAIMil Toprouux ra3zoB (MeTaH, IMpo-
nas, OyTaH, BOIOPOA U Ap.) B BO3AYyXE B HHTEpBaJe
korrenTpanui ot 0,001 % Mo eawHHI] TPOLIEHTOB,
a Takke TokcuuHbIX ra3oB (CO, apcus, dpocduH, ce-
POBOZOPON M JIp.) MPU KOHIIEHTPAIMAX HA ypPOBHE
ITIJK. CeHncopbl MOTYT NPUMEHATHCS B CUTHAIM3a-
TOpaxX YTEUKH ra30B U CHCTEMax MPOTHBOIMOXKAPHOM
curHanuzamuu [15].

Bonee BbICOKasi TOYHOCTh M3MEPEHUSI KOHILICH-
Tparuu MoHookcuaa yriaepoga CO — yrapHoro rasa,
NPEACTABISIOIIET0 HEBUAMMYIO ONACHOCTb IS
JKU3HU 4EJI0BEKa, IOCTUTHYTA B 3JIEKTPOXUMHUECKUX
CEHCOpax, HCIOJb3YIOUIMX I[UIATHHOBBIM 3JIEMEHT
JUIS YCWJIGHUS! peakiuu Mexay moisekyinamu CO u
KUCJIOPOZa B OKPY)KAIOLIEM BO3/yXe. YKa3aHHbIC
CEHCOPBI UMEIOT JINHEHHYIO XapaKTepPUCTUKY U HU3-
Kuil Tok notpednenus [16]. [lo xapakrepy peakuuu
Ha KOHTPOJIUPYEMBIH NPHU3HAK I0Kapa 3JIEKTPOXHU-
MHUECKHE CEHCOPHI SIBISIOTCS AU hepeHInaTbHBIMH
(pucyHoK 1) 1 mpeaHa3HAYCHBI TSI KAYECTBEHHOTO U
KOJINYECTBEHHOI'O aHalIM3a XHMHUYECKHX COEIUHEe-
HUH B KHUJIKUX U Ta3000pa3HbIX CpeAax, 4To B COBO-
KyIHOCTH TTO3BOJIET OTCIEIUTh AMHAMUKY U3MEHe-
HUS MHUKPOKJIMMaTa OXpaHseMoro oowekTa [17].

[lo cBOoMM MeXaHHYEeCKHM XapaKTepUCTHKAM
ceHcopsl razoBbix [1U, B yactHoctu CO, nomyckaroT
UX pa3MeIIeHHe B CYIIECTBYIOIINX KOPITycaxX KOM-
ounupoBanubix 111, o0beauHAIOMMX B ceOe Tero-
BOH M TBIMOBOH HaTuuK (pucyHOK 2). [IpuBenéHHbII
Ha PUCYHKE aBTOMATUYECKHUW IIOKApHBINA M3BElla-
tenb Bosch Sicherheitssysteme GmbH cepun 420
OCHAIEH ONTHUYECKUM, TCIUIOBBIM H XHMHYECKUM
CEHCOPAMH ¥ COOCTBEHHBIM MHKPOIIPOLECCOPOM .
Hcnonb3oBanne KOMOMHAIMN TPEX pa3IMYHbIX KaHa-
JIOB OOHApy>KEHUs C 3a/1elICTBOBAHUEM TEXHOJIOTUU
MHTEJJIEKTYaJIbHOH 00pa0oTKM CHrHaja obecreydu-
BACT BBICOKUH YpPOBEHb OOHAPY)KEHHUsI BO3TOPAHUS.
[Ipumensemble B u3Bemiarensx cepuu 420 ceHCopsl
OTJIMYAIOTCS CIEIYIOIMMU OCOOCHHOCTSIMH.

3 ABTOMATHUECKHE TIOKAPHBIC H3BEIIATEH CEPHHU
420. Pexwum moctyma:. https://docplayer.ru/44085850-
Avtomaticheskie-pozharnye-izveshchateli-serii-420-
intellektualnoe-obnaruzhenie-prevoshodnaya-zashchita.
html. — Tata moctyma: 19.09.2018
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Pucynox 2 — O0muii BHJI OZHOTO W3 BapHUaHTOB KOM-
OMHUPOBAHHOTO TIOXKAPHOTO W3BEIIATENS: | — TEIUIOBOM
CCHCOp; 2 — XMMHUYECKH CceHcop; 3, 4 — GoTOomUOMIbL;
5 — cBeTOAMOABI

Figure 2 — General view of the combined fire
detector: 1 —thermal sensor; 2 —chemical sensor;
3, 4 — photodiodes; 5 — light-emitting diodes

Tennosoii ceHcop. Pearupyer Ha npeBbIIEHUE
Mopora MaKCHMallbHOH TeMIlepaTypbl cpadaTbiBa-
Hus B + 54 °C unu B + 69 °C (TeroBoil MaKCUMallb-
HBII) WK Ha €€ POCT Ha ONPEeIEHHOE KOJIMYECTBO
IpajycoB 3a ONpeAeNEHHBIN Mepro]] BpeMeHH (Te-
TUIOBOM U PepeHITNATBHBIN).

Onruyeckuii ceHcop. PearupyeT Ha momagaHme
B U3MCPUTCIIbHYIO KaMEpy YaCTHll JbIMa, KOTOPbIC
pacceuBaroT CBET, UCXOASIIMNA OT cBeToAnoAa. B pa-
00TE ONTUYECKOI0 CEHCOpa MPUMEHSIETCS] TPHHITHIT
HU3MEPEHUs pacCcesiHHOro cBeTa. B JBOMHHOM onTH-
YECKOM CeHcope 1o TexHojoruu Dual Ray ucnonb-
3YIOTCS JIBA CBETOIMO/IA, U3ITyYAIONIUX CBET Pa3HOM
JUIMHBI BOJIHBI — WHQPAKpPacHbId M CUHHUA — ISt
OTIpe/ieNIeHNs TUIOTHOCTH JIbIMa M pa3Mepa YacTHIl
NyTEM CpaBHEHUS MHTEHCUBHOCTU PACCESIHHOTO
cBeTa, Omarojaps yeMy 00ecreurBaeTcsi HaIEKHOE
u ObICTpOE OOHApYKEHHUE JIaKe MaJIOW KOHIICHTpa-
umu npiva (ooHapysxenue TII1 u TI19).

Xumudaeckuii cencop. OOHapyKHBaeT MOHO-
oxcug yraepoga (CO), sogopoa (H,) u MoHOOKHUCH
azota (NO). 3HaueHue curHana ceHcopa mpornopIn-
OHaJIbHO KOHICHTPAIUK1 ra3a. ﬂaHHLIe, TMOJTY4YCHHBIC
C XMMHUYECKOTO CEHCOpa, MPEAOCTABIIAIOT IOTIOIHU-

TEJNbHYI0 WHPOPMALUIO U 3PPEKTUBHOTO CIIEXKe-
HUS W TIPEOTBPAIICHNS] HETaTUBHBIX MOCIEACTBUN
BHEIIHHUX BO3JEHCTBUI. CpPOK CITyKObl XMMHUYECKO-
TO CEHCOopa OTpaHWueH M COCTABISIET 6 JieT padoTHl,
[0 MCTEYEHHH ITOr0 CPOKa OH aBTOMATHUYECKU OT-
kimoyaercd. [locne 3Toro M3Bemaren b MPoIOIKAET
paboTy Kak KOMOMHUPOBAHHBIN W3BELIATEIb C IBOM-
HBIMH OTITUYECKUM U TETUIOBBIM CEHCOPAMH.

bnaronapss 0o0beIMHEHHIO CEHCOPOB pa3HBIX
TUTIOB B OJHOM KOMOWHUPOBAaHHOM H3BeIIaTeNe 1Mo-
SIBIIIETCSI BO3MOYKHOCTh €0 MCIIOJIb30BaHUS B Me-
CTax, T/I€ BBIMOJHAEMBIE PAaOOTHI MOTYT SIBIATHCS
HMCTOYHUKOM HM3KHX KOHIIEHTpAaIMi OTHOCHUTENb-
HO TIPO3pauHBIX [bIMA, Mapa WIN MBUIA, a TaKXke
B MeCTax, TJIe pa3pelieHo Kypenue. He npencrasis-
eT OONBIION TeXHUYECKOW MPOOJIeMBbl BCTpaBaHNE
ra3oBOro CEHCOpa TaKKe M B KOPIYC aBTOHOMHOIO
JIBIMOBOTO TIOXKAPHOTO M3BEIIATENS ISl MacCOBOTO
MPUMEHEHUS] B WHAMBHIYaJIBbHOM XHJIOM CEKTOpE,
I7Ie BEPOATHOCTH MOSIBICHUS yTrapHOTO U JAPYTHX
OIACHBIX Ta30B JOCTaTOYHO BEJIMKA.

B oTimume oT momMynpoBOIHUKOBBIX JJIEKTPO-
XMMHUYECKUE ceHcophl TazoBbiX I He TpedyroT
HarpeBa M UMEIOT HU3KAW TOK MOTpeOJIeHUs. ITO
MO3BOJISIET MOAKIIOUATh UX K aJJpeCHO-aHAJIOTOBBIM
[IU, mutaembIMm 110 Titetidy, a mpu HE0OXOIUMOCTH
UCIIOJIb30BaTh B cocTaBe aBTOHOMHBIX [IM nubo
B Il ¢ panvokaHajdbHOW WM ONTOBOJIOKOHHOM
nepenadell naHHbIX (pucyHok 1). Jlns cpaBHeHHs,
MOJTYTIPOBOJTHIKOBBIE METAJNTIOOKCHIHBIE Ta30BBIC
CEHCOpBbl Ha OCHOBE JHOoKcHiaa osioBa SnO, win
muokcuna pyreHust RuO, TpeOyror HarpeBa uyB-
CTBUTEJILHOTO AyieMeHTa 10 Temmepatypsl 250 °C.
[Ipu >TOM nJsi CHM)KEHHS TOKa TOTPEOIeHHs HC-
MOJIB3YETCSI UMITYJIbCHBIN Harpes ¢ yactoTo 1 I'm,
a BeJIMYHMHA TIOTPEOISIEMOTO TOKa B JISKYPHOM pe-
JKUME COCTaBJISIET NECATKH MMIuIMammnep. JTO Ha-
JlaraeT OTrpaHWYeHHe, C OJHOW CTOPOHBI, HA YHCIIO
MOJTYTIPOBOJHUKOBBIX TA30BBIX CEHCOPOB B CHUCTE-
Me, a C JIpyrod CTOPOHBI — HAa BO3MOXKHOCTH IIPH-
MEHEHMsI TOJIYNPOBOJAHUKOBBIX Ta30BBIX CEHCOPOB
BO B3PBIBOOITACHBIX 30HaX. CPOK CITY>KOBI JIEKTPO-
XMMHMUYECKUX Ta30BBIX CEHCOPOB, paHEE COCTaBJISAB-
muit 2-3 roma, B HACTOSIIIEE BPeMs YBEIMYCH JI0 5,
a'y OTJIeNbHBIX pou3BoanuTenel a0 10 ner.

B nacrosmiee Bpemst Benérca pa3paboTKa BbI-
COKOYYBCTBHUTEIBHOIO JIBYX30HHOTO CE€HCcOpa s
JIETeKTUPOBAHMS BBIJICIICHNSI B3PHIBOOMACHBIX |
OTPaBJISIIOIIMX Ta30B B HAYaJIbHOM CTaauM TIEHUS
JI0 00pa3oBaHUs yCIOBHI BOCIUTAMEHEHHS JOMOJI-
HUTENBHO K CYHIECTBYIOUIMM CHCTEMaM IOKapHOU
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Oe3onacHocTH. Mies KOHCTPYKLMH TaKOro CeHCopa
npemtokena B [17] u peanu3oBaHa Ha MAaKETHOM 00-
pasiie, n3o0paxxeHHOM Ha pucyHke 3. ['a3ouyBcTBH-
TEJbHBIE CBOWCTBA CEHCOPOB C YYBCTBUTEIHHBIMHU
3JIEeMEHTaMH Ha OCHOBE IUICHOK OKCHJIA JKeJe3a H3-
y4eHbsl B uHTepBaie Temnepatyp or 20 mo 500 °C
B TIOBEPOUYHBIX T'a30BBIX CMECSX, COJEPXKAIIUX BO-
nopoll 1 MeTaH B koHneHTpanusx 0,8 u 1,0 00. %,
COOTBETCTBEHHO, YTO 3HAYUTEIHHO HIKE B3PBIBOO-
nacHbIX: 4,0 00. % mis H, u 4,4 06. % s CH, [18].
Omnpe/ieieHbl ONTHMaIbHBIE pad0Yre TeMIepaTyphl
st nerexktupoanus Merana (190 °C) u Bogopona
(60 °C). [loka3zaHna nepcneKTUBHOCTh KOHCTPYKTHB-
HOTO BapHaHTa MOCTPOEHUS Ta30BBIX CEHCOPOB Ha
MUKPONPO(QUINPOBAHHBIX TOIJIOKKAX aHOIHOTO
OKCH/Ia AIIOMHHUSA, COAEPKAIUX HECKOIBKO JIO-
KaJbHBIX 30H C Pa3IMYHBIMU Pa0OYUMHU TeMIlepaTy-
pamM# ¥ TOHKOIIJICHOYHBIMH 4YBCTBUTEIIbHBIMH JJIe-
MEHTaMH M3 OKCHIIOB >kene3a. [Ipu ucnonp3zoBannn
JIpYTUX COCOUHEHUH MJsi 4yBCTBUTENBHBIX CJIOEB
BO3MOXKHO JeTeKThpoBaHue yrapHoro raza (CO),
o30Ha O; u ap. Pe3ynbrarsl paboThl MOTYT OBITH UC-
TOJIL30BAHBI ITPH CO3/TAHIH BHICOKOYYBCTBUTEIHHBIX
ra30BbIX CEHCOPOB IS CHCTEM PaHHEH THarHOCTHKH
BBIJICJICHHSI B3PBIBOOIIACHBIX U OTPABIISIOIINX T'a30B.

b

Pucynok 3 — ®ororpadun obpasia ByX30HHOTO CEH-
copa (a) m xopmyca cercopa (b): 1 — nudmexTpudeckas
nopnoxkka u3 AlLO;; 2 —paboune oOmactu ceHcopa
C MCTAJUIOOKCUIHBIMHU YYBCTBUTCIBbHBIMH J3JICMCHTAMM,
cucTeMaMi MHPOPMAITHOHHBIX 3JICKTPOJIOB U HarpeBare-
JISIMH; 3 — TOHKOIUICHOYHBIC TOKOIPOBOJISIINC JTOPOKKH
U3 CIIaBa HUXPOM; 4 — KOHTAKTHBIC TIJIOMIAIKHA CHCTEMBI
WH(POPMAIMOHHBIX 3JICKTPOJIOB; 5 — KOHTAKTHBIC ILIO-
IIaJKK HarpeBareneil; 6 — CKBO3HbIC LI ISl OTAeIe-
HUs pabounx obyacTelt OT MacCUBa TOIOKKH

Figure 3 — Photos ofthe sample of the dual-zone sensor (a)
and sensor housing (b): 1 — dielectric substrate from Al,O5;
2 — working area of the sensor with metal oxide-sensitive
elements, information electrodes systems and heaters;
3 — thin-film conductive paths from nichrome; 4 — contact
pads of information electrode systems; 5 — contact pads of
heaters; 6 — touch panel mounted on the housing leg

Psin sxcnepuMeHTOB, NMPOBEACHHBIX B Jlabopa-
TOPHBIX YCIOBUSIX, I0OKa3aJl 3HAUYNUTEIIbHbIC TPEUMY-
mectBa ra3zossix 111 no cpaBrenuro c¢ 111 npyrux
TUIIOB, B NIEPBYIO OuYepeab — paHHee BpeMs OOHa-
pyXeHusi Bo3ropanus. Jlaxke npu OTCYTCTBHM IpPU-
HYJHUTEIbHOro Bo31yxooOMmeHna razosbie IIM, pe-
arupytomue Ha MoHookcun yriepoaa CO, Oynyun
YCTaHOBJICHBI HE TOJILKO Ha IIOTOJIKE, HO M Ha CTEHax
UCTIBITATENIFHOTO MTOMEIIECHUsI, cpadaThIBaJIM 3HAYH-
TenbHO pasblie AbIMOBBIX 1M [19]. UyBcTBUTEND-
HOCTh YKa3aHHBIX T'a30BbIX CEHCOPOB, NpUMEHse-
MBIX B rapakax M Ha 3aKpbITBIX aBTOMOOWJIBHBIX
CTOSTHKaX, MOXET PeryJIupoBaThcs B mpenenax ot
10 300 em’/m® (ppm) ¢ TounocThiO 1 ppm. Bricora
HX YCTaHOBKH IIPH Pa3MEIIEHUH Ha CTEHaX COCTaB-
nseT 1 M HajJ ypoBHEM I0Jj1a, Ha oToJke — 2 M [20].
[TonynpoBOJHMKOBBIE Ta30BBIE CEHCOPBI HMMEIOT
Pl IPEUMYIIECTB: UINTENBHBI HEpHOA PadOTHI
0e3 oOcmykuBaHuUs; HeOoNbIIME TabapuUTHbBIE pa3-
MEpBbI; BBICOKOE OBICTPOJECHCTBHUE; UyBCTBUTEIHHO-
CTBIO K MQJIBIM KOHLIEHTPALMSIM U3MEPSIEMbIX ra30B;
BBICOKAsI TE€XHOJOTMYHOCTb H3TOTOBJICHUS; MaJble
rabapuTHbBIC pa3Mepbl; HEBBICOKAsT CTOMMOCTb. Oc-
HOBHBIM HEJOCTaTKOM SIBJSIETCSl HU3Kasl CEJIEKTUB-
HOCTB — U30MPATENbHOCTh K KOHKPETHOMY T'a3y, KO-
TOpasi MOKET OBITh yBelnueHa myTéM nuddepeHun-
allMM YyBCTBUTEIBHOCTH C UCTIOIBb30BaHUEM MaTPHIL
CEHCOPOB, YYBCTBUTEJIbHBIN CI0H KOTOPBIX 00Ja1a-
€T Pa3JIMYHBIMU ITapaMeTPaMH U CBOMCTBAMH.

3akiaoueHue

[IpuBeneHo rpaduueckoe MpeJICTaBICHUE KIIac-
cu(UKaIIN TOKapPHBIX M3BEMIATENIeH B BUIE 0000-
MIEHHON CXEMBI C UCIOJIb30BAHUEM BCEX OCHOBHBIX
KJIacCU(UKAIIMOHHBIX TPHU3HAKOB. BBISBICHBI J10-
CTOMHCTBA W HEJOCTAaTKH MPHUMEHSEMBIX B HACTO-
AIiee BpeMsl MOXKApHBIX HM3BeMaTelneid pasInIHbIX
THUIIOB, ONPE/ICICHBI ONTUMAIIbHBIC 00JaCTH HX HC-
MOJIH30BaHUSI B 3aBUCUMOCTH OT TIOXapHOH Harpys-
ku. [lokazana 3(hpeKTHBHOCTH TPUMEHEHUS KOMOH-
HUPOBAHHBIX TOKAPHBIX HW3BEIIaTeNeil, OCHANIEH-
HBIX TOMUMO TPAJIUIIMOHHBIX JIHIMOBBIX M TETIOBBIX
JIATYNKOB Ta30BBIMH CEHCOPAMH, KaK KOMIIIEKCHOTO
MOJIX0JIa K OPTraHU3allui OCYIIECTBICHUS KOHTPOJIS
HaJT OXpaHsIeMbIMH OObEKTaMH.

[IpuBeneHbI pe3yabTaThl Pa3pabOTKH BBICOKO-
YYBCTBHUTEIBHOTO JIBYX30HHOTO CEHCOPA C UyBCTBU-
TEJILHBIMU DJIEMCHTAMH Ha OCHOBE TUICHOK OKCHJIA
kKenesa JUTsl IETeKTUPOBAHUS BBIJICIICHHS B3PhIBOO-
MACHBIX U OTPABJISIONINX ra30B B HAYAIBHOM CTa UK
TIICHUSI IO 00pa30BaHMUs YCIOBHIA BOCIUTAMEHEHHUSI.
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CdhopmynupoBaHbl  yCIOBUSL  MOJCPHU3ANN
IKCIUTyaTUPYEMBIX MOXAPHO-OXPAHHBIX CHCTEM U
MOBBIILICHHUS UX TEXHUYECKOTO ypoBHA. OO0CHOBaHA
HEOOXOIUMOCTh Pa3pabOTKW M BHEAPECHUSI COBpE-
MEHHBIX OTEYECTBEHHBIX Ta30BBIX CEHCOPOB M HX
KOHTPOJIJIEPOB JAJISl BKIIOYEHHUS B CYILECTBYIOIINE
CHCTEMBI TIO)KapHOI 0€30MaCHOCTH C LEJbI0 MOBBI-
HIeHUs uX GYHKIUMOHAIBHON S(PEKTUBHOCTH U Ha-
JOEKHOCTH.
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Abstract

The first part of paper deals with the base information about diagnostics of power transformers. In this
part are presented differently insulating methods, for example method of recovery voltage method, method
of polarization and depolarization currents and chromatographic analysis.

The second part of paper deals use of method of frequency domain spectroscopy for oil power transformers.
This method is used in analysis insulating condition of power transformer with system of oil-paper. It was
found, that the results of these tests are highly impacted by the operating temperature during the experimental
measurement. Moisture and conductivity between insulating paper and oil in an insulating system are highly
dependent from temperature.

In the other part, the paper presents experimental results of the frequency diagnostic measurement for a
real single-phase traction transformer 110/27 kV at different operating temperatures and states (with oil and
without).

Finally in the last part, the paper presents comparing frequency insulating measurements among several
the same single-phase transformers 110/27 kV.
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JInarHocTuka 4aCTOTHOM 00J1aCTH M30JISIIUH
TpancpopMmarTopa

M. FyTTeHI, M. IleGox’, . Kopenqmcl, II. Bpﬂqa.ﬂl, M. Kyﬁmnl, II. )KyKOchlﬁz,
T.H. KOJ‘ITyHOBI/I‘lz

1 o«
Kununckuii ynugepcumem,
va. Yuueepcumemckas, 1, 2. Kununa 010 26, Crosaxus

2 Tho6aunckuii mexnonoeuueckuii ynusepcumen,
va. Haobviecmpuykas, 384, Jlrooaun 20-618, Honvwa

Hocmynuna 07.10.2019
Hpunama k nevamu 18.11.2019

B niepBoii yacTu ctaTbu MpUBEJCHBI 0a30BbIE CBEACHUS O METOIaX IMArHOCTHKH CHIIOBBIX TpaHChopMa-
TOpOB. B 3T0i1 yacTu npeacTaBiieHbl pa3InyHbIe METOIbl HCCIICAOBAHHS H30JISIIIUHU, B YACTHOCTH, METO]] BOC-
CTaHOBJICHHS HAIIPSDKEHMS, METOJ TOKOB MOJISIPU3ALMH M ACTIONSAPU3ALMHA U METOJl XpOMaTOrpaduuecKoro
aHanIM3a.

Bo BTOpOI#1 yacTu cTaThbl pacCMOTPEHO UCIIOJIB30BAHNE METO/Ia YACTOTHOM CHIEKTPOCKOIHH JIJIsI MaCIIsi-
HBIX CHJIOBBIX TpaHc(hopMaTopoB. JlaHHBI METO/] HCTIONB30BaH AJIsl aHAIN3a COCTOSTHUS U30JISIIUH CHIIOBBIX
TpaHc(hOpMaTOPOB C cucTeMoil Macno-Oymara. OmnpeseneHo, YTO Ha Pe3yabTaThl TAKOIO aHAIM3a 3HAYU-
TEJIbHOE BIIMSIHUE OKa3bIBAeT TEMIIEpaTypa OKpPYIKAIOIIEH cpelibl P MPOBEACHUHN U3MEpeHNH. BiaxHocTh
Y TIPOBOJIMMOCTD MEXY OyMayKHOH M30JILUEH U MacJIOM CYIICCTBEHHO 3aBHCAT OT TEMIIEPATYPHI.

[anee B cTaThe NpUBEACHBI SKCIICPUMEHTATBHBIE PE3YIbTaThl IUATHOCTHUECKUX YaCTOTHBIX H3MEPEHUH
JUTsE OAHO(A3HOTO TATOBOrO TpaHchopmartopa 110/27 kB npu pa3nuvHbIX 3HAYCHUSIX TEMIIEpaTyphbl OKpYKa-
IOLIeH Cpe/ibl U B Pa3INUHBIX COCTOSIHUSX (C MacioM U 0e3 Macia).

B 3aBepuiaromieil 4acTu CTaThbH BBIOJHEHO CPAaBHEHUE Pe3yJIbTaTOB YACTOTHBIX M3MEPEHUH HECKOJb-
KX OTHOTUIHBIX 0fHO(a3HbIX Tpanchopmatopos 110/27 kB.

KuioueBble ciioBa: TpaHncdopmaTop, AMarHOCTHKA, IIYMOH30JISLHs, Oymara, Macio.
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Introduction

Condition evaluation of insulating the high-
voltage oil transformers, particularly of oil conductivity
and paper moisture, is becoming more significant for
aged power transformers and also for quality control
of new equipment in the manufacturing factory.
The interest for reliable and easy to use measuring
and diagnostic technique drove the development of
dielectric time and frequency response methods [1, 2].

It is necessary to know condition of transformer
insulation between dielectric elements and insulating
properties in operating state.

The first approach, called recovery voltage
method (RVM — Figure 1), is nowadays already
known. The newer two methods, polarization and
depolarization currents (PDC) and frequency domain
spectroscopy (FDS), demonstrated their suitability
for diagnostics of transformer and are now frequently
used [3].

The advantage of these methods is that it is
possible to detect moisture in paper insulation and
conductivity in oil of power transformers.

Measuring
system

B

Figure 1 — Principal scheme of recovery voltage method

To prevent failure, it is necessary to analyse
the chemical processes in insulating oil and paper,
as well as their impact on other components of oil
transformers too.

Chromatographic analysis of gases in insulating
oil belongs to the physic-chemical methods using
of processes that occur due to negative thermal,
electrical or combined phenomena in the failure state
of the machine insulation systems, which exhibit
by production of gases, known as decomposition
gases [4, 5].

These types of defects can occur at any time, and
because it is an indirect method, allowing detection
of gas generated, the challenge is assessed through
the composition and quantity of gas, the potential
severity of a fault condition of the transformer.

The basic diagnostics of transformers
by frequency domain spectroscopy method

Previous research works in  condition
diagnostics of dialectical insulation have indicated
that the frequency domain spectroscopy can the
most effectively estimate deterioration in insulation
of oil-paper in power transformer. Since especially
the low frequencies (to 0.1 Hz) reflect moisture
concentration, their measurement is of outmost
importance for reliable data analysis. Beside
a frequency sweep, the response of a dielectric
to a voltage sweep is experimentally investigated
and discussed [9].

Special focus is given on a comparison of the
currently available dielectric spectroscopy methods
to traditional measurement techniques like dielectric
dissipation factor (tgd) tests at power frequency
and 0.1 Hz, dielectric adsorption ratio and the
polarization index. The traditional methods suffer
from a limited time or frequency range which impedes
the discrimination of specific dielectric properties.
If for example increased losses appear, it is impossible
to discriminate whether they are caused by the
insulating oil or the cellulose paper insulation [6].

Applying a sinus frequency sweep in wide range
means to measurement the dielectric responses in
depending on quality transformer insulate [7].

Dielectric response of the whole insulation
system in transformer depends on different factors
i.e. on the properties of impregnated paper and
pressboard, on the properties of oil, and on the
geometrical arrangement of the system components
and a correct evaluation of the measured data.
In addition information is required about design
of insulation system, i.e. the relative amounts
of pressboard barriers and spacers in relation to the
amount of oil.

For power transformers insulated oil-paper, the
dielectric response consists of three components.
They are the response of the cellulose insulation
(paper, pressboard), the response of the oil and
the interfacial polarization effect. Moisture,
temperature, insulation geometry, oil conductivity
and conductive aging by-products influence the
dielectric response [8].

In Figure 2 is showed the dissipation factor
of pressboard having 1% moisture content and
oil together with the interfacial polarization effect
(insulation geometry). The frequency range of
1000—10 Hz is dominated by the cellulose insulation,
however also the measurement cables and the
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connection technique influence this region. Oil
conductivity causes the steep slope at 1-0.01 Hz.
Dissolved conductive aging by-products, soot
and high molecular weight acids increase the
oil conductivity and thus influence this area.
The interfacial polarization (insulation geometry,
ratio of oil to pressboard) determines the local
maximum or “hump” at 0.003 Hz [9].

The higher the ratio of oil to pressboard,
the more dominating is this effect. Finally, the
properties of the cellulose appear again at the
frequencies below 0.0005 Hz, here reflecting
moisture, the manufacturing process and low
molecular weight acids. The frequency limits
correspond to Figure 2, but will vary in a wide range
with moisture, oil conductivity, insulation geometry,
temperature and amount of conductive aging by-
products. Moisture particularly increases the losses
in the low frequency range of the dielectric response
of pressboard. Thus, the point of inflexion on the
left hand side of the area dominated by insulation
geometry is required for a reliable moisture
determination [9, 10].

Method FDS is mainly used for oil-paper
insulation; it can also be used for dry transformers
or high-voltage equipment with ferrofluid in
magnetic field [7].

Insulation
geometry

Pressboard
moisture

=
=)
Q 1.0 2
1) Qil: carbon,
g 030 soot, acids
k=
g olo0f
2 Pressboard,
2 0.03 \ :
=) approximately
0.01 |
0.003 t /"
0.0001 0.001 0.01 0.1 1 10 100 1000
Frequency (Hz)

Figure 2 — Analysis of insulating transformer properties
by curve of frequency domain spectroscopy method

An experimental measurement was conducted
on traction single-phase transformer 110/27 kV,
which is installed in high-voltage traction substation,
for moisture analysis by dielectric spectroscopy.
Measurement was conducted at temperature +15 °C
with transformer oil and —5 °C without oil.

For measuring was used apparatus the MEGGER
IDAX-350 was used with the connection according to
Figure 3, which works on the principle of dielectric
spectroscopy (FDS method) by measuring the

percentage loss factor, capacities and permittivity
depending at the frequency of 1 kHz up to 0.0001 Hz
in the sinusoidal power supply 140 Vef.

At the first measurement with oil at +15 °C — the
total isolation state of the transformer at 20 °C/50 Hz
was “good state” according to percentage dissipation
factor  (tgd (%)=0.25) and paper moisture
was “good state” (1.95%) by the rating graphs
of measuring apparatus [DAX-350 (Figure 4).
At the second measurement without oil at—5 °C in the
comparison —the total isolation state of the transformer
at 20 °C/50 Hz was better according to tgd (%) = 0.22
and paper moisture was better too (1.50 %). Capacity
of insulating system was significantly smaller
(Figure 4), because transformer oil is significant part
of whole insulating transformer system.

Measured transformer

\ ’

System
MEGGER IDAX sfis s
L
A oo G
: 5
) T e R CLG mCHG

Figure 3 — Connection of the system MEGGER IDAX-350
to the measured single traction transformer 110/27 kV

According to Figure 4 lower temperature causes
shift of curve to lower frequencies (direction to the
left). This shift was the proof of the theory graph
in Figure 2. Other impact was draining oil before
the second measurement, because was reduced
conductivity of transformer oil for zero (conductivity
direction to left according to Figure 2).

