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HcTopusi 6e3011aCHOCTH MOJIE€TOB: METOHA0JIOTHSI, ONBIT, MEPCHEKTUBBI

<1
C.B. KpuueBckui
IHHcmumym ucmopuu ecmecmeoznanus u mexrnuxku umenu C.1. Basunosa PAH,
2. Mocxkea, Poccus

Annotamusi: [Tocrapiena npoGiiema ucTopun 6e30MacHOCTH 1osIeToB. [lokasaHo, YTO Hay4HO OOOCHOBaHHAsI CHCTEMaTH3aIMs,
aHaNM3 ¥ 00001IeHN e HAKOIJICHHOTO B Pa3HbIX c(hepax TEOPETHYECKOro ¥ AMIIMPHIECKOT0 MaTepHaila o 0e30I1acHOCTH TI0JIETOB
3arpyaHeHbl. OO0CHOBaHa OTPEOHOCTh B COLMOTYMAaHHTAPHON OLICHKE IPOLIECCOB TPaHC(OPMALMK HAYyIHOTO M HPUKIIAIHOTO
ombITa B cdepe OE30IacCHOCTH IIOJETOB B HCTOPHYECKOM pakypce. [IpemiokeHo HOBOe, pacrolararomiee Crenu(uIecKum
Hay9HBIM aIIapaToM U METOIOJIOTHYECKUM HHCTPYMEHTapHEM, My IbTHANCIMIUINHAPHOE HAIPABIICHHUE CCIIEI0OBAHHI — HCTOPHS
6€301acCHOCTH TOJIETOB, TIPEIMETHOE OCHOBAaHHE KOTOPOTO OXBATHIBACT COLMAIBHYIO JESTEIbHOCTD Ha )KU3HEHHOM IMKIIC BCEH
A9POKOCMUYECKOI TEXHHUKH (MCKYCCTBEHHBIX JICTAIOMMX OOBEKTOB B arMocepe 3eMin M KOCMOCE, JIETaTeNbHBIX alapaTos,
SKUMaXKeH, IacCa)KUpOB, IPYTUX CHELMAINCTOB a’POKOCMHMYECKON CHUCTEMBI) C OXBAaTOM BO3ILyXOIUIABAHMS, aBHALH,
KOCMOHABTHKH 32 BCIO HCTOpHIO demoBedecTBa. CremaH KpaTkuii 0030p myOnmkamuid mo mpoGsieMe Ge30mMacHOCTH TOJETOB.
[Tpoananu3upoBaH ONBIT UCCIIENOBAHUI UCTOPUH OE30IIACHOCTH TOJIETOB U MPEUIOKEHA IEPHOAN3ALMS UCTOPUH Oe3011aCHOCTH
nosietoB B XX—XXI BB., B KOTOpPOil BBIAENEHbI TPU dTama: 1) 3apoXkieHHe WIed, TEeXHOJOTWH, CHCTEM O0€30IacHOCTH
niosietoB (10-40-e rr. XX B.); 2) cTaHOBIIEHHE HAIMOHAJIBHBIX M MEXKIyHAPOIHBIX CUCTEM oOecrieueHHs: 0e30acHOCTH TOJIETOB,
Hay4HBIX MCCIIEZI0BaHHH, 0OYYeHHs 1 MOrOTOBKU KaJapoB B obinactu Oe3oracHocTH nojieroB (50-80-e rr. XX B.); 3) pasButue
HOBBIX HJEH, TEXHOJIOTHH, IPOEKTOB, CUCTEM YHIpAaBIICHHs OE30MacHOCTH IOJIETOB, aKTHBHOTO OOecIedeHHs Oe30IacHOCTH
noneroB 1 1p. (¢ 90-x 1r. XX B.). [IpencraBiensl OCHOBaHMSI KOHLENTYaJbHOM MOJEINM HCTOPHUM OE30MACHOCTH IIOJIETOB,
pPaccMOTpPEHBI METOZIONIOTHS, OIBIT W TEPCIIEKTHBBl HCCIIENOBaHHWN. PEeKOMEHIOBaHO OpPraHW30BaTh CHCTEMAaTHUYECKUE
WCCIIEZIOBAHUS MCTOPHM OE30MaCHOCTH MOJIETOB C OXBATOM ACHEKTOB MHPOBOM M OTEUECTBEHHOM HAyKH, OOpa3OBaHMS H
NPAKTUKY; CO30aTh COMHYI0 HHGOPMALMOHHYIO CHCTEMy II0 MCTOPHM O€30MacHOCTH IIOJIETOB HA OCHOBE HOBBIX
MH(GOPMAIIMOHHBIX TEXHOJIOTUH, SIPOM KOTOPOM MOXET CTaTh BHPTYalbHbIA BCEMHUPHBIA My3ell 0€30MacHOCTH MOJETOB;
WHULIMPOBATH IHJIOTHBIA IPOEKT HALOHAIPHOTO My3esl 0e30MacHOCTH IMoseTOB Poccuu M HawaTh €ro pa3paboTKy B TOA
100-nieTrst Halel rpakIAHCKOW aBHALIMK; B NIEPCIIEKTHBE pa3paboTaTh HOBYIO y4eOHYyO JucHUILIMHY «VcTopus Oe3omacHOCTH
TIOJIETOBY JIIsl 00YYEHHsI CIELMAINCTOB a9POKOCMHYECKOM OTPACiIN U HCCIIEI0BATENEH.

KiroueBrble ci1oBa: 6€3011aCHOCTP TTOJIETOB, HCTOPHS, METOIOJIOTHSI, OTIBIT, TIEPCTICKTHBEL, CHCTEMa, TEXHOJIOTHSL.

st marupoBanms: Kpuuerckuit C.B. Vcropusi 0€30mMacHOCTH TMOJETOB: METOMOJIOTHS, OIBIT, MepcrekTHBbl // Hayunbrii
Bectauk MI'TY T'A. 2023. T. 26, Ne 2. C. 8-17. DOI: 10.26467/2079-0619-2023-26-2-8-17
© Kpnuesckuii C.B., 2023

The history of flight safety: methodology, experience, prospects

S.V. Krichevsky'

'S.I. Vavilov Institute for the History of Natural Science and Technology of the Russian
Academy of Sciences, Moscow, Russia

Abstract: The formulation of the flight safety history problem is stated. The article shows that it is problematic to scientifically
substantiate, systematize, analyze and generalize the theoretical and empirical flight safety material accumulated in various fields.
From a historical perspective, the necessity for a socio-humanitarian assessment of the transformation processes of scientific and
applied experience in the field of flight safety is substantiated. New multidisciplinary line of research, making use of a specific
scientific apparatus and methodological tools, i.e., the history of flight safety, the subject basis of which covers social activities
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throughout the life cycle of all aerospace engineering (artificial flying objects in the Earth's atmosphere and space, aircraft, crews,
passengers, other aerospace system specialists), including aeronautics, aviation, cosmonautics over a span of the entire history of
mankind, is proposed. A brief overview of publications on the issue of flight safety is offered. The experience of flight safety
history research is analyzed. The periodization of flight safety history in the XX—XXI centuries, giving prominence to three stages:
1. Generating ideas, technologies, flight safety systems (10-40s of the XX century). 2. Establishing the national and international
systems to ensure flight safety, scientific research, personnel education and training in the field of flight safety (50-80s of the
XX century). 3. Developing new ideas, technologies, projects, flight safety management systems, active ensuring of flight safety,
etc. (since the 90s of the XX century), is proposed. The foundations of the conceptual model of the flight safety history are
presented, the methodology, experience and prospects of research are considered. It is recommended to organize systematic studies
of the flight safety history, covering the aspects of the world and domestic science, education and practice; to create a unified
information system on the history of flight safety based on new information technologies, the ultimate aim of which can be a virtual
worldwide museum of flight safety; to initiate a pilot project of the National Flight Safety Museum of Russia and to start its
development in the year of the 100™ anniversary of our civil aviation; in the future, to develop a new academic discipline "History

of Flight Safety" for training aerospace industry specialists and researchers.

Key words: flight safety, history, methodology, experience, prospects, system, technology.

For citation: Krichevsky, S.V. (2023). The history of flight safety: methodology, experience, prospects. Civil Aviation High
Technologies, vol. 26, no. 2, pp. 8-17. DOI: 10.26467/2079-0619-2023-26-2-8-17

BBenenue

B Poccun 1 mupe ¢ Hauana XX B. HAKOILUICH
BHYIIUTEIHHBIA 00beM WH(OpPMAIMK, 3HAHUH U
omnbITa B obmactu Oe3omacHoctr mosetoB (BIT).
OnHako B CUTy OOBEKTHBHBIX M CyOBEKTHBHBIX
OpUYUH (MTOJUTUIECKUX, COIUANBHBIX, TEXHOIO-
THYECKHUX, SKOHOMUYECKHX U JP.) 3HAUUTEIHHBIC
00BveMbl HHpOpMAIHK O OE30MACHOCTH TOJIETOB
YTpa4deHbl W TPOJOJDKAIOT YTPAUYUBATHCS, HEIO-
CTYTIHBI HJIK MAJIOAOCTYTIHEI.

Bwmecte ¢ tem BII sBnsercs nproOpUTETHOU
XapaKTePUCTUKOW aBUAIIMOHHOM IEesTeNbHOCTH,
OTIPENIETISIONICH TEKYIIee COCTOSHUE OTPaciu
U TIEPCIIEKTUBBI €€ JallbHEUIIero pa3BUTHUS; Xa-
PaKTEPUCTUKON KOMIUICKCHOM, OOBEIMHSIONICH
Hay4YHbIE, TEXHUYECKUE, OPTaHU3AIIMOHHBIE, IKO-
HOMHYECKHE, FOPUIUYCCKHE, TPOPECCHOHATh-
HBIE, ’THYECKHUE U MTPOYHE COCTABIISIIOIINE. DTUM
OOBSCHSCTCS HMHTEpPEC HAYYHOTO COOOIIecTBa
K U3ydeHnro pasznuuHbix acnektoB bIL. Ilpo-
OJIeMHOE TI0JIE UCCIIEIOBaHUM O€30MacHOCTH TO-
netoB pacmmupserca. OIHAKO OCMBICICHHE,
HAyYHO OOOCHOBAHHASI CHCTEMAaTHU3aIlUsl, aHAIIN3
1 0000IIIeHNe HAKOIIEHHOTO B pa3HBIX cdepax
TEOPETUYECKOTO W SMIIUPUYECKOr0 MaTepuana
3aTPYJIHEHBI, YTO OCJIOKHSIET MOHMMAaHUE aKTy-
QJIILHOTO COCTOSIHUSL U TeM 0oJiee BBISBICHHUE TI0-
TEHIIMajia Ha OyTyIee.

Kak u3BecTHO, BCeCTOpOHHEE MO3HAHHE CO-
[MAJbHON pPEabHOCTH, YEJIOBEYECKON AESATENb-
HOCTH B JIIOOBIX €e MHOrooOpa3HbIX (opmax —

9TO MpeAMETHas O0JIACTh COIUAIBHO-TYMaHH-
TapHbIX HayK. CeronmHss HaOmromaeTcss ACPUIUT
COIIMOTYMaHUTAPHOHN OIIEHKH IPOIIECCOB TPAHC-
dbopManuu HAYy4yHOTO M TPUKIAJHOTO OIbBITA
B cepe BII B ucropuueckom pakypce. Ha mam
B3IJI51/I, BOCIOMHUTH MpoOen B TMOUCKE OOBeK-
TUBHOTO 3HAHUS MOXHO IPUBJICUCHUEM HAYYHO-
ro amnmapara ¥ METOA0JIOTHYEeCKOro HHCTPYyMEH-
Tapusi TAaKOTO HOBOTO HAyYHOTO HAIIPaBJICHUS
UCCJIEIOBAaHUM TEOpUU W TPAKTHKU Oe30IacHo-
CTH TIOJIETOB, KaK ucmopusi 6e30nacHocmu no-
nemos. OCHOBY 3TOM UJEU COCTABUJIM MaTepHa-
JBI U PE3yJIbTAThl UCCIEAOBAHUN aBTOpa IO HC-
TOPUU TEXHUKU U TEXHUYECKHX HAyK MO IJIaHY
HUP 1o roczamanuto B UMET um. C.H1. BaBu-
noBa PAH B 2022 r. [Ipeanochuiku moCTaHOBKHU
po0JIEMbl HUCTOPHH OE30IACHOCTH IIOJICTOB H
CO3/1aHHs HOBOT'O HAIpaBJICHUS HMCCIIECIOBAHUA,
aKTyaJIbHOTO JJIsi HayKH, 0Opa3oBaHUs U TIPaK-
THUKHW, BO3HUKJIM y aBTOpa B 2021 r. B pe3yybraTe
MEPEOCMBICTICHUS 3HAHUN U JIMYHOTO MpaKTHYe-
CKOro ombiTa B cepe a’poOKOCMHUYECKON mes-
tenbHOCcTH B aBuaruu [IBO u BBC MO CCCP
u PO (1972-1998), Bxiatouas MUIOTHPOBAHUE
U DKCIUTyaTallMi0 a’pOKOCMHYECKON TEXHUKH,
HACCIIENOBAHUA M olOecreueHne Oe30IMacHOCTH
MOJIETOB, pAacClIeIOBaHUE TMPOMCIISCTBUH B
Cnyx06e Ge3omnacHocTd mosieToB aBuanuu [1BO
MO CCCP, noarotoBky K nNujioTUPyEMOMY IIO-
JIETY B KOCMOC, IPOTHO3UPOBaHUE OE30M1aCHOCTH
Y Pa3BUTHSI aBHALIMA M KOCMOHABTHKH, MEKIHC-
UIUIMHAPHBIE HCCIEA0BAaHUs B 00JIACTAX HCTO-
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pun U durocopun HAyKU M TEXHUKH, B TOM
YHUCJIE MPOIecca OCBOCHUS KOCMOCA YEIOBEKOM
u ap. (1992-2022) [1-4].

Heo6xonuM HOBEINM, BCEOOBEMIIONUNA MOA-
XOJI JUIsl BOCCTAHOBJICHHSI TIOJTHOM UCTOpUU Oe3-
OIIACHOCTH IIOJIETOB M ITOMCKa OOOCHOBAHHBIX
OTBETOB Ha COITMAIBHBIN 3aIIPOC 0 O€30MaCHOCTH
IIOJICTOB aBUAIITMOHHOM M KOCMUYECKON TEXHHKH,
MMOTOMY O0JIACTBIO MCCJICAOBAHUI HOBOTO Hay4-
HOTO HAIMpaBIICHUs, €€ TMPEAMETHBIM TOJIEM
JIOJDKHA CTaTh JEATEIbHOCTD YEJIOBEKa MO o0ec-
MEYCHUIO OE30MacHOCTH IIOJICTOB B IpoIiecce
ABOJTIOIMY HAyKH, TEXHUKU U OOIIEeCTBA.

B nayke npoOnema 0e30macHOCTH MOJETOB
JIABHO M aKTUBHO UCCIICyEeTCS B HAIlICH CTpaHe U
MHpE, TIPU STOM UCTOPHS 0€30MaCHOCTH TOJIETOB
mpencTaBicHa (parMeHTapHO M KpaTKo, B OC-
HOBHOM ONHMCAHHMSMHM KOHKPETHBIX COOBITHH, WX
aHAJIM30M U cTaThcTukor. Cucrema nHbopManuu
0 0e301acHOCTH TOJIETOB BOJIFOIMOHUPOBAJIA OT
OTIMCAaHUNA OTHEIBHBIX COOBITHUH, apTe(aKTOB 0
CO3/IaHWs  CIEIUATU3UPOBAHHBIX  OTPACIIEBBIX,
0OIIeHAITMOHATIFHBIX M MEXKTyHAPOIHBIX HHDOP-
MaIlMOHHBIX ~ CHCTEM, OCOOEHHO B BEAYIIUX
«adPOKOCMHUYECKUX» TOCYyIapcTBax M B Mexmy-
HapOJIHOM OpraHu3ally TPAKIAHCKOW aBUAIlUU —
ICAO non sruaoit OOH (00 wHIMIEHTaX U MPo-
WCIIECTBUSIX U JP.), U MPOJOHKACT UHTCHCUBHO
pasBuBaThcsi, ocodeHHo B XXI B., HA OCHOBE HO-
BBIX MH(OPMAIMOHHBIX TEXHOJOTHM, 0a3 JaH-
HBIX, 3HAHUH U T. .t [5].

B mparmatrueckoil MOCTAHOBKE W TPajvIIU-
sX, KOTOpbIEe Tpeo0IagaroT B Hayke, 0Opa3oBa-
HUU M TIPaKTHKE OE30IacHOCTH IOJIeTOB B Poc-
CUU U MHpE, KaK MpaBWio, GUKCUPYETCS, Xpa-
HUTCS, M3Yy4YaeTcs, HUCCIENyeTcsl, CUCTeMaTU3H-
pyeTcs ¥ MPUMEHSIETCS OTpaHUYCHHAs, YCEUYCH-
Has, HanOoJee BakHAsI U HeoOXoaumass uHGOp-
Mamuss O O€30IacHOCTH TIOJIETOB, CBsI3aHHAS
C peIbHON a3pPOKOCMHUUYECKOUN JI€SITeIbHOCTHIO,
IeJICHAIIPaBICHHAs W «3aTOYCHHAs» Ha YIMpaB-

MexnyHapoaHasi OpraHu3anys rpaXaaHCKON aBUaLuU —
ICAO [Dnexrponnsiii pecypc] // ICAO. URL:
https://www.icao.int/Pages/default.aspx (mata obpare-
Hust: 17.09.2022).

AHanu3 cocTosiHUS 6€30M1aCHOCTHU MOJIETOB B IPaXKIaH-
ckoit aBuanuu Poccuiickoit ®denepanuu B 2020 roxy.
M.: YupaBneHre HHCIISKITUH 110 0€30MaCHOCTH MOJIETOB
®ABT, 2021.97 c.
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neHre Oe30MacHOCThIO TOJETOB, oOecredyeHue
0€30MacCHOCTH MOJETOB KaK «IPOLECcC IMPOU3-
BojacTBa». Ho He Obuio u moka Her B Poccum
U MUpE €AMHOM cHCTeMbl MHQopMmanuu o 0e3-
OMACHOCTH TOJIeTOB. BMecTe ¢ TeM coBpemeH-
Hble MH(GOPMALMOHHbIE TEXHOJIOTUH, UHTEPHET,
COILIMATIbHBIE CETH CMOCOOCTBYIOT €€ MOCTENeH-
HOW MHTETpaliil M BCe OOJBIICH TOCTYITHOCTH
st uccnenosateneil. Kpome toro, ecte Gora-
THI ¥ YHUKAQJIbHBIN JIMYHBIN OMBIT Mpodeccro-
HAJIOB: y4Y€HBIX, MH)KEHEPOB U JPYTHX CIelra-
JUCTOB, JIETYMKOB, KOCMOHABTOB, PYKOBOJUTE-
Jeil, KOTOpBI HAaKaIUIMBAeTCSd U MCIOJb3YyeTCs
B [IOBCE/IHEBHOM IpaKTUKE, MEpPEeAaeTcs B Ipo-
1ecce 00y4eHHsI MOJIOABIX KaJIpoB, HO, KakK Ipa-
BUJIO, JIMILIb YACTUYHO (UKCHUPYETCS HA «BHEII-
HUX» HOCHUTENSX HMHPOpPMAIMU U B 3HAUUTENb-
HOW Mepe yTpauMBaeTcs B CBSA3M C TEXHOJOTNYe-
CKHUMH, COLIMAJIbHBIMU, BUTAIBHBIMU U JIPYTUMU
acneKkTaMu (3aKOHOMEPHBIM YXOJIOM €ro HOCH-
Teel u3 MpoeCCuu M )KU3HM).

[IpencraBuM KpaTkuii 0030p myOnuKanuit
U PaCCMOTPUM MPOOJIEMy HCTOpHH Oe30macHo-
CTH IIOJIETOB B aCIEKTax METOJ0JIOTUH, OIbITa
U TIEPCIIEKTUB UCCIIeI0BAaHUM.

Kpatknii 0030p nyojankanuii

Nudopmanus o 0Oe30macHOCTH  TOJIETOB
OXBAaThIBaC€T MHOXKECTBO MyOMMKalui (Xymoxe-
CTBEHHAsl, HAay4Hasi, TEXHUYECKas JIUTEpaTypa),
BKJIIOYAsl ONMHUCAHME WJIEW, NATEHTOB, MPOEKTOB,
COOBITUH, TEPCOHAIMM, TEXHOJOTHMA, TEXHHUKH,
JEATEIbHOCTH, MPOEKTOB, TEOPUM, KOHILIEMIIHIA,
CTpaTeruii, mporpamMm O€30MaCHOCTH IIOJIETOB,
TEXHUYECKUX, COIL[MAIbHBIX CUCTEM YINPABIICHUS
UT. I

Hcrtopuss myOnukaruii o 6€30MacHOCTH TO-
JIETOB SIBJISIETCS MPEIMETOM M3yudeHUus U 0030-
poB: «Cama o cebe nuTepaTypa mo 6e30macHo-
CTH TIOJIETOB HE HOBA; OHA CYIIECTBYET C TeX
Mop, Kak KaKoW-TO JaBHO 3a0BbITHIN TpeK BIEp-
BbIe Hamnucan ucropuro Mkapa. Ho aTto ucropus
C OYEHb JJMHHBIM IMPOMEXYTKOM IOCEPEIHHE.

[IpaBna, mnuiaoTHpyeMBbIE TOJETHI HE ObUIH
HaJIe)KHBIM — TIpeyiokeHneM 1o 1783  rona,
a ynpasisgemble Tmosietbl — a0 1903 rona,

HO TOJIbkO B 1912 romy mosiBUIOCH 4TO-IKOO,
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npuOIIKaoIIeecss K CUCTEMaTHYecKOMY, Hayd-
HOMY | OOIIECTBEHHOMY HCCJICIOBaHUIO 0e3-
omacHocTH moneToB. B Tom romy Koponesckuit
a’pokiryd yupenun Komuter oOIIeCTBEHHON
6e3omacHoctT 1 KomMuTeT mo paccienoBaHUIO
HECUaCTHBIX ciiydaeB» (u3 mokmaga S. Hadaway
Ha ceMHHape mo Oe3zomacHocTu moJeToB B Ko-
POJIEBCKOM OOIIECTBE BOCHHO-BO3IYIIHBIX CHII
(BenukoOpuranus) [6], nep. ¢ aura. — C.K.).

Bo mHOrmx ucTOYHHMKAax MO OE30MacCHOCTH
MOJIETOB B aBHAllMM U KOCMOHABTHKE, B TOM
qrciie B MOHOTpausIX ¥ y9eOHUKAX, €CTh UCTO-
pudeckue ¢parmentsl. [IpuBenemM psn myOnuka-
muit (B xpononorun) B CCCP (P®) u mwupe
B XX-XXI BB., ux astopsl: ['.T. beperosoi,
B.B. Bopo6reB, B.®. Kmepeneuxuii, B.1. XKy-
nes, B.C. Usanos, 10.A. Kubapaun, H.M. JIbI-
cenko, B.A. Ilonomapenko, JI.A. Coboies,
A.N. Crapukos, I'.®. Cuskos, I'.Il. [llu6anos,
B.U. SIponomnos u ap.>* [7-19].

BMmecre ¢ TeMm 1eneHarnpaBieHHbIe MyOiInKa-
[[UHU, CHEIHAIBLHO IMOCBSIICHHBIE WCCIIEIOBaHU-
M HUCTOPUHU OE30MaCHOCTU IOJIETOB, COCTaBIISI-
0T HE3HAYUTENIBHYIO JIOJIF0 BCEX HCTOYHUKOB
0 0e30macHOCTH MOJIETOB U, KaK MpaBuio, Mpea-
CTaBJICHBI CTaThSIMU C OIKMCAHUEM OTACIbHBIX
coOBITHH (Yalmie BCEro aBUAIMOHHBIX Karta-
cTpod), aHAIHM30M OMACHBIX (PAKTOPOB, PHCKOB,
YpOBHS 0O€30MaCHOCTH MOJIETOB, aBAPUIHOCTH,
a TaKKe JBOJIOLUU CHCTEM oOecreueHus 0e3-
OMACHOCTH IMOJIETOB B aBHAllMM, UCTOPHH Ka-
dexp Gesomacoctn moneros u T. 1.t [1, 5, 6,
9-12, 15]. He ynanock oOHapyXuUTh HU OJHOMN
HAy4YHOW MOHOTpaduu MO UCTOPUU OE30IMaCHO-
CTH TOJIETOB, a TAaK)K€ HCCIEAOBAHUN U IyOsH-
Kanuid o 0e30MacHOCTH TMOJIETOB C TIOJTHBIM
oxBatoM XX min XX-XXI BB.

Kacgenpa Ne 10 6e30omacHOCTH [10JIETOB U MOJIEITUPOBA-
HUA aBHaLMOHHBIX KoMiiekcoB BBUA um. H.E. XKy-
KOBCKOTO [ DJIeKTPOHHBIN pecypc] // Acconmartus BbI-
ITyCKHHUKOB U coTpyaHIKoB BBUA um. mpod. H.E. XKy-
koBckoro. URL: https://nasledie-vvia.ru/k-100-letiju-
vvia/kafedra-bezopasnosti-poljotov-i-modelirovanija-
aviacionnykh-kompleksov/ (nara oOparuenus:
17.09.2022).

Safety by Design. The J. Kenneth Higgins Aviation
Safety Exhibit [9nekrponnsiii pecypc] // The Museum
of Flight. Feb 10, 2018. URL:
https://www.museumofflight.org/Exhibits/Safety-by-
Design (nara obpamenus: 17.09.2022).
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Takum oOpa3om, menocTHas HUCTOpus 0e3-
OMMACHOCTH TMOJICTOB B Poccum u wmwupe eme
HE HCCNieZIOBaHa, HE HAMKWCaHa U HE OMmyOJIHKO-
BaHAa. OJTO TMPEICTOUT cHejaTh B OyayIieM,
B IIPOLIECCE LIeJICHAMPABICHHBIX U CHCTeMaTHy4e-
CKHMX MCCJIEOBAHUML.

OnpIT HCCICA0BAHMN HCTOPUH
0€30IMaCHOCTH I10JICTOB

B namei crpaHe u MUpe €CTb OIBIT OTAENb-
HBIX HCCJIEIOBAaHUIN MCTOPUU OE30MacHOCTH MO-
JeToB (pedb O melieHANPaBIEHHBIX METOI0IOTH-
YECKUX, HCTOPUKO-TEXHUYECKUX U MOJOOHBIX
UCCJICIOBAHMSIX B COOTBETCTBYIOIICH MOCTAaHOB-
K€, a TaKXKe 00 DKCIO3UIIUAX B MYy3eiX U T. I.).
[IpuBenem psa npumepoB. BeiaenuM BakHYO
crateto A.H. IlerpoBa (1999), mocesimeHHyIO
UCTOPUM OE30MACHOCTH TOJIETOB HA PAHHUX dTa-
nax craHoBjeHud aBuanuu B XX B. [11], yHuka-
JTBHYIO UCTOPHIO Kadeapsl 0€30MacHOCTH TOJe-
toB BBUA wum. H.E. XXyxoBckoro, Mocksa
(1966-2010)°, untepsoto C.I'. Baiinerosa B cBsI-
3u ¢ 40-netrem Ciy>xOb1 6€30MaCHOCTH TIOJIETOB
aBuauuu Boopy:xenHbix cuit Poccuiickon dene-
panuu (2017) [5].

B 2005 r. RoyG. Fox (Bell Helicopter
Textron, Inc., CHIIA) npencraBun Ha MexayHa-
ponHoM cuMmmiozuyme B Monpeane, Kanana, un-
TEpECHbIE MaTepHUaJbl U PE3yJIbTAThl UCCIIEOBA-
HUI 0e30MMacHOCTH 1MojieToB BepTosieToB B CIITA
u mupe 3a niepuon 1940-2004 rr. [12].

B 2006 r. B Koponesckom obmiectBe Boen-
HO-BO3AYIIHBIX cui (BemukoOpuTaHus) mporen
CEeMUHAp, MOCBSIICHHBII UCTOpHH 0€30MacHOCTH
TOJICTOB [6].

10 ¢espans 2018 r. B My3ee noneroB (Cu-
11, CIIA) oTkpbutach crienMagbHas BBICTABKA,
KOTOpasi «UCCIIEyeT 3BOIIONUI0 0e30MacHOCTH
B KOMMEPUYECKOH aBWAIMM ¥ PACIOJIOKEHA
M0 BCEMY aBHAlIMOHHOMY TMaBUJIBOHY U B boub-
woii rasepee»” (wep. ¢ auri. — C.K.).

BaxxHoe 3HaueHHWE WMEET HCCIIEeIOBaHUE
omnbITa MIPOGeCCHOHANIOB — JIMYHOW HCTOpHH Oe-
3omacHocTy monetoB. [Ipudem cBeneHus o6 MH-
TUBUAYaTbHOM MPOQPECCHOHATHHOM OMBITE JIET-
YUKOB SIBJISIFOTCS OOIIMPHBIM 3amacoM OQuIra-
JpHOM wWHGOpMaIMu 00 OIMAaCHBIX COOBITHSX,
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00Bb-eM KOTOPOH 3HAYUTENHHO OOJIbIIE, YeM He-
o(urmansHOl (COOTHOIICHUE MpUMEpHO 5 : 1).
35 ner Hazaxd, B 1987-1988 rr., aBTOp B aBHALIMHU
I[IBO MO CCCP B gomojHeHHE K OpraHM30BaH-
HOM cHcTeMe cOopa JOOPOBOJBHBIX COOOIIECHUH,
B CO3JaHMM KOTOPOl OH NPHUHHUMAJ YYacTHe,
MPOBENl WMHUIMATHUBHOE HCCIEAOBaHUE «APXUB
OMacCHOCTEH JIeTUMKa) Ha OCHOBE aHAJIW3a UH/IM-
BUYJILHOTO OTBITAa JICTYHKOB-UCTPEOUTEIICH
(c mpUMEHEHHEeM METOJa SKCIIEPTHOIO OIpoca)
000 BCeX MPEANOChUIKaX K JIETHBIM MPOUCIIECT-
BUSM 32 BEChb NEPHUOA HMX TMPOPECCHOHATHHON
JesTeIbHOCTH. MaTepuaibl U pe3yabTaThl KpaT-
Ko omy6nukoBansl B 1990 r. [1].

C 2022 r. nieneHanpaBlIeHHbIE UCCIICIOBAHUS
UCTOpUHU 0€30MacHOCTU TMOJIETOB Hayallu MpPOBO-
mutk B UMET PAH no Teme, moCBAIIEHHON HC-
TOPUM TEXHUKU U TEXHUYECKUX HAYyK, MO WHU-
[IMATHBE U MPU YYaCTUU aBTOpA.

Cnenana oOmiasi TOCTaHOBKA MPOOJIEMBI HC-
Topur 0E30MaCHOCTH TOJIETOB, BEIETCS H3yde-
HUE HCTOYHUKOB, MPEHJIOKEHA TEePUOAN3ALNS
ncropun 6e3omacHocTy moyieToB B XX-XXI BB.

BoigenuM Tpu OCHOBHBIX mepuojaa oOmei
uctopuu 6e3onacHocty moJjietoB B XX-XXI BB.

1. 3apoxneHue uaeil, TEXHOJOTUH, CHCTEM
6e3onacHoctH mojeToB (10-40-¢ rr. XX B.).

2. CraHOBIIEHHE HAIIMOHAIBHBIX U MEXIYyHa-
POIHBIX CHCTEM oOecIeueHus] Oe30MacHOCTH
MOJIETOB, HAyYHBIX HCCIENOBaHUM, 0O0y4YeHUs U
MOJATOTOBKH KaJgpoB B oOyiacTé 0e30MmacHOCTH
nosietoB (50-80-e rr. XX B.).

3. Pa3BuTHE HOBBIX MAECH, TEXHOJOTUH, MPO-
€KTOB, CHCTEM YIIpaBiieHUs 0e30MacHOCThIO TO-
JETOB, B TOM YHCJE aKTHBHOTO OOeCredYeHUs
06e30macHOCTH 1MoJeToB u 1p. (¢ 90-x rT. XX B.).

Jlns xaxaol u3 Tpex B3aMMOCBS3aHHBIX 00-
JacTeil UCTOpHH OE30MACHOCTH TOJIETOB — Hay-
KM, 00pa30BaHUs M MPAKTHKH, a TAaKXKe I Kax-
JIOM CTpaHbl, OTPACIH U JPYTHX aKTOPOB CyIIEC-
TBYET U CBOsI UCTOpHUsSI 0€30MaCHOCTU TOJIETOB
(«uCTOpHUS UCTOPUMY») U €€ IEPUOAU3ALIHSL.

B 2022 r. aBTOpOM BriepBbie B Poccun u Mu-
pe mpeasiokeHa HoBasl HIes — CO3JaTh My3ei
0€30MacHOCTH TIOJIETOB, pa3pabOTaHbl OCHOBA-
HUS KOHIEMIIMA TAaKOTO My3€si B COaBTOPCTBE
¢ B.®. Kmepenenkum u  B.B. BopoObeBbiM,
14 nexabpst 2022 r. crenaH nepBbld My OIUUHBINA
JoKIaa Ha MexXIyHapoaHONH HaydyHOM KoHpe-
pennmu [20].
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OcHOBaHMSI KOHLENTYAJIbLHOH MOIeJTH
HCTOPUU 0€30MACHOCTH I0JIETOB

Memoodonozus uccredosanuii: CUCTEMHBIN
MOJIXOJ, ONHCAaHWE, CPaBHEHHE, aHAJIU3 U CHH-
TE€3, CUCTEeMATHU3AIIHsI, MOJICTTUPOBAHUE.

Hcmopua beszonacnocmu nonemos — HOBOE
MEXIUCHUTUTHHAPHOE, MYJIbTHIUCIUIUIMHAPHOE
HaIpaBJIEHUE HCCIEAOBaHUN TEOPUH U MPAKTH-
K1 0€30MacHOCTH TIOJIETOB a’POKOCMHUYECKON
TEXHUKH U BCeH cdepbl adpOKOCMHUUYECKOU Hes-
TETHHOCTH YEIIOBEUYECTBA C OXBATOM HAy4YHO-
TEXHUYECKUX, COI[MANIbHBIX U IPYTUX aCMEKTOB.

Csepxzadaueii no3Hanus u peuierust npooie-
Mbl ucmopuu 6e30nacHOCmuU NOJIemos8 KaKk HO80-
20 HAYYHO20 HaNnpaeieHusl SBISETCS MOUCK, Xpa-
HEHUe, MHTETpalus, cCUCTeMaTh3alus BCe HH-
dbopmaruu 0 6€30MaCHOCTH MOJIETOB, IOTyUYEHUE
HOBBIX 3HAaHUH, BBISIBIICHUE 3aKOHOMEPHOCTEU U
0COOCHHOCTEH.

Ilpeonacaemcs Ho8bwlll MemoOu4eCcKutl noo-
X00 — «B8Ce00beMMOWUIY NOOX00 K UCMOPUU
beszonacnocmu nonemog Ha «IOJHOM >KU3HEH-
HOM ILMKJIE» BCEH a’dPOKOCMHUUYECKON TEXHUKHU
U AesTenbHOCTH  (pa3paboTKa, TPOU3BOJCTBO,
UCTIBITAHUS, OJKCIUTyaTalusi, PEMOHT U JIp.)
B Poccun u mupe: Bcex MCKYyCCTBEHHBIX JIETAlO-
X 00BEKTOB B aTMocdepe 3eMIM M KOCMOCE
(a9pOKOCMHUYECKOM TPOCTPAHCTBE), BCEX BUIOB
JIeTaTeNbHBIX AamapaToB, JKUIAKEH, MacCa)Xu-
POB, IPYTHX CHEUAIUCTOB a’3pOKOCMHUYECKOI
CHUCTEMBI C OXBAaTOM BO3IYyXOILUIaBaHUS, aBHa-
UM, PAKETHOM M KOCMHUYECKOW TEXHUKH, KOC-
MOHABTHKH 32 BCIO UCTOPHUIO YE€IIOBEUECTBA.

Jlnst uicciienoBaHUd UCTOpPUM 0€30MacHOCTH
MOJIETOB HEOOXOIUMO MPUMEHSITh HOBBIE TEXHO-
noruu, BKirovas bigdata u ap. [loxHas uctopus
0€30MacHOCTH TMOJICTOB JIOJDKHA OXBaThIBATh
CTAaTUYECKUE U JUHAMUYECKHUE OJOKM MH(pOpMa-
IIUU, WCIIOJIb30BAThCSA JUIS XpPaHEHUs, TOWCKA,
W3y4YeHUs, aHaiau3a uHpopManuu, OOydYeHUs,
YOpaBIEHUS, CO3JaHUS HOBBIX TEXHOJOTHH,
MPOTHO3UPOBAHUS PA3BUTHS TEXHUKU U T. I.
OO6mas uctopusi 0€30MacHOCTH TIOJETOB YeIo-
BEYeCTBAa COCTOMT M3 MHOXKECTBA YaCTHBIX,
B TOM YHWCJI€ WHAWBHUIyAIbHBIX HCTOPUM, €€ aK-
TOpoB U 00bekTOB. Hanmpumep, B obiacTu mpak-
TUKA B aBUAIMU U KOCMOHABTHKE ISl KaXKIOTO
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KOHKPETHOTO JIeTYMKa, MUJI0Ta, KOCMOHABTA,
KOHCTPYKTOpa, WH)XCHEpa, PYKOBOIUTEIS €ro
JUYHYIO0 UCTOPUIO OE30MACHOCTH MOJETOB MOXK-
HO (OpMaM30BaTh M MPEICTABUTH B BUC CIIC-
[IMATBHOTO apXUBa C OMHCAHUEM BCEX COOBITHIA,
apredaxTos [1].

B ugeane cTpykTypa U «HamoJHEHUE» MoO/e-
T WCTOPUU OE30MacHOCTH TIOJICTOB JIOJDKHBI
OXBAaTbhIBaTh BCE MO3UTHBHBIC U HETATHBHBIE ac-
MEKThl UCTOPHH O€30MacHOCTH TOJIETOB, B TOM
Yrclie OMHCAHUS BCEX aKTOPOB U OOBEKTOB, CO-
ObITHI, apTe()akTOB OE30MACHOCTH MOJICTOB, HH-
UACHTOB, MPOUCHIECTBHI, WX TOCIEACTBHIA,
BKIIIOUAss MapTHPOJIOT JKEPTB IMPOUCIICCTBUN
U T. 1., @ TaKXXe DBOJIOLUIO UJIEH, TEOpHUil, KOH-
eI, TeXHOJOTUH, MPOCKTOB 0€30MacHOCTH
MOJIETOB U JP.

BceoObemmmionias  wictopust  0€30MacHOCTH
MOJIETOB, ~ coueTarouias  (QyHIaMeHTaJbHbIE
Y TIPUKIIQJHBIE IIeJIA, TOAXOMAbI, METOMBI, 3Ha-
HUS, MOJENU HMeeT OONbLION MOTeHIMAN s
MOJTyYCHUsI, XPAaHCHWsI, U3YUCHUS, HCCIICTOBAHUS
U TIepeocMbICIeHHs] HH(GOpMallUY, 3HAHUM, OIbI-
Ta, pa3BUTHS (GUIOCOPUH, UICOTOTUU, KYIbTY-
PBI ¥ TEXHOJOTUI 0€30MacHOCTH IMOJIETOB B TMa-
paaurMe HaIMOHAIBHOTO W BCEMUPHOTO KYJb-
TYpPHOTO Hacle[usi, CUHTe3Upys Mpoluioe, Ha-
cTosiee u OyayIiee TeXHOIOTHI, TEXHUKH, JIIO-
Jiell, rocyaapcTBa, 00IIecTBa, IUBUIIH3AIIH.

IlepcnekTUBBI UCCJIETOBAHU A

Hctopusi 6e30macHOCTH TOJETOB SIBIISIETCA
«SIPOMY, OCHOBOM U HACJEIUEM, KOHLIEHTPATOM
¢dopManbHbIX U He(OpMaJIbHBIX 3HAHUI, ONbBITA,
WHTYULHUH, UAEH, TPOEKTOB, TEXHOJIOTUH, Ha KO-
TOPBIX 0A3UPYETCs BCS NEATEIHHOCTH JIFOJICH TI0
o0OecIeueHHI0 0E30IMaCHOCTH TTOJICTOB.

3HaHMUS, OIBIT, aHAJIH3, MPOTHO3BI B 00JACTH
0C30IMaCHOCTH IIOJICTOB BaXXHBI JUIsI oOecIieue-
HUs O€30MaCHOCTH U Pa3BUTHUS, KaUeCTBA KU3HU
JIOJIeH, CTpaH, MHPOBOTO COOOIIECTBA, JJIA CO-
37aHUSI HOBBIX MOJICJICH M CHCTEM B IIEJISIX JI0-
CTHIKEHHUS YCTOMYHMBOTO OYIyIIEro a’pOKOCMH-
YEeCKOM TEXHUKU U JesITelIbHOCTH, Poccuu, de-
JIOBCYCCTRA.

Hctopusi, cocTosiHie W TICPCIEKTUBBI 0e3-
ONAaCHOCTH IOJIETOB U CTUMYJIHMPYIOT, U OTPAHU-
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YUBAIOT Pa3BUTHE HJACH, TEXHOJIOTUH, TEXHUKH,
chepbl a3POKOCMUYECKOHN NESITEIIbHOCTH, TPAHC-
MopTa, KOMMYHHUKAIIUHA, MOOUIBHOCTH, M APYTHX
chep aesTenbHOCTH O0IIECTBA, BCEH HAIICH M-
BWJIM3ALIMM, BKJIIOYasi BO3MOXKHYIO SKCIIAHCHIO
YyeJ0BeKa 1 4eoBedYecTBa B KocMoc [3, 4].

bonpmioil uHTEpEC MPEACTABISIOT HUCTOPUS,
COCTOSTHUE, TPEHIBI, MEPCICKTUBBI 0€30IacHO-
CTHU TOJIETOB: BO3AYIIHOTO TPAHCIIOPTA — IPAXK-
JTAHCKOW aBMAIMK, OCOOCHHO 3apOKJIECHHE, CO-
31aHME TEPBBIX TEXHOJOTUM, MPABUI, CHUCTEM
obecnieuenus BII (¢ 1926 r., CIIIA) [11], ponb
MexnyHapoaHOM OpraHu3aluy  TIpa)XIaHCKOU
asmamuu — ICAO (1944)° B obecrieuennn 6es-
onacHocTH 1noJieToB B Mupe B XX-XXI BB. nox
srugoii OOH, a Takke OTeUeCTBEHHBIX IOCTH-
JKEHUH B oOecrieyeHrr 0€30IacHOCTH H0H6T0B6;
COOBITHSI, HOBBIE METObI, TEXHOJIOI'UH, CUCTEMBI
aKTHBHOI'O o0OecnedeHuss Oe30macHOCTH IIoJie-
TOB [19]; MOMHBIN MHAUBUIYANBHBIA OMBIT MPO-
deccroHanoB; TEHIASHIIMNA 0€30MacHOCTH TOJIe-
ToB B XXI B. B BO31yXOIUIaBaHUM, aBHAllMU, pPa-
KETHOW TEXHHKE, KOCMOHABTHKE, BO Bcel cepe
A9POKOCMHMUYECKOM  JIeATeNnbHOCTH B Poccun
Y MHpE.

