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THE JET FUELS ANTI-WEAR PROPERTIES INDICATOR

K.I. GRYADUNOV', A.N. TIMOSHENKO', K.E. BALISHIN', U.V. ERMOLAEVA'
! Moscow State Technical University of Civil Aviation, Moscow, Russia

There are three main fuel brands for jet engines of civil aviation used: domestic TS-1 and RT and foreign, produced in relatively
small volumes in Russia, JET A-1 (JET A-1). Since the end of the 2000s, foreign manufacturers have made claims to the quality of
the mass-used domestic fuel brand TS-1, and these claims have not been specified. However, the service life of a number of foreign
engines operating on TS-1 fuel has been reduced by 50%. This circumstance can be caused by both subjective reasons —
commercial and political interests of equipment manufacturers, and the objective ones. The main objective reason may be that
recently several Russian plants producing TS-1 fuel have begun to produce composite propellant under the same name, where
products of secondary oil refining processes are added to the straight-run fractions. These fuels meet the requirements of the
standard (GOST 10227-86), which does not contain an indicator that characterizes the anti-wear properties of jet fuels. In the
standard for JET A-1 fuel, anti-wear properties are normalized, and they are also normalized in the standard for domestic fuels for
supersonic aviation. The article presents comparative tests of anti-wear properties of samples of jet fuels used in the civil aviation.
The article substantiates the relevance of the anti-wear properties indicator in the standard for domestic brands of jet fuels for
subsonic aircraft introduction, as well as the comparative analysis of the anti-wear properties of fuels produced by various Russian
oil refineries. Indicators and methods for assessing the anti-wear properties of aviation fuels can be different. As such an indicator,
it is proposed to use the anti-wear properties indicator calculated after testing fuel samples on a four-ball friction machine.

Key words: aviation, jet fuel, aviation fuel, anti-wear properties of aviation fuels, four-ball friction machine, anti-wear properties
indicator.

INTRODUCTION

Jet fuels are used in all the jet engines, providing us with a set of functions, one of which is lu-
brication [1-7] on which the operational reliability of fuel system friction pairs depends on. The fric-
tion pair of the high-priced plunger-lift equipment (inner cylinder — wobble plate; inner cylinder —
shroud) is the one to be the most runover susceptive. Meanwhile the friction pair inner cylinder — wob-
ble plate is the indicative one [2, 5-7].

The jet fuels of the TS-1, RT domestic brands by the GOST 10227-86' and of the foreign one
JET A-1 by the GOST 32595-20137 are now produced for the civil aviation on the Russian petroleum
processing plants. Nevertheless, there is the indicator of the lubricating ability in the standard for JET
A-1, and there is no such an indicator in the standards for TS-1 and RT. It should also be noted, that
the lubricating ability is normalized in the standard for the Russian supersonic aircraft fuel brands
(GOST 12308-2013).

' GOST 10227-86. (1986). Jet fuels. Moscow: Standartinform. 18 p.

2 GOST 32595-2013. (2014). Aviation Turbine Fuel Jet A-1. Specifications. Moscow: Standartinform. 39 p. At the same
there is also a national GOST R 52050-2006 (2014). for the given product. Moscow: Standartinform. 39 p.

> GOST 12308-2013. (2013). Thermostable Fuels T-6 and T-8B for Jet Engines. Specifications. Moscow: Standartinform.
22 p.
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I.e., the lubrication ability of TS-1 and RT fuel brands was being estimated only by the classifi-
catory methods of clearance while bringing them into service — decades ago. Nowadays the latter basic
materials and formulation of these fuel brands differ from the former.

There are the claims to the quality of TS-1 in the Airworthiness Directives of the ASA — Euro-
pean Aviation Safety Agency (EU) of the administrative and executive aims relating to flight operating
safety, and primarily, to the anti-wear properties of aviation fuels: EASA AD No.: 2017-0065", EASA
PAD No.: 17-023°, EASA CRD of PAD No. 17-023°. Thus, the durability of the range of foreign en-
gines, run on TS-1, has been reduced by 50%’ [8, 9, 10]. These claims are not specified; therefore, the
given circumstance can be caused by both subjective, and objective reasons. The introduction of the
indicator, which characterizes the fuel anti-wear properties, to the standards for jet fuels could serve to
the solution of the problem. The choice of such an indicator is a topical issue.

Let us review the probable objective reason.

The anti-wear properties of aviation fuels depend on many factors: carbonic speciation, the
presence of heteroatomic compounds, total purity, the presence of SAS, etc. The straight distillation
and hydrogenolysis respectively have been the processes of TS-1 and RT jet fuel generation by the
moment of estimating the lubrication ability by the classificatory methods of clearance. The range of
agents, including the anti-wear ones, which have also changed nowadays [7, 11], is to be implied ob-
ligatory in the fuels, submitted to hydrotreating, deprived of natural components, which increase the
lubricating ability.

The range of the Russian petroleum plants — in fact those streamlined plants, which widely im-
plemented oil treatment secondary processes — produce, the so-called, composite propellant TS-1,
which contains the products, generated by both the straight oil distillation and by means of the second-
ary oil treatment processes [12]. These factors, obviously, affect the fuel lubricating ability, which is
not controlled.

It should also be noted, that there is no data on directly and indirectly distilled components
formula in the mixed TS-1 fuel, as well as data on implying any agents into such a fuel. It seems im-
possible to distinguish the composite propellant from the un-mixed one — as they are produced accord-
ing to the same standard under the same designation.

Nowadays the problem is widespread in Russia and affects all the petrol, oil, and lubricants —
the same brand can be produced according to the various technologies out of the different raw materi-
als [7].

It is also known [5], that conducting the full range of qual tests was obligatory while changing
the raw material and making any modifications of the jet fuel production technology until the 1990s.

FRAMEWORK

There is a wide variety of estimation methods of petrol, oil and lubricants lubricating character-
istics, many of these methods may be used for estimating the lubricating characteristics of the aviation
fuel. The foreign (American) method BOCLE (GOST 333906-2016°, ASTM D 5001-10%) is allowed

* EASA AD No.: 2017-0065. (2017). EASA Airworthiness Directive. ATA 73 — Engine Fuel and Control — Hydro-
Mechanical Units — Operational Limitations. 3 p.

> EASA PAD No.: 17-023. (2017). EASA Notification of a Proposal to Issue an Airworthiness Directive — ATA 73 — En-
gine Fuel and Control — Hydro-Mechanical Units — Operational Limitations. 1 p.

5 EASA CRD of PAD No. 17-023. (2017). EASA Comment Response Document— Notification of a Proposal to Issue an

Airworthiness Directive — ATA 73 — Engine Fuel and Control — Hydro-Mechanical Units — Operational Limitations. 7 p.

Kovba L.S. (2019). The Evaluation of the Fuel Quality Impact on Aircraft Sustainability Based on Maintenance Best

Practices // InfoTech 2019.

¥ GOST 33906-2016. (2019). Aviation Turbine Fuels. Determination of Lubricity by the Ball-on-cylinder Lubricity Evalu-
ator (BOCLE). Moscow: Standartinform. 37 p.
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under the standards for estimating the lubricating features of the domestic jet fuels for the supersonic
aircraft and JET A-1 fuel along with many other foreign fuels [13—17]. The appropriate apparatus is
produced by the only international manufacturer.

However, it does not have any advantages over many other methods [5, 18]. It does not emulate
the work of the aircraft gas-turbine engines friction pairs, as demonstrated by the phrase in the given
standard: "The BOCLE clearance method is not the direct reflection of the operating environment of
the engine parts operation". There is also a remark: "The range of fuels rich in some sulphur com-
pounds may indicate the abnormal results of the test". Therefore, the given method is not preferential
for the TS-1 and JET A-1 sulphide fuels.

The simple and reliable four-ball friction machine (FFM — 1) (fig. 1 and fig. 2) can be used for
comparative evaluation of aviation fuel lubricating characteristics.

The essence of the method is in the calculation of the critical load — such a load, which leads to
the loss of the fuel lubricating characteristics, — by the results of consequent loading by the abrupt in-
crease in diameters of the wear scars, left by the upper shiftable ball 2 on the numb balls 1 (fig. 2)
stuck in the securing clamp.

It is important to mention, that the given apparatus allows us to obtain the results, correlating
well with the fuel control unit inner cylinders wear [5].

There are also such advantages of the method as: its simplicity and the low price of the tech-
nical equipment and expendable products, relatively high speed of the performance of the experiment
(the loading is carried out in 10 seconds), the technical equipment is completely domestic, the short
subject fuel consumption (up to 15 ml), relatively small size of the apparatus, etc. The covered method
has the same advantages over the ones for the classificatory evaluation of the aviation fuel anti-wear
characteristics, made for slightly different tasks.

o
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Fig. 1. The four-ball friction machine block diagram: Fig. 2. The four-ball friction machine operation principle:
1 —braking motor with the hand-held arrester; 2 — molded @) the friction joint loading chart; b) the machine friction joint;
case; 3 — the lever arm for axle loadings in friction joint; 1 — the fixed balls; 2 — the rotative ball; 3 — test fuel

4, 6 — operation panel; 5 — body frame

’ ASTM D 5001-10. (2014). Standard Test Method for Measurement of Lubricity of Aviation Turbine Fuels by the Ball-
on-cylinder Lubricity Evaluator (BOCLE). 14 p.
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EXPERIMENTAL SET UP

The comparative evaluation was made for the three articles of aviation fuels of different brands
and for the article of the composite propellant (TS-1 + RT), sampled from the aircraft tanks, according
to the standardized tear (GOST 9490-75').

There are the results of the experiment in Figure 3. It can be seen, that the given articles of the
fuel have the similar values of critical loads. Meanwhile the article of RT fuel has shown us the best
anti-wear properties in the given test environment, the article of JET-A1 — the worst ones.

The different criterion may be used as an indicator of aviation fuel lubricating ability: the criti-
cal load, the diameter of the wear scars, the wear criteria, etc. The specified rate of the anti-wear prop-
erties in percentage terms, proposed by A.F. Aksenov [4]:

K=" 40,
Pyp My

where K — the anti-wear properties indicator, %;

P, — the critical load of metal friction shift from the fluid to the boundary in the subject fuel, kgf;

P%, — the critical load of metal friction shift from the fluid to the boundary in the canonical fluid,
kgf;

U, — the metal wear in the canonical fuel, mm;

U, — the metal wear in the subject fuel, mm.

The metal wear is the average diameter of the wear scars in this very case.

On the basis of the experimental data, the indicators of the anti-wear properties of the aviation
fuel articles under review are reflected in Table 1. The RT fuel brand, which has the best anti-wear
properties among the given articles, is taken as a gold standard (100%) in this very example. The com-
posite propellant has demonstrated the stronger performance, but is not a fuel brand, so that is why the
indicator has not been calculated of anti-wear properties for it.

g 14 -
3 TCA+PT |— —
12
TC-1 /
1,0
OKETAA |— /
08
PT
T
06
04 - //
02 :
00
0 15 30 P e 45

Fig. 3. The critical load of different fuel brands determining

' GOST 9490-75. (1975). Liquid Lubricating and Plastic Materials. Method of Test for Lubricating Properties on Four
Ball Machine. Moscow: Standartinform, 40 p.
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Table 1
Antiwear properties indicator of Aviation fuels

The aviation fuel brand | Antiwear properties indicator K, %
RT (PT) 100
TS-1 (TC-1) 98
JET A-1 (JIKET A-1) 96

DISCUSSION OF THE EXPERIMENTAL RESULTS

The experiment is the introductory one. It shows us the opportunity of the domestic four-ball
friction machine use for the jet fuel anti-wear properties evaluation, which is extremely relevant nowa-
days. The specified rate by A.F. Aksenov is proposed as the rate of the anti-wear properties.

The RT brand has the best anti-wear properties among the provided commercial fuel articles.
The TS-1 of the straight-run distillation and JET A-1 proceed by the anti-wear properties reduction.
Nevertheless, all the brands have the similar valuations of the anti-wear properties in the conditions of
the performance of the experiment. The composite propellant — the fuel, which was collected from the
aircraft tankage — has shown us the better anti-wear properties, than the fresh RT fuel. This can be ex-
plained by the effect of many factors, one of which is the following: the fuel in the aircraft tankage ox-
ygenates in operation, as a result, the highly molecular oxidation products (methacrylate resins) afford
in it, increasing the fuel lubricating ability.

The further development of the study is the solution of the following problems: comparison
of the anti-wear properties of the commercial fuel, which is produced at the different Russian oil-
processing plants using different technologies; determination of the relevant indicator, characteriz-
ing the jet fuel anti-wear properties; determination of the indicator permissible limits for the civil
aviation fuel; display of the initiative for the implementation of the indicator in the standard for the
jet fuel.

CONCLUSION

1. The aviation fuel anti-wear properties depend on many factors and represent the operational
reliability of fuel system friction pairs in the aviation engines. The anti-wear properties of the TS-1
fuel may reduce as it is laced with products of the secondary oil treatment processes and must be con-
trolled, due to the widespread production of this fuel brand.

2. The aviation fuel anti-wear properties may be evaluated by the different indicator using the
different methods. Including the anti-wear properties indicator, resulted with the four-ball friction ma-
chine.

3. The experiments showed us, that the selected aviation fuel articles have the similar anti-
wear properties. The RT article has the best ones, and the JET A-1 — the worst ones. Comparative es-
timate of the anti-wear properties of the aviation fuel, which is produced at the different Russian oil-
processing plants is relevant.

4. Control of the anti-wear properties of the civil aviation jet fuel of domestic brands is rele-
vant, thus it is necessary to implement the lubrication ability indicator in the standard for the jet fuel.

12
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MMOKA3ATEJIb TIPOTUBON3HOCHBIX CBOMCTB PEAKTUBHBIX
TOIIJINB

K.HN. Fpﬂuyﬂosl, A.H. Tumomenxo', K.9. Baasimun', V.B. EpMo.naeBa1

1 « « ~ «
Mockosckuii 2ocyoapcmeentblii mexHu4ecKull YHugepcumem 2paicoOancKou asuayuu,
2. Mockea, Poccus

JI1s1 peakTHBHBIX JBUTaTeNIeN rpa’kIaHCKOI aBUAIlK UCTIONB3YIOTCS TPH OCHOBHBIE MapKH TOIUIMBA: oTedyecTBeHHble TC-1 u PT n
WHOCTpaHHasl, BbIpabaTbiBaeMasi B OTHOCHTENBHO HeOosbinnx oobemax B Poccun, JDKET A-1 (JET A-1). C xonua 2000-x rr.
MPOU3BOAUTENY HHOCTPAHHOW TEXHUKHU BBIIBUTAIOT NPETEH3MH K KAuyeCTBY MAcCOBO IMPUMEHAEMON OTEUYECTBEHHOW MapKu
tommBa TC-1, mpuyeM 5TH mpereH3Mn He KOHKpermsupyrotcs. OpHako pecypc psina 3apyOeXHBIX —JBUTaTenei,
SKcILTyaTupyrommxcs Ha Tormmse TC-1, cokparen Ha 50 %. JlaHHOE 00CTOSITEIHCTBO MOKET OBITH BRI3BAHO KaK CYOBEKTUBHBIMU
NPUYINHAMA — KOMMEPYECKUMH ¥ TIOJIMTUYECKMMH HMHTEpPecaMd HPOW3BOAMTEICH TEXHUKH, TaK M OOBEKTUBHBIMH. OCHOBHAs
0OBEKTHBHAS TIPUYMHA MOKET COCTOSITH B TOM, YTO C HEJABHETO BPEMEHHU Psi POCCHUMCKHX 3aBOOB, MPOM3BOSIIMX TOILTHBO
TC-1, Hayanu BBIMyCKaTh CMECEBOE TOIUIMBO IIOJ TEM )K€ HAaWMEHOBAHWEM, IZ€ B NPSIMOTOHHbIC (pakumy 100aBIsrOTCS
MPOJIYKThI BTOPUYHBIX MPOLIECCOB TiepepadoTku HedTH. JlaHHbIe TomumBa oTBevatoT TpedoBanusiM cranmapra (TOCT 10227-86),
B KOTOPOM OTCYTCTBYET IOKA3aTelb, XapaKTEPU3YIOLHI IPOTUBOM3HOCHBIE CBOMCTBA PEAKTHBHBIX TOIUIMB. B cranmapre Ha
tormmBo JUKET A-1 npoTHBOM3HOCHBIE CBOMCTBA HOPMUPYIOTCSI, TAKKE OHU HOPMUPYIOTCS M B CTaHAApTE HAa OTCYECTBEHHBIC
TOIIMBA JUIs CBEPX3BYKOBOI aBHalMK. B crarhe npHBeeHbl CPaBHUTENBHBIE HCIIBITAHUSI IIPOTHBOM3HOCHBIX CBOMCTB 00pa3lioB
npuMmeHsieMblx B ['A peakTuBHbIX TOIUIMB. OOOCHOBaHA aKTyallbHOCTh BBEJEHHMS ITOKA3aTelsl IMPOTHBOM3HOCHBIX CBOMCTB B
CTaHAApT A1 OTEYECTBEHHBIX MAapOK PEaKTUBHBIX TOIUIMB MUl JO3BYKOBBIX BO3AYLIHBIX CYAOB, a TaKkKe IPOBEICHUS
CPaBHUTENbHBIX ~ AHAIW30B  IPOTUBOM3HOCHBIX  CBOWCTB  TOIUIMB, IPOM3BECHHBIX  PA3IMUHBIMH  POCCUMCKHMU
HedTenepepabaThIBarOIMMK 3aBoamMHy. [1okazaTeny 1 METO/IbI OIIEHKH POTHBOW3HOCHBIX CBOIMCTB aBHAIIMOHHBIX TOIUIMB MOTYT
OBbITh pa3MUHBIMH. B KadecTBe Takoro IokasaTellsl IPEIOKEHO HCIIONb30BaTh MOKa3aTelb MPOTHBOW3HOCHBIX CBOWCTB,
paccUHMTHIBaeMBIH TOCIIE TIPOBEACHIS UCTIHITAHNI 0OPAa3IOB TOIDIMB Ha YETHIPEXIIAPHKOBON MAIITHHE TPEHHSL.

KiioueBble ciioBa: aBuanysl, p€aKTUBHOC TOIUIMBO, aBUAITMOHHOE TOIUINBO, TPOTHUBON3HOCHEBIC CBOICTBA aBHAIIMOHHBIX TOIUINB,
YEThIPpEXTNAPHUKOBaA MalllMHA TPCHU, ITOKA3aTEC/Ib IIPOTUBOU3HOCHBIX CBOICTB.
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INPUMEHEHUE KOHCTPYKTOPA 30HAJIBHOIN HABUT AITUM
JJIA OONTUMU3ALINN CTAHIAPTHBIX MAPIIPYTOB ITPUBBITUA
B ADPOITIOPT IEPEMETBEBO

I'.A. TACHIAPSIH', M.B. KYJIAKOB'
'Mockosckui 20CY0apCmeeHHblll MeXHUYeCKULL YHUBEPCUMEN 2PaXCOAHCKOU a8uayul,
2. Mockea, Poccus

Jns  yrnopsiodeHus JIBWOKEHHS! TPHUOBIBAIOIIMX BO3IYLIHBIX CYIOB OpraHaMH OOCTY)KMBAHHSI BO3IYIIHOTO JIBHIKEHUS
YCTaHaBJIMBAIOTCSL 30HBI OkuaaHus. OIHOW M3 OCHOBHBIX LeNiel TNPUMEHEHHs 30H OXKHJAHHs SIBJISETCS YBEIUYEHHE IJIMHBI
MapmpyTa nosiera BC, uro mno3pomsier 6osiece 3()(EeKTHBHO OpraHM30BaTh OYEPEAHOCTh HA MapIIpyTax HpHObITHS. B craThe
paccMaTpuBalOTCS TEKYIIME CIIOCOOBI M MPeyIaratoTcsl HOBBIE MIeH MOBBIIICHHS 3 (EKTHBHOCTH OpraHu3allii IPHOBIBAIOIIETO
MIOTOKA IyTeM NPUMEHEHNS KOHCTPYKTOpa 30HAJIbHOM HAaBUTALMH C MCIIOIB30BaHUEM THIIOB YUacTKOB MapuipyTa Bua Holding to
Altitude (HA) st cranmapTHBIX MapipyToB npuObITHs B asponiopt lllepemerseBo. B kauecTBe OCHOBHOTO NpEIUIOKEHHS IO
ONTHMHU3ALMK OPraHW3allMy BO3IYIIHOIO NBWKCHUS HA JAHHOM OTAlle U CHIDKCHMs HArpy3KH Ha JWCIIeTYepa Mpeiaraetcs
CO3JaHME MapLIPyTOB B JIONOJNHEHHE K TEKYIMM C BKIFOYCHHEM B HHX 30H OXXUIAHHS, KOTOPBIC OyIyT MCIIOJNB30BATHCS MPH
HEeOOXOIMMOCTH U1 CO3aHMS YIOPSIOYCHHOTO IIOTOKA. BeposSTHOCTHBIM METOAOM paccuMTaHa INpefeNbHas IMPOITYCKHAs
CIIOCOOHOCT CYIIECTBYIOIIMX M MPEUIOKEHHBIX MapIIPyTOB HPUOBITHS C MCIOJB30BaHHMEM 30H OXuaaHus. [IpuBeneHsl
NPEUIOKEHHBIE BApUAHThl PECTPYKTYPU3ALMK BO3LYLIHOTO MPOCTPAHCTBA MOCKOBCKOTO Y3JIOBOTO IHCIIETYEPCKOro paloHa ¢
COXpaHEHHEM TOYEK Hayasa CTaHIAPTHBIX MapIIPYTOB MPHOBITHSL.

KiroueBble cjioBa: opraHuzaiyis BO3IYIIHOTO ABWKeHMs, 30HbI oxunanusi, TKAQO, Bo3ayliHoe MPOCTPaHCTBO, HABUTAIWS,
30HAIbHAS HABUTALWS, TOYHOCTD.

BBEJIEHUE

B cexTropax MOCKOBCKOro a’poy3/I0BOr0 JUCIETYEPCKOrO LEHTPA MOYKHO JOIMYCTHTh BO3HHUKHO-
BEHHE BO3MYILIEHUS MOTOKA MPHUOBITHSA, KOTOPOE BBIPAXAETCA B BBICOKOW MHTEHCHBHOCTU BO3IYLIHOTO
nprxenust (MIB/I), uto cymiecTBeHHO 3arpyskaer aucrerdyepcekuii coctaB. OcoOyro cnoxxHocTs ipu YB/I B
CEKTOpax MOJX0/a NPEICTaBIAeT MHTEHCUBHOCTh NPUJIETAOIIMX BO3AYyIIHbIX cy10B (BC), T. k. oHM Haxo-
JSITCSL B CHWKEHHHU, M CYILECTBYET BEPOSITHOCTh KOH(IMKTA C JAPYrMMHU MPUOBIBAIOIIMMU CyJaMu. ITO
BUJIHO Ha IIpUMeEpe OpraHu3aluy npuobITus B asponopt LllepemerseBo. B craThe OynyT npemioxkeHs! Ba-
pPHUAHTHI TOBBIIECHNS S((PEKTUBHOCTH NPUMEHEHUS 30H OXKUIAHUS HA CITy4yaid MPEBBIIICHHUs MPOITYCKHOM
CIIOCOBHOCTH C HCIIONB30BAHMEM PA3IMYHBIX y4acTkoB mmyTd Path Terminators'> [1, 2].

