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MeToa aHa 132 MHOTOMEPHBIX COYETAHUI MPU3HAKOB CETEBOT0
Tpaduka 1Ji5 BbIABJIEHUS NPU3HAKOB HECAHKIIMOHMPOBAHHOIO
BMeNIATEIbCTBA B ABUALIMOHHBIX CeTAX NMepeaayn JaHHbIX

A.A. T'annues’

1 o« o« o o«
Mockosckuii 20cy0apcmeerHblil meXHU4eCKULl YHU8epCumem epajicOaHCcKoll asuayull,
2. Mockea, Poccus

AHHOTammsi: B cBs3M C yBenmueHWEM WMHTEHCHMBHOCTH M YCIOXXHEHHMEM CETEBOTO B3aMMOJCHCTBHSI ABHUAIMOHHBIX CHCTEM
nepenadd  JI@HHBIX ~ CYIIECTBEHHO  BO3pacTaeT IMOTPEOHOCTH B pa3pabdOTKE METOZOB  BBIABICHHS — IIPU3HAKOB
HECAaHKLOHUPOBAHHOTO BMEIIATENbCTBA B ABUAIMOHHYIO JESTENBHOCT. BaKHOCTH JaHHOW 1poOieMbl  00ycCIoBIIeHa
HEOOXOIMMOCTRIO OOeCIiedeHnsT YCTOWYMBOCTH aBHAIIMOHHOW WH(PACTPYKTYpBl K Pa3HOOOPa3HBIM YIpo3aM, CIIOCOOHBIM
MPUBECTH K KPUTHUYECKUM HAPYIIEHHUSM PabOThI CHCTEM YNpPABJIECHMS BO3IYLIHBIM JBIKCHHEM M IOBIMATH Ha 0E30MacHOCTbH
TIOJIETOB BO3/IYIIHBIX CYJI0B. B cTathe pazpaboTaH M MpecTaBiIeH METO]] aHAIIM3a MHOTOMEPHBIX COUETaHHi MPU3HAKOB CETEBOTO
TpadMKa aBHALMOHHBIX CHCTEM Iepelaud JaHHBIX, OCHOBAaHHBI Ha MOAM(ULMPOBAHHOM AITOPHTME YAaCTOTHOTO aHAIM3a
FP-Growth, apganTupoBaHHOM mOA cHELM(UKY MHOTOMEPHBIX HAHHBIX. OTIMYUTENBHOH OCOOSHHOCTBIO IPEIJIOKEHHOTO
MOZIXO/1A SIBIISIETCS] COXPAHEHNE KOHTEKCTa NMPU3HAKOB M BO3MOXKHOCTD BBISIBIICHHS CKPBITBIX 3aBUCHMOCTEH MEKIy pa3INIHBIMU
napaMeTpaMn CCTEBLIX CO6blTHﬁ, KOTOPBIC HEAOCTYIHBLI TPAaAULIHUOHHBIM OJHOMEPHBIM aJI'OpUTMaM 4YaCTOTHOI'O aHajir3a.
Pa3paborana Moyienb MpecTaBlIeHHs! CETEBBIX COOBITUH B BHJIE MHOI'OMEPHBIX TPaH3aKLIMH, MPEIVIOKEH AJITOPUTM TTOCTPOCHUS
MHOI'OMEPHOI'O JI€pPEBa YacTbIX IPU3HAKOB W W3BJICUYEHMS YCTOMUYMBBIX COYETaHUI INPU3HAKOB C 3aJaHHOM 4acTOTOH
BcTpeyaeMoctd. [lo pe3ynbpratam SKCHEpPUMEHTAJIBHOM IPOBEPKM HAa PEANBHBIX JI@HHBIX CETEBOr0 TpadHka MHOITBEpXKIECHA
BO3MOKHOCTh BBISIBJICHUSI IIA0JIOHOB CETEBBIX aTaKk M paHee HE PErkCTPUPYEMBIX aHOMAIBHBIX COUYETAHWH HPH3HAKOB.
BeImonHeHa KOJIMYECTBEHHAs! OLICHKA IMPOM3BOAMTENHHOCTH IPEIAaraéMoro MeToja, MOATBepAMBLIAs ero 3(¢GeKTHBHOCTh U
MPUTOJJHOCTb TSl 00pabOTKH 3HAUMTENBHBIX 00bEMOB MH(OPMAIINH, XapaKTEPHbIX ISl aBHALIOHHBIX CUCTEM Nepeiady JaHHbIX,
B PEXHME pEabHOTO BpEeMEHH. [Ipe/uiokeHHBIII MeTof oOecreurBaeT MOBBIMICHHE 3AIIMIICHHOCTH aBUALMOHHBIX CETEH H
CBOEBPEMEHHOE BBIBICHHE YIPO3 aBHAIIMOHHOW MAESTENBHOCTH. Pa3paOoTaHHBII METOR MOXKET OBITh WCIIONB30BaH I
noBeimeHnst yeroiunmBoct ACIIJ] cucrem YBJl x yrpo3aM W IPHOPUTETHOTO BBIOOpa Mep 3aIlUTHI Ul OOECTIeUeHHS
6€30MacHOCTH MOJIETOB.

KitroueBble €j10Ba: HECAHKIMOHUPOBAHHOE BMEIIATEIBCTBO, MH(OPMAIIMOHHAS 0€30MacHOCTh, aBUAIMOHHAS CETh Iepefaud
JIaHHBIX, OOHapY>KeHHE aTak, PUCK, YAaCTOTHBIIN aHaJIN3, CETEBOM TpaduK.

Jist uurupoBanus: [anmies A.A. Meros aHanM3a MHOTOMEPHBIX COYETaHMI NPHU3HAKOB CETEBOTO TpadMKa IS BBISBICHUS
NPU3HAKOB HECAHKIIMOHNPOBAHHOTO BMEIIATENHCTBA B aBUAIIMOHHBIX CETsX Nepenaun NaHHbX // Hayunsni Bectauk MI'TY T'A.
2025.T. 28, Ne 5. C. 8-21. DOLI: 10.26467/2079-0619-2025-28-5-8-21
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Method of analyzing multidimensional combinations of
network traffic features for identifying signs of unauthorized intrusion
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Abstract: Due to the increasing intensity and complexity of network interactions in aviation data transmission systems, the need for
developing methods to detect signs of unauthorized interference in aviation operations is significantly growing. The importance of
this issue is due to the need to ensure control systems and affect the safety of aircraft flights. This article develops and presents a
method for analyzing multidimensional combinations of network traffic features in aviation data transmission systems, based on a
modified frequent-pattern FP-Growth algorithm adapted specifically for multidimensional data. A distinctive feature of the
proposed approach is maintaining the contextual integrity of network event attributes, enabling the identification of hidden
dependencies among various parameters of network events that are inaccessible to traditional one-dimensional frequent pattern
analysis algorithms. A model for representing network events as multidimensional transactions is formulated, and an algorithm for
constructing a multidimensional frequent-pattern tree and extracting stable combinations of features with a predefined frequency of
occurrence is proposed. Experimental validation using real network traffic data confirmed the capability of detecting network attack
patterns and previously unrecorded anomalous feature combinations. A quantitative evaluation of the proposed method’s
performance was conducted, confirming its efficiency and suitability for processing substantial data volumes characteristic of
aviation data transmission systems in real-time conditions. The developed method provides improved protection for aviation
networks and timely identification of threats to aviation operations. The developed method can be applied to enhance the resilience
of aviation data transmission systems for air traffic management and prioritize protective measures to ensure flight safety.
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frequency analysis; network traffic.
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BBenenue cBsA3U U YBJl BXOAST B UMCIO KPUTUUYECKU BaX-
HBIX 00BEKTOB. B COOTBETCTBHUHU € MOJIOKEHUSIMU
®enepanbHoro 3akoHa Ne 16-d3 «O Tpanc-
MOPTHOM 6e30MacCHOCTI BO3AYIIHBIA TpaHC-
MOPT OTHECEH K YHCITy OOBEKTOB, B OTHOIICHUU
KOTOPBIX MPEAyCMOTPEHBI MEPHI MPOTUBOJEH-

B coBpeMEHHBIX YCIOBHAX IMOCTOSIHHBIM POCT
0o0beMa U CIOKHOCTU CETEeBOro Tpaduka Ha BO3-
JQYIIHOM TPaHCIIOpTE TpeOyeT pa3pabOTKH HOBBIX
MOJXOJIOB K aHAJIN3Y JAHHBIX aBUALIMOHHBIX CETEH
nepeaul JIaHHBIX (ACHI[) [1_3] ACHI[ npen- CTBHA aKTaM HC3aKOHHOI'O BMCHIATCIILCTBA, Ha-
CTABJISIOT COGOM COBOKYIHOCTH KAHATOB mudpo- ~ PYMAIOMNM  (YHKIHORMPOBAHUHE HHOPMAIM-
BOTO 06MEHa MeKTy BO3AymHbMH cysamu (BC), OHHBIX M TEXHUYECKHX CHCTEM, IPU 3TOM IOA-
0BBEKTAMH HA3eMHOH HHDPACTPYKTYPHI BOIYII- X0l K o0ecreyeHnto 0e30MacHOCTH B aBUAIUU
HOTO TPAHCIIOPTA U CHCTEMaMHM yIpapjieHus Bo3- ~ AODKCH  OCHOBBIBATBCH  HA  MEXAYHAPOIHBIX
AymEeM  ewkernem (YBJD), bopMEpyeMyio B cranmaprax, ycraHoBieHHbIx MKAQO. Ha mex-
paMKax HMH(pOPMAIMOHHOrO B3aumojekcTeus B AYHAPOAHOM YPOBHC COOTBETCTBYIOIINC HAMIPAB-
JIOMEHAX a’pPOHABUIALIMOHHOIO W ONEPAaTUBHOIO
kouTpons [4]. B cootBercTBuM ¢ DeepanbHbIM cTpyKTyphl Poccuiickoil denepanuu [D1eKTPOHHBIN pe-

) ] cype] // Koncyaprantllitoc. 2017. URL:
saxoroM Ne 187-@3 «O besonacHOCTH KpHTH'e https://www.consultant.ru/document/cons_doc LAW 2

CKOll MH(OpMaLMOHHOH HMH(pacTpyKTyps! Poc- 20885/ (nata obpamenus: 22.03.2025).

cuiickon denepanyiny aBUAIMOHHBIE CHCTEMBI * denepanbHblit 3ak0H Ne 16-D3 ot 9 despans 2007 r. O

TPAHCIIOPTHOH 0e30MmacHOCTH [ IIEKTPOHHBIN pecypc] //

Koncynsrantllntoc. 2007. URL:

! ®enepanbsiii 3akon Ne 187-D3 ot 26 mions 2017 1. O https://www.consultant.ru/document/cons_doc LAW 6
0€3011acCHOCTH KPUTHYECKOH NH(OPMAIMOHHOH HH(Dpa- 6069/ (nata obpamenns: 22.03.2025).
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neHus 3akperyieHsl B [1obansHOM TU1aHe obec-
NEYECHNUsT aBUAIMOHHOM 0€30IacHOCTH, YTBEp-
JKIeHHOM 1o utoraM 41-K ceccun AccamOieu
UKAOQO’. B AKTYyaJIbHOM pelakuud JOKyMEHTa
MOMIYEPKUBACTCS 3HAYMMOCTh Y4eTa yrpo3 HH-
dbopmarimoHHONW 0€30MaCHOCTH, CBSI3aHHBIX C
BO3JICHCTBUEM Ha CETEBYI0 HUHQOPACTPYKTYPY
aBUALMOHHOTO TPAHCIIOPTA, IPU MOJAEPHU3ALIUU
CHUCTEM M pealH3alliil HOBBIX TEXHOJOTHYECKHX
pemenuii. HCB B CIIJl, oOecneuuBarommue
GbyHKIIMOHUpOBaHUE CHUCTeM yrmpasieHus B/,
paccMaTpuBaeTcsl Kak OJJUH U3 BO3MOXKHBIX BEK-
TOPOB pean3auy MoA0OHBIX YIPO3.

Cormacto T'OCT P 57240-2016" k umcny
00BEKTOB, MOJICKAIIUX 3aIUTEe OT HECAHKIIUO-
HupoBaHHoro BMmeniarenbctBa (HCB), oTHeceHsl
TEXHUYECKHE CPEICTBA CBA3M M CETH Tepenadyu
TAHHBIX, 33JICCTBOBAHHBIC B Pa0OTE BO3AYIIIHO-
ro tpancnopra. Asuanuonnsie CIIJ[ mpeacras-
JSIFOT COOOM reTeporeHHbIe CeTH, 0O BENHSIIONINE
pa3nuYHbIE MOACHUCTEMBl M MPOTOKOJbI, C 0OJIb-
IIIMM KOJIMYECTBOM HCTOYHUKOB COOBITHI [5—7].
[Tpu »TOM coxpaHeHne 6€30ImacHOCTH ITUX CETEH
OCJIOXKHSIETCS TMOSIBJICHMEM HOBBIX yIpO3 HECAHK-
[IMOHMPOBAHHOTO BMEIIIATEIHCTBA B paboTy OOp-
TOBBIX M Ha3eMHBIX y3110B cBs3u [8—10]. Tpanu-
IIMOHHBIE CPEJICTBA 3alIUThl, OCHOBAHHBIE Ha
(UKCUPOBAHHBIX CHTHATYPaxX WM TMPOCTOM IIO-
POrOBOM KOHTpOJIE, YacTO HE CHOCOOHBI CBOE-
BPEMEHHO BBISBIIATH CIIOKHBIE MHOTO3TaIHBIC
aTaky, MAaCKHUPYIOIIUECS MOJ JISTUTUMHBIN Tpa-
¢ux [11]. B mocnenHnue roapl Ucciea0BaTENN OT-
Me4aloT HeOOXOAUMOCTh KOPPESIMOHHOIO aHa-
JM3a COOBITHI B CETSX JJIs1 OOHApy>KEHHs CKpbI-
THIX 3aBHCUMOCTEH, yKa3bIBAIOIIMX Ha aTaKylo-
mue BozaelcTeus [12—-14]. Opnako cymiecTBy-
IOLME PEUIeHUs, KaK IMpaBHJIO, PACCUUTAHbl Ha
OJIHOPOJHBIE JIaHHBIE U HE YUUTHIBAIOT BCIO MOJI-
HOTY HH(OpMaUK, MPUCYTCTBYIOIIEH B Tele-
METPUU aBUALIMOHHBIX CETEH.

CoBpeMeHHbIE HUCCIEOBAaHMs YKa3bIBAlOT Ha
HAJIMYME 3HAYUTEIBHOTO YHUCIA YSI3BUMOCTEH B
apxutektype ACIIJ. Hapymmrenn Moryt ucka-

3 Doc 10118: Global Aviation Security Plan: 2nd ed. //
ICAO, 2024. 60 p.

*TOCT P 57240-2016. 3armura nnpopmaruu. CHcTeMbl
obecrieueHns: MHHOPMAIIOHHON 0€3011acCHOCTH BO3-
JymHoro TpaHcnopra. O6mue nonoxxenus. M.: Cran-
naptuHdopmM, 2016. 18 c.
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KaTh MapIIPYTHYIO HH(OPMAIIUIO, OCYIIECTBIISATH
nepexBarT yYOpaBJSIIONIMX KOMaHI W HapylaTh
(YHKIMOHMPOBAHNE B3aUMOCBS3AaHHBIX —IOJCH-
cteM. B 6ecrTMIOTHBIX aBUAITMOHHBIX KOMIUIEKCAX,
KaK Moka3aHo B [15, 16], OTCYTCTBYIOT HaJeKHbIE
Mexanu3Mbl nipotuBojeiictBus HCB. Otmeuensr
Cllyyal BHEIPEHHUS BPEIOHOCHBIX KOMITOHEHTOB,
3axBaTa AJIEMEHTOB YIIPABJICHUS U JIECTPYyKTHUBHO-
TO BO3JCHCTBUS HAa HABUTAIMOHHBIC YCTPOMCTBA.
beicTpoe pa3BuTHe CpeacTB U METOJIOB OCYIIIECTB-
neaus HCB na ACIIJ] conpoBoxnaeTcst oTcTaBa-
HUEM OTPACIJIEBbIX PETJIAMEHTOB M HOPMATHBHBIX
OCHOB. AHau3 TEKYIIUX CTaHAAPTOB, perjiaMeH-
TUPYIOIMX oOecrieueHre MHPOPMAIMOHHON Oe3-
OMacHocTH B cepe BO3AYIIHOTO TpPaHCIOPTa
(B TOM umCIe MEKIYHAPOJIHBIX ), TOKA3bIBAET, YTO
HOpPMaTHBHAs 0a3a HE OXBATHIBAET BCETO CIEKTpa
AKTyaJIbHBIX BEKTOPOB arak. Pe3ymbTraThl mpu-
KJIaJHBIX UCCJIEOBAaHUI B OOJACTU OICHKU pHUC-
KOB M TECTHUPOBAHUS MOJTBEPHKIAIOT HEIOCTATOY-
HYIO 2(QQPEKTHBHOCTh IEHCTBYIONIMX 3alUTHBIX
MEXaHU3MOB NPU MOJICIMPOBAHUMN CIIOXKHBIX ClIe-
HapueB BozaencTeus [17, 18].

OnHuM M3 MEepPCHNEeKTUBHBIX MOJIXO0JI0B K BbI-
SBJICHUIO TPU3HAKOB aTaK SIBJSIETCS aHAJINU3 4Ya-
CTO BCTPEYAIOLIMXCSl COYETAHUU MPU3HAKOB Ce-
TeBoro tpaduka. OCHOBHas TMIIOTE3a COCTOUT B
TOM, 4TOOBI OOHApY>KUBaTh YCTOMYMBO MOBTO-
pAImKecs KOMOWHAIMKM aTPUOYTOB CETEBBIX
COOBITHIA, KOTOPhIE MOTYT yKa3bIBaTh Ha Xapak-
TEpHbIE CLIEHAPUH MOBEJIECHUS, B TOM YHCIIE CBSI-
3anusie ¢ HCB B ACII/J. Hampumep, mHoro-
KpaTHOE MOSIBJIICHUE OIpeAesIEHHOM IMociieoBa-
TEJIbHOCTH JICMCTBHUM B PA3JIMUHBIX MMOJCUCTEMAX
CETH MOXKET CBHJIETEIbCTBOBATH O II€JIEHAIPAB-
JIEHHOM BpEJOHOCHOM aKTHUBHOCTH. Accolua-
TUBHBIN aHAJIM3 JAHHBIX, IIUPOKO MPUMEHSIEMBII
JUIs TIOMCKa 11a0JI0HOB (MAaTTEpHOB) B TPAaH3aK-
IIMOHHBIX 0a3ax, MPeACTaBISIET 0COOBIN HHTEpEC
B JAHHOM KOHTEKCTE. AJITOpUTMBI MOMCKA Ya-
CTBIX HAOOpOB, Takue kak Apriori 1 FP-Growth,
W3HAYAJIbHO TpEAHA3HAYCHBI [UJIS BBISABICHUS
4acTO COBMECTHO BCTPEUAIOLIUXCS SJIEMEHTOB B
MaccuBax Tpanzakuuii [19, 20]. [Ipumenenue nx
uae K 3ajade aHalu3a CETEeBOro Tpauka OT-
KpPBIBAE€T BO3MOKHOCTh aBTOMATHYECKOTO BBISIB-
JICHUs] XapaKTepHbIX KOMOWHAIUI MapaMeTpoB
CETEBbIX MAKETOB, MOTEHIIUAIBHO YKA3bIBAIOIINX
Ha aTakKH.
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OpnHako mpsiMOE HCIONb30BAaHHE Kilaccuye-
CKUX MeToAoB dYacTtoTHoro aHamm3a B ACIIJ]
CTaJIKUBAETCSI C CEpPhE3HBIMH 3aTPYIHCHHSI-
mu [21, 22]. C ogHOM CTOPOHBI, TPATUITMOHHBIC
QJIITOPUTMBI ACCOIMATHBHOIO mpaBuia (Apriori,
FP-Growth) paccunTansl Ha OJHOMEpPHBIEC JaH-
HBIE, TO €CTh Ha TPaH3aKIIUHU, IPEJICTABICHHbBIC B
BUJIE HEYNOPSAJOYEHHBIX HAOOPOB 3JIEMEHTOB U3
OJIHOTO MHO>KECTBa NMpU3HAKOB. B 3amaue anamm-
3a CETEBBbIX COOBITHI MBI UMEEM JIEJI0 C MHOTO-
MEPHBIMHU 3aMUCSIMU: KaXJI0€ CETeBOE COOBITHE
XapaKTEepU3yeTCs] COBOKYITHOCTbIO Pa3HOPOJHBIX
aTpuOyTOB (BpeMsi, IPOTOKON, ajpeca OTIpaBU-
TN ¥ TOJyYaTelis, mopt, ¢uiark u npod.). Cee-
JIEHUE MHOTOMEPHOTO COOBITUSI K TPOCTOMY
HaOOpy 3JEMEHTOB MPHUBOJIUT K MOTEPE CTPYK-
TYpbI: CTAHOBUTCS HESCHO, KaKO#l aTpuOyT Kako-
ro 3HadeHus kacaerca. C Apyroil cropoHsl, pas-
JIETTbHBIA aHaJU3 M0 KaXI0M KaTeropuu Mpu3Ha-
KOB JIUIIA€T BO3MOXHOCTH OOHApYy>KUTh B3au-
MOCBSI3U MEXIY pa3IuYHbIMU TUIAMHU aTpuUOy-
TOB. B pesynbrare TpagullMOHHBIC ANTOPUTMBI
00 TEPSIOT KOHTEKCT, JIMOO HE PaCKPBHIBAIOT
MEXXJOMEHHBIEC 3aBUCHMOCTH, KOTOpbIe KaK pa3
U MOTYT COJEp)KaThb KIIOY K Paclo3HaBaHUIO
KOMIUICKCHBIX aTakK.

Takum 00pazoM, BO3HHUKAET HEOOXOJAMMOCTD
B CIELHATBHOM METOJIE, YUUTHIBAIOIIEM MHOTO-
MEpPHYIO MIPUPOY JTaHHBIX aBHAI[MOHHBIX CETEH.
B Hacrosmeit pabote npemiaraercs METOA IO-
MCKa 4YacThIX HaOOpOB MNPU3HAKOB, aTalTHPO-
BaHHBIM IS MHOTOMEPHBIX JaHHBIX CETEBOTO
tpaduka aBuarmonHou CIIJI. Ilenr mnccmemora-
HUSl — pa3paboTka M JeMOHCTpanus 3PQPeKTHB-
HOCTU METOJ]a, CIOCOOHOTO BBISIBISITH MHOTO-
MEpHBIE YacThle MATTEPHBI CETEBBIX COOBITHIA,
xapaktepnsie 1iia HCB.

MeTtoanl

3amaua oOHapyxenus npusHakoB HCB B
ACIIJ cucrem YBJl dopmynupyercs cienyro-
mmM o0pa3oM: TpeOyeTcsi Ha OCHOBE KypHAJIOB
CETEBBIX COOBITMH BBIIBUTH YCTOHYMBO MOBTO-
psromyecs: KOMOMHAIMY TPU3HAKOB (aTpUOyTOB
[AaKeTOB U COEJMHEHMI), KOTOpbIE CTaTUCTHYE-
CKM BCTPEYAIOTCSl 3HAUYUTEIBHO Yalle BO BpeMs
aTak WIM QaHOMAJbHBIX CHUTyalluil, 4yeM mpu
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HITaTHOM paboTe CUCTeMbl. BhIsIBICHHbIE YacThIe
MHOTOMEPHBIC TA0JIOHBI JIOJDKHBI JICYb B OCHOBY
MPaBUJI KOPPEJSAIUH COOBITUH A TOCIEYI0-
IIEr0 OIIOBEIIEHUS O ITOTCHIHMAIbHBIX aTaKax.
[Tpu sTOM MeTOx HOKEH paboTaTh B YCIOBHSX
TeTePOTeHHOCTH WCTOYHHKOB (pa3HBIC IOJCH-
CTEeMBbl TEHEPUPYIOT COOBITHSA C pa3HBIMU (hop-
MaTamMHu) ¥ OOJIbIIOrO 00BbeMa JaHHBIX, MOCTY-
MAIONINX B pexXUMe, OJIM3KOM K pealbHOMY Bpe-
MEHH.

Jl71s moucka 4acTo BCTPEYAOIIUXCS COoueTa-
HUN 2JIEMEHTOB B Habopax IaHHBIX Hawmboiee
U3BECTHHI JIBa moaxonaa. AnroputMm Apriori [21]
BBITIOJTHSCT WTEPATUBHOE MOPOXKICHUE U TPO-
BEpKy HaOOpOB-KaHIUAATOB, OMHPAsACh Ha
MIPUHIIAIT AHTUMOHOTOHHOCTH: €CJTH HEKOTOPBIN
HAa0Op MPHU3HAKOB HEYACTHIM, TO U IJ00OE €ro
HAJIMHOKECTBO HE MOXET OBITh YacCThIM. Apriori
MocJIeIoBaTeIbHO (10 BO3pAcTaHUIO pa3Mepa
HAa0OPOB) TeHEPUPYET KOMOWHAIIUH SJIEMEHTOB U
OTGUIBTPOBBIBAET T€, Ubs MOJACPKKA HE JTOCTH-
raeT MUHUMAJIBHOTO TIOPOra. ITOT METO]] MPOCT
Y TIOHATEH, OJHAKO IJIOXO MAacIITaOupyeTcsl Ha
Oosbire 6a3bl C BHICOKOH pa3MEpHOCTHIO 3aIu-
Cei: YKCII0 KaHIUAATOB PACTET SKCIIOHCHIIHATb-
HO, ¥ QJITOPUTM BBIHY>KJEH MHOTOKPAaTHO CKa-
HUPOBaTh BeCh HAOOP JMAHHBIX, YTO MPUBOIUT K
OONBIIMM 3aTpaTaM TaMSITH W BPEMEHU TIpHU
aHaJIM3€e CETEBBIX JIOTOB OOJIBIIOTO 00BEMA.

Bonee mpon3BOAUTENBHBIM PELICHUEM SIBIIS-
ercs anroputM Frequent Pattern Growth
(FP-Growth), nmpennoxennsiit B [22]. On ycTpa-
HsIET HEOOXOAMMOCTh T€HEPUPOBATH BCE KOMOM-
HAI[MM, BMECTO JTOTO HCIIOJIBb3YsI KOMIIAKTHYIO
JIPEBOBUIHYIO CTPYKTYPY MJIsi TIPEICTaBICHUS
TpaH3akiui. Ha mepBoM mpoxoae mo JTaHHBIM
FP-Growth BpUHCIfET YacTOTHI OTIEIBHBIX
DJIEMEHTOB U OTOpACBIBACT peAKHe; Ha BTOPOM —
ctpout FP-nepeBo (FP-tree), B y3max koToporo
XPaHATCS AJIEMEHTHI, a MyTH OT KOPHS COOTBET-
CTBYIOT TpaH3aknusaMm. [loBTopstomuecs mpe-
(GUKCHI TpaH3aKIMii B TAaKOM JIEPEBE 3aHUMAIOT
obmee wmecTto, Omarojmapss 4eMy JOCTHTaeTCs
ckathe JAaHHBIX. YacTeie HAOOPHI M3BJICKAIOTCS
u3 FP-nepeBa ¢ momompio 00xo1a myTei, OKaH-
YUBAIONINXCS HAa HWHTEPECYIOUIUH JJIEMEHT, U
BOCCTAHOBJICHUSI COOTBETCTBYIOIIMX KOMOWHA-
muii. FP-Growth wacto paboraer 3Ha4YMTENHHO
OwicTpee Apriori, 0COOCHHO Ha JaHHBIX C 0OJIb-
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MM KOJUYECTBOM OOMMX (parMeHToB, YTO
CBOWMCTBEHHO, HAIpUMep, OTOKaM CETEBBIX Ma-
KETOB, T/Ié MHOTHE COCJAMHEHUS UMEIOT CXOXKHe
aTpuOyTHI.

Hecmotps nHa npeumymectBa FP-Growth,
00a pacCMOTPEHHBIX QJITrOpPUTMa HUCXOAAT U3
MPEINONIOKEHU O TUIOCKOW TpaH3aKIUu, TO
€CTb U3 TOT0, YTO KaXkJas 3aluch — 3TO Habop
AJIIEMEHTOB U3 €IWHOT0 YHHU(DHUIIMPOBAHHOTO
MHOXECTBa. B aHanm3e CeTeBbIX COOBITUH 3ITO
03Ha4ano Obl, HAPUMEDP, UTO MBI 3apaHee mepe-
YHCIsieM BCE BO3MOJKHBIC 3HAUCHHS BCEX aTpH-
oyroB (IP-agpecoB, mopToB, TUIIOB COOOIIEHUM
U T.1.) B OJHO OOJIbIIOE MHOKECTBO W Mpe-
CTaBJIsIEeM KaXXJ0€ COOBITHE KaK MOJAMHOXECTBO
ATUX 3HayeHuid. Takol MOAXOJ HE OTpaxKaet
CTPYKTYpY MAAaHHBIX: TepsieTcss HHQPOpMAIUs o
TOM, Kakoe 3HayeHHe K KaKoMy IOJI0 OTHOCH-
nock. Hanmpumep, 3nauenns «80» B moJie «mopt»
U B TOJIE <«JUTMHA TMaKeTa» I KIACCHYECKUX
aIrOpUTMOB  HepaznuuuMbl. Kak pesynbrar,
MHOTOMEpHOe coOBbITHE TpeBpamiaercs B Oec-
CMBICIICHHBI HA0Op pa3pO3HEHHBIX JAHHBIX.
ATNBTEpHATUBHBI BapUaHT — BECTH IOWCK 4Ya-
CTBIX COYETAaHUM Pa3JesIbHO MO KAXKIOMY aTpH-
OyTy TOXe€ HEMPUMEHUM, TaK KaK HE MO3BOJIUT
BBISIBUTBH CBSA3b MEXIYy Pa3HbIMU acHeKTaMHu CO-
ObITHS (HAmpUMep, MEXAy HOMEpOM TopTa u
¢dbnaroM npoTokoja). B aBUallMOHHBIX CETsSIX Ta-
Kas CBSI3b KPUTHUYECKH Ba)KHA: KOMIUICKCHBIC
aTaky TPOSIBISIIOTCS COYETAHHEM MPHU3HAKOB B
pa3HBIX H3MEpPEHUsX (BPEMEHHBIX, MPOTOKOIb-
HBIX, aJJPECHBIX), U UX HEBO3MOXHO OOHAPYKUTh
aHAJIM30M KaXI0TO TMOJIA M0 OTAeiIbHOCTH. Ta-
KHM 00pa3oM, HE0OOXOMMO YCOBEPIIEHCTBOBATh
METO]T YaCTOTHOT'O aHAJIM3a, YTOOBI OH paboTai ¢
MHOTOMEPHBIMH TPaH3aKIUSIMH.

Pa3paborka meTona ananusza
MHOI'OMEPHBIX COYEeTAHUN MPU3HAKOB
ceTeBoro rpaguka

Jnst pelieHust MOCTAaBIECHHOM 3aayd pas-
paboran aJTOpPUTM, MOIUPUIHPYIOLTUI
FP-Growth Ttakum 00pa3om, 4TOOBI YUHUTHIBATH
NPUHAAICKHOCTh KaXKAOTO AJIEMEHTa K OIpese-
JeHHOMY aTpuOyTy (M3MEpPEHHI0) CETEBOTO CO-
obiTus. KimroueBas uiest COCTOUT B KOJUPOBAHUU
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AJIEMEHTOB C YKa3aHHEM MX MU3MEpPEHUs, TOCTPO-
€HUU Ha 3TOHW OCHOBE 0COOOro JIepeBa YaCThIX
NaTTePHOB U U3BJICYCHUM COYETAHUMN, YUUTHIBA-
HOIINX HECKOJIBKO I/I3M€p€HI/II71 OI[HOBpCMeHHO.
dopmanbHO Kaxaoe coObITHE (Hampumep, eiu-
HUYHAs 3alUCh B )KypHAJE CETH) MPEACTABICHO
BEKTOPOM IIPHU3HAKOB

E; = (xgj),xéj), ...,xr(,]l)),

(1)
rae xl.(j ) _ spavenne i-ro npu3Haka (aTpudyra) B
J-M coObITHN.

[locnenoBarenbHOCTh HAOIIOAAEMBIX CETE-
BBIX COOBITHH 3a HEKOTOPBIM MEpPUOa MOKHO
0003HaYUTh KaK MHOXKECTBO (WJIM yHOPSTO0YCH-
HBII HA0OP) TAKUX BEKTOPOB:

D ={E,E;, ...,Ex}, (2)
rae N — oOuiee 4yuciio coObITHI B paccMaTpHBa-
eMoli BEIOOpKE JaHHBIX. B cuity rereporeHHoctu
HCTOYHUKOB M (DOPMATOB JAHHBIX TIEpe] aHaJH-
30M BBINOJIHACTCS HOpManu3auus U oObenuHe-
HUE COOBITUH B €IUHYIO CTPYKTYpY. ITO Tpely-
eT yJaleHus 1yOJauKaToB, CHHXPOHM3ALUU Bpe-
MEHHBIX METOK, YHU(HUKAIMHU MpPeICTaBICHUS
aTpuOyTOB. Pe3ynpTaToM sBIsS€TCS HOpMalIU30-
BaHHAs 110CJIE0BATEILHOCTE D, NpUrogHas s
JaJIbHEHMIIIero acCOLMaTUBHOTO aHAIN3A:

5 S {Eli Ez, ...,EN},

3)
rie Ej — BEKTOp IPU3HAKOB j-ro COOBITHS MOCIE
npeIBapuUTeNbHON 00paboTKH (COXpaHEHa WC-
XOJIHAas CEMaHTHKA, HO TPUBEACH CIUHBIN (op-
MaT JaHHBIX).

Ha ocHoBHOM sTamne peammsyercs moaudu-
[IUPOBAHHBIM METOJ YacTOTHOTO aHanuza, 000-
3HauaeMblii kak Multi Dimensional Frequent
Pattern Growth (MDFP). Ero mpunuun paGoTsl
caenyromuii. BMecTo mpocThIX 3HaYE€HHN METOH
omepupyeT mapamu (atpulyT, 3HaueHue). To
€CTh KaXIbId BO3MOXKHBIH HMCXOMHBIA DIIEMEHT
KOJAMPYETCs KaK Mapa BUAA Ageprt Vs, THE Agper —
uneHTudukaTop arpulyra (Hampumep, HOMEp
HIOJISl WUTH Ha3BaHME ITapaMeTpa), a U — KOHKpET-
Hoe 3HaueHue. Hampumep, ecnu nepBblid aTpu-
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OyT — 3TO HOMEp MOpTa, a BTOPOM — TUIT MPOTO-
KOJia, TO 3JIeMEHT a,: 80 Oynmer o3HavaTh 3HAYe-
Hue 80 B mosue «HoMep nopTa», a a,: T CP — 3Ha-
yenue TCP Bo BTopoMm atpu0OyTte (THUI IMPOTOKO-
na). brnarogaps sToMy pa3nu4aroTCs OJMHAKO-
BbIE 110 HANMCAHUIO 3HAUEHUS, MPUHAIJIeKAIINE
pa3HbIM TpU3HAKAM, U JaHHBIE W3 Pa3HBIX HC-
TOYHHUKOB MOTYT OBbITh OOBEIMHEHBI IS aHaJH-
3a 6e3 MoTepH KOHTEKCTA.

