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Ha HUAP «®narman 1»

AHHOTaIMs1: YIIpaBieHHE B3aNMOICHCTBIEM JKHIKOCTH C TIOBEPXHOCTBIO MPEJICTABIISIET OONBIION HHTEPEC B IIMPOKOM CIIEKTpE
o0JacTell MPaKTHYECKUX HPHIOKESHUH: BO3MOYKHOCTH TOJIHOM 3allUTHI JIETATEIBHBIX allllapaToB OT OOJIEICHEHMs], CHIDKEHHUE
koa(duImenTa TpeHus: Ha NECSTKU MPOLEHTOB, YBEIMYEHHUE PacXo/a >KHIKOCTH B TpyOax M KaHajlaX; MPH 3TOM MOJEIH psija
MIPUBEJICHHBIX BBIIIIE MIPOIIECCOB JAJIEKN OT CBOETO 3aBepIIeHMs. B HacTosmeli paboTe OnMcaHbl peXXUMBI OOTEKaHHS KUIKOCTHIO
ruApoOOHOTO Tena, COAEPXKAIEro B MOpax BO3MyX, B NMPHIOKEHNWH K 33/1a4aM MPOTHUBOICHCTBIS OOJICIEHEHUIO JICTaTebHbIX
anmapaTtoB W CHIDKEHUSI TPEHMS KUAKOCTH MPH OOTEKaHHU €0 TBEPIbIX Teil. [lomydeHsl aHaIMTUYECKHE BBIPAXKEHMS Pacxoa
KUJIKOCTH B KaHaJIaX, CMa3Ka Ha CTEHKaX KOTOPBHIX 0OECIEUNBAET CKOIBKECHHE, a TAKKE OLIEHKH IapaMETPOB BHIMBIBAHUS CIIOS
BO3AYIIHOW CMa3Ky U3 Mop TUApooOHOro MOKphITHA. Ha npumMepax TedeHus MeXmy INIOCKOCTSIMU U B IWIIMHAPUYECKON TpyOe
MOKAa3aHO BIIMSHUE TOJILHMHBI CJI0S CMa3KM Ha Pacxojf KUAKOCTH, B YACTHOCTH, IOKa3aHa BO3MOXKHOCTh €r0 YBEJIMYEHMS Ha
HECKOJIBKO JIECSITKOB TIPOLICHTOB 3a CYET CKOJbXeHus. Pa3paboraHa ¢u3nko-MareMaTnyeckass MOZEIb pacyera dJIEMEHTapHOTO
aKTa B3aUMOJIEUCTBHS MOJIEKYJIBI IIOTOKA C TBEPABIM TEJIOM B LIEJISIX COKPAILIEHHs BPEMEHN MOJIEKYJISIPHOTO MOJIEIHUPOBAHUS IIPH
ydere BaXHBIX (H3MUECKHX OocoOeHHOcTeH. [loiydeHbl OpUrHHaIbHBIE BBIpaXKEHHS KOA(D(HIMEHTOB OTCKOKA MOJEKYN OT
TIOBEPXHOCTH TBEPJOTO TeJla B 3aBHCHMOCTH OT €ro (JM3MIECKUX CBOMCTB M TeMIlepaTypbl. Pa3BUTHI MOJENN B3aMMOJECHCTBHUS Ha
TIpEMEpPE MOJIEKYJIBI BOJBI M TBEPJIOTO TeJla U3 AIOMUHUS, TTOTYYeHBI 3HaUeHHsT KO3(PUIMEHTOB M3MEHEHHUSI CKOPOCTH MOJIEKYT
npH coyaapennn. Ha ocHOBe aHan3a N3BECTHBIX 3KCTIEPUMEHTAIBHBIX JAHHBIX ITOKA3aHa 3aBICHMOCTD YIJIa CMauHBaHMS Karlelb
BOZIBI Ha IUIOCKOW IMOBEPXHOCTH OT Temmeparypsl Jlebas marepuana. [lomydeHHbIE pe3ynabTaThl M Pa3BUTHIC MaTeMaTHIECKUC
MOJIETI MOTYT OBITh MCIIOIB30BAHbI NP CO3IAHHUM TTOKPBITHH, MPEMSTCTBYIONINX OOJNEICHEHNIO JIETATENIBHBIX alllapaToB WIIH
TIOJIHOCTBIO YCTPAHSIIOIIHX €70, B YaCTHOCTH 00pa3oBaHusi 0apbepHOIO JIbia MPH TCUEHNH 3aTBEPIIEBAIOIINX JKUIKOH IUICHKH U
KarieJb Ha TIOBEPXHOCTH OOTEKaeMBIX JJIEMEHTOB JIETATENBHOTO alapara.

KroueBnble ciioBa: riapohoOHbIC MOKPHITHS, O0JICICHEHNE, PSKUMbI O0TEKaHHS, METACTA0MIbHBIC KAIUTH, aKT yaapa MOJICKYIL,
Temrneparypa Jlebast.

s murupoBanmsi: AmemomkuH M.A., Kpusomanosa E.B., KyapoB M.A. OcoOGeHHOCTH B3aMMOJEHCTBHUS KUIIKOCTH
C IOBEPXHOCTHIO B NPWIOKEHHH K TpoOiieMe o0JeeHeH sl ieTaTebHbIX anmaparoB // Hayunsrit Becrauk MI'TY T'A. 2024.
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Abstract: Managing the interaction of liquids with surfaces is of great interest over a wide range of practical applications: the
possibility of aircraft complete ice protection, a reduction of the friction coefficient by tens of percent, an increase in fluid flow in
pipes and channels; however, the models of a number of the above processes are far from completion. This paper describes the flow
modes of liquid around a hydrophobic body containing air in its pores in application to problems of aircraft icing and reducing
liquid friction when it flows around solid bodies. Analytical expressions for liquid flow in channels, where lubrication on the walls
allows for sliding, have been obtained, as well as estimates of parameters for washing away of the air lubrication layer from the
pores of the hydrophobic coating. Using examples of flow between plates and in a cylindrical pipe, the influence of the lubrication
layer thickness on fluid flow is shown, specifically demonstrating the potential increase in flow by several tens of percent due to
sliding. A physical-mathematical model has been developed for calculating the elementary interaction act of a flow molecule with a
solid body to reduce the time of molecular simulation while taking into account important physical features. New original analytical
expressions for the rebound coefficients of molecules from the surface of a solid body have been obtained, depending on its
physical properties and temperature. Interaction models have been developed using the example of water molecule and solid
aluminum body, with values of the velocity change coefficients for molecular during collision obtained. Based on an analysis of
known experimental data, the dependence of the contact angle of water droplets on a flat surface on the Debye temperature of the
material has been demonstrated. The results obtained and the developed mathematical models can be used to create coatings that
prevent or completely eliminate aircraft icing, particularly the formation of barrier ice during the flow of solidifying liquid film and
droplets on the surfaces of streamlined elements of the aircraft.

Key words: hydrophobic coatings, icing, flow modes, metastable droplets, molecular collision act, Debye temperature.
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YCCKHUX IMPOLECCCOB, COIPOBOXKIAOIMNX o6nez[e—
HCHHUC IJICTATCIIBHBIX aIlllapaTOB B IICPCOXJia-
KACHHBIX O6J'IaKaX, COACpKalInx METaCcTaOUIb-

BBenenue

Oobecrieuenre 0€30IMaCHOCTH I0JIETa — HEOO-
XOJIMMO€ YCJIOBHE BO3MOXKHOCTH SKCILTyaTalluu
Bo3nymiHoro cyaHa [1]. CorjacHO W3BECTHBIM
JAHHBIM O JICTHBIX MPOUCHIECTBUSIX PAJ aBapHii
U KaTacTpod JIeTaTeIbHON TEXHUKHU (B TOM YHC-
Jie C IOTEePSIMU YETIOBEUECKHX KU3HEH) BbI3BAHBI
obnenenenneM. MupoBasi CTaTHCTHKA IOKa3bl-
BAaeT, YTO YUCJIO JIETHBIX MPOUCIIECTBHMA, BOSHH-
KaloIMX M3-3a OIACHBIX BO3ACHCTBUN BHEIIHCH
cpenbl, B o0mieM OanaHce aBapuHHOCTU B aBHa-
MY BECbMa 3HAYMTENBHO. [0yt 3TUX mpowucIie-
crBuil pocturaetr 25-30% oT 00IIero Kojaude-
CTBa JIETHBIX MPOUCIIECTBHUM [2]. DKciepuMeH-
TaJbHBIC U TEOPETHUUECKHUE UCCIIeTOBaHUS (HU3H-

HbIE€ KAl BOJBI, IPOBOJATCSA B TeueHHe Ooiee
4yeM moityBeka [3, 4], pa3pabaTbiBalOTCS METOBI
OOpbpOBI C 3TUM HEOIATONPHUSATHBIM SIBIICHU-
eMm [5, 6]. Hcnonb3oBanue TtuUapoHOOHBIX TO-
KPBITUH NPEACTaBIIIET UHTEPEC B LIUPOKOH 00-
JACTU MPAKTUYECKUX MPHUJIOKEHHUH, B YaCTHOCTH
B 3aJa4ax HPOTHBOJEHCTBUS OOJIEIEHEHUIO Je-
TaTeJIbHBIX amnmnapaToB [7-9], mpu CHUKEHUU
TUAPOIUHAMUYECKOTO compoTusieHus [10-12],
aTakke B pAne Apyrux npwioxkeHuit [S5, 11],
B TOM YHCJIE€ HHPOPMAIMOHHO-U3MEPUTEIHHON
anmapatypsl [7, 13], a1eMeHTOB KoMIIpeccopa
neurateneit [14]. HecmoTpss Ha 3HaYMTEIBHBIC
ycrnexu B co3iaHuu (Hamp., [1-3, 7-9]) u moze-
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nupoBaHuu (Hamp., [1, 2,4, 5,7, 8, 10, 11,]) cta-
TUYCCKUX W THAPOJUHAMHUYCCKHUX (TP MAabIX
CKOPOCTSIX TOTOKAa) CBOMCTB, MpoOieMa yrpas-
JICHUSI yAapOM KpPYITHBIX Kamejb, B YaCTHOCTH
MEPEeOXJIaXKACHHBIX, B 3aJadaX MPOTUBOACH-
CTBUSL OOJICICHCHHUIO JICTATEIHHBIX aIlllapaToB
B HACTOSIIEE BpPEeMs Jajeka OT CBOETO 3aBeplile-
Hus. OTMETHM, YTO MPHU WCIIOIH30BAaHUH THAPO-
(GOOHBIX TOKPHITHI B 3a7auax yHpaBlICHUs
HAJIMITAHWEM YacTHUI[ W Karelb a’pOo30JbHOr0
MOTOKAa BaXHYIO poOib urpaer uuciao CTok-
ca[l5,16], xapakTtepusyroiiee HWHEPIUOHHOE
OCXKJEHHE YacTHUIl adpo3oiisi, U ¢popMa oOTeKa-
€MOro Tejla, KOTOpas MPUBOAUT K PA3THIUIO
CKOPOCTEH dYacTWil a’3po30Jsi U Ta3oBoil (hasbl
9TOW CpeJbl, TIPU 3TOM JIMHUHM TOKa ra30BoOH (da-
3bI (Ta3a), BOOOIIE TOBOPS, HE COBMAAAIOT C Tpa-
exktopusmMu 4actuil [17]. Yem Oosbie Yucio
Crokca, TeM OOJBIIE CKOPOCTh Yylapa mepe-
OXJIAKJICHHBIX Kallelb M HWHTEHCHUBHOCTh HX
OCaXJICHHsI Ha TOBEPXHOCTH OOTEKAeMOTO Te-
na [15]. B Gonee panneii pabote [4] mokazaHO
BIIMSIHUE TIapaMeTpa, PAaBHOTO OTHOIICHHUIO pa3-
Mepa o0TekaeMoro Teja W Kamelb, Ha 00JacTb
BO3MOKHOTO POCTa JibjIa Ha 00TEKaeMOM TeJIe.
OtmeTuM, 49TO HapsAy C OOJIACThIO TOMATAHUS
MEePEOXJIAKICHHBIX Karellb Ha MOBEPXHOCTh 00-
TEKaeMOro Teja BaXKHYIO POJIb UTPAcT 3HAUCHHE
HOPMaJIbHOW K TTOBEPXHOCTH COCTABJIAIONICH BEK-
TOpa CKOPOCTH ynaapa, TaK KaK OT Hee 3aBUCUT
MIPOHUKHOBEHHUE JKUJIKOCTH B TIOPHI TTOKPHITUS U
aIre3MOHHOE CIICTJICHUS JIbJ]a C TIOBEPXHOCTHIO.
JIBuTasICh 1O MHEPIMH, YaCTUII OCAKIAIOTCS HA
MOBEPXHOCTH 0OTEKAaEMBIX TEINl B yCIOBHUAX 00JIe-
JICHEHUS] KaK Ha BHEIIHUX AJIEMEHTaX KOHCTPYK-
[IUM JICTATEIbHBIX, TAK ¥ BO BHYTPEHHHX KaHa-
JaX, B YJApHBIX BOJHAX; B CHEIU(PUIECKUX YCIIO-
BUSAX cajJbTallMM (MOAbEMA C MOBEPXHOCTH) 4Ya-
CTHI] CHETa BO3MOXXHO OOpaszoBaHue oOJacTei
MOBBINIICHHOW KOHIIEHTPAIIMM YAaCTHI, CYIIeCT-
BEHHO BJIMAIONIMX Ha TEIIOMAacCOOOMEH Tell B
TeTePOreHHOM TIOTOKE W HEPAaBHOMEPHOCTH Iie-
pememmBanus a3 B3aUMOJICHCTBYIOIIMX IOTO-
KOB B MHKpOKaHalaX. JTHU OOCTOSATENHCTBA B
OOJBIIMHCTBE TMPAKTUYCCKUX 3a7a4 CHIDKAIOT
CKOpPOCTh yJapa YacTHIl M Kamellb a’po30isi 00
o0TekaeMoe TeJ0, YTO MPUBOIUT K 3aTPyTHEHUIO
MIPOHUKHOBEHUS BEIIECTBA YACTHUIl B TIOPHI THJ-
poOOHOTO TIOKPHITUS U CHIDKEHHIO TPOIECCOB
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9pO3UU U aOJSIIUU AIIEMEHTOB MOKphITUA. Takue
HOKPBITHSA, KaK MPaBUiIo, YPPEKTUBHO PabOTAIOT
npu HENPEBbILICHUH YHCIIOM Bebepa
(We = HpV*/G) HEKOTOPOTO KPUTHYECKOTO 3Ha-
YEeHHUs, TPU KOTOPOM COCTABIISAIONIAS KAILIH JKUI-
KOCTh HAYMHAET MPOHUKATH B TOPBI MOKPBITHSL.
3necs H — xapakTepHbId pasmep peibeda mo-
BEPXHOCTH, P — IUIOTHOCTh KHUIIKOCTH, G — KO3(-
(UIMEHT OBEPXHOCTHOTO HATSKEHUA, V — CKO-
pocTh ynapa karumi. [Ipu NMpOHUKHOBEHHUHM KHII-
KOCTH B TOpPHI TUAPOPOOHOTO MOKPHITUS MO
JICICTBHEM CHJI CKOPOCTHOTO HATopa Mpy YHCIIax
BelGepa, mpeBblaommx ero KpUTHYECKOE 3Ha-
yeHue Wegit (TO €CTh KOTIa CHIIbl MHEPIIUU KU/
KOCTH TIPEBBIIMIAIOT CHJIBI JaBICHUS MTOBEPXHOCT-
HOTro HaTshKeHus [15] Ha Kpasx mop U JaBieHUs
BHYTPHIIOJIOCTHOTO BO3/AyXa IMPH €ro CHXKaThH),
3pPeKTUBHOCTh THAPOPOOHBIX U JBI0(POOHBIX
MOKPBITUI MOXKET ObITh CHU)KEHA.

Crnenyer OTMETHTb, YTO MOJICKYJIIPHOE MO-
NEUPOBAaHME ONMCAHHBIX BBILIE TMPOIECCOB
OCJIOXKHSIETCS HEO0OXOAMMOCTBIO MOEITUPOBa-
HUSl TIOBEICHHUS MHOXXECTBA AaTOMOB IIOBEpX-
HOCTHOT'O CJIOSl TBEPZOro Tela, a TaKkKe TO, YTO
MOJIETTUPOBAaHUE  B3aUMOJICHCTBUS  MOJEKYJ
KHUJIKOCTHM WIM Ta3a C MHOXECTBOM aTOMOB
TBEPJAOIO Tejla OCIOXKHSAETCS KaK 3HaYUTENbHBI-
MU 3aTpaTaMd BBIYUCIUTEIBHBIX PECYPCOB, TaK
U CII0)KHOCTHIO COBPEMEHHBIX KBAaHTOBO-XHMH-
YeCKMX METOJOB pacyeTra COOTBETCTBYIOIINX
MOTEHLMAJIOB B3aUMOJICHCTBUS U BEKTOPOB CH-
JBI B TBEPJOM Telle, ITOCKOJIBKY MOJENb TapHOTO
B3aMMOJICHCTBUSL MOJIEKYJ M aTOMOB, BOOOIIE
TOBOpSI, HE BIIOJIHE KOPPEKTHA.

AKTyalbHOCTh HACTOAIIETO HCCIEIOBAHUSI
NPEJCTABISETCS BeChbMa BBICOKOW B CHIIy MHO-
TUX 0OCTOSITENIbCTB, KOTOPBIE OYIyT Tepeunce-
Hbl Huke. [IpuMenenue ruapodoOHBIX MOKpPHI-
TUH B OIpeNeJeHHOM JAMana3oHe apaMeTpoB
MIOTOKA IO3BOJISIET MOJHOCTHIO YCTPAHUTH 00pa-
3oBaHue Jbaa [7]. Kpome Toro, ux ucnosib3oBa-
HUE B COYETAaHHM C TEIUIOBOM MNpPOTHBOOOIIE/E-
HUTEJIBHOW CUCTEMOW MOKET CHHU3UTh €€ DHEp-
ro3arparhl U BEC U IPU 3TOM IPEAOTBPATUTH 00-
pazoBaHHMe Ha Kpbule OapbepHOTO abaa [7, 15].
[Mocnenuuit 3pdexT gocTuraercs 3a cyeT yHOca
C KpblJla TOTOKOM BO37yXa 00pa3oBaBIIMXCS Ha
nepeaHel KpOMKe Kpbla Kamenb Bojbl. OTme-
TUM, YTO CO3/IJaHUE Ha MOBEPXHOCTH OOTEKaEMO-
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rO JKUJKOCTBIO TeJa CJI0s BO3AYIIHOW WM MHOU
CMa3KH 3a CYeT yJepXKaHHA ra3a B MOpax HaHO-
penbedHOro Tena Mmo3BoysieT 3HAYUTEIHLHO CHH-
3UTh CONPOTHBIIEHUE TpeHus [17] u B psaae 3a-
a4 UHTCHCU(PHUIMPOBATh MEPEMEIIUBAHUE KU
KOCTEH MpU MaJbIX 3HAYCHUAX yncia PeliHonba-
ca[18]. B mocnennem cimydae penbed moBepx-
HOCTH OyZeT CHOCOOCTBOBAaTh «IOJKPYYHBa-
HUIO» XUJKOCTU M BO3HUKHOBEHUIO BUXPEBBIX
CTPYKTYp: B Pe3yJIbTaTe BEKTOPHI YACTHII JKUJI-
KOCTH B psjge obnacteil OyayT HampaBieHBI
HABCTpedy IpyT APYTY, UYTO CHOCOOCTBYET B3a-
UMHOMY TPOHUKHOBEHHUIO >KHIKOCTEH, B YacT-
HOCTH 00pa3oBaHUIO o0JacTeld MOBBIICHHON
KOHIIEHTPALlMU MaJIbIX YacTHIl. YTpaBlieHUE He-
YCTOWYUBBIMHA THIPOJUHAMHUYCCKUMH SIBJICHHSI-
MU TPU CBOPAUYMBAHUU >KUIKON TJICHKU B Py-
YEHKHU U paclaje Pyd4eHKOB B OTHACIBHBIC Kall-
mu [19] mnpencraBnsier uWHTEpEeC B 3aayax
yVIOpaBleHUs] TEIIOOOMEHOM M METOAaxX BHU3ya-
JIU3aluU JTaMHUHAPHO-TYpOYJIEHTHOIO Iepexoaa
HA JJIEMEHTaX KOHCTPYKIIMH JICTATEIBHBIX arma-
paToB, MPUMEHSEMBIX B a3pOrUApPOJAUHAMUYE-
CKUX WHCTUTyTaxXx. TeMm He MeHee NMPHMEHEHUE
ruApoOOHBIX MMOKPBITUHN JIJI1 CHIDKCHHS COIPO-
TUBJICHUS DJIEMEHTOB THUIAPOCPETHOW TEXHUKH
OCJIO’)KHEHO pSAIOM OOCTOSITENILCTB: Hapsly ¢
THJIPOJJMHAMUYECKIM BBIMBIBAHUEM CJIOSI BO3-
yXa MOXET UMEeTh MeCTO 00pa3oBaHHE OpraHU-
YECKUX COCIUHEHHI, MUKPOOPTaHU3MOB U MHBIX
dbopm oOpazoBaHMs pPa3TUYHBIX IJIEMEHTOB Ha
MIOBEPXHOCTH.

[To mepe BbIMBIBaHUS BO3[yXa U3 MOP peib-
epHOr0 TUAPOGOOHOTO TOKPHITHS PEKUMBI 6
7 Ha puC. 3 MOryT NEPEUTH B PEKUMBI
C MEHBIIIUM CKOJILKEHHEM 33 CUET MaJIOCTH BO3-
JiyXa B mopax TuapoGhoOHOr0 MOKPBITHS, BIIOTh
10 pexxumMa 1, Korja Bo3ayxa B mopax MmpakTude-
CKU HE OCTaeTcsl.

3aMeTHM, TOHATHUS «TUAPOPOOHOCTEY U
«15A0(OOHOCTE» BO MHOTHX AaCIEKTaX HMEIOT
OJIMHAKOBYIO (PM3UYECKYIO MIPUPOJIY, CBI3AHHYIO
MPEeXJIe BCEro ¢ penbedoM MOBEPXHOCTH U (HH-
3UKO-XMMHYECKHUMH CBOWCTBAMHU Marepuala, HO
IpPU 3TOM IPUCYTCTBYIOT pazIu4us U HEMOHO-
TOHHBIE 3aBUCHMOCTH CBOMCTB OT Pa3IUYHBIX
apaMeTpoB, KOTOpbIE CIIEyeT UMETb B BUJY.
Taxk, Hanpumep, U3BECTHO, YTO MIPH yAape mnepe-
OXJIQXACHHBIX Karelb 0 TUAPo(GoOHYyI0 MOBEpX-
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HOCTb JKUJKOCTb TI0 UHEPLIMH ITPOHUKAET B MOPHI
HOKPBITUSL TIPH JIOCTaTOYHO OOJIBIIMX CKOPO-
CTSX, a yBeIUYeHHEe oObeMa BellecTBa IpH 3a-
MEp3aHUU MOXKET NMPHUBECTH HE TOIBKO K YBEJH-
YEHUIO TPEHUS 3a CUET YBEIMUCHHs TaBICHUS Ha
DIIEMEHTHI penbeda, HO M TMOBPEAHUTH penbed
pacuIMpeHHeM >KUIKOCTH MPHU €€ OTBEP/IECBAaHUM.
B cratee [20] mpuBeneHa kiaccuUKaUs TUA-
pooOHBIX U JNBIOPOOHBIX MOKPHITUN C OMHCA-
HUEM WX Pa3nYvid M JPYTHX acCIeKTOB, aKTy-
QJIBHBIX JUIS IPUKJIAHBIX 3a1au.

Lenp HacTosmIe pabOTHI — pa3BUTHE MaTe-
MaTHYECKUX MOJIEJIEH U YUCIIEHHBIX aJITOPUTMOB
pacueta runpo(OOHBIX CBONCTB MOKPHITHIA, 3a-
BUCSIIUX OT TeOMETpuM penbeda, GU3MKO-
XUMHUYECKHX CBOIMCTB MaTepHaia, rmapaMmerpuye-
CKHE HcceloBaHMusA HOBBIX 3¢ dekToB, compo-
BOKIAIOIIMX B3aMMOJEHCTBHSI KUAKOCTH U Tie-
PEOXJIAXKICHHBIX Kallellb a3p030JIbHOTO MOTOKa
C TBEPJAbIM TEIIOM B NPHIOKEHUH K TIpodieme
00J1eIeHEeHNS JIeTaTebHbIX allapaTos.

[Ipu pemieHHH COOTBETCTBYIOIIUX IEJIU TO-
CTaBJICHHBIX 3a/1a4 MCIOJb30BaHbl METOABI Ma-
TEMAaTUYECKOT0 M KOMIIBIOTEPHOI'O MOEIUpO-
BaHUS C YYETOM aHalu3a pPe3ysibTaToB padoT
JIPYTUX UCCIIEI0BATENICH.

JAuHaMHUYecKHe XapaAKTePUCTHUKH
ruApo(po0HBIX MOKPBITHI

DddexT cHMKEHHS CONMPOTUBICHHS JIOCTH-
raercsi 3a CYeT yJAep:KaHHsI B MOpax MOBEPXHO-
CTH 00TEKaeMOro KHJIKOCTBIO TEJa CJIOS BO3MY-
Xa, KOTOPBIA BBITIOJIHSIET POJib cMazku (puc. 1).
TonmmuHa cnosi cMa3Kku s ompesensercs pa3me-
pamM# BBICTYNIOB penbe(HONW TOBEPXHOCTH L M
MOBEPXHOCTHBIMH CBOWCTBAMH, KOTOpPBIE OIIH-
CBIBAIOTCSl KpaeBbIM YIJIOM CMayMBaHUs IUIOC-
KON TIOBEPXHOCTH >KUIKOCTHIO B Bozayxe. llpu
3TOM B pe3ysbTarTe MpPUPABHUBAHUS 3HAUCHUS
KacaTeIbHBIX HANpsHKEHUI Ha TpaHUIle pasfelna
KUJKOCTH U CMa3Kd BBIPAXEHHE JUJISl JJIMHBI
CKOJIbKEHUSI UMEET CIEAYIOLIUI BU:

b= h-py/ew, V(h) = baV(h)/0y.

3HaueHue mapaMerpa b ompeiensercs MHO-
JKECTBOM IPOIIECCOB, MMECIOIIMX a’pOTHIPOIH-
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HaMMYECKYI0 M XUMUYECKYIO IIPUPOY, KOTOpBIE
3aBUCAT OT T€OMETPUUECKO (PopMbI penbedHo-
ro tema [21]. Mx wmoxmenupoBaHue Tpedyer
OOJBIINX BBIYMCIUTENBHBIX 3aTPaT U HE BIIOJIHE
OIpPaB/IaHHO IO CPAaBHEHMIO C SMIUPUYECKUMU
Metonamu. Kpome TOro, 10CTOBEpHOCTH MOjE-
JMPOBAHUS B 3HAYMTEIBHOMN CTENEHH 3aBUCUT OT
TOYHOCTH H3MEPEHUS] MHOXECTBA BXOJALIUX B
ypaBHEHMsI TapaMETPOB, MOIPEIIHOCTU OIpe/e-
JIEHUs] KOTOPBIX MOTYT IPUBECTU K HENpUeMIie-
MO OOJIBIIOMY JMANa30Hy PAacyeTHBIX 3HAYCHUH
napamerpa b. 3aMeTHM, YTO B Cllydyae yCTOWYH-
BOM TOJIIIMHBI CMAa3KH JAJIMHA CKOJBXKEHUs b
MO’KET OBITh JIETKO pacCUYUTaHA Ha OCHOBE IMpH-
BEJICHHOW BbIlIE (OPMYJBI B 3aBUCHUMOCTU OT
M3MEPSAEMON C MPUEMIIEMON TOYHOCTBIO TOJIIIH-
HBI CJIOSI CMA3KH A.

Vo

H .

A FHKHIIKOCTE

y

— ,,'
h /” CAOH CMA3KH

K

/’,

b L ot TBEPJIOE TEAO

¥

Puc. 1. Cxema CKOIBXKEHHUS )KUIKOCTH IO Pellbe(hHOMY
TBEPIOMY TeIly, IIOKPHITOMY CJIOEM CMa3KH
Fig. 1. Scheme of liquid sliding over a relief solid body
covered with a lubricating layer
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Ecnu pons cMa3ku (MHIEKC «CM») BBITIOTHS-
€T BO3IyX, a KHJIKOCTH (MHIEKC <CK») — BOJA,
OTHOWIEHUE BsI3KOCTEH ¥ = p_ /p , = 50. Or-

METHM, 4YTO B psJie CIy4yaeB IOJ BA3KOCTBIO
CMa3Ku cieqyeT MoHMMaTh 3(P(EeKTUBHYIO Bs3-
KOCTb CHUCTEMBI, KOX(P(UIMEHT BS3KOCTH KOTO-
POl MOXKET OTIMYAThCS OT KO3 (UIMEHTa BA3-
KOCTH BEIIEeCTBa CMasKW. lIpu NBMKEHHU KUI-
KOCTH MEXJy IUIOCKOCTSIMH, OJIHA M3 KOTOPBIX
noJaBWxkHa (puc. 1), a HemoJgBMXKHAasI TMOKPHITA
CJIOEM CMa3KH TOJIIUHOMN /4, BBIpaXXEHUE Ul OT-
HOUIICHUSI PACXO/0B JKUAKOCTH (C HCIOIB30Ba-
HUEM CMa3Ku U 0e3 Hee) HMeeT CIeAyIOLIUi
q _ 1-Ha+y-1¥)
Q@0 1+W-1)3
HHE CKOPOCTH B 3a30p€ OIpPEIENIeTCs] COOTHO-
HIEHUEM

BUI: , TaK KaK pacrpesesne-

u _ ptW-18

uy  1+(-1E 1

OHO mOJIy4eHO B pe3ysbTaTe PEUICHUs H3-
BecTHON 3amaunm KysTra nmis ciydas TedeHus
KHUJKOCTH TI0 MOBEPXHOCTH, MOKPBITOH CIIO0EM
CMa3Ku. 37eCh Y — OTHOILEHHUE BA3KOCTH KUJ-
KOCTH K BSIBKOCTH cMa3ku, E=h / H<1. Beipa-
KEHHE JJIs pacxoJla UMEeT BH]L

_H _ pDugH (1-D(+2y-18),
q=J, PV)dyD = === E

2)

pDuOH

GQ=q@E=0) = —

B muiockoM kaHazne BBIpaKEHHUsI I CKOpPOC-
TH U pacxoja UMEIOT BU]I

() -2+ew-1);

(1+48% —682+12(1—28)E( — 1)).

A3)

BeIpaxenue 11 CKOPOCTH MOJIYUYEHO IIyTEM pELICHUs U3BECTHOM 3anaun [lyasenns s miockoro
KaHasa. J/[Be MPOTHBOMOJIOKHBIE CTEHKH 3TOI0 KaHAJIA MOKPBITHI CJI0EM CMas3KH, a JBE APyTHe NPOTHU-
BOIIOJIOJKHBIE CTEHKH HaXOZATCS APYT OT Apyra Ha paccTosiHuM D, KOTOpoe MHOTOKPATHO ITPEBBILIAET
mupuHy KaHana H. 3neck § < 0,5 B MpeAnoNoKeHUH, YTO cMa3Ka HEe MOJKET 3aIlOJIHITh BECh TIJIOCKUI

oP _
KaHal, — =

AP /L, rneAP — nepenan AaBieHUs MEXAy KOHIIAMH TPYOBI JUTMHOM L.

Ha ocHOBe aHanmOTrMYHBIX MPOLIEAYP NOMYUYAIOTCs BBIPAXKEHUS IS [IMJIMHAPUYECKOro KaHaa:

12
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Puc. 2. OcoOeHHOCTH CKOITBKCHUS YKUIKOCTH M0 PelibeHOMY TBEpIOMY TeIy, KOTOPOE MOKPBITO CII0EM CMa3KH:

@ — 3aBUCHMOCTb TOJIIIHMHBI CIIOS BO3AyXa /i Y penbehHOM TOBEPXHOCTH B )KHUAKOCTH OT PACCTOSHHUS MEKIY BBHICTYIAMH
pesbeHOro Tena U yriia CMauuBaHHs Karlld BOJBI HA IIOCKON MOBEPXHOCTH, XapaKTEePU3YIOLIEro (pU3nuecKue CBOMCTBa
Marepuaia pensedroro tema: [ —30°, 2 —45° 3 -60° 4—90° 5 — 150°% 6 — sdpdexr namMeHeHusI pacxo/ia KUAKOCTH ¢
MEXIY IJIOCKOCTSIMH 33 CUET CJIOSI CMa3KH PA3INYHOM BSI3KOCTH: | — BSI3KOCTH CMa3KH U JKHIKOCTH OTiMyaroTcst B 50 pa3
(Boma 1 Bo3ayXx = 1/50), 2 — BA3KOCTH cMa3Kd U XuaKocTH otiudatorcs B 100 pa3 (y = 1/100), 3 — BI3KOCTH CMa3KH
1 xuarocty oTmaartes B 20 pa3(y = 1/20), 4 — BI3KOCTH KUAKOCTH U CIIOSI CMa3KH paBHEL (¥ = 1)

Fig. 2. Features of liquid sliding on a relief solid body covered with a lubricating layer:

a — dependence of the thickness of the air layer h on the relief surface in the liquid relative to the distance between
the protrusions of the relief body and the contact angle of a water droplet on a flat surface, characterizing the physical
properties of the material of the relief body: I —30°, 2 —45°, 3 —60°, 4—90°, 5 — 150°; 6 — the effect of changing the fluid
flow rate g between planes due to the lubricating layer of different viscosity: / — the viscosities of the lubricant and liquid
differ by 50 times (water and air y = 1/50), 2 — 100 times (y = 1/100), 3 — 20 times (y = 1/20), 4 — viscosities of the liquid

and the lubricating layer are equal (y = 1)

Vo) =S 120 —y(1-(1-2)a-p2a-ma -2 ); @
q =y " pvanrdr =T (1 - (1 - 20 - (1-3) A - (1 - D) 5)

[Ipu BBIBOAE BBIpaXXEHUS JUIsl pacxoda Kuj-
KOCTH HCIOJB3YETCA JOIyIIEHUE, YTO CJIOU
CMa3K{d HE€ BBIMBIBA€TCS MOJ ACHCTBUEM Kaca-
TEJIbHBIX HaINpsDKeHU. [JaHHOe mpeanoioKeHne
BIIOJIHE OINPABJIaHHO MO KpailHEel Mepe B Teue-
HUE KOPOTKOIO BPEMEHM JBW)KCHMS JKHJIKOCTH
M0 TIOBEPXHOCTH, Ha KOTOPOW 00pa3zoBaH CIOH
BO3IyIIHOM cMa3ku. Kpome Toro, naxe npwu
JUTUTEIIBHOM JIBUKEHUU JKUJKOCTHU MO TaKOH Mo-
BEPXHOCTH CJIOW BO3IYLIHOW cMa3ku Oyner cTa-
[IUOHAPHBIM TpU OOJBIION pa3HUIE TEMIEPATYP
XOJIOAHOW >KMJIKOCTH ¥ HarpeTord MOBEPXHOCTH.
Pe3ynbrathl pacueToB npUBEAEHBI HA PUC. 2.

Ha puc. 3 noka3aHbl pexuMbl B3auMoJIEH-
CTBUS KUAKOCTU C pelbeHBIM TEJIOM, B MOpax
KOTOPOTO HAaXoauTcsa Bo3ayX. Pexum 1 orpaxka-

13

€T MPAKTUYECKU IOJIHOE OTCYTCTBME ra3a B IO-
pax, B CTAaTHYECKUX YCIOBHUSIX 3TO COOTBETCTBY-
€T M3BECTHOMY cocTosiHUI0 Benuens. Pexu-
MBI 2—3 XapaKTepu3yloTcs HEOONbIINM KOJINYe-
CTBOM BO3/lyXa M JBHXCHHMEM XHJIKOCTH C 3a-
MKHYTBIMH JJHHUASIMU TOKa BHYTPH TOPBI THIPO-
¢dobHoro mokpeiTua. Mx ornuyaer dopma Mme-
HHCKa, 3aBHUCSIIAs OT CMA4MBaHUS >KUIKOCTHIO
CTEHOK mop. Pexumbl 4-5 Xapakrepusyrorcs
NPaKTUYECKH IOJIHBIM 3alOJIHEHHEM TOop TH-
pohoOHOr0 MOKPHITUS BO3/yXa U TaK ke, KaK U
pexuMbl 3—4, OTIMYAIOTCS IPYT OT Apyra ¢op-
MO MeHHuCKa. OTH pexuMbl (4-5) BHeENIHE
HAIIOMUHAIOT W3BECTHOEe cocrosiHne Kaccu u
Bakcrepa, koTOpoe OmMCaHO MMHU Ui Cilydas
HETIOABIDKHOW Karli Ha peabeHOM TBEpIOM
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Puc. 3. CxeMa pexXuMOB JBIKEHHS KUIKOCTH T10 TTACTHHE, B TIOPAX KOTOPOM HAXOIMUTCS BO3IYX
Fig. 3. Diagram of liquid flow modes over a plate in the pores of which air is present

tene. Pexxumbl 6 M 7 HEyCTOMYMBBI U MOTYT
OBITh peayr30BaHbl IPU OOJIBIION pa3HUIIE TEM-
nepaTyp TBEpIAOro Tejla U JKUAKOCTH, KOTOopas
IPUBOJIUT K UCHAPEHUIO XKUAKOCTU U o0pa3oBa-
HUIO Ta30BOro cjost [22]. DTOT cloW CHMXKAET
TETII000MEH KHUIKOCTH C TBEPABIM TEJIOM 3a CUET
u3BecTHoro >¢dexra Jleiinendpocra (Hampumep,
B 3a/lauyax OXJIXJECHUS Tella KHUJIKUM XJaJarcH-
TOM) U TPUBOAMT K CHIKEHHIO THAPOJMHAMHYE-
CKOT'0 CONPOTHUBJIEHHUS 3a CUET TOT0, UTO BSI3KOCTh
razoo0pa3Horo cjosi, Kak MpaBUJIO, HA TMOPSAIOK
MEHbILIE BSA3KOCTH KXUAKOCTH. OTMETHUM, UYTO B
cllyyae CTYNEHYaTOro W HalpaBJICHHOTO B OJIHY
CTOPOHY CTYIIEHEK pelibe()a BO3SMOXKHO JIBUKEHUE

9R%Ny 1
Aa?(T) = —2
4kg pabp
N3 3T0ro BeIpake€HUsI MOKHO OLEHHUTH KpY-
TOBYIO 4acTOTy KojeOaHHi aTOMOB KPHCTaJLIH-
V3RoTw/Ha
Aav2z
Ha puc. 4 nokasansl TemneparypHble 3aBU-

CHUMOCTH aMIUTUTYAbl KojeOaHWH, XapaKTepHbIX
TEIUIOBBIX CKOpPOCTEH KojeOaHWil aTOMOB KpH-
CTAJLIMYECKON PEIIETKH AIIOMHHHS U COOTBET-
CTBYIOILIUX YACTOT.