B ornmuume ot cuctem HOOpPOBOIBHBIX COO0-
IIEHUM, KOTOPBIE OTPakaroT TOJBKO OTHAEJIbHBIC
COOBITHSI, TIOJNIyYCHHBIE OT CICIHAIUCTOB aBHA-
UOHHOW cuctembl [16], «apxuBbl OMAacHO-
cTei» [1] MoryT naTh MOJNHYIO U CUCTEMATHU3H-
POBaHHYIO HCTOPHIO O€30MMaCHOCTH IIOJIETOB
KOHKPETHBIX mpodeccroHanos. [IpencraBiser-
cs, YTO CHUCTEMaTHYCCKHI aHallu3 MHOXKECTBa
TaKUX «apXMBOB OMACHOCTEI» KaK OMBITA IPO-
(dbeccroHaNIOB TMO3BOJIUT BBISBUTH HOBBIC apTe-
(bakThl, 3aKOHOMEPHOCTH U TEHJICHIIMH Oe30mac-
HOCTH TOJIETOB, BaXXHBIE JIJII TEOPUU U TIPAKTH-
ku. Takue wucciaemnoBaHUs MENeCO0Opa3HO MPo-
JIOJDKUATH B COYETAHUH C CHCTEMaMu JI0OPOBOJIb-
HBIX COOOIICHHI, 3TO MOXET JaTh MPUHIUIHA-
JIbHO HOBBIE U BaXKHBIE PE3YJIbTATHI.

MexnyHapoaHasi OpraHu3alus I'paxJIaHCKON aBUaluu —
ICAO [Dnexrponnsiii pecype] // ICAO. URL:
https://www.icao.int/Pages/default.aspx (mata obpare-
nus: 17.09.2022).

AHanu3 cocTosiHUsI 0€30MaCHOCTH MOJIETOB B TPAXKJIaH-
ckoit aBuanuu Poccuiickoit denepaunu B 2020 roay.
M.: YupaBieHre HHCIIESKITUH IO 0€30MaCHOCTH MOJIETOB
®ABT, 2021. 97 c.
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NHopManimoHHBIM «SIIPOMY» €IHMHOU CHCTE-
Mbl WH(OpMANMU O BCEOOBEMITIONIEH, IOTHOU
ucTopur OE30MaCHOCTH TIOJIETOB MOJKET CTaTh
BUPTYaJIbHBIA BCEMUPHBIN My3ei 0€30macHOCTH
MOJIETOB, €ro MPEACTOUT CO37aTh C MCIOIb30Ba-
HUEM HOBBIX HMH(POPMAIMOHHBIX  TEXHOJIO-
ruit [20].

B HOBO# pealbHOCTH, B YCIOBHSX TJ100alTb-
HOTO KpH3HCa TEXHOJIOTHYECKass HE3aBUCUMOCTD
1 ycToiuuBoe pasButue Poccum He MOTyT OBITh
JIOCTUTHYTHI O¢3 3HaHHMSA U 3()PPEKTUBHOTO HC-
MOJIb30BaHUS OTEUYECTBEHHOT'O ¥ MUPOBOTO OIIbI-
Ta B 00JacTH 0OE€30MaCHOCTH MOJIETOB. MIMeHHO
00J1acTh 0€30IMACHOCTH MOJIETOB ObLIa, SIBISCTCS
U Bceraa OyJeT YHUBEPCAIbHBIM KOMMYHHKATO-
poM u HWHTErparopoM Poccum, apyrux crpaH,
BCEr0 MHUPOBOTO c000IIecTBa B chpepe BBICOKHX
TexHOJIOTHH. VIcTOopusi 6€301acHOCTH TOJIETOB —
eIMHOE BCeoOIee KYJIbTYPHOE M TEXHOJOTHYC-
CKOe 0OOraTCcTBO W HacCJIeIMe YEJIIOBEUECTBA, TJIC
Hallla CTpaHa MOXET M JOJDKHA OBITh aJeKBaTHO
Y TIOCTOSIHHO TMPEJICTaBJIeHa B MUPE, BHOCS CBOM
Ooratbelii onbIT U 3P(HEKTUBHO HUCIOJIB3YS OIBIT
JIPYTUX CTPaH JJIsl oO0ecTieueHusi 0€30MacHOCTH U
Pa3BUTHS a’POKOCMHYECKOM TEXHHUKH U Jes-
TEIbHOCTH, NJSl CO3WAAHUS JOCTOMHOrO Oynmy-
mero Poccun Ha 3emite u B Hebe.

3akJoueHue

CymecTByeT 00IecTBeHHAs HEOOXOIUMOCTD
)41 TCXHOJIOIT'NYCCKas BO3MOXHOCTH OGT’HTB
HEOOBATHOE — OpraHu3oBaTh B Poccuu u Mupe
CHCTEMAaTHYECKHE HMCCIICAOBAHUS BCEH HCTOPHH
0C30IMaCHOCTH IIOJIETOB B ILIEISAX CO3JaHUS €e
HO.HHOI‘/Il MOACIN B BHJIC HHTCIPHUPOBAHHBIX
1 OOHOBJIAEMBIX 0a3 JaHHBIX M 3HAHWM, MaKCH-
MalbHO JOCTYHHBIX A7l PO(eCcCHOHAIOB U 00-
IECTBA.

OTO akTyalbHO M B cBA3u co 100-metneM
OTEUECTBEHHOU TI'PaXKJAHCKOW aBUaIMH, B KOTO-
poii 6e30IMacHOCTh IOJICTOB Bceraa Obuia u Oy-
JIeT aOCOJIIOTHBIM THPHOPUTETOM: B OTPaCiIH
HaKOIUICHbl YHHKAJIbHbIC 3HAHHS M OIMBIT KakK
HallMOHAIbHOE AocTossHUEe Poccuu, HOCTOMHBIE
0oree TMOJTHOTO COXPAaHEHUS, U3YYCHUS W TIpU-
MEHEHHsI HA HOBOM JTaIle Pa3BUTHsI CTPAHBI.

Cnenana mocTaHOBKa MPOOJEMbI HCTOPHUH
0€30MacHOCTH TOJETOB, MPEAJIOKEHO HOBOE
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MEXIUCIUIUIMHAPHOE, MYJIbTUIUCIUIUIMHAPHOE
HaIpaBJICHUE UCCIICIOBAHUM.

[IpencraBneHsl: KpaTkuii o0030p myOiHKa-
LW, OCHOBaHUSA KOHUENTYaJIbHOW MOJEIH HC-
TOpUU OE30MACHOCTH TOJETOB, aHBI OIpeese-
HUs1, PACCMOTPEHBI METOI0JIOTHUECKUE ACTICKTHI,
OTIBIT, AKTYaJIbHBIE BOIPOCHI U NIEPCIEKTUBBI UC-
CJIETOBAHMIA.

[IpennoxkeHo wuccienoBaTh «BCEOOBEMITIO-
OIyI0» HCTOPHUIO OC30MaCHOCTH TIOJICTOB Ha
«TIOJTHOM KU3HEHHOM LMKIIE» BCEH a’pOKOCMHU-
YECKOM TEXHUKH M AesTeabHOCTH B Poccum u
MHUpE: BCEX HMCKYCCTBEHHBIX JIETAIOMINX OOBEK-
TOB B arMocdepe 3eMiH U KocMoce (a’dpoKoc-
MHUYECKOM MPOCTPAHCTBE), BCEX BHUIOB JiETa-
TEJBHBIX ammapaToB, SKHUMAXeH, MacCcaKupoB,
JpPYTUX CIEUHAIMCTOB a’3pOKOCMUYECKOW CH-
CTEMbI C OXBaTOM BO3/IyXOILJIaBaHUsI, aBUALIUU,
KOCMOHABTHKH 32 BCKO UCTOPUIO YEJIOBEYECTBA.

[Ipennoxxena mnepuoAM3anusi UCTOPUH Oe€3-
ormacHOCTH 1oJeToB B XX—XXI BB., BBIICICHBI
TPU OCHOBHBIX MIEPUO/IA.

BceoOwemitronye ucciaeqoBaHus IOJIHON UC-
TOpUU 0€30MACHOCTH TIOJIETOB HEOOXOTUMBI IS
W3YUYEHUs, aHaJIn3a, OTEYECTBEHHOTO U MUPOBO-
ro OIbITa, MOJYYEHHUs] HOBBIX 3HAHWM, BBISBIIE-
HUS 3aKOHOMEPHOCTEH M OCOOCHHOCTEH pa3BHU-
THUS a’POKOCMHUYECKOM TEXHUKU U JEATEIbHO-
CTH, CO3[IaHUsI HOBBIX TEXHOJIOI'MI, TPOTrHO3UPO-
BaHUS U YIpaBieHUs chepoil adpOKOCMUIECKON
JEATEIbHOCTH.

B ycnoBusx HOBOHN peanbHOCTH B Poccun,
[J100aMbHOTO KPU3KCA, HOBBIX BBI3OBOB M TEH-
JeHuuin B XXI B. U3ydyeHHE M HCHOJIb30BAHUE
3HAaHUH, OMbITA HA OCHOBE HCTOPUM O€30IacHO-
CTH TIOJIETOB aKTyaJlbHO JJIsi OOy4YeHHs Crerua-
TucTOB, A(dexkTuBHOrO yrpasiaeHUs cdepoi
a9POKOCMMUYECKON JEATEIBbHOCTH, €€ YCTONYHM-
BOT'O PAa3BUTHsI, CO3JaHUSI HOBBIX BBICOKMX TE€X-
HOJIOTUH, OCOOCHHO B O0JIACTSAX TPa)IaHCKON
ABHALIMM U MUJIOTUPYEMBIX ITOJIETOB B KOCMOC.

[Ipennaraercsa: opraHu3oBaTh CUCTEMaTHYe-
CKH€ HCCIIeIOBaHUS UCTOPHH 0€30MacHOCTH MO-
JIETOB C OXBAaTOM aCIEKTOB HAayKd, 00Opa30BaHUS
Y IpakTUKU B Poccum u mMupe; co31ath €IUHYIO
WH(POPMAIMOHHYIO CHCTEMY I10 HUCTOPUH 0e30-
MAaCHOCTHU TOJIETOB Ha OCHOBE HOBBIX MH(pOpMa-
LHAOHHBIX TEXHOJIOTUM, «SIIPOM» KOTOPOU MOKET
CTaTh BUPTYaJbHBI BCEMHUPHBIH My3el 0e3-
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OMACHOCTH IOJIETOB; MHULMMPOBATh IWJIOTHBIN
IIPOEKT HALMOHAIBHOTO My3esd 0e30MacHOCTU
nojetroB Poccuu u HauaTh ero pa3paboTKy B roj
100-neTust Haiel rpaxJaHCKOM aBUALINU.

B mepcrnexTtuBe BO3MOXHO CO3JaHHE HOBOM
yaeOHol nucturinHabl «cTopus 6e30macHOCTH
MOJIETOBY» JJIsi OOYyYeHHUs CIHEeLHATUCTOB a’po-
KOCMHUYECKOW OTpAaciid U UCCIIEI0BATENEH.
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MeToa OlleHKM AHTHHATAPHBIX CBOMCTB MaceJI i ABUraresaen
0eCMUIOTHBIX JIETATEJbHBIX ANNIAPATOB

C.A. KpnyumHI, M.B. Ceie3nes’, JLLA. Mansbies', A.H. 3aiineBa’,
A.B. UBaHos'

1
@AY «25 I'ocHUU xummomonozuu Munobopornst Poccuuy, . Mockea, Poccus
2 o o o o
Mockosckuii 20cy0apcmeenHblli mexXHUYeCKull YHUgepcumem epaxcoancKol asuayuu,
2. Mockea, Poccus

AnHoTtauus: Ha ceromusmanii ens B Poccny akTMBHO pa3BUBaeTCs pa3paboTka W MPOM3BOACTBO OECIMIIOTHBIX JIETATENHHBIX
anmnaparoB, YTO 0OYCIIOBJIEHO CPaBHUTEIFHO MEHBIIEH CTOMMOCTBIO, MaJIbIMU pPa3MepaMHy, OTCYTCTBHEM YIPO3bl JKM3HH MUJIOTA,
CKPBITHOCTBIO, aBTOHOMHOCTBIO, MOOMJIBHOCTBIO 110 CPaBHEHHUIO C MHJIOTHPYEMBIMH JIETaTEIbHBIMH armaparamu. [Ipu stom B
YKa3aHHBIX JIETAaTeNIbHBIX allaparax HauOobllee paclpoCTpaHEeHUE IMONYYHIM JBYXTAKTHbIE OCH3WHOBBIE JIBUTATEIIH,
obraznaromue OoJee BHICOKOH JINTPOBOM MOIIHOCTBIO, IPOCTOTOM KOHCTPYKIMM M MEHBIINMH 3aTpaTaMy B IPOM3BOCTBE IPH HX
CpaBHEHHH C YETHIPEXTAKTHHIMU OCH3WHOBBIMU JIBUraTesiMU. B yKazaHHBIX BHUTATeNsIX OTCYTCTBYET KJIACCHYECKasl cHcTeMa
CMa3Ky, IO3TOMY MAacio MOAAETCS sl CMa3bIBaHUsI LIMIMH/PONOPIIHEBON Pyl B BUJE TOILTMBOMACIITHOM CMECH, KOTOpast
Cropaer B XoJie pabodero Inporiecca BMecTe ¢ TOIUTMBOM. [Ipr 3TOM Ha AeTaysIX MMIMHIPOIIOPIIHEBOM TPYTIITHI OTKIIAABIBAIOTCS
BBICOKOTEMITEPATYPHBIE OTIIOKEHHS — Harapbl U Jlaki. OOpa3oBaHKe Harapa CHIKaeT MOIIHOCTb JJBUTATEINs, CPOK €ro CIIy>KOBI 1
SKOHOMHYHOCTB, BBI3BIBAET YBEJIMUYEHNE HKCINTyaTallIOHHBIX pacxofoB. OfHUM 13 BapHaHTOB PEIICHHS YKa3aHHOW MPOOIeMBI
SIBJISIETCS] IPHIMEHEHNE MOTOPHBIX Maces ¢ BEICOKMM yPOBHEM aHTHHATrapHbIX CBOMCTB. OIHAKO B HACTOSIIIIEE BPEMSI OTCYTCTBYET
METOJl OLIEHKH AaHTHHArapHbIX CBOMCTB Maces Ul JIBUTareiedl OecHMIOTHBIX JIETaTeNbHBIX ammapatoB. Ha ocHoBaHum
OIMCAHHOTO XHMMMOTOJIOTHYECKOTO IIpoIlecca pa3paboTaH YKa3aHHBIA METOJ, BBIOPAHO HCIIBITATENRHOE O0OpYJOBaHHUE
(ycranoBka Panel Coking Test Apparatus) 1 ycTaHOBJIEHBI PeXKUMBI HCIIBITaHUI (Temiieparypa miactussl — 290 °C, TemnepaTypa
Macna B kaprepe — 100 °C, ckopocts pasopeiruBanus — 800 00/MuH, BpeMs HCIBITaHUS — 4 ), TIO3BOJIIONIHME OICHUBATH U
paHKXHMpOBaTh MOTOPHBIE Macja i JBHraresieil OECIMJIOTHBIX JIeTaTelbHBIX allaparoB 110 AHTHHArapHbIM CBOWCTBaM B
naboparopHbIx ycnoBusix. Ilo pesynbratam wucmbITanmii ycranosineHo, uro macno Motul Kart Grand Prix 2T obGnanmaer
HauMeHbIIEH CKJIOHHOCTBIO K HarapooOpa3OBaHMIO CPEIH HCIIBITAHHBIX 00pa3loB MOTOPHBIX Macell. Pe3ynbrarbl cpaBHEHHS
71a0b0paToOpHBIX M CTeHIOBBIX ucnbItanuii Macen Hosoin-/I1 m Motul Kart Grand Prix 2T mokassiBaloT BBICOKYIO CTETICHb
CXOZTMMOCTH.

KiioueBble cjioBa: AHTUHarapHbIC CBOﬁCTBa, OECITUIIOTHBIC JIeTaTelIbHbIE armaparbl, JIBYXTaKTHBIC OEH3HMHOBBIC JBHUTaTCIIH,
METO/I OLICHKU, MOTOPHBIC Maciia, XUMMOTOJIOTHYECKUIN Tpouecc.

s nurupoBanus: Kpuymma C.A. MeTox OIEHKH aHTHHArapHBIX CBOWCTB MAacel I ABUraresiell OeCIMIOTHBIX JIETaTeIbHBIX

armapatoB / C.A. Kpuymia, M.B. Cenesnes, JI.A. Mansie, A.H. 3aiinesa, A.B. Uanos / Hayunsiii Becthuk MI'TY T'A.
2023.T.26, Ne 2. C. 18-28. DOI: 10.26467/2079-0619-2023-26-2-18-28
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Method for assessing the anti-carbon properties of unmanned aerial
vehicle engines

S.A. Kriushinl, M.V. Seleznevz, D.A. Manshevl, A.N. Zaitseval,
A.V.Ivanov'
"FAO “25 State Research Institute of Chemmotology of the Ministry of Defense of the
Russian Federation”, Moscow, Russia
’Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: At present, the process of design and production of unmanned aerial vehicles has been making progress in Russia, which
is caused by the relatively low cost, small size, absence of life hazard to a pilot, stealth, self-sustainability, mobility compared to
manned aircraft. At the same time, two-stroke gasoline engines, possessing a higher power-to-volume ratio, unsophisticated design,
and lower production costs in comparison with four-stroke gasoline engines, have become widely used in these aircraft. These
engines lack a conventional lubrication system, so the oil is supplied to lubricate the cylinder-piston group in the form of a fuel-oil
mixture, which burns during the operating procedure together with the fuel. In this case, high-temperature deposits such as carbon
and lacquer are accumulated on the parts of the cylinder-piston group. The formation of carbon reduces the engine power, its
service life and efficiency, causes an increase in operating costs. One of the solutions to this problem is the use of motor oils with
a high level of anti-carbon properties. However, currently a method for assessing the anti-carbon oil properties for unmanned aerial
vehicle engines is not available. In accordance with the described chemmotological process, the method was developed, the test
equipment (Panel Coking Test Apparatus) was selected and the test modes were established (plate temperature — 290°C, oil
temperature in the crankcase — 100°C, spray speed — 800 rev/min, test time — 4 h), allowing you to evaluate and rank motor oils for
unmanned aircraft engines based on the anti-carbon properties in the laboratory. As tested, Motul Kart Grand Prix 2T oil has the
least tendency for carbonization among tested motor oil samples. Laboratory and bench tests of Novoyl-DD and Motul Kart Grand
Prix 2T oils show a high degree of convergence.

Key words: anti-carbon properties, unmanned aerial vehicles, two-stroke gasoline engines, evaluation method, motor oils,
chemmotological process.

For citation: Kriushin, S.A., Seleznev, M.V., Manshev, D.A., Zaitseva, A.N., Ivanov, A.V. (2023). Method for assessing the anti-
carbon properties of unmanned aerial vehicle engines. Civil Aviation High Technologies, vol. 26, no. 2, pp. 18-28.
DOI: 10.26467/2079-0619-2023-26-2-18-28

OTCA 3ap}/'6e)KHBIC MOPHIHEBBIC NBYXTAKTHBIC

Beenenue OCH3MHOBEIC JIBUTAaTEIM MOIIHOCTBIO 10 8 JI. C. ¥
YEThIPEXTAKTHbIE JIBATATEIIN MOIITHOCTBIO

B Hacrosmiee Bpemsi OIHMM U3 HamOolee 1,5 n. c. B yka3aHHBIX ABUTATENSIX OTCYTCTBYET
MEePCHEKTUBHBIX HAMPABICHUW pPA3BUTHUS aBHUA- KJIACCUYECKAsi CUCTEMA CMa3KH, MO3TOMY Macio
MY TIPU3HAHO CO3/1aHUE OECIMIIOTHBIX aBUAIIM- MOJaeTCsl JUIsl CMa3bIBaHUS LMJIMHIPOIIOPIITHE-
OHHBIX KOMIIJIEKCOB pa3JIMYHOTO Ha3HAYEHUs, BOM TpyMNIbl B BHUJIE€ TOIJIMBOMACISHOM CMeECH,
OCHOBHBIMH TPEUMYIIIECTBAMH KOTOPBIX, TIO KOTOpasi Cropaer B xoje pabodero mporiecca
CPaBHEHHUIO C MUJIOTHPYEMBIMHU JIETaTEIbHBIMU BMecTe ¢ TOIMBOM. [Ipu 3TOM Ha AeTtansax uu-
ammapaTramu, SBISIOTCS OTHOCUTEIHHO HEOOJb- JUHAPOTIOPIIHEBOM TPYMIMBl  OTKIIAIBIBAIOTCS
e MaccorabapuTHBIE XapaKTEPUCTUKHU; BBICO- BBICOKOTEMIIEPATYpPHBIE OTJIOKEHUSI — Harapbl U
Kasik MOOWJIBHOCTh M 0OoJiee HH3Kass CTOUMOCT. naku (puc. 1). OOpa3zoBaHue Harapa CHIDKAeT
VYka3aHHbIE TPEUMYIIecTBa OOYyCIAaBIUBAIOT MOIIHOCTh JIBUTATElsl, CPOK €ro CIYKObI U KO-
MPUMEHEHUE B TOCIEIHEE ACCATUIICTHE OeCTH- HOMHUYHOCTb, BBI3BIBACT YBEIWYCHUE OIKCILTya-
JIOTHBIX JIETaTEeNbHBIX anmnaparoB (ganee — bJIA) TAMOHHBIX pacxofoB. OTIOXEHUS MOTYT SB-
JUISL PEIICHUS ITUPOKOTO CIEKTPA BBIMOTHAEMBIX JSATHCA MPUYUHON TIEeperpeBa ToJIOBOK MOPIIHEH
3agad [1-4]. U LWIMHIPOB, YXYAIIEHHs Ipoliecca CropaHus
ABtopamu [5-8] orMeuaercs, uTo Haubosee TOIUIMBA, TOBBLIIICHUSI TPEOOBAaHUN K aHTUJIETO-
MacCOBBIMU THUIIAMHM JBUTraTenev B Poccuiickoi HAI[MOHHBIM CBOMCTBaM TOIUIMBA. Takxke oOpa-
@enepanny, ycraHaBiuBaemblx Ha BJIA, saBis- 30BaHHE Harapa HapylaeT paldoTy 3JIEKTPOIOB
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Puc. 1. Bux nopurs GensunoBoro asuratens Saito GI-36' mocie sxcrutyararuy Ha Macie
C HU3KMM YPOBHEM aHTHHArapHbIX CBOMCTB
Fig. 1. Type of Saito GI-36' gasoline engine piston after the operation using oil
with a low level of low anticarbon properties

CBEYCH 3aKUTaHWsI, OKa3bIBAET aOpa3suBHOE JCii-
CTBHE HA TPYIUMECS AETAIN JBUTATEINS, SIBISASACH
npuuuHoOM 3anupa [9, 10].

Hanexnast skcrulyaTanus yKa3aHHBIX JIBUTa-
TEJIEM B YCIOBUSX BO3JICUCTBUS Pa3IMYHBIX
(dbakTopoB (Temmeparyp, ITaBJIEHUH, CKOpOCTEH
CKOJIbXKCHHUSI TTOBEPXHOCTEH TpeHHsI) oOecreyu-
BAETCSI B TOM YMCJIE NPUMEHEHUEM MOTOPHBIX
MaceN JJIsl IBYXTaKTHBIX OCH3WHOBBIX JIBUTATE-
ne#t (manee — JITB/]) ¢ BbICOKMM ypoBHEM aHTH-
HarapHbIX CBOMCTB.

JI7s1 OLleHKHM aHTUHArapHbIX CBOWCTB MOTOP-
Hbix Macen g JATh/] ucnons3yroT pasnudHbie
SKCIIEPUMEHTAIIBHBIE METO/IbI, B TOM YHUCJIE KOC-
BeHHble. CornacHo ['OCT 4.24 nokazarensiMu
CKJIOHHOCTH MOTOPHOT'O Macja K BBICOKOTEMIIE-
paTypHBIM OTJIIOKEHHUSM U OOpa30BaHHIO HAarapa
SABJISIFOTCS: KOJIMYECTBO OTJIOKEHUM HA yCTaHOB-
ke HAMMU-1, mr (FOCT 20994), xoxkcye-
Moctb, % (I'OCT 19932) u 3o0mbHOCTB, %
(I'OCT 1461). Taxxe B Poccuu n3BecTHBI METO-
JIbl, PpEaJu30BAHHBIE Ha OJHOLMJIMHIPOBOU
ycranoske UT9-3, UM3-2T/I-10. 3a py6exxom
HauOoJbIlIee PACIPOCTPAHEHHUE MOIYUUIIU Me-
toasl JASO M343-92, JASO M341-92 u CEC
L-79-T97 [11-13]. Ognako HemocTaTKaMH KOC-
BEHHBIX METOJIOB SIBIISIETCSI X HHU3Kas nH(opma-
TUBHOCTh M CXOJUMOCTb PE3yJIbTAaTOB HCIIbITA-
HUW Macen C pe3ysibTaTaMH, MOJYYCeHHbIMH B
YCHOBHUSIX PEAJBHOW HSKCIUIyaTallMM JBYXTAKT-
HBIX JIBUTATEJICH, a CTEHJI0BbIE METOBI TPEOYIOT
BBICOKOM  IPOJOJIKUTEIBHOCTH  MCIBITAHHM,
Oonbiiero oobeMa odpasia Maciia U MaTepuab-
HBIX 3aTpaT. DTO BBI3BIBAET OOJBIIHME CIIOKHO-

20

CTH TIPU HEOOXOJMMOCTH OTEPATUBHON OICHKH
YPOBHS aHTHHArapHbIX CBOWCTB Macen A
ATB/I. IloaToMy aKkTyalbHBIM SBIISIETCS pas3pa-
00TKa BBICOKOMH()OPMATUBHOTO METOJa OIICHKH
AQHTUHArapHbIX CBOWCTB MOTOPHBIX Maceni s
ATBJl, yuuThIBaromiero KOHCTPYKTHUBHBIE OCO-
OCHHOCTH JABYXTaKTHOTO OCH3MHOBOTO JBUTATE-
71 ¥ OCHOBHBIC (HU3MKO-XHUMHUYECKHE CBONCTBA
Macel.

MeToabl 1 METO10JIOTUSA
HCCJIe10BAHUM

JUis MOCTHOKEHUsl YKa3aHHOW Ienn HeoOXo-
TUMO OOOCHOBATh YCJIOBHS IMOA00OWS Tpoliecca
oOpaszoBanus Harapa B JTBJl ¢ mpumeHeHuem
(U3UYECKOTO U MAaTEeMaTHYECKOTO MOJCIMPOBa-
HUSL XUMMOTOJIOTHUECKON CHUCTEMBI «MOTOPHOE
MacJyIo — ABUTATEIb — YCIOBUS IKCILTyaTaIllun.

C uenbl0 OIEHKH CKJIOHHOCTH MOTOPHBIX
Maces K HarapooOpa3oBaHUIO METOJIOM OO0
BbIOpaH YeTHIPEXTAaKTHBIM OCH3MHOBBIN JBUTA-
TENb JIUIs1 OCCIMIIOTHBIX JICTATSIIBHBIX aIapaToB
C BO3AYLIHBIM oxnaxaeHuem Saito FG-36 [14,
15], paGoTaromuii Ha TOTUTMBOMACIISIHOW CMECH,
o0Opa3oBaHHe Harapa B KOTOPOM B XOJI€ JKCILTY-
aTary SBJISETCS HAMOOJIee KPUTHYHBIM (haKTo-
POM BBIXOJ[a €T0 U3 cTposi. BIOOp MMEHHO ATOTO
JBUTATENIS] TaKKe OOYCIOBJIGH €ro KOMIUICKTa-
mueit BIUVIA «Opnan-10» 1 601bIIUM COOTHO-
mieaneM  Macio : 6emsud (1 :25). Tlpm sToMm
TEeMIepaTypa TOBEPXHOCTH TOJOBKU TMOPIIHS
coctasisieT okoio 300 °C, a momanas NoBepx-
HOCTH rosioBku nopuss — 0,01256 M’ [16].



Tom 26, Ne 02, 2023

HayuyHbiit BectHuk MITY TA

Vol. 26, No. 02, 2023

Jns ¢puznyeckoro MoJeIUpOBaHUS UCIIONb-
30BaHO MPUOIMKEHHOE N01001e, 3aKIIoYaromie-
ecst B 000CHOBaHMHM YCJIOBUI 0J00Ms mpoliecca
U BOCIPOU3BEJIEHUU IOCTOSHCTBA ONPEIEIIsIO-
IIUX KpUTEpUEB MOAO0OUS B MOJEIH U OOBEKTE
[17, 18]. bbumn mpuMeHEHbI Teopus MOA00US
U aHaJIM3 pPa3MEpPHOCTEH, 4YTOOBI ONpeneIuTh
(YHKIMOHATBHYIO 3aBUCHMOCTh W PacCUUTATh
HEOOXO/IMMBIE PEKUMBI pa3padaThIBAEMOro Ja-
6opatopHoro metoga. C TMOMOINBIO KpUTHYE-
CKUX IMapaMeTpoB Ipolecc 00pa3oBaHUs Harapa
B XHUMMOTOJIOTHYECKOIN CUCTEME «THHIIE TTOPII-
HSl JIBYXTaKTHOTO JABMraTeisi — MOTOPHOE Mac-
J0» B MaTepHalbHOW Touke 1 (pHuC. 2) MOXKHO
OMHKCaTh CIENYIOIIUM YPABHEHUEM:

Puc. 2. PacnionoxxeHue MaTepuaibHON TOUKH 1
B XMMMOTOJIOTHYECKOM CUCTEME CAHULIC TOPUIHA
JBYXTaKTHOTO JIBUTaTelsi — MOTOPHOE MAaCIIO»
Fig. 2. Location of a material point 1 in the chemmotological
system “piston bottom of the two-stroke engine — motor 0il”’

mﬂaeap =F (@w pr, CDcocm Mama)’ (1)
IJI€ Myarap — Macca 0OpasyIOLIErocss Harapa Ha
1 M® macia, t/m”; @, — HaKTOp KOHCTPYKIIHH,
YUMTHIBAIOUIUI BIMSHUE KOHCTPYKIUU KaMephbl
cropanus u jasuratens; @, — daxTop yciaoBuii
AKCIUTyaTalli, YUYWUTBHIBAIOIIMNA BIMSHHE YCIIO-
BUll B Kamepe cropanusi; Deoer macra — PAKTOD,
YUMUTHIBAIOUINI BIMSHUE COCTaBa M COBOKYITHO-
CTH (PU3UKO-XUMHUUYECKUX CBOMCTB Maca.
BnusHue xaxgoro ¢axktopa MoXeT OBITH
OMNMCAaHO CIeAYyUMMHU napameTpami [19]:
Muaeap = P(SW,0,2v,4) = 0, )
rae S — MIoIaah TOJOBKH TOPIIHS, M, W — Ji-
HEWHas CKOPOCTb JBUKECHUs MAaTEPUAIBHON TOY-
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KU, M/C; O — TeMmeparypa HarpeToil MoOBEPXHO-
cTu roJIoBKH mopmHs, K; T — Bpems, c¢; v —
KHHEMATHYecKas BA3KOCTh Macia, M7/c; A —
30JIbHOCTb MacIa, T/M".

[Ipouiecc omuceiBaroT n = 6 (U3HUECKUX
pa3MepHBIX BeIWYHMH. B KauecTBe MepeMEeHHBIX
C HE3aBUCUMBIMH Pa3MEpPHOCTAMHU BbIOepeM S, 0,
Vv, A, KOTOpBIE BKJIIOYAIOT B ce0s 4YeThIpe Tep-
BUYHBIE enuHUlbl (Temnepatypsl — 0 [K], miu-
Hbel — L [M], maccel — M [kr] u Bpemenu — T [c]).
Pa3mepHOCTH HE3aBUCUMBIX MIEPEMEHHBIX:

[S]=1[61" < [L]? < [M]° < [1]°, A3)
[6] =[6]" > [L]” > [M]” < [T]°, “4)
[v] = [61° > [L]? < [M]° x [T]7Y, ©)
[4] = [601° x [L]7 x [M] < [1]". (6)

3aBUCUMBIMU TIEPEMEHHBIMU OYAYT W U T, a
UX pa3MepHOCTH OyAyT UMETh BH]I

[w] =[6]° < [L]' x [M]° < [T] ™,
[7]=[6]° > [L]® < [M]° x [T]".

(7
®)

Marpuna ko3p@uuueHToB creneHe pas-
MEPHOCTEI HE3aBUCUMBIX BEJIMYUH:

0 2 0 0
|[1 0 0 0]|
lo 2 0 —]J' )
0 -3 1 0

[TockonbKy onpeaenuTens MaTpuibl A = —2

OTJIMYCH OT HYJA, KOJIUYCCTBO HC3aBUCHUMBIX
BEJIMYMH U CaMU BEJIIMYMHBI BHIOPAHBI MIPABUIIb-
HO.

Bripasum Ge3pa3zmepHble  KOMOWHAIIUUA HC-
XOOHBIX (1)H3qucm/1x BCJIMYHUH T U T ACIICHUEM
3aBUCUMBIX NEPEMEHHBIX W, 0 U T Ha He3aBH-
CHUMBIC ICPECMCHHBIC B HCKOTOPBIX CTCIICHAX 4, b,
¢, d (c COOTBETCTBYIOIIMMH MHICKCAMH):

w

Csthe
T

(10)
an

Ty

T2~ Gagb2yaa®



HayuyHbiit BectHuk MITY TA

Tom 26, Ne 02, 2023

Civil Aviation High Technologies

Haitnem mnokaszarenu creneHed CpaBHEHUEM
pa3sMEpHOCTEN MPU BCEX MEPBHUYHBIX €IUHHUIAX
U3 yCIIOBUS O€3pa3MEPHOCTH.

[Ipu O:

0=a; 0=a. (12)
IIpu L:
1=2b;+c;—3d;; 0=2b,+ 2¢c; —3d,. (13)
IIpu M:
0=d; 0=d. (14)
IIpn T:
-1 =—c;; 1 =—c. (15)

CoBMeCTHO pelllaeM MOoTy4YEHHbIE YPaBHEHUSL:

a) = 0,’ b] = —0,5,' c; = ],‘ d] = 0,
612:0,' b2=],' Cz=—],' d2=0. (16)

HOILCTaBJ'ISIGM IMMOJIYYCHHBIC ITOKa3aTCJIn CTC-
IIeHEN B BBIPpAXCHUS IJIL 6e3pa3Meprlx KOMOHU-
HaIII/If/'I HUCXOOHBIX (1)I/ISI/I‘I€CKI/IX BCIIMYHNH:

_ws
T = )

\4
(1%
S.

(17)
(18)

T =

Paznenum m; 1 mp 4TOOBI MOTYUYUTH KPUTEPUIL

nono6ust K ans ynpouieHus qanpHeHmx pacye-
TOB:

wsls

var '

K=2 =

T2

(19)

Takum oOpaszoM, HcCIeayeMblid MpoIecc 00-
pa3oBaHUS Harapa XapakTepusyercs Oe3paszmep-
HBIM KpUTEPUEM:

Mgy = F(K) = 0. (20)

Uccnenyemplii  XMMMOTOJIOTHUYECKUA — TPO-
[ecC Xapakrepusyercs kpurepuem K, KOTOpbIi
MPEACTABISIET cO00M OOOOIIEHHYIO XapaKTepH-
CTHKY, CBA3BIBAIOLIYIO IapaMeTP KOHCTPYKIUH —
IJIOIIAaJb TOJOBKHU MOPUIHA S [Mz], Ha KOTOpOH
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00pa3yloTCsi OTJIOXKCHHS, MapaMeTp yCIOBHIA
IKCIUTyaTalil — CKOPOCTh JBW)KCHHS paccMart-
pUBaeMOIl MaTepUaTbHOW TOYKHM HA TIOPIIHE W
[M/c] u BpeMs paboThl aBurarens T [c], mapa-
METp BIMSHUS (PU3HKO-XUMHUYECKUX CBOWCTB
Macia — KHHEMaTH4IecKasl BSI3KOCTb v [M7/c].

s oOecnieueHuss 1OJ00MS XMMMOTOJIOTH-
YECKOro TIpollecca HEOoOXOAMMO COOJIIOICHHE
YCIIOBHIA OJIHO3HAYHOCTH: B HATYPHOM JIBUTATE-
JIe ¥ MOJICITTH UCTIONB3YETCSI OJTHO M TO K€ MAacyo
U PaBEHCTBO TEMIIEPATYP MOBEPXHOCTH TOJIOBKU
IMMOPpIIHA 1 MO[[GJ'II)HOﬁ YCTaHOBKHU:

9,110()&71;

21)

=1 , eﬂ/lode‘ﬂb: 0()6ll€am€flb = ldem!

eoguzammb

i€ Oyopems — TEMIIEpPATypa MOBEPXHOCTH MO-
nenbHON ycTaHOBKU, °C; Oypurarens — TEMITEpa-
Typa MOBEPXHOCTU TOJOBKM MOPIIHS JBUraTe-
1, °C.

Peanuzyercst mogobue mo ¢GyHKIMOHAIBHO-
My IpU3HAKY: INPUBEICHHBIA KPUTEPUU U €r0
YHCIIEHHOE 3HAaYeHHE 00eCcTeunBaeT MPOTEKaHue
XUMMOTOJIOTHYECKOTO Tporiecca B (PU3NUECKOM
MOJIEJI B TOM € HaIlpaBJICHUHU, UYTO U B pealb-
HOW cucTeMe, Tpu 3TOM (uU3NYecKas MOJEIb
BBITIOJIHAET MPeoOpa3yronlyro (HyHKIHIO, aHaJIo-
TUYHYI0 (DYHKITUU IBUTATEIIS.

Bri6op nmaGopaTtopHOro 00OpymOBaHUsI OCY-
IIECTBIISUICS. HMCXOAS W3 KPHUTEpUs, YTO OHO
JNOJDKHO MaKCUMAJIbHO MPUOJIMKEHO COOTBET-
CTBOBATH IporeccaM (PU3NIECKON MOJIeNH, KOTO-
pBI€ MPOUCXOASAT C MacioM B pealbHOM JIBUTATe-
Jie, BKJIFOUYAsi MEXaHU3M MPOTEKAHUSI XUMMOTOJIO-
THYECKOTo TMpoIecca.

[TosTomy s pa3pabOTKM MeETOAa OLEHKH
aAHTHHArapHbIX CBOMCTB Maces Oblila HCIOJb30-
BaHa CIelMalbHAsl ManorabapuTHas yCTaHOBKa
JUISL OTNIPENIeTIeHUsI CKIIOHHOCTU Macesl K KOKCO-
Banuto Panel Coking Test Apparatus mpou3Bo-
nutens Koehler (puc. 3). YkazanHoe wucrbITa-
TeJIbHOE 00OpYyOBaHHWE HCIIONB3YeTCsI B CTaH-
TapTHOM METOAMKE OLEHKU CKJIOHHOCTH aBHa-
IIMOHHBIX Macell K BBICOKOTEMIEPATypPHBIM OT-
noxenusm o CTO 08151164-0222-2017.

VYCcTaHOBKAa COCTOUT W3 PaCHbUIMTENBHON Ka-
Mepbl (KapTepa), M3TOTOBICHHOM M3 HEpPIKaBero-
LIEH CTaau, CMOHTUPOBAHHOW HA OIIOPHOM ILIIUTE.
BHyTpu kamMepnl yCTaHOBJIEH NMATPOHHBIA Harpe-
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Puc. 3. O6uwmii Bux ycraHosku Panel Coking Test
Apparatus
Fig. 3. General view of Panel Coking Test Apparatus

BaTelb Ul HarpeBa UCMBITYEMOro Macjia U Tep-
Momapa Juisi U3MepeHHsl Temmeparypbl. Taxoke
BHYTPH KaMepbl yCTAHOBJIEH BaJl, HA KOTOPOM
3aKpETUICHBI PSIBI TIPOBOJIOK sl Pa3OphI3rHBa-
HUS Macna. Ban npuBoguTcs B BUKEHUE 3JI€K-
TpPOJBUTATENIEM, YaCTOTa U CKOPOCTh BpAIICHUS
YCTaHABIMBAIOTCA U TOAJCPKHUBAIOTCS 3JICK-
TPOHHBIM OJIOKOM ympaBieHus. PacrbuurensHas
Kamepa 3aKpbiTa KpbIIIKOW. Yepe3 KpbIIKy BBO-
IUTCS TPYOKa, COCAMHSIONIAS PACIBUTUTEIHHYIO
KaMepy C pe3epByapoM HCHBITYEMOro Macia.
Takxe B KpBILIKE MPETyCMOTPEHO OKHO, B KOTO-
poe ycTaHaBIMBaeTCsl pabodyas alOMUHHEBAs
IUIACTUHA C HECKBO3HBIM OTBEPCTHEM Il TEPMO-
napbl 4TOOBl U3MEPATH TEMIIEpaTypy B TE€UCHHE
ucneiTanus. [lnacTuHa mnprxkUMaeTcss K Kpasm
OKHa AJIEKTPUYECKUM HarpeBaTesieM, oOecreyu-
BAIOIIMM HAarpeB IUIACTUHBI 10 33JaHHON TeMIle-
parypsbl. [lonojkeHue MiIacTUHBI U HarpeBaTess
3aKperuIsIeTCst HOCPEACTBOM cTpyOuuHsI [20].
Jlns mpoBeneHHs] SKCIEPUMEHTa MOJATOTOB-
JICHHYIO aJIOMUHUEBYIO IUIACTHHY YCTaHABIIH-
BalOT paboueil MOBEPXHOCTHIO K pPa30pbhI3THBa-
TEJI0 U BCTABJISIIOT B Hee TepMonapy. Temrepa-
Typy IUIaCTHHBI JOBOIAT 110 3aaaHHOM. [lapan-
JIeTBHO HUCIBITYEMOE Macjio HarpeBaroT 110 pa-
004eil TeMIepaTypsl U 3aJIMBAIOT B KapTep.
[Tocne ycraHoBiIeHUs 3aJaHHBIX TEMIIEPATYP
IUTACTUHBI U Maclia, BKIIOYAIOT 3JIEKTPOJBUTa-
TeJb, TPUBOIAIINNA B ABMKCHHUE BaJ C TPOBOJIO-
kamu. [1o ucteueHnn BpeMeHHN UCTIBITAHUS HJIEK-
TPOJBUTATENh BBIKIIOUAIOT U IUIACTHHY CHUMA-
I0T MHUHIIETOM, HE TMPHUKACAsACh K OTJIOKECHUSM.
[ImacTrHy OXJIa)XKJarOT 4O KOMHATHOM TeMIepa-
TYypbl U TIPOMBIBAIOT OKyHaHHUEM B (HaphopoByIO
qamry ¢ HepacoMm AJisl yAaleHUs CIEeI0B Macia
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¢ moBepxHOCTH. Jlanee maacTuHy cymiat Ha BO3-
IyXe J0 TIOCTOSHHOW MacChl W B3BCIIHBAIOT.
Maccy oT/IOKeHHI Ha TUTACTUHE PACCUUTHIBAIOT
M0 PAa3HOCTH MaccC JI0 W TOCTE WCIBITaHus. Pe-
3yJbTaT KCIEPUMEHTA BBHIYUCISIOT KaK CpeIHee
apudmeTHIecKoe 3HAYCHHE JBYX MapaUIeIbHBIX
ucnbliTanuit [21].