1.0 10e-9
with oil
+15°C
g 010 3¢9
Q 3 4 —_
& C(F) =
=) 9
= =
é Diss. factor Diss. factor ~‘§
2 C(F) =
A 001 ! Loy S
without oil 2e-9
5°C
0.001 1 le-9
0.001 0.01 0.1 1 10 50100 1000
Frequency (Hz)

Figure 4 — Measured curves of transformer at different
conditions by frequency domain spectroscopy method and
apparatus /DAX-350
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Because measurement is performed at very
low currents, it is necessary consistently linking all
connections according to Figure 3. Since the device
separately distinguishes measurement of individual
capacities, it is necessary to thoroughly clean the
location for connection of the ground conductor
of the device. Poor connection results in errors in
current measure-ments (and then calculated value
of percentage loss factor — tgd (%)) at frequencies
above 200 Hz (Figure 5).

4

0.04

0.02

i poor ground
: connection at 0 °C

0.005

good ground
connection at 0 °C

Dissipation factor

0.004

0.002

0.001

7500 1000
Frequency (Hz)

5700 Z0

Figure 5 — Measured curves of transformer at different
conditions and poor/good ground by frequency domain
spectroscopy method and apparatus /DAX-350

Comparison of insulating state of the several
same transformers

In the part of paper it is described experimental
measurement of single-phase oil autotransformers
231/121/10.6 kV,  labeled R, S,T,Q, which
are installed in power substation. It was used
frequency method FDS for analysis paper moisture,
conductivity in oil and total state of insulating the
autotransformers.

Transformers were disconnected from the power
source and measured at the ambient temperature of
16 °C. All calculations at 20 °C for the loss factor and
25 °C for the conductivity of the transformer oil were
performed by the instrument MEGGER IDAX-350.

In this method it was measured parameters — the
percentage loss factor, capacities and permittivity
depending on the frequency of 10 kHz up to 1 mHz
in the sinusoidal power supply 140 Vef.

Measured real capacities and dissipation factor
infrequency dependence of measured autotransformer
231/121/10.6 kV, designated R, S, T, Q are shown
in Figures 6 and 7.

Evaluation and analysis measurement of
the individual autotransformers R, S, 7, O it was

performed by apparatus /DAX according to the rating
table (Table 1).

Table 1
Basic analyses by instrument /DAX-350

Analysis of transformer status results by /DAX

tgod (%) at Moisture in Cond}lctwltyo
50 Hz/20 °C aper (%) of the oil at 25 °C
paper iz (pS/m)
<0.30% <1.0% <0.37 pS/m
As new As new As new
0.30-0.50 % 1.0-2.0 % <0.37-3.7 pS/m
Good Dry Good
0.50-1.0 % 2.0-3.0 % 3.7-37 pS/m
Deteriorated Moderately wet Service aged
>1.0% >3.0% >37 pS/m
Investigate Wet Deteriorated
Re Kapacita
3.50E-08
3.00E-08
—R
2.50E-08 — 5
Cinn(F) =0
2.00E-08
1.50E-08
1.00E-08 x
5.00E-09
0.0001  0.001 0.01 0.1 1 10
f(Hz)

Figure 6 — Comparison of measured autotransformers
R, S, T, O according to the real capacities for connection
high-voltage winding — tank CHT

=

2 —R

Q j—

& s

T

g —0

2 0.1

<

L

w2

5

H 0.01

0.001

0.001 0.01 0.1 1 10 100 1000 10000

Frequency (Hz)

Figure 7 — Comparison of measured autotransformers
R, S, T, O according to the percentage dissipation factor
(tgd (%)) dependence on frequency

The total isolation state at 20 °C/50 Hz was
“good state” according to the rating table of the
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percentage dissipation factor (tgd (%)) and analysis
of measured curves in Figures 6 and 7.

Discussion on measured data

At comparing these autotransformers according
to Table 2, the best (lowest) value of the loss factor
tgd (%) state was represented by autotransformer
R with a value of 0.323 %, transformers S and T
had approximately the same value of range 0.380—
0.381 %. Transformer Q showed a slightly higher
value loss factor tgo (%) = 0.413 %.

Table 2
Comparison of values for autotransformers
R,S,T,Q

Measured Results of transformers by /DAX

Trans-  tgd (%) at Moisture Conduct?vity
formers 50 Hz20°C 1 paper of the oil at
(%) 25 °C (pS/m)
R 0.323 1.9 0.43
S 0.380 2.3 3.44
T 0.381 2.4 1.36
Y 0413 3 398

The insulation state (conductivity) of the oil at
25°C of the R, S, T, Q autotransformers was good
according to the oil conductivity table. Temperature
at 25 °C is standard for investigation and comparison
other transformer oils.

At compared to these transformers, the best
(lowest) value of the relative conductivity of the oil
was in autotransformer R(0.43 pS/m). Transformers
S, T and Q had oil values from 1.36 to 3.44 pS/m
(Table 2).

The moisture of paper in the individual
autotransformers R, S, 7, Q was different according
to the rating table. When comparing all four
transformers, the best (lowest) value of the moisture
state in the paper showed the transformer R(1.9 %),
which according to the evaluation table is dry.
Autotransformers S and 7 had approximately
the same humidity value (2.3-2.4 %), which
according to the rating table is slightly humid.
The last autotransformer Q had the highest humidity
value (3 %), which, according to the rating table,
is the mild to wet boundary between the conditions.

Based on the above-mentioned analysis of the
measured values, it is possible to confirm that in
the autotransformer 7, which is currently used as
a reserve; most of the moisture is deposited in the
paper portion of the insulation. This corresponds to
an oil conductivity value of 1.36 pS/m.

From the measured values, it is possible for the
autotransformer 7 to estimate that during operation,
the conductivity value of the oil would be higher
than that of the autotransformers S and Q, which
means that before it is put into full operation, it will
be necessary to take action to reduce the moisture
state of the autotransformer isolation system 7.

The analysis further confirms that the oil in the R
transformer has undergone total regeneration a year
before the measurement. The moisture content and
oil conductivity values confirm the excellent state for
the power class and the size of the autotransformers
to be measured.

A slightly higher oil conductivity value in the S
autotransformer may indicate a higher load than the
O transformer. However, the analysis revealed that
the moisture content of the O transformer is highest
among the other measured units, but this also means
a higher susceptibility to the overcurrent failure
(Figure 8).

3:5

3 4

25

m moisture in paper

(%)

m oil conductivity
(pS/m)

R S T 0 ' transformers
Figure 8 — Table comparison of measured autotrans-
formers R, S, T, O according to the moisture in paper (%)

and oil conductivity (pS/m)

Conclusion

Experimental measurements have shown a
correlation between the measured values and the
operational aspects of the individual transformers.
Ithas been shown that the biggest danger for insulation
of oil transformers is their shutdown from operation
(the highest moisture of paper in transformer Q).

To confirm or disprove the results of spectrum
spectroscopy analysis, itwould beuseful toalsoanalyze
the dissolved gas in the oil of the autotransformers
measured for the presence of CO, and CO gases,
the amount of which is mainly influenced by
the cellulose quality and possible leakage of the
autotransformer vessel. Despite the accuracy of the
measuring device, it would be useful to compare the
loss factors with the higher measuring instrument.
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This experimental analysis is determination
of new set of diagnostic measured techniques for
the analysis of the state of selected type of oil filled
power transformers.

We will also connect physical models describing
measurable parameters of partial discharge process
with the effect of the degradation of insulation state
of oil transformer with the increased originality and
the innovation and on that basis will be created new
integrated system of diagnostics with the possibility
of analysis and classification of possible failures
on power transformers.
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[ToBeimeHne Ha[[é)KHOCTI/I " NPOU3BOAUTCIBHOCTU KOHTPOJIA HepaS’BéMHBIX COCI[I/IHCHI/Iﬁ PAa3IINYHBIX
MaTepuaioB, BBITTOJIHCHHBIX CBapKOﬁ, HaIllblJICHUEM, CKJIICMBAHUECM, Mmaikou u APYTrUMHU METOAaMU, SIBJISICTCSA
Ba)KHOU HpOI/I3BO)_ICTB€HHOI71 3az[aqe171, AT pCHICHUS KOTOpOﬁ HanOosee IMPOCTBIM U B(b(I)CKTI/IBHBIM SABIISACTCA
aKYCTI/IHGCKI/Iﬁ METOA. HCJ'H: pa6OTBI 3aK/II0YAJIaCh B PACIIMPCHUUN TCXHHUYCCKHUX BO3MOJKHOCTCH U IIOBBI-
IMCHUN YYBCTBUTCIBHOCTU AKYCTHUYCCKOT'O KOHTPOJIA )le(i)CKTOB CICIJICHUSI MAaTCPUAJIOB Ha OCHOBC YyCTa-
HOBJICHUS 3aKOHOMCpHOCT€I>i (bOpMI/IpOBaHI/ISI OJIL pacCeaHusA yIpyrux BOJIH OT HeO,[[HOpOI[HOﬁ T'paHUIbL
B TpéXMepHOM MMPOCTPAaHCTBEC U BblJa4C peKOMeH}IaHI/Iﬁ JJIsL pa3pa60TKH MCTOJUK KOHTPOJIA TAKHUX 0OBEKTOB.

BHCpBLIG B paMKaXx KJIIaCCUYCCKUX HpeZ[CTaBJ'ICHI/If/i HpOBe,Z[éH pacqéT IIOJICH ¥ aHAJIM3 IOJICH paccesaHus
naaaroniero aKyCTUICCKOro Jiyda € KpyTJibIM NOIICPEYHBIM CCUCHUCM, ICPEMCIIAEMOTI'0 Y€PE3 I'PAHULLY TTOJTY-
OCCKOHEUHOT0 ,Z[G(l)eKTa. B kauecTBe BaxkHOTO napamMeTpa ,I[e(l)eKTa HepaS’BéMHOFO COCAMHCHUS NpeaiaracT-
Cs UCITI0JIb30BAaTh (baSOBBIfI CABUI MCIKY OTpa)KéHHBIMI/I OT YKa3aHHBIX HOBCpXHOCTefI BOJIHAMHU, BapbUpycC-
MBbIH B JuariasoHe 7/4—m. OH OKa3bIBACT CYIICCTBCHHOC BJIMAHUC Ha JUArpaMMy HAIIPABJICHHOCTH ITOJIS U eé
YTJIOBBIC SKCTPEMYMbBI — MUHUMYMBbI 1 MAKCUMYMBbI PA3HBIX MOPAAKOB IIPU MIEPEMCIICHNUN I'PaHULBI ).'[e(l)eKTa
OTHOCHUTCJIbHO HCHTPA IMATHA aKYCTHUYCCKOTO JIy4a.

VY cTaHoBIEHBI 0COOCHHOCTH 9BOJIFOOUHU CTPYKTYPHI TOJIAA paCCCAHNM A, TO3BOJIAOINNE BIABUTH OITUMAJIb-
HBIC YCJIOBUA IJIA O6Hapy>KCHI/ISI cnabo OTpa’Xaroliux 3ByK ,I[C(l)CKTOB. Iloka3zana MMpUHOUITAJIbHAs BO3MOXK-
HOCTH OLICHKH IJIOIIaan ,I[C(beKTa (,I[e(i)eKTOB) 0 JaHHBIM U3MCHCHHA aMIUIUTY/Ibl ICPBUYHOI'O MaAKCUMYyMa
AuarpaMMbl HAlIPaBJICHHOCTH I1OJIA paCCCsHUs. HpeL[CTaBJ'IeHHBIe SKCIICPUMCHTAJIbHBIC JaHHBIC HAXOAATCSA
B XOpOHICM KauCCTBECHHOM COOTBETCTBUU C paC‘léTHBIMI/I JaHHBIMH.

Ha KOHKPCTHBIX MPUMCPAX IIOKa3aHa 3(1)(1)6KTI/IBHOCTL HCIOJIb30BaHUd TMPCAJIOKCHHOIO MCTOa
IS psgaa MPaKTUICCKUX HpHHOX(eHHﬁ.
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Abstract

Improving the reliability and testing performance of permanent joints of different materials made
by welding, spraying, gluing, soldering and other methods is an important production task, for which the
ultrasonic method is the simplest and most effective. The purpose of this work was to expand the technical
possibilities and increase the sensitivity of ultrasonic testing of adhesion defects of materials joints based
on the establishment of laws governing the formation of a scattering field of elastic waves from
an inhomogeneous boundary in three-dimensional space and issuing recommendations for the development
of suggested method.

For the first time, in the framework of classical concepts, the scattering fields of elastic waves of an
acoustic beam with a circular cross section moving across the boundary of a semi-infinite defect are calculated.
It is proposed to use a phase shift between the waves reflected from the indicated surfaces, which varies
in the range of m/4—m, as an important parameter of the material joint's defect. It has a significant effect
on the field pattern and its angular amplitude extrema — minima and maxima of different orders when
the defect boundary is moved relative to the center of the acoustic beam spot.

The features of the evolution of the structure of the scattering field are established, which make it possible
to identify optimal conditions for the detection of weakly reflective defects in sound. It is shown that it is
possible in principle to estimate the defect's area by measuring a change in the amplitude of the primary
maximum of the radiation pattern of the scattered waves.

Specific examples show the effectiveness of using the proposed method for a number of practical
applications.

Keywords: radiation pattern, one-piece connection, scattering of elastic waves.
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BBenenue

Co3pmanne Hepa3bEMHBIX COCITUHEHUI pas3iiny-
HbIX OOBEKTOB CBapKOW, HAIBUICHUEM, CKIEHKOM,
MMalKOW U JPYTrMMHU METOJaMU HIUPOKO UCIOJIb3YET-
Csl B COBPEMEHHOM Ipou3BoJcTBe. [loBBIIIEHNE U3-
HOCOCTOWKOCTH, JIOJITOBEYHOCTH (PYHKIHOHHPOBa-
HUS TaKUX O0BEKTOB TPeOyeT BBICOKOUYBCTBHTEIIb-
HOTO W HAJAEKHOTO KOHTPOJISl KayecTBa CIICTICHUS
MaTepHajoB — MeTajlul-MeTallI, MeTall-HeMeTall,
HEMeTalJI-HeMeTalJl KaK HEelOCPEeICTBEHHO Ha CTa-
JIMH TIPOM3BO/ICTBA, TaK U B POLIECCE UX IKCILTyaTa-
. [Ipu aToM Hanbonee npocThiM 1 3 HeKTUBHBIM
SIBIISIETCS. aKyCTUYECKHH METOM, 3aKJII0YarolIuics
B 30H/JMPOBaHMU OOBEKTa YNPYI'MMHU BOJHAMH, Ia-
paMeTpbl KOTOPBIX MPH PACCESTHUH TPETEPIEBAIOT
W3MEHEHUS], BKIIIOYasi aMIUIUTYAy A, BPEMEHHYIO U
(ha30ByI0 33/IEPKKH, a TAK)KE HANPABICHHOCTD OIS
paccestaus [1]. B 1o jxe Bpemst 3HaUUTENbHBIE MPO-
ONeMbl BO3HUKAIOT TIPU KOHTpOJIE HEpazbEMHBIX
COCAMHEHHH MaTepualioB, B KOTOPBIX: a) QHU3HKO-
XMUMUYECKHE TPOLECCHl, 00YCIaBIMBAIOIINE MEX-
MOJIEKYJISIpHOE B3auMmojencTeue, auddysuto u ap.,
MIPOM30LLIN HEJOCTATOYHO MOJHO; 0) XapakTepHbIe
pa3mepsl IeQEeKTOB CLEMJICHUS MaTepHajoB CpaB-
HUMBI WJIK MEHBIIIE JUIMHBI 30HIUPYIONIECH BOJIHBI A.
Jis cnyuast (a) xapakTepHbl Je()eKThl CICIICHHS
Tuna kiss-bond, KOTOpbIE IOCTATOYHO YaCcTO BCTPE-
YalTCsl MPHU CBapKe MOJIMMEPOB, METALIHYECKHX
COECIMHEHUH, IIPU IMIPUKJIIEHKE PE3UH U IOJUMEPHBIX
MaTepHajoB K MeTaiiaM. BO3HHMKAlOT Takke Mpo-
OJsieMbl OIleHKH 3(PPeKTUBHON TUIOIMAIN J1e(hEeKTOB
CIICTUICHUS] MaTepHaIoB.

B mepBom ciywae i 3THX LeJel JenaroTcs
MOMBITKA MPUMEHEHHST MUMITYJIbCHO-JIa3epHOr0 BO3-
JeMCTBYSL, 30HIANPYIOIIETO HCCIEAYEMYIO 30Hy 00b-
eKTa IIUPOKUM CIIEKTPOM KOPOTKHX aKyCTUYECKUX
HMITYJILCOB, 4TO BCJIEICTBUE AP (HEeKTa «CEIICKTUBHO-
CTH» NMPHUBOAUT K M3MEHEHHIO aMILIUTYIbI U OPMBI
OTKJIMKA TPH HATHYUHA Je(PEKTHOCTH CLEIUICHHS
matepuaios [2]. [lo cyTu nena u B JpyroMm MeTo-
ne [3] ucnonb3yercs MojOOHBIH MPHUHIIUI, OJHAKO
nmpu 3ToM B030ykaeHue ynpyrux BoiH (YB) ocy-
LIECTBISICTCS MyTEM M3MEHEHHUSI YaCTOTHl 30HAMPY-
FOILIEH BOJIHBL.

B pabGore [4] paccMoTpeHa BO3MOMXHOCThH HC-
noJyb30BaHus dPpdexra nHTepPEepeHul BbICOKOYa-
CTOTHOTO CHUTHaJIa IPU KOHTPOJIE aJIre3Un U TOJIIHU-
Hbl TOHKHMX 3alIUTHBIX clI0EB. IMEHHO B pe3ynbTaTe
n3MeHeHus: 3((HEKTUBHOTO HMIIEaHCA KOHTAKTH-
PYIOLIMX MaTepHalioB BCIIEACTBUE OCTaOJICHUs aj-
re3ud MaTepHajoB WIIM U3MEHEHUS TOJIIIMHBI CIIOS

MIPH MHOTOKPATHOM OTPKEHHH KOPOTKUX HUMITYIIb-
coB OyIyT HaOJIIOATHCS aMIUTUTYAHBIC (1 (a3oBbIe)
M3MEHEHUs CUTHalla—OTKJIMKa.

HocraTounyto > ¢heKTUBHOCT TPU KOHTPOJIE
CJIOMCTBIX MaTepHajIoB MOKa3ald METO/Ibl, OCHOBAH-
HbI€ Ha MCII0JIb30BaHuU BOJIH Pasest u CroyHninu, pac-
MPOCTpaHeHNe KOTOPHIX 0 TPAHUIIE C HAPYIIEHHON
aZIT€3MOHHON CBSA3BI0 NMPHUBOAWT KAaK K aMIIUTYA-
HBIM, TaK M ()a30BBIM M3MEHEHUSIM 30HIUPYIOIIEH
BOJIHBI, YTO, €CTECTBEHHO, MOXET OBITh HCIOJB30-
BaHO JUISI KOHTPOJISI OTPAaHMYEHHOTO Kpyra OObek-
TOB [5, 6].

B pabote [7] paccMOTpeHBI BOIPOCH BBISBIIE-
HUS PACCIIOCHHN B JIETAISIX C BHICOKMM KO PUITH-
€HTOM 3aTyXaHHUs TOJIMMEPHBIX KOMITO3MIIMOHHBIX
MaTepUaIOB B MHOTOCJIOWHBIX KIJIEEHBIX KOHCTPYK-
[UAX HU3KOYACTOTHBIM aKyCTUYECKHM METOJIOM.
[Ipu »TOM Tpeanaraercsi 30HIUPOBAHUE OOBEKTOB
MPOU3BOANTE TYTEM BO3JEHCTBHUS HU3KOYACTOT-
HBIX KOJeOaHWil, BpeMs IPOXOKACHUS KOTOPHIX
B pe3yJibTare d3PPEKTOB JUPPAKIUU HA PACCESIHHUS,
M3MEHSIOTCS. B 3aBUCHUMOCTH OT «IIOBPEXKIEHHO-
cTm» 00bekTa. IHTepeceH moaxo, MpeaiosKeHHbII
B paborte [8], rie Ha ocHOBe MpuOImKeHui Kupxro-
(ha aHATUTHYECKN ONPEeAEIICHO o1e, cHOPMHUPOBAH-
HO€ OTpakKeHHWEM BOJHBI OT TPAHHUIIBI pa3jienia cpes
C PE3KHUM IPaTUEHTOM. A TaKKe MPUBEAEH alTOPUTM
MOBBIILICHHUS TOYHOCTH JIOKAIM3alUK TPAaHHUIIbI pa3-
pBIBa, OCHOBAHHBIN Ha BBISBICHUN KOPPEISAIHOH-
HBIX CBsI3€il MapaMeTpoB BOJH B Pa3HBIX TOYKaX.
ComnocraBieHne pac4éTHBIX M SKCIEPUMEHTAIBHBIX
JTAHHBIX ITOKA3aJI0 UX KaYeCTBEHHOE COOTBETCTBHE.

Uro kacaeTcsi ApPYroro ciydas, TO TpPaJuIH-
OHHBIE IOAXO/bI, OCHOBAHHBIE Ha MPSMOM H3Me-
peHUN W3MEHEHWS aMIUIUTYJbl W HWCIIOJIb3yeMEIe,
KaK TpaBWIIo, Ui OOHapyXKeHusi JePeKToB B 00b-
éme matepuana 6e3 yuéra ocobeHHOCTeH (hopmu-
pOBaHUS TOJI PACCESHUS YIbTPa3ByKOBBIX KOJie-
6anuii (Y3K) A(¢,y) Ha n1BYMEpHBIX jedekrax He-
pa3bEMHBIX COCIMHEHUH, HE 00J1a/al0T BBICOKOM
YyBCTBUTEIHHOCTHIO.

Kax mokaspIBaeT mopoOHBIH aHaIN3 MEXaHHU3-
Ma B3auMojielicTBusl Y B Ha rpaHuile pasjeina cpen,
MpH UX TPOXOXKIEHUHN WM OTPAKEHUH B TOW WIIH
MHOHM Mepe M3MEHSIOTCS aMIUINTyaHble (Ay, Ap) U
¢azosbie (¢, ¢p) XapaKTEPUCTHUKH, I'I€ UHAEKCHI
D u N OTHOCATCS K OTPaXXEHUIO (IMPOXOKICHHUIO)
VB or aedexkTHOH MOBEpXHOCTH IUIOWabI0 S,
n (mmm) Oe3medeKTHOW ITOBEPXHOCTH ILTOMIAIBIO
Sy=38,—Sp, rne S, — miomanap narHa (IornepeuyHoro
cedeHus) akycrudeckoro syda (AJI) Ha moBepxHO-
ctu oObekTa. IlpudyeM st ycioBHiA, IPH KOTOPBIX
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pasnuuue B OTpakaTenbHOW criocoOHoctHn YB (m
no Qase, u N0 aMIUIUTYZAE) OT MOBEPXHOCTEH Sy M
S, HeOobIIOe, HanboJIee 3HAYMMbIM [1aPaMETPOM,
BIMSIONIMM HAa CTPYKTYPY IIOJISI PAcCEsHUS, SIBIISI-
ercss UMEHHO (a30Bblil caBUT ¢ = dy — ), IPUOO-
PETEHHBII NP OTPaKEHUH WIIN TPOXOXKIACHUH BOJIH
gyepe3 KOHTposmpyemyto 30Hy. Kak npaBuio, BbIsSB-
neHue 1eeKTHON MOBEPXHOCTH HENOCPEACTBEHHO
0 TAaHHBIM U3MEPEHHUS ¢ MOXKET OBITh peasn30BaHO
npu Sp, > S, ¥ HAINYUK B IPHOOPE U3MEPUTEITLHOTO
(hazo- mim yactoTHo-(ha3zoBoro O0ka. [Ipu 3ToM 3¢h-
(EeKTHBHOCTH M3MEPEHUI OyAeT NOCTUTHyTa JIMLIb
B YCJIOBUSIX, OJM3KUX K WICATBHBIM, BKIIIOYasi HEU3-
MEHHOCTb T'€OMETPUHU TIOBEPXHOCTH, BBICOKYIO CTa-
OMIBHOCTB aKyCTUYECKOTO KOHTAKTa, OHOPOTHOCTD
CTPYKTYpPbl MaTE€pPHajIOB U LIEPOXOBATOCTb MOBEPX-
HoCcTU (R, << ), AMUTENBHOCTD UMIyibca. MmeroT-
Csl TaKXKe W JIPYyrHe METOJbI OLEHKH Je(heKTHOCTH
nyTéM HCHOJIBb30BAaHUS TEHEBOI'O, 3XO0-CKBO3HOTO
PEKUMOB TIPO3BYUYHBAHUS OOBEKTOB Kak 00BEMHBI-
MH, TaK ¥ MOBEPXHOCTHBIMH BOJIHAMH, YTO TPYAHO
peanu3yeMo B yCIOBUSIX COBPEMEHHOM TEXHOJIOTUU
AKyCTHYECKOT0 KOHTPOJISL U H3MEPEHHH.

Kak mamu ObUTO TTOKa3zaHO paHee [9], must BbI-
sapieHust cnabo orpaxarommx YB pedekroB cie-
IUIGHUSI MaTepualioB MOXKET ObITh HCIOJIb30BaH
NPEIJIOKEHHBIE HAMH  METOJ], 3aKJIFOYaIOINHCs
B ONTUMM3ALUHU anepTyp U (a3 MHUMBIX UCTOYHU-
KOB YB, paccesHHbIX HEOJHOPOJHOW TI'paHULEH.
g ynoOcTBa OCHOBHOE PacCMOTPEHHE M peIIeHHe
MIOCTABJICHHOH 3a1auyl IPOBOMM, 3aMEHHB PEaJIbHbIE
WCTOYHHMKH Y B MHUMBIMH, CHIIa N3ITy4EHHST KOTOPBIX
Fy=A4,KySyn Fp,= A4,K;S;, COOTBETCTBEHHO.

[Ipu 3TOM HCTIONB3yeTCsl IETEPMUHUPOBAHHBIH
MOJXO0Jl, BKJIIOYAIOLINH, MPEXIE BCEro, BbIOOP Ta-
KOTO MPOCTPAHCTBEHHOTO TIOJIOKEHHUSI HCTOYHHUKA
VB, npu kotopom pasHocTh a3 ¢ mexay YB, orpa-
KEHHBIMU OT Oe3nedekTHON U JIeeKTHOM MoBepX-
HOCTEH, KOTOPBIM COOTBETCTBYIOT KO3(pPHUIIMEHTHI
orpaxkenus BosH K, 1 K),, MakcumainbHas. Ha ocHo-
BaHUM 3TUX JaHHBIX AHAJUTUYECKU MM ONBITHBIM
MyTEM TOAOUpaETCsl TaKOW SKBATOPHATBHBINA (Y*) U
MepHIUaHATBHBIN ((p*) YTIIBI MONS-TTpHEMa paccesH-
HOTI'O CUTHAJIA, TIPH KOTOPBIX M3MEHEHHE aMIUIUTY-
JIbl OTIOPHOTO CUTHAJIA NP CKAaHUPOBAaHUH 00HEKTA
MaKCHUMaJbHOE, T. €.

1
A*(y, ¢) = Max|(4, /)], M

rae A, — aMIUIUTyJa ONOPHOTO CHUTHana, T. €. OTpa-
JKEHHOTO OT 0e31e(PEeKTHON MOBEPXHOCTH.

YuuTteiBas 0COOCHHOCTH MU3MEPEHUI CHUTHAJIOB
NPU YJIBTPa3BYKOBOM KOHTPOIIE, CIIEAyeT 3aMETHTh,
YTO MMEHHO OTHOUICHHE YKa3aHHBIX aMIUIATY] SIB-
nseTcss Haubollee YyBCTBUTEIBHBIM TapaMETPOM
NP BBISIBJICHUH JIC(EKTOB, a HE MX Pa3HHIIA.

Yro kacaeTcsi BBIIOJHEHHBIX paHee HCCIENO-
BaHuii [10], To Ha TOM dSTarme OHU OBUIH MPEUMY-
[IECTBEHHO IOCBSIICHBI PEIICHUIO paccMaTpuBae-
MO# MpOoOJIEMBI B IBYMEPHOH MOCTaHOBKE W, Tpe-
UMYIIECTBECHHO, B TIPEATIOIOKEHNH, 9TO ¢ = —|7|.
HMMeHHO B 3TOM ciy4yae Ha OCH JAMarpamMMmbl Ha-
MIPABJICHHOCTH TOJIsSI paccessHusi (WK IOJIS MHH-
MBIX HMCTOYHUKOB) HAONIOMAIOTCS CYIICCTBEHHBIC
M3MEHEHHsI aKyCTHUECKOTO CUT'Hajla TP nepeceye-
HUU CKaHHUPYIONINM aKyCTHYECKUM ITyYKOM T'PaHH-
bl nedexTHolt u 6e3aeeKTHONW 30HBI CICTUICHHS
matepuanoB. OgHaKo, B cllyyae, KOT/Aa pasinyue
MEX/Ty BETMUYUHAMH, XapaKTePU3YIOITUMHE (C TOYKA
3pEHHS aKYCTHKH) CTETIEHb CICTIIICHHUSI MATEPUAIOB,
BKIIo4as ko3¢ duuuentsl otpaxenus (K, Ky) u
¢dazer  (¢p), HeOompmioe, a miomans aedexTa
Sp << Sy, To TpedyeTcsi mpoBelieHNE NaTbHEHIINX
WCCJIEIOBAaHNN C IIENbI0 ONTHMHU3AINH aKyCTHYe-
CKOTO HW3MEPHUTEIBHOIO TpakTa i TMOBBIIICHHUS
HaJE&KHOCTH M YYBCTBUTEIIBHOCTH aKyCTHYECKOTO
KOHTPOJISI HEPa3bEMHBIX COCUHEHUN.

Lenp Hacrosimeil paboThl 3aKimoyanach B pac-
MIAPEHNH TEXHUYECKUX BO3MOXKHOCTEW W TIOBBIIIIE-
HUHM YYBCTBUTEIBHOCTH aKyCTHYECKOTO KOHTPOJIS
JeeKTOB CIEIUICHUS] MaTepHajoB Ha OCHOBE TIpe-
UMYIIIECTBEHHOTO H3Y4YeHUs 3aKOHOMepHOcTel (op-
MHUPOBaHUS IOJIS paccestHus YB 0T HEOQHOPOIHON
TPaHUIBI B TPEXMEPHOM IPOCTPAHCTBE W BhIIAYe
pEKOMEHJIAIMN ISl pa3padOTKH COOTBETCTBYIOIIHX
METOAUK MPUMEHHUTEIBHO K KOHTPOJIO Hepa3zbeM-
HBIX COeIMHEHUH co c1abo oTpaxkaromumu Y B (mm
BBISIBIISIEMBIMH) JIe(hEKTaMU.

