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The problem of risk management for flight safety in the field of aviation
fuel supply of air transportation

L.V. Beliatskii', V.M. Samoylenkol, A.N. Kozlov'

"Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: At the present stage of the development of aviation activity, there is a significant increase in aviation traffic, which in
turn puts a significant burden on the supply of jet fuel to civil aviation. On average, 10.9 million tons of aviation kerosene per year
are supplied to the domestic market of the country'. In Russia, a significant market share in the supply of aviation fuel is occupied
by the leaders, among which now are Lukoil, Rosneft and Gazprom which all together are vertically integrated oil companies
(VIOC). Along with the colossal volumes of production and supply of jet fuel, which include many technological operations,
starting from the production stage to the direct delivery “to the wing” of the aircraft, the probability of production and supply of not
only high quality, but also substandard jet fuel increases. Substandard fuel poses a rather serious threat during the operation of
aviation equipment, being one of the many factors leading to failures of aviation equipment, aviation accidents and incidents,
thereby reducing the level of flight safety. Oil refining companies, refueling complexes and airlines are interested in the safety of
their activities, which have reliable systems and means to ensure it, but nevertheless substandard fuel takes place. One of the
important reasons is the lack of a unified integrated flight safety system in terms of aviation fuel supply for air transportation, and
therefore, it is necessary to search for new or implement existing adapted methods, solutions, systems and means to ensure the
required level of flight safety.

Key words: flight safety, risk, risk management, adapted flight safety management system, aviation fuel, vertically integrated oil
companies, refueling complexes, aircraft.

For citation: Beliatskii, 1.V., Samoylenko, V.M., Kozlov, A.N. (2023). The problem of risk management for flight safety in the
field of aviation fuel supply of air transportation. Civil Aviation High Technologies, vol. 26, no. 5, pp. 8-18. DOI: 10.26467/2079-
0619-2023-26-5-8-18

IIpoGyema ynpaBjieHusi pUCKaMHM JJIS 0€30IACHOCTH MOJIETOB B 00J1aCTH
aBHATOILIMBOOOECIIeYeHUSI BO3AYIIHBIX MEPEBO30K

o1 . 1 1
N.B. beasiukuii , B.M. Camoiizienko , A.H. Ko3ioB
! Mockosckuii 20CY0apCmeEeHHblll MeXHUYECKUL YHUBEPCUMem padcOaHCKoU asuayull,
2. Mocksa, Poccutickas @edepayus

AnnoTtanmsi: Ha coBpeMeHHOM dTane pa3BUTHS aBUAIIMOHHOW JEATETIHHOCTH HAOMOAASTCsl 3HAYUTEBHBIA POCT aBUAITMOHHBIX
BO3/IYIIHBIX ITEPEBO30K, YTO B CBOIO OUEPEb AAeT CYIIECTBEHHYIO Harpy3Ky Ha CHaAO)KEHHE IPAKIAHCKOW aBHAIlMH PEAKTUBHBIM

' Manufacture of refined petroleum products. Basic criteria. The Ministry of Energy of the Russian Federation official
website. Available at: https://minenergo.gov.ru/node/1213 (accessed: 05.09.2022). (in Russian)
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TOMMHBOM. B CpejlHeM Ha BHYTPEHHHMIl PHIHOK CTPAHbI IOCTABISIETCS OKOMO 10,9 MIIH TOHH ABHAIMOHHOTO KEPOCHHA B TOJ .
B Poccuiickoit ®enepaniil 3HAUUTENIBHYIO JOJIIO pPbIHKA B IOCTABKAX ABMALIMOHHOIO TOILUIMBA 3aHUMAIOT BEPTHKAIBLHO
uHTerpupoBannbie HersaHble kKomnanuu (BUHK), nmupepamy cpenm KOTOPBIX B HACTOSIIMKA MOMEHT SIBISIFOTCS <«JIyKoMm»,
«Pocredte» m «l'azmpom». Hapsmy c¢ KonoccadbHbBIMH 0O0BEMamMy TPOW3BOJICTBA M IOCTABOK ABHAIIMOHHOTO TOILIUBA,
BKJIFOYAIOIINX B ce0s MHOXKECTBO TEXHOJIOTMYECKHX OIEpalyii, HAYMHAsI C Tara NPOU3BOCTBA IO HEMOCPEACTBEHHON BBIIAUM
«B KpbIJIO» BO3/YIIHOTO Cy/HA, TIOBBIIACTCS BEPOATHOCTH IPOW3BOJACTBA M IIOCTABOK HE TOJBKO KAYECTBEHHOTO, HO H
HEKOH/IUIIMOHHOTO ABHAILIOHHOTO TOIUIMBA. HEKOHIMIIMOHHOE TOIUIMBO MPEICTABIACT AOCTATOYHO CEPhE3HYIO YIpo3y B XOIE
9KCILTyaTallid BO3MYIIHBIX CYIOB, SIBJILICH OXHUM M3 MHOXeCTBa (DaKTOPOB, NPHUBOIAIIMX K OTKA3aM aBHALMOHHON TEXHUKH,
ABHALIOHHBIM MPOHCIIIECTBHSM M MHIMICHTAM, CHIKAsl TEM CaMbIM YPOBEHb 0€30MacHOCTH MONIETOB. B Bompocax Ge3omacHoCTH
CBOEH  JIEATENBHOCTH  3aMHTEPECcOBaHbl  HedrenepepadaThIBAOIIME  KOMIIAHUM,  TOIUIMBO3AIPABOYHBIE  KOMILIEKCHI
Y aBUaKOMITaHHH, KOTOPBIE UIMEIOT Ha/IeXKHBIE CUCTEMBI M CPEJICTBA €€ 00eCIIeYeHHsl, HO TEM He MeHee HEKOH/IUIIMOHHOE TOILTHBO
nmeer mMecto. OHOW W3 BaXKHBIX NPHUYMH SIBISIETCS OTCYTCTBHME €MHOW KOMIUIEKCHOW CHCTEMbI oOecriedeHus 0e301acHOCTH
TIOJIETOB B YacTH aBHATOILIMBOOOECIICUEHHsI BO3/IYILHBIX IEPEBO30K, B CBSI3U C YeM HEOOXOAMM IOMCK HOBBIX MJIM BHEIPEHHE
CYILECTBYIOIIMX aJaTUPOBAHHBIX METOAWK, PEICHWH, CHCTEM M CpeICTB olecriedeHHs: TpeOyeMoro ypoBHsI Oe30IacHOCTH
TOJIETOB.

KitioueBhle c10Ba: Ge30MacHOCTb OJICTOB, PUCK, YIIPABJICHHUE PHCKOM, afalTHPOBAHHAS CHCTEMA YIIPABJICHHs GE30I1aCHOCTHIO
TOJICTOB, ABMALIMOHHOE TOILIMBO, BEPTHKAIBHO HHTEIPUPOBAHHBIC HE(TSIHbIC KOMIIAHHH, TOILIMBO3ANPABOYHBIC KOMILICKCHI,
BO3/IyIIHOE CY/HO.

Jnst murupoBanms: bemsukuii 1.B., Camoitnenko B.M., Ko3mo A.H. [IpoGnema ympapieHus: prcKaMH I O€30IacHOCTH
TIOJIETOB B 00JIaCTH aBHATOILUTMBOOOECTICUEHHsT BO3IAYIIHBIX mepeBo3ok // Hayunsni Bectnuk MI'TY T'A. 2023. T. 26, Ne 5.
C. 8-18. DOI: 10.26467/2079-0619-2023-26-5-8-18

There is a multitude of dangerous factors [1]
at all the above-mentioned stages. For instance:
agent usage, selection of tests, tankage clearing
procedures inobservance; violation of laboratory
procedure calibration procedure; non-control of

Introduction

Aviation fuel is one of the most important
links in a key chain of aircraft preparation for the
flight. Expenses of aircraft operators for aviation

fuel are no less than 30 percent of total cost dur-
ing aircraft operation. Daily aviation fuel con-
sumption in Russia is about 15-16 thousand of
tons.” Provision of high quality aviation fuel is a
priority task for all responsible organizations,
involved in the following services delivery.
Aviation fuel supply of air transportation is a
complicated system, which includes the follow-
ing stages:
1) manufacturing at oil refining factories;
2) quality control;
3) filtration;
4) transportation:
by conduit pipe;
by auto transport;
by maritime transport;
by railroad transport;
5) reception to fueling company refinery;
6) storage;
7) preparation for delivery;
8) delivery to an aircraft.

2 Airports of Siberia and Far East lack kerosene-type jet
fuel [Electronic resource] / Prima Media.ru. Available
at: https://primamedia.ru/news/139651/ (accessed:
10.09.2022). (in Russian)

conduit pipe, mooring fitting service and conduit
pipe flushing, the untimely filter element renew-
al; the use of damaged filter elements in working
environment, the use of non-specialized loading
and off-loading sleeves/hosepipes; the use of
reservoirs with damaged inner coverage; sedi-
mentation and drainage procedures inobservance
before aviation fuel dispatch; violation of fuel
preparation procedures; violation of aviation fuel
filling procedures; safety-first procedures inob-
servance by responsible staff, etc.

Dangerous factors may have singular manifes-
tations at different parts of aviation fuel manufac-
turing and supply chain, forming a combination of
factors, leading to substandard aviation fuel entry
into a market and following aviation incidents.

According to flight safety analysis data™* from
2009 to 2021 there is a tendency to high level of

3 The FAAT Rosaviatsiya archives of aviation and work-re-
lated incidents. Available at: https://archive.aviaregistr.ru/
(accessed: 10.09.2022). (in Russian)

* The automated aircraft flight safety system of the Russian
Federation. The Federal Agency for Air Transport (Rosavi-
atsiya). P. 62. Available at: https://favt.gov.ru/dejatelnost-
18/?1d=3967 (accessed: 10.09.2022). (in Russian)
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Fig. 1. Scheme for the supply and distribution chain from refinery to aircraft’:
HedrenepepabarbiBatoliee npeanpusatie — oil refinery; rmunsHbii GunbTp — clay filter; dpunbTp / oTAeaMTENH BOABI —
water filter/separator; koHeUHast cTaHIUsA — terminal; TOITMBOXpAaHWIIHIIE B a3poIopTy — airport fuel storage;
MukpoduibTp — microfilter; 3anpasounsiii mrynep — filter connector; Beptonet — helicopter; Tpybonposos — conduit pipe;
aBTOMOOMIIBbHAS LUcTepHa — motor tank track; BaroH-uncrepHa — car tank track; aBro3anpaBmmk — tanker; MOHUTOp —
monitor; TormBo3anpasnyk — fuel tanker; camoner — plane; 6apska — barge; cucrema TOITMBO3aIPaBOYHBIX THAPAHTOB
B adporopTty — airport fueling fireplug system

Konuyectso ABMAUNOHHBIX MHUWOEHTOB

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
log

Fig. 2. The total number of aviation incidents related to aircraft fuel supply
in the Russian Federation from 2009 to 2021

aircraft incidents not only due to technical failures
and flight control procedures violation, but also

because of substandard fuel provision. 5 Doc. 9977 AN/489. (2012). Manual on civil aviation jet
fuel supply. ICAO, 46 p.
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OmnpencncHHe NpodasMbel Oe30MACHOCTH

OpH aBH ATOMJIMBOODECIIEUeHHH IIOJIETOB

Determination of the safety problem of aviation
fuel supply of flights

HabmoneHue u KOHTPOIB
Monitoring and control

TIpHHATHE PeIeHHT H eT0 PealH3aIn —~

Resolutions & Actions ‘//’

VopasaeHne

Puackom
Risk management

BriapicHHE H PaHEHpPOBaHHC

thakTopor onacHoctH (DO)
Identification and ranking of hazard
factors

OueHKa nocneacTeuid cobbl-
TWA OT Bo3gencTeua O

Assessment of the consequences of
a hazard factor

OneHKA BEpPOATHOCTH HACTYILICHHA CO-
OBITHA OT BO3acticTBHA @O

Assessment of the probability of occurrence of
an event from exposure to a dangerous factor

Fig. 3. The general principle of flight safety risk management of aviation fuel supply companies
for air transportation

The main part of aviation events is related to
mechanical solids in fuel and water contamina-
tion, along with violation of aviation fuel filling
procedures and safety-first inobservance by the
staff in charge. As an aircraft has a broad desti-
nation network, it is difficult enough, and fre-
quently impossible at all to detect an airport
where the substandard fuel is used, which, in its
turn, subsequently affects airworthiness and
flight safety. According to FAR-10°, this is ex-
actly an operator who is fully responsible for
flight safety, not a fueling company. The reason
is that the following companies just do not have
a flight safety risk management system (thereaf-
ter FSRMS) in terms of services being provided.
Airport operator, who develops and operates

S The Order of the Ministry of Transport of the Russian
Federation dated 12.01.2022 Ne 10 “On the establish-
ment of Federal Aviation Rules "The requirements
to the entities, individual undertakers operating com-
mercial air transportation" The Federal Agency for Air
Transport (Rosaviatsiya). P. 62. Available at:
https://favt.gov.ru/dokumenty-
federalnyepravila/?id=2874 (accessed: 10.09.2022).

FSRMS, including all kinds of airport business
by service providers [2, 3], is obliged to possess
a FSRMS, according to FAR-441" and the
642 Government Resolution®.

7 The Order of the Ministry of Transport of the Russian
Federation dated 02.11.2022 Ne 441 “On the establish-
ment of Federal Aviation Rules "The requirements

to the fixed-base operators of civil aviation airports".
GARANT.RU. The information and legislation re-
source. P. 14. Available at: https://www.garant.ru/
products/ipo/prime/doc/405745917/ (accessed:
10.09.2022). (in Russian)

The Order of the Government of the Russian Federation
dated 12.04.2022 Ne 642. “For flight safety management
systems development and operation rules approval,
along with data on dangerous factors and risk for civil
aviation aircraft flight safety collection and analysis, da-
ta storage and exchange according to ICAO international
standards and for recognition of some Federal Govern-
ment acts invalid” (the act has not entered into force).
GARANT.RU. Informational and legal web portal. 7 p.
Available at: https://www.garant.ru/products/
ipo/prime/doc/404379316/ (accessed: 10.09.2022).

(in Russian)
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Fig. 4. Classification of dangerous factors

Research method and methodology

FSRMS of aviation fuel service provider de-
velopment and implementation is an extensive
challenge [4, 5] in circumstances of market rela-
tions and flight safety provision.

It is necessary either to develop new deci-
sions and methods or adjust the existing ones in
order to provide flight safety in terms of services
provided by manufacturers, suppliers, fueling
companies and aviation fuel quality control or-
ganizations.

FSRMS of corporates, providing aviation
fuel supply services, is developed according to
the general risk management principle’ [6-8].

Civil aviation flight safety analysis in the last
few years indicates the problem of aviation fuel
supply and necessity of risk management in
these terms.

The first stage of risk management starts with
dangerous factors revealing and ranging. This
step is technically complicated, as it includes the

’ GOST R 57239-2016 Air transport (2021). Safety man-
agement of aviation activity. Data base. Aviation infra-
structure risks of airport operation. Moscow: Standartin-
form, 24 p. (in Russian)

12

total of aviation fuel supply organizations: man-
ufacturers, POL suppliers, fueling and POL qual-
ity control organizations.

The essence of the second stage is dangerous
factors action risk assessment. Risk assessment
has always been the most complicated part of
aviation risk management process due to subjec-
tiveness of consequences severity at danger man-
ifestation and lack of information [9—11].

At the following stage of aviation fuel supply
corporates work it is necessary to choose one or
more of flight safety risk management methods
and adjust them for the industry in question.

It is advisable to use and adjust methods,
which are implemented widely in airline compa-
nies which have experience of use, wide statis-
tics and practice of integrated methods — “ICAO
Risk Assesment Matrix” [12] and “Bow-tie
method” [13].

Bow-tie is a simple and efficient method,
based on potential risk analysis and schematical
description. Left part of the Bow-tie is a reason,
the knot itself is an event, the right part symboliz-
es a consequence. The Bow-tie method is unique
for the opportunity of understanding the reasons
of materialized risk, which, in other words, have
already taken place. It is also possible to develop
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OnacHoe

cobnITHE

ObaacTa Bo3aelicTBaA Areas of impact
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DAKTOP ICKATANHA DakTop alKaTaIIH
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VipaBleHdecKas JeSTeIbHOCTD, DOAIEPKIBAIONTAT OaphepEl

Fig. 5. Bow-tie risk management method'

Table 1
The example of using the Bow-tie method
THREAT Recovery Hazardous event Control Consequence
measures measures
The untimely fuel tanks Inspection of pro- Normative Rejected take-
clearing cedure fulfillment | EICAS MESSAGE | and technical off/incident
- - by technical control | “ENGINE FUEL documentation -
End lug pollution during | jenartment staff FILTER R” requirements | Aircraft mal-
pressure fill members. in this case the fol- | for aviation fuel | function
. lowing message in- | quality, fueling -
The untimely checkout of | Company staff pe- dicates right engine | and storage Airline compa-
means of cleaning and riodical trainin - ny scheduled
. g fuel filter clogging | procedures 4

water trapping system at | and qualification flight frequency

fuel filling point assessment deterioration
approaches and reveal risk management factors e Complex analysis of risk reason potential devel-
basing on results of the research [14]. opment before the moment of unwanted event.

Research stages by Bow-tie method: e Risk linking with the main reasons.

e Risk revelation in order to form Bow-tie dia- e Including the reasons leading to risk probabili-

gram foundation. ty increase into the diagram.
e Event reasons determination considering risk

sources. ' GOST R 58771-2019. (2020). Risk management. Risk

assessment technologies Moscow: Standartinform, 78 p.
(in Russian)
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Table 2
ICAO Risk Assessment Matrix
The probability of risk in Risk severity
the framework of avia-
tion fuel supply of air- Catastrophic | Hazardous Minor Negligible
craft A B D E
5| Frequent 5D SE
4| Occasional 4D 4E
3| Remote 3D 3E
2 | Improbable 2D 2E
1| Extremely improbable 1A 1B 1C 1D 1E
Risk levels Permissible risk level
Appropriate risk level

e Planning of defense measures for risk preven-
tion.

¢ Risk consequences listing.

e Development of correction measures and solu-
tions for their mitigation.

There is an example of the method imple-
mentation in case of the event EICAS MES-
SAGE BOEING 777 “ENGINE FUEL FIL-
TER R” (in this case the following message
signs about right engine fuel filter clogging).

Risk assessment method with ICAO risk as-
sessment matrix is an assessment of dangerous
manifestation probability and severity of proba-
ble events, linked with revealed dangerous fac-
tors [12].

It is necessary to match the level of ICAO
matrix complexity with needs and production
tasks of the certain organization. Besides that, it
is necessary to notice that both qualitative and
quantitative criteria can be used in organizations
(up to 15 different values).

The scale of dangerous factors manifestation
probability is determined by organizations them-
selves or by their responsible persons, pos-
sessing authority in terms of risk management,
acting as risk owners.

Risk factors probability for flight safety is
determined as a probability of hazardous event
or result manifestation or repetition.

14

It is worth noticing, that initial data for dan-
gerous factor manifestation probability deriva-
tion is an analysis of similar dangerous factors,
appeared within the risk monitoring period
(week, month, year).

Tables of dangerous factor probability and
severity assessment are used for dangerous fac-
tor analysis.

Let us consider such a dangerous factor, re-
vealed during auditing aviation fuel supply cor-
porate auditing, as water and mechanical con-
tamination in the airfield fuel storage tank. Ac-
cording to the expert opinion of risk owners, let
us assume the following as manifestation of the
given dangerous factor:
¢ rejected takeoff/incident;

o clogging of the aircraft fuel filter;

e providing of services, not meeting safety re-
quirements;

e claims of the customer;

e fuel tanker withdrawal for a certain period of
time.

Every dangerous factor manifestation is an
alleged event, for which it is necessary to deter-
mine its probability and severity.

Severity assessment should consider all the
possible consequences of the dangerous factor,
based on the worst alleged situation. For in-
stance, the probability of manifestation of a such
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dangerous event as a rejected takeoff — an inci-
dent due to dangerous factor affection, revealed
during auditing, is determined as remote by risk
owner, along with “major” severity. Risk owner
supposes this basing on large data package anal-
ysis results, knowledge and experience in terms
of expert assessment, along with tables of risk
severity'' and probability for flight safety, made
basing on them.

Let us determine risk level with ICAO ma-
trix'? after dangerous event manifestation
probability due to dangerous factor affection
and consequences severity having been out-
lined. There is a risk level 3C in the following
case. The obtained value indicates the permis-
sible risk level.

The essence of the third and the fourth stages
of risk assessment is taking correction measures
for decreasing probability of dangerous event
manifestation and its consequences, along with
their control and monitoring in terms of aviation
fuel supply corporates [15].

Conclusion

Nowadays FSRMS implementation in avia-
tion fuel supply corporates is a key challenge.
Risks are managed by using the existing qualita-
tive methods in order to operate FSRMS.

Efficiency of the following methods use is
determined by collection of reliable data on dan-
gerous factors manifestation at aviation fuel sup-
ply corporates work, correction and preventive
measures development and timely decisions
made by authorities.

Each of the methods described has its ad-
vantages and disadvantages. The “Bow-tie” al-
lows us to assess the risks which have already
taken place, and the matrix method allows us to
predict the risks. However, both methods cannot
be used for any quantitative calculations as the
following methods do not reflect the total of rea-
sons, which can occur simultaneously and cause
consequences. It is also worth noticing, that risk

""Doc. 9859 AN/474. (2018). Safety Management Manu-
al. 4rd ed. ICAO, 218 p.

"2 Doc. 9859 AN/474. (2018). Safety Management Manu-
al. 4rd ed. ICAO, 218 p.
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matrix is only the instrument for qualitative risk
assessment [16].

The simplicity of these methods application
allows to implement them at initial stages of
flight safety provision system at aviation fuel
supply corporates, which, in its turn, increases
the charges and time for its formation. Imple-
mentation of qualitative methods is also possi-
ble along with risk management quantitative
approaches in further work. The integrated use
of this methods allows to gain the best, practi-
cally significant and reliable result.
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9KCHepI/IMeHTaJII)HbII71 CTATHCTHYECKHNI aHAJIN3 PAAHOJOKAINUOHHBIX
CUI'HAJIOB, OTPA’)KCHHBIX OT OIIACHBIX METCOPOJOIMYCCKUX SIBJICHUH

1 1 1 1
9.C. bosipenko , J.A. bojenos ', O.B. Bacuabe ', C.C. KopoTrkon
"Mockoscrui 20CY0apCmeeHHblll MeXHUYeCKULl YHUBEPCUMem 2paicOanHCcKoll asuayul,
2. Mockea, Poccus

HccnenoBanus mpoBoasTes 3a cuet rpanta Poccniickoro HayuHoro (oHaa
B paMkax mpoekrta Ne 23-29-00450

AnHoTanms: XapakTep NPUYMH BOSHMKHOBEHMS TPEITOCHUIOK K JIETHHIM HMPOHCHIECTBHSM 10 METEOPOJIOTHYECKHM YCIIOBHSM
SBISICTCST HEM3MEHHBIM B TedeHHe MHOruX JieT. Jng addekTinBHON paboThl aBHAlMi HEOOXOAWMO pPEMIaTh BOIIPOCHI
CBOEBPEMEHHOTO OOHAPY>KEHNsI OTTACHBIX METEOSIBIICHHI M OIPEAEICHNs NX UHTEHCHBHOCTH. B Hactosiell crathe 00CysKIaroTcs
HCCIIeIOBaHUS aTMOC()EPHON OTpaXKaeMOCTH U TypOYJICHTHOCTH B Ky4eBO-IOXKIEBHIX OOJNAKaX C FHCIIOJIb30BaHHEM
METEOPOJIOTHYECKOTO  PA/IMONOKAIMOHHOTO KOMIUIEKCAa OMNIDKHEH 30HBL. OKCIEPUMEHTAIbHBIE WCCIEHOBAHHUS HPOBOIATCS
B MHTEPECAX MOTYYEHHS OLICHOK CTATUCTUUYECKUX XapaKTEPHUCTHK PACIIPEIEIICHHS OTPaXKaéMOCTH U TYPOYJIEHTHOCTH JjIs ONTACHBIX
MeTeosiBieHui. [IpeacTaBiena METoMKa TIPOBEACHNUS SKCIEPUMEHTATBFHOTO MCCIIEN0BaHuUA 110 cO0py MH(pOpMAIMU 00 OMacHbIX
METEOPOJIOTHYECKHX SIBICHHSIX (JIMBEHb, IP03a M IPaj), OCOOCHHOCTSIX DPACIPOCTPAHEHHS PaMOJIOKAIIMOHHONW OTPaKaeMOCTH
W y/IeTIBHOW CKOPOCTH JIMICCHIIAIMK TYpOYJIEHTHOH SHEPrUH B PacCMaTpHBAaeMBIX YCIOBUSIX 1yl TBepckoit obmactu. IIpoBenen
aHaJIM3 MOJTyYEHHBIX PEe3yJIbTaTOB: CPABHEHMS METEOPOJIOrHUeCKOr HH(OPMALIMH, TIOTYYEHHO TP TIOMOII METEOPOJIOTYECKOT0
Pa/IMOJIOKAIIIOHHOTO KOMIUIEKCAa OJNVDKHEH a’poJpOMHON 30HBI C JIOCTOBEPHBIMH HMCTOYHHMKAMH JIAHHBIX METEOPOJIOTHYECKHX
HaOJIO/IeHHH, TTOTyYeHHBIX B X0/l 3KCIIEpUMEHTAIbHBIX HcciieioBaHMi. [Ipon3BeieHb! necen0BaHNs TOPH30HTAIBHBIX Pa3pe30B
1 BEPTUKAIBHBIX PO paccMaTprBaeMbIX IapaMeTPOB OIMACHBIX METCOSIBICHUH, CBSI3aHHBIX C Ky4eBO-J0XK/IEBOH 00JIacThIO.
Codopmuposan 0aHk aHHBIX. [TocTpoeHsI THCTOrpaMMBbl pactpesienieHnst HH(OPMAIOHHBIX TapaMeTpoB. B cratbe paccMOTpeHb
PE3yJIbTAThI AIMPOKCHMALINK SKCIIEPUMEHTAIBHBIX TAHHBIX TI0 KPUTEPHIO ¥ U PAsiIMYHBIX 3aKOHOB pactipezencHus. 1lokasaHo,
YTO paCIpeleNeHus] OTPaKaeMOCTH W TypOYJICHTHOCTH MOTYT OBITh OIMMCaHBI OOOOMIEHHBIM 3akoHOM Paiica. IlomydueHHBIC
PE3yJIBTAThI MOTYT OBITh HCTIONB30BaHbI I KOPPEKLMK KPUTEPHEB KIIACCH(HKALIHY OMACHBIX METEOSIBIICHUHN, JUTS IOCJIEYOIIETO
TOBBIIICHHS OIPaBIbIBAEMOCTH Y JOCTOBEPHOCTH NPH KIIACCH(UKAIIMK ONACHBIX METeosBIIeHHH. JlanpHeliee pa3suTre crocoda
00pabOTKM METEeOPOJIOTHIECKON HH(pOpPMAIMKM Takke HMEET OOJbIloe 3Ha4deHWe i Oojee KOPPEKTHOM HMHTEpIpETaiii
Pe3yIIbTaTOB 00PabOTKU IKCIICPUMEHTAITBHBIX TAHHBIX TUCTAHIIMOHHOIO 30HIUPOBAHUS METCOPOJIOTHUYCCKUX SBICHHH.

KuroueBblie ci1oBa: METEOPOJIOIHYECKHI PAJUOIIOKATOp, OJMKHSIS 30Ha a’poJpOMa, OIMACHBIE METEOPOJIOTHYECKHE SIBIICHHMS,
KJIaCCU(HKAIINSI METCOPOJIOTUUCCKHX SBJICHHUHN, CTATUCTUYCCKUI aHAJIN3 TAHHBIX.

Jnst murupoBanusi: bosperko O.C. DKcriepriMeHTATBHBIA CTATUCTUICCKUN aHATN3 PaTUOJIOKAITMOHHBIX CUTHAJIOB, OTPaKEHHBIX

OT omacHbIX Meteoposioruyeckux ssienuit / O.C. bosiperko, 3.A. Bonenos, O.B. Bacunbes, C.C. Kopotkos // Hayunbiit BecThuk
MITY I'A. 2023. T. 26, Ne 5. C. 19-29. DOI: 10.26467/2079-0619-2023-26-5-19-29

Experimental statistical analysis of radar signals reflected from weather
hazards

E.S. Boyarenkol, E.A. Bolelov', O.V. Vasiliev', S.S. Korotkov'
"Moscow State Technical University of Civil Aviation, Moscow, Russia

The study was conducted with the financial support of the Russian Science Foundation,
project Ne 23-29-00450

Abstract: The nature of the causes of prerequisites for flight accidents due to meteorological conditions has remained unchanged
for many years. For the effective operation of aviation, it is necessary to solve the issues of the timely detection of weather hazards

19



HayuyHbiit BectHuk MITY TA Tom 26, Ne 05, 2023
Civil Aviation High Technologies Vol. 26, No. 05, 2023

and the identification of their intensity. This article discusses the research into the atmospheric reflectivity and turbulence in
cumulonimbus clouds using a near-field meteorological radar system. Experimental studies are carried out with the aim of
obtaining estimates of statistical characteristics of the reflectivity distribution and turbulence for weather hazards. The methodology
for conducting an experimental study to obtain information about the weather hazards (rain shower, thunderstorm and hail), special
features of the radar reflectivity propagation and the specific rate of turbulent energy dissipation in the considered conditions for the
Tver region is presented. The analysis of the obtained results has been carried out: comparisons of meteorological data derived,
using the meteorological radar complex of the near airfield zone (WR BZ), with the reliable sources of meteorological observation
data obtained during experimental studies. Studies of horizontal sections and vertical profiles of the weather hazards parameters
under consideration, associated with the cumulonimbus area, have been carried out. A data bank has been formed. Histograms of
the information parameter distribution have been constructed. The article considers the results of experimental data approximation,
using the 7’ criterion for various distribution laws. It is shown that the distributions of reflectivity and turbulence can be described
by the generalized Rice’s law. The results obtained can be used to correct the classification criteria of weather hazards to
subsequently increase the justification and reliability of the weather hazard classification. The further development of the method
to process meteorological information is also of paramount importance to more correctly interpretate experimental data processing
results of remote meteorological phenomena sensing.

Key words: meteorological radar, near-airfield zone, weather hazards, classification of weather phenomena, statistical data
analysis.

For citation: Boyarenko, E.S., Bolelov, E.A., Vasiliev, O.V., Korotkov, S.S. (2023). Experimental statistical analysis of radar
signals reflected from weather hazards. Civil Aviation High Technologies, vol. 26, no. 5, pp. 19-29. DOI: 10.26467/2079-0619-
2023-26-5-19-29

BBenenue TagbHO HE U3yueH [4—7]. OnTuMu3amus Kpute-
pueB KiacCU(PUKAIMK C TOYKH 3PCHHSI TEOPHH
MOHUTOPUHT yCIOBUM TOTrOJAbI SIBJISETCA pa3iuueHusi CTATUCTUYECKUX THUIOTE3 MOXKET
BOXKHEHIIEH 3afadyedl sl Tpa)KJaHCKOW aBHa- OBITH JIOCTUTHYTA ITyTEM HCIIOJIb30BaHMS BEPO-
[[UU, TTOCKOJIbKY HEOIaronpusITHBIE METEO0YCIIO- SITHOCTHBIX ONHUCAHHI pacmpeeneHus Typoy-
BHS MPOJOJDKAIOT OCTAaBaThCS 4acTO OMpeaesis- JIEHTHOCTH W OTPa)XKa€MOCTH MO BBICOTAM JJIst
I0IUMHU (DaKTOpaMu B psific aBUAIMOHHBIX TPO- Pa3IMYHBIX METEOSBICHUM.
HUCIIECTBUNA U MHIUACHTOB. PasronokaliuoHHbIN JIroboe wucciaenoBaHue HKCIEPUMEHTATBHBIX
MOHUTOPUHT TOTOAbI MPEANOJIaraeT HCIOJIb30- JIAHHBIX BKJIIOYAeT B Ce0S HECKOIBKO ITaroB
BaHHME HAa3€MHBIX METEOPOJOTUYECKHUX PaJHOIIO- [8-10].
karoHHbIX ctanuui (PJIC) s amanmza me- 1. OmnpeneneHue Leau UCCIETOBAHUM.
TEOOOCTAHOBKH M KJIACCH(DHUKAIINN OMACHBIX SIB- 2. Pa3paboTky MeTOAMKHA TPOBEACHHUS WC-
JIEHUH TOTOAbl B COOTBETCTBUM C HPUHITHIMU CJIeJIOBaHMIA.
kputepusamu [1]. Kak nokaszano B [2, 3], nanHbIe 3. COop SKCIEPUMEHTAIBHBIX JaHHBIX, UX
KPUTEPUU MMEIOT, IO MHEHHUIO aBTOPOB, P/l HE- npeIBapUTENbHBIN 0030p, OIEHKY (DaKTOpPOB U
JIOCTATKOB: OHH JIAJICKH OT ONTHUMAJIBHBIX C TOY- nucxoa.
KU 3pEHHS] TEOPUU NPUHATHUS PELICHUM, HE y4H- 4. Amnanu3 naHHBIX.
THIBAIOT UH(POPMAIMIO O PACTIPEAEIECHUN BETPO- 5. HHTepnperanuio pe3ysbTaTOB aHAIU3A.
BBIX XapaKTEPHUCTUK, a TAaKKe OCOOEHHOCTU KY- 6. ANNPOKCHMALIMIO  3KCIEPUMEHTAIbHBIX
4YEBO-TPO30BON AKTUBHOCTH B PA3IMYHBIX KIIH- JTAHHBIX.
MaTu4eckux 30Hax. O4YEeBUIIHO, YTO OJIMH U3 OueBUHO, YTO KOHEYHOU WENbI0 MPOBOAH-
MIPUOPUTETHBIX IMyTEH MOBBIIMICHHS TOCTOBEPHO- MBIX 3KCTIEPUMEHTAIBHBIX HCCIICIOBAHUN SIBIIS-
CTH KJaccU(UKAIMKM OMACHBIX METCOSIBICHUN — €TCsl TIOJyYE€HHE OIICHOK BEPOSTHOCTHBIX OINHCA-
COBMECTHBI YYET BBICOTHOTO pacHpeaeieHus HUN pacrpeiencHus] OTpPakaeMOCTH H TypOy-
OTpakaTeNbHBIX U TYpOYJIEHTHBIX XapaKTepH- JIEHTHOCTH JJI UX MOCJEAYIOIIEro UCIO0JIb30Ba-
CTUK aTMoc(ephl I pa3InIHBIX (a3 pa3BUTHS HUS B PCIIAIONIUX MpaBUiIaxX KIacCUPUKAIIUN
Ky4eBO-Tpo30Boil oOnaunocTH. Tem Oomee uTO OTNACHBIX METEOSBJICHUH.
BOIIPOC 3aBUCUMOCTH IapaMETPOB YICIbHOU Ha cragum meroauku mpoBeaeHUs SKCIEpH-
CKOPOCTH JTUCCHUMAIMU TYpOYJEHTHON SHEpPruu MeHTa (TepBbIi 3Tan) HeoOXoauMo chopMupo-
JUISL pa3IMYHBIX METEOSBICHUN 0 CUX TOp Je- BaTh TPEOOBAHUS K MPOBEJICHUIO MCCIICIOBAHUM:
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Kakol mapamerp OyAeT SIBIATHCA MCXOJOM, Xa-
PaKTEpU3YIOIIMM pPE3YyJIbTAT, KaK M KaKue JaH-
HbIE O XapakTepe MeTeosBIeHuN OyayT cobpa-
HBI, IIOHATh U ONPEACIIUTh TUIOTE3y MUCCIEN0BaA-
HUSl, ONpPENENINTh pa3Mep BHIOOPKH, COCTABHUTH
IIJIaH IPOBEJICHUS dKCIIEPUMEHTA.

Bropoii sTtan — mnpoBeAcHHE 3KCIEPUMEH-
TaJbHBIX MCCIEIOBAHUN, COOP JAHHBIX, UX PErH-
CTpaiys u BBOJ B 0a3y AaHHbIX. TyT e mpoBo-
JIUTCS TPEIBAPUTEIBHBIN AHAIN3 ITOJYYEHHBIX
JTAaHHBIX, KOTOPBIM BKJIIOYAeT aHaIU3 U OTOpa-
KOBKY «IIpOMaxoB» U «c0OO€B», BOCCTAHOBIICHHE
IIPOIYIIEHHBIX U3MEPEHUI, IPOBEPKY OJHOPO-
HOCTH, 00BbEIMHEHUE CEPU U3MEPEHUH U JIp.

AHanu3 NaHHBIX — TPETHUH IIAar IPOBEACHUS
AKCIIEPUMEHTAIIBHOTO HucciaenaoBanus. Jns 006-
pabOTKM M aHamu3a SMIHUPHUYECKUX [aHHBIX,
MIOJIy4EHHBIX B pe3yJIbTaTe dKCIEPUMEHTA, IIPH-
MEHAIOTCSL Ppa3JIMYHbIE METOABl MaTeMaTH4Ye-
CKUX BbluncieHud. [lepBrlil aTan 3TON paboTHI
3aKJII0YACTCS B M3YYEHUU 3aKOHA paclpeserne-
HUS SMIMPUYECKUX AaHHBIX U IPOBEPKE T'MIIO-
T€3, Ha KOTOPBIX OCHOBAaH BbIOpaHHBIH METOJ
CTaTUCTUYECKOI0 aHAJIN3a, OLEHKA IIapaMeTpOB
pacIpeneneHns JaHHBIX HKCIIEPUMEHTAIbHBIX
UCCIIEIOBAaHUM M COOCTBEHHO NPOBEICHHE CTa-
THCTUYECKOIO aHaJIA3a, a TAaKKe ONpPEACIICHHE
CTaTUCTUYECKOW 3HAYMMOCTH pPE3YJbTATOB HC-
CJICIOBAHMUS.

Ha gerBeprom »Tame Aenar0TCs BBIBOABI U
3aKJIFOYEHUS IO OLEHKE BCEX IapaMeTPOB I'EHe-
pabHON COBOKYITHOCTH HCCIIEIYEMOU BBIOOPKH.
B nanHOM cityyae pe3yibTaThl BBIOOPOUYHBIX HC-
CJICIOBAHUM SIBJISIOTCA TOJIBKO OTIIPABHOM TOY-
KOH U1 noTy4eHHs OOIIUX BBIBOJIOB.

AnmpokcuManus 3KCHEpUMEHTAJIbHBIX J1aH-
HBIX — JTO 3aKJIIOYMUTEIbHBIA 3TAIl NPOBEICHUS
uccneposanuil. llpoumecc anmpoxcumanuu 3a-
KJIFOYaeTCsl B MOCTPOCHUM TPUOIMKEHHOU (ar-
NPOKCUMHUpYIOIeH) pyHKIuHU, Hanbosee OIM3KOo
HNOIXOAALIEH K MCXOAHBIM JaHHBIM, HO Oolnee
IIPOCTHIM.

Takum oOpa3oM, JaHHas CTaThsl MOCBSILEHA
OLICHKE CTaTUCTUYECKUX XapaKTEPUCTHUK pac-
IIPENIEICHNs OTPaKaeMOCTH U yIEIbHOU CKOpO-
CTH JMUCCUMNALUU TypOYJIEHTHOW SHEPrHH aTMO-
chepbl [UId ONACHBIX METEOSABICHUM Kiacca
«JIMBEHb — Ipo3a — Ipagy, noka s Bepxne-
BOJDKCKOT'O PETHOHA.
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MeTtoauka npoBeaeHus
IKCHEPUMEHTAJBHBIX HCCIACAOBAHMMI
perucTpauvy U aHaJIu3a
METEeOPOJIOrHYeCKUX ABJICHHH

B MPJIK b3

C uenplo MOMyYEeHHs] CTaTUCTUYECKUX OIU-
CaHWIl BBICOTHBIX pACHpPEICICHUN OTpa’kaeMo-
CTH W YJIEJIbHON CKOPOCTH AMCCUNAIUU TypOy-
JICHTHOW SHEpruu ObLT MPOBEICH aHAU3 TaKUX
METEOSIBJICHUH, KaK JMBEHb, I'pO3a U Tpaj, IMO-
ay4deHHBIX Ha aspoapome OpnoBka (TBepckas
oOnactb, 3yOuoBckuil paiion) jetom 2021 u
2022 rr. B kauecTBe MHCTpYMEHTa MOJIYYEHUS
UCXOIHBIX JaHHBIX ObLIa HCIIOJIb30BaHA PaJINO-
JIOKaIMoHHasi UH(OpMaIHsl, TOTydYeHHasl Ha BbI-
X0J1€ METEOPOJIOTUYECKOTO PAJIUOIOKAIMOHHOTO
koMruiekca OmmxHed 30HbI (MPJIK B3) «Mo-
HOKJIbY. PaccMOTpeHHio ObLIO MOABEPrHYTO 0O-
nee 19 xapakTepHbIX IHEH, B TEUEHUE KOTOPBIX
MPOBOJAMIIUCH PATUOTIOKAIIMOHHBIC HAOIIOICHUS
3a JJUBHSIMU, TPO3AMHU U TPATOM.

Jlyis 9Toit 3amaun ObLIa peann3oBaHa 3alUCh
«CBIPOro» CHUTHaJIa ¢ JuHEeHHoro Beixoma PJIC
C BO3MOXHOCTBIO MOCTEAYIONIETO HCIOIb30Ba-
HUS CIIELUATBHOTO MPOrPpaMMHOI0 00ecrieueHus
(CITO) xomIuiekca. YKa3aHHBIA CUTHAN 3aITHChI-
BaJICsl MPU PA3NUYHBIX CHHONTHUYECKUX CUTya-
LUSAX, YTO MO3BOJIMIJIO HAKOMHUTH B JaJIbHEUILIEM
CTaTHUCTUYECKU 3HaYNMbIE JaHHbIE.