BeipaskeHue g CKOPOCTH OTPAKEHHBIX OT
MOBEPXHOCTU MOJIEKYJI OyAeT HMMETh CJeryro-
I BUL:

YECKOM PEIIETKU: W =

if1_HAY, 2 HA ;
\'% ( m )+\/§ m (n+21)Aawsinwt

Vr = 1+H_A (7)
n

(1+4( ) fT

xdx

KalleJlb [0 TOPU30HTAIIBHOM MOBEPXHOCTH 32 CUET
pa3HUIIbl JaBJIECHUI y TpaHULl Kareab BOJIN3U JIu-
HUM, TPOXOJAIIEH Yepe3 LEHTp Kalelb NEepIeH-
JUKYJISIPHO CTyNeHbKaMm moBepxHocTu [22]. [Ipu
JBYO)KEHUHM SKUIKOCTU IO TOBEPXHOCTH B BUIE
IUICHKU TIOCJHENHAs pacnajaercss Ha pydeHKH,
a pyueiiku 3aTeM Ha Karuii (HeyCTOHYMBOCTH Pa-
nest — [1naro).

Jlia onpeneneHus CBOMCTB MaTepuana TBEp-
JIOTO TeJla 3aBUCUMOCTh MapaMeTpoOB KoJeOaHMi
KPUCTAJZIMYECKON PELIETKH OT TeMIIepaTyphl
JlebGas, MonsipHON Macchl M BHEILIHEH TeMIepa-
TYpbl MOXET OBITh paccuMTaHa COIJIACHO Clie-
IyIOIIEMy BeIpaxeHuto [23]:

9hZNy 1

14

ex—l) B

(1+202 ) 25) ®)

4kp paY

JlaHHOE BBIpaKCHHE TO3BOJISCT Y4YECTh Tell-
J000MEH TOTOKa C TMTOBEPXHOCTHIO U 3HAYUTEIb-
HO COKPAaTHTh BPEMs pacueToB, IMOCKOJIBKY MO-
JEUPOBAHKUE KAXKIOTO U3 B3aUMOICHCTBYIONINX
MEXTy COOOM M C MOJICKYJIaMH ITOTOKa aTOMOB
o0TekaeMoro Tena TpedyeT KOJOCCATbHBIX BBI-
YUCIIUTEBHBIX pecypcoB. [Ipu BBIBOIE TaHHOTO
BBIPQXKCHUS HE YYHUTHIBAIOTCS (U3HKO-XUMHU-
YECKHE TPEBpAIICHUS B Pe3yJIbTaTe B3aMMOJICH-
CTBUSI MOJIEKYJI KaK yIPYTHX IIapOB M MPHU B3a-
MMHOM OOMEHE HMMITYJIbCAMH, YTO MOXET OBITh
BIIOJIHE ONPABJIAaHHO B 3a/ladaX OTCYTCTBUS (u-
3MKO-XMMHYECKUX U (Ha30BBIX IpEBpalleHUN
IpU MOJEIMPOBAHUM B3aUMHOTO OOMEHa WM-
MyJIbCOM M SHEPTHUEH IMOTOKA C MOBEPXHOCTHIO.
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Puc. 4. TemneparypHas 3aBHCHMOCTB ITapaMeTPOB KoJIeOaHMT aTOMOB TBEPIOTO Tella (ATFOMUHUS ), KOTOPhIe OTHECEHBI K
COOTBETCTBYIOIINM 3HaYCHHSIM TpH HyJ1eBo# (1o Llenbcuio) Temmeparype
Fig. 4. Temperature dependence of the parameters of atom vibrations in a solid body (aluminum), which are related to the
corresponding values at zero (Celsius) temperature

3mech oHa KOMIIOHEHTA 10 HOPMAaJU K TI0- Ha puc. 5 moka3aHbl 3aBUCUMOCTH KO3 u-
BEPXHOCTH (BEKTOP # UACHTHYEH OPTY j), IBE TIO IIMEHTOB OTCKOKAa MOJIEKYJ OT TMOBEPXHOCTH B
KacaTeabHOU (BEKTOp T UACHTHYEH OpTaM i U k): 3aBUCHUMOCTH OT CKOPOCTH yAapa U MaTepuaia

MTOBEPXHOCTH.
i _HAY, 2 HA ;
Vn(l m )+\/§ m Aawsinwt
L 1+HA ? 14— 2 RoTw sinwt
" too” "u/mA—1v 20A Vi sinal
if HA). 4HA ) gx _1| 1 [RoTw sinwt ’
VT = VT(l_T)+\/§ N Aawsinet (8) "H/ua-14 20A VE cosal
T 1+EA '
n
1 JRoTw/ia
Orcrofa BbeIpakeHUe Uit KOI(P UIUEHTOB <tgd > = "WraTIV sinal (10)
U3MEHCHUSI CKOPOCTH OyIeT UMETh CIICAYFOLIHi 1 JRoTw/ia '
ReT/2iE H/HA 121! cosal
1- E+Ev 0 Asmmt
BUIL dp = 1+§ . Yepeanss 1o spe- Otcrona aJist alFOMUHUS HETPYIHO MOJTYYIHUTh
1-E4ER32 2RoT/ 1A CcBs13b yruia oTpakeHust @ (unpexc r — reflected —
o i .
MeHH, mOIyduM < @, > = ' ngameHHLIH) C yIJoMm majeHus a (MHIEKC I —
1+E incident — mamarommif):
[Tpu 5TOM BBIpa)KE€HUE OTKIOHEHUS OT CPEIHETrO
J2RoT
3HAYCHHS UMeeT BUA 6a, = ilo—/uA sinad + 2 RoTw/iA
1+§ V'cosal r Vi(u/pa-1)
tga” = \

AHaJOTHYHbIE TOCTPOCHUS MOYKHO TIPOBECTH cosa + 3 RoTw/ha

u s ko3 duimenTa u3MEHeHHsT KacaTelbHOU vir/ua=1) et

: 6y Rg 4
KOMITOHEHTBI BEKTOpa CKOPOCTU MOJEKYJbI MpU , _ sina +V—}”A
. JUIA allIOMUHUA:. tga’ = — .
yaape o MOBEPXHOCTh: cosai +2 onw/uA

JR
(1 HA)+2LLA of/2 uAsmcn)t
kvl sinad ©) Cpennee 3HaYEHHE CKOPOCTH OTPAKECHHBIX
a, = . .
T 1+HA MOJIEKYJI OyIeT UMETh CIIEIYIONTUI BU/I;:

n

15
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Puc. 5. Pacuet k03 HUIMEHTOB M3MEHEHHSI CKOPOCTH MOJICKYJIbI BOJIBI TIPH €€ yIape M0 HOPMAJIK K MOBEPXHOCTH
IUTOCKUX TBEPIBIX TEIN U3 pa3IMYHBIX MaTepHanoB mpu temreparype —10 °C:

@ — 3aBUCHMOCTb OT CKOPOCTH yJlapa CPeJHUX 3HaueHNH K03 OUIIMEHTOB N3MEHEH S CKOPOCTH MOJIEKYJI IIPU UX yJaape O
Tela U3 Pa3IMYHbIX MaTepHAJIOB; 6 — 3aBUCHMOCTh OT MOJISIPHOW Macchl (Marepuala TBEpAOro Teja) MaKCUMAaJIbHOTO
OTKJIOHEHUSI OT CPE/IHEro 3HaUeHUsT KOAP(UIIMEHTOB M3MEHEHUsI CKOPOCTH TP PA3IMYHBIX 3HAYCHUSIX HAYaIbHBIX
CKOpOCTEH yapa MOJIEKYJI O TIOBEPXHOCTh (CKOPOCTH 0003HaUEHBI Iidpamu B M/C)

Fig. 5. Calculation of the coefficients of change in the speed of water molecules upon impact normal to the surface of flat
solid bodies made of various materials at a temperature of —10 °C:

a — dependence on the impact velocity of the average values of the coefficients of change in the speed of molecules upon
their collision with bodies made of different materials; 6 — dependence on the molar mass (solid body material) of the
maximum deviation from the average value of the coefficients of change in speed at various initial impact velocities of
molecules against the surface (velocities are indicated by numbers in m/s)

vi(1-H8)4 50 BRI, s

1+EA
n

<V >=

(1D

B Oe3pa3MepHOM BUJE MOITYUHIIH:

Mi(1-p+2A [FTug

1+§
Jy4eHO MyTeM JelieHus BeipaxkeHus (11) Ha xa-

pakTepHOe 3HaUE€HUE CKOPOCTHU 3BYKa /YR, T /L.
[[BeTOM Ha pUCYHKE NOKa3aHbl 3HAYEHUSI 3TOTO
napametrpa ot 0 g0 1.

Ha puc. 6 u 7 mpuBeneHbl WUIIOCTpalUU
pacueToB IapaMeTpPOB OTCKOKA MOJIEKYJ OT IO-
BepxHoctu. Ha puc. 6 mokazaHa 3aBUCUMOCTH
CPEIIHEro yrIjla OTPaKE€HUs OT yTria MaJeHUs MO-
JIEKyJIbl BOJIBI HA YUCTOE TBEPJOE TEJIO U3 aAJIFO-
MuHHus. Ha puc. 7 nokasaHa 3aBUCUMOCTb OTHE-
CEHHOM K CKOPOCTH 3BYyKa CpPEJHEro 3HAYEHUs
CKOPOCTH OTCKOKA MOJIEKYJIbI OT IMOBEPXHOCTU
< V" >/YRoT/u B 3aBUCUMOCTH OT Iapamerpa
M' (oTHOLIEHHE CKOPOCTH yaapa MOJEKYJbl K
CKOPOCTH 3BYKa B OKPECTHOCTU O0JIaCTH yJlapa,
pa3Mep OKpPECTHOCTH 3HAUYMUTEIbHO IPEBBILIACT

<M >= . DTO BBIpaKEHUE TI0-

16

JUIMHY CBOOOJHOr0 mpoOera MoJIeKyJl BOJISHOTO
napa npu temneparype —10 °C), oTHomIeHus
TEeMIepaTyp MOBEPXHOCTU K TeMIlepaType Imapa
u ko3 urmenta § = ua/U, paBHOTO OTHOIIICHHUIO
MOJIIPHBIX Macc MaTepuaya TBEpJIOro Teia [a U
nasiarouiei Ha Hero MoJIeKyJIbl U.

OTmeTuM, YTO 3TU MOJIENIH MOTYT OBbITh NPH-
MEHHMBI B 3aJayaX, B KOTOPBIX KHHETHYECKas
SHEprus MOJEKYJ MPH yaape ¢ aTOMaMu TBEPJIO-
ro Tejla 3HAYUTEIbHO NPEBBIIACT MX MOTEHLH-
AJIbHYIO DHEPTUI0 B3aUMOJEHCTBHSI, Korna Oonee
CYLIECTBEHHO MPOSBIAIOTCA 3PHEKThl MHOroYa-
CTUYHOTO B3aUMOJEWUCTBUS MEXKIy MOJIEKYJIaMH.
Kpome TOro, B Hactosimem HccieAoBaHUU Mpe-
HeOperaeTcs NpoleccaMu MIEKTpU3alud U pas-
JIeTICHUs] 3apsiloB IPU B3aMMOJCHUCTBUU Karleslb
WU TIOTOKA KHUIKOCTH C TBEPJIBIM TEJIOM.

Kpucrannuzanus kamenb Opu yaape MMeeT
MECTO TIPW TPEBBIIIEHHH KPUTHYECKOTO 3HaYe-
HHS CKOPOCTH yaapa V', TemmepaTypHasi 3aBH-
CUMOCTh KOTOpOTO ToJiydeHa B pabote [24]:

v =0(1-7/T)"""°. 3necs
crerieHn ¥ 3HadeHue U™ = 8,9 cMm/c moydeHs! pa-

IIOKa3aTcCJIb
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Puc. 6. 3aBucuMocTh yria oTpaXkeHHs OT yIjla HaJeHUs] MOJIEKYJI Ha 00TEKaeMyIo IIOBEPXHOCTH TBEPIOTO TEJIa;
0 — cpeaHuUe 3HaUCHHMS Yucia KO3()(HUIIMEHTOB BOCCTAHOBIICHHUS CKOPOCTH OTPAXKEHHBIX MOJIEKYT
Fig. 6. Dependence of the angle of reflection on the angle of incidence of molecules on the streamlined surface of a solid
body; 6 — average values of the number of speed return coefficients of the reflected molecules

Puc. 7. 3aBucuMocTh cpeiHEro 3Ha4YeHus 0e3pa3sMEPHOM CKOPOCTH OTCKOUMBIIMX OT OBEPXHOCTH TBEPOTO TENA
Mostekysn < M™ > ot Ge3pasmepHBIX mapameTpoB M' (110 cMbIciTy 030K ynciy Maxa) nagaromux MOJIEKyJI, OTHOLIEHHS
TEeMIIEpaTyp HOBEPXHOCTH K TeMueparype notoka 7,/7 u ot mapamerpa & = pa/p
Fig. 7. Dependence of the average value of the dimensionless velocity of molecules < M" > rebounding from the surface
of a solid body on the dimensionless parameters M' (which is conceptually similar to the Mach number) of the falling
molecules, the ratio of surface temperatures to the flow temperature 7/7 and on the parameter & = u A/u

HEe SKCIIEPUMEHTANILHO [24]. 3aMeTuM, 4To Mak- BECHOCTh JBYX(a3HOTO TOTOKA IO CKOPOCTH
CHMaJIbHOE 3HA4YeHHE HOPMAILHOW KOMITOHEHTBHI WIM MHEPLUUOHHOE OCaKACHUE Kalelb Ha II0-
ckopoctr V" ynmapa Kamenb O TOBEPXHOCTB BEPXHOCTH oOTekaemoro tema, V,, — CKOpPOCTh
MOKHO OIHUCaTh MpUOMMKEHHOH (opmyoit [16] JBIDKEHUST oO0TekaeMoro Tena. Takum oOpazom,
y;max = exp(—1/4Stk). 3nech Stk = vpp? _— JUTSL KPUCTAJUTH3AIIAN TTePEOXIIaXACHHBIX Karleb
Veo 18Ru IpU yJape O MOBEPXHOCTh HEOOXOAUMO BBITION-
g0 Crokca, KOTOpOe XapaKTepH3yeT HEpaBHO- HeHHUe CIIe/YIOMero HepaBeHCTBa:

17
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Ur(1=1/7,) """ <V, exp(—1/4Stk) = /"‘I’Je: exp(—1/4Stk).

2 -7/5
Taxum o6pazom, mpu We < @ (1 -T/ Tf) / 28%/e xamm OCTaHYTCS KUJIKUMHU.

DOU3NKO-XUMHUYECKHE XaPAKTEPUCTUKH
HEOKCHIAMPOBAHHBIX METAVIHYECKUX
MOBEPXHOCTEH

Ha ocHOBaHMM SKCIIEPUMEHTATBHBIX JaHHBIX
cTathM [25], T/ie B Ka4eCTBE MOJJIOKEK HCIOJIb-
3oBaiuch Ag, Au, Cu, Fe, Nb, Ni, Sn, Ti, u W,
ObLTa BBISIBIICHA JTMHEIHAs 3aBHCHUMOCTH MEXIY
aTOMHBIM PAJMYyCOM D3JEMEHTOB TMOJUIOKKH U
VIJIOM WX CMayuBaHUS BOJIOM. ABTOPHI MOTYyYH-
nu ypaBHeHue 0 = —0,582 - rp + 148 nns oneHku
yrila CMauuMBaHUs AUCTUIUIMPOBAHHOW BOJBI Ha
MOBEPXHOCTH METAJJIOB U TOJYMETaJUIOB Tal-
munbsl MenneneeBa. PacueTHble 3HaueHUs MOA-
TBEPXKIAIM W3MEPEHHEM yTiia CMAauuBaHUS Ha
(Al, Si, Hg, Mo). B nanHoii yactu paboTsl Obla
MoJIydeHa 3aBUCUMOCTH yrja cMaduBaHus O ot
temmeparypsl [lebast Tp, KOTopasi ONMUCHIBACTCS
BeIpakenuem 0 = 17,1 - In(7p) — 28,4 (uHTEpIIO-
JSAUUS  SKCIIEPUMEHTANBHBIX JaHHBIX). Camoe
6ompinoe 3HaueHue 0 = 95,6° — y 6epuuus (Be)
npu Tp = 1463 K. Takum oOpa3om, MeTaminde-
CKasi TIOBEpXHOCTh Be sBisiercs ruapodoOHOM
o omnpeneieHuo. HanMeHpmuii yron cMadynBa-
Hus 46,2° HaOII0JaeTCsl Ha TIOBEPXHOCTH CBHH-
ua (Pb) mpu 7p = 88 K. Ha rpaduke (puc. 8) mo-
Ka3aHO, YTO YroJl CMauuBaHUS 3aBUCUT OT TE€M-
nepatypsl [ebas. [Ipu qoctmxeHnn temmnepary-
pbl Jlebas Bo30y:kIaroTcs BCE HOpPMaJbHBIE KO-
nebaHusd KPHUCTAUIMYECKUX PEIICTOK U Jlajb-
HeHIllee TOBBIIICHUE TEMIIEPATypbl HE MOMKET
MPUBECTH K YBEIMUYEHHUIO YUCIIA MX KOJICOAHU.
[ToaTomMy 3HaYEeHHE yTJIa CMauYUBaHUs Takxke Oy-
JIET 3aBUCETh OT XapaKTePUCTUYECKOM TeMIiepa-
Typbl, KOTOpasi pa3rpaHUYMBACT KIACCHYECKYIO
U KBAaHTOBYIO 00JaCTH TEMIEpaTypHOIl 3aBUCH-
MOCTH TeruioeMkocTu. Ha puc. 8 mokazana tem-
nepatypHas 3aBUCUMOCTb KpaeBOro yrja cma-
YUBAHMS KaIUTH BOJBI HA IJIOCKOW MOBEPXHOCTH
TBEPAOrO Tejda OT €ro TeMIepaTyphl. 3aBUCH-
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MOCTb yTJia CMayuBaHUs 0 OT aMILTUTY/IbI KOJe-
Ganmii (2, A) aTOMOB METAILIOB ¥ TOTyMETALIOB
UMEeT BHJ MNPSAMOW JUHUU W ONMUCHIBAETCS
0=-178,la + 94,0. Ha puc. 9 BunHa obparHas
3aBUCUMOCTh — 4YeM OOJbIle aMIUIUTya KOoJe-
OaHMii aTOMOB B KPHUCTAJUIMUECKUX pPEIIeTKaxX
anemenTtoB (Pb, Ag, Al, Zn, W, Fe, Ni, Ge, Cu,
Si, Be, Au, Nb, Sn, Ti, Mo, Hg, C (rpadur)),
TeM MeHbIe OyAeT yroia cMmaunBanus. CpaBHe-
HUE 3THUX IOJIJIOKEK MOKa3bIBaCT, YTO HAMMEHb-
M yroJ cMaduBaHUs OyJIeT Ha CBHHIIOBOU
nooxkke(0 = 46,2°) mpu MakCUMaIBHON aMm-
IUTUTYIe KoJieOaHUW aTOMOB, a MaKCHUMAaJIbHBIN
Oyner Ha momioxke u3 Oepwmus (0 = 95,6°)
P MUHUMAJIBHOW aMIUIUTYIe KOJeOaHWid aTo-
MOB. OTMETHM, YTO MpPHU TEMIEPAType OKpYKa-
tomer cpensl 7 = —10 °C konebaHus aTOMOB B
METaJlJIE MaKCHUMallbHO OYyIyT OTIWUYaThCS B
3,3 paza. B mopsiake BO3pacTaHUsl aMIUIUTYbI
KoJie0aHUN aTOMOB DJIEMEHTBHI MOXHO PaCIOJIO-
KUTH clenytonum oopaszom: Mo, W, Ni, Be, Fe,
Si, Ge, Ti, Nb, Cu, Au, Ag, Al, Zn, Sn, Hg, Pb.
[TomyueHHbIE pe3yabTaThl MOTYT OBITH HCIIOJIb-
30BaHbI B 3a7]auax CO3/IaHUS TMOKPHITHS OOIIMB-
KM 3JIEMCHTOB KOHCTPYKIIMH JIETaTEIhHBIX arl-
nMapaTroB B LEISIX MPOTHBOJACHCTBUS OONEICHE-
Huto. Kpome Toro, mpu mosnere B YCIOBHSIX
OOMJIBHBIX OCATKOB — KOTJa a’pOJIUHAMUYECKOE
Ka4eCTBO CHIDKACTCS Ha HECKOJIBKO JIECSITKOB
MpOIEHTOB [26] 3a cueT oOpa3yromerocst U pac-
MaJaloNMIEerocsi Ha PyYeUKH W KaIulk CJIOS TUICH-
KM, TOKPBITUS C YBEIMYEHHBIM CKOJIbKEHUEM
MOTYT OBITh BeChbMa akTyalbHBL. VX HCTONB30-
BaHUE MMOMOKET CHU3UTh KOJMYECTBO BOJIBI Ha
MMOBEPXHOCTH JICTATEIIBHBIX alapaToB, BKIOYAs
OCCIMIIOTHYIO TEXHUKY, TEM CaMbIM TIOBBICHB
a’POJIMHAMHUYECKOE KadyeCTBO W JpYyrue mapa-
METphl JIETATEJIBHOTO aIlapara, Ha KOTOpbIE
OCQJIKH BIUSIOT HEOJIArONMpHUsATHO.
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Puc. 8. 3aBucumMocTs yriza cMaunBaHus OT Temrepatypsl Jebdas s Pb, Ag, Al, Zn, W, Fe, Ni, Ge, Cu, Si, Be, Au, Nb, Sn,
Ti, Mo, Hg, C (rpadur)
Fig. 8. Dependence of contact angle on Debye temperature for Pb, Ag, Al, Zn, W, Fe, Ni, Ge, Cu, Si, Be, Au, Nb, Sn, Ti,
Mo, Hg, C (graphite)
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Puc. 9. 3aBucuMoOCTh yrila CMAaYHBaHUS OT AMILUTHTYTBI KOJICOAHUI aTOMOB MeTaILIOB U monmymerainioB (Mo, W, Ni, Be, Fe,
Si, Ge, Ti, Nb, Cu, Au, Ag, Al, Zn, Sn, Hg) mpu —10 °C
Fig. 9. Dependence of the contact angle on the vibration amplitude of metal and semimetal atoms (Mo, W, Ni, Be, Fe, Si,
Ge, Ti, Nb, Cu, Au, Ag, Al, Zn, Sn, Hg) at —10 °C

3akiroueHnue

[IpoBeneHbl HccaeoBaHUs IpOIEcca B3aH-
MOJICHCTBHSA JKUAKOCTU C TEJIAMH, KOTOpBIE II0-
KPBITHI THAPOGOOHBIM CIIOEM: OMHCAHBI PEKUMBI
B3aUMOJICHCTBHS JKUIKOCTH C PEIbePHBIM Te-
JIOM, TIOJly4eHBI OIEHKH IapaMeTpoB (usnye-
CKUX BEJIMYWH, B YACTHOCTU BJIHMSIHUS TOJIIUHBI
CIIOSI CMa3KHM Ha pacrpeiesieHne MpoQuis CKo-
pocTH B morpaHudHoM cioe. [Ipu sTom momyye-
HBl aHATUTHYECKHIE BBIPAYKCHUS, TOKA3bIBAIOIINE
3pPEKT CHIWKEHUS PAcXoAa XKHUIKOCTH B TUIOC-

19

KOM ¥ IWIMHAPHUYECKOM KaHajlaX MEeXay IUIOoC-
KOCTSIMU B 3aBUCHUMOCTU OT OTHOILEHHUS BS3KO-
CTH CMa3KU K BSI3KOCTH >KMJKOCTU M TOJIUHBI
cnosi cMazku. CHM)KEHHE CONPOTHUBIICHUS KU-
KOCTH, IBUXKYIIENCS 10 MOBEPXHOCTHU JIETaTENb-
HOTO ammapara, CIoCOOCTBYeT €€ CAyBY IOTO-
KOM BO3/yXa M, KaK CJEJICTBUE, NMPENSATCTBYET
oOpa3oBaHuto OapeepHoro inpaa. IlomyueHs
OLICHKM XapaKTepHOrO0 BPEMEHMU BBIMBIBAHUS
durona U3 Mop penbepHOro Tena, B YaCTHOCTU
BpeMs BBIMBIBAHUSI BO3/yXa, COJAEpIKAIlerocs B
nopax ruapooOHOro Ttena, MO MOBEPXHOCTU
KOTOpPOr0 TE€UYeT BOAA. JTO BAXKHO YUYHUTHIBATH
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MpU MOJEIMPOBAHUU TEKYIIEH MO MOBEPXHOCTH
JIETaTEeIBbHOrO ammnapara XHJIKOW IUIEHKH, IO-
CKOJIBbKY 3¢ (EeKT CHIDKEHHS pocTa OapbepHOro
JbJa Ha KpbLIE JIETATEIbHOTO ammnapaTa yMEHb-
[I1aeTcs MPU BHIMBIBAHUU Ta3a U3 MOP MOKPBITHUS.
[Tokazano BiausiHue Temrepatypsl [lebas Ha Kpa-
€BOM yroJ CMauMBaHUS Ha IJIOCKOW MOBEPXHO-
ct: 0=17,1 - In(Tp) — 28,4; npuBeaeHo BO3-
MOKHOE OOBSICHEHHE BIHUSHUA OCOOEHHOCTEH
Kojie0aHUI aTOMOB KPUCTAJTIMUYECKON pPELETKU
ruipopoOHOTrO Tena Ha KpaeBoOi yroil cMaduBa-
HUS. OTa 3aBUCHMOCTh MOXET OBITh HCIOIB30-
BaHa MpHU BBIOOpPE MaTepHasa MOKPBITUS OOIINUB-
KM JIETAaTEIbHON TEXHUKHU IPAXKIAHCKOW aBUALIMHI
('A). PasButa Monenb 3IEMEHTApHOTO akTa
B3aMMOJICHCTBHUS MOJIEKYJ >KUJKOCTH C TIOBEpX-
HOCTBIO TBEPJOTO TeJa U3 Pa3NIUYHBIX MaTepHha-
JIOB, TOJTYYEHBI OPUTUHAIBHBIC BBIPAKEHUS IS
KOA(PHUITUEHTOB OTCKOKA MOJIEKYJ OT TOBEPX-
HOCTH, IIPOBEJICHBI MapaMeTPUUYECKUE HCCIIEI0-
BaHus. Monenn ko3 UIIMEHTOB OTCKOKA I03-
BOJIAIT COKpPATUTh BpEeMs pacueTa B3aWMOJCH-
CTBUS MOTOKA C TBEPABIM TEJIOM, COXPAHSS MpHU
ATOM OIKCaHUE OOMEHA UMITYJILCOM U dHEpruei
MEX/1y MOJIEKYJIaMH MOTOKa U aTOMaMU TBEPJO-
ro Teja. TU MOJENTU MOTYT OBITh HMCIIOJIB30Ba-
HBI TIPU pacyeTax JbA0(POOHBIX U THAPOPOOHBIX
HOKpBITUH 251eMeHTOB ['A.
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Mathematical model of the process for diagnosing defects in aircraft
structure elements made of composite materials
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Abstract: The scientific article is the result of a study aimed at creating a mathematical model for diagnosing defects in aircraft
structural elements made of composite materials. Its feature is an innovative approach to assessing the probability of defects and
their characteristics, based on the analysis of the material properties and technical parameters of the structure. The developed model
combines methods of statistics, mathematical modeling and data analysis, which provides more accurate and reliable results. The
findings obtained from the study may be of great value in improving diagnostic and quality control methods in aircraft
manufacturing and operation. This in turn helps to improve the safety and reliability of aircraft, which is one of the main priorities
of the aviation industry. The use of mathematical modeling can significantly increase the efficiency of diagnostics and quality
control, which in turn has a positive effect on the technical operation of aircraft as a whole. Comprehensive analysis of defects in
aircraft composite structures is effective in improving detection accuracy and optimizing maintenance. In modern aviation, where
safety and reliability are crucial, the use of mathematical modeling provides the opportunity not only to identify defects, but also to
predict their further development, providing preventative measures. This approach also improves aircraft productivity by reducing
maintenance and repair time, which can ultimately increase airline revenues. Standardization of diagnostic processes and the
introduction of new technologies in the field of defect detection represent important directions for future research. However, it is
also necessary to consider the cost-effectiveness and practical applicability of the developed models and methods.
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MaremaTnyeckasi MoAeJb MPOLECCa TUATHOCTUPOBAHUA Ae(PEeKTOB
3JIEMEHTOB KOHCTPYKIMHA BO3AYIIHbIX CYJA0B, BHINIOJHEHHBIX
U3 KOMIIO3MIIHOHHBIX MATEPHAJIOB

H.A. I[aBLIIlOBI

1 . g .
Canxkm-Ilemepbypeckuii 20cy0apcmeeH bl YHUBEPCUMen cpaicOaHCKoU aguayuu UMeHu
Inasnoco mapwana asuayuu A.A. Hosukosa, 2. Cankm-Ilemepoype, Poccus

AnHoTanms. Haydnast ctates sSBIsIeTCS pe3yIbTaTOM HCCIICIOBAHN, HAIIPABICHHOTO Ha CO3/IaHME MaTeMaTHYECKON MOJIEIH JUIS
JIMAaTHOCTHKA JE(EeKTOB SJIEMEHTOB KOHCTPYKIMM BO3AYIIHBIX CYIOB, H3TOTOBJIEHHBIX M3 KOMITO3WIIMOHHBIX MAaTEpHAIOB.
HccnenoBanue OTaM9aeTCs HOBATOPCKUM TIOIXOIOM K OLIEHKE BEPOSTHOCTH BO3HUKHOBEHMS NE(EKTOB M MX XapaKTEPHCTUK Ha
OCHOBE aHAIN3a MATCPHAIBHBIX CBOMCTB M TEXHUYCCKUX MAPaMETPOB KOHCTPYKIMH. Pa3paboTaHHas MOfIelib OOBEAMHSET B ceOe
METOJIbI CTATHCTHUKH, MAaTEeMAaTHYCCKOrO MOJICIMPOBAHMS M aHAIW3a JAHHBIX, YTO IO3BOJLSICT IMOJYYHTh OOJiee TOYHBIC U
HAJICXKHBIC pe3ybTarhl. [10TydeHHbIC B XO/IC MCCIICIOBAHMUS BBIBOJIBI MOT'YT OBITh BEChbMa IICHHBIMH JUIsI YJIyUIIICHUS METOZIOB
JIMArHOCTUKM W KOHTPOJISI KauecTBa B IIPOLIECCE MPOM3BOACTBA W DKCIUTyaTallMd BO3MYIIHBIX CynoOB. [loBbIllIEHHWE YpOBHS
0e30IaCHOCTH M HAJEKHOCTH BO3IYIIHBIX CYIOB SIBISCTCS OJHHM W3 TJIABHBIX IIPHOPUTETOB ABHAIMOHHON OTpAaCciu, |
pa3paboTaHHash MaTeMaTH9ecKash MOJENb CIIOCOOCTBYET IOCTIDKCHHIO OSTOH IICNH. [IpumeneHne MaTeMaTU4eCcKOro
MOJICITMPOBAHUS MOXKET 3HAUUTENHHO TMOBBICUTH 3(P(EKTHBHOCTH AWATHOCTUKH M KOHTPOJISI KadecTBa, YTO B CBOIO OYEpeb

24



Tom 27, Ne 05, 2024 HayuyHbiit BectHuk MITY TA
Vol. 27, No. 05, 2024 Civil Aviation High Technologies

TMOJIOXKHUTEIFHO BIIMSICT HA TEXHHYCCKYIO SKCIUTyaTallMI0 aBUAIMOHHON TEXHUKH B 1eiioM. OOCYKIArOTCS METOIbl aHaiu3a U
MOJICIMPOBAHS, HAIPABJICHHBIC HA OOHAPY)KCHHE W KIACCU(PHKAIMIO JE(PEKTOB, a TAKKE UX BIMSHHC Ha OC30MACHOCTh U
HAJICKHOCTh BO3MYIIHBIX CYIOB. PaccMaTphBarOTCs COBPEMEHHBIC MOAXOIbl K KOHTPONIO KAauecTBa W TEXHHUYECKOMY
OOCTy’)KMBaHUIO, a TAKXKe MPEIaraloTcs pPEKOMEHIAMH 10 YIAYYIICHHIO IPOIECCOB JUATHOCTUKH W IPEBEHTUBHOT'O
00CITy>KIBaHHS BO3AYIIHBIX CYIOB IJIsl 00eCTIeueHUsI MX Oe30macHoi dKcrutyaranun. CTaHaapTH3anis IPOIECCOB THATHOCTUKH 1
BHEJIPEHIE HOBBIX TEXHOJIOTHH C IIENTBI0 O0HAPYKEHHs TeEeKTOB BaKHBI [T TATbHEUIINX HccaeaoBaHnii. OfHaKo HEOOXOANMO
TaKoKe YUIUTHIBATh (PAKTOPBI, BIMSIOIINE HA SKOHOMUYECKYIO S((QEKTHBHOCTh M MPAKTHICCKYIO IPIMEHIMOCTD Pa3paOd0TaHHBIX
MOJIEIEH U METOOB.

KinoueBble ¢j10Ba: KOMITO3UIIMOHHBIC Marepuaibl, aBHAllMA, AUArHOCTHPOBAHUE IIC(I)GKTOB, OKCIUTyaTaluss BO3OYyLIHOI'O
TpaHcopTa, TCXHUYCCKOC OGCJ'Iy)KI/IBaHI/le, MaTreéMaTH4CCKasi MOJECIIb.

st murupoBanus: J{aBbioB 11.A. Matemarideckasi MOJIeNb TIPOLIECCA TMArHOCTUPOBAHUS 1€(EKTOB JIEMEHTOB KOHCTPYKIIMH
BO3/IYIIHBIX CY/IOB, BBINOJHEHHBIX W3 KOMIIO3MIMOHHBIX MarepuanoB // Hayunsnii Bectauk MITY T'A. 2024. T. 27, Ne 5.
C.24-33. DOLI: 10.26467/2079-0619-2024-27-5-24-33

Introduction complications. Besides that, material inhomoge-
neity makes it difficult to detect exactly defect
distribution and impact on structure sustainabil-
ity and reliability.

Diagnosis methods, such as visual inspection,
ultrasonic control, X-ray, are limited, which also
affects defect detection efficiency due to compo-
site material features. Expensive equipment and

Nowadays composite materials play the key
role in lightweight, sustainable and efficient air-
craft structures [1]. Nevertheless, the crucial as-
pect of their application is the high level of safe-
ty and technical reliability provision. Diagnosis

of composite structural element defects is of par- 3 ) ¢
ticular importance in these terms. The given arti- necessity of process and its record standardiza-

cle focuses on mathematical model development tion make the diagnosis more complicated and
of the defect analysis [2, 3]. costly. Thus, the efficient composite material

defect diagnosis requires the development of
new approaches, methods and models, and wider
industry standards adoption.

It is necessary to describe a mathematical
model considering the complex approach for air-
craft composite material defect detection.

The purpose of the given paper is to make a
universal tool, able to predict defect occurrence
probability and to estimate their characteristics
basing on the technical parameters of the struc-
ture and its material properties. The new ap-
proach, based on statistics, mathematical model-
ling and data analysis methods complex applica-

tion is proposed to achieve the goal. Research results

The research results are expected to have a
significant impact on diagnosis and quality con- Complex approach for defect detection can
trol methods in aircraft structure and operation. be described with mathematical modelling in-
Aircraft reliability and safety increase is an im- cluding diverse methods, as there is a defect de-

portant problem, and efficient defect diagnosis  tection function F;(D;) for each of them, deter-
tools development will contribute to meet the mining detection veracity E; using the given

purpose. method [4-8].
Then defect detection veracity in aircraft S
Research methods area can be determined as a sum of veracities
using every method, considering their weight or
One faces several problems (fig. 1) during efficiency:
composite material defect diagnosis. Defect in-
visibility or insignificant impact on aircraft out- P(Ds) = XjZ w; - Fi(Dy), (1)

ward, including inner defects, for instance, blis-
ters and delimitations are the main detection
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Initialization

To start the diagnosis with research purpose and area determination

Preparation

|‘

To gain access to the aircraft structure, necessary tools and equipment for the diagnosis

Visual inspection

|‘

To inspect the aircraft surface with lights and optical devices for visible defect detection, such as fractures, blisters
and delimitations

Non-destructive methods application

To apply the non-destructive testing methods, such as ultrasonic control, X-ray, thermography and magnetic particle
control for hidden inner defects detection

Data analysis

|‘

To process data with computer software and algorithms for image analysis and defect detection

Defect estimation

|‘

To evaluate defect characterisitics, such as size, form, depth and type, considering their impact on aircraft
sustanability and reliability

|‘

Making the decision

To make the decision on further actions, including repair, replacement or extra testings feasibility the grounds of
diagnosis results

Documentation

|4-

To log the diagnosis results in corresponding documentation for further analysis and reports

Feedback

To provide a feedback on diagnosis results and recomendations on further actions for a client or aircraft operator

Fig. 1. Algorithm for a general approach to the process of diagnosing defects in composite aircraft structures
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where m — diagnosis methods quantity, w; — jth
diagnosis method weight or efficiency. Thus, the
given model considers the diagnosis complexity,
allowing to estimate defect detection in aircraft
area using its different methods. Model practical
relevance is its ability to consider different diag-
nosis methods (visual inspection, ultrasonic con-
trol, X-ray, etc.), and to estimate defect detection
veracity with each of them. It is possible to en-
hance detection processes for defects harder to
identify visually. Detection veracity is deter-
mined by Fj(D;), detection function which inte-
grates all the methods data. This function allows
to run a complex analysis and increase diagnosis
accuracy.

It is necessary to implement a range of indi-
cators for aircraft composite material defects de-
tection mathematical modelling based on certain
elements defect veracity statistics. Let there be
an aircraft made of composite elements, marked
as E; where i — is the element index. Let D; be
the E; defect parameter vector, which may in-
clude such characteristics, as defect size, form,
depth and type.

Then it is possible to determine P(D;) veraci-
ty of both defect occurrence and absence basing
on statistics.

With all the elements, defect detection verac-
ity in certain aircraft area is a multiplication of
all the defect veracities in this area.

Thus, the mathematical model may be rec-
orded as

P(Dy)=1-1I{-, P(D), 2)
where n — is a number of elements in S area.

The model allows to estimate defect occur-
rence veracity in certain aircraft areas basing on
certain element defect veracity statistics, consid-
ering the aircraft features and parameters. This
allows to predict defect veracity and implement
preventive measures.

