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INFLUENCE OF SURFACE CONDITION OF TAXIWAYS AND RUNWAYS
ON TIME OF AIRCRAFT DEPARTURE

V.V. VOROBYEV', A.S. KHARLAMOV', S.JU. IANCHUGIN?, SH.F. GANIEV"
! Moscow State Technical University of Civil Aviation, Moscow, Russia
*Vaukovo Air Ty raffic Center, Moscow, Russia

ABSTRACT

The state of the runway (RWY) under operating conditions, due to the possibility of formation of a layer of water, ice, slush, snow,
decreases the friction coefficient of the aircraft landing gear to RWY, and may cause the aviation events. In addition, the condition
of taxiways and airport runway affects the taxiing time of aircraft, which during high-traffic hours can lead to additional flight
delays. To study the effect of friction coefficient on the runway occupancy time the methodology of collecting statistical data about
the time of different types of aircraft spent on runway at various values of the friction coefficient is offered. The method is based on
a full-scale experiment. To conduct the experiment as the object of analysis the process of moving the aircraft from the holding
position up to reaching the height of 200 meters at Vnukovo airport was chosen. Since the observer cannot control the parameters
affecting the object of study during the flight, the friction coefficient is recorded as an input parameter during the experiment and as
the response — the time of moving aircraft from holding position up to reaching the height 200 meters after take-off on standard
departure procedure. As a result of the experiment, according to the obtained data, a graph of T,y versus friction coefficient was
designed. The greatest influence of the friction coefficient is observed when taxiing from the holding position on runway to line-up
position.

Key words: Friction coefficient, airport capacity, air traffic control, airspace planning, experiment procedure.
INTRODUCTION

The state of the runway (RWY) under operating conditions, due to the possibility of formation
of a layer of water, ice, slush, snow, decreases the friction coefficient K¢, of the aircraft landing gear to
RWY, and may cause the aviation events. In addition, the condition of taxiways and runways affects
the taxiing time of aircraft, which during high-traffic hours can lead to additional flight delays [1, 2].

Regulatory documents prescribe the measuring of the runway friction for the next cases':

1. on dry RWY: they examine the wear of the surface of RWY and define the necessity of its
recovering;

2. on wet RWY: they measure the friction coefficient for verifying its acceptable limits;

3. if there is a water layer on the RWY: they check the coefficient when tendency for hydro-
planing is possible;

4. on slippery RWY in bad weather conditions it is necessary to perform additional measure-
ments for friction coefficient;

' Airport services manual. Part 2: Pavement surface conditions. ICAO DOC 9137-AN/898/ICAO. 4"ed. 2002.
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5. on RWY covered with snow, slush or ice: continuous and precise evaluation for friction co-
efficient is required.

Having the above-mentioned measures conducted provides the runways in use with very good
friction conditions and required flight safety even in case the runway is wet. Evaluation and mainte-
nance experience prove that surfaces designed in accordance with all requirements and made of asphalt
or cement or concrete meet the criteria listed in DOC 9157- AN/901, 3-rd edition ICAO”.

As soon as the runway surface condition gets worse, it may affect the aircraft accelerating, de-
celerating, subsequently influencing the takeoff distance available (TODA), rejecting and landing. The
lowering of the friction coefficient also has an effect on directional controllability of aircraft leading to
immediate action for correcting to the side of reading level of acceptable crosswind during take-off
and landing’.

Furthermore, friction coefficient reduced may change the time of taxiing on aerodrome and
rolling for take-off on the runway. In case of traffic congestion, this may cause additional flight delays
[3]. To analyze the influence of the friction coefficient on the time needed to occupy the runway by
aircraft an experiment was conducted while statistics of the time of occupying the runway by different
types of aircraft and different frictions parameters was chosen.

THE PROCEDURE OF THE EXPERIMENT

The Object of Analysis (OA) was chosen to be the process of movement of an aircraft from the
holding position on taxiway up to reaching the height 200 meters after take-off on standard departure
procedure at Vnukovo airport.

Object of analysis, in accordance [4, 5] appears as the “black box with some quantity of input
and output (fig. 1).

X
:: >y
E OA
Z
Fig. 1. Block diagram of the analysis object
The figure shows:

e input parameters:
X = [|x1,%2, ..., xn|| — the vector of variable controlled and operated parameters;
Z =||z1, z2, ..., zn||- the vector of controlled but non-operated parameters;
E = |lel, e2, ..., en||- the vector of non-controlled and non-operated parameters;
e output parameters:
Y =|ly1,y2,...,yn| — the vector of data or quality of the object analyzed. This figure re-
mains dependent variable of the object and also forms feedback of the system to the entering
actions. We accept the dependence of feedback on pending variable remains function of
feedback, and geometric standpoint of feedback function — is the surface of feedback.
Airport Vnukovo was chosen as the place for the conducting of the experiment. This airport
has number three in rating among the Russian Federation airports, after Sheremetyevo and Domod-
edovo including the quantity of passengers and non-passengers and other kind of flights. The average

* Aerodrome Design Manual. Part 1: Runways. ICAO DOC 9157-AN/901 / ICAO. 3 rded. 2006.
3 Assessment, Measurement and Reporting of Runway Surface Conditions. ICAO circulars CIR 329-AN/191/ ICAO.
2012.
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number of passengers at Vnukovo was 15815000 in 2015, and it has more, than 170 directions all over
the world. Airport Vnukovo provides more than 170000 flights of Russian and foreign air companies.

There are three passenger terminals and “Vnukovo-Cargo” complex at the airport. The main
passenger terminal “Vnukovo-1” contains of “A”, “B”, “D” terminals. The “Vnukovo-2" is a terminal
for VIP flights, special government flights. “Vnukovo-3” terminal services business flights, Moscow
government and other special flights including “Roscosmos”.

There are 2 intersecting runways at the airport:

e runway | — magnetic RWY heading 238° and 158°;

e runway 2 —magnetic RWY heading 193° and 13°.

Considering that during the process of flight operations, the observer cannot change the param-
eters, which can affect the object of analysis, only passive experiment could be conducted [6]. The
friction coefficient will be as a parameter of the Z group. Ty time will be the output parameter. This
time is between movements of an aircraft from the holding position on taxiway up to reaching the
height 200 meters after take-off on standard departure procedure.
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Fig. 2. Map of aerodrome surface movement with an active runway with magnetic heading 238°

For equal conditions during conducting of an experiment, the sample will include only those
events that meet the following criteria:

e aircraft types: Airbus A320, Boeing B737, Boeing B767, Boeing B777 and Yakovlev
YAK 40;

e active runway with magnetic heading 238°;
e the holding position on taxiway is A2.
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As seen from fig. 2, when taxiing from the holding position up to line-up position on taxiway
A2, the aircraft has to make an about 90° turn. To perform such a maneuver, it is very important for
flight deck crew to consider the friction. For better analysis, the Ty, will be divided into several parts:

e T is the time of aircraft taxiing from the holding position to line-up position;

e T, is the time between of ATC clearance for departure of aircraft and its starting of take-off

run;
e Tjs is the time between starting of take-off run of aircraft and its take-off;
o T, is the time between take-off of aircraft and reaching the height of 200 meters.

ANALYSIS OF THE OBTAINED DATA
During the conducting of the experiment, a sample of values of time intervals T, T,, T3, T4 and

Tt Was obtained for different values of the friction coefficient. For each of the aircraft types that meet
the requirements of conducting of an experiment, a table was designed. In it, each value of the friction

coefficient corresponds to the expectation of time intervals M (T,), M (T3), M(T3), M(T4) and M(Ty).

Table 1
Expectation of time intervals of taxiing for various values of friction coefficient
for aircraft A 320
K T, T, T Ty Tiot
0.42 1:41:38 0:14:07 0:42:30 0:20:30 2:58:00
0.45 1:46:20 0:11:40 0:28:20 0:16:20 2:42:40
0.5 1:06:00 0:14:00 0:46:00 0:16:00 2:22:00
0.6 1:03:24 0:16:24 0:35:12 0:17:36 2:00:36
Table 2
Expectation of time intervals of taxiing for various values of friction coefficient
for aircraft B 737
Kse T, T, T; T, Thot
0.45 1:32:24 0:23:12 0:34:36 0:13:12 2:43:24
0.6 1:19:34 0:13:34 0:32:34 0:21:26 2:27:09
Table 3
Expectation of time intervals of taxiing for various values of friction coefficient
for aircraft B 767
K T, T, T5 T, Tiot
0.4 1:34:00 0:11:00 0:42:00 0:38:00 3:05:00
0.42 2:02:00 0:14:00 0:46:00 0:14:00 3:16:00
0.5 1:51:30 0:09:00 0:47:30 0:18:30 3:06:30
0.6 0:47:40 0:15:20 0:40:00 0:17:40 2:00:40
Table 4
Expectation of time intervals of taxiing for various values of friction coefficient
for aircraft B 777
K T, T, T; T, Tiot
0.5 1:00:00 0:44:00 0:31:00 0:10:00 2:25:00
0.55 1:31:30 0:27:30 0:38:00 0:14:00 2:51:00
0.6 1:29:36 0:13:36 0:37:18 0:18:48 2:39:18
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Table 5
Expectation of time intervals of taxiing for various values of friction coefficient
for aircraft JAK 40
Kt T, T, T; T, Tiot
0.4 1:34:00 0:11:00 0:42:00 0:38:00 3:05:00
0.42 2:02:00 0:14:00 0:46:00 0:14:00 3:16:00
0.45 1:28:00 0:09:00 0:40:00 0:49:00 3:06:00
0.5 1:51:30 0:09:00 0:47:30 0:18:30 3:06:30
0.6 0:47:40 0:15:20 0:40:00 0:17:40 2:00:40

Figure 4 shows a graph of Ty versus friction coefficient.
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Fig. 4. Graph of Ty, versus friction coefficient

As it can be seen from the graph, with an increase in the friction coefficient, Ty decreases. It
should be noted that the greatest influence of the friction coefficient is noted when taxiing from the
holding position to line-up position. The influence of the friction coefficient on the remaining time in-
tervals is insignificant. Taxiing is carried out on a complex trajectory close to a sinusoidal curve,
which can be explained by the second-order dynamic equations. Speed and features of movement on
taxiways depend on the condition of the coating. When the surface is dry, the taxiing speed may be
higher than when it is wet. This can be explained by the fact that the longitudinal and transverse re-
sistance forces to movement, which determine the longitudinal and ground stability and controllability
of the aircraft, have large values on dry surfaces. The speed of the aircraft on the taxiway also depends
on the pilot qualification [7-10].

As it can be seen from fig. 2, at Vnukovo airport there are quite a lot of taxiway intersections
where the aircraft has to maneuver at large angles. Therefore, the friction coefficient can have a signif-
icant impact on taxiing time on the airfield, which in turn should be taken into account, especially dur-
ing “peak hours” when the intensity movement is the highest. At the same time, the presence of high-
speed taxiways used as runway exits and entries, the trajectory of movement along which allows you
to perform a maneuver faster than from the taxiways that are perpendicular to the runway. This could
significantly increase the capacity of the airport.
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It is practically impossible to predict the condition of the runways and taxiways. However, it is
possible to accumulate statistics on the friction coefficient in different calendar months. The use of
such statistics in flight planning to adjust airport capacity rates will help to reduce flight delays.
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BJIMAHHUE COCTOSHUS ITIOBEPXHOCTH PYJIEZKHBIX TOPOZKEK
N B3JIETHO-ITOCAJOYHOMU ITOJIOCBI HA BPEMA BBUIETA
BO3AYIHIHBIX CYAO0B

1 1 2 1
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CocrostaEe B3neTHO-TI0ca104HO# nonock! (BIIIT) B skcITyaTallmOHHBIX YCIOBHSIX, 00YCIOBICHHBIX BO3MOKHOCTBIO 00pa30BaHMs
Ha TI0JI0CE CII0S1 BOIBL, JIb/1a, CISIKOTH, CHETa, MPUBOJUT K CHIDKCHHIO KO3((HUIIMEHTa CIIEIIIEHNs] THEBMATHKOB IIIACCH CaMOJIETa C
BIIIT 1 MoxeT OBITh MPUYMHON aBHAIMOHHBIX cOOBITHIA. Kpome Toro, coctostHue pynexHbIx nopoxkek u BIIIT aspormopra Bimsier
Ha BpeMsi PyJIEHUsI BO3IYILIHBIX CyZOB, YTO B Yachl BBICOKOW WMHTEHCHBHOCTH BO3/YIIHOTO ABIDKEHUSI MOXET INPHBECTH K
JIOTIOJTHATEILHBIM 33/IepyKKaM  peiicoB. [t mccnenoBaHust BIHsSHES KOG HIMEHTa CLUCIUICHHS Ha Bpems 3amsToctn BIIIT
BO3/IYIIHBIM CYJHOM IIPEIUIaraeTcsi METO/IMKA, 3aKIIOYaoIIascs B cOOpe CTATMCTHMYECKUX IaHHBIX MO BPEMEHH HaXO)KICHUS
Pa3HBIX TUIOB BO3AYIIHBIX cynoB Ha BIIII npu pasnuuHbIx 3HaueHHsIX KoddduimenTa cuerieHus.. B ocHoBe METOMKY JIEKHUT
HaTypHBII DKCIIepuMeHT. J[ist poBeieH sl SKCIIEPUMEHTa B Ka4ecTBe 00BEKTa HUCCIIEZI0BaHUs ObUT BBIOPaH IPOLIECC JIBHIKEHUS
BO3/IYIIHOTO Cy/HA OT IIpelBapHUTeIbHOrO crapra a0 Habopa M BbicoThl 200 MeTpoB B asporiopty BHykoBo. Tak kak npu
NIPOM3BOJICTBE IOJIETOB HAOJIFOATENb HE MOXKET YIPaBISITh IapaMeTPaMH, BIIMSIOIIMMKE Ha OOBEKT HCCIEOBAHMS, TO B XOJIC
9KCIEpUMeHTa (PUKCUpYETCsl B KauecTBE BXOAHOTO HapaMerpa — KOod((HUIMEHT CLEIUIEHHs], B KauecTBe OTKJIMKA — UHTEpPBAI
BPEMEHH, 3aTpaueHHBII BO3YIIHBIM CYIHOM IIPH JIBIKCHHH OT MPEIBAPUTEIHHOTO CTapTa 10 HaOOpa 3THM BO3IYIIHBIM CYIHOM
BeIcOTHl 200 MeTpoB. B pesysnbrare sKcmeprMeHTa MO MOMyYEHHBIM AAHHBIM OBUT MOCTPOEH TpaduK 3aBHCHMOCTH 3TOTO
HHTEepBaNa OT Kod(QuImenTa cueruieHns. Hambompiiee BimsHHEe KO3(D(UIMEHTa CIEIJICHHS OTMEYAeTCs TMPH PYJICHHH OT
MPEIBAPHUTENILHOTO CTAPTa K UCTIOJHUTEIIEHOMY.

KnroueBble ciioBa: K03(p(UIMEHT CIEIUICHHUS, POIYCKHAsA CHOCOOHOCTh a3pOIOPTOB, YIPaBJE€HHE BOAYIIHBIM IBIDKCHHEM,
TUTAHUPOBAHMEC MCIIOJIb30BaHMA BO3AYIIHOI'O IIPOCTPAHCTBA, MECTOAMKA TPOBECACHUA SKCIICPUMEHTA.
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ABUAIIHOHHAA H PAKETHO-KOCMHYECKAA TEXHHUKA
05.07.01 — Aspoounamura u npoyeccvl meni00dMena lemameabHbIX Aannapamos;
05.07.02 — Ilpoekmupoeanue, KOHCMPYKYUA U RPOU3BO00CHEO TEMAMENbHBIX ANNAPANOB;
05.07.03 — IIpounocms u menjiogvle pexcumol 1emMameibHblX Annapamos;
05.07.05 — Tennosvie Inekmpopaxkemmusle 08UAMENU U IHEP2OYCMAHOBKU J1IeMAMENbHbIX ANNAPAM 08
05.07.07 — Konmpons u ucnstmanue 1emamenbHslX Annapamos u ux cucmem;
05.07.09 — /lunamuka, 6annucmuxa, ynpasjieHue 08UMHCCHUEM 1M AMEIbHBIX ANNAPAMO86;
05.07.10 — HunoeayuonHsle MEXHOIOZUU 8 AIPOKOCMUYECKOI OeAmebHOCHU
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METOAUKA UCCJIEAOBAHUA IMHAMHNYECKOI'O TIOBEJIEHUA
BECIIMJIOTHOTI'O JIETATEJIBHOI'O AIIITAPATA B HASEMHBIX
YCJIOBHUAX C YYETOM JAHHBIX JIETHOI'O OKCIIEPUMEHTA

B.H. AKUMOB', .LH. UBAHOB"?, C.I'. IAPA®ECH’
! Honzonpyonenckoe HayuHo-npouzsoocmeennoe npeonpusmue, 2. /foneonpyousiii, Poccus
Mockoeckuii aguayuoHHbLL UHCMUMYm (HAYUOHAILHBIL UCCIe008aAMENbCKULL YHUBEPCUMEM),
2. Mockea, Poccus

B craree mpemsiokeHa METONMKA MCCIEI0BaHMS AMHAMHUYECKOrO TOBeNEHUs OecnuiIoTHOro JerareibHoro ammapara (BJIA)
B Ha3eMHBIX YCJIOBHSIX C YYeTOM JIaHHBIX JIETHOIO OJKcliepuMmeHTa. JluHamuueckue wuccrnenoBaHus BJIA u  oTaenpHBIX
KOMITOHEHTOB €ro OOpTOBOH anmapaTypbl NPEACTaBIISIIOT O/IHY W3 BYKHEHIIINX COCTABILIONIMX dTara HazeMHol orpaboTku BJIA.
HaubGonee nocroBepHyto uH(popMarmio o BHOparmoHHOM coctosHHM BJIA u ero OoproBoii ammaparypbl JaeT JICTHBIH
skcneprMenT. OIHAKO IS BBIBICHHS peabHOro BHOpaoHHOro coctosiuust BJIA TpeOyercst ycTaHOBKa JOCTATOYHO OOJIBIIOTO
KOJINYECTBA aKCEJIEPOMETPOB, YTO TEXHUYECKH MOXKET OBITh HEpealn3yeMO BO BpeMsl JIETHBIX HCCIIECIOBAaHUN. Permrs naHHyro
MpoOIIeMy TIpeuIaraeTcs 3a CUeT MPOBEACHHUS HA3EMHBIX TMHAMHYECKUX UCTIbITaHui. ONpeenyB XapakTep U ypOBEHb BUOpay
TIPH HATyPHOM (JIETHOM) SKCIIEPUMEHTE B «OTOPHBIX» MECTaX, BO3MOXKHO JaJiee B TAOOPATOPHBIX YCIIOBHSIX C BBICOKOH CTETICHBIO
JIOCTOBEPHOCTH TIOTyYINTh BUOpAMK (aMIUIUTYJHBIE U ()a30BbIE YACTOTHBIC XAPAKTEPUCTHKH, CIIEKTP M T. I.) U B IPYTHX MECTax
koHcTpykuuu BJIA. [lnst aToro no Bcemy koprycy BJIA HEo6X0mMMO yCTaHOBUTH aKCEIEPOMETPBI, B TOM UHCIIE B «OMOPHBIX)
MECTax, KOTOpble ObUIM HCIONBb30BaHBl B JIETHOM JKcnepumente. Ilpu momonm Bo3OyxmeHust BJIA moouepenHo BIONb
MPOZIONIBHOM M TONEPEYHBIX OCel BHUOPAIMOHHBIM CIIEKTPOM, IOJIyYE€HHBIM B HAaTypHOM 3KCIIEPHMEHTE, BOCTIPOM3BOANTCS
BUOPAIIMOHHBII CIIEKTP B TEX MECTaX, IJIe YCTAHOBIICHBI aKCEJIEPOMETPHI B JJa0OpPaTOpHOM JKcrepuMmeHTe. [Ipu 3ToM 3anaHue
BUOpAIMH OCYILECTBILSIETCS 110 «OIIOPHBIMY aKCEIepOMEeTpaM, Kak M B HaTYpHOM JKCIIEpUMeHTe. B nasbHeiileM nomy4deHHbIH
BUOPAIMOHHBIH TIPOLIECC MOXKET OBITh NEPEHECEeH HAa AaBTOHOMHBIE MCCIIEIOBAHMs CUCTEMbl aBTOMATHUYECKOTO YIIPABICHUS U ee
OTIEJBHBIX arperaroB, PYyJIEBOTO IPHMBOJA, CUCTEMBI «pPYJb — MPUBOI» M JP. JUIS OLEHKH MX (PyHKIMOHHPOBAHHUS B JIAHHBIX
ycnoBusiX BHOpauuy. [IoMHMO OCHOBHBIX TOJIOXKEHWH METOJMKH B CTaThe IpECTaBieHa MPUHIMINAIBHAS CXeMa M NPHUBEICH
MpUMEp UCCIEI0BAHUSI JUHAMUUYeCKOro noBeieHus: bJIA B Ha3eMHBIX YCIIOBUSIX C Y4€TOM JAHHBIX JIETHOTO SKCIIEPHUMEHTA.

KnoueBbie cioBa: OecrimioTHbIA JsteraresnbHblid anmapar (BJIA), nuHaMmudeckoe ToBeneHHE, BHOPAIMOHHBIE HWCIBITAHMS,
JIETHBII DKCIIEPUMEHT, HA3EMHbII SKCIIEPUMEHT, METOMKA.

BBEJEHUE

Jlunamuueckue ucnblTaHUS OecnuioTHOro serarenbHoro anmaparta (BJIA) u ero ornenbHBIX
arperaToB SIBJISIIOTCS. OJHOM M3 BaKHEHIIMX COCTABIIAIOLIMX 3Tara Ha3eMHbIX HclblTaHui. OHM npea-
Ha3Ha4yeHb! JUIsl IPOBEPKU MPOUYHOCTH KOHCTPYKUUHU BJIA u 6e30TkazHOCTH (QYyHKIIMOHUPOBAHUS OOp-
TOBOT0 00OPY/IOBAHUS B YCIOBUAX AUHAMHUYECKOTO (IEPEMEHHOTO 10 BPEMEHH) Harpy>KeHUsl, a TaKxKe
BBISIBIICHUS 00JIacTel OMAacHBIX PE30HAHCHBIX U CaMOBO30Y KAaromuxcs kojaebanuit. PaccmatpuBaior-
cs1 HanOosee MaHeBpeHHbIe BJIA KiIacCOB «IIOBEPXHOCTh — BO3AYX», «BO3IYyX — BO3IYX», «BO3IYX —
MIOBEPXHOCTBY, JJIs1 KOTOPBIX MPOOIeMbl TUHAMUKHA KOHCTPYKLUH CTOST 0COOEHHO ocTpo [1].
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JuHaMuuyeckre UCIBITAHUS TTO METOI0JI0OTUHU UCTIONB30BAHUS UX PE3YyJIbTATOB MPUHSTO JIEIUTh
Ha JBa kiacca [2]. K mepBoMy Ki1acCy OTHOCATCSI UCCIEAOBATEIbCKUE UCIIBITAHKS, OCHOBHBIMU 1€~
MU KOTOPBIX SBIISIOTCS: ONPESICHUE JUHAMUYECKUX XapaKTEPUCTUK, HEOOXOAUMBIX Il YyTOYHCHHUS
MaTeMaTHYECKUX MOJCIICH MCCIeA0BaHMs TUHAMHUEeCKOro cocTosiHus BJIA, HaxoxaeHue ko3¢ duim-
€HTOB CHCTEM ypaBHEHUs JABKeHus BJIA mpu maTremMaTH4ecKoM MOJIETUPOBAHUM, UCCIEIOBAHUE Xa-
paKkTepa JUHAMUYECKOW pPEAKIUM KOHCTPYKIIMM HA OMNpENESICHHbIE BUIbI BO3AeUCTBUI. K TakoBbIM
UCTIBITAHUSM B MEPBYIO OYepPEeb OTHOCSTCS UCIBITAHUS IO ONPEACTICHUIO CIIEKTpa COOCTBEHHBIX Ya-
cTOoT ¥ (opM KoeOaHU KOHCTPYKIIMH (MOJIadbHbIE UCIIBITAHMS), UCCICIOBAHNIO YaCTOTHBIX Xapak-
TEPUCTHUK PYJIEBBIX IPUBOJIOB U AJIEMEHTOB TPAKTa CUCTEMbI aBTOMATUYECKOT'O YIIPaBJICHUSI.

Ko BTOpOoMy KJ1accy OTHOCSITCSI HCIIBITaHHS IO TIOATBEPKACHUIO paboTocriocooHocTr bJIA mipu
BO3JIEUCTBUU MEPEMEHHBIX BO BPEMEHU HArpy30K B YCJIOBHUSX HA3eMHOW SKCIUTyaTallMd U B TOJIETE.
TakoBbIMU SIBJSIIOTCS UCTIBITaHUS KOHCTpyKimu BJIA m GopToBOro 000pymoBaHHMS Ha BHOPOIPOU-
HOCTh U BUOPOYCTOHYHMBOCTh, Ha YAAPHYIO MPOYHOCTh M YAAPHYI YCTOWYMBOCTH, HA BO3ICHCTBHE
JUHEHWHBIX MHEPIUOHHBIX HAarpy30K M aKyCTHYECKOTO ITyMa. BakHEWIMMH cpeau NepedncieHHBIX
BUJIOB HCIIBITAHUI SIBIISIFOTCS BUOPAIIMOHHBIC UCTIBITAHUS [2—5].