Hcxons w3 3aBUCUMOCTH Macchl 00pa3oBaB-
IIMXCS BBICOKOTEMIIEPATYPHBIX OTJIOKEHUU OT
TEMIIEPATyp TUTACTUHBI, Maclia B KapTepe U Mmpo-
TMOJKUTETFHOCTH HCTBITAHUS Ha YCTaHOBKE
Koehler Panel Coking Test Apparatus ObuH
YCTaHOBJICHBI PEKUMBI UCTIBITAHUSI Mace, Mpe-
CTaBJIEeHHBIC B Ta0O. 1.

Tadauuna 1
Table 1
[Tapametpsr paboTs! ycranoBku Koehler Panel
Coking Test Apparatus
Operating parameters of Koehler Panel Coking
Test Apparatus
HauMeHoBaHHe moKa3aTelist 3HaueHue
Temneparypa mactunsl, °C 290
Temmnepartypa Macna B kaptepe, °C 100
CKOpOCTh pa3OphI3rHBaHus, 00/MHUH 800
Bpewms ucnbiTanus, 4 4
Jns mpoBeneHus HUCIBITAHUN HCIOJIb30BA-

JUCh MOTOPHBIC Macjia Uil MaJopa3MepHBIX
IByXTakTHbIX apurateneid Hosoin-/IJI, Rolf
Garden 2T, Jlykoiin moto 2T, Motul Kart Grand
Prix 2T.

PesyabTaThl ucciie10BaHUS

PesynbraThl MPOBENCHHOTO HCCIICAOBAHUS
M0 OIEHKE AHTHHATAPHBIX CBOWCTB Pa3IMYHBIX
MaceJ MpeICTaBICHbI B Ta01. 2 U Ha puc. 4.

C 1esbro ONpeeIeHUs] COOTBETCTBUS PE3YJlhb-
TaTOB MCIBITAHUI Macea pa3pabOTaHHBIM METO-
JIOM OIICHKHA aHTHHATapHBIX CBOKMCTB C peabHbI-
MH YCIIOBHSIMHU 3KCIUTyaTallid MPOBEICHO CpaB-
HCHHE pE3yJIbTaTOB HCCIIEAOBAHUS MOTOPHBIX
macen Hosoiin-/IJI u Motul Kart Grand Prix 2T
Ha CICIUAITBHOM OOOPYIOBaHHOM CTEHNIE C WC-
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Taoanmna 2
Table 2
Pe3ynbpTarhl HCBITAHUIT MOTOPHBIX MACEI
10 OIICHKC aHTHHArapHbIX CBOMICTB
Test results of the motor oils based
on the anticarbon properties assessment

HaumenoBanue oOpa3ua | Macca oT/10:KeHMH,
MacJja Mr
Hogotin-/1/1 40,4
Rolf Garden 2T 31,7
Jlyxotin moto 2T 17,4
Motul Kart Grand Prix 2T 10,4

MOJIb30BAaHUEM MaJIOpa3MEPHOTO ABUAIIIOHHOTO
MOPIITHEBOTO  OCH3MHOBOrO  JBHrarens  Saito
GI-36 B Teuenue 50 yacoB mpH paszIUYHBIX pe-
XKUMax paboOThl M pe3yibTaTaMU, MOTyYESHHBIMH
B 1a00paToOpHbIX ycnoBusaX (puc. 5). OpHako

2)

Vol. 26, No. 02, 2023

BCJIEJICTBHE HEYCTOWYMBOM pabOThl ABUraTeNs
Ha macnie Hosoitn-/1J] nocne 20 gacoB skcmutya-
TallMM €ro UCTBITaHUs ObUTH 3aBepieHbl. Mcmbl-
TaHWs Ha CTCHJIC MTPOBOJIMIIMCH B COCTABE TOILIH-
BOMACJISTHOH CMECH, M3TOTOBJICHHOW W3 aBTOMO-
ounpHOro Oem3mna AM-92-K5 mo I'OCT 32513
U HCclieyeMoro o0pasiia Macjia B COOTHOIIICHUHU
1:30, B yMepeHHOW KIMMATHUUYECKOU 30HE
B YCIIOBUSIX PEANIbHOTO aTMOC(hEepHOro JaBiie-
HUS, BIIAXXHOCTH M TEMIIEPATYPHI OKPYKAFOIIETO
Bo3ayxa. [Io OKOHYAaHUIO UCTIBITAHUI JIBUTATEINb
pasbupazcsi, a ero aeTand UWIUHAPO-TIOPII-
HEBOM TpYMNIbl BU3yalbHO OLICHUBAJIWCH HA Ha-
Tu4He Jlaka u Harapa [9].

O0cy:x1eHue MOJy4YeHHBIX Pe3y/JbTaToB

[To pesynpraTaM HCCIICIOBaHUS BBISBIICHO,
YTO ONMHCAHHBIA XWMMOTOJIOTHUYECKUN TIPOIIECC,
BbIOpaHHOE

HCIIBITATCIIBHOC 060py,HOBaHI/Ie

3) 4

Puc. 4. BHenHuil BU TIACTHH TOCJIE UCTIBITAHUH pa3padOTaHHBIM METOIOM:
1 —na macne Hosoitn-J1/1; 2 — va macne Rolf Garden 2T; 3 — Ha macie Jlykoiin moto 2T;
4 — na macie Motul Kart Grand Prix 2T
Fig. 4. Appearance of the plates after the tests by the developed method:
1—on Novoyl-DD oil; 2 — on Rolf Garden 2T oil; 3 — on Lukoil motor 2T oil; 4 — on Motul Kart Grand Prix 2T oil

=

5

2)

Puc. S. Bun nopurast 6ersunoBoro apurarens Saito GI-36 mocie skcruryaranum Ha Macie:
1 — Hosoiur-J1/1 (20 gacos); 2 — Motul Kart Grand Prix 2T (50 gacoB)
Fig. 5. Appearance of gasoline engine piston Saito GI-36 after oil operation:
1 —Novoyl-DD (20 hours); 2 — Motul Kart Grand Prix 2T (50 hours)
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Y YCTAHOBJICHHBIE PEXUMBl HCIBITAHUN TO3BO-
JSIOT OIICHUBAaTh M PAHXXHUPOBATh MOTOPHBIE
Macjia I JBUraTejied OeCHUIOTHBIX JIeTaTellb-
HBIX aNlapaToB 110 aHTHHATAPHBIM CBOWCTBaM B
71a060PaTOPHBIX YCIOBUSX.

Macno Motul Kart Grand Prix 2T oOmamaer
HAaUMEHbBIIECH CKJIOHHOCTBIO K HarapooOpa3oBa-
HUIO CpeA¥ HCTBITAHHBIX 00pa3loB Macen s
IBUTATeNlell OECHMIOTHBIX JIETAaTEIbHBIX allla-
paToB, 4TO, MO-BUIUMOMY, CBSI3aHO C IIPUMEHE-
HUEM B KOMIIOHEHTHOM COCTaBe€ YKa3aHHOIO
MacJja CHHTETHYCCKON OCHOBHEI.

PesynbpraTel cpaBHEHUS Ja0OpAaTOPHBIX W
CTeHIOBBIX ucnbITaHuii Macen Hooin-/I] u
Motul Kart Grand Prix 2T mokas3sIBaroT BBICO-
KYIO CTeTICHb CXOJUMOCTH.

3akiroueHue

Taxum oOpa3oM, A OLEHKH aHTUHArapHBIX
CBOWMCTB MOTOPHBIX Macel C IENbI0 MX BBIOOpa
JUIs  HAJEKHOM HKCIUTyaTallMM JIByXTaKTHBIX
JBUTATENIel OCCIMIIOTHBIX JIETATENbHBIX ara-
paToB mIpeasaraeTcsi UCIoab30BaTh pa3padoTaH-
HBIA METOJ NPH CIEAYIOMUX PEKUMaX HCIBITa-
HuM: Temneparypa miactuisl — 290 °C, Ttemmne-
patypa Macna B kaprepe — 100 °C, ckopocTb
pa3opeizruBanus — 800 06/MuH, BpeMsl HCIIBITA-
HUS — 4 yaca. B xadecTBe ucpITaTEIHHOTO 000-
PYJOBaHUS PEKOMEH]IyeTCsl UCIOJIb30BaTh yCTa-
HoBky Koehler Panel Coking Test Apparatus,
napamMeTpsl KOTOPOH MaKCHUMAaJlbHO COOTBET-
CTBYIOT TporeccaMm (U3NIECKON MoJenu, Ipo-
UCXOJSLIMM C MacjloM B peajbHOM JBHrartele,
BKJTIOYasi MEXaHU3M NPOTEKAHUSI XUMMOTOJIOTH-
yeckoro npouecca. OJHAKO B LeNAX YBEJINYCHUS
JIOCTOBEPHOCTH PE3yJIbTATOB MCIIBITAHUH, MOITY-
YaeMbIX IpPU HUCMOJb30BAaHUU pa3pabOTaHHOTO
METOa, CIEeyeT OCYIIECTBUTh HAKOIIJICHHE CTa-
TUCTHYECKUX JIaHHBIX IO HCHBITAHUAM MOTOp-
HBIX Macell Pa3InYHOTO KOMIIOHEHTHOTO COCTa-
Ba U ONPEACIUTbh KOPPEISALMIO C APYTUMH METO-
JTAMH OIICHKH aHTHHATapHBIX CBOMCTB Macedl.

C nenpo CHUKEHUS! HarapooOpa3oBaHUsl PH
OKCIUTyaTalliil JIByXTaKTHBIX IBHUTraTeneii Oec-
INWIOTHBIX JIETATENbHBIX aNIapaToB PEKOMEHY-
eTCs WCIOJBh30BaTh MOTOPHBIE Macia, BKIIOYa-
IOIIME CUHTETUYECKyl0 OCHOBY. IlomydeHHble
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pe3yabTaThl WCIBITAHUN TOATBEPKIAIOT yKa-
3aHHBI BBIBOJ, MOCKOJIbKY Macio Motul Kart
Grand Prix 2T o0Omagaer HaUMEHBIIEH CKIOHHO-
CTBIO K HAarapooOpa30BaHUIO CPEIH UCTTBITAHHBIX
00pasIoB.
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00 aBTOMaTH3alMU NPOLEAYP OLEHKH ITapaMeTPoB padoThI
TYpOOpeaKkTHBHBIX ABYXKOHTYPHBIX ABHUIraTeJei

B.A. Unukos'

1 . . . .
Mockosckuil 20cy0apcmeenHblll mexHUYeCKull YHUugepcumem epaircoancKkol asuayuil,
2. Mockea, Poccus

AHHOTAaMs: B mpakTuke SKCILTyaTali BO3OYLIHBIX CYIOB IPUMEHSETCS OLEHKA MapaMeTpoB padoThl C PasIUYHBIM
UCIIOJB30BaHHEM HOMOTPAaMM. YKa3aHHBIH MOIXOJ LIMPOKO PACIpPOCTPAHEH M B AKCILTYaTAlMK aBHALMOHHBIX Ta30TYpOHHHBIX
JIBUTaTeNel B COCTaBE CIJIOBBIX YCTAHOBOK BO3MYIIHBIX CYZOB. IIpu 3TOM, Hampumep, TpeOyeTcs OLEHKA apaMeTpoB padoThI
JIBUTaTeNei Ha 3eMJie B 3aBHCHMOCTH OT YCJIOBHH OKpY Karoliell cpeasl nepes] NpoBeJeHHeM 3alycka 1 anpodarmy. CokparieHne
TPYZIOEMKOCTH TEXHHYECKOTO 00CITY>KMBAaHHUS CUIIOBBIX YCTAaHOBOK BO3IAYLIHBIX CyZOB MOXKET OBbITh JIOCTUTHYTO aBTOMATH3alUeH
YKa3aHHBIX TPOLENYp, LEIbI0 KOTOpOH sBisieTcst (popMHpOBaHHE BCEro HEOOXOAMMOIO MEpeyHs] 3HAYEHUI OLEHHBAEMBIX
MapaMeTpoB NPH 3aJIaHUH PacCIIojlaraeMbIX YCIIOBHI OKpY>KalOIIel CpeIbl ¢ y4eToM TpeOyeMbIxX orpaHndeHuit. J{iis coxpanenus
HarjisiiHOCTHU u CIIPUBBIYHBIX> Hpe}ICTaBﬂeHI/lﬁ BBITTIOJITHACMBIX OLICHOK  JKCJIaTCJIIBHO HC OIrpaHUYUTBECA  TOJIBKO
JIOKYMEHTHPOBAHHEM KOJIMYECTBEHHBIX OLIEHOK I1apaMeTPOB, HO M COIPOBOAUTH UX IpauuecKuMH npecTaBieHusIMU. CTaTbs He
CTaBUT LIEJIBIO ONMCAHHUE MOJIHOTO aTOPUTMA OLICHKH MapaMeTpoB pabOThI JBUraTeNel, HO MOKa3bIBAET BOZMOXKHOCTh PEIICHUS
3a/1a4M aBTOMATH3ALMK TIPOLIEAYp OLICHKH I1apaMeTpoB padoThl ABUraTeNield Ha 3eMiIe Kak 3aaddl TIOMCKa PELICHUs B YCIOBHUAX
OTPAaHMYCHHH, OIMCBHIBAEMBIX C HCIIONB30BAaHHEM allllapara anmpoKCHMalMid ¥ KyCOYHBIX AaIllIPOKCUMAIMA IO METOAY
HaMEHBIINX KBAJpPaTOB U KOPPEISIMOHHOTO KPHUTEpHs 3HAYMMOCTH. [IpHBemeHbI NpUMephl KOJNMYECTBEHHBIX OLICHOK JUIS
OJIHOTO W3 MAacCOBBIX OTCUSCTBCHHBIX JBHTATENCH, M OIMCHIBAGMBIA IOAXOA NPUMEHHUM K IIMPOKOMY IIEPEYHIO NBUIraTeNeH
Onaromapsi OOIIHOCTH aJITOPUTMOB OLGHKM IIapaMeTpoB € HCIONb30BaHMeM HoMmorpamM. [Iporpammboe obecredenme,
OCHOBaHHOE Ha Mpolieccope TabIMYHOrO BblUMcleHHss w3 cocrtaBa nakera LibreOffice, OecruiatHoro T10, nmuueH3upyeMoro
1o mneHsun Apache, siBjsiercst KpoccruiaTpOpMEHHBIM.

KunroueBble ciioBa: aBUAIMOHHBIN JBUTaTeNb, TYpPOOPEAKTUBHBINH JIBYXKOHTYpHBIN asuratens (TP/JI), 3amyck u onpoboBaHue
TPJIJ1, ycia0BUs OKPY:KarOLLEH Cpe/ibl, KOHTPOIUPYEMBIE ITapaMETPhl, aBTOMATH3aLs, alllIPOKCUMALIUS.

Jnsi murapoBanusi: UwmuxkoB B.A. OO0 aBroMarm3alii TPOIEAYpP OICHKH IapaMeTpoOB palbOTHl TypOOpEaKTHBHBIX
JIBYXKOHTYpHBIX jBuratenei / Hayunsrit Bectauk MI'TY T'A. 2023. T. 26, Ne 2. C. 29-36. DOI: 10.26467/2079-0619-2023-26-2-
29-36

About the automation of procedures to assess the operation
parameters of by-pass turbojet engines (BTJE)

B.A. Chichkov'

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

Abstract: During aircraft operation, the assessment of operation parameters with the different use of nomograms is completed.
This approach is prevalent in the operation of aviation gas-turbine engines as part of aircraft power plants. In this case, for example,
the assessment of engine operation parameters on the ground, depending on environmental conditions prior to start-up and run-up,
is required. Reducing working hours of the aircraft power plants maintenance can be provided by the automation of the denoted
procedures which purpose is the formation of the applicable list of values for assessed parameters while assigning available
environmental conditions considering the required restrictions. To allow for the visualization and familiar conceptions of carried out
assessments, it is advisable not to be limited to only documenting quantitative parameter estimations but also to provide them with
graphical representations. The purpose of the article is not aimed at describing a complete algorithm of the engine operation
parameters assessment but demonstrating a solution capability for the automation of the procedures for the engine operation
parameters assessment on the ground as the task of search for a solution in the restricted conditions using the approximation
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apparatus and piecewise approximations by the method of the smallest squares and the correlation criterion of significance. The
examples of quantitative estimations for one of mass domestic engines are given. The described approach is applicable to a broad
list of engines due to the common character of algorithms for the parameter assessment using nomograms. Software based on the
tabular calculation processor from the LibreOffice package, Apache-licensed free software, is cross-platform.

Key words: aviation engine, by-pass turbojet engine (BTJE), BTJE start-up and run-up, environmental conditions, monitored
parameters, automation, approximation.

For citation: Chichkov, B.A. (2023). About the automation of procedures to assess the operation parameters of by-pass turbojet
engines (BTJE). Civil Aviation High Technologies, vol. 26, no. 2, pp. 29-36. DOI: 10.26467/2079-0619-2023-26-2-29-36

BBenenue OKPYXKAaIOIIeH CPe/Ibl C YIeTOM TpeOyeMbIX orpa-
HUYCHUM.

B skcrnmyaranuy aBHanimoHHBIX Ta30TypOUH-
Heix asurareneit (I'TJI) B cocraBe CHIIOBBIX AHaJIMTHYECKOE ONMCAHNE PACYECTHOM
YCTAaHOBOK BO3AYIIHBLIX CYJ0OB PCIIAIOTCSA 3aJa4n 4acTH mpoueayp
MO OIICHKE MapaMeTpoB UX pabOTHl B 3aBUCHUMO-
CTH OT YCJIOBHUM OKPYXKAIOILIEH CPEBI.

K TunuunbiM paboram, TpeOyIOIIUM TaKUX
OIICHOK, OTHOCSITCSI PabOTHI IO 3aITyCKY U OIpPO-
OOBaHUIO ,Z[BHFaTeJ'IefIl [1-3]. IIpu sToM mepen
WX TPOBEICHUEM HEOOXOJMMO OICHUTh Kak
OJKHJaeMble ISl PacloaraeMbIX aTMOC(EpHBIX
(BHEILIHUX) YCJIOBUI MapaMeTpbl CUCTEMBI 3a-
nmycka (JaBJeHHE BO3AyXa Ha BXOJE B BO3AYII-
HBII cTapTep) U TEPMOTa30IMHAMUYECKUE Tapa-
METphI (YacToTa BpalIeHUS POTOPOB HU3KOTO
Y BBICOKOTO JIaBJICHUS, MaKCUMAJIbHO JTOTYCTH-
Masi TeMIlepaTypa ra3oB 3a TypOHHOH, 000POTHI
pOTOpa BBICOKOTO JIABJICHHS], IPU KOTOPHIX MPO-
HCXOJIUT OTKPBITUE U 3aKPHITUE KJIANIAHOB IEpe-
MyCKa BO3/yXa, Hayajo CTParuBaHUs JIOMATOK
pEryJupyeMoro BXOJHOTO HaIlpaBJSIOLIETO am-
mnapata M3 IyCKOBOTO TIOJIOKEHHUs B padouee,
BpeMs MPUEMHUCTOCTH, MApaMeTp TITH U T. M.
B 3aBUCHMOCTH OT THIIA IBUTATEJIS).

Jns paccMaTpuBaeMbIX OLICHOK HCIIOJb3Y-
10TCsl TpaduuecKue MPEe/ICTaBICHUS B BUIE HO-
MOTpaMM, MO3BOJISIIOUIUX OLICHUTh YyKa3aHHbIE
BBIIIIE TTApAMETPhI B 3aBUCHMOCTH OT TeMIIepa-
Typsl U JaBJICHHUSI OKPY’KAIOIIEH Cpelbl, WIH
TaOJIHIIBL.

[IpencraBnsieTcs nenecooOpa3HOl aBTOMATH-
3alMsl paccCMaTpPUBAEMbIX MPOLETYp, LENIbI0 KO-
TOpoH sABJsSIETCS (DOPMHUPOBAHHE BCETO HEOOXO-
JIMMOTO TIEpeyYHs 3HAUCHUH OLIEHHBAEMBbIX Iapa-
METPOB IIPHU 33JJaHUH PACIIONAraeMbIX YyCIOBHU

JIns penieHnst oCTaBIEHHOM 3a1a4 B YaCTH
ONMCaHUsl 30H U3MEHEHHUs MapamMeTpOB UCIOJIb-
3yercs annpoKCUMalus JIMHUW, OMHCHIBAIOIINX
rpaHULbl NOJIEM MCKOMBIX 3HAYCHUN W JIMHUM,
ONMCHIBAIOLIUX OTPAHUYEHUS, HAIPUMEp CHCTE-
MbI aBTOMaTHYECKOT0 ynpasieHus. JlanpHeiiiee
MaTeMaTUYECKOE ONMUCAHUE CTPOUTCA Ha IMOJy-
YEHUU 3HAYEHHUS 1ara MEeXay I'paHULIAMH U J10-
OaBJIcHUS MIPOU3BENICHUS Il1ara Ha 3HAYCHUE Ta-
pameTpa OKpyskaromieit cpenbl. B ciydasx Heoo-
XOAUMOCTH TOJYYEHHS! TOJIBKO 3HAYEHUH Orpa-
HUYEHUN MapaMeTpOB HCIOJIb3YIOTCA WM all-
MPOKCUMAIIUU JTMHUW OTPAHUYEHUs, WU KyCOU-
HbI€ aNMpPOKCUMAIIMU MPU HEBO3MOKHOCTHU OIH-
caTb JIMHUM OTPAHUYEHUN OJHOW 3aBHUCHMO-
CTBIO.

Hcnonp3yroTcss anmpokcUMauuyd MO0 METOMY
HaMMEHbIINX KBaapatoB [4—13].

JI1s1 KOHTPOJIS MMOJTy4aeMbIX 3HAYEHUH U CO-
XpaHEHUs] HarJSIAHOCTH Ha JUarpaMMbl LIE€Jeco-
00pa3HO BBIBOJAUTH MapKeEPHI.

[Tokaxem mnpumep (parMeHTOB alropuUTMa
MOJYYECHHUS! YKA3aHHBIX AHAIMUTHYECKHX OIHCa-
HUI Ha MpUMeEpe psiia 3aBUCUMOCTEN — puC. 1-8.
VYpaBHEHHs TOJIy4aeMbIX 3aBHCHUMOCTEW U pe-
3yJIbTAThl OLICHKU [0 KOPPEISALUOHHOMY KpHUTE-
pHIO 3HAYUMOCTH R? [4-7] MpUBEAECHBI Ha Tpa-
¢ukax u B TeKCT He BbIHOcATCA. (Pe3ymbTaTsl
OLICHOK I10 KPUTEPHUIO 3HAYMMOCTH BO BCEX MPH-
Mepax — 3aBHCUMOCTH, OIMCHIBAIOIINE T'PaHU-
b, — 3HAYMMBHI. )

' PyKOBOZCTBO IO TEXHHYECKOH SKCILTyaTaIHH ABUTATEIs
J-30KITI. 13x-Bo pa3paborumka, 1989. 982 c.
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HHIO 3aBUCHMOCTH U3MEHEHHSI MAKCUMAaJIBHO JOITYyCTUMO TeMIlepaTyphl Ia30B 3a TypOHHOH (tr)

W 9aCTOTHI BpaIlleHUs poTopa Beicokoro aaenenwns (BJ]) (nBx) ot armochepnsix yenosuii (tH, PH)

pu paboTe Ha 3eMJIe Ha B3JIETHOM pekume [1]

Fig. 1. To obtaining the dependence of the gas temperature capability change behind the turbine (tr) and high pressure (HP)
rotor (nBx) rotation frequency on atmospheric conditions (tH, PH) during the ground operation at a take-off mode [1]
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Puc. 2. [lony4enune aHaIUTHYECKOTO ONMCAHMSI 3aBUCHMOCTH U3MEHEHHMs YaCTOThI BpalieHus: poropa BJl ot atmocepHbIX

yCIOBUH
Fig. 2. Obtaining

(maBnenus Ph u remnepatypsl Th) npu paboTe qBUraTesst Ha 3eMJIe Ha B3JICTHOM PEXKHUME
the analytical description of the dependence of HP rotor rotation frequency change on atmospheric

conditions (pressure Ph and temperature Th) during the ground engine operation at a take-off mode
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Puc. 3. [Tpumep aHATUTUYIECKOTO OTIMCAHUS 3aBUCIMOCTH U3MEHEHHS YaCTOTHI BpameHus potopa BJI
oT atMoc(epHBIX YCIOBHH MPH pabOTe Ha 3eMJIe Ha B3JIETHOM PEXKUME
Fig. 3. Example of the analytical dependence description of HP rotor rotation frequency change
on atmospheric conditions during the ground operation at a take-off mode
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Puc. 4. Onenka monpasky (a) Ha 9aCTOTY BpamieHus potopa B/l mpu paboTte nBurarens Ha 3emie
Ha HOMHHAJIBHOM PEXXUME H KPEHCEePCKHUX peKuMax IpH TeMIepaType HapykHoro Bo3ayxa Himke +15 °C [1]
U ee aHAJIMTUIecKoe onucanue (0)
Fig. 4. Assessment of the correction (a) for the frequency of HP rotor rotation during the ground engine operation
at nominal and cruise modes at an open-air temperature of lower +15 °C [1] and its analytical description (0)

JIONOTHUTENTPHO K HOMHUHAJIBHBIM pacyeT- ykazatento UTD B kabunHe npu pabore aBuraTe-
HbIM 3HAYEHUSM OIPEAEISAIOTCS JOIyCTUMbBIE Js1 Ha 3€MJIE Ha PEKHMME Majoro ra3a B 3aBHCH-
TPaHUYHBIE 3HAYEHHs, HANPUMEp Uil OLIEHOK MOCTHU OT aTMOC(EpPHBIX YCIOBUN U IPaHUYHBIE
4acTOTHI BpalleHus poropa B/l B nmpoueHTax mno annpoKCUMAalMU KpUBBIX (pucC. 5).
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Puc. 5. 3aBucumMocTs (a) UI3MEHEHHUs IPUPALLEHHsI YacTOThI BpauieHus potopa HJI (n,;,) Ha B3JIETHOM pexume
oT atMoc(epHbIX YclIoBuUil ITpu padoTte Ha 3emiie [1] U JaMHelHbIe anpokcuManuu rpanui (0)
Fig. 5. Dependence (a) of the increment change of LP rotor rotation frequency (n,,) at a take-off mode on atmospheric
conditions during the ground operation [1] and linear approximations of boundaries (0)
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Puc. 6. 3aBucumMocTs (a) U3MEHEHHUS 4acTOTHI BpawieHus poropa B/l npu pabote qBuraresns Ha 3emMiie Ha PEKHMME Majioro
ra3a oT aTMOC(EpHBIX yciIoBuii [1] n rpaHUYHbIE anpoOKCUMalNU KPUBBIX (0)
Fig. 6. Dependence (a) of the HP rotor rotation frequency change during the ground engine operation at idle
on atmospheric conditions [1] and boundary approximations of curves (06)

[Ipy npakTU4ecKOM HCHOJIB30BAHUU BBIPA- JI30KII Ha 3emie B 3aBUCHMMOCTH OT YCIIOBHM
JKEHUS JJI1 pacuera annpoKCHUMHUPYIOIUX KpH- OKpYyXarolle cpeabl peaqu3yemMbl CpelcTBaMu
BbIX HE CTOJIb Ba)XKHbl, KAK HaHECEHHWE Ha Jua- 9JIEKTPOHHBIX TalnuL, Hanpumep nakera Libre-
rpamMmy (aKTHUECKOTO 3HAYECHHUSI OICHMBAEMOTO Office, 6ecrutatnoro I1O, nmuneH3MpyeMoro mo
napameTpa ¥ JOMYCTUMOIO JHana3oHa ero W3- nurersun Apache’.

MeHeHUs (puc. 7) U MOTYT HE NpPEACTaBIATHCS
2 o . .
OJIE30BATEITIO. Jluniensus Apache [Dnexrponsnsiii pecype] / Wikipedia.

https://ru.wikipedia.org/w/index.php?title=JTunensus_
AJNTOPUTMBI U AHATUTHYECKUE 3aBUCHMOCTH Apache&oldid=109714083 (ata obpamerns:

JUIsL OLleHKH mapameTpoB pabotsl TP/JI Tuma 12.06.2021).
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Puc. 7. 3aBucUMOCTh M3MEHEHUS YacTOTHI BpaleHus: poropa B/l B mponenTax mo ykazarento UTD B kabune npu padote
JIBUTATEJIs] Ha 3eMJIe Ha PEXHMME MaJioro ra3a OT aTMOC()EpHBIX yCIOBHH, HOMUHAJIBHOE PACUeTHOE 3HAYCHHUE, TPAHIYHbIC
3HAYEHMS U3MEHEHUS MapaMeTpa It 33JaHHbIX BHEIIHUX YCJIOBUH M (haKTHUECKOE 3HaUEeHHE IapaMeTpa,

TPAaHUYHBIC alllIPOKCUMAIINN KPUBBIX

Fig. 7. Dependence of the HP rotor rotation frequency change in percent according to TI data in a cockpit during
the ground engine operation at idle on atmospheric conditions, the nominal calculated value, the boundary values
of the parameter change for the assigned ambient conditions and the actual parameter value,

boundary approximations of curves

ITomuMo ommcaHHOTO rpa(i)quCKoro MMPEaACTaBJICHUA obOecreyuBaeTcs U BBIBOJ KOJHMYCCTBCHHBIX

OIICHOK TTapameTpoB (puc. §).
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Puc. 8. ®parMeHT 3a1aHUs HCXOAHBIX JaHHBIX U OLEHOK YacTOTHI BpameHus potopa KB/

B 3aBUCHUMOCTH OT yCJ'IOBl/II‘/II OKCIUTyaTaluu

Fig. 8. Fragment of the basic data assignment and assessments of HPC rotor rotation frequency depending

on operation conditions
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3aK/JIo4YeHue

W31m05xeH NMOPANOK aBTOMAaTH3alMU OLICHOK
xapakrepuctuk TPJI/] npu npoBeneHuu 3amycka
U onpoOOBaHMM JABMraTeilss B 3aBUCHUMOCTHU
OT YCJIOBUH DKCIUTYaTalUu.

[TosrydeHbI MpUMEPBI aHATUTHYECKUX OIHUCA-
HUW 3aBUCHMOCTEH I1IapaMEeTpOB JABUTATEIICH,

OIICHUBAEMBIX TIPH TPOBEpPKE pabOTHl THUIIA
TPI/1 Ha 3emuie.
[IporpamMHOe oOecrieueHHE pean3yeMo

CpelICcTBaMU TaOIMYHOTO MPOLIECCopa, HaIpH-
Mmep, Calc u3 cocraBa makera LibreOffice, Oec-
wiatHoro I10, nuieH3upyemMoro mo IJUIEH3UU
Apache. HMcrnonbp3oBaHue 3JIEKTPOHHBIX TaOJIHIL
MO3BOJISIET BBITIONHSATh PaccMaTpUBaEMbIe OICH-
KM Ha YCTPOMCTBAX C Pa3IMIHBIMU OIEPAIMOH-
HbIMH cucTeMamu — Windows, Linux, Android.
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Optimization of the fin structure from polymer composite materials
using bioinspired structural layouts

S.V. Baranovski', Zay Yar Lin'
1
Bauman Moscow State Technical University (BMSTU), Moscow, Russia

Abstract: To comply with efficiency in terms of strength, stability and weight of the aircraft, a complex problem for designing a
structural layout should be solved. At the same time, it is essential to take into consideration optimization of the shape, quantity,
component layout. Now, the main variant of a structural layout is a combination of longitudinal and transverse elements,
optimization of which has virtually exhausted itself. The use of polymer composite materials based on glass and carbon fibers,
possessing high specific performance compared to metals, makes it possible to improve the performance of a product and
additionally optimize a frame structure due to anisotropy of material properties. However, fundamentally innovative structural
layouts are needed for further improving properties. It has become practical to create new promising structural layouts due to the
development of technologies for manufacturing products from composite materials, including additive manufacturing and 3D
printing as well as developing methods of mathematical modeling and computer-assisted design. Bioinspired structures based on
natural analogues such as insect wings are attributed to them. The paper is devoted to a highly topical problem of searching and
selecting innovative structural layouts. The purpose of the article is to reduce aircraft fin mass while providing structural strength.
The paper considers five variants of structural layouts inclusive of the conventional original structure. Aerodynamic loads on the
structure were determined by modeling the flow-around process at an assigned flight mode. Stress-and-strain behavior of the
structural layout was determined, and the optimal variant of the considered was chosen. The advantage of polymer composite
bioinspired structures over conventional metal variants was established. The paper results will be taken into consideration and used
in the subsequent optimization of structural layouts and the development of methods for choosing structural layouts.

Key words: fin, structural layout, spar, rib, bioinspired structure, carbon fiber.

For citation: Baranovski, S.V., Lin, Zay Yar (2023). Optimization of the fin structure from polymer composite materials
using bioinspired structural layouts. Civil Aviation High Technologies, vol. 26, no. 2, pp. 37-48. DOI: 10.26467/2079-0619-2023-
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OnTuMu3anms KOHCTPYKIIUN KWJIA
U3 MOJTUMEPHBIX KOMIIO3UIIMOHHBIX MATEPHUAJIOB
3a cYeT NPUMEHEeHUs OMONMOJ00HBIX KOHCTPYKTHBHO-CHJIOBBIX CXeM

1 < 1
C.B. bapanoBcku , 3aii S JIun
! Mockoscrui 20CY0apCmeeHHblll MeXHUYeCKUL
yuugepcumem umenu H.O. bBaymana, 2. Mockea, Poccus

AunHoTtammsi: [Ins ynoBieTBOpeHUs NOTPeOHOCTH B 3(QEKTUBHOCTH MO MPOYHOCTH, YCTOMYMBOCTH, Macce JIETaTeIbHOIO
anmapara HeOOXOAMUMO PEIINTh KOMIUIEKCHYIO CIOXKHYIO 3a/iady HNPOEKTHPOBAHUS CHIIOBOrO Kapkaca. IIpu 3TomM HeoOXomumo
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NPUHUMAaTh BO BHUMAaHUE ONTHMH3ALMIO (DOPMBI, KOJMYECTBO, MECTa PACIIONIOEHWs DJIEMEHTOB. B HacTosmmii MOMEHT
OCHOBHBIM BapHaHTOM KOHCTPYKTHBHO-CHJIOBOW CXEMBI SIBJISIETCS. HAOOP MPOIOJIBHBIX M3 HONEPEYHBIX JIEMEHTOB, ONTUMH3ALIHS
KOTOPBIX YK€ NPaKkTH4ecKH ncuepnaina ceds. [IprMeHeHrne noimMMepHbIX KOMIIO3UIMOHHBIX MAaTepHaJIOB Ha OCHOBE CTEKIISIHHBIX
W YIJIEPOJHBIX BOJIOKOH, OOJIAJAIONIMX BBICOKMMH Y/ENBHBIMH XapaKTePUCTUKaMM TI0 CPaBHEHHIO C METaJUIaMH, IO3BOJISET
TIOBBICHTh XapaKTEPUCTUKH HM3ACIHS W JIOHOJHUTEIFHO ONTHUMH3UPOBATH CTPYKTYPy Kapkaca 3a CHUeT aHW30TPOIMH CBOICTB
Marepuaita. OnHAKO I JaTbHEHIIero yydiieHns] CBOHCTB HeOOXOAMMBI MPHHIMITHAIBLHO HOBBIE CHJIOBBIE cXeMbl. braromaps
Pa3BUTHIO TEXHOJIOTHI M3TOTOBJICHHS M3IENHN M3 KOMIIO3WIMOHHBIX MATE€PHAIIOB, B TOM YHCIIE aIUTUBHOMY IIPOU3BOICTBY
U TPEXMEPHOW IIeYaTH, a TaKkKEe Pa3BHBAIOIIMMCA METOJaM MAaTeMaTHYeCKOrO0 MOJEIMPOBAHMS M aBTOMAaTH3MPOBAHHOTO
MPOEKTHPOBAHKS M CTAIO BO3MOXKHBIM CO3IaHHE HOBBIX INEPCIEKTUBHBIX CHIOBBIX cxeM. K HUM oTHocsTCs OMOmnomoOHbIe
KOHCTPYKLIY, OCHOBaHHBIE Ha NMPUPOIHBIX AHAJIOraX, TAKMX KaK KPbUIbsI HACEKOMBIX. PaboTa MOCBsIIIEHa aKkTyalbHOH 3a1ade
TOMCKAa U BBIOOpPAa HOBBIX KOHCTPYKTHMBHO-CHJIOBBIX CcXeM. Llenblo paboThl SIBJISETCS CHYDKEHHE MAacChl KW camolleTa NpH
o0ecriedyeHnH MPOYHOCTH KOHCTPYKLHMU. B pabore paccMOTpeHO IiITh BapHaHTOB KOHCTPYKTHBHO-CHJIOBBIX CXEM, BKIJIIOYAs
KJIACCUYECKYIO0 HCXOIHYI0 KOHCTPYKIMIO. ASpOJUHAMHYECKME HAarpy3Kd Ha KOHCTPYKIMIO OIpeeleHbl C IOMOIIBIO
MOJIETIMPOBaHMS Mpoliecca 00TEKaHUs Ha 3a[JaHHOM pexuMe nosiera. OnpeiesieHo HalpshKeHHO-1e()OpMHUPOBAaHHOE COCTOSTHUE
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using the methods of parametric optimization

Introduction [8]. However, the present progress in the meth-
ods of manufacture, especially using PCM [9],

The design of the aircraft structural layout and the arrival of innovative technologies such
has always been a challenge taking into consid- as additive manufacture [10], on the whole, and
eration a variety of different factors and aspects 3D printing, in particular [11], allowed research-
of a domain of science [1]. Strength, stability, ers to consider and design more cutting-edge
aerodynamics, temperature effect is merely a configurations of aircraft units [12]. For exam-
part of a design envelope [2]. It is frequently  ple, composite panels of the aircraft airframe
necessary to consider simultaneous optimization maintained not using the conventional stringer
of variable parameters, describing an external set but the anisogrid or net structure formed by
shape, an internal structure as well as special as- the system of intercrossing transversal and diag-
pects of materials and internal mechanisms [3]. onal ribs, which in the aggregate with PCM al-
The task becomes complicated when polymer lows us to significantly increase weight efficien-
composite materials (PCM) are used [4, 5], cy of the structure [13]. Moreover, developing
which allows for specific performance of a com- methods of design and mathematical modeling
ponent and the whole structure to be enhanced. such as the topological optimization [14], mak-
Concurrently, it is feasible to gain a maximum ing it possible to take advantage of mass without
effect from applying PCM when patterns of rein- reducing strength properties [15], also enable us
forcement, considering anisotropy of material to design impractical — before structures. Bioin-
properties and adaptation to acting loads, are spired SL [16], based on natural analogues, i. e.,

chosen properly [6]. the installation direction, shape, number, similar

Now, the issues of upgrading aircraft perfor- orientation of structural elements in space as
mance are addressed in a greater degree by op- with bioinspired objects-analogues, for example,
timizing aerodynamics and an exterior. Improv- insect wings [17], are referred to such structures.
ing the framework properties is conducted in the Conducted studies and computations by

context of conventional structural layouts (SL) means of the hybrid optimization based on the
with rectilinear structural elements — selection of ~ particle swarm method and the gradient method
their number, position, shape, and material [7], to choose a shape and element layout, demon-
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strate the essential positive effect of curvature on
the general structure performance [18]. Curved
elements show the best properties compared to
the rectilinear ones in terms of achieving greater
structural efficiency of the wing under the im-
pact of operating loads at wvarious flight
modes [19]. SL with curved bioinspired spar-
ribs, making it possible to reduce structure mass
including aeroelastic constraints [20], are devel-
oped. Optimization of such elements engages an
array of parameters, and the direction of these
elements can be modeled on the plane using the
third-order curves with constraints of the refer-
ence, passing and finite points with the subse-
quent generation of the finite-element unit model
by means of algorithms which do not depend on
nodal coordinates and the element distribution
sequence and can be used for a wide specter of
objects such as wings, vertical and horizontal
stabilizers [21]. In the combination with curved
installations, which allow us to implement a
comprehensive specter of PMC performance and
consider their anisotropy of properties, bioin-
spired elements are the most preferable in terms
of mass when providing strength, stability and
aeroelasticity [22]. For this purpose, various
methods of computation and determination of
these structures are developed [23].

Thus, it is relevant to ascertain that the utili-
zation of revolutionary SL to comply with the
increasing requirements for PCM structures is a
crucial task.

Source data

The paper deals with the fin SL of the fol-
lowing parameters:
Height — 5.2 m;
Length of the root cross section — 4 m;
Length of the tip section — 1.7 m;
Sweep angle — 40°;
Surface area — 14.82;
Aerodynamic airfoil — symmetrical.

For the given fin parameters, a theoretical
surface was developed, which was used to model
air-flow conditions and compute stress-and-
strain behavior.
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The different loading scenarios in conformity
with the flight-landing airworthiness regulations’
as well as cases occurring during aircraft ground
operation were considered.

The fin structure computation was carried out
under the impact of forces resulting from:

e own distributed weight of framework ele-
ments;

e aerodynamic pressure as a result of ram air
effect;

e concentrated weight of the rudder control ele-
ments (of three actuators by mass 4 kg consid-
ering hydraulic liquid in the system including
the pipelines);

e response to the rudder and actuator actions
while maneuvering.

The article presents the results for the aircraft
maneuvers at an air speed of 218 km per hour for
an arc turn of 180 m, at an altitude of 6 km.

The aerodynamic load computation was
completed in the software package Ansys, in the
module CFX. The medium was modeled with
the parallelepipedon of the dimensions
46x15%15 m (LxWxH). The symmetric property
problem was taken into consideration: half a fin
(and respectively airflow media), split along the
plane of symmetry with overlapping the respec-
tive boundary conditions, was considered. Only
the right fin half was modeled. The input and out-
put parameters of mid-air’, appropriate to the alti-
tude, air speed, and maneuver direction, were
overlapped on the parallelepipedon boundaries.
The condition of the flow slipping (velocity
equals zero) lack was established on the surface
of flow body, the condition of free flow was es-
tablished regarding the rest of surfaces. The
k-¢ turbulence model was used. The irregular grid
of finite volumes from tetrahedrons with digitali-
zation at the fin surface and the introduction of
prismatic cells boundary layers was built (fig. 1).
The total amount of elements came to approxi-
mately 1.5 mil. The computations were completed
in the stationary mode providing solution accura-
cy 107, The computations were completed using
the Bauman Moscow State Technical University
high-performance computer machinery.

The paper considers three structural materi-

als: anisotropic glass fiber and carbon fiber
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Fig. 1. View of the computational finite-volume mesh

Table 1
Physical and mechanical performance of the used materials
Parameter Glass fiber Carbon fiber | Aluminum
Density, kg/m’ 2000 1550 2700
Elasticity modulus, GPa Along the fiber 37.2 50.6 70
.. Along the fiber 37.2 50.6 70
Elasticity modulus, GPa Across the fiber 26.0 35,4
Shear elasticity, GPa 21.7 29.7 27
Tensile strength, MPa Along the fiber 352.6 483 390
Across the fiber 49.0 67.0
Compressive strength, MPa Along the fiber 202 297 390
Across the fiber 78 107
Shear strength, MPa 191 262 233

composites as basic materials, isotropic alumi-
num alloy was considered for the comparison of
conventional aviation PCM metals. The material
performance is provided in Table 1.

Structural layouts under consideration

The conventional layout with 2 spars and
12 ribs, arranged perpendicularly to the forward
spar, is the first SL type which is considered in the
article (fig. 2). The forward spar width is 3 mm,
the rear one is 4 mm. The rib width is 2 mm, the
skin one is 3 mm. The paper specifies structural
elements of invariable width along the entire fin
span. The given tolerance simplifies and acceler-
ates computation, increases the margin of safety,
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and it will be additionally optimized while work-
ing with the chosen SL. Furthermore, for all the
layouts, the SL elevator remained the same — con-
ventional with 12 ribs of 1.5 mm wide and 1 spar
up to 2.5 mm wide. The elevator skin width was
1.5 mm. Variant 1 of the conventional SL is adopt-
ed as the original structural layout of the fin which
will be compared to bioinspired analogues.