Mathematical model based on finite elements
method for aircraft composite material structure
defect detection:

Let u be the nodal displacements vector,
f—external forces vector, K — stiffness matrix,
d — defect vector, » — reaction vector.
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Then element dynamic linear equation can be
written as

Ku-f-d=r, 3)
where Ku is the inner nodal forces sum, r is vec-
tor of reactions, compensating external effects.
The solution of individual equations for finite
elements, their further integration in terms of the
whole aircraft allows to estimate voltage, defor-
mation and reaction distribution, which provides
the opportunity of defect detection and analysis
and aircraft elements technical condition [7—10].
Application of fuzzy sets in a mathematical
algorithm for defect diagnosis in composite air-
craft structures [11, 12]. Let us assume that each
step of the algorithm (see Figure 1) is represent-
ed by a fuzzy set, where W is the ordinal number
of the step. This fuzzy set can be described by
the membership function F,,; (x), which charac-

terizes the degree of membership of an element x
to the setlW;. Let x denote the vector of data or
parameters obtained at a given step of the diag-
nosis [12—15]. At each step i of the algorithm,
where i =1, 2, ..., n, we can estimate the degree
of membership of each element x to the set K;
using the membership function F,, (x). This ap-
proach takes into account the uncertainty and
various aspects of information at each step of the
diagnostic process. Further, for each step of the
diagnostic process, a weighting coefficient K; can
be determined, which reflects its importance
or weight in the overall diagnostic process.
Weighting coefficients are established expertly and
calculated on the basis of statistical data. To com-
bine the outputs of different phases of an algorithm
using fuzzy sets and weighting factors, it is possi-
ble to use aggregation operations such as the
arithmetic mean or weighted mean [16, 17]. For
example, to estimate the overall degree of mem-
bership of an element x in a set of defects [18], we
can apply the following equation:
Faepect(x) = 2= Ki - le.(X). (4)
Therefore, we can combine the results of all
diagnosis stages, taking into account their
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Table 1
Weighting coefficient based on expert assessments and statistical data from Rossiya Airlines
Weighting | Weighting | Weighting | Weighting | Weighting | Weighting | Weighting
Diagnosis data | coefficient | coefficient | coefficient | coefficient | coefficient | coefficient | coefficient
1 2 3 4 5 6 7
Initialization 0.12 0.15 0.18 0.1 0.14 0.1 0.11
Preparation 0.1 0.17 0.12 0.15 0.11 0.14 0.21
Visual | 0.25 0.21 0.18 0.27 0.23 0.22 0.19
Inspection
Non-destructive 0.18 0.2 0.22 0.19 0.16 021 0.25
testing
Data analysis 0.15 0.14 0.16 0.12 0.19 0.17 0.15
Defect 0.1 0.11 0.13 0.11 0.1 0.13 0.1
estimation
Making 0.1 0.08 0.1 0.07 0.1 0.08 0.1
a decision
Documentation 0.1 0.14 0.11 0.09 0.08 0.15 0.08

weighting factors, to calculate the overall degree
of element belonging [19]. The weighting factors
(see Table 1) are determined based on the analy-
sis of statistical data collected during the diag-
nostics of aircraft at Rossiya Airlines. The de-
termination of the weighting factors includes ex-
pert assessments, where specialists evaluate the
importance of each diagnostic stage based on
their experience and knowledge. The use of sta-
tistical analysis methods allows us to objectively
determine the weighting factors, taking into ac-
count the frequency and importance of defect
detection at each diagnostic stage.

During the scientific research, data on the
importance of each diagnosis stage, such as the
number of detected defects, frequency of method
use, accuracy of the method, and costs of its im-
plementation was collected. Expert assessments
of the importance of each diagnosis stage were
obtained. Basing on the collected data and expert
assessments, each stage was assigned with S;
significance criteria. The significance assess-
ments were transformed into weighting coeffi-
cients W; with normalization:

Sj
W.
J 21];’1=1 Sk,

)
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where §; is the significance score for each ;™ di-
agnostic step, m is the total number of diagnostic
steps. These weighting factors w;are then used in
the overall defect detection probability function.
This approach allows for an objective assess-
ment of the contribution of each diagnostic
method and optimization of diagnostic and
maintenance processes.

The study of the table of weighting factors
for each stage of aircraft composite structure de-
fect diagnostics reveals several important as-
pects [20-23]. The visual inspection and non-
destructive testing stages acquire the highest
weight, which emphasizes their importance in
the overall diagnostics process. Significant
weighting factors for the visual inspection and
non-destructive testing stages (the average value
for all weighting factors is 0.22 and 0.2, respec-
tively) indicate the key importance of these stag-
es in defect detection and assessment. The data
analysis and defect evaluation stages are also
significant, as evidenced by their weighting fac-
tors (average value) of 0.15 and 0.11, respective-
ly, emphasizing the importance of thorough in-
formation analysis and objective defect assess-
ment. The preparation and documentation stages
have lower, but still significant weighting factors
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Fig. 2. Diagram of diagnostic stages with a weighting coefficient based on statistical data from Rossiya Airlines

(the average value is 0.14 and 0.11, respective-
ly), which confirms their importance for organiz-
ing and documenting the diagnostics process.
This analysis (see Figure 2) confirms the need
for a global approach to the diagnostics of de-
fects in aircraft composite structures in order to
ensure their safety and reliability.

In this case, each stage has its own weighting
factor in relation to various aspects that can be
taken into account when diagnosing defects in
composite structures of aircraft. This table helps
to take into account various factors and their im-
portance at each stage of the diagnostic process.
The use of an integrated approach and mathe-
matical modeling in detecting defects in compo-
site structures brings significant economic bene-
fits. This method ensures more precise and effec-
tive detection of defects, which reduces the like-
lihood of incidents and reduces the need for ex-
pensive repair measures. When using an inte-
grated approach, prompt detection of defects at
early stages and preliminary planning of repair
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work can reduce downtime and reduce fleet
maintenance costs. This helps to improve flight
safety and reduce operating costs of airlines,
which ultimately increases the overall economic
efficiency of air transport. The following equa-
tion can be used to assess the economic efficien-
cy of an integrated approach to diagnostics:

EE =i, K; - E;, (6)
where EE is the economic efficiency, n is the
number of diagnostic methods, K;is the
weighting coefficient for the i method, E;is the
efficiency indicator for the i™ method.

Naturally, the combined approach to detect-
ing defects in composite structures of aircraft not
only improves the accuracy of defect detection,
but also helps to optimize the costs of mainte-
nance and repair work. This is crucial in the cur-
rent aviation industry, where safety and reliabil-
ity are put in the first place. Mathematical mod-
elling makes it possible not only to detect defects
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more efficiently, but also to predict their devel-
opment, which allows for preventive measures to
prevent emergency situations. This method also
helps to increase the efficiency of aircraft by re-
ducing the time required for maintenance and
repair, which can ultimately lead to an increase
in airline profits.

Conclusion

Aircraft composite material defect detection
mathematical model is a significant progress in
aircraft safety and reliability improvement.
Complex approach, which includes different di-
agnosis methods, increases the defect detection
precision and efficiency, and eventually decreas-
es emergency occurrence. The conclusions may
become a ground for more efficient aircraft qual-
ity and operation control strategies, which as a
result will provide greater level of aviation safe-
ty. Diagnosis process standardization and new
defect detection technology implementation are
the further research key objectives. Nevertheless,
it is also necessary to take into consideration the
factors, affecting the given model and methods
efficiency and implementation. In general, air-
craft composite material defect detection math-
ematical model development provides aircraft
safety together with operation and maintenance
enhancing prospects.
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OueHka TOYHOCTH YIIPABJICHUS TAKEJIbIM CAMOJIETOM € Y4eTOM
(GYyHKUMOHUPOBAHMS MHANKATOPA HA JI000BOM CTEKJIE U PYJIEBbIX
NPUBOJAOB CUCTEMbI YIIPABJICHUS

1 1 1
A.A. Maabuenko , I1.C. Koctun ', S.I'. XaTyHuesn
TBoennwiii yuebro-nayunsiii yenmp Boenno-6030yunslx cun «Boenno-6030yunas
axademusi umenu npogpeccopa H.E. JKykosckoeo u FO.A. I'acapunay, 2. Boponeoic, Poccus

AnHotammsi: CtaThsi TIOCBSIIIIEHA BOIPOCY OLIEHKH MIJIOTAXKHBIX XapaKTEpPUCTHK caMolieTa ¢ y4eTOM Pa3IMYHBIX (aKTOpOB,
0co0bIM 00pa3oM BIMSIONIMX HA IPOLECC YIpaBIeHHS. B craTbe mpeacTaBieHbl pe3ysbTaThl paOOThl 10 CO3AHHIO MOZENeH
U(ppPOBOro0 MHIMKATOpPa Ha JIOOOBOM CTEKIIe W KOHTYpa IHTAHUS TMIPABIMYECKOW CHUCTEMBI M MOTPEOUTENCH B MPOLOIBLHOM
KaHaJle yIpaBJIeHHUs CaMOJIETOM JUIS IIPOBEICHHS OLCHKH UX BIIMSHKS HA TOYHOCTB IHJIOTHPOBAHKS MPH JABIXEHHH CaMOJIETa 110
3a/laHHOM TpaeKTOpHH MOJieTa IpH 3axofe Ha mocaiky. IIpencraBieHbl OCOOEHHOCTH Ipolecca pa3padOTKH BIIEMEHTOB
MH/IMKaToOpa Ha JIOOOBOM CTEKJIe, & IMEHHO MHIMKaTOPOB AUPEKTOPHOIO KOJIbLIA M BEKTOPA CKOPOCTH, UX 3aKOH YIPABJICHUS IIPH
JBIDKEHUH camoJieTa Mo 3ajaHHOW TpaekTopuy. OIicaHa peanusanisi BO3AeHCTBIS IapHUPHOTO MOMEHTa Ha PYJIeBble PUBOIBI
B MOJIENY THAPABIMYECKOH CHCTEMbI caMoJieTa HPH OTKIOHEHHM KOHCONeH cTabmims3aropa OT HEHTPaIbHOTO IOJOXKEHHS.
[Mpencranen npuHimn uHTerpaumu Simulink-mMozenu ruzgpabinueckoit cucremsl U flash-mMonenu mHaMKaTopa Ha JI000OBOM
CTEKJIC C MOJENBIO IPOCTPAHCTBEHHOIO [BIDKEHUS TSDKENIOro camoinera. IIpencTaBieHbl pe3yibTaThl IIOITYyHATYypHOTO
MOJIETIMPOBAHMS Ha NMWJIOTQKHOM CTEHJZIE, HA OCHOBE KOTOPBIX PACCUMTaHBI 3HAUYCHHs OTKIOHEHWH OT 3aJaHHOW TPaeKTOpUH
T0JIeTa TIPY BBINIOJIHEHUH Pa3BOPOTA TI0 KPYTy, ONpEENICH PEeXHUM, NPU KOTOPOM INApHUPHBIA MOMEHT OIpPaHMYMBAET YTOJ
OTKJIOHEHUsI KOHconel crabummszaropa. CrenaH BBIBOJ O IIEJIECOOOPa3HOCTH CO3/1aHMsl M MCIIONB30BaHMUSI SKCIIEPUMEHTAIBHOM
0a3pl 1 OOECHeUeHHS] HWCCICNOBaHMH B OOJNACTH OLEHKH BIHMSAHHMS IEPCICKTUBHBIX HWCTOYHHUKOB HH(OpMaIuy,
00eCIeUHBAIONIMX BBIBOJ JICTHOH MH(OPMALMK SKUIIAXY B IUIOXUX METEOYCIOBHSX, ¥ PaOOTBHI THAPABIMYECKOH CHCTEMBI Ha
MIAJIOTaXKHBIE XapaKTEPUCTUKN CAMOJIETA 1 YIIPABIISFOLIIE JAHCTBHS JISTUYMKA Ha PA3JIMYHBIX PSKUMAX TI0JIeTa caMoJIeTa.

KnroueBble cioBa: THIpaBIMYecKas CcHcTeMa, LUQPOBas MOIENb, HHIMKATOP Ha JIOOOBOM CTEKIIe, ITMJIOTAKHBIE
XapaKTePUCTHKH, Pa3BOPOT IO KPYTy, MOZEIb POCTPAHCTBEHHOT'O IBIDKCHIIS, IPOIOIBHBIN KaHaJ YIPABICHHSL.

s uutupoBanusi: Manbuenko A.A., Koctun I1.C., Xarynue S.I'. OueHka TOYHOCTH YNpaBIE€HUS TSDKENBIM CaMOJIETOM

¢ y4eroM (YHKIIMOHMPOBaHMS MHMKATOpa HA JIOOOBOM CTEKJIE U PYJIEBBIX IIPHBOIOB CUCTEMBI yripasieHus / Hayunbiii BecTHuk
MI'TY T'A. 2024. T. 27, Ne 5. C. 34-50. DOL: 10.26467/2079-0619-2024-27-5-34-50
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Assessment of the accuracy of heavy aircraft control, taking into
account the functioning of the indicator on the windshield and flight
control actuators

A.A. Malchenko', P.S. Kostinl, Y.G. Khatuntsev'

"Russian Air Force Military Educational and Scientific Center, Zhukovsky — Gagarin Air
Force Academy, Voronezh, Russia

Abstract: The article is devoted to the issue of evaluating the piloting performance of an aircraft, taking into account various
factors that have a special effect on the control process. The article presents the results of work on the creation of models of a digital
indicator on the windshield and the power circuit of the hydraulic system and consumers in the longitudinal control channel of the
aircraft for conducting research in the field of assessing their impact on piloting accuracy when the aircraft moves along an assigned
flight path during landing. The features of the process of developing the elements of the indicator on the windshield, namely the
indicators of the director ring and the velocity vector, their control law when the aircraft moves along an assigned flight path are
presented. The implementation of the effect of the hinge moment on the steering actuators in the model of the hydraulic system of
the aircraft when the stabilizer consoles deviate from a neutral angular position is described. The principle of integration of a
Simulink model of a hydraulic system and a flash model of a windshield indicator with a model of spatial motion of a heavy aircraft
is presented. The results of semi-natural simulation on a flight simulator are presented, on the basis of which the values of
deviations from a given flight path are calculated when performing a turn in a circle, the mode in which the hinge moment limits
the angle of deviation of the stabilizer consoles is determined. It is concluded that it is advisable to create and use an experimental
base to provide research in the field of assessing the impact of promising information sources that provide flight information to the
crew in poor weather conditions, and the operation of the hydraulic system on the aircraft piloting performance and the pilot’s
control actions in various flight modes of the aircraft.

Key words: hydraulic system, digital model, windshield indicator, piloting performance, circle turn, spatial motion model,
longitudinal control channel.

For citation: Malchenko, A.A., Kostin, P.S., Khatuntsev, Y.G. (2024). Assessment of the accuracy of heavy aircraft control, taking
into account the functioning of the indicator on the windshield and flight control actuators. Civil Aviation High Technologies,
vol. 27, no. 5, pp. 34-50. DOLI: 10.26467/2079-0619-2024-27-5-34-50

BBenenue BOJISIET KOHIIEHTPUPOBATh aKTyallbHYI0 HH(Op-
MaIMIo Nepe] ria3aMu MUJIOTa MOBEPX OKpYXKa-
fonied oOCTaHOBKM 3a OOpTOM, TE€M CaMbIM
yJIydlIaeT KOHTPOJb 3a MapaMmeTrpamu, HeoOXo-
JUMBIMH TIpM BBINOJIHEHUM Hauboyiee OTBeT-
CTBEHHBIX 3TallOB I0JIETA, a TaK)Ke o0ecreunBa-
eT 6e30macHOe BBINOJIHEHHUE B3JI€Ta U MOCAJKU B
YCJIOBHUSX IJIOXOW BUAUMOCTHU. BbIHECEHUE BCEM
Heo0XoauMoi nH(OpMaLIUK ¢ TPUOOPHOM TOCKU
Ha YPOBEHb IJIa3 MUJIOTA CHUXKAET €ro yToMIIsie-
MOCTb, MTO3BOJISIET YIIPOCTUThH MPOLIECC yIpaBie-
HUSI ¥ COKPATUTh BPEMs pEaKIiy JICTYNKA Ha Ty
WIN UHYIO TIOJIETHYIO CUTYaLUIO.

[IpakTHKa PUMEHEHNS HEMaHEBPEHHBIX Ca-
MOJIETOB OOJIBIION pPa3MEPHOCTH IJIsl PELICHUS
00JbIIOro CHekTpa 3ajad, B TOM YUCIE U MpU
pELICHUH CIIEIUATIbHBIX 3a/1a4, T0Ka3ana, 4YTo Ha
caMmoJIeTe B OMpPE/CIICHHBIX CUTYAIHsIX BO3MOXK-
HO TOSIBJIGHUE OTKAa30B, BKJIIOYas CBA3aHHBIE C
BHEIIIHUM BO3/CUCTBUEM (IIOMAaJaHHUE ITHI, I10-
TOJIHbIE YCIOBUSAMU U p.). B wactHOCTH, OHUM

OnHUM M3 BaXHEWIIMX 3TaroB MoJeTa sBis-
eTcs 3ax0J] Ha TOCAAKYy, HPU ITOM OSKHIAXKY
(JIeTuuKy-omneparopy) HEOOXOAWMO TOYHO BBI-
JIepKUBATh 33JJaHHYI0 BEPTUKAIBHYIO CKOPOCTb,
NpUOOPHYIO CKOPOCTh M BBICOTY IIOJIETA, OCO-
OCHHO B CIIOKHBIX MeTeoycioBusix. Ha coBpe-
MEHHOM 3Tale HAyKH U TEXHUKU €CTb BO3MOXK-
HOCTh B KOHTYp YIpaBJCHHS CaMOJIETOM YCTa-
HaBJIMBATh JKUJIKOKPUCTAIIIMYECKUE MOHHUTOPBI,
SBIISTIOIIAECS] YacThi0 MH()OPMAIIMOHHOTO TIOJIS
KaOMHbI M TpeHa3HAYeHHblE U1 BBIBOAA B
ya00HOM (hopMare HEOOXOAMMON TIOJCTHON WH-
dopmanuu JETYUKY-ONEpaTopy B IMpoLecce MU-
JOTUpOBaHMUA camojieTa. Ha HEKOTOphIX macca-
xupckux camonetax (Boeing 787, Airbus 320,
MC-21) nns ynaydiieHus KadecTBa NMUIOTHPOBA-
HUS B PyYHOM peXHUME MIPUMEHSETCS UHIUKATOP
Ha noboBom crekie (MJIC) (puc. 1). NJIC mos-
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Puc. 1. Unnnkarop Ha 1000BOoM crekiie camosiera Boeing 787
Fig. 1. The indicator on the windshield of the Boeing 787

U3 caMblX HEOJIaronpHsITHBIX OTKAa30B C TOYKHU
3peHHs 0e30macHOCTH MoJieTa MpHU 3aX0/e Ha
MIOCAAKy CYMTAECTCS ITOBPEXKICHHE HIIEMEHTOB
IIPOBOAKU CHUCTEMBI YIIPABJICHMs, THAPABINYC-
CKOW CHCTEMBI WIH PYJIEBBIX TOBEPXHOCTEH.
VYuurteiBas, 4TO COBPEMEHHBIM HEMAaHEBPEH-
HBIA camouieT OOJIBIION pa3MEpHOCTH, OCHAIIA-
eMbIil TypOOpEaKTUBHBIMHU IBUTATENsIMH, SIBIIS-
€TCsl CJII0)KHOW TEXHUYECKOW CHCTEMOW W UCIIBI-
TaHUS TaKMX CHCTEM SIBIISIOTCS TPYJOEMKOW H
HSKOHOMUYECKHU 3aTpaTHOW 3adauei (3aTpaTbl Ha
HOJIET TSKEJIOro camoJjieTa ¢ TypOOpeakTHBHBI-
MU JIBUTaTEISIMA OLIEHUBAIKOTCSA B JECATKH MUJI-
JUOHOB pyOjeil), 1enecooOpa3HO HCHBITAHUS
IIPOBOJIUTH C HCIIOJIb30BAHMEM COBPEMEHHBIX
JOCTHKEHUM HAayKH U TEXHUKH, B YACTHOCTH C
UCTIOJIB30BaHUEM IU(PPOBBIX BBIYUCIUTENCH, Ha
OCHOBE KOTOPBIX pa3pabaThIBAIOTC MUIOTAXK-
HbIE CTEH/BI, NO3BOJISIOIIME MOJAEINPOBATh Pa-
00Ty OOJIBLIOrO YKCIIa CUCTEM CaMOJIeTa.
BaxHOM C TOYKM 3pEHMS HOPMAJIBHOTO
(YHKIMOHMPOBAaHUS OOJIBIIOTO KOJIWYECTBA CH-
CTeM camosieTa (11acCu, MEXaHU3allK, CUCTEMBI
yIpaBJIeHUs) SABISIETCS THApaBIMYECKas CHUCTe-
Mma (I'C), nmoBpexeHue KOTOpoil MOXKET IpHBe-
CTH K 3HAYUTEIBHOMY YXYALIEHUIO TOYHOCTU
MAJIOTUPOBAHUS CaMOJIeTa WIH K MOTepe YIpas-
JICHUS UM, 4TO BJIEYET 3a COOON HE TOJBKO CPBIB

36

MOJIETHOTO 33/1aHUs, HO W aBUAI[MIOHHOE IMPOMC-
IIECTBUE.

Takum obOpa3om, pabora MO OIEHKE TOYHO-
CTH YTNPABJICHUS TSKEIBIM CBEPX3BYKOBBIM Tac-
CAXUPCKUM CaMOJIETOM C TypOOpeaKTHBHBIMHU
JIBUTATEIISIMU C Y4€TOM (PYHKIIMOHUPOBAHUS WH-
JMKaTOpa Ha JIOOOBOM CTEKJIE M PYJIEBBIX IPH-
BOJIOB CHUCTEMBI YIpaBIICHUS, PabOTy KOTOPBIX
o0ecrieuynBaeT THIPABIUYECKas CHCTEMa CaMO-
Jera, sIBISETCs akTyalnbHOU. [lenpro paboThl siB-
JSIETCSl TIOBBIIICHUE TOYHOCTH THJIOTHPOBAHHUS
camoJieTa MpH JBIKCHHUHU 110 3aJJaHHON TPaeKTo-
pUH Ha pa3NWYHBIX pexuMax moiera. s mo-
CTIDKEHMsI LIEM HCCIICAOBaHMs Heo0XoauMa
pa3paboTka MOJENU THAPABINYECKOH CHCTEMBI
camoJyieTa ¢ TaKUMH JJIEMEHTaMH KOHTypa IIO-
TpeOuTeNel, Kak pyJeBble MPHUBOIBI, U IUPPO-
Boil mogenu MJIC u ux uHTErpanuu ¢ MOAEIbIO
POCTPAHCTBEHHOTO JIBIKCHHS CaMOJIETa.

B kadectBe 00bekTa MccaeI0BaHUs ObLT BbI-
OpaH cBepx3ByKOBOM camoneT Ty-22, KOTOpHIi
10 MacCOBBIM U WHEPIMOHHBIM XapaKTEPUCTH-
KaM B TICPBOM MPHOIMKCHUN MOXKET OBITH B3ST
KaK TPOTOTHIT TIEPCIICKTHBHOTO CBEPX3BYKOBOTO
naccaxupckoro camonera (CIIC), paboter Han
KOTOPBIM B Halllel CTpaHe BEIYTCS HayYHBIM
eHTpoM «CBepX3BYK». YUUTHIBAs, YTO B UTOTE
otnuunst CIIC ot camoneta, B3ITOro 3a MPOTO-
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Tun, OyIyT BecbMa 3HAYMTENIbHBI, CIEAYeT OT-
METHTh, YTO B JAaHHOW paboTe MpencTaBIICHBI
BO3MOYKHBIE TOJXOJbl K HCCIEIOBaHHUIO JIMHA-
MUKH NPOCTPAHCTBEHHOI'O IBM)KEHMSI CaMOJIeTa
COOTBETCTBYIOILIEH pa3MEPHOCTH U KaTETOPHH.

OcHoBHAaf YaCTh

B ocHOBe MaTeMaTH4eCcKO MOJIEH MPOCTPaH-
CTBEHHOI'O IBMXCHUS CaMOJIETa JICKUT CHUCTEMA
muddepernmanbabix ypaBaenui (1)—~3), mo3so-
jomas onpeaciisiTb KMHEMATHYCCKUC TIapa-
METpbl JIMHEHHOro NepeMelIeHHs], BpallaTeib-
HOTO JBWXKEHMSI, YIUIbl Jisilepa U Ipyrue KuHe-
MaTH4ecKHe napamerpsl [1].

dv. 1
=@V —wV +—[R —mgsind],
dt z'y vz m[ X g ]
dv 1
— =0V, -0V +—[R —mgcosd], (1)
dt m 7
dVZ:wVX—a)xV +RZ,
dt g Y om

rae V.,V,.,V. — NpOeKUUH BEKTOpa CKOPOCTH
otHocuTeabHO oceit OX, OY, OZ cBsa3anHOU
CHUCTEMBbI KOOPJIMHAT;
! — BpEeMs MOJICTTUPOBAHUS;
@,,®,,®, — COCTABISIOLINE YIIOBOW CKOPO-
CTH JerarenbHoro ammapata (JIA) mo ocam
0X, OY, OZ cBsA3aHHOW CUCTEMbI KOOPJIHU-

HaT;
m —wMacca JIA;
R.,R R, COCTaBIIAIOLINE PE3YIbTUPYIO-

e cuibl o ocsaiM OX, OY, OZ cBsa3aHHOU
CHUCTEMBI KOOPJIMHAT;
g — YCKOpeHHe CBOOOTHOTO MaeHUS;

¢ — yroi TaHraxa.

do, M.-(.-1)o.0,

9

dt I,
d M - -1
a)y — y ( x z)a)za)x , (2)
dt I,
do, M.-(, -1)oo,
dt I ’

z
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rne M _,M y,MZ — COCTaBJISIIOLIHAE A3POJUHAMMU-

geckoro momeHnra Ha ocu OX, OY, OZ cBs3aH-
HOM CHCTEMBbI KOOPJIUHAT,
I, ,]y,]z — MOMEHTHI uHepuuu JIA oTHOCH-

TCJIbHO COOTBCTCTBYIOINUX oceii.

9 .
—=0,siny+w,cosy,

dt

dy :
—= o, —1g%(w, cosy +w_sin y), 3)
dy ©,cosy—o_ siny

dr cos ’

rae 4,7,y — YIJIbl TAHTaXa, KPEeHA M PHICKaHHS

COOTBETCTBEHHO.

Peanmzanust cuctemsl auddepeHnnanbHbIX
YpaBHCHH B  TMPOTPAMMHOM  TIPOAYKTE
Matlab&Simulink Ha ocHOBe MaccOBBIX, a’po-
TUHAMHYECKHX, TEOMETPUICCKIX W WHEPINOH-
HBIX XapaKTePUCTHK, ONU3KUX camonery Ty-22,
MO3BOJIIET PACCUUTHIBATH, B MPOLIECCE MOJIEIH-
pOBaHMS, TaKHe MapaMeTpbl, KaKk 3HAYCHHUE YT-
J0B Diinepa, KOOpAMHATHl CaMOJIeTa, CKOPOCTh
MoJieTa camMoJeTa, YIIIbl aTaku U CKOJIbKEHUS U
JPYTHE TapaMeTphl.

[TonpobHoe omucaHWe MOAETH MPOCTPAHCT-
BEHHOI'O JIBWKEHMS CaMoOJIeTa IPEJCTaBICHO B
COOTBETCTBYIOIIMX MyOnukanusx [2]. B Hacros-
et pabore penraercs 3aaada pa3pabOTKH MoJie-
nei MJIC n I'C B uHTEpECax MpoBeACHUS HCCIe-
JOBAaHWH WX BIIMSHUS HA THJIOTAXKHBIC XapaKTe-
PHUCTUKU U JJIs1 TOBBIIICHUS! TOYHOCTH MUJIOTHPO-
BaHUS CaMOJIETa ITPH BIMIOJIHEHUH ITOCA]TKH.

Ha ocHoBanuu aHanmusa COBpPEMEHHBIX WH-
(OpMAIMOHHBIX TIOJIEH, OTOOpaKAEMBIX IPH
nomomm WMJIC, Obuta paspaborana wuugpoBas
MOJIeJIb WHAMKATOpa Ha JI00OBOM crekie [3]
(puc. 2), koTopas BBIBOAUT JETUYUKY-OMEPATOPY
WHPOPMAITHIO O 3HAYCHHUH 33JJaHHOU ¥ JCHCTBH-
TEIbHONW CKOpPOCTEH moyieta (KM/4), 3HAYCHHH
3a/IaHHOU W JIEUCTBUTENILHON BBICOT TOJIeTa (M),
3HAUEHUU YTJIOB aTakH, Kypca, KpeHa U TaHraxa,
3HAYCHUU BEPTHKAIBHON CKOPOCTH (M/C), TIOJIO-
JKEHUH BEKTOpa CKOPOCTH M JUPEKTOPHOTO
KOJIBIIA.

JlJis TIOBBINIEHUSI TOYHOCTH MHUIJIOTUPOBAHUS
camoJieTa 1Mo 3aJaHHON TPAeKTOPHUHU TOJIeTa TPHU
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Puc. 2. PazpaboranHblii HHANKATOP HA JJOOOBOM CTEKJIE AJIS IEPCIIEKTUBHOTO CBEPX3BYKOBOTO IPAXKIAHCKOTO CAMOJIETa!
1 — IHAMKATOP CKOPOCTH; 2 — MHAUKATOP BBICOTHI; 3 — MHAMKATOP YIJla aTaku; 4 — MHAUKATOP yriia Kypca; 5 — MHIUKaTop
yriia KpeHa; 6 — HHAUKATOp YIjla TaHraxa; / — MHINKATOpP BEPTUKAIBHON CKOPOCTH; 8§ — HHIMKATOP BEKTOPa CKOPOCTH;
9 — MHAUKATOP AUPEKTOPHOTO KOJBIIA
Fig. 2. The designed indicator on the windshield for an advanced supersonic civil aircraft:

1 — the speed indicator; 2 — the altitude indicator; 3 — the angle of attack indicator; 4 — the course angle indicator;

5 — the roll angle indicator; 6 — the pitch angle indicator; 7 — the vertical speed indicator; 8§ — the speed vector indicator;
9 — the director ring indicator

3axo0/ie Ha MOCaAKy ObLI pa3paboTaH aaropuTM,
oOecrnevynBaronuii nepemMelieHrne JUPEeKTOPHOTro
kosiblia B uMH(popmarmonHom mnone MJIC, xoro-
poe yKa3blBaeT Ha HEOOXOAMMOE IOJIOKEHHE
BEKTOpa CKOPOCTH JJISi TOYHOTO JBHXKEHHS IO
3aJlaHHON TpaeKkTopuu nojieta [4—7]. Pabora nu-
PEKTOPHOTO KOJIbIIA PEaJH30BaHA MPHU TTOMOLIH
MPOrpaMMHOTO KOJa, HAlHWCAaHHOTO Ha S3bIKEe
ActionScript 3.0 B Adobe&Flash u obecreun-
BAIOMIETO TEPEMENICHHE TUPEKTOPHOTO KOJIbIIA
B BEPTUKAIBHOW M FOPU30HTAIBHON MIIOCKOCTSIX
Ha nHpopmammonHoMm nojne WNJIC, a takxke npu
MOMOILIM JIOTUYECKUX OMNepaluii, onpenensto-
[IUX TPACKTOPHUIO TIOJIETA.

MareMaTHueckue yClIOBHs, HEOOXOIUMbIE
JUTSL 3aJTaHUSI TIOJIOKEHUS TUPEKTOPHOTO KOJIbIIa
Ha WJIC, 6bu1n pa3paboTaHbl HA OCHOBE BBIIOJ-
HEHUS T0JIeTa MO «OOJBIIONH KOPOOOUYKe» B CO-

38

OTBETCTBUM C PyKOBOACTBOM IO JIETHOH 3KC-
IUTyaTallid COBPEMEHHBIX CpEeIHEMarucTpaib-
HBIX caMoJIeTOB. Mopenb (pOpMHUPOBAHUS CHUT-
Haja nepeMeneHus] TuPeKTOPHOro KoJblia B ro-
PU30HTAIBHOM IIOCKOCTH IIPU pealu3alyu pe-
KUMa «IOJIET MO KPyTy» M IPOU3BEIEHUS IO-
CaJIKU COCTOMT U3 CIEAYIOUIETO.

1. YcnoBuii, GOpMHUPYIOIIHUX BBIXOTHON CHUT-
HaJ, JUIsl IOCTPOEHUS TPAeKTOPUHU IIPU 3HAUEHUH
nyTeBoro yria ot 0 1o 180°:

If > X £10000 - out = (0-Y¥),

Else — out = If > ¥ <90 — out =90,
Else — out = If — Z <(-18750) — out =90,
Else — out = (90 - ),

(4)

rae X, Z — Tekylue KOOpAUHATEI,
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out — CHUTHAJl NMEepEeMCIICHUS TUPEKTOPHOTO
KOJIbLIa B TOPU30HTAJIbHOM INIOCKOCTH;
Y — yroa myTu.

Civil Aviation High Technologies

2. YcnoBuid, GOpMHUPYIOIUX BBIXOJHOW CHUT-
HaJl, Ui IOCTPOEHHUsI TPACKTOPUU IIPU 3HAYCHUH
nyTeBoro yria ot 180 go 360°:

If > X 214000 — out = (180—P),
Else > out = If - ¥ <270 — out =90,

Else —» out = If —> Z <(—6241) - out =(270-),

()

Else > out =If > ¥ <360 — out =116,

Else — out = (360 —).

3. YcnoBuit, popMUpYIOIIMX BBIXOAHOH CUTHAM, U1 IOCTPOCHUS TPASKTOPHH 3aX0/1a Ha MOCAAKY:

If > ¥ 2360 — out = 0,045Z +1,5d—f+(—1,85)(‘1’ —360).

B mnpouecce MonenupoBaHus AUPEKTOPHOE
koo Ha MJIC mepemeriaercst B COOTBETCTBUU
C JIOTUYECKHMH yCIIOBHSMH, IPU 3TOM BEIHMYHHA
YIPABJISIIONIET0 CUTHAIA 3aBUCHUT OT MOJIOKEHUS
camoJjieTa OTHOCHUTENBHO a’pojapoma. biok
Triggered Subsystems (puc. 3), sBiastoLMACS
YCJIIOBHO HCIIOJIHSIEMOM CHUCTEMOM, 3aIlyCKaeMOU
TOJIbKO TIPH TMOCTYIUICHUM YMPaBISIOLIETO CHUT-
HaJla paBHOTO €IMHUIIE, O3BOJISET MPOIYCKATh
CUTHAJI B OTHOM HAIlpaBJICHUH, pa3zenss mocie-
TYIOIIHE YCIOBHS MEeXTy coboii. [Tocie 3amycka
6noka Triggered Subsystems BbIOTHSAETCS Pl
MOCJIEIOBATEIBHBIX JIOTHYECKUX YCIIOBHA U BBI-
palaTbIBaeTCs BBIXOJHON CUTHAJN, KOTOPBIN KOH-
BEPTUPYETCS B YMTAEMBIH B TIPOTPAMMHOM TIPO-
nykre Adobe&Flash dopmat, crpykrypupyercs
B onemeHte Byte Pack u ortmpaBasercs B
UDP-nopr. Ha ocHOBe 1oay4aeMoro curHasia us
MATLAB wu nmporpaMMHOTo Koja, pazpaboTaH-
Horo B Adobe&Flash, B mporecce moaenupona-
HUS TIPU OTKJIOHGHUHW TPACKTOPHH JIBUIKCHUS
camoJieTa OT 3aJJaHHOM TPAeKTOPUU MPOUCXOIAUT
nepeMeIeHne AUPEKTOPHOTO KoJblla 1o pabo-
yeit obmactu WMJIC, ykasbiBaroliee Ha HEOOXO-
JVUMOCTh M HAaIPaBJICHUE U3MEHEHHUS MTOJIOKEHHS
BEKTOpa CKOPOCTHM camoJieTa Ul ABMXKEHHs IO
3aJIaHHON TPACKTOPHH.

Jns ydyera BnusHUS (YyHKIIMOHMPOBAHUS PYy-
JIEBBIX MPUBOJIOB CUCTEMBI YIIPABIICHUS caMOJIe-
Ta Ha JAMHAMHUKY €ro JBM)KEHUS U TEM CaMbIM
MOBBIIIEHUS] JIOCTOBEPHOCTH MPOBOJUMOIO HC-
cieqioBaHus, OblIa pa3paboTaHa MOJEIb KOHTY-

39

d ()

pa nutanust I'C u koHTypa notpeduTeneil B mpo-
JIOJIBHOM KaHaje ynpaBlieHus camoiieToM [8—10]
(puc. 4). Kontyp nutanus ['C coctout u3 tpex
camocTosaTenbHBIX ['C, naBieHne B KOTOPBIX CO-
3/1aeTcs 3a cueT 0JIoKa Hacoca EpPEMEHHON Mpo-
u3BoguTensHOCTH Oubnoreku SimHydraulics
nporpammHoro npoaykra MATLAB. bnok mnpe-
JIOXPAHUTEIBHOIO KJIAllaHa IO3BOJISIET OrpaHU-
YMBaTh JaBJICHUE B MarucTpaju HarHeTaHus, a
OJIOK TUAPOAKKYMYJIATOpA YCTpaHseT KoueOaHus
JABJICHUS, TEM CaMbIM YJIy4ILIAeTCsi KayecTBO
HEePEeXOAHBIX MPOLIECCOB B KOHTYpe MOTpeOuTe-
nei I'C.

B kauectBe KOHTypa mnorpebureneil Oblia
peanu3oBaHa MoJieNb JBYXKAMEPHOTO PYJIEBOTO
npusoga (PIT) PII-63A 3a cuer aByx OJOKOB
TUAPOIMINHAPA, O0BEAMHEHHBIX MEXIY COOOM
MEXaHUYECKO# CBA3bIO (puc. 5). Jlns ydyera Biu-
SHUS Ha INTOK TUAPOLMWIMHIpA UIAPHUPHOIO
MoMeHTa (M), BO3HMKAIOILEro Ha KOHCOJIX
cTabmim3aropa, B MOJIENH HCIIONB3YeTCs OJIOK
Variable Translational Spring. ns peanuzanuu
M,, ObUIA B3STHI MaTEPHAIBI U3 TEXHUYECKOU
CHPABKM, aHAJIM3 KOTOPBIX MO3BOJMII OIpese-
JUTh BEIUYUHBI M,,, COOTBETCTBYIOIIME YTJIaM
OTKJIOHEHUSI KOHCOJIeH cTabuinu3aTopa, U Ipei-
CTaBUTh WX B MOJEIM B BuAe (PyHKUUU
M., = f(o, q) B 6moke 2-D Lookup Table.

bnok Variable Translational Spring mo3Bosns-
eT Cc(pOpMHPOBATh CHUTHAJI, COOTBETCTBYIOLIMH
YCWINIO, CO31aBa€MOMY IIaPHUPHBIM MOMEHTOM
Ha PYJIEBOW MOBEPXHOCTU. DTOT OJIOK, MO CYTH,
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'X

> single I—bl Byte Pack I—)I UDP send I

Puc. 3. Simulink-Moznens nepeMelieHnst TMPEKTOPHOTO KOJIbLA:

1 — ycnoBus i GopMUPOBAHUS TPACKTOPUH NOsIeTa; 2 — OJIOK Mepeaadn CUTHaJA B MPOLECCe MOICITUPOBAHUS
n3 MATLAB B Adobe&Flash; 3 — 610k opmupoBanus nakera JaHHBIX; 4 — OJIOK, KOHBEPTHPYIOIINI CUTHAT
B HEOOXOIUMBIN (popMaT; 5 — CUTHAIN, OPMHUPYIOLIHIA TIepeMeIeHIe AUPEKTOPHOTO KOobLa; 6 — ook Triggered
Subsystems, o6ecIieunBarOIIHiA TPOITYCK CHUTHAJIA B OTHOM HAIPaBICHUH; / — YCIOBHUE I (POPMHUPOBAHUS
YIPaBIIIONIETO CUTHANA; 8 — TeKyllee 3HaUeHHe BXOJHOTO ITapaMeTpa (KOOPIUHATHI CaMOJIeTa)

Fig. 3. Simulink is a model for moving the director ring:

1 — conditions for the formation of the flight path; 2 — a block for transmitting a signal during modeling from MATLAB to
Adobe&Flash; 3 — a data packet formation block; 4 — a block converting the signal into the required format; 5 — a signal,
forming the movement of the director ring; 6 — the Triggered Subsystems block, which provides a signal pass in one
direction; 7 — a condition for generating a control signal; § — the current value of the input parameter (aircraft coordinates)

KOHBEPTUPYET M), B yCUIUE CXKATHUS TPY>KUHBI
B COOTBCTCTBUU C YPABHCHUCM

M

k:—ma [H/M]a
0,5Lh

(7)

rae M, — mapHUpHBIE MOMEHT, BETHYMHA KO-

TOPOrO OIpEJeNieHa IO Ppe3yJbTaTaM JIETHBIX
HCIIBITAHUH,

h — miaedo 0 TOYKH MPUIIOKEHUS CHIIBI Ha
crabunuzarope,

L — TONHBINA X0 MITOKA TUAPOIMIHHIPA.