[Iponienypa peructpanuu U CTaTUCTUYECKOTO
aHaJIM3a CUTHAJIOB, OTPAKEHHBIX OT Pa3IMYHBIX
mereosiBiienuid B MPJIK B3, Beirnsgena cneny-
IOIIAM 00pa3oM.

1. B xozme mpoBeneHust 3KCIIEpUMEHTa orepa-
TOp Ha PaJHOJIOKAIIMOHHOW CTAaHIMK MPOU3BOAMI
BU3YQJIbHYIO PETUCTPALIMIO KOOPJIMHAT MOTOAHBIX
SIBJICHUH, CBSI3aHHBIX C Ky4eBO-J0XIEBOM 001ay-
HOCTBIO, 10 HWHIUKATOPY KpPyroBOro o003opa BO
BpPEMEHH, a TaKXKE MOJCUET KOJIMUECTBA OTPAKEH-
HBIX OT JIMBHEH, rpo3, rpaaa curHainos. Kpome To-
ro, HHpOpMAIHsl, MOyYeHHAs! C BBIXO/I0B MIPUEM-
HUKOB METEOPOJIOTMYECKOM CTaHIIMK, 3aHOCHUJIACh
B 0a3y JaHHBIX B BHJIE «ChIpOro curHaiay». [lepu-
OJIMYECKH (DUKCUPOBAINUCH HM300paKeHUst OOHa-
PY>XEHHBIX MeTeosiBlIeHUI Ha nHaukarope PJIC.

2. Ilpu Bocnpoussenenuu curHana MPJIK B3
Ha MHIMKAaTOpe OBUIM TOJYyYeHbI KapThl KIIacCH-
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(ULPOBAHHBIX METEOPOJOTUYECKUX  SIBJICHUIL.
Coroli KapThl CHUMasachb HHpoOpMalys O Jajlb-
HOCTH JI0 MHTEPECYIOUIETO SIBJICHUS, JUIMHE €ro
MPOEKIMY Ha HAKJIOHHYIO JAJIbHOCTh U JUINTEIIb-
HOCTH €T0 CYIIECTBOBAHMUS.

3. Jlamee ocymiecTBIsIach BaJIUAALMS T10-
JYYeHHBIX JaHHBIX O KJIACCHU(PULIUPYEMBIX
MPIJIK B3 MeTeoposiornyecKkux sIBIEHUSIX C J10-
CTOBEPHBIMH METEOPOJIOTHYECKMMU MCTOYHHKA-
MU: Ha3€MHBIMH METEOPOJOTHYECKUMH CTaHIIH-
amu (MC) u cepTuuIUpOBaHHBIMH PaJAHOJIOKA-
topamu cetu Pocrugpomera (puc. 1). Banupa-
Ul JaHHBIX OCYILIECTBISIACh B COOTBETCTBUU
¢ pa3zpaboTaHHON METOIAMKOM, OMUCaHHOU B [3].
K comocraBieHno JaHHBIX O SIBJIEHUSX IO JIaH-
HeiM MPJIK B3 B 100-kumomeTpoBOi 30HE OT-
HOCHUTEJIbHO IyHKTa HAOJIOACHUS Ha a3poapoMe
OpnoBka OBUIM TPUBJICUEHBI CIEAYIOUINE Me-
TEopoJIorHyeckue craHuuu: Bomokonamek (yna-
nenue ot MPJIK B3 61 km), I'arapun (ynanenue
or MPJIK B3 65 kM), Moxaiick (ynajieHue
or MPJIK B3 94 kM) u Crapuna (ynajneHue
ot MPJIK B3 40 km).

4. Tlpu onpaBaaBIIeMcs SBICHHH OHO OBLIO
HOPUHATO M 3a(UKCHPOBAHO ONEPATOPOM ISt
JalIbHEHUIIero aHaimsa.

________
- -

-

L SR

-

Puc. 1. Pacrionosxxenne MC B 100-KHmJI0METPOBO#M
30HE OTHOCHTEINILHO ITyHKTa HAOJIIOICHUS
Ha aspopome OpIIOBKa, UMEIOLIEH 30HY NEPEKPBITHS
¢ MPJIK B3
Fig. 1. Location of meteorological stations in
a 100-kilometer zone relative to the observation
station at Orlovka airfield, which has an overlap zone
with the WR BZ
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5. Hanee Obl1 IpoBEAEH aHalU3 TOPU30H-
TaJbHOI'O pa3pe3a KydeBO-IO0XAEBBIX OOIAKOB,
B pe3yJibTaTe KOTOPOro MJIsi KaXKJIOro paspesa
Ky4€BO-JI0’K/IEBBIX 00JIAKOB OBLIO HAalIECHO pac-
npefiefieHne OoTpaxaeMocTd (Z) u  yJelbHOU

CKOPOCTH JUCCHUMNALMKU TYpOYJIEHTHOM 3HEpPTruu
(EDR) [2].

CraTucTHUecKkHnii aHaJIu3
IKCMEPUMEHTAJIBbHBIX TaHHBIX
ONACHBIX METEOPOJIOTHYECKHUX
SIBJICHUH «JIUBEHb — IP0O3a — rpPaja»

Ha ocHOBe aHanm3a »HKCHIEPUMEHTAIbHBIX
JAHHBIX ObUIM TMOJY4YEeHbl CTATUCTUYECKUE pac-
IPENEICHNUs KCIIEPUMEHTAIBHBIX JaHHBIX IS
JIMBHEW, I'PO3 U Irpaja.

B mporecce 06paboTkn JaHHBIX HA KaXIou
BBICOTE C JUCKPETOM | KM OBUIM OIICHEHBI clie-
JyIole HEeOOXOOUMbIE MapaMeTpsl, MPe/CTaB-
JIEHHBIE HA pUC. 2:

1) MakcuManbHOE 3HAa4€HUE pPaJNOJIOKAlIM-
OHHOM OTPAKAEMOCTH;

2) MakcMMaJbHOE 3HAYCHUE YJIEeITbHON CKO-
POCTH TUCCHUIIAIIH TypOYIEHTHON SHEPTUH.

IIpumMep HEKOTOPBIX MEPBUYHBIX JAHHBIX O Pa-
JUOJIOKALIMOHHOM OTPa)KaeMOCTU M YICJIbHOU
CKOpPOCTH JTUCCHUIIALIUN TYpOYJIEHTHON SHEpPIrHH,
NOJYYECHHBIX NMPH HAOJIIOJEHUM 32 JIMBHEBBIMU
ocajJiKaMH, IpeJcTaBieH B Tab. 1.

Takke 1O BBIICIPUBEICHHON METOAUKE
c nomompo MPJIK B3 Obutm mosydeHsl mep-
BUYHBIC JAHHBIE BBICOTHOI'O paclpeiesieHus ma-
paMeTpoB  pagMOJIOKALMOHHOW OTPakaeMOCTH
U YIEeIbHOW CKOPOCTH AMCCUIAIMU TYpOYyJIEHT-
HOM AHEPruu IS TPO3 U rpaja.

B kauecTtBe mepBoro 00s3aTeNbHOrO 3Tama
aHajIu3a napaMeTpoB OblLla IPUMEHEHA MPOBEp-
Ka BHJIa 3aKOHA PACIPEIEICHUS CIly4ailHOU Be-
JIMYHHBI.

IIyrem ananmu3a rpaduka pacrpenereHus
M3y4aeMbIX TMapaMeTpoB U KOIPPHUIIMECHTOB
acMMeTpUHU ObLIT OCYIIIECTBIICH BBIOOp BHA 3a-
KOHA paclpeieiieHus, a TakkKe IPOU3BEICHA
OlleHKa 3Kciecca. Ha OCHOBaHMM CpaBHUTENb-
HOI'O aHalM3a Mepbl MOAO0OMS THUCTOIpaMMBbl
pacnpeneneHns SMIMPUUECKUX JAAHHBIX ¢ BHJA-
MU IUIOTHOCTEH DPAcCNpeAciIeHUs] U3BECTHBIX 3a-
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Puc. 2. CtpykTypa npoCTpaHCTBEHHOTO PaCIpeIeTICHHUS:
a — PaIMOJIOKAIIMOHHOM OTPa)KaeMOCTH; O — YACIBHOW CKOPOCTH JUCCHIIALMHK TypOyIIeHTHOI YHEPIUu
Fig. 2. Structure of the space distribution of (a) radar reflectivity and (0) the
specific rate of turbulent energy dissipation

Tao6auna 1
Table 1
@parMeHT SKCIEPUMEHTATBHBIX TAHHBIX Zmax U EDRax TMBHEH
Fragment of experimental data Z,.x and EDR, of rain showers
Ne
H, xm 0 1 2 3 4 5 6 7 8 9 | 10
OnebITa
1 10,94 | 25,03 26 20,67 | 21,43 | 20,41 | 13,61 0
2 8,66 2439 | 25,77 | 26,94 | 2398 | 23,19 | 17,41 11,67 0
3 12,18 | 24,82 | 29,59 24,5 21,69 | 19,11 8,94 0
4 7 4,08 223 | 23,18 | 23,91 | 22,47 | 15,65 6,7 0
47 13,98 | 29,8 | 35,69 | 32,29 | 27,48 | 20,21 0
48 13,04 | 32,43 | 33,9 | 29,77 | 22,55 0
49 9,86 23,19 | 26,14 21 13,13 0
50 9,11 24,57 | 24,25 | 21,18 13,31 0
1 0,098 | 0,595 | 0,269 | 0,649 | 0,286 | 0,158 0
2 0,1248 | 0,2426 | 0,2793 | 0,3624 | 0,3498 | 0,3216 | 0,2726 0
3 0,1535 | 0,2596 | 0,2360 | 0,2936 | 0,2944 | 0,2152 0
4 0,0646 | 0,1494 | 0,2499 | 0,2650 | 0,2884 | 0,2647 | 0,1459 0
EDR,,.x
47 0,2443 | 0,4060 | 0,4567 | 0,5590 | 0,6069 | 0,6851 0
48 0,2336 | 0,4226 | 0,4161 | 0,4198 | 0,5154 | 0,0877 0
49 0,0873 | 0,2240 | 0,2878 | 0,2644 | 0,0911 0
50 0,1161 | 0,2080 | 0,2444 | 0,2304 | 0,1623 | 0,0127 0
KOHOB OBUT TPOBEACH MOAOOP TMOIAXOMASIIErO HBI (BCE PSABI BEAYT ceOsl MPUMEPHO OIUMHAKO-
pacrpeneneHust Ui NPOBEICHUS JajbHEUIIen BO), OBIJIO BBHITIOJIHEHO YCPEIHEHHE IO OTBITaM,
OLICHKM. TO €CTh OBLIM MPOCYMMHPOBAHBI BCE 3HAYCHUS
ITockoyibKy Bc€ JTaHHBIE, MOJIYYEHHBIE B pe- MapaMeTpoB JUIsl KaXJOW BBICOTHI U TPOU3BE-
3yJbTaTe MPOBEACHUS IKCIIEPUMEHTA, OTHOPO/I- JICHO JcJeHuEe Ha OoO0Ilee KOJIMYECTBO HCIIBITA-
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Puc. 3. [IpumMep ructorpaMMsl pacipeaesicHus MapaMeTPOB OT BBICOTHI TSI rpaja: @ — Zmax; 6 — EDRax
Fig. 3. Example of the histogram of parameters (a) Z,.x and (6) EDR .« distribution from the height for hail

HuH — 50. CyMMa 3TUX SKCIIEPUMEHTAIBHBIX OT- M(x) = X, xip;, (1)
HOCHUTEIbHBIX YacTOT JOJKHA OBITh paBHA €Iu-
uuie. Jlagee ObUIM 3aJaHBI [IEHTPHI HHTEPBAIOB D(x) = ¥ (x; — a)?p;, 2)
BBICOTHI (B KIJIOMETPAX), HEOOXOAMMBIE ISl T1O-
cTpoeHus: Tpaduka ructorpamMmmbl. [lo wmcxon- re p; — Mo CyTU SMIMPUYECKHE OTHOPMHUPOBAH-
HBIM JIaHHBIM OBLTH TOCTPOCHBI THCTOTPAMMBbI HBIE YaCTOTHI,
OTHOCHUTEIIBHBIX 4acToT (puc. 3). X; — 3HAYCHHS BBICOTHI;

[Tocrie BBIOOpa MOAXOIAIIETO 3aKOHA pac- Xi')p; — MPOU3BEACHUE IMITUPUICCKUX YACTOT
npeescHus OblIa TPOU3BE/ICHA OIICHKA €ro Ta- Y 3HAYEHUS BBICOTHL
pameTrpoB. OmpesieseHbl BRIOOPOYHBIC XapaKTe- @ — TPOM3BENEHUS SMIIMPUYECKUX YACTOT M
PUCTUKU: BI)I60pO‘{HOG CpCaHEC U BI:I60p0‘IHO€ 3HAYCHHA BBICOTHI IIPOCYMMHMPOBAHBI IIO
CKO. ITocKoIbKy SKCIIEPUMEHT HE MOJApasyme- BCEM MHTEpBajaM BBICOTHI, IOJy4aeM BBIOO-
BaJl TIOMAJ[aHUE KAKUX-JTHOO PE3yJbTaTOB OIIbI- POUYHOE CpEIHEE.
TOB B pa3Hble MHTEPBAJbI, AJIS1 HAXOXKJICHUS Xa- Bri6opounoe CKO (dpopmyna (3)) 6s110 pac-
paKTEepUCTUK OBUIM TpUMEHEHBI (opmynbl (1) CUMTAHO KaK KOPEHb U3 ITUCIIEPCHU:
U (2) s BBIYMCIICHUS XapaKTEPUCTUK JTUCKPET-
HBIX CITy4ailHbIX BesnuuH [11]: o, = +/D(x). 3)
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Taoanma 2
Table 2
ITapametpsl pacupenenenus Paiica s TMBHSA, TPO3bI U rpaaa
Rice distribution parameters for the rain shower, thunderstorm and hail
Mapamerp JIuBeHb I'po3a I'pan
PanonokanoHHas 0TpakaeMoCTh
MaremaTu4eckoe _ _ _
O:KM/IaHMe He=2 He=3.3 W =4
CKO GX = 2,5 Gx = 3 GX = 4
VienpHasi CKOPOCTh AUCCHIIALIMK TypOYJICHTHOM SHEPruu
MaremaTu4yeckoe _ _ -
OKHIaHME W =2 =3 =4
CKO 6x=25 ox=4 ox =45

Jliss  BBIOpaHHOTO 3aKOHA pacCHpeaeTICHUS
ObLIa OCYIIECTBJICHA MPOBEPKA CTATUCTHYECKUX
THIIOTE3 O COOTBETCTBHH dMITUPHUCSCKUX JTAHHBIX
C TPUMCHEHUEM KpUTEpUEB corjacus. B Tex
ClIy4asiX KOTJa THIIOTe3a IOATBEpXKICHA, ObLI
C/IeJIaH BBIBOJI O TOM, YTO BBIOPAaHHOE TEOPETH-
YECKOE PacIpe/ICIICHUE COTIacyeTCs C IaHHBIMH,
MOJTYYCHHBIMH B PE3YJIbTaTe MPOBEACHUS IKCIIC-
PUMEHTAIILHOTO WCCIICOBaHHS. B TpOTHBHOM
cilydae, KOrJia TUIoTe3a He MpUHsATA, ObUIO Clie-
JaHO 3aKIIOYCHHE, YTO WCKOMBIA TeopeThde-
CKUH 3aKOH paclpeesicHHs IUIOX0 COriacyercs
C pe3ybTaTaMu HAOIIOICHUH.

B coOTBeTCTBHM C TMPUBEICHHOW BHIIIE ME-
TOJHUKOW OBLTH MTPOBEPEHBI TUTIOTE3BI O TOM, YTO
HCKOMOE paclpeie/iCHUue MOAYUHSIETCS JIOTHOP-
MaJbHOMY 3aKOHY pachpeielieHus, pacipeese-
Huto BeliOynna, Panes, B-pacnpeneneHuto mo
kpurepuio x> Ilupcona. OXHAKO BBIGPAHHEIC
TEOPETUYECCKHE 3aKOHBI JIJIsl YPOBHS 3HAYMMOCTH
0,01 1I0X0 COIJAaCOBBIBAJINCH C ONBITHBIMH
JAHHBIMH W OBUTH OTBEprHYTHl. Ha ocHOBaHWH
MPOBEJICHHONW TPOBEPKU OBUT CAENaH BBIBOJ O
TOM, YTO HamOoyiee MOIXOMSIIEe pacmpererne-
HUE, OIMUCHIBAIOIIECE MapaMeTPhl OTPAKAEMOCTH
U yACTHHON CKOPOCTH IUCCHITALUU TYpPOYJICHT-
HOW PHEPIrHH 1O BBICOTE B COOTBETCTBHUU C BHI-
OpaHHBIM KpHUTEpUeM, — 0000IIEHHBII 3aK0H P3-
nes — Paiica.

ATTpOKCUMAIUs SKCIEPUMEHTATIbHBIX JaH-
HBIX MapaMeTPOB OTPAXKAEMOCTH M YIEIbHOU
CKOPOCTH TTUCCHIIAIIMK TYpOyJIICHTHOH SHEprun

25

JUBHEH, Ipo3 U rpajga Obula IpOBEIEHA C HC-
MOJIb30BAHUEM KPUTEPHS Xz [12] c ypoBHEM 3Ha-
gyumoctu 0,01 ansa pacnpenenenus Paiica, nme-
IOLIETO MJIOTHOCTBIO paclpesieeHusl yKa3aHHYIO
HUXKE

x2+u?
faluo) =Se w0 1o (), @)
o g
rae lo(z) — momudunuposannas ynkuus bec-
ceJsl TIEpBOTO PoJia HYJIEBOTO MOPSAKA, [L — Ma-
TeMaTHICCKUE OKUIAHMUS U 6> — THCIICPCHSL.

[lapaMeTpsl [L ¥ 6~ B JAHHOM CJIy4ac He SB-
JASIOTCST MaTeMaTUYECKUM OXHUJAAHHEM U JHC-
nepcueii. DT mapamMeTpsl OTPaKAT (opMy
U MacuTad pacnpeneneHui, HO UX MOXHO CUH-
TaTh B KAa4eCTBE OICHKH MAaTEMaTHYECKOTO
OXKMJIaHUSA | JUCTIEPCUU TPU CPABHUTEIHHOM
aHaluse.

[Tony4yenHnble O pe3yibTaTaM 3KCIEpUMEH-
TaJIbHBIX HWCCIICIOBAHHUIA TUIOTHOCTH pacrpee-
JICHHUs] BEPOSITHOCTEH BBICOTHI MaKCHUMAaJIbHBIX
3HAYCHUHN OTPakaeMOCTH W YICIBHON CKOPOCTH
TUCCHUMALMU TypOyJIEHTHOW SHEPTUU ISl JIUBHSI,
Ipo3 W Tpajla UMCIOT IMapameTphbl, yYKa3aHHBIC
B TaOmI. 2.

Pacnpenenenusa Paiica nma mapamerpoB Typ-
OYJIEHTHOCTH U OTPakaeMOCTH, paccMaTpHBac-
MBIX METEOSIBIICHUIM 0TOOpaxXeHbI HA pucC. 4 U 5.

JlaHHbBIE OLIEHKH TUIOTHOCTH pacIpeelIeHHs
BEPOATHOCTEMN I JJUBHEH, I'PO3 U Ipajia MO3BO-
JUINA BBISBUTH HEKOTOPBIE TJI00ANbHBIE Xapak-
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Puc. 4. [InoTHOCTH pacnpesneneHus BEpOITHOCTH PalMOIOKallMOHHON OTPaXKaeMOCTH
IUISL PACCMaTPUBAEMBIX METCOSBIICHUIH
Fig. 4. Probability distribution density of radar reflectivity for the weather phenomena
under consideration
ViaeapHasi CKOPOCTH JHCCHIALHH TYPOYJIeHTHOH YHepruf
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Puc. 5. [1noTHOCTH pacnpenesieHus: BEpOATHOCTH U yJI€NbHAsI CKOPOCTh AUCCUIIALUN
TYpOYJICHTHOH HEPTUH JUIS pACCMaTPUBAEMBIX METCOSBICHHI
Fig. 5. Probability distribution density of the turbulent energy dissipation specific rate
for the weather phenomena under consideration
TEPUCTUKH PA3BUTHUS KOHBEKTHBHON 00JaYHOCTH JaKkJauYeHue
U MOTYT OBITh HCIOJIb30BaHBI MJIi KOPPEKIIUU
KPpHUTCPUCB KJIaCCI/I(bI/IKaI_[I/II/I OITIACHBIX METECOsAB- B I[aHHOI\/'I CTaThb€ NPHUBEIECHBI PE3YIbTATHI
JieHHA B BepXHEBOJKCKOM PETHOHE B TEILIOE AKCIIEPUMEHTAIBHBIX HCCIIETOBAHUN BBICOTHOIO
BpeM:t rozia. pacopeneneHus aTtMochepHON OTpakaeMOCTH
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U yJIeTbHOW CKOPOCTH AMCCHUIALUU TYpOYyJeHT-
HOM PHEpPruM B JMBHSX, Ipo3ax W Irpaje, Moiy-
YEHHBIE MPU MCIOJIb30BAaHUU OTEYECTBEHHOI'O
METEOPOJIOTUYECKOTO PAINOJIOKALIMOHHOIO KOM-
miekca MPJIK B3 «Monoxkis». CyTh uccneno-
BaHUMN CBOJUTCS K aHAJIU3Y PaJuOJIOKAIIMOHHBIX
CUTHAJIOB, OTPAXXEHHBIX OT PEaJbHBIX OMACHBIX
METEOSIBIIEHUH, COOpaHHBIX B JIETHUI MEpHOJ, U
annpoOKCUMAalMU TOJYYEHHBIX JAaHHBIX H3BECT-
HBIMM 3aKOHaMM pacmpenerneHus. B pesynbrare
Obuta chopMupoBaHa 0a3a NaHHBIX B BUJE 3HA-
YeHUN Zmax EDRpax, pacpeaeneHHpIx mo BbICO-
TaM ¢ AucKpeToM | kM. CTaTUCTUUECKUI aHAIN3
o KpuTepmio cormacus IImpcoma y° moKasan,
YTO TUIOTHOCTH MOTYT OBITH alllPOKCUMHUPOBAHBI
3akoHOM pacnpenaenenusi Paiica. [lomydeHnsl
OLICHKM 3HAYEHUH BEPOSTHOCTHBIX OIMCAHUU
pacrmpesesieHdss AJiE paccMaTpUBAEMBbIX sBJIE-
HUM. JlaHHBIC OIICHKHM MOTYT OBITH MCTOJB30Ba-
Hbl JUIi KOPPEKTHPOBKU KPHUTEPUEB Kiac-
cu(uKanyy OMacHBIX METEOsBIICHU B Bepxne-
BOJIKCKOM PETHMOHE B TEIUIOE BpEeMs roja.

ABTOpBI OTHAIOT cebe OTYeT B TOM, UTO
IIPEJICTABICHHbIE [AapaMETPUUYECKHE OINUCAHUS
ObUIH TOJIy4EHBI NPU JOMYILIEHUH O CTallMOHap-
HOCTU Ha001aeMbIX npoiieccoB. [Ipogomkenue
HaOJIOCHUI TO3BOJMUT MNpPH HEOOXOAMMOCTHU
BBISIBUTh TPEHABI U CKOPPEKTUPOBATH BEPOST-
HOCTHBIE onucaHus. Kpome Toro, panbHeilmue
UCCIIeIOBaHMsI OYIyT MPOBOAUTHCS JUISI MOTyYe-
HUsl HabOpa CTaTUCTUYECKUX JaHHBIX B pas3iny-
HBIX KJIMMaTU4YeCKUX 30Hax EBpormeiickoil Tep-
putopun Poccun. Bee 310 mo3Bonut ampantupo-
BaTh KPUTEPUU KiIacCU(PUKAIMK JUIsSl pa3IMuHbIX
KJINMAaTHYECKUX PETMOHOB.
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OobecneyeHue BU3YaJIbHOM KOTePEHTHOCTH B 00y4YAIOLIUX CHCTEMAX
JAOIOJTHEHHOM PeaJibHOCTH C Y4eTOM aBHAKOCMUYECKOH crneupuKu

1 1
AJL TI'opoyHoB , FOubxansb JIin
"Mockoscruii 20CY0apCmeeHHblll MeXHUYeCKULl YHUBEPCUMem 2paicOaHCcKoll asuayul,
2. Mocxea, Poccus

Annoramusi: B mae 2022 roma caynoBckas TpaBUTENBCTBEHHAs CTpykrypa Saudi Arabian Military Industries mproOpera
oOydaromtyro 1iaTgopMy ONONHEHHONW pEaTbHOCTH [UIS JISTYMKOB, B CEHTIOpe Koprnopamus Boeing Hawyama pa3paboTKy
TpEeHa)Kepa MWJIOTa JIOTIOJHEHHON PeaIbHOCTH, B HOSIOPE CTApTOBA aHAJIOTHYHBIN IIPOEKT BEAYIET0 OPUTAHCKOTO pa3paboTInKa
aBuaroHHol TexHukn BAE Systems. Otu (axkTel mO3BOJSIOT yBEpEeHHO T'OBOPHTH O Hayaie HOBOHM AIIOXM ABHAIIMOHHBIX
TPEHAXEPOB — TPEHAKEPOB C MPUMEHEHNEM TEXHOJOIMH JONOIHEHHOH peanbHOCTH. ONHO M3 MEPCNEKTHBHBIX MPEHMYIIECTB
JIAHHOW TEXHOJIOTMM — BO3MOXKHOCTH OE30IIaCHOTO MOJIENIMPOBAHMs OINACHBIX CHTYalMii B peaibHOM Mupe. HeoOxomumbim
YCJIOBHEM HKCIIOJIB30BAaHUSl ATOTO IPEUMYIIECTBA SIBISIETCST OOECIeUeHHe BH3YabHOM KONepEHTHOCTH CLEH JIOTOJHEHHOM
pEaNIbHOCTH: BHUPTYallbHbIE OOBEKTBI IOJDKHBI OBITh HEOTIIMYMMBI OT peaibHbIX. Bce muposbie IT-nmmumepbl paccmartpuBaroT
JIOTIOJTHEHHYIO PEaIbHOCTh KaK CIISIYIOIIYIO «OOJIbIIYI0 BOJIHY» PaAMKAIBHBIX N3MEHEHHH B IIM(POBOH IEKTPOHHKE, ITO3TOMY
BU3yaJIbHasi KOTEPEHTHOCTh CTAHOBHTCS KIIIOYEBHIM BompocoM it Oymymiero IT, a B a’poKOCMHYECKHX NPHIIOKCHHSX
BU3yaJIbHas KOTE€PEHTHOCTh Yy)kKe NproOpesa mpakTudeckoe 3HaueHne. B PO mmeer Mecto cephe3HOe OTCTaBaHHE B M3y4EHUH
MPOOJIEMAaTHKH BU3YILHON KOTEPEHTHOCTH B IIEJIOM U JUIS aBUATPEHAXKEPOB JOMOJIHEHHOW PEaIbHOCTH B YaCTHOCTH: HA MOMEHT
MyOJIMKa|K aBTOpaM yIajloch OOHAPYXXUTh B POCCHIICKOM HAyYHOM IPOCTPAHCTBE TOJIBKO JIBE pabOTHI MO TEME, TOr/ia KaK 3a
pyOex’OM HX YHCIIO YK€ OKOJIO ThICS4H. Llenb HacTosiiei 0030pHON CTaThl — CO37aTh YCIOBHS UL KYIIMPOBAHHS IIPOOIEMBI.
BusyasnbHast KOrepeHTHOCTh 3aBUCUT OT MHOTHX (DaKTOPOB: OCBELICHHS, LIBETOBOTO TOHA, TEHEH OT BUPTYaJbHBIX OOBEKTOB Ha
pEaNbHBIX, B3aUMHBIX OTPAKEHUH, TEKCTYp BHUPTYyaIbHBIX IIOBEPXHOCTEH, ONTHYECKHMX abeppaliii, KOHBEPIeHLIHH H
aKKOMOZIAIMM M Jp. B cratbe aHamm3mpyroTcs MyONMKanuy, MOCBSIIEHHBIE METOJAM OLEHKH YCIIOBHH OCBEIICHHOCTH H
IBCTOBOI'O TOHA peam)Hoﬁ CILEHBI 1 MEPCHOCA TAKOBLIX HAa BUPTYaJIbHbLIC O6’beKTbl C HUCIIOJIb30BAHHWEM 30H/JI0OB U I10 OTACIIbHBIM
n300paXKEeHUsIM, a TaKKe IO PEHICPHHTY BHUPTYaIbHBIX OOBEKTOB B CIEHAX JOINOJHEHHOW PEalbHOCTH, B TOM 4HCIE C
IIPUMEHEHUEM HEHpOCETEN.

KiroueBnle ciioBa: ABHUALIMOHHBIC TPCHAXKECPBI, JOMOJIHCHHAA PEAJIbHOCTD, BU3yaJibHAsA KOTCPEHTHOCTD.

Jost murupoBanust: Topoyros A.JL, JIn FO. ObGecrieueHne BU3yaIbHON KOTEPEHTHOCTH B OOYJAIOIIIX CHCTEMAX JTOTOTHEHHON
pearpHOCTH ¢ y4eToM aBhakocMmudeckor crnermbuku // Hayuneni Bectamk MITY TA. 2023. T. 26, Ne 5. C. 30-41.
DOLI: 10.26467/2079-0619-2023-26-5-30-41

Visual coherence in augmented reality training systems considering
aerospace specific features

A.L. Gorbunov', Yunhan Li'

"Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: In May 2022, Saudi Arabian Military Industries, a Saudi government agency, acquired an augmented reality training
platform for pilots. In September, the Boeing Corporation began the development of an augmented reality pilot simulator. In
November, a similar project was launched by BAE Systems, a leading British developer of aeronautical engineering. These facts
allow us to confidently speak about the beginning of a new era of aviation simulators — simulators using the augmented reality
technology. One of the promising advantages of this technology is the ability to safely simulate dangerous situations in the real
world. A necessary condition for using this advantage is to ensure the visual coherence of augmented reality scenes: virtual objects
must be indistinguishable from real ones. All the global IT leaders consider augmented reality as the subsequent surge of radical
changes in digital electronics, so visual coherence is becoming a key issue for the future of IT, and in aerospace applications, visual
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coherence has already acquired practical significance. The Russian Federation lags far behind in studying the problems of visual
coherence in general and for augmented reality flight simulators in particular: at the time of publication the authors managed to find
only two papers on the subject in the Russian research space, while abroad their number is already approximately a thousand. The
purpose of this review article is to create conditions for solving the problem. Visual coherence depends on many factors: lighting,
color tone, shadows from virtual objects on real ones, mutual reflections, textures of virtual surfaces, optical aberrations,
convergence and accommodation, etc. The article reviews the publications devoted to methods for assessing the conditions of
illumination and color tone of a real scene and transferring them to virtual objects using various probes and by individual images, as
well as by rendering virtual objects in augmented reality scenes, using neural networks.

Key words: flight simulators, augmented reality, visual coherence.

For citation: Gorbunov, A.L., Li, Yu. (2023). Visual coherence in augmented reality training systems considering aerospace
specific features. Civil Aviation High Technologies, vol. 26, no. 5, pp. 30—41. DOIL: 10.26467/2079-0619-2023-26-5-30-41

Beenenue U Jp.) U MOITOMY (PaKTHUECKH HEBOCIPOU3BO-
oMbl B VR.

30HTUYHBI TEPMHUH «pPACIIMPEHHAs peab- HosiBenne B 2022 rofy aBHalMOHHBIX 00Y-
HocTh» (Extended Reality — XR) BrirrouaeT tak- 4aloIUX CHCTeM ¢ AR CcHmKaeT ocTpoTy mpo-
COHBI «BUpTyaibHas peanbHOCTH» (Virtual Re- OIIeMHOM CUTYyaLUH, IPUMEPAMH MOTYT CIIyXKHTb
ality — VR), «momosHeHHas pealbHOCTR» (Aug- paspabotka koproparueii Boeing mmmorckoro
mented Reality — AR) u paznuunsle komOuHa- TpeHaXepa JONOTHEHHONH PealbHOCTH Ha OCHO-
1IUU 1epBoro u BToporo. CoBpeMeHHbIE aBUAallH- Be mpoekta ATARS xommannn Red 6, mapan-
OHHBIE U KOCMHYECKHE TPEeHa)Xephl (HaKTUUYECKU JICNIBHO  CTAPTOBABIIMI AHANOTHYHEIH TPOCKT
M0 YMOJIYaHHUIO TOJAPA3yMEBAIOT UCIOJIb30BaHUE BEYIIEro OPHTAHCKOTO paspabOTYMKa aBHAIlM-
VR. IlpeumymiecTBa Takoro mnoaxona XOpOIIO onHoil texunku BAE Systems wim TpeHaxep
M3BECTHBI, IOATOMY Mbl HE OyZieM Ha HUX OCTa- aBHajucreTyepos u3 cratbu [1, 2]. Bee undop-
HaBJIMBAThCS, HO OTMETUM PsiJ CYHIECTBEHHBIX MAIMOHHOE OOraTCTBO OKPYIKAIOIIEro HAC MHpa
W, YTO BAXXKHEE, HEMPEOJOJUMBIX HEJOCTATKOB, B AR npescTaBieHo B ABHOM BHJE U HE TpeOyer
00yCIIOBJICHHBIX CaMOil MPUPOJONH TEXHOJIOTHU Monenuposanus. Ho nnst peanusanuu npenmy-
BUPTYaIbHON peanbHocTH. VR — 310 1udposas, mecTB AR, CBA3aHHBIX € MapajUieIbHBIM IPH-
JMCKpPETHAs Cpefia, B TO BPEMs KaK peanbHbIH CYTCTBUEM pEANIbHBIX U BUPTYaJIbHbIX 0OBEKTOB,
MHp HemnpepsiBeH. IloaToMy MozaenupoBaHue HEOOXOIMMO PEMINTE poOIEeMy BH3YaIbHOH
peanbHOro mMupa B VR Hensz0eXHO CBS3aHO C korepenrHoctH (Visual Coherence — VC): Bup-
omMOKaMH IUCKPETU3AIMH, UYTO CHIKAeT db- TyaJbHbIE OOBEKThI JOKHBI OBITh HEOTIUYHUMBI
(dexTUBHOCTh 00yueHusa. OpHako Ui oOydaro- OT pCaJIbHBIX.
X CUCTEM 0oJiee Cepbe3HBIM HETaTUBHBIM ac- AR sBysieTcs npoussoaHoi popmort VR. AR
IIEKTOM SIBJIIETCS TO, YTO PEIICHUS YEIOBEKA BO COXPAHSACT BCE BO3MOXKHOCTH VR, HO moMHMO
MHOI'OM OCHOBAaHBI Ha IOJICO3HATEIBHOM y4eTe 9TOr0 Kak THOpHHAs TEXHONOrHs obmagaet
MHOXECTBA JETalled peallbHOM KapTUHBI MUDA. SHAQYUTCIBHBIMA  IPEMMYINECTBAMM, BBLITCKAIO-
DTOT TMpolecC NPUHIMIHAIBHO HEBO3MOXKHO UMHA 13 T1apaJUICJIBHOTO  COCYIICCTBOBAHHA
BOCIIPOM3BECTH C IIOMOLIBIO YHUCTO KOMIIBIOTEP- BUPTYaIbHBIX W pCAlbHBIX OOBEKTOB, YTO H
HBIX TeXHONOrWil (Hampumep, VR) mo aBym npuBJeKaeT BHUMaHuEe paspaborunkoB k VC.
npuYMHAM: 1) MBI 0 CHX TOp He 3HaeM (H BpA Bonee toro, uccienoanus [3] Mokas3sIBaloOT, YTO
JIM KOTa-TH00 y3HAEeM), KAKOB MEXaHH3M pabo- CpeIy HEraTHUBHBIX NCUXO()U3HOIOTNYECKUX I10-
Thl YEJIOBEYECKOI'0 MO3ra, IOCIEIHUE CIEKYIIs- CIICICTBHH HCIIOJIb30BAHMS yCTPOKCTB J10TION-
LM HA TEMY UCKYCCTBEHHOI'O MHTEJUIEKTa TOJIb- HCHHOH PEaNbHOCTH JOMHMHHPYET ONTHYCCKHH
KO MOATBEPIKIAIOT 3TO M 2) JETAllH PEanbHOro JTUCKOM(OPT, KOTOPBI BO3HUKAET M3-32 pa3HU-
MHpa, YYUTBIBAEMBIC IIPU NPUHATHU PEIICHUM, bl B BOCHPUATHH DPCAJIbHBIX M BUPTYalbHBIX
OECKOHEYHBI IO KOJMYECTBY, BO3HHKAIOT CIy- 0OBEKTOB B OJHOI U TOH XKe CLEHE H3-3a HEeJO-
Y4aliHBIM 00pa30M M UMEIOT CaMyl0 PasHyIO MpH- cratka VC. Bee muneps! IT-orpacou (Microsoft,
pony (BU3yaslbHYIO, aKYyCTHUECKYIO, TAKTHIIBHYIO Google, Apple, Samsung u 1p.) paccMaTpuBarOT

31



HayuyHbiit BectHuk MITY TA

Tom 26, Ne 05, 2023

Civil Aviation High Technologies

AR xak cnenyromnyto (mocie MOsIBICHUS CMapT-
(OHOB) «OOJIBIIYI0 BOJHY» PEBOIOIUOHHBIX
W3MEHEHUH! B IUPPOBOIl SJEKTPOHUKE, TTOITOMY
npobnema VC cranoButcs kimoueBort st IT
B 1[EJIOM, ATH JIUJEPHI MPOSBISIOT PACTYLINI HUH-
Tepec kK Meromam ee pemenust [4]. OnpnHako
B Q9POKOCMHYECKHX MPHIOKEHUAX MpodiieMa
BU3YaJIbHOW KOTEPEHTHOCTH YK€ MpHoOpena
MpPaKTHYeCKOoe 3HaueHue. BaxkHO OTMETUTh, YTO
VC 3aBuCHUT OT MHOTHX (DaKTOpOB, HampuMmep
OCBEILIEHHUs, TeHEH, [IBETOBOTO TOHA, B3aWMHBIX
OTPaKCHHM, TEKCTYPBl TOBEPXHOCTH, OITHYC-
CKHUX abeppalluii, KOHBEpreHIIMH U aKKOMOJa-
UM, W, COOTBETCTBEHHO, HCIIOJNB3YIOTCS pa3-
Tu4Hble TeXHUKU AR-Buzyanuzauuu [5].

B P® umeer mMecTo O4EBHMIHOE OTCTABaHUE
B u3yueHuu npobnematuku VC, 1enb HacTos-
mero 063opa — co3aaTh YCIOBUS TSl KYITUPOBa-
HUS TPOOIJIEMBI.

00630p nyOankanmii

K MOMeHTy moAroTOBKM AAaHHOW CTaThbU aB-
TOpaM yAaloch BBISIBUTH TOJIBKO JBE IMyOTUKAIIH
no tematuke VC B pOCCHUIICKOM HayYyHOM HH-
dbopmaroHHOM MpocTpaHcTBe [1, 2], Torma kak
3apyOekHas OuOymorpadus B JaHHOW 00IacTh
COZIEPKUT YK€ OKOJIO ThICSIYM IMyHKTOB. CIIMCOK
HUCTOYHHUKOB B 0030pe [6] Brimrouaer 175 mo3u-
1Uil; 3TOT 0030p ocBemaeT 0a30BbIE IMOAXOIbI
K qoctkenuto VC B vactu oOecriedeHust Kop-
PEKTHOM OCBEUICHHOCTH BUPTYalIbHBIX OOBEKTOB
(32 MCKJIIOYEHMEM OCHOBAHHBIX Ha HEHPOHHBIX
CETSIX, paCCMaTPUBAEMBIX HIDKE), TOITOMY 37€Ch
Mbl KpaTKO OIMILIEM HEKOTOpbIE XapaKTepHBIE
MIPUMEpPBI, KOTOPbIE COOTBETCTBYIOT ABYM YIIO-
MSIHYTBIM B [6] OCHOBHBIM KJIaccaMm.

N3mepenue yca0BUii 0CBEIIEHHOCTH
Ncmnonb3ys 30HI ocBemeHHOCTH ¢ AU dy3-
HBIMHU TI0JIOCAMU MEXy 3€pKalbHbIMU cpepu-
yecknMHU KBagpanTamu, Jlebesek u np. [7] mpo-
JEMOHCTPUPOBANIH, KaK MOJHBIA JUHAMUYECKHUN
[IBETOBOW JIMANa30H CLEHbl MOXET ObITh BOC-
CTaHOBJIEH M3 OJHOHM 3kcmno3uuuu. Ha ocHoBe
M300paxKeHUsl, IOJYUYEHHOTO C MOMOIIBIO 30Ha,
MHTCHCUBHOCTb HECKOJIBKMX HCTOYHUKOB CBETa
MOJKET OBITh OLIEHEHA IyTEM pPELICHUs MPOCTON
JIMHEVMHOM CHCTEMBI YypaBHEHUU. Pe3ynbraThl
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ObUIM MCIIOJIB30BaHbl JJIsl PEHJIEPUHIAa BUPTY-
anbHOU 1udPy3HOM chepsl.