OCHOBBI METOAHUKHU UCCJIEAJOBAHUA TMHAMUYECKOI'O IIOBEJIEHUA BJIA
B HABEMHBIX YCJIOBUSAX C YYETOM JAHHBIX JIETHOI'O OKCIIEPUMEHTA

PeanbHbIit BUOpAIMOHHBIA MPOIECC BEChMa CJIOKEH W HOCHUT IMPOCTPAHCTBEHHBIM XapakTep.
BubpanonHbie mporeccs Mpu SKCIEPUMEHTAIbHON Ha3eMHOM oTpaboTke BJIA MoryT cyiiecTBeHHO
OTJINYATHCS OT pealbHBIX MPOLIECCOB U MPEACTABIISIIOT JIMIIb MOJIEIN BUOpAIIHii, HAIIPAaBJIEHHBIE BJIOJIb
¢ukcupoBaHHbIX oceil. Bo Bpems HazeMHOI 0TpaOOTKM UCHONB3YIOT MOJENU MEePHOANYECKON (CHHY-
couJaJIbHON) WK OoJiee paclpOCTPAaHCHHOW B HACTOSAIIEE BPEMs IMIUPOKOMOIOCHON CIydYaiiHOW BHUO-
pauuu (LICB) [2].

[[InpokomnosiocHas ciry4yaiiHasi BUOpAIys — 3TO CIyYalHBIA MPOIECC, B Pe3yIbTaTe KOTOPOTO B
CUrHaJsie BO30YXJIeHHsI (UTYpUPYIOT YaCTOTHbIE KOMIIOHEHTHI, aMIUTUTYAa U (ha3a KOTOPbIX U3MEHSET-
cs CIyd9aiflHpIM 00pa3oM. Anroputm OsicTporo npeodpazoBanus Oypre (BIID) o6padaTeiBaeT ciayuaii-
HBI CUTHAJT BO30YKIEHHS U ONpeNeNsieT 3HaYeHUEe KaKJJOH ero YaCTOTHOH cocTaBisomei (st Buo-
PaIMOHHOTO TpoIecca — 3TO YCKOPEHHE, U3MepsieMoe, KaK MPaBUIIO, B €IMHULIAX g), KOTOpas jaajee
BO3BOAMTCS B KBajpar. Tem cambim nipu IIICB 3anaBaeMoe U BOCIIPOM3BOJUMBIE YCKOPEHUSI BbIpaXa-
IOTCSl B CPEIHEKBAAPATUYECKUX 3HAYEHHUX g2 [6].

[Ipu npoBeneHNH UccaeI0BaHU AUHAMUYECKOro coctosHusi bJIA HeoOxoaumo BIOpaTh 000-
pyaoBaH#e (BUOPOCTEH), C MOMOIIBIO KOTOPOro OyIyT MPOU3BOIUTHCS BO3JCHCTBUS HAa OOBEKT HC-
cnenosanus. [Ipu ILICB BuOpannonHas cucteMa UMEET HOMHHAJIBHYIO TOJIKAIONIYIO CHITY, KOTOpas
OTIpe/ieNIIeTCsl CPeIHEKBaAPAaTHUECKUM 3HAUeHHEeM BHOpaIMoHHOM cucteMbl. Cuia omnpenemnseTcs 1o
BTOpoMy 3akoHy HbtoToHa F' =m-a, rue m — macca, a — yckopeHue. Tak Kak TOJKarolas cujia Bbl-
pakaeTcs CpelHEKBaPAaTHUECKUM 3HAYEHUEM, TO M CO3JaBaeMOe BHOpAIIMOHHON CHCTEMOW yCKope-
Hue OyAeT cpelHekBaapaTHuecKuM. JJis mpoBeeHHs UCcCeI0BaHusl HE00X0MMO 3HaTh MaKCUMaJIbHO
BO3MOXKHOE TIepeMeleHre BUOpaTopa, KOTOpoe A0KHO ObITh He 0oJiee TOro, YTO YKa3aHO B MAcopTe
Ha BUOpocTeH . C 3TOH LENblo MEPEXOAIT OT CPEIHEKBAAPATUUECKOI0 3HAUEHHsI BOCIIPOU3BOAMMOIO
BUOPALIMOHHOTO YCKOPEHUS K €ro aMIUITUTYIHOMY 3HAYEHHUIO WM pa3Maxy MOJBMKHOU YacTH CTOJa
BuOpocteHna. OTHOIIEHNE MUKOBOW (aMIUTUTYAHOH) BEJIMYMHBI CHTHAJIA K €r0 CpeIHEKBaapaThde-
CKOMY 3HaU€HUIO Ha3bIBAETCS MHUK-(PakTopoM. TeopeTndeckoe 3HaUCHUE MUK-(PaKTopa A CIydaiHbIX
MPOIIECCOB, paBHOE OECKOHEYHOCTH, Ha MPAKTUKE MPUHUMAIOT PAaBHBIM TPEM, HCXOs U3 3aKOHA HOP-
MaJIbHOTO paclpeleieHusl ciy4allHoro curiana. Ilpu sTom orpaHudeHue WHTEpBaja, paBHOro +3G,
MO3BOJISIET OXBATUTH OKOJIO 99,7 % Bcex BO3MOXKHBIX aMIUIUTYAHBIX 3HAUCHUN PEaTbHOTO CIIy4aitHOTO
curHana. Takum oOpa3oM, MaKCUMaJlbHBIA pa3mMax BUOpAaTOpa COCTABHUT IIECTh CPEAHEKBaJpaTHde-
CKHX IEpEeMEUICHH, a MAKCUMAaJIbHOE NMMKOBOE 3HAaYEHHE aAMILJIUTY/ bl YCKOPEHHUSI PaBHO TPEM CpE/IHE-
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KBaJIpaTUYECKUM 3HAaueHUsM aMIuuTybl. ITox maccoli moHMMaeTcss cyMMapHasi Macca MOJBUKHBIX
yacTel: MOABMKHAS KaTyIlIKa BUOpaTOpa, OCHACTKA U UCTIBITYEMbIi OOBEKT.

Taxum obpazom, st BoctipousBeaenus LLICB na BJIA npu ucnonb30BaHUEM BHOPAIMOHHOTO
obopynoBanus (BUOpPOCTEH/Ia) HEOOXOIMMO 3HAHWE YPOBHS CPEIHEKBAJIPATHYECKOTO YCKOPEHUS W
3aBUCUMOCTH CIIEKTPAJIBHOTO YPOBHS MOIIHOCTH OT YacTOTHI (CreKTp). VICTHHHBIN cnekTp BUOpanuu
MO’KHO HOJY4YHTb IIyTEM HAaTYPHOT'O (JIETHOT0) SKCIIEPUMEHTA.

JleiicTBuTensHO, HanboJee JOCTOBEPHYI0 MHPOPMALIMIO 0 BUOpanMOHHOM cocTosiHuu BJIA u
ero OOpPTOBOM ammapaTypsl JaeT JIETHbIN dKkcriepuMeHT. OHAKO Ul BBIABICHHS PEaJbHOrO0 BUOpaly-
oHHOTO coctosiHust BJIA TpeOyeTcst ycTaHOBKa JOCTATOYHO OOJBIIOTO KOJUYECTBA aKCEIEPOMETPOB,
YTO TEXHUYECKH MOXKET ObITh HEpPEaIH3yeMO BO BpPEMs JICTHBIX UCCIIEOBaHUI. PemnTh naHHy0 Ipo-
OneMy mpeaniaraeTcs 3a C4eT MPOBEICHUS] HA3eMHBIX JUHAMUYECKUX UcTibITanuii BJIA.

Omnpenenus xapakTep U YpOBEHb BHOpALMU MPU HATYpHOM (JIETHOM) SKCIEPUMEHTE B «OIOp-
HBIX» MECTaX, BO3MOXHO Jjajiee B TAOOPAaTOPHBIX YCIOBUSAX C BHICOKON CTETEHBIO IOCTOBEPHOCTH IO-
Jy4YUTh BUOpaluy (aMIUIUTYIHbIE U (pa30BbI€ YACTOTHBIE XapaKTEPUCTUKH, CIIEKTP U T. A.) U B JPyTUX
mectax koHCTpykiuu BJIA. Jlns atoro mo Bcemy kopmycy BJIA HeoOXoauMo yCTaHOBUTH aKcelIepo-
METpBI, B TOM YHUCIIE B «OINOPHBIX» MECTaX, KOTOPble ObUIM HUCIOJIb30BAHBI B JJETHOM JKCIIEPUMEHTE.
Bo30yxnas BJIA moodepenHo BIOJb MPOJOJIBHON M IMOMEPEUHBIX OCe BUOPAIIMOHHBIM CIIEKTPOM,
MOJyYEHHBIM B HATYPHOM 3KCIIEPUMEHTE, BOCIIPOU3BOAUTCS BUOPALIMOHHBIH CIIEKTpP B TEX MECTax, e
YCTaHOBJICHBI aKCEIEPOMETPHI B JIAOOPATOPHOM dKcnepuMenTe. [Ipu 3ToM 3agaHue U KOHTPOJIb BUO-
palyy OCYIECTBIISIETCA IO «OMIOPHBIM» AKCEJIEPOMETPaM, KaK M B HATYPHOM DKCIICPUMEHTE.

[IpuHUIMNManpHas cXeMa UCCIIEA0BaHUs TuHaMuueckoro noseneHust bJIA B Ha3eMHBIX yCIOBHSIX
COTJIACHO MpeJiaraeMord METOAMKE npecTabiieHa Ha puc. 1. BJIA moasemmBaercst Ha ynpyrom mnojse-
Ce; Ha ero KOpILyce YCTaHaBIUBAIOTCS aKCEIEPOMETPHI B MHTEPECYIOIINX UCCIIEN0BATENS MECTaX.

Ynpyrui noasec
AKCENePOMCTPH § BJIA
— «
\M I ] / IpeapapuremsHbie
Z: = yCIumme i
Yenmrem
MOIHOCTH Hecymme
- . nogepXHocTh BJ1A —
BHOp(\.TCH,‘EI Bllﬁpoc'reu.:
/“m—‘—-—-—-
[ 777, 7, 7
Cucrena
VIIpaBNeHHA —
BHOPOCTEHIOM H
coopa JAHHBIX [ [
I [Mepconamumiii
kommbiotep (TTK)

Puc. 1. [IpyHuunuanbHas cxeMa UCCIEIOBaHNU JUHAMUYECKOro noBeaeHus: bJIA B Ha3eMHBIX yCIOBUSIX
C Y4ETOM JaHHBIX JIETHOT'O SKCIIEPUMEHTA
Fig. 1. The schematic diagram of the UAV dynamic behavior research in ground conditions
account of the flight experiment data
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Curnan BUOPAIIMOHHOTO MPOLIECca B «OMOPHOI» TOUKe, 3aIIMCAHHBIA B XOJI€ JICTHBIX MCIIBITa-
HUH, TocpesicTBOM npeoOpaszoBanus Oypre npencrasisercs [7]:

Fix(t)} = E: x(t)-e*¥dt, (1)

rne F'{x(t)} — npeobpaszosanne Oypbe oT curnana;, X(¢) — curHas BUOPALMOHHOTO MPOLECCA BO
BPEMEHHOM MHTepBalie. [Iph 3TOM it KOPPEKTHOTO MPeoOpa3oBaHus, B COOTBETCTBUU C TEOPEMOIL

B.A. Korenbnukopa (Haiiksucra — Illennona) o BbiGopkax [8], yacTora BBIOOPOK [ JOJKHA OBITH

KaKk MUHHUMYM BJIBOC 0oJIbIIIe MAKCUMAaILHOM YaCTOTHI CUTHAIA fl;x maX:

f;‘ 2 zf;sxmax‘

Ha npakTrke BMECTO MHTErpUPOBaHUS MO BpeMeHH OT —O0 10 +00 NpPUMEHSIOT HHTETPUPO-

Banue ot 0 1o Bpemenu 7. B atom ciyuae dopmyna (1) umeer Bun
T .
Fix(t)} = jo x(t)-e 7™ dt. 2)

B cirydae HaxoIeHUs CIIeKTpa BUOPAIIMOHHOTO MpoIiecca Ha OTPAaHUICHHOM OTPE3KE BPEeMEHHU
dbopmyia (2) MOXKeT ObITH 3amrcana Kak [9]

27nk

FIX (k) = jOT ¢ T x(tydr. 3)

VY4uThIBast, 4TO BMECTO HEMPEPHIBHOI'O CUI'HAJAa BUOPAILIMIOHHOTO MPOLECCca UCIOJIBb3YIOTCS €ro
IU(PPOBBIE OTCUETHI, B BRIpAXKEHNH (3) MHTErpal 3aMEHSEeTCsS Ha KOHEUHYI0 CyMMY ciaraembixX. J{imm-
TEJIBHOCTh PACCMATPUBAEMOI0 CUTHAJIAa OTNpeNeNsieTcsl KOIn4ecTBOM LU poBeIx orcueToB N. IIpeos-
pazoBanue Dypbe 171 TU(POBBIX OTCUETOB CUTHAIA BUOPAIIMOHHOTO TPOIIECCa UMEET BH/T

N=l _2m, N=l
F{X(k)}=) e T x(n)=Y | cos 2—;kn —isin 2—;kn x(n). (4)
n=0 n=0

C noMo1uIpIo 3JIeKTPOIMHAMUYECKOTO BUOPOCTEH 1A CIIEKTPOM, MOJYYCHHBIM B HATYPHOM JKC-
nepuMeHTe, poru3BoauTcs BuoOponarpyxenrue bJIA. B momenT BuGpammonnoro Harpyxkenusi bJIA ¢
JPYTUX aKCEIEPOMETPOB MPOUCXOANUT 3aIIMCh CUTHAIOB BO BPEMEHHOW 00J1aCTH.

INPUMEP UCCIIENJOBAHUA TUHAMHNYECKOI'O IIOBEAEHHUSA BJIA
B HABEMHBIX YCJIOBUSAX C YYETOM JAHHBIX JIETHOI'O OKCIIEPUMEHTA

C 1enpio MOSICHEHUS! OCHOBHBIX IMOJIOKEHUH paccMaTpUBAaeMON METOIUKU MPUBEAEM MpUMEp
UCCIIeIOBaHMs TuHaMu4Yeckoro nmoseneHust BJIA B mabopaTOpPHBIX YCIOBHX C yUYETOM JaHHBIX JIETHO-
ro sKcnepuMeHTa. 3anuch BuOpanuu BJIA Bo BpemMeHHO# 007acTH, TOJYYSHHOW B JIETHOM JKCIIEpH-
MEHTC, — rpa(bHK 3aBUCHUMOCTH BI/I6paHI/IOHHOFO OTHOCHUTCIIBHOI'O YCKOPCHUA ﬁ, BBIPAXKCHHOI'O B €A1~
HHUILIAX YCKOPEHMS CBOOOIHOTO MaJeHUs g, B 3aBUCHMOCTH OT OTHOCUTEIHLHOIO BPEMEHH t, IPE/ICTaB-
JieHa Ha puc. 2.
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n.g
14

0 0.25 0,5 0.75 1t

Puc. 2. 3anuce Bubpauuu bJIA, nosy4eHHas B IETHOM 9KCIIEPUMEHTE
Fig. 2. The UAV vibration recording obtained in the flight experiment

[Ipumensis anroput™m npeodpazoBanus Pypwe k 3anucu BuOpauuu BJIA Bo BpemeHHoOI 00na-
CTH, TIOJTy4nM criekTp BuOpammu BJIA B wactoTHo# obnacth, puc. 3. CrieKTp — 3aBUCUMOCTh OTHOCH-
TEJBHOI CIIEKTPAIBHOI INIOTHOCTH MOIIHOCTH S, BbIpaskeHHOit B g/, ot wactors! ' (I'). [Ipexcras-
JICHHBIH CHEKTp BUOpPAILIUM COOTBETCTBYET «OMOPHOID TOUKE — MECTY YCTAaHOBKH aKceJepoMeTpa MpH
MIPOBE/ICHUH JIETHOTO SKCIIEPUMEHTA.

S, g'Tu
15 4

| T JJL
500 750

Io 250 1000 1250 1500 17150 2000 f Iy

Puc. 3. Crextp Bubpanmu BJIA B TOuke yCTaHOBKH aKkcenepoMeTpa B JIETHOM IKCIIEPUMEHTE
Fig. 3. The UAV vibration spectrum at the point of accelerometer installation in the flight experiment
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Bo30yxnenue BJIA Bonb monepeyHoil ocu MOXKET UMETh P TPYAHOCTEH, KOTOpble MOTYT
MOBJIMATH HA pe3ysbTaThl dKcniepuMeHTa. [IpaBuno Bo30yxaeHUs MOCPEICTBOM BUOPOCTEHIA perja-
MEHTHUPYET MPUKIAJABIBATH BO30YKIAONIYIO CUITY B MECTE IIeHTpa TshkecTu uznenus. Ho mpu xkecTkoM
3akperuieHnd bJIA k BUOpPOCTEHIy M3MEHSIETCS M €T0 aMIUTUTYAHO-4aCTOTHAsI XapaKTepucTuka. Yto
JienaTh B JaHHOM cliydae?

[Tpennaraercs npumenuts npuHuun CeH-Benana, cyTb KOTOPOro COCTOUT B TOM, YTO MPH y/a-
JICHUHM OT MECTa MPHJIOKEHHUS CHIIbI BO30YKIEHUS Ha OoJblliee paccTOsHUE, Oy/IeT YMEHBINAThCS U
HCKa)XCHHE, BEI3BAHHOE JaHHOW cuioi (3akperuieHuem). Takum oOpaszoMm, Bo30yxkaas aanee bJIA mo-
OUYEpEeIHO BIIOJIb MPOJIOIHHON U TIOMEPEUHBIX OCEH BHOPAIIMOHHBIM CIIEKTPOM, MOJYYCHHBIM B HATYp-
HOM 3KcriepuMeHTe (puc. 3), BOCIPOU3BOAUTCS BUOPALIMOHHBINA CIIEKTP B MHBIX MECTaX, a UMEHHO TaM,
IJIe yCTAHOBJICHBI aKCEIEPOMETPHI B TaOOpaTOpHOM 3KcniepuMeHTe. CIIEKTp, MOIYYCHHBIN B HA3€MHOM
IKCIIEpUMEHTE (B IPYroM MeECTe) NMPH BUOPAIIMOHHOM BO30YXICHUH CIEKTPOM, IOJTYYEHHBIM B
HATYPHOM SKCIIEPUMEHTE, TIPEJICTABJICH Ha pHC. 4.

B gl-Tu

0.3 4

L

" 750 1000 1250 1500 4750 '2000 1y

Puc. 4. Criextp BuOparu BJIA B TOUKe yCTaHOBKH aKceJIepoMeTpa B Ja00paTOPHOM SKCIIEPUMEHTE
Fig. 4. The UAV vibration spectrum at the point of accelerometer installation in the laboratory experiment

OTMmeTHM, 4TO B YCIOBHUSAX BOCHPOM3BOAMMOIO MOAOOHBIM 00pa3oM BHOPAIIMOHHOTO Mpoliecca
BO3MOXHO IPOBCACHUC B ;[aaneﬁmeM Pa3JINIHBIX HCCHGHOB&HHﬁ, CBSI3aHHBIX C HA3eMHOH OTpaGOT-
kol BJIA u ero 60pTOBBIX CHCTEM, B YaCTHOCTH: MCCJICIOBAHUE CUCTEMbI aBTOMAaTUYECKOTO yTIpaBIie-
HUS; TIPOBEepKa (PYHKIIMOHUPOBAHUS OOPTOBOM almaparypbl; UCCICTOBAHUE XAPAKTEPUCTUK CHCTEMBI
«pyJb — IPUBO» U PSI APYTHX.

3AK/IIOYEHUE

Pa3paborana metoauka vcciaea0BaHusl AUHaMu4Yeckoro noseaeHust bJIA B Ha3eMHBIX ycllOBU-
X C YYETOM JaHHBIX JIETHOIO 3KclepuMeHTa. HarypHble ycnoBus, peanu3zyeMble B MOJIETE, JAIOT
HambOoJee JOCTOBEpHYIO HH(pOpMaIHio 0 BHOparroHHOoM coctossHuM BJIA u ero 6opToBoii anmapary-
pbl. OHAKO Ui BBISIBICHUS peanbHOro BHOparnuoHHOro coctosiHus BJIA TpeOyercs yctaHoBka ao-
CTaTOYHO OOJBIIOTO KOJUYECTBA AKCEIEPOMETPOB, YTO TEXHUYECKU MOXKET OBITh HEPEaIH3yeMO BO
BpeMsl JIETHBIX UCCIIEJOBaHUA. PemuTh nanHyro npoOieMy mpeanaraercs 3a cueT MPOBEICHUSI Ha3eM-
HBIX JMHAMUYECKUX HCHBITaHUN. MeToauka MO3BOJSIET MO pe3ysibTaTaM H3MEpeHHsl BUOpaluu mpu
HATYPHOM (JIETHOM) DKCIIEPUMEHTE B HECKOJIBKUX «OMOPHBIX)» MECTaX BOCIPOM3BOAUTH Jlajee B J1a0o-
PaTOpHLBIX YCIOBHAX BI/I6paHI/II/I C BBICOKOM CTETIECHBIO AOCTOBCPHOCTH U B APYIUX MCCTAaX KOHCTPYK-
i BJIA. Tlpu aToM 3a1aHue ¥ KOHTPOJIb BUOPAIIMH B JIa0OPATOPHOM SKCIIEPUMEHTE OCYIIECTBISIETCS
II0 «ONOPHBIM» AKCEJIEPOMETPAM, KaK M B HATYPHOM JKCIIEpUMEHTE. B nanmpHeWIIeM MOJy4YeHHBIN
BUOPALIMOHHBIN MPOIIECC MOXKET OBITH MEPEHECEH Ha aBTOHOMHBIE MCCIIEIOBAHUS CUCTEMBI aBTOMATH-
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YECKOr0 YNpaBJICHUs M €€ OTHAEIbHBIX arperatroB, PyJEBOrO IPHUBOJA, CUCTEMBI «PyJb — IMPUBOI» U
JIPYTHUX JAJI OLIEHKH UX (YHKIIMOHUPOBAHUS B JAHHBIX YCIOBUAX BUOpAIIUU.

[ToMHUMO OCHOBHBIX MOJIOKEHUH METOAMKH MPEACTABIEHA IPUHLIUIINAIBHASI CXEMa U IPUBEJEH
IIPUMEP MCCIIEIOBAHUS TWHAMHUYECKOro noseneHus BJIA B Ha3eMHBIX YCIIOBHAX C y4E€TOM JaHHBIX
JIETHOT'O DKCIIEPUMEHTA.
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RESEARCH TECHNIQUE OF UNMANNED AERIAL VEHICLE DYNAMIC
BEHAVIOR IN GROUND CONDITIONS WITH ACCOUNT OF FLIGHT
EXPERIMENT DATA

Vladimir N. Akimov', Dmitry N. Ivanov'?, Sergey G. Parafes’’
! Dolgoprudny Research and Production Enterprise, Dolgoprudny, Russia
? Moscow Aviation Institute (National Research University), Moscow, Russia

ABSTRACT

The authors of this article propose a research technique of unmanned aerial vehicle (UAV) dynamic behavior in ground conditions
with account of flight experiment data. Dynamic researches of UAV and separate components of its onboard equipment are one of
the most important tasks of the ground testing stage of UAV. The flight experiment gives the most reliable information about the
vibration condition of the UAV and its onboard equipment. However to identify the real vibration condition of the UAV requires
the installation of a sufficiently large number of accelerometers, which technically can be unrealizable during flight studies. It is
proposed to solve this problem by conducting ground dynamic tests. Having determined the nature and level of vibration during the
full-scale (flight) experiment in the "reference" places, it is possible further in the laboratory with a high degree of reliability to
obtain vibrations (amplitude and phase frequency characteristics, spectrum, etc.) in other places of the UAV construction. To do
this, it is necessary to install accelerometers throughout the UAV airframe, including the "reference" places that were used in the
flight experiment. By exciting the UAV alternately along the longitudinal and lateral axes with the vibration spectrum obtained in
the full-scale experiment, the vibration spectrum is reproduced in those places where accelerometers are installed in the laboratory
experiment. In this case, the vibration task is carried out by "reference" accelerometers, as in the full-scale experiment. In the future,
the resulting vibration process can be transferred to autonomous studies of the automatic control system and its individual units,
actuator, rudder — drive system, etc. to assess their functioning in these vibration conditions. In addition to the main provisions of
the technique, the article presents a schematic diagram and an example of the dynamic behavior research of UAV in ground
conditions with account of flight experiment data.