40

Ha 3axntountensHOM 3Tamne pazpaboTKu Mo-
nemu ['C Oblna mpoBefieHa €€ MHTerpalus ¢ Cy-
IIECTBYIOIIEH MOJENIbI0 NTMHAMUKHK noJiera. Of-
HAKO TpU WHTETPUPOBAHUU HAHHBIX MOJeNel
CYHIECTBYET IpodsiemMa ¢ OnpeAesieHueM OOIIero
BPEMEHHOTO HWHTEpBaJla MOJCIHPOBAHUS IS
Hux. CymiecTByromas MOJAENb AUHAMHUKH JIBH-
KEHUS caMoJieTa TpH IMONyHATYPHOM MOJIEIH-
POBaHHUM HCHOJIB3YET peuiaTesib napameTpoB IO
3akoHy OJiinepa (odel) ¢ duxkcupoBaHHBIM IIa-
rom wmozenupoBanug 0,01 c. OTu mapamerpsl
peuaTenst MO3BOJISIIOT OCYIIECTBIIATH HMCCIIENO-
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Puc. 4. Simulink-moznens konTypa utanus 3 I'C camonera:
1 — OOk Tepenaun KpyTAMIEro MOMEHTA Ha Ball Hacoca; 2 — OJ0KH HaCOCOB TIEPEMEHHON MPOM3BOIUTEIHHOCTH; 3 — OJIOK
THIPOAKKyMYJISATOPa; 4 — OJIOK MPeIoXpaHUTEIbHOTO Kilanana; 5 — kaHai HarHeTanus 3 'C; 6 — kanan ciusa 3 ['C;
7 — 6ok ruapobaka; 8§ — 610K pemaTesst; 9 — OJOK KaCTOMU3AIIMH THAPABINIECKOM xkuakoctn AMI'-10
Fig. 4. Simulink is a model of 3 HS aircraft power circuit:
1 — the torque transmission unit to the pump shaft; 2 — variable capacity pump units; 3 — the hydraulic accumulator unit;
4 — relief valve unit; 5 — pressure port 3 HS; 6 — the drain channel 3 HS; 7 — the hydraulic tank unit; 8 — the solver unit;
9 — AMG-10 hydraulic fluid customization unit

BaHUE MWIOTAXHBIX XAPAKTEPUCTHK B PEKHME
pEaTbHOrO BPEMEHM TPH IMOJYHATYpPHOM MOjIe-
JMPOBAHUU C yJIOBJICTBOPUTEIHHON TOYHOCTHIO.
Jns peanu3anuy pacdeToB MapameTpoB T'HIpPaB-
JMYECKUX CHUCTEM HEOOXOJMMO HCIIOJIb30BaHHE
6moka Solver Configuration.

Ha ocnoge pazpaboranubsix mozeneit MJIC u
PIT Obuta mpou3BesieHa OLICHKA WX BIUSHHS Ha
TOYHOCTh YTIPABIICHUS] CAMOJIETOM IIPH BBITIOJ-
HEHUU TOCAJIKU C Pa3BOPOTOM IO KPYTy MyTeM
MOJYHATYPHOTO MOJICJIMPOBAHUS HA MHIIOTaX-

41

HOM CTCHJIE, KOTOPBIH TPEICTaBISICT COOOM
YacTh KaOMHBI MaHEBPCHHOTO CaMoJIeTa, CO-
OpaHHYIO Ha CHJIOBOM pame, oOecredyrBaroien
€¢ pa3MeIICHUE HaJl MOJIOM MOMEIICHHS Ha BbI-
COTE, TOCTAaTOYHOM MJI1 MPOKJIAAKH TAT M Kaya-
JIOK CHCTeMbI yrpasieHusi (puc. 6). B kauectBe
KOMAaHIHBIX PbIYAaroB YIHIPaBJICHUA HCIIOJIb3YIOT-
Csl: pydYKa YIpPaBJICHHS CaMOJIETOM, TEIaIbHbIC
MCXAaHU3MBbI, pbldaru ymnpaBJICHHUA ABUTAaTCIISIMU,
yOOpKH ¥ BBIIyCKa MEXaHU3AIMU KpbLJIa U Iac-
cu [11, 12].
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Puc. 5. Simulink-moznens koHTYypa notpedureneii I'C camornera:
1 — GJIOK YTIIOBOTO TIOJIOKEHHSI KOHCOH cTabmim3aTopa; 2 — 0J0ku (GopMHPOBaHUS rpadUIecKOil 3aBUCUMOCTH

M w = f (¢,q); 3 — 610K KOHBepTAIHH HE(POBOTO CUTHANA B MEXAHHUECKHIT; 4 — 6J10K, (POPMHUPYIONIMI YCHIIHS Ha
mrroke PIT; 5 — 6ok gemmidepa PIT; 6 — 610K, OTCIIEKUBAFOIIU ITEpeMEIIeHUE MTOKa; 7 — OJIOK rpaduveckoit
3apucumoctn @ = f (X mm); 8 — BBIXOIHOH cUTHAJI (YTJIOBOE ITOJI0KEHHE KOHCOIN cTabmim3aTopa); 9 — 610Ku

THAPOLMIIMHAPOB; /() — GJIOK CKOPOCTHOTO Haropa
Fig. 5. Simulink is a model of the contour of the aircraft hydraulic system consumers:
1 — the block of angular position of the stabilizer console; 2 — the blocks of formation of graphic dependence

M, = f(®,q); 3 —theblock for converting a digital signal into a mechanical one; 4 — the block forming forces on the
rod of the steering actuator; 5 — the block of the damper of the steering actuator; 6 — the block, tracking the movement of
the rod; 7 — the block of graphic dependence @ = f (X wm ); 8 —the output signal (angular position of the stabilizer
console); 9 — the blocks of hydraulic cylinders; /0 — the block of high speed pressure

Puc. 6. [TuoraxHbIN CTEHT
Fig. 6. The flight simulator

42
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Puc. 7. 3asucumocts Y = f(X) nmpu BHIIONHEHHH OCAIKH
Fig. 7. Dependence Y = f(X) when landing

Z, KM
30 +

il

—&— HueanbHas TpackTopHs
- WIC
=& Mol

[l + Il >

T
-20

0 X, kM

Puc. 8. 3asucumocts Z = f(X)
Fig. 8. Dependence Z = f(X)

B xome skcmepuMmeHTa MOAENUpPOBAJCS MO-
JIeT camoJieTa, HauMHasi C TPEThEro pa3BopoTa
IpU TMOCaJKe IMOCJIe yXOoAa Ha BTOPOU KpYT.
B xonme monenupoBaHusi ObLUTH BBIIOJHEHBI 3a-
XOJIbl Ha MOCAJIKy MO KPYyTy C HMCIOJIb30BAaHHEM
tonbko MJIC wim MOUU nmns ouenku 3¢ dek-
TUBHOCTH pazpabdoTtanHoit monxenu NJIC. Moge-
JUPOBAHUE TMPOUCXOAUIIO TPU  CIEAYIOIINX
HavanbHBIX yenoBusax: H =500 m, V = 600 km/4,
m=78T1, P=210 arm.

B xoze 3KkciepuMEHTOB YYUTHIBAJIOCH BIIMSI-
HHUe pa3zpaboranHoit mogenu I'C, rie B mporecce
3axo/la Ha TIOCAagKy W3MEHSUIOCh JaBJICHUE
B KOHTYpE MUTaHUA, MOCJE YEero OLECHUBAIUCH
napaMmeTpsl IBIKEHUS camoiieta. B pamkax uc-
cienoBaHus ObLTO MpousBeAcHO mo 10 moneTos
C yd4eToM wucnoiab3oBaHus Tojbko WIIC wnm
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ToJIbk0 M®IIN, 3HaueHNS KMHEMAaTHYECKUX Ia-
paMETpOB TOJETOB PETUCTPUPOBATUCH B pabo-
yeir cpene MATLAB ¢ momompro 6moka To
Workscpace.

Ha puc. 7-9 mnpencraBieHbl TpaeKTOpUU
JIBIKEHUSI camMoJieTa Ha 3Tane MOCagKh C HC-
nonbs3oBanueM MJIC winu MOIU nnsa ynpasie-
HUSl CaMOJIETOM HauWHas C TPETHEro pa3BopoTa.
B pesynbrate aHanuza mpencTaBieHHBIX rpadu-
YECKHX 3aBHCHMOCTEM MOXXHO CJ/eJlaTh BBIBOJ
0 TOM, YTO IPH BBINOJIHEHUHU TOJIETA C HCIONb-
3oBanueM NJIC (kpacHast TMHUS) OTKJIOHEHHS OT
3aJlaHHOM TpaekTopuu noseta [13] meHble, uem
MIpH TOJIeTaX, BBINOJHEHHBIX C UCIOJIb30BAaHUEM
tonmbko MO (3enmenas nuHusg). OmuOka
B BBIJICP’)KMBAHUU 3a/IaHHON TPAEKTOPUH TOJIETa
BbI3BaHA MPEXKJE BCEro IMOCTOSHHBIM IepeMe-
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30

Puc. 9. 3asucumocts Y = f(X,Z)
Fig. 9. Dependence Y = f(X,Z)

IIEHUEM B3IUIAAa JIETYMKA-OIepaTopa MExXIy
npuOOpHOI MaHENbI0 U 3aKAOMHHON O0CTaHOB-
KOH.

Ha puc. 10-13 npexacraBneHs! omuOKH B BbI-
JIep’)KUBAHUU 3aJJaHHOW TPAeKTOPUU IBHKECHUS
npu mpoBeAeHUU skcnepumenta. Ha puc. 10 u
11 BHAHO, YTO 3HAYEHHE OIIMOKHU IO OCH Y 1O
JBIDKEHUS MO TJMCCAAE JIOCTUTAET IUKOBOIO
3HauYeHUsI, a UMeHHO Oosiee 10 M, Ipu BBHITIOJIHE-
HUM YETBEPTOro pa3BOpOTa, TaK Kak IPH €ro
BBINIOJIHEHUN coritacHo PJID HeoOXxoamMmo cHU-
’KaTh CKOPOCTh M BbIIEpKUBaTh BbICOTY 500 M,
YTO 3aTPyJHSAET NHWJIOTUPOBAHUE MPHU HCIONb30-

AY, m
10 +

AY WJIC
@ AY MO

BaHnH TOoJbKO0 M®IIM. Omubku B BhIAEpKUBA-
Huu koopauHat X u Z (puc. 12 u 13) mMoxHO
OOBSICHATH TEM, YTO MHUJIOTUPOBAHHE, a HIMEHHO
BBINOJIHEHHE Pa3BOPOTOB, C MCIOJIb30BaHUEM
npuOOPHON TaHENH OCYMIECTBISUIOCh HPU TIO0-
MOIIM HABUTALMOHHO-NIMJIOTAXKHOIO HIpuodopa,
[0 KOTOPOMY OIPEAEISIIOCH MOJIOKEHHUE CaMo-
JeTa OTHOCUTEIbHO 0a30BOro a’pojpoma U pa-
JTMOMAsKOB, B OTJIMYHE OT THJIOTUPOBAHHS IO
WJIC, roe nBuXKeHHE OCYIIECTBISJIOCH 33 CYET
COBMEIICHHUSI BEKTOPA CKOPOCTHU C TUPEKTOPHBIM
KOJIBLIOM.

0 50 100 150

360 t, cex

Puc. 10. 3aBucumocts AY = f (t) 10 Hayasa BBITOJHEHUS CHIDKEHHUS

Fig. 10. Dependence AY = f (t) before the start of the descent
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I
350 400 450 t, cex

Puc. 11. 3aBucumocts AY = f (t) IIPY BBIIOTHECHUH CHIDKEHUS

Fig. 11. Dependence AY = f (l ) when performing a descent
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Puc. 12. 3aBucumocts AX = f (t )
Fig. 12. Dependence AX = f (t )
AZ, ]
0 -
-200
-400
-600 AZ UJIC
@ AZ MOIM
-800 + T + t + i t } t >
0 100 200 300 400 t, cex

Puc. 13. 3aBucumocts AZ = f(t)
Fig. 13. Dependence AZ = f (t)

O¢pdextuBHocTh Ucnonb3oBanus MJIC non-
TBEP)KAAETCS PacueTOM CPEIHUX OIIMOOK B BBI-

JIep>KMBaHUU 3aJaHHBIX KoopauHat no ocu OY, AX =
0X, OZ (tabmn. 1):

@®)
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Tao6auna 1
Table 1

CpenHre OIIMOKY B BBIACPKUBAHHUH 33JaHHBIX KOOPIHHAT
Average errors in maintaining the specified coordinates

ITapamerp nIIC Mol
AY, m 1,3 3,9
AX, M 40,0 168,4
AZ, m 27,3 2879

H, m

200

— P=110am
= P=210 arm
-+ 3a/aHHas TPACKTOPHS

Puc. 14. 3aucumocts H = f (t) ¢ Maccoil caMmoJeTa, paBHO# 78 T

Fig. 14. Dependence H = f (t) with aircraft weight equal to 78 t

w 2
o o
[ |
T 1

— m=78T
e m=68T
<<= 3ajaHHas TPACKTOPHS

0 : 1
20

Puc. 15. 3aucumocts H = f (t) P IOHW)KEHHOM JIaBlIeHUH, paBHOM 110 aT™M

Fig. 15. Dependence H = f (t) at a reduced pressure of 110 atm

AX[ = Xud[ -X )

cpi °

rae AX, — 3HaueHHE OTKJIIOHEHHS OT 3aJlaHHOU

TPAaCKTOPUHU B ONpPEIEIICHHBII MOMEHT Bpe-
MeHH 1Mo ocu OX;

1 — KOJIMYECTBO 3apETUCTPUPOBAHHBIX Tapa-
METPOB 32 BCE BPeMsI MOJICIIUPOBAHHS,

X ,oi — 3HAYEHHWE KOODJMHATHI HIEANBHON

TPAaCKTOPUHU B ONpPEIEIEHHBII MOMEHT Bpe-
MeHH 1Mo ocHu OX;
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X

cpi

OIpENICIEHHBIE MOMEHT BpPEMEHHM I10 OCH

OX.

B xozxe skcnepumeHTa Hccae10Banoch BIHS-
Hue ¢yHkuonupoBanus ['C Ha TMHAMHKY TIpO-
CTPAHCTBEHHOI'O JIBM)KEHHUS CaMOJIeTa; aHalu3
NOJYYEeHHBIX pe3yibTaToB (puc. 14 u 15) cBume-
TEJIBCTBYET O TOM, YTO NPH HNOHWKEHUH JaBie-
Hus B KoHType nutanus ['C B 2 pasa npu 1Bu-
KEHUU camoJieTa IO TJIMCCaj e BO3HMKAET Ipo-

— CpCAHCC 3HA4YCHUC KOOPAHWHATHI B
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Taoauna 2
Table 2
OmmOKY B BBIJICP)KMBAHUY 33JJaHHBIX KOOPAWHAT MPU Macce 78 T
Errors in maintaining the specified coordinates at a mass of 78 t
ITapameTp P =210 at™m P=110 atm
AH, m 0,28 11,45
Taoaunma 3
Table 3

OmunbOKy B BBICP)KUBAHUH 33JJaHHBIX KOOpAWHAT Ipu AasieHuu 110 atm
Errors in maintaining the specified coordinates at a pressure of 110 atm

[Tapametp

m=68T m=78T

AH, m

5,36 11,45

OnemMa B BBIZICP)KMBAHUU HEOOXOIUMOW BBICOTHI
nojera (3efeHasl JIMHUS), BbI3BaHHAs yBeIMYe-
HUEM WHEPIUOHHOCTH CHUCTEMBI YIIPaBIICHHS,
U3-32 CHMKEHMsI CKOPOCTH IEpEeMEIICHUs IITO-
KOB PYJIEBBIX NMPHUBOJOB. [loHWKEHHE NaBICHUS
B KoHType nutanus ['C B 2 pa3a npu MeHbIIel
Macce camodseta (Ha 10 T) BousieT Ha XapakTepH-
CTHKHM YCTOMYMBOCTH U yNPaBIIEMOCTH caMoJie-
Ta B MEHBUICH CTENEHH, YTO OOBICHICTCA
MEHBIIUMH TOTPEOHBIMHM yIJaMHU OTKJIOHEHHUS
PYJIEBBIX TOBEpXHOCTEH. Pe3ynbTarhl ommOKu
BBIJICP)KUBAHMS 3aJJaHHOM TpaeKTOpUM IOJeTa
npeJcTaBieHbl B Ta0d. 2 u 3.

Taxum 06pa3oM, Ha OCHOBAHUU MPOBEIEHHO-
IO UCCIIEJIOBaHMs OBLIU MOIYYEHBI CIETYIOIINE
pe3yJIbTaThI:

— pa3paborana nudposas moaens NJIC, mo3-
BOJISIOLIAs] BBIBOAUTH HA YPOBEHb IJ1a3 JEeTUHKa-
oreparopa BCIO HEOOXOAMMYIO /ISl KaueCTBEH-
HOT'O BBITMIOJHEHUSI MOJETHOTO 3aJaHusi MHQOp-
Maluio (CKOpPOCTh caMoJjieTa, BbICOTa IOJIETa,
MOJIOKEHUE CaMoJieTa OTHOCHUTENIBHO a3pojpo-
Ma), a TaKXe IOBBIIIAONIAS TOYHOCTh MHJIOTH-
pOBaHUS MO 33aJJaHHOM TPAeKTOPUHU 3a CUET pa3-
paboTaHHOTO AMPEKTOPHOTO KOJIBIIA,

— paszpaborana mozaenb PII, yuurtbiBaromas
¢ynkumonuposanue I'C camosiera ¢ TOUKH 3pe-
HUS TOJJIepKaHUsI HOMUHAJIBHBIX 3HAUYEHHUH OcC-
HOBHBIX TapaMeTpoB €€ (yHKIIMOHHUPOBAHUS

47

(1aBIeHME M PacXo] THIPABIMYECKON KHJIKO-
CTH) M IO3BOJISIONIAs OLIEHUTh XapakTep H3Me-
HEHUs NMAJIOTAXKHBIX XapaKTEPUCTUK MPU OTKJIIO-
HEHMHM OT HOMHMHAJIBHOTO peXHuMa paboThl 3Je-
menToB ['C.

Wuterpanus paspaboranusix mozenei ['C u
WJIC ¢ monenbio mpoCTPaHCTBEHHOTO JBUKEHUS
camoJieTa IO3BOJIMJIA IIPOBECTU IOJIyHAaTYypHOE
MOJICJINPOBAHNE IIPOCTPAHCTBEHHOI'O JABUKECHUS
camoJieTa JUlsl OLICHKH X BIIMSHUS Ha MUJIOTaX-
HbI€ XapaKTEPUCTUKHA CaMOJIETA, TOYHOCTh JIBH-
JKEHUS 110 3aJJaHHOW TPAeKTOPHUH IMOJETa U ACH-
CTBHSI JIETYUKA.

Ilo pesynbraTaMm MOAEIMPOBaHHUSA  OBLIO
OINPEEIICHO, YTO MOCATKa C PA3BOPOTOM IO Kpy-
ry c ucnonb3oanuem WJIC, a mMeHHO nupek-
TOPHOTO KOJIbLIA, ObUIa BBINOJIHEHA KaueCTBEH-
Hee, YyeM Iocagka ¢ ucnoib3oBaHueM MOIII.
Tak, cpeiHee 3HaYeHUE OTKIIOHEHMSI OT 33JaHHOU
TPAaeKTOpUMU MojieTa npu ucnoaszoBanun MJIC
cocTaBuiio mo ocu X — 40 M, o ocu Z — 27 M,
a ripu ucnosibzoBannu M®PILIA Te e mapameTpsl
coctaBisuin 168 u 288 M coorBercTBeHHO. [lpu
IPOBEJEHUM IIOJyHATYpHOTO MOJAEIMPOBAaHUS
c yuetoM pazpaborannoit momenmu ['C  ObLIO
OTIpEeIeNIEHO, YTO OIIMOKY B BBIIEPKUBAaHUU He-
00X0IMMOM BBICOTBHI NPHU 3aX0Jl€ Ha IOCAJKY,
BBI3BAHHYIO0 OTKJIOHEHHMEM OT HOMHUHAJIBHOIO
pexuma paboThl Hacoca MEPEMEHHON MPOU3BO-
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JUTENbHOCTH B KOHType nutanusi ['C, MoxHO
YMEHBUIUTH 33 CYET CHUKEHUS MACChl CAMOJIETA:
omrOKa B BBIICPKUBAHUU BBICOTHI CHIKAETCS C
11,5 no 5,4 m.

Takum obpazom, ucnonb3oBanne WJIC, u B
YAaCTHOCTH JIUPEKTOPHOIO KOJbLA, HA COBpeE-
MEHHOM OT€YECTBEHHOM HEMAaHEBPEHHOM TshKe-
JIOM CaMOJIETE IO3BOJISIET YBEJIMYUTh TOYHOCTh
BBIZICP)KUBAHUS 3aJJaHHON TPAaeKTOpHUH, a CIIEI0-
BaTCIbHO, TIOBBICUTH O€30MaCHOCTH TIOJIETA.
Pa3zpaborannas moxens I'C mo3Bomsier omepa-
TUBHO HM3y4yaTh OCOOEHHOCTH (yHKIIMOHHUPOBA-
Hua ['C Ha pa3nnyHBIX pekUMax MOJIeTa C MH-
HUMAaJIbHBIMU 3aTpaTaMH Ha MPOBEJACHUE HCCIIE-
JOBAaHUU B JAHHOU 00JIACTH.
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Reducing take-off and landing distances for regional turboprop aircraft

Yu.S. Mikhailov'
! Central Aerohydrodynamic Institute (TsAGI), Zhukovsky, Russia

Abstract: The increased efficiency of turboprop engines in cruising flight as well as low operating costs have determined the
economic feasibility of using regional propeller-driven aircraft to transport 40-80 passengers on short routes within one country or
connecting two nearby regions (for example, in Russia). The aerodynamic performance requirements for regional aircraft,
determined from typical flight missions for the Russian and European markets differ greatly in range and required runway lengths.
The typical flight range in Europe is about 800 km, while in Russia it increases to 1500 km due to the limited number of airports
and aerodromes in operation. The limitation on runway length is 1300 m (airfield class G) for aircraft with a maximum take-off
weight and 1000 m (class D) with a payload of up to 70% of the maximum value. The ability to take off and land from unpaved
runways is also an essential requirement in Russia. This leads to a more complex design and an increase in the weight of the
airframe, as well as to the need to increase the wing lift. Most of the operating European regional aircraft previously did not have
tight restrictions on runway lengths and their takeoff and landing characteristics were not active constraints when forming wing
configurations. However, the recently observed growing demand for air travel leads to a significant increase in the load on hub
airports and, as a result, to the delay of many flights. One of the possible ways to solve this problem is to relieve the major hub
airports by transferring regional aircraft service to nearby local airports. This will require both the modernization of existing airports
and the development of a new generation of aircraft with short takeoff and landing distances (STOL). The development of STOL
aircraft which are capable of connecting local airports and small towns has been conducted for many years. The STOL performance
can be achieved by both developing an effective high-lift system with increased lift effectiveness and wing load alleviation. Wing
load alleviation, often used in the light aircraft transitional category, leads to deterioration of cruising performance and increased
sensitivity to atmospheric turbulence, especially at low altitudes. This makes difficult to track the final approach paths when
controlling the pitch angle by deflecting the elevator. Therefore, a more preferable and more often considered option to reduce
takeoff and landing distances of commercial airplanes is the increase of lift performance in combination with a set of additional
technical solutions. Significant advances in the application of computational techniques for the development of swept wing high lift
devices for long-haul aircraft with high lifting properties (Cy.x = 3), including a retractable Fowler flap and a three-position slat,
make it possible to use a similar approach to the design of high-lift system for new regional aircraft. Taking into account the
specifics of aircraft operation at local acrodromes, a complex of technical solutions has been considered to increase wing lift at low
flight speeds, as well as additional measures to reduce the landing distance. The results of computational and experimental studies
of the proposed technical solutions are presented with an assessment of the effectiveness of their use on a regional aircraft of the
ATR 42-600 type.

Key words: regional aircraft, high-lift wing design, lift control, steep glide path, STOL.
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CokpalneHnye JUCTAHUMNA B3JIeTa U MOCAAKH PErHOHAJIBLHBIX
TYPOOBMHTOBBIX CAMOJIETOB

10.C. Muxaiijos'

1 . .
LlenmpanvHwlil aspo2udpoOuHamuyecKutl UHCmumym
umenu npogheccopa H.E. JKykosckoeo, e. Kykoseckutl, Poccus

AunHoraumsi: [loBbiieHHass A(QQEKTHBHOCTh TypOOBHMHTOBBIX JBHUraTeliell B KpEHCEpCKOM IIojieTe, a Takke HeOOJbIIne
9KCIUTyaTallMOHHBIE PACXOIbl OMpPENENIA 3KOHOMHIYECKYIO LENIeCOO0Pa3HOCTh IPUMEHEHHS PETHMOHATBHBIX BHHTOBBIX
camoJeToB 11 iepeBo3ku 40—80 maccaxupoB Ha KOPOTKHX MapLIpyTax B Mpesieax OAHON CTPAaHBI MITH OJIM3IIEKAIIIX PETHOHOB
(mampumep, B Poccum). AspomuHaMHyecKre TPeOOBaHMS K XapaKTEPUCTHKAM PErHMOHATBHBIX CAMOJICTOB, OMPEICIseMbIe U3
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TUMUYHBIX MHCCHH IONeTa Ul POCCHHCKOTO M €BPONEHCKOro PBHIHKOB, 3aMETHO OTJIMYAIOTCS MO JATbHOCTH M YCIIOBHSM
6asupoanus. TunyHas JansHOCTH NoseTa B EBporte cocrapiser okoio 800 kM, B To BpeMst kak B Poccuu Bospacraer o 1500 kM
BCIIEACTBUE OIPAaHUYEHHOTO KOJIMYECTBA AKCIUTYyaTUPYEMBIX a3pONOpPTOB U a’poApoMoB. OrpaHMYEHHEM MO YCIOBHSM
0asnpoBaHus SBISIETCS JUIMHA B3neTHO-TocanoyHoi morocsl (BIIT) 1300 m (xmace asponmpomoB I') juist camoneroB c
MakcUManbHOH B3neTHOH Maccor u 1 000 M (kimace [I) ¢ monesHo# Harpyskoit 1o 70 % OT MakcCHMAaNBHOTO 3Ha4eHHs. Taroke
CYIIECTBEHHBIM TpeOoBaHMeM B Poccun siBIsieTcss BOSMOYKHOCTB B3neTa U nocanku ¢ rpyaToBbx BIIIL IMocnennee mpuBomut k
YCIIO)KHEHHUIO KOHCTPYKIMH ¥ YBEJMYCHHIO Beca IUIAHEpa, a TakkKe HEOOXOAMMOCTH TOBBIIICHUS HECYIIMX CBOMCTB KpbLIA.
BOoNBIIMHCTBO 3KCIITyaTUPYEMBIX EBPONEHCKUX PETMOHANBHBIX CAMOJIETOB PaHEe HE MMEINH KECTKHUX OTPaHIMYIECHUH TI0 yCIIOBHAM
6a3upoBaHUsA, M HX B3JICTHO-TIOCANOYHBIE XaPAKTEPUCTUKH HE OBUIM AKTUBHBIMU OTIPaHHMYEHMSIMH TIPpU  (OPMHUPOBAHUH
KOMIIOHOBOK KpbUTa. OnHako HaOMIOJAaeMblil B MOCIIEIHEE BPEMsl PACTYIIHMH CIPOC HA BO3AYIIHBIE TEPEBO3KH IPHBOAUT K
CYILIECTBEHHOMY YBEIMYEHHIO HArpy3Kd Ha Y3JIOBBIE a3pOIOpPTHI U, KaK CIIEJICTBHE, K 3aJepXKKe MHOTUMX percoB. OqHuM u3
BO3MOJKHBIX CIIOCOOOB PEIIEHHUS 9TON MPOOJIEMBI SIBJISETCS pa3rpy3Ka KPYIHBIX a3poIOpTOB 3a CUET MepeHoca 00CIIy)KUBaAHUS
PErHoHAIbHBIX CaMOJIETOB Ha OJNM3JIEKAIMEe IPUTOPOAHBIE a3pOJPOMBL. OTO MOTpedyeT Kak MOJEPHH3ALMH CYIIECTBYIOIIHX
a3pOIOPTOB, TaK U pa3pabOTKH HOBOTO MOKOJICHHSI CAMOJIETOB C KOPOTKUMH JAUCTaHIMsIMU B3neta U nocaku (KBIT). Paspaborka
camornietoB KBII, criocoOHBIX CBSI3bIBaTh MPUTOPOAHBIE a3POIIOPTHI M HEOOIIBIINE HACEIEHHBIE ITyHKTHI, BEIETCS YK B TEUCHHE
MHorux Jier. Xapakrepuctrku KBIT moryT ObITh 0OecriedeHs! Kak 3a cueT pa3paOoTKH dP(EKTHBHON CHCTEMBbl MEXaHU3AIH C
TIOBBIIICHHBIM YPOBHEM HECYIIMX CBOWCTB, TaK M CHIDKECHMSI HArpy3kW Ha Kpbuio. CHIDKCHHE Harpy3Kd Ha KpbUIO, 4acTo
WCIIONb3yeMOE B MEPEXOAHOW KATErOpMM JIETKMX CaMOJIeTOB, NMPHBOAWT K YXYAIICHHIO KPEHCEPCKUX XapaKTEpUCTHK H
TIOBBILIEHUIO YyBCTBUTEIIFHOCTH K aTMOC(EpHON TypOYyJICHTHOCTH, OCOOEHHO Ha MaJIbIX BBICOTAX ITojera. [locnenHee 3aTtpyaHseT
OTCIIEKMBAHUE TPAGKTOPUHM KOHEYHOIO 3Tara 3aX0/a Ha MOCAAKy MPH YHPABICHUM YIJIOM TaHTaXa IOCPEACTBOM OTKJIOHEHUS
pyist BeICOTBL [losTOMy G0s€e MPEANOUTUTENBHBIM M Yallle PACCMaTPUBACMBbIM BAPUAHTOM COKPAILEHHS B3JIETHO-NIOCAJOUHBIX
JIWCTaHIMH KOMMEPYECKHX CAMOJIETOB SABIISIETCSI TIOBBIIICHIE HECYIIMX CBOMCTB KPbUIa B COUYETAaHNH C HA0OPOM JIOTIOJHHUTEIBHBIX
TEXHHYECKUX PpELICHWH. 3HauuTelbHble YCIEXH B NPUMEHEHWH YHCIEHHBIX METOJIOB JUIS Pa3pabOTKM MEXaHW3aluH
CTPENOBUIHOTO KpBUIA MAaruCTPAIBHBIX CAMOJIETOB C BBICOKHMM YpOBHEM HecymuX CBOMCTB (Cynx = 3), BKIIOUaroreit
BBIIBIDKHOM 3akpbulok Dayrnepa U TPEXNMO3ULMOHHBIA IPENKPBUIOK, IIO3BOJIIOT HCIOJIb30BATH AHAIOIMYHBIM IOAXOJ K
MPOEKTHPOBAHHMIO MEXaHM3AIMM KPbUIa HOBBIX PErHMOHAIBHBIX camosieToB. C ydeToM cHelm(uKH SKCILUTyaTaluyd CaMoJIeTOB Ha
HNPUTOPOJHBIX a3POAPOMAX PACCMOTPEH KOMIUIEKC TEXHMYECKUX PELICHUM, NpeJHA3HAUYCHHBIX KaK IS YBEIWYEHUs] HECYLUX
CBOICTB KpbUla IPU MalbIX CKOPOCTSX IOJ€Ta, TaK M JOMOIHUTENIBHBIX MEp Ul COKpAILEHHs IOCAJOYHOM JUCTAHLUM.
IIpuBeneHb! pe3ynbTaThl PaCUETHBIX U IKCIEPHUMEHTANBHBIX UCCIEA0BAaHUI NMPEUIOKEHHBIX TEXHUYECKHUX PEILEHUH C OLEHKON
3¢ eKTHBHOCTH UX PUMEHEHHS Ha perrHoHaBHOM camortere Tara ATR 42-600.

KiiroueBble cj10Ba: peruoHaIbHBINA CaMOJIeT, IPOEKTUPOBAHUE BHICOKOHECYIIIETO KpbLia, YIIPaBIeHUE OABEMHON CUIION, KpyTast
rimccana, KBIL

Jnst unTupoBanust: Muxaiinos 10.C. CokpariieHne TUCTaHIMI B3JIETa U TIOCaAKN PErHOHAIBHBIX TypOOBUHTOBBIX CaMOJIETOB //
Hayunsrii Bectauk MI'TY T'A. 2024. T. 27, Ne 5. C. 51-69. DOL: 10.26467/2079-0619-2024-27-5-51-69

Introduction landing distances: takeoff — 1107 m, landing —
966 m (ATR 42-600 aircraft)'.
The recently observed growing demand for

Currently, the leaders in the production of ] - oW )
air transportation leads to a significant increase

regional propeller aircraft are the Franco-Italian ‘ ’
concern ATR and the Canadian Bombardier in the load on hub airports, and, as a result, to the
Aerospace [1]. ATR produces aircraft of the  delay of many flights. One of the possible solu-
ATR42 and ATR-72 series, Bombardier produc-  tions to this problem is to relieve large airports
s aircraft of the Dash 8 Q-400 series. Aircraft of Y transferring regional aircraft service to nearby

both series have a typical configuration with a local aerodromes [3, 4]. A necessary condition
high-mounted wing of increased aspect ratio for relieving hub airports is the modernization of

(A ~ 12), a narrow cylindrical fuselage, a single- the infrastructure of existing local airports, as

fin T-shaped tail unit and engines installed under V\}/lell ask th?f Cogsicruzt.lon d(')f new E}II‘CI;If'[ }YV ith
the wing [2]. In the absence of tight restrictions short takeofl and landing distances. In the short-

on runway lengths, their takeoff and landing t§rm afpos.sﬂ')le OP“"“ fmgy al;o be a modermz}ell—
characteristics were not active limitations when tion of existing aircralt m order to improve the

forming wing layouts. This caused a moderate
' ATR 42-600. atr-aircraft.com. Available at:

level of wing lifting pr i 1 fligh
evel of wing lifting p opert cs at low Hight https://www.atr-aircraft.com/aircraft-services/aircraft-
speeds (Cymax & 2.5) and increased takeoff and family/atr-42-600/ (accessed: 07.12.2023).
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lifting properties of the wing. The transfer of
small regional aircraft to local airports will free
up long runways at hub airports to handle larger
aircraft and will increase both passenger traffic
and the capacity of the entire transport system.

In Russia, with the share of regional air
transportation estimated at 10% of the entire air
transport network, one of the key economic tasks
is to ensure an acceptable transport network in
the near future. The specific requirements for
regional aircraft flights for the Russian and Eu-
ropean markets lead to differences in flight range
and runway lengths [5]. Thus, restrictions on the
number of airports and aerodromes in operation
increase the typical flight range to ~1500 km,
against ~800 km in Europe. An additional re-
quirement for runway lengths on unpaved aero-
dromes complicates the airframe design and re-
quires an increase in the wing lifting properties
due to the complexity of the high-lift system. For
the new regional aircraft being developed, it is
proposed to ensure takeoff/landing with a maxi-
mum takeoff weight from a runway of up to
1300 m (airfield class G) and a reduced payload
by 30% from a runway of up to 1,000 m (airfield
class D).

The aerodynamic requirements for the wing
lifting properties of STOL aircraft, as well as the
stability and controllability characteristics at low
flight speeds of the aircraft are considered in
works [6, 7]. To achieve short takeoff distances,
the aircraft must either take off at a very low
speed or use a sufficiently high level of thrust or
power-to-weight ratio to achieve takeoff speed at
the required distance. The landing distance re-
duction is achieved due to a short airspace seg-
ment using a steep approach path and minimiz-
ing the landing ground roll at the minimum pos-
sible speed and ensuring maximum deceleration
using an effective braking system.

Some airports require steep aircraft approach
in mountainous areas or in urban environments
with nearby high buildings. In 2016, Embraer
certified the Legacy 500 for a steep approach of
5.5°% allowing the aircraft to operate at London
City Airport.

? Flexjet demonstrates London steep approach with Lega-
cy500. truenoord.com. Available at:
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Taking into account the specifics of aircraft
operation at local aecrodromes, the paper consid-
ers a set of technical solutions for reducing take-
off and landing distances for regional aircraft,
including:

e development of new high-lift wing profiles
that determine the initial Cyp,, value of an
aircraft with retracted high-lift system at low
flight speeds,

e design of adaptive trailing edge high-lift sys-
tem with integration of flap extension with
downward deflection at small spoiler angles,

e design of a simplified version of the leading
edge high-lift system in the form of a rotary
slotted Krueger,

e ensuring a steep approach path with direct
control of the wing lift (DCL) as a result of
spoiler deflection, including upward to reduce
the lifting properties,

e cvaluation of the use of automatic spoiler re-
lease to reduce the landing distance.

The effectiveness of the proposed technical
solutions to reduce takeoff and landing distances
for regional aircraft was assessed by calculations
on a regional aircraft of the ATR 42-600 type.

Critical parameters affecting aircraft
takeoff and landing distances

There is a connection between the selection
of wing parameters based on cruising flight con-
ditions and their subsequent influence on the
high-lift system design which is necessary to
achieve the required level of lift-to-drag ratio
(L/D ratio) of the aircraft in takeoff and landing
modes. Thus, a wing area reduction has a posi-
tive effect on cruising characteristics, but at the
same time requires the use of a more complex
system for increasing the wing lift.

The requirements for the wing L/D ratio in
takeoff and landing modes are determined by
various limitations, such as takeoff and landing
weight, required runway length, climb gradient
and approach speed. There are correlations be-
tween the influence of aerodynamic, weight and

https://www.truenoord.com/wpcontent/uploads/2023/12/
LARA-December-2023.pdf (accessed: 07.12.2023)..
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Fig. 1. Main sections of the take-off distance

thrust characteristics of the power plant with
takeoff and landing distances and safe flight
speed for aircraft flight conditions with deflected
wing high-lift system.