Meron crpout cnenuanibHoe MDFP-nepeBo
(mHoromepHoe FP-pepeBo) nisi mpencTtaBieHUs
Beex TpaHsakiuii D. [TocTpoeHne NpOUCXOIUT B
JIBa I11ara:

1) oaHO MPOXOXKJAEHUE MO JAHHBIM ISl BbI-
YUCJIEHUS NOJJEPKKHU KaKIOrO0 BO3MOXKHOIO
3HaYEHUS B pa3pe3e KaKIOro H3MEPEHHUs, TO
€CTh IS KKI0M maphl (aTpudyT Qgpppr, 3HAUC-
HUE V) TNOJCYUTHIBACTCS, CKOJIBKO pa3 OHa
BCTpeYaeTcsi B Habope COOBITUN. DJIEMEHTHI, HE
JOCTUTAIOIINE 33J]aHHOTO MUHUMAJILHOTO MOPO-
ra MOAJIEPXKKH Opiyn, CUNTAIOTCS PEIKUMH U OT-
OpachIBalOTCsl Kak HemH(popmatuBHble. OcTanb-
HbI€ YacTble 3JEMEHTApHBbIE MpPHU3HAKU COPTH-
pyIoTcs 0 YOBIBAaHUIO YaCTOTHI;

2) BBITIOJIHSETCS BTOpPOE YTEHHE Habopa
JIaHHBIX, B X0J€ KoToporo crpourcs FP-aepeso.
Kaxxapiit y3en nepeBa COACPKUT MAPY Agepr: UV U
cyeTuyuk BXOXJeHUi. Tpanzakuuu (COOBITHS)
N00ABISIOTCS MOOYEPEHO: JI TEKYIIEro co-
ObITHsA OepeTcsl YIOpsAAOYEeHHBIN (COTJIaCHO IIa-
ry 1) cnucok map aggep: U, MOCHE YEro 3TOT CHH-
COK J00aBisieTCcsl B IEPEBO KaK MyTh OT KOPHS.
Ecnu Ha naHHOM MyTH HEKOTOpBIE Y37bI (IIpe-
(UKC MOCIeA0BaTEIbHOCTH) YK€ CYIIECTBYIOT B
JepeBe, UX CUETYMKH YBETUYMBAIOTCS; HOBBIC
y37bl CO3JAIOTCS AJI T€X 3JEMEHTOB, KOTOpBIE
BCTPEUAIOTCS BIIEPBBIE HA JAHHOM BETBJICHUU.
B pesynbrare monydaercs KOMIAKTHas JpEBO-
BUJIHAS CTPYKTYpa, B KOTOPOii 001ue npeduxco
COOBITUI XpaHATCS EOUHBIM YYaCTKOM. ITO
SKOHOMHUT TaMATh U TO3BOJIsIET 3aTeM 3Pdek-
TUBHO M3BJICKATh YaCThle KOMOWHAITIH.

Ha puc. 1 npuBeneH ynpoumeHHbIA MpUMEp
noctpoeHuss MDFP-nepesa. B stom npumepe
MOKAa3aHO MOCTENEeHHOEe J00aBIeHNE TPaH3aKLIUN
(ceTeBbIX cOOBITHI) M (hopMupoBaHHE OOIIEH
JIPEBOBUIHOM CTPYKTYpbI: MOBTOPSIIOIIMECS IO-
CJIEZIOBATEIIbHOCTH aTpUOYTOB arperupyrorcs, a
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HOBBIE BETBHU MOSIBISIIOTCA TOJBKO [JIS HOBBIX
couyetanuil. Kak BUIHO, UTOrOBOE JIEPEBO CO-
JEPKUT y3Jbl, TIOMEUEHHbIE MapaMHu Qgier: U,
Y KOXIbIA y3€7l UMEET CUETUYUK, OTPaKarOIIHi,
CKOJIBKO pa3 JaHHBbIM MPU3HAK BCTpEYaeTCs
B COOTBETCTBYIOIIEM KOHTekcTe. Puc. 1 scHo
JEMOHCTPHUPYET, YTO TMOCie 0O0pabOTKH BCeX
TpaH3aKUUN JE€pEeBO KOMIIAKTHO OTpa)kaeT BCe
4acThle MHOTOMEpPHbIE KOMOWHAIIUN TPU3HAKOB,
MPUCYTCTBYIOIINE B UCXOAHBIX JAHHBIX (B MpPH-
Mepe TIOKa3aHO COCTOSIHUE TIOCII€ YTEHUs
10 Tpan3akmuitf). Ha ocHoBe mOCTpOEHHOTO
MDFP-nepeBa 3aTemM oOCylIeCTBISETCS 00XO0J
JUISL U3BJIEYEHUS YaCThIX HAOOPOB MPU3HAKOB.

JIns uW3BJNEYEHHs] YACTBIX MATTEPHOB U3
MDFP-nepeBa npuMeHSIOTCA CTaHIAPTHBIE TEX-
HUKHM,  QHAJIOTMYHbIE  MCIHOJIb3yEeMbIM B
FP-Growth: BeImomHSETCSI TOWCK BCeX MyTeH,
OKaHYMBAIOIIMXCS JaHHBIM 3HA4€HUEM, U pe-
KOHCTPYUPYIOTCSI COOTBETCTBYIOIIME KOMOWHa-
[[UU TPU3HAKOB (C y4EeTOM pa3iNyYHbIX H3Mepe-
HUi1). B pe3ynprare paboTel anropurma Ghopmu-
pyeTcsi MHOXECTBO P Bcex yacThIXx MHOromep-
HBIX 1a0JI0OHOB:

P = {pi| sup(pr) = opmin}, “4)
rae sup(py) — mojaepxka (4actoTa BCTpevae-
MOCTH) MATTEPHA Pj B BBIOOPKE, Oppyin — 3a7aH-
HbIi MUHUMAaJIbHBIN YpOBEHb Noaaepxku. Ilox-
JIEpP>KKA PACCUMUTHIBACTCS KaK JIOJISI TPaH3aKLUN
(coOwITHiT) U3 hopmynsl (2), coaepKamuX TaH-
HBI HaOop mpu3HakoB. [laTTepHsl, momnasmve B
MHO>KECTBO P, MpencTaBisioT co00i yCTOHYHBO
MOBTOPSIIOLINECS KOMOHMHALMU TPU3HAKOB CO-
ObITUH, MOTEHIMANBFHO YKa3bIBAIOLIME HA MPH-
CYTCTBHE AHOMAJIbHOM AKTHUBHOCTU. B KOHTEK-
CTE ceTeBOl 0e30MacHOCTH TaKue MIa0JIOHBI MO-
YT COOTBETCTBOBAaTh CUTHATypaMm aTak WJIM Xa-
pPaKTEpHOMY MOBEACHHUIO BPEJOHOCHOTO Tpadu-
Ka.

B ornnume oT OIHOMEPHBIX AITOPUTMOB, B
KOTOPBIX 3HAYCHHS NMPU3HAKOB 00pabaThIBAIOTCS
0e3 yueTa MX MPUHAIIEKHOCTH K KOHKPETHBIM
aTpubyTaM, MHOTOMEPHBIA aHalU3 COXpPaHSET
CTPYKTYPHYIO CBSI3b MEXAY INpPU3HAKAMU U HX
U3MEPEHUSMHU. DTO O3HA4yaeT, YTO BbISBICHHbBIC
NaTTepHbl BKJIIOYAIOT HHQPOPMAIUIO O CBS3SIX
MEXIy MOJSMH ceTeBoro coOwiTus. Hampuwmep,
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B) [Nocne npoutenna TID=10

Puc. 1. [Tocrpoenue nepesa MDFP
Fig. 1. Construction of the MDFP tree

METOJI CIIOCOOCH OOHAPYKUTh, UTO OIpEIeICH-
HOE€ 3HA4Y€HHUE MOpTa 4acTO BCTPEYAETCS BMECTE
C KOHKPETHBIM 3HaueHHeM (ara MpoToKoja U
azipeca OTIpPABUTENS, TO €CTh (PUKCHUPYET KOM-
IUIEKCHBIM MPU3HAK, KOTOPBIH MOXET OBITh Xa-
pakTepeH TOJIbKO i araku. Kiaccuueckue
MOJXO/bl HE BUIAT pa3HUIBI MEXAy KOMOWHa-
nuer {nopt = 80, ¢mar = SYN} u {mopt = 80,
¢nar = RST} kak Mexay pa3sHbBIMH SBICHHSIMH,
TOrAa Kak B MeToZe 3T0 OyayT pa3Hble MaTTep-
HBI, TIOCKOJIbKY (jar — OT/AeIbHOE H3MEpEeHHeE.
3a cyeT 3TOro JOCTUTAETCS COCOOHOCTh BBISIB-
JATh OoJiee CIOXKHBIE U 3HAYMMbIE KOPPESIUH
NPU3HAKOB, OTpa)karolllie MOTEHLIHAIbHbIE I10-
neiTku HCB.
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[Ipennaraemplidi ME€TOJ MHOTOMEPHOrO aHa-
JM3a 4acThIX HAOOPOB MPHU3HAKOB JIET B OCHOBY
o0mieil MHOTOypOBHEBOH MOJENH acCOIMAIUN
coObITHHT  MH(POPMAIIMOHHON OE30MacCHOCTH B
apuanronnon CIIJ[. Ha puc. 2 npencrapieHa
cXeMa dTOHM MOJEIIH, COCTOSIIENH U3 HECKOJIBKUX
ypoBHEH 00pabOTKH COOBITUI OE30MaCHOCTH.
YpoBeHb cOopa TelIeMeTpUH arperupyer ChIpble
COOBITUSL M3 Pa3IMUYHBIX MOACHUCTEM: OOPTOBBIX
IIUTF030B, TPHUEMHUKOB MpoTokojioB (ACARS,
VDL, SATCOM wu ap.), KOMMYTaTopoB ceTel
YOpaBlIe€HUS BO3IYIIHBIM JBU)KCHHEM, Ha3eM-
HBIX MapIIpyTU3aTOpoB U T. A. Ha BIX0e ATOTO
ypoBHS (OPMHUPYETCSI TOTOK COOBITUH B BHJIEC
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P MOXET NONY4YMTL OTYET O BOIMOMHOM
HCBeCng

OUNLTPALMA OCHOBAHA HA CETeBLIX XAPAKTEPUCTUKAX, JHAYMMBL B YCNOBHAX ABMaLMK.

OTKMOHEHMA B YACTOTE OTNPABKM NAKeTos, HECTAHAAPTHLIE MOPTE!, HEOXMAAHHLIE MapLPYTs!, 0GbEM!
p {bDX SaHHLIX.

MeTpika MHTePeCca NPUMEHAETCA, YTOOL! OTCEUs MAMO3HAUMMLIe 33KOHOMEPHOCTH W OCTABUTE TOMBKO

NOTEHUMANLHO ONacHbIe WabnoHyl Nepesayk AaHHbIX.

YpoBeHs MCNONb3yeT MogrduumposanHsil anroput MDFP-Growth
ANA BLIABNEHUA YACTHIX COMETAHMA NDUIHAKOE BTOPHEHWA,
XapaxTepHelX ANA SEWALMOHHONO CETEEOr0 TpaHKa.

Yaanexsue ayGnupyowmx coduTia,
BbIDABHUEAHVE BPEMEHHBLIX METOK

Puc. 2. Mozaens acconuaiiuu coObITHi HHDOPMAIIMOHHO#M Oe30macHOCTH B aBuarmoHHoi CI1]
Fig. 2. Model of information security events association in aviation data transmission systems

BEKTOPOB aTPUOYTOB, KOTOPBIH COOTBETCTBYET
MHOkecTBY D o popmyiie (2).

YpoBeHb TpeaBapUTEIBLHON 00pabOTKH BBI-
MOJIHACT OIMMUCAHHBIC BBIIIC MPOUCAYPbI OYUCTKH
¥ HOpPMaJM3allMKi JaHHBIX, TPUBOJI UX K YHH-
(GUIMPOBAHHOMY BHY, ¥ TIOJYyYaeTCs MOCIE0-
BatenbHOCTH D 10 opmysie (3). Janee ciemyer
YPOBEHb KOPPEISIMOHHOTO aHaIW3a — Ha HEeM
NPUMEHSIETCS MPeITaraéMblii METOJ ISl BBISIB-
JICHUA MHOXCECTBA 4YaCTbIX MHOI'OMCPHBIX ma6-
noHoB P o gopmyne (4). [lonyyeHnsle marrep-
HBl OTPAXAIOT CTATUCTHYECKU 3HAYMMBIC COYE-
TaHUA MPU3HAKOB CCTCBBIX CO6BITHf1, cpeau Ko-
TOPBIX OKUAACTCS HAIWYHE TPU3HAKOB AaTaK.
YpoBeHb (QUIBTpAIMK TPaBWJI NpeAHA3HAYCH
JU1si oTOOpa caMbIx MHGOPMATHUBHBIX PE3yJjIbTa-
TOB: Ha ATOM 3Tarle KaKI0MY YaCTOMY MaTTepHY
MOXET OBITh COTOCTABICHO aCCOIMATHBHOE
MMpaBUJIO U PACCUUTAHBI MMOKA3aTCIN €ro 3HaA4Yu-
MOCTH. B 4acTHOCTH, BBIYHCISECTCS TOJICPIKKA
naTTepHa (J0asl COOBITUMN, €€ ONpeAeISIONInX,
YTO COOTBETCTBYET BHYTPEHHEMY KPUTEPHIO Ya-
CTOTHI), JIOCTOBEPHOCTH (confidence, ycioBHas
BEPOSITHOCTh TOSIBIICHHUS CIICACTBUS MPH HAJH-
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YUM OCHOBAHMS) U CIIELUATbHAs METPUKA UHTE-
peca, oTpaxaromiasi CTENeHb OTKJIOHEHHUs OOHa-
PYKE€HHOW 3aBUCHUMOCTH OT CIYyYailHO HOPMBI.
Mertpuka uHTEpeca 3aaeTcsi METOJOM CTEIEeHU
HOPMBI, HAIPUMEP B BUJI€ OTHOCUTEIBHOTO Ipe-
BBIIICHUST (PAKTUYECKOW COBMECTHOW TMOJICPK-
KU HaJ OKHUJAaeMOW NpU HE3aBUCHUMOCTH COOBI-
TUN:

support(AUB)
support(A)-support(B)

Lift(A= B) = (5)

3neck A = B — accOMaTUBHOE MPABUIIO, CO-
OTBETCTBYIOIIIEE HEKOTOPOMY TATTEpHY (MHO-
JKeCTBO A  uMmIummupyer  coowitue  B),
support(A U B) — noanepxxka oobeauHeHus A
U B (107151 COBMECTHOTO TIOSIBJICHHS ), @ TIPOU3BE-
nenue support(A) - support(B) npencrarisiet
OKUIAEMYI0 TOJICPKKY TPH YCIOBHU CTaTH-
ctudyeckor HezaBucumoct A u B. Takum o6pa-
3oMm, Lift(A = B) >0 o3Ha4aer, 4To CBS3Ka
A,B BcTpeuaeTcs CYIIECTBEHHO 4Yalie, YeM
MOKHO OXKHJATh CIy4allHO, TO €CTh IMPaBUIIO
NpeJCcTaBIsieT WHTepec s aHanu3a. Ha srame
GuIbTpaM 0TCEUBAIOTCS MIA0JIOHKI C HEOCTA-
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Hauano

support=n

v

Mepebop
TpaH3aKUun

[NoBaeuTs
TPaH3aKUMIo B
Habop FP-tree

aa

i
[ Ynanexue u3 ]

suibopKM

Bce TpaHaakuum
oBpadoTaHsI?

@opMUpOBaHKMe MHOXEeCTBa
npaeun accounauui

Koxey

Puc. 3. Anroput™ GHIIBTpAIIAH IPABHUI aCCOLUAITHNA

Fig. 3. Association rules

TOYHOU MOAJNEPKKOU U JTOCTOBEPHOCTHIO, a TAK-
K€ TPUBUAJIBHBIC 3aBUCUMOCTH C OJHM3KHM K
enunanie 3HadenueM Lift(A = B) — mocienHue
CUMTAIOTCA OTPaXaloIMMU HOpMaJIbHBIE, 3apa-
HEC N3BCCTHBHIC B3aMMOCBSI3HU U HE HGCYT aHaJIn-
THUYECKOM LIEHHOCTH. bIlok-cxema anroputrma
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filtering algorithm

(GUIBTpaluy MPaBUJ ACCOLUAIMN MpEICTaBIeHA
Ha puc. 3. bonee moapoOHO aNTOPUTM ILIAHUPY-
CTCA PACKPLBITH B MMOCJICAYIOIINUX Hy6JII/IKaI_[I/ISIX.
ITocne ¢unpTpamuum ocraroTcss Haubolee
3HAYMUMBIC ITpaBHJia accounaunﬁ, INOTCHIHUAJIBHO
ykazpiBatomue Ha HCB. OHu Moryt ObITH HC-
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NOJTB30BaHbl Ha 3aBEpIIAIOIIEM YPOBHE aHAIH3a
U TIPUHSTHS PEUICHUH — HaIpUMep, NIepeIaHbl B
IICHTP MOHHMTOPHHIA, TJI¢ ONEpaTop IOJydYaeT
YBEIOMJICHHE WM OTYET 00 OOHAPYKEHHBIX I10-
JIO3PHUTEIEHBIX KOPPEIALHUSIX COOBITHI.

Crnemyer OTMETHTh, YTO B paMKax TaHHOMH
CTaThMl OCHOBHOE BHUMAaHHWE YJENSEeTCS dTaIry
BBIJICJICHUS] YacThIX MHOTOMEPHBIX IaTTEPHOB
(ypoBeHb accoumarnuii Ha puc. 2). Otamnsl dop-
MUPOBAHHS aCCOIIMATUBHBIX MPABHI U UX (DHITh-
TPAIK YIOMSHYTBI JUISl TIOJTHOTHI KAPTHUHBI, OJI-
HAKO JICTAILHBIA WX aHAJIHW3 BBIXOJHUT 32 PaMKH
o0cyxaenus. B wactHOCTH, pacdeT mokasaTtenei
JIOCTOBEpHOCTH U uHTEpeca (popmyina (5)) ciy-
KHUT Ui AajbHeHmed paboTel ¢ MpaBUIIAMH
KOppeNsiiuu U OyJIeT TpPeIMETOM OTIEbHOTO
UCCIIEJOBAHMS.

JKCNEePUMEHTAIbHbBIE Pe3yJIbTAThI

Jnst mpoBepku paboTocrocoOHOCTH | 3(-
(EKTUBHOCTH TPEUIOKEHHOTO METO/Aa  ObLI
MPOBEJIEH JKCIEPUMEHT Ha JaHHBIX CETEBOIO
Tpaduka, colepKalmx Kak HOpMalbHbIC, TaK H
aTaKymroue BO3JACCTBHSA. B kadectBe uCXon-
HBIX JAaHHBIX HCIOJB30Bajach BhIOOpKA M3 00-
menoctynHoro Habopa CICIDS2017 [23], koTo-
pBIi UMHTHPYET TpaduK CETH C Pa3THYHBIMH
atakamu (DoS/DDoS, ckanupoBaHue TMOPTOB,
Bruteforce u np.) Hapsay ¢ JTETHTUMHON aKTHB-
HOCTBIO. JlanHbIT Habop ObUT BHIOpAaH BBUIY
HAJTMYUSI METOK aTaK U pasHOOOpa3us MmpeicTaB-
JICHHBIX IPU3HAKOB CETEBBIX COeIMHEHHMH. U3
HEro ObUTH U3BJICUEHBI KYPHAJIBI CETEBBIX COObI-
TUH, BKJIIOYAIOIIUME OCHOBHBIE aTpUOyTHI IMaKe-
TOB: BPEMEHHAs METKa, MPOJOIKUTEILHOCTD
COeIMHEHUSs, aJpec UCTOYHUKA, aJipec Ha3Haye-
HUS, HOMEpP MOpTa HAa3HAYCHUs, MCIOIb3yEeMbIi
MIPOTOKOJI, KOJIMYECTBO IMEpelaHHbIX OalT, ymc-
7o makeroB, ¢uarn TCP u np. Beero paccmar-
puBanock m = 83 KIIOUEBBIX NMPU3HAKA, XapaK-
TEePU3YIOMKX Kaxaoe coObitre. beutm oThuib-
TPOBAaHbI M30BITOYHBIE M MaJO3HAYUMbIE MOJIS
(HampuMep, HIEHTH(UKATOPHI 3amuceii), aH-
HBIE€ Pa3HbIX MOJCUCTEM OOBEAMHEHHI IO BpeMe-
HU B EAMHYIO IOCIIEIOBATEIHLHOCTh COOBITHIA.
OO0miee YUCIIO MPOAHATM3UPOBAHHBIX COOBITHIMA
coctaBwio nopsiaka N =~ 10°. Hns npensarae-
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MOro MeToja ObUT 33JaH MOPOTr MHUHUMAaJIbHOU
NOJUICPKKH O = 0,005 (0,5 % ot Bcex co-
OBITHIT) — IOPOT TOCTATOYHO MaJIblid, YTOOBI BbI-
SIBUTh JIa)X€ PEIKHE, HO PETYJSPHO TOBTOPSIO-
IIMECs aTaKH.

[To pe3ynmpTaTam pabOTBI METOJA BBIACICHO
HECKOJIbKO COTEH YacThIX MaTTepHOB. boibunH-
CTBO M3 HUX COOTBETCTBYIOT JIESTUTUMHBIM 3aKO-
HOMEPHOCTSM (HaIllpuMep, PEryJsipHbIE CITyKe0-
HbIe OOMEHBI JaHHBIMH MEXIY y3J1aMH, MEPHO-
JIMYECKUE CUTHAJbHbIE COOOILICHHUS aBUAIMOH-
HOro oOOpyIOBaHMS W T.I.), YTO OTpa)kaer
HOpMallbHYl0 paboTy cetu. OgHaKo cpeau Io-
JYYECHHBIX pe3yJIbTaTOB OCOOBIN WHTEpeC Mpen-
CTaBJISAIOT IIAOJIOHBI, XapaKTepHbIE I U3BECT-
HBIX aTaK, UMEBIIUXCS B BhIOOpKe. Tak, MeTon
0OHapy>KWJI MaTTepH, COOTBETCTBYIOLIUI aTakam
tuna PortScan: coderanue nmpu3HaKoB, BKIIIOYA-
IOlllee HEMPUBHIIETHPOBAaHHBIE HOMEpA MOPTOB B
HIMPOKOM Juara3zoHe, oauH u ToT ke [P-aapec
UCTOYHUKA U MAaJlo€ YHUCIO MAKETOB B KaKIOM
COEIMHEHUH. DTOT NAaTTepH ObLI BBISABIEH Kak
YacThli, IOCKOJIBKY B CETEBOM Tpaduke Habopa
JAHHBIX TPUCYTCTBOBAla CEpUsl CKAHUPOBAHHMA
HOPTOB, T'€HEpUpPYIOLasi MHOXECTBO OJHOTHII-
HBIX KOPOTKHX COCIUHEHHH OT OJHOTO HCTOY-
HUKa. /[lpyrol mnpuMeyaTelbHbIM HaWICHHBIN
mabsoH oTpasmi pacnpenenacHHyro DoS-ataky
Ha ONpEJeNeHHbIN y3eld: B 4YacThIX MaTTepHax
OKazayiach KOMOWHaIms {aapec Ha3HAYCHUS
dst.ip, ¢pimar TCP = SYN} — oHa yka3bIBaeT, uyTo
aapec X (xoHkpeTHbli IP cepBepa) MHOroKpar-
HO (UrypHupoBaj B KauecTBe LEJIU COSUHEHUI ¢
¢aarom SYN (nagano TCP-ceccun) 6e3 mocie-
JYIOLIETO YCTAHOBJIEHUS] — UMEHHO TaK MpOsIB-
asiercst SYN-Flood DDoS. [IpumeuarensHo, 4yTo
BBISIBICHHOE COYETaHUE MPU3HAKOB ObLIO OOHa-
PY’KEHO HCKIIOYUTEIFHO TIPH MHOTOMEPHOM
aHaju3e: MpHU PacCMOTPEHUM aTpUOYTOB IO OT-
JIeTbHOCTH aJipec Ha3zHadeHus dst.ip He OTHO-
CHJICS K YacTO BCTPEYAIOIMMCS 3HAYEHUSM, a
daar SYN Takxe mUPOKO MPEACTABJICH B IIITAT-
HOM Tpaduke. OTHAKO UX COBMECTHOE MOsBIIE-
HHUE JIEMOHCTPHUPOBAJIO CTATHCTUYECKYIO 3HAYH-
MOCTh MMEHHO B HHTEpBalax, COOTBETCTBYIO-
IMX peayu3aliy aTaKy.

[ToMHMO SIBHBIX MPU3HAKOB aTaK, METOJ, 03-
BOJIWJI BBISIBUTH AHOMAJIbHBIE KOPPETSAILIMA MEX-
Ny TIpU3HaKaMH, paHee He HaOJI0JaBIIMMUCS B
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HOopMalibHOU pabote. Hampumep, oOHapyskeHo,
YTO B MEPUOBI, COOTBETCTBYIOIIHNE BHEIPEHUIO
BpenoHocHoro [IO, yacto BecTpedanoch couera-
Hue {tun nporokona = HTTP, HeTunuuHbIil BbI-
COKMI HOMep mopta, OosbIIMi 00BEM NepeaH-
HBIX JIaHHBIX }. JlaHHAs KOMOWHAIIUS MOXKET yKa-
3bIBaTh Ha HEXKEJAaTeJIbHYI0 aKTHUBHOCTb (BO3-
MOJKHO, 3KC-(OMIBTpAIMIO JAHHBIX Yepe3 He-
crangaptasld mopt HTTP). Knaccuueckue cu-
CTEMbl MOHUTOPHHIA, TIOCTPOEHHBIE Ha (DUKCH-
POBAaHHBIX NpaBUJIaX, HE PETUCTPUPOBAIU JaH-
HYIO0 CUTYallHI0, IOCKOJIBKY KayKIblii IPU3HAK B
OTIEIBHOCTH OCTaBAJICS B Ipenenax JOIyCTH-
MBIX 3HadeHMH. OJHaKo MpPH MHOTOMEPHOM
aHaiau3e OBbUIO BBISBJIEHO, YTO OJHOBPEMEHHOE
IPUCYTCTBUE ATHX IMPU3HAKOB HAOIIOAAETCs C
NOBBIIICHHOW YacTOTOM MMEHHO B IEPHOABI
HapyweHui. [lomydeHHBIE pe3yJbTaThl JAEMOH-
CTPHUPYIOT, YTO MpEJIaracMblii METOJI ITO3BOJIAET
BBISIBIIATh CKPBITBIE MHOTOMEPHBIE 3aKOHOMED-
HOCTH B CTPYKType Tpaduka, OTpakarollue Xa-
paKTEepHBIC IPU3HAKU PA3JIMYHBIX TUIIOB aTak.

O0cy:kneHue pe3yabTaToB

Takum oOpazom, ampobanusi mokasana Kop-
PEKTHOCTb U PE3YJIbTaTUBHOCTH pa3paboTaHHOIO
MeToaa. Ha peaibHBIX JaHHBIX ceTeBOro Tpadu-
Ka ObUIM OOHApy>XeHBI YaCThle MHOTOMEPHBIC
1a0JIOHBI, COOTBETCTBYIOIIME H3BECTHBIM aTa-
KaM, a TaKkkKe HOBBbIE HETPUBHAJIbHBIE KOppEs-
IIUM, MOTEHIMAJIbHO YKa3bIBAIOUIHE HA aHOMa-
auu. Meroa mpurofeH Ais NPUMEHEHUS B CH-
creme Monutopurra ACIIJ] u cnocoben obpa-
0aTpIBaTh OOJIBIIIME TTOTOKH COOBITHI B MpPHEM-
JIeMbI€ CPOKH.

B mepcrnexTuBe miaHupyeTrcs pa3BUTHE MO-
X0Jla B HAMPABJICHUH ONTHMH3AINN XPAHCHUS U
00paboTKn OOJIBIIMX O00BEMOB MOCTYITAOIINX
JaHHbIX. B 4YacTHOCTH, HEOOXOAMMO YICTUTDH
BHHUMaHUEe 3(PGEKTUBHON OpraHW3alid XpaHe-
HUS TPOMEXYTOYHBIX CTPYKTYp (TakuxX Kak
MDFP-nepeBo) u peasim3oBaTh METOJ KOMIIAKT-
HOT'O COXpaHEHUs U 0OHOBIEHHS MH(POPMALIUH O
cereBoM Tpaduke. Kpome Toro, mampHeumas
pabota OyzeT HampaBjeHa Ha COBEPIICHCTBOBA-
HUE MEXaHU3MOB QMIBTPAIMHN U PAHKUPOBAHUS
BBISIBIICHHBIX MAaTTEPHOB 10 CTENEHH BAXKHOCTH,
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a TAK)K€ Ha UHTETPALMIO aJiITOPUTMA ¢ MOAYJISIMU
pEAIbHOrO BPEMEHM ISl TPUMEHEHUSI B CUCTE-
max YBJI.

3akJroueHue

B pabore npencraBiieH METOJ aHaIMU3a CeTe-
Boro tpaduxa ACII/], ocHOBaHHBIN Ha BBISBIIE-
HUM 4YaCTO BCTPEYAIOIIMXCS MHOIOMEpPHBIX CO-
YeTaHU#l MPHU3HAKOB CeTeBbIX coObITHH. Ilpen-
JOXKEHHBIH METOA MOIU(PUUUPYET Kiaccuye-
ckuil Meron 4actotHoro ananuza FP-Growth c
Y4€TOM MHOTOMEPHON CTPYKTYphl JaHHBIX, YTO
MO3BOJINJIIO COXPAHUTh KOHTEKCT IPHU3HAKOB U
BBISIBUTH CJIOXKHBIE 3aBUCUMOCTH MEXAY pas-
JUYHBIMU aTPUOYTaMH CETEBBIX COOBITUH, HEMIO0-
CTYIIHBIC TPU NPUMEHEHUU TPAJAULUOHHBIX OJ-
HOMEpHBIX anroputMoB. Pazpaborana gopmainb-
Has MOJEJNIb MPEJICTABICHUS] MHOIOMEPHBIX Ce-
TEBBIX COOBITHI M QITOPUTM HU3BIICUECHUS yCTOM-
YUBBIX COYETAaHMH MPU3HAKOB C 3aJaHHBIM
ypoBHeM mnojaepxku (popmyist (1)—(4)). Dxc-
NEpUMEHTAJIbHOE UCCIIEIOBaHNE Ha Habope JaH-
Heix CICIDS2017 moarBepamio paboTocmnocoo-
HOCTh METO/Ia M TIOKa3aJio, YTO OH 3()PEKTUBHO
BBIJIETISIET IPU3HAKU, XapaKTEPHBIE ISl CETEBBIX
arak tuna PortScan u SYN-Flood DDoS, a tak-
K€ BBIBISIET HETPUBUAIBHBIE AHOMAJIbHBIE
KOMOWHAIIUM, paHee He HaOIIOJaBIIHECs CTaH-
JapTHBIMM CUCTEMaMHM MOHMTOpHMHra. Hayunas
HOBHM3HAa COCTOUT B TOM, 4YTO BIEpBbIE s
ACII pa3paboTaH 4acCTOTHBIH aHAIU3 MHOTO-
MEPHBIX JIaHHBIX C COXPAHEHHEM CTPYKTYpPHBIX
cBsizell Mexny aTpuOyTtamu. [IpakTrueckas 1eH-
HOCTh 3aKJIIOYaeTcsd B BO3MOXXHOCTH aBTOMAaTH-
YECKOTO OOHApPYKEHUSI YCTOWYMBBIX COUYCTAHHIA
NPU3HAKOB, XapaKTEepHbIX JJI aTak 0e3 mpesBa-
PUTENIBHO 33JaHHBIX CUTHATYp, YTO IOBBIIIAET
touHocTh BblsBiIeHHss HCB u mo3Bonser chop-
MHUPOBaTh OCHOBY Ul Pa3paOOTKU MpPaBUI KOp-
pessauuu COOBITUM M TOCIEYIOLUIEr0 MOHHUTO-
punra Oe3omnacHoctd ACIIJ. Pa3zpabGoraHHbII
METOJ MOXET OBbITh MCHOJb30BAH JUIsl MOBBIIIE-
Hus ycronuuBoctu ACIIJ] cucrem YBJI x yrpo-
3aM M IPUOPUTETHOrO BbIOOpA Mep 3allUThI IJIs
obecrieyeHus: 6€30MACHOCTH MOJIETOB.
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Abstract: Integration of the resulting output signals of the global navigation satellite system (GNSS) and the inertial navigation
system (INS) is designed to ensure reliable, safe and stable performance of the aircraft navigation system. To achieve this goal, it is
necessary to meet the following requirements for the obtained navigation parameters: high accuracy, continuity of information
provision during long-term operation, reliability of the integration algorithm with acceptable computational costs of the aircraft
onboard electronics. This paper examines the extended Wiener method for integration of GNSS and INS navigation systems under
conditions of an unstable navigation data supply. Processing of navigation information from measuring devices is the basis for
ensuring flight safety and aircraft control accuracy. Navigation parameters are measured as part of an integrated modular avionics
system, including global navigation satellite systems (SRNS), inertial navigation system (INS), GPS/GLONASS and radar systems.
The results of modeling the error in aircraft speed and position after applying the extended Wiener filter are presented. The
effectiveness of the proposed algorithm was assessed based on strict statistical criteria.
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UccaenoBanne 3¢ PeKTUBHOCTH AJITOPUTMOB KOMILUIEKCUPOBAHUS
HABUTALMOHHBIX CHCTEM HA OCHOBe pacmimpeHHoro guiabtpa Bunepa

A.C. 3acyxun', B.JI. Byaaes', 1.0. Cuzukos'

] o o o o
Mockosckuii 2ocy0apcmeenHvlli mexHU4ecKull YHUgepcumem epaxcoanckol asuayuu,
2. Mockea, Poccus

AnHotammst: KoMiiekcnpoBaHue pe3ysibTUPYIOLINX BBIXOIHBIX CUTHAJIOB IVI00aIbHON HABUTAIIMOHHOW CITyTHHMKOBOM CHUCTEMBI
(THCC) u unepumanbHoii HaBuranmonHou cucrembl (MHC) mpusBaHo oOecrieunTs HalIeXkKHYIO, OE30IIACHYIO U YCTOMYMBYIO
paboTOCIIOCOOHOCTh HABUTAIIMOHHON CHCTEeMbI BO3ayIHOro cyaHa (BC). st TOCTHKEHUS 3TOM Leii He00X0IMMO 00ECIeUnTh
clieyrolye TpeOOBaHUs K IOJNYYacMbIM HAaBUIAIIMOHHBIM IIapaMeTpaM: BBICOKas TOYHOCTb, HEMPEPHIBHOCTH IPEIOCTaBICHUS
nH(pOpMaMK TIPH JUIMTENBHON padoTe, HaAEKHOCTh aJrOpHTMa KOMIUIEKCHPOBAHMS TPHU NPHEMIIEMBIX BBIYHCIUTEIBHBIX
3arparax OoproBoi anektponnkn BC. B nanHO# pabote nccnemyercst pacMpeHHbI Meron Bunepa 11 KOMIUIEKCHPOBAHUS
HapurammoHHbIX cucteM [HCC wm MHC B ycnoBusix HecTaOWIIBHON ITOJa4y HABHTAIMOHHBIX JaHHBIX. (OOpaboTka
HABUTAIIMOHHON HWH(MOpPMAMKM OT W3MEPUTENHHBIX YCTPOWCTB SIBISIETCS OCHOBOW OOECIedeHrs] 0e30MacHOCTH IIOJIETOB U
TOYHOCTH YTIPABJICHHUS BO3AYIITHBIM CYIHOM. V3MepeHre HaBUTrallMOHHBIX TAPaMETPOB OCYIIIECTBIIETCS B COCTABE HHTETPAIBHON
MOYJIGHOM aBHOHHKH, BKIIIOYAIONIEH CITyTHUKOBBIE paanoHaBHraioHHble cucteMsl (CPHC), nHepupansHy0 HaBUTAIOHHYIO
cucremy (MHC), GPS/TJIOHACC u paauosnokaioHHbie cucteMbl. [IpezcTaBieHbl pe3ybTaTbl MOASTHPOBAHKS IO PELTHOCTH
1o ckopoctd u nonoxennto BC mocne npumenenust pacimpeHHoro ¢unsrpa Bunepa. IpoBenena ouenka 3(¢dekTrBHOCTH
MPEJIOXKEHHOTO aJITOPUTMa Ha OCHOBE CTPOTUX CTAaTHCTHYECKUX KPUTEPHEB.
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KunroueBble cj10Ba: KOMIUIEKCHPOBaHKE HABUTALIMOHHBIX CHTHAJIOB, paCIIMpeHHbIN (riIbTp BuHepa, 6e301acHOCTb, HAEKHOCTS,
TOYHOCTH HABHT'AIIMOHHBIX [IapaMeTPOB, HABUI'ALIMOHHAs CHCTEMa, CTaTHCTUYECKasi OTHMH3ALIHS.