VYurep u ap. [8] usmepuin u napaMeTpusu-
pOBaJIM CBETOBOE 110JI€, HAKPBIBAOILIEE MJIOCKYIO
JIBYMEPHYIO IOBEPXHOCTb B PEAJIbHBIX CICHAX.
Jlsis 3TOrO MCMOoJIb30BaNach kKamepa ¢ OOBEKTH-
BOM «pbIOUH T11a3» ¢ yrioMm o63opa 180°, ycra-
HOBJICHHAsl Ha ABMXKYILIEMCs CTOIMKe. Bo Bpems
pEHIEpUHTa B CLEHE pa3MellaeTcs MpOoCTOn
BCIIOMOTATENbHBI O0BEKT, Hampumep cdepa
WIN paMKa. 3aperucTpUpOBaHHBIC JaHHBIC CBe-
TOBOT'O TOJISl 3aT€M IPEBPAILAIOTCS B BBIOOPKY
IyTeM MPOCIMPOBAHUS JTydel Ha3al OT BCIIOMO-
raTe’lbHOTO O0BEKTa Ha 00JIACTh PErHCTPaLnH,
rae OJMKHM OLIEHHMBAIOTCS IMOCPEICTBOM HHTEp-
HOJISILMU 711 TMHEHHBIX U YTJIOBBIX KOOPJHMHAT.
ComnocTaBiieHre peanbHOTO 00BEKTa C €ro BHUp-
TyaJbHBIM AHAJOIOM, MOJyYE€HHOE C MOMOIIBIO
3TOr0 METOJa, JAEMOHCTPUPYET BBICOKUH ypo-
BeHb VC.

Anpxakamu u TacepsH [9] oleHHBaIOT
HalpaBJIEHUE MAJAIONIEro cBera (IpsMOe OCBe-
IIEHUE) PeaIbHOM CLEHBI C MOMOIIBIO MPUKPET-
neHHol k AR-ycrtpoiictBy 360-rpamycHoi Ka-
MEpBbI, UCTIONb3Ysl METO/bI KOMIIBIOTEPHOTO 3pe-
HUs. CucremMa MOJIEMPYeT OTPAKEHHBIN CBET OT
NOBEPXHOCTEH TNPH PEHAECPHHIe BHPTYATbHBIX
00BEKTOB. 3aTeM ONpPEAEISIOTCS apaMeTphl Te-
HEH JUI KaXJ10ro BUPTYaJIbHOTO 00BEKTa.

OueHka yc10BHil 0CBEIIEHHOCTH

Kuopp m Kypu [10] mpemnoxunu cxemy
OLIEHKU YCJIOBUI OCBELIEHUS B PeaJIbHOM MHUDE
Ha OCHOBE (OTO wyenoBedyeckoro juma. Meton
OCHOBaH Ha OOyYEHUHM MOJEIH JIMIAa Ha OCHOBE
0a3pl JaHHBIX IO JUIAM MPU HU3BECTHOM OCBE-
IIEHUU. ABTOpBI 3aT€M BOCCTAHABJIMBAIOT Hau-
OoJsiee TMPaBIOMOOOHBIC YCIOBHUSI OCBEIICHUS
B peallbHOM MHpe B 0a3uce cepuueckux rap-
MOHMK 17151 3al1€4aTICHHOrO JIHIIA.

Kapmr u gp. [11] npennoxxunu moJHOCTBIO
aBTOMAaTUYECKYIO0 CHUCTEMY MJii BCTaBKU HEOT-
pakaromux 0ObEKTOB B OAMHOUYHBIE (OTO B IO-
MEIIEHUH, MTpeIoaras JJaMOepTOBO OTPAKEHHE
cueHsl U auddysHoe ocpemenue. Meron aaer
BBICOKOKAUECTBEHHBIE PE3yJbTaThl AJII MHOTHMX
THUIIOB CIIEH, OIHAKO YacTO HE MOXXET BOCCTAHO-
BUTbh MOJIEJIM OCBELIEHUS B CLIEHAX, TJ€ MPEIIo-
JoxeHne o aAud@y3HOCTH HE BBINOIHAETCS,
HalpUMep B CIIEHaxX Ha OTKPBITOM BO3JYyXE.
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B cuenax, rme kapTa riyOMHBI HE MOXKET OBITh
TOYHO OLICHEHA, METOJ] CO3JaCT HETOYHBIE TCHH,
oTOpachiBaeMble  BUPTYaJIbHBIMH  OOBEKTaMU
Ha peajbHYyIO CLEHY.

Crout ynomsiHyTh paboty [12], rae onucana
KOMOMHAIMSI U3MEPEHHSI U OLIEHKH OCBEILEHHO-
CTH. ABTOPBI U3MEPSAIOT OTPAKATEIbHBIE CBOM-
CTBa pEabHBIX OOBEKTOB, HCHOJIb3YS KapThl
TITyOMHBI U [BETHBIE M300pakKeHUs Bpalaromie-
rocsi 00b€KTa Ha IOBOPOTHOM CTOJIE C TOMOIIBIO
RGB-D kamepsl. @opma 00beKTa pEKOHCTPYH-
pyercs IMyTeM HHTerpanuu H300pakeHuM TIiy-
OuHbI 00BEKTa, TMONYYEHHBIX C Pa3HBIX TOYEK
0030pa. OtpaxaTellbHass CIIOCOOHOCTh OOBEKTa
ompezenseTcs MyTeM OICHKH MapaMeTpoB MO-
JIeIU OTPa)KEHMsI 110 BOCCTAHOBJIEHHBIM H300pa-
KEHUSM (POPMBL.

CymectByeT OONbIIOE YUCIO PadOT MO Me-
TOAAaM TIepeaaun IBETa OT U300pakKeHUS K U300-
PaKEHHIO, KOTOPHIE HUCIOIB3YIOTCS ISl BBIPAB-
HUBaHUSl LBETOBBIX XapaKTEPUCTHK pPeabHBIX
U BUPTYaJbHBIX 00BbEKTOB B cueHax AR. B pa-
6ote [13] mpencraBiieH crmoco® aBTOMAaTHYECKO-
ro TepeHoca IBETOBOW CTaTUCTUKHU (CpeIHUX
3HAYCHWH W CTaHJIAPTHBIX OTKJIOHEHWH) C JTa-
JIOHHOTO HM300pa)keHus1 Ha 1ieneBoe. [lomomHu-
TeJbHbIE TapaMeTpbl UCHOJB3YIOTCSA IS TOTO,
4yT0ObI M30ekaTh py4HO 00pabOTKM, KOTOpas
HeoOXoauMa JUIsl OTNpeNeseHUsT OCOOCHHOCTEH
nepeaayy [BETa B CIIydasx, KOTAa H300paKeHus
UMEIOT CHJIBHOE pa3jfyue B IIBETOBOM MaJUTPE.
OTH JONOTHHUTENbHBIE TapaMeTpbl 0ObEAUHSIOT
JTUCTIEPCUN ATAJIOHHOTO U IIEJIEBOr0 M300paxe-
HUU. ABTOpBI CTaTbU YTBEPKIAIOT, YTO, XOTS
pyYHOE M3MEHEHHE NaHHBIX MapaMeTpoB Tpely-
€TCsl KpallHEe PEIKO, TEM HE MEHEE MHOIJA 3TO
HeoOxoqumo. Kpome Toro, crarucruyeckas
NpUPOZa METO/a BBI3BIBACT BOIPOCHI OTHOCH-
TEIbHO BHJAa U 00bEMa CTaTHUCTHKHU. Taxxke
HE OYEBHJHA CIIOCOOHOCTh MeToja 00padarbl-
BaTh HEKOTOPHIC THUIIBI W300paKeHHUM (coaep-
Karue OsecTsie oObeKThl, TeHH). Ilose3sHoe
pacuIMpeHre 3TOro0 MEeTo/Ia MPeaJIokKEHO B [14],
KOTOPOE YYMUTBHIBAET ILIBETOBOW OOJIMK, BHOCH-
MBI Kak ILIeJIeBbIM, TaK M 3TaJOHHBIM H300pa-
KEHHEM, UYTO PUBOJUT K CMEUIMBAHHUIO I[BETOB.

Hpyroii moaxoxa K mepenaye mBeTa OT U300-
pakeHHsI K M300pa’keHUI0, OCHOBAHHBIM Ha Xa-
paKkTEepUCTUKAX YEJOBEUYECKOr0  BOCIPHUATHS,
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omucan B [15]. ChHauana mBera H300pa>keHUs
aCCOUMMPYIOTCSA ¢ OOHOM M3 11 OCHOBHBIX 1BE-
TOBBIX KaTEropuil. 3aTeM CTpPOSITCS pacmpenese-
HUS KaTeropui IJIsl UCXOJIHOTO U 1IEJIEBOTO U30-
Opaxenuii. HakoHer, 1iseta nepeaaTcs Mexay
napamu kareropui. [[ns moctpoeHus pacnpene-
JIeHUs] HEOOXOIMMO OLEHUTh OTTEHOK OCBeIIle-
HUS JUI 000uX M300paskeHuid. J{si HEKOTOpPBIX
TUTNIOB W300pakeHMii 3Ta mpoueaypa Tpelyer
pPy4YHOH HacTpoWku. MeTon O4eHb MHEPCIEeKTH-
BEH, HO OH Hed(pdekTuBeH s HeoTopeaTu-
CTHYHBIX H300paXeHUH W s H300paKeHUH
C HECKOJIbKMMH  JIOKAJIbHBIMA ~ HMCTOYHHKAMHU
OCBEILIEHUS.

Csio mu Ma [16] npeacraBuiau anroput™ s
pemeHusi mpoOJieMbl JOCTOBEPHOCTH Tepeaayd
LBETa C Y4Y€TOM JeTayiel CleHbl. ABTOpHI pac-
CMaTpUBAIOT COXPAHEHHE LBETOBOI'O I'paJIMEHTA
KaK HeoOX0/IMMO€ yCIIOBUE JIOCTOBEPHOCTH CIie-
Hel. OHU ¢opmMynHpyloT TpolieMy Iepenadyu
[BETa KaK 3a/ladyy ONTHUMU3ALMH U PEHIaloT €€
B JIBa 3Tara — COrJacOBaHUE TUCTOTPaMM M OII-
THMH3ALUs C COXpaHeHuWeM rpaaueHta. [lpen-
JI0OKEHa METPHUKA JJIs1 OObEKTUBHOU OLIEHKHU (-
(EeKTUBHOCTH aJTrOPUTMOB TMeperadyd I[BeTa
Ha OCHOBE IPUMEPOB.

Henocrarkamu MeTooB, onMcaHHbIX B [13—16]
(M ¥X MHOTOYHMCIICHHBIX aHAJIOTOB) SIBJISIOTCS
HEYHUBEPCAIbHOCTh, HEABTOMAaTUYECKUNA XapaK-
TEP U HEBO3MOKHOCTb IE€peaun He TOJIBKO IIBeE-
Ta, HO M BCEX OCHOBHBIX XapaKTEPUCTUK H300-
pa)XeHUs C MOMOILBID OJHOW mpouexaypsl. /JlBa
TUIUYHBIX MIPUMepa: METo]l OalaHCUPOBKH 1IBE-
Ta, IpeIIoXKeHHbIN B [17], mpeaynaraer noiab3o-
BaTEJ}0 HMHTEPAKTUBHO OMNPENEIUTh LBETOBOE
OTOOpaXeHHe, BPYYHYIO YKa3blBas COOTBET-
CTBUS;, TOJXOJ], omnucaHHbpldi B [18], TpeOyer
crienranbHON oueHku reometpun u BRDF pe-
AIILHBIX OOBEKTOB U XOTS OBl OMHOIO JOMWHU-
PYIOIIETO [BETa HAa peaTbHBIX 0ObEKTAX.

OT yka3aHHBIX HEJOCTATKOB CBOOOJEH CIIO-
cob0 obGecreuenuss VC, mpezncraBieHHbiid B [1].
HecMoTps Ha BrewaTyisitonue pe3yiabTaThl, IO-
JyYEHHBIE MCCIIEJOBATEISIMU C IIOMOILBIO METO-
JIOB, YIIOMSIHYThIX B 0030pe [6], ypoBenb VC Bce
€Ile YacTO HeI0CTAaTOYeH, OCOOCHHO B CLIEHaX
AR ¢ peanpbHBIMH €CTECTBEHHBIMH JaHIIa(Ta-
MU B YCIIOBUSAX PACCEIHHOI'O OCBEILEHHUS, KOTO-
pbl€ TUIHWYHBI JJI aBUALMOHHBIX HPHIIOKEHUM.
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Meron u3 crtathu [l] opueHTHpPOBaH Ha Takue
yClIOBUS M 0a3upyercs Ha anmapare JIByMEpHBIX
CHEKTPaIbHBIX MpeoOpa3oBaHUM H300pa’keHU.
[IpennoxkeHa TEXHOJIOTHSI CHEKTPAIbHOU TpaHC-
IUTAaHTAllUK, KOTOpast o0ecrieynBaeT NpsAMyo Ie-
penayy XapakTepUCTUK LIBETa, SPKOCTH M KOH-
TpacTa OT peajbHOro oHa K BUPTyaJIbHBIM 00b-
exTaMm. Pa3paboTaH anropuTM aBTOMATHYECKOTO
BbIOOpa ONTUMAIBHOIO BHJA CIEKTPAIBLHOTO
npeoOpa3oBaHus JUIsl KCIIOJIb30BAHUS B CIIEK-
TpaJbHOM TpaHCILIAHTALMH.

B nocneanue roapl aKTHMBHO pa3BUBACTCS
HafpaBjIeHUE NPUMEHEHHsS HEHPOCETEeBBIX pe-
meHut g obecneueHust VC, KOTOpbie TpeH-
MYIIECTBEHHO UCIOJIb3YIOTCS JUIsl OLIEHKHU YCIIO-
BUH OCBELIEHHOCTU W Ul PEHIEPUHra BHUPTY-
aJIbHBIX OOBEKTOB.

HeiipocereBas olleHKa YCJIOBHI
OCBEIICHHOCTH

Xopouied WIUTIOCTPALIMEN HCCIIEI0OBATENb-
CKUX TOAXOJ0B K PELICHHUIO JaHHOU MPOOJIeMbI
sisieTcst 0030p [19] (104 ucrounwnka).

B pa6ore [20] mpenmoxkeH croco0 peHpe-
pHUHTa BUPTYalIbHBIX OOBEKTOB Ha OCHOBE OJIHO-
ro ¢oTo peanpHOU cleHbl. Pesynbprar mocrura-
erca B Tpu dTama: 1) HelipoceTeBOl KiaccH(u-
KaTop yCJIOBUHM OcBelleHus oOydaercs aBTOMa-
TUYECKH AHHOTHUPOBATh MECTOIOJIOKEHUE UC-
TOYHUKOB CBETa Ha OONBIIIOM HabOpe TaHHBIX
KapT OKpYyXarollel cpeabl HU3KOro JWHAMUYe-
ckoro nuama3ona (Low Dynamic Range — LDR);
2) MmOJIy4eHHbIE aHHOTAIMHM HCIIONB3YIOTCS IS
0o0y4eHHs HEHUpOCeTH, KOTopas Ipe/ICKa3bIBAET
pacIoJIOKEHUE MCTOYHHUKOB CBETa B CLEHE IO
onHO# (oTorpaduu C OTrpaHUYEHHBIM MOJIEM
3peHust; 3) OCYILECTBIISIETCS TOYHAs HACTpOilKa
ATOH HEHWPOCeTH C NMPUMEHEHHUEM HEOOBIIOro
Habopa JaHHBIX KapT CPellbl BHICOKOTO JTUHAMMU-
yeckoro nuanasona (High Dynamic Range —
HDR) nans nporHo3upoBaHMs WHTEHCUBHOCTHU
ocBenieHus. Jlanee OLEHKM OCBEIIEHHOCTH HC-
MONB3yloTCcs s peHuaepunra 3D-00beKToB
B ciieHax AR. @oTopeancTUUHOCTh pe3yJibTara
MOATBEPKIAETCA MCCIEIOBAHUEM, B KOTOPOM
105 yyacTHHUKOB OTHaJIM MPEANOYTEHUE JaHHO-
My METOAY B cpaBHeHuH ¢ [11].

Uccnenosarenu u3z Google u IlpuncToHCcKo-
ro yHuBepcureta [21] mpensmoxuiaum CXOMHBIN
MOAXO0/ K OLIEHKE YCIIOBUM OcBelieHHOCTH B 3D
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no onHomy 2D-m300pakeHHIO U JUIsI KOHKPET-
HOM Toukn Ha HeM. OTiHuMe 3aKIIOYaeTcs
B TOM, 4YTO HEMpOCEeTh CHayala OLEHUBAET Ieo-
METPHIO CIIEHBI, 3aTE€M OHa TPaHC(HOPMUPYETCS
B C(hepHUECKYIO MPOEKIIMI0 BOKPYT BHIOPAaHHOTO
NUKCeIa, KOTopasi MCIOJIb3YeTCsl KaK BXOZ JJIs
CIENYIOLIEeW HEeWpOoCeTH, 3aJadya KOTOpOU — Te-
Hepalys LBETOBOM OKpacku s HeHaOirozjae-
MbIX (pparmentoB. Emie onHa HelpoceTh TreHe-
pupyer kaptuHy HDR, koTtopyro MOXHO wucC-
MOJIb30BaTh JJIsl PeHJEPUHTa BUPTYAIbHBIX 00b-
ekToB. [IpenMymiecTBO Moaxoja — B HE3aBUCH-
MOCTH HEHpOceTeil, YTo ymnpoiaeT ux o0ydeHue.

ABTOpHBI cTatbu [22] aapecyioT CBOM METO.
MPUIIOKEHUSAM AJ11 MOOUJIBHBIX YCTPONCTB, IKC-
TUTyaTUpysl HAIMYKME B HUX (PPOHTAIBHOMN M 3aj-
Hell kamep. KapTuHky 3TUX Kamep HCIIONb3YIOT-
Cs KaK BXOJX U CBEPTOYHOM HEUPOCETH, LIEIIb
KOTOpPOM — MPOrHO3 HU3KOYACTOTHBIX cepuye-
CKMX TapMOHMK JJISI MOJIEIM OCBEIICHHOCTH,
MpEJCTaBICHHON B BHJE C(HEpHUUECKUX TapMo-
HUYECKUX (YHKIMHI, IIMPOKO HCIONb3yeMOn
B UTPOBOM HMHAYCTPUU ISl PEHIIEPUHIa BHUPTY-
QITBHBIX TPEXMEPHBIX OOBEKTOB B CHUIY CBOEH
MPOCTOTHI.

JInst XapaKTepHbIX B ABUAIIMOHHBIX MPUIIO-
JKeHUsIX clieH AR ¢ paccessHHbIM CBETOM OTKPbI-
TBIX TPOCTPAHCTB MHTEPECHBIM MPECTABISACTCA
MOJXO0/, ONUCAaHHbIA B [23]. ABTOpPBI MPUMEHS-
I0OT CBEPTOYHYIO HEHpOceTh, OOYYCHHYIO Ha
Oosbiom Habope map ¢oTo, napameTpbl
OCBEHICHHOCTH JJIsI 3KCTPAKTA XapaKTEPUCTHUK
OCBEILIEHUSI U3 OJHOTO H300pa)kKeHUs, KOTOphIE
3aTeM JOMOJHSIOTCS MOJENbIO OCBEIICHHOCTU
Ha OTpBHITOM Bo3ayxe. Hemocratku meronma —
OTPAaHUYEHUS, HAKJIAJbIBAEMbIE 3TONH MOJEIbIO
(xopomo paboTaeTr I COTHEYHBIX CIIEH W TUIO-
X0 — JUJISl TACMYPHBIX), BIMSHUE HA PE3YJIbTaThl
KOHKPETHOT'0 00y4aromiero Habopa u mpo0eMsl
C BOCIIPOM3BEJICHUEM BIIMSIHUSI TOYEUYHBIX HC-
TOYHUKOB CBETA.

Jlyumie cripaBisieTcsi ¢ OTCBETaMU pPeabHbIX
OJINKOB Ha BUPTYAJIBHBIX 00BEKTaX METOI, pas-
BHUBaeMbIil aBTopamu [24]. CHavasa BUJ ¢ KaMme-
pbl TpeoOpa3yeTcss B 00JaKO TOYEK CBETOBBIX
UCTOYHUKOB C IICHTPOM B TOYKE HAOJIOICHUS.
3aTeM KOMITaKTHAasi HEMpPOHHAs CETh HCMOJIb3Y-
eTcs s OlleHKH K03 duimeHToB chepuyeckux
TapMOHHUK B TOYKe peHjaepuHra. Jlame mo xoad-
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dbunuenTam chepruueckux rapMOHUK BOCCTAHAB-
nuBaeTcs kapta ocBemeHHoctd HDR.

Eme onun cnocob oneHkr Ko3(pUIUEHTOB
chepudecknx TapMOHHK B TOYKE pPEHJCPUHTA
MOCPEICTBOM HEMpOCETH MpeasioxkeH B [25]. AB-
TOPBHI KaK MPEUMYIIECTBO CBOETO MOX0/1a 3asiB-
JISIOT OTCYTCTBUE HEOOXOAMMOCTH B KaKOH-INOO
WH(POPMAIMA O TEOMETPHUH CIICHBI M BBICOKYIO
ckopocTh (20 Mc) reHepaluu OLEHOK 7S cde-
PUYECKUX TapMOHUK MATOro mopsiaka. OmHako
IUTsE O0y4YeHHs] HEMPOCETH HCIONIb3YETCs CIEIH-
aJIbHO CUHTE3UPOBAHHBIN JJIsI KOHKPETHOU Clie-
Hbl HAOOp JMaHHBIX, YTO OTPAHUYUBAET YHUBEP-
CaJIbHOCTH METO/IA.

B pabore [26] sBnstouiics ceifuac coTpy-
HukoM Google II. JlebeBek ¢ koseramu mpo-
TOJKUIIA pa3BUTHE €ro uaeu 11-nmeTHeil maBHO-
ctH [7] 00 UCTIONB30BAaHUU CIEIUAIBHBIX OTpa-
XKaromux 00bEeKTOB 11 TeHepanuu kapTel HDR,
HO yX€ C NMPUMEHEHHEM HeWpoceTeil. ABTOH-
Kozep oOydaercsi Ha MaccuBe LDR-kapTHHOK,
BKIIIOUAIONUX TPU CQeEpbl C MOBEPXHOCTIMU
pa3HOW OTpa)kaTeJIbHOW CIMOCOOHOCTH, KaKIas
U3 KOTOPBIX IO3BOJISIET MOJYYHUTh HEIepeceKa-
IOIMECs JaHHbIE O XapakTepe ocBelleHus. Ta-
KOW TMOJXOJ, KaK YTBEPKIAIOT aBTOPHI, JEJIaeT
ero 3ddexkTuBHBIM sl TeHepanuu cieH AR
Y BHYTPH MOMEILEHUN, U HA OTKPBITOM BO3/yXE.

Hpyras xomanga u3 Google B coTpyaHuue-
CTBE C HCCIEAOBaTeNIMU U3 YHUBEpPCUTETA
bepknu npemnoxuna HEUPOCETEBOM  METOH
OIICHKH YCIIOBUI OCBEIIEHHOCTU IO OJIHOH CTe-
peonape LDR [27]. [IpemyioxeHHbI MeToA O11e-
HUBaeT TpexMmepHyr o0bemHylo RGB-moznens
CLICHBI, BKJIIOUasi KOHTEHT 3a MpezesiaMu Ha0uo-
JJa€MOro TOJisl, a 3aTeM HCIONb3yeT CTaHIapT-
HbIi OOBEMHBIM PEHJEPHUHT JJISl OLEHKHU OCBe-
IIeHUs1 B 1000 TOUYKE B Tpenesiax 3TOro oobe-
Ma. Mozenbs oOyuaeTcst 6e3 Kakux-Tubo peaib-
HbIX 3D-maHHBIX U TpeOyeT TOIBKO pacIIUpeH-
HOTO TEpPCHEKTUBHOTO BHUJA BOJM3M BXOIHOMU
cTepeonapsl U chepruueckor maHopambl, CHATON
BHYTpPH CIICHBI.

HeiipoceTeBoil peHIepUHT

[[upokuii 0030p HEHPOCETEBBHIX METOJIOB
pEeHIepUHTa BUPTYAIbHBIX OOBEKTOB, AKTHBHO
HCTONB3yeMbIX B reHepanuu AR-ciieH, naH B
[28] (234 uctounuka). B kauecTBe mpeaMOyIIbI
My OJIUKAITUST COAEPKUT KPaTKOE OMUCAaHUE Kitac-
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CHUYECKHX aJTOPUTMOB KOMIBIOTEPHOTO 3pEHUS
JUIS pEHIEPUHTa, YTO JelaeT ee yIoOHOW mpu
o011eM 3HaKOMCTBE € MTPOOIEeMaTHKOM.

BecpMma ycrmenrHo HelpoceTd MPUMEHSIOTCA
JUIsE  peHJEpUHTa B  BHJAE T'CHEPATHUBHO-
coctszarenbHbix ceteil (Generative Adversarial
Network — GAN), npeacTaBleHHBIX B CTaBIICH
yKe Kiaccudeckor padore [29], koTopas BbI3Ba-
Ja MOTOK MyOJMKAIuil MO CTUJIEBOMY MOJIEIH-
POBaHHUIO MU300paKEHUN, TPUMEPOM MOXKET CITy-
*uTh cratbs [30]. YacTto mpouecc reHepauuu
n300pakeHui TpeOyeT o0ecTieueHrs BO3MOKHO-
CTH yMpaBIEHHUS UM, YTO MEPBOHAUYAILHO Jeja-
JIOCh COMOCTABJICHUEM TOJYYEHHBIX JaHHBIX
C IaHHBIMM HCXOJHBIX wu300pakeHud. Takoe
pelieHue, 0JJHaKO, He TapaHTHPYET, YTO Pe3yJib-
TaT, crenepupoBaHHbli GAN, OyJeT BBHITJISAETDH
ecTtecTBeHHO. [loaTOMYy BMECTO MHUHMMH3ALUU
PAcCTOSIHUA MEXAY pe3yjbTaTaMU U IIeJIEBHIMU
MOKa3aTeNIsIMU B HACTOsIIEe BpeMs dallle NpH-
MeHstoTCcsl yciaoBHble GAN, rae ouneHuBaeTcs
COOTBETCTBUE CTAaTHUCTHUYECKUX pacIpeaesieHun
pe3yJIbTaTOB U BXOJAHBIX HaHHBIX [31].

VYrhpaBneHue peHACPUHIOM 4Yepe3 TOUKY
pa3MelleHnsl BUPTyalbHON KaMepbl B [32] ocHO-
BAaHO HA CBEPTOYHOMN ceTH, 00yUEeHHON CHHTE3H-
poBaTh HOBBIE HM300paKE€HUS M3 IIECTH BXO[-
HeIX. CeTh 00y4aeTcsi ¢ MOMOIIBIO OOJIBIIOrO
CUHTeTHYecKoro Habopa gaHHbBIX U3 1000 cuen
CO CJIOKHOM I'€OMETpUEH U CBOMCTBAMU MaTEPHU-
anoB. MeToJ ciocoOeH CHUHTE3UpOBaTh HOBBIE
TOYKH 0030pa ISl 3aXBaU€HHBIX PEATbHBIX JaH-
HBIX U BOCIIPOU3BOAUTH CIIOXKHBIE d(PPEKTHI, Ta-
KM€ KakK IMEpPEeKpbITUs, 3aBUCSIIAas OT BHAA 3€p-
KaJIbHOCTb U PE3KUE TCHHU.

Becbma BocTpeOOBaH y TMONB30BaTENEH MYJb-
TUMOJAJIbHBIN HelpoceTeBor cuHTe3. g momy-
YEHMsI PA3IMYHBIX BBIXOJHBIX JaHHBIX, CYIIe-
CTBEHHO OTJIMYAIOLIUXCS JAPYr OT Jpyra, Hehpo-
CeTh JIOJDKHA 00JIaaTh HEKOTOPOH CTOXAaCTUYHO-
CTBIO WJIHA CTPYKTYPUPOBAHHOM JUCHEPCUEH, YTO,
KaK MpaBUJIO, IOCTUTAETCS C MOMOIIbIO BapHallu-
OHHBIX aBTOPHKOJ/IEPOB, KaK 3TO clieaHo B [33].

Kinaccuueckuii MHBEPCHBIM PEHIAEPUHT JUIS
BUPTYaJbHBIX OOBEKTOB B pEaJbHBIX CIIEHAX
B HEWPOCETEBOM HCIOJHEHUU MO3BOJSET CIpa-
BUTHCSI C TIPOOJIEMOM BBIYMCIUTEIHHOM 3aTpat-
HocTH. B [34] nmpennoxkeH MeTo1, MO3BOISIOIINN
Ha ocHOBe oaHOro RGB-m3o0pakenus mnpous-
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BOJILHOW CLIEHBI B NMOMEILIEHUU CO3/aTh €€ IOJ-
HYI0 PEKOHCTPYKIIMIO IIyTEM OLIEHKHU F€OMETPUH,
U3MEHSIOIINXCS B MPOCTPAHCTBE OCBEIIECHUS U
HEJIaMOEpTOBOM OTpakaTeIbHOM CIIOCOOHOCTH
ITOBEPXHOCTEH.

[Ipumenenue Helipoceredt ansa uene VC
TaKXe BKJIIOYAET pellieHHe psijia MHBIX 3a1ad. B
cratbe [35] mepeHoc MpU3HAKOB OJIHOTO H300-
pa’keHMsI Ha JIpyroe OCYIIECTBIISIETCS B J1Ba dTa-
11a, OpUTMHaJIbHasl HEMPOCETh UCTONb3YETCs MPU
BBISIBICHUM IPU3HAKOB B IEPBOM M300pa’keHUH,
BEKTOpP KOTOPBIX MpPHUMEHSIETCS B KauecTBe
bunbTpa Ipyroil HEUWPOCETH, BHIABIAIONICH TpU-
3HAaKM BO BTOPOM. ABTOPBI CUHUTAIOT, YTO UX pe-
nieHue ycrnemHo kKoHkypupyer ¢ GAN. O0G3op
[36] (95 UCTOYHUKOB) COACPKUT aHATHU3 TIPHIIO-
JKEHUI A oOHapykeHusi 00bEeKTOB B HM300pa-
KEHUU pealbHOTO0 MHUpPa Ha OCHOBE IIyOOKOTrO
0o0yueHMsI B KOHTEKCTE JIOTMOJHEHHON peabHO-
CTH U aHAJIU3 UCIOJIb30BAHUS CEPBEPOB WM JIO-
KaJIbHBIX YCTPOUCTB AR 111 BBIMOJHEHUS BBI-
YHUCIICHUN 0 OOHAPYKEHUIO OOBEKTOB.

3akiroueHnue

[TostBneHre HOBOW reHepaluy aBUATPEHaXe-
POB — TPEHAXXEPOB C HUCIOJIB30BAHUEM TEXHOJIO-
T'MH JIONIOJHEHHON PEaJIbHOCTH — MAapKHUPYET Ha
a’POKOCMMUECKYIO Cepy MPOEKIHIO CBSI3aHHO-
ro ¢ MacCOBBIM IIEPEXOAOM Ha HCIOJIB30BAHUE
XR-ycTpoHCTB r100anbHOrO TpeHJa pa3BUTUA
IT-texHonoruii. O0yCIOBIEHHBIH TUM TPEHIOM
OyM uccnenoBanuil no remaruke VC, KOTOpbIN
NPOMJUTIOCTPUPOBAH HACTOSIIIUM 0030pOM, Tpe-
Oyer ckopeimiero ¢GOpPMUPOBAHUS COOTBET-
CTBYIOLIETO HAy4YHOI'O HamnpasieHus B PO.

Cnucok ureparypbl

1. TopOynoB A.Jl. BusyanbHas KOrepeHT-
HOCTh B JIONIOJTHEHHOH peanbHocTH // Advanced
Engineering Research. 2023. Ne 2. C. 180-190.
DOI: 10.23947/2687-1653-2023-23-2-180-190

2. TopoynoB A.Jl. BusyanbHas oJHOPOJ-
HOCTh CIICH JIONIOJHEHHOW peaibHOCTH // 3anuch
U BOCHIPOM3BEACHUE OOBEMHBIX H300paKCHUM
B KHHemarorpade u apyrux obmactsx: cOOpHUK
nokianoB X MexanyHapoaHoOH Hay4YHO-TIPAK-

36

Vol. 26, No. 05, 2023

THYecKor KoHpepennuu. Mockga, 1718 anpens
2017 r. M.: BTUK um. C.A. I'epacumoBa, 2017.
C. 235-239.

3. Hughes C. The psychometrics of cyber-
sickness in augmented reality / C. Hughes,
C. Fidopiastis, K. Stanney, P. Bailey, E. Ruiz
[Onextponnslii pecypc] // Frontiers in Virtual
Reality. 2020. Vol. 1. ID: 602954. DOI:
10.3389/frvir.2020.602954 (nmata oOpaieHus:
05.04.2023).

4. Somanath G., Kurz D. HDR environ-
ment map estimation for real-time augmented
reality [Onextponnsiit pecypc] // IEEE/CVF
Conference on Computer Vision and Pattern
Recognition (CVPR). USA: Nashville, TN,
2021. Pp. 11293-11301. DOI: 10.1109/CVPR46
437.2021.01114 (mara obpamenus: 05.04.2023).

5. Zollmann S. Visualization techniques
in augmented reality: A taxonomy, methods and
patterns / S. Zollmann, T. Langlotz, R. Grasset,
W.H. Lo, S. Mori, H. Regenbrecht // IEEE
Transactions on Visualization and Computer
Graphics, 2021. Vol. 27, no. 9. Pp. 3808-3825.
DOI: 10.1109/TVCG.2020.2986247

6. Kronander J. Photorealistic rendering
of mixed reality scenes / J. Kronander, F. Ban-
terle, A. Gardner, E. Miandji, J. Unger / Com-
puter Graphics Forum. 2015. Vol. 34, iss. 2.
Pp. 643—665. DOI: 10.1111/cgf. 12591

7. Debevec P. A single-shot light probe /
P. Debevec, P. Graham, J. Busch, M. Bolas
[Onexrponnsii pecypc] / SIGGRAPH '12: Spe-
cial Interest Group on Computer Graphics and
Interactive Techniques Conference. California,
Los Angeles, 2012. Article No.: 10. Pp. 1-19.
DOI: 10.1145/2343045.2343058 (mata oOpare-
Hus: 05.04.2023).

8. Unger J. Capturing and rendering with
incident light fields / J. Unger, A. Wenger,
T. Hawkins, A. Gardner, P. Debevec // 14th Euro-
graphics Symposium on Rendering, 2003.
Pp. 141-149. DOI: 10.2312/EGWR/EGWRO03/
141-149

9. Alhakamy A., Tuceryan M. Cube-
Map360: Interactive global illumination for aug-
mented reality in dynamic environment // Pro-
ceedings of IEEE SoutheastCon. USA, Hunts-
ville, AL, 2019. Pp. 1-8. DOI: 10.1109/South
eastCon42311.2019.9020588



Tom 26, Ne 05, 2023

HayuyHbiit BectHuk MITY TA

Vol. 26, No. 05, 2023

10. Knorr S., Kurz D. Real-time illumina-
tion estimation from faces for coherent rende-
ring// 2014 IEEE International Symposium
on Mixed and Augmented Reality (ISMAR).
Germany, Munich, 2014. Pp. 349-350.
DOI: 10.1109/ISMAR.2014.6948483

11. Karsch K., Sunkavalli K., Hadap S.
u aAp. Automatic scene inference for 3D object
compositing / ACM Transactions on Graphics.
2014. Vol. 33, no. 3. Pp. 1-15. DOI: 10.1145/
2602146

12. Tsunezaki S. Reproducing material ap-
pearance of real objects using mobile augmented
reality / S. Tsunezaki, R. Nomura, T. Komuro,
S. Yamamoto, N. Tsumura // 2018 IEEE Interna-
tional Symposium on Mixed and Augmented
Reality Adjunct (ISMAR-Adjunct). Germany,
Munich, 2018. Pp. 196-197. DOI: 10.1109/
ISMAR-Adjunct.2018.00065

13. Reinhard E. Real-time color blending
of rendered and captured video / E. Reinhard,
A.O. Akyliz, M. Colbert, C. Hughes, M. Ocon-
nor [DnexTponnbiii pecypce] // Proceedings Inter-
service/Industry Training, Simulation and Edu-
cation Conference (I/ITSEC). Orlando, Amerika
Birlesik  Devletleri, 2004.  P. 15021.
URL: http://www.ceng.metu.edu.tr/~akyuz/files/
blend.pdf (mara obpamenus: 05.04.2023).

14. Chen W.-S., Huang M.-L., Wang C.-M.
Optimizing color transfer using color similarity
measurement // 2016 IEEE/ACIS 15th Interna-
tional Conference on Computer and Information
Science (ICIS), 2016. Pp. 1-6. DOI: 10.1109/
ICIS.2016.7550799

15. Chang Y., Saito S., Nakajima M. Ex-
ample-Based color transformation of image
and video using basic color categories // IEEE
Transactions on Image Processing, 2007.
Vol. 16, no. 2. Pp. 329-336. DOI: 10.1109/
tip.2006.888347

16. Xiao X., Ma L. Gradient-Preserving
color transfer // Computer Graphics Forum.
2009. Vol. 28, iss. 7. Pp. 1879-1886.
DOI: 10.1111/5.1467-8659.2009.01566.x

17. Oskam T. Fast and stable color balanc-
ing for images and augmented reality / T. Os-
kam, A. Hornung, R.W. Sumner, M. Gross //
2012 Second International Conference on 3D
Imaging, Modeling, Processing, Visualization &

37

Civil Aviation High Technologies

Transmission (3DIMPVT). Zurich, Switzerland,
13—15 October 2012. Pp. 49-56. DOI: 10.1109/
3DIMPVT.2012.36

18. Knecht M. Adaptive camera-based color
mapping for mixed-reality applications / M. Knecht,
C. Traxler, W. Purgathofer, M. Wimmer // 2011
10th IEEE International Symposium on Mixed
and Augmented Reality (ISMAR 2011). Switzer-
land, Basel, 2011. Pp. 165-168. DOI: 10.1109/
ISMAR.2011.6092382

19. Einabadi F., Guillemaut J., Hilton A.
Deep neural models for illumination estimation
and relighting: A survey // Computer Graphics
Forum. 2021. Vol. 40, iss. 6. Pp. 315-331.
DOI: 10.1111/cgf.14283

20. Gardner M., Sunkavalli K., Yumer E.
u ap. Learning to predict indoor illumination
from a single image / ACM Transactions on
Graphics. 2017. Vol. 36, iss. 6. Article No.: 176.
Pp. 1-14. DOI: 10.1145/3130800.3130891

21. Song S., Funkhouser T. Neural illumi-
nation: Lighting prediction for indoor environ-
ments [DnekTpoHnbiii pecypc] // Proceedings
2019 IEEE/CVF Conference on Computer Vi-
sion and Pattern Recognition (CVPR), 2019.
Pp. 6918-6926. DOI:  10.48550/arXiv.1906.
07370 (nata oopamenus: 05.04.2023).

22. Cheng D. Learning scene illumination by
pairwise photos from rear and front mobile cameras /
D. Cheng, J. Shi, Y. Chen, X. Deng, X.Zhang//
Computer Graphics Forum. 2018. Vol. 37, iss. 7.
Pp. 213-221. DOL: 10.1111/cgf.13561

23. Hold-Geoffroy Y. Deep outdoor illumi-
nation estimation / Y. Hold-Geoffroy, K. Sunka-
valli, S. Hadap, E. Gambaretto, J.-F. Lalonde
[OnexTponnsiii pecype]| // Proceedings 2017
IEEE Conference on Computer Vision and Pat-
tern Recognition (CVPR). USA, Honolulu, HI,
2017. Pp. 2373-2382. DOI: 10.1109/CVPR.
2017.255 (nara obpamenus: 05.04.2023).

24. Zhao Y., Guo T. PointAR: Effcient
lighting estimation for mobile augmented reali-
ty // 16th European Conference on Computer
Vision (ECCV'20), 2020. Pp. 678-693.
DOI: 10.48550/arXiv.2004.00006

25. Garon M. Fast spatially-varying in-door
lighting estimation / M. Garon, K. Sunkavalli,
S. Hadap, N. Carr, J. Lalonde [DnextpoHHbIi
pecype] // Proceedings IEEE Conference on



HayuyHbiit BectHuk MITY TA

Tom 26, Ne 05, 2023

Civil Aviation High Technologies

Computer Vision and Pattern Recognition, 2019.
Pp. 6908-6917. DOI: 10.48550/arXiv.1906.
03799 (nara obpamenus: 05.04.2023).

26. LeGendre C., Ma W., Fyffe G. u ap.
Deep-light: Learning illumination for uncon-
strained mobile mixed reality [DmekTpoHHBIN
pecype] // Proceedings IEEE Conference on
Computer Vision and Pattern Recognition, 2019.
Pp. 5918-5928. DOI: 10.48550/arXiv.1904.
01175 (mara obpamenus: 05.04.2023).

27. Srinivasan P. Lighthouse: Predicting
lighting volumes for spatially-coherent illumina-
tion / P. Srinivasan, B. Mildenhall, M. Tancik,
J. Barron, R. Tucker, N. Snavely [OnexkrpoHHbIii
pecype] // Proceedings IEEE Conference on
Computer Vision and Pattern Recognition, 2020.
Pp. 8080-8089. DOI: 10.48550/arXiv.2003.
08367 (mara oopamenus: 05.04.2023).