A simplified version of the aircraft takeoff
distance presentation (fig. 1) includes the lengths
of the takeoff roll (L,) and the airspace segment
(Las)- The length of the takeoff roll depends on
the thrust-to-weight ratio (7 /G, ), determined by

the ratio of the static thrust to the takeoff weight

at sea level, the takeoff wing loading
(G, /S ), determined by the ratio of the takeoff

weight to the wing area, and the takeoff value
Cym, which normalizes the aircraft liftoff
speed from the runway. Aircraft drag (Cx) and
the coefficient of rolling friction ( £ ) also have
an effect. The angle of climb, which determines
the distance required to overcome the obstacle

clearance height (H), depends on the thrust-to-
weight ratio (7 /G, ), wing loading, aerodynamic

quality (Q) and takeoff value Cy,_, which de-

termines the safe speed at the end of the air leg
(V = 1.2V,). The minimum climb gradient (0)
must be maintained even in the case of one en-
gine failure. To minimize the takeoff distance, it
is necessary to maximize the aerodynamic pa-

rameters (Y and Q, while the drag and G, /S

should have minimal values.

A simplified version of the aircraft landing
distance (fig. 2) includes the lengths of the air
leg (Las) and the landing roll (L,). The approach
speed (V = 1.3V,), which determines the de-
scent angle 0, depends on the landing value
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O),...., the aerodynamic quality (Q) and the wing

loading (G./S). For a steep approach path, the
descent angle must be greater than the minimum
value of 3°, required by aviation regulations. The
ground roll is a function of the aircraft speed at

the moment of touchdown (i.e. Cym), and also

depends on the efficiency of the braking system
(W), spoilers for “damping” the wing lift during
the landing roll and the power plant thrust re-
verser (7;). To reduce the landing distance, it is

necessary to maximize the value OV, to re-

duce the approach speed, while minimizing the
values of the aerodynamic quality and the wing
loading. However, the desire for high aircraft
drag in the landing configuration may conflict
with the required climb gradient during the go-
around.

In addition to the general requirement to en-
sure a high-lift wing in takeoff and landing
modes, the work [8] indicates the priority of the
aerodynamic quality value at takeoff and the
maximum lift coefficient for landing. Also, the
characteristics of the high lift wing must meet
the requirements of aircraft controllability at
high angles of attack. For this purpose, the
choice of geometric parameters and the position
of the high lift devices is carried out based on the
condition of ensuring priority in the occurrence
and development of flow separation from the
wing root. The increments of the pitch moment
for a dive realized in this case reduce the angle
of attack and restore the favorable nature of the
flow around the wing. The separation-free nature
of the flow around the wing tips ensures that the
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Fig. 2. Main sections of the landing distance

aircraft remains controllable in roll and elimi-
nates wing stall.

The aircraft ability to be operated on short
runways is also associated with ensuring the
characteristics of safe controlled flight at low
speeds. The minimum value of safe aircraft
speed with deflected high lift devices is deter-
mined by the requirement to ensure the neces-
sary efficiency of controls, including in critical
flight modes. The first limitation on the value of
minimum speed is the lateral and directional
controllability of the aircraft, especially in the
case of one engine failure. The second is longi-
tudinal control at high lift coefficient values of
the aircraft wing (C, ~5 — STOL aircraft), which
requires both an increase in the efficiency of the
longitudinal control devices and the use of ener-
gy control methods.

Methodology for assessing

the aerodynamic performance of
the wing and aircraft takeoff
and landing distances

The initial stage of designing high-lift system
and assessing its effectiveness from the stand-
point of the aircraft lifting properties and takeoff
and landing distances is usually carried out un-
der conditions of a limited amount of infor-
mation on the wing configuration. The approach
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used to assess the lifting properties of the wing
and the aircraft takeoff and landing distances is
based on the semi-empirical methods given in
study [9] for the conceptual design stage of the
aircraft.

Estimation of Cynax values of the wing

For wing configurations with aspect ratio
A > 8, low sweepback and relative profile thick-
ness ¢ > 9% the wing value Cymax 1an in the land-
ing configuration at low flight speeds (M < 0.2)
is determined as the sum Cyma w of the wing
values in the cruising configuration and the wing
increment ACymax 1an from the deflection of the
high-lift devices
Cy max_lan — Cymax_w + ACy max_lan- (1)
The value Cymax w is determined as half of
the sum of the profile values Cymax in the basic
wing sections (root and tip) with corrections to
account for the influence of the 3-dimensionality
of the wing flow (coefficient K) and the sweep-
back estimated by the quarter chord of the wing

(cos(X14))

CYmax.r.pr T CYmax.tpr
CYmaxw = K ( 5 > = )COS(X%)- 2
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To estimate the increment of the lifting prop-
erties of the wing in the landing mode
(ACymax_w), two-dimensional calculations of the
flow around the wing sections with the high-lift
devices retracted and deflected by the flow of
viscous compressible gas are used within the
framework of the Navier-Stokes equations aver-
aged over Reynolds.

SSeT. .
ACYmaxw = K - ACYmax - (Tﬂ) - Cos Xsw.fl.(3)

where A@m — Cy¥max increment of wing sec-

tions from deflection of high lift devices,
Sser1.— relative wing area served by flaps,
cos yswp. — sweepback of flap leading edge.
The described method of estimating Cypax
values is applied to the wing of ATR 42-600 air-
craft (fig. 3), in the configuration of which clas-
sic NACA430 series profiles with relative thick-
nesses of ¢ = 18% (root) and 13% (tip) are in-
stalled. A double-slotted rotary flap with a fixed
deflector and deflection angles is used as high
lift devices of the trailing edge:
o 3r=15° — takeoff,
e O¢=25° —approach for landing,
e 0;=35° — landing.

~R%

WING AREA: 54.5 m*

Fig.3. Layout diagram of the ATR 42-600 aircraft
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The evaluation of the lifting properties of the
wing in the landing configuration (&; = 35°) is
performed on the basis of the cruising value of
the coefficient CYmax = 1.57 and the calculated
increment of the coefficient ACYax = 1.0 from
the deviation of the high lift devices in the base
sections of the wing, obtained in consideration
with the wing area S/ Sy, = 0.64 served by the
flaps and the small sweep angle of their leading
edge. A similar increment ACY yax = 0.49 in the
takeoff configuration (8¢ = 15°) is determined
from the condition of the linear nature of its
change with regard to small and moderate de-
flection angles (6¢< 30°). The maximum level of
values of the lift coefficient of the double-slotted
rotary flap is realized at deflection angles
0r=45...50° with a nonlinear nature of behavior.

Thus, the predicted level of values Cymax of
the wing of the regional aircraft ATR 42-500 in
takeoff and landing modes can be:

i CymaxiTO = 1999
hd Cymaxilan =2.47.

Estimation of takeoff and landing distances

The methodology for estimating the takeoff
distance to an altitude of 35 ft (10.7 m), present-
ed in work [9], is based on the use of a simple
combination of three key aircraft characteristics
to determine the takeoff distance: wing loading
(G/S)ro, weight-to-power ratio (G/S)ro and
takeoff value of the coefficient Cymax (CrLmaxt0)-

Lig = (G/P)7o/(0.0773 - 0 - CYmaxto * Fro)s
ft 4)

where o (A) — the ratio of air density under take-
off conditions to the values at sea level under
standard conditions t = 15° and p = 760 mm Hg
(o=1),
Fro (N) — the ratio of takeoff power to the
takeoff values at sea level (Fro=1)
to — an index denoting the take-off (take-off)
value of the ratio of the quantities indicated
in brackets.
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Table 1
Characteristics of the ATR 42-600 aircraft with the original wing
Standard configuration 48 seats
Engines Pratt & Whitney Canada PW127M
Takeoff power, hp 2 x 2400
Propeller (AP) Hamilton Standard 568F
Number of blades 6
Propeller diameter, m 3.93
Maximum takeoff weight (MTOW), kg 18600
Maximum landing weight (MLW), kg 18300
Takeoff distance (MTOW, MCA, SL*), m 1107
Landing distance (MPW, MCA, SL), m 966
*SL — sea level.
Piloting techniques, aerodynamic drag and G 1
friction at takeoff are indirectly taken into ac- L =280- (—lj . L—J +L g (0
count by the averaged empirical coefficient in S c-Cy max "

formula (4).

The values of the variables in equation (4)
are given in the British unit system. Taking into
account the relationships 1 1b = 0.4535 kg and
1 ft = 0.30487 m, formula (4) takes the form (5)

(Go/S)

L., = _
td (No/Go CVmax' AN’

1.78

m.

()

The required runway length at takeoff for
aircraft certified according to aircraft airworthi-
ness standards-25 is determined by multiplying
the takeoff distance by a safety factor of 1.15.

The landing distance is largely determined by
the wing loading, which affects the approach
speed and, according to aircraft airworthiness
standards-25, must exceed the stall speed by at
least 1.23 times for transport category aircraft.
The approach speed, in turn, determines the
landing speed, which must be “reduced” during
the landing roll before the aircraft stops. Kinetic
energy and, consequently, braking distance de-
pend on the square of the landing speed and the
efficiency of the aircraft braking system.

In work [9], expression (6) is presented for
estimating the landing distance of an aircraft,
based on the use of the two key aircraft charac-
teristics: the wing loading and Cynax coefficient

( CymaxL ) in the landing configuration.
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where G1/S — wing loading,
CymaxL — Cymax coefficient in the landing
configuration,
S, — air leg length from a height of H= 15 ft.

Sa = 100 ft (305 m) for the glide path angle

0 =3° and 450 ft (137 m) for 6 = 7°.

6(A) — the ratio of air density under landing

conditions to the values at sea level under

standard conditions t = 15° and p = 760 mm

Hg(c=1).

Taking into account the previously given re-
lations between the British and technical systems

of measurement units, formula (6) takes the
form (7)

GL/S

+ L s, m
CYmax.L’A) as>

Lia=5( ()

For most propeller-driven ATR aircraft, land-
ing requirements must be met with a landing
weight close to the takeoff value. A numerical
estimate of the accuracy of determining takeoff
and landing distances for the ATR 42-600 air-
craft using the described methodology was car-
ried out using the data given in Table 1 and a
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Table 2

Calculated values of Cymax and take-off and landing characteristics of the ATR 42-600 aircraft

Takeoff wing loading (G,/S), kg/m’ 341.3
Power-to-weight ratio (N,/G,), hp/kg, 0.258
Cymax coefficient (takeoft) 1.99
Takeoff distance (Lt.d), m 1177
Landing wing loading (Gi./S), kg/m’ 335.8
Cymax coefficient (landing) 2.47
Landing distance (L1.d), m 985

Required runway length (Lr=1.43 L;4), m 1408

wing area of S = 54.5 m’ (fig. 3), taken from the
work’.

The main parameters of the aircraft layout,
the calculated values of the Cym.x coefficients
and the corresponding takeoff and landing dis-
tances, as well as the required runway length,
determined on the basis of European standards
(safety factor 1.43) for turboprop aircraft’, are
given in Table 2.

The calculated values of the aircraft takeoff
and landing distances (1177 and 985 m) are gen-
erally consistent with the similar characteristics
of the aircraft (1107 and 966 m) given in Ta-
ble 1.

Results and discussion

To relieve large airports by transferring re-
gional aircraft service to nearby local aero-
dromes requires the development of a new gen-
eration of aircraft with short takeoff and landing
distances (STOL). The set of technical solutions
considered in the work for reducing takeoff and
landing distances for regional aircraft includes:

e acrodynamic design of a high-lift wing,
e analysis of the effect of spoilers on wing lift
control during landing approach,

3 ATR 42-600. atr-aircraft.com. Available at:
https://www.atr-aircraft.com/aircraft-services/aircraft-
family/atr-42-600/ (accessed: 07.12.2023).

* Appendix 4 to Opinion No 02/2019. EASA. Available
at:https://www.easa.europa.eu/en/downloads/71568/en
(accessed: 07.12.2023).
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e analysis of the effect of spoilers on the aero-
dynamic performance of an airplane model
during a run,

e cvaluation of the effectiveness of the consid-
ered technical solutions for reducing takeoff
and landing distances of a regional aircraft
ATR 42-600 type.

Aerodynamic design of a high-lift wing

Expanding regional aircraft runway lengths,
ensuring their use at a larger number of airfields,
is one of the important tasks currently consid-
ered in the development of new aircraft configu-
rations. Aerodynamic parameters directly affect-
ing the flight range and runway lengths are cruis-
ing aerodynamic quality and available values of
maximum wing lift coefficients in takeoff and
landing configurations. With the selected wing
geometry, the free parameters that affect the
cruising quality and lifting properties of the wing
are the geometric parameters of the wing airfoils
(sections) and high lift devices. According to the
significance of influence, these parameters are
the second most important factor after the choice
of the wing planform.

The paper presents the aerodynamic design
of the wing high lift devices of a regional pro-
peller-driven aircraft with the value level
C¥max = 3.3, including:

o the use of a new A18 root profile (¢ = 18%)
with an increased level of lifting properties
and satisfactory values of drag and pitching
moment in cruise flight,
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Fig. 5. Design characteristics of the A18 airfoil determined by the VISTRAN program [12]

e design of adaptive trailing edge high lift de-
vices,

e design of a simplified version of the wing
leading edge high lift devices, including a slot-
ted Krueger.

To meet the complex requirement for high
lifting properties of the wing, the previously de-
veloped A18 root airfoil was used [10]. Figure 4
shows the geometry of the A18 airfoil, which is
characterized by a thickened rounded nose with
an increased radius of mating with the contour of
the upper surface of the airfoil and a small radius
of mating with the contour of the lower surface.
The front positions along the profile chord of
maximum concavity and thickness are supple-
mented by a small “cut” of the lower surface at
the end of the profile, reducing balancing losses.

The noted features of the root airfoil geome-
try provide a rounded (peak-free) pressure distri-
bution shape in the nose section at elevated an-
gles of attack, which, in combination with the
remaining declared profile parameters deter-
mined using the PARSEC method [11], contrib-
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utes to the attached flow around the upper sur-
face up to the values of the coefficient Cy
(CL = 1.2). The subsequent smooth development
of separation with an increase in the angle of at-
tack ensures the achievement of high values of
the coefficient Cy at low flight speeds
(Cymax = 1.9; fig. 5).

With a moderate value of the pitching mo-
ment Cm ( | m, | = 0.063; o = 0), the A18 airfoil
has an advantage in the value of the Cymax coef-
ficient equal to 8% and 14.5%, compared to the
well-known root profiles MS(1)-0318 and
NACA 43018 (fig. 6), installed in the wing con-
figurations of a number of regional aircraft.

The first of the specified profiles was used in
the root sections of the wing configurations of
the regional aircraft Saab 340, Saab 2000 and
Let L-610, a modification of the second is in-
stalled in the wings of the ATR 42 and ATR 72
aircraft.

The speed characteristics of the A18 profile
(Cx = f(M); fig. 7) correspond to the shock-free
pressure distribution on the upper surface up to
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Fig. 8. High-lift system of the wing root section

the Mach number M = 0.5 (C, = 0.7). This value
of the Mach number corresponds to the maxi-
mum cruising speed Vermax = 556 km/h of the
ATR 42-600 aircraft, realized with the calculated
value Cyy =~ 0.45 (H="7.2 km).

To increase the wing lift and reduce the take-
off and landing distances of a regional aircraft,
an effective leading and trailing edges control
surfaces have been developed (fig. 8), including
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an adaptive version of the Fowler flap and a slot-
ted Kruger.

Adaptation of the high lift devices in takeoff
and landing flight modes is achieved by integrating
the extension of a single-slotted flap with a down-
ward turn of the spoiler at small angles. The results
of a large cycle of studies of the adaptive flap vari-
ant in the TSAGI wind tunnel, published in work
[13], showed its increased efficiency, equivalent to
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Fig. 9. Effect of the Kruger flap on the wing root section aerodynamic performance (8;=35% M = 0.11; Re = 3.9-10")

an increase in the number of links of a convention-
al flap by one link. The downward deflection of
the spoiler provides both a preliminary turn of the
flow in front of the flap and adjustment of the gap
size between the trailing edge of the main part of
the wing and the flap tip for all operating positions,
including small deflection angles. Variation of the
gap size in the landing configuration can also be
used to control the wing lift and the approach angle
without changing the aircraft attitude.

The adaptive version of the trailing edge con-
trol surfaces, including the integration of spoilers
deflected downwards at small angles with the
flap rotation function, is used in the wing con-
figurations of the new long-haul aircraft (LHA)
Boeing B 787 [14] and Airbus A350XWB [15].
Both aircraft are based at airports with a runway
length of more than 2700 m. The significant re-
duction in the complexity and weight of the trail-
ing edge control surfaces achieved in this case
leads to deterioration of the lifting properties of
the wing in takeoff and landing modes compared
to the classic version of the trailing edge control
surfaces, including a retractable Fowler flap.

The use of only the adaptive version of the
flap with a high increment of lift in the linear sec-
tion is clearly insufficient to achieve the target
value of the wing Cymax coefficient of 3.3 in the
landing configuration; leading edge controls are
necessary. The retractable slats currently used in
swept wing configurations have complex exten-
sion kinematics (along curved guides) and are far
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from optimal in terms of lifting properties and
drag. The small curvature of the centerline and
the presence of a sharp protrusion (“vortex gener-
ator”) on the lower surface make it difficult to
obtain high Cy,,, values of the wing in the land-
ing configuration. Giving the slat a streamlined
shape as a result of its location in a well on the
lower surface of the wing leading edge and using
simple extension kinematics by rotating the hinge
relative to the fixed position allow it to be consid-
ered as an alternative option for wing leading
edge controls. The test results of an improved slat
with a chord of ~12.7% presented in work [16]
showed its significant advantage in aerodynamic
performance of the wing model compared to the
retractable slat with a chord of 15 %. In this pa-
per, instead of the previously used name “im-
proved slat”, the more well-known and frequently
used name — slotted Krueger — is adopted.
Calculations of the two-dimensional flow
around a power-driven airfoil in a landing con-
figuration with deflected leading and trailing
edge control surfaces were carried out within the
framework of the Reynolds-averaged Navier-
Stokes equations. The use of a slotted Krueger
with increased lifting properties made it possible
to reduce the effective angle of attack of the
main airfoil due to the flow slope behind the flap
and to ensure a favorable flow pattern around the
high-lift system to greater values of the angle of
attack compared to the previously considered
similar configuration without a flap (fig. 9).
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Fig. 11. Effect of the spoiler deflection angle on the model aerodynamic performance with adaptive flap (3;= 45°)

The results of the root profile tests with adap-
tive trailing edge controls and the Krueger flap,
conducted in the T-102 wind tunnel in the wing
section configuration, showed increases in the
critical angle of attack Ao, = 5.5° and the Cymax
coefficient (ACymax = 0.42) from the use of the
flap. The maximum value Cyp,, of the model in
the landing configuration was 3.73 (fig. 10).

The upward deflection of the spoiler reduces
the concavity of the main part of the wing and in-
creases the size of the gap between the trailing
edge of the main profile and the flap nose. This
leads to a decrease in the lifting properties of the
entire high-lift system both in the linear section
and in the area of critical angles of attack (fig. 11).
The lifting properties of the model in the landing
configuration with a spoiler deflection angle of
—30° (Cymax = 1.6) are close to similar values of
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the model with the original profile. A decrease in
the lifting properties of the wing also contributes to
the creation of an increment in the pitching mo-
ment for pitching up and an increase in drag.

Estimation of takeoff and landing
distances of the ATR 42-600 type
aircraft with a high-lift wing

The assessment of the lifting properties of the
ATR 42-600 aircraft wing, carried out on the
basis of the results of calculated and experi-
mental studies of the high-lift wing, showed the
following level of increments of the wing in
takeoff and landing configurations:
® ACymax 10 = 0.94 (&= 18°; & 1r = 150°),
® ACymax 1= 1.79 (8¢ =45°; 6t kr = 140°).
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Comparison of the performance of an ATR 42-600 aircraft type

with the original and high-lift wings

Table 3

Initial wing configu- Improved wing profile and
ration high lift devices
Takeoff Landing Takeoff Landing

C¥max 1.99 247 2.74 3.32
Vs, m/c 52.3 46.6 40.1 35.5
Cyla, 1.63 2.19
Vi, km/h 206.5 157
Distance, m 1177 984.5 860 810
Runway length, m 1354 1408 989 1158

The predicted level of values of the coeffi-
cient Cymax of the wing with a modified profile
and high lift devices, obtained according to the
previously described method, can be:
® Cymax= 1.79 — cruising configuration,
® Cymax = 2.74 — takeoff configuration,
® Cy¥max = 3.32 — landing configuration

The increase in the Cymax values of the wing
in takeoff (ACymax = 40.5%) and landing
(39.4 %) modes, obtained as a result of using the
new wing profile and high lift devices, made it
possible to significantly reduce the calculated
values of the aircraft takeoff and landing dis-
tances and the required runway lengths (tab. 3),
determined with regard to the safety factors of
1.15 (takeoff) and 1.43 (landing) for the declared
takeoff and landing values of the aircraft weight,
equal to 18,600 kg and 18,300 kg, respectively
(see Table 1).

The noticeable differences in the takeoff and
landing distances and required runway lengths of
the ATR 42-600 aircraft, obtained with the same
mass and thrust values of the aircraft characteris-
tics, are due to the differences in the lifting prop-
erties of the two wing variants (Cymax).

In accordance with the methodology used to
evaluate the takeoff and landing distances of the
aircraft, the resulting reduction in the takeoff dis-
tance corresponds to the level of the Cymax in-
crement of the wing, while for the landing dis-
tance, where the Cypm. value affects only the
length of the landing section, the reduction was
only 16.6%. However, a significant increase in
the lift coefficient value during the landing ap-
proach (Cyia= Cymax / 1.232), as well as the ex-

pected increase in drag in the landing configura-
tion, can be used for a steep approach for landing
in order to reduce the length of the air leg and
the negative impact of noise on neighboring res-
idential areas of the local airport.

A comparison of the landing approach speed
of the ATR 42-600 aircraft with the developed
high-lift wing with the landing approach speed
values (Vi) of known civil and military aircraft
given in work [6] is shown in Figure 12.

'ya.n QSRA

5| G/S, kre/m?

586  ATR 42-600

| e«Ceiibnaitnep»
C172 «Caiireimn» 111
Jupmxer 35

| 1 1 1 1

J
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Fig. 12. Approach speeds for civil and military aircraft

The dependence of the landing approach an-
gle (0) on the ratio of drag (X) to lift (Y), as well
as on engine thrust (7) and aircraft weight (G),
given for the condition V = const,

sin(@)z%—%=%—%- (5)
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Fig. 13. Photo of the ATR 42-600S (STOL) aircraft

makes it possible to use the increase in aircraft
drag with deflected high lift devices and engine
thrust control for a steep approach.

To control an aircraft when flying along a
steep glide path, a direct lift control system
(DLCS) is also required, with the help of which
it is possible to change the descent rate without
changing the aircraft orientation in space. At the
same time, to ensure good visibility and elimi-
nate the leveling mode during landing, the wing
must have high values of the lift coefficient at
small pitch angles [6].

The devices that allow the wing lift to be
controlled during landing include high-speed
flaps and multifunctional spoilers used in con-
junction with the aircraft longitudinal controls.
A previous study of the effectiveness of external
spoilers on a light transport aircraft model in a
landing configuration showed that their deflec-
tion by an angle of 8,s= —25° leads to a decrease
in aerodynamic quality and Cymax by an average
of 11%. A greater effect can be achieved by de-
flecting internal spoilers.

Evaluation of takeoff and landing
distances of the ATR 42-600S aircraft
type with the original wing
aerodynamics

In 2020 the regional aircraft manufacturer
ATR announced its intention to launch a new
version of the ATR 42-600S aircraft (fig. 13),
capable of taking off and landing on a runway
with a length of 800 m’. The introduction of a

5 ATR 42-6008. atr-aircraft.com. Available at:
https://www.atr-
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new version of the STOL aircraft should expand

its capabilities for operation at a larger number

of airfields with a runway length not exceeding

1000 m. Thus, ATR intends to enter the market

of 19-seater aircraft with a projected demand of

more than 500 aircraft.

Providing short takeoff and landing distances
is expected to be achieved by implementing a
number of modifications to the basic model of
the ATR 42-600 aircraft, including:

e replacement of the original Pratt & Whitney
Canada PW127 engines (2400 hp) with a more
powerful PW120XT-L series (2750 hp) with
greater takeoff thrust,

e a new braking system with automatic exten-
sion of spoilers during takeoff,

e increased flap deflection angle during takeoff
from 15° to 25°,

e increased area of the vertical tail and rudder to
counteract the yaw moment in the event of en-
gine failure,

e rudder deflection to counteract the yaw mo-
ment in the event of engine failure.

In accordance with the concept adopted by
the developer, the STOL mode also assumes a
reduction in the maximum takeoff weight of the
aircraft from Go = 18,600 kg to 16,032 kg as a
result of reductions in payload (coefficient 0.7)
and flight range to 200 NM (370.4 km). The
landing weight of the aircraft, taking into ac-
count 5% of the remaining fuel from the takeoff
value of 577 kg, is estimated at 15,484 kg.

The expected takeoff and landing perfor-
mance of the modified ATR 42-600S aircraft,

aircraft.com/wpcontent/uploads/2022/06/ATR_Fiche42-
600S-3.pdf (accessed: 07.12.2023).
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Take-off and landing performance of the modified ATR 42-600S aircraft

Pratt & Whitney Canada engines
Takeoff power, hp
Weights
Maximum takeoff weight (MTOW), kg
Maximum landing weight (MLW), kg
Maximum weight without fuel, kg
Empty weight, kg
Maximum payload weight (PL), kg
Maximum fuel weight, kg
Aerodrome characteristics
Takeoff distance, m (under the following conditions):
- Takeoff weight for a flight of 370.4 km (70% PL, ISA, SL)
- Takeoff weight for a flight of 555.6 km (PL,.x, ISA+10, SL)
Landing distance, m (under the following condition):
Takeoff weight for a flight of 370.4 km (70% PL, ISA, SL)

PWI127XT-L
2 x 2750

18600
18300
17000
11850
5150
4500

800
920

810

Table 4

Standard flight range, km
Fuel weight, kg

370.4
577

taken from the official data of the developer, are
given in Table 4.

With the specified aerodynamics of the ATR
42-600S aircraft for the takeoff flap position
(0¢=25°, Cymax = 2.24) and adjusted weight
characteristics, the following calculated values

of takeoff and landing distances and required

runway lengths were obtained:

o takeoff — Lrp = 683 m (Lrwy = 1.15,
LLD:786 m),

e landing — Lip = 707 m (Lrwy = 1.43,

LLD =1011 1’1’1)

When calculating the landing distance, the
average statistical reduction in the takeoff dis-
tance was taken into account when using the
braking system with the spoilers extension on
the roll®, which allows reducing the run section
by =30 % (ALyn=—173 m).

An additional reduction in the landing dis-
tance and required runway length is possible
when landing on a steep glide path with an ap-
proach angle exceeding the fixed value of 3° for
Instrument Landing Systems. Currently, an in-

S FSF ALAR Briefing Note 8.3. Landing Distances.
flightsafety.org. Available at:
https://flightsafety.org/files/alar bn§-3-distances.pdf
(accessed: 07.12.2023).
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creased approach angle is used at a number of
airports, for example, at London City Air-
port [9].

The increase of the approach angle for the
ATR 42-6008S aircraft from 3° to 5.5° additional-
ly reduces the air leg length by AL,s = —131 m
and the landing distance to 576 m, providing a
calculated value of the required runway length of

824 m, close to the declared value of 810 m
(tab. 4).

Evaluation of takeoff and landing
distances of the ATR 42-600 aircraft
type with improved wing aerodynamics

A similar assessment of takeoff and landing
distances was carried out for the ATR 42-600
aircraft using the calculated values of the Cynax
coefficient of the wing with modified profiling
and high lift devices in takeoff and landing
modes. Increasing the wing lifting properties to
the values of Cymax = 2.74 — takeoff configura-
tion and Cymax = 3.32 — landing configuration
allows, while maintaining the initial weight data
of the aircraft, to ensure the following estimated
takeoff and landing characteristics:
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e takeoff — LT.D = 750 m (LRWY = 115,
LLD:862 l’Il),

e landing — Lip = 811 m (Lrwy = 143,
LLD:1159 m)

The use of spoilers on the landing roll
(AL;yn=—173 m) and steep approach for landing
0 = 5.5° (AL, = —131 m) significantly reduces
the landing distance and the required runway
length to the values of Lip = 528 m and
LRWY = 143, LLD =755 m.

To meet the runway length requirement at
takeoff, an increase in the lifting properties of
the wing in the takeoff configuration was con-
sidered by increasing the flaps angle from 18° to
25°. Most high-lift devices of the trailing edge of
regional aircraft have the ability to select several
discrete high-lift device deflection angles during
takeoff, depending on the takeoff weight and the
available runway length. An increase in the flap
angle leads to an increase in the Cypax values of
the wing, a decrease in the stall speed Vs and,
accordingly, the takeoff roll length. However,
the accompanying increase in drag and decrease
in aerodynamic quality can lead to an increase in
the length of the air leg. It can also be difficult to
meet the airworthiness standards for the climb
gradient value on the second leg, especially with
a failed engine.

smnfd=T/G-X/Y.

A rational choice of the takeoff configuration
of the high-lift devices depends on the takeoff
weight and consists in finding the optimal com-
promise between maximum lift and aerodynamic
quality.

The expected Cymax value of a high-lift wing
from changing the flap angle from 18° to 25°,
determined on the basis of the calculated Cymax
values for takeoff and landing configurations,
may be 2.91. This allows us to come significant-
ly closer to meeting the runway length require-
ment (Lys =706 m; Lpwy=1.15 L p=811 m)

A similar effect on reducing the takeoff dis-
tance can also be achieved by reducing the initial
takeoff weight of the aircraft from 18,600 kg to
17,251 kg by reducing the payload weight by
26% or the flight range. In this case, the calcu-
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lated values of the aircraft takeoff performance,
while maintaining the flap angle of 18°, will
meet the basing requirement of an ATR 42-600S
aircraft on a runway no longer than 800 m,
achieved with a smaller reduction in payload and
a greater flight range, relative to the ATR 42-600
aircraft (L,s = 696 m; Lrwy=1.15 Ly p = 800 m).

Of the two considered options for reducing
the takeoff distance of an ATR 42-600 aircraft,
the option with an increase in the lifting proper-
ties of the wing by ACymax = 0.172 or by 6.3%
relative to the initial value Cymax = 2.74 is more
preferable. The latter can be achieved by opti-
mizing the geometric parameters and positions
of the considered wing high lift devices with a
minimum increment of profile drag.

Conclusion

Two approaches were considered to reduce
takeoff and landing distances of regional aircraft.

The first, proposed by the Franco-Italian con-
sortium, included replacing the original ATR
42-600  engines with more  powerful
PW120XT-L series (2 x 2750 hp), increasing the
flap angle during takeoff to 25°. A new braking
system was also developed and the takeoff
weight was reduced to 16,032 kg by reducing the
payload and the flight range to 370.4 km.

The proposed modifications of the ATR
42-600 aircraft made it possible to reduce the
takeoff distance to L,s = 683 m (Lrwy = 786 m),
however, in the landing configuration, an addi-
tional increase in the approach angle from 3° to
5.5° is required, which makes it possible to re-
duce the landing distance from 707 m to 576 m
(LRWY =824 m)

In the second approach, the main attention
was focused on increasing the wing lift. The de-
velopment of new wing airfoil with an increased
lifting properties, as well as the design of effec-
tive high lift devices, made it possible to signifi-
cantly increase the level of the Cynax coefficient
values of the regional aircraft wing to the follow-
ing values:

e cruise configuration — Cypa = 1.79,
o takeoff configuration — Cyp. = 2.74,
¢ landing configuration — Cyma.x = 3.32,
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which significantly exceed similar Cyp,y values
of the ATR 42-600 aircraft wing with a double-
slotted rotary flap: 1.57, 2.0 (8= 15°) and 2.47
(0r=35°).

The achieved level of lift values, as well as
the use of spoilers during takeoff roll and a steep
landing approach (0 = 5.5°), provide a reduction
in the landing distance of the ATR 42-600 air-
craft to Lip = 528 m (Lrwy = 755 m). It is im-
possible to meet the requirement for the runway
length during takeoff with the initial engine power
(2 x 2400 hp) (L = 808 m; Lrwy = 930 m).
The considered increase in engine power to
N =2 x2750=5500 hp (ATR 42-600S aircraft),
as well as increase of the flap angle to 25°
(AC¥max = 0.172) made it possible to come clos-
er to meeting the runway length requirement
(Las = 706 m; Lrwy = 811 m) while maintaining
the original data of the ATR 42-600 aircraft.
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OCHOBHBIEC NPUHUMUIIBI MOCTPOEHHUS CTPYKTYPHI H AJITOPUTMOB CHCTEM
yIpaBJeHUsI KOHBEPTOIJIAHOB

M.N. MHCHI/IKOBI, WU.P. Uabnn’

"Mocrosckuii asuayuontvii uHCmumym (HayUOHAIbHLIL UCCe008AMENbCKUL
yHusepcumem), 2. Mockea, Poccus
 Hayuonanvhiii yenmp eepmonemocmpoerus um. M.JI. Muna u H 1. Kamosa,
Tomununo, Poccus

Annotamms: Hacrosmas paboTa MOCBSIEHA PAacCMOTPEHHIO OCHOBHBIX IPUHIMUIIOB IOCTPOEHHS CTPYKTYpPhl U AJTOPUTMOB
CHCTEM YIpAaBJIEHUs OJIETOM KOHBEPTOIUIAHOB HA INPUMEpPE BUHTOKPBUIBIX JIeTaTeNbHbIX ammapatoB V-22 Osprey u AW609.
[MpuBomyTCsT KpaTkuii 0030p JIETHO-TEXHHYECKMX XapaKTePUCTUK KOHBEPTOIUIAHOB. [IpHBeneHbl XapaKTepHble KOPHIOPHI
KOHBEpTALMM HAa IpuUMepe KoHBepTomwiaHoB XV-15 u AW609. PaccMOTpeHB! NPUHIMIBI MOCTPOSHUSI CHCTEM YIIPaBICHUS
KoHBepTorIaHoB V-22 u AW609. IlepeunicieHbl nea NpoeKTUPOBAHKMS aBTOMATUUECKON CHCTEMBI YIIPABJIEHUS] KOHBEPTUPYEMOTO
neTatenpHOro ammapara. [1oqpodHo paccMOTpeHa CTPYKTypa CHCTEMBI yIpaBiieHnsI. PaccMOTpeHbI IPHHIMITH! TOCTPOSHHS 3aKOHOB
ympasnenws 1yt HopManbsHoro (Normal Mode) u psimoro (Direct Mode) peskumoB paboTsl. PaccMOTpeHBI cXeMBI THAPABITITIECKHAX
CHCTEM I TPHBOJA HCIIOJHWTENBHBIX OPraHOB yHpaBieHWs. [laHbl NpHMEpBI TOCTPOEHHSI CTPYKTYP OCHOBHBIX CHCTEM
yIpaBieHus: KOHBEpTOIUIaHoB V-22 1 AW609 ¢ TpoiiHBIM pe3epBHpoBaHHEM. [IpuBEIeHbI OCHOBHBIE XapaKTEPUCTHUKK 3aKOHOB
YIIPaBNICHHUSI KOHBEPTOILUIAHOB. PaccMOTpEHbI OCHOBHbBIE (DYHKIMH ABTOMAaTHYECKHX CHCTEM YIIPABJICHHUS KOHBEPTOILIAHOB.
PaccmotpeHbl MeToapl 0OecTiedeHs BBICOKON HAAEKHOCTH CHCTEMBI YIIPAaBIICHMS TOJIETOM, CIIOCOOBI CHIDKEHHUS HAarpy3Kd Ha
SKUMaX C EJbI0 00ECIIeUeHNsI COOTBETCTBUS HOPMAaTHBHBIM TPEOOBAHMSM IMJIOTAKHBIX XapaKTEPUCTHK KOHBepToILiaHa V-22.
PaccMoTpeHbl 0COOCHHOCTH TIOCTPOSHHSI CUCTEMBI YIIPABJICHHS TI0JIETOM W TpeOOBaHMsI K 3aKOHAM YIIpaBJIeHHs] KOHBEPTOILIaHA
AW609, koTOpBIE MO3BOJIAIOT YIYUIIUTh MHIOTAXKHBIE XapaKTePUCTHUKH, CHU3UTh Harpy3Ky Ha SKHIIaX U MOBBICHTH HAJIeKHOCTh
CHCTEMBI yIpaBlicHHs. B kauecTBe mprMepa NPHBEACH BapHaHT CHHTE3a aJrOPUTMOB ABTOMAaTHYECKOH CHUCTEMBI YIPaBJICHHS
(aBTOTIMIIOTA) JIETKOrO KOHBEPTOIUIAHA IS BCEX PEXMMOB IoOJeTa (BEpPTOJIETHOrO, CaMOJIETHOro M repexoxHoro). ITokasaHa
BO3MOXKHOCTb MCIIOJIB30BAHMSL OTHOCUTENBHO IMPOCTBIX AITOPUTMOB M CTPYKTYPhl CHUCTEMBI aBTOMATUYECKOTO YIPABICHUS B
MPOLIECCE TIOJIETA U NP NIEPEXOJIE MEXKTY PEKMMAMU BEPTOJIETHBII — CAMOJIETHBIN — BEPTOJICTHBII.

KiroueBble ciioBa: KOHBEpTOIUIaH, 3aKkOoHbI yrpaeienus, OJICY, anroputmbl, cCUCTeMa YIpaBIECHUs IOJIETOM, CHCTeMa
aBTOMATHUYECKOT'0 YIIPABJICHHS, MATEMATHYECKAsi MOJICIh TMHAMHUKH TI0JIETa, TOPOJICKAs a3pOMOOHITLHOCT.

st murupoBanusi: MsicankoB M., Vneur W.P. OcHOBHBIC NPUHIMITEI ITOCTPOCHHS CTPYKTYPHI U AITOPUTMOB CHCTEM
yrpasieHust KoHeproruiaHoB // Hayunbiii Bectauk MI'TY T'A. 2024. T. 27, Ne 5. C. 70-89. DOI: 10.26467/2079-0619-2024-27-
5-70-89

Basic principals of the tiltrotors flight control system architecture and
algorithms

M.I. Myasnikov', L.R. Ilyin’

"Moscow Aviation Institute (National Research University), Moscow, Russia
? National Helicopter Center Mil&Kamov, Tomilino, Russia

Abstract: This study describes the main structure and algorithm development principles of flight control systems for tiltrotor
aircraft using the example of rotary-wing aircraft V-22 Osprey and AW609. A brief overview of convertiplane performance is
provided. Typical conversion corridors are given using the example of convertiplanes XV-15 and AW609. The principles of V-22
and AW609 tiltrotor control system development are described. The design objectives of the automatic control system of the
convertible aircraft are listed. The structure of the control system is discussed in detail. The development principles of control laws
for Normal and Direct operational modes are described. Hydraulic power supply systems for control actuators are considered.
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Examples of the main control system architecture with triple redundancy for V-22 and AW609 convertiplanes are given. Main
characteristics of tiltrotor control laws are given. Main functions of tiltrotor automatic control systems are described. Methods for
ensuring high reliability of the flight control system, ways to reduce crew workload in order to ensure compliance with the
regulatory requirements of V-22 tiltrotor handling qualities are considered. Features of AW609 tiltrotor flight control system
development, requirements for control laws which make it possible to reduce crew workload, improve handling qualities and
increase the reliability of the control system are considered. As an example, the automatic flight control system (autopilot)
algorithm synthesis of a light tiltrotor for all flight modes (helicopter, aircraft and conversion) is given. The possibility of using a
relatively simple algorithms and structure of automatic control system during the flight and conversion between the helicopter —
aircraft — helicopter modes is shown.