AHa/IU3 10JIeil paccessHUs NPH NepecevYeHu
rPAHULBbI 10J1Y0eCKOHEeYHOro JedeKTa
NSATHOM aKyCTHYeCKOr0 my4ka (pucyHok 1)

Kax ymoMsHyTO BBIIIIE, B OOITIEM CiTydae 3ajada
00 oTpeneneHuH ONTHMAIIBHBIX YCITOBUH TSI BBISIB-
TeHus 1e(PEeKTOB CIETUICHHS MaTepHAJIOB Pa3aciisaeT-
Csl Ha HECKOJIbKO ATaroB. Ha mepBoM 3tare mpoBo-
JIUTCS] YUCIIEHHBIA PAacd€T U (W) SKCIIEPUMEHTaIb-
HBIE HCCJIEOBAHUSA, MPH KOTOPBIX OMPEIEISIOTCS
JIOITYCTHMBIE YCIIOBHS, OO0ECIIEYMBAIOIINE MAaKCH-
MaJIbHO BO3MOXHBIH (ha30BBI CIABUT MEXIY OIIOP-
HOI BOJHOM, COOTBETCTBYyMOHIICH oTpakeHuio YB
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oT Oe31edeKTHON MOBEPXHOCTH, M BOJIHOM, OTPaKEH-
HOW oT nedexTHOW moBepxHOCTH. Kak IMmokaspiBaroT
HAIM YUCIICHHBIC PAcyEThI, a TAKXKE JaHHbIC, ITPUBE-
néHHble B padote [1], m3menenue ymia B nagenus YB
Ha OTHOPOJIHYIO TPaHUILy CPEll, a TAKKE BapbHPOBAHNE
IPaHUYHBIX YCJIOBHH B 00JaCTH KOHTaKTa MAaTCpHAIoB,
UX YHACTBHBIX aKyCTHYECKHX CONPOTUBIICHHH MOXKET
MPUBOJNTH K CYIIECTBEHHOMY W3MEHEHHIO K03(du-
LueHTa otpaxkeHust K 1 (pa30BOro cjBura OTpakEHHbBIX
BomH ¢ = ¢(B). Ha BropoM e 3Tame onpeaenstorcs
yIIOBbIe MapaMeTpbl npuéma YB, obecreunBaromiye
MaKCHMaJIbHOE W3MEHEHHE aMILTUTY/Ibl OTIOPHOTO CHUT-
HaJla IPU HATMYMH Je(DeKTa CLEIUICHHS MaTepHalIoB.

Pucynok 1 — K pacuéry mons paccesHUs ynpyrux BOJH
OT TpPAaHMYHONM MOBEPXHOCTH CLEIUIEHUS MaTepHuajoB
¢ neexkToM B BHJE KPYIJIOTO IsITHA M OECKOHEYHOH I10-
JIyNJI0OCKOCTU

Figure 1 — To the calculation of the scattering field
of elastic waves from the boundary surface of adhesion
of materials with a defect in the form of a round spot and
an infinite half-plane

A=Ay+Apy + Apy = Ago [SeKrol o(Ws 05 --.) T AgoSp1 KpF (W, @, 9, ...) = AgoSpKpoF o1 (W, 0, -

rae Ay, — aMIUIMTyJa NaJaroliero Ha ITPaHully Cpel
akyctudeckoro nayua (AJl); 4,—mone paccesHus
B JlalbHEN 30He IpyU nageHuy jiyda ¥Y3K Ha nmosepx-
HOCTh S © Sy, a Ay n Ap, —nons pacceanus Y3K
OT 1e(EKTHOM MOBEPXHOCTHU Sy, T/IE

R
Ay (0,R,r d,y)/ Ay = K J‘ 2R = 32 M0 g
. G)
2meﬂqsin¢dx;

dsiny+r

Ap, (0,R,r,d )/ Ay =K pe'
dsiny—r

dsiny+r

Apy (0,R,7,d, )/ Ay ==K
dsiny—r

¢d)€,

F,, Fy,, I, — COOTBETCTBYIOINE HOPMAIIN30BAHHBIE
uHTerpanbHele QyHKIUH, npuuéMm F, = F,, mia o0-
JIACTH UHTETPUPOBAHUA S C S),.

OtmeTnM, 4TO B OOILEM ClTydae, KOIa ONTH-
MaJIbHbIH YT0JI MaJJaloliero Ha FPaHUIly MaTepUaloB
30HJMPYIOILETO Iy4Ka [3 yCTaHOBJIEH, a BEIMYMHA

B peanbHOI cuTyaunu B OOJBIIMHCTBE CIy4YacB
MOTYT CYyIIECTBOBAaTh IPAHUYHBIE YCIOBHUS, OMHCHI-
BAIOIME B3aUMOJEHCTBHE COEOUHIEMBIX MOBEPX-
HOCTEH, IPU KOTOPBIX aMIUTUTYAHBIC U (pa3oBbIe Xa-
PaKTEPUCTUKHU paccessHHbIX YB croxHbIM 00pa3om
3aBHCAT OT MapaMeTpOB 30HIUPYIOLIEr0 CHTHala
W yCIIOBHH ero mpuéma. YuuThiBas TOT (akT, 4To
Ul 3HAUUTEIBHOTO YHucia OOBEKTOB KOHTPOJI,
UMeroIMX Ae()eKTHBIC 00JaCTH CLEIUICHUS] MaTepu-
aJI0B, BBIITOJIHSIOTCS YCIOBHUSA AJIS1 aMILTUTY bl OTpa-
wEHHBIX YB A, ~ Ay n dassl m>> ¢, ObutH mpoOBe-
JIeHBl pacuéTsl MoJs paccesHuss YB B TpéxmepHOM
MIPOCTPAHCTBE.

Huxe paccmoTpeHa cuTyanus 1 MpeicTaBIeHbI
pe3yJIbTaThl HCCIEI0BaHMsI, KACAIOIINECs PACCESTHUS
AKyCTHUYECKOro Jy4a, UMEIOIIEro MOINEpeyHoe ce-
YeHHEe B BHJIE KPYIJIOrO ISATHA paauycoM R C IeH-
TpOM B KoopauHate x =) =z = (0, OT MOBEPXHOCTH
CLEIUICHUS] MaTEpPHAJIOB, HA KOTOPOH NMEETCs MOJTy-
OeckoHeuHbIl nedekt. ['paHuIa MOCIEAHETO MPe)I-
CTaBJISIET COOOH MPSIMYI0, IEPIIEHIUKYIIIPHYIO OCH X
Y pacroJIoKEHHYIO OT HEHTpa MATHA aKyCTUYECKOT0
Jyya Ha PacCTOSHUHU X = d, KOTOPOE BapbUpPYETCS
B nmamna3sone x,; = x/d = 1-0.

CornmacHO JaHHOW TIOCTAHOBKE 3aJadd, pe-
3yJIbTUpYIOLIEE MoJie paccesHus Y B npeacraBieHo
B BHJIE CYNEPIO3ULMU MOJEH TPEX MHUMBIX UCTOY-
HUKOB, Ka)XKIO€ M3 KOTOPBIX OIMCBIBACTCS WHTE-
IpajbHBIM BBIPAKEHUEM:

Il )
(azoBoro ciBura ¢ U3BECTHA, TO MATEMATHUECKH 3a-
Jladya CBOJMTCSI K ONpPEEJICHUI0 MakcuMyMa (yHK-
uuu A*(y, @) (2), 4TO MO3BOJISET HA MIEPBOM ITarie
OIICHUTh MaKCHUMAaJIbHYIO YyBCTBHTEIBHOCTb METO-
Jia, OIpeaenuB Y* U (@* U3 COOTBETCTBYIOIUX Yypa-
OAM* OAL* AL 9'Ad
dy Aoy o
Ha pucynkax 2-5 mpencTaBieHBI pe3yJIbTaThl
TEOPETHUYECKOTO M HKCMEPUMEHTAIBHOTO HCCIEI0-
BaHUS TIOJIEH paccesHus B TPEXMEPHOM MPOCTpaH-
CTBE C IIENIbIO BBISBIICHHUS ONTHUMAJIBHBIX YCIOBHN
Il OOHApy»X)eHUsT JTePEeKTOB CICIUICHUs, o0jama-
fonmx crnaboi oTpaxaromei criocooHocThio. [Ipu-
BEJICHBI aMIUINTYTHO-yTJIOBbIE 3aBUCHMOCTH TTOJIEH
paccessHug YB B XapakTEepHBIX CEUYECHHUSX, CBUJC-
TENBCTBYIOIIME O BO3MOXKHOCTH CYIIECTBEHHOTO
TOBBIINIEHUST YYBCTBUTEIBHOCTH, 3((HEeKTUBHOCTH
KOHTPOJISl HEPa3bEMHBIX COCAMHEHUM IMyTeM Ipuéma
BOJIH TIOJ ONTHMAaJbHBIM JKBAaTOPHAIBHBIM U

BHEHHU U HCPABCHCTB <0, <0.
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MepUANAHHBIM yriaMu. ONBITHbIE JaHHBIE, MO-
JIENIMPYIOLIME paccesHHe IOBEPXHOCTHBIX YB
[IPU Pa3JIMYHBIX YCJIOBUSX CLEIUICHUS MaTEPUAJIOB,
WUTIOCTPUPYIOTCS HA pUCYHKax 3 U 5.

O svisasnenuu deghekmos npu npuéme ynpyeux
6011 100 y2nom @ = ()

Ha pucynke 2 npuBeaeHbl pacuéTHbIe Xapakre-
PUCTHUKH TOJIS paccesHus ISl OHOTO U3 XapakTep-
HBIX clTy4yaeB nepemenieHus matHa AJl gyepes rpanu-
Iy 1oJTy0eCKOHEUHOTO Je(eKTa CUEIUICHUS! MaTePH-
aJioB, XapakTepu3yeMoro (hazoBbIM CIBUTOM (p—>—TL.
[TomoOHas cuTyarus IMEeT MeCTO, Harmpumep, Ipu
KOHTPOJIE OTCIIOEHHS PE3UHBI WIIM TTOJIMMEPHOIO Ma-
Tepuana OT CTaIbHON ITOJIOKKH, OJIOBSIHHO-CBUHIIO-
BOTO MOKPBITHS OT YyTYHHOH, JaTyHHOMN MOAJIOKKH
MOAIINITHUKOB CKOJbXeHUS U Ap. ITpuuém nosepx-
HOCTb TOCJEAHEH MO OTHOLICHUIO K MaJalolleMy
Ha He€ aKyCTHMYeCKOMY JIydy Ipe/CTaBisieT
co0oif cBOOOAHYIO I'paHMIly, HampspkeHus o = 0.
U B 3TOM Cityyae:

AK /(K + Kp) < 0,2, tie AK = Ky — Ko,

Kak nemocpencrsenno crneayet u3 (3) u npen-
CTaBJICHO Ha PUCYHKE 2, IO MEepPE CMEIIeHUS TPaHH-
bl medekTa K meHTpy msaTtHa AJl SBOIOIUS CTPyK-
Typbl TIOJISI PacCEesTHUSl WIM JUarpaMMbl HampaB-
nennoctd (JJH) wm3mensercst cioxxHbIM 00pa3om
B Pa3HBIX IUIOCKOCTSX CEUCHUS, XapaKTEePU3yEeMbIX
9KBAaTOPUAIBHBIM YTIIOM .

Kax BuaHO, IO Mepe TpUOIMKEHHUS TPAHULIBI
nedexTa K meHTpy mataa AJl HabmromaeTCs yMEHb-
IIeHWE aMIUTUTYbl MOJS paccesHus Ha TepBOHA-
YaJbHOU OCU Z BIUIOTH JI0 HYJIS MPH XapaKTEPHOM
3HAQUEHUM X,;, COOTBETCIBYIOILEM IUIOILAAU Je-
¢dexra S,. Ilpuuém CBSI3p MEXIYy OTHOCHUTEIBHOM
BEJIMYMHOW HM3MEHEHUs aMIuMTyAsl Ha ocu JIH
AA* =(A,— A)/A,, nnomaneio nepexra u ko3hdu-
[IIEHTAaMU OTPAXKCHUS UMEET BUJ:

AA*=S8,/S, (1 + Ky/Kp), 4)

4TO NPUHIUIIHNAIBHO IMO3BOJILACT OLUCHUTDH IJIOIIA/lb
3axBaTa aKyCTUYCCKUM JIY4YOM Z[e(i)eKTHOfI mOoBEpPX-
HOCTU 11O JAaHHBIM H3MCHCHHA aAMIJIUTYIbI VB
Ha OCHU AuarpaMmbl HAIIPaBJICHHOCTH IIOJIA pacce-
STHUA:

S, =A4*(1 + Kp/K,) ™" S,

b
Lo L Ao .
1 1
1 il
08 + N
B
0,6 + ! !
]
ANERS
04 + .'l |9
' \\
0,2 T /, ll ‘\‘I
! -
0 q_gazpﬁq_.:_m’/ i YA v
40 20 0 20 40
C

Pucynok 2 —I[lons paccesHuUsT Ynpyrux BOJH B ILIO-
CKOCTH CEYCHHMSI JUArpaMMbl HANpPABICHHOCTH, Xapak-
TEPU3yEeMOI DKBATOPHAIBGHBIM YIJIOM W, OT HOJIOKEHHS
IpaHULbl IIOXyOecKOHeUHoro pedexra x,=d, Koria
¢=m vy, rpaa. =0 (a), 45 (b), 90 (¢); x,=x,/d=1 (1),
0,4(2),03)

Figure 2 — Scattering fields of elastic waves in the sectional
plane of the ultrasound radiation pattern, characterized by
the equatorial angle v, vs. the position of the boundary
of the semi-infinite defect x,=d, when the phase shift
between reflected waves is ¢ =m: y, deg =0 (a), 45 (b),
90 (c); x;=xy/d=1(1),0,4(2),0(3)

[Ipu MOCTHKEHUHM HYJIEBOTO 3HAYCHUS aAMILIHU-
Ty/IBl CUTHAJIA B OKPECTHOCTH yIiia npuéma ¢ = 0 u
JTIO00OM :

S,=(1+K,/K)" S,
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[IpuBenéHHble BbIIE OLIEHOYHBIE (HOPMYJIBI
KOPPEKTHBI U 17151 cilydast, Koraa Ae(ekt uMeeT mpo-
H3BOJIBHYIO (hOpMY, HO ITpH (ha30BOM CIOBUrE ¢ = =T
B ciydae, korna 1e(eKTOB HECKONIBKO (71,), BBIpaXKe-

n
uue (4) mpumer BuI: A4 = ZO: (+K,, /' K;)Sp, /S,
n=l1
a CyMMapHYIO IUIOILAAb MPEICTABISIETCS BO3MOXK-
HBIM OLEHUTH TOJbKO 1pu K /K, = 1.

Heo0xomumo OTMETUTb, YTO NPH peanu3anuu
YKa3aHHBIX W3MepeHuid mnoTpedyeTcs HCIOIb30-
BaHME 3€PKaJbHO-TEHEBOI'O METOJa W, NMpU HeoO-
XOAMMOCTH, BBEICHHE HEKOTOPBIX IOMPABOYHBIX
KO3((PUIIMEHTOB,  YYHUTHIBAIOIIMX  OCOOCHHOCTH
AKyCTHUYECKOTO TPaKTa, MCHOIb3YEMBIX THhE303JICK-
Tpudeckux npeodpasosareneit ([13I1) u ux padounx
XapakTepUCTUK. B dacTHOCTH 3TO KacaeTcs KOJu-
YecTBa OCHWIUISIIIMK B MMITYJIbCHOM CHUTHAJIE, Yriia
BBOJa YB B 00BEKT, a Takke yrma mpuéma [1911
C 3aJIaHHBIMH XapaKTEPUCTHKAMHU.

IIpoBenénHble pacuéThbl MOKA3bIBAIOT, YTO He-
3aBHCHUMO OT BEJIMUYUHBI (Pa30BOro CIBUTA ¢ U OTpa-
JKaTeIbHOM CIIOCOOHOCTH 00NacTel paccesHus BOJH
(Kp, Ky), nons paccesnust A(¢), U3MEpEHHbIE B ILIO-
CKOCTSIX CEUCHUSI, XapaKTePHBIX JIJIs DKBATOPUAIBHO-
TO yIa +\;, OIMHAKOBBI, HO UMEIOT Pa3HyI0 CTPYK-
TYpy, W3MEHSIOILYIOCS TIPH JBIKCHUH JeQEeKTHON
o0NacTu K IEHTPY ISITHA aKyCTHYecKoro jyda. Kak
JIETKO IO0Ka3aTh, €CIM KOHTYp Jie(eKTa MpeCcTaBIIs-
€T CHMMETPUYHYIO (PUTYpy OTHOCHTENHHO ILIOCKO-
cti y =0 u HaxoauTcs BHyTpu msatHa AJl, To mpu
CMEIIIEHNH K eT0 LEHTPY BAOIb OCH X (YyHKIUSI A(Q)
HE TOJBKO COXPaHSET CHMMETPHIO B 3TOW ILIOCKO-
CTH, HO ¥ HeU3MEHHa 110 Bennuunne. Eciu ke ¢ < |m,
a TaKke OTCYTCTBYET COOCHOCTH Aedekra (c paau-
anpHOM cumMmerpuei) u nsatHa AJl, To cummeTpus
(hyHKIIMN A((Q) OTHOCUTEIEHO OCH z HapyIIaeTCsl.

Kak BumHO w3 pucyHKa2, MO0 Mepe TIOBO-
poTa IMmIocKocTH npuéMa YB B Juana3oHe YIJIOB
y = 0—(+n/2), cTpykTypa nons paccessHust A(¢) XOTs
U CYIIECTBEHHO U3MEHSETCSI, OTHAKO aMILTUTY/1a CUT-
HaJia Ha ocu z (nu ¢ = 0) ocTaérest MOCTOSHHOM, YTO
ciemyeT w3 (2) W CIpaBEUTMBO IS CITydasi Pacrio-
JIOKEeHUs1 IF0O0T0 KojmdecTBa JAe(ekToB ¢ Gpa3oBbIM
caurom ¢ =47 B msitHe AJL. Ilpu sToMm nipuém pac-
CESIHHOTO CHT'HaJa C LEJNbI0 TONyYeHHUs] HaJI&KHOTO
pe3yiabrara MOXET HPOM3BOIUTHCS Pa3IMYHBIMU
croco0aMu, peanu3anusi KOTOPHIX TpeOyeT 3HaHHS
IBOJIOLIUY MPOCTPAHCTBEHHOW CTPYKTYPHI TOJISt IPU
nepemenieHun nsTHa AJl oTHOCUTENBHO Ae(EKTOB.

Hcxons n3 0COOCHHOCTEH M3MEHEHHSI CTPYKTY-
PBI TIOJISE B OKPECTHOCTH OCHOBHOTO JICTIECTKA pac-

KpBITHS TP BapbHUPOBAHWUM HKBATOPHAIBHOTO yTIIa
B quama3zone y = 0—(xy*), HeoOXOAUMO YUYECTh BO3-
MOYKHOE BIIMSIHHE Ha M3MEPHUTEIBHBIN Ipolecc OOKo-
BBIX JICTIECTKOB IOJIS, aMIUIUTYAA KOTOPBIX A 5(£0x)
JocTUraeT MakcuMmyma npu Y =0 W MHHHMyMa
npu y==+nw/2. Ilpu »s1oM, ¢yHKIUsI A(Q, )
B OKpPECTHOCTH (p—(0 ONHCBHIBAET OBEPXHOCTH, IO-
JOOHYIO CEJIOBOM TIOBEPXHOCTH, e OA/Or = 0 pu
¢ =0, a 3HaK o*A/or OIPEAEIAETCS SKBATOPHAIIb-
HBIM yIJIOM . BennanHa ke mocieIHero 3aBUCHT OT
gyBcTBUTENBbHOCTH puéMHoro I1311, ero reomerpun
M 4YacTOThI BOJMHBI. OTMETHM, YTO Ul HMOBBIIICHHS
HaAEKHOCTH OOHAPYKECHUS TMOTCHIIMATBHO OIACHBIX
c11a00 BBISBISIEMBIX 1eekToB puéM Y B mMoxeT npo-
W3BOAUTHCS OMHOBPEMEHHO HeCKONMbKUMHU 1311, yrbr
KOTOPBIX ( M \y MOTYT CYIIIECTBEHHO Pa3IHyYaThCsl.
Ha pucynke 3 npencraBieHbl HEKOTOpBIE JaH-
HBIE IO MOJIEITMPOBAHUIO MTPOLECCA OTPAKEHUS TIPO-
JOJIBHBIX YB 0T M0oJayOeCKOHEYHON TIpaHUIlbl, KO-
Topas co3JaETcs C MOMOIIbIO KOHTaKTa CTaJIbHOIO
napajuleennIe a Yepe3 TOHKYIO0 KUAKYIO IIPOCIIOi-
Ky C IUIEKCHUTIIACOBBIM OOpa3loM, 10 BHEUIHEH TO-
BEPXHOCTH KOTOPOTO MEPEMEIIAETCS pa3eNIbHO-CO-
BMeménnbii [1911, m3nyqaromuii 1 npruHUMAIOIIANA
MPOIOSILHBIE BOJIHBI ¢ pabouei yactoroi 2,5 MI.

Pucynok 3 — OcrmuiorpaMMbl aKyCTHYECKOTO CHTHAJIa,
OTPaXEHHOI'O0 OT HEOJHOPOAHON I'PAHULBI, B 3aBUCHUMO-
CTH OT TIOJIOKCHHUS IATHA aKyCTHYECKOTO Jyya OTHOCH-
TEIBHO MOJICTHHOTO Ne(eKTa

Figure 3 — Oscillograms of the acoustic signal reflected
from the inhomogeneous boundary, depending on the
position of the spot of the acoustic beam relative to the
model defect

Ha pucyske 3 mpuBeAeHbl OCIHIIIOTPAMMBI
aKyCTHYECKOTO CHTHalla, OTPaKEHHOTO OT HEOHO-
ponHoii Tpanuibl. Kak BUIHO, MPH CKOJIbXCHHH
maTHa AJl B 0077aCTH TpaHUIIBI KOHTAKTa CTaILHOTO
oOpa3ia (aKyCTHYEeCKON HArpy3KHu) ¢ MIEKCUTIIACOM
B OKpPECTHOCTH KoopamHaTel x =0 HabOmogaercs
MaJieHne  aMIUTUTYObl  PacCesHHOTO  CHTHAia
Ha 14-16 1b MO OTHOIICHHUIO K OMOPHOMY CHUTHAITY,
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YTO, KaK yKa3blBaJOCh BbIILIE, OOYCIOBICHO MHTEP-
¢depennueit Y B, oTpak€HHBIX OT CBOOOTHOM TTOBEPX-
HOCTH TUTeKCHTITaca (MoJenmpytomiei neekr) u rpa-
HUIIBI KOHTAKTa CTAJTIbHOTO 00pas3iia ¢ IIIEKCHUTIIACOM.
B nmanHOM ciydyae MOAEIMPOBaHMS pa3iUuUe KO-
sbduunentos orpaxenus K, u K, cocraBiser
=~ 12—-14 %, 4TO0 BBI3BIBAET HEKOTOPYIO ACUMMETPHIO
3aBUCUMOCTHU A(X).

HeoOxomumo oTMeTuTb, 4TO 3((HEKTUBHOCTD
METOAMKU KOHTPOJIS HEPa3bEMHBIX COEJUHEHUN,
B KOTOPOH MPHUHUMAETCS] BO BHUMaHHUE TOJIBKO OTpa-
JKaTeIbHasi CIOCOOHOCTh JIeeKTHON 1 Oe3aedeKt-
HOU MOBEPXHOCTH (HO He (Pa30BbIC XapaAKTEPHCTHKH
OTpaKEHHBIX BOJH), OyAeT HUu3Koil. [Ipu aToM Takxke
BO3HUKHYT TIpOOJeMbl OTOPaKOBKH, CBSI3aHHBIC
C BBIBJICHHEM JEe(EKTOB CLEIUICHHS B 00JacTH
natHa AJl v OleHKH UX pa3MepOB.

O svisasnenuu 0eghekmos npu « He3epKaAIbHOM)
npuéme paccesanHo2o CUSHAIA YNpyeou 60IHbL

Ecmn nedexr nocrarouno man (S,/Sy << 0,1-0,2),
nnn (Ga3oBbI CABUT MEXIY PACCESIHHBIMU MOAAMH
ot nedekTHoi M Oe3neeKTHON TOBEPXHOCTH He-
OOJNBIION, TO yKa3aHHasl BBIIIE CXEMa BBISBICHUS
nedexToB (cM. Boilie «O GuisgieHuU 0eghekmos npu
npuéme ynpyaux 6oan nod yenom ¢ = 0») nyTém ux
npuéma mox yriom ¢—0 OyzaeT HemocTaTouHo d¢-
(eKTHBHOW M3-3a psia OCOOCHHOCTEH KOHTPOJI,
BKJIIOYasi HECTaOMIIBHOCTh aKyCTHYECKOTO KOHTaK-
Ta, OOYyCIIOBJICHHYIO T€OMETPHEN M3AEIHA U LIepo-
XOBaTOCTBIO MOBEPXHOCTH. B TO e Bpems aMIuiu-
Tyna nons A, paccessHuss YB oT Takux nedexToB
MIPY HEKOTOPBIX yIIIax ¢ # @* MOXKET ObITh HE TOIBKO
Onu3ka K aMIUIUTY/E HOJIs paccesHus Ay, HO U 3Ha-
YUTEJILHO MPEBOCXOANUTH €€ TI0 BEIUYMHE B OKPECT-
HOCTH MHHUMYMa MoJisi 1-T0 U ApYrux MOPSIKOB.
[IpruéM BO3MOXKEH psSA BapHAHTOB HW3MEPCHHH,
Opyd  KOTOPBIX OyaeT HaOMonaTbesi MaKcHMallb-
Hasl 9yBCTBHUTEJIIHOCTh KOHTPOJIS NPHUMEHHUTEIBHO
K TPYAHO BbIABIsieMbIM Aedekram. CyTh OfHOTO M3
HUX MOSICHSIETCSl HAa pUCYHKE 4 pacyéTHBIMHU JTaHHbI-
M. OHa COCTOHUT B TOM, YTO AJIS YIVIOB IpUEMa, CO-
BIIQ/IAIOIIMX C YIJIAMH MUHHMYMOB NIEpBOTO 1 Oosiee
BBICOKUX IOPSAKOB (90—, ;) OTCYTCTBYET MHTEp-
(epeHIMsT TEPBUYHOIO HCTOYHHUKA MOJS C TOJIEM
paccessHHBIX AedekToM BomH. Tak 4TO pe3yabTHPY-
Iollas aMIUIATy/1a curHana ¥YB 4A—A,, — HezaBucumo
oT (a3el BONMHBI, paccesHHOM OT nedekra. U, xak
cienyet u3 Gopmynsl (1), B OKpECTHOCTH yKa3aH-
Horo yria AA*—oco. OpHako Ha TpPakTHKE 3TO He
BBITIOJTHSIETCSl CTPOTO, TaK KaK HEOOXOAUMO YUYEeCTb

0coOCHHOCTH M3IIy4YeHHs W Tpuéma YB, BKITrodas
KOHEYHBIe pasMepsl puémuoro [1911, mMmerormmiics
IIYMOBOH (DOH B aKyCTHYECKOM TPaKTe U Jp.

_A/Ao

0.6 -

Pucynok 4 — AMuintyja MUHAMyMa (a) ¥ MaKCHMY-
Ma (b) mepBOTO TOPSIIKA OIS PACCESTHUS YIIPYT O BOIHBI
OT TIOJIOKCHHS TPAHHIIBI TT0JTyOECKOHETHOTO eeKTa OT-
HOCHTENBHO IIEHTpa MATHA aKyCTHYECKOTo Iiyda. a: (aso-
BBl cuBur ¢, pax = m (1-3); 0 =n/4 (4-6); x,=x/a=0(1,
3); 0,6 (2,4); 0,8 (3, 6); b: ¢, pan=m (1-3); 6 =1/4 (1, 4,
S);x,=x/a=1(1);0,5(2,4);0(3.5)

Figure 4 — The amplitude of the minimum (a) and
maximum (b) of the first order of the scattering field of
the elastic wave from the position of the boundary of the
semi-infinite defect relative to the center of the spot of the
acoustic beam a: phase shift ¢, rad =x (1-3); 6 = /4 (4-6);
x,=x/a=0(1,3); 0,6 (2,4); 0,8 (3, 6); b: ¢, rad == (1-3);
0=m/4(1,4,5);x,=x/a=1(1);0,5(2,4); 0 (3,5)

OdeBHIHO, YTO TIPU peau3alyy MpuéMa BOJH
B OKPECTHOCTH ATHX YTJIOB OyIeT HAOIIOIaThCsl POCT
aKyCTHYECKOTO CHUTHAJIa HE3aBUCHUMO OT BEITHMYUUHEI
(hazoBoro ciaBura ¢ MeXay pacCeSTHHBIMU BOJIHA-
Mu. HeoOXoammo OTMETHTB, YTO TPH HACTPOUKE
U3MEPUTEIBHOU CXEMBI JUISL KOHTPOJII PEKOMEH]Y-
€TCsl MCIIONb30BaTh B KaUeCTBE OMOPHOIO CHTHAa
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OMmKalIIMii MaKCUMyM HEHYJIEBOTO TOpSAKA JTHO0
IIyMOBOM (hOH.

C npyroil CTOpPOHBI, TIPU BBIOOpE yria Mpué-
Ma @, B OKPECTHOCTH KOTOPOTO aMIUIUTY/1a paccesiH-
HBIX Y B 110 Beu4nHe cOmocTaBuMa ¢ mog00HO0M aM-
IUIATYJIOM OMOPHOr0 CUTHANIA, a PE3yJIbTUPYIOIIUH
(hazoBeIii caBuT O* = ¢ + xSin@ — £, CIEAYET 0XKH-
JIaTh CYNIECTBEHHOTO YMEHBIIIEHUS CUTHAJIA TTPH T10-
SIBICHUU JieeKTa. DTO MOACHSIETCS Ha PUCYHKE 4D,
rac npuBcacHa paC‘IéTHaH 3aBUCUMOCTb aMILINUTY-
bl MaKCUMyMa 1-ro nmopsaakKa OT 3KBaTOPHUAJILHOI'O
yria y Opu NPoX0oKICHUU MATHOM Y B rpaHutibl mo-

B psnme cmydaeB, korma BenmnmuuHA (Ha30BO-
ro capura "Heoonpimas (= 0,250,571 1 MeHbIe),
YTO COOTBETCTBYET HEJOCTATOUHO IMPOYHON CBA3U
MEXIY KOHTaKTHPYIOIIMMH MaTepuajaMu, peKo-
MEHIYeTCsl B KQ4eCTBE OMOPHOTO CHTHAJAa MIPH €T0
npuéMe BEIOWpATh YT Y B, nexkarnine B OKpecTHO-
CTU MaKCUMYMOB 1-ro u 2-ro nopsiika. To HEIo-
X0 MOJATBEPKAACTCS IKCIIEPUMEHTATBHBIMU JAHHbBI-
MH, NPUBEJIEHHBIMU HA PUCYHKE 5, TJI€ U3MECHEHUE
aMIUTUTYIBI PACCESTHHOTO CHUTHAa B OKPECTHOCTH
TPaHUIBI MOJACIHUPYEMOTO IOIYyOSCKOHETHOTO Je-
¢exra (3aBucuMOCTh 3) yMmeHbinaercs Ha ~ 40 nb

Ty0eCKOHEYHOTO Je(eKTa. (= 100 pa3).