The second and basic SL type, which is con-
sidered in this article, is a bioinspired layout.
The element layout was selected based on insect
wings [24] and load-strain distribution in the
structure determined as a result of preliminary
computations.

Variant 2 (fig. 3) was developed based on the
Odonata wings. Curved elements are arranged
all over the fin area with different-size structural
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Fig. 2. Conventional fin SL, Variant 1

cells. The elements are curved as in the direction
of a flight path as vice versa. The basic structural
elements stretch along the entire length of the fin
and have the width of 3 mm. They can be a spar
analogue. The elements of smaller length as well
as bent by the empennage (conditional rib ana-
logue) have the width ranging from 2 to 3 mm
depending on the size and reinforced area. Addi-
tionally, thin joining webs of 1 mm wide peculi-
ar to dragonfly wings were introduced into the

Fig. 4. Bioinspired fin SL based on the Hymenoptera
wings, Variant 3
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Fig. 3. Bioinspired fin SL based on the Odonata wing,
Variant 2

structures. It is worth noting that the conditional
division into spars and ribs or longitudinal and
transverse elements for bioinspired structures is
used only to simplify the description, as curved
elements execute their functions simultaneously
in the structure.

Variant 3 (fig. 4) was developed based on the
Hymenoptera wings, specifically, of Apis (An-
thophila). The given layout is distinguished with
a smaller number of transverse elements, the
width of which varies from 2 mm up to 2.5 mm,
and longitudinal elements with the length along
the entire fin are more. At the same time, their
width is 2 mm and 3 mm. Structural cell sizes in
the structure are bigger. As in the previous bio-
inspired variant, the structural elements of the fin
are superposed with the rudder elements for pos-
sible hinging of the latter.

Variant 4 (fig. 5) was developed based on the
wings of Coleoptera, and Melolonthina in particu-
lar. Taking into consideration a big radius of cur-
vature, the elements were modeled rectilinear.
The structural elements are equally arranged all
over the entire area. The main mounting direction
is diagonals from the lower forward-root section
towards the upper rear-tip one. The element
width, depending on the size and length, varies
from 1 mm to 3 mm including thin joining webs.

Variant 5 (fig. 6) was developed based on
honeycomb not as 3-layer structures which have
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Fig. 5. Bioinspired fin SL based on the Coleoptera
wings, Variant 4

been successfully utilized for a long time in avia-
tion but scaled on the whole unit. Cells have the
elongated shape in the direction of aircraft mo-
tion. In the diagram, the structure looks as if
2 juxtaposed on each other honeycomb rows
with cell half-pitch offset. The element width is
2.5 mm. Long-size elements, passing throughout
the entire fin, are not available in the structure.
In terms of the periodicity of the layout, for this
variant, the structural fin and rudder elements
were not juxtaposed which reduces the potential
structure advantages due to the required layout
adaptation or the transitional elements addition.

Computation results and discussion of
obtained data

Stress-and-strain behavior under load was de-
termined for 5 variants of structural layouts.
Hence, mass, yielding, stress was compared and
analyzed in the structure. The computation re-
sults were presented in Table 2.

In all the structures under consideration, the
ultimate stress limit is not exceeded. Safety mar-
gins — minimal 1.03 (variant 1.5), maximal 1.12
(variant 1.2) for aluminum variants (index 1) are
given. Aluminum variants do not require addi-
tional optimization, and vice versa, variants with
a low coefficient of safety margin can be addi-
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Fig. 6. Bioinspired fin SL based on honeycomb,
Variant 5

tionally reinforced. The similar pattern is ob-
served for glass fiber: a coefficient of safety
margin is close to a unit for variant 2.5, a maxi-
mum one is 1.23 for variant 2.3. In case of car-
bon fiber, a minimum coefficient of safety mar-
gin is 1.18 (variant 3.5), a maximum one is 1.98
(variant 3.3). In response to its performance,
carbon fiber can withstand significant load. The
difference in aluminum SL variants with a max-
imum coefficient of safety margin from glass
fiber and carbon fiber is caused by anisotropy of
properties of the latter, making it possible to en-
hance the performance capabilities of the layout.
Alternatively, the SL performance can be addi-
tionally improved using anisotropy and rein-
forcement layouts which will be implemented in
subsequent papers. The honeycomb-based SL
possesses a minimum coefficient of safety mar-
gin. Moreover, the honeycomb layout demon-
strated the worst results from the bioinspired, but
in terms of deformation and mass, it surpasses
the initial one. It is specified by the lack of sin-
gle-piece structural elements arranged along the
entire length of the fin. In these conditions, the
structure mass is minimal for every type of mate-
rial. The given layout was considered for an
analysis of a possible application of similar lay-
outs. Transition from the wing to the fuselage
can be one of the possible locations of applica-
tion for a flying wing layout which requires ad-
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Table 2
Computation results

Ne Variant Mass, kg Deformation, mm | Maximal stress, MPa Material
1.1 312.2 12.1 350.4
1.2 295.7 11.7 347.1
1.3 284.2 13.7 350.2 Aluminum
1.4 292.9 14.0 356.4
1.5 279.6 17.4 376.5
2.1 231.3 11.1 314.4
2.2 213.8 10.4 309.0
2.3 205.4 13.3 285.5 Glass fiber
2.4 211.1 14.2 329.0
2.5 201.0 26.6 341.4
3.1 183.2 8.7 349.0
32 165.5 8.3 363.0
33 159.4 10.5 243.5 Carbon fiber
34 163.6 11.0 381.4
35 156.8 21.2 409.3

ditional research. This layout requires additional

modification.

As all the types of SL provide the ultimate
stress limit, a subsequent variant selection was

executed by mass and deformation in the struc-
ture. The variant distribution by these two pa-
rameters in relative values (regarding minimal of
possible magnitudes) (fig. 7) was built up.

35
2.5
A
3 b
5.5
25 @
= o
=S 1.5
3 8 P
2 E 2+
=& 2.4
&R 23 5 13 14
- A ¢ %, u
> 5334 22 :": * ®
.:2 3.1 A
1 . . 1 1 1 1 ]
1 12 14 Macca g 1.8 2

Mass

Fig. 7. SL variant distribution by mass and deformation in relative values from materials: ¢ — aluminum, A — glass
fiber, ® — carbon fiber
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Three individual groups of variants, appro-
priate to the materials under consideration,
which directly depends on density, can be em-
phasized in the Figure. The metallic SL are fur-
ther located from the beginning of coordinates
which is an ideal center (IC) — the variant with
the best parameters. The carbon fiber SL are
more proximate to it. Glass fiber — variant values
are by 1.5 times more (in relative values). The
distribution of SL variants has the same pattern
and differs with merely values.

The selection was conducted by determining
the distance to IC for equisignificant variants from
the Pareto distribution — 3.3, 3.2 and 3.5. As it was
stated before, variant 3.5 based on honeycomb is
excluded from the consideration, even provided
the least mass, due to the low safety margin and
the required modification. In terms of variants 3.2
and 3.3, which are based on Anthophila and
Odonata wings, the first one is more proximate to
IC. Its mass is 165.5 kg which is twice less (53%)
than a metal analogue and by 10% less than the
carbon-fiber fin. Additional optimization on ac-
count for the element shape and arrangement as
well as the utilization of the specified installation
will allow us to improve structural capabilities of
the SL unit and reduce the article mass. Notably,
the considered bioinspired designs are similar re-
garding the performance and differ no more than
by 10-15% which indicates a potentiality of sub-
sequent search of an alike layout and the algorithm
development for design.

Conclusion and findings

The paper considers the perspective bioin-
spired variants of the fin SL allowing for the
specific structure indices to be increased.

Based on modeling the SL stress-and-strain
behavior under load effect, the values of stress-
strain were determined, and the optimal internal
layout of the fin by the criterion of mass mini-
mum was chosen. It was established, that the
carbon-fiber bioinspired layouts surpass the
conventional metal SL up to 50% by mass and
can be additionally optimized. The advantage by
mass compared to the conventional SL from
PCM amounts to approximately 10%.
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SL data were obtained by the direct search
and the modeling method, the results will serve
as a foundation in the subsequent search of per-
spective structural layouts and be taken into con-
sideration while generating an algorithm to
choose a location for the arrangement and the
direction of element mounting in the aggregate
with PCM curved installations.
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Abstract: The increasing need to obtain data on the meteorological situation to ensure the safety of aircraft flight actualizes the
development of radar systems for remote collection and processing of information, including for solving the problems of classifying
dangerous weather phenomena. This determined the primary development of the domestic weather radar complex of the near
airfield zone (WR BZ). The article presents the features of the construction of the WR BZ, as well as the main tasks it solves. To
classify meteorological phenomena from cloudiness to squall in the weather radar complex of the near airfield zone, it is proposed
to take as a basis the criteria tested by weather radar stations of previous generations. These criteria are based on an analysis of the
height distribution of reflectivity, taking into account the vertical temperature profile. In addition, a criterion for classifying
thunderstorms in the cold period of time has been additionally introduced in the WR BZ. To calibrate the values of the criteria, a
mathematical apparatus and special software were developed. To collect statistical data, WR BZ were installed in various climatic
regions: the Central and North-Western Federal Districts and the Republic of Crimea. Further, an effective validation of the
information received was carried out. At present, WR BZ has passed preliminary, acceptance, certification tests, trial operation,
while demonstrating an effective classification of meteorological phenomena, thanks to the correct selection of decision criteria.
The article considers the possibility of increasing the reliability and justification of the classification of dangerous meteorological
phenomena through the additional use of information on the distribution of altitudes of the specific rate of dissipation of turbulent
energy of the atmosphere, as well as an additional set of statistical data in various climatic zones of the European territory of
Russia — the Upper Volga Region and the Krasnodar Region.

Key words: weather radar, near-airfield zone, dangerous weather phenomena, testing, certification, validation of meteorological
data, decision criterion, classification of weather phenomena.
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Kpurepuu npuHATHSA pellieHU JJI KIACCH(PUKAIUU MEeTEOABJICHUN
B METEOPOJIOrMYECKOM PAAMOJOKALMOHHOM KOMILIEKCe OJIMKHEH
a3POJAPOMHOM 30HBI
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MIEPBOCTETICHHYIO Pa3pabOTKy OTEYECTBEHHOTO METEOPOJIOTMYECKOro PaJIMoIOKallMOHHOTO KOMILIEKCa OJMKHEH a’poapoMHOIM
30861 (MPJIK BA3). B crarbe npencrasiensl ocodennocTr nocrpoeHns MPJIK BA3, a Takke perraeMple UM OCHOBHEIC 3a1aUH.
Jns xnaccudukaryy MeTeosIBIIeHUS. OT 0OJIaYHOCTH JI0 IIKBaJIa B METEOPOJIOTHYECKOM Pa/JHOIOKAIIMIOHHOM KOMIUIEKCE OJMbKHEH
a3pOAPOMHON 30HBI IPEIJIOKEHO B3SITh 332 OCHOBY KPHTEPHH, allpOOMPOBAHHBIE METEOPOJIOTHYECKUMH DPaHOIOKAIMOHHBIMU
CTaHIMSIMH TIPEBIIYIINX ITOKOJIeHHH. JlaHHbIe KpUTEpHH OCHOBAHBI Ha aHAIM3E PACIIPENEIICHISI OTPAKaeMOCTHU TI0 BBICOTaM C
YYETOM BEpPTHUKATHEHOTO Tipodiuts Temmneparypbl. Kpome Toro, B MPJIK BA3 momomHuUTEIFHO BBEICH KPUTEPHI KITacCH()UKAIIN
TPO3BI B XOJIOJHBIN TIEpHON BpeMeHH. [ KaTnOpOoBKY 3HAYCHWI KpUTEpUEB ObUIA pa3paboTaHbl MAaTEMATHUECKUH armapaT u
criermanbHoe porpamMMHoe obecriedenne. /st Habopa cratuctidecknx gaHHpIX MPJIK BA3 Opumi ycTaHOBIIEHBI B Pa3IMYHBIX
KmMaTrdeckux paiionax: llentpamsHoM m CeBepo-3amamHoMm (enepanpHbIx okpyrax u PecmyOmike Kpem. [lamee Opuia
npoBezieHa d(dekTrBHAs BaIKIalus HodydeHHON uHpopManmn. B Hacrosimee Bpemst MPJIK BA3 npomien npenBapuresbHbie,
NpPHEMOYHbIE, CepTU(UKAIIMOHHBIE UCIBITAHMS, ONBITHYIO SKCIUTyaTalHIo, MOKa3aB MpU 3ToM 3P EKTHBHYIO KIACCH(HKALIIO
METEOPOJIOTUYECKHX SIBIICHUH OJarojiapsi KOppeKTHOMY TOJ00pY KpUTEpHEB NPUHSTHS pelleHuid. B cratbe paccmarpuBaercs
BO3MOKHOCTD IMOBBIIICHUSA TOCTOBEPHOCTU U OITPABABIBAEMOCTH Knaccn(bymaunn ONACHBIX METCOPOJIOTMYCCKUX SIBJICHUH 3a CUeT
JIOTIOJTHUTENIBHOTO HCTIONB30BaHMS B KPUTEPHSIX MH(MOPMAIMK O PacIpeieNieHHH 10 BBICOTaM YIENIBHOM CKOPOCTH ANCCHIIALH
TypOyJIEHTHOH 3HEpruy aTMOChEpBl, a TAKKE JOMOIHUTEIBHBIN HA00p CTATHCTHYECKUX JaHHBIX B Pa3IMYHBIX KIMMATHYECKHX
3oHax EBponeiickoii Tepputopru Poccruu — Bepxuem IToomkbe u KpacHogapckom kpae.

KaioueBblie ci10Ba: METEOPOJOTHUYESCKIN PaHioOiIOKaTOp, OMIDKHSS 30HA a3pOIApOMa, OMACHBIC SBICHHS IIOTOMBI, WCIIBITAHMS,
cepTU(UKALNS, BATUIANNS METCOPOIOTHIECKUX JAHHBIX, KPUTEPUH MPUHATHS PEIICHNH, KIAacCH()UKAIIT METCOPOIOTHUESCKIX
SIBJICHUI.

Jns uurupoBanusi: Bacunse O.B. Kputepun npuHATHA pereHunid Ui KiacCu()UKayu METEOSBICHAN B METEOPOJIOTHIECKOM
PaIMOJIOKAIMOHHOM KOMILIEKCe OmmkHer aspoapomuoit 30kl / O.B. Bacuibes, C.C. Koporkos, K.1. I'anaera, 2.C. bosipenko //
Hayunbrii Bectink MI'TY T'A. 2023. T. 26, Ne 2. C. 49-60. DOI: 10.26467/2079-0619-2023-26-2-49-60

Introduction of the domestic WR BZ meets the current import
phase-out demands [20].

WR BZ has currently passed the preliminary,
inspection and certification tests, prototype test-
ing, in this case having shown us the efficient
weather phenomena, parameter and characteris-
tic [21, 22] evaluation particularly due to the
correct decision-making criteria selection for
classification of weather phenomena.

The extensive use of weather radars in the
twentieth century, provided the further meteor-
ology development, particularly in high space
and temporal discretization weather phenomena
research, along with providing the opportunity of
weather radar data in synoptic practice and
weather forecast models [1-6]. At the same time,
studies in mesoscale weather phenomena, such
as thunderstorm and hail cells, gust fronts, fun- WR BZ: application, responsibilities,
nel clouds, q squalls, breezes, convective cells

: areas of use
and supercells were directly due to the oppor-

tunity of hydrogeological formation radar scan- . )
ning [7-12]. WR BZ provides the weather services and

departments of airports of different aircraft types
with weather radar information, along with other
consumers of the data.

Nowadays there is a multitude of weather ra-
dar systems of different technical characteristics
[13—15] in the Russian Federation, nevertheless, N ] )
there is a necessity of small-scale weather radars, WR BZ responsibilities, meeting the national
which will be able to work particularly in remote ~ @nd international requirements, are: ‘
regions [16] and will be set between the Russian e weather phenomena validation and classifica-

meteorogical service large-scale radars [17]. The tion at omnidirectional and sector surveil-

experience of differently featured weather radar lance;

incorporation is currently positive [18, 19]. e coordinate and size estimation of the validated
The weather radar WR BZ was developed by weather objects and phenomena;

the “On-board Navigation Systems” for creating e dangerous turbulence and wind shear areas

weather radar field in airfield inner area (up to validation with aircraft takeoff and landing

100 km from airfield reference point). Creation sectors being prioritized;

50



Tom 26, Ne 02, 2023

HayuyHbiit BectHuk MITY TA

Vol. 26, No. 02, 2023

e cstimation of the validated weather object
movement direction and rate.

The feature of WR BZ is provision of weath-
er radar data on wind characteristics (rate vector
field, horizontal and vertical wind shear, turbu-
lent energy dissipation specific rate) in SUR-
VELLIANCE mode and SECTOR mode of the
higher space and temporal discretiza-
tion [23, 24].

The airdromes, takeoff and landing fields,
possible emergency areas are the WR BZ area of
application.

WR BZ decision criteria for weather
phenomena classification

Nowadays the decision criteria, developed
for WR-1,2,5 have become the grounds for
weather phenomena classification criteria devel-
opment for other present day domestic weather
radars'. The following criteria are based on ver-
tical atmosphere emanation reflectivity consider-
ing the freezing line. In fact, the radar is only a
measurer, which quality the classification veraci-
ty depends on. In this work the reflectivity esti-
mation veracity at fixed precisely measured
heights is what is meant by work quality. Thus,
weather phenomena classification criteria are
evidence based, methodically adjusted and fun-
damental for differently featured weather radars.
The following fact of identic basic criterion use
for weather radars with different performance is
seen in practice — in DWR-S (C-band) and
WR BZ (X-band).

It was necessary to evaluate the certain
weather phenomena criteria values for WR BZ
operative work in different climate zones of the
Russian Federation. The “raw” signal was rec-
orded from the radar line output with the oppor-
tunity of complex special software post-setting.
The following signal was recorded in different
synoptic conditions, which allowed us to save
further statistically significant data for different
climate zones [21].

' Guidance for observation and data use with
non-automatized MSR-1, MSR-2, MSR-5 radars.
WP 52.04.320-91. St. Petersburg, 1993, 342 p.
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The criterion amount calibration procedure
for BZ WR weather phenomena classification
was conducted the following way:

1) the “raw” signal was recorded from the
radar line output;

2) the maps of the classified weather phe-
nomena were obtained from BZ WR signal dis-
play on the plan position indicator;

3) BZ WR classified weather phenomena
data were correlated with valid weather sources:
ground-based weather stations and certified Rus-
sian meteorogical service network radars. The
correlation was made according to the developed
method, described in [21];

4) the operator accepted and fixed the crite-
ria amount of the observed phenomena in case of
its justification. Otherwise, the criteria amount
different from the previous ones were charted in
weather criterion classification table (fig. 1), and
then the points 2, 3, 4 were repeated.

Further there is a list of parameters, used for
BZ WR weather phenomenon classification.
Notes in parameter name:

HO — absolute freezing line altitude 0 °C, m;

H3 — altitude (HO + 2500), m;

HIl — radio echo lower limit, m;

Hul — cloud top, m;

Htrop — tropopause absolute altitude, m;

Z1 —radar reflectivity at altitude from 0 up to
2 km, dBZ;

72 — radar reflectivity at altitude from 2 up to
4 km, dBZ;

73 — radar reflectivity at altitude from 4 up to
6 km, dBZ;

ZHt0 — radar reflectivity at freezing term alti-
tude 0 °C (HO °C), dBZ;

ZH3 — radar reflectivity at H3, dBZ.

There is a list of criteria parameters for
BZ WR weather phenomena classification in
Table 1.

It should be noted that the authors® entered BZ
WR the weather phenomena classification criteria
which are not presented in current weather radars,
(for instance, in DWR-S) for unknown reason,

% Guidance for observation and data use with
non-automatized MSR-1, MSR-2, MSR-5 radars.
WP 52.04.320-91. St. Petersburg, 1993, 342 p.
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Fig. 1. Widget Setting
Table 1
List of criteria for the classification of weather phenomena in the
weather radar complex of the near-airfield zone — WR BZ
Criteria parameter .
. . . Operation
code in special Name and measurement units Amount .
period
software
Cloud amount (stratiform cloud amount)
. Minimum radar reflectivity amount at
Cl dBZ23 min 7, u Zs levels, dBZ From 10 up to 0 All
Cloud amount (cumulus cloud amount)
. Minimum radar reflectivity amount at
Cl dBZ2 min Z, level, dBZ From 10 up to 40 All
Cl dBZ3 min Minimum radar reflectivity value at Z; From 20 up to 50 Al
- - level, dBZ
. Minimum radar reflectivity value on
C1_dBZ_min the whole cloud volume, dBZ, not less From T up to 10 All
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Continuation of Table

Criteria parameter Overation
code in special Name and measurement units Amount pers
period
software
Cl1 tH_min Liminal value H,, for cumulus cloud From 400 up to 6000 All
amount, m
Cloud amount (of upper and lower layer)
. Liminal value Hyr for high and middle From 1000
Cl_bH_min cloud tier amount, m up to 5000 All
Precipitation (weak, temperate, strong)
From 0 up to 30
(precipitation weak)
Rf dBZ1 Reflectivity liminal value Z,, dBZ From 5 up to 35 All
- (precipitation temperate)
From 10 up to 40
(precipitation strong)
Shower precipitation (shower is light, moderate and heavy)
From 10 up to 40
(shower is light)
Rn_dBZ1 Reflectivity liminal value Z;, dBZ From 20 up to 45 All
- (shower is moderate)
From 25 up to 50
(shower is heavy)
Thunderstorms (prob.: from 30 up to 70%; from 71 up to 90%; > 90%)
From 10 up to 30
(thunderstorm probability
30-70%)
.. From 10 up to 40
Th Y ;F(hllré)d(e)gslt oII{‘m ) dZanger liminal value, (thunderstorm probability Warm
s ul £H3 7 1790%)
From 10 up to 50
(thunderstorm probability
more 90%)
Th dBZ_H3 max Maximum radar reflectivity value at H; From 50 up to 70 Warm
level, dBZ
From 10 up to 40
(thunderstorm probability
30-70 %)
.. .. From 10 up to 50
Th dBZ H3 min Minimum radar reflectivity value at Hy (thunderstorm probability Warm
- = = level, dBZ
71 -90 %)
From 10 up to 60
(thunderstorm probability
more than 90 %)
Th dBZI Radar reflectivity liminal value at Z, From 30 up to 70 Cold
level, dBZ
Th dBZ2 Radar reflectivity liminal value at Z, From 30 up to 70 Cold
- level, dBZ
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Continuation of Table

Criteria parameter Ovperation
code in special Name and measurement units Amount per:
period
software
Hail (light, moderate, heavy)
HI Delta H3 Ht0 ﬁ‘ll“i‘;de difference liminal value Hy | 1o 1000 up to 5000 Warm
05
From 30 up to 50
(hail is weak)
Maximum radar reflectivity value on From 40 up to 60
HI_dBZ_max the whole cloud volume, dBZ (hail is temperate) Warm
From 40 up to 70
(hail is strong)
Q squalls (light, moderate, heavy)
Fl Delta tH Htr | Difference liminal value Hy 1 Hyop, m From 3000 Warm
up to 3000
Complex criteria liminal value
FLY Y =0,001-Hy Zys From 300 up to 700 Warm
FI_dBZ3 min g/gglmum radar reflectivity value Z;, From 20 up to 50 Warm
From 40 up to 60
(Q squall is weak)
Maximum radar reflectivity value on From 45 up to 70
FI_dBZ_max the whole cloud volume, dBZ (Q squall is temperate) Warm
From 50 up to 70
(Q squall is strong)
Tornados (funnel cloud)
Td Delta tH Htr | Hy u Hypop difference liminal value, m From 2000 up to 5000 Warm
Liminal value of the wind speed differ-
Td Delta V_max | ence between the two nearest- From 30 up to 50 Warm
neighbour rates, m/s
Maximum radar reflectivity liminal
T B2 max value on the whole cloud volume, dBZ From 50 up to 70 Warm

according to the source. For instance, the thunder-
storm classification criterion for cold period was
entered into BZ WR, as thunderstorms are com-
mon in middle latitudes® at any time of the year.

WR BZ classified weather phenomena
data validation

WR BZ has currently passed the preliminary,
inspection and certification tests, prototype test-
ing. It was set in the following points:

? Ecological and climatic atmosphere characteristics in
2014 according to M. V. Lomonosov MSU Meteorogi-
cal observatory datum. M. V. Lomonosov MSU. Avail-
able at: http://www.momsu.ru/files/disk%20M0%20
MSU 2014.pdf (accessed: 28.07.2022).
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1. Orlovka point — Tver region;

2. Saint-Petersburg point — the city of Saint-
Petersburg;

3. Vishnevsky point — Moscow region;

4. Taman point — the Republic of Crimea.

The criteria liminal amounts were selected
according to the value ranges shown in Table 1
for all the following calibration procedure se-
quence points.

There is the weather phenomena map in
WR BZ cells in the 30 km vicinity of the mete-
orological service — Figure 1 on the left and
the conjoint weather phenomena map in the Rus-
sian meteorogical service radar cells — on the
right shown as an example. The weather phe-
nomena map of the Russian meteorological ser-
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Fig. 2. Maps of weather phenomena in cells according to the WR BZ based "Taman" (left) and DWR-S "Krasnodar"
(right) from 19.07.2018 08:10 UTC
The red circle shows the WR BZ radar range on the DWR-S map

vice radars was taken from the Russian meteoro-
logical service official source™ .

According to the Methodology, thunder-
storms monitored at meteorogical services are
confirmed by WR BZ data in case of them being
registered in 30 km vicinity of the meteorogical
service.

Thunderstorms in 30 km vicinity of “Kerch”,
“Opasnoe”, “Anapa” meteorological services
(blue circle in Figure 2) were confirmed with
WAREP “Kerch”, “Opasnoe”, “Anapa” meteo-
rological services according to WR BZ data
(thunderstorm in the vicinity from 07:35 to
10:03 UTC; thunderstorm in the vicinity from
07:50 to 11:10 UTC; thunderstorm in the vicini-
ty from 07:14 to 10:01 UTC respectively).

There are other examples of WR BZ weather
phenomena maps in comparison to the dou-
blechecked veracious meteorological data in dif-
ferent WR BZ setting points (fig. 3, 4) below.

It was shown in work [21], that WR BZ classi-
fies the weather phenomena with the level of suc-
cess rate and veracity necessary from the weather

* Radar observation data. Russian meteorological service.
Available at: https://meteoinfo.ru/radanim (accessed:
11.12.2019).

> The Federal State Budgetary Institution “The All-
Russian Hydrometeorological Datum Research Insti-
tute — The World Datum Center” data access. The Fed-
eral State Budgetary Institution “The All-Russian Hy-
drometeorological Datum Research Institute — The
World Datum Center”. Available at: http://meteo.ru/data
(accessed: 11.12.2019).
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radars. The necessary success rate and false alarm
probability percentiles were taken from the Rus-
sian meteorological service™”® methodical docu-
ments. For instance, it was shown, that dangerous
weather phenomena (showers, thunderstorms,
hails) detection success rate was more that 86%
while the minimum necessary success rate percen-
tile is not less than 70%’. The dangerous weather
phenomena false alarm probability was less than
1% while the maximum necessary value of false
alarm probability is no more than 40%"°. It was
noted in work [21], that is possible to make a sta-
tistically based conclusion about the appropriate
small scale weather radar complex of WR BZ in-
ner airdrome zone performance according to the
conducted statistical analysis.

The given WR BZ weather phenomena maps
correlate with veracious weather information
sources in terms of time, space and weather phe-
nomena classification. Thus, the criterion liminal
values were selected correctly according to the
methodology mentioned above.

At the same time, it should be noted, that in
some cases, particularly while thunderstorm and

Methodology guidelines on DWR-S weather radar ob-
servation at Russian weather service network. St. Peters-
burg, 2013. 164 p.

Temporary methodic guidelines on DWR-S doppler
weather radar data use in synoptical practice. Moscow,
2014. 110 p.

Temporary methodic guidelines on DWR-S doppler
weather radar data use in synoptical practice. Moscow,
2017. 121 p.



HayuyHbiit BectHuk MITY TA

Tom 26, Ne 02, 2023

Civil Aviation High Technologies

Vol. 26, No. 02, 2023

Fig. 3. Maps of weather phenomena in cells according to the WR BZ based "Taman" (left) and DWR-S "Krasnodar"
(right) from 18.07.2018 03:20 UTC
The red circle shows the WR BZ radar range on the DWR-S map

MR axc.:

M suoe:  O6n. B Cpapycay b b

Fig. 4. Maps of weather phenomena from 13:59 UTC according to the WR BZ “Central Military Clinical Hospital
named after A.A. Vishnevsky” (left) and from 14:00 according to the DWR-S “Dolgoprudny” (right) 02.05.2018 (the
red contour shows the radar range of the WR BZ)

hail classification the turbulent energy dissipa-
tion specific speed data should be used for high-
er success rate and veracity amounts.

Thus, the further research aim is to develop
the turbulent energy dissipation specific speed
data obtaining for weather phenomena classifica-
tion with the extra statistical data set in different
climate zones of the European part of Russia —
the Upper Volga Region and Krasnodar Region.

Conclusion

Thus, the unique domestic small-scale
weather radar of the inner airdrome zone is cur-
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rently being created, tested and certified. It
meets the present day national and international
requirements in full measure.

WR BZ weather phenomenon classification
criteria were developed according to the Russian
meteorogical service guidelines, in which the
general weather phenomena classification pa-
rameters for differently featured radars are giv-
en. In distinction from other current radars,
thunderstorm classification parameters in cold
period are considered in WR BZ. WR BZ classi-
fication criteria amounts were deduced with
a large “raw” signal analysis in different synop-
tic situations.
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It was shown due to the correctly formed WR
BZ criteria, that the performance of a small-scale
weather radar of an inner airdrome zone is ap-
propriate.

At the same time, it should be noted, that tur-
bulence is also an informative free-convection
atmosphere activity feature. In such cases it is
reasonable to consider a question of the turbulent
energy dissipation specific speed data applica-
tion in weather phenomena classification criteria,
using the different statistic data of different Eu-
ropean part of Russia climate zones in order to
increase the shower, thunderstorm and hail clas-
sification veracity and success rate.
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HccnenoBanue Bo3aeiicTBUA HECTALIMOHAPHBIX BO3AYIIHBIX IOTOKOB
HA MeXaHMYeCKHe M IKCILUIyaTAalMOHHbIEe CBOMCTBA
3JIEMEHTOB KOHCTPYKLMH BO3AYLIHBIX CYy10B

LA, HeBanos'

I . y .
Canxm-Ilemepbypeckuii 20cy0apcmeeHubill YHUSepcumem epaicoanckol aguayuu
umenu I 1aenoco mapwana asuayuu A.A. Hosukosa,

2. Canxkm-Ilemepoype, Poccus

AnHoTamusi: Vcrions3oBanue 00paOOTKM MyJILCHPYIOIINM JO3BYKOBBIM T'a30BBIM ITOTOKOM (Ta30MMITYJIECHOH 0OpabOTKH)
B IIPOLIECCE TEXHUYECKOTO OOCIY)KMBAHMSI U PEMOHTA MPONOJDKUTEIFHOCTHIO, HE MPEBBIIAIONICH OINpPEIelIeHHOTO 3HAUCHHS,
CITOCOOCTBYET BOCCTAHOBJICHHIO M TIOBBIIICHHIO MEXaHWYECKHMX W IKCIUTyaTallMOHHBIX CBOMCTB 3JIEMEHTOB KOHCTPYKIWH
ABHALIOHHOW TEXHWKH. B 1aHHOW cTaThe NPUBOIATCSA pE3yJbTaThl WCCICJOBAHMS, HAIPABICHHOIO Ha OIpEJEIeHHE
ONTUMAIBHON TIPOJIOIKUTEIFHOCTH Ta30MMITYJIECHOW 00paOOTKM aBHAIIMOHHBIX JETalield, B KauecTBe KOTOPOW ObUIa MpHHSITa
MPOJIOIKUTENBHOCTD 00pabOTKH, 00ECTIeUMBAIOIIAs MAKCUMAIBHOE MOBBIIICHHUE NTOKa3aTeNeil BI3KOCTH MaTepHaa, SBILSIOIIEHCS
MPEISITCTBUEM JUISL Pa3BUTHA TPEIIMH, O3 CHIDKCHMS! TPOYHOCTHBIX CBOMCTB. B pesynbrare mccrnenoBaHust ObUIO OLIEHEHO
BIIMSHHE Pa3NIMYHBIX (DAKTOPOB, TaKMX KaK CKOPOCTH JIO03BYKOBOTO BO3IYIIHOIO IIOTOKA M YacTOTa KOJIeOaHWH, MaTephall H
TeOMETPUYECKHE TapaMeTpsl 00paldaThIBaEMOro H3ZENHs KaK Ha ONTHMAIBHYIO, TaK M Ha IPUBOJUILIIYI0O K CHIDKEHHIO
MEXaHUYECKHX CBOWCTB IPOAODKUTENIBHOCTh OOPaOOTKH IyJBCHPYIOIIMM BO3IYIIHBIM ITOTOKOM 3JIEMEHTOB KOHCTPYKIIMH
BO3/YIIHOTO CyIHa B IIPOLECCE TEXHUYECKOTO OOCTYXXMBAaHWS M PEMOHTA. YCTAHOBJICHO, YTO MEXaHWYECKHE BOJIHBI,
TeHepUpyeMble MyJIbCalllsIMU Ta30BOTO MOTOKA, CIIOCOOHBI OKa3bIBATh CYIIECTBEHHOE BIMSHHME HA KOHCTPYKTHBHYIO IPOYHOCTD
5JIEMEHTOB KOHCTPYKIMM BO3/IYIIHBIX CY/IOB, YTO ITO3BOJISIET MOBBICUTH MX HAJIEKHOCTh, & TAK)KE TOYHOCTH MPOTHO3HMPOBAHUS
TEXHIYIECKOTO COCTOSIHHSA. OKCIIEPHMMEHTATIBHO YCTaHOBJICH TapMOHHMYECKHH XapakTep 3aTyXaHWs OTHOIICHHS OCTaTOYHBIX
HaNpsDKEHWH K MCXOMHBIM MX 3HAYCHHSM B 3aBUCHMOCTH OT NPOAODKUTENIBHOCTH Ta30MMITyIbCHOM 00pabOTKH, YTO MO3BOJISET
YIpaBIATh WX BEJMYMHOW M 3HakoM. Ilomydena smmmpudeckas (opMysia, MO3BOJSIONIAS ONPENEATH ONTUMAIBHYIO
MPOZIOJKUTENBHOCTE  00pa0OTKM  JUISl M3AENMI Pa3IyHBIX MaTepuaoB. B KkadecTBe moKasaTeNsl MPOAOIKUTEIBHOCTH
Ta30MMITYJIECHON 00pabOTKY OBLIO MIPUHSATO MOBBIIICHHE BA3KOCTH MaTepraia 6e3 CHIKEHNS IPOYHOCTHBIX CBOICTB. [TocTpoeHst
rpajguyeckie 3aBUCHMOCTH OTHOCHTEIBHOTO BPEMEHH Ta30MMITYJIBCHOM O00pabOTKH, O0O0ECHeYMBAIOLIEro IOBBILICHHE
TIOKa3aresieil MEXaHNYECKHX CBOIMCTB OT OTHOCHUTEIIBHOM YaCTOThI KOJIeOaHMii ra30BOro MOTOKA.

KitroueBble ¢/10Ba: BO3AYIIHBINA TPAHCIIOPT, TEXHMYECKOE 00CITYKUBaHHUE, FA30MMITYJIbCHAs 00paboTKa.

Ja nurupoBanus: MBanos JI.A. MccnenoBanue BO3AEHCTBUS HECTALIMOHAPHBIX BO3AYIIHBIX OTOKOB Ha MEXaHUYECKUE U
9KCIUTyaTallMOHHBIE CBOMCTBA 3JIEMEHTOB KOHCTPYKIMH BO3AyHIHBIX cynoB // Hayunsni Becrank MI'TY T'A. 2023. T. 26,
Ne 2. C. 61-71. DOLI: 10.26467/2079-0619-2023-26-2-61-71

Investigation of the impact of unsteady air flows on the mechanical and
operational properties of aircraft structural elements

D.A. Ivanov'
!Saint Petersburg State University of Civil Aviation named after Air Chief Marshal
A.A. Novikov, Saint Petersburg, Russia

Abstract: The use of pulsating subsonic gas flow treatment (gas pulse treatment) in the process of maintenance and repair for
a duration not exceeding a certain value contributes to the restoration and improvement of mechanical and operational properties of
aeronautical equipment structural elements. This article presents the results of a study to determine the optimal duration of gas-
pulse processing of aircraft parts, as which, the duration of processing was adopted, providing the maximum increase in the
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properties of material viscosity, which prevents crack development without reducing the strength properties. As a result of the
study, the influence of various factors, such as the subsonic airflow velocity and the frequency of oscillations, the material and
geometric parameters of the processed product, on both the optimal and leading to a decrease in mechanical properties duration of
processing by pulsating airflow of aircraft structural elements during maintenance and repair, was evaluated. It has been established
that mechanical waves generated by gas flow pulsations can have a significant impact on the structural strength of aircraft structural
elements, which makes it possible to increase their reliability as well as the accuracy of forecasting the technical condition. The
harmonic nature of the attenuation of the ratio of residual stresses to their initial values has been experimentally established,
depending on the duration of gas pulse treatment, which allows us to control their magnitude and sign. An empirical formula has
been obtained to determine the optimal processing time for products of various materials. As an indicator of the duration of gas
pulse treatment, an increase in the viscosity of the material was adopted without reducing the strength properties. Graphical
dependences of the relative time of gas pulse processing, which provides an increase in the mechanical properties of the relative
frequency of the gas flow oscillations, have been constructed.

Key words: air transport, maintenance, gas pulse processing.

For citation: Ivanov, D.A. (2023). Investigation of the impact of unsteady air flows on the mechanical and operational properties
of aircraft structural elements. Civil Aviation High Technologies, vol. 26, no. 2, pp. 61-71. DOI: 10.26467/2079-0619-2023-
26-2-61-71

Beenenne KHUTEIBHOCTHIO, HE MPEBBIMIAIONICH OIpe/eeH-
HOT'O 3HAY€HUs, CIOCOOCTBYET BOCCTAHOBJICHUIO
Y TIOBBIMICHHIO MEXAaHWYECKHX W JKCILTyaTallH-
OHHBIX CBOMCTB 3JIEMEHTOB KOHCTPYKLUHU aBHa-
IMOHHOW TexHukH [1]. B maHHOMN cTaThe MpUBO-
JSTCS Pe3yibTaThl HMCCIEIOBaHMSA, HAIpaBliCH-
HOTO Ha ONpeeNICHHe ONTHMAaIbHON MPOI0IIKH-
TEJIBHOCTU Ta30MMITYJIbCHOW 0O0pabOTKM aBHUa-
IMOHHBIX JeTajiei, B Ka4ecTBE KOTOpPOW ObuIa
MPUHATA TPOJOJDKUTENBHOCTE 00paboTKH, 0bec-
NeYNBAIONIasi MAKCUMaJIbHOE TTOBBIIICHUE MOKa-
3arenel BSA3KOCTH MaTepuaia, sBISOLIecs
NPEMSATCTBHEM JUIS PAa3BUTHUS TPEUIMH, Oe3 CHU-
KEHHS IPOUYHOCTHBIX CBOMCTB.

OTKa3pl TEXHUKH MPOIOJDKAIOT OCTAaBATHCS
OJHON M3 MPUYMUH JICTHBIX MPOUCIIECTBUH, MPHU
Hanere MeHee 2000 yacoB mocie peMOHTa 3a4a-
CTYIO BBISIBJSIFOTCS I OYard KOPPO3HH, U TPEIIH-
HBI, TIOATOMY DPa3BUTHE METOIOJIOTUU TEXHHYE-
CKOTO OOCITY)KUBaHHSI M PEMOHTA SIBIISETCS aK-
TyaJbHOH NPOOJIIEMON AKCIUTyaTallil BO3YII-
Horo Tpancnopta [1-17]. Ogaum u3 nyTen pe-
IICHUS! TaHHOM MpOOJIeMBbl SBIISETCS pa3padoTKa
METOZIOB TEXHUYECKOTO OOCITY>KUBAaHHS H pe-
MOHTa Ha OCHOBE pPe3yJbTaTOB HOBEHIIUX HC-
CJICJIOBaHUH BIIMSHUS TEXHOJOTHMYECKUX U DKC-
IUTyaTallMOHHBIX ()aKTOPOB HA CTPYKTYpYy Mare-
PHAJIOB DJIEMEHTOB KOHCTPYKIMHM aBuaimionHoii ~ 11OCTAHOBKA 3a1a4M
TEXHUKH, OIMPEIENAIONYI0 UX MEXaHHYECKUE H

JKCIUTyaTalmoHHble cBoMcTBa [1]. Hecramuo- [Ipn wucmonb3oBanuM Takux Oe3aedopmariu-
HAPHBIN BO3YIIHBINA MMOTOK SBISETCS 3HAYMMBIM OHHBIX TEXHOJIOTWW TIOBBIIICHUS U BOCCTAHOBIIE-
AKCIUTYaTallMOHHBIM (PaKTOPOM, OKa3bIBAIOIIUM HUSI KOHCTPYKTUBHOM MTPOYHOCTH 3JICMEHTOB KOH-
BO3JICHCTBUE HA CTPYKTYpy MAaTE€pHAIIOB 3Je- CTPYKLIMU BO3IYIITHOTO CYZHA, KaK Ta30HUMITYJIbC-
MEHTOB KOHCTPYKILIUU aBUAIIMOHHOW TEXHUKH U Has 00pabOTKa, B MPOIECCEe X TEXHUIECKOTro 00-
TEM CaMbIM Ha MX MEXaHHYECKHE M JIKCIUTyaTa- CITy>)KUBaHUS U PEMOHTA BO3HHUKAET BOIMPOC O He-
LIMOHHBIE CBOWCTBA. B mporecce skcruryaranuu 00XOMMON TIPOJODKUTENIBHOCTH JTaHHOW 00pa-
BO3JIYIITHOTO CyAHa MPOJIOJKUTEIBHOE BO3EH- 0OTKH, a TaKXKe O TPOJIOJKUTEIHLHOCTH 00padoT-
CTBHE HECTAIIMOHAPHBIX JIO3BYKOBBIX Ta30BbIX K{, 10 JOCTIDKEHUM KOTOPOW NaybHEWIee BO3-
MOTOKOB MOXET MPUBOAUTH K CHIDKEHHUIO KOH- JEMCTBUE Ta30BbIX MMITYJIbCOB OYyJET OKa3bIBaTh
CTPYKTHBHOHM MPOYHOCTH DJIEMEHTOB KOHCTPYK- HETaTUBHOE BJIMSIHUE HAa KOMILUIEKC MEXaHUIECKUX
nuu. Bmecte ¢ Tem ucnonb3oBaHue o0pabOTKU U DKCIUTyaTallMOHHBIX cBOMCTB. IlmanupoBasioch
MyJIECUPYIONIUM J03BYKOBBIM T'a30BBIM ITOTOKOM MOJTy4YEHHE Pe3yNbTaTOB HCCIEAOBAHUS BIUSHUS
(razoummynbcHOM 00pabOTKM) B MpoIlecce TeX- pa3MIHBIX (PAKTOPOB, TAaKUX KaK CKOPOCTH JO-
HUYECKOTO OOCITY>)KHBAHHSI M PEMOHTa TPOIOJ- 3BYKOBOTO BO3YIIHOTO TMOTOKa M YacTOTa KoJie-

62



Tom 26, Ne 02, 2023

HayuyHbiit BectHuk MITY TA

Vol. 26, No. 02, 2023

OaHUi, MaTepHal ¥ TEOMETPHUYECKHE MapaMeTphI
00pabaTeIBacMOro M3JCNNs, KaK Ha ONTUMAIlb-
HYyIO0, TAK U Ha MPUBOJSAIILYI0 K CHIKCHHUIO MeXa-
HUYECKUX CBOWCTB MPOJIODKUTEIBHOCTH 00paldoT-
KU TyJbCUPYIOIIUM BO3IYIIHBIM I[TOTOKOM 3Je-
MCHTOB KOHCTPYKIHNH BO3AYIIHOT'O CyAHA.

