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IMPOBJIEMBI IPUMEHEHUA OTUJINPOBAHHOI'O ABUALTMOHHOI'O
BEH3UHA HA BO3AYIIHBIX CYJAX

K.]. I'PSIZITYHOB', A.H. TAMOIIEHKO', E.}O. CTAPKOB!'
! Mockoscrui 20Cy0apCmeeHHblll MeXHUYeCKULl YHUBEPCUMem 2paicoOancKol asuayul,
2. Mockea, Poccus

Ha ceromusmHuii neHp HaOdIO#aeTcss yCTOMuMBAs JMHAMMKA paciuupeHuss napka BC Manodl aBuanyy, OCHAIEHHBIX
TOPHIHEBBIMU  IBUTATCIISIMU. ILTU[ ABUAIIMOHHBIX TMOPIIHCBBIX JIBUT aTeseun (HII) MPUMECHACTCA CICHUATIBHOE TOIUIMBO —
aBHALIIOHHBIE OSH3MHBI C 3aIaHHBIMHU SKCILTyaTallIOHHBIMH CBOMCTBaMHM, OOeCIIeurBaroliee X CTaOMIbHYI0 paboTy Ha JHOOBIX
pekuMax M B JIIOOBIX YCIIOBMSIX SKCIUTyaTallud. YPOBEHb IOKazaTeseil SKCIUTyaTallMOHHBIX CBOMCTB aBHAIIMOHHBIX TOILIVB,
WBT. 4. OCH3MHOB, 3a7aETcsi IOCPEACTBOM BBEACHWS CIEHUAIBHBIX MNpucagok. OAHOM M3 TAaKUX MPHCAZOK SBISICTCS
AHTH/ICTOHAIMOHHAs nprcanka — TerpadtmicBunel] (TOC), koTopast 100aBIsieTcs B TOIUIMBO B OIPEEIEHHOM KOJINYECTBE B BUJIC
5THII0BOH *kuakocTd. HecMoTps Ha oTimanble cBotictBa TOC Kak aHTHAETOHATOPA, OH UIMEET | PsIJ CYLIECTBEHHBIX HEOCTATKOB.
C TOYKH 3peHWs SKCIUTyaTallil aBHALMOHHBIX IBUTATENIed OBUIO OTMEYEHO, YTO MPOAYKTHI cropaHus (pasmoxenwms) TOC,
KOTOpBIE HEIOCTATOYHO 3(P(EKTHBHO BBIHOCATCS M3 KaMepbl CTOPaHWsI, B 3HAYMTEIFHOM KOJMYECTBE IOMANAIOT B MACISTHYIO
CHCTEMY, BbBI3bIBas 3a0MBKY MACISHBIX (UIBTPOB TOHKOW OYMCTKH. OTMEYEHO, YTO Jake HE3HAYHTENBHOE COIEp)KaHHe
MpoRyKToB pasnokeHus: TOC B aBUAIMOHHBIX Maciax Pe3KO YXYALIAeT MX MPOKAauYMBAaEMOCTb M MPHUBOAUT K IOJHOW 3a0MBKe
(GuIBTPOB TOHKOW OYMCTKM Macia 3a CUMTaHHBIE MUHYTHI pabOThl [BUTaTens Jaxe Ha cCBekeM Macne. [lpuuém
MHOTOCTYIIEHUYaTasi O4UCTKa Macna, IPeayCMOTpEeHHas! KOHCTpyKuuel HekoTopbix [1/[, He oka3bpIBaeT CyIIECTBEHHOIO BIIMSHUS
Ha JIAHHOC HETaTUBHOE OOCTOSTEIBCTBO, CO3MIAIONICE YIpo3y st Oe30macHOCTH MojéToB. Ha nmaHHbI MOMEHT MpUMEHEHUE
CBUHEIICO/iepyKalllero OeH3WHa Juisl aBUaUMOHHBIX [1J] sBisiercss Oe3anbTepHATHBHBIM, II0ATOMY TPEOYIOTCS PpEllIeHUs
O CHWKEHHIO HETATUBHBIX MOCIECTBUI IIPU €10 IPUMEHEHHUH.

KiioueBnie cioBa: aBuanys, aBPIaIlPIOHHLIﬁ 6€H3I/IH, OKCIUTyaTallMOHHbIC CBOﬁCTBa, TCTPAITUIICBUHCL], aBUAIIMOHHBLIC
TIOPIIHEBBIC IBUTATEIIH.

BBEJIEHME

CoBpeMeHHbBIE TEHACHIIMHM Pa3BUTHs TpaxaaHckod aBuanuu (I'A) moka3pIBalOT CTaOHIBHOE
yBenuuyeHue napka BC wmanoii aBuarmuu [1]. Jlanaeie BC ocHamarTcsi MOPITHEBBIMU JABUTATEIIS-
mu (I1[]), paboTaromumu Ha aBHAIIMOHHOM OCH3WHE, K KOTOPOMY MPEIbSBISIOTCS MOBLIIICHHBIE Tpe-
6oBanusi. OCHOBHBIMH MapKaMH aBHAIMOHHOTO OeH3MHA it ['A Ha JaHHBIA MOMEHT SBJISIFOTCS POC-
cuiickuit b-91/115 u amepuxanckuit 100LL. [nsg 3aganus He0OXOAUMBIX SKCILTyaTallMOHHBIX CBOWCTB
B JJaHHbIC OCH3WHBI HO0ABIsETCA pAMl MPUCATIOK. B KaduecTBe aHTUACTOHAIIMOHHON MPHUCAAKU MPUME-
HSIIOTCS CBUHEIICOIEpIKalie MPUCAAKH: B OCHOBHOM, TETPadTHIICBUHEIL [2].

OTaenbHO CTOUT OTMETHUTD, UTO ¢ Hayasa 90-x IT. MPOILLIOro BeKa MPOU3BOJICTBO OTEUECTBEH-
HBIX MapOK aBHAIIMOHHOTO OEH3MHA OBLIO MOJTHOCTHIO MPEKPAIICHO, & BMECTE C HUM U MPOU3BOACTBO
TETPA3TUIICBUHIIA, KOTOPOE B KOHEUHOM cuéTe Obu1o yTpaueHo [1, 3]. Takum oOpa3zom, Ha MpoTsKe-
HUU TIOYTH JIBYX JE€CATKOB JIET KCIUTyaTaHThl MOPIITHEBON aBUAILIMU HAIIEeH CTPaHbl OBbLIH BBIHYKICHBI
3aKynaTh UHOCTPAHHBIM aBUAIIMOHHBIN OCH3MH 0 rpabUTENbCKUM 1IEHAM WJIM B HapYIIEHUE BCEX M-
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caHbIX HOpM npuMeHATh Ha BC aBToMoOunbHbIe 6eH3uHbl. [IpuMepHo ¢ cepenunsbl 10-X IT. MPOU3BOI-
CTBO OJIHOM MapK{ OT€UYeCTBEHHOTro aBuarmoHHoro OensuHa (b-91/115) Bo300HOBMIIOCH [3]1, OIIHAKO
HE0OXOUMBIE Ul MPOU3BOACTBA KOMIIOHEHTHI, HAIPUMEp, aHTUAeToHanuonHas npucaaka (TIOC) u
JIaYK€ COOTBETCTBYIOIIMI KPaCUTEIb, TPUOOPETAIOTCS 32 PyOSIKOM.

TerpastuncBunent (Pb(C,Hs)s), mpuMeHsieMblii B BHIIE 3TUIOBOW >KHUIKOCTH, — CMEPTEIHHO
OMACHBIN 57, O00NaJaoONINil BBIPAKEHHBIM KyMYJIATHBHBIM JE€HCTBHEM, BBI3bIBAET HApyLICHHs ICH-
TPaJIbHOM HEPBHOM CHUCTEMBI, OKa3bIBAaCT aJUIEPIMUECKOE BO3JEHCTBUE, OTHOCUTCA K 1-My Kiaccy
omacHocTH. [IpoHuKaeT B opranusm Jaxe yepes kKoxy. [IpenenbHo qomyctrMasi KOHIIEHTpAIUs apoB
TAC — 0,005 mr/m® >**7[1, 3—6]. TOC sBseTCS BEIIECTBOM, OMACHBIM TS OKPYYKAIOIIEH CPEIbl, B
CBA3M C YeM MPUMEHEHHE €r0 B aBTOMOOWIBHBIX O€H3MHAX B OOJIBIIMHCTBE CTPAaH MHpa 3aIlpelieHo,
B T. 4. 1 B Poccuu ¢ 2003 r.°

Opnako B aBMAllUM JITaHHAs MpHCa/iKa SBJISETCS HEOOXOJUMBIM KOMIIOHEHTOM aBHAIIMOHHOTO
OeH3uHa 1o psay npuuuH. Bo-mepBrix, 3T0 3¢ exkTrBHAsS aHTUACTOHALMOHHAS MpHUCAKa, 0Oecredn-
BaroIasi HEOOXOAUMBIN YPOBEHb COPTHOCTH Ha OoraToil cMecu. Bo-BTOphIX, 0Opa3yronuecs Ipu Cro-
paHun O€H3MHA OKMCIBl CBHHLA TOJOXXHMTEIBHO BIUSIOT HAa MPOTHMBOM3HOCHBIE CBOWMCTBA TOIUIMB
(MpUMEHUTENBHO K JeTaIsM ITHHAponopitHeBoi rpynmsl (LI1)).

TOC oka3bIBaeT BIUSHHUE U HA IPOYME IKCILTyaTaIl[MOHHBIE CBOIICTBAa aBUAIIMOHHOTO OEH3MHA.

Brnusane TOC Ha cTabuibHOCTH O€H3MHA HEOAHO3HAYHO: B OAHUX ciydasx TOC sBiseTcs Ka-
TAJIM3aTOPOM MPOIIECCOB OKUCIICHUS YTIIEBOIOPOJIOB, a B IPYTUX — HHTHOUTOpOM [7].

OtpunatenpHoe Bo3zaeiicTBue TOC oka3piBaeT Ha HarapooOpasyloIlue CBOMCTBA, MPOTYKThI
okucnenus TOC KUCIOpoAOM BO3AyXa 00pa3yroT HEPACTBOPUMBIE OCAIKH B OCH3MHE, YTO MOKET BbI-
3bIBaTh 3a0MBKY TOIUTUBHBIX (DUIBTPOB, NPOAYKTHI cropanus TOC HEraTMBHO BIMSIIOT Ha KaTalIUTHYe-
CKH€ HEUTpanau3aTopsl u np. [8].

OCHOBHBIE ITOJIO’)KEHUA

CopepxaHue TeTPadTUICBUHIIA B AaBUAIIMOHHBIX O€H3MHAX MPUBEICHO B Ta0II. 12,

Taoauna 1
Table 1
Conepxxaare TOC B aBHAITMOHHBIX ATHJIMPOBAHHBIX OCH3MHAX
TEL concentration in aviation leaded gasoline

Konnentpanusa TIC 100LL b-91/115
M TAC/mM’, He Goree 0,53

rPb/mmM’, He Gosee 0,56

rPb/kr, He Oosee 2,5

WBxuMIIpoM Hadas MPOW3BOACTBO aBUAIIMOHHBIX OeH3MHOB Mapok b-91/115 u Avgas 100LL [OnektponHsIit pecype] //
Cnaenano y Hac. 2016. URL: https://sdelanounas.ru/blogs/83489/ (mata obpamenwus 15.12.2019).

2 TOCT P 55493-2013. BeH3HH aBHALHOHHBIIA Avgas 100LL. M.: Craugaptundopm, 2014. 15 c.

3 TOCT 1012-2013. Bensunb! aBranuonnsie. M.: Cranmaprundopm, 2019. 15 c.

TerpastuncBunen. PU3NKO-XUMUYIECKHE CBOMCTBA M TOKCHYHOCTh, MEXaHN3M TOKCHYECKOTO ACUCTBUS, KIMHHUKA, MPO-
(uIaKTUKA ¥ TPUHIUIBI OKa3aHUs MEIMIIMHCKON moMotu [DnekTpoHHbii pecype] // Xemmuke.Opr-MHTepHET MOMOIII-
uuk. 2017. URL: https://helpiks.org/9-10286.html (nara obparuenus 25.02.2020).

OtpaBiieHHe TeTPadTUIICBUHLOM [DnekTpoHHblit pecypc] // LibTime. 2012. URL: https:/libtime.ru/zdorovye/otravlenie-
tetraetilsvincom.html (nara obpamenus 25.02.2020).

O 3ampere IpoOM3BOICTBa M 000POTa ITWIMPOBAHHOTO aBTOMOOMIBLHOTO OeH3uHa B Poccuiickoit deneparmu. Ne 34-03
ot 22 mapta 2003 r.
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st 0OOBEKTUBHOTO CpaBHEHUS NAHHBIX TaOu. 1 clieyeT MpUBECTH 3HAYCHUS KOHIICHTpAIUil
TOC. IlpunuMas miotHocTh aBuabemsuna 100LL mpu 20 °C pasmoit 750 Kr/M, MoJy4yaem
rPb/xr = 0,75.

bykBbl B MapkupoBke aBuanmonHoro 6ensuna 100LL o3navarot low lead — ¢ HH3KHM cogep-
’)KaHHWEM CBHUHIIA, YTO B HEKOTOPOM CMBICIIE COOTBETCTBYET ACHUCTBUTEIBHOCTH (pa3inuue COACPKAHUS
TOC no cpaBuenuto ¢ 6erznHoM b-91/115 Gomnee yem B 3 pasa), 0lHAKO MOKHO TOBOPUTH O TIPAKTH-
YECKU MJICHTUYHOM HETaTHBHOM BIIMSIHUU YKA3aHHBIX MapoK OCH3WHA HAa OKPYKAIOILIYIO Cpedy, Y4H-
ThIBas A10BUTOCTh TOC, M SKCIUTyaTalliio aBUAITMOHHBIX ABUTATENICH (UTO OyIeT MOKa3aHo Jajee).

Kak m3BecTHO, MOpIIHEBBIC ABUTATEIN HMMEIOT CICAYIONIYI0 OCOOEHHOCTH PabOTHI: AeTanu
LIIT" paGoTatoT B yCIOBHSIX BBICOKMX HEPABHOMEPHBIX TEMIIEPATYPHBIX HAMPSHKCHUN M YIapHBIX
HArpy30K, MPH 3TOM HUXKHSS YaCTh MOPIIHS padOTaeT B YCIOBUSIX KUIKOCTHOTO TPEHUS, a BEPXHSIS —
rpannyHoro. Cam mopiieHb npu pabote nedopMupyercs U B ONpene’EHHbIE MOMEHTHI MPUHUMAET
¢dbopMy oBasia, BEITSIHYTOTO BJOJb OCH MOPIITHEBOTO Majbla. ITO 00YCIaBIMBACT HATUYHE TAPAHTUPO-
BAaHHOTO (M 4acTO YBEJIMYEHHOI0) 3a30pa MEXIy MOPLUIHEM U HWIMHIAPOM. TakuM oOpa3oM, MpUMEHs-
eMblli OCH3MH M MPOAYKTHI €r0 CrOpaHUs MOTYT IMOMNaAaTh B MAacjio, OCOOCHHO MPU HATHYUHU MOBBI-
menHoro n3Hoca aeraineit LI [9—-11]. CooTBercTBeHHO B Macio nomnanaetr u TOC, a Takke NpoayK-
ThI €r0 PA3JIOKEHUS MTOCIIE CTOPaHUs aBUAIMOHHOTO OCH3MHA B KaMepe CropaHus. JTUM ke (aKkToM
o0ycIoBieH 3a0poc Macia B KaMepy CrOpaHus M, Kak CJIECTBUE, 3HAYUTENIbHbIE PAacX0/ibl Macia mpu
paborte I1/], koTopsie MoryT cocTtaBiysTh 10 10 /4 u qaxke Gosnee.

s onpenenenust conepkanus TOC B aBHAIIMOHHOM Macje, UMEIOIIEM Pa3IMuHyI0 HapaOoT-
Ky, ObUIH 0TOOpaHbl IpoOb! U3 aBuratencii ALLL-62 P camonéra AH-2.

Jl1s oneHKH cocTaBa METAJIMYECKUX MPUMeced B aBUALMOHHBIX MacjaxX MOPIIHEBBIX JABUTa-
TeJIel MPHUMEHSUICA PEHTTeHO(IyOPECUEHTHBIN CHEeKTpalbHbIi METOJ] aHallu3a, Pealu30BaHHBIA Ha
ycranoBke AJIK «IIpu3may (puc. 1). AIIK «IIpu3zmay mo3BoisieT mpoBOAUTH KOJTWYECTBECHHBIA U Kaue-
CTBEHHBIN aHAIHM3 P00 Maces Ha HATHMYKE B HUX METAJUIOB C BBICOKOH JIOCTOBEPHOCTHIO M OTIUYACTCS
IPOCTOTOl mpobomoarorosku’ [12].

® BO3MOXXHOCTb OTIPE/ICICHUS 74 3JIEMEHTOB
ot Ca 10 Am;

® JMamma30H W3MEPSEMBIX KOHIICHTPAIIHA:
ot 0,1 mo 250 r/T;

® Tpelenbl OTHOCHTEIBHOW MOTPEIIHOCTH
M3MEPEeHHUI KOHIeHTpauu: oT 5 1o 20 %
B 3aBUCUMOCTH OT KOHIICHTPAIIUU

Puc. 1. O6uwmii Bug AIK «IIpu3Ma» 1 ero oCHOBHBIE apaMeTphbl
Fig. 1. The general view of ADC «Prizm» and its main properties

PentrenodayopeciieHTHBIE CIIEKTPAIbHBIE aHAIN3bl MPOO aBHAIIMOHHOTO Macjia W3 IMOpIIHEe-
BBIX JIBUTATEJICH MOKa3ajau 3HAYUTEIBHOE COIEepKAaHNE B HUX CBHHIA (Ta0u. 2). ICTOYHMKOM CBUHIIA

7 ABTOMAaTH3UPOBaHHEIA nuarHoctudeckuii komrmeke «AJIK TTIPU3MA» [Dnektponsslit pecype] // KOxHOMommMeTam-
XOJIJUHT-pa3padoTKa u MIPOU3BOJICTBO AHAITUTHYECKOT O 00opyoBaHusL. 2018. URL:
http://www.analizator.ru/production/xrfa/adc-prizma/ (zata o6pamenus 12.12.2019).
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B Macie siBnsiercss TOC u3 aBuanmoHHoro OeHsuHa. [Ipyu 3TOM 3HAYUTENHHOW Pa3HUIIBI IO ATOMY Ta-
pameTpy B 3aBUCUMOCTU OT MapKu IPUMEHSEMOI'0 aBUAI[MIOHHOT0 O€H3MHA He HaOI0JaI0Ch.

W3 Tabn. 2 BUIHO, YTO HAIMYUE B TPOOAX CBHHIIA MOXET OBITh 3HAUUTEIHHBIM JIaXKe MIPH IKC-
IUTyaTaluy JBUTaTele Ha CBEXeM Macie. DTO MOXET OOBSCHITHhCS TeM, UYTO MpU 3aMEHEe Maclia
B COOTBETCTBUU C periameHToM aBuanuoHHbie [1J] He mpombiBaroTcs. Kakoii-nubo 3aBUCHMOCTH
Hanuuus Pb B mpo6ax paboTaromiero Maciia OT HapabOTKH Maciia Takke He 0OHApy>KEHO — OHO 3HAUYH-
TEJIBHO IpH JTIOOBIX HapaboTKax.

Hanuuue cBuHIa B mpobax maciia yxyJauiaeT MpoKauuBaeMOoCTh Macjia U €ro GuIbTPyeMOCTb.
B npucyTcTBUM CBHHIIA MAcII0 YepHEET U 00pa3yeT CTyCTKH.

Taoanmna 2
Table 2
Copnep:xaHue CBUHIIA B TpoOax Maciia U3 MOPIIHEBBIX ABUTaTeIeH
C pa3nMyHON HapaOOTKON Macia
Lead concentration in the oil samples of piston engines with various oil operating time

Ne po- Hapa6otka neurarens ALLl-62up Ha macne Fe, Pb, | Cu, | Zn, | Cr, | Ag, | Zr,
OBl MC-20, u r/T r/t | v/t | v/t | /T | /T | T/T
1 1,5 1,76 | 8,19 | 1,7 | 0,31 - - -
2 100 1,29 | 8,81 | 0,67 - 0,21 | 2,62 -
3 2 1,24 | 1,91 | 0,82 - - - -
4 2 2,02 |3,09 | 0,72 - - - 0,67
5 100 1,73 | 2,67 | 0,81 | 0,23 | 0,25 - -

MacnsHpie QUIBTPH TOHKOH OYHCTKH TOPUIHEBBIX JBHTATENIeH, pasMep sSYeeK KOTOPBIX CO-
ctaBisieT oT 10 10 25 MKM B 3aBUCMMOCTH OT BHJIa IPUMEHIEMOro (UIbTpa, 3a0UBAIOTCS MpH paboTe
HA TAKOM MAcJjIe MPAKTHYECKH MIHOBEHHO (pHc. 2—3)°, i 3arps3HEHHOE MACIIO IPOIOJIKACT [0[aBaATh-
Csl B IBUTATENb Yepe3 MepenyCKHbIe KIanaHbl B 00X01 (GUIBTPOB, 4YTO HETaTUBHO CKa3bIBaeTCs Ha 6e3-
OonacHocTH Noy€ToB. [Ipy 3TOM cleayeT OTMETHUTh, YTO B MacjaocucTeMax aBHAMOHHBIX T[] oTcyT-
CTBYIOT curHanu3atopsl 3a0uBku O@TO. B HUX MOTYT OBITH YCTAHOBJIEHBI JIUIIb TaTYUKH U3MEPEHUS
nepernaja JaBiIeHHs] ¢ COOTBETCTBYIOLIMM yKaszarejaeM B KaOuHe nwioTa. J[aHHBIM (akT 3aTpyaHseT
peructpanuio 3a0uBku O TO sxunaxem.

Taxxe cTouT oT™MeTUTh, 4TO TOC B BUIE 3TUIOBOM JKUIKOCTH, PACTBOPEHHON B 00BEME TOT-
JIMBA, HE BBI3BIBACT MPOOJIEM C MPOKAYMBAEMOCThIO TOIUIMBA yepe3 TormBHbe DTO, pasmep siueek
KOTOpBIX cocTaBisieT oT 10 10 25 MKM B 3aBUCHUMOCTH OT MPUMEHSIEMOro (pUiabTpa, U TeM Oosee He
BBI3bIBACT MX 3a0UBKU. 3a0UBKY (DUIBTPOB BBI3BIBAIOT TOJBKO MPOJYKTHI OKHCICHUS UIH Pa3lI0KEeHUS
TOC nocne ero cropanus. B paccmarpuBaeMoMm citydae 3TO OPOAYKTHI Pa3iokKeHUs] — JUOKUCH CBUH-
na (PbO,) — B cocTaBe nmpouux MpOAYKTOB CTOPAHUS U OKUCICHUS aBUALIMOHHOTO OCH3MHA, YTO SIBJISI-
eTcs HeM30€KHBIM MPH MPUMEHEHUH aBUAIIMOHHBIX OeH3uHOB ¢ TOC.

B xoncTpykiuu macnocucrteM [1J] MOXET NMpUMEHSTbCS MHOTOCTYNEHYATas OYUCTKA Macia,
3aKJIIOYAIOIIASCS B TOM, YTO MACJIO Mepes NonaJjaHueM B (PUIbTP TOHKOM OYHMCTKU MPOXOAUT MpesBa-
PUTENBHYIO0 OYUCTKY B HeHTpudyre. Llentpudyrupopanue macna nepen GUIbLTPOM B YKa3aHHBIX 00-
CTOSITENILCTBAX OYEBUAHO MMEET HEKOTOPOE MOJIOKUTEIbHOE JAEHCTBHE, T. K. 3HAUUTEIBLHOE KOJINYe-

¥ AH-2 «Kykypy3Huk»: 3aMeHa Macla, IpoBepka (HIbTPOB M ykcTKa LeHTpudyru apurarens AIL-62MP [DnexTpoHHbiii
pecypc] // Capfa.Ru- pemoHT, TIOHUHT 1 3KciuryaTanus TexHuku. 2019. URL: https://capfa.ru/1460-an-2-zamena-masla-
proverka-filtrov-i-chistka-centrifugi-dvigatelja-ash-62ir.html (nata o6pamenus 03.03.2020).
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CTBO JIOBOJIBHO KPYIHBIX YacTull (0T 50 MKM) B T€YEHHE HEKOTOPOTO NMPOMEXKYTKa BPEMEHH OCEIaeT
Ha cTeHKax neHTpudyru. OmHaKo MpaKTUKa MOKA3bIBAET, YTO HEHTPU(YTUPOBaHNE HE IPEIOTBpaIia-
et 3a0uBky @TO, a npu Hanmuuuu ¢axra 3a6uBkr OTO HE MOKET ABIATHCSA CAMOCTOATENBbHOM 3 dek-
TUBHOM CHCTEMOM OYMCTKH Macia OT 3arps3HeHnit (B3ameH OTO).

Puc. 2. ®uistp MOM-25 nociie 1,5 yacoB pabOThI ABUTATEIS Puc. 3. Hentpudyra TLM-25 nocne 100 wacor
Fig. 2. MFM-25 filter after 1.5 hours of engine operation paboThI IBUTATENS
Fig. 3. TCM-25 centrifuge after 100 hours of engine
operation

VYka3zanHble (aKThl TaKkKe YKa3bIBalOT U Ha TOKCHYHOCTh Maclia, MPUMEHSIeMOro B aBHAllMOH-
HBIX MOPIIHEBBIX JABUIaTeNsIX, COOTBETCTBEHHO K BOIIPOCAM OXPAHbI OKPYXarOILIeW Cpelsl U MpOou3-
BOJICTBEHHOW 0€30MacHOCTH MPH JKCIUTyaTalldd MAcJIOCHCTEM aBUAIMOHHBIX [1J] moymkHBI mpeabss-
JSTHCA COOTBETCTBYIOLIHME MOBHIIIEHHBIE TPEOOBAHMUS.

[TyTu pemienus: JaHHOM MPOOIEMBI MOTYT OBITH Pa3IMYHBIMHU, B T. U.:

1. 3ameHa aHTHICHOTAIIMOHHOH NMPHUCAIKU K aBUALIMOHHOMY OeH3uHy [1, 2].

2. V3MeHeHue peryiaMeHTa 3aMeHbl Macia, 3aMeHbl (OYHCTKH) (PUIBTPOB TOHKOW OYHCTKHU H
OYHMCTKU HEHTPUYTH (IIPU €€ HAJTMYNH ), BBEJCHHUE B PEIVIAMEHT IEPUOANYECKON TIPOMBIBKI
MOPIIHEBOIO JABUraTells IPpU 3aMEeHE Macia.

3. VI3MeHeHue KOHCTPYKIHUH (MIBTPO3IEMEHTOB HIM CHUCTEMbI (MIBTPALMN AaBHAIIMOHHOTO
Macia.

4. Ilepexon Ha aabTEPHATUBHBIE BUJIbI tormmsa’™ ' [13-23] 1 mp.

JlroOo¥ u3 yka3zaHHBIX IMyTell MOTpeOyeT 3HAYMTENbHBIX BPEMEHHO-TPYJIOBBIX M SKOHOMMYE-

CKHX 3aTpat, OJIHAKO SBISETCS HEOOXOAMMBIM iisi obecrieueHus OezonmacHocTH nojietoB BC, obopy-
noBaHHbBIX [1]I, ¥ SKOJIOTMYHOCTH JaHHBIX ABUTATEICH.

