Tom 26, Ne 03, 2023 ISSN 2079-0619
e-ISSN 2542-0119

HayuyHbin BeCcTHUK
MI'TY I'A

Civil Aviation High
TECHNOLOGIES

Vol. 26, No. 03, 2023

HNznaetcs ¢ 1998 r.

MockBa
2023



HayuyHbiit BectHuk MITY TA

Tom 26, Ne 03, 2023

Civil Aviation High Technologies

Vol. 26, No. 03, 2023

Hayunoii Becmuux MI'TY T'A pewenuem Ilpesuouyma BAK Munucmepcmea obpazosanus
u Hayku P® exntouen 8 nepeuerb 8e0VUUX peyeH3upyemolx HayuyHblX HCYPHAI08 U U30AHULL, 8 KOMOPbIX
00JHCHBL ObIMb ONYONUKOBAHBL OCHOBHBLE HAYYUHBIE PE3YIbMambl OUCCEPMAYUL HA COUCKAHUE YYeHOU

cmeneru 00OKmMopa u Kanouoama Hayx.

I'naBHas pegakuus

I'naBHbIii penakTop:

Enucees b.I1., 3aciyxennsiii opuct PO, mpod.,

1. 10. H., pektop MI'TY I'A, Mocksa, Poccus.

3aM. rj1aBHOIO peaaxkTopa:

Bopooves B.B., npod., 1. 1. H., 3aB. kad. MI'TY I'A, Mocksa, Poccus.

OtBercTBeHHbIe cekperapu Haymosa T.B., nouent, 1. puioc. H., npodeccop kadenpst MI'TY T'A,

IJIABHOM pPeJaKIHUu: Mocksa, Poccus;

Ilonewkuna U.0., 1OLEHT, K. 3. H., CTapILIUN HAYYHBIN COTPYIHUK
oTaena HayuHbIx uccienopanuii MI'TY I'A, Mocksa, Poccus.

Yi1eHbI IVIABHOM peNaKIUM:

Ko3noe A.HU., 3acnyXeHHBI AEATENb HAYKU
u Texauku P®, npod., a. ¢.-Mm. H., mpodeccop
MI'TY I'A, Mocksa, Poccus;

TI'apanuna 0./]., noueTHbI pabOTHUK HAYKU
u TexHuku P®, mpod., 1. punoc. H., mpodeccop
MI'TY I'A, Mocksa, Poccus;

Typxun U.K., npod., a. T. H., 3aB. Kap. MAU
(HaLIMOHAJIBHOTO HCCIEA0BATEIBCKOTO YHUBEP-
cureta), MockBa, Poccus;

Kanyeun B.T., npod., 1. T. H., nekad MI'TY
uM. H.D. baymana, Mocksa, Poccus;

Jykun /1.C., 3aciny>XxeHHbIN aesTens Hayku PO,
npod., a. ¢.-m. H., ipod. MOTU, Mocksa, Poccus;

Hlankun B.C., 3acimyXeHHbII pPaOOTHHUK
Tpancnopta P®, npod., 1. T. H., mepBBIN 3aMecTu-
Telb IreHepajgbHOro aupekrtopa HanmonanbHOrO
HCCIIEA0BATENbCKOro HeHTpa «MHCTUTYT UMEHH
H.E. XXykoBckoro», Mocksa, Poccus;

boes C.®@., pod., A. T. H., 1. 3. H., TCHEPAJIb-
HBI JUpPEKTOp MeXrocy1apCTBEHHON AaKIMO-
HepHOU Kopriopauuu «Bsimnen», Mocksa, Poc-
cus;

Caiir: http://avia.mstuca.ru

E-mail: vestnik@mstuca.aero

Yepnovuumes CJI., axanemuxk PAH, mpodec-
cop, I. ¢.-M. H., Bune-tipe3usieHT PAH, HayuHbIit
pykoBoautens L[AT'M um. H.E. XKykosckoro,
Mocksa, Poccus;

Kenmoe C.JO., 3aCiTy’KEHHBII €STENb HAYKU
P®, akanemux PAH, mpodeccop, a.T. H., TIep-
BbI 3aMECTHUTENIb TE€HEPaJIbHOrO0 JHUPEKTOpa
I'ocHUMAC, Mocksa, Poccus.

Hamuan Pueac Pueac, nipod., PhD, mpodo.
YuuBepcurera CeBuibu, CeBunbs, Mcnanus;

Croni Xayosions, PhD, YHUBEpCUTET BOCHHO-
BO3AYIIHBIX cWJl, XHuaH, Kuraii;

@panuecka de Kpecuenyuo, npodeccop, ka-
dbenpa MpOMBIIUIICHHOW WHXeHEepUH, boloHCKui
yHuBepcurer, bosonbs, Mranus;

Bnaoumup Hemey, PhD, TpaHCnOpTHBIHA
dakynerer SHa [lepuepa, kadenpa Bo3AyITHOTO
Tpancnoprta, Yuusepcurer [lapayOune, [lapmy-
ouite, Yenickas PecyOnuka;

Cmanucnae C3abo, PhD, ®akynpTeT a’po-
HaBTUKHU, TexHndyeckuit ynuepcutet B Kommiie,
Kommwe, CnoBarnkast PecrryOnmka.

Ten.: (+7499) 459-07-16

IInama 3a nyoauxayuro 6 Hayunom Becmuuxe MI'TY I'A ¢ acnupanmos ne 63umaemcs



Tom 26, Ne 03, 2023

HayuyHbiit BectHuk MITY TA

Vol. 26, No. 03, 2023

Civil Aviation High Technologies

Editorial Board

Editor-in-Chief:

Boris P. Eliseev, Professor, Doctor of Sciences, Rector, Moscow State

Technical University of Civil Aviation, Moscow, Russia;

Deputy Editor-in-Chief:

Vadim V. Vorobyev, Professor, Doctor of Sciences, Head of Chair, Mos-

cow State Technical University of Civil Aviation, Moscow, Russia;

Executive Secretaries:

Tatiana V. Naumova, Associate Professor, Doctor of Sciences, Moscow

State Technical University of Civil Aviation, Moscow, Russia;
Irina O. Poleshkina, Associate Professor, Candidate of Sciences, Mos-
cow State Technical University of Civil Aviation, Moscow, Russia.

Chief Editorial Board:

Anatoly 1. Kozlov, Honored Worker of Sci-
ence and Technology of the Russian Federation,
Professor, Doctor of Sciences, Moscow State
Technical University of Civil Aviation, Moscow,
Russia;

Olga D. Garanina, Honorary Worker of Sci-
ence and Technology of the Russian Federation,
Professor, Doctor of Sciences, Moscow State
Technical University of Civil Aviation, Moscow,
Russia;

Igor K. Turkin, Professor, Doctor of Scienc-
es, Head of Chair, Moscow Aviation Institute,
Moscow, Russia;

Vladimir T. Kalugin, Professor, Doctor of
Sciences, Dean, Bauman Moscow State Technical
University, Moscow, Russia;

Dmitry S. Lukin, Honored Worker of Sci-
ence of the Russian Federation, Professor, Doc-
tor of Sciences, Moscow Institute of Physics and
Technology, Moscow, Russia;

Vacily S. Shapkin, Honored Worker of
Transport of the Russian Federation, Professor,
Doctor of Sciences, First Deputy General Direc-
tor, The National Research Center "Zhukovsky
Institute" Moscow, Russia;

Sergey F. Boev, Professor, Doctor of Scien-
ces, General Director, Interstate Joint Stock Cor-
poration "Vympel", Moscow, Russia;

Web-site: http://avia.mstuca.ru

Sergey L. Chernishov, Academician, Rus-
sian Academy of Sciences, Professor, Doctor of
Sciences, Vice-President, Russian Academy of
Sciences, Academic Adviser, National Research
Center "Zhukovsky Institute", Moscow, Russia;

Sergey Y. Zheltov, Honored Worker of Sci-
ence of the Russian Federation, Academician,
Russian Academy of Sciences, Professor, Doctor
of Sciences, First Deputy General Director, State
Research Institute of Aviation Systems, Mos-
cow, Russia;

Damian Rivas Rivas, Professor, PhD, Uni-
versity of Seville, Seville, Spain;

Xu Haojun, PhD, Air Force Engineering
University, Xi'an, China;

Francesca De Crescenzio, Professor, Depart-
ment of Industrial Engineering DIN, University
of Bologna, Bologna, Italy;

Vladimir Némec, PhD, Faculty of Transpor-
tation Sciences, Jan Perner Transport Facul-
ty, University of Pardubice, Pardubice, Chech
Republic;

Stanislav Szabo, Associate Professor, PhD,
Dean, Faculty of Aeronautics, Technical Univer-
sity of Kosice, Kosice, Slovak Republic.

E-mail: vestnik@mstuca.aero



HayuyHbiit BectHuk MITY TA

Tom 26, Ne 03, 2023

Civil Aviation High Technologies

Vol. 26, No. 03, 2023

PenakumoHHbld coBeT

Aobpamos O.B., 3acily’)KCHHBII JIeATeNb
Hayku P®, npod., . T. H., UHCTUTYT aBTOMATH-
KM 1 IIPOLECCOB ynpaBiieHus J[anbHEBOCTOYHOTO
otneneaus PAH, Bmagusocrtok, Poccus;

Axunwun P.H., npod., 1. T. H., B. H. C., CEK-
1y 000poHHBIX TpodiaeM MO P® mpu npesu-
nuyme PAH, Mocksa, Poccus;

baukano b.HU., 1upod., 51.T.H., B.H.C.
HHWM BBC MO PO, Illenkoso, Poccus;

bpycoe B.C., npod., n.T.H., npodp. MAU
(HAIIMOHAJIBHOTO HKCCIEA0BATEIbCKOTO YHHUBEP-
curera), Mocksa, Poccusi;

Bovuwunckun B.B., npod., n.T.H., mnpod.
M®TH, r. n.c. HATU um. H.E. XKykoBckoro,
Kykosckuit, Poccus;

Topenux A.I., tpod.,
MHU®U, Mocksa, Poccus;

I'ysuii A.I., 1. T1.H., 3aM. gupektopa [TAO
«ABuakommnanus «tOT»ip», Mocksa, Poccusi;

Masuooe A.O., nonent, 1. T.H., Hanyonanb-
HBII a3pokocmuueckuil yausepeuret um. H.E. XKy-
KOBCKOTO «XapbKOBCKHM aBHALIMOHHBI HHCTH-
TyT», XapbKOB, YKpanHa;

Kpacunvwux H.C., npod., 1. -m. H., ipod.
MHY, Mocksa, Poccus;

Ky3neuoe B.JI., tipod., nA.T.H., 3aB. Kad.
MI'TY I'A, Mocksa, Poccus;

Ky3neuoe C.B., tipod., na.T.H., 3aB. Kad.
MI'TY I'A, Mocksa, Poccus;

Jlozeun A.H., 3acnyXeHHBIN nOesITenb Hay-
ku PO, mpod., a. 1. H., mpodeccop MITY T'A,
Mocksa, Poccus;

Ilanmeneee¢ A.B., npod., n.d-Mm. H.,, 3aB.
kad. MAU (HalmoHAIBLHOTO MCCIICOBATEIHCKO-
ro yHusepcurera), Mocksa, Poccusi;

. ¢-m. H., 1pod.

Ilonmaeckuit A.B., 1. 1. H., C. H. C., BeAyILUH
Hay4YHBIA CcOTpyIHUK MHcTHUTyTa TIpoOiem
ynpasinenuss uM. B.A. TpanesnuxkoBa PAH,
Mocksa, Poccus;

Pyxaunckuu B.M., 1.T1.H., Hpeacenareis
komuccun MAK no cBsa3sim ¢ MexyHapoaHoi
OpraHu3alMen TpaKJIaHCKOW aBuauuu, MOCKBa,
Poccus;

Camoxun A.B., n.T1.H., B.H.c. HUHCcTUTyTa
npobnem ympasieHus uM. B.A. Tpame3snukoBa
PAH, Mocksa, Poccus;

Capviuee B.A., npod., nA.T.H., T.H.C.
AO «Pagap-MMC», Cankr-IlerepOypr, Poccus;

Tamapunoe B.H., neWiCTBUTENbHBIA 4YJIEH
Axkanemun snektpomaraerusma CIHIA, mpod.,
I. T. H., ipo. TYCVYP, Tomck, Poccus;

Yeaiicoe C.Y., npod., n.t1.H., 3aB. Kad.
MTY, Mocksa, Poccus;

Xanwomun C.IL., nipod., 1. T. H., T€H. TUPEK-
top OOO «OKkcnepuMeHTabHAsA MacTepcKas
HayxaCod1», Mocksa, Poccusi;

Xapumonoe C.A., nipod., 1. T. H., 3aB. Kad.
HI'TY, HoBocubupck, Poccus;

Xooakoeckuit B.A., 3aCiy’X€HHBIN JEATEIb
nayku JICCP, npod., 1. 1. H., Pura, JlaTBus;

Yuntouun IO.M., ipod., 1. 1. H., mpodeccop
MI'TY I''A, Mocksa, Poccus;

Hlaxmapun b.HU., axanemuk PAEH, 3acny-
JKCHHBIM J1esATeNlb HayKu U TexHuku PD, mpod.,
I. T. H., ipod. MI'TY um. H.D. baymana (nanu-
OHAJILHOTO MCCIEA0BATEIbCKOTO YHUBEPCUTETA),
Mocksa, Poccus;

HOpkoeé H.K., 3aciyXeHHBIN J1eATeNb HAyKU
P®, nmoveTHbIN pabOTHHUK BBICHIETO MPOdeccro-
HaIBHOTO oOpaszoBanus P®, mpod., 1.t H.,
npod. I[1I'Y, Tlensa, Poccus.



Tom 26, Ne 03, 2023

HayuyHbiit BectHuk MITY TA

Vol. 26, No. 03, 2023

Civil Aviation High Technologies

Editorial Council

Oleg V. Abramov, Honored Worker of Science
of the Russian Federation, Professor, Doctor of
Sciences, Institute of Automation and Control Pro-
cesses, Far Eastern Branch of the Russian Acade-
my of Sciences, Vladivostok, Russia;

Ruslan N. Akinshin, Professor, Doctor of Sci-
ences, Leading Researcher, Section of Applied
Problems under the Presidium of the Russian
Academy of Sciences, Moscow, Russia;

Boris 1. Bachkalo, Professor, Doctor of Sci-
ences, Leading Research Fellow, Russian Air
Force Central Scientific Research Institute of Min-
istry of Defence, Shchelkovo, Russia;

Viadimir S. Brusov, Professor, Doctor of Sci-
ences, Moscow Aviation Institute (National Re-
search University), Moscow, Russia;

Viktor V. Vyshinsky, Professor, Doctor of Sci-
ences, Head of Chair, Moscow Institute of Physics
and Technology, Chief Research Fellow, Central
Aerohydrodynamic Institute, Zhukovskiy, Russia;

Andrey G. Gorelik, Professor, Doctor of Sci-
ences, Moscow Institute of Physics and Technolo-
gy, Moscow, Russia;

Anatoliy G. Guziy, Doctor of Sciences, UTair
Airlines, Moscow, Russia;

Albert O. Davidov, Assistant Professor, Doctor
of Sciences, National Aerospace University
Kharkiv Aviation Institute, Kharkiv, Ukraine;

losif S. Krasilschik, Professor, Doctor of Sci-
ences, Moscow Independent University, Moscow,
Russia;

Valeriy L. Kuznetsov, Professor, Doctor of Sci-
ences, Head of Chair, Moscow State Technical
University of Civil Aviation, Moscow, Russia;

Sergey V. Kuznetsov, Professor, Doctor of Sci-
ences, Head of Chair, Moscow State Technical
University of Civil Aviation, Moscow, Russia;

Aleksandr I. Logvin, Honored Worker of Sci-
ence of the Russian Federation, Professor, Doctor
of Sciences, Moscow State Technical University of
Civil Aviation Moscow, Russia;

Andrey V. Panteleev, Professor, Doctor of
Sciences, Head of Chair, Moscow Aviation Insti-
tute (National Research University), Moscow,
Russia;

Alexandr V. Poltavsky, Doctor of Technical
Sciences, Senior Scientific Researcher, Leading
Researcher, V.A. Trapeznikov Institute of Control
Sciences of the Russian Academy of Science,
Moscow, Russia;

Victor M. Rukhlinskiy, Doctor of Sciences,
Chairman of the Commission for Relations with
ICAO Board, International and Interstate Organi-
zations of the Interstate Aviation Committee,
Moscow, Russia;

Aleksey V. Samokhin, Doctor of Sciences,
Leading Researcher, V.A. Trapeznikov Institute of
Control Sciences of the Russian Academy of Sci-
ence, Moscow, Russia.

Valentin A. Sarychev, Professor, Doctor of
Sciences, "Radar-MMS" Joint-Stock Company,
St.Petersburg, Russia;

Viktor N. Tatarinov, Actual Member of the
US Electrical Magnetism Academy, Professor,
Doctor of Sciences, Tomsk State Radio Electronic
and Control Systems University, Tomsk, Russia;

Saygid U. Uvaysov, Professor, Doctor of Sci-
ences, Head of Chair, Moscow Technological
University, Moscow, Russia;

Sergey P. Khalyutin, Professor, Doctor of Sci-
ences, Director General, CEO LLC "Experimental
laboratory NaukaSoft", Moscow, Russia;

Sergey A. Kharitonov, Professor, Doctor of
Sciences, Head of Chair, Novosibirsk State Tech-
nical University, Novosibirsk, Russia;

Vladimir A. Hodakovsky, Honored Worker of
Science of Latvian Soviet Socialist Republic, Pro-
fessor, Doctor of Sciences, Riga, Latvia;

Yuriy M. Chinyuchin, Professor, Doctor of
Sciences, Moscow State Technical University of
Civil Aviation, Moscow, Russia;

Boris 1. Shakhtarin, Academician of the Rus-
sian Academy of Natural Sciences, Honored
Worker of Science and Technology of the Russian
Federation, Professor, Doctor of Sciences, Bau-
man Moscow State Technical University, Mos-
cow, Russia;

Nikolay K. Urkov, Honored Worker of Science
of the Russian Federation, Honorary Worker of
Higher Professional Education of the Russian Fed-
eration, Professor, Doctor of Sciences, Penza State
University, Penza, Russia.



HayuyHbiit BectHuk MITY TA Tom 26, Ne 03, 2023
Civil Aviation High Technologies Vol. 26, No. 03, 2023

COJIEP)KAHME

K 100-TIETHIO OTEYECTBEHHOH I'PAKTAHCKOH ABHAIIHH

Ky3bmun 10.B.
[Taccaxupckoe camonéroctpoeHne XX Beka. KOIMUECTBEHHBIN AHATMS ..c..eeenvveenveeneeenieeniieeieene 8

TPAHCIIOPTHBIE CUCTEMbI

Bopoakun C.®., Boasinuyk A.U., Kuceaes M.A., Ilerpos 10.B.

Bo3MmoxkHoCcTH 1 HCAOCTATKU CUCTCM NPCAYIPCIKACHU BbIKATLIBAHWA BO3AYITHOI'O CyIHA

3a MPEAEIIbl B3JIETHO-TTOCATOUHOM TTOTTOCHI ..uuvvvreeeruerreeesnerereeeannneeeeeannseeeessnseeesssssseesssnsseessanssseeesnnns 25
I'psaaynos K.U., bpanako A.A., baasimun K.J., Capymkun C.A., Xapuna B.K.

[TprMmeHeHre MeTOIOB OLIEHKHU TEPMOOKUCIUTEIHHON CTAOUILHOCTH PEAKTUBHBIX TOILUIHB

B TPAMKTAHCKOM @BHALIIH ...envveeureeererteenueeeneenstesteesuteesseesseeeaseesuseesseenseesseesaeeenseesssesseesaseenneenseesnees 38
Kiselev M.A., Kalyuzhny Yu.S., Karpov A.V.
Analysis of the existing approaches to in-flight aircraft rerouting .........cc.coceevevvieninienenennenenn 53

KoBanenko H.A., lllopoxosa JI.C.

Oco0eHHOCTH OpraHu3aIy TYPUCTUYECKUX MAPIIPYTOB KaK OJHOTO U3 METOJIOB MOBBIIICHUS

3 PEKTUBHOCTH UCTIOTB30BAHUS TIOJIBUIKHOTO COCTABA ...vvvveevreeasreeensreeassseeesseeessseesssseessssessseeensnes 66
IasaoBa B.!., Crapoctun U.E.

Metoauka onpeseneHns peakTUBHBIX TapaMeTPOB aBUALIMOHHBIX TIOTPEOUTEIeH AIeKTPUYECKON
SHEPrHM Ha OCHOBE JIAHHBIX O HANPSIKEHUH U TOKE B TIEPEXOAHBIX MPOLECCAX .vvevvenrerveenrerieeneennes 78
Cenesnes M.B., I'paaynos K.W., bansmmn K.J.

Pe3yHBTaTBI OLICHKN TpI/I6OHOI‘I/I‘-IeCKI/IX CBOWCTB ABUAIIMOHHBIX MAaCCJI 1A HBHFaTeHeﬁ BO3QYIIHBIX

[0 21 (1) : TSRS 94
MAIIIHHOCTPOEHHE

Zhelannikov A.l.

Features of vortex trace propagation for aircraft with propellers ..........cccccoevveviiieiieniiiiiiecieeieene, 103



Tom 26, Ne 03, 2023 HayuyHbiit BectHuk MITY TA
Vol. 26, No. 03, 2023 Civil Aviation High Technologies

CONTENTS

ON THE CENTENNIAL OF DOMESTIC CIVIL AVIATION

Kuzmin Yu.V.

Passenger airplane manufacturing in the 20" century. Quantitative analysis .............ocoovveeuenen. 8
TRANSPORTATION SYSTEMS

Borodkin S.F., Volynchuk A.IL, Kiselev M.A., Petrov Yu.V.

Aircraft overrun warning systems capabilities and disadvantages ..........cccceeeveercieencieenciieesree e, 25

Gryadunov K.I., Brailko A.A., Balyshin K.E., Savushkin S.A., Kharina V.K.
The application of methods for assessing the thermal oxidative jet fuel stability in civil

AVIALIONL .ttt ettt ettt ettt et e e e bt et e bt et e e it e e bt e bt e st e bt e bt e et e bt e bt ea b e e bt e bt e et e bt e bt et e she e beenee e 38
Kiselev M.A., Kalyuzhny Yu.S., Karpov A.V.
Analysis of the existing approaches to in-flight aircraft rerouting ..........cccocceveeveiiiniieninieneennns 53

Kovalenko N.A., Shorokhova L.S.

The features of organizing tourist routes as one of the methods to increase the efficiency of

TOIING STOCK USAZE ...eeeviiieiiieciie ettt et e e st e e et e e e ta e e esaeeessseeensaeesnseeessseeensseeennns 66
Pavlova V.1., Starostin L.E.

Methodology for determining the reactive parameters of aviation electrical energy consumers

based on voltage and current data in tranSIENLS .........c.eeecveeriierieeriierieeiieeieeieeeee et e eee e e eeens 78
Seleznev, M.V., Gryadunov, K.I., Balyshin, K.E.
Evaluation results of the tribological properties of aviation oils for aircraft engines ...........ccccceceeeee 94

MECHANICAL ENGINEERING

Zhelannikov A.I.
Features of vortex trace propagation for aircraft with propellers ...........cccooieiiiiiiiiiiniiinene, 103



HayuyHbiit BectHuk MITY TA Tom 26, Ne 03, 2023
Civil Aviation High Technologies Vol. 26, No. 03, 2023

K 100-TETHIO OTEYECTBEHHOH I'PAKJAHCKOH ABHAIITUH

YK 629.735
DOI: 10.26467/2079-0619-2023-26-3-8-24

IMaccaxxupckoe camoJsieroctpoenre XX Beka.
KoJymmyecTBeHHBIN aHAIHN3

10.B. Ky3bmun'

1
Hnemumym ucmopuu ecmecmeosnanus u mexuuku um. C.U. Basunosa PAH,
2. Mockea, Poccus

AHHOTauMsi: B cTaree BrepBbIC MPEACTaBICHA CTATHCTHKA MPOM3BOACTBA M Pa3pabOTKU IMACCAKHPCKUX CAMOJIETOB B MHPE.
ITpuBeneHa MeToauKa MOMyYEHHS! PE3yJIbTaTOB, OLEHEHA MX MOTPEIIHOCTb. Y TOYHEHO, YTO MMEHHO CUHTAETCS MacCaKUPCKUM
camorteToM. [Tokazano, 9To 3a Bech XX BEK IOCTPOMIIN TOJBKO 60 THICSY MACCaXUPCKUX CaMOJIeTOB. D10 MeHee 3 % oT o01miero
BBIITyCKa CaMOJIETOB BceX KiaccoB. CyMMapHasi UX BMECTUMOCTb COCTaBJISIET MEHEE S5 MIIH YEJOBEK, HJIM MEHEe THICSIYHOM JI0JIH
HaceleHus 3eMii K KOHIly npouuioro croierust. M atu 60 Thicsy caMolieToB 00€CTIeUMI HEBUIAHHYIO paHblile MOOWIBHOCTD
HaceleHus. BbISBIEHO, YTO JUAMPYIONIAsl POJIb B MAacCaXUPCKOM camoierocTpoeHnd XX Beka npuHamiexur CIIA, CCCP
3aHUMaJl YCTOIYMBOE BTOpoe MecTo. OnmMcaHbl MOIBEMBI U CIAJbI IPOM3BOJICTBA CAMOJIETOB, B TOM YHCIE CIaabl BO BpEMs
Bemukoit nenpeccun, Bropoii MupoBoii BoiiHbl 1 riobaibHbli ciiax (B CCCP, CILA u npyrux crpanax) B Hauane 1960-x ronos,
CMEHHMBLINICS OBICTPBHIM POCTOM BBIITycKa. [TokazaHo, 4TO KOJIMYECTBO NMPOM3BOANMBIX CaMOJIETOB B MOCIIEIHIOI TPETh XX BeKa
OCTaBaJIOCh MPHMEPHO TTOCTOSIHHBIM, HO MX CPEIHSSI BMECTHMOCTB OBICTPO pOCHA, YTO BO MHOTOM OOECTedmsIo OypHBIH poCT
aBHAIEpPEeBO30K 3a 3TOT Iepuosl. [laHa nuHaMMKa Macchl KOHCTPYKIMH B pacdeTe Ha OfHOTo maccaxupa. [IpuBeneHa nuHamuka
KOJIMYIECTBA HOBBIX MOJIETIEH MacCaXUPCKUX caMoieToB. [lokazano, uto B mocienHue 30 JieT BeKa 3TO YUCIO OBLIO MPHMEPHO
MOCTOSIHHBIM M TIOYTH BCE MOJIEIH, AOLIE/IIINE JI0 UCIIBITAHUI, ObUIH 3aIlyleHbl B CEPUIHOE MPOU3BOACTBO. B nepron sxe Mexy
MHpPOBBIMH BOWHAaMH OKOJIO TIOJIOBUHBI BCEX HCIIBITAHHBIX B IIOJIETE MOJEIEH OCTABaINCh OIBITHBIMH oOpasmamu. JlaHo
M3MEHEHHE COOTHOIICHHS KOJMYECTBA CAMOJIETOB MO 4YMCiy Jpuraresieil. OTMEueHbl PEHECCaHC TPEXMOTOPHBIX CaMOJIETOB B
1960-¢ ronpl, MPaKTHYECKH IOJHOE MCYE3HOBEHWE OAHOMOTOPHBIX IAacCaKUPCKUX CAMOJIETOB K KOHILy BEKa M CTaOWIIbHBIN
pa3mep HEeOOJIBIION 10U YETHIPEXMOTOPHBIX CamMoJIeToB B rocieanue 30 jeT Beka.

KiioueBble ciioBa: CaMOJICTOCTPOCHHUEC; NACCAXKUPCKUE CaMOJICThI; ITPOU3BOACTBO CAMOJICTOB; NACCAXKKNPOBMECTUMOCTD; BECOBAA
OoTAa4da,; COBEPIICHCTBO KOHCprKlIHﬁ; (l)aBBI Pa3BUTHA TEXHOJIOT'MH; UCTOPUA XX Beka.

s nurupoBanus: Kysemma HO.B. ITlaccaxupckoe camoneroctpoeHne XX Beka. KommdectBeHHbli aHamms // Hayursrid
Bectauk MI'TY T'A. 2023. T. 6, Ne 3. C. 8-24. DOI: 10.26467/2079-0619-2023-26-3-8-24

Passenger airplane manufacturing in the 20" century. Quantitative
analysis

Yu.V. Kuzmin'
'S. Vavilov Institute for the History of Science and Technology, RAS, Moscow, Russia

Abstract: The statistics on the production and development of passenger airplanes in the world is presented in this article for the
first time. The methods for obtaining the results are described, uncertainties of the results are estimated. It is specified what exactly
is considered to be a passenger airplane. It is shown that only 60,000 passenger airplanes were built during the entire 20" century.
This is less than 3% of the total production of airplanes of all classes. Their total capacity amounts less than 5 million people, or less
than a thousandth of the world’s population by the end of the last century. These 60,000 airplanes provided unprecedented mobility
of the population. It was revealed that the leading role in the passenger airplane manufacturing belonged to the USA, the USSR
took a steady second place. The ups-and-downs in airplane production are described, including the recessions during the Great
Depression, World War II and the global economic decline (in the USSR, the USA and other countries) in the early 1960s, which
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was replaced by a rapid increase in output. It is indicated that the number of airplanes produced in the last third of the 20" century
remained approximately constant, but their average capacity was growing rapidly, which largely ensured the explosive growth of
air transportation during this period. The dynamics of the dead weight per one passenger is given. The dynamics of the number of
the new passenger airplane models is presented. It is shown that for the last 30 years of the century their number was approximately
constant, and almost all the models that reached the test stage were put into serial production. In the period between the world wars,
however, about half of all models tested in flight remained prototypes. The change in the ratio of the number of airplanes by the
number of engines is given. The renaissance of three-engine airplanes in the 1960s, the almost complete disappearance of single-
engine passenger airplanes by the end of the century and the stable amount of a small proportion of four-engine airplanes for the
last 30 years of the past century are noted.

Key words: airplane manufacturing, passenger airplanes, airplane production, passenger capacity, weight ratio, design upgrading,
phases of technology development, history of the 20" century.

For citation: Kuzmin, Yu.V. (2023). Passenger airplane manufacturing in the 20th century. Quantitative analysis. Civil Aviation
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BBenenue

B 2023 r. ucnonusercs 100 ner rpaxnan-
ckoit aBuanun CCCP', xors peryJisipHbIe macca-
JKUPCKHE TEPEBO3KU B CTpaHE — TOI/A €LIE HE
CCCP, a Coserckoii Poccnn — oCyIiecTBIsSIUCH
U paHble, HaunHasg ¢ 1920 r. [1].

[loaTomMy cTaHOBUTCS emie Oosee aKTyalb-
HbIM Bornpoc — kakoe mecto Poccus u CCCP 3a-
HUMaJlId B MPOU3BOJACTBE MACCAXKUPCKUX CaMO-
netoB? M cKoNbKO OBLTO MOCTPOEHO MaCCaKUp-
ckux camosietoB B mupe? Kak MeHsnach ux nac-
CaXXUPOBMECTUMOCTH?

Hcropur MHpPOBOM MacCa)XUPCKOW aBUALUU
MOCBAILEHO MHOYKECTBO KHUT, B TOM YHCJIE U Ha
PYCCKOM SI3bIKE, HO OTBETa Ha IOCTABJICHHBIE
BONPOCHI B HUX HET (cM., Hampumep, [1]). U ec-
JU  BBIMYCK MAaruCTPAJIbHBIX CaMOJIETOB B
XXI Beke XopolIo T0KYMEHTUPOBAH, B TOM YHUC-
ne Onmarogaps HH(GOpPMAaIMKM HA calfTax BEIyIINX
bupm, To ¢ XX BEKOM CUTYyallUsl CIOKHEE.

ABtop B TeueHue 20 yieT cobupas JaHHBIE O
XapaKTEepUCTUKAX U BBIITYCKE CaMOJIETOB XX BeKa.
OTO TO3BOJWIO BIEPBBIE CO3/1aTh KOJMYECTBEH-
HYI0 KapTUHY CaMOJIETOCTPOEHHsI MPOILIOTrO CTO-
nerusi. [IpenBaputenbHble pe3ysbTaThl ObLIM JO-
Jo)KeHbl Ha MeXIyHapoJHOM KOHIpecce a3po-
HaBTHueckux Hayk B 2014 r. [2]. CBomubie pe-
3yNbTaThI OMyOnuKkoBaHsl B 2022 1. [3].

[To xaxnoil u3 Oonee 22 ThIC. MOJENEN ca-
MOJIETOB, CO3/IaHHBIX B XX Beke B MUpE, coOpa-

' 100 net oTeueCTBEHHOM rpaXIaHCKOM aBHAIH [DeK-
TPOHHEIH pecypc] / DenepanbHOE areHTCTBO BO3YIII-
Horo tpaHcniopra. URL: https://favt.gov.ru/dejatelnost-
100-let/ (nata obpamenus: 22.11.2022).

HBI CTPYKTYpPHpPOBaHHbIC JaHHbIE, BKIIOYAIOIINE
okosi0 70 KayecTBEHHBIX MApaMeTpoB (CXema,
KPBLIO, CUJIOBAsl YCTAaHOBKA, IIaCCH, MaTepUabl
U T. A.) ¥ cBbilie 40 KOIMYECTBEHHBIX MapaMeT-
pOB (Macchl M Harpy3Kd, MOIIHOCTH, pa3Mephl,
JIETHO-TEXHUYECKUE XapPaKTEPUCTUKU U T. II.).
CtpykTypa 6a3bl JaHHBIX U METOIUKA UX OOpa-
OOTKHU HM3JI0KEHHI B psife cTateil aBTopa [4]. bo-
nee 12 ThIC. ICTOYHUKOB HH(POPMAIINH TIepeUrC-
JeHbl B HW3JaHHOM aBTOpoM Oubnuorpaduye-
CKOM CIIPaBOYHHKE [5].

BolisicHeHo, uTo B MUpe ObUIO MOCTPOEHO 00-
jee 2,2 MJIH CaMOJIETOB, U3 HUX TOJBKO OKOJIO
165 ThIC. TPAHCTIOPTHBIX U KOMMEPYECKHUX.

Ot1u 165 THIC. AENATCS HA TPU CONOCTABUMBbIE
10 pa3Mepy I'pyNIbl: TPAHCIIOPTHBIE, B TOM YHC-
Jie BOCHHO-TPAHCIIOPTHBIE M TPaKIAHCKUE TPY-
30BbI€ camoJeThI (cBbiiie S0 ThIC., 37IECh U Jajee
BCE JaHHBIE aBTOpPA), CEIbCKOXO3SHCTBEHHBIC
camonieTbl (4yTh MeHee 39 ThIC., KOJIMYECTBEH-
Hasl HICTOPHS CaMOJIETOB ATOTO KJIacca U3JI0KEeHa
B CTaTh€ aBTOPa) U COOCTBEHHO IMACCAKUPCKHE
camonetsl. Kpome Toro, B rpymnmy KoMMepue-
CKHUX BXOJAT MEHEE MHOIOYHUCIIEHHBIE CIeIa-
JM3UPOBAaHHbIE MAIIUHBI, MpeJHa3HAYECHHbIE JJIs
OKa3aHUsl YCIYr TPETbUM JMLAM. DTO MNpEeXIe
BCEr0 CaHUTAapHbIE CAMOJEThl U CaMOJIEThl Cra-
caTeNbHBIX CIyk0 (O0KoJIo 6,6 THIC. IKIEMILUIS-
pOB), OYKCHPOBIIHMKH TUIAHEPOB (CBBIIIE 5 THIC.),
IIOYTOBBIE  CaMOJIEThl, BECbMa MOIYJIApHBIE
MEXIy MHUPOBBIMH BoitHamu (Menee 1,5 ThIC.),
CHeLMATbHbIE CaMOJIEThl ISl a3po(OTOCHEMKHU
(oxomo 500), MPOTHUBOMOMKApPHBIE M JIECOIAT-
PYJIBHBIC H T. [I.

JlaHHbBIE 110 KOJTMYECTBY MOCTPOCHHBIX B MU-
pe B XX BEKke MACCAKUPCKUX CaMOJIETOB, TEM
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Oosiee TMHAMUKA MX MPOM3BOJCTBA MO CTpaHaM
Y BPEMEHHBIM IIEPUOJAM M POCT CPEIHEW Iac-
CaXUPOBMECTUMOCTH, HACKOJIbKO MHE U3BECTHO,
1y OJIMKYIOTCS BIIEPBBIE.

MeToauKa UCCJIEI0BAHUS U OLIEHKA
TOYHOCTH Pe3yJibTATOB

UTto e cuuTaTth MacCaXUPCKUMHU CaMoJeTa-
mu? Bo Bpems u nocie Bropoit MUpOBOH BOMHBI
s CUMTAI0O UMHU CaMOJIEThI, YIOBJIETBOPSIOIINE
rnaBe 25 denepanbHbIX aBUAIIMOHHBIX npaBan,
TFapMOHM3UPOBAaHHBIX C TJIaBOM 25 mpaBuiI
FAA® , TO €CTh CaMOJICTEI C BMECTHMOCTBHIO HE
MeHee 10 maccaxxupoB. XOTs U 9-MECTHbIE ca-
MOJIETHI IIMPOKO MCHOJB3YIOTCS Ha BO3AYILIHBIX
JUHUAX, B TOM 4Hciie moutu Bce u3 1570 pas-
JUYHBIX BapWaHTOB camoiiera Britten Norman
BN-2, HO BBIOpaHHBI KPUTEPHI XOpOILI TeM,
YTO pe3yjbTaThl CTaTbU MOTYT OBITH COMOCTAaB-
JICHBI C PA3JIMYHBIMU OTYETAMH, COCTABIIIEMbIMU
ABUALIMOHHBIMU BJIACTAMM Pa3IU4HBIX CTpaH
OT/EJIbHO IO CamoJieTaM, YJOBJIETBOPSIOIIUM
ycinoBusAM TiaB 23 (JIeTKue caMoyeThl) W 25.
Bcero 9-mectubix camoinieroB B 1940-2000 ro-
Jax rnoctpousu 4yTh 6ombire 4000, mo3aToMy uX
YUYeT Cepbe3HO U3MEHUI OBl PE3yIbTATHI.

Ho nns noBoeHHOrO nepuojia Takoil KpuTe-
puii ciumkoM crpor. OH HCKITIOYaeT OOJBIIYIO
4acTh CAMOJIETOB, PEAJbHO NEPEBO3MBILINX IAC-
CaXXUPOB, HAUMHASI CO 3HAMEHUTOr0 MOHOILJIaHA
Junkers F13, BMemaBliero B 3aBUCUMOCTH OT
BapuaHTa 3—5 YelIOBEK.

[ToaTOMy BBIOpaH ClEIyIOUTUN KPUTEPUIA: 10
1931 r. macca)xupCcKUM CUUTAETCS CaMOJIET, Ie-
pEeBO3AIIMI HE MEHee 3 YeJIOBEK B 3aKPbITOM
canone (AHT-2 He moAXoAWT MOJ 3TO Ompese-
JIeHHe — OH OpaJs TOJIBKO JIBYX YEJIOBEK, HO BCE
camonetsl Kanununa yxe moaxondar). ['panuia
nepuosia BhIOpaHa Tak, YTOOBI B «ITacCaXHp-

? AmauponHble npasmia. Yacts 25. HopMsl IeTHOI roj-
HOCTH CaMOJIETOB TPAHCIIOPTHOM KaTeropuu. M.: Mex-
JTyHApOJHBIA aBUAIIMOHHEIN KOMHUTET, 1994. Pasnern A.

3 Part 25. Airworthness standards: transport category air-
planes [Dnekrponnsiii pecype] / Code of Federal Regu-
lations 14 (14CFR). URL:
https://www.ecfr.gov/current/title-14/chapter-
I/subchapter-C/part-25?toc=1 (nara oOpareHus:
22.11.2022).

10

Vol. 26, No. 03, 2023

CKHME» BoOLIeN cepuiHb camoneT «Cranb-2»,
pacCUMTaHHBIN HA YETHIPEX MACCAKUPOB U CTPO-
UBILMICSA UMEHHO ISl perysipHbIX JIMHUN [ BO.

C 1931 r. HIKHAS TPaHUIIA TIOJHUMACTCS 10
HIECTH Maccaxupos, ¢ 1936 r. — no cemu. Ilox-
HATUE TpaHUlpl B 1936 1. cBsI3aHO C TEM, YTO
WHA4Y€ MHOTOYHCIICHHBIE OBOCHHBIE OpUTaH-
ckue 6urutanel de Havilland D.H.89A Obutn ObI
OTHECEHBI K MACCAKUPCKUM, & BOT CTPOSIIIUECS
mociae okonuanus BouHbI D.H.89A Mk.4 u 5,
MEPEeBO3SIINE TEX Ke MIECTePBIX YEIOBEK, YKe K
camosieTaM oOIIero HasHaueHus. B Takoil ke
CUTyallul oKaszanuch Obl U (paniry3ckue Cau-
dron C.445, paccunTaHHble Ha IIECTh MACCAXKH-
POB U BBIMyCKaBIIMECS Kak 10, TaK U TIOCIHe
BOMHBI.

Muorouucnennsie Y-2, UI-2, I1-5, nepeso-
35MIME TMACCAXUPOB HAa MECTHBIX BO3AYIIHBIX
JUHUSX, MaCCaXUPCKUMH CaMOJIETAMH B CTaTbe
HE CUMTAIOTCH.

Pa3zymeeTtcsi, ¢ onucaHHOW TpaHMIIEH, pasje-
JSIOIIEN ABa TPYAHO PAa3IMUUMBIX KJlacca caMo-
JIETOB, MEPEBO3ALINX MacCCaKUPOB, MOKHO CIIO-
puth. CTpyKTypa 0a3bl JAHHBIX MMO3BOJISIET MEpe-
CUMTATh PEe3yibTAThl, UCXOAS U3 APYTUX cOrja-
meHuil. Ho BaXHO 4eTKO yKasaTh, YTO UMEHHO
MBI CYUTAEM.

Bpemennsle pamku uccinenoBanus: ot 1919
(BeIOOp TpanuIel nosicHieH ganee) g0 2000 roma
BimounTenbHo. [log CCCP nonumaercs CCCP
B 1923—-1991 rogax B COOTBETCTBYIOIIUX I'PAHU-
nax (B 1919-1922 romax Coerckas Poccusi u
CoBerckasi YKpanHa NacCaKUPCKUX CaMOJIETOB
He cTpounu), ¢ 1992 r. — Poccuiickas Denepa-
must. ITon Yexocaosakuent mocie 1990 r. nmoHu-
maerca Yexus. Cnoakust B 1991-2000 rr. mac-
CaXMPCKUX CaMOJIETOB HE CTPOMJIA, XOTSI aKTHB-
HO TPOM3BOJMIIA JIETKUE JIETaTeNbHbIC amnmnapa-
THI.

PesynbraTel ocHOBaHBl Ha 0Opabotke 3112
3anucedl ¢ JAaHHBIMHU O BBIMYCKE MAaCCaXUPCKUX
camoneToB ¢ 1919 mo 2000 ron BKIIIOYHUTEILHO,
UX Macce U MaccaKupOBMECTUMOCTH.

HewusBectHa naccaxupoBMECTUMOCTb TOJIBKO
32 B3K3eMIUISIPOB CaMOJIETOB, CBSI3aHHAsi C ATUM
omroOKa MpeHeOpe KMo Maa.

Hamuoro cyiiecTBeHHE HEONPeeIEHHOCTbD,
CBSI3aHHAsg C TEM, YTO pa3Hble ABUAKOMIIAHUU
UCIOJNIB3YIOT I OJIHOM MOJENU caMoJieTa KOM-
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MIOHOBKM CaJlOHa C pPa3HbIM paCHOJIOKEHUEM
Kpecen U, KakK CJICJICTBHE, Pa3HBIM YHCIIOM MECT.
MosxHo ObTO OBI B3ATh MaKCHMajbHOE MAOITY-
CTUMOE YHCIIO Kpecell, TMPOIMHUCAaHHOE B CEPTH-
¢dukare TUNa C y4eTOM OrpaHHuYeHuil Oezomac-
HOCTH (BpEMEHM TOKHIAHUS CaMoJIeTa, YHCIia
aBapUIHBIX BBIXOJOB U T. 1.). MBI MONUIK JIPY-
UM TIyTE€M, BBIOpaB «TUMUYHYIO JBYXKIJIACCHYIO
KOMIIOHOBKY» M TOHHMMasi, YTO 3TO MOKET CO-
3/1aTh MOTPEITHOCTh B HECKOJIBKO MPOIICHTOB.

HewusBectubl Maccwl Tosbko 110 sk3emruis-
POB JTOBOCHHBIX CaMOJIETOB — 3TO B OCHOBHOM
peakue onbITHbIE MoAenu. X koauyecTBo Majo
M0 CPaBHEHUIO C OOIIMM BBIITY CKOM.

Kak u B mpenpiaynieM ciiydae, 3HaYUTEIbHO
OOJBIITYI0 HEONPENEIEHHOCTh CO3JaeT TO, YTO
Macca KOHCTPYKLUHU TaKXe OTIMYAETCS y pas-
HBIX 9K3EMIUISIPOB M3-32 Pa3HOro Habopa CheM-
HOTO ¥ HEChEMHOTO0 00OpYIOBaHUS, ONATh-TaKU
CBSI3aHHOTO C KOMIIOHOBKOM CaJIOHA.

[IoaTOMYy TOYHOCTH MNpPEACTABICHHBIX JIaAH-
HBIX B YaCTU MAacCChl U MacCaXUPOBMECTUMOCTH
MOXeET OBbITh orieHeHa B 1-2 %, B 4acCTH BBIMYC-
Ka — B JIOJIA MIPOLICHTA.

HcTounuk BO3MOXHOU METOINYECKON
OIMMOKA — BOMPOC O HA3HAYEHUH CAMOJIETOB
An-2 moJIbCKOrOo Mpou3BOJCTBa. M3BECTHO, YTO
cpean AH-2 coBeTcKoro Bbimmycka 1879 Obuin
ocTpoeHbl B KueBe B MmaccaknpckoM BapHaH-
Te [6]. C MNONBCKUMHU CaMOJeTaMU CHUTyalus
cinoxnee. Ecam 7805 cenbCcKOXO3sIMICTBEHHBIX
BapUAHTOB JIETKO BBIWICHSIOTCS M3 OOIIETO BbI-
nycka [7], To B octaBmmxcs 4150 sk3emmuisipax,
IIOCTPOEHHBIX B XX BEKe, IPUCYTCTBYIOT I'PY30-
Bble An-2T, xoHBeptupyembie An-2TP, macca-
xupckue An-2P, necantusle An-2TD, canurap-
Hble An-2S B HEU3BECTHOW MHE NPOMOPLHH
(HaMUCh JIATUHUIEH COOTBETCTBYET 00O3HAUe-
HUSM MOJEINIEH, JAaHHBIM NPOU3BOJMUTEIIEM —
KoHLEpHOM PZL).

Bce oHM OTHeceHbI MHOM K MacCaKUpPCKUM
camoJjieTaM, Tak Kak AH-2 MOJIbCKOM MOCTPOMKHU
HIMPOKO HCIIOJIB30BAIUCh U HUCIOIB3YIOTCS IS
naccaxxupckux nepeo3ok B CCCP u B Poccun.
Tomapko no xoHma 1986 r. B CCCP »a AH-2 ne-
peBesnu 370 MIIH maccakxupoB U 9 MIH T Tpy-
30B [8]. CoOTHOIlIEHHE ATUX ABYX YHMCEI TOBO-
pPHUT, YTO TIEPEBO3KH OBUTM B OCHOBHOM Tacca-
xupckumu. Ho yrouHenue pgeneHus An-2
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oo MOI[I/I(i)I/IKaI_[I/IHM, BO3MOJXHO, IIPUBCEALCT K TO-
My, 4TO HOJIA Ilonpmm B MMPONU3BOACTBE ITaccCa-
KHUPCKUX CaMOJICTOB HCCKOJIbKO CHU3UTCA.

l'[accanmpcrme CaMoOJIEThI: HAYAJIO0

IlepBast perynspHas mNaccaXupckas JIUHHUS
obuta otkpeita B CILIA B stHBape 1914 r. Jlera-
fomas Jiogka Benoist 14 3a pelic mepeBo3uiia
mexay ropogamu Caskrt-Ilerepbyprom u Tam-
noit (mrratr drmopuna), CTOSIMIMMH HA MPOTHBO-
NOJIOKHBIX Oeperax UIMHHOTO 3ajJMBa, TOJBKO
oaHOro maccaxupa. [lepBbIii ke maccaXxupCcKuil
CaMoJIET CIELUAIbHON ITOCTPOMKH, TOKE aMEPH-
kaHckuil, Air Sedan®, Jerom Zerbe ckoHCTpyH-
pOBaJI U MOCTPOMJI B HITare ApU30HA 3aMETHO
panbiie. IlaTuIuIan ¢ 3aKpbBITBIM CaJIOHOM CO-
BEpIUMJ NEPBBIH M EIMHCTBEHHBIA MOJET IO
npsimoit B 1909 r. (puc. 1).