Jonsi murupoBanmsi: 3acyxuH A.C., Bymaes B.Jl., CmsuxoB [1.0. UccrnenoBanue >(pQEKTHBHOCTH aJTOPHTMOB KOMILICKCH-
POBaHUS HABATAIIMOHHBIX CHCTEM Ha OCHOBE pacmmpeHHoro ¢rbTpa Bunepa // Hayansiii Bectank MI'TY T'A. 2025. T. 28, Ne 5.

C. 22-40. DOLI: 10.26467/2079-0619-2025-28-5-22-40

1. Introduction

The navigation system is the main source of
parametric information for providing the crew
and aircraft navigation systems with data on the
aircraft attitude and its motion characteristics.
The main sources of navigation information are
the satellite navigation system (SNS) and the
inertial system (INS) [1, 2]. However, each indi-
vidual navigation system does not fully satisfy
the requirements of accuracy, noise immunity,
autonomy and fault tolerance.

The disadvantage of the inertial navigation
system is the accumulated error (drift) during
long-term operation, which grows proportionally
to the operating time or even faster depending on
the accuracy class of the system. The disadvan-
tage of the global navigation satellite system is
its dependence on external interference, signal
interruption and other factors that can prevent
accurate coordinate calculation.

The integration of the signals from the two
navigation systems listed above makes it pos-
sible to compensate for the disadvantages of
each individual system and use their advantages
in operation. In particular, highly accurate but
drift-prone inertial navigation system data can be
corrected by relatively stable, but less accurate
and interference-prone global navigation satellite
system data. Algorithms for the integration of
two or more sources of navigation information
allow for the provision of aircraft systems with
correct navigation parameters that have been op-
timally filtered.

This paper discusses an improved algorithm
for integrating navigation systems based on the
extended Wiener filter, which provides statis-
tically optimal processing of data from various
sources, taking into account their stochastic
characteristics [3, 4].
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2. Mathematical justification for
the choice of an extended Wiener filter
for integrating navigation systems

2.1. Comparative analysis of the methods
for integrating navigation systems

Various methods are currently used to solve
the problem of integrating navigation data, in-
cluding the Kalman filter, the Wiener filter,
fuzzy logic methods and neural network ap-
proaches. The choice of the optimal method is
determined by the specific application condi-
tions, accuracy requirements and computing re-
sources of the onboard equipment.

The Kalman filter is one of the most common
methods of integration and has a number of ad-
vantages: recursive structure; the ability to work in
real time; taking into account the dynamics of the
system [5]. However, for the Kalman filter to work
effectively, precise knowledge of the system dy-
namics model and noise characteristics is required,
which is not always available in real aircraft oper-
ating conditions.

The extended Wiener filter, unlike the Kal-
man filter, does not require full knowledge of the
system dynamics model and can operate effec-
tively using only statistical characteristics of sig-
nals and noise. This makes it more stable under
conditions of model uncertainty and in the pres-
ence of non-stationary interference [1, 6]. Below
we present a mathematical justification for
choosing the extended Wiener filter to solve the
problem.

2.2. Theoretical foundations of the extended
Wiener filter

The classical Wiener filtering problem is
formulated as the problem of minimizing the
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mean square error between the true signal s(t)
and the estimate of this signal $(t), obtained by
linear filtering of a noisy observation y(t) =
s(t) + n(t), where n(t) is the additive noise.

For the discrete case applicable to navigation
systems, the extended Wiener filter can be repre-
sented as
o hlklyln — k], (D
where h[k] is the impulse response of the filter,
N is the filter order.

Unlike the classical Wiener filter, the extend-
ed filter takes into account the non-stationarity
of the statistical characteristics of signals and
noise, as well as the possibility of integrating
more than two data sources. The optimal impulse
response of the filter is found from the condition
of minimizing the functional:

J = E{(s[n] - 3[nD?}, 2)
where E{-} is the mathematical expectation.

The solution to this optimization problem
leads to a system of Wiener-Hopf equations:

ZIIX;(} h [k]Ryy [i—k] = Rsy[i]r
i=01..,N-1, 3)
where Ry, [m] = E{y[n]y[n —m]}is the auto-
correlation function of the observation,
Rsy[m] = E{s[n]y[n — m]} is the mutual corre-
lation function between the true signal and the
observation.
For the case of integrating several navigation
systems, the extended Wiener filter can be repre-
sented in vector form:

$[n] = X¥Z H [kly[n — k], 4)

where y[n] = [yl[n],yz[n],...,yM[n]]T is the
vector of observations M from different naviga-
tion systems, H[k] is the matrix of impulse re-
sponses of the filter.

The optimal matrix H[k] is found from the
solution of the Wiener-Hopf matrix equation:
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H [k Ryy[i —k] = Rsy[i]:
i=01,.., N—1, (5)

where Ryy[m] is the autocorrelation matrix of
the observations, Rgy[m] is the mutual correla-

tion matrix between the true signal and the ob-
servations.

2.3. Adaptive modification of
the extended Wiener filter

To improve the efficiency of integration of
navigation systems under conditions of changing
characteristics of signals and interference, an
adaptive modification of the extended Wiener
filter is proposed. The main idea is to use a slid-
ing window to estimate the correlation functions:

Ryy[mn] =1 ¥idy [n— Uy [n— 1 —m]; (6)
Ryy[mn] = 75t s [n— 1y [n— L —m], (7)

where L is the size of the sliding window.

The adaptability of the filter is ensured by
periodic recalculation of the matrix of impulse
responses based on updated estimates of the cor-
relation functions. The update frequency is de-
termined by the dynamics of changes in the
characteristics of signals and interference.

For the case when the true signal s[n] is una-
vailable (which corresponds to the real situa-
tion), a blind identification method is used based
on minimizing the mutual information between
the components of the estimated signal. This al-
lows us to identify the most informative compo-
nents of the signal without a priori knowledge of
its characteristics.
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Fig. 1. Route control method of the aircraft

3. Methods for assessing the
effectiveness of navigation parameter
integration algorithms

3.1. Navigation systems used and their
characteristics

To evaluate the efficiency of navigation pa-
rameter integration algorithms, we will deter-
mine the characteristics of the systems operating
on board the aircraft. According to research da-
ta[l, 6], the mean-square errors (MSE) of de-
termining the aircraft location for various navi-
gation systems are:

Inertial Navigation System (INS): ¢ "INS" =
= 6500 m;

Air Data Computer (ADC): ¢ "ADC" =
=11000 m;

Doppler Velocity Sensor (DVS): ¢ "DVS" =
= 4000 m;

Short Range Navigation System (SHORAN):
6_"SHORAN" =400 m;

Global Navigation Satellite System (GNSS):
o "GNSS" =175 m.

The specified accuracy characteristics are
based on experimental data and the results of
studies of errors in navigation systems operated
on modern civil aviation aircraft [7, 8], except
for DVS, which is an experimental tolerance, i.e.

25

we assume that there is a DVS with a given
standard deviation for experimental testing.

3.2. Research methodology and performance
criteria

The study used a mathematical model of air-
craft motion as a rigid body with six degrees of
freedom. When modeling a flight along a route
(fig. 1), a control method using a running point
was used [2, 9].

The following indicators are defined for the
efficiency criterion:

1) cumulative deviation (I), describing the
deviation of the aircraft position at each moment
in time (x, z) using navigation signals from its
position during an ideal flight. (X;40a1) Zidear)-

I = \/(x — Xigea)* + (Z = Zigea); 3

2) average lateral deviation (m,,), which
reflects the deviation of the flight route from the
course line (required track) and is determined by
the expression

1
Mmp, = MZ?L1(AZi)2,

)
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where Az; is the deviation from the course line
(required track) at the moment of observation i;
M 1is the number of observations;

3) the accuracy of the aircraft reaching the
final point of the route (¢), which is determined
by the formula

&= J(x - xwpt)z + (Z - prt)z; (10)

4) the probability of keeping the aircraft
within the allotted corridor relative to the re-
quired track P(|Az| < Ly,4,). Considering that
the lateral deviation of the aircraft from the re-
quired track is a function of many random pa-

P(|Az| < 200) =

V2T Opy

P(|4z| < 200) = cp[

where ®(a) is the tabulated probability integral.

4. Implementation of the integration
algorithm based on the extended
Wiener filter

4.1. Structural diagram of the integration
algorithm

Figure 2 shows the block diagram of the pro-
posed algorithm for integrating navigation sys-
tems based on the extended Wiener filter.

It should be noted that this paper examines
the characteristics of modern DVS of a new gen-
eration, which have significantly improved tech-
nical characteristics compared to previous mo-
dels. Modern DVS, developed by Luch Design
Bureau and other manufacturers, are multifunc-
tional single housing units with digital data out-
put, which significantly simplifies their integra-
tion with onboard navigation systems. They are
distinguished by high accuracy of speed meas-
urement (error no more than +0.25%) and drift
angle (error no more than £16 arc minutes) due
to the use of frequency modulation and modern
algorithms for digital signal processing. Some

1 200
I
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rameters, the probability density of the parame-
ter Az can be assumed to be subject to the
Gaussian law [10, 11-13].

[AZ_mAz]Z

1
P(Az) = o o EXP {— 707 }, (11)
where oy, is the variance of the lateral devia-
tion Az.

We will assume that the permissible devia-
tion from the course line does not outweigh
Limax = 200 m. Therefore, the probability that
the aircraft will not go beyond the permissible

limit is determined by the expression

[AZ_TnAz]2
—200 exp {— TAZZ} dAz =
200—my, 200—my,
v R e (12)

DVS models, such as the DISS-32-28 and D001,
have a wide range of measured speeds (from 180
to 4000 km/h) and operating altitudes (from 1.6
to 30,000 m), making them applicable to both
traditional aircraft and advanced unmanned aeri-
al vehicles.

4.2. Mathematical implementation of the
extended Wiener filter for navigation systems

With regard to the problem of integration of
navigation systems, the extended Wiener filter is
implemented as follows. Let there be M naviga-
tion systems, each of which provides an estimate
of the aircraft state vector:

yilnl =s[n]l+n;n], j=1,2,..,M, (13)
where s[n] is the true aircraft state vector, n;[n]
is the error vector of the /™ navigation system.

The integration problem supposes finding the
optimal estimate §[n] the true aircraft state vec-
tor based on observations from all M systems:

$[n] = LjL, W; [nly;[nl, (14)
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Fig. 2. A block diagram of signal integration using an extended Wiener filter

where W;[n] is the matrix of weighting coeffi-
cients for the /™ navigation system.

The optimal weighting coefficients are found
from the condition of minimum mean square er-
ror:

Rs[n]R; ! [n],

% (15)
where Rg[n] = E{s[n]sT[n]} is the covariance
matrix of the true state vector, Ryj[n]

= E{y; [n]ij [n]} is the covariance matrix of ob-
servations of the /™ system.

The covariance matrix of the true state vector
can be estimated based on a priori data on the
aircraft dynamics or using high-precision refer-
ence measurements at the stage of system cali-
bration.

Taking into account the non-stationarity of
the characteristics of navigation systems, the co-
variance matrices are estimated recursively:

Ry, n]

where a is the forgetting coefficient, which de-
termines the speed of filter adaptation to chang-
ing conditions (0 < a < 1).

To initialize the recursive algorithm (16) the
initial covariance matrix R,,;[0] can be specified

= aR, [n— 1]+ (1 - Q)y;[nly][n], (16)
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based on the passport characteristics of the errors
of the navigation systems or the results of pre-
liminary calibration.

In the event of failure or temporary unavaila-
bility of one of the navigation systems, the cor-
responding weighting coefficients are automati-
cally adjusted taking into account the current
estimates of the statistical characteristics of the
remaining systems [ 14—16].

5. Results of the study of
the integration algorithm efficiency

5.1. Analysis of the navigation systems
accuracy

Figure 3 presents the results of modeling the
impact of errors in various navigation systems
on the accuracy of maintaining the course line.
The shown results represent the absolute devia-
tions of the flight path from the course line (re-
quired track) |Az| at each observation moment.

The analysis of the results shows that the ac-
curacy of maintaining an aircraft on a flight path
depends significantly on the mean-square error
of the navigation system used. As shown in the
graphs, the smallest deviation from the course
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Fig. 3. Absolute deviation of the flight route from the course line using navigation systems

Table 1
Determination results
Navigation System INS ADC DVS SHORAN GNSS
Average Lateral Error (1m,,), m 861.4379 2188.583 416.3014 33.9721 18.0735
Lateral Error Variance (g2,), m? 742076.64 | 4789818.62 | 173286.87 | 1154.11 326.65
|az|,= INS + ADC + DVS + SHORAN + GNSS : |
a DJS Wt 1L5 2I 25 5] 3j5 4 45 >

x1

Fig. 4. Absolute deviation from the course line when integrating navigation signals using a Wiener filter

line is achieved using the Global navigation sat-
ellite system, which has the smallest coordinate
determination error, while the largest deviation
is achieved using the Air Data Computer.

Table 1 shows the results of calculating the
mean-square lateral deviation m_Az for various
navigation systems.

The results confirm that the GNSS with the
lowest mean square error provides the best accu-
racy of maintaining the course line, and the ADC
with the highest error provides the worst ac-
curacy.
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5.2. The efficiency of integrating using
the extended Wiener filter

Figure 4 shows the results of modeling the
absolute deviation from the course line when
integrating navigation signals using the extended
Wiener filter.

The comparison with the results of individual
navigation systems (fig. 3) shows that integra-
tion provides a significant improvement in the
accuracy of maintaining the course line (required
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Fig. 6. Absolute deviations of the flight path from the course line (required track)

track). Moreover, the accuracy of the integrated
system exceeds that of the most accurate indi-
vidual system (GNSS).

Figure 5 shows a comparison of the accumu-
lated deviation I using individual navigation sys-
tems and the integration method.

The graphs clearly demonstrate that signal
integration using the extended Wiener filter al-
lows for a significant reduction in cumulative
deviation compared to using individual naviga-
tion systems.
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5.3. Algorithm stability to navigation systems
failures

To assess the stability of the proposed algo-
rithm to individual navigation systems failures,
situations with an absence of signal from one of
the systems were simulated. Figure 6 shows the
absolute deviations of the flight path from the
course line |Az| in the absence of a signal as a
result of, for example, a malfunction of one of
the navigation systems.

The results show that the proposed integra-
tion algorithm remains operational even if one of
the systems fails. The accuracy of determining
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Fig. 7. The influence of integrating various four systems on I during flight:
a —in a straight line, b — along a route

the aircraft position decreases only slightly and
remains higher than when using the most accu-
rate system alone. Figure 7 shows the effect of
integrating various combinations of four naviga-
tion systems on the accumulated deviation I. The
characteristic jumps in the graphs (fig. 7) corre-
spond to the moments of an abrupt change in the
flight path upon entering a turn (t = 120 s) and
the beginning of the stabilization section after
completing the turn (t= 240 s). At these mo-
ments, the adaptive Wiener filter algorithm rear-
ranges the weighting coefficients in accordance
with the change in flight dynamics, which tem-
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porarily increases the position estimation error.
The simulation results for various combinations
of three (figs. 8-10) and two (figs. 11-13) navi-
gation systems confirm the efficiency of the pro-
posed integration algorithm even with a limited
set of available systems. For various combina-
tions of combining two navigation systems, the
results of determining the absolute deviation |Az]
and the accumulated deviation I are shown in
Figures 11-13. From the figures it is clear that
the use of the Wiener filter for integrating vari-
ous systems also improves the accuracy of route
maintenance.
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Table 2
The probability of keeping the aircraft within the acceptable range (200 m)
Navigation system/intergration | Mean-square deviation gy, m The probability P(/Az/<200)
INS 862.14 0.2321
ADC 2188.58 0.0914
DVS 416.30 0.4812
SHORAN 33.97 0.9999
GNSS 18.07 0.9999
Integration of all systems 12.35 0.9999994
Integration (INS, DVS, SHORAN, 14.21 0.9999990
GNSS)
Integration (DVS, SHORAN, 15.83 0.9999987
GNSS)
Integration (SHORAN, GNSS) 16.94 0.9999983

5.4. Probabilistic characteristics of
keeping aircraft within an acceptable
airway range

Based on the obtained statistical characte-
ristics of the lateral deviation of the aircraft from
the course line, the probabilities of keeping the
aircraft within the acceptable airway range of
200 m width were calculated. The results are
presented in Table 2.

Analysis of the table data shows that integ-
rating navigation systems using the extended
Wiener filter significantly increases the proba-
bility of keeping an aircraft within the acceptable
range compared to using individual navigation
systems. Moreover, the highest probability is
achieved by integrating all available systems.

6. Mathematical analysis of the reasons
for increasing accuracy during
integration

To theoretically substantiate the experimental
results obtained, we will conduct a mathematical
analysis of the effect of integration on the accu-
racy of aircraft location determination [17].

Let us assume that there are M independent
navigation systems, each of which provides an
estimate of the aircraft state vector with an error
variance. o/. When data integration is performed

37

using an extended Wiener filter, the resulting
error variance is determined by the expression:

-1
2 1
Ores = i=1,2 .
L

For the case of integrating two systems with
variances o and ¢ we obtain:

(17)

2 2
0102

07“265 = (18)

2 2°
oi{+o;

Obviously 62, < min(cZ, 07), that confirms
the theoretically observed effect of increasing
accuracy during integration.

For an adaptive extended Wiener filter with
recurrent estimation of the statistical characte-
ristics of signals and noise, the variance of the
resulting error is determined by a more complex
expression:

0res[n] = oZ[n] — XL, K] [n]R;[n]K;[n], (19)

where 62[n] is a priori variance of the state vec-
tor, K,[ ] is the gain coefficient of the filter for
the /™ system, R;[n] is the covariance matrix of
the measurements of the i system.

This expression explains the dependence of
the accuracy of the integrated system on the sta-
tistical characteristics of individual navigation
systems and their mutual correlation effect.
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7. Conclusion

A study of the effectiveness of navigation
system integration algorithms based on the ex-
tended Wiener filter allows us to draw the fol-
lowing conclusions:

1. Integration of navigation system signals
using the extended Wiener filter significantly
improves aircraft positioning accuracy compared
to using individual navigation systems. Moreo-
ver, the mean-square lateral deviation from the
course line decreases from 18.07 m (for the most
accurate GNSS system) to 12.35 m when inte-
grating all available systems.

2. The proposed integration algorithm is
highly resilient to failures of individual naviga-
tion systems. Even if the most accurate system
(GNSS) fails, the aircraft positioning accuracy
remains sufficiently high due to the adaptive re-
distribution of weighting factors in the filter.

3. The probability of keeping an aircraft
within an acceptable 200-meter-wide airway
range using the integrated system is 0.9999994,
which exceeds the corresponding figure for the
most accurate standalone system (0.9999 for
GNSS).

4. Mathematical analysis confirms that the
improved accuracy during integration is a conse-
quence of optimal statistical processing of data
from various navigation systems, taking into ac-
count their stochastic characteristics.

5. The adaptability of the extended Wiener
filter ensures effective integration of navigation
systems under changing signal and interference
characteristics, which is particularly important
for ensuring flight safety in challenging condi-
tions.

Thus, using the extended Wiener filter for in-
tegration of navigation systems is an effective
method for improving the accuracy, reliability,
and safety of aircraft navigation.
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Experimental studies of the influence of the characteristics of the metal
bond coat on the durability of the heat-protective coating of the turbine
blades of a gas turbine engine
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Abstract: The service life of gas turbine engine (GTE) turbine blades with thermal barrier coatings (TBC) depends on many
factors, including the composition, structure and properties of the metal bond coating (MB). The positive effect of using TBC is
well known: an increase in the service life of the protected part or an increase in the working gas temperature in front of the engine
turbine. At the same time, it is also obvious that the development and implementation of new TBCs that use more efficient TBCs is
an urgent task. The efficiency and service life of TBCs are significantly affected by the following characteristics of the metal bond
coat: material, its thickness and microstructure, and application method. In order to select a rational metal bond coat of the TBC and
to assess its performance on turbine blades at high temperatures, a comparative analysis of the isothermal heat resistance of TBCs
with different versions of metal bond coats and at different operating temperatures was performed. The time 7,,, up to which the
total area of ceramic layer chips on the leading edge and trough does not exceed 30%, was adopted as the isothermal heat resistance
criterion. Tests of GTE process blades made of ZhS32VI alloy with TBCs with various metal bond coats applied to them using
serial technology were carried out at temperatures of 1100 °C and 1170 °C. The isothermal heat resistance test base was at least 500
hours. Four process blades with each of the studied coating options were tested. Analysis of the obtained test results showed that
TBCs with a NiCrTaY and AZh-8+CrAl sublayer have higher durability indicators. This effect is due to the presence of refractory
elements (tantalum and yttrium) in the MB, which create a diffusion barrier and slow down the growth of the AL,O; oxide film
formed on the metal layer. During the experimental studies it was established that the composition of the metal bond coat in the
TBC design significantly affects its durability. Thus, the absolute values of 7, can differ several times. With an increase in the
temperature of isothermal tests, a significant (23 times) decrease in the durability of the coating is observed. Therefore, the correct
choice of the MB composition allows you to reduce the level of stress-strain state at the boundary of the layers, increase the
adhesion strength, and thereby increase the durability of the TBC.

Key words: durability, thermal barrier coating, metal bond coat, ceramic layer, isothermal heat resistance.
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BKCHepI/IMeHTaJII)HBIe HCCJICA0OBAHUA BJIUAHUA XaPAKTCPUCTUK
METAVINYECCKOI0 IMOACJI0HdA HA J0JTOBCYHOCTD TCILJIO3AIIIUTHOI'O
IMOKPbITHUA JIONIATOK Typﬁl/[HbI rasoTypﬁmmoro ABHUTaTEJIA
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Annoramusi: JlonroBedHocTs pabounx jomatok TypOuHsl ['T/] ¢ Temmo3ammraeiME oKpeITHsiMa (T3I1) 3aBuCHT OT MHOTHX
(aKTOpoB, B TOM YHCIIE OT COCTaBa, CTPYKTYpPHl W CBOICTB Merammmdeckoro moxacnos (MII). [Nonoxurensnbid 3¢ddext
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npumenenust T3I1 oOuien3BecTeH: yBenuyeHHe pecypca 3allMIaeMOi JeTaly WK TOBBIIICHUE TeMIlepaTypsl pabodero rasa
nepe TypOuHON aBurarens. Bmecre ¢ Tem oueBHmeH M TOT (axt, 4To paspaborka M BHeapeHune HOBBIX T3II, koTopble
ucniosi3ytor  Oonee addexrrBHple MII, sBisiercss akTyansHOW 3amaueil. Ha sddexrnBHOCTs M monroseynocts T3I1
CYILECTBEHHOE BIMSHUE OKa3bIBAIOT CIEAYIOLUIME XapaKTEPUCTUKH METAUIMYECKOro MOACNOSA: MaTepuall, €ro TOJMIUHA U
MHKpPOCTPYKTypa, MeTon HaHeceHws. C menpio BbIOOpa palMOHAIBHOrO MeTammyeckoro moxacnos T3I1 u omeHku ero
paboToCIOCOOHOCTH Ha JIOTATKax TYpOMHBI TPH BBICOKMX TeMIIEparypax B paboTe BBHIIONHEH CPAaBHHUTEIBHBIA aHAIN3
M30TepMIYecKoil skapoctorikocth T3I1 ¢ pasnMYHBPIMKA  BapHaHTAMH METAUIMYECKWX TOACIOCB M TPH  Pa3IMYHBIX
SKCIUTyaTAIMOHHBIX TeMIeparypax. B kauecTBe KpuUTepHs M30TEPMUYECKOH JKAPOCTOMKOCTH TIPHHSATO BPEMS Tp,, 10 KOTOPOTO
CyMMapHas IUIOLI3Jb CKOJIOB KEPaMHYECKOTO CJIOSi Ha BXOMHOW KpoMke W Kopbite He mpeBbmuaet 30 %. Vcmbrranus
TexHoNormdeckux jomnarok I T/, mroroeneHHsx u3 cwiaBa JKC32BU, ¢ HaHeceHHBIMI Ha HUX IO cepuiiHoi TexHomornu T3I1 ¢
Pa3IMYHBIMA METAIMYECKAMA TONACTOSAMH ObUTM TipoBeAeHbI mpu Temmeparypax 1100 m 1170 °C. baza wucmbitanmii Ha
M30TEPMHUYECKYIO JKapOCTOMKOCTh cocTapisiia He MeHee 500 wacos. VcmbITaHMSM TOJBEPraiy IO YETHIPE TEXHOJIOTHYECKUE
JIOTIATKH C KaXKAbIM U3 UCCIIENYEMBIX BADHAHTOB ITOKPBITHH. AHAIIN3 MOJIyYEHHBIX PE3yJIbTaTOB UCIIBITAHHI IPOIEMOHCTPHUPOBA,
9yro Oojiee BbICOKHE MOKazarenu monroBedHoctd mmeroT T3I1 ¢ moacioem NiCrTaY m AXK-8 + CrAl. aussmi sddext
oOycnoBnieH HaimuveM B MII TyromiaBkux 25eMEHTOB (TaHTI M MTTPHH), KOTOpble cO31atoT AM(Qy3HOHHBIH Oapbep H
3aMEUIIOT POCT OOpa3yIOIISHCs HAa METAUTMYECKOM cjioe okcuiaHod mieHku AlO;. B mporecce SKCIeprMEHTAIBHBIX
HCCIIEIOBAHUI YCTAHOBJIEHO, YTO COCTaB METANIMUECKOro Moacios B KOHCTpykumu T3II cymiecTBeHHO BiMsAeT Ha €ro
JIOITOBEYHOCTh.  TaK, abCOMOTHBIE 3HAYEHMS T, MOIYT OTIMYATHCS B HECKOJIbKO pa3. C yBENMYEHHEM TEMIEPATYpbl
M30TEPMHUYECKHX HCIBITAHUM HaOMIOJAaeTCsl 3HAUMTENIbHOE (B 2—3 pa3a) YMEHBIICHHE JOJTOBCYHOCTH MOKpBITHA. [loaTomy
NpaBWIGHBIN BBIOOp coctaBa MIT 1o3BossieT CHU3UTH YPOBEHD HAIPSDKEHHO-IE(OPMUPOBAHHOIO COCTOSIHHSI Ha TPAHULIE CIIOEB,
YBEIUYUTh IPOYHOCTH CLEIUIEHNS, U TEM CaMbIM YBEIWYUTH JoJroBeuHocTs T3I1.

KioueBble c¢10Ba: JONTOBEYHOCTh, TEIUIO3AIIUTHOE TIOKPHITHE, METAUIMYECKUH TIOJACION, KepaMHYEeCKUil —CIIOH,
HU30TEPMUYECKAs )KaPOCTONKOCTb.

Jas uutupoBanusi: Camoiinenko E.B., Yrpenuno B.I'., [llecrakoB B.B. DkcnepumeHTanbHbIE UCCIEAOBAHUS BIIMSHUSI
XapaKTepPUCTUK  METAJUIMYECKOI'0 IOACIOS Ha  JIONTOBEYHOCTh  TEIUIO3AIUTHOTO TIOKPBITHS  JIOMATOK  TYpPOHHBI
razotypOuHHoro jBurareins / Hayqnsiii Bectauk MI'TY T'A. 2025. T. 28, Ne 5. C. 41-49. DOI: 10.26467/2079-0619-2025-
28-5-41-49

Introduction Let us assume that the heat flux intensity and
the blade design are given. In this case, the effi-

The durability of gas turbine engine (GTE) ciency of the thermal barrier coating is enhanced
turbine blades with thermal barrier coatings by selecting its optimal thickness and the specif-
(TBCs), operating at high temperatures, depends ic thermal conductivity value of the ceramic lay-
on many factors, including the composition, er. It is important to consider that under long-
structure, and properties of the metal bond coat. term cyclic loading (both thermal and mechani-
The determining characteristics of the bond coat  cal), degradation of the TBC occurs. This mani-
are its composition and the application method fests itself in oxidative processes at the interface

[1-6]. The positive effect of using TBCs is well- ~ between .the cergmic layer and the bonq coat,
established: it increases the service life of the chqnges in the microstructure of.the ceramic lay-
protected component or allows for a higher tem-  er itself (recrystallization, sintering), and effects

perature of the gas entering the turbine. At the of hot COY'TOSiOH and ?TOSiPH of the cerami.c lay-
same time, it is evident that the development and ~ er. In Pal’UCl}laT, the sintering of the ceramic lay-
implementation of new, more effective TBCs, er after cyclic thermal exposure (fig. 2) leads to

more efficient bond coats, and improved meth- the formation of defects such as pores, cracks,
ods for their application is a relevant and im- and vertical channels of the columnar structure,
portant task. A typical structure of a TBC is which causes an increase in the thermal conduc-
shown in Figure 1. tivity of the ceramic layer [1, 7-9].

Generally, the required temperature of the The process of TBC destruction begins from

blade base material for long-term operation is  the moment a portion of the ceramic layer spalls
achieved by improving the blade’s design, re- off the surface of the cooled blade, after which it

ducing the heat flux intensity, and selecting the  stops performing its main function — protecting
composition and thickness of the TBC. the blade metal from hlgh temperatures. Howev-
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TEIUTO3AIUTHEIN CIION

METALTHYEeCKHI
IIO/ICIION

MaTepuall JOIIaTKH

Fig. 1. Typical structure of the TBC of a gas turbine engine blade
(top to bottom: heat flux, ceramic thermal barrier coating, metal bond coat, blade material)

BHCIITHUH BHJ] KCPAMHYCCKOI'O

CJI0A IIPpH CIICKAHNH

TPEOIHHLI B KEpaMHUYCCKOM
CJI0¢€

Fig. 2. Appearance of the ceramic layer ZrO,+8%Y,0; at the sintering site and when cracks appear

er, cracks in the ceramic layer of the TBC and
the formation of fragments of various sizes are a
reaction to operational stresses and surface de-
formations of the blades, which does not yet in-
dicate a loss of the TBC’s protective functions.

It is known [10-14] that one of the critical
areas of a TBC, directly affecting its durability,
is the interface between the ceramic layer and
the heat-resistant bond coat. During the opera-
tion of blades with TBCs, oxygen gets through
the ceramic layer to the bond coat, leading to its
oxidation and the growth of an aluminum oxide
(ALLO3) layer (fig. 3).

There are two primary pathways for oxygen
delivery to the interface known: gas transport
through the open porosity of the ceramic layer
and the diffusive movement of oxygen ions
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through anion vacancies in the zirconia dioxide
lattice. Oxides form on the surface of the bond
coat; their composition and structure depend on
the amount of oxygen supplied and the composi-
tion of the bond coat itself. This creates addi-
tional internal stresses at the bond coat interface,
reduces the adhesion of the ceramic layer, and
leads to its spallation. These processes are one of
the main reasons for TBC failure [2, 14].

The efficiency and durability of a TBC large-
ly depend on the characteristics of the metal
bond coat (material, its thickness and micro-
structure, application method). To select an op-
timal metal bond coat for the TBC and to assess
its serviceability on turbine blades under high
temperatures, this work presents a comparative
analysis of the isothermal heat resistance of



HayyHbiin BectHuk MITY TA

Tom 28, Ne 05, 2025

Civil Aviation High Technologies

Vol. 28, No. 05, 2025

KepaMHUYecKUi
| | TeIUI03ALLHTHDBIA CJIOH

AlL,O3

METa/UTHYCCKUH
Ioaciaon

Fig. 3. Typical microstructure of the TBC at the boundary of the ceramic layer and the metal bond coat after operation
(top to bottom: heat flux, Al,Oj;, ceramic thermal barrier coating)

TBCs with various bond coat options at different
operating temperatures.

Research methods

Tests were conducted on the GTE blades
made of ZhS32VI alloy, coated with TBCs ap-
plied via the standard production technolo-
gy [8-10, 15] but with different metallic bond
coats. The tests were carried out at temperatures
of 1100°C and 1170°C. The baseline for the iso-
thermal heat resistance tests was at least
500 hours. Four blades were tested for each vari-
ant of the coating. The tests were performed in
an ET-2 type furnace. During the testing, sam-
ples were selected for analysis after 5, 20, 50,
and subsequently every 100 hours.

During the isothermal exposure, the failure of
the TBC is practically independent of thermal
shock stresses (which only occur during loading
and unloading of the samples for inspection and
weighing). Consequently, it can be stated that in
this study, the determining role in the failure of
the ceramic layer is played by the oxidation pro-
cess of the bond coat, and changes in its compo-
sition and structure due to diffusion processes.

The time ‘L'puntil the total area of ceramic

layer spallation on the leading edge and the pres-
sure side does not exceed 30% was adopted as
the criterion for isothermal heat resistance. Par-
ticular attention was paid to the condition of the
heat-resistant bond coat in the areas of the
spalled ceramic.
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Research results

Various bond coat options were applied us-
ing the standard production technology. Subse-
quently, a ceramic layer of ZrO2-7%Y203 was
deposited on all blades via electron-beam evapo-
ration and condensation in a vacuum. The inves-
tigated coating variants and their thicknesses are
presented in Table 1. The test results are shown
in Figure 4 and Figure. 5.

Analysis of the obtained test results showed
that the TBCs with the NiCrTaY and
AZh-8+CrAl bond coats exhibited higher dura-
bility. This effect is due to the presence of re-
fractory elements (tantalum and yttrium) in the
bond coat, which create a diffusion barrier and
slow down the growth of the Al,O; oxide film
forming on the metal layer. Consequently, the
initial state of the coating is maintained for a
longer period.

It is evident that the integral durability indi-
cator of the multilayer coating significantly de-
pends on the choice of the bond coat. As can be
seen from Figure 4 and Figure 5, the absolute

values of T}, can differ by several times. With an

increase in the temperature of the isothermal
tests, a significant (2 to 3 times) reduction in
coating durability is observed. This can be ex-
plained by the increased intensity of diffusion
processes occurring between the TBC and the
base alloy, as well as the accelerated develop-
ment of oxidative processes.
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Table 1
Variants of the investigated coatings

Ne o/m THI DOKPBITHS ToamuHa, MKM
1 BCII-11+ZrO,+ 7Y,0; 100-150
2 CHII-2+ZrOx+ 7Y,0; 110-150
3 CUII-6+ ZrOx+ 7Y203 110-140
4 CrAlY + ZrO,+ 7Y,03 90-110
5 I'"MXA+ ZrO; + 7Y,03 110-120
6 NiCrTaY+ ZrO; + 7Y20; 100-120
o AX-8+CrAl+ ZrO; + 7Y,0; 110-140

(left to right: type of coating, thickness in microns)

Tp, Y _ -

100 1
90 T
80 T
70 + CIL-6 .
60 1 CIII-2
50 1
40 A
30 -
20 A
10 -
0

AX-8+CrAl

NiCrTaY

CrAlY TI'TIXA

BCJII-11 W

|

BApHAHT MCTAJUIMYCCKOTI'O ITOJICJI04A

Fig. 4. Diagram of coating tests for isothermal heat resistance at a temperature of 1100 °C
with variants of metal bond coatings
(top to bottom: time, hours; variant of metal coating)

At the higher temperature (1170 °C), pro- ultimately leads to an increase in compressive
cesses of cubic and tetragonal phase decomposi- stresses within the ceramic layer, followed by its
tion occur in the TBC’s ceramic layer, with the spallation from the bond coat.
possible appearance of a monoclinic phase. This
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Tp, Yq -

AXK-8+CrAl

100 -

NiCrTaY

90 1

CrAlY

TTIXA

80 17
CIUI-6

70 -

60 T
DU ¥
40 A
30 Tl
20 <
10 -
0

BC/III-11

BapHUaHT METATINIHMYECKOT'O ITOJICIIOA

Fig. 5. Diagram of testing coatings for isothermal heat resistance at a temperature of 1170 °C
with variants of metal bond coatings

Conclusion

It has been established through experimental
research that the composition of the metallic
bond coat in a TBC structure significantly influ-

ences its durability, T,. The absolute values of

T}, can vary by several times. A significant (2 to

3 times) decrease in coating durability is ob-
served with an increase in the temperature of the
isothermal tests. Therefore, the correct choice of
the bond coat composition helps to reduce the
stress-strain state level at the interface between
the layers, increase the adhesion strength, and
thereby enhance the TBC's durability.