A/Ao, nb J

K=

B -0,2  -0,1 0 0,1 0, pax

A/Ao, nb

A/4o, nb

Pucynok 5 — Cxema 3KcrnepuMeHTa () W JaHHBIC HCCIICAOBaHUS (b—d) BIMSHHS yIiia U3IyueHHs—TIpuEMa YIPYyTroi
BOJTHBI HA aMIUTUTY Iy PACCESHHOI BOJHBI IPU PA3IUYHOM MOJI0KEHUH AJ] OTHOCHUTEIBHO TPAHUI] CIICTUICHHS ATFOMHHUS
CO CTaJbHBIM 00pa3iom. a: 1 — amoMunui, 2 — ctaib, 3 — [1311 moBepXHOCTHBIX BOJH, ¢ ~ 0,45, f= 1,8 MI'1i; b: pacuért-
HOE I10JIE€ pacCEsHUs YIIPYTroW BOJIHBI IIPU PA3HOM II0JI0KECHUU IITHA YIIPYTOX BOJIHBI OTHOCUTENILHO IPAHULBI MOACIUPY-
emoro nepexrax, = dla=-1 (1),-0,8 (2),0,7 (3), ¢, = 7/2; c: ammmTyna nons paccesuust [IAB npu n3meneHnu monosxe-
HUS [IEHTPA IIITHA YIPYTrod BOJHBI ITPU pas3HbIX yriax Hakiiona [19I1 f=0° (1); 5° (2); 7° (3), 11° (4), 2a/A=9.,3; d: u3-
MeHenue amraty sl [TIAB B okpectHocTr rpanmi I (1) u 1T (2, 3) MmogensHOTO HedexTa: 1, 2 — dIKCTIepUMeEHT, 3 — Teopus

Figure 5 — Scheme of the experiment (a) and research data (h—d) of the effect of the angle of emission—reception of an
elastic wave on the amplitude of a scattered wave at different positions of the AP relative to the boundaries of adhesion
of aluminum to a steel sample. a: 1 —aluminum, 2 — steel, 3 — surface wave transducer, ¢ =~ 0,45, f= 1,8 MHz; b: the
calculated scattering field of the elastic wave at different positions of the elastic wave spot relative to the boundary of the
simulated defect x, = d/a =—1 (1),-0,8 (2), 0,7 (3), ¢, = n/2; c: the amplitude of the scattering field of surface waves with
a change in the position of the center of the spot of the elastic wave at different angles of inclination of the transducer
B=0°(1);5°(2);7°(3), 11° (4), 2a/h = 9,3; d: change in the amplitude of surface waves in the vicinity of the boundaries
of the I (1) and II (2, 3) model defect: 1, 2 — experiment, 3 — theory
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IMpuxiaagHbie acCHEeKTHI

OnHO W3 TMEepPCHEeKTHBHBIX HAIMPABICHUH IPH-
MEHEHHsI Pe3yJIbTaTOB HACTOSIIEH paOOTHI CBSI3aHO
C pEeIIeHUEM 3aJla4d KOHTPOJII OOBEKTOB, BKITIOYAs
OOBEKTHI MOBBIIIEHHON OMACHOCTH JJIsl YeJIOBeKa U
OKpyXarolle cpenbl. Pe3ynbrarsl HCCIEIOBAHUI
ObUTH TIPUMEHEHBI Ha TPAKTHKE TSI KOHTPOIS He-
pPa3bEMHBIX COCIMHEHUMN psijla U3AEIUM U BHEAPEHbI
Ha psfe npeanpuatuii Pecrybmuku bemapycs. He-
00X0MMMO OTMETHTHh 3(PPEKTUBHOCTH MPUMCHEHUS
pe3ynbTaToB PabOTHI B CIEAYIONINX HAIPABICHUAX.

KOHmpO]Zb Kavecmed cyenieHusl noJaUMepPHsblx
nOKpblmulZ MEeMANIUYecKux 00obeKmos

Kak ymomuHanocr panee, BBISBICHHE HapyIlle-
HUS CIUIONTHOCTH COCJMHEHHUS OCHOBAHUS C 3aIlUT-
HBIM TIOJIIMEPHBIM CJIOEM TIPENICTABISET TPYAHOCTH
Mo CIEAYIOMIMM TMPUYMWHAM, BKIIOYas: a) OJM30CTh
KO3 (HUIIEHTOB OTpakeHUsT YB 0T «aedexTHOM»
TPaHUIIBI pasena cpe (CBOOOTHAS UITH CKOJTB3SIIIAS )
n 0T «0e3nedextHoi» (KEcTKON) rpaHuLbl, T. K. p;C,/
p,C, <5, roe p, n C,— IOTHOCTb M CKOPOCTh KOH-
TaKTUPYIOIIAX MaTePHAJIOB; a TAKKe M HAJTMYHUE TIPO-
HUKIIIETO B PacCIOEHHUE IMOIMMEP-METAILT CIIOS KU~
KocTH; 0) BRICOKHN KOX(HUIIMEHT 3aTyXaHUs 3ByKa
B MErarepIioBOM JHara3oHe YacTOT; B) BHIABIICHHE
nedekTHbIX obaacTel miomanpo S, < 10 MM%; T) Ha-
JIMYMe HA BHEITHEH MMOBEPXHOCTH ITOJIMMEPA 3ape30B,
[apanuH W JPYTUX TIOBPEXKICHUH, BBI3BIBAFOIINX
paccesiHue MaIaoIei BOIHBI IPU OTPaKSHUH.

Pucynok 6 — KoHTponb Mopckux TpyO Ha Haiudue OT-
CIIOCHMH H30JIMPYIOIIEro Mokpeitus: 1 —Tpyda; 2 — no-
KkpbiTHE; 3 — nedexT; 4 — uznyyatommit [1911; 5 — npuém-
He1i [1911; 6 — 3ByKoM30IMpyIOIIas meperopoaka

Figure 6 — Inspection of offshore pipes for the presence
of delamination of the insulating coating: 1 — pipe;
2 — coating; 3 — defect; 4 —radiating  converter;
5 —receiving transducer; 6 — soundproofing partition

VYkazanuble (akToOpbl CYHIECTBEHHO OCIJIOKHS-
IOT 3a/1a4y 110 0OHAPYKEHHIO TaKUX Ae(EKTOB CTaH-
JAPTHBIMU METO/IaMH ITPU OJTHOCTOPOHHEM JIOCTYTIE.
Ha pucynke 6 npeacrasieHa mpearaemas cxema
AKyCTHYECKOTO 30HIUPOBAHUS OOBEKTa C TIOMOLIBIO
npuémHuoro (5) u wusnyvaromero (4) 1301, pasne-
JNEHHBIX aKyCTHYeCKUM 3KpaHoM. Ilpu sTom yron
nasieHus BOJHBI BEIOpaH TaKUM, 4TOOBI pasHuLa ¢as
OTPaXEHHOTO aKyCTHYECKOTO JIyda OT Je(eKTHOH
(cxomp3sieit) u HeaeeKTHONH (3KECTKOM) TpaHuUllbl
coctaBisuia AQ =T, a TakKe YYUTBHIBAICS XOJ H3-
MEHEHHUS KO3 (PHUINEHTOB OTPAKECHUSI B 3aBUCUMO-
cTH OT yria naaenus . Aneprypy 1211, wactoty f,
yribl npuéMa Y B BBIOMparoT cOrIacHO MpeaiokKeH-
HOMY BbIlIE criocoOy. [Ipu 3TOM B KauecTBe 30HAU-
pyrouux BeiOpanbl paboune yactotsl 0,4—0,5 MIw.

B nanHOM ciydae Ay JOCTHMKEHHS MAakCH-
MaJIbHOH YyBCTBUTEIBHOCTH KOHTPOJIS HCHOJb3Y-
€TCsl IPUHLUI U3MEPEHNH, OCHOBAaHHBIN Ha MpUéMe
AaKyCTHUYECKOTO CHTHala, OTPaXEHHOTO OT TpaHH-
bl Cpel MOA IBYMS yIJIaMu: ¢, = [} — HOCTOSHHBIH
yIoi; @, — yYrojd OAHOTO W3 OOKOBBIX MaKCHMYyMOB
OCHOBHOTO JICMIECTKA PACKPBITUS IOJIS pacCesHus,
«pAacCIIEIUIEHHOTO» MPH OTPAKEHUU aKyCTHYECKOTO
Jy4ya OT HEOAHOPOAHOW rpaHuubl. B aToMm ciyuae
JIOCTUTaeTCs YyBCTBUTEIBHOCTh KOHTPOJIS, COCTAB-
ssiromas 30-40 MM,

Konumpons bumemannuueckux coeouneHutl

[Ipu KOHTpOJIE TOKPHITHS TOIITUITHUKOB CKOJTh-
JKEHHSI TeTTODHEPTeTHUECKOTO 00OPYIOBaHUS TIPO-
BeZIeHa  pa3paboTka  pa3’e’bHO-COBMEMIEHHBIX
TIDII, mo3Bossitolass MPOBOAUTH KOHTPOJb Kaue-
CTBa CIETUICHUS OJIOBSHHO-CBHHIIOBOTO TOKPBITHS
C TaKMMH OCHOBAaMH, KaK JaTyHb, YyTYH W CTallb
C 4YYBCTBUTEJIBHOCTBIO 110 4-5 mM2. B omtmune
or cranjaptHeix 131, mpuMeHseMbIX Ha TPOU3-
BOJICTBE W PalOTalONMMX B KOHTAKTHOM BapHaHTE,
HaMU NOpeyioKeHbl yHuBepcaiabHble 1911, mo3so-
JISIONIME 00eCTIeYNTh KOHTPOIh IMPOKOTO aCCOPTH-
MEHTa TOAIIUITHUKOB PagiycoM OT 35 MM u Ooiee
¢ momotibto ogHoro 1311, a BBox-npuém ¥YB npous-
BOJIUTCS Yepe3 JIOKAITbHYI0 HMMEPCHOHHYIO BaHHY.
[Ipu 5TOM HEeT HEOOXOAMMOCTH OCYIIECTBISATH MPH-
tupky [I3I1 nox paguyc BHyTpeHHEN MOBEPXHOCTU
W3JIENAs Pa3HOW HOMEHKJIATYPHI ITOAIIUITHHKOB.
Bropoe ortiruune 3akirodaercss B TOM, 9TO KOHTPOJIb
MIPOBOJIUTCS C UCTIOIB30BAHMEM OIIOPHOTO CUTHAJA,
PETyINPyeMOoro 10 BEITHYMHE CIHEIHaTFHONW pasfe-
JTUTETHFHON BCTaBKOH. Tem cambIM oOecrieunBaeTCs
BBICOKasg CTaOMIBHOCTh aKyCTHYECKOTO KOHTaKTa
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o0 cpaBHeHHIo co cranaapTHbivu 11011, B Tperbux,
Onaronapsi yKa3aHHBIM BBIIIE CBOMCTBaM KOHCTPYK-
uuun [I9I1 nmpencrasiseTcss BO3MOXKHBIM CO 3HA4H-
TEJNLHO OOJblIeH HAAEKHOCTBIO W YYyBCTBHUTEIIb-
HOCTBIO (4—5 MM”) 06ecreunTh BISBICHHE He(eK-
TOB pPAacCIOEHUs, NMPAKTUYECKH YCTPAaHUB BIMSHHE
myMoBoro (ona, co3gaBaeMOro HECIUIOLUIHOCTSIMHU
B JIATYHHOM WJIM YyTYHHOH OCHOBE, HaXOIALIUMHUCA
B OKPECTHOCTH IpaHHULIbI pa3zaena cpe. C IoMoIbIo
TaKUX yCTPOMCTB MOXKET OBITh JIETKO MEXaHH3HPO-
BaH WJIN aBTOMaTH3UPOBaH MPOLECC KOHTPOJI yKa-
3aHHBIX HO/IIUITHUKOB.

[Tono6usie I1311 BHeapeHBI B MEXaHU3UPOBAH-
HOM yCTaHOBKE AJIi KOHTPOJISI KaueCTBa CLEJICHUS
HaNBbUIEHHOTO TMOKPBITHSI aBTOMOOMIIBHBIX PECCOP.
U3-3a BBICOKOTO IIyMOBOrO (hOHA, CO34aBaEMO-
ro npu BBoJe YB B NOKpBHITHE U IEpesaBaeMoOro
Ha npuémuelid [1911, mid 30HAMpOBaHMS TPAHULIBI
CHCIUICHUS] MaTepuanoB ObUIO HEBO3MOXXHO HC-
[I0JIb30BAHUE CTAHJAPTHBIX PA3AEJIBHO-COBMEILEH-
weix [IDI1. Mcnonp3oBaHue HUMEHHO MPEIIOKEH-
HbIX KoHcTpyKuuil 1911 mo3Bonuno mpakTtudecku
Ha 15-20 nb cHM3UTH ypOBEHb IIyMOBOTrO (OHA,
oOecrnieunB OOHApY)KEHUE MECT HECLCIUICHUS MaTe-
PHAIIOB MIOMABIO 4—5 MM,

Konmpons npomsasicénnuix noOnogepxHoCcmHuix
Odeghekmos 8 obvexmax ¢ epybo obpabomarHou
N0BEPXHOCMbIO

OpHa 13 BaXHBIX W HEPEMIEHHBIX MTPOOTIEM TeX-
HOJIOTUU 00pabOTKH OOBEKTOB UYT'YHHOTO, CTallb-
HOTO, IIBETHOTO JIUTHS, & TAK)KE MOITMMEPHBIX KOM-
MTO3UINI CBA3aHA C HEOOXOIMMOCTHIO BBISBICHHS
Ha paHHEH CTaJINu TEXHOJIOTHYECKOTO Tporiecca 00-
PpabOTKM W3EHsI TTOIOBEPXHOCTHBIX HECIUIONTHO-
CTel B BUJIE PAKOBUH, HeMpokyieeB. OJJHOCTOpPOHHEE
K€ BBISBIICHUE MPOTSHKEHHBIX TMOIIIOBEPXHOCTHBIX
ne(hEeKTOB C TUTOXOHW OTpakaromedl CIToCOOHOCTHIO
u rpybo 00pabOoTaHHOW MOBEPXHOCTHIO BECHMa 3a-
TPYAHUTEIHHO C TOMOINBI0 TPAAWIIMOHHBIX CITO-
CO0OB M CPENCTB KOHTPOJSA. ITO OOYCIOBIEHO TIO-
MaJaHeM PACCEeSHHOTO CHUTHalla B MEPTBYIO 30HY
npuémuoro II9II, koropass BecbMa «pacTSHYTa»
B pe3yJbTaTe MPOXOXKACHUS (OTPaKEHUS) HMITYIb-
ca gepe3 IIepOXOBaTyI0 MOBEPXHOCTh M OTPAKECHUS
OT HEPOBHOM rpaHullbl HecruiomHocTy. [lpu pere-
HUU ATOH 3a7a4¥ (PUCYHOK 7) CyIIeCTBEHHO HUBEIIH-
pyeTcs BIUSIHYE ITyMOBOTO (pOHA HA TTOJIE3HBIN CHT-
HaJl yBEIIMYCHNEM JIJTHBI BOJIHBI B 00BEKTE, a TAKKe
obecrnieunBaroTcs ycinoBusi—A/Rz > 10,& = A/h > 4-5,
MpU  KOTOPBIX OyaeT HaONoAaTbes  OTIMYHE

k03 punmeHTOB OTpaXKeHHUst U (PA30BbIA CABHUT OT-
PaKEHHBIX BOJH, TAE / — OLEHOYHOE PACCTOSHHE
OT HECIUIOIIHOCTH JI0 MOBEPXHOCTH OOBEKTA.

1

Pucynok 7 — Mimoctpaniiss K BBISIBICHHIO TIPOTSIAKEH-
HBIX J1e()eKTOB, PACIOJIOKEHHBIX BOJIM3U MMOBEPXHOCTH
oObekTa: 1 — u3zenue ¢ rpybo 0OpaboOTaHHOMN TOBEPXHO-
CTBI0; 2 — MIPOTSKEHHBIN TePEeKT

Figure 7 — Illustration to identify extended defects located
near the surface of the object: 1 — product with a rough
surface; 2 — extended defect

[IpenBapuTenbHble SKCHEPUMEHTAIBHBIEC JaH-
Hble [OKa3aJId NPHHIHUIHAIBHYI0O BO3MOXKHOCTB
KOHTPOJISI YKa3aHHBIX OOBEKTOB, YTO JTa€T OCHOBa-
HUA Ui OoJiee eTallbHOM pa3pabOTKU TeopeThye-
CKOW MOJENH NPUMEHHUTEIBHO K PEIICHUIO BaKHOM
NPUKJIAJHON TPo0IeMbl 1e)EeKTOCKOIMY YYTYHHBIX,
CTaJIBHBIX OTIIMBOK, & TAKXKE IPYTHX MOAOOHBIX 00B-
€KTOB ¢ Tpy00 00paboTaHHOI MMOBEPXHOCTHIO.

3akjao4eHue

Ha ocHoBe TeopeTHdYecKoro aHajaM3a U 4HC-
JICHHBIX pAacyéTOB BBISBICHBl 3aKOHOMEPHOCTH
(dopMHpOBaHUs TIOJNEH paccesHUs B TPEXMEPHOM
MPOCTPAHCTBE TMPHU TEPEMEIICHUH TISITHA 30HAUDPY-
IOIET0 aKyCTHUUYECKOTO JIyda 4epe3 IpaHHUIly MOITy-
OeckoHEeYHOTO fieeKTa ClEeTICHHsT MaTepUaIIOB, OT-
pakEHHBIC BOJIHBI OT KOTOPOTro 00nanarT (hazoBbIM
CIBUTOM, BapbHpyeMbIM B tuanazone (0,25—1)m.

Y craHOBIICHBI YCIOBUS, 00€CIIeUnBAIONINE MaK-
CUMaJIbHYIO YyBCTBHUTEILHOCTH PEJIOKESHHOTO Me-
TOJIa BBISIBIICHUS JIe(EKTOB CO Ci1a0doi oTpakaromiei
CIOCOOHOCTBIO, 3aKIIIOYAIONINECs] B OpPraHU3AINU
npuémMa pacCesiHHbIX BOJIH B MEPUJMAHHOM IIOCKO-
CTH TIOJ| YIJaMH TEepBOHAYAIBHBIX JKCTPEMYMOB
nepBoro u Oosee MOPAAKOB M XapaKTEPHOM 3Haue-
HUM DKBAaTOPHAIBHOTO yTJia, aMIUIUTYIHAs 3aBHCH-
MOCTB OT KOTOPOTO UMEET OCHUIUTHPYIOMINN BH/I.

JlaHHBIE ~ DKCHEPUMEHTAIBFHOTO  MOJEIUPO-
BaHUs, BBINOJHEHHBIE Uil CJIydYas paccesHHs
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MIPOJIOJIBHBIX BOJIH, @ TAK)Ke BOJIH Pajes oT rpaHuLb!
C MOJENbHBIM JAe(EeKTOM THMa IMOJyOecKOHEeuHast
10JI0Ca, HAXOSTCS B XOPOILIEeM KaueCTBEHHOM COOT-
BETCTBUH C PACUETHBIMH JAHHBIMHU.

Pesynbrartel HccneqoBaHMN IPEJIOKEHO HC-
MOJIB30BATh JJISl Psifa MPAKTHYECKUX NPUIIOKCHHH,
BKJIIOYasl KOHTPOJIb KAUeCTBa CLEIJICHUS IOJIMMEp-
HBIX U MOPOLIKOBBIX TOKPHITUI Ha CTaJbHBIX OOBEK-
Tax, NasHbIX 0a00UTOBBIX OKPBITHI HA JIATYHHOM U
YyTYHHOM OCHOBAHUSX MOJIIMITHUKOB CKOJIbKECHHUS,
a TaKKe OOHApy>KEHHsI MOJINOBEPXHOCTHBIX JIe(eK-
TOB B 00BEKTax ¢ rpy00 00OpaboTaHHOH MOBEPXHO-
CTHIO M BBICOKMM 3aTyXaHHEM 3ByKa (Hampumep,
B YyI'yHax).
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Abstract

The object of the study is software methods of the Earth surface images processing obtained from
the VRSS-2 satellite to determine the spectral composition of the vegetation cover to detect the presence
of carotenoids during prolonged exposure to hydrocarbons.

The photosynthetic pigments of higher plants (chlorophylls, carotenoids and phytobiliproteins) were
analyzed. In the chloroplasts of higher plants, chlorophyll and carotenoids are present in a ratio of about 3:1.
The presence of hydrocarbons increases the amount of carotenoids. Carotenoids have absorption bands in
the blue-violet region from 400 to 500 nm and a high reflection coefficient in the red-orange and yellow
spectral regions, which corresponds to the multispectral MSS operating mode (B2) of the VRSS-2 satellite
camera. An analysis of the vegetation growing in the study area of the Puerto Kumarebo settlement showed
that the best indicator of the presence of hydrocarbons in the soil is Prosopis juliflora — CUJI with a deep root
system of up to 50 m, growing in the study area.

Using ENVI software, a comparative evaluation of the efficiency of photographs image processing was
carried out using the normalized relative vegetation index (NDVI) and the structure-insensitive pigment
index (SIPI) to detect changes in the color of green vegetation. It has been established that the S/P/ index
is more applicable for hydrocarbon search tasks. Moreover, the recorded index fluctuations in the area of
uniform vegetation at the level of 2.5 % are characteristic of normal growing conditions and cannot serve as
evidence of the presence of factors indicating the presence of hydrocarbons in the soil. For a more detailed
assessment of the presence of carotenoids in the foliage and the presence of hydrocarbons in the soil,
photographs with high optical resolution of objects on the surface are required.
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IIpumeHnenue MeTOI0B 00PadOTKH U300paKEHUH
(pOTOCHUMKOB CO CIYTHUKOB NPHU MOUCKE MECTOPOKICHUIN
yIJIeBOJIOPOA0B

P.B. ®énopues’, A.P. Cuine Kysnco'?, JI.A. Koxesunkos', Meauna Buxrop Manysin’,
P. I[e.nraz(o3

1 . . .
benopycckuil nayuonanshulil mexuudueckuil ynugepcumen
np-m Hezasucumocmu, 65, . Munck 220013, Berapyco

2 . . .
Hayuonanvhoii sxcnepumenmanbholil noaumexnuueckuti ynusepcumem umenu Anmonuo Xoce oe Cykpe, UNEXPO
np-m Kopnaxyatiixo, bapxucumemo - Jlapa 3001, Benecyana

350ﬂu6apuaHCKoe azeHmcemeo Kocmudeckoul oesmenviocmu ABAE
np-m @pancucko Paxapoo, Asuabasza eenepanuccumyca Pparncucko de Mupanoa,
Jla Kaproma, Kapakac 1064, Benecysna

THocmynuna 19.08.2019
Ipunama x newamu 22.11.2019

OOBEKTOM HCCIIEA0BAHMS SIBISIFOTCS MPOrPAMMHBIE METObI 00paOOTKH M300paKEHUI yUacTKOB 3eMHOM
MOBEPXHOCTH, OyYEHHBIE CO CIyTHUKAa VRSS-2, 114 onpenieneHust CieKTpaabHOTO COCTaBa PACTUTENBHOTO TI0-
KpOBa Ha IpeIMET OOHAPYKEHHS IPUCYTCTBUS KAPOTHHOUJIOB ITPU UTUTEIIBHOM BO3JCHCTBUH YTIIEBOAOPO/IOB.

[IpoBenen ananu3 GpOTOCMHTETUYECKUX MUTMEHTOB BBICIIMX PACTEHUH (XIOpO(HIIIOB, KAPOTHHOUIOB
n ¢uToOMIMIpoTenHoB). B xyoporutactax BBICIINX PaCTeHUH XJIOPOGHIUT U KAPOTHHOUABI MPUCYTCTBYET
B cooTHomeHun npumepHo 3:1. IlpucyTcTBHe YrieBOJOPOAOB YBETUUMBACT KOJIMUYECTBO KapOTHHOMIOB.
KapornHoupI HMEIOT TOJIOCH! TIOTJIONICHUST B cHHEe-(puoaeToBoi oomactu ot 400 1o 500 HM U BBICOKHIA
K03 PUIIMEHT OTpakeHUsI B KPACHO-OPAHKEBOH U JKEITOW 00JIaCTH CIIEKTPa, YTO COOTBETCTBYET MYJIBTH-
cnekrpansHOoMy MSS pexxumy pabotsl (B2) ¢porokamepst criyTHHKa VRSS-2. AHaIN3 pacTUTEIBHOCTH, IPO-
u3pacTarolleil B uccieayeMoM paiione HaceneHHoro myHkTa [lyspTo-Kymapebo nmokasan, 4ro HanIydmmm
WHIMKATOPOM HaJIMuus YTIIEBOJIOPOJOB B IOYBE MOXKET SBIAThCS Prosopis juliflora — CUJI ¢ riybokoi
KOpHEBOI cuctemoit 70 50 M, mpou3pacTarouas B UCCIEeIyeMOM paioHe.

[Ipu ncnonp3oBaHKMu nporpaMMHoro odecneyenust ENVI npoBenena cpaBHUTENbHAs oleHKa 3(dexTrB-
HOCTH 00paboTK1 N300paskeHNH (POTOCHUMKOB € IPUMEHEHUEM HOPMAIN30BAaHHOTO OTHOCUTEIBHOTO HHEKCA
pacturensHocT! (NDVI) n MHAEKCA MMTMEHTA, He YyBCTBUTEIBHOTO K cTpyKType (SIPI) Ha ipeaMeT oOHapy-
JKEHHsI U3MEHEHHH B [IBETOBOM OKpacke 3eJIEHO0N paCTUTENBHOCTH. Y CTAHOBJIEHO, UTO AJIS 3a/1a4 TIOMCKa yTile-
BOJIOPOI0B OoJiee MPUMEHUMBIM siBJsieTcs unaekc SIPL. Ilpu 3tom 3adukcupoBaHHbIE (QIyKTyallyd HHICKCA
B 00J1aCTH paBHOMEPHOH PAaCTUTEIBHOCTH Ha YPOBHE 2,5 % XapaKTepHBI U1l HOPMAJIbHBIX YCIOBUH IPOU3pac-
TaHUSI U HE MOTYT CIIy’KHTh JOKa3aTelbCTBOM HAJIMYMS (PaKTOPOB, CBUACTEIbCTBYIOIINX O HATUYMHU B MOYBE
yrieBoJopooB. st 6osnee neTanbHON OLEHKU MPUCYTCTBHS KapaTHHOMOB B JIUCTBE M HAJIMUMS YIIIEBOIO-
POZOB B MOUBE, TPEOYIOTCS (POTOCHUMKH C OOJIBIINM ONTHYECKUM Pa3pelieHHeM 00bEKTOB Ha IIOBEPXHOCTH.

KuioueBble ¢jioBa: KapOTHHOUIBI, YTIIEBOAOPOIEI, poTorpaduu, ciyTHUK, ENVI.
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Introduction

Most effective and reliable of the existing
methods of searching for oil and gas is remote sensing
of the earth (RS) in the visible and infrared ranges.
Filming in the visible range of the spectrum is used
to solve the problems of predicting structural traps and
evaluating explosive violations. Seismic exploration
is still required to estimate hydrocarbon deposits.
The probability of discovering new deposits ranges
from 0.5 (for poorly studied) to 0.9 (for well-studied)
territories. Based on experiments, it was found that
in the presence of a small amount of hydrocarbon
migrating from deposits to the Earth's surface and
accumulating in the soil, in the root system of plants,
chemical transformations occur, leading to a change
in the number of carotenoids and a change in the color
of the leaves. This effect is called “blue shift” and
recorded in a relatively narrow spectral range (of the
order of 10-20 nm). It is most effectively recorded
on hyperspectral images obtained from satellites,
for example, EO-1 (Hyperion) and others [1].

The purpose of the research is a comparative
analysis of various software image processing
methods by comparing the normalized relative
vegetation index (NDVI) and the structure-
insensitive pigment index (S/PI) to determine their
effectiveness in detecting changes in the color of
green vegetation.

Object of study

In this work, the object of the study was software
methods for processing images of the earth’s surface
obtained from the VRSS-2 satellite to determine
the spectral composition of the vegetation cover to
detect the presence of carotenoids during prolonged
exposure to hydrocarbons.

Typical elemental composition of oil includes:
82-87 % C (carbon); 11.0-14.5% H (hydrogen);
0.01-6.0 % S (sulfur); 0.001-1.8 % N (nitrogen);
0.005-0.35 % O (oxygen), etc.

Each of the listed elements or their combination
has a specific effect on vegetation. Under the
prolonged influence of sulfur dioxide, the leaves turn
yellow, necrosis forms, and the frost resistance of tree
buds decreases. Nitrogen dioxide in large quantities
reduces the resistance of plants and leads to their
poisoning (leaves become brown). Photochemical
reactions taking place with the participation of
nitrogen dioxide and hydrocarbons under the action
of solar radiation leads to the formation of both

peroxide compounds with toxic effects and ozone.
The latter slows down photosynthesis in plants and
weakens their viability, which leads to a decrease in
plant biomass [2].

Photosynthetic pigments, which absorb the
energy of light in photosynthesis reactions, are
indicators of such processes. There are three main
types of photopigments: chlorophyll, carotenoids
and phytobiliproteins. Plant chlorophyll includes
four species a, b, ¢ and d. Higher plants contain both
a and b, chlorophyll ¢ and d are present in algae, and
photosynthetic bacteria contain bacteriochlorophyll.
In addition to absorbing and transmitting light energy,
fat-soluble carotenoid pigments can also dissipate
energy in strong light and have a photoprotective
effect that protects chlorophyll from damage.
Chlorophyll and carotenoids are always present
together in the chloroplasts of higher plants in a ratio
of about 3:1. In autumn or in a poor environment,
chlorophyll in the leaves decomposes more easily,
and its amount decreases, and carotenoids are
relatively stable. Carotenoids have absorption bands
in the blue-violet region from 400 to 500 nm. They do
not absorb red-orange and yellow light and therefore
look orange or yellow.

Figure 1 shows the absorption spectra of the
most common pure photopigments: chlorophyll A
bacteria (curve 1), chlorophyll A plants (curve 2),
chlorophyll B (curve 3), B-carotene (curve 5) and
phycoerythrobilin (curve 4) [3].

- pscura

3

Absorption

1 |
500 600 700 800

Wavelength (nm)

<«———Visible spectrum———| Infrared

Figure 1 — Spectral characteristics of plant photopigments:
1 — chlorophyll A bacteria; 2 — chlorophyll A plants;
3 — chlorophyll B; 4 — phycoerythrobilin; 5 — B-carotene

Three groups of compounds belong to
carotenoids [4]:

1) orange or red carotene pigments (C,,Hs();

2) yellow  xanthophylls (C,Hs,O, and
CyoH5,0,);
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3) carotenoid acids — oxidation products of
carotenoids with a shortened chain and carboxyl
groups (for example, C,,H,,0, — crocetin having two
carboxyl groups).

The mild tropical and subequatorial climate, as
well as favorable weather conditions in Venezuela,
contribute to the great diversity of vegetation
growing on its territory. The air temperature changes
little during the year, the differences in the seasons
are the amount of precipitation. Only in the studied
northern part of Venezuela — the state of Falcon grows
about 30 species of trees. To analyze the presence of
hydrocarbons in the soil from growing plant species,
it is advisable to consider those that differ in a deeply
developed root system.

A detailed analysis showed that the following
four types are best suited:

* (Bursera tomentosa — Caricarito, Isicagua de
burro),

* (Capparis odoratissima — Olivo),

* (Prosopis juliflora — CUJI) root system: light,
1-2 processes, up to 7 m wide and 15 to 50 m deep,

* (Conocarpus erectus — Mangle boton) root
system: the processes are lateral and thin, weak and
fragile, have cork bark.

Correlation of image quality of photographs
with physical parameters of the Earth’s
atmosphere

Images from the VRSS-2 satellite provided by
the Bolivarian Agency for Space Activities ABAE
were used as initial data for image processing. The
satellite passes over Venezuela three or four times
every 24 hours, covering the same area in 101 days
in Nadir [5]. The satellite contains two different
cameras: a high resolution camera (HRC) and an
infrared camera (IRC). The highest resolution is
0.98 m GSD in panchromatic mode and 4 m GSD in
the multispectral range (Table).

Table
Spectral ranges of VRSS-2 cameras
Designation Multispectral ~ Short wave infrared Long wave infrared IRC-2, pm Panchromatic
MSS, nm IRC-1, nm PAN, nm
Bl 450-520 900-1100 10,3-11,3 500-800
B2 520-590 1180-1300 11,5-12,5 -
B3 630-690 1550-1700 - -
B4 770-890 - - -

Infrared cameras have a resolution of 60 m (long
wave channel) and GSD 30 m (short wave channel),
which is 10 spectral ranges.