N3MEHEHUE MAPIIPYTOB ITPUBLITUSA C UCIIOJIB30OBAHUEM YYACTKOB HA

MapipyTsl BblIeTa U NPUOBITUS 30HAIBHOW HaBHTranuu (OpPMUPYIOTCS U3 Touek myTH WP u
YUYacTKOB MyTH MEXAy HUMHU. [[11s mepeBoja TEKCTOBOTO OIMUCAaHMS CXEM B KOJOBYIO (hopMy, pUeMIIe-
MYIO JUIsl HABUTAIIMOHHBIX CHCTEM, IpuMeHsieTcst konnenmus Path and Terminator (TpaekTopus u ykasa-
Tenb ee okonuanus). s neneir RNP ciemyer ucnonb30Bath mogHa0d0p U3 MIECTH yKa3aTeaeld OKOHYaHHS

tpaekropuii: IF, TF, RF, HM, HF u HA, kotopslii OyeT paccMOTpEH B IaHHOM cTaThe [3].

! @DenepanbHble aBUAIMOHHBIE NpaBmia «OpraHu3anus BO3IyIIHOro ABWXKeHHS B Poccuiickoit @eneparum», mpHka3
MUHTPAHCA ot 25.11.2011, Ne 293, 2011. 139 c.

? Doc. ICAO 9613-AN/937: PykoBOACTBO 110 HABHMTALMH, OCHOBAHHOI Ha Xapaktepuctukax (PBN). 3-¢ m3x. // UKAO,
2008. 304 c.

* Doc. ICAO 8168: IIpon3BoacTBO 1071eTOB Bo3ayuIHbIX cyaoB. T. II. [TocTpoeHHe cXeM BU3YalIbHBIX HOIETOB M MOIETOB
o npubopam. 4-e u3n. // UKAO, 2006. 386 c.
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Ha mopasmnsitonieM 0OIBITMHCTBE MapUIPYTOB HCIIONIB3YIOTCS TONBKO y4yacTku track-to-fix (TF).
OHM TPOCTHI 7S BBITNOJIHEHHS M HE TPEOYIOT JOMOJHUTEIbHBIX PACUETOB MPH COCTABJIEHUH MapIIpy-
ToB. OcTajbHbIE YKa3aTEIN OKOHYAHUS TPAEKTOPUU IOKA HE MOJIyYMJIM IIMPOKOIO PACIpOCTPAaHEHUS
BCJIE/ICTBUE TPYAHOCTEN UX MporpamMmupoBaHus B FMS Bo3aylIHBIX Cy/lOB pa3HbIX NPOU3BOIUTENEH
Y TOJTYYE€HUS] COOTBETCTBYIOIINUX JOMYCKOB [4].
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Puc. 1. MapmpyT ¢ ucnoip3oBannueM yqactka RF
Fig. 1. RF leg route

B Hacrosimiee Bpems yKa3aHHbIE HEOCTATKH IMOCTEIIEHHO YCTPAHSIOTCS, CIIE0BATEIBHO, TIOSB-
JISIIOTCS. BOBMOXHOCTH JUISl BHEAPEHHUS! OCTAJIbHBIX THUIOB Yy4acTKOB Mapuipyta. Hanpumep, B HoBoii
3enannuu 1 CHIA yxe npumenstoTcs yyacTku tuna radius-to-fix (mosier mo ayre K TOUKe) Ha cxemax
HAYAIIBHOTO TAIla 3aX0/a Ha mocaiky (puc. 1, or Toukn NORPE)'. Tem He Meree 06mast QoIS IpH-
MEHEHHS YKA3aHHBIX MPOIEIYP BO BCEM MUPE OCTAETCS HE3HAUNTEIBHOM .

[IpennoxxeHue 3aKII0YaeTCs B aJbTePHATUBHOM yATUHEHUH MapIIPYTOB MPUOBITHS MyTEM HUC-
MOJIb30BAHUSI KOHCTPYKTOpA 30HAJHHOM HABUTALMM U BHEAPEHHS 30H OXKUJAHUS, BBHINOJHEHHBIX 10
turry HA — Holding to Altitude, T. e. mporeaypa oXugaHuss OTMEHSETCS TIPU TOCTH)KCHUH YCTaHOB-
JICHHOW BBICOTHI (3IIeNIOHa Moiieta). B aTom cnyudae mapuipyT OyAeT JOBOJIBHO KOMIIAKTHO pacroiia-
raTtbCsi B TOPU3OHTAIBHOM IIOCKOCTH, HO €r0 TEXHOJOTHUYECKass BMECTUMOCTb OyAET OTHOCHTEIHHO
BbICOKa. Pacronaratbcst 30HBI OKUIaHUS OYIyT B OTACIBHBIX TOYKAX M MCIIOJIB30BATHCS JIUIIb B CITY-
yae BHE3amHOU neperpy3ku koneuHoro ydactka STAR. Tlocne 30HbI 0kumIanus cieayeT yqactok Di-
rect flight Ha Touky WP, T. K. CyJTHO MOXKET AOCTHYb YCTAHOBJICHHOW BBICOTHI B JIIOOOM MECTE 30HBI
oxunanns’’ [5, 6-9].

Los Angeles International Aiport [Dnexrpounsiii pecypc] / SkyVector. 2021. URL: https://skyvector.com/airport/
LAX/Los-Angeles-International-Airport (nara obpamenus: 16.10.2021).

New Zealand AIP [Dnektponnsiii pecype] / AIP New Zealand. 2021. URL: https://www.aip.net.nz/ (nara oGparie-
Hus: 16.10.2021).

Performance-based Navigation (PBN) Implementation and Usage [Onektponnslii pecypc] / Federal Aviation Admin-
istration. 2021. URL: https://www.faa.gov/air_traffic/community involvement/dashboard/ (mara oGpamenmus:
12.08.2021).

PacnpeneﬂgHHe [TyaccoHa auckpeTHOW ciy4aiiHOW BenwdwHEI [DnekTponHbid pecypc] / FUNCTION (x). 2018. URL:
https://function-x.ru/probabilities_distribution poisson.html (nara o6pamenus: 12.08.2021).

18



Tom 24, Ne 06, 2021 Hayunblii Becthuk MI'TY T'A
Vol. 24, No. 06, 2021 Civil Aviation High Technologies

Jns 3¢hhekTuBHOTO HCTONIb30BaHMs 30H oxuaaHus ¢ HA HeoOXOoauMO yYWTBIBAaTh PsIi OCO-
O0eHHocreil. HopmanbHas paboTa TakuX 30H OXHUIAHUSA IPETyCMaTPUBACT IMOCTOSIHHOE CHUXKEHHE
(CDO) ¢ ognHakoBo#i BepTHKaIbHOM ckopocThio st Becex BC. IlocTynaTtenbHast CKOPOCTh CyJIOB MO-
xeT oraudarbes (W) # W), 1 3To HaJlo yYUTHIBaTh Npu noctpoeHuu (puc. 2). Bo3aymHeie cyna 3a-
BEpLIAT BBHIMIOJIHATH 30HY OXKHJIAHHS B Pa3HBIX TOUKAX, [IOATOMY Ha BBIXOJIC U3 HEE JOJKHA ObITh BO3-
MOJKHOCTb 3aHATHUS CyJlaMHd MUHUMYM JIBYyX SULIEJIOHOB Ul MX O€CKOH(DIMKTHOIO MoJieTa Mo y4yacTKy
Direct Flight [10, 11].

BC1

BC 2

Puc. 2. 3ona oxunanns Buaa Holding to Altitude
Fig. 2. Holding to Altitude holding area

Ha puc.3 u 4 npencraBieHsl 30HBI OXHJaHUS, KOTOPBIE NMPEAIAraeTcs HCIOIb30BaTh IS
CTaHJApTHBIX MApIIPYTOB MOCAJKHU Ha 00a MOCajo4HbIX Kypca. Hampasnenus Bxona B MOCKOBCKUI
a’poysnoBoil aucneruepckuil neHTp (MAJIL) ocTaBieHbl COTJIACHO OCHOBHBIM MapuUIpyTaM MpHOBI-
THUS, OJJHAKO CTABUTh Ha KaXKJIbIi U3 HUX CBOIO 30HY OXKMJAHUS HELEJIECO00pa3HO — 30HBI OKUIAHUS
UMEIOT OOJIBIIYI0 JUCKPETHOCTh (MUHUMYM 2 MUH, 3a 3T0 BpeMsi BC npoxoaut npumepHo 13 km), u
HeoOXO UMbl MUHMMAJIbHBIM MHTEpBaJ Ha nocaaky (MeHee 10 kM) obecrieunTs OyJeT KpailHe ClIoxK-
Ho. Jlns mpuObITHA Ha B3leTHO-MocagouHyto nojocy (BIII) 06 mpemnaraercs peanuszauus ABYX 30H
oxunanus Buaa Holding to Altitude:

a) 3anmajaHas — B 85 kM 1oro-3anajaHee lllepemerseBo 11t MapuipyToB U3 Touku DIPOP, Touka
Bxoaa FKO0O01, nanpapiienne npuOBITHS — 3ara;

6) BocTouHas — 65 kM BoctouHee LllepemerseBo, MapuipyTsl 13 OLOPI u DIMGI, Touka Bxona
MFO001, HaripaBieHus MPUOBITHS — BOCTOK M FOTO-BOCTOK.

[IpenenpHas NHTEHCUBHOCTD AJISl CYLIECTBYIOIIUX U MPEATIOKEHHBIX MapIIPyTOB PACCUUTHIBA-
eTcst o 3akoHy Ilyaccona (1), (2). OnpenensieTcst MalOBEpPOSTHOE COOBITHE: NOMAJaHUE HA DJIEMEH-
TapHbIi ydacTok / (He MeHee 10 KM) OJHOBPEMEHHO 71 BO3AYIIHBIX CYJ0B. BeposTHOCTh HacTyIICHUS
MaJIOBEPOSITHOTO COOBITHSI HE JOJDKHA TpeBIIIaTh 5 %. PacueTHbie popMyis:

k
Pi(t) =55 e, (1)
At = a= Bl 1)/Wep, @)

rJe m — KOJIMYECTBO BO3YIIHBIX CYI0B Ha y4acTke /; a — nmapameTp 3akoHa Ilyaccona, W, — cpenuss
CKOpOCTh Ha ydacTKe MapuipyTa (ucxons u3 coopuukon AIP).
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Puc. 4. [Ipemnoxxenus st opranuzaun npuosrtus Ha BIII 24
Fig. 4. Proposals for arrival arranging on RWY 24

Jlanee onmpenensroTcss BEPOATHOCTH Tomaaanus Ha /; moouepenno 0, 1, 2, ... BC. Utepannon-
HBIM IIyTeM orpesensercs: konudecTBo BC, KoTopbie MOTYT ¢ BEpOSTHOCTBIO, Osin3koit k P = 0,05, mo-
MacTh Ha CIEAYIOLIUHN 3JeMEHTapHbIH ydacToK. Takum o0pa3oM, ¢ BEPOSTHOCTBIO 95 % HE CMOXKeT
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BO3HUKHYTh BO3MYIIIEHHE IMOTOKAa XYXe pacueTHOro. PaccmarpuBaercs oOpaTHas 3ajada, TaKk Kak
JUTMHBI CYIIECTBYIOIIUX M TPEIJI0KEHHBIX MapIIpyTOB M3BECTHHI. McXons W3 3TOrO, Oompenensercs
WHTEHCUBHOCTH IIPH 33IaHHOMN BepO}ITHOCTI/Ig (4,12, 13, 14].

IIpumep pacuera NponycKHOM CIOCOOHOCTH

B kadectBe mpumepa Mpou3BeJeM BEPOSTHOCTHBIM pacyeT MPOIyCKHOW CIIOCOOHOCTH CyIIe-
cteytomero mapuipyra HCBII DIPOP 1F. PaccuuTbkiBaeTcsi mnpenenbHass 4acoBas HWHTEHCHB-
HOCTb (Auyqc), IPH KOTOPOH MapHIPyT He OyJeT MeperpyskeH ¢ BepossTHOCTBIO He 6omee 5 % (Pr max)-

[Torox mocTymaromux Ha OOCIyXKMBaHHE BO3AYIIHBIX CYJOB NMPUHUMAETCS IyaCCOHOBCKHM.
PaccunTtbiBaeTcs KpuTHUecKasi HHTEHCUBHOCTh ¢ MOMEHTa Bxoja BC Ha Havano mapuipyTa 10 10CTH-
KEHHUSI KOHTPOJHHOM TOYKM HayaJbHOTO dTama 3axoja Ha mocaaky, ucmonbdys (1). Jmuaa STAR
10 CyMME PacCTOSIHUM MEX1y TOUKaMu S:

FK - LASRA - RUBET - EE500 - DUFAR

S =67 km

PaccuntbiBaeTcsl cpeHss UCTUHHAs CKOpPOCThH (MEPEBOJMM U3 NPUOOPHOI) U cpeqHee Bpems
HAXO0XJICHUS HA MapuIpyTe:

Vep = 558 kM/4 = 9,3 xM/MuH,

1= = 7,2 MUH.
93
[Tpu pacyerax yauThIBaeTCS BpEMs B Yacax, TO €CTh HaIEHHOE / TOTpedyeTcs pa3nenuTh Ha 60.
Onpenensiercst koauuectBo BC, KOTOpble OAHOBPEMEHHO MOTYT HAXOJUThCS Ha MapIIpyTe.
Jlnst aTOTO MEenUM JUTHHY MapuipyTa S Ha MUHUMAJIbHBIN WHTEpBal / U BeIUUTaeM eauHUILY. [lomyden-
HOE 3HAYEHUE OKPYTJIsieM J0 LEeJIOro:

k=2 —-1=5BC.
10

Bce ucxonnbie nannbie paccuntanbl. Yacosas B/] 4 paccunTeiBaeTcs Takum 00pa3oM, 4TOObI
HE3aBHCUMO OT PacIojioKeHus BHYTpH uHTepBaia 31,58 mun B Hero He moryu nonacts 29 BC. Tlpu
3TOM BEPOATHOCTD P4y HE NOJKHA TIpeBbIath 0,05:

Ak _
Py (t) =55 e,

CornacHo pacuetam a = At / 60 = 12,5 (BpeMsi B MUHYyTax, TpeOyeTcs nepeBoa B yachl). 13 sto-
ro yacosast UB/] no mapupyry:

A =24 BC/u;
IIPH TOM BEPOSITHOCTH:

P15=0,0781,

P;9=0,0641,

P20 = 0,0499.

¥ Pacnpenenenne ITyaccoHa QUCKpETHO ciyuaitHoil BemmumHb! [nekTponnbii pecypce] / FUNCTION (x). 2018. URL:
https://function-x.ru/probabilities_distribution poisson.html (nara o6pamenus: 12.08.2021).
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TakuMm 0OpazoM, Ipu 4acoBO MHTEHCUBHOCTH 46 BC B yac Ha JaHHOM OTpe3Ke MapuipyTa He
BO3HUKHET TEXHOJIOTMUYECKas MeperpysKa.

AHaJOTUYHBIM 00pa30M MPOU3BOASTCS PACUYETHI ISl MPEATOKEHHBIX MapIIPyTOB C 30HAMHU
oxunaanst HA (o6o3Hauensl kak -3S u -3P cooTBeTcTBeHHO, N300pakeHsl Ha puc. 3—4). [ToxyueHHbie
pe3yJbTaThl CBEJICHBI B Ta0M. 1-2.

Tadauua 1
Table 1
[Ipenenvnas UBJI s npennoxkennbix STAR B [llepemerseBo quist BIIIT 06
Maximum air traffic intensity for the proposed STAR at Sheremetyevo for runway 06

STAR Jnuna, km peneasnas UBJ, BC/4
DIPOP 3S 195.,8 42
NAMIN 38 154,8 33
ROMTA 3S 208,54 35
DIMGI 3S 263,79 42
OLOPI 3S 381,6 52
BUKUB 38 230,6 42

Taoanmna 2
Table 2
[Ipenenvuas B/l nisa npennoxenubix STAR B [llepemerneBo mis BIIIT 24
Maximum air traffic intensity for the proposed STAR at Sheremetyevo for runway 24

STAR Jauna, km Mpeneannas UB/I, BC/4
DIPOP 3P 259,98 57
NAMIN 3P 174,53 39
ROMTA 3P 215 40
DIMGI 3P 224,84 39
OLOPI 3P 330,83 51
BUKUB 3P 367,31 50

Jns noaTBepxkaeHUs 3pPEKTUBHOCTH TaKOrO0 METOJa OpPraHU3alMM BO3IYLIHOIO MPOCTpaH-
CTBa PacCMaTPUBAIOTCS aHAJOTHYHBIC MApIIPYThl 0€3 MCIONB30BaHMs 30H OupaHus. CymiecTByrOT
CIIEIyIOIIME BapUAaHTHI: CO3JaHUE «KOPOTKOro» mpsmoro mapupyta cpady k KT nHavampHOro sTama
3ax0/1a WIK JTIOCTH)KEHUE MOJyUYEHHOM MPOMYCKHON CIIOCOOHOCTH IyTEM yBEJIWYEHUS AJIMHBI MapIIpy-
Ta B TOPU30HTAIBHON IUIOCKOCTH.

VYkazaHHbple MapHIpyTHl TpeAcTaBiIeHbl Ha pHc. 5. [IponyckHas cnocoOHOCTh MPSIMOTO MapIil-
pyTa (opamxeBblil 11BeT) coctaBuia 23 BC/4, cienoBarenbHO, OCHOBHASI 3a/ladya MO OpraHU3alUM I10-
TOKa MPUOBITHS BO3JIOKEHA Ha nucteTdepoB PLI, 4To nMpu MHTEHCHMBHOM JBMKEHHH MOXKET OBITH TPO-
OJIeMaTU4HoO.
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BELAG

i

Puc. 5. AnprepHaTHBHBIE BapUAHThl OpPraHU3ally TPUOBITHS
Fig. 5. Alternative arrival arrangements variants

[IponyckHas cmocoOHOCTh YJUIMHEHHOTO MapuipyTa 0e3 30HbI 0XKHJaHUs (CHHUM) COCTaBUia
44 BC/4, yTo 01M3KO K MpeAeTbHOM HHTEHCUBHOCTH MaplIpyTa ¢ 30HaMu okuganus. OTHAKO JaHHBII
MapHIpyT CYIIECTBEHHO «pacTsHYT» mo Bcer 30He MA/ILL, 4To co3mact AOMOHUTENbHbIE KOH(PIUKT-
HBIE TOYKHU C MapIIpyTaMH BbLIETa, B TO K€ BPEMS Pacxo/ TOIUIMBA OCTaHeTCs 0e3 CYIIeCTBEHHBIX U3-
MeHeHui [15, 16, 17].

3AK/IIOYEHUE

[TpumeHeHre 30H OXKHIAHWS, BBITOJHEHHBIX 10 CTAaHIAPTHOMY YYacTKy ITyTH 30HAIbHON HaBUTa-
un Buja Holding to Altitude, mokasano monoKUTenbHbIe pe3yabTaThl IPH MOJCTHUPOBAHUH U pacyeTax.
[ToBeiienwe 3¢ (eKTUBHOCTH UCTIOIB30BAHMUS BO3AYIITHOTO TIPOCTPAHCTBA OCYIIECTBISIETCS 32 CUET OXKH-
JTAHUSI U CHIKEHHS HaJl OJJHOM TOUKOW BMECTO MOCTPOEHUSI NPOTSHKEHHOM CXeMbI MPUOBITHSL. Bhvrpsi
B IIPOIYCKHOW CMOCOOHOCTH TyTEM YAJIMHEHUS MapuipyTa MPUOBITHS MOTYYWIICS HEBEIHK — TOpsKa
1-2 BC/4, nanpumep, mapiipytel NAMIN 1F (cymectByromuii STAR, omy6nukoBan B cOopauke AlP)
1 NAMIN 3S npu cxokell AIMHE UMEIT OJUHAKOBYIO MPEENIbHYI0 HHTEHCUBHOCTD, OTHAKO CHU3MIIOCH
YHUCIIO MTOTEHITHATLHBIX KOHMIMKTHBIX MeCT (C 4 710 2) ¢ MapIIpyTaMHy BbIJIETA.
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OPTIMIZATION OF STANDARD ARRIVAL PROCEDURES AT
SHEREMETYEVO AIRPORT USING RNAV PATH TERMINATORS

Grigory A. Gasparyan', Mikhail V. Kulakov'
"Moscow State Technical University of Civil Aviation, Moscow, Russia

Holding patterns are established at international airports to make the arriving traffic flow smooth and efficient. One of the

main aims of holding patterns is to extend the aircraft arrival route, which allows ATC units to arrange the sequence on the
arrival routes more effectively. The article considers the current methods and offers new ideas to improve the efficiency of
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the inbound traffic flow management using Paths and Terminators concept with HA holding patterns for standard arrival
routes at Sheremetyevo Airport. As the main idea for optimizing air traffic management on this stage and reducing the
workload on the controller, it is proposed to create extra routes in addition to the existing ones which include holding
patterns, that will be used when needed to ensure a well-ordered traffic. The probabilistic method is used to calculate the
maximum capacity of existing and proposed arrival routes with holding patterns. The proposed options for restructuring the
airspace of the Moscow Terminal Control Area with preserving waypoints of starting standard arrival routes are presented.