Jlo Hauyana IlepBoii MUPOBOI BOWHBI MOSIBU-
Joch HE MeHee 22 Mojeneil camoJieToB (34ech
U Jlanee — MOACYEThl aBTOpa), NpeaHa3HAYeHHbIX
CHEHAJIbHO JJI MEPEBO3KU IMAaCCaXUPOB, XOTS
B TOT IIEPUOJ TOBOPUTH O KOHKPETHOM Ha3Haye-
HUU CaMOJIeTa MOKHO TOJIBKO C HaTshkkou. Her
COMHEHMH, 4yTO Ha ocHOBe «Mnpu Mypomua»
MOKHO ObLTO OBl CO37aTh XOPOILIUM MacCcaKup-
ckuil camosiet, HO HU Cukopckuii, Hu [Ingnos-
CKUH HHUKOIJIa TaKO€ €ro HCI0JIb30BAHUE
HE aHOHCUPOBAJIH.

IIepBass MupoBas BOMHA IpepBajia Pa3BUTHE
NaCCa)KMUPCKOM aBMALIMM, HO 3aTeM, 3a IOJ C He-
0OJBIIMM OT OKOHYAHUS BOMHBI M JI0 KOHIA
1919 r., ucnertanu cpaszy 33 Moaenu nmaccaxup-
CKHX CaMOJIETOB, HE CUUTas MepesieoK O00EBBIX
MmamuH. OIUHHAIIATh U3 HUX ObUIM 3aIlyIleHbl
B CEpUITHOE MPOU3BOJACTBO B IIECTU CTpaHax, U
Cpeli HUX PEBOJIIOLIMOHHBIN LEIbHOMETAIIINYE-
CKUI CBOOOJHOHECYIIMH MOHOIUIAH C 3aKpPbITON
kabuHoii Junkers F.13.

BeposiTHO, cambIM MEPBBIM CpeAU IOCIEBO-
€HHBIX IACCaXMPCKUX CaMOJIETOB CTajl HEMeEIl-
KAl  morutaBkoBeld  Ourutan  Friedrichshafen
FF 67 (puc. 2) [9]. Ero ucnbiTanus Hayaiuch

* St. Petersburg-Tampa airboat line [DmekTpoHHBIif pe-
cypc] // Wikipedia. URL:
https://en.wikipedia.org/wiki/St. Petersburg%E2%80%9
3Tampa Airboat Line (nata oOpamenus: 22.11.2022).
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Puc. 1. [1epBrIif maccaKUPCKUi caMoJIeT CIeHaIbHOM mocTpoiiku Zerbe Air Sedan, 1909 r.
Fig. 1. The first specially manufactured passenger airplane Zerbe Air Sedan, 1909

Puc. 2. BeposTHO, epBHIii TOCIIEBOCHHBIN TTacCaXUPCKHiA camoneT FF 67
Fig 2. Probably, the first post-war passenger airplane Friedrichshafen FF 67

12 nexabpst 1918 r. CepuitHO 3TOT camoJieT He Camonersi B XX BEKE CTPOWIM CBBIIIEC
CTPOMJICA. 70 cTpaH, HO IPOU3BOJCTBO MACCAKUPCKUX Cpe-
1 HUX OCBOWJIM TOJBKO 32 cTpaHbl. JleBATh U3
HUX OI'paHUYUIIMCh  BBIIIYCKOM  HCCKOJIBKHUX
OTBITHBIX JK3EMIUISIPOB (CyMMAapHBIM BBITYCK
MeHee 10 MaiuH B cTpaHe).

JAnHaMuKa BBINYCKA

Haccaxupckue MepeBo3KM — OJHO W3 HAM0O- Tpu mepBbIX MecTa MO MPOU3BOJACTBY Macca-
JICC BAXXHBIX U 06HI€CTB€HHO 3HAYMMBIX HallpaB- JKUPCKUX CaMOJIETOB B XX Beke 3aHNMAaIOT Te JKE
JIEHUN aBUALMOHHOM JNEATENbHOCTU. Tem yIuBHU- CTPaHBI, YTO U TO BHITYCKY CAMOJIETOB B IIEJIOM:

TeJbHEe, YTO cpeau 2,2 MiH camonetoB XX Beka CILIA, CCCP/Poccust u Benukooputanust (puc. 3).

MNacCaAKUPCKUX ObL10 Beero 60 TBIC., TO €CTb MCHEC A BOT Ha YETBEPTOE MECTO BBIIIIA ITomnbia 611a-
o0

3 %, WM OJIMH CaMOJIET U3 KaXIbIX 37. rogapsi MaccoBoMy Mpou3BOJACTBY AH-2. «Mex-

12
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Puc. 3. Pactipenenenne BeIITyCcKa MaCCAKUPCKUX CaMOJIETOB B XX BEKeE IO CTpaHaM
Fig. 3. Distribution of passenger airplane production in XX century by countries

TYHapOIHBII CEKTOp Ha pHUC. 3 — 3TO TPEKIE
BCETO CaMOJICThI KOMIaHuu Airbus.

Cpenu cTpaH, BBIMYCKABIIUX MMAaCCAXKUPCKHE
JaHepsl cepuiiHo, OblIa W DcToHus. B 1922—
1923 rogax Ha TaIMHHCKOM 3aBoje Dvigatel mo
JTUICH3UU HEMEIKOW Kommanuu Sablatnig s
aBMakomnaHuu Aeronaut noctpousu 11 Bnosine
coBpemenHbIx camosnetoB P.III [10].

Otpeis CIIJA Benuk, HO, KAK HA yJIUBUTEINb-
HO, CpeJiy accaxxupckux camoiietoB o CIHIA
MeHbIIle, yeM B oOmieM Beimycke (37,6 mpoTus
43,6 %) — MOBIUSJIO OTPOMHOE YHCJIO TTOCTPO-
eaupix B CIIIA nerkux camoneToB, a Jois
CCCP, nanpotuB, uyTh Oombmie (15,7 mporus
14,6 %).

Ho mozcyer B miTykax HE YUYUTHIBAET PA3HUILY
B pa3Mepax caMoJIeTOB, a C ITUM CBS3aHA U CTOU-
MOCTb, U TPY/0-, 1 MAaTEpPUAIIOEMKOCTh, & 3HAUUT,
U Harpy3ka Ha MPOMBIIUICHHOCTh. [/ UX OLeHKH
[eNIeCO00pa3HO CpaBHUBATH CYMMAapHYH) MaccCy
KOHCTPYKIIMA ~camoJieToB. Takoil —mokasaresib
TpEMeHsieTCs, HanpuMep, B otyetax BBC CIIIA”,
[TongpoOHee MeToAMKa HCIONB30BAHUS CyMMap-
HOM Macchl NMPU CPABHEHUU MPOMBIILJICHHOTO BbI-
MyCKa OMKCHIBAJIACh B JJOKJIAJIE aBTOPA.

Jns  maccaXupCcKUX — CaMOJIETOB  MOXHO
NPEJIOKUTH €Ile OAWH MapaMeTp, CBSI3aHHBIN

> Army air forces statistical digest. Washington: Statistical
Control Division, 1947. 231 p.

13

C UX CTOMMOCTBIO U TPYJIOEMKOCTHIO: MaCCaKH-
poBmecTUMOCTh. Ee omnpenenenue o0Cykaanoch
B pazzaene «MeToIuKa UCCIeI0BAaHUS.

Ha puc. 4, 5 npuBeneHo pacnpenencHue
MPOU3BOJCTBA MMACCAXKHUPCKUX CAMOJETOB IIO
ctpaHaM B XX Beke B TOHHax (puc. 4) u 1o 4uc-
ay maccaxupo-mecT (puc. 5). [lo cpaBHeHHIO €
puc. 3 Ha 00eux amarpamMmax MpPEUMYIIECTBO
CIIIA BeIpakeHO 3aMETHO CHJIbHEE: B JTOH
CTpaHe B CpPEJHEM IMPOU3BOJIMWINCH Oosiee KpyI-
HBIE U BMECTUTENbHBIE CAMOJIETHL.

Hons CILA Ha rpaduke B TOHHaX HECKOJIBKO
MEHBIIIE, YeM Ha Tpaduke B MaCCaKUPO-MECTax,
YTO TOBOPHUT O JIyuyllledl BECOBOM KyJbType ca-
MOJIETOB.

Bonee meranpHas wHpOpMAIUS MOXKET OBITh
U3BIICYCHA U3 JIWHAMUKH Bbiycka. Ha puc. 68
U B Tabn. 1-3 mpuBeneHBl TUHAMHKA BBITYCKa
MacCaXKUPCKUX CaMOJIETOB IO CTpaHaM B INTY-
KaxX, CyMMapHO# Macce KOHCTPYKLUHMH U 1O 00-
HIEMY YHCITY MAcCaXHUPO-MECT COOTBETCTBEHHO.

B Tabnumax npuHATH TpexOyKBEHHBIE 000-
3HayeHusa crpan: USA CIIA, RUS
CCCP/Poccusi, UK — CoeauHeHHOE KOpPOJEB-
ctBo Benmukobpuranuu u CeepHoit Mpmannuu,
POL — [Monbmra, INT — MexxayHapoHbIE TTPOEK-
b1, GER — I'epmanus (OPI" u I'/[P), CAN — Ka-
Haga, FRA — ®panuus, NED — Huznepnaumsi,
BRA — bpazunus.
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U3 puc. 6 BUAHO, 4TO 3a POXKJIECHUE Macca-
JKUPCKOW aBUAIMH OBUTH OTBETCTBEHHBI CTPAHBI,
cpaxasmuecs: B HeOe [lepBoii MUPOBOIT BOMHBI —
I'epmanns u @paHuus, B 3aMETHO MEHBIIEH
crenenn — BenmukoOpuranus u CHIA (cTonbuk
19-25 romnos).

Ocob6eHHo 00JBITIOC BHUMAHKE Yy AeIIsiIa mac-
CaXXUPCKUM TepeBo3kaM ['epmaHusi, B TOM 4HCIIe

14

MOTOMY, YTO BOEHHOE CaMOJETOCTPOEHUE B
CTpaHe OBLIO 3aIperieHo (MepBbIe TPU CTONIOIIA).

Ho Bo BTOpo#i momoBune 1920-x B CIIA
Mpou30IIeNT OypHBIA paclBET MAaCCAKUPCKUX
aBUAIEPEBO30K M MACCaXKUPCKOTO aBHACTpOe-
Hus. [lpu 5TOM OH MMeNn He OIOPOKPATHYECKH-
KOJIOHMAJIbHBIA XapakTep, Kak B BemukoOpwura-
Huu, CCCP u ®panuuu, Korja OCHOBHBIM KOH-
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Taoauna 1

Table 1
[Tpon3BOACTBO MACCAKUPCKUX CAMOJIETOB B BeIyIIMX cTpaHax B XX Beke (IITYK)
Production of passenger airplanes in the leading countries in XX century (pieces)

Ilepuoo | USA | RUS | UK | POL | INT | GER | CAN | FRA | NED

g

Ilpouue | Bcero

19-25 101 91 189 0 0| 431 0| 333 88 0 198 1349
26-30 | 2398 51 91 35 0] 948 20| 553 197 0 249 4542
31-35 676 | 507 | 337 7 0 691 31 212 14 0 213 2660
3640 767 169 121 1 0 1591 121 40 1 0 692 2071
4145 782 154 169 0 0 0 2 18 0 1 194 1320
46-50 779 656 | 669 1 0 0 72| 227 0 0 82 2486
51-55 1131 859 | 337 0 0 80 0 3 1 0 14 2425
56-60 | 1174 | 2075 | 383 1 0 3 21 113 | 125 0 216 4092
61-65 767 8241 298| 301 0 2 10| 163 72 0 59 2496
6670 | 2207 | 955 ] 558 1500 0 30 297 110 110 0 199 5966
71-75 1334 | 1401 | 206 | 900 12 24| 174 36 53 &9 103 4332

76-80 | 1603 | 1049 | 285| 500 ] 108 23| 299 71 201 ] 240 258 4573

81-85 1730 | 430 | 434 | 935 | 427 94| 224 0 1 144 645 5064
8690 | 2310 282 | 590| 149 | 817] 103 | 283 0| 181 ] 246 562 5523
91-95| 2487 | 239 | 462 351 1033 64| 639 0| 338 92 389 5778
96-00 | 2816 39 172 131 1307 | 111 ] 359 0 34| 407 131 5389

Htoro | 23062 | 9699 | 5301 | 4378 | 3704 | 2763 | 2505 | 1815 | 1416 | 1219 4204 | 60066

TUHI'CHTOM [IIACCAKHUPOB ObLIH rocyagapCTBCH- N HE TOJIBKO Cy6CI/II[I/I$IMI/I. Haan/IMep, aBHaIIo-
HbIC YMHOBHHKH, 4 UMCHHO pBIHO‘-IHHf/’I. YTOBBIC JIMHHUU IIEPBOHAYAIIBHO 00KaTBIBAJIO BO-

AMepI/IKaHCKOG MMPaBUTCIBLCTBO AKTHBHO eHaHoe BegoMcTBO. Ilocie CTPOUTCIILCTBA as3po-
CIIOCOOCTBOBAJIO CTAHOBJIEHUIO aBUAIICPCBO30K, APOMOB, O6OPYI[OB3.HI/I$I TpacC B a3pOHaABUTAllH-

15
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OHHOM OTHOUICHUU W TOSIBJICHUS YCTOMYMBBIX
IPy30BBIX MTOTOKOB JMHHUM MEpPEAABAIUCH B IKC-
IUTyaTaluo 4YacTHbIM KoMmmaHusaM. [lepBas mpa-
BUTEJIbCTBEHHAsI PETYJISipHAs MOYTOBas JIMHUS
Bammurton — Helo-Hopk, o6ciyxnBaemas Bo-
€HHBIMU JIETYMKAMH, OTKPbLIACH €Ill€ BO BpeMs
BoitHBIL, 15 mas 1918 r. Ho k centabpro 1927 r.
yK€ BCE IIOYTOBBIE JIMHUU OOCITYKUBAIKChH
YaCTHbIMM aBUAKOMIAHUSIMU COIJIACHO KOH-
TpakTaM, KOTOpPbI€ OHU 3aKJIIOUUIIM C [MOYTOBOM
cimyx60it CIIA®.

Ho psIHOYHBIN XapakTep pa3BUTHs OTPACIIH B
CIIOA npuBen ¥ K TOMY, YTO MUMEHHO B 3TOH
cTpaHe craj u3-3a Benukoil nempeccun 1929-—
1933 rr. Obl1 Hambonee MHTEHCHBHBIM (1931—
1935 rr.).

3a nepsyto nonosuHy 1930-x rr. CCCP Bbimy-
CcTui OOIbIlIe CaMOJIETOB, 4YeM Jo0as Jpyras
cTpaHa mupa. Puc. 6 mokasbIBaeT, 4ToO U Cpeau
[aCCA)KUPCKUX CAMOJIETOB €r0 JI0JIS B 3TO BpeEMs
Oputa Benmuka. Ho Bo Bropoii monoBuHe 1930-x 1T.
aBMACTPOCHUE BCEX EBPONEHCKHUX CTpaH ObICTPO
MUJIMTaPHU30BAIOCh, U BBIMYCK MMACCA)KUPCKUX Ca-
MOJIETOB B HUX CHM3WJICS B HECKOJIBKO pa3. boib-
masi 1oy «mpounx» ctpad B 1936-1940 rogax —
3TO HPEXkAE BCErO POCT BBITYCKa MACCAKUPCKUX
camosieroB B Wramuum u fnonuu. Tonpko B
1939 r., Hanpumep, B SAnonun noctpounu 302
TaKHX CaMOJIEeTa.

EcTtecTBeHHO, majeHue NPOAOKUIOCH U B
roasl Bropoit MmupoBoii BoiiHbl. Tosnbko B CIIIA
IIPOJOJDKANICA 3HAYUTENBHBIM BBITYCK HMEHHO
MACCaXUPCKUX CAMOJIETOB (BOEHHO-TPAHCHOPT-
Hele C-46, C-47, C-121 u T. 1. MBI, €CTCCTBCHHO,
MacCaXUPCKUMU HE CUMTAEM), HO U OHH HCIIONb-
30BaJINCh MPEXAE BCETO A BOMCKOBBIX IEpe-
BO30K.

OxoHYaHNE BOWHBI 0’KMBMJIO CIIPOC HA Iepe-
BO3KH M0 BO31yXy. HWHTEpecHO, YTO HOBBII
B3JIeT npowusoiien otHioAs He B CIIIA, a B AByX
EBPOTEHCKUX cTpaHax: BenukoOpuranumu u
CCCP. B 1950-x rr. mo 4mciay camoyeToB (a BO
BTOPOW TOJIOBUHE JECATWIETHS — U 10 UX Mac-

6 Airmail history in pictures, 1918-1928 [DneKxTpoHHbIit
pecypc] // Washington: USPS. 2018. 14 p. URL:
https://about.usps.com/who/profile/history/pdf/airmail-
history-in-pictures.pdf (nata oopamenus: 22.11.2022).
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caxupoBmectumoctu) CCCP 3anuman Benyuiee
MECTO B MUDE.

B nauane 1960-x mpou3zomien oueHb pe3KHii
cnan. B Hameil crpane MpUHATO OOBSACHATH €T0
BOJIFOHTAPUCTCKUMH PELICHUSIMH BJacTel, mpe-
KpalleHUEM BBIIYCKa MHOTOYHUCIEHHBIX He-
OonpmnX camMonieToB AH-2 u Mn-14, oTBiieueHu-
€M CHJI Ha PaKeTHO-KOCMHUYECKYI0 001acTh [4] u
JpYTMMHU HallMOHaNbHBIMU NpuurHamu. Ho puc.
6 TOKa3bIBACT, YTO Craj ObUT PE3KUM M BCEOO-
muM, oH 3aTpoHyn u CCCP, u BenukoOpura-
Huto, 1 CHIA. Tonbko ofHa cTpaHa JEMOHCTPH-
poBana OypHbIil pocT — 3710 [lonbIa, B KOTOpOU
0 JINLIEH3UM HayajIl MaccoBO BBIITYCKaTh CaMo-
neTsl AH-2.

Bo BTOpoii xe nonoBuHe 1960-x BHOBB mpo-
M30LIeN PEe3KUM CKAaYOK BBIITYCKa BO BCEX BEIY-
[IMX CTPaHaX, CPABHUMBINA TOJBKO ¢ OyMOM BTO-
po#t nosioBuHbI 1920-x rr. IIpn 3TOM M3MEHEHUS
OBUTM HE TOJIBKO KOJUYECTBEHHBIC, HO M Kade-
CTBEHHBIE: Tak, B 1969 r. B3nmeren nmepBbId IIK-
poko¢ro3enskHbIN aBuanaiinep Boeing 747.

3aTeM MHpOBOE IPOU3BOJICTBO, MOCIE NEpe-
Kosiebanuss B Hauyane 1970-x, crabunmsmpoBa-
JIOCh MPUMEPHO HA OJJHOM ypoBHE. OJIHaKo pac-
MpEAETIEHNE JT0JEN CUIIBHO MEHSIOCh. Benuko-
opuranmsi, CCCP wu [Ilompma c cepeawHbl
1970-x rr. cpaBanu mos3miuu, Ao CIIA mo-
CTOSIHHO pocia, a B EBporie MmosBUiICS HOBBIM
CHJIBHBIA UTPOK — KommaHusi Airbus. B pesyib-
Tare K Hayany 1990-x rr. B MUpE CIOXHWIACh
ycroituuBas ayononust: CILIA, roe camoit cuib-
HOM KOMIaHWEH Tocie CIusSHUS C (QUupMon
«Maxnonnen — Jlyrnacy» crana ¢pupma Boeing, u
EBpomna, mpexae Bcero — koHIEepH Airbus. DTy
nyononuto yxke 30 JIeT NbITAlOTCS HapylLIMTh
npyrue urpoku: bpasunusa, Kanaga, B mocnen-
Hue roasl KHP, HO oHa 10 cux mop coxpaHser-
Cs, IPUYEM JIOJIsI €BPOIEUCKOro JyOIOJIMCTA
pacTer.

Crabunu3anusi BBITYCKa B TOCTEAHEH deT-
BEpPTU BEKa OTHIO/b HE O3HAdajia MpEeKpalleHue
pa3BUTHUSL OTPACIU, U 3TO OTYETIMBO BHUJHO Ha
puc. 7, 8. CaMoJIeThl CTaJIM HAMHOTO TSKEJIee U
BMECTHUTENIbHEE. ECiIM KOIMYeCTBO MaccaXup-
CKHUX CaMOJICTOB MeHbIe 3 % OT 0OIIero BbI-
IyCKa, TO MX CyMMapHas Macca — IPUMEPHO
'/s MACCBI BCEX CAMOIETOB, MOCTPOCHHBIX B
XX Beke.
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Tao6anna 2

Table 2
[Tpon3BOACTBO MaCCAKUPCKUX CAMOJIETOB B BEIyIIMX cTpaHaxX B XX BeKe (ThICSY TOHH)
Production of passenger airplanes in leading countries in XX century (thousands of tons)

Ilepuoo | USA | RUS | UK | POL | INT | GER | CAN | FRA | NED | BRA | Ilpouue | Bcero
19-25 0,2 0,0 0,5 0,0 0,0 0,7 0,01 0,6 0,1 0,0 0,4 2,4
26-30 3,7 0,1/ 03| 0,1 0,0 1,8 0,01 1,1 0,6| 0,0 0,8 8,4
31-35 2,3 L3 0,6/ 0,0 0,0 1,7 0,0 09 0,1 0,0 0,9 7,8
3640 4,3 0,7 09| 0,0 0,0 1,1 0,2 0,3 0,0 0,0 3,4 10,9
41-45 8,9 L1 2,8 0,0 0,0 0,0 0,0 0,5 0,0/ 0,0 1,1 14,4
46-50| 15,9 6,0 94| 0,0 0,0 0,0 1,4 25 0,0 0,0 0,8 36,1
51-55| 27,2 48] 53| 0,0 0,0 0,9 0,0/ 0,0 0,0 0,0 0,1 38,4
56-60| 36,4 282 84| 0,0 0,0 0,1 0,01 2,6 1,3 0,0 2,7 79,7
61-65| 33,1 17,4\ 5,7 1,0 0,0 0,0 03| 3,7 0,8 0,0 0,8 62,7
6670 94,6) 19,01 9,1| 48 0,0 0,2 0,9 1,5 1,6 0,0 2,8 134,3
71-75( 91,3| 29,3| 3,00 29 1,0 0,2 0,6/ 0,8 0,8 03 0,5 130,7
76-80| 89,9| 36,1| 24| 1,6 9,5 0,2 1,4 0,5 3,1 0,7 1,1 146,4
81-85| 77,7 21,2 3,6| 3,01 21,5 0,3 1,6/ 0,0 0,0 0,5 3,4 1328
86-90| 1124, 16,7| 5,5 0,5 409 0,4 2,81 0,0 3,1 1,6 4,0 187,8
91-95| 139,8 13,8 5,21 0,1| 54,0 0,6 74| 0,0 7,1 0,6 32 231,8
96-00| 154,1 L8| 33| 0,1 74,6 1,0 4,6 0,0 0,7 4,0 1,3 2455

Hroro| 891,6| 197,5| 66,0| 14,1| 201,6 9,0 21,3| 149| 194 7,6 27,0| 1470,2

17
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Fig. 8. Production of passenger airplanes in XX century (passenger capacity, thousands)

Ta6auna 3
Table 3
[Tpon3BOACTBO MACCAKUPCKUX CAMOJICTOB B BEAYIIMX CTpaHax B XX BeKe
(TBICSY TTACCAYXKUPO-MECT)
Production of passenger airplanes in leading countries in XX century
(passenger capacity, thousands)

Ilepuoo | USA | RUS | UK | POL | INT | GER | CAN | FRA | NED | BRA | Ilpouue | Bcero
19-25 1 0 2 0 0 2 0 2 1 0 1 9
26-30 15 0 1 0 0 6 0 3 2 0 2 29
31-35 8 4 3 0 0 6 0 2 0 0 2 25
3640 13 2 2 0 0 2 1 1 0 0 8 30
41-45 33 3 7 0 0 0 0 1 0 0 3 48
46-50 53 14| 24 0 0 0 3 8 0 0 2 104
51-55 93 13 13 0 0 2 0 0 0 0 0 122
56-60 106 63| 27 0 0 0 0 8 5 0 7 217
61-65 95 48 18 4 0 0 1 12 3 0 3 184
66-70| 345 58] 33 18 0 0 5 5 7 0 11 483
71-75 317 86 10 11 3 0 3 3 4 1 2 441
76-80| 326| 111 8 6| 29 1 7 1 14 4 4 512
81-85 287 66 14 12| 67 2 7 0 0 2 14 472
86-90| 410 541 23 2| 135 2 12 0 13 7 17 674
91-95 478 44| 21 1| 173 2 28 0 30 3 14 792
96-00 527 6 13 0| 224 4 18 0 3 18 5 817

Hroro | 3105| 573| 219 54| 631 29 86 47 82 35 98 4958

oo
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Taoauna 4
Table 4
N3MeHeHue cpeaHell naccaXkxMpoBMECTUMOCTH MACCAKUPCKOT0 CaMoJIeTa U CpeIHEN MacChl
KOHCTPYKILIMM Ha OJJHOTO naccaxwupa 1o natwietHuM nepuoaam st CCCP, CHIA u npounx
CTpaH
Dynamics of average passenger capacity (left) and average mass (right) of structure per person
by five-year periods for the USSR, the USA and other countries

Taccascupos | CLLIA | CCCP | Ocmanbnule ke/nacc. | CLLA | CCCP | Ocmanvhyvie
19-25 7,2 3,9 6,4 19-25 240 315 293
26-30 6,1 4,7 7,0 26-30 254 389 333
31-35 11,5 7,4 9,0 31-35 300 348 244
3640 16,7 13,0 13,0 3640 336 340 377
41-45 42 21 29 41-45 269 343 415
4650 67 22 35 4650 303 420 395
51-55 83 15 35 51-55 291 372 409
56-60 90 31 57 56-60 344 444 309
61-65 124 58 46 61-65 348 366 312
66-70 156 61 29 66-70 274 328 271
71-75 238 62 24 71-75 288 340 303
76-80 204 106 39 76-80 275 325 299
81-85 166 154 41 81-85 270 320 252
8690 177 190 72 8690 274 312 237
91-95 192 183 89 91-95 293 315 251
9600 187 150 112 9600 293 308 253
MMeHHO KadecTBEHHAs DBOJIIOIMSA CaMOJIe- )_II’IHaMI/IKa MacCa’KuPOBMECTHMOCTH
TOB B OCHOBHOM I103BOJIMJIa HAPACTUTH MUPOBOU M BecoBasi 0TIa4a

BO3JYIIHBIM maccaxuponorok ¢ 0,8 mipa mac-
caxupoB B 1980 r. no 1,8 mMupa nmaccaxupoB B
2000 r. — B 2,25 pasa’. 3a ciexyromue 16 ner
NEepEeBO3KU BHOBb YABOWIKCH, 10 3,6 Mipa mac-
caxupoB B rof [11]. O6bem xe BBITyCKa BO3POC
3aMeTHO ciiabee, B TOM YHUCIIe U 110 KOJHYECTBY
naccaxkxupo-Mect. CrenoBaTenbHO, TPOUCXOIU-
JIO HE TOJIBKO YBEJIMUYEHHE BMECTUMOCTH Iapka,
HO ¥ POCT MHTEHCHUBHOCTH JKCIUTyaTallUu CaMo-
JIETOB, CBSA3aHHBINA C YBEIMYEHUEM UX HaJI€XKHO-
cTH, OTpaboTkoi Ooinee 3()(PEeKTUBHBIX HazeM-
HBIX NPOILEIYp, COKPAIIAIOUINX BpEMs MEXIY
peiicaMu Ha 3emJjie, M yBEIUYEHHUEM pecypca,
a 3HaYUT, U CPOKA IKCILTyaTalUH.

CobpaHHble JaHHbIE TO3BOJWIA MOCTPOUTH
JUHAMHUKY W3MEHEHUs CPeJHEN maccakupoBMe-
CTUMOCTH CaMoJIeTa W CpEeAHEMl Macchl KOH-
CTPYKLIMM Ha OJHOro maccaxupa. PesynbraTsl
npuBeieHbI B Ta0J. 4 1 Ha puc. 9 u 10.

MOHOTOHHBIN POCT BMECTUMOCTH 1O BOWHBI
cMeHuJIcs 3acToeM U naxe nposaiiom (B CCCP).
[IpyurHy TakOoro CMHXPOHHOTO M3MEHEHHUsS JIU-
HaMUKU CTOWJIO Obl M3yuuTh nojpobHee. Ho B
1960-¢ rr. CIIIA Havanu BHOBb PE3KO YBEIUYHU-
BaTh Pa3MEPHOCTb CAMOJIETOB.

B EBpomne, HanpoTuB, HaluMOHaIbHAs aBUa-
npoMbluieHHOCTh Ppanimu U BenukoOpuTtanuwy,
; : . I'epmannu m HuzjepnanaoB CHUKana TEMbl BbI-

World air Passe“g‘;/rltri‘fﬁc f_VOlL;“é’“ﬂ 1982'2020 [?ﬁ;‘j' TycKa M Bce GONbIIE OPUEHTHPOBATACH HA CAMO-
o peye] | ematon Eneey e U serus o permoraas ., Howi nomen
CBSI3aH C HOBBIM CUHTE30M — JIESITEIbHOCTHIO0 MHO-

passenger-traffic-evolution-1980-2020 (nara obpare- ”
Hust: 22.11.2022). TOHAIIMOHAIBHOTO KOHIIepHa Airbus.
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Fig. 9. Dynamics of average passenger capacity of the passenger airplane in XX century
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Puc. 10. VI3meHeHNe MacChl KOHCTPYKITHH MACCAKUPCKOTO CaMOJIeTa B pacyeTe
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Fig. 10. Dynamics of the passenger airplane dead weight per passenger, kg

Poct cpenHell macca)kxupoBMECTHMOCTH B
CCCP Hayasncs Ha NOATOpa AECATUIIETHS TIO3KE,
yem B CIIA, HO k 1980-M IT. 110 5TOMY nOKa3a-
TEJI0 CTpaHa AorHana jujaepa. OgHako MmapuTeT
Juinics Henonro. Peskuii 3aru6 BHU3 rpaduxa
[IaCCaKUPOBMECTUMOCTH 111 Poccum BO BTOpou
nosoBuHe 1990-X TIT. CBf3aH C KOJOCCAJIbHBIM
CHI)KEHMEM IPOU3BOJCTBA U TEM JOCTATOYHO
cilydailHeIM (akToM, 4TO M3 Bcero 39 macca-

20

KUPCKUX CaMOJIETOB, MOCTPOCHHBIX B CTPaHE 3a
MSATWICTKY, 7 OKa3alluCh CaMOJIETAMH MECTHBIX
muauit: 1Ba AH-3 u Atk Au-38-100.

Macca Ha ogHoro naccaxupa (puc. 10) 3aBu-
CUT HE TOJIBKO OT BECOBOTO COBEPILIECHCTBA KOH-
CTPYKIIMH, HO U OT JAJBHOCTU: OOJbIIAs Jaiib-
HOCTb TpeOyeT OoJbllle TOIUIMBA, YTO BEIET K
CYIIECTBEHHOMY pOCTy Macchl. [loHbIe TaHHBIC
MO JANTbHOCTH TOKa HE cCOOpaHbl, OJHAKO BPSI
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Puc. 11. Yuciio HOBBIX MOZIENIEHN MACCAXKUPCKUX CaMOJIETOB I10 ISTHJIETHUM IEpUOiaM
Fig. 11. The number of new passenger airplane models by five-year periods

JU CpeAHEB3BEUICHHAs] NalbHOCTh IMOJETa Co-
BETCKMX CaMOJIETOB TMpeBbllIana JalbHOCTh
aMEepPUKAHCKHX.

BuaHo, yto BecoBasi KyJbTypa IMOCJIEBOCH-
HBIX COBETCKHUX CaMOJIETOB HECKOJIbKO yCTymala
KOHKypeHTaM. Bredartsnsier Takke O4eHb BBICO-
KO€ BECOBOE COBEPIIECHCTBO camojieToB Airbus
(xpuBas «OcTanbHBIEY).

I'paduk Ha puc. 10 YeTkO AEIUTCS HA TPH Tie-
puoJa: TMOUCKOBBIM — MepBasi MOJOBHMHA BEKa C
BEChbMa CYIIIECTBEHHBIMHU KOJIE€OaHUSIMH IMOKa3aTe-
J1s1; 3BOMMIOLIMOHHBIN — 1960-¢ rr., mepexos K ca-
MoJieTaM OOJIBIIEH pa3MEepHOCTH ¢ MEHbIIIEH Mac-
COil B pacuere Ha OJHOTO MACCaXKUPa; CTAOMIIb-
HBIA — MEJICHHOE MOCTEIIEHHOE COBEPIIEHCTBO-
BaHME KOHCTPYKIIHIA 0€3 3aMETHBIX KOJIEOaHHH.

[To MHeHuIO aBTOpa, Takue (a3bl Xapakrep-
HBI JUIs J1I000# pa3BuToi TexHonoruu. [1om006-
HOE TOBEJCHHE YAENbHBIX MapaMeTpoB HaOIIO-
JIa7I0Ch U JIJISl YETHIPEXMOTOPHBIX CaMOJIETOB.

Pa3pa6oTka maccaxkmpcKHX CaMoJIeTOB

C 1919 mo 2000 rox B 30 cTpaHax CKOHCTpY-
upoBaimu 1 460 Mozeneil nacca)KUpCKUX camosie-
TOB (YUTEHBI TOJIBKO KOHCTPYKLIUH, JOBEJICHHBIE

21

no craguu ucneitanuii). [lourm 60 % u3 HUX
(854) ctpounuck cepuiiHO, 3TO BBILIE, YEM B IIe-
jgoM o uHayctpuu. Ilo maHHBIM aBTOpa, 3a TOT
e mepuon u3 17 300 ucmbITaHHBIX MoOAeEINen
CaMOJIETOB BCEX KJIACCOB 0 CEPUITHOIO BBIMTYC-
ka gouum 8 800, To ecTh 4yTh OOJbIIE TOJOBH-
HbL. [Ipu 3TOM «cepuei» cunuTaeTcsa v BBITYCK U3
HaOOpOB WM TOCTPOMKa JTIOOUTEISIMU IO pac-
MPOCTPAHSAEMbIM YEpTEkKaM.

Yacrora MOSBIECHUSA HOBBIX MOJENENH ObLIa
MaKCUMaJIbHOM B TOJbI, TpeAlecTByomue Be-
JUKOU JENPECCUH, 3aTEM MOHOTOHHO CHUXKAJIACh
U CcTaOWiIM3upoBajach Ha ypOBHE 4YyTh HIKE
40 Mozeneil B ros B MOCJIEIHIOI YETBEPTh BEKa.
Ho xoaddunmenT ycrnexa — 1011 CEpUAHBIX ca-
MOJIETOB B 00IIeM dYuciie pa3paboTOoK — MOHO-
TOHHO poc (puc. 11) ¥ K KOHIly BeKa MPEBBICHII
90 %. Takum oOpa3zom, pa3paboTKa MacCaXup-
CKOT'O camoJjieTa, He JIOIIE/IIEero 10 CEpPUHu, Cceil-
4yac JOJDKHA CYUTATHCS HEIOIYCTUMBIM IPOBa-
JIOM.

Ecnu B BBITTyCKE CAMOJIETOB «IIPOBATHHBIMIY)
okazanuch 1961-1965 rr., To MUHUMYM paspa-
OOTOK MPOW30IIET Ha JIECATHIIETUE paHbIIe, OH
npuxoautcs Ha roabl Kopeiickoi BoiHbI. CBSI3b
MEXIYy OSTUMHU JIByMS COOBITUSMHU HHTEPECHO
MCCJIeI0BATh MOpoOHEe.
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Fig. 12.

The number of passenger airplane models tested over a period of 1919-2000 by countries
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Puc. 13. Pacripenenenue naccaxupcKUX CaMOJIETOB MHUPA TI0 YUCITY JBUTaTeIen
Fig. 13. Distribution of passenger airplanes of the world by number of engines

BuaHo, 4TO THPa)KHOCTH, @ 3HAYUT, U OTAAYA JIei co3717aHO MHOTO, a OOIINI BBITYCK HEBEJIHK)

ot pazpaborok, B CIIIA u ocobernno B CCCP CBsI3aHa C TEM, YTO MUK aKTUBHOCTU IO IMPOU3-

ObLTa 3aMETHO BBIIIE CPETHEMHUPOBOIA. BOJICTBY MAaCCAKUPCKUX CAMOJIETOB B ATHX CTpa-
OTHOCHTENbHAS HEYCHEIIHOCTh OpPUTAHCKHUX, Hax TMpHILeNcs Ha JOBOEHHBbIE TOAbI, KOTJa

HEMEUKHX M (paHIy3CKuX pa3paboTok (Moje- Y CpeIHME THPaXKH ObLTH TOpa3i0 MEHbIIIE.
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TupaXHOCTh MACCAKUPCKUX CAMOJIETOB, TO
€CTb OTHOLIEHHWE OOLIEro BBIMYCKa K YUCIY MO-
Jenel, HAaMHOTO HIKE, YeM B CpPEIHEM, BCEro
oxoso 40 mpotus npumepHo 100 qisg Bcex camo-
netoB mupa. Jliis cpaBHEHHS: TUPAXKHOCTH Oojiee
JETKUX YETHIPEXMEPHBIX CaMOJIETOB OOLIEro
HaszHaueHus — 230. J1o oObsacHseTcs Oosee BbI-
COKOM CTOMMOCTbIO NMACCaKUPCKUX MAIlUH.

Ha puc. 12 mokazaHo KonuM4ecTBO Moenei
MacCa’KMPCKHUX CaMOJIETOB 32 BECh BEK I10 CTpaHAM-
pazpaboTtunkamM. Eciu B mpoiiecce THIIEH3MOHHOTO
MPOU3BOJICTBA B KOHCTPYKIMIO BHOCHJIMCH CYIIIe-
CTBEHHbIE U3MEHEHHS, TO HOBasi MOJIEIb TIPUITHCA-
Ha K CTpaHEe-NPOU3BOAUTENIO, @ HE N3HAYATBHOMY
pazpabotumky tumna. Tak, JIu-2I1 cuuraercs coBer-
ckuM camosietoM. CTpykTypa 06a3bl JaHHBIX 1T03BO-
JSIET TepecYrTaTh Yuciia UCXOs U3 APYTUX Hpel-
MOCBIJIOK, HAIPUMEP MPHUITHUCAB BCE MOJIENIN JaHHO-
ro THIA K pa3paboTunKy ucxomHou mojenu. Ho B
JTAHHOM CTaThe CAENAHO MO-IPYroMy.

OO0beM cTaTbu HE MO3BOJIAET MPEACTABUTH
Oonee TMOAPOOHBIA aHaIM3, B TOM YHUCIE IO
CTpaHaM U KOHCTPYKTOPCKHMM IIKOJIaM, XOTS
JaHHBIE TIO3BOJIAIOT €ro nposecTd. He mome-
CTWJICA U aHaJU3 W3MEHEHUS KOHCTPYKIMH ca-
MOJIETOB, UX a’pOJAMHAMUYECKHUX CXEM U CHUJIO-
BbIX YCTaHOBOK. [103TOMy orpaHu4mmMcs TOJIBKO
onuuM puc. 13. Ha Hem mpexacraBneHa a0js B
MHPOBOM BBIMYCKE (B MITYKaxX) MacCaKUPCKUX
CaMOJIETOB C Pa3HBIM YUCIIOM JBUTATEIICH.

[IpencraBisieT UHTEpEC POCT YUCIA OAHOMO-
TOPHBIX CaMOJIETOB Iociae BTopoil MUpPOBOM
BOIHBI (CpeAM HUX MOJABJISIOUIYI0 YacThb CO-
CTaBIISIIOT AH-2) W HMCYE3HOBEHUE 3TOr0 MOJ-
KJlacca K KOHI[y BeKa; BTOPOI peHeccaHc Tpex-
MOTOpHBIX camojeTroB, oT BN-2 Trislander o
Ty-154 u Douglas DC-10, mpuuem OGonee mac-
mtalOuenid, ueM B 1920-30-x TT.; yBIeueHue de-
TBIPEXMOTOPHBIMU camosieTamu B 1940-60-¢ rr.
U OTTECHEHHME 3TOr0 MOJKJIacca B IOCJIEIHUE
30 neT B yCTOMYMBYIO HUIILY C JOJEH Ha PHIHKE
oosemom menee 10 %.

BriBoabI

3a Bech XX BeK ObUIO TMOCTPOCHO BCETO
60 000 macca)xUpPCKUX CamoJIETOB. DTO MeHee
3 % oT o01ero BHITyCKa CaMOJIETOB BCEX Kiac-

23

Civil Aviation High Technologies

coB. CymmapHas BMECTHMOCTb HX — MEHee
5 MJIH 4YelOBEK, WM MEHEE TBICIYHON [0Ju
HaceJeHUs 3eMJIM K KOHILy MPOIIJIOro CTOJETHS.
U st 60 000 camoieToB oOeceuniii HEBUIAH-
HYIO paHblle MOOMIIBHOCTh HaCEIeHHUS.

[IpuBeneHHbIE BBINIE JAaHHBIE O BBIITYCKE
C Pa30MBKOI1 MO MATWICTHUM NEPUO/IaM U CTPaHaM,
W3MEHEHUIO TacCaXMPOBMECTUMOCTH, YIEJIbHOM
Macchl KOHCTPYKIMU U YJIEJIbHOM JI0JIM CaMOJIETOB
C pa3IMyYHbIM KOJIMYECTBOM JIBUraTeseil MoryT
OBITh MOJIE3HBI TP BBISIBJICHUM TEHACHLMNA pa3BuU-
TUSI TACCaKUPCKOIO CaMOJIETOCTPOEHHUS — BaxK-
HEHILIEeH YaCTH aBUACTPOUTEIILHOU OTpaciIu.

ABTOp BbIpaxaeT INIyOOKyI0 OJIaroJapHOCTb
BUIIE-TIPE3UICHTY ACCOLMALMU TPOU3BOAUTENEH
camonietoB obmiero HaszHaueHuss GAMA (Gen-
eral Aircraft Manufacturer Association) Hency
Xennury (Jens C. Hennig), CIIIA, npenocta-
BUBIIEMY aBTOPY CBOJIHbIE TaOJIMIIbI IO BBIIyC-
Ky camoiietoB 3a 1947-2000 rr., cocraBieHHbIE
Ha OCHOBE €XKeroaHelx otueToB GAMA.
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B0o3MO0KHOCTH ¥ HEIOCTATKH CHCTEM NpeaAynpeKICHUs1 BbIKATbIBAHUA
BO3AYIHIHOI'O Cy/iHA 34 NMPCA€CJIbI B3JIETHO-IOCAI0YHOH I10JIOCHI

C.®. bopoaxun', A.H. Boasnuyk', M.A. Kucexes', 10.B. ITerpos’
"Mockoscrui 20Cy0apCmeeHHblll MeXHUYeCKUL YHUBEPCUMem 2paicOanHCKol asuayul,
2. Mocxea, Poccus

AunHotamusi: B Hacrosmee BpeMst Bce Oolblliee BHIMaHFE aBHAIMOHHOW OOIIECTBEHHOCTH W BIIACTEH YAENSETCS 0e30MacHOCTH
TIOJIETOB Ha 3TaIle MOCAIKH. DTO OOBSICHSACTCS TOBBIIICHHON YaCTOTOH WHIMACHTOB Ha (PMHAIIFHOM 3TaIle IoJIeTa U 3HAYUTEIHHBIMU
YIpO3aMH, CBS3aHHBIMH C TIOCIEACTBISIMU 3THX COOBITHH. CTaTHCTHKa aBHAIMOHHBIX MPOMCIIECTBUI MOKa3bIBaeT, 9To ¢ 1959 mo
2019 ron 55 % Bcex karactpod B MHUpe IIPOU3OIILIN Ha JTarax MOCAIKM U B3JieTa. YKa3aHHble KatacTpodbl crany npuunHamu 51 %
BCEX CMEpTEINIBHBIX CITydaeB Ha OOpPTy BO3AYIIHBIX CY/OB. B GONBIIMHCTBE ClydaeB NPUYMHBI STHX aBUAIMOHHBIX MPOHCIICCTBHI
CBSI3aHBI C KaKAM-JIMOO BHJIOM YEJIOBEUCCKOM OmmOKu. HepacyeTHble yCIOBHs Ha a3pOpOME TAKKE OKa3hIBAIOT 3HAYMTEIILHOES
HCraTUBHOC BJIUSAHHWEC HaA BepOﬂTHOCT]) U TAOKECThb aBHUALIMOHHBIX l'IpOIdCL[IeCTBHﬁ. P aCTy]_[laﬂ HUHTCHCHUBHOCTH IIOJICTOB M
3arpy’)KeHHOCTh  BO3IYIIHOTO TPOCTPAHCTBA, MECTKHE OrPAaHWUYCHMS, HAJaracMble YIPABICHHEM BO3MYIIHOTO JIBHIKCHHUS,
HEOOXOIMMOCTB BBITIOTHSHUSI MHOYKECTBA TIPOLICYP U 00IIIee HAMPSHKEHHUE KUTAXKA B COYCTAHUH C IMHAMUYCCKH H3MEHSFOIIIIMIICS
BHCITHAMHU yCIIOBHSIMU CIIOCOOHBI JIG30PHCHTHPOBATh JKHUIAX M IPUBECTH K TIOCAJKE C MPCBBIIICHHEM YCTaHOBJICHHBIX
orpannueHui. [ToMCK perieHUs B YacTW TMPEIOTBPAIICHHUS BHIKATHIBAHKMI BO3IYIIHOTO CY/IHA 33 MPEICIBI B3JICTHO-TIOCAJOYHOMN
TIOJIOCHI aKTUBHO BEJIETCS KaK HA YPOBHE aBHAIIMOHHBIX BIIACTEH, TaK M HA YPOBHSX MPOU3BOIHTENEH M AKCIDTyaTaHTOB. B paMkax
JTAHHOM O030pHOW CTaThU MPOAHAI3UPOBAHBI OCHOBHBIC BHEIIHWE W AKCIDTyaTalIOHHBIE (haKTOPBI, BIFSIONE HA JTHMHAMUKY U
Xapakrep mpobera BO3AYIIHOTO Cy[JHA MO B3JIETHO-TIOCAJOYHOM MOJIOCE, B TOM YHCJIE HA TpPHMEpPe HECKOIBKHUX KaTacTpod,
MPOM3OIIEIIIFX 3a ToceaHue ropl. Kpome Toro, B ctathe 0c000€ BHIMaHUE YIETIEHO PACCMOTPEHHIO METOIOB TIPEIOTBPAILICHHS U
TPEIyTIPEeXKICHNS BRIKATBIBAHII BO3/IYIITHOTO CY/THA Ha OCHOBE IPHHIIAIIOB aKTHBHOM 3alUTHL. B 9acTHOCTH, B CTaThe PaCCMOTPEHEI
OCHOBHBIE acHeKThI PaboThI OOPTOBBIX AEKTPOHHBIX CHICTEM, YCTaHABIMBAEMBIX HA BO3YIIHBIX CylIax Mpom3BoicTBa Boeing u
Airbus, BbIIEICHBI BO3MOXKHBIC HANPABICHHMSA KX COBEpIICHCTBOBaHMS. (Oco00e¢ BHMMAHHC YIACICHO BIMSHUIO IWIOTA WU
BO3MOKHOCTH Y4eTa €ro JCHCTBUI B IMPOrHO3UPOBAHUH HCXO/IA TTOCAIKH.