Key words: unmanned aerial vehicle (UAV), dynamic behavior, vibration tests, flight experiment, ground experiment, technique.
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OCOBEHHOCTHN MOJAEJINPOBAHUA OBTEKAHUSA HECYHIEI'O
BUHTA BEPTOJIETA C YYETOM NPOU3BOJIBHOI'O
ABU/KEHUS JIOITACTEN

B.A. BEPLIKOB', b.C. KPULIKHI1", P.M. MUPT'A30B'
IlleHmpa/szsz”t aspozudpoounamuieckut uncmumym um. npog. H.E. JKykosckoeo,
2. ’Kykoeckuii, Poccus
’Mockosckuii pusuro-mexnueckuii uHCmumym (20Cy0apcmeenblii ynusepcumen,),
2. Honeonpyonuwiii, Poccus

PaccmarpuBaercst 3aaya obtekanusi Hecyiero BuHTa (HB) Bepronera ¢ yueTroM MaxoBOro JBMXKEHMS JIONACTEH B IJIOCKOCTH
BpalleHusl ¥ B IUIOCKOCTH TATM, a TaKkke yNpyrod nedopmanuy Jjonactei. BpaiieHune BHHTa MOJENUpYETCS METOJIOM
npeoOpa3oBaHMs pEIlaeMbIX YpPaBHEHHH W3 HEMOJBM)KHON CHCTEMbl KOOPAMHAT, CBS3aHHOW C HAOETralolM ITOTOKOM, BO
BPALIAIOIIYIOCS CHCTEMY, CBSI3aHHYIO C BTYJIKOM BHHTA. J{yIst 331a4 0CeBOro 00TEKaHMs 9TO JeNiaeT BO3MOXHBIM (POpMyJIMpPOBATH
3a/iady KaK CTalMOHAPHYIO IPH MOCTOSHHOW CKOPOCTH BpallleHUs BHHTA. I pekrMa KOCOro OOTEeKaHHs BHHTA B YCIIOBHSX
Ha0ETaroIIero MOTOKa B 3TOH CHCTeMe HeOOXOIMMO PellaTh HECTAOHAPHYTO 3a1a4y. [ pemeHus 3a1a4d UCIOIb30BaH METO
neopMUpPYEMBIX CETOK, B KOTOPOM YpaBHEHMs 3aIlFCBIBAIOTCS YK€ C YYETOM JBIDKCHHS Y3JIOB CETKH, OIPENENeMBIX B
COOTBETCTBHH C TIPOCTPAHCTBCHHBIM IBIDKEHHEM JIOMIACTEH, a I 3aMbIKaHHs Hcnoib3yercs SST monenb TypOyJIeHTHOCTH.
B nanHO# paboTe mpeacTaBiIeHBl pe3yNbTaThl TECTOBBIX PAcyeTOB a’pOAMHAMHUYECKHX XapakrepucTuk HB 6e3 m ¢ yderom
MAaxoBOTO JBIDKEHNs Jonactei. [IpoBoxurcs cpapHenue kodddurmentoB cuisl Tarid HB Cr 1 mapHUPHBIX MOMEHTOB JIoTiacTeit
m,,. Pacdyets! mpoBommiuck B CFD makere mporpamm ANSYS CFX (JIuiensus IIATY Ne 501024). CmonenipoBaHo 00TEKaHHE
yerbIpexiionactHoro HB pagnycom 2,5 metpa Ha pexxume kocoro oorekanusi. CKopocTh Haberaromiero noToka cocrassiia 85 m/c
NIPH HOPMAJIBHBIX aTMOC(EpHBIX yCnoBUsX. BuHT Haxomqucs mox yriiom araku —10°. s pacuera jBikeHus BUHTA Oe3 yuera
MAaxOBBIX JIBIDKCHHMIH HCIOJb30Balach HecTalMOHapHas cucreMa ypaBHeHM HaBpe — Crokca ¢ 3ambikanueM SST Mopensto
TypOyseHTHOCTH. Pacder npoBoauics 10 Tex Hop, NOKa N3MEHEHHE MaKCUMaJIbHOTO 3HAUESHHS! TSATH BUHTA 332 000POT HE CTaHET
meHee 1 %. JIjist MOJeMpoBaHusT MaxoBbIX JIBH)KEHHUI JIONACTH OBLIM B3ATHI 3aKOHBI YIIPABJICHUS M YpaBHEHHs, ONMCHIBAIOIINE
YTOJI B3Maxa JIONAacTH KaK (PyHKIHIO OT ee a3MMyTaIbHOTO YIUIa, OTy4YeHHbIE U3 SKcrepuMenTa. [Iporetypa nepecTpoeHus ceTku
M0 3aJAHHOMY 3aKOHY OCYIIECTBILUIACH C HCIONB30BAHMEM CTAHAAPTHBIX METOAOB Ae(OpMAIld CETKH, MPEICTABICHHBIX B
nporpamme ANSYS CFX. Ilpn pemernn HecTanmoHapHBIX ypaBHeHM HaBpe — CTOKca OBLT MCHONB30BaH MyasbHBIA IIar 110
BpeMeHH. [lomydeHHBIE pe3yNbTaThl MOKA3BIBAIOT, YTO YYET BIMSIHUS MAaXOBBIX [BIDKCHUH W HUKIIITYECKOTO YIIPABICHUS
JIOMACTSIMU BIMSIET Ha XapakTep m3MeHeHus Kodddumuenta Tsru HB 3a oquH 000poT M CyIIECTBEHHO BAMSET Ha BHJ Tpaduka
k03 hurreHTa MapHUPHOTO MOMEHTA KayKIOH JIOTIACTH.

KaroueBnle ciioBa: (hro3eisbK BepTosieTa, adpouHamideckas komioHoBka, SolidWorks, CAD, ANSYS CFX, koaddurment
JI000BOTO COMPOTHBIICHHSI.

BBEJEHUE

HccnenoBanue a’poAMHAMMUYECKUX U aKyCTUYECKUX XapaKTepUCTHK Hecyiero BuHTa (HB)
BEpTOJIeTa MPEJCTaBIsAeT CO00M KOMIUIEKCHYIO 3aJady, KOTopas HeoOXOoAuMa MpH MPOSKTUPOBAHUU
COBPEMEHHBIX BepToseTOB. MoaenupoBanne odtekanuss HB Ha pexmmax Kocoro oOTEeKaHHS OCy-
LIECTBIIAETCS, KaK MPaBUJIO, HA OCHOBE BUXPEBbIX MeTONOB [1—4]. CeTouHbIMM METOaMU MOJEINPY-
ercs pabora HB B OCHOBHOM Ha pexXHMe 0CEBOTO 0OTEKaHUs, B YaCTHOCTH, Ha PeKUME BUCEHHS [5—8].
C10XHOCTh KOMIIBIOTEPHOTO MojenupoBaHus o0tekanus HB Ha pexxume kocoro oOTekaHHs CETOU-
HBIMH METOJaMHU 3aKII0YAaeTCsl B CYLIECTBEHHOW HECTAlMOHAPHOCTHU Ipoliecca OOTEKaHHs JIOMACTeH,
KOTOpBIE COBEPLIAIOT MAXOBBIE JIBMKEHUS M MEPEMEIIAIOTCS 110 CJIIOKHBIM KPHBOJIMHEWHBIM TPACKTO-
pusiMm. B Hacrosiee Bpemst OOJIBIIMHCTBO HCCienoBaTelel pemaroT 3agady ootekanus HB B ympo-
IIIEHHOM BapHaHTe: 0e3 ydeTa MaxOBbIX JABMKEHHUH JIONAcTe M MX MHAMBUAYAJIBHOTO yIPABJICHUS B
3aBHCHUMOCTH OT a3UMYTAJIBHOIO N0JI0KeHus [9]. OTHAKO LHUKINYECKUE ABUKEHUS 3HAYUTEIBHO BIIM-
AIOT Ha a3POJAMHAMUYECKUE U aKyCTUYEeCKUE XapakTepuctuku HB.
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B pabote npuBonsTCcs pe3ynbTaThl MOAeapoBaHus o0Tekanus HB Bepronera ¢ yuetom mpo-
M3BOJIBHOTO JBMKCHUS JIOMACTEH.

1. IOCTAHOBKA 3AJIAYHN

PaccmarpuBaeTcs oOTekaHue AByX 4eTbipexiomnacTHeIXx HB Ha pexmme kocoro oOTekaHMS.
I'eomeTprueckue XapakTEpUCTUKHU MOJENEN JIONAacTe COOTBETCTBYIOT M€OMETPUUECKUM XapaKTEpH-
CTHUKaM JIOTacTe Mojeniel Hecymux BUHTOB Beptojeta JIJI-24 (ycmoBHo HaszpiBaembie HB Tunm 1 u
TUN 2), UCTIOJB30BAHHBIX B a3POAMHAMHUYECKUX SKCIEPUMEHTaX B aspoauHamuueckoit Tpyoe (AT),
COCTOSIIMX W3 HaOOpa CIOXKHBIX Mpoduieil, UMEIOIMUX HEIUHEWHYI0 F€OMETPUUYECKYI0 KPYTKYy IO
pasmaxy U CIOoXHYI0 ¢popMy B tutane. lnamerpsl BUHTOB paBHbl D = 4,884 M, a cpeiHIE adpoAUHAMHU-
yeckue Xopasl Mojenen gomnacted b = 0,16 M. PaccTosiHME OT KOMJIEBOTO CEYEHHUS IO OCHU BpAILICHUS

It 000MX BHHTOB cocTaBisieT rp= 0,32 M. Yromn araku BUHTOB cocTtaBiser o, =—10°. CkopocTs

HalOeraromero noroka cocrasisier Vo, = 125 m/c g HB ¢ momensmu nonacreit tun 1 u V,, = 85 M/c
g HB ¢ monensimu monacted Tum 2.

B pacuete Ha pexuMe KOCOro oOTeKaHMs 33aJaeTCs BHEIIHUHN TMOTOK, COOTBETCTBYIOIINIM CKO-
POCTH TIOTOKA B paboveil 4acTH adpOJUHAMUYECKON TPYOBbI B YCIOBHIX TPyOHOTO dKcriepuMenTta. O0-
U BUJ BUHTA U HallpaBJCHUE BpallleHUs MOKa3aHbl Ha puc. 1.

|
1 coospTuATE sTSTEM

Puc. 1. Monens HB BepTonera u HanpaBieHUE BpaILlEHUS
Fig. 1. Model of the helicopter main rotor and the direction of rotation

YacroTra BpallleHHs: BAHTOB COOTBETCTBYET OKPYKHOW CKOPOCTH KOHIa JionacT R = 210 m/c.
Pacuetsl nmpoBoaMiIMCh 7S 3a/laHHBIX 3aKOHOB JABM)KEHHUS JIONACTE BUHTA OTHOCUTENIBHO TOPU30H-
TaJIbHOTO (yIjla B3Maxa) M OCEBOr0 MIApHUPOB (YroJ OOIero W LUUKIMYECKOro mara jonactu). M3me-
pEHHBIE B SKCIIEPUMEHTE 3HAUEHUS YIJIOB B3Maxa JIONacTu f3; MOXKHO MPEICTaBUTh CIEAYIOIIUM BbI-
paskeHHEM:

B, = ao— a) cos(y) — b; sin(y) — az cos(y) — by sin(y),

r7ie Y — yroJl a3UMYyTaJIbHOTO TIOJIOKEHUS JIONAcTH (a3UMYT) OTHOCUTENIBHO HAMPaBJICHHS MTOTOKA.

Ha puc. 2 mokaszan o0l BUI pacueTHOW 00JaCTH TEUCHHS OKOJIO BPAIIAONIETOCS BUHTA.

Ha BHemHei#l rpanuiie pacueTHOl 00IacTH MPU HAIMYUKM BHEIIHETO MOTOKa (pUKCUPYeETCH
MOJlyJIb M HalpaBJICHUE CKOPOCTH HaOeraromero rnoTroka, TeMIeparypa, paBHas TeMmIepaTrype
OKpY>Karomiel cpeibl, BETUYNHBI MHTEHCUBHOCTH TYPOYJIEHTHOCTH U OTHOUICHHE BEJIUYUHBI TYp-
OyJIEHTHOHM BSI3KOCTH K 3HAUCHUIO JIAMUHAPHOW BA3KOCTH. B yacTu pacueTHoi 001aCcTH, OXBATHI-
BalOIIEH MPUJIETaloIINil y4acTOK OKPYXKAIIIEro MpOoCTPaHCTBA, ceTKa HelepopMupyemas, a Je-
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dbopManu CeTKH, CBSI3aHHBIE C MPOCTPAHCTBEHHBIMU JIBUKEHHUSIMHU JIOTIACTEH M UX BpPAIICHUEM,
OCYIICCTBIISIOTCSA HCKJIIOYHTEIBHO B OTHOCHTEIBHO HEOONBINON IUIMHIPUYSCKOH 00J1acTH,
OKpYIKaromiel I1onacTb. 3aKOHBI Ae(OpMaIui CETKH B COOTBETCTBYIOIIHNX MOA00aCTAX 3a0al0TCs
B COOTBETCTBHUH C WHIWBHUAYaJTbHBIMH JIBHIKCHHSMH KaXXJIOW OTIENbHON Jiomactu. Ha rpanure
obmacteit nepopmupyemoit u HeaeOpMHUPYEMON CETOK BBIMOJIHSIOTCS YCIOBUS COXPAaHCHUS
KOHCEPBATUBHBIX NMEPEMEHHBIX. TakUM 00pa3oM, pacuyeTHBIC CETKH CTPOSTCS B COOTBETCTBHH C
reoMeTpueil 3aJauyd U OOBIYHBIMH TPEOOBAHUSMU, MPEABSIBISIEMBIMH K CETKaM NPH OMUCAHUU
TypOyJICHTHBIX OTPBIBHBIX TedeHHH. [locTpoeHHass TakuM 00pa3oM ceTka aedopMupyeTcs mo 3a-
JaHHOMY 3aKOHY WHJIWBUIYaJIbHOTO JBUKEHHS JIOTACTEH B COOTBETCTBYIOIIECH MOA00IaCcTH CeT-
KM C HUCIOJIb30BAaHUEM COOTBETCTBYIOIIMX MHTEPPEHCOB HA MOBEPXHOCTSIX, MPUMBIKAIOIINX K CO-
CEIHUM 00JIaCTSIM.
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Puc. 2. HB B pacuetHoit o6nactu
Fig. 2. The main rotor in the computational domain

Bpamienre BUHTa MOJeNnHUpyeTCsl METOAOM IpeoOpa3oBaHUs pellaeMbIX YpaBHEHHH M3 HeErmo-
JBIDKHOM CHCTEMBI KOOPJAWHAT, CBS3aHHOM C HaOeraroluM IMOTOKOM, BO BPAIIAIOIIYIOCS CHCTEMY,
CBSI3aHHYIO C BTYJIKOM BUHTA. /|1 3a1a4 oceBOro 00TeKaHus 3TO AeIaeT BO3MOKHBIM (OPMYIMPOBATH
3ajjauy Kak CTAllMOHAPHYIO MPH MOCTOSHHOW CKOPOCTH BpalleHHs BUHTA. [lJi1 Kocoro oOTeKaHHs B
3TOH cucTEMe HEOOXOAUMO pelaTh 33Ja4y B HECTallMOHAPHOM ITOCTaHOBKE.

Jlnist perieHus 3a/1aun MCIOJB30BaH METOA Ae(POPMUPYEMBIX CETOK, B KOTOPOM YpaBHEHUS 3a-
MHUCBIBAIOTCS YXKE C yYETOM JABMIKEHMsI Y3JIOB CETKH, OIPEIENseMBbIX B COOTBETCTBUU C IPOCTPaH-
CTBEHHBIM JIBI)KCHHEM JIOTIACTEH, a JUI 3aMBIKaHUS MCIOJIb3YEeTCs JOMOJIHUTENBHOE YPaBHEHUE CO-
XpaHeHUs npocTpaHcTBa. JlId MoJenupoBaHHMs MaxoBOrO JABMIKEHHs JIONAcTed M LUKIMYECKOTO
yIpaBJICHUS YTJIOM YCTaHOBKH IMPUMEHSUIICS alITrOPUTM, ONMCaHHBIH B pabdore [10].

Hanee ctpoutcs pemenue HectarmoHapHbix ypaBHeHH (URANS) Ha moaBmwkHBIX nedopmu-
PYEMBIX CeTKax ¢ MCIOJIb30BAHUEM 3apaHee BHIOpaHHOM moaxonsuiei moaenu TypOyineHTHoctu. Cro-
UT OTMETHTH, YTO Ul Kocoro ootekanus HB HeoOxonumo pemats 3agady o0TeKaHHs BPaIAOIUXCs
JonacTeid BUHTa B HECTAlIMOHAPHON MOCTAaHOBKE C YYETOM HMX KOJJICKTHBHOTO BpallaTEIbHOTO JBU-
’KEHUS C OAHOBPEMEHHBIM 3a/IaHUEM NPOCTPAHCTBEHHBIX JABMKCHMH JonacTel JUisl OMMCAaHUS UX Ma-
HIYIIETO ABWKEHUS U KOJIeOaHUI MO YTy YCTAaHOBKH B OCEBOM IIapHUpE.

[Tpu onpenenennu a3poauHaMU4ecKux xapakrepuctuk HB ¢ 3agaHHBIME IPOCTpaHCTBEHHBIMU
JBIDKEHUSIMH JIOTIACTH IyTEM pacueTa HeCTallMOHAPHBIX ypaBHEHHH PeliHombaca TpeboBanocs ot 3 10
5 000pOTOB BUHTA JJIs1 3aTyXaHUs MMapa3sUTHBIX BO3MYIIEHUH, BOZHUKAIOUIMX B HAYaJIbHBI MOMEHT U3-
3a paccorjacoBaHMs MOJIEH TeUeHHs U IBUKEHUs jonactel BUHTa. CTOMT OTMETUTh, YTO UCIOIb30Ba-
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HUE B KaueCTBE HAYAIBHOTO MPUOIMKEHUS PELICHUH, B KOTOPHIX OTCYTCTBYIOT IEPBbIE TAPMOHUKHU
BCEX YTJIOBBIX JBM)KCHHH, KPOME IMOCTOSIHHOTO 3HAYCHHs KOHYCHOCTH BHUHTA, IPUHLIMIIHAIBHO HE W3-
MEHSIIO KOJIMYECTBA 1IaroB, HEOOXOAUMBIX JUUIsl YCTaHOBJIECHUS perieHus. [1o3ToMy OCHOBHBIE pacueThl
IIPOBOJUJIUCEH C MCIIOJb30BAHUEM B Ka4€CTBE HAYaJIbHOI'O PACIpPENCIICHHs apaMeTPOB I10JI€ TEYCHUS
HEBO3MYIIIEHHOTO HAaOEraomero noToka.

2. PE3YJIBTATbBI MOJAEJINPOBAHUSA
2.1. Pesxum Kocoro od0Texkanus. Y4eT HMKJINYECKOTr0 H3MEHEHHS YIJIa yCTAHOBKH

B nanHOM pasnene OyaeT pacCMOTPEHO BIMSHUE LMKINYECKOTO YMpaBIECHUS JIONACTIMHM Ha
MHTErpajbHble a’poJuHaMUYeckre XxapakTepuctuku HB Ha pexume xocoro odrexanus. s cpaBHe-
HUS TaKXke ObUTH BBIOpaHsb! 1Be Moaenu HB ¢ Mmonensimu nomactet Tuna 2 ¥ yrilaMyd YCTaHOBKH JIOTIa-
cTeit @9 = 16" u o = 10°. Taxke OyaeT mokazaHO, HACKOJBKO BIUSAET BHIOOP 3aKOHOB YIPABICHHUS JIO-
MIAaCTSAMU HAa HHTErpajIbHbIC a3pOJANHAMUYECKUe XapakTepuctuku HB.

3aKOHBI U3MEHEHUS YTJIa YCTAaHOBKHM JIONACTU OT a3UMYTaJIbHOTO yTJIa IPUBECHbI B Ta0. 1.

Ha puc. 3—5 moka3zanbl rpaduku 3aBUCUMOCTH 0e3pa3MepHbIX KodhduueHToB cui, kodhdu-
IIIEHTOB MOMEHTOB, JieiicTBytonmx Ha HB, u ko3¢ unnenToB mapHUpHBIX MOMEHTOB Ka)KJI0W Jioma-
CTH 32 OJMH 00OPOT JJIS yIJia yCTAaHOBKH JIOTAcTH Pp = 16°.

Taoauna 1
Table 1
3aKOHBI U3MEHEHHUS YTJIa YyCTAaHOBKH JIOMACTH
The laws of changing an angle of blade installation

Po 0(y)
16° 16,04 — 8,81sin(y) + 3,75cos(y)
10° 12,08 — 5,4sin(y) + 0,41cos(y)

Ha pucynkax 6—8 n300pakeHbl TpapuKi 3aBUCUMOCTH Oe3pa3MepHBIX KOA((HUIIMEHTOB CHIL,
K03(pPULIMEHTOB MOMEHTOB, AeiicTByromux Ha HB, u ko3¢ (uiueHToB mapHUpHbBIX MOMEHTOB KaX-
JIOM JIOTIACTH 3a OJTMH 00OPOT IS yTia YCTAaHOBKH JionmacTe (g = 10°.
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------- ch Cs ——ct VIPaAl aal
-——mX My eeeeee mz Y lrpaa.]
Puc. 3. 3aBucuMocTth K03 (HUIEHTOB MPOIOIBEHOM, Puc. 4. 3naucHne k03hHUITUCHTOB MOMEHTOB
TIOTIEPEYHOH CHJI M CEUTBI TATH OT a3uMyTa, Qo = 16° 3a 0bopoTt, Py = 16°
Fig. 3. Dependence of the coefficients of Fig. 4. The value of the coefficients of the moments
longitudinal, lateral forces and a thrust force on during one revolution, @y = 16°

azimuth, @y =16°
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Puc. 5. 3nauenue k03¢ GULINEHTOB IAPHUPHBIX Puc. 6. 3aBucumocts KO3 PUIIEHTOB IPOAOJILHOM,
MOMEHTOB Ka)XJIOH JIOmacTu 3a 000poT, ¢y = 16° MOTEPEYHOM CHIT M CHIIBI TATH OT a3uMyTa, Qg = 10°
Fig. 5. The value of the coefficients of the hinge Fig. 6. Dependence of the coefficients of longitudinal,
moments of each blade during one revolution, lateral forces and a thrust force on azimuth, @y = 10°
Qo = 16°

CnenyeT OTMETHTb, YTO CYMMAapHO€ 3HaueHHe NoabeMHOM cuiasl HB mpu nukinmueckom
yIpaBJICHUU MEHBLIE [0 CPaBHEHUIO C Pe3ysbTaTaMM MOJEIMPOBaHUS Oe3 ydera YIpaBJCHHS IpH
OJIMHAKOBBIX IMPOYHUX T€OMETPUUYECKUX U KNHEMATHYECKUX ITapaMeTpax.

Bunano, uro HB ¢ yriom ycraHoBkH Jionactu ¢ = 16° cOamaHcupoBaH B MIOCKOCTH XZ, HO HE
cbama"cupoBaH B Jpyroit miaockocTd. HB ¢ yriiom ycranoBku nomactu ¢p = 10° uMeeT Ha MOPSAIOK
MeHbIlIee 3HauYeHHEe KOA((HUIIMEHTOB MOMEHTOB, YTO CBHJCTEILCTBYET O Jydmieil Oamancuposke HB

BO BCCX IINTIOCKOCTAX.
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Puc. 7. 3nauenne ko3 PULIUEHTOB MOMEHTOB 32 Puc. 8. 3Hauenue k03(h(HULMEHTOB MIAPHUPHBIX
obopot, @y = 10° MOMEHTOB KaXI0#1 JonacTu 3a 06opor, ¢y = 10°
Fig. 7. The value of the coefficients of the moments Fig. 8. The value of the coefficients of the hinge
during one revolution, @y = 10° moments of each blade during one revolution,

@ =10’

2.2. Pe:xkum KoCOro o0TekaHusi. Y4yeT HMKJIMYECKOT0 H3MEHEHUS YIJIa YCTAHOBKH
M MaXOBbIX JIBHKEHUH J10NACTH

Ha mocnennem srtarme uccieoBaHusl MPOBEACHA MPOBEPKA BIMSHHUS OJHOBPEMEHHOTO ydeTa
IMUKIINYCCKOI'O ynpaBHCHI/ISI 1 MaxoBOI'O ABUXKCHUS HOHaCTeﬁ Ha aE)pOI[I/IHaMI/I‘-IeCKI/Ie XapaKTepI/ICTI/IKI/I
HB Beptonera. Jlyis mpoBeaeHus: JTaHHOTO pacdeTa ObUTH MCTIOJb30BaHbl Moaenu HB ¢ momactsmu tum

1 u 2 u yrmamu ycTaHoBKH @o = 15,7 1 ¢p = 16° COOTBETCTBEHHO.
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3aKOHBl U3MEHEHHMS yTiia B3Maxa M YCTAHOBKH JIOMACTU OT a3MMYTAJIBHOTO YIJIa JJIsi MOJEIN
HECYyIIeTO BUHTA C JIONIACTAMHM THIT | ¥ 2 IpuBeIeHbI B Ta0J. 2 U 3 COOTBETCTBEHHO.

Ha puc. 9, 10 npeacraBiensl rpaguky 3aBUCUMOCTH OT a3uMyTa 0e3pa3MepHbIX K03 uIeH-
TOB MPOJOJILHOM, MONEPEYHON CUJI U CUJIbI TATH, AeHcTByrommx Ha HB, m mapHuUpHBIX MOMEHTOB

Ka)KJIOU JIOTIACTH 32 OJJUH 000POT C MOJENSIMH JlonacTei Tv 1.