28. Tewari A., Fried O., Thies J. u ap.
State of the art on neural rendering // Computer
Graphics Forum. 2020. Vol. 39, iss. 2.
Pp. 701-727. DOI: 10.1111/cgf. 14022

29. Goodfellow I., Pouget-Abadie J., Mir-
za M. u ap. Generative adversarial nets // Pro-
ceedings of the 27th International Conference
on Neural Information Processing Systems,
2014. Vol. 2. Pp. 2672-2680. DOI: 10.5555/
2969033.2969125

30. Karras T., Laine S., Aila T. A style-
based generator architecture for generative ad-
versarial networks [DnexTponnsiii pecypc]//
2019 IEEE/CVF Conference on Computer Vi-
sion and Pattern Recognition (CVPR). USA,
Long Beach, CA, 2019. Pp. 43964405. DOI:
10.1109/CVPR.2019.00453 (mara oOparmieHus:
05.04.2023).

31. Bi S. Deep CG2Real: Synthetic-to-real
translation via image disentanglement / S. Bi,
K. Sunkavalli, F. Perazzi, E. Shechtman, V. Kim,
R. Ramamoorthi // 2019 IEEE/CVF International
Conference on Computer Vision (ICCV), 2019.
Pp. 2730-2739. DOI: 10.1109/ICCV.2019.00282

32. Xu Z. Deep view synthesis from sparse
photometric images / Z. Xu, S. Bi, K. Sunkaval-
li, S. Hadap, H. Su, R. Ramamoorthi [3nekt-
ponHnblii pecypc] // ACM Transactions on
Graphics. 2019. Vol. 38, iss. 412. Article No.: 76.
Pp. 1-13. DOI: 10.1145/3306346.3323007 (nara
obpamenus: 05.04.2023).

38

Vol. 26, No. 05, 2023

33. Park T. Semantic image synthesis with
spatially-adaptive normalization / T. Park, M. Liu,
T. Wang, J. Zhu [Onexrponssiit pecypc] // Pro-
ceedings of the IEEE Conference on Computer
Vision and Pattern Recognition, 2019. 19 p.
DOI: 10.48550/arXiv.1903.07291 (mata oOpa-
menust: 05.04.2023).

34. Li Z. Inverse rendering for complex in-
door scenes: Shape, spatially-varying lighting and
SVBRDF from a single image / Z. Li, M. Shafiei,
R. Ramamoorthi, K. Sunkavalli, M. Chandraker
[Onexrponnsnii pecypce] // Proceedings IEEE Con-
ference on Computer Vision and Pattern Recogni-
tion, 2020. Pp. 2475-2484. DOI: 10.48550/arXiv.
1905.02722 (mata oopamienus: 05.04.2023).

35. Zhan F., Yu Y., Wu R. u ap. Bi-level
feature alignment for semantic image translation
and manipulation [DnekTpoHHblli pecype] //
Proceedings IEEE Conference on Computer Vi-
sion and Pattern Recognition, 2022. 18 p.
DOI: 10.48550/arXiv.2107.03021 (mata o6pa-
menust: 05.04.2023).

36. Ghasemi Y. Deep learning-based object
detection in augmented reality: A systematic
review / Y. Ghasemi, H. Jeong, S. Choi, J. Lee,
K. Park [Onexrponnsiii pecypc] // Computers
in Industry.  2022.  Vol. 139. 1ID: 103661.
DOI: 10.1016/j.compind.2022.103661 (mata 06-
pamenust: 05.04.2023).

References

1. Gorbunov, A.L. (2023). Visual coher-
ence for augmented reality. Advanced Engineer-
ing Research, no. 2, pp. 180-190. DOI: 10.23947/
2687-1653-2023-23-2-180-190 (in Russian)

2. Gorbunov, A.L. (2017). Visual homo-
geneity of augmented reality scenes. In: Zapis
i vosproizvedeniye obyemnykh izobrazheniy v ki-
nematografe i drugikh oblastyakh: sbornik do-
kladov IX Mezhdunarodnoy nauchno-praktiches-
koy konferentsii. Moscow: VGIK im. S.A. Gera-
simova, pp. 235-239. (in Russian)

3. Hughes, C., Fidopiastis, C., Stanney, K.,
Bailey, P., Ruiz, E. (2020). The psychometrics
of cybersickness in augmented reality. Frontiers
in Virtual Reality, vol. 1, ID: 602954. DOI: 10.
3389/frvir.2020.602954 (accessed: 05.04.2023).



Tom 26, Ne 05, 2023

HayuyHbiit BectHuk MITY TA

Vol. 26, No. 05, 2023

4. Somanath, G., Kurz, D. (2021). HDR
environment map estimation for real-time aug-
mented reality. In: IEEE/CVF Conference on
Computer Vision and Pattern Recognition
(CVPR), Nashville, TN, USA, pp. 11293-11301.
DOI:  10.1109/CVPR46437.2021.01114  (ac-
cessed: 05.04.2023).

5. Zollmann, S., Langlotz, T., Grasset, R.,
Lo, W.H., Mori, S., Regenbrecht, H. (2021).
Visualization techniques in augmented reality:
A taxonomy, methods and patterns. In: IEEE
Transactions on Visualization and Computer
Graphics, vol. 27, no. 9, pp. 3808-3825.
DOI: 10.1109/TVCG.2020.2986247

6. Kronander, J., Banterle, F., Gard-
ner, A., Miandji, E., Unger, J. (2015). Photoreal-
istic rendering of mixed reality scenes. Computer
Graphics Forum, vol. 34, issue 2, pp. 643—665.
DOI: 10.1111/cgf. 12591

7. Debevec, P., Graham, P., Busch, J.,
Bolas, M. (2012). A single-shot light probe. In
SIGGRAPH '12: Special Interest Group on
Computer Graphics and Interactive Techniques
Conference, Los Angeles California, Article
No.: 10, pp. 1-19. DOI: 10.1145/2343045.
2343058 (accessed: 05.04.2023).

8. Unger, J., Wenger, A., Hawkins, T.,
Gardner, A., Debevec, P. (2003). Capturing and
rendering with incident light fields. In: 14th Euro-
graphics Symposium on Rendering, pp. 141-149.
DOI: 10.2312/EGWR/EGWRO03/141-149

9. Alhakamy, A., Tuceryan, M. (2019).
CubeMap360: Interactive global illumination for
augmented reality in dynamic environment. /n:
Proceedings of IEEE SoutheastCon, Huntsville,
AL, USA, pp. 1-8. DOI: 10.1109/SoutheastCon
42311.2019.9020588

10. Knorr, S., Kurz, D. (2014). Real-time
illumination estimation from faces for coherent
rendering. In: 2014 IEEE International Sympo-
sium on Mixed and Augmented Reality (ISMAR),
Munich, Germany, pp. 349-350. DOI: 10.1109/
ISMAR.2014.6948483

11. Karsch, K., Sunkavalli, K., Hadap, S.,
et al. (2014). Automatic scene inference for 3D
object compositing. ACM Transactions on Gra-
phics, vol. 33, no. 3, pp. 1-15. DOI: 10.1145/
2602146

39

Civil Aviation High Technologies

12. Tsunezaki, S., Nomura, R., Komuro, T.,
Yamamoto, S., Tsumura, N. (2018). Reproduc-
ing material appearance of real objects using
mobile augmented reality. In: 2018 IEEE Inter-
national Symposium on Mixed and Augmented
Reality Adjunct (ISMAR-Adjunct), Munich,
Germany, pp. 196-197. DOI: 10.1109/ISMAR-
Adjunct.2018.00065

13. Reinhard, E., Akyuz, A.QO., Colbert, M.,
Hughes, C., O’Connor, M. (2004). Real-time
color blending of rendered and captured video.
In: Proceedings Interservice/Industry Training,
Simulation ~ and  Education  Conference
(I/ITSEC), Orlando, Amerika Birlesik Devletleri,
p. 15021. Available at: http://www.ceng.metu.edu.
tr/~akyuz/files/blend.pdf (accessed: 05.04.2023).

14. Chen, W.-S., Huang, M.-L.., Wang, C.-M.
(2016). Optimizing color transfer using color
similarity measurement. In: 2016 IEEE/ACIS
15th International Conference on Computer and
Information Science (ICIS), pp. 1-6. DOI: 10.11
09/ICIS.2016.7550799

15. Chang, Y., Saito, S., Nakajima, M.
(2007). Example-Based color transformation of
image and video using basic color categories.
In: IEEE Transactions on Image Processing,
vol. 16, no. 2, pp. 329-336. DOI: 10.1109/tip.
2006.888347

16. Xiao, X., Ma, L. (2009). Gradient-
Preserving color transfer. Computer Graphics
Forum, vol. 28, issue 7, pp. 1879-1886.
DOI: 10.1111/5.1467-8659.2009.01566.x

17. Oskam, T., Hornung, A., Sumner, R.W.,
Gross, M. (2012). Fast and stable color balanc-
ing for images and augmented reality. In: 2012
Second International Conference on 3D Imag-
ing, Modeling, Processing, Visualization &
Transmission (3DIMPVT), Zurich, Switzerland,
October 13-15, pp. 49-56. DOI: 10.1109/
3DIMPVT.2012.36

18. Knecht, M., Traxler, C., Purgathofer,
W., Wimmer, M. (2011). Adaptive Camera-
Based Color Mapping For Mixed-Reality Appli-
cations. In: 2011 10th IEEE International Sym-
posium on Mixed and Augmented Reality
(ISMAR 2011), Basel, Switzerland, pp. 165-168.
DOI: 10.1109/ISMAR.2011.6092382

19. Einabadi, F., Guillemaut, J., Hilton, A.
(2021). Deep neural models for illumination es-



HayuyHbiit BectHuk MITY TA

Tom 26, Ne 05, 2023

Civil Aviation High Technologies

timation and relighting: A survey. Computer
Graphics Forum, vol. 40, issue 6, pp. 315-331.
DOI: 10.1111/cgf. 14283

20. Gardner, M., Sunkavalli, K., Yumer, E.,
et al. (2017). Learning to predict indoor illumi-
nation from a single image. ACM Transactions
on Graphics, vol. 36, issue 6, Article No.: 176,
pp. 1-14. DOI: 10.1145/3130800.3130891

21. Song, S., Funkhouser, T. (2019). Neu-
ral illumination: Lighting prediction for indoor
environments. /n: Proceedings 2019 IEEE/CVF
Conference on Computer Vision and Pattern

Recognition  (CVPR), pp. 6918-6926.
DOI: 10.48550/arXiv.1906.07370 (accessed:
05.04.2023).

22. Cheng, D., Shi, J., Chen, Y., Deng, X.,
Zhang, X. (2018). Learning scene illumination
by pairwise photos from rear and front mobile
cameras. Computer Graphics Forum, vol. 37,
issue 7, pp. 213-221. DOI: 10.1111/cgf.13561

23. Hold-Geoffroy, Y., Sunkavalli, K.,
Hadap, S., Gambaretto, E., Lalonde, J.
(2017). Deep outdoor illumination estimation.
In: Proceedings 2017 IEEE Conference on Com-
puter Vision and Pattern Recognition (CVPR),
Honolulu, HI, USA, pp. 2373-2382. DOLI: 10.11
09/CVPR.2017.255 (accessed: 05.04.2023).

24. Zhao, Y., Guo, T. (2020). Point AR:
Effcient lighting estimation for mobile aug-
mented reality. In: 16th European Conference
on Computer Vision (ECCV'20), pp. 678—693.
DOI: 10.48550/arXiv.2004.00006

25. Garon, M., Sunkavalli, K., Hadap, S.,
Carr, N., Lalonde, J. (2019). Fast spatially-
varying in-door lighting estimation. In: Pro-
ceedings IEEE Conference on Computer Vision
and Pattern Recognition, pp. 6908-6917.
DOI: 10.48550/arXiv.1906.03799 (accessed:
05.04.2023).

26. LeGendre, C., Ma, W., Fyffe, G., et al.
(2019). DeepLight: Learning illumination for un-
constrained mobile mixed reality. In: Proceed-
ings IEEE Conference on Computer Vision and
Pattern Recognition, pp. 5918-5928. DOI: 10.48
550/arXiv.1904.01175 (accessed: 05.04.2023).

27. Srinivasan, P., Mildenhall, B., Tan-
cik, M., Barron, J., Tucker, R., Snavely, N.
(2020). Lighthouse: Predicting lighting volumes
for spatially-coherent illumination. /n: Proceed-

40

Vol. 26, No. 05, 2023

ings IEEE Conference on Computer Vision and
Pattern Recognition, pp. 8080—-8089. DOI: 10.48
550/arXiv.2003.08367 (accessed: 05.04.2023).

28. Tewari, A., Fried, O., Thies, J., et al.
(2020). State of the art on neural rendering.
Computer Graphics Forum, vol. 39, issue 2,
pp. 701-727. DOI: 10.1111/cgf.14022

29. Goodfellow, 1., Pouget-Abadie, J.,
Mirza, M., et al. (2014). Generative adversarial
nets. In: Proceedings of the 27th International
Conference on Neural Information Processing
Systems, vol. 2, pp. 2672-2680. DOI: 10.5555/
2969033.2969125

30. Karras, T., Laine, S., Aila, T. (2019).
A style-based generator architecture for genera-
tive adversarial networks. In: 2019 IEEE/CVF
Conference on Computer Vision and Pattern
Recognition (CVPR), Long Beach, CA, USA,
pp- 4396-4405. DOI:  10.1109/CVPR.2019.
00453 (accessed: 05.04.2023).

31. Bi, S., Sunkavalli, K., Perazzi, F.,
Shechtman, E., Kim, V., Ramamoorthi, R.
(2019). Deep CG2Real: Synthetic-to-real trans-
lation via image disentanglement. In: 2019
IEEE/CVF International Conference on Com-
puter Vision (ICCV), pp. 2730-2739. DOI: 10.11
09/ICCV.2019.00282

32. Xu, Z., Bi, S., Sunkavalli, K., Hadap, S.,
Su, H., Ramamoorthi, R. (2019). Deep view
synthesis from sparse photometric images. ACM
Transactions on Graphics, vol. 38, issue 412,
Article No.: 76, pp. 1-13. DOI: 10.1145/330
6346.3323007 (accessed: 05.04.2023).

33. Park, T., Liu, M., Wang, T., Zhu, J.
(2019). Semantic image synthesis with spatially-
adaptive normalization. In: Proceedings of the
IEEE Conference on Computer Vision and Pat-
tern  Recognition, 19 p. DOIL: 10.48550/
arXiv.1903.07291 (accessed: 05.04.2023).

34. Li, Z., Shafiei, M., Ramamoorthi, R.,
Sunkavalli, K., Chandraker, M. (2020). In-
verse rendering for complex indoor scenes:
Shape, spatially-varying lighting and SVBRDF
from a single image. In: Proceedings of the
IEEE Conference on Computer Vision and Pat-
tern Recognition, pp. 2475-2484. DOI: 10.48
550/arXiv.1905.02722 (accessed: 05.04.2023).

35. Zhan, F., Yu, Y., Wu, R,, et al. (2022).
Bi-level feature alignment for semantic image



Tom 26, Ne 05, 2023 HayuyHbiit BectHuk MITY TA

Vol. 26, No. 05, 2023 Civil Aviation High Technologies
translation and manipulation. In: Proceedings object detection in augmented reality: A system-
IEEE Conference on Computer Vision and Pat- atic review. Computers in Industry, vol. 139,
tern Recognition, 18 p. DOI: 10.48550/arXiv. ID: 103661. DOI: 10.1016/j.compind.2022. 103661
2107.03021 (accessed: 05.04.2023). (accessed: 05.04.2023).

36. Ghasemi, Y., Jeong, H., Choi, S.,
Lee, J., Park, K. (2022). Deep learning-based

Ceegenus 00 aBTopax

TopOoyHoB Amnjapeii JleoHMI0BUY, KaHIUIAT TEXHUYECKHX HAYK, JOIEHT, JOICHT Kadeapsl
yrpaBiaeHus: BO3ayIHbIM aBmwkeHneM MI'TY T'A, a.gorbunov(@mstuca.aero.
JIu FOubxanb, acnupantka MI'TY I'A, antatanoe@gmail.com.

Information about the authors

Andrey L. Gorbunov, Candidate of Technical Sciences, Associate Professor, Associate Professor
of the Air Traffic Management Chair, Moscow State Technical University of Civil Aviation,
a.gorbunov(@mestuca.aero.

Yunhan Li, Postgraduate Student, Moscow State Technical University of Civil Aviation, anta-
tanoe@gmail.com.

[MocTynuia B penaximio 18.04.2023 Received 18.04.2023
OpoOpeHa rnocie pereH3upoBaHus 17.05.2023 Approved after reviewing 17.05.2023
[puHsTta B me4yatsb 21.09.2023 Accepted for publication 21.09.2023

41



HayuyHbiit BectHuk MITY TA Tom 26, Ne 05, 2023
Civil Aviation High Technologies Vol. 26, No. 05, 2023

YIK 629.7.073
DOI: 10.26467/2079-0619-2023-26-5-42-52

MeTtona Oﬁy‘IEHI/IH IMWJIOTOB BO3AYIIHBIX CYJA0B IMOCJTCIHECIO IMMOKOJCHUSA
B3aMMO/JEHCTBHIO C IKHUIIAKAMH APYIrux BO3AYIIHBIX CYA0B

1
N.C. MypaBbeB
! Cankm-Iemep6ypeckuii 2ocydapcmeentviii yHusepcumen eparcoanckotl asuayuil
umenu I nasnoeo mapwana asuayuu A.A. Hosuxosa, 2. Cankm-Ilemepoype, Poccus

AHHOTaIII/IH: O6yquMe TAJIOTOB BO3AYIIHBIX CYA0B IMOCJICAHETO TTOKOJICHUSA B3aHMO}1€ﬁCTBHIO C IpyruMH 3KHIIa)KaMU B T10JICTE
OCJIO)KHEHO BBICOKOW aBTOMAaTH3alMel KaOWH BO3AYLIHBIX CYZOB M MH(OPMALMOHHOW IeperpyEeHHOCTBIO SKHITaXKEH ¢ OHOH
CTOPOHBI U OTBETCTBEHHOCTHIO MMIJIOTOB 32 NPHHATHIE PEIICHHS] OTHOCUTEIFHO BO3/LYIIIHOTO JBVKEHHMS ¢ Npyroil. [TockoibKy Her
€IMHOM MeTOAMKHM OOydYeHMs ITHJIOTOB B3aWMOICHCTBHIO C JPYTMMH OSKHIIaXaMH, HAXOISIIMMHUCS B OJHOM BO3TYLIHOM
MPOCTPaHCTBE, BO3HHUKAET MOTPEOHOCTh B pa3pabOTKe KayeCTBEHHOTO TpeHWHTa. I pemieHus 3Toi mpoOlieMbl pa3paboTaH
METOJI, OCHOBAHHBIM Ha TMPEIBAPUTEIHHOM pacdere KOJIMYECTBA MH(OPMAIMH, KOTOPYIO IMIIOTY HEOOXOIMMO 00padaThIBaTh
B IIporiecce 00YUeHHS, B 3aBICHMOCTH OT BHIa 3TOH HH(popMarmy, s 3h(PeKTHBHOTO (POPMHUPOBAHHS KOHLIETITYaTbHON MOIEITN
BO3YIIHOTO JBIKEHUs B Tonere. Meron (hopMHMpOBaHMS KOHIENTYaJIbHOW MOJENM BO3IYIIHOTO ABIDKEHHS OCHOBaH Ha
MPUMEHEHNH MaTeMaTHIeCKON MOJIETH «CIIy9aifHOTO OJy>KHaHKS C MOTIIOMIEHHEM». MeTo/] COCTOUT M3 Tpex dTaroB. Ha meprom
Tare 1ojeTa MWIOTY HeOOXOAMMO BBIIIOJIHUTE TPEHUPOBOYHBIN MOJIET IO MapIIpyTy. B epBoM nonere BToporo srana o0y4eHus
00y4yaeMbIM THJIOTOM OLICHMBASTCS TEHJECHIMS Ha COMbKeHHe (yIaleHHe) OLIEHMBAEMOro BO3IYIIHOTO CyIHa C BO3YLIHBIM
CymHOM oOywaemMoro mwioTa. Bo BTOpOM Iojere BTOpOTrO 3Tara MECTOIOJIOKEHHE OLIEHMBAEMOrO BO3IYILHOIO Cy/Ha
ompeIeNsieTcst 1o 0KIIaIaM dKUIaXKa O MECTe TIOJIOXKEHHS U JIOKJIA/IaM O BBICOTE, B TPETHEM MOJIETE 110 JIOKJIay SKHUIIaXKa O MECTe
TIOJIOXKEHHMsI, Kypce rosieta M BbicoTe. Ha Tperbem sTame oOydeHMs IpH BBITOJIHEHWH TPEX IOJIETOB, MPEUMMYILIECTBEHHO I10
MapuIpyTy, o0ydaeMoMy ITHIOTY HE0OXOJMMO IIPOBECTH OLICHKY BO3IYIIHOW 0OCTAHOBKH 110 BCEM IapameTpam, JOKJIAIbIBAEMbIM
SKHMaXaMH BO3IYIIHBIX CY/IOB, HAXOMSIIMXCS B OJHOM paiioHe 1oseToB. Ilociie moIeToB BTOPOro U TPEThEro dTana 00y4eHus
MIMJIOTY HEOOXOMMMO IPOAHAIM3HPOBATh W OLEHHTh BO3MYHIHYIO OOCTAHOBKY B IIPOLIECCE BBINOIHEHHS CBOETO IIOJIETa
KOMIUIEKCHO I10 KOJMYECTBY BO3AYIIHBIX CYAOB B paiiOHE MOJETa, WX MECTOMNOJOXKEHUIO W TOPSIOKY HMX IEepEeMeICHHUS.
Pe3ynbTaTel 3KCHEpUMEHTA IO3BOJIMIM OINPEIEINTh, YTO YYaCTHHKH OSKCIIEpUMEHTAIbHOH rpymmbl Ha 24% sddexTnBHEES
CIIPABIUIUCH C OLIEHKOW BO3/YIIHOM OOCTAHOBKU M B3aMMOJICHCTBHEM C APYTHMH SKHUIIKaMH, HAXOAIIUMICS B MOJIETE B OTHOM
paifoHe, MO CpPAaBHEHMIO C JIETYMKAMH KOHTPOJIBHOM TIpymmbl. OOpaboTka pe3yibTaToB SKCIIEPUMEHTOB IIOKA3ala, 4TO IIPH
MPUMEHEHNH TPEIOKEHHOTO METO/Ia TOTOTOBKH CTaTHCTUYECKH JJOCTOBEPHO ObLIa MOBBIIIEHA HAAEKHOCTh B3aUMOJCHCTBUSA
SKUINAXKEH BO3AYIIHBIX CYA0B MOCJICAHETO IMOKOJICHUS B aBTOMAaTHICCKOM PEKUME IMAJIOTUPOBAHUA.

KiroueBble ciioBa: MAJIOTUPOBAHUE BO3AYHIHBIX CYIOB IMOCICIHCTO ITOKOJICHUSA, HpO(l)eCCI/lOHaJ'IbHaﬂ IoAroTOBKa ITUJIOTOB,
TPEHUHI" IMWJIOTOB, MPEAbIBICHUC I/IH(I)OpMaHI/II/I MAJIOTY, 3allOMHMHAHNC I/IH(I)OpMaIII/II/I MAJIOTOM, HAJACKHOCTb IMWIOTUPOBAHUA,
BSaHMOﬂCﬁCTBHC 3KI/IH&>K€I>1, MAJIOTUPOBAHUEC B ABTOMATUYCCKOM PEIKHME.

Jnst uutupoBanusi: MypasseB U.C. Meron o0y4eHHs MIJIOTOB BO3AYIIHBIX CYAOB TOCIEAHETO MOKOJICHUS B3aMMOJICHCTBUIO
C DKHIAXXaMH JAPYTHX BO3AYIIHBIX cyxoB // Hayunsrii Bectauk MI'TY T'A. 2023. T. 26, Ne 5. C. 42-52. DOI: 10.26467/2079-
0619-2023-26-5-42-52

Method of training pilots of the latest-generation aircraft to interact
with crews of other aircraft

I.S. Muravyov'
!Saint Petersburg State University of Civil Aviation named after Chief Marshal of Aviation
A.A. Novikov, St. Petersburg, Russia

Abstract: Training pilots of latest-generation aircraft to interact with other crews in flight is complicated by the high level of

cockpit automation and information overload of crews, on the one hand, and by the responsibility of pilots for decisions made
regarding air traffic, on the other hand. Since the unified methodology for training pilots to interact with other crews in the same

42



Tom 26, Ne 05, 2023 HayuyHbiit BectHuk MITY TA
Vol. 26, No. 05, 2023 Civil Aviation High Technologies

airspace is not available, the development of qualitative training is required. To address this issue, a method, based on a preliminary
calculation of the amount of information which is necessary to process by a pilot when training depending on the type of this
information for the efficient formation of a conceptual model of air traffic in flight, has been developed. The method of forming
a conceptual model of air traffic is based on the application of a mathematical model of “random walk with absorption”.
The method consists of three phases. In the first flight phase, a pilot should operate a training flight en route. In the first flight of
the second training phase, a trainee evaluates the tendency for the approach (separation) of the assessed aircraft to the trainee
aircraft. In the second flight of the second phase, the assessed aircraft position is determined by the crew position and altitude
reports, in the third flight — by the crew position, heading and altitude reports. In the third training phase, when operating three
flights primarily en route, a trainee is supposed to evaluate the air situation according to all the parameters reported by crews
operating in the same airspace. After flights of the second and third training phases, the pilot is meant to analyze and evaluate the air
situation while operating a flight comprehensively by the number of aircraft in the flight area, their position and the sequence of
their motion. The experimental results made it possible to determine that participants in the experimental group were 24% more
efficient in evaluating the air situation and interacting with other crews in flight in the same flight area compared to the control
group pilots. Processing of the experimental results showed that when employing the proposed training method, the reliability of
the latest-generation aircraft crew interaction at the automatic piloting mode was statistically significantly increased.

Key words: piloting the latest-generation aircraft, dedicated training of pilots, pilot training, presentation of information to the pilot,
memorization of information by the pilot, reliability of piloting, interaction of crews, piloting at an automatic mode.

For citation: Muravyov, LS. (2023). Method of training pilots of the latest-generation aircraft to interact with crews of other
aircraft. Civil Aviation High Technologies, vol. 26, no. 5, pp. 42-52. DOI: 10.26467/2079-0619-2023-26-5-42-52

BBenenue Cy1uiecTByIolMe METOAUKU MOJATOTOBKH OC-
HOBaHbl HA MHOTOJIETHEM OTbBITE SKCILTyaTaluu
BO3/YIIHBIX CYy/IOB, HE MMEIOIIUX BHICOKOABTO-
MaTU3MPOBAHHBIX YIPABIAIOIINX cucTeM. B cTa-
ThE MpeJiaracTcss HOBBIH METOJ MOATOTOBKH
NUIOTOB B3aUMOJCHCTBUIO C JAPYTMMH D3KHUIMa-
YKaMH, BBITIOJHSIOMIMMHU TIOJIET B OJHOM U TOM
K€ paiioHe g TOBBIMICHHUS S(PPEKTUBHOCTH
00y4eHHs TUJIOTOB IPHU BBIOJHEHUU TOJETOB
Ha BCIIII. DT0 mocTturaercs 3a c4eT UCHOJIL30-
BAHUS MAaTEMATHYECKOM MOJEIH «CIy4alHOIO
ONy>)KIIaHUSL C TIOTJIOIIEHHWEM», [O3BOJIMBILEH
BBITIOJTHUTh pPacyeT KOJMWYecTBa HH(OpMaIrmm,
KOTOPYIO THJIOTY B MOJEeTe HEoOX0oauMo oOpa-
0aTpIBaTh, a TaKXKE TMOPSJIOK HCIOIb30BAHUS
3TON MH(OpPMAIMK B IMpoOIEcCe BCEro mepuoaa
oOyuenus. [loxcraBmnsst mocneaoBaTeIbHO B Ma-
TEMaTUYECKYI0 MOJIeIb KOJMYECTBO HCTOYHH-
KOB, KOTOpbIE MWJIOT CHOCOOEH BOCHPHUHATH Ha
TEKYyIIIeM dTalle MoJIeTa, ¥ KOJIMYECTBO UCTOYHH-
KOB, KOTOpBIC MUJIOTY HEOOXOAMMO BOCIPUHSATH
u oOpaboTaTh Il TPUHITHS PEIICHUS Ha
YIPaBISIONIUE BO3JACUCTBUSA, OBUIO OMpPEAeNeHO
cnenytomiee. Ecnu pa3genuTs BOCIPUHUMAEMYIO
MWIOTOM HH(OPMAIIMIO O TOJETe W BO3AYIIHON
00CTaHOBKE Ha BU3YaJbHYIO, CIIYXOBYIO M KOH-
HENTyaabHYI0 (HAXOSIIYIOCS B CO3HAHUU IH-
JoTa — JaTeHTHyw) (puc. 1), TO BO3MOXKHO
HalTH Takoe B3aWMHOE COOTHOIICHHE BU3yallb-
HOM, CIIyXOBOM M KOHILENTyaJlbHON HH(pOpMa-

[IpakTrka TmOKa3bIBAaCT, YTO AaABUAIMOHHBIC
WHIUJCHTBl W TPOUCIIECTBUS BO3HUKAIOT HE
TOJIBKO M HE CTOJIBKO 1O MPUYMUHE OMHOOK OTe-
paTOpOB, YIPABISAIOMIUX BO3AYLIHBIM JTBHUKCHH-
€M, CKOJIbKO M0 BUHE JIETHBIX dKkumnaxei [1, 2].
[IpoTtuBopeune 3akitoyaeTcss B TOM, YTO KOH-
uenrtyanbHas monens (KM) cBoero mosieTHOro
3amaHusl (opMHUpyeTcs HWIOTOM B Ipoliecce
MpeABAPUTENIbHON MOATOTOBKU MEPEH MOJIETOM.
A KM B031yIIHOTO IBUXEHHUS B pailOHE TOJIETA,
/1€ KUIMAX BBIMOJHSAET 3a7ady, MOCTOSHHO W3-
Mensiercs. [Ipuuem stra KM Bo3mymiHoro nBu-
JKEHUS JOJDKHA OBITh €AMHOW I BCEX JKHUIMa-
xer BC, Haxoasuuxcst B 3TOM BO3yIITHOM IPO-
ctpanctBe. MH(popmanms, koTopas HOCTymHaer
skunaxy ot apyrux BC, umeer pa3nuyHblii xa-
paKkTep U, Kak MpaBujo, MOCTYNAeT HE B IMOJTHOM
oobeme. [Ipobnema sKcITyaTarii BO3AYIIHBIX
cyaoB nocnenHero nokonenus (BCIIII) B mo-
TOOHBIX CUTYalUAX 3aKJIIOYAETCS B TOM, UTO IH-
J0TaM HEeOOXOIUMO TPOTHO3UPOBATH HE TOJIBKO
TpaekToputo Apyrux BC B BO3QymIHOM Mpo-
CTpPaHCTBE, HO U YYUTHIBATh OCOOEHHOCTHU
(GyHKIMOHUpPOBaHUs aBTOMaTuku cBoero BC B
W3MEHSIOIIENCs BO3MymHOW obcranoBke. Co-
BPEMEHHBIE METOJBI U IpOrpaMMbl Ipodeccuo-
HaJbHOM MOATOTOBKM HE YUYUTBHIBAIOT 3TH OCO-
ocuHoctu [3-5].
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Puc. 1. Cxema B3anMOCBSI3M MEX/Ty BU3YaIbHOW U KOHIIENTyalTbHON HH(pOpMAaIei
Fig. 1. Diagram of the relationship between visual and conceptual information

[[UU, KOTOPOE MO3BOJIUT MOBBICUTH 3P (HEeKTHUB-
HOCTb BhIOJIHeHUS T1os1eTa Ha BCIIIT [6—8].

D10 OyIeT BBIPAXKEHO B YBEIUYECHUU BEPO-
SITHOCTA 0€30IMO0YHBIX JEHCTBUH IMHJIOTOB,
skcruryatupyromux BCIIIL. Taxoit pesynbrar
pacyeTa JOCTHTaeTcs 3a CUET YBEIHMUYECHUS KOJIH-
YecTBa MCTOYHHKOB, KOTOpBIE MHIOTY HEOOXO-
TUMO 00paboTaTh Ha TEKyIIEM JTare IoJeTa,
M 32 CUYET yMEHbIIICHUS KOJIUYECTBA HICTOYHHUKOB,
KOTOpBIE MUJIOT MOKET BUIETh B CBOEM pabouemM
MoJie 3peHus. ITO MO3BOJISIET YCTAHOBUTD, KaKOU
MOPSITOK UCTIONB30BaHUSI HCTOYHUKOB HH(pOpMa-
MU HEOOXOJUMO MPEAbSBIATH MUIOTY B TMPO-
1ecce OOyYCHWMsI, a TaKKe paIMOHAIBHO 3aJcii-
CTBOBaTh 00y4aeMOMYy KOTHUTHUBHO-UH(]OpMa-
[MOHHBIC TIPEeoOpa30BaTEIIM AJITOPUTMOB JCsI-
TEIBHOCTU. DTO B CBOIO OYEpedb CIIOCOOCTBYIOT
HanOosnee 3ppexTuBHOMY (HOPMUPOBAHHIO Y TTH-
noroB BCIIII KM Bo3aymHOi 00CTaHOBKH
B MIPOIIECCE BBHIMIOJHEHUS MOJIETA.

C uenbro MpoOBEpPKH pa3pabOTaHHOTO METOAA
ObLT mpoBeneH skcrepuMeHnT. OOpaboTka naH-
HBIX SKCIIEPUMEHTA TOKa3ajia, YTO BEPOSTHOCTH

44

YCIIELIHOTO BBINIOJIHEHUS TOJIeTa B aBTOMaTHYe-
ckoMm pexxume nunotuposanust BCIIIT mpu B3a-
UMOJICHCTBUU SKUIIAXKa C SKHUIAXKAMU JPYTHX
BC, naxopsmuxcst B BO3IyIIIHOM IPOCTPAHCTBE
OJTHOT'O palioHa IOJIETOB, Y 3KCIIEPUMEHTAIbHON
rpynnsl NuioToB Ha 24% Oosblile, YeM y MHIIO-
TOB KOHTpOJBbHOM rpynmnsl. CrenoBarenbHO,
MOKHO yTBEpP)KJaThb, YTO IOBBICUJIACh HAJEXK-
HOCTh PAllOHAJILHOTO YCBAaWBaHUS 00y4aeMbl-
MU MWJIOTaMU 3aKOHOMEPHOCTEHW B3aMMOCBS3EU
MEXJY pa3IMyHbIMH BUAAMU HHGPOpMALMU HU
MOBBICHJIACh HAJECKHOCTh (OPMHPOBAHUS TIPU
9TOM KOTHUTHMBHO-MH(OpPMAIMOHHBIX Ipeodpa-
30BaTee alropuTMOB JIEATENBHOCTH Ha 3Tare
npoecCUOHAIBHON TOATOTOBKM K CaMOCTOS-
TEIIbHBIM ToJieTam [9—16].

MeTtoa

Oco0CHHOCTh METOJa 3aKJIF0YacTC B TOM,
YTO TIPEABAPHUTEIILHO BBIMOJIHSACTCS pacueT Ko-
JUYECTBA U KAYECTBA MPEIBSABISAEMON MHUIIOTY
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uHpOpMaLUK, KOTOPYI HHJIOTY HEo0X0IUMO
Oyzaer aHamu3upoBaTh W 3anmoMuHaTh. C TOMO-
1IbIo 3Tol nHpopMarmu muinot Oyner Gopmupo-
BaTh KOHIIETITyaJIbHYIO MOJIENb BO3IYIIHOW 00-
CTaHOBKHU paifoHa mojera, B KOTOpOM OH Oyzer
HaxoauThes. Kpome Toro, ¢ moMompo mMarema-
TUYECKOTO pacyera IUIaHUpPYyeTCs IOCIe10Ba-
TEJBHOCTH BOCTIPUATHS MAJIOTOM WH(POPMAIIUU B
3aBUCUMOCTH OT ee Buaa. CyTh pacyeTra COCTOUT
B creayiomeM. Bces wuHbopmanms, Kotopas
HaXOJUTCS B paclopsHKEHUM MWIOTA, MOJpas/e-
JSIeTCs Ha TPU BHJA: BU3YaIbHYIO, CIIYXOBYIO H
KOHIIETITYaJbHYI0. B monere muiaoT moCTOSHHO
oOpabarbiBacT MHPOPMAIUIO O TIOJETE CBOETO
BC, BropocreneHHo oOpabarbiBaeT HH(pOpMa-
uuto o apyrux BC, HaxoAsmuxcs B OJTHOM paii-
OHE T0JIeTOB ¢ HUM. Bropoctenennas o0paboTka
uHpOpMaUK HeU30€kKHO YBEIHMUMBACT HArpys3-
Ky Ha MUJIO0Ta, MO3TOMY, JJII TOTO YTOOBI 00y-
YUTh MWJIOTa PALMOHAIBHO HCIOJIb30BAThH II0-
CTYHAIOIIyl0 K HeMy HMH(OpMaIuio OT APYrHX
BC, uro0sl 3Ta nH(OpMaIUs He BIUsIIA HA 3a-
Ipy’KEHHOCTh JKHIIaXka U 0€30IacCHOCTh I0JIETa,
ObUIM TIPOW3BEIEHBI pacueThl. BepoATHOCTH
HPUHATHS TUJIOTOM PELICHHUs Ha KOPPEKTUPOBKY
YIpaBJICHUS! 3aBUCHT OT JABYX COCTaBJISIOIIUX:
KoJIn4ecTBa MH(pOpMAIMM, KOTOPOE MUIIOT MO-
JKET BOCHPUHUMATh HA TEKyLIeM JTare CBOEH
JESATEIbHOCTH — M, U KOJUYecTBa (a TaKxke U
Ka4yecTBa, TaK KaK y MUJIOTa BCETJa eCTh BHIOOD,
Ha OCHOBAaHUM KakoW MH(poOpMalU{ NPUHUMATb
pemeHne) nHGpOpMaIu, KOTOPOE MHIIOT JO0JDKESH
BOCIIPUHUMATh M 0OpadaTbiBaTh Ha TEKYyILIEM
JTare mojieTa — u. B COOTBETCTBHM C MOJEIBIO
cilydaifHOro OJy»XJaHUs ¢ IMOIJIOIIEHUEM Heoo-
XOJIMMO HaWTH CIIEIYIOUINE BEPOSTHOCTH TIepe-
X012 YHPABJISAIOIIEro MUJIOTa MEXIy BO3MOXK-
HBIMU COCTOSTHUSIMH:

® BEpOSITHOCTH IEpPeXo/a MUI0Ta U3 COCTOSHUS
u
Sy B cocTosiHuE S; — 01 = —

® BEPOATHOCTH MEPEX0/ia MUJIOTa U3 COCTOSTHUS
Sy B cocTosiHue S, —0, = 1 — 04;

® BCPOATHOCTH IEPEX0Ja MUJI0TA N3 COCTOAHUA Sl
u+1

b
m
® BEpOSITHOCTb MIEpEX0/1a MIJIOTA U3 COCTOSTHUS S,

B COCTOSIHUE «TOTJIOMIEHs» Ay —p, = 1 — p;.

B COCTOSIHUE «IIOTJIOMICHUS» Ay — Py =
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Jlanee HEOOXOAMMO OMPEAETUTh, KaK JOJTO
nWIOT OyJeT MPUHUMATh PEIICHHE O KOPPEKTH-
POBKE YIpPAaBIEHUS BO3AYIIHBIM CYIHOM WU
nojade vH@GoOpManuu B 3QUp B COOTBETCTBUU
C MOJIENBIO CIy4YaitHOro OIy>KJIaHUs ¢ TOTJIOIIe-
HHUEM:

Pr(L=n) =J(1-]", (1)
rae ] = o;p; + 0,pz, N — KOJUYECTBO IIHKJIOB
BO3BpaTa MUJIOTa K UCXOJHOMY COCTOSTHHIO PaB-
HOBECHSI, KOTOpOE€ OBLJIO 10 TOSBICHUS KaKUX-
a100 M3MEHeHMH B WMH(GOPMAIMOHHON MOJENH
noJeTa.

[loxcraBnsis pa3nuuHble 3HAUEHUS M U U [T
Ka)KI0ro dTamna nojeTa v JUIs KaXa0ro rnepexoaa
MUJIOTa MEKIY BO3MOXHBIMU COCTOSHUSIMU TIPH
dbopMUPOBaHUN KOHUENTYaJbHOW MOJEIU BO3-
TYIIHOW 00CTaHOBKM, MOXKHO MOJ0OpaTh Takoe
UX B3aUMHOE COOTHOILIEHHUE, P KOTOPOM OyieT
HaOJIOAaThCS yBENUYEHUE BEPOSTHOCTH IIpa-
BUJILHOTO MPHUHSTHS MUJIOTOM pPELICHHs] Ha KOp-
pexTupoBKy ympasinenuss BC wiu npussTHS pe-
IIEHUSI TTUJIOTOM Ha BBIXOJ B 3¢up. Takoit pe-
3yJbTaT pacueTa JOCTHraeTrcs Hpu OOIeM co-
KpalleHUH KOJMYeCTBa HCTOYHHUKOB HH(pOpMa-
[IU1, KOTOPBIE MUJIOT MOXKET BOCIIPUHUMATH (M),
U Mpu OOIIEM YBEJIWYEHUU KOJIMYecTBa MHEOP-
MallM{, KOTOPYIO HMHJIOT JOJDKeH 00padaThiBaTh
npu npuHATHHA pereHus (u). OO0CHOBaHUS ATO-
ro pacuera npuseqeHsl B [17, 18].