Based on the conducted research, to increase
the durability of the entire TBC system, it is ad-
visable to use the AZh-8+CrAl metallic bond
coat. Its chemical composition is similar to that
of the nickel-based alloys used for manufactur-
ing blades in modern gas turbine engines. This
helps to reduce diffusion processes between the
bond coat and the base alloy. Furthermore, the
presence of refractory elements (tantalum and
yttrium) in the bond coat somewhat slows down
the growth of the oxide film, which also posi-
tively impacts the overall durability of the TBC.
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HexoTopble acneKThI 10MYCKA BHINYCKHUKOB AaBUAIIMOHHBIX BY30B
K IKCIUTYaTAIMU IPAKIAHCKUX BO3AYIIHBIX CYJ10B

AJ1. Apremos', C.B. lurun’

"Mockosckui 20CY0apCmeeHHblll MeXHUYeCKULl YHUBEPCUmem 2paicoOancKol asuayul,
2. Mockea, Poccus
’Mockoeckuii asuayuonnblil uHCMumMym (HaYUOHATNBHbLI UCCT08AMENbCKUL YHUGEPCUmME),
2. Mockea, Poccus

Annorammsi: OO030pHasi CTaThsl 3aTpardBacT BOMPOCHI TOJMYYCHHS KBAIM(HKAIMOHHOW OTMETKH Ha MPaBO JOMycKa K
3KcnnyaTauym BO3I[yLHHI)IX CyJJ,OB JUJIA BbIHyCKHI/lKOB ABHUAITMOHHBIX I/IH)KeHepOB By30B. 3TO CBA3aHO C HeO6X0)II/IMOCTI)IO
l'[pOXOJIl/ITb nepeno,ur OTOBKy Ha TUIT BOS[lyIJ_IHI)IX Cy[lOB B aBUAKOMITaHUSX. JlaHHaﬂ HeO6XO[ll/lMOCT]> BbI3BaHA TCMU HpOIJ,eCCS.Ml/I,
KOTOpBIE Mpou3onny B Poccuiickoit deneparmu B eprHoI MOCIE paciiaa CUCTEMBbI (DYHKIIMOHHPOBAHUS aBHAIIMOHHOW OTPACIH B
CCCP. OCHOBHBIMU U3 HUX CTaJIM MIEPEXOJ OT CUCTEMbl TEXHUUYECKON AKCILTyaTallii BO3AYIIHBIX CYJIOB IO PECYPCY K CHCTEME
TEXHUYECKOW AKCILTyaTallii BO3AYIIHBIX CYA0B M0 TEXHUUECKOMY COCTOSIHUIO, BHEPEHUE 3aMa/IHbIX CTAHAAPTOB SKCILTyaTalluu
B CBSI3H C HACBHIIICHUEM PBIHKA 3aIlaTHON aBHATEXHHUKOMW, a Takoke OOIIas TeHICHINS TapMOHM3AIMN aBUAMOHHBIX CTaHIapTOB,
PETIIAMEHTHPYIOIMINX TEXHIYECKOe 0OCITYKUBAHIE U PEMOHT aBHAIOHHOW TEXHUKH. [1odeMy 3TO TPOMCXOAWT U KaK BIMSET Ha
MOATOTOBKY OYAYIIMX CICIHAINCTOB O TEXHHYIECKOMY OOCIY)KUBAaHHIO B aBHAKOMITAHWSIX, MPOAHATM3MPOBAHO B CTAThE.
[ToguepkHyTO, YTO HCIONB30BAHME BBIYHMCIUTEIBHBIX BO3MOXKHOCTEH COBPEMEHHBIX KOMITAKTHBIX OOPTOBBIX IH(POBBIX
BBIUMCIIUTEIBHBIX MaIlMH C OTPOMHBIMH 0a3aMH JAHHBIX, BBICOKOW TMPOM3BOAMUTEIBHOCTHIO, & TaKKe MPUMEHEHHE
HCKYCCTBEHHOTO MHTEJIEKTA MO3BOJIMIIO HE TOJIBKO aHATM3MPOBATh MHOYKECTBO AKCIUTYaTAllMOHHBIX ¥ TEXHUYECKUX ITapaMeTpOB
(byHKHI/lOHI/IpOBaHI/Iﬂ CUCTEM BO3)1yLlIHI)IX CyJIOB, OLICHUBATh I/ICHpaBHOCTI) BOS[[yLL[H])lX CyZlOB B IICJIOM, HO U JOCTATOYHO TOYHO
HpOF HOSI/lpOBaTI) TEXHUYCCKOEC COCTOSAHHUC BO3)1yLlIHI)IX CyZlOB B 6J11/1>1<ai?11ue171 HepCHeKTl/IBe, OHTI/IMI/ISI/IPOBaTI) JCATCIIBHOCTh
00CITy’>KHBAIOIIIETO TEPCOHANA, COKpallas 3KCIUTyaTalliOHHBIC 3aTpaThl, BPEMsl MPOCTOS 0 HEUCIpPABHOCTsM. llosiBieHue
3amaIHBIX BO3MAYIIHBIX CYIOB B HAIICH CTPaHE COIMPOBOXIAIOCH BHEAPECHWEM HapaOOTOK, CBS3aHHBIX C WX JKCIUTyaTamued u
TEXHAYCCKUM OOCITY>KUBaHHUEM, KOTOPHIC MPAKTUKOBAIXCH HA 3amajie. 9T0 KOCHYJIOCh M CHCTEMBI MTOATOTOBKH CIICIUATIACTOB 0
TEXHAYCCKOMY 00CITyKHBaHUIO. cronp30BaHe 3apyOeKHOM aBHATEXHHUKH M 3aIIaTHOM TOKYMEHTAIIMH, PErIIaMEHTHPYIOLICH ee
JCTHYI0 W TEXHUYECKYIO JKCIUTyaTallil0 B paMKax PoccHICKOW IOpHUCIOMKIMKM, HEen30eKHO moTpeboBaio B Poccuiickoit
ODeneparmy  TIepecMOTpa TOW  IKCIDTyaTAIMOHHOW TOKyMEHTAIIMH, KOTOPYIO 3aKOHONATENIFHO YTBEP)KHAIM POCCHICKUE
aBUALMOHHBIE BIAacTU. Takue OCHOBHBIE JOKYMEHTBI, KaCaroIIMecs SKCIUTyaTalluK BO3IYLIHbIX Cy10B, B Poccuiickoit @enepanmu
OBUTH TApMOHM3UPOBAHEI C 3aI1aTHHIMI CTAaHIAPTAML.

KaroueBsle cioBa: nepernoarororka Ha Tvn BC, cucrema sxcrmyaramin BC o TeXHHYECKOMY COCTOSIHHIO, crierpraimicT mo TO,
l'[pOF HOSI/lpOBaHI/le TEXHHUYECCKOIO COCTOSIHHUA BC, CUCTeMa IOATOTOBKU CICIHUAIIMCTOB II0 TO, T apMOHH3aHHﬂ CTaHZ[apTOB
SKCILTyaTaIlUH.

Jns nurtupoanmsi: ApremoB AJI, IMurun C.B. Hekoropble acmekTsl HOMycKa BBITYCKHHKOB aBHALMOHHBIX BY30B K

9KCIUTyaTallid TPaKNAHCKUX BO3MYIIHBIX cynoB // Hayuneni BectHnk MITY TA. 2025. T. 28, Ne 5. C. 50-62. DOL
10.26467/2079-0619-2025-28-5-50-62
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Some aspects of aviation university graduates’ work permit to maintain
civil aircraft

A.D. Artemov', S.V. Pigin’

"Moscow State Technical University of Civil Aviation, Moscow, Russia
’Moscow Aviation Institute (National Research University), Moscow, Russia

Abstract: This review article addresses issues regarding obtaining qualification necessary for permitting aviation engineering
university graduates to maintain aircraft. It is associated with the need to undergo retraining for the aircraft type in airlines. This
need is caused by the processes that took place in the Russian Federation in the period after the collapse of the aviation industry
system in the USSR. The main of the processes were the transition from on-service life aircraft maintenance system to on-condition
aircraft maintenance system, the introduction of Western operating standards due to the market influx with Western aircraft, as well
as the general trend of harmonization of aviation standards regulating the aircraft maintenance and repair. The article analyses why
this happens and the way it affects the training of future maintenance specialists in airlines. It is emphasized that the use of
computing capabilities of modern compact onboard computers with huge databases, high performance, as well as the use of
artificial intelligence, made it possible not only to analyze many operational and technical parameters of aircraft functional systems,
to assess the aircraft operational ability as a whole, but also to accurately predict the aircraft technical condition in the near future, to
optimize the maintenance staff activities, reducing operating costs, downtime due to malfunctions. The appearance of Western
aircraft in our country was accompanied by the introduction of best western operational and maintenance practices. This also
affected the system of training maintenance specialists. The use of foreign aircraft and Western documentation regulating their
flight and technical operation within the Russian jurisdiction inevitably required a revision of the operational documentation in the
Russian Federation, which was legislatively approved by the Russian aviation authorities. Such basic documents concerning the
aircraft operation in the Russian Federation were harmonized with Western standards.

Key words: retraining for aircraft type, on-condition aircraft maintenance system, maintenance staff, aircraft technical condition
prediction, maintenance specialist training system, harmonization of operating standards.

For citation: Artemov, A.D., Pigin, S.V. (2025). Some aspects of aviation university graduates’ work permit to maintain civil
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BBenenue MOCTOSITEIBHOMY ~TEXHHYECKOMY OOCITyKHBa-
HUIO HA NIPEIIPUITHH.

B nacrosmee Bpems, ¢ pactiagom CCCP u co-
KpalleHHUEM TPaXJAAHCKUX BY30B OJKCIUTyaTallM-
OHHOM HampasieHHocTH B Poccuiickont denepa-
MU 10 OJTHOTO — MOCKOBCKOI'O rOCYyAapCTBEHHO-
ro TtexHudeckoro yHusepcutera (MITY T'A),
TaKOW MNOAXOJA K JOIYCKY MOJIOAOTO CIienua-
JTUCTa K OOCIY)KUBAHUIO HECKOJIBKO M3MEHUII-
ci. bonpmuHCTBO BBIMYCKHHUKOB MI'TY I'A,
OKOHUYMBIIUX BY3 IO CHeluaibHOCTH «TexHu-
YyecKasl IKCILUTyaTalus JIETaTeJIbHbIX alnapaToB
U JBUTaTENe», MPpUX0sl B aBUAKOMIIAHUH, HE
UMEIOT MpaBa cepTUGULIUPYIONUIEH MOANUCH Ha
Boinyck BC. [laxe ayid moiydeHHsl NEpBOHA-
YaJbHOW KBaTM(UKAIIMOHHOW OTMETKH KaTero-
pun Al HE0oOXOAMMO TPOXOIUTH JOTOTHH-
tenbHOe oOydenue [1-3]. HawanpHbIM 3Tamom
sIBJIsIETCSl 6a30Basi MOJITOTOBKA, 1I€7Tb KOTOPOH —
MOJIy4YeHHE 3HAHUW W HaBBIKOB, COOTBETCTBY-
IOIMX HAOOpy KBaIM(UKAIMOHHBIX TpeOoBa-
HUW, CBSI3aHHBIX C TAK HAa3bIBa€MOW CTaHAAPT-

Cuctema o0pa3oBaHus, JACHCTBOBaBIIAs B
CCCP, npeamnonarana, 4To BbITYCKHHUK JI0O0Tr0O
aBUAIIMOHHOTO MHYKEHEPHOT0 y4eOHOro 3aBejie-
HUSl, TIONTy4Yas JUIJIOM MHXKEHEpa CO CIeluau-
3anuen, Hamnpumep, «TexHuueckas SKCIulyarTa-
s JerarenbHbIX anmapatoB (JIA) u aBuaaBu-
ratesuei», CUMTajCs MOJHONPABHBIM CIIELHATH-
CTOM M JOIyCKajlCs K TeXHUYECKOW JKCILTyaTa-
LMY TOJIBKO IOCJI€ POXOXKACHUS JOMOJIHUTEb-
HOM TOJATOTOBKM Ha TOM SKCILTyaTallMOHHOM
HpEeNNpUsITHH, KyAa OBl pacipeesieH 0 OKOH-
yaHuH 00yueHus. J{s 3TOro UMenoch puande-
ckoe 0OOcHOBaHME. B oTianune OT BBITYCKHH-
KOB-MH)XCHEPOB BOCHHBIX aBUAIMOHHBIX BY30B
BBIITYCKHUKU TPAXKTAHCKUX ABHAIIMOHHBIX TEX-
HUYECKUX YYHIUI] U WHCTUTYTOB TPa)JIaHCKON
apuatuu (I'A) Tpoxoauiau JOTOJHUTEIHHYIO
MOATOTOBKY Ha TUM Bo3aymHoro cynHa (BC) B
y4e0HO-TPECHUPOBOYHBIX OTPSAIAX U IOCIE MPO-
XOXKICHHS CTAKUPOBKH MOJIy4Yald JOMYCK K ca-
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Puc. 1. BapuanT kBann(puKannoHHOTO MOJX0/Ja B CHCTEME BbIJIaull CBUICTEIHCTB
Fig. 1. Qualification mode version in the system of issuing certificates

HOM NPAKTUKOM, TO €CTh IPAKTUKOU, IIPUMEHHU-
Moit ko Bcem tunaM BC. TpebGoBaHus W3II0KEHBI
B PYKOBOJCTBax II0 CTaHJApPTHOM IPaKTHUKE.
[IporpamMbl  6a30BOM TOATOTOBKM B paMKax
KBAJTM(HUKAIIMOHHON CHUCTEMBI YTBEP>KAAIOTCS
noiaHoMouHbiMU opraHamu ['A. Tlpu ycrmoBumn
YCHEIHOr0 MPOX0XKAEHUS CIyLIaTelsIMU dK3a-
MEHOB U OLIEHOK 110 OKOHYaHHUU 0a30BOM MOATO-
TOBKH IIOJJHOMOYHBIE OPraHbl MOTYT BbIJaBaTh
CBUJIETENILCTBA CIIELUAINCTA 110 TEXHUYECKOMY
oOcnyxuBanuto u pemoHty (TOuP) BC 6e3 pas-
pEIINTENbHON 3alUCH O CHEUMAIU3alUU C YeT-
KHM yKa3aHUEM KOMIIETEHIUH, KOTOPbIE MOKET
JEMOHCTPUPOBATh JEpXKaTellb CBUAETEILCTBA B
pamMKax KBanu(UKAIUOHHOTO MOAXO/Aa B CUCTE-
M€ BbIJIa4M CBHJIETENIBCTB, KaK 3TO MOKa3aHO Ha
puc. 1 [4].

B mnHacrosimiee BpeMsi KBaTU(UKAITHOHHBIN
MOAXOJ HUCHOJIB3YIOTCS B OCHOBHBIX PEUTHUHIO-
BbIX aBHAKOMIIAHMSX, OCYLIECTBIIAIOIIMX Iacca-
JKUPCKHUE TMEPEBO3KU Ha JAJIbHE- U CpeJHEMaru-
cTpanpHbIX MapuipyTax BC, koTopeie mpousse-
JICHBI 3alaJHbIMA aBUACTPOUTEIIAIMHU. JTO MPEXK-
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ne Bcero Boeing u Airbus. bonbmmHCTBO U3 HUX
JKCIUTyaTUPYETCs. B POCCUHUCKUX aBUAKOMIIaHH-
SIX Ha yCJIOBUAX JIN3UHTA.

[Iporpammbl 00yueHust OyIyIIMX aBUAIIMOH-
HBIX MHXXCHEPOB C JKCIUTyaTallMOHHON HaIpaBs-
JICHHOCTBIO TOJTOTOBKU (DOPMHUPYIOTCS TaKUM
o0pa3oM, 4YTOOBI TOJYYEHHbIE KOMIIETCHIIUU
OXBaThIBAIM Bce OOJACTH, CBS3aHHbIE C KOH-
crpykiueir BC, ¢(yHKIMOHMpOBaHMEM HX CH-
CTEM, a TAKXK€ MX TEXHHUECKOTO 0OCITYKUBAHHS.
OO0s3aTenbHO MporpaMMbl OOYUEHHUs COJIEpKaT
BOTIPOCHI, KAacCaroIIuecs: MPUMEHSEMBIX CHUCTEM
TEXHUUYECKON HKCIUTyaTallid B HHTEpecax MoJ-
Jiep KaHus JISTHOW TOTHOCTH.

B mpouecce oOydeHus B By3e y ydamierocs
dopMupyeTcsl IMUPOKUI KPyro30p MO BOIPOCaM
TEXHUYECKOM SKCIUTyaTallud, TaKXKe H3ydaroTcs
BOTIPOCHI, HANPSMYIO CBSI3aHHBIE W C JICTHOU
JKCIUTyaTaluei, Takue Kak a’dpoJuHaMHKa, OT-
JIeNTbHBIC acTIeKThl HaBUTALWH, YIIPABJICHUS BO3-
OYUIHBIM ABMKeHUEM. [Ipu 3ToM u3ydeHue KoH-
KpeTHbIX TUNIOB BC, B TOM umMClie W MHOCTpaH-
HBIX, a€TCs B cpaBHeHHMH. Hampumep, cpaBHH-
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BalOTCS TEXHUYECKHE pEelIeHHs Tpu pa3paboTke
ruapocuctemMbl 1t «Cyxoit Cynepmxet 100» u
st A320 [1, 5]. Usyuaetcs 3QeKTUBHOCTD
(GYHKITMOHUPOBAHKS THAPOCUCTEMBI JUTS KaXKI0-
ro u3 3tux BC, ocobennoctu nx TO npumeHH-
TEJIFHO K JAaHHOM cucteMe. TakoW mojaxoJ Mmo3-
BOJISIET cPOPMHUPOBATH y OYAyLIUX CenHaIu-
ctoB 10 TO crmocoOHOCTH K BBISIBICHUIO OOIINX
MPUHIIUIIOB B KOHCTPYKIMH U (YHKIIMOHUPOBA-
HUU OJHOTHITHBIX CHUCTEM. DTO B CBOIO OUYEpEIlb
MO3BOJIAET JIETKO aJalTUPOBATHCS B YCIOBHSIX
KOHKPETHBIX aBHAKOMITAHUMU, TJE IKCILUTyaTHpPY-
eTCsl HECKONIbKO MHasg TexHuka. [IpuueM uacto
pa3HOTHITHAS, WHOTJA HE MpEACTaBICHHAS B pe-
IbHOM HCIOJHEHUHM, HO MPHUCYTCTBYIOIIas B
KOHTEHTE y4eOHHKOB U Y4YEOHBIX IOCOOMi, Ma-
KETOB, TPEHAXKEPOB U MPOY.

I[Ipu »sTomM eme pa3 NOTYEPKHEM, HUTO
MITYT'A paeTr MMEHHO OSKCIUTyaTallMOHHYIO
HATPABIIEHHOCTh MPHOOPETAEMBIX B YHUBEPCH-
TETe 3HAaHUW M KOMIIETEHIMH, a TaKKe IMoJIyJae-
MBIX B XOJ€ NPAKTHKU TEPBUYHBIX HABBIKOB
texHudeckoro ooOcmyxkuBanus BC. JlelicTByro-
[IFe TPOrpaMMbl MOJATOTOBKH B paMKaX KBaJH-
(UKAITMOHHOW CUCTEMBI BKJIIOYAIOT HOBBIE (-
(eKTUBHBIE U ACHCTBEHHBIC YUCOHBIE METOUKH,
B TOM YHUCJI€ TPEHAKEPHYIO MOATOTOBKY, AJIEK-
TPOHHOE O0yuYeHHue, 00yUeHHe C MCIOIh30BaHU-
€M MYJIbTUMEIUUHBIX CPEJICTB U CaMOCTOSITEINb-
HOE 00yYCHHE.

Oco0eHHOCTH NePenoAroTOBKM HA THUII
BC B HacTosimmee Bpemst

Ocob6ennoctu nepenoaroroBku Ha tun BC B
HACTOAIIEE BpeMsl BBI3BAaHbI HEKOTOPBHIMU O0b-
eKTHUBHBIMH OOCTOSITEILCTBAMH, CPEIU KOTOPBIX
BBIJIETIUM TPH.

1. Cucrema Texuuueckoi skcryatanuu BC,
MpakTUKyeMas. B aBUAKOMIAHMIX Halled crpa-
Hbl, 3a nociaeanue 30 JeT mpereprnena 3Ha4M-
TeJbHbIE U3MEHEHUs. M 3TO BBI3BAaHO HE TOJIBKO
pacnangom CCCP, HO U 00BEKTUBHBIMU 00OCTOSI-
TEIbCTBAMH U TEHACHLUSMU B aBUALMOHHOM OT-
paciiy, Mpexae BCEro NEPeXoJ0M OT CHUCTEMBI
TexHnueckon skcryatauun BC mo pecypcy k
CUCTEME TexHHuYeckod »skcrutyatanuu BC mo
TEXHUYECKOMY COCTOSHUIO.
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2. AKTHBHOE BHEJpPEHUE 3aMaJHbIX CTaHAap-
TOB JKCIUTyaTallui B CBSI3U C HACHIIIICHUEM PhIH-
Ka 3amajgHoi aBuaTexHukol (Beimyck BC oreue-
CTBEHHOT'O MPOU3BOJICTBA OB MPUOCTAHOBIICH U
(dakTUYeCKu CBEPHYT, U JIUIIL B TIOCIEIHEE Bpe-
Ml TIPEINPUHATHI PEIIUTEIbHBIE MEPHI ISl pa3-
paboTKu U MoJepHU3auu oTeuecTBeHHBIX BC).

3. Heo0XxoqumMo NOJYEpKHYTh, YTO HAUMHAs
¢ 1970 rona, kornga CCCP Bctynuin B MexayHa-
POJHYIO OpraHU3alMI0 TPAXKIAHCKON aBUAIMH
(MKAO), wmuorue cranmaptel TO B Hamei
cTpaHe OBUIM TapMOHH3UPOBAHBI C MEXIyHa-
ponHbIMU cTa”aapTtaMu. A ¢ 1990-x rogoB camu
JIOKYMEHTBI, BBIITyCKa€Mble POCCUHUCKUMHU aBHUa-
[IUOHHBIMH BiacTaAMHU ((eaepaiabHble aBUALMOH-
Hele mpaBuia (PAII), ykazanus u pacropspke-
Husit ®ABT (PocaBuanun) u mp.), aqanTHpOBaHbI
noJ ycioBusi dkciuryaraiuu BC 3apyOexHOro
npousBoAcTBa. IIpuMeHsemas TepMHUHOJIOTHSA,
OMHUCAaHUE CTPYKTYp SKCIUTyaTallMOHHBIX TMOJ-
pasaeneHuid, Ha3BaHUS U TEpeueHb UCIOJb3ye-
MOH JOKYyMEHTaIluu, TOpIoYe-CMa30YHbIX Mare-
puanoB (I'CM), obopynoBaHusi, METOJOB JIOTH-
CTHKH U BBITOJHIEMBIX pa0OT ObUIH MOJBEPTHY-
ThI 3HAUUTEJIBHBIM U3MEHEHUSIM.

PaccMmoTpuM 3TH Tpu HampaBlieHHs, HEOOXO-
JUMOCTh UX TOSIBIICHHS, a TaKKe MX BIUSHUE Ha
MIEPETOJIrOTOBKY BBIITYCKHUKOB B aBUAKOMITAHUSIX.

Bo3MoXHOCTh 3KcIUTyaTallud MO TEXHHUYe-
CKOMY COCTOSIHMIO — CJIEJICTBUE PA3BUTHUS Hay4-
HO-TEXHMYECKOTO Mporpecca U MOSIBICHUS TeX-
HUYECKUX U TEXHOJOTMYECKHX BO3MOXKHOCTEU
MOHMTOPHHIAa MHO>KECTBa IapaMEeTpPOB, Xapak-
Tepusyromux cocrossnue BC. U mpexnae Bcero
apaMeTpoB, OMPEEIIAIOMINX JIETHYIO TOTHOCTD.

Hcnonbs3oBanre BBIYUCIUTEIBHBIX BO3MOX-
HOCTEH COBPEMEHHBIX KOMIIAKTHBIX OOpPTOBBIX
UQPOBBIX BBIYHCIUTENbHBIX MamuH (LIBM) ¢
oOmupHBIME 0a3aMu JaHHBIX, BHICOKOW MPOMU3-
BOJUTEIBHOCTBIO, a TaK)K€ NMPUMEHEHHE HUCKYC-
CTBEHHOT'O0 MHTEJUIEKTa IO3BOJIIET HE TOJIBKO
AQHAJIM3UPOBATh MHOXXECTBO JKCIUTYaTallMUOHHBIX
U TEXHUYECKUX IapameTpoB (GYHKIMOHUPOBA-
Hus cucrem BC, olleHMBaTh €ro UCIPABHOCTH B
L[EJIOM, HO U OCTATOYHO TOYHO MPOTHO3UPOBATH
TexHnueckoe cocrosiuue BC B Omkaiimeit mep-
cnektuBe. M Kkak cieicTBue, ONTUMHU3UPOBATH
NESITEIbHOCTh  OOCTY)KMBAIOIETO IEepPCOHaa,
COKpaIlaTh AKCIUTyaTallMOHHbIE 3aTpaThl, BpeMs
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MPOCTOs 10 HeucrpaBHOCTAM. Ha ocHoBe cOopa
U aHajM3a TeKyIIUX NapaMeTpoB BBIIAIOTCS TO-
TOBBIE PEKOMEHJALNU 10 KOHKPETHBIM y3J1aM H
6moxkam. Hampumep, B mosjere 10 mpUOBITHS B
a’pOoNoOpPT Ha3HAYEHUS MepefaeTcs B aBTOMATH-
3UPOBAaHHOM peXnMe HH(popManus 00 O0TKa3aB-
meM 000pyAOBaHUU BIUIOTH 110 Oyi0Ka. DTO MO3-
BOJIIET NPUHHMMATh Ha 3€MJIE CBOEBPEMEHHbBIE
pemienus eme 10 nocaaku BC (opopmuth 3aka3
Ha JIOCTaBKy OTKa3aBILEro OJI0OKa, MOATOTOBUTH
HEOOXOJUMBIX CHEIHATUCTOB, 000pyI0BaHHE,
CpelICTBa aBHALIMOHHO-TEXHUYECKOT0 obecreye-
HUS1). DTO COKpaIllaeT BpeMsl Ha BOCCTaHOBIICHUE
HCIIPABHOCTH.

HeknMm mpomexyTOYHBIM STamoM CO3JaHUS
TaKOM CUCTEMBI SIBJISIETCSI UCIOJb30BaHUE UHTE-
TPUPOBAHHBIX B cocTaB obopyaoBanus BC 6op-
TOBBIX CHCTEM TEXHHUYECKOTO OOCITyKUBAHHUS
(BCTO) [4, 6]. OHH BBITOTHSIIOT MOHUTOPHUHT
napameTpoB paboTsl cucrem BC, HakamnmuBas
nHpopmanuio B 0aze JaHHBIX 00 OTKa3ax W CO-
obrTusax [7, 8]. Kpome 3anucu napaMeTpoB CHUTY-
aIluy HEIITaTHON paboThl 00opyAOBaHUS (COOBI-
Tus) nponucsiBarorcsa B namatu bCTO nHaxatu-
eM KomanaupoM BozaymiHoro cygaHa (KBC) nnun
BTOPBIM MHJIOTOM COOTBETCTBYIOIIEH KHOIKU
EVENT Bo Bpewms moisieta. 9TO aBTOMaTUYECKH
¢uKcUpyeT Bce TOKa3aHUS MHOTO(YHKIHO-
HaJIbHBIX JUCIUIEEB HA MOMEHT Ha)KaTusl KHOII-
KW, BCIO MHIUKAIMIO U KOHPUTYPAIMIO CUCTEM,
KOTOphIe ObuTM B TOT MOMeHT. Hanuuue coxpa-
HEHHO yHMKanbHOW HH(OpManuu ynpouiaer
MOCTEAYIOINI aHaIu3 MPH OLIEHKE OTKa3a U Io-
ucke HeucnpaBHocTH. KoHeuHbIN aHanu3 Bcei
MOJIHOTHI MH(OPMALMKU TPOBOJUTCS CIIELHATH-
ctamu TO mo npubsiTin BC mocpencTtBom ko-
NMUPOBAHUSI HAa HOCUTENIb WM JalibHEHIIeH pac-
mmdpoku. Kak mpaBuio, kaxxaoMy KOay BblIa-
Baemoii bCTO wmudopmauu cOOTBETCTBYET TO-
TOBasi CChUIKA HA OTKa3aBIIMi OIOK, arpe-
rar [5, 9, 10].

[ToTpeObHOCTh B HAIMYUM TEX WU UHBIX 0JIO-
KOB B Ka)KJIOM KOHKPETHOM a’poropty (Ha 0ase)
TaK)Xe€ MPOCUYUTHIBACTCS HA OCHOBE CTAaTUCTUKU
oTka3oB. [Ipu 3TOM dopmMupyercss ceTb IMyJOB
(6a3 xpaHeHus W oOecreYeHHS aBHAIMOHHO-
TEXHHUYECKUM HMYILIECTBOM),  IO3BOJISIIOIIAS
OBICTPO B ciyyae HEOOXOJMMOCTH IE€peMellaTh
KOHKPETHBIE 3alpaliiBaeMble OJIOKU U arperaThl
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U3 OJHON TOYKM B JPYTryl0 B TEUECHUE MHUHH-
MaJbHOIO BPEMEHH, COKpallas WIM JaKe HC-
Kiroyas Bpemst rnpoctosi BC B HeucnpaBHOM co-
CTOSSHHH. 3HAHWE CTPYKTYpbl W TPHUHIIUIIOB
(GYHKIIMOHUPOBAHUSI TaKOW CHUCTEMBl BOCCTa-
HOBJICHUSI MCIIPABHOCTH BAKHO TSI TIOHUMAaHUS
MOJIOJIBIM CIIEIIMATIMCTOM CBOEro MecTa M 3ajad,
KOTOpble OyIyT pemarbcsi UM Ha OyaylieM pa-
O0ouem MmecTe, a 3HAYUT, OH CMOXET CaMOCTOsI-
TEJIbHO BBIIEIUTH TE€ BOIPOCHI, KOTOPBIE B XOJI€
MEPENOArOTOBKH HA TUI MPEICTABISIIOT A7 He-
ro HauOOJNBIINA MHTEPEC HMCXOIS U3 IOJTydYeH-
HOI B By3e 0a3bl 3HaHHUIA [5].

C cepenunbl 1990-x TO0B B aBHAKOMIIAaHUU
ctanu akTuBHO moctynate BC Boeing (B mep-
ByI0 oOuepeapr Haubojiee pacHpoCTpaHEHHbBIE
B737, B747 u np.) u Airbus (A319, A320,
A321). OTu caMoneThl IIpU OLIEHKE IKOHOMUYE-
ckor A(pPEeKTUBHOCTH WX MPUMEHEHHUS IS Tac-
CaXMpO- M TI'PY30IEPEBO30K IO3BOJIIU JTOCTH-
raTh 3aBeJJOMO 0oJiee BHICOKMX 3HAY€HUI IMOKa-
3areneir, yuem BC, mnpoussenennsie B CCCP.
[TpyuuHBl 3TOrO0 — OTCYTCTBHE BBO3HBIX IIO-
[IUTMH, TbITOTHBIC YCIOBHS Mepeiaydl B JTU3UHT U
MHoroe apyroe. [losToMy ncronb30BaHne TaKUX
BC, xoHeuHO ke, cTajgo MPearnoYTUTEbHEE IS
CYILIECTBOBABIIMX HAa TOT MOMEHT, a TaKXe s
BHOBB CO3JJaHHBIX aBUAKOMIAHHM, MOTYYaBIIHX
npedepeHIIN U BBITOAHBIC YCJIOBHS TPHUOOpE-
TeHusl B TU3UHT uMeHHO BC 3apy0OexHoro mpo-
u3BojicTBa. HeB3upast Ha TO, 4TO 3TO ObUIN yKe
naneko He HoBele BC, co 3HauuTENbHOHN BbIpa-
00TKOH pecypca Ha MOMEHT Iepeayu, OT KOTO-
peix Ha 3amazne n30aBIAINCH, OOHOBISAS CBOM
aBUarNapKu MCXO/s U3 YCIOBUN MOBBIIICHUS 00-
IIEr0 YPOBHSI 0€30MacHOCTH TIOJETOB B CBOMX
apuakoMmanusx [10, 11].

[MosBneane BC 3apy06exHOr0 MpOM3BOACTBA
B Hallleil CTpaHe COMPOBOXKIAIOCH U BHEJIPEHHU-
€M BCeX TeX HapabOTOK, CBSI3aHHBIX C UX JKC-
IJTyaTaluei, KOTOpble MPaKTUKOBAINCH Ha 3a-
naze. 9To, KOHEYHO K€, KOCHYJIOCh U CUCTEMBI
MOATOTOBKU (TIEPETIOJITOTOBKH) CIICIIHAIUCTOB
no TO [12-15]. CymecTByromue aBUallMOHHBIE
yueOnbie 1eHTphl (AVYIL]) cTanm yacTeio 3amai-
HOU CHUCTEMbI 00yUYECHHSI, IEPECHSAB €€ MOAXO0/bI U
cranaapTsl. Kak mpaBuiio, 3T0 OroBapuBajoch
npu nepenaue B mu3uHr BC. K Ttomy xe MHOrux
crenuanuctoB 1o TO Ha TOT MOMEHT rOTOBWIH
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BHe Hamell crpansl B AVYI, ceprudunuponan-
HBIX MO JAEWCTBYIOIIMM Ha 3amajae CcTaHjaap-
tam [5]. B EBpocoroze (EC) ocHOBHBIM MOKY-
MEHTOM, PETJIaMEHTHUPYIOIIUM TpeOOBaHUS K
creuuanuctaM no TO, cranu npasuna Part 66'
(nnms mepconana ¢ mpaBoMm nomycka BC k akc-
TUTyaTaIum).

Il'apmonuszauus TpedoBanmii. Ha MomeHT
nepexona komnanuii Ha BC nHocTpanHoro mpo-
W3BOJICTBA TIOJYYCHHE CEpPTH(PUKATA COOTBET-
CTBUS IO 3aMaJHOEBPOINEHCcKUM IpaBuiam (Joint
Aviation Requirements — JAR), a mo3nHee 1o
npasmiaM EASA Obu1o o1HOM U3 Hanbomee Boc-
TpeOOBaHHBIX 3ajau JJI1 POCCUNCKUX KOMITAaHUH.