Pemienue 3agaun

MexaHHYeCKrue BOJIHBI, BO3HUKAIOUIWE TPU
B3aMMOJICHCTBUH MYJIbCUPYIOLIETO J03BYKOBOTO
BO3JIYIITHOTO TOTOKa C IMOBEPXHOCTHIO 0Opabda-
THIBAEMOTO METAJUIMYECKOTO H3IENHs, BO3ICH-
CTBYIOT Ha CTPYKTYpy €ro Marepuaia, Mpexse
BCEr0 JIMCIOKAIMOHHYI0, YTO BJICUET 3a COOOM
U3MEHCHHE MEXaHWYECKHMX M OJKCIUTyaTallHOH-
HBIX CBOMCTB [1].

DKCIIepUMEHTAITFHO YCTaHOBJIEHO, YTO CKO-
POCTh M3MEHEHHUS MEXaHWYECKHX W JKCIUTyaTa-
[IMOHHBIX CBOMCTB 00pabaThIBAEMOTO METAJLIH-
YECKOT0 M3/ENUsl CYHIECTBEHHBIM 00Opa3oMm 3a-
BUCHUT OT OJIM30CTH YacTOTHI MyJIbCALUH JaBiie-
HUSl BO3JYIIHOTO MOTOKA, HATEKAIOIIero Ha 00-
pabaThIBaeMbIii 3JIEMEHT KOHCTPYKIWHU, OT dYa-
CTOTHI €T0 COOCTBEHHBIX KOJIeOaHUH.

Korpaa wactora konebanuii mapaMeTpoB BO3-
JIYIIHOTO MOTOKA MaJl0 OTIUYAETCS OT YaCTOTHI
COOCTBEHHBIX KOJICOAHUW 3JIEMEHTa KOHCTPYK-
IIUH, PE30HAHCHBIA PPeKT oOecrneunBaeT CHU-
KCHHE TIPOJODKUTEIILHOCTH Ta30MMITYJIbCHON
00paboTku, HeOOXOAMMOH it TpeOyemMoro mo-
BBINICHHUSI MEXaHUYECKUX CBOMCTB.

B ciyyae sneMeHTOB KOHCTPYKIMH aBUAIHU-
OHHOM TEXHUKHM 4YacTOTa COOCTBEHHBIX KoJieha-
HUH B yCJIOBUSX KOHCOJNBHOTO KpemieHus f

MOJKET JOCTHraTh 3HAUYEHUS HECKOJIBKUX THICSIY
repl, U CleA0BaTeNbHO, AN JOCTHXKEHUS 3(-
¢dexTa pezoHaHca TpeOyeTcs Takas K€ 4acToTa
MyJIbCAllMi BO3yIIHOTO TIOTOKA f .

B cBs3u ¢ TeM 4TO, Kak Moka3aiau MCCIIeno-
BaHUS, YyMEHBIICHHWE TPeOyeMoil MpPOIOIIKH-
TEJIBHOCTU T'a30UMIYJIBCHON 00pabOTKU MOMKET
OBITh IOCTUTHYTO IpU OOJiee HU3KUX, B CpaBHE-
HUM C 4aCTOTOM COOCTBEHHBIX KOJIOAHUH 3Je-
MEHTa KOHCTPYKIIMH BO3IYIIHOTO CyJHA 3Haye-
HUSIX YacTOTHI IyJIbCAlIMH JTaBIECHUS JO3BYKOBO-
r'0 Ta30BOT0 MOTOKA, MPU YCIOBUU X KPAaTHOCTH
4acToTe COOCTBEHHBIX KojeOaHui oOpabaThiBa-
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€MOro U3JeNus, Ta30UMITyJbCcHas oOpaboTka
CPaBHUTEIFHO HEOOJBIIOW MPOIOIKUTEIBHOCTH
MOYKET YCHELIHO NPUMEHSIThCSA MPU 4acToTe KO-
nebaHMii TIapaMEeTpOB Ta30BOTO0 MOTOKa B He-
CKOJIBKO COTEH Tepil.

Korma ke gactora KojieOaHWiA MapameTpoB
BO3/AYIIHOTO MOTOKAa CYIIECTBEHHO OTIMYAeTCs
OT YacTOThl COOCTBEHHBIX KojeOaHuii oOpada-
TBIBAEMOTO 3JIEMEHTA KOHCTPYKIMU U YacCTOT, ei
KPaTHBIX, POUCXOIUT CYIIECTBEHHOE YBEIHYe-
HHUE NPOJODKUTEIIBHOCTH T'a30MMITYJIbCHOM 00-
paboTKH, HEOOXOAMMOH 1JIs1 TpeOyeMOro MOBHI-
IIEHUS] MEXaHUYECKUX CBOWCTB.

[To pe3ynpTaTy aHanM3a SMIUPUYECKUX 3HA-
YyeHui Obli1a MoslydeHa cienyromas Gopmyna:

T=2-2/f+1/f% (1
rae T = 1T, [ = [/}, T — ontumanbHas npo-
JOJKUTENBHOCTh Ta30MMITYJIbCHOM 00paboTKH,
B KauecTBe KOTOPOH OblIa MPUHATA MPOJOIIKH-
TEIBHOCTh 00pabOTKH, OOecIeunBaromas Mak-
CHUMaJIbHOE TIOBBIIIEHHE IOKa3aTeneil yaapHou
BSI3KOCTH MaTepuaia, He MPHUBOIIEE K CHIKE-
HUIO MPOYHOCTHBIX CBOMCTB, TaKMX Kak 3Haye-
HHUE TMpelena MPOYHOCTH, T, — ONTHUMAalbHas
IPOIOJDKUTEIBHOCTh  Ta30MMITYJILCHOH — 00pa-
00TKH, B Cily4yae KOI/la yacToTa KojiebaHui ma-
pamMeTpoB BO3IYLIHOTO TIOTOKA TOXKIAECCTBEHHA
4acToTe COOCTBEHHBIX KOJIeOaHUI 3JeMeHTa
KOHCTPYKIIMH, KOTOpask COCTaBJSIET TIOPSIKa
6 MuHyT. ['paduk 3aBUCUMOCTH M3MEHEHMS MPO-
JOJKUTEIBHOCTH 00pabOTKU  IMyJIbCUPYIOIINUM
BO3/AYIIHBIM IOTOKOM, TpeOyeMoW Iuis JOCTH-
KCHHS MaKCHUMAaJIbHON BSI3KOCTH CTaH 0€3 CHU-
KEHHUs MoKa3aTeNeil MPOYHOCTH, OT YaCTOThI €r0
MyJIbCalluil peCTaBIIeH Ha puc. 1.

[pu 3nauenuu f/f, 0,3 u Gonee nannas

dopmyna obecriedrBacT XOPOIIYIO CXOJUMOCTh
C IKCIEPUMEHTAIBHO TONYyYCHHBIMU PE3yJbTa-
tamu. Ilpu f/f, Menee tpex necareix Tpelye-

Mas MMpOAOJIZKUTCIBHOCTD I‘a3OI/IMHy.HLCHOﬁ 06-
paboTKu ckadukooOpa3HO yBenuuuBaeTcs. [lpu
3HAYEHUU YaCTOTHI MyJbcauuii f Gonee f, 3Ha-

YEHUE T/ Ty HE BBILIC JIBYX.

I"azoummynbeHas 00paboTKa MOXKET CIOCco0-
CTBOBaTh IOBBIIICHUIO MEXaHUYECKHX M DIKC-
IUTyaTallMOHHBIX CBOMCTB. BmecTe ¢ Tem akcme-
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Puc. 1. VI3MeHeHnE TPOIOHKATEIFHOCTH 00pabOTKH Iy TECHPYIOIIAM BO3AYIITHBIM IIOTOKOM, TpeOyeMoit
JUISL TOCTIHDKEHUSI MAKCUMAJIbHOU BSI3KOCTH CTaM 0€3 CHW)KEHHMsI TIoKa3areneil MPOYHOCTH, B 3aBUCHMOCTH OT YaCTOTBI
€ro myJsbcauuii: / — 1o IKCIepUMEHTAILHBIM JIaHHBIM; 2 — B COOTBETCTBUH ¢ popmytoii (1)
Fig. 1. Change of the duration of treatment with pulsating air flow required to achieve maximum steel viscosity
without reducing strength indicators, depending on the frequency of its pulsations: / — according to experimental data;
2 — according to the formula (1)

PUMEHTAJILHO YCTaHOBJIEHA OMacHasi MPOIOJIKH-
TEIBHOCTh BO3JCHCTBUS HECTAIIMOHAPHBIX [0-
3BYKOBBIX BO3IYIIHBIX IOTOKOB Ha 3JIEMEHTHI
KOHCTPYKIIMU BO3YIIHOTO CyJHA MPU 4acTOTaxX
KoJieOaHui, OJIM3KUX K PE30HAHCHBIM, KOTOPHIC
MOTYT BO3HHKATh, K IPUMEPY, MIPH BBIOETE JIBH-
rarensi. Pe3ynbrarel HccnenoBaHus obecrieyu-
BAIOT MOBBIIICHHE TOYHOCTH MPOTHO3a TEXHUYE-
CKOTO COCTOSIHUSI TPH JKCIUTyaTallid BO3AYyII-
HBIX CyZIOB. BmMecTe ¢ TeM kpaTkoBpeMeHHas ra-
30UMITYJIbCHAsE 00pabOTKa MOXKET CIIOCOOCTBO-
BaTh TMOBBHIIICHUIO MEXAHWMYECKUX U JKCILTyaTa-
LIMOHHBIX CBOMCTB.

Takxe ObLTIO YCTAaHOBIIEHO, YTO B HHTEPBAJIC
40-130 ob 3HaueHHUE BEIUYUHBI 3ByKOBOI'O JIaB-
JICHUS] OKAa3bIBAET HE3HAYUTEIHHOE BIIHSIHHE
Ha ONTUMAJIbHYIO MPOAOKUTEIBHOCTh Ta30UM-
MyJILCHON 00paboTKH.

[IpencraBneHHsie B Taba. 1 pe3ynabTaThl SKC-
MEPUMEHTATIBHBIX HCCICIOBAHUN C HCIOIB30Ba-
HUEM 00pa3IloB U3 aTIOMUHUEBOTO crlaBa AMr3
MOKA3bIBAIOT HE TOJBKO BO3MOXKHOCThH TOBBIIIIE-
HUSI MEXaHMYECKUX CBOMCTB, TaKMX Kak IpeJeln
MPOYHOCTU TPU M3TUOE Oysr B pE3yibTaTe ra-
30MMITYJIbCHOW 00paOOTKM, HO M HaKOIUICHHE

addexTa OT BO3ACUCTBHS HECTAIMOHAPHBIMH
BO3IYIIHBIMHA IOTOKaMH CTPYKTYpOW Marepuaa,
0 YeM CBHJICTENILCTBYET COBIIAICHUE PE3YIbTaTOB
HETIPEpPBHIBHONH M JIMCKPETHONH 00paOOTKU C WH-
TepBasioM 2 Heaenu (Tabn. 1). Usrorosnenue, ot-
00p ¥ uCHBITaHHE O0pa3lOB OCYIIECTBISUIICH
B cootBeTcTBUM ¢ ['OCT 14019-2003.

Tabéauna 1
Table 1
CpaBHHUTENbHBIC PE3yIbTAThl HENPEPHIBHOW
JUCKPETHOM Ta30MMITYJIbCHOM 00paboTKH
00pa3IoB U3 aTFIOMUHUEBOTO crutaBa AMr3
C MCTIOJIb30BAHUEM MaJIOLTYMHOTO T€HEepaTopa
Comparative results of continuous discrete gas
pulse processing of samples made of aluminum
alloy AMg3 using a low-noise generator

I[Ipono/kuTENHHOCTH 0 Mun 5+5 10 vun
00padoTKH MHH
Oz, Mlla 368 390 390

beumn MPOBCACHBI UCCIICAOBAaHNUA U3MCHCHUS
MEXaHUYECKUX CBOMCTB KOHCTPYKIOMOHHBIX 3JIC-
MCHTOB aBHaHHOHHOﬁ u aBpOHpOMHOﬁ TCXHHUKHU
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Puc. 2. VI3MeHeHne CONMPOTHBICHIS JUHAMUYECKOMY U3TH0Y B 3aBUCHMOCTH OT IPOJIOJDKUTEIEHOCTH 00paboTKH
YJIECUPYIOLIMM JJO3BYKOBBIM BO3YIIHBIM IIOTOKOM
Fig. 2. Change of dynamic bending resistance depending on the duration of treatment with pulsating subsonic airflow

13 METaJUTMYECKUX MaTepuanoB 6osnee 30 Mapok
P BO3JCHCTBUM HECTAIIMOHAPHBIX BO3TYIIHBIX
MOTOKOB.

Ha puc. 2 npexacraBnena 06001ieHHas 3aBu-
CHUMOCTh OTHOCUTEIBHOM YIAApPHON BS3KOCTH OT
OTHOCHUTEIILHOTO BpeMeHH 00/yBa, rJe KC — 3Ha-
YeHWe yAapHOH BSI3KOCTH 00yTOTO 00pasia, T —
MPOJOHKUTEITFHOCTh 00lyBa, MUH, KC() — 3HaJe-
HUE yIapHOW BS3KOCTH HeoOayTOoro ooOpasia,
Tonp, — ONTHMAaJbHAsl MPOJOJKUTENBHOCTh 00-
JyBa, COOTBETCTBYIOIIAs HAWOOIBIIEMY POCTY
YAApHOM BA3KOCTH MPU OTCYTCTBHHM CHU)KCHUS
IPOYHOCTHBIX CBOMCTB. M3roroBnenue, oroop u
UCIBITaHUE O0PAa3I0B OCYLIECTBISUIUCH B COOT-
BerctBuM ¢ ['OCT 9454-78.

BuaHo, 4To MO IOCTHKEHUU OIpeAeIeHHOTO
ONTUMAIBHOTO 3HAYEHUS MPOAOIKUTEIHHOCTH
JnanpHermas o0paboTka BeneT K CHIIKEHHUIO
3HAYEHUU [MOKA3aTENE MEXaHUUECKUX CBOKCTB.

[Ipu ompeneneHny ONTUMATBHOIO BPEMEHH
00/1yBa MOXHO UCTIONB30BaTh GOPMYITy
- 20,

Tonr. = Ke (2)
rne 20 — xapakTtepHoe BpeMmsi 001yBa, MHH,

K. _ — 3HayeHue NONPaBOYHOTO KO3 dHIKMEHTa,
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HallJleHHbIE AMIMPUYECKU Ul Pa3IMYHBIX COYe-
TaHW cKopocT 001yBa V U 4acTOTHI KOJIeOaHHi
HaTeKaroImero moroka (tabn. 2), rme M= V/a,
F = F/fo, a— cKOpOCTb 3ByKa B MOTOKE.

OpuuM U3 (PakTOpOB, BIUSAIOIIUX HA MPOU3-
BOJUTEIBHOCTh Ta30MMITYJIbCHOM 00paboTKH,
MOJKET SBJIATBCA CKOPOCThb J03BYKOBOI'O BO3-
OYIIHOTO TOTOKa. MccnenoBanue BIUSHUS CKO-
pOCTH J103BYKOBOTO BO3JYIIHOTO IOTOKa V
Ha MPOU3BOAUTEIHLHOCTh Ta30UMITYJILCHON 00-
paboTKHU MPOBOAWIOCH, B YAaCTHOCTH, C IOMO-
HIbI0 00Pa30B M3 KOHCTPYKLIMOHHON yIyudlriae-
Mot nerupoBanHoi ctanu 38XH u 1p. B coot-
BercTBUM ¢ ['OCT 9454-78 u I'OCT 1497-84.

VYcTaHOBIEHO, YTO MpPHU YBEIMUYEHUU CKOPO-
CTH HATEKAIOIIero Ha CcTajJbHOU oOpazel J03BY-
KOBOT'O BO3YIIHOTO MOTOKa Ha MOPSAOoK, ¢ 20
10 200 MeTpoB B CEKYH]y, BpEMsI Ta30MMITYJIbC-
HOI 00pabOTKH, HEOOXOAUMOE IJISl TOCTHUIKEHUS
MaKCHMaJbHOTO 3HAUEHUsS TOKa3aTeleld BS3KO-
CTH MaTepHualia, He MPHUBOJSALIETO K CHHYKEHUIO
3HaUEHUHN TMpejena MPOYHOCTH, YMEHBIIAeTCs
MeHee 4eM B 3 pasa, ¢ 26,2 1o 10 mun (puc. 3).

Pe3ynbpTaTel uMccnenoBaHUsS MO3BOJIMIN TIO-
JYYUTh SMITUPUYECKYI0 (OPMYIy Ui Ompene-
JICHUs] ONTUMAJbHOTO BPEMEHHU BO3ACHUCTBUA
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Tabauna 2
Table 2
OKCIEpUMEHTAIIBHO MOTY4YEHHbIE 3HaUeHUsI Ky
OnT.
Experimentally obtained values &.__
M
f 0,05 0,1 0,2 0,3 0,4 0,5
0,05 1,5 1,4 1,3 1,2 1,1 1,0
0,1 1,3 1,2 1,1 1,0 0,9 0,8
0,2 1,1 1,0 0,9 0,8 0,87 0,6
0,3 1,0 0,9 0,8 0,7 0,6 0,5
0,4 0,9 0,8 0,7 0,6 0,6 0,5
0,5 0,8 0,7 0,7 0,6 0,6 0,5
TOHT. MHH T
% 26,2
R VLY
21,25
M b
15 15
14 : T 16
1
s
ﬂ. A T A 2 A A s A A A e e
0 50 100 150 200 250
V m/e

Puc. 3. 3MeHeHre BpeMEHH ra30UMITYJIbCHON 00pabOTKH, HEOOXOIMMOTO ISl JJOCTIIKEHISI MAKCUMAIILHOTO
3HaYeHMs N0Ka3aTesIel BSI3KOCTH MaTepualia B 3aBUCHMOCTH OT CKOPOCTH HAaTEKAaIOLIero Ha CTAIbHOM o0paser|
BO3JIyLITHOT'O TIOTOKA
Fig. 3. Change of the gas pulse processing time required to achieve the maximum value of the material viscosity
indices depending on the air flow velocity flowing onto the steel sample

MyJIbCUPYIOMIETO BO3AYITHOTO TTOTOKA HAa CTallhb-
HOoe oOpabaTbiBaeMoe wu3aeNHe, O0ECIeurBar0-
OIYI0 XOPOIIYI0 CXOJAHMOCTh C JKCIICPUMCH-
TaJIBHBIMU PE3YJIbTaTaMH IPH YaCTOTE ITyJIbCa-
muit 1o 1000 I'm:

Toum = 0,0005V2 — 0,2V + 30. (3)

Jannoii ¢opmynoit ynobHee MOIB30BATHCS
IIPY HEKPYTJIBIX 3HAYECHUAX CKOPOCTEH ra30BOI0
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MOTOKA, JJIS KOTOPBIX OTCYTCTBYIOT dMITMpHYE-
ckue KodppurueHTs Kooy
[IponomxurensHOoCTh 00ayBa, ObOecreynBa-
IOI1as MAaKCUMAJIbHBIA MOJOXKUTENbHBIN 3¢ ekt
B CJly4ae CIUIaBa HAa OCHOBE IIBETHOTO METalla,
OyneT paBHa
T = ku "Te,

(4)

IIe T, = Tope BT cTaMu = 0,0005V2 — 0,2V + 30,
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1,2

1

0,8

0,6

0,4

N

T

T, MHH

Puc. 4. VI3mMeHeHne 0CTAaTOUHBIX HANPSHKEHUH B 3aBUCUMOCTH OT IPOJIOJDKUTEIILHOCTH
Ta30UMITYJILCHOM 00paboTKH
Fig. 4. Change of residual stresses depending on the duration of gas pulse treatment

a k,, = a_/a,, — OTHOIIIEHHE CKOPOCTH 3BYKa

B CTaJl @, K CKOPOCTH 3ByKa B CIUIaBE Ha

OCHOBE JJAHHOTO METAILJIA (ky,.

Hcnonp3ys ra3ouMIynsCHyI0 00paloTKy,
MOYKHO HE TOJIBKO ITOJIHOCTBIO CHSATH OTIACHBIC
paCTITUBAIONINE HANPSHKEHUS, HO U TOJYYHTh
Ha TIOBEPXHOCTH W3JCIHs CKUMAIOIIUE OCTa-
TOYHBIC HAMPSHKEHUS, KOTOPbIE BO MHOTHX CITy-
Yasix SIBIISIOTCS KeJATeIbHBIMHU, TaK KaK IOBBI-
[IAI0T YCTOWYMBOCTH K KOPPO3UU M YCTAJIOCT-
HOMY pa3pylICHUIO.

WcnbiTaHus OCYIIECTBISUINCH B COOTBET-
CTBHH C XapaKTEPU3YIOIIUMCS BBICOKOH JIOCTO-
BEPHOCTHIO MeToJ0oM JlaBHIEHKOBA, OCHOBaH-
HBIM Ha pa3pe3aHrd M W3MEPEHUH KOJBIIEBBIX
00pasIoB.

Pe3ynbpTaThl MpPOBENEHHBIX HCCIEAOBAHUN
MO3BOJIUJIN CIIENATh BBIBOJ, YTO TOJ| ICHCTBUEM
MEXaHUYECKUX BOJH, BO3HUKAIONIMX IPH BO3-
JEHUCTBUM Ta30BBIX UMITYJIHLCOB HA MOBEPXHOCTH
00pabaThIBAEMOTO M3/IENHS, OCTATOYHbBIC HAMPS-
JKEHUSI MEHSIOTCS BO BPEMEHHM B COOTBETCTBHH
C YPaBHEHHUEM, ONHCHIBAIOIINM KPHBYIO, TIpe-
CTaBISIONLYIO c000i rpaduuyeckoe n300pakeHue
3aTyXaloluX KOJICOaHUMN:

y=4: e~ *gin (Cl.lx + “{90), @)
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rae A — aMIDIUTy/1a B IEPBOHAYAIBHBI MOMEHT
BpeMeHH, a — Kod()UIMEeHT 3aTyXaHus, @ —
LUKJIMYecKas 4acToTa, ¢y — HadaibHas ¢aza
kojeOanuii. [I[puMeHUTETbHO K M3MEHEHUIO BO
BPEMEHH BEIIMYMHBI PACTATUBAIONINX TAHTCHIIH-
aJBHBIX OCTAaTOYHBIX HaIpspDKeHUU (opmyna Oy-
JIeT BBITJISIIETH CIIeIyIOIUM 00pa3oMm:

~017 . cos (wr),

C_rc:ch = achae:chO =€ (6)
r€ T — MPOJOJKUTENBHOCTh Ta30MMITYJILCHOM
00pabOTKH, Cgepp — HNEPBOHAYAIBHOE 3HAYCHHE
pacTATHBAIOIINX TAHTEHIIMAIBHBIX OCTATOYHBIX
HANpSHKCHUH Ha TIOBEPXHOCTH M3ACTHS, Typeqn —
UX TeKyllee 3HaueHue. M3MeHeHne ocTaTouHbIX
HANpPsOKEHUN B 3aBUCUMOCTHU OT MPOJAO0JIKUTENb-
HOCTH Ta30MMITYyJIbCHOM 00pabOTKH MpencTaB-
neHo Ha rpaduke (puc. 4).

HccnenoBanus mokasand, 4TO €CIU B U37e-
Tuu 10 00pabOTKU MyJIbCUPYIOMUMH JT03BYKO-
BBIMU Ta30BBIMH ITOTOKAMU B IOBEPXHOCTHBIX
CJIOSIX TPUCYTCTBYIOT PACTATHBAIOLINE TaHTCH-
uajgbHble (OKPY>KHBIE) OCTATOYHbIC HampshKe-
HUS, MIPEICTABISAIONINEe HAaUOOIBIIYI0 ONTAaCHOCTh
C TOYKH 3peHHsI 00pa30BaHUs U Pa3BUTHUS Tpe-
IIMH, a TAK)Ke KOPPO3HH, TO X HYJIEBOTO 3HAYe-
HUSI MOXKHO TOOUTHCS MPU MPOJOHKUTEILHOCTH
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obpabotku 0,25T, rne T mpencraBusieT coboi
nepuoA nopsiika 20 MUHYT.

MeHsis TpPOAOIKUTENBHOCTh Ta30UMITYJIIBC-
HOU 00pabOTKH B OOJIBIIYIO MIM MEHBIIYIO CTO-
POHY, MOXKHO TOJIy4aTh pa3lUYHbIC 3HAYCHHE U
3HaK OCTATOYHBIX HANPSDKCHUH, B TOM YHCIIC
MOJly4yaTh Ha TMOBEPXHOCTH U3IENUS CHKUMAIO-
M€ OCTATOYHBIC HAIPSDKCHUS MaKCUMaJIbHOU
BEJIMYUHBI, YTO OyJeT crmocoOCTBOBaTH YCTOMi-
YUBOCTH M3JEIHS K IUKIMICCKUM HarpyKEHUSM
Y TIOBBICUT €T0 KOPPO3UOHHYIO CTOMKOCTb.

B nonrBepkaeHne 10CTOBEPHOCTH (OPMYJITBI
MOKHO TPHUBECTH YypPOBEHb TaHTCHIIHMATBHBIX
OCTAaTOYHBIX HAINPSHKCHUA HA TOBEPXHOCTH KO-
Jiel] MOAUIUITHUKOB KauyeHUs OJAHOW MapTHH U3
cramu IIX15 B 3aBUCHMOCTH OT MPOJOJKH-
TEIBHOCTH Ta30UMITYJILCHON 00pabotku. Hyre-
BbIC 3HAYCHHUSI OCTATOYHBIX HANPSHKEHUHN TOCTH-
raforcs Ha 8- m 18- MuHYTE 00pabOTKH,
a MKy HUMU HaXOJUTCS 00JIACTh COKMMAFOIIINX
OCTaTOYHBIX HAIPSKEHUH.

3akJoueHue

B pesynbraTe uccnenoBanus ObLTO OLIEHEHO
BJIMSIHAC PA3JIMYHBIX (DaKTOPOB, TAKUX KaK CKO-
POCTh JI03BYKOBOTO BO3AYIIHOTO TOTOKA WM 4Ya-
CTOTa KOJIcOaHUH, MaTepuan U TeOMETPUICCKHE
napameTpsl 00pabaThIBAEMOT0 HM3JENHs, KaK Ha
ONTUMAJIbHYIO, TaK M Ha TIPUBOJISIIYIO K CHIKE-
HUI0 MEXaHUYECKHX CBOICTB MpOAOJIKUTCIIb-
HOCTh OOpaOOTKH MYJbCUPYIOITUM BO3TYITHBIM
IMOTOKOM 3JICMCHTOB KOHCTPYKOHWU BO3AYIIHOI'O
CyJlHa B TIPOIIECCE TEXHHUYECKOTO 0OCITYyKHBAHUS
U PEMOHTA.

YCTaHOBIIEHO, YTO MEXaHWYECKHUE BOJIHEI,
TCHEpPHUPYEMbIC TMYJIbCALUSIMHU Ta30BOr0 TOTOKA,
CIIOCOOHBI OKa3bIBaTh CYIICCTBCHHOE BIIMSHUC
Ha KOHCTPYKTHBHYIO TPOYHOCTH 3JIEMEHTOB
KOHCTPYKIIUH BO3LYIIHEIX CYJ0B, UTO IO3BOJISET
MOBBICHTh WX HAJICKHOCTh, a TAaK)KE TOYHOCTh
MMPOTrHO3UPOBAHUA TEXHUYCCKOI'0 COCTOSHUSA.

DKCTepUMEHTAILHO YCTaHOBJIEH TapMOHUYE-
CKMI XapakTep 3aTyXaHHUs OTHOILIECHHsI OCTaTO4-
HBIX HANpSHKCHUH K UCXOIHBIM HMX 3HAYCHUSIM
B 3aBHCHMOCTH OT TPOJIOJDKUTEIIEHOCTH Ta30-
UMITYJIbCHOM 00pabOTKH, YTO TO3BOJISET YIIPaB-
JIITh UX BEJIMYUHOU U 3HAKOM.
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[Tonyuyena smnupudeckas Gopmyma, Mo3BoO-
JSIFOINAst OTIPEICISTh ONTHMATBHYIO TTPOIOIIKH-
TEIBHOCTh 00paOOTKH AJIA M3ACNUN Pa3TUYHBIX
MaTepuanoB. B kauecTBe mokazarenst HpoaoIi-
KUTEIBHOCTH Ta30UMIYJIbCHOW 00paboTKH ObI-
JIO TIPUHSTO TOBBIINICHWE BS3KOCTH MaTepuaia
0e3 CHIKEHUSI TPOYHOCTHBIX CBOMCTB.

[TocTpoeHbl TpaduvecKre 3aBUCHMOCTH OT-
HOCHUTEJILHOTO BPEMEHH Ta30MMITYJILCHOM o0pa-
00TKH, 00ecreuBaroOIIETO MOBBILIEHUE MOKa3a-
Tele MEXaHUYECKUX CBOMCTB OT OTHOCUTENb-
HOM 4acTOThI KOJeOaHU Ta30BOro NOTOKA.

Takum oOpa3om, B IEIOM pEIIeH BOMIPOC
0 HEOOXOUMOM TPOJOIKUTEIFHOCTH JTaHHOU
00paboTKHM, a TaKXke O MPOJOHKUTEIbHOCTH
00paboTKM, TO AOCTH)XKCHUU KOTOPOH JIajb-
HelIIee BO3/ICHCTBHE Ta30BbIX UMITYJIBCOB Oy-
JeT OKa3bIBaTh HETaTUBHOE BIUSHHUE HA KOM-
IJIEKC MEXaHWYECKUX M HKCIUIyaTallMOHHBIX
CBOWCTB 3JIEMEHTOB KOHCTPYKIIMH OOCIYXKHU-
BAEMON U PEMOHTHPYEMOU aBHALMOHHOW TEX-
HUKH.
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KonuenryajbHas olleHKa TONJIMBHON 3P (PEeKTUBHOCTH NMACCAKUPCKUX
CaMoOJIeTOB C IePexoA0M Ha KOMIIO3UTHbIE KPbLIbi

A.C. erTOBl, J1.B. Tunsixos', ILA. [Ilataes’

1 . .
Hanxunckuii ynusepcumem asponasmuxu u acmporasmuxu, 2. Hankun, Kumaii
2 o« o o o«
Kazanckuu nayuonanvbHulil ucciedo8amensCKuti mexHu4eckull
yuusepcumem um. A.H. Tynonesa, 2. Kazans, Poccus

AnHotammsi: OnHMM W3 IOKas3aTelied YCHEIIHOCTH JIFoOOro HOBOTO caMolieTa SIBJSIETCS €ro TOIUIMBHas 3(QeKTHBHOCTS,
BIIUSIONIAsl KaK Ha JAIbHOCTh, TaK M Ha 3KOHOMHYHOCTb, ITOCKOJIbKY B TPSMBIX JKCIUTyaTallMOHHBIX pacxonax 3arparbl Ha
TOIIIMBO cocTaBisitoT okoso 30 %. Ha ocHoBe aHanm3a 4YyBCTBUTENBHOCTH B3JIETHOM MacChl K HMPOEKTHBIM H3MEHEHHSIM
paccmarpuBaetcst ipoOieMa yaydmeHHs: 0a30BBIX CaMOJIETOB I10 TOIUIMBHOM 3¢dexTuBHOCTH. OCOOEHHOCTBIO MpeIaraeMblX
NPOEKTHBIX HM3MEHEHUH SBJISETCS IPUMEHEHHE KOMIIO3WTHBIX KpPBUIGEB OOJIBILIEr0 YIUIMHEHHS, IO3BOJISIIOIINX MOBBICHTD
TOIUTMBHYIO 3(()EKTHBHOCTD 3a CUET CHIKEHHSI HHIYKTHBHOIO CONPOTHBICHMS. st 000CHOBaHMS IPIMEHEHNSI TAKOTO TIOX0/1a
paccMoTpeHsl 1Be 3amaur. [lepBas — 3TO mepexon Ha KOHCTPYKIMH KPbUILEB M3 KOMITO3UTHBIX MAaTEpHAJIOB, YTO MO3BOJIHT
YBEMYUTH YIIMHEHHE KpbUTa O3 TIOTepH KECTKOCTH; BTOpasi — IPIMEHeHHe (TP HEOOXOANMOCTH) YCTPOICTB, YMEHBITAOIINX
pa3Max KpbUIa, CBA3aHHBIX C OIPaHMYEHMSIMHU B a3poropTy. [IpennoskeHa METOAMKa OLIEHKH MAacChl KOMIIO3UTHBIX KPBUIBEB HA
OCHOBE yHHUBEpCaJIbHOM BecoBoil (opmymel B.A. KomapoBa, koTopas ObDla yTOYHEHa 3a CUET NPHMEHEHHS] WHTETPAJIbHOTO
k03 HImeHTa, yUUTHIBAIOIETO OCOOEHHOCTH PACIpPEIETICHNsI MAcChl B KOHCTPYKIMH, TUIl CHJIOBOM YBS3KM KOHCTPYKTHBHBIX
SJIEMEHTOB M MX IMPOYHOCTHBIE XapaKTEePUCTUKU. Jiisi yIpolieHus pa3MenIeHnsl CaMOoJIETOB C KPbUIbSIMU OOJIBIIOrO pa3Maxa B
CYILIECTBYIOLIEH MH(PPACTPYKTYpE a’pOIOPTOB PACCMOTPEHO HMCIOJIB30BAHHE CKIIA IBIBAIOIIMXCS 3aKOHIIOBOK KPbLIA, BBHINOJIHEH
NPUHLIMITHAIBHBIA aHAJIM3 KOHCTPYKLIMY [TOBOPOTHOTO Y3J1a 3aKOHIIOBOK, IIPOBEJICHA OLICHKA BIUSHHS YCTPOICTBA CKIIa/bIBAHUS
Ha Maccy MaccaXXMpCcKoro camosiera. Bepuduxarms npeyio)keHHOro Mo/IXo/1a OCYIIEeCTBIICHa Ha IPHIMEPE CEMEHCTBA CaMOJIETOB
kommanuy Boeing B777. BeimosHeH uncieHHBIN aHaIn3 TPUMEHEHUsST KOMITIO3UTHBIX KpbUIheB Juts camoseroB Ui-96, Ty-214 u
SSJ-100, a Tarke paccMoTpeH 3¢ deKT ncronbp30Banks BUHITIETOB Ha camorniere MC-21.

KroueBrble ¢JI0Ba: acCaXUPCKUIT CaMOJIeT, TOIUMBHAS 3()(EKTHBHOCTD, B3JICTHAS Macca CaMoJIeTa.

Jna uutupoBanus: Kperor A.C., TunsxoB [I.B., [llaraeB I1.A. KoHnenryansHas OIeHKa TOIUTMBHOH 3¢dexTHBHOCTH
MACCAXUPCKUX CAMOJIETOB C IIEPEXOIOM Ha KOMITO3UTHBIE Kpbuths // Haywneri Bectauk MI'TY T'A. 2023. T. 26, Ne 2.
C. 72-90. DOI: 10.26467/2079-0619-2023-26-2-72-90

Conceptual assessment of the fuel efficiency of passenger aircraft
with the transition to composite wings

A.S. Kretov', D.V. Tinyakov', P.A. Shataev’

!Nanjing University of Aeronautics and Astronautics, Nanjing, China
’Kazan National Research Technical University named after A.N. Tupolev, Kazan, Russia

Abstract: One of the success indicators for any new aircraft is its fuel efficiency, influencing both range and cost-effectiveness, as
fuel costs amount to 30% of direct operating costs. Based on the analysis of take-off mass response to design changes, a solution to
the basic-type aircraft improvement in terms of fuel efficiency is considered. The feature of proposed redesigning is the use of a
higher aspect- ratio of an airfoil allowing for fuel efficiency to be increased by reducing the induced drag. Two solutions are
considered to substantiate this approach. The first one is the transition to composite wing structures, which will allow for a high
aspect ratio of an airfoil without losing rigidity. The second one is the application (if necessary) of devices, reducing the wingspan,
caused by the airport restrictions. The methodology for assessing the mass of composite wings based on the universal weight
formula by V.A. Komarov which was specified by applying an integral factor considering the features of mass distribution in the
structure, the structural adaptation of structure elements and their strength performance, has been proposed. To simplify the
arrangement of aircraft with large-span wings in the available airport layout, the application of folding wingtips was considered.
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The principal analysis of the wingtip swiveling unit structure was performed. The assessment of the folding device effect upon the
mass of a passenger aircraft was completed. The proposed approach was verified based on the Boeing company of B777 aircraft
family. The numerical analysis of the composite wing application for the IL-96, Tu-214 and SSJ-100 was performed, and the
winglet use effect on the MC-21 aircraft was studied.

Key words: passenger aircraft, fuel efficiency, take-off mass of aircraft.

For citation: Kretov, A.S., Tiniakov, D.V., Shataev, P.A. (2023). Conceptual assessment of the fuel efficiency of passenger aircraft
with the transition to composite wings. Civil Aviation High Technologies, vol. 26, no. 2, pp. 72-90. DOI: 10.26467/2079-0619-
2023-26-2-72-90

BBenenue HOE MHCCIEA0BAaHNE BOIIPOCOB HABUTALIMOHHO-
BPEMEHHOI'0 00ecIedyeHus oKa3alo, YTO OAHUM
U3 MEPCHEKTUBHBIX MOAXOA0B K PELIEHUIO MPO-
0JieMBbl TOBBILIEHNUS TOYHOCTH HABUTALIMOHHBIX
OTIpeNieIeHNH sBIsieTcs pa3paboTKa MHTETPUPO-
BaHHBIX cucteM Hapuranuu (MCH) Ha ocHoBe
MHEPLIUAIbHBIX U CITyTHUKOBBIX TEXHOJIOTHUI.

IlepBoe HampaBieHHE MOBBIIMIEHUS TOIUIMB-
HOW 3(QPEeKTUBHOCTH MArUCTpaIbHBIX Tacca-
KHUPCKUX CaMOJIETOB, KAaK MPAaBHJIO, CBSI3bIBAIOT
C CO3/laHMEM JBUTaTEJ€l HOBOI'O IOKOJICHUS.
B ux umuciio BXOAST CHUIOBBIE YCTaHOBKH, palo-
TalolMe Ha KpUOoreHHoM ToruBe. B pabote [1]
OBLTM TIPOBEJICHBI BECOBOM W HKOHOMHUYECKUU
aHaJIu3bl BO3MOXHOCTH TNPUMEHEHUS CHXKMKEH-
Horo npupoaHoro raza (CIII') ma npumepe cy-
niecTBytomero camonera Ty-204 (uepeanuso-
BaHHBIN TTpoekT Ty-200).

B kadectBe BTOpOro HampaBieHHUsS OOBIYHO
paccMmarpuBaeTcsi npuMeHeHHe S((EKTUBHBIX
KOMIIOHOBOYHBIX CXe€M [2—5] 11 HOBBIX BO3-
nymHelx cyaoB (BC). B aToii cBsizu BbIOEnuM
paboty [6], B KOTOpOil paccMOTpeHa OJHA U3
HauOosee MEepCIEeKTUBHBIX, MO MHEHHUIO aBTO-
pPOB, KOMIIOHOBOYHBIX CX€M OyAyIIUX Maru-
CTPaJIbHBIX IMACCAXUPCKUX CaMOJIETOB — «CMe-
IIaHHOE KPBLIO-(I03eIDK», MOJIydrBLIast 3a py-
6exxom HazBanue Blended Wing Body (BWB).
B ykazannoit pabore [6] Oblia paccMoTpeHa
BO3MOXXHOCTbh HCIOJIb30BaHUS 3TOM CXEMBbI JJIs
BC na CIII" u Ha cxuxenHoM Bogopoae. [locta-
TOYHO IIPUBJIEKATEIBHON U NIEPCIEKTUBHON CXe-
MO OyAyIIMX MAacCCa)KUPCKUX CaMOJIETOB TaKXe

OueBuaHo, uto Poccus xak cTpaHa ¢ Teppu-
Topueit 6onee 17 muH KM’ TIOJIHOLICHHO HE MO-
KET CyIecTBOBaTh 6e3 3(h(heKTUBHOrO BO3IYII-
HOro TpaHcropra. Curyanus, BO3HUKIIas B
Hayaine 2022 r., 3acTaBieT HE MPOCTO 3ajy-
Matbces 00 3TOH mpobiieMe, a CpOYHO pemaTh ee,
MPUYEM PACCUUTHIBAS MPHU 3TOM TOJIHKO HA OTE-
YEeCTBEHHOE IPOM3BOJACTBO. 3aJadaMH IEpBO-
CTETICHHOW Ba)KHOCTH SIBJISIFOTCS: 1) o0ecnednThb
UMIIOPTOHE3aBUCUMOCTh PErHOHAIBHOMY CaMo-
nety SSJ-100; 2) «ocTaBUTh Ha KpbUIO» Cpel-
HemaructpanbHbii MC-21. W ecnu  HOBBIM
MC-21 OGynmer mocTeneHHo 3aMeHSITh IPOBEPEH-
Hblil BpemeHeM Ty-204/214, To kakoi camolier
3aiiMeT HUIIY MIMPOKO(IO3ETSKHBIX JaThbHeMa-
TUCTpalbHbIX JalHepoB. Co3l1aHWe KUTaHWCKO-
poccuiickoro mupokopro3semspkaoro CR-929 na
250-300 maccaxupoB 3aJE€p>KUBACTCS Ha He-
ONpEe/IETIEHHOE BpEeMsi, IMO3TOMY OYEBHJIHO, YTO
Ha CErOAHSIIHUN JeHb Hauboyiee NOCTyIHOE U
MIPUEMIIEMOE B CO3JaBILINXCS YCIOBUSX PEILICHUE
M0 JaJbHUM IIUPOKO(IO3EISKHBIM CaMoJIeTaM
MOJKeT OBITH HalimeHo Ha Oa3ze camoinera Min-96,
MOJTBEPAMBILErO CBOI HAJIEKHOCTH MHOTOJIET-
Hel cimyx00it B aBuakommanuu CJIO «Poccusiy.