Tabaunna 2
Table 2
3aKOHbBI U3MEHEHUS YIJIa B3Maxa U YCTaHOBKHM JionacTtei tun 1
The laws of changing an angle of flapping and blade installation, type 1
6(v)
B(y) 1,83 + 1,24sin(y) — 0,62cos(y) + 0,15sin(2y) — 0,91cos(2y)
0(y) 15,70 — 11,10sin(y) + 4,34cos(v) — 0,08sin(2y) + 0,46cos(2y)
Taoauna 3
Table 3

3aKOHbBI U3MEHEHUS YIJIa B3Maxa U YCTaHOBKH JIoNacTel tur 2
The laws of changing an angle of flapping and blade installation, type 2

0(y)
B(y) 1,46 + 1,74sin(y) — 0,62cos(v)
0(y) 16,04 — 8,81sin(y) + 3,75cos(y)

Ha puc. 11-13 npeacraBnensl rpaduku 3aBUCUMOCTH OT a3UMyTa Oe3pa3MepHbIX KO HUIU-
€HTOB IIPOJOJIBHOM, ITONIEPEYHON CHJI M CWJIBI TATH, JEeHCTBYOMKX HAa HB, u mapHupHBIX MOMEHTOB
KaX/1011 JIONIacTH 3a OJJUH 000POT € MOJESMH JIOTIACTeH THI 2.
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MOIePEYHOM CHJI U CHJIBI TSTH OT a3UMYyTa Ka)XIO0M JIonacTh 3a 000poT
Fig. 9. Dependence of the coefficients of longitudinal,  Fig. 10. The value of the coefficients of the hinge moments
lateral forces and a thrust force on azimuth of each blade during one revolution

30




Tom 22, Ne 03, 2019 Hayunblii Becthuk MI'TY T'A

Vol. 22, No. 03, 2019 Civil Aviation High Technologies
3.5E-03 1.0E-03
30603 NSNS NS 5 OE.04
2.5E-03 -+ 1 i -
2.0E-03 0.0E+00 . '....__" .‘_-.,'; ...'.__'. -._'..,‘
0-..-  90-.-° 180.- 270.° 360
1.56-03 - - - - 5.0E-04 - . ! ! ‘
OO TS TS S P -1.0E-03
5.0E-04 15603 F Nosf \,s,/“\-,,’\- -
0.0E+00 | e
50604 O 90 180 270 360 -2 .0E-03
¥ [rpag.]
"""" Ch Cs -=-==mx my ««eooomz U [rpag.]
Puc. 11. 3aBucuMocTh KO3QPHUIIUESHTOB POI0JIBHOM, Puc. 12. 3navenust K03GGHUIMEHTOB MOMEHTOB
MOMNEPEYHOMN CHJI U CHJIBI TSTH OT a3UMYyTa 3a 00opoT
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Puc. 13. 3ravenue ko3 PUIMEHTOB MIAPHUPHBIX MOMEHTOB Ka)KIIOM JIOIIACTH 32 000pOT
Fig. 13. The value of the coefficients of the hinge moments of each blade during one revolution

3AK/IFOYEHUE

Pa3pabotan anroput™m JgegopManuu CeTOK B OTpaHUYEHHOM 30HE pacueTHON 00JacTh JUIsl MO-
JEUPOBaHMsI [IUKIMYECKOTO yIpaBJIeHUsI U MaXxOBOI'0 JABM)KEHMs JiomacTel Hecylero BuHTa. Hamu-
caHa nporpamMMa Ha s3bike nporpammupoBanuss CCL, BctpoenHoMm B maker ANSYS CFX. JlanHbii
QITOPUTM MO3BOJIIET MOJCIUPOBATH pabOTy HECYIEro BUHTA, OoJiee OJIM3KYIO K PEabHBIM YCIOBHSM,
CJIEZIOBATENIbHO, OIyYaTh O0JIee TOYHbIE a9POANHAMUUYECKUE U aKyCTUYECKHUE XapaKTEPUCTUKH.

BrlsiBneHO BAMSIHME UKIMYECKOTO YIIPABICHUS JIONACTSIMU Ha MHTETPAJIbHbBIE adpOAMHAMUYE-
ckue xapakrepuctuku HB Ha pexume kocoro o0TekaHusl.

HeobOxonuMo mpoBecTH BanuaalMio JaHHOM METOAMKH I JajJbHEHIIEro HCIOIb30BaHUs
B KQYEeCTBE MHCTPYMEHTA IPH MOJCIMPOBAHUM OOTEKaHMs HECYILEro BUHTA HA PEXKHUME KOCOro o0Te-
KaHHUS.
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FEATURES OF MODELING THE FLOW AROUND THE HELICOPTER
MAIN ROTOR TAKING INTO ACCOUNT ARBITRARY BLADES MOTION

Vladislav A. Vershkov', Boris S. Kritskyl’z, Ruslan M. Mirgazov1
! Central Aerohydrodynamic Institute, Zhukovsky, Russia
’The Moscow Institute of Physics and Technology (State University), Dolgoprudny, Russia

ABSTRACT

The article considers the problem of the flow around the helicopter main rotor taking into account blades flapping in the plane of
rotation and in the plane of thrust as well as the elastic blades deformation. The rotor rotation is modeled by the method of
converting Navier-Stokes equations from a fixed coordinate system associated with the incoming flow into a rotating system
associated with the rotor hub. For axial flow problems, this makes it possible to formulate the problem as stationary at a constant
rotational speed of rotor. For a mode of skewed flow around the rotor in the terms of incident flow in this system it is necessary to
solve the non-stationary problem. To solve the problem, the method of deformable grids is used, in which the equations are copied
taking into account the grid nodes motion determined in accordance with the spatial blades motion, and SST turbulence model is
used for closure. The results of the test calculations of the main rotor aerodynamic characteristics with and without blade flapping
are presented in this paper. The coefficients of the main rotor thrust ¢ and the blades hinge moments m, are compared. The
calculations were carried out in the CFD software ANSYS CFX (TsAGI License No. 501024). The flow around a four-bladed
main rotor of a radius of 2.5 meters is modeled in the regime of skewed flow. The speed of the incoming flow came to 85 m/s under
normal atmospheric conditions. The rotor was at an angle of attack of —10°. To calculate the rotor motion without taking into
account the flapping movements, we used the nonstationary system of Navier-Stokes equations with the closure with SST
turbulence model. The calculation was being carried out until the change in the maximum value of the rotor thrust during one
revolution became less than 1%. For modeling flapping blade movements, the control laws and equations describing the angle of
blade flapping as a function from its azimuth angle obtained from the experiment were used. The procedure for reconstructing the
grid according to a given law was conducted using standard grid deformation methods presented in the ANSYS CFX software.
When solving the nonstationary Navier-Stokes equations, a dual time step was used. The obtained results show that accounting of
the effect of flapping movements and cyclic control of the blades has an impact on the character of changing the main rotor thrust
coefficient during one revolution and significantly changes the shape of the graph of the hinge moment coefficient of each blade.

Key words: helicopter fuselage, acrodynamic configuration, SolidWorks, CAD, ANSYS CFX, drag coefficient.
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JIUATHOCTUPOBAHUE ABUAIIMOHHBIX JIBUT'ATEJIEN
11O COAEPKAHHNIO METAJIJIOB B MACJIAX

K.W. TPSIIYHOB', A.H. KO3JIOB', M.J1. HEMYHUKOB', U.C. MEJIbHUKOBA®
"Mockosckuil 20Cy0apcmeeHHbIl MeXHUYeCKUll YHUgepcumem paxdcoancKoll asuayu,
2. Mockea, Poccus
Focydapemeennbiii HayuHO-UCCIE08aAMENbCK UL UHCIUMYM 2PadiCcOAHCKOl asuayull,
2. Mockea, Poccus

COBpeMeHHI)Ie TCHACHUUU pPa3BUTUA rpamaﬂcxoﬁ aBrall YKas3bIBalOT Ha 3HAYNTEJIbHBIN POCT KOJIMYECTBaA JICTATCIIbHBIX
aIrapaToB ¢ aBHALMOHHBIMY IOPIIHEBBIMU JIBUTATEIIMH. MHHUCTEPCTBOM TpaHcnopra PXD ToTOBHTCS NMPOSKT NpHUKasa o
BHECEHUHN W3MEHEHUH B (l)eﬂepaﬂbﬂble ABHUAIIMOHHBIC TIpaBWjia IMOAIOTOBKU W BBITNIOJTHCHHA IIOJICTOB B I'pa)KIlaHCKOﬁ aBUalnuu
(DAII-128), xoTOpHIe TPEXyCMAaTPHBAIOT YIIPOIICHHBIC MPOLEAYPHl OCYIIECTBICHUS IUIATHBIX SKCKYPCHOHHBIX IIOJIETOB Ha
JIETKUX W CBEPXJIETKMX CamoJjieTax W Beprosierax. OueBUIHO, YTO 3TO OOCTOSTENHCTBO 3HAYMTEINIHLHO IOBJIMSET HA PACIIMPEHUE
NapKa YKa3aHHBIX BO3AYIIHBIX CYIIOB, B CBSI3U C YeM CTaHOBSITCS BCe OoJiee aKTyallbHBI BOIIPOCHI OLICHKH COCTOSIHHUS HOPLIHEBBIX
JIBUTATENICH, pabOTarONMX Ha aBUAIMOHHBIX OCH3WMHAX. B craThe paccMaTpHBArOTCS TEKYIIME MPOOJIEMBI JHArHOCTHPOBAHMS
ABUALIMOHHBIX JIBUTATENCH 1O CONEPKAaHHIO METAUIOB B MaciiaxX. [Ioka3aHbl MX HEIOCTATKH, BO3BMOXKHBIC MyTH PELICHHS JTHX
NpoOJIeM M HEZIOCTATKOB, aKTyallbHbIe pa3pabOTKU B IJAHHOM HaripaBiieHuH. [TokazaHbl puMepsbl MPUMEHEHHsT METOJIOB PAaHHETo
JMarHOCTUPOBAHMS C WCIOJNB30BAaHHEM aBTOMAaTH3MPOBAHHOIO AMATHOCTHYECKOro Komiuiekca «[Ipusmay. OcoOblii MHTEpecC
MPENICTaRIIAIOT PEe3yNIBTaThl aHAIM30B NPoO Macia, oToOpaHHBIX U3 mopumHeBoro apurarens AlLl-621P camonera AH-2. Onn
TIOKa3bIBAIOT, YTO TPH JOJDKHOM IOITOTOBKE IEpCOHajIa MOCTYHaromas ¢ mpoOoi Macia IeHHash MH(OpMarus MOXKET ObITh
MCTOYHHUKOM BKHBIX 3aKJIIOYEHHH HE TOJIBKO B OLIGHKE COCTOSHUA Y37IOB M arperatoB aBHALMOHHBIX JBUTATENEH, HO U APYTHX
CHCTEM, a TAKKE 3aKIIOYEHWH O KauyecTBE NPHMEHSEMBIX TIOpIOYe-CMa30uHbIX MaTepHayioB. [Ipe/uiokeH MeTOon OLEHKH
OCTaTOYHOTO pecypca JBUraTelisl Ha PasIM4HbIX 3TAllax ero HapaObOTKH M0 CONEpKaHHI0 METAJUIOB B Maciax, a TakKe IpoLenypa
oT0Opa MacJia, MO3BOJIIOIIAs [TOTYYUTh JOCTOBEPHBIE PE3YIIBTaThI.

KrodeBble cy10Ba: TUarHoCTUPOBaHKE, ABHAIIMOHHBIE IBUTATENH, TOPIIHEBbIE IBUTATENH, aBUALIOHHOE TOIUINBO, aBUALIIOHHOE
macio, AJIK «IIpu3may, mpoxyKThl U3HAILMBAHUSL.

BBEJEHHUE

BaxxneimmM ycioBreM dKCIUTyaTanu aBuaniioHHol TexHuku (AT) siBisercs oOecrieueHne ee
Ha/IKHOHN 1 Oe3aBapuitHON pabOTHI Ha BCEX CTaAMAX SKCIUTyaTalllu.

Haubonee pacripocTpaHeHHBIM METOJIOM O OOCITYyKHUBaHUIO aBUATEXHUKU SIBJISIETCS BBITIOJIHE-
HUE PETJIaMEHTHBIX pa0OT B YCTAaHOBIIEHHBIE CPOKH, OMpEACIICHHbIE B HOPMATHUBHBIX JOKYMEHTaX.
OHu onpenensoTcs UCX0I U3 PECYpCOB pabOThl Y3JI0B M arperatoB, KOTOPbIE YCTAaHABIUBAIOTCS pa3-
paboT4rKamMu ¥ IPOU3BOAUTEISIMU IO Pe3yJIbTaTaM KOMIUIEKCA HCIIBITAaHHM, MPOBOTUMBIX MIPH MOCTA-
HOBKE MX Ha MPOU3BOJACTBO U B OKCILTyaTalHIo.

OpHako Ha MPAKTUKE TOBOJBHO YaCTO MPHUXOIUTCS KOPPEKTHPOBATH CPOKU OOCITYKHBAHUS IO
pe3yJibTaTaM 3KCILTyaTallK OT/IEIbHBIX Y3JI0B U arperatoB, U3MEHss1 CPOKU MPOBEICHUS PEriiaMeHTHBIX
paboT KaK B CTOPOHY €r0 COKPAIICHHS MPH BISIBIICHUH HEUCIIPABHOCTEH, TaK U B CTOPOHY €T0 MpOoJie-
HUS TIOCJIE€ OIICHKH COCTOSTHHSI pa3iIMyHbIMU MeToAaMu. JlaHHBIN (DaKT y)ke HECKOJIBKO JECATHIICTHI T10-
POXKIaeT MPUCTATBHBIA MHTEPEC HKCIUTYATAaHTOB U MPOU3BOJUTENIEH TEXHUKU K CO3JaHUIO0 KOMILIEKCA
METOZIOB HETPEPHIBHOIO MOHUTOPHUHIA €€ OOBEKTUBHOI'O TEXHHUYECKOTO COCTOSIHUA. JlaHHBIE METOJIbI
MIPU JOJDKHOM TI0IXO/1€ TIO3BOJISIFOT TIPOBOIUTH 0OCTYyKUBaHUE M peMOHT AT 10 COCTOSHUIO.

DTON TeMe MOCBAIMIEHO OO0JBIIOE KOJUYECTBO MCCIICIOBAHUMN, TTPEIIaralonuXx KOCBEHHbBIE Me-
TOJIBI, IO KOTOPBIM MOKHO C OOJIBIIIEH MIIM MEHBIIEH TOYHOCTHIO U JJOCTOBEPHOCTHIO CYJIUTh O COCTO-
SIHUW KOHKPETHON CUCTEMBI M KOPPEKTHUPOBATh CPOKHU €€ 00CITy KUBAHHUS.

K HUM OTHOCSTCA: OIEHKA TEMIEpPaTypHOTO pexuma paboThl OTBETCTBEHHBIX Y3JIOB
aBHUaJBUTaTese, OCMOTpP JIONATOK TypOMHBI U KOMIIpeccopa JIBUTaTessl ¢ MOMOIIbI0O MHTEPOCKO-
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IIOB, YCTAHOBKA KOHTPOJBHBIX 3JIEMEHTOB B MACJIOCUCTEMY (CUTHAIM3AaTOPBl CTPYXKKH B Maciie) u
MHOI'0€ IpyTroe.

OTnenbHOE TUArHOCTUYECKOE HAIPaBICHHE 3aHUMAIOT METOJbl aHAJIM3a PadOTaBIIEro0 Macla,
O0TOOPaHHOTO B MPOLECCE IKCIUTYyATALMH U3 MACIIOCUCTEM JIBUTATEIIEH.

OCHOBHBIE ITOJIO’)KEHUA

B Poccun u 3a py6exxom 1eHCTBYIOT OTpaciieBble CTaHJapTHBIE METOAbI, TTO3BOJISIOLINE CYIUTh
0 peaJIbHOM COCTOSIHMH Y3JIOB JIBUTATENsl U CaMOT0 Maciia Mo pe3yJibTaTaMm ero aHaius3oB. Tak, ¢ 80-x
rOJIOB MPOIIIOTO BEKa MOSABUIICA Psii CTAHIAPTOB ASTM'?. C 1990-x roaos aercteyet ['OCT, perna-
MEHTHPYIOLIHIT TOPSIOK KOHTPOIISL OCTATOYHOTO PEcypca Macla B AU3EISX TEIUIOBO30B . [IpuMepHO B
TO K€ BpeMsl pazpaboTaHa U BHeApEeHa oTpaciieBas HopMma ['A, ompenenstomnias MaKCUMallbHOE JOITy-
CTUMOE COJIep )KaHNe METAUTHIECKUX YaCTHIl B paOOTaBIINX Maciax pa3IMYHbIX aBUaJABUraTenen. s
ATOTrO UCIIONIB3YIOTCS pa3HOOOpa3Hble MPUOOPHI KOJUYECTBEHHOTO U KaYE€CTBEHHOTO OIMpPE/IECICHUS Me-
TaJNIMYECKUX YaCTHIl U3HAITUBAHUS B OTOOpAHHBIX Mpobax macia.

K HemocTaTkaM JaHHBIX METOJOB MOKHO OTHECTH MX HM3KYIO d(PQPEKTUBHOCTH MPUMEHEHUS
13-32 HeMH(OPMATUBHOTO 0TOOpa MPod Macia, a TAaKXKe TO, YTO AJIsL OTMPECIICHUS] COCTOSHUS TOTO WIIH
WHOTO JIBUTATENsl HY’)KHO UMETh JOCTaTOYHBIH 00BEM HAKOIJIEHHBIX CTATUCTUYECKUX JaHHBIX 1O HC-
MpaBHBIM U OTKa3aBIIUM JBHUrarensiM. K coxxalieHuto, paBUIbHO CpearupoBaTh Ha MEpPBbIE MPEICTaB-
neHus: uHbopManuu pa3zpabOTaHHbIE HAYKOM TEXHUYECKHE METOJbl MOKa HE CIOCOOHBI — CHauana
HEO0OXOIMMO MHOTO CYUTATh M TOJBKO 3aTE€M MPUHUMATH pElIeHUs. Bce 3T0 B KOMITIIEKCe MTPUBOIUT K
CJIOHOCTHU TIOJyYEHHUS! KOPPEKTHBIX Pe3yIbTaTOB Ha MPUMEHSEMOM TOUYHOM JIOPOTOCTOAIIEM 000py-
noBaHuu. [losToMy Ha JaHHBII MOMEHT COBEPIIAIOTCS TMOMBITKA MNEPEUTH K HEMPEpPHIBHOMY OH-
JaitH-KOHTPOJII0 MEXIIpUMEcel B aBHamaciax, 4To SIBJISETCS MEePCIEeKTUBHBIM U aKTyaJIbHbIM HaIlpaB-
JIEHUEM B IMarHOCTHUKE Ha TEKYIIEM YPOBHE TEXHUUYECKOTO Pa3BUTHUS.

[IpencraBiser uHTEpeC HHGOPMAIUS MO CUCTEME TUArHOCTHUPOBAHUS — COBMECTHOM pazpaboT-
ke ¢upm «Pomc-Poiicy u «Maiikpocod1», — MO3BONAIONIEH B pe)XKUME OHJIAHH OTCIEKUBATh COCTOS-
HUE aBHaJBUTraTeNiel, THPOPMHUPOBATH SKUMAKU M 00CITYKHUBAIOIINN MEPCOHAN O BBISIBICHHBIX HEHC-
IIPABHOCTSX U JJaBaThb PEKOMEHAALNHU 10 UX yCcTpaHeHuo [1].

Kommanus «Posic-Poiicy pa3pabaTeiBacT cucteMy MpeaylpekIaromero o0CIy>KUBaHUs JIBUTATE-
nieii Ha 6a3e CepBUCOB MAIIMHHOTO OOYUYEHHUS ¢ UCKYCCTBEHHBIM MHTEIUIEKTOM M BBIYHUCIIUTEILHON ceTh (H-
sndeckux npeameToB (Internet of Things) obmaka Maiikpocodt A3yp. Takas cuctema 1mo3BOJIMT U3MEHUTD
MPUHIUITHAIGHBIE TTOAXO/AbI K TUArHOCTUPOBAHUIO Y3JIOB U arperaTtoB CaMoJIETOB, MPEAOTBPATUTh MHOTHE
HapyIlleHus B paboTe 000pYyJOBaHUS U YMEHBILIUTH PACXO]l TOIUIMBA, YTO 0 MPEIBApUTEIILHBIM pacueTam
MO3BOJIUT aBUANEPEBO3UYMKAM COKOHOMUTH 710 250000 aM. nommapoB B roj] Ha ogHoM camoriere [1].

Ha nmanHBIIT MOMEHT 3Ta KOMIAHUs MPEAOCTABISICT B dKCILTyaTaruio 6osee 13000 aBuarnuon-
HBIX JIBUTATEINeH, a TaKKe MPEJOCTABISAET KOMIUIEKCHBIC YCIYTH M0 TEXHUYECKOMY OOCITYKHBAHHIO U
PEMOHTY BO3AYLIHBIX CYJOB, YTO MO3BOJISET KOMIIAHUU COOpaTh JOCTATOUYHBIN 11 00pabOTKH MaccuB
JAHHBIX O PA3JIMYHOM aBUAIMOHHOM 00OpyaoBaHuu [1].

Cucrema, co3ianHasi Ha 6a3e CepBUCOB MAIIMHHOTO O0yUYEHUS C UCKYCCTBEHHBIM UHTEIIIEKTOM
B obsake Maiikpocodt A3yp, oOpabaTbiBaeT MacCUBBI JaHHBIX, OCTYMAIOMIUX C JATYUKOB, YCTAaHOB-
JICHHBIX B OOJIBIIIOM KOJIMYECTBE HA CaMOJIeTaxX U JBUTaTENsAX. AHAIN3 3TUX JAHHBIX U CPAaBHEHHE HX C

ASTM D6224-16. Standard practice for in-service monitoring of lubricating oil for auxiliary power plant equipment
[DnexTponHbIii pecypc]. Pexxum noctyma: https://www.astm.org/Standards/D6224.htm (nata oopamenus: 10.12.2017).
ASTM D5452-12.CranaapTHbIi MeTOJ] ONpeNeNeHHs 3arps3HeHUI aBHAallMOHHBIX TOIUIUB TBEPJBIMH YAaCTHLIAMH C IO-
MOIIbIO J1TabopaTopHO#l QuibTpanuu [DaeKTpoHHbIH pecypc]. Pexxum moctyma: https://www.astm.org/Standards/D5452-
RUS.htm (nara obpamenus: 10.12.2017).

I'OCT 20759-90. Ausenu TtennoBo3oB. TexHuyeckoe JUArHOCTUPOBAHUE U MPOTHO3HMPOBAHNE OCTaTOYHOI'O pecypca Me-
TOJIOM CIIEKTpaJIbHOTO aHann3a Macyia. Odmue TpedoBanus. M.: M3x-Bo cranmaptos, 1991.
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AQHAJIOTUYHBIMU JTAHHBIMU C JPYTUX CaMOJIETOB IO3BOJIAIOT MpOrpamMMme JeNiaTh PeKOMEHAATENbHbIE
3aKiIoueHus1 0 HeA((HEKTUBHOCTH pabOThl KOHKPETHBIX JIEMEHTOB M PEKOMEH/I0BAaTh X 3aMEHy, pe-
MOHT HJIM 00CTY>KMBaHUE elle 10 JOCTHKESHHS OIPeIeTICHHOTO pecypca. B To ke Bpemsi, eciu pecypce
JeTallell U arperaTtoB MOAXOIUT K KOHILy, a MX paboTa He BhI3bIBAET HApEKaHHUl, MOXKET ObITh MPUHSATO
pelIeHue O MPOJICHUU CPOKa UX 3KCHHyaTaI_II/II/I4.

Takum 06pa3om, ¢ MTOMOIIBIO JAHHON CUCTEMBI, IpeIoxkeHHON «Posic-Potic», aBuakoMmanum
MOTYT pa3pabaThiBaTh COOTBETCTBYIOIIUE MOJAETH, (OPMUPOBATH PEKOMEHAANMU IO YIIYYIICHHUIO
rpaUKoB MoOJIeTa MU TEXHUYECKOro OOCITYXMBaHHS U PEMOHTA, OMPEAENsATh SKCIUTyaTallHOHHBIE
HAPYIICHUS] WIM HE3HAYUTENbHBIC OIIMOKHU TOJICTHBIX JaHHBIX M pa3pabaThiBaTh COOTBETCTBYIOIIHE
CrocoObl peleHust JUid IpeIOoTBpalleHHs] UX MOBTOpeHUs. JlaHHBIN MOAXO0/A MO3BOJIUT MOBBICUTH KO-
HOMHYHOCTb H GE30IIaCHOCTb MOJICTOB .