Pazpaborannas metonuka oOydeHHs, OCHO-
BaHHasl HAa BBIIICHU3IIOKEHHOM METOJIE, COCTOHT
13 Tpex ATanoB. [lepBblil 3Tan COCTOUT U3 OJHO-
ro 1oJiera 1o Mapupyty. Bropoii u Tpetuii 3ram
COCTOAT W3 TpeX MoyeToB Kaxipli. [loneTsr B
NEPUOJ IPOBEAEHUS BTOPOIO M TPETHEro 3Tama
HEO00XO0JMMO MPOBOIUTH WIIH 110 MapIIPYTy, WU
B 30HY, [IpY yCJIOBUU UTO B paliOHE IOJIETOB CO-
CPEIOTOYEHO HE MEHEE TPEX BO3AYIIHBIX CYOB.

[Ipy BBIIOJIHEHWU TIEPBOTO J3Tama TMoJeTa
NUWIOTY HEOOXOAMMO BBINOJHUTH TPEHUPOBOY-
HBII TIOJIET M0 MAapUIPYTy IJII O3HAKOMIICHUS C
paiionom nosietoB. Ha BTOpoM 3Tamne 3amada nu-
JOTa COCTOUT B TOM, YTOOBI B IpOIECCE MOJIETA
M0 JOKJIaJaM SKUIaXeW OIMpeleiauTb MeCTOIO-
JIO)KEHUE OIHOI0 M3 BO3AYIIHBIX CYJOB M OIle-
HUTh MOPSAJOK €ro MepeMelleHusl B BO3AYLIHOM
IIPOCTPaHCTBE. B nepBoMm mosieTe BTOpOro 3ramna
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oOyuenus Mecromnonoxenne BC omennBaemMoro
JKUIAXKa OmpeleNsieTcss M0 JOKJIaJaM 3TOoro
skunaxa. [Ipu 3Tom orieHHBaeTCs TEHICHIUS Ha
commxkenue (ynanenue) onennBaemoro BC ¢ BC
oOydaemoro nwiota. Bo BTopoMm moinere BTopo-
ro JTama MEeCTONOoJOoXeHue ouneHuBaemoro BC
ompezensercs Mo JOKIaJaM HKUIaxa O MecTe
MOJIOKEHUSI M JOKJIaZlaM O BBICOTE, B TPEThEM
MOJIETE MO JOKJIATy SKUIAxa O MECTe IMOJIOXKe-
HUS, Kypce nojyera u BbicoTe. [locie BbimosHe-
HUS KaXKIOro TMojiera o0yd4aeMoMy MHIIOTY
HEOOXOJUMO MPOAHAIU3UPOBAaTh U  OLIEHUTH
BO3/YIIHYI0 OOCTaHOBKY B MPOIIECCE BBIMOIHE-
HUsS CBOETO ToJieTa o konuyectBy BC B paifone
MoJIeTa U KOHKPETHO OLIEHUTh MECTOIOJIOKEHHE
onHoro u3 BeIOpanHbIX BC Ha mapuipyrte u mo-
psaaok ero mepememieHus. Ha Tperebem »sTame
0o0yueHHsI IPY BBIIOJHEHUU TPEX IOJIETOB, Ipe-
MMYIIECTBEHHO 0 MapHIpyTy, 00ydyaeMoMy IH-
JIOTY HEOOXOAUMO MPOBECTH OIICHKY BO3AYIIHOM
00CTaHOBKM IO BCEM MapaMmeTpam, JOKJIaJbIBa-
€MbIM JKMIIaKaMU BO3AYLIHBIX CYJOB, HAaXOJIs-
IMXcs B OJAHOM paiione nosietoB. [locie mosne-
TOB TpPEThEero 3Tama OOyueHHs] HHIOTY TaKXe
HEOOXOUMO MpPOAHAIU3UPOBATh U  OLICHUTH
BO3AYIIHYI0 OOCTAaHOBKY B IPOIIECCE BBIMOJIHE-
HUSI CBOETO I0JIETa KOMIUIEKCHO 1O KOJINYECTBY
BC B paiioHe mosiera, UX MECTONOJIOXKEHUIO U
MOPSAJKY TIEpEMEIICHHUS.

3KCHepI’IMeHTaJ'II>HaH 4acTb

PazpaboranHas MeToaWKa HCIOJIb30BANIACH
JUisi o0ydeHust IeTHoro cocraBa. [lyis dero Obut
MIPOBEICH TUIOJIOTUYECKUM OTOOP MO METOAH-
KaM, U3J10KeHHBIM B [7, 13], 20 neT4ynkoB B 3KC-
MEePUMEHTAIBHYIO Tpymny. OHU UMeNn TPHOIH-
3UTEJIBHO OJIMHAKOBBIM HaJeT (OMBIT JIETHOU pa-
00ThI), HE MMEJH MEPEPHIBOB B JIETHON padore
B MIEPHUOJ] TOCIEAHUX IBYX JIET, pa3HUIAa B BO3-
pacTe MEXIy CaMbIM CTapUIUM M CaMbIM MJIaJ-
IIMM COCTaBIIsIa HE Oojee Tpex jeT. Bee muio-
THl SBJSUIMCh KOMaHIUpPaMHU, HMEIONIMMU He-
OombmIoi ombIT 3kcrutyaTanuu BC mocnemnero
MOKOJICHUSI ¢ OOIIMM HAJETOM Ha KCIUTyaTHUpy-
embpri Tun BC 1500-2000 yacoB. OTH HUIOTHI
MPOILIN JTOMOJHUTEIBHYIO TIOJTOTOBKY IO pas-
paboTaHHON METOIUKE O0yUEHUSI.
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Kpome Toro, Omuta chopmupoBaHa KOH-
TpoJibHas Tpyrmmna u3 20 4eloBEeK ¢ y4eToM TeX
K€ TUMOJIOTUYECKUX XapaKTEPUCTHK, YTO U IKC-
NepUMEHTalbHAsl TPYNNa, HO yXe MPOIIECIIINX
o0yuyeHHe 10 CYLIECTBYIOIIUM IpOorpamMmam
MOJIFOTOBKHU.

ITocne mpoxoxaeHus 3Tana MoAroTOBKH MH-
JIOTOB KCIIEPUMEHTAILHON TPYIIIIHI 110 pa3pado-
TaHHOH MeTOJIUKe, OB MIPOBEICH HKCIIEPUMEHT.

DKcrepuMeHT NpoBOJWIICS B /Ba 3tana. Lle-
JbIO MEPBOTO FTama sBISIACH NPOBEPKA JOCTH-
KCHHsI YPaBHUBAHUS OIBITHBIX TPYIII MO THIIO-
JIOTMYECKUM XapakTepuctukam. Ha stom stame
NWIOTHl BBINOJIHAJIM MO OJHOMY IIOJIETYy IIO
MapuipyTy. IIpu 3TOM pyKoBOIUTENb MOJETAMU
OLICHUBAJI COOJIIO/IEHNE UCHBITYEMbIMU MHJIOTA-
MU MpaBWJI BEJCHUS paJlooOMeHa, a TakXkKe Co-
OTBETCTBHE JIOKJIAbIBAEMOIO0 MECTOIOJIOKEHUS
IWJIOTOM U €ro (PaKTH4YECKOT0 MECTOMOI0KEHUS
10 JIOKATOpPY, PAacloJIOXKEHHOMY y PYKOBOJUTE-
Js1 TIOJIETOB. Pe3ysbTaThl BBINOJIHEHUS MEPBOIO
JTana SKCIEPUMEHTa MNpeCTaBiIeHbl B Talm. 1.
OTH pe3ysbTaThl MOKa3bIBAIOT, YTO YCIOBHS OT-
0opa JETYMKOB IO BHIOPAHHBIM IapaMeTpam
B OCHOBHOM 0O0€CIeUWIN YypaBHUBAaHUE TIpYII
IO THITOJIOTUYECKUM XapaKTePUCTUKAM.

Tadauua 1
Table 1
Pe3ynbTaThl IepBOro 3Tama SKCIepruMeHTa
Results of the experiment first phase

KoaunuecTBo Kosaun4yecTBO 4ejioBeK,
JAOMYIIEHHBIX AOMYCTHBIIUX OIIMOKH
OTKJIOHEHHH B MUJIOTHPOBAHUH
npu nojiere | KonrpoabHasi | JkcnepuMeH-

1Mo MapuIpyTy rpynna TaJbHAf rpynmna

0 — 2

3 1 2

5 2 1

7 6 4

9 4 4

11 1 2

13 3 2

15 3 3

Ha BTOpPOM 3Tall€ 3KCIICPpUMCHTA OIIPCACIIA-
JIOCh OTJIMYHMC HABBIKOB ITHMJIOTOB 3KCIICPUMCH-
TaJbHOM rpyniibl OT HABBIKOB IMHWJIOTOB KOH-
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TPOJILHOM TPYIMIIbl MO B3aUMOACHCTBUIO IHJIIO-
TOB BO3JIYIIHBIX CY/OB IMOCJEAHETO TTOKOJICHHUS C
JpYTUMHU DJKUINaXKaMHU. A TakKe MpPOBEPSIIACH
TUNO0TE3a O TOM, YTO KOHTPOJbHAS U IKCIEPH-
MEHTaJIbHasl TPYNIbl MPUHALJIEKAT K OJHOU Te-
HEpaJIbHOW COBOKYITHOCTH. B mporiecce BToporo
JTana HKCIEPUMEHTa KaXKIbld JIETUMK OLICHH-
Bajica B 0€30IIaCHOM BBIINOJHCHHH II0JICTa IIO
MapuipyTy WIA B 30Hy IPHU YCIOBUU aBTOMATH-
yeckoro pexuma nuiotuposanust BC. IIpu atom
KpYyT MOJEeTOB ObUT 00s3aTelbHO 3aJeCTBOBaH
TakKuM 00pa3oM, YTO TaM IOCTOSIHHO HaXOJu-
auck onHo uinu aBa BC. 3amaua ucnbITyeMbIX
IMHJIOTOB COCTOSIa B TOM, YTOOBI BBIIIOJHUTH
MoJIeThl 0E30MacHO B COOTBETCTBUM C MpaBUia-
MU BBITIOJTHEHUS! BU3yaJIbHBIX TTOJIETOB. 1151 3TO-
ro OBLIO HEOOXOAMMO BBIIOJIHUTH B OIHOM
YIpaXHEHUH TOJET MO KPYry, MOJET B 30HY U
MOJIET MO MapUIPYTy KaXJAOMY HMCIBITYEMOMY
nuiaoty. OIeHKa UCHBITYEMbIX MUJIOTOB MPOBO-
JIAJIach CAeAyrmMM o0pazoM. JIeTIMK-uHCTPYK-
Top U pykoBoautens noisietoB (PII) ouenuBanu
TpH MapaMeTpa ACUCTBUM MUIOTOB:
1) cBOEBPEMEHHOCTh BBIMOJHEHUS KOMaH]I
OT PYKOBOJUTEJS MOJIETOB;
2) Mepy BbIAEPKUBAHUS NUCTAHIIMM JIO BIIE-
penu netsmero BC (He3aBUCHMO OT pacCTOSHUSA
JI0 TIOCJIEIHEr0), MPU YCIOBUU UTO HKHUIIAXK
ocBenoMiieH 0 Hamnunu BC, KoTOpoe BBIMOJIHS-
€T MOJIET MO OJHOMY M TOMY K€ MapUIpyTy WU
HaxoauTCsA Ha oJHOU TpaekTopuu ¢ BC, sxumax
KOTOPOT'O OLIEHHUBAETCS;
3) Mepy OCBEAOMJIEHHOCTH HCITBITYEMBIX
MUJIOTOB, O BO3AYIIHOW OOCTAaHOBKE U HAXOXKJe-
HUAW OJMMKAMIIMX BO3AYIIHBIX CYJIOB OTHOCH-
TEJIBHO BO3AYIIHOTO CYJHA, KOTOpPOE YIpaBis-
€TCSA UCTIBITYEMbIM ITUJIOTOM.
OueHka mpoBOJAMIIACH MO CIEAYIOIIUM KpH-
TEpUSIM:
® CBOEBPEMEHHOE BbINOJIHEHHE KoMaH[ oT PII —
1 Gamm, 3ajep)Kka B BBITIOJIHEHUU KOMAHJIbI
Ha JIBEe-TPH CEKyHIbl — 2 Oaia; 3a7epikka
B BBIIIOJIHEHUM KOMaHAbl Ha 5—7 CeKyHI —
3 Gama;

® CaMOCTOSITEIbHOE U3MEHEHHE CKOPOCTH M BbI-
COTHI MPHU TOSIBJICHUU HA TPACKTOPUM TOJIETA
BC wucnsityemoro nunora apyrux BC ¢ no-
knagom PIT — 1 Oamn, camocTosATEALHOE H3MeE-
HEHUE CKOPOCTH M BBICOTHI 0€3 JOKJIaaa pyKo-
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BOJMTEIIO IIOJETOB — 2 Oajna, W3MEHEHHE
peKHMa TIOJIETa TOJIBKO MOCIIC KOMAHIbI, TaH-
HOU PYKOBOJMTEJIEM MOJIETOB, — 3 Oaa;
® OTBET Ha 3alMpoC PYKOBOAUTENS IOJIETOB
0 CBOEM MECTOHAXOXKICHUH M 00 OCBEIOM-
JICHHOCTH O MecTomnoiioxkenuu apyrux BC:
OCBEJIOMJICH W JIOKJIQJBIBAET O MPABHIEHOM
pelieHrH Ha MaHeBp — 1 0ai, ocBeJOMIICH
Y BBIJIACT HETMPABUILHOE PEIICHUE HA MaHEBP
(wm He ocBenoMIIeH) — 3 Gajura, OCBEOMIICH
W OKJIET yKa3aHuil — 2 6ana.
B pe3synbraTe sKcriepuMeHTa NOJTy4YCHBI JTaH-
HbIE, 0TOOpaXEHHbIE B Ta0M. 2.

Tadauna 2
Table 2
Pe3ynbTaThl OlCHUBAHUS THIOTOB
TIPU BBITIOJIHEHHUH TIOJICTOB HA BTOPOM JTarie
IKCIIEPUMEHTA
Results of the pilot evaluation during a flight
operation in the experiment second phase

Cymma 0a/1710B 32 Bce OLleHU-
BaeMble 3J1eMeHThI Mepa
Ne | KonTpoab- | DkcnepuMeH- chopmupo-
Has TaJdbHas pantocTH
HaBbIKA
rpynna rpynmna

1 6 3 1

2 6 3 2

3 6 3 3

4 6 3 4

5 6 3 5

6 7 4 6

7 7 4 7

8 8 5 8

9 8 5 9

10 8 6 10

11 8 6 11

12 9 7 12

13 9 7 13

14 9 7 14

15 11 7 15

16 11 8 16

17 11 8 17

18 12 8 18

19 14 8 19
20 15 9 20
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O0paboTka pe3yJbTaTOB
IKCIEePUMEHTA

Jnst Toro 4roObl BBIICHUTH MPUHAUICKHOCTD
BBIOOPOK (PKCHIEPUMEHTAIBHONH W KOHTPOJILHOM
IpyInnbl) K OJHOM T'€HEpalbHOW COBOKYIHOCTH,
a TaKkXKe C IENbI0 TTPOBEPKH A(H(HEKTUBHOCTH Me-
ToAa OOydYeHMs, KOTOPBIH HCIIONB30BAICS MPH
HNOATOTOBKE JIETYMKOB B 3KCIHEPHUMEHTAILHOM
rpynmne, ObUIM BBIYHCIEHBI KOI((HUIMEHTH KOp-
pemsitu 7-Ilupcona u t-CTprofieHTa B porpamme
SPSS (cm. Tabmn. 3-5) [19, 20]. Beruucinenus noka-
3a7M, 4T0 KodduimeHT koppensiun 7-Ilupcona
UMEET YCTOMYMBYIO TIOJIOKHUTEIBHYIO B3aUMO-
CBSI3b MEX]Ty KOHTPOJILHOM U AKCIIEPUMEHTAITLHOMN
IPyNIaMH MO IIECTH MCCIIEIOBAHHBIM MPH3HAKaM
(0,919, (tabn.4)), 310 maeT OCHOBaHHS YTBEp-
KJ1aTh, YTO 00€ BEIOOPKH MOXKHO OTHECTHU K OJTHOM
TeHEPAIIbHON COBOKYTTHOCTH.

[TpoBepka rumoresbl 00 3hHeKTUBHOCTH pa3-
paboTaHHOTO MeToja OOydYEHUs TMOKasana CIeLy-
IOIIME pe3ysIbTaThl. OMIMPUYECKOE 3HAYECHHE
kpurepusi -CtprofieHTa coctaBwio 12,4, 3Hauu-
MOCTh KoToporo cocraBuna p < 0,01 (tabm.5),
CIIEZIOBATENbHO, MEKIY TPYIIIaMU €CTh Pa3IUUMs
U paspabortaHHas MeTtoauka d>(dexktuBHa. Ha
puc. 2 u300paxkeH rpaduK 3aBUCUMOCTH MeEpPbI
c(OPMHUPOBAHHOCTH HaBbIKa MO YOBIBAHUIO y HC-
MBITYEMBIX TTJIOTOB KOHTPOJIBHOM M SKCTIEPUMEH-
TanbHOM rpynm. I'paduk moka3biBaeT, YTO HABBIK
[0 B3aUMOJEUCTBHIO € SKunaxamu Apyrux BC
B aBTOMAaTHYECKOM pEeKHME MUIOTUPOBAHUS Y M-
JIOTOB AKCIIEPUMEHTAIBHON TPYIIIBl MPUOIIH3H-
TenbHO Ha 24 % Oomnblie, 4eM y MHIOTOB KOH-
TponbHOUN rpynmbl. HeoObxoaumo OoTMETHTBH, 4YTO
NUJIOTHl KaK KOHTPOJIHOM, TaK M HKCIEPUMEH-
TaJILHOW TPYIIIBI SKCIUTYaTHPYIOT BO3IYIIHBIE CY-
J1a TIOCJIETHETO MTOKOJICHUSL.

Takum 00pa3oMm, BEpOSTHOCTH YCIICHIHOTO
BBINOJIHEHUS 110JIETa B ABTOMATUYECKOM PEXHME
nunotupoBanus BCIIIT mpu B3aumoaeicTBun
sKUNaxa ¢ skunaxamu apyrux BC y skcnepu-
MEHTAJIbHOM Ipynibl NUJIOTOB Ha 24 % Oobiie,
YeM Yy NMUJIOTOB KOHTPOJBHOHN Ipymibl. DTO sB-
JSieTCsl MOKAa3aTejeM MOBBILIEHUS! HaJEKHOCTH
0o0yuyeHHs] IpU HCHOJIB30BAHUU IMPEI0KEHHOTO
METOoJla U pa3padOTaHHOM Ha €ro OCHOBE METO-
UKW 00y4YeHUSI.

Vol. 26, No. 05, 2023

Ta6auna 3

Table 3
CratucTuka nmapHbIX BEIOOPOK
Statistics of matched samples

Cpen- | N | Cranpapr- | Cran-
Hee HOE OTKJIO- | IapTHAsA
HeHue omuoKa
Kountpomns- 8,9 |20 2,7 0,6
« | Hast rpynmna
& Dkcnepu- | 5,7 |20 2,1 0,5
= MEHTaIbHAs
rpymmna
Taoaumna 4
Table 4

Koppensuuy napHsIx BEIOOPOK
Correlations of matched samples
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IMapa N | Koppeas- YpoBenb
nust 3HAYNMMOCTH
KontponbHas u 20 0,919 0,0
JKCTICpUMEHTAITh-
Hasi TPYIIIbI
Taoauma 5
Table 5

Kputepuii mapHbIXx BEIOOPOK
Criterion of matched samples

IMapa IHapHbie pazHocTH
g 95%-Hblii 2] =
El s R B
5| 2 - 2 2
g | & |MoBeputein 81 &%
S E HBIH UHTep- 5 § £
g | g3 BaJI 1A 2| 2 =
=| o | 5| pasmocrn | m | 2| F S
D
o = = a9
2 g S | Hux- | Bepx- 5|52
O| = & = 2 &
2| & | uaa | uan El 28
< = o o~
= < Sl
= [ @) >
]
= | Q
@]
KonTpomns-
Has ¥ DKC-
nepumen- [3,6(1,110,3| 2,6 | 3,7 [12,4[{19| 0,0
TajabHAs
TPyIIIBI
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O0cykaeHue moJy4eHHbIX
pe3yJbTaTOB

YBenuueHne HaACKHOCTH OOYUYCHHS JIETUH-
KOB MOXHO OOBSCHUTH YCIIEHIHBIM HCIOJB30Ba-
HHAEM MAaTE€MAaTHYECKOW MOJCINA «CIIy4ailHOro
Oy>KAaHUS C TMOTJIOLIEHUEMY, TI03BOJIMBIIEH BbI-
MOJTHUTh pacueT KOJIMYEeCTBA HEOOXOAMMON WH-
dbopMan, ¢ KOTOPOH MWIOTY B TOJIETe HEO00XO0-
JTUMO B3aWMOJICHCTBOBATh, & TAK)KE MOPSIOK UC-
MOJIb30BaHUs 3TON MHGOpPMAIMU B MPOLIEcCce BCe-
ro nepuoaa obyuenus. MerogoMm mnepedopa 3Ha-
YeHUH M M u U KQKIOro dTara mojiera u s
KaXJIOTO Mepexo/ia MuiIoTa MeXIy BO3MOKHBIMH
COCTOSIHUSIMU TIPH (DOPMUPOBAHUH KOHIIETITYaJIb-
HOW MOJENU BO3AYIIHON 0OCTAaHOBKHU MOXHO IIO-
n00paTh Takoe€ MX B3aMMHOE COOTHOIIEHHE, MPH
KOTOpOM OyzeT HaOJItoaThCsl YBEINYEHHE BEPO-
ATHOCTHU MPAaBUIBHOTO MPUHATHUS MUJIOTOM pele-
HUS Ha KOPPEKTHPOBKY ympasineHuss BC wium
MPUHATHUS PEUIeHUs MUIOTOM Ha BBIXOX B 3dup.
Tako#t pe3ynbTaT pacuyera JOCTHTaeTcsi Mpu 00-
IIEM COKpAIlEeHUH KOJMYECTBAa HCTOYHUKOB HH-
dbopmanmu, KOTOpbIE MUIOT MOXET BOCIPHUHH-
MaTh (M), ¥ P OOIIEM YBEIMUYCHHH KOJIUYECTBA
uH(pOpMAIMK, KOTOPYIO MHUJIOT JTOJDKEH oOpada-
THIBaTh NIPH MPUHITHH pemeHus (¢). Yto B cBoro
ouepeb MO3BOJWIO MUIOTaM SKCIEPUMEHTAIb-
HOW Tpynmbl ObicTpee u 3 (HEeKTUBHEE OPUCHTH-
POBAaThCS B BO3MYITHOW OOCTAHOBKE M IPUHUMATH
MpaBUJIbHBIE PEILEHHs], BIUSIOLINE Ha Oe3omac-
HOCTB BO3IYIIIHOTO JABFKEHHUSI.

OTO TO3BOJWIO OMNPEIENIUTh MOPSAIOK BOC-
OpUSITUS THJIOTOM TpeX BHUAOB HH(MOpMALIUU
B Iporiecce ToJjieTa (BU3YaJbHOM, CIIyXOBOM
Y KOHIICTITYQJIbHON) TIPHU YTNPaBICHUH MHIOTOM
CBOEHU IEeATENbHOCTRIO0. TakKe 3TO MO3BOJIMIO
o0ydyaeMbIM TWIOTaM Hauboyiee parroHaIbHO
yCBauBaTh 3aKOHOMEPHOCTH B3aUMOCBSI3EH MEXK-
Iy 3TUMH BUJIaMU HHPOpManuu U GOpMUpPOBAThH
IpU 3TOM KOTHUTHBHO-UH(OPMAIMOHHBIE IIpe-
oOpa3oBaTeNn ajlropuTMOB JACSITEILHOCTH Ha
sTane npodeccuoHalIbHOM MOATOTOBKH K CaMo-
CTOSITETTHHBIM TTOJIETaM.

KajkeTcss 0O4eBHUIHBIM, YTO MOJOOHBIM METON
00yueHHsI BO3MOXKHO HCIIOJIb30BaTh MpU 00yue-
HUU ONEPaTOPOB JAPYTUX BBICOKOABTOMATHU3HPO-
BaHHBIX CUCTEM.
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HcnerryeMsie rpyrib
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Mepa cOpMHPOBAHHO CTH HABbIKA

20

Puc. 2. I'padpuueckoe npeacTaBIcHUE COKPAICHHS
KOJIMYECTBA OIIMOOK, I0ITyCKaeMbIX
B 3KCIIEPUMEHTAIILHOM I'PYIIIE [10 CPABHEHHUIO
¢ KOHTpOJIBHOH (1 — 3KCTIepUMEeHTalIbHAS TpyTINa,
2 — KOHTpOJIbHAS TPYIIIa)

Fig. 2. Graphical representation of the reduction in the
number of errors made in the experimental group
compared to the control group (1 — experimental

group, 2 — control group)
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OC00eHHOCTH IKCILIYaTAIUU ABUANMOHHBIX TOIIMBO3ANPABIIMKOB
B yciaoBusax Kpainero Cesepa

1 1 1 1
C.A. CaBymikun , K.9. baapiuun ', A.H. Ko3ioB', A.A. bpaniako
! Mockoesckuii 20CY0apCmeEeHHblll MeXHUYECKUL YHUBEPCUMem padcOaHCKol asuayull,
2. Mockea, Poccus

Annoramusi: Ha tepputoprm Poccuiickoit ®Deneparii OTpOMHBIE TIPOCTPAHCTBA 3aHATHI BEYHOM MEP3NOTOH. 3adacTyro
aBUALUS — 3TO EIMHCTBEHHBIA BHJ TPAHCIOpPTA, KOTOPBIA CBSA3BIBAET OTHAJICHHBIE pPAHOHBI CEBEpPAa CTPaHbl C OCTAJIBLHOM
Teppuropuerr Poccun. I'maBHOH OCOOEHHOCTBIO 3THX PETHOHOB SIBISAETCSl CYPOBBI KIIMMAT, BKIIFOUAMONIMN B ceOs HU3KHE
OTpHIIATENIbHBIE TEMIIEPATyphl, OOMINE CHETa U CHIBHBIC BeTpa. Takue yCIOBHUs KpailHE OCIIOXKHSIOT HKCIUTyaTallli0 HE TOJIBKO
BO3YIIHBIX CYJIOB, HO M Ha3eMHOI'O TPAHCIIOPTa, OOECIICUNBAIOILETO NONEThL. B mocnenHue ropl Bee OO0JIbIE OTEUECTBEHHBIX
TOIUTMBO3AIPABIIMKOB  BBIPA0ATHIBAIOT CBOM pecypc. Ha cerofusmHuii JeHh 3HAYUTENHLHOE KOJIMYECTBO CEBEPHBIX
TOIIMBO3AIPABOYHBIX KOMIUIEKCOB NEPEILTN Ha AKCILTyaTalio 3apyOeKHBIX TOILIMBO3AIPABIIMKOB Ha 0ase Tsraded Volvo u
Mercedes-Benz. Yxe B Xome OKCIUTyaTaly ObLT BBISBICH Dsii CYIISCTBEHHBIX HENOCTATKOB, KpaiHE OCIOKHSIOIHX
HOPMAJIbHYIO 3KCILTyaTalllio TOIUIMBO3ANpaBIMKOB. CyliecTByeT ocTpasi He0OXOIMMOCTh HOPabOTKU y3JI0B M arperaroB Ui
CHIDKCHHSI BO3HMKAIOIMX OTKAa30B, BIIMSIONIMX Ha OOECIEUEHHE PEeryJSIPHOCTH M OE30IMaCHOCTH IT0JIETOB BO3YLIHBIX CYJIOB.
OpnHOM M3 OCHOBHBIX IPOOJIEM SKCIUTyaTalli TOIUIMBO3AIPABIIMKOB a3POAPOMHBIX B YCIIOBUSAX HU3KHX TEMIIEPATyp SIBIISCTCS
HapyIIeHHe pabOTOCTIOCOOHOCTH 3JIEKTPOITHEBMATHYECKOTO JOHHOTO KJIAalaHa BCIEACTBHE €ro IpUMEp3aHus.. ABTOpaMH
NpeIyIo’KeHa 3aMeHa JaHHOTO MPOOJIEMHOTO y37la Ha MEXaHWYECKWI JOHHBIN KiaraH, KOTOPbIH HE BOCHPHUMYMB K HH3KUM
TemreparypaM. JJI MCKITIOUEHHs pPacTPEeCKUBAHMS PE3NMHOTEXHWUECKUX W3[EIN Ha HAKOHCYHHKE HYDKHEH 3ampaBKH U I
YBEJIMYEHNs THOKOCTH Pa3JaTOYHBIX PYKAaBOB MPEIIAracTCsl OCYIIECTBIISITh OOTPEB CTaKaHA HAKOHEYHHKA HIDKHEH 3alpaBKu U
3aIPaBOYHOTO MOJYJISI C IOMOIIBIO MEPEITyCKa BBIXJIONHBIX Ta30B M MPOKAYKH TOpSYel OXJIaXJAOIIEH KUIKOCTH TI0 CHCTEME
MaTpyOKOB.

Haubonee cepbe3HbIMM TpOOJIEMaMK SIBJISIOTCS CJIOXKHOCTH OKCIUTyaTalldd Tsradya Ha JIM3eJbHOM TOIUIMBE NPH HU3KHX
Temreparypax. [IpoGiieMbl BO3HUKAIOT yiKe IpH 3amycke. J{n3enbHoe TOIUIMBO IPU HU3KHUX OTPHULIATENLHBIX TEMITEpaTypax MOXKET
TyCTeTh WIM J@Xe 3aCThIBaTh, CMa3Ka TOXe rycTeeT. beiBajm cityuan, KOrja 3aimycK ObLI OCIOXKHEH HW3KOW KOMIIpeccHel B
mmmHapax. Ho maxe ecnu ABUraTens yaanoch 3allyCTHTh, 4epe3 HEKOTOPOE BPEMsl OH MOXKET HauaTh ITIOXHYTh. CBA3aHO 3TO C
KHCJIOPOJHBIM TOJIOIAHUEM, KOTOPOE BO3HHMKAET B CBSI3M C TEM, UTO JICISTHOM BO3AYX HeceT B cebe BOIy, KOTOpas OCayKMBACTCS
WHEEM Ha BO3/IYIIHBIX (DMIBTPax, MEPEeKphIBasi TEM CaMbIM I0Jady KHCIOpOZAa B JBUraTenb. [1ocie AINTENbHON CTOSHKH NPH
HU3KUX TEMIIepaTypax B TEpBbIE CEKYHIBI 3allyCKa IOPIIHEBOTO IBUrATeNs ACTAM CONPHKACAIOTCS MEXTy coOoi 06e3
CMa3bIBaHMsL. DTO HPOHUCXOIWUT M3-3a TOTO, YTO BSA3KOCTh Macia INpPH SKCTPEMAJbHO HHM3KUX TEMIIEpaTypax yMEHBIIAETCH,
TIO3TOMY, 4TOOBI CMa3Ka IONaja K MOTPEOHTENsIM 10 Y3KMM MAcJIONpOBOaM, HEOOXOAMMO HEKOTOpOE BpeMs Ui Iporpesa
(oxomo 10 muHyT). BenencTBre Takux XONMOJHBIX 3aITyCKOB M PUCKA BOSHUKHOBEHUS 33/TMPOB HA JETASIX TOPIITHEBOM TPYTIITBI HX
pecypc cHmxkaetcst 6onee yem Ha 40 %. Ilpu xXomomHOM 3alycke ABHraTelb AOMOJIHUTEIBHO IMPOTPEBacTCs caMm IpH Ooree
BBICOKHMX XOJIOCTBIX 000poTax. Jlisi mpenoTBpalleHWs] HEXKENaTeNbHBIX IOCHEACTBHM, a TakkKe U1 Cco3jaHus Oosee
OnaronpusATHBIX YCIOBHM [UIsl 3allyCKa JHM3EJIbHOTO arperara, CHIDKEHHs pacxoja TOIUIMBA NPEIaraercs WCIOIb30BaTh
MIPEIITYCKOBOM MOAOrPEBATENb C BHEIIHUM MCTOYHUKOM ITHTaHMS OT AJeKTpoObIToBOit cetn 220 B. C nenbto obneryeHus mycka
JIM3ENIBHOTO JIBUTATENsl CIIeyeT OOECNeYHTh IIOJOrpeB TOIUIMBHOM MarucTpaid M (UIBTPOB TOIUIMBHOIO Hacoca. [l
WCKIIIOUEHHs] KHCIIOPOAHOTO TOJIOJAHMS JIBUTATENs BCIEIACTBHE OOpa3oBaHMSI MHES Ha (MIBTPOIIEMEHTaX W IOBBILICHHUS
CTaOMIILHOCTH pabOTHI IBUTATENSI HEOOXOMMO 00ECIIEUHTh ITO0TPEB BO3IYIITHOTO (DHIBTPA.

KitioueBble ¢/10Ba: TOIUMBO3ANPABLINK, HAKOHEYHHK HWKHEH 3aNpaBKH, aBUALIMOHHOE TOILIUBO, arPEraThl TOINTMBO3AIPABIIHIKA,
Kpaitamit Cesep.

Jst iurupoBanus: CaBymkua C.A. OcoOEHHOCTH AKCIUTyaTalliyl aBHAIIMOHHBIX TOIUIMBO3AIPABIINKOB B yCiIoBrsaxX KpaifHero

Cesepa / C.A. CaBymkun, K.O. Bansinumn, A.H. Kosios, A.A. Bpaunko // Hayunsiit Bectiuk MI'TY T'A. 2023. T. 26, Ne 5.
C. 53-64. DOLI: 10.26467/2079-0619-2023-26-5-53-64
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Operation features of aviation tankers in the conditions of the Far North

S.A. Savushkin', K.E. Balyshin', A.N. Kozlov', A.A. Brailko'

! Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: Huge territories of the Russian Federation are occupied by permafrost. Often aviation is the only mode of transport that
connects remote north areas of the country with the rest of Russia. The main feature of permafrost regions is the harsh climate,
which includes low negative temperatures, an abundance of snow and strong winds. Such conditions make it extremely difficult to
operate ground vehicles that service and maintain flights. In recent years, more and more domestic tankers have been exhausting
their life span. At present, a significant number of northern refueling complexes have switched to the operation of foreign tankers
based on Volvo and Mercedes-Benz tractors. The operation of these vehicles has already revealed a series of shortcomings which
extremely complicate the normal procedures. There is an acute need to refine the components and assemblies in order to reduce the
failures that affect the regularity and safety of aircraft flights. One of the main problems of fuel tankers operation at low
temperatures is the malfunction of the electropneumatic bottom valve, due to its freezing. The paper proposed replacing this
problematic node with a mechanical bottom valve, which is not susceptible to low temperatures. In order to avoid cracking of
rubber products of the underwing refueling nozzle and to increase the flexibility of the dispensing hoses, it is proposed to carry out
heating of the glass of the refueling nozzle and the filling module by means of exhaust gas bypass and pumping hot coolant through
the system of nozzles. The most serious problems are the difficulties of operating a diesel-powered tractor at low temperatures.
Problems arise already at startup. Diesel fuel at low subzero temperatures can thicken or even solidify, the lubricant also thickens.
There have been cases when the startup was complicated by low compression in the cylinders. But even if the engine was able to
start, after a while it may start to stall. This is due to oxygen starvation, which occurs because the icy air entrains water, which is
deposited as frost on the air filters, thereby blocking the oxygen supply to the engine. After prolonged parking at low temperatures,
during the first seconds of starting the piston engine, the parts come into contact with each other without lubrication. The reason is
the viscosity of the oil which decreases at extremely low temperatures, therefore, in order for the lubricant to reach the end users
through narrow oil pipelines, it takes some time to warm up (about 10 minutes). As a result of such cold starts and the risk of
bullying on the parts of the piston group, their durability is reduced by more than 40%. When starting cold, the engine additionally
warms up itself at higher idle speeds. To prevent undesirable consequences, as well as to create more favorable conditions for
starting the diesel unit, reducing fuel consumption, it is proposed to use a pre-heater with an external power source from the 220 V
electrical network. In order to facilitate the start of the diesel engine, it is necessary to provide the heating of the fuel line and fuel
pump filters. To eliminate oxygen starvation of the engine, due to the formation of frost on the filter elements, and to increase the
stability of the engine, it is necessary to provide the heating of the air filter.

Key words: tanker, the tip of the underwing refueling nozzle, aviation fuel, tanker units, the Extreme North.
For citation: Savushkin, S.A., Balyshin, K.E., Kozlov, A.N., Brailko, A.A. (2023). Operation features of aviation tankers in the

conditions of the Far North. Civil Aviation High Technologies, vol. 26, no. 5, pp. 53—64. DOIL: 10.26467/2079-0619-2023-26-5-
53-64

BBenenue JMPOBAaHHBIM M TPYIAHOJOCTYIIHBIM DPETHOHOM
cTpansl [1].

O6mmpabie mpoctpanctBa Cubupu u JlanbHe- OCOOEHHOCTBIO PErMOHA SBJISAETCS  PE3KO

ro Bocroka u cnabo pa3BuThie HA3eMHBIC MYyTH KOHTHHEHTAJIbHBIN KIMMAT, KOTOPBIA OTIMYAET-

COOOIIEHUS B ATUX PETHOHAX, IETal0T BO3IYIIHbIH Cs1 IIPOAOJDKMTCIBHBIM 3MMHHUM H KOPOTKHUM
TpaAHCIIOPT i1 3THUX PETHOHOB CTPAaTCTrHYCCKHU JIETHAM TIEpUOAaMH. AIpenb U OKTA0ps B SIky-

Ba)XKHBIM BHJIOM TpaHcnopra. Bosmyminele aBua- THH — 3UMHHE Mecslpl. PasHuma Temmeparyp
TIEPEBO3KH, BBITOIHAIOT BAKHENIIYIO COLMAIBHO-  CaMOr0 XOJOJHOIO Mecsua (SHBaps) M CaMoro
SKOHOMHUYECKYIO pOJb, obecreunBas Haubolee terioro (uroyst) coctaisgeT 80...90 °C. Ilo a6-
OBICTPYIO CBSI3b C OCTANIbHOM Teppuropueit Poc- COJIIOTHOHM BETMYMHE MUHUMAIIbHOW TeMIIepary-
CHY ¥ JKM3HEHHO HEOOXOIMMYIO TPAHCIIOPTHYIO pbl (B BOCTOYHBIX TOPHBIX CUCTEMaxX — KOTJIOBH-
JOCTYITHOCTh HacCeJICHMsA K CTpaTeruyecKd BaXK- Hax, BHAJWHAX W JPYrHX IOHMXCHHIX — H0O
HbIM perronam Poccuiickoit @enepaniu (PD). —70 °C) 1 mo cyMMapHOH NPOJOJKHTENLHOCTH

Oco0y1o poib BO3AYIIHBIA TPAaHCHIOPT HUIpa- nepuoga C  OTPUIATENBHOW  TEMIEpaTypomn
eT B KpynHelimem peruone P® Pecriy6muke Ca- (0T 6,5 10 9 Mecsues B rox) pecnybinka
xa (SlkyTus), KoTopas ocTaercsi Hambojee H30- He uMeeT aHajioro B CeBepHOM INoynapuu [2].
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Puc. 1. Buewnuii Bua T3A
Fig. 1. The appearance of the aerodrome refueling tanker

Puc. 2. DiieKTponHeBMaTHYCCKHUT Puc. 3. Hakoneunuk HH3 Puc. 4. Pazpymenue
JOHHBIH KJ1amaH Fig. 3. NNZ tips nepexoJHuKa

Fig. 2. Electropneumatic bottom valve Fig. 4. Destruction of the adapter

ObecnieyeHue peryasipHOCTH M 0Oe30IacHO- 1) 3anunaHue U nmpuMep3aHue JOHHOIO Kiia-
CTH BBINOJIHEHUS TOJIETOB BO3IYLIHBIX CYJ0B naHa aBTOIMCTEPHBI (pHC. 2);
(BC) B nanHbIX ycI0BUSAX BO MHOTOM 3aBHCUT OT 2) 3amep3aHUEe M PACTPECKUBAHHE PE3UHO-
CBOEBPEMEHHOCTH IPOBEJIECHUS TOILIMBO3aIIpa- TEXHUUYECKUX M3JIeINM HA HAKOHEYHHUKE HUKHEH
BOuUHBIX pabot. Kak mpaBuno, 3ampaska BC Ha 3anpasku (HH3) (puc. 3);
aspoapomax Pecrybnuku Caxa oCcyIiecTBIsI€TCS 3) TOJIOMKH 3J€MEHTOB KOHCTpYyKIuu T3A
TOIJIMBO3AIpaBIIUKaM  a’poapoMHbiMu (T3A) (puc. 4);
(puc. 1). Ananu3s onbita 3kcrtyarauuu T3A npu 4) NOBBILIEHHBIN W3HOC LIUH, KOJIEC U XO/10-
HKCTPEMAIbHO HM3KUX TEMIIepaTypax IOKa3bl- BOM 4yacTu Tsraya;
BaeT, 4YTO MPOUCXOIAT cOou B paboTe OTIENb- 5) paspylieHue 3JIEMEHTOB CHUCTEMBI DEry-
HBIX Y3JI0B M arperaTtoB, BIJIOTh IO BBIXOJa U3 JUpOBaHUsA NaBieHus Ans 3amuTsl BC ot rua-
CTpOSsl, UYTO B CBOIO OYEPE]Ib HEraTUBHO CKa3bIBa- poylapa M 4Ype3MEpHO YBEIMYEHHOIO pacxoja
eTcst Ha pabote camoro T3A [3]. (puc. 5, a, 6).