Key words: tiltrotor, control laws, fly-by-wire control, algorithms, flight control system, automatic control system, mathematical
model of flight dynamics, urban air mobility.

For citation: Myasnikov, M.I,, Ilyin, L.R. (2024). Basic principals of the tiltrotors flight control system architecture and algorithms.
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BBenenue KOM [5—24] yxe HECKOJBKO AecATUIeTul. bomb-
0l 00beM HayyHBIX HCCIEeOBaHUN B 00JacTu
HayuHno-uccienoBarenbCkue U ONBITHO-KOH- AWHAMHKH TIOJI€Ta U CUCTEM YIPAaBJICHUA KOH-
CTPYKTOpCKHE paboThl MO MpeodpazyeMbiM B BeproruiaHoB nposoguiacs B CIIA Ha otarme
[IOJI€TE€ BUHTOKPBLIBIM JIETATEJIBHBIM almapa- paspaboTku ammapatoB XV-15 [12, 13] u V-22
TaM — KOHBEPTOIUIaHAM, IIPOBOAUMBIE C Hayaja Osprey [14-16].
50-X IT. MPOIIOro BeKa B BEIYIIMX aBHAIIMOH- bnaromaps codeTaHMIO OCHOBHBIX KauecTB
HBIX JIep)KaBax MHpa (Hpe}Kﬂe Bcero B CIIA m BCPTOJICTA U CaMOJICTAa KOHBCPTOILIAHBI o0Ia-
EBporie), 3aBepIMiINCh CO3JaHUEM DPsiia DKCIe- AAr0T pAAOM NPEUMYHICCTB IIEPEA STUMH JICTa-
PHMEHTAIBHBIX M CepHilHBIX MammH (XV-3, TEIbHBIMU alNlapaTaMy, KJIIOYEBBIMH U3 KOTO-
XV-15, Bell/Boeing V-22 Osprey, V-280 Valor, PBIX ABJIAIOTCA:
AgustaWestland AW609). B nacrosimee Bpems ® BO3MOXKHOCTH BBIIIOJIHCHHS pEKHUMa BUCCHUS,
KOHBEPTONJIAHbI MPUMEHSAIOTCS B aBHAIlUM BO- BCPTUKAJIBHOT'O B3JICTA U IMOCAJKH,
enHoro HaszHaueHus (Bell/Boeing V-22 Osprey, ® BBICOKAsl CKOPOCTh FOPU30HTAIIBHOTO MOJIETA,
V-280 Valor), 1 Bckope IuIaHupyeTcs Havyajo ux e QOIbIINE, YEM Y BEPTOJIETOB, MPOJIOJIKUTENb-
9KCIUTyaTallul B TpakJaHCKOM aBuanuu (Agu- HOCTh U JJAJIbHOCTh TOJIETa.
staWestland AW609). JlerarenbHble anmaparsl, W3 HenocTaTKOB KOHBEPTOIUIAHOB IO CpPaB-
IIOCTPOCHHBIE 110 TaKOW cXeMe, B OyAylleM Mo- HEHMIO C KJIACCUYECKHMM BEPTOJIETAMM CJEIyeT
r'yT OBITh MCIIOJIb30BaHbl KaK B MUJIOTHPYEMOM, OTMETUTH 00Jie€ BBICOKYIO CKOPOCTh CHMKEHUS
TaK U B OECIIMJIOTHOM BapHaHTaX, B TOM YHUCIIE B Ha peKUME aBTOPOTAaLUH, OOYCIOBICHHYIO 0O0JIb-
KaueCcTBE a3pOTAKCH JIJIsl IEPEBO3KH I1ACCAXKUPOB nield, 4eM y BEpTOJIETOB, YJIEJIbHON Harpy3koi
WIM I CHEHUAJIU3UPOBAHHOTO IPUMEHEHUS Ha JIMCK BHHTA.
Pa3NUYHBIMH TOPOJCKHUMH CIIy’KOaMH, BKIIOYAs Bell/Boeing V-22 u AgustaWestland AW609
MOJIMIUIO, CKOPYIO MEIMLUHCKYIO IIOMOIIb U SBJISIIOTCSL  SIPKMMHM  NIPEJCTaBUTEISIMU  KJlacca
MIO’KapHYIO OXpaHy. BUHTOKpBUIBIX JIETATEIbHBIX allapaToB C BEp-
[TocTpoeHnEe CTPYKTYypbl U CHHTE3 AJITOPHUT- TUKAJIbHBIM/KOPOTKUM  B3JIETOM U  IOCAJIKOM
MOB pabOThl CUCTEM YIPABJICHUs KOHBEPTOILIA- (B anTNOs3BIYHOM nuTeparype V/STOL). biaro-
HOB SIBJISIETCS CII0KHOW MHOTOIIapaMETPUIECKON Japsi TOBOPOTY OCeil BpallleHHs CBOUX JIBYX
3aJa4eil B CHJIy COYETaHUs y TaKUX JIETaTellb- HECYIIMX BUHTOB OHH CIIOCOOHBI COBEPIIATH I10-
HBIX alllapaToB PEKUMOB II0JIETA KaK BEPTOJIE- JeT B BEPTOJETHOM WJIM CaMOJIETHOM pPEXUME.
TOB, TaK U caMmosieToB. HayuHble uccienoBanus B BepTosneTHOM pexuMe OCH BUHTOB ITOBEPHYTHI
B 00JIaCTH KOHCTPYKIUU, a3pOJIMHAMUKHU, TUHA- Ha 90° OTHOCUTEIBLHO CTPOMUTEIBHON TOPU30H-
MUKH II0JIETa U CUCTEM YIIPaBJICHUS KOHBEPTO- Tanu jerarenapHoro anmnapara (JIA). B camoner-
IUTAHOB C IOBOPOTHBIMM Ha 90° HeCcyllMMU BUH- HOM pE&XHME I0JIETa OCH BUHTOB YCTaHABIIMBa-
Tamu mpoBonsatcs B Poccum [1-4] u 3a pyOe- I0TCsL TOPU30HTANBHO (0° OTHOCUTENBHO (ro3e-
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Puc. 1. O6muii BUA, KOPUIOPHI KOHBEPTALUH M IKCIUTyaTallHOHHBIC PEKHMBI ITOJIeTa
KoHBepTOImIaHoB XV-15, V-22 Osprey u AW609
Fig. 1. General view, conversion corridors and operational flight modes of
convertiplanes XV-15, V-22 Osprey and AW609

mpka). Takum oOpazom, MogbeMHasi CHila B ca- cTel moJieTa, KOTOpble MOTYT IMPEBBIIATH B JBa
MOJIETHOM PEXHUME CO3/1aeTCsl KPBLJIOM KOHBEp- pasza CKOpOCTh OOBIYHOI'O BEPTOJETa, B TO XKe
TOIUIaHa, @ BUHTHI CO3/Ial0T TOJIbKO MPOIYb- BpEMS 1aJbHOCTB I10JIETa BO3PACTaET B 3 pasa.
CHUBHYIO cwiy Taru. Jlanee neraTeiabHbIM amma- Ha puc. 1 [13, 17, 18] BumHO, 4TO dKCILTyaTa-
paT QyHKIMOHUPYET KaK OOBIYHBIA CaMOJIET C LIMOHHBIE PEKHUMBI MOJIETAa 3TUX KOHBEPTOILIAHOB
BO3JYIIHBIMM BHUHTaMH [E€PEMEHHOIO Iara. 3aHUMAIOT MPOMEKYTOUHOE IOJIOKEHUE MEXIY
B camonerHom pexume JIA nocturaer ckopo- peXUMaMHU T10JIETa CaMOJIETA U BEPTOJIETA.
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Puc. 2. Ynpasienue kouepromianoM V-22 Osprey Ha pa3lTUIHBIX peKUMax MojeTa
Fig. 2. Control of V-22 Osprey tiltrotor in different flight modes

KonBepTomiaH BOeHHOr0 HAa3HAYEHUS
V-22 Osprey

Boeing/Bell V-22 — MHOroyHKIIMOHATBHBIN
BOCHHBIM KOHBEPTOIUIAH, KOTOPBIA MOXKET HC-
MOJIb30BaThCS ISl BBIMOTHEHHUST OOEBBIX 3ajad,
ITOMCKOBO-CIIACaTENIbHBIX OMNEPALMM, Clelralb-
HBIX 3aJ]a4 U TPAHCMOPTHBIX onepanuil. C Mak-
CUMaJIbHOM B3JIETHOW Maccoi 27,4 T npu KOpoT-
KoM pasbere u 23,4 T Ipu BEPTUKAIHHOM B3JIETE
OH MOXET MepeBo3uTh 9 T rpys3a wim 6,8 T Ha
BHEIIHEH MOJBECKE. MakcuMalibHasi CKOPOCTh
koHBeprormiana 510 km/4. IIpoekT cozmanus
V-22 6b1 Hauat B 1983 r. CBo#i nepBbIii MONET
oH coBepmni B 1989 r., a BBelleH B AKCIUTyaTa-
o Jume crycts 16 ner B 2005 r. Pa3zpaboTka
V-22 gBnsieTcsi HarJaIHBIM PUMEPOM CJIOKHO-
CTH CO3JaHMs Takoro npeodpasyemoro JIA, ko-
TOPBIA coueTaeT B cebe 0COOEHHOCTH yIIpaBJe-
HUS BEPTOJIETOM M TPYIHOCTH, CBSI3aHHBIE C
YIIPaBJICHUEM MEPEXOJHBIMU PEKUMAMM, BKIIFO-
yasi B3aMMOJICUCTBHE B KOHTYype MHWIOT — JIeTa-
TenbHbI anmapar. [lo cocrosuuio Ha 2019 r. B
AKCIUTyaTalluy HaXOAUIUCh 375 MammH, oomui
HaJIeT KOTOpbIX npeBbicka oTMeTKy 500 000 net-
HBIX 4YacOB. [JIaBHBIM DKCIUIyaTaHT KOHBEPTO-
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iaHa — BoopykeHHble cuibl CIIIA, Bkirouas
BM®, Kopnyc mopckoit nexotsl 1 BBC. Pa3pa-
6oTka V-22 ommpanach B OCHOBHOM Ha OIIBIT,
npuoOpeTeHHbI Kommnanuerd Bell Hauwmnas ¢
1950-x rr. rMaBHBIM 00pa3oM MpH CO3JaHUU
SKCIEPUMEHTAIBHOTO KOHBEpTOIUiaHa XV-15,
KOTOpBIN BIiepBhIe B3sieTen B 1977 r. [17].
Konsepromnan V-22 — aByxaBUraTelbHbIN
BBICOKOIUIAH IIONIEPEYHON cXeMbl. B Beproser-
HOM pexume ynpasieHue JIA ocyiiecTBiaseTcs
U3MEHEHHEM OOILEero M IMUKIMYECKOro Iara He-
CYIIMX BUHTOB aHAJIOIMYHO TOMY, KaK 3TO Jieya-
eTCsl NpU YIpaBIEHUHU BepTOJeTOM. Tak, u3Me-
HEHHUE LUKINYECKOro IIara 1o TaHTaxy yIpaB-
asier TaHraxoM JIA, ynpaBieHue KpeHoMm olec-
neyuBaeTcs u3MeHeHueM auddepeHnnanTbHOro
o0I1ero mara COBMECTHO C YIPABJICHUEM IIHMK-
JMYECKUM IlaroM mno kpeny. IlyreBoe ympasie-
HUE OCYIIECTBISIETCS H3MeHeHueM uddepeH-
[UAIBHOTO LHUKIWYECKOro Ilara MO TaHTaxy.
VYiopaBieHne B KaHaj€ BBICOTHI JOCTUTAETCA
CUMMETPUYHBIM HU3MEHEHHEM OOIIero mara He-
CyIIUX BUHTOB. B caMosieTHOM pexume yrpas-
JIEHWE TPOU3BOIUTCS MPH MOMOLIH PYJISi BBICOTHI,
¢aniepoHoB U pyJist HanpasneHus. Ha puc. 2 [20]
MOKa3aHbl CIOCOOBI YIPABIEHHsSI KOHBEPTOILIA-
HOM Ha pa3lM4HbIX pexxumax nonera. Ha mepe-
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XOIHOM pPEeXHME 3a/IeliCTBOBAaHBbI KaK BEPTOJNET-
Hble, TaK M CaMOJIETHbIE OpraHbl YIPABICHHUS.
Pynb BBICOTHI, (uanepoHbl U Py HaNpaBICHUS
paboTaroT Ha BCEX peXUMaXx IOJIETa U MOBHIIIAIOT
3¢ GEKTUBHOCTh yNPABICHUS LUKIUYECKUAM IIa-
IOM HECYUIMX BUHTOB BO BPEMsI CKOPOCTHOIO I10-
JieTa B BEPTOJIECTHOM PEXUME.

[Ipn cuHTe3e 3akoHOB YympaBieHus V-22
YUUTBHIBAJICS OMBIT pa3pabOTKH JEMOHCTpaTopa
XV-15, a Ttaxxke pe3ysbTarhl, IOJYy4YCHHBIC B
nporpamme ADOCS (mepcrnekTruBHasi cucTema
U (POBOTO/ONTHYECKOTO ympaBieHus). XV-15
co3JaBalicid Kak Jietaromas jaboparopus A
MOJTBEPXKICHUS KOHIICTIIUN TpeoOpa3yeMoro
JIA. OmbIT MOAENUPOBAaHUS U JIETHBIX HCIIBITA-
HUi XV-15 Obl1 HanpsMylo NpUMEHEH s
VIIyYIIEHUS YHPaBISEMOCTH M YCTOMYUBOCTH
V-22. AHanoru4HO apxUTEKTypa 3aKOHOB
ympasieHuss ADOCS Obuta ucnosib30BaHa B Ka-
4YecTBE NMPOTOTHUINA JUIsl CUHTE3a 3aKOHOB YIIPaB-
nenuss V-22. OcHOBHass 0COOEHHOCThH ATOH ap-
XUTEKTYpPBl — pa3/ieJI€HUE CUCTEMBI YIIPABIICHUS
Ha JIBa YPOBHS: OCHOBHAs CHCTEMa YIPaBJICHUS,
PFCS (OCVII), m aBroMarudeckas cUCTEMa
ympasienusi, AFCS (ACVYII). [TogoGHoe pa3ne-
JIeHHe HeoOXOIUMO JUI YMEHbUICHUS BIMSHUS
nociencTsuii orkasza ACVYII Ha nuioTakHBIE
XapakTepucTuku JIA mpu ynpaBieHHH C IIOMO-
upto OCVYII B aBapuiinoM pexxkume [19].

APXHMTEKTYpPa CUCTeMBI yIIPaBJIeHUSA

CrpykTypa CHUCTEMBI YIpaBJEHUSI IOJIETOM
V-22 npusenena Ha puc. 3 [21]. B cucreme ynpas-
neHust V-22 mpumeHeHa LuU@poBas 3IIEKTPOAU-
CTaHLMOHHasA cucteMa ynpasieHus (CY), co-
crosmas u3 OCYII u ACVYII. Hagexnocts OCVYII
Jomyckaetr oguH otka3 Ha 10 000 000 netHbIX ya-
coB. Hanexnocte ACVYII paccuMrana Ha OJIUH
oTKa3 Ha 2 155 nernbix yacoB. Cucrema ymnpas-
JICHUS TI0JIETOM UMEET TPOMHOE pe3epBUPOBAHNE
C KaHaJIaM{ BHYTPEHHETO M BHEITHETO KOHTPOJIS
u o0ecreunBaeT BO3MOXKHOCTh JIBYKpaTHOI'O OT-
kaza OCVYII u ognokpaTtHoro orkaza ACVYIIL.

B nporiecce BbINOIHEHNS MIPOrpamMMbl pas3pa-
6otku V-22 xomnanus Boeing co3nana apxuTek-
Typy CHCTEMbl YIPaBJICHHUS, IMOBBIMIAIOLIYIO €€
0€30MacHOCTh U HAJEKHOCTb ITyTEM pa3JeleHUs
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3aKOHOB YIIPABIICHHUS HAa KPUTHUYECKUE AN Oe3-
OMaCHOIO 3aBEpILICHMs MOJIeTa U KPUTUYECKUE
JUIS BBITIOJIHEHUSI TIOJIETHOTO 3a/laHusl (MUCCHH).
Kax mokazano Ha puc. 4 [19], 3akoHbI ymnpasie-
HUS (QyHKUMOHaNBHO paszzgeneHsl B OCYIIL u
ACVII. Ha ¢usndyeckom ypoBHE KaK/asi CUCTEMA
UCTIONB3YeT CBOM COOCTBEHHBIN MpPOIECCOP.
OCYVII obecneunBaeT (pyHKIMOHUPOBAHUE KPH-
TUYECKUX Ui OE30MacHOCTH TOJIETa 3aKOHOB
yhopaBieHuss U o0nanaer Ooyiee BHICOKUM YpOB-
HeM HanexkHoctd, dyeM ACVYII, nHeoOxomumas
NPEX/Ie BCETo JJIsl YCIEUIHOIO BBINOJIHEHUS I0-
aerHoro 3anaHusa. OCVYII mo3BoisieT cOXpaHUTb
MUHHMAaJIbHO TpeOyeMblii YpOBEHb YMpaBISIEMO-
ctu JIA B cimyuyae MHOXECTBEHHOTO OTKas3a CH-
CTeMbl ympaBieHus, B To Bpemsi kak ACVYII
obecnieunBaet JIA yinydIeHHBIMHA MUIOTAKHBIMU
CBOMCTBaMHU JIs 3aBEPIICHHS MOJIETHOTO 3aJaHUs
MIpH JTIOOBIX 00CTOSATENBCTBAX. TpedyemMblil ypo-
BeHb HanexHocth OCVYII mocturaercss mytem
pacnpeneneHys annapaTHON 4acTH U MporpaMm-
HOTO O0ecneyeHus, MUHHMHU3AIMHA KOJIMYECTBA
JAaTYUKOB BXOJHBIX CUTHAJIOB M YMEHbBILICHUS
CJIO)KHOCTH 3aKOHOB YIIPABJICHMUSL.

Paznenenne u orpanmuenue komang ACVYII
u OCVYII no3BoasieT MUHUMHU3UPOBATH BIHUSHUE
otkaza ACVYII Ha NUIOTaKHBIE XapaKTEPUCTUKHU
JIA. KommbloTep ympaBiieHUsl HOJETOM 3aJacT
YIOPaBISOIME KOMaHIbl JJIs PEKHMOB TOJeTa
Ha aBTONMWJIOTE, KOTOpbIE NEepeaaloTcs B Kaue-
cTBe ynpaBisionux BosxaeiictBuii B ACVYIL
CrpykTypHasi cxema THAPaBINYECKON CHCTEMBI
yrpaBiienust V-22 npejacrasieHna Ha puc. 5 [17].

esun npoexktupoBanus OCYII

NznavanpHas nens paspadorku OCYII — obec-
MeYeHHUEe MUHUMAJIBHOTO 2-TO YPOBHS MAJIOTAXKHBIX
XapaKTEepPUCTHK (B COOTBETCTBHH CO CTaHIAPTOM
ADS-33E [22]) nmns BbIONHEHHS BceX 3afad B
paMKax SKCIUTyaTaIllMOHHOTO pexuma rosnera. [Ipu
HAa3HAYEHUHM MHUHUMAIBGHOTO 2-TO YPOBHS IHJIO-
TaXHbIX cBoMCTB Ay nonieta ¢ OCYII npenrmona-
rajoch, 4To OyAyT O0OeCreuuBaThCcsl MpUeMIIeMble
MIIOTAKHBIC XapaKTEPUCTUKU ISl 3aBEPIICHHS
MOJIETHOTO 3aJaHUs MPH OTKa3e WM OTKIIOUEHHUU
ACVII. Koncrpykuust OCVYII 3agymana ¢ uc-
MOJIb30BaHUEM MHHUMAIIFHON CTENEeHU YITydIle-
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HU YHOPaBIACMOCTU I COOTBETCTBUSA Tpe6OBa- HUSAM HaJAC)KHOCTHU CHUCTEMBI YIIPABJICHUA. Cxema

HUSM TWIOTAXKHBIX XaPAKTCPUCTUK U B TO IKC TpOﬁHOFO PE3CPBUPOBAHUA CUCTCMbI YIIPABJICHUA
BpEMsI COOTBETCTBHSI OITMCAHHBIM BBIIIIE TPEOOBa- V-22 noka3zana Ha puc. 6 [17].
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Taoauma 1
Table 1

Oco0eHHOCTH 3aKOHOB YIIPABIIEHUS OCHOBHOM CHCTEMBI yIpaBicHUs V-22
Features of V-22 primary flight control system control laws

Oco0eHHOCTH

BiausiHue HAa MUJIOTAKHbIE XapPpaKTCPUCTUKH

DopMHUPOBAHUE BBIXOIHBIX YIIPABIISI-
FOIIMX KOMaH]

KOMHCHCI/IpyeT MCIJICHHBIC OTBECTHBIC PCAKIINU Ha YIIPaBJIAIO-

e KOMaH /bl

W3MmeHeHne nepeaToyHoro yncia
B KaHalie pyJid BbICOTHI

CHuxaer YYBCTBUTCJIIBHOCTh K KOMaH/{aM 110 TaHT'aXXy IIpU CKO-
POCTHOM II0JIETC B CAMOJICTHOM PECIKHUME

ABTOMaTHUYeCKas pa60Ta 3aKPBLJIKOB /
ABTOMAaTHU4YCCKOC YIIPABJICHUC O60p0-
TaMH

CHuxaeT pabouyro Harpy3Ky Ha IMWJIOTa NMPH BBITIOJTHEHUH pe-

JKUMOB KOHBEpTaAllUN

OO6patHasi cBs3b MO YTIIOBOH CKOPOCTH
KpeHa

IToBbImraet ycTolauBOCTh JIA K KOJIeOaHUSM THIIA «TOJUIAH]I-
CKHU IIIar» B PeKUMeE caMoJieTa Ha OOJBITUX BBICOTaX, CHIYKAET
pazanyue B KPyTALIMX MOMEHTAaX Ha BaJlaX HECYLIUX BUHTOB BO

BpEMsI MAHEBPOB C OOJIBIIUMHU YTIIOBBIMH CKOPOCTSIMHU KpeHa

VYnpapneHne UMKINYECKUM IIaroM o
KpeHy

Camxkaet TpeOOBaHUS K MAKCUMATHHOW BETMIMHE YIJIa KpeHa
JUTsE OOKOBBIX TICPEMEIICHUH Ha Majod CKOPOCTH

PerynupoBanue 060poTOB HECYIIIETO
BUHTA / MOIIIHOCTH JBUTATEINIEN U CO-
TJTACOBAaHME KPYTSAIIETO MOMEHTA

CHmkaet OrpaHUYCHUA K TOUHOCTH NEPEMCUICHM A IITOKA T~

pPOyCHINTEIA aBTOMATa NIEPEKOCa

OrpaHuveHne B3aNMOICHCTBHUS MEKITY
cucremamu ACYIT/OCVYII

Munnmusupyet BiausiHue otkazoB ACYII Ha nuioTaxHbIe CBOM-

ctBa OCVYII

Oco0OeHHOCTH 3aKOHOB YIIPABJIEHUS OCHOB-
HOH CHCTEMBl ynpaBieHHs V-22 TMOKa3aHbI
B Taom. 1 [2].

Hesan npoextupoBanusa ACYII

I'maBnas uens ACVYII — goctukeHue ypos-
Hs | TWIOTaXHBIX XapaKTEPUCTHK (B COOTBET-
ctBuu co crangaprom ADS-33E) ans BeimomHe-
HUS BCEX 3a/Ja4 MOJIETHOTO 3aJaHusi B paMKax
HKCIUTYaTallMOHHBIX PEKUMOB TojeTa. Tpeboa-
HUE K CHIDKEHHUIO Harpy3Kd Ha MUJIOTa MPH T0-
JeTe B BEPTOJIETHOM, MEPEXOJHOM M CaMOJET-
HOM PEKHMMax MpPHUBEJIO K HE0OX0UMOCTH 00ec-
MEYeHUs aBTOMATHU3allMK YTIOBOW cTabmin3a-
uuu JIA, ynpaBieHHs yriioM MOBOPOTa MOTO-
TOHJION U CKOPOCTHIO mosieta. OCHOBHBIE Xapak-
TEPUCTUKH 3aKOHOB YTMPABJICHHUsS] aBTOMaTHYe-
CKOH cucTeMbl ynpasieHust V-22 mnpeacTaBicHbl
B Tabm. 2 [19].
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I'pa:xknanckuii konBepromian AW609

AW609 MHOTOIIEJIEBOM  KOHBEPTOIUIaH
IpaXkJIaHCKOT'O Ha3HA4YEHUs1, CHOCOOHBIN MepeBo-
3UTh 10 9 maccaxupoB U NpeJHaA3HAYCHHBIN I
BBINOJIHEHUS Pa3IMYHBIX MHUCCHI: Treosjoropas-
BeIKkH, o((IIOPHBIX oOrepanwii, maTpyJIHpoBa-
HUSL U HAOJIOJEHHUS, IMOMCKOBO-CIACATEIbHbIX
orepanuii, METUIIMHCKON CIy>KObI, eIOBON
aBuanMu u T. 1. IlepBble uccnenoBaHus Haya-
muck B 1996 r., a BBOA B JKCIUTyaTaluio ObLI
HameueH Ha 2002 r. IlepBslil MoOJET KOHBEPTO-
raH coBepimt 6 maprta 2003 r. [Tocnemyrommii
JBaILATHJICTHUNA TEpUOJ| TOBEICHHUS MAaIlWHBI
70 BBIXOJ]a HA PBIHOK SIBJISIETCS SIPKOW HILIIO-
CTpaledl TPyIAHOCTEH, COIpPSDKEHHBIX € Jopa-
0OO0TKOM KOHBEPTOIJIaHA, KOTOPBIM JOJKEH OBITH
CepTUGHUIMPOBAH JUISl HYX/1 TPaXKAAHCKOMN aBua-
mun. AW609 MoxeT JIeTeTh ¢ MaKCHUMAaIbHOH
CKOpocThI0 590 KM/4 B CaMOJIETHOM pEXUME U
UMEET CKOPONObEMHOCTh 7,9 M/C mpH ToJeTe B
BepToJieTHOM pexume. Iloneznas Harpyska co-
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Taoauma 2
Table 2

OcCHOBHBIE XapaKTEPUCTUKH 3aKOHOB YIPABICHUS aBTOMAaTUYECKONW CUCTEMBI yIIpaBieHus V-22
Main characteristics of V-22 automatic flight control system control laws

Bucenne / IocrynarejbHbIi
MauJiasi CKOpOCTh noJieT
Kananbl Komanna Craduiauzanus Komanna Craduiauzanus
Tanrax ITo yriy Tanraxka VYroa TaHraxa ITo yriy Tanraxka VYros TaHraxa
[To yrnosou ITo yrnosoiu
Kpen Y VYron kpeHa Y VYron kpeHa
CKOPOCTH KpeHa CKOPOCTH KpeHa
Crabunusamnus
ITo yray kpena VYroa kpeHa Ilo yrny xpena VYron kpeHa
HYJIEBOTO KpeHa
" Crabunusanus
ITo yrnosoit .
Crabunm3anus [To nmomepeunoit Kypca WiIn
Prickatie CKOPOCTH Kypca neperpyske KOOpAMHAIUS
pBICKaHUs yp Perpy p
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, passopora
[To yrnooi YrnoBas CKOpOCTb .
Crabunuzanus ITo nmonepeunoit Koopannanus
CKOpOCTH pBICKaHUs
Kypca OTKJIIOUEHa neperpyske pa3BopoTa
pBICKaHHS
Tsra/ ITo BenuuuHe BeprukanbHas ITo BenuuuHe
MoimHoCTh Taru HB CKOPOCTh Taru HB

ctaBisier 2 500 kr (BepTONETHBIA PEXKHUM) HIU
3 050 xr (caMOJIETHBIM PEXHUM C KOPOTKHM pa3-
o6erom (CKP)). HanbHocTth mosneta — 1 389 km,
MakcuMasbHas B3neTHas mMacca — 7 630 kr (Bep-
tonetHelii pexkum) win 8 200 kr (CKP). Jlera-
TeNbHBIA ammapar Oojee yeM B 3 pasa Jierde
KOHBepToIUiaHa V-22. YuuTbIBas, 4TO NpaKTH-
YeCKUl  MOTOJOK  JIETaTeJIBbHOro  ammapara
7629 M, AW609 Oymer mepBbIM CEpPUITHBIM
BUHTOKPBLUIBIM JIA ¢ repMeTHyHOI KaOUHOM.

OO01as apxuTEeKTYpa CUCTEMbI
ylnpaBJieHHs

AHaJOrMYHO KOHBepTomIaHy V-22 Ha
AWO609 ncrnonb3yroTcsi ABE€ MOBOPOTHBIE MOTO-
TOHJIOJIBI, PACIOJIOKEHHBIE HAa KOHIAX KpbLIA.
Kaxnas mororonmona BkiouaeT B cebs ra-
30TypOuHHbIN naBuratens (I'T), pazBuBarommii
MaKCUMaJIbHY10 MOIIHOCTH 1 447 kBT, pexykTop
Y HECYIIMH BUHT IUaMeTpoM 7,92 M, UMEIOIINA
TPH JIOMACTH C MHAUBUYaIbHBIM YIIPABICHUEM
maroM. B cinydae orkasza ognoro I'T/] mis mpo-
JOJIKEHHUSI TIOJIETa MOXKET MCIOIb30BaThCs pado-
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tatrouui ['T/] mocpencTBom nepenaun KpyTsiie-
r0 MOMEHTA Ha HECYIIUi BUHT C TIOMOIIBIO CHH-
XPOHU3UPYIOIIETO TPAHCMUCCHOHHOTO  Baja,
PacIoJI0KEHHOTO B KpbLIE.

Uro kacaeTcs CHCTEMbl YIpPaBICHUS IOJIe-
ToM, TO Ha AW609 ona mporie, uem Ha V-22.
AW609 umeer Bcero nBa (uamepoHa BMECTO
YeThIpex, 0 OJHOMY Ha Ka)XI0H KOHCOJHU KpbI-
Ja, KoTopele 3aHuMaioT 78 % ero pasmaxa. Ha
AWO609 wucnonezyercs T-oOpazHoe onepeHue
BMECTO JIBYXKHJIEBOI'O BEPTHUKAIBHOTO OMIEPEHUs
Ha V-22. JlanHas koH(puUrypauus Obuia NpUHSTA
MOCJIE OLEHKH a’poiuHaMu4eckor 3(hQexTuB-
HOCTH TOPH30HTAJILHOTO CcTabuimu3aropa mpu
OOoJBIIUX yIJIaxX araku. BepTukanbHbIN cTabH-
m3atop AW609 He umeeT pyssl HalpaBJICHMUS.
[TyTeBoe ympamieHue ocymectBisercs audde-
PEHIMATBHBIM U3MEHEHUEM IIUKJINYECKOTO I1ara
M0 TaHTaxy (BEPTOJICTHBIN pexxuM) wim audde-
pEHIMATBHBIM W3MEHEHHEM OOIIero Iara BHH-
TOB (CaMOJIETHBIN pexkuM). B otnuume ot V-22
Ha AW609 He ncronb3yercs ynpaBieHHE LIUK-
JMYECKUM IIaroM B KaHaje KpeHa Ha pexumax
BHUCEHMS U MAJIBIX CKOPOCTEH I0JIeTa. YIIpaBiie-
HUE TI0O KpeHy ocymecTBisercs auddepeHim-
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Puc. 7. Kanans! ynpasnenus kouseprorianom AW609
Fig. 7. AW609 Tiltrotor Control Axes

albHBIM HM3MEHEHHEM oOIero Imara (BepToJeT-
HBIA PEKUM) WM C TIOMOUIBIO OTKJIOHEHUS (hia-
NEpOHOB (CaMOJETHBIM pexum). s ympasie-
HUss AWG609 wncnonb3yroTcs TpU MOJBUYKHBIE
a’poJIMHAMHUYECKHE MOBEPXHOCTHU (2 (uanepoHa
U PyJb BBICOTHI), KaXaasi U3 HUX NMPUBOJIUTCS B
JeiictBue TUApoycHIHTeNsAMU. [l Kaxkzaoro
HECYILIEro BUHTA UCHOJIb3YETCs] OJAUH THUIPOYCH-
JUTEIb MOBOPOTHOTO MEXaHU3Ma MOTOTOHJIOJIBI
W JBa TUAPOYCUJIMTENs aBTOMaTa IepeKoca
(o0l mar M UMKIMYECKUH I[Iar 1Mo TaHra-
Ky) [17]. Kanansl ynpaBieHns KOHBEPTOIJIAHOM
AW609 noxasansl Ha puc. 7 [23].

CtpykTypa NOCTpPOEHHUS 3aKOHOB YIIpaBJe-
Huss AW609 o0ycrnoBneHa riaaBHBIM 00pa3oM
TpeOoBaHMsAMHU MO Oe3omacHocTH monera. Ha
OoJsiee paHHUX 3Tamax Mporpammbl Ui OMNpese-
JICHUSI YPOBHS KPUTHYHOCTH (YHKIIMOHAIBHBIX
OTKa30B CHCTEMBbl YIpaBjie€HUs ObLI IMPOBEACH
aHaJIW3 OTKA30B M HAAEKHOCTU cucTeMbl. OH
HOJATBEPAMII, YTO apXUTEKTypa CUCTEMBI YIIpaB-
JeHuss oOecrieynBaeT TpeOyeMblii  ypOBEHb
Ha/IeXHOCTH. B pe3ynbrare pa3zpaboTUMKH MpH-
oM K apxurekrype nocrpoenus J/ICY, Bkito-
Yaolel TpU OTHENbHBIX KaHaja YHpaBiICHUS
nojeroM. Kaxaplii U3 3THX KaHAJIOB OOecIevYeH
OTJENIbHOW M HE3aBUCUMON CHCTEMOH 3JIEKTpO-
MUTaHUS U UCIOJIB3YET OTACIbHYIO U HE3aBUCH-
MYIO THUAPOCHUCTEMY, HPUBOJSAIIYIO B JIEHCTBHE
aJIeMEeHTHI TuApornpuBoaa (puc. 8 [17]).

Jns ynpoienust ynpasinenus JIA u cHuxe-
HUs pabouell Harpy3kd Ha NWIOTa 3aKOHbI
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ynpasieHuss AW609 B pyyHOM pexume ObUTH
pa3zieneHsl Ha J1Ba MEPAPXUUECKUX PEXHUMa: HOp-
mansHOe ynpasineHue (Normal Mode) u npsmoe
ynpasienue (Direct Mode). DyHKImH KaXI0ro
pexxuMa TpeAcTaBieHsl B Tabn. 3-5 [24]. Hop-
MaJIHBIA PEXHUM CIYXXKHT s OOecredeHus
«yZOBJIETBOPUTEIBHBIX» MWJIOTAKHBIX CBOWCTB
B Pa3IMYHBIX YCIOBHUSX OKpY KArOIIEH Cpebl.
[Ipu nonere B JaHHOM pEXHMME CUCTEMA yIIPAB-
JEHUsl UCHOJb3yeT MH(POPMALMIO CO BCEX JaT-
YHUKOB, oOecreunBas HEOOXOAMMBIM ypOBEHb
noBbILIEHUS ycTouuBocTu JIA, cHumxkas pabo-
YyI0 Harpy3Ky Ha MWIOTA U TOBBIIIAs €r0 OCBE-
JOMJIEHHOCTb O IMOTEHLUAIBHO ONACHBIX COCTO-
SHUSX, TaKUX, HalpuMep, Kak MpHOIMKEHHE K
pexumy cBanuBanus JIA. HopMmanbHbIN pexum
Takxke oOecredyrBaeT BO3MOKHOCTh OOMEHA WH-
dopmanmeli MeXIy CHUCTEMOW YIpaBIICHHS U
KOMIIBIOTEPOM ylipaBieHus nosierom. IIpu mo-
BTOPHBIX OTKa3ax (Harpumep, MOBTOPHBIN OTKa3
CHUCTEMBl KOHTPOJSI BO3AYLIHOH CKOPOCTH) aB-
TOMAaTMYECKH BKIIIOYACTCS MPSAMOM  pEeXUM
ynpaBineHus. OH Takke MOXXeT ObITh BbIOpaH
motoM  BpyuHylo. CoriacHo TpeOOBaHUSAM
«IIPUEMIIEMBIX» TNHWJIOTAKHBIX XapaKTEPUCTUK,
OpsIMOM  PEXUM HMMEET MUHUMAaJbHBIA Ha0Op
BO3MOXKHOCTEH ympaBieHus: 0a30Boe pydHOE
yIpaBJIEHUE 110 BCEM KaHajaM, yNpaBJICHUE I10-
BOPOTOM MOTOTOHJIOJN, JtOOble TpeOyeMble
(YHKINU TOBBIIICHUS! YCTOHYMBOCTH, yTpaBIe-
HUEe 000opoTaMu JBUTratels, GYyHKUUU TPUMMHU-
pOBaHMsI, BO3MOXHOCTH HM3MEHEHUS PEXUMOB



HayuyHbiit BectHuk MITY TA

Tom 27, Ne 05, 2024

Civil Aviation High Technologies

Vol. 27, No. 05, 2024

Ynpaenerue
Jleeas mggmosom ”Paﬂag
momozoHdona
Momozorndona MOMO20HOO
s o s rudpo-
E - s E cucmema
— | Jleeas KoHcOMb lMpaeas koHcOME 3
E — Kpblna Kpbina | Q
I 1 | — 1 | | | — 1 1
I 1=¥: W W) T o |
Yuknuvec- || O6wud O6wuil || Yurnuvec-
Kud waz waz 7 T B ol s il & waz Kud waz
i i)
Dro3enaK
Uiaccu
ludpo- rudpo-
cucmema | HopmanuHoe cucmema
1 pezepsuposaHue 2
b
I'TIM - 2udpoycunumens Mo8OPOMHOZ0
MexaHu3ma MmomoeoHdone!

Puc. 8. Cxema runpasnuueckoil cucteMsl ynpasineHust AW609
Fig. 8. AW609 Hydraulic Control System Diagram

paboTel nBurarens. JlaHHBIH PEKUM BBI3BIBACT
3HAYUTENIbHOE TMOBBIIIEHWE pabouelt Harpys3Ku
Ha TIIJIOTA B CBSI3U C HEOOXOAMMOCTBIO TIpUMeE-
HeHUs Ooliee TPAAUIIMOHHOTO yMpaBlIeHUS JeTa-
TEJIbHBIM aIllapaToM JUIsl IPEeJOTBPALCHHS BbI-
X0Jla HA OMAacHbIE PEKHUMBI IOJIETa, TAaKUE Kak
cBanuBanue JIA, npespllieHue TpUOOPHOM CKO-
pOCTH U T. 1.