Key words: air traffic management, holding patterns, ICAO, air space, navigation, area navigation, accuracy.
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OBTEKAHHME I'OPHOI'O JJAHAINAPTA B OKPECTHOCTH
AJPOIIOPTA JAHAHI' ATMOC®EPHBIM BETPOM
N BOITPOCHI BE3OITACHOCTH ITOJIETA

B.B. BBILIMHCKUI', K.T. 30AH’
! enmpanvhuiii aspoaudpodunamuyeckuti unemumym umenu npogeccopa H.E. JKykosckozo,
e. Kykoeckuii, Poccus
’Mockosckuii usuro-mexnuyeckuti uHCMumym (HayUOHATbHLII UCCIEO0BAMENLCKUT YHUBEDCUMEN),
2. [loneonpyownwiii, Poccus

OOTekaHne ropHoro jJanamadTa U KPYHHBIX COOPYXXEHHH, PAcIlONOKEHHBIX BOJIM3M B3JEeTHO-NOcanouHblx nosoc (BIIIT),
BETPOBBIM MOTIPaHUYHBIM CJIOEM CO3/aeT KorepeHTHele BuXpeBble cTpykTypbl (KBC), koTopble MoOryT mnepecekarb
MOCAZOYHYI0 TJIMCCaZy M 00JacTh BO3AYIIHOTO TNPOCTPAaHCTBAa BOMM3M a’pornopra. CamomeT, MONaBIIMKH B BHXPEBYIO
CTPYKTYPY, UCTIBITBHIBAET CYIIECTBEHHbBIC N3MEHEHHS adPOAMHAMHUYECKUX CIJI 1 MOMEHTOB, YTO OCOOCHHO OIACHO y 3EMIIH.
C MaTeMaTH4YeCKOH TOYKHM 3pEHHS pEIICHHE IaHHOW 3a/Jaudl IPEACTABISET OOJNbIIME TPYIHOCTH B CHIY UYpPE3BBIYAHO
GONBIINX MPOCTPAHCTBEHHO-BPEMEHHBIX MACIITA00B SBJICHUS, OTCYTCTBHS aJICKBATHBIX MoJeied armochepsl, a Takxe
HCYEPIIBIBAIOLINX HA4YaJIbHO-KPACBbIX yCIOBUI IPH YMCICHHOM MOJEIMPOBaHMU. B raHHO# paboTe CTpouTCsS KOMIIO3UTHOE
pemeHne: 0o0nacTh I'eHEpalMM KOTEPEHTHBIX BHUXPEBBIX CTPYKTYP PacCUMTHIBACTCSl JIOCTATOYHO IMOJPOOHO B paMKax
ceTo4yHOoro Merosa. I1o mogyueHHbIM JaHHBIM B IPUOIMKEHUH aHATUTHYECKUX QYHKLMNA (OpMHUPYeTCs HayabHas BUXpEBasi
CTPYKTYpa, IBOJIIOLHUS U CTOXAaCTHKA KOTOPOH MOAETHUPYIOTCS B paMKaX MOTEHIHMAIBHOTO MPUOIMKEHHUS C TOMOIIBIO BUXpeil
Pankuna. OIJ,eHKa MpupameHus Cuji 1 MOMEHTOB OT BOSHeﬁCTBHH BUXPECBLIX CTPYKTYP Ha CaMOJIET BbIINOJHEHA C TIOMOLIbIO
MAHENBbHOIO METOJa B paMKaX MHXKEHEpHOro Mnoaxoja. B kauecTBe mpuMepa pacCMOTPEHBI KOTEPEHTHBIE BUXPEBBIE
CTPYKTYpBI, BO3HMKAIOIINE IIPU BETPOBOM OOTEKaHMM TOPHOro MaccuBa moiyoctpoBa llloHua, pacrionoskeHHOro BOIHM3H
BIIIT 35R-17L u 35L-17R asponopra Jlananr. [{jist ynydineHns KauecTBa pacueTHBIX CETOK M BEpU(PUKAIINK METO/A PELICHHS
KpaeBoW 3amadd Iyl OocpemHEeHHBIX Mo PeitHombacy ypaBuenmii HaBbe — CTOKCa HCIOIB30BaHBI KPUTEPUH, OCHOBAHHEIC
Ha TIPUHIMIIE MakCUMyMa JaBJICHUs, TPEOYIOIIHE MOJIOKHUTENbHOCTH Q-TlapameTpa B sApax BHUXpeH M 00JacTsSX OTphIBa
moToka. PaccMoTpena cutyarms monaganus maccaxupekoro camosnera tuma MC-21, B3neresmero ¢ moiocsl 35R-17L, mocne
BBIXOZIa Ha KypC, OJI3KHIA 110 HAIIPaBJICHUIO OCH BUXPEBOI BETPOBOI CTPYKTYpHI OT moiyocTposa Illoxua, B KBC ot roproro
MaccHBa.

KnroueBble cioBa: KOrepeHTHbIE BUXPEBBIE CTPYKTYpbl B armocdepe, pOTOpHasi TypOyJIEeHTHOCTb, O€30IacHOCTh IOJIETOB,
KpaeBble 3a1auy, OcpefHeHHbIe 10 PeitHomnbacy ypaBHeHust HaBbe — CTOKCa, METOJT TPAHUYHOTO 3JIEMEHTA, METOJ JUCKPETHBIX
BUXPEH, TaHEIbHbIE METO/IbL.

BBEJIEHUE

[Ipu onpeneneHHbIX HaNpPaBIEHUSAX BETpa KOTEPEHTHBIE BUXPEBBIE CTPYKTYPBhI, BO3HUKAIOLIUE
IIpU BETPOBOM OOTEKaHUU pelibeda, MOTYT IepeceKaTh MOCaJ0YHyI0 TIUCCaly WIH TPAeKTOPHUIO B3Jie-
ta. MlcrounnkoM oporpaduyeckoit TypOyJIE€HTHOCTH SIBISIETCS HEPABHOMEPHOCTh HATPEBAHUS CKIOHOB
rop, PacrloJIOKEHHBIX MO/ Pa3HbIMM YIJIaMU K JIydaM COJIHIIA, UMEIOIIUX Pa3JIMYHbIA PACTUTEIIbHBIN
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IIOKPOB, U psi Apyrux npuuuH [1-3]. Ilonaganue B MOLIHBIE BUXPEBBIE CTPYKTYPbI Ha PEKUME B3JIETA
U TIOCAJIKA MOKET IMPUBECTU K TSKENBIM MOCIEACTBUAM H3-3a OOJIBIINX JUHAMHUYECKUX HArpy30K Ha
CaMoJIeT ¥ BO3MYIIEHUSI TPACKTOPHH, YTO Hambojee onacHo BOMM3M 3emiu [4]. OmuOKu dKUMaxa u
aBUAIIMOHHBIX AUCIIETYEPOB MOTYT YCYT'YOUTh CUTYyAIHIO.

Tak, nHaripumep, 3 mas 2006 1. B 9:26 B paitone Coun npousonuia katacrpoga camonera A-320
«APMSHCKHUX aBUAIMHUIY, BBINOJHABLIIEro peiic 967 nmo mapupyty EpeBan — Coun. [loTepneBuimii
KaracTpo(dy camosner ObUI B HCaTbHOM TEXHUYECKOM COCTOSIHUM M YIPABJISUICS ONBITHBIM SKHUIIAXKEM.
N3-3a HeOMaronpusaTHBIX MOTOAHBIX YCIOBUH MEPBOHAYATIBHO SKUIAX MPHUHSIT pelIeHHe BEPHYTHCS B
EpeBan, HO mocine Toro kak aucrerdep adpornopra Coun (Amiep) cooOmmi o0 yIydlieHun MeTeo00-
CTaHOBKH, SKUIAX MPUHSJI pelieHue caautbes B Amnepe. [lpu moanere K a’spomnopTy morojia BHOBb
YXYAIIUIACh, U CAMOJIET BBIHYK/IEH ObLT TOWTH HA BTOPOM KPYT.

JIJ1s1 IpUMOPCKOTO a3poIopTa CyLUIECTBEHHYIO POJIb MOTYT UTpaTh MPUOpEKHBIE BETPHI, MOBE-
JICHHE KOTOPBIX OCIIOXKHSIETCS HAIM4ueM TropHoro penseda [5]. B pabore [6] paccmoTpena Mozens 1o-
IPAaHUYHOTO C€J0 atMocdepbl HaJ CI0KHON MOBEPXHOCTHIO MPU HAIUYUM OpU30BOM LHUPKYISAIMH.
PacnonosxeHne ropHoro a3pojpoma BOJIM3HU MOPS WM OKEaHa TaKKe MPUBOIUT K OOJBIION BIa)KHO-
cTH Bo3ayxa. OOTekaHHe TOPHOrO XpeOTa, COMPOBOXKAAOIIEECs OBICTPHIM HM3MEHEHHEM aBJICHUS
U TEMIIEpaTyphl, IPUBOJUT K KOHAEHCAIMU Mapa [7]. DTO yXyJauIaeT BUIAUMOCTh, @ TAK)KE MPUBOJIUT
K YBEJIMUEHUIO TYpOYJIEHTHOCTH aTMoc(ephl BCIEACTBUE BBIIEICHHS SHEPTrUU. B JETHBIX yCIOBUSX
ObU10 OOHapy’keHO [8], yTO mpechIleHne BOASHBIX MAapoOB B MPEATrPO30BOM (PPOHTE MOXKET TOCTUTATh
3HAYUTENIbHOM BEJIMYUHBL, IPU 3TOM B T€UEHHE HEKOTOPOTo BpeMeHH aTMocdepa OcTaeTcsl B MeTacTa-
OUJIBHOM COCTOSIHMU. B ciyyae BHe3amHO# KOHJIEHCALMU BBIIENSETCS TeIuioTa (pa3oBoro mepexona,
YTO CYIIECTBEHHO U3MEHHT BETPOBYIO OOCTaHOBKY [9].

B nannoit pabote mist mogenupoBanus KBC Han ropHbIM anamagdToM pemaeTcs KpaeBas 3a-
nada (K3) mis ocpennennsix mo Peiinonbacy ypaBHenuit HaBbe — Ctokca (RANS). U3 monyuenHoro
I0JI1 CKOPOCTEN M3BJIEKAETCSl HadallbHAsl BUXPEBask CTPYKTypa, 3BOJIOLHUS U CTOXAaCTHKA KOTOPOil Mo-
JENUPYIOTCS B MOTEHIIMAILHOM JIBYMEPHOM MPHUOIMKEHUHU AMCKPETHBIMH BUXPSIMH C SAPOM BHUXPS
PaHkuHa. B xoze MeTOoaMYeCKMX pacueToB IOJy4YeHa MH)KEHEPHAsl OLEHKAa CKOPOCTH CIaJaHus Lup-
KYJISIIIAY TIPUA Pa3HBIX YPOBHAX aTMochepsl TypOyseHTHOCTH [10—11], yTO yuuThIBaeTCS IpH MOEIIHN-
posanuu KBC.

PaccmoTpensl ciaydyan B3jeTra camojieTa ¢ B3JeTHO-mocanodnoi mojockl (BIIIT) 35R-17L
MEXAyHapoJIHOTO a’pomnopTta ropojaa Jlananra (BeeTtHam). Asponopt uMmeer ABe napajjieibHbIe
nojsockl 35R-17L u 35L-17R (paccrosiaue mexay ocsimu BIIIT 214 M) u ucnonbs3yercst 1is B3jie-
Ta ¥ TOCAJKU HE TOJIBKO TPaXJaHCKHX, HO M BOCHHBIX caMoJIeTOB. BOIM3M aspomnopra pacmoso-
xeH nonyoctpoB lllonua — uctounnk KBC. Monenupyercss ux BO3J€HCTBUE HA CaMOJIET MOCIIE
B3JIETA.

ITIOCTAHOBKA 3AJIAYU

Ha puc. 1 npusenena cxema aspomnopra. A3pomnopT HUMEET JBE MapajlieibHbIE B3JIETHO-
I0CaI0YHBIE OJIOCH], OPUEHTHPOBaHHBIE 10 yritoM 350 u 170° cooTBeTcTBeHHO. CaMOIIET B3IETAET C
nos10ckl 35R-17L B cTOpOHY MOPS M BBIXOJUT Ha KypcoBoit yron 90°. PaccMoTpeH ciydaid, Koraa Be-
TE€p UMEET TOT K€ KypCOBOM yTroJ.

Ha puc. 2 npuBesnena nocraHoBka 3aaaud. Beiienena 3oHa, rae pemaercst K3 ans ocpenHen-
HBIX 110 PeiiHonbcy ypaBHenuit HaBbe — CTokca. CxeMaTnaHO W300pakeH MpoPMiIb CKOPOCTH BETpa
Ha BXOJIHOM rpaHulie pacueTHoi obnactu. PeanbHblil npoduias cKOpoCTH BeTpa MO BbICOTE, UCIOIb30-
BaHHBIN B pacueTe, npuBeeH Ha puc. 3. Ha BbIXoze nmoayyaroTcs moJisi pacipe/IesIeHHbIX TapaMeTpOB.
B kauecTBe npumepa NpuBEAEHO M0JIE€ BEPTHUKAIbHOW KOMIIOHEHTBI CKOPOCTH.

I'panuner obnactu MoxaenupoBanus no ocsaMm X: —8 00020 000 M, Y: —8 80017 600 M u
Z: 02 000 M uzo0paxkeHsl Ha puc. 2. Jns mpoBeAeHHs pacueTa UCIOIb30BaHa pacyeTHas CeTKa, Mo-
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ctpoerHas B cpene ANSYS Fluent Meshing. KonmuectBo y3moB cetku 8 581 416. Och z HampaBieHa
BBEPX, OCh X — I10 HAMPABJICHUIO BETPa, OCh y OPTOTOHAJbHA IBYM OCTAIBHBIM OCSIM U 00pasyer mpa-
ByI0 TpoiKy. Ha puc. 4 npuBeneHs! pparMeHThI PACYETHBIX CETOK.

Puc. 1. Cxema adpormopra
Fig. 1. The airport layout

Puc. 2. [TocranoBka 3amauu
Fig. 2. Statement of the problem
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Puc. 3. [Ipoduib ckopocTH BeTpa 1o BBICOTE
Fig. 3. Height wind profile

Puc. 4. ®parMeHThl pacyeTHBIX CETOK
Fig. 4. Fragments of computational grids

MOJAEJUPOBAHUE ®OPMHUPOBAHUA KOTEPEHTHBIX BUXPEBBIX CTPYKTYP
ITPU BETPOBOM OBTEKAHUU PEJIBE®A U BEPUPHUKALINA PEHIEHUN

Pemaercs K3 gt RANS ¢ aByxmapamerpuyeckoi k- SST Moaenbro 3aMbIKaHUS [12]1. AT-
mocheproe masnenne 100 000 ITa, mrotHOCTs Bo3ayxa 1,18 kI'/M’. Pacder Beercs mpH cpeaHEM
ypoBHE TypOyJieHTHOCTH ¢ marom 1o Bpemenu dt = 0,001 c. Ha Beixoae pacueTHOU o0nacTu 3agaHO
CpelHee CTaTMYeCcKOoe JaBlIEHHE, paBHOE aTMOC(PEpHOMY; Ha MOJCTHIIAIOMIEH OBEPXHOCTH M COOPY-
KEHUSIX — YCIIOBUS MPUJINIIAHUS; HAa BEpXHEH 1 OOKOBBIX IPaHULIAX 33/1aHbl YCIOBUS HEMPOTEKAHUS.

Jnist anmpokcuManuy npoQuiis BeTpa UCIOIb30BaHa apabonnyeckast anmpoKcuMaus npodu-
7151, 33JTaHHOTO HA BXOJHOM Tpanuiie (puc. 3)

U(H)=(-b+b"~4ac)/ (2a),

rae a = 2,64; b =—-94,8; c = 833 — H. [Ipumep pemieHus NpruBEICH Ha pUC. 5.
MeTOI[I:I BBIYUCIIUTEILHON AOPOTrUAPOMECXAHUKHN PCAIIM3YIOT PCUHICHUC HAYaJIbHO-KPACBBLIX 3a-
a4 JJi HEeJMHEHHBIX YpPaBHEHMH B YacCTHBIX IMPOU3BOJBHBIX, KOPPEKTHOCTh KOTOPBHIX HE JOKa3a-

' ANSYS FLUENT 12.0 User's Guide [dnexpornsiii pecypc] / ANSYS. URL: https://www.afs.enea.it/project/neptunius/
docs/fluent/html/ug/nodel .htm (nara oopamenus: 28.08.2021).
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Ha [13] Ha BBIYUCIUTEIBHON TEXHUKE, KaK MPABUIIO, HEIOCTATOYHON MOIIHOCTHU JIJISl UX TTOJTHOLIEHHON
Bepudukanuu. Jns Bepudukanuu METOIOB pacueTa CTAllMOHAPHBIX TeueHHi B pabdote [14] mpemio-
JKE€HBI JIBA KPUTEPHS, OCHOBAHHBIX HA MPUHLUIIE MAKCUMyMa JIaBJICHUS, COIVIACHO KOTOPOMY MOBEPX-

HOCTH () = 0_5(30-31-1- _EUEU) = 0 pazzensiroT 001acTh TeUeHUs Ha nmojoonactu, rae O > 0, B KOTOPBIX

HE MOKET OBITh JIOKAIILHOIO MakCuMyMa aaBienus, u Q < 0, rae He MOXET ObITh JIOKAILHOTO MHHH-
myma. 31ech () =0, 5(5“1' /ij —éu; /axl) — TEH30p 3aBHXPEHHOCTH, S =), 5(5141. /6xj +0u, /axl.) — CHM-

METPUYHBIA TEH30p CKOpOCTEH aedopmaliuu.

Tak Kak B sifjpe BUXPSl UMEETCS pa3pekeHue, nHaue Obl BUXPb HE CYIIECTBOBAJ, U 00JIACTh OT-
pBIBa XapaKTepU3yeTCs MOHMKEHHBIM J1aBiieHneM, To O < 0 CBUAETENbCTBYET O HapYLICHUH MPUHIIUIIA
MakcuMyMa AaBiieHus. Ha OCHOBaHMHM 3TOTO MPEUIoKeHbl KpuTepud 1 u 2, TpeOyromue moI0KUTeb-
HOoCcTH () B siApax BHXpeH M 00JacTsAX oTphiBa moTtoka. Hamuuue obnacTei, cogepKanux MHOXKECTBO
¢parmenToB Q < 0, B 30HE (OPMHUPOBAHUS BUXPEBBIX CTPYKTYP CBHUICTEIBCTBYET O HAPyIIEHHH JIO-
KaJIbHOM M30TPOIHOCTH TEYEHUS U, KaK CIIEACTBHE, HEKOPPEKTHOCTU JIMHEHHBIX MoOeNel IpaJueHT-
HOU MU dy3nn, 4TO CHUKAET TOYHOCTH (JIMHEWHBIX, H30TPOIHBIX, OYCCHHECKOBBIX) MOJIENICH 3aMbIKa-
HUs. Ha 0CHOBaHMM 3TOTO MPEIIOKEHBI KPUTEPHH 3, TPEOYIOMUNA OTCYTCTBUS PE3KUX OCIMIUIAINA O
B 00J1aCTH TE€YEHUs, U KPUTEPUH 4, COTIIACHO KOTOPOMY TI0JI€ TeUSHHs HE JOJDKHO MMETh 3aMKHYTBIX
noBepxHocTed O = 0, 0XBaThIBAIOIIMX 00TEKaeMoe TeJI0 WK ero (pparMeHThl (KOJIbIEBbIE CTPYKTYPHI
Ha puc. 6), TaK Kak OHU HEOOXOTUMBIM 00pa30M MEPECeKaroT 3a TEIIOM CIIe/], COAepKaIuil o0IacTu
MUHUMYMa JaBJICHUS OTPBIBHBIX 30H M BUXPEBBIX CTPYKTYp. Ilpu 3TOM HE3aBUCHUMO OT TOTO, T1E 00-
gactu Q > 0 u Q <0, BO BHyTpeHHEW MM BHEIIHEH M0 OTHOIIEHUIO K moBepxHocTH O = 0 o0nactsx,
MPOMCXOIUT HAPYIICHUE MPUHIIUIIA MAKCUMYyMa JTaBIICHHS.
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Puc. 5. ITons nonepeuHbpIX KOMIOHEHT CKOPOCTH Ha BBIXOTHOMN TpaHUIIE
Fig. 5. Transverse velocity components fields at the output boundary
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[IpumeHeHne 3TUX KPUTEPUEB B JaHHOW paboTe /ISl OLIEHKH KadecTBa pacueTa MO3BOJIMIIO OIl-
TUMHU3HUPOBATh HEAOCTATOYHO MOJPOOHBIE pacueTHble ceTku. Ha puc. 6 mpuBeieHbl MOBEPXHOCTH
0 =0,00001, cooTBeTcTBYIOIINE pacueTaM Ha pa3HbIX CeTKax. Pacuersl Ha ceTKax HEBBICOKOTO Kaue-
CTBa MPUBOJAT K BOBHUKHOBEHUIO METENb B CJIEJE 32 OCTPOBOM U HapyleHuto kpurepus 4. Ha puc. 7
IIPUBEICHO OKOHYATEIbHOE PELIEHHE B BUJE NOJEH CKOPOCTEN B FOPU30HTAIBHBIX ceueHusx z = 150,
250 u1 350 M, moJiydeHHOE MIPU pacyeTe Ha YIYUYIICHHOU CeTKeE.

KonbLeBble CTPYKTYPbI

Q=0.00001

Puc. 6. K Bonpocy Bepudukaruu pemenus (mosns Q-napamerpa Juisi pa3HbIX CETOK)
Fig. 6. To the problem of solution verification (Q-parameter field for different grids)
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Puc. 7. Ilons momynsa ckopoct Ha Beicotax 150, 250, 350 m
Fig. 7. Velocity module fields at the heights 150, 250, 350 m
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IBOJIIOIINA KOI'EPEHTHbBIX BUXPEBBIX CTPYKTYP B ATMOC®EPE

Jna monenupoBanust 3Bomouuu KBC BeimonHeHo (opMupoBaHHE HauyadbHOW JBYMEpPHOM
BUXPEBOW CTPYKTYpPbI B NOTEHIIMAIBHOM MPUOIMKEHUN TUCKPETHBIMU BUXPSIMH C SIpOM BUXps PaH-
kuHa. [IpeiokeH U peain30BaH CIEAYIOMUN alfOPUTM alllIPOKCUMALMK HAYaJIbHOIO MOJS JUCKPET-

HBIMU BUXPSIMU. 3a7aeTCsi HEKOTOpOe (IMIPHOOPETAETCS C ONBITOM) YHCIO MaKCUMyMOB () ¥ MUHH-

MyMOB (D). (B pPacCMOTPEHHOM HIMXKE IIPHMEpE [Ba MaKCUMyMa M JIBa MUHMMyMa). B okpecTHOCTH

o +1 9 o
9KCTPEMYMOB B MTEpPAIMOHHOM mponeaype R," ~ = R,"+ h, rae h — TOKaIbHBIN IIAr PaCueTHON CETKH,
R, — pagryc OKpY’KHOCTH C LICHTPOM B DKCTPEMYME, Ha KayKJOM IlIare CyMMHUPYETCS IOTOK 3aBUXPEH-
HOCTH BHYTpH Kpyra pamuyca R,”, u mo Teopeme Ctokca

T =2nRV, = [[o.dxdy
G

OIpeNIeNsIeTCsl BEIMYMHA CKOPOCTH V; KacaTelabHOU K KOHTYpY CV IpaHuLbl 00JIaCTU UHTETPUPOBA-

Hust (OKPY)KHOCTH paamyca R,"). JIOCTHKEHHE MaKCHMyMa MO3BOJISICT OMPEICIUTh PAAUYC TaHHOTO
anpa R .
[Ipu moxenupoBanuu 3Boonuu chopmupoBanHoit KBC yunteiBaeTcsi yMEHbIICHNUE TUPKYIIS-

uuu (puc. 8). Jlns anmpokcuManuy MpeCTaBICHHON 3aBUCUMOCTH MCIOJB30BaHa cieayromas (op-
MyJIa:

[(t)=T,K(t), K(t)=d4+B/1",

rne koHctauTtel A = 200, B = 1400, m = 0,9 HaiineHsl U3 anmpokcuManuu rpaduka puc. § mpu
q=1w/c.
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Puc. 8. Lupkynsiys BUXpsi B 3aBUCHMOCTH OT BPEMEHH IIPH Pa3HbIX YPOBHIX aTMOC(epHOii TypOyneHTHocTH g [15-17]
Fig. 8. Vortex circulation as a function of time at different levels of atmospheric turbulence ¢ [15-17]

Jlns ydera ycnoBHsl HEIPOTEKAHMs HA MOJCTUIAIONICH MOBEPXHOCTU BBOISTCS 3€pKaJIbHO OT-
paKeHHBIE «IOJ3eMHBIC» BUXpHU. Takum 00pa3oM, MOIydYeHHasl CUCTEMa COCTOUT M3 BOCBMH BUXpE.
Ha puc. 9 npusenen ¢parment spomonnu KBC, cocTosiimeir 3 4eTeipex map BUXped Ha IIOCKOCTH
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x = const B TeueHue 20 c. OTAEIbHO NPUBEIEHBI TPAEKTOPUU NIEPBOIO U AHTUCUMMETPUYHOTO EMY IIsI-
TOr0 BUXPEN. DBOJIOLMOHUPYS, CUCTEMA BUXPEU TpaHCIIOPTUPYETCsl BETpoM. [lonmydeHHsbIil pe3yabTart
npenacrasieH Ha puc. 10.
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Puc. 9. Oomonus KBC u3 4 + 4 Buxpeii B TeueHue 20 ¢ Ha TUIOCKOCTH X = const
Fig. 9. Evolution of the coherent vortex structures from 4 + 4 vortices within 20 seconds on the plane x = const

Puc. 10. OBomonns KBC u3 4 + 4 Buxpeii B Teuenne 20 ¢ B MpOCTpaHCTBE
Fig. 10. Evolution of the coherent vortex structures from 4 + 4 vortices within 20 seconds in 3D
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OIIEHKA ITPUPAIIIEHUS CAJI U MOMEHTOB, JIEUCTBYIOIUX HA CAMOJIET
ITPU MIONTAJAHUU B BUXPEBBIE CTPYKTYPbI

[Tocne B3nera camonet nonagaeT B KBC, BO3HUKIITYIO TPH BETPOBOM OOTEKaHUH MOJIYOCTPO-
Ba Illonua. Jly1s1 BIUKCIEHUS IPUPAILIEHUS CUJI U MOMEHTOB, BO3HUKAIOIIMX Ha CaMOJIETEe OT BO3/ACH-
ctBusi KBC, HamucaH KOMIbIOTEpHBIH KoA Ha 0aze MeToja rpaHHMYHOro 3jieMmeHTta [18], koTopslit
OTHPAETCS Ha TEOPEMY O TOM, YTO BCSAKYIO (DYHKIIMIO, TADMOHHYECKYIO B OIHOCBS3HOW 00JacTH,
MO>KHO MPEJCTABUTh B BUJE CYMMBI MOTEHIIMATIOB MIPOCTOTO M JBOWHOTO CIOSI, pacHpeieICHHBIX 10
rpanuue. [loBepxHOCTH Tesla pa30uBaeTCs Ha MAHEIH, B MPeesiax KOTOPbIX HHTEHCUBHOCTh JBOITHO-
r'O CJI0sI MOCTOSTHHA.