3ajaya yCIOXHSIACH OTCYTCTBUEM Yy aBHa-
KOMIIAHUM OIbITa B3aUMOJICHCTBUS C aBUALIMOH-
HBeIMH BrnacTamMu EASA, a Taxke Tem, 4TO BCs
0a3oBasi TOKyMEHTalus OblIa MpeAcTaBlieHa
TOJIKO Ha aHMIMKCKOM s3bIke. [loaromy wuc-
MOJIb30BaHNE 3apyOEKHON aBUATEXHUKH U 3a-
MaJIHOM TOKYMEHTAlUM, PErJaMEHTUPYIOUIEH €€
JETHYI0O U TEXHUYECKYIO SKCIUIyaTaluio (Tak
Ha3bIBa€MbI€ CTAHJAPTHI SKCIUTyaTallil) B pam-
Kax pPOCCUHCKOW IOPUCIUKLUHU, HEU30EKHO IO0-
TpeboBasio B Poccuiickoit ®Denepanuu mepe-
CMOTpa TOM IKCILTyaTallMOHHOW TOKYMEHTAaLlUH,
KOTOPYIO 0J00psiau (3aKOHOAATEIIbHO YTBEP-
JKJAIM) POCCUUCKUE aBHAIIMOHHBIE BiAacTH. YTo
U OBUIO CHEJIAaHO.

OcHoBHble 10KyMeHTHI B Poccuiickoit dene-
panuu ObUIM TapMOHU3HUPOBAHBI C 3alaJHBIMU
cranpapramu [16-18]. Hampumep, Bo3MOXKHO-
CTU EBPOMNEHCKUX KOMIAHUW MO MPOBEACHUIO
TOuP  permameHTHpyIOTCS ~ TpeOOBaHHAMHU
EASA Part 145% k OpraHMu3alMsaM, BBITOJIHSIIO-
muM takue ¢yHkuuu (JAR 145 na Gonee pan-
HEM JTare).

Otcrona B Poccuiickoit ®Deneparun ObLTH
MPUHSTHI 1 HEOAHOKPATHO OOHOBJIEHBI COOTBET-
CTBYIOILIME aBHAIIMOHHBIE TIPaBUIIA:

EASA Part 66. Maintenance certifying staff [Qmnextpon-
ubiit pecypc] // EASA. URL: https://www.easa.europa.
eu/en/acceptable-means-compliance-and-guidance-
material-group/part-66-maintenance-certifying-staff (na-
Ta obparenus: 25.10.2024).

EASA Part 145 — Aircraft Maintenance Organisation
[Onexrponnsrit pecypc] // EASA. URL:
https://www.easa.europa.eu/en/the-agency/faqs/part-145
(mara obpamienus: 25.10.2024).
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— Texnuueckoe 00CTy)KMBaHUE TOJJIEKALIX
00s3aTeNbHON  CepTUPHUKAIMKA  OECITUIOTHBIX
aBUAIIMOHHBIX CHUCTEM M (WJIN) HUX 3JIEMEHTOB,
IPaXXAaHCKUX BO3AYIIHBIX CYJ0OB, aBUALIMOHHBIX
JBUraTesieil, BO3AYIIHBIX BHHTOB, 3a HCKIIIOYE-
HUEM JIETKUX, CBEPXJETKUX TPakJaHCKHUX BO3-
JOYUIHBIX CY/IOB, HE OCYLIECTBISIOIINX KOMMEp-
YECKUX BO3AYIIHBIX MEPEBO30K M aBUALIMOHHBIX
pabot. Yacts 145°;

— Ilopsmok cepTuduKanyuy OpraHu3adil 1Mo
TEXHUYECKOMY OOCIIy>)KHBAaHUIO aBHALIMOHHOM
TEXHUKH ;

— TpeOoBaHusl K IOPUIUYECKUM JIMLAM, HH-
JTUBUAYaJIbHBIM NPEAIPUHUMATENSM, BBIOIHS-
IOIIMM aBHALMOHHBIE pabOThI, BKJIIOUYEHHBIC B
nepeyeHb aBHALMOHHBIX PA0OT, MpeaycMaTpu-
BAIOIIHX TOTyYCHHE JOKYMEHTA ;

? TIpuxas Muntpanca PO Ne 367 ot 18.10.2024 06
YTBEpKAECHUHN (eepabHbIX aBUAIIMOHHBIX IPABHJI
Texaudeckoe 00CTy)KHBaHUE TTOIJICKAIINX 00s3aTEINb-
HOH cepTU(HKAINY OSCITMIIOTHBIX ABHALIMOHHBIX CH-
CTeM U (MJIH) UX 3JIEMEHTOB, IPAKITaHCKUX BO3ITYLIHBIX
CYZOB, aBUALIMOHHBIX JBUraTenel, BO3AYIIHbIX BUHTOB,
3a UCKJIIOUYCHHEM JIETKHX, CBEPXJIETKHX I'PAXKIAHCKHUX
BO3IYIIHBIX CYJ0B, HE OCYILECTBILIOIINX KOMMeEpYe-
CKHX BO3AYHIHBIX MEPEBO30K U aBUALTMOHHBIX pa60T.
Yacts 145 [Dnextponnsiii pecypc] // Koncyib-
tan-Ilmroc. 2024. URL: https://www.consultant.ru/
document/cons_doc LAW_ 491896/ (nata oOpareHwus:
25.10.2024).

[Mpuka3 denepanbHON aBUaMOHHOH ci1y>k0b1 Poccun
Ne 287 ot 30 nexabpst 1997 r. O6 yrBepxnenun [lopsia-
Ka CepTUPHUKAIMY OPTaHU3AIHNNA 110 TEXHIIECKOMY 00-
CITy)KMBaHUIO aBHAIIMOHHOW TEXHHUKHU [ DJICKTPOHHBII
pecypc] // TAPAHT. 1997. URL: https://base.garant.ru/
178259/ (nata obpamenus: 25.10.2024).

[Tpuka3 Ne 494 ot 19 Hos6pst 2020 1. O6 yTBEpKACHUN
(enepabHBIX aBUAIIMOHHBIX NIpaBil TpeboBaHus K
IOPUANYCCKUM JIMIaM, UHIUBUAYAJIbHBIM NPEATIPUHN-
MarTeJsiM, BEIITOJHSIONINM aBHAlMOHHBIE PaboTHl,
BKJIIOUCHHBIE B [IEPEUCHb aBHAI[IOHHBIX PadoT, Ipeay-
CMaTpHBAIOIIUX ITOJyYeHHE JJOKyMEHTa, ITOTBEpK/1a-
IOIIIETO COOTBETCTBHE TPeOOBAHUAM (eepaTbHbBIX
ABHALIMOHHBIX MPABHJI IOPUIMYECKOTO JIHIA, HHIUBUILY-
IBHOTO NpeAnpuHuMaTesss. Popma 1 NOopsI0K BbLIAYN
JIOKyMeHTa (cepTUdHKaTa IKCILTyaTaHTa), HOATBEp-
XKJAIOIIET0 COOTBETCTBHE IOPUANYECKOTO JINLA, HHIU-
BHIYaJBHOTO MPEAIPUHIMATENS TpeOOBaHISIM (exe-
PpaJIbHBIX aBUAlTUOHHBIX IIpaBHJI. HOpﬂIlOK IIPUOCTAHOB-
JICHUsI I€UCTBUS, BBEJICHUSI OTPAHUYEHU B IeMCTBUE U
aHHYJIMPOBaHUs cepTU(UKaTa IKCIUTyaTaHTa [DIek-
TpoHHbIH pecypc] // TAPAHT. 2020. URL:
https://base.garant.ru/400164758/ (nata obpamenus:
25.10.2024).
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— Opranu3zaiuu 1no TeXHUIeCKOMY 00CITyKHU-
BaHUIO U PEMOHTY aBUAIMOHHON TEXHUKH;

— TpeboBanus K HOPUIUYECKUM JIHIIAM, HH-
MUBHUIYaTbHBIM  TPEANPUHUMATENSAM,  OCY-
HIECTBISIONIMM  TEXHUYECKOe O0OCTyKHBaHUE
IPpaKJaHCKUX BO3AYIIHBIX cynoB. ®opma u mo-
PSAAOK BBIIAYU JOKYMEHTA, MOATBEPKAAIOIIETO
COOTBETCTBUE IOPUIWYCCKUX JIUI, WHIUBHIY-
aJIbHBIX MPEIIPUHUMATENEH, OCYIIECTBISIONINX
TEXHUYECKOE OOCITYKUBAHUE TPAXKIAHCKUX BO3-
OYIIHBIX CYyIOB, TpeOoBaHUsIM (eaepanbHbIX
aBUALMOHHBIX TIpaBui. Bcee, uTo cBsizaHO ¢ moj-
Jep>KaHUuEM JIETHOM TOIHOCTH, cepTUdUKaIei
AV u cnenuanucroB no TO B eBpomeickux
aBHaKoOMNaHusX, pernamentupytot [lpasuna EC
Ne 1321/2014, Brurodaromue TpeaIMETHBIC CO-
crasisromne yactu Part 147 u Part 66.

CoOTBETCTBEHHO TpPeOOBaHUS K Y4EOHBIM
opranuzamnusM (y4eOHBIM aBUAIIMOHHBIM IICH-
Tpam — AVII), yTBep ACHHbIM aBUALIMOHHBIMU
BrnactsiMu, — EASA Part 147, tpeGoBanus k nep-
COHaNly, MOPSAKY €ro JAOMyCKa K OJKCIUTyaTa-
uun — EASA Part 66.

Jlist obecrieueHus: COOTBETCTBUS TpeOOBaHUI
TUX JOKYMEHTOB TpeOOBaHUSAM K YYCOHBIM
LeHTpaM u nepcoHany B Poccuiickonn ®enepa-
My OBLTH pa3paboOTaHBl U YTBEPXKIEHBI TPeOO-
BaHUS:

K YJeHaM JKUIaka BO3AYUIHBIX CYJIOB, CIie-
[UAIHCTAaM TI0 TEXHUYECKOMY OOCTYKUBAHUIO
BO3JYIIHBIX CYJOB M COTPYAHHMKAaM IO oOecre-
YEHUIO TMOJETOB (TOJIETHBIM  JUCHETYEPaM)
rpakIaHCKOW aBUALINH;

00pazoBaTebHBIM OPTaHU3AIMAM U OpraHu3a-
LUSIM, OCYILECTBIISIIOIIMM OOy4YeHHE Creuau-
CTOB COOTBETCTBYIOLIETO YpPOBHS COITIACHO Iie-
PEUHSIM CMHELHUATUCTOB aBUALIMOHHOTO MEPCOHAA.
dopMa U TOPSIOK BBIAYH JOKYMEHTA, MOJITBEP-
KJIAIOIIEr0 COOTBETCTBHE 00pa30BaTEIbHBIX Op-
TaHU3aluil W OpraHu3alui, OCYIIECTBISIOIUX
o0yyeHHEe  CHELUUAUCTOB  COOTBETCTBYIOLIETO
YPOBHSI COTJIACHO MEPEYHSIM CIEIHATUCTOB aBUa-
IIMOHHOTO TIEpCOHaNa, TpeOoBaHMAM denepalib-
HBIX aBUAIIMOHHBIX TIPABUII ;

S TIpuxa3 Muntpanca Poccun Ne 289 ot 29 centsiGps
2015 r. TpeboBanus K 00pa30BaTEIbHBIM OPraHU3ALUSIM
1 OpraHu3alysIM, OCYIIECTBISIOIUM 00yUIeHHE CIIelHa-
JIMCTOB COOTBETCTBYIOIIETO YPOBHS COTJIACHO MEPEUHSIM
CIELHAINCTOB aBUAIIMOHHOTO ITEPCOHAIIA [ DJIEKTPOH-
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MOPSAIKY pPa3pabOTKH, YTBEPKICHHUS H CO-
JEP’KAaHUIO0 TMPOrpamMM MOJTOTOBKU CIIELHAH-
CTOB COTJIACHO MEPEYHIO CIEIUAINCTOB aBHAIIN-
OHHOTI'0 IIEpCOHAaJIa TPaK1aHCKOM aBUAIIUH.

Crnemyet Takke OTMETHUTh, UTO A7 (hOpMYITH-
poBaHHS M OOOCHOBAaHHWSI ITUX TPEOOBAaHWA K
MEepCOHATy M Y4eOHBIM OpraHH3alMsM, MPOBO-
JIIMM TEPENOATrOTOBKY CHEIMAINCTOB HA MHO-
CTpaHHYIO aBHAaTEXHHUKY, HCIOIb30BAINCH U
HOPMAaTUBHBIC JTOKYMEHTBI UKAO’, IIOCKOJIBKY
Jerctere ux Ha teppuropun Poccuiickon dene-
paiuu 00s3aTENbHO B paMKax NPUHATHS MOJIO-
el «KOHBEHIIMM O MeXIyHapOJHOW Tpaxk-
JAHCKOM aBHaImy» (0 4eM OBLJIO CKa3aHO BHIIIIE).

Takum 006pa3oM, ¢ HEKOTOPBHIX TMOP OCHOB-
HbI€ JTOKYMEHTBI, YTBEP)KICHHbIE POCCUHCKUMU
ABUAIMOHHBIMU BIIACTSAMU M Kacarolluecs BO-
IIPOCOB MOATOTOBKM crnenuanuctoB no TO, Bo
MHOTOM TIO CBOMM TpeOOBaHUSM CTalld WICH-
TUYHBI TPEOOBAHUSAM HOPMATUBHBIX IOKYMEHTOB
3araJHbIX aBUAIIMOHHBIX CTaH/IapPTOB.

Huxe npencraBineHo, Kak U Kakue J0IOJHU-
TEJbHBIC 3HAHUS W HABBIKU MPHOOpETAIOT OBIB-
IIM€ BBITYCKHUKH, IPUXO/S B KOMITAHUH.

Ha nepBom stamne dhopmynupyroTcs TpeboBa-
HUSI K COMCKATeNIo: MpoQuiIbHOEe 00pa3oBaHUE,
HaJMYHE OMbITa, BO3PACT U Mpod. (puc. 2).

[Ipyn MONOKUTENPHOM PELIEHUU IO JAHHOMY
BOIPOCY COUCKATENhb JIOMyCKaeTcsa K 00yUeHHUIO
(TIeperoAroTOBKeE).

B cootBercTBUM ¢ nokymeHToM Part 66
orpernerneH 0a30Bbli YPOBEHb 3HAHHMN COMCKAaTe-
a5 (3asgBUTENS) JUIsl TIOJMYYEHUS! CBHJIETENbCTBA
CHELHAINCTA 110 TEXHUYECKOMY O00CITYKHBAHUIO
BO3JYIIHBIX CYAOB JUIsl KaXJ0W KBaludukaiu-
OHHOM OTMETKH.

bazoBeie 3HaHUs, TpeOyeMble Il KaTeropuid
A, Bl, B2, o6o3HayaroTcsi ypOBHSMH 3Ha-
Huii (1,2 wm 3) Mo KaXIOMy COOTBETCTBYIO-
meMy npeamery. 3asBurenu karteropun C
JOJKHBI COOTBETCTBOBATh YPOBHIO 0a30BbIX
3HaHMUU kareropuu Bl nnm xkateropun B2.

Hbii pecypc] // TAPAHT. 2015. URL:
https://base.garant.ru/71363792/ (nata oOpamicHus:
25.10.2024).

DOC 9868 UKAO. IIpaBuia a3poHaBUTaIlIOHHOTO 00-
ciryxuBanus. [loaroroBka nepconaina. 2-e uzf. //
HKAO, 2013.
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Fig. 2. Maintenance staff advanced refresher training progression

ITokazarenu ypoBHSI 3HAHUM JJISI TPEX YPOB- YPOBEHb 1.
HEH omnpeieieHbl CIeTy oM 00pazoMm.

3HAaKOMCTBO € OCHOBaMH
npenmerta. Llenn oOyueHus:

57



HayyHbiin BectHuk MITY TA

Tom 28, Ne 05, 2025

Civil Aviation High Technologies

e 3aSABUTENb JOJDKEH OBITh 3HAKOM C OCHO-
BaMU IIPEIMETA;

e 3agBUTENb JODKEH OBITb B COCTOSIHUH
JIaTh TPOCTOE ONHMCAaHUE MpPEIMeTa B LIEJIOM, UC-
MOJIB3Ys OOIIME CIIOBA U MTPUMEPHI;

e 3aMBUTENb JOJDKEH YMETh IOJIB30BaTHCS
TUMTUYHBIMU TEPMUHAMHU.

YPOBEHSD 2. O611iee 3HaHuE TEOPETUUECKUX
U MPAKTUYECKUX ACHEKTOB IMpEeJIMETa U yMEHHE
MPUMEHSTH 9T 3HaHUs. [emn o0yueHus:

e 3afBUTENb JOJKEH YCBOUTH TEOPETH-
YEeCKHE OCHOBBI TIPEIMETA;

e 3agBUTENb JODKEH OBITb B COCTOSIHUM
Jnath oOInee OmMCcaHWe MpeaMeTa C HCIOb30-
BaHHEM MPU HEOOXOAMMOCTH TUIIUYHBIX MPUME-
pOB;

e 3afBUTENb JOJKEH YMETh HCIIOJIb30BaTh
MaTeMaTu4eckue (GpopMysbl B COYETaHUU ¢ (U-
3MYECKUMHU 3aKOHAaMH, OIHCHIBAIOUIMMH Tpe-
MET;

e 3afBUTENb JODKEH yMETh YMTaTh U IO-
HUMATh 3CKU3bI, YEPTEKHU U CXEMBI, OTHCHIBAIO-
K€ MPEIMET;

e 3agBUTENb JODKEH OBITh B COCTOSIHHH
MPUMEHUTh CBOU 3HAHMS HA MPAKTUKE, HCIIONb-
3ys IOJIPOOHBIE TIPOIEAYPHI.

YPOBEHbD 3. [leranbHO€ 3HaHHWE TEOPETH-
YECKUX U MPAKTUYECKHX ACIEKTOB MpEAMETa U
CIIOCOOHOCTEH OOBEINHATH OTIEIbHBIE DIIEMEHTHI
3HAaHUU ¥ TIPUMEHSTHh UX JOTHYECKHM U BCEOOH-
emronuM obpaszom. Llenu oOydeHus:

e 3agBUTEINb JOJDKEH 3HATh TEOPHIO MpE-
MeTa U B3aUMOCBSI3U C IPYTUMHU NPEAMETaMU;

e 3asBUTENb JODKEH OBITb B COCTOSIHHH
JIaTh MOJIPOOHOE OMUCaHUe MpeaMeTa, HCIONb-
3ysl TEOPETHYECKHUE OCHOBBI M KOHKPETHBIC MPH-
MEpBbI;

e 3asBUTENb JOJDKEH MOHUMATh U YMETh
UCIIONIb30BaTh MaTeMatudeckue (opmyibl, OT-
HOCAINECS K IPEIMETY;

e 3agBUTENb JOJHKEH YMETh YUTATh, MOHU-
MaTh U COCTABJISITh ACKU3bI, IPOCTHIC YEPTEIKHU U
CXEMBbI, OITUCHIBAIOIINE MTPEIMET;

e 3aSBUTENb JODKEH OBITb B COCTOSIHHH
MPUMEHSTh CBOM 3HAHUS Ha MPAKTUKE, HCIIONb-
3ysl MHCTPYKIIUU TIPOU3BOAUTEIIS;

e 3asBUTENb JODKEH OBITb B COCTOSIHUM
WHTEPIPETUPOBATh NTaHHBIC W3 PA3THYHBIX HC-
TOYHUKOB M pe3yjibTaTbl U3MEPEHHH Tam, I/e
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HY’KHO NPUHUMATh MEPhl MO0 WCIPABICHUIO Je-
(dexToB.

[IporpamMma nepenoaroToBKM COCTaBIIEHA Ta-
KUM 00pa3oM, YTO IO KaXKJI0H cucTteMe orpese-
neH TpeOyemblli ypoBeHb 3HaHMid. Hampumep,
U1l KBautMpukannoHHoi otmeTku Bl tpebona-
HUS K 0a30BbIM 3HAHHUSM MO CaMOJIETHBIM CH-
cTeMaM M CHCTEMaM JBUTaTess IiyOuHa n3yde-
HUSI CUCTEMBI COOTBETCTBYET TPETHEMY YPOBHIO,
KOI'Jla CUCTEMa M3Yy4yaeTcsl C MOAPOOHOCTHIO 0
omoka (LRU): coctaB, Ha3HaueHHE, MPUHIIUIIBI
(GYHKIIMOHUPOBAHHUST W BOIIPOCHI, Kacarollue-
ca TO.

[Ipu sToM nmmsi couckareneil kBanuduUKaIu-
oHHOHM oTMeTku B1 cuctemsl aBuoHHKHU (OOpTO-
BOE€ paanodieKkTpoHHoe obopynoBanue (bP20),
HABUTAIIMOHHBIE CUCTEMBI U T. I1.) U3Y4aIOTCS IO
MEPBOMY HIJIM MAKCHMYM I10 BTOPOMY YPOBHIO.

N HaobopoT, mis KBaMM(UKAIMOHHOW OT-
MeTkH B2 TpeOoBanus K 0a30BBIM 3HAHHSM IO
CaMOJIETHBIM CHUCTEMaM U CUCTEMaM JBUTATeNs
TIyOMHA M3y4YeHUs] CUCTEMBI — MIEPBBIA (MHOTAA
BTOPOIi) YPOBEHb, TO €CTh O0IIIEe MOHATHE O CO-
CTaBe€ M HAa3HAUYEHUU M BOIPOCH Oe30macHOU
JKCILTyaTaluu.

COOTBETCTBEHHO, CHUCTEMbI ABUOHHKHU H3Y-
yatores Juisi B2 ¢ moapo6HOoCThIO 10 6710Ka (line
replaceable unit — LRU). B ToM gncne noapo6HO
U3y4aeTcs CTPYKTypa CHCTEM, MECTOpacIoJIo-
XKeHHe OJIOKOB, Ha3HAYCHHE, NMPUHIMIBI (YyHK-
UOHUPOBAHMSI M, KOHEYHO, BOIPOCHI, Kacaro-
muecsa TO.

OOyuaronye  MaTepuagbl CKOMIIOHOBAHBI
NOMOJIYJIFHO U Yallle BCETO MPEeIOCTABISIOTCS C
HCIIOJb30BAHUEM KOMIIBIOTEpHOM cpenbl. [Ipu
TOM TPUMEHSETCS TaK Ha3blBaeMOe KBaIH(U-
KallMOHHOE  (KOMIIETEHTHOCTHOE) OOy4YeHHue,
CBT (Competency Base Training). ITpomomxu-
TEIbHOCTh OOyYeHHs perjaMeHTHpOBaHa W,
Hanpumep, ans cneruanucta o TO kBamudu-
KallMOHHOM OoTMeTKH Bl TeopeTmueckass yacTthb
nporpaMMbl OOy4eHHUsI HE MOXKET OBITh MEHee
150 gacoB. [{nsa cnenmanucra o TO kBanmupu-
KanmoHHOM oTMeTKH B2 — 120 gacos.

KonnyecTBo Momyneit, riryOuHa pacKpbITHS
Mmatepuana (ypoBeHb OOyueHHs) B KaXIOM U3
HUX COOTBETCTBYET TOM HaIlpaBICHHOCTH, KOTO-
pYI0 TpernoaaraeT noiay4aTh COUCKATENb.
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[TpoxoxaeHne oOy4eHHs ¢ UCIIOJIb30BAHUEM
CBT — 310 TeopeTH4ecKHil 3JIe€MEHT O0y4YeHUs
(TE). On 3akanuuBaercs cmaueid tectoB. Ilpu-
YeM KOJIMYECTBO IPABWIBHBIX OTBETOB B COOT-
BETCTBUU C TPeOOBAHUSIMH HOPMATHUBHBIX JIOKY-
MEHTOB JIOJKHO OBITh HE HUXE 75 %.

Crnenyroumii 3Tan — IPaKTUYECKUNA 3JIEMEHT
(PE), npooKuTeNnbHOCTh U COZIEPKAHUE KOTO-
pOro TaKXke JKECTKO perjaMeHTHpOBaHbl. YacTb
3aJa4 MOKET OBITh BBINOJIHEHA B BUPTyaJIbHOU
cpeie Ha CIEHHAIU3UPOBAHHBIX TPEHAXKEPAX —
TIITO (maintenance training device — MTD).
Ha tpenaxepe oTpabaTbiBaloTCs ClEIYIOIINE
yIpaKHEHUs: CHATHE U ycTaHOBKa 0510koB (R/]),
Ha3eMHOEe OOCITy>KMBaHHE arperaroB u CH-
creM (SGH), mouck u ycrpaHeHHe HEHCIIPaBHO-
creit (TS), ompeneneHne MeCTOPACHIONOKEHUS
arperatoB u 0mokoB (Loc), mpoBepku paboTo-
criocoonoctu cucrem — (FOT), ompenenenue
BO3MOXXHOCTH Bbllycka BC B moser ¢ teM win
MHBIM OTKa30M B COOTBETCTBHHU C TPEOOBAHUSAMU
aBuakomnanuu (MMEL).

OcranpHbIe 3aJI0KEHHBIE MPOTpaMMoOi 00y-
YEHMs] YIPaXHEHUS BBIIOJIHAIOTCS HENOCpea-
crtBenHo Ha BC (RC — real craft).

B mporuecce mepenoAroToBKM U IMOCIELYIO-
LIEr0 TECTUPOBAHUS ONPENEIAETCSA NOITyYEHHBIN
YPOBEHb 3HAHUHN COUCKATENs, KOTOPBIM CpPABHU-
BAETCs C YCTAaHOBJIEHHBIMU TPEOOBAaHUSIMHU.

[Ipoiins oOyueHue B BUAEC TEOPETUIECKOTO U
MIPAaKTUYECKOrO0 JJIEMEHTOB MOATOTOBKH, BBI-
nyckHukd MI'TY I'A Ha HauanbHOM 3Taine, Kak
MIPaBUJIO, MOJYYarOT INEPBOHAYAIBHYIO KBAJIH-
($UKaIMOHHYI0 OTMETKY «A». OHa Jaer mpaBo
Ha JIOMYCK K 00CITy>KHMBaHHUIO TOJIbKO Ha OTENb-
HbIE ONepaliy, a He MOJHBIN JOMycK K 00cCiy-
xuBannio BC mo mmanepy, (QyHKIIMOHAIBHBIM
cucTeMaM M CUJIOBOM ycraHOBKe. IIporpamma
o0y4eHHs Ha Hee MO MPOAOIKUTEIHHOCTH 3Ha-
YUTEIBHO Kopoue — B npenenax 30—40 yacos.

[Tomyuenune xe ormetku Bl (B2) — aTo, Kak
IIPAaBWJIO, CIAEAYIOIIUI 3Tall pOCTa aBUALIMOHHO-
ro crenuanucra. M »tot sTan norpelyer mpo-
XOKJIEHHUsSI COOTBETCTBYIOIIEH MPOrpaMMbl 00Y-
yeHus B pamkax AVYII.

HeoOxomuMo umeTh B BHAY, YTO IOCIE
YCIEUIHOM cja4M BCEX TECTOB Ha JIOMYCK K ca-
MocTtosTenbHoi padore mo TO BC cowuckarens
MIPOXOJNUT CTAXXHUPOBKY MOJ PYKOBOJICTBOM
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OMBITHOTrO crienuanucta (on job training — OJT),
U TOJBKO MO 3aBEpIICHUH CTAXHUPOBKH BHOBb
OOYYEHHBIN CIENHUATUCT O(QHUIMATBEHBIM PACIIO-
PSOKEHHEM JIOTYCKaeTcsi K CaMOCTOSITEIbHOMY
00CITy>KUBAHHUIO.

3akJroueHue

Takum 00pazoM, TOMYCK K CAMOCTOSITEIIbHOM
sKcIuTyaTauuu JIA BBITYCKHUKH aBHAllMOHHOI'O
y4eOHOTr0 3aBe/IeHUs MOIYy4aroT, IPOiisi MHOTO-
CTYNEHUYATYI0 MOJTrOTOBKY, 0a3upyloOIIyIocs Ha
CTaHJapTaX, PErIaMEHTUPYIOIIUX TEXHUYECKOe
00CITy’)KUBaHUE M PEMOHT JIETaTeIbHBIX amrmapa-
TOB, a TAK)KE PETJIAMEHTUPYIOIIUX AESITEIbHOCTD
ABUAKOMIIAHUM WM KOHKPETHOIO TEXHUYECKOIO
MoJIpa3fielieHus B BOIPOCAaX TEXHUYECKOTO 00-
ciayxkuBaHus. CaMu CTaHAApThl B HAcTOAILEE
BpEMSI BO MHOTOM T'apMOHM3UPOBAHBI C MEXY-
HapOAHBIMU cTaHgapTaMu. KoHEYHBIM HTOrOM
NEPETIOATOTOBKY SIBJISIETCA IOJIy4EHHE pa3pe-
HIEHUS Ha JOMyCK K OOCITY>KHMBAaHHUIO C MPaBOM
cepTuuuMpyomen NoAMUCH.

Cnucok JuTeparypsbl

1. ApremoB A.Jl. Cienuduka nmoaroToBKH
aBMalMOHHOIO nepcoHana Ha Tun BC, ocHaiien-
Horo bCTO / A.Jl. Apremos, E.B. Makcumoga,
B.B. Illep6ak, M.H. Mamxkun, O.T. Pomanos,
A.C. 3acyxun // OGOpOHHBIN KOMIUIEKC — Hay4-
HO-TexHU4Yeckomy mporpeccy Poccun. 2017.
Ne 2 (134). C. 73-76.

2. Tanpgep A.B., JIbicakoB H.JI. Cospe-
MEHHOE COCTOSIHHE MPOQECCHOHATBHOTO 00yde-
HUSI B aBUalMyu W KocMoHaBTHKe // Yenoseue-
ckuit kanmutai. 2020. Ne S4 (136). C. 137-143.

3. JleicakoBa E.H. HXeHEepHO-TICUXOJIO-
TUYECKHE 3a7]a4i Ha COBPEMEHHOM 3Tarie pas3BH-
THS aBHALIMOHHON TEXHUKHU // UeoBeyecknii Ka-
mutait. 2020. Ne S4 (136). C. 201-206.

4. Ky3sneunos C.B. MexnyHaponHas Ksa-
nupuKanuoHHass (KOMIETCHTHOCTHAs) CHUCTEMa
MOJTOTOBKUA W OLIEHKH IE€pPCOHaja MO TeXHUYe-
CKOMY OOCITy’)KHBaHUIO BO3AYIIHBIX CYZOB //
Hayunsrnii Bectauk MI'TY T'A. 2015. Ne 213 (3).
C. 91-96.



HayyHbiin BectHuk MITY TA

Tom 28, Ne 05, 2025

Civil Aviation High Technologies

5. Kysnenos C.B. IlogroroBka uH>xeHep-
HO-TEXHMYECKOT0 MEepCcOoHalla MO TEXHUYECKOU
AKCIUTyaTallid aBUOHUKHU M aBHAIIMOHHBIX DJIEK-
TPOCUCTEM BO3AYILIHBIX CYJOB C YYETOM rapMo-
HU3allMM OTEYECTBEHHBIX TPeOOBaHUM K Mepco-
HaJly C MEXIyHapOTHBIMH TpeOOoBaHUSMHU //
Hayunsbiii Becthuk MI'TY T'A. 2014. Ne 201.
C.91-95.

6. Crpeabnukona E.O. OcobenHoctu npo-
(eccuoHaIbHONW MOArOTOBKM IEpCOHANAa aBHa-
KOMMaHu# [DnekTpoHHblid pecypc] // CtyaeHue-
CKMI BECTHUK: JIEKTPOHHBIM HAYYHBIN KypHaJL.
2020. Ne 42 (140). URL: https://studvestnik.ru/
journal/stud/herald/140  (mara  oOparieHus:
10.01.2025).

7. KouokonbuukoB @P.A. AHamu3 Mex-
TYHAPOJHBIX TPEOOBaHHWM MPU MOCTPOSCHUU CH-
CTeMbl TOATOTOBKM aBUAIIMOHHBIX CIIEIHAIIH-
croB / @.A. Konokoasaukos, C.H. S10noHCKuUM,
A. Jo, C.C. Tepernun // HayuHblii BeCTHHK
MI'TY I'A. 2015. Ne 219 (9). C. 85-89.

8. Hyakun C.O., Heperun E.C., bpyc-
HukuH II.M. Apxutektypa G0OpTOBOI CHCTEMBI
TEXHUYECKOT0 OOCTy>XKMBaHMUsA Ha 0a3e KOHIEN-
MM UHTETPUPOBAHHOW MOIYJIbHOW aBHOHUKH //
ABrmanmigs #W = KocMoHaBTHKa-2018:  Te3uchl
17-011 MexaynapoaHoit kondepenmun. Mocksa,
19-23 nost6ps 2018 r. M.: MAHU, 2018.
C. 381-382.

9. TIloasikoBa E.A., llep6ax B.B. Ilpo-
OJIeMHBIE aCHEeKThl pPa3pabOTKH aBHATPEHaXKe-
poB// Axanemudeckue JKyKOBCKHE YTEHHUS.
be3onacHoCcTh 1ONETOB. AKTyaldbHbBIE BOIPOCHI
MOJATOTOBKH U BEJICHUs oreparuii (00eBbIX Jeii-
CTBHIA) B BOMHAX M BOOPYKCHHBIX KOH(MDIUKTAX:
cOOpHUK HayuyHBIX CTaTeil mo marepuanam Bce-
poccuiickoit HIIK. Boponex, 20-21 Hos0ps
2013 r. Boponex: BYHL BBC «BBA», 2014.
C. 30-32.

10. Myxun U.E. Ananu3 ¢GyHKIMOHATBHBIX
TpeboBaHUil K OOPTOBON CHUCTEME TEXHHUECKOTO
oOcmyxuBanusi camonera SSJ 100 / U.E. My-
xuH, [.C. KonreB, A.A. Kusze, C.M. Opuu-
KoB // BecTHHK Y (UMCKOro rocyaapcTBEHHOTO
aBUAIMOHHOTO TEXHHYECKOr0 YHUBEPCHUTETA.
2022. T. 26, Ne 1 (95). C. 92-101. DOI: 10.54
708/19926502 2022 2619592

11. bpychuxkun IL.M., HAyakun C.O.,
3y6 B.II. Pa3paboTka GOpPTOBOW CHCTEMBI TEX-

60

Vol. 28, No. 05, 2025

HUYECKOro 00CTyKUBaHUS ¢ (QyHKIUEH MPOTHO-
3UpOBaHUSl OTKa3oB // ['arapmHCKHE YTCHHSA:
COOpPHHK TE3UCOB JOKIan0B. MockBa, 27 ae-
kaopst 2019 r.-17 ampens 2020 r. M.: MAU,
2020. C. 817-818.

12. MowuceeB P.I'. IloBbimienne kadecTBa
TOuP aBuaTexHUKH 3a CYET MEPHOIUYECKOTO
MOBBIIIEHUS KBATH(PHUKANN TEXHUUECKOTO TIep-
conana, obcmy>xusaromiero BC // lnHoBanmon-
HBIE TIporecchl B coBpemeHHoM mupe (MuaHODO-
pym-2016): MaTepuanbl MEXIyHApOIHOW Hayd-
HO-TIpakTH4eckoil koH¢pepenuun. Coun — Po-
ctoB-Ha-Jlony, 21-25 centsbps 2016 r. Po-
ctoB-Ha-Jlony: ®oHn Hayku M 00pa3oBaHUA,
2016. C. 159-162.

13. ApremoB A.Jl., JIbicakoB H./., JIbI-
cakoBa E.H. Yenoseueckuit GpakTop B SKCILTya-
TallMM aBHAlIMOHHOHN TexHukH. M.: MAU, 2018.
156 c.

14. Kapmnosa JI.U., Hukutun /L.A. IToaro-
TOBKa CHEIHAIMCTOB TPaKJAaHCKOW aBHALUU —
rapaHTus Oe30MacHOCTH BO3YILIHBIX MEPEBO-
30k // Hayunsni Bectnuk MI'TY T'A. 2011.
Ne 166. C. 102-106.