3AK/IFOYEHUE

1. AHanmu3 CBOMCTB MPUMEHSIEMOTO B aBUAIIMOHHBIX O¢H3MHaX aHTHAeTOHaTopa TOC moKas3sI-
BAaET PsiJl €ro HeJOCTAaTKOB, BIMAIONINX B T. 4. Ha pecypc Aeraneit I1]] u Ha 6e3onacuocts nonéros BC.
2. DKCIIEpUMEHTHI MMOKa3ajii, YTO BHE 3aBUCUMOCTH OT HapaboTku maciya Ha [1J], conepkanue
CBHUHIIA B €T0 MPOo0ax sIBISETCS 3HAYUTEIHHBIM, UYTO BbI3bIBaeT 3a0uBKy DTO 3a cunTaHHBIE MUHYTHI

? Ty-155 [Dnextponnsiii pecype] // FOTy6. 2010. URL: https://www.youtube.com/watch?v=yvgOLapNubl (zata oGpate-
Hus 01.07.2019).

' depuenxo U.A. AHanuTuueckuii orueT. OCHOBHBIE TEHICHIMH Pa3BUTHs PHIHKA GHOTOILIHBA B Mupe 1 Poccun 3a 2000—
2012 roner [Onekrponusiii pecype] // [opran-Duepro. 2013. URL: http://portal-energo.ru/articles/details/id/706 (mata
obpamienuns 25.03.2019).
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paloThI ABUTATENS U 3arpsI3HEHHOE MACIO HAaUMHACT LIUPKYIUPOBaTh 1o cucteme B 00xox ®TO yepes
CHUCTEMY IepeIycKa.

3. OrmeueHa aktyasbHOCTB 3aMeHbl TOC Ha MHBIE NPHCATKU-AHTUAECTOHATOPHI, a TAKKe 000-
3HA4YEHbl NPOYHE BO3MOXKHBIE IYTH PELICHUs NpOOJIeM 3arps3HEHUs MAaclOCUCTEMBI MPOTYKTaMHU
okucieHus u pasnoxenus TOC.
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PROBLEMS OF AVIATION LEADED GASOLINE APPLICATION
ON AIRCRAFT

Konstantin I. Gryadunov', Andrey N. Timoshenko',
Evgeniy U. Starkov'
! Moscow State Technical University of Civil Aviation, Moscow, Russia

ABSTRACT

A steady trend of expanding the small aircraft fleet equipped with piston engines is observed today. Special fuel (aviation gasoline
with specified operational properties) for aircraft piston engines (PE) ensuring their stable operation in all modes and under all
operating conditions is used. The indicators of aviation fuels operational properties including gasoline are achieved by means of
adding special additives. One of these additives is an anti-knock additive — tetracthyl lead (TEL) that is added into the fuel in a
certain amount in an ethyl liquid form. Despite the excellent TEL properties as an anti-knock additive, it also has a number of
significant disadvantages. From the point of view of aircraft engine operation, it is noted that the TEL combustion products
(decomposition) that are not effectively removed from the combustion chamber, enter the oil system in a significant amount,
causing fine oil filters clogging. The article notes that even a small content of TEL decomposition products in aviation oils
deteriorates dramatically their pumping capacity and leads to complete fine oil filters clogging for few minutes of engine operation,
even on fresh oil. Moreover, the multi-stage oil cleaning stipulated by the design of some PE does not have a significant impact on
this negative factor posing a threat to flight safety. These days the lead-containing gasoline use for aviation PE has no alternative, so
solutions to reduce the negative consequences while applying are required.

Key words: aviation, aviation gasoline, operational properties, tetracthyl lead, aviation piston engines.

14



Tom 23, Ne 03, 2020 Hayunblii Becthuk MI'TY T'A
Vol. 23, No. 03, 2020 Civil Aviation High Technologies

REFERENCES

1. Sviriz, 1. (2016). Vzletnyy rezhim [Take-off mode]. Sibirskaya neft, no. 134, pp. 32-37.
(in Russian)

2. Bratkov, A.A. (Ed.). (1985). Teoreticheskiye osnovy khimmotologii [Theoretical founda-
tions of chemmotology]. Moscow: Khimiya, 320 p. (in Russian)

3. Popov, .M., Borodako, P.V., Patsina, M.N., Fedorov, E.P., Varlamova, N.I. and
Yanovskii, L.S. (2015). Tendentsii razvitiya benzinov dlya aviatekhniki s porshnevymi dvigatelyami
[Trends in the development of gasoline for aircraft with piston engines]. Engine, no. 5 (101), pp. 20-22.
(in Russian)

4. Kramarenko, V.F. (2013). Toksikologicheskaya khimiya [Toxicological chemistry]. Mos-
cow: Kniga po Trebovaniyu, 445 p. (in Russian)

5. Piskunov, V.A. (1983). Himmotologiya v grazhdanskoy aviatsii:spravochnik [Chemmotol-
ogy in civil aviation: directory]. Moscow: Transport, 248 p. (in Russian)

6. Nemchikov, M.L., Gryadunov, R.l.,, Melnikova, L.S. and Nelyubova, O.V. (2019).
Problems of aviation leaded gasoline application on aircraft. Novyye materialy i perspektivnyye
tekhnologii: 5t mezhdunarodnyy nauchnyy forum s mezhdunarodnym uchastiem [New materials and
promising technologies: Fifth interdisciplinary scientific forum with international participation], vol. 1,
pp. 606-607. (in Russian)

7. Litvinov, A.A. (1987). Osnovy primeneniya goryuche-smazochnykh materialov v gra-
zhdanskoy aviatsii. Uchebnik dlya VUZ [Bases of fuels and lubricants application in civil aviation:
Textbook for Universities]. Moscow: Transport, 308 p. (in Russian)

8. Eyginson, A.S. (Ed.). (1959). Pererabotka sernistykh neftey [Processing of sulfur crude
oil]. Leningrad: gosudarstvennoye nauchno-tekhnicheskoye izdatelstvo neftyanoy i gornotoplivnoy
literatury, 279 p. (in Russian)

9. Uglov, B.A. (1992). Aviatsionnyy dvigatel ASH-62IR [ASH-62IR aviation engine]. Samara:
Samarskiy aerokosmicheskiy universitet, 112 p. (in Russian)

10. Bocharov, V.Ye. and Gutman, L.D. (1951). Aviatsionnyy motor ASH-62IR. Opisaniye
konstruktsii i ekspluatatsiya [ASH-62IR aviation engine. Description of construction and operation].
Moscow: Redaktsionno-izdatelskiy otdel Aeroflota, 350 p. (in Russian)

11. Gryadunov, K.I., Nemchikov, M.L., Kozlov, A.N. and Melnikova, L.S. (2019). Aviation
engines diagnostics by estimating the metal contamination in oils. Civil Aviation High Technologies,
vol. 22, no. 3, pp. 35-44. DOI: 10.26467/2079-0619-2019-22-3-35-44. (in Russian)

12. Maslova, T.M. and Gryadunov, K.I. (2019). Himmotologiya i kontrol kachestva GSM.
Aviatsionnyye masla, smazki, specialnyye zhidkosti [Chemmotology and quality control of fuels and
lubricants. Aviation oils, lubricants, special liquids]. Moscow: MIR, 52 p. (in Russian)

13. Seregin, E.P. (2018). Razvitiye himmotologii [Development of chemmotology]. Moscow:
Pervyy tom, 880 p. (in Russian)

14. Glagoleva, O.F. and Belokon, T.N. (2019). Topliva dlya dvigateley vnutrennego
sgoraniya i alternativnaya energetika [Fuels for internal combustion engines and alternative energy].
55 let khimmotologii. Osnovnyye itogi i napravleniya razvitiya: tezisy dokladov Mezhvedomstvennoy
nauchno-tekhnicheskoy konferentsii [Proceedings of the Interdepartmental scientific and technical
conference «55 years of chemmotology. Main results and directions of development» reports], p. 49.
(in Russian)

15. Nikolaykin, N.I., Melnikov, B.N. and Bolshunov, Yu.A. (2010). Transfer into alternative
kinds of fuel as the way of transport power and ecological efficiency increase. Nauchnyy Vestnik
MGTU GA, no. 162, pp. 12-21. (in Russian)

16. Glover, B.M. (2008). Boeing and the environment: our commitment to a better future:
presentation of boeing management company, Seattle (USA): Boeing Management Company, 40 p.

15



Hayunblii Becruuk MI'TY T'A Tom 23, Ne 03, 2020
Civil Aviation High Technologies Vol. 23, No. 03, 2020

17. Vasilev, A.Yu., Chelebyan, O.G. and Medvedev, R.S. (2013). Peculiarities of applica-
tion of biofuel mixture in combustion chambers of modern gas turbine engines. Vestnik SGAU imeni
Akademika S.P. Koroleva, no. 3 (41), pp. 57-62. (in Russian)

18. Schmidt, M., Paul, A., Cole, M. and Ploetner, K.O. (2016). Challenges for ground oper-
ation arising from aircraft concepts using alternative energy. Journal of Air Transport Management,
vol. 56, part B, pp. 107-117. DOI: https://doi.org/10.1016/j.jairtraman.2016.04.023

19. Gryadunov, K.I., Kozlov, A.N., Samoilenko, V.M. and Ardeshiri, Sh. (2019). Compara-
tive analysis of quality indicators of aviation kerosine, biofuels and their mixtures. Civil Aviation High
Technologies, vol. 22, no. 5, pp. 67-75. DOI: 10.26467/2079-0619-2019-22-5-67-75. (in Russian)

20. Bashchenko, N.S., Adzhiev, A.Yu. and Shein, O.G. (2009). Vozmozhnosti polucheniya
novogo aviatsionnogo topliva — ASKT [Opportunities for obtaining new aviation fuel-ASKT]. Exposi-
tion Oil & Gas, no. 5, pp. 40—41. (in Russian)

21. Ratner, S.V. (2018). Innovation in the aircraft industry: An analysis of results of research
programs for developing alternative types of aviation fuel. National Interests: Priorities And Security,
vol. 14, no. 3, pp. 492-506. DOI: 10.24891/n1.14.3.492. (in Russian)

22. Fu, J., Yang, C., Wu, J., Zhuang, J., Hou, Z. and Lu, X. (2015). Direct production of
aviation fuels from microalgae lipids in water. Fuel, vol. 139, pp. 678-683. DOI:
https://doi.org/10.1016/j.fuel.2014.09.025

23. Lefebvre, A.H. and Ballal, D.R. (2017). Gas turbine combustion alternative fuels and
emissions. Irena. International Renewable Energy Agency. Available at:
https://www.irena.org/DocumentDownloads/Publications/IRENA_Biofuels for Aviation 2017.pdf
(accessed 15.06.2019).

INFORMATION ABOUT THE AUTHORS

Konstantin I. Gryadunov, Candidate of Technical Sciences, Associate Professor of the Avia-
tion Fuel Supply and Aircraft Repair Chair, Moscow State Technical University of Civil Aviation,
k.gryadunov(@mstuca.aero.

Andrey N. Timoshenko, Candidate of Technical Sciences, Associate Professor of the Aviation
Fuel Supply and Aircraft Repair Chair, Moscow State Technical University of Civil Aviation,
a.timoshenko@mstuca.aero.

Evgeniy U. Starkov, Senior Lecturer of the Flight and Life Safety Chair, Moscow State Tech-
nical University of Civil Aviation, e.starkov@mstuca.aero.

[Moctynumna B pegakmuro 14.03.2020 Received 14.03.2020
[IpuHsiTa B me4ath 21.05.2020 Accepted for publication 21.05.2020

16



Tom 23, Ne 03, 2020 Hayunblii Becthuk MI'TY T'A
Vol. 23, No. 03, 2020 Civil Aviation High Technologies

VIK 621.45.04
DOI: 10.26467/2079-0619-2020-23-3-17-28

OBOCHOBAHHUE COOTHOWEHWA BUOTOILIMBA U KEPOCHUHA
B CMECHU Ui EE IIPUMEHEHUS B KAYECTBE ABUATOIIJIMBA

B.M. CAMOMJIEHKO', K.1. TPSIIYHOB', A.H. THMOILEHKO', I1I. APJEILIUPH>
! Mockosckuii 2ocydapcmeentuiii mexnuueckuii yHusepcumen epajcOanckoll asuayu,
2. Mockea, Poccus
? Asuampancnopmuoe 610po 6 Meacoynapoonoii opeanuzayuu 2pasxcoancrkoi asuayuu «MAKAOy,
2. Moupeanv, Kanaoa

Ha cerognsiinmii IeHb aKTUBHO Pa3BUBAIOTCS TEXHOJIOIHH IO TIPOU3BOJICTBY AIBTEPHATHBHBIX BUJIOB TOILIMBA U 10 Pa3padOTKe
JIBUTaTe]Ieil Ha MHBIX INPUHOMIAX pPabOThL, YTO OOYCJIOBJIEHO Kak Y)KeCTOYEHHEM OsKojornueckux TtpedoBanmii MKAO
(MexayHaponHas OpraHu3alys —TIpaKJaHCKOM —aBHAlMKM) 1O BpeOHbIM BbIOpocaM B arMocdepy | HCTOLICHHEM
HEBO300HOBIISIEMBIX PECYPCOB, TaK W HHTEpecaMu cTpaH — uMnoprépoB Hedtun. K KadecTBYy aBMAIMOHHBIX TOIUIMB
NIPEIBSBISIIOTCS. JKECTKME TpeOOBaHMs, CBSI3aHHBIE C OOecreyeHHeM HaJS&KHOCTH ABHALIOHHOW TEXHHMKH M 0€30IacHOCTH
NOJNETOB.  YIKECTOUYCHHE TPeOOBaHMI K IOKA3aTellsiM KadecTBa HEM30eKHO INPHBOIUT K YIOPOXKAHHIO TOIUIMBA, HOITOMY
Ha CErOHAIIHMN JIeHb MBI MOXKEM HAOJIOJaTh HEKOTOPBIE IMOCITAOJIEHUS B OTEYECTBEHHBIX M MHOCTPAHHBIX HOPMATHUBHBIX
JOKyMEHTaX K HEKOTOPBHIM IOKa3aTesIM KadecTBa aBHALIMOHHBIX TOIUIMB, HAIPHMEpP, K IOKa3aTessiM HU3KOTEMIIEpaTypHbIX
cBoiicTB. OTCrOfa CIemyeT, YTo IPUMEHEHNe He(TSAHBIX TOIUIMB PaHO WM IO3HO CTaHeT HerellecooOpasHbM. TexHomornu
HPOU3BOJICTBA CHHTETUYECKUX M OHOJIOTMYECKHX TOIUIMB U3 Pa3MYHbIX BUIIOB CHIPhS MO3BOJISIOT IIOTYYUTh TOIUIUBO € OIM3KUMH
HOKa3aTe/IMU Ka4yecTBA K TPAJULIOHHOMY KEPOCHHY, HO INOJHOCTBIO €ro 3aMEHUTh Moka He ygaércs. Ilostomy ceromms
paccMmaTpuBaeTcsi BOIPOC IPUMEHEHHs abTePHATUBHBIX TOILIMB B CMECH C HE(TSIHBIM KEPOCHHOM B Pa3JIMYHBIX MPOIOPLIHSIX.
Ocra€rcst OTKPBITBHIM BOIIPOC: B KAKOM MPOTIOPLIMK BO3MOKHO MPUMEHSTH CMECH aIbTEPHATHBHOIO TOILIMBA C KepocuHoM Ha BC
0e3 BCEBO3MOXHBIX HETaTMBHBIX MOCIEICTBUM Ul MX SKCIUTyaranuy. Ha OCHOBaHMM WM3BECTHBIX 3aBHCHMOCTEH B pabore
NpeIyIo’KeHa MareMaTHdeckas MOJENb Ul pacuéra HEKOTOPBIX 3KCIUTyaTalliOHHBIX ITIOKa3aTened ToruMBa, apurarens n BC
B 3aBHCHMOCTH OT HPOINOPLHM CMEIIMBAHMS AJBTEPHATHBHOIO TOIUIMBA M KepochHa. Ha ocHOBaHMM NpOBEJEHHBIX PacdETOB
000CHOBaHO Hamboiee palMoOHATIFHOE COOTHOLICHNE He(TIHOro KepocHHa U TormBa SPK kak ¢ TOUKH 3peHHst HeOOXOAMMBIX
9KCILTYaTallMOHHBIX CBOMCTB, TAK U C TOUKH 3PEHHS SKOHOMHYECKOH 11eNIecO000pa3HOCTH.

KnroueBble cjl0Ba: DSKCIUTyaTalliOHHBIE CBOMCTBA, OWOTOIUIMBO, TOIUIMBHAS CMECh, IIOKA3aTellM KadecTBa TOIUINBA,
CHUHTETHYECKUI KEPOCHH.

BBEJEHUE

Ha ceropnsmHuil 1eHp BO MHOTHX CTpaHax MHpa aKTUBHO ITPOBOJAATCS pabOTHI 110 pa3paboTKe
aJIbTePHATHBHBIX BHJOB TOIUIMBA M CHUJIOBBIX YCTaHOBOK HAa MHBIX MPHHLUIAX pabOThl. DTO paHO
WJIY TI03]THO TO3BOJIUT OTKa3aThCs OT MPUMEHEHMs B KauecTBe OCHOBHOro TorumBa Ha BC HedTsHOTrO
KepocuHa. Ha coBpeMEHHOM 3Tare pa3BUTHs MPOU3BOJCTBA aJIbTEPHATUBHBIX AaBUATOILIMB IIPEANIOUTE-
HUE OTNAETCsl NMPOU3BOACTBY CHUHTETUYECKUX aBHAKepOCHHOB. Ilpum 3TOM BemyTca Takke pabOThI
10 CO3JIaHHI0 KOHKYPEHTHOCIIOCOOHBIX OMOKEPOCHMHOB, IIMPOKOE MPUMEHEHHE KOTOPHIX B OymylieM
000CHOBAaHO UCTOIIIEHUEM HEBO30OHOBISIEMBIX pecypcoB: HeTH 1 raza [1].

[TomyueHsl pa3auyHble CHHTETHYECKHE U OMOJIOTHYECKHE TOIUIMBA, UMEIONINE PAa3IUYHbIEC MO-
Ka3aTelld KauecTBa, BCEBO3MOXHbBIE NMPEUMYIIECTBA U HEJOCTATKU KaK OTHOCHTEIBHO APYT Jpyra,
TaK 1 OTHOCHUTEJIbHO HE(TSIHOTO TOIUIMBA, OJHAKO NPUMEHEHHE HEKOTOPbIX BMJOB 3TUX TOIUIUB
B ABMALIMOHHOW MPOMBIIUIEHHOCTH YK€ ocymGCTan[eTc;{l [2-10]. Emé€ B oxTsi6pe 2009 r. MUHHCTD
BMC CHIA P»it MaOuyc 3asBisi, uto k 2020 roxy 101 aabTepHATUBHOTO TOIUIMBA, IPUMEHSIEMOI0
BOCHHO-MOPCKHUMH CHJIAMH, JJOJDKHA COCTABIATH HE MeHee 50 MpOLEHTOB OT 00IIero nmorpedasieMoro

' Camonérsl An-32 BBC Uuauu mepeBoasT Ha GHOTOIIMBO [DNeKTpoHHbIH pecype] / Boennoe o6o3penne. 2019. URL:
https://topwar.ru/158269-samolety-an-32-vvs-indii-perevodjat-na-biotoplivo.html (nara obpamenust 20.03.2020).
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06BEMa ¥ Ha TAaKoe TOIUTHBO OYIyT INEPEBEICHBI BCE aBHALMOHHBIC W KopabeibHble gacTi™ . Tlon-
HBIM XOJIOM OCYILECTBJISIOTCS JIETHbIE HCTIbITaHus U cepTuduKanus BC mo gomycky K IpUMEHEHUIO
Ha HUX aJIbTEPHATUBHBIX TOILIUB.

CTOUT OTMETHUTH, YTO 0€30rOBOPOYHBIM JIMJIEPOM B pa3paboTKe ajibTepHATHUBHBIX BHUIOB TOIN-
JMBa KOr/a-To ObUTa U Hamia ctpaHa. B pesynbrarte peanuszanuu [loctanosnenus LIK KIICC u Cosera
MunuctpoB CCCP 1981 r. «O6 ucnonap30BaHUM Ta3za Ha TpaHcmopTe» B 1987 T. mepBbIii OMBITHBIN
nosi€t copepiini BepTonér Mu-8TI" Ha razoBom TormBe’, a B 1988 T. — caMomér Ty-155, B kauectBe
TOTUTHB IPUMEHSUTHCH BOIOPO M PHPOIHBIIT raz’,

OpauM U3 cepTU(UIIMPOBAHHBIX ABHAIIMOHHBIX aTbTCPHATUBHBIX TOIUIMB SIBISIETCS CUHTETH-
yecknii aBuakepocu SPK (FT-SPK), koTopsiii mpou3BOAUTCS U3 YIUIs, TPUPOTHOTO raza WM OHO-
MacChl 110 YCOBEPIUEHCTBOBAaHHOM TexHoioruu Pumiepa-Tpomnma B COOTBETCTBUU CO CTaHAAPTOM
ASTM D 7566-09. IlpumeHsieTcss JaHHBIM aBUAKEPOCHH B CMECHU C aBUAIIMOHHBIM HE(TSHBIM TOTLIN-
BoM Jet A-1 [7, 9]. Crangaptr ASTM D 7566-09 npenycmarpuBaeT NpUMEHEHHE TaHHOTO TOIUIMBA
B cMecH ¢ kepocuHoM Jet A-1 B MakcuManibHOM nponopuuu 50:50.

OCHOBHBIE ITOJIO’)KEHUA

[IpencraBisieT NpakTHUECKUN UHTEPEC TEOPETHUECKAasl OLIEHKA BIMSHUS COJIEp)KaHUs CUHTETH-
yeckoro (Omomnoruueckoro) tormba SPK B Tomuse Jet A-1 Ha HEKOTOpBIE HKCIUTyaTallMOHHBIC Xa-
pakrepuctuku BC. M3BecTHO [5, 7], 9TO OMOTOIIMBHBIE CMECH UMEIOT OTIUYHBIC OT HE(PTIHOTO KEPO-
CHHa (QU3UKO-XMMHUYecKHe cBoiicTBa. [IpuMeneHne OnocMecu B KaMepe CropaHus BIUSET Ha pabounit
npouecc I'TJL [11, 12]. I3MeHeHne TEmIOThl CropaHus IPUBOAUT K U3MEHECHHIO YAEIBLHOIO pacxoja
torumBa, Tsru I'TJL u np. [13].

CpaBHUTENIbHBIE JTAHHBIE HEKOTOPBIX MoOkKa3zaTened kadectBa tommuB SPK, Jet A-1 u TC-1
npencTaBieHsl B Tabn. 1 [7].

Tadauua 1
Table 1
CpaBHUTENbHBIE JaHHBIEC NTOKa3aTesel kadyecTBa 00pa3oB HePTAHBIX KepocuHOB U SPK
Comparative data of oil kerosene and SPK samples quality indicators

XapaKTepucTUKH TOILIMBA TC-1 Jet A-1 100 % SPK
1 2 3 4
MIOTHOCTH mipu 15 °C, Kr/M° 786,0 814,8 759,9
(paKkLMOHHBIN COCTaB:
10 % otrona, ‘'C 150,0 173,8 158,6
98 % otrona, °C 250,0 259,8 2209

AMepHKaHCKHE BOCHHBIE NIEpeHIyT Ha aJbTepHATHBHOE TOIUTMBO [DieKTpoHHbIH pecypc] / Lenta.ru. Hayka n texHuka.
2010. URL: https://lenta.ru/articles/2010/11/23/biofuels/ (mata o6pamenus 20.03.2020).

AMepUKaHIBl UCTIBITAIH CaMOJIeT Ha 4ucToM OmororumuBe [DmektpoHHBIH pecypc]| // Hosoctu BIIK. Lenta.ru. 2012.
URL: https://vpk.name/news/78411 amerikancy ispytali samolet na chistom biotoplive.html (mata oOpamenus
20.03.2020).

Camoner BrepBbie mnoneren Ha 100-mporieHTHOM OuorommBe [DnekTpoHHbld  pecype] // N+1. 2016.
URL: https://yandex.ru/turbo?text=https%3 A%2F%2Fnplus1.ru%2Fnews%2F2016%2F09%2F20%2Fbio (mara o0pa-
menust 20.03.2020).

Msuorouenesoii Beprosier Mu-8TT" [OnektponHslit pecypc] / ABuapy.pd — nuHTEpHET-My3ell poccuiickoit aBuanuu. 2012.
URL: http://aBuapy.pd/aviamuseum/aviatsiya/sssr/vertolety/vertolety-kb-milya/mnogotselevoj-vertolet-mi-8/mnogotsele
voj-vertolet-mi-8tg/ (nata obpamenus 15.03.2020).

Ty-155 [Dnexrponnsrii pecype] // FOty6. 2010. URL: https://www.youtube.com/watch?v=yvgOLapNubl (gara oOparmie-
Hus 01.07.2019).

18



Tom 23, Ne 03, 2020

Hayunsbrii Bectuuxk MI'TY 'A

Vol. 23, No. 03, 2020

Civil Aviation High Technologies

IIpoxoskenne Tadu. 1
Continuance of Table 1

1 2 3 4
Hu3Mmas TerioTa cropanus, MJx/kr 432 43,1 43,8
00BEMHAs TEIJIOTA CTOPaHMS, MI[;K/M3 x 10° 33,9 35,1 33,2
00BeMHas JIOJIsI apOMATHYECKHUX YTICBOIOPOIOB, Yo 17,0 18,3 0,5
KHHEeMaTH4deckas Bsa3kocTh ripu Munyc 20 °C, cCr 43 4,7 3,5
MaccoBas 107151 o0mIeit cepsl, %o 0,17 0,19 0,0
BBICOTA HEKOITSIIETO IIJIAMSHH, MM 26,0 22,0 40,0
coziep kaHne Bosopoaa, % 14,0 13,7 15,3
coJiepkaHue yriepoaa, % 86,0 86,1 84,6
COOTHOIICHUE BOJIOPOJT / YISO 0,16 0,16 0,18

HCHOHEBY?I JaHHBbIC B Ta6ﬂ. 1, BO3MOXHO paCCUUTATb HCKOTOPLIC BAXKHBIC SKCIUTYaTal[MOHHBIC T10-
Ka3aTelH | JIaTh KAYeCTBEHHYIO OIICHKY CMECH HE(PTSIHOTO KEPOCHHA C CHHTETUIECKUM (OMOJIOTHUYECKIM)

[14-19].