ABAE's standard VRSS-2 products consist of a
quantitative, calibrated and scaled series of digital
levels (DNs) that represent multispectral image data
obtained using HRC (high-resolution camera) and
IRC (infrared camera). HRC sensor ranges (PAN and
MSS) and IRC are displayed in 10 bits in unencrypted
format and can be scaled to reflectance and/or upper
atmosphere (TOA) values. Radiometric correction
includes the restoration of lines or pixels lost when
shooting, in addition to correcting the image strip.
Spectral radiation or brightness level is determined
from the expression:

= DN _M; (1)
Kband Kband
DN C
L = _M’ )
YK K

band band

where L, —spectral radiation (W/m? cf. microns);
DN —digital value of the image. The digital
level (DN) is a numerical value that encodes each
pixel and determines the intensity of the display of a
gray or color image on the monitor screen.

Bywas Crang and K, ., — scale factors for each
band present in the metadata. The values of the
constants B, C, and K of the radiometric coefficients
are indicated in the metadata file in the Calibration
Parameters block, together with a set of loaded bands.

When obtaining brightness values, it can be used
repeatedly to continue the calculation of reflectivity,
which allows to obtain more accurate results
for vegetation indices determining.

The following equation is used to convert
the digital levels (DN) to reflectance values (TOA) in
the upper atmosphere obtained by the IRC-2 sensor:

nL,d’

P.= ESUNX cosO’ 3)
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where  p, —spectral reflectance; d — distance
from Earth to the Sun in astronomical
units — UA = 149597870; ESUN, —solar radiation
(W/m” microns); 0 = 51.853° — sunny elevation.

In this case, the brightness temperature (7) is
determined by the expression:

K
re—g— ®
In(—-+1)
L,
where K, —thermal constant for each band present
in the metadata (K); K, — thermal constant for each

band present in the metadata (W/m? cf. microns).

Caribbean

COLOMBIA

Pipelines and
oil fields

Y

_ Maracaibo basin
Orinoco basin

Sea

In particular, for the IRC-2 sensor, the current
values of thermal constants are presented in the
metadata in the section of thermal constants.

Selecting a hydrocarbon search area and
satellite images

There are four oil basins in Venezuela: Maracaibo
(the largest field in the north-west of the country);
Apure Falcon; Oriental. The following deposits have
been discovered: Shelf Bolivar, Bombal, Karabobo,
Tukupita, Khunin (Figure 2) [6].

TRINIDAD &
TOBAGO

GUYANA

BRAZIL

O mi

0km

Figure 2 — The layout of hydrocarbon deposits in the Republic of Venezuela

Figure 3 shows an image of the area around
Puerto Kumarebo, the capital of the Zamora
municipality of Falcon, Venezuela. The coordinates
of the place are N 11°29'16.19" O 69°21'7.99".
The Kumarebo Field is located in the northern part
of Falcon, 42 km east of the city of Coro and 5 km
south of the Caribbean Sea, Tucupido. This field is
located in the central-eastern sector of the Falcon
Basin, east of the La Vela anticline and west of the
Ricoa structure. The oil discovered in the Kumarebo
field is ultra-light and has excellent quality (density
0.78-0.82 g/cm?, gas condensate on average 47.5°

API). Some sediments contain 65° API condensate.
Currently, Kumarebo has 13,000 active wells,
production of which provides 1,885 million barrels
per day. This region is geologically connected with
the basin of Lake Maracaibo [7].

Software methods for processing satellite
images

Today, the market has a fairly large number
of commercial (paid) software designed for
processing and analysis of Earth remote sensing
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data. The most famous software products and raster
graphic editors include: ERDAS-Imagine (USA),
IDRISI (USA), ENVI (USA), Socet-GXP (USA),
eCognition (Germany), ER Mapper (Austria), PCI
Geomatica (Canada) and others. The performance
and functionality of each package is due to

ks e ?
Puerto’Cumarebo

advances in computer technology, which is mainly
determined by the need for efficient processing
of large amounts of data. Many of these software
products are compatible with the platform of the
Windows operating system [8]. The cost of these
programs varies from $25,000 to $100,000.

ZONA PETROLERA PUERTO CUN\ABEBO

Figure 3 — Puerto Kumarebo Photographic Area for the Search for Hydrocarbons

An alternative approach is the development of
free open source software for building geographic
information systems (GIS), which has accelerated
significantly in recent years. The most common are:
GRASS-GIS (USA), gvSIG (Espanola), InterImage
(USA), ILWIS-Open (Germany), Opticks (Ball
Aerospace & Technologies Corp. USA), ORFEO
Toolbox (OTB) (France), PolSARPro (France),
Sentinel Toolbox (France), Quantum GIS and SCP-
QGIS (Plugin) (USA), SAGA-GIS (Germany),
Sentinel Hub QGIS (Plugin) (Slovenia), SoPI
(Argentina), Whitebox Geospatial Analysis Tools
(Canada ), ePhoto Z300 and others. The specified
software has a number of functionalities for working
with Earth remote sensing data: calculation of
statistics and histograms, filtering, classification,
correction and segmentation of satellite images,
detection of changes, calculation of vegetation
indices and monitoring of fires, changes in land use
of the land cover, modeling of changes in the earth
coating [9].

Research was conducted using ENVI software.

The ratio of the studied spectral parameters
and color coordinates of the photograph

To carry out a spectral analysis of images
obtained from a spacecraft in panchromatic and
monochromatic modes, it is necessary to pre-
calibrate the studied wavelength relative to the
color coordinates in the RGB system (Figure 4).

(255,127,0)
‘ (255,255,0)

RGB

(255.0.0)

(0,255,0) (0.255,255) 0.0,255) (255.0.255)

I I
?\4, nm 760 600 580

| |
555 525

495

380

Figure 4 — Correspondence of the visible region of the
spectrum to the RGB color system

To date, there are a fairly large number of
different conversion techniques. In our case Dan
Bruton's NetPBM software (based on FORTRAN)
was used, taking into account the width, height,
depth and gamma of the original image in the RGB
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system and its linear interpolation relative to a given
wavelength [10].

Selection of vegetation status assessment index

Classical methods for estimating the amount
of photosynthetically active biomass are carried out
through the Normalized Difference Vegetation Index
(NDVI). This index can take values from —1 to 1,
calculated by the absorption and reflection by the plants
of the rays of the red and near infrared zones of the
spectrum. The calculation of the majority of vegetation
indices is based on the two most stable (independent
of other factors) sections of the curve of the spectral
reflectivity of plants. The red zone of the spectrum
(0.62—0.75 pm) accounts for the maximum absorption
of solar radiation by chlorophyll, and the near infrared
zone (0.75—1.3 um) has the maximum energy reflection
of the leaf cell structure. High photosynthetic activity
(usually associated with a large phytomass of vegeta-
tion) leads to lower values of reflection coefficients in
the red zone of the spectrum and large values in the
near infrared region of the spectrum. The ratio of these
indicators to each other allows you to clearly separate
the vegetation from other natural objects [11].

Figure 5 shows a fragment of the image of the
Earth's surface (N 11°29' — N 11°25"; W 69°25' —
W 69°20") obtained by VRSS-2. The frame highlights
the area (5000 x 4000 m) selected for the analysis
of vegetation for the presence of hydrocarbons
in the soil. Together with the forest in the region
there are cities and roads, which will qualitatively
assess the applicability of vegetation indices.

Figure 5 shows an array of the obtained NDVI
indices at different limits of the range. For healthy
and dense vegetation, the index value equal to
NDVI = 0.5-0.8 is considered to be typical.

Figure 5 — Image fragment from VRSS-2 (area southwest
of Puerto Kumarebo)

Three ranges of the index were chosen for
evaluation: —1.0 ... 1.0 (Figure 6a); O ... 1.0 (Figure
6b); 0.5 ... 1.0 (Figure 6¢).

C

Figure 6 — Arrays of NDVI indices of the selected area
with different contrasts: a—(-1,0)...1,0; 5-0...1,0;
¢—0,5..1,0
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In Figure 6a (in the upper part) in blue,
significant areas of cities and roads are clearly
distinguished — the lower boundary of the contrast.
Against this background, areas of vegetation merge
into a single massif (yellow-orange zone). For a
more detailed assessment of the area of the plant
mass, the contrast range was narrowed initially
to 0...1 (Figure 6b) and subsequently to a narrower
range of 0.5...1 (Figure 6¢). Analysis of the last
image shows that the vegetation in this area has
a heterogeneous color; however, for a more detailed
assessment of the presence of carotenoids in the
foliage and the presence of hydrocarbons in the soil,
photographs with a high optical resolution of objects
on the surface are required.

For this area, a comparative analysis of the
efficiency of displaying the state of vegetation by
the pigment index that is not sensitive to the SIPI
structure (Structure Insensitive Pigment Index)
was carried out. This index is used to monitor
the condition of plants in regions with a high
variability of the canopy structure or leaf area
index, for early detection of plant diseases
or other causes of stress. The ratio of volumetric
carotenoids to chlorophyll is determined by the
general formula:

SIPI = (NIR — blue)/(NIR — red).

The overall SIPI range is from 0 to 2. High SIPI
values (increased carotenoid content and decreased
chlorophyll content) are often indicative of plant
disease, which is associated with loss of chlorophyll
in plants. Moreover, for healthy vegetation, the index
value varies from 0.8 to 1.8.

Figure 7 shows an array of SIPI indices with
different contrast values: 0-2.0 and 0.95-1.0. An
analysis of Figure 7a shows that the areas of cities
and roads have a significantly larger index value
(yellow-green and red zones), similar to the data
obtained in Figure 4a for NDVI, and a lower uniform
value for the area with predominant vegetation (blue
zone). Increasing the lower border of the contrast
of the SIPI index to 0.95-1.0 (Figure 7b)
allows almost completely eliminating the urban
infrastructure (red-brown zone) and highlighting
areas with heterogeneous green vegetation (yellow-
green and blue zones) on the forest. However,
with absolute changes within 2.5 %, one cannot
unequivocally express the possibility of the influence
of soil hydrocarbons on this index.

b

Figure 7 — Arrays of SIPI indices of the selected area at
different contrasts: a — 0-2,0; b —0,95-1,0

As can be seen from Figure 7b, the SIPI index
is uneven over the forest area, which indicates a
different state of vegetation.

Conclusion

Using ENVI software, a comparative evaluation
of the efficiency of image processing of photographs
was carried out using the normalized relative
vegetation index and the structure-insensitive pigment
index (SIPI) to detect changes in the color of green
vegetation. It was found that the SIPI index is more
applicable for hydrocarbon search tasks. Moreover,
the recorded index fluctuations in the area of uniform
vegetation at the level of 2.5% are characteristic
of normal growing conditions and cannot serve as
evidence of the presence of factors indicating the
presence of hydrocarbons in the soil. For a more
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detailed assessment of the presence of carotenoids
in the foliage and the presence of hydrocarbons in
the soil, photographs with high optical resolution of
objects on the surface are required.

An analysis of vegetation species with a
deep root system that grows in the studied region
of Puerto Kumarebo (Venezuela), which best reflect
the presence of chemical elements in the soil —
indicators of hydrocarbons.
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MeToauka ucc/ieI0BAHUA JTMHAMUKHI NIAPaAMeETPOB
3aJIIMJIEHHOM cpe/Abl IPH Mepexoae MUPoJIn3a
B IUIAMEHHOE FOpeHune
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CymecTByomue MeToIbl KOHTpPOJISL paboTOCIIOCOOHOCTH MYJIBTUKPHUTEPUAIBHBIX MOXKAPHBIX H3-
BelIaTeNel He MpeaycMaTpuBalOT MPOBEPKY MX XapaKTEPUCTHK B YCIOBMSAX MEpexoja TICHHs B IUIaMEH-
Hoe ropenue. Llenpto paboThl sBisIack pa3paboTKa METOAUKH MCCICAOBAHMS MapaMeTPOB OKPYKaIoLIeH
Cpeabl PH Mepexo/ie OT TAeHHUs (MMPOIn3a) B IIIAMEHHOE TOPEHUE JUTSI MOJICIMPOBAaHMS TECTOBOTO MOKapa
IIPU TIPOBEPKE KayecTBa pabOThl MyJIbTHKPUTEPHAIBHBIX TOKAPHBIX M3BELIAaTENICH.

Pazpaborana MeTouKa MPOBEJCHUS UCCIIEIOBAHMI TapaMeTPOB OKPY KaroIlleil cpe/ibl B yCIOBUSIX Ha-
rpeBa 00pa3LOB JPEBECHHBI PAa3HOTO pa3Mepa OO0 TeMIepaTypbl CaMOBOCIUIAMEHEHUS] U TOPEHHUE JIHCTOB
MSTOH M TTIaIKoi Oymaru.

BrniepBrie nccienoBaHbl H3MEHEHUST KOHLIEHTPAIMK YTapHOTO T'a3a, YAeJIbHOW ONTHYECKOH MIOTHOCTH,
pacceuBaroleil CHoCOOHOCTH MPH Nepexo/ie OT TIIeHH (MMPOJIN3a) B INIaMEHHOE TOPEHUE MTOJITOTOBICHHBIX
00pa3LoB JPEBECHHBI U MATOW OymarH.

[ToxazaHo, YTO KOHTPOIMPYEMBIE TApaMETPhl OKPYKAIOIIEH Cpeabl IPU IEPEeXoe OT TIAEHUS MUPOIHU3a
B TUIAMEHHOE TOPEHNE U3MEHSIOTCS OJTHOBPEMEHHO. Y CTAaHOBJIEHO, UTO MPH MEPEX0e OT MUPOIM3a K IJia-
MEHHOMY TOPEHHIO IPEBECHHBI HAOMI01aeTCsl YMEHbBIICHKE B 2,4 pa3a CKOPOCTH POCTa PACCEUBAIOMICH CIIO-
COOHOCTH JIpIMa, CKOPOCTh YBEIMYECHHUS y/ICIIbHON ONTHYECKON IUIOTHOCTH M KOHIEHTPALUHU YTapHOTO Ta3a
YBEJIMUMBAIOTCS B 2 U B 5,3 paza COOTBETCTBEHHO.

KioueBble ciioBa: MyJIbTUKPHTEPUATBHBIC TTOKapHBIC W3BEIIATENN, METOABI KOHTPOJIS, pabOTOCTIOCO0-
HOCTb, TIepeXxo/ TICHNS B IUIAMEHHOE TOpPEHHE.
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Abstract

The existing methods for monitoring the performance of multi-criteria fire detectors do not provide
for verification of their characteristics in the conditions of transition from smoldering to flame burning.
The aim of the work is the development of the research methods of the environmental parameters during
the transition from smoldering (pyrolysis) to flame combustion for simulation a test fire while checking
the quality of multi-criteria fire detectors.

A technique to conduct research of environmental parameters under conditions of heating wood samples
of different sizes to a temperature of selfignition and burning crumpled and smooth paper has been developed.

Changes in the concentration of carbon monoxide, specific optical density, and scattering ability during
the transition from smoldering (pyrolysis) to flame burning of prepared wood and crumpled paper were
studied for the first time.

It is shown that the controlled environmental parameters during the transition from smoldering pyrolysis
to flame burning change together. Conclusion: the speed of growth of the scattering ability of smoke decreases
by 2.4 times, the speed of increase in the specific optical density and concentration of carbon monoxide
increases by 2 and 5.3 times (respec-tively), during the transition from pyrolysis to flame burning of wood.

Keywords: multicriteria fire detectors, control methods, operability, transition of smoldering to flame

burning.
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BBenenue

W3BecTHO, YTO MyJIBTHKPUTEPHATIbHBIC TOXKAP-
HbIC M3BEIATENHN YCIEHIHO BHEAPSIOTCS BO BCEM
MHUpE, TaK KakK CHOCOOHBI OOHApyKUBaTh MOXKap
C BBICOKOH JJOCTOBEPHOCTHIO. OTINYNE MYJIbTUKPH-
TEpUAILHOTO H3BelIaTesisi OT KOMOMHHPOBAHHOTO
3aKIII0YAeTCs B HAJTMUUH Y HEro CJI0KHOTO alrOpHT-
Ma 00paboTkK MH(OPMAIIUU 110 CPABHEHUIO C TIPO-
ctoit torukoit «MJIN» y KoMOMHUPOBaHHBIX MOKap-
HBIX u3BemaTenei [1].

CormacHo JaHHBIM, TpPUBEAEHHBIM B pabo-
tax [2] u [3] cylIecTByIOLIME AITOPUTMbI PaOOThI
MYJbTHKPUTEPHAIBHOTO — W3BEIIATENs] OCHOBAHBI
Ha Jyioruke «M», mpu KOTOPOH TakXkKe OLEHUBAETCS
JUHAMHUKa U3MEHEHUS] OJTHOTO U3 KOHTPOIUPYEMBIX
(akTOpoB TOXapa M YCHIUBACTCS YyBCTBHTEIIb-
HOCTB OCTaJIbHBIX CEHCOPOB.

Omnpenenenue MyJIbTHKPUTEPHAIBHOTO JETEK-
topa o NFPA 72 [4] BkiitouaeT B ceOst TpeOOBaHME
0 HAJIMYUHU CJIOXKHOTO aIroputMa 0oOpabOTKH WH-
(dbopmanuu M, KpOME TOTO, BBIACISAECTCS OCHOBHOM
00HapyXHBaeMbIl (PaKToP.

Takum 06pa3oM, B alroputMe paboTbl MyJIbTH-
KPUTEPHAIBHOTO H3BELIATeNs MpelycMaTpUBaeTCs
BbIJJaua OJHOTO CUTHAJIA O TOXKape NpH CTaOUIBHOM
pa3BUTHU OJHOTO THIIA TOPEHHUSI, HAIIPUMED, TICHHE
WK TIaMeHHoe ropeHune. OHAaKo HEe YYHUTHIBAIOT-
Csl HECTaHJAPTHBIE CHUTyallud pa3BUTHA IOXKapa,
a MUMEHHO CJIy4auh TOPEHHUS C MEepEeXOJIOM OJHOTO
TUIA TOPEHUS B IPYTOM.

ITepexoaHoii mpo1ecc OT TJICHHUS K IJIAMEHHOMY
TOPEHHIO UCClieaoBaics B padore [5]. ABTOpBI UC-
CJIEIOBAJIN TIEPEXOJHOM Mpolece OT TISHHS K Iuia-
MEHHOMY TOpeHUIo nrcyel Oymaru. J{ist ykazaHHoO-
ro MepexoJIHOro IMpolecca XapaKTepHbl pe3Kue H3-
MEHEHHSI TapaMeTPOB OKPYIKAIOIIEH CpPe/IbL:

— pe3KOe yBEIWYCHUE TEMIIEPATyPbl Ha TIOTOJIKE
UCTBITaTEILHOW KaMephl PH BOCIUIAMEHEHUH OyMa-
T'H;

— pe3K0oe CHMKEHUE 3HAUYeHHI MHTEHCHBHOCTH
PacCestHHOTO CBETa;
— pe3koe yBenuueHue koddduimeHTa CBeTo-

MIPOIYCKaHHSL.
VYKa3aHHBIM [EPEXOAHOW IPOLECC  MOXKET
OBITDH HEBEPHO WACHTHQULIUPOBAH  MYJIb-

TUKPUTCPUAJIbHBIMHA IIOXXAapPHBIMU HU3BCUIATCIISIMUA.
K nmpumepy, npu moskape mocie CHUXXKEHHS IUIOT-
HOCTH JbIMa MOXCET BO3HUKHYTH INIAMEHHOEC IOpe-
HHUEC, YTO MOXKET HC YYUTBIBATHCA U3BCIIATCIIEM U OH
MOKET CUTHAJIM3UPOBATL O MNPEKPAUICHUU T'OPCHUA
(JToxkanu3anuy U 3aTyXaHuu).

HcnpiTanus mo TECTOBOMY IOXKapy, UMUTHPY-
IOIIEMY TaKOM CJIOKHBIN Mpoliecc epexo/ia TICHUs
B IUIAaMEHHOE TOpeHHe, HeoOXOAMMO 00s3aTeThHO
MPEyCMOTPETh IS OLIEHKH KadyecTBa MYIbTHKPH-
TepUAJIbHBIX U3BELIATENICH.

B ucnplTaHusX NOXKapHBIX HW3BEIIATENEH ILH-
POKO HCIIONB3YIOTCSl CTaHNAPTHBIE TECTOBBIE TIO-
kapel [6-9, *]. Bo Bcex ciydasx KaKIbI TECTO-
BBII TTOJKap MOJENUPYET OJWH M3 THIIOB TOPEHHS U
HE MpeyCMaTpUBaeT MPOBEPKY PaOOTHI M3BEIIaTeeH
MIPY TIEPEXOJIE OT TICHHUS K IIAMEHHOMY TOPEHHIO.

XOpomio HW3BECTHO, YTO IUIAMEHHOE TOpEeHHe
TBEPIBIX TOPIOYMX MATEpPUAIIOB HAYWHAETCS C Tep-
MHYECKOTO Pa3JIOKEHHUs, B PE3YIBTaTe KOTOPOTO 00-
pa3yroTcs Toprovre rasbl, KOTOpBIE IPH HarpeBe BOC-
raMenstores. [porece TepMudIecKoro paznoKeHus
Marepuaiia MOXET COIMPOBOXKAATHCS TOCTAaTOYHO
OOJIBIITM TETUIOBBIJEIIEHUEM, YTO MOXET TPUBECTH
K TIeHuto. TieHwe npu ONpeneséHHBIX YCIOBHUIX
MOJKET TIEPEUTH B I1aMeHHoe ropenue [10].

[Tpumeps! MaTepuanoB, CKIOHHBIX K TICIONIEMY
TOPEHHUIO, YCIIOBHUS, HEOOXOIMMBIE TSI BO3HUKHO-
BEHUS TICIOIIETO TOPEHUs, a TaKKe YCIIOBHS Tepe-
X0Jla OT TJICHUS K TUIAMEHHOMY TOPEHHIO OIHCAHBI
B[11,12].

N3yuenne mnporecca TIEHUS U YCJIOBHUH,
P KOTOPBIX BO3MOYKEH MPOIIECC TICHUS, TIPOBOIH-
mock B [13].

B pabote [11] mpoaHamu3upoBaHO pacmpocTpa-
HEHUE TJIEHHUS BAOJNb IIEJUTIOJIO3HBIX MAaTepHalioB.
Brigenenst 3 o0macTé BOJTHBI TOPEHHS TPH TICHUU:

— 30Ha MHPOJIN3a, XapaKTEPU3YIOMIAsICT PE3KUM
MOIBEMOM TEMIIePaTyphl, TJe MPOUCXOIAUT UCTEUe-
HUE BHUJIUMBIX JIETYYHX HPOAYKTOB H3 HCXOIHOTO
MaTepuana;

—30Ha YIIUCTOTO OCTaTKa, IIe TeMIleparypa
JIOCTHTAeT MaKCUMyMa, ¥ MPEKPaIaeTCs BOTFOIIHS
BUJIUMBIX TPOIYKTOB MHPOJIH3a, U HAYMHAETCS Ha-
KaJMBaHHE;

—30Ha CHJIBHOIIOPUCTOTO YTIUCTOTO OCTAaTKa,
IJIe OCTaTOK OOJIbIIIe HE HArPEeBAeTCs M TeMIepaTypa
najaer.

Tompko  moOpuCTBIE  MaTepuaibl, KOTOPBIC
IIPH  HAarpeBaHUH OOpa3yIoT TBEPIBIA YIIIMCTHIN
OCTaTOK, MOTYT IPETEePIEeBaTh CAMOCTOSTEIIHO TIOA-
nIep KuBaeMoe TiIeroriee roperue [12].

[ImamMeHHOE TOpEeHHE MOXKET YCTAHOBHUTHCS
Ha TIOBEPXHOCTH TBEPIOTO BEUIECTBA JIUIIb B TOM

* —TOCT P 57552-2017 «Texuuka nmoxkapHas. l13Be-
IIATeIIN TIOXKapHBIE MYJIBTHKpUTEpUanbHbe. O0mme Tex-
HUYECKUE TPEOOBAHUS ¥ METOJIBI HCIIBITAaHUI.
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CiIy4ae, €ClM CKOPOCTh BBIACNEHHS JIETy4UX IIPO-
JIYKTOB TIPEB3OUIET ONPEAENEHHYI0 KPUTUYECKYIO
cKopocTh. [l1a mocTmkeHHus TemmepaTtyp, HeoOXo-
JIUMBIX JJISL 9TOTO, TpeOyeTcst O0IBII0e KOTUIECTBO
BpeMenu [12].

OpHaKo BO BCeX yKa3aHHBIX PaboTax M3ydanch
TOJIBKO TeMIIepaTypa U CKOPOCTh Mepexoia OT Tiie-
HUS K TUIaMeHHOMY TopeHuto. [Ipu sTom ocrammch
HE W3yYEHHBIMH TaKue TapaMeTphl OKpYKaromien
CpeIlbl, KaK: ONTHYeCKas MIIOTHOCTh, PACCEHBAOIIIAs
CIOCOOHOCTP, KOHIICHTPAIIHS YTapHOTO Ta3a.

Ilenpro HacTOsIICH PAaOOTHI ABISAIACH pa3padoT-
Ka METOJWKH WCCIEOBAHUS IMAapaMeTpPoOB OKpYyXkKa-
fOIeH Ccpenbl TIPH TepexoAe OT TICHUS (ITUPOJII3a)
B TNIAMEHHOE TOpPEHHE JJIsi MOJEIMPOBAHUS TECTO-
BOTO ITOJKapa JJIsl POBEPKU Ka4eCTBA MYJIbTUKPUTE-
pUAIIbHBIX U3BEIIaTENEH.

MeToanka npoBeeHus1 UCCIeI0BAHUI

B pabote nccieqoBaHO H3MEHEHHE XapaKTepH-
CTHK OKpY>Kalolllel cpefibl B YCIOBHUSIX HarpeBa 00-
Pa3LoB JIpeBECUHBI pa3HOTO pa3Mepa A0 TeMIlepary-
PBI CAMOBOCIJIAMEHEHUSI U TOPEHUE JIUCTOB MATON U
riajKoi Oymaru. M3amMepsiiuch KOHIICHTPALUS yrap-
Horo raza (CQO), yaenbHasl ONTUYECKAs IJIOTHOCTh
MU TIOTOK OINTHYECKOTO MW3JIyYeHUs, pPacCesHHBINA
Ha yriael oT 11 mo 15°, a Takke TemmepaTypa Ha Ha-
IpeBaTEJIbHOM MOBEPXHOCTH JIEKTPOIUINTKH, HA TO-
TOJIKE UCTIBITAaTEIbHON KaMephl M Ha BXOJI€ B BBITSXK-
HoM kaHain. MccnenoBanust mpoBOAMINCH B UCTIBITA-
TETHHOM KamMepe pazMepoM 2 X 2 X 2.5 M ¢ BBITSHKHBIM
kaHajgoM ceueHuem 600 x 380 MM (pucyHOK 1).
B BBHITS)KHOM KaHalle yCTaHaBIMBAIOTCS JaTUYUKU
yTapHOI'o ra3a U U3MEpUTENIbHAs CHUCTEMA JIJIs U3Me-
pPEeHHs ONTUYECKUX XapaKTEPUCTHK ra30BO3/1YIIHOM
cpensl. Ha nosy ucnbITaTeNIbHON KaMephl yCTaHaB-
JIUBAJACh AJIEKTPOILIUTA, MOIIHOCThIO 2 KBT, nua-
MeTpoM 220 MM C BOCbMbIO KOHLIEHTPUYECKUMHU Ka-
HaJlaMH TJIyOMHON 2 MM W ILIUPUHON 5 MM Kaxkaas.
[ToBepxHOCTh MIUTH Harpesanack 10 600 °C.

B kauectBe TOmIMBA A TECTOBBIX I0KAPOB
WCTIOJIB30BAIUCH  00pas3lbl JAPEBECHHBI, a TaKKe
JUCTBI MSATOM M THaJKOM Oymarum c mapameTrpamu,
NpUBeACHHBIMY B Tabiuue 1.

B kauectBe cpeicTB M3MepeHMs MapaMeTpoB
OKpYXKaIOIeH Cpe/ibl TPU TOPEHNH TECTOBBIX IT0XKAPOB
WCIIOJIb30BAJIMCh: TA30aHAIU3aTOP JBIMOBBIX Ta30B
Multilyzer NG (c norpeHocTbio 5 % 0T H3MEpEeHHOM
BEJIMYUHBI); YyCTAaHOBKA «JIBIMOBOI KaHaI», TIO3BOJISI-
Iol1asg MOJIETIMPOBATh MOXKAphl B YCIOBUSIX, MPHOIH-
KEHHBIX K PEabHBIM MOXKapaM B OBITOBBIX ITOMeIlle-

HusAx [14]. YcranoBka «JIpIMOBOM KaHam» BKIIIO-
yaeT B cebs m3Mmepurenb-perynsarop «CocHa-004»
cTepModekTpudeckum mpeoopaszosareeM T XA(K)-
1199, umeronum nuanaszon uaMmepenus ot — 50 °C no
+ 500 °C 1 u3MepuTeNbHbIN y3€] YCTAHOBKH JJIs U3-
MEpEHHS OTITUYECKUX XapaKTEPHUCTHK JIbIMa (Y 1eITb-
HOW ONTHUYECKOW MJIOTHOCTH M BEIUYMHBI MTOTOKA
OTITUYECKOTO W3IyUYeHHsI, PACCESTHHOTO YacCTHIIAMU
JIbIMA).

AT
A

Pucynok 1 — VcnsiTaTenpHas KaMepa U MECTa pacriolio-
JKeHHs 000pYIOBAaHUS M CPEICTB M3MepeHuil: 1 — Harpe-
BaTeJbHAs TUINTKA; 2 — UCHBITATENIbHAS KaMepa; 3 — BbI-
TSDKHOW KaHal; 4 —MECTO YCTaHOBKM Ta30aHAIM3ATOPA;
5 — onTUYecKuil U3MEPUTEIbHBIA Y3ell; 6 — U3MEPUTEIb
TEeMITePaTypBbI

Figure 1 — Test chamber with equipment locations
and measuring instruments: 1 — heating plate; 2 — test
chamber; 3 — exhaust duct; 4 — gas analyzer installation
site; 5 — optical measuring unit; 6 — temperature meter

Tabnuya 1/ Table 1
XapakTepuCcTUKH TOIUIMBA JJIsi TECTOBBIX MO-
JKAPOB

Characteristics of fuel for test fires

Howmep
obOpasnia Bwung tommmBa  Pasmepsi, MM Macca, r
Sample  Type of fuel  Sizes, mm  Mass, g
Number
1 enb/spruce 2x10x75 14
2 ocrHa/aspen 3,5x10x75 13,7
3 ocHHa/aspen 6x10x75 13,5
4 ocHHa/aspen 20x20x75 11,5
5 ncyas Oymara (bopmar A4
MsTas 4.5
wrinkled paper A4 format
6 nycyas Oymara
TIajKas tdopmat A4
smooth writing A4 format 20

paper
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Ji1st n3MepeHnst pacCessHHOTO M3ITyYEHHS HCTIOJb-
30BaJlaCch YCTAHOBKA JUISl U3MEPEHUsI PACCESIHHOTO U3-
mydenns no Merony Ludpuna [15]. Yceranoska peru-
CTPHUPYET M3IIyUEHUE, PACCETHHOE IOJ] yIiaMHu OT 3°
1o 11°, a Takke U3TydeHHE TPOLIEALIee Yepe3 Uccie-
nyeMyto cpeny 0e3 paccesiusl. MimeeTcs BO3MOKHOCTh
(OKyCHpOBAaTh ONTHYECKOE HW3IIyUYCHHE, PACCESIHHOE
nox yrinamu ot 3° o 11° Ha doronpuémunke, pacro-
JIO)KEHHOM 3a (poKycoM oObekTHBa. Takum o0pazom,
M3MepsieTCs] MHTerpajibHas XapaKTepHCTHKA ONTHYe-
CKOTO W3JTy4eHUSI, PACCESITHHOTO Ha YIIbl oT 3 g0 11°.
N3mepenne WHTEHCHBHOCTH TPOIIEAIIETO 4Yepe3 HC-
CIIeTlyeMyIO Cpely ONTUYECKOTO M3Ty9IeHHS ITO3BOJISET
OTIPEIENATh ONTHYECKYIO THIOTHOCTH Ta30BO3/YIITHON
CpeJIbl, CoieprKalllelt a3p030Jib Pa3HON MPUPOJIbI.