KaroueBrble cioBa: mocanka, B3nieTHO-TIocanouHas monoca (BIIIT), BeIkaTeIBaHME, IeperieT, 0e30MacHOCTh MONIETOB, OOPTOBOE
AIIEKTPOOOOPYIOBAHHE, a3POJPOM.
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Aircraft overrun warning systems capabilities and disadvantages

S.F. Borodkin', A.I. Volynchuk', M.A. Kiselev', Yu.V. Petrov'

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

Abstract: Currently, attention of the aviation community and authorities is being increasingly focused on flight safety in the
landing phase. It is accounted for the increased frequency of incidents in the final phase of flight and significant threats associated
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with the consequences of these events. The statistics of aviation accidents reveals that from 1959 to 2019, 55% of aircraft crashes in
the world occurred in the phases of landing and takeoff. The given crashes resulted in 51% of all fatalities on board aircraft. In most
cases, causes of these aviation accidents are involved with some kind of human error. Off-design conditions at an aerodrome also
have a significant adverse effect on the aviation accident potential and severity. The increasing intensity of flights, airspace
congestion, strict ATC-imposed restrictions, the necessity to perform a variety of procedures and general flight crew stress in
conjunction with dynamically changing external conditions can disorient a flight crew and lead to a landing with a flight envelope
overrange. The search for a solution in terms of preventing aircraft overruns is actively being conducted both by aviation authorities
and aircraft manufacturers and operators. Within the framework of this review, the major external and operational factors, affecting
the dynamics and the nature of the aircraft roll via the runway, are analyzed, including the context of several accidents that have
occurred in recent years. In addition, the article emphasizes the methods to prevent and anticipate aircraft overruns based on the
principles of active protection. In particular, the article examines the main operation aspects of onboard avionics systems installed
on Boeing and Airbus aircraft and highlights the focus areas of their upgrading. Special attention is paid to the influence of the pilot
and the possibility of taking his actions into account to predict an outcome of landing.

Key words: landing, runway (RWY), overrun, overshooting, flight safety, avionics, airfield.
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BBenenue JS0TCsL Haubojiee pPacHpOCTPAHEHHBIM THUIIOM
All, cBsg3aHHBIH C 3TUM YpPOBEHb CMEPTHOCTH
HaMHOI'O HW)KE, YEM B TAKUX KaTEropusx, Kak
notepst KoHTposis B nosete (LOC-I) nnu cronk-
HOBEHHME C 3€MJIEM B YyIPAaBIsAEMOM IIOJIETE
(CFIT). Tem He MeHee ¢ y4eTOM IPOYHX PUCKOB
HEOOXOIMMOCTb IPEBEHTHBHBIX MEp OUCBH/IHA.

Ha nepBom sTame B kadecTBe Mep OOPHOBI €
BBIKAThIBAHHEM AaBHAKOMIIAHUM pa3padaThIBaIn
COOCTBEHHBIE TMpPOLEAYpPbl M CTaHAAPTHL 0€30-
[ACHOCTH, BKJIIOYABIIME B ceOsi peKOMEeHIAluu
[0 METOJMKE MUIOTUPOBAHMSA, KPUTEPUSIM CTa-
OMIM3MPOBAHHOIO 3aX0/a M TPOLEAyphl Ipe-
PBaHHOIO 3aX0Ja Ha IOCAAKy IPU YCJIOBUHU HE-
CTaOMIM3UPOBAHHOTO 3aX0J1a WM HAJIMUUS UHBIX
¢dakTopoB omacHocTu. [lanpHeilliee TecHOE coO-
TPYAHUYECTBO MEXKIY OCHOBHBIMHU 3aHUHTEPECO-
BaHHBIMU CTOPOHAaMH (PKCIUTyaTaHTaMH, IPOU3-
BOJUTEIISIMU aBUALIMOHHOM TEXHMKH M OpraHaMu
ynpasieHus: rpaxnaaHckoi asuauuu (I'A)) mpu-
BEJIO K pPALY 3aKOHOTBOPYECKMX M PEKOMEH[a-
TENBbHBIX PEUICHWM, BKJIIOYas HHCTPYMEHTapHi
cHkeHus: pucka BbikaTeiBanusi ¢ BIIIT (RERR
Toolkit), koropsiit 6bu1 pa3padboran IATA B co-
TpynHuuecTBe ¢ GoHIOM Ge30MacHOCTH MOJIETOB
(FSF)’. Bropoe M3/1aHiE 3TOr0 MHCTPYMEHTAPHS

Obecnieuenue 6€30MaCHOMN OCATKU OCTACTCS
BOXHOM 3ajadeil Il OTpaciyd M3-3a BBICOKOM
MHTEHCUBHOCTU TMPOUCILIECTBUI Ha B3JIETHO-
nocagouHoil mosoce (BIIII), k KOoTOpbIM OTHO-
carcs: BeikaTeiBanue ¢ BIIII; cToinkHOBeHHE
Ha BIIIT; memoner/mepener BIIII; ymapsr xBo-
CTOM M CIIy4au >K€CTKOU MOCaIKH.

BrikateiBanue ¢ BIIII (pynexHOM m0poXKKH
(PH1)) siBnsiercst HamOonee 4acTOW KaTeropuein
aBUanMOHHBIX TpoucmectBuii (All), Ha momro
KOTOpPbIX npuxoauTcs 27 % Bcex aBUALIMOHHBIX
cobpiTuii 3a mepuox ¢ 2010 mo 2020 rozll.
B cpenneM mo Bcemy Mupy Ha TpaxgaHCKHUE
BosnymiHbIe cyaa (BC) npuxoaurcs He meHee 18
MPOUCIIECTBHI B TOJ], CBSA3aHHBIX C BHIKATHIBA-
HueM 3a npenensl BII/P/l. BeikaTeiBanusi Mo-
T'YT IPUBECTH K THOENH U (WJIK) TpaBMaM JIroaen
nu60 Ha 6opty BC, nubo Ha 3emie. Kpome Toro,
B pe3yJibTaTe BBIKATHIBAHUS Ha 3HAUYUTEIHHOU
CKOPOCTH MOXET OBITh MOBpEKIcHa WH(pa-
CTPYKTypa a’poropra, He CYHUTas BEPOSTHOCTHU
nonHOW motepu camoro BC [1-3]. B oOmeit
cinoxHocTy 3a 10 5er ObUIO BBIsABIEHO Oolee
190 AT, cBa3annbIx ¢ BeikaTKoi BC 3a npenensl
BIIII wau PJI. Xota BeikaTbiBaHnusa ¢ BIIII sB-

2 Safety report 2020. 57th ed. // IATA, 2021. 244 p.
3 Global action plan for the prevention of runway excur-

' Flight safety foundation. FSF Alar Tool Kit [D1ekTpon- sions (GAPPRE) [Dnextponssiit pecypc] // Eurocontrol.
Hbli1 pecypc] // ainonline. 2010. URL: Parts 1 and 2, 5 May 2021. URL:
https://www.ainonline.com/aviation-news/aviation- https://www.eurocontrol.int/publication/global-action-
international-news/2010-08-01/fsf-updates-alar-tool-kit plan-prevention-runway-excursions-gappre (nara oopa-
(mara obpamienus: 10.06.2022). menust: 10.06.2022).
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ObUIO TOATOTOBJIEHO B COTPYAHUYECTBE MEXKIY
IATA u ICAO (mpuyuactuun ACI, CANSO,
IFATCA, EUROCONTROL, NLR, FSF) u As-
CTPaJTUHCKUM OIOpPO TPAHCIOPTHOW O€30IMacHo-
ctu. OrHocutensHo HegaBHO IATA, ICAO, ACI,
CANSO, ICCAIA, FSF, IFALPA, IFATCA,
IBAC, IAOPA, FAA, EASA u EBpokoHTposnem
Obul pa3paboTaH KOMIUIEKT oOecmeueHust 0e3-
onmacHoctu Ha BIIII (Runway Safety i-Kit),
BKJIIOYAIOIIUMI B ce0s CleAyIoUIe MpOoLEeaypbl
U JIaHHbIE:

1) cOop u aHanmu3 CTATUCTHKH O OE30MacHO-
CTH TIOJICTOB Ha 3Tarax B3JIeTa/TIOCAIKH;

2) ToTOBBIE YyueOHBIE MOAYIH M THUIIOBBIE
TJIaHbl 00pa30BaTENbHBIX MPOrPAMM MEPENOAro-
TOBKA M TOBBIIICHUS KBaTHU(PHUKAIUU JIETHOTO
COCTaBa;

3) mpe3eHTalUU ¥ aHUMAIMIO JAJIs TOBBILIe-
HUS HATJISTHOCTH YYeOHBIX KYPCOB;

4) aHanu3 MepeoBOro ONbITAa U MPEAOCTaB-
JICHHUE TUTOMIAIOK ISl B3AMMHOTO OOCY KICHHS B
BHIe KOH(EPEHIIHI i CHMITO3MyMOB' .

OnHako HECMOTPSI HA 3HAYUTENBHBIC YCUITHS
B 00JIacTU OpraHU3alMOHHBIX METOJIOB, CTaTH-
ctuka BeIkaTeiBaHui ¢ BIIII 3a mociaenHue roapl
M3MEHUJIach He3HauuTenbHo. [losToMy mapai-
JENIBHO C OPraHU3alMOHHBIMU METOJAMHU TIPO-
BOAUTCA pa3paboTKa TEXHUYECKUX METO/OB, KO-
TOpBIE MOXKHO pa3/IeJINTh Ha Ha3eMHBIC U OOpPTO-
BBI€, TO ecTh peanuszyembie Ha 6opty BC. Oue-
BUJHO, 4TO Hawmboyiee NEHCTBEHHBIM METOJOM
O0pbObI ¢ BHIKATHIBAHUEM SIBJISIETCS] YBEITUUEHUE
nnuabl BII [4, 5]. OgHako yka3aHHBIA MOAX0/
TpeOyeT 3HaYUTENbHBIX MaTepUAIbHBIX 3aTpaT U
B CHJTy, HampuMmep, reorpaduiaeckiux ocoOeHHO-
cTei, He Bcernma Bo3MoxeH. [loaromy Oosbieit
MEPCIIEKTHBOM, HAa HAIl B3rJsAa, 001IamalT O60p-
TOBBIE CHCTEMBI, CIIOCOOHBIE MPOTHO3UPOBATH
mucTannuio npodera BC u npenynpexnats SKu-
Ma)k O PUCKE BBIKAThIBAHUS, YCTpaHss TeM ca-
MBIM yTPO3y HACTYIUICHHsI (DakTa BBIKATHIBA-
Hu [6].

Paccmorpum mozppoGHee (PakTOpbl OMacHO-
CTH, OOYCJIOBIMBAIOLINE PHUCK BBIKATHIBAHUSA,

* Runway safety programme [ DneKTpoHHBIii pecypc] //
ICAO. URL: https://applications.icao.int/tools/rsp_ikit/
story html5.html (nata obpamenus: 10.06.2022).
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Y IPOAHATIM3UPYEM BO3MOXKHOCTH U HEIOCTATKU
CYHIIECTBYIOIIMX OOPTOBBIX CHCTEM IPEIOTBpPA-
nieHus BoikatbiBanuii BC 3a npenenst BIIIL

MDakTOpPbI ONIACHOCTH,
o0ycJiaBJIMBaIOIINE PUCK
BbIKATHIBAHUS

ATl Ha »rame B3JIeTa/IOCAAKN HEJIB3S CBECTHU
K JIEHCTBUIO KaKOTo-TO oxHOTro ¢akropa. OngHa-
KO BO MHOTOM yka3aHHble AIl oOycioBIIeHHI T1e-
pPEX0/IoM OT MOHOTOHHOIO TMOJIETA, BBIMOJIHSIE-
MOT0, KaK NMpaBujIo, B aBTOMaTHUYECKOM PEXHUME,
K PEeXUMY ToJieTa, TPeOyIomeMy MOCTOSHHOTO
MaKCHMaJbHOTO BHUMAaHUS, UCIOJIb30BAaHUS BH-
3yaJbHBIX OPUEHTHUPOB M TMPEIIOIATAIOIIETO
BBIMIOJTHEHHE MHOXECTBAa TMpoUenyp U JAei-
cuii’ [7-9]. Cpenn Hambonee 4acThiX OMIHGOK
NUJIOTa Ha JTane IOCAJAKH MOXKHO BBIIEIHUTD
caenytomue [10]:
1) HempaBWUJIBHBIN pacyeT MOCAJOYHBIX Xa-
pakrepuctuk BC;
2) HecTaOWIM3MPOBAHHBIN 3aX0J Ha IMOCA-
Ky
3) 3aTsAruBaHHe WIM OTKa3 OT yXOJa Ha BTO-
POii KpyT B COOTBETCTBYIOIINUX YCIOBHSIX;
4) HECBOECBPEMCHHBIM WM HEMPABUIHHBIN
BBIMTYCK B3JIETHO-TIOCAI0YHON MEXaHU3AIINH;
5) 3aTsAruBaHMe dTara BbIACPKUBAHUS;
6) «KO3JICHUEY;
7) ommOKH B yIIPaBICHUU TATOU, PEBEPCOM,
TOPMO>KEHUEM.
Cpenu daktopos, crnocodctByromux All Ha
nocajike, Boiaenstor [7, 11]:
e cocrosinue nosepxHoctu BIIII, He cooTBeTcT-
BYIOIII€E TPOTHO3HOMY (BOJIa, JIE/ U T. 11.);
e cocTosiHue aTMoc(ephl, HE COOTBETCTBYIOIIEE
MIPOTHO3HOMY (BETEp, OCAJKH, BUIUMOCT);
e OoTKa3bl cucteM u arperatoB BC, Biusitommx
Ha MocaZouHble Xapakrepuctuku BC;
e ykioH BIIIL
[Ipu 3TOM HcIpaBieHHUE TOMYIICHHBIX OIIH-
0OK Ha MOcCaJIke OrpaHMYEHO KpailHe MajbIMU

> Human-rating requirements and guidelines for space flight
systems. NPG: 8705.2 [OnekrponHslii pecypc] // NASA,
2003. 40 p. URL.: https://klabs.org/DEI/References/ de-
sign_guidelines/human_rating n_pg_8705_0002.pdf
(mata obpamenus: 10.06.2022).
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pe3epBaMM BPEMEHHM M MPOCTPAHCTBA, a TAKXKE
MeHbIIeH 3()(HEKTUBHOCTHIO adPOIMHAMHYECKIX
pyunieit BC B cuity Majioro CKOpocTHOro Haropa.

TakuM 00pa3oM, NMPUYMHBI BBHIKATHIBAHUS 3a
npenensl BIIIT MoryT ObITh CBEZCHBI B CIEAYIO-
mue rpynnsl [10, 12].

1. YenoBeueckuil (akrop (HecTaOMIU3HPO-
BaHHBIM 3aX0]l Ha MOCAJKy, HEMpPAaBUIbHAS TEX-
HUKa BBIPAaBHUBAHUS, HENPABWIbHBIE ICHCTBUSA
U (WIM) B3aUMOJICHCTBUE B DKUIIAXKe NpU HeOna-
TONPUATHBIX METEOYCIIOBUSX WM HEHITaTHOM
TexHuueckoMm coctostuuu BC u 1. 1m.).

2. HenmoctatroyHoe wunu HeBepHOe HH)OP-
MHUpPOBaHHE JKHUMNaxka (HENpeIBUIEHHBIE WU
3HAUUTEIIBHO XY/ILIUE, YEM 0KHMIaJIOCh, YCIOBUSA
MOCAJIKH).

3. Texuuueckoe cocrosiHne BC (cHmkeHue
3P PEKTUBHOCTH MM OTKAa3 YCTPOWUCTB TallCHUS
MIOABEMHOM CWIBl WU CPEACTB TOPMOKEHUS,
HemtaTHas KoHurypamus BC u 1. 1.).

4. Ocobennoctu aspomopta (reorpadude-
CKO€ pacIoJI0’KEHUE, OrPaHNYMBAIOIIEE HAIIPAB-
JIEHUE TI0CAJIKU U 30Hbl MAHEBPUPOBAHUS B pail-
oHe a’pomnopra, ykioHbel BIIII, cocrosHue no-
BepxHoctH BIIIT u . m.) [13, 14].

YenoBeueckuii (hakTop rIaBEHCTBYET B MPH-
yuHax All. Cornacno craructuke ICAO B 45 %
cinyvaeB npuunHoi All sBisercs UMEHHO 4eno-
Beueckuil (pakTop. Hemocrarounas moaroToBka,
AMOLIMOHAJIbHAS HANpPSKEHHOCTh, YCTAJIOCTh U
psan apyrux (akTopoB CIOCOOHBI BBI3BATH 3Ha-
YUTEIbHBIE OTKJIOHEHUS B paboTe HKUNaxka H,
Kak CJIeJICTBUE, HAPYIIUTh TJ1aH noneta [12, 15].

DKCIUTyaTallMOHHBIMU ~ (DakTOpamMu, BIHSIO-
MMM Ha B3JIETHO-IIOCAJOYHBIE XapaKTEPUCTUKH,
ABJISIIOTCS: 1IOCAJOYHBIN BEC, IMOJIOKEHHE MeEXa-
HU3allMM KPbUIA, CKOPOCTh M HAIPABJICHUE BETPA,
COCTOSIHME aTtMoc(epbl, NPHUMEHEHHUE CPEICTB
TOPMOKEHHSI, COCTOSTHUE U YKJIOH BIIIIC.

Obpatumcst k ananu3y HemaBHuX All, cBs-
3aHHBIX ¢ BeIkaTbiBaHueM BC 3a npenensr BIIII.

23 okTs0pst 2022 rona B adsponopry Mactan
Cebu International Airport (CEB) na mocanake
IIOCJIE TPEThEN MOIBITKH MPU3EMIIUTHCS BBIKA-

6 VuebHOe mocobue 1o a9poaHHAMUKE [DIEKTPOHHBIIT
pecypc] // KI'BOY CIIO «Komcomonbckuii-Ha-AMype
aBUALMOHHO-TeXHUYeCcKuil TexHukym». URL:
https://studfile.net/preview/2989748/page:13/ (nara 00-
pamenus: 10.06.2022).
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tuncst Airbus A330-300 aBuakommannu Korean
Air. TlepBble nB€ MOMIBITKU 3aiTH Ha MOCAAKY
3aKOHYMIIMCH YXOJOM Ha BTOPOH KPYT Ha OTHO-
CUTENIbHO MallbIX BbIcoTax (275 m 150 ¢yrtoB
COOTBETCTBEHHO) (pakTHUeCKH HaJI MOPOroM
BIIIT 22. Ha tpeTheil mombITKE MUIOTOM yAa-
nock nocaauth BC, HO TeMIT TOPMOKEHHS OKa-
3aJIcsl HEIOCTATOYHbIM, U Ha ckopocTH 80 y3110B
BC BrikaTunoce 3a npeaenst BIII u ocranoBu-
aock B 360 M oT Topua mnonocel. B pesynbrare
WHIMJICHTa HUKTO He moctpagan. Y BC moamo-
MUJIACh HOCOBas CTOMKa IIACCH U PACKOJIOJCS
drozensok. B momenT mocagku peiica KE-631
HaOJI0a1ach rpo3a U JUBHEBBIC OCAJKH, TOPHI-
BbI BeTpa gocturanu 10 m/c. Ha BIIII 6b11 cioit
BOJIBI.

7 aprycra 2020 roma B MEXAYHApOJAHOM
asporiopty Kamukyr (Calicut International
Airport (CCJ)) motepmnen karactpody Boeing
737-8HG aBuakommnanuu Air-India Express, BbI-
NONHABIIMK  peryisapHbid  peric [1X1344 1o
mapuipyty [lyOait — Koxukozne. YcnoBus mo-
cajki ObUTH YCIIO)KHEHBI CIEAYIONIMMHU 00CTOs-
TEJIBCTBAMHU: a’pPOAPOM C TPEX CTOPOH OKPYKEH
ropamu; Topubl BIIII 3HaunTEIRHO BO3BBIIIAIOT-
cs Hax penbedOM; HAKIIOH TIIMCCAIbl TPHU TIO-
caJlke ¢ BOCTOKAa HECKOJIbKO OOJIbIlle CTaHAapT-
HOTO; T10JI0Ca B 30HE MPU3EMJICHUSI UMEET IOJI0-
J)KuTeNbHBIN YKIOH. CornacHo nanHbiM METAR
B a’poropTy B pabore Obuia monoca 28, mepe-
JaHHOE JTMCIETYEPOM SKHUMaKy 3HauYEHUE BeTpa
coctaBisuio 280 rpagycoB, 5 y3lI0B TO €CTh Be-
Tep OBLJI CTPOr0 BCTPEUHBIM Ui TOW MOJOCHI.
Buaumocts B YCIIOBHAX YMEPEHHOM IPO3BI C
noxaem cocrasisiiia 2000 MeTpoB ¢ TEHIAEHUMA
cHkeHua 1o 1500 MeTpoB mpu AOIMYyCTUMOM
st 3axona ILS wa sty monocy 3nauennu 1300.
DKUMax BBINOJIHWI MOMBITKY 3aX0J]la Ha MOcaj-
Ky, KOTOpasi HEe YBEHYAIach yCIEXOM H3-3a HU3-
KOW BUJIMMOCTU B YCIIOBUSX CHUIIBHOTO JOXISA —
NWIOTHl HE BUAETU HEOOXOIUMBIE OPHEHTUPHI,
KpPOME€ TOTO, B CaMblii HENOAXOIALIUA MOMEHT
OTKa3aJ JBOPHUK Ha JOOOBOM CTEKJI€ KOMaHIH-
pa’. B mrore camolner yuea Ha KpYT, OXKHIas

7 Karactpoda bounra-737 B Koxuxone (Mumust) [Dnek-
TpoHHBIH pecypc] // bnor Fly safe. Hebecuslie ucropun.
URL: https://denokan.livejournal.com/230207.html (ma-
Ta obpamenust: 10.06.2022).
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paspeuieHusi copepwnTh nocaaky Ha BIIIT 10.

[Tocne nomyuenus: pazpemenuss BC npuzemn-

nocs Ha BIIIT 10 pnunoit 2860 M mnpumepHO

B 1000 M 3a moporom BIIII, He cmorno ocraHo-

BUTHCS M yIIaJIO B 0OpBIB TITyOMHOM 35 M 3a TOp-

nom BIIII. ®rozensmxk BC packonosnics Ha 1Be

yacTy, o0a mwiota u 19 maccakupoB MOTHOIH.

Baxxno 3ameTuTs:

® DKHITQX HU IIPU NEPBOM IOMBITKE OCATKH, HU
IIPU BTOPOM HE BBHIMOJHAT pacyeT NoTpeOHOH
JUIS TIOCAJKM TUCTAHIMM, YTO SIBJISETCS 00s-
3aTeJIbHON NMPOLENYypOH, YCTAHOBUB 3aJaTUUK
YPOBHSI aBTOMaTHYECKOI0 TOPMOXKEHHUS B IO-
JIO)KeHUe «3», TO €CTh 3a/laB HE CaMbli Mak-
CUMAaJIbHBIM U3 BO3MOXKHBIX YPOBHEW aBTOMa-
TH4YeCKOro Topmoxenus BC;

e B MoMeHT npoxoaa topua BIIII 10 ckopocTts
coctaBisiia 176 y3moB (326 kM/4) Ha BBICOTE
npumepHo 450 ¢yrtos (140 M) Hag moBepx-
HocThr0 BIIII, 4To sBIsETCA HENpUEMIIEMBbIM
Ju1s mocaaky Ha koporkue BIIII B miioxux mo-
TOJHBIX YCJIOBUSX (B MOMEHT IOCAJAKHU MOMYyT-
HBI BETEp COCTaBIsI OKOJIO 9  y370B
(17 xm/9));

e Ha O0pTy OBUIO TOCTATOYHO TOTUIMBA JJISI TO-
ro, 4ToObl caMoJIeT yIIed Ha 3amacHoil a’po-
JpOM, OJIHAKO MWJIOTHI NMPUHSUIM PELICHUE Ha
yXOJl Ha BTOPOW KPYT CIMILKOM IMO3AHO (pac-
ClleJOBaHHE I10Ka3ajlo, YTO B MOMEHT Kara-
ctpodsr PY]] Haxonmics B TMOJHOCTBIO Iie-
pennem mnonoxeHuu (take off go-around)),
a croiepsl ObLITU YOPaHBI).

MeToabl CHUKEHUSI PUCKA
BbIKaTbIBaHM 32 npeaeansl BITIT

OCHOBHBIMU METOJIaMH CHUYKEHHUS PHUCKOB
BbikatbiBaHust BC 3a nmpenenst BIIII sBusitorces
OpraHu3aIlMOHHbBIC U TeXHUYecKue. [locnennue B
CBOIO OYepe/lb pa3feisaioT Ha METO/bl aKTUBHOU
W METOJbI ITACCUBHOM 3aIllUTHI.

Kak 0Ob1710 OTMEYEHO BBIIIIE, HECMOTPS HA aK-
TUBHYIO pabOTy OpraHOB yHPABJICHHS TpakKaaH-
CKOW aBHallUM, OPraHU3ALMOHHBIE METOJbl HE
MTOBJIUSUTH JTOJDKHBIM 00pa3oM Ha OOIIYIO CTaTH-
CTUKY MPOUCIIECTBUM, YTO HAIJISIAHO MOKA3bIBa-
€T BO3PACTAIOIIMNI TPEH ] YaCTOThI BEIKATHIBAHU
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3a 2015-2020 roxsl (IATA)S. Co3nanue HOpMa-
TUBHOU 0a3bl HE TapaHTUPYET €€ 0e3yNpeyHoro
ucnonHeHus. CoOracHO MdaHHBIM LHPKYJSIpa
FAA AC Ne 91-79A (oauH U3 TIaBHBIX COBpe-
MEHHBIX IUPKYJSPOB, OMNPECNSIOMUX MyTU
obOecneuyeHus 0€30MaCHOCTH IS MUJIOTOB, aBHa-
KOMIIaHUH, pa3pabOTYMKOB CamMoOJETOB, 00ydYa-
IOIIMX OpraHU3aIMil B 00JIACTH CHIDKCHHS PUCKa
IIPY BBIKATBIBAHUU CaMOJIETOB 3a npeneinsl BIITT
Ha JTame MOCAJKH) KIIOYEBBIM 3JIEMEHTOM 0e3-
OMACHOCTH, BIIMSIONIMM HA PHUCK BBIKATHIBAHUU
3a npenensl BIIIT Ha mocanke, sIBAsSETCS UNMEHHO
ot [16].

[ToaTomMy oueBHIHA HEOOXOJUMOCTH MpUME-
HEHUS JIOMOJHUTENbHBIX OapbepoB Oe30mMacHo-
ctu. Kak mokaspIiBaeT mpakTuka, Jaxe Hanbosee
MEPCIIEKTUBHBIC HA CETOAHSIIHUN JICHb MacCHUB-
HBIE CHCTEMbI O€30MMaCHOCTH (KOHIIEBHIE MOJIOCHI
6e3zonacHoct EMAS) He oGecrieuynBaroT q0cTa-
TOYHOTO YpOBHS 3amuThl. Tak, He Ha Bcex BIIII
CYILIECTBYET BO3MOXHOCTh YCTaHOBUTH M0JI00-
Hble KOHCTPYKIMM (B TOM ke asponopty Kapu-
yp IS KOHIIEBOM IMOJIOCH 0e30macHOCTH (u-
3MYECKHM HET MECTa), a B HEKOTOPBIX CIIydasx
OHAa MOXKET OKazaTbcs Oecrolie3Ha, Kak, HalpH-
Mep, B cily4yae BhIKaTKH Tspkenoro BC Ha Bbico-
KO ckopoctd (kak 3To mpousonuio B Cely
¢ A330 Korean Air). [Tostromy emnie B 1990-¢ ro-
IIbl KOHCTPYKTOpPHI Haydajiu pa3pabdOTKy aKTHB-
HBIX METOJIOB OOpHOBI C BHIKATHIBAHUEM BC.

CucreMbl npeaynpe:kaeHus1 OMacCHOCTH
BbIKATHIBAHMSA BO3AYLIHOI0 CYAHA
3a npeaeast BITIT

BopToBbie METOIBI CHMXKEHMSI pUCKA BBIKa-
ThiBaHUs 3a npenensl BIIIT ocHoBanbl Ha BbIpa-
0O0TKE yMPaBISIONUX BO3JCHCTBUI HAa OpraHbl
yrpasiieausi BC skunakeM Ha OCHOBE PEKOMEH-
JaIii OOPTOBBIX CHCTEM HIIM K€ Ha BBIPAOOTKE

¥ Safety report 2021. 58th ed. // IATA, 2022. 269 p.

? Runway condition assessment — moving toward an au-
tomated environment [DnexkTpoHHsIi pecypc] // In: Pro-
ceedings of Interregional Conference «Airport council
international». Tampa, 15—17 September 2019. URL:
https://airportscouncil.org/wp-
content/uploads/2019/09/Runway-Condition-Combined-
Presentation.pdf (mata obpamenus: 10.06.2022).
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YIPaBISIOIMX BO3ACHCTBUN HA OpraHbl yIpas-
JICHUS] aBTOMAaTHYECKO OOPTOBOM cucTemoii 6e3
y4acTHs IUJIOTA.

CoBpeMeHHBIE CHCTEMBI CIIOCOOHBI MPOTHO-
3UpOBaTh AUCTAHIIMIO TTOCAIOUYHOTO Mpodera uc-
X0/ U3 BHEIIHUX ycyoBui u napamerpos BC u
B HEKOTOPBIX CIy4asX OTCJIEKHBATh JUHAMUKY
newxenusa no BIII u BeIgaBaTh SKUNAXy pEeKo-
MeHaaruu [7].

[lepBoit mogoOHOI cucTeMoil crama cucrema
npeaynpexaeHuss o nonoxenun BC oTHocu-
tensHO BIIIT (RAAS), pazpaborannas Kkopropa-
nueit Honeywell B 2004 romy. basoBas RAAS
MPEIOCTABIISICT IKHUITAXKY MHPOPMAITUIO O TOJIO-
skeiun BC otHocutensHo BIIIT Bo Bpems nBu-
JKEHUS Ha 3eMiie U (DYHKIUOHHPYET MyTEeM IIO0-
a4l 3BYKOBBIX COOOIICHHWH ISl MOATBEpPKIe-
HUSl HISHTUPUKALNIN BIIITY. Cucrema Taxxe
HH()OPMUPYET IKUIAXK O TOMBITKE B3yeTa ¢ P/l
Bmecto HasHaueHHou BIIIIL. Ilpu mocanke cu-
CcTeMa OIpeeNsieT MOMNBbITKY NOCAJKU Ha 3aBe-
noMo kopotkyro BIIII m Bemer orcuer ocras-
meicst muHbl ojiockl iepen BC npu mpobere.
Pa3zpabOoTka cucTeMbl cTajla BOZMOXKHOM Onaro-
Japs  Pa3sBUTHIO CHCTEM  MPEIyNpeKICHUS
cronkHoBenus BC c 3emneirr (TAWS, EGPWS).
Jns ee GyHKIMOHUPOBAHUS HEOOXOIUMBI Clie-
JYIOLIUE UCXOIHBIEC TaHHBIE:

e koopauHaTel BC B nmpocTpaHCTBe;
e abcomotHass ckopoctb BC (oTHocHTENbHO
3EMIIH);

e xypc BC.
B 2009 roxy Honeywell pacmmpuia Bo3-
MOKHOCTHU RAAS, no0aBuB CUCTEMBI

SmartRunway u SmartLanding.

Cuctema SmartRunway («ymnas BIIII») pa-
00TaeT ¢ CyIIECTBYIOIIUM MPOTPAMMHBIM 00ec-
neuenueM (II0) EGPWS Mark V u ucnonssyer
JIaHHBIE CITYTHUKOBOW HABUTALIMOHHOW CHCTEMBI
(GPS) nns BBIOAuMm pekOMEHJAlMii Ha OCHOBE
cpaBHeHust koopauHaT BC ¢ xaptoii asponopra,
xpansuieiics B 6aze naHasix EGPWS.

Cucrema SmartLanding («ymHasi TOcaKay)
pa3paboTaHa JUIsi CHUXKEHHSI pPUCKAa HECAHKIHO-
HupoBaHHbIX Bble30B Ha BIIII. CornacHo cra-

' Flight crew manual for Boeing 777 [DnekTpoHHbIii pe-
cype] // zlibrary. URL: https://zlibrary.to/pdfs/boeing-
777-flight-manual (nata oopamenus: 10.06.2022).
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tuctuke AIl 3a 2010-2020 rona I/IHLII/II[GHTLI6,
CBSI3aHHBIE C JKCIUTyaTalliel B 30HE a’poropra,
U B YAaCTHOCTH HECAHKIIMOHUPOBAHHBIC BBHIC3IIbI
na BIIII, ctanu HanboJjiee onmacHLIMU U YaCTBIMHA
coopiTusiMu. CornacHo manasiM NTSB (National
Transportation Safety Board — HanumonansHbIH
coBeT 1o OezonacHocTu Ha Tpancnopte) B CHIA
kaxable 10 nHed NPOUCXOAUT KAK MHUHUMYM
OIVH HHIIMACHT Ha BIIIL Cucrema
SmartLanding renepupyeT 3BYKOBBIE M TEKCTO-
BbIe COOOIICHHs Ha TJIAHOBOM HABUTAllMOHHOM
npubope (HSI) npu BeIsSIBIEHHH MpOOJieM BO
Bpems nocaaku BC, takux, Hampumep, Kak OT-
KJIOHCHHE TI0 BBICOTE, IPEBBIIICHUEC PCKOMCHTY-
€MBIX TIOPOTOBBIX 3HAYEHUU CKOPOCTH, HEIpa-
BUJIbHAS TocanouyHash kKoHdurypamus BC, He-
BEpHasi HacTpoiKa BbicoToMepa u Ap. OTMeTumM,
YTO JIJISl OTIPEICIICHUS TTOJIOKECHHSI MEXaHU3AINH
U HaCTPOWKH BBICOTOMEpA CHUCTEMa HCIIOJIb3YEeT
TaHHBIE OOPTOBOTO KOMIIBIOTEPA.

B 1iennom renepartust cooOieHui cucTeMaMu
SmartRunway u SmartLanding npu nosiBieHuu
npoOJieM Ha B3JIeTe/TocaaKe 00ecreuynBaeT IKH-
Maky BO3MOXKHOCTh 0OJiee CIIOKOWHOTO MHIIOTH-
pOBaHMs B «HOPMaJbHOM» PEKHUME C Mepepac-
npeelieHueM BHUMAHUs OT KOHTPOJISl MPUOOPOB
K aHaJIM3y BHENTHEH 0OCTAaHOBKH, U CIIOCOOCTBY-
€T TIOBBIIICHUIO CTA0WJIBHOCTH BBITIOJIHEHUS
Bcex mpouenyp. B to xxe Bpemss RAAS u ee mo-
TU(UKAIMK TP CBOEM (DYHKIIMOHUPOBAHUU HE
YYUTHIBAIOT BO3MOXKHOE U3MEHEHHE 0OCTaHOBKU
B MpOIIeCcCe MOCAAKU U peanbHyto nuHaMuky BC
npu aswkenun no BIIII. Tak, mHanpumep, eciu
npu 3axone Ha mocaaky Boeing 777-300ER
B asporopty Coum (Amnep) Ha monocy 06/24
JUIMHON 2895 M B yCIOBMSIX OTCYTCTBHUS BETpa
1 10k (B 3TuX ycnoBusax RAAS ogoGput mo-
canky, tak kak jiuuHa BIIII cooTBercTByeT Tpe-
OoBaHUsIM 0€30MAaCHOW MOCAJIKKM) HAYHETCS JIH-
BEHb, YTO YMEHBUIUT KO3()(UIUEHT CLETUICHUS
1o 0,5, u mogHumeTcs Berep Kypcom 60 rpamy-
COB (TIONMyTHBIH BETEP B XBOCT) CKOPOCTHIO
10 10 y3moB (mmocaaka B TaKMX YCIOBHUAX JIOIYC-
KaeTcsi pyKOBOJICTBOM II0 JIETHOM JKCILTyaTaluu
nanHoro BC (Flight Crew Manual)), To oxuna-
emass JuidHa 1pobera yBemuuurcs ¢ 1600m
Ha 130-150 % (puc. 1), yTo MOXET cTaTh IpHU-
ynHOil All, mockonbKy BO BpeMmsi mpobera cH-
cTeMa He BbIAACT TpeboBaHUs 00 yXoJe Ha BTO-
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Puc. 1. Ycpennennsie gannsie MKAO no BausiHuio coctosinus nosepxuoctu BIII Ha qucTanumio nocagoyHoro
mpobera st BC cpemnero pa3mepa ¢ peBepCHBHEIMHE yCTpOHCTBaMu cpenHei 3(h(heKTHBHOCTH
Fig. 1. The average ICAO data with reference to the effect of the runway surface condition on the medium-sized
aircraft landing roll distance with medium efficiency thrust reversers

poii Kpyr, HHQOPMHUPYS OKUIAX TOIBKO 00
ocrarounoii mnuHe BIIIT u dakrte mocTrxeHus
KOHIIA MOJIOCHI.
Heckonmpko JileT Ha3aJq Ha OCHOBE CHCTEMBI
RAAS xopropaueii Boeing Obu1o BBITYIIEHO
obHoBinenue B Buae I[1O Runway Situation
Awareness Tools (RSAT) [17], B koTopom momoi-
HHUTEITFHO PEATM30BaHbI ClIeTyonre (OyHKIIH:
® NIpEeABApPUTENBHBIA pacyeT MOCaT0YHON JHC-
TaHIUY;

® OIpeeeHne TOYKH yX0/1a Ha BTOPOU KPYT;

® pacyer MpeAeTbHOTO IEepesieTa MpU MPHU3EM-
JICHUH;

e reHepalus 3BYKOBBIX COOOLICHMH Ha BBINOJ-
HEHUE TPEOYEMBIX TPOIICAY].

IO RSAT wmoxeT OBITh yCTaHOBJIEHO Ha
o6oproom mnanmere (Electronic Flight Bag
(EFB)) unu 6oproBom kommetotepe (FMC). Uc-
XOJHBIMH JTaHHBIMH TSI PacyeTa sIBISIOTCS:

Bec BC;

JIaBJIeHHE BO3TyXa Ha BHICOTE adpOpoMa;
CKOPOCThH BeTpa (BCTPEYHOTO HJIU MTOMYTHOTO);
ykioH BIIII B mpoueHTax;

TEeMIIepaTypa BO3yXa;

pacueTHas HOIPEIIHOCTh CKOPOCTHU 3aX0/1a;
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MOJIO’KEHHE 3aKPBLUIKOB;

cocrosHue BIIII (cyxas/3arpszHeHHas);

BbIOpAaHHBIN pexUM TopMOXxeHHUs (autobrake);

KOJIMYECTBO JOCTYIHBIX JIJISI TOPMOXKCHHS pe-

BEPCOB;

e pexuM pabOThl CHOMIEPOB (aBTO WIH PyU-
HOI);

e koopauHaThl BC B mpocTpaHCTBE;

e abcoioTHas ckopocTh BC;

e kypc BC.

Pe3ynbTar pacuera BBIBOOUTCS Ha HKpaHe
IUTAHIIIETa B BUJE JIByX MOTPEOHBIX AWCTAHIIUN
(cyxas u 3arpsi3HEHHAs 10JI0CA) U TTOATPYKACTCS
B OOPTOBOW KOMIBIOTEP UIsi MOHUTOPUHTA TIO-
noxennss BC m TouHoctn 3axoma. B cmydae
HE BBIJICP’)KMBAHUSA TOYHOCTH 3axoja (mepener
TOUYKH KAacaHHWs) CUCTEMa BBIJACT Mpeaynpekie-
HUE U PEKOMEH/YeT YXOJ Ha BTOPOU KPYT H TO-
myTHO coobmaet octatok aimuHbl BITIT.

WNurerpamus RSAT B maker EFB (mocraTou-
HO Ji0porasi OIIKsl) OrPaHUYMBAET €r0 HCIONb-
30BaHHE aBHakoMmaHusMu. Kpome Toro, cucre-
Ma MO-TpeXHEMY HE YUUTHIBACT AUHAMUKY JIBU-
»enus BC o BIIII.
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IlepBoii cUCTEMOM, HENPEPHIBHO AHAIU3HU-
pytomeit nuHamuky newkenuss BC mo BIIII,
crana cucrema Runway Overrun Prevention
System (ROPS)'!, co3nannas Airbus B 2010 ro-
ny ana A380 u A350. dyukuuonansHo ROPS
JIETTUTCS Ha JIBE TIOJICUCTEMBI:

1) moacucremy npeaymnpexaAeHUus O BbIKa-
teiBanuu ¢ BIIII (Runway Overrun Warning
(ROW));

2) TOACHUCTEMY 3alllUThl OT BBIKATHIBAHUSI C
BIIIT (Runway overrun Prtotection (ROP)).

ROW axruBupyercst Ha BeicoTe 500 ¢pyTOB 1
octaeTcs aktuBHOW 1o kacanusgs BC BIIII oc-
HOBHBIMU omopaMu maccu. Cucrema pacCuuThI-
BAET MOCAJOYHYIO JTUCTAHLHUIO JJIsl CYyXOM U MO-
kpou BIIII m B ciaydae HEIOCTATOYHOM JJIMHBI
BIIII renepupyeT npeaynpexIariime 38yKOBbIE
U BU3yalbHbIE cooOmeHus. McxomueiMu OaH-
HeIMHU 11 ROPS aBnsarorces:
koopauHatsl BC B mpocTpaHCTBE;
abcomroTHast ckopocth BC;
ucTuHHas ckopocth BC;
kypc BC;
tun BC u aurarens;

Bec BC;

TEeMIIEpaTypa HapyKHOTO BO3/IyXa;
KOH(UTypaIus B3JIE€THO-I0CAA0YHON MeXaHu-
3a1u;

CKOPOCTb U HaIpaBJICHUE BETPA;

e 1ieHTpoBka BC;

® J[aHHBIE O COCTOSIHMM TIOJIOCHI (CyXas WIu

MOKpas).

ROP axtuBupyercs no kacanuto BC BIIII
Y OCTAeTCsl aKTUBHOM JO JIOCTHXEHHSI CKOPOCTH
pYJCHHS, MPOTHO3UPYS MO TEKYLIEMY 3HAYCHHIO
yckopenust BC qymny ero npobera. B cirydae BbI-
XO0/1a TIPOTHO3UPYEMOTO 3HAYCHUS ITIMHBI podera
3a OrpaHUYeHUs (BOSHUKHOBEHHSI PHCKA BBIKAThI-
Banusi BC 3a npeaenst BIIIT) ROP renepupyer:

1) Bu3yasmbHOe mpenynpexaeHue Ha PFD
«WMAKCUMATILHOE MOPMOICEHUE, MAKCUMATbHBIU
pesepc (BBIBOIUTCS KPACHBIMU OYKBaMU);

2) 3BYKOBOE COOOIICHHUE «MOpMO3, MAKCU-
ManbHoOe MOPMOdNCEHUe, MAKCUMANbHOe MOop-

" Runway overrun prevention system (ROPS) [Drek-
TpoHHBIH pecypc] // skybrary. URL:
https://skybrary.aero/articles/runway-overrun-
prevention-system-rops (f1ara oopamenus: 10.06.2022).
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ModiceHuey TIOBTOpsieMOoe 10 00KaTusl MHIOTOM

neaanyu TopMo3a;

3) 3BYKOBOE COOOIIECHUE  «VCMAHOBUMD
MAKCUMANbHBLIL pesepc» CMEHSET Tpeblayliee
coolIeHne mocae o0XKaTus MHIOTOM TMeAanu
TOPMO3a, €CIIM YKa3aHHBI peXUM HE ObLIT yCTa-
HOBJICH JI0 ’TOTO MOMEHTA;

4) 3ByKOBOE€ COOOIIEHUE «depicamsb MaK-
CUMANbHYIL pesepc» B CIydyae COXPaHEHUS pHC-
Ka BBIKaThIBaHMs Ha cKopocTu 70 y350B (peKo-
MEHIYEMOU CKOPOCTH OTKIIIOUEHUS peBepca).

Takum obpazom, ROPS oGecneunBaer mpo-
THO3 MOCaJI0YHON AUCTAHIIUU HAUYMHAS C BBICOTHI
500 ¢yToB (152 ™M) mns nByx cocrosiauii BITIT
(cyxolf U MOKpOH) M KOHTPOJHPYET TOYHOCTh
pPaccCUUTaHHOrO MPOTHO3HOI'O 3HAYEHMsI B IPO-
1ecce MOCaaKy, YTOUHSS JUIMHY TpoOera ucxos
U3 TeKyulero yckopenus. Ho TouHocTs nmporso-
3a, OYEBUIHO, 3aBUCUT OT TOYHOCTH HMCXOJHBIX
JIAHHBIX, O0COOEGHHO B 4acTH coctosHus BIIII,
atMocdepsl u cooctBenHo BC, a Takke oT TO4-
HOCTHU BBIIOJHEHUS IOCAA0YHBIX MPOLETYP
SKUIIAXEM, TO €CThb OT KIIOYEBBIX (PAKTOPOB,
OTIpeNIeNAIOMUX Oe30MacHOCTh MMOJIeTa Ha IIO0-
caake. Hwxke naHa onieHka BIUsHUS 0003Ha4YeH-
HBIX IOTPEIIHOCTEH Ha I0CaJ0YHYIO IUCTaH-
UIO:

e QonpIIMI Ha 5 y370B MOMYTHBIM BeTep, yBe-
JMYMBAET MOCAIOUHYIO IUCTAaHIMIO Ha 5 %

e Ka)kJas JUIIHSS CEeKyHJa Ha JTame BbLIep-
JKUBaHUSl yBelnnuuBaeT Ha 7 % HNnuHY moca-
JIOYHOM JUCTAaHLIUH

e KaKJas CeKyHJa 3aJep’KKU B Hadalle TOPMO-
JKEHUS mefansaMu nob6asnser 7 % K mocanou-
HOM TUCTaHIINH,

® 3a/ep)KKa B TPHU CEKYHIIbI IPU BBHIOOpE Mak-
CUMaJIbHOTO peBepca Ha Mokpou BIIII ysenu-
YHBAET MOCATOUYHYIO JUCTAHIINIO Ha 4 %;

e yMeHbllIeHHe Kod(hduiMeHTa CUEMIeHus OT
nporsosupyemoro Ha 10 % yBennuuBaer mo-
CaJIoYHYI0 aucTaHuio Ha 4 %;

® HEBBIMYCK CIIOWJIEPOB MOXET yBEIUYUTH TO-
CaJIOUHYIO TUCTaHIHIO Ooee ueM Ha 25 %.