Bo3myiienHoe mosie cKopocTe MOAEIUPYETCs KOHEYHOM cyMMol Buxpen PankuHa. Mmercs
CKOpOCTb, HaBEJICHHAs] 3TUMU BUXPSIMU B LICHTPE KAXKJIO0M MMaHENU, U, UCXO U3 YCIOBHS HENPOTEKa-
HUS, HAXOJUTCS HUPKYJISALUS BUXPS 110 IEPUMETPY NaHENH, SKBUBAJIEHTHOTO JBOMHOMY CJIOI0 HUCTOY-
HUKOB Ha MaHesnu. Banupanus 3Toro Meroja BBIIOJHEHA Ha 0a3e SKCIEPHUMEHTOB B a3pOJMHAMUYe-
ckux TpyOax [19-21].

PaccmarpuBaercs camoner tuna MC-21 [22] (puc. 11). B nanHOM city4ae moBepXHOCTh pa30u-
BaeTcs Ha 876 nmaHenen.

Puc. 11. Cxemarnuecknii Buzg camonera MC-21
Fig. 11. A schematic view of the aircraft MC-21

Ha puc. 12 gansl pe3ynbrarhl pacueTa NpUPALIEHUS a3POJUHAMUUECKUX CUJI U MOMEHTOB JUIS
paznuuHbIX BEICOT (0T 100 mo 500 M) BxoxaeHus camosera B KBC. Ha ocu abciuce oTiioxkeHo 60ko-
BOE OTKJIOHEHHE 10 ocHu y B npenenax oT — 500 go 1500 M. Beep KpuBBIX COOTBETCTBYET pa3HbIM BbI-
cOoTaM II0JIeTa caMoJIeTa.
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Fig. 12. Increments of the aerodynamic forces and moments as a function of the flight height
and aircraft lateral divergence
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MakcuManpHBIA pacroiaraeMbiii Kod(Q(GHUIIMEHT MOMEHTa KpeHa TP TOJTHOM OTKJIOHECHUH
AIIEPOHOB COCTABIISIET |Amxﬂ_pacn = 0,05. Pacnonaraemoe 3HaueHue kod(uIMeHTa MOMEHTa PbIC-
KaHMS IPU OTKJIOHEHUHU PYJIsl HAIIpaBjiIeHUs Ha yroi 25° ‘ Amy pypacn | = (0,04. Kak BuaHO, HaBeJICHHBIE
MOMEHTHI KpeHa M PhICKaHMsI HE MPEBBIIIAIOT PacroiaracMble YIPaBIISIONINEe MOMEHTHI.

OBCYXIEHMUE ITOJTYYEHHbBIX PE3YJIbTATOB U BBIBO/IbI

B cTporoit moctaHoBKe pelieHre JaHHOM 3aa4i COCTOUT B MOJICTUPOBAHUHN COCTOSIHUSI aTMO-
cdepsl BIONIb TPACKTOPUU TOJIETa CaMoJieTa C MOCIEIYIOINIMM PacyeToM ero OO0TeKaHHsI HEeTOTEHIIH-
QIBHBIM TIOTOKOM BO3MYIIIEHHOW aTMoc(ephbl M M0 HAWICHHOMY paclpeiciICHHUIO TaBJICHHUS Ha I0-
BEPXHOCTH OTPEJICIICHUIO PUpPAIleHUs CHII 1 MOMEHTOB. [Ipu 3TOoM Henb3sa npenedperaTb 0OpaTHBIM
BiusiHUeM camosiera Ha KBC. Pemienne 3amauu B Takol MOCTAHOBKE TPEOYET HE TOJBKO KOJIOCCATb-
HBIX PECYpCOB KOMITBIOTEPA, HO U HETIPUTOAHO ISl paboThl B TUAIOroBOoM pexume. [lpu 3Tom Takke
BCTAET BONPOC 00 MCUEPIBIBAIOIIEM HAMIOJHEHUH TPAaHUYHBIX YCIIOBUM pelIaeMoi HadallbHO-KPaeBOH
3aJ1a4M, YTOOBI COXPAHUTH CTPOTOCTh MOCTAHOBKH.

CozaHHbIi TPUOIMKEHHBIA METO ] CBOOOCH OT 3THX HEJOCTATKOB M MOXKET OBITh MCIOJB30-
BaH JJI MOJICJIMPOBAHUS OIMACHBIX CUTyallui, CBSI3aHHBIX C IOMAJaHUEM CaMoJieTa B KOTepEHTHbBIC
BUXPEBBIE CTPYKTYPBl BO3MYIICHHON aTMOc(ephl, a TaKXKe I IMOUCKA adPOJUHAMHYECKHX CPEIICTB
MOBBILICHHS] OE30MMACHOCTH TOJIeTa MPU OpraHU3alUu ABMXKCHUS B 30HE a’pOMNOpTa, B YACTHOCTH HA
pexuMax B3JIeTa U MOCAIKH B YCIOBHIX BO3MYIIIEHHOM aTMocdepbl. Metoa OyAeT moJie3eH IpH Mouc-
K€ Mep 10 MOBBIIICHUIO OE30MaCHOCTH IMOJIETa U PACHIUPEHUI0 BO3MOXHOCTEH aBUAIUH TPHU BBIMOJ-
HEHUH TIOJIETOB B TOPHOM MECTHOCTH, a TAaK)Ke MIPHU MOJICIUPOBAHUH CIIOKHBIX CUTYaIlUH MPHU IKCILTY-
aTalMy aBUallMu KopabenbHoro 6asupoBanus [23, 24| u OeCUIOTHON aBUAIUH.
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ATMOSPHERIC WIND FLOW AROUND
THE MOUNTAIN LANDSCAPE IN THE VICINITY
OF DA NANG AIRPORT AND FLIGHT SAFETY ISSUES

Victor V. Vyshinsky', Zoan Kong Tin’
! Central Aerohydrodynamic Institute (TsAGI), Zhukovsky, Russia
’Moscow Institute of Physics and Technology (State University), Dolgoprudny, Russia

ABSTRACT

Wind boundary layer flow over the mountain landscape and large structures located around runways (RWs) creates coherent vortex
structures (CVSs) that can cross a glideslope and airspace in the vicinity of an airport. The aircraft, encountering a vortex structure,
experiences significant changes of the aerodynamic forces and moments, what is especially hazardous due to proximity to terrain.
From a mathematical point of view, the solution of this problem presents a challenge due to extremely large space — time scale of
the phenomenon, the lack of relevant atmospheric models, as well as comprehensive initial — boundary conditions in numerical
modeling. In this paper, a composite solution is constructed: the CVSs area generation is computed in sufficient details within the
framework of the grid method. Based on the data obtained in the approximation of analytical functions, an initial vortex structure is
formed, the evolution and stochastics of which are modeled within the potential approximation by means of Rankine vortices. The
evaluation of the forces and moments increment from the impact of vortex structures on the aircraft was carried out by the panel
method using the engineering approach. As an example, the CVSs, resulting from wind flow around the mountainous area of the
Son Tra Peninsula, that is located short of RWs 35R-17L and 35L-17R of Da Nang airport, are investigated. To improve the
computational grids quality and verify the method of solving the boundary value problem for the Reynolds-averaged Navier-Stokes
equations, we used the criteria based on the principle of maximum pressure, requiring Q-parameter positivity property in the
vortices cores and flow separation regions. A CVS related aviation event, involving a passenger aircraft MC-21, is studied. The
aircraft, after takeoff from RW 35R-17L setting the course close to the direction of the vortex wind structure axis from the Son Tra
Peninsula, encountered the mountainous area CVS.

Key words: coherent vortices structures in the atmosphere, rotor turbulence, flight safety, boundary value problems, Reynolds-
averaged Navier-Stokes equations, boundary element method, method of discrete vortices, panel methods.
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NCIHHOJb30BAHUE ABUACUMYJIATOPA X-PLANE U CPE/IbI
MOAEJIUPOBAHUA SIMINTECH B YYEBHOM IMPOLECCE
ITPU MTPOBEJAEHUU TIPAKTUYECKOI'O 3AHATUA
«OBPABOTKA MMOJIETHOM HHO®OPMAIIUN»

1
A.C. KHA3EB
1
Kpacnooapcroe svicuee goennoe aguayuonnoe yuunuuje 1emyukos,
2. Kpacnooap, Poccus

[Mpu npoBeneHny y4eOHBIX 3aHSATHH B aBUAIMOHHOM BY3€ IEIECO00PA3HO JIEMOHCTPUPOBATH 00pasiibl aBUAIIMOHHOW TEXHHUKH,
OTACJIbHBIC JJICMCHTBI CHUCTEM M arperaroB WM HUCHOJB30BATh CHCHUAIM3UPOBAHHBIC CTCHIbI W IJIAKATHBI. O[lHaKO Tpu
TMpOBEACHNN 3aHATUI JAUCTAaHITMOHHO HE BCC 3THU MAaTCpHaJibl MOI'yT 6I>ITb HCIIOJIb30BAaHbI, TaK KaK HC BCCraa €CTb BO3MOXXHOCTb
MOKa3aTh MX B JUHAMHKE M OOCCIICYMTH TEM CaMbIM (POPMHUPOBAHUE TIOJHOIO MPEICTABICHHUS OOYYAFOLIMXCS 00 M3ydaeMOM
oObekTe. B crathe paccMarpuBaeTCs TpEMEP KCIHONB30BAHHS ABHACHMYILITOpPAa B YYEOHOM IMPOIECCE B KAYECTBE CPEICTBA
BU3yQIM3allM ABHAIIMOHHOW TEXHWKU TIPH TPOBEICHUM IPAKTHIECKOro 3aHsATus «O0paboTka TMONeTHOW WHGOPMAIIN.
BusyansHoe BOCIHpHSTHE MAaTEpHAIOB OOBEKTHMBHOIO KOHTPOJIS HE JAeT [OJHOTO TPEACTABICHUS O JMHAMHUKE IOJeTa
BO3/IYIIHOTO CYJHA, €ro MPOCTPAHCTBEHHOM IOJIOKCHHM TPU BBINOJHCHHH PA3JIMYHBIX O3JIEMEHTOB IMHJIOTAXa, MO3TOMY
HEOOXOMMa JIEMOHCTPAIMSI BBIIOJHEHHST 3JIEMEHTOB IOJIETA C OJHOBPEMCHHBIM OTOOPKCHHEM MapaMeTpoB IOJeTa B
rpadudeckom Buje. C 3Toi 1eNbio Ucronb3yercs aBuacumyastop X-Plane, st B3aumoneiictBust ¢ kotopsiM B cpenie SimInTech
pa3zpaboTaH IMPOEKT, peau3yroMii 0OMEH JaHHBIMH JUIsl YIIPABJICHHS TOJIETOM MOJENH BO3/YILIHOTO CY/HA U PErHCTPALHIO
napameTpudeckoi HHGOpMAIMK C LEJbI0 ee NaibHelero ananm3a. OmiucaHbl CXeMbl IMHTAIMKA PaboThl OOPTOBBIX YCTPOMCTB
perucrpaniuu. OHHC&HI)I IIyTHU pEHICHMA IMMOCTAaBJICHHBIX 3a/a4. VkazaHa BO3MO>KHOCTb MCITOJIb30BaHUS pa3pa60TaHHb1x TMPOCKTOB
Tpu AMCTaHITUOHHOM 06yqu1/m ABUAIIMOHHBIX CHICUAIIMCTOB, a TAK)KE BHEAPCHMA MTOJTYUYCHHBIX PE3YJILTATOB B yqe6H1>1i?1 rpormnecc
ABHUAIIMOHHBIX BY30B.

KnioueBbie cioBa: aBuacumyssitop, X-Plane, SimInTech, 6oproBoe ycrpoiicTBo perucrparyyi, napaMeTpryeckasi MoJieTHast
nH(pOpMAaIHSL.

BBEJIEHME

Bo Bpems npoBeeHus yueOHBIX 3aHITHUIH B By3€ 4aCTO BO3HMKAET HEOOXOIMMOCTh MOKa3a pac-
CMaTpuBaeMoro o0beKTa. B cirydae HEBO3MOKHOCTH JIEMOHCTPAIIMHA CaMOT0 00BEKTA JUISt 5TOTO MOTYT
OBbITh UCIIOJIb30BaHbl COBPEMEHHBIE MYJIbTUMEIUNHHBIE CPEJICTBA BU3yalIU3allUU — U300pakeHusi, BU-
neo(parMeHThbl, KOMIBIOTEPHBIE MOJIENH, MAaKeThI. JIF000H criocod BU3yain3aluy MO3BOJISET CHOPMU-
poBaTh y 00yyaronMXCsl MPECTaBICHUE O pacCMaTPUBAaEMOM OOBEKTE, JJasKe €CIIM caM O0BEKT (PH3H-
YECKU HEJOCTYTEH JJIsl BOCHPUITUS U U3ydyeHusd. OJHUM U3 CPEJCTB BU3YyaIU3alUd BO3IYILIHOTO CY/I-
Ha (BC) sBisercs aBHacUMyJISATOP, OHAKO B KaXKAOM clyyae HE0OXOAMMO OLIEHUBATh LI€Iecoo0pas-
HOCTb €0 UCIOJIb30BaHuUs IPU MTPOBEICHUU KOHKPETHOTO 3aHATHUSI.

ABunacumynsarop X-Plane uMeer 60iblION MOTEHIMAN IS MCIIOJIB30BaHUS B KayeCTBE Cpejl-
ctBa Bu3yanuzauuu BC B aBuaiioHHoM By3e [1], Tak kKak MO3BOJISET UCHOIb30BaTh MHOKECTBO T'OTO-
BbIX Mozeneil BC u co3gaBate cBou cOOCTBEHHBIE, YNPABIAThH IOJIETOM MOJENN KaK BPYyYHYIO, TaK U
aBTOMATHUYECKH, 33/7aBaTh pa3jM4YHbIE MOTOJHBIE YCIOBHS, BpeMsl CYTOK, a TaKKe IpPEIOCTaBIISET
MOJI30BATENI0 BO3MOXKHOCTh OOMEeHa JaHHBbIMHU uepe3 nporokona UDP, uro mo3Bonser npuHuUMaTh u
OTIPABJIATh B CUMYJISITOP OOJBIIOE KOJUYECTBO PA3IMYHBIX JAHHBIX (TapaMETPOB MOJIETA, OJI0KEHUS
OpraHoOB yHpaBIeHUS U Jp.) AJIs CO3AaHUs HeoOXoauMoii cutyanuu [2, 3].

OpnHuM 13 BO3MOXKHBIX ITPUMEHEHUN aBuacumyistopa X-Plane sBnsercs oroOpaxeHue B rpa-
¢duueckoM BHUE MapaMeTpoOB IOJIETa, KOTOPbIE PETUCTPUPYIOTCS OOPTOBBIMU YCTPONCTBAMM peru-
ctpauuu (bYP) B peanbubix BC.
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METOABI 1 METOJOJIOI'A NCCJIEJOBAHUSA

B Hacrosmiee BpeMsa Ha BC ucnons3yrorcs paznuusble BYP ¢ pa3sHbIM npuHIMIOM 3aIncH,
Hanpumep, cuctema «TecT-1» ¢ TBEpAOTENbHBIM HAKOMHUTENIEM YCTaHABIMBAETCS B3aMEH CHCTEMBI
«CAPIIII-12» ¢ ¢oTonneHKon, a TaK)Ke UCTONb3YIOTCS MAarHUTHBIE U TBEPAOTEIbHBIE PETUCTPATOPHI
(Hanpumep, omHa U Ta ke cucrema «Tecrep-Y3» MoOXeT WMETh MAarHWUTHBIM HakomuTenb «Te-
crep-Y3 cep. 3» u TBeproTenbHbIi «Tectep-Y3 cep. 3A»).

B ontuueckux BYP mHpOpManms 3anmuchiBacTCs CBETOBBIM Jy4OM Ha (DOTOUYBCTBUTEIIBHYIO
1wieHKy. IIpu 3TOM KonMuYecTBO MapaMeTpoB OIPaHUYMBAETCS IIMPUHON IJIEHKU M KOJIMYECTBOM CBE-
TOBBIX JIyuel (kaHayoB 3amnucu). [ToaTomy Ha camosnere JI-39 KonmmuecTBO perucTpUpyEMbIX MapaMeT-
poB ObLI0 orpanndeHo. [Ipu ycranoBke O6osee coBpeMeHHOTo TBepaoTenbHoro BYP «Tecr-1» B3amen
ycrapesiiero ontuyeckoro « CAPIIII-12» konn4uecTBO perucTpupyeMbIX MapaMeTpOB HE U3MEHSIETCH,
TaK KaK HMCIIONB3YIOTCS T€ e NaT4yuku uHpopmauuu. B cBsa3u ¢ atum B Hakonutene BYP «Tect-1»
3aMMCBIBAOTCS Beero 6 aHanorossix napameTpoB (All) u 13 pazoeix komang (PK) (puc. 1). K AIT ot-
HOCSTCS: OTHOCHUTENIbHAsI OapoMeTpudeckas BbicoTa mosyieta H, npubopHasi CKOpOCTh V, BepTUKaIbHAs
neperpysKa n,, 4acToTa BPaLICHUA POTOpa BBICOKOTrO AaBieHHUs Nppy, yron nepememieHus PY I apyy,
yToJl OTKJIOHEeHUs pyist BeICOTH ¢. K PK oTHOCATCS: MuHMManbHoe naBienue torusa (PK Ne 1), mo-
noxxenne maccu (PK Ne 2), omacnast Bubpanus neuratenst (PK Ne 3), Beicokasi Temmeparypa BbIXOIs-
mmx ra3oB (PK Ne 4), moxxap neuratens (PK Ne 5), omacnoe naBnenue B kabune komannaa (PK Ne 6),
MUHUMaJIbHOE naBiieHne B runpocucteme (PK Ne 7), munumansroe naBnenue macma (PK Ne 8), oTkas
3anacHoro rereparopa (PK Ne 9), ponaps ne 3akpoir (PK Ne 10), karanynsTUpoBaHuE MEPETHETO CH-
nenbs (PK Ne 11), 3akpeiTue moxapHoro kpana (PK Ne 12), katamynbTupoBaHue 3aJHETO CHUICHBS
(PK Ne 13).
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Puc. 1. I'paduku aHaNOroBhIX NapaMeTPOB U Pa30BbIX KOMAaH/I, PETMCTPUPYEMBIX OOPTOBBIM YCTPOWCTBOM PErHCTpaluU
(BYP) «Tect-1» (JI-39)
Fig. 1. Graphs of analog parameters and discrete commands recorded by "Test-1" flight data recorder (FDR) (L-39)
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B cucreme «Tecrep-Y3» peructpupyrorest 60 AIl u 101 PK, nonHelii nepedyeHb KOTOPBIX 31€Ch
MIPEJICTaBIATh HelleIecooOpa3Ho. 3anuch MojJeTHOW MH(OpMAlUKY Ha HAKOMHUTENb OCYLIECTBIISETCS B
BU/JIE IBOMYHOIO KO/Ia HA MarHUTHYIO TUIEHKY WJIHA TBEPAOTENIbHBIN MOAYIIb MaMSTH.

[Tocne mepe3anucu 3aperucTpupoBaHHON MHPOPMAIK ¢ OOPTOBOTO HAKOIMUTEINS HA HA3EMHOE
YCTPOUCTBO 0OpabOTKH MPOU3BOIUTCS JIEKOAMPOBAHHE M JNEMIU(PUPOBAHUE, B PE3YJIbTaTE YEro JUIS
aHaJln3a BBIBOJSATCS HEOOXOAMMbIE HAOOPHI MapaMeTPOB MOJIETa, IO KOTOPBHIM OCYILIECTBIISETCS OICH-
Ka UCTIPaBHOCTH OOPTOBBIX CHCTEM M MPABUIBHOCTH JACHCTBUH JIETUUKA.

Joctyn k MmaTepuanaM 0ObeKTUBHOT'O KOHTPOJISI peabHbBIX MOJETOB CTPOrO OTPAHUYEH, K TOMY
e He B KaXJIOM T10JIeTe BO3HUKAIOT CUTYyalluu, 00s3aTeNIbHbIC Il pACCMOTPEHHSI Ha 3aHITHUHU CO CTY-
JNEHTaMH WM KypCcaHTaMU aBUAllMOHHBIX BY30B. B 3TOM cilydyae aBHaCUMYJISTOP MOXKET ObITh UCTIOJb-
30BaH B KQ4e€CTBE MCTOYHMKA HEOOXOAMMOU MapaMeTpUIecKo 1 BU3yalbHOU nHpopmanuu. Lleneco-
00pa3HOCTh MCMOJIb30BAaHUS aBUACUMYJIATOPA B YUEOHOM IpOLiecce€ B YMECTHBIX JUIS 3TOTO ClIydasix
MOTBEPKIAETCS MOJIOKUTEIBHBIM OIBITOM IPENOJAaBATEIEN HE TOJIBKO OTEYECTBEHHBIX, HO U 3apy-
O0exxHBIX BY30B [1, 4, 5, 6]. B ogHUX CciTy4yasx WCIONIB30BAHUE CUMYJIATOPA TSl TOCTHXKCHHS YICOHBIX
1esnelt sipisieTcst 0oJiee NemeBOi anbTepPHATUBON, B IPYTUX — €AUHCTBEHHOW BO3MOXHOCTBIO.