Ha puc. 1 u 2 moka3zaHpl 3aBUCUMOCTH IUIOTHOCTH (p) U MaccoBO#l TertoThl cropanus (Hy)
toruinBHOM cMecu Jet A-1 u SPK ot e€ cocraBa. st onieHku s3HeproBoopyk€HHocti BC npumenstor
nokasareinb 00bEMHOM TerioTel cropanust (Hv), koTopast paccunThiBaeTcs Kak MPOU3BEICHHE Macco-
BOH TETUIOTHI CrOpaHUs Ha IUIOTHOCTH TorumBa (puc. 3). [IpakTudecku B MpsSMOii 3aBUCUMOCTH OT TIO-

kazateneit p u Hv Haxogutcs nanbHOCTh oniéta BC (puc. 4).
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Conep:xanue SPK B Jet A-1, %

80

Puc. 1. 3aBuHCHMOCTB IJIOTHOCTH CMECH TOILIMBA OT €€ COCTaBa
Fig. 1. Dependence of the fuel mixture density on its composition
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Puc. 2. 3aBHCHMOCTb MAacCOBOM TEIUIOThI CTOPAHUSI CMECH TOILIMBA OT €€ cocTaBa
Fig. 2. Dependence of the fuel mixture mass heat of combustion on its composition
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Puc. 3. 3aBrucHUMOCTh 00BEMHOM TEIJIOTHI CTOPAHHSI CMECH TOIUIMBA OT ¢€ cocTaBa
Fig. 3. Dependence of the fuel mixture volumetric heat of combustion on its composition
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Puc. 4. 3aBucumocts gaaeHOcTH ntoséra BC ot cocraBa TomnBa
Fig. 4. Dependence of the aircraft range on the fuel composition

3Hasi 2JIEMEHTHBIM COCTaB TOIJIMBA U MACCy OKUCIIUTEINS, HE0OXO0AUMOTO IS ITOJHOTO OKHUCIIe-
HUS (CropaHusi) 3THX 3JEMEHTOB (Talil. 2), U YYUTHIBAsA, UTO B KAUECTBE OKUCIIUTENS B aBUALMOHHBIX
JIBUTATEJIIX IPUMEHSETCS KHCIOPOJ] BO3/1yXa, MOKHO PACCUUTATh CEKYHIHBIH pacxo]l Macchl BO3AyXa
C OKHCIIUTENIEM:

Ly =4,33-G,=4,33"(2,669.+794gy + gs),

rae G, — CeKyHIHBIN pacXo]l MacCchl OKHCIUTEINS, KI/C;
4,33 — k03 PUITMCHT, YIUTHIBAIOIINN MacCy MOTPEOHOTO BO3/IyXa, HCXOJIS M3 COACPKAHUS B HEM
Kucnopoza, paBHOro 0,232 Klucaopona/KTsosnyxa;
9c> 9u» 9s — MacCOBbIE TOJM OCHOBHBIX 3JIEMEHTOB TOIUIMBA: YIIIEpOa, BOAOPOA U CEPHI.

Tadauna 2
Table 2
Macca okucnutens, HeoOXoaumast 1jsl OJIHOTO OKUCIIEHUS (CTOPaHUs) SJIEMEHTOB TOIUINB
(CTEXHOMETPHYECKOE COOTHOIIICHHE)
The mass of the oxidant necessary for the complete oxidation (combustion) of fuel elements
(stoichiometric ratio)

Peakuus Pacxoa kucjaopoaa, Kr Pacxoa Bo3ayxa, Kr
C+0,-CO, ~ 2,66 ~ 11,52
H, +0,5-0, - H,0 =~ 17,94 =~ 34,38
S+ 0, - 50, ~ 1,00 ~ 4,33
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Wnade L, Takke Ha3bIBAIOT CTEXHOMETPUIECKUM KO3()(PHUIIMEHTOM — COOTHOLIICHHEM OKHCIIH-
TeJA K TOIUIUBY, IIPU KOTOPOM XMMHUECKasi peakiysi OKHCICHUs (TOPEHHs) MPOUCXOAUT Oe3 ocTaTka.
Scno [16-18, 20, 21], uTo cTexMOMeTpHUECKHA KOAIPPHUITUSHT 3aBUCUT OT COOTHOIICHHUS YTJIEPOJI-
BOJIOPOJl B TOIUIMBE W TIOCJIE MPOCTHIX IpeoOpa3oBaHuil, mpeHedperas MaccoBOil noieit cepsl (gs)
B TOIUIMBE, MOXET OBITh PACCUUTAH 1O (opMyJIe:

8
Ly = (§gc + 89u) /Yo,

rae Ly — crexuomeTpruueckuii KOOQQHUUUEHT, Klronmsa /Kl sosnyxa;
Jc ¥ gy — MaccoBas J0J1s YIJIepoia ¥ BOJIOPO/ia B TOILIUBE;
Y, — MaccoBast JI0JIsl OKMCIUTENS (KUCIIOpO/ia) B BO3yXe, pasHas 0,232.
Peanbhblii cocTaB cMecu npu pabdote aBuanuoHHoro I'T/l oTinyaercst OT CTeXHOMETPUYECKO-
ro. M30BITOK OKUCIUTENS 10 OTHOIIEHUIO K €r0 Macce B CTEXMOMETPHUUECKOH CMECH OIICHHBAIOT KO-
3G PUIIEHTOM U30BITKA BO3TyXa!

a= Gof (Lo Gy),

rrne G, — CeKyHIHBIN pacXo/ Macchl TOIUTMBA, KI/c, mpuHIMaeM paBHbIM 4000 1/4.

Jns coBpemennbix [T/l 3Hauenune ko3dduuumenra a nexur B auamnazone ot 0,85 (Goraras
CMecCh, U30BITOK TOIUIMBA) /IO 3HAaYEHUH cBbImIe 1,25 (6eaHast cMech, H30BITOK BO3AyXa).

B 3aBucHMOCTH OT CTEXMOMETPUYECKOTO KO3(p(PUIMEHTa U COOTHOIIEHUS YIJIEPOA-BOIOPOJ
MOJKET OBITh PACCUMTAH PACXO0Jl MAcChl I'a3a Yepe3 ABUTaTeNb.

CekyHIHBIN PacXoj Macchl ra3a yepes JIBUraTelb:

G. = G, + G,

rne G, — CeKyHIIHBIA PacXo MacChl OKHCIIMTEISI, KI/C.
Orcrona nomyyaeM GopmysTy sl pacu€Ta Macchl rasa:

1+ 29y

GF:GT'(].-F(X'LO):GT'[].-FCZ'W.

3aBHUCHMOCTh MOTPEOHOM MacChl ra3a OT COCTaBa CMECH TOIUIMBA B aOCONIOTHBIX 3HAYCHHSX
U B [IPOLICHTaX MOKa3aHa Ha puc. 5, 6.
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Pacxox macchl rasza, t/4

0 20 40 60 80 100

IIpoueHT coaep:xanust onoronusa B Jet A-1

Puc. 5. Pacxop raza B 3aBUCHUMOCTH OT COCTaBa TOIJIMBA
Fig. 5. The gas consumption depending on the fuel composition
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Puc. 6. Pacxox rasa B 3aBUCHMOCTH OT COCTaBa TOILTHBA
Fig. 6. The gas consumption depending on the fuel composition

OT 37eMEeHTHOT0 COCTaBa TOIUIMBA, BIUAIOUIETO HAa BpeIHbIC BRIOPOCH! [22], M cTeXxruoMeTpuye-
CKOro ko3¢ (uIeHTa 3aBUCUT U TeMIepaTypa MPOLYKTOB CrOPaHUs, KOTOpas MPUOIMKEHHO MOXKET
OBITh OlleHEHa 110 hopMyIIe:

Hy

T. = ——%
r Cpy(1+Lo)’

rne T, — Temmeparypa npoyKToB cropanus, K/kr;
Cp,,— CPenHsist U300apHas TEMIOEMKOCTh IPOYKTOB cropanus, KJLx/(kr-K).
N3menenne temnepaTypsl IPOAYKTOB CTOPAHUS B 3aBUCUMOCTH OT COCTaBa TOIJIMBHOM CMECH
B a0COJIFOTHBIX 3HAYEHHUSX W B MIPOIICHTAX MOKa3aHO Ha puc. 7, 8.
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Puc. 7. TemnepaTtypa npoayKTOB CrOpaHHsi CMECH TOILUIMBA B 3aBUCUMOCTH OT €€ cocTaBa
Fig. 7. Temperature of the combustion products of the fuel mixture depending on its composition
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Puc. 8. Temneparypa nNpoAyKTOB CTOpPaHHs CMECH TOIUIMBA B 3aBUCUMOCTHU OT €€ COCTaBa
Fig. 8. Temperature of the combustion products of the fuel mixture depending on its composition

Borarast cMech mpuMeHsIETCS BO BpeMsl 3allyCKa JBUTATEIS U MOXKET HAOIOaThCs Ha B3IET-
HOM pPEKUME, B IIeJIOM, Ha BCEX Pacu€THBIX peXuMax paboTa ocyulecTBiseTcs Ha OeqHoi cmecH. Bo-
MIEPBBIX, U3MEHSETCSI COCTAB MPOJIYKTOB CTOPaHUS — OOECTIEUMBACTCS MOJIHOTA OKUCIICHUS TOIUIHBA,
BO-BTOPBIX, CHUXKAETCS TEMIIEPATypa MPOJYKTOB CrOPaHUsS B COOTBETCTBHHU € (hOPMYIION:

Hy

T,.= ———.
r Cpm'(1+a'L0)

CHuxeHue TeMIepaTrypsl ra3a 3a c4éT OOCJIHEHHs CMECH Ha CETrOJHSAIIHEM 3Tale pa3BUTHUS
TEXHUKH SBJISETCS HEOOXOMMBIM YCIIOBHEM COXPAaHEHHS pecypca TopsSYuX YacTel ABUraTes.

OuennM noTpebHOE 3HaueHue Ko3(HULIMEHTa @ B 3aBUCUMOCTH OT COCTaBa CMECU TOIUIMBA JUIs
o0ecriedeHus! ONITUMAITBHOM TeMIIEPaTyphl IPOAYKTOB CTOPaHUsI Ha BBIXOJIE U3 KaMephl cropanus (puc. 9).
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Puc. 9. [TorpebHoe 3HaueHHE KO (HUIIMEHTA @ B 3aBUCUMOCTH OT COCTaBa CMECH TOTUIMBA
JUIsl 00ecTieYeHusl ONTUMAIbHON TEMIIEpPaTyphl MPOIYKTOB CrOPaHUs Ha BBIXOJIE U3 KaMEpPhl CrOPaHUs
Fig. 9. The required value of the coefficient @ depending on fuel mixture composition to ensure the optimum
temperature of the combustion products at the outlet of the combustion chamber

Ha puc. 10 moka3ana OICHKA BJIMAHUA COCTaBa CMCCH TOIIJIMBA HA €0 BA3KOCTb.
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Puc. 10. 3aBUCMMOCTh KHHEMATHYECKOM BA3KOCTH TOIUIMBHOM CMECH B 3aBUCHMOCTH
oT e€ cocTtaBa
Fig. 10. Dependence of the fuel mixture kinematic viscosity depending on its composition

Haxkomner, BayKHBIM MTOKa3aTeNeM SBISIETCS [IEHA 3aIllpaBIIsieMOro TOIUTuBa. JIro0as BHOBH OCBa-
MBaeMasi MapKa TOILTUBA UMEET BBICOKYIO CTOMMOCTh. Tak, crommocts TormuBa SPK Ha cerogusamii
JeHb cocTanisieT nopsaka 100 Teic. py0. 3a TOHHY, a LIeHa TPAJULMOHHOTO KEPOCHHA — BJBOE MEHBbIIIE.
HecnoxHO OIeHUTh CTOMMOCTH MONHOM 3ampaBku BC B 3aBUCHMOCTH OT COCTaBa CMECH TOIUIMBA

(puc. 11).

R 10
2 9

: A-330
g

g 7

O©

=z O

S =

=z 5

5

== 4

A

§ 3

: 2 A-320
=]

= 1
@]

0 20 40 60 80 100

Conep:xanne omoronynsa B Jet A-1, %

Puc. 11. 3aBucumocTh CTOMMOCTH MOTHOH 3ampaBku BC oT cocTtaBa cMecH TOTUIMBa
Fig. 11. Dependence of the full refueling aircraft cost on the fuel mixture composition

3AK/IIOYEHUE

1. CHmKeHHUe TUIOTHOCTH aBUAIMOHHOTO TOTIMBA MPH JO0ABICHUN CUHTETHYECKOTO KEPOCHHA
SPK npuBOIHUT K CHUKEHHUIO 3HEPTroBoOpykEHHOCTU BC M, COOTBETCTBEHHO, COKpAIAET JaJbHOCTh
ero noséra. Eciau npuHsATh BO BHUMAHHWE W3MEHEHHUE IUIOTHOCTH B 3aBUCUMOCTH OT TEMIIEpPATYpHI,
cokparieHue aanbHocTu nonéra mpu npumeHeHu 100 % SPK moxeT nocturats 6omee 10 %.

2. YBenuueHue cojaepkKaHMsl CHUHTETHUECKOro KepocuHa SPK B aBHAallMOHHOM KEpOCHHE
yMmeHblaer cooTHouieHue C/H, 4To mpUBOAMUT K CyIIECTBEHHOMY POCTY MOTPEOHOro pacxoja rasza
yepe3 JABUTaTellb, U, Kak CIIEJICTBUE, K YBEJIIMYEHUIO €r0 Pa3MEPOB U MACCHI.
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3. YBenuueHue cojepkanus cuateTndeckoro kepocuna SPK (Beimie 7 %) B aBUALIMOHHOM Ke-
pOCHHE MPUBOAUT K POCTY TEMIIEpATyphl MPOAYKTOB CrOpaHusi, YTo TpeOyeT yBeandeHus Kodpuiu-
eHTa U30bITKA BO3yXa.

4. YMeHblIeHHE KHUHEMAaTUYECKOM BSI3KOCTH aBUALIMOHHOTO TOIUIMBA C YBEJIMUYCHUEM COJICPKAHUS
SPK 1oI03KUTENBHO CKA3bIBACTCSl Ha MPOKAUYMBAEMOCTh U TOHKOCTh paclblUla TOIUIMBA, OJTHAKO MPU CHU-
’KEHUHU JAHHOTO 3HAYeHMs 10 KpuThdeckoro (mpumepHo menee 1,3 ¢Cr) npu yBeIW4YEeHUH TeMIIepaTypbl
MOTYT OBITh MTOTEPSIHBI CMA3bIBAIOIINE CBOMCTBA TOILUIHUB, TEM 0oJjIee, YUUTBIBAsI, YTO MOJABIISIONIEE OOJIb-
[IMHCTBO CUHTETUYECKNX U OMOTOIUIMB 00JIaqar0T HU3KOI CMa3bIBAIOIIEN CIIOCOOHOCTBIO.

5. IlpoBenéunpie pacuéThl MOKa3ajid, YTO HambOosee IeecooOpa3HO MPUMEHATh B KauecTBe
auarorumBa s [T/l cmech SPK u Jet A-1 B cootHomenun 1:1, 9To 00yCIOBICHO TOJYyYEHHEM
HanbOoJIee MPUEMIIEMBIX IKCIUTyaTallMOHHBIX CBOMCTB TaKOW CMECH M HE MOTpeOyeT BHECCHUS U3MEHE-
HUM B KOHCTPYKIIMIO aBUAILIMOHHBIX JIBUTATEIICH.
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ABSTRACT

Today, technologies for the production of alternative fuels and for the development of engines on different operating principles are
actively developing, due to both the tightening of the environmental requirements of ICAO (International Civil Aviation
Organization) for harmful emissions into the atmosphere and the depletion of non-renewable resources, and the interests of the oil
importing countries. Strict requirements are imposed on the quality of aviation fuels related to ensuring the reliability of aviation
technology and flight safety. Requirement toughening for quality indicators will inevitably lead to higher fuel prices, so today we
can observe some concessions in domestic and foreign regulatory documents to certain quality indicators of aviation fuels, for
example, to indicators of low-temperature properties. It follows that the use of petroleum fuels will sooner or later become
inappropriate. Technologies to produce synthetic and biological fuels from various types of raw materials make it possible to obtain
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fuel with close quality indicators to traditional kerosene, but it has not yet been completely replaced. Therefore, today we are
considering the use of alternative fuels in a mixture with petroleum kerosene in various proportions. The question remains open: in
what proportion is it possible to use mixtures of alternative fuel with kerosene on the aircraft without any negative consequences for
their operation. Based on the known dependencies, a mathematical model is proposed for calculating some operational indicators of
fuel, engine and aircraft depending on the proportion of mixing alternative fuel and kerosene. In accordance with the calculations,
the most rational ratio of petroleum kerosene and SPK fuel is substantiated both from the point of view of the necessary operational
properties and from the point of view of economic feasibility.

Key words: operational properties, biofuel, fuel mixture, fuel quality indicators, synthetic kerosene.
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OIIPEJAEJIEHHME JOJII'OBEYHOCTH OBPA3L OB,
MOJAEJUPYIOIUX ITPOJOJIBHBIE U IMOINEPEYHBIE CTBIKHA
PIO3EJIAKA CAMOJIETA MC-21

1
B.K. XAPUHA
] o o o« o
Mockosckuii 2ocy0apcmeenHblli meXHU4eCKull YHUgepcumem epaxcoanckol asuayuu,
2. Mockea, Poccus

INomnepxanue JICTHOW TOJHOCTH BO3MYIIHBIX CYIIOB OCYIIECTBISCTCS PSIOM MEPOIPHSTHHA, TapaHTHPYIOMMX O0e30MacHYo
skcrutyataumo. LIATY, CuoHUUA, TocHUUT'A u npyrue opraHuzanuy, oOiafaroniye BhICOKOI(M(EKTUBHOM J1abopaTopHOi
0a30i1, MPOBOIAT HCIIBITAHUS M MCCIIENOBAaHMSI KOHCTPYKLMH W 3JIEMEHTOB KOHCTPYKLMH JUIsl YCTAHOBJICHUS WIM TPOIJICHUS
pecypca mostamHo. McmbItaHusi TpeOYIOT BO3MOXXHOCTH BOCCO3JaHHS CIIOXKHBIX CIIEKTPOB HATPY)XKCHHS M MOTYT SIBISATHCS
JUIMTESIbHBIMA M oporoctosnuMi. OfHa W3 OCHOBHBIX MPOOJEM, BO3HHKAIOIMX MPU HCIBITAHHAX, OKAa3bIBACTCA HX
(dopcupoBanue. DoOpCUPOBaHUE COKPAILACT BPEMsl HCIIBITAHUI MPU COXPAHCHHH KBHBAIICHTHOCTH MEXaHH3MOB HAKOIUICHUS
YCTAIOCTHBIX TTOBPEKICHHI M Pa3pyILCHIs] KOHCTPYKLMK TIPH PEabHOM M MOJCIBPHOM HArpy)KeHHHU. [l Ka)KIoro srama Ha
OCHOBE J1a0OpaTOpHBIX HCIBITAHM, WCIBITAHWA B MPOLECCE OSKCIUTyaTalMH W IPOTHO3UPOBAHMS OXKUOACMBIX YCIIOBHI
OKCIUTyaTalliy OMPENEISICTCS. BENHYHHA pecypca M CPOK CIy)KObI, TapaHTHPYIOLHiI Oe30MacHOCTh IOJIETOB. YYUTHIBAS
uHOpMAIMIO O TOSBICHNH AS(EKTOB, HAKAIUIMBACMBIX HA KAXKIOM JTalle, IPOBOMSITCS IOMOJIHWUTEIBHBIC WCIBITAHWS U
Ppa3pabaTBIBAIOTCS] TEXHMUECKUE MEPOIIPUSITHSL, KOTOPBIE ONPECISIIOT PECYPC U CPOK CITyKOBI aBHAKOHCTPYKLMH WIIN JIEMEHTOB
KOHCTPYKUUH, BbIABJIAOTCA HEAOCTATKU IMPOCKTUPOBAHUSA, U3TOTOBJICHHUA, TCXHUYECKOI'O 06CJ'Iy)KI/IBaHI/DI 1 PEMOHTA. OJIHI/IM us3
KJIIOYEBBIX BOIIPOCOB SABJIACTCA MCXAaHUKA paspylICHHsSA, Ha KOTOPBIX OCHOBBLIBACTCS OLICHKA >KUBYUYCCTH aBPlaKOHCprK].IHﬁ.
MexaHH3M YCTAIOCTHOTO pa3pyIICHUs] 3aBUCHUT OT MHOTHX (DaKTOpOB: OSKCIUTyaTalMOHHOW HArpy3KH KM €€ MOJIEIH;
HAMpPSOKCHHOTO COCTOSIHUSI, KOTOPOE BO3HHMKAeT BO BpeMs HCIBITAHHH; MaTepuaa, U3 KOTOPOrO H3TOTOBJICHBI SJICMEHTHI
KOHCTPYKLHMH. YCTAIOCTHOE pa3pylCHHEC HAYMHACTCS C MOSBJICHHS MHKPOTPCLIMH B OCJA0ICHHOM  MECTE JJIeMEHTa
KOHCTPYKUMHK. [lpy JeHCTBHM HArpy3o0K, 4YacTo MPEACTABISIONIMX COOOH CIy4allHBIA MPOLIECC, PA3BUTHE TPEIMH HICT
JOCTATOYMHO WHTCHCHBHO U NPUBOAMT K pa3pyLICHHIO KOHCTpYKUMH. JIsi OmpeieneHusi IOJTOBEYHOCTH O0O0pas3lioB,
MO/ICTIMPYIOLINX [IPOIONBHBIE U IOMePeUHble CTHIKU (ro3essbka camonera MC-21, GbUH POBEACHBI TEOPETHUECKUE PACIEThI U
OKCIICPUMCHTAIBHBIC HCCIICHOBAHMS, YTO [Hal0 BO3MOKHOCTB CYIHTh O COOTBETCTBHH MOJYYCHHBIX pPE3YyJIBTATOB 110
Harpy>KeHHOMY OTBEPCTHIO.

KnroueBble cjioBa: mojjiep)kaHue JIETHOW TOIHOCTH, IIPOJUICHHE PpECcypca, JOJITOBEYHOCTh JJIEMEHTOB KOHCTPYKLIHMH,
YCTAJIOCTHBIE Pa3pyILICHUSL.

BBEJEHUE

3amava mpoaNIeHUs pecypca caMmoseTa 0a3upyercs Ha HCCIeI0BaHUH KUBYUYECTH M YCTaIOCT-
HBIX XapaKTEPUCTHUK CHUJIOBBIX JJIIEMEHTOB AaBHAIMOHHBIX KOHCTPYKIMH, a TakKe OIICHOYHBIX
METOJIOB PacyeToOB JOJITOBEUHOCTH dIEMEHTOB KOHCTpykiuu [4]. Ha ocHoBanum aHanmuza
PE3yIBTATOB IKCHEPUMEHTANBHBIX HCCIENI0BAaHUNA 00pa3IoB, MOJACITHPYIOUIUX MPOJOIbHBIE U TOTe-
pednble CTHIKH (ro3emspka camonera MC-21 [5], pazpaboTaHbl METOABI pacdera JIOJTOBEYHOCTH
CTHIKOB (prozernska. YUuThIBasl NEHUCTBYIONINE HAMPSOKEHUS M3ruda, MHOTJA MPEBBIIIAIONINE HOMHU-
HAJIBbHBIC HAIIPSKCHUA B HCCKOJIBKO pa3, BOSHUKACT ABJICHUC FGOMCTquGCKOﬁ HEJIMHEWHOCTH — 3a-
BHCHMOCTH HAMPSDKEHHO-1e(OPMHPOBAHHOTO COCTOSIHHS OT YPOBHS HarpyxkeHusi [6-14] ¢ yBemu-
YCHUECM KOHICHTPAlUU HaprDKCHI/II\/JI B MECTC OTBCPCTUA. HpI/I pacdye€Trax U U3Y4YCHHUH ABJICHUSA KOH-
[EHTpaIUi HaNpsDKeHUH MpU IMJIOCKOM HANpsHKEHHOM COCTOSHUU BENWYMHA OTBEPCTUS JIOJDKHA
OLITH JOCTAaTOYHO MaJIOH 110 CpaBHCHHUIO C HIHpHHOfI 06pa311a B HAUMCHBIICM NONICPCYHOM CCUCHHUU
(oTHOWIEHHE MHUPUHBI 00pa3la K [uaMeTpy OTBEpCTUS paBHO O, TUAMETP OTBEPCTHS 5 MM, TOJIIUHA
obOpasma 2 MM). B MecTe 3aKIenoYHOTO COCIUHEHHUS CTBHIKOB (DrO3elshKa MCCIIeOBATNCH PAa3HO00-

! ABHAIMOHHBII ciopaBounuk A.C. 1.1.M.001-2012. M.: OAK, LIAT'H, 2013. 302 c.
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pasHble BUIBI Ae(OPMHUPOBAHHOTO COCTOSIHUSI HA 00pasiax, MOJSIUPYIOMUX MPOJOJIbHBIE U TMOTe-
peunblie CTHIKU (ro3enspka. OObeKTaMHu UCTIBITAaHUH ObLTH 00pasisl (puc.l), n3rotoBneHHsie Ha Hp-
KyTCKOM aBHUallMoHHOM 3aBojie (MIA3) B COOTBETCTBHM C TEXHOJIOTMEW H3TOTOBJICHUS SJIEMEHTOB
¢brozemspka camosiera MC-21. IIpononsHbie CTHIKH (DrO3eskKa HMUTHPOBAIIUCH TPEXPSIAHBIMH OJTHO-
CPE3HBIMU TMONEPEYHBIMU CTHIKAMH JBYX IUTACTHH BHaxjiecT. OObEKTaMU HCTIBITAHUN TaKke ObLIN
00pa3ibl B BUE MOJIOCH C IEHTPAIBHBIM OTBEPCTHEM, U3TOTOBIICHHBIC U3 TeX ke JucToB 1163PJITB
1. 2.0, 9To ¥ 00pa3Ibl, MOJICTUPYIONINE MONepeYHbIe CThIKH. OOpa3Ibl OBLITN BHITIOIHEHBI U3 Hella-
kupoBaHHoro jucta 1163PITB n. 2.0 B Buze monockl muprHoi 30 MM ¢ IEHTpaIbHBIM OTBEPCTUEM
JMaMeTpoM 5 U 4 MM BOJIb U Tonepek nmpokara auctoB. 1163 PIITB — coBpemeHHbIN antoMuHue-
B crutaB Al-Cu-Mg, mpexje BCero HMCHOJIB3YIOMMKCS I aBHalMH. V3 HEro BBIMOIHSIOTCS
BHEIIIHWE OOIIMBKHU Kpblia, (ro3emnsika, cTpuHrepsl. [locTaBnseTcss B Buae JUCTOB u miuT. Jlins 00-
MUBKK (DrO3eiishka OTEUEeCTBEHHOTro rpaxaaHckoro camoiera MC-21 1163P/ITB sBnsercss ocHOB-
HeIM. [lo cpaBHenuto ¢ apyrumu criaBamu 1163PATB o6nanaeT NOBBIIEHHON BBIHOCIUBOCTBIO U
0oJiee BBICOKOHM BS3KOCTBIO paspymieHus. [Ipumenenne monydaOpukaToB M3 3TOTO Marepuala ra-
PaHTUPOBAHHO 00ECIeUUBACT pecypc IIaHepa MEePCIEeKTUBHBIX CAMOJIETOB IPaKJaHCKOTO Ha3HAYe-
Hus 6osiee 60000 neTHBIX 9acoB, 4TO cocTaBiseT 40 et cpoka ciyx)O0bl. J[J1s TOro, YTOOBI MUHHUMU-
3UpOBaTh KOJMYECTBO CTHIKOB IO OKPYXHOCTH (ro3emspka ymctel U3 1163PATB BoimonHstoTCs
O00apIINX TabapUTHBIX Pa3MEpPOB, UEM CEPHUIHO BBIMyCKaeMble. YIIy4IIEHHE XapaKTePUCTUK OCY-
HIECTBIISIETCS C IOMOIIBIO TBEPJOH peTilaMeHTUPOBAHHON TJIAKUPOBKH.

OBBEKT UCHIBITAHUI 1 METOJIOJIOTUSI UCCJIEJJOBAHUI

N3yueHue BAUSHUS Ha TOJTOBEYHOCTH CTHIKOB (PIO3EIIsiKa TOJIIIMHBI JTUCTOB COMPOBOXKAATOCH
UCCJIETOBAaHUEM BIIMSHUS HA PECypC KPEMeKHBIX AIIEMEHTOB.