JUia  WIITIOCTpallud  BO3MOXKHBIX — ITOCJIEN-
CTBUH BIUSHUS YKa3aHHBIX (DAaKTOPOB PacCMOT-
PYIM THUIIOTETHYECKYIO MOCaIKy camoieTa Airbus
A350-900 B aspomnopry Coun (Annep) Ha moJio-
cy 06/24 nnuHoit 2895 M mpu IOMyCTHMOM TIO-
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CaJlIoYHON Macce, MOMYTHOM BETpe B 5 y3IOB U
cyxon BIIII. ITocanka B TakuX yCIOBHSX SIBIIS-
eTcsa Oe3omacHoM, 3HaunT cucremMa ROPS ne
BBIIACT Ipenynpexaaomux coodmenuil. [lpen-
MOJIO’KKUM, OJTHAKO, YTO BO BPEMsI BRIPAaBHUBAHUS
HAYaJICS CWJIBHBIN TOXIbh (Kod(ddHImeHT cremn-
nenus canzmics 1o 0,5) u Betep yceunmics 10 10
y3710B (MOJJOOHBIE YCIIOBUS MOCAIAKHA HAXOATCA
B paMKax orpanmdenusi Flight crew manual)'.
Hcxons w3 manHbIX puc. |, mamuHa mpobera B
3TOM city4ae Bo3pacteT Ha 130-150 %, uro npu
CpelHuX 3HaueHus JUIMHbI npodera A350-900 B
1500 M* MoxkeT craTh npuunHoi All. Puck BbI-
KaTeiBaHusl Oyzaer oOHapyxkeH ROPS Bo Bpems
npobera u MoTpedyeT OT SKUIMAXKa WIH YyX0Jia Ha
BTOPOIl KpPYI, WM BBIIIOJHEHUS JOIMOJIHUTEb-
HBIX AeiicTBul no Topmoxxkenuto BC. OueBuaHo,
4TO K MOAOOHOHN CUTyallMu MOXKET MPUBECTH HE
TOJIBKO PE3KO€ M3MEHEHHE MOTOJHBIX YCIIOBHIA,
HO U HEKOPPEKTHOE OmperesieHne K03 PuineH-
Ta CLEIJICHUS, a TaKKe HENmpaBHIbHbIE (HETOY-
HbIE) AeWcTBUS dKuNaxka npu ynpasiaeHun BC.
Kak yxe Obl10 OTMEYEHO BbIIIE, UMEHHO YeJlo-
Beueckuil (akrop B 45 % cimyuyaeB sBIsEeTCA
npuunHor All. TloaToMy nepcneKTUBHBIM Tpea-
CTaBJISIETCSl NOBBIILIEHUE TOYHOCTU CHCTEM IIO-
no6ueIx ROPS 3a cuer:

1) ydyera mpu pacueTe HNPOTHO3HOTO 3Haye-
HUSl TIOCaJ0YHOM JIUCTaHIMK YEJIOBEYECKOIro
¢axTopa;

2) HUCHOJB30BAaHUS PEALHOTO 3HAYEHUS KO-
s dunmeHTa ClerIeHHs.

Jlns onieHKM (TIOBBIIIEHUS]) TOYHOCTH TIepe/ia-
Baemoro Ha Oopr BC 3Hauenust ko3¢p¢unuenta
CIIETUICHUs] MOXKET OBITh 3a/IeCTBOBaHAa pa3pado-
tanHass Airbus u Navblue ¢ynkuus Braking
Action Computation Function (BACF) [18], obec-
neyrBaromas coop, BblIauy SKUMAXy (Iucrerde-
pam YBJI) n akkymyaupoBaHHE Ha CIECIUATHHOM
cepBepe JaHHBIX 00 3(eKTUBHOCTH paboThI CH-
ctem Topmoxkenust BC (cmoitiepsl, pesepe, Kosec-
HBIE TOpMO3a) Ha npodere. Takum obpaszom BACF
MO3BOJISIET aBUAKOMMIAHUW U (WJIM) a’3pOIOPTY
HaKalUIMBaTh JaHHbIE 10 TOPMOXKEHHIO HA BCEX

12 Aircraft flight crew. Maintenance manual for Airbus
A350 [Dnekrponnsiit pecype] // airbus. URL:
https://www.airbus.com/sites/g/files/jlcbtal 36/files/
2021-11/Airbus-Commercial-Aircraft-AC-A350-900-
1000.pdf (nara obpamenus: 10.06.2022).
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peiicax Bcex BC, omepatuBHO 0OHapy>KUBas
OIIMOKHU B ompejaeneHn: KodduimenTa crerie-
HUS. Yke ceromHss WH(pOpMalus M3 CHUCTEMBI
BACEF B pexxuMe peaabHOro BpeMeHH MOCTYIAeT B
RunwaySense — cepsic Navblue'®, popmupyro-
mui ot4yeThl 0 cocrossuuu BIIIT BIoroTs 10 ee oT-
JICJIbHBIX YYaCTKOB.

O4eBHIHO, YTO ONIEPATUBHOE UCIIOJI30BAHNE
naHHbIX RunwaySense npu pabore ROPS 6yner
CHOCOOCTBOBATh CHM)KEHMIO PHUCKA BbIKAThIBA-
Hus BC 3a npenensr BIIII. [lns ydera uenosede-
CKoro ¢akropa Ipu pacuyeTe MPOTHO3HOrO 3Ha-
YEHUs MMOCAJOYHON AUCTAaHIUU MEPCHEKTUBHBIM
IpEeJICTaBISETCs OAX0M, PEASIOKEHHBIN B [19].
[Toaxox n€XUT B pycie KOHLENIUHU TOATOTOBKU
NepCcoHaJla Ha OCHOBE aHaiMu3a (PaKTHYECKUX
nanueix (EBT) w mpenmomaraer moctpoeHue
MOJIEJI TIUJIOTA JUIsl BBIABICHHUS OIIMOOK IHJIO-
TAPOBAaHUS M MPOTHO3MPOBAHUSA BO3MOYKHBIX
PUCKOB B Pa3IMUHBIX CUTyalUsAX IOJIETa, a TaK-
K€ BBISIBIICHUS MOTEHLMAJIbHBIX oOnacTed s
YIyUIIEHUs U KOPPEKTUPOBKH MPOECCHOHATB-
HEIX KOMIIETEHIIMM MmioTa. M CXOOHBIMHA IaH-
HBIMM JUIsI MOJENM THJIOTa SIBISAIOTCA JJaHHBIE
cpeactB o0bekTUBHOTO KOHTpoisi BC u Tpena-
xepoB BC. OueBuaHO, 4TO pa3BUTHE yKa3aHHO-
ro MOJAXO0/a B YacTH OIpPEAENICHUS U y4eTa IpH
IPOrHO3MPOBAHUM I1OCAJ0YHON JHUCTAHIUHU Te-
KYIIEro TMCHUXO(U3UOIOTUYECKOTO COCTOSHUS
MUJIOTA MO3BOJIUT CHU3UTD JI0JII0 YEJIOBEUYECKOIO
daktopa cpeau npuunH All Ha mocaake 3a cuer
0ojiee TOYHOTO NPOTHO3a TAaKUX MapaMeTpoB,
ONPENEAOMHNX [MOCATOUYHYIO0 JAUCTAHINIO, Kak
Bpems BblaepkuBaHus BC, MOMEHTHI BKIIOYe-
HUS peBepca U Havajla TOPMOXKEHUS, KOOpINHA-
Tl TOuku Kacanust BC u np.

3akjoueHue

B HacTosmee Bpems 3amada CHUXKECHHS KO-
JMYECTBAa aBHALIMOHHBIX COOBITUHM, CBS3aHHBIX
¢ BelkaTbiBaHueM BC sBisierca no-npexHeMy
aKTyaJbHOH. /IefiCTBEHHBIM CIIOCOOOM pelleHus
yKa3aHHOM 3aJlau SIBJISETCS BHEJApPEHHe Ha Oop-

13 Runway overrun prevention system (ROPS+) [Dnex-
tpouHbIi pecypc] / NAVBLUE. URL:
https://www.navblue.aero/products/rops-plus/ (nara 00-
pamenus: 10.06.2022).



HayuyHbiit BectHuk MITY TA

Tom 26, Ne 03, 2023

Civil Aviation High Technologies

ty BC cucrem, obecneunBaronmx HUHGOPMUPO-
BaHUWE DOKHUMaXXa O HEIITAaTHBIX CUTYyalMsIX
BO BpeMsl BBINIOJIHEHUS B3JIE€TA/TIOCATKU U HEOO-
XOIMMBIX Ui npenorspamenns All B 3Tux cu-
Tyauusix JeHCTBHUAX SKHMaxa. YKa3aHHbIE CH-
CTEMBbI MOCTOSIHHO COBEPIICHCTBYIOTCS U B Ha-
CTOsIIIIEEe BpeMsl SIBJISIIOTCS BECOMBIM (DaKTOPOM,
CIOCOOCTBYIOIMM O0ECIIeYeHHIO 0€30MacHOCTH
M0JIETa Ha B3JIETE/TI0CAIKE, OCYIECTBIIAS Helpe-
PBIBHBIM pacyeT MPOTHO3HBIX 3HAUEHUM Ioca-
nouyHoit nuctanuuu BC Bo Bpems mocanku. Of-
HAKO JI0 MOCJEAHET0 MOMEHTA JIaHHbIE CUCTEMBI
HE YUMUTHIBAJIU B JOJDKHOM Mepe JBa BaKHEHIINX
¢dakTopa, ONpENeNSIOIIMX PUCK BBIKATHIBAHUS
BC 3a npenenst BIIII: yenoBeueckuii (axrop
u ko3¢ dunment cuerenns. [lostomy mepcmek-
TUBHBIM IIPEJICTaBIIsICTCS pa3paboTKa METOAMK,
AITOPUTMOB M TPOTPAMMHOTO OOecTedYeHus,
obecrieunBaroONMil yueT B HEOOXOIUMOM CTere-
HU YKa3aHHBIX (aKTOpoB B paboTe OOpPTOBBIX
CHUCTEM TMpeNoTBpallleHus BbIKaTbiBaHu BC
3a npenenst BIIILL
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IIpuMeHeHre METO0B OLICHKU TEPMOOKHUCIUTEIbHONU CTA0MIBHOCTH
PEAKTUBHBIX TOIUIUB B IPAKIAHCKON aBHALMH

K.M. TpsityHoB’, A.A. Bpanwiko', K.3. baabimun', C.A. CaByIIKHH',
B.K. Xaana1

1 . . . .
Mockosckuii 20cyoapcmeenHblil meXHU4eCKUll YHUusepcumem 2paicoOancKol asguayui,
2. Mockea, Poccus

AHHOTaumst: B pe3ynbraTe OKHCIIEHNs! peaKTUBHBIX TOILUIMB B HUX 00pa3ylOTCsl HEPACTBOPHUMBIE OCAJIKH, Ha3bIBaEMbIe CMOJIAMH
WM BBICOKOTEMIIEPATYPHBIMH OTJIOKEHHMSIMH, CYILIECTBEHHO CHIDKAIOIINE XWMMOTOJIOTUUECKYIO HAJEKHOCTb arperaron
TOIUIMBHBIX CHCTEM AaBHALMOHHBIX JIBHTATelieil: TOIUIMBOPETYIMPYIOMIEH allaparypbl, TOIIMBHO-MAC/SIHBIX PaJHaTopoB,
(UIBTPOB TOHKOH OYHCTKYU U 11p. OCHOBHBIMH (DaKTOpaMH, HHTEHCH(PULIMPYIOIMMY HPOLIECCH! OKUCIIEHHS PEAKTUBHBIX TOIUINB,
SBIIFOTCS.  KAueCTBO M KOHAMLMOHHOCTh TOIUIMBA M €r0 TeMIeparypa. B CBI3M ¢ 3TUM Ha TPEANPHATHAX
ABHUATOIINBOOOECTIEUEHNST OCYIIECTBIIACTCA MOCTOSIHHBIN KOHTPOJb IOKa3arenell TepMHYECKON CTaOMIBHOCTH aBHALMOHHBIX
TorumB. L1IMpoKo MprMeHsIeMbIM OTE€UECTBEHHBIM METO/IOM OLIEHKH TEPMOOKUCIIUTEIFHON CTAOMIBHOCTH aBUALIOHHBIX TOTLINB
sBisiercst Metoll B cratndeckux ycnoBusix (TCPT), 3apyOexxHbim — aunamudeckuii meron (JETOT). MHeHust HacueT npruMeHeHust
TOr0 WM HMHOTO METOAA JUIsi OOBEKTHBHOM OLEHKH TEPMOCTAaOMIBHOCTH AaBHALMOHHBIX TOIUIMB pacxonircs. B craree
paccMaTpuBalOTCS OCHOBHBIE IIOJIOXKEHHS, Kacarolipecs CTaOMIBHOCTM PEAaKTHUBHBIX TOIUIMB, JaeTcss 0030p METOJOB H
TIOKazaresel, XapaKTepu3yIOIINX TEPMOOKHCIMTENbHYIO CTaOMJIBHOCT aBHAIMOHHBIX TOIUIMB, INPHBOAATCS CTaTHCTHYECKUE
JTAaHHbIC MHOTOJICTHEro0 ucroib3oBanus crarndaeckoro (TCPT) m muHammueckoro (JFTOT) MeTomoB OIGHKM KadecTBa
OTEYECTBEHHBIX Mapok TormB il no3BykKoBeIX BC TC-1 m PT, mocrymaronmx Ha aBmanpemmpustie. I[lokazaHo, 4To
ncnons3oBanme auHamudeckoro merona (JFTOT) ¢ tekymmmu napaMeTpamu paboThI HE SBIISETCS aKTyaIbHBIM.

KimoueBble cj10Ba: aBUAIMOHHBIC KEPOCHHBI, TCPMOOKUCIUTEIIbHASA CTaOMIILHOCTh TOIUINB, CTaTHYECKUH METOH OIIECHKH
TQpMOOKHCJ'IPITCJ'ILHOfI CTa6I/IJ'II>HOCTI/I, JMHAMAYIECKHM METO/T OLIEHKH TCpMOOKHCHPITCHBHOﬁ CTaOMIIHOCTH.

Jnst murupoBanust: ['psaynos K. TlpriMeHeHHEe METOIOB OIICHKH TEPMOOKHCIIUTEIIBHON CTaOMIIBHOCTH PEAKTUBHBIX TOILIAB
B rpaknanckoit asuarmu / K. I'psinyros, A.A. bpaunko, K.3. Bamenun, C.A. Casymikus, B.K. Xapuna // Hay4ssiii BecTHuk
MITY I'A. 2023. T. 26, Ne 3. C. 38-52. DOI: 10.26467/2079-0619-2023-26-3-38-52

The application of methods for assessing the thermal oxidative jet fuel
stability in civil aviation

K.I. Gryadunovl, A.A. Brailko', K.E. Balyshinl, S.A. Savushkin',
V.K. Kharina'

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

Abstract: As a result of jet fuel oxidation, insoluble sediments, called resins or high-temperature deposits, are formed. They
significantly reduce the chemmotological reliability of aircraft engine fuel system units, i.e., fuel metering equipment, fuel-oil
coolers, fine fuel filters, etc. The main factors that intensify the jet fuel oxidation processes are fuel quality and meeting
specifications as well as its temperature. In this regard, aviation fuel supply enterprises constantly monitor indicators of the thermal
aviation fuel stability. The widely used domestic method for assessing the thermal oxidative aviation fuel stability is the technique
under static conditions (Thermal Jet Fuel Stability — TJFS), the foreign one is the dynamic technique (Jet Fuel Thermal Oxidation
Test — JFTOT). Opinions concerning the use of a particular method for an objective assessment of the thermal aviation fuel stability
are divided. The article considers the main provisions with respect to the jet fuel stability, overviews the methods and indicators,
characterizing the thermal oxidative aviation fuel stability, provides statistical data on the long-term use of the static (TJFS) and
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dynamic (JFTOT) methods for assessing the quality of domestic TS-1 and RT fuel grades for subsonic aircraft supplied to an
airline. It is shown that the use of the dynamic method (JFTOT) with the current operation parameters is not relevant.

Key words: kerosene-based aviation fuels, thermo-oxidative fuel stability, static method for evaluating thermo-oxidative stability,

dynamic method for evaluating thermo-oxidative stability.

For citation: Gryadunov, K.I., Brailko, A.A., Balyshin, K.E., Savushkin, S.A., Harina, V.K. (2023). The application of methods
for assessing the thermal oxidative jet fuel stability in civil aviation. Civil Aviation High Technologies, vol. 26, no. 3, pp. 38-52.

DOI: 10.26467/2079-0619-2023-26-3-38-52

BBenenue

HedtsHple TOTUIMBA SIBISIOTCS HECTaOWIIb-
HBIMH, T. €. CHOCOOHBIMH K MU3MEHEHHIO CBOUX
(U3NKO-XMMHYECKIX CBOMCTB B IPOLIECCE JKC-
IuTyatanuu. B pesynbrare CIOKHBIX MPOIECCOB
OKHCIICHHS, TIOJIMMEPHU3AlNN U YIUIOTHEHHUS YT-
J€BOIOPOJOB B aBHanuMoHHOM TorumBe (AT)
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Puc. 1. Bimsaue temnepatypsl Ha oOpazoBanue BTO
B aBuaromuse TC-1
Fig. 1. The temperature effect on the high-temperature
deposits formation in TS-1 aviation fuel
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Puc. 2. BnusiHue KOHIIGHTpAIMK KHCIOPOaa
B ra3oBoii (haze npudopa TCPT Ha oOpa3oBanue
0CaIkoB
Fig. 2. The influence of oxygen concentration in the
gas phase of the TJFS device on sediment formation
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Puc. 3. 3aBucumocts oOpazoBarus BTO B kepocuHe
TC-1 pu 150 °C oT BpeMeHH XpaHEHHS B EMKOCTH:
1 — HaTIOJTOBUHY 3aIOTHEHHOH; 2 — MOJTHOCTHIO
3aII0JIHEHHOU
Fig. 3. Dependence of the high-temperature deposits
formation in TS-1 kerosine-based aviation fuel at
150°C on the storage time in a half-filled (1) and fully
filled (2) container

00pa3yroTcsi HepacCTBOPUMEBIE B €ro Cpejie OTIIO-
KeHUs ()KUJKHUEe, CMOJIUCThIC W TBEPJbIC), B 00-
[IeM cllyyae Ha3bIBaeMble CMOJIAaMU WJIM BBICO-
KoTemnepatrypubiMu  omioxkeHusimu  (BTO)
U CYLIECTBEHHO YXY/ILIAIOIINE CBOMCTBA TOBap-
HOTO MPOJYKTa BIUIOTH 10 HEBO3MOXXHOCTU €O
MPUMEHEHUS 110 Ha3HayeHuto [ 1-9].

[Iporiecchl OKMCIIEHUS UIPAIOT PELIAIOIIyIo
poiib B 06pa3zoBanuu ocaakos (70-80 %) u npu-
BOJST K TIOSBIICHUIO B TOIUIMBAaX TBEPABIX 4Ya-
CTHII 3arpsi3HeHUM pazmepamu 10 150 Mxm [5].

Ha wuHTEHCHMBHOCTH 0O0pa3oBaHMA OCAJIKOB
B AT BaustioT MHOTHE (PAKTOPBI: XUMHUYCCKUN
(0cOOEHHO HalIM4yMe TeTepOATOMHBIX M Hempe-
JIeTBHBIX COCIMHEHUN) U (DPAKIIMOHHBIA COCTaB
AT; temneparypa AT; Hanuuue B HaATOIUIMB-
HOM MPOCTPAHCTBE U B CAaMOM TOIUIMBE KHCIIO-
pola; HajaMYMe KaTaau3aTOPOB OKHUCIICHUS —
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Puc. 4. O6beM MorIonIeHus! KUCIOpoa
B 3aBHCHUMOCTH OT TeMIIepaTypsl TOrumBoM TC-1
Fig. 4. The volume of oxygen absorption depending
on TS-1 aviation fuel temperature
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Puc. 5. Biussaue unctotel AT Ha KOTMYECTBO
00pa30BaBIIMXCS YACTHUII 3a 4 4 OKMCIACHUS: [ —
3arpsi3HEHHOE TOIUIMBO, 2 — YUCTOE TOILIMBO
Fig. 5. Aviation fuel purity influence on the number of
particles formed within 4 hours of oxidation, / —
contaminated fuel, 2 — clean fuel

MCTAJUIOB, BXOAANIUX B COCTAaB KOHCTPYKIUMOH-
HBIX MAaTE€pHAIIOB D3JIEMEHTOB TOIUIUBHBIX CH-
creM; uuctora AT, OCBEIIEHHOCTH U IP.
(puc. 1-8) [2-5, 7, 10-12], omHako mpeumyIie-
CTBEHHOE BJIMSIHHE HAa 0CaaKO00pa30oBaHHE OKa-
3bIBaeT kauecTBO ToBapHoro AT [2, 5, 12].

Mexanu3m 00pa3oBaHUs CMOJHCTBIX OCaI-
koB B AT nmnpu XpaHEeHHHM TIOKa3aH Ha
puc. 9 [4, 5].

MexaHu3M OKHUCJIEHHS] PEaKTUBHBIX TOIUIMB
JU1s1 103BYKOBbIX BC MeHsieTcst mpu JOCTUKEHUN
temneparyp cabime 110 °C, 10 3Toro Mexanusm
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Puc. 6. 3aBucuMocCTh Iepenaga JaBIeHUS Ha GUIBTPE
OT COZIepXKaHHUA B HEM MEPKaNTaHOBOH cepsl, % macc.
Fig. 6. Dependence of differential pressure on the
filter on the content of mercaptan sulfur, % by mass
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Puc. 7. Bnusaue oTHOmeHHsa noBepxHocTd Me k
00beMy TOIUIMBA Ha 0Opa30BaHHUE OCAJIKOB B
kepocure TC-1 ipu 150 °C
Fig. 7. The Me surface ratio effect to the volume of
aviation fuel on the sediment formation in TS-1
kerosene-based aviation fuel at 150 °C

€IMH, TMPHU TOBBIIICHUU TEMIEPATyphl TOILIUBA
WU3MEHSIETCSl JIUIIbL CKOPOCTh OKUcIeHus [4, 5],
OJIHAKO U B TOM, M B JIPYTOM ClIy4ae OH MMEEeT
LEMHOM XapakTep, T. €. Korja B pe3ysbTaTe XH-
MUYECKOW peakiuu, B KOTOPOW y4acTBYIOT aK-
TUBHBIC YaCTHUIIBI (ATOMBI, CBOOOIHBIE PaIUKAIIBI
U TIp.) ¥ UCXOJHBIE MOJEKYJbI, 00pa3yloTcs HO-
BbIE AKTHBHBIC YACTHIIBI, PEArupylolue C HC-
XOIHBIMU Mosiekyinamu [4, 5, 8, 12]. VBenuue-
HUE TEMIIepaTypbl CIOCOOCTBYET YBEIHMUCHHUIO
CKOPOCTH U TTTyOWHBI OKUCJICHHUS TOIUIUB. SIBie-
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Puc. 9. Mexanusm ocagkooOpazoBanust B AT npu xpaneHun
Fig. 9. The sediment formation mechanism in aviation fuel during storage
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Puc. 8. Bnusaue BpeMenn koHTakTa Me Ha
oOpasoBanue ocankoB B kepocure TC-1 mpu 20 °C
Fig. 8. The Me contact time effect on the sediment

formation in TS-1 kerosene-based aviation fuel
at 20°C

HUue Bo3HHMKHOBeHHS B AT HepacTBOpUMBIX
0CAaJIKOB NP BBICOKUX TEMIIepaTypax Ha3bIBacT-
Csl TEPMOOKHCIIUTENBHON CTaOMIBHOCTHIO [5, 7].
[Tponecc ocaakooOpa3zoBaHusi, aKTUBHOE U3Y-
YeHHEe KOTOpOro OBLIO HA4yaro, MO CYTH, C Iie-
PEXOJIOM Ha CBEPX3BYKOBBIE CKOPOCTH IIOJIETA,
T. €. ¢ 50-x rr. XX B., CKJIaJabIBacTCs U3 CEpUU
XUMHYECKUX, (PU3NYECKUX U MEXaHMUECKUX SIB-
JCHUW, XapakTepHBIX [UIsi PabOTHI TOILIMBA
B TOIUTUBHBIX cUcTeMax Bo3AymIHbIX cynnoB (BC)
W aBHalMOHHBIX nBurareneii (AJ]) [2, 3, 5, 10].
W3 npuBeneHHbIX naHHBIX (puc. 1-8) BUAHO,
9YTO YeM BBIIIE TEMIIEpaTypa Hadalla KHUIICHUS
TOIIMBA, TEM IpH OoJiee BBICOKOM TeMIeparype
o0Opa3yeTcss MaKCUMaJIbHOE KOJIHYECTBO OCAIKa
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(BBICOKOTEMIEPATYPHBIX OTJIOXKEHHUI) MPH €ro
okucnenuu. Y tormBa TC-1 temneparypa Ha-
yaja KWIeHWs cocraBuser ok. 150 °C. Dro
omnpejenseT HalIUYue Ha KPUBOM BEJIIMUYMHBI
ocankooOpa3oBanus (puc. 1) Makcumyma U 00b-
SCHSAETCS TEM, 4TO IOCJe Hayaja KUIIEHUs TOI-
JMBa MPOUCXOAUT WHTECHCUBHBINA MPOIECC Mapo-
o0Opa3oBaHMs, MPU KOTOPOM M3 KHMIKOH (ha3bl
WHTCHCUBHO BBIACNSACTCS U OKUCIHUTENh — KHC-
JIOpPOJI, YTO 3aMETHO OcCialisieT CKOPOCTh OKHC-
JeHUs] B JKUIAKON ¢a3ze U, COOTBETCTBEHHO, Ha-
KOIUIEHHE OcaJka. B TOIUIMBHBIX cucTeMax Jo-
3BykoBbIX BC Takux Temmeparyp He HaOmroda-
eTcsl, MaKCHUMaJIbHbl€ 3HAYEHHUsS TeMIIepaTypbl
AT B TUIpaBIUYECKUX YCTPONCTBAX COCTABISIOT
1o 130 °C. Jlo »TuX 3HaYeHUIl TeMIEpaTyp HH-
TEHCUBHOCTb 00pa30BaHUS OCAAKOB (CMOJIOOT-
JIO’KEHUS) B 3aBUCUMOCTHU OT TEMIIEpaTypbl UMe-
€T IPAKTUYECKU JTUHEHHBIN Xapakrep [7].
OTnenpHO CTOUT OTMETUTH, YTO HAarpeBaHUE
TOIUIMB B JABHUTaTesix M03BYyKOBeIX BC BIIOTH
10 TeMIepaTyp, MPUMEPHO PABHBIX TEMIIEpaTy-
pam konna ux kunenus (st TC-1 u PT ok. 250
1 280 °C cOOTBETCTBEHHO), MOXKET HA0JIIO1aThCS
B JIOKAJIBbHBIX 30HaX KaMmep CropaHus IOcIie
OCTaHOBa JBurarened. B pesynbrare 3TOro
HEraTUBHOTO SIBJICHHS TOIUIMBO (DaKTUYECKU
oOpa3yeT Harapbl, 3aKoKcoBbIBaeTcsi. CKIIOH-
HOCTh AT k 00pa3oBaHHIO TaKWX OTJIOKECHUU
OLICHMBAIOT B CTaTMUYECKUX YCJIOBUAX IO Macce
(haKTHIEeCKUX CMOJI, 00Pa3yIONIUXCs MOCcie MoJI-
Horo BeimapuBanus 100 ma AT (puc. 10). Ompe-
nenenue npoBoasaT mo 'OCT 8489-85 (Beimapu-
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Puc. 10. MeTozp! OLIEHKH TEPMOOKHUCIUTEIBHON CTAOMIBHOCTH PEaKTHBHBIX TOIUIMB U MX MTOKa3aTel
Fig. 10. Assessment methods of thermal oxidative stability of jet fuels and their performance

BaHUE OCYILECTBISETCS MOJ CTpyel Harpe-
Toro BogsHOoro mapa), mo ['OCT 1567-97 u
I'OCT 32404-2013 (mon ctpyeit HarpeToro BO3-
nyxa) [7]. Obpa3oBaHHe OCaaKOB B YKa3aHHBIX
YCIIOBUSX HE SBIIACTCS MPEIMETOM OOCYKICHUS
B HACTOsLIEH cTaThe, MO3TOMY MOJpOOHEE OCTa-
HABJIMBATHCS HE aKTyaIbHO.

Takxe TepMOOKUCIHUTETIbHAsT CTAOMIBHOCTD
TOTUIMB CHUKAETCS B IPUCYTCTBUU CMOJUCTBIX U
CEPHUCTHIX COEIMHEHUN U 0COOEHHO MepKamnTa-
HOB (puc. 6). [Ipu ucnonb30BaHUU TUAPOOUHCT-
KM B Ipoliecce MPOM3BOACTBA TOIIMB W3 TOI-
JTUBHBIX (paknuii TPAKTHYECKU TOITHOCTHIO
YAANSAIOTCA TEeTEepOaTOMHBIE U HeNpeAesbHbIC
COCIMHEHUS, a MEpKAaITaHbl IMOJHOCTHIO. ITO
MO3BOJIIET TUIPOOUYUIICHHBIM MapKaMm TOIUIUB
(PT; T-8B; T-6) ycnemHo NpoTUBOCTOSITh OKUC-
JIEHWI0, T. €. JeJlaeT uX 0Oojiee TEepPMOCTaOUIIb-
HbIMM BIUIOTH A0 Temneparyp 300-350 °C. Og-
HAKO yJaJIeHUEe HEKOTOPBIX I'€TEPOATOMHBIX CO-
€IMHEHUH, SIBISIFOIIMXCS €CTECTBEHHBIMHU aHTHU-
OKCUJAHTAaMH, OTPULIATENIbHO CKa3bIBAETCS Ha
cTtabunpHOCTH 3TUX Mapok AT mpH JIUTETHHOM
XpaHEHWH, MOATOMY IPHU TMPOHU3BOJICTBE B HUX
00s3aTeNnbHO  OOABJISIOT AHTUOKUCIUTEIbHBIC
npucaaku [7].

TakuMm oOpazoMm, MakcUMaabHasi TEMIEPATy-
pa TOIUIMBA B MOJABJISIONIEM OOJBIIMHCTBE ar-
peraTtoB TOIUIMBHOM cucTeMbl AJ] J103BYKOBBIX
BC cocrasnsier mopsiaka 130 °C, mpu 3TOM TeM-
neparypa B 6akax »tux BC mocne 4-5 yacos
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M0JIETa YCTAHABJIMBAECTCS B IMpEAeNiax OT MHUHYC
40 no mmuayc 60 °C; Temmeparypa TOIUIMBA B
Oakax cBepx3BYyKOBbIX BC MOXET JAOCTHraTth 10
mwioc 200 °C, a B arperatax uX ABUTATENIed U
erie OonpIIUX TemrepaTtyp. B cBsi3u ¢ aTum cra-
omwtpHOCTh AT MPUHATO paccMaTpuBaTh B TPEX
XapaKTEePHBIX YCIOBUSX: MPHU AJTUTEILHOM Xpa-
HEHHMH, B TOIUIMBHOM cucCTeMe 03BYKOBBIX BC
U B TOIUIMBHOW CHCTEME CBepX3BYKoBbIX BC
[5,10, 11].

COOTBETCTBEHHO, B TOIUIMBHOW CUCTEME Ta-
30TypOuHHbIX asurateneit (I'T/]) namnGosbiiee
CMOJIOOTJIOXKECHHE HaONI0/IaeTCsl B arperarax,
I7ie TOIUIMBO HAarpeBaeTcsl 10 YKa3aHHBIX BBICO-
KHX TEMIIEpaTyp U KOHTAaKTUPYET C METaIaMH —
KaTaJln3aTOpaMy €ro OKHCIICHHs: B TOIUIMBHO-
MacisiHoM paguatope (TMP) u TonmuBoperysu-
pytomeit anmapatype (TPA). BricokoTemmepa-
TypHBIE OTJIOKEHUS 00JIaJal0T BBICOKOM are3u-
OHHOM CTIOCOOHOCTHIO U MAJION TETIIOMPOBOIHO-
cThio. X oOpa3oBaHHMe B TOIUIMBHOW CHCTEME
NPUBOJUT K CHIYKEHUIO 3P (PEKTUBHOCTH pabOTHI
TMP BIJIOTH 4O €ro ITOJHON 3a0MBKHU; K 3aKJIHU-
HUBAHHUIO W 3aBUCAHUIO (3AJIMITAHUIO) 30JI0THHU-
koB TPA; k 3a0uBke GUIBTPOB TOHKOW OYUCTKHU
(®TO) A/l n TomnMBHBIX (OPCYHOK; MOBBIIICH-
HOMY HarapooOpa3oBaHHIO B KaMepax CTOpaHUs
u p. [5, 7-9].

OObeKkTHBHAs OLIEHKA TEPMOOKUCIUTEIHHOM
crabmwibHOCcTH AT sIBIsieTCs aKTyalbHOW 3ajaa-
yer. Ha cerogHsIIHMI JEHb CYLIECTBYIOT Cle-
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6) TCPT-2

Puc. 11. Buemnuii Bug (a) u cxema (6) mpudopa tumna TCPT-2:

1 — koprryc (MEeTaTHIeCKUH SJIEKTPOTEPMOCTAT); 2 — MAaHOMETD; 3 — KOHTaKTHBIH TEPMOMETP; 4 — TEPMOMET; 5 —
6om0a 13 HeprKaBerIIel CTalln; 6 — CTEKIISTHHBIN CTakaH; 7 — CTEKJSIHHAsI TPyOKa C KPBILIKOM; 8 — Me/IHasl TUIACTHHKA;
9 — 3IEeKTPOHHBIN OJIOK yIpaBICHUI
Fig. 11. Appearance a) and diagram b) of a TJFS-2 type device:

1 — case (metallic electric incubator), 2 — pressure meter, 3 — contact thermometer, 4 — thermometer, 5 — stainless steel
bomb, 6 — glass jar, 7 — glass capped tube, 8§ — copper strip, 9 — electronic control unit

TyIOIINE MPSMbIe M KOCBEHHBIE METO/IbI OTpe/ie-
nerust TepmoctadbunsHOocTH AT (puc. 10). Dt
MOKa3aTeln XapaKTepU3yIOT TaKoe JKCIuTyaTa-
nuoHHOE CBOMCTBO AT, Kak CKJIOHHOCTH €r0 K
00pa30oBaHUIO OTIOXKEHUU (B pe3ylbTaTe OKHC-
nenwust) [5, 7, 13, 14], vanbomnee pacnpocTpaHeH-
HBIMH METOJaMH SIBIISIOTCS METOABl OIEHKHU
TEPMOOKHUCIIUTEIbHOW CTAOUIBHOCTU B CTaTUYe-
ckux ©u nuHamudeckux (mo meromy JFTOT)
YCJIOBHSIX, OJHAKO K €IMHOMY MHEHHUIO HAcC4eT
OOBEKTUBHOCTH OIEHKA TEPMOOKUCIUTEIHHON
CTaOMIILHOCTH TEMH WJIM MHBIMUA METOJAMH CIIC-
[UATHCTHI IO CUX TIOP HE MPHILLIH.

Kpome ykazaHHBIX OCHOBHBIX IOKa3aTeseH,
CYILIECTBYIOT U MPOYHE KOHTPOIHUPYEMBIE B Ja-
ooparopusix I'CM aBuarnpeanpusThii nokasare-
JIM, OKa3bIBAIOIIME BIUSHHE HA MHTEHCUBHOCTD
okucnenus AT: nanuuue B AT BomopacTBOpH-
MBIX KHCIOT W Ienodedd (M HEUTPanbHOCTH),
Hanuuue U coxepxkanue B AT cepoconepxkammx
KOMIIOHEHTOB, cojaepkanue B AT Mbul HadTe-
HOBBIX KHCJIOT U ApyrHe [7].
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OCHOBHBIE MOJIOKEHU A

CKIIOHHOCTh PEaKTHUBHBIX TOIUIMB K 00pa3o-
BaHUIO OTJIOXKEHUW B pe3yJIbTaTe OKHCICHUS
B CTATHYECKUX  YCJIOBHUSAX  OIEHUBAIOT  TIO
I'OCT 11802-88. Jlanublii MeTOm OBLT pazpado-
TaH B Hameu crpane. CylIHOCTh METO/Ia 3aKJI0-
YyaeTcsi B OKHCIIEHUU MCIBITYEMOTO TOIUIMBA B
cpele BO3lyXa B NIPHUCYTCTBUM KaTalu3aTopa
(MexHOM riacTHHKH) B anmapare tuma TCPT-2'
(puc. 11) mpu 150 °C B Teuenue 4 4 ¢ nocueny-
IOIEeH KOJIMYECTBEHHON OIEHKOW (BECOBBIM Me-
TOJIOM) 00pa3yIomerocst ocaaka, a TaKXe pac-
TBOPUMBIX U HEPACTBOPUMBIX cMOJ. JlanbHEH-
muM pazsutueM npudopoB TCPT saBnsercs mo-
mudukarnus TCPT-10, ornuyaromiascs OobIIei
aBToMaru3aluei npouecca (puc. 12) [6, 7, 11].

Cuntaercs, uyTo Hauboiiee JOCTOBEPHYIO
OIICHKY DPAa3JIMYHBIX IMOKa3aTeseil KauecTBa BO3-
MO’KHO MOJy4yaTh Ha YCTaHOBKaX, MaKCHMaJIbHO

' TCPT — TepMuueckas CTaGMILHOCTD PEAKTHBHBIX TOII-
JIUB.
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Puc. 12. Buemnuit Bug annapara TCPT-10
Fig. 12. Appearance of TSRT-10 device

JFTOT®230
MAlR.K _l\' :

Fig. 13. Buemnuii BU yCTaHOBKH
JFTOT MARK IV
Fig. 13. Appearance of JFTOT MARK IV installation

MOJTHO MOJICIUPYIONINX PEaTbHO MPOUCXOISIIHE
MPOLIECChl B pealbHBIX cUcTeMmax. JlJig OleHKH
TEPMOOKUCIHTENbHOU cTabuimbHOCTH AT ObUTH
CO37aHbl MaJlOMAcCIITa0HbIE YCTAaHOBKH, MOJe-
TUpyrone paboTy TOITUBHOW cucTeMbl AJ|
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B IMHAMHMYECKUX YCIOBHsIX. OHHM TMO3BOJISIOT
OILICHUTh MHTEHCUBHOCTH CMOJOOTIOXKEHUS AT
Ha HAarpeThlX METAJUTMYECKUX TOBEPXHOCTSIX
1 TIOCJIC KOHTAKTa C HUMHU [6].

[lepBrie TOMOOHBIE YCTAaHOBKH TOSBUIUCH
B 1954-1955 rr. B CIIA »T0 OBIIA yCcTaHOBKA
Fuel Koker, B8 CCCP — ITC-1. Pa3zButnem ame-
PUKAHCKOTO METOJIa CTall0 CO3JaHue (GUpMOit
Alcor B 1974 1. metona JFTOT (Jet Fuel Ther-
mal Oxidation Test — onpeaeneHue TEPMOOKHC-
JUTENHFHON CTaOMIBHOCTH PEAKTUBHOTO TOILIH-
Ba) C COOTBETCTBYIOIICH OJIHOMMEHHOW yCTa-
HOBKOI1” [2, 6].

Ha nanueiii MoMeHT 3TOT MeToxa (C ycoBep-
[ICHCTBOBAHUSMHU, MOJHOCTBIO aBTOMAaTHU3HUPO-
BaHHBIN) MUPOKO PACIPOCTPAHEH [0 MHUPY IS
OIICHKM KadyecTBa MapOK PEaKTHUBHBIX TOIIUB
Uit 103BYKOBEIX BC, COOTBETCTBYIOIIME yCTa-
HoBKH (puc. 13°*) msroraBmmBaer emuHCTBeH-
HBII IIPOU3BOJUTEID.

CTOUT OTMETUTh, YTO CTATUYECKUUA METO]
B CIIIA HuMKOrZa HE HCHOIL30BaJCI, B TO KE
BpeMs B OTEYECTBEHHOH MPAKTHKE HMCIIOJIh30Ba-
Hue nuHamuueckoro wmeroaa (JTC) pacmpo-
CTPaHSsIOCh TOJBKO Ha KBaJTU(UKAIMOHHBIC ME-
TOIBI MCTBITaHui AT’ [6, 13].

JFTOT 1V jet fuel thermal oxidation tester [JnekTpon-
HBIN pecypc] // youtube. 2022. URL:
https://www.youtube.com/watch?v=7tz5L-1DBDA (na-
Ta obpammenus: 07.06.2022).

000 «Heorab» — 00opynoBaHue IS Ballen 1aboparo-
puu [DnexrpoHHsiid pecypc] // neolabllc. URL:
https://www.neolabllc.ru/ (nata obpaieHus:
07.06.2022).

Revolutionary advancement in jet fuel thermal oxidation
testing [ DnekTpoHHBIH pecypc] // petro-online.com. 22
aBrycta 2011. URL: https://www.petro-
online.com/news/analytical-instrumentation/1 1/pac-
Ip/revolutionary-advancement-in-jet-fuel-thermal-
oxidation-testing/16508 (mata obpamenwns: 07.06.2022).
Komruiekcsbl KBaTU(UKAIUOHHBIX HCIBITAHUH SBIISIOTCS
HEOTHEMJIEMON YacThIO HCIIBITAHUI BHOBb pa3paboTaH-
HbIX aBual CM, a TakKe WCTIBITAaHUH U3BECTHBIX COPTOB
u Mapok aBual’ CM, Oy49eHHBIX U3 HOBOTO CHIPhS IO
HU3MEHCHHBIM TCXHOJIOTHUAM, COACPKAIIUM HOBBLIC KOM-
TIOHCHTHI U 1Ip. HOKa3aTeJ'II/I, BXOJAIIUE B IICPCUCHDL KBa-
J'II/I(I)I/IKaI_[I/IOHHI)IX METOA0B I/ICHI)ITS.HI/IIZ TOIIUB, CyLIC-
CTBEHHO IIIUPE TEX ITOKa3aTeneii, KOTopble OTPaXKEHBI B
COOTBETCTBYIOIUX HOPMATUBHBIX JOKYMEHTAX Ha MPO-
nykr [7, 13, 15].
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Puc. 14. IlpuanunuansHas cxema padotsl ycranoBku JETOT
Fig. 14. Schematic diagram of the JFTOT installation operation
Ha cerofnsmHuii 1eHb B permamente Tamo- MY MCTOIY (JETOT) HOpMprIOAT IIJISII oreqc-
6 -
JKCHHOI'o COK3a IIOKa3aTC/iu 110 JUHAMHUYCCKO- CTBCHHBIX MapOK TOILINB U r TC u PT.
Hayuno oOocHOBaHHas NMpUYMHA BBEAEHUS 3TO-
7
6 T'0 MMoKazareirsl OTCYTCTBYCT , OAHAKO HU3-3a 3TO-
Pemenne Komuccnn TamMokeHHOTO COI03a OT
18.10.2011 Ne 826 (pex. ot 19.12.2019) «O npusstum ro mpoussonurenu (mocraBmukn) AT, a Takxke
TEXHUYECKOTO perinaMeHTa TamoxeHHoro coto3a "O
TpeOOBaHUAX K aBTOMOOMIBHOMY ¥ aBUAIIHOHHOMY O€H-
3WHY, JU3eIFHOMY U CYZOBOMY TOIUIUBY, TOIUIUBY LIS 0933/ (nara obpamenusi: 07.06.2022). Ha ceroausnuii
peaKkTHBHBIX ABurartenei u Mazyty" (Bmecte ¢ "TP TC JIeHb SBIISETCA €ANHCTBEHHBIM IOPHINIECKAM JTOKyMEH-
013/2011. Texunyeckuii periiaMmeHT TaMOKEHHOTO CO- TOM, 110 KOTOPOMY OlLIEHHWBatOT kauecTBO AT.
103a. O TpeOOBaHMAX K aBTOMOOMIILHOMY M aBHAI[HOH- 7 TOCT P 52954-2008 "Hedrenpoaykrsl. OnpeeneHue
HOMY O€H3HHY, IN3EIILHOMY U CYZOBOMY TOIUTHBY, TOII- TEPMOOKHCIIUTENBLHOM CTAOMIBHOCTH TOTUIUB ISl Ta30-
JIUBY JUIS PEaKTHBHBIX ABHTaTenel U Ma3yTy")» [Dnek- BbIX TypOun. Metox JFTOT" [Dnexrponnslii pecypc] //
TpoHHBIN pecypc] // consultant.ru. URL: I'apant. URL: https://base.garant.ru/5923030/#friends

http://www.consultant.ru/document/cons_doc LAW 12 (mata obopamenus: 07.06.2022).
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OmnbiT npuMeHeHus AuHamuyeckoro metoaa (JFTOT) nadoparopueiit TCM ¢ 2014 no 2021 r. KouTponsHslii nepenan
nasnenus 25 xITa. V3 208 mpo6 201 (akTHueCckH MOKa3aaa OTCYTCTBHE MEPENaaa TaBACHUs HA KOHTPOIBHOM (DHIBTPE; BCE
poOBI HAXOASATCS B AOMYCTHMBIX npeaenax. He 3a(ukcupoBaHo HA 0XHOTO CiTydas 00pa30BaHMS OTIMKEHUH Ha
KOHTPOJBHOH TpyOKe. ['McTarpaMma pacrpenencHus He XapakTepH3yeT 00beKTHBHOTO COCTOSHUSA TePMOCTAOHIEHOCTH
TOBAPHOr0O MPOAYKTA
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OmbIT TpHMEHECHHS cTaTHYCCKOro Metoaa A kepocuna TC-1 madopaTopureit 'CM 3a 2020 . OueBnaHO HOPMATBHOC
pacopeacicCHUEC Pe3yJIbTATOB 3KCIICPUMCHTOB — 00BECKTHBHAS XAPAKTCPHCTHKA TCpMOCTa6I/IJ'II>HOCTH TOBAPHOTO MPOAYKTA

Puc. 15. CpaBHuTeNIBbHBIE JaHHBIE O OIBITY 3KcIuTyaTanuy quHamudeckoro (JETOT) u cratnueckoro (TCPT)
METOJIOB OLIEHKH TepMOCTa0mIsHOCTH AT

Fig. 15. Comparative data on the operational experience of the dynamic (JFTOT) and static (TJFS) methods for
assessing the thermal aviation fuel stability

HEKOTOPBIE SKCIUTYaTUPYIOIIHE TPEIIPUITHS ObI-
JIM BBIHY>K/ICHBI IPHOOPECTH U UCTIONB3YIOT COOT-
BETCTBYIOIIME MPUOOPHI B JTa0OPAaTOPHSIX TOPIO-
ye-cMa3ouHblx MarepuanoB (I'CM), yro, Heco-
MHEHHO, BBITOJJHO TIPOM3BOJUTEIIO COOTBET-
CTBYIOIIUX YCTAHOBOK.

Cymocts wmetona JFTOT 3akmrouaercs
B IIPOKAYKe B TEUEHHUE 2,59 C ONpeleIeHHOU
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CKOPOCTBIO M IIpU OINpPEAEIIEHHOM JaBJICHUU
paszorpeTroro 10 BeICOKMX Temmepatyp (260 °C)
TOIUIMBA U OLEHKE €ro TEePMOOKUCIUTEIbHOU
CTaOMJIBHOCTU TO KOJUYECTBY (LIBETYy M TOJ-
NIMHE) OTJIOKCHHM, 00pa3yIOIUXCs Ha OJHOpa-
30BOM aJIOMHMHHEBOM HarpeBaTelbHOM TpyOKe
Tube Temp, n BpeMeHH 3a0UBKU KOHTPOJIHHOTO
¢GuIbTpa ¢ HOMUHAJIBHON MOPHUCTOCTBIO 17 MKM
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DP Filter, pactolo)XeHHOTO 0 MOTOKY TOTUIHBA
3a HArpeBaTeIbHON TPyOKoit (puc. 14)°.

[IpoBenenue wucHbITaHUS OCYIIECTBISIOT B
coorBerctBUM ¢ [OCTP 52954-2013 wu
I'OCT 33848-2016. CranpapTsl HIECHTUYHBI
ASTM D 3241-13 u ASTM D3241-14b coot-
BETCTBEHHO.

[IpoBeneM ananM3 akTyalbHOCTH NpPHUMEHE-
Hua Meroaa JFTOT st oueHKM TepMOOKHUCIH-
TEIHHOW CTAOMILHOCTH OTCYECTBEHHBIX MapoK
PEaKTUBHBIX TOILIUB.

Ha puc. 15 noka3aHbel cpaBHUTENbHbIE J1aH-
HbI€ IO aHAJIU3aM ABHALIMOHHBIX TOIUIUB CTATH-
yeckuM (TCPT) u nunamnueckum (JETOT) me-
Toaamu 3a 7 neT u 1 roJ cooTBeTcTBEHHO. JlaH-
HbI€ WJCHTUYHBI C APYTUMHU HCIOIb3YIOMIUMHU
3TH METOJbl OPTaHHU3aIUsIMU aBUATOIIIMBOOOEC-
MEYEHUSI.

3a BeChb NEPHOJ HSKCIUIYyaTallMM YCTaHOBOK
JFTOT (c xonma 2000-X IT.) OTEYECTBEHHBIMU
nabopatopusimu  ['CM  aBuanpennpusTuidi He
ObUTIO OTOPAKOBAHO HU OJTHOT'O 00pa3Ia CBEXKEro
AT mo moxkasarenssM JaHHOI'O MeToz[a9, MPUTOM
YTO IO MOKa3aTessiM CTaTUYECKOTO METojAa Ta-
KHe O0CTOATENbCTBA KpaliHEe pelKo, HO Ciydya-
mucs (puc. 15).