OnauuM W3 mokazaresell yCIenrHOCTH JTF000-
rO HOBOTO CaMoJieTa SBJISIETCS €ro TOILTUBHAS
3¢ (PEeKTUBHOCTD, BIAUAIONMIAS KaK Ha JaIbHOCTD,
TaK U Ha YKOHOMUYHOCTh, IIOCKOJIbKY B TPSIMBIX
AKCIUTYaTallMOHHBIX pacxXojax 3aTpaThl HA TOM-
IuBO cocTaBisAroT okoso 30 %. Ha myummx ma-

IHCTDATBHBIX MACCAKMPCKHX CAMOJNETax yienp-  CIHTACTCT AByxdrosensmas cxema [7].
HBIE 3aTpaThl TOILIMBA CeHYac JOBEIEHBI J0 B mpennaraeMom HMCCIIENIOBAHMH  IIaBHOE
18-19 r/(macc km) BHUMAHHWE YJIENAETCS TPETHEMY HAIPABIECHHIO

yJIydlleHus: TOMIMBHOM s¢dextuBHOocTH BC
TPAHCIIOPTHOM KaTeropuu Ha 0a3e CyLIECTBYIO-
IIUX CXEM 3a CYeT YCOBEPILIEHCTBOBAHMS HX

Onpenenensblii 3p(exT B MOBBIIEHUN TOT-
TUBHOMN 3 (HEKTUBHOCTH MOKET OBITh JOCTUTHYT
ontuMHu3anue mapupyra nonera. Komrmekc-
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a’pPOIMHAMUYECKUX CBOWCTB. [ JIaBHBIM IOKa3a-
Teb JUISI 3TOTO HANpPAaBICHUS — KOIPPUIUCHT
a’poAMHAMUYECKOro kadectBa K = c¢,4/Cyy, THE
Cya U Cxq — KOIDPUIMEHTHI NOJBEMHON CHIIBI U
comnpotuBneHusi. CylmecTBYIOT pa3Hble MyTH IO
VBEIMUCHUIO  a3pPOJIMHAMUYECKOr0  KadecTBa.
B HacTosimiee Bpemsi ¢ 3TOi LENbI0 UCTIONb3YIOT-
Cs a’pOJAMHAMHYECKAE KOMITIOHOBKH CaMOJICTOB
C KpBUIbSIMH YMEpPEHHOW CTPEIOBUIHOCTU
(x = 30°) 1 co CBEpXKpUTUUECKUMH MPOPUIIMU
HOBOTO MOKOJIeHUs. Takue mpopuian B CCUCHHSIX
KpbLJIa UMECIOT OTHOCUTENBHYIO TOJIINHY B TIpe-
nenax ¢ =12-15%, 4ro noBsIIa€T MPOYHOCT-
HBIE U KECTKOCTHBIC XapaKTEPUCTHUKUA M TO3BO-
JseT AocTurarh yammHenus 1o A = 8—10. Ha ce-
TOJTHSIIHANA JICHh MMEHHO TaKUE KPBUIbS 00ec-
MEYUBAIOT MAaKCUMAIbHYIO a3pPOJUHAMHUYECKYIO
3P PEKTUBHOCTh HA KPEHCEPCKUX CKOPOCTAX I0-
aera 840-900 xm/y.

AdPpOIMHAMHYECKOE Ka4eCTBO, OJM3KOE K
MAaKCUMAJIBHOMY Kinax=Cyq Kmax/Cxa OOBIYHO pea-
JTU3yeTCsl B KPEMCEPCKOM IIOJIETE MPU ONTH-
MaJIbHBIX 3HAYEHUSX KOI(POUIIMEHTOB MOIbEM-
HOM CHJIBI M CONPOTHBIICHUSA. {151 MarucTpaib-
HBIX MACCAKUPCKUX CaMOJIETOB, Pa3paOOTaHHBIX
B IOCICHHC TOJbI, 3HAYCHUS C,,, = 0,5-0,6.

Ho mpu 3TOM 3HAUMUTENBHYIO TPYIHOCTH MpE-
CTaBJISICT BBIOJIHCHUE TpeOoBaHUs obecrede-
HMs 3amaca 10 uyuciaaM M U 3HAYeHUSIM Gy, J10
HayYasa MOSBJICHHS OMACHBIX a3pOYIIPYTUX SIBJIC-
Huil. OTpaboTKa a’dpOAMHAMUKN KpbLIa TPU Ta-
KHX 3Ha4CHHMAX C), M yucaax Maxa M = 0,8-0,9
TpeOyeT OONBIINX 3aTpaT AJs MPOBEIACHUS JJTH-
TEIBHBIX IKCIICPUMEHTAILHBIX HCCIICIOBAHUN H
HIMPOKOT0 MPUMEHEHUS] KOMIIbIOTEPHBIX METO-
JIOB BBIYMCIIEHUN M CUMYJIHMPOBAHHS a’dpOJUHA-
MUYECKUX MapaMeTpoB, YTO ClejaTh Ha JTare
ONEPATUBHOW KOHLENTYaJIbHOW OLEHKH JOCTa-
TOYHO TPYJAOEMKO U CJIOKHO.

bonee npocTeiM 1 3P HEKTUBHBIM CIIOCOOOM
JUIL WCCIICIOBAHHSI BO3MOKHOCTH TIOBBIIICHHS
a’pOJIMHAMUYECKOTO KadecTBa HA HAYAIHHOM
JTamne MPOCKTHPOBAHUS SIBISICTCS YMEHBIICHUE
a’pOIMHAMUYECKOTO COMPOTUBIICHHS CaMOJIETA.

Ha xppi10 MaructpalbHOTO camolieTa MpH-
xoautest okoio 60 % a’poauHaMHUECKOro co-
MPOTHUBJICHHSI BCETO camoJjeTa [8], KoTopoe Ha
JIO3BYKOBOM CKOPOCTH COCTOUT M3 MPOPUILHOTO
Y MHYKTUBHOTO
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2
ya

e

+ € = Crao +

XavH xa0

c =C

xa ~ “xanpod

; (1

TAC Cxa0 — KOA(D(UIIMEHT COMPOTUBICHUS TPHU
HYJICBOU MMOJBEMHOI CHJIe; A — yJUIMHEHHE KpPbI-
na, e — ko3 dunuent OcBayib/ia, yIUTHIBAOIIHIA
XapakTep pachpenesieHus TMOIbEMHONW CHIIBI
BJI0JIb pa3Maxa.

YBenuueHue yAIMHEHUs A, a TaKKe ONTUMU3a-
LUsI CY’>KEHHsl KpbUla 1| U yIJla CTPEJIOBUJHOCTH Y,
BIIMSIFOIIME HA KOIPQPHUITUEHT e, SBISIOTCS d(DheK-
TUBHBIM CIIOCOOOM CHIDKEHUSI Cy, 3@ CUET YMEHb-
HICHUS] UHIYKTUBHOTO conpotuBienus [9, 10].

I'maBHbI1 (akTOp, MPENATCTBYIOLINIA YBEIU-
YCHUIO YJUTMHCHHS, CBSI3aH C OOECIICYCHHEM He-
00X0IMMOM >KeCTKOCTU KpbUla. Ha marucrpaib-
HBIX CaMOJIETaX CO CTPEJIOBUIHBIMU KPBUIbSIMHU,
BBIITOJTHEHHBIMU U3 TPAIUIIMOHHBIX aJTFOMHHUE-
BbIX CIUIABOB, VY/JJUHEHHWE HE IPEBBIIIACT
9-10 enuani. C mMpUMEHEHHEM KOMIIO3HIIMOHHBIX
marepuanioB (KM), ornmyarommxcsi Oonblieid
YKECTKOCTBIO U MEHBIIIEH UIOTHOCTBIO, ATO Orpa-
HUUYCHHUE MOXET OBITh mepecMoTpeHoO. Tak, HOBBIi
POCCHIICKMI  CpEeIHEMAaruCTpaIbHbII  CaMOJIeT
MC-21 umeeT KOMIIO3UTHOE KPBUIO € Y/UTUHEHUEM
A=11,5 u gBuseTcsa CBOEro poja PeKOPACMEHOM
cpenu maccaxkupckux BC mo mapamerpy «usu-
4ECKOe YIUTHHEHHE» Ay = A/ COSY .

OpHako yBenMueHue yJUIMHEHUs KpbLa, 0CO-
OEHHO 7151 KpyIHOraOapUTHBIX MEPCIEKTUBHBIX
CaMoOJIETOB, 3aTPY/JHEHO €Illeé U TeM, YTO aBHa-
LIUOHHbIE KOMITAHUM (PAKTUYECKH OIpaHUYUBa-
I0T pa3Max Kpblja U3-32 YCTAHOBJIEHHBIX B a3po-
HOPTax pPa3MEpPOB CTOSHOYHBIX IUIOLIAJI0OK U
MecT nocajku naccaxupos [11]. Ha puc. 1 mpu-
BEICHBI JIaHHBIE IO pa3Maxy KpbUIbEB M HX
YAJIMHEHUIO JUIsl CaMOJIETOB TPAaHCIOPTHOM Ka-
Teropuu 3a nocieanue 50 geT U 3HAYEHUS MaK-
CUMaJIbHOTO pa3Maxa KpbUIbEB B a’pomopTax
pasnn4Hoil kareropuu no kinaccudukamuu ARC
(Airport Reference Code) u pa3nuyHbIX Ka-
Teropuil camoneroB mno kiaccupukanun ADG
(Airplane Design Group), coriacHO KOTOpOH
IO pa3Maxy Kpbula OHHM  IOJPA3JENAIOTCA
Ha 6Tpynm: < 15 m; 15 ™M < [y < 24 wm;
24 M < Iy <36 M; 36 M < [y < 52 m;
52 M <[y <65M; 65M<ly; <80 M. CamoseTsl
c pazmaxoM Kpbuia Oosee 80 M TpeOyroT yxe
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Puc. 1. Pa3max KpbLIbeB CaMOJIETOB H KATEFOPUH a9PONOPTOB U CAMONIETOB' (B CKOOKAX IMPUBOIUTCS
YAJTUHEHUE KPbLIA)

* Jlnst camoneta Boeing 777-9 moka3aHbI 1Ba pazMaxa: «HA3eMHBIN» U «JIETHBIN.

** CaMoJeT IMeeT MPsIMOe KPBLITO

Fig. 1. Aircraft wingspan and the categories of airports and aircraft'

(Aspect ratio of an airfoil is in brackets)

* For the Boeing 777-9, two wingspans are shown: “ground” and “flight”/

** Aircraft has the straight wing

CIIELIMATIBHBIX a3pOAPOMOB. B 3Toil CBs3M mpu
CTPEMJICHUHM YBEJIMYUTh pa3Max Kpblla MOTYT
noTpeOOBaThCS CICIHABHBIC TEXHUYCCKUE pe-
[ISHUS ISl IPEOJIONICHUS ITUX OTPAHUYCHHI.
CBeXHM TIPUMEPOM B ITOM TpodiieMe sSBIIsIeT-
sl pelleHue, UCIoIb30BaHHOe GupMoii Boeing Ha
HOBBIX camoJjieTax Boeing 777X, cCIpOEKTUPOBaH-
HbIX Ha 0a3e Boeing 777-300ER. Camonets! ce-
MericTBa Boeing 777X, K KOTOpbIM OTHOCSITCSL Boe-
ing 777-8 u Boeing 777-9, UMEIOT KPbLIO, BBIIOJI-
HeHHoe 3 KM, 1 Ha HEM NpPUMEHEHBI CKJIAbIBa-
IOIIMecss 3aKOHLOBKHM KoHconed (puc.2). Ilpu
B3JIETE, B TIOJIETE M TIPU MOCAJIKE TAKHE 3aKOHIIOB-
KA B pPa3lIOKEHHOM COCTOSHHUM OO0ECIEeUnBAIOT
pasmax [ = 71,76 M (mo3umus ciieBa) W TUIONIA T
KphlIa B IUIaHE cocTaBisieT S = 466,8 M2, a B CIO-
JKEHHOM «Ha3€MHOM» COCTOSIHUM (TIO3UIIUS CIIpa-
Ba)—[=64.85MuS=4278 M.

All the World’s Aircraft. Jane’s Publishing [3nekTpoH-
HbIi pecypc] // URL: https://janes.migavia.com (nara
obpamenus: 11.07.2022).

Boeing [DnexTponnsrii pecypc] // URL:
https://www.boeing.com/777x/reveal/twitter-
922798339946622976/ (nata obpamenuns: 11.07.2022).
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Puc. 2. Cxema camonera Boeing-777-9 co
CKJIABIBAKOIIMMHUCS 3aKOHIIOBKAMI
Fig. 2. Layout of the Boeing 777-9 folding wingtips”
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Puc. 3. Cxema TEXHOJOTHYECKOTO WICHEHHUS U pacIipeelieHie MaTepralioB B IuiaHepe camonera MC-21
(mo matepuanam npesentaiuu OAK)
Fig. 3. Diagram of the technological segmentation and the material distribution in the airframe of the MC-21
(based on the materials of the UAC presentation)

Taxkum oOpazom, a1st 0OOCHOBaHMSI TIPHMEHE-
HHMs Takoro IOAXOJa TpeOyercs pacCMOTpEHHUE
nByx 3anad. IlepBas — 310 mepexon Ha KOHCTPYK-
MU KpbutbeB M3 KM, 4YTO IO3BOJIMT YBEIUYMTH
YIUTMHEHHE KpbUTa 6€3 TI0TepH KECTKOCTH; BTOpast —
npUMeHeHue (Mpu  HEe0OXOAWMOCTH) YCTPOKCTB,
YMEHBIIAIOIIMX pa3Max KpbLia, CBA3aHHBIX C Orpa-
HUYEHHSIMHU B a3poriopTy (cMm. puc. 1).

OmnbiT npumeHenuss KM Ha maccakupcKux
camonetax XXI Beka cymectBeHHO Bo3poc. Ca-
MoyieThl KommaHuii Boeing (B-787), Airbus
(A-350) comepkaT B KOHCTPYKIIUU YK€ OKOJIO
50% KM. Ilpu sTOoM yUIMHEHHE Kpbula Yy
Boeing 787 coctaBnsier A = 11, a y A-350 —
A =9,03. JlocTaTOYHO «CKPOMHOE» IO KOMIIO-
3UTHBIM MEpKaM yJiauHeHue kppuia A-350, Bu-
JUMO, cBsi3aHo ¢ TeM, uto BC Haxogurcs Ha
npenene kateropun «E», a npuMeHsTh CKiaabl-
BAaIOLIMECS 3aKOHLIOBKU €r0 CO3AaTeNH MOCUUTa-
JM HellenecooOpa3HbIM. B HacTosee Bpems 3a-
BEpLIAIOTCS  CEPTU(UKALMOHHBIE HUCIBITAHUSA
JIBYX CaMOJICTOB C KpbUIbsiMH U3 KM: 310 yxe
ynoMsiHyThlii Boeing 777X B Bapuante 777-9 ¢
A =11, a taxxe poccuiickuit MC-21 ¢ A = 11,5
(puc. 3). B KOHCTPYKLMH 3TUX CAMOJIETOB OKOJIO
40 % KM. Ilo muenuto paspaborunko MC-21,
omaromaps kpeuty u3 KM u GosibmioMy yuiHHe-
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HHIO €ro TOIUTMBHAS 3()(EKTUBHOCTh TOJDKHA J0-
CTUTHYTb PEKOPTHON BEJIMYHMHBI 16,5 T/mMacc. K.

Ho yBenuyenue yayvHeHUs Kpblla HE SBIIS-
eTCs CAMHCTBEHHBIM 3(P(GEKTHBHBIM CIIOCOOOM
YMEHBIIICHUS UHIYKTUBHOTO COMIPOTUBJICHHS Ca-
MoJieTa. JTO JOCTUTAeTCsd TakKe MPUMEHEHUEM
3aKOHIIOBOK KpbLIa ¢ 0COOBIMH (hOpMaMHU, 4aCTO
Ha3bIBa€MbIMU BUHIJIETaMHU. OJTHAKO UX HCIIONb-
30BaHUE, KaK MPaBUIIO, TAKXKE CBSA3aHO C YBEJH-
YEeHHEM pa3Maxa KpbUIbEB.

PaccmoTpuM BTOpOIO MpoOieMy — yMEHbIIIe-
Hue rabapuToB camolsieTa Ha a’poapome. ['nmaB-
HBIM 00pa3oM 3TO CBS3aHO C pPa3MaxoM KpbLIa.
Taxk, /Ui JeTaTeNbHBIX aNlapaToB CHEHATbHO-
rO0 Ha3HAYEHUS JaBHO MPHUMEHSIOTCS CKJIATHBIC
KpbUIbi. bilike Bcero k paccMaTpruBaeMou TeMe
NOJOOHBIE PElICHHs UCIOJB3YIOTCS Ha caMoJe-
Tax MamyOHOM aBHalMM, MO3BOJIAIOIINE YMEHb-
MIATHh Ta0apUTHl MIPH Pa3MEUICHUH U XPaHEHUHU
Ha cyaHe. Ha puc. 4 moka3an mamyOHBIN UCTpe-
o6urens Cy-33 ¢ y3/1aMu CKJIabIBaHUS KOHCOJIEH
KpbLJIa U TOPU30HTAIIBHOTO OIIEPEHHSL.

B konne 1990-x rogoB Ha muppoBoi MoJeIH
camoniera Boeing-777-200 Obu10 mpOaHATU3UPO-
BAaHO €ro KpbUIO, OTHOCsIEecs K Kareropuu E
(/<65 M), ¢ BO3MOKHOCTBIO YMEHBIIICHHS pa3Ma-
Xa 3a CYeT y3JIOB CKJIaJbIBaHHs J0 Kateropuu D
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Puc. 4. Cy-33 ¢ y3mamu cKIapIBaHUs KOHCOJIEH Kpblila M TOPU30HTAIHHOTO ONICPEHHUS
Fig. 4. Su-33 with the half-wing and the horizontal stabilizer folding assembly units

=60 m

1=64.9 M
=844 m

6 T

Puc. 5. CymectByromnye 1 NepcreKTHBHBIE CAMOJIEThI OAMHAKOBOW JAILHOCTH M MACCAKUPOBMECTUMOCTH C OOJIBIIEH
ToruTUBHOM 3(dekTuBHOCTHIO: @ — A320neo u ero aByx(dro3eisukHbIi aHaor [7]; 6 — Boeing 747 u camoser
CO CMENIaHHBIM KpbUIOM-(ro3erspkem [6]
Fig. 5. Current and advanced aircraft of the equal range and passenger capacity with greater fuel efficiency:
a — A320neo and its twin-fuselage prototype [7]; b — Boeing 747 and the mixed wing-fuselage aircraft [6]

(/<52 wm). D10 no3Bomwio Obl pasmeniath BC B
aHrapax, rnpegHazHadueHHbIx Juis1 camonera DC-10.
VYike yHOMSHYTBIE BBIIIE TIEPCIIEKTUBHBIE CXe-
MbI — IByX(ro3emsbkHas (puc. 5, a) U «CMEIIaHHOe
KPBUTO-(rO3eILHK» (PUC. 5, 6) — TAKKE OTIMIAROTCS
CYIIECTBEHHO OOJIBIINM Pa3MaxoM KpbLia MO CpaB-
HEHHUIO C TPAJUIMOHHBIMH CaMOJICTaMU, U B HHX
TOXE MOYKET MOTPeOOBaTHCS CKIIA/IbIBAHUE KOHIIE-
BBIX YacTei KPbLIbEB, KOTOPBIE BBIXOIAT 32 JIOIY-
CTHUMBIE Ta0apUTHI B CYILIECTBYIOIIUX a3POIOPTaX.
I'maBHas nens qaHHON pabOTHI CBsI3aHA C TO-
BBIIICHUEM TOIUIMBHON 3¢ ¢extuBHocTH BC
3a CUeT YBEJIHMUYEHUs YUIMHEHHS KpbLia NP Tie-
pexoie Ha KOMIO3UTHYIO KOHCTPYKIUIO, & TaK-
K€ TPHMEHEHHE B Cllydae HEOOXOIUMOCTH
CKJIa/IBIBAIOIIUXCSI 3aKOHIIOBOK KPBLIA.

77

OneHKa BIUSIHUS TPOEKTHBIX
U3MEHEHMd HA B3JIETHYI0 MacCy

JlJis KOHIENTyalbHOI0 HayajabHOIO aHaJIM3a
HOBBIX MHBECTULIMOHHBIX MPOEKTOB C LIEJBIO TO-
Jy4YeHUs] HAJEKHBIX PE3yJbTaTOB C MUHHUMAalb-
HBIMH TpyJO3aTpaTaMu B JaHHOW paboTe pac-
CMaTpUBAETCA METOJIMKA, KOTOpask CTPOUTCS Ha
MPUMEHEHUH JIAHHBIX YK€ MPOBEPEHHBIX MPOECK-
TOB (0a30BbIX camoneToB). [ns onenku 3¢ dek-
TUBHOCTU HOBOTO MPOEKTA, KaK U B MpeAbIIy-
mux paborax sToro Hampasienws [1, 6, 12],
BOCITIOJIB3yEMCSl MOJXO0JI0M, OCHOBaHHBIM Ha
aHaJIM3€  YYBCTBUTEIBHOCTH  MaKCHUMalbHON
B35eTHOM Maccel (MBM) k HayallbHBIM M3MEHe-
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HUSIM TIPOEKTHBIX MapaMeTpoB (BECOBBIX, adpo-
JUHAMAYECKHX U JpYrux). BHOBB OTMETHM
BaXHOCTH paboT [13—16], B KOTOpBIX ObLIN pa3-
paboTaHBl OCHOBBI STOTO MOJX0/a, KOTOPBIHA
Ha3bIBAJICS «METOJ KOA(P(PHUIMEHTOB PpPOCTay.
KonuenryanpHas oleHKa HOBOTO INPOEKTa CYH-
TaeTcs JOMyCTUMOM, eclii OHa o0ecreuuBaeT
MOJIy4Y€HHUE Pe3yabTaToB ¢ TOUHOCTHIO 10—15 %,
U B TaKMX INpe/ielax MOXKET BBIIOJHATHCS Baph-
MpPOBaHME MPOCKTHHIX MAPaMETPOB.

JHanee OyzaeM HCIONB30BaTh AaHaJIOTMYHbIE
00o3HaYeHHsI TIapaMeTpoB, kKak U B [6]. MBM
camosieTa IIpeJCTaBIsAeTCs B BHUJE YEThIpeX
(YHKIIMOHATBHBIX KOMITOHEHT:

4
m= Zi:l m; = My g + Mgy + My ¢ + My, (2)

Vol. 26, No. 02, 2023

IJIe Mgy — Macca KOHCTPYKUMHU IJIAHEPA; Mcy —
Macca CHUJIOBOM yCTaHOBKH, CBSI3aHHAsI C MacCou
JBUraTenell My, COOTHOLIEHUEM Moy = koyMiyg;
My — Macca TOINIMBHOM CHCTEMBI, CBSI3aHHAs C
MAacCOM TOIUIMBA 7, COOTHOLIEHUEM My = Kychiy;
my — Macca IeJIeBOM Harpy3KH, BKJIIOUYAIOIIEH
KOMMEPUECKYIO HATPY3KY Mixoy, & TAKIKE IKUTIAK,
NMUTaHWe W JpPyroe, IOCTaBIsieMOEe Ha OopT
HENOCPEICTBEHHO NEpe]] BBUIETOM (Miceps). K my
TaK)kK€ OTHECEHO BCE HEChEMHOE CHApSIKEHUE U
pa3ianuHOe 000PYIOBAHHUE — Mo cx-

3anuch (YyHKIMOHATBHBIX MacC B OTHOCH-

TEIBHOM BUJE  /; = m;/m TIO3BOJSAET MOIYYHUTh

W3BECTHOE YpPaBHEHUE CYIIECTBOBAHHS CaMoOJe-
Ta, a TaKKE€ €ro BapUaHT NPH HCIIOIH30BAHUU
HOHATUN HE3aBUCUMON (U3BECTHOM) — Miindep U
3aBUCHMON (HEM3BECTHOM) — Migep COCTABIISAIO-
mux Maccel oT MBM:

m= mu/<1_”’_11<.n _”_%y _”_1T.c) , M= mindep/(l_”_’ldep) . (3)

OTMeTuM, 4TO B Ka)XXJOM KOHKPETHOH Mpo-
€KTHOM CHUTyalldd TaKOWl TMOCTaHOBKHM 3aJlaud
MAacChl Mindep U Mdep MOTYT OBITH pa3HbIE.

B cooTBercTBHM ¢ paccMaTpUBaeMbIM IOJ-
XO0JIOM KOHEYHOE H3MEHEHUE B3JIETHOW MaccChl
NP HAYaJbHOM (JIOKAJIHHOM) HW3MEHEHUH I-U
(GYHKIMOHATBLHON Macchl Am;y, BBI3BAHHOM TIPO-
€KTHBIM U3MEHEHUEM, COCTABUT

0
Am =22 Amjg = i iAmi (4)
1

A€  Mmi KOA(P(UIIMEHT YyBCTBUTEIBHOCTH
B3sieTHOM Macchl (KUBM).

B paborax [1, 6, 15] nokazaHo, 4To NpH yCIOBUU
COXPAaHEHMS JICTHO-TCXHUYECKUX XApaKTCPHUCTUK,
Kak y 6azoBoro camosnera, KYBM cocrapmser:

— 151 (PYHKLIMOHAJIBHBIX MACC, 3ABUCHMBIX OT 71:

Hmi ZI/[mu_AmiO"'(’q_icy"'mr.c)Cxa(b Cxa:|= (5)

— nnsi GYHKIIMOHAJIBHOW MAcCChl, HE3aBHUCHU-
MOM OT m:

Wm = 1/[”_111 + (”_%y + ”_QT.C)Cxa i) Cxa], (6)

TI€ Crapy Cra — KOIPDUIMEHTHI adpoauHAMUYE-
CKOTO COIPOTHUBIIECHUS (DI03€eNsKa H BCErO CaMo-
Jera.

Bennuunsl Am; B (5), OTHOCSIUECS K OT-

HOCUTEIILHBIM MaccaM HadallbHbIX W3MEHEHHH
(YHKIMOHATIBHBIX ~ COCTABISIONIMX, OOBIYHO
3HAYUTEIIFHO MEHBIIC OCTAJBHBIX CIAraeMbIX,
MO3TOMY YacTO MMM MOXXHO IpeHeOpedb, U TO-
raa KUBM no BceM ¢yHKIIMOHAIBHBIM MaccaM
OyIyT OIMHAKOBHI:

1

“’mu:l'l’mk.n:“’mcy:umtc:“’m: ° (7)

BecoBoil aHaIU3 KOHCTPYKUMH

B cnyuae orcyTcTBHs MHQOpMaIK 110 OTHO-
CUTEIBHOM Macce My U1 BBIYMCICHUS |

m, + (17_1Cy +m_ )c,, N /e,

MOTYT NPUMCHATBHCA MOJYOIMIIMPUYICCKUC 3aBU-
CUMOCTH, OOBIYHO Ha3bIBa€MbI€ BECOBBIMHU (HOP-
Mysnamu. [l OLEHKM MaccChl KpbllIa, KOTOpOE
SBIISIETCS. B JIAaHHOM HCCIICZIOBAHUM OCHOBHBIM
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O6I>€KTOM, BOCIIOJIB3YEMCS NOCTATOYHO XOpPOHIO
HpOBepeHHOfI B TCUCHHUC HCCKOJIbBKHX JCCATHIIC-

pr

"y 0,022 m

=T o7 1
PoCy (COSXo,zs)

re n) — pacyeTHas Meperpyska, p,=mg/S —

yaenbHas Harpy3ka Ha KpbUIO; 1| — CYy>KEHHE
KPBUIA; Y025 — YTOJI CTPEJIOBUIHOCTU MO JMHUH
4eTBEPTU XOPABI; C,, ¢, — OTHOCUTENIbHBIC TOJI-
MMHBI TPpOo(UIIs B KOPHEBOM M KOHIIEBOM Ceue-
HUSX; Y — KOO(QQHUIMEHT, YUUTHIBAIOIIUN pa3-
IPY3Ky KpbUla HM3THOAIOIMMH MOMEHTAaMH OT
TOIJIMBA U COCPEOTOUEHHBIX I'PY30B Ha KpbLIE:

y=0,92-0,5m, 0,1k, , )

k,, — xK0d(pULMEHT, yYUTHIBAIOLIMH pacmoo-
KEHUe ABurateneil (B JaHHOM cilydae i JBU-

rareneit Ha kppite k= 1); k — xoaddunuenr,
YUYHUTBIBAIOIIHMN pecypc Kpbuia, o0braHo &, = 1,1

(mamee OyayT PUBOAUTHCS TOJNBKO Te KO3(du-
IIUEHTHI, KOTOPBIE HCHONB3YIOTCS ISl camolie-
TOB paccMaTpUBAaEMOro Kjacca, JUIsl JPYyTUX 3TH

ko3 dunuentsr MokHo Haiitu B [3, 17]); k, —
KO3(PPULIMEHT, YUYUTHIBAIOIIMNA HCIIOIb3YEMBbIN
B Mexanuzauun kpeuia (k, = 1,5); k; — ko-
3G GUIMEHT, YYUTHIBAIOIINNA BHJl TepMETH3AUN
TOIUIMBHBIX 0akoB (k, = 1,1).

[IpoBeneM oOLEHKY Macchl Kpblia camolera
Boeing 777-300ER, ncrons3ys cieayronme uc-
XomHele maHHbIe: m = 351,5 T, § = 4278 MZ;
ny = 3,75 ¢ =014, ¢ = 0,09, » = 9,8;
Yoss =32°; ¥ = 0,68; n = 6,1. B pe3ynbrare mo-
TyquM: m, = 0,11, uto coryacyercs co CTaTH-
CTHKOM JIJIsl COBPEMEHHBIX MAaCCAKUPCKUX CaAMO-
neros [3-5, 18] m,, = 0,1-0,12. Jlnst ocTanbHbIX
arperaToB IIaHEpa BOCIOJIb3YEMCSl CTaTHCTHYE-

CKHMH JTaHHBIMH: (IO3CIISDK — m, = 0,1-0,12;

0,016-0,02; mmaccu

m, =0,04-0,06. 1 Torga MoKHO IPUHATH, YTO

omepeHue — m, =

OI1
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TUI ¥ CKOPPEKTUPOBAHHOMW C YYETOM CErOHSIII-
HUX peasinii BecoBor (hopMyIioi u3 padoTs [3]

|

(0,85 +

i 4 b Skok,

+0,01, (8)
n+3 Do

iy = iMgp + Mg + Moy + iy = 0,11 + 0,11 +
+ 0,02 + 0,04 = 0,26.

K coxanenuto, Haje)KHbIE BeCOBbIE (OpMy-
JB1 JUIS OLIEHKU Macc arperaToB mianepa u3z KM
IOKa OTCYTCTBYIOT, M JJSI 3TOTO OOBIYHO HC-
HOJIB3YIOT KOPPEKTUPOBOUHBIE KOI(D(UIMECHTHI.
[lepBoHauanbHbIE OLIEHKNW CHUKEHHUSI MAacChl Me-
TATHYECKUX CHIIOBBIX KOHCTPYKIUH TPH Tiepe-
xone Ha KM cocrapnsu 10 40 %, HO 10 Mepe
HAKOIIJICHUSI OTBITA TPOCKTHPOBAHUS U IKCILTY-
aTalliy TaKUX KOHCTPYKIMH MPUMEHHUTEIBHO K
MarucTPaJIbHBIM TACCAKUPCKUM CaMoJIeTaM 3Ta
mudpa 3ameTHO cHuzmiack: 10 20 % [19, 20],
12-14 % [21] u 8,7-12 % [22].

VYuyurbiBasg HalMyue MHOTMX MaTepuajoB B
KOHCTpYKIUU (pHC. 3), Takoil pa3dpoc BIIOJIHE
O4eBHUJICH. B 3TOM CBsI3M mpeiaraeTcs mojaxom,
NOCTPOCHHBIN Ha MeTonuke padoTsl B.A. Koma-
poBa [23], B KOTOpOW JyIsl arperatoB IUIaHEpa
camoJsieta ObUIa MpEAIOKEeHA CIeaAylolas yHH-
BepcalibHasl CTPYKTypa BeCOBOU (hOPMYIIbL:

m=>C.PL, (10)
c

rae @ — KO3(QPUIMEHT MOJTHOTHI Macchl (YUUTHI-
BAeT pealibHbIN NPUPOCT K TEOPETHUUECKON Macce
U3-32 HAM4YUs CTHIKOBOYHBIX W HECHJIOBBIX
3JIEMEHTOB B KOHCTPYKIMM, OTKJIOHEHHUS OT OIl-
TUMaJIbHOTO PacIpe/iesiCHUs] MaTeprala B M0JIb-
3y OPOCTOTHI M TEXHOJIOIMYHOCTH KOHCTPYKIHMI
U npouue J00aBKW); G — yjAeNbHas NPOYHOCTH
OCHOBHOI'O KOHCTPYKIIMOHHOI'O MaTepualla, UcC-
nojs3yemoro B arperare; Cx — KO3(p(UIMEHT
cHiIoBOro (hakTopa, YUUTHIBAIOUIUNA OCOOCHHO-
CTH BHELIHEH (pOpMBbI KOHCTPYKIIMHU, €€ CHIOBOU
CXEMbl W pacrnpenesneHus Harpysku, P, L — xa-
pakTepHas Harpy3ka M XapaKTepHBIA pa3Mep
paccMaTpHUBaeMoro arperarta.

[Ipu oueHke @ OOBIYHO MCIONB3YIOT CTaTH-
CTHYECKHE JJaHHbIE HA OCHOBE YXK€ CYLIECTBYIO-
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mux KoHCTpykimil. Jlns Haxoxaenuss Cx B 00-
IIEM CJIy4ae PEKOMEHJYETCsl MCIIOJIb30BaTh BbI-
COKOTOYHOE MAaTeMaTH4eCKOe MOEITUPOBaHUE
Ha ocHoBe MKD M 4MCIeHHBIX METOJIOB a’po-
nuHaMuku [24, 25]. Ho B psizne ciiydaeB MOXKHO
NPUMEHUTh U aHAIUTUYECKYIO OLeHKYy Ck, Kak
3TO OBLIO CcHeNnaHo, Hampumep, B pabote [26]
NPy KOHIIETITYaJIbHOM IPOTHO3€ Macchl (hro3e-
Jsixka B ciryvae nepexona Ha KM.

[Ipn ananm3e Maccel Kpbula B paboTax
B.A. KomapoBa 0b110 MpeasioxKeHO B KauecTBe
P ucnons3oBaTh  MakCUMaJbHYI  Harpysky,
BOCIIPHHUMAEMYIO KpbUIoM P = n}mg, a B Ka-

YEeCTBE XapaKTepHOro pa3Mepa — L=AS. Ho,
IIOCKOJIBKY B pacCMaTpHUBaeMoOM 3ajade B Kaye-
CTBE TJIABHOTO HCCIIElyEeMOT0 IPOEKTHOrO TMa-
paMeTpa BBICTYNAeT yIAJUHEHNE KpbLia, ISl TO-
ro 4roObl OcnabuTh BIMsSHUE HapaMmerpa L Ha
Ck, B Ka4eCTBE XapakTepHOTO pa3Mepa mpeJia-
raeTcs HCIOJb30BaTh PACCTOSHUE OT IUIOCKO-
CTH CUMMETPHH CaMoJjeTa 10 CpeaHel a’poau-
HAMHUYECKOW XOpJbl KpbUIA Z,, KOTOpas M
TPAINeEeBUIHOTO KpbLIa BBIPAXKAETCS depes3
pa3max u cyxenue [27]:

) 1
. +—. (11)
6 n+l1

OxoHuaTenbHBIN BU (HOPMYJIIBI IS OLEHKH
MacChl BCEro Kpbuia

Kp

My =% Conl iy, 7, (12)
(¢
Haubonee cnoxxHpIMH mapaMeTpamMu MpU
BBIUUCIICHUSIX TI0 3TOH (popmyiie SBIAIOTCA O,
Ck, a TakXe G, MOCKOJIbKY KpPbUIO COIEPKUT
MIMPOKUN HA0Op MaTepUANIOB C Pa3HBIMU IIOT-
HOCTAMHM W JOIMYCKACMBIMU  HAIPSIKCHUAMHA

(puc. 3). O6beaunuM B opmyiie (12) 3tu Tpu
napaMerpa B OJMH, OOO3HAYMB €ro Kak

B, :gCK. W torpa, ecnu aus yxe CyLIECTBY-

oIIero camMoJi€ra M3BECTHa MacCa €ro KOMIIO-
SUTHOI'O Kpblid, C ITIOMOIIIBIO BBIYUCIICHHOI'O I1d-

pamerpa P, MOXHO OyIeT CIPOTHO3HPOBAThH

Vol. 26, No. 02, 2023

Maccy KpbUla HOBOTO CO3/IaBaéMOr0 CamoJieTa
moI0OHOTO KJlacca, HO YK€ C JIPYTUMH pa3me-
paMu U Harpy3KOu:

ml(p KM BKM”EmMBMgZa : (13)

Ouenka Macchbl yCTPOHCTBA,
o0ecreynBalOIIEro OTKJIOHEHHE
3aKOHIOBOK KPbLJIa

OueBUHO, YTO BBEACHUE YCTpOICTBA AJis
YMEHBILIEHUSI Pa3MEPOB Kpblla Ha a’polipoMe
HEN30eKHO MPUBEACT K HAYAIBHOMY POCTY Mac-
Chl KpbLja: BO-IIEPBbIX, BCJIEICTBUE HAPYILICHUS
HEMPEPHIBHOCTU CHUJIOBBIX 3JIEMEHTOB M B paii-
OHE Yy3/1a CKJaJbIBaHUS MOTpedyeTcs CuiioBas

BCTaBKa MacCO# m,__; BO-BTOPBIX, MOTpeOyeTCs
MEXaHU3M C IIPUBOJIOM JJISl CKJIaIbIBaHUS C Mac-
co m B TPETbHX, HEOOXOIUM 3JIEMEHT,

MEX.CKJI 2
obecrieunBaronuii  GUKCAIMIO 3aKOHIIOBOK B
KpalfHUX MOJOXKEHUSIX, Maccy KOTOpOro o0o3Ha-

quM m

MEX.IITBIP *
YCTpOIICTBa, Kak 3TO CJEJIaHO Ha IpUMEpPE
Boeing 777-9, npusenena Ha puc. 6.

Hrak, macca Bcero ycTpoiCTBa, CBs3aHHas
CO CKJIaJIbIBAHUEM 3aKOHIIOBOK, COCTaBUT

HpI/IHHI/IHI/IaJ'II)HaSI cXeMa J3TOTIo

mcm = chr +m, + mMex.dmxc . (14)

MEX.CKIT

©uKCATOP M CTONOPHBIH_~ ,,ﬂpuxpu:mx
MEeX: N -
AEHEHTIN Kourpoanep

/J,‘ICPO}I

DACKTPHUCCKMIT
AKTHBATOP__
H 3AMOK

— K

" OCb CKAAABIBAHHSA
%

,zy_'“'-‘.._('Jc:l:l;mBnm[ll:])[cn.
/ JAKOHLOBEA KPbITd
— 17

Puc. 6. Cxema crucTeMbl CKIIaAbIBAHUS 3aKOHIIOBKH
1<p1)ma3
Fig. 6. Layout of the wingtip folding system’

3 Aviation week [DnexTpoHHbIii pecype] // aviationweek.
URL.: https://aviationweek.com/commercial-aviation/boeing-
777x-prototype-wingtip-tests-begin (nara oOparenwus:
01.03.2022).
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Puc. 7. OTHOCUTEIIBHBIE MAaCcChI JIEMEHTOB YCTPOICTBA JUIsl CKIIaAbIBaHMS 10 Pa3Maxy Kpblila KECCOHHON CHIIOBOM
CXEMBI: @ — [T TairyOHOTO UcTpeduTens [28]; 6 — OTHOCHTETBHBIC MAacChl BCETO YCTPOMCTBA I UCTpeOuTems [28]
U MaCCaKUPCKOro camolieTa
Fig. 7. Mass fractions of device elements for folding along the wingspan of the torsion-box structural layout: (a) for
the deck-based fighter [28]; (6) mass fractions of the whole device for the fighter [28] and the passenger aircraft

OreHka 3TUX Macc — CIOXKHAsl U JOCTATOYHO
caMocCTOsITeNIbHAs 3amada. B paborax [28, 29]
ObUTH TOJY4YeHBl 3aBUCHUMOCTH, HEOOXOIUMbIE
JUISl BBIYMCIJICHHS BCEX cOoCcTaBisitomux B (14), Ha
npuMepe KOHCTPYKLUHU C TTIOBOPOTOM 3aKOHIOB-
KM BOKPYT OCH, ITapaJuIEIbHON MPOAOIBHON OCH
camoJleTa, Kak 3To ObUIO CIeJaHO Ha MaTyOHOM
uctpedutene Cy-33 (puc. 4). B ykazaHHbsIX pa-
060Tax pacyeT MPOBOAUICS IS TPEX MOJIOKEHUN
y371a ckiansiBanus z =2z/1:0,32; 0,48 u 0,64.
BocnosibayemMcs 3To# e METOIMKOM, MpeIoia-
rasi, 4TO0 B pacCMaTPUBAEMOM CIIy4ae KOHCTPYK-
1Usl CKJIaJbIBAEMOM 3aKOHIIOBKH BBIMOJIHEHA IO
CUIJIOBOI cxeme, B KoTopoi 80 % um3rubaroiiero
MOMEHTa BOCHPUHUMAETCs naHensamu, a 20 % —
JIOH)KepoHaMU. JOMOTHUTENTHHO BBEIEM Clely-
folue 00O3HAUEHUSI MacC AJIEMEHTOB CHJIOBOU
BCTaBKH, COCTOSIIIIEH U3: MOSICOB JIBYX CHJIOBBIX

HEpBIOp (m, ) U UX CTEHOK (m, ,), @ TaKKe

¢utuHTOB ¢ TMpoymmHamu (m,. ). O003HAUNM

BCT.3
OTHOLIEHHE MAacC PaCCMOTPEHHBIX JJIEMEHTOB K
Macce MCXOAHOrO Kpeuta m, =m;/m,, . Ha

puC. 7, a IPUBOAATCS 3HAYCHUS 71, Uil Maiy0-

Horo uctpedutens Cy-33, a Ha puc. 7, 6 — 3Ha-
YeHUsI OTHOCHUTEIBHOM MAacChI Y3JIOB CKJIaJIbIBa-

81

HUS JUISL UCTPEOUTENsT U MACCaKUPCKOTO CaMo-
JeTa B 3aBUCHMOCTH OT MECTa PACHOJIOKECHHS
y31a no pasmaxy — 2z/I. Ilepecuer macchl 3ie-
MEHTOB CHUJIOBOM BCTaBKM [UIsSl MAaCCaXHUPCKOIO

CaMOJICTa BBIIIOJHCH C IIOMOIIBIO KOB(I)(i)I/II_II/IeH—

p

p
> derp. /n » Macc.cay, » Y UTHIBAIOIIETO pas3-

Ta k,=n
ny

HbIC 3HAYCHUS PACUCTHBIX MEPErpy30K JUIS ITHX
ABYX THIIOB camolneroB k , = 12/ 3,75, na xo-
;

TOPBIC NOJDKHBI paCCYHUTHIBATHCA 3TU KOHCTPYK-
m

MeX.CKJI 2

m

Mex.rkc

muu. Pacyetr Macce MPOBOJUIICA

AQHAJIOTMYHO, KaK U B [28].

s camonera Boeing 777-9 y3en ckianbiBa-
HUSl HaxoauTcs Ha pacctosHuud z = 0,9, u co-
IJIaCHO pHUC.7, 6 OH OyJeT UMETh OTHOCHUTENb-
Hyto maccy m,, ~0,01.