Jns wm3mepeHuss TemmepaTypbl Ha IMOTOJIKE,
Ha BXO/€ B BBITSDKHOW KaHaJI M Ha IUIMTKE yCTa-
HaBJIMBAJIUCH TEPMOTIAPBI, KOTOPHIE MOIKIIOUATHCH
K u3Mepurento-perynsaropy «Cocua-004».

DNEeKTPOIUINTKA TpPH BKJIIOYEHUH TOCTEIeH-
HO HarpeBajlach J0 MaKCHMaJbHOM TemIeparypsl
(oxomo 600 °C).

Jnst MotenpoBaHus pekuMa repexoia ot Tiie-
HUS K [JIAMEHHOMY T'OpPEHHUI0 00pasiibl IPEeBECUHBI
Y JTUCTBI MATOM OyMaru pacrojaraiuch paBHOMEPHO
Ha JJIEKTPOIUTUTKE, TEMIepaTypa KOTOpPOH He Tpe-
BBIIIAJIa TEMIIEPATYPY OKpy:karoien cpessl. [Tocne
9TOr0 BKJIIOYANACh 3JIEKTPOIUIUTKA, TEeMIleparypa
Ha KOTOPOH MOCTOSIHHO MoBbIIIasiack. PocT Ttemrie-
patypsl 3a 14 mun cocraBui 480 °C.

W3meHenune reMnepaTypbl PUKCHPOBAIOCH KaXkK-
npeie 30 ¢ TepMonapoil, yI0KeHHOM B OJIMH U3 KOH-
LEHTPUYECKNX KaHAJIOB Ha 3JIEeKTporuuTke. OnHO-
BPEMEHHO (PUKCUPOBAINCH TeMIIepaTypa Ha BXOJE
B BBITSDKHOW KaHANl W TEMIEpaTypa MOJ IMOTOIKOM
HCIIBITATENIbHOM Kamephl (BbIcOTa MOTOJKa 2,4 M)
Ha OCH Tokapa. TemmepaTypa BO3Ayxa B Hauaie
JKcIepuMeHTa coctasisina 18 °C.

Ha paccrossann 4 M 0T ocu moXxapa B JBIMO-
BOM KaHaje MpPOBOJWINCh H3MEPEHMs YIEIbHOU
ONTUYECKON TNIOTHOCTU M PACCEIHHOTO U3IYUCHHUS.
PaccrosHrEe, KOTOpPOE MPOXOTMIIO 30HANPYIOIIEE H3-
JlydeHHe TONepeK IBIMOBOIO KaHaja, COCTaBISIIO
600 mm. CKOPOCTH BO3IYITHOTO MTOTOKA U3MEPSIach
Ha BXOZ€ B KaHal u Oblia paBHa npumepHo 0,2 m/c.
M3Mepenne ynenbHOW ONTUYECKON IJIOTHOCTH U
PACCEeSTHHOTO M3IyYeHHS C MOMOIIBI0 M3MEPHUTEIh-
HOTO y3J1a YCTAHOBKH JJIi U3MEPEHUS] ONTHYECKUX
XapaKTEepPUCTUK JbIMa TPOBOIMIOCH TaKXKe dYepes
kaxnpie 30 ¢ B TeueHue 14 MUH ¢ MOMEHTa Havasa
Harpesa 3JIeKTPOTUTUTKH.

Hccienopanue XxapakTepuCTHK

W3MeHeHHsT KOHIEHTpAalMu YrapHOTO Tasa,
YAECIBHOW ONTUYECKOHN IIJIOTHOCTH, PACCEUBAIOLLEH
CIIOCOOHOCTH IPH Harpese o00pasia, H3rOTOBJIEHHO-
T'O U3 €N TOJIIUHOK 2 MM (0Opasen Ne 1), mpusene-
HBI Ha PUCYHKE 2.

1.2
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Pucynok 2 — I3MeHeHusi  paccessHHOTO  W3JIyYeHUs,

YAEIbHOU ONTUYECKOH IJIOTHOCTH, KOHLEHTPALUU yrap-
HOTO Ta3a IIPU HarpeBe JAEePEeBsIHHBIX OPYCOUYKOB pa3mepa-
MH 2 X 10X 75 Mmm

Figure 2 — Changes of scattered radiation, specific optical
density, carbon monoxide concentration when heating
wooden blocks with dimensions of 2 X 10 x 75 mm

[Ipu HarpeBaHWM TJIMTKHU, HAUYWHAS C 5 MUHYTHI
Ipy TeMIiepatype Ha Heit 275 °C 1 BbIIie, HAaOII0IAI0Ch
TIOCTETIEHHOE YBEITMYEHHE TTOTOKA PACCEeTHHOTO W3-
YEHHUs ¥ 3HAUEHUN YJIeTbHON ONTUYECKOM TUIOTHOCTH.

Hammaue yrapuoro raza CO Ttaxke (purcupo-
BaJIOCh, HaYWHASA C 7,5 MHHYTHI, 9TO OOYCJIOBIICHO
HEKOTOPOH MHEPIIHOHHOCTHIO (110 60 ¢ cormacHo ma-
CIIopTy) B GUKCHPOBAHNHT 3HAUCHIH Tra30aHAIN3aTO-
pOM IBIMOBBIX Ta30B Multilyzer NG.

N3 pucynka 2 BUJIHO, UTO:

1. TIpoucxoinno paBHOMEPHOE yBEIUUYECHHE ClIe-
JTYFOIIIUX TIApaMeTPOB A0 OMPEIeNEHHOTO BPEMEHU:

— U3MEHEHHE YJIeIIbHOM ONTUYECKOH IIIIOTHOCTH
(ot 0 1o 0,68 n1b/M) 10 8 MUHYTHI,
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— U3MEHEHHE IMOTOKA PACCETHHOTO H3ITyYeHUs
(ot 0,5 1o 0,85 oTH. ex.) 10 7,5 MUHYTHL;

— U3MEHEHHE KOHIICHTPAIUU yTapHOTO
3a (CO) (mo 19 ppm) 10 9,5 MUHYTEIL.

2. I3MeHeHNsI KOHTPOJIMPYEMBIX IapaMeTpOB
VMMeJH WHOMU, O0JIee TUIAaBHBIM BO BpEMEHH, XapaKTep:

—HauuHas ¢ 8 ¥ 70 9,5 MUHYTHI ISl yIEIbHON
ONTHYECKOW IUIOTHOCTH (u3MeHeHus ot 0,68 1o
0,88 nb/m);

—HaunHasg ¢ 7,5 muHyTel A0 10,5 MUHYTBHI
IUISL pacCeIHHOTO u3nyueHus (u3menenus ot 0,85 1o
1 oTH.ex.).

IIpu sTOoM C 8,5 MUHYTHI BILIOTH A0 9 MUHYTHI
(nepuon okono 30 c) ynenbHas onThyeckas IJIOT-
HOCTh (okoji0 0,75 nb/M) U paccessHHOE U3JIy4YCHUE
(0,95 oTH. ex.) cyIIeCTBEHHO HE U3MEHSIINCH.

3. Bo3oOHOBIIEHNE PE3KOTO W3MEHEHUS yJIeib-
HOH ONTHYECKOU MIIOTHOCTU HAYaI0Ch € 9,5 MUHYTHI
BILUIOTH A0 10,5 MunyTHI (630 ¢) (M3MEHEHUs ONTH-
yeckoit wioTHocTH ¢ 0,88 n1b/m no 1,23 nb/m).

M3menenuns TeMiepaTypsl Ha TUTUTKE, HA TIOTOJI-
K€ UCTIBITATeTbHOIW KaMephl M Ha BXOJI€ B BHITSHIKHOU
KaHaJ MPEJICTABJICHBI Ha PHCYHKE 3.

Bocmnamenenune o0pasiia, W3rOTOBJICHHOTO W3
emu TonmuHON 2 MM (oOpaser; Ne 1) HaOmromanoch
[IpU TEMIIEPATYPE MOBEPXHOCTH ITUTHI 0K0J10 400 °C.

VienbHas onTuUdeckas IUIOTHOCTb — IOCIE
10,5 MUHYTBI Hauaja CHUXKATbCs. B OTHOIIEHUU JU-
HAMUKU W3MEHEHUs 3HaueHui yrapHoro raza (CO)
OTMETHUM, YTO HauuHasi ¢ 9,5 MUHYTHI 10 12 MUHYTHI
KOHIIeHTpalust yrapHoro raza (CO) yBenn4uBaercs
o JTuHeiHoM 3aBucuMocTH (¢ 19 10 94 ppm). [Tocne
12 MUHYTBl HAYMHAETCS YMEHBIICHHE KOHIICHTpA-
un yrapHoro raza (CO).

IIpu HarpeBaHuu 00pa3IOB TOJIIMHOHN Oojee
2-x MM ¥ 00pa3ioB mstoit Oymaru (Ne 2—5) ux Boc-
IJIaMEHEHUS He HabII0Mamock, HO IIPH TOM O0HApY-
JKeHa 3aBHCUMOCTh KOHIIGHTPAIIUX YTapHOTO Ta3a OT
MCXOIHOU ToNmuHbI 00pa3ua. Yem tomme oOpaser,
TEM TIO37]HEeE W TpW OOoNblLIel TemrepaType Ha Mo-
BEPXHOCTH IITUTHI TTOSIBISUICS YTapHBIH ra3.

B cmydae mieHums maakod Oymard  ymenb-
Has ONTHYECKas IUIOTHOCTh JOCTHTANA 3HAYCHUS
4 nb/m uepe3 520 c. B mepssie 260 ¢, moka Temre-
parypa Oymarn HE AOCTHIVIAa 3HAYCHHS TeMIIepa-
TYypBl TIICHUS, TPOUCXOAUT MEIJICHHOC W3MCHCHUE
ONTHYECKUX XaPAKTEPUCTUK CPEIBI TIOJ] ITOTOIKOM,
yaenpHas ONTHYECKas IUIOTHOCTh IMPH ITOM JO-
cruraetr 3HadeHus 0,2 nb/m. JlocturayB temmepa-
Typbl TICHHS, 3a mociemyrone 260 ¢, ymempHas
ONTHYECKAsT TUIOTHOCTHh yBEIWMUHMBAaeTCS 10 4 ab/M.
MenieHHBI HE3HAYUTENBHBIM POCT TeMIEparypbl

ra-

JI0 MOMEHTa CaMOBOCIIJIAMEHEHHUsI OyMaru B OCHOB-
HOM ONpEAEISIETCS TEIUIOBBIACICHHEM 3JIEKTPO-
wimThl. OZHOBPEMEHHO OBICTPO HapacTaeT WHTEH-
CHUBHOCTb paccessHHoro uziyudenus. Ilocie camo-
BOCIJIAMEHEHHs OyMarm HauuHaeTcsi OBICTpPBIH
POCT TeMIeparypsl ¥ OHOBPEMEHHO YMEHbLIAETCS
yAebHasl ONTHYECKasl IVIOTHOCTh U MHTEHCUBHOCTh
paccessHHOTO u3ay4yeHus [5].
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Pucynox 3 — I3mMenenust TemmepaTypsl Ha IIMTKeE,
BOJIM3H MTOTOJIKA KaMEPBI M Ha BXOJIC B BBITSDKHOW KaHAJ

Figure 3 — Temperature changes on the plate, near the
ceiling of the chamber and at the entrance to the exhaust
duct

AHanmM3upysl PUCYHOK 4, JienaeM BBIBOJ, UTO
MEPEXOTHON MPOIIECC OT TICHUS K IIIAMEHHOMY TO-
PEHUIO IIJIKON OyMard OIUChIBACTCS CIIEYIONIMMHU
3aBUCUMOCTSIMU:

— pe3Koe YBENUUCHUE TeMIIePaTyphl Ha MOTOJKE
UCTIBITATENLHOM KaMephl P BOCIIAMEHEHUH OyMarw;

— pe3KOE CHMKCHUE 3HAYCHHH MHTCHCHBHOCTH
paccestHHOTO CBETa;

— pe3koe yBeluueHHe KOX(P(UIMEHTa CBETO-
MPOMYCKaHHUS.

KonnvecTBeHHbIC 3HAYCHUS] JTUHAMUKHA H3Me-
HCHHsI KOHTPOJIMPYEMBIX MapamMeTpoB BO BPEMEHH
NpU HArpeBaHUH O0PAa3IOB JPEBECHHBI TONIIHHON
2 MM JIJIsl 3TAIOB MUPOJIN3a U MJIAMEHHOTO TOPEHHUS
TIPUBEACHBI B TaOIAIIEC 2.
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Tabnuya 2 / Table 2

CKOpOCTb U3MECHCHHUSI IMOTOKAa PacCCeAHHOro M3JIy4YeHUs, yZ[eJIBHOﬁ ONTHYECKOH IVIOTHOCTH,
KOHICHTPAIlUU YrapHoOro rasa Oprmammeﬁ Cpeabl B INOMCINEHHMHM Ha J3Tanmax MNDUHPoOJHU3a MU
NJIAMEHHOI'0 TOPECHUA

Speed of change of scattered radiation flux, specific optical density, carbon monoxide concentration
the environmental parameters in the room at the stages of pyrolysis and flame combustion

KouTponupyembie mapaMmeTpbl Ckopoctb u3mMeHeHus napamMerpa  CKOpOCTh U3MEHEHHUS MTapaMeTpa
OKpPYXaroIleH cpebl Ha JTare MUPoJIn3a Ha JTare MIaMEHHOTO TOPEHUs
Controlled environmental The rate of change The rate of change
parameters of the parameter at the stage of the parameter at the stage
of pyrolysis of flame combustion
IToTok paccessHHOTO U3ITy4YeHUs A, .l A, .l
o 0,140 mun" /min 0,058 mun" /min

Scattered radiation flux
VY enpHas onTu4eckas MiOTHOCTh 1 . 1 .

. . 0,204 (nb/m) mun"/(dB/m) min 0,416 (nb/m) mun"/(dB/m) min
Specific gravity
Konnenrpamus yrapHoro raza ) )

P yrap 6,5 ppm Mun"/min’! 34,5 ppm mus'/ppm min!

Carbon monoxide concentration

B pesynbrate cpaBHEHHUs pe3ylbTaTOB, IMOJY-
YCHHBIX B JAHHOW paboTe mpu HarpeBaHuu 0Opas-
OB JIPEBECHHBI TOJIIMHON 2 MM, C pe3yJibTaraMu
paboTHI [5], menmaeM CIeayIoIHe BRIBOIBI:

i — TIEPBBIA dTal HarpeBa (MUPoJU3a) 00pasloB
JIPEBECHHBI TaK K€, Kak U 00pa3IoB IJaJKoi Oy-

o 3 :

20
40

Temmepatypa, °C
Temperature, °C

& sl ] Maru, XapakTepu3yeTcs OJHOBPEMEHHbIM HapacTa-
g E g}g 20l ] HHEM 3HAYEHHU ITI0TOKAa PACCESHHOTO H3IIy4YCHUS,
20555 f 1 YIIeIBHOM ONTHYECKOH IUIOTHOCTH, a TaK)Ke KOHIICH-
g % EEE oL ] TpaIuu YyrapHOTo Ta3a (I TIaaKou Oymaru m3me-
= 2 . ] : 5 pennst CO He TPOBOJNIINCH);

B oo 0 ' : ! 5 1 — BTOPOH 3Tan MjaMeHHOTo ropeHus (¢ 8 no
L Hor | 10,5 muH — s 00pa3noB U3 ApeBecuHsl, ¢ 520 10
5 % ,g 0s L | 570 ¢ — mnst 0OpasmoB raaaAKol Oymaru) xapakre-
SEZ ' pu3yeTcst OJHOBPEMEHHBIMH (B IIpeiesax Morpen-
2 ER 06 L i HOCTH M3MEPEHUIA) 00Jiee PE3KUMHU M3MEHEHHUAMU

: i | YJIeJIbHOM ONTHUYECKOW IJIOTHOCTHM M KOHIIEHTpa-
0 600 1200

UKW yrapHoro rasa, a TakikKe 0oJiee IUIAaBHBIMU W3-
Bpems, ¢
l?ime_.-s MCHCHUSIMU CKOPOCTU HapaCTaHUusA pPaCCCAIHHOTO

Pucynok 4 — I3MeHeHne BpeMEHHBIX 3aBUCUMOCTed — H3JIyYCHUA,

TEMITEPaTyphl 110J] TIOTOJIKOM MOMEIICHNUS, HHTECHCHBHO- — TPETHUM 3Tall 3aTyXaHUs XapaKTepU3yeTCs OJ1-
CTH PACCESHHOTO H3TYYCHHs i KOO(QDUIIMCHTA IPONYCKA-  HOBPEMEHHBIM YMEHBIIEHHEM 3HAYEHMH BCEX KOH-
HUSI Cpeibl IpH nepexoze nupoinusa (1o 520 ¢) B miaMen- TPOJIUPYEMBIX 1aPAMETPOB.

HOE TOpeHne Oymaru

Figure 4 — Change in the time dependences of the 3aKJ/I0O4YeHHE
temperature under the ceiling of the room, the intensity

of the scattered radiation and the coefficient Paspaborana MeTonrKa, ¢ MOMOIIBIO KOTOPOii
of transmittance of the medium during the transition from  BIEPBBIC BBIIIOJHECHO OJAHOBPECMEHHOE HCCIIEI0BA-
pyrolysis (up to 520 s) to flame burning of paper HUE JMHAMUKHA U3MEHEHUS KOHIIEHTPALUU YTapHOTO
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ra3a, yJeJbHOH ONTHYECKOH IUIOTHOCTH, pPacceu-
BaloOIIeH CIOCOOHOCTH B OJHOW M TOH ke 00JxacTH
OKpYKaroIllel cpesbl, CoiepKalle MpoayKThl rope-
HUSI, I TIEPEX0/i¢ MUPOJIN3a B IJIAMEHHOE TOPEHHUE
JIpeBeCHHbl U mucueld Oymaru. M3mepeHus BBIIOI-
HSUIUCH B 00JIaCTH CpeZbl, PaclojOKEeHHON Ha pac-
CTOSIHMHM OT OCH TI03Kapa, XapaKTepHOM ]IS TIOJIOKe-
HUS [TO’KapHBIX W3BEIIATEINCH.

[lokazaHo, uYro BOJM3M TMOTOJNKA TOMEIIe-
HUSl Ha yJAJICHUH OT OCH IO0XKapa, COOTBETCTBYIO-
[IEMy MAaKCHMaJbHO BO3MOKHOMY PAaCCTOSHHIO
OT OCH TOKapa [0 W3BELIaTeNsl, B HCCICIOBAHUH
OHO COCTaBISAJO 4 M, INpH Mepexoie MNHPOIU3a
B IUIAMEHHOE TOPEHHUE IPEBECUHBI U JIUCTOB MHILECH
Oymaru KOHLEHTpalMs yrapHOTo rasa, TeMIrepary-
pa, yaenpHas ONTHYECKas IIOTHOCTh M PacceHBa-
Iol1asi CIIOCOOHOCTh OKpYXKarolled cpeabl, coaep-
JKaled MpoAyKThl TOPEHHSI, U3MEHSIOTCS OAHOBpPE-
MEHHO.

Y CTaHOBIEHO, YTO MPH MEPEXOE OT MUPOIHU3a
K MJJAMEHHOMY TOPEHHUIO JPEBECHHBI HAOIIOAACTCS
yMEHbILIEHUE B 2,4 pa3za CKOPOCTH pocTa pacceuBa-
folIeld COCOOHOCTH JIbIMa, CKOPOCTH YBEIUYCHHS
YAEIBbHON ONTUYECKON MIIOTHOCTH U KOHLIEHTPALUU
yrapHOro rasza yBeJIMuuBaroTcs B 2 U B 5,3 pasza co-
OTBETCTBEHHO.
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Moaesb TenJI0BOro MeXaHu3Ma TYHICHHS MOKapa MOJAKJIAcCca
Al orHerymammum NOpoIIKOM 001Iero Ha3HAYCHUSA
B YCJIOBHMSAX HECTAIIMOHAPHOI'O TENJI000OMEeHAa

AMN. Kunak

HUU noacapnou bezonacnocmu u npodiem 4pe3sulyainblx CUumyayutl
Munucmepcmea no upesgviuaiinvim cumyayusim Pecnyoruxu benapyco,
ya. Conmuica, 183a, 2. Munck 220046, Bearapyco

Hocmynuna 26.02.2019
Hpunsama k neuamu 01.09.2019

Lenbio paboTHI SBIISAIACh pa3paboTKa MOJIENN TEIUIOBOIO MEXaHU3Ma TYIICHHS M0XKapa OTHETYIIAIUM
MOPOILKOM OOIIIEr0 Ha3HAYeHMs ¢ Y4ETOM MHEPIMOHHOCTH Nepeaun Terla 4acTUIaM MOpOoIIKa Ipu He-
CTaLlMOHAPHOM TeTJI000MeHe ISl BBISBJICHUS ONTHMAJBHBIX YCIOBHI TYHICHHUS TOPOIIKAMH MOKAPOB MO/~
kiacca Al.

JlocTrkeHre MoCcTaBIeHHON eI OCYIIECTBIAIOCh METOJOM dKCIEPUMEHTAIbHOTO U MaTeMaThye-
CKOTO MOJEIUPOBaHMs IMpoliecca TyIIEHUs Moxkapa moaknacca Al orHeTymiamuM MOPOIIKOM OOILEro
Ha3HauY€HHUs MPU KPAaTKOBPEMEHHOM BO3JEHCTBHUU Ha oyar noxapa. IlomydeHsl skciepuMeHTalbHbIe 3a-
BHCHMOCTH BPEMEHM TYLIEHHUS U YJEIbHOI'O0 PAcX0/a OTHETYIIAIIero MOPOIIKAa OT WHTEHCHBHOCTH IO-
Jla4yM TMOPOIIKA B 30HY TOPEHHUs NPHU TYIIEHHUHU Moxkapa rnoakiacca Al JokaiabHO MO MIIOMIAAHN U JIOKAJIbHO
B OTPaHMYEHHOM 00BEME.

AHanu3 MoJyuyeHHBIX 3aKOHOMEPHOCTEH TYyIIeHHs Mokapa mojkiacca Al orHeTymammMm MOPOIIKOM
0011Iero Ha3HAuCHMSI MPU KPAaTKOBPEMEHHOM BO3JICHCTBUH Ha 0Yar BO3rOpaHHs MTOKa3al HaJTHYUe ONTHMAb-
HOM BeIMYMHBI HHTEHCUBHOCTH I10/Ja41 OIHETYIIAIIET0 MOPOIIKa B 30HY M0Kapa, MPU KOTOPOH peain3yeTcs
MHUHHUMAJIBHBIN yJEJIBHBIM pacxoj MOpOIIKa HA TylleHUe noxapa. Hamuuue naHHOro onTuMyMa CBSI3aHO
C MHEPIIMOHHOCTHIO TEIUIOBOTO MEXaHHW3Ma TYIIeHHUs Mojkapa nojakiacca Al mopomkaMu BCeICTBHE KO-
HEYHOCTH BPEMEHH Iepeauu Terula, 3aacéHHOT0 MPH MoKape, YacTUIIaM OTHETYIIAIETo MOpoIlKa U orpa-
HUYEHHOCTH BPEMEHH B3aUMO/IEHCTBUS YAaCTHI C TOPIOYUM MaTepHalIOM.

[IpoBenén Teopernueckuii aHanu3 mporecca TyIEHHs MoXkapa Mo MIIOoLaan ¢ y4€TOM HHEPLHOHHOCTH
nepeaayn Temia yacTulaM MopoIIKa MY HeCTAllHOHAPHOM TeriooOMeHe. Pe3ynbTaThl aHamn3a KadyecTBEH-
HO COTJIACYIOTCS C pe3yJibTaTaMH SKCIEPUMEHTAILHOTO H3Y4YEeHHs 3aKOHOMEPHOCTEH TYIIEHUS 10 TUIOIAIH
MOJIEJIbHBIX 0YaroB IMoskapa mojkiacca Al orHeTymammuM mopomKoM o0IIero Ha3HaueHUs!.

KuaroueBble ciioBa: moxap noakiacca Al, orHeTymanmii HOpOIIOK, HeCTallMOHAPHAS TeIUIoNepe/ayda, 1mo-
CTOsIHHasA BpEMEHU MHEPIIUOHHOCTH IIpOLICCCa, BPEMsL BSaHMOZIefICTBHSI.
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Abstract

The aim of the paper was to develop a model of thermal extinguishing mechanism using dry chemical
powder taking into account the inertia of heat transfer to powder particles during unsteady heat exchange
to identify the optimal conditions for extinguishing of A1 class fires with powders.

The method of experimental and mathematical modelling of fire extinguishing process using
dry chemical powder with short-term effect on the fire was used to achieve the goal. The experimental
dependences of the extinguishing time and unit consumption of the extinguishing powder on
the intensity of the powder supply to the combustion zone in extinguishing of subclass Al fire
in same area and in a limited volume were obtained. The mathematical model of a thermal extinguishing
mechanism using dry chemical powder has been developed, taking into account the inertia of heat transfer
to powder particles during unsteady heat exchange.

Analysis of the regularities of extinguishing the subclass Al fire using powder with a short feeding
it into the fire indicates the presence of optimum values of unity consumption of powder on the fire from
the intensity of feeding it into the fire. The presence of this optimum is due to the inertia of extinguishing
the subclass Al fire using powder due to the finiteness of the heat transfer time to the particles of the
extinguishing powder and the limited time of interaction of particles with the combustible material.

The theoretical analysis of the fire extinguishing process over the area taking into account the inertia
of heat transfer to the powder particles at non-stationary heat exchange are carried out.
The results of the analysis are in qualitative agreement with the results of the experimental study
of the regularities of extinguishing of model fire foci of subclass A1 with General-purpose fire extinguishing
powder.

Keywords: Al subclass fire, dry chemical powder, non-stationary heat exchange, inertia process time
constant, interaction time.
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BBenenue

Oco0eHHOCTBIO TYLICHHUS MOKapoB MOJKIacca
Al ormerymamyMu MOopouIKamMy oOLIero HazHaye-
HUsl SABJSIETCS BO3MOKHOCTH ITOBTOPHOI'O BOCIIJIa-
MEHEHHsI TOPIOYEero BelIecTBa I0CJIe BO3JEHCTBUA
nopoika. [ToBropHOE BoCIIIaMEHEHUE MTPOUCXOAUT
BCJIE/ICTBHE TIOSABJIEHUSI CKPBITOIO TOpeHus (Tie-
HUs1) HECTOPEBIIMX OCTAaTKOB LEJIII0JI030COepKa-
OIMX MaTepuasioB, KOTOpOe BO3HHMKAeT Oxaromaps
0OJIBIIOMY KOJHMYECTBY TEIUIA, aKKyMYJIHPOBaHHO-
My B HUX, U HAJIMYHIO KHCIIOPOJa, COJIEpIKaIlerocs
B [TOpax JaHHBIX MaTepUaJIOB.

3anadeil TylmeHus Mo)kapoB mojikiaacca Al sB-
JsieTcs oJJaBJIeHNe KaK MIIaMEeHHOT 0 TOPeHUs], TaK U
XapaKTEepPHOTI'0 JUIsl HUX CKPBITOrO TOpeHUs (TIEHUS).
IlepBas yacTp 3TOH 3aJ1auu JETKO PEIIAETCS OTHETY-
IalMU TOPOIIKaMu OJjarojapsi HaJMuUI0 B HHUX
TOMOTEHHOTO M T'€TepPOreHHOTO MEXaHHW3MOB HMHIH-
OupoBaHMs (PEpHIBaHMs) LIEMHBIX pEaKkIuid rope-
HUs BemecTBa. [IpoOiemMa cocTOUT B MOAABICHUU
CKpBITOrO TOpeHMs. JlaHHBIA TUI TOPEHUS MOXKET
OBITH TpeKpamEH JIMOO HM30JIMPOBAHUEM TOPIOYETO
MaTepuaia oT J0CTyIla KUCIopoa, noo 3ddexTus-
HBIM OXJIQ)KJIEHHEM €TO.

[Ipu TymeHuu yriepoocoAep Kallero ropro-
Yero MaTepuana MOpOUIKaMU PEeKOMEHIYeTCs MpH-
MEHSTh OrHETylIallhe MOPOIIKH Ha OCHOBe (oc-
(hopHO-aMMOHHUIHBIX COJIEH, CIOCOOHBIX MPH Harpe-
BaHHUU 00pa30BBIBATH HA OOrOPEJION YIJIEPOAUCTOM
MOBEPXHOCTH TOHKYIO TIEHKY paciiiaBa mosugoc-
($aToB, HM30IMPYIOUIYIO YIIEBOJOPOAHBIA COCTaB
OT J0OCTyNa KACIOpoAa. JJaHHBIN IIpoLecc conpoBo-
JKIAETCs TAK)KE OXJIAXKIEHHEM FOpIOYero MaTepuaa
BCJIE/ICTBME TpPaThl YacTH TeIjla HAa Harpes, IUIaB-
JIeHWe W MCMapeHHe YacTHl] MOpOIIKa, MOMABIINX
Ha rOpsiYMil YIVIUCTBIA CIION.

VYcnoBust mporekaHus ¥ dPPEKTUBHOCTH pas-
JMYHBIX MEXaHW3MOB TYLIEHHS I0KapOB OTHETY-
HIAIMMHU TOPOLIKaMU (OXJIaX/I€HHUE 30HBI TOPEHUS
yYMEHbILIEHUEM TEeIIOOTAAYU OT HEro Wi yBelnde-
HUEM TEeIUIO0TBOJia OT FOPIOYEro BellecTBa) U3yda-
JUCh B OCHOBHOM B 3aJladyax TYLIEHHs MOPOIIKaMH
rOpeHHs ra3oB U xKujakocTei [1-2].

OneHky BKJIaJia TEIJIOBOIO MEXaHU3Ma B Ty-
LICHHUE Ta30B, MPUBEAEHHBIC B padoTax [1, 3], moka-
3aJiM, 9YTO OH OTOMpaeT OT miameHu =~ 15 % rteruia.
B aTux xe paboTax yka3pIBaeTcsd Ha BA)KHOCTb y4€Ta
pu oueHke 3G PEeKTUBHOCTH TEMIOBOTO MEXaHHU3Ma
TyWIEHUs IJaMeHH BPEMEHU B3aUMOJICHCTBUS 4Ya-
CTHII TOPOIIKa ¢ (PPOHTOM IUIAMEHH B CBSI3H C HHEP-
LIMOHHOCTHIO Mepeiadn Tera.