ABTOpaMH IPOBEJEH aHAJIU3 OTKA30B Y3JIOB O4eBHIHO, YTO TIEPEUHCIICHHBIE TPOOIEMBI
u arperatoB T3A, BO3HUKAIOUIMX MPU HUX IKC- paboTsl netaneit u y3moB T3A B TakuX yCIOBUSX
IUTyaTallil B YCJIOBUAX 3KCTPEMalbHO HU3KHX 9KCIUTyaTallid KOCBEHHO WIJIM HAIpPsIMyIO OymyT
TeMIepaTyp, OCHOBHBIMH W3 KOTOPBIX SBJIS- BIMATH Ha oOecreueHHe pPEeryJsipHOCTH U 0Oe3-
F0TCSL: omacHoctu mnonetoB BC. Ilostomy pemienue

BoIpoca 3kciyatauun T3A ¢ ydeToMm Kinma-
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Puc. 5. Pazpyiienne 3:1eMeHTOB CHCTEMBI PEryJIMPOBaHUs JaBieHus uis 3amutel BC oT upe3amepHOro pacxona
W aBJeHUA TUApoyaapa (IyIbcallun): @ — pa3beJUHEHUE; 6 — TPEIIuHA
Fig. 5. Destruction of elements of the pressure control system to protect the aircraft from excessive flow
and pressure of the water hammer (pulsation): a — separation; 6 — crack

THUYECKUX YCJIOBUH SIBIISIETCS aKTyaJIbHOM MpO-
onemoii st peruoHoB Kpaiinero Cesepa. C 1e-
JIBI0 CHMDKEHHS BO3HUKAIOMIMX OTKA30B JieTajei
u y310B T3A, a TaxkKe NpEeAIOKEHUs MyTeH pe-
HIEHHs JaHHOTO BOMPOCA PACCMOTPUM MPUUMHBI
WX TOSIBJICHHUS.

IIpyu¥HBI BO3HMKHOBEHUSA
HEMCIPABHOCTEH U MYTH UX PellIeHUs

Kax ormeuanocs Bblle, 6€30MacCHOCTb U pe-
T'YJISIPHOCTH TIOJIETOB B HauOOJIbIIEH Mepe 3aBU-
CUT OT Ka4eCTBEHHOM, BOBPEMS IIPOBEICHHOM,
0e30macHoil 3arpaBKy BO3AYLIHOIO Cy/JHA aBHa-
I'CM [4]. Ha ocHOBe 3TOr0 K TOILJTMBO3AINpPaB-
IIMKaM TpeabsBIseTcs psl TpeOOBaHUIl, OCHOB-
HBIM U3 KOTOPBIX SIBIISIETCS 005A3aTE€IbHOCTH BbI-
MOJIHEHUS CIEAYIOMNX (PyHKIMIL:

1) HamomHeHHs COOCTBEHHOW  ITUCTEPHBI
HIDKHUM HaJMBOM CTOPOHHUM HAacoCOM;

2) TpaHCHOPTUPOBAaHUS TOIUIMBA K MECTaM
3anpaBku BC;

3) HwxkHel 3anpaBku BC uepe3 ouH pykas
WU JIBa PyKaBa;

4) perynupoBaHUs PEKUMOB 3alPaBKH;

5) CHWXXEHHus JaBJIEHUs B pa3faTOUHBIX pY-
KaBax;

6) ¢unabTpanMu, BOJOOTAEICHUS U U3MeEpe-
HUS KOJMYECTBAa aBHATOIUIMBAa (C 3aJaHHBIMU
3HAYEHUSMHU TOHKOCTH (DUIBTpALMU U coAepxkKa-
HUSl MEXaHUUYECKHUX MPHUMECEH) U TO3UPOBAHHO-
ro BeeneHus I[IBKJK B aBumatommmBo mnocie
(UITBTPOB-BOIOOTACITUTEIICH;
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7) u3MepeHHs KOJIMYECTBA BBIJAHHOTO TOII-
nuBa npu 3anpaske BC;

8) orbopa nmpobd u JOKaTM3aUHA OCTATKOB;

9) mpenorBpamieHus TUAPOYIAPOB, 3ALIUTHI
OT TUAPOYJIapOB U TOBBIIICHUS JaBJICHUS B CH-
CTeMe TOIUIUBHBIX TPYOOIPOBOIOB;

10)cnuBa TOTUTMBA U3 IUCTEPHBI CAMOTEKOM.

JlJis  BBIIOTHEHUS] TMEPEYUCICHHBIX OCHOB-
HeIX (QyHKIMi T3A ocHamaercs creruaIbHBIM
obopynoBanueM. Bo-mepBbIX, IIUCTEPHOM, OCHA-
IIEHHOW JIIOKaMH U BOJIHOpe3amu. Bo-BTOpBIX,
MOJIyJIeM 3allpaBK{, BKJIIOYAIOIIUM B cels
(bunpTpeI, HAcoC, MaccoMep JHUO0O0 OOBEMHBIN
pacxoziomep, pa3laTouHble pykaBa. B-Tperbux,
CUCTEMON J03MpPOBaHUS MPOTHBOBOJOKPUCTAI-
JTU3AIMOHHON KHUJIKOCTH, Pa3UYHBIMU CHUCTE-
MaMU YIIPaBJICHUS TEXHOJOTHYECKHM 000pyI0-
parreM T3A' [5]. Bee cremmanbHoe 060pyI0-
BaHUE BBITIOJHEHO U3 Pa3IMYHBIX MaTepUasoB,
UMEET KOHCTPYKTHUBHBIE OCOOCHHOCTH H OCO-
OCHHOCTH AKCIUTyaTalllH.

TonnuBo3anpaBIIUK a3pOAPOMHBIA — 3TO
CHeIMaIn3UpOBaHHBI aBTOMOOWIIb, MPEAHA3HA-
YEHHBIN JJIs TIEPEBO3KM aBUATOILIMBA M 3aIPaB-
ku BC [6]. Yame Bcero 3apyOekHbBIE MPOU3BO-
TUTENId HE TapaHTHPYIOT CTAOWIbHYIO paboTy
cBoux T3A B yClOBHMSIX CHJIBHBIX OTPHUIIATENb-
HBIX Temreparyp. CTOUT OTMETHTh, uTO B SKy-

"' TOCT P 18.12.01. TexHonornu aBHaTtoruimBoobeceye-
HUA. CDyHKIlI/IOHaJ'H)HbIe 1 TCXHOJOI'MYCCKHUEC napaMeprI
aBTOTOILTUBO3AIIPABIIUKOB (TOIUIMBO3AIPABIIAKOB)
asponpomHbIX. TpeOoBanus 3akazunka. M.:
Crangaptuadopm, 2015. 30 c.
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TUU CTOJOUKH TEPMOMETPOB JIOBOJIBHO YaCTO
omyckatotcst A0 3HaueHuit —70 °C, u, HeCMOTpA
Ha 9TO, B PETMOHE HCIOIB3YIOTCA BCE OOIIen3-
BECTHBIC BHJIBI TEXHUKHU, 32 UCKIIOUCHHUEM, pa3-
Be 4TO, TpamBaeB [7]. Ha meHblIne Temmnepary-
pBI cepuifHbIe aBTOMOOWIN HE paccuuTansl. [Ipu
TakKMX OCOOEHHOCTSX OCOOEHHO BaXKHO IIpa-
BWIBHO TOAXOAWTh K BOIPOCY 3KCIUTyaTaluu
T3A npu OonblIUX OTPHUIATENBHBIX TeMIIEpa-
Typax.

AHanu3 ombITa dKkcrnyartaunn T3A Ha 0aze
3apyOeKHOW TEXHUKH ITOKa3hIBAaeT, 4YTO 3aya-
CTYI0 OHa HEe MPHUCHOCOOIeHa TMOJ POCCUICKUE
xoJioiHbIe 3UMBI [8]. Takue MMEHHUTBIC OPCHIIBI,
kak Volvo u Mercedes-Benz, oka3biBaroTcs Oec-
noMmourHsl B paifonax Cubupu u HanbuHero Bo-
CTOKA.

OnHoil u3 Hambozee pacHpOCTPaHEHHBIX
po0JIeM SIBISIETCSl HapyIIeHHe PabOThl JOHHOTO
kianana [9]. OcHOBHas MpUYMHA BBIXO/A €r0 U3
CTpOsi — HEXBaTKa YCWJIHS U €ro OTKPBITHSA.
Knanan ycranoBneH B HuwxkHed uwactu T3A
(puc. 6) 1 MOXKET IITUTEIBLHOE BPEMS HE HCTIOJb-
30BaThCsl, YTO MPUBOAUT K HAKOIUJICHUIO BJarv B
HkHeN Touke. C LENBI0 UCKIIIOUEHHS JaHHOI'O
HEJOCTaTKa U OOECIEeUeHHUs BBHITIOJHEHUS JIOH-
HBIM KJIallaHOM CBOEH (DYHKIIMH IIeIecOo00pa3Ho
BBITIOJTHUTh KOHCTPYKTHBHYIO JTOpa0OTKy, TO3-
BOJISIIOILYIO 00€CTIEYUTh €0 OTKPBITHE.

Puc. 6. JloHHBII KI1anaH
Fig. 6. Bottom valve

JIOHHBI KJIamaH yCTaHABIMBAETCS B HIDKHEH
TOYKC HUCTCPHBI U ABJIACTCA 11O cBOcH CyTHU O010JI-
HUTEIBHOM 3allopHOM apmatypoil (puc. 6). OtoT
AJIEMEHT UMEET TaKyl0 KOHCTPYKIMIO, YTO TMpH
OTKpPBITUHM OH OITyCKaeTCsl BHU3, TEM CaMbIM 00ec-
MIEUYMBAETCS MTOJTHOE OTMOPOKHEHUE LIUCTEPHBI.
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KoHcTpykumonHo, oH mpeactaBisieT co0oit
LEIbHOMETAUINYECKUA  KOPIYC, B KOTOPBIH
BCTPOEH CKOPOCTHOH KiamaH. Koprmyc HOHHOTO
KJIallaHa MUMEET HeOOJIbIIYI0 MOHTAXKHYIO JJIMHY,
MO3BOJIAIONIYIO BBIMOJTHUTH €ro KOMIIAKTHOE
pa3MeIeHne B TEXHOJOTHYECKOM OJIOKE aBTO-
IUCTEPHBL.

[lopmiens, peryaupyeMmsli B aBTOMaTHYe-
CKOM peXHMe MPUBOJIUT B JBIDKEHHE KIIAlaH.
[Ipu 3akpeITHH TOPIICHH MMOAHUMACTCS BBEPX,
npwkuMas kinanad. Jlnsg JOCTHXKEHUS MaKCH-
MaJIbHO TEPMETUYHOTO COCIUHEHUS TPHUMCHS-
IOTCS TPOKJIAAKH, KOTOpbIE YCTaHABIMBAIOTCS
MEXJy CEIJIOM U 30JIOTHUKOM.

KoHcTpykuus [OHHOTO KIiamaHa MpoCTa,
oOecrnieynBaeT 0€30MaCHOCTh, 3AIIUTY OKpYyXka-
IOIIEeH cpefpl, TO3BOJIIET HCIOIB30BaTh €ro B
couetanuu ¢ apyrumu uzgenusmu [10]. C wme-
JBI0 MPENOTBPALEHUS TOMaJaHus TPS3U U IO-
CTOPOHHUX TMPEIMETOB TMPHU CIMBOHATUBHBIX
orepanusax MpeaycMoTpeHa 3alluTHas CeTKa.

HenocraTtkom kiamaHa sIBISIeTCS TO, UTO
BO3JyX IIOCTYNaeT HEOCYLICHHBIH, BCIEICTBUE
YEro B CHCTEME 4Epe3 OIpPENEICHHOE BpeMs
ckaruBaeTcsi Biara. CoOpaBIIMiicss KOHJIEHCAT
CTEKaeT Ha JBMKYIIUECS DJIEMEHTBHI M COSIUHE-
HUS, IPOYHO CBS3bIBAs UX MPHU OTPULATEIBHBIX
TEMIEpaTypax, MOSTOMY JOHHBIN KJamaH He
OTKPBIBACTCS, TEPSISI CBOIO PaOOTOCTIOCOOHOCTb.

[IpennoxxeHue — 3aMEHHUTH MTHEBMOXJICKTPH-
YECKHI KJIamaH MEXaHW4eCKuM (puc. 7) A 1o-
BBIIICHUST HAJCKHOCTH JJIEMEHTAa U HM30eraHus
IpUMEp3aHus U3-3a CKAIJIUBAIOLIEICS BIIary.

B ycroBusIX oTpHIaTeNBHBIX TEMIEparyp Ko-
JIMYECTBO CBOOOJHOI BOJBI B aBUATOILUIMBE MpH-
BOJUT K 3aMEp3aHHI0 JIOHHOro kiamaHa [11].
VYuuThIBas, 4TO KOJMYECTBO €€ HeOOJbIlIoe, yCH-
JM€ DIIEKTPOMEXaHW3Ma HENO0CTaTO4YHO [UIsi OT-
KpBITHSA KJ1araHa. ABTOPaMH BBINIOJTHEH pacyeT Mo
MIPOBEJICHUIO KOHCTPYKTUBHOM JOPAOOTKH TO 3a-
MEHE Ha MEXaHWYECKOe OTKPBITHE KilanaHa. Takas
JOpabOTKa TO3BOJHT YBEIWYHUTH YCHIIUE CTparu-
BaHUs, TEM CaMbIM oOecTeuuTcs Oecriepe0oiftHoe
OTKPBITHE M 3aKphITHE KJIalaHa, HECMOTps Ha
npuMep3aHKe ero NOABIKHBIX YacTeil, a cieaoBa-
TenbHO, OecriepeOoiinas padora T3A.

Btopoit 3HaunMoi mpoOIeMol  SBISIIOTCSA
MOJTEKaHUsT HAKOHEUYHWKA HIDKHEW 3ampaBKd
B MECTaX MOJBWKHBIX COECIUHEHUN U YIUIOTHH-
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Puc. 7. Mexannueckuii JOHHBINA KJ1allaH
Fig. 7. Mechanical bottom valve

Puc. 8. Jlopadoranusiit crakan HH3
Fig. 8. Modified docking point of the underwing refueling nozzle tip

TENbHBIX pPE3MHOTEXHMUeCKUx u3nenuit. HH3
IIMPOKO NPHUMEHSETCA KaK B IPAXKIAHCKOW, Tak
U B TOCYJapCTBEHHOW aBUAIlMU, BBIIOJIHAET
POJIb COETMHUTENIBHOIO 3JIEMEHTA MEXAY 3arpa-
BOYHBIM DPYKaBOM U OOpPTOBBIM 3alpaBOYHBIM
mrynepom [12]. HakonedHuK HMOKHEH 3ampaBKu
COCTOMUT U3 TPEX OCHOBHBIX MOAYJIEH: I1apOBOIO
KpaHa ¢ (QUWIBTPOM, pEryJiaTopa AaBJICHUS
Y HETIOCPEICTBEHHO HAKOHEYHUKA.

Tak kak HH3 — 310 TexHOMOrMYecKu CloKHOE
YCTPOWCTBO, UMEIOILIEE B CBOEM COCTABE OJJHO WJIU
HECKOJIBKO IIAPHUPHBIX COCANHEHNH, HA MECTaX X
COEIMHEHUH HCIIONB3YIOTCS Pa3IMYHbIE PE3UHO-
TEXHUYECKUE H3JeNHs. 3a4acTyi0 MPOU3BOIUTEINH

58

HE pACCUMTHIBACT HA OKCIUIyaTalldio MOJO0OHBIX
JJIEMEHTOB B YCIIOBUSIX HM3KHX OTPHUIIATEIbHBIX
Temrieparyp. B cBs3U ¢ 3TUM pe3UHOBBIEC YILUIOTHU-
TEN YCAXUBAIOTCS, a TOPOW Jake TPECKAIOTCs.
D10 BlEeYeT 3a COO0OH MOTEPI0 TePMETHUIHOCTH
U MIOJITeKaHuUs KEPOCHHA.

IIpeonooicenue — it IPEIOTBPAIICHUS 3aMep-
3aHUS PE3MHOTEXHWUYECKHX wu3aenuii Ha HH3,
HEOOXOJMMO TMOJOTPEBaTh MECTO XpaHEHUs
HaKOHEYHHWKa (Tak Ha3biBaeMoro crakana HH3)
MyTeM LUPKYJSIAN OXJTKIAOMIECH KUIKOCTH
U3 CHUCTEMbl OXJIaKICHHs JBUraTels TsArada 1o
MoJBeJIcHHBIM TpyOkam K gHY crakana HH3

(puc. 8).
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ABTOpaMH MPOBEJIEHBI HEOOXOIUMBIE pacye-
ThI 110 [TO/IBOJY K JHY CTaKaHa HarpeTou >KuaKo-
CTH U3 CHUCTEMBl OXJIAXKACHUS ABUTATENs IMOCIe
ero oxmaxaeHus. [IpoBeseH BHIOOp MaTepHaibl
TpyOOK, UX JAJIMHA U TUAMETP MPOXOJHOTO cede-
HUsl. JKHAKOCTh MO AEHCTBUEM MNPHUHYAUTENb-
HOU nupkyssiuu Oynet oborpeBats HH3 u Bo3-
BpallatbCs OOpaTHO B CUCTEMY OXJIAXJIEHUS
neurarens. JlanHas mopaOoTka MO3BOJIAET [0-
OUTbCA TOAAEpNKaHUS MOJIOKUTEIBHOW TeMIie-
patypel Ha HH3 u yMeHpmMTH BO3ZCHCTBHE
OTpULATENIbHBIX TEMIIEpaTyp Ha pPE3UHOBBIC
VIUIOTHUTEIH, YTO MO3BOJISIET YMEHBIIUTH KOJIH-
yectBo HeucnpaBHocter HH3 (puc. 8). Kpome
TOTO, MpEeIoXKeHHast JopaboTKa HE OKa3bIBaeT
BIMSIHASL Ha PabOTOCIIOCOOHOCTH  CHCTEMBI
OXJIQKJEHUS JIBUTaTellsd, TaK Kak HE MEHSET
OPUHIUI €€ padoThl, a TOJBKO YBEIMYHBACT
MyTh MPOXOKICHUS )KUIKOCTH.

[IIuHEl KOJIEC TaKXkKe IOJBEP)KEHBI BO3ZCH-
CTBUIO HU3KHX Temmeparyp. [Ipu Gonpmmx oT-
pHULIATENBHBIX TEMIIEpaTypax pe3nHa TBEPIEET.
OTBepaeBaHue pe3UHbI MPUBOJIUT K MOBBILICH-
HOMY M3HOCY HIMHBI U pacTpeckuBaHusm [13],
KOTOpBIE MOTYT IOBJI€Yb 3a COOOM B3PHIB ILIKHBI,
YTO MOXET MOBJIUATH Ha 0€30MaCHOCTh IKCILTya-
TallMU TOIUTMBO3ANpPaBIINKA.

Hlunsr Ha T3A uMmeroT OoJblue pa3Mepbl
Y BHyTpeHHee naBiieHue (puc. 9), 4To Mpu X
paspylIeHun HeceT B cebe cienyromuil Habop
pUCKOB. B 3aBHCMMOCTH OT TOTrO, TIpYy>KEHBII
aBTOMOOWJIb WMJIM TyCTOH, AaBJICHHE B IIMHAX
MOXeET KosiebaTbes oT 6 10 9 armocdep. B ciy-
4yae MpOoKoJja, [Ope3a WM WHOTO MOBPEXKIECHUS
MOKET TMPOUCXOJIUTh YBEIMYEHUE JaBJICHUS,
KOTOpPOE€ B HEKOTOPBIX CIIydasiX MO’KHO CPaBHUTh
C JIaBJICHMEM B3pbIBa Py4YHOU I'paHaThl. B mpak-
TUKE aBUATOIUITMBOOOECIICUEHUS OBUIM CIIy4au
B3pbIBa OeCKaMEpHOI IIMHBI MOJ KPBHLJIOM BO3-
JOYLIHOTO cynHa. besycnoBHo, 6beckaMepHas 1Iu-
Ha HAMHOT'O TEXHOJIOTMYHEE M MMEET s Ipe-
MMYILECTB NIEpe] KaMepHOH KHOM [14].

Ilpeonoocenue — nisa obecriedeHus: 6Gezomnac-
HOCTH TIOJIETOB, YMEHBILIEHHUs M3HOCa U n30bera-
HUSl HELITATHBIX NPOKOJIOB U B3PHIBOB 3aMEHUTH
muHbel T3A Ha kamepHble. C 3Toi 1enbio pa3pa-
6otunkam T3A mnpencraBiaeHbl HEOOXOIUMBIE
000CHOBaHMS.
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Puc. 9. Baemnuii Bux mma T3A
Fig. 9. Appearance of the refueling tanker tires

CunbHOE BIMSIHME HHU3KUE OTpHUIATEIbHbIC
TEeMIIepaTypbl OKa3blBalOT M Ha pa3JaTOYHbIE
pykaBa. HeciioxkHO poraznartbcsi, 4To BCE pyKaBa
NPOM3BOJAT M3 pe3uHbl. IIpu amutensHOM BO3-
JeMCTBUM HU3KUX OTPHLATEIBHBIX TEMIIEpaTyp
paszgaTouHble pykaBa TBepaewT. VX skcrutyara-
1Sl 324acTyI0 CTAHOBUTCS JINOO CIIOXKHOM, MO0
a0COJIIOTHO HEBO3MOXKHOU. B oTBepieBiieM co-
CTOSIHUM PYKaB TSDKEJIO Pa3BepHYTh, IPOU3BECTH
3arpaBKy W HaMOTaTh oOpaTHO Ha OapabaH, Tak
KaK OH OUY€Hb IJIOXO MOJ1aeTCs CrU0aHMIo.

CymiecTByeT /1B€ OCHOBHbIE PAa3HOBHJIHOCTH
pa3iaToyHbIX pykaBoB. OTedecTBEHHBIE MPOU3-
BOJIUTEJM BBIIIYCKAIOT pyKaBa, KOTOPBIE BBIJEP-
KHUBAIOT YETBIPEXKPATHOE YBEIMYCHHE THJIpaB-
JMYECKOro napieHus. Takue pykaBa B HapyxX-
HOM pPE3MHOBOM CJIO€ UMEIOT HUTSHOM KapKac U
KPYUYEHYI0 MEJHYIO MPOBOJIOKY (HUTH) IO BCel
uinHe. CBepHYTbh TakHe pyKaBa, 3allOJHEHHBIE
TOIUIMBOM, MPAKTUYECKU HEBO3MOKHO, [103TOMY,
nepea TeM Kak HamaTbIBaThb pykaB Ha OapalaH,
TOIJTMBO OTKAYMBAETCS OOpAaTHO B LHCTEPHY
T3A. I'nmaBHOM 0COOEHHOCTBIO 3apyOeKHBIX
pa3gaTOYHBIX PYKaBOB SBIISETCS HMX BO3MOXK-
HOCTh CBEpHYTh pyKaB 0e€3 clluBa TOIUIMBA.
HeobOxonumo numib cTpaBuUTh pabouee aBie-
HHe, II0CJIe Yero pas3laTouHblil pykaB 0e3 Tpynaa
MO>KHO HAMOTaTh Ha OapadaH.

Ha mnpaxTtuke »sKCIulyaTtanusi pa3fgaTOUHBIX
PYKaBOB CHJIBHO YCJIOXHSETCS MPU HU3KUX OT-
pHLIaTeNIbHBIX TeMmIepaTypax. PykaBa TBepaeroT
M IIOYTH HE MOoAfaroTcs crudanuro. M3-3a 3Toro
CJIO)KHO TPOM3BOJIUTH DPAa3MOTKY, 3alpaBKy U
HaMOTKY oOpaTHO Ha OapalaH.
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Puc. 10. ITogorpes T3A BHEIIHUM UCTOYHUKOM MUTAHUS
Fig. 10. Heating of the refueling tanker using an external power source

HaunbGonee pa3syMHBIM pelIeHHUEM SBISETCS
NOJIOTPEB  3ampaBodyHoro wmoaynd. Crenyer
CKOHCTPYHUpPOBaTh MaTpyOoOK, MO KOTOPOMY TIO-
psiunii BO3LyX OT ABUraTens OyAeT moJaBaThCs B
3alpaBOYHBI MOJyJb, TEM CaMbiM HE JaBas
TBEPAETh pa3JaTOYHBIM pykaBaM. Emie oaHum
CrocoOOM YMPOIIEHUS SKCIUTyaTallud SBIISETCS
OTKayKa TOIUIMBA M3 PYKaBOB OOpaTHO B IH-
crepHy T3A mpen HaMOTKOM pykaBa Ha OapabaH.
Taxast topa®oTka sIBIsieTCS HECIOKHON B IJIaHE
Tpy03aTpaT U U3MEHEHUS! KOHCTPYKIUU 3aIpa-
BOYHOTO MOJYJIS, OJHAKO IO3BOJIsIET Oecrepe-
O00lHO oOecrieunBaTh BBITIOJIHEHHE (YHKIIHO-
HaIbHBIX 3a1au T3A, a 3HauuT, U 00eCIICYnBaTh
perynsipHocth mnojietoB BC B ycioBusix 001b-
IIMX OTPULATEIBHBIX TEMIIEPATYP.

OpHuUMHM M3 KITIOYEBBIX NpOOJEeM SBIISIOTCS
CJIO)KHOCTH 9KCIUTyaTalluy TAraya Ha JWU3EIbHOM
TOIUIMBE NMpU HU3KUX Temneparypax [15]. Ipo-
07eMbl BO3HHUKAIOT yXe IpHU 3amycke. Ju3enbHoe
TOIUIMBO MPU HU3KUX OTPHULIATETIbHBIX TEMIIEpaTy-
pax MOXET I'yCTeTh WIN JaX€E 3aCThIBaTh, CMa3Ka
TOe TycTeeT. bpiBanu ciydau, Korja 3amyck ObLT
OCJIO’KHEH HU3KOU KOMIIpeccuel B nuinnHapax. Ho
Jla’Ke €CNM JIBUTaTellb YAaloCh 3allyCTUTh, Yepes3
HEKOTOPOE BpPEMSI OH MOXKET HauyaTh IJIOXHYTb.
CBs13aHO 3TO C KHMCJIOPOJIHBIM TOJIOJJAHUEM, KOTO-
pO€ BO3HHUKAET B CBSA3U C TEM, UTO JIEASHON BO3IYX
HeceT B cebe BO/y, KOTOpasi OCaKMBaeTCs WHEEM
Ha BO3IYIIHBIX (UIBTPaX, MEpeKpbIBas TeM ca-
MBIM 110/1a4y KHCJIOPO/Ia B ABUTATENb.

Ilocne nuuTEnbHOM CTOSAHKM IIPU HU3KHUX
TEMIlepaTypax B TIEpBbIe CEKYHIbl 3amycka
MOPLIHEBOIO JIBUTATENs JETAIU CONPUKACAIOTCS
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MeXay coboi 0e3 cMa3bpIBaHHS. DTO TPOUCXO-
TUT W3-32 TOTO, YTO BSI3KOCTH Maclia MpPH JKC-
TpeMaJlbHO HU3KHX TeMIlepaTypax yMEHbIIaeT-
csl, IO3TOMY, YTOOBI CMa3Ka Tomnajia K noTpeou-
TEJSIM MO0 Y3KHM MAacioMpoBOAaM, HEOOXOIMMO
HEKOTOpOe Bpems Juisl mporpeBa (okoio 10 mu-
HyT). BenencTBue Takux XOJOIHBIX 3aITyCKOB U
pUCKa BO3HHMKHOBEHHS 3aJHpPOB Ha JETaAX
MOPIIHEBON TPYMIBI UX Pecypc CHUxkaercs 00-
nee yeM Ha 40 %. Ilpu xonogHOM 3amycke ABH-
raTteiib JOMOJHUTEIbHO MPOTpPeBaeTCsl cam Ipu
0oJiee BBICOKMX XOJIOCTBIX 000pOTaX.

Ilpeonoocenue 1. JIns nmpenoTBpaiieHust He-
JKEJaTeIbHBIX TOCIEACTBHIA, a TAKXKE TSl CO3/a-
HUs OoJiee OJIArONPUSITHBIX YCIOBUHN JJIS 3aITyC-
Ka JU3eIbHOTO arperara, CHIKEHHMS pacxoja
TOIUIMBA HCIIOJIb3YIOTCSI MPEIIYCKOBBIE MOJIO0-
rpeBaTeny ¢ BHEITHUM MCTOYHHUKOM IMHUTAHUS OT
anekTpoObiToBoi cetn 220 B. IlpeamyckoBoii
MOJIOTPEBATENIb UMEET BHYTPH HarpeBaTeIbHBIN
3JeMEHT (KUTSITHIBHUK/TAH). Y CTPOUCTBO MOJ-
KITIOYAETCsl K CUCTEME OXJIAXKICHUS ABUTATENS C
paboueil JKUIKOCTbIO aHTU(pPU3 WM TOCOJ.
Oxnaxxgaromas >KUAKOCTh HAYMHAET IO0A0Tpe-
Batbca g0 60-70 °C, BcIIeACTBHE YETrO0 OHa
HAYMHACT JBUTATHCS, TEM CaMBbIM MPOKAYNBACT-
cs 1o Bcemy npurarento. UtoOwl 3¢ dexTuBHEE
obecreynTh MPOKadKy Oe3 Hacoca, MOoJorpeBa-
TeJb CTABUTCS B CaMYI0 HIDKHIOIO TOUKY JIBUTaA-
tens. locie qocTvkeHus 3aaHHONM TeMIlepary-
pBI pesie aBTOMAaTHYeCKU OTKIIIOYUT MOJI0TrpeBa-
TeNb, & 3aTEM BHOBb BKITIOUHUTCS.

B ycnoBusix Kpaitnero CeBepa mpu HU3KHX
TEMIIepaTypax OCTPO CTOUT HEO0OXOAMMOCTb
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obOneryeHusi crapra JaBuUraTens Tsrada. J[Byms
OCHOBHBIMHM IpOOJIeMaMH, KOTOpbIE TpeOyloT
peuieHus1, SBISIOTCS XOJOJHOE IU3EIbHOE TOI-
JMBO ¥ 3a0MBKa BO3AYIIHBIX (PMIIETPOB HHEEM.

Ty

i

Puc. 11. OGorpeBaTenb TOITUBHON MarucTpaiu 6e3
naTpyOka
Fig. 11. Fuel line heater without the pipe

IIpeonooicenue 2. JIomoTHUTENBHBI 000TPEB
JU3ETHFHOTO TOTLINBA.

OO6orpeB ToruMBa ClieyeT MPOU3BOJIUTH B
JIBa JTara:

1) oborpeB (GuIBTPOB TOIUIMBHOTO HAcoca,
PAacIoNIoKEHHOT 0 cpa3y mocie 0aka;

2) 000rpeB TOITUBOBEIYIICH MarucTpaim.

QunbTp TpyOOH OUYMUCTKH MOJOTPEBACTCS
AIIEKTPUYECKH OT OOPTOBOM CHCTEMBI AJIEKTPO-
nutanus 24 B. /lanHOro mporpeBa A0CTaTOYHO,
YTOOBl HAKOMUTH KOJUYECTBO TOILIMBA, HEOOXO-
IUMOE N7l pa3orpeBa, 3alycKa [BUTATENs H
MEePBBIX MUHYT paboThl. J[aHHas cucTema BKIIIO-
qyaeTcs BOAUTEIIEM MPUHYIUTEITHHO U3 KaOUHBI.

Bropbim sTanom siBisieTcst 000TpeB TOIUIMB-
HOW MarucTtpaiu. VcnoigHeHne Ha aBTOMOOWMIIE
BBITIOJTHEHO CIIEAYIOIUM 00pa3oM: TOIUTMBHBIN
[IJIAHT, MPOJICTAOIINKA OT TOIUTUBHOTO Hacoca
o OJoKa IMIMHAPOB, 3aBOPAYMBACTCS B AJIEK-
TPOIOJOTPEBAEMYIO CETKY, @ OHU B TEILUIOM30JIsI-
IMOHHBII MaTrepual, IOoClieé Yero BeCh JTOT
«COHIBUY» KIIAJETCS B IJIACTMACCOBBIM MaTpy-
00K 1 oOecTieueHHs] IPOYHOCTH B 0€301MacHO-
CTHU TOIUIMBHOU Maructpaiu (puc. 11).

DTO MOMOXKET 3aIlycKaTbcsi Oosiee MIIaBHO U
oOecrieyuT Oosiee KaueCTBEHHOE CTrOpaHHEe TOI-
JINBA, 3@ CUET €ro MOJO0rpeBa.
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IIpeonoowcenue 3. TlomorpeB BO3AYIIHOTO
¢unbTpa 3a cyeT NepernycKa BHIXJIOMHBIX Ia30B.
Ha xopnyc Bo3aymHOro gpuibTpa ycTaHaBIUBa-
eTcs CHCTeMa U3 IMaTpyOKOB, COCIWHEHHBIX C
BBIXJIOITHOM CUCTEMOM ABUraTelis. OTO MO3BOJIUT
OCYUIECTBUTH MOAOIPEB (QUIbTPAa U HCKIIOUUT
BO3MOXHOCTh OOpa30BaHUSI MHES Ha (QUIBTPO-
JJIEMEHTAX.

Taxast nopaboTKa 1MO3BOJUT UCKITIOUUTH KUC-
JOPOAHOE TOJIONAaHUE ABHUraTenss U O0ecHeuuT
CTa0WIbHYI0 PabOTy, HECMOTpPS Ha HU3KHE OT-
puLaTeNbHbIE TEMIEPATYpPbl, a 3HAYUT, olecre-
YUTHh CBOEBPEMEHHYIO nojady T3A [uis BBINOI-
HeHus 3anpasku BC.

3akiroueHue

B pesynbraTe mpoBEACHHOTO aHaNW3a OBLIH
c(hOopMHUPOBAHBI CIICAYIOMINE BHIBOIBI.

1. C uenpio obecrieuenus: OecriepeboitHOM
sKcIuTyaTtauuu T3A CTOUT 3aMEHHTh JJIEKTPOI-
HEBMATHYCCKUM JOHHBIM KJjamaH MeXaHHYe-
CKMM. DTO YBEJIWYUT HAAECKHOCTh JAHHOIO ar-
perara, MO3BOJUT H30€XKaTh H3JIHUIITHETO KOH-
TPOJISL U CHU3UT PUCK 3aJICP’KKU 3alIPABKU B CBSI-
3 C €70 HEOTKPBITUEM.

2. C uensio ymeHslieHus noarekanui ¢ HH3
CTOUT MPEAyCMOTPETh MOJOIPEB MeCTa YCTa-
HoBkn HH3 — crakana HH3. D10 ymeHbmuT
BEPOSITHOCTh BBIXOJIa U3 CTPOSI PE3UHOTEXHUYE-
ckux m3genuu Ha HH3.

3. C uenpio yBenu4eHHUsS OE30MACHOCTH H
JIOJITOBEYHOCTH PAOOTHI IIUH CTOUT 3aMCHHTH
O6eckamepHble IIMHBI T3A KaMepHBIMH.

4. C uenpro n3deranusi OTBEpACBAaHUS pa3ja-
TOYHBIX PYKaBOB HEOOXOJUMO MOABECTH TOPS-
YU BO3MyX OT ABUTATENs B 3alpaBOYHBIA MO-
Iy JTb.

5. C 1enblo YMEHBIICHHUSI U3HOCA JIBUTATEINS
U TIOBBIIIEHUS €r0 pecypca HeoOxoauMma ycTa-
HOBKa MPEIIYyCKOBOIO MOJOrPEBATElsl C BHEII-
HUM MCTOYHHUKOM ITMTaHUS.

6. C menpto 00JIerYeHUsT TMyCKa JU3EIbHOTO
JBUTATENS CIIeAyeT 00eCIeYnTh MOAOTPEB TOTII-
JUBHOW Maructpaid U (UiIbTPOB TOILUIUBHOTO
Hacoca.

7. C uenplo UCKIIOYEHHS] KUCIOPOIHOIO TO-
JOJJaHUSI U TIOBBINICHUS CTaOWIBHOCTH PaOOTHI
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JIBUTATeNsl HE0OXOAMMO O0ecleyuTh MOJOTPEB
BO3JIyIIHOTO (MIIBTPA 11 HCKITIOYEHUsT 00paso-
BaHUs MHEs Ha (QUIBTPOIIEMEHTaX.
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TepmokoHBepcUs aBUAITMOHHBIX MaceJl

E.A. lllanoposa', C.B. Bacuaesuu', C.0. Croiiko', B.B. Illyp’
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benopycckas cocyoapcmeennasn akadoemus asuayuu, 2. Murnck, Pecnybauxa Benapyco
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Hncmumym 6uoopeanuuecxou xumuu HAH benapycu, e. Munck, Pecnybnuxa benapyce

AnHotammsi: CerofHs K aBHALIOHHOW TEXHHMKE NPEABSBILSIIOTCS JKECTKHE TpeOOBaHMS MO TMOBBILICHUIO HAJICKHOCTH,
JIOJITOBEYHOCTH U KOJIOTMYHOCTU. HafneKHOCTB AKCIUTyaTaliy aBUAal[MOHHON TEXHUKH 3aBUCUT HE TOJIBKO OT €€ KOHCTPYKTHBHBIX
1 TEXHOJIOTHYECKNX OCOOCHHOCTEH, HO M OT TOT0, HACKOJILKO aBUAIIMOHHBIE MacJIa, TOIUIMBA ¥ TEXHUYECKHE KUIKOCTH OTBEYAIOT
0 Ka4yecTBY MPENbABIIEMbIM K HUM TpeOOBaHMSIM BO BpeMs paboThl. B mporecce sKcIuTyaTalny aBHAMOHHBIX JBUTAaTEIeH
Macia MOIBEPTaroTCsl TEPMUUECKOMY BO3ICHCTBHIO, B PE3YJIbTATE YEro MX CBOMCTBA M COCTAB MEHSIOTCS, YTO MOXKET HETaTHBHO
CKazaThcsi Ha paboTe aBurarens B menoM. Hambonee HepCrieKTHBHBIM CHOCOOOM MOBBIIICHUSI TEPMHYECKOH YCTOHYMBOCTH
ABHALIIOHHBIX MAaceN MPEACTaBIsieTcsl pa3pabOTKa HOBBIX M YIyYIIEHHE CYILECTBYIOIIMX COCTaBOB Macel. B cBsi3m ¢ 3tuM
1E1ecO00Pa3HO MPOAHATM3UPOBATh KHHETHIECKUE XapaKTEPUCTUKH TEPMOKOHBEPCHUH MAceJ, YTO MO3BOJIUT IIPOrHO3UPOBATH HX
YCTOWYHBOCTh B IIMPOKOM TEMIIEPATYpPHOM HHTEepBaiie. B paboTe n3yueHa KMHETHKA TEPMHUYECKOTO PA3JIOKEHHUS aBUALMOHHBIX
macen MC-8I1, TH-98 u TH-600, npumMeHsieMbIX Ha pa3HbIX TUIAX BO3LYIUHBIX CYJOB B IPaXIAHCKOW aBHanuu PecryOnmku
benapych, MeTofioM TepMorpaBuMeTpuueckoro aHammsa. CocraB o0pasLoB Macell HccienoBaH merogamu MK-cnekrpockomnuy,
XpOMAaTO-MacC-CIeKTPOCKOY. CpaBHUTENBHBIA aHAIN3 Pe3yJbTaTOB HCCIENOBAHMS HOBBIX MAacel M Macell, CIUTBIX M3
JIBUTraTeNeil BO3AYIIHBIX Cy0B, CBUIETENBCTBYET O TOM, YTO AaKe MPHU HE3HAYUTENBHBIX EPETpeBaxX B MPOLECCE IKCILTyaTaluu
MPOUCXOIUT HM3MEHEHHE YITIEBOJOPOJHOIO COCTaBa, M3MEHSETCS B HEKOTOPOH CTEMNEHH COJACP)KAHUE OCHOBHBIX KIIACCOB
yIIIeBOIOpoaoB. MccnenoBaHust TepMoiM3a Macel MOKas3bIBAalOT, YTO BO3MOXKHBIE IIEPErPEBBI IIOCNIE OCTAHOBA JBUIATENs
COOTBETCTBYIOT TEMIICpaTypaM Hadajga pazIokeHus. I[IpOZyKThI TEpMHYECKOro IPEBpAICHHsS YIJIEBOAOB Macel OyIyT
CIOCcOOCTBOBAaTh 00pPa30BaHMIO JE(PEKTOB SIIEMEHTOB Y3JIOB TpeHWs. B pesymbrare 0OpabOTKH SKCIIEPUMEHTAIBHBIX JaHHBIX
TepMoKoHBepcry aBHAMOHHBIX Macen MC-8I1, TH-98 u TH-600 Obumi ompeeneHbl MEXaHU3MBI UX Pa3lIoKeHHUS, a TakKe
MAaKpOKHHETHIECKHE TapaMeTphl, MO3BOJIIONIHE IOCTATOUYHO TOYHO OLIEHHUTDH BIMSHHUE TEMIIEPATYPHBIX PEKUMOB IKCILTyaTaluH
Maces Ha CKOPOCTh MX KOHBEPCHH. DTO MPEACTAaBIIACTCS MOJIE3HBIM IIPU MOJECIMPOBAHUN PAa0OTHI aBUAIIMOHHBIX JBUTATENCH U
MPOTHO3MPOBAHNH N3MEHEHUH NTOKa3aTesel KadecTBa Mace B YCIOBUAX MX KCIUTyaTalUH.