Hapsimy ¢ moBopoToM 3aKOHIIOBOK OTHOCH-
TEJIBHO OCH, NapaJlIeIbHOW OCH camoJeTa, Mo-
KET TMPUMEHSATHCSA U OoJiee CII0KHAsI KHHEMATH-
Ka ckianeiBaHusg. OJHUM W3 TaKUX abTepHA-
TUBHBIX BApUAHTOB SIBJISETCS TEJIECKOMUYECKOE
BBIJIBIDKCHUE 3aKOHIIOBOK. B pabote [30] ObLIO
MOKa3aHO BECOBOE U a’pPOJAMHAMUYECKOE IIpe-
UMYIIECTBO TAaKOTO CIIOCO0a M3MEHEHHUS pa3Ma-
xa kpbuta. OpHako M7 paccMaTpPUBaeMOro
KJlacca CaMoJIETOB M3-3a HAJIWYHS KECCOH-OaKOB
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Taoauna 1
Table 1
OrneHrBaHNE BETMYUHBI MHIYKTUBHOTO COMTPOTHBIICHHSI KPbLJIa
Wing induced impedance value evaluation
I[TapameTp M S, | Xux o] M A z,,M Crai Cra Acya, %0
Boeing 777-300ER 64,8 427,8 33 54 | 95 10,8 0,0141 | 0,0521 73
Boeing 777-9 71,8 466,8 33 5 11 12 0,0102 | 0,0483 ’

B HEIMOJBW)KHOM YaCTU KPbLIA TEIECKOIMYECKHUI
Croco0 pacKIIabIBAHUS KPbUTA MOXET IPUBECTH
K YMEHBIIICHHIO 00beMa OaKoB.

HpOCKTHpOBO‘lHaH OIICHKA
AAPOAUHAMHUICCKOT0 COBEPIICHCTBA
KpbliIa CAaMO0JICTA

Kak cnemgyer u3 dopmyinsl (2), yIIuHEHHE
KpblIa A HENOCPEICTBEHHO OKa3bIBaeT CyIIe-
CTBEHHOE BIIMSHHE Ha BEJIMYMHY HHIYKTHBHOM
COCTABJIAIONIEH a’3pPOJMHAMUYECKOTO COIMPOTHB-
JICHUSI.

Koapdpuuuent OcBanbaa e, KOTOpbIil obec-
nmeyuBaeT mnepecueT Ha 3P(EKTUBHOE YIIMHE-
HHUE, MOXXHO OIPENEeIUTh, HCIONbB3Ys BBIpAXKE-
Hue u3 [4]:

e, =4,61(1-0,045."%)(cosy, )" ~3,1.(15)

[Tpoananu3upyemM C TOYKH 3PEHUS adPOIU-
HAaMHYECKOTO COINPOTHUBIICHUS, YTO JAeT Iepe-
BojJ OazoBoro camoiiera Boeing 777-300ER ¢
METAJUIMYECKUM KPBUIOM M yJUIMHEHHEM A = 9,5
Ha KPBUIO C OOJNBIINM YUIMHEHHE 3a CUET MpH-
Menennss KM — A = 11 (kak 3T0 clenaHo Ha
Boeing 777-9). B Taba. 1 npuBogsTcs HeoOXo-
JTUMBIE JTaHHBIE JUIS pacueTa MHAYKTUBHOTO CO-
NPOTHUBJICHHS KpPbLJIa ¢ UCIOIb30BaHUEM (opMyIT
(1) m (15). Ilpn BBIYKCIEHHU Cy, pACCMATPH-
BAJICS KPEUCEPCKUU IOJET IPU OCPEIHEHHOU
Macce caMoJieTa, COOTBETCTBYIOIIEH BhIpabOOTKE
toruinBa Ha 40 %:

_2m(1-0,4m )g

16
s (16)

ya

82

JlJis OLIEHKH MOJIHOTO JTI000BOTO COMPOTHB-
JICHUsI CamoJieTa MCIOJIb30BAIUCH JaHHBIE HC-
CJe0BaHMi, mpoBeAeHHbIE B [8, 31], cormacHo
KOTOPBIM JI0JIs1 MHIYKTUBHOTO COMPOTUBIICHUS
JUISL pacCMaTpUBAaEMOro Kjacca CaMoJIeTOB CO-
cTaBisier okoyio 27 % OT 0o0ImIero COnmpoTHBIIC-
HUS camoJieTa.

Kak BumHO, yBelMueHue yIJIMHEHHUS Ha
AN =1,5 TpUBOIUT K YMEHBIICHUIO WHIYKTHB-
HOTO COTMPOTHUBJICHUS TpumepHo Ha 27,7%, a
o0miero jJ000BOrO COMPOTHUBIEHUS CaMoOJIeTa —
Ha 7,3%.

OddexT BIMUSIHHUS BHUHIJIIETOB C BBICOTOU

h MOKHO Y4YCCTb C IIOMOIIBIO SMIIMPHYC-

BHHIJIET
CKOTO COOTHOIICHUSI U3 paboThl [4], KOPPEKTH-
PYIOLIEro yJIMHEHUE Kphblia:

Ao =k(1+1,9hBHHmeT/l). (17)

I/I TOoraa AJid OLCHKHU I/IHI[yKTI/IBHOFO COHpO-
THUBJICHUSI MOXXHO HCIIOJIB30BaTh OoJiee OOIIyIO

dopmyary

2
cya

9
Thew

c

Xa e

(18)

rae w — Ko3QpQHUIUEHT, YIUTHIBAIOIUI HAINYHE
BUHTIICTOBW = 1 + 1,94 /1. Tlpu otcyTcTBHN

BUHIJIET

BUHIJIETOB A4 =0uw=1.

BHUHIJICT

YucjieHHbIE HCCIeT0BAHUS

Boeing 777-9. Jlna peanuzauuu npejjarae-
MOM METOJIMKH MO KOHILENTYyaJIbHOW OIeHKe d(-
(EKTUBHOCTH HOBBIX MPOCKTHBIX PEIICHUH, CBSI-
3aHHBIX C KOHCTPYKIIMEH KpbLla, BHayajie pac-
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CMOTPHUM B Ka4yecTBE IEPBOrO IpUMepa caMoJjeT
Boeing 777-300ER ¢ nBurarensimu GE90-115B,
Ha 0a3ze koroporo co3maH Boeing 777-9. Oror
caMoJIeT MMEET BMECTUMOCTb A0 426 4eloBek
(B KoOHUrypauuu ¢ ABYMs Kjlaccamu), H, IO
OILIGHKE €ero co3/aTeliell, OH MO TOIUIMBHOW 3(-
¢dextuBHOCTH Ha 20 % Jydine CBOEro mpesrie-
CTBEHHUKA.

[To cpaBHeHuto ¢ 0a30BBIM CaMOJETOM Ha
aHAJIM3MPYEMOM HOBOM BapUaHTE caMoJieTa
npumensitotes npurarenu GE9X-105B1A, koto-
pble 00ECTIeYMBAIOT CHIKCHHE 3aTpaT TOILIMBA
Ha 10 % 3a cueT HOBBIX KOHCTPYKTOPCKHX pe-
meHnii. KoMIo3uumoHHoe KpbUio HOBOT'O Camo-
neta (puc. 2), MO CpaBHEHHIO C 0a30BBIM
777-300ER, umeer pazmax Ha 7 METpOB OOJIbIIIEe
U TUIOIIAb, Oonblnyto Ha 7 Y.

—

Civil Aviation High Technologies

3Hasa u3 OHY6J'II/IKOB8.HHBIX JaHHBIX IIO 0a3o-

BOMy  camosery, d4ro m = 3515,
m.= 168,71, m =114r, m, =2x825m,
m_. = 68,5T, U3 ycnoBus Z;n_al. =1 MoxHO

ONpCACIMTL 3HAYCHUA BCCX UYCTBHIPEX OTHOCH-
TCJIBHBIX MacCC q)yHKI_[I/IOHaJ'ILHBIX COCTaBJIAIO-

wux: m = 0,26 (312 Macca OblIa BbIYHCIECHA
Bpiute); m, = 0,06; m = 035 m, = 033
(B 9THX pacuerax ObUIO IPHUHATO, 4TO k= 1,28,

a k,, =1,08). Ilpu sToM Oynem HCXOOUTH U3

yCTaHOBKM yske roroporo asurarens GE9X (to
€CTh CHJIOBas YCTaHOBKA MOMNAJAeT B KATETOPHUIO
He3aBucuMbIx mMacc oT MBM). C ydetom 3toro
cKoppekTupyeMm dopmyny (8) st BEIUUCICHUS
KYBM u, npunsie ¢, , /¢, = 0,25, momy4anm

1

H = +m_c. ./c

T.C~ XA O xa

+m

m, +m,,

Jlanee Ha HOBOM caMoJieT€ [0 aHaJOTUHU
c Boeing 777-9 yBenmuuuMm pa3zmax KpbUia 10
71,8 M, a mnomans 10 466,8 M2, 41O OYyJET COOT-
BeTcTBOBaTh A = 11. JIJI TaKOro MeTaIM4ecKo-
ro KphbUia, corjacHo (8), ero macca cocraBuia
ob1 42,8 T. [Ipumenenne KM BHeceT n3meHnenue

B HAYAJIbHYIO MACCy Ha BCJIIMYUHY Apr ALKMO *

Kpome Toro, mosiBuTCS HadanmpHas mMacca 3a
CUeT y3/1a CKJIAJbIBaHMSA, KOTOpAas, COIJIACHO
NPOBEJCHHBIM BHIIIE MCCIEI0BaHUAM (puc.6, 0),
coctaBuT 1 % OT Macchl Kpblia 6a30BOro caMo-
jeTta — Am ~ 0.4 1. U nakonen, eme ogHa

Kp cki1 0
HayajbHas J00aBKa Macchl B KOHCTPYKLHH —
3aCYeT  yBeIMYeHUs  JIMHBI  (ro3esska
Al, =76,7— 73,9 = 2,8 m. Maccy dbrozemnsxa
HOBOI'O CaMoJjIeTa yBEJIWYUM IPOHOPIHOHAIBHO
ero JUIMHe, Torjaa Juisi 0a30BOro camosera 3Ta
nobaeka cocraBut Am,, =Al m, /I, =2,8 x

x 351 x 0,096/73,9=1,28 1.

bonbiiee ymMHeHre Kpbula 3a CYET CHUXKE-
HUS WHIYKTUBHOTO COTPOTHUBIICHUS B JaHHOU
MOCTAHOBKE 3a7adye OO0ECIeUUuT YMEHBIICHUE
MBM 3a cyeT CHHKEHHS MacChl TOILUIMBA. JTO
MOXHO Y4Ye€CTb, €CJIM, pacCMaTpuBas OCHOBHOM

T 0.33+0,06+0,35x0,25

83

2,13. (19)

(kpeiicepckuii) ydacTOK TMOJeTa, NPHUHITH BO
BHUMAaHUE MPOMOPIHOHAIBHYIO CBSI3b C Maccou
TOIJIMBA, a CJIEIOBATEIBHO M COMPOTHBIICHUEM
(IBUTATENb pAacCMATPUBACTCS YXKE TOTOBBIN),
Am,/Ac, =k, ,m /c,, u TOrja Ha4YaIbHOE

HN3MCHCHHEC TOIUIMBA 3a CYCT MU3MCHCHHA COIIPO-
THUBJICHUA

An/lT Acy, o = k

T Kme Acxa /cxa > (20)

rae k,,, — CTaTHCTHYECKUI KOOPUUKMEHT, yun-

TBIBAIOLIMI J0JII0 MACChI TOILUIMBA, PACXOyEMO-
ro Ha KpeiicepckoM pexuMme mosiera K oOuiei
macce tomwmsa k.. =m, /m . B pesynbrare

CYMMAapHO€ HAa4YaJIbHOC N3MCHCHUC MACCBI HOBO-
I'o CaMoJI€Ta COCTaBUT

Am o =Am y on0 +AM +Amy,+Am,,, . (21)

Kp cki 0

N3 ycnosus, yto MBM HoBoro camosnera
ocrajach Ha ypoBHEe 0a30BOro, Ciegyer, uTo

Am, = 0, n torga u3 ypaBHenus (21), 3agaB-
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Tao6anna 2
Table 2

AHanm3 u3MeHEeHH HHAYKTUBHOTO CONPOTHBIICHUS U MAcC ITaCCaKUPCKUX CaMOJICTOB
Analysis of changes of induced impedance and passenger aircraft masses

MC-21-300 SSJ-100 Ty-204/214 11-96-300
Camozers: ba3sosrrii [+BuHTIETH | ba3oBEIit II:E II?;/([) Ba3oBrrit I;:I: Il)g/([) bazoBrrit EI;I:IJ:SHI/LI:OEX
I, m 35,9 35,9 27,8 31 40,9 46 60,1 67,1
Lops M - 35,9 - 31 - 46 - 64,9
S, m? 113 113 83,8 83.8 184,2 184,2 391,6 391,6
Yo 28 28 32/27,5 | 32/2735 33 33 32 32
A 11,5 11,5 9,22 11,5 9.1 11,5 9,2 11,5
n 4,37 4,37 3,25 3,25 2,9 2,9 3,5 3,5
Z,.M 7,1 g* 5,7 6,4 8,6 9,6 12,2 13,7
Cramnn 0,0076 | 0,0063** | 0,0079 | 0,00502 | 0,0085 | 0,0058 0,0104 0,00781
Cra 0,0281 | 0,0266 | 0,0295 | 0,0266 | 0,0319 | 0,0291 0,0386 0,0361
Acy, % -5,3 -9,83 -8,78 -6,5
m,T 79,25 49,45 102,72 ?2 250 ?
m,T 16 ? 10 ? 22,5 ? 80 ?
M1 110 (9) 6 - 4,7 - 12,9 - 28,5 -
mg,r MO (14) | — 6,8 - 3.4 - 10,5 - 28,9
B T/ /%) - 0,00029 - 0,00029 - 0,00029 - 0,00023
Mgy o T - 0,8 - -1,3 - 23 0,4
Ay ono> T - 0 — 0 - 0 - 0,3
ke 0,6 — 0,7 — 0,7 - 0,78 -
Am,, , TIO
- -0,6 - -0,6 - -1,2 - —4
(19)
iy 10 (8) 1,13 - 1,32 - 1,22 - 1,32 -
Am, T 0,23 -2,54 —4,54 —4,45
Am,,r 1O (21) -0,56 —0,94 2,08 -6,3
Am, [ m, 100% -3,54 95 9.2 -6,3

* IIpu noacyere Z, s aHanusa Maccel Kpbuia MC-21 ¢ BUHINIETAMM OHH Pa3BOPaYMBAaKOTCSA B IIJIOCKOCTh KPbLIa

U pacCMaTPHUBAETCS KPBITO ¢ HOBBIM YCIOBHBIM pa3maxoM [ = 35,9 + 4,8 = 40,7 m.

** B coorBercTBHH ¢ hopmynoii (18).

kr 0,8,

=48T1, a 3arem, ucnousdys (13),

IUCH HalTHU

An/leAkKMO
u B, =0,000234 /(T M*/c?).
AHanu3 poccuiickux camoJseroB. Jlaiee

PAcCMOTPUM YHMCIICHHBIE TPHUMEpPHI MO YIIydllIe-
HUIO TOIUIMBHOW 3(P(GEKTUBHOCTH POCCHUHCKUX

MOXHO

84

CaMOJIETOB 3a CYET COBEPILICHCTBOBAHUS a’po-
JUHAaMUKU nyTeM npuMmeHeHuss KM B kpeuie u
ero sjaeMeHrax. B kauecTBe 0a30BbIX paccMaT-
puBatoTcs cymectBytomue BC: cpennemaru-
crpanpublii MC-21, permonanenenii  SSJ-100,
ommwkHecpenHemaructpanbieiii  Ty-204/214 u
JAIbHEMAaruCTpalIbHbI  IIMPOKO(IO3EIKHBIN
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C BHHTIETOM

Boinen=2,43 M

Civil Aviation High Technologies

bes BuHrIETA

Puc. 8. Bun camonera MC-21 6e3 BuHIiIeTa (CripaBa) U ¢ BUHIJICTOM (CJICBa)
Fig. 8. Aircraft MC-21 view without the winglet (starboard) and with the winglet (port)

camoner Mn-96-300. B tabn. 2 npuBeneHs na-
pametpsl 3tux BC 11 onieHKn Uux BEpCUil ¢ HO-
BBIMH KpbUThsiMU 13 KM.

[Ipenmonaraercs, 4YTO HOBbIE CaMOJIETHI
JIOJKHBI OCTaThesl B TOM ke kareropun ADG no

pasmaxy xpsuta (/). JUist ynpomeHus mocra-

HOBKH 3aJla4yd MPUHATO, 4TO HOBbIE Bepcun BC
UMEIOT OJMHAKOBBbIE C 0a30BBIMU: IJIOLIAMb,
CY)KEHHE M CTPEJIOBHIHOCTh. B Tabmuiy Taxxke
BKJIIOUEHBI JaHHbIE, HEOOXOIUMBIE AJIs TOCe-
JYIOIIETO BECOBOI0 aHajIM3a paccMaTpUBAEMBbIX
BC u oneHke ux TOIUIMBHOM 3(Q(PEKTHUBHOCTH.
ITpu 3TOM cunTaeTcs, 4To yAelbHas Harpy3Ka Ha
KpBUIbS. HOBBIX CaMOJIETOB MpPU YBEITUYCHUU
YAJUHEHUS] HE BO3pPACTaeT, a TATOBOOPYKEH-
HOCTb OCTA€TCs HE MEHbIIIE, YeM y 0a30BbIX.

s ynemeBineHUs HOBBIX HPOEKTOB Ipe.-
noJlaraercs, 4to u3MeHeHus B 6a3zoBeix BC koc-
HYTCSl TOJIBKO KpbUIa U TOIUIMBHOM CHCTEMBI.
B stoii cBsizu KUM, cornmacHo BeIpakeHHIO (6)
u OaJlaHCy OTHOCHUTENBHBIX MaccC, MPHUMET clie-

JIYOLIUN BUL:

1
1-(m,, +im,c

H,, (22)

/c

Xa Kp xa)

Kak y»xe OblJIO OTMEUYEHO BBILIE, B COOTBET-
CTBUM C UCCJEIOBaHHEM [8] oyisi CONpOTHBIIE-
Hus Kppuia cocrasisieT 60 % oT Bcero compo-
TUBJICHHUs camonera (¢, /¢, = 0,6).

N3menenue B pacxoac TOIUIMBa IMOACYUTBI-
BaeTcs coryiacHo [12] mo popmyie

Am, =Amy o +m, (1-cy, 4/ Cyy YAM.

(23)
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MC-21. Ceprudunupyemslii B HacTosIee
BpeMs cpeaHemaructpaibHbii MC-21 moka cy-
niecTByeT 0e3 BHHIJIETOB, MOATOMY [UISI HETO
paccMOTpPUM BapHaHT Kpblia C TEM Xe pa3Mma-
XOM, HO C BHHIJIETAMH, KaK Ha camoieTe Airbus
A320Neo, UMEIOIIUX BBICOTY / =243 m
(puc. 8).

[lo wuHbopManuu u3 HMHTEPHET-PECYPCOB,
camosier MC-21 nmeer KOMIO3UIIMOHHOE KPBLIO
C Macco m, 6 T. DTO NO3BOJIAECT HAUTHU 3Ha-

BUHTJIET

4yeHue mapamerpa P, Uil JaHHOTO Kiacca ca-
mosietoB. U3  dopmynsr (13) cmemyer, 9TO
Bw =My / (nymgz, ) =6/3,75/79,25/9,8/7,1
0,00029 t/(t M*/c?). s Kpbllla C BHUHIJIETaMU
u3 Tabn. 2 3HadyeHue z, ¥8§ M, IMOACUUTAEM
=6,8T.

= 0,8 T, a HaYaJIbHOE CHM)KECHHE MAacChl

€ro HOBYIO Torna
Apr ALO

TOIUIMBA 3a CUCT MCHBIICTO COIPOTHUBJICHUA CO-
rimacHo (19) Am,, = -0,6 T. Takum oGpasom,

Maccy m

Kp KM

B3JIETHAsl Macca NPAKTUYECKU HE U3MEHUTCS, HO
pacxo/1 TOIUIMBA IPU 3TOM cHU3UTCA Ha 3,5 %.
Nn-96-300, Ty-204/214, SSJ-100. Hoseie
Bepcun camosietoB ¢ A = 11,5 mnsa Ty-204/214
u SSJ-100 ocTaroTes B TE€X kKe KaTeropusx a’po-
MOPTOB MO pa3zmaxy Kpbiia, a Mn-96 nmonyyaercs
¢ pazmaxom kpeuia / = 67,1 M, uro Ha 2,1 M mipe-
BBIIIAET JOIIyCTUMBIN pa3smax s Kkareropuu E.
B o710ii cBs3u motpelyeTcsi IpUMEHEHHE CKIIa/l-
HBIX 3aKOHIIOBOK KpbUIa OOIIEH HOW 2,5 M.
Beraucnennsie 3nauenns KUM no (22), a Am, no

(21) TO3BONSIOT OICHUTH OOIIEe HW3MEHCHHE
MBM, a 3arem 1o (23) onpenenuTb 1 U3MEHEHUE

3arpar torumBa. [Ipu stom mapamerp P, y4u-
ThIBasi KATETOPUM CaMOJIETOB, JUIl HOBBIX BEPCHil
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Ty-204/214 u SSJ-100 Opasncsi aHAJIOTUYHBIM,
kak g1 MC-21 B, = 0,00029 t/(t m*/c?), a

st Un-96 — kak s camosiera Boeing 777-9
B, = 0,000234 t/(T M*/c?).

BriBoabI

1. Tlokazana oOmias TeHACHIMS NpPUMEHE-
HUSl KPBUIBEB OOJBIIOTO Y/UTMHEHHS U3 KOMIIO-
3UIIMOHHBIX MAaTEPHAIOB — KaK BO3MOXKHOTO 3(-
(EeKTUBHOTO HANpABJICHUS YBEITUYCHUS TOIUINB-
HOM 3((HEeKTUBHOCTH OyAyIIMX MarucTpalbHBIX
MACCAKUPCKUX CaMOJIETOB.

2. Ha ocHoOBe aHaln3a YyBCTBUTEIBHOCTH
B3JIETHOM Macchl 0a30BOTO camoJjeTa K MPOEKT-
HBIM M3MEHEHUSIM, a TaK)Ke yHUBEPCaJIbHOU Be-
coBoii opmynsr B.A. KomapoBa mpemyioxkena
METOJIMKA OIIEHKH Macchl Kpbuta u3 KM.

3. Meroamka pacuyera Macchl yCTPOWCTBA
CKJIa/IbIBaHUsI KOHCOJIEH KpbuIa, pa3paboTaHHas
JUTSL CAMOJIETOB MaryOHOTro OasupoBaHwms B pado-
Te [28], amanTupoBaHa M MPUMEHEHA ISl OLICH-
KA MacChl Y3JIOB CKJIAJbIBaHUS 3aKOHIIOBOK
KpbLJIa TACCAKUPCKUX CAMOJIETOB.

4. BpIoMHEHa KOHIENTyaJbHas  OLEHKA
TOMNIMBHON 3(G(EKTUBHOCTU Ui  CaMOJIETOB
Nn-96-300, Ty-204/214 u SSJ-100 B cimydae
MPUMEHEHUS KOMIIO3UTHBIX KPBUIbEB C yAJTUHE-
auem 11,5 (st camonera Ha 6aze Un-96 Taxoke
M CKJIQJBIBAIOIINXCS 3aKOHIIOBOK), a TakKxke
YCTaHOBKM BUHTJETOB Ha camosier MC-21. ITpu
TOM OTMEYaeTcs CHI)KEHHE CpPeJHUX 3aTpar
toruBa: MC-21 — na 3,5 %; SSJ-100 — nHa
9,5 %; Ty-204/214 — na 9,2 %; NUn-96 — nHa
6,3 % (tabmn. 2).
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O030p nesieBbIX 00bEKTOB MPUMEHEHUA 0ECIUIOTHBIX JIETATEJIbHbBIX
annapaTos, padoTalIINX B COCTABE IPYNIIbI

AM. Ceaun', M K. Typkun'

1 . . . .
Mocxkosckuii asuayuonnsiii uncmumym (Hayuonanohulil uccieoosamenvckuil
yHusepcumem), 2. Mockea, Poccus

AnHoTamusi: B Hacrosmee Bpemst OoJbIOe KOMMYIECTBO (HPM, B TOM Yncie W B Poccum, 3aHmMaeTcs pa3paboTkoi B cdepe
OecrmoTHBIX JieTatenbHBIX armapatoB (BIIJIA). Oto oOBsicHAeTCS CTpeMieHHeM K YMEHBIICHHIO YeIIOBEUECKOrO Tpyna
B Pa3IMYHBIX c(epax AEATENbHOCTH, B YaCTHOCTH CBSI3aHHBIX C OOJBIIMM PHCKOM VIS JKH3HH M 3I0pOBbsi. Bce 310 Bemer
K IOCTOSTHHOMY PAaCIIMPEHHIO CIEKTpa 3ajad INPUMEHEHHs OeCHMIOTHBIX ammapatoB. bomemiod wuHTEpec K mpobiemam
rpymmoBoro npuMmeHeHus BIUIA mokaspiBaeT aKkTyalbHOCTh BBHIOpPAHHOM TEMBI HCCleoBaHMA. B pamkax pa3paboTku merona
olpeieNieHHs] IPOEKTHBIX MapaMeTpoB OECIMIIOTHOTO CamoJjeTa, yYnThiBas (DYHKIMOHUPOBAHKME B IPYIIIE allaparoB, aBTOPBI
NPOBENIM  AHAJIM3 pe3yJbTaToB B 3TOM oOnactu. IloctanoBke 3amaun (opMHpOBaHMS OOJMKA KakK KOHLENTYaJIbHOM
XapaKTepUCTUKH arlapara NpeAlIeCTByeT aHajIn3 LIeNeBbIX 00beKTOB mpuMeHeHus rpymmsl BIIJIA. B cratee paccMoTpeHs
pazMYHBIC LENeBble OOBEKTH PUMEHEHHUsI TPYIIl armaparoB. Pe3ynbTaT aHanm3a [eleBBIX 0OBEKTOB MOXKET OBITh 3aJI0KEH
B OCHOBY BBIBOJIA O MPEIBSIBISIEMBIX TPEOOBAHMSIX K MPOSKTUPOBAHUIO JaHHOTO Kitacca BITJIA. DneMeHTOM HOBU3HBI paboThI, 110
CpaBHEHHUIO C PabOTaMy JIPYTHX CIICHHAIIICTOB, SIBJSETCS 0000IIEHHEe MaTepHalIoB ONbITa JOCTIKEHNI B 00JIaCTH pa3padoTKH
BIUIA, paborarommx B COCTaBe TIpPYMI, a TAKKE BBIABICHHE OCHOBHBIX CLEHAPUEB WX TPHMEHEHHS IPH BBITOJIHEHUH
crelonepanuii.

KunroueBbie cioBa: OeCIIOTHBIN JIeTATENbHBIN ammapar, Tpyliia arraparoB, poW, CHEHapHd HPUMEHEHHs, KPUTEpPUH
MPOEKTHPOBAHHSL.

Jost marapoBanus: Cemua AW, Typkun MK, O630p 11e/1eBbIX 00BEKTOB MPUMEHEHHS OCCIIMIOTHBIX JICTATESIBHBIX allIapaToB,
pabotaronux B coctaBe rpymibl / Hayunsiit Bectauk MI'TY T'A. 2023. T. 26, Ne 2. C. 91-105. DOI: 10.26467/2079-0619-2023-
26-2-91-105

Review of target objects for the group-operated unmanned aerial
vehicles application

A.L Selin', LK. Turkin’

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

Abstract: Currently, the big number of companies, and specifically in Russia, is engaged in designing unmanned aerial vehicles
(UAV). It is caused by the tendency to reduce human labor in various fields of activity, in particular, associated with a great risk to
life and health. All these factors lead to the steady growth of different-type missions for the UAV application. Urgency of the
research generates considerable interest towards the issues of the UAV application. As part of developing a method for determining
UAYV design parameters, the author analyzed the results in this domain, considering the operation in a group of aircraft. In order to
propose a conceptual aircraft solution for designing a model, the analysis of target objects for the UAV group application was
conducted. The article considers various target objects for the application of UAV groups. The result of the analysis for target
objects can form the basis for the conclusion involved with the imposed requirements for the design of this UAV class. Compared
to other specialists’ articles, this paper is distinguished by synthesizing the achievements in the sphere of group-operated UAV
design, as well as by establishing the basic trends for their application while conducting warfare.

Key words: unmanned aerial vehicle, group of aircraft, swarm of drones, application trends, design criteria.
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B Hacrosmee BpeMs HaubOosiee MepcreKTUB-
HBIMU CUUTAIOTCS TaKTUYECKHE OObEIUHEHHUS
OecIOTHBIX JieTaTenbHBIX amnmapaToB (BITJIA)
B Tpynisl win poil. Takoe o0beMHEHNE T103BO-
JSeT NEeUEHTPaIn30BaTh YIIPABICHUE, YBEIUYUTh
3¢ (HEeKTUBHOCTh, CHU3UTh BpPEMsS BBITOJHEHUS
ornepanuy 3a C4eT PAaBHOMEPHOIO pacIpenese-
HUSA 3a71a4 B rpynne. Bce 3T0 no3BOJIUT yMEHb-
IIMTh 3aTpaThl Ha BBINOJHEHUE 3agadn  0e3
yMeHblIeHus 3¢ ¢pexktuBHocTH. [Ipu 3TOM CTOUT
OTMETHUTb, YTO JOCTHIKEHUS HCKYCCTBEHHOIO
UHTEIJIEKTa W MUKPONPOLIECCOPHON TEXHUKHU
MO3BOJIAIOT ~ HAJNEIWTh  amlapaTsl  JOJDKHBIM
YPOBHEM aBTOMAaTH3aL[M1 B PaMKaX BBIIOJIHEHUS
oOmreil neneBoii 3amaun. Takoe oOBeIUHEHME
3aMMCTBOBAHO M3 OKpy’Karolero Hac mupa. Ilo-
CJIe OpraHu3alyy APOHOB B IPYIILy WM POM, I'ie
y KaXJO0ro JIeTaTeJIbHOTO ammapaTra ecTh co0-
CTBEHHAsl CHCTEMa YIIPABJICHHSA, UX JCUCTBHA B
Ipynne KOHTPOJIMPYIOTCSI OJHUM OIIEpaTopoM
aub0 TPOrpaMMHBIM OOECIIEYeHHEM C HCKYC-
cTBeHHBIM HHTeIekToM (MN).

Takum 00pa3om, MHUPOKUA AUATA30H 3ajad,
BhINosIHsAeMbIX HeOonbmmu BITJIA, pabotaro-
IIMMH B COCTaB€ TIPYIIbl, UX OTHOCHUTEJbHAs
JIEIIEBU3HA, Majlasi 3aMETHOCTb 110 CPABHEHMIO C
BIUTA cpenHuX U TSXKENbIX KJIAcCOB, a TaKKe
BBICOKAsl ~ B3aMMO3aMEHSEMOCTb  OTACJIBHBIX
BIUUTA npu BBINONHEHUM OMNEpaluii, BO3MOX-
HOCTh OOCIIy>)KMBaHUSI HHU3KOKBaIU(UIIMPOBaH-
HBIM [I€PCOHAJIOM JENAI0T UCCIIEJOBAHUs B JaH-
HOM 00J1acTH BeCbMa MEPCIEKTUBHBIMU.

st moBbimeHust 3pGEKTHUBHOCTH HUCTIOIB30-
Banus BIIJIA umeroTcsi pa3nuyHble cTpareruye-
ckue mnoaxoasl. Hampumep, mnepexonq Ha ux
IpynnoBoe IPHUMEHEHUE B paMKax CTpaTeruu
CETEeIIeHTPUYECKOro ymnpasiieHus. Pa3paboTka
TEOpPETUYECKUX OCHOB mnpumeHenus BIIJIA
B COCTaBE TPYMIIbI JOTMYHO HPOAOKAET HUJICIO
NOBbIIIEHUS 3()()EKTUBHOCTH NMPH YMEHbLICHUN
Tpynoemkoctu [1].

Benymue MupoBble CTpaHbl, B TOM YHUCIE U
Poccust, Oonbliioe BHUMaHKE yAETSIOT Pa3BUTHIO
OECHWIOTHBIX aBUAIIMOHHBIX TEXHOJIOTHUH. OTO
O0OBSCHSIETCS COBPEMEHHOM TEHJICHIIUEH K aBTO-
MaTH3allMy BBIIIOJIHEHUS 3aJad B Pa3IM4YHBIX
cdepax AESATeTbHOCTH, B KOTOPBIX YEJIOBEK HC-
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IBITBIBAET PUCK Ul ku3HU. Mcxons m3 aToro
CHEKTp 3aJla4, BBIMOJIHIEMBIX KOMIUIEKCAMU C
BIUIA, nocrosinHO pacmupsiercs [2].

Bonbmioit uHTEpEC K mMpobiieMam TpyIoBOTro
npumeHeHus BIIJIA moka3piBaeT akTyallbHOCTh
BbIOpAaHHOW TEMbI MCCIIEI0BaHUSA, YTO MOIATBEp-
K/IaeTcsl HaTMyueM OOJbIIoro KoJndecTBa Iyo-
JUKalUMi MO0 TEeMe NPUMEHEHHUs anmnaparoB B
coCTaBe IpyMIl, a TaKXkKe MyOJIMKalusIMHi B Cpe-
CTBaX MaccoBOi HH(OpMamum 00 aKTUBHOM
IIPUMEHEHNN MACCUPOBAHHBIX aTaK alIapaToB B
XOJIe BBIMIOJIHEHUS CHELMAIBHBIX 337ad B pas-
JIMYHBIX PETUOHAX IPUCYTCTBHS.

[Ipn nmpoexTupoBaHuM amnmapaToB, padoTa-
IOIIMX B COCTaBE IPYIIbl, HEOOXOAUMO YUYHTHI-
BaTh B3aWMOJICHCTBHE alNapaToB MEXAY COOOi,
YTO NPUBOJUT K IPUMEHEHUIO CHELHUAIN3HPO-
BAaHHOTO 00OpYyJ0BaHMS CBSI3U U KOHTPOJIS B3a-
MMOIIOJIOKCHMSI, HCIIOJIB30BATh  IOAXOABI K
HanOOJIbIIEMY COKPAILEHHIO CTOUMOCTH, CPOKOB
n3rotrosicHus. [IpumMeHseMble TEXHOIOTHYECKHE
IPOLECCHl JOJDKHBI BBINOIHATHCS HU3KOKBAJIM-
(GUIIPOBAHHBIM MEPCOHATIOM U OBITH aJaNTHPO-
BaHbI K MIOTOYHOMY TUITYy pOoU3BOACTBa. Tpebo-
BaHUs, IIPEIbABISAEMBIE K IPOEKTUPOBAHUIO All-
napara JOJDKHBl YYWUTBHIBaTh BIIMSIHUE I1apameT-
POB IIACCH U KOJIUYECTBA alapaTos.

AHaJIU3 COBPEMEHHOM CUTYalUU
U NePCHeKTUB pa3padoTKn
0eCMUJIOTHBIX CAMOJIETOB,
padoTaAIINX B COCTABE IPYNIIbI

B pamkax pa3paboTKu METOIUKH OIpenene-
HUS TIPOCKTHBIX MapaMeTpoB OECIUIOTHOTO af-
napaTa, y4uTbiBas (PyHKIMOHUPOBaHHUE B IpyI-
ne, HeoOXOAWMO IPOBECTH OIICHKY KpPHUTEPHUEB
IIPOEKTUPOBaHKA. KpuTepum NpOEKTUPOBAHUSA
MOTYT OBITH ONpeZeNCHbl M3 aHaju3a TpeOoBa-
HUH, NPEABABIAEMBIX K BBIIIOJHECHHIO OIEpa-
IIMif, OCHOBAHHBIX HA aHAJM3€ LIEJIEBBIX OOBEK-
TOB. DBII mpousBeNcH aHanu3 pe3ysbTaToOB
B 3TOI oOnactu. PaccmarpuBaroTcs pasmuyHbIC
npoektel BITJIA, pabGorarommx B rpynmax
U B IPYIIIAX TUIIA «POWD».

[TonoOHbIE pabOTHI, B YaCTHOCTH, KOHTPOJIH-
pYeT aMEpUKaHCKOe YIpaBJIEHHWE IEpPCIEKTHB-
HBIX  HAy4YHO-HCCIECIOBATEIBCKUX  MPOEKTOB
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B oOmactu  oboponbl  Defense  Advanced
Research Project. B oktsa6pe 2016 r. Muno60-
ponbl Coenunensbix lltatoB Amepuku (CIIA)
nokasano mwiotupoBanue posi BITJIA, cocros-
mero u3 103 munu-6ecrimnoTHUKOB Perdix.

Kaxnpiit u3 Hux Becws okosino 290 rpaMmoB,
3amyck ObUT TPOM3BENEH C TpPeX CaMOJIETOB-
Hocuteneit FA-18 Super Hornet na Kamudop-
HUKMCKOM HCHBITATEIbHOM IMOJIUroHe YaiiHa-
Jleiik. AnmapaTel MpoJEMOHCTPUPOBAIU Ooee
COBEpIICHHBIE MOJICIH TPYIIOBOrO MOBEACHUS,
TaKMe KaK KOJUIEKTHBHAasl BbIpaOOTKa pELICHUIA,
aJlanTUpyeMblil (K 00CTaHOBKE) CTPOil B BO3yXe
U «caMoyeueHuney, — 3agBuiim B Ilenrarone. Bo-
enHoe BegoMcTBo CIIA moscHUIO, YTO He-
OoJbIlINE M HEIOPOTHE ABTOHOMHBIE CHUCTEMBI,
Takue Kak Perdix, MOTYT BBINIOJIHATD 3a/1a4H, JUIS
KOTOPBIX paHee HeOOXOAMMO OBUIO OTIPABIATH
TOJIBKO KPYTIHBIE IOPOTOCTOSIIHUE alapaThl.

OcHoBoit mpoekra «Cras-93» BoeHnHoro
ydyebHo-HayuHoro 1ieHTpa BBC Poccun «Boen-
HO-BO3/AYyIIHAs aKaJeMuss UMEHH IMpodeccopa
H.E. XKyxkosckoro u FO.A. I"'arapunay sBISIIOTCS
CaMOOPraHU3YIOUIUECS TPYIIIbI, COCTOSIIUE W3
BITJIA COM-93. BoeBoil BeC KakKI0ro H3IEIUsI
cocrasusier 2,5 kr. ['pynna ympasnsercs Beny-
muM  BIUUIA-nunepoM, a napyrue ycTpoiicTBa
JepKaT KOHTaKT ¢ HUM 4Yepe3 HH(pakpacHbIC
KaMmepsl. B ciydae moTtepu Beayuiero ammapata-
JUAEpa €r0 MECTO 3aHMMAET APYIOW, KOTOPBIM
OyZIeT BBIOJIHATH (PYHKITUIO PYKOBOAUTEIIA.

Kommnekce rpynnosoro npumenenus «Moi-
HUS», MakeT KOTOpOro ObUI MpEeICTaBIIEH Ha
BbIcTaBKe «Apmusi-2020», npeacraBiser coOon
pPEaKTUBHBIE almapaThl, 3aIlyCKaeMble TPYIION ¢
camoJieTa-HOCUTEIIS.

BIIJTA umeeT yaMHEHHBINH (PrO3EIsDK, peak-
TUBHBII JIBUraTeNb, CKJIAIbIBAIOIIEECS KPBUIO.
[IpyuMmeHeHa TEXHOJOTUS CHMXKEHUS paJHOJIoKa-
LIMOHHOM U TEIJIOBU3MOHHOM 3ameTHOCTH. CTapT
OyIeT NpPOUCXOAUTH C CaMOJEeTa-HOCUTENS C
BHEIIIHUX IIOJIBECOK, a TaKXe M3 OOMOOBBIX OT-
cekoB. [IpumeHeHue: BBICOKOTOYHOE MOpakeHHe
LieJIel, pa3BeKa, LieJeyKa3aHue.

B mpoekte Low Cost Unmanned Aerial Car
Swarming Technology, pa3paboranHom Ymnpas-
JIEHHWEeM BOEHHO-MOpckux uccienoBanuii CIIA,
kaxneii BITJIA mMmeer croumocTtsh okoiio 15000
JOJUTApOB M MOJHOCTHIO aBTOHOMEH. Omepartop
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KOHTPOJHUPYET (POPMUPOBAHUE TPYMIIbI, OJHAKO
nocje 3alycka rpylnna anmaparoB paboTaer B
ABTOHOMHOM DPEXUME Kak p01711. BIIJIA cnpoek-
TUPOBaHbl MO camojieTHOH cxeme. CrtapT ocy-
IIECTBIISIETCS C TOMOILBIO KaTammybT.

Kpome npencraBnennsix BIIJIA, cormacno
ctathsaMm Jxxexka Puuapncona [3] ot 16 deBpans
2017 r. u renepan-neiitenanra Pobepra Youmma
[4], nannas cucrema moxeT pabotars ¢ BIIJIA
Coyote, n3roroBiieHHbIMH KoMIlaHuel Raytheon.

Taxke B uMHTEepecax BOCHHO-NPOMBIILIEH-
Horo koMmiuiekca CIJA mo 3aka3y YmpaBieHus
HNEPCHEKTUBHBIX HCCIEA0BATEIbCKUX MPOEKTOB
MunucrepctBa o6oponsl (DARPA) Benercs
pa3paboTKa OTHOCUTEIBHO HEJOPOrHX camoJe-
toB Gremlins, 3amycKaeMbIX € THJIOTHPYEMBIX
CaMOJIETOB-HOCUTEIIEHN (6oMOapAMPOBIIMKOB
B-52 Stratofortress u B-1B Lancer, Tpancnopt-
HukoB C-130 Hercules/Super Hercules) mpu mo-
aere Ha 12 200 m. U3nenue nmox mmdpom X-61A
MOYKET BBINOJHATH 33J1aHUS B COCTAaBE IPYIIIBI U
BO3BpaIllaTbCcsl Ha camoisieT-HocuTenb. BILIA
UMEET CaMOJIETHYIO CXEMY, CLIOCOOEH Pa3BUBATh
1o 0,8 Max (980 kM/4) U MepeBO3UTH pa3BEbl-
BaTEJIbHYIO aNNaparypy M CUCTEMBI PaJuO3JIeK-
TpoHHOi 6GopsOsI (POB)’.

[Ipoext Perdix pazpaboran MIT (CILA)
B cotpyanndectBe ¢ Office Strategics Capa-
bilities u mpenacraBiaser cobol clieHapuil TpyI-
IIOBOr0 HMCIIOJIL30BaHus BoeHHOro bBIIJIA, co-
3JaHHOTO C NPUMEHEHHEM aJJUTHBHBIX TEXHO-
JIOTHH.

C 2011 r. Bemercs pa3paboTKa MO MPOBEPKE
peanuzaiun uaen co3ganus BIUJIA mis paGotsl
B TpyIax, 3allyCKaeMbIX C MUIOTUPYEMBIX Ca-
MosieTOB. X OCHOBHOM 3ajayeil SBISETCSA CO-
3JaHME NOMEX B CHUCTEMAax CAMOHABEICHMs pa-
KeT M TPOTHUBOBO3AYyIIHOW o06opoHsl (IIBO)

Aviation. The swarm! Low-cost unmanned aerial vehi-
cle swarming technology (LOCUST) [O1eKTpOHHBIN
pecypc] // SOFREP. by FighterSweep Staff, Mar 28
2017. URL: https://sofrep.com/fightersweep/swarm-
low-cost-unmanned-aerial-vehicle-swarming-
technology-locust (nata oopamenus: 30.04.2022).
becrimnorank BBC CIIA Gremlins nox mapkoii X-61A
[Dnextponnsiit pecype] / GADGET, 2 oktsi6ps 2019.
URL.: https://24gadget.ru/1161069443-bespilotnik-vvs-
ssha-gremlins-pod-markoj-x-61a-2-foto-video.html (za-
Ta obpamenust: 30.04.2022).
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Puc. 1. Buemnuii Bux BITJIA u3 nporpammsr Cicada
Fig. 1. UAV appearance from the Cicada software system

NpOTUBHUKA. [lepBhie HCIBITAaHHUS OBLIN MPOBE-
neHel B 2016 1.