[TpuGop Lubricheck, nmporectupoBanusbiii B ucnbiTaTeabHOM Jaboparopun MAJIN-XUM, pea-
JU3yeT 3alaTeHTOBAaHHYIO TEXHOJIOTHIO, IO3BOJIAIONIYIO ONPEEIsATh €MKOCTHBIE U PE3UCTHUBHBIC
cBoiicTBa Mmacein. «BbipabGaTeiBaHre pecypca Maces BCIEICTBUE KOHTAKTHBIX HAIMpPSDKEHUH, BBICOKHX
TEMIIEpaTyp U NaBICHUI, ero OOBOJHEHHOCTH W MOMAJaHUS TOIUIMBA, OKUCIICHUS M 3arPS3HEHHOCTH
pPa3IMYHBIMM MEXaHHUYECKMMH NPUMECSIMHU NPUBOIUT K H3MEHEHHIO EMKOCTHBIX U PE3HCTUBHBIX
CBOWCTB MaceJl. YKa3bIBACTCS, YTO COYETAHMUE YKA3aHHBIX MOKAa3aTeIel MO3BOJISIET C BBICOKOM TOYHO-
CTBIO OIIEHUBATH 3arPsI3HEHHOCTh macem»” [1].

Takxe OTEYEeCTBEHHBIMHU CHELHUATUCTAMU MPOBOJATCS MCHBITAHUS CHCTEMBbI HENPEPHIBHOTO
(OHTalH) KOHTPOJISI YaCTUI] U3HAIIMBAHUS B MAcJIOCUCTEME aBUAIIMOHHBIX aBurareneil. Tpuboauaryo-
ctuueckas cucremMa MetalSCAN ycTaHoBieHa ¢ TpeMsi OJHOMMEHHBIMH KaHAJICKUMH JATYUKAMH,
OCYUIECTBIIAIOIIMMU HEMPEPHIBHBIN IPaHyIOMETPUUECKUN aHAJIW3 YaCTHIl U3HAIIMBAHUS B Marucrpa-
75X oTKauku Macna asuratens [1/1-14: ot ponukonoamunauka TypOuHsl B/l, B MarucTpansix oTKauku
MacJia OT OMop KOMIpeccopa U LEHTPAILHOr0 MpUBOa U ciivBa Macia. [logyyeHHas oT 1aTYMKOB MH-
dopmarus mpeodpazyercss B nu(ppoBOii BUI U MOCTYMACT AJII OTOOPAKEHUSI U PETUCTPALIUU B COOT-
BeTcTBYHOIICH mporpamme Ha [IK. Taxke sta mHopmalus pa3Memaercs Ha cepBepe U MOXKET OBITh
JOCTYIIHA CTICLUAIUCTAM JJIsl IPOCMOTpa CO CBOMX paboumx mect [2, 3].

Tem He MeHee clielyeT OTMETHUTb, YTO, TOKa HOBBIE METO/IbI OTPabaTHIBAIOTCS U PE3yJIbTaT UX
MIPUMEHEHUs HEU3BECTEH, CTaphble TPOBEPEHHBIE METOBI JOJKHBI COBEPIIICHCTBOBATHCS M OBITH JCHi-
CTBEHHBIM MHCTPYMEHTOM B 00€CIEYeHUH PaHHEro AUarHocTupoBaHus. OTIAENbHO claeayeT OTMETUTD
TpeOOBaHUs K MEPCOHATY JIA0OpaTOPUi, KOTOPHIE TOJKHBI UIMETh Pa3BUTOE HHKEHEPHOE MBIIICHUE 1
YMETh Ka4eCTBEHHO 00pabdaThIBaTh MOCTYIAIOIIYI0 HHPOPMAIIHIO.

OLeHKe OCTaTOYHOTO pecypca aBUAJBUTaTelsi MO COCTOSHHUIO MOCBSIIEHA JUCCEPTALIMOHHAS
pabota «Mertoa obecrniedyeHus: TOCTOBEPHOCTH TUArHOCTHUPOBAHUS aBUALMOHHBIX JBHUraTelel Mo co-
JIepKaHUIO0 METAIJIOB B Macnax» [4], BeimonnenHast Ha kadenpe ATO u PJIA MI'TY T'A B 2016 rony,
B KOTOPOW MOJIPOOHO M3JI0KEHBI BOMPOCHl BO3MOKHOTO pEIIeHUs AaHHOHM mpobiembl. B myGnukanun
[5, 8] cmenan moapoOHBIN aHATH3 COBPEMEHHBIX METOIMYECKHX MPUEMOB, MO3BOJSIONINX MOTYYHUTh
JIOCTATOYHO OOJBINON 00BeM HMH(OPMAIUA O COCTOSTHHMH PaOOTaBIIEro Maciia B Pa3IMYHBIX THIAX
JBUTATENeH, a Takke 00 OCHOBHBIX MpaBHIIaX O0TOOpa mpod Macia JUisl MONYYeHHs TOCTOBEPHBIX pe-
3yJbTATOB MPH OLIEHKE OCTATOYHOTO pecypca ABuraresieil. B Tom uncie 000CHOBBIBAIOTCS pa3inyus B
WHTEPIIPETAIMY TIOTYYEHHBIX PE3yJIbTaTOB aHau3a Mpod cBekero u paborasiiero macia. Cpenu me-
TOJIOB, YIIOMSIHYTHIX B JaHHOU IyOJIMKAIIMHA, OTMEUYCH METOJI PEHTTCHOBCKOTO aHaIHM3a 00pasioB Me-
XaHUYECKUX MPUMECEH, MOIyYSHHBIX B Mpoliecce GUIbTpaii 00pasinoB paboTaBIIUX Macell.

Ha xadenpe ATO u PJIA MI'TY I'A B nocneHue rosisl MPOBOASATCS aKTUBHBIE TIONCKOBBIE PaOOTHI B
STOM HaIpaBJIeHUH C UCTIONB30BaHUEM OTEUECTBEHHOTO peHTreHodyopeciieHTHOro ananmsatopa [IPU3MA,

* Rolls-Royce u Azure COKOHOMST aBHAKOMIIAHMSM MHJUTHOHBI JOJIApOB [DIEKTPOHHEIH pecype]. Pexum mocryma:
https://news.microsoft.com/ru-ru/rolls-royce-i-azure-se-konomyat-aviakompaniyam-milliony-dollarov/ (mara obparie-
Hust: 15.07.2018).
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B pe3yJIbTaTe KOTOPBIX OblIa MOKa3aHa BO3MOKHOCTh OLIEHKH COCTOSIHMS aBUAIMOHHOTO U HA3EMHOTO 000py-
JIOBaHUsI IO pe3yJIbTaTaM aHAIM30B TOIUIMB M MAcesl Ha COJIEpKaHME B HUX METAUIOB [4-6, 9, 10].

B nanHO# cTaThe mpeAcTaBieHbl pe3yJbTaThl UCIBITAHUI IBYX cepuil mpod Macia, oToOpaH-
HBIX C TYpOOBHUHTOBBIX U MOPIIHEBBIX ABHUraTenel camonetoB AH-148 u AH-2.

B nepoii cepun uccnenoanuck nmpoosl Mmacia Mobil Jet Oil Il ¢ npurarens J[-436-148, xoTo-
pBIi BXOJIUT B CEMEMCTBO aBUALMOHHBIX ra30TypOMHHBIX ABUrarenei, pazpadoranueix 3MKDB «lIpo-
rpeccy» uM. akagemuka A.l'. VIBueHko, npeHa3HauYeHHOI O JUIsl HACCa)KUPCKUX M TPAHCIOPTHBIX CaMo-
JIeTOB Majiol u cpenHeit nanpHocTu nojiera (Ty-334, Au-148, be-200 u mp.).

Macno Mobil Jet Oil II nnst aBHaIMOHHBIX Ta30TypPOUHHBIX ABUTATEeH MpeAcTaBiseT co0oit
KOMOUHAIIMIO BBICOKOCTAOMIIBHOM CHHTETUYECKOH >KUIKOCTH, KOTOpasl MCIOJb3yeTCs B Ka4yeCTBE OC-
HOBBI C YHUKAJIBHBIM 110 XUMHYECKOMY COCTaBYy MAKETOM MPHUCANOK. DTa KOMOMHANNS 00eCcTIeYrBaeT
BBICOKYIO TEPMHMUECKYIO0 YCTOMUMBOCTh U CTAOMJIBHOCTh Maciia K OKHUCJIEHHIO, YTO B CBOIO OYEpE/b
CHIDKAET CTapeHue mMacia, 00pa3oBaHUe OCa/iKa KaK B )KUIIKOM, TaK ¥ B TTApOBOH (a3e, a TaKkKe CKIOH-
HOCTh K IIeHooOpa3oBaHuio. PaboTocnocoOHO B auanazoHe Temmeparyp ot —40 no +204 °C, cooTBeT-
ctByeT TpeboBanusM MIL-PRF-23699F-STD, NATO 0-156, DERD 2499 u DEF-STAN 91-101. Ote-
yecTBeHHbIN aHanor — maciio BHUM HIT 50-1 4y.

Cepus ucnbiTanmii coctosia U3 12 mpoO, 0TOOpaHHBIX B PEeCypCHOM HHTEpBAJIC JBHTATEIsS
mexay 2135 u 7241 vacamu skcruryataiui. O0beM KaXI0W M3 UCHBITAHHBIX MPOO COCTABISUT 25 MIL
Anamu3 npousBogwics Ha ALK «IIPU3MA» no cranpaptHoil metoauke. PesynpTarsl M3MepeHuitl
KOHIIEHTPALUI XUMHUYECKUX HJIEMEHTOB 3arpsi3HEHHsI Macell IpUBEEeHbI B Ta0. 1.

Taoauna 1
Table 1
Macio Jet Oil II Camoner AH-148-100B JIpurarens J1-436-148
Jet Oil IT Aircraft AN-148-100B Engine D-436-148
Hapabotka CojeprxaHne METAIOB, I/T
Ne | JlaraotGopa |y (1) Fe &N Cr Ti Zn
1 21.09.2011 2135 0,03 — — — — —
2 04.12.2011 2826 0,07 0,050 — 0,04 — —
3 28.02.2012 3867 0,70 — — 0,07 — —
4 21.03.2012 4026 0,50 0,110 0,03 0,04 — —
5 19.04.2012 4250 0,18 0,110 0,03 0,04 0,10 —
6 12.05.2012 4479 0,84 0,120 0,05 — 0,12 0,06
7 30.05.2012 4600 0,12 0,060 0,03 — 0,12 —
8 18.06.2012 4881 0,17 0,071 0,02 — 0,10 —
9 04.07.2012 5040 0,23 0,160 0,05 — 0,14 —
10 24.08.2012 5661 0,15 0,230 0,05 — 0,03 —
11 30.11.2012 6609 0,16 0,120 0,05 — 0,12 0,06
12 09.02.2013 7241 0,08 0,060 0,02 0,04 0,06 —

W3 npuBeAeHHBIX TaHHBIX BHJIHO, YTO B mpobax mpucytctBytoT npumecu Fe, Cu, Ni, Cr, Ti u
7Zn B KOHIEHTPAIMAX OT COTHIX JOJIEH 0 BEIMYUHBI OKOJIO | T/T, YTO TOBOPHUT 00 yJIOBIECTBOPHUTEIb-
HOM COCTOSIHUM JBHTraTeNsi U OTHOCUTEIHHO HEOOJBIIOM 3HAUYEHUHM BEIMYMH M3HOCA ero ysios. Ha
puc. 1 u 2 npuBeseHsl AUarpaMMbl pacrpeieieHuss OTHocuTenbHbIX YacToT Fe u Cu B npobax, kKoTo-
pble, KOHEYHO, KPUTHKYIOTCS C TOUYKH 3pEHMs KOJIMYECTBA CTATMCTUYECKOTO MaTepuaia, HO TeM He
MEHee JaXKe 3/1eCh IPOCMATPUBAETCA CKOpPEE JOTHOPMANbHBIN, a HE HOPMaJIbHBINM 3aKOH pacrpejerne-
HUS YacCTHII. B 11e710M MOXHO 3aKITIOYHTh, YTO HU OJTHA M3 BEJIMYMH KOHIICHTPAIUN METAJUIOB, 3aperu-
CTPUPOBAHHBIX B Mp0o0Oax Macia, He MPEeBbIIIACT JOMYCTUMBIX MTPEJIEIIOB.

Bropas cepus ucnsiTaHM TIpoBeieHa Ha aeBATH mpobax macia AeroSell Oil W 15W-50, oto-
Opannbix ¢ asurareneit AIII-62UP uetbipex camoneroB AH-2. ABmanmonHoe macino AeroShell Oil
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W 15W-50 — nonycunreTnueckoe macio. IlpenHasHaueHO i1 NPUMEHEHHS B UYETBIPEXTAKTHBIX
MOPILHEBBIX JBUTATENIAX BO3BPATHO-NOCTYNATENbHOr0 xoaa. O0nagaeT XOpOIIMMH HU3KOTEMIIEpa-
TypHBIMH cBoicTBamMH. O0ecrednBaeT YUCTOTY M HAASKHYIO 3aIIUTY MOTOPA OT U3HAILIUBAHUS U KOP-
pO3HH, CHIKAET pacxo] TomBa. COBOKYIHOCTh NTaKeTa aHTUKOPPO3HOHHBIX IPUCANOK Macia Ipel-
Ha3HayeHa /IS MpeAOoTBpalleHns 00pa3oBaHusl KOPPO3UM HA BCEX TUIAX AaBUAIIMOHHBIX MOPIIHEBBIX
JIBUTATEe. ABHAIIMOHHBIN nBUTATENh BHyTpeHHero cropanusi AlIl-621P — 3Be3mooOpasHblii 07HO-
PSIHBINA AEBATUIMIIMHAPOBBIN OCH3MHOBBIA KapOIOpPAaTOPHBIA YETBIPEXTAKTHBIM BO3IYLIHOTO OXJIa-
KJICHUSA C IPUHYAUTEIbHBIM BOCIUIAMEHEHUEM TOIUIMBOBO3YIIIHOM CMECH OT JIEKTPUYECKON HCKPBI.

N

\

Ve

/

N

Puc. 2. 3axon pacnpeaenenus yactun Cu
B Ipobax Macia
Fig. 2. Cu particles distribution law in oil
samples

N~

Puc. 1. 3axoH pacnpenenenus yactun Fe
B mpo0ax Macina
Fig. 1. Fe particles distribution law in oil
samples

Pe3ynbraThl HCTIBITaHUI 3THX 00pa3LIOB MPUBEAEHBI B Ta0IMI. 2.
B manHOM ciydae aHamM3MpPOBAIUCH Kak MPOOBI cBekero macia (mpobsl 1 u 6), Tak u ¢ pas-
JMYHBIX TOUEK MOTOpECypca (B OCHOBHOM IIOCJIE 3aMEHBI Maciia).

Taoanmna 2
Table 2
Pesynbrarel ucneiranmii 06pasioB macia AeroSell Oil W 15W-50 otoOpanHbIX 1BUTaTENCH
AlIlI-62H1P 4 camoneroB AH-2
Test results of oil AeroSell Oil W 15W-50 samples, selected from engines ASH-62-ER AN-2 aircraft

Hapabotka
Ne Hara Hapabotka JIBUTATEIE Ha Ne Fe Cu Pb Zn
Macie
TIPOOKI otbopa CHD (9) AcroSell Oil W | camorera /T /T /T /T
15W-50
1 30.01.2009 1649 0 — — — —
2 04.03.2009 2648 50 1 0,03 — 1,3 —
3 25.03.2009 2748 100 — — 0,27 0,04
4 12.04.2009 398 52 ) 0,04 0,09 1,9 -
5 07.05.2009 476 130 0,08 0,05 1,3 -
6 17.03.2009 0 0 3 — — — —
7 17.06.2009 143 143 0,03 0,04 0,9 0,04
8 13.04.2009 170 54 4 0,05 0,03 0,76 -
9 04.05.2009 479 116 0,04 0,04 0,75 -
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Crnenyer mpu3HaTh, YTO HAJMYME COACP)KaHUS METANIOB B MPOOax macia MpH JIEHCTBYIOMIMX
npoueaypax oréopa npod — He 4TO MHOE, Kak mryM. Cpeau 3Toro uryma KpaiHe CJI0KHO 3aMETHTh He-
CYLIMI Ba)XHYIO JMArHOCTHYECKYIO MH(POPMALMIO KaKOW-TO eAMHUYHBIN ¢akTop. W 310 Oyner mpo-
JOJIKAThCSI 10 TE€X MOp, IMOKa HE MOSABITCS Hay4HO OOOCHOBAaHHBIE U MPAKTUYECKH MOATBEPXKICHHBIE
MH(POPMATUBHBIE CIIOCOOBI MOMYUYSHHS IUATHOCTUYECKON MH(POPMALUU U3 CHCTEM CaMoJjeTa U JIBUTa-
TeNs ¢ pabounMHU KUAKOCTIMHU.

OpHaKo npu MPUMEHEHUH CYIIECTBYIOUIMX METOAOB PAHHETrO JMAarHOCTHUPOBAHUS IO CO/EpIKa-
HUIO METAJIJIOB B Macjiax MOTYT BO3HUKATh JOCTATOYHO MHTEpECHbIe (DaKThl, HA OCHOBAaHUH KOTOPBIX
MOYKHO JIeJIaTh LIEHHBIE /Ul SKCIUTyaTaluu BeIBOIBL. OcoObIi HHTEpEC BO BTOPOM HKCHEPUMEHTE, YTO
U SIBJISIETCS] OCHOBOW JTAaHHOW CTaThH, MPEACTaBIsAET HAIMYKME CBUHIIA B Tpo0ax. 3HaAUEHUS €ro KOHIIeH-
Tpauuil B mpobax cocTaBisAioT 1-2 r/T yxe depe3 50 yacoB pabOTHlI JABHUraTessi Ha CBEKEM Macie.
Kpome TOro, opranosenTHueckd OTMEYEHO CYIIECTBEHHOE M3MEHEHHE IIBeTa M BS3KOCTU Macja B
IPUCYTCTBUH 3TOTO AJIEMEHTA: OHO YepHEET U 00paszyeT CryCTKH.

[TorydeHHbIe pe3yJbTaThl CKOPEE BCETO YKa3bIBAIOT HA HU3KOE KaueCTBO HCIOJIb3YEMOT0 3TH-
JMPOBAHHOTO ABHUAIMOHHOTO OCH3MHA, KOTOPBIM IMOMaJaeT B Macio H3-3a OCOOCHHOCTEH pPabOTHI
nopmHeBbIx npurareneit. Jleramu LI sToro nurarens pa®oTaloT B yCJIOBHUSX BBICOKHX HEpPaBHO-
MEPHBIX TEMIIEPaTypPHBIX HAMPSIKCHHUA U yAapHBIX HATPY30K, MPU STOM HIDKHSS 9acTh MOPIIHS pado-
TaeT B YCJIOBHUAX JKUIKOCTHOTO TPEHUS, a BepXHAd — rpaHnyHoro. Cam mopiieHs npu padore aedop-
MHUPYETCS U B ONPEICICHHBIE MOMEHTHI IPUHUMAET (POPMY OBajia, BHITSIHYTOT'O BJOJb OCH TOPIIHEBO-
ro nanblia. 370 00yciaaBIMBaeT HAIMYUE TapaHTHUPOBAHHOIO (M YACTO YBEIMUYEHHOTO) 3a30pa MEXKIY
HOpIIHEM M HMIHHAPOM [7]. Takum 00pazom, B yCIOBHUSIX N3HOCA MOPIIHEBBIX KOJICI] U MOPIIHEH 3Ha-
YUTEJIbHOE KOJMYECTBO UCIOIb3yeMOro OEH3MHA MOXKET MONaAaTh B Macio.

[Nony4deHHbIe pe3yabTaThl CIEAYET PacCCMaTPUBATh, UCXOAS U3 COPTOB OCH3MHA, KOTOPHIE UCTIOJIb-
30BasuCh Mpu 3anpaBke BC. ABuanmoHHble O€H3MHBI JOKHBI COOTBETCTBOBATH HOPMATUBHBIM JJOKYMEH-
tam (B ToMm uuncie b-92 TY 38.401-58-47-92), npeaycMaTpuBaronuM MpUMEHEHUE 3TUIIUPOBAHHOTO OCH-
3uHa. TpeOyeMblil ypoBeHb JETOHAIIMOHHBIX CBOMCTB aBHAIlMOHHBIX OCH3MHOB OOecredrBaeTcs J10-
OaBlIeHMEM aHTHUIETOHALIMOHHOM mpucagku — teTpartuwicsuHua (ot 1,0 1o 3,1 r Ha 1 kr GeH3uHa) B
BU/JIE 3TUJIOBOM XKUJIKOCTH. JKecTKHe yCIIOBUS HKCIUTyaTallil aBUAlIMOHHBIX OEH3MHOB 00YCIIaBIMBaIOT
NOBBIIIIEHHBIE TpeOOBaHUs K MX dKcIuTyaTauuu. B mepuon ¢ 1988 mo 1992 rox 6butn npoBeaeHs! 00-
IIMpPHBbIE HAyYHbIE MCCIEAOBAHUS U UCIBITaHUs, IO3BOJIMBIINE pa3padoTaTh YHU(DUIIMPOBAHHBIN OeH-
3uH b-92 6e3 HOpMHpOBaHUS MMOKa3aTelNsi «COPTHOCTh Ha OOraToil cMecn», BIpadaThIBAEMBbIH B COOT-
BeTcTBUM ¢ TpeOoBanusiMu TY 38.401-58-47-92. UcnbiTaHus MOATBEPAUIN BO3ZMOXXHOCThH MTPUMEHE-
Hus 6en3uHa b-92 Ha aBurarensx Bcex TUIOB B3aMmeH OeH3uHa b-91/115.

OnHako, Kak M3BECTHO, BBITYCK aBHAIIMOHHBIX OEH3MHOB OTEYECTBEHHOTO MPOU3BOJICTBA B
MOCIIEAHUE TOJIbl CBEPHYT M3-3a MPEKpalleHusi MPOU3BOJCTBA ATHIOBON XKUAKOCTH HAa TEPPUTOPUHU
P®, a BO3MOXHO, U 1O ApYTUM (COBEPIICHHO HETEXHUYECKUM) MPUYUHAM. DTO OOCTOSITENHCTBO BbI-
HY)KJIaeT HKCIUTyaTaHTOB CaMOJIEeTOB ¢ mopiuHeBbIMHU ABurarensmu (I1J]) mubo 3akymarh 3apyOex-
HbIM aBuannoHHbI OeH3uH (LL-100) mo rpabutenbCkuM IeHaM, JTUO0O0 MCITOIb30BaTh BHICOKOOKTA-
HOBBIE aBTOMOOWJIbHBIC OCH3UHBI, YTO SABIISETCS I'PyObIM HApyIICHHEM IPaBMJI SKCIUTyaTallud BO3-
nymHoro cyaHa ¢ I1/]. Cnexpyer Takke OTMETHTB, YTO Ka4yeCTBO 3aKyMaeMbIX 3a PyOekoM mapTuit
aBMAOCH3MHOB NMPAKTUYECKU HE KOHTPOJIUPYETCS, UTO TaKKEe HETAaTUBHO CKa3bIBaeTcs Ha 0e30macHo-
CTH TIOJIETOB.

B nocnennee BpeMs Ha 3aceaHMSIX U KOH(PEPEHIUSAX Pa3NIUYHBIX MPO(ECCHOHATBHBIX CO00-
IIIECTB M T'OCYJApCTBEHHBIX PETYJIUPYIOIIMX OPraHOB BCE Yallle CTABUTCS BOIPOC O HEOOXOJIMMOCTH
BOCCTAHOBJICHHSI TIPOM3BOICTBA OTEYECTBEHHOTO aBUAIIMOHHOTO OCH3MHA B CPOYHOM MOPSIKE, HO CKa-
3aTh O TOM, YTO 3Ta NpoOjemMa pelieHa Ha JaHHbI MOMEHT HE MPEICTaBISETCS] BO3MOMKHBIM.

CrnenoBaTenbHO, PE3yibTaThl SKCIEPUMEHTA YKa3bIBAIOT HAa MPUMEHEHHE HEKaueCTBEHHOTO
aBUAIITMOHHOTO OC€H3MHA, YTO MOXKET CHU3UTh M pealbHbIN pecypc ABurareneid. K coxanenuro, gainee
He ObUIO BO3MOKHOCTH OTCJIEAWTh MOBEACHUE JBUTATENCH B Mpollecce UX paboThl U3-32 OTCYTCTBUS
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HeoOxoaumoro tabopatopHoro Marepuana. Ho u aTu qocratouHo (parMeHTapHble cBeleHUs: 00oc-
HOBBIBAIOT aKTYaJIbHOCTH NMPUMEHEHUS METOAOB OIICHKH OCTATOYHOTO pecypca JBHUTATelel Mo Co-
JEP)KAaHUIO METAJUIOB B MacjaX M HEO0OXOJUMOCTb MPOJOJDKEHHUS CHCTEMHOM paboThl B JaHHOM
HalpaBJICHUH.

3AK/IFOYEHUE

1. IlpuBeneHHbIC B TaHHOW pabOTe MaTepHaIbl AEMOHCTPUPYIOT MEPCIEKTUBHOCTD MPO0JI-
JKEHUsI COBEPIICHCTBOBAHUS PEHTTCH(IIYOPECIIEHTHOTO aHaIu3a Mpod MOTOPHBIX aBUAMaces C HC-
nonb3oBanueM AJIK «ITPU3MA» Ha pa3HbIX dTanax HapaOOTKH aBHAIMOHHBIX JBUTATEIEH, B TOM
YHCJIe TTOPUTHEBHIX, IPUMEHIEMBIX B MaJlOil aBHAIMH, C IEJIbI0 OOecTeueHus] X 0e30MmacHoOi JKc-
TJTyaTaluu.