15. bunayc B.A., YUykapun M.U. IloBbI-
menue kadectBa TO u P aBuarexHuku 3a cuer
NEPUOANYECKOr0 TMOBBIMICHUS KBaJU(pUKALUU
TEXHUYECKOTO IMEepCOHaja, OOCIy>KUBAIOIIETO
BC // AkTyanbHbIE acleKThl Pa3BUTHS BO3IYIII-
Horo TpaHcnopra (ABuarpanc-2018): marepua-
Jbl  MEXIYHAPOJHOHW  HAy4YHO-NPAKTUYECKOUN
koH(pepeHuuu. PoctoB-Ha-Jlony, 27-30 ceHTs10-
ps 2018 r. PoctoB-Ha-[ony: ®oua Hayku U 00-
paszoBanus, 2018. C. 747-752.

16. boasmeasopckasi JI.I'. OGocHoBaHuMe
U pa3paboTKa HOBOM CHCTEMBI TOATOTOBKU
ABUAIMOHHBIX CIICIUAJNCTOB B TIPa)kJTaHCKON
aBuanuu // Hayunsiii Bectauk MI'TY T'A. 2016.
Ne 225 (3). C. 86-91.

17. Hukutroxk  B.P. O¢pdexTuBHOCTD
HA3eMHBIX TEXHMYECKUX CPEJCTB OOyueHUus
aBUAIMOHHOTO TiepcoHana // BectHuk AkaneMuun
BoeHHBIX Hayk. 2023. Ne 1 (82). C. 85-90.

18. Bapcykos A.I'. K Bonpocy o noaroros-
K€ aBHAIIIOHHOTO NepcoHaIa B 00JaCTH YeJoBe-
yeckoro (akropa // Crede Experto: Tpancmopr,
obmecTtBo, oOpazoBanue, s3bIK. 2017. Ne 2.
C. 83-92.



Tom 28, Ne 05, 2025

HayuyHblit BectHuk MITY TA

Vol. 28, No. 05, 2025

References
1. Artemov, A.D., Maksimova, E.V.
Shcherbak, V.V., Mashkin, M.N., Roma-

nov, O.T., Zasuhin, A.S. (2017). Specifics of
technical-and-maintenance personnel training to
operate the aircraft equipped by airborne
maintenance system. Defense industry achieve-
ments — Russian scientific and technical pro-
gress, no. 2 (134), pp. 73—76. (in Russian)

2. Gander, D.V., Lysakov, N.D. (2020).
The current state of vocational training in avia-
tion and astronautics. Chelovecheskiy kapital,
no. S4 (136), pp. 137-143. (in Russian)

3. Lysakova, E.N. (2020). Engineering
and psychological problems at the modern stage
of the development of aviation technique. Che-
lovecheskiy kapital, no. S4 (136), pp. 201-206.
(in Russian)

4. Kuznetsov, S.V. (2015). International
qualification (competency) training and evalua-
tion system of aircraft maintenance personnel.
Nauchnyy vestnik MGTU GA, no. 213 (3),
pp. 91-96. (in Russian)

5. Kuznetsov, S.V. (2014). Aircraft and its
systems maintenance engineering staff training
according to harmonization with international
requirements. Nauchnyy vestnik MGTU GA,
no. 201, pp. 91-95. (in Russian)

6. Strelnikova, E.O. (2020). Features of
professional training for airline personnel. Stu-
dencheskiy vestnik: elektronnyy nauchnyy zhur-
nal, no. 42 (140). Available at: https://stud
vestnik.ru/journal/stud/herald/140 (accessed:
10.01.2025). (in Russian)

7. Kolokolnikov, P.A., Yablonskiy, S.N.,
Lyu, D., Terenin, S.S. (2015). International re-
quirments analysis applied at program systems
design for aeronautical specialists training.
Nauchnyy vestnik MGTU GA, no. 219 (9),
pp- 85-89. (in Russian)

8. Dudkin, S.0., Neretin, E.S., Brusni-
kin, P.M. (2018). Architecture of onboard
maintenance system based on integrated modular
avionics conception. In: Aviatsiya i kosmonavti-
ka-2018: tezisy 17-y Mezhdunarodnoy konfer-
entsii, pp. 381-382. (in Russian)

9. Polyakova, E.A., Shcherbak, V.V.
(2014). Problematic aspects of the development

61

Civil Aviation High Technologies

of flight simulators. In: Akademicheskiye Zhu-
kovskiye chteniya. Bezopasnost' poletov. Ak-
tual'nyye voprosy podgotovki i vedeniya oper-
atsiy (boyevykh deystviy) v voynakh i vooruzhen-
nykh konfliktakh: sbornik nauchnykh statey po
materialam Vserossiyskoy NPK. Voronezh:
VUNTS VVS «VVA», pp. 30-32. (in Russian)

10. Mukhin, LE., Koptev, D.S., Knya-
zev, A.A., Yurchikov, S.M. (2022). Analysis of
functional requirements to the on-board mainte-
nance system SSJ 100 aircraft. Vestnik UGATU,
vol. 26, no. 1 (95), pp. 92—-101. DOI: 10.54708/
19926502 2022 2619592

11. Brusnikin, P.M., Dudkin, S.0.,
Zub, V.P. (2020). Development of an on-board
maintenance system with a failure prediction
function. In: Gagarinskiye chteniya: sbornik te-
zisov dokladov, pp. 817-818. (in Russian)

12. Moiseev, R.G. (2016). Improving the
quality of aircraft maintenance and repair
through periodic advanced training of technical
personnel servicing aircraft. In: Innovatsionnyye
protsessy v sovremennom mire (Innoforum-
2016): materialy mezhdunarodnoy nauchno-
prakticheskoy  konferentsii. Rostov-na-Donu:
Fond nauki 1 obrazovaniya, pp. 159-162.
(in Russian)

13. Artemov, A.D., Lysakov, N.D., Lysa-
kova, E.N. (2018). The human factor in the op-
eration of aviation equipment. Moscow: MAI,
156 p. (in Russian)

14. Karpova, L.I., Nikitin, D.A. (2011).
The training of civil aviation personnel is a
pledging of security of air transportation.
Nauchnyy vestnik MGTU GA, no. 166,
pp. 102—-106. (in Russian)

15. Bindus, V.A., Chukarin, M.I. (2018).
Improving the quality of maintenance and repair
of aircraft equipment through periodic advanced
training of technical personnel servicing aircraft.
In: Aktualnyye aspekty razvitiya vozdushnogo
transporta (Aviatrans-2018): materialy mezhdu-
narodnoy nauchno-prakticheskoy konferentsii.
Rostov-on-Don: Fond nauki i obrazovaniya,
pp. 747-752. (in Russian)

16. Bolshedvorskaya, L.G. (2016). Sub-
stantiation and development of the new system
of the aeronautical specialists’ training in civil
aviation. Civil Aviation High Technologies,
no. 225 (3), pp. 86-91. (in Russian)



HayyHbiin BectHuk MITY TA Tom 28, Ne 05, 2025

Civil Aviation High Technologies Vol. 28, No. 05, 2025
17. Nikityuk, B.R. (2023). Effectiveness of 18. Barsukov, A.G. (2017). To the question
ground-based technical training facilities avia- of aviation stuff training in the area of the human
tion personnel. Vestnik Akademii voyennykh factor. Crede Experto: Transport, Society, Edu-
nauk, no. 1 (82), pp. 85-90. (in Russian) cation, Language, no. 2, pp. 83-92. (in Russian)

Cgenenus 00 aBTOpax

AptemoB Ajiekcanap JIMutTpueBMY, KaHIUAAT TEXHUYECKHX HAYK, JOIEHT, MOIEHT Kadeapbl
a’pOJMHAMUKM  KOHCTPYKIIMM M  TNPOYHOCTH  JeTaTeldpHBIX  anmaparoB  MITY  TA,
a.artemov(@mstuca.ru.

Iurun Cepreii BacuibeBu4, KaHIUIAT MEIarOTHYECKUX HAYK, AOUEHT Kadeaphl JTeTaTeIbHBIX
anmapatoB MAU (HY), svp 1961 @mail.ru.

Information about the authors

Aleksander D. Artemov, Candidate of Technical Sciences, Associate Professor, the Chair of Aer-
odynamics, Aircraft Design and Strength, Moscow State Technical University of Civil Aviation,
a.artemov(@mstuca.ru.

Sergey V. Pigin, Candidate of Pedagogical Sciences, Assistant Professor of the Aircraft Chair,
Moscow Aviation Institute (National Research University), svp 1961 (@mail.ru.

[MocTynuia B penakimio 25.03.2025 Received 25.03.2025
OpnoOpeHa 1noce peneH3upoBaHus 25.04.2025 Approved after reviewing 25.04.2025
[IpuHsTa B Me4ath 25.09.2025 Accepted for publication 25.09.2025

62



Tom 28, Ne 05, 2025 HayuyHblit BectHuk MITY TA
Vol. 28, No. 05, 2025 Civil Aviation High Technologies

YIK 629.7.01, 539.4
DOI: 10.26467/2079-0619-2025-28-5-63-75

Metoa pacyeTra yCTOHYMBOCTH 00IINBOK XBOCTOBBIX OTCEKOB
JIONACTEN HeCcylero BUHTA MO/ IeCTBUEM BeTPA HA CTOSIHKE BepToJieTa

M.B. Kapra(ml’2

"Mocxrosckuii asuayuonnbiii UHCMUMYM (HAYUOHATIbHBI UCCTIE008AMENbCKULL YHUBEpCUmeNt),
2. Mockea, Poccus
Hayuonanvhuiii yenmp eepmonemocmpoerus um. M.JI. Muna u H 1. Kamosa,
noc. Tomununo, Poccus

AHHOTaumst: B cBs3u ¢ pacTymieil He0OXOMMMOCTBIO HKCILTyaTallid BEPTOJIECTOB B MECTAaX C BETPAaMH BBICOKOH MHTEHCUBHOCTH
CYILECTBYIOILIME MOAXObI K MPOESKTUPOBAHMIO JionacTed Hecymiero BuHTa (JIHB) momkHBI OBITH NMEPECMOTPEHBI Ha MpeIMeT
TIOJTHOTBI y4eTa PACUETHBIX CITydacB BETPOBOIO HArpyKEHHUs. BOIBIIyI0 4acTh BPEMEHHU B IKCIUTyaTalliy BEPTOJIET HAXOAUTCS Ha
CTOSIHKE, a JIONACTH IOJBEPraroTCsl BETPOBOMY BO3AEHCTBHIO, CIIOCOOHOMY HMPHBOAWTH K IOBPEXKACHHUSAM, MPEMSTCTBYIOLINM
BO3MOXKHOCTH MX JaJIbHEHINeil dKcIuTyatalui. B 4acTHOCTH, W3BECTHBI Cllydau IMOSIBICHUS TO(PPOB U OTCIOCHHH OOIIMBOK
XBOCTOBBIX OTCEKOB JIOIIACTEH OT 3allOJIHUTENEH. B cilyyae IpeBbILEHUS YCTAHOBICHHBIX B OKCIUTyaTallMOHHOM JOKYMEHTALUU
JIOITyCKOB Ha pa3Mepbl YKa3aHHBIX JE(PEKTOB XBOCTOBBIE OTCEKH JIMOO PEMOHTHPYIOTCS, JMOO 3aMEHSIOTCS Ha 3aBOJE —
M3roTOBHTEJIE JIonacTell. B HacTosiiiei paboTe paccMOTpeHa 3a1a4a yCTOHYMBOCTH KOMITO3UTHBIX OOLIMBOK XBOCTOBBIX OTCEKOB
HeBpamatonmxcss JIHB, HarpykaeMbIX BETpOBBIM ITOTOKOM. PacueTHast cxema MOJEIMPYEMBIX OOIIMBOK COOTBETCTBYET
OPTOTPOIHON MPSIMOYTOJIBHOM ILIACTHHE, 3aKPEIUICHHOM HA YIPYroM OCHOBAHUU U HArPY>KEHHOM IO CTOPOHE €€ COMPSLKEHUS C
JIOmkepoHoM Jioractu. HanpsbkenHo-nedopmupoBanHoe cocrosiue (HJIC) oOmmBkM ompenensiercss U3 pelIeHUs IUIOCKOH
3a/la4M TEOPUH YNPYTOCTH UIS IUIACTWHBI, PACUCTHBIE HArpy3KH IS KOTOPOM B COOTBETCTBHH C YCJIOBHEM COBMECTHOCTH
nedopmanmii tomkepona JIHB n oOmmBKY onpenenstorcs B pe3yibTaTe PEIIeHHs 3aa49d BETPOBOIO HArPYXKEHHUs JIOMAacTH B
nenoM. B pabote BbIBeneHo muddepeHmaIbHOe ypaBHEHHE YCTOMYMBOCTH OPTOTPOITHOM IUIACTHHBI HA YIIPYIOM OCHOBAHMH,
Mozemmpytomee oOmmBKy xBoctoBoro orceka JIHB. IlomyueHo BelpakeHHWe U pacuera KPUTHYECKHX HANpsDKEHHH,
COOTBETCTBYIOIIHUX HaYaTy BOSHUKHOBEHHS MECTHOH MOTEPH YCTOHYMBOCTH OOMIMBOK. M3 yCIIOBUS IPOSIBIICHHST MECTHOM TIOTEPH
YCTOHUYMBOCTH OOIIMBOK BBIYHMCIICHA TpefiebHast cKopocTh BeTpa it JIHB Bepronera Tnma Mu-38.

KitroueBble cj10Ba: J10NacTh HECYIIETO BUHTA, OOIIMBKA XBOCTOBOIO OTCEKA, BETPOBOE HATPYKEHUE, METOJ| CEeTOK, CTATHYECKast
YCTOMYHBOCTb, KPUTUUECKUE HAIIPSKCHUSL.

Jnst uutupoBanus: Kapraes M.B. Meron pacuera ycToH4nBOCTH OOIIMBOK XBOCTOBBIX OTCEKOB JIOTIACTEH HECYIIETO BHUHTA
Nojx JieiicTBHeM BeTpa Ha cTostHKe Beprosera // Haywnenii Bectnmk MITY TA. 2025. T. 28, Ne 5. C. 63-75.
DOI: 10.26467/2079-0619-2025-28-5-63-75

Method of stability computation of the main rotor blades tail section
skins subject to wind at a helicopter parking lot

M.V. Kargaev"’
"Moscow Aviation Institute (National Research University), Moscow, Russia
’National Helicopter Center Mil&Kamov, Tomilino, Russia

Abstract: Due to the growing need to operate helicopters in areas with high-intensity winds, existing approaches to the design of
main rotor blades (MRB) should be reviewed to ensure that the calculated cases of wind effect are fully taken into account. The
helicopter spends the majority of its operational time on the ground, and the blades are exposed to wind load, which can lead to
damage impairing their continued serviceability. In particular, types of damage include the formation of skin corrugations and cases
of delamination within the composite tail section skin, specifically the separation of the skin from the core filler materials. If the
defect dimensions exceed the allowable limits specified in the maintenance documentation, the tail sections are either repaired or
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replaced at the blade manufacturer’s facility. In this paper, we consider the problem of composite skin stability of the non-rotating
MRB tail sections subjected to wind effect. The analytical model of the skin elements corresponds to an orthotropic rectangular
plate mounted on an elastic base and loaded along the edge adjoining the blade spar. The stress-strain state (SSS) of the skin is
determined by solving planar elasticity boundary value problem, where the applied loads are calculated based on the deformation
compatibility condition between the MRB spar and the skin, obtained from the overall wind load analysis of the blade. In this
paper, a differential equation of stability of an orthotropic plate on an elastic base is derived, simulating the lining of the tail section
of the MRB. An expression for calculating the critical stresses corresponding to the onset of local skin buckling is obtained. Based
on the criterion of local skin buckling, the limit wind speed for the MRB of the Mil-38 helicopter type was calculated.

Key words: main rotor blade, tail section skin, wind load (effect), mesh method, static stability, critical stresses.

For citation: Kargaev, M.V. (2025). Method of stability computation of the main rotor blades tail section skins subject to wind at
a helicopter parking lot. Civil Aviation High Technologies, vol. 28, no. 5, pp. 63—75. DOI: 10.26467/2079-0619-2025-28-5-63-75

BBenenue JyYEHHBIX HAIPSHKEHUM € KPUTUYECKUMH Ha-
NPSDKEHUSIMA, PACCYUTAHHBIMU TI0 (OpMYyIIaM,

[Iponiecc mpoekTupoBaHUs JonacTed Hecy- NOMTYEHHBIM B HacTosIIEH pabore.

IET0 BUHTA BEPTOJIETA BKJIIOYACT B CEOS ITaIbl

0 BBIOOPY NapaMEeTpOB XBOCTOBBIX OTCEKOB. BoiBoa nudpepeHuna bHOro

Kak ycranosieHo B pabore [l], mpu BbIOOpE  ypaBHEHHSI YCTOMYHBOCTH OOIIHBKH
JAaHHBIX MApaMETPOB NMOMHUMO TOJIETHBIX CIyya-

€B Harpy>xeHus [2, 3] HeoOX0UMO YUUTHIBATh U PaccMOTpHM pa3pe3HOll XBOCTOBOH OTCEK
Ha3eMHbIE Cllydau HarpyxeHus. OJHUM M3 HHUX JIHB [8], KOHCTPYKTMBHO O0Gpa30OBAHHBI
SBIISIETCS BETPOBOE HArpy>KeHHE, XapaKTEePUCTH- CKJIEHKOH OrpaHHYEHHOT0 MO MIMPHHE TOpIle-
KA KOTOPOT'O JOJKHBI OBITh 33/1aHbl B TEXHUYE- BBIMH HEBIODAMH 3aflONHHTENS C BEpXHEH H

CKOM  3a/laHMK  HA HPOCKTUPYCMYIO JIOTIACTb. HIDKHEH OOIIMBKAMH, 3aMBIKAFOIUMICS CTPHH-
AHaNU3 HANpPSHKEHHO-1e(hOPMHPOBAHHOIO  CO- repom (prc. 1). By/ieM ofarats, 4o Harpyke-

CTO?IHI/IEIV OOIIUBOK XBOCTOBI)EX OTCCKOB HECBpa- HHe OOIIMBOK IPOUCXOIUT BCIEICTBHE I[e(bop'
maromeuncs JomacTtu nmoa ACUCTBUEM CTYIICHYA- MaI_II/Iﬁ JIOMACTH, K JIOHXKEPOHY KOTOpOfI OHH

TOro MopbIBa BeTpa [1] mokasan, 4Tro IEHCTBY- NPHKITEEHBT

[OLIME BIOIb 3aJHEH CTCHKH JIOHXKEPOHA CiKH- Jlns BBIBOMA MbDEPEHIMATBHOTO ypaBHe-
MaIOIIHEe MPOJIOIbHBIC gIaHpﬂ(eHm B OOmmBKE g YCTOWYHUBOCTH OOIIMBKU HCIIOIb3YEeM CH-
MOTYT TPHBOJTE K OOPa30BAHHIO 30HBI MECT- 1oy misthchepEHIMATHBIX yPABHEHHA, OMHCEI-

HOH MOTepH yCTOAIMBOCTH v[4—6]. Hen(6)nyCTI/1- paformyio HJIC OBIIMBKH pACCMATDPHBAEMOTO
MOCTh MECTHOH MOTEPU YCTOWYHUBOCTH OOIINBOK XBOCTOBOTO oTcexa [1]:

00ycoBJIeHa WX COMYTCTBYIOIIMM OTCJIOCHHUEM oON  ON
OT 3aloJIHUTEIsI XBOCTOBOI'O OTCEKa, MHpHU JO- x4 Y _u'CX =0,

CTMKEHUN KPHUTHYECKOW BEJIMYMHBI KOTOPOIO Ox Y (1)
JanbHeHmas sKCIulyaTaluus JionacTd 0e3 Boc- ON, ON, ’
CTAaHOBUTEIILHOIO PEMOHTA CTAHOBMUTCS HeEOE3- oy + A -v-C, =0,

OIACHOM.

Hcxonsa w3 storo, Ajisi palMOHAIBHOTO BBI-
O6opa mapaMeTpoB XBOCTOBBIX OTCEKOB Ha JTare
MIPOCKTUPOBAHUS JIOMACTH HEOOXOJAMMO HMETh
METOJl, TO3BOJIAIOLIMK BBINOJHATh pPAaCUET HA
MECTHYIO YCTOMYHMBOCTH OOIIMBOK XBOCTOBBIX

I U U V — MepEeMEILIECHU IIACTUHBI 0 ocsiM Ox
u Oy.

B cucreme (1) mepeiiiem OT MOTOHHBIX YCH-
JU K HampsbKEHHSIM, BBIIOJHUB COOTBETCTBYIO-

orcekoB JIHB, moOJBEp»KEHHBIX BO3JCHCTBUIO LM 3aMEHbI, HCIONb3Ys paBeHCTBA Ny = Oy * 4,
BETpa, Ul 4ero B JAaHHON paboTe m3noxkeH Me- Ny = Oy 0, Ny = 7y, * 4, Tie 6 — TOIIIMHA ILUIACTH-
TOJH, IIOCTPOEHHBIM HA MOOYEPEIHOM pacyeTe Hbl B PaCcCMaTpUBAEMOW TOYKE, Oy W Oy — HOp-
HanpsDKeHUN B JIOHXKepoHe [7] u obmmuBke [1] MaJlbHbIe HanpsbkeHus 110 ocaM Ox u Oy, Ty —
JIONIACTH IIOJ IEWCTBUEM BETPA, CPABHEHUM I10- HalIpsIAKCHUA ClIBATA.
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(mpuHzep

Puc. 1. KoHcTpyKLKs pa3pe3HOro XBOCTOBOIO OTCEKA JIOMACTH
Fig. 1. Design of the split tail blade section

Xecmkoe
30UEMABHUR

Ynpyzoe
ocHobaHue

ChuﬁdﬁHuE
KpOMKU

Puc. 2. 'pannunble yCIoBUS
Fig. 2. Boundary conditions

['panuunbie ycnoBust nisi ypaBHeHumid (1)
MIPEJICTABJICHBI HA PUC. 2 U OMPEACISIOTCS COOT-
HOIIEHUSIMU [ 1]

npux=0,L — o,=0; 7, = 0;

npuy =H— 0,=0; 7, = 0;
— R — V- Yy — x
npuy=0— o, =0y; 0,=0y; 0, =—p,0y,

rie o, — HanpsHKCHUs B JIOHKEPOHE B MECTE

NPUKICHKN OOIIMBKH, 00YCIIOBJICHHBIE BO3JCH-
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crBueM Betpa [7]; u, — ko3punuent Ilyacco-

Ha JIOH)XepoHa; L — qyinHa oOmuBky; H — mmpu-
Ha oOmuBKU. TakuMm 00pa3oM, COMpsDKEHHAs C
JIOH)XEPOHOM TpaHb OOIIMBKM HMMEET COBMECT-
HbIE C HUM JeQOpMaluu, a OCTaJbHBIE TPaHU
oOmMBKU cBOOOIHO Aedopmupyrorcsa. Bnusnue
3anonaurtens Ha H/IC oOmuBku B (1) yunThiBa-
ercs 3a cuer Hamuuus skectkocrel C, u G,
YOPYTroro OCHOBaHUS.

[Monyuum nuddepeHmanbHoe  ypaBHEHUE
YCTOMYHMBOCTH JJIsI OPTOTPOIIHOM IUIACTHHBI HA
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YIPYroM OCHOBAaHWH, UCXOMS U3 IMPEAIOIONKE-
HUS O BO3MOXXHOCTH COCTOSIHHSI PaBHOBECHS
IUTACTHHBI B UCKPUBJICHHOM COCTOSIHUU. J[aHHOE
coCTOsIHUE Oy/IeM XapakTepu30BaTh MPOTHOOM w
BI0Jb ocu Oz. JlomycTuM, 4TO TpH U3rMOE Iia-
CTUHBI coryiacHo rumote3am Kupxroda [9, 10]
OyZeT MMETh MECTO OTCYTCTBUE IedopMariuii
MIOTIEPEYHOTO C/IBHTA!

ou ow
_ou, o _

ou  ow _8v+8_w_
Ve 0z oOx

== 0. (2
e T, & (2)

b

Torga u3 3aBucuMocTtelt (2), npuHUMasi, 4YTO
TOYKH CPEAMHHOM MOBEPXHOCTH MEPEMEIIAloTCs
npu u3rude TOIBKO BIOJIb OcU Oz, MOKHO TIOITY-
YUTH BBIPAKEHUS

Ces3p nedopMaliuii IACTUHBI C TIepeMelie-
HUSMHU ¢ W V YCTaHABJIHMBACTCS depe3 (popmyJisl
Ko

ou o*w ov o*w
E =—=— -, E =—=—Z ,
toox ox*’ Y oy oy’
2
g v 5 0w 3)
T 0y oOx Ox0y

a1 opTOTPOINHONM IJIACTUHBI JECUCTBYIOLINE
B €€ IUIOCKOCTH HAIIPSOKEHUS C Yy4eTOM PaBEH-
CTBa HYJIIO HAIIpsDKEHUH B HanpasieHuu ocu Oz,

. JE,
" Acos* @+2Bsin’ pcos’ p+sin' ¢’

GO

Hy
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TO ecTh 0; = 0, ONMPEACISIFOTCS 3aBUCHMOCTIMH
0006menHoro 3akona ['yka B Bune [11-13]

O-x :ell '8x+612 .(C"y +el3 'yxy’

(4)

O, =€, & +ey &, ey Y, 0.

Txy = el3 .gx +eZ3 'gy +€33 '7)9)

Yropyrue NOCTOSHHBIE MaTepuana ej;, e,
e13, €22, €23, €33 [11-13], cocraBnsroniue MaTpu-
1y E K03(pdUIUEHTOB KECTKOCTU, MOTYT OBITh
MOJTyYeHBbI OOpaIlIeHueM MATPHIIBI ITOAATIUBO-
crei A, To ecTh E = A1 , KOTOpasi UMeeT BU]T

4, —dp 4y
A=|-a, ay ay;],
a; y;  dgy

rae Kod(p(UIMEHThl TONATIMBOCTH MATPHUIIBI
A[l] — ObyHKIMH «TEXHHYECKUX» MOIyJeH
ynpyroctd E, Ey, G, i, 7y, 7y, 1 yIIa ¢ OpUeH-
TUPOBKM OCEll MaTepuajia OTHOCHTEJIBHO pac-
yeTHbIX oceil Ox u Oy, onpenensorcs no ¢op-
MyJlaM

1 M, 1,
a —Q, 4, = s A3 =",
11 EX 12 Ex 13 Ex
P S
2T L YT A3 =0
E, E, G

AE,

E

T Asin® o +2Bsin® pcos’ p+cos’ @’

sin’ 2¢

~(1+A1-2B)~— """
0~ ( -

G= —
I-(1-C)sin” 2¢
[(1-A)—(1+A-2B)cos2¢]sin2¢

X

E E

A=20 2B=47%_(1+
E E

0 0

 2(Acos* p+2Bsin® pcos® g +sin* @)

A= Jcos® @+2Bsin® pcos’ p+sin’ @’

__ [a=4)-(+4-2B)cos2¢]sin2¢p

y

2(Asin* @+ 2Bsin’ pcos® g +cos’ @)’
1+ A +2 s,

A), C= .
2B+ 2 u,,
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[Tomyuyum ypaBHEHHs, CBS3BIBAIONINE TMOTOHHBIC W3TUOAOIME W KPYTSIIIUA MOMEHTBI C
nporu6om w Baosb ocu Oz, U1 4ero cHayvana noJctaBuM ¢popmyssl (3) B 3aBUCUMOCTH (4):

o'w o’w
o.=¢e, ~(—z)—2+e12 (- z) +e13 (2z)—
oxdy’
82w oI’w
O, =€y (- Z) +622 (-2)— 6)/ T tes- (—22) ax@y &)
o’w
T, =5 (= Z) +ez3 (- Z) +es3 (—22) oxdy
Janee nepelieM K paBHOAECHCTBYIOIUM HaNpsKEHUH (5) 10 TOJIIMHE MJIACTHHBbL:
52 52 5/2
M, = I o.zdz, M, = I o,zdz, M, = J. 7, zdz. (6)
-5/2 ) )
OxoHYaTETHHO MOCIIEe UHTETPUPOBAHMS BhIpaXkeHuH (6) ¢ yueToMm (5) moxydum
3 2 2 2
M, = _5_(611 _8_1;V+e12 _5_V2V+2613 a_W)’
12 ox oy Ox0y
5 o’w o’w o’w
=——1 (e, —5+e, —5+2e, —);- 7
y 12 ( 12 ax2 22 8y2 23 axay) ( )
5 o’w o’w o’w
— ey —F ey —F+2e,—)
12 ox oy Ox0y

ITepepesbiBaromue cunbl O, 1 O, NCUCTBYIOIINE B CCUECHUAX IIJIACTUHBI, BEIPAXKAIOTCS YEPE3 W M3
YPaBHEHMsI PAaBHOBECHUS 3JIEMEHTA IUIACTHUHBI B Mpoekuuu Ha ock Oz [9, 10], xoropoe st ycinoBuit
HACTOAIIEH 3aa4u UMEET BUJ

Zo+Zy +Zy +Zy +Zc +Zo +Z,=0, (8)

Z

N> ZN,o

Z

(O

Z

riue Zp — NPOEKIMs Nepepe3bIBaoIuX CWlL, a Z, , Z c
. v

Z , — IPOEKIUU CUJI HaYallb-

Horo coctosgHusi. CornacHo [9] umeem

oN, ow N,
Z,= [GQ de dv, Z,, [2N 0w Ny ow, awjdxdy,

ox Oy Y Ox0y ax ay ay Ox ©)
2 ON
Z, = Nxa%aN M\ dvdy, z, NP P,
ox ox Ox oy oy Oy
AHAJIOTUMHO BHIPXKEHHSM VISl Z, W Z, MOXKHO TOJyYHTb BBIPAKEHUS 11 Z, U Z. :
Z, z—u-Cxa—wdxdy, Z. =—v-C a—Wc‘bca’y. (10)
. ox " oy
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Belpacxxenne i1 Z, NOIy4MM HCXOIS U3
MIPEIOJIOKEHUSI O TOM, YTO 3alOJIHUTENb SIBIIS-
€TCsl JIETKUM, a TaK)K€ MaJIO)KECTKMM B HarpaB-
nenuu ocu Oz, ¥ IpU NOTEPE YCTONUMBOCTH TPO-
HCXOJUT BBITyYUBAHUE HECYIIUX CJIOEB — OOIIH-
BOK. [Ipu 3TOM poJib 3amOJHUTENST CBOJUTCS UC-
KITFOUYMTENIBHO K paboTe Ha CIBUT, TO €CTh 00ec-
MIEYCHUIO COBMECTHOW pPabOTHI OOLIMBOK, BOC-
MPUHUMAIOIINX MPOAOJIBHBIE CHUJIbI U MOMEHTHI.
bynem npeanosiaratb OCHOBaHUE JIMHEMHO
ynpyruMm. Torga nasnenue P, IEeWCTBYIOIIEE CO
CTOPOHBI 3aIOJIHUTENS Ha OOLIUBKY, MPOTOPIIH-
OHAJIBHO €€ IPOTuody W:

P=—aw. (11)

[Tpumenum 3akoH ['yka aist cronOuka 3amodn-
HUTEJST SIUHUYHON TUTOIIAJAN BBICOTOHM /4, Harpy-
JKEHHOT'O JaBJIeHUEeM P, Torja mojy4yuM BbIpake-
HUE JUTIS €70 YKOPOUCHUS, PAaBHOTO MPOTHOY W:

w=Ah =P-h,|E,. (12)

Vol. 28, No. 05, 2025

Beicory cotoBoro 3amonmHuTens /hi, Kak M
B [1], mpumeM B BUzIE KBaApaTUUHOW (DYHKIIUH,
M3MeHsoecs B1oyib ocu Oy [1]:

4h
cp 2 + cp
)y +( I

5 2h,—h 3h, 13
L= I )y+hy, (13)
rae hp — BBICOTa XBOCTOBOTO OTCEKa B MeECTE
NPUKJIECHKN K 3aJHEH CTEHKE JIOH)XKEPOHa, /l., —
BBICOTA XBOCTOBOI'O OTCEKa MOCEPEIUHE IIUPH-
HBI XBOCTOBOT'O OTCEKA.
Comnocrasnsis Beipakenus (11) u (12), ¢ yue-
toM (13) momyuaem, 4To

a—ﬂ— E,
T h 2h0—hcp -3

Pty By
H Yy H yrh

Hckomoe BbIpaxkeHUE 11 Z, UMEET BH]

Z, =—awdxdy. (14)

[ToncraBuB Beipakenus (9), (10) u (14) B ypaBHenue (8), mOIyuyuM ypaBHEHHE PaBHOBECHS dJie-

MCHTAa IIJIaCTUHBI

a 2
%+&—aw+Nxaw
ox oy

ON

o e oo D
ox oy T ox

2 2
+NV8 1:}+2Nx Ow +
" oy " Ox0y 15)
ON, ON
L+—2—y.C )a—wzo.
oy  Ox "oy

VYuuTeiBas, 4TO BBIPAXKEHMS, 3allUCAHHbIE B CKOOKax ypaBHeHHUs (15), paBHBI HYJIO B CHIIy COOT-

HoteHui (1), OKOHUATENbHO MOTYYUM

99, %9, o

+ —aw+ N,

ox Oy ox

+N

2 2
8v2v+2Nx 8w:
"oy " Ox0y

0. (16)

CBsi3b MEXKIy NEPEepe3bIBAIOIIUMU CUJIAMA M MOMEHTAaMH JIJIi paCCMaTpUBAEMOI0 Cliydasi Harpy-

JKCHUS IIJIACTUHBI OIIPCACIIACTCA YPAaBHCHUAMUA

oM, oM

ox oy

Qx

+—=

3 Qy =

oM oM,
<+ . (17)
oy ox
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[ToncraBuB ypaBuenus (17) u (7) B (16), monyuum nuddepeHnuanbHOe ypaBHEHHE YCTOMUNBOCTH

OpPTOTPOITHOM IUIACTUHBI HA YIIPYTOM OCHOBAaHHUH:

5 o'w o'w o'w o'w o'w
—| e, '—4+€22 -—4+(2e12 +4€33)'T+4€l3 'T+4€23 = |=
12 ox oy Ox~ Oy ox” 0y OxOy (18)
2 2
=—aw+NX6V2V+N ~+2N, aw.
ox " oy " Oxoy

OmnpeneneHue KPUTHYECKUX
HANIPSAKEHU i, COOTBETCTBYOIIHUX
MECTHOHU MoTepe YCTOMYUBOCTH
00IIUBKH

[Tpu perenuu 3agadu 0 MOTEPE YCTOMYUBO-
CTH IUIACTHUHBI IPEJIoIaraeTcs, YTo A0 MOTepu
YCTOMYMBOCTH OHA sBIsieTCA Iulockoud [13].
B Takom ciydae Bce Cuibl, JEHCTBYIOIIME Ha
IUIACTHUHY, JAEUCTBYIOT MO €€ CPeAUHHON IIo-
BEPXHOCTH U TpH jAedopMalusx IJIaCTUHBI HE
M3MEHSIOTCSI HA N0 BETTMYMHE, HU 110 HarpasJe-
HUI0. To ecTh TOKPUTHUYECKOE HAIPSHKEHHOE CO-
CTOSIHME TUTACTUHBI SIBISIETCS TIOCKHM.

bynem nonaraTth, 4TO JOKPUTUYECKUE CHJIBI
U TIepeMelleHusl ISl paccMaTpUBaeMol 3ajauu
ONpeeNAoTcs U3 peleHus ypasHeHuit (1) me-
TOAOM [ 1], OCHOBaHHBIM Ha IPUMEHEHUU METOAA
cerok [10, 14].