AHanu3 IUTEpaTypHBIX AHHBIX 10 MCCIIeI0Ba-
HAIO 3(G(HEKTUBHOCTH TYIICHUS ITOPOITKAMH TI0Ka-
poB moakinacca Al mokaszan, 94To gaHHAs MpodiieMa
MaJou3y4eHHa. Mao4YuclieHHbIe HWCCIIeJOBAHNUS
0 TAHHOW TEeMAaTHWKE KacajiCh OSKCIIEPHUMEHTAb-
HOTO OTIpe/IeJIeHHsT BPEMEHH IMMOBTOPHOI'O BOCILIA-
MEHEHHs JPEBECHHBI TOCIE BO3JEHCTBHS BOJHBIX
1 reseo0pasyromnx OTHETYIIAIUX CPel] 3aJaHHOTO
ynemnbpHOTO Beca [3]. B pabore [4] paccmorpena Te-
TJIOBast MOJIENb TYIICHHS OTHETYIIAIINAM TTOPOIIKOM
TBEPABIX Toprounx Marepuaios (TI'M) mpu crarmo-
HapHOM TEIIOOOMEHE MEXIy HarpeToil mOBEepXHO-
CTBIO TOPSIYEro MaTepHalia ¥ ITOBEPXHOCTHIO YaCTHIL
nopomka. [IpakTudeckn He 3aTparuBaJICh BOMPOCH
MOWCKA YCIIOBUH M TEXHOJIOTHH TYIICHHUS TMOKapOB
Kiacca Al orHeTyumamuMu MOPOIIKaMU HpPU Orpa-
HUYCHHBIX BpEMEHax BO3JICUCTBHA Ha TOPIOYMI
MaTepual, HallpuMep, B clydae TYIICHHUS TMOKapoB
nojkiacca Al MMUPOKO MCIOJIb3YEMBIMU B HACTOSI-
1iee BpeMs MOAYJIbHBIMHU YCTaHOBKAMH MTOPOIITKOBO-
ro noxkapotymenus (YIIIT).

B cBsI31 ¢ BBIIIEU3II0)KEHHBIM U OTCYTCTBHEM I1e-
JIEHAMPaBJICHHBIX HCCIIEIOBaHUA B 00J1aCTH MpuMe-
HEHUS [TOPOIIKOB JIJIS TYIIEHHUS IT0’KapoB TOIKIIacca
Al mpu KpaTKOBpPEMEHHOM BO3JIEMCTBHMH Ha odar
BO3TOPaHMS, AKTyaJbHBIM SBISIETCS OIpe/IeiICHHe
ONTHMAJBHBIX PEXHMOB IOJa4Yd MOPOIIKAa B OYar
mo>kapa it 3pPeKTUBHOTO TyIIeHHs moxapa. [1o-
CKOJIBKY CTaJIusl OXJIQXKIEHUS] TOPIOYEro MaTepuaa
(c obpaszoBaHHEM HM3OJIMPYIOIICH TUIEHKH pacIuiaBa
niu 0e3 He€) SBISICTCS] JOCTATOYHBIM YCIIOBUEM TY-
IICHHS TIO’KapoB TojkiIacca Al, BaXXHBIM SBISIETCS
TaKkKe pa3pabdoTKa MOJENH TEIJIOBOIO MEXaHH3Ma
TYIIEHUS T0YKapa OTHETYIIAIIUM ITOPOIIKOM 001IIe-
r0 HA3HAYEHHUS C yU4ETOM HHEPIIMOHHOCTH Mepeadn
TEIUIa YacTUI[AM MOPOIIKa MPU HECTAIMOHAPHOM
TEII000MEHE C MEIBI0 OTpeeSICHH ONTUMATbHBIX
YCIIOBUI TIOJIa4X MTOPOIIIKA B OYar moxapa 1 Teruio-
(M3UYeCKNX XapaKTEePUCTHK YaCTHII TIOPOIIKa, 00e-
crieynBaromux 3QPEeKTUBHOE TyIIEHUE TIOXKapa.

Pe3yabTaThl 3KCNIEPUMEHTATbHBIX
uccjae10BaHui 3PPeKTUBHOCTH TYIICHUSA
noskapa nmoakJsacca Al mo miomagu u

B 00b€Me OrHeTYIIAIIUM MOPOLIKOM 00111ero
Ha3HA4YEeHUs NPH Pa3JIUYHBIX pe:KuMax
MOJIa4YM €ro B 30HY MoKapa

PaznnyaroT 7Ba OCHOBHBIX CIIOCO0A TYIICHHSI
MOKApOB OTHETYIIAIIMMH TMOPOIIKAMU: TYLICHUE
no)kapa 1o 3alUIIaeMON IUIOMIAAN U B 3allMIlae-
MOM 00BbéMe. OTiIMYne TaHHBIX CIHOCOOOB COCTOMUT
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B TOM, YTO B IIEPBOM CiIy4ae CO37a€Tcsl OTHETYyIIa-
masi KOHIIEHTpAIUsl TMOpPOIIKa, CIHOCOOHas TMOTy-
LIMTH MOKap B JIIOOOH TOYKE 3alIMIaeMOH TIOIIA-
IIA, a BO BTOPOM — B JIFOOOM TOUYKE 3aIIUIIaeMOTO
o6bvéma. [lox 3ammmraeMoil TUIONIANbI0 TOHMMA-
eTcsl BCs IUIOIIAJb MOMEIIEHHs, 3aHUMaeMas I10-
KapHOW Harpy3koi, 1mubo 4acth e€ (TymeHue Jo-
KaJIBHO TIO TUIOMIAAM). 3aIIHUIIaeMbId 00BEM — ATO
BeCh 00BEM MOMEIEHHS, B KOTOPOM PacloJioKeHa
Mo’kapHasi Harpy3ka, WIH 4acTh 00bEMa, 3aHMMa-
eMas TOXapHOW Harpy3koi (TyIIeHHE JIOKAIbHO
o 00bEMY).

Jus uccnenoBanust 3(p(PEKTHBHOCTH TYIICHHS
nmokapa mojkiacca Al OrHeTymamuM TMOPOIIKOM
o01ero Ha3HaueHUs OblIa U3rOTOBJICHA JIA0OpATOP-
Hasl yCTAaHOBKA, MOJACIUPYIOIIAs YCIOBUS TYIICHUS
Mo’kapa MOAYJISIMH TTOPOIIKOBOTO TOXApOTYIICHHUS
KpPaTKOBPEMEHHOI'0 BO3EHCTBUSI.

YcTraHoBKa Obl1a BEITIOTHEHA B BUJIE [IHJTHHIPH-
geCcKoi EMKOCTH, 00pa30BaHHON IBYMS METaJlTHue-
CKHMH KOJIbIIaMH, TepeMEeNAloUMHUCS 110 BEPTH-
KaJIbHBIM HarpaBisomuM. CBepXy YCTaHOBKH Kpe-
MTUJICS PECUBEP ISl HAKOIUICHHUS BO3IYITHOW CMECH
C ompeienéHHbIM AaBiieHueM. Boixosa pecusepa coe-
JUHSUICA Yepe3 IEKTPOMArHUTHBIHN KIIanaH ¢ y3JI0M
KpEIUIeHHs pe3epByapa ¢ OTHETYIIAITIM TTOPOIITKOM.
[Mon ycraHoBKOW pacrnojaraicsi MOAI0H AJsi cbopa
BBIMYIIEHHOTO W3 pe3epByapa OrHETYIIAIIEro IMo-
polka W pa3MelieHdss MOJAEIHHOr0 odvara MoKa-
pa. Ilpormecc BhIlTycka MOpOIIKA 3aJl@HHOW MAacChI
13 BBIXO/IHOTO OTBEPCTHS pe3epByapa perucTpupo-
BaJICSl CKOPOCTHOM BUJIEOKaMEpOU yepe3 CMOTPOBOE
OKHO yCTaHOBKH.

MakcuManbHOEe JaBlIeHHE BO3yXa, CO3/aBa-
€MO€ B pECHUBEpe YCTaHOBKHM, paBHsioch 1 Mlla.
MakcuManbHbIe 3allUINaeMble TUIOIMaAb U 00BEM
yCTaHOBKH paBHBI 0,5 M> 1 1 M COOTBETCTBEHHO.

B xone skcmepuMeHTOB HCCIEIOBAJIUCh 3a-
BUCHUMOCTH BPEMEHU TYUIEHUS MOJEIBHOI0 o4ara
noxapa mnojknacca Al u yaenpHOro pacxoja
Ha TYIIEHHE OTHETYIIAIIEro MOpPOIIKa OT WHTEH-
CHBHOCTH IIOJ]a4¥ €r0 B 30HY FOPEHUS MPH TyIlle-
HUW TI0Kapa JIOKAIHHO MO TUIOMIAJAN U JIOKAJIBHO
B 00BEMe.

Tymenue nmokapa JOKaJIbHO MO IUIOMIAIU OCY-
IIECTBISUIOCh, KOT/Ia HU)KHEE KOIBIO0 YCTaHOBKU
OBUIO TIPUIOAHATO BBEPX M CTPYys MOPOIIKA Ha-
MpaBisijach HENOCPEACTBEHHO B oOvar Io)kapa.
[Ipu TymieHny mokapa JOKAJIBHO MO 00BEMY TOA-
BIDKHOE KOJIBIIO YCTAHOBKH OITyCKAaJIOCh /IO COIIPH-
KOCHOBEHHUsI ¢ mojyioHoM. Ilomaua mopomka B 3a-
KPBITHI 00BEM MTPOU3BOIMIIACKH YePEe3 CIIEIHATEHBIC

PacIbIIMTENH, HO3BOJIABIINE OBICTPO 3aIOIHUTH HO-
POIIKOM BECh O0BEM YCTaHOBKH.

Jig mpoBeneHUs WCCIIEOBAaHUN HCIOJIB30-
BaJICSi MOJEIBHBIM ouar moxapa panra 0,1A mo
I'OCT P 51057-2001. On pacmosarajicst Ha TOJ-
cTaBKe BBICOTOM ~ 200 MM HEMOCPEICTBEHHO IO
BBIXOJIHBIM oTBepcTHeM pesepByapa YIIII ¢ oruery-
MIAIIMM [OPOLIKOM. 3aKUI'aHUE ovara Ioxapa ocy-
mectBisuiock o meroauke 'OCT P 51057-2001.
Bonee noapobHas nnpopmanusi 0 METOJUKE POBE-
JOEHHBIX HKCIIEPUMEHTAIbHBIX HCCIIEI0BAHUI OTpa-
JKeHa B padote [5].

Tymenne noxapa OCyIIECTBIIAIOCH OTHETYIIIA-
M noponikoM mapku «Bekcon ABC-25». B xozae
9KCIIEPUMEHTOB KOHTPOJMPOBAIACh TeMIlepaTrypa
JIEPEBSIHHBIX OPYCKOB, PACIIONOKECHHBIX B BEPXHEM
U HIDKHEM psiiax MOJeENbHOro odara noxapa. Kon-
TPOJb TEMIIEPATYP OCYIIECTBISUICA ABYMS H3MEPH-
TessMu-peryisitopamu «CocHa-002» TIT3*XA.

[locne mogaun ¢ 3aaHHBIM JTaBICHUEM OTHETY-
LIaILEero OPOLIKa ONPeIeIEHHON MAacChl B 30HY o4ara
noxapa (PUKCHPOBAJIOCH BPeMsI TIOBTOPHOT'O BOCILIA-
MEHEHHMS odara Ju0o BpeMs ero TyieHus. Bpems no-
BTOPHOTO BOCIIJIAMEHEHHS MPHPABHUBAJIOCH MPOME-
JKYTKY BpEMEHH OT MOMEHTA MOAa4YH OPOIIKA B oyar
Hoapa 70 HOSIBJICHHS TOBTOPHOTO BOCIUIAMEHEHHSI.
B otcyrcTBHE TOBTOPHOTO BOCIIAMEHEHHS Odar
nokapa CUMTaJICsl MOTYIIEHHBIM. Bpems TymieHus
NPUPABHUBAIOCH CYMME BPEMEHH I10/Ia4d TOPOIIKa
B O4ar 1okapa ¥ BPEMEHHU OCThIBaHHs FOPIOYEro Ma-
Tepuana. Bpems ocThIBaHMSI TOprodero marepuana
OTCUHUTHIBAJIOCH OT MOMEHTA MPEKPAILCHHUS [LIaMEH-
HOT'O TOPEHUs 10 BPEMEHM, KOrja TeMieparypa ro-
proYero mMarepuaia CHHXKanach JI0 TEMIIEpaTyphl Ha-
yana ero nupoimsa (= 200 °C uis ApeBeCHHBI).

Pesymprater  uccrnemoBanus  A(HPEKTHUBHOCTH
TyIIeHUs oyaroB noxkapa panra 0,1A B 3aBucuMO-
CTH OT MHTEHCUBHOCTH IO/IaYll OTHETYIIAIIEro IO-
POIIKa B 30HY FOPEHUs! [IPU TYLICHUH IO IUIOLIAIU
U B 00BEMeE Mpe/icTaBIeHbl Ha pUCyHKax 1 U 2 coot-
BETCTBEHHO.

Kpusbie | Ha pucyHKax OTOOpakarOT 3aBUCH-
MOCTH BPEMEHH TYIICHUS M0KapOB T OT WHTEHCHB-
HOCTH IOJIa4M OTHETYIIAIIEro Mopoika J B 30HY
ropenusi. BugHo, yTo Bpems TylieHus moxkapa B Ha-
yaJie KPUBBIX OBICTPO YMEHBINAETCS C YBEIMYECHHEM
MHTEHCUBHOCTH I10JIa4H MTOPOLIKA, a 3aTeM CTabuIu-
3UpyeTcs.

KpuBsie 2 xapakTepu3yioT 3aBUCUIMOCTH yI€Ib-
HOTO pacxoja nopouka G, 3aTpayeHHOI0 Ha TyIle-
HHE 110’Kapa, OT MHTEHCUBHOCTHU MOJAa4yH €ro B 30HY
TOpEHUsl.
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Pucynok 1 — 3aBucumocts Bpemenu tymenus (1) u
YIENBHOTO pacxojia OTHETYNIAIIEro Mopoika (2) oT uH-
TEHCHUBHOCTH I10JIa41 MOPOIIKA B 30HY T'OPEHHS IIPU TY-
IIEHWH MOJIENILHOTO ouara noxapa panra 0,1 A mokaibHO
T10 TUIOLIAIN

Figure 1 — Dependence of the extinguishing time (1) and
specific flow rate of fire extinguishing powder (2) on the
intensity of powder supply to the combustion zone when
extinguishing the source model of 0.1A fire on the surface
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Pucynok 2 — 3aBucumocts BpeMeHn TymeHus (1) u
YACTHHOTO pacxoja OTHETYIIAIIero mopomka (2) oT uH-
TEHCHBHOCTH II0/1a4 MOPOIIKA B 30HY TOPEHUS MIPU TY-
IIEHUW MOJIEIEHOTO o4ara moskapa panra 0,1A B 00bEme

Figure 2 — Dependence of the time of (1) and the specific
consumption of fire extinguishing powder (2) from a flow
rate of powder in the combustion zone under simulatiom
of the rank of 0.1A fire extinguish in the volume

W3 Buja JaHHBIX 3aBUCUMOCTEH CIIEIyeT HATMUKE
AKCTPEMAITLHOTO (MHHUMATEHOT'0) 3HAYEHHUS Y IETbHO-
ro pacxoja, MPUMEHIEMOTO JIJIsl TYIIICHUS odara Io-
xapa 0,1A orserymamero nopomka. [Ipu Tymenun
oYkapa I0 TUTOMIAN TO 3HaueHue paBHO ~ 0,8 Kr/m?
[P MHTEHCHBHOCTU Toj1auu, Om3koi kK 0,6 kr/(m%c).
B cnywae TymieHus odara moskapa JAaHHOTO paHra
B 00béME MUHUMAJILHOE 3HAYCHHE YJICJILHOTO pac-
X0Jla TIOpOIKa, TpeOdyemoe I TYIICHHS ToXKapa,

paBHO ~ 0,45 Kr/M* 1 peanu3yeTcsi P WHTECHCUBHO-
CTH TIOJ]aYH TTOPOIIKa B 30HY roperus 0,52 xr/(m>c).

ITonmy4eHHBIH pe3ysbTaT OTpaXkaeT NPOSBICHHUE
B CXeMe TYLICHHus Iokapa moakiacca Al mopom-
KOBBIMU CHCTEMaMH C OTPaHHYEHHBIM BPEMEHEM
BO3JICHCTBUS KJIACCUYECKON 3aKOHOMEPHOCTH, BBI-
paxarolencs B HAIMYUA ONTUMAJIbHON UHTEHCUB-
HOCTH IOa4M OTHETYIIALIEro BellecTBa (IICHHI,
MEJIKOAMCIIEPCHOW BOJBI, OTHETYIIALIMX Ta30B)
B 30HY Ouara BO3ropaHus, IPH KOTOPOi obecredn-
BaeTCs MUHUMAJIbHBIN yASTBHBINA PacXo/l ero Ha Ty-
meHue moxapa [6-8].

MogeJib TEeMJI0BOr0 MeXaHU3Ma TYILIEHUS
noxkapa nojakJjacca Al mo njiomaau oruery-
IIAUM MOPOLIKOM NMPH KPATKOBPEMEHHOM
BO3/1eliCTBHH €ro Ha oyar noxkapa

Kak ykaspiBasioch paHee, NpH TYLIICHUU IIO-
JKapoB mojkiacca Al orHeTymampMyu NOPOIIKAMHU
MPOSIBISIETCSI HECKOJIBKO MEXaHU3MOB TYLIEHHS. DTO
TOMOT'€HHOE M TeTepOreHHOEC MHIMOMpOBAaHHUE IUIa-
MEHHOT'O TOPEHHMSI B pe3yJbTaTe pazOaBlieHHs MPO-
IYKTOB TOPEHHUSI DJIEMEHTaMU TEPMOPA3IOKCHUS
YacTHIl TIOPOILIKa W NMPEpPhIBAHUS LEMHBIX PEeaKLuil
OKHCJICHHUSI BCIICACTBUE BOCCTAHOBJICHHUSI aKTHBHBIX
OKHCIIUTENEH Ha IMOBEPXHOCTH YaCTHIl IOPOILIKA.
Hapsigy ¢ naHHBIMH MEXaHHM3MaMH IMPHCYTCTBYET
TaKKe MEXaHU3M OXJIAXKICHHS 30HbI peaKkLni BCIea-
CTBHE MOTJIOLICHHUS TEIUIa YaCTHLIAMH MTOPOLIKA.

JlnTenbHOCT Ipoliecca TeTEpOreHHOr0 WHTHU-
OMpOBaHMs aKTUBHBIX LICHTPOB TOXKapa OYeHb MaJia.
Ona cocrasmser =~ 107 c[1]. IosTomy TymeHue
TUTAaMEHHOTO TOPEHHUS TIPOUCXOIUT 32 JI0JIH CEKYH]IbI
MIpY TIOTAJAHUM YacTHI[ MOPOIIKa B PEAKLMOHHYIO
30HY. 3a 3TO BpeMs TeMIlepaTypa B 30HE XMMUYECKHX
peaxunit nagaetr Hwke 700 °C. Ipu 3THX 3HaYEHUAX
TeMIIepaTyphl Pe3KO0 CHUKAETCSI BEPOSITHOCTH MPOTe-
KaHUs LEMHBIX PeaKkuid TOPEHHs U, CIEAO0BATEIbHO,
MIPAKTUYECKH MPEKpaIaeTcst AeHCTBHE TeTepPOTreHHO-
ro MexaHu3ma TylleHus noxapa. JlanbHeiiiee CHU-
KEHHE TeMIIepaTypbl TOPIOYEro Marepuayia 10 TeM-
neparypsl motyxauus (= 200 °C) mpoucxoauT B oc-
HOBHOM B pe3yJIbTaTe MOIJIOMIEHHS TeIlla YaCTULIAMHU
MIOPOILIKA, CONPOBOXKIAIOLIEr0Cs UX UCTIapeHHeM (To-
MOTEHHBIM HWHTHOMPOBaHWEM), OOpa30BaHHEM H30-
JIMPYIOILEH MJICHKH pacIiiaBa HOPOIIKa JIH00 KOHBEK-
THUBHBIM TEIUIOOOMEHOM HArpeThIX YacTHUIl MOPOILIKa
¢ OKpyXxarolei cpeoid. MoKHO 3aKJIIOUUTh € BBICO-
KOM CTENEHbIO JOCTOBEPHOCTH, YTO OCHOBHBIE XapaK-
TEPUCTHKH TYILEHUS TOKapa (BpeMsi TYILECHUs], yeIb-
HBII pacxo]] mopomika) OyayT omnpenensTbest dpdek-

395



IIpubopsi u memoowl usmepeHull
2019.-T. 10, Ne 4. — C. 391-401
AU Kuyax

Devices and Methods of Measurements
2019, vol. 10, no. 4, pp. 391-401
A.lL Kitsak

TUBHOCTBIO TIOTTIOIIEHHS TETlIa YaCTHLAMHU TIOPOIIKa,
Kak Iporecca 0oJiee MEIJICHHOTO M TEIIOEMKOTO.

XapakTepHoil 0COOEHHOCTBIO TPOTEKAHMS Te-
IJIOBOTO MEXaHHW3Ma TYIIEHHUs MOXKapoB MOJKIacca
Al mpy UCHONB30BaHUM ISl TYLIEHHS MOZAYJIBHBIX
VIIII siBiisieTcst MPOSIBIIEHUE MHEPIMOHHOCTH Tepe-
Jlauy Teryla yacTHULaM IMOpOIIKa BCIEACTBUE Orpa-
HUYEHHOCTH BPEMEHM NPEObIBaHUS MX B 30HE KOH-
BEKTUBHOTO TETUIO0OMEHa (TETUIOBOM CJIOE).

Y4ET MHEPUUOHHOCTH OCOOCHHO BaXKCH B CITY-
yae TyweHus noxkapoB TI'M monynbaeiMu YIIIT
HMITYJIbCHOTO M KpPaTKOBpEMEHHOro neictus. Kak
M3BECTHO, BpeMs TOJayd OrHETYLIAIIEro MOpOIlKa
B 30HY ropeHust Menbe 1 ¢ st moaynsHbeIx YIIII
HMITyJIbCHOTO THIla U MeHblue 10 ¢ B ciaydae mpu-
MeHeHus: MoaynbHbIX YIIIT KpaTKOBPEMEHHOTO BO3-
neiictBus. CKOpOCTH YacTHI] OPOLIKA, HCTEKAIOLINE
U3 TAKUX YCTAHOBOK, MOTYT COCTaBJIATH IIPU JOCTH-
YKEHHUU 30HbI TOPEHHUS AECATKN METPOB B CEKYH/Y.

IIpu monaganuy yacTUIl OTHETYILAIIETO TOPOLL-
Ka B O4ar roskapa 4acTb U3 HUX OCEIaeT B OOyIJIeH-
HBIX 3a30pax TOpPIOYEro MaTepHaia, a 4acTh YIpPyro
otpaxkaercss oT TI'M u BBIHOCHTCS M3 30HBI MOXKapa.
OtpaxxeHHbIE YaCTULIBI HE YCIIEBAIOT AKKYMYJIHPO-
BaTh 32 BPEMS B3aMMO/ICHCTBUS C TOPIOYUM MaTepua-
JIOM MaKCHMaJIbHOE KOJIMYECTBO TETIJIOTHI BCIIEACTBUE
KOHEYHOCTH CKOPOCTH IlepeHoca Teruia. Yem Oosbiie
CKOpPOCTh YaCTHI] OTHETYIIIAIIET0 MOPOIIKa, T. €. YeM
OoJbIIIe MHTEHCUBHOCTD MOAA4M MOPOILIKA B 30HY I'O-
peHus, TeM ObICTpee YacTUIIbl IOPOIIKA MOKUIAIOT
30HY TOPEHUS, U TEM MEHBIIEe KOJINYECTBO IIOTIIO-
MIEHHOTO TeIIa YHOCAT. JlaHHast 0COOEHHOCTH MPUBO-
JIUT K HEOOXOAMMOCTH YBEJIMUECHHS Pacxo/ia MOPOILKa
Jutst Tymenus noxkapa TI'M npu 60nbIIMX WHTEHCHB-
HOCTSIX BO3JIEMCTBMA Ha ouar rnoxkapa, U, OYEBUIHO,
SIBJISICTCS] OHOM W3 NIPUYMH HAIWYMs HAOJII0AaeMOro
B 9KCTIEPUMEHTAX ONTHMAILHOTO 3HAYCHHUS MHTECHCHB-
HOCTH 10JJa4¥ TTOPOIIKA B 30HY TOPEHHUS, IPU KOTOPOM
Ha TyLIEHHE TO0)Kapa HM3pacXOmyeTcss MUHUMAIBHOE
KOJIMYECTBO OTHETYIIAIIIETO MOPOIIIKA.

CuuTas, 9YTO OCHOBHBIE TNapaMmeTpsl TYIICHHUS
M0’KapoB Mojkjaacca Al OrHeTyIIalyM MOPOIIKOM
onpenesaorcs d(PGEeKTHBHOCTHIO MPOTEKAHUS Te-
IJIOBOTO MEXaHN3Ma TYIIEHUS, PACCMOTPUM 3aKOHO-
MEPHOCTH IpoLecca TYIIEHUs TOPIOYEro MaTepuaa
OXJaXICHUEM C Y4ETOM WHEPLHUOHHOCTH Iepera-
YM TeIUla YacTUIaM IOpOIIKa B CHOCOOE TYIICHHS
10 MJIOLIA/IH.

TenmoBoit MeXxaHM3M TYIIEHUsI TOXKapa TMo-
POLIKOM 3aKirouaercs B nepegaue remwia 0, ., 3ama-
CEHHOTO TOPIOYNM MaTepHalloM, YaCTHUL[AM OTHETY-
[Iamero mopomka. JTo TEIUIO TPAaTUTCS HAa HarpeB

YacTHI] ITOPOIITKA, UX IUIABJICHUE U HcTapeHne. Ma-
TEMaTHYECKH yCJIOBHE TYIICHHS ITOKapa 3aIHIIeTCs
B BHUJE:

Qacc -

rae O, — KOJIMYECTBO TEIUIOTHI, ONIOMEHHON Ya-
CTULIAMU TIOpoILKa, [Tx.

Bynem cuurath oudar mnoskapa IOTYLICHHBIM,
eclIi TemIepaTypa ero B pe3yJjbTaTe MOTJIOMICHUS
TEeIUIa YacTULIaMH MTOPOILIKa MOHU3UTCA 10 TeMIlepa-
TypbI IUPOJIH3a APEBECHHBI T, .

Beipazum O, 4epe3 COCTaBIAIOIINE KOMIIO-
HEHTBHI TeIljla o4ara rnoxapa.

Bynem paccmarpuBarh Tak Ha3bIBa€Mblid BHEIII-
HUll oxap (moxap B OTKPBITOM IPOCTPAHCTBE) [4].
[t Hero OCHOBHBIMH KOMITIOHEHTaMHM TeIUla SIBJIsI-
FOTCS:

—0,,, — KOIMYECTBO  TEIUIOTHI, 3allacEHHOE
B cioe TI'M, mporpeTroMm A0 TeMIEPATypbl, BBILIE
TEeMIEPaTyphl BHIX0/1a TOPIOYHX Ta30B;

— 0, — KOJIMYECTBO TCILIA, 3aIIACEHHOTO rOpIo-
YMM MaTE€PHUAIOM B PE3YJIbTaTe PEAKLIUH TUPOJIN3a;

— 0, ,4— KOJIINYECTBO TEILIA, aKKyMYJIMPOBaH-
HOE TOPIOYMM MaTepualioM B pe3yjbTaTe IOIJo-
HICHNUSA UM OTPaKEHHOTO B €r0 CTOPOHY YaCTHIIAMU
OTHETYMIAIEro MOPOIIKA, IBMKYLIMMHCA K Odary
HoXkapa, 4acTH JIy4UCTOTO IIOTOKa IUIAMEHM odYara
noskapa.

Jnisi BHYTpEHHETo TOKapa HEOOXOAUM TaKxkKe
yuéT Teria, NepeaaBaeMoro roproueMy Marepuairy
KOHBEKIIMEHN 1 U3Iy4eHHEeM OT HarpeThlX KOHCTPYK-
U 1 000pyIOBaHUS IOMELICHUSI.

[Ipu chenmaHHBIX yTOYHEHHUSX BbIpakenue (1)
MEPETNnIIEeTCs B BUAE:

Qacc = Qcon + prr + Qrad :

[IpencraBuM KOMIOHEHTHI TEIUIA B SIBHOM BHUJIC
yepe3 (QHU3MYECKHE BEIMYMHBI, XapaKTEPU3YIOIIUE
MpolecC TeIuIonepeayn.

CpenHee KOMMYECTBO 3amacéHHOTO KOHBEK-
TUBHOTO Tera Q,.., UCXOAsd U3 JMHEHHOro 3aKoHa
pOCTa TeMIepaTypbl, MOKHO OLIEHHUTH 110 POopMyJie:

(1.1,.),
2

(1

abs >

2

Qacc = ch (3)
IJe  — yZAenbHash MaccoBasi CKOPOCTb BBITOPAHUS
marepuana, Kr/(M’c); ¢, — ylelbHas TeIIOEMKOCTb
MPOAYKTOB TopeHUs npeBecuHbl =~ 1470 Jx/(xkrK);
T,,,— TeMueparypa HOBEpXHOCTH ropeHus =~ (870-—
970) K (anst npesecunsl); 7, — Temueparypa nupo-
mu3a marepuana =~ (470-570) K (ans mpeBecuHsr);
S, — IUIOIIaJlb TOBEPXHOCTH TOPEHUS; T, — BpeMs

sur T acc?
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aKKyMyJISLMH TEIUIa OT MOMEHTA JOCTHKEHHS TEM-
neparypst 7, 10 HadaJia TyLICHHS.

VuuteiBas JaHHBIE U3 NPAKTUKH, YTO yJIE/IbHAS
SK30T€PMHUYECKAs TEIUIOTA IIPU MUPOJIU3E APEBECHU-
HBI cocTaBisieT =6 % Oy, rae Oy, — HU31as Te-
IUIOTa CTOPaHMs JPEBECHUHBI, MOYKHO OLIEHUTH 0011Ee

KOJIMYCCTBO TCILJIa ovr N3 COOTHOUICHUA

prr = 0’ 5\|10, O6thvSsurTacc :

Ucxons u3 3axona Credana-bonbimana,

Qrad = k£0T4SsurT

“4)

)

rae k — npuBen&HHbBIN K03)QUIMEeHT paccestHus Ty-
YUCTOTO MOTOKA CJIOEM YacTHIl MTOPOIIKa B HAIPaB-
JneHue odara noxapa; €= 0,85 —crenenp uepHo-
ThI mOXkapa; 6= 5,67-10"° Br/(Mm*K*) — mocrostauas
Bonbumana; 7 — temreparypa dakena miamenu, K;
Texp — BPEMsI BBIITYCKa IIOPOLIIKA U3 pe3epByapa.

OnpenenuM KOJU4ecTBO TEIIOTH (., TOTIIO-
AEMOM 4aCTULAMU TIOPOILIKA.

OTO TEIUIO MOXKHO NPEACTaBUTh B BHIE CYMMBI
TeroThl Q,,,,, IEPElaHHOM yacTUIiaM [IOPOLIKA KOH-
BEKIMEH U TETIONPOBOAHOCTBIO B PE3yJIbTATE MOMa-
JAHUS Ha TOPALIYIO TOBEPXHOCTh, U TEMIOTHI Q).
AKKyMYJIMPOBaHHOW YacTUIAMU TMOPOIIKA Ha MyTH
K Ouary mokapa IpH IMOIJIOIIEHNH UMH JIy4HUCTOTO
[IOTOKA, U3JIy4aeMoro IjIaMeHeM MoxkKapa.

Temno Q,,, B CBOIO ouepeb MOXKHO IpeJcTa-
BUTh B BHJE CYMMbI TEIIOTHl (,,,, TEPEAaHHOM
YacTH YacTHI] TOPOLIKA KOHBEKIIMEH U TETJIONPOBO-
JHOCTBIO IIPU OTPA’KEHUU MX OT FOPIOYEro MaTepua-
J1a 3a [IpeJieJibl oyara rnoxapa, 1 TeIioTst Q,,,, akKy-
MYJHPOBAHHON YacThIO YacTHUI] MOPOILIKA, OCEBLIMX
Ha ropsiuieil NoBEpXHOCTH.