KinoueBble ciioBa: ABHUAIIMOHHBIC Macjia, TCPMHUYICCKOC BOBﬂGﬁCTBHC, CTCIICHb KOHBEPCHH, COCTaB.

Jnst nuruposanus: [amoposa E.A. Tepmokonsepcust aranmonHsix Macen / E.A. Illanoposa, C.B. Bacunesuu, C.O. Croiiko,
B.B. Illyp // Hayunsiii Becrank MI'TY T'A. 2023. T. 26, Ne 5. C. 65-80. DOI: 10.26467/2079-0619-2023-26-5-65-80

Thermal conversion of aviation oils

E.A. Shaporoval, S.V. Vasilevichl, S.0. Stoiko' V.V. Shchur?
'Belarusian State Aviation Academy, Minsk, the Republic of Belarus
?Institute of Bioorganic Chemistry of the Belarusian National Academy of Sciences, Minsk,
the Republic of Belarus

Abstract: These days, strict requirements to aeronautical equipment are imposed to enhance reliability, durability, and
environmental compatibility. Aeronautical equipment operation reliability depends not only on its structural and technologic
abilities, but also on the fact how aviation oils, fuels and technical fluid meet quality requirements during operation. During the
aircraft engine operation, oils are subjected to the thermal impact. As a consequence, their properties and composition change
which can affect the engine operation, on the whole. The most promising means of improving thermal resistance of aviation oils is
developing new ones and improving available oil compositions. Therefore, it is feasible to analyze the kinetic properties of the oil
thermal conversion which will make it possible to predict their resistance within the extensive temperature range. The paper
investigates thermal decomposition kinetics of aviation oils MS-8P, TN-98 and TN-600 used on different types of aircraft in civil
aviation of the Republic of Belarus by the method of a thermo-gravimetric analysis. The composition of oil samples has been
researched into by IR spectroscopy, chromatography-mass spectroscopy methods. A comparative analysis of research results of
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new oils and oils drained from aircraft engines indicates that even under insignificant overheat during the operation, a change in the
hydrocarbon composition occurs, and the hydrocarbon content of basic types varies to some extent. The oil thermolysis research
reveals that potential overheat after engine shutdown complies with the temperatures at which the decomposition commences.
Thermal conversion products of oil carbohydrates will contribute to the defect formation in friction subunits. As a result of test data
processing of thermal conversion of aviation oils MS-8P, TN-98, TN-600, the principles of their decomposition as well as
macrokinetic parameters, allowing us to precisely evaluate the effect of oils operation temperature conditions on their conversion
rate, have been specified. It is essential while simulating the aircraft engine operation and predicting variations of oil quality
properties during their operation.

Key words: aviation oils, thermal impact, conversion degree, composition.

For citation: Shaporova, E.A., Vasilevich, S.V., Stoiko, S.O., Shchur, V.V. (2023). Thermal conversion of aviation oils. Civil
Aviation High Technologies, vol. 26, no. 5, pp. 65-80. DOI: 10.26467/2079-0619-2023-26-5-65-80

BBeaenue TUPYIOIIUX C DJIEMEHTAMH MACISHOM CHCTEMBI.
BosMosxHbIe yTH 0OecredeHus: paboTocmocoo-
JInst cMasKd COBPEMEHHBIX T'a30TyPOMHHBIX HOCTU Maces BKJIIOYAIOT pa3paboTKy HOBBIX CO-
neurareneil (I'TJ]) nmpuMeHsFOTCs Macia, pabo- CTaBOB, oOecrneynBarolux 0ojiee BICOKYIO Tep-
TAKOIIME TIPU BBHICOKUX TEMIIEpPATypax, OOJbIIHNX MUYECKYI0 CTaOWIBHOCTh, U H3MEHEHHUS KOH-
gacToTax BpamieHusi TypouH. Tak, Temmneparypa CTPYKLIMH TOIUIMBHO-MACJIIHBIX CHCTEM CHJIO-
Macia B I'T]] konebmercs ot 20-50 °C Ha BXoze BBIX YCTaHOBOK. Pa3paboTku BemyTcsi B 00OHX
1o 125-200 °C na Beixoge. i mpefoTBpamne- — HampaBleHHMsX. Tak, HapaBHE ¢ MMHEPAIbHBIMU
HUsI [IEpErpeBa y3I0B TPEHHs Macjao HEMPEPhIB- MacJIaMH HCIONB3YIOT U CHHTETHYECKHe, pado-
HO TOJIBOJIUTCS K TAKUM 3JIEMEHTAM JIBUTATElIA. TOCIOCOOHBIE Tpu Temmneparypax 225 °C u BbI-
[Ipu 5TOM Hambosee BHICOKMH ypoBeHb Temto- €. OnHako TeMmneparypel, (UKCHpyEeMble Ha
BBIJICIIEHUS — B NOALIMIIHUKAX POTOPOB I'T/H, BBIXOA€ U3 ABUTATENA, 3HAYUTEIHLHO OTJINYAIOT-
BOCIIPHHUMAIOIIMX OCEBYI0 H  PagHaIbHYIO cq OT Temrmeparyp B y3nax TpeHus omnop ['T/I,
Harpy3ku [1-4]. kotopeie gocturatoT 300 °C, 0cOOEHHO B TOH-
XKectkue ycnoBust paboThl Macesl 00OCHOBBI- KHUX IIJICHKaX, CTEKalOUIMX I10 HAarpeThiM CTCH-
BAIOT KaK MPEIbSBISICMbIE K HUM TpeOOBaHUS, KaM 3JIEMEHTOB MOJIIUITHUKOBBIX CUCTEM M TIO-
TaK W THIATEIBHBIA KOHTPOIb HAa BCEX OJTarax cine ocraHoBa npurarened. Ha cerogssiHumin
JKU3HCHHOTO LIMKIA: OT IMPOU3BOJACTBA U IIPUEM- JIHb CO3/IaHHMC Macell Ha YIJIEBOJOPOIHOW OC-
KU B aBUAIIMOHHOW OpraHU3alliu 10 XpaHEHHs U HOBE MMEET CBOM OrpaHuueHusi. Tem He MeHee
OTIyCKa B KCIUTyaTanuio. OCHOBHBIC MPEAbSB- MCCJICIOBAaHUS B OTOM HANpPABJICHUH HE MPEKpa-
nsieMble TpeOOBaHMSI — HAJIEKHOE CMa3bIBAaHUE MArTCA.
y3n0B tpenus ['T/l, onpenensroiniee MUHUMAIb- B 10 %e BpeMs NpeanprHUMArOTCS NONBITKH
HBIII M3HOC B paboumx TeMIepaTypHBIX PEKU- IIPEIOTBPATUTh YCKOPEHHOE CTapeHue Macel 3a
Max; HE3HAUYUTEIbHOE W3MEHEHHE BSI3KOCTH, CYET CHIKEHMA pPabouux TemmepaTryp B HOJ-
oOecreynBaroliee JOCTaTOYHYIO IpOKauyMBae- INIMITHUKOBBIX CHCTEMAX YCTAHOBKOW 3alllMTHBIX
MOCTh B HHTEpBaJIe pabO4nX TEMIIEepaTyp; OJHO- KOXYXOB, KOTOpblEe oOecneunBaroT 3(dexTus-
POIHBIA W CTaOWIBHBIN cocTaB, 00YyCIIOBIHBa- HO€ 3KPaHMPOBAHUE IOTOKOB TEIUIa OT Harpe-
IOIUA MUHAMAIBHYIO HCHAPSIEMOCTh OTICIb- ThIX yacTeld asurarensd. Kak nmokasano B [5], Ta-
HBIX (Dpaknuii WU COXPAHHOCTh BSI3KOCTHBIX Xa- KM€ DKPaHbl HE BCETJIa MOTYT OBITh YCTaHOBIIE-
PaKTEPUCTHK Macja Mpu paboTe IBUraTels; BbI- Hbl U (W1n) TpeOyIOT BHECEHHs 3HAYMTENIbHBIX
COKHE aHTHOKHUCJIMTEIBHBIE CBOWCTBA B yCJIOBH- W3MEHEHUM B KOHCTPYKUHMH [BUIATENICH, MOIYT
X SKCIUTyaTalliy; He3HAUYUTEeIbHasi KOPPO3UOH- Co3/aBaTh JIOTOJIHUTEIBHBIC MPEMATCTBUA, 3a-
HOCTHb II0 OTHOIIEHHUIO K MaTepuajiaM, Haxonsd- IPOMOXKIAIOIINE BO3YIIHBIA TPAKT.
IIMMCS B KOHTaKTe ¢ Maciamu [ 1, 2]. Takum oOpa3om, onHUM U3 Hauboiee Bepo-

[ToBbIlIeHHE YPOBHSA TEPMOJUHAMUYCCKHUX ATHBIX HAIpPaBJICHUN HCCIEAOBAHUI IPEICTAB-
napameTpoB ['TJ] 00OCHOBBIBAaET MOBHIIICHHE JSIFOTCS BCE %Ke pa3pabOTKKU HOBBIX COCTABOB Ma-
TEMIIEpaTyp ra30BBIX CPEJ, B TOM YHCJIC KOHTaK- cell, yJqy4lICHHE CYHIECTBYIONMX O0OpasioB 3a
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cdyeT J00aBJIEHUS DPA3JIMYHBIX CTaOUIM3UPYIO-
IIUX IPUCATOK.

Kpome ToOro, kuHermueckue XapakTepHUCTHKU
TEPMHUUYECKOTO CTApPEHHUsI Macesl MOMOraroT OIpe-
JeTIUTh  JUIMTEIBHOCTh cpalaThiBaHMsA MpHca-
JIOK [6], a naHHBIE TI0O U3MEHEHHUIO COCTaBa Maces
CMOCOOCTBYIOT YCTaHOBJICHUIO Haubosiee TepMU-
YECKU YCTOMUYUBBIX KOMIIOHEHTOB, YTO SIBJISIETCS
BECbMa aKTyaJIbHbIM C TOUKH 3pEHHs 00eCIeUeHUs]
TpeOyeMbIX IKCILTyaTallMOHHBIX CBOMCTB MACell.

B 37011 cBA3M HE TOIBKO MOJIE3HBIM, HO U HE-
00XOMMBIM SIBIISIETCS U3YyUEHUE KUHETUKU Tep-
MHUYECKOTO CTapeHHsl Macell, yCTAaHOBJICHHUE KH-
HETHUYECKHX IapaMeTpoB 3TOro Ipoliecca, 3Has
KOTOpPbIE, MO>KHO NMPOTHO3UPOBATH MOBEJCHHUE B
IIMPOKOM TEMIIEPaTypHOM HHTEpBAJe, a TaKXKe
aHAJIM3UPOBATh ACUCTBUE TEX MM UHBIX KOMIIO-
HEHTOB Macel Ha UX TePMHUYECKYI0 CTaOWIIb-
HOCTb B LIEJIOM.

Civil Aviation High Technologies

Ienbto Hactosimelt paboOTHI SIBISETCS BBISB-
JIEHWE MEXaHMW3Ma U MAKPOKMHETUYECKUX Iapa-
METPOB TEPMHUYECKOTO PA3JIOKEHUS aBHUALMOH-
HBIX Macell.

B xozme paboThl MccienoBamuch TpU THIA
macen MC-8II, Typ6onukoin 98 (TH-98)
u Typ6onuxkoitn 600 (TH-600), mupoko mpume-
HSEMBIX B HACTOSIIEE BPEMS B I'PAXKIAHCKOU
aBuanuu Pecy6nuku benapyce.

JlaHHBIE Macila MMEIOT CIIOKHBIM XUMUYe-
ckuil coctaB. B Tabn. 1-3 mpezacrasieHsl nepe-
YeHb M MaccoBOE€ COJep)KaHHE (B IPOLIEHTaX)
KOMIIOHEHTOB HCCJIEIyEMBIX aBUALMOHHBIX Ma-
cen. Jlms ompenencHus XMMHYECKOIO COCTaBa
Macesl MPUMEHsUICS Ta30BbId  XpOMAaTo-macc-
cnekrpomerp Shimadzu QP2010, naxomsimuiics
B 'HY «MHcTuTyT OMOOpPraHMYEcKOd XUMHHU
HaunonaneHOM akagemun Hayk bemapycuy».

Taoauna 1
Table 1

Xumuueckuit coctaB aBuarimoHHoro macia MC-8I1
Chemical composition of aviation oil MS-8P

Ne HaumeHoBaHMe KOMIIOHEHTA Conep:xanue, %
1 17-n-Hexadecyltetratriacontane 0,08
2 1-Hexadecanol 0,21
5 4-Methyl-2,6-di-tert-butylphenol 5,12
6 n-Hexadecane 0,40
7 Diethyl phthalate 5,65
8 n-Heneicosane 0,39
10 n-Nonadecane 1,77
12 2,6,10-Trimethyldodecane 3,18
14 3-Methyltetradecane 0,76
15 3,7,11,15-Tetramethylhexadecanol 1,23
16 Cyclopentylcyclohexylmethane 0,78
18 n-Tetratetracontane 5,21
19 n-Hexatriacontane 2,68

20 2,6,10,15-tetramethylheptadecane 2,27

21 4-methyl-hexadecane 2,34

22 n-Nonadecane 3,98

24 n-Tricosane 3,62

25 5-cyclohexyl-dodecane 4,64

26 n-Pentatriacontane 7,86

27 n-Hentriacontane 3,74

28 7-Cyclohexyleicosane 4,90

29 n-Pentatriacontane 5,90

30 2,6,10,14-Tetramethylhexadecane 3,09

32 2,21-dimethyl-docosane 4,78
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IIponokenne Tadbaunbl 1
Continuance of Table 1

XUMHYECKHH COCTaB aBuaniMoHHoro maciia TH-

Chemical composition of aviation oil TN-98

Ne HanMeHOBaHHEe KOMIIOHEHTA Conep:xanue, %
33 2,6,10,14-Tetramethylhexadecane 7,08
34 n-Pentacosane 4,25
36 5-n-Butyldocosane 2,77
37 n-Tetratetracontane 3,23
43 n-Docosane 1,87
46 n-Pentacosane 2,67
50 Tetrapentacosan 1,33
53 Tri-m-cresyl phosphate 0,56
54 Phosphoric acid, tris(methylphenyl) ester 0,84
55 n-Tetracosane 0,82
Tadauua 2
Table 2

98

HaumMmeHoBaHHe KOMIIOHEHTA

Conepxanue, %

Ne
1 Diethyl phthalate 36,57
2 Diisobutyl phthalate 0,45
3 7,9-di-tert-butyl-1-oxaspiro[4.5]deca-6,9-diene-2,8-dione 0,08
4 N-butyl isobutyl phthalate 1,06
5 N-Phenyl-1-naphthylamine 1,79
6 Hexanedioic acid, dioctyl ester 0,35
7 Hexanedioic acid, dioctyl ester 1,28
8 Hexanedioic acid, dioctyl ester 0,98
9 Hexanedioic acid, dioctyl ester 0,25
10 Hexanedioic acid, dioctyl ester 0,99
11 Hexanedioic acid, dioctyl ester 1,56
12 Hexanedioic acid, dioctyl ester 0,15
13 1,2-Benzenedicarboxylic acid, bis(2-ethylhexyl) ester 0,61
14 Decanedioic acid, bis(2-ethylhexyl) ester 52,59
15 bis-(octylphenyl)-amine 1,29
Tabauna 3

Table 3

XuUMHYEeCKUH cocTaB aBualimonHoro macia TH-600
Chemical composition of aviation oil TN-600

Ne HanMeHOBaHHE KOMIIOHEHTA Conep:xanue, %
1 Diethyl phthalate 21,22

2 Diisobutyl phthalate 0,21

3 N-butyl isobutyl phthalate 0,53

4 N-Phenyl-1-naphthylamine 9,36

5 Pentanoic acid, 2-hexenyl ester 0,85

6 Triphenyl phosphate 5,11
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IIpononxenue Tadaunsl 3
Continuance of Table 3

7 2-propenyl heptanoate 1,00
8 3-Methyl-3-ethylpentane 7,39
9 Bis(2-ethylhexyl) sebacate 9,27
10 n-Heptanoic acid anhydride 1,50
11 2,4-Dimethylundecane 43,56

B cBsI31 cO CIIOKHOCTBIO COCTaBOB Macei HC-
CJI€IOBAHNE KMHETUKHU MX Pa3I0KEHHsI B HACTO-
Aiel padoTe BBHIMOTHEHO HAa OCHOBAHUU TIPEI-
MOJIOKEHUS, B COOTBETCTBUM C KOTOPBIM pa3iio-
JKEHUE YTJIEBOAOPOJOB, OOpa3yromux Maca,
MPOTEKAaeT Mo cXxoxeMy MexaHuszmy. [losTtomy
CIIO)KHBIMI MEXaHU3M, B KOTOPOM YYaCTBYIOT
pa3iNyHbIe YTJIEBOAOPOIBI, MOXKET OBITh Mpe-
CTaBJIEH OJIHOM (POpMabHON peaKIUei:

Macno — nponaykrsl, k. (1)

Takoi moaxoa CBOAUT HA0OP MapauieTbHbIX
MU TIOCIIEIOBAaTEIbHBIX pEaKlMil, B KOTOPBIX
YYaCTBYIOT Pa3jIMYHbIE YTJIEBOJOPOJAbI, K HEKO-
TOPOM €IMHOW XUMUYECKON PEeaKUun C KOHCTaH-
TOi ckopocTH k u sHeprueil aktuBanuu E, npen-
cTaBisitonieil 3¢ ¢deKTUBHOE pa3ioKeHUe Bcel
TPYNIBI TSHKENBIX YTIIEBOAOPOIOB.

Jpyroe npeanonoxeHue 3aKiI04acTcsi B TOM,
YTO KMHETUKA Pa3NIOKEHUsT aMOp(PHOTO MaTepH-
ana, KOTOpPBIM SBIISIETCS MAacCIlO, ONPEEsAeTCs
TEMH K€ 3aKOHOMEPHOCTSIMH, YTO W KHHETHKA
pa3’oXKEeHUs] KPHUCTAJUIMYECKUX BeIlecTB (Kap-
OOHATHI U T. 11.).

VKa3zaHHbIE TPEANONOKEHUS  IO3BOJSIOT
WCIOJIb30BaTh JJIsl AaHAJIN3a KUHETHKH Pa3JIoxKe-
HUSL METOAbl HCCIENOBaHusA, pa3paboTaHHBIC
JUISL aHAJIM3a PA3NIoKEHUsT TBEPAOTO BELIECTBA
B YCJIOBMSIX HarpeBa ¢ NOCTOSHHON CKOPOCTHIO.

TepMmorpaBuMeTpUYeCKHl AHAJIN3
KOHBEPCHH MaceJl

DKCHepUMEHTAIbHOE HCCIIEIOBaHUE Pa3Jio-
KEHHS Macell MPOBOAMUIIOCH MPH HEU30TePMHYE-
CKHX YCJIOBHSIX TEPMOTIPAaBUMETPHUUECKUM METO-
JIOM TIpH HarpeBe O CKOpPOCThIO 1 rpagyc B MU-
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HYTY OT KOMHaTHO#M Temmepatrypsl 1o 1000 °C
C UCTIOJIb30BaHUEM  TEPMOTPAaBUMETPUIECKOTO
npubopa Thermoscan-2, mokazanHoro Ha puc. 1.
Bo Bcex skcneprMeHTax B KIOBETY TEPMOTPaBHU-
MeTpuyeckoro mnpubopa nomemanocb 400 wmr
Macia.

B kadecTBe OCHOBHOTO AHAIM3UPYEMOTO Ta-
pameTpa NpUHATa CTEIeHb TEPMOJIN3a Macell, KO-
TOpast PACCUUTHIBACTCS C TIOMOIIBIO BHIPAKECHUS

o = (mo _mz)

t s

m,

2

rie my U m; — macca o0Opaslia B HaYaJbHBIHA
MOMEHT BPEMEHU M B MOMEHT BPEMEHH t COOT-
BETCTBEHHO, T.

Jlig uccnenoBaHusl KUHETUKHA TEPMOKOHBEP-
CHUU HCIIOJIb30BANIUCh KaK HOBBIE, TaK U pado-
TaBIINE Maca.

Ha puc. 2 npeacraBneHo U3MEHEHHUE CTETICHH
pasznoxenust HOBbIXx Macen MC-8II, TH-98 u
TH-600.

Kak cnenyer u3 puc. 2, 3aMeTHOE pa3iioKeHue
macna MC-8I1 HaunHaeTcst mpu TemIeparype Imo-
psanka 467 K (194 °C), macna TH-98 npu temme-
patype 530 K (257 °C), macna TH-600 ipu Tem-
neparype 497 K (224 °C). Hauunnas c 3710l TeM-
HepaTypsl, CTENEHb PA3JIOKEHUs JPEBECUHBI U3-
MEHSIETCS C POCTOM TEMIIEpaTypbl MPAaKTUUYECKU
10 JTUHEUHOMY 3aKoHY. llocie moctwkeHus Tem-
nepatypsl opsinka 600 K (st Bcex Tpex Macen)
HaOIOaeTCsl 3aMETHOE YBEJIMYEHUE CKOPOCTHU
pas3noxeHus aBUalMOHHOro Macna. Ilpu Temre-
patype Bbime 650-700 K cxopocth TepMOKOH-
BEPCHUU aBHAIMOHHOTO Macjia 3HAYUTEIbHO CHU-
XKaeTcs. DTO TPOSBISIETCS HAIWYMEM Iepernda
Ha KpuBoi o-T M mepexomom K 0ojee HU3KOMY
YTy JTUHEMHON 3aBUCUMOCTH.
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Puc. 1. Ycranoska 1i1s nudpepeHraibHO-TEPMIYECKOr0 aHaIN3a 1 TePMOrPaBUMETPHYECKOro aHanu3a Thermoscan-2
(USB, TI'A-moaudukarms)
Fig. 1. Differential thermal analyser and thermogravimetric analyser Thermoscan-2 (USB, TGA modification)
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Puc. 2. 3aBUCHMOCTB CTEIICHH KOHBEPCUH HOBBIX Macel oT TeMnepatypsl: a — MC-8I1; 6 — TH-98; ¢ — TH-600
Fig. 2. Conversion degree dependence of new oils MS-8P (a), TN-98 (6), TN-600 (B) on temperature
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CyiecTByeT psii METOJOB aHalIM3a TEPMO-
IPaBUMETPUYECKUX JIAHHBIX PA3JIOKEHHUS UCCIIe-
IyeMbIX O00pa3loB B YCJOBHSIX HEMPEPHIBHOTO
HarpeBa C MOCTOSSHHOM CKOpOCThIO: MeToJ Kuc-
cunxepa, Axaxupsl u Canoze [7, 8], meron
Opunmena [9], meton OnunrHa, Yoia u O3aBbl
[10, 11], meron Koytca u Pendepna [12] u me-
ton Kpuano [13].

B nacrosimieit pabore ObIT UCTIOIB30BaH WH-
TerpayibHbIi MeTox [14], cymHOCTH KOTOPOTO
3aKIJII0YAETCS B CIEAYIOIIEM.

KoncTanTa ckopoCcTH peakiuu TepMHUYECKO-
T'0 PA3JI0KEHUS ONPEIENSIETCS MO BHIPAKEHUIO

i(a
k — gl( m)' (3)
t
* o
rae g;(a,,) — 3HaUCHHE HHTErpalbHON (yHK-
[IMM, PACCYMTAHHOE II0 AKCICPUMEHTAILHOMY
3HAYCHHUIO CTETICHH PA3JIONKEHHS; t — BpeMs pe-
aKIIMU, MHH.

Civil Aviation High Technologies

B Tabn. 4 mnpencraBieHbl MHTETrpajbHbIC
bynkuu g(a), COOTBETCTBYIONIUE PA3TNIHBIM
MEXaHU3MaM pa3yokKeHus TBepaoro rena [7—19].

B xone uccnenoBanmii ObIIIO BBISBICHO, YTO
peaknus TepMHUUYECKOI'O Pa3lIoKEHHUsl BCEX pac-
cMaTpUBaeMbIX Macelsl (Kak HOBBIX, Tak W pabo-
TaIOIINX) OIMHUCBIBAETCS 3aKOHOM R, (MexaHu3M
peaKIyu OrpaHMUYMBACTCS TOBEPXHOCTHIO). Ha
puc. 3 mpexacraBieHbl TpaUKH 3aBUCUMOCTH
Jgorapugma KOHCTAaHTBI CKOPOCTH HOBBIX Macell
MC-8II (a), TH-98 (6) u TH-600 (B), ycTaHOB-
JICHHbIE TIPH WCIOJB30BAHUU HHTETPATHLHOTO
METOo/a.

Ja cnyqast macia MC-8I1 BeipaykeHue Juist
CTETIEHU KOHBEPCUHU & pACCMaTPHUBAEMBIX Macell
UMeeT BUJ

a=1-(1-kt)2 (4)

Taoauua 4
Table 4

WuTerpanbabie g(0) KHHETHYECKHE (PYHKIIMN, COOTBETCTBYIOIINE PA3TUYHBIM MEXaHU3MaM
XUMHUYCCKUX peaKLII/Iﬁ TBCPAOro TCJia
Integral g(a) kinetic functions corresponding to various principles of solid chemical reactions

Ne Monexs, O6o3HaueHue g(a)
peakuuu

1 CTeneHHoH 3aK0H Py o

2 CreneHHOMN 3aKOH Ps)» o3

3 CTeneHHoH 3aK0H P, ol

4 CreneHHON 3aKOH P; ol

5 CTeneHHoH 3aK0H P, ol

6 Aspamu — Epodeen Asp [-In(1 — )]

7 ABpamu — Epodeen A; [—In(1 — 0)]"2

8 Apamu — Epodeer As [-In(1 — o)]"?

9 Aspamu — Epodeen Ay [—In(1 — (1)]1/4

10 ITpoyTt — ToMKuH B, In[o -(1 — a)] +¢&°
11 [ToBepxHOCTH Ry 1-(1-o)"”

12 O6BeM R; 1-(1-o)”

13 | OgaomepHast muddy3us D, o

14 | Jsymepnas auddysus D, 1-o)In(l-—a)+a
15 Tpexmepnas quddy3us Ds (1_ (1—05)1’3)2

16 | Peakuus 1-ro nopsaka F, —In(1 — )

17 | Peakuus 2-ro mopsaka F, [1—(1—-a) '1/(-1)
18 | Peaxmus 3-ro mopsaka F; [1—(1—a)"1/(-2)
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Puc. 3. 3aBucumocts JoraprupMa KOHCTAHTHI CKOPOCTH HOBBIX MAcCell OT BEIUUUHBI
obparHoit Temmeparypsl: a — MC-8I1; 6 — TH-98; ¢ — TH-600
Fig. 3. Rate constant logarithm dependence of new oils MS-8P (a), TN-98 (6), TN-600 (B)
on reciprocal temperature magnitude

Jna cnyqas macina TH-98 BeipakeHue uist Macno MC-8II HoBoe:
CTENCHH KOHBEPCHUHU pPACCMAaTPUBAEMBIX Macell k =453,8 - Exp(—54845,8/RT)
UMEET BH/]I MacnoMC-8I1 paboTtasiiee:
k =582,9 - Exp(—58910,3/RT)
a = kt. (5) Macno TH-98 noBoe:
k =1749778,9 - Exp(—94538,5/RT)
Jns cnydast macna TH-600 BeipaskeHue ajis Macno TH-98 pa6oragmiee:
CTEIIEHM KOHBEPCUM DPACCMATPUBAEMBIX Macell k=2195301,2 - Exp(—98369,1/RT)
AMEET BUI Macao TH-600 HoBoe:
k = 35498465 - Exp(—129066,5/RT)
a=1— (1 _ \/H)3. (6) Macno TH-600 paborasuiee:
k =40192010,1 - Exp(—134138,6/RT)
B 1abn. 5 npuBeeHbl 3HAYCHUS YHEPTU aK- Ha puc. 4 npuBeneHsl CpaBHUTEIbHBIE I'Pa-
TuBauuM E W mpemdKCrnoHEeHT A, COOTBETCTBY- (GUKM W3MEHEHHS CTENEHW KOHBEPCHH HOBBIX
IOIUE peakUUsM TEPMHUUYECKOTO Ppa3IOKEHUs Maces OT TeMIepaTyphl.
HOBBIX U pabOTaBIIUX Macell. [lomyueHHble AaHHBIE CBHIETEIBCTBYIOT O
BripaxkeHust it KOHCTaHT CKOPOCTH TEPMH- JIOCTATOYHO BBICOKOM TOYHOCTH IPUMEHSEMOIO
YECKOI'0 Pa3JIoKEHUs] Macesl UMEIOT CIIEAYIOIINH METOJla pacueTa KHHETUYECKHUX IMapaMeTpoB
BAJ: nponecca TEPMHYCCKOIO pas3JIoKCHUS aBHAIlM-
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Tao6auna 5
Table 5

3HaveHHs PHEPruil akTUBAIMHU E 1 MPedKCIOHEHT A, COOTBETCTBYIOIINE PEAKIIHSAM TEPMHUUECKOTO

Pa3JI0KCHUSA HOBBIX U pa60TaBme Maceia

Energy values of activation E, pre-exponent A and induction periods t;,4, corresponding to thermal
decomposition reactions of new and used oils

Macio HOBOE paboTaBiiee
E, x/I)x/Momb A, MuH | E, xI)x/Mo1b A, MuH |
MC-8I1 54,84 4538 58,91 582,9
TH-98 95,54 1749778.9 98,37 2195301,2
TH-600 129,07 35498465 134,14 40192010,1
1 £ ——— 1 ﬁ
0,8 0,8
5 0.6 - 0,6 * 3KCHIEPHMEHT
+ JKCNEepUMeEHT
0,4 - 0,4 pacuer
02 4 acyet 02
0 0
250 450 650 T, K 350 550 750 T,K
a) 0)
1 A ——
4
0,8 f
- 0,6 ¢ 3KCHEPHMEHT
0,4 pacuer
0,2 /
0
375 475 575 675 775 T, K

B)

Puc. 4. 3aBrcuMOCTh CTENICHH KOHBEPCHH HOBBIX Macel oT Temneparypbl: a — MC-8I1; 6 — TH-98; 6 — TH-600
Fig. 4. Conversion degree dependence of new oils MS-8P (a), TN-98 (6), TN-600 (B) on temperature

OHHBLIX MAacCCJlI U IMPAaBUJIBHOCTU HNPHUHATBIX H0-

My LIEHUMN.

M3 nostydyeHHBIX BBIPAXKEHUN KOHCTAHT CKO-
POCTH BHJIHO, YTO SHEPTUs aKTHBALMU pa3JIOxkKe-
HUS paccMaTpUBAEMbIX pabOTaBIIUX MAacels BbI-

73

ie, 9YeM Y COOTBETCTBYIOIIUX HOBBIX OOpa3IloB
B cpenHeM Ha 4-5 x/[x/Monb. DTO MOXKHO 00b-
SICHUTh M3MEHEHHEM HX XHMHUYECKOI'O COCTaBa
B IIPOIIECCE IKCIUTyaTalluH, YTO MOATBEPKAACTCS
nanHbiMu MK-criekTpockonum.
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Puc. 5. UK-ciexTpst HOBOTO (YepHas JMHUSA) U paboTaBIIero (KpacHas JuHUs) 00pa3noB Macen MC-8I1

B MHTEpBaJIC BOJHOBHIX uncel: a — ot 1900 mo 650 cm~ L 6 — o1 4000 10 700 cM™

1

Fig. 5. IR spectra of new (black line) and used (red line) MS-8P oils samples in the interval of wave numbers
from 1900 to 650 cm™? (a) and from 4000 to 700 cm™! (6)

HNK-cnekTpockonus maceJi

UK-criekTpel HCCEIyeMbIX aBHAIIMOHHBIX
Macen peructpupoBain Ha MK-Dypre-cniekrpo-
Merpe ®CM-1201 B TOHKOM cllo€ MEXAy Iuia-
crusamu w3 KCl B guamasore 500-4000 cm .
Anamn3 UK-criekTpoB HOBOTO U pabOTaBILIEro
obpasnoB mMacna MC-8I1 moka3piBaeT HHU3KOE
coJiep)KaHHE apOMAaTHYECKUX YTIEBOJOPOIOB, O
YeM CBUJCTEILCTBYCT HE3HAYHTEIHHOE IJICYO B
obmactu  3100-3000 cM™1, cooTBercTBYIOMICE
BaJieHTHbIM KoseOanusiMm C-H-cBszeit apomatu-
yeckoro Kkosbla (puc. 5, 6). B 10 xe Bpems
B oOacti 3000—2800 cM~1 HaOmIOMaETCS CHITh-
HOE TOTJIONIEHUE, COOTBETCTRYIOIIEE KOJIeOaHH-

aMm cBszeit V(C—H) B ankaHax W aJKUIIBHBIX
(dparMeHTax, COCTABJISIONIUX YTICBOJOPOIHYIO
OCHOBY Macja. OJTO TOATBEpXKAaeTcs nedop-
MAIlMOHHBIMH  KOJICOAHMSIMH B WHTEpBaJIC
1470-1430 cm™1, BHenmmockocTHEIMU Aedopma-

1HOHHBIMU  KoneOanuamu O(C-H) B ob6nactu
1400-1350 cM~! u nedopMarmOHHBIMU  MasiT-
HUKOBBIMH  KOJICOAHWSIMH B WHTEpBaJIC
740-720 cm~ ! [20, 21]. Tlornomenue B 061acTH
750 cMm~! MokeT OBITH CBA3aHO TAKXKe ¢ Koyeba-
HUEM BAJIEHTHBIX cBsize C—S cepocoepkaiiux
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COCIMHEHUI TMPHUCATOK, JAO0ABISIEMBIX [JIS TIO-
BBIIIICHUSI CMa3bIBAIOIINX CBOMCTB Macen [22].
HaGmronarores Takxke cinadble IEpeKphIBAIOIIHC-
Cs TIOJIOCHI TIOTJIONIEHUS C MaKCUMyMaMu TIpH
1590 u 1610 cM™1, koTOpBIE OTBEYAIOT HUTPALIUH
U OKHUCIICHUIO YTJIEBOAOPOAOB Macia, BO3MOXKHO
CBSI3aHHBIMH C BHECEHHEM HEKOTOPOTO KOJIHYe-
cTBa npucajgok. KpoMe Toro, noysockl norjaoueHus
B uHTepBajie 1642—1568 moryt ObITh 00yCIOBIIE-
Hbl HAJIMYHMEM HEKOTOPOrO HEOOJBIIOro KOJIUYe-
cTBa apomaruyeckux yriaeBoaopoaos [20]. Ipu-
CYTCTBUE  KHUCIIOPOJCOJAEPKAIUX  COCIMHEHHN
MOJITBEPIKIACTCS HATMYUEM CJIa0OW TOJIOCHI TI0-
raomieHns B oomactu 1180—1140 cM™1, cootser-
CTBYIOIICH BaJCHTHBIM KOJICOAHUSIM CBs3e
C-0 B yrneBonopoaax macia. Cynbdarus yrie-
BOJIOPOJIOB TPOSIBISIETCS Cab0i TMOJ0Coi To-
JIoHmeHusT ¢ Makcumymom tnipu 1150 cM L
Hanuuue Ha criekTpe ci1aboil mooChl MOTIIOIIe-
Hus B uHTepBasie 980-920 cM~! orBewaer me-
(bOpMaIMOHHBIM KOJICOAHHSIM JIBOMHBIX CBsI3ei
B HEMPEACIbHBIX yIyieBoAOpoaax macna [21].
[Ipu »TOM MONOCa MOTJIOMIEHUSI COOTBETCTBYIO-
IIMX BAJICHTHBIX KOJICOAHUN TEePEKPHIBACTCS,
BEPOSITHO, M3-32 HU3KOW MHTEHCUBHOCTU C Ba-
JEHTHBIMH KosieOanusimu cBsizeid C—H B oOnactu

30002800 cM~(pric. 5).
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Puc. 6. UK-criektpsr HOBOTO (YepHas JIMHUA) U paboTaBiiero (KpacHas jquHus) oOpas3ioB macen TH-98 B nnteppaie

BOJTHOBBIX uncel: a — oT 1900 10 650 cM~1; 6 — o1 4000 10 700 cM~

1

Fig. 6. IR spectra of new (black line) and used (red line) TN-98 oils samples in the interval of wave numbers from 1900 to
650 cm™! (a) and from 4000 to 700 cm™! (6)
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Puc. 7. UK-ciektpsl HOBOTO (YepHast JIMHUSA) U paboTaBmero (KpacHas JIuHM) o0pa3noB macen TH-600 B uHTEpBae

BOJTHOBBIX uncel: a — oT 1900 10 650 cM~1; 6 — o1 4000 10 700 cM~

1

Fig. 7. IR spectra of new (black line) and used (red line) TN-600 oils samples in the interval of wave numbers from 1900
to 650 cm™? (a) and from 4000 to 700 cm™? (6)

CpaBHEHHE CIIEKTPOB HOBOT'O M pabOTaBILIETO
Macjia CBHUJETENIbCTBYET O HEOONbIINX H3MEHe-
HUAX B uHTepBamax  1590-1610 cm™1,
1400-1350 cM~1, 1180-1140 cm~1, 980-920 cm ™1,
YTO TOBOPUT 00 M3MEHEHHMH YTJIEBOJIOPOJIHOTO
COCTaBa, MOBBIIIEHUH COJIEP>KaHUS KUCIOPOJICO-
JepKaluX U HeTpeleNbHbIX COeIUHEHUN, CHU-
KAIOMUX CTAOMIILHOCTH Macia (puc. 5, a, 4ep-
Has U KpacHasl JMHWUHU), YTO BIIOCIEJACTBUU MO-

75

KET TPUBECTH K 00pa3oBaHHUIO TBEPIOH (a3wl
MPOAYKTOB OKHUCIJICHHS U TOBBIIICHUIO MEXaHU-
YECKMX 3arpsA3HEHUM B Y3JI€ TPEHUS.

Macna TH-600 u TH-98 nosy4yensr Ha ocHO-
BE€ 3CTEPOBBIX (IPUPHBIX) MaceN Pa3HOTO COCTa-
Ba, YTO Takxe xopomro BuaHo Ha MK-crekTpax
(puc. 6-7).

Ha HK-cnekTpax HOBBIX M pabOTaBIIUX 00-
pasuoB macen TH-98 u TH-600 nabmiomaeTcs
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IOOrjaomcHusA B obnactu
COOTBCTCTBYIOIIAasd BaJICHT-

CWJIbHas ToJjoca
3000-2800 cm~1,

HbIM KojeOanusm cBszeir V(C-H) B anmkanax
Y aJIKWIBHBIX (parMeHTaX, KOTOPBIC SBIISIOTCS
OCHOBOW Macna. DTO TOATBEpKIaeTcs aedop-
MAIlMOHHBIMH  KOJICOAHMSIMH B WHTEpBaJIC
1470-1430 cM™1, BHenmmockocTHEIMU Aedopma-

1HOHHBIMU  KoneOanuamu O(C-H) B ob6nactu
1400-1320 cM™! u nedopmanMOHHBIME MasT-
HUKOBBIMH  KoJeOaHuUSIMU B HHTEpBale
780-720 cM~1 [20, 21]. HabmopmaroTcs Takxke
cmabble TIePEeKPBIBAIONIMECS] TIOJIOCH TOTJIONIe-
Hus ¢ MakcuMmyMmamu npu 1580 m 1610 cm™1,
KOTOpBIE OTBEUAIOT HUTPALUU M OKUCICHHUIO YT-
JICBOJIOPOZIOB  Macja, BO3MOXHO CBSI3aHHBIX
C BHECEHHEM HEKOTOPOTO KOJIMYECTBA MPUCATOK,
TakkKe Kak u i oopasna macia MC-8II.

Hannuue Ha cnekTpe cmaboil mojochl Mo-
riomeHus B uaTepsane 950-900 cm™! cootser-
CTByeT Jae(OopMaIiOHHBIM KOJICOAHUSM JTBO¥-
HBIX CBSI3eM B HEMpPEIENbHBIX YTIEBOAOPOAAX
Macna [21, 22]. Tlpu 3TOM mojoca MOTIOMIEHUS
COOTBETCTBYIOIIMX BAJIGHTHBIX KOJEOAHUU Tie-
PEKpBIBAETCS, CKOPEE BCETO, C BAJICHTHBIMH KO-
nebanmssmu cBssedr C-H B oOmactu
30002800 cM~ ! (puc. 2-3).

HaGmromaercss Takke WHTEHCHUBHAS I10JIOCA
norsomenus B oomactu 1780-1700 cm~ L, coot-
BETCTBYIOIasi BaJICHTHBIM KOJeOaHUsIM CBsI3el B
rpynne C=0 B cioxHbIX 3¢upax. Hamuuue
7GUpPHON COCTABIAOINIECH Macia MOATBEPKIACT-
cs taxke konebanusimu cBszeit C—O—C B o0Ouna-
cru 1300-1000 cm~1[21, 22].

IMuxu npu 870 u 830 cm~! coorsercTByIOT,
cKopee Bcero, aedOopMaIMOHHBIM KojeOaHUsIM
CBsI3€ll B KPEMHHUUICOJEpXKAIIMX YIIEBOLOPOA-
HBIX (parMeHTax, COOTBETCTBYIOIUIME BaJCHT-
HbIe KoJieOaHUsl JOKHBI HAOIIOAAaThCs B 00JIa-
ctu 1100-1000 cm~! u mepekpsiBarorcs, Bepo-
ATHO, ¢ Konebanusamu cpszeit C—O—C [21]. Hus-
Kasi WHTCHCHBHOCTh PAcCMaTPUBAEMBIX II0JIOC
MOTJIONICHHUsT  O0YyCTOBIIEHA HE3HAYUTEIbHBIM
coJIep)KaHNe KPEMHUHOPTaHHMYECKUX COCTUHE-
HUH, UCTIOJIb3YEMBIX B KaU€CTBE MPUCATOK.