OObekTamMH UCIBITAHUN ObUTH 00pa3ilbl, U3TOTOBICHHBIE HAa VIPKYTCKOM aBHUAIMOHHOM 3a-
Bojie (MIA3) B COOTBETCTBUH C TEXHOJOTHEH M3TOTOBJICHHS 2JIEMEHTOB (prozenspka camonera MC-21.

[IpogonbHbIe CTHIKH (DIO3ENSKa IMHUTUPOBAIUCH TPEXPSAHBIMU OJHOCPE3HBIMH TIOTIEPEYHBIMU
CTBIKaMH JIByX IJIACTUH BHaxJiecT. HampaBieHue npokara — monepeyHoe.

[Tonepeunsie CTHIKK (IO3EIsKAa UMUTUPOBATUCH TPEXPSAHBIMU OAHOCPE3HBIMU TIOTIEPEYHBIMU
CTBIKAMM JIByX IIJJaCTMH Ha Hakiajake. Hampasienue mnpokata mmiacTuH (OOIIMBKH) — JOJIEBOE,
HAKJIAIKU — TIOTIEPEYHOE.

OO6pa3ubl B BUJE MOJIOCH C LIEHTPAIbHBIM OTBEpCTHEM. VICIbITaHus BBIMOJIHSUIUCH B COOTBET-
CTBUHU C MPOTPaMMaMH YCTAJIOCTHBIX MCIBITAHUN 00paslloB CTHIKOB (ro3ermspka camonera MC-21
J1s1 o0ecIieueHus 3aIaHHOTO pecypca mianepa camosiera Ha 6aze OI'VIT « [ TAT N».

Puc. 1. O6paser; 8.012
Fig. 1. Sample 8.012

Harpyxenue o0pa3noB NpoBOJUIOCH CHHYCOMJAIIbHOW OTHYJIEBOM Harpy3Kkoi, 4acToTa LUK-
JIOB HarpykeHui ycraHaBnuBaiach 3+5 ['m. McnblTaHus NpOBOAMIMCH O OKOHYATENIBHOTO pas-
pyLIEHUS.
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MaxkcuMansHBIC BETUUNHBI Harpysok ObLIH 3aIaHbl MO HAIMMPSKCHUAM W 3HAUCHUAM TOJIIIWHBI

t v mpunsl W oOpasna:

Pmax= Opmax *t*W.

PesynbTaTsl ucnbITaHU peacTaBIeHbI B Ta0. 1.

Taoanua 1
Table 1
Honroseunocts o0Opasios u3 1163PJITB
Durability of samples from 1163RDTV
O603HaY€eHHE us | 4| Bu o, S D o N Sie n
oOpazia MM KI'C/MM LUKII LIIT.
8.012 L-T | 5.0 6.0 2.58 12.00 12.00 273 370 0.174 5
8.021 T-L | 5.0 6.0 2.58 12.00 12.00 246 100 0.176 5
8.022 L-T | 4.0 7.5 2.65 12.00 12.34 >479 000 - 5
20.00 20.56 44 990 0.016 4
0.011 L1401 7.5 | 2.65 12.00 1234 | 313160 | 0.140 | 6
20.00 20.00 42 680 0.077 5
0.012 LT )50 6.0 2.58 12.00 12.00 408 280 0.160 5
20.00 20.00 49 230 0.032 4
0.021 L 150 6.0 2.8 12.00 12.00 250 370 0.101 6
20.00 20.56 42 820 0.057 5
0.022 LT ) 40 73 2.65 12.00 12.34 255 020 0.099 5
8.012 & 0.012 L-T | 5.0 6.0 2.58 12.00 12.00 411270 0.184 9
8.021 & 0.021 T-L | 5.0 6.0 2.58 12.00 12.00 266 910 0.179 11
8.022 & 0.022 L-T | 4.0 7.5 2.65 12.00 12.34 307 350 0.128 10

B Ta6J'II/IIIC HCIIOJIb30BaHbl 0003HAYCHHS:

HB — nanpapneHue BbIpe3ku oopasiia u3 aucta (L-7 — Baons npokata, 7-L — momnepek mpokara);
B — mmpuna o6pasia;
d — nuaMeTp OTBEpCTHS;

O_npue
Max Hemmo

= O max HerTo CZG/ Q 5B/d=6 — MAKCUMaJIbHOE HAIIPSKEHUE HETTO 00pasLa ¢ Mpous3-

BOJIHBIM 3HaueHueM B/d, npuBeneHHOE K MaKCUMaJIbHOMY HANpsKEHUIO HETTO oOpasua ¢ B/d=6 ;
N — cpenHee 3HAYCHHE JIOJATOBEUYHOCTH (aHTHiIOrapudM CpeHEro 3HaA4eHHs jorapudma J1oJ-

TOBEYHOCTH);

Signy — paccesiHUe Jorapugma J10JIroBeYHOCTH;

n — KOJIMYCCTBO UCIIBITAHHBIX 06pa3u0}3.

KpuBas ycranoctn marepuaina [4] npu OTHYJIEBOM Harpy>K€HUU alpOKCHUMHUPOBAIach CTEIEH-

HOU 3aBUCUMOCTBIO B BUJIE:

rac Cum-— OKCIICPUMCHTAJIbHBIC KOHCTAHTBI.

Ig(N)=C-m-Ig(o),

OTKIIOHEHUS MaKCUMAaJIbHOM 1 MUHUMAJIbHOMI Harpy3oK OT 3aJaHHOI'O 3Ha4YCHUA B JaHHBIX HC-
MNBITAHUAX Ha UCIIBITATCIIBHBIX MAallIMHAX HC MTPCBbIIIAINA 1.5% MaxcumabHON HarpyskKu Pmax-
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OO0pa3ibl BRIpE3aauch Kak BJOJb, TAK U MOMEPEK MPOKATa JIUCTOB.

Kax BuHO 110 KpUBBIM ycTanocTu (puc. 2, 3), MoJydYeHHbIE 3HAYCHUSI TOJITOBEYHOCTEH 11 00-
pa3loB-CBUICTENCH (aHAJIOTHYHBIX PEATbHOMY OOBEKTY, U3TOTOBICHHBIX M3 TOTO )K€ MaTepuala, Io
TaKOM K€ TEXHOJIOTHH, YTO (ro3esspk camosiera MC-21, 11t MICTIBITAaHWA U OTIPEISTICHUS TOJITOBEYHO-
CTH) 3aMETHO HMKE JOJITOBEYHOCTEN, aHOHCUPYEMBIX B ABHALIMOHHOM CIIpaBOYHUKE [2].

2
Omax nerros KFC/MM

24
22 ™~ 1163P - R=0; 7
NITB 1.1.8-4 60ons npoxkama, R=0,
N x% Asuayuonnulii cnpasounux [2] |
18 SN
16 .
14 Obpasyvi-ceudemenu
D21.5300.0.012.04S8
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Fig. 2. Fatigue curves of witness-samples in the form of a strip with a hole
from sheet 1163RDTV 1.2.0 along the rolled metal
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u3 nucta 1163PATB n.2.0 nonepek npokara
Fig. 3. Fatigue curves of witness-samples in the form of a strip with a hole
from sheet 1163RDTV 1.0.0 across the rolled metal
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3HaveHHUs] KOHCTAaHT KpuBOM yctanmocTu [11] (OpyTTO), MCMONIB30BaHHBIE Jajee B pacuérax,

MPUBEICHBI B Ta0. 2

Taoauma 2
Table 2

ITapameTtpsl kpuBbIX ycTanoctu Matepuana 1163PITB 1.2,0
The parameters of the material fatigue curves 1163RDTV 1.2.0

HanpasjeHue BbIpe3ku o0pa3na C m
Bronp npokata 9.749 4.17
[Tonepek npokara 9.065 3.58

PE3YJIbTATBI UCCJIEJOBAHUA HAIIPS)KEHHOI'O COCTOAHUA

Pacuer HampspKEHHOTO COCTOSIHMSL COEAMHEHUS BBINOJHEH C TOMOLIbI0 pa3paboTaHHOIo
B HAI'U nporpammHOro KoMIIIeKkca Ajisl pacueTa HalpsKEHHOIO COCTOSHUS U OLIEHKH JI0JITOBEYHOCTH

A0 pa3pyuieHusd COCJIMHEHMH 3JIEMEHTOB aBHAIMOHHBIX KOHCTPYKL[I/Iﬁ.

CoenuHsieMble 3JIEMEHTBI PAaCCMAaTPUBAIOTCS KaK CTEP)KHH, paboTaromue Ha pacTsHKEHUE U U3-
ru0. Pa3paboranHas METOIMKA MO3BOJISIET OMPEEIATh HAMPSKEHHOE COCTOSHUE COSTUHEHHH C yde-
TOM 3aBUCHUMOCTH HAMPSKEHHOTO COCTOSIHUS OT YPOBHS HArpy>kKeHHsI, TO €CTh T€OMETPHUECKON HEJH-
HEHHOCTH, C BBICOKON TOYHOCTBIO U OBICTPOACHCTBUEM; TIO3BOJISET OMPEIEISITh MATPUILY MOAATIUBO-
CTH OOJITOB M 3aKJICTIOK [6] C yUeTOM BIIMSHHS OCEBOM 3aTSHKKH, dKECTKOCTH TOJIOBOK (TaeK), TEXHOJIO-

I'MU YCTAHOBKHM U Jie(hopMaluii CABUra Kpemnexa.

TEOPETUYECKHUE PACYETbHI U SKCIIEPUMEHTAJIBHBIE HCCJIEJOBAHUA
KOHIOEHTPAIIMN HAIPSKEHUSA

XapakTep pacrpeaeneHus HallpsDKeHUH B [oJioce, ociao-
JICHHOM KpPYTJBbIM OTBEPCTHEM, M ONpEJeNeHHE BETMUMHBI KO3 (-
¢unueHTa KOHIEHTPAlMU HaIpsDKEHUS JaeTcsi B COOTBETCTBUU
c reopueil ynpyroctu. B nmabopatopusix ycnmosusx MI'TY T'A
MPOBOJIWINCH JKCIEPUMEHTHI C TMOJOOHBIMU TUIACTHHAMHU U3
aBHalIMOHHOTO MaTepuana J[-16 TomumHoi t = 3,3 MM, IIMPUHON
b=199,4 mm. I[losnoca ¢ KpyriaelM OTBEpPCTUEM IOJBEprajiach
pPacTsHKEHHI0O Ha Ppa3pbIBHOM HCHBITATEIBHONM MAIIMHE THUMA
WDW. Ten3onaTdynku, pacrnojoKEHHbIE B Pa3HBIX YacTAX IUla-
CTHHBI, (UKcHpoBanu Aedopmaruio. B momepeuHbIx cedeHusx,
YAAJNEHHBIX OT OTBEPCTHs, BO3HUKAIOT TOJIBKO HOpPMAaJbHbIE
HanpsbkeHus. Hanpspkenue BOMU3M BbIpe3a (PUKCUPOBAJIOCH 3HA-
YUTENIbHO OOJbIlE, YEM HA Y4YacTKE IUIACTHUHBI, PaCHOIOKEHHOM
Jlanblie oT Belpesa [S5, 8]. Dmropkl, NOCTPOEHHBIE 110 PE3yJIbTaTaM
AKCIIEPUMEHTAJIbHBIX MCCIEIOBAHUN, UMEIOT XapaKTepHbIE Ouep-
tanus. [lo moka3zaHUsIM TEH30aTYMKOB 4+7 — HamNpsHKeHUs
B ceueHUn AB pacmpeneneHbl paBHOMEPHO, TEH30JaT4UKu 13
u 1'+3' 1oka3bpIBalOT KOHLEHTPAIMIO HANpPsDKEHWH  BOJIM3H
otBepctus (puc. 4).

Koaddunmentom koHueHTpanuu HampsbkeHuid [5] Oyner

SBIIATHCS OTHOUIEHHE Opgy / Oge
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Fig. 4. Plots based on the results
of experimental studies
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P
t (b—d)’

[Ipn neiicTBUM NEPEMEHHBIX HArpy30K MECTa KOHLEHTPALMH HANPSKEHWM SBISIOTCS IMOJBEP-
JKEHHBIMH BO3HMKHOBEHMIO YCTaJOCTHBIX TpeluH [20], 4TO MOATBEPKAACTCA IKCIIEPUMEHTAIBHBIMHU
JAHHBIMHU.

[Tonepeunsie cThIKU (ro3ensika (puc. 5, 6) UMUTUPOBAINCH TPEXPSAAHBIMU OJTHOCPE3HBIMU TO-
MEPEYHBIMH CTHIKAMU JIBYX TUIACTHH Ha Hakjianke. J[si yMeHbIICHHs M3THOHBIX HANPSOKCHUN U MIPH-
OnvKeHus yciaoBUiM paboThl 00pasia K pealbHOM KOHCTPYKIMM Ha 00pa3libl MPHU HCIBITAHUSAX yCTa-
HaBIMBAJIA MMWTATOp IINaHroyra. HampasiaeHue mpokara y JUCTOB — JOJIEBOE, Y HAKIAIOK — IOIIE-
peunoe. OOpa3ip! BeioaHEHbI U3 auctoB 1163P/ITB 1. 2.0 u 2.5.

B ocnabnenHomM ceueHnn oy =

Puc. 5. O6pa3zelr MOMepeyHOro CThIKa (ro3eNsika Ha 3aKIIenKax
Fig. 5. Sample of the fuselage cross joint with rivets

Puc. 6. O6pa3sel] MoOnepevHoOro CThIKa (Gro3emsika Ha GONT-3aKIIeKax
Fig. 6. Sample of the fuselage cross joint with high locks

Ha puc. 7, 8 MPUBCACHBI XapaKTCPHBIC NU3JIOMBI ITOIICPCYHBIX CTBIKOB, ITOJYYCHHBIC IIPU HUCIIbI-
TaHHUAX.

Puc. 7. Pa3pyiieHue 1o raiTeabHOMY Iepexony, Hanpumep, oopasern 8.100 Ne 1, kpenéx — 3axnénku 3YTA
Fig. 7. Destruction of the fillet, for example, sample 8.100 No. 1, fasteners - rivets ZUGA
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Puc. 8. Paspymienue mepBoro psija JIMCTa Mo OTBEPCTHSIM 10T OOJIT-3aKIENKH U TIepe]T 3aMBIKAOIIIUMHE TOJIOBKAMH
00T-3aKJIENOK, TUCTa, HarmpuMep, oopaserr 8.110 Ne 1, kpenéx — 6GonT-3aknénku &5 MM
mo OCT 1 11631
Fig. 8. Destruction of the sheet first row through the holes for the bolt-rivets and in front of the locking heads of the
bolt-rivets of the sheet, for example, sample 8.110 No. 1, fasteners — high locks &5 mm according to OST 1 11631

SAKVIIOYEHUE U OBCYXIEHHUE INOJYYEHHBIX PE3YJBTATOB

Pacnpenenenue HanpspkKeHU B 30HAX KOHIIEHTPAIMU MOXKET ObITh HAaWJIEHO METOJIaMU TEOPUH
YOPYTOCTH WU 3KCIEPUMEHTAIBHBIMU. TOUHOE pelieHrne MoJ00HBIX 3aja4 BO MHOTHX CIIydasx He
yaaetcs. [loaToMy Kpome IKCIepUMEHTAIbHBIX JTAHHBIX YaCcTO MOJIb3YIOTCS YHUCICHHBIMH METOJIaMH,
MO3BOJIAIOIIUMU MOYYUTh PE3YIbTAThl C TOCTATOYHON TOYHOCTHIO.

Teoperuueckre pacueTbl M SKCIEPUMEHTAIBHBIC HCCIIECIOBAHUS TOATBEPKAAIOT, YTO TPH
IUTAaBHOM HM3MEHEHUH (OpPMBI U pa3MepOB TeI METOJbI COMPOTHUBICHUS MAaTEPHAIOB IMO3BOJISIIOT C
JIOCTaTOYHON TOYHOCTHIO OIICHUBATHh HAMPSKECHHO-IS(POPMUPOBAHHOE COCTOSIHUE B JTFO0OW TOUYKE ILia-
ctuHbl. Ho B 30Hax ¢ pe3kuM u3MeHeHHeM (OpM U pa3MEepOB Tell, a TAKXKE B 30HAX KOHTAKTA JeTane
MIPOSIBIISIETCS] SIBJICHUE KOHILIGHTPAIlMK HamnpsbKeHWid. B o0miem ciydae KOHIICHTpAlMsl HaIpsKECHUN
3aBHCHUT OT ()OPMBI U pa3MEpOB Teja, BUJIa KOHIIEHTPATOpa, €r0 pa3MepOB M PACMONIOKEHHUs, OT XapaK-
Tepa HarpyxeHus (OJHOOCHOE pacTsDKCHHE, PacTsDKCHHE 10 JIBYM HarpaBieHusM, u3rud). Konmen-
Tpalus HAMpsKEHUs OKa3bIBaeT 3HAYUTENbHOE BIUSHUE HA TPOYHOCTH MPHU MEPEMEHHBIX, JUHAMHUYE-
CKHX W CTaTHYeCKuX Harpyskax. OcoOeHHO HEOJaronpusiTHO BIUSET MPU TUHAMHYECKOW Harpyske, B
CUJIy TOTO, 4TO yZelbHasi paboTa BHYTPEHHUX CHJI MIPOMOPIIMOHATbHA KBaApaTy HANpsHKEHUI U SHEp-
rusl yaapa KOHIEHTPUpPYETCs B ociabaeHHbIX MecTaX. [lo pe3ynbrataM HCTBITAHUN BBISIBICHO TPU OC-
HOBHBIX THIA pa3pyIlICHUs: 10 HATPYKEHHOMY OTBEPCTHUIO, IO TOJIOBKAM 3aKJIEMOK U MO TalNTeIIbHOMY
nepexony. LIAI'M mpoBeaeH aHanU3 pe3yJIbTATOB SKCIEPUMEHTAIBHBIX MCCIEAOBAHUM JOJTOBEYHO-
CTH 00pa3IoB, UMUTUPYIOLIUX pa3INuHbIe BapUaHThI CTHIKOB (ro3ensika camonera MC-21, caenansl
BBIBOJIbI, JAHBI PEKOMEHIAIINH.
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DETERMINATION OF DURABILITY OF SAMPLES MODELING
THE MS-21 FUSELAGE LONGITUDINAL AND CROSS JOINTS

Vera K. Harina'
"Moscow State Technical University of Civil Aviation, Moscow, Russia

ABSTRACT

Aircraft airworthiness maintenance is carried out by a number of measures guaranteeing safe operation. TsAGI, SibNIIA, GosNIIGA
and other organizations with a highly-efficient laboratory base conduct tests and studies of structures and structural elements to
determine or extend the operational life in stages. The tests require the capability to recreate complex loading spectra and they can be
lengthy and expensive. One of the main problems encountered during testing is its forcing. Forcing reduces the test time while
maintaining the equivalence of the fatigue damage and structural failure accumulation mechanisms under real and model loading. For
every stage, the operational life limit and durability, guaranteeing flight safety, are determined on the basis of laboratory tests,
operation tests and prediction of expected operating conditions. At every stage, information about the emerging defects is
accumulated, additional tests are carried out and technical measures, determining the aircraft structure or structural elements
operational life and durability, are developed, and design, manufacture, maintenance and repair deficiencies are identified. One of the
key issues is the fracture mechanics, which the assessment of the aircraft structures survivability is based on. The fatigue failure
mechanism depends on many factors: operational load or its model; stress condition that occurs during testing; the material, which
the structural elements are made of. Fatigue failure begins with the microcracks in the structural element weakened area. Under the
loads action, often being a random process, the cracks propagation is quite intense and it leads to the destruction of the structure. To
determine the durability of the samples, modeling the MS-21 fuselage longitudinal and cross joints, theoretical calculations and
experimental studies were carried out, and it allowed to judge about the compliance of the results obtained by the loaded hole.

Key words: airworthiness maintenance, operational life extension, structural elements durability, fatigue failure.
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The control system sensors failures can cause the aircraft stability and controllability deterioration. Such failures fast and reliable in-
flight detection and localization allows minimization their consequences and prevention of an accident. Direct application of
traditional parametric methods for sensors health monitoring with the use of their mathematical models is impossible due to the lack
of information about the real inputs on their sensitive elements. This leads to the need for the problem of aircraft flight dynamics
modeling with a high level of uncertainties to be solved, which complicates the application of functional test methods and
determines the necessity of excessive sensors hardware redundancy. Widely known nonparametric methods either require a prior
knowledge base, preliminary training, or long-term tuning on a large real flight data volume, or have low selective sensitivity for
the failed sensors reliable localization. This paper expands the application of the well-known nonparametric failure detection
criterion, based on the analysis of the linear dependence of the input-output data Hankel matrix columns and solution of the sensor
failures localizing problem. Necessary and sufficient solvability conditions are given, the structure and the criterion values are
determined in an analytical form before and after the failures occurrence. The proposed method does not require functional or
hardware redundancy, prior information about the parameters of mathematical models and their stability, identification,
observation, or prediction problems solution. The efficiency of the method is shown on the Boeing 747—100/200 longitudinal
model example. Fast tuning, fast response and selective sensitivity of the developed algorithms are noted.

Key words: aircraft, control system, sensors, health monitoring, localization and detection failure, parametric uncertainty,
nonparametric method.

INTRODUCTION

The necessity of aircraft operations safety improvement determines the relevance of developing
algorithms which are able to detect onboard equipment and systems failures. Sensors direct and feed-
back aircraft control system connections failure, as a rule, cause changes in the structure of the aerody-
namic relations of the aircraft, which may lead to deterioration of the aircraft stability and controllabil-
ity characteristics. Rapid and reliable detection and localization of sensor failures in their technical
condition monitoring process allows you to minimize undesirable consequences and take in-time
measures to prevent an accident.
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All methods for detecting and localizing technical systems failures can be conditionally divided
into two large groups [1-18]: parametricor model-based and nonparametric (parameter-free) or model-
free, which are also known as methods based on knowledge (knowledge-based), data (data-based, da-
ta-driven), signals (signal-based) or previous measurements (history-based).

Parametric (model) methods (such as: filtration, observation, forecasting, identification, parity
relations, redundant variables, graph-theoretic methods, etc.) [5—7, 9—-11] are the most widely spread
methods and are considered to be the classical ones. These models either directly or indirectly utilize
the real objects mathematical models parameters which values are set a priori based on the familiar
physical operational guidelines or are evaluated during the identification process.

Direct use of parametric methods for monitoring the sensors technical conditionbased on their
models is impossible due to the lack of information about the real signals input which their sensitive
elements receive. This leads to the necessity of solution the aircraft flight dynamics modeling problem
with a high level of uncertainty caused by non-linearity, unsteadiness, inaccuracy and non-
identifiability of mathematical models [9, 12, 18]. The resulting model errors inevitably cause an in-
crease in the threshold values of the applied criteria, which increases the failures detecting and localiz-
ing time, it also reduces the reliability degree of the tasks to be solved. These problems impede the use
of functional control methods and necessitate the use of flight parameters sensors hardware redundan-
cy, which excess multiplicity is determined by the majority logic algorithms of the aircraft built-in
control system.

Nonparametric methods do not require information about the parameters of the controlled ob-
jects models and are based on their input and output signals analysis measurements. Such methods are
related to intelligent ones, since they consider the controlled object as a “black box” and make it possi-
ble to solve the problems for non-stationary and nonlinear systems under conditions of complete para-
metric uncertainty.

Widely known nonparametric methods based on knowledge (expert, neural network, genetic,
fuzzy methods, support vector methods, etc.) [1, 5, 8, 13, 14], do not use explicit system of models, but
require a prior knowledge base, prior training, or long-term configuration on a large volume of real
flight data. Nonparametric methods, which are completely based on signal analysis (methods for ana-
lyzing Hankel matrices, principal and independent components, statistical, factor, and cluster analysis,
partial least squares, subspaces of states, blind identification, etc.) [1-7, 15-19], do not require any
prior information about the object of control, while their configuration in real time requires a data pre-
processing stage. These methods are characterized by high speed and reliability of failure detection,
but they need additional transformations in order to localize them, since they have low selective sensi-
tivity [15, 17].

This work continues research in the field of aircraft avionics technical condition monitoring
and diagnosing by means of nonparametric methods and expands the application of the well-known
failure detection criterion based on the input-output data Hankel matrix columns dependence analy-
sis [15—17], and solution of the control system sensor failures localizing problem. The scope of the
work is limited by the deterministic discrete stationary linear mathematical models of the controlled
objects with completely measurable conditions.

PROBLEM STATEMENT

Let the dynamics of the aircraft with the functioning flight control system be described by
a linear discrete model in the state space by the vector-matrix “input-state-output” form

X, = Ax, + Bu,, (1)
v, =Cx,+Du,, (2)
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where, X, y, u are vectors of states, measurements, and controls of dimensions n,, n, and n, respective-
ly; A, B, C, and D are matrices of proper dynamics, control efficiency, measurements, and direct
communication, respectively; and i-is the discrete moments of time.

Let's assume that at the moment of time i =i, there was a multiple simultaneous aircraft control

system sensors failure type:
y, = F(Cx,+ Du,) = FCx, + FDu,, (3)
where F' — is the failure matrix

F:diag([fl e fy e fny])’ 4)

are the elements that characterize the sensor calibration violations atf;# 1# 0/

Only relying on the results of the control vectors # measurements and measurements y without
having information about the model 4, B, C, D parameters, it is necessary to determine the fact and
time iy when the failure occurred, as well as to localize the measurement channels & in which the sen-
sors failed.

FAILURES DETECTION PROBLEM SOLUTION

Let’s consider the time interval before failures occur when i <i, . Let's write the expres-

sion (2) as a left-hand equation of the vector state observation.
Cx, =y,—Du, )

It is known that any linear left-sided matrix equation of the QW = H form with known Q, H

matrices is solvable with respect to an unknown matrix # when and only when the solvability condi-
tion is met [20].

—L
QO H=0 (6)
The entire set of solutions with minimal parameterization is described by the expression

W=0H+0 ¥, 7)

where Q = QRQL — is a generalized inverse matrix, QL , QR— are left and right divisors of one, O*,0"—
are left and right divisors of null, that meet the conditions.

L R_QL SR _R_IO QL QL_I_IO 2R AR AR _R_[O 8
0'00 —{QL}Q[Q 0 ]—{0 OHQL}[QL} —{0 J,[Q o']'[0 Q]{O J, ®)
0", O"— are left and right canonizers that formalize direct and inverse Gauss transformations, ¥ — is

an arbitrary matrix.
Then, according to [6] while performing the condition of the equation solvability

C*(y,—Du,)=0 (9)
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let us define the state vector for the current and previous time points taking into account (7)

X, = c* (y, —Dui),
X = C* (yH —DuH) ,
which, according to (1) are also connected by the expression
X, =Ax_,+Bu,_,.
Let’s substitute (10) and (11) into (12)

CL(yl. —Dul.)zACL(yi_1 —Dui_1)+Bui_1.

and combine (13) and (9) into one system of matrix equations

{éL}bh_lmh):[é}L4éL(%q-iD%4)+BuH)

CL

and then multiply it on the left by the inverse matrix of the left canonizer

~ -1 ~ -1
Cc* I - c* 1
¥, —Du, :{GL} {O}ACL (yil_Dui1)+|:5L:| {0:|Buil‘

(10)
(11)

(12)

(13)

(14)

Having completely measurable C* = 0 states, we can assume C* =7 without loss of generality, and

the inverse matrix in accordance with (8) takes the form of an identity

' & &)

ol
the substitution of which into (14) leads to the expression
G acty (G B 4étp)
y,=C" AC"y,_,+\C" B-C" AC"D)u, ,+Du,,

which, with the account of the input-output matrix notation introduction

Yia
Zp = | Ui |
u[

will take the compact form of an equivalent (1)—(2) aircraft flight dynamics model of the “input-

output” type
Y, =z

19

~ ~ A ~ =R L ~ =R =R < ~
where Q=[4 B D], A=C* AC*, B=C" B-C" 4C*'D, D=D.
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After the failure occurs, expression (3) can be written in the similar way as expression (2)
i =Cx,+Duy,
where C; = FC, D, = FD- are the equivalent matrices of measurement and direct links. Then, taking

into account the postulated at f, # 0 failure matrix reversibility theaircraft flight dynamics model F at

i > i, will take the form similar to (15)
Vi IQ/Z[, (16)
here, @, =[4, B, D,], 4 _CL 4 B —CL B—CL AC'D. . D =D
where, 22, =14, By Ly, 4 =Ly o Br=ty B4y s Py =Y.