Ha puc. 16 noka3aHa 4yBCTBUTEJIBHOCTh CTa-
traeckoro u auHamudeckoro (JFTOT) meronos
K U3MEHEHUIO TePMOJMHAMHYECKON CTaOMIIbHO-
¢ty nocine cMenienus mapok torms TC-1 u PT.
Bunno, uro gunammueckuii merox JFTOT He
pearupyer Ha 3TH U3MEHEHUs B OTJIMYME OT CTa-
THYECKOTOo MeToza [7].

[TosToMy npuMeHEeHHE NUHAMHYECKOTO Me-
tona JFTOT miug ykazaHHbIX Lened Al oTeye-
CTBEHHBIX MAapOK TOIUIMB ISl 103BYKOBBIX BC
SIBJISIETCS] HEAKTYJIbHBIM [ 7].

Bbonee Toro, u3 npuBeIeHHBIX SMIUPUUECKUX
naHHbIX (puc. 15, 16) BUAHO, YTO MCHOJB30Ba-
HUS CTaTMYECKOTO METOJ/la OLEHKH TEPMOOKHC-
JUTENbHON CTaOMIBHOCTH Ui MPOBEPKH Kaye-
CTBa TOBAPHOTO MPOAYKTA OpraHU3alUsIMU

¥ JETOT 230 MARK III. Jet fuel thermal oxidation tester.
User’s manual. Alcor, 2015 265 p.

? Crnyuan 3a6uBkn dubTpa yeranosku JETOT, kak npa-
BUJIO, HAOJIOAI0TCS HA OTPabOTaHHOM KepOCHHE (Ke-
pocune, orobparnHOM u3 6akoB BC) [16], kK KOHTpOITIO
Ka4yeCTBa TOBAPHOT'O MPOAYKTA 3TO HE UMEET OTHOIIIEe-
HUSL.
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Puc. 16. UysctButensHoCcTh cTatndeckoro (TCPT,
cepsiit) u nuHamudeckoro (JFTOT, uepHblit) MeTOIOB
Kk m3meHeHno TepmoctadmibHocTH AT TC-1 u PT
MOCJIE UX CMELICHUS
Fig. 16. Sensitivity of the static (TJFS, gray) and
dynamic (JFTOT, black) methods to changes in the
thermal TS-1 and RT aviation fuel stability after their
mixing

Puc. 17. Buemnnii Bug ycranosku [JTC-4
Fig. 17. Appearance of DTS-4 installation

aBHATOILUIMBOOOECIICUEHHST BIIOJIHE JOCTAaTO4YHO.
[Tokasarenu JMHAMHYECKOTO METOJa MOTYT
OBITh MCTOJB30BAHBI ISl PACIIMPEHHONW Xapak-
TEPUCTHKU TPOAYKTA, IMOITOMY HCIOJIb30BaHHE
9TOro METoJa mpu KBaHI/I(bI/IKaI_[I/IOHHBIX UCIIBI-
TaHUSX, KaK M OBLIO ONPEIEJICHO B OTCYCCTBCH-
HOU IPaKTUKE, BIIOJIHE 00OCHOBAHO.

Takum 00pa3om, MpeuMyIeCTBAMU CTaTHIC-
CKMX METOJOB OLEHKH Ka4yecTBa TOBapHOTO
IPOAYKTa Tepel JHHAMUYCCKHMH SBIISIOTCS
IPOCTOTA ¥ JCUIeBU3HA 00OPYAOBAHUS U MIPOBE-
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JCHHsT SKCIIepUMenTa'’, a TaKke 6OMbImas 00b-
E€KTUBHOCTh PE3YyJIbTATOB HCHBITAHUA, B TOM
YHCclie U NPUMEHUTEIBHO K TOIUIMBHBIM CHUCTE-
Mam AJl, ecnu NOpUHATP BO BHUMAHHUE, 4YTO
HauOoJbIlIee CMOJOOTIOXKEHHE B HHUX Oyjer
Ha0JI10/1aThCSl HEMOCPEICTBEHHO MOCJIE OCTAHOBA
JIBUTATENs, T. €. KOI/Ia TOIUTUBO, HArperoe 10
BBICOKHUX TEMIIEpaTyp, MEepecTaeT IUPKYJIUpO-
BaTh MO TOIUTMBHOI CHCTEME, a TaKXKe MpPU TeM-
nepaTypax, IPUMEPHO PaBHBIX TeMIIepaTypam
Havana kunenus AT (ans TC-1 u PT = 150 °C)
[6, 7].

TemnepaTtypamu Hadana OTJIOXKEHHUH SIBIIS-
torcst 80-105 u 135180 °C mnst tormu TC-1 u
PT cootBerctBenHo [6, 7, 13]. 13 puc. 1 BugHo,
YTO TIPOBOJUTH OIICHKY TEPMOCTAOMIHLHOCTH
naHHbIXx Mapok AT mpu Temmeparype HCIHbITa-
Hus Ha JFTOT (260 °C) He uMeeT npakTHUECKo-
ro CMBbICTIA.

Takxe Helb3s HE OTMETHTh, YTO B TEKYLLEH
T'COMOJIUTHYECKON 0OCTAaHOBKE MPHOOPETECHUE U
HOpMajbHasl  JKCIUTyaTalus AaMEepPUKaHCKOTO
npubopa 3aTpyAHUTEIbHBI, HAIPUMEp, MOCTaBKa
(bupMON-TIPON3BOANTENIEM OJHOPA30BBIX KOH-
TPOJILHBIX TPYOOK B HaIlly CTpaHy ObLIa Tpe-
KpalieHa.

COBpPEMEHHOM OTEYECTBEHHON YCTaHOBKOMU
ucneiTanust TepmocradbmnsHoctn AT B quHamu-
YECKUX YCJIOBUSX sBisiercss yctaHoBka J[TC-4
(puc. 17). Takxke UCHOIB3YIOT U YCTAHOBKY
HATC-2. Onpenenenne mnokaszaTened TEpMOCTa-
OUIBHOCTH (TeMmIepaTypa Hayajia oOpa3oBaHUs
OTJIOXKEHUHN, WHIEKC TEPMOCTAOMIBHOCTH (KO-
JUYECTBO OTJIOKEHUMN), HM3MEHEHHE CKOPOCTU
nepenaza AaBiCHUS Ha (QUIBTPE) OCYIIECTBIIS-
ot o 'OCT 17751-79 u CTO 08151164—
03052019 [7, 17].

[Ipu 3TOM U KOHCTPYKIIMsI YCTAHOBOK, U Ta-
pamMeTpbl HMX paboTbl OTJIMYHBI OT METoAa

19 ITo cocrostamro Ha 2021 T. CTOMMOCTB TOJIBKO pacxon-
HBIX MaTE€PHAJIOB Ha MIPOBEICHUE OJHOTO UCTIBITAHUS TI0
metony JFTOT cocrasmsier okono 6 000 py6., cTou-
MOCTb CaMoro pudopa cocTaBiseT mopsiaka 14 MiH
py©O. li1st cHATHS NOKa3aTesnel ¢ KOHTPOJIBHOM TPyOKH
TaK)ke BO3MOXHO MPUOOpPETEHHE OTAEIBbHON YCTAHOBKU
(PAC OptiReader) croumocTslo nopsiika 5 MiH pyo.,
croumocts nprbopa TCPT-10 Ha cerogHsIIIHMIA ACHb
cocrasisier nopsizika 800 Teic. py0O. (1ieHOo Ha pacxon-
HBIC MaTEePHUAJIBl MOXKHO IPEHEOPEYb).
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JFTOT. Tax, remneparypa AT no merony JATC-
4 mocne HarpeBatens cocraBisier 150 °C, a B
Kamepe KOoHTpoJbHOro ¢puistpa — 180 °C, Bpems
npoBeaeHUs ucnbiTanusg — 2 4. YcranoBku [TC
aJlalTUPOBaHbl I OT€YECTBEHHbIX Mapok AT,
B TOM 4Hclie JUIs A03BYKOBbIX BC, OHM M3roTOB-
JEHBl B €IUHUYHBIX JK3EMIUIApaX U HCIIONb3Y-
IOTCS TIpH KBaTH(PUKAIMOHHBIX HCTBITaHUsIX AT
[7]. Pacmmpenne npakTUKM NPUMEHEHHUs [aH-
HbIX ycTaHOoBOK B3aMmeH JFTOT opranuzanusmu
aBUATOILUIMBOOOECTICYEHUSI B 1I€JIOM BO3MOKHO,
OJIHAKO, KaK YX€ OTMeuajoch, 3TO HE MMEET
PaKTUYECKOH HEOOXOUMOCTH.

3akJroueHue

Ha ocHOBaHuM yka3aHHOTO BO3MOXHO BBIJE-
JUTh OCHOBHBIE MPEUMYIIECTBA U HEIOCTaTKU
CTaTUYECKOTO U JUHAMHUYECKUX METOJOB OIICH-
KU TEPMOOKHUCIUTEIBHON CTaOUIBLHOCTH
(puc. 18).

[lokazaHa HENPUrOAHOCTh NPUMEHEHUSI Me-
tona JEFTOT ¢ tekymumu napameTpaMu padboThl
JUISE OLEHKU TEPMOOKHUCIHUTEIHHONW CTaOUIBHO-
CTH OTEUYECTBEHHBIX TOBAPHBIX MApOK TOILIUB
st 103ByKoBbIX BC. [lns oGecrnieuenus 00bek-
TUBHOCTHU OLIEHKH IS KaXX0To copTa (a B HEKO-
TOPBIX CIydasx W MapKu) TOIUTUB TpeOyroTcs
CBOM YCIIOBHS ucHbITaHus. B menom gopabotka
npubopa B ITOM OTHOIICHHH HE BBI3BIBAET
0O0JIBIION CHOKHOCTH, OAHAKO AECHCTBUH B 3TOM
HaIpaBJIEHUU CO CTOPOHBI MPOU3BOAUTENS MOKA
HE TIPEeANPUHUMAIIOCH.

OTMeueHo, YTO JJii CPABHUTEIBHOU OIIEHKU
MoKasaTesiel TEPMOOKHUCIUTEIBHON CTaOMIBHO-
CTH, @ TaKXX€ C LIeJIbI0 KOHTPOJsl KadyecTBa TO-
BapHOI'O MPOJYKTa JOCTAaTOYHO HCIOJIb30BaHUS
cratuueckoro meroga TCPT. JluHamudeckuit
meton JITC axTyanbHO MCHOIB30BaTh MpPHU KBa-
nuduKkanmoHHbIX ucnbiTanuax AT, a Takke B
TeX cly4asiX, Korja TpeOyeTcs OompeleneHue
MapK{ TOIUIMBA: MO IMOKA3aTeNll0 «TeMIlepaTypa
Havaia oOpa3oBaHMs OTJIOKEHWi» Mapky PT
MO>XHO ONEPaTUBHO OTAWYUTH OT Mapku TC-1.
Tak kak momo0Has 3a7aya CTaBUTCS BECbMa pejl-
KO, HaJTM4Ke JaHHOW YCTaHOBKH B psiae mabopa-
topuii 'CM He TpeOyercs.
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[ MpenmywecTBa U HegOCTaTKM METOAOB ONPEAENeHUs TePMOOKUCIUTENLHOW CTabunbHOCTH ]

[ B cratuyeckux ycnoemax

[ B avHamuvecknx ycnoBuax J

} —el—

Metog TCPT } [ MeTog JFTOT ] [ Metog AITC ]
MpeumywecTaa: 'npeumyu;ecTBa: ] MpeumywecTsa:
1. OBbeKTBHOCTL U NpocToTa 1. MonHan asToMaTU3aLMA NpoLjecca 1. OBbeKTMBHOCTb CPABHUTENLHOM OLISHKN

CPABHUTENLHOW OLeHKH

2. CrommocTe obopyaosaHua u
pacxoiHbIX MaTepuancs

3. YeraHoBKW M3rOTABNUBAET
0TEYECTBEHHER

aKCNepUMeHTa
Hepocrarku:

2. [inutensHocTb NpoBefeHUs

1. HenpuroHocTb ANA OLEHKA KavyecTBa
OTE4eCTBEHHLIX MApPOK PeakTUBHBIX

NPOMBILUNEHHOCTL
TONNWB ANA [osByKoBbIX BC MaTepuanos
Hegoctatkm:
2. CroumocTts 0BopynoBaHus W pacxofHsbIX HepocTtaTku:
1. JnuTensHocTe NpoBeaeHHA Marepuanos
JKcnepuMeHTa 1. Hanuume 3apybexHblx KOMNMEKTYIOLMX B
3. ObopynosaHue W pacxofHsIe MaTepuans yCTaHOBKaX
MPOH3BOAMT EAUHCTBEHHbI 3apyBextibi 2. YcTaHoBKM M3rOTOBMEHbI B LUTYYHOM
| npon3soauTeNs ) | ONMMOCTES

2. Bolcokan aBToMaTHsalMsA npolecca

3. InuTensHocTb NpoBeaeHks
IKCNEPUMEHTE

4. YcraHoBkM BeINONMHEHs! B Poccum
CTOMMOCTL YCTAHOBOK M PacXofHbIX

Puc. 18. [IpenmymiecTBa 1 HEAOCTATKH METOAOB OLEHKH TEPMOOKHCIUTEIBLHOH CTaOMIBHOCTH PEaKTHBHBIX TOIUIUB
st 1o3ByKoBBIX BC T'A
Fig. 18. Advantages and disadvantages of the methods for assessing the thermal oxidation stability of jet fuels for civil
aviation subsonic aircraft

BrIcoKoil mpakTHuecKoil HE0OXO0AUMOCTH TI0
BHeApenuto meroaa JITC Bmecro JFTOT Her,
MOCKOJIbKY B IIEJIOM HET HEOOXOIMMOCTH KOH-
TPOJIA TEPMOOKUCITUTEIHPHOM CTAaOMILHOCTH B
JMHAMHUYECKHUX YCIIOBUAX B OPraHM3alUsX aBUa-
TormBooOecneueHus ['A.

Ha cerognsmnHuil neHs B MUpE pacnpocTpa-
HSETCS MpaKTuKa ucnonab3oBanua Ha BC cunre-
THYECKUX U OHMOJIOrMYECKHMX TOILIMB, KaK B UH-
CTOM BHJE, TaK U B BUJIE CMecel ¢ HeTSIHBIM
PEaKTUBHBIM tormmsom' 2134 Yiasanmbie

" This A319neo is the latest to test 100% SAF [rek-
TpoHHBIN pecypc] // airbus.com. 30 okts6pst 2021. URL:
https://www.airbus.com/en/newsroom/stories/2021-10-
this-a3 19neo-is-the-latest-to-test-100-saf (mara ooparmie-
uus: 07.06.2022).

' First Airbus helicopter flight with 100% sustainable
aviation fuel [DnexTpoHHBIN pecypc] // airbus.com. 9
HOs10pst 2021. URL:
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releases/2021-11-first-airbus-helicopter-flight-with-100-
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uus: 07.06.2022).
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aNbTepHATHBHBIC TOIIMBA OO0JAMAIOT HU3KOH
CTaOWJIBHOCTBIO (B TOM 4YHCJIE TEPMOOKHUCIIH-
TenpHOM) [18], 0oAHAKO TMPUMEHUMOCTH KJIacCH-
YECKUX METO/JOB K OIIEHKE HX CTaOMJIBbHOCTH
noka He ompeneneHa. B Poccun npousBoacTsa
MapoK OHOJIOTUYECKUX M CHHTETUYECKHX TOII-
JUB, JOMYIICHHBIX K mpuMeHeHuto Ha BC, Her,
MO3TOMY B JIaHHOH CTaTh€ HCCJIEIOBAaHUE BO3-
MO>KHOCTH HCIIOJIb30BAHHS CTAaTUYECKUX, THHA-
MUYECKUX M JPYTHMX METOJOB Ji OLIEHKH Tep-
MOOKHCITUTEIIbHON CTAOMIBHOCTH — yKa3aHHBIX
TOIUIMB U MX cMecel ¢ He(PTSIHBIM PeaKTUBHBIM
TOTUIMBOM HE MPOBOIUIOCH.
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Analysis of the existing approaches to in-flight aircraft rerouting
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"Moscow State Technical University of Civil Aviation, Moscow, Russia
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Abstract: Currently, the large number of aircraft accidents is associated with the loss of control in flight and a controlled flight into
terrain. It frequently occurs due to a change of flight conditions, relatively which a preparation for departure was carried out, and
involves the necessity to reroute efficiently in the conditions of increased psychophysiological load and time constraint for decision-
making. Generated thunderstorm cells on route, artificial or natural obstacles, not considered while planning a route, can result in
amending a flight plan, which was earlier accepted and implemented in the automatic, flight director or manual modes of control.
The lack of comprehensive situational awareness is fairly a frequent cause of aviation accidents for general aviation aircraft.
Aviation accidents of transport category aircraft are typically associated with incorrect crew actions when dangerous flight zones
are detected along the route. The article represents an overview and analyzes modern onboard facilities to detect obstacles, as well
as required pilot actions to reroute a flight for in-flight detected obstacle avoidance. The current level of avionics development
provides situational awareness necessary for obstacles avoidance but requires timely, correct and sometimes non-obvious flight
crew rerouting decisions. The algorithms used with robotic packages of various applications in related fields ensure the automatic
rerouting for obstacle avoidance. They cannot be directly used or adapted for the implementation on board an aircraft due to the
lack of consideration for aircraft specific features when obstacle avoidance routing, i.e., restrictions of control parameters (an angle
of attack, overload, roll angle), capabilities of a control system (available rate of overload, available and maximally allowable
angular rolling velocity, etc.). Therefore, the issue to develop a system to support pilot decisions for obstacle avoidance is relevant.
It encompasses the synthesis of safe alternatives for obstacle avoidance which are optimal by a pilot-assigned criterion (minimum
loss of time, minimum additional fuel consumption, etc.).

Key words: flight on route, obstacle avoidance, algorithms of obstacle avoidance, construction of motion trajectories, flight
automation.
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AHaJIU3 CyIIeCTBYIOIIMX MOAX0J0B K NMePecTPOCHNI0 MAPILIPYTa MoJIeTa
BO3/AYLIHOI0 CYJHA B NMPoLecce ero BbINMOJIHEHU S

M.A. Kucenes', ¥0.C. Kamoxnsrii’, A.B. Kapnos’, }0.B. Ilerpos'
"Mockosckuii 20Cy0apcmeeHHblll MeXHUYeCKUll YHUgepcumem padcoancKoll asuayui,
2. Mocxkea, Poccus
2®edepaﬂbHoe aemonomuoe yupexcoenue «I ocyoapcmeennulii
Haytmo—ucwze()oeameﬂbmuﬁ uHcmumym asuayuOHHblX Cucmemy, 2. MOCKBLZ, Poccus

AHHOTaumst: B HacTosimee BpeMst OOIBIIOE KOJIMYECTBO aBHAIMOHHBIX POHCIIECTBHI CBS3aHO C MOTEPEH yIpaBiIeHHs B MOJIETE
W CTOJIKHOBEHHEM C 3eMJIEH B yINpaBIieMOM IOJIETE. 3a4acTyi0 3TO MPOWMCXOIWT BCIEACTBHE M3MEHEHHS YCIOBHH II0JIETa,
OTHOCHTEJIBHO KOTOPBIX IPOHCXOIWIA TOATOTOBKA K BBUIETY, M CBSI3aHO C HEOOXOIMMOCTHIO OINEPaTHBHOTO IEPECTPOCHUS
MapIIpyTa [0JIeTa B YCIOBHSX IOBBIIIEHHON NMCHXO(H3MOIOTHYECKO HAarpy3ku M Je(HInTa BPEMEHH Ha IPUHSATHE PEIICHHS.
IIpyurHaMu TIEpecTpOEHUsl paHee NPUHATOTO M PEANU3yeEMOro B aBTOMATHYECKOM, AMPEKTOPHOM HIHM PYYHOM PEXHMMAX
YIIPaBJIEHUs] TIJ1aHa MTOJIETa MOXKET CTaTh, HAIIPUMED, BOSHUKHOBEHHE HA IyTH CJIENOBAHUS IPO30BBIX 0YaroB WIIH MOSBIEHUE HE
YUTEHHBIX IpU IUIAHUPOBAaHWM MCKYCCTBEHHBIX WJIM €CTECTBEHHBIX MpemaTcTBhil. OTCyTCTBHE IONHOM CHUTyallMOHHON
OCBE/IOMJICHHOCTY SIBJIIETCSL JOCTAaTOYHO 4YacTOM INPUYMHOM aBUALMOHHBIX IIPOUCIIECTBUN JUI BO3MYLIHBIX CYAOB MAajoi
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aBHalu. ABI/IaHI/lOHHI)Ie TMPOUCIIECTBHUA CaMOJICTOB TpaHCHOpTHOﬁ KaTreropuy, KakK IMpaBujo, CBsA3aHbl C HEIPaBUJIbHBIMU
JICHCTBUSIMM SKHIIaXKa MpY OOHAPYKEHNUH Ha IyTH CJIEJI0BAHMS OIACHBIX 30H Ionera. B crarbe, HOcsIIeH 0030pHBIN XapakTep,
AQHAJIM3UPYIOTCS. COBPEMEHHBIE OOpPTOBBIE CPEICTBA OOHAPY)KEHMs! NPEISITCTBUMA, a TakKe HEOOXOAMMBIE IEHCTBUS IMIIOTA,
CBSI3aHHBIE C M3MEHEHHMEM MaplIpyTa IoJleTa ¢ Leblo o0jeTa MpPEeIsTCTBHM, 0OHapy>KeHHBIX B xoje mosera. IlokasaHo, 4to
COBPEMEHHBII ypPOBEHb DPAa3BUTHsI ABHOHWKM OOCCIICYMBACT HEOOXOOUMYIO Uil O0JNeTa TPEISITCTBHN CHUTYaIOHHYTO
OCBEIIOMJICHHOCTb, HO TpeOyeT NpPUHSTHS CBOSBPEMEHHBIX, NMPABHIBHBIX W 3a4acTyl0 HEOYCBHIHBIX PEILECHUH SKUIaXKEM I10
NIEPECTPOCHUIO MapIipyTa ronera. Hcrmonp3yeMple ke B CMEXKHBIX 00MacTsAX POOOTOTEXHUYECKUMH KOMILIEKCAMH Pa3JITYHOrO
Ha3HAYEHHs ATOPUTMBI, 00ECIICUHBAIOIIAE aBTOMATHIECKOE IEPECTPOSHIE MapILIPyTa IBIKEHNUS C LIeJIbI0 00X0/1a IPEIsTCTBUH,
HE MOTYT OBITh HAIPSIMYIO HCIIONIb30BAHbI MM alalTHPOBAHBI UL peali3aliii Ha OOPTy BO3IYIIHOIO Cy[HA B CHIIy OTCYTCTBUS
ydera IpH IOCTPOSHUH MapIIPyTOB 00X0/a IPEILITCTBHI Crielu(pUIecKnX 0COOEHHOCTEH BO3MYLIHBIX CYI0B — OPAaHIMYCHHI Ha
YIPABILIOLIME TapaMeTps! (Yrojl aTaky, Heperpyska, yroi KpeHa); BO3MOXKHOCTH CHCTEMbI yIpaBieHus (pacrojiaraeMble TeMII
CO3JaHus Neperpy3KH, pacroiaraeMas 1 MaKCHMAJIBHO JOIyCTHMAs YIJIOBasi CKOPOCTb KpeHa U fip.). CleoBaTeNIbHO, aKTyalnbHOH
NPEICTABIAETCS  33]a4a pa3padOTKM CHCTEMbl TOMJEPKKM TPHHATHS PEIleHHMs M[WiIoTa 10 OOJIeTy TpPersTCTBHH,
obecrieunBaroeil CHHTE3 AIBPTEPHATHBHBIX OE30IMacHBIX MapLIPyTOB 00JeTa MNPENsTCTBUH, ONTHMAIBHBIX 110 33JaHHOMY
MIMJIOTOM KPHUTEPHIO (MUHUMAJIBHBIE IOTEPH BPEMEHH, MHHUMAJIbHBIE JIOTIOJHUTENBHBIE 3aTPaThl TOIUIMBA U T. I1.).

KaroueBble ciioBa: moleT 1Mo MapIipyTy, OOJET MPETSTCTBHHA, alTOPUTMBI OOJNeTa MPETSTCTBHIA, MOCTPOSHUE TPASKTOPHIL
JIBVDKCHIS1, aBTOMATH3aLls MOJIETa.

Jost nurupoBanusi: Kucenes M.A. AHaiM3 CyHIECTBYIOIIMX MOAXOJO0B K MEPECTPOSHUIO MAPLIPYTa MOJETa BO3LYIIHOTO
cyaHa B npouecce ero Beimonnenus: / M.A. Kucenes, 10.C. Kamoxnbiit, A.B. Kapros, 10.B. Tlerpos // Hayunbiit Bectank
MI'TY I'A. 2023. T. 26, Ne 3. C. 53—65. DOI: 10.26467/2079-0619-2023-26-3-53-65

Introduction environment of increased psychophysiological
load and time constraint for decision-making.

A Mi-8 helicopter crashed on April 28th, 2002,
which caused 8 fatalities including a Governor of
Krasnoyarsk Region Alexander Lebed. The helicop-

significant part of AA as during commercial op- ter performed a flight in the mountainous area at
erations as while conducting general aviation the altitude lower than safe, and in the conditions

ﬂightS (GAF) is associated with the fOllOWiIlg of reduced VlSlblllty at an altitude of 35 m. it col-
groups of events (fig. 1-4): lided with thunderstorm protection wires of power

e collision with obstacles during the low-level lines, lost controllability a'nc‘l collided With the

operation (LALT); snowy grounq surfage sustaining subst:antlal types
e loss of control in flight (LOC-1); of damage. It is 0bV10}1§ that available 1nf0rmgt1on
« controlled flight into terrain ( CF,IT)' about the relatl.ve position of the manned helicop-
e encountering instrument meteoro légical con- ter and power lines could have averted that crash.

diti P hich a flicht ) h ted Furthermore, crew notification about an obsta-
ttons for which a THght Crew 15 not permitie cle on a flight route is not adequate to avert AA,

The analysis of aviation accidents (AA) sta-
tistics, which occurred over a span of 2011—
2020s' in the Russian Federation, shows that a

to operate‘(UIMC); o e.g., Tu-154M aircraft of “Pulkovo” Airline
e encountering severe thunderstorm activity crashed in the vicinity of Donetsk on August 22°,
(WSTRW).

2006. During the flight close to the ceiling, the
crew assessed improperly meteorological condi-
tions, took an afterthought decision for leftward
weather deviation climbing to the altitude of thun-
derstorm cells and after entering a band of hazard-
ous phenomena exceeded the stalling angle of at-

The results of investigations of the given AA
revealed that the significant part of AA is caused
by the lack of comprehensive situational aware-
ness and wrong actions of a flight crew in the

! The analysis of the RF civil aviation flight safety in tack which resulted in stall configuring for a mode
2020. Federal Air Transport Agency, Flight Safety In- of flat-attitude spin. Eventually, the aircraft collid-
spection Directorate, 2021, 97 p. Available at: ed with terrain at a high vertical speed. One can

https://aviaforum.ams3.cdn.digitaloceanspaces.

comv/data/attachment-files/2021/04/1598384 a3 claim that the timely providing one or several safe
450354b90aa72fe5588472bbdecdfe.pdf (accessed: alternatives with the crew to continue a flight could
08.10.2022). have prevented the accident.
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with commercial helicopters in 2011-2020s

Thus, an issue to identify potentially hazardous
scenarios of flight and to form safe alternatives of
its continuation is relevant in the broad sense. A
task of operational, reconfiguration of a flight
planned route in terms of the occurrence of obsta-
cle threatening a flight safety, e.g., a terrestrial nat-
ural or artificial object, hazardous space area, etc.,
is particularly unequivocally of practical interest.

Analysis of the existing approaches to
avoid obstacles

Modern aircraft can make a flight in the au-
tomatic or flight director mode in compliance
with the onboard computer-assigned flight route.

55

The assignment method and the content of a
flight plan depend on the aircraft type. At this
rate, a long-haul aircraft flight plan comprises
not only a flight via airways but also Standard
Instrument Departure Routes (SID), Standard
Arrival Route (STAR) and APPROACH proce-
dures developed for each airport. However, with
reference to a flight route, there are no critical
differences between aircraft, as a rule, and a
route is assigned by means of waypoints in air-
space containing the original, turning, and termi-
nal significant points of route. A flight route can
be developed and input into the onboard com-
puter by a pilot himself or computed in ground
computers using special software and then
downloaded onboard. Figure 5, as an example,
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represents the screen of G3000 Garmin system
developed for light aircraft with gas turbine en-
gines, a user-assigned flight route in the form of
a curve, connecting standard or user-assigned
points of the route selected from the database.
However, after takeoff rerouting, diversion can
be carried out only by a pilot in the automatic
(e.g., by adding new waypoints or assigning
a new course of flight) or manual mode.

It should be noted that crews of modern air-
craft possess sufficient situational awareness for
a flight safety.

For example, information about marginal
weather conditions can be obtained by a pilot
from onboard meteorological radars or storm
scopes as well as via broadcast channels of
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communication. Figure 6 illustrates an example
of a line squall in two scales on a multi-purpose
indicator of the Airbus-type aircraft. Figure 7
illustrates the weather map obtained via a satel-
lite communication channel of G1000 Garmin
suite’. To be based on the figures, a pilot can
identify a type of a meteorological phenomenon
(by color), a hazard degree of a meteorological
phenomenon (by color intensity) and explore in
detail the sizes and outlines of an area, changing
the image scale as well [1].

% Pilot's Guide G1000 integrated flight deck Cessna cita-
tion mustang. Garmin.com, 2007, 508 p. Available at:
https://static.garmin.com/pumac/G1000: Cess-
naMustang_PilotsGuide.pdf (accessed: 08.10.2022).
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Fig. 6. Example of a line squall on a scale of 40 and 80 nautical miles
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Fig. 8. Example a synthetic vision system display in the Garmin suite

During flights at low altitudes, information
about artificial obstacles and terrain profile is
critical. The information is stored on board air-
craft in the form of digital terrain maps. As a
rule, they are updated once a week or two weeks.
Notably, digital maps use the systems of Syn-
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thetic Vision (CV) and the Terrain Awareness
and Warning Systems (TAWS) [2]. Figure 9 il-
lustrates the display of the background synthe-
sized on the Garmin suite screen. It is apparent
that the synthetic image is distinguished with
realism and provides a flight crew with required
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Fig. 9. Example of an obstacle detection display

information about the configuration of the terrain
profile along the flight route in any conditions.

Moreover, aircraft can be fitted with cameras
of different bands (visible and infrared), geo-
radars and DME to detect obstacles on route.
Lidars [3] have become widespread lately. An
example of a complex image, obtained from
cameras of visible and infrared bands combined
with lidar data, is illustrated in Figure 9. It is ap-
parent that the given image allows for an artifi-
cial obstacle on route of flight to be detected and
identified.

General for all the stated above technical fa-
cilities is that all of them are informational. In
essence, they only visualize information about
an approaching obstacle, allowing a pilot to deal
with all the arsenal of actions to avoid obstacles
safely:

e obstacle detection on the screen;

obstacle identification;

assessment of its hazard degree;
decision-making how to avoid an obstacle;
implementing a decision.

Let us know that depending on a flight mode
and a range of obstacle detection, the time avail-
able for a pilot to initiate the stated above actions
can significantly differ. But, mostly common,
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these actions are accomplished by a pilot within
a short span of time in the circumstances of in-
creased psycho-emotional tension, which, as the
represented above AA analysis as well as the
research results [4], can lead to errors even in
sufficiently simple situations. Subsequently, a
tool which, within a short span of time, can cal-
culate and propose a pilot one or several safe and
aircraft-implemented alternatives of the flight
continuation to fly round an obstacle, is priori-
tized.

For efficient flight rerouting, there is a whole
set of time-tested algorithms to avoid obsta-
cles [5], used by various robotic packages such
as unmanned utility tug and trailers, automo-
biles, robotic vacuum cleaners, etc. Let us con-
sider some of the algorithms:

e Voronoi diagram;

e visibility graph;

e method of Rapidly Exploring Random Trees,
RRT;

e Bug-algorithm.

The algorithm, based on Voronoi dia-
gram [3], represents the architecture of alterna-
tives consisting of segments the points of which
are equally spaced from the points comprising
the geometry of obstacle avoidance. Figure 10
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Fig. 10. Voronoi Diagram example

illustrates the example of such a route. The algo-
rithm can build several alternatives simultane-
ously to avoid obstacles from which the shortest
route can be defined using, for example, Dijks-
tra’s algorithm [6, 7]. The disadvantage of the
algorithm, based on Voronoi diagram, represents
a substantial deceleration of computations as the
number of obstacles increases.

The visibility graph-based method [8] han-
dles defining transitional pairs of points between
the original and terminal points of the flown-
around route which can be connected with a
straight line without crossing assigned obstacles.
The disadvantage of the method is restrictions in
the form of requirements for the obstacle shape -
the algorithm operates merely with obstacles of a
polyhedron or polygon shape. An example of
routing by means of the visibility diagram is giv-
en in Figure 11.

The RRT method [9] is attributed to the
techniques of random sampling. The method
deals with building up a tree of double points
from random positions located as closer as pos-
sible to the required terminal aircraft position
with the subsequent erasing of two possible posi-
tions which when connected cross forbidden re-
gions. An example of building a search tree by
means of the RRT algorithm is illustrated in Fi-
gure 12. The figure shows two solutions with the
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Fig. 11. Visibility Diagram example

different number of iterations: a — 1000 itera-
tions, b — 2000 iterations. The advantage of the
given method is relatively slight time increase
required for the computation with the increase in
the obstacle number. The drawback of the given
method is that the algorithm issues merely a sin-
gle alternative to avoid an obstacle which can be
not optimal in terms of a route length.

A Dbug-algorithm [10] is wused in self-
contained and self-propelled robots. As input
data, the algorithm takes advantage of obtained
information about obstacles and the target of
motion during the robot operation. The key point
of the algorithm is that a robot moves to the tar-
get, and encountering an obstacle in front, it
commences to move it around until rejoining an
original route. The algorithm has several varie-
ties. In this respect, obstacle avoidance can con-
tinue until a robot joins a point which is the clos-
est to the target (fig. 13). In another algorithm
version, while moving a robot tends to fly head-
ing towards the target and complete obstacle
avoidance when the present heading equals the
original one (fig. 14). The disadvantage of the
algorithm is that merely a single route of obsta-
cle avoidance is built which can be not the short-
est.

The general drawback of the considered al-
gorithms is that all of them cannot be directly
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a 6

Fig. 12. Example of building a search tree using the RRT algorithm
a-1000 iterations, b-2000 iterations

S S
Fig. 13. Example of a Bug-variant algorithm Fig. 14. Example of a Bug-variant algorithm
with entering the nearest point to the target with maintaining the inclination of a straight line
to the target
used on board aircraft to build obstacle avoid- lem solutions to overcome a defense system.
ance routes as the identified route represents a This approach supposes the capability to pene-
trajectory synthesized without taking into con- trate a defense system zone, therefore, cannot be
sideration the current limitations on control pa- directly used to solve the stated above problems
rameters of the aircraft such as lift-to-weight ra- for obstacle avoidance.
tio, an angle of attack, etc. [11]. The second-group research [13—17] focuses
The current approaches to develop trajecto- on the solution of a local problem to take the air-
ries, implemented on board aircraft, can be clas- craft from the collision with an obstacle and does
sified into two groups on a provisional basis. not suppose a further continuation of an original

The first-group research [12] involves the route of flight.
probability-based approach and addresses prob-
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Conclusion

The represented above analysis of AA em-
phasizes the relevancy to generate algorithms
providing an efficient review of a flight plan
(route) during the process of its completion. We
can assert that similar algorithms on board air-
craft would contribute to preventing a series of
different-type AA.

The cutting-edge airborne hardware ensures
sufficient situational awareness of the pilot to
identify obstacles and determine the extent of
their hazard. At the same time, increased psy-
chophysiological load and time constraint to take
a decision makes it difficult to search an own
right decision to avoid obstacles.

The algorithms used to avoid obstacles in the
related fields cannot be used on board aircraft
because of significant aircraft features as an ob-
ject of control.

Thus, the current relevant objective is the de-
velopment of problem-oriented onboard algo-
rithms ensuring flight rerouting. The key re-
quirements for the alike algorithms are as fol-
lows:

1. Determination of an array of alternatives
ensuring obstacle avoidance maintaining a safe
distance in an automatic or flight director modes
of aircraft control with due regard for the aircraft
capabilities and performance.

2. Automatic arrangement of an array of al-
ternatives by assigned criteria (minimization of
additional time expenditure required to avoid
obstacles, minimization of additional fuel con-
sumption to avoid obstacles, minimum lateral
diversion from the original route of flight, mini-
mum diversion from the original route by the
flight altitude, etc.) with identifying optimal
routes based on each of the assigned criteria.
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Oco0eHHOCTH OpraHu3alui TYPUCTHYECCKUX MAPILIPYTOB
KAaK OJIHOT0 U3 MeTOA0B NOBbIMEeHNS 3P (PeKTUBHOCTH HCIIOJIB30BAHUS
MOJABUKHOI'0 COCTABA

H.A. KoBajenxo', JI.C. IllopoxoBa'
! Poccuickuii yuueepcumem mpauncnopma, PYT (MUHUT), e. Mocksa, Poccus

AHHOTammsi: B crathe paccMOTpEHBI OCHOBHBIE NMPEUMYIIECTBA JKEJIE3HOIOPOKHOIO TPAHCIOpPTa B cepe TypUCTHUECKHX
MIEPEeBO30K U BO3MOXKHOCTH 3(()EKTHBHOTO HCIIOJIB30BAHHUS TOJBIKHOTO COCTaBa [UIs OPraHM3AMH KayeCTBEHHOTO CEPBHCA
TPaHCIIOPTHBIX YCIYT W TIPUBJICYCHMS HOBBIX KIIMEHTOB. B HacTosiee Bpemsi BHUMaHWE OOJBIIOIO KOJIMYECTBA YUEHBIX
TPaHCIIOPTHOM OTPAaciM  COCPENOTOYEHO Ha IIACCAKUPCKHX MepeBo3kax. (DOPMHUPYIOTCS OCHOBBI  B3aHMMOJCHCTBHSA
KEJIE3HOIOPOKHOTO TPAHCIOpTa M cdepbl TypusMa. Hemb3s He OTMETHTh Ba)XHOCTb CEKTOPA JKEJIE3HOIOPOXKHOTO Typu3Ma B
HKOHOMUYECKO#, COLIMAIBHOM 1 3KOJIOrHUeCcKoii cepax oblecTBa. MIMeroTes mpenMyIiiecTBa )ele3HOI0POXKHOTO TPAHCIIOPTa 110
CPaBHEHHUIO C IPYTUMH BHIAaMU TPAHCIIOPTA: caMasi OOJIbIIIast 1O MPOTSHKEHHOCTH CETh JKENE3HBIX Iopor B EBpore, BO3MOKHOCTb
MIEPEeBO3KU OOJIBIIOr0 KOJMYECTBA MacCaKMPOB, HCIIOJIB30BAaHUE BAarOHOB B KauyecTBE OTENsl Ha KOJEcaX, BHICOKAsl CTEIICHb
HaJIeKHOCTU U O€30MacHOCTH, OTCYTCTBHE 3aBHCHMOCTH OT IOTOIHBIX YCIIOBHH, BBICOKUI YPOBEHb KOM(OpTa U CEpBHCa B ITyTH,
NpeziocTaBiieHne BhIOOpa yCIIOBHIT Npoe3ia B 3aBUCUMOCTH OT THIIOB BarOHOB M KaTerOpHH IOE3/I0B, PeryJspHOCTh. Pa3Butue
MapIIpyTHOH CETH CHOCOOCTBYET YBEIMYEHHIO KOHKYPEHTOCIIOCOOHOCTH PETMOHAIBHBIX TYpUCTHYECKHX HampasieHud. [Ipu
5TOM KIIIOYEBBIMH (DaKTOpaMH NPH BBIOOpE CrIocoda OpraHu3allMK TYpPUCTHYECKOrO0 MapipyTa SBILIIOTCS: 00BEM CIIpoca Co
CTOPOHBI TIACCA)KMPOB Ha 33/IaHHBI MapIIpyT, pasMep pPacXofoB, JUIMTENBHOCTH Typa M Apyrue. Cdepa TypHUCTHUECKHX
MIEPEBO30K HE OIPAHNIMBAETCS MCIIOIB30BAHUEM TOJIBKO JKENIE3HOJOPOKHOTO TpaHcropTa. Ero kommaboparwst ¢ ApyruMH BUIAMH
TIEPEBO30OK 00ECTICUMBALT JOCTIKEHAE MAKCUMAIIBHOTO 3((eKTa OT TYPHCTHUECKOTO OOCITY>KUBaHUS TIPH COXPAHESHHUH BBICOKOTO
YPOBHSI cepBHCa. OTO B3aMMOJCHCTBHE SIBISIETCSI OIHOM M3 COCTABILSIOIIMX TYPHCTUYECKOTO TPOAYKTA, HANPABICHHOTO
Ha ()OpMUPOBAHKE U POPAOOTKY BCEX KIIFOUEBBIX MOMEHTOB M TAIlOB OPraHU3ALMH Typa.

KnroueBble clioBa: MacCakKMpONOTOK, MAapUIPYT CIIEJOBaHUSI, TYPUCTHYECKUH MapIIpyT, IKEIe3HOIOPOXKHBIH TypH3M,
TYPUCTUUECKHI IPOYKT, rpadiK IBHKEHHSI [I0€37I0B, HUTKH TaCCaKUPCKUX TTOE3/I0B.

Jonst maraposanusi: Koeaienko H.A., IllopoxoBa JI.C. OcOOSHHOCTH OpraHM3aiiy TYPUCTHUYSCKHX MAapIIPYTOB KaK OHOTO
W3 METOJIOB TIOBBIIICHHS 3(P(EKTUBHOCTH HCIONB30BaHUS MOJBIKHOTO cocTaBa // Hayumeni Bectnmk MI'TY TA. 2023.
T.26,Ne 3. C. 66-77. DOI: 10.26467/2079-0619-2023-26-3-66-77

The features of organizing tourist routes as one of the methods to
increase the efficiency of rolling stock usage

N.A. Kovalenkol, L.S. Shorokhova'
! Russian University of Transport, RUT (MIIT), Moscow, Russia

Abstract: The article deals with the main advantages of railway transport in the field of tourist transportation and the capabilities of
effective rolling stock use for organizing high-quality transport service and attracting new customers. Currently, the attention of a
great number of transport industry scientists is focused on passenger transportation. The foundations of interaction between railway
transport and the tourism industry are being formed. The importance of the railway tourism sector cannot be underestimated in
terms of economic, social and environmental aspects of the society. There are advantages of railway transport compared with other
modes of transport: the longest railway network in Europe, ability to transport a large number of passengers, use of railway cars as a
hotel on wheels, high degree of reliability and safety, lack of dependence on weather conditions, high level of comfort and
amenities on board, providing a choice of travel conditions depending on the carriage types and train categories, regularity. The
development of the route network contributes to the increase in the competitive abilities of regional tourist destinations. At the same
time, the key factors in choosing the method of organizing a tourist route are as follows: the volume of passenger demand for an
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assigned route, size of expenses, tour duration, etc. The field of tourist transportation is not limited to the use of rail transport only.
Its collaboration with other types of transportation allows for maximum effect from tourist service while maintaining a high level of
service. This interaction is one of the components of the tourism product aimed at addressing all the key aspects and stages of tour
organization.

Key words: passenger traffic, route of travel, tourist route, railway tourism, tourist product, train schedule, passenger train lines.

For citation: Kovalenko, N.A., Shorokhova, L.S. (2023). The features of organizing tourist routes as one of the methods
to increase the efficiency of rolling stock usage. Civil Aviation High Technologies, vol. 26, no. 3, pp. 66—77. DOI: 10.26467/2079-
0619-2023-26-3-66-77

Beenenue U C 00s3aTEIbHBIM CTPAaXOBAaHUEM IACCaXKHPOB.
Kene3HOnOpOKHBIA TYyp SIBISETCS BJIEMEHTOM
TYPUCTUYECKOTO MPOAYKTa, KOTOPBIH B CBOIO
ouepesib COAEPKUT YBA3KY KEIE3HOI0POKHOIO
BUJIa TPAHCIIOPTA C APYTUMU IS TOCTHKEHUS
MakcuMaiabHOro 3¢ ¢deKTa OT OpraHu3aIuu Ty-
PUCTUYECKOTO U SKCKYPCHOHHOTO OOCITy>KHBa-
Hus HaceneHus. [IpeumyinecTBa >kene3HOO-
POXHOTO TpaHcmopra B chepe TYypHCTUUECKUX
MEePEBO30K MPUBEAECHBI Ha pUC. 1.

B nacrosiee BpeMsi MPOUCXOAUT CTaHOBIIE-
HUE cephl KeNe3HOJOPOKHOTO TypHU3Ma: MOsB-
JSIIOTCSL HOBBIE BapUaHTBI TYpPOB (TaCTPOHOMH-
YECKUH TYp, Typbl BBIXOIHOTO JTHS W OJHO/IHEB-
HBIE, TYPUCTUYECKUH MOE3], )KEeTIE3HOA0POKHBIN
KpyH3), YBEJIWYUBAETCS ACCOPTUMEHT IIpeJo-
CTaBJSIEMBIX ~ yCIyr, (OPMHUPYIOTCSI  HOBBIE
MapLIpyThl C Pa3IMYHON HPOTSHKEHHOCTHIO, 00-
HOBJIIETCS TOABMXHOM COCTaB, pacUIUpsSeTCs
MapLIpyTHasi CEThb IACCAKUPCKUX MOE310B U
T. 1. OgHAaKO, HECMOTPS Ha BCE 3T JOCTUKECHHUS,
B Pa3BUTUU JIaHHOW CQepbl CYyIIECTBYET Pl
npo0iieM, KOTOpble TPEOYIOT pEIIeHUs B IENSIX
NIOBBIIICHUS] KayecTBa CEpPBUCA U YBEIWYCHUS
MOOUJIBHOCTH HAaceJeHMs: pa3BUTHE UH(pa-
CTPYKTyphI [4, 5], CHUXKEHHME YPOBHA LI€H, YTO
OyJZeT crmocoOCTBOBATh PACIIUPEHHIO TOCTYITHO-
CTH TYpOB JUTSI PA3IMYHBIX TPYIIT MACCAXKUPOB, U

Pa3BuTHe TypHCTHYECKOTO CEKTOpa B YacTH
KEJIC3HOJOPOXKHBIX IEPEBO30K  0OYCIIOBJIEHO
JIOJITOCPOYHOM ~ CTpaTerued pa3BUTHSL TpaHC-
MOPTHOM OTpaciv, HAIpaBJICHHOW Ha TMOBBIIIIE-
HUE MOOWJIBHOCTH HACEJICHHUS U Pa3BUTHE BHYT-
peHHero Typusma. OCHOBHBIM CIOCOOOM pery-
JUPOBAHUS TAHHOTO IPOLECCAa BHICTYNAIOT IOC-
YAApCTBO M CaMU TYPHUCTUYECKHE OIEPATOPHI,
KOTOpBIE MPEAOCTABISIIOT Pa3/InYHbIE BUIBI TY-
PUCTHYECKOTO MPOAYKTA.

Typuctuueckass camoObITHOCTH Poccuiickoit
@enepanyun cBs3aHa ¢ reorpauUUEecKUM MOJIo-
keHueM. He Bce HaceneHHbIE NMyHKTbl MMEIOT
Pa3sBUTYIO >KEJIE3HOJOPOXKHYI HH(PACTPyKTy-
Py, HO OCBOCHME JaHHBIX TEPPUTOPUH B YacTH
Typu3zMa OyAeT UMETbh HEe TOJBKO COLMAIBHO-
KyJbTYPHYIO HAIpPaBICHHOCTb, HO M TOMOXET
TPaHCIIOPTHOMY Pa3BUTHIO JaHHBIX PETMOHOB.