2. Ocoboe BHMMaHUE TIPU MPOBEICHUU aHAIM3a MAcel JJIs OICHKU U MPOTHO3UPOBAHUS TEX-
HUYECKOTO COCTOSIHUSI aBUAIIMOHHBIX JIBUTATEIEH cienyeT oOpaTUTh Ha Mpolenypy oTdopa mpecra-
BUTENBHBIX (MHPOPMATHUBHBIX) MPOO Macia, MO3BOJSIFONINX MOIYy4aTh JOCTOBEPHBIC PE3yJbTAaThl W3-
Mepenuid. [Ipy muarHoCTHpOBaHUM TOPUTHEBBIX ABUTATENICH 00ECIIEUUTh TAaHHOE TPEOOBaHUE TOPa3I0
npouie, yem B aBuauuoHHbIX [ T/I.

3. Ha ocHOBaHMHU NpPOBEIECHHBIX HCCIEIOBAHUN MPEIJIOKEH METOJ OLEHKH OCTATOYHOTO pe-
cypca JBHTATElNs MO pe3yJbTaTaM aHain3a OTOOPAHHBIX MPOO Macia HEe3aBHCUMO OT HapabOTKU JIBH-
raTes.

4. Ananu3 TONyYEeHHBIX PE3yIbTATOB IMMOKA3bIBACT IIEIECOOOPA3HOCTh BHEIPEHUS JIOMOIHU-
TETBHBIX MPOIEAYP KOHTPOIISI cOCTOsiHUS aBuaTexHUku B ATH ¢ nenbro obecrnieuenust mep 6e30macHo-
CTH BO3JIYIIHBIX COOOIIEHUN Ha OMMKHEMAruCTPaIbHBIX MMEPEBO3KAX MACCAXHUPOB U TPy30B. BHempe-
HHE €€ BO3MOJKHO TIOCJIe TPOBEACHHS JOCTAaTOYHOTO0 O0OBheMa HAyYHBIX HMCCICIOBAHUN IO JTaHHOMY
HaIpaBJIECHUIO.
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AVIATION ENGINES DIAGNOSTICS BY ESTIMATING THE METAL
CONTAMINATION IN OILS

Konstantin I. Gryadunovl, Alexander N. Kozlovl, Mikhail L. Nemchikovl,
Irina S. Mel’nikova®

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

’The State Scientific Research Institute of Civil Aviation, Moscow, Russia

ABSTRACT

Current trends of civil aviation development show a significant increase in the number of aircraft with aircraft piston engines. The
Ministry of Transport of the Russian Federation is preparing a draft order on amendments to the Federal aviation rules for the
preparation and performance of flights in civil aviation (FAP-128), which stipulate for simplified procedures of paid excursion
flights implementation for light and ultralight aircraft and helicopters. It is obvious that this circumstance will significantly affect
the expansion of the fleet of these aircraft. Accordingly, the state of piston engines operating on aviation gasoline value questions
are becoming increasingly relevant. The current problems of aviation engines diagnostics by metal contents in oils are observed in
the article. Their bugs, possible ways of solving this problems and bugs, actual developments in this direction are shown. The
application examples of early diagnostic methods using the automated diagnostic complex ‘“Prisma” are shown. The oil samples
taken from An-2 aircraft AIII-62P piston engine analyses results attract the most interest. They show that with proper training of
personnel the valuable information coming from the oil samples can be a source of important conclusions not only in aircraft
engines accessories and assemblies state value, but also others systems, and also conclusions about the quality of fuel and lubricants
used. Estimating the residual life method of the engine at various stages of its operating time on the metal content in the oils and the
procedure for oil selecting, allowing to obtain reliable results, are suggested.

Key words: diagnostics, aviation engines, piston engines, aviation fuel, aviation oil, ADC “Prisma”, wear products.
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OBECIIEYEHMUE BE30OITACHOCTMU ITOJIETA
TPAHCIIOPTHBIX BO3AYIIHBIX CYJ10OB C YYHETOM HOBbIX
CEPTUOPUKAIIMOHHBIX TPEBOBAHHMMU K YCJIOBUAM OBJIEAEHEHUA

B.I'. HMIIEHKO', B.U. IIEBSIKOB®
'Mockosckui 20CY0apCmeeHHblll MeXHUYeCKULL YHUBEPCUMEN 2PaXCOAHCKOU a8uayul,
2. Mockea, Poccus
A0 «Ipaxcoanckue camoremor Cyxozon, 2. Mockea, Poccus

B cBs131 ¢ BBeZeHHEM HOBBIX CEpTH(MKAIFIOHHBIX TPEOOBAHMI K YCIOBHSM OOJEICHEHMs, M3I0KeHHBIX B [Iprmoxennn «O» Kk
CS-25, BO3HHKaeT HEOOXOOMMOCTh HCCIENOBAHUS BIMSIHUSA JTHX TPEOOBAHWN HAa BO3MOXKHOCTH CEPTH(HKAIMN CAMOJIETOB
TPAHCIIOPTHOM KAaTETOPHH TS TIOJIETOB B TAKUX YCIIOBHSX. PaccMOTpeHBI 0COOCHHOCTH 3THX CepTU(HKAIIMOHHBIX TpeOOBaHUA 1
MX BIMSIHUE HAa TPH OCHOBHBIX HAIPABIICHUS cepTU(UKanmy Bo3AymIHBIX cynoB (BC) mms ycnoBwit oOmeneHeHWs: B 9acTH
CHCTEMBI CHTHAIII3AIIMN O0JIeICHEHNS, CHCTEMBI BO3IYIIHBIX CUTHAJIOB, a TAloKe IPOTHBOOOJIEAEHUTENBHOM cucTeMsl. [1okazaHo,
YTO BJIMSAHUC HOBBIX Tpe6OBaHHﬁ HE CKa3bIBacTCs Ha CepTI/l(l)l/IKaIJ,l/II/I JAaTYMKOB CHUCTEMbI BO3AYIIHBIX CHUIHAJIOB, OJIHAKO
OKa3bIBacTCsl CYLIECTBEHHBIM JUIsl JIBYX IPYrux HampapieHuid. J[ns Oe3omacHoii skcruryaranmu BC BakHO CBOEBpeMEHHOE
cpabaThIBaHHE CHCTEMbI CUTHAIM3AIMK 00JIeacHeH s PaHee ObL1a paspaboTaHa METOJMKa, 0OCCIICUHBAIOIIAs ITO B YCIOBHUSIX
[Mpunoxennst C k AI/CS/FAR-25. OtmeueHo, 4To MEeToanKa paboTOCIIOCOOHa | ISl HOBBIX YCJIOBUI 00JIeIeHEH ], HO C YYETOM
COOTBETCTBYIOIIIMX WM3MCHCHHI B pacyeTaX HapacTaHHWs JICASHBIX OTIOKEHHH HAa CUTHAIM3AaTOpe OOJCICHEHHS,
BO3yX03a00pHUKE JBUTATEIsI U HECYIIMX MOBEpXHOCTIX. OIHOM 13 MpolieM sBIsieTcss 00HApYKEHHE MOMEHTA TOMAIaHus B
ycoBHSL OOJEICHEHHsI, ONpPEICIICHHBIE HOBBIMH TPEOOBAaHMSIMH, YTO B 3HAYUTENHFHON CTEIICHHM OMpENesieT BO3MOXHOCTH
HEMEIUICHHOTO TIOKWIAHUS 30HBI OOJICZICHEHWsI B TOM CIIydae, €CIIM CaMOJIET HE YHOBJIETBOpseT TpeOOBaHMSAM OE30IacHOM
AKCIUTyaTalliy B TaKUX yciIoBUAX. OMUCaHBI CIIOCOOBI yaaleHHs JISASHBIX OTIOKEHHH ¢ HECYIMX MoBepXxHOCTei. PaccMoTpeH
ciydaii oOmeneHeHns] TTOBEPXHOCTH KpbUIa 3a MPEIOKPBUIKOM, B TOM HYHCIE ¢ oOpa3oBaHmeM OapsepHOro nbaa. OleHeHa
BO3MOXHOCTH 3KcIuTyatanu BC 0e3 orpaHu4eHnii B yCIOBHAX OONENCHEHHs, OIpEIeTICHHBIX HOBBIMHU CEePTH(HKAIIMOHHBIMI
TpeOOBaHUSIMH.

KirodeBble cioBa: BO3YIIHOE CyIHO, OE30IACHOCTh TMOJIETa, CEPTU(HMKAIMOHHBIC TPEOOBAHMS, YCIIOBUS OOJICICHEHYS,
AIPOJUHAMNYCCKUE XapaAKTCPUCTUKH, TaTYUKU CUCTEMbI BO3AYIITHBIX CUTHAJIOB, JICAAHBIC HAPOCTHIL.

BBEJIEHUE

ObecrieueHne 0E30MACHOCTH TOJETa — HEOOXOAMMOE YCIOBHE BO3MOXKHOCTH JKCILTyaTaIlMH
BosnymHoro cynaHa (BC). YcioBusi oOnefaeHeHusT SBISIOTCS OJHON M3 BOKHEWUITUX MPUYWH 3HAYU-
TETHHOT'O YMCIIA JIETHBIX MPOUCIIECTBHIA, MOATOMY OOecriedeHrne 0e30MacHON AKCILTyaTaluu B yCIO-
BUAX O0JIEIEHEHHS CYIIIECTBEHHO TMOBBIIIAET KOHKYypeHTocnocodbHocTs BC.

[Ipu ceprudukanuu coBpemeHHbIX BC A/ MOJETOB B YCIOBUAX OOJICACHEHHSI C MPUBJICUCHU-
€M a’pOJMHAMUYECKUX HCCIEIOBAHUNA OOBIYHO paccMaTpuBalOT TPU OCHOBHBIX HaIlpaBJICHUs padoT:
CBOCBPEMEHHOE OOHApYKCHHE YCIOBUN 0OneneHeHus, obecredeHne paboTOCIOCOOHOCTH TaTUYUKOB
cuctemMbl BO3aymHbIX curHaioB (CBC) u aHanu3 M3MEHEHUs a’pOoJAMHAMUYECKUX XapaKTEepPUCTHUK
(AJIX) B ycnoBusix 00eIeHEHUSI.

[To xaxaoMy U3 HalpaBJICHUN CYIIECTBYIOT CBOU TPEOOBaHHUS, KOTOPbIE MOCTOSHHO YXKECTO-
YarOTCs, YTO O0YCIIOBJICHO HE TOJIBKO 3a00TOH O MOBBIMIEHUU OE30MMACHOCTH IKCILTyaTalluy, HO ¥ KOH-
KypPEHTHOU 00pHh0OI — BHITIOJHEHNE HEKOTOPHIX HOBBIX CEPTU(PUKAIIMOHHBIX TPeOOBAaHNU HEBO3MOKHO
0e3 mpoBeeHUS TIIyOOKHUX adpPOAMHAMUYECKUX UCCIIeOBaHUNA. Takue UCCIe0BaHus MOTYT MTPOBECTH
TOJIBKO MPOW3BOJIUTENN, 00ECIEUEHHbIE COBPEMEHHON BBIUHCIUTENBLHOM TEXHHKOM, COBPEMEHHBIMU
METOJIMKAMHU PACUETOB, UMEIOIIUE CONHUIHYIO HAYYHYIO MOICPIKKY.

Jlnst ycmenrHoro BBITIOIHEHHSI BCe 0oJiee JKeCTKMX CEepPTH(UKAIMOHHBIX TPeOOBaHHWM K 0e€3-
OTIACHOCTH TIOJIETOB HEMPEPHIBHO COBEPIICHCTBOBATHCS TOJDKHBI KaK KOHCTpYKIus rianepa BC, Tak u
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ero cucremsl. [lon coBepiiencTBoBanueM cucreM BC B JaHHOM cilyyae NOHHUMAeETCs JOBEICHHE UX
PaboTOCTTIOCOOHOCTH 10 YPOBHSI, MPEANUCAHHOTO HOBBIMH CePTU(PUKAIMOHHBIMU TPEOOBaHUSIMH.

CpaBHUTEIBHO HEJJABHO OBLIM M3MEHEHbI CepTU(UKAIIMOHHBIE TPEOOBaHUS K YCIOBUSM o0Jieie-
HEHUS: B JIOTIOJIHEHUE K paHee CyUIECTBYIOIIMM, onucaHHbIM B [Ipunoxennu C k AIT'/CS*/FAR’-25,
TIOSIBUJIUCH JIOTIOMHUTENbHEIE, onrcanHbie B [Ipunoxenusx O u P x CS/FAR-25, a takxke B [Tpunoxe-
aun D k CS-EY/FAR-33°. D1 n3MeHeHHs HEOOXOIHMO MPOAHAIU3UPOBATH C TOUKHU 3PEHUS UX BIUSHUS
Ha Tporiecc ceprudukarmu TpancnoptHbix BC. Himke paccMOTpeHbl 0COOCHHOCTH HOBBIX TpeOOBaHUIA,
a TaKk)Ke MPOBEJICH aHAJIN3 UX BIIMSIHUA MO KaXI0MY U3 TPEX OCHOBHBIX HampaBiIeHU# cepTudukanmu.

OCOBEHHOCTH HOBBIX CEPTU®UKAIIMOHHBLIX TPEFOBAHUI
K YCJIOBUSAM OBJIEAEHEHUWA

OCHOBHOE OTJINYME HOBBIX TPEOOBAHMI K yCIOBUSAM OOJIEIEHEHHS OT paHee AeWCTBOBABIIUX —
BBEJICHHE B PACCMOTPEHHE OOJBIIUX MepeoxiaxaeHubx kanenb (SLD — Supercooled Large Droplet),
a TaKXKC JICASHBIX KPUCTAJIOB.

1 - - 71 T —— T
7
] 08 . -1
=
0 0.6+ .
= :
S04+
E
© Ol ! - i Freezing Drizzle MVD < 40 microng
10’ 10° 10°

Diameter (microns)

i i:reezing Drizzle MVD > 40 mi¢ron 5

10’ 10 10°
Diameter (microns)

Puc. 1. CriekTpsI 1151 TEPEOXITAKIACHHON MOPOCH
Fig. 1. Freezing Drizzle, Drop Diameter Distribution

Ecin panee nipu cepTudHKaAIIN CaMOJICTOB TPAHCIIOPTHOW KAaTETOPUH JTIOCTATOYHO OBLIO pac-
CMOTpETh 00TEKaHHE camojeTa ¢ KarmisiMu ofgHoro padmepa 20 MM (cpeanemenuanHoro MVD — s
HOopM CS-25 u FAR-25, cpenneapupmernueckoro MAD — s oredectBeHHBIX HOpM All-25), TO MO
HOBBIM TpebOoBaHusiM CS-25 u FAR-25 HeoOxomumo uccnenoBaTh 00TEKaHHWE MOTOKOM C KaIUISIMH

ABuannonHble TipaBmia. Yacts 25. HopMbl JIETHOW TOHOCTH CaMOJIETOB TPAHCIIOPTHOW Kateropuu: yTB. ITocTaHoBIe-
HueM 35-i ceccun CoBeTa MO aBHALlMH W MCIIOJIB30BAHHUIO BO3IYIIHOTO MpocTpaHcTBa 23 okTsa0ps 2015 roxa. 5-e m3z.
M.: ABnausgar, 2015. 288 c.

Certification specifications and acceptable means of compliance for large aeroplanes CS-25 / AMD20, EASA. 2017.
1094 p.

Federal aviation regulations. Part 25. Airworthiness standards: transport category airplanes. FAR-25 / FAA. 2017. 240 p.
* Certification specifications for engines (CS-E) / AMD20, EASA. 2007. 193 p.

° Federal airworthiness regulations. FAR-33 / FAA. 2017.
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pa3HBIX pa3MepoOB, KOJUYECTBEHHOE ONKMCAHNUE KOTOPBIX ONPEAEIIIEeTCs 3alaHHbIMU 3aKOHAMU pacIipe-
nenenus (Tpedbosanust FAR-25 pacnipoctpanstorcst Ha BC co B3netHbiM Becom MeHee 60000 ¢hyHTOB).
OTtedecTBEHHbIE HOPMBI B HACTOSLIEE BPEMsI HAXOAATCS Ha ATale yTBEPKICHMSL.

B Ilpunoxenun O xk CS-25 BBOASATCA B paCCMOTPEHHUE JIBa BUAA MEPEOXTAKIACHHBIX Kareb,
pa3nuYaoIuXcs pa3mMepoM: bosee Menkue — «Mopock» (Drizzle) u 6onee kpymHbie — «10kab» (Rain).
1 Ka)k[1oro BUAA 3a1aHbl 3aKOHBI MacCOBOTO PACIPEEIICHUS BOAHOCTH B 3aBUCUMOCTH OT IHaMeTpa
Karenb (CIeKTphl), KOTOpbIe MPUBEIEHBI Ha pHc. 1 U 2.

B ITpunoxenuu D k CS-E BBOIATCS B pacCMOTPEHUE JEASHBIE KPUCTAIUIBI, JJIs1 KOTOPBIX 3a7aH
CBOW 3aKOH pacrpenesieHus. BiausHue BHENIHUX YCIIOBHM C JIEASHBIMU KPUCTAJUIAMHU B OOJIbLICH CTe-
IIEHU CKa3bIBAeTCs Ha PabOTOCIIOCOOHOCTH JBUTATENIbHBIX YCTAHOBOK, B MEHBIIECH CTENEHU — Ha Xa-
pakTepucTUKax oOTekaHus IuiaHepa. [losTomMy B HacTosmiel craThe mpoOsieMa BHEUIHMX YCIOBHUH ¢
JEASHBIMU KPUCTAJUIAMHA PACCMATPUBAECTCS JIMIIb IPUMEHUTENIBHO K JaTYMKaM CHUCTEMBI BO3IAYLIHBIX
CUTHAJIOB.
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Fig. 2. Freezing Rain, Drop Diameter Distribution

PaccmoTpum BimsiHEE 0COOEHHOCTEH HOBBIX TPEOOBAHUI HAa TP OCHOBHBIX HAIIPABJICHUS CEp-
TU(DUKAIMH IS YCIOBUHM 00JIeICHEHUS.

TPEBOBAHUA K CUCTEME CUTI'HAJIN3AIIUU OBJIEAEHEHUWA

[TepBoe HampaBiieHHE — CBOEBPEMEHHOE OOHAPYKEHHUE yCIOBUI O0JIeICHEHUS.

Brnusiaue o6nenenenus BuentHel moBepxHoctd BC Ha ero XapakTepuCTHKNA MOXKET OBITh OUYCHb
CYHICCTBCHHLIM. I[JBI YMCHBIICHHUA 3TOTO BJIUAHUSA IMPUMCHSAIOT HpOTI/IBOO6JIeILeHI/ITeJIBHBI€ CUCTEMBI
(ITOC) pazmuunoro tumna. B 6onsmuHcTBe ciydaeB [IOC kpbijla 1 MOTOTOHIOJBI ABUTATENS — BO3-
IYLIHO-TEIUI0BbIe. OO0TrpeB NPOU3BOIUTCS TOPSYUM BO3YXOM, OTOMPAaeMbIM OT MapIIeBOrO JBUTaTe-
ns1. Ha voBeiimux BC, manpumep A350 u B787, ucnonb3yercs 3JI€KTPOOOOTPEB MEPETHUX KPOMOK
KpbUTa. MI3BECTHBI Cllyyal MCIOJIB30BAaHUS AJIEKTPOUMITYJIBCHOM CHCTEMBI cOpoca JIEASHBIX OTIO0XKE-
HUM ¢ Hecymux noBepxHocrei (Mn-96).
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Ha 6onpmuaCcTBe coBpemennbix BC Bkimouenue [IOC mpoucxoauT 1Mo CUTHATY CUCTEMBI CHT-
HaJu3auKu oO0JeACHEHUS, OJHUM M3 JIEMEHTOB KOTOPOM siBNIsieTcs curHaimsaTop oonenenenus (CO),
HaXOJAIIUKCS Ha BHemIHeH moBepxHOocTH BC. DTO mpenbsaBiseT k ero paboTe ompesesieHHbIe TpeOo-
Baaus. OpHo u3 TiaBHBIX — CO JO/DKEH CUTHAIM3UPOBATh O Hauajae 00pa30oBaHUA JibJa HAa BHEUTHEH
MOBEPXHOCTU CaMOJIeTa KaK MOYKHO paHbIIIE.

[Tpu ceptudukamy camosuera TPaHCIOPTHON KaTEropuu HEOOXOIUMO MPOIEMOHCTPUPOBATD, UTO:

— 1o BkmoueHus [10C nproobpazoBanue Ha CO HauMHAETCS paHblle, YeM Ha JII000M ydacTke
BHEIIHEH MTOBEPXHOCTU camoJieTa, 3auuiieHHoM [10C;

— prmroueHne [1OC mpoucxXonuT paHbIlle, YeM TONIIMHA JhJa Ha BXOJIE B BO3MyX03a00PHHUK
JIBUTATENS MIPEBBICUT KPUTHUECKHE JIJIsl HOPMAJIbHOM paOOThI ABUTATENs BEIMUMHBI UITU JIe]l HA y4acT-
KaX BHEIIHEH MOBEPXHOCTU camoJiera, 3amuiieHHbx [10C, HeqomycTuMo yXyIIIUT a3poiMHaMHuue-
ckue xapakrepuctuku BC.

[Ipu ceptudukanmy pernoHanIbHOTO camosera OblI pa3paboTaH METOJ 0OECIECUEHUsS BBIMOJ-
HEHUS dTUX TpeOOBaHUM 3a cueT BbiOopa mecta pazmenienus CO [1].

Jloka3zaTenbCTBO MEPBOTO IMYHKTA MCHOJB3YET MOHATHE «KPUTHUUYECKOW TeMIIepaTypb»: IMOJ
KPUTHYECKON TeMIlepaTypol B TOUKE MOBEPXHOCTH MOHMMAETCs MaKCHUMallbHas TemIiepaTypa Hale-
TaroIIero MOTOKa, IPU KOTOPOH B 3TOM Touke Temreparypa paBHa 0 °C, T. €. MOXET HadaThCsl 00ee-
Henue. Kputndaeckas remneparypa Ha nunusape CO momkHa OBITH BBIIIE, Y€M B JTIO00M TOYKE BHEIII-
Hel MOBEPXHOCTU caMoieTa, 3amuieHnon [TI0C. Dtoro, oqHako, HEAOCTATOUHO.

Heo6xoammo cpaBHUTH CKOPOCTh HapacTaHus Jpaa Ha CO M Ha y4acTKax BHEIIHEH TOBEPXHO-
ctu camodera, 3amuieHHbIx [IOC. 3nas ckopocTs HapacTanus japaa Ha CO, BO3MOKHO OIIPENEIHUTh
BpeMs BkItoueHus [I0OC ¢ momeHTa monaaHus B yCIOBUs 00yieieHeHusI. JIessHbIe OTIIoXKeHus, 00pa-
30BaBIIMECS 32 3TO BpEeMs Ha BHEIIHEW MOBEPXHOCTH CaMOJIETa, HE JIOJDKHBI OBITh KPUTHUECKUMU:
Macca JibJia, 00pa3oBaBIIasicsi Ha BXOJI€ B MapIIEBbII JBUTATENb, B CIy4yae MOMalaHusl B IBUTaTellb HE
JOJI’KHA HAPYIIHUTH €r0 paboTy, a JIesHbIe HApPOCThl HA HECYIINX MOBEPXHOCTSIX HE JOJKHBI HEJOIY-
CTUMO HCIOPTUTH adpOJUMHAMHKY camoJjeTa. [lepBoe siBisieTcs MHAMBUAYalIbHBIM CBONCTBOM THIIA
JIBUTATENs, BTOPOE — CBOMCTBOM F€OMETPUU CaMOJIETa.

Ha 6onpmmacTBe BC nicnonsiyroTcs npa CO, ycTaHaBIMBaeMble CHMMETPUYIHO IO OOKaM HO-
coBoif yactu ¢rozemspka. [Ipu Beidope mect pacnonoxenus CO Ha BC ucxoasar u3 npeanonoxeHui,
yT0 obecneueHo nonaaanue Ha HuMHIP CO 10CTaTOYHOTO KOJIMYECTBA BOJIbI M3 HAOETralolero noTo-
Ka, CTaTH4YecKas Temreparypa B Mecte pasmenieHuss CO npuOIM3UTeNnsHO paBHA TeMIIepaType OKpy-
JKaroIIe cpelbl, a TaKKe OTCYTCTBYET BpeAHast uHtepdpepenuus Mexay CO u qpyruMu JaTuuKami,
pa3MeIICHHBIMU Ha MOBEPXHOCTH (ro3ensixka. Beibop mecra ycraHoBku CO JOMKEH MPOU3BOJAUTHCS C
y4eTOM M3MEHEHUS! apaMeTpoB JUIsl BCeil 00JIacTH OKUIAeMbIX YCIOBHMM SKCIUTyaTallud B YCIOBUSX
obnenenenus. To ecTb JOMKHBI OBITh OMPEIEICHBI MUHUMAIbHBIC M MAKCUMAIIbHBIC 3HAUCHUS TaKUX
napaMeTpoB, Kak uynciao Maxa, BEICOTa M CKOPOCTh MOJIETa, YTOJI aTaku Ui pa3iuyHbIX (a3 mosera.