Let us further assume that at the moment of time i we also know 4-1 of the previous signals
values. Then we can write models (15) and (16) in matrix form

Y'=Q7!, (17)
Y'=Q.z!, (18)
where Yih :[yi—h+1 o Vig yi]a Zih :[Zi—h+1 U2y Zi]'

Any linear right-sided matrix equation of the WQ = H form with known matrices Q, H, is solv-
able with respect to an unknown matrix  if and only if the solvability condition is met [20]

HQ" =0, (19)
the entire set of solutions with minimal parameterization is described by the expression
W=HO+YO .

Then, if we consider the expressions for i <i, and for i, +h—1<ias right-sided equations

with respect to unknown matrices of model parameters, we can see that according to them they have a
single solvability condition

Y'Z' =0, (20)

1 l

—R
where Z!'Z'" = 0. The fulfillment of condition (20) guarantees the existence of linear matrix models
of the (17) and (18) types that describe the control input and output data both before and after the fail-
ures occur at i, +/h—1<i<i . However, in the period between these time intervals ati, <i<i, +h—-1

, the aircraft flight dynamics cannot be described by means of any single model, such as
Y'=Q7" +AY, (21)

where AYI.}’ — is the errors measurement matrix caused by failures, so the performance of (20) is violated.

R R
Yz =AY"Z" %0 (22)

1 1 1 1

43



Hayunblii Becruuk MI'TY T'A Tom 23, Ne 03, 2020
Civil Aviation High Technologies Vol. 23, No. 03, 2020

Therefore, the condition (22) can be used as a simple criterion for the aircraft control system
sensors failures detection [15—17], the quantitative value of which for each moment of time is deter-
mined, for example, using the Frobenius matrix norm

—h R
-
g = l.h (]ih_1 > Eon* (23)

j
U

2

Criterion (23) will be zero before and after the failure occurs, when the control data matrices do not
contain distorted measurements, and it will exceed an acceptable value when the control window in-
cludes the moment when the failure occurred.

THE SOLUTIONOF FAULT LOCALIZATION PROBLEM

We’ll show further that the condition for detecting sensor failures (22), if considered line by
line, can also be used to solve the problem of the failed measurement channel locating. To do this, we
define the structure and values of the matrix measurement error in (21).

We need to notice that at the exact moment of failure at i =i, the equivalent model of aircraft
flight dynamics differs from both (15) and (16):

Y, =FCx,, (24)

therefore in the i, <i<i, +h—1 time period, the expression (21) according to (17), (18), (24) can gen-

erally have three different forms

Yih Z[inhfn—l FQZ’} Q/‘Zih/ J :Q[Zi_/:”—l Zih/ ]+[0 Ayz',. AY'h/}’ (25)

i i

h ..
where Yz’h :[Y;,hn—l yi/» Yz fi|a Zih = |:Z[I:."71 Zi, Zihf :| > AYih = |:0 Ayi/. AYih/ :|9 hf :l_lf 5
h,=h—h,=h+i,—i— is the number of measurements before and after the failure occurrence mo-

ment, accordingly; Ay, =AQz, AYih" =AQ fZih’ ,

AQ=(F-D|4 CB-AD D], (26)
aQ, =[4,-4 (F-D(cB-4D) (F-1D)D|z). 27)

Then, taking into account (25), we can explicitly write the value of criterion (22)

R

—R —R n Yl
vizh =avkzl =|o a0z, anz)||ul,|. (28)
Ut

L
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As it follows from (28), at the moment of failure at 7 =i, the necessary and sufficient provision

for the condition (22) fulfillment in accordance with (26) is the sensor failures occurrence when
f,—1#0:

h R h R h R h

. il i1 i1 Vit || Lia
Y'zl =y'"u,| =ay, |U' | =AQz, |U! | =(F-D[4 CB-4D D]lu, , ||U", |,

rol 1 1 f f f f f 4

U’ u! U’ u, || U!

iy iy iy iy iy

in that case, the quantitative criterion for detecting and localizing the & sensor failure by analogy
with (23) will have the form of

P R
Y
e (W) =Y'"(0)Z" =|v"®)| U | | >e,. (), (29)
U’

! 2

wherei=1i,, Yl.h (k) — 1is the k line of the Kh (k) matrix.
It should be noted that onwards during the i, <i<i,+/—1 time interval , the value of &;¢;(k)

for functional sensors in the general case may also differ from zero due to the availability
fff— A=FAF' -4 #0 expression in (27), which’s influence, as a rule, is tried to be eliminated
while solving the problem of fault localization without taking into account (29)[15, 17]. In particular
cases when performing the identity

A=A, =FAF™, (30)

when, for example, its own dynamics matrix is equal to zero, has a diagonal form, or the failure leads
to scaling of all measuring channels signals by the same gain coefficient, condition (22) retains its ne-
cessity and sufficiency for the entire control time interval. Moreover, while solving the practical prob-
lems, as it will be shown later, the value of the (29) criterion for functional channels measurement, as a
rule, is several orders of magnitude lower than for channels with failed sensors. This fact is determined
by the characteristic structure of the right zero divisor of the input-output Hankel matrix data, which
analysis requires further theoretical and practical research.

EXAMPLE OF THE PROBLEM SOLUTION
In order to check the method efficiency, we’ll analyze the solution of the flight sensors param-
eter technical condition functional controlproblem on the example of theBoeing 747-100 / 200 aircraft

linearized continuous model longitudinal movement dynamics, which parameters in one of the flight
modes have the form of [2]
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[-0,4861 0,000317 —0,5588 0 —2,4-10°]
0 -0,0199 3,0796 -9,8048 8,98-10°°
A=| 1,0053 -0,0021 -0,5211 0 9,30-10° |,
1 0 0 0 0
I 0 0 -92,6 92,6 0]
~0,1455 —0,1455 —0,1494 —0,1494 —1,2860 0,0013 0,0035 0,0035 0,0013
0 0 0 0 -0.3122  0,1999  0,1999  0,1999  0,1999
B=]-0,0071 —0,0071 —0,0074 —0,0074 —0.0676 —0,0004 —0,0004 —0,0004 —0,0004 |,
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 1 0 T 0000 0 0 0 0 0]
0 —0,0199 3,0796 —9,8048 9,98-10°° 0000 -0,3122 0,1999 0,1999 0,1999 0,1999
c_|0 0 0 1 0| ,_|0000 0 0 0 0 0
|1 0 0 0 0’ =10000 0 0 0 0 0/
0 0 -92,6 92,6 0 0000 0 0 0 0 0
0 0 0 0 1 10000 0 0 0 0 0]
X= [5&)2 5I/TAS 5a 5'9 5h]T u= ':531‘1' §eil §eor §eol é‘st §eng1 é‘engZ eng3 é‘eng4 :|T

y=[oa 5VTAS 0% Sw. OV, OSh]' . —is the angular pitch velocity (radiant per second), Vs —
is true air speed ( m/per second), & — is the angle of attack (radiant), 4 — the pitch angle (radiant),
h — altitude (meters), V,,,; — acceleration (m/sec®), V. —vertical speed (m/sec), &, , J.,,0., , O, —

eil > “eor >
left and right inboard and outboard elevators angular deflection (radiant),d,, — stabilizer angular de-
flection (radiant), 0, ,, O, ., O, o

engl > “eng2> “eng3> “eng4d
Let's simulate the airplane flight using the first-order Euler method with an integration step of
0,01 s and set at i =0 x, =0the following control signals x,=0,0,,=0",0

stab eng*

ir 2

— engines 1-4 thrust guidance commands (radiant).

=5". We assume

0, =57 1n accordance with (4) for single sensor failures models in every 0,05 second atiy =0,1,
i;/TAS =0,15,i7=0,2, i]f’z = 0,25, i}/z = 0,3,/ =0,35and one multiple failure acceleration and pitch

angular velocity sensor at i;m =i =0,4.

Figure 1 shows graphs of measurement errors Ay, caused by sensor failures and (29) criteria

for the width of the control window 4=10. The analysis of the results shows that the absolute changes
in the values on the charts at the time of failure are comparable, which determines the high relative
sensitivity of criterion (29). It took only 7 measurements or 0,07 s to set up the algorithm before the
dependent columns appeared in the data matrix. Both single and multiple sensor failures are detected
and localized instantly as distorted measurement data is received. At the same time, as it was noted

above, the values of the (29) criterion at i > i, for operable channels were indistinguishable from the

calculation errors at this scale, despite the failure of (30) condition meeting.
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Fig.1. Results of the computer simulation

CONCLUSION

The result of the conducted research, shows that the failure detection criterion based on the analy-
sis columns linear dependence of the input and output Hankel matrix system data can be used for reliable
localization of the failed measurement channel right at the moment when the sensors fail. The structure
and importance of the before and afterfailure occurrence detection criteria are defined analytically. The
required and adequate conditions for the fault localization problem solution existence are given.

The proposed method of functional detection and localization of the aircraft control system
sensors failures in flight is only based on the analysis of its regular input and output signals and does
not require functional or hardware redundancy, solution, observation or forecasting of identification
problems. It is not affected by model errors, since it does not require information about the parameters
of the aircraft model, while, unlike similar nonparametric methods, it does not use logical or statistical
calculations, training, or long-term configuration, and can be used to solve problems of technical con-
dition control in the state of complete parametric uncertainty, even in cases of instability and non-
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identificability of the aircraft mathematical model. The efficiency of the method is shown by means of
the heavy mainline aircraft longitudinal movement linear model example. Fast configuration of the de-
veloped algorithms, instant failures detection and localizationare noted, as well as high relative sensi-
tivity of the criterion.

The Hankel matrices analysis methods can be used as a base for the unified mathematical appa-
ratus of the hybrid active control systems synthesis [1, 2, 8], based on the joint use of parametric (ana-
lyzing the dependence of data matrix rows) and nonparametric (analyzing the dependence of data ma-
trix columns) methods. The practical implementation of such a system will increase the level of fault
tolerance of aircraft control system with a reduced multiplicity of its elements hardware redundancy.
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Otka3bl JAaTYMKOB CHUCTEMBI YIPABICHWS MOTYT BBI3BaTh YXYAIICHHE XapaKTEPHCTUK YCTOMYMBOCTH M YIPaBJISEMOCTH
BO3MYIIHOTO CyzHA. beicTpoe 1 jocToBepHOE 00HAPYKEHNE | JIOKATN3ALMS TAKKX OTKA30B B MOJIETE TTO3BOJISIET MUHUMHU3HUPOBATD
WX TIOCHEACTBMSA M TIPENOTBPATUTh ABHALIOHHOE TPOHCIIECTBHE. HemocpencTBeHHOE WCMONB30BaHNE TPAJAULIIOHHBIX
MApaMETPUYECKNX METOIOB KOHTPOJSI TEXHUYECKOTO COCTOSIHHS JIATYMKOB C HCIONB30BAHUEM MX MAaTEMAaTHYECKHX MOJIEIEH
HEBO3MO)KHO BBHJY OTCYTCTBHS HH(OpPMAalMM 00 HCTHHHBIX BXOIHBIX CHTHAJAX, MOCTYNAIOIMX HAa HX YyBCTBUTEIbHBIC
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3JIEMEHTBI. DTO MPUBOJUT K HEOOXOJMMOCTH PELLICHHS 3a/1a91 MOJIETIMPOBAHMS IMHAMUKH TI0JIETa BO3IYILIHOTO CY/IHA C BBICOKUM
YPOBHEM HEOIpeNeIEHHOCTEH, YTO 3aTpyAHsIeT HWCIOJb30BaHHE (YHKIMOHAJIBHBIX METOOB KOHTPOINsI M OOYCIaBiIMBAeT
HEOOXOMMOCTh  WCIIOJIb30BaHHMsl ~ M30BITOMHOTO  alapaTHOr0  pe3epBUpOBaHMS  JartdvkoB. IIlupoko  M3BecTHbIE
HEMapaMeTPUUYECKIE METOJIbI JIMOO TPEOYIOT HAIMYHMS alpUOPHOM 0as3bl 3HAHUI, MPEIBAPUTEIHLHOTO O0YUCHUSI WX JTUTEILHOMN
HACTPOMKH Ha OOJBIIOM 00beMe peabHbIX TOJIETHBIX JAHHBIX, MO0 00JIajatoT HU3KOW N30MPAaTENIbHOM 4yBCTBUTENBHOCTBIO JIS
JIOCTOBEPHOW JIOKAJIM3allMK OTKA3aBIIMX JAaTYMKOB. B paboTe paciivpsieTcss MPUMEHEHHE H3BECTHOTO HEMapaMeTpUuecKOro
Kputepus: OOHapy»KEHHs OTKA30B, OCHOBAaHHOTO Ha AHAIIM3E JIMHCHHON 3aBHCHMOCTH CTOJIOIOB MAaTpuIlbl [ aHKeNst BXOJO-
BBIXOJTHBIX JIAHHBIX, Ha PEIICHUH 33/1a4M JIOKATU3AIMN OTKAa30B TATYHUKOB. [IpUBOAATCS HEOOXOMUMBIC U JIOCTATOUHEIC YCIIOBUS
CYIIIECTBOBAHMS PEIICHUS, B AHAITMTHYCCKOM BHJIC ONPEICICTCS CTPYKTypa M 3HAYCHHST KPUTEPHsI 10 ¥ TIOCIIe BO3HUKHOBCHUS
otka3oB. [Ipemiaraemblii MeTos He TpeOyeT (HYHKIMOHAILHOTO MM AlapaTHOrO Pe3ePBUPOBAHHUs, alPHOPHOH HH(popMaImu o
rnapamMeTpax MaTeMaTHYeCKHX MOJENed W WX YCTOWYMBOCTH, pEIICHHS 3a1ad  HACHTH(HUKAIUM, HAOMIONCHHUS WK
MPOTrHO3UPOBaHUs. PabOTOCIOCOOHOCTh METO/Ia MOKa3aHa Ha MpUMeEpe JIMHEHHON MOJENH TPOJOJIBHOTO JIBMKCHHS CaMoJieTa
bounr 747-100/200. Otmeuaercsi ObiCTpas HACTPOMKa, BBICOKOE OBICTPOJCHCTBHE W W30MparesbHas 4YyBCTBUTEIBHOCTDH
pa3pabOTaHHBIX ATITOPUTMOB.

KiroueBble cj10Ba: BO3IYIIHOEC CyJHO, CHCTEMa YIIPABJICHHS, TATYMKH, KOHTPOJb TEXHHYECKOTO COCTOSHUS, OOHApyX eHHE U
JIOKaJIM3alMsl OTKA30B, apaMeTPHYECKast HEOIPeIeIeHHOCTb, HeMapamMeTpUIeCKHil METO/I,
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When designing a stabilization system for highly maneuverable unmanned aerial vehicles (UAVs), one of the relevant tasks is to
study the operation of the steering drive in the frequency band corresponding to the flexural vibrations of the UAV body. To ensure
the stability of the UAV stabilization system, quite conflicting requirements may be imposed on the dynamic characteristics of the
drive. In particular, the requirement for a sharp suppression of the amplitude-frequency characteristic at the frequency of UAV
bending vibrations with minimal phase distortions in the control band of the longitudinal and lateral channels of the stabilization
system can significantly complicate the task of researching the stability of the UAV motion control system. The article discusses an
electric drive prototype with a digital microcontroller, designed for a highly maneuverable UAV. Adaptive algorithms of the digital
controller make it possible to provide the necessary phase delays in the control frequency band and at the same time almost
completely suppress the harmonic components of the control signals at the frequencies of the bending vibrations of the UAV body.
The algorithms are essentially nonlinear in nature and are based on a change in the gain of the direct circuit of the drive depending
on the frequency of the input signal, which greatly complicates the calculation of the transfer function of the steering drive for use
in the frequency model of the stabilization system. Generally, the steering drive is described by a linear minimum-phase system,
presented as a transfer function of one of the typical blocks of the first or second order, but for the specified steering drive with
given dynamic characteristics, this approach is untenable. As a result of the study, a method for obtaining a frequency model of the
steering drive is proposed, which is implemented as a non-minimum phase system, the main property of which is the independence
of the amplitude-frequency and phase-frequency characteristics. In the process of research, the results obtained on the proposed
model are compared with the results of experiments on a drive prototype and its complete non-linear time model. The main
advantage of the proposed frequency model is a fairly simple description of the steering drive in the frequency domain, convenient
for use as part of the frequency model of the stabilization system in the study of problems of ensuring the stability of UAV flight.

Key words: unmanned aerial vehicle (UAV), stabilization system, electric drive, frequency responses, digital controller, non-
minimum phase systems, frequency model, nonlinear model.

INTRODUCTION

The steering drive is the executive device of the UAV stabilization system and is designed to
convert the received input control signals into the proportional flight control turns within the conditions
of significant hinge moments caused by the interaction between the aerodynamic flow and the control
surfaces. The main challenge for the design of the servomechanisms is to achieve their optimum perfor-
mance for the given mass and dimension parameters, which are limited by the UAV design features [1-5].
The task is achieved by the maximum possible use of the drive elements forced properties. The basic
servomechanism design principles are introduced in a great number of papers, particularly [6-9].

The new generation of electrical servomechanisms are subjected to strict yet conflicting re-
quirements for the frequency band pass value, frequency band pass phase lag, and reducing the mass
and dimensions while keeping the power values. Complying with these requirements for the steering
drives in conditions of significant destabilizing factors, considering nonlinearities (voltage and current
saturation, pitch play, dry friction and viscous frequency) and the object of control unsteadiness is a
difficult and multi-objective problem. As a consequence, the electric steering drive control system is
increasingly implemented on the basis of microcontrollers with the maximum functions imposed onto
the algorithmic level.

As an example of such solutions the research introduces the acting model of the electric drive
with the digital microcontroller, which implements the complex nonlinear control algorithms and fea-
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tures non typical frequency response compared to steering drives which use the linear control laws.
The application of nonlinear algorithms for the steering drive control system is explained by the fact that
the implementation of a given abrupt inhibition of the UAV body flexural frequency at tight tolerance for
the range of the band pass value and the given phase of the frequency band pass in conditions of para-
metric disturbances, which is quite challenging and hard to achieve within the minimum linear phase
systems. Some examples of discrete non-minimum phase systems application are presented in [10—11].

The sources having been analyzed have shown, that the steering drive control design process is
almost always brought to the linear system research methods and, for the cases of a single or double
nonlinearity, to the linear approximation of the systems. As the superposition principle cannot act for
the nonlinear systems, there is a limited number of descriptive methods in the frequency range for the
systems with three or more nonlinearities. Consequently, the research of the digital controller steering
drives, which forms the adaptive linear and nonlinear algorithms is mostly performed using complete
nonlinear imitation mathematical models.

The paper presents the digital controller drive frequency model obtaining. The digital controller
implements the nonlinear adaptive algorithm. The frequency model obtained is convenient for the use
in the UAYV stabilization system.

RESEARCH METHODS

Let us consider the acting model of the UAV electromechanical steering drive, the dynamic
characteristics of which should meet the following requirements

— the frequency band pass not less than 20Hz and not more than 30 Hz;

— frequency band pass phase lag not more than 45°;

— for the frequency band pass more than 35 Hz the values of the Bode amplitude plot should
not be less than minus 10 dB.

The main components of the steering drive are: the digital microcontroller, the power actuator,
the speed sensor (rate generator), the electric motor, the actuator deflection sensor, the gearbox.

The special features of the mathematical model for the adaptive controller synthesis are shown
in [12]. The functional diagram of the full nonlinear model of the electric servomechanism is shown in
Figure 1.

The rate
generator
model
The digital The power The electric The searbox
Ugs(f)=—»{microcontrolles—»  actuator || motor model g Ugex (1)
— model
model model

The actuator
deflection
sensor model

Fig. 1. The functional diagram of the digital servomechanism nonlinear model

The mathematical model presents a system of nonlinear differential (the electromechanical part
of the drive) and finite-difference (microcontroller) equations, which connect the drive body input and
output. The equation parameters (the microcontroller stroking frequency, the electric motor and rate
generator electromagnetic constants, mass moments of inertia, dry friction and viscous frequency, the
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gearbox play etc.) correspond to the parameters listed in the steering drive component nameplate data.
The equations are integrated using the first order Euler method. This temporary model considers the
following essential nonlinearities of the electric drive:

- battery voltage and current saturation,

- microcontroller nonlinearities (digitization, phase lag, nonlinear correction, control signa limi-
tations),

- moments of dry friction and tooth ripples of the executive electric motor,

- play, the gearbox dry friction and viscous frequency moments.

As mentioned above, the superposition principle does not act for nonlinear systems. According-
ly, for the system with three or more nonlinearities there are few descriptive methods in the frequency
area at present. The necessity in actuator response relationship from input to output obtaining results
from the fact that the frequency characteristics of the UAV actuator stabilization are non-standard. The
frequency characteristics being non-standard were described using the database formed by means of
experimental data. The frequency characteristics were lain into the frequency model of UAV stabiliza-
tion system to estimate the stability margin using the classic frequency methods. These peculiarities
significantly hindered the modelling and UAYV stabilization system analyses for UAV actual tests.

The experimental frequency response was obtained sending the harmonic signals from the genera-
tor onto the actuator model input. The harmonic signals were adherent to the control amplitude Usppu(?)
with the frequency range 1200 Hz (with the step of 1 Hz). The servoing signal was fixed by the feedback
potentiometer — the angular position transducer of the drive electromechanical unit output arm. Continuous
control and servoing were sent as database using the analog to digital converter with the sampling frequen-
cy 4000 Hz. The database was sent to the personal computer, which calculated the actuator dive model
frequency characteristics using the discrete Fourier transformation. The nonlinear frequency response was
obtained similarly - using discrete Fourier transformation for the functions Ujpu(?) and Usupu(?).

The comparison of frequency response for nonlinear drive model (L3 model,
phase3 model) and the experiment results for the drive model (L3 exp, phase3 exp) for the mode of
small input signals (Usnpu(t) = 3°) is shown in Figure 2.
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Fig. 2. Comparison of the frequency response of the drive prototype with frequency response
of the nonlinear model

It is worth mentioning that the given abrupt inhibition of the amplitude-response curve at fre-
quencies exceeding 30 Hz is explained by the clock domain of the first-bending frequency of the UAV
body. (39+50 Hz).
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The small control signal servoing mode (0,5°+3°) does not provide the electric drive character-
istics using the linear regulators. The shown frequency response characteristics are obtained using the
digital regulator which implements the nonlinear algorithms with the master model when paired with
combined control for the control signal.

Within the frequency range below 20 Hz the regulator structure is almost linear: during the
control signal servoing the system follows the master model quite accurately. At the same time, for the
frequency range above 20 Hz with the given abrupt frequency response inhibition, the system becomes
ineffective. It is worth mentioning that the use of combined control increases the pass band for the
small input signals below 70-100 Hz, which can impact the drive interference immunity and the “steer-
drive” system stability for the control surface flexural-torsional instability range.

In order to provide the required frequency response in the frequency band outside the band pass
(with the UAV body flexural mode frequency range being most important) the digital controller uses
the algorithms of changing the forward-path gain depending on the input signal frequency [12], which
is being estimated using the structure shown in Figure 3.

::1&{:"' f ___ K
Z{x(nT)}=X() — H()j;— Bl

Fig. 3. The generation organization of the gain compensation

Figure 3 shows: Z{x(nT)}=X(z) — the discrete input signal from the controller analog to digital
converter; H(z) — response relationship of a part of controller algorithms for the input signal frequency
estimation; ay, b;,, M, N — the coefficients and parameters of z- response relationship H(z), f— the fre-
quency evaluation signal; K — the controller gain signal.

The main essential nonlinearity of this structure is the nonlinear property K, aimed at the con-
troller gain reduction at frequencies exceeding 20Hz. The introduction of this structure allows to form
the required frequency response inhibition above 30 Hz. It is the significantly nonlinear K that results
in difficulty of the controller frequency band description.

Another considerable feature of the nonlinear systems is the change of frequency response at
different input amplitudes; thus, the frequency description should be introduced for strictly predeter-
mined range which is critical for the research. For this case the critical input amplitudes are within the
range of 0,5°+3°, which characterizes the main UAV actuator modes in flight.

As the experimental frequency response characteristics show in Figure 2, for the small input
signal processing (0,5°+3°), the band pass for the level -3 dB is 20 Hz, and the phase lag for the band
pass ~40°+45°. This frequency characteristics is typical for the first-order block:

P
Tp+1"  2xf 27-20Iy

W(p)= =0,00796.

For the higher frequencies the frequency response is inhibited abruptly and the phase lag becomes
significant. The oscillatory link has the closer approximation to such frequency behavior which provides
log-magnitude and phase diagram slope -40 dB/decade for frequencies above the band pass. It is easy to
notice that at frequencies above 20 Hz (band pass) the frequency response of nonlinear model and experi-
mental characteristics have a much steeper log-magnitude and phase diagram slope (approximately -
80 dB/decade), accordingly, the given slant range will require at least two, connected in sequence second
order blocks, i.e. the system of at least fourth order. As all the typical inertial lags are minimum phase in
character, the second order block within the band pass has the lag of approximately -90°, and the fourth-
order system has the lag of -180°. It becomes obvious that within the minimum-phase typical lag it is im-
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possible to implement the system which has the frequency response adequate to the fourth-order system,
keeping the phase lag within the band pass the same as that of the first-order block.

At present the question of nonminimal phase system application for the dynamic characteristics
description remains disputable. Meanwhile, there exists a definition that states that the system character-
istics is a function that shows the system feedback to the impact. This definition is chosen as the elemen-
tary [13] for the solution of the problem. The system feedback depends on the impact and the properties
of the system itself. As follows, let us consider the Fourier integral and the Duhamel integral:

y() = izK(w)Sx(W)e””’dw,

t

y(t) = jx'(r)h(t —7)dt.

0

In the Fourier integral the impact is shown using spectrum Sy(®), and in the Duhamel integral
via the function x() itself. In the Fourier integral the system properties are expressed via the transition
factor K(w), which is a transfer function plot, in the Duhamel integral — via the function 4(?), which is
a time response characteristic. As we can see, the system properties can be described in a number of
different ways: different characteristics can be applied, as every characteristic expresses the system
properties from the certain, convenient and natural for these circumstances point of view [13]. In our
case we have the characteristics of the working drive prototype and its mathematical time domain for-
mulation as a complete nonlinear model, i.e. we have a physically implemented system, which pos-
sesses strictly predetermined properties. Considering this, the research of the drive operation within a
time domain and its time response characteristics should be carried out by means of its complete non-
linear model, comparing the modelling results to the results of the experiment. Therefore, the steering
drive frequency model must be implemented in a convenient form, which is necessary to be contained
within the stabilization system frequency model to evaluate the gain margin using the descriptive and
tried-and-true frequency tools. Thus, we shall further consider the given steering drive dynamic prop-
erties only in the frequency area.