B nporpamme «Bankysep» (CILIA) mpeny-
cMaTpuBaeTcs pa3paboTka ympaBlsieMoil aBHa-
[IUOHHOW OOMOBI C BO3MOKHOCTBIO TPYIIIIOBOTO
B3anMoJieiicTBus. Bo3MOXHO, ammapaThl aBTO-
MaTHUYECKH OYIyT ONPEAeIsATh BBINICYKa3aHHBIC
Henu M OOMEHMBATHCS MAHHBIMH C JPYTUMHU
yCTpoiicTBaMH 00 M3MEHEHUM TPACKTOPHUH BU-
KEHHsI, 3aMEHITh YHUUTOKEHHBIC Bparom amma-
paThl U, BO3SMOXKHO, CMOTYT OOXOJUTH PsiJ] OTac-
HOCTEH M0 CBOEMY KEJIAHUIO.

[Iporpamma Vanguard Bxmiodaer B ce0s
poeKThl Skyborg (BemoMbIe NPOHBI IS TMHJIO-
TUPYEeMO#l aBHWanuu), pa3paboTKy SKCIIEPUMEH-
TanpHbIX cnyTHUKOB Navigation Technology
Satellite-3 u npoexr Golden Horde, nmpeamnosna-
ralonye BHEAPEHHWE YMHBIX OOMO, HMMEIOIINX
CIIOCOOHOCTH K TPYNIIOBOMY B3aMMOJCHCTBHIO U
YaCTHUYHYIO aBTOHOMHOCTb.

BoeHnHbIle TIIaHUPYIOT MPOU3BOAMTH armmapa-
Tl CSDB-1 1 CMALD, ocHoBanHble Ha Small
Diameter Bomb [ (paspaborka Boeing) u
Miniature  Air-Launched Decoy  (merume
Raytheon). Boempwumackl ocHacTAT OGOpPTOBBIMU
CHUCTEMaMH CBS3H U 0oJiee MPOU3BOAUTEIHHBIMU
npoIeccopaMy, KOTOpbIE oOecreyaT «poeBbIe»
byHKIHIM.
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HccnenoBaTensckass Mopckas J1abopaTopust
CIIA B pamkax mporpammsl Cicada Benet pa0o-
Ty HaJ IUIAHUPYIOUIMMH OCCTMJIOTHBIMHU arma-
paTamu, BHEUTHUI BU KOTOPBIX MPEACTaBICH HA
puc. 1. JlaHHbIe M3IENUs, COTJIACHO 3aMbICiiaM
pa3paboTUMKOB, CIIOCOOHBI «POEM» COpPACHIBATH-
Csl C BBICOKOJETAIIETO HOCHUTENS, IMOCTEe Yero
anmapathl TUTAHUPYIOT K IENH, OMpeAeNsis CBOe
MmecTomnonoxenue mo GPS.

Ilena npowmsBoxactBa ammapara Cicada co-
CTaBJIsIeT IpuUMepHO 250 aMepUKaHCKUX JoJuIa-
poB. IlepBble wuCHBITAaHUS JAHHOW CHCTEMBI
npouwtu 25 utona 2017 roga. C BBICOTHL 2,5 KM
OBLT COpOIIEH «pOi» OECTTHIIOTHUKOB U3 32 ar-
napaToB, MOCTaBJICHHAs 33jJa4ya Oblja YCHEIIHO
BBITIOJTHEHA.

China Academy of Electronics and Infor-
mation Technology (CAEIT) npoaemoHcTpHpo-
Basa Oappaxupyroue 6oenpunacsl mpuMeHse-
MBbIE€ B TpyIIe, KOTOPble MOKHO pa3MenaTh Kak
Ha KojecHoM maccu Dongfeng Warrior, Tak u Ha
JeTaTeabHBIX anmnapaTax Wid MOPCKOM CpEJICTBE
0a3upoBaHUsI.

Cyas mo moka3aHHBIM Kajapam, Obula HC-
nonp3oBaHa Moxenb bBIIIA, paspaborannas
Ha 0a3ze OGappaxupyrouero Ooempuriaca
CH-901 [3], umerolero camoJieTHYI0 CXeMy C
X-00pa3HBIM ONIEPEHUEM.
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Puc. 2. 3aBucuMocTs Macch anmapara ot konundectsa BITJIA B rpymme
Fig. 2. Dependence of the aircraft mass on the UAV number in the group

JlnvHa anmapara coctasisier 1,2 M, Macca —
9 xr, ckopocTh nonera — okojo 150 km/4. Panu-
yc pneuctBus — 15 kM, Bpems moiera — J0
120 munyT. PaccrosiHue oOHapykeHuEe IIenu
JI0 2 KM. DJIEKTPUUECKUH JBUTATEIb, IO 3aBepe-
HUSIM pa3paboTurKa, He MPOU3BOIUT U3THUIIHETO
myma. JlaHHbBIX O OO€BOW uacTu armapata B
HACTOSIIIMI MOMEHT HET.

CTrouT OTMETUTH NOMBITKM HAaMaJeHUus Ha
aBuaba3pl B Cupuu, B KOTOPBIX MPHUMEHSIINCH
HeusBecTHble Tpynnbl BIIJIA nanbHOCTBIO MOJE-
ta 10 150 kM, BeICOTOM mojeTa 10 4 KM, IPOU3-
BOJICTBO KOTOPBIX BBINOJHAJIOCH B KyCTapHBIX
YCIOBHSIX, YTO CBUJIETEIBCTBYET O BO3MOKHOCTH
ucnionb3oBanus ~ BIIJIA  HeKOMIETEeHTHBIMU
JIOJIBMU U K TOMY K€ B MOJIEBBIX YCIOBHSX.

PaccmotpeB pasmuunsie BIIJIA, pabotato-
[IMe B COCTABE TPYMIbl, MOXXHO MOCTPOUTH 3a-
BUCHMOCTH MAacChl anmnapaToB OT KOJUYECTBA
anmapaTtoB B Tpymme (puc. 2) U JaIbHOCTH B
3aBHCHUMOCTH OT Macchl ammapara (puc. 3), a
TaK)X€ 3aBUCUMOCTb MACCHI IOJIE3HOM HArpy3KH
OT CTapTOBOI Macchl anmnapata (puc. 4).

[Ipy oleHKE BEPOATHOCTEN MPEOIOTICHUSA
CPEICTB MPOTUBOJAECHCTBUS IPOTUBHUKA IIUPOKO
NpUMEHsUIack MH(OpMaIMs, MpeIcTaBiIeHHAs B
paborax C.M. Makapenko, A.B. Tumomenko,
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A.C. Bacunpuenko [1, 5], rne paccmarpuBatorces
Bompockl nporuBoaericteus BIIJIA, B Tom uncie
BIUTA, paGoTaromuM B cOCTaBe TpyIIBI U 3¢-
(EKTUBHOCTb IPEOJOJIEHUS] CPEJCTB IMPOTHUBO-
JICHCTBHS.

Bonpocs! n3ydenus 3¢dekTuBHOCTH, KHUBY-
yectu cpeacts [IBO B mporuBoctosuun BITIA
ObLTIH paccMOTpeHbl B paborax B.B. Pocromumn-
Ha, C. Amunosa, JI.B. Jlomarkuna u C.B. [um-
KoBa. Brpouem, GOJBIIMHCTBO 3THUX paboT mo-
CBSAIIEHO OT/EJIbHBIM YacCTHBIM acleKTaM Teope-
TUYECKUX HCCIICJOBAHUN BBIIICYKA3aHHBIX BO-
IPOCOB U HE OTPaKaeT pPeajbHOI0 H3MEHEHUs
takTuKu npumeHeHus BIIJIA 3a 20182020 rr.
B BOCHHBIX IIPOTHUBOCTOSHUSX TaHHOTO MEPUO/Ia.
Onenka 5¢G(GEKTUBHOCTH MPUMEHEHHUs TIpyMIl
BIUTA B mepuon 2018-2020 rr. mpuBeneHa B
aHAJMTUYECKON padote [6], U3 KOTOpO# ciexy-
€T, 4TO B YCJIOBHSX MaCCHPOBAHHOIO NPUMEHE-
Hust BITJIA uMmeeT MecTo HeaacKBAaTHO HU3KHUN
YpOBEHb 0OEBOH KHMBYYECTH 3CHHUTHBIX paKeT-
HbIX mymiedHsix koMmiuiekcoB (3PITK). OTto mo-
Ka3blBaeT, 4To mnpuMeHeHue rpynn bBIUIA
ONpaBJaHHO IpPH OTHOCHUTEIBHO HU3KOW CTOM-
MOCTH anmnaparos.

Ornenka s dexTuBHOCTH KOMILJIEKCOB
¢ BITJIA paccMmoTpeHa B paboTe CIENUAINCTOB
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Puc. 3. 3aBucumocts nansHOCTH mosieta oT Maccsl BIIJIA, paboTatoriero B cocTaBe rpymITbl
Fig. 3. Dependence of a flight range on the UAV mass operating in a group
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Puc. 4. 3aBucuMocTh Macchl OJE3HOM HAarpy3Ku OT ctapToBoit Maccel BITITA
Fig. 4. Dependence of the payload mass on the UAV launch mass

n3 akagemuun um. H.E. Xyxosckoro [7], rae
IIPUBE/ICHb OCHOBHBIE OIEpaly IO OLEHKE
3¢ (HeKTUBHOCTH.

JlanHble, npuBeleHHbIE B paboTax, MIpen-
CTaBJICHHBIX BBIIIE, MO3BOJIIOT CHENATh BBIBOJ
0 TOM, yTOo npuMeHeHue rpynn BIIJIA mmeer
BBICOKYIO 3()()eKTUBHOCTB, @ TAK)KE UTO HCCIe-
JIOBaHMsI Ha 3Ty TEMY JOCTAaTOYHO aKTyalbHbl B
HaCTOSAILEE BPEMS.
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LeseBbie 00bEKTHI IPUMEHEHUS

Pemenune 3amauu ompeneneHUs OCHOBHBIX
MPOEKTHBIX MapamMeTpoB HEOOXOAMMO HAYaTh C
paccMoTpeHHsl 00bEKTOB PUMEHEHUS U (paKTo-
POB MPOTUBOACHCTBUS BBIMIOJIHEHUIO OTICPAIHH.

Hcxonsa u3 ananuza cymectByromux BITIA,
paboTaroumx B TpyIe, MOXKHO BbIOpaTh Hanbo-



Tom 26, Ne 02, 2023

HayyHbiit BectHuk MITY TA

Vol. 26, No. 02, 2023

Civil Aviation High Technologies

Puc. 5. CrryTHUKOBBIE CHUIMKH MECT Pa3MEIICHHUS CPEICTB aBHAIUH [ 8]
Fig. 5. Satellite images of aviation facilities locations [8]

Jiee ONTUMAJIbHBIE KPUTEPUU pa3padOTKU 3TOTO
BUJIA aNmnaparoB (HU3Kasi CTOUMOCTh, MaJlblii BeC
U pa3Mepbl, BbICOKAs MaHEBPEHHOCTb, BBICOKUI
YPOBEHb AaBTOMAaTHU3allUM, JOCTATOYHAs Jajlb-
HOCTb TI0JIETa, MO3BOJsAIoNIas 3amycTuTh BIIJIA
6e3 Bxoaa HocuTels B 3((HEKTUBHYIO 30HY IPO-
TUBOACUCTBUS NPOTUBHUKA), YTO IO3BOJIMT,
YUUTBIBass HEOOXOAMMYIO LEJIEBYIO I(PPEKTHB-
HOCTb, 3aJI0KUTh 0a3y i pa3pabOTKu METOIM-
KW [TPOEKTUPOBAaHMUSL.

[TocranoBke 3amaum co3maHusl OONHMKa B Ka-
4YeCTBE KOHLIENTYaJbHON XapaKTEPUCTUKU alma-
paTa IpelIecTBYET aHAINU3 LEJEBbIX OOBEKTOB
ucnonb3oBanus rpynmnsl BIIVIA. OcHoBHBIM 1ie-
JIEBBIM OOBEKTOM MPUMEHEHUSI pacCMaTpUBAETCS
MOpa’KEHUE IUIOLIAIHBIX HA3EMHBIX U HaJIBOAHBIX
1esied, HalpuMep LIEHTPOB HPUHSATHS pEIIeHUi,
a’poApoMoB, MecT pacnonoxenus 3PK, xuBoit
cwibl npotuBHUKa, KII ynpasnenus u cBsazu (af-
MHUHUCTpPATUBHBIC 3[aHUS U COOPYKEHMs), MO-
CTOB M IIyTENPOBOJOB, KPYIHBIX JKEJIE3HOJOPOXK-
HBIX Y3JI0B, TIPOMBIIUICHHBIX COOPY>KEHUH,
NPEINPUATHH TOIIIMBHO-3HEPIETUYECKOTO KOM-
wiekca (ruzxposnekrpoctaniuu, TOLl, atromHble
AIIEKTPOCTAHIUK M HedTe- W Ta3ompoBOABl U
T. J1.), pa3JIM4HbIX KOpaOJieil, B YaCTHOCTH B3JIET-
HO-TIOCaJJ04YHbIe NanyObl aBuaHocieB. [lopaxe-
HHE TaKUX OOBEKTOB OCYIIECTBISETCS B paMKax
o0Imeil 3amauu Mo MOJPBIBY BOCHHO-?KOHOMHU-
YECKOro MOTEHIMAIa IPOTUBHUKA, KaK IPaBUIIO,
B XOJI€ BBINOJIHEHUS NEPBBIX BO3AYILIHBIX ONepa-
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U ¥ TOCNEAYomuX O0CeBBIX AcicTBUi. st
KaXJIOr0 Cllyyass pacCMOTPUM THUIOBYIO 0OcCTa-
HOBKY M XapaKTEPUCTUKH CPEACTB MPOTUBOJCH-
cTBUs. B KauecTBe JONMOJHUTENBHBIX CLEHAPUEB
MOTYT BBICTYTIATh MOPAXEHUE TIPEIMPUITHIA 000-
POHHOM M XHMHYECKOM MPOMBILIICHHOCTH.
He crout 3a0biBaTh, 4T0, KPOME OCHOBHOTO CIIC-
Hapusi, HEOOXOANMO MPETYCMOTPETh BO3MOXKHO-
CTH BBITIOJIHEHUS IPYTUX 3a1ad. J[s 3Toro Mox-
HO paccMaTpuBaTh NMPUMEHEHHE CMEHHBIX KOM-
TUIEKTOB IIEJIEBBIX HATrPy30K, HAIPUMEDP CPENICTB
0oOHapy>KeHUS MOABOIHBIX JOAOK.

W3 ananm3a 1eJeBBIX OOBEKTOB
IOTCSl TapameTpsl 3(PHEKTUBHOCTH
KOJIMYECTBO amlapaToB B Tpymme, MoTpeOHas
3¢ (HeKTUBHOCTH OIHOTO ammapaTa, AadbHOCThb
pa3BepTHIBaHUS TPYIIIBI, Macca M pa3Mep liese-
BBIX I'PY30B.

PaccmotpuM nopakeHue a’dpoapoMOB U MECT
pa3MelleHNs aBUalliy TPOTUBHUKA.

Haubonee ysA3BUMBIMH TPU  MTOPAKECHUU
a’3pOJPOMOB  SIBJIAIOTCSL  B3JIETHO-TIOCA/I0YHbBIE
MOJIOCHI, OTKPBITBIE CKJIAJbl C TOPIOYNM, TOTUIH-
BO3AMPAaBOYHBIE CUCTEMBI U OTKPBITO PACIOJIO-
JKCHHBIE JIETaTeJIbHbIE anmaparsl. VX BHELIHHI
BU/I IIPE/ICTABIIEH HA pUC. 5.

[Ipn nnanupoBaHUU oOlEpanuu CTOUT Y4H-
TBIBATh MHOTOYPOBHEBBIE CpEICTBA 3alUThI
noTI0OHBIX 00BEKTOB, Takue Kak cpenactsa [1BO
u POB. Cpencta [1BO noapoOHO paccMOTpEHBI
Janee.

oTIpeeIIs-
orepaui,
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Puc. 6. Tlansroctu odnapyxenust BITIA mns PJIC ¢ A =3 cM B 3aBUCHMMOCTH OT Macchl ¥ TabapuToB [1]
Fig. 6. UAV detection range for a radar system with A = 3 cm depending on the mass and dimensions [1]

B xadectBe cpenacTB oOHapy)eHUS U OOPHOBI
MOTYT OBITh PACCMOTPEHBI CPEICTBA OOHApPYKe-
uust BITJIA (Mobile complex for detecting and
protecting against unmanned aerial vehicles)
npeIHa3HauYeHHbBIe Ui aBTOMATHYECKOro oOHa-
pY)XEHUST U UICHTHU(PUKAIUU PaJIAOCUTHAIOB
BIIJTA ¢ xapakTepucTUKaMH, NMPUBEICHHBIMU B
pabote’.

CpenctBa mojaBiieHUs OOECIEYUBAIOT CO-
3/JaHUE MPOCTPAHCTBEHHBIX OapHEPOB OT MpPO-
HukHoBeHU# BITJIA Ha Teppuropuio o0BEKTa,
obnapyxuB paguocurHansl BIIJIA, a 3arem
yCTaHABIMBasg IIOMEXM B JMANa30HE YacToT
yIpaBJeHUs KaHajJaMu | (WJI1) BBIOOpOM orepa-
Topa HaBurauumu curHaioB: Beidou/Galileo/
Glonass/GPS*.

MoOwipHas cucTeMa oOHapy>KeHHsI OSCIIMIOTHBIX JIeTa-
TENBHBIX alllapaToB «CHETHPH» [DIEKTPOHHEIHN pecypc]
// BoeHHO-TeXHUYeCKUi cOOpHUK «bacTHOH»: KypHAI
000poHHO-TTpOMEIIIIIIEHHOTO KoMIuiekca. URL:
http://bastion-karpenko.ru/snegir-antibla/ (naTa o6pa-
menus: 04.01.2022).

MoOUIBHBIN KOMIIEKC 00HAPY)KEHHS U 3alIHUTHI OT
6eCHl/IJ'IOTHbIX JICTATCJIbHBIX allapaToB «CKBOPCID»
[Onexrponnslit pecypc] // BoenHO-TexHUUeCKH cOOp-
HUK «bacTHOH»: KypHAaT 000POHHO-TIPOMBILICHHOTO
komruiekca. URL: http://bastion-karpenko.ru/skvorec-
antibla/ (nara obpamenwus: 04.01.2022).

B pabote [1] mpuBoasTCcs naibHOCTU OOHa-
pyxenus: manopasMmepHbix BITJIA ¢ momoristo
paauonokauuoHHbix cranuui (PJIC) paznuuno-
ro Juamna3oHa MpHU Pa3IuYHbIX MOKa3aTensx 3¢-
¢dextuBHON momaau paccessHus (O11P):

st PJIC meTpoBoro nuana3osa:

8—14 xm pus BBC ¢ OI1P oxomo 0,1 M2;
0,1-1,5 km mis bBC ¢ OIIP okomo 0,01 Mz;
st PJIC gerumeTpoBoro uarnas3oHa:
9—16 xM 1t BBC ¢ IIP okorno 0,1 m7;
0,82 xm gt BBC ¢ OI1P okono 0,01 M2;

st PJIC CMB-ananasoHna:

12-25 kM s BBC ¢ DIIP oxono 0,1 M7
1,4-2,8 xm s BBC ¢ DIIP okoio 0,01 m°,

Ha puc. 6 npencraBieHbl TEOpETUUYECKUE
JanepHOCTH OOHapykeHus tunoBoro BITJIA (ma-
paMeTpel Macchl U rabapuTOB OIpPEAESCHbl Ha
OCHOBE O00pa0OTKH CTaTHUCTUYECKUX JTaHHBIX)
st PJIC ¢ qyiHO# BomHBI A = 3 cM, MpeAcTaB-
neHnsle B padore [1]. Awmamazon DIIP mis wc-
cinenyembix BITJIA cocrasun 0,05-0,5 M.

B kauecTBe OCHOBHBIX CpPEIICTB MOPAKECHUS
BIIJTA BBICTYHAIOT CpeacTBa apTHILIEPUICKOTO
OTHS. DTH CpEeACTBA CUMTAIOTCS HamOoJjee mep-
CIEKTUBHBIMH MPOTUB ManorabaputHeix BITJIA
B KAQ4EeCTBE IMEPEKPBITHS «MEPTBBIX 30H» PaKeT-
HbIX Boopyxennii 3PK TIBO [1].
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Puc. 7. CxeMaTHUeCKOE [PEICTaBICHHE HA3eMHOM 060POHBI aspoapoma’:
IT — memmit; HO — HavaneHuK HazemHO# 000ponbr; HCO — HadadpbHUK CEKTOpa HA3eMHON O0OPOHBL;
TP — moaBMXHBINA pe3epB; A — aBTOMOOWIBbHEIN;, XPJl — XUMHYeCcKHiA pa3BeIbIBATEINBHBINA 1030D;
IITMII — mpotuBoTankoBoe MuHHoe noJie; [IIIMII — npoTuBOnEexoTHOE MUHHOE TT10JIE
Fig. 7. Layout of the airfield ground defense’:
IT — dismounted; HO — ground defense officer-in-charge; HCO — ground defense sector officer-in-charge; I[TP — mobile
reserve; A — automobile; XPJ[ — chemical reconnaissance patrol; [ITMII — anti-tank minefield; [TTIMII — anti-
personnel minefield

BeposTHOCTS mOpaxeHus apTUILIEPHICKUMUI
cHapsnamu bIIJIA Ppq, MOXKeT OBITh OIICHEHA 11O
cnenyromei popmye [1]:

Pr[op =1- (1 _PnonPnopl)N' (1)
rae Phon — BEpOSTHOCTH NOMaJaHMs CHapsiga B
obsacTh rapaHTHpOBaHHOTO MTopakeHust BITJIA;

Pop 1 — BeposiTHOCTB nopaxeHus BITJIA ox-
HUM CHapsJI0M;

N — KOJIM4eCTBO CHApPsA0B, BHIMYIIEHHBIX MO
BIUIA.

[To manaBIM paboTsl [9], BEpOATHOCTH MOpa-
wenust BIIJIA ¢ OIIP ne menee 0,5 M” poccuii-
CKHMH 3€HUTHBIMU apTUILICPUNCKIMH KOMILICK-
camu (3AK) u 3PIIK cocraBaser Py =
0,6...0,9.

B kadectBe HocuTeds TpPyNIbl ammnapaToB
paccMaTpuBaeTcs NPUMEHEHUE KOJIECHOrO IIac-
CH, OCHAIIEHHOTO ITyCKOBBIM OOOPYJOBaHHEM.
[[Taccu moctaBisieT rpyliy amnmnaparoB B TOUKY
cTapra, Ipu 3TOM HE BXOJUT B 30HY OOHapyxe-
Hus. g onpenenenus O6e30macHOM 30HBI pac-
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CMOTPUM CpEACTBAa HAa3eMHOM OOOpOHBI a’po-
JPOMOB.

Cornacno pa6ore [10], oxpaHHas u 060pOH-
Has JeSTENIbHOCTh Ka)JI0r0 a’poApoma CTPOMT-
Cs Ha OCHOBE OOIIel OXpaHHON U OOOPOHHOM
CHCTEMBI ThUJIa (PPOHTA M OCYLIECTBISIETCSA IO
INPUHLXIY TapHU30HA. 3aluTa a’pogpoma oOT
yAapoB BO3AYILIHBIX CPEJICTB NPOTUBHHMKA BbI-
nomnusercs B enuHoi cucreme [I1BO ¢ponTa.

Hazemnas obopona Ha puc. 7 Gopmupyetcs
KPYTOBO#l M 311eTOHUPOBaHHOHN B riyOuHy. Oc-
HOBHOW €€ 3aJa4yeil SBJIIETCA COXPAHEHUE IMOA-
XOJIOB K a3pOJpoMy — 3TO JOPOTH, OJaronpusT-
HBIE U151 OOEBBIX YYaCTKOB TEPPUTOPHH, a TAKKE
3aIUTa OCHOBHBIX 00BbEeKTOB nepudepun [11].

W3 aBTOMaTHM3MpOBAaHHBIX CPEICTB OOHApy-
JKEHMs, TPEJICTABIEHHBIX B paboTe’, MHTEpEC
NPEJICTABIISIIOT CIIEAYIOIINUE BUIBI CPEACTB 00-
HapyKCHHUS:

> TlocTpoeHHe CHCTEMBI OXPaHbl a3PONOpPTa [DIEKTPOH-
He1id pecypc]//URL: https://www.fgup-
ohrana.ru/upload/iblock/7ce/7ce44c2209c3a92c7c7ebed
acOcfabc8.pdf (mara obpamenus: 16.01.2022).
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BOJIOKOHHO-ONITUYECKUE CPE/ICTBa OOHapyKe-
HUS;

ceficMrUecKHe CpeicTBa OOHAPYKEHHUS;
PaIMOAJIEKTPOHHBIE CPENICTBA OOHAPYKEHUS
(TTO3BOJISIFOT TTPOBOIUTH OOHAPYKEHHE, a TaK-
€ paclo3HABaHUE KaK MOABUKHBIX, TaK M
HEMOJIBIKHBIX IleJied Ha PAcCTOSIHUM 10
15 km).

BepositHOCT,  0OHaApy’>KeHUSI  JTUBEPCHOHHOM
pa3BeabiBaTenbHOM rpymisl ([IPI) aneM oneHuBa-
ercsa kak 0,6-0,7, a Houbto kak 0,2-0,3 [12], uTO
MOYKET OBITh HMCIIOJB30BAHO TPHU OIIEHKE BEPOST-
HOCTH OOHapy>KEHHUsI HOCHTENs. Takum o0pazom,
HarOoJIee ONTUMAIILHBIM BapUAHTOM C TOYKHU 3pe-
HUSI OOILEH BEpOATHOCTH MOPAKEHUS 33JaHHOTO
obbekTa sBisiercs 3amyck BITJIA c Hocurens 6e3
BXOXKJICHUS B 30HY OOHapy>KEHHUS.

Hocumeie PJIC moryT mpou3BoauTh OOHapy-
’KEHHUE LM B BUJIC OJMHOYHO JBHXKYIIETOCS ye-
JIOBEKA € BEpOATHOCTHIO 0,8 HAa JabHOCTH 7—8 KM,
a PJIC rpanatomeroB (IIyJIeMETOB), B Cllydae
OTCYTCTBUSl NpSAMOro HaOIoAeHus, obOecredu-
BalOT OT'OHb MO OOHAPY>KEHHBIM ILIENSIM C BBICO-
Kol addexTuBHOCTRIO. PesynbraTsl cTpensd
rpaHatomera AI'C-17 ¢ paanonokanvoHHBIM
npuuesnioM «®apa-BP» moka3piBaroT, 4To BEpo-
ATHOCTh TMOPa)KEHUSI TPYMIIOBOM 1LIeTM Ha pac-
crositnuu 800 m cocrasnsier 0,88, a Ha paccTos-
Huu 1200 m BeposiTHOCTH coctasisier 0,6 [12].

CoBMecTHOE TPUMEHEHHE CPEICTB OOHapy-
JKEHUS 1 OXPaHHOTO 000PYI0OBaHMS COBMECTHO C
WH)XCHEPHBIMHU  3arpa)<ICHUSMU YBEJIMYHUBAET
BEPOSTHOCTh OOHAPYKEHHS TPOTUBHUKA B yCIIO-
BUSIX OorpaHuueHuil Bunumoctu ao 0,85-0,9 [12].

Uto kacaercs mopakxeHusi B3JETHO-IIOCaA04-
HBIX Nay0 aBUaHEeCyIled TPYNIUPOBKU, MOKHO
OTMETHUTH, uTO BITJIA MoryT HaHecTH 4acTUYHOE
nopaxkenne kak JIA, HaxomsmuMcs Ha manyoe,
TaK M B3JIETHO-IOCAJOYHOM MOJIOCE aBUAHOCIIA,
YTO MpHUBENET K BPEMEHHOW moTepe paboTocmo-
COOHOCTH T'PYTIIIBI.

N3 pe3ynbTaToB 00pabOTKH CTAaTUCTHYECKHX
JAHHBIX 1O OOEBHIM WHOCTPAHHBIM HAIBOHBIM
KOpalJisiM, TIOTHOIIMM B BOCHHBIX KOH(IJIMKTaX
MOCIIEHETO BPEMEHU, HaubOoJee TsoKeble Mo-
CJIEJICTBUS BBI3BIBAET IOXKap Ha aBMaHocHax. B
MpaKkTUKE SKCIUTyaTallud aBHAHOCLIEB WMEINH
MECTO CJIEIyIONIME CIy4au: B pe3ysibTaTe Mmoxa-
pa Ha aBuaHocue BMC CHIA «Opuckann» mo-
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rubno 44 uenoseka, 41 momy4yusn paHeHus; Ha
aBuanocuie BMC CIIIA «®oppecTom» mpouso-
HIeq Mo>kap Mpu MpOBEJEeHUH MaHEBpPOB B TOH-
KMHCKOM 3ajMBe, B pe3yibTare dero 134 yemno-
BeKa Morubnu, 62 ObUTM paHEHbI, BBIIUIO M3
CTpost 26 mamyOHBIX caMOJIETOB. ABHaHOCEI ObLT
BBIBEJICH U3 cocTaBa ¢uoTta [13].

JHocrasky BIIJIA k mecTy cTapTa MOXET OCy-
HIECTBIISATH C MOMOIIBI0 OBICTPOXOIHOTO aBTO-
MaTU3UPOBAHHOTO KaTepa.

B cocraBe kopaOenpHBIX TPYMI Pa3TMYHOTO
Ha3HAUYCHHSI CTPYKTYPHO MOXKHO BBIICIUTH [[BA
AIIEMEHTAa: OCHOBHBIE CHJIBI M CHIIBI OXpPaHEHUS,
OCHOBHOM 3a/1auell KOTOPBIX SBIISETCA 3allluTa
TJIABHBIX CHJI TPYNITUPOBKU B OPJEPE OT PAKETHBIX
yAapoB aBUAIMK (aBUALMOHHBIX PAKET), TIOJBO/I-
HBIX JIOJIOK U Kopabiei. Kopabmu oxpaHeHus 3a-
HHMAIOT CBOM MECTa B OpJIepe C pacyeToOM MaKCH-
MaJIbHOTO MPOTUBOAEHCTBHUS yIapam 10 INIaBHOMY
00BbeKTy. DTO 00ecreunBaeTCs SIIECTOHUPOBAH-
HBIM TTOCTPOSHUEM OXpaHEHHUS U €ro dPQPEeKTHB-
HBIMU JICUCTBHUSMH B peaibHOM oOcTaHoBKe [ 13].

boeBoe wucmonp3oBaHMe KopabOiiel  ocy-
IIECTBIIIETCS. B COCTAaBE TPYIIUPOBOK pa3iIny-
HOro HasHaueHus. COOTHOIIEHHE MEXAy THIMa-
MH KopaOjeil B KaXJIOM KJacce TpyHIHPOBOK
oTpezeNsaeTcsl pemaeMbIMU O0€BBIMU 3aJJa4aMHU.
CKOpOCTb JABMKEHHS TPYIITUPOBOK MPHU MEPEXO-
ne coctapiseT 30...45 km/4, a Ipy BHITIOJIHCHUH
00eBBIX 3aJ1a4 — 710 55...65 km/4 [13].

ABuaHocHas MHororeneBas rpymnmna (AMI)
SIBJISIETCSL TVIABHOM YJApHOM CHJIOM W IIpeaHa-
3Ha4YeHa JAJs YHUYTOXKEHUS cuil (IioTa, Ha3eM-
HBIX M OCPEroBbIX MPOMBIIIJICHHBIX IIEHTPOB U
00BEKTOB BOCHHOI'O Ha3HAYEHUS, MOJACPKKU
CYXOITyTHBIX BOMCK, HapyIIEHUs] KOMMYHHKAIIUN
U 3alIUThl OKEAHCKHUX M MOPCKUX IyTed c000-
IICHUS.

Ha xopabnsix AMI pasmemarorcs Oosee
20 PJIC pa3nuyHOro Ha3HAYEHUs, THAPOAKYCTH-
YECKUE, OMTHUKO-IJIEKTPOHHBIE U ONTHUKO-BHU3Y-
anpHble cpencTBa. OHU MO3BOJISIOT OOHAPYKH-
BaTh BO3AYILIHbIE II€TM Ha PACCTOSHUH IO
500 kM, HagBoaHbIe Kopabmu no0 100 kM ¢ TOU-
HocThIO 10 S50 M [10].

[Ipu wu3BecTHOW [AIBbHOCTH OOHAPYKEHUS
JIA ¢ OIIP o, = 1 M’ [JaIBHOCTB oOHapyKeHUs
[eJId MOXET OBITh ONpejeieHa MO CIeAYIoLeH

dbopmye [13]:
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DO6H = D06H(1M2) ) i/OTp' (2)

[Ipu »TOM nanbHOCTH OOHAPYKEHUS LETU
¢ 1P 6, = 1 M” pumem 3a 600 kv [13].

Jlns  cpeiBa HaBEACHUS TEICBU3MOHHBIX
CpEIICTB HaBeJCHHs Ha Kopabiie MCHOJIB3YIOTCS
a3pO30JIbHBIE (JIBIMOBBIEC) 3aBECHI, KOTOPHIE MO-
T'yT OBITh MIOCTaBJICHBI B TeueHue 1 c.

[Ipu aTOM, ecnu paccmaTpuBaTh HaBEICHUE
Ha MOJBIDKHYIO 1I€b, TpYMIa amnmnapaToB BbI-
JBUTAETCS B PACUCTHOE MECTO IIeNIH, KaK Mpe-
CTaBJICHO Ha CXeMe, M300paKeHHON Ha pHC. &,
YTO YBEJIUYUBAET BEPOSTHOCTH OOHAPYKEHUS
LEJH.

HMU npeaeiayL,
GHapyXeHUN

btz

Puc. 8. IIpumep nopakeHust ABrKyIeics uenu [14]:
HMI — nayansHoe mecto nenu; PML] — pacueTHoe MecTo
e
Fig. 8. Example of moving target engagement [ 14]:
HMII - initial target location; PMI] — estimated target
location

3ann MHoxectBa rpynn BIUIA, nmpencras-
JICHHBIN Ha puUcC. 9, MOXKeT obecreynBaTh B CITy-
yae HU3KOoM ToyHocTH KoopauHat HMII, PMI] n
T. I. IOPAXKCHUE CBOUX ILieJieil OoNbIIeil 4acThio
BIUTA. B cBsi3u ¢ T€M 4YTO B IrpyIIe NPOUCXOAUT
obmMeH nanHbIMH, YacTh BIUJIA ycneer BbImo:-
HATh MAHEBP U HU3MEHHUTH KypC B CTOPOHY IIe-
e, He OOHAPYKEHHBIX CHUCTEMOM MOMCKA.

Janee moapoOHO OCTaHOBMMCSI Ha TOpa)e-
HUU MecT pasmenienus cpeacts 11BO u ux mpo-
tuBoaciicTBuu. CornacHo [1] B OCHOBHOM CO-
BpeMeHHble 3PK orpanuueHsl B ciydasx Beje-
HUsA 00CTpesia BO3AYUIHBIX IieJie Ha BBICOTaX
nonera A0 1 kM u ckopoctu MenHee 100 m/c.
Taxkxe mpu mpueMe OTPAKEHHBIX CHUTHAIIOB OT
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g g-F

Puc. 9. [Ipumep 3anma MHOXKECTBA FPyIIT
BITJIA [15]
Fig. 9. Example for a salvo of a UAV groups
variety [15]

MaJIOCKOPOCTHBIX HEOOJBUINX amnmnapaToB He
UCKJTIOYCHO WX TMOMaJlaHue B CTPOOBI s 3alllu-
TEI PJIC 0T macCUBHBIX IIOMEX Y HEMOIBUKHBIX
npeametoB, toraa BIIJIA okasbiBaeTcsi Hepas-
mmaumbIM 11 PJIC.

B kauectBe THMOBOro MecTta pa3MelleHUs
cpeactBa [IBO paccmorpena mnozummsi 3PK
PATRIOT (MIM-104).

CocrtaB KOMIUIEKCA MPUBEICH B’ Ortyna xe
paccMOTPUM OCHOBHBIE XapaKTEPUCTUKU KOM-
wiekca. B Hamem cimyyae oco00 CTOMT Bblje-
JUTh CIEAYIOIINE XapAaKTEPUCTUKHU: JATbHOCTD
obnapyxenus 1emu ¢ OIIP 0,1 m> menee 70 kM,
KOMILJIEKC MOKET OJTHOBPEMEHHO COIPOBOK/IATh
no 125 ueneit, npou3BOIUT HaBeaeHHUE 10 6 pa-
keT. Bpems oGHapysxenust cocrasmsger 8—10 c,
MUHHUMAJIbHAsI BBICOTA MOPAXKEHUS LEIU COCTaB-
aser 0,06 km. BepostHocTs nopaxenus BITJIA
OJHOM paKkeTol B OTCYTCTBUE MOMEX 3aSABIISAETCA
ot 0,6 1o 0,8.

[Ipn 3TOM COIJIaCHO KCCIENOBAaHUAM, pUBE-
JeHHbIM B [1], Teopernueckue 3HaueHHs 3Pdek-
THBHOCTH npuMeHeHus mraTHeix [1BO mia mopa-
JKCHUSI OJIMHOYHBIX OCCIMIOTHBIX armapaTroB Ol-
HOW OYepeNbl0, OTHUM CTBOJIBHBIM OPYKHEM WIH
onHUM pakeTHbIM opysxueMm I13PK nmu 3PK, yun-

¢ TIstpuor [Dnexrporusiii pecype] // Bukunemus. Co-
6oxHast sHnmknoneaus. URL:
https://ru.wikipedia.org/wiki/%D0%9F%D1%8D%D1%
82%D1%80%D0%B8%D0%BE%D1%82 (nata 0bpa-
menust: 20.06.2021).
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Moném “amedxol” Ha nocmornHol ebicome u nocmorHHoU cxopocmu

Tun cpedcmea NBO

Puc. 10. Teopetnueckue BepossTHOCTH yHUUITOXeHUS BIIJIA cTaHmapTHBIMU CpeacTBaMH MPOTHBOBO3AYIITHOM
obopowsl [16]:
BITJIA — GecriunoTHblit JetarenbHblil anmnapar; [IBO — npoTuBoBo3ayIIHAsE 000pPOHA;
3I1Y — 3eHuTHAas IyJieMeTHasi yCTaHOBKa; 3AY — 3eHUTHas apTUIIEPUICKas yCTaHOBKA;

I13PK — nepenocHsle 3eHuTHBIE pakeTHbIe KoMIuleKchl; 3PTIK OIIT — 3eHUTHBIN pakeTHBIHN MyIIeYHbIH KOMIUIEKC C
ontuyeckuMu cpeactamu HaBeaeHus:; 3PIIK PJIC — 3eHUTHBIN pakeTHBIHN TyIIeUHbIH KOMITIEKC ¢
panuoIOKaMOHHBIMH CPEICTBAMH HaBEICHUS;
3PK B/l — 3¢eHUTHBII pakeTHBIH KOMILICKC OOJBIION JaTbHOCTH;
3PK M/ — 3eHUTHBINA pakeTHbIA KOMIUIEKC MaJIOi JaJIbHOCTH
Fig. 10. Theoretical probabilities of defeating UAV using conventional weapons of air defense [16]:

BITJTA — unmanned aerial vehicle; IIBO — air defense;
311V — anti-aircraft machine gun; 3AY — anti-aircraft gun mount;

IT3PK — man-portable air-defense systems; 3PTIK OIIT — anti-aircraft missile and gun system with optical guidance;
3PIIK PJIC — anti-aircraft missile and gun system with radar guidance;
3PK B/l — anti-aircraft missile system of long range;
3PK M/] — anti-aircraft missile system of short range

ThIBasi BiMsiHME MaHeBpupoBanus BIUJIA, mpuse-
nenbl Ha puc. 10. 3nech mopaskeHne — 3TO COObI-
THe, o koropomy BIIJTA B pe3ysbraTe BHELITHETO
BO3/ICHCTBUSI OKA3bIBACTCS B HEpaboOdeM COCTOS-
Huu. [lpu 3TOM mpHHUMAETCs, YTO BEPOSATHOCTH
oOHapy»x)eHus e Pogy = 1, moMex HeT.

Hammune terwioBeix ciaemoB mia [I13PK mo-
JKET HECKOJIbKO YBEIHYUTh BEPOSITHOCTH IOTMa-
JAHUS B BO3IYIIHYIO 11€7b, HO aKTUBHOE MAaHEB-
PUPOBAaHUE MOXKET CBECTH Ha HET YBEIWYCHHE
3ameTHOCTH [1].

N3 pabotel [8] crnemayer, yTo CpeqaHss BENU-
YUHA BEPOSTHOCTU MOPAXKEHHUSI OJUHOYHOU BO3-
nyuHow nemu cpeactsamu 3PIIK Py, = 0,26.
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3akiroueHue

B crathe paccMoTpeHbl pa3inyHbIE anmapa-
Thl, paboTarole B cocTaBe Ipymnmsl. Mx aHanus
MO3BOJIWJ TPEACTaBUTh CTATUCTHUECKHUE 3aBU-
cumoctu Macchl BIUVIA or konuuecTtBa ammapa-
TOB B IpyIIE, JaJbHOCTU I0JIETa OT MAacChl am-
[apaToB U Macchl MOJIE3HOW HArpy3Ku OT cTap-
TOBOM MacCHhI.

PaccmoTpeHbl 1LieneBble OOBEKThI MpPUMEHE-
HUS ¥ (PAKTOPBI MPOTUBOJICHCTBHS BBHITIOTHEHUIO
ornepauuy. JTO B JAJIbHEHUIIEM I103BOJMUT 3aJI0-
KUTb OCHOBY Ul ONPEIEIICHUS BEPOATHOCTEH
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BBINOJIHEHUS ONEpallu, a TAKXKe MO3BOJIUT IPO-
BECTH OIICHKY TPeOOBaHWI K MPOEKTHPOBAHUIO
anmnaparos.

JlanHble, MpencTaBiICHHbIE B CTaThE, MOTYT
OBITh MCIIOJIB30BaHbI AJIS1 HOJTOTOBKH HCXOAHBIX
JAHHBIX IPU MOJEIUPOBAHUM M HUCCIIEJOBAHUU
60eBoil a3 PexTBHOCTH U dPPEKTUBHOCTH TIpe-
OJIOJIEHUSI CPEJICTB IPOTUBOAECUCTBUSA IPOTUB-
HUKa OeCHMJIOTHBIMHU JIETaTEeJIbHBIMH allnapara-
MU, pabOTaroIMMH B COCTaBe TPYII, a TaKXKe
KOHCTpYKTOpaM, mnpoektupyromum BIIIA, pa-
OoTarouiye B rpyImnmax.
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