Cpenu M3BECTHBIX Ha CETOJNHSALIHUM JACHb aBUACHUMYJISITOPOB Ui pealu3allii MOCTaBJICHHON
3a7aun ObUT BeIOpaH X-Plane mo nmpuunHe HalIW4Ms BO3MOXKHOCTH U OTBITA TOJTYYEHHUSI OT HETO HE0O-
xoaumon uHpopmaru. CriocoObl MOMydeHHs JaHHBIX 0T X-Plane mmpoko onucaHbl B OTKPHITHIX HC-
TOYHHKAX, & UX peau3aiys 00JerdyaeTcsi HaTu4ueM JTOCTYITHBIX HpHMGpOBl’z [7, 8, 9-14].

Jlnst meMoHCTpaIuu mporiecca 3anucy napaMmeTpudeckon nHpopmaruu, peructpupyemoi bYP
«Tect-1» na camomere JI-39 B monere, Obuta pa3zpaboTaHa MporpamMma, B3aUMOACWUCTBYIONIAS C
aBuacumyisitopoM X-Plane. Cxema umurtanuu padotsl ontuueckoro bYP «Tect-1» paspabortana B
cpelie AMHaMUYECKOr0 MOJICIIMPOBAHUS TEXHUYECKUX CUCTEM SimInTech!? [15,7,16].

Br16op mporpammuOi cpensl moaenupoBanusi SimInTech oOycioBieH Tem, 4TO OHA MMEET
PYCCKOSI3BIYHBIN MHTEp(dENC, COAEPKUT Bce HEOOXOAMMbIE HHCTPYMEHTHI JJIsl PELICHUs 3a7ad Mo/e-
JUPOBaHUS, HUYEM HE yCTyHarolie 3apyOeKHbIM aHAJIOTaM, U COACPKHUT MHOXKECTBO T'OTOBBIX K HC-
T0JTb30BAHHIO IPHMEPOB JUT COBMECTHO# paboTh ¢ aBuacuMysTopoM X-Plane'. SimInTech mmpoxo
HCIIOJIb3YETCSl OTEUECTBEHHBIMH MPEANPUATHAMHI aBUALIMOHHOW MPOMBIIIJIEHHOCTH U By3aMHU B CBSI3U
C TEM, 4YTO SIBJIIETCS OTEYECTBEHHBIM IPOTPAMMHBIM IPOAYKTOM M HE IOJUIEKUT UMIIOpPTO3aMelle-
Huto. Kpome Toro, Hanyuume JIMIEH3UM Ha JaHHYIO MporpamMmy (KOTopasi B OTAEIBHBIX CIIydasX MOXET
OBITH MpelocTaBIeHa OECIUIATHO) AAET BO3MOXKHOCTD OTKPBITO ITyOJIUKOBATh MOTyYCHHbBIE PE3yIbTaThl
HUCCIIEIOBAHUMN.

Ha paszpaboranHoii cxeme (pHc. 2) IpUCYTCTBYIOT TPYIIIBI 3JIEMEHTOB, BBITOIHSIONIMX CIETy-
romue QyHKIUu:

— TMpHeM U pa3fielieHHe JaHHBIX, TpUHUMaeMbIX oT X-Plane;

— HOpMaJIM3AIMIO TapaMeTPOB, MPUHUMaeMbIX OoT X-Plane;

— BBIBOJ HEOOXOIUMBIX JaHHBIX Ha TpaduKH;

— HMMWTALMIO OPraHOB YIpaBJieHHUA (C MOMOIIbIO CIEHUATbHBIX OJIOKOB Ha CXeMe WU
JDKOMCTHKA);

— mnepenauy B X-Plane ynpasmstomux curranoB (nonoxenue PYC, nenaneit, PY]I, monoxe-
HHUE TOPMO30B, BBIITYCK/yOOpKa I1accH).

' Hacrpoiika coBmectHoit paGotei SimInTech u X-Plane [Dmextponnsii pecypc] // SimInTech. URL:
https://help.simintech.ru/index.html#priemy_raboty/nastroika_sovmestnoi_raboty SimInTech i X-Plane.html (nara 06-
pamenus: 31.01.2021).

? Simulink-Xplanel0  Communication ~ Via  UDP [DnexTponnbnii  pecypc] //  MathWorks. URL:
https://www.mathworks.com/matlabcentral/fileexchange/47144-simulink-xplane 10-communication-via-udp (mara o0pa-
menust: 31.01.2021).

3 Jlemonctpanuonnas Bepcus SimInTech [dnexrponmsii pecypc] / SimInTech. URL: https:/project797652.turbo.site/
(mara obpamienus: 31.01.2021).
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s obecrieueHust pabOTOCIIOCOOHOCTH CXEMBI OHA JIOJKHA OBITh HACTPOCHA Ha COBMECTHYIO
pabory SimInTech u X-Plane' [7].
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Puc. 2. Pazpaborannas cxema umuraiuu pabotet BYP «Tect-1» (JI-39)
Fig. 2. Developed scheme of FDR operation simulation "Test-1" (L-39)

Hexotopsie peructpupyembie mapameTpsbl, ModydaeMble OT cumylisitopa X-Plane, uamepsitorcst
HE B MEXIYHApOJHBIX €IMHUIIAX U3MepeHHs (BbICOTa — B yTaxX, CKOPOCTh — B MIJISIX B 4ac), IO3TOMY
JUISL IX UCTIOB30BAaHMSI PUHUMAEMbIe 3HAUCHHUSI IOJKHBI OBITH HOPMAJIM30BaHHbI (puc. 2).

I'paduku nmapamerpos, 3apeructpupoBanHbix BYP «Tect-1», oToOpakatoTcsi pa3HbIMU IBETa-
MU B UMeIOT Mapkepsl (puc. 1). ['paduku mapamerpoB, MONMYyYEHHBIX NMPH UMUTANUU paboTel BYP
«Tect-1» B cpeae SimInTech, Takke MOryT oToOpaskaThCsl pa3HbIMHU LIBETAMHU M [TOMEYAThCs MapKe-
paMu, 4TO JeNaeT aHAIW3 HATJSAHBIM U YJOOHBIM, KaK M B PeajbHOI mporpamme oOpabOTKH IMOJIeT-
HoM nHpopmanmu (puc. 3).

Asunacumynsatop X-Plane mo3Bossier mpuHUMATh OOJIBIIOE KOJHMYECTBO IMApaMETPHUECKON MH-
dbopmanuu, peructpupyemoil pasubivMu TunamMu bYP, uTo nenaet Bo3MOXKHBIM pa3pabOTKy aHaJIOTH4-
HBIX CXEM Il UMHTAIH UX paboThl pu nzydeHun bYP, ycraHoBIeHHBIX Ha pa3nnyHbixX THax BC.
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Puc. 3. I'paduku aHaNOroBhIX MapamMeTpoB, MOIYYEHHBIX OT aBUuacumyJsitopa X-Plane
Fig. 3. Graphs of analog parameters received from the X-Plane flight simulator

bonee coBpemennsie BYP (MarHUTHBIE M TBEpIOTENBHBIC) PETUCTPUPYIOT OOJNbIIEE KOJIHUYE-
CTBO JIaHHBIX (QHAJIOTOBBIX MMAPaAMETPOB, MAPAMETPOB B IIU(PPOBOM BHUJE, pA30BLIX KoMaHM). [list nmu-
tauu padbotel BYP «Tectep-Y3» (ra camonere Cy-27) B cpene SimInTech Op1a pazpaborana coot-
BETCTBYIOIIAs cXeMa.

Ha pa3paborannoii cxeme (puc. 4) IpUCyTCTBYIOT TPYMIbl 3JIEMEHTOB, BBIMOIHSIOMINUX CIEAY-
fo1ue QyHKINH:

— TIpPHEM | pa3JelieHrue JaHHBIX, TpUHUMaeMbIX oT X-Plane;

— BBIBOJ HEOOXOIUMBIX JaHHBIX HA TpaduKH;

— HMMMWTALMI0O OPraHOB YIpaBJieHHUA (C MOMOIIbIO CIEHUATbHBIX OJIOKOB Ha CXeMe WU
JOKOUCTHUKA);

— mnepenauy B X-Plane ynpasmstomux curranioB (nonoxenue PYC, nenaneit, PY]I, monoxe-
HUE TOPMO30B, BBIITYCK/yOOpKa I1accu).
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Puc. 4. Pazpaborannas cxema umuranun padbotst BYP «Tectep-Y3» (Cy-27)
Fig. 4. Developed scheme of FDR operation simulation "Tester-U3" (Sukhoi Su-27)

s nemonctparun pabotel BYP «Tecrep-Y3» B paspaboTaHHOM cxeme peaqnu3oBaH INpUeM U
BBIBOJ] Ha Ipa(UKU HEKOTOPBIX aHAJIOTOBBIX IAPAMETPOB, TAKUX KaK MPUOOpHas CKOPOCTb Vip, HC-
THUHHAs1 CKOPOCTb Vy¢r, uncio M, OapoMeTpuueckas BbicoTa Heap, ncTHHHAS BBICOTA Hicoy, BEPTHKAIID-
Has neperpyska Ny, otknonenne PYC no tanraxy X, ¥ 110 kpeHy Xs;, OTKIOHEHHE nejpaneil Xy, yr-
JIOBBIE CKOPOCTH (7, X, My, YTOJ TaHraXka v, yrojl KpeHa Y, Kypc UCTUHHBIN ycr, YTOJI aTaKu o U Jp.,
a TAK)K€ Pa30BbIX KOMaHJ — IOJIOXKEHUE KpaHa 11aCCH, MUHUMAJIbHOE JJaBJICHUE TOIUIMBA U JIp.

PE3YJIBTATBI HCCJIEJOBAHUA

Jns pacmmdpoBku nonetHor nHpopmarun, peructpupyemoir BYP «Tect-1» u «Tectep-Y3»,
ucnonsiyetcs nporpamma «CKAT», paboTtaromias B cocTaBe Ha3eMHOTO yCTpoiicTBa 06paboTku «To-
na3-M» Ha Gase mepcoHampHOro KommbioTepa’. B mporpammve «CKAT» aHAIOroBbIC MapaMeTps! BbI-
BOJIAITCSl HA MOHUTOP B BHJIE IIBETHBIX IPa(UKOB (YTO MOBBIIIACT HATIISAIHOCTh U UCKITFOYACT My TAHUILY
MEXTy HECKOJIBKUMU TpadHKaMu), P 3TOM MOTYT OTOOPaKaThCs HE BCE, a TOJIHKO HEOOXOIUMBIC
IUTsl aHanu3a aaHHele (puc. 5). B mpoekte, pazpaboranHoM B cpene SimInTech, Takke ecTh BO3MOXK-
HOCTBh OTOOPaKEHUSI TOJIHKO HEOOXOAMMBIX JJIsS aHAJIW3a TaHHbBIX (puc. 6).

Ha ocHOBe MOJy4YeHHBIX JaHHBIX BO3MOKHA pa3pabOTKa aJrOpUTMa aBTOMATHYECKOTO PACIo-
3HABaHU BBIMOJHEHHS (PUTYD BBICIIETO MAJIOTAXKa, ONPEIEICHNS MOMEHTA B3JIETa, TIOCAIKH, OTpeIe-

* Tporpammuoe oGecneuenne «CKAT» [Dmextponnsii pecypc] / AO «HIII «TOIIA3». URL: https:/topazlab.ru/
products/ckat-system/# (nata obpamenus: 31.01.2021).
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JIEHUs] MaKCUMaJIbHOM M MHUHHMAaJbHOW MEpPErpy3kH, a TAaKKe MPOBEIECHUE DKCIPECC-aHaIN3a, KaK B
pealbHOM Ha3eMHOM YCTpoicTBe 00paboTkn «Tomaz-My», ogHako Takas 3amada Jjisl MPOBEICHHS
y4eOHOTO 3aHATHS HE CTaBUJIACh.

0:10:00

Puc. 5. I'paduku ananoroBbix napamerpos, peructpupyemoix bYP «Tecrep-Y3» (Cy-27)
Fig. 5. Graphs of analog parameters recorded by FDR "Tester-U3" (Sukhoi Su-27)

Puc. 6. I'paduxu B SimInTech napamerpoB, NonyueHHBIX OT aBHackuMyJsiTopa X-Plane
Fig. 6. Graphs of SimInTech parameters obtained from the X-Plane flight simulator
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OBCYXIEHMUE ITOJTYYEHHbBIX PE3YJIbTATOB

JIOCTOMHCTBOM HCIOJIE30BaHUSI aBUACUMYJIATOPA MPH MPOBEACHUN YISOHBIX 3aHATUH SBISETCS
HaTJISITHOCTh TMPEICTAaBICHHS aHAM3UPYEMbIX JTaHHBIX B TUHAMHUKE, TaK KaK IPU OTKJIOHEHUHU Opra-
HOB YTIpaBJIeHUs (JUKOWCTHKA WM UMUTHPYIOIIUX €ro OJIOKOB HAa CXEME) MEHSETCS YIIIOBOE TOJI0XKe-
Hue mojzenu BC, ckopocTh, BbICOTA M0JIETa U Apyrue napameTpsl. [Ipu 3TOM BUIIHO Kak CTPOSITCS rpa-
¢$uKM STUX mapaMEeTPOB, UTO JaeT Ooliee MoJHOe mpeacTasieHue o padore BYP u ynydmaer nmonnma-
HUE JIOTUKH 00pabOTKH MOJIETHOW MH(POPMAIIHH.

OpHaKo WCIOJIb30BaHUE aBHACUMYJISTOPAa B Yy4eOHOM MpoIlecce OTpaHUYMBACTCS HABBIKAMHU
paboThl ¢ HUM U C IPOTrPaMMaMH, MMO3BOJISIIOIIMMHU PUHUMATh U 00padaThIBaTh MOTYUYCHHbIE JaHHbIE.
OgnageHne MHCTpyMEHTaMU cpebl MoaenrpoBanus SimInTech mpenocrasiser Gombine BO3MOKHO-
CTH TIPOCKTUPOBAHUS, MOACIUPOBAHUSA U 00pabOTKH MH(OPMAIIUH, YTO MO3BOJISIET COCTABIATH (BOC-
MIPOU3BOUTH) CXEMBI PEATbHBIX aBUAIIMOHHBIX CHCTEM Pa3IMYHOTrO MPUHIUIA JEHCTBUS (DJIEKTpUde-
CKUX, TUAPABIUYECKHUX U JIpP.) JUIsl IPOBEICHUS UCCIIEJOBAaHUN W IPYTHX LENEH.

3HaHue 3aJI0’KEHHBIX B aBHACHMYJISITOP BOZMOXHOCTEH, BIIQICHUE UIMU U YMECTHOE MX MCIOJIB30-
BaHUE HAa KOHKPETHOM 3aHITHU TPeOyeT ONpeesIEHHOTO OMNbITa M BPEMEHH I TIOATOTOBKH [2, 3, 4, 17].
B oTnenpHBIX ciaydasx J10CTaTOYHO MCIOJIB30BaHMS CTATUYHOTO M3o0pakenus BC mpu 3amaHHOM yT-
JIOBOM IOJIOKEHUU WJIM Ha paccMaTpUBAEMOM JTarle MojeTa, B Ipyrux ciaydyasx HeoOXoauMa BH1e03a-
MUCH C DKpaHa, HAPUMEP TPU BBITTOJHEHUH AJIEMEHTOB MIJIOTaXa, KaK ¢ OMIMOKAMH MIJIOTHPOBAHUS,
Tak 1 0e3 HUX. B paccMaTpuBaemMoM ciyyae A JOCTHXKEHUS yUeOHBIX IleJied MOJIOKUTEIbHBIN pe-
3yJbTaT AAeT HUCHOJIb30BAHUE aBUACHUMYJIITOPA B PEXHME PEaIbHOTO BPEMEHH, KOT/Ia OT B3JieTa J0
nocaj ki oOydaromuecs BUAST JUHAMUKY I0JIeTa, U3MeHeHUe yrioBoro noijoxenus BC u nmomydaror
HATJISTHOE TIPE/ICTaBICHUE 00 ITUX U3MEHEHUSX B rpaduaeckoM Buae (puc. 7).
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Puc. 7. CoBmecrHas pabora X-Plane ¢ npoexrom, nmMutupytomum padoty BYP «Tectep-Y3» B cpene SimInTech

Fig. 7. X-Plane collaborates with a project that simulates the operation of the "Tester-U3" FDR in the SimInTech
environment
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Pa3zpaboTka mpencTaBieHHBIX cxeM UMUTauuu pabotel BYP crama Bo3mokHO# Omaromaps
HaJMYHMIO0 TOTOBBIX MPOEKTOB, peanusyromux B3aumoxaeiictBue SimInTech u X-Plane, xoTopsie mo-
apobro omucass’ [7] M pasMemieHsl B manke ¢ aemo-mpumepamu  «C:\SimInTech64\Demo\
Nuterpamus co croporanM [TO\X-Plane» u 1OCTYIHBI MOIB30BATEINO0 Cpa3y MOCIE YCTAHOBKH CPEIbI
monenupoBanust SimInTech.

JAK/IIOYEHUE

Hcxons u3 pe3ynbTaToB MPOBENEHHOM paOOThI, MOXKHO CIENaTh BHIBOJ O TOM, YTO COBMECTHOE
UCIIOJIb30BaHUE aBHAacHMYyJsiTopa X-Plane u cpelnbl JMHAMHYECKOTO MOJCITUPOBAHUS TEXHUYECCKHX
cuctem SimInTech naeT BO3MOXKXHOCTH CO3/1aBaTh CXEMbI PA3IMYHBIX ABUAIMOHHBIX CHCTEM, TTO3BOJISS
JIEMOHCTPUPOBAThH AJTOPUTM UX PaOOTHI MPHU MPOBEJICHUHN YUCOHBIX 3aHATHH B aBUAIMOHHBIX BY3aX.
Taxkoit moaxo onpaBabIBaeT ce0sl MPHU OTCYTCTBUUA BO3MOXHOCTH JEMOHCTPAIMU PEATBHBIX 00pa3iioB
M3y9aeMBIX CHCTEM W arperatoB BO BpeMs MX paOOThI, a TaKXKe MPU MPOBEJICHUH 3aHATHI B paMKax
JTUCTAHIIMOHHOTO OOYYCHHSI.
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THE USE OF THE X-PLANE FLIGHT SIMULATOR AND SIMINTECH
ENVIRONMENT IN THE EDUCATIONAL PROCESS DURING
THE PRACTICAL LESSON "FLIGHT DATA PROCESSING"

Alexey S. Knyazev'
"Krasnodar Air Force Institute for Pilots, Krasnodar, Russia

ABSTRACT

During training sessions at an aviation university, it is advisable to demonstrate samples of aviation equipment, individual elements
of systems and assemblies, or use specialized stands and posters. However, when conducting classes remotely, not all of these
materials can be used, since it is not always possible to show them in dynamics and thus ensure the formation of a clear idea of
students about the object being studied. The article considers an example of using a flight simulator in the educational process as a
means of visualizing aviation equipment during a practical lesson "Flight data processing". Visual perception of the materials of
objective control does not give a complete understanding of the dynamics of the aircraft flight, its attitude while executing pilotage
and aerobatics elements, therefore, it is necessary to demonstrate the performance of flight elements with the simultaneous display of
flight parameters in a graphical form. For this purpose, the X-Plane flight simulator is used, for interaction with which a project has
been developed in the SimInTech environment that implements data exchange for flight control of an aircraft model and registration
of parametric information for its further analysis. Schemes for simulating the operation of on-board recording devices are described.
The ways of solving the tasks are described. The possibility of using the developed projects for remote training of aviation specialists,
as well as the implementation of the results obtained in the educational process of aviation universities, is indicated.

Key words: flight simulator, X-Plane, SimInTech, FDR, flight data recorder, parametric flight information.
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Double-membrane gliding parachutes (DGP) obtain their wide variety of application, including the solution of cargo transportation
problems. This parachute is a flexible canopy, which shape is maintained by ram air. In terms of the aerodynamic performance
calculation and analysis when operating, DGP is the most complex aero elastic system. The computation of DPG aerodynamic
performance is only possible, utilizing the methods of nonlinear aerodynamics and the nonlinear theory of elasticity methods.

This paper investigates the aerodynamic characteristics of stable geometric shapes for various gliding parachutes, taking into
account their dome shape both chord-wise and span-wise. Notably, the volumetric parachute profile is modeled by its median
surface. The research, conducted by the authors, showed that such an aero elastic model of DGP allows you to obtain results that
reflect correctly the qualitative effects of detached and free streamline flow. To solve the problem about the airflow over a gliding
parachute, considering its canopy curvature, the method of discrete vortices with closed frames is employed, which allows you to
calculate the paragliding wing aerodynamic performance within a wide range of angles of attack. There is also a possibility of flow
separation simulation. The ideal incompressible liquid flow over the median surface of a stable shape for a double-membrane
gliding parachute is regarded. The parachute fabric porosity is not analyzed, since the upper and lower DGP panels are made of
either the low permeable or non-porous fabric. In the separated flow past, the aecrodynamic coefficients are identified by time
averaging to its large values after computing. The DGP aerodynamic performance computation results are given at a different value
of its dome shape, as in the free streamline flow as in the flow separation. The computed coefficients, that allow us to consider the
influence of canopy dome shape on its aerodynamic characteristics, are obtained. The proposed technique can be used for
operational estimates of aerodynamic forces while designing and planning a pipe experiment.

Key words: acrodynamics, parachute, double-membrane gliding parachute, discrete vortex method, dome-shaped paragliding
parachute, aecrodynamics coefficients.

INTRODUCTION

Double-membrane gliding parachutes (DGP) obtain their wide practical application, including
the cargo transportation issues solution. This parachute is a flex-wing, which shape is maintained by
ram air. From the point of view of the aerodynamic characteristics calculation and analysis during op-
eration, DGP is the most complex aero elastic system. The calculation of aerodynamic performance for
a similar system is merely possible, using the methods of nonlinear aerodynamics and the nonlinear
theory of elasticity.

A large number of experimental and theoretical researches, associated with the determination
of the DGP dynamic and aerodynamic characteristics', for example, [1-9] are known. At the same
time, obtaining reliable analytical results of the aerodynamic characteristics calculation is significantly
complicated by the fact that DGP is actually a flex-wing, which shape is supported by the dynamic air
pressure, so it represents an aero elastic system of immense complexity.