Bhauane ouenum Benuuuny temna Q,,,, , HOrio-
LIEHHOT0 YaCTHLIAMH ITOPOLIKA 32 BPEMS B3aUMOAEH-
CTBHUS T, UX C FOPIOYUM MATE€PHAIOM U YHOCHUMOIO
3a mpezesbl ovara rnokapa B pe3yJbTaTe OTPaKECHUs
YacTHUIl OT JAHHOTO MaTepuaia.

[Tockosbky mpolLecC B3aUMOACHCTBHS YaCTHLL
MOPOIIKA C TOPIOYMM MaTepHajioM HECTallMOHAPEH
BCJIEICTBHE KOHEUYHOCTH BPEMEHH Tepeliaun TeIuia,
3aIlMILIeM 3aKOH IepeJaydy Telsla YacTHLaM IOpPOIL-
Ka TEIUIONPOBOJAHOCThIO U KOHBEKIMEU B Audde-
peHIMATILHOU (opMe:

exp?

abs>

aQVem
Q’ﬁem - Cpowmrem (T;”” - TPW) ~ Teons 7 (6)

rae Cpaw — yACJibHas TCIUIOECMKOCTb YaCTHIL IMOPOII-

2

— _ —(1- _2h (k- 4
prr + Qcon - JApow(T;ur ];ar )(1 (1 8)exp %ﬁcconﬂ )Ssur (k M)EGT Ssur Texp’

Kka, Jlx/(xr-K); m,,, —Macca yacTHl] HOPOLIKa, IO-
KUJIAIOIIUX 30HY I0XKapa, Mocie YIPYroro oTpake-
HUS OT HAarpeToro marepuana, kr; 7, —Temmepa-
Typa 4acTHIl NTOPOIIKAa B MOMEHT B3aUMOAEHCTBUS
¢ ropsammM Marepuanom, K; 1, — HOCTOSHHAs
BPEMEHHU HHEPILHOHHOCTH IIpolecca (XapaKTepHOe
BpeMsi 00pa30BaHUS U PACCACBIBAHUS TeMIEpaTyp-
HBIX HEOJAHOPOJAHOCTEH BEIIEeCTBA), C.

Bennuuna 1, CBsI3aHA C TEMIOMU3UIECKUMU
XapaKTepUCTUKAaMU BEIIEeCTBA COOTHOIIEHUEM [9]:

_epl’ (7
const 7\, 4
IIe ¢ —yAenbHas TEIIOEMKOCTb Marepuana; p—
TIIOTHOCTb MaTepHaia, KI/M’; [ — XapaKTepHBbIii Teo-
METPUYECKUH pa3Mep TeIIOAaKTUBHON CHCTEMBI, M;
A — K03 PUIMEHT TErIONPOBOJHOCTH MaTepua-
na, Br/(m-K).

Wnrerpupyst ypaBHeHue (6) B mpeenax BpeMe-
HH oT 0 10 T,,, MOTy4uM, OPU YCIOBUH, YTO B Ha-
yane B3aumozneiicteus (¢ =0) Benuuuna Q,,, =0 u
TEPMHUYECKOE CONPOTUBIIEHHE TOBEPXHOCTH YaCTHUI]
HOPOIIKA PABHO KOHBEKTUBHOMY TEILIIOBOMY COIIPO-
THUBJICHUIO TEIUIOBOTO CJOsl TOPIOUEro MaTepuaia,
cienyouiee Bbipaskenue s O,

rem*
T
0. = o T =T, M=o ="/ |
const
Benuuuna 1, ~2h/v, rae h— TonmuHa Temio-
BOI'O MOIPAHUYHOIO CJIOS, B KOTOPOM IPOHCXOJIUT
nepejgaya TeIUla 4acTUI[AM IOPOILKA; V — CKOPOCTh
YaCTHUI] IOPOILKA B MOMEHT COIIPUKOCHOBEHHUS C Ha-
IPETHIM FOPIOYUM MaTEPUATIOM.
Temo Q,,,, noraomaemMoe 4acTULAMU HTOPOLI-

set>
Ka, OCCBIIMMHU Ha TOPrOYEM MaTCpuraji€, paBHO:

Qset = cpawmset (T;ur - Tpar )’

Tzie m,,, — Macca OCEBIINX YaCTHI.
Temno Q,,,, B 001I1eM BUIe MOXKHO IPEICTaBUTh
(bopmynoii:

Qlabs = MEGT4SSMI‘T (10)

rae | — NpUBEeIEHHBIH KOA(P(PHUUUEHT MOTIOMIECHHS
CJIOS YacTHI] MOPOLIKA.

OOmas macca yacTul, BOpachIBaéMbIX B 30HY
TOpEeHUs, paBHa, M, + M, .

C yuerom ¢opmyn (2), (5), (8)—(10) ypasHe-
nue (1) TerutoBoro Gananca TyIIEHUS TTOXKapa 3aru-
1IeTcs B BUJE:

T

)

exp?

(11
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m._+m —
ronej= r% WHTCHCHUBHOCTH IIOJA4YU
exp sur

m
MOPOIIKA B 30HY TOPEHUS;, d=" .
p y p ’ /m&?’ + mrem

OnpexnenuM BpeMs TYLIEHHS MOXapa T,,.,, Kak

BCJIIMYHMHY, PaBHYIO!:

ext>

(12)

XapaKTepHOe BpeMs OCTHIBAHUS TOprove-

+7

T =7
ext exp

cool °

TIC Tepor —

(@, +O.0)

T

ro MaTepuasa, paBHOE POMEXKYTKY BPEMEHH OT MO-
MEHTa MPEeKpalIeHus 01a4y TOPOIIKa 10 BPEMCEHH,
KOrJla TeMIlepaTtypa Marepuaia CHUXaeTcs 10 TeM-
nepatypsl Hadaja ero nupoiusa. [lpu oxnaxkaeHun
JIpeBECUHBI BOI0M 0HO paBHO =~ 20 ¢ [2]. B sxcnepu-
MEHTaX 10 TYIICHHIO JIPEBECHUHBI MOPOLIKOM «Bek-
con ABC-25» ono nmpunuManocs paBHeIM = 30 c.

C yuérom (11) u (12) momyyum Juis OLEHKU
ClIeyIOlllee YpaBHEHHUE:!

ext

OnpenenuM BTOPOH BaXKHBIA MapaMmeTp TyLIe-
HUS TT0’Kapa — YAENbHBIA pacXo] OTHETYIIIAIIETO T0-

Jcpow(T;ur - Tpat )(1 - (1 - 6) cxXp |:_ Z%Tmm jl)Ssur - (k - u) 86T4Ssur

(D + Ouon)

+1T (13)

cool *

porika G Ha TymieHue rnoxapa. JIJist 5Toro yMHOXHAM
BeIpaxxenne (13) Ha J. Umeem:

G = JT(_'Xt =

B Beipaxenun (14) cnaraemoe Jc,,, He y4u-
TBIBAETCSI, IOCKOJBKY T,,,; — 3TO BPEMsI OCTHIBAHUS
TOPIOYEro MaTepuaia TOocie MpeKpameHus moaaqn
MOPOIIIKa B 30HY TOPEHUSI.

Cootnomenus (13) u (14) npu cranmoHapHOM
TEMI000MEHe T,, >> T, COBNANAIOT IO CTPYKType
C BBIPQXEHHMSAMH Ul ApaMeTpoB T, U G, mpuse-
NEHHBIMU B paboTe [4], U1 JaHHOTO peXXuMa TyIIe-
Hus ioxkapa TI'M orHeTymramnim mopomKkoM oorie-
T0 Ha3HAYCHUSI.

AHau3 pe3yJibTATOB TEOPETHYECKOT0
ONUCAHUS TEIUIOBOT0 MEXaHU3MA TyllIEHUs
MO0 IJIONIAIM MOoKapa moakJjacca Al oruery-
IAUM MOPOIIKOM NMPH KPATKOBPEMEHHOM
BO3/1€fiCTBHHU €ro HA MOKap

IIpoBeném aHaM3 MOJyYEHHBIX 3aBUCHUMOCTEN
BpEMEHM TYIICHHs IOKapa W YAEIbHOI'0 pacxoja
MOPOIIKa Ha TYIICHHWE TMoXKapa OT ero Terodu3u-
YeCKHX XapaKTepUCTHK, PEKUMOB TOJaud B 30HY
TOpEHUsl U YCJIOBHMM B3aUMOJEHUCTBHSI C TOPHOYUM
MaTepUalIoM.

W3 ctpykrypsl Belpaskenus (13) cmemyer, 4rto
BpeMsl TyLIEHUs IoKapa MpPU TMOCTOSHHBIX €ro Te-
TUIOBBIX XapaKTePUCTHUKAX 3aBUCUT OT MHTEHCHUBHO-
CTH 110/1a4M J OTHETYIIAIIETo MOPOIIKa B 30HY rope-
HUSl U COOTHOLIEHUS] BPEMEH T;, U Ty, BXOMALINX
B DKCIIOHEHI[UAJIbHbIA MHOXKUTEIb IIPU J.

PaccMoTpum BiMsHUE MHEPIMOHHOCTH TEIUIOAK-
THUBHOM CUCTEMBI (YaCTHI] TIOPOIIIKA) Ha MEPEHOC B HEU
TeryIa ¥ COOTBETCTBEHHO Ha BPEMs TyIIECHHS MoXkKapa.

Jcp()w (];ur - Tpat )(1 - (1 - 8) eXp |:_ %ﬁrwm i|)Ssur - (k - l'L) 86T4Ssur

(14)

[Ipu GopIIoit cKOPOCTH TIEpPEHOCA TeIIa B Ya-
CTHULIAX HOPOIIKA, T.€. KOrja T, — 0, SKCIIOHEeH-
MUATBHBIA wieH B (13) Takke CTpeMHTCS K HYIIIO.
B otbope Terura 3ppeKTUBHO YIaCTBYIOT BCE Ha-
CTHILIBI TIOPOIIKA, B3aMMOJCHCTBYIOIIME C Harpe-
THIM TOPIOYHM MaTEPHAIIOM, T. €. T€, KOTOPBIE OCEIH
Ha TOpIOYEM Marepuaje, W KOTOpPbIE OTPa3WINCh
oT Hero. Peammsyercsi cTalMOHapHBIA PEKUM TY-
meHns noxxkapa. Ctpykrypa Beipaxkenuit (13) u (14)
COBIIJIa€T B 3TOM CJIy4ae CO CTPYKTYPOH BBIpaxke-
HUH Ui JaHHBIX [1apaMeTpOB, NPUBEIEHHBIX B pa-
oore [4]. C yBenmueHneM MHTEHCUBHOCTH TTo/1a4n J
OTHETYIIAIETO TOpPOIlIKa B 30HY TOPEHHUS 3HaMe-
Hatenb BelpakeHus (13) pacTér, U BpeMs TyIICHHS
CTPEMUTCS K MUHIMAaJIHbHOMY 3HAYEHHIO.

B HecTanuoHapHbIX YCIOBUSX TYLICHUS IOKa-
pa, KOrja BEeIMYUHBI T;, U T, CONOCTABUMBI, I1apa-
METpBI TYLIEHUs [103Kapa T, U G Oy1yT onpenesThb-
Csl TAKXKE COOTHOLIEHUEM 3HAUeHMH T, U T, Kak
BHUJIHO U3 COOTHOMICHHUS (7), BpeMsT HHEPITHOHHOCTH
TEMJIOAKTUBHON CHCTEMBI T, TEM MEHbIIE, YeM
MeHbIIIe €€ XapaKTepHBIA pa3Mep, TEIUIOEMKOCTh
¥ TUIOTHOCTH TETIOBOCIIPUHMMAIOIIETO BEIIEeCTBA,
a TaKk)Ke 4yeM OOJIbIIe TeMI0ONPOBOAHOCTD BEIIECTBA.

ITpoBenéHHbIE OLEHKH BEJIMYMHBI T, UL IBYX
COPTOB OTHETYIIAIIMX IOPOIIKOB C MpeodiagaHneM
JacTul OukapOoHaTa HATpHs (C,,, = 1030 br/kr-K;
p =2020 kr/m’; A =4 Br/(Mm'K)) ¥ MOHOAMMOHHsI-
docdara  (c,,, = 1234 ix/kr'K;  p=1803 KI/M;
A=0,25 Br/(Mm'K)) mokazamm, 9TO IS YaCTHI[ C
1=~ 50 MmkM e€ 3Ha4YeHHs] pPaBHBI COOTBETCTBEHHO
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1,3 mc u 22 Mc cooTBeTCTBEHHO. Bpems B3aumoaeii-
CTBHUS YaCTHII T;,, C TOPIOYUM MAaTE€PUAIIOM IIPU CKOPO-
CTH B MOMEHT CTOJIKHOBEHHUS, paBHOH ~ 10 M/c 1 TOII-
IIMHE TEIUIOBOro ciios =~ 1 MM, coctaBisieT = 0,2 mc,
T.€. IOYTH HAa IOPAJOK MEHBIIE 3HAYECHUS T,
JUIsl yacTHl OmkapOoHaTa HATPHsS M Ha JIBA MOPSIIKa
MEHBLIE AJIs YaCTHII MOHOaMMOHUsipocdara. B cBsi3u
C TUM DKCTIIOHEHIMANbHBIN wieH B (12) s yacTui
MoHoamMoHHs(ochaTa mpakTHuecku paBeH 1 U
B 0TOOpE Teria, COMPOBOXKIAIOIIET0Cs POpMUpPOBa-
HUEM IUIEHKH pacIliaBa, y4acTBYIOT TOJBKO YaCTH-
Lbl, OCEBIINE Ha roprodeM MaTepuaine. YacTuiipl, oT-
pasuBILIKMECS] OT TOPIOYETro MaTepuana, OyIayT MMOKH-
JaTh ouar rmoskapa, He 0ToOpaB y HEro 4acTh TeIlia.
Otcroza cienyer, 4TO B pealibHBIX YCIOBUSAX TpHU
KOHEYHOCTH BPEMEHHU OTKJIMKa YaCTHUIIBI Ha BO3JEH-
CTBHE TerlIa BpeMsl TyLIeHUs oxapa OyneT Ooblie,
YeM IIPU MTHOBEHHOM peaKliy YacTHIl Ha HEro.

VYBennuuTh 3QPEKTUBHOCTH OTOOpa Teruia ya-
CTHLIAMH TOPOIIKAa, M TEM CaMbIM, YMEHBIIUTbH
BpeMs TyIIEHUS T[O0XKapa, MOXKHO HECKOJIBKHUMHU
crocob6amu: 1) yMEHBIIUTh T.,,; 2) YBETHUUTD T;,;
3) OIHOBPEMEHHO YMEHBIIATh T, U YBEIMUUBATh T;,.

VYMEHBIINTD T, Kak cienyeT u3 (7), MOKHO,
MpUMEHAA AJIs TyIIEeHUs nokapa noaknacca Al or-
HETyUIalKe MOPOMIKH C BBICOKOW JUCIIEPCHOCTHIO
YacTHLl, MaJbIMH TEIIOEMKOCTbIO M IJIOTHOCTBIO
BEIIECTBA, U3 KOTOPOTO OHU COCTOST, U OOJBIION €ro
TEIUIONPOBOAHOCTBIO.

VYBEIUUUTh T;,, MOKHO, IIOHM3UB CKOPOCTb Ya-
CTHII Vv, AJAIOIINX HA HarpeThld TOPIOYUN MaTepH-
an. OTa CKOpOCTh TEM MEHBIIIE, YeM MEHBIIE CKO-
POCTB 4acTHIl V, Ha BBIXOAE MOAYJs IIOPOLIKOBOIO
MOKapOTYIIEHUSI U YeM MEHbIIE MacCOBBIH pacxoj
nopomika G [10].

PaccmoTpuM 3aBHCHMOCTH BpEMEHM TYLIEHHS
Mokapa OT MHTEHCUBHOCTHU IOJJa4yd OTHETYIIAIIETo
[IOPOLIKA B oUar rnoxapa.J.

U3 (13) cnenyer, uTo npu yMeHbIIeHUHU J BpeMs
TyLIeHHs noxapa yBennuusaercs. [Ipu 3nauenun J,
paBHOM:

keoT*

~1,)-(-8)exp| ~2A [ o

(paBeHCTBO HyNIO 3HaMeHarens ypaBHeHus (13))
T . Jpyrumm cioBamu, IOKap, NpU TaKOH
WHTEHCUBHOCTH TOJIAYH TOPOIIKA B 30HY IOXKapa,
MOTYIINTh HEBO3MOXKHO. JlaHHAasT WHTEHCHBHOCTH
[O/Ia4¥ TIOPOIIIKa B OYar rmokapa Ha3bIBaeTCsl KpH-
THYECKOH. B Hamiem ciydyae 3TO MHTEHCHUBHOCTb,
MIpH KOTOPOW YaCTHIIAM{ TOPOIIKA, TOMABIIHMH
Ha TOPSYYI0 TOBEPXHOCTH, TOTJIOIMIAETCS TOJIBKO

J=

-(15)
cpow(T

sur

YacThb TEIIa, paBHas M0 BEIMYMHE TEIUTY JIyYHUCTOrO
MOTOKA, OTPaXXEHHOTO 3TUMH K€ YaCTHIIAMHU B CTO-
POHY TOpSILEro Marepuaia paHee MpH JBHKEHUU
K HEMY, U TIOTJIOIEHHOMY M.

IIpu yBenuueHnn HHTEHCUBHOCTH MOAA4YH OTHe-
TyIAIIETo MOPOIIKa B OYar Mokapa BpeMst TyIIEHHsI
nokapa, Kak BUAHO M3 BbIpaxeHus (13), momkHO
YMEHBIIAThCSI U, B UTOTE, CTPEMHUTHCA K MOCTOSH-
HOMY 3Ha4eHUIo T, OAHAKO, BCIEICTBUE NHEPLIU-
OHHOCTH TIpoIlecca MOTJIOMEHUs TeIula YacTHIIAMU
MOpOIIKa, JAMHAMUKAa BpPEMEHHM TYIIEHUS MoXKapa
npu pocte J MOXKET OTIMYAThCS OT AUHAMUKH, pe-
anM3yeMoil Tpu  CTallMOHApHOM  TEIJIOOOMEHE.
Ha 3aBucHUMOCTbh BpeMEHHU TYIIEHUS MOKapa OT HH-
TEHCHBHOCTH OYAYT BIIMSITH CKOPOCTHBIE PEKUMBI
[10J1a4YM YacTHIL[ IOPOLIKA B 30HY TOPEHUSI.

Kak BUIHO U3 naHHBIX, IPUBEAEHHBIX B TaOIH-
1le, CyIIECTBYeT PEXHUM TOJa4yd IMOpPOIIKAa B oOyar
Mokapa, Mpu KOTOPOM CPEIHSST CKOPOCTh YACTHIL
B 30HE MOXKapa MPUHUMAET MUHUMAaJIbHOE 3HAUYEHHeE.
[Tpu Takol CKOpPOCTH yacTHIl B OTOOpe Teria yda-
CTBYET UX MaKCUMaJIbHOE YUCJI0. MHOXUTENb TIpH J
B 3TOM CJIy4ae NPUHUMAET MaKCUMaJIbHOE 3HAUEHHeE.
CrnenoBaTenbHO, MOKHO OXHJaTh, YTO IPU HHTECH-
CHUBHOCTH TI0JIa4{ TTOPOIIIKA, P KOTOPOH peanusy-
eTcsl JaHHasi CKOPOCTh YacTHLI, A0JDKEH HaOmoaaTh-
Csl MUHUMYM BpEMEHM TylIeHus noxapa. OnHaxo,
KaK TOKa3aJi OLIEHKU BEJIMYMHBI 3HAMEHATENs BbI-
paxenus (13), aToro He nmpoucxoaut. JlaHHoe siBIte-
HHUE MOKHO OOBACHUTH TEM, UTO OOJIbIIIAas HHTEHCHB-
HOCTb 10JIa4M TOPOIIKA, XOTA M YXY/IIAET yCIOBUSA
oTOOpa TeIIa YacTUIIAMH TIOPOIITKa, CIIOCOOCTBYET
YBEJIMYCHUIO MHTEHCUBHOCTH €r0 0TOOpa. ITO OUeHb
BaXXHO, IOCKOJBKY, KaK HM3BECTHO, JJIsI HaAEKHOTO
TYLICHUS T0Kapa HEOOX0AUMO 00eCIeUnTh MPEBbI-
LIEHNE WHTEHCHBHOCTH 000pa TeIia OT TOpPIYero
MaTepuaiia HaJl MHTEHCHBHOCTBIO TETUIOBBIEIICHHS.
Pacuér 3HayeHuil napaMerpoB, NPUBEACHHBIX B Ta-
Omtie, mMPOBOIMIICS TT0 opMmyaM padoTsr [10].

IIpoBeném aHannu3 3aBUCUMOCTH OT UHTEHCHB-
HOCTH TOJa4y OTHETYIIAIIEro MOPOoUIKa B o4ar IMo-
JKapa Ipyrou BaKHOU XapaKTepUCTUKH IIpoLiecca Ty-
HIEHHS — yJIeNBbHOT0 PacXo/a MOpOLIKa Ha TyLIEHHE
nokapa. Kak BUIIHO U3 CTPYKTYpHI BeIpaskeHusI (14),
ONpEESAIONIer0 JaHHBIN MapaMeTp, OHAa CXOJAHA
CO CTpyKTypoil Bblpaxenus (13) 1 omeHKH Bpe-
MEHHU TyleHus mokapa. OCOOEHHOCTHIO BbIpaxe-
Hus (14) sBusiercst To, 4To napamerp J BXOAUT Kak
B UYHCIHUTENh, TaK W B 3HAMEHATEIh CJIaraeMoro
3TOr0 BBIPAKEHUS, BBIPAXKAIOLIETO COOTHOLIEHHE
Teruta, HakorieHHoro TI'M, k Teruty, oTOupaeMomy
YacTHULAMH MTOPOIIIKa OT HarpeToro MaTepuania.
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Tabruya / Table

Pe3y.]'lBTaTI)I OLCHKHU NMapaMeTpoB MoAa4YM OrHETyHIAIIEro MopoiikKka B 30Hy ropeHus

The results of the estimation of the parameters of the extinguishing powder in the combustion zone

JuameTp BbIXOA- Macca nopomuika, Cpemnuuit Cpennsist ckopocts  CpenHsisi CKOPOCTh

HOT'O OTBEPCTHS [0/1aBaEMOT0 MacCOBBIN PacX0/l YaCTHIl Ha BHIXO/IC YaCTHIl B 30HE

MOJTYJISI, MM B Oyar, Kr MOpOIIIKa, KI/C MOy JIsI, M/C TOpEHUs, M/C

Module outlet Weight of powder Average mass Average particle Average particle

diameter, mm supplied in the flow rate velocity at the velocity in the
combustion zone, kg powder's, kg/s output of the combustion zone, m/s

module, m/s

13 0,87 1,34 17,47 8,64

16 0,66 1,367 11,68 7,24

24 0,6 1,74 6,62 6,12

24 0,8 2,09 7,94 6,76

24 1,0 2,406 9,14 7,38

ITosTomy 3aBucumoctb G OT MHTEHCHMBHOCTH  prouyero marepuaina. OHa MO3BOJISET OLEHUTH ONTHU-
MoJIayy IMOPOIIKAa B Oyar mMoxkapa OyJeT ompeje- MajbHbIC YCIOBHS M0Jau MOPOIIKA B OYar rmoxapa
JISIThCSl, B OCHOBHOM, 3aKOHOMEPHOCTBE) W3MEHE- M TOJXOMAIINE TapaMeTphbl TEIIO(QU3HMUECKUX Xa-
HUS OT JIaHHOTO TapamMeTpa 3KCIOHEHIIMATBHOIO  PAKTEPUCTUK YACTHUI] MMOPOIIKA, i d3PPEKTUBHOTO
yiieHa BbIpakeHus (14). OH, kak ObUIO OTMEUYEHO  TYIIEHUS IMoKapa nojkiacca Al MOTyJIbHBIMH yCTa-
BBILLIE, MOKET NPUHUMATh MUHUMAJIbHOE 3HAYEHUE  HOBKAMH MOPOLIKOBOIO MOKAPOTYLUEHUS UMITYJIbC-
MIpU OIpeneAEHHON CKOPOCTH YACTHIl MOPOIIKA, 3a-  HOTO U KPATKOBPEMEHHOTO ICUCTBHUS.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HanpaBlICHHbIE B DPEJAKLMIO JKypHala, JODKHBI YHIOBIETBOPATH TpeOoBaHMsM «MHCTPYKIMM O IOpsiIKe
odopmiieHns KBaIM(PUKAIIMOHHON Hay4dHOH paboThl (uccepTanui). ..», yreepxaennoi [Tocranosnennem 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 U 4eTkuM. Dortorpadum mpeacTaBiusOTCS B 3NIEK-
TpoHHOM Buze (dopmar tif, jpg, pa3pemienne He MeHee
300 dpi). Bce prucyHku HyMepyrOTCS U COIPOBOXKIAIOTCS
MTOAPHCYHOYHBIMHU NOATIHCAMHU. DparMeHTs pruCyHKa 000-
3HAYAIOTCSl CTPOYHBIMH KypPCHBHBIMH JIATHHCKUMH OyKBa-
MH — «a», «b» uT. 1. Haamucn Ha puCyHKax M TOIIHMCH
K PUCYHKaM JalOTCsl HAa PYCCKOM M aHIVIMHCKOM SI3BIKaX.
Bce cokpamienust 1 0003HaYECHUS] HA PUCYHKAX JIOJKHBI
OBITH pacIU(pPOBAHBI B MOAPUCYHOUHON MOANHCH. PrcyH-
KM JKeJIaTeJILHO TPEOCTABIISTh B IIBETE.

8. Tabmuib! He TOHKHEI TyOIrpoBaTh rpaduku. Kax-
Jast TabIMIla UMEeeT 3aroloBoK. Ha Bce TabnuIIs! 1 puCyHKH
cIIe/tyeT JaBaTh CCHUIKH B TekcTe. Ha3zBaHue u comeprkanne
TaOJHI] TIPEJICTABIISICTCS Ha PYCCKOM M aHTJINHCKOM SI3BIKaX.

9. O003HaueHNS U COKPAIICHNS, IPUHATHIE B CTaThE,
pactm(ppoBBIBAIOTCS] HETIOCPEICTBEHHO B TEKCTE.

10. Pa3mMepHOCTb BCEX BEIMYUH, IPUHATHIX B CTAThE,
JTOJDKHA COOTBETCTBOBAaTh MEXIyHAPOIHOH CHCTEMe ellu-
HU1 mmMeperuit (CH).

11. MHOTOCTpOUYHBIE (HOPMYITHI OIKHBI OBITH HaOpa-
HBI B penakrope MathType, HOMepa dopmyn — 1o TipaBo-
My Kpato. HymepyroTcst mummb popMyIisl, Ha KOTOPEIE €CTh
CCBUIKH B TeKcTe. OTIeNbHBIe CTPOYHBIC OYKBBI M CITCITH-
aJbHBIC CHMBOJIBI HAOMPAIOTCS B TEKCTE TAPHUATYPOI Sym-
bol 6e3 mcmoab3oBanus pegaxkrtopa dopmyna. [Ipu Ha-
Ooope QopMmyn U OyKBEHHBIX 0003HAYCHHUH HEOOXOIUMO
VYHATBIBATh CIEAYIOMIAE TIPaBIJIa: PYCCKHIl ajadaBuT
He UCTOJIB3YeTCs; TpeUecKue OyKBBI, MaTeMaTHICCKHe
cumBodH (grad, div, In, min, max u ap.), CHMBOJBI XUMH-
YECKUX DIIEMEHTOB (B T.U. B HHJCKCE) HAOMUPAIOTCS MPSAMO;
JMATHHCKUE OYKBHI — IMEPEMEHHBIC I CHMBOITBI (PH3HYECKUX
BEIMYMH (B T.4. B MHICKCE) HAOUPAIOTCS KYPCHBOM; BEK-
TOPBI — KUPHBIM MPADTOM (CTPETKH BBEPXY HE CTABATCS).

12. CrucoK MCTIOJIb30BAHHBIX WCTOYHUKOB COCTABJIs-
eTCsI B TIOPSAKE YIMOMHHAHUS CCBUIOK IO TEKCTY, JOJDKCH
CofiepKaTh TOJHEIE OMOMUOTpauIecKie TaHHBIC U TIPH-
BOJINITCSI B KOHIIE CTaTh. He pekoMeHIyeTcs 1aBaTh CChII-
KA Ha MaTepHajbl KOH(EPEHINH, CTaThl U3 3JIEKTPOHHBIX
KypHanoB 6e3 uneHtudukaropa DOI, yueOHBIE TTOCOOUS,
HHTEpHET-pecypchl. CCHUTKM Ha HEOITyOIMKOBaHHBIE pado-
THI HE JOMycCKaroTcs. JKenaremnsHo, 9TOOBI KOJTMIECTBO CCHI-
1ok Obw10 He MeHee 10; camonmTrpoBanue — He Ooiee 20 %.

13. ABTOpBI Ha OTAENBHON CTPAHULIE MIPETOCTABIISIIOT
0 cebe cremyronue CBeIeHUS: (haMWIINs, UMs, OTYECTBO,
ydeHasl CTEeTIeHb W 3BaHHE, MECTO pabOTHl W 3aHMMaeMast
JOJDKHOCTB, aJipec IIEKTPOHHOH CBA3M.

14. Crarpu, u3nararonde pe3yJbrarbl UCCIeJOBaHMH,
BBITIOTHCHHBIX B YUPSIKICHUSX, TIOTDKHBI IMETh COOTBETCTBY-
IOIIIee pa3pelIeHre Ha OITyOITMKOBAHIE B OTKPBITOM TIECYaTH.

15. TIpn HE0OXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAlOTCSI HANMEHOBaHME (DOHIA, OKa3aBIIETO (pHHAH-
COBYIO TIOAJCPXKKY, WJIH YPOBEHh W HANMEHOBAaHHE TIPO-
TpaMMBI, B paMKaX KOTOpPOW BBIITOJHEHa padoTa, Ha pyc-
CKOM W aHTJIMACKOM SI3BIKaX.

16. ABTOpBI HECYT OTBETCTBCHHOCTH 32 HAIIPaBIICHUC
B PEAKIINIO CTaTeH, paHee YKe OMyOITMKOBAHHBIX HIIH TIPH-
HATHIX K [ICUATH APYTHMHA U3TaHUSIMH.

17. Cratbu, HE COOTBETCTBYIOIIME MEPEUUCIEHHBIM
TpeOOBaHUAM, K PACCMOTPECHUIO HE TMPUHUMAIOTCS U BO3-
BpamaroTcs aBTopam. JlaToif IMoCTyIUICHUS CUUTACTCS ACHB
MOYYCHUS PeIaKIiell TepBOHAYaIFHOTO BAPHAHTA TEKCTA.

18. Pemakuusi mpeaocTaBisieT BO3MOXKHOCTb MEPBO-
0YEpEIHOTO OIYONUKOBAHUSI CTATEH JIUIIAM, OCYIIECTBIISO-
MM TIOCJIEBY30BCKOE OOydUeHHe (acrmupaHTypa, TOKTOpa-
HTYypa, COWCKATEIhCTBO), B TOH 3aBEpPIICHUS OOYUYCHHS;
HE B3UMAeT IUIaTy C aBTOPOB 3a OIMyOJIKOBAaHNE HAyYHBIX CTa-
TEH; OCTaBIIIET 3a COOO MPABO TIPOM3BOINTH PEITAKTOPCKUC
TIPABKH, HE HCKAXKAFOIIIEe OCHOBHOE COICPIKAHUE CTAThU.
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