Frequency response function W(jw) is the Fourier figure for its impulse response w(?) and is
expressed using the integral transformation:

W(jw)= Tw(t)e-fmdt = A(w)e” =U(w)+ jV (o),

where A(w) — frequency response function block, y(w) — the functional argument or the phase, U(w)
and V(w) — the real-definite and imaginary frequency response function components [14].

As it has already been mentioned, we have a physically implemented system with the frequen-
cy characteristics obtained experimentally which match the modelling results from the complete time
response nonlinear model (fig. 2). The important feature of Fourier transformation is the fact that it is
applicable only for the steady modes. The system frequency response presents a complex plane vector
tip geometric locus (hodograph diagram) of the frequency response function W(jw)= U(w) + jV(w) at
changing of the frequency from zero ad infinitum. As follows, if the frequency response function of
the nonminimum phase system matches the experimental characteristics well, mathematically, the fre-
quency model obtained will show the frequency properties of the real system for the steady modes
with the control input harmonic signals with a certain amplitude. As it was mentioned above, the main
mode of the drive is considered to be the control signal frequency band within 0,5°+3°.

The graphical approach is used to find the frequency model parameters due to its ostensiveness.
The drive frequency response shows that the amplitude component inhibition starts in the frequency
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band close to 20 Hz, and the transition factor is approaching 1. Accordingly, the constants of time will
match these frequencies and will fit the range of 0.006-0.008 s.

Consequently, the first block of the second order must prove a well-defined resonance peak for
the frequency band 20 Hz (¢ < 0.5). The second block of the second order must compensate the oscil-
lability of the first one by means of a higher response time and less transition factor. The derivative
unit in the negative feedback must compensate the significant phase lag, amplification coefficient must
determine the final frequency response value to the level of -3 dB. By combining the blocks, the nega-
tive feedbacks and the parameter varying, the frequency model transfer factor was obtained and it ap-
proaches the frequency properties of the electric drive in question:

w2(p)
W,.(p)=k-wi(p)- ,
! w2(p)—w3(p)
wl(p) =—— K , k1=0.99, T, =0.0063516, & =0.2075;
I'p +2T¢p+1
W2(p)=#, k2=0.15, T, =2.601-107, T, = 0.663;
Lp +Tp+l

w3(p)=T,p, T, =1.5915-10"°; k =0.91.

The frequency response within the band pass and the frequency band of the UAV body first-bending
frequency, obtained using the given frequency model (L_freq model, Phase freq model), is shown in
Figure 4.
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Fig. 4. The frequency response of the drive frequency model

In order to obtain the digital controller frequency model z-response relationship let us apply the
Tustin’s method transformation (bilinear transformation) [15]:

2zl
P T z+1

N
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In order to form the structure of the control signal which is sent to the steer drive actuator input,
the system uses the controller 1887BE1, with the stroking frequency 7,3728 MHz, and the sampling
frequency 1000Hz (7,=0,001s). At the given value 7,=0,001s we will obtain the digital controller fre-
quency model z-response relationship:

W () =kewl(p)—22_| iz — 22D
! w2(p)—w3(p)|r>7 o w2(z) —w3(z)
wi(z) = _K , k1=0.99, T =0.0063516, & =0.2075;
12 3271 _,_2715 EL—I +1
Lz+1 T z+1
k2 5
w2(z)= , k2=0.15, T, =2.601-10™, 7, =0.663;

Using the known relators z = &7 = &7 = cos(2xf-T;) + j-sin(2xf*T;), we will obtain the fre-
quency range description of the digital system and will equal the frequency response from the continu-
ous frequency model (L analog, Phase analog) with the frequency response z-response relationship
of the digital controller frequency model (L_digital, Phase digital). The comparison of the given fre-
quency responses is shown in Figure 5.
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Fig. 5. Comparison of the frequency responses of the analog and digital frequency models

Figure 5 shows that the classic way of obtaining the digital system applying the bilinear trans-
formation using its analogue prototype does not provide amplitude and phase distortions into the fre-
quency characteristics within the drive band pass and within the UAV body first-bending frequency.
As for the higher bending frequencies of the UAV body, the frequency response inhibition for the ana-
logue and digital systems matches the experimental characteristics shown in Figure 2 quite well. Ac-
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cordingly, the obtained steering drive description in the frequency band has a rather convenient for use
within the UAV stabilization system frequency model.

RESULTS AND DISCUSSION

To estimate the frequency response adequacy to the acting prototype characteristics, let us
compare the modelling results for the complete non-linear real time model (L real time model,
Phase real time model) and the experimental frequency response (L real actuator,
Phase real actuator) shown in Figure 6.
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Fig. 6. Comparison of the frequency responses

The comparison of the frequency responses shown in Figures 2 and 5+6, demonstrates that the
results obtained from the nonlinear real-time model have a good convergence with the frequency re-
sponse results obtained from the acting prototype.

Consequently, the given way of the considerably nonlinear drive with a digital controller de-
scription using the nonminimum phase system in the frequency area is quite informative as for the sake
of gain margin evaluation within the UAV stabilization system frequency model.

CONCLUSION

The research process for the maneuverable UAV stabilization system gain margin considered the
problem of significantly nonlinear drive with a digital controller dynamic characteristics description. For
linear nonminimum phase structures the solution of such problems is quite challenging, as for the sys-
tems with three or more nonlinearities there are very few adequate methods in the frequency area.

As the application of nonminimum phase systems supposes their physical implementation, the
physically implemented system was considered, and the research object was the drive acting prototype,
which possessed strictly predetermined properties. The frequency characteristics were obtained exper-
imentally and have a good convergence with the modelling results, obtained from the full real-time
model. As a result of the research, the frequency response description was suggested with substantially
nonlinear algorithms of the digital controller using the nonminimum phase system which has the im-
portant feature of amplitude frequency response and phase-frequency independence. The computed
results obtained from the given drive frequency model have a good convergence with the experimental
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frequency response data from the acting drive prototype and the results obtained from the drive com-
plete nonlinear model.

The main advantage the suggested frequency model is its simple and convenient form that is
applicable to be used as a component of the UAV stabilization system frequency model. Also, it is
necessary to mention that the frequency model was implemented in two variants: as the response rela-
tionship of the continuous system and as z-response relationship of the initial analogue prototype,
which allows to estimate the stability of both continuous and digital UAV stabilization systems using
reputable classic frequency methods.
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YACTOTHASI MOJIEJIb CYIIECTBEHHO HEJIMHEHHOT O PYJIEBOI'O
HHPUBOJA C HUPPOBBIM MUKPOKOHTPOJVIEPHBIM PEI'YJIATOPOM

C.B. l“pm:wml’2

! Toneonpyonencroe nayuno-npouseodcmeentoe npednpusmue, 2. JJoneonpyonsii, Poccus
Mockosckuil aguayuoHHbIL UHCMUMYM (HAYUOHATIbHBIL UCCTIE008AMENbCKULL YHUBEPCUmMEN),
2. Mockea, Poccus

[Tpyr pOEKTHPOBAHUH CHCTEMBI CTaOMIN3aLMM BHICOKOMaHEBPEHHBIX OECITMIIOTHBIX JieTaTenbHbIX armapartoB (BJIA) oxHol 13
aKTyaJIbHBIX 3aj1ay SIBJISIETCSl MCCleoBaHKWe (DYHKLIMOHMPOBAHHS DYJIEBOTO IPUBOJA B II0JOCE YacTOT, COOTBETCTBYIOLICH
M3ruOHbIM KosieOanusiM koprryca BJIA. Jlns oOecriedeHHss yCTOWYMBOCTH CHCTEMbI cTadbwmm3aimu BJIA k auHamudeckum
XapaKTepUCTHKaM TIPHBOAA MOTYT TPEIBSBIATHCS IOCTATOYHO IIPOTHBOPEYMBHIE TpeOoBaHms. B wacTHocTH, TpeOoBaHHE K
PE3KOMY TIO/IAaBJICHHIO AMIUTUTYAHO-YaCTOTHOW XapaKTEePUCTUKHM Ha YacTOTe M3THOHBIX KojebaHuii BJIA mpm MUHMMAaIbHBIX
(ha30BBIX HCKAKEHMSIX B TIOJIOCE YACTOT YIpaBJICHHS MPOMOJIBHOTO W OOKOBBIX KAHAIOB CHCTEMBI CTaOMIM3AIA MOXET
CYLIECTBEHHO YCJIOKHUTh 3aJady HCCIECIOBaHUsl YCTOMUMBOCTM CHUCTEMBl yrpaBieHus 1pwxkeHueM bJIA. B cratee
paccMmarpuBaeTcs ISUCTBYIOIIMI MaKeT 3JIEKTPONPHBO/IA C LM(PPOBBIM MUKPOKOHTPOJLIEPHBIM PETYIISITOPOM, IpeHA3HAYEHHBIH
JUISL ICTIONIb30BaHMsI Ha BBICOKOMaHeBPeHHOM BJIA. AnanTrBHBIE alTOPHTMBI IM(POBOTO PETYIATOPA TO3BOJBIIOT 00ECIIEUHTh
HeoOxomuMble (a3oBble 3ama3AblBaHMs B MOJIOCE YACTOT YMPABJIEHHS M HPU 3TOM IOYTH TOJHOE IMO/IaBIeHHe TapMOHUYECKHX
COCTABIISIFOIIMX CUTHAJIOB YIIPABJIEHUS HA YacTOTAaX M3THOHBIX KonebaHwmii kopryca BJIA. Vcnosnb3yeMble alropuTMbl HMEIOT
CYILIECTBEHHO HENTMHEHHBIA XapakTep W OCHOBaHbI HA W3MEHEHHH KOA((UIIMEHTa YCUIICHHS NPSIMOIL 1IeNM KOHTYpa MPHBOJA B
3aBHCHMOCTH OT YacTOThl BXOJHOTO CHTHAJIA, YTO 3HAYMTENHHO YCJIOXKHSET TMONy4YeHHE MepelaTouHol (YHKIMH pYJIEBOTO
TIPUBO/IA JUTS UCTIONB30BAHUS B YaCTOTHOM MOJIeNH cHUcTeMbl cTabmmmsarmi. OOBMHO PyJIeBON TIPHBOII OIHICHIBACTCS JIMHEHHOMH
MHHHMAITLHO-(a30BOI CHCTEMOM, MPEICTABICHHON B BUJIE TIEPEAATOYHON (PYHKIIMM OHOTO W3 THUIIOBHIX 3BEHBEB IIEPBOTO HITH
BTOPOTO TIOPSIIKOB, HO IS YKa3aHHOTO PYJIEBOTO MPHBO/IA C 33JaHHBIMH IMHAMUYECKIMH XapaKTePHCTHKAMH TOI00HBIH MOIX0
OKa3bIBacTCsl HECOCTOSITETLHBIM. B pesynbrare mcciaenoBaHusl MPEUIOKEH CIIOCO0 TONYYeHHsT YaCTOTHOW MOJIENHM PYJIEBOTO
NPUBO/A, KOTOpas pealn30BaHa B BHIEC HEMHHHMAIbHO-(A30BOW CHCTEMBI, OCHOBHBIM CBOMCTBOM KOTOpPOH SIBISIETCS
HE3aBUCHUMOCTh aMILTHTYIHO-4YaCTOTHOHM M (pa30-4acTOTHOM XapakTepucTHK. B mporecce mccnenoBaHuii MpoBeeHO CpaBHEHUE
Pe3yJbTaToB, TOMYYEHHBIX Ha IPEIOKEHHOM MOJIEH C pe3ysIbTaTaMy SKCIIEPUMEHTOB Ha MaKeTe 3JIeKTPOINPHUBOAA U €0 TIOJTHON
HEJIMHEHHOW BpEMEHHON MOAEeN!. [ JIJaBHBIM MIPEUMYILIECTBOM MPEUIOKEHHON YaCTOTHOM MOJIEIH SIBIISIETCS JOCTATOUHO IIPOCTOE
OIMMCaHWE PYJIEBOTO MPHBOJA B YaCTOTHOM oOmacTH, yHOOHOE IS MCIOJB30BAHMS B COCTaBE YACTOTHOM MOJETH CHCTEMBI
CTaOMITI3AIH TIPH FICCITIEOBAaHHUH 3a/1a4 00eCTIeUeHust yCToHarBoCTH mostetra BJIA.

KnioueBble ciioBa: OecrmnoTHbIA JnetatenbHblil ammapar (BJIA), cucrema crabwnm3aiyy, SJEKTPONPUBOJ, YaCTOTHBIC

XapaKTePUCTUKY, IU(PPOBOH MHUKPOKOHTPOIUIEPHBIA PEryJsTOp, HEMHHHUMAIBHO-(DA30BBIC CHCTEMBI, YaCTOTHAs MOJIENb,
HeJIMHEWHAs] MOJENb.
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STUDY OF RUNNING ENGINES INERTIAL AND GYROSCOPIC
PROPERTIES INFLUENCE ON THE DYNAMIC SYSTEM
ENGINE - PYLON — WING STRUCTURAL CAPABILITIES
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A modern large-sized aircraft dynamic properties analysis, determined by the specificity of its layout scheme, demonstrates that the
engines on under the wing elastic pylons lightly damped oscillations cause a number of undesirable phenomena, including intense
accumulation of fatigue damage of the pylon-to-the-wing attachment, in fact in the area of engine installation in the pylon and the
wing. The results of theoretical and experimental research show that with some engine attachment to the pylon structural
modification it becomes possible to use the engines inertial and gyroscopic properties to absorb these oscillations. In this case, the
motor tones damping coefficients increase by an order of magnitude or even more, so the gyroscopic coupling of elastic vibration
tones is realized. With the rational choice of the additional parameters of elastic and dissipative bonds in the engine attachments it is
possible to affect the aircraft wing and engines aero elastic vibrations effectively, which has a significant effect on the aircraft
elements structural capabilities. A mathematical model of aero elasticity (MMAE) with respect to the kinetic moment of the engine
rotors and specially designed units for attaching the engines to the pylons was developed in order to study the influence and the
selection of rational elastic-dissipative parameters of the pylons-under-the-wing aircraft engine mounts. The method of
predetermined basic forms is used for the aircraft with running engines on the pylons MMAE synthesis. The given forms are
considered as the aircraft basic structure forms natural vibrations in the void. This work treats the engine nacelle and the rotor as
absolutely rigid bodies, the elasticity of the rotor to the nacelle attachment is neglected. The pylon is modeled by an elastic beam,
and the elastic and dissipative properties of the pylon-to-the-wing and the engine-to-the-pylon attachments are correspondingly by
elastic-dissipative bonds. Schematic diagrams of the engine to the pylon attachments are proposed. The results of the study devoted
to the influence of the proposed attachment points modifications on the load and integral strength characteristics of the main
structural elements of the engine — pylon — wing dynamic system on the example of an An-124 aircraft are presented. The practical
implementation of the proposed solutions aimed to reduce the level of fatigue damage to structural elements of the aircraft
feasibility is proved.

Key words: aero elasticity, pylon engine, inertial and gyroscopic properties, elastic-dissipative bonds, fatigue damage, resource.
INTRODUCTION

One of the main features of a modern aircraft layout is the location of engines on elastic pylons
under the wing. With obvious design and operational advantages of such a layout, an actual problem
arises: engines on elastic pylons lightly damped oscillations. This phenomenon is conditioned by the
fact that the oscillations energy dissipation in the dynamic engine — pylon — wing system is only per-
formed by internal and structural damping. Engines on elastic pylons oscillations lead to the elements
of the wing and pylon structure fatigue damage accumulation and to the aero elastic dynamic instabil-
ity of the "pylon" flutter type occurrence as well as to the worsen the crew and equipment operation
performance.

At the same time, the results of theoretical and experimental studies [1-9] show that certain en-
gine to pylons attachment points design modifications, aimed at some engine and pylon relative dis-
placement provision, can significantly increase the dissipative properties of the engine — pylon — wing
dynamic system. In this case, special elastic elements and damping devices are introduced into
the structure, and the running engine can be used as an inertial and gyroscopic oscillations dampen-
er [10-15]. Research shows that with rational (tuning) values of the engine to the pylon attachment
elastic dissipative parameters, it is possible to influence the aero elastic oscillations of the engine — py-
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lon — wing dynamic system effectively. At the same time, the damping coefficients of motor tones in-
crease by an order of magnitude or more.

This paper studies some design schemes of engine to pylon attachment points and the influence
of the proposed modifications on the aero elastic oscillations in the engine — pylon — wing dynamic
system is analyzed. Mathematical model of an aircraft with operative elastic pylons engines, which is
developed by the authors, is used for analytical research [1]. The results of the study devoted to the
influence of the proposed attachment points modifications on the load and integral strength character-
istics of the main structural elements of the engine — pylon — wing dynamic system on the example of
an An-124 aircraft are presented. The practical implementation of the proposed solutions aimed to re-
duce the level of fatigue damage to structural elements of the aircraft feasibility is proved.

MATHEMATICAL MODEL OF THE AIRCRAFT AERO ELASTICITY
WITH THE ENGINES RUNNING ON ELASTIC PYLONS

The development of a mathematical model of aero elasticity (MMAE) is an important stage
in the study of the engine attachment points to elastic pylons under-the-wing structural modifications
influence on the aircraft structural elements strength characteristics. The method of predetermined
basic forms is used for the aircraft with running engines on the pylons MMAE synthesis [1, 16-20].
In accordance with this method, the deformations of structures in perturbed motion take the form of
expansion in a series of known coordinate vector functions (forms). The given forms are considered
to be the forms of the aircraft basic structure natural oscillations in the void. This work treats the en-
gine nacelle and the rotor as absolutely rigid bodies, the elasticity of the rotor to the nacelle attachment
is neglected. The pylon is modeled by an elastic beam, and the elastic and dissipative properties of
the pylon-to-the-wing and the engine-to-the-pylon attachments are correspondingly by elastic-
dissipative bonds. The engine has a kinetic moment Hp the influence of the engine thrust dynamic
components is neglected. Thus, in [3] it is shown that the influence of dynamic thrust components on
the natural frequencies and forms of oscillations, as well as on the flutter characteristics of the aircraft,
is insignificant and can be ignored. When calculating aerodynamic characteristics, the engine is sche-
matized as a set of vertical and horizontal thin bearing surfaces modeled by a family of attached and
free vortices.

We consider an elastic plane that performs a steady horizontal flight at the speed of V,, in its

initial state. Having the set-up inertia-mass engine parameters, the pylon geometric characteristics, the
rotor kinetic moment H p, the engine-to-the-pylon attachment points elastic-dissipative parameters, us-
ing the Lagrange equations, it is possible to form a perturbed motion equation of an elastic aircraft
with the engine running on the pylon as shown in [1]. In the matrix form the mathematical model of
an aircraft aero elasticity (MMAE) has the following form:

[MBD]{qBD}+[DBD]{q.BD}+[BBD]{qBD} :[PH],

|} M, o] |81 0]
) =g 1) [MBD]‘H o [ el o) s
[D,,]=[D,)+[D)+[Gos]: [B.1=[E ] [B][F .
| B) |=diag| b, byeees by |
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(D,1=[E ] [D][F ). [D]=diag[dydy..nd,, ],

0 0 -1
[GBG]:[Fd]T[GG][Fd]’ [Ge]=H, {g% [g)]] . [Gu]=0 0 0},
@0 1 0 0

where [M B] [DB] [B B] are correspondingly the generalized mass, damping, and stiffness of the
base model ma’ltrix; ’

{qB} — is the vector — a column of generalized coordinates describing the relative engine and
pylon due to the flexibility of the attachment points displacement;

{q,} — is the vector — a column of generalized coordinates describing the relative engine and
pylon due to the malleability of the attachment points displacements;

[Dd ] [B d ] — are damping and elasticity matrixes of the additional elastic dissipative bonds;

[GBG]’— is the influence of the running engine (gyroscopic coupling by generalized coordi-

nates) matrix;
[F d] — is the matrix, made up of vectors projections of absolute linear and angular displace-

ments associated with the coordinate system engine on the corresponding axes of this system;
[PH] — is the matrix of generalized external forces;

[ 0 ] — is the null matrix.

Let’s assume that all basic structure parameters are known, and the matrix of internal and struc-
tural damping coefficients is set.

Let the coordinate system O X;X,X3 be connected to the engine (Fig. 1).

The following designations in Figure 1 and Figure 2 are used: 1— beam model of the wing con-
sole; 2 — beam model of the pylon; 3 — engine; 4 — additionally introduced elastic elements of the en-
gine attachment points to the pylon design; 5 — additionally introduced dissipative elements of the en-
gine attachment points to the pylon design (for example, hydraulic dampers). The engine generally has

six degrees of freedom of relative displacements, which are set by the vectorq, ;. At the same time
q41>942-943 are — the coordinates describing the engine linear displacement due to its attachment

points to the pylon malleability; 444, 945,946 are — the coordinates of relative angular deviation;

baj> dgr (k =1,6) —is the partial coefficients of stiffness and damping of the corresponding elastic

and dissipative elements.
The research has shown that the maximum effect of damping the motor tones vibrations with
minimal modifications of the original engine to the pylon attachment scheme is achieved by ensuring

that it can rotate about the axis OX] (fig.1, coordinate ¢ ;4 ) or the axis @ —a (fig. 2, coordinate

q45 )- In the first case, the provisionally released engine is a gyroscopic oscillation damper, built ac-

cording to the scheme of a high — speed gyroscope, and in the second case it is a damper of inertial os-
cillations with friction.
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Fig. 2. The engine-to-the-pylon fastening scheme with the possibility of rotation around the @ —a axis

RESEARCH RESULTS OF THE RUNNING ENGINES INFLUENCE ON THE AIRCRAFT
STRUCTURAL CAPABILITIES

The aircraft with modified engine attachment points aero elastic and structural capabilities
mathematical modeling process consisted of two stages. At the first stage, the rational (set-up) elastic-
dissipative parameters of the engine attachment points to the pylons for a given suspension variant
were determined (fig. 1 or fig. 2). The mathematical model of aero elasticity created in accordance
with the method of specified basic forms was used. The system of equations was solved with the use of
own values for different damping and stiffness coefficients of additional elastic-dissipative elements,
while the partial compliance with other generalized coordinates corresponded to the initial values of
the base model. As set-up parameters of a suspension bracket such parameters were accepted at which
damping coefficients (the real part of the characteristic equation roots) of the motor tones reached the
maximum values on absolute size. The second stage, studied the influence of the engine with modified
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attachment points on the aero elastic and structural capabilities of the aircraft. Some calculation results
are shown in Figures 3 ... 7.

Dynamic reaction of the large-sized plane of the An-124 type to external disturbance and con-
trol influences was investigated in particular. The analysis of the obtained data shows that the engine
with modified attachment points has a significant impact on the intensity and repeatability of dynamic
loads acting on the pylon and wing of the aircraft. Thus, Figure 3 shows the normalized oscillogram of

the bending moment increments in the root section of the external engine pylon AM f with the fol-
lowing initial data: the aircraft's flight speed ¥, =100 m/s; the vertical gust speed 7 =10 m/s; the

aircraft without fuel. A solid line shows the dependence at the original engine mounting scheme, a
dashed line shows the dependence at the set-up parameters of the conditionally released engine relative

to the vertical axis (fig. 1). The similar oscillogram for increase of the bending moment AM k in the

X
section of the wing corresponding to the external engine mounting location is shown in Figure 4.
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Fig. 3. Normalized oscillogram of bending moment increase

Fig. 4. Normalized oscillogram of bending moment
in the root section of the external engine pylon

increase in the wing section corresponding to the external
engine mounts location

The rational choice of the engine suspension elastic-dissipative parameters allows you to re-
duce significantly the amplitude of its oscillations, primarily in the area of torsion and engine elastic

tones. As an example, Figure 5 shows normalized amplitude-frequency response characteristic (AFC)
of the vertical oscillations A

in the center of mass of the external engine in the An-124 aircraft with-
out fuel in the area of torsion and motor elastic tones. The elastic tones on the frequency axis are ar-
ranged in the following sequence: symmetrical torsion oscillations of the wing first tone SK1; the en-
gine vertical oscillations SDV; the engine lateral oscillations SB; symmetrical torsion oscillations of
the second tone wing SK2; symmetrical horizontal bending oscillations f the first tone wing SGI1;
symmetrical bending oscillations of the first tone fuselage SIFL. The solid line corresponds to the orig-
inal parameters of the suspension, the dashed line corresponds to the engine, conditionally released
related to the horizontal axis @ —a (fig. 2). It is evident that the amplitude-frequency characteristic of
the engine vertical and lateral oscillations changes significantly in the lower elastic torsion vibration

tones of the wing. Due to the gyroscopic coupling of the wing and the engine elastic vibration tones,
both the natural frequencies absolute values and the engine — pylon — wing dynamic system dissipative
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properties change. The external engine oscillation wide frequency range amplitudes are reduced
by 1.5...5 times.

It is obvious that decrease in level and repeatability of the dynamic loads which effects the en-
gine — pylon — wing system leads to the reduction of fatigue damageability of the design elements and
to the increase of their resource. An important quantitative characteristic of the aircraft structure load-
ing capacity is the spectral density of the bending moment in the calculated cross sections.

Figure 6 shows the normalized spectral density of the bending moment S, A]; in the An-124 air-

craft wing section, corresponding to the attachment point of the external engine, when the aircraft is
taxiing along the airfield without fuel at the speed of =10 m/s. The solid line shows the curve for the
original engine mounting scheme, and a dashed line for the mounting scheme shown in Figure 2.
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Fig. 5. Normalized amplitude-frequency characteri Pan/ c - Fig. 6. Normalized spectral density of the An-124 aircraft
radian per second of the An-124 aircraft external engine wing section bending moment, corresponding to the

center of mass vertical oscillations Ay attachment point of the external engine

The obtained spectral characteristics of changes in the integral force factors in the cross sec-
tions of the aircraft structure elements were used to quantify the resource in accordance with the hy-
pothesis of spectral summation of fatigue damage. In particular, some impact assessment results of the
proposed improvements of the engine-to-the-pylon attachment points, strength characteristics of the
large An-124 type aircraft main structural wing elements are shown in Figure 7 in the form of the

graphs showing the resource increase coefficient changes for the lower T, v and upper T,  panels at

the external engine attachment point.

The figures demonstrate [ =1/l 5 ; [ x1 — 1s the engine center of mass removal down rela-
tively to the pylon attachment points (along the O X; axis in Fig. 1); /,» — is the engine center of mass

removal forward along the O X, axis.
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Fig. 7. The graph of the resource-increase coefficient changes for the wing lower T, n and upper T, v panels of the An-124

aircraft at the external engine attachment point

The solid line shows the released engine dependence relatively the vertical axis (diagram
fig. 1), the dashed line shows the released engine dependence relatively the horizontal axis (diagram
fig. 2). The dashed line corresponds to the / value of the production An-124 aircraft. All the men-
tioned above data are obtained with taking into account the engine rotor kinetic moment influence.