In order to identify characteristics of the given system, it is necessary to employ the methods of
nonlinear aecrodynamics and the nonlinear theory of elasticity, which specifies a significant computa-
tional problem. In this sphere the major researches on the basis of vortex methods were carried out by
the Central Aerohydrodynamic Institute (TsAGI), the Scientific Research Institute of Parachute Con-
struction, the Moscow State University, Zhukovsky Air Force Engineering Academy (see, for exam-
ple, [10—13]).

' The Study of a Parachute Wing in a Wind Tunnel T-101 TsAGIL. (1976). Scientific and Technical Department TsAGI
Ne 3415. Moscow: TsAGI, 76 p.
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In this article, the aerodynamic characteristics of various paragliding parachute stable shapes,
taking into account their curvature, are explored. In this respect, the volumetric parachute profile is
modeled by means of its median surface [14, 15]. The calculations, carried out by authors, showed that
this DGP model allows you to obtain results reflecting correctly the qualitative effects of separation
flow and free streamline flow. The DGP aerodynamic performance computational results with a differ-
ent degree of a canopy curvature, as in the free streamline flow as in the separation flow, are given.
The design coefficients, that enable you to consider the influence of a canopy dome shape on its aero-
dynamic characteristics, are obtained. The proposed technique can be used for operational assessments
of aerodynamic forces during the design phase and while planning a pipe experiment. The obtained
results can be useful while designing the DGP, setting up and conducting the pipe experiments.

METHODS AND METHODOLOGY OF STUDY

In this paper, in order to solve the problem of moving air current over a parachute, the method
of discrete vortices with closed frames [12] is used, which permits us to calculate the aerodynamic per-
formance of parachutes with a rather high practical accuracy. A principal assumption, demonstrated in
[15], is used, according to which the DGP is modeled by a thin carrying surface. The given assumption
allows you to conduct the research efficiently, both when solving the free streamline flow problems
and considering the flow separation. A typical vortex diagram of the cutting out shape DGP for the
closed-frame discrete vortex method is shown in Figure 1.

Fig. 1. Vortex diagram for the gliding parachute median surface

Replacing the DGP profile with its median surface makes it possible to obtain results, correctly
reflecting the qualitative effects of separation flow and free streamline flow and can be applied when
studying the major consistent patterns of airflow over parachute finite span wings. We will explore the
flow by ideal incompressible liquid over the median surface of the double-membrane paragliding para-
chute of a stable shape. The parachute fabric permeability is not analyzed, since the DGP upper and
lower panels are made of either low permeable or non-porous fabric, so that at the first stage of studies
their permeability can be neglected (if necessary, it is taken into account by well-known modifications
of the task boundary conditions [13]). In the separation flow, the aerodynamic coefficients are identi-
fied by time averaging to its large values after computing.

RESEARCH RESULTS AND THEIR DISCUSSION

The cutting out shape of the double-membrane gliding parachute changes significantly in the
air flow (fig. 2), its wing takes a stable dome shape of span [, with the camber height f, which makes
10-20% of the initial span /. Obviously, the stated deformation influences the integral wing aerody-
namic performance. This paper proposes a technique that allows you to assess the influence of the
canopy dome shape on its aerodynamic characteristics and give formulae for a curved wing recalcula-
tion.
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Fig. 2. The dome shape of the wing of the gliding parachute

As it has been shown in [15], the aerodynamic performance of the parachute cutting out shape
is calculated with acceptable accuracy, applying the method of discrete vortices with closed frames as
in the free streamline flow (small angles of attack) as in the separation flow.

Here we are going to illustrate how it will be possible to obtain the wing aerodynamic perfor-
mance with the known camber height by a computational scheme for a cutting out shape.

First, let us explore the case where the parachute wing has a small extension A. Generally
speaking, for the most of practicable DGPs, the elongation does not exceed 2. (So, for a gliding para-
chute system of PO-9 series A = 1.24, for PO-9-2 and PO-9-7 A = 1.7). The sail-wings, which elonga-
tion value can reach 3+4, are the exception. The following symbols are used for analytical studies in
the given article. The dimensionless aecrodynamic performance, assigned to the area in the design of
the curved wing S,,, will be designated as ¢, and c,, as the symbol for the aecrodynamic characteristics,

assigned to the area in the design of the original wing S (cutting out shape). Then we have

c,=——,C, =— (D)

where g is the air pressure, Y is the DGP normal force. When describing the parameters the subscript
"u" indicates that one or another characteristic refers to a curved wing, for example, ¢, = :—P;c is the

coefficient of normal force for a curved wing, attributed to the non-curved wing area.
It is known that for small extension wings, the slope of lift curve is expressed as [16]

¢t == =kA )

In the area where the aerodynamic performance is linear, it is possible to write (hereinafter, to
reduce the entry, the subscript "a" in the designations for the lift coefficient is omitted):

Cpy =2¢  =pag 3)
2
Substituting ¢y into (3) according to (2) and taking into account that A, = ;—Z, we get:
Sy, 12 12
yuz?kgd:k—a. (4)

C
S

56



Tom 24, Ne 06, 2021 Hayunblii Becthuk MI'TY T'A
Vol. 24, No. 06, 2021 Civil Aviation High Technologies

For non-deformed wing
lZ
cyzcj‘fa:k?a. (5)

Hence follows the following ratio

o _ ()" ©)

Cy l

This formula is true for the wings of small elongation at small angles of attack.
In a similar way, for wings of very large elongation which curve slope of lift can be considered
weakly dependent on A value, we obtain:

Sy _ L
=5 %)

Cy

Let us analyze the curvature effect on parachute wing drag. We will first make an analysis for
small extension wings in the linear region. Taking into account the dependence for the drag coefficient
(polar equation):

Cx = Cy, + AcS, (8)

where ¢, is the wing profile drag, Acf, is the drag dependent on lift. So, we have the following for a
curved wing:

2
— (& Fox2 \Su _ =2 (Su)" S _ i S .2
Cxu = (Cxon + Ancyn)? = Cxou + Ancyn (?) g = Cxou + Angcyn- (9)

1

Since at small angles of attack you can take ¢, = ¢y a, so, A = —;. Then, considering (2), we get:

5
_ 15 2 _ S 2
Cxn = Cxon + ﬁs_ncyn = Cxon + k_lﬁcy“’ (10)
— S 2
Cx = Cxy + 712Gy (11)

Since the value of drag at zero lift depends only on the profile shape, so, ¢, = ¢y,. Then

S 5 , S 2 _ S 2, S o 1\2 Ccyu, o
Co . +—=C. Cxot772Cyu 7 Cyt—5C (_) )41
Cxn _ X0 kl% yu _ 0 kll/[ y kl y Kkl y _ 1 + Iy (Cy)
- S 2 - S 2 - CXO
C — -
X Cx0+kl2 Cy Cx0+klz Cy K C2+1
kiz2 Y

To convert the denominator, we use (11), and consider (6) in the numerator, after that we final-
ly have:

o1 0 L ea- () )
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Formula (12) shows how the drag coefficient of the curved wing changes compared to the non-
curved wing. The second addend appears when the wing has the drag equal to ¢, (for ideal liquid, it is
observed when the wing curves along the chord). It is clear that the wing camber along the chord
slightly attenuates the effect of curvature. If c,q = 0 (there is no chord curvature), then the dome-
shaped wing drag coefficient changes in the same way as the coefficient of lift.

Conducting the similar argumentation for the wing of big elongation, we get:

Cxu Ly Cxo0 lu

The given formulae, obtained for small angles of attack, were later checked by numerical calcu-
lations under various flow conditions. A straight wing was taken as the initial carrying surface, coin-
ciding in the shape and size with the lower surface of the parachute PO-9 (A = 1.24). The aerodynamic
characteristics ¢y, Cyq Of this wing were calculated under its deformation over the cylindrical surface
(fig. 2).

Figure 3 shows the dependences of ¢, coefficient of this wing from the angle of attack o in the
free streamline flow for various deformations. Figure 3 shows clearly the slope of the lift curve of the
deformed wing decreases when its span varies from 100 to 70% from the initial value and with the in-

crease of camber height f = %from 0 to 20% of span / respectively. The wing drag coefficient without
curvature along the chord depends on the canopy dome shape as well as the coefficient of lift.

C
va L=1_|
09 |~
0,8 L
=
0,4
0

o

5 10 15 20 25 a,

Fig. 3. Dependence of wing coefficient c,,, on the angle of attack o in the free streamline flow
for different values of span [,

2
Figure 4 shows the same dependencies, as Figure 2 does, after dividing them by (IT”) — the re-

calculation coefficient from formula (6). Now it is obvious that all the dependencies practically coin-
cide, which indicates the possibility of recalculating the aerodynamic characteristics of the dome-shape
canopy of small elongation according to formula (6) in the free streamline flow within the range of
a < 10° angles of attack.
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!H =0,7 —_—— =

5 10 15 20 25 a,°’

Fig. 4. Dependence of wing coefficient c,, on an angle of attack a in the free streamline flow
for different values of span [, after recalculation, using formula (6)

In case the wing surface is additionally curved along the chord (Figure 5, where PO-9 para-
chute median surface, which is the surface of two curvatures, is shown), in the free streamline flow, it
is possible to recalculate the aerodynamic characteristics in conformity with formulae (6), (13), as it is
illustrated in Figures 6 and 7.

ya
&
’
1,2 Rl
’ ":“.
0,8
0,4
0

5 10 15 20 25 a,’

Fig. 6. Lift coefficient of PO-9 parachute median surface considering
its dome shape (wing with double curvature)
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Fig. 7. To the possibility of recalculation of the lift coefficient for a dome-shaped wing with double curvature

In some cases, it is necessary to take into account the possibility of the flow separation from the
surface of the parachute wings. Figure 8 shows the dependencies of ¢, coefficients in case of the sep-
aration flow of deformed wings when the span decreases from 100% to 85% from the original value
due to their deformation. During the calculations, it was found out that the recalculation of coeffi-
cients, using formula (6), does not lead to positive results in the separation flow.

ya
0,90

0,6
0,85

0,3

0
10 15 20 25 30 35 a,’

Fig. 8. Lift coefficient for the dome-shaped wing in the separation flow

Figure 9 represents the dependencies of aerodynamic performance of the deformed wings after
oy Ly )
dividing by n coefficient. You can see that the curves are almost congruent.
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Fig. 9. To the possibility of recalculation of the lift coefficient of dome-shaped wings in the separation flow

It turns out that in the separation flow, the conversion calculation of the aerodynamic coeffi-
cients can be conducted, using formula (7) obtained for wings of large elongation. It can be explained
by an insignificant influence of edges effects compared to the interaction effect of the vortex sheets in
the separation flow over the parachute wing. Figure 10 and Figure 11 illustrate the formula application
for the conversion calculation of the drag force coefficient (13), derived for a large elongation wing to
recalculating the similar coefficient for a small elongation wing in the separation flow. It is clear that
the use of this formula is quite justified.

Thus, the numerical simulation justifies the use of formulae (7) and (13) to recalculate the aer-
odynamic characteristics obtained for the parachute cutting shape on the dome-shaped wing in the flow
separation.
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Fig. 10. Drag coefficient of a dome-shaped wing in the separation flow
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Fig. 11. To the possibility of recalculating the drag force coefficient of the dome-shaped wings in the separation flow
CONCLUSION

This paper provides the investigation results of influence of the median surface curvature (dome
shape) of a double-membrane gliding parachute on its basic aerodynamic performance (normal force co-
efficient c,,, and drag coefficient c,,) at various values of the parachute dome, its elongation and angles

of attack. The results were obtained, using the DGP mathematical model that was developed by the au-
thors, as in the free streamline flow as in the flow separations from the parachute surface.

It is shown that in the free streamline flow at the high angles of attack and the parachute signif-
icant curvature (I, up to 0,7), the normal force coefficient decrease comes to up to 50%. When taking
into account the flow separation, the flow pattern changes significantly and c,, coefficient decrease
does not exceed 10%.

As a result of the calculated data and the analytical studies processing, allowing us to estimate
the aerodynamic performance value, taking into account parachute curvature, were obtained. Such an
approach enables you to utilize the simplified conversion formulae while designing the DGP and avoid
solving the non-linear problems of the elasticity theory, taking into account quite accurately (the error
does not exceed 3—5%) the curvature of wing span-wise.

Thus, the authors proposed the solution algorithm for aerodynamic problems when conducting
the investigation of parachute optimal shapes and sizes: at the first stage, aerodynamic performance for
the flat median surface of the parachute, as in the free streamline flow as in the separation flow, are
calculated. Then the parachute dome shape is taken into account by means of utilizing the proposed
conversion calculation coefficients. It is obvious that the DGP design the final problems should be
solved in a general setting, using complete mathematical models.
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BJAUAHUE APOYHOCTHU HAPAINIOTHOI'O KPBIJIA HA ET'O
APOAUHAMMNYECKHUE XAPAKTEPUCTUKHU

B.B. OB‘{I/IHHI/IKOBI, 10.B. l'[eTpOBZ, L1.®. Taunes’

"Mockosckuii eocyoapcmeenHulll mexHudeckutl ynugeepcumem umenu H.D. Baymana,
2. Mockea, Poccus

’Mockoesckui 20Cy0apcmeeHHblll MeXHUYeCKUull yHugepcumem paxcoancKol asuayuu,
2. Mockea, Poccus

JByxo60moukoBsie maHupytorrue napanrots! (JI1I1) HaxomsaT mmpokoe MmpakTHdecKoe MPUMEHEHHE, B TOM YUCIIE TS PeIICHHs
3a/1a4 TPy30IepeBO3KHU. JJaHHBII MapaIioT SBISLETCS MATKIM KPBUIOM, (JopMa KOTOPOTO TIOIEPKUBACTCST HAOETAFOIIIM ITOTOKOM
Bo3ayxa. C TOYKM 3pEeHHS pacduera M aHal3a a’pOIMHAMHYECKUX XapaKTepHCTHK B mpouecce dkcrryatarmu I seisercs
CJIOJKHEHUIIIEH a3poynpyroil cucteMoi. BelunciieHne a3poarHAMUYECKUX XAPaKTEPUCTUK TAKOW CHUCTEMbI BO3MOYKHO TOJIBKO C
MPUBJICICHAEM METO/IOB HENMMHEHHON a’pOIMHAMUKH W HEJMHEWHOW TeopuM ympyrocti. B maHHONM paboTe mccremyroTcs
A3pOITHAMUYECKIE XapaKTEPUCTUKH YCTAHOBUBIIMXCS TEOMETPHUUECKUX (POPM pasiMIHBIX IJIAHUPYIOLIUX HMapaIoTOB C yIETOM
MX apOYHOCTH KaK 10 XOpAe, Tak M 1o pa3Mmaxy. [Ipu 3ToM 00BeMHBIN MpOQUIb Mapairora MOJAEIUPYETCS €ro CPEeAMHHOM
MOBEPXHOCTHIO. [IpoBe/ieHHbIe aBTOpaMy HCCIEA0BaHMS MTOKA3aIM, YTo Takas aspoymnpyras moaens I mo3onser nomyyars
PEe3yJIbTaThl, MPABUIIBHO OTPAXKAIOLINE KaueCTBEHHbIE A((EeKThI OTPHIBHOIO M 0e30TPBIBHOTO 00TeKaHust. J{yst pereHns 3a1a4u 00
00TEeKaHUH TUTAHUPYIOIIETO MapaloTa IIOTOKOM BO3/IyXa C Y4ETOM €r0 apOYHOCTH HMCIIONB3YETCs] METOI IUCKPETHBIX BUXPEH C
3aMKHYTBIMH PaMKaMH, KOTOPBIH ITO3BOJISIET BEMUCIIATE a3pOMHAMUYECKHE XapaKTEPHCTHKHU MapalliOTOB B IIMPOKOM JHara3oHe
VIJIOB aTakH, a TaKKe MMEeTcs BO3MOXKHOCTh MOJIENIMPOBAaHMsS OTpbIBAa MOTOKAa. PaccMarpuBaercst oOTEeKaHWE CpPEIMHHOM
MOBEPXHOCTH YCTaHOBHBIIEHCS (DOPMBI TBYXOOOJOYKOBOTO TUIAHHPYIOIIETO MApallfoTa ITOTOKOM HICaTbHON HeC:KMMaeMOi
JKUOKOCTH. [IpOHMIIaAeMOCTh TKaHW TApAIIIoTa HE YUYUTHIBACTCA, TaK KakK BepxHee W HinkHee mosotHuma I BemomHsroTCs
60 U3 c1abo MPOHMIIAEMOH, TMO0 M3 HEPOHMIIAEMOH TKaHH. [Ipu OTpBIBHOM OOTEKaHMH a’pOIMHAMUYCCKUE KOI(D(PHUIEHTHI
OTIPEeNIeIISIOTCS IyTeM YCPEIHEHHs 10 BPEMEHH IOCIIe pacdeTa 0 ero OompInnx 3HadeHHd. [IprBOISITCS pe3ynbTaTel pacyeToB
asponrHaMudeckux xapakrepuctuk AT mpu pa3migHOM 3HAYSHHH €r0 apOYHOCTH KaK IMpH 0e30TPhIBHOM O0TEKaHHH, TaK U MPH
Haimuuu OTpbIBOB. IlomydeHsl pacyeTHble KOI(QUIMEHTHI, MMO3BOJISIONIME YUYECTh BIMSHHE apOvHOCTH MapallioTa Ha ero
a3poJIMHAMUYECKHE XapakTepucTHKU. [IpeanmaraemMas MeTOJUKA MOXKET MHCIIONB30BAaThCSl UL ONEPATHBHBIX — OLICHOK
a3POAMHAMUYECKUX CHJI Ha 3Talle MPOSKTUPOBAHMS U TIPY IUIAHUPOBAHHHU TPYOHOTO SKCIIEPUMEHTA.

KnioueBble cioBa: as’pojyHaMuKa, IMApaIlioT, ABYXOOOJIOUYKOBBIM IUIAHUPYIOLIMHA MapailioT, METOJ IHMCKPETHBIX BUXpEH,
ApOYHOCTH MAPAILIOTA, a9POAMHAMHYECKIE KO HUIMEHTHL.
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PACUETHAS OLIEHKA YCTAJIOCTHOM JIOJATOBEYHOCTH
YIVIEIINIACTHUKA B OBPA3LHAX IBYXCPE3HOI'O BOJITOBOI'O
COEAMHEHUA

1
B.E. CTPHKNIYC
] o o« o« o
Mockosckuil a8uayuoOHHbIL UHCMUMYM (HAYUOHATbHBIU UCCIe008AMENbCKULL YHUBEPCUMENT),
2. Mockea, Poccus

OTMeLIeHO, YTO B COBPEMCHHBIX KOMIIO3UTHBIX aBUAKOHCTPYKHIUAX TMPUCYTCTBYCT 3HAUYUTEIILHOC KOJIUYCCTBO KOMIIO3UTHBLIX U
MCTAJIJIOKOMITO3UTHBIX CPE3HBIX 6OJ'ITOBI)IX COG[{I/lHeHMI‘/II, YCTAJIOCTHAA OOJIOBEYHOCTb KOTOPBIX SABJIACTCA Ba’KHBIM (l)aKTOpOM
obecriedeHunst 0e30MaCHOCTH IKCILTyaTallii TaKuX KOHCTPYKLMI. BBray 3TOro 0coboe BHUMaHUe TPU UCIIBITAHUSX U PACUETHBIX
OLICHKAX 3JIEMEHTOB TaKMX KOHCTPYKIMI yZIENSeTCsl OLEHKE YCTAIOCTHON JIOJITOBEYHOCTH CIIOUCTHIX KOMITO3UTOB B TIOJOOHBIX
coeqHeHusIX. HecMOTps Ha 3HaYMTENBHOE YUCIIO ITyOIMKAIMi M UCCIIEI0BAHHI 10 9TOH TeMe, MO>KHO OTMETHTb, YTO MHOTHE
Ba)KHBIE METOIMYECKHE ITPOOJIEMBI B 3TOM obJiacTy emte He pemeHsl. K Takum mpobieMamM MOKHO OTHECTH CIIEIYIOLIHE: BBIOOD
OCHOBHOW MO[Ibl YCTAJIOCTHOTO TOBPEKIICHHS CIOUCTHIX KOMIIO3UTOB B CPE3HBIX OOJITOBBIX COCAMHEHHSIX; HEONpPEIEICHHOCTD
0a30BOH KPWBOH yCTAIOCTH; TPAKTUIECKOE OTCYTCTBHE KAaKHUX-IMOO MOIEeH, MPEICTABILIIONINX THarpaMMBI TOCTOSHHOMN
YCTJIOCTHON JOJTOBEYHOCTH CIIOMCTBIX KOMIIO3UTOB B PAcCMAaTPUBAEMBIX COCIMHEHMSIX; HEONpPEIEICHHOCTh IIpaBUIIa
CYMMHpPOBaHHs YCTAJIOCTHBIX IMOBPEXIECHUM B CIOUCTBIX KOMIIO3UTaX B PAacCMaTpUBAacMbIX coeluHeHusX. o pesynbratam
0030pa M aHaIM3a [AHHBIX psga OTEUECTBEHHBIX W 3apyOeKHBIX IyONMKalMd, a TaKkKe II0 Pe3ylbTaTaM CIEHHATBHO
MIPOBEICHHBIX MCCIIEIOBAHHI IPEIOKEHBI PELIeHHs] OTMEUESHHBIX 1po0JieM. [IpoBeeHa BepuduKarys IpeioKeHHbIX peleHnH
Ha IpUMEPE aHalin3a paCYCTHBIX U SKCIIEPUMEHTAJIbHBIX JaHHBIX I10 yCTaHOCTHOﬁ J0JITOBCYHOCTH JIAMUHATOB M3 YTJICTUIACTHKA
HTA7/6376 [45/-45/0/90];5 B 00pasiiax IByXCPE3HOro OOITOBOIO COCIMHEHHS.

KunioueBble ci1oBa: croucTsie OIMMEPHbIE KOMIIO3UIIMOHHBIE MaTepHaibl, CPe3HbIE OONTOBBIE COSIMHEHNSI, KPUBBIE YCTAIOCTH,
ACHUMMETpPHUS LIMKJINYECKOTO HATPYXKEHMs, JUarpaMMbl MOCTOSHHOM YCTAJOCTHOM JOJTOBEYHOCTH, MPAaBUIA CYMMHUpPOBAHUS
YCTAJIOCTHBIX TTOBPEXICHUH.

BBEJIEHME

H3BecTHO, YTO B COBPEMEHHBIX KOMIIO3UTHBIX aBHAKOHCTPYKIUSAX MPUCYTCTBYET 3HAUUTEIb-
HOE€ KOJIMYECTBO KOMIIO3UTHBIX U METAJUIOKOMITO3UTHBIX CPE3HBIX OONTOBBIX COEAMHEHHH, YCTaIOCT-
Hasl JIOJITOBEYHOCTh KOTOPBIX SBISETCS BaXKHBIM (pakTOpoM oOecriedeHus 0e30MacHOCTU JKCILTyaTa-
IIMU TaKUX KOHCTPYKIUI. BBUIy 3TOro ocoboe BHMMaHHE MPH HCIBITAHUAX U PACUETHBIX OLIEHKAX
AIIEMEHTOB TAaKUX KOHCTPYKIMH yHAEseTcs] OIEHKE YCTATIOCTHOM JTONITOBEYHOCTU CIOUCHIBIX KOMNO-
3umoe B MOJOOHBIX COETUHEHUSIX.