B pacuerax [1] ycnoBust okpyarommeld cpeabl COOTBETCTBOBAIM YCIOBHSIM MexyHapoaHOM
crangaptaor atmocdepsl (MCA, ISA). PaccmarpuBanuch BOAHBIE Kamuid amameTpoM ot 10 1o
50 MKM, a TakKe MmepeoxiaxaeHHble KpynHele kKarum (SLD) nuamerpom 100 mxMm u Gonee.

Jlna ompenenenHus KOIMYecTBa BOJIbI, monajatomero Ha umwinaap CO, MOTYT MCIOIb30BaThCS
pa3iuyYHbIe TeOpEeTHUECKHUEe YnuciIeHHbIe MeToabl obTekanus (CFD-meTonsr) ¢ MoaenupoBaHeM HaXo-
JAIIMXCS B MIOTOKE BOJHBIX Karesb. COBpEMEHHOE MPOrpaMMHOE 0OecreueHNe MMO3BOISIET UCIIOIIb30-
BaTh JUIS OTUX Iened pemeHue ypaBHeHuid HaBbe — CrTokca (Hampumep, pacueTHBIA KOMILIEKC
FLUENT wunu nporpammusiii komruiekc «EWT-LIATW» [2]), B pe3ynbrare mosydasi mojie TeYCHUS
Bokpyr BC. Brruncnenue TpaekTopuil kamnens (Metona Jlarpanka) mpou3BoAUTCS «BOPOCOM» B MOTOK
KareJb U3 PaBHOYJAIICHHBIX JPYT OT JApyra TOYeK BBIOpOca, pacmojiaraeMbIX Ha yJaJlleHHON BBEpX IO
noToky miockoctu nepen BC. [{ns kanenb 3a7ar0Tcsi Ha4aldbHBIE YCIOBUSA, COBMECTUMBIE C YCIIOBHSI-
MU CBOOOJHOTO TIOTOKA, U PACCUUTHIBAIOTCS] TPAEKTOPHUH B I0JI€ MOTOKA. OTClIeKUBAHUE YaCTHUIL TIPO-
M3BOJUTCS BHE PAMOK MEPBOHAYAIBHOIO pacuera moTtoka. Kammu pa3nuyHbix pa3MepoB JBUTAOTCS IO
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pa3IMYHBIM TPACKTOPHUAM M3-3a Pa3HMIIBI B UX MHEPLUU U cONpOTHBIEHNU. Kaxas karis oTciexu-
BAETCSl Yepe3 MEPECEUEHUE C TUIOCKOCTHIO, PA3MENIEHHOW B TOM ke mo3uiuu no ocu X, 4yto u CO.
B6mu3u ¢rozensbka MOryT 0Opa3oBBIBATHCS 30HBI, KyAa Kallsld HE MOMAaJaroT, — «3aTeHeHue». Ha
pHcC. 3 MOoKa3aH MpUMEP PaCYETHOIO pacHpeIeIeHHUs BbICOTHI 3aTEHEHMS AJIsl Karellb pa3Iu4HoOro aua-
MeTpa B 3aBUCHUMOCTH OT YTJIOBOW KOOPAWHATHI CEYCHHS — OT BEPXHEro JI0 HIKHEro Oarekca ¢rose-
nska. st 3a1aHHbBIX YCIOBUHM 1ToJieTa OOBIYHO CYHIECTBYET KPUTHUECKHM THaMeTp Karelb, IPH KOTOo-
pPOM BBICOTAa 3aTEHEHHUs B pacCMaTpUBAaEMOH IUIOCKOCTHM MakcuMaibpHa. Ha 3Tom ke pucyHke mpen-
CTaBJIeHA MpeJeNnbHas BeIMYMHA 3aTeHEHHUsd, a Takxke nosiokenue u pazmep CO. Ilpu ompenenenuu
JIOITyCTUMOM BEJIMUMHBI 3aTEHEHHS JTOJDKHO YUUThIBaThes, 4To CO cpabaThIBaeT npu oOJICICHEHUH He
MeHee 3+4 mM BbicoThI unuHapa CO.

BbicoTa TeHU [Mm]
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—= 40 mKm
====-50 mKm
—&— 100 mKm L
= «Max EbicOTa TEHH c

75 A

50

25 -

0 45 90 135 180

Yrnoeble KoopauHaTel [rpaa.]

Puc. 3. PacueTHoe pacnpeneneHne Karesb BOKpYT (ro3eispka B ceueHnn X = const
Fig. 3. Computed distribution of drops around fuselage in section X = const

Merton [1] pa3paboTan B HPEANOIOKEHUN O HAXO0XKICHUH B YCIOBHUAX OOJICCHEHUS, ONpee-
nennbix [Ipunoxennem C k AII/CS/FAR-25, omHako MoaXx0/1bl, UCIIONB3yEMBIE B HEM, CITPABETMBHI U
JUIS. HOBBIX YCIIOBH, n310keHHBIX B [Ipunoxenusx O u P k CS/FAR-25, a Taxoke B [Ipunoxenuun D k
CS-E/FAR-33. Cnenyer, oJlHaKo, y4ecTh JIBa BOIpOCa.

[lepBrIii BOnpoc — OINpeneIeHue MOMEHTA BXOXKICHMS B YCIIOBHUS, ONMCAaHHBIE B YKa3aHHBIX
JIOKYMEHTax, OCTAaeTCsl OTKPBITHIM. Ero BaXXHOCTh ompezensercs He00X0AUMOCTBIO MOKHUIaHHSI 30HBI
oOneneHeHus: B cinyyae HepoctarouHol addextuBHocTr [TIOC camonera st Ha3BaHHBIX yCIOBHMA. B
HACTOsILee BPEMsl HE CYLIECTBYET CEpPUHHOIO0 MOOMIIBHOTO 00OPYAOBaHMs, MMO3BOJISIONIETO rapaHTH-
POBaHHO O0ECIICUUTH PAcIIO3HABAHME IMOMAJaHNS B TaKHE YCIOBUS 00JeieHeHus. XO0Ts UMEIOTCS CTa-
LIMOHApHbIE YCTAaHOBKH, ITO3BOJISIOLINE HA ONPENEIEHHOM PAaCCTOSHUM OT 00JIaka ONpEeAeuTh pa3Me-
pblI Kanenb B HeM. [IpuHIMI ux n1eicTBUS OCHOBAH, Yallle BCEro, Ha UCIOJIb30BaHUH JIA3EPHOTO CKaHU-
poBanus. [IpakTu4ecku BO3MOMKEH MOIAXOJ K ONPEACICHUI0 MOMEHTA IONAJaHUs B TAKUE YCIOBHS
00JIeIeHEeHNs, OCHOBAHHBIM Ha OTCIE)KMBAHUU MHTEHCUBHOCTH JIbJOOOPA30BaHUs HA CUTHAIHU3ATOPE
obneneHeHus. [ peanusanuy Takoro NoJaxoaa He0OX0IMMO IIPOBEIEHUE UCCIIE0BATENILCKUX PaloT.

Bropoii Bonpoc — onpezaeneHre CKOPOCTH HapacTaHUs U POPM JICASHBIX OTIOKEHUN HA BHEIII-
HEHl MOBEPXHOCTH caMoJjieTa B 3TUX ycioBusx. [lonpoOHee Bo3HMKarOIUE B 3TOM cilydae MpoOeMbl
paccMOTpHUM UyTh JaJEe.
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TPEBOBAHMUSA K PABOTOCIIOCOBHOCTH JATYUKOB
CUCTEMBbI BO31YIIHbBIX CUT'HAJIOB

Jlo HacrosIero BpeMeHu o NpUYMHE HEJOCTOBEPHBIX MoKa3zanuil natunkoB CBC npoucxoaut
Hemano karactpod BC. B uncne negaBaux — katactpodpsl AH-148 u bounr 737MAX.

Takoe BaxHOe BimsHUE Moka3aHui natynkoB CBC Ha 6e30macHOCTH 1oJieTa MPUBENIO K BhI-
MYCKY HOBBIX CepTH(PHUKAIMOHHBIX T0KyMeHTOB FAA u EASA, yxecTouaromux TpeOoBaHHs K UX pa-
6orocnoco6HocTH. Ocoboe BHUMaHue K padore natunkoB CBC crano yaemsThest mociie KaracTpodbl
camoneta A330, AF447 B 2009 romy. AHanu3 mokasaj, 4To €€ MEePBOMPUINHON SIBUIOCH 00JICICHEHHE
BCEX JIATYMKOB TIOJTHOTO JIaBJICHUS. DTO MPUBEIO K aKTUBU3AIUU JCHCTBUHN €BPOINEHCKUX cepTUduKa-
monHbIX Biacteil (EASA) mo BHenpenuio Ooisiee KECTKMX TpeOOBaHMN K YCIOBUSAM OOJeIEHEHHS,
IIPU KOTOPBIX JOJDKHA Oo0ecreunBaThes ycrounBas padora natankoB CBC miis BHOBE cepTuduimpy-
eMBIX CaMoJIeToB, onpeaeneHHsx CRI F-05°,

Beomumas CRI F-05 «matpuia o6naunoctn» (Tadi. 1) yctaHaBIMBaeT HIDKHHE TPAHUIIBI IECs-
TH COCTOSTHU, OMMCHIBAIOIINX BCTPEYAIOIINECS TUITUYHEIE 00JIaKa, MOJIET B KOTOPBIX MOXET MPUBECTH
K 00pa3oBaHuto Jpaa Ha parunkax CBC.

Tabauna 1
Table 1
SAT Droplet | Crystal Droplet | Crystal Time
Test Cloud Type (°0O) LWC LWC MVD MVD duration
# @) | (gm) | @m | (@m) | (min)
L1 |Liquid Phase Icing =30 0.2 0 20 0 15
(supercooled droplets)
L2 |Liquid Phase Icing =30 1.1 0 20 0 5
(supercooled droplets)
L3 |Liquid Phase Icing —20 1.85 0 20 0 5
(supercooled droplets)
L4 |Liquid Phase Icing -10 2.5 0 20 0 5
(supercooled droplets)
M1 |Mixed Phase Icing (crystals/ su- —-10 1 4 20 1000 5
percooled droplets)
S1 | Solid Phase Icing (crystals) =35 0 2 0 1000 15
S2 | Solid Phase Icing (crystals) -35 0 5 0 1000 5
R1 | Rain (droplets) —21t00 2 0 1000 0 15
R2 | Rain (droplets) —21t00 6 0 2000 0 1.5
R3 | Rain (droplets) 2100 15 0 2000 0 0.33

3nece SAT — TemnepaTypa Hapy>KHOT'O BO3/lyXa;

LWC — BoHOCTB — Macca BOJIbI WJIM KPUCTATMYECKOTO JIb/1a B €IMHUIIE 00BEMa;

MVD — cpenHemeIMaHHbld TUAMETP Karellb WK KPUCTAIIJIOB JIbJA.

Jnist yoBIeTBOpeHus cepTU(hUKAUOHHBIM TpeOoBaHUAM 3PPEKTUBHOCTh 000TPEBa TaTYUKOB
U UX pabOTOCIOCOOHOCTh OJIKHBI ObITh POJAEMOHCTPUPOBAHBI B CTEHIOBBIX UCIIBITAHUAX MIPH yCIIO-
BUsX OOJIEICHEHUs Ha yuciax Maxa W yriax aTaku, BeIMYMHA KOTOPBIX 3aKpbIBAeT BCIO 0O0JIACTh IO-
netoB BC B skcrutyatanuu. I[lpudyem kaxablii aT4uK JTOJKEH OBITh MCHBITAH B YCJIOBUSX, COOTBET-
CTBYIOIUX JIOKAJIbHBIM NapaMeTpaM HaOeraromiero noToka B MECTe ero yCTaHOBKM Ha caMoiieTe. ITo
riaBHoe omnuue noaxona EASA or paHee mpumeHsBHIErocs y Hac B CTpaHe, KOrja BCE JaTUYUKU

6 Certification review item (CRI) F-05. Flight Instrument External Probes — Qualification in Icing Conditions / EASA.
2007.
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MPOXOIMIIA CTEH/IOBBIC HCIIBITAHMS MPU 3HAYCHHUSIX BOJHOCTH ISl TIOTOKA «HA OECKOHEYHOCTH», YTO
MOIJIO KaK 3aBbIIIaTh, TAK U 3aHUXKATh BOJHOCTH 110 CPABHEHHUIO C PEATILHOM JIJIsl YCIOBUM MoJieTa. JTa
HEOMPEAENIEHHOCTh OTYACTH KOMIIEHCUPOBAIACh HECKOJIBKO OOJBIINM Pa3MepPOM Karellb, IPUHSITHIM B
OTEYECTBEHHBIX CEPTU(HHUKAITMOHHBIX TPeOOBaHUAX, ofHako EASA Takoit moaxo/ 1 MpuHSAT HE ObL.

CrnenyeTr OTMETUTh, UTO PEKUMBI CTEHJIOBBIX UcIbITaHUM natuynkoB CBC yalne Bcero He mod-
HOCTBIO OXBAaThIBAIOT IKCILTyaTaliMoHHY0 001acth BC. DT0 00BsACHIETCS OTpaHUYEHHBIMH BO3MOXK-
HocTsimu umeronuxcst AT ¢ peanuzanueit ycnoBuii obnenenenus. Hanpumep, MakcuManbHOE 3Have-
HUE€ 4Kciia M mpH UCHBITAaHUSX B CYHIECTBYIONIMX B HacTosmMil MoMeHT B Mupe AJIT ¢ umuranmein
ycnoBuii ooneaenenus pasHo 0,65. JlokazarenbcTBO pabOTOCIIOCOOHOCTH AATYMKOB MPHU 00JIee BBICO-
KX 9uciax M HeoOX0AMMO MOATBEP)KIaTh MH)KEHEPHBIM aHAJIM30M.

[Ipu ceprudukanmu pernoHaIBLHOTO CaMoJeTa BCe HEOOXOIMMBbIE METOMMKH, BKIIIOYAs Ormpe-
JIeJICHUE JIOKAJIBHBIX MapaMeTPOB MOTOKA IS KaXJA0ro AaT4uKa, ObUTH pa3paboTaHbl. Bee 3amaun ajis
yCIeuIHo# cepTuukanuu camosneTa OpuH perieHsl [3].

Takum oOpa3oM, yUHUTHIBas BaXKHOCTh YCTOWYMBOTO (pyHKIIMOHMpoBaHus narunkoB CBC, 6o-
Jiee KECTKUE TPeOOBaHUS K YCIOBUSAM OOJICACHEHMsI ISl HUX OBLTH BBEACHBI paHBIIE, YeM I 00Te-
KaHHUS Bcero camojsieTta. M 9Tu TpeGoBaHUs MOTYT OBITh BBHITIOJIHEHBI, €CIU YK€ HAa PaHHUX CTaUAX
MPOEKTUPOBAHMS OYyIeT MPEyCMOTPEH BEIOOP ONTHUMAILHBIX MECT PACTIONIOKEHUS JTATYUKOB.

N3MEHEHUE ADPOIUHAMMUYECKHNX XAPAKTEPUCTHUK BC
B YCJIOBUSAX OBJIEAEHEHUW A

Haunboiee cioxxHbIe MPOOIEMBI, B CBSA3H C BBIXOJOM HOBBIX TPEOOBAaHMI K YCIOBHUSIM 00JIe/e-
HEHUS, BOSHUKAIOT MPU OLEHKE U3MEHEHMS a’pOJAMHAMUYECKUX XAPAKTEPUCTUK CaMOJIETa MPHU MOSIB-
JICHUU JIEISIHBIX HAPOCTOB HA HECYIIHUX MOBEPXHOCTAX. DTO CBSI3aHO B IEPBYIO OYEPEb C OINpeEreIie-
HUEM (HOPMBI U pa3MepoB JIeSHBIX HapocToB. Korga nanHas mHGopMaIus U3BECTHA, MOIYYCHHUE ITO-
ro BinusHUsA Ha AJIX camoiiera BO3MOXKHO Kak u3 skcnepuMenta B A/[T ¢ MogensiMu camodiera, Tak u
13 JIETHBIX UCTIBITAHUN CaMOJIETa C UMUTATOPAMHU JIEJITHBIX HAPOCTOB.

[TpunsTHIl Mponecc cepTUdUKaK camoeTa Ui MOJIETOB B YCIOBUSAX OOJIE€IEHEHHs BKIIIOYAET
JICTHBIC WCTIBITAHUS B €CTECTBEHHBIX ycioBusix obnenenenus (EYO) u neTHple UCTIBITaHHUS caMojieTa C
umuTaropamu Jpaa. [pu ucneiranusx B EYO onpezaensitorcst pasmMepsl 1 GOPMBI JICISIHBIX OTI0KEHHH, a
TaKke (PUKCUPYIOTCS BHEIIHUE YCIIOBHS CPEIbl, TIPH KOTOPBIX ITH JIEASHBIC OTIOXKEHHS 00pa30BaUCH:
TEMIIepaTypa, BOJAHOCTh, pa3Mephl BOAHBIX Kallellb, a TAK)KE BpeMs I0JieTa B YCIOBUAX oOneneHenus. Ha
OCHOBaHHMHM 3THX JAHHBIX MPH TEX K€ YCIOBUIX MosieTa (BBICOTE MOJIETa, CKOPOCTH, BECE) MPOBOIUTCSA
pacueTHoe ompezeneHue (GopM Jibaa Ha KpbUle U onepeHur camosera. CpaBHEHHE MOyYEHHBIX pacyer-
HBIX JAHHBIX C MOJIETHBIMH JJAaHHBIMHU TIO3BOJISIET CENIATh BBIBOJ O BO3MOKHOCTH MCIOJIb30BAHUS PACUET-
HOTO MeTojIa ISl orpeeneHus GopM Jibla Ha APYTHX pekUMax IoJieTa U MpH APYTHUX YCIOBHAX o0iese-
HEHUS. DTO HEOOXOIMMO JIeNIaTh BBHIY TOTO, YTO OMPENEIICHHBIC CepPTUPUKAIIMOHHBIMU TPEOOBAHUSMHU
YCIIOBUS 00JIEIEHEHNS IPAKTUYECKU HEBO3MOYKHO «00ECTIEUHUTRY 32 KOPOTKOE BPEMSI IPOBEACHUS JIETHBIX
ucrneITanuil. [1pu momy4yeHnn pacueTHbIX TaHHBIX, OATBEPKAAIOMNX (POPMBI JIbJa, orydeHHsle B EYO,
ATHUM K€ PACYETHBIM METOJIOM OMpPEeNeNIoTCsl POPMBI JIbJIa AJs YCIOBUNA OOJIEACHEHHS, ONPEAEICHHBIX
cepTr(UKAIMOHHBIME TPEOOBAHUSMH, HAa PEXHMaXxX MojeTa, XapakrepHbix qanHomy tumy BC. o momy-
YEHHBIM JIAHHBIM M3TOTABJIMBAIOTCS UMUTATOPHI JIb/IA JJISl TIPOBEICHUS JIETHBIX MCIIBITAHUM, a TAK)KE UMH-
TaTOPBI JIbJA JUIA a3POIUHAMHYECKUX MOJEIIEH, UCTIbIThIBaeMbIX B A/[T.

B nensix s5koHOMUM BpeMEHU MHOT/IA UAYT HA PUCK U (POPMBI JICASHBIX OTIOKEHHUN PacueTHBI-
MU METOJIaMHU OIPEAEIIAIOT A0 MPOBEACHUS JIETHbIX UcnblTanuii B EYO, nuuibs 3aTem noaTrBepkaas ux
JIAHHBIMHU JIOCTOBEPHOCThH PACUETHBIX PE3yJIbTaTOB. TaKOW MOJIX0J YpeBaT MPOBEICHUEM MOBTOPHBIX
ucnbeiTaHuil moneneil B A/[T ¥ MOBTOPHBIX JIETHBIX MCIHBITAHUI CaMOJeTa ¢ HOBBIMHM MUMHMTATOpPaMU
JbAa. DTO MOKa3bIBA€T BaXKHOCTh MCIIOIb30BaHUS JTOCTOBEPHBIX METOJOB pacdyeTa (popM U pa3MepoB
JEASHBIX OTJIOKEHUHN Ha HECYIIUX MOBEPXHOCTSAX CaMOJIETa.
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Co3nanne MporpaMMHBIX KOMIUIEKCOB JUISl pacdeToB (popM JIEASHBIX OTIOKEHWH HAuYMHAJIOCh C
nByMepHbIx Moaenei, Hanpumep LEWICE 2D (CIHA) [4], ONERA (®panmus) [5], CANICE (Kanama) [6],
CIRA (Mrtamust) [7]. BolbIIMHCTBO 3TUX KOMIUIEKCOB 3aTeM JOpabOTaHbI [isl TpeXMepHoro ciy4as. Cremy-
€T OTMETHUTB, YTO JJISl TOTO, YTOOBI PACUETHBIE TaHHBIE TI0 ONpEIeNICHUIO (POPM Jiba ObLIH MPUHATHI CEPTHU-
(HMKaIMOHHBIMH BIIACTSIMHU, HEOOXOAUMO, YTOOBI TPUMEHEHHBIN PACUETHBIM METO/1 ObLIT XOPOIIIO U3BECTEH U
TMIOJIOJKUTENBHO 3apEKOMEHIOBAN cebsl Ha MEXIyHApOAHOM YpoBHeE. B Hacrosiiee Bpemsi TakuM SIBIISIETCS
nakeT npukiaaanasix porpamMm FENSAP ICE ¢upmer ANSY'S, pa3paboTka KOToporo u JoBefeHHe 10 pabo-
YEero COCTOSTHUSI MPOJOHKAIOTCA MHOTO JIET [8]. B pa3HbIX cTpanax, B ToMm umciie B Poccun n Kutae, Begyrcst
pa3pabOTKH COOCTBEHHBIX PACUYETHBIX METOIMK, HO TIOKA OHU HAXOJISITCS Ha cTauu oTpabotku [9—12].

PacueTtHble Hccae10BaHus TIOKa3bIBAIOT, YTO MPU MOJEIUPOBAHUHN YCIOBUI 00J€IeHeHHS, OITH-
cannbIx B [Tpunoxxennn O k CS-25, o6actb 00sieieHeHNsI B HOCOBOM YacTH HECyIIel MOBEpXHOCTH MIPU
ee 00TeKaHWN HAOETAIOIIUM IMOTOKOM MOKET OBITh CYIIECTBEHHO OOJIBIIIE, YeM MPH YCIOBHUSIX, COOTBET-
ctBytomux [Tpunoxxenuto C. Ha puc. 4 mokazansl pa3Mepbl pacueTHBIX 30H MOMAJaHus Kareib 0 XOp/e
npoduis Kpblla B 3aBUCUMOCTH OT pa3MepoB Kamelnb (Mpoduib ¢ OTHOCUTENbHOW ToimuHOU 10 %,

yucio Maxa = 0,6, yroin ataku = 2°).
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Fig. 4. Computed areas of water drops coming to the airfoil

Bupano, uto mpu Gonbiux pazmepax Kameiab Ko3(h(UIMEHT 3axBaTa He paBeH Hymo 10 42 %
XOpZbl Ha HWKHEH MOBepXHOCTH mpoduist u 10 25 % — Ha BepxHE. ITO 03HAYAET, YTO JIEJ MOXKET
00pa30BbIBaThCA HA KPbUIE U 3a MPEIKPBUIKOM, XOpJa KOTOporo o0blyHO coctasiser 10-25 % ot
MECTHOM Xop/sl Kpbuta. Eciin oOpa3zoBaHue JibJa Ha HWKHEH MOBEPXHOCTH KPbUIa OOBIYHO MPHUBOIUT
JIMIIB K MOSIBIICHUIO JTOTOJIHUTEIBHOTO COMPOTUBIICHHUS, TO JieJl Ha BEpXHEH MOBEPXHOCTU MOXKET MpH-
BOJHTH K OoJiee cymecTBeHHBIM mociiecTBusaM. [Ipu ucnons3zoBanuu [10C kpeiia, 00BIYHO pacmoa-
rajolieiics Ha CeKUUAX MPEAKPBUIKA, JeJl Ha MpEeAKphUIKE MOXKET He oOpa3oBarbesa. OgHaKo Jien 3a
MIPEAKPBUTIKOM OyJIeT MPEACTABISTh CO00M «OaphepHbIit en». O BiaustHUU O0apbepHOTO Jbaa Ha AJIX
camoJieTa U3BECTHO, YTO OHO Jjake OOJIbIIIe, UeM BIUSHHE CaMOro OOJIBILIOr0, ONPEAEIIEHHOIO CEPTH-
(UKaIMOHHBIMU TPEOOBAaHMSIMH, POrooOpa3HOTo Jbaa Ha HOocke Kpbuta [4]. Ha puc. 5 mpuBeneHo
CPaBHUTENLHOE BIMSHUE PA3JIMYHOTO BHJIA JIbJ]Aa HA KOA(PPHUIMEHTH HOBEMHOM CUIIBI M TPOJOIBHOTO
MOMEHTa MOJIeJIM camosieTa npu ucneltanusx B AJ[T. BugHo, yto HeT cMbicna ucnonb3oBath [10C
KpbLJIa, €CJIM Ha BEPXHEH MOBEPXHOCTU MOXKET 00pa3oBaThcsi OapbepHbIH Jiell, KOTOPBIH MOXET yXy/-
mmth AJ1X Oosbie, ueM oOpa3oBaBIIHIACS JIeT HA TICPETHEH KPOMKE KpbLIa.
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Puc. 5. 3aBucumoctu AJ[X Momean camonera OT TUIa 00JIeICHEHHS
Fig 5. Dependencies of airplane model aerodynamics performance on the icing

Crnemyer OTMETHTh, OJTHAKO, YTO U BO3MOXKHOCTH 00pa3oBaHHs OAPHEPHOTO JIbJA, U €ro BIIUS-
Hue Ha AJ[X camornera 3aBUCAT Kak OT NPOPHIUPOBKU KOHKPETHOIO KpbUIa, TaK M OT XapaKTEPHBIX
PEKUMOB TIOJIETa CaMOJIeTa.