CONCLUSION AND DISCUSSION OF THE OBTAINED RESULTS

We studied the influence of elastic and dissipative parameters of engine attachment points on
the elements of the engine — pylon — wing dynamic system strength characteristics using the mathe-
matical model of aero elasticity developed by the authors, which takes into account the kinetic moment
of engine rotors. Potential attachments structural modifications which make it possible to have the
greatest impact on the intensity and repeatability of loads on the structure are proposed. As an exam-
ple, the results of the An-124 aircraft wing elements resource evaluation in accordance with the spec-
tral summation of fatigue damage hypothesis are presented. It is shown that the specially designed
elastic and damping elements being introduced into the structure allow us to expect the resource of in-
dividual structural elements increase by up to 30%.
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NCCIEAOBAHUE BJIMAHUA HHEPIIMOHHBIX U TMPOCKOIIMYECKHUX
CBOMCTB PABOTAIOIIMNX JIBUTATEJIEM HA ITIPOYHOCTHBIE
XAPAKTEPUCTHUKHA JUHAMHUYECKOM CUCTEMBbBI
JABUI'ATEJIb - ITMJIOH — KPBLJIO

B.B. Opunnunkos', ¥0.B. HeTpOB2

"Mockosckuii 20cy0apcmeennvill mexnuyeckuu ynueepcumem umenu H.D. baymana,
2. Mockea, Poccus

’Mockosckui 20CY0apCmeeHHblll MeXHUYECKUL YHUBEPCUMEm PaAXCOAHCKOU a8uayul,
2. Mockea, Poccus

Amnai3 0coOEHHOCTEN IMHAMUYECKHX CBOMCTB COBPEMEHHOTO KPYITHOIa0apUTHOT'O CaMoJIeTa, 00YCIIOBICHHBIX Crielr(uKoii ero
KOMITOHOBOYHOW CXEMBbI, MOKa3bIBACT, YTO CJIA00aeMII(pUPOBaHHbIC KOJIcOaHMs ABUraTesell Ha YIPYTHX MAJIOHAX MO KPbUIOM
SABJIAKOTCSL led‘lldHOﬂ pAaa HOXKCIATCIIbHBIX ﬂBﬂeHHﬁ, B TOM YHMCJI€ MHTCHCUBHOI'O HAKOIUICHUA YCTAJIOCTHBIX HOBpe)KLleHI/lﬁ Yy3J10B
KpeIUICHUs ABUaTellsl K IMIJIOHY, IHJIOHA K KPbLTy, COOCTBEHHO B ITMIJIOHE M KPBUIE B MECTE YCTAHOBKH JBUTraTeneil. Pe3ynbraTel
TEOPETUYECKUX M 3KCIIEPUMEHTAIBHBIX HCCIIEOBAHMH ITOKA3bIBAIOT, YTO IPU OIPEIENICHHON I0pab0TKEe KOHCTPYKLIMH Y3JIOB
KpeIUICHUs JIBUTaTelsi K TNWIOHY HOSBIISIETCS BO3MOXKHOCTH HCIIONB30BaTh WHEPHHOHHBIE W THPOCKOIMYECKHE CBOWCTBA
JIBATATEINCH TS TallleHHsT TAHHBIX KoJieOaHui. B 3ToM ciydae Ha mopsmok U Ooliee Bo3pacTaroT Ko (UIHMEHTHI AeMIThHPOBaHHS
JIBUTATEIbHBIX TOHOB, PEAIM3YETCS THMPOCKOIMYECKas: CBA3aHHOCTh YNPYTMX TOHOB KoneOanwmid. Ilpu parmoHanrsHOM BBIOOpE
MapaMeTpoB JOMOJHUTENBHBIX YIPYTHX W AWCCHUIIATUBHBIX CBSA3eH B y3/Iax KPEIUICHWS JBHTATeNIeH yHaeTcsl TOCTATOYHO
3¢} ¢eKTHBHO BO3IEHCTBOBAaTh Ha a3pOYIpyrue KoneOaHWs KpbUla camojeTa W [BUTaTeled, YTO OKa3bIBACT CYIIECTBEHHOE
BJIMSIHUE Ha TIPOYHOCTHBIE XapAKTEPHCTUKHU JIEMEHTOB KOHCTpYKuuH JIA. Jlns nccnenoBanus BIMSHUS U BBIOOpA PallIOHATBHBIX
YIPYTOJMCCUIIATUBHBIX apaMETPOB MOABECKH JBUraTeNel camoseTa Ha MWIOHAX II0f KPbUIOM pa3paboTaHa MaTeMaTHdecKas
Mozens adpoynpyroctt (MMAY) ¢ y4eToM KHHETHYECKOr0O MOMEHTa POTOPOB JBUrareiell U CICHUATbHBIM 00pa3oM
CKOHCTPYHPOBAHHBIX Y3JIOB KperuleHus Auratenedd kK mwioHam. st cuaresa MMAY camornera ¢ pabOTaroIMMH ABUTaTEISIMU
Ha MWJIOHAX HCIOJIb3YETCsl XOPOIIO 3apeKOMEHIOBaBIINIA ce0st MeTo]| 3a/laHHbIX 0a30BbIX (popMm. B kadectBe 3amaHHBIX (hopM
paccmatpuBaroTcs GopMbl COOCTBEHHBIX KoJieOaHMid 0a30BOI KOHCTPYKLMM caMolieTa B IycTote. B maHHOW pabote roHmona u
pOTOp JBHTaTEeNsl PAcCMaTpHBAIOTCS KaK aOCONIOTHO JKECTKWE Tella, YNPYTOCTBIO Y3JIOB KPEIUIEHHSI poTOopa K TOHJOJE
npeHeOperaercs. [IunoH mMonemupyercst ynpyroi Oankoi, a ynpyrie ¥ IMCCHIIATUBHBIE CBOWCTBA Y3JIOB KPEIUIEHHS ITHJIOHA K
KpbUTy ¥ JIBHTATENs K MIWIOHY COOTBETCTBYIOIIMMH YIPYTOJUCCHITATHBHBIMH CBSI3IMH. [IpeuiokeHbl MPHHIUITHAIBHBIE CXEMBI
Y3JI0B KPEIUICHUs IBUraTeNs K IMWIOHY. [IpMBOASATCS pe3ynbTaThl MCCIENOBAHWS BIMSHHUSA NpEmIaraéMbIX IOpPaOOTOK Y3IIOB
KpeIUIeHUsT Ha Harpy>KCHHOCTb W WHTErPAJIbHBIC TPOYHOCTHBIC XapaKTEPUCTHKH OCHOBHBIX KOHCTPYKTHUBHBIX 3JIEMEHTOB
JIMHAMHYECKOW CHCTeMbI JIBUTaTellb — IMWIOH — KPbUIO Ha TpPHMEpPE camoleTa AH-124. JlokazaHa Ienecoo0pa3HOCTh
MPAKTUYECKOH pealM3aliy TPEeUlaracMbIX PELICHWH I CHIDKCHMSI YPOBHSI YCTIOCTHOW IIOBPEKIAEMOCTH 3JIEMEHTOB
KOHCTPYKLIY CaMOJIETa.

KrodeBsble c10Ba: a3poynpyrocTs, IBUTATENb Ha MJIOHE, HHEPIIMOHHbBIE ¥ THPOCKOIMYECKUE CBOWCTRA, YIIPYTOAUCCUIIATHBHBIE
CBSI3H, YCTAJIOCTHAS! IIOBPEXIAEMOCTb, PECYPC.
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NMPUMEHEHME BBICIIEA BOJJHOM PACTUTEJIbLHOCTHA
JJIA JOOYUCTKHU CTOYHBIX BOJ ADPOIIOPTOB

H.E. HUKOJIAMKUHA', H.U. HUKOJIAUKHAH®
! Mockosckuii nonumexnuueckui yHusepcumem, 2. Mockea, Poccus
? Mockosckuii 20Cy0apcmeeHHbIl MeXHUYeCKUll YHUgepcumem 2paxdcoancKoll asuayu,
2. Mockea, Poccus

[NokazaHo, 9TO MPH POCTE aBHAIIEPEBO30K HEOOXOIUMO MOBBHIIIATH Y(P(HEKTUBHOCTH OYHCTKH JIMBHEBBIX M TAJIBIX CTOYHBIX BOJ C
TEPPUTOPUH a3POIIOPTOB U MPOUYHX aBUanpennpusTril. [Ipemmaraercs Iis 3aIIUTh OKPYKAIOIIEH Cpeabl OT COPOCOB 3arps3HEHIH
a3pOIOPTOB B IPUPOJIHBIE BOJOEMBI HCIIOIB30BATh BBICIIYIO BOJHYIO PACTUTEILHOCTD. J{Jist OMOIHUTENBHOM CTainK (PUHAIBHOM
OYHCTKU TIpe/UIaraercsi MPHMEHUTh BOJHBIA TMAMHT — 3HXOpHHIO. Jlaercst 000CHOBaHWE BBIOOpa pPAcTEHMs, ONHCAHBI €ro
OCHOBHBIE XapaKTEPHCTHKH M MEXaHW3M HM3BJICUCHUS 3arpsi3HEHHH W3 BOJHOW Cpelpl B Iporiecce Merabommsma. [IpuBoaurest
METO/IMKa 3KCIEPUMEHTOB IO OMPEACIICHHIO 3()()eKTUBHOCTH OMOJIOTMYECKON OYMCTKU CTOYHBIX BOJ B YCIOBHsX [leHTpanmbHOM
nonockl Poccuum Ha mnpumepe IlogMockoBbs. JlaHbl pe3ynbTaTbl HM3MEPEHUS KOHLIGHTPALMM B3BEILEHHBIX BELIECTB U
He(TenpoayKTOB B BOJE JI0 U TOCIE OYUCTKH B Mpyaax-oTcToiHukax. [lokazaHa 3¢deKTHBHOCTh OHOJIOTHYECKON OYHCTKHL
OrMeueHa BO3MOKHOCTh KCIMOJIB30BAaHMSI BOJHOIO TMAIIMHTAa M JJISI OYMCTKH OTAENBHBIX MOBEPXHOCTHBIX BOJNOEMOB. Jlist
KPYIJIOTOJMYHOTO MCHOJIB30BAHUSI PACTEHUH HA OTKPBITBIX OYHCTHBIX COOPYKEHUSIX PEKOMEHIOBAHO IMPUMEHSTH 3alUTHBIE
KOHCTPYKIMH (YKPBITHS), TOTJA B 3AIUIIEHHBIX YCIOBHAX MPOLECCH METAa0OM3Ma MOTYT MPOTEKAaTh B KOPHEBUIIE, CTEOIAX 1
JWCTBSIX pacTeHHWs JOaKe B OCCHHE-3UMHHH nepuoA. [IpemrokeHo OTpaboTaHHYyI0 OHOMAacCy B KOMMEPUYECKHX —IIEIIIX
YTUIII3APOBATH KaK T00aBKY K KOPMY CKOTa TIPH COOJIOJIEHUH OMpE/IeIeHHBIX YCIIOBUH, KOTOpBIe chopMynrpoBaHsL. [IpuBencH
ITOPUTM COXPAHEHHs CAXKEHILIEB B XOJIOAHBINA MEPUOA ToJa M HOCIEIYIOUIEH BbICAJIKM UX B BOJOEMbI BecHOU. IIpumenenue
crocob6a OMOJIOTMYECKON TOOYHMCTKM BOJHBIM THAIIMHTOM SKOHOMHYECKH IIeJIecO00pa3Ho, OJHAKo Tpedyercss coOmroaaTh
HEOOB[YHBIE MEPHI SKOJOTMYECKOM Oe30MacHOCTH, KOTOphle NpeyioKeHbL [loguepkHyTa Iernecoo0pasHOCTh JalbHEHIIIX
MEPCHEKTHBHBIX PabOT MO CO3MaHMIO CIECHHAIN3MPOBAHHBIX KOCHCTEM C YYacTHEM BBICIIEH BOJHOW PACTHTEIBHOCTH, I
MPUPOIOTION00HOM KOMIUICKCHOM OYMCTKH OT/ICBHBIX BUIOB CTOYHBIX BOJI.

KirodeBnle cjioBa: a’poropt, 3alkta OKPYKAMOIIEH Cpeibl, CTOYHBIC BOJBI, B3BEIICHHBIC BEINECTBA, HE(TEPOMYKTHI,
OMOJIOTIYECKAsT OYKCTKA, BOIHBIA THAIMHT, YTHIN3AUS OHOMACCHL.

BBEJIEHUE

K uncny ocHOBHBIX 33aJ]au COBPEMEHHOT'O MHUPOBOTO COOOIIECTBA OTHOCHUTCS 3alllUTa OKpYyXKa-
IOLIEH Cpelbl OT 3arpsi3HEHMs, €€ COXPAHEHHE B COCTOSIHMM, NPUBBIYHOM JUISl MPOXKUBAHUS JIIOJCH.
B XX B. mojoxeHus 0 HEOOXOAMMOCTH OOECTeueHusl 3aluThl OMOCQEphl MPU YCKOPSHUH HAYYHO-
TEXHUYECKOTo IMporpecca Obuld 3aUKCUpPOBaHBI B LEJIOM pAAE MEXAYHApPOIHBIX JOKYMEHTOB,
B 4aCTHOCTH, B [Ipuioxenun 16' k Unkarckoii KOHBEHIIUHU O MEXKIyHAPOAHOU Ipak1aHCKOM aBUALIUU.
OaHuM W3 BaXKHEUITUX HaMpaBlIeHUH paOOT MO YMEHBIICHHIO 3KOJOTHYECKOW OMacHOCTH aHTPOIIO-
TEHHOHN NIEATENbHOCTH SBIIAECTCS YCUJIEHHE KOHTPOJISI BOAHBIX CTOKOB OpraHU3alUil U NPEeIIpUSITHN
BCEX BHUJIOB HAPOJHOT'O XO3sIIICTBA, BKJIIOYAsl TPAHCIIOPT U OOBEKTHI MHGPACTPYKTYPHI TOCETECHUH.

BonocHaGxeHne MOAMOCKOBHBIX a3pOMOPTOB MPEUMYIIECTBEHHO MPOUCXOIUT U3 apTe3uaH-
CKUX CKBakMH. OOImUit 00beM BOIOMOTPEOJICHHUSI COBPEMEHHOTO KPYITHOTO a’pOoIoOpTa MPEBBIIIACT

' Hpunoxenns 1-18 x Konsenmmu o Mesxaysaponsoit I'paxianckoit Asmarmu (Unkarckoiit Komsenmmu 1944 rona)
[Onekrponnsiii pecypc] // Ckmam 3akonoB. URL: http://www.6pl.ru/asmap/convMGA.htm (mara oOparueHus
05.02.2020).
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1,5 mae.M’/rox (B cpeasem Gonee 4,5 Thic. M°/CyT.) MM Ha ypoBHE 40 M’/ThIC.ITacc. B cpeaHeM”. Bax-
HEHUIIeH XapakTepUCTUKON dPPEeKTUBHOCTH paboT [1] mo 3ammuTe BOAHBIX OOBEKTOB OT aHTPOTIOTEH-
HOTO 3arpsi3HEHUS B IPOIIecce AeSITEIbHOCTH a3pOIOPTOB SIBJISETCS BEIMYMHA YAETHHOIO KOJIUYECTBA
3arps3HAIOLINX BELIECTB, COPAchIBAEMBIX B BOJOEMBI, OTHECEHHAs K YHCIy HacCaXXMpOB, 0OCITykKeH-
HBIX 3a TO1. B asporopry Illepemerseo’ B 2018 T. 3TOT MOKa3aTeNb CHU3HICS 10 4 KI/THIC. Iacc.

OuncTKa CTOYHBIX BOJ, TPATUIIMOHHO OTIMYAIOMIUXCS OOJBIINM 0OBEMOM, SBIISIETCS TEXHUYE-
CKU CJIOKHOM 3a/1aueil U TpeOyeT MOCTOSSHHOI'O COBEPILIEHCTBOBAHUS KaK TEXHOJOTHH, Tak U 000py10-
BaHMs 751 uX peanuzanuu [2]. Haubonee oOmuMu BUIaMH CTOKOB SIBJISIFOTCS BOJIBI, MPOIIIEIITUE 3a-
IpsI3HEHHBIE TEPPUTOPHUHU, & UMEHHO JINBHEBBIE, IOJINBOYHBIE U TAJIbIC BOBI.

CHer, cuMIaeMblii C MECT CTOSHKM aBUATEXHHUKH, JIOPOT, PYJEKHBIX IOPOKEK, B3JIETHO-
MOCAZ0YHBIX MOJOC W APYTUX IUIOMIAJeH a’sponopra, MpeAcTaBiseT co00il MCTOYHMK HEraTHBHOTO
BO3JCHUCTBUS Ha IMOYBY M TMApOCc(epy IKOCHUCTEM Ha TEPPUTOPHSX, 3aHUMaeMbIX oObekTamu ['A.
B cHere conepxarcss MHOTOYHCIICHHBIE XUMUYECKHAE COCIMHEHUS, TIPEXK/E BCETO OCTATKH IPOJIHUTHIX
HE(PTENPOIYKTOB, MPOTUBOTOJIONEAHBIE peareHThl U mpouee. CO CTOYHBIMH BOJAMHU a’3pOIOPTOB,
a’pOJPOMOB M UM TMOAOOHBIX aBUATPAHCIOPTHBIX OOBEKTOB TpaxkaaHckon aBuaruu (I'A) B mpupo-
HBIE BOJIOEMBI TOTIAJ[A€T 3HAYUTEIEHOE KOJIMIECTBO HE(TETIPOTYKTOB M B3BEIIEHHBIX BEUICCTB.

C yBenuueHueM oObeMa aBHANEPEeBO30K, MPUMEHEHHsI Ha BO3AYIIHOM TPAaHCIOPTE roproue-
CMa304YHBIX MaTEPUAJIOB M MPOAYKTOB XUMHUECKOW MepepabOTKH eCTECTBEHHBIM 00pa3oM yCyryOus-
eTcs HeOOXOTUMOCTh MOBBIIMICHUS CyMMapHOH 3((EKTUBHOCTH OUYMCTKH MOBEPXHOCTHOrO cOpoca.
JUis HeoMyeH!sl 3arpsA3HEHUs U 3aCOPEHUs IPUPOJHBIX BOJHBIX O0BEKTOB TPAJAUIIMOHHBIE METO/IbI
OYHUCTKH [3] HA CYIIECTBYIOINX CUCTEMaX BOJOOTBEICHHS TOTIOIHSIOT JOCTATOYHO PEAKIMH BHIAMH.
Tak, B 4acTHOCTH, BCe IIUpPE pa3pabaThIBalOT U NMPUMEHAIOT Ouonorudeckue meronasl. Hapsay ¢ tpa-
JTUIMOHHBIMH CcTIoco0amu [4, 5] u3BiIeUYeHUS 3arps3HEHUN U3 Ta30BOM (pa3bl, KOTOPbIE TOCTOSTHHO CO-
BEPLICHCTBYIOTCA [6], co3matoT [7] u m3ydaroT anmapatypHoe opopMIIeHHE MPOLECCOB OMOpMIbTpa-
IIUM BO3yXa OT JIETKOJETy4YHUX coelMHeHUH. PacTeT uHTEepec k OMOyTHIN3AI[MK ra3000pa3HbIX U KUJI-
KOCTHBIX 0TX0/10B [8]. K unciry Takux OTHOCHTCSI CIIOCOO OYMCTKH BOJIHBIX CPEll C TIOMOIIBIO OOTaHH-
YECKHUX CPEJICTB, 3aKIIOYAIOIINNCS B IPUMEHEHUH KYJIbTYP BBICIIEH BOJTHOW PACTUTEIHHOCTH.

B nutepatype ecTh cBeZieHHs O IPUMEPAX UCIOJIb30BaHUS HEKOTOPBIX BUJOB BBICIIEH BOAHOMN
pacTUTENbHOCTH [9] 171 JOOUNCTKU CTOYHBIX BOJI IEpE]] COPOCOM UX B BOJOEMBI.

[Tpobnema noBsieHNs1 3(P(HEKTUBHOCTH OYMCTKU CTOYHBIX BOJ a3pONOPTOB M UM IMOJOOHBIX
aBUANpPEANIPUATUH, a TAKXKE 33]]a4a CHUXKEHUSI HETaTUBHOI'O 9KOJIOTHYECKOT0 BO3/IEHCTBHS HA BOJHBIE
HKOCHUCTEMBI TEPPUTOPUU MECTa aBHALIMOHHOTO MPOHUCIIECTBUS SIBIAIOTCS MPEAMETOM JAIbHEHINEero
paccMoTpenus. LlenecooOpa3Ho OLEHHUTH MEPCIEKTUBHOCTh UCIOIb30BAHUS BBICIIEH BOJHOM pacTH-
TEJILHOCTH JIJIS 3aIIUTHI CPEIbI, OKPY>KAIOLICH aBUATIPEATIPHUSTHS, OT 3arPsI3HEHHS.

METOABI U METOJOJIOI'A NCCJIEJOBAHUA

Bb160p KynbTypbl BbICIIEH BOAHOM PAaCTUTEIBHOCTH OINpPENENSCS TeM, HACKOIBKO OHH CIO-
COOHBI K OBICTPOMY Pa3MHOXEHHUIO, POCTY, MOIJIOMIEHUIO BCEX OMOr€HOB M COCIUHEHUH W3 BOJHOMU
cpensl. LlenenanpaBieHHbIH MOUCK TOAXOAALIETO OOTAHNYECKOTO 00BEKTa MPUBEIN K BHIOOPY KYJIBTY-
pbL, HanboJee MOAXOISAIICH sl TOOYMCTKU CTOKOB B IpyJax-oTcToiHuKax [2, 10].

Jl1s KCnieprMEeHTaNbHON MTPOBEPKU MPUTOJHOCTH METOAA OMOJIOrMYECKO JOOUYUCTKH B yCIIO-
Busix LlentpansHoii monocsl Poccun Ha mpumepe I1oaMOCKOBBs OBLIO BEIOPAHO OIHOJIETHEE IUIABAIO-
1I€€ PACTEHUE, OTHOCAILEECS K CEMEUCTBY IOHTENCPUEBBIX, @ UMEHHO BOJIHBIM IMAllMHT POAa dMXOp-
Husi (Eichornia speciosa) [11], poauHa KOTOPOTO — TPONIUYECKUE paiOHBI AMEPUKH.

[To ¢uznyeckuM cBOMCTBaM 3MXOPHHUSA OTHOCHUTCS K POAY MOIYHNOrpY>KEHHBIX pacTeHuil. OHa
obicTpo pazmHoXkaercs (10 500 moberoB B MecsIl) Ha IJIaBYy, a TAK)KE B CTAIIMOHAPHOM COCTOSIHUH; €&

2 DKONOrMYECKHil OTUET aKIIHOHEPHOro obmecTBa «MexryHapousiii asporopt LllepemerneBo» 3a 2018 rox [DaekTpoH-
HBI pecypc] // AxumoHepHoe obmiecTBo «MexayHapoansiii asponopt LllepemerseBo» URL: https://www.svo.aero/
bitrix/upload/sprint.editor/522/52262be2901d127ddd66971e7{52f720.pdf (nata obpamenus 02.02.2020).

3
Tam xe.
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BbICOTa (HAJABOJHAS YaCTh BMECTE C Pa3BUTOM KOPHEBOM CHCTEMOM) JOCTUTAET OJHOTO METpa, MoOeru
JUTMHOM 710 2 METPOB.

PacTenue s10BUTO, COCTOHT U3 IByX OCHOBHBIX YacTeil. HaaBoHast 4acTh — 3TO COLBETHS U JIU-
CTbsl, a TIOABOJHAS - HUTEBUIHASI KOpHEBas cucTema. LIBeTku pacTeHus! HeJJOJITOBEUHBL, BpeMs UX KHU3HU
1 — 2 nus. [locie BeTeHNs IBETOHOKKA H3TUOACTCS M IIBETOK ITOJTHOCTHIO TIOTPYKAETCS B BOY.

[MonBomHas yacTh SWXOPHUHU MPEICTABIAET COOOM CTyCTOK OMYLICHHBIX PECHUYEK, MEKIY KO-
TOPBIMH W TIPOUCXOJHUT HauvajdbHas (MEXaHHUYECKas) CTaaus Mporecca OYUCTKUA Bojbl. M3BectHo [11],
YTO BOKPYT 3TUX pacTeHU 00pa3yroTcsi n30MpaTelbHbIe MUKPOOHOIIEHO3HI, BKIIOYAIOIINE KaK OaKTe-
pPUH U BOJOPOCIH, TaK MAaKpOOECIO3BOHOYHBIE U MPOCTEHIIINE OPTraHU3MBbL. ITO YCKOPSIET aKTHBHYIO
OMoAeCcTpYyKIMIO, 00ecreyBaeT MOTJIONIEHHE MUHEPAIbHBIX U OPraHMYECKHX BEIIECTB (3arps3HUTe-
Jieil BOJHOM Cpefbl), KOTOPBIE Jajiee UCIIONIBb3YIOTCS PACTEHUSMU JJII UX MUTAHUS B TIPOIECCE TUIACTH-
4ecKkoro oOMeHa ¢ OKpy>Karolleil BOAHOM cpenoil. B pesynbrare siXopHUS «BOMpaET B ceOs» MPaKTH-
YECKU BCE OIACHBIC 3arPS3HCHUS, B TOM YHCJIC U TaKWe, KaK WHCEKTUIUABI, (DEHOJIBI, COSTUHCHUS HU-
KeJisl, KaJAMHUSI U T.1I.

B ctpanax ¢ TEmIbIM KIMMAaTOM (TIPH YMEPEHHOM KIIMMATe - B TEIJIbIe IEPUObI) 3TU PACTCHUS
MPUMCHSIOT Ha COOPYKEHUSX OYUCTKU IMMOBEPXHOCTHBIX M XO3SHCTBEHHO-OBITOBBIX CTOYHBIX BOA. Mc-
MOJIb3YETCSl TaK)Ke M KaK aKkBapuyMHOE pacTeHue. BrwIpociine pacTeHus MPHUTOAHBI ISl YAOOpeHUs
1oJied, MOT'YT UCHOJIb30BaThCsl HA KOPM CKOTY M JUIsl IPOU3BO/ICTBA OMorasa.

B xone skcnepuMeHTOB BOJIHBIN THAIMHT BBICAKUBAICS C IJIOTHOCTHIO paccaisl 6-10 /M’
IJIOMIAIM BOJHOTO 3€pKajia CeKIMU OacceiiHa, OTBEIEHHOM Ui KyJbTUBHUPOBAHUS pacTeHuid. BHOCH-
Masl KyJIbTypa He JOJDKHA 3aHUMaTh Oosiee 12% mutomia gy moBEpXHOCTH OYHUIIAEMOro Bojgoema. Tem-
TepaTypa OKpY KaroLleil Cpebl J0/DKHA HAXOAUTBCS B AMamasoHe ot +15 10 +35 °C.

[Tocne 3aBepieHus MpoLecca OYUCTKH MPOU3BOIUTCS XUMUYECKash SKCIePTHU3a COCTaBa OTpa-
O0oTaHHOU OMOMACCHI, TIPEIKAC BCETO ISl BHISIBICHUS yPOBHS HACBIEHHOCTH TOKCHHAMH, [Tpu nox-
TBEPIKICHUH COOTBETCTBUS TPEOOBAHMAM CTAHIAPTOB’, CAHHTAPHBIX HOPM M MPaBUI OTpPabOTaHHAs
BOJIHAsI KyJIbTypa COOMpAETCs ¢ MOBEPXHOCTU BOJOEMA /I KOMMEPYECKOIO MCIIOIb30BaHMsI WIIM Xpa-
HEHUS, HE COOTBETCTBYIOIIAS — MOJABEPTACTCS YTUIIH3AIIHH.

Jlns ananusa 3arps3HEHHOCTH MPOO BOJIBI 10 U MOCIE OYUCTKH MCIIONIb30BAINCH TPAAUIIMOH-
HbIE JIaOOpaTOPHBIE METO/bI UCCIIEIOBAHMS, aHAIM3a U OINPEAEICHUS KOHIEHTPALUU 3arpsI3HAIOLINX
BEIIECTB B CTOUHBIX BoAax. M3MepeHne XUMUYECKOTO COCTaBa OCYIIECTBISIOCH B YCIOBUSAX aKKpEIH-
TOBAaHHOM J1TAOOpaTOPHH aHATUTHYECKOTO KOHTpOJsi. OTOOp Mpod MpOM3BOAMICS €KEMECIIHO C Mas
1o OKT0pb B pamkax «I'paduka KOHTpoIs F3PPEKTUBHOCTH pabOThl OUUCTHBIX COOPYKEHUH U Kaue-
CTBa CTOYHBIX BOJI».