N3 puc. 5-7 BUIHO, 4TO pa3audue B COCTa-
Bax HOBBIX U pabOTaBUINX Macesl UMEETCs, XOTs
W HEe3HAYUTEIIbHOE. Majioe OTInYre CoCTaBa Ma-
cen OOBSCHSIETCS TeM, 4TO, XOTd paboune Tem-
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nepaTypsl B y3JI€  TPEHHMs  COCTaBIISIOT
110-130 °C, npu ocTaHOBKE IBHUTATENsl TEMIIE-
patypa Macia noselimaercs 1o 160-170 °C, yro
COIPOBOXKIAETCS €ro NEPErPeBOM, B pe3yibTarTe
Yero Ha4MHAIOTCS JECTPYKTHBHBIC MPOLIECCH B
Maciie, IpUuBOASIINE K U3MEHEHHI0 cocTaBa. He-
CMOTps Ha 3T0, naxe Temneparypsl 170 °C nHe-
JIOCTaTOYHO, YTOOBI MPUBECTH K 3aMETHON KOH-
Bepcun Macen (puc. 4). B To xe BpeMs u3BeCT-
HO, YTO B TOHKHUX CJIOSIX IUIEHKH, CTEKAIOIIEH 10
HarpeTblM CTEHKAM KOPIYCHBIX JeTajeil moj-
IIMITHUKOBBIX Y3JIOB JIBUTATENEH, TeMIEpaTyphl
3HA4YMUTENBbHO Ooisiee BbIcOKHE. IIpu 3TOM OuUe-
BHUJHO, YTO IIPEBBIIIEHUE TEMIIEPATYpPHBIX pe-
’)kUMOB Ha 50 °C MOBBICUT CKOPOCTh TEPMOKOH-
BEpCHH MPUMEPHO HA J1Ba MOpsAKa (Tadu. 6).

3akJroueHue

B macrosmieit pabore mnpoaHaMM3UPOBAHBI
pe3yNbTaThl MCCIEAOBAHUN HOBBIX U paboTaB-
mux oOpasuoB aBuannmoHHbIX Macen (MC-8II,
TH-98, TH-600) ¢ HCMOIb30BaHHEM METOJIOB
HUK-crnexkTpockonuu,  XpoMaTo-Macc-CIEKTPO-
CKONMMM W TepMorpaBuMeTpun. MccnemnoBanus
TEPMOJIM3a Macesl MOoKa3ald XapakTep HUX pas-
JIOKEHUS T/ JIEUCTBHEM TEPMHUECKUX Harpy-
30k. [lomydyeHHble pe3ynbTaThl MO3BOJIHIIA
OTIpEeAeNIUTh MEXaHW3M U MaKPOKHHETHUYECKHE
napameTpsl (KOHCTaHTa CKOPOCTH, MPEAdKCIIO-
HEHTa U SHEPrusl aKTHBAIMHM) HOBBIX M paboTa-
fomux Macen. [lomydeHHbIe BBIpaXXKEHUST KOH-
CTaHThl CKOPOCTH U MEXaHU3Ma KOHBEPCUU TO3-
BOJISIT JOCTATOYHO TOYHO OMPENETSATH CKOPOCTh
TEPMHUYECKOTO Pa3NIOKEHHUsI aBUAIIMOHHBIX Ma-
CeJl TpH PA3IUYHON TEeMIIepaType MX JKCIUTya-
TaIuu.

[IpoBeneHHbIC MCCIEAOBaHUS CBOMCTB aBHa-
[IUOHHBIX Macel, MPUMEHSEMBbIX B HACTOSIIEe
BpeMs I TEXHUYECKOM OJKCIUTyaTalliil BO3-
OYIIHBIX CYJIOB B aBHAIIMOHHBIX OpPTaHHU3AIUIX
PecniyOnuku benapych, mokasaniu, 4To TepMude-
CKHE€ Harpy3KH OKa3bIBAIOT HETATUBHOE BIIUSHUE
Ha WX cocTaB. XOTS paccMaTpuBaeMble Macia
00J71a/1al0T TEPMUYECKON CTAOMIBHOCTHIO B IIH-
POKOM TeMIlepaTypHOM MHTEpBaJie, HA pa3iny-
HBIX STamax SKCIUTyaTallid OHU TOJBEPraroTcs
neperpeBam, MPUBOASAIINM K KOJIHYECTBEHHOMY
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U3MEHEHHUIO YIJIEBOJOPOJHOIO COCTaBa, YTO
MOKET NPUBECTU K 3HAUYUTEIBHOMY CHMIKEHUIO
CMa3bIBAIOLINX  CBOMCTB, OOpa30BaHUIO U
HAKOIUIEHHUI0O MEXaHWYECKUX 3arpsi3HEHUIl B y3-
Je TpeHus, 00pa3oBaHuUIO 1e(hEeKTOB U pa3pylie-
HUIO AJIEMEHTOB y3J1a TPEHUS.

[TonyuyeHHble pe3ynpTaTbl MOTYT OBITH MO-
JI€3HBI IPU MOJEIUPOBAHUU PabOTHI aBUALMOH-
HBIX JIBUraTeleil W NPOrHO3UPOBAHUM H3MEHE-
HUH IOKa3aTejeil KayecTBa Maced B YCIOBMSIX
UX HKCIUTyaTaluHu.
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Application of the method of insignificant divergencies to diagnose
the technical aircraft gas turbine engine state
under the transient-state conditions of its operation

O.F. Mashoshin', I.G. Kharmats'

"Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: The article deals with issues related to the use of parametric information of the transient-state gas turbine engines (GTE)
operation conditions for diagnosing their technical condition during the operation. A review of general approaches to computational
algorithms for the recognition and classification of the condition applicable to aircraft GTE has been carried out. The significance of
analytical models in modern algorithms for assessing the technical GTE condition is emphasized. The construction of a linearized
mathematical model for the transient-state condition of the generalized-scheme aircraft GTE operation has been considered. It
represents a system of equations analytically combining the relative parameter divergences measured during the engine operation
with the relative divergences of unmeasured thermogasdynamic parameters and geometric gas-air flow duct parameters allowing
for the technical condition of gas-air channel elements to be classified. A method for constructing mathematical and diagnostic
engine models, using the transient response data, has been formulated. The capability of employing a method of insignificant
divergences, used to build linear (linearized) mathematical and diagnostic GTE models for the steady-state conditions of its
operation, has been demonstrated as well. It is shown that, despite the structural similarity of linear models of the steady and
transient-state processes, diagnostics by means of the stated above processes is based on completely different principles — under the
steady-state condition, the classification of a technical condition is determined by the variation in the value of the group of
controlled responses, and under the transient-state condition, this operation is based on correlating the change in the transient-state
behavior. To ensure the versatility of employing proposed methods regarding various GTE designs installed on modern civil
aircraft, a generalized-design aircraft GTE model — a three-shaft bypass turbojet engine with mixing flows in a common jet nozzle,
has been considered.

Key words: transient-state conditions, diagnostics, analytical models, aircraft gas turbine engines, classification of conditions.
For citation: Mashoshin, O.F., Kharmats, I.G. (2023). Application of the method of insignificant divergences to diagnose the
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HpnMeHeHne MeETOoda MaJiIbIX OTKJIOHEeHUH A THATHOCTUPOBAHUSA
TEXHUYIECKOI'O COCTOSIHUA aBUAIIMOHHOI'O FaBOTypﬁl/IHHOFO ABUIaTeJIdA
Ha NEPEXOAHBbIX PCKUMAX €10 paﬁoTbI

0.0. MamoumHI, n.rI. Xapmau1

1 . . . .
Mockosckuil 20cy0apcmeenHvlli mexHUYecKull YHugepcumem epadcoanckol asuayuil,
2. Mockesa, Poccus

AHHOTanmsi: B cTaThe paccMOTpEHBI BOIPOCHI, CBSI3aHHBIE C HCIIOJIB30BAHUEM IApaMeTpUUecKoi WH()OPMALMH TTEPEXOIHBIX
pexUMOB paboThl Ta30TypOMHHBIX aBurateneit (I'TJ) And MUArHOCTHUPOBAHHUA WX TEXHHYECKOTO COCTOSIHHS B IIpOIECCe
akcrutyataumu. [IpoBeneH 0030p OOLIMX TMOAXOJOB K BBIYHCIMTEIBHBIM AITOPUTMaM DAcO3HABaHHMs M KIIACCHU(DUKAIK
COCTOSIHMUM TipuMeHUTeNbHO K aBvaimoHHbIM ['TJI. TlokazaHO MeCTO aHaIMTUYECKHMX MOJEIEed B COBPEMEHHBIX alrOpUTMax
OIIEHKA TEXHUYeCKOro coctostHusi aBualiMoHHbIX ['T/I. PaccmoTpeHo mocTtpoeHue JMHEapru30BaHHOW MaTEeMAaTHUECKOW MOJEIH
MEPEXOTHOr0 pexknma paboThl aBHaroHHOro I'TJ] 000O0IICHHOM CXeMbl — CHCTEMbI YPABHCHHI, aHATUTHUCCKH CBSI3BIBAIOIIIX
OTHOCHTEIIbHBIE OTKJIOHEHHUsI MapaMeTpoB, W3MEPsieMbIX B TIpoLiecce padOThl JIBUIaress, ¢ OTHOCHUTENIbHBIMU OTKIOHEHUSIMH
HEeU3MepAeMbIX TePMOTa30AMHAMUYECKUX MapaMeTPOB M T€OMETPUUECKUX MapaMeTpoB Ta30BO3IYIIHOIO TPAKTA, MO3BOJISIOIINX
KJIacCH(HIMPOBATh TEXHMYECKOE COCTOSHUE IEMEHTOB IIPOTOYHON YacTH ra30TypOuHHOro asuraresst. ChopMynmpoBaH METO/
MOCTPOEHUSI MAaTeMaTU4eCKOM M JMArHOCTUYECKOM MOJeNed [BHUraTellsi C HCHOJIB30BAHMEM XapaKTEPUCTHK IEPEXOIHOTO
Ipolecca, a TaKXKe IO0Ka3aHa BO3MOXKHOCTh HPUMEHEHUS METOAa MAaJlbIX OTKJIOHEHUM, HCIONB3YeMOro ISl MOCTPOSHUS
JMMHEWHBIX (JIMHEeapH30BaHHBIX) MAaTEMATHUYECKUX M THarHoCTHYecKux Moxenedt ['T/] amst cTalrioHapHBIX pEKIMOB €ro padOTHL
[oka3aHo, 4TO, HECMOTpPS Ha CTPYKTYpPHOE CXOJNCTBO JIMHEHHBIX MOZENECH YCTAaHOBHBIIETOCS W MEPEXOJHOTO IIPOIIECCOB,
JIMaTHOCTHPOBAHME C WX TOMOIIBI0 Oa3upyercss Ha COBEPIICHHO pa3HBIX MPUHIMIIAX — HA YCTAHOBUBIIEMCS DPEXKHME
KIIacCU(UKAIMS TEXHUYECKOTO COCTOSHUS OIPENeIIeTCs 0 M3MEHEHUIO BEJIMYHMHBI TPYIITBI KOHTPOJIMPYEMBIX OTKIMKOB, a Ha
MEPEXOJHOM PEXHFME 3Ta OIepaliii OCHOBBIBACTCS HA COIOCTABJICHHM WM3MEHEHHS XapaKTepa MPOTEKaHHS IEPexXOIHOTO
nporiecca. Jlms obecrieyeHuss YHHUBEPCATBHOCTH TPUMEHEHHS MPEUIOKEHHBIX METONOB K pasmmuHbiM cxemam [T]],
YCTaHaBJIMBAaE€MbIX Ha COBPEMEHHBIX CaMOJIETaX TPaKIAHCKOM aBHUALMM, DPAcCMOTPEHAa MOJeNb OOOOIIEHHOW CXEMBI
ABHALIIOHHOTO Ta30TypOMHHOIO JBUraTeNsi — TPEXBAJILHOIO JBYXKOHTYPHOTO TYpOOPEAaKTHBHOI'O JBUTATENsi CO CMEIICHHEM
MOTOKOB B O0IIIEM PEaKTUBHOM COILIE.

KiioueBnie cioBa: NCpEXOAHBIC PEXKHUMbI, AWArHOCTUPOBAHUEC, AHAJIUTUYCCKUEC MOJCIIU, aBUAIIMOHHBIC FaSOTyp6I/IHHBIe
JBUTaTCIIN, Knaccmbmcaum{ COCTOSTHHIA.
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Introduction For example, pressure, temperature, pressure-
to-temperature ratio, flow velocity, oil and fuel
consumption, flow areas of air-gas channel sec-
tions, thrust as well as the rotor speed are referred
to the thermogasdynamic GTE parameters.

Time series of monitored parameters are used
in various methods of the object (image) condi-
tion identification based on the mathematical
object behavior description: analytical methods,
statistical methods (including Bayesian hierar-
chical modeling [1, 2]), modeling methods based
on the similarity (SBM) [3], machine learning
methods (ML, Deep ML) [4-8], etc. Diagnosing

With the increase in the operating time, the
engine performance varies not merely under
steady but also under the transient-state condi-
tions of its operation. As the practice shows, a
dynamic-response factor possesses high sensi-
tivity to the varying of basic condition (fac-
tors) parameters of an object under study.
Since up-to-date facilities to measure parame-
ters allow for monitored parameters to be rec-
orded multiple times within a short span of

time and for the dynamics of their variation to S ) )
be assessed, this makes it possible to utilize the technical GTE condition, using the methods

them to diagnose and predict the technical air- of mathematical modeling, lies in the solution
craft GTE condition. to the problem of recognizing the EGT image
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(condition) (classification), i.e., selecting a sin-
gle variant of condition in the hierarchy (tree)
of pre-determined possible GTE conditions. In
many cases, a solution to the classification
problem is supplemented by the calculation of
the selected condition probability [9] and the
limited parameter set, characterizing an ulti-
mate limit state (for example, residual RUL life
or synthetic divergence parameters from an ob-
ject state classified as “normal”).

In terms of calculations, the classification
problem can be rationally solved based on:

e one-stage calculation — a result (the most
probable object state) is defined during a sin-
gle calculation cycle;

e two-stage calculation — the binary classifica-
tion (the normal/abnormal state) is carried out
in the first phase. In the second phase, the
search for the most probable condition in the
tree of abnormal states is executed provided
that the result of the first calculation phase
equals “the abnormal state”;

¢ iterative calculation — the selection of a subset
for variants of a solution, derived in the
branch of the classification tree from the result
of (i — 1)™ calculation phase is the result of i-
th calculation phase. Iterations are completed
while reaching the tree “leaf” or null decisions
(for example, statistically imperceptible values
for the probabilities of decisive subsets).

In modern GTE diagnosis algorithms, two-
stage or iterative calculations are generally ap-
plied which allow for various mathematical
models of an object, including analytical models,
to be used at different stages of calculation.

The analytical GTE models are built on the
functional dependencies of thermogasdynamic
parameters derived from theoretical explorations
[10, 11] and practical research of the thermody-
namics and heat transfer processes. In the con-
text of diagnostics terms, monitored parameters
are attributed to signs, but parameters, classify-
ing the GTE condition, are attributed to factors.
Thus, thrust R, fuel consumption G, turbine
inlet temperature 7% or turbine exhaust tem-
perature 7*; parameters of the working sub-
stance along a duct as well as some parameters
of fuel and oil systems can be referred to the
engine condition signs. Burnouts of turbine air-
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foils, flame tube of combustions, deformation
of the flow section elements, etc. can serve as
the examples of possible conditions.

The solution (classification of a state) is car-
ried out by critical divergences of thermo-
gasdynamic parameters. For example, the varia-
tion of turbine exhaust temperature is compared
with a reference model. The reference model is
built according to technical engine data. Tem-
perature is monitored at a takeoff mode to
which the reference turbine exhaust temperature
complies with. In some cases, temperature 77 as
well as parameters 7y and Py are used to calcu-
late engine thrust, and it is compared with the
thrust which should be generated under the
conditions.

Specific capabilities are embedded in the di-
agnostic parameter “fuel consumption”. The ex-
perience shows that the damage to the GTE air-
gas channel increases fuel consumption by
120...150 kg/h with the simultaneous variation
of other thermodynamic parameters. Fuel con-
sumption performance is well indicative of the
technical condition of combustion chambers and
turbine nozzles. However, to be based on the
experience, the precise metering of consumption
is hindered by errors of flow meters resulted
from the necessity to take into consideration
kerosine-based aviation fuel density at various
temperatures.

Under certain conditions, GTE condition di-
agnostics can be also carried out by the pressure
upstream the nozzles p,, but, in this case, meas-
urement errors can be critical.

In order to ensure a reliable GTE condition
classification by means of analytical models
based on the results of gauged thermogasdynamic
parameters, it is feasible to conduct the primary
processing of time series. In addition to the stand-
ard processing (deleting bad-values, smoothing,
recovery of missing values, etc.), parameter val-
ues should be brought to standard conditions and
deterministic engine operation modes.

The results of research in the domain of GTE
diagnostics by thermogasdynamic parameters
allowed us to specify that the most sensitive and
informational factor of the engine air-gas chan-
nel condition is adiabatic turbine efficiency #r.
Obviously, it is impractical to measure #7. How-
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ever, it can be expressed by rotor speed, extent
of pressure ratio zx and turbine inlet temperature
Tr. This dependence will be empirical and spe-
cific referring to a particular engine.

A known dynamic analytical engine model is
also proposed to diagnose. In this case, average
integral values of monitored parameters over a
definite span of time of load run-up and reset are
used as a response.

Methods of the GTE performance calculation
under the transient-state (not steady) conditions
are considered in many theoretical explorations,
applied research [12—15] and others. In this re-
spect, investigations of the dynamic diagnostic
GTE gas turbine model are given in [16].

Goal and objectives of research

The goal is the theoretical substantiation and
investigation of capabilities for the use of ther-
mogasdynamic parameters of the GTE operation
recorded under some transient-state condition of
its operation for the efficient technical diagnostics
of major gas generator assemblies. Obtained
models (besides compulsory requirements im-
posed towards similar models) must be simple, as
far as feasible, to allow for a great array of moni-
tored data to be efficiently processed for the pur-
pose of obtaining practically significant results.

The goals of research were as follows:

e an assessment of a principal capability to ap-
ply, for the transient-steady GTE condition,
approaches and models used for the steady-
state conditions;

e a construction of a linearized mathematical
model of the transient GTE operation condi-
tion for the subsequent assessment of its tech-
nical condition using appropriate diagnostic
models;

e an assessment of limitations and assumptions
encompassing a practical field for the applica-
tion of constructed models.

Methods and materials of research

While conducting the research, the methods
of mathematical modeling of thermogasdynamic
processes, linearization methods of second-kind

84

Vol. 26, No. 05, 2023

and greater model equations, methods of statisti-
cal processing of parameter arrays and the com-
parative assessment with modeling results.

As a starting point of research, a linear (line-
arized) mathematical model (MM), determining
relationships among insignificant divergences of
engine thermogasdynamic parameters, is under
consideration. To be based on such a model, di-
agnostic GTE models are constructed, at the
same time, a problem of determining variations
of a series of parameters during the operation,
which characterize its technical condition by the
change of a specific group of its monitored pa-
rameters (factors), is solved. In order to calculate
a diagnostic model of the given type, a method
of parallel matrices, stated in [17], is employed.
As a result, its solution is classified into the
group of decisions of redundant subsystems of
equations based on the same general MM. The
derived diagnostic matrices are analyzed line by
line on the limits of errors. Equations (lines)
with high values of computed errors are exclud-
ed from the further analysis. The total calcula-
tion result represents an aggregate of parameter
divergences according to which the technical
engine condition is classified.

Insignificant divergences of argument parame-
ters, involved in forming diagnostic models, are
defined by comparing the results of their meas-
urement at various time points using the same ele-
ments of measuring chains. Thus, the diagnosis
accuracy by means of a diagnostic model is de-
fined not only by an error of measurement but their
frequency. The 1% error in the value of the relative
divergence amounts barely a small portion of error
percentage in the absolute parameter value.

The requirements concerning the scope of di-
agnosis outline the minimally required number
of diagnostic sub-models (levels) under which an
assigned degree of defect isolation will be
reached. Notably, where appropriate, a list of
structure-used sub-models of factors can be ex-
panded not only by the calculation of an original
linear MM, using additional equations, but also
by means of a logical transfer to linear diagnos-
tic models [18] not directly associated with the
original linear MM.

It should be pointed out to the fact that the
diagnostic models under consideration are poor-
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ly suited for the binary classification problems
(normal/abnormal state) but can be applied in the
two-stage or multi-stage diagnostic algorithms in
phases of investigating individual tree branches
of the condition classification.

Usage of the transient-state conditions
models, obtained for the steady-state
GTE operation conditions

While calculating the transient-state condi-
tions, it is common practice to assume a quasi-
steady state of the operation process, i.e., it is
supposed that for the mathematical description
of conditions, the most of relationships, used for
the calculation of the steady-state (design) GTE
operation condition, are applicable. Merely, the
equations of power balance for the turbine and
compressor located on the same shaft, in which,
it is essential to take into consideration the time-
variation of kinetic energy of spinning rotary
masses, are subjected to significant variations.

One of the main engine performance figures is
the power response which is determined by mini-
mum time required for the transition from the idle
mode for the maximum thrust mode, i.e., by the
time of acceleration #p43r from nyr to ngz; as well
as by the time of reverse transition from ng3; to
nyr —by the time of rotation speed reduction #¢5.

Thus, let us assume that:

e cquations of continuity, consumption and its
corollaries remain true for the transient re-
sponse data;
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e balance of rotor power under the transient
GTE operation condition is defined in con-
formity with the formula

N dE
Ny =K =22 (M
Ny dt
where
Iw*
E= , 2
5 (2

E is rotor kinetic energy; I is the moment of
rotor inertia relatively the spinning axis; @ is an
angle speed of rotor spinning.

Power can be defined according to the for-
mula

N=LG=Mo. (3)

Here L is operation; G is second consumption
of working substance; M is torque. It follows
from the equation (1):

d 1w*
dr\ 2

B

“4)

Here m = is the air-to-gas ratio. Suppo-

K
. i 1
sing that under the reset condition — L, =L,
my
it can be written in the form:

G, (%LT —LKj =Gy K%LT —LTOJ—(LK —LKO)} = Gyly, {8(%@)—&4 :

If to assume that under the short-term transient condition, the value m varies insignificantly, then

m

1
GB(;LT _LKj = GBLKo[éZT _&’K]: lo—.

do_d
dt dt
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1
5(— Lrj = 0L, . The latest expression will be as follows:

dw
7 (5)

! !

(m—oao)zo)()%(éiw):mo(ﬁm) — oy (5)
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then (5) will be provided as follows:

Gl '

1o

Here S is the constant defined at the datum
point of the transient-state condition.

0

I,

The value S characterizes the ratio between
the compressor power and kinetic energy of ro-
tor spinning under the original steady-state con-
dition.

Rotor acceleration at an assigned rotation
frequency is defined by the value of fuel supply
excess AGr. In real processes, fuel supply excess
is conducted considering a series of limitations.

Under the steady-state condition, maximum
turbine inlet temperature 77, is reached at the
maximum rotation speed #,,,,. During the accel-
eration, under #n < n,,y, a short-term temperature
overheat 7, above the maximum value by
50...120° is allowed. When there are no other
limitations, fuel supply can be increased by
1.5...2 times at acceleration modes. Temperature
Tr increase during acceleration due to the effect

(7)

of heat throttling causes the parameter T

9(13 )

. . . . . . T
increase which is identical to the ratio =X
B

incease. The given circumstance results in to the
fact that at the same rotation speed, a point of
combined turbine-compressor operation shifts
while accelerating towards the boundary of its
steady operation. As a rule, under small and
average values n, possible excesses of fuel supply
are limited by the compressor stability, and under
large values n are limited by temperture 7. The
rotation speed » and, in particular, thrust P vary
insignificantly at the beginning of acceleration
and increase abruptly at the end.

The rotor speed is reset by reducing the fuel
supply. In this case, the turbine power becomes
less than the power consumed by the compres-
sor, and the rotor receives negative acceleration.
The main factor limiting the reduction in fuel
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!

=S (8L, — 8L ). (6)

supply when the rotation speed is reset is the
limit of stable combustion chamber operation.

The specific features of the unsteady pro-
cesses in a two-shaft GTE are associated with
the fact that when the power balance on the tur-
bocompressor shaft is disturbed, the high- and
low-pressure rotor speed generally varies at dif-
ferent speeds, and the slip value C = n, / n;, dur-
ing the transient-state process, may differ sub-
stantially from its value both in the initial and
final modes.

Thus, in a two-shaft turbojet engine (TJE), as
the rotation speed decreases, the rotor slip increas-
es, which is caused by variations of the angles of
attack in the compressor spools, as well as by the
nature of the redistribution of pressure differential
between compressor spools. The same patterns of
gas-dynamic relationships develop in these engines
under the transient-state conditions.

However, during the acceleration process, the
rotor slip increases, and during the reset process,
it decreases compared to the steady-state condi-
tions. This difference makes alterations to the
nature of the position of the joint turbine-
compressor operation line on the low-pressure
compressor (LPC) characteristic.

During acceleration, the rotation speed 7, in-
creases faster than ;. This reduces LPC throt-
tling; the line of joint operating modes shifts to
the right into the area of excessive air flow rates.
When the rotation speed is reset, the increase in
slip slows down and the high-pressure compres-
sor (HPC) begins to throttle the LPC, which
leads to a shift in the line of joint operating
modes towards the boundary of stable operation.

The appearance of the curves, characterizing
the joint turbine-compressor operation on the
HPC characteristic, is similar to the appearance
of these curves for a single-shaft TJE.

Two-shaft bypass turbojet engines retain the
same features of the transient-state process as
two-shaft TJE. The only difference is that the
divergence of the line of operating modes on the
fan characteristic from the line of the steady-
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state conditions turns out to be less than that of a
TJE; whereby, the greater the bypass ratio, the
smaller the divergence. This issue is explained
by the fact that the air flow through the fan is
determined not only by the air flow through the
HPC, but also by the flow through the external
circuit, which insignificantly depends on the ro-
tor sliding.

For the transient-state conditions caused by a
slight variation of parameters compared to their
values under the original steady-state condition,
it is permissible to solve the problem under con-
sideration in a linear formulation.

Assume that the power balance on the rotor
shaft is disrupted as a result of some finite in-
crement in fuel consumption 6Gr. This will
cause an increase in n, Ty, g and other parame-
ters, which will lead to a variation of Ly and Lk
in accordance with the equations for the turbine-
compressor operation in the initial mode [19]
(hereinafter, for simplicity of calculations, for-
mulas for a single-shaft engine are used):

OLr= ST+ K36mr + onr, (8)
SLK = Kn81'1 + KLSTEK — 81’]1{, (9)
where K are the corresponding base coefficients.

Taking into account (8) and (9), equation (6) will
take the following form':

(51’1)' = S(éTr— K357Z'T— Kn5n - KL57Z'K). (10)

In the unsteady process under consideration,
we also neglect the variation of gas mass in the
engine air-gas channel volume (6Gp = oG =
const). The compressor characteristics are as-
sumed unchanged.

where
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The continuity equations after simple trans-
formations can be represented as follows:

(1 —K10)57TK—Km5n:0.5é7'r, (11)
(1 -0.5 K3K4 + K6)57TT = K657TK. (12)

Since power imbalance is caused by the vari-
ation of fuel consumption, we use an equation
that relates 6Gr to other parameter variations. In
this case, as already mentioned above, we ne-
glect the combustion efficiency7, variation, the
lag in heat generation with a sharp increase in
fuel consumption, as well as the heat accumula-
tion by the air-gas channel parts. According to
the equation of energy conservation in the com-
bustion chamber, let us write down:

5GT:5GB+K58['1"—(K5—1)8TK. (13)

As equations that close the system, we use
the expressions for air flow and temperature at
the compressor outlet:

5GB:Km5I’l +K1057Z’K, (14)
Tx= KK, on + K>2K; Onk. (15)

The system of equations (11)—(15) allows us
to determine all the main engine parameters
through on and 6G7r.

So, for example, it can be shown that:

onx = Ky 0Gr+ Ky on, (16)
5Tr:Ka 5GT—K[, 5]’1, (17)
§ﬂT:K6 KZ (KX 5GT+KY 5]’1), (18)

1

K =
Y 2(1-Ky ) Ks (K 1) K,K, + Ky

(Ks-1)K,K, +K, (2K 1)

' We assume that for the transient-state condition 957 = oy = 0.

Ky = K. [(K--1)K.K. +K. (2K. -1
' 2(1_K10)K5_(K5_I)KzKL+K1o X[( : ) 2 T ”’( 5 )]’
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(Ks—1)K,K; +K,,
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K,

5

a_L-i_ -
Ky 2(1-K,o) K, —(Ks—1) KK, + K,

=2K, (1-K,),

KL[((l—KS)Kan +K,o) Ky —(Ks—1) K K, +K,, | =2(K,, - K (1-Ky)).

1

K,

Let us introduce an expression that establish-
es the relationship between the specified parame-
ters (for example, using a fuel supply controller)
in the form of a linear function:

(On) + adn = b3Gr, (19)

where a and b are constant coefficients:
a=M[K,— Ky (K:K¢K7;— K;) + K],
b=MI[K,+ Ky (Kz:K¢K7;— K)].

The general solution of the linear differential
equation (19) takes the form:

dn=e" U b3Gre"dt + const] : (20)

If the increment in fuel supply 6Gr (com-
pared to fuel consumption in the original mode)
is instantaneous and remains constant at the time
of the entire transient-state process, then from
(20) it follows that:

b —a
on=—58G, +const-e .
a

21)

The integration constant is determined from
the initial conditions. At # = 0 we have on = 0.
Accordingly

const = —QSGT
a

and

8n=§(1—e”’)8GT.

(22)
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Formula (19) determines the law of change in
rotation speed in duration of the transient-state
condition caused by the fuel consumption varia-
tion by the value 6Gr. By specifying different
values of time t, you can determine the corre-
sponding value on, and then, substituting it into
the resulting expressions (11)—(15), find the val-
ue of the required parameters at any moment of
the transient-state process. From (22) it follows
that at # — oo:

n (23)

b s,
a

This rotation speed value n characterizes the
new final engine condition, which will be estab-
lished as a result of the fuel consumption varia-
tion.

In the case when the initial disturbance is not
instantaneous, but changes under the transient-
state condition depending on any thermogasdy-
namic parameter or time variation, coefficient b
in equation (19) will be a variable value and the
solution will take a more complex form.

Solutions can be obtained similarly if the im-
balance of power on the shaft is caused by other
factors, for example, a rapid change in the jet
nozzle area OoFc or in the combustion mode in
the afterburner.

To determine the behavior of a parameter
variation in a two-shaft GTE during the transi-
ent-state condition caused by an imbalance of
power on each compressor shaft, one should use
the system of equations written for a two-shaft
GTE and the general principles for calculating
unsteady modes outlined above.

After a series of transformations similar to
those carried out when composing a mathemati-
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Fig. 1. Schematic diagram of a three-shaft gas turbine engine

cal model of a single-shaft engine, instead of
(10), we obtain a system of two ordinary linear
inhomogeneous differential equations of the first
kind of the form:

Sn.) + Pon. + 08, = N.5Go.:
( 1 ) 1 1 Q] 2 1 T (24)

(8ny) + P8 +Q,8n, = N,8G,,

where P, O, N are numerical coefficients.

An example of the construction and calcula-
tion of a linear mathematical model of the transi-
ent-state condition for a two-shaft PS-90A-type
GTE is considered in detail in [19].

As a result of integrating system (24), the de-
pendences of the turbocompressor rotation speed
on the time and the change in fuel supply are de-
termined:

o, = f£;(1,8G,); dny = f;(1,8G,).

Using the linearized equations of the two-
shaft GTE processes as obtained for its transient-
state condition of its operation, from the values
on; and dn,, if applicable, as before for a single-
shaft one, to determine the laws of variation of
all other necessary characteristics.

It should be noted that, within the meaning of
the presented solution, the end effects retain the
basic properties of linear equations, i.e., the pro-
portional variation of the increments of all pa-
rameters at any moment of the transient-state

89

process depending on the magnitude of the dis-
turbance (for example, from 6Gr). The joint in-
fluence of several disturbances is determined by
the summation of partial parameter increments.

Modeling of the transient-steady
processes of a generalized schematic
diagram engine

We will consider the transient-state process
that is caused by an insignificant parameter vari-
ation compared to their value in some original
mode. To ensure the versatility of the approach
to constructing a mathematical model, we will
consider a generalized aircraft GTE schematic
diagram. A mathematical model (MM) has been
compiled for a three-shaft by-pass TJE with flow
mixing in a common jet nozzle (fig. 1), since
most engines in use in civil aviation are its par-
ticular variants and can be obtained by excluding
some elements from it.

The construction of such a MM is practical
on the basis of the universal linear GTE MM
given in [20]. To do this, adjustments should be
made to it related to the dynamic nature of the
processes under consideration.

First of all, as shown earlier, it is necessary to
take into account the power imbalance on the
shafts of low, medium and high pressure turbo-
compressors by introducing additive components
Si(dnm)', S(dn)', and S»(dny)'on the right side of
the corresponding power balance equations.
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Here
(on) = 400n) ©5)
(0n) = d(df”), 6)
(on,) =4 (5’:2) (27)

are accelerations of the rotational motion of the
low, medium, and high-pressure rotor, respec-
tively, and the constant

2
S, = (ﬂj GBO_I;BO (28)
T In, 0
g (ﬂjz Griolkio (29)
r In}

2
s, = [ﬂ) Grolyo (30)

2
4 Iy,

characterize the relationship between power and
kinetic energy of rotation of the corresponding
rotor.

The expressions for S}, S and S, comprise the
inertia moments /;, I and I, of the low, medium,
and high pressure turbocompressors.

Further neglect the working substance mass
variation, combustion efficiency, lag in heat
generation and its accumulation by engine parts
(we assume that the engine is warmed up). Oth-
erwise, the system of equations developed for
the steady-state condition remains unchanged.

Some information about the original system
of equations is given in [15, 20, 21].

This system of equations establishes a con-
nection between parameters characterizing the
engine (factors) condition, the condition (re-
sponses) characters and operating parameters.

The MM comprises 53 linear equations and
91 variables. As independent MM variables we
take all the areas of the flow sections (Frp, Frc,
Fru, Fei, Feoa, Fo), tightness coefficients (g1, g2,
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dox» q¢), efficiencies of the main components
(78, M, Nx1, Mk, Mrs MrB, NTCs MTHs MMis Nt
), as well as total pressure conservation coef-
ficients (osy, okc, OB, OrC, OrH, OCl, OC2, O%
ocum, oc). Generally, the subscripts correspond to
the sections shown in Figure 1.

Furthermore, there are independent operating
parameters: rotor speeds n;, n, n,, fuel consump-
tion Gr (or time ¢), flight Mach number, as well
as environmental parameters: Py and Ty. Since
there are m = 38 independent variables, the
number of unknowns is equal to the number of
equations (n = 53), and, accordingly, the above
system is defined.

It should be noted that the stated universal
linear MM comprises the most common list of
thermogasdynamic parameters and standard
formulas for bringing the parameters for the
standard atmospheric conditions. If applicable to
introduce additional parameters, control laws,
formulas for given parameters, etc. for a specific
type of gas turbine engine, additional equations
may be included into the linear MM.

The main operations for calculating and ana-
lyzing diagnostic parallel matrices for the
steady-state GTE operation conditions are de-
scribed in [20, 22, 23].

Research results

Computational studies show that methods for
calculating and analyzing diagnostic parallel ma-
trices for the steady-state conditions are also
suitable for calculating diagnostic models of the
transient GTE operation conditions. At the same
time, despite the external MM similarity of the
steady and transient-state processes, diagnosing
with their help is based on completely different
principles. Under the steady-state condition, var-
iations of the technical condition are determined
by the variation of the value of the group of con-
trolled responses, while under the transient-state
condition, this operation is based on a compari-
son of changes in the transient behavior.

It should be noted that this circumstance al-
lows the joint use of both models, which in this
case, complement each other, thus, significantly
expanding the diagnostic capabilities.
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So, for example, after determining o775, o7k,
onrs, onru, onr and og under the steady-state
condition, you can take their values as a first ap-
proximation, then substituting them into the MM
of the transient-state process. This makes it pos-
sible to use it to calculate changes in a group of
other factors, for example, doxc, OF r5 and OF .
The first factor, along with o7, characterizes the
combustion chamber condition, its operation ef-
ficiency, and records the appearance of burnout,
while an increase in oF'7p or oF 7y may indicate
burnout of one of the turbine nozzles. By substi-
tuting the obtained values of doxc, OFrs and
OFry into the diagnostic model of the steady
process, it is possible to determine o075, o7k,
onrs, ONru, onr u &g in the second approxima-
tion. Iterations should be repeated until the dif-
ference in the results of the i"™ and (i+1)™ approx-
imations satisfies the specified requirements for
calculation accuracy [13].

If you do not expand the range of diagnosed
parameters, you can increase the accuracy of
their determination by increasing the number of
independent calculation formulas.

To perform a comparative analysis of chang-
ing controlled parameters of the transient-state
process, you can use their average integral val-
ues for a selected control period of time. From
the resulting mathematical model, it is not diffi-
cult to obtain the corresponding calculation for-
mulas.

A higher quality processing of the results of
calculating diagnostic matrices for the transient-
state operation conditions can be carried out tak-
ing into account the assumption of equal proba-
bilities of damage to the GTE gas-air channel.
Accordingly, when constructing adequate multi-
system diagnostic models, there is a need to take
into account the probabilities of occurrence of
various gas-air channel malfunctions and their
possible combinations in relation to a specific
GTE type.

To take into account the operational GTE
features when assessing its technical condition,
the method of constructing multi-system diag-
nostic GTE models is employed, using elements
of centralist hierarchical structures [20]. The es-
sence of the method is to localize GTE defects
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through sequential optimization of a set of fac-
tors used in the linear diagnostic models. The
process of selecting factors (optimization) is re-
duced to constructing several levels of the linear
diagnostic models, at each of which the follow-
ing procedures are performed:

1) calculation of the linear diagnostic model
of the i™ level;

2) analysis of the reliability of the results of
calculating factor divergences using the i level
model, analysis of the significance of the result-
ing deviations for each factor;

3) checking whether the boundary conditions
have been achieved (if the result is positive, the
optimization process is completed);

4) modification of the current set of factors
by:

* excluding factors with zero (insignifi-
cant) deviations from the model,

* determining the “leading” factors (factors
with maximum divergences) and intro-
ducing additional factors into the model
that characterize the same node as the
“leading” factors;

* construction of a new set of factors, al-
ternative to that calculated in the i®
model;

5) construction of a linear diagnostic model
of the (i + 1)™ level.

The significance of the ;™ factor of the cur-
rent model is determined both by its absolute
value (absolute significance) and by the relative-
ly obtained divergences of other factors (relative
significance). When analyzing the resulting di-
vergences, in most cases the relative importance
of the factor should be considered priority.

Discussion of results

The completed studies provide a theoretical
basis for the development and substantiation of
practical methods and algorithms for diagnosing
the technical condition of the GTE gas generator
elements based on the values of thermodynamic
parameters (responses) recorded directly during
the GTE operation. The use of such methods will
increase the validity of assessing the technical
condition (if the methods are employed in con-
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junction with other methods for diagnosing the
condition of the flow part), as well as increase
the efficiency of obtaining an assessment of the
aircraft GTE condition under operational condi-
tions.

Conclusion

Modern algorithms for assessing the tech-
nical GTE condition and early detection of faults
use various methods and models of dependencies
between the measured GTE parameters and the
conditions classified by the algorithms. In order
to achieve a reliable classification of the GTE
condition by analytical models based on the re-
sults of measured thermogasdynamic parame-
ters, it 1S necessary to carry out primary pro-
cessing of time series. After standard processing,
the values of the series are reduced to standard
atmosphere conditions and deterministic engine
operating modes.

Deterministic models for diagnosing aircraft
GTE can be expressed through a system of equa-
tions for the engine condition, the solution of
which makes it possible to assign the technical
GTE condition under study to one or more clas-
sification elements in the state tree. Linear (line-
arized) diagnostic equations are a finite set of
expressions constructed for the increment of air
flow, turbine inlet temperature, specific flow and
other thermogasdynamic parameters. The right
side of these equations contains the parameter
divergences, which are determined by comparing
the current values with the reference values.

The number of diagnostic equations is de-
termined by the classes of possible GTE condi-
tions, as well as the nomenclature, frequency,
and error of the measured parameters. Recently,
for the GTE diagnosis, it has been proposed to
use complex parameters that, in an analytical
form, connect several parameters with each other
and, thereby, most fully characterize the operat-
ing procedure occurring in the engine.

It should be noted that the universal linear
MM specified in the article contains the most
common list of thermogasdynamic parameters
and standard formulas for reducing the parame-
ters to the standard atmospheric conditions. If it is
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necessary to introduce additional parameters, con-
trol laws, formulas for reducing the parameters,
etc. for a specific type of aircraft GTE, additional
equations may be included in the linear MM.

As a result of the research, a method for con-
structing mathematical and diagnostic models of
an aircraft engine, using transient response data,
was proposed, and the capability of employing
the methods used to construct linear mathematical
and diagnostic models for the steadystate opera-
tion condition was shown. As a result, the model
makes it possible to extract and interpret diagnos-
tic information from data series obtained during
the process of loading and unloading, as well as
to expand the amount of information obtained
about the technical aircraft GTE condition.
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