B MHoOroumcneHHbIX MyONUKALMAX pacCMaTPUBACTCS LENbId psii (AKTOPOB, OKa3bIBAIOIINX
3HAYUTEIBHOE BJIHMSHHAE Ha YCTAJOCTHYIO JOJTOBEYHOCTh TaKMX KOMIO3uToB. K Takum Qaxropam
MO>KHO OTHECTH CIIEAYIOIIHE.

1. Tumn nmonmuMepHOTro KOMMo3uImoHHoro Mmarepuana (ITIKM).

2. TlapameTpsl yKIaJIKH CIOEB, TOJIIMHY JIAMUHATA.

3. Tun coenuHeHUs (OJHOCPE3HOE, IBYXCPE3HOE), THIT OOJTOB (C BHICTYIAIOMICH TOJIOBKOH, C

MOTaWHO TOJIOBKOI1), OCEBYIO 3aTsKKY OONTOB, panaibHYIO MOCAAKY OOJITOB.

4. AcUMMETpPHIO LIMKIMYECKOTO HArpyKEHUS.

5. YcnoBus okpyKaromiei cpenbl (Ipekae BCEro TeMIepaTypa U BIaKHOCTh).

6. KauecTBo oTBEpCTHS O KPEMEK.

HccnenoBaHuio BIUSHUS MIEPEUMCICHHBIX (DAKTOPOB HA YCTAJOCTHYIO JOJTOBEYHOCTH KOMIIO-
3UTOB B PaCCMaTPUBAEMBIX COCIMHEHHUSX MOCBSIICHB MHOTHE paboThI (B 4acTHOCTH, [ 1— 12]), ogHako
ClielyeT OTMETUTh, YTO MHOTHE Hanbosee BaKHbIE METOJAMYECKHE MPOOIeMBbl B 3TOW 00IacTu elle He
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pEIICHBI, TAKUM 00pa30M, «IETbHASH METOAMKA PAaCUYeTOB HA YCTaJIOCTh KOMIIO3UTOB B paccMaTpUBa-
€MbIX COMHEHUAX MPAKTUYECKU OTCYTCTBYET.

K HanGomnee BaXHBIM HEPEIICHHBIM METOJMYECKUM MPOOIeMaM MOKHO OTHECTH:

1) BbIOOp OCHOBHOI MOJBI YCTAJIOCTHOTO TMOBPEXIEHUS CIOMCTHIX KOMIIO3UTOB B CPE3HBIX
OOJITOBBIX COCAUHCHHSIX;

2) HEOIpeACIICHHOCTh 0a30BOH (pacueTHOM) KPUBOM YCTAIOCTH PACCMAaTPUBAEMBIX JIEMEHTOB;

3) mpaKTHYECKOe OTCYTCTBUE KAKUX-THOO MOJENeH, MPeICTaBISIFOIINX TUarpaMMbl TIOCTOSH-
HOM yctanoctHOU monroBeuyHocTH (JITY]]), «cBsi3pIBarONIMe) CpeaHue 3HAUYCHUS M aMIUTHTYIbI ITHK-
JTUYECKOT0 HANPSHKEHUS TPU MOCTOSHHOW yCTaIOCTHOM JTONITOBEYHOCTH KOMIIO3UTOB B paccMaTpUBa-
€MbIX COCIUHEHUSX;

4) HeompeaeIeHHOCTh MPaBWJIa CYMMHUPOBAHHS YCTAIOCTHBIX TTOBPEXICHUN B CIIOMCTHIX KOM-
MO3UTaX B PACCMATPUBAEMBIX COCTUHEHUSIX.

B HacTosmieii ctatbe 1o pesyspTaTaM 0030pa U aHalu3a JaHHBIX padoT [1-12], a Takxke mo pe-
3yJbTaTaM CHEIHAIbHO MPOBEACHHBIX NCCIEI0BAHUM MPEAI0KEHBI PEIICHNS OTMEUEHHBIX MPoOIIeM.

OCHOBHBIE OJIOKEHUSA METOJJUKHU PACUETHBIX OLIEHOK YCTAJIOCTHOM
JOJI'OBEYHOCTH CJIOUCTBIX KOMIIO3UTOB B CPE3HBIX BOJITOBbBIX
COEIUMHEHUAX

Moasbl MOBPEKACHUA CAOUCTBIX KOMIIO3UTOB B CPE3HBIX 00JTOBBIX COCIMHECHUAX

Ha puc. 1 nmpencraBieHsl BUAbI (MOJIbl) cmamuiecko2o0 paspyuieHusi CIOUCTBIX KOMIIO3UTOB
B CPE3HBIX OOJITOBBIX COETUHEHUSAX.

UYro kacaercs MOJ ycmanoCmublix nogpedcoeHull, To 0 pe3ynbTaTaM aHaau3a JaHHbIX, pe-
cTaBIeHHBIX B CPaBOYHKKE MO KOMITO3HIIHOHHEIM MaTepHaiaM', MOKHO CAENaTh CIeIyIONHe BbI-
BOJIBI.

1. JIs CIOMCTBIX KOMITIO3UTOB B CPE3HBIX OOJITOBBIX COEIMHEHUAX OCHOBHOM, Hanbosee yacTo
BCTPEYAEMOM MOJIOM yCTaJOCTHOIO MOBPEKICHUS SABISICTCS 06ANU3AYUSL KPENEHCHO20 OM-
éepcmusi IO KOHTAKTHOM MOBEPXHOCTH JaMuHaTa. VIMEHHO M3-3a OBaIW3alMy IPOUCXOAUT
BBIKpAIlIMBAaHNE 3al0OJHUTENS WIM F'€PMETHKA B KPEIEKHBIX TOUKAX, YTO MOXKET MPUBECTHU K
HapyIIEHUIO TePMETUYHOCTU COEAMHEHHs, YTO OCOOEHHO Ba)KHO ISl aBUALIMOHHBIX KOH-
CTPYKLUH.

2. OcHOBHBIM NOBPENHCOAIOUWUM BUOOM HANPANCEHULL, BBI3BIBAIOLINM OBATU3ALMIO KPEIEKHBIX
OTBEPCTHUH MPU OJTHOOCHOM Harpy>kKeHuUHU JJaMuHaTOB U3 cioucThix IIKM B cpe3nbix OoinTo-
BBIX COCIUHECHMSIX, SIBIISIOTCS HANPAICEHUSA CMAMUA B ONIOPHBIX TIOBEPXHOCTAX KPENEKHBIX
OTBEPCTHH.

3. B kauecTBe HOPMHUPOBAHHOI'O YPOBHS OBaJIM3alMM KPEIEKHOTO OTBEPCTUS B YKa3aHHOM
CripaBoYHUKE PEKOMEHIYETCsSl IPUHUMATh YPOBEHb, COOTBETCTBYIOIIMN OBayn3anuu 2 %.
Opnaxo cineayer OTMETUTh, YTO BO MHOTHX CIIy4asiX aBTOpPbI UCCIIEOBAHUN yCTaHABIINBAIOT
3HAUEHUS KPUTHUECKOTO YPOBHS OBAJIM3aLUU 110 CBOEMY YCMOTPEHHIO.

Onpenesienue 6a30B0i (pacueTHOM) KPUBOIl YCTATOCTH CJIOMCTHIX KOMIIO3UTOB B CPE3HBIX
00JITOBBIX COeIMHEHUSAX

ITo pe3ynbraTam 0030pa U aHAIU3a UMEIOIIKUXCS B HACTOSIEE BPEMsI JAHHBIX 10 YCTAJIOCTHOM
JIOJITOBEYHOCTH CJIOMCTBIX KOMIIO3UTOB B CPE3HBIX OOJTOBBIX COEIMHEHHMAX MOYKHO 3aKIIOUUTh, YTO

' Composite Materials, Military Handbook 17, Materials Usage Design and Analysis. Department of Defense, Philadelph-
ia, PA, 2002. Vol. 3. 693 p.
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HanOoJIee 4acTo AT IpCACTaBJICHUSA SaKOHOMepHOCTGfI YCTAJIOCTHOT'O PAa3pyHICHUA TaKUX 3JICMCHTOB

HCIIOJNIB3YETCs CleAyIollee ypaBHEHHE:

o=a+b-IgN,

rae N — ycranocTHas JOJTOBEYHOCTh CIIOMCTOrO KOMIIO3UTA B CPE3HOM OOJITOBOM COCTHHEHHH;
0 — HEKOE HAIPSHKCHUE B CIIONCTOM KOMIIO3UTE;
a u b — mapameTpsl ypaBHEHUSI.
[Ipumep kpuBbIx ycranoctu (1) npeacrasieH Ha puc. 2-3.
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MuKoBbIe 3HAYEHNA HANpAXeHWI cmATua, MMa
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¥
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Puc. 1. MopI CTaTHYECKOTO pa3pyIIeHHUs OOITOBBIX COCTMHEHUIA:

a — paspymeHue OT pacTsHKEHUA B CEUCHUU «HETTO), b — oBanuzanus OTBEPCTUA OT CMATHUA

KOHTAKTHO# IIOBEPXHOCTH, ¢ — Pa3pyLICHUE OT CIBHUIA
Fig. 1. Modes of bolted joints static fracture: a — tension fracture in the net section,
b — ovalisation of a hole from crumpling, ¢ — shear fracture
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—

+

+ DKCNepuMeHTanbHele OanHble, R=0,1

B 3KCnepuMeHTanbHEIE OaHHble, R=-1

& CTaTnyeckan NPoYHOCTE

Puc. 2. Kpusble ycranocTu lamuHara u3 yriemiactuka AS/3501-6
B 00pa3Iax IByXCPe3HOro OOITOBOrO COCAMHEHUS (110 JAHHBIM PaboTHI [2])
Fig. 2. S-N curves of AS/3501-6 CFRP laminate fatigue
in the specimens of a double-shear bolted joint (data from [2] were used)
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AbconoTHele 3HAYEHHA NHKA HANPAXEHWA pacTAXe HUA-cxaTHA, MMa
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A SKcnepumeHTaneHele gaHHele, R=-0.2

# SKcnepuMeHTansHeIe  gaHHele, R=-1
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10 100 1000 10000 100000 1000000 10000000

N, unKns

Puc. 3. Kpussie ycranmoctu namuHaTa u3 yriemiactuka HTA7/6376 B o0pasnax JByXCpe3HOTO
00nTOBOTO coemMHEHUS (IO NaHHBIM PaboThI [3])
Fig. 3. S-N curves of HTA7/6376 CFRP laminate fatigue in the specimens of a double-shear
bolted joint (data from [3] were used)

Kommenrtapuu k puc. 2-3.
1. Ha puc.2 mnpencraBieHbl KpHBBIE YCTaJIOCTH JlaMHHaTa W3 yriemnactuka AS/3501-6

[05/£45,/90]s B oOpa3max AByXCpe3HOTO O0JITOBOTO coeauHeHus1. KpuBbie ycTanocTu moiy-
YEHBl C MCIOJIb30BAaHUEM LIMKINYECKOTO HArpy>keHus ¢ acummerpued R=-1u R=0,1 u
—LgN», tne o

NpPEACTaBJICHBI B KOOpAHWHATaX «O — IIHKOBOC 3HAYCHHC

peak br peak br

HaIIPSOKEHUN CMATHUS B ONIOPHOM ITOBEPXHOCTU HArPy>KEHHOT'O KPEMEKHOI0 OTBEpCTHs, N —
yCTaJOCTHAs JOJITOBEYHOCTh 00PA3IOB O BOZHUKHOBEHHUS OBAIM3ALIMH KPEMEKHOTO OTBEP-
ctus 5,3 % [2].

. Ha puc. 3 MPEACTABJICHBI KPUBLIC YCTAJIOCTU KBA3BUHU30TPOITHOTO JIaMUHATA U3 YIJICIUIACTUKA

HTA7/6376 [45/-45/0/90]3s B oOpa3max IBYXCpPE3HOro OOJNTOBOrO coemauHeHus (puc. 4).
KpuBbIe yCTaT0CTH MOTYyYEHBI C HCIOIb30BAHMEM ITUKJINYECKOTO HATPY)KEHHS C Pa3TUUHON

— N »,

— a0COII0THOE 3HAYCHUE IHKA HaHpH)KeHI/Iﬁ PaCTAKCHUA-CKAaTUA B HOMUHAJIb-

acummerpueid (R =—1, R =—-0,2 u R = —5) u npecTaBJIeHbl B KOOpAUHATAX « O peak

roe O peak

HOM CEYEHUH «OpYyTTO» MPHU OJHOOCHOM HAarpyXeHHUH, N — yCTaoCTHas JOJTOBEYHOCTh 00-
pasuoB (B LUKJIAX) 0 BOBHUKHOBEHUS NoBpexaeHus [3]. Kpurtepuit noBpexaeHus — yBenu-
YeHHE aMIUIUTY/Ibl CMEILEHUs 3aXBaTa OT MHKa K MUKy Ha 0,8 MM OT MCXOJHOrO 3HAYEHUS B
HayaJsie UCTIbITAHNH.
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Puc. 4. Cxema 00pa3IioB ABYXCPE3HOTO OOJITOBOTO COCTUHECHUS
u3 yrinemtactuka HTA7/6376 [45/-45/0/90]55 (o maHHBIM paboTs [3])
Fig. 4. Scheme of the double-shear bolted joint specimens
of HTA7/6376 [45/-45/0/90]3s CFRP laminate (data from [3] were used)

B kauecTBe ypaBHEHUS 0a3060ii (pacuemmoti) KPUBOW yCTaJIOCTH PAaCCMAaTPUBAEMBIX 3JIEMEH-
TOB Han0oJIee 4acTo UCToNb3yeTcs ypaBHeHue (1) B Buze

o>l =a+b-IgN, (1, a)

rac N— yCTajloCTHAas JOJITOBEYHOCTH CJIOMCTOI'0 KOMIIO3UTA B CPE3HOM 6OHTOBOM COCANHCHHUH,
R=-1
abr

(o} AMIUINTya CAMMCTPHUYHOI'O IIUKJIA HaprDKeHI/Iﬁ CMATHA,

a v b — napaMeTpbl ypaBHEHHUSL.

CrenyeTr OTMETUTb, YTO MPAKTHYECKH BO BCEX PACUCTHBIX CIIy4asiX HANPSDKCHHS CMSTHS C T10-
MOILBIO CIIEHUATBHOTO IPOYHOCTHOTO aHAIN3a MOYKHO CBS3aTh C HANPSDKCHUSMH PACTSIKCHHSI-CKATHS
B HOMHHAJILHOM CEYCHUH PACCMaTPUBACMbIX 00Pa3I0B HIIH JJIEMEHTOB COSIMHCHUI.

B uactHOCTH, B 00pa3iax IBYXCPE3HOrO OONTOBOIO COCIMHEHHUS U3 KBa3WU30TPOITHOTO JIAMH-
Hata yrieractuka HTA7/6376 [45/-45/0/90]3s (puc. 4) HOMUHAIIbHBIE HAIPSDKEHUS PACTSIKCHHUS-

CKATHA O, MOTYT OBITH CBS3aHBI C A0COJIOTHBIMU 3HAYCHUSMHU HANpPSOKEHUN CMATHA B ONOPHOM

HOBerHOCTI/I HaI/I6OHee Harpy)KeHHOFO erl'le)KHOFO OTBepCTI/ISI COCANHCHUA HpOCTI)IM COOTHOILIICHUECM
Opeak br = k % Opeak> ()

rae o — a0coII0THOE 3HaUEHUE MHUKA HAMPSDKEHUN CMSTHS B OMIOPHON MOBEPXHOCTH Hambosee

peak br
HArpy>K€HHOI'O KpPCIICKHOI'O OTBEPCTUA COCANHCHU A,

k = 1,4 — xoadunmenT nepexoga OT HOMHHAIBHBIX HANPSIKCHUN PaCTSHKEHUS-COKATHSA K HApS-
JKCHUAM CMSTUS, ITOJTYYCH IO PE3yJibTaTaM aHalin3a CXEMbI U HAIPYKCHHOCTHU paCCMATPpUBACMOI'O 00-
pasua, npeaACTaBJICHHOI'O Ha pUC. 4, C UCIIOJIB30BAHUCM CJICAYIOIICTO COOTHOICHUA:
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R1
j = Jpeakbr _ (F)XOpeakXtX8 _ 0,35x24x6,24 _
Opeak tXdX0opeak 6,24X6

1,4,

rne R; / P = 0,35 — nonst Harpy3ku Ha 1-ii psan kpemnexa; ¢ = 24 MM — mar kpenexa; 6 = 6,24 Mm —
TONIIMHA 00pasua; d = 6 MM — quameTtp Oonra.

VYpaBHenue kpuBod yctamoctu tuma (1, a) s paccMaTpuBaeMbIX OOpasllOB MOKET OBITh
IPEJCTAaBICHO B CIEAYIOIIEM BUJIE:

o= = 821,62 — 103,20 - IgN.

YucaoBble 3HAUYCHUS napaMeTpOB YPABHCHUA ONPCACIICHBI KaK 3HAYCHUS MTapaMETPOB YpaBHC-
HUSA JIUHUK TPCHAA IMIPH alllipOKCUMANU SKCIICPUMCHTAJIbHBIX JTaHHBIX.

®opmupoBanue MY/l 115 ¢JI0UCTBIX KOMIIO3UTOB B CPe3HBIX 00JITOBBIX COeTHHEHUSIX

[To pesynpTaTam o0630pa maHHbIX padoT [1-10], B KOTOPBIX MpeCTaBICHbBI PE3yIbTaThl UCCIE-
JIOBAHW BIIUSHUS CAMBIX Pa3IMYHBIX (DAKTOPOB HA YCTAIIOCTHYIO JTOJITOBEYHOCTh CIOUCTHIX KOMITO3H-
TOB B CPE3HBIX OOJITOBBIX COCIMHEHUSX, MOXKHO YTBEpXKIaTh, 4To 1Mo TeMatuke JIIY]] B momoOHBIX
UCCIICIOBAHUSIX Hem HUKAKUX C8eOeHULl U NPEONONCEHULL.

[TpuxoauTcss KOHCTaTUPOBATh, YTO HEOOXOJAMM HOBBIM MOMCK MOJAOOHBIX Mojenei. Takou mo-
WCK TMpeJjiaraeTcs BHIMOIHATE MO IBYM HAIllPaBICHUSIM.

1. Ha ocnoBe ¢popmupoBaHusi Moau(HUKAIMN HU3BECTHBIX W JOCTATOYHO IIMPOKO arpoOupo-
BaHHBIX Moneneut IV mis ramunamos 6e3 KoHyenmpamopos HaAnpsAdCceHuti u 1aMUHa-
mog co c80000HbIMU omeepcmuamu. [IpuHUMaeTcs OOMyIIeHHE, YTO MOJOOHBIE MOJETH
MOTYT OBITh BHIOpaHBI B KAueCTBE MOJEICH-MIPOTOTUIIOB st (hOPMHUPOBAHUS MOJETEH
JITY]] st CHOUCTBIX KOMITO3UTOB B CPE3HBIX OOJITOBBIX COCAMHEHUSX.

2. Ha ocnoBe noucka HOBbIX Monenedd JITV/] mo pesynasraramMm oOpaOOTKH M3BECTHBIX KCIIe-
PUMEHTAJIBHBIX TAHHBIX.

[To pesynpTaTam 0030pa U aHanM3a JaHHBIX padot [11-15] B kauecTBe MOAENEH-TIPOTOTUIIOB
st popmupoBanus JAITY 1 s croucmoix komno3umos 6 cpe3nvix O0amoewuix coeouneHusx BhIOpaHbI
caenyromue uzsectuoie moaenu JITY 1.

1. Acummerpuunas nuarpamma 'ynmana [11-12].

2. Henuneiinas acummetpudHas nuarpamma [epoepa [11].

3. Konoxkonoob6pa3zunas quarpamma Xappuca [13—15].

AcummerpuyHas auarpamma I'ynmana. AcummerpuuHas auarpamma ['yamaHa yyuThIBaeT
paznuuue npoyHocTy cioucThix [TIKM npu pactsokeHnn u c:xatuu U, Mo JaHHbM padot [11-12], mo-
JKeT ObITh BBIpa)KEHA B clieyrolel popMme:

R=-1 .
6,6, _|6,/0y,0<0, <oyy; 3)
R=—1
G, G,/ Sycs> Oycs <0, <0,
rie O, — aMIUIATYy/ja HUKIMYECKUX HAPSHKEHUH PaCTAKEHHUA-CKATHS;
R=-1 .
o, — aMIUINTy/a CHMMETPUYHOTO IIHMKJIa HArpy>KeHHUs, COOTBETCTBYIOIIAS ONpedeseHHOU

(¢uxcuposanuoii) ycTanocTHOU AOATOBEYHOCTH ciouctoro [TIKM;

Gm — CPEAHECC HAIIPSXKCHUEC LIUKJIA HATPYIKCHUS,
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Oyrs — Ipeaen npoynocTu paccMarpusaemoro IIKM npu pactsbkenuu,
Oycs — npenen npounocTu paccmarpusaemoro [IKM nipu cxatum.

B xadectBe 0CHOBHOTO MeTOAa (POPMHUPOBAHUS MOAM(PHUKAINN MOAETCH-IPOTOTHIIOB C IIEIBIO
UCTIOJIb30BaHUs 3TUX Moaupukanuit B kayectBe JAITY [ 1 cIOMCTBIX KOMIIO3UTOB B CPE3HBIX O0JITO-
BbIX COEJIMHEHUSX IpeaIaraeTcsi UClojiab30BaTh METOJ 3aMEHbl HANpPSIKEHUM pacTsHKEHUSA-COKATHS B
MaTEMaTHYECKUX BBIPAXKEHUSAX MOCIEH-TIPOTOTUIIOB HANPANICEHUAMU CMAMUS 8 ONOPHOU NOBEPXHO-
CMu KpenedjiCHulX 0OmeepCmuil 8 CLOUCbIX KOMROZUMAX.