B Takom cnyuae 3a1aya HaxXOXKIEHHsI KPUTH-
YECKHUX HANPSHKEHUM MECTHOM IOTEPHU YCTONYHM-
BOCTH [IOJDKHA peIIaTbcs Ui 3JIEMEHTapHOU
HPSIMOYTOJIbHON TJIACTUHKH, JKECTKO 3allleMJIeH-
HOM MO CTOpOHAM pasMmepamu /; U hj, IOITy4eH-
HOM myTem pa3OueHus pacueTHou oOjacTu 00-
IIMBKKA OPTOTOHAJIbHOM ceTKoi (i — HOMep y3Ia
cetku 1o ocu Oy, j — HOMEp y3iaa 1o ocu OXx).
Jlanee MHAEKCHI [ U j BCIOLY, 32 UCKIIOYCHHEM

HEKOTOPBIX BBIpAXXEHUH, U1 yA00CcTBa BOCIIPH-
ATUs onyleHbl. PacuetHas oOnactb OOIIMB-
ku [ 1] mpencraBneHa Ha puc. 3.

[lo HaliieHHBIM B pe3yibTaTe PELICHHs CH-
cTeMbl ypaBHeHHH (1) nepememieHusM u u v
OTPECISAIOTCS  JEHCTBYIOIME B OOIIMBKE
HaNpsOKEHUSA Oy, Oy U Ty,. JIJIA ONpeneneHus Kpu-
TUYECKUX HAIPSHKEHUN MECTHOU IOTEPU YCTOM-
YUBOCTH YJOOHO IEpPEeHTH OT PacCMOTPEHMs
IUIOCKOTO HANpsKEHHOT'O COCTOSIHUS, OIPEEs-
€MOI0 HaNpsKEHWAMHU Oy, Oy M Tyy, K TJIABHBIM
HAIPSKEHUSIM O M Oy, ONpeleNieMbIM 10 (op-
Mmysam [15]

OpI/IeHTaIII/ISI TJIaBHBIX HaHpH)KeHI/Iﬁ OTHOCH-
TCJIbHO CUCTCMbI KOOPpAMUHAT Oxy OIPEACIIACTCS
IMOBOPOTOM HCXOI[HOI>'I Ha yroJ:

I 2z,
@ =—arctg -
2 o,—0,

Torma B paccMaTpuBaeMoi 3ajade Ha Kax-
NY10 TUIACTUHKY JIEUCTBYIOT pacIipe/ieIeHHbIE 10
ee KpasiM Cokumaroue yeunusi N: = 0 - oy 1 pac-
TAruBarouye ycunus N, = o - oy

Takum oOpa3om, ypaBHEHHE MECTHOM NIOTepH ycTouuBocTH (18) npumer Bux

5 o'w o'w o'w o'w o'w
—_— ell'—4+€22'—4+(2€12 +4€33)'?+4€13‘T+4€23'—3 =
12| " ag on o&%an 08%0n o&on 19)
2 2
=—aw—N, 0 YN oW
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Puc. 3. PacuerHast 061acTh OOIIMBKHA XBOCTOBOI'O OTCEKA
Fig. 3. Computational domain of the tail section skin

Jlis ompeneneHuss KpUTHUUECKUX HanpsbkeHui u3 ypaBHenus (19) ucnonszyem meton ByOHo-
Ba — ['anepkuna [16]. @yHKIMA MPOTUOOB TJIACTUHBI JIOJDKHA YIOBICTBOPATH TPAHUYHBIM YCIOBHSIM
JKECTKOTO 3aleMJICHUS TI0 KOHTYpPY. B KauecTBe anmpoKCUMUPYIOMUX GYHKIIUH W MOTYT PUMEHSITh-
Cs MPOCThIE OPTOTOHANIbHBIE [17] U HEOPTOrOHANIbHBIEC MOJIUHOMEI [18, 19] Wi TpuroHomeTpuyeckue
psasl [20]. 3amagum QyHKIMIO MPOTUOOB W B BHIIE

w=Aw, = A(l—cos(znzﬂén(l—cos(zn:n D, (20)

IJIe M U N — YKCTIa MOTYBOJH KOCHHYCOHJ] B HANPABJICHHUIX ¢ U 71 COOTBETCTBEHHO IPH MOTEPE YCTOM-
yuBoctu (m=1,2,3,...;n=1, 2,3, ...); A — Ipou3BOJIbHAS TOCTOSIHHAS.
Torga B cooTBeTcTBUU ¢ MeTO10M byOHOBa — ["anepkuHa J0KHO BBITIOIHITHCS PABEHCTBO

1 h 3 4 4 4

) o'w o'w o'w
JIA et e 1+ (2, +4ey;): +
00 on

121" o oE%on’ on
4 4 2 2
ey e O N, TN, T i <o
0E%n ocom P on

[ToacraBuB B ypaBHenue (21) dhynkuuro nporu6os B Buze (20), moydumM paBeHCTBO
A
_W[—l% 7°h*m’ne, —1287°h*’m’n’e, —1927°I*'mn’e,, — 22)
T mn
2567’ I'm’n’e,, + 487 h* Pm’nN . — 487 W I'mn’ N —367°h* *mna] = 0.
33 I3 n
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Jlns cymiecTBOBaHMS OTIMYHBIX OT HYJISI PEIICHWH BBIPAKCHHUE, CTOAIIEE B KBAAPATHBIX CKOO-
Kax (22), 1omKkHO oOpallaThCsi B HYJb. DTO YCIOBUE MPUBOAMUT K YPABHEHUIO JUISl OLEHKU KpUTHYE-
CKOT'O COKUMAIOIIETO YCHIIHSL:

1

2 W[”4 (48h4m4e“ +641°I'm’n’ (e, +¢,/2) + 481 n’ey, ) +
T m

(23)
+122° I N, +9h* et ).

3aﬂaBaHCB Pa3jIMIHbIMU [ECJIBIMH 3HAYCHUSAMU m U n, IIpU U3BECTHOU BEIIUYUHE N’?’ HUMCCM MHOXKCEC-
CTBO 3HA4YeHHH N yAOBIETBOPAIOIINX paBeHCTBY (23). B kauecTBe KpUTHYECKOr0 OyJeM paccMaTpH-
BaTb HAMMCHBIICC YCUIIUC Nf, IIpHU KOTOPOM BCC CIIC BO3SMOXXHO PABHOBCCHUC TINIACTHHBI B UCKPUBJICH-
HOM cocTtostHud. W3 paccmotpenus (23) BUIHO, YTO MUHUMYM Ng tocTUraeTcst B ciydae n = 1. 910
O3HayaeT, 4To MpPU MOTEPe YCTOWYMBOCTH B HANPABJICHUH 7 BCeraa OyZeT 0Opa3oBBIBATHCS OJHA IMO-
nyBosiHa. Torga ypaBHeHHE (23) MOXKHO MPECTAaBUTh B BUIC

1

£ m[”4 (48h4m4e” +64h°'m’ (333 + €12/2) + 4814622 ) +

(24)
+127°KI'N, +9h'l'a .
MunumanbHoe 3HaueHue ycuius (24) onpeaenum u3 ycioBus
dN. 7 [192h'mle, +1281°Pm(ey +e,,/2) |
dm 125 Pm?
Ra [48h'm*e, +64W°I"m’ (e, + €, /2) +481'e,, |+122°’I'N, +9h'I'a

61> h' Pm’ B

b

KOTOPOC NMPUBOAUT K 3HAYCHHIO

|
2rche,,

e\ (4n*hAN, +167%, +3h' ). (25)

[Toncrasus (25) B (24), a Takxke yuuThbIBas, 4To Ng =0 * Oz, a N, = 0 * 0y, HOITy4UM OKOHYATEIIbHOE
BBIp)XEHHUE TSI pacyeTa KPUTHUYECKOTO HAMPSHKEHUS B OOIIUBKE:

2
€ 242 4 4
o, = 34r h'oc, /o+167"e,, +3h )+
36K e (4xH o, 5+ 167, +3h4a)[ % ”
+87° (2ey, +ep )\ (4 W, [5+167°, +3h*a) [e + (26)

+48e,, +127° 1’5, |5 +9h'I'a |.

Ilo cnoxusmielics npaktuke [15], ecnu BTOpoe IIaBHOE HANPSKEHUE O, PACTATUBAIOLIEE, TO OHO
00OBIYHO UTHOPUPYETCS, B 3TOM ciiydae u3 (26) umeeM

2
€

o, = 3(167%e,, +3h* ) +
5‘” 35h2\/e131(167z4622+3h4a)[ ” 27)

+87°(2e;, +e,, )\/efl (167%e,, +3h*a) /elz1 +48e,, +9h4l4a] .
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Ve, m/c

20 30

Puc. 4. 3aBucumocts K03 uIeHTa 3anaca OT CKOPOCTH BeTpa: [ — o, = 0;2- o, #* 0

Fig. 4. Dependence of the reserve coefficient on wind speed: 7 — o,= 0;2- o,* 0

Pe3y.]'leaTLI YUCJICHHBIX PAaCY€TOB

I[anee MNPpCACTaBJICHBI PC3YJILTATBI BBIYUCIIC-
HUN KOd(pPUIIMEHTOB 3amaca yCTOWYUBOCTH ky,
BBIITIOJIHCHHBIX C HUCIIOJIb30BAHUCM IMMOJIYUCHHBIX
BBIpakeHUH (26) u (27) mis pacyera KpuUTHYE-

CKUX HANpPSDKCHUH O, MECTHOH IOTEPH YCTOM-
o

YMBOCTH OOIIMBKHM XBOCTOBOT'O OTCEKa JOMACTU
NpU JIEUCTBUU PA3IMYHBIX CKOPOCTEl BeTpa Vi
npu yrie ataku —10° u yrie ckonbxenus 0°,
IIPY MOCTOSIHHBIX BEJIMYMHAX LIAroB pa3OueHus
pacueTHOIl ob6nacTu OOIIMBKU BHOJb ocH Ox U
ocu Oy, 10 ectb 1IpH [; = [ m h; = h. JlanHble
YCIJIOBUSL BETPOBOI'O HArpy’>KE€HUsS UCIOJIb30BaHBI
JUISL WJUTIOCTPAllMM PacdyeToB IO ONPEIEIICHUIO
IIPEIEIbHBIX CKOPOCTEM BETpa W3 yCIOBUSA
MECTHOW MOTEpPH YCTOWYMBOCTU OOUIMBKU U HE
ABJISIIOTCSL  KpUTHUYECKUMH. Mertonuka BbIOOpa
KPUTHYECKOI'O HallpaBJIEHUs 00/1yBa U3JI0KEHA B
cratbe [7].

Hampspkenus B JOHXEpOHE JIoNacTH, Harpy-
JKaEMOW BETPOBBIM IIOTOKOM, OIIPEAEIEHBI IIO
Metony [7]. Pacuer KpuTHUECKHX HaIpsLDKEHUN

72

MECTHOH noTrepu YCTOﬁqHBOCTH 05 Hn COOTBCT-
»

CTBYIOIINX MM KO3(PQPUIIMCHTOB 3amaca ky BbI-
MOJIHEH, Kak Ioka3aHo B [1], mis HamOoiee
HArpy>KeHHOTO XBOCTOBOT'O OTCEKa MOJICIBHOMN
Jonacty Beprosiera tuna Mu-38, pacmonoxeH-
HOTO Ha yjaanenuu 5,45-5,85 M. DTo mo3BosseT
YCTaHOBUTH MPEAETbHYI0 CKOPOCTh BeTpa MAJis
JIOTIACTH, COOTBETCTBYIONIYIO HAYaly BO3HUKHO-
BEHUSI MECTHOH MMOTepU YCTOWYUBOCTH OOIIH-
BOK. I[lOCKOJIBKY pacTSruBaromye HaNpPSHKSHUS
0y UMEIOT OTJIMYHbIE 3HAYEHHs B Pa3IHMYHBIX
TOYKaX OOIIMBKH, TO pacdeT ee YCTOWYUBOCTH
YI00HO BECTH, UCIIOJNIB3YsI KOA(PDUIIUSHT 3amaca
ky, ompenenseMblii MaKCUMyMOM OTHOIICHHUS
CKUMAIOIIMX HANPSHKEHUH Of M KPUTHUYECKHX
HaIPSHKECHUN o, pacueTHOil obmacTu 00-

IIUBKU, TO €CThb K, :max(a§ /(;§ ) . 3aBucu-
w )i

MOCTh Kod(dduimenTa 3amaca ky, XapakTepusy-

omasas MOMCHT BO3HUKHOBCHUSA MECTHOH oTCpU

YCTOWMYMBOCTH JJI1 HauboJiee Harpy>KeHHOU 00-

UBKKA XBOCTOBOTrO orcexka JIHB, or ckopoctu

BeTpa V,; mpuBeeHa Ha puc. 4.
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HeobxonmuMo OTMETUTBH, YTO YHCIO TMOJY-
BOJIH m, BIUHCIsieMoe 1o popmyre (25), nomxk-
HO MMETH 1IeJI0€ 3HauUeHUe. JTO JTOCTHraeTcs 3a
CYeT moj0opa BEJIMYWH IIAroB pa3OMEHHs pac-
yeTHON obnactu Brosib ocu Ox u ocu Oy, TO
ecTh [ U h.

KoMOuHanus  CXKUMarOMMX — MPOJIOJIBHBIX
HANPSDKEHUN Oy, @ TAK)KE PAaCTATHUBAIONINX U Ka-
caTeNbHBIX HANpPSKEHUH Oy U Ty, COOTBETCTBEH-
HO, KaK CJeayeT U3 COMOCTaBJICHHS 3aBUCHUMO-
CTel, MPUBEICHHBIX HA pUC. 4, IPU TPEIETHHBIX
CKOPOCTSIX BETpa MOXKET MPHUBOJIUTH K IMOSBIIE-
HUIO 30Hbl MECTHOW MOTEpPU YCTOMUMBOCTH 00-
[IMBKU PACIIOJIOKEHHON BAOJb 3aJHEH CTEHKHU
nomwxkepona. Ilpu stom pacuer npu o, =0 naer

0oJiee KOHCEpPBATUBHYIO OIleHKY. 3 puc. 4 Tak-
K€ CIeAyeT, YTO MpeaesibHas CKOPOCTb BETpa
JUISL 3a/IaHHOTO HAampaBJeHHs] JIEHCTBUS BeTpa
uMeeT 3HaueHue, paBHoe 21,1 m/c mpu c,=0mu

22,5 m/c npu o, #0, Y4TO HECKOJBKO MEHbIIE

noytydeHHou B [1] mpenenpHOM ckopocTH 26 M/c
M0 YCIIOBUIO MPOYHOCTU OOIIMBOK OT JIEHCTBUS
PaCTATMBAIOIINUX HAMIPSKECHHH.

3akJoueHue

YcraHoBieHHas Uil paccMaTpUBAEMOM JIo-
[IaCTM HECYLIETO BHHTA IpPEAEIbHAasi CKOPOCThb
BeTpa 22,5 M/C Mo yCIOBHIO Hayajla MECTHOU
HOTEPU YCTOMYMBOCTU OOIIMBOK XBOCTOBBIX OT-
CEKOB OKa3aJlaCb MEHbIIE IpeleIbHOW CKOpO-
CTBIO BeTpa 26 M/C, BBIYUCICHHON IO YCIOBHUIO
IIPOYHOCTU OOLIMBOK OT JIEHCTBUSL PacTITMBaro-
mMx HanpspkeHud. [Ipum aTom ¢ mpakTudeckon
TOYKH 3PEHMSI 3TO HE O3HAYAET, YTO 10 JAHHOMY
KPUTEPHIO HEOOXOIUMO OrpaHUYMBATh JIOIY-
CTUMYIO B 3KCIUTyaTallud CKOpPOCTb BETpa 3Ha-
yeHueM 22,5 M/c, IOCKOJIbKY JTaHHOE€ 3HaYeHHE
MOKET OBITh YBEJIMYEHO KaK 3a CYET BBEJICHUS
JIOITyCKa Ha IUIOMIa b OTCIOEHUS OOLIMBKU OT
3aMOJIHUTENS, TaK U 3@ CYET JOIMYLIEHUs O BO3-
MOKHOCTH PEMOHTA WJIM 3aMEHBI IIOBPEXKIEHHOIO
XBOCTOBOT'O OTCEKA B AKCILTyaTalluy BEPTOJIETA.

Hcxons u3 3Toro, rnpouecc BpIOOpa nmapamer-
pOB XBOCTOBBIX OTCeKOB JIHB nomxen Bxiro-
yaTh 00a pacyeTHBIX Cllyyash BETPOBOI'O Harpy-
JKEHUs, @ MMEHHO pacueTbl Ha CTaTUYECKYIO
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IPOYHOCTh U YCTOWYMBOCTH OOIIMBOK, IO pe-
3yJbTaTaM KOTOPBIX JOJIKHA OBbITH OIpeneseHa
IpeieIbHO JOMyCTUMAasi B 3KCIUIyaTallUd CKO-
pOCTh BETpa KaK HauMEHbILAs W3 MOIYYEHHBIX
0 PAa3HBIM KPUTEPUSIM.
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PaC‘IeTHO-C)KCHepI/IMeHTﬂJ'II)HaH METOAHUKA UCCJIeAJ0BAHUA JIO0OBOI 0
CTEKRJIa caMo0JI€Ta Ha HTHHCCTOﬁKOCTB

A.P. Jlenemkun', K.M. Aynr'

] o o« o« o
Mockosckuil aguayuoHHbIL UHCMUMYM (HAYUOHATIbHBIL UCCIE008AMENbCKULL YHUBEPCUMEN),
2. Mockea, Poccus

AnHotammsi: KoHcTpykimsi 1000BOTO CTEKJIa MIpaeT BaXXKHYIO PONb B M3YyYEHHH MPOOJIEMBI MTUIIECTOHKOCTH OCTEKIICHHS,
M03TOMY OOJIBIIIOE BHUMAHHKE IPH UCCIIEIOBAHMSX YIEIAETCS HE TOJILKO Pa3pabOTKe KOHEUHO-3JIEMEHTHBIX MOJIEJIEH OCTEKIICHUS
U OTULBIL, HO U aHAIM3Y Pa3jIMuHbIX IE€OMETPUM U MarepuanoB. B pesynbrare yaapa B COOTBEICTBUM C MEXIYHAPOAHBIMHU
CepTl/I(bI/lKaLlI/IOHH])lMI/I CTaHJAapTaMu JI000BOE CTEKIIO JOJDKHO HE TOJIBKO BBIACPKMBATL yJAap MPOHUKHOBCHUSA NTHUIbI, HO U HE
JIOITyCKaTh TOJIHOW (hparMeHTalliy BceX IMPO3PavyHbIX MaTepHasioB, 0OECIeUMBaTh NMPUEMIIEMYIO BHAMMOCTH JUIsi O€3011aCHOTO
NIPOJIOIDKEHUS TI0JIeTa U NocaJiky. Pa3paboraHa MeToiKa pacyeTHOro MOJIEIMPOBAHMUS JUHAMUYECKOTO NpoLecca yaapa ITHLII
IO TIOJTHOM CTPYKType JIOOOBOTO CTekia (OMHOM maHenw) camolieta B makere nporpamm LS DYNA. B meromuike ducieHHOTO
MOJICITMPOBAHMUS MITHIIECTONKOCTH OCTEKJICHUs HCIoib3oBaH SPH-meTon mms ydera mapamerpoB mrumbl. CTEKIO B pacdeTHOM
MOJICIN pacCMaTPHUBAeTCs KaK YIPYTOIUIACTHYHBIA XPYIKHI MaTepral, B TO BpeMs Kak TOJIMMEpHAs POCIIorKa BeaeT ceds KaKk
BsI3Kas cpefia, 00ecTieunBaromas BRICOKYIO Ae(OpMalIliio Tiepe pa3pyllieHHeM U XOpPOIIYI0 IPOYHOCTh Ha pa3peiB. B xadectBe
MOJICTI TTHIBl BBIOPAH IWJIMHAP. B COOTBETCTBMH € TPEOOBAaHMSAMH OTKa300€30MacHOCTH JIOOOBOE CTEKIIO SIBIISIETCS
MHOTOCTIOMHBIM. [loTydeHsI pe3ynbTaThl YHCIEHHOTO MOJCIMPOBAHMS YAAPHOTO JHHAMHYECKOTO IPOLECcca W HANpsHKEHHO-
JiehOpMUPOBAHHOTO COCTOSTHUSI JIOOOBOTO CTEKJIa, KOTOPHIE MOATBEPXKIAIOT CIOCOOHOCTH CTEKJIA BBIICP)KMBATh yAap NTHIEI C
YUYETOM CBOMX CBOWCTB MaTepuaja M FeOMETPUUECKUX XapaKTEPUCTHK (MaJible IVl yAapa U IBOHHAs KPUBU3HA), YTO MO3BOJIET
ITULIE CKOJIB3UTH BJIOJIb JIOOOBOTO CTEKJIA M TEM CaMbIM CHU3HTH MEPEAAIOLIYIOCS eMy KMHETUUECKYIo sHepruto. [1o pesysnbraram
PacyeTHOr0 MOJIEIMPOBAaHMS JIOOOBOE CTEKJIO BBIIEPXKAIO ynap NTULBL. Kpome TOro, moiydeHbl pe3ysbTaThl PacueTHBIX
MCCIIEZI0BAHUI, KOTOPbIE ITO3BOJIMIIM OLEHHUTD BIIMSHKE YIVIOB yapa ITHI] PA3HON Macchl Ha HANPSHKEHMSI TIOBEPXHOCTH JIOOOBOTO
CTEKJIa, a TAaKKe yIJla HaKIIOHA JIOOOBOTO CTEKJIa IPH OLIEHKE MTULIECTOMKOCTH, YTO MOYKHO HCIIOJIB30BaTh IPU TIPOSKTUPOBAHNH
KOHCTPYKIHMH JIOOOBOTO CTeKJa. Pe3ynbrarhl MccienoBaHMil M MCIBITAHWHA JIOOOBOTO CTEK/Ia caMolieTa Ha NTHLECTOHKOCTH C
MPUMEHEHHEM TIPEIIOKEHHON METOIVMKY C THEBMAaTHUECKOH MYIIIKOH MOATBEPAMITH PE3YIIBTAThl PACISTHOTO MOJICITUPOBAHKSL.

KnioueBbie ciioBa: MerTonyka, KOHEYHO-DJIEMEHTHOE MOJIEIMPOBAHKME, MOJENb ITHIBI, HAaIpPsDKEHHO-Ae(OPMUPOBAHHOE
COCTOSIHHE JIOOOBOTO CTEKJIA, NTHLIECTONKOCTD, ITHEBMATHYECKas! ITyIIKa, YTOJ yAapa.

Jost nutuposanus: Jlenemkud A.P., Aynr K.M. PacuerHo-3kcriepuMeHTaIbHAsE METOJIMKA UCCIIEI0BaHMS JIOOOBOTO CTEKIIa
camoJera Ha ntunectoikocts // Hayunsiit BectHuk MI'TY T'A. 2025. T. 28, Ne 5. C. 76-89. DOI: 10.26467/2079-0619-2025-
28-5-76-89

Calculation and experimental methodology for studying the aircraft
windshield for bird strike resistance

A.R. Lepeshkin', K.M. Aung'

"Moscow Aviation Institute (National Research University), Moscow, Russia

Abstract: The windshield design plays an important role in studying the problem of bird strike resistance of glazing, therefore
the researchers pay much attention not only to the development of finite element models of glazing and the bird, but also to the
analysis of various geometries and materials. As a result of the impact, in accordance with the international certification
standards, the windshield must not only withstand the bird strike, but also prevent complete fragmentation of all transparent
materials, provide acceptable visibility for safe flight continuation and landing. A technique for computational modeling of the
dynamic process of a bird strike on the full structure of the aircraft windshield (one panel) in the LS DYNA software package
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has been developed. In the computational modeling technique of bird strike resistance of glazing, the SPH method is used to
take into account the bird parameters. In the computational model glass is considered as an elastic-plastic brittle material,
while the polymer interlayer behaves as a viscous medium providing high deformation before destruction and good tensile
strength. A cylinder is selected as a bird model. In accordance with the requirements of the fail-safe performance, the
windshield is multilayered. The results of computational modeling of the impact dynamic process and the stress-strain state of
the windshield were obtained, which confirm the ability of the glass to withstand a bird strike, taking into account its material
properties and geometric characteristics (small impact angles and double curvature), which allows the bird to slide along the
windshield and thereby reduce the kinetic energy transferred to it. According to the results of the computational modeling, the
windshield withstood the bird strike. In addition, the results of computational studies were obtained, which made it possible to
estimate the effect of the bird strike angles, where the birds were of different masses, on the stresses of the windshield surface,
as well as the angle of the windshield inclination when assessing bird strike resistance, which can be used when designing the
windshield structure. The results of the research and tests of the aircraft windshield for bird strike resistance using the
proposed methodology with a pneumatic gun confirmed the results of the computational modeling.

Key words: methodology, finite element modeling, bird model, stress-strain state of windshield, bird strike resistance, pneumatic
gun, impact angle.

For citation: Lepeshkin, A.R., Aung, K.M. (2025). Calculation and experimental methodology for studying the aircraft windshield
for bird strike resistance. Civil Aviation High Technologies, vol. 28, no. 5, pp. 76-89. DOI: 10.26467/2079-0619-2025-28-5-76-89

BBenenue oOecrieunBaTh NPUEMIIEMYIO0 BHUIUMOCTb IS
0€30MacHOT0 MPOJOJDKEHUS TOJieTa U TOCAIKH.
OTU cTaHAapThl WUrparoT pElAoLlyl0 pPojib B
clly4ae, eciu JIOOOBOE CTEKJIO COCTOUT TOJIBKO
U3 JBYX IaHeled, MOTOMY 4YTO yJap MO OXHOMU
CTOPOHE MOXET MPUBECTU K BBIXOAY M3 CTPOS
Ipyroi maHenu, Wiu yJaap Mo KOHTpOajke, Ko-
TOpasi pasleiseT ABE MaHEeNIH, MOXET MPHUBECTH
K (parmMeHTanmu 0o0OMX MaTepHaJOB IMaHENeH
OCTEKJIEHUSI OJHOBPEMEHHO C IMOCIeayomen
NOTEPEU BUAUMOCTH.

Pa3zpaboTtana meronuka pac4eTHOro MOJEINU-
POBaHMs TMHAMUYECKOTO IpoIiecca yaapa MTUIIbI
M0 TIOJIHOM CTPYKType JIOOOBOTO CTeKsIa (OTHOM
NaHend) camolieTa B TaKeTe  MporpaMm
LS DYNA. B Meroauke 4MCIEHHOTO MOJEIUPO-
BaHUS MTULECTOMKOCTH OCTEKJIEHHUS] HCIOJIb30-
BaH SPH-Meron ruapoJMHaMHUKH CIJIaXKEHHBIX
yacTull Juld ydeTa MapaMmMeTrpoB mnrtuupsl [16].
CTex0 B pacyeTHOM MOJEIM pacCMaTPUBACTCS
KaK YIpYroIUIACTUYHBIN XPYIKUN MaTepUai, B TO
BpeMsl Kak IOJIMMEpHas MPOCIOiKa BeOeT cels
KaKk Bs3Kasg cpena, oOecredMBaroiias BBICOKYIO
negopMalrio nepeq pa3pylieHHeM U XOPOUIYIO
IPOYHOCTh Ha pa3pbIB. B pacueTHOM Mozaenupo-
BaHWH, COTJIACHO CEepTU(UKAIMOHHBIM TpeOoBa-
HUSIM, HCTIONB30Baach NTHULA C 3aJaHHOM Mac-
coil 1 TpedyemMol CKOpOCThIO yaapa. B kadecTBe
MOJIETI NTHLBI BBIOpaH LWIMHIpP C moiycdepa-
MU. B cooTBeTCTBHM C TpeOOBaHHUSIMH 0TKa300€3-
OMACHOCTH JI0OOBOE CTEKJIO SBIISICTCS MHOTO-
CIIOMHBIM M COCTOMT U3 TPEX CHIIMKATHBIX CIJIOEB

[loBpexxneHuss 2JIEMEHTOB  aBUALIMOHHOU
TE€XHUKU IPU CTOJIKHOBEHHSX C NTUI[AMM CYIIe-
CTBEHHO CHW)XAIOT YPOBEHb OE30MaCHOCTH IIO-
JETOB B TPaXJAHCKOM M TPAHCIOPTHON aBHUa-
IIUH, TPUBOJAAT K POCTY YHMCIIa aBapuil U KaTa-
CTpo(d, YBEIMYEHHUIO 3aTpaT Ha 3KCILTyaTalHo,
CBSI3aHHBIX C HEOOXOIUMOCTBHIO BBITIOJHEHUS
BOCCTAHOBUTEJILHOTO PEMOHTa IOBPEkKAECHHOTO
nerarenpHOoro ammapara. [lpoBeneH aHamu3
CTOJIKHOBEHUI aBHALIMOHHOM TEXHMKH C MTUIA-
MU B YCJOBHUSX dKCIUTyatanuu. J{s s1eMeHTOB
aBHaJlaiiHepa, Ha KOTOpBIE Yallle BCEro IMPHXO-
nsarcs yaapel, 45-50 % — 3To monagaHus B JBU-
rarenb, 10 25 % NpUXOAATCS Ha MOMNAJaHUS B
KpbL10, 7 % — nonajgaHus B 1000BO€ CTEKJIO (Ka-
OMHY MUJIOTOB), OCTAIBHOE — MOBPEXKACHUS (DIO-
3eJsKa, CTOEK ILIACCH, HOCOBOI'O OOTeKaTens U
XBOCTOBOTO onepenus [ 1-7].

KoHncTpykuus 1000BOro crekia Urpaet Bax-
HYIO POJIb B U3yY€HHUH MPOOIEeMbl NTULIECTONKO-
CTH OCTEKJICHHUS, TIO9TOMY OOJIbIIIOE BHUMAaHHE
IpU MCCIEIOBAHUAX YAESIeTCs He TOJBKO pa3-
paboTKe KOHEYHO-DJIEMEHTHBIX MOJIENIEH OCTEK-
JIEHHUS W NTHLBI, HO U aHAINU3Y PA3IUYHBIX T'€0-
MeTpuii U MmarepuanoB [8-20]. B pesynbrare
yZapa B COOTBETCTBHHU C MEXKIyHapOJAHBIMH CEp-
TU(PUKAIMOHHBIMU CTaHJIAPTaMHU JOOOBOE CTEK-
JI0 JIOJDKHO HE TOJBKO BBIIEPIKUBATh yJap Hpo-
HUKHOBEHUS MITHIIBI, HO U HE JOMYCKATh MOJITHON
(dparMeHTaMu BCeX MPO3PAadYHbIX MATEpHAJIOB,

77



HayyHbiin BectHuk MITY TA

Tom 28, Ne 05, 2025

Civil Aviation High Technologies

U JIByX clloeB monuMepHoil mienku. [Ipu ygape B
TaKoe CTEKJIO M €ro pa3pylIeHUH OCKOJKH OCTa-
IOTCSl COEIMHEHHBIMH C TIOJMMEPHBIMU MPOCIIOH-
kamu. [lomyueHsl pe3yabTaThl YUCICHHOTO MOJIC-
JUPOBAHUS YAAPHOTO JAWHAMHYECKOTO IMpolecca
U HanpsHKEHHO-ACPOPMUPOBAHHOTO COCTOSTHUS
(HAC) nobosoro crexmna. Ananuz HJIC no6osoro
CTEKJIa TOKa3aJ, YTO MaKCHUMAaJIbHBIC HaIpsiKe-
HUS HAOMIONAIOTCS B TIEPBbIE MOMEHTHI BPEMEHU
YAApHOTO TWHAMHUYECKOro mporecca. Pesynbra-
ThI, TIOJIyYE€HHBIEC IMyTeM YHUCICHHOTO MOJEIUpPO-
BaHUS YKAa3aHHOTO JWHAMHYECKOrO TIpoliecca,
MOJTBEPKAAIOT CHOCOOHOCTh CTEKJIa BBIIEPIKU-
BaTh yJap MTUIIBI C YIETOM CBOMX CBOMCTB MaTe-
pHala ¥ reOMETPUIECKUX XapaKTePUCTUK (MaJlble
YIJIBI yAapa U JBOMHASI KPUBHU3HA), YTO TTO3BOJIS-
€T MNTULIE CKOJIb3UTH BJIOJb JIOOOBOTO CTEKIA U
TEM CaMbIM CHU3WUTbH MEPEHArOIIyIOCs €My KHHe-
TUYECKYIO dHepruio. Takke MmoyryuyeHsl pe3ylibTa-
Thl PacUETHBIX HCCIIEOBaHUI, KOTOpBIE IO3BO-
JUIIM OLEHWUTH BIMSHUE YIJIOB yjAapa NTHIl pa3-
HOW MacChl Ha HAMPSHKCHUS MMOBEPXHOCTH JI0OO-
BOIO CTEKJIa, a TaKKe YIJla HaKJIOHa JI0OOBOIO
CTEKJIa IPU OLIEHKE NTHULIECTOMKOCTH, YTO MOXHO
UCMOJIb30BaTh MPU MPOEKTUPOBAHUU KOHCTPYK-
UK J1000Boro crekna. [lo pe3ynpraram pacuert-
HOTO MOJIETUPOBAHMsI JIOOOBOE CTEKJIO BBIIEpHKa-
JI0 y/1ap NTHULIBL.

Pesynbrarthl ucmbITaHU JTOOOBOTO CTEKJIA
caMoJieTa Ha NTULECTOMKOCTh Ha CIeHaIbHOM
CTEHJIE C MHEBMATHYECKON MyNIKOW C YyKa3aH-
HBIMHU BBIILIE MapaMeTpaMH MacChl U CKOPOCTH
OTUIBl TOATBEPIWIN PE3yJIbTaThl PACYETHOIO
MozenupoBaHus. [lociie mpoBeAeHHBIX HCIBITA-
HUW TIOBPEXKJICHUN JTOOOBOTO CTEKJIa HE OOHa-
pyxeHo. PacueTHoe MoJieTMpOBaHUE TAKKE 03~
BOJIUJIO PACHIMPUTH MOIYYEHHYIO UHGOPMAIUIO
00 yKa3aHHOM yJapHOM JUHAMUYECKOM TpPOIleC-
ce MpHU UCTBITaHUSAX JOOOBOrO CTEKJIa caMmoJeTa
Ha NITULECTONKOCTD.

PacueTrHass MeToAUKA HCCIETOBAHUN
JIOOOBOI0 CTEKJIA HA NITHLHECTOMKOCTh
U pe3yJbTaThl HCCIAEeI0BAHUN

Pa3zpaboTana MeToMKa pacueTHOIO MOJIEIH-
pOBaHMS JAWHAMUYECKOTO Tpolecca yaapa HTH-
Il 110 TIOJTHOM CTPYKTYpe J1I000BOro crekia (of-
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HOM TMaHenM) caMoyieTa B TMakKeTe Mporpamm
ANSYS LS DYNA. B Meroanke YHCICHHOTO
MOJCIIUPOBAHUS MTULIECTOMKOCTA OCTEKJICHUS
ncronb3oBad SPH-meTon criiakxeHHBIX YacTHIL
JUIs ydeta mapameTpoB nTuubl. CTekno B pac-
YETHOW MOJENIM paccMaTpUBaeTCs KakK YIPYyro-
IUIACTUYHBIA XPYNKUW MaTepual, B TO BpeMs
KaK TMOJUMEpPHAs MpOCIOiKka BeJeT ceds Kak
Bs3Kasl cpena, oOecreyuBaroasi BBICOKYIO Je-
dbopmaruio Tiepes pa3pylIeHHEM U XOPOIIYIO
MIPOYHOCTH HA pa3psiB. B pacueTHOM Moaenupo-
BaHWUU COTJIACHO CePTH(HUKAIMOHHBIM TpeOoBa-
HUSIM MCIOJIb30Balach NTuua maccou 1,8 kr npu
ckopoctu ymapa 158 mM/c. B kauectBe mozpenu
OTHUIBI BRIOpaH MWIMHAD ¢ noiychepamu. B co-
OTBETCTBUU C TPEOOBAHUSIMHU OTKa300€30MacHo-
CTH JJ00OBOE CTEKJIO SIBJSETCSI MHOTOCIOMHBIM U
COCTOUT W3 HECKOJBKHUX CUJIMKATHBIX CIIOEB U
cjoeB nonuMepHou 1ieHku. [Ipu ynape B Takoe
CTEKJI0 M €ro pa3pylIeHHH OCKOJKHA OCTAIOTCS
COEIMHEHHBIMH C TIOJMMEPHBIMHU IPOCIONKAMH.
Crexno paccMaTpuBaeTCsl Kak yNnpyrorsiacTuie-
CKMI MaTepHall ¢ O4eHb KOPOTKHM ILJIacTH4e-
CKMM Yy4YaCTKOM KpPHUBOW THIMYHOIO XPYIKOIO
Marepuaia. [lonmumepHsIii Matepuall, pacroso-
JKEHHBIA MEXKIYy CIOSMHU CTEKJIA, BeleT ceOs Kak
BSI3KOYMpYyras npociioika. DTOT THI MaTepuaia
JEMOHCTPUPYET  XOpOILIHWE  XapaKTEPUCTUKU
MPOYHOCTH U IMPO3PAayHOCTH, oOecrednBasi BbI-
COKYI0 JehopMaIliio Tiepe]] pa3pyluieHUeM U XO-
POLIYIO MPOYHOCTh HA Pa3phIB.