OmauM w3 Hamboyiee  MEPCIEKTUBHBIX
HaIpPaBJICHU! B TypU3MeE, MO3BOJIAIOIIUX ITyTe-
miectBoBaTh 1o Poccum Ha Oonblume paccros-
HUS, SIBISIETCS Pa3BUTUE JKEIE3HOLOPOXKHOIO
Typusma [1, 2].

Kene3HoopoKHBIA Typ MPEACTABISIET CO-
00l myTemiecTBHE OPraHMW30BaHHON TIPYIIIBI
[IaCcCa)kKMpOB IO 3aJaHHOMY MapLIpyTy Ha Xe-
JIE3HOIOPOKHOM TPAHCIOPTE WJIM B COCTaBe ap.- [6-8].

MYJTETHMOZIAMIBHOTO MapImpyTa [3], o6beuHs- OCHOBHBIMU  KPYNHEWIIUMHU OIlEpaTopaMu
JOIEro pasiTMuHbIC BHAB TPAHCTIOpTA (HAIPH- 10 IIPEAOCTABIICHUIO TYPUCTUYECKUX IIPOLYKTOB

Mep, JKENE3HONOPOKHBI H ABTOMOGHIBHBIH, C HCIOJB30BAHUEM >KEIIE3HOIOPOKHOTO TpPaHC-
HKEJIE3HOIOPOKHBI U BOJIHBIN) MPOJOIKUTEIb- nopra spigiores OO0 «PHKI Typ», nouepuee
HOCTBIO OT OJIHOTO JHS M ¢ mpefocTapienmem  1PEApHaTHe AO «d)ez[epﬁanaﬂ faccaxpekas
pa3IMYHBIX BAPUAHTOB TYPHUCTUYECKOTO IIPO- KOMH%'HHH»’ n AO «TK "T'pann Cepsuc Oxc-
JIyKTa (TONBKO TPAHCIIOPTHAS COCTABJIIONMIAS npecc"». B 2021 rogy KOIU4YECTBO TypHUCTHYE-
MepEeBO3KH, TPAHCIOPTHAS COCTABJAIOMAS C CKHUX MapuIpyToB coctaBuio Oonee 20, a B 2022
BO3MOYKHOCTBIO TMOKYTIKH IKCKYPCHOHHOTO 06-  TOAY — 00yee 60 TpH JMTENLHOCTH Typa OT Of1-

CIIy>KMBaHUS B IIyTH CJICJJOBAaHUs, IOJHBIA Typ) HOI'0 HA.
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MOroaHbIX YCIOBHAX

Puc. 1. [IpenmyniecTBa »xe1e3HOAOPOKHOTO TPAHCIIOPTA B chepe TYPUCTHUECKUX TIEPEBO30K
Fig. 1. Advantages of railway transport in the field of tourist transportation

PaGora B yclOBHSX OTrpaHWYCHMIi, BBI3BaH-
HBIX MaHaeMuen koponasupyca [9, 10], mokaza-
Jla CIIOCOOHOCTH OMEPaTOPCKUX KOMMAaHHil ore-
paTUBHO IEpecTpauBaTh OW3HEC-TPOLECCHl C
y4eTOM JMHAMHYHBIX W3MEHEHHUN pBhIHKA IS
OCYIIECTBJICHUST OecriepeOOHHOCTH TIepeBO30Y-
Horo npouecca [11-13].

AKTyaJIbHOCTh  TOCTaBJICHHOW 3a/Jladyd B
dbopmaTe paccMaTpuBaeMoro o0ObBEKTa HCCIIE0-
BaHMsI OCHOBBIBAETCS HA PA3BUTHUU TYpPUCTHYE-
CKOH cdepbl U KEeIe3HOJOPOKHBIX MEePEBO30K B
0o0JacTH OpraHu3aliyd TYPUCTHUYECKHUX IKEJe3-
HOJIOPO’KHBIX MapuipyToB. IOTO OyAeT crmocoo-
CTBOBATh HE TOJBKO MOBBIIICHUIO 3(deKkTrBHO-
CTH HCHOJBb30BaHUS MOJBIXKHOTO coctaBa AQO
«®DIIK», HO W MO3BOJMUT YBEJIUYUTH JIOXOMAbI
KOMIIAaHUM MyTEeM YBEIWYEHUs CIpoca Ha Mepe-
BO3KH CO CTOPOHBI HaCEJIECHMUS.

MeToaosi0rusi HCCJIeA0BAHUA

[Tapk naccaxupckux BaroHoB AO «DIIK»
MOCTOSTHHO OOHOBIseTcs, xoTss B 2021 romy
TeMIbl CHU3WINCH: B 2021 roxy Obuto mpuoOpe-
teHo 293 BaroHna, B 2020 — 648, B 2019 — 572, B
2018 — 724, 82017 — 425, 8 2016 — 296 (puc. 2).

[Ipn nokynke 293 Baronos B 2021 roay BbI-
ob10 1054. Cpennuii Bo3pact: kyne — 18,4 rona
(m3noc — 60,5 %), mmaukapra — 15,3 rona
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(45,5 %), CB — 14,8 rona (48,4 %). Haubomnb-
M M3HOC y BaroHOB-PECTOpPaHOB — 27 IeT
(72,1 %).

Opranuzanus TYpUCTHYECKHX IEPEBO30OK,
HAIPaBICHHBIX HA TOBBIIICHHE MPUBICKATEb-
HOCTH KEJIE3HOJJOPOKHOTO TpaHCIOpTa B 00Ja-
CTH TIEPEeBO30YHOTO TMpolecca, OyAeT crocoo-
CTBOBAaTh YBEJIMYCHHUIO IMPOU3BOIUTCIEHOCTH U
3¢ (HEeKTUBHOCTH HCIIONIB30BaHUS TOJIBUKHOTO
coCTaBa W POCTY MOOWMJIBHOCTH HACENCHHS, YTO
MO3BOJIUT MUHUMH3UPOBATH BEPOATHOCTH BO3-
HUKHOBEHHUS  HEYJIOBJICTBOPCHHOCTH  CIIpoca
HACEJICHUsI B 00JaCTU PETYISPHBIX >KEIe3HOJIO0-
POKHBIX TIEPEBO30K.

BaxxHbIMH KpUTEPHUSIMH BBIOOpA MOJIBUKHOTO
cocTaBa JJIsi OPTaHHU3AIMH TYyPUCTUICCKOTO TI0-
e3na sBisawoTes: [14-16].

e 00bEM MacCCaKUPOIIOTOKA 110 HATPABIICHHUSIM;

® JAIBHOCTH MApIIpyTa CIEAOBAHUS;

® BEIMYHMHA CIIPOCA HAa KATETOPUIO MECT U KIIACC
00CITy ) KMBaHNUS,

e BeNMYMHA MOTpPeOHOTO paboyero mapka mac-
CaXHPCKUX BarOHOB Pa3HBIX TUIIOB.

Bce Typbl yC10BHO MOXKHO pa3JesuTh Ha OJ-
HOJIHEBHbIE (TEpeBO3Ka B TEYEHHE | CyTOK),
NBYXTHEBHbIE (WM TYphl BBIXOJHOTO JIHS)
Y MHOTOJTHEBHEIE.

Crneuungurka 0THOAHEBHBIX TYpPOB OCHOBBIBA-
€TCS Ha CIEJOBAaHWHM TYpUCTa IO MAaPIIPYTY
B TeueHue aHs O0e3 cHa. Hambonee mpenmodru-
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Puc. 2. /lunamuka o6HoBneHns BaronHoro napka AO «®ITK» ¢ 2016 o 2021 rox
Fig. 2. Dynamics of AO “FPC” rolling stock renovation from 2016 to 2021

TEJIbHBIA MOJBM)KHOM COCTaB JUIsl JAaHHBIX Iepe-
BO30K — 3T0 «JlacTtoukay, «Crpmx», «Coum»
u 1ip. [Ipyu 3TOM JOMOIHUTEIBHBIN YPOBEHb KOM-
dopTa B BUAE NMUTAHUSA M CHAITBHBIX MECT, KaK
IPaBUJIO, HE IPEIYCMOTPEH.

OTAnuuTeIbHON 0COOEHHOCTBHIO JBYXIHEB-
HBIX TYpOB (MJIM TypOB BBIXOIHOTO JIHS) SIBJISA-
€TCsl TO, YTO MOE3Ka OCYIIECTBIISIETCS B HOY-
Hoe Bpems. [loe3n BeIcTymaer B poju OTeNs Ha
KoJjiecax, B KOTOPOM HOYYIOT MacCa)Xuphbl, Ie-
peMerasch MeXIy HAaCEeJICHHBIMU IMyHKTaMH,
BKJIIOYEHHBIMU B TYPUCTHUUECKUH MapuIpyT.
Typuctel mocemaloT 3KCKYpCHHM B JIHEBHOE
Bpems cyTok. Iloe3na mug myTemecTBUH yKa-
3aHHON MPOJOJKUTENBHOCTH 001a1ai0T 00JIb-
UM Ha0OpOM TPENOCTaBISAEMBIX CEPBUCHBIX
ycuyr Juist coOmoJeHuss TpedyemMoro ypoBHS
koM(opTa.

MHOroiHEBHbIE TYpbl TaK)K€ OPHUEHTHPOBA-
HBI Ha MOCEIIEHUE TOPOJI0B, BKIIIOUEHHBIX B IKC-
KypPCHOHHOE OOCITy’KMBaHHE B JTHEBHOE BpeM,
a CcJIeJOBaHUE MEXKy HaCEJICHHBIMU ITyHKTaMH —
B HOouHOe [17]. Iloe3ga dhopmupyroTcs u3 Baro-
HOB 0OoJiee BBICOKOTO YPOBHS CEpBHCA C JOMOJ-
HUTEJbHBIMU YCIyraMH, HOBBIMIAIOIIMMU KOM-
(OPTHOCTH: CTHJIM30BAHHBIC BATOHBI, MSTKHE
cuzenbs. DopMupoBaHue NPOUCXOAUT U3 JBYX-
ATaXHBIX BaroHOB ¢ J1I00aBJIEHHEM BaroHOB-
3aJI0B, Oara’KHbIX BAaroHOB, BAarOHOB-IYIIEBBIX,
BaroHoB-SPA u apyrux.
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PacmpeHHblii Mapk MaccaXMpCKUX Baro-
HOB I03BOJISIET OPraHUW30BbIBATH MAapLIPYTHI Ha
pasHBIX HampaBlIeHUsAX U (opMHpoOBaTH pas-
JMYHbIE KOMOMHAIIMM CJICOBaHUS JaHHBIX Ba-
TOHOB B COCTaBE€ TYPUCTHUECKHMX IacCaKup-
CKHX I10€3]10B.

PesyabTaThl uccie10BaHUSA

Bapuantsl opraHu3zanuy IEpeBO3KU Iacca-
KHUPOB-TYPUCTOB 10 33JJaHHOMY MapIIpyTy pa3-
JUYHBI C YYETOM OTpaHUYEHUI U 0COOEHHOCTEH
(puc. 3).

IIpu >TOM TpeGoBaHMS K BBHIOOPY TOTO HIIU
MHOTO croco0a OpraHu3aluu TYypPUCTHUYECKOTO
MapIIpyTa ONPEIENIAIOTCS CIEAYIOIUMH OCHOB-
HBIMH (haKTOpaMHu:

e 00BEM cCIIpOCa CO CTOPOHBI MACCaXXKUPOB Ha

3aIaHHBIA MapUIPYT;

pa3Mep 3KCIUTyaTallMOHHBIX PacX0/I0B;

JUIUTEIBHOCTD TYpa;

IPOMYCKHAasi CHOCOOHOCTh M TEXHUYECKas

OCHAIIIEHHOCTh KEJIE3HOJOPOKHBIX JIMHUH 110

MapuIpyTy CIEIOBAaHUS TypUCTHUECKUX (hop-

MupoBaHuii [18];

JAIbHOCTh ITyHKTOB 3KUIIMPOBKU U CMEHBI JIO-

KOMOTHBOB U JIOKOMOTHBHBIX OpHUTa.
CocraBneHue OM3Hec-IUIaHa TYPUCTUUECKOTO

MapupyTa TYPUCTUYECKOTO oreparopa
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BAPUAHTBI CJIEJOBAHUSA ITACCAKUPCKUX TYPUCTUYECKUX BAI'OHOB C ITAC-

CAXKUPAMU

B cocTtaBe MpHUIETHOM TPYIIITBI
K TTaCCaAXUPCKOMY O3y pery-
JIIPHOTO OOpaIieHus (JIeHCTBYIO-
I1eT0)

B cocragse TYPUCTUYIECKOI'O ITOE3-
Ja

B coctaBe TypucTHUECKOTO MOE3-
Jla, HO C IIPUIIEMTHOM acCaXKup-
CKOM I'pyIIION Apyroro Ha3Haye-
HUS

Heobxomumo npenycMoTpeTh
CTaHIIMH, Ha KOTOPBIX OyJeT Ipo-
W3BOJIUTHCS OTIEIKa/TIPHIIETIKA
TPYIIBI BATOHOB TYPUCTHUYECKOTO
noesaa

BapuaHTbl IpOKIagKu:
e [lo cnernmansHO pa3paboTaHHON
«HUTKE» U PacIUCAHUIO.
e [lo «HUTKE» IT0€311a PETYJISIPHO-
ro oOpaleHust, HO OTMEHHOTO.
e [lo «HuTKE» MOE3/a IPYTOi Ka-

K Typuctuueckomy moesny npu-

IETUIIOTCS TTACCAKUPCKNE Baro-

HBI JUJIs1 OTLIETIKU Ha IPYTUX CTaH-
LUSAX ¥ BKIIOYEHUS UX B COCTaBBI
MaCCaKUPCKHUX MOE3I0B PETYIIIpP-
HOTO 00palieHus (UCMoIb30BaHNe

TCropuu.

(aKyIbTaTUBHBIX BAarOHOB)

Puc. 3. BapuaHTsI ciieZjoBaHHS BATOHOB TyPHUCTUYECKOTO 1TOE3/1a
Fig. 3. Options for carriage operation of a tourist train

(000 «PXO Typ», AO TK «I'pann CepBuc

OKcrpeccy») yUHUTBHIBAeT 3aTpaThl, KOTOPBIE CO-

CTOST U3:

® SKCIUTyaTallMOHHOW COCTaBJISIONICH, CBSI3aH-
HOM C OopraHu3aIeil Cle0BaHMs TypUCTHYE-
CKOTO TAaCCaKUPCKOTO MOe3/a MpU 3aJIePiKKe
IPY30BBIX TOE3/I0B, TATOBBIM OOCTY>KMBaHU-
€M, paboToil BaroHHOT0 M JIOKOMOTHBHBIX
MapKoB U T. [I.;

® apEeHJHON COCTaBJISIONICH 3a HUCIIOJIb30BaHUE
BaroHOB PAa3JIMYHBIX KATETOpUi KOMIAHUU
AO «DIIK».

Oco0eHHOCTh PAacXO/I0B B TOM, YTO CXEMBI
(hopMHUPOBaHMS COCTABOB BHIOMPAIOTCS C YyUETOM
YAOBIETBOPEHUSI CIPOCA, HO ISl JAOCTHXKCHUS
HauOoJbIIel peHTA0ETbHOCTU MEPEBO3KU TYpH-
CTOB Ha 33JJaHHOM MapIIpyTe.

Kommno3urust cocraBa TypuCTHYECKOTO MOE3-
Ja BIUSET Ha YPOBEHb NPEIOCTaBISEMBIX Cep-
BHUCHBIX YCIYT U KOM(OPTaOEeTHbHOCTh TOC3IKH,
a TaKke Ha BMECTUMOCTb U BEJIMYMHY COCTaBa
M0€3/1a, a CJIEJOBATEIbHO, ONPENEISET PACXOIbI,
CBSI3aHHBIC C OOpalIeHHEM TYPHUCTHYECKOTO MO-
€3/1a, U JI0XOJIbl, KOTOPbIE MOTYT OBITH MOJyYe-
Hbl OT peaju3alui TYPUCTUYECKOTO MPOAYK-
ta[19, 20];
® PAcXOJIHOW COCTaBJIAIOUIECH 3a MOJIb30BaHUE

UHQPPACTPYKTYPOM, KOTOpasi yUUTHIBACT 3aBU-
CUMOCTh TOJBKO OT YMCJIa M Ha3HAYCHHUH Ty-
PUCTHUECKHUX T0e3/10B. J[aHHBII pacyer mpo-
m3BoautTces ¢ OAO «PX]»;
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® COOCTBEHHBIX PacxXo/IOB, CBS3aHHBIX C Opra-
HU3aIMEeN caMoro TYpUCTUYECKOTO MPOIYKTa:
HKCKYPCHOHHOE OOCIIy)KMBaHHE Ha MaplIpyTe
cienoBaHus (B MOe3[e, BO BpeMsSl CTOSHOK),
NUTaHKe, MPOKUBAHUE, pacyeT ¢ IPYyruMH Ie-
pPEBO3UMKAMHU 3a MpPEJOCTaBICHHBIE YCIYTH,
CTpaxoBaHME MaccaXupoB U apyrue [21, 22].

Ha npumepe Typuctuueckoro noesnga Mock-
Ba Kazanckas — CeBacronons — MockBa Kazan-
ckas (puc. 4) B cTaThbe paccMaTpUBAETCS CIEO-
BAHME BaroHOB C OPraHW30BaHHOM IPYNIION Iac-
caxxupoB [23]. JlaHHBIH TYypUCTHUECKHUA MapIl-
pyT BBIOpaH HE CIIy4aiiHO, TaK Kak B HACTOSIICE
BpeMsl Ha 3TOM HalpaBJIEHUU KypPCUPYIOT TOJIb-
KO Traccaxupckue mnoes3zna. DopMupoBaHue
MapuipyTa TYpUCTHUYECKOTO MTOE3/]a Ha paccMar-
pYBaeMOM Y4acTKe MO3BOJMUT IpPHBJIEYb Macca-
JKUPOB, 4TO OyJET CIOCOOCTBOBATH YBEIIMUEHHUIO
npubsum 1 OO0 «PXK/ Typ» u AO «PIIK»
Y TIOBBIIIEHUIO YPOBHS NPHUBIIEKATEIBHOCTH CO
CTOpOHBI HaceneHus. Opranuzanusi TypUCTHYE-
CKOro T1O€37]a Ha HAlNpaBJICHUH IO3BOJIUT HE
CHIDKaTh MPOMYCKHYIO CIIOCOOHOCTb Y4YacTka,
TaK Kak B JHU OTCYTCTBHS IAaCCAXKUPCKOIO IIO-
€371a 110 €ro HUTKE CMOXKET KypCHUpPOBaTh TypH-
CTUYECKHUW TMOE€3]1 U Ul €r0 JBUXKEHHUS MOXKHO
MCIIOJIb30BaTh UMEIOIIMECS MOIIHOCTH TATOBOIO
00CITy )KBaHUA.

[IpusnekarensHocTh KpbiMa kak wactu Poc-
cutickoir ®enepanuu 00yCIIOBIEHA I TypH-
CTOB MATKHUM KJIMMATOM IOJIYOCTpOBa, OoraToi
HCTOPHUEN C OrPOMHBIM KOJIMYECTBOM IMaMSATHH-
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Puc. 4. OcHOBHOI MapmIpyT TypHucTHIecKoro moesna Mocksa Kaszanckas — CeBacromons — MockBa Kazanckas
Fig. 4. Main route of the tourist train Moscow Kazanskaya — Sevastopol — Moscow Kazanskaya

KOB KYJBTYPHOTO HAclequsi U JOCTONpHUMEYa-
tenbHOCTER. Takke B mocieaHee Bpemsi MOCTe-
MEHHO MPOUCXOAUT POCT TYPUCTUUYECKOTO IMac-
CaXUPOIIOTOKA, BOCCTaHABIMBAETCA UH(PpacTpy-
KTypa TYPUCTHUYECKON OTpaciu, KoTopas ObLia
CO3/1aHa B COBETCKOE BpeMsl.

Cxema opmupoBaHHsS COCTaBa Ha HaIpaB-
nmeaun MockBa Kazanckas — CeBacTomosp —
Mocksa Ka3zanckast npezncTaBiieHa B BUJIE BOCh-
MU JIBYXATaXXKHBIX BaroHOB Pa3JIMYHBIX KaTero-
puii (cemb A MAacCaKUPOB M OJUH — BaroH-
pectopan). OOmas MPOAOHKUTEIBHOCT Typa
coctaBisier 6,5 qus. Typuctuueckuit moesna je-
JIA€T OCTAHOBKH C MPOBEJCHUEM YKCKYPCHOHHO-
ro oOCIIy)XKMBaHHs B TaKHX ropojiax, kak Bopo-
Hex, Tamanb, CeBactononb, EBmaropus, Cum-
depomnons, Deonocust, Kepub, Poctos-Ha-/{oHy.

B nmyTtu cnenoBanus moesna mpeayCcMOTPEHBI
OCTaHOBKH IS BBITIOJIHEHUS CIICTYIOUIUX BHUJIOB
paboT: cMeHa JIOKOMOTHBOB W (WJIHM) JIOKOMO-
TUBHBIX OpUTaJl; SKUITUPOBKA BOJOH; OOCITYKH-
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BaHHME HKOJIOTUYECKH YHUCTOTO TYaJ€THOTO KOM-
mwiekca (QUTK); cOop TBepABIX OBITOBBIX OTXO-
noB (ThO).

[Toe3n Ha Bcem mapuipyTe cieayer Mo pas-
JUYHBIM BapyaHTaM MPOKJIAJKU HUTKHU JAHHOTO
noesza B rpaduke JBUKEHHSI IOE3/10B HA y4acT-
Kax:

e MockBa — Kopabimno u MockBa — CTeHbKU-
HO-1 mpegycmarpuBaeTcsi ABUKEHUE IO CBO-
OomHOW HUTKEe moe3na MockBa Tam-
keHT/IOumkex/Angnxan;

e Boponex — Tamanb, Boponex — Pocrtos
I'naBHbIi, Kepub — 3BepeBO — BO3MOXKHO clie-
JIOBaHUE pacnucaHueM noesna Mocksa — De-
0J10CHs;

e 3BepeBo — I'psaA3m — pacnucanueM moes3na
Eiick — MockBa;

e Psa3anp-1 — MockBa, Psa3anb-2 — Mocksa, 3Be-
peBo — Ps3anb-2 — pacniucanuem moesna [u-
MUTpOBrpag — MockBa;
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Puc. 5. Bapuants! popMupoBaHus Ha3HAYCHUN TypHUCTHUECKOTo mmoe3na Mocksa Kazanckas — CeBacromons —
Mocksa Kasanckas
Fig. 5. Options for the formation of the tourist train destinations Moscow Kazanskaya — Sevastopol — Moscow
Kazanskaya

e Kopabiuno — Muuypunck Boponexckuii, Ko-
pabiarHO — AJIEKCaHIPOHEBCK — MUYYpPHHCK
Boponexckuii, Kamenka — Muuypunck Bo-
POHEKCKUI — pacniucanuem noesaa Mocksa —
Amnara;

Munuypunck  BopoHekcKuit Boponex,
Crenpknno-1 — Kamenka, PoctoB ['maBHBIIT —
Tamanb, Tamanb — Kepub, ['psisu — Ps3anb-1,
Tamanp — 3BepeBo, ['pssu — Psazanp-2, Ps-
3aHb-2 — MoCKBa — pa3pabOTaHHBIM pacmuca-
HUEM.

IIpn cocraBneHuMM MapupyTa CleI0BaHHS
TYPUCTUYECKOTO TI0€3[a MOMKET H3MEHATHCA
pacnycaHue CieIoBaHMs Ipyrux noesnos. llpu
HaJIMYUU OJHOTO HAIPABIICHUS CIICJOBAHUS TYy-
puctuueckoro noesna Mocksa Kazanckasa — Ce-
BacTonoinb — MockBa KazaHckass KOJIMYECTBO
MOE3AHbIX HA3HAYEHUM BapbUpPYyETCsl B pa3Me-
pe 18 (puc. 5).

B paccmaTpuBaeMoM HCCIIEJOBaHMM TOYKa
0e3yOBITOYHOCTH TP (PUKCHPOBAHHOM YPOBHE
CTOMMOCTH  3KCKYPCHOHHOTO  0OCITyXKMBaHUS
HAXOAUTCS U3 CIAEAYIOIUX JaHHBIX:
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100 % TypucroB u3 Mocksbl (LieHa Ounera
9KCKYpPCHOHHBIM oOciyxkuBaHueM 49 345 py0.) —
50 OuneToB;

100 % typuctoB 13 Boponexa (uena ounera ¢
9KCKYPCHOHHBIM 00ciyxuBanuem 43 561 py0.) —
61 Ouner;

100 % TtypuctoB u3 PoctoBa-Ha-/{ony (u1iena
Oounera ¢ 3KCKYPCHOHHBIM OOCITYy>KMBaHHEM
36 326 py0.) — 83 Ouiera;

70 % typuctoB u3 Mockssl, 20 % TypucTOB
u3 Boponexa, 10 % typucroB u3 PocrtoBa-Ha-
Jony — 54 6unera.

[Ipoknaaka HUTKHM TYPUCTHUYECKOTO IMOE3/1a
B rpaduK OBUXKEHHS MOe3q0B [24] Takke 3aBH-
CHUT OT YPOBHS PACXOAHON COCTABIIAIOIIEH U BO3-
MOYKHOW MPHUOBUIH, IPU ITOM PacCMaTPUBAIOTCA
CJIEIyIOIINE BapUAHTBHI:
® CHIDKEHHE I1acCaXKUPOIOTOKAa Ha 3aJaHHOM

y4acTKe HalpaBJIEHUs CII€OBaHUs Mpeay-
CMaTpUBAaeT BO3MOXKHOCTh BKIJIFOUEHHsS Baro-
HOB TaCCa)KUPCKOr0 MOe3/]1a PeryssipHoro oo0-
pamieHusi B COCTaB TYpPHUCTHYECKOTO TOe3[a,
a 110 OCBOOOKICHHOM  HUTKE  JIOIyCKaeTcs
IIPOCJIEeI0BaHUE TYPUCTUYECKOTO MOE3/1a;
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Puc. 6. I'papuueckoe oToOpakeHHE BENUIHHBI TOYKH 0€3YOBITOYHOCTH TIPH CIIETIOBAHUN TYPUCTHYECKOTO TI0e3/1a 10

MapuipyTy MockBa — CeBacromons — Mockaa:

a— 100 % typucros u3 Mockssl, 6 — 100 % TypuctoB u3 Boponexa, ¢ — 100 % typucros u3 Pocroa-ta-/{ony,

2— 70 % typuctoB n3 Mockssl, 20 % TypuctoB u3 Boponexa, 10 % typucros u3 Pocrosa-na-Jlony

Fig. 6. Graphical display of the break-even point value when operating a tourist train on the Moscow — Sevastopol —
Moscow route:
a — 100% of tourists from Moscow; b — 100% of tourists from Voronezh; ¢ — 100% of tourists from Rostov-on-Don;
d —70% of tourists from Moscow, 20% of tourists from Voronezh, 10% of tourists from Rostov-on-Don

® [1acCaXUPOMOTOK JJIsi 33JaHHOTO TYpPHUCTHU-
YECKOr0 HAMpaBJICHUs HE JOCTaTOYEH JUIS
(dbopMupoBaHUs MOJIHOTO COCTaBa, TOT/A JlaH-
Hbl€ TYpPUCTHUYECKHE BaroHbl BKJIHOYAOTCS
B COCTaBbI PETYJISIPHBIX MTOE3/0B;

® K yxe c(hOpMHUPOBAHHBIM TYPUCTHUUYECKUM TIO-
e37aM MPULEIUIAIOTCS (paKyIbTaTUBHBIE Baro-
HBbl JJI1 BO3MOXHOCTH PEryJHpPOBaHUS BMe-
CTUMOCTH T0€3/1a B CBSI3M C U3MEHYMBOCTBHIO
crpoca HaceJeHHs Ha nepeBo3ku. [lanee aTu
MACCAKUPCKUE BaroHb! OyaAyT UCIOIB30BATHCS
JUIA TIepeflayd Ha JpYyrue Ha3zHAuCeHUs IpHU
YMEHBIIEHUN MAcCa)kKUPOINOTOKAa paccMaTpu-
BAaeMOT'0 HampaBJICHUS.
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3akioyeHue

W3meHeHne cTparerum pa3BUTHUS KEIE3HO-
JOPO’KHOTO ~TPAHCIIOPTa, MepepachpeieiieHue
[aCCaKUPOIIOTOKA C BHEUIHETO HAa BHYTPEHHUN
TypusM, (OpPMHUPOBAHHE TYPUCTCKO-pEKpeariu-
OHHBIX 30H Ha TeppuTopuu Poccum mnpusenu
K MOSIBJICHUIO HOBBIX BO3MOXKHOCTEH MCIIONIB30-
BaHUS JKEJIE3HOJOPOKHOTO MAcCCaXKUPCKOTo IO-
JBUKHOTO COCTaBA.

OnHako B TMOCHEAHUE TOABI HaOIIOAaeTCs
TEHJCHLIUS COKpAILIEHHUS MapKa MacCaKUPCKUX
BaroHOB. JTO MOXET NPUBECTU K IOBBIIIECHUIO
HEYJIOBJIETBOPEHHOCTH HACEJIEHUSI PETyJISIPHBIX
IIEPEBO30K  KEJIE3HOJOPOKHBIM  TPaHCIOPTOM
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Y CHIDKEHHUIO YPOBHS MOOWIIBHOCTH HACEICHHS.
OnuH W3 BBIXOJOB JIUISI MUHHMH3AIMH BO3MOXK-
HOCTH BO3HHUKHOBEHHS JaHHOW CUTYyallH (TIOSB-
JICHHsI HEYIOBJIETBOPEHHOCTH MEPEBO3KAMM) SIB-
JISIeTCSl OPTaHU3AIMSI ¥ PA3BUTHE TYPUCTUUSCKUX
JKEIJIe3HOIOPOKHBIX MAaPIIPYTOB, KOTOPBIE OyayT
CIocoOCTBOBATh OCBOCHHIO CIIPOCa HAa MEPEBO3-
KA W POCTY TPHUBIIEKATEIIEHOCTH >KEJIE3HOJO-
POKHOTO TpaHCTOPTA.

Typuctudeckne >KENEe3HOMOPOKHBIE TYpPBI
MPECTaBISAIOT co00il onuH U3 OBICTPOpA3BU-
BAIOIINXCS JJOXOJHBIX CETMEHTOB. B pamkax uc-
CJIeIOBaHUSI PACCMOTPEHO CIIEIOBAaHHE TYPUCTH-
YeCKOro roes3aa Ha HampasieHnd Mocksa — Ce-
BacTonoib — Mocksa. [lpu ypoBHe TpaHCHOPT-
HOM COCTaBJISIOLIEH Uil TypPHUCTOB M3 MOCKBBI
27 745 py6., Boponexa — 21 961 py6., PocTos-
Ha-J{oHy — 14 726 py0. CTOMMOCTB 3KCKYpPCHUOH-
HOTO OOchykuBaHus coctaBiser 21 600 pyo0.,
4yTO 3KBUBajJeHTHO 77, 98, 146 %. B uccnegona-
HUUW TaK)Ke MPUBEJCHA MOJENb 0€3yOBITOYHOCTH
paccMaTpUBaEMOI0 TYPHUCTHYECKOTO >KEJIE3HO-
JIOPO’KHOTO MapHIpyTa.

J15st IpUBIIEUEHUSI TTACCAKUPOIIOTOKOB Ha Ke-
JIE3HO/IOPOKHBIN TPAHCIOPT MPUMEHSIOTCS pas-
JMYHBIE MApKETHHTOBBIE HHCTPYMEHTBI, TIPOUCXO-
T COBEPILIEHCTBOBAHHE MOJBIKHOIO COCTaBa,
yBEJIWYEHHE YPOBHS KOMQOpTa M IOCTYITHOCTH
Ui KJIMeHToB. [[na obecneueHns: KaueCTBEHHOTO
YPOBHSI CEpBHCAa TNPHU OpPraHU3AIMU KEJIE3HOO-
POXHBIX TYpOB HEOOXOIMMO pa3BUBaTh HH(]pa-
CTPYKTYpY JKEJIE3HOJIOPOKHOW OTpaciiv, Yiyd-
IIaTh YCJIOBUSI TPAHCIIOPTUPOBKHU TYpPUCTOB, Tpe-
JOCTaBIISITh  KOMQopTaOebHbIe BaroHbl, COBpeE-
MEHHbIE TEXHHYECKHE CpEICTBa WH(POPMAIUOH-
HOH CBSI31 U O€30ITaCHOCTH MACCaKHPOB.
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MeToauka onpeaeeHUs1 PEAKTUBHBIX MAPAMETPOB aBHAIMOHHBIX
norpeduTeIell JIEKTPUIECKO SJHEPrUM HA OCHOBE JJAaHHBIX
0 HANIPSI’KEHNH U TOKE B MEePEXO0IHbIX Mpoueccax

1 1
B.W. IlaBaosa , L.E. CrapocTun
"Mockosckui 20Cy0apCmeeHHblll MeXHUYeCKULl YHUBEPCUmenm 2paicoOancKoll asuayul,
2. Mockea, Poccus

AnHoTaumsi: CoBpeMEHHbIE TEHICHIMU PA3BUTHUsI aBHUAIIMOHHOM TEXHUKH CBSI3aHBI CO 3HAYUTEILHBIM YBEIMUYECHHUEM YPOBHS
ee anexrpudukanuy. [losBieHHe HOBBIX BHAOB NOTpeOMTENeil SIEKTPO’HEPTHU BiedYeT 3a cOOO0H yBEeNMYEHHE MOIIHOCTH
Y KOJIMYECTBA IOTpeOUTeNeil B CHCTEME 3JIEKTPOCHAOKEHMSI BO3JYIIHBIX CylnoB. Ha naHHOM arame SKcIuTyaralu NpsSMOi
KOHTPOJIb BHYTPEHHHMX I1apaMeTpoB (B YAaCTHOCTH, IapaMeTPOB PEAKTHBHBIX 3JIEMEHTOB) MOTpeOHTENel 3JIEKTPOIHEPIUH
B CHCTEME DJIEKTPOCHAOKEHHS BO3AYLIHBIX CYI0B HEe TPoBoANTCs. CHcTeMa KOHTPOJIS aBUALIOHHON TEXHUKH CTPOHUTCS C YUYETOM
BCTPOCHHOW CHCTEMbl MOHHUTOPHHIA TEXHHYECKOTO COCTOSHUSI 0ObekTa. OpmHako [uist Oombiieii 3(h(eKTHBHOCTH BCTPOESHHBIH
KOHTPOJIb MOXET OBbITh JOTOJHEH BO3MOMKHOCTSIMM YIIPABJICHUSI C TIOMOIIBIO IM(POBBIX HHTEIUIEKTYaJIbHBIX CHCTEM
pactipenieneHns 3HEpruM  (JOKAIBHOTO IIEHTpa YIpaBIeHHWS Harpyskamy). B mpomecce 3KCIUTyaTaliyl aBHALIOHHOTO
3NEKTPOOOOPYIOBAHMS 3HAYEHUS €r0 IapaMETPOB HM3MEHSIOTCS OTHOCHUTENIBHO HOMUHAIBHBIX 3Ha4eHUH. OTKIOHEHUS
MapamMeTpoB 00OPYIOBaHMS OT HOMWHAJIBHBIX HE JOJDKHBI TIPEBBINIATH 3aIaHHBIC 3HAUCHHS, KOTOPHIC OMpPENEISIOTCS
9KCIITyaTallMOHHOW TEXHMYIECKON JOKyMEHTalHi. BXoqHbIe MMIIeaHChl BTOPHYHBIX HCTOYHUKOB 3JIEKTPONUTAHHS MOTYT OBITh
UCCIIEZIOBAaHBl B PEXHME, XapaKTCPHU3YIOIIEMCS] NEPEXOAHBIMH IPOIECCAMH B HCCICAYEMOM KOMIIOHEHTE aBHAIIMOHHOTO
obopynoBanus. [IpearaeTcss Ha OCHOBE HKCIIEPHMEHTAIBHBIX JAaHHBIX HANPSDKEHHS W BXOJHOTO TOKAa HA CTaJUH HEPEXOIHBIX
MPOIIECCOB B CXEMaxX 3aMELIEHHs BTOPUYHBIX MCTOYHHMKOB AJIEKTPONMTAHMS OMNpEETATh 3HAYECHHs IapaMeTPOB PEaKTUBHBIX
9NIEMEHTOB. VI3MeHeHne 3Ha4YeHU PeaKkTUBHBIX JIEMEHTOB JaeT MH(OPMAIMIO O TEXHHMYECKOM COCTOSIHHM BXOJHBIX KacKaoB
MPUEMHUKOB 3JIEKTPUYECKOM SHEprur. DTO JaeT BO3MOXKHOCTh OTCIIEKHBATh IPOLIECC JAerpajallid HX CBOMCTB WIIH
JIMarHOCTHPOBATh OTKa3 B CITy4ae CKauKOOOPa3HOTO M3MEHEHHS PEaKTHBHBIX TTapaMeTpPOB. DTOT METO Ipe/yIaraeTcs PHIMEHSITh
JUIsL JIMarHOCTHPOBAaHMS 3JIEKTPOOOOPYJOBaHMST B IIpoliecce €ro (yHKIMOHMPOBAaHMS Ha OOpTY JIETAaTENILHOIO arapara.
Hacrosiiast paboTa rocpsiiieHa pa3paboTKe METOIOB OIpe/IeNIeH s TapaMeTpOB BTOPUYHBIX HCTOYHUKOB MTUTAHUS! aBUAIIMOHHOTO
3IIEKTPOOOOPYIOBAHMS, XaPaKTEPU3YIOIINX €TO PEAKTUBHBIE CBOICTBA.

KunroueBble ¢10Ba: MarHoCTHKa aBHALIMOHHOTO 000PYOBaHMSI, HHTEIUIEKTyaJIbHBIC CHCTEMBI PaCIIpeieICH ST JEKTPOSHEPTHH,
THIEPEXOIHbIE IPOLIECCHL.

Jas uurupoBanusi: ITaBnoa B.M., Crapocturn W.E. Mertonuka onpeneneHus PeakTUBHBIX IMapaMETPOB aBHAITMOHHBIX
MOTpeOHTENIeH AIIEKTPUUECKOH SHEPrHU Ha OCHOBE JIAHHBIX O HAIPSDKEHWH M TOKE B MEPEXOAHBIX mpoueccax // Hay4Hslii
Bectauk MI'TY T'A. 2023. T. 26, Ne 3. C. 78-93. DOI: 10.26467/2079-0619-2023-26-3-78-93

Methodology for determining the reactive parameters of aviation
electrical energy consumers based on voltage and current data in
transients

V.I. Pavlova', L.E. Starostin'

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

Abstract: Modern trends in the aircraft development are associated with a significant increase in the level of its electrification. The
emergence of new types of electricity consumers entails an increase in the power and number of consumers in the aircraft power
supply system. At this stage of operation, direct control of the internal parameters (in particular, the parameters of reactive
elements) of electricity consumers in the aircraft power supply system is not carried out. The aviation equipment control system is
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built taking into account the built-in system for monitoring the technical condition of the object. However, for greater efficiency, the
built-in control can be supplemented with control capabilities through digital intelligent power distribution systems (local load
control center). During the operation of aviation electrical equipment, the values of its parameters change relative to the nominal
values. Deviations of equipment parameters from the nominal values should not exceed the specified values, which are determined
by the operational technical documentation. Input impedances of secondary power supply sources can be investigated in a mode
characterized by transient processes in the investigated component of aircraft equipment. Based on the experimental data of voltage
and input current at the stage of transients in equivalent circuits of secondary power supplies, it is proposed to determine the values
of the parameters of reactive elements. Changing the values of reactive elements gives information about the technical condition of
the input stages of electrical energy receivers. This makes it possible to monitor the process of degradation of their properties or to
diagnose a failure in the event of an abrupt change in reactive parameters. This method is proposed to be used for diagnosing
electrical equipment during its operation on board the aircraft. This work is devoted to the development of methods for determining
the parameters of secondary power sources of aircraft electrical equipment, characterizing its reactive properties.

Key words: diagnostics of aviation equipment; intelligent power distribution systems; transient processes.
For citation: Pavlova, V.1, Starostin, L.E. (2023). Methodology for determining the reactive parameters of aviation electrical

energy consumers based on voltage and current data in transients. Civil Aviation High Technologies, vol. 26, no. 3, pp. 78-93.
DOI: 10.26467/2079-0619-2023-26-3-78-93

Beenenue CoBpeMeHHbIE UHTEIUIEKTYaJbHbIE CUCTEMBI
3EKTPOCHAOKEHHS 1al0T BO3MOKHOCTh peaju-

AHanu3 TOCTPOEHHSI CUCTEM DIIEKTPOCHAO- 3allMM JOMONHUTE/IBHBIX (YHKIMH, Hanmpumep
JKEHUSI TIOKa3bIBaCT HEOOXOAUMOCTh Pa3padOTKH OLCHKH TEXHHUICCKOI'0 COCTOAHHA IO PE3YyIIbTa-
HOBBIX THUIIOB CHJIOBOM KOMMYTAIlMOHHOH arma- TaM H3MEPCHHUA SJICKTPUICCKUX I1apaMETPOB
partypsbl, o0ecrieunBaroIiell BO3SMOKHOCTH YTIpaB- KOHTPOIMPYEMOr0 00OPYIOBaHHS B PEXHME

JIEHUS DIIEKTPODHEPreTHYECKUM KOMIUIEKCOM B peansroro Bpemenu [8]. LlexecooOpasuo Tako-
paMKax KOHLIENIMM HHTETPaIbHOM MOJYJIBHOU ro poja IHarHOCTHKY IIPOBOJMTE B CHCTEMC

aBuonukH [1, 2]. pacrpesnesieHus 3JIEKTPOIHEPTUU, YIPaBIIsIO-
Orta anmapaTypa, IOMUMO KOMMYTallMOHHBIX el OOMBIIMHCTBOM YCTPOHCTB 3IEKTPOOOOPY-
byHKIUH, OODKHA TONNEPKUBATh (DYHKIUU nosanus BC [9].
KOHTpPOJII TOKOB M HANPS)KEHHUH, OLIEHKY COCTO- Cuctema pacrnpefenceHust 3IeKTPOIHEPIUr
SHUSL 000pPYJIOBAHUS U MOJHOCTBIO CONPATaThCs BO3AYIIHBIX CYyNOB HMMECT B CBOEM COCTaBC
¢ U poBOii IMHOM yrpaieHus [3]. BCTPOCHHBIE MCTOYHUKHA BTOPUYHOIO AIIEKTPO-
CoBpeMeHHbBIE BO3IyIIHbIE CyAa Tpa)KIaH- nuranust (BUII). BUIT npennasHagatorest s
ckoi aBuanuu P®, B ToM 4ncie U O€CIMIIOTHEIC TMOJIy4YEHHUs HANPSDKEHHUs, HEOOXOAMMOTO JJist
JeTaTeNIbHbIC allapaThl, XapaKTepU3yOTCs 3Ha- HETIOCPE/ICTBCHHOI0  IIUTaHUsA 3JICKTPUICCKOM
YUTEIBHBIM COBEPIICHCTBOBAHUEM OOPTOBOTO OHEPrueil >1EKTPOHHEIX M JPYTUX YCTPOKCTB.
060pyI0BaHHS, IPSIMOIl KOHTPOIb BHYTPEHHHX TexHrueckoe COCTOSIHUE BTOPUYHOTO MCTOUHHU-
napameTpoB (Hampumep, NapaMeTpoB pPEaKTHB- Ka DJJIEKTPOIUTAHUS XapaKTEPHU3YETCS COCTOs-
HBIX 3JIEMEHTOB) KOTOPOT'O JAOCTAaTOYHO 3aTPyA- HUEM ero mnapamerpoB. IIpH4MHEI W3MEHEHMH
HeH [4]. DTo Bieyer 3a co0oil yBeIUYECHHUE Be- 3HAYCHUII [IApaMETPOB MOTYT OBITH PA3INYHEIC,
POSITHOCTH OTKa3a 3JEKTPHUECKOT0 060py10Ba- TaKhe Kak CTapeHHe, U3HOC AJIEMEHTOB MJIH KO-
HUS B MOJIETE, YTO MOKET MPUBECTH K YBEIHYe- POTKOE 3aMBIKaHUE B LIENHU JIEKTPUUYECKOIO TO-
HUIO BEPOSATHOCTH BBIXOJA M3 CTPOS BaXKHBIX Ka. IIOCTOSHHBIH KOHTPOIE IapaMeTpoB U
notpeduteneit snekrposnepruu [S]. Cucremuas OICHKA TCXHUYCCKOr0 COCTOSHHS BTOPUYHOTO
npobiieMa 3kcmtyatanuuu coppeMeHHsix BC co- MCTOYHUKA MHUTAHUs TpeOyeT pa3paboTKH crie-
CTOUT B HEJJOCTATOYHOM IIOJXO0J€ K JUArHOCTHU- OUAJTBHBIX METONOB TUArHOCTUKN TEXHUYECKO-
K€ U KOHTPOJIO IPEIOTKA3HOTO COCTOSIHUA [6] ro cocrosuust [10]. B cocTaB BTOPHYHEIX HC-
B pacIpeIelIuTeIbHBIX CUCTEMAX 3JIEKTPOCHAO- TOYHUKOB IIUTaHUA BXOJAT PCAKTUBHBIC 3J1C-
JKEHUS U, KaK CIIEICTBUE, B CHU)KECHUU DKCILTya- MeHTBI. 110 M3MCHEHHIO [TAPAaMETPOB PCAKTHUB-
TaHI/IOHHOI\/JI HAJIEXHOCTU 06HI€C3MOH€THOFO HBIX 3JIEMCHTOB MOXXHO J€JIaThb BBIBOABI O CO-
000pyI0OBaHUA U psifa APYTUX CUCTEM. crostuuu BUII [11].
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Cucrema pacnpeneneHuss 3JIEKTPUUYECKOU
SHEPIUM DJJIEKTPUYECKU CBSI3aHA C BXOJHBIMH
kackagamu BMUII, mostomy cymiecTByeTr BO3-
MO>KHOCTh U3MEPEHHUsI TOKOB U HANPSKEHUM IS
onpezneneHus BXxoaHbIX mapamerpoB BUIIL. Ilo
U3MEHEHUIO TapAMETPOB PEAKTUBHBIX JJIEMEH-
TOB MOKHO BBISIBUTbH NIPEAABAPUNHBIE COCTOSHHUS
KOHTpoMpyemoro odopyaoBanus [12].

IlocTanoBKa 3a1aun

Boznyuaeie cyja KOMITIEKTYIOTCS OOIBIIUM
KOJINYECTBOM  IPUEMHHKOB  JIEKTPUUYECKOU
SHEPTUU Pa3HOOOPA3HBIX MO HA3HAYEHUIO, IPUH-
LUIaM JEUCTBUS U XapaKTepUCTUKaM, 4TO B Iie-
JIOM 3aTpyJHSET MX aHAJIN3 KaKk 0ObEKTOB KOH-
TPOJIA U JUArHOCTUKHU. B cuity Oosbliioro pasHo-
o0pa3usi MPUEMHUKOB KaKIbIH M3 HUX JIOJKEH
HUMETh BCTPOEHHYIO cucTeMy KOHTpods [13, 14].

BoproBoe paano3nekTpoHHOE 000pyI0BaHUE
(BPO0O) mnepcneKkTHBHBIX BO3AYIIHBIX CYJIOB
(MC-21; SSJ-New; Nn-114-300 u 1. a.) umeer
BCTPOEHHBIE MCTOYHUKU BTOPUYHOTO AIIEKTPO-
IUTaHUs, B KOTOPBIX LIEMU MUTAHUs HEAOCTYITHBI
JUIL CHCTEM BCTPOEHHOTO KOHTPOJIS 3THX OJI0-
KOoB. OZIHaKO OIIeHKa COCTOSIHUSA Lieneil MUTaHus
BUII npueMHuKa 37I€KTPOIHEPTUU MOKET OBITH
OCYILIECTBJIEHA C MCIIOJIb30BAaHHEM aIlNapaTHBIX
BO3MO>KHOCTEH 3JI€KTPOHHOTO LIEHTpa yIpaBJe-
HUA Harpy3kamu [15].