3aKkoHbI YHpaBJICHUSA J€TAaTCJIbHbIM
alnmaparom

XapakTepHble 0COOEHHOCTH 3aKOHOB YIIpaB-
neHust koHBepromiana AW609 npuseneHs! oT-
JIeIbHO JJI KaXJOro KaHaja YIpaBJ€HUS B
tabn. 3-5. Takas QyHKUIUS 3aKOHOB YIIpaBIie-
HUS, KaK CTaOWIW3alvs YIJIOBOTO TMOJOKEHUS
JIA, mo3BOMNISET 3HAUUTENFHO CHU3UTH PabOUyIo
Harpy3Ky Ha NWIOTa MpU BBIIOJHEHUM 3a7ady,
TpeOYIOIMX MOBBIIIEHHOW TOYHOCTH YIIpaBie-
Hus JIA. YnpasisiemocTs JIA nipu BBIOJTHEHUHT
3aJaHuil, TPEOYIOIUX MEHbBIIEH TOYHOCTH U
OoJblllell MaHEBPEHHOCTH, MOJJCPKUBACTCS Ha
BBICOKOM YpPOBHE 32 CUET MOJAaBICHUS (DYyHKIIMU
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CTAOWIM3AIIMN yTIIOBOTO TOJIOKEHUS, KOT/1a IH-
JOT BKJIIOUAETCAd B KOHTYp YIpaBJEHUs IOJje-
ToM. DyHKIHS aBTOMATUYECKOW KOOPAMHALMH
pa3BopoTa yCTpaHseT HEeOOXOAUMOCTh BBOJA
KOMaH/I C IIOMOIIBIO IIeAajieH, 3a NCKIIOYCHUEM
ClIy4aeB, KOTJla HeOOXOIMMO BBITIOJTHEHHE HEKO-
OpIMHUPOBAaHHBIX MAHEBPOB. B nomosHeHWe K
STUM OCHOBHBIM (DYHKIIMSIM 3aKOHOB YIIpaBJie-
HUSI, Ha3HAYEHUE KOTOPBIX MOHSATHO MHUJIOTY,
CYIIECTBYIOT M Mpouyue (PYHKIMH, KOTOpPBIE pa-
00TaroT B (JOHOBOM PEKUME U CHIDKAIOT HATPY3-
Ky Ha SKHUIaX, OCYLIECTBISISI KOHTPOJb JOMYy-
CTUMBIX HArpy30K Ha KOHCTPYKLHIO, MPEBBIIIE-
HUE KOTOPBIX MOXET BbI3BaTh PAa3IMYHbIE a3pO-
ynpyrue nedopmanuu U KojaedaHus, yxyIIIaro-
IIMe MNWIOTaXXHbIE XapaKTEPUCTUKU U YTPpOXKa-
forue Oe3omacHocTr mojera. Hekoropelie airo-
PUTMBI aBTOMAaTHYECKOM 3alllUThl OT IMpEBbIIIE-
HUS JOITyCTHMBIX HArpy30K, pa3paboTaHHbIC JIIs

V-22, ObuM yCHENIHO aJanTUPOBAHBI IS
AWG609.
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Tabauuna 3
Table 3
Kpartkoe onucanue 3aKOHOB YIIpaBJICHHs B KaHAJIC TaHTaXa
Pitch control laws design summary

e OO0mue 3axonbl s peskumoB HOPMAJIBHOTI'O u TIPAAMOTI'O ynpasiienus
» OTBeTHas peakiys [0 YIIIOBO# CKOPOCTH TaHTaXa.
» Komanza 1o yrioBoi CKOpOCTH TaHTraxa.
» Crabuiusalys yriioBoi CKOPOCTH TaHTaXKa.
> Beinep:kuBaHue 3aJaHHOW TPACKTOPUU MOJIETA.
» ®opMupoBaHHe KOMaH] Ul CHHXPOHHU3ALUK pabOoThl MPUBOJIOB IUKJIMYECKOTO I11ara U PyJisi BHICOTHI.
» W3menenne 3HaueHuN K03()OUIMEHTOB YCHICHUS U (GOPMHUPOBAHUE YIPABISIONIMX KOMAH] JUIS TPHBOJIOB
OpraHOB YIIPaBJICHUSI KOHBEPTOILIAHOM B 3aBUCHMOCTH OT yIJIa HAKJIOHA MOTOT'OH/IO.
» l3MeHeHHe rpaJyeHTa yCUIIUs Ha pydKe YIpaBJICHUS KOHBEPTOILUIAHOM B 3aBUCHMOCTH OT yIJia HAaKJIOHA
MOTOTOH/IOJ
e Toabko pis pexxkuma HOPMAJIBHOTI'O ynpasJienust
» Crabunu3zanus yria TaHTaka ¢ OTPaHHYCHHAMH (OTKIIOYACTCS MPH CO3AAHUM MIIOTOM YCHIIUS Ha PydKe
YTIPaBJICHHUS, BKIIOYACTCS IIPU CHATUU YCUIIHS C PYUKH).
» B03MOXHOCTh YCTAHOBJICHHS MUIOTOM OIPAHHUYCHUIA [0 YIITy TaHraXKa ¢ MOMOIIBI0 OUI-KHOIKH MM KHOII-
KH TPUMMEDA.
» U3menenue 3HaueHHN K0d()UINEHTOB YCHICHUS U (OPMHUPOBAHUE YIPABISIONIMX KOMAaHI JUIs TPHBOJIOB
OpraHoB YITPaBJICHNS! KOHBEPTOILIAHOM B 3aBUCUMOCTH OT YIJIa HAKJIOHA MOTOTOH/IOJN U CKOPOCTH IOJIETA.
» Tlepenada dyHKIMi 6aJaHCHPOBKH TPUMMEPHOMY MEXaHHM3MY PYYKH YIPaBJICHHS IPH OTCYTCTBUH YCHIIHS
Ha pyuke (IIHIOT HE BMEIIUBACTCS B yIIPABJICHHE)
Tabanuna 4
Table 4
Kpatkoe onucanue 3aKk0OHOB yIIpaBJI€HUs B KaHaJle KpeHa
Roll control laws design summary
e OO0mue 3axonbl s peskumoB HOPMAJIBHOTI'O u TIPSAMOTI'O ynpasiieHus
» OrBeTHas peakuusi 0 YII0BOil CKOPOCTH KPEeHa.
» Komansa 1o yrioBoii CKOPOCTH KpeHa.
» CraOunu3sanus yriioBoi CKOPOCTH KpeHa.
> Beinep:kuBaHue 3aJaHHOM TPACKTOPUH MOJIETA.
» ®opMupoBaHKe pa3elbHBIX KOMaH ISl IPUBOAOB OOIIETo, IUKIMYECKOTO0 mara 1 (JIanepoHoB.
» W3menenue 3HaueHuN K03()OUIMEHTOB YCHICHUS U GOPMHUPOBAHUE YIPABISIONMX KOMAHI JUIS TIPHBOIOB
OpraHOB YIIPaBJICHUSI KOHBEPTOILIAHOM B 3aBUCHMOCTH OT YIJIa HAKJIOHA MOTOT'OH/IOI.
» V3MeHeHHe ycUirs Ha pydKe yIpaBlieHHs KOHBEPTOILIAHOM B 3aBUCHMOCTH OT yTJia HAKJIOHA MOTOTOHION
e Toabko s pexkuma HOPMAJIBHOI'O ynpasJienust
» Crabunu3zanus yriia KpeHa ¢ OrpaHHIeHHSIMHE:
= [Ipu BBIKIHOYCHHOH HYHKIIMH KOOPMHALUK PA3BOPOTa: OTKIFOYACTCS IPH YCHIIMK Ha PYYKe YIPaBICHUS,
BO300HOBJISETCS TIPU CHATUHU yCHITHSL.
= [Ipu BKIFOYCHHOW (YHKIMH KOOPIWHAIMY Pa3BOPOTA: MPU OTCYTCTBUH YCWINS HA PydKe CTAOWMIHU3UPY-
eTCsl YroJl KpeHa, NPH HAIMYMY YCHJIMH Ha py4Ke CTaOWIIM3HPYETCsl JOCTUTHYTHIM yron KpeHa (To ecTh
OCYIIECTBIISCTCS PEIKUM: CTAOMIIU3ALIUS YIIa KPeHa, KOMaH/Ia 10 YIJIOBOM CKOPOCTH KPEHa), TPOUCXOUT
oOHyJIeHHE KpeHa MpH yriie KpeHa MeHbIue +2°.
» BO03MOXHOCTh YCTAHOBIICHHS] MMJIOTOM OTPAHHYCHUIA 10 YIIy KPeHA C MOMOIIBIO OHIT-KHOIIKK WITH KHOIKH
TpUMMepa.
» Crabunuszanusi Kypca ¢ BKIIOYCHHOH (QyHKIHEW KOOpIMHALMH pa3BoOpoTa M 3HAYCHUSMH yria KpeHa Me-
Hee £2°.
» U3meHneHue 3HayeHHH K0d()UIMEHTOB YCHICHUS U (OPMHPOBAHUE YIPABISIONIMX KOMaH] JUIs TIPHBOJIOB
OpraHoB yITPaBJICHNs] KOHBEPTOILUIAHOM B 3aBUCHMOCTH OT YIJIa HAKJIOHa MOTOTOH/IOJN U CKOPOCTH MOJIETA.
» Tlepenaua ¢yHKIMI OaTaHCUPOBKU TPUMMEPHOMY MEXaHH3MY PYYKH YIPABICHUS MPU OTCYTCTBUH YCHIIUS
Ha pydke (IHJIOT He BMEUINBAETCS B YIIPABIICHHE)
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Taoauna 5
Table 5

Kpartkoe onmcanue 3aKOHOB YIpaBJICHHs B KaHaJIe PHICKaHUS
Yaw control laws design summary

Crabunmu3zanus yriaioBoi CKOPOCTH PHICKaHUS.

@uUKCHPOBaHHBIN TPAJUEHT YCWIINHA Ha TEAATAX.

VV VVVVVVVVYYV®

Oomme 3axonsl 1 pexxumos HOPMAJIBHOI'O u TIPAAMOTI'O ynpasiennst

OtBeTHas peakIys O YIIIOBOI CKOPOCTH PHICKAHUS MPH BHIKIIOUEHHOH (QyHKINU KOOPAMHALIUH Pa3BOPOTA.
OTBeTHAs peaKIys Mo MOMEePEYHON Teperpy3Ke MPH BKIFOUSHHON (DYHKIIMK KOOPIUHAIIMN Pa3BOPOTA.
KOMaH)Ia oo yFJIOBOﬁ CKOPOCTH pPBICKaHUSA IIPU BBIKJIIOUCHHOM (bYHKIII/II/I KOOpAWHALIMH pa3BoOpoOTa.
Komanna no nonepevyHoit meperpyske MpH BKIFOYCHHOH (PYHKIIMN KOOPIUHAIINN Pa3BOpOTa.

OOpatHast CBSI3b 110 NTONIEPEYHON Ieperpy3Ke NPH BKIIOUECHHOH (DYHKIIUH KOOPIUHAIIMH Pa3BOPOTA.
Crabunnzanus 3aJaHHOH TPAGKTOPHH B TIOCTYIATEILHOM IIOJIETE.

DopMUpPOBAHUE PA3JENbHBIX KOMAHA AT IPUBOJIOB OOIIETro U HUKIMYECKOTrO I1ara.

W3menenue 3HaueHu K03(pUIIEeHTOB ycmieHus U (GOPMUPOBAHNE YIPABISIOMNX KOMAHI JUIsl IPUBOJOB
OpraHOB YIIPaBIEHUS KOHBEPTOILIAHOM B 3aBUCHMOCTH OT YIJIa HAKJIOHA MOTOTOHOIL.

OyHKINSA KOOPIWHAIIMK Pa3BOPOTa HE PadOTACT MPH MOIACPKAHNN HYJICBOH IMOTIEPEYHOM Meperpy3Kku

KOMaHza Imo yFJ'IOBOﬁ CKOPOCTH pbICKaHHUA.

pa3Bopora.

vV VYV VYV Vve

Toabko aasa pexxuma HOPMAJIBHOI'O ynpasJienus
Crabunmzanus Kypca Ipy BBIKIIOUYCHHOH (QYHKINM KOOPAWHAIIMY Pa3BOPOTA: PEKUM CTAOMIM3AlUK Kypca,

dopMupoBaHue KOMaH[ 0 YTy KpeHa /Ul CTa0MIN3alyy Kypca MPU BKIFOUEHHOH (YHKIIMN KOOPIHHAINH

[TonmHas xoopauHaIMs pa3BoOpoTa: GOPMHUPOBAHKE KOMAH/ MO YIJIOBOM CKOPOCTH TaHTa)ka M PhICKaHUs B 3a-
BHUCHUMOCTH OT CKOPOCTH I10JIETa, yIJla KpeHa 1 yIJla TaHTaxa.

Uzmenenune 3HaueHuit K0d(pPUIIHEHTOB ycmieHUs U (OPMUPOBAHNE YIPABILIIOMNX KOMaHI Ul IPHUBOJOB
OpraHOB YIIPABJICHUS KOHBEPTOIUIAHOM B 3aBUCHMOCTH OT yIJIa HAKJIOHA MOTOT'OH/IOM M CKOPOCTH TIONeTa

MartemaTnyeckas Mmojae/b
KOHBEPTOILUIAHA C ABTOMATHYECKOM
CHCTeMOM yNnpaBJeHUs

B psne pabot mocneaHero AecATUNETUs AT
0TpabOTKH AJTOPHUTMOB W CHHTE3a 3aKOHOB CH-
CTeM YIPAaBJICHUS BHUHTOKPBUIBIX JIETaTEIbHBIX
anmapaTroB MIMPOKO NMPUMEHSETCS MaTeMaThie-
CKO€ MOJEIMPOBAHHE, OCHOBAHHOE HA HCIOJIb-
30BaHHUH MOJIPOOHBIX MaTeMaTHUYECKUX MOJEIen
JNMHAMUKH nosieta [2, 4-10].

Jnst oTpabOTKH OCHOBHBIX MPUHIIUIIOB MOCTPO-
€HUsI CTPYKTYpbl M QJITOPUTMOB CUCTEM YIIpaBIie-
HUs KOHBEPTOIUIAHOB aBTOPAMU B TPOTPAMMHOM
xomiiekce MATLAB/Simulink (puc. 9) 6b11a co-
371aHa HEJIMHEWHas MaTeMaTHIecKasi MOJIeITb JTNHA-
MHKH T10JI€Ta KOHBEPTOIIaHAa C CUCTEMOW aBTOMa-
tuueckoro ynpasnenus (CAY) [4].

MaremaTnueckass MOJeNb BKIIIOYAeT B ceOs
CJIEYIOIIE OCHOBHBIE KOMITOHEHTHI:
® MOJIyJb pacueTa JTUHAMUKH JICTATEIBHOTO arl-

napata, OCYLIECTBISIOIIMNA YUCIEHHOE HHTE-
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rpUpOBaHrE CHUCTEMBI U epeHITnaTbHBIX
yYpaBHEHHMI JABIKEHHSI TBEPJIOrO Teja COB-
MECTHO C JIByMsI YPaBHEHUSIMH MaXxOBOTO JIBH-
JKEHUS JIOMAcTe Ka)KJoro M3 HECYIIMX BUH-
TOB — 1,

® BHYTPEHHHI KOHTYp aBTOMAaTHYECKOW CHC-
TEMBbl CTAaOWIM3ALMK YTIOBOTO TIOJOXKECHUS
JA -2,

® BHEIIHUII KOHTYP aBTOMAaTHYECKOW CHCTEMBI
CTaOMIM3alMU  MapaMeTpoOB  TPACKTOPHOTO
newxenns JIA — 3.

Jlnst ynpaBiieHUs] KOHBEPTOIUIAHOM IO KaHa-
JaM BBICOTHI (BEPTUKAJIBHONW CKOPOCTH), TaHTa-
’a (CKOpOCTH), KpEHA U PHICKAHUS B 3aBUCHUMO-
CTH OT peXHMa IMOJeTa UCIONb3YIOTCS CIIEeaYI0-
M€ OpPTaHbl yIPaBJICHUS:
® BEPTOJIETHBIH PEXUM: TaHTaX (CKOPOCTh) —

M3MEHEHHE IMKIMYECKOTO Ilara HeCcyIux
BUHTOB 4epe3 OTKIOHEHHE KOJblla aBTOMAara
nepekoca k, yInpaBJIGHHE PYJEM BBICOTHI Oy;
KpeH — auddepeHnnanbHoe U3MEHEHHEM 00-
niero wara Hecymux BuHTOB (HB) Ag, ynpas-
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Puc. 9. Maremarnyueckast MOJIeIb IMHAMUKH T10JIeTa KOHBEPTOIUIAaHA C CUCTEMOM YITpaBIeHHS
Fig. 9. Mathematical model of flight dynamics of tiltrotor with control system

JIEHUE 3JiepoHaMu §,; peickaHue — auddepen-
LMAJbHOE HM3MEHEHHE VYIJIOB LUKIMYECKOTO
mara HB myrem oTkIOHEHHs KoJel aBTomaTa
nepekoca Ak, yrpaBieHUE pyJieM HarpaBJe-
HUs §,; BBICOTAa (BEpTUKAIbHAsT CKOPOCTH) —
CUHXPOHHOE M3MEHEHHE YTJIOB OOIIEero mara
nonacreit HB Ag;

® CaMOJICTHBIM PEXHUM: TaHTaX — YIpPaBICHUE
pyJieM BBICOTHI §y; KpEH — YIpaBJICHUE dJie-
poHamH §,; PBICKaHHE — YyTpaBJICHUE PyJIeM
HanpasneHus §,. [Ipu monere B 3TOM pexume
BEPTOJICTHBIE OpraHbl YIPaBJICHUS OTKIIIOYa-
I0TCS;

® MEPEXOJHBIH PEKUM W3 BEPTOJIETHOIO B Ca-
MOJICTHBIH M OOpaTHO — yroJl TOBOPOTa OCEi
BpAIlICHUs HECYIIUX BUHTOB O HM3MEHSETCS B
nuamna3zone ot 90 1o 0° ¢ yrimoBoi CKOpOCThIO
1o 4,5 °/c. B nepexoaHOM peKuMe BO3MOXKHO
UCIOJIb30BaHNE KaK BEPTOJIETHBIX, TaK U ca-
MOJIETHBIX OpraHoB ympasieHus. [locne 3a-
BEpILICHUS KOHBEPTALIMU BEPTOJIETHBIE OPTaHbI
yIpaBJiICHUS! OTKIIOYAIOTCS.

Komagmarle curdanel CAY g HCOOJIHU-
TEIBHBIX MPHUBOJIOB pyJied B KOHType CTaOWIIH-
3alliM YTJIOBOTO TIOJIOKEHUS JIeTaTeIbHOrO arl-
napara (GOpMHUPOBAIUCH MMOCPEICTBOM pean3a-
LIUU CIEAYIOIIUX aJTOPUTMOB yIIPaBICHHUS:
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yIpaBJICHUE MUKIMYCCKUM IIaroM B KaHalle
TaHTaka B BEPTOJIETHOM PEKHUME:
8 = KgWy(s)A9 + K, Wy, (s)w,; (1)
yIpaBJICHUE PYJIEM BBICOTHI B KaHAJIC TaHTa-
’Ka B BEPTOJIETHOM U CAMOJICTHOM PEXXUMaXx:
0y = KyWy(s)A9 + K,y W, (s)wy; (2)
ynpasieHue auddepeHuaIbHbIM  00IINUM
IIaroM B KaHaJie KPeHa B BEPTOJICTHOM PEXKHUME:
Onpy, = KyW, ($)Ay + Ky, W, (S)wy;  (3)
yIpaBJICHUE 3JCPOHAMHU B KaHalle KpPEeHa B
BEPTOJIETHOM M CAMOJICTHOM PEeKUMaX:
8, = KyVVy(S)AV + wawa () wy; 4)
ynpasienue audQepeHnnanbHbIM HKINYe-
CKHUM IIIaroM B KaHaJle PhICKaHUS B BEPTOJIETHOM
pexume:

S = KyWy ()M + Ky W, (Swy: ()
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YIIPABJICHUE PYJIEM HAIIPaBJICHUS B KaHAJE peickanus, Ky, K, , K, wa,Kw,Kwy — COOTBET-

PBICKaHUs B BEPTOJIETHOM M CaMOJIETHOM PEXH- CTBYIOIHE KOO(DPHULUCHTEI YCUICHHS.

Max. YhpaBieHHe TOPU30HTANBHOH CKOPOCTBIO

IIyTeM M3MEHEHHsd LuKiIn4yeckoro mara HB B
BEPTOJIETHOM DPEXUME WM H3MEHEHHUs OOIIero

mara HB B caMOJIETHOM pPEXHME OCYILECTBIISA-
e Wy(s), Wy (s), Wy(s), Wo,(s), Wo,(S),  joch ¢ mcromssosanmenm MHTETPAIbHOTO aJro-
We,, (s) — nepenarounbie GYHKIUU TPAKTOB yT- puTMa:

6H = Klep(S)Alp + Kwway(S)(l)y, (6)

JIOB M YIJIOBBIX CKOPOCTEH TaHTa)ka, KpeHa H

t
S pon = ~KoWo ()0 — Koy W, (S)w, + Ky, [T (Ve = Vi san)dt, (7

K,Pom

i€ Vy 5y — 33JJaHHAs CKOPOCTH MOJIETA.

B xaHnaze BbICOTBI CHTHaN YNpaBieHHs OOIIUM IIaroM Ha BEPTOJIETHOM PEKHUME MIIU PYJIEM BBICO-
Thl HA CAMOJIETHOM peXHMe (HOPMUPOBAIICS C MCIIOJIB30BAaHUEM CIIEIYIOLIEr0 HHTErPaJIbHOIO 3aKOHA
yIIpaBJICHUS:

8 pouss = KW (S)AH+Ky, Wy, ($)AV, + Ky f, (H — Hyyy)d, (8)
rae Wy(s) — nepenarounast QyHKIMsS B TpakTe Bpewmst 3anmazapiBaHus T M0Jarajioch paBHbIM
BBICOTHI, Hy,, — 3a/laHHast CKOPOCTh IOJIETA. 0,03 c. [TomoOHOE yrIpoIlIeHNEe OMHUCAHUS JaTyH-

KOB JIONyCTHMO U IO3BOJIET NPABHIBHO YUYECTb
B Monenu nuHaMuKM TosieTa yYUTHIBAINUCH ux ()a30BoE 3arasbIBaHHE.

JUHAMAYECKHE XapaKTEPUCTUKU HCIIOTHUTEIh- B kauecTBe mpuMepa Ha puc. 10 mpuBexeH
HBIX IIPUBOZIOB OPTaHOB YIIDABJICHHUA. pe3yiibTaT MOJAEIUPOBAHUS TPACKTOPUU IBUXKE-
be3 yuera HenmMHCHHOCTEH (OrpaHHYCHUI 110 HUS JIETKOTO KOHBEPTOIUIAHA C B3JICTHOM Maccoi
OTKJIOHEHUIO M CKOPOCTH OTKJIOHEHHs, 30H He- 2 100 Kr [Ist Leneil TOPOACKOH a3pOMOGHIBHO-
YYBCTBUTEIILHOCTH, TPCHHUS) XapaKTEPUCTUK HC- CTH B TOJIETE 1O MPAMOYTOIBHOMY MapLIpyTy
IIOJIHUTEJIBHOTO  IIPHBOJIa €0 NEPEAATOIHYIO («xopoOoOUKe») C ITarnaMu KOHBEPTAILUH U3 BEp-

(pyHKIIHIO MOXHO MPEICTABHTH B BHC TOJIETHOTO B CAMOJICTHBIA PEKUM U 0OPATHO.
1 Ha puc. 11, a noka3ana Bu3yanu3zauus nepe-
W (s) = TiTys24Tos+ 1’ 9) X0Zla MEXJy peXMMaMH BEpTOJETHBIH — caMo-
JCTHBIA — BEPTOJETHBIA Ha ckopocTH 230 Km/4
rae Ty u T, — NOCTOSIHHBIE BPEMEHU BHYTPEHHE- IUIL CKOPOCTH IOBOpOTa MoToronpon 4,5 °/c.
ro ¥ BHELIHEro KOHTYpoB IpuBoza. s coBpe- Kak cnenyer u3 rpaukoB U3MEHEHHs MapamMeT-
MEHHBIX  3JIEKTPOTHJIPABIUYECKUX IPHUBOJIOB poB mnoneta (puc. 11, 6), moIy4eHHBIX TSI CKO-
MoskHO npuHsATs Ty = 0,03 ¢, T, = 0,02 c. pocreli moBopota motoroumon 1 °/c u 4,5 °/c,
B kauecTBe MaTeMaTH4eCKOH MOETH, ONH- IpoIecC KOHBEPTALMM MOXKET BBIMOIHATHCS B
CHIBAIOILIE JUHAMUYECKHE XapakTECPUCTUKHU ABTOMATHUYCCKOM PECKHUMC B IPUCMIICMOM AHA-
JAaTYMKOB OOpaTHOM CBsA3H, (HOPMHUPYIOMIUX Ia30HE M3MEHEHHUs MapaMeTpOB (CKOPOCTH, BbI-
YIOPaBISIIOIIME CUTHANbBI, HCIOJIb30Bajach af- COTHI, YIJIa TaHTaxa) ¢ obecreueHueM HeoOXo-
npokcumanus [lagd mnepenatouHoit (yHKIUK TUMBIX yCJIOBHH Oe3omacHocTH mojeTa. [lpu
3BEHA YHCTOIO 3ala3/bIBaHMsL. CKOpPOCTH MOBOPOTa MOTOroHA0a 1 °/c mporece
KOHBEpPTAallUM 3aHUMaeT 76 C, NpH CKOPOCTH

W,(s) = e™™ ~ ((;T//z%’ (10) 45 °/c—okomo 17 c.
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Puc. 10. Busyanuzanus TpaeKTOPHH M0JI€Ta KOHBEPTOIUIAHA 110 PAMOYTOJIBHOMY MaplIpyTy U rpaduKy H3MEHEHHs
napamerpoB nonera. KpacHoil 1uHueH oTMeueHa MPOeKLHs TPASKTOPHUH II0JIeTa Ha TOPU3OHTAIBHYIO INIOCKOCTh
(nmoBepxHOCTH 3eMin). KpacHbIMU nMHUSIMU Ha TpadmKax ITOKa3aHbl MOMEHTHI Havaya 1 3aBeplIeHHs KOHBEpTalnY,
3€JICHBIMH JIMHUSIMHA — MOMEHTBI HauaJla ¥ 3aBEpILEHHUS] pa3BOPOTOB
Fig. 10. Visualization of tiltrotor flight path along rectangular route and flight parameters change charts. The red line
marks the projection of the flight path onto the horizontal plane (ground surface). The red lines on the graphs show the
moments of the beginning and completion of the conversion, the green lines show the moments of the beginning and
completion of the turns
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Puc. 11. TToxagpoBas BU3yamu3amys mporecca nepexoia u3 BEpTOIETHOIO B CAMOJICTHEIN pekuM (a) 1 00paTHO (0)

Y 3aBUCUMOCTH OT U3MEHEHHUsI IIApaMeTPOB moJjieta (CKOPOCTH, BHICOTHI, yIila TAHTaXa U yriia nosopora HB) ot BpemeHu
IUTS ABYX YTJIOBBIX CKOPOCTEH IOBOPOTa BUHTOB: | °/c (IIyHKTHPHBIE CHHUE JTHHUHN) U 4,5 °/c (CIIIONIHBIE OpaHKEBhIe
JIUHUH )

Fig. 11. Frame-by-frame visualization of the process of transition from helicopter to aircraft mode (a) and vice versa (0)
and dependence of flight parameters change (speed, altitude, pitch angle and MR angle of rotation) on time for two angular
rates of rotor tilt: 1 °/s (dashed blue lines) and 4.5 °/s (solid orange lines)

85



HayuyHbiit BectHuk MITY TA

Tom 27, Ne 05, 2024

Civil Aviation High Technologies
3akJiouenne

B pesynbrare aHanmuza cucTeM YIpaBJICHUS
KOHBEPTHPYEMBIX  JIETATEJIbHBIX  allapaToB
Bell/Boeing V-22 u AgustaWestland AW609
MOKHO BBIJICTUTh XapaKTepHble OCOOCHHOCTHU
MOCTPOCHUS ITHX CHCTeM. B mepByro ouepenb
CJIelyeT OTMETUTh Pa3JIE]ICHUE CUCTEMBI yIIPaB-
JIeHUsT KOHBEPTOIUIaHOB Ha JaBa YypoBHs. Ha
Bell/Boeing V-22 3Tu ypoBHH HOCAT Ha3BaHHE
ACYII (AFCS) u OCVII (PFCS), na AW609
3aKOHBI YIIpaBJICHUs pa3felieHbl Ha JBa Hepap-
XUYECKUX pexuma: HopManbHbI  (Normal
Mode) u mpsimoii (Direct Mode). Takoe pere-
HUE TMO3BOJIMIIO CHU3UTH BIIMSHUE MOCIEICTBUN
OTKa3a CUCTEMbI BEPXHETO YPOBHS Ha MUJIOTaX-
Hble XapakTepuctuku JIA 3a cuer mepekiroye-
HUS yIPAaBJIEHUS HA CUCTEMY HW)KHETO YPOBHS B
ABAPUITHOM PEXKUME.

TpeOoBaHMsT K TNWJIOTKHBIM XapaKTepHUC-
TUKaM KOHBEPTOILJIAHOB TAaK)KEe HALIUTU OTPa)KCHUE
B IIOCTPOCHUHU CTPYKTYpbl CHUCTEMBI YIpaBIICHHS
MOJIETOM, KOTOpasi oOecrieunBaeT Kak BepTOJIET-
HBI, TAK ¥ CAMOJICTHBI PEXHMMBI TIOJIETa U 00-
JIeT4aeT IMepexoj OT OJHOTO peXuMa TMoyeTa K
npyromy. HeoOXxomumblii ypoBeHb MHIOTaKHBIX
XapaKTEPUCTHK JOCTUIAETCsl BHEIPEHUEM OTHO-
CHUTEJBHO TPOCTON CTPYKTYpPbI CUCTEMBI yTIpaBiie-
HUSI, IPUMEHEHUEM CHUCTEMBI YIYUILEHUS YCTOM-
YUBOCTHU U YIIPABISIEMOCTH, a TAKXKE YIIyUIlIeHHEM
MH(POPMUPOBAHHOCTH 3KUIAKa O COCTOSHHUU CH-
CTEeMBI ynpaBieHus. Takas BakHas Uil KOHBEPTO-
IUIaHa 3a/1a4a, KaK BBIIIOJIHEHHE PEeKUMa KOHBEp-
Taluu, ObUIa 3HAYUTENFHO YIPOIIEHA, B TOM YHC-
Jie Tpy MOMOIIM CIENUaIbHOM MHIUKALUU B Ka-
OvHe MUJI0Ta U aBTOMAaTHYECKOTO YIPaBJICHHS T10-
BOPOTOM MOTOTOHJIOJI.

Cozparenu konBeproriana AW609 nonum
Ha YMpPOIIEHUE apXUTEKTYphl CUCTEMBI YIpPaB-
JICHUS 3a CYET yMEHbILIEHUsI KondyecTBa (hrarme-
POHOB C YeThIpeX /A0 [BYX, HCIIOJIb30BAHUS
T-00pa3HOro omepeHus: BMECTO JBYXKHJIEBOTO
BEPTUKAJIBHOIO onepeHuss Ha V-22, oTkaza OT
WCIIONIb30BaHUsl IUKIMYECKOTO Iara B KaHae
KpeHa Ha peXHMe BUCEHUS (MajbIX CKOPOCTEil)
U pyJisl HAIIPaBJICHUS B ITyTEBOM KaHaJe.

Hcnonb3oBanue Ha KoHBepTOIulaHax V-22 u
AW609 DJICY ¢ TpolHBIM pe3epBHpPOBaHUEM 00-
JIeTYaeT MpollecC MoA00pa 3aKOHOB YIPABJIECHUS
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JUISL TIOTy4YeHUs] TpeOyeMbIX MUIOTAXKHBIX Xapak-
TEPUCTHUK U MOBBIIIAET 0€30MaCHOCTD MOJIETA.

Ha npumepe marematuueckoil MoJENU KOH-
BEpTOIUIaHA AaBTOpPaMHU IIOKa3aHa BO3MOKHOCTb
UCTIONIb30BAHUSI OTHOCHUTENBHO MPOCTOM CTPYK-
Typbl U 3akoHOB ymnpasieHus CAY B mpouecce
HojieTa M MpH MEpexosie MEKIY pexUMaMH Bep-
TOJIETHBIA — CAMOJIETHBIA — BepTOJIETHBIN. [Ipo-
[lecC KOHBEPTALMM MOJKET BBIIOIHATBCA O]
ynpasienueM CAY B npuemiieMoM ¢ TOYKH 3pe-
HUsI 0€30MacCHOCTH JAMana3oHe U3MEHEHUs napa-
METpOB T0JIeTa (CKOPOCTH, BBICOTHI, yIJla TaHra-
’a) MpH YIJIOBOM CKOPOCTH MOBOPOTa HECYIINX
BHHTOB J10 4,5 °/c 1 3aHMMaeT okoJjo 17 c.
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OueHka B3J1eTHOI Macchl 00€BOr0 BEPTOJIETA ¢ 3aJaHHBIMH
JIETHO-TEXHHYECKMMHU XaAPAKTEPUCTUKAMHU HA OCHOBE
YPABHEHUS CyIIECTBOBAHUS

A.JL Tapacos', M.A. IIpo3opos'
' @unuan Boennozo yuebno-nayunozo yenmpa Boenno-6030yumnslx cun
«Boenno-6030ywunasn akademus umenu npogheccopa H.E. JKyrkoeckoeo u FO.A. I'acapunay,
2. Cuizpanw, Poccus

Annotammsi: bnaronmaps 3 QeKTHBHOMY UCIIOB30BAHUIO PE3YIIETATOB HAYYHO-TEXHIYECKOro mporpecca BoopyKeHHbIE CHITBI
Poccuiickoii denepanu MOCTOSHHO OCHAIIAKOTCS HOBBIMM KOMIUIEKCAMU BOOPY)KEHMs, YTO B IIOJHOM MEpEe OTHOCUTCA U K
apuarmu. Ha BoopykeHue Bo3MyIIHO-KOCMHYECKHX CHJI TIOCTYNAKOT COBPEMEHHBIE OOEBbIC (YIApHBIC) BEPTOJICTHI,
3¢ peKTUBHOCTD MPUMEHEHHS KOTOPHIX B 3HAYUTEINHFHOW CTETICHH OIPENeIIeTCs] NX JICTHO-TEXHMIECKUMH XapaKTePUCTUKAMH 1
SKCILTyaTaIlMOHHBIME CBOMcTBamMy. CrielM(pUIHOCTh YIAPHBIX 3a/1a4, BO3MOKHOCTB IKCILTyaTaIMH C TUIOIIAIOK, HEOOXOIUMOCTh
JICUCTBUI Ha TPENeNbHO MAJIBIX BBICOTaX W B YCIIOBHAX CHJIBHOTO NPOTHUBOICWUCTBHUS CPEACTB IMPOTHBOBO3MYIIHONH OOOPOHBI
MPOTHBHUKA B OBICTPO MEHSIOIICHCS OOCTAHOBKE TPEABSBISIOT YHHKAIBHBIE TPeOOBAaHMS K  JICTHO-TEXHHYCCKAM
XapaKTEepUCTHKAaM COBPEMEHHBIX OOEBBIX BepTONeToB. (COOTBETCTBYIOUIHME JICTHO-TEXHIYECKHE XApPAKTEPHCTUKH OOEBBIX
BEPTOJICTOB 00ECIEUMBAIOTCS OCOOCHHOCTAMU MX KOHCTPYKIIMH U KOMIIOHOBKOW. CBsI3aTh JICTHO-TEXHHMYECKHE XaPaKTEPUCTUKU
BEPTOJIETA C €T0 TEXHIYECKIMH TTapaMeTPaMHU H B3JIETHON MacCOi TIO3BOJISIET YpaBHEHHE CYIIIeCTBOBaHM:. B paboTe mpemokeHa
METO/IMKa NPUOJIMIKEHHOTO OIPe/iesIeHNs] HOPMaJIbHOM B3JIETHOM MacChl COBPEMEHHOTO OOEBOTO BEPTOJIETa HA OCHOBE YPAaBHEHUS
CyIIeCTBOBaHMA. MeToiMKa OCHOBaHAa HA BBIPAYKEHUSX, CBS3BIBAIONIMX OTHOCHTEIBHBIC MAacChl YacTeH BEpTONETa C €ro
JICTHO-TCXHUYCCKUMHN XAPAKTCPUCTUKAMU M TEXHUYCCKHUMHU IapaMETpaMu. }laHH])Ie BBIpAXKCHUA TOJYUYCHbI Ha OCHOBC
000011IeHNs MaTepHaia CyIIeCTBYIOIINX UCTOYHIKOB U MX aKTyaln3alliH K BECOBOMY pacyeTy JIeTaTelbHbIX allapaToB C JIETHO-
TEXHUYCCKUMM XapaKTCPUCTUKAMU U TEXHUYCCKUMMU IMapaMeTpaMm, COOTBETCTBYIOIIMMHU COBPEMEHHBIM 6OCB]:1M BCPTOJICTAM. Ha
OCHOBE TIPETIOKEHHON METOJIUKHU pa3paboTaHa ImporpaMma st IEPCOHATFHOTO KOMIBIOTEPA, C TIOMOIIBI0 KOTOPOH OIpeieNicHa
HOpMaJbHasg B3JI€THas Macca M IPOBEJECH BECOBOM aHANIM3 dYacTeld BepToJieTa, CTOAIIEr0 Ha BOOpYKeHHM. llomydeHHbIE
Pe3yIBTaThl YIOBICTBOPUTEIIFHO COTJIACYIOTCS C JaHHBIMH IPOTOTHIA. Pa3zpaboTaHHBIE METOAWKA M MPOrpamMMa MOTYT OBITh
HCIIOJIb30BaHbI B UCCIICIOBAHKSAX 10 OOOCHOBAHHIO TAKTHKO-TEXHHYCCKUAX U IKCIUTYyaTAI[MOHHBIX TPEOOBAHUIA K COBPEMEHHBIM
0OCBBIM BepTONlCTaM, a TAaKXKe IPH BHIOOPE HANpPaBICHHHA MOJCPHU3AIMM W aHAIW3C B3aMMO3aBUCHMOCTH TaKTHIECKUX,
OKCILUTyaTallMOHHBIX ¥ TEXHUYECKNX CBOWCTB OOEBBIX (TPaHCIIOPTHO-00EBBIX) BEPTOJIETOB, CTOSIINX HA BOOPYIKEHHUH.

KnioueBble cioBa: 0oeBOil BepTOJET, B3JETHAs Macca, JIETHO-TEXHHYECKUE XapaKTEPHCTHKU, YPAaBHEHHE CYyILIECTBOBAHHS
BEpTOJIETA.