OTt60p mpob COrIacHo TPeGOBAHMSM CTAHIAPTOB’ OCYIECTBILLICS ¢ HEOOIBIION [ITyOHHBI IU-
JUHAPOM U3 HepKaBerolel cranu. Boga nepenuBanach B ABYXJIMTPOBBIE CTEKIISIHHBIE OYTHUIH, TIPO-
OBl B KOHTEHHEpAxX ¢ aKKyMyJsiTopamu Xojona (mpu t = 5 £ 3°C) B TeueHue He Oosee yaca TpaHCIIOP-
THUPOBAJIU B CIIELIMATU3NPOBAHHYIO J1A00PAaTOPUIO AHATUTUYECKOTO KOHTPOJIS AJI1 U3MEPEHU.

PE3YJIBTATBI UCCJIEAOBAHUA

DKCIEepUMEHTAIbHBIE PE3YJIbTaThl U MPAKTUUYECKUI OIBIT, MOJy4YeHHbIE B MOCKOBCKOM IOJIH-
TexHu4deckoM yHuBepcurere (Mocnonurexe) [12], a Takke Ha MHOTOYHCIICHHBIX OUYUCTHBIX COOPYKe-
HUSAX ISl IOBEPXHOCTHBIX CTOYHBIX BOJ B MOCKOBCKOM PErMOHE, CBUAETEIBCTBYIOT O CIIEIYIOLIEM.

I'OCT 31653-2012. Kopma. Meto nMMyHO(GEpPMEHTHOTO OmpeesieHnss MUKpoTokcuHoB. M.: Ctanmaptundopm, 2012.
12 c. [Dnekrponnsiii pecypc] / Unrepuer u npaBo. URL: https://www.internet-law.ru/gosts/gost/52326/ (nata obparie-
Hus 05.02.2020).

CanlluH 2.1.7.573-96. I'uruenuueckue TpeOOBaHMsI K UCIOJIb30BAHUIO CTOYHBIX BOJ U OCAJKOB JIJISl OPOIICHUS U YI100-
pennsi. M.: MWL Munsnpasa Poccun, 1997. 54 c. [DnexrpoHHslii pecypc] // bubnnorexka HOpMaTuBHOM TIOKYMEHTALIUH.
URL: https://files.stroyinf.ru/Index2/1/4293825/4293825376.htm (mara oopamenus 05.02.2020).

I'OCT 31861-2012 Boma. O6mue TpeboBanus k otoopy npod. M.: Cranmaptundopm, 2013. 36 c. [DneKTpOHHEIH pe-
cypc] // Uurepret u npaBo. URL: https://internet-law.ru/gosts/gost/52710/ (nara obparenus 05.02.2020).
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[Tpu pocTe u Beretanuu >MXOpHUS 00pa3yeT Ha BOJAHOMN MOBEPXHOCTHU OOUIMPHBIE, IPU 3TOM JIOKAIb-
HbIe 3apociu. B cpenneit monoce (B ycnoBusix MockBbl v [10IMOCKOBBST) TIpH OJIarONpHUsITHBIX ITOTOT-
HBIX YCIIOBUSIX M COOJIFOJICHUU PETIaMEeHTa KyJIbTHBHUPOBAHUS PACTEHUE CIIOCOOHO K BEr€TaTUBHOMY
pa3MHOXKEHHIOo ¢ yBenunueHrueM Ouomaccsl B 20 ... 40 pa3. Bereramus nporekaeT akTUBHO MPHU TEMIIe-
patype ot +17 C° u Bbime, eé CKOpPOCTbh PACTET MPOMOPLUUOHATIBHO C OKPYKAIOIIEH TeMIepaTypou,
a TaK)Ke 3aBUCUT OT OCBEIEHHOCTH M OOECIEeYeHHOCTH KuciopoioM. Ilpu HapaummBanuu 3erneHON
Macchl pacTeHUE B Mpollecce MeTaboIM3Ma aKTUBHO M3BJIEKAET HEOOXOAUMBIE ISl BETETallMd MHOTO-
YHCJIEHHbIE paCTBOPEHHbIE BemiecTBa. Mrpast ponb Ouonoruueckoro puiabTpa, KyabTypa Haubosee ax-
TUBHO M3BJIEKAET U3 BOJHOU CpeIbl MPOAYKTHI pa3pylieHus HePTEIPOAYKTOB, (PEHOIOB, COCTUHEHUS
azorta, ¢ocdopa.

OxucauTeNbHbIE NMPOLIECCH B BOJHOM Cpesie YCKOPSIOTCS CTUMYJIATOpAMH, aKTUBHOE Bbljele-
HUE KOTOPBIX MPOUCXOJUT MPU POCTE U PA3BUTHUU KOPHEBOM CHUCTEMBbl BOJHOIO ruauuHta. OKuciu-
TEJIbHO-BOCCTAHOBUTENIBHBIE PEAKIIMY ITPOTEKAIOT C YUACTUEM BEIIECTB, «3arpsA3HSIONINX» BOAY, B TOM
YHCIIE YIJIEBOJOPOIHBIE COEIMHEHHU pa3araorcsa. B yacTHOCTH, 3TO IPUBOAUT K BBIACICHUIO a30Ta U
KHCJIOpOJia B YMCTOM BHJIE. A30T MOIJIOIIAETCS PACTEHUEM, a KUCIOPO/ B 30HE KOPHEW HCIIONb3yeTCs
a’pOOHBIMU OAKTEPUSMHU, KOTOPHIE TOXKE YYACTBYIOT B OMOJIOTUYECKON OUHUCTKE BOJBI.

[IpuMepsl KOHTPOJBHBIX MPOO 3arpsI3HEHHOCTU CTOYHOM BOJBI, B3AThIX B 2018 r. mo cran-
JApTHBIM METOIMKaM ™ [0 1 mociie GacceifHa GOTaHMYECKO JOOUHCTKHU ¢ MCIIOIb30BAHAEM BOIHOTO
ruanuHTa 3MX0pHHUs, IPEICTaBIEHbI B Ta0. 1.

BrinonHeHHBIN aHAINU3 3TUX U MOJOOHBIX JaHHBIX JEMOHCTPUPYET CYIIECTBEHHOE CHIKCHHE
COJIep’KaHusl B3BEIICHHBIX BEIIECTB M HE(TEMPOIYKTOB B BOJE Ha BBIXOJe. KOHIEHTpanuu CHUXa-
I0TCSI Jaxke HIbKe cambIx skecTkux 3Hauenuit [1/IK, a umenno 1K ans BogHBIX 00BEKTOB phIOOXO-
3STICTBEHHOTO HA3HAUCHHS .

Tabaunna 1
Table 1
CopepxaHue 3arpsS3HAIONINX BEIIECTB B CTOYHOM BOJE 10 U Mociie 6acceifHa ¢ BBICIIEH BOAHON
PacCTUTEIBLHOCTHIO
Pollutant content in wastewater before and after the higher water vegetation basin

Jara otGopa mpo0, KoHreHTpanus 3arps3HsONMX BEIIeCTB, Mr/am°
MeCSII] B3BECIIICHHBIE BEIICCTBA He(TEPOTYKTHI
BXOJI BBIXOJ] BXOJI BBIXOJ

HroHb 26, 50 18,40 0,45 0,38
Hionb 23,10 15,30 0,54 0,35
Asryct 22,00 19,30 1,25 0,31
CeHTs0pb 15,60 11,50 0,34 0,15
OKT0pB 11,30 9,80 0,13 0,09

[ToBbimenue 3pPEeKTUBHOCTH OUMCTKU MPH KCIIOJIb30BAHUU Ha 3aBEpILAIOIIEM 3Tare OOTaHu-
YeCcKOro croco0a, Kak MOKa3aHo B TaOJ. 2, MOATBEP)KIAeTCs pe3ybTaTaMu pabOThl Ha HECKOIBKUX

7 MHA © 14.1:2:4.254-09. Konn4yecTBEHHBIN XHMAYECKUN aHAIH3 BOA. MeToInKa H3MEPEHUI MaCCOBBIX KOHIIEHTPAIIHIA

B3BELICHHBIX M MPOKAJICHHBIX B3BEIICHHBIX BEUICCTB B MPO0aX MHUTHEBBIX, IPUPOAHBIX U CTOYHBIX BOJ I'paBHMETpHUE-
ckuM MeTosioM. M.: Pocruapomer, 2017. 12 c.

ITH ® 14.1:2:4.128-98. KonnuecTBeHHBI XUMHYECKHNA aHAIU3 BOJ. MeToauKa N3MEPEHU MacCOBOW KOHIEHTPAITUU
HeTenpoayKToB B Npo0ax NPHPOAHBIX, MUTHEBBIX M CTOYHBIX BOJ (DIyOpHMMETPHUYECKHM METOIOM Ha aHaJIHM3aTope
xkunkoctu "®aroopar-02" (M 01-05-2012). Mockga, 1998 (U3nanue 2012 rozga). 25 c.

OO0 yTBepK/IeHHH HOPMAaTHBOB Ka4eCTBa BOJbI BOJHBIX OOBEKTOB PHIOOX035ICTBEHHOIO 3HAUYEHHSI, B TOM YHCJIE HOpMa-
THBOB TPENIEJILHO JOIYCTUMBIX KOHIIEHTPAIMH BPEIHBIX BEIIECTB B BOJIaX BOJHBIX OOBEKTOB PhIOOXO03SHCTBEHHOT'O 3HA-
4yeHus (¢ u3MeHeHusiMu Ha 12 oxtsa0ps 2018 rona). Ipuka3z Muncensxosa Pocecun ot 12.10.2018 r. N 454. [Onekrpon-
HBI pecypc] // OduuumanbHeI HMHTEpHET-IOpTan npaBoBoi wuHpopmanmu. URL: http:/publication.pravo.gov.ru/
Document/View/0001201902280022 (mata obpamienus 05.02.2020).
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00BeKTax 3alMThl BOAHOTO OacceliHa [10MOCKOBBS, IPOBEICHHBIX COTPYIHUKAMHU CHEIUATA3HPO-
BaHHOU Jaboparopun ['YII «MocBomocTok» U cryfeHTaMu MocrmoimTexa B paMKax y4eOHOro mpo-
1[ecca 1Mo HampaBJIeHUIO TOAroTOoBKHY « TexHochepHas 6€30MmacHOCThY.

Taoanmna 2
Table 2

ConeprkaHue 3arps3HAIONIMX BEIIECTB B CTOYHOM BOJE A0 U MOCJIE€ TOOYUCTKH BBICIIEH BOJHON

PaCTUTENHHOCTHIO Ha Psijie IPUPOTIOOXPAHHBIX 0O BEKTOB
Pollutant content in wastewater before and after the final purification by higher water vegetation
at a number of environmentally protected sites

O4HCTHBIC COOPY- KoHIieHTpaIus 3arps3HsOIUX BEIIECTB, Mr/am°
s)kenwnst, Ne B3BEIIIEHHBIE BEIECTBA HE(TEIPOTYKThHI
BXOJI BBIXOI BXO[I BBIXOI
Ne 1 20,87 12,07 0,53 0,29
Ne 2 17,51 11,27 0,61 0,37
Ne 3 14,73 10,15 0,42 0,21
Ne 4 15,98 10,47 0,36 0,23

IIpoBeneHHbIe pacy€Thl MOATBEPXKAAOT, YTO IIPU IMPUMEHEHUU Ha IPYJAax-OTCTOMHUKAX CHU-
CTEMbI JJOOUYUCTKH CTOKOB BOJHBIM THAlMHTOM OOBEM OO0S3aTENBbHBIX HSKOJOTMYECKUX IUIaTeXen
3a 3arpsi3HEHUE BOJHBIX 00BEKTOB YMEHBIIUTCS 00Jiee YeM JABYKPATHO.

OBCYXIEHMUE ITOJTYYEHHbBIX PE3YJIbTATOB

Boanblif ruatvHT 3WX0pHUS 001a1aeT OBICTPBIM POCTOM U Pa3MHOKEHUEM, CLIOCOOHOCTHIO TIO-
IJIOIIATh MPAKTUYECKH BCE OMOTEHHBIC IEMEHThl M UX COEAMHEHHUSA. OTO pacTeHHE MOXXHO MpHUMe-
HSTH IPAKTHYECKU B JTFOOBIX BOJOEMAaX-OTCTOMHUKAX.

[Ipu BBICaZKE HOBBIX PACTEHMM Ha BCEU IUIOIIAIM IMPYyJAA Ka)Jble HECKOJIBKO CYTOK, y4eTe
00BEMOB MPOXOAALINX CTOKOB M JMHAMHUKHU TMOTJIOIIECHHS 3JIEMEHTOB PACTCHHUEM MNPEBBIIICHHE HOPM
COZIEpKaHUsI TOKCUYECKHUX BEIIECTB B MACCE SMXOPHUU HE MPOUCXOIAUT. YIaeTcs yIEepKUBATh KOH-
LEHTPAIMIO 3arps3HeHUi B Ouomacce Ha ypoBHe 110 45% nomyctumoii. Ilpu cobmoaeHnn n3aoxKeH-
HBIX OTPAaHUYEHUI 32 CE30H MOKHO COOMPATH A0 THICAYH TOHH 3€JI€HON MaccChl C reKTapa MOBEPXHOCTH
[Py 1a-OTCTOMHHUKA.

OTtpaboTaHHy0 OMOMAacCy MXOPHUH 11eJIecO000pa3Ho (B KOMMEPUYECKHX IIEJISIX) UCTIOIb30BaTh,
HarpuMep, B KayecTBe J00aBKM K KOpMy ckoTa. OJHAKO Takoe MPUMEHEHHE BO3MOXKHO HCKIIOUH-
TEJIBHO MPH COAEPKAHUHM B OMOMACCE OCTATOYHBIX KOJIMYECTB MECTUIIMIOB, HUITPATOB, HUTPUTOB, Mac-
JITHOM KUCJHOTBI, MUKPOTOKCUHOB U T.JI. HM)KE UX MPEJEIbHO AOMYCTUMBIX 3HAUCHUN, pErJIaMeHTUPO-
BAHHBIX TPEOOBAHMSAMH . KOMMEpUYECKOe MCIONb30BAHNE BBIPOCIICH SHXOPHHH IOMYCTHMO TOIBKO
T0CITe XHMHUYECKOH 3KCIePTH3bI HA COOTBETCTBHE TPEOOBAHUIM '

JloouncTka ¢ WCIOJIb30BAaHWEM BBICIICH BOJHON PACTHTEIHHOCTH (B HAMOOJBINCH CTETICHU
BOJIHOTO THAIIMHTA SUXOPHHUM) MPUMEHUMA HE TOJBKO I CTOKOB, HO 3P (EKTUBHA U I OTJCIBbHBIX
BOIOEMOB. McCIionp30BaHre OMOJIOrMYECKONM OYMCTKA HE3HAYUTEIHbHO WU3MEHSET €CTECTBEHHBIN IIEHi-
32K Ha TEPPUTOPUH, IIPUJIETAIOLIEN K BOJIOEMY.

' TOCT 31653-2012. Kopma. MeTox uMMyHO(DEPMEHTHOTO Ope/IeeH s MUKPOTOKCHHOB. M.: Cranmaptuudopm, 2012,
12 c. [Dnektponnsiii pecypce] // UatepHer u npaso. URL: https://www.internet-law.ru/gosts/gost/52326/ (nara oOparie-
Hus 05.02.2020).

" CanlluH 2.1.7.573-96. Turuenundeckue TpeOOBaHUS K HCIIOIB30BAHHUIO CTOYHBIX BOJ U OCAJKOB JUIS OPOIICHUS U YI00-
pennsi. M.: UUL] Munsnapasa Poccun, 1997. 54 c. [OnexrpoHHsIii pecypc] // bubnnorexa HOpMaTuBHOM TOKYMEHTALIUH.
URL: https://files.stroyinf.ru/Index2/1/4293825/4293825376.htm (mara oopamenus 05.02.2020).
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BonHoMy ruanuHTy SWXOpHHM XapaKT€pHO aKTHUBHOE 3apacTaHUE MOBEPXHOCTH BOJOEMA.
CrocoOHOCTh PHUCTIOCA0IUBATHCS K IIMPOKOMY JTHANa30HY U3MEHEHHH (DaKTOPOB OKpYyXKaloleh cpe-
Il ¥ BBICOKAsi CKOPOCTh pa3pacTaHUs dTOTO PACTEHHUS BBI3BIBAIOT JOCTATOYHO OBICTPOE M3MEHEHHE
BOJIHBIX 9KOCHUCTEM, KOTOPbIE IIEPEPOKIAIOTCI» B CTOPOHY (C MO3UIMH YeIoBeKa) yiyuiieHus. Bere-
TaIus MPOUCXOIUT B IIpeienax 0e3MOPO3HOTO TIEPHO/Ia, 32 CUET ITOrO BOZMOKEH KOHTPOIb U YaCTHY-
HOE€ PETyJUpPOBaHKE pa3pacTaHus.

[Tepen XOMOMHBIM MEPHOIOM TOJ]a YACTh PACTEHUH, KaK MOCAJOYHBIA MaTepuai, He0OX0IuMO
nepeiaTh Ha XpaHEHHE B MMOMEILEHUE C BHICOKON BIQKHOCTBIO U MOCTOSIHHOM MOJIOKUTEIBHOMN Temrie-
patypoii +16 ... +20 °C. B s1x YCJIOBUSIX Ca’KECHIIBI BBKUBAIOT, HO BET€TALMsl CUIBHO 3aTOPMOXKEHA.
[Tepen mocnemyromiel BpICAIKONW SUXOPHUM B TIPY]I 1IeJIeCO00pa3Ho (B 3aBUCHUMOCTH OT 3arpsi3HCHUS
BOJ0EMA) MIPOBECTU O0PAOOTKY CaKEHIIEB UMMYHHBIM PAaCcTBOPOM, PETYJIHUPYIOIIUM BEreTalUI0 KYIb-
TYpHI.

OKCIEPUMEHTAIbHBIE U BHEAPEHUYECKUE MEPONPUSITHS MOCICAHUX NECATUIICTUN TPOJEMOH-
CTPUPOBAJIU BBICOKYIO 3()(PEKTUBHOCTh MPUMEHEHHUS BBICIIECH BOJHON PACTUTEIBHOCTH AJISl JOOUYHUCTKU
MHOTHX CTOKOB, CPEI¥ KOTOPBIX CTOKU MPEANPUATHN U OpTraHu3anuii HedTenmepepaboTKu U 3arpsis-
HEHHBIA He(PTENPOAYKTaAMU MTOBEPXHOCTHBIN CTOK HACEIEHHBIX MECT.

Be3ycnoBHO, MpUMEHEHHE SUXOPHUU CBS3aHO C HEKOTOPHIMH HEOOBIYHBIMH MPOOIEMaMH B Ya-
CTH HEOOXOJAMMOCTH COOJTFOAATh MEPHI IKOJIOTHIECKOM 0€30MacHOCTH, & UMEHHO:

- HEJIOMyCTUMA TIpeTHAMEPEHHAsl WU CTy4yaiiHas MHTPOAYKIIHS PACTEHU B IPUPOJIHBIE BOJIO-
€MBI;

- BAXKHO HE JIOMYCTHUTH CYIIECTBOBAHUSI PACTEHHUs 0€3 CTPOroro KOHTPOJS YIEIbHOW YHCIICH-
HOCTH PACTEHUH Ha MOBEPXHOCTH BOJOEMA, BO3MOKHA IBTPO(DUKALIMS BOJHONW IKOCHUCTEMBI;

- CTPOTOH periaMeHTanuu TpeOyeT MpoIece YTUIN3aui 0TpaboTaHHOTO OUOIIOTHYECKOTO Ma-
Tepuana. Tak, Mpy UCTIOJIb30BAaHUH AIXOPHUU B KaUYECTBE KOPMa CKOTY Ba)KHO BBIMIOJHEHHE BCEX Tpe-
OOBaHMU K TpOIECCY H3MENbUYCHHs 3€JICHOW MacChl, HEOOXOIUM HaI30p CIENUATH3UPOBAHHBIX
CITy k0.

3AK/IFOYEHUE

W3 mpuBEeACHHOTO BBILIE CIEAYIOT BHIBOBI.

1. IToka3aHo, 9TO BOMHBIN THALMHT (Eichhornia crdssipes) Kak IpeICTaBUTENb BBICIICH BOA-
HOM pacTUTETbHOCTU XapakTepusyercs 3(h(PeKTUBHBIM BEr€TATUBHBIM Pa3MHOXKEHHEM B CPEIHEN Mo-
noce Poccun ripu 01aronpusTHBIX TTOTOIHBIX YCIOBUSIX

2. Pactenmue siixopHus (Ha ipumepe yciaoBuit [101MOCKOBBS) MPUTOMHO U1 PEIICHUS 3aa4l
JIOOYUCTKHU cOpoca MOBEPXHOCTHBIX CTOYHBIX BO/I.

3. IlpuMeHeHre BOJHOTO THAIIMHTA JAJISl TOOYMCTKHU JTUBHEBBIX CTOKOB MO3BOJIIET CHU3UTH CO-
JepKaHUs 3arps3HAIONINX BEIIECTB: N0 B3BEIIEHHBIM BemecTBaM B 1,3—1,9 pa3 u no Heprenpoaykram
B 1,3-2,5 pa3a, 4TO CHM)KAeT HETaTUBHYIO HArpy3Ky Ha OKPY’KaIOUIYIO Cpely, YMEHBIIIAECT BEIUYUHY
IUIaTeXeN 3a IKOJIOTNYECKOE BO3/IEHCTBUE.

4. Ilpu mpUMEHEHUH 3aIIUTHBIX KOHCTPYKIUI Ha OTKPBITHIX OYMCTHBIX COOPYXKEHHSIX YIyd-
IAI0TCA YCJOBUS aJanTalliid U BEr€TallMOHHBIX MPOIIECCOB BOAHOW pAaCTUTEIBHOCTH. B Takux ycio-
BUSX IPOLIECC THAPOOOTAHNYECKONH OYMCTKH MOXKET MPOTEKaTh KPYIJOroAUYHO, TOTOMY UTO B 3alllM-
HIEHHBIX YCIOBUSIX MPOIECCHl METa0O0IM3Ma MOTYT MPOTEKaTh B KOPHEBHILE, CTEONIAX U JIUCTHAX pac-
TEHUS 1a’Ke B OCEHHE-3UMHUMN NEPUO/I.

5. IlpumeHeHne JaHHOTO coc00a JOOUHCTKH SKOHOMHUYECKH 11eecoo0pa3Ho.

TakuM oOpa3oM, METOJl AOOYHUCTKHU C UCIOJIH30BAHUEM BOJHOTO TMAllMHTA, KaK COCTAaBHOU
AIIEMEHT KOMIUIEKCHOM OYMCTKU JIMBHEBBIX CTOYHBIX BOJ, MO3BOJIIET CHHU3UTH SKOJIOTHUYECKYIO
Harpy3Ky Ha OKpY>Kalollyto cpeay. MeToa peKOMeHIyeTcs: KaK MpU OOBIYHOM paboTe BOAOOYUCTHBIX
CHUCTEM a’pOTOPTOB M UM MOJOOHBIX MPEANPUATUN W OpraHU3aluil TpaKAaHCKOW aBHAIMM, TaK U B
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Clly4ae aBHAallMOHHBIX IpouciiecTBUi [13] B pamkax Mep 10 OpraHu3alyi 3alUThl COOTBETCTBYIOIIEH
TEPPUTOPHUH ISl YCTPAHEHUS HETATUBHBIX HKOJOTHYECKHUX MOCAEACTBUM [ 14].

[IpumeneHne OMOTOTUYECKON OYMCTKH BOJIBI C UCTIOIB30BAHUEM PACTUTEIBHBIX KYJIbTYpP BBIC-
e BOAHON PAaCTUTENBHOCTH OTJIMYAETCSl OT MHOTHX MHBIX CIIOCOOOB T€M, YTO B XOJI€ €T0 peayn3a-
LMY HE MPONYLHUPYIOTCS BTOPUUHBIE 3arpsA3HEHMs. JTO SIBISETCS 3HAUUTEIBHBIM SKOJIOTMYECKUM
MIPEUMYIIECTBOM PAaCCMOTPEHHOTO METOJIa U MO3BOJISIET OTHECTH €0 K YUCIY «IKOJIOTMYECKU paIuo-
HaJbHBIX».

[IpumeneHune ruapoOOTAaHUYECKOTO Croco0a TOOYUCTKU MPU COBMECTHOW OYHCTKE MOBEpPX-
HOCTHBIX U XO3AHCTBEHHBIX CTOKOB B MEPCHEKTHBE MO3BOJIUT MPHOIM3UTHCSA K PELICHUIO 3aJlaul CO-
3IaHUsI CHCTEM 3aMKHYTOT'0 0OOPOTHOTO BOJIOCHAOXKEHHMS [ 1] mpennpustu.

B nepcnexTuBe 1ienecoo0pa3Ho MPOBECTH PadOTHI IO U3YUYEHHUIO BO3MOXKHOCTH CO3JaHHS CIIe-
[UATU3UPOBAHHBIX SKOCHUCTEM C YYacCTHEM BBICIIEH BOJHOI pPacTUTEIbHOCTU (MOJAOOHBIX SKOCHUCTE-
MaM 00JIOT), KOTOPbIE CMOTYT OCYIIECTBIISATh MPUPOIONOJ00HYI0O KOMIUIEKCHYIO OYUCTKY, OpPUEHTH-
POBaHHYIO Ha OOJBIIMHCTBO OTAEIBHBIX BUAOB CTOYHBIX BOI.
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THE USE OF HIGHER AQUATIC VEGETATION FOR AIRPORTS
WASTEWATER FINAL PURIFICATION

Natalia E. Nikolaykina', Nikolay I. Nikolaykin
I Moscow Polytechnical University, Moscow, Russia
? Moscow State Technical University of Civil Aviation, Moscow, Russia

ABSTRACT

It has been shown that with air transportation rise it is necessary to increase the efficiency of storm and wastewater purification
from the territory of the airports and other air enterprises. It is suggested to use higher aquatic vegetation to protect the environment
from airborne pollutants into natural water reservoirs. For further step of final cleanup it is proposed to use aquatic hyacinth —
Eichornia. The rationalization for the plant selection is provided, its essential characteristics and the way for extracting pollutants
out of the aquatic environment during the metabolism process are described. The technique of experiments on determining the
effectiveness of biological wastewater purification within the conditions of the central part of the country is discussed in terms of
Moscow region. The measurement results of suspended materials and petrochemicals concentrations in water before and after
purification in sediment ponds are presented. The effectiveness of biological purification is shown. The possibility of using water
hyacinth for purification of some superficial water reservoirs is also outlined. It is recommended all the year round to use protecting
constructions (covers) in open purification plants, then under protected conditions metabolism processes can proceed in the
rhizome, stems and foliage of the vegetation even in the autumn-winter period. It is proposed to recycle the used biomass for
commercial purposes as a livestock fodder additive under the certain conditions that have been defined. The algorithm of
preserving seedlings in the cold season and their subsequent planting in water reservoirs in spring is discussed. It is economically
feasible to use biological final purification by aquatic hyacinth but observing the unusual environmental safety measures that have
been formulated is required. Practicability of further prospective work on producing specialized ecosystems involving higher
aquatic vegetation for nature-like integrated purification of certain types of wastewater was underlined.

Key words: airport, environmental protection, wastewater, suspended materials, petrochemicals, biological purification, aquatic
hyacinth, biomass recycling.
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