BaxHO yMEHBIINTH BEPOSITHOCTH BhIXOJA U3
CTpOs MOTpeOUTENEH FIEKTPOIHEPTHH B MOJIETE
3a CYET MPUMEHEHHUS YCOBEPILIEHCTBOBAHHOIO
NOJX0Ja K JUarHOCTHUPOBAHMIO 3JIEKTPOOOOpY-
JIOBaHMS B MPOILIECCE €ro dKCIuTyararuu [16].

Heo0xoanMo npoBecTH aHaIN3 HMEPeXOaHbIX
IIPOLIECCOB TPHU CTYNEHYaTOM H3MEHEHUU Ha-
OPSDKEHUS C LEIbIO TMOIy4YEeHUS! MEeTOJUKH OIpe-
JIEJIEHNs] TapaMeTpPOB PEaKTHUBHBIX 3JIEMEHTOB,
BXO/SIIIUX B COCTaB BTOPUYHBIX HCTOYHHMKOB
AIIEKTPONMUTAHUSA, IO JAHHBIM HAMpsOHKEHUS U
TOKa B MEpexoJHbIX mpoueccax. [Ipennaraemslii
CIOCO0 HCIONB3YeT CyILIECTBYyIoIee 000pyro-
BaHUE U He TpeOyeT HCIOJIb30BaHUs CTUMYJIH-
PYIOIIMX CUTHAJIOB, TO3TOMY OTHOCHUTCS K KJlac-
Cy TACCHBHBIX METOJOB, HE CHH)KAIOLIUX
HAJE)KHOCTh CHCTEMBI. Y CHCTEMBI paclpenere-
HUSl, TOMUMO (YHKIMHA yHpPaBICHUS U 3alUTHI,
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UCIIOJB3YIOLIMX U3MEPEHHE 3HAUCHUIT HaIpsiKe-
HHS ¥ TOKA MOTPEOJICHHsI B pealbHOM BPEMEHH,
HOSIBSITCSI TOTIOJTHUTENBHBIC BO3MOXKHOCTH OLCH-
KA COCTOSIHUSI TOTPEOUTEICH 3ICKTPOIHEPTUH
TOJIBKO MyTeM MOIU(UKAIMU MPOrPaMMHOMN Ya-
CTH CHCTEMbI PACHpPEACICHUS 3JICKTPUICCKOM
JHEPTHH.

B kadecTBe mpumepa paccCMOTPHM JBE CXe-
MBI 3aMEILICHUS] BTOPHUYHOTO HCTOYHHKA OJICK-
tponutanus (puc. 1, au 1, 6) [17].

[To maHHBIM HANPSOKEHHS M TOKA B MEPEXOJ-
HBIX MPOIIECCaX, ONPEICIUB MapaMeTphl peak-
THBHBIX JJICMEHTOB, MOKHO IHArHOCTHPOBATH
TEXHHUYECKOE COCTOSHUE PEalbHOIO BTOPHYHOTO
MCTOYHHUKA DIICKTPOIUTAHHS.

MeTo010J10TUSA HCCIeI0BAHUS

Jliis cxem, yKka3aHHBIX Ha puc. 1, a, 6, MOKHO
paccMOTpeTh JBa Crocoda OmpeesieHus 3Hade-
HUW pPEaKTHBHBIX MMApaMETPOB — MPH CUHYCOHU-
JAIbHOM BXOJHOM HAMpsDKEHWHW W TPU TOCTO-
sHHOM HanpspkeHuu [18]. B mepBom Bapuante
9KCIIEPUMEHTAIFHOE MCCIIEIOBAHNE PEAKTUBHBIX
AJIEMEHTOB  OCYIIECTBIIACTCS TyTeM IMOAAYu
BXOJTHOTO HANpPSDKEHUS CHUTHAJIOB TMEPEMEHHOU
4acTOThl. B JaHHON cTaThe paccMaTpuBaeTcs
BTOPOIl BapHaHT, IPH KOTOPOM Ha HCCIETyeMbIi
MPUEMHUK TOJACTCS TOCTOSHHOE BXOJHOE
HanpspKeHue OOpTOBOM ceTH, KOTOpPOE MOKET
MEHATHCS B 3aBUCUMOCTH OT PEXKHUMOB PaOOThI
CUCTEMBI 3NIeKTpocHabxeHus. st onpenenenus
napaMeTpoOB CXEM 3aMEIICHMsI, TTOKA3aHHBIX Ha
puc. 1, a, 6, HEOOXOAUMO HUMETh IUHAMHKY
BXOJIHBIX HAINpPSDKEHUS W TOKA B TEPEXOJIHBIX
mpoleccax Moclie TMOoJa4yd MUTaHUS, Moydae-
MYIO C UCIIOJIb30BAHUEM CXEMbI 3aMEIECHHUS, TT0-
Ka3aHHOW Ha puc. 2, U JUHAMHUKY BXOIHOTO
HaIpsOKEHUsT TOCe OTKIIOYECHMs MUTaHUS, T0-
Jy4aeMyl0 C HCIIOJIb30BAHUEM CXEMBI 3aMellle-
HUs, TTIOKa3aHHOW Ha puc. 3, a, 6.

Jl7is HaxoKJeHHs] TOKa M HAMpPSOKEHHs B UC-
CIeMyeMON IIeMu BOCTIONB3YEeMCSl TEPBBIM U
BTOpBIM npaBuiamu Kupxroda [19].

Jlnst cxembl, TOKa3aHHOW Ha puc. 1, a, mans
peKHMMa BKITIOYCHHSI, UCTIOJB3YS CXEMY 3aMelle-
HUs, TTIOKa3aHHYIO Ha PHC. 2, @, B COOTBETCTBUU C
nepBbIM IpaBuiioM Kupxroda umeem
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Puc. 1. DnexTprueckas cxema 3aMeIIeHHUs BXOIHBIX IIeTIe BTOPUYHOTO HCTOYHUKA ITUTAHMSL:
a — ¢ ogauM Kackanom RLC; 6 — ¢ nByms kackamamu RLC
Fig. 1. Electrical equivalent circuit of the secondary power supply circuits:
a —with one RLC stage; b — with two RLC stages

Puc. 2. DKBUBaJICHTHAS JIEKTPUYECKAs CXeMa 3aMEILCHUsI BXOJHBIX LeTIel MUTAaHUs ITPU MOJKIFOYCHUH €r0
K HCTOYHHKY: d — OHOKAcKaaHasi; 6 — IByXKacKaJHas
Fig. 2. Equivalent electric circuit of substitution of input power circuits when connected to a source:
a — with one RLC stage; b — with two RLC stages

ﬂ} 1: ﬁ} I R: L2 Im
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Puc. 3. DKBUBaJICHTHAS DIIEKTPUUECKAs CXEMa 3aMEIeHHsT BXOIHBIX II€Nel TUTAHUS MOCIIE OTKIIFOUYEHUS OT CETH:
@ — OJIHOKACKaJIHAsT, O — IBYXKACKaIHast
Fig. 3. Equivalent electric circuit of substitution of input power circuits after disconnection from the network:
a — with one RLC stage; b — with two RLC stages

(@) = iy (1) + L2 (0); (D
1o BTopoMy npasmity Kupxroga, a Takxke B CHIIy CBSI3U 3apsiia Ha KOHICHCATOpE ¢ TOKOM Yepes3
KOHJIEHCATOp UMEEM

di(t ¢ dq(t
l( ) + Ryi(t), Ryip(t) = Ea i1(t) = datt) (2)

E(t) = Ryi(t) + L, 22 g

CornacHo cootHomieHusM (1), (2) momyuaem

dl(t) d?i(t)

dat?

dE(t)

(R1 + Ry) i(t) + (CiRR, + Ly) + G LR, —~ = E(t) + (4R, (3)
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VY4uuTeIBas, 4TO 3HaYEHUS MAPAMETPOB CXEMBbI 3aAMEILEHUS U HANPSDHKEHUS TUTAHNUS HE U3MEHSIOTCS
NIPY TIePEKITI0UYeHUH, cucTeMa auhepeHInaNIbHBIX YPaBHEHUH, OTIMCHIBAIOIINX MIEPEXOAHBIHN MpoIece,
npecTaBisieT co0oi HMHEeHoe HeoaHopoJHoe aAuddepeHnanbHoe ypaBHEHHE, B KOTOPOM IpaBas
4acTb ABJIAETCS KOHCTAHTOH (IIpEeAIoaraeM, YTo HapsKEHUE MEHSIETCS CTyTIIEHYaTo).

Jlna naxoxnaenus HensBecTHbIX R, L u C B cxeme, nokazaHHOW Ha puc. 1, a, BBeleM NepeMeHHbIE
3aMEHBI:

A= Rl + Rz, B = C1R1R2 + Ll’ D= Llecl; F = C1R2. (4)

B PEKUME OTKIIIOYCHHA, UCITOJIB3YA CXEMY 3aMCIUICHU, ITOKA3aHHYIO Ha pUC. 3, a, B COOTBETCTBHUHU
CO BTOPBIM IIPABUIIOM KI/IpXFOCI)a, a TAKKC UCIIOJIB3Ys CBA3b 3aps/ia HA KOHACHCATOPE € TOKOM 4YC€PE3
KOHOCHCATOp, NMCCM

() . ®) . da(t
UOTK.II(t) = qC_l’ Rzlz(t) = qC_l’ lz(t) — Zii );

orcrona mMmeeM auddepeHmanbHOe ypaBHEHUE MEPBOTO TOPSIKA ISl HANPSDKEHUS MMOCIE CHSATHS
AIIEKTPOTUTAHUS

dUOTK}l t
UOTKJ'I(t) + C1R2 T() = 0. (5)

VYuuTeIBas CTyNEHYAThIN XapakTep U3MEHEHUs HanpshKeHus, umeeM B cuiy (3)—(5)

dl(t) d? l(t)

Ai(t) + BED 4 DT = B (1), Uppya (1) + F 2 = g, (6)

Kax Bunno u3 (6), BenuunHa F sSBIS€TCS MOCTOSHHON BPEMEHU OTKITFOUCHUS T opyc;, TOTYIAEMOM U3
JTMHAMHKH HanpspKeHHst OTKIoYeHust Uy, (t), Oyaem manee nomarate F = T,p,. OTCIOa IS CXEMBI
3aMelleHus, TIOKa3aHHOHM Ha puc. 1, a, B cuity (4) umMeeM

D B D B D 3
L= R =" _2 R —p-L 4 P =T _p. 4p %
1 > 1 2 2 2 > ¥1 2 OTKJI.
ToTk ToTki. ToTkL ToTk ToTki Tork.

OmnpenenuB, UCTIONb3Ys (6), U3 KPUBBIX TOKA U HANPSKEHUS, B3ATHIX B IEPEXOIHBIX MpoLieccax IMo-
Cclle IOJJauy U OTKJIIOUEHMS nuTaHus, napameTpsl A, B, D, F = Ty, 3aTeM u3 (7) Mbl OIIpenenum na-
paMeTphl CXeMbI 3aMEIEHUs, TOKa3aHHOM Ha puc. 1, a.

Jlnist cxeMbl, OKa3aHHOM Ha puc. 1, 6, AN pexuMa BKIIIOYEHHUs, UCIIONIb3Ys CXEMY 3aMelIeHus, o-
Ka3aHHYIO Ha pUC. 2, O, B COOTBETCTBHE C MEPBHIM NpaBmwioM Kupxroda, a Takke yUUTHIBas CBSI3b TO-
Ka yepe3 KOHIEHCATOP ¢ 3aps1loM Ha KOHJIEHCAaTOpe, UMeeM

(6) = a(D) + 1p(0), B(0) = i5(0) + (1), 13(6) = “22, 1, (6) = “25%; ®)

no BropoMy npasuity Kupxroda nmeem

di(t t (t) di (t) . t ,
E(t) = Rii(0) + L 0 + 2 B2 = B0 - [, %20~ Ryip(1) = 0, %2~ Ri () = 0. (9)

U3 (8) u (9) nonyuyaem nuddhepeHransHoe ypaBHEHHE YETBEPTOTO MOPSIKA:
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dE(t) d? E(t) as E(t)

+ RyLyCoCi =7 = (Ry + Ry +

+ (R, + Rz)ClLl +R,C,(Ly + L,) +
d3 L(t) d* L(t) (10)

+ (L, + R R,C,)C, ——=
dl(t)

E®) + ((Ry +R)C, + R Cz)
R)i(t) + (R,Cy(R, + R,) + R (R1 +R)C, + Ly +Ly)
RiCi(RyR:Cy + L)) 02 O 4 ((RyR>Cs + L)Ly + R L262R1)61

+ R, L L,C,C, —=
Jlyist omipeiesieHrst TapaMeTpOB CXEMbI, TOKa3aHHOM Ha puc. 1, 6, BBeIeM NIEpPEMEHHBIC 3aMCHBI:

A=R,+R;+R,,B=R,C;(R;+R;) +R,(Ry +R;)C, + Ly + L,,H=R,L,;L,C;C,, (11)

D=CL(R;+R,)+R,C,(Ly + L) + R,C;(R,C2R, + L), F = R,C,C,L,, (12)

G = (R,R,C, + L,)CiL; + RyL,C,CoR,, ] = C;(R,R,Co, + Ly), M = R,C, + C;(R, + R,). (13)

Cormacno (11)—(13) ypaBuenue (10) ¢ yd4eToM CTynmeHYaTOro Xapakrepa U3MEHEHUS HAIPsHKCHUS
MNpUMCT BU

dl(t)

2. 3. 4_.
da=i(t) n Gd i(t) +Hd i(t)

E(t) = Ai(t) +B — e e

+D (14)

J1st pexxuMa OTKIIFOUCHHS IUTAHUS, UCTIONB3Ys CXEMY 3aMEIleHUs], TOKa3aHHYI0 Ha puc. 3, 0, Co-
rJIacHO mepBoMy mpaBuiny Kupxroda, a Takke yunuThIBas CBSI3b TOKa 4epe3 KOHJEHCATOP C 3aps/ioM Ha
KOHJIEHCATOpE, UMEEM

d (t) _dqa(t)
i,(t) =ig(t) +i,(t), i5(t) = qz () = qdlt ;

no BropoMy npasuity Kupxroda nmeem

(t) . (t) , (t) di,(t) (t)
1126_2 = Rﬂlﬂ(t)a qz.l = Rzlz(t) + qZCZ +1L, lczit 5 UOTKJ'I(t) = ‘116_1’

OTCIOJIa U3 TOJIyYEeHHBIX YPAaBHEHUN MUMEEeM Il HapsHKEHHUS OTKIIOUEHUS Uy, TuddepeHaibpHoe
YPaBHEHHUE TPETHETO MOPsIIKA

d UOTKJ'I (t)

Upria(®) + (RuCy + RoCy + RyCy) 222D 4 ¢, (R,R, €, + 1) 2222 © 4 R, C,L, Loma® = g,
oTctona, yunuthiBas (12) u (13), mosrydyum oKOHYATEITHEHO
2 3
UOTKn(t) + MdUOTKJ'l(t) +]d UOTKn(t) + Fd UOTKJI(t) — 0 (15)

dt dt? dt3

Wmest BpeMeHHbIE TUHAMUKHU HanpsukeHust Uy, (t) B peskuMe epexoqHbIX MPOIECCOB MOCIE OT-
KIIFOUCHMSI, @ TaKK€ BPEMEHHBIC AMHAMUKH HANPSHKEHUS U TOKA B TEPEXOAHBIX IpoIleccax IMocie
BKitoueHus, u3 (14) u u3 (15) ompenenssiem A, B, D, F, G, H, J], M, ucnonb3ysi BbITEKarolee
u3 (11)—(13) cootHomIEHNE

=2+ (61 2)(u-2)+1(1-2), o
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3arem, ucxoxas u3 (11)—(13), nomyyaem mapaMeTpbl CXeMbl 3aMellleHus1, TTOKa3aHHOU Ha puc 1, 0,
B CUJTY

_H _ G-l _ F _ F

L1 - E’ Rl - F Cl - D—MLl—]Rl’ L2 - Cl(M_Cl(A_Rl)), (17)
_ J—CiLp _ M—-C1(A-Ry) A _

Rk, = C1(M=C1(A-Ry)) %~ A-R;-R, Ry =A—Ry — R, (18)

Bzsatue IMPOU3BOAHBIX MO BPECMCHH C UCITIOJIb30BAHUEM KOHCYHO paBHOCTHOfI CXCEMBI ITOBJICYCT 3a CO-
0011 OGoJblIINe MOrPEIIHOCTH ONPEIEICHUs TPOU3BOAHBIX, 00YCIOBICHHbBIE OIPEIIHOCTAMU H3MEPEHUMN
U MaJbIM TpHpaiieHueM BpeMeHu. [loaromy amst Toro, 4roObl MPOM3BOAHBIE OBUIM B3SITI KOPPEKTHO,
HE00XO0IMMO HCIIOIb30BaTh AMMPOKCUMAIIMIO CHATOM KPUBOM, MOCTPOEHHOMN 0 TOUYKAaM NP CHATUU Tie-
pEXOAHOrO Ipouecca. PaccMoTpuM BU anmpoKCUMAIIMOHHOTO aHAIMTUYECKOTO BBIPAXKEHUS, KOTOPHIM
HE00XO0/IMMO HCIIONIb30BaTh ISl alllPOKCUMAIH MEPEXOIHBIX MPOLIECCOB. DTOT BUJI ANIIPOKCUMAIIMOH-
HOT'O aHAJTUTUYECKOT'O BBIPAXKEHUS OIMPEIEIISAETCS XapaKTepOM MEePEXO0IHBIX MPOIIECCOB.

[TepexoHbIi TIpoliecC B CXeMax 3aMeIleHHs], TOKAa3aHHBIX Ha puUC. 1, @, 6, MOXET OBITh aNlePUOIU-
YECKUM HIIU KoJieOaTenbHBIM. XapaKTePUCTHUECKOE YPaBHEHHE CXEMbl 3aMEIICHUs, MOKa3aHHOW Ha
puc. 1, a, 118 pexuma BKIIOYEHHS B cuily (3) mpuMeT BU

CiL1R;2A% + (CiRyR; + L1)A + (Ry + Ry) = 0; (19)
JUTSL peKMMa OTKJIFOUEHHUS B cuity (5) mpuMeT BUj
CiR, A +1=0. (20)

XapaKTepucTUYeCKOe ypaBHEHHUE CXEMbI 3aMEIEHHUA, MOKAa3aHHOW Ha puc. 1, 6, A pexuma
BKIItOUeHus B cuity (14) mpumer Buj

HA*+GA3 4+ DA> + BA+ A = 0; (1)
JUISL peXMMa OTKJIo4YeHud B cuity (15) mpumer Bun
FAB3+J22+MA+1=0. (22)

Nwmes auamnazoH XapaKTEPUCTUK MOTPEOUTENEH AIIEKTPHYECKONW SHEPTHH (CONPOTUBICHUH, eMKO-
CTel ¥ MHAYKTUBHOCTEH), MOKHO, omnpenennB A u3 (19)—(22), npuMepHO OIEHUTH, KaKoil OyneT pe-
UM areproandecKuii (A NeHCTBUTENBHBIC) WIIH PEKUM 3aTyXaIONMX KoeOaHui (A KOMIUIEKCHBIC), H
UCXOJIs U3 3TOT0 YK€ CJIeAyeT 3a/1aBaTh alllIPOKCUMAIIHIO.

Tak kak obmiee perieHne Jro00ro INHEHHOTO HEOAHOPOAHOTO MU (HEPEeHITNATEHOTO YpaBHEHUS (B
ToM yuciae U (3)) sBiseTCs CyMMOH OOILIEro 0JHOPOJHOIO M YAaCTHOTO HEOJHOPOAHOTO pelleHUH Ta-
KOT'O YpaBHEHUS, a TaKkKe 0011ee OJJHOPOIHOE PEIICHNE IPEICTaBISIET COO0H JIMHENHYI0 KOMOWHAIUIO
HKCIOHEHT (EHCTBUTEIbHBIX WJIM KOMILJIEKCHBIX), TO ANMPOKCHUMALMIO BXOJAHOTO TOKa Ul CXEMBI,
MOKa3aHHOW Ha puc. 1, a, Is pexxruma BKIOUeHUs, ucxoast u3 (6), 3a1aaum B BUJIE

l(t) = iO + Sle_}\lt + Sze_)\zt, Sl’ 52, }\1, Az = COTlSt, (23)
rae Ay u A,, sBistomuecs pemeHreM (19), MoryT ObITh Kak ASHCTBUTEIBHBIMU (AIIEPUOJMUECKUI

PEXUM), TaK U KOMIUIEKCHBIMH (PEKUM 3aTyXaloUIMX KoJeOaHMil); aIpOKCHMAIMIO HaNpsyKEHUs! OT-
KJIIOUYEHUS B peKUME OTKIIOUEHUS MUTAHU 3a]1alUM, UCXOs U3 (6), B BUJE
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UOTKJ'I(t) = Se_)\t, S,A = const, (24)

rae A — pemenue (20). U3 (20) BUAHO, UTO pelIEHUE ITOTO YpPaBHEHHS SIBISETCS NEHCTBUTEIbHBIM.
ATIPOKCUMAIINIO BXOJIHOTO TOKA JUIS CXEMbl, TOKa3aHHOH Ha puc. 1, 6, Ans pexuma BKIIIOUYEHUS, UC-
xons u3 (14), 3aganum B BUAC

l(t) = iO + Sle_)\lt + Sze_xzt + 538_}‘3t + 546_)‘4t, 51,52,53,54, }\1, )\2,}\3,}\4 = ConSt, (25)

rne Ay, Ay, Az, Ay, SBISIFOIIMECS pemieHueM (21), MOTyT OBITh Kak JIeHCTBUTEIBHBIMHE (aTlepHUOIIYe-
CKHI PeXHM), TaK ¥ KOMIUIEKCHBIMHU (PEXKUM 3aTyXaIOMINX KOJeOaHUil); allMpOKCHMAIINI0 HAMpsDKe-
HUSI OTKJTFOUCHHS B PSKUME OTKIIFOUCHHS TTUTAHUS 3aa1uM, ucxons u3 (15), B Buze

UOTKJI(t) S Sle_klt + Sze_)\zt + 538_7‘3t, Sl’ Sz, 53, Al' }\2, A3 = COTlSt, (26)

e Ay, Ay, A3, ABISAOMUECS penieHneM (22), MOTYT OBITh Kak JCHCTBUTEIHHBIMU (arepHoauye-
CKUH peXHM), TaK U KOMIUIEKCHBIMU (PEKUM 3aTyXarolux kKoneOanuit). Cieryer OTMETUTh, YTO €CIIH
B (25) u (26), npUMEHUMBIX K CXE€ME 3aMEIleHUs, TIOKa3aHHOW Ha puc. 1, 6, 3HaUeHUS A ¢ pa3HBIMH
MHJEKCAaMU Mody4aTcs: OJU3KUMH YT K APYTY, TO B TAaKOM Cllydae IMpeJroiaraercs, 4To cxema 3a-
MEILEeHUs, TOKa3aHHas Ha puc. |, 6, BRIPOXKIAETCs B CXEMY 3aMEIeHUs, TIOKa3aHHYIO Ha puc. 1, a.

Urak, ompeneneHue mapameTpoB NpPHEMHU- €M NIPOU3BOJHBIE IO BPEMEHHU JisI TOKOB B pe-
KOB DJIGKTPUYECKOM HSHEpruum Ha OOpTy JeTa- KM€ BKJIFOUEHHS 10 BTOPOrO MOps/IKa BKIIFOYH-
TEJILHOTO allapaTra OCyLIECTBIISETCS B COOTBET- TENbHO (Ul CXEMBbI, IIOKa3aHHOW Ha puc. 1, a)
CTBUU CO CJEIYIONINM (pOpMaTU3MOM. U 10 YETBEPTOTO MOPSJIKA BKIIOYUTENbHO (s

1. IIpoanamuzupoBaB, ucnons3ys (19), (20) CXEeMBbI, TOKa3aHHOW Ha puc. l,6), a Takxke
JUISL CXEMBI 3aMelleHus, [TOKa3aHHOM Ha puc. 1, a, NEPBYI0 NPOU3BOJHYIO HAIPSKEHUS IOCIE OT-
u, ucnonw3ys (11)~(13), (21), (22) nns cxemsl 3a- KIIFOYEHUS THUTaHUA I CXEMbl, ITOKA3aHHOU
MEIIeHNs, TIOKa3aHHOU Ha puc. 1, 6, xapakrtep Tie- Ha puc. 1, a, ¥ TPOU3BOJHBIC HAMPSHKEHUSA IO
PEXOJHBIX MPOIIECCOB, 3a7aeM, HCmoin3ys (23), BPEMEHU J0 TPETHETO MOPSAAKA BKIFOYUTEIHHO
(24) s cxembl 3aMelIeHMs, TOKa3aHHOW Ha TSl CXeMBI, TTIOKa3aHHOM Ha puc. 1, 6.
puc. 1, a, u, ucnons3ys (25), (26) ans cxemsl 3a- 4. 3agaB IUCKpETHbIE MOMEHTBI BPEMEHU t;,
MEIIIEHHS, TIOKa3aHHOW Ha pHC. 1, 6, anmpoKcuMa- i=0,N,tne N + 1 — 4uCJI0 JUCKPETHBIX MOMEH-
LIMOHHBIE AHAJTMTUYECKHE 3aBUCUIMOCTH JIJIsl Ompe- TOB BPEMEHU, UCMOJb3Ys NOJyYEHHbIE aHATUTH-
JICJIEHUS] TOKAa B PEXKMME BKIIIOUCHHS U HaIpsDKe- YECKHE BBIPAXCHHUS NJIi TOKOB M HAMPSKCHUN
HUS B PEKUME OTKITFOUEHUS. U UX TPOU3BOIAHBIX MO BPEMEHHU, M3 CHCTEMBI

2. Hwmes cHATbIE KpUBBIE HANPSKEHUM U TO- ypaBHEHUH (6) ompenenasieM METOJI0OM HauMEHb-
KOB B pEXKHUME BKJIIOYEHUS U OTKIIOYEHUS, mux KBaaparoB napametpol A, B, D, F = T,
ompezaensseM Kod(PQUITUEHTH 3aJaHHBIX B IIpe- JUISL  CXEMbl 3aMelIeHMs, TOKa3aHHOW Ha
JBITYIIEM ITYHKTE anlpOKCHUMAIMOHHBIX BbIpa- puc. 1, a, u u3 (14)—(16) napametpst A, B, D, F,
JKEHUN NUHAMHUK TOKOB M HalpsKEHUH B Tepe- G, H, ], M nna cxeMbl 3aMelICHUs], TOKa3aHHON
XOJIHbIX mpoueccax. Ecnu B ciydae cxemsl 3a- Ha puc. 1, 0.

MeIIeHHs, TIOKa3aHHOW Ha puc. 1, 0, 3HaueHus A 5. Ompenenus mapametpsl A, B, D, F = T,
C pa3HBIMU HHJIEKCAMH TIOMy4YaTcsl ONM3KUMU JUTSL CXEMBI 3aMeIleHus, TTIOKa3aHHOM Ha puc. 1, a,
Ipyr K JApYyry, TO B TaKOM Cily4yae HEOOXOIUMO ofpefensieM B COOTBETCTBUU € (7) COMPOTHBIIE-
MepelT K CXeMe 3aMelIeHUs, MOKAa3aHHOW Ha HUS, EMKOCTH U MHIYKTUBHOCTU CXEMbI 3aMellle-
puc. 1, a, 1 BEpHYThCS K MYHKTY 1. HUS, TIOKa3aHHOU Ha puc. 1, a. Onpenenus napa-

3. Hcnonb3ysi MONy4YeHHbIE aHATUTHUYECKUE metpsl A, B, D, F, G, H, ], M i cXeMbl 3aMe-

BBIPAXKECHUS JJIsI TOKOB M HAIPsDKEHUH, TOJTyda- IIEHUS, TOKA3aHHOW Ha puc. 1,6, onpenernsem
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B cootBeTcTBUH C (17) u (18) conporuBnenus, em-
KOCTH ¥ UHIYKTUBHOCTH B CXEM€ 3aMEIleHUs], T0-
Ka3aHHOM Ha puc. 1, 0.

3amanne B MyHKTE 4 JUCKPETHBIX MOMEHTOB
BPEMEHHU U HCIOJIb30BAHME METOJa HAaWMEHb-
IUX KBAJAPATOB TO3BOJIUT HCKJIIOYUTH HEyJad-
HBI BBIOOpP JUCKPETHBIX MOMEHTOB BpPEMEHU
JUISL OTIPE/ICNICHUsI COOTBETCTBYIOIIUX TapameT-
pos. Ilo onpeneneHHbIM B HacTosimeM (opma-
JTU3ME XapaKTePUCTUKAM PEaKTUBHBIX JJIEMEH-
TOB, a TAKXe M0 CKOPOCTU UX U3MEHEHUs (IOITy-
YaeTCcsl MyTeM MHOTOKPAaTHOTO KOCBEHHOTO W3-
MEpEHUsl MapaMeTPOB PEAKTUBHBIX 3JIEMEHTOB
yepe3 HEKOTOphle TIPOMEXKYTKH BPEMEHU C
JANbHEUIIEH OIIEHKOW CKOPOCTH UX M3MEHEHHS)
BO3MOXKHO JIeJIaTh BBIBOJ O pabOTOCIIOCOOHOCTH
KOHTPOJIUPYEMBIX MPUEMHUKOB 3JIEKTPUUECKOU
SHEPTUH.

Pe3yabTaThl Hccae10BaAHUSA

st sKciepruMEeHTaIbHOM MPOBEPKU METOAU-
KU UICHTU(HUKAIIMYA PEaKTUBHBIX XapaKTEPUCTUK
aBUAIIMOHHBIX  MOTpeOUTENel  3IEKTPOIHEP-

Vol. 26, No. 03, 2023

ruu [3] ObLIM MPOBENEHBI SKCIIEPUMEHTATbHBIC
UCCJIEIOBaHMSI NEPEXOIHBIX IPOLIECCOB CXEMBbI
3aMeIIeHUs] BXOJHBIX 1eTeld BTOPUYHOIO UCTOY-
HUKa NMUTaHUs, OKa3aHHOU Ha puc. 1, a, KoTo-
pasl MUCIOJIb3yeTCs B aBUAIMOHHBIX MOTpedUTe-
JISIX DJIEKTPUYECKOW SHEPTHH.

Jlnist SKCIIepUMEHTAIbHBIX MCCIIeI0BaHUMN T1e-
PEXOAHBIX TPOLIECCOB HMCMOIb30BAICS CUMMET-
pPUYHBI TeHepaTop NPSAMOYTOJIBHBIX HMITYJIb-
COB, CKBaXHOCTb KOTOpPOTO OOJbIIE€ BpPEMEHU
penakcanui. B mpouecce 3KcrepUMEHTAIbHBIX
UCCJIEIOBAaHUM OBLJIO CHATO 4 KPUBBIX HAIpsKe-
HUS M BXOJIHOTO TOKa B MEPEXOHBIX Mpolieccax
IpU pa3iIMyYHbIX 3HAYEHMSIX NapaMeTpoB B CXe-
Me, TIOKa3aHHOM Ha puc. 1, a. DKcnepuMeHTa b-
HbI€ JaHHBIE A1 CXEMbl C OJHMM KacKaJoM
RLC mnpencrasiensl Ha puc. 4-7. Cnenyer ot-
METHUTh, YTO JIaHHbIE CHUMAJHUCh KaK IpH JIOTH-
YeCcKOM eJUHMIIE Ha BXOJAE, TaK U IIPH JIOrHye-
CKOM HyJie Ha BXoze. 3 3TuX NaHHBIX, KaK He-
TpynHO BuneTh u3 (3), (4), (6), MoryT OBITH TIO-
nydenbl mapametrpel A, B, D. CHsiTHE DaHHBIX
TOKa MpH JOTMYECKOM HYJIe BXOJHOI'O HamIpsKe-
HUSl TI03BOJIIET MHUHHMM3UPOBATH CIIy4aiHYIO
HOTPEIIHOCTh U3MEPEHUSI.

i(t),u(t)

u)
—— i)

PesynbTaT annpokcnmaLmum

T
0.15 0.2
t.cex

[} 0.05 01

028

0.3

Puc. 4. IlepexomHble mporecchl s CXeMbI puc. 1, a, Bap. 1
Fig. 4. Transient processes for the circuit of Figure 1, a, option 1
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Hcnonb3ys monydeHHbIE SKCIEPUMEHTab-
HbIE KPHUBBIC, a TAKKE 3aMEPHUB BpPEMs OTKIIIOYE-
HUS, MBI B COOTBETCTBUU C MPEIOKECHHBIM BbI-
e (hopMaTu3MOM OIPEIeTUM IapaMeTphl CXe-
MBI 3aMeIleHus, MoKa3aHHoi Ha puc. 1, 6. Ila-

Vol. 26, No. 03, 2023

paMeTpbl  amnmnpOKCHMAIMOHHBIX  BBIPAKEHHH
IPUMEHUTEIBHO K CXEME 3aMEIlleHus, NOKa3aH-
HOI Ha puc. 1, a, mpuBeaeHsl B Tadm. 1, a pac-
CUMTaHHbIE MApaMETPbl CXEMbI 3aMEIEHUs, IO-
Ka3aHHOMW Ha puc. 1, a, npuBeeHsl B Ta0. 2.

Tadauua 1
Table 1
KoadduimeHTs! anmpoKCUMHUPYIOINX BbIPAKEHUH
Coefficients of approximating expressions
NeNe S1 S2 Al A2 i0
1 28,794255 31,494255 230,25851 550,94681 2,7
2 56,731084 61,831084 230,25851 328,0401 5,1
3 148,25101 150,95101 92,103404 128,80492 5,1
4 283,06558 285,76558 100,1124 119,35155 2,7
Tabauna 2
Table 2
XapaKTepuCTUKU CXEMBI PHC. 1, a 3aMeIeHHMsI
Characteristics of the equivalent circuit Figure 1, a
Ne nuHamukn R1, Om R2, Om C1, Mx® L1, mI'n Torns ©
1 478,087 270,475 29.9 727 0,0081
2 302,678 93,71 77,2 718 0,00723
3 144,681 303,367 169,1 713 0,0513
4 144,853 608,003 153 716 0,093

[TorpemHocTs pac4eToB 10 CPAaBHEHUIO C ONIBITHBIMM JaHHBIMU He npeBbicuiia 20 %.
DKcrnepuMeHTaJIbHbIE TaHHBIE AJIs cXeMbl ¢ AByMsl kackagamu RLC (puc. 1, 6) npencraBieHsl Ha
puc. 8—11.

_ u)
25 —- i(t)

---------------- PeayrbTaT annpokcumaLun

i(t),ut)

-1 T T T T T T
o 0.05 01 0.15 0.2 0.25 03 0.35
t.cek

Puc. 8. I[lepexomHbie nporecchl 1j1si cXeMsbl puc. 1, 6, Bap. 1
Fig. 8. Transient processes for the circuit of Figure 1, b, option 1
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AHanoTHYHBIM o6pa30M pacCCUUTAHHBIC U3
KPHBBIX TOKa IMMapaMCTPbl CXEMbl 3aMCIICHHA,

Vol. 26, No. 03, 2023

NoKa3aHHbIE Ha puc. 1, 6, mpuBeaeHBI B Ta0MI. 3,
a BpeMeHa OTKJIIOYEHUS TPUBECHBI B Ta0. 4.

Tadauna 3
Table 3
XapakTepUCTUKH CXEMBI pHC. 1, 6 3amMenieHus
Characteristics of the equivalent circuit Figure 1, b
Ne nunamuku | R1, Om R2, Om Cl,Mmg® | L1,mI'n | C2,Mmx® | L2, MI'H RH, Om
1 8,854 65,293 326,107 7,171 227,021 947,075 | 1198,028
2 6,711 74,005 546,353 6,263 322,777 616,444 579,522
3 10,489 120,846 251,987 7,547 142,808 | 1308,697 | 637,011
4 14,974 446,613 222,259 12,732 212,189 | 5223,336 73,07
Tadauua 4
Table 4
[TocTossHHBIE BPEMEHH OTKJIHOYEHHUS
Trip time constants
HNHaexc kpusBoit tauOffl tauOff2 tauOff3
1 0,03 0,04 0,07
2 0,01 0,07 0,09
3 0,02 0,03 0,05
4 0,01 0,03 0,06

s uccrnemyeMblX IMEpPeXOAHbIX MPOIECCOB
nojy4yeH UU(POBOI NBOMHMK, KOTOPBIA Mpen-
CTaBJIsIeT COOOM MaTeMaTU4YeCKyl0 MOJEINb.
JlaHHas MOJieNb JIETKO peanu3yeTcsl B MHTEIIEK-
TyaJIbHbIX CHCTEMax paclpeesieHus BO3ayll-
HBIX CcyJ0B. B Xoze skcrutyarauuu npu u3MeHe-
HUU TIapaMETPOB PEAKTUBHBIX JJIEMEHTOB HC-
CJeIyeMOM CXE€Mbl MOXHO CYJIUTb O COCTOSIHUU
BXOJIHBIX KaCKaJI0OB yCTPOMCTB. Mo€Ib JaHHOTO
UCCJIEA0OBAHUS TOJHOCTHIO TOJATBEPKIAET TEO-
pETHUYECKUE TPEIOJIOKEHUSI 0 PaboTOCTIOCO0-
HOCTH JaHHOTO MeToAa AMarHOCTUKH aBHUAIIM-
OHHOTO 00OpPYIOBAHUS.

3akJoueHue

[IpennoxxeHHslii B HacTosAeH pabore Qop-
MaJTU3M OTpENe/ICHHS XapaKTEPUCTUK PEaKTUB-
HBIX 3JICMCHTOB B CXEME€ 3aMCUICHUA OacT BO3-
MOXHOCTh PACIIMPUTh (YHKIIMOHATBHBIC BO3-
MOKHOCTHU HHTCIIJICKTYAJIbHBIX CHUCTEM pacCIipc-

90

JEJICHUS JJIEKTPUYECKOM JHEPruu 3a CYET [0-
OaBneHHs (yHKIMOHAJTA IUArHOCTUPOBAHHS U
IIPOrHO3MPOBAHMS COCTOSIHMS BXOJHBIX LENEn
NUTaHWsl BTOPUYHBIX HCTOYHMKOB IHMTaHUSA
aBUALIMOHHOTO 000PYA0BaHMSL.

[IpennoxeHHBIN B HACTOAIIEH paboTe METOJ
JUArHOCTHUPOBAHUS TEXHUYECKOTO COCTOSHHUSA
HNOTpEeOUTENCH IEKTPOIHEPTUU MOATBEPKIACT-
Cs1 DKCIIEPUMEHTAJIBHO.

N3 s1oro ciemyer, 4To aJrOPUTMBI JTHATHO-
CTHUPOBAHUS MOXXHO CTPOUTH Ha OCHOBE JIaHHBIX
O MTHOBEHHBIX 3HAYEHUSAX TOKA B IEPEXOJHBIX
IIpoLeccax, MOJyYEHHBIX YKCIEPUMEHTAIbHO Ha
Oopty nerarenbHOro ammapara. [IpennoxeHHbIN
AITOPUTM OIPEACICHUSI XaAPAaKTEPUCTHK CXEM
3aMELICHUS BXOJHBIX KAaCKaJOB BTOPUYHBIX MC-
TOYHUKOB [TUTaHUs, BCTPOCHHBIX B aBUALIMOHHOE
000pyI0BaHUE, SBISIETCS MAaTEMaTHYECKUM SifI-
poM IU(POBOro IABOWHHUKA AJS HCCIELYyEMOTro
obopynoBanus. Takoi 1ppPoBON ABOWHUK JIeT-
KO peanu3oBaTb B OOpPTOBOM KOMIIBIOTEpPE JIO-
KaJbHBIX LIEHTPOB YIPABJIEHUS Harpy3KaMu
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B CUCTEME pAaCIPEIEIICHHs] EPCIEKTUBHBIX BO3-
JyIIHBIX CYJIOB.

Hcnonb3yst 1aHHBIA METOJ ISl TUArHOCTH-
poBaHHsI 00OpPYJOBAaHUS B PEKHUME pPEaTbHOTO
BPEMEHH, MOXHO CYIIECTBEHHO MOBHICUTH 0€3-
OTMAaCHOCTh TIOJIETOB W CYIIECTBEHHO CHH3UTH
AKCIUTyaTallMOHHBIE PACXOIbI.

B nanpHeiimem, ucnob3ys JaHHBIA METOZ,
MOKHO OyZeT ¢ ONpeIeNeHHON CTENeHbI0 TOY-
HOCTH TIPOTHO3WPOBATh OTKAa3bl, XapaKTEPHU3Y-
IOILIMECS U3MEHEHUEM 3THUX TapaMETPOB.

s MOJIHOLIEHHOHN peanu3aluy MPeaIoKeH-
HOTO METOJa HEOOXOJUMO PEIIUTh JIOTIOJTHH-
TETbHBIC 3a]a4H:

— HUCCIIEJIOBaHUE PEKUMOB PabOTHI OTPEeOU-
TENeH DJIEKTPOIHEPTUU ISl ONpPEAENICHUs TIpe-
JIeTIbHBIX OTKJIOHEHUW PEAKTUBHBIX MAapaMeTpOB
OT 3aJ]aHHBIX 3HAYECHHM, ONpeaeIonX Mpeaa-
BapHITHBIE COCTOSTHUS;

— (opmupoBaHre TpeOOBAHUN K ammapaTHO-
My U IPOrpaMMHOMY O0€CTIEYEHHIO JTOKAIbHBIX
LEHTPOB YIIPABJICHUSI HArPy3KOM ISl peanuza-
WU MPEIJIOKEHHOTO METO/A, B TOM YHCIE Tpe-
OoBaHMi K HU(PPOBBIM yCTPOHCTBAM HM3MEPEHUS
HANpSDKEHUST U TOKa, Pa3psIHOCTH U OBICTpO-
JIEUCTBUIO UCIIOJIb3YyEMBIX MUKPOIIPOLIECCOPOB.
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Pe3yJ1I>TaTBI OLICHKH TpHﬁOJIOFI/I‘IECKI/IX CBOMCTB aBHAIIMOHHBIX MaceJl
ISl ABMTrareJsen BO3AYHIHBIX CYA0B

M.B. Ceaesnes', K.]. Ipsiaynos’, K.3. Baapimmn'
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AnHoTanus: Pa3paboTka COBpeMEHHBIX M TEILIOHAIPSDKEHHBIX aBHAIIMOHHBIX JIBUraTeNeH SIBJISETCS KOMIUIEKCHBIM MPOLIECCOM,
KOTOPBII OCHOBBIBACTCSI HA MEPEIOBBIX JOCTIDKEHHUAX Pa3IMYHbIX OTpaciel HayKu U TEXHUKH, BKII0Yasi XummMoTosoruto. Kaxmnoe
HOBOE NTOKOJIEHUE aBHAIIMOHHBIX JIBUraTeNel npeapsaBisieT 6oee skecTkre TpeOOBaHUS K KaueCTBY NPUMEHSEMbIX aBHAIIMOHHBIX
Mace, TpeOyeMbIX U1 oOecrieueH s Ha/IeXKHOM paboThl B TOM YHCIIE MAacJIOCHCTEM JBHTaTelNleH, OIHUITHIKOB OTIOp POTOPOB U
JpyruX y370B. OHUM U3 BXHBIX ()aKTOPOB CHIDKEHHS TPEHHSI U M3HOCA COBPEMEHHBIX Ia30TypOMHHBIX ABUIaTENeH SBIISICTCS
WCIIONIb30BAaHNE BBICOKOKAYECTBEHHBIX Maced C BBICOKMM YPOBHEM IPOTHBOM3HOCHBIX M aHTU(PUKIMOHHBIX CBOWCTB,
MO3BOJIIIOIINX 00ECTICYNTh PadoTy IBHUTATENCH MPH PA3IMYHBIX PeXIMaXx CMa3Kd. B oTeduecTBEHHONW HOPMATHBHO-TEXHIMYECKOM
JIOKYMEHTAIlMM MPOTUBON3HOCHBIE CBOICTBA ABHAIIMOHHBIX Macell OLEHMBAIOTCS C TOMOIIBIO YETHIPEXIIAPHKOBON MAaIWHBI
tpernst (UMT) mo 'OCT 9490, a anTr(hpUKINOHHBIE CBOICTBA HE YUTEHBI. YKa3aHHAs MAIlIHA TPSHHUSI UMEET sl HETOCTATKOB.
B aToii cBs3M aBTOpaMu TMpOBEAEHA OIEHKA MPOTUBOM3HOCHBIX M aHTH(PHUKIIMOHHBIX CBOWCTB OTEYECTBEHHBIX ABHAIIMOHHBIX
Macesl ¢ TIOMOIIIBI0 YHUBEPCATEHOTO BHOPOTPHOOMETPA, TIO3BOJISIOIET0 UCCIeI0BATh KCIUTyaTAlHOHHBIE CBOWCTBA Macel MpH
pexnmax, HanOoIee XapaKTepHBIX UIS PEaTbHON SKCIUTyaTallid aBHAIMOHHBIX JIBHTATENICH, [0 CPaBHEHHMIO C MapaMeTrpamu
UCTIBITAHUI Macell Ha 4YeThIPEXIIAPUKOBON MammuHOM Tpenus. B ommmume or UMT B KOHCTPYKIMH BHOpOTpHOOMETpa
UCIIOJIb3yeTCsl CXeMa KOHTAKTa B Mape TPEHHs «IAPUK — INIOCKOCTh IUIACTUHBI. [IpK 3TOM Ha yKazaHHOM IPHOOpE yCTaHOBIIEHA
TepMOKaMepa, KoTopasi o0ecrieurBaeT MOCTOSIHHBIN HAarpeB Mapbl TPEHHs M HCIBITYEMBIX CMa304HBIX Macell 0 TpeOyeMoii
temrieparypsl (or 0 mo 150 °C). Ilo pesynbTaraM WCHBITAaHMH YCTaHOBJICHO, YTO HAWIYYIIMMH IPOTHBOM3HOCHBIMH H
aHTU(PUKIIMOHHBIME CBOMCTBAMHU oOJiaiaeT Macio aBuarmonnoe MIIM-10, a ¢ yBenmuueHHeM TeMIepaTyphbl UCIIBITAHUN Maces
MPOUCXOIUT MPOHNOPLHOHATIBHOE YBEIMYEHHE U3HOCA B [TApe TPEHNUS «IIAPHUK — IIIOCKOCTh IUIACTUHEBD).

KnroueBble cJi0Ba: aBHALIOHHBIE Macia, aHTU(PUKIMOHHBIE CBOWCTBA, Ta30TypOMHHBIC IBUTAaTENM, HPOTUBOM3HOCHBIC
CBOMCTBA, YHHUBEPCAIBHBIN BHOPOTPHOOMETD, YETHIPEXIIAPHUKOBAsT MAILIMHA TPECHHUSL.

Jnsa nurupoBanusi: CenesnmeB M.B., I'psayno K.M., Bampmmma K.3. Pesynbratel omeHKM TpuOOJIOTHYECKHMX CBOKCTB
aBHMALMOHHBIX Macen Uil ABWraresieil Bo3myiiHbix cynoB // Hayunwiit Bectnuk MI'TY T'A. 2023. T. 26, Ne 3. C. 94-102.
DOI: 10.26467/2079-0619-2023-26-3-94-102

Evaluation results of the tribological properties of aviation oils
for aircraft engines

M.V. Seleznev', K.I. Gryadunov', K.E. Balyshin'

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

Abstract: The development of modern heat-stressed aircraft engines is a complex process based on the advanced achievements of
various branches of science and technology, including chemmotology. Each new generation of aircraft engines imposes stricter
requirements on the quality of the aviation oils used to ensure the reliable operation, including engine oil systems, rotor bearings
and other components. One of the important factors in reducing friction and wear-out of modern gas turbine engines is the use of
high-quality oils with a high level of anti-wear and anti-friction properties which allow engines to operate under various
relubrication intervals. In the domestic regulatory and technical documentation, the anti-wear properties of aviation oils are
evaluated using a four-ball friction machine according to GOST 9490, and the anti-friction properties are not taken into account.
The specified friction machine has a variety of disadvantages. In this regard, the authors evaluated the anti-wear and anti-friction
properties of domestic aviation oils using a versatile vibro-tribometer which allows for the operational properties of oils to be

94



oepuc unu mupe?