B pacueTHON KOHEUYHO-3JIEMEHTHOU MOJENIH
MHOTOCJIOIHON MaHenu J000BOro CTEKIa Ka-
JbIA CJIOW MOJEIUPYETCSA CIUIOLIIHBIMU BOCBMU-
Y3JIOBBIMH 3JIEMEHTAMH C YYETOM KPHUBHU3HBI JIO-
O0oBoro crexia. Vcmonp3yroTcs CTaHAApTHBIC
JUTEPATYPHBIE XAPAKTEPUCTUKU IOJTUMEPHOTO
Marepuaia.

Hwxe npuBoasTcs pe3yiabTaTbl YUCIEHHOTO
UCCJIE0OBAHUS YAAPHOTO JUHAMHYECKOTO IpOo-
necca M Hamps>KeHHO-Ie(OPMUPOBAHHOTO CO-
cTosiHHS JI00OBOoro crekia. [laker m1000BOTO
CTEKJIa COCTOMT U3 TPEX CJOEB CHUIMKATHOIO
CTEKJIa M JABYX CJIOEB (MPOCIOEK) MOJIUMEPHOTO
Marepuana. C UCHOIb30BaHUEM KOMILIEKCA MPO-
rpaMMbl KOHEYHbIX 3i1eMeHToB ANSYS LS-
DYNA ObUIO BBIIIOJIHEHO YHCIEHHOE MOJIEIN-
poBaHHe, YTOOBI OIICHHTH CIOCOOHOCTh KOH-
CTPYKIIMU JI0OOBOTO cTekia Oe3omacHO U (-
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Puc. 1. TTonoxeHne TOYKM yaapa NTHUIIBI TI0 MaHEIH JJOOOBOTO CTEKJIa KaOUHbBI CaMoJIeTa
Fig. 1. Position of a bird strike point on the aircraft cockpit windshield panel

a

(EeKTUBHO MOTJIOMATh YHEPTHIO yAapa MTHUIBI B
COOTBETCTBUH CO CTCHUPUKAIMAMU cepTUHUKA-
uuu crangaptoB EASA u np.

Kak yxe ynomuHanocse, 1Jis MOJEIHUPOBaHUS
nTuipl  ucnosbdyercs noaxon SPH. Mopens
OTUIEI UMEET IUIOTHOCTE 950 Kr/M® u Mopu-
crocth 10 %, To ecth cocTtout U3 90 % BoABI U
10 % Bo3nyxa. OHa yaapsieTcss 0 1000BO€ CTEK-
JO co ckopocThio 158 m/c, kak Toro TpeOyroT
MEXIyHapOAHbIE CTAHAPTHI CEPTUDUKALINU.

C yueToM BBIOPAaHHOTO METO/1a MOJIEIHPOBa-
HUS U1 OTUIBl [PUMEHsUIach UAealu3alus
TUAPOIMHAMUYECKOT0 MaTepuana. B gacTHocTH,
OBLITM HWCIHOJB30BaHbl OINpPEAEISAIONee COOTHO-
[ICHHE HANpsDKEHUs U JaedopMaliiu Marepualia
U ypaBHEHUE COCTOSHUSA ISl 3aBUCUMOCTH JaB-
JICHUs OT 00beMa.

Ha puc. 1 noka3zano nojoxeHue TOYKH yaapa
NTUIIBI TIO TIAaHENIX JIOOOBOTO CTEKJIa KaOWHBI ca-
MoJIeTa.
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6
Puc. 2. JIo6oBOe CTEKIIO U MMOJI0KEHHE ITULBI B MOMEHTBI BPEMEHHU: ¢ — T =1 MC; 6 — T =5 MC
Fig. 2. Windshield and position of a bird at times: ¢« —t=1ms; 6 —t =5 ms

OxaHTOBKa JTIOOOBOTO CTEKJa pacmperencHa
0 BCeMy IepuMeTpy. Takoe rpaHHYHOE YCIIO-
BUE OBLIO CMOJEIMPOBAHO MyTeM (QHKCALUU
KaXJ0M MOCTyNaTelbHOW W BpallaTeIbHON CTe-
NeHU CBOOOJBI OKPY’KAIOIIET0 KOHTypa (3axa-
Toe cocrosinue). Ha puc. 2 mokazana KOHEUYHO-
3JIEMEHTHAsl MOJIeNb ITaHeI! JIOOOBOTO CTEKIIa U
MOJIO’KEHHE MTHULBI B Hayalle mpollecca ynapa,
t= 1 mc (puc. 2,a) u B mpouecce yaapa,
T =15 Mc (puc. 2, 0).

Ha puc. 3-5 nokaszanbl pe3ysbTaThl pacdera
HAINpPsDKEHHO-ZIE(OPMUPOBAHHOTO  COCTOSIHUSL B
TOYKe yaapa nTHipl (puc. 1) mo manenmm 1000BOTo
CTEKJIa: paclpee/ieHne HarpspKeHUH B MOMEHT
BpeMmeHu Tt = 1,5 mc (puc. 3), u3MeHeHue nepe-
MmemeHuit (puc. 4) u HanpspkeHud (puc. 5) B
HApY>KHOM U CPETHEM CJIO€ CHIIMKATHOTO CTEKJIA.

PesynbpTaThl pacuera M3MEHEHHUS KUHETHYE-
CKOM HEPTruM NTHIBI NPU COyIapeHHH C JI000-
BBIM CTEKJIOM MPEJCTaBICHBI HA PHC. 6.
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Puc. 3. Pacnipenienenne HanpspkeHUH B TOYKE y1apa NTHIBL Ha TOBEPXHOCTH JOOOBOTO CTEKIIa
Fig. 3. Stress distribution at the point of a bird strike on the windshield surface
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Puc. 4. VI3mMeHeHnue nepeMerieHuid B J0O00BOM CTEKJIE B 3aBUCUMOCTH OT BPEMEHH
Fig. 4. Change in the windshield displacements depending on time
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Puc. 5. M3menenue HarpsHKeHUH 1000BOTO CTEKJIa B 3aBUCUMOCTH OT BPEMEHH:
1 — Hapy>XKHBI} CIIOM CHIIMKATHOTO CTEKJA; 2 — CPEAHUN CIION CUJIMKATHOIO CTEKIIa
Fig. 5. Change in windshield stresses depending on time:

1 — outer layer of silicate glass; 2 — middle layer of silicate glass

Pe3ynbTaThl 3KCHEPUMEHTANIBHBIX HCCIIEIOBA-
HHMII J1000BOr0 CTEK/IA CaMOJIeETa Ha IITUIIECTOM-
KOCTb Ha CITCIHAJILHOM CTEHJIE ¢ MTHEBMAaTHICCKOM
MYIIKOW ¢ YKa3aHHBIMH BBILIE MapaMeTpaMH Mac-
Cbl U CKOPOCTH ITHULIBI MOATBEPAWIN PE3YJIbTATHI
pacuetHoro mozenupoBanus. llocne mnposeneH-

80

HBIX HCITBITAHUHN TTOBPEXKICHUN JTOOOBOTO CTEKIIA
He oOHapyskeHo. PacueTHoe MopaennpoBaHHEe Tak-
)K€ TIO3BOJIMJIO PACIIUPUTH TOTYUYCHHYIO WHGOP-
Maruioo 00 YKa3aHHOM YIapHOM JTUHAMHUYECKOM
MpoIiecce MPHU UCIBITAHUSIX JIOOOBOTO CTEKJa ca-
MOJIETa Ha NTHUILIECTOMKOCT.
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Puc. 6. 3MeHeHre KHHETHYECKOW YHEPTHH JJOOOBOTO CTEKJIa B 3aBUCHUMOCTH OT BPEMEHHU
Fig. 6. Change in kinetic energy of the windshield depending on time

Puc. 7. CxeMa MoNOKeHHs JIOOOBOTO CTEKJIAa M BEKTOpa CKOPOCTH TTHIIBI TIPU €€ yaape o J1000BOMY CTEKITY:

1 — nuna, 2 — IOBEPXHOCTH JIOOOBOTO CTEKa, 3, 4 — TOPU30HTANIBHAS IIOCKOCTh, U — CKOPOCTh MTHIILI /, & — YOI MEXTy
BEKTOPOM CKOPOCTH U MITHIBI | U TOPU30HTATBHON MIOCKOCTHIO 3, f— yroJl MEXIy MOBEPXHOCTHIO JTJOO0BOTO CTEKIa 2 U
TOPU30HTAJIBHOM INIOCKOCTHIO 4
Fig. 7. Scheme of the windshield position and the bird’s velocity vector during the bird strike:

1 —bird, 2 — windshield surface, 3 — horizontal plane, 4 — horizontal plane, v — velocity of bird /, & — angle between the
velocity vector v of bird 1 and horizontal plane 3, f— angle between windshield surface 2 and horizontal plane 4

DHeprus, nepenaBaeMas U30THYTOW TMaHEIU
BO BpeMs yJiapa, CUJIBLHO 3aBUCHUT OT yTIiia ynapa,
U 7S TOrO, YTOOBI CIIPOEKTHPOBATh KOHCTPYK-
[IUI0, CIIOCOOHYI0 0€30IacHO TOTJIONIATh dHEp-
THI0 yJapa, BO3HUKAIOIIYI0O BO BpeMs yapa
NTULI, TPEANOYTUTEIHHO UMETh KOHCTPYKIIUIO
J000BOTO CTEKJIa C MEHBIIIUM YTJIOM €r0 HaKJIO-
Ha, Hanpumep 30 winm 45°. D10 crnpaBeIMBO
JUIST BCeX KOH(UTYpaluid KPUBU3HBI JIOOOBOTO
CTEKJIA U JUIA KaXXJIOM KOMIOHOBKH. UHncieHHOE
MOJIETTMPOBAaHUE a0 HHTEPECHBIH pe3ysbTar.
[TocneHsiss BpeMeHHAs TUarpaMMa HAllOMHHAET
elle OOWH KIIIOUEBOM AacIeKT B3aUMOJICHCTBUS
JT000BOTO CTEKJIA MPU CTOJKHOBEHUU C MTHUIICH.
@daKkTHYECKH 3TO IOKa3bIBAET, YTO KHWHETHYE-
CKasl SHEprusi NTUIBI B KOHIIE MOJACIUPOBAHUSA
YAApHOTO JWHAMUYECKOTO MpOIecca OCTaeTcs
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3HAYUTEIBHON B MPOILEHTaX OT SHEPTHUH 10 yAa-
pa. B 1aHHOM KOHKpETHOM ciy4ae ToJabko 13 %
SHEPruu yJapa NTHUIBl TNepenaeTcss JI000BOMY
CTEKIIy, a OOJbIlIasi YacTh PacCeHBAETCs B JAPY-
rux (opmax >HEpPruu, TaKUX Kak TeIio, ympy-
roCTh, SHEPIHsl CKOJBXEHMS U Tak jainee. B oc-
HOBHOM 3TO SABJISIETCSI CIEACTBUEM YIja yjaapa
OTHUIBI U TBOMHOW KPUBH3HBI IOOOBOTO CTEKIIA,
YTO NPUBOJUT K KEJIAEMbIM KOHCTPYKTHBHBIM
napameTpam, Mo3BOJISIOUINM H30eKaTh MPOHHK-
HOBEHMSI ITULIBI U (hparMeHTaIluH CTEKIIA.

Ha puc. 7 moka3ana cxema pacIoOJIOKECHHUs
MOBEPXHOCTHU JIOOOBOTO CTEKJIA U BEKTOpPA CKOPO-
CTH NTHUIBI TIPH €€ yIape 10 JOOOBOMY CTEKITY.

BblIM poBeAEHBI TOMOTHUTENIBHBIE PACUEThI
U Ha pHUC. 8 MOJIy4eHbl KPUBBIE HAIIPSDKEHUH Ha
MOBEPXHOCTH JIOOOBOTO CTEKJIa B 00JIaCTH yaapa
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Puc. 8. Kpussie HanpspkeHUH Ha IOBEPXHOCTH JIOOOBOTO CTEKJIAa B 0OJIACTH yapa ITHUIIBI CO CKOPOCThIO 158 m/c
B 3aBHCHMOCTH OT yTJIOB yJapa ITuil ¢ pasaoii maccout: / — 1,0 xr, 2 — 1,8 kr, 3 - 2,5 xr
Fig. 8. Stress curves on the windshield surface in the area of a bird strike at a speed of 158 m/s depending
on the angles of strikes of birds with different masses: / — 1.0 kg, 2 — 1.8 kg, 3 — 2.5 kg
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Puc. 9. 3aBHCHUMOCTB HaNPsDKEHHS HA TOBEPXHOCTH JJO0OOBOI0O CTEKJIA OT YIila ero HaKJIOHa NPH yaape NTHLEH,
JIETAIEN ¢ TOPU3OHTAIBHOU CKOPOCTHIO
Fig. 9. Dependence of stress on the windshield surface on its angle of inclination when struck by a bird
flying at horizontal speed

B 3aBHCHMOCTH OT pa3HbIX YIJIOB yJapa NTHULl C
pasubiMu Maccamu (1,0; 1,8 u 2,5 kr) mo mo6o-
BOMY CTEKJIy C OJTMHAKOBOW CKOPOCThIO 158 Mm/c.
[loxg yrnom ynapa OTHIBI NPUHAT YIOJd MEXAY
BEKTOPOM CKOPOCTH JIBM)KEHMSI NTHUIBI U TOPH-
30HTAIBHOM TIOCKOCTHIO.

AHanmm3 KpUBBIX HANpsHKEHUM HA pUC. 8 TOKa-
3bIBAET, YTO C POCTOM YIJIa yJapa MTHI] pa3HOU
Macchl HAINpsOKEHUS HA TMOBEPXHOCTU JI0OOOBOTO
CTEKJIa BO3pPACTaIOT, TaK KaK Yroj BEKTOpa CKOPO-
CTH ITULBI MPUOIKAETCS K YIITy HOPMaJHU K T10-
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BEPXHOCTH JIOOOBOTO cTekia. Ilpu 3ToM ykasaH-
HBIC HAIIPSHOKCHUA MCHBUIC TIPCACia IMPOYHOCTU
moooBoro crekna 380-390 MIla, 4yro mOMONHH-
TEIILHO TIOATBEPXKAAET HAICKHOCTh JI0OOBOTO
CTEKIIA U1 00eCcIIeYeHNsT 0E€30IIaCHOCTH IIOJIETOB.

Ha ocHOBe pacueTHBIX UCCIIENOBAHUN IIOJIY-
YeHa TaKXe 3aBUCUMOCTH (puc. 9) mns ompene-
JICHUsl HaNpsHKeHUH Ha MOBEPXHOCTU JIOOOBOTO
CTEeKJIa OT yIJla €ro HaKJIOHA TPHU yIape MTHIIBI
Macco 1,8 Kr ¢ rOpHM30HTAJIBHON CKOPOCTBIO
158 m/c mo m106oBOMY CTEKITy caMmoJeTa.
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[TonyuyeHHble pe3yabTaThl pacueToB (puc. 8
1 9) MOKHO HMCIIONIB30BaTh NMPU MPOEKTUPOBAHUU
KOHCTPYKIIMH JI0O0BOro cTekina. [Ipu aToMm Heoo-
XOJIMMO TaK)K€ YUUTHIBATh, YTO HANPSHKCHUS Ha
MOBEPXHOCTHU JIOOOBOTO CTEKJa MpHU yJape MTH-
LEeH, JEeTAIEd ¢ TOPU30OHTAIBHOM CKOPOCTBIO
(puc. 9), HaUMHAIOT PE3KO BO3PACTaTh MPH yBeE-
JMYEHUN YTJIa ero HakjoHa nocie 60°.

JKCNePpUMEHTATIbHASI METOANKA
HCCJIeJOBAHUM JI000BOI0 CTEKJIA
HA NTHIECTOMKOCTH M Pe3yJIbTaThbl
Hccje10BaHuM

OnacHOCTh CTOJIKHOBEHHS 3JIEMEHTOB KOP-
myca caMmoJsieTa UiId Ta30TypOMHHOTO JIBUTATEls
C TOCTOPOHHMMH TpeameTamu (TTHIBI, (par-
MEHTHI JIbJIa, Tpaj, pparMeHThl JBUTATENS CaMo-
JIeTa WM IIaCCH U Ap.) CYIIECTBEHHO BIUSIOT HA
0€30MMacHOCTh MOJIETOB, B CHIIy Y€r0 BO3HUKAET
HEOOXOUMOCTh IKCIEPUMEHTAIBHBIX HCCIIE0-
BaHWHM JAHHBIX SIBJICHUW B YCIOBHUAX, MPUOJIH-
JKEHHBIX K peaJibHbIM [1-7].

B coorBerctBum ¢ AII-25, CS-25, FAR-25
u AIl-33 ucnonb3oBaHa crienuagbHas HUCCIEIO-
BaTeNbCKas ycTaHOBKa [l, 2] s ucHbITaHHIA
aneMeHToB JIA u y3noB I'T/I.

[TneBMaTHyeckas mylka, M300pa)keHHasl Ha
puc. 10 u 11, npencrasnser cobol yCTPOUCTBO
uist 3a0poca NTUI M JIPYTHUX [OCTOPOHHUX
MPEIMETOB B 33JaHHYIO0 TOYKY OOBEKTa HCIIBITA-
HUM C COOTBETCTBYIOIIECH CKOPOCTHIO [1].

KintoueBbIMM  OTIMUUSIMU JTAHHOM MHEBMO-
MNYIIKK OT 3apyOeKHbIX WJIM OTEUYEeCTBEHHBIX
aHAJIOrOB SIBJISIETCS YKOPOUEHHAs JIJIMHA CTBOJIA,
cocrasisitomas 5,6 merpa npotus 10-25 meTpoB
y QHAJIOTHYHOTO O0OpYAOBaHUS, MOITOMY MYyIII-
Ka JIOCTaTOYHO MOOWJIbHASE U MOXKET HCIOJIb30-
BaThCsl HA CTEHJAX IO UCHBITAHUSIM 3JIEMEHTOB
JIA, nBUraTenbHBIX CTEHIAAX M Ha Pa3TOHHBIX
crengax. Kpome TOro, MHOrO4MCI€HHbIE UCIBI-
TaHUS. U OKCIEPUMEHTAJIbHBIE HCCIIEIOBAHUS
MOKa3ajl, 4YTO pa3padOTaHHAs OTEYECTBEHHAs
nHeBmonymika (puc. 10 u 11) umeer B cpennem
B 5 pa3 MeHbIe pa3dpoc MO CKOPOCTH MTHIIBI
(B 3aBUCUMOCTHU OT JIaBJICHUS B pECHUBEPE U Mac-
CBI CPETHUX M KPYIHBIX MTHII), 9YeM 3apyOeKHbIC
MMHEBMOITYIKH [7].
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PazpaboTka mepBoHAYaTLHOTO MPOEKTA MHEB-
MaTHYIECKOM MYIIKH ObUIA OCYIICCTBIICHA TIOM PY-
KoBoZcTBOM Tmpodeccopa A.P. Jlememkuna B
2000 romy, manmee mpoekT mymiku (puc. 10) Obut
yCOBepIIEHCTBOBaH (puc. 11), omyOnukoBaH u 3a-
nmiieH mnateHtom P®  Ha wuw3o0pereHue B
2012 rony [1]. PecuBep, BBINOJHEHHBIA KOHIIECH-
TPUYHO HA CTBOJIC IMyIIIKH, TIOBBIIIIAET €€ KOMITaKT-
HOCTb U OBICTPO/ICHCTBHE MPU UCTIHITAHUSAX, a TaK-
K€ TIO3BOJISIET COKPATHTh BPEMs Ha TMOJTOTOBKY K
BeicTpeny [1, 2]. ¥V paspaGoTaHHON MyLIKH yHU-
BEPCAILHBIN JMara3oH CKOPOCTel BhIcTpena: oT 20
mo 300 M/c, mOBBIIIEHHAs HANEKHOCTh OECKOH-
TaKTHOTO IMHEBMATHUYECKOTO CITyCKOBOTO MEXaHU3-
Ma C TPEIOXPAHUTENIEM BBICTpENa U MEXaHH3MOM
3aKpBITHS PECUBEPA JI0 M TIOCIIE BBHICTPETA.

[IpennoxkeHa HOBasi METOAMKA MPOBEICHUS
HKCIIEPUMEHTANIbHBIX HCCIIEOBAHUN, KOTOpas
3aKitouaeTcs B ciaenytouieM. [lepen npoBeaeHu-
€M DKCIEPHUMEHTOB HEO0OXOIUMO TMPOBEPUTH
MOAKIIOYEHUE W PabOTOCIIOCOOHOCTh H3MEPH-
TEJbHBIX CUCTEM, CHCTEMbl BHJCOCHEMKH, CHH-
xpoHuzanuu. OCyIIECTBISIOT MOATOTOBKY MNTH-
Bl 17151 3a0poca, BKIIOYAIONIYI0 PEHTICHOBCKOE
UCCJIEIOBAaHUE NTHUIBI HAa HAJWYHE€ WHOPOJIHBIX
npeaMeToB. B ciydae eciin HHOPOAHBIX IIpeaMe-
TOB He OOHapyKeHO, €€ MOJroTaBIMBAIOT K 3a-
Opocy, YIaKOBHIBAIOT B TKAHEBBIA MENIOYECK, 3a-
KJIaJbIBAIOT B THJIB3Y U Pa3MEIIAIOT B MYIIKE.

[ToAroTOBKY K BBICTpENTy 00€CIIEUUBAIOT CIie-
[UAIBHBIMU MEXaHW3MaMHU. Y CTaHOBKa CHa0xe-
Ha MPEAOXPAHUTENIEM BBICTPENa C MEXAaHU3MOM,
KOTOPBIN 3aKpHIBAET PECUBEP BO BpPEMs BBICTpE-
Ja I UCKIIIOUYEHHS] BO3MOXKHOCTHU CaMOIPOU3-
BOJILHOTO BBICTpEJa M JO3UPOBKU CHKATOTO BO3-
nyxa Ha ojuH BbicTpen. KoHcTpykuus pecusepa,
BBITMIOJTHEHHAs] KOHIIEHTPUYHO CO CTBOJIOM ITyIII-
KM, OOECHeurnBaeT COKpalleHHe BpPEMEHH Ha
MOJTOTOBKY K UCTIBITAHUSIM.

BricTpen mnpou3BOAUTCS ONEpaTOpoM Mpu
MoMOIM JBYX KHOMOK. Ilpym HaxkaTuu mnepBoid
KHOIIKM BKJIFOYAIOTCSl CUCTEMbI CUTHAJIM3ALUU U
M3MEPEHU CKOpPOCTH MNTHUIBI W CKOPOCTHOM
CHhEMKH, CpadaThiBaeT aBTOMATHKA MOJAYU CXKa-
TOTO BO3/yXa. BBICOKOCKOPOCTHBIE BUIEOKaMe-
pbl HaYMHAIOT BUJE03AMKUCh B MOMEHT IMOJA4H
curnana. KoHCTpyKiusi 371eKTponHeBMOKIIanaHa
3aTBOpPa aBTOMATHUKHU MO3BOJISIET COKPATUTh Bpe-
Ms Ha MIOATOTOBKY K BBICTPENY.
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Puc. 10. Cxema nHeBMaTH4eCKO MymKku: / — 3aTBOp, 2 — pecusep, 3 — MbIXK, 4 — CTBOII,
5 — mader, 6 — pa3rpy304HBIC OKHA, / — JIOBUTENb, 8 — pianer, 9, /0 — KHOTIKH [T IOJa9N CKATOTO BO3yXa,
11 — xonoHKa yrpaBieHus, /2 — OaIIOHBI CKaTOTO BO3/AyXa, /3 — MmoJada c:KaToro Bo3Iyxa
Fig. 10. Scheme of a pneumatic gun: / — breech, 2 — receiver, 3 — wad, 4 — barrel, 5 — gun carriage, 6 — unloading
windows, 7 — catcher, 8§ — flange, 9, 10 — buttons for supplying compressed air, // — control column, /2 — compressed air
cylinders, /3 — compressed air supply

Puc. 11. [TaeBmonymika
Fig. 11. Pneumatic gun

[Ipu HaxkaTHK BTOPOM KHOIKU OCYIIECTBIIS-
eTCs TMojlavya BO37yXa B CIIYCKOBOW MEXaHU3M H
OTKpbIBaeTcs 3arBop. OT mogauu Bo3mryxa oOphI-
BaeTCs JIECKa, KOTOpas ACP)KUT MBDK C MTUIICH.
[Ipu BO3AEHMCTBUU MOTOKA BO3AYyXa IMbIK C MTH-
el HauYMHAeT PE3KO YBEIUYHBATh CBOKO CKO-
poctb B cTBojie. Ha BhIXOA€ W3 CTBONA MBDK
OCTaHABJIMBAECTCI B JIOBUTEJIEC, a NTHIA JETHT K
00BEKTY HCIIBITAHUH.

ITocne 3abpoca mTHUIBI U OKOHYAHUS WCIIbI-
TaHUW TPOBOJAT AHAIU3 IMOCIEACTBHI, B TOM
YHUCJIe OLIEHKY MOBPEXKICHUM Y3JI0B U JETalei
aBHAlIMOHHOHN TEXHUKH.
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OcTtexneHne KaOWMHBI dKUTaKa SBISETCS OT-
BETCTBEHHOM YacCThbIO camoJieTa, IPUHUMAIOIIEH
Ha ce0sl OCHOBHBIC a3POIMHAMUYECKUE U TETLIO-
Bbl€ Harpy3KH, CJI€JJOBATE€IbHO, €r0 TOJIIMHA U
KOMIIO3UIHS, 00ECIEeUNBAIOIINE HEOOXOAUMYIO
MPOYHOCTh, SBISAIOTCS OINPEACISIONMMHU Mapa-
meTpamu. C HCIONB30BAHUEM TPEIIOKEHHON
METOJIMKU B paMKax MPOBEIEHUS OJTHOTO U3 HC-
MBITAHUN HA NTHIIECTONKOCTh OCTEKIICHUS KaOu-
HbI ObUT BBITIOJHEH BBICTPEJ B 33JaHHYIO TOUKY
J000BOTO CcTEKJIA. BhICTpEN BBIMOMHSIICS NTHIICH
Maccort 1,8 xr mpu ckopocTu yaapa 158 wm/c
(570 km/g). WcnbiTaHus MPOBOAMINCH B COOT-
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Puc. 12. JJoGoBoe cTEKII0 camoeTa 1mocie yaapa nTHien
Fig. 12. Airplane windshield after a bird strike

BETCTBUHM C TpeOOBAHUSAMHU MEXIYHAPOAHBIX
cranaaptoB ASTM F 330-89 ¢ uenbro moarsep-
MKJIEHUSI COOTBETCTBUSI KOHCTPYKLHMH CamMmoJieTa
TpeOOBaHUSM aBUAIMOHHBIX mpaBun All-25,
AII-33.

N3mepenHas cKOpoCTh NTHLBI IPU yAape O
J000BO€ CTEKJIO COCTaBMJIA C HCIIOJIb30BaHUEM
BugeocbeMkn 158,0 m/c, doTornmexkTprueckux
JaT4ukoB — 157,5 M/C U 3NEKTpOMEXaHUYECKUX
u3Mepureneit (pa3pbIB IpoBoJokn) — 156,7 m/c.
OneIT WcCeIoBaHUS M CPAaBHEHHUS YKa3aHHBIX
M3MEpUTENIeN CKOPOCTH MTUILIBI [T0OKA3bIBAET, YTO
0oJsiee TOYHO M3MEPSAIOT CKOPOCTh NTHLBI (POTO-
AIIEKTPUYECKUE NaTUUKH.

Buemnuii BUa camosera mocie MpoBEAECHUS
UCTIBITAHWN W y/Aapa NTHLBI 10 €ro J00OBOMY
CTEKJIy IIPE/ICTaBIIEH Ha puc. 12.

[To pe3ynapTaTam ocMOTpa LEIOCTHOCTh Kap-
Kaca (Qrozenska M HUCHBITHIBAEMOIO CTEKJa He
HapyIeHbl. [I[pOHUKHOBEHNE OCTAaHKOB NTHIBI B
CaJIOH OTCYTCTBYET.

WcnpiTanusa ocTekaeHus] NPOIUIM YCHEIIHO,
MPOOUTHSI CTEKIIa He HaOII01aeTCsl.

CreH1OBBIC UCCIIEIOBAHHUS U UCTIBITAHUS Yy3-
JOB U JeTalell aBUAIIMOHHOW TEXHHKH Ha
NTUIECTOMKOCTh C HCIOJIb30BAaHUEM TPEAJIO-
KEHHOM METOJUKU MO3BOJIAIOT pellaTh Clery-
IOLIME 3a7a4u:

e BepuUUUpPOBATH pacUYETHbIE MOJENH
MIOBEJICHUs Tejla NTULBI U Marepuaga y3JjIoB U
JeTaliell py yJapHOM HarpyXeHHH C LEJbI0 UX
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JaTbHEHIIEr0 MCMHOJb30BaHUSl B pacyeTax Ha
MITAIIECTONKOCTB;

e  OLICHUTHh NTULECTONKOCTH Y3JIOB U JI€Ta-
JIel TIPU OTHOCHUTENBHOM CKOPOCTH yapa, KOTO-
pasi MOXKeT ObITh BOCIIPOM3BEICHA MIPH CTpeboe
Y3 THEBMOMYIIIKY;

e BBIIBUTH HEJOCTATKU KOHCTPYKTUBHO-TEX-
HOJIOTHUECKUX PEIICHHH B OOBEKTAaX HCIIBITA-
HUH — y3/1ax ¥ JeTAIIX aBUATUOHHON TEXHUKU.

3ak/Ir04eHue

Pazpaborana pacueTHO-IKCIIEpUMEHTAIbHAS
METOJIMKA TIPOBEJICHUS MCCIEAOBAHUN JT0OOBOTO
CTEKJIa caMoJIeTa Ha NTHUIECTOHKOCTE C MCITOJIb-
30BaHUEM YCOBEPIICHCTBOBAHHON KOHCTPYKLUU
ITHEBMOITYIIIKA M JKCIIEPUMEHTAIBLHOTO 000py-
JIOBAaHUSI HAa OCHOBE 3KCINEPUMEHTAJbHBIX JaH-
HbIX. KOHCTpyKIMsS NyHIKM HMEET MEHBIIYIO
JUTMHY CTBOJIa, U pa3paboTaHHas METOJIMKA UMe-
€T MEHBIIUN Pa30opoC MO CKOPOCTH NTHIBI (TIpH
MHOTOPA30BbIX HKCIIEPUMEHTAX) M0 CPABHEHUIO
C TapaMeTpaMH 3apyOEKHBIX ITHEBMOMYIIEK.
[IpennoxenHass METOAMKA TTO3BOJISIET COKPATUTD
BpeMsl Ha MOJTOTOBKY M MPOBEJIECHUE SKCIEPH-
MEHTAJILHEIX HMCCIEIOBAHHMM aBUAIlMOHHON TeX-
HUKHU Ha NTUIECCTONKOCTh M MOBLICUTH TOYHOCTh
SKCIIEPUMEHTOB.

[IpuBeneHbl pe3ysbTaThl pPacuETHBIX HCCIe-
JIOBAaHHI 3JIEMEHTOB JIOOOBOI'O CTEKJIA CaMoOJjeTa
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Ha TTHIECTONKOCTh, KOTOPBIE COTTACYIOTCS C
pesyapTaTaMu 3KcrepumMeHToB. Kpome Toro,
MOJIyYEHHBIE PE3YyJbTaThl PACUETHBIX HCCIIEI0-
BAaHMM MMO3BOJIMJIN OLIEHUTH BIIUSHHUE YIJIOB yja-
pa MTHIl pPa3HON MacChl HA HANIPSHKEHUS TTOBEPX-
HOCTH JIOOOBOTO CTEKJIA, a TAK)KE yriia HaKJIOHA
71000BOTO CTEKJIa MPHU OIEHKE NTHIIECTONKOCTH,
YTO MOXHO HCIIOJIb30BAaTh IPU MPOEKTUPOBAHUU
KOHCTPYKIIUHU JIOOOBOTO CTEKIIA.

[IpencraBiaeHbl pe3ynbTaThl  SKCIEPUMEH-
TaJIbHBIX UCCJIEIOBAHUI JIOOOBOIO CTEKJIA CaMO-
JeTa Ha MNTULIECTOMKOCTh, KOTOPBIE MPOILIH
YCHEIIHO W MPH KOTOPHIX MPOOWTHS CTEKIa HE
HaOmoganock. [lo pesyiapTaTaM SKCIEpUMEH-
TaJbHBIX UCCIIEJOBAHUN U OCMOTPA 1IEIOCTHOCTD
Kapkaca ¢ro3eisika U HCTIBITBIBAEMOT0 JI000BOTO
CTeKJIa He HapylleHbl. [I[pOHMKHOBEHHE OCTaH-
KOB IITUIIBI B CAJIOH OTCYTCTBYET.

HccnaemoBanus aBHALMOHHOM TEXHUKH Ha
NTUIICCTORKOCTh C WCIIOB30BaHUEM pa3pado-
TaHHOW METOAMKHU TO3BOJISIOT BepU(ULIMPOBATH
pacyeTHbIE MOJEIM TIOBEACHHS Tejla NTHIBI U
Marepuaiga y3JIOB M JeTajedl TpHh yIapHOM
Harpy>eHuu ¢ LEJIbI0 UX JaJIbHEHIIEro CoBep-
IIICHCTBOBAHUS U WCIIOJIH30BAaHUS B pacyeTax Ha
NTULECTONKOCTh, JOCTOBEPHO OLEHUThH ITHUIIE-
CTOMKOCTh W MOBPEKIAEMOCTh y3JIOB U JI€TAJICH
IpU OTHOCUTENFHOW CKOPOCTH yAapa, KoTopas
MOJKET OBITh BOCIPOM3BEJCHA MPH CTPEIhOe U3
MTHEBMOMYIIKH, pa3paboTaTh peKOMEHIAINH s
YIAYUIICHUS! KOHCTPYKIIUU U TTOBBIIICHHUS TEXHO-
JIOTUYHOCTH y3J70B M JeTallell aBHAIlMOHHOU
TEXHUKU.

PazpabGoTtannas pacyeTHO-IKCIIEPHUMEHTAITb-
Hasl MCETOJUKA MOXET HCIIOJIB30BaThCS IS HC-
MIBITAHUHN DJIEMEHTOB JIETaTEIbHBIX aNmapaToB U
JIeTaJiel ABUraTelIed Ha CIEUUAIIbHBIX U Pa3rOH-
HBIX CTCHJAX.
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