Jas uutupoBanusi: Tapaco A.JL, IlpozopoB M.A. OreHka B3JeTHOW Macchl O0E€BOTO BepTOjeTa C 33JaHHBIMH JIETHO-
TEXHHYECKUMH XapaKTEPHCTUKaMU Ha OCHOBE ypaBHeHus cyiiectBoBanus // Hayunsnii Becrauk MI'TY T'A. 2024. T. 27, Ne 5.
C. 90-102. DOI: 10.26467/2079-0619-2024-27-5-90-102

Estimation of the take-off weight of a combat helicopter with specified
performance on the basis of the existence equation

A.L. Tarasovl, M.A. Prozorov'
'Branch of the Russian Air Force Military Educational and Scientific Centre Zhukovsky — Gagarin Air
Force Academy, Syzran, Russia

Abstract: Due to the effective use of the results of scientific and technological progress, the Armed Forces of the Russian
Federation are constantly equipped with new weapon systems, which fully applies to aviation. The Aerospace Forces receive
modern combat (attack) helicopters, the effectiveness of which is largely determined by its performance and operational
characteristics. The specificity of strike missions, the possibility of operation from sites, the need to operate at extremely low
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altitudes and in conditions of strong countermeasures of enemy air defense in a rapidly changing environment impose unique
requirements to the performance of modern combat helicopters. The corresponding performance of attack helicopters are provided
by the features of their design and layout. The existence equation allows to relate the performance of a helicopter with its technical
parameters and take-off weight. The paper offers a method for approximate determination of the normal take-off weight of a
modern combat helicopter based on the existence equation. This method is based on expressions showing the dependence of the
relative masses of helicopter parts with its performance and technical parameters. These expressions are obtained on the basis of
generalization of the material of existing sources and their updating to the weight calculation of aircraft with performance and
technical parameters of corresponding modern combat helicopters. On the basis of the offered approach, a program for a personal
computer was developed, through which the normal take-off weight was determined and the weight analysis of the parts of the
helicopter in service was carried out. The obtained results are in satisfactory agreement with the prototype data. The developed
methodology and program can be used in research to substantiate the tactical, technical and operational requirements for modern
combat helicopters, as well as in choosing areas of modernization and analyzing the interdependence of tactical, operational and
technical properties of combat (transport and combat) helicopters in service.

Key words: combat helicopter, take-off weight, performance, helicopter existence equation.
For citation: Tarasov, A.L., Prozorov, M.A. (2024). Estimation of the take-off weight of a combat helicopter with specified

performance on the basis of the existence equation. Civil Aviation High Technologies, vol. 27, no. 5, pp. 90-102.
DOLI: 10.26467/2079-0619-2024-27-5-90-102

BBenenue Pacuetnast OoeBast 3a7auya BepTOJETAa BKIIIO-
YaeT ClIeAyIoIMe 3Tarbl (YYacTKH):
Ha HavambHOM 3Tame MpPOCKTHPOBAHUS JUIS ® B3JIET H NOCAJIKy MO-BEPTOJNETHOMY (IPOJIOII-
OLICHKH BO3MO)KHOCTH CO3/IaHHsI BEpTOJieTa C 3a- JKUTETBLHOCTH STara 6 MUH);
JAHHBIMHM JIETHO-TEXHUYECKUMHU XapaKTEePUCTH- ® IOJICT B PAiOH ILETH M 00paTHO (POTSHKCH-
KaMH, KOHCTPYKTUBHBIMH ITapaMETPaMU U C yue- HOCTB y4acTka 450 km);
TOM Hay4YHO-IPOU3BOJCTBEHHBIX BO3MOMHOCTEM ® aTaKy Ha3eMHOW Lenu (MPOJOKUTEIBHOCTh
HCHOJIb3YETCS YpPaBHEHHUE CYIIECTBOBAHUsA, CBS- dTamna 3 MUH).
3BIBAIOIIECE €r0 HOPMAJIBbHYIO B3JIETHYIO Maccy ¢ Ha kaxnom srame monera pexuM paboTel
TAaKTUYECKUMH, TEXHUUYECKUMHU M DKCILTyaTallu- JBUTATEIICH BEpPTOJICTA CUUTACTCA HCU3MCHHBIM
OHHBIMM HapameTpamu [ 1-8]. (Ha MepBOM U TPETHEM — B3JICTHBII, HA BTOPOM —
OddexTuBHOCT  TPUMEHEHUS  OOEBBIX HOMHHAIIbHBIN).
(YoapHbIX) BEPTOJIETOB BO MHOI'OM ONPENEIIsIET-
Csl UX JIETHO-TEXHUUYECKUMH XapaKTepUCTUKAMU MeToabl 1 METOT0JIOTHSI

U SKCIUTyaTallMOHHBIMH CBOMCTBaMHM, oOecrieyu-
BAa€MBbIMH OCOOECHHOCTSAIMH HX KOHCTPYKLUH U
KOMITOHOBKOH. B cBOIO ouepens crienupuaHocTs
pelmaemMbIX 3a1ad 00YCJIaBIUBACT YHUKaJIbHbIC

HCCJIeaJ0BaAHUA

VYpaBHEeHHE CyIIECTBOBAHUS BEPTOJIETAa UMe-

TpeOOBaHUS K JIETHO-TEXHUUYECKUM XapaKTepH- er sun [1]
CTHKaM COBPEMEHHBIX OOEBBIX BEPTOJIETOB. m

empro paboOThI SBUIOCH 0OOOIICHHE H3BECT- m, = 208 , (1)
HBIX MOAXO0J0B K BECOBOMY PacyeTy BHHTOKpBI- 1= (E-mn 8o + &t §T>
JBIX JIETaTEJbHBIX amlapaToB, OCHOBAaHHBIX Ha
ypaBHEHUU cyiiectBoBaHus [9—18], u ux akrya- r€e m, — HOpMajbHas B3JIETHAs Macca BEpPToJle-
au3anus K ONPENENICHUI0 B3JIETHOM MaccChl CO- Ta; m, =m_+m, +m, — Macca SKWIaxKa,

BPEMEHHBIX 0OEBBIX BEPTOJIETOB.
C uCrnonb30BaHUEM TMOJIyYEHHOM METOAUKU
olpeJiesieHa HOpMaslbHas B3JIETHAsi Macca BEepTo-

0o0OpyJIOBaHUS U  BOOpY)KEHHUs  (Toye3Has
Harpyska); m, — Macca pacxoxyemoil 0oeBoii

JeTa C JIETHO-TEXHUYECKUMH XapaKTEepUCTHKaMU HArpy3kn (OOCKOMIUICKT IIyIIKH, HEYIPaB/IsSeMbIC
U TEeXHUYECKUMU (KOHCTPYKTHBHBIMH) TMapamMeT- U yIPaBIICMBIC PAKCThI, PaCXOXyEMBIC CPCICTBA
pamu, cooTBeTCTByOIIUMH Mu-24B (B 60eBOM 6oprosoro kommiekca 06oporsr (BKO); my,

BapuaHTe). Macca OOpPTOBBIX KOMIUIEKCOB  (TTMJIOTaXKHO-
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HaBHUTAIIMOHHOTO, CBs3U, BoopyxeHus u BKO);
m,_ — Macca BCEX WICHOB DKHUIAXa C JIMIYHBIM

9K

CHApsDKEHHEM W Iapaimoramy; & —— OTHOCH-
TeIbHAs Macca IuaHepa; &, — OTHOCHTEIbHAs
Macca CWIOBOM yCTaHOBKH; & — OTHOCHUTEIIbHAS
Macca CHCTEM BEPTONETa, &, — OTHOCHTENbHAs

Macca TOILIHBA.

Takum oOpas3oM, Uil pacyera HOPMaJbHOM
B3JIETHOH MAacchl BEPTOJIETa HEOOXOIUMO IOIy-
YUTh BBIPQKEHUS MJs1 ONpEJENICHUs OTHOCH-
TeNnbHBIX Mace &, &, &, &§,. [laHHBIC BBIpa-

KCHUSI JIOJDKHBI CBSI3bIBATH OTHOCHUTEIIbHBIC
MacChl YacCTeil BEpTOJIeTa C €ro JETHO-TeXHUYe-
CKUMU XapaKTePUCTUKAMHU M TEXHUYCCKHMH Ta-
pameTpamu.

OTHOCcHTENbHASE Macca IUIaHepa OO0eBOTO
BCPTOJICTAa COCTOUT H3 OTHOCHUTCIBHBIX MACC
(prozesoxa &, kpputa &, onepenus &, mac-

Kp ? (Ui

cu & unOponu & :
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Cun = g+ +8an T8 T Co- 2)

OTH OTHOCHUTEIBHBIE MAacChl ONPENEIAI0TCS
Ha OCHOBAaHWHM CTAaTUCTUYECKUX ITaHHBIX Ce-
PUIHBIX ¥ OMNBITHBIX BEPTOJETOB COOTBET-
CTBYIOIIMX CXeM M Ha3HaueHui. [[nsa cospe-
MEHHBIX OJIHOBUHTOBBIX OOEBBIX BEPTOJETOB
€, =0,11+0,135, & =0,012+0,015,
€., =0,005, £ =0,027+0,032 (ybuparomeecs
§,=0,02+0,025
maccu) [9]. IlpuMmeHeHrne B KOHCTPYKIMHU Bep-
TOJIETa KOMITO3UI[MOHHBIX MaTepHaIOB MO3BOJIS-

€T CHHM3UThb OTHOCHUTEJIBHBIE MacChl COOTBET-
cTByromux vacre 1o 20 % [9, 19]. &, cospe-

1accH), (meyOuparomeecs

MEHHBIX 00eBbIX BepToneToB gocturaet 0,03 [9].
OtHocuTeNnbHas Macca CUJIOBOM YCTaHOBKHU O/
HOBHHTOBOTO OOEBOT'0 BEPTOJIETA OMPEICTISIETCS:

E-’Cy = éHB + ipB + iHB + E—’Cﬂy + érnpea + an + E-’TC + éBC}’ + E—’HSy + i3}3)” (3)

e §,, — OTHocHTeNbHas Macca Hecyruero BunTa (HB); €, — oTHocuTenbHast Macca pylieoro ButTa (PB);

€,, — OTHOCHTEJIbHAs Macca JBUTraTesicl BEPTOJIETa; &

oy OTHOCUTECIIbHAsA MacCa CHUCTEM IIBPIFaTeJICfI;

ampeﬂ — OTHOCHUTCJIbHAA MacCCa ITIaBHOI'O PECAYKTOpPA; &Tp — OTHOCHUTCIIbHAA MacCa TPAHCMHCCHU, gTC — OT-

HOCHTENbHAsI Macca TOIUIMBHOM CUCTEMBI; &
HoBKU (BCY); &

ca PKPaHHO-BBIXJIOMHBIX YCTporcTB (OBY).
OtHocurensHast macca HB paBHa

BCY

my

— OTHOCHTENbHAs Macca Mblie3auTHIX yeTporcTB (I13Y); &

— OTHOCHTEJIbHASI Macca BCIIOMOIATENbHOM CUJIOBOM yCTa-

— OTHOCHTCJIbHas Mac-

9BY

aHB:::§H+aBT; (4)

K o oR Y’
= s 11405 | — | -1 |[; 5
2.5 “(0,0560)7 - p ' (220] ®

& =

rae Zéﬂ OTHOCHUTEIbHAsA Macca JIomacTen

HB; &, — orHocurenbHasg macca BTynku HB;

a, =16 — BecoBoi KO3 puuueHT onacrei [9];

0,35
_ 2,
a,-107-K_ - """ (%j (@R)"", (6)

K. — k03 UIKEnT, yIuTHIBAIOIIMI 0COOEHHO-

CTU KOHCTPYKIIMU MW MaTCpuall H3TOTOBJICHUA
nomactet HB (s momacreii ¢ JIoHXEpOHOM W3
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*
QIIIOMMHMEBBIX CIUIaBoB K =13,2; mia nomna-

CTe CO CTEKJIOIIACTUKOBBIM JIOHXEPOHOM —
K. =11,25 [13]); 6 — ko3 duumenT 3anonue-
Hus HB; A — yaymmHeHue nonacreid; p — yaenb-
Has Harpy3ka Ha omertaemyro HB miomans;
®R — OKpY)KHasi CKOPOCTh KOHIIEBOTO CEUCHUS
aonacrei; a,, — Ko3(p(QUIMEHT, yUUTHIBAIOIIUI

OCOBEHHOCTH KOHCTPYKLMHM M MATEPHAN H3TO0-
ToBieHus BTyakn; K =1+& (z,—4) — Beco-

BOU KO (UIMEHT BTYJIKH; &, — OTHOCHTEIbHAS

P
macca ogHou sonactu HB; z =mn-c-A — xonu-
yecTBO Jomnacrer HB.

Jis  IIApHUPHBIX ~ CTalbHBIX  BTYJIOK
a, =0,7, 0 BTYJOK C 3JaCTOMEPHBIMH IOJ-

mmnHuKaMu a, = 0,6 [9]. Brynkn HB, BbImon-

HEHHBIE W3 KOMIIO3UIIMOHHBIX MAaTepUajoB, B
COYETAHHM C 3JIACTOMEPHBIMU MOAIIMITHUKAMHU
MMEIOT MacCy MEHbIEe TPATUIUOHHBIX (IIap-
HUpPHBIX) Ha 45 % [9, 19].

PB Ha xappaHHOM mozBece € JIONACTAMU U3
AJIFIOMHUHHUEBBIX CIJIABOB HMEIOT &pB =0,0105,

X-O6pa3HBIC BHUHTHBI CO CTCEKJIOIINIACTUKOBBIMU
momactsimu — &, = 0,009 [9].

Ew =V Nuwm =7, 4,

ri€ N — NPUBEJEHHAs] OTHOCUTENIbHAS MOUI-
HOCTb JBHratenei; 4, — KospduuueHt npuse-
JIEHUS] MOIIHOCTH JBUTaTelell K pacueTHBbIM

ycioBusAM (ompenensercs mo rpadgukaM B 3aBH-
CUMOCTH OT BBICOTBI UM CKOpOCTH Tosieta [9]);

NHB =

HB
mO

oTHocuTenpHas mnorpeOHas HB

MOMIHOCTh; AL — KO3 DHUIMEHT, YIUTHIBAIOIIIHA
MOTEpPH MOIIHOCTH JIBUTATENel BepToJieTa Ha
npuBog PB, BcmoMmorarenbHBIX arperaToB u
TPEHHE B arperarax TPaHCMHUCCHHU (OIpeenseT-
cs 1o rpadukam B 3aBUCHMOCTH OT pa3MEpPHOCTHU
BepTojeTa U ckopoctH mojaera [9]); Al ,, H

Civil Aviation High Technologies

1B

€ = , TIe m,, — Macca JIBUraTelicu Bep-
0

TOJIETa, ONpeesieMasl PeXXUMOM T0JIeTa Ha KOTO-

pOM peanm3yeTcss MaKCHMajibHas TpUBEICHHAS

MOIIHOCTE N, (MOLIHOCTH B CTaHIapTHBIX aT-

MochepHbIx yenoBusxipu H =0 u V' =0):

m}:[B = ’Y;{B ‘N (7)

JIB I1p 2

rae vy, — yAelbHasd Macca JBUTATEIEN.

s 6oeBoro BepTojeTa MOTPeOHYIO MOII-
HOCTb N, ONPENEISAIOT PEKUMBI:

® BHCEHHE Ha CTATHYECKOM IMOTOJIKE;

® [I0JIET HAa MPAKTUYECKOM (IMHAMUYECKOM) TO-
TOJIKE;

® [I0JIET HA MAaKCUMAaJbHONH CKOPOCTH M 3a/laH-
HOI BBICOTE;

® YCTaHOBUBILIUICS BHpax (pa3BopoT) ¢ 3aJaH-
HOM Teperpy3kod M Ha 3aJaHHBIX BBICOTE W
CKOpOCTH;

® TIOJIET C OJHUM OTKAa3aBIIMM JBUTATEIEM
(npyro#i nBurarenb pabOTaeT Ha B3JIETHOM
peXHUME).

Takum oOpa3om, OTHOCUTENIbHAs Macca JIBH-
rareieil Ha KakJIOM PacueTHOM pEeXHME OIpe-
NENSIeTCA:

N

93

P AQ : ACmy 'AQZ)BY 'Kup

, (8)

ALz, — K02((GULMEHTHI, YYUTBHIBAIOIIUE CHH-

KEHHE MOIIHOCTH [BUTaTellel NpU YCTaHOBKE
[I3Y u OBY; K, <1 — xoadduument apocce-
JIMPOBAHMS ABUTATEIICH.

[13VY uHepuUMOHHOTO THUMA C IIEHTPaJIbHBIM
oOTexkareneM B BHJAE «Trpuba» TpPH BBIKIIO-
YEHHOM 3KEKTOpE CHU)KAET MOIIHOCTh JIBUra-
Ttens Ha 2-3 %, COOTBETCTBEHHO, AL, =

=0,97+0,98. Ina xoHncTpykuuii OBY, npume-
HSIEMBIX Ha OT€YECTBEHHBIX OOEBBIX BEPTOJIETAX,
ALy =0,98 [9].

B panpHEedmux pacderax HCHOJIb3YETCA
HarOOJIbIIEE 3HAYEHHE & .
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NHB 3aTpavYrBacTCd Ha CO3AAHUC TATU, IIPC-

OJIOJICHHE CUJI COMPOTHUBIICHUS TBUKEHHS JIOMa-
cTeil B BO3JyXe M COMPOTHUBIICHHE HEHECYIINX
yacTtel BepTosiera (MpU HAIUYUHU MOCTYIMATEb-
HOMl ckopoctH). Takum 00pa3oM, BBIpaKEHUE
JUISL  OTHOCUTENBHOM TOTpPeOHON MOIIHOCTH
uMmeet Bun [12]

Nm—m = 4 . 1073 L—

Nop = (1,5c1>1 (e)., ~(1+5172)+6 . Amcm)

rae k=B — ko>pPuIMenT, yuuTHIBAIOMMI KOH-
uesble norepu Jnomacted HB; B =0,98 [9,20];

Vol. 27, No. 05, 2024
NHB = NVIHH +an +N3p.; (9)

T0€ Nuwx, Nop U Ny — OTHOCHUTENBHBIE HHAYK-

TUBHAs, NMPOQUIbHAs U BpeIHAas MOIIHOCTH CO-
OTBETCTBEHHO.
Ha pexxumax ¢ moctynaresnbHOM CKOPOCTHIO

nonera (V #0) cocrapnsomme Nus onpese-

JIAKOTCA:

= V¢ Ao |
K-A-V-0R (ny_YKp) " _ip ’ 1o
A-c-(oR)
— 5 A =3 3
Nyp=6-10"c.-—-V -(0R), (12)
p
t, = P Z(I—FKP) — ko3¢ dunmeHt
0,5p-c-(wR)

= 7
A — OTHOCHTEIIbHAS TUIOTHOCTh BO3AyXa; V = —R;
®

n, — HOpMaJlbHas NEPETPy3Ka; Y — OTHOCHTEND-

Hasl TOJTheMHAsi CHJIa KpbUla; [ = % — OTHOCH-

TeNbHBIM pa3smax kpbula; @, — xodddurmenr,

YUUTHIBAIOIIMHA BIMsAHHE (OPMBI JIONACTH B
[UTaHE Ha BEJIMYMHY €€ MPO(UIBHOTO COMPOTHB-
JICHUS, JUIA JIOTIACTeH MPsMOYTOiIbHOU (hOPMBI B

wiane @, =1 [9, 20]; (cx p) — CpeHUM 10 JTUC-
cp
ky HB koaddunment npodunpHOro compoTus-
nenusi, it HB ¢ nmomactsimu, oOpa3yembIMH
npotpem NACA23012, (c,,) ~0,011 [21,22];
cp

Am__ — k0> UIKEHT, yUNTHIBAIOIIEHH BIUSHAE

C)KAMAeMOCTH Ha BEIWYMHY TPO(UIBHOTO CO-
npotuBieHuss HB (ompenemnsiercss mo rpadukam

Amg, = Am,, (1,4, Mo,V 5) [9));

yorxo

NHB BHC — 6, 26 - 10_3

Ap +(1,5<I)1~(cxp)cp+6~Amm

—2
> V

Taru (nogbeMHo cwiel) HB; ¢ =—c -—— ko-
c

s} dunnent nponynscusHoit cunsl HB; ¢, — ko-

3 PUIHEHT MPOJOIBHON CHIIBI HEHECYIIUX dYa-
CTell BepTojeTa, Ui OOEBOTO BepToJieTa NpHU
yOpaHHOM IIacCH M C BHEUIHUMH IOABECKaMH

__OR

c,~0,0105 [9]; M,=—:;
a

a, p — CKOPOCTb

3BYKa U IUIOTHOCTb BO3/yXa.
Ha pexnme sucenms (V'=0) N,_ =0, un

NuB e ONPENEIAETCA CYMMOM HMHIYKTHBHOW H
npodunpHON MomHocTel. [Ipu 3ToM HEoOXoaM-
MO YYHTBIBAThH JIONOJIHUTEIBHOE CONPOTUBIICHUE
TuiaHepa 3a cuer ootekanus ctpyeit or HB. Ta-
KHM 00pa3oMm:

)ABHC~G'((DR)3

; (13)
10°- p
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rae @ — xko3pPUIHMEHT, YUUTHIBAIOLINI HEPaB-
HOMEPHOCTb PACIIPEAEICHUSI OCEBOM MHAYKTHB-
HOI ckopoctu 1o paguycy HB u 3aTparsl Mmomi-
HOCTHM Ha 3aKpy4yuMBaHUE IOTOKAa BO3J1yXa, JJIS
jgonacted MpsMOYTOJIbHOW (OpMBI B IUIaHE C
reomeTpuueckoi kpytkon 5-9° @ =1,05 [9, 20];
KBI/IC = B2/3; K
UK OTPHUIATENBbHYI0 HHTEPPEPEHIMIO MEXKIY

HB u nuianepom Ha pexxume BUCEHHUS, ISl OJJHO-
BUHTOBOI'O BeprojeTa ¢ kppuioM K . =0,97 [9];

Am rpaduxy

CK

w — Kodddunuenr, yduTbiBaro-

OnpCaACIACTCA o

2p
—_—.
p-o-(®R)
[Toner BepTosieTa Ha 3aJlaHHOM BBICOTE B

ClIyd4ac OTKaza OJHOI'0 IABHUIAaTCJId BO3MOKCH,
Koraa BBIIIOJIHACTCA YCIOBUEC

Am, = Am, (1, M,) [9]; ¢, =

*
NHB 2 NHB I min

+ AN

min >

(14)

rae Ny — MUHUMAaJIbHAsI TIOTpeOHAsT MOIII-

B ri min

Hocte HB (cootBerctByer V, =0,71——

A‘]Vmin
o0ecrieuynBarOmii  BEPTOJIETy COXpaHEHHE 3a-
JMAHHOW BBICOTHI MIPU HE3HAYUTEIHHBIX M3MEHE-
HUSX CKOPOCTH, Pa3BOPOTax M TPU MPOXOKIeC-
HUU HUCXOJIAIIUX MTOTOKOB.

HopMmsbl 1€THOM TrOOHOCTH BEPTOJIETOB yCTa-
HABJIMBAIOT, YTO MPU OTKa3e OJHOTO JBUTATENS
JOJIKHA OOECIeunBaThCs BO3MOXKHOCTH IPO-
JOJKEHHSI TI0JIETa CO CKOPOIOJABEMHOCTBIO HE
menee 0,25 M/c Ha pexume pabOTBHI JPYroro
JIBUTATENSl C BPEMEHEM HEeNPEephIBHON pabOThI HE
menee 30 munyT [9]. Takum obpazom:

— MHUHHUMAJIBHBIA H30BITOK MOIIIHOCTH,

AN,

min

m,

__ 7y min

m,g -

3

Aﬁmin =

0,0025. (15)

m, -10

[Torpebnast oTHOcutenbHas MourHocTh HB
JUIS TIOJIeTa Ha 3aJIaHHOM BBICOTE B CIIydae OTKa-
3a OJIHOTO JIBUTATEJSI ONPECIISIeTCS:

Aﬁjnin = ANHB rmmin + Aﬁmin 5 (1 6)
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rae AN, .., BBIUHCIAETCA 1O (QOpMyaaM Ui
Ny mpu V =V_.

OtHocHTENnbHAS NPUBEJACHHAS MOIIHOCTb
paboTalOIIEro ABUTaTeNs BEPTOJIETa U3 yCIOBHs
COXpaHEHMs 3aJaHHOM BBICOTHI IOJIETA IIPU OJ-
HOM OTKa3aBILIEM JIBUTaTEJIe PaBHA

ANjnin
P AC'ACABY 'ACSBV 'Kap

Nuww = A, (17)

Taxkum 00pa3oM, OTHOCHUTEIbHAS Macca JIBH-
raTesiel BepToJeTa Ha JaHHOM PEXHME OIpese-
JISIETCS:

J—

gﬂB :’YHB'NuBnp- (18)

OtHocuTenbHAs Macca KOMIUIEKTa «TpHOO-
BuHBIX» 113Y Goesoro Bepronera &, ~ 0,002,

9BY - &, ,=0,002, BCY Tuma AM-9B —
€., =0.007[9]
K, ONpenensieTcs Mo XapakTePHCTHKAM JIBH-

rareneit Bepronera. J{ns apurarens TB3-117BMA
HOMHUHAQJIBHBIA PEXKUM PabOThI  COCTaBISET
85-90 % oT B3JIETHOM MOIIMHOCTH, COOTBETCT-

N
_ JIB HOM __ .
=22 =(0,85+0,9.
JB B3JI
OTHOocHTeNbHAST Macca JIBUTATSIBbHBIX CH-
creM onpenensiercs [13]:

HOM
BEHHO, KD[p

m,

m,

:Kc;[y 'N;uanp,

Cony = (19)

rmue KCHy =0,055+0,065— BecoBoii ko3hPuiu-

€HT.
OTHocHTeNbHAs Macca INIABHOIO penyKTopa
OJIHOBMHTOBOI'O BepTOJeTa paBHa [13]

E.)rnpe}:[ TIL.pen (2 0)

=da . (NHB )0’8 5

— BecoBo# k03 dumment (s BepTo-
~ 0,23 [9]).

rac a

riLpen

netoB pasmepHocTd Mu-24 a,
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OTHOCUTENBHBIE MacChl 3JIEMEHTOB TpPAHC-
MHUCCUM OJHOBHHTOBOT'O BEpTOJIETa OIpEIes-
totes [13]:

— 08
g1113»10611 =Appen” (NHB BHC) 5 (21)
— 0,8
Ernpen = Ganpen ( Niimue ) (22)
Ean 20,012 (Ninwc) ', (23)

1€ & s Cxppers Sxpn — OTHOCHTCIBHBIC MACChI

IIPOMEKYTOYHOI'O0, XBOCTOBOTO PEAYKTOPOB H
TPaHCMMCCHOHHOTO Bajia npusojga PB coorser-

CTBEHHO; @, .. W d,, . — BECOBBbIC KOO(PHIM-

eHTBl (U1 BEPTOJIETOB pazMepHocTH Mu-24
Ayoen 0,007, a ~0,016 [9]); Nussuc

KpyTALIMHA MOMEHT, ACUCTBYIOLIMH Ha XBOCTO-
BOI BaJl TPAaHCMHUCCUH BEPTOJIETa MPH BUCEHUU
Ha CTaTUYECKOM IIOTOJIKE.

OTtHOcHUTENBbHA Macca KOpPOOKH NPUBOJIOB
Eroprp = 0,0045  (quist BEpTOJIETOB pasMEpHOCTH
Mu-24).

Takum oOpazom:

XB.pel

(:Tp = Fﬁnp.peﬂ + van.peu + (24)

%XB.B + (tvkop.np °

OTHOCHUTENbHAS Macca TOIUIMBHOM CHCTEMBI
BEPTOJICTA OIIPCACIACTCA:

ﬁTC = KTC : éT’ (25)
rae K . — BecoBod KOG HUUUEHT (I TOILIUB-

HOM CHCTEMBI BEpTOJieTa C MPOTEKTHPOBAHHBIMU
0akamMH, 3aIlOJTHCHHBIMH ITCHOTIOJINYPUTAHOM,
K. =0,071+0,093 [13]).

OTHOCHUTENLHAS
COCTOUT W3

MacCa CHCTCM BCPTOJICTA
OTHOCUTCIBHBIX MAacCcC CHUCTEM

96

Vol. 27, No. 05, 2024

yhnpaBieHuss (M THIPOCHCTEMBI) & JJIeK-

ynp+re ?
TpooOopyI0oBaHus (BKJIIOYas MpPOTHBOOOIEE-
HHUTENIbHYI0) &, NMHEBMAaTHYECKOM &  , JKH3HeE-

50 2 C 2

obecriedenus & M IPOTUBONOXKAPHOH & :
z‘bc = Z‘Dyanrrc + &30 + gsc + &mo + (t?crl' (26)

Jl51s omHOBUHTOBOTO 60€BOTO BepToieTa [9]

2
c([wR) =
rc :590_ - ‘Vmax'b, 27
rae b — xopna nomactu HB.
1 o
&.’30 = aao + bao R (28)

Jr

rae a,, =0,35, b, =55 — xodbPuUIHEHTHI (111
BEPTOJIETOB pa3MepHOCTH Mu-24).
OTHOCHUTENBHBIE MAacChl [THEBMATUYECKOM
CHCTEMBI, CHUCTEMBI >KH3HEOOECIIEUEeHNsI U CH-
CTEMBI TIOXKAPOTYIICHUS ONPEACISIFOTCS 10 CO-

OTBCTCTBYIOLIUM CTAaTUCTUYCCKUM JAHHBIM.
J_IJ'IH COBPCMCHHBIX 00€EBBIX BEPTOJICTOB
g,. =0,002+0,003, £,. =0,005 u

.. =0,003-+0,004 [9].
§, ommpelenseTcs U3 YCIOBHS 0OecIedeHUs

BCEX JTAIlOB pacyeTHOH 60eBOiH 3anayu, 3aiaro-
IIErocss  COOTBETCTBYIOUIMMHU  PaCCTOSHUSAMM
(AL,) i BpemeneM (At,).

B mnepsom ciydyae OTHOCHTENbHas Macca
TOIUIMBA, 3aTPAYUBAEMAas HA Y4aCTKE NPOTKEH-
HOCTBIO AL, , OTIpeIEseTCs:

VH -
c,. AL Nug

_ I .
3: 6- AC ’ Agmy 'AC;aBV Vsan

AL, (AL,)

;(29)
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N —2
N < 2 4Y1< e
=410 —2£ (1-Yo) +52 | N+
3a1 K'A'Vwﬂ 'Q)R Kp
(30)
3
+(1,5c1>1 (e.,) -(1+5V§aﬂ)+6-Amm)#+6-1o3cr—-V§aﬂ (oR)’,
op 10°- p-V s "p
Vi CYH _0,16(1_Nm) — NHB Vsan £ A
e ¢, = — i Npp=—— 1 o012
N 1B TIp max 0,12 H

_ V. N _ 0.10
N B Vzag — A . B , N 1B Ip max 0.08

AC 'Agmy 'AC.GBY V3a£l 0.06

SO
MaKCHUMaJIbHAsT OTHOCHUTEIbHAs] MOIIHOCTH IBU-
C 0,04 0,03 0,03
rarejici.
Bo BTrOpoMm ciydae (mipu 3agaHHOM MPOAOII- 0.02 IﬁO.O L2 0,005
A 0 =

KUTEIbHOCTH dTara v ): S i G i Sox

N VH
Aé,”. (ATI) - N)]B V3an 'Cyﬂ . AT’.. (3 1)
ATaka Ha3eMHOH I OOCBBIM BEPTOJIETOM
MPOUCXOJIUT HAa B3JICTHOW MOIIHOCTH JIBUTaTe-
JIeH, TIOATOMY

32)

araku *

AéT aTaku (ATaTaKH ) = NHB np max * CYLI ’ AT

Takum oOpazom:

iT = 1’19 ' (ZAE.’TI (ALZ ) +A(:T araku (ATaTaKl/l )) (33)

Pe3yabTaThl ucciae10BaHUS
U 00Cy:K/IeHHe MOJTyYeHHbIX
pe3yabTaToB

OTHocuTeIbHASI Macca MJIaHepa BepToJIeTa

Beproner cnpoekTupoBaH IO OJHOBHMHTO-
Boli cxeme ¢ PB, umeet kpwuto u youparorieecs
maccu. &, =0,198. BecoBoil anaim3 4acTeu

MJIaHepa pacCYUTBIBAEMOTO BepToJieTa IMpej-
craByieH Ha puc. 1. HaubGonbiyro oTHOCHUTEND-
HYI0 Maccy, coctaBisomyw 60,6 % ot §

w1 2

umeer prozemsik &, .

97

Puc. 1. BecoBoii aHaimn3 ruianepa BepToJieta
Fig. 1. Weight analysis of the helicopter airframe

OTHocuTeIbHAsA Macca CHJIOBOI YCTAHOBKH

HB Beprosnera sBisieTcsl NATUIONACTHBIM, C
JIOH)KEpOHAMU U3 alFOMUHUEBOTO cIuiaBa. Bryn-
Ka CTaJlbHas, IapHUPHASL.

PB BeprosieTa BBINIOJIHEH HAa KapAaHHOM
MO/IBECE M UMEET TPH JIOTIACTH. JIOHKEPOHBI JI0-
rmacTell TakyKe BBINIOJHEHBI M3 aJIOMHUHHEBOIO
cIuiaBa.

Pe3ynbrarsl pacuera NMpUBEIEHHONW MOIIHO-
CTH JBUTATEJICW BEPTOJETAa HA PACUYETHBIX pe-
JKUMax T0JIeTa MpeCTaBICHbI B Ta0M. 1.

Haubonpimme 3Ha4eHus Nus U Nm;np pea-
nu3yercst Ha Bupaxe. ClenoBaTeNbHO, NaHHBIA
PEXKUM SBIISETCS PACUETHBIM JUIS ONpPEEICHUS
E:;[B u émpeﬂ :

OtHocuTEeNbHAs Macca CHJIOBOH YCTaHOBKH

Bepronera &, =0,3241. 3Ha4eHHs COCTABIISIO-

wmx &, npeacrasieHsl Ha puc. 2. Hanbois-

IIy}0 OTHOCUTENBbHYIO Maccy umeror HB & —
35,1% or &,
27,1 % w nBurarenu &, — 16,9 %.

[JIABHBIM PERAYKTOp &

TI1.pen
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Tadauua 1
Table 1
PacueT npuBeeHHO MOIITHOCTH ABUTATEIICH BEPTOJIETA
Calculation of the corrected power of helicopter engines
PacueTHbIe pe:KUMBI 110J1€TA
H=1050 m; H =4500 wm; H =500 m; H =500 m; H =500 m;
V =0 km/u; V =150 xm/4; V =315 km/u; V =200 km/u; | V =174,5 xm/u;
ITapameTpsbl n =1 n, =1 n, =1 n, =18 n, =1
(BuceHHe) (mpaktudeckuii | (MaKCUManbHas (Bupax) (oTKa3 0THOTO
HOTOJIOK) CKOpOCTB) JIBUTATEJIS)
N - 0,0674 0,0231 0,0689 0,0384
Nuw — 0,0443 0,0904 0,0928 0,0477
N — 0,0062 0,0859 0,0859 0,0146
Nus 0,1960 0,1179 0,1995 0,2476 0,1008
K, 1 0,88 1 1 1
Nasnp 0,2689 0,2399 0,2422 0,3007 0,1251
- A
<
0,12 | 0,1137
s 0,0879
0,08
0,06 0,0547
0,04
0,018
0,02 0,0105 2 0,0148 0,0134
. e ] o 1.2%7 0002 0,002
zzalln E-‘pil {; 1B E.h.‘.‘ly E-‘l'.'1 pen EJ p é'| C E«’HL‘_\' éu'u é'm_\'
Puc. 2. BecoBoli aHanu3 cunoBoi yCTaHOBKH BEPTOJIETA
Fig. 2. Weight analysis of the helicopter power plant
OTHOcUTeIbHAsI Macca CUCTEM BepToJieTa £ A
3 0,035 0.0307 5
E.=0,0705. BecoBoii aHanu3 cucTeM Bep- 003 0,0287
ToJieTa TpeacTaBileH Ha puc. 3. Hawmbombrme 0,025
OTHOCHTEIIBHBIC MACChl UMCOT & . ., COCTaB- 0,02
msrorryto 43,5 % ot &, u &, — 40,7 %. 0,015
0,01 0.0025 0,005 0,0035
L o [ I ]
g}'”["’ re é L] E—nc (:—J}m écn

Puc. 3. BecoBoii ananms cucteM BepToieTa
Fig. 3. Weight analysis of helicopter systems
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OTHocHuTeIbHAA Macca TOILINBA

Ha orane B3nera m nocanku A&, =0,0094,

nojera B paloH Lend M OoOpaTHO —
A, =0,1235, araku Ha3eMHOM  ILIEIH —
AE , =0,0047.

CanenosarensHo, & =0,1638.

HOpMaJIBHaH B3JI€THad Macca BEpToJieTa

Ilo mony4ennsm § , €., E 1 & € MCIOIB-

30BaHUEM ypaBHEHMs cyuiecTBoBaHMs (1) ompe-
JielleHa HOpMaJlbHas B3JI€THAas Macca BepToyeTa
m, =10 752 kr. Banernas macca Mu-24B ¢ co-

OTBETCTBYIOILLIEH MOJIE3HOM HArpy3KoM COCTaB-
asiet 11 200 kr (abcomoTHas MOTPENTHOCTh pac-
yeta 4 %).

3akJoueHue

B pabote mpennoxkeHa MeTOAMKAa OLIEHKH
B3JIETHOM MaccChl COBpPEMEHHBIX OOEBBIX BEPTO-
JIETOB C 3a/IaHHBIMH JIETHO-TEXHUYECKUMHU Xa-
PaKTepUCTUKAMU M TEXHUYECKMMHU Iapamerpa-
MU. MeToanKa NMpakTUYECKH pean3oBaHa B BU-
ne nporpammbl s OBM. C ucnonb3oBaHueM
pa3paboTaHHOM METOJUKU OIpejAesieHa HOp-
MaJIbHasi B3JIETHas Macca BEpTOJIeTa C JICTHO-
TEXHUYECKUMU XapaKTepUCTHUKAMU U TEXHUYe-
CKUMH TapaMeTpaMH, COOTBETCTBYIOIIUMH Ooe-
BOMY BEpTOJIETY, CTOSILEMY Ha BOOPYKEHHH.
PesynbraThl pacuera SIBISIOTCS yJIOBJIETBOPH-
TEJbHBIMH.

PesynbpTaTthl paboThl MOTYT OBITH HCHOJB30-
BaHBI:

e pu OOOCHOBAHWU TAKTUKO-TEXHUYECKUX U
HKCIUTyaTallMOHHBIX TPeOOBaHUN K COBpEMEH-
HBbIM 0O€BBIM BEPTOJIETAM;

® IPOCKTHUPOBAHUH OOEBBIX BEPTOJIETOB;

e BBHIOOpE HamNpaBICHUI MOJEpHU3ALMA U aHa-
JM3€ B3aUMO3aBHCUMOCTU TaKTHYECKHUX, HKC-
TUTYyaTallMOHHBIX U TEXHUYECKUX CBOMCTB 0O-
€BBIX U TPAHCIOPTHO-OOEBHIX BEPTOJIETOB,
CTOSAIIUX HA BOOPYKEHUH.
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