Tom 26, Ne 03, 2023 HayuyHbiit BectHuk MITY TA
Vol. 26, No. 03, 2023 Civil Aviation High Technologies

researched under the modes that are the most characteristic for the actual operation of aircraft engines compared with parameters of
oil tests by a four-ball friction machine. Unlike the four-ball friction machine, the vibro-tribometer design implements a contact -
interaction scheme in a “ball-plate plane” friction pair. At the same time, a thermal chamber is installed on this application that
provides constant heating of the friction pair and the tested lubricating oils to the required temperature (from 0 to 150 °C). It has
been found that [IPM-10 aviation oil possesses the best anti-wear and anti-friction properties, and with an increase in the tested oil
temperature, a proportional increase in wear-out in the “ball-plate plane” friction pair occurs.

Key words: aviation oils, anti-friction properties, gas turbine engines, anti-wear properties, multi-operated vibro-tribometer, four-
ball friction machine.

For citation: Seleznev, M.V., Gryadunov, K.I., Balishin, K.E. (2023). Evaluation results of the tribological properties of
aviation oils for aircraft engines. Civil Aviation High Technologies, vol. 26, no. 3, pp. 94-102. DOI: 10.26467/2079-0619-
2023-26-3-94-102

BBenenue CKOJIbKY COEJMHEHHS Cepbl B YKa3aHHBIX Macjax
BBI3BIBAIOT 00pa30BaHUE CHIIBHBIX KHCIIOT MPHU UX
okucieHuu [5]. Takke HeManOBa)KHOE 3HAUYECHUE
UMECIOT aHTU(PUKITMOHHBIC CBOMCTBA Macell, 103~
BOJISIfOLIME O0OecreunBaTh CHUKEHHE pacxoja
ToruuBa [6, 7].

[Ipu 3TOM OTEeUecTBEHHAss METOI0JIOTHYECKast
0a3a 1Mo CpaBHCHHIO C 3apyOSKHOW B 00IacTh
OLIEHKU (U3UKO-XUMHUYECKUX U IKCILTyaTallOH-
HBIX CBOMCTB aBHUAIMOHHBIX Macell B psje MoKa-
3areneil KauecTBa HE COOTBETCTBYET COBPEMEH-
HBIM TpeOoBanusM. HaOmromarorcs oTnuuusi B
METOJIMYECKUX MOAXOAAX M HCIOJIB3YEMOM MC-
IBITATEILHOM 000pyOBaHUU [8—-11].
B wacTtHOCTH, B pOCCHUICKOW HOPMATHBHO-TEXHU-
YECKOW JOKYMEHTALMU MPOTUBOU3HOCHBIE CBOM-
CTBa ABHALMOHHBIX Macesl OLIEHUBAKOTCSA C IIO-
MOIIIbIO YETHIPEXIIAPUKOBON MAIIMHBI TPEHUS
(UMT) mo T'OCT 9490, a aHTU(PUKINOHHBIC
cBoiicTBa He yutensl [12, 13]. Wcnbitanust npo-
BOJAT IO ABYM IOKA3aTeJsIM KayecTBa: KpUTHUYE-
CKOM Harpy3ke (KpaTKOBPEMEHHbBIE OJHOMHUHYT-
HBIC WCIIBITAHUA) U THAMETpPy TsATHA u3HOoca (HC-
nbeITaHue B TeueHue 60 MUH) MpU OCEBOM HATpy3-
ke 196 H [14, 15]. [Ipunuun aeiictBuss YMT oc-
HOBAaH Ha BpALICHUM IIOJ 3aJaHHOM Harpy3Kou
BEPXHEr0 IIApUKA OTHOCUTEIIBHO TPEX HUKHHUX
[IAPUKOB, HEMOJBUKHO 3aKPEIUICHHBIX B YaIlKEe
MalIVHbl U MOTPY’KEHHBIX B UCIBITYEMOE MACJIO.
®aktuuecku y3en Tpenust UMT Brimouaet B ceOst
MUPAMUJTY, COCTOSIIYI0 W3 YEThIPEX KOHTAKTH-
pyIOIIMX B OAHOM TOYKE CTaJbHBIX IIAPUKOB
nuamerpom 12,7 mm. IlpunnunuanbHas cxema
y3na tpenuss UYMT npencrasnena Ha puc. 1. He-
JIOCTaTKaMHM JAHHOM CXEMBbl y3/1a TPEHHUs SBJIS-
I0TCS OTCYTCTBUE MEPTBBIX TOUEK JIBUKCHHUS, M-
TOIMKNA U3MEpEeHUs o0beMa H3HOCA BEPXHETO

[lepyoa pa3BUTHS OTEYECTBEHHOTO U MHpPO-
BOTO AaBHMAJBUTATEIIECTPOCHUSI XapaKTepU3yeTcs
CMEHOM psiia MOKOJEHUH ra30TypOMHHBIX JBUTra-
teneii (I'TH) m Brmowyaer B ceds pa3pabOTKy
NPUHIMIHNAIBHO HOBBIX U YHUKAJIBHBIX TEXHHYE-
CKUX pEIICHH, NCIIOIb30BaHHE HOBBIX TEXHOJIO-
I'Hif, a TaKKe KOHCTPYKLHMOHHBIX MAaTepuasioB.
Co3aHne COBPEMEHHBIX W TETUIOHANPSKEHHBIX
aBMAILIMOHHBIX JIBUTATENICH SIBISIETCS KOMILIEKC-
HBIM TIPOIIECCOM, KOTOPBI OCHOBBIBAETCS Ha Tie-
PEIOBBIX JIOCTI)KEHHMSX Ppa3lIWYHBIX OTpaciei
HAyKd W TEXHUKH, BKIIOYAs XHMMOTOJIO-
ruio [1, 2]. CoBpeMeHHBIE U TEIUIOHANPSKEHHBIE
aBHAIIMOHHBIC IBUTATEIIH SBIISIOTCS YHUKAIBHBIM
HPOJYKTOM MAIIMHOCTPOEHUs, 001 Jat0lI1M BbI-
COKMM YPOBHEM WHTEHCHBHOCTH pabodero mpo-
1ecca, Harpy’>keHHOCTH M TEIUIOBOTO peXuUMa
sKcIutyatauuu. [Ipu 3TOM Kaxioe HOBOE IOKO-
JICHUE aBUAIIMOHHBIX [BUraTejeld NpeabsIBIseT
Oosee kecTKuEe TpeOOBaHMS K KAayeCTBY INpHUMeE-
HSEMbIX aBHALMOHHBIX Maces, TpeOyeMbIX [yis
oOecrieueHusT HAJS)KHOH pPadOTHl B TOM YHCIIE
MAacJOCHCTEM JIBUTATeNel, MOALIMITHUKOB OIOp
pPOTOpPOB U Jpyrux y3noB [3, 4]. OnHuM U3 Bax-
HBIX (PaKTOPOB CHMDXKEHHSI TPEHHMsS U H3HOCa CO-
BPEMEHHBIX Tra30TypOWHHBIX JBUTATENCH SBIISCT-
Csl MCIIOJIb30BAaHHE BBICOKOKAYECTBEHHBIX Macell
C BBICOKHM YpPOBHEM NPOTHBOM3HOCHBIX U aHTH-
(PUKIMOHHBIX CBOWCTB, MO3BOJIIOUIMX obecre-
YUBaTh PabOTy ABHUTATENICH MpPU Pa3IMYHBIX pe-
KHUMaxX CMas3KH: THIPOAWHAMUYECKOM, 3JacTo-
THIPOJIMHAMUYECKOM M TpaHudHOM. [IJist 3TOTO B
KOMITOHEHTHBIE COCTaBbl ABHAIMOHHBIX Macell
BBOJISIT MPOTHBOM3HOCHBIE MPUCAIKA HAa OCHOBE
dochopa, B ocHOBHOM TpuKpe3undocdarsl, mo-
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u HWKHUX mapoB UMT u 3agacTyro pacxoxie-
HUE ITOJIyYEHHBIX TaHHBIX C pe3yJIbTaTaMU HUCIIbI-
TaHUM Macell B YCJIOBHSIX pPEaJbHOM SKCILTyaTa-
UM aBHAIIMOHHLIX JABUTaTelcd. YKa3aHHLIA Me-
TOJI TAaKXK€ HE MO3BOJISET MOIy4aTh HHPOPMAIIUIO
0 kod(pdurmenre Tpenus. JlaHHBIE OOCTOSITEIH-
CTBAa BBI3BIBAIOT CJIOKHOCTH MPU HEOOXOAUMOCTHU
JIOCTOBEPHOM U OOBEKTUBHOW OLIEHKH SKCIUTya-
TallMOHHBIX CBOMCTB Macesl Ha 3Tane UX MpuMe-
HeHus. [Ipu 3tom 3a pyOexoM Tpubosiornueckue
XapaKTePUCTUKU Macesl OLICHUBAIOTCS MPEUMYy-
LIECTBEHHO HA IIECTEPEHYAThIX CTEHJAaX, a UCIIbI-
TaHUs Ha YETHIPEXIIAPUKOBON MalllMHE TPEHHUS
NPaKTHYECKH HE BKIIOYAIOTCS B HMX CHenu(u-
Karuu [16].

Puc. 1. [IpuHInnmansaas cxema y3iaa TPeHUS
YeThIPEXIIAPUKOBOI MaIIMHBI TPEHUS
Fig. 1. The schematic diagram of the four-ball friction
machine friction unit

Ha ocHOBaHMM W3JI0)KEHHOTO pacCIIMpPEHHE
METOA0JIOTMYECKOr0 MOX0/1a B 007aCTH OLIEHKU
KauecTBa aBUALIMOHHBIX Macell BbI3BIBACT IIO-
TpeOHOCTh YBEJIMUYEHHUs] HOBBIX HCCIIEIOBAaHUMA
OCHOBHBIX 3KCIUTYyaTallMOHHBIX CBOWCTB, B TOM
qucie TPOTUBOM3HOCHBIX U aHTU()PHUKIIMOHHBIX,
IpU peXuMax, MNPUOIMKEHHBIX K pealbHbIM
YCIJIOBHUSIM DKCIUTyaTaliH.

MeToabl 1 METO10JIOTUS
HCCJIe10BAaHUM

Ilo pe3ynbTaram ucciaenoBaHui aBTopamu [16]
YCTaHOBJICHO, YTO MNPUMCHCHUC BI/I6paI_[I/IOHHOF0
TpuOOMETpa, B KOTOPOM HCIIOJIb3YyEeTCs Mapa Tpe-
HUSl «IUIACTHHA — IIAPUK» C BO3BPATHO-TIOCTYIIA-
TEJIbHBIM JIBIDKEHHEM, TO3BOJISIET MOJyYUTh BbI-
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COKYI0 CTENEeHb CXOAUMOCTH Ja0OpaTOPHBIX
Y CTEHJIOBBIX PE3YJIbTAaTOB HCIBITaHWA. B mcTou-
Hukax [17, 18] npuBeneHsl pe3yabTaThl UCCIEAO-
BaHWI aBUAIMOHHBIX Macell Ha TpuOomerpe SRV
U BBISBIICHO, YTO HEOOXOAMMO HCTIONB30BATh T'€0-
METpUIO0 KOHTAaKTa IO JIMHWH, KOTOpas COOTBET-
CTBYET TpHOOMETpY, a He ToueuHyto. Ciemyer oT-
METHUTb, YTO WCIIBITAaHWSI aBHAIIOHHBIX Macell Ha
Tpubomerpax Tuna SRV JONONHSAIOT METON OIIEH-
KM OKCIUTyaTallMOHHBIX CBOMCTB Ha YeTHIpEXINa-
PHUKOBOI MalllHE TPEHUS U MO3BOJISIOT MOTy4aTh
Oonee OOBEKTUBHYIO OLIEHKY 00 ypOBHE WX TpH-
OOJIOTUYECKUX XapaKTEPUCTHUK.
[IpoTnBOM3HOCHBIE W aHTHU()PUKINOHHBIE
CBOIMCTBAa AaBUALIMOHHBIX Macel HCIBITHIBAIN
COTJIJaCHO METOAY OLEHKH TPUOOJIOTHYECKUX
XapaKTEePUCTHK CMa304HBIX Macel, KOTOPBIU
ormmucadn B CTO 08151164-0146-2013. B kaue-
CTBe mpuOOpa I OLECHKH TPUOOJIOTHUUECKHUX
(MIpOTUBOM3HOCHBIX M AHTH()PPUKIIMOHHBIX)
CBOICTB HCCIIEIyeMBIX aBHAIIMIOHHBIX Macell Uc-
nosas3oBaH Bubporpudomerp UMT-3. Ilpu sToM
Ha YKa3aHHOM MpHOOpe yCTaHOBJEHAa TEPMOKa-
Mepa, KoTopas O00ecleynuBaeT MOCTOSHHBIN
HarpeB Mapbl TPEHUS U UCIIBITYEMBIX CMa30UHBIX
Macen a0 Tpebyemoii temmepaTtypsl (oT 0 10
150 °C). B xoHCTpyKIIMU Tapbl TpEeHUs1 TpUOO-
MeTpa IIapuK, UMeroImui quamerp 12,7 mm, sB-
JSieTCs HEMOABIKHBIM 3JIEMEHTOM, a IUIacTUHA
OCYIIECTBIIIET BO3BPATHO-TIOCTYNATENLHOE [IBU-
YKEHHE B OTHOILEHUH MPUKATOrO K €€ IIIOCKOCTH
mapuka. [lpuHnunuanbHas cxema ysiaa TpeHHs
BBIOpPOTpHOOMETpA MpeICTaBlIeHa Ha PHC. 2.
HccnenoBanust MOTYT OCYIIECTBISTHCS B psi-
Iy CKOPOCTEH CKOJIbKEHUS, COOTBETCTBYIOLIMX
muana3ony ot 0,01 go 0,3 m/c, 1 HOpMaIBHBIX
Harpy3ok oT 2 1o 2000 H. CkopocTh CKOJIbXe-
HUS 337]a€TCSl MOCPEACTBOM YaCTOTHI OCIIMILIS-

O

e

Puc. 2. [IpuHnunuansHas cxema y3ia TPEHUs
Bubportpudomerpa UMT-3
Fig. 2. The schematic diagram of the UMT-3 vibro-
tribometer friction unit



Tom 26, Ne 03, 2023

HayuyHbiit BectHuk MITY TA

Vol. 26, No. 03, 2023

uui, kotopas uzMensercs ot 1 1o 60 I'u. Uzme-
puTenbHAs CUCTEMa HMCHBITATEILHOTO 000pyIo-
Banuss UMT-3 ocHameHa ¢yHKIUEHl MOCTOSH-
HOW perucrpanuu 3Ha4eHud Koddduumenra
TPEHUsl B XOJ€ MCHBITAHUI CMa304YHBIX MaTepu-
anos [19].

OObeKTaMu HCCIEIOBaHUSl OBbUIM  BBIOPAHBI
OTE€UYECTBEHHBIC ABUAIIMOHHBIC Maclia: aBHUAIMOH-
Hoe Macio MIIM-10 mo TY 38.1011299-2006,
IIPUMEHsIEMOE B TerutoHanpspkeHHbIX ['T/1 ¢ mak-
cUMaJIbHOM paboueit Temmepatypoit 10 200 °C,
Macio cuaretnyeckoe b-3B mo TY 38.101295-85,
NpeAHa3HaueHHOE ISl Ta30TYPOMHHBIX U JIPYTUX
CHCIMATBHBIX JBUraTeNieil U peayKTOpOB BEPTO-
JIEeTOB, cuHTeTHYeckoe Maciao JI3-240 1o
TV 301-04-010-92 qyis I'T/L u pexykTopoB BepTO-
neroB, Macna cuarerndeckue BHUU HIT 50-1-4¢
no I'OCT 13076 u BHUM HII 50-1-4y mo
TV 38.401-58-12-91, npumensieMble 151 Ta30Typ-
OWHHBIX JIBUTATENC CaMOJIETOB M TypOOXOJIO-
TUIGHUKOB, YHU(UIIMPOBAHHOE AaBHUAIIIOHHOE
CHUHTETUYECKOE MacJo ACMO-200 1o
CTO 07548712-001-2014, npeaHazHaye€HHOE ISt
ABHAIMOHHBIX Ta30TypOMHHBIX JBHUTATENCH U pe-
JyKTOPOB BEPTOJIETOB.

Marepuanom mnapbl TPEeHHs SIBIISLUIACh CTallb
[IIX-15. Ammiutyga BO3BpAaTHO-MOCTYMATENb-
HOTO JIBM)KEHHMSI TIUIACTUHBI COOTBETCTBOBAJIA
3HadeHno 0,5 MM, a gacToTa OCHMIUIAIMN ILIa-
ctuibl — 50 T'm. B kauecTtBe HOpManbHOU
Harpy3K{ Ha HETIOJBMKHBIN [IAapUK NPUHSITA Be-
nuunHa B 175 H.

[lepen HayasioM KakKIOro WCHBITAHMS IUIA-
CTHUHA U MIAPUK MOTPYXKAIHUCh B o0Opaselr] aBua-
LIMOHHOT'O Macia, KOTOPBIA MPEABAPUTEIBHO 3a-
rpyxaics B cMazounyio Bauny UMT-3 u Harpe-
Bajics B TeueHue 90 mun 1o temneparypsl 80 °C.
3atem B TeueHue nocienyrommx 120 MuH mpo-
BOJAWJIM HCIBITAHWE Mapbl TpeHHs B oOpasle
Macja Opu MOCTOSIHHOM TeMIlepaType B TE€pPMO-
kamepe mpubopa. [Ipu 3ToM mis kaxaoro o6-
paslia aBUAIMOHHOTO Macja MPOBOJWIOCH JIBA
MapajuleIbHbIX HMCHBITAHUS, a PEe3yJbTaThl pac-
CUHTHIBAINCH KakK CpelHee apupMeTHIecKoe
3HaueHue. [lo 3aBepuieHuMM TecTa IIACTUHA U
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[IApUK C TIOMOIIBI0 YIBTPAa3BYKOBOW BaHHBI
POMBIBAIACH HePpacom, a 3ateM criuptom. [lo-
CJie yKa3aHHOU Mpoleayphl UCIIBITaHUS 00pasia
ABUAIMOHHOTO Maclia BOCIPOW3BOIWIHA TIPU
AQHAJIOTMYHBIX PEXHMaXxX M MOCIeI0BATEIbHOCTH,
HO TIPH TeMIIepaType B Kamepe mpuoopa paBHOU
120 °C.

B kauecTBe KpuUTEpHEB TPHOOIOTHUECKUX
(MPOTUBOM3HOCHBIX W aHTH(PPHUKINOHHBIX)
CBOWMCTB aBHAIMOHHBIX Macell HCIIOIb30BaHbBI
BEJIMYMHBI JIMHEHHOTO W3HOca Imapuka (d,) u
o6bemuoro uzHoca mwiactubl (Wy uaem Wvap)s
a TakKke 3HAYCHHE CPEIHEro NaBJICHHUS B KOH-
TakTe napbl TpeHus (Pepx) U TUHAMHUYECKOIO
koadunmenta tpeuus (COF). Bennunny u3Ho-
ca Mmapsl TPEHUS ONPEACISUIN C TIOMOIIBIO OTNTH-
yeckor cucteMbl npubopa I[ITM-3 u npodwuio-
METPUH C PUMEHEHUEM YHUBEPCAIHLHOTO U3ME-
purens mepoxoBaroct TR-200. IMpunnun pa-
6otsl ipubopa TR-200 3akirodaeTcst B mepeme-
[IEHUH aJIMa3HOW WTIJIbl MO MOBEPXHOCTU H3HO-
IICHHON JeTanu (TUTAaCTUHBI) U (PUKCAIUU JaT-
YUKOM €€ OTKJIOHEHHsI OT POBHOW MOBEPXHOCTU
TUTACTUHBI.

AHTHUQPUKITMOHHBIE  CBOMCTBa  00pasIoB
ABUAIMOHHBIX MACENl UCCIIEIOBAIUCH B COOTBET-
cteun ¢ CTO 08151164-0146-2013 n ananuzu-
pPOBAIIMCh B KOHIIC HCIBITAHWS B MHTEPBAJIE OT
5000 o 7 000 ¢ o 3HaYEHUIM AUHAMUYECKOI'O
KOd(p(UIIMEHTa TPEHUS, KOTOPHIE PETUCTPHUPO-
BaJIUCh MPSIMBIM U3MEPEHHEM C MOMOIIBIO JaT-
quKoB mpudopa [20].

PesyabTaThl ucciie10BaHUS

Jlis HarfasAHOTO NMOHUMAaHMS XapaKTEPHOIO
M3HOCA Napbl TPEHMsI NIOCIIE UCIIBITAHUS aBUAllU-
OHHOI0 Macyia Ha BHOpoTpuOOoMeTpe Ha puc. 3
IPUBEIEHBI IPUMEPHI IMHEHHOr0 M3HOCA LIapH-
Ka ¥ MJIaCTUHBI.

Pe3ynbpTaThl NpPOBEIEHHOIO HCCIEIOBAHUS
[0 OLIEHKE MPOTUBOM3HOCHBIX U aHTU(PHUKIM-
OHHBIX CBOICTB pa3jMuYHbIX aBUAIIMOHHBIX Ma-
cell IpeZcTaBjIeHbl B Tabi. 1 1 Ha puc. 4.
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Puc. 3. [IpuMep THHEHHOTO U3HOCA: d — IIAPHKA, 6 — IJIACTUHBI
Fig. 3. Example of linear wear-out of: a — ball; b — plate

Taoaunma 1
Table 1

PeBy.HLTaTBI HUCOBITAHUH I10 OLICHKC MPOTUBONU3HOCHBIX CBOMICTB ABUAIIMOHHBIX MacCCJI
Test results according to the evaluation of anti-wear properties of aviation oils

HaunmeHnoBanue nokazarenei npOTUBOM3HOCHBIX CBOMCTB
Haumenosanue macia 3 3 3 3
Wy naaems 10° MKM W wap, 10" MEM dyy MM Ponk, MIla

[Tpu Temnepatype 80 °C
HUIIM-10 1312 129 0,478 983
b-3B 5014 2120 0,982 264
JI3-240 2144 1060 0,681 420
BHUUWHII-1-50-4¢ 1340 136 0,480 972
BHUUMHII-1-50-4y 1452 193 0,521 834
ACMO-200 1613 152 0,492 885

ITpu Tremneparype 120 °C
HUIIM-10 1922 623 0,575 646
b-3B 6014 2656 1,257 149
JI13-240 3044 1530 0,810 342
BHUUWHII-1-50-4¢ 1936 651 0,586 598
BHUUWHII-1-50-4y 2057 984 0,677 492
ACMO-200 2012 788 0,634 613

O0cykaeHue moJIy4eHHbIX
pe3yJbTaToB

ITo pe3ynpTaram HCCleIOBaHUS yCTaHOBIIE-
HO, 4YTO HAWIYYIIUMH HIPOTUBOU3HOCHBIMU
CBOMicTBaMH o00OJIaJaeT Macjao AaBHAIMOHHOE
NIIM-10. IIpu sToM HauOONBIINK H3HOC Maphl
TPEHHS XapaKTEepPEeH MPH UCHBITAHUSAX Ha Macie
b-3B, 4To, BepOsITHO, CBSI3aHO C BBHIMAJCHHEM B
0CaJIOK COEAMHEHUN 2-MepKanToOeH3THAa30J1a

(mpucanku KamTakc). AHaIW3 MaHHBIX Ta0m. 1
MOKA3bIBAET, YTO C YBEIMUYCHUEM TEeMIIepaTyphl
Macyia MPOMCXOAUT MPONOPIHOHATBHOE YBEIH-
YeHHe M3HOCa B Mape TPEHHS «IIAPUK — ILIOC-
KOCTh IUIACTHUHBD», YTO, MO-BUAMMOMY, IMPOUC-
XOJUT BCJICICTBUE CHIDKEHUS KHHEMAaTUYECKOM
BA3KOCTH aBUAIIMOHHBIX Macell C POCTOM TeMIle-
paTypbl UCIIBITAHUM.

PesynbTatel  OLIEHKM  aHTUOPUKLIHUOHHBIX
CBOMCTB aBHAllMOHHBIX Macel MOKa3bIBAIOT
(puc. 4), 4yTO W3MEHEHWE TEeMIepaTyphl Macel
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Puc. 4. Pe3ynbraThl OIICHKH aHTH(QPUKITHOHHBIX CBOMCTB aBHAIIMOHHBIX Macel mpu Temmeparype 80 °C:
1 - WUIIM-10, 2 — b-3B, 3 — JI3-240, 4 —- BHUWHII-1-50-4¢, 5 — BHUMHII-1-50-4y, 6 — ACMO-200;
nipu Temneparype 120 °C: 7 — UIIM-10, § — b-3B, 9 — JI3-240, /0 — BHUMHII-1-50-4¢,
11 — BHUUWHII-1-50-4y, 12 - ACMO-200
Fig. 4. Results of evaluation of anti-friction aviation oil properties at the temperature of 80 °C:
1 -1PM-10, 2 - B-3V, 3 - LZ-240, 4 — VNIINP-1-50- 4f, 5 — VNIINP-1-50- 4u, 6 — ASMO-200; at the temperature of
120 °C, 7 - IPM-10, § — B-3V, 9 - LZ-240, 10 — VNIINP-1-50- 4f, /1 — VNIINP-1-50- 4u, /2 — ASMO-200

NPAaKTHYECKH HE OKAa3bIBACT BIMSHHUSA HA BEIU-
yuHy Kod(p¢unmenta tpenus. [Ipu sTom Hau-
Menbliee 3HaueHue COF COOTBETCTBYET Maciy
aBuarmonHomy MIIM-10, a nauGonbiee — mac-
ay BHUWHII-1-50-4y.

3akiroueHue

B pesynprare mpoBeNEHHBIX HCCIENOBaHUN
MOJTyY€Hbl JAaHHbIE MO YPOBHIO MPOTHUBOM3HOC-
HBIX U AHTU()DPUKIIMOHHBIX CBOMCTB aBHUAIMOH-
HBIX Macesd C MOMOUIbI0 YHUBEPCAIHLHOTO BHUO-
poTpuboMeTpa, TMO3BOJISIOUIETO HCCIEA0BATh
AKCIUTyaTallMOHHbBIE CBOMCTBA Macesl MpH pexH-
Max (JaBJIeHHE B TIape TPEHUS B HAYalle OMbITa —
1500 MIla, tremnepatypa macia — 80 u 120 °C,
BHUJl JIBIDKCHHMSI TMapbl TPEHHSI — BO3BPATHO-
MOCTYMATENbHOE), HauboJee XapaKTEPHBIX IJIs
peanbHOM S3KCIUTyaTallMk aBUAIMOHHBIX JBUTa-
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TEJIEd 10 CPAaBHEHHIO C YETHIPEXIIAPUKOBOM
MAalIuHOM TpeHUs. YKa3aHHbIA METOX Ipeara-
€TCs MCTIONIb30BaTh B HOPMAaTUBHO-TEXHUYECKON
JOKYMEHTAIlUM Ha aBHALMOHHBIE Macja, OJHAKO
MpeBapUTEIbHO HEOOXOIUMO OCYIIECTBUThH Ha-
KOIJICHHE CTaTHCTUYECKHUX JAHHBIX IO HCIBITA-
HUSIM Macell pa3jIMyHOr0 KOMIIOHEHTHOIO CO-
CTaBa M ONPEICITUTh KOPPESALMIO C JIPYTHMMHU
METOJIaMU OILICHKH TPUOOJIOTHYECKUX XapaKTe-
PHUCTHK.

[TonyuyeHHble pe3ynbTaThl UCHBITAHUN CBUIE-
TEJILCTBYIOT, UTO TIOBBIIICHHBIN U3HOC XapaKTepeH
wit macma B-3B (Wipaem — 5014-10° Mxnt’,
Wy uap —2120- 10* MxM?), a HAMITYHIIME TPHOO-
JIOTMYECKUMH XapaKTepUCTUKaMH 00J1aaeT Macio
UM-10 (Wygem — 1312:10° vin®, Wiy —
129-10* mxm®). HanMenrbmee 3Hauenne kod(du-
IIMEHTa TPEHHs COOTBETCTBYET MAaciy aBHAIllMOH-
Homy HIIM-10 (0,084), a HanGombiee — mMaciy
BHUUHII-1-50-4y (0,101) mpu Temmeparypax
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macen 80 u 120 °C coorBercTBeHHO. TakuM o0pa-
30M, B y3JlaX ¥ MEXaHM3Max TEIUIOHAMPSHKEHHOU
aBUALIMOHHOM TEXHUKHU, KOTOPBIE MPEIbSBIAIOT
TMOBBIIIICHHBIE TPEOOBaHUS K YPOBHIO MPOTHUBOM3-
HOCHBIX ¥ aHTU()PUKIIMOHHBIX CBOWCTB, PEKOMEH-
JIlyeTCsl B Ka4eCTBE OCHOBHOM MapKH HCIIOJIB30-
BaTh aBrannoHHoe Macio MIIM-10 no cpaBHeHuto
¢ macnamu cunrerndeckumu BHUU HIT 50-1-4¢
u BHUU HII 50-1-4y, a B ra30TypOMHHBIX JBU-
raTelisiX M PeAyKTOpax BEPTOJIECTOB YHU(PHIIUPO-
BaHHOE AaBUAIIMOHHOE CHUHTETUYECKOE Maclio
ACMO-200 10 CpaBHEHUIO CHHTETHYECKUMH
maciamu JI3-240 u b-3B.
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Features of vortex trace propagation for aircraft with propellers

A.L Zhelannikov'
! Central Aerohydrodynamic Institute, Zhukovsky, Russia

Abstract: The article presents the results of a study of the characteristics of the wake vortex of aircraft with turboprop engines.
Using the example of the An-12 aircraft, it is shown that rotating propellers make a noticeable contribution to the propagation of the
vortex trail behind the aircraft. This is proved by some studies, as well as numerous observations. It also describes a technique for
studying the wake vortex of aircraft with propellers. The method is based on the method of discrete vortices. The relevance of such
studies is due to the growing interest of carrier companies in aircraft with turboprop engines. It has been proven that when
transporting passengers and cargo on such vessels over distances of 700800 km, maintenance and fuel costs are reduced by about
30-40%. Therefore, the fleet of turboprop aircraft, such as An-22, An-70, An-12, as well as Tu-95, 11-38, C-130, etc., has been
preserved so far. New turboprop aircraft are being developed and put into operation: A-400M, 1I-114, 1I-112M. The vortex trail
behind such aircraft also poses a danger to other aircraft flying behind. A feature of the propagation of the wake vortex behind
aircraft with propellers is the interaction of vortices coming off the airframe and vortices from the propellers. As a result, due to the
rotation of all the screws in one direction, symmetry is broken in the propagation of vortices descending from the right and left
halves of the wing. Therefore, it is important to understand how differently the vortices that descend from the airframe of an aircraft
with turboprop engines behave. For the convenience of the study, the method of accounting for the effect of vortices from screws is
integrated into a special calculation and software package, also based on the method of discrete vortices. In it, when calculating the
characteristics of the wake vortex, the flight weight, speed and altitude of the aircraft, its flight configuration, atmospheric
conditions, proximity of the earth, axial velocity in the core of the vortex and some other factors are taken into account. This
complex has passed the necessary testing and state registration. A number of measures were carried out to validate and verify the
developed complex, confirming the operability of the programs included in it and the reliability of the results obtained from it. The
results of the study of the characteristics of the wake vortex behind the Antonov-12 aircraft in the form of vertical velocity spectra
and fields of perturbed velocities at various distances from it are presented. It is shown that propellers noticeably affect the
propagation of the wake vortex behind turboprop aircraft. This circumstance must be taken into account by the crews of aircraft
flying behind such aircraft.

Key words: propellers, wake vortex, aircraft, vortex interaction, turboprop aircraft.
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OCo0eHHOCTH pacnpoCTPaHEeHUs BUXPEBOTO cJjiea
3a BO3AYIIHBIMH CYIaMH ¢ BHHTAMH

1
A.N. Kes1aHHUKOB
! Henmpansnviii aspoeudpoounamuyeckuii uncmumym umenu npog. H.E. Kykosckozo,
2. Kykosckuii, Poccus

AHnHoOTamms: B craThe NpHUBOISTCA pe3ynbTaThl UCCIIENOBAHUS XapaKTEPUCTHK BHXPEBOTO CIENa 3a BO3AYIIHBIMU CyAaMu
¢ TypOOBHHTOBBIMH JiBHTaTesiMHA. Ha mpnumepe camonera AH-12 mokas3aHO, YTO BpAIAONMECs] BUHTHI BHOCST 3aMETHBIN BKJIAM
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B PacIpPOCTPAHEHHUE BUXPEBOTO CJIE/a 33 CAMOJIETOM. JTO JOKAa3bIBAIOT M HEKOTOPbIE UCCIIEAOBAHNS, a TAKKE MHOTOUHCIICHHBIC
HabmosieHus. TakxKe OMUChIBAaeTCS METOIMKA [T MCCIIeIOBaHMS BUXPEBOI'O CJIe/a 32 BO3AYIIHBIMU CyJJaMU C BUHTaMH. B ocHOBe
METOMKH JISKUT METOJ| AUCKPETHBIX BUXpeH. AKTyaJbHOCTh TAKUX HCCJIEIOBAaHUM OOYCIIOBIEHA BO3PACTAIOLUIMM HHTEPECOM
KOMITAaHUH-TIEPEBO3YMKOB K BO3YLLIHBIM CyJaM ¢ TypOOBHHTOBBIMH ABUraTelsiMu. JloKa3aHo, UTO IIPH MEPEeBO3Kax MaccaXUpoB U
TPY30B Ha Takux cynax Ha paccrosHusi 700-800 kM 3arparbl 1Mo OOCIY)XMBAaHMIO W Ha TOIUIMBO COKPAIIAIOTCS HPUMEPHO
Ha 3040 %. [ToaToMy /10 cHX 1Op COXpaHeH NapK TypOOBUHTOBBIX CaMOJIETOB, TAKUX Kak AH-22, AH-70, AH-12, a Taroke Ty-95,
Nn-38, C-130 u np. PazpabarbiBatoTcsi ¥ BBOISTCS B SKCIUIyaTallMi0 HOBbIE TypOOBHMHTOBBIE camoneTsl: A-400M, Min-114,
Nn-112M. BuxpeBoil cien 3a TAKUMH CaMOJIETaMU TakXKe NPEJICTABISIET OMACHOCTh ISl APYTHX, JIETALIMX CIEAOM CaMOJIETOB.
Oco0EHHOCTBIO PacIPOCTPAHEHHUSI BUXPEBOT'O CIIEJa 33 CaMOJIeTaMU C BUHTAMU SIBIACTCS B3aNMMOJEHCTBIE BUXPEH, CXOIAIINX C
IUTaHEpa caMoJIeTa U BUXPEH OT BUHTOB. B pesynbrare n3-3a BpallleHHs! BCEX BUHTOB B OIHY CTOPOHY HapyIIAETCs] CHMMETpPUS B
pacIpoCTpaHEHUU BUXPEH, CXOISIIMX C IIPAaBOH U JIEBOW IOJIOBUH KpbUia. [109TOMy Ba)KHO IMOHMMATh, HACKOJIBKO [10-PA3HOMY
BEIyT ceOsl BUXPH, CXOJLIIIME C IUIAHEpa caMoJieTa C TypOOBHHTOBBIMU ABUraTelsiMU. [l ynoOcTBa MCCIEA0BaHMS METOAUKA
ydeTa BIMSIHUS BUXPEH OT BUHTOB HHTETPHPOBAHA B CIICIMATIBHBIN pacdeTHO-IIPOTrPAMMHBIN KOMIUIEKC, Oa3upyFOIIHIiCS TaloKe Ha
METOJIe AUCKPETHBIX BUXpel. B Hem mpu pacdere XapakTepuUCTHK BHXPEBOTO CIIE[a YUUTHIBAIOTCS TIOJETHBIA BEC, CKOPOCTh U
BBICOTA T10JI€Ta CaMOJIETa, €T0 MOJIETHAst KOH(PUTypalyst, aTMOCc(epHbIE YCIIOBHSL, OJIM30CTh 3EMIIH, OCEBasi CKOPOCTh B SIAPE BUXPS
W HEKOTOpBIE JpyrHe (hakTopbl. DTOT KOMILIEKC MPOIIET HEOOXOIUMYIO arpo0alyio U TOCyIapCTBEHHYIO PErHCTpaliio. bbut
BBINIOJIHEH sl  MEPONPUATHN 10 BamugaMu ¢ BepudUKaimu pa3pabOTaHHOTO KOMIUIEKCA, —IOITBEPIKIAOIIHX
PpaboTOCIIOCOOHOCTh TIPOTPaMM, BXOMSIMX B HEro, M JIOCTOBEPHOCTH IIOJy4YaeMBIX 10 HEMy pe3yJbTaroB. IIpuBopsiTcs
pe3yabTaThl UCCIENOBAHUS XapaKTEPUCTUK BUXPEBOTO ClIeJa 3a caMosIeToM AH-12 B BHJE CHEKTPOB BEPTUKAIBHON CKOPOCTU U
HOJIe BO3MYIIEHHBIX CKOPOCTEH Ha Pa3IUUHBIX YAAJIEHUSX OT Hero. [loka3zaHo, 4TO BO3MYIIHBIE BUHTBI 3aMETHO BIMSIOT Ha
pacrpocTpaHeHIe BUXPEBOTO cliela 32 TYPOOBUHTOBBIMH CAMOJIETAMH. JTO 0OCTOSTENHCTBO HEOOXOIIMO YUHTHIBATH SKHITAKAM
BO3/IYIIHBIX CY/IOB, JCTAIMX CIIEJIOM 32 TAKAMH CaMOJICTaMH.

KnroueBble cjioBa: BO3AYIIHbIE BHHTHL, BHXPEBOW CJIEA, BO3AYIIHOE CyJHO, B3aWMOJCHCTBHE BHXPEH, TypOOBHHTOBBIE
CaMOJIETHI.

st uurupoBanusi: KenanunkoB A.J. OcoOEHHOCTH pacHpoOCTpaHEHHsT BHUXPEBOTO Cliea 3a BO3AYIIHBIMU CyJaMH
¢ BunTamu // Hayunsiit Becrauk MI'TY T'A. 2023. T. 26, Ne 3. C. 103—-113. DOI: 10.26467/2079-0619-2023-26-3-103-113

Introduction rotation influencing the aircraft wake vortex.

Wake vortex following the aircraft loses its

Nowadays the aeronautical communities of ~ symmetry almost at once as the propeller spins
many countries face the current problem of the  one way, which can be seen in (fig. 1).

ever-growing airport capacity provision due to The long-haul propeller aircraft introduction
air traffic increase maintaining the objective air- ~ has required the research of the long-distance
craft flight safety level. Vortex safety provi- wake vortices following them. Wake vortex fol-
sion [1-5] is one of main challenges for imple- lowing such aircraft is also dangerous for other
mentation of such plans. The essence of vortex aircraft behind it. The question of propeller im-
safety issue is wake vortex following the air-  pact on long-distance wake vortex characteristics

craft [6-11]. This wake is an induced velocity is still open so far. Analysis shows us that the
and pressure field which is dangerous for aircraft ~ research developments in this area are insuffi-
following it. It is worth noticing that one should cient. The majority of them are scattered studies
distinguish between the concepts of wake vortex  in the flight experiment of the USA Department
and vortex path. It is correctly suggested in of Transportation program on wake vortex fol-
work [12] that there is a wake vortex following lowing the propeller aircraft. There are almost no
the body in motion developing lift (for example, approaches and mathematical models for wake
an aircraft). Whether the body in motion does  vortex following the propeller aircraft.

not develop lift (for example, a car), there is a The interest in propeller aircraft has grown
vortex path following it. recently, as they are cheaper in terms of passen-

The work focuses on a wake vortex follow- ger and cargo transportation on equal distances,
ing the propeller aircraft. Turboprop aircraft ob- in comparison to turbo-jet aircraft. Some foreign

servation shows us that wake vortex following experts estimate that service and fuel charges are
them is different from the one following the tur-  reduced by about 30-40% during passenger and
bo-jet aircraft (fig.1). It is connected to propeller cargo transportation given the distance of
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Fig. 1. Random visualization of the wake vortex following the Antonov-12 turboprop aircraft during takeoff

700-800 km. That is why some aerospace corpora-
tions are starting the turboprop aircraft develop-
ment. For instance, the Canadian engineering
company Bombardier is now developing and pro-
ducing the twin-engine turboprop aircraft DHC-8.
Airbus Military has developed the A-400M aircraft
and started its manufacturing production. ATR is
doing the same thing. There are also Ilyushin II-
114 and Ilyushin I1-112B in use in Russia. There is
also data about other similar constructions.

Research methodology

Wake vortex following the propeller aircraft
research methodology, used in this work, is de-
scribed in details in paper [12] and article [13].
In this article it is integrated into a special calcu-
lating and software package [14], also based on
discrete wake method [15—-17]. The essence of
integration is in the following. It was necessary
to develop such a propeller mathematic model,
in which its work effect record was made
through discrete vortex points with the known
circulations and coordinates on Trefftz plane.
The fact is the long-distance wake vortex math-
ematical model of the calculating and software
package is also based on vortex points. In this
case the propeller mathematical model is inte-

105

grated into the long-distance wake vortex math-
ematic model [12, 18].
Let us interpolate the following designations:
d —propeller diameter;
L — the aircraft typical linear dimension;
@ — the propeller angular velocity;

V, — the airspeed;
1, — the propeller rotor head radius;

S

¥
2 _ the relative propeller rotor head

radius; where R = —;

a — the propeller thrust coefficient;
n — the number of propeller blades;

A — the propeller speed coefficient;

-0 _
nd

[ — the propeller power coefficient.

The following vortex model of the propeller
(fig. 2) is developed for the given mathematical
model integration into the calculating and soft-
ware package [14]. There is an axial flow circu-
lation wake 7™ in the middle of the propeller, the
n wakes are set around the propeller circumfer-
ence perimeter, modelling the propeller jet flow.
The research in work [13] showed us, that »
should correspond to the number of propeller
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blades. Then the wake circulation around the
propeller circumference will be equal to 1" /n. It
is possible to define the intensity of the propel-
ler-generated axial flow wake by formula [13],
whether the propeller work regime is set — A,

a , [ and the relative propeller rotor head di-
ameter is known:

Fig. 2. Vortex model of the propeller screw

F= Bk
A A2 20
n3(1‘§2) 2ﬁ+\/47T2 + n3(1?£2)

Let us interpolate the axial flow non-
dimensional circulation according to formulae

for the aircraft in general, =— , Where
0

Lis a typical size, then / and 7/ *will be
linked by formula

TwRd =T"V,L
where
I oRd =f2nndi=ffg’
VoL Vo 2L A
and finally
rr=rkq.
A
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d is a relative propeller diameter d=d /L.

Then, the vortex propeller jet flow scheme
(in Trefftz plane) will look as it is shown in Fig-
ure 1: n number of vortices, set around the cir-
cumference by the diameter equal to the propel-
ler diameter, model the propeller jet flow sur-
face. The number of vortices corresponds to the
number of blades here. Circulation of each vor-

tex is 1 / n, and spinning direction opposes the

axial flow vortex spinning direction. At the same
time the axial flow vortex produces spinning,
which corresponds to propeller spinning direc-
tion. Thus, the purpose is achieved. The vortex
points, which are modelling the propeller work,
are integrated into the calculating and software
package [14].

The results of the research

The characteristics of long-distance wake
vortex following the C-130 aircraft at 1000 m
height, at V = 51 m/s speed were calculated to
confirm the effectiveness of the developed
methodology and credibility of the results based
on them. The flight experiment data has been
obtained from paper [2] on wake vortex maxi-
mum vertical velocity measurement for this air-
craft and the flight conditions. There are the ver-
tical speed calculations behind the C-130 at dis-
tances X = 0 and 1.4 km in Figure 2. It can be
seen that the vertical speed graph is sawtooth if
X = 0 (that is fuselage longitudinal section,
rhombs). It is connected with propeller rotation
impact on the wake vortex behind the aircraft.

The whole spectrum of vertical velocity
(squares) is calculated at distance X = 1.4 km from
C-130 aircraft. It can be seen that the calculation
(squares) and flight experiment (triangles) corre-
spond satisfactorily to each other, which confirms
indirectly the credibility of the results (fig. 3).

Furthermore, the characteristics of Antonov
An-12 aircraft wake vortex were also observed.
It is shown that rotating propellers cause a no-
ticeable impact on wake vortex distribution. The
first stage shows us, how the vertical velocity
spectrum changes in the middle of An-12 vortex
without taking propeller spinning into considera-
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C-130 aircraft, V=51 m/s, H=1000 m
‘tﬂ —— T — s
£ T v et
> A7) v
©
o 54
@
>
= —— Calculation, X=0
g L
S 2 —m—Calculation, X=14km | 60
% —a— Experiment, X=1.4 km
10+
Distance, m
Fig. 3. Vertical velocity distribution in the vortex core of the C-130 aircraft
Antonov An-12 V=420 km/h, H=500 m, SA=1
T 10—+
X, Al
£ .
> o
= e
o -60 -40 60
>
©
O
5 I
> —+—X=10m
—8—X=150m —
—4&—X=300m
X=500m
15
Distance, m
Fig. 4. Distribution of vertical velocities in the vortex core of the An-12 aircraft
(excluding the influence of propellers)
tion (fig. 4), and with it (fig. 5). The vertical ve- rameters were extracted from An-12 cruise flight
locity was calculated at X = 10, 150, 300 u 500 diagram. The atmosphere is stable, SA =1 [12].
m distance. The speed of flight then was V =420 It can be seen that vertical velocity spectra are

km/h, and height was H = 500 m. A, C?,Epa- significantly different in Figures 4 and 5. It is also
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Antonov An-12

Vol. 26, No. 03, 2023

V=420 km/h, H=500 m, SA=1

Vertical velocity, m/s
o

Distance, m

Fig. 5. Distribution of vertical velocities in the vortex core of the An-12 aircraft
(Taking into account the influence of propellers)

worth noticing, that propeller rotation impact on
vertical velocity almost disappears already at
X = 500 m distance. It is connected with vortex
natural ease-off due to atmosphere turbulence,
along with vortex dissipation and diffusion.

At the second stage, the perturbed velocity
fields behind the An-12 at up to 2 km distance
(fig. 6) were observed. There are the results of
wake vortex characteristics calculation as the
perturbed velocity fields, which are presented as
vectors of mixed speed W, calculated by formula

W= W+ W

W. and W, are the parts of the vertical and
horizontal perturbed speed. W speed variable
can also be easily determined through step scale
in Figure 6, which size is 10 m/s.

It can be seen that the vortex symmetry from
the left and the right wing is broken while X
distance from the aircraft is increasing.

108

This circumstance drastically distinguishes the
wake vortex behind the turboprop and turbo-jet
aircraft. The wake vortex following the turbo-jet
aircraft remains symmetrical for a long time on
both the left and the right wings [2, 12, 19-26].
This symmetry is broken almost at once between
the turboprop aircraft due to propeller spinning
impact. There are the works [12, 27], in which it
is shown that propellers spinning one way also
cause impact on the aircraft acrodynamic charac-
teristics. It is connected with non-symmetrical
flowing around of the aircraft airframe. There is
some yet noticeable yawing and roll during the
turboprop flight. There are some special proce-
dures implemented in some aircraft structure for
their disposal. Nevertheless, it can lead to in-
crease in drag, and, consequently, to extra fuel
costs. There are the aircraft with left and right
propellers spinning different ways which allows
to dispose airframe non-symmetrical flowing
around. For instance, A-400M by Airbus Mili-

tary.
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Conclusions

Thus, the calculation showed us that wake
vortex behind the turboprop aircraft differs dras-
tically from the one behind the turbo-jet aircraft.
The reason of such a difference is propeller rota-
tion. Propellers of almost all the used turboprop
aircraft rotate one way. Wake vortex symmetry
behind the aircraft is broken during propeller
vortex interaction with vortices from the aircraft
airframe. It is necessary for the crews of aircraft
following the turboprop aircraft to consider this
circumstance. Besides that, it is also necessary to
consider this peculiarity while providing wake
vortex safety in the vicinity of large airports,
when the safe separation between the taking-off
and landing aircraft should be maintained.
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