Taxum oOpa3om, AJ1s TaMHUHATOB U3 CIOUCTBIX KOMIIO3UTOB B CPE3HBIX OOITOBBIX COETMHEHUSAX
MO>KHO MPEJIOKUTD CIIETYIONTYI0 MOAU(PHUKALIUIO BbIpaxeHUs (3):

R=-1
Subr Ouabr
—%—=— =1 Cmpr | /Oups» )

abr

rone o — aMIlIUTyga HaprDKeHI/Iﬁ CMATHA 6 onopnoﬁ noeepxXHocCmu pacecmampueaemozo 31emernma

a br
coeOuHeHus U UKIIA HArpYyKeHUs ¢ kodhpuireHTom acumMmMeTpuu R;

O ,, b — CPEIHEE HANPSKEHUE CMATHUS JUIS UKJIA HATPYKEHHs ¢ KOI(P(UIMEHTOM aCHMMETPUH R;

R=-1 o
o — aMIIUTyJa CUMMCTPHUYHOI'O HNUKJIA HAIIPSIPKCHUN CMATUSI, COOTBCTCTBYIOIAA onpeéeﬂeH-

a br
HoUl (Qhuxcupoeantoil) yCTAIOCTHON JONTOBEYHOCTH CIIOMCTOTO KOMIIO3HTA;
Oyps — CONPOTUBJICHHE CMATHIO (HANPSIKEHHE CMATHA NPH HOPMHPOBAHHONW OTHOCHTENLHOM

OBAJIM3AlMM OTBEPCTHUS B PACCMATPUBAEMOM 3JIEMEHTE COCTUHEHUS).
Henuneitnas acummMerpuuHas auarpamma I'epOepa. Henunelinas acummeTrpuuyHas aua-
rpamMma ['epbepa, 1o maHHBIM padoTsI [11], MOKeT OBITH BhIpaXkeHa B cleayromnieit popme:

= 2 .
_Ga—cjf 1 _|(o, /0ys) .00, S0y )
R=-1

- 2
Ga (Gm /GUCS) H cSUCS < Gm < O

Jlis paccMaTpuBaeMbIX JIAMHHATOB MOXKHO TPEIIOXKHTH CIEAYIONYI0O MOIU(BHUKAIMIO BBIpa-
enus (5):

R=—1
csabr _Gabr 2
—————=—=(0,,, /Oygs)"- (6)

abr

KoJioko1000pa3nasa auarpamma Xappuca. B pabore [13] Xappucom u coaBropamu Oblia
IPEeUI0’KEHa TaK HazbIBaeMas KOJIOKOJIOOOpa3Has JuarpamMma IOCTOSSHHOM yCTaJOCTHOM JOJIrOBEYHO-
ctu cioucteix [IKM. B paborax [14—15] mis ucnonb30BaHus 3TOM AMarpaMMBbl B IPAKTUYECKUX pac-
YyeTax Ha yCTaJOCTh MPeUI0KeHa MOIU(BUKALMS AUarpaMMbl, KOTOPYIO MOXKHO IPEACTaBUTh CIEIYIO-
M 00pazom:

u v
R=1 _ O4i Ours '|GUCS|

a - .
(GUTS T )“ ’ (|GUCS | + S i)v

(¢

(7
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B xauecTBe cpedrnux sHauenuti mapamMeTpoB u M V IS AUANa30Ha «pabodux» JTONITOBEYHOCTEH
N=10°+10° B pabortax [14-15] pexoMeHIOBAaHO HCIIOJIB30BATh CJEAyIOIIHe 3HaueHus: u =2,18;
v=240.

Jlns paccMaTpuBaeMbIX JTAMHHATOB MOXKHO TMPEMJIOKUTH CIEIYIONIYI0 MOAU(DHUKAINIO BbIpa-
sxenus (7):

4
_ (¢} O
R=—1 _ abr UBS (8)

abr 2 2 2
(SuBs —Ompr)

(¢

Bepudurkanus npennoxennbix moaupukanuii {I1Y /1

Bepudukanus npemyoxennasix moaudukanuii JAITY [l mpoBeaeHa Ha mpumepe 00pabOTKH KC-
NEPUMEHTAIbHBIX JaHHBIX W moctpoeHus MAIIY] mans namuaartoB u3 yrieruactuka HTA7/6376
[45/-45/0/90]3s B 0Opa3max IBYXCpPE3HBIX OOJTOBBIX COCIWHEHUN. VCroIb30BaHbI SKCIIEPHUMEHTATb-
HBIC JaHHBIE pa0oTHI [3].

Ha puc. 5-7 nynst paccMaTpuBaeMbIX 00pa3IloB MPECTaBICHBI TPUMEPHI TpaUueCKUX 3aBUCH-
MocTtel mpeanaraembix mMogudukanuid JITY ]l ans monroBeuHoctedd N = 104, 10° u 10° mukioB u
CpPaBHEHHUE ITUX 3aBUCUMOCTEN C SKCIIEPUMEHTAIbHBIMUA JaHHbIMU. JIITY /] mocTpoeHsl 1is Hanmpsixe-
HUW CMATHSL, MIOTYUYEHHBIX C UCIOIb30BAHUEM COOTHOILIECHUS (2).

B kauecTBe omnpeneneHHON aabTEPHATUBBI MIPEAJIOKEHHBIM MOAUDHUKAIIAM Ha pHUC. 5—7 Mpe-
CTaBJICHBI TaKXe PE3yJbTaThl allllPOKCHMAIIMU SKCIIEPUMEHTAILHBIX JAHHBIX C UCIOJIB30BAHUEM I1O-
JIMHOMOB 2-1 CTEIIEHU BUIA

— 2
Ogpri = Qi + bi X Opm bri + c; X Om bri» (9)

rne a;, b;, ¢; — mapaMeTpbl COOTHOILICHHS, 3HAYCHUSI KOTOPBIX 3aBUCST OT 1IeJI0ro psiaa (GpakTopoB (TUIl
obpasma, tun [IKM, paccmarpuBaemasi yctamocTHasi AOJATOBEYHOCTh W T. 1.). [Ipeamonaraercsi, 4ro
9TH 3HaUYEHUS OYIyT ONPEAENATHCS MO PE3yJIbTaTaM anmpOKCUMAIIMHN SKCIIEPUMEHTAIBHBIX JaHHbIX.

CootHomienust (9) s paccMaTpuBaeMbIX OOpas3llOB M JIOJITOBEYHOCTEHM MPEJCTaBICHBI B
Tabu. 1, rpaduyecKu 3TU COOTHOILIEHUS MPECTABICHBI HA PUC. 8.

Tabanna 1
Table 1
Cootnomenus (9) ansa namunara u3 yriaemnactuka HTA7/6376
B 00pa3iax JByXCpe3HOTO OOJITOBOTO COCTUHEHUS
Ratios (9) for HTA7/6376 CFRP laminate in the double-shear bolted joint specimens

N, yuxawl CooTHomenue (9)
10 000 Ogqpri = 399,88 — 0,2568 X gy, pri — 0,0024 X aﬁl bri
100 000 Ogqpri = 329,35 —0,2025 X 0y, pri — 0,0015 X aﬁl bri
1 000 000 Ogqpri = 337,21 — 0,3559 X gy, pri — 0,0025 X aﬁl bri
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_.f
O, pp MIa 1 —&—Pacuet, gnarpamma M'yamana (4)
! | —m—Pacyer, anarpamma lepbepa (6)
—8—Pacyet, guarpamma Xappuca (8)
+  SHcnepumMeHT
— —IuHna R=-5
=+ = Jluhua R=-0.2

----- Annpokcumauyna nonuHomom (9)

-500 -400 -300 -200 -100 0 100 200 300 400 500

Ompr, MIMa

Puc. 5. [Ipumeps! rpaduyeckux 3aBucumocteii moaudukaruit AITY 1 s mamMmuHata
u3 yroierutactuka HTA7/6376 B oOpasiiax AByXCpe3HOro OOJITOBOIO COCTUHCHUS;
ycranocTHas fojrosedHocts N = 10000 nukios
Fig. 5. Examples of the graphical dependencies of DCFL modifications
for HTA7/6376 CFRP laminate in the double-shear bolted joint specimens;
fatigue life N = 10000 cycles

[To pe3ynpraTam aHanu3a JAaHHBIX, PEACTABIECHHBIX HA pUC. 5—7, 015 paccmampusaemvix 06-
PA3yo8 U ACUMMEMPUL YUKTUYECKO20 HASPYHCEeHUs MOKHO ClIeaTh CIEAYIOLIUE BbIBOIBI.

1. Hcnonb3oBanue B kauectBe JITY]] mist CIOMCTBIX KOMIO3UTOB B CPE3HBIX OONTOBBIX CO-
eauHeHusIX MonuduIpoBanHbIX auarpamm ['ynmana (4), I'epoepa (6) u Xappuca (8) moka-
3bIBAET HEYJOBIETBOPUTEIBHOE COBIIAJICHUE PACUCTHBIX U KCIIEPUMEHTAIILHBIX JAHHBIX.

2. Jlns paccMmarpuBaeMbIX OOpas3OB M aCUMMETPUN LIUKIMYECKOTO HAarpy>KEeHUsl BO BCEM JiHa-
Ma30HE HAMpPSKEHUH M JIOJITOBEYHOCTEW HAWJIydlllee COBIAJCHUE PACYETHBIX U HKCIIEPH-
MEHTAJIbHBIX JIaHHBIX MOXET OBITh JOCTUTHYTO C MCTOJb30BaHueM B kadyecTBe JITV]I mo-
JIMHOMOB 2-# cternenH (9).

3. B obmewm Buae cootHomenue (9) B kauectBe cootHommenuss AITY]] nias cioucTeix Kommo-
3UTOB B CPE3HBIX OOJITOBBIX COCTUHEHUSAX MOXKET OBITH IPEOOPA30BAHO K BUY

R=-1 _ 2
Oabr = Oagpr +b X Oppr+CX0oppr (10)
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u3 yroierutactuka HTA7/6376 B obpasiiax AByXCpe3HOro OOJITOBOIO COCTUHCHUS;
yctanocTHast goiarosedHocts N = 100000 nukioB
Fig. 6. Examples of the graphical dependencies of DCFL modifications for HTA7/6376 CFRP laminate
in the double-shear bolted joint specimens; fatigue life N = 100000 cycles

HexoTopbie 0cO0eHHOCTH MPaBWJIA CYMMHPOBAHHSA YCTAJOCTHBIX NMOBPeEXKICHHI
AJISl CJIOUCTBIX KOMIIO3UTOB B CPe3HBIX 00JITOBBIX COCANHEHUSIX
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Fig. 7. Examples of the graphical dependencies of DCFL modifications for HTA7/6376 CFRP laminate
in the double-shear bolted joint specimens; fatigue life N = 1000000 cycles
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W3BecTHO, YTO IpPaBUIO CyMMHUPOBAHMS YCTaJOCTHBIX ITOBPEXKICHUM SIBIIACTCS BAXKHOU CO-
CTaBJIIOIIEH METOAMK pacyeTa yCTAJIOCTHOM JOJITOBEYHOCTH KAaK METaJUIMYECKUX, TAK U KOMITO3UT-
HBIX 3JIEMEHTOB KOHCTPYKIIHH.

K coxanenuro, B HacTosiee Bpems, [0 KpailHEel Mepe B OTKPBITHIX MyOIUKALUAX, npaKmuye-
CKU OMCYMCMEYIOm Kakue-iubo ceedeHust u npeoyodceHus o YaCTH KaKUX-THOO0 CIeUaIbHBIX Mpa-
BHWJI WIM TUIIOTE3 CYMMHUPOBAHMS YCTAJOCTHBIX IMOBPEXKICHUMN JJIsl CIOUCTBIX KOMIIO3UTOB B CPE3HBIX
00NITOBBIX coeMHEeHMsX. VICKiTIoueHe coCTaBIseT TONbKOo padoTa [3], rae npencTaBiieHbl HEKOTOPBIE
JTAHHBIE O pe3yJbTaTax NPUMEHEHUS TMIIOTE3bl JMHEHHOTO CYMMHUPOBAHUS YCTAJIOCTHBIX MOBPEXKIC-
Huil (mpaBuwio Ilanemrpena — MaifHepa) pu pacdyeTHBIX OLIEHKAaX YCTaJOCTHOW JOJTOBEYHOCTH pac-
CMOTpPEHHBIX JamMuHaTOB u3 yrieractuka HTA7/6376 [45/-45/0/90]3s ipu CIOKHOM MPOTPaMMHOM
Harpy»eHuu 00pasLioB JIByXCPE3HBIX OOJITOBBIX COCTUHEHUH.

[lo pe3ynbpTaTtam aHanmM3a JaHHBIX, PEICTABICHHBIX B padoTe [3], MOYKHO OTMETHTD CIICAYIOIIEE.

1. Hcnonb3oBaHue B Ka4yeCTBE MpaBUIIa CYMMHUPOBAHNUS TUIIOTE3bl JIMHEWHOTO CYMMHUPOBAHHUS

YCTaJIOCTHBIX TTOBpexIeHui (pasuio [lanemrpena — Maiinepa)

=10
N;

MO’KET MPUBECTU K HEKOHCEPBATUBHBIM OLIEHKaM Pacu€THOM yCTaJOCTHOM JOJrOBEYHOCTU
paccMaTpuBaeMbIX 00pa3noB. Tak, MpU CIOXXHOM NPOTrPaMMHOM HAarpy>K€HHM peayibHas
(ompeneneHHast 1o 3KCIEPUMEHTAIbHBIM JIaHHBIM) CyMMa IIPU pa3pyLleHUH 00pa31ioB

ni .

i A =0,15+0,30.

2. Jlng momyyeHMs pacyeTHBIX OLIEHOK MPHUEMJIEMOM TOYHOCTH OYEBHJHA HEOOXOJUMOCTh

AKCIEPUMEHTAIbHON OIIEHKH CYMMBbI HaKOIUIEHHOT'O MOBPEXIEHUS JUIsl KaKJ0ro Thma 00-
pasiia Wix 3JIeMeHTa IPU Harpy>KeHUH KOHKPETHBIM CIIEKTPOM U YPOBHEM Harpy KeHHUI.
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Puc. 8. [Ipumeps! rpadudaeckux 3aBucumocteii (9) mnst namuHaTa U3 yriemactuka HTA7/6376
B 00pa3max IBYXCPE3HOTO OOITOBOTO COCIMHEHUS
Fig. 8. Examples of the graphical dependencies (9) for HTA7/6376 CFPR
laminate in the double-shear bolted joint specimens
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IIponenypa pacueTHbIX OLIEHOK YCTAJT0CTHOM 0JITOBEYHOCTH CJIOMCTHIX KOMIIO3UTOB B CPe3HbIX

00JTOBBIX COCITUHEHUAX

IIponenypy pacdeTHbIX OLICHOK yCTaJOCTHOM JOJITOBEYHOCTH CIIOMCTBIX KOMIIO3UTOB B CPE3-
HBIX OOJITOBBIX COEAMHEHMSIX MOXKHO MPEACTaBUTh CIIELYIOIUM 00pa3oM.

1.

ITo pesynpratam 00pabOTKM AKCIIEPUMEHTANBHBIX JAaHHBIX IJIi PAacCMaTPUBAEMOIO CJIOU-
CTOTO KOMITO3HMTA B PACCMAaTPUBAEMOM COEIMHEHUH OTIPEIEIISIOTCS:
e ypaBHeHue 0a30BoH KpuBoii yctanoctu (1, a);
e cootHoumenus (9) u (10) mns moctpoenuss HAIIY][ ans 6a30BBIX JONTOBEYHOCTEH
N= 104, 10° u 10° uukos.

PaccmarpuBaeTcs IUKJIMYECKOE HArpyk€HHE COEIMHEHHs, Mocje 0O0paboTKM METOIOM
«JIOXJIEBOTO TIOTOKA» WM METOIOM ITOJHBIX IIMKJIOBY HArpy>KEHHE MPEICTABIISETCS B BU-
JIe TIOCJIEA0BATEIbHOCTH MOJHBIX LUKJIOB C MAPAMETPAMHU Oy pyri U Oy prei -
C ucnonp3oBaHueM rpapuyeckux 3aBucumocteil (9) mpoBoautcs rpy0as OlleHKa JI0JIro-
BEUHOCTH CJIOMCTOrO KOMIIO3MTA IMPH IMKJIWYECKOM HArpy>KeHHHM C TapaMeTpaMH O pri
U Oy pri» BBIOMPAETCsl 3aBUCUMOCTD (9), COOTBETCTBYIOIIAs OIICHKE IOJTOBEYHOCTH. Bce
NOJTYYEHHBIC MOJHBIE LUKIIBI ¢ UCMOIb30BaHUEM cooTHOMEeHHH (10) mepecunThIBaloTCS B
SKBUBAJIEHTHbIE CUMMETPUYHbIE IUKIIbI ¢ AMILTUTY0H 055t
C ucnons30BaHMEM ypaBHEHUs 0a30BOi KpuBoW yctanocTu (1, a) ompenensrorcs J0Iro-
BeyHocTH N; M cymMMma ), %

l

[To pesynpraraM aHanm3a SKCHEPUMEHTAJBHBIX TAHHBIX WIH IO PEe3yiIbTaraM MPHHSATHIX
JONYIICHUH penIaeTcsi BONPOC O IMpaBWI€ CYMMHPOBAHHMS YCTAJIOCTHBIX ITOBPEKIACHUM
n
> FL = A 114 paccMaTprUBaeMoOro CIOMCTOr0 KOMIIO3UTA M paCCMaTPHBAEMOro THMA IUKIIH-
i
gyeckoro HarpyxeHus. [Ipn oTCyTCTBHM 3KCIEpUMEHTAIBHBIX JAHHBIX B 3aMac MPOYHOCTH
PEKOMEHIyeTCsl IPUHUMATh KOHCepBaTuBHOE 3HaueHne A = 0,15.

OnpenenﬂeTcx YCTAJIOCTHAA AOJIOBECYHOCTH pacCMarpuBacMOro CJIOHUCTOIO KOMIIO3UTa C
HCIIOJIBb30BAHUEM COOTHOIICHUA

N =A/X(/Ny).

OBCYXIEHMUE PE3YJIbTATOB

Ha ocnoBe ananusa u 060011eHus JaHHBIX padot [1-15], a Takke 1o pe3ynbraraM CHelraibHO
MIPOBEJICHHBIX MCCIICIOBAaHUH MPEIOKEHBI PEIICHHUS KITFOYCBBIX METOINICCKUX TPOOIIEM TS BBITION-
HEHUS PaCYETHBIX OI[CHOK CIIOMCTHIX KOMIIO3UTOB B CPE3HBIX OOITOBBIX COCIMHEHUSX.

1.

B kauecTtBe OCHOBHOW MOABI YCTaJIOCTHOTO MOBPEXJIEHUS CIOUCTBIX KOMIIO3UTOB B CpE3-
HbIX OOJITOBBIX COCIUHEHUSIX NPHUHATA 08ANU3AYUS KPENEHCHO20 OMEepCmus TI0 KOHTAKT-
HOM MOBEPXHOCTH JIAMMHATA.

B kauectBe ypaBHeHHs 0a30BOil (pacueTHOM) KPHBOM yCTaJlOCTH PacCMaTpPHUBAEMBbIX 3ie-
MEHTOB NPHUHATO ypaBHeHHE THMa (1, a) — ypaBHEHHE KPUBOM YCTAJIIOCTH B MOIyJIOTapud-
MHUYECKHX KOOpJIMHATaX.

Ha ocHoBe pe3ynbraToB crieliMajlbHO IPOBEACHHBIX UCCIIEIOBAHUMN JUUIsl JUarpaMMbl OCTO-
SHHOU ycTanocTHOU aosnroBedHocTd (JITY]]) croucThIXx KOMIIO3UTOB B paccMaTpUBaEMBbIX
coelMHEeHUAX npeiokeHbl cootHoweHus (9) u (10). Ha npumepe noctpoenus Y]] 00-
pa3ioB u3 namuHara yrieruiactuka HTA7/6376 [45/-45/0/90]3s moka3aHo, YTO ¢ HCIIOJIB30-
BaHUEM 3THX COOTHOIIEHHWH BO3MO)KHA HauOoJiee TOYHAsl CBSA3b CPEJHUX 3HAYEHUN U aM-
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IUIUTYZ JUKIMYECKOTO HAIPSDHKCHUS PA3IMYHOM aCUMMETPHUU IIPU IIOCTOSHHOM YCTallOCT-
HOM JTOJITOBEYHOCTH PacCMaTpUBAaEMbIX 00pa3lioB. YUUTHIBasl MOTEHIMAIbHBIE BO3MOXKHO-
CTU AalUIIPpOKCHUMAIUKU JSKCICPUMCHTAJIBHBIX HOAHHBIX C HCIHOJbB30BAHHCM I10JIMHOMOB
2-i CTeneHW MOKHO TPEIIOJIOKHUTh, 4T0 cooTHomeHus (9) u (10) OyayT crnpaBenIuBbI
IJId pa3JIMYHBIX TUIIOB CJIOUCTBIX KOMIIO3UTOB.

4. OtMmeueHsbl KIII0YeBble 0COOEHHOCTH MpaBuia CyMMHUPOBAHUS YCTAJIOCTHBIX MMOBPEXKICHUI
AJId CJIOUCTBIX KOMIIO3UTOB B CPC3HBIX 6OHTOBLIX COCAMHCHUAX IIPU CIIO)KHOM LUKIINYC-
CKOM Harpy»eHHH.

B kaudectBe PEKOMCHOANN JJI1 ,Z[ﬂJIBHGfIIHHX I/ICCJ'IGI[OBaHI/Iﬁ MOXHO OTMCTUTH H€06XOI{I/IMOCTL
yBenudeHus: o0beMa Bepu(HKanuy MpeaIoKEeHHBIX cooTHOIEeHU ast moxaenen AITY ]l u mpaBuia
CYMMUPOBAHHSI yCTAJIOCTHBIX MOBPEKICHUN ISl IPYTUX 00pa3IoB U BUIOB LUKIMYECKOTO HArpyxe-
HUS.

BbIBO/IbI

OtmeueHo, 4To 0co00e BHUMaHHUE IPU UCTIBITAHUSX U PACYETHBIX OLIEHKAaX 3J€MEHTOB KOMIIO-
3UTHBIX ABUAKOHCTPYKUUN YJIENSETCS OLICHKE YCTAJIOCTHOM JOJITOBEYHOCTU CAOUCHBIX KOMHO3UMOB
B KOMITO3UTHBIX M METAJNIOKOMIIO3UTHBIX CPE3HBIX OONTOBBIX COETUHEHUSIX.

HpeI[HO)KCHBI OCHOBHBIC ITOJIOKCHHUA MCTOAWKU U MPOLCAYPA, MTO3BOJIAIONINUC BBIIIOJIHATE pac-
YETHbIE OLIEHKU YCTAJIOCTHOM JI0JITOBEYHOCTH MOJ00HBIX 3JIEMEHTOB.
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FATIGUE LIFE PREDICTIONS OF CARBON FIBER
REINFORCED PLASTIC IN SPECIMENS OF DOUBLE-SHEAR
BOLTED JOINT

Vitaly E. Strizhius'
"Moscow Aviation Institute (National Research University), Moscow, Russia

ABSTRACT

It is noted that in modern aircraft composite structures there is a significant number of composite and metal-composite shear bolted
joints, the fatigue life of which is an important factor to ensure the operating safety of such constructions. Thus, special attention is
given to the evaluation of the layered composites fatigue life in such joints during tests and calculations of the similar structures
components. Despite a considerable number of publications and studies on this subject, it can be observed that many important
methodological issues have not been solved yet in this field. These problems can deal with the choice of the main mode of layered
composites fatigue damage in shear bolted joints; the uncertainty of the basic fatigue curve; the practical absence of some models,
representing diagrams of constant life fatigue for the layered composites in the joints under consideration; the uncertainty of fatigue
damage summation rule in the layered composites in the investigated joints. Based on the review results and the data analysis of
domestic and foreign publications including the results of specially conducted studies, the solutions to these problems are proposed.
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The proposed solutions were verified by analyzing the calculated and experimental data on the fatigue life of carbon fiber
reinforced plastic laminates HTA7/6376 [45/-45/0/90] ;5 in the double-shear bolted joints specimens.

Key words: layered polymer composites, shear bolted joints, S-N curves, asymmetry of cyclic loading, constant fatigue life
diagrams, rules of fatigue damage summation.
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