PaccmarpuBasi BO3SMOXKHOCTD SKCIUTyaTallud caMoJieTa B YCJIOBUSAX OOJI€€HEHUs, ONpeiesieH-
HBIX HOBBIMHU CepTH(PHUKAIMOHHBIME TpeOoBanusaMu (mpuinoxernsmu O k CS-25 u D k CS-E), cnenyer
UMETb B BUAY CIIEAYIOIINE OOCTOSATENBCTBA.

Bo-nepBbix, B HacTosiee Bpems He cyuiecTByeT [IOC kpbuia npuemiieMoil MOIIHOCTH, 1103BO-
asonmx odecneynTsh 3PPEeKTUBHYIO 3aIUTY (anti-icing) B yCIOBUAX OOJEIEHEHUS C OONBIINMU Tie-
peoxnaxaeHHbIME KaruisiMu (SLD). M3 aToro ciemyer BBIBOJ, YTO, MOMAB B yCJIOBHS OOJIEICHEHMS,
cootBercTBytomue [Ipmnoxenuto O, camoner ¢ [IOC kpplna JODKEH HEMEUIEHHO MOKHUHYTH 30HY
obneneHeHns. B TpOTHBHOM cilydae BO3MOXKHO OOJIEZICHEHHE BHEIIHEH IMOBEPXHOCTH CaMOJIeTa,
BKJII0Yasl TOsIBJIEHHE 0apbepHOTO JibJla, NPUBOAALIEE K HeAonycTUMoMy yxyamenuto AJ[X camonera.
Yro >xe KacaeTcs MCIOJIB30BaHUs CUCTeM cOpoca jpnaa (de-icing), HampuMep 3JIEKTPOUMITYIECHBIX
WIN 3JIEKTPOBUOPALIMOHHBIX, TO UX IPUMEHEHHUE B TAKUX YCIOBHUX oOsiefieHeHus 3(h(peKTUBHO IUIlb B
TeX CIydasX, KOTrJia HeT JeIsIHbIX 00pa30BaHUl 3a MPEAKPHUIKOM, HHAYE TAKKe BOZMOXKHO (OPMHUPO-
BaHHUe 0apbepHOro Jibja Mocie copoca Jiba ¢ IpeaAKpPbUIKA.

Bo-BTOpPBIX, BOBMOKHOCTh 3KCIUTyaTallud B YCIOBHSX OOJIeZICHEHUs, omnpeneneHHsx [Ipumo-
xeHueM O, caMoJIeTOB 0e3 CHCTeMbI 3alIUThI Kpblla 0T 00J1eIeHeHUs onpeensercss GopMoi eI THbIX
OTJIOXKEHUH Ha HECYIIUX MOBEPXHOCTIX U X BiusiHueM Ha AJ[X camonera. Cnenyer, oqHaKoO, y4ecTb,
YTO HE HCKIIYEHAa BO3MOXKHOCTh OTMEHBI OTPaHUYEHHUH Ha pa3Mepbl JEISHBIX OTIOXKEHUH B 37,
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NPEIYCMOTPEHHBIX MIOKA B CEPTH(PHUKALMOHHBIX TPEOOBAHUAX. DTO MPUBEAET K MEPECMOTPY UMEIOIIIE-
rocsi OmbITa B OLEHKE BIUSHUS oOneneHeHus Ha AJIX U npoBeieHus JONOJHUTEIbHBIX PACYETHBIX U
JKCIIEPUMEHTAIIBHBIX UCCIICIOBAHUN.

JAK/IIOYEHUE

[IpoBeneHHast OlIEHKA BIUSHUS HOBBIX CEPTUPUKANMOHHBIX TPEOOBAHUHN K YCIOBHIM O0Jee-
HEHUs Ha oOecrieueHre 0e30MacHOCTH MoJieTa BO3AYIIHBIX CYJOB TPAHCIIOPTHOM KaTeropuu MOKa3bl-
BaeT, YTO OCHOBHBIMU MPOOIEMaMHU MOTYT SBISATHCS OOHApPYKEHHE MOMEHTA MONAJaHUS B YCIOBUS
o0JieIeHeHus, OMpeIeJIeHHbIE HOBBIMH TPEOOBaHHUSIMH, a TAaK)Ke€ BO3MOKHOCTb yJNaJeHHs JIeASHBIX
OTJIO’)KEHUH C HECYIIUX TIOBEPXHOCTEH.

Hcnonb3oBanre MPpOTUBOOOIICICHUTENILHBIX CHCTEM KPbUIa, paO0TAIONMX B peKUME anti-icing, /st
YCTIOBHIA OOJICICHEHUS, OMPE/ICICHHBIX HOBBIMU TPEOOBaHHMSMH, HEBO3MOXKHO H3-3a CIMIIKOM BBICOKHX
MOTPEOHBIX SHEPreTHUECKHX 3aTpaT. B a3ToM ciydae BC momkHO CpodHO OKWHYTh 30HY 00JIC/ICHEHUSI.

Uro ke KacaeTcs HCIOJIb30BaHMsI cucTeM cOpoca Jibaa (de-icing), HampuMep 3JIEKTPOUMITYIIbC-
HBIX WJIHA 3JICKTPOBHOPAIMOHHBIX, TO WX MPUMEHEHHE B TaKMX YCIOBHUAX oOyieneHeHUus 3h(HEKTUBHO
JUIIb B T€X CIydyasx, KOTJa HET JIJSHBIX 00pa3oBaHWi 3a MPENKPHUIKOM, HHA4YEe TAaKKe BO3MOIKHO
dhopmupoBaHre OapLEPHOTO JIbJA TTOC)Ie cOpoca JIbaa ¢ MPEIKPhLIKA.

B03MOXHOCTh 3KCIUTyaTallid B YCJIOBHSIX OOJIICHEHWsI, PETIIAMEHTUPOBAHHBIX [IpunoxxeHu-
em O x CS-25, camosneToB 6€3 CUCTEMBI 3alIUTHI KpbUIa OT O0JIeACHEeHHs, onpeaenseTcs Gopmoit Jie-
JISTHBIX OTJIO’KEHUM HAa HECYILUX MOBEPXHOCTAX M UX BiuustHueM Ha AJ[X camonera. [{ns kaxxaoro tumna
BC s onenku BiusiHust oOsieieneHus Ha ero AJ[X Heo0X0IMMO MPOBEACHUE PACUETHBIX U IKCIIEPH-
MEHTAJIbHBIX UCCIICIOBAHHA.
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PROMOTION OF TRANSPORT AIRCRAFT
FLIGHT SAFETY TAKING INTO ACCOUNT UPDATED
CERTIFICATION REQUIREMENTS FOR ICING CONDITIONS

Vladimir G. Tsipenko', Vladimir I. Shevyakov’
"Moscow State Technical University of Civil Aviation, Moscow, Russia
?JSC Sukhoi Civil Aircraft, Moscow, Russia

ABSTRACT

Due to the implementation of new certification requirements for icing conditions provided in Annex O to CS-25, there is a
necessity to analyze the impact of the requirements on the possibility of transport aircraft certification for flights under such
conditions. The particularities of such certification requirements and their impact on three main directions of aircraft certification
have been considered for icing conditions: icing annunciation system, air data system and anti-icing system. It has been shown that
new requirements have no effect on certification of air data system sensors but they have an impact on icing annunciation and anti-
icing system. Timely annunciation of icing is important for safe operation of aircraft. The procedure providing timing annunciation
was developed earlier in Annex C to AR/CS/FAR-25. It is highlighted that this procedure is also actual for new icing conditions but
taking into account relevant updates in calculations of the growth of ice accretions on ice detectors, air inlets and lifting surfaces.
One of the problems is to detect the moment of coming into icing conditions, determined by new requirements. It substantially
determines the possibility of immediate escape from icing area if the airplane does not meet the safe operation requirements for
such conditions. The techniques of removing ice accretions from lifting surfaces are described. The case of icing the wing surface
behind the slats area with barrier ice accumulation was studied. The possibility of an aircraft limitless operation under icing
conditions determined by new certification requirements was estimated.

Key words: aircraft, flight safety, certification requirements, icing conditions, aerodynamic performance, air data system sensor,
ice accretion.
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RADIO-WAVES REFLECTION AT REMOTE SENSING OF
UNDERLYING COVERS
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'Delft University of Technology, Delft, Netherlands
’Moscow State Technical University of Civil Aviation, Moscow, Russia

Monitoring technologies are rapidly developing at present and allow to extract and use non-coordinate information about objects. Non-
coordinate information is the information about the type and properties of an object under study. Remote sensing is the main method of
solving monitoring problems where special positioning belongs to the radar methods, based on space-time processing of signals and, in
particular, on methods of radio polarimetry. It is necessary to have information about the surface in order to solve the monitoring task.
The slightest changes in the electrical and physical properties of such areas as salinity, humidity, soil composition, etc. will lead to a
change in the basic electrodynamics of the surface, notably its complex dielectric permittivity. The article demonstrates the precise
solutions to the problems of radio-waves reflection from a layered surface with various laws of changes of the complex permittivity € in
depth. Media with exponential and quadratic laws of variation € for arbitrary angles of incidence of the radio wave on the surface are
considered. Precise decision is obtained for layered media with the law of change in the complex permittivity the polynomial and linear
characteristics. A similar problem for the parabolic layer is considered separately. The detailed analysis of radio waves reflection from
the medium with a matching layer is carried out. The nature of the electromagnetic field inside the transition layer is studied in detail. The
article is illustrated by the graphs showing the dependences of an electromagnetic wave reflection coefficient on the layered medium
with linear and exponential laws of variation of the complex dielectric constant over depth.

Key words: polarization, scattering matrix, underlying surface, complex dielectric permittivity, scanning, remote sensing.

1. INTRODUCTION

In order to solve the remote sensing issues, it is very important to know polarization patterns of
radio waves reflected from underlying surfaces. We initially need the information on elements of the
scattering matrix of illuminated areas on the surface. It is clear that variations of electrical-and-
physical properties (salinity, moisture, soil composition, etc.) of such areas will cause variations in the
main electrodynamic characteristics of the surface, notably its complex permittivity . Complex per-
mittivity variation results in variation of reflecting characteristics of the underlying surface (i.e. charac-
teristics of its elements in the scattering matrix).

2. GENERAL RELATIONS

In radiolocation, the scanning of underlying sur-
faces is carried out from top to bottom (from the aircraft
board, satellite, stationary tower, etc.). Thus, the dimen-
sions of an illuminated area of the underlying surface
are determined by the height (H) from which scanning
is carried out, the scanning angle (o), the antenna beam
width [2, 4, 9, 15] (in two mutually perpendicular planes
Ao and A Fig. 1).

The wave radiated by the antenna induces (on
the surface D) currents which are the sources of Ha scat-
tered field [13, 14]. In general, the energy is scattered
Fig. 1. To statement of a problem omnidirectionally and, in particular, in the direction of

the antenna.
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We shall consider a medium which fills the half-space z < 0. Electric-and-physical properties of
this medium depend only on the distance to the medium surface.

Suppose that a plane electromagnetic wave is incident on a boundary (medium surface) at the
angle. The electric vector of this wave is perpendicular to the plane of incidence (horizontal polariza-
tion). The field in the upper half-space will be included into the incident and reflected waves [2]. The

electric vector of the reflected wave should meet the differential equation: AE(x,z)+k’e(z)E(x,z)=0.

This equation after substitution of E(x,z)=g(z)exp{ikxsinB} will be reduced to the following dif-

ferential equation:
gl +k? [g(z)—sin2 O}g(z):O. (1)

It is possible to derive the formula for the reflection coefficient on the horizontal polarization
by using standard conditions of the continuity of tangential components of the vectors E and H:

Ry;p (0)=[ikg (0)cos0+g. (0)]/[ikg(0)cosd-g’ (0)]. )
The magnetic vector for a vertical polarization may be represented by the following form:
H(x,z)zn(z)v(z)exp(—ikxsin@), 3)

where n(z)=,/e(z), the function v(z) is the solution for the differential equation:

[n(z)v(z)] _+K*[n* () =sin’ 0]n(z)v() =0,

It is possible to derive the formula for the reflection coefficient by using standard conditions of
the continuity of tangential components of the vectors E and H:

Ry = [g; (0)+ikg (0)(0)cos 6]/[g; (0)—ikg(0)&(0)cos 6]. (4)
3. EXPONENTIAL LAYER

The  complex  permittivity  varies  according to  the  exponential law
e(z)=Pp-exp{2a-z} = (B, +iB,)exp{2a-z}; Imo =0. The function g(z) will be the solution for the

equation (1):
g(z)=H£2)(§\/B-exp{a-z}j, (5)

where H, éz) is the Hankel function of the second kind. The order of this function is & = ﬁsin 0.
o

In case we use the formula for the Hankel function derivative we get:
, k L k , k i k
R =| 2 £ B e B (25 | 1| (£ B Jem e B (245 )|
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4. QUADRATIC LAYER

The complex permittivity varies according to the quadratic law: g(z) = (ocz + 6)2. For such a

medium it is impossible to express the solution (1) with the use of the known functions. The following
solution may be derived with small ¢, :

1 T 2 .
glz)= exp{ —ik | +/(0z+P) —sin’ zdz}. (7)
) ‘\‘/((xz+B)2—sin29 { '([\/( )

S. VERTICAL SCANNING

Vertical scanning is quite often used when solving remote sensing issues. In this case there is
no difference between vertical and horizontal polarizations and the scattering matrix becomes the iden-
tity matrix. However, the reflected-wave power depends to a great extent on the behavior of dielectric
properties of the surfaces under study [7, 12, 14, 15, 16, 17, 18]. Let us consider how such reflection
for several laws of the complex permittivity changes with depth.

5.1. Polynomial layer

The law of the complex permittivity change is described by relation: s(z) = (az+ b)m . The for-
mula will be the solution of (2) which satisfies the condition of infinity [15]:

m+2

g(Z)=\/az+b-JL miz(§)4(az+b)’112+2 . (8)

m+2

5.2. Linear layer

The law of the complex permittivity change is described by the relation: 8(2) =az+b. It results
in the relation [2, 18]:

R 335 )5 (28 (2 )3y 2| g
3a 3a 3 3a

a

Analysis of this expression with arbitrary complex values a and b results in awkward, hardly
soluble expressions. Let us consider only extreme cases of small and large |a| and also the relations
between |R| and | o] for several typical and practically important cases.

With small | o] (when the complex permittivity modulus slowly varies in depth), we derive:

R= [1—13&5 +ib 1 %(0,104+0,146b°’5 )}/{Hb” +ib 1 %(0,104—0,146[)0’5 )} (10)

When a sharp boundary is absent (i.e. b = 1), we have: R = 0,004|a|27»2 . In this case there is almost no

reflection.
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Another extreme case is when the complex permittivity increases with a high speed, i.e. |a] is
large. In this case we derive:

2kibb

3a

1/3
R=-1+ 1,58[ J (1-i-1,73). This formula shows that the reflection coefficient is close

to 1 for large values of | o.|. With a further increase of | ol and A it tends to 1.

The above mentioned behavior of R remains mainly for other kinds of the polynomial depend-
ence. Fig. 2. shows the dependence of the reflection coefficient |R|? on the parameter |l for a linear
layer.

e S s ;A

024%....... e LSV AR SRR SRR s N e (S SO SO e
ol gl : ' : : ' : ; ! : : ;

(9] S — - - L st - ......... - -

[ T R R S T

0 02 04 06 08 10 12 18 20 22 24 26|a

Fig. 2. Dependence ‘R‘zupon ‘OL‘ cm’ for a liner layer. A = 3cm.
Le(z)=2+ild|z; 2.8(z)=1+i|ofz; 3.e(z)=2+0,5v2(1+i)]o|z

5.3. Parabolic layer

Let us introduce the following notation: €(z)=(az + b)2 = I:(a1 +ia,)z+(b, +b, )]2 . In this case:

R=| B (w)=ibH s (w) /| HE (w)+ibH g (w) ], (11)
2
where w = L
2a

When |a|l << b, ie. |p| >>1, we have
R=[(1-b)kw+i(0,0094+0,156b) ] /[ (1+b)kw+i(0,0094 -0,156b)]. (12)

When a sharp boundary is absent (b = 1): R=0,016|a|2 A?. In another extreme case when

5,1(1-i)

|p| <<1, we have: R=—-1+—7—2.
a2
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5.4. Matching layer

In a number of extreme cases a thin intermediate layer is formed on the medium-atmosphere
boundary. In this layer, the complex permittivity smoothly varies from 1 (atmosphere) to its value in
the depth of the medium and the curve which represents this dependence has no kinks. The presence of
such a layer in a number of cases results in a substantial decrease of the reflection coefficient due to
the decrease in reflections that take place on the boundary.

Let us discuss the reflection of the following structure: a region of the space z is filled with a
medium with the complex permittivitye; . A “matching” layer is located within 4. The complex per-

1+8k
2
that when z = 0 the complex permittivity is &, =1, when z =7 — € = & and }(0)=¢%(h)=0, i..

I—Sk

mittivity € of this layer varies according to the law: g = + cosnz. This relation shows

the matching over the derivative takes place on boundaries of the layer. The wave equation for the match-
ing layer is reduced by means of substitution of an independent variable into the Mathieu equation.

Fig. 3. shows the results of calculation of the reflection coefficient with different values of the
complex permittivity

2
IRl
O
08 ........... ........... ...........

(Y] T W S S— S— e S S S—

04 S N e SURURRNIE NURN N ..........

0,2

....................................

0 01 02 03 04 05 06 07 08 09hcm

Fig. 3. Dependence of 8(2) upon the thickness of an intermediate layer — /.

In an intermediate layer €(z) changes from € =1 up to e = 65—40i
according to the linear (1), harmonical (2) and exponent (3) laws. A =3cm

2
This figure shows that the reflection coefficient varies from ‘(1—\/5 )/ (l+\/g )‘ to zero. The

figure demonstrates the comparison of the similar curves for the matching layer with a linear depend-
ence (without the matching over the derivative). The figure reveals that a decrease in the reflection co-
efficient for the linear layer is faster than for the matching "cosinusoidal" layer. For a thick layer

2
20,4 |h
(h—>x) R=0, 002|1 _8k|2 (%j ; for a thin layer (h—0) R = 2 \/; )

NIEEA

5.5. Intermediate layer

The law of the complex permittivity change, determined by (3), corresponds to an intermediate
layer. In this case the formulae in 3 remain valid. For a medium with small o we have:
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1\/715/2+0125—(1+3f—'5/2)
1+f—'5/2+0125—(1 3Ble —M)

(13)

i

where p, = kY ¢?2 § is the angle of losses. This formula shows that the reflection coefficient is

determined first and foremost by the complex permittivity on the boundary. In particular, for a medium

—f 0,140
1+\f B -1

when a 1s large we derive: R~—1+2N, (po)/[NO (po +2z\/§e’5/2 / TP, )J Fig. 4 shows a number of

with a very small permittivity (sweet water) we derive: R = . In another case

dependencies of the reflection coefficient upon o with different values [5, 6, 8, 17] of B and o.

IRY

Fig. 4. Dependence |R|2 upon |a| cm' for an exponent medium.
1l.e(z) = exp(1+i0,1az); 2.e(z) = (1 +i)exp(az); 3.e(z) = (3,5+ 2i) exp(az)

It is important to mention that, regardless of the law of variation of the complex dielectric con-
stant from depth, there is almost a linear dependence of the reflection coefficient on the determining
parameter.

CONCLUSION

The paper deals with the problem of reflection of electromagnetic waves from electrically lay-
ered inhomogeneous media. Most natural formations belong to the class of such media. The corre-
sponding problems of reflection of radio waves always arise during remote sensing of natural objects
under observation. The purpose of the relevant monitoring is to remotely determine the physical char-
acteristics of the underlying surfaces (humidity, hardness, temperature, etc.). The listed properties are
determined by the electrophysical characteristics of the surface: dielectric permittivity and conductivi-
ty, which, as it is known, are combined into a complex permittivity €.

Layered structures in which the laws of variation of the complex permittivity in terms of
depth were exponential, polynomial, parabolic and linear were considered as models of remote sens-
ing objects. The field inside each of the matching and transition layer was considered separately.
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Knowledge of the reflection coefficients dependence in such media opens the way to unambiguous
definition of the complex dielectric permittivity, and, consequently, of the physical characteristics of
the probed surfaces.

Unfortunately, it is impossible to express the value of the complex dielectric constant explicitly
as the function of the reflection coefficient and the viewing angle by means of the obtained strict de-
pendences of the reflection coefficient on the parameters of the laws of the change in the complex die-
lectric constant. However, this problem is solved quite easily by numerical methods, which, in the final
analysis, make it possible to determine the desired physical characteristics.

REFERENCES

1. Kozlov, A.lL., Logvin, A.l. and Sarychev, V.A. (2007). Polyarizatsiya radiovoln. Tom. 2.
Radiolokatsionnaya polyarimetriya [Polarization of radio waves. Vol. 2. Radar polarimetry]. Moscow:
Radiotekhnika, 640 p. (in Russian)

2. Maslov, V.Yu. (2006). Razresheniye po dalnosti dvukh tochechnykh obektov s ispolzovani-
yem ortogonalno polyarizovannykh elektromagnitnykh voln [Resolution on the range of two point ob-
jects using orthogonally polarized electromagnetic waves]. The Scientific Bulletin of the Moscow
State Technical University of Civil Aviation, no. 107, pp. 55-59. (in Russian)

3. Maslov, V.Yu. (20006). Pelengovaniye protyazhennykh obektov s ispolzovaniyem ortogo-
nalno polyarizovannykh elektromagnitnykh voln [Direction finding of extended objects using orthogo-
nally polarized electromagnetic waves]. The Scientific Bulletin of the Moscow State Technical Uni-
versity of Civil Aviation, no. 107, pp. 68—72. (in Russian)

4. Maslov, V.Yu. (2005). Differentsialnaya radiopolyarimetriya pri otrazhenii elektromag-
nitnykh voln ot dvukh obektov [Differential radio polarimetry in the reflection of electromagnetic
waves from two objects]. The Scientific Bulletin of the Moscow State Technical University of Civil
Aviation, no. 93, pp. 116—-119. (in Russian)

5. Horn, R. and Dzhonson, Ch. (1989). Matrichnyy analiz [Matrix analysis]. Per. s angl.
Moscow: Mir, 120 p. (in Russian)

6. Spravochnik po radiolokatsii. V 2-kh kn. [Reference book of radar]. (2014). Ed.
M.I. Skolnik. Moscow: Tekhnosfera. (in Russian)

7. Verba, V.S. (2015). Aviacionnye kompleksy radiolokacionnogo dozora i navedeniya. Prin-
cipy postroeniya, problemy razrabotki i osobennosti funkcionirovaniya [Aviation complexes of radar
surveillance and guidance. Principles of construction, problems of designing and features of function-
ing]. Moscow, Radiotekhnika, 525 p. (in Russian)

8. Kanaschenkov, A.L., Merkulov, V.I. and Samarin, O.F. (2002). Oblik perspektivnykh
bortovykh radiolokatsionnykh sistem. Vozmozhnosti i ogranicheniya [The appearance of perspective
on-board radar systems. Possibilities and limitations]. Moscow: IPRZHR, pp. 8—18. (in Russian)

9. Lavrov, A.A. (2013). Radiolokatsionnyy skorostnoy portret tseli. Osnovy teorii [Radar
high-speed portrait of the target. Fundamentals of the theory]. Moscow: Radiotekhnika, pp. 106—108.
(in Russian)

10. Dudnik, P.L, Il'chuk, A.R. and Tatarskij, B.G. (2007). Mnogofunktsionalnyye radiolo-
katsionnyye sistemy [Multifunctional radar systems]. Uchebnoye posobiye [Training manual]. Mos-
cow: Drofa, 282 p. (in Russian)

11. Kondratenkov, G.S. and Frolov, A.Yu. (2005). Radiovideniye. Radiolokatsionnyye siste-
my distantsionnogo zondirovaniya Zemli [Radio broadcasting. Radar systems for remote sensing of the
Earth]. Uchebnoye posobiye [ Training manual]. Moscow: Radiotekhnika, 280 p. (in Russian)

12. Radioelektronnyye sistemy. Osnovy postroeniya i teoriya [Radioelectronic systems. Fun-
damentals of construction and theory]. (2007). Spravochnik [Reference book]. Ed. Ya.D. Shirman. 2-¢
izd., pererab. 1 dop. Moscow: Radiotekhnika, 340 p. (in Russian)

63



Hayunblii Becthuk MI'TY TA Tom 22, Ne 03, 2019
Civil Aviation High Technologies Vol. 22, No. 03, 2019

13. Biard, R.U. and Mak, Lejn T.U. (2015). Malye bespilotnye letatelnye apparaty: teoriya i
praktika [Small unmanned aerial vehicles: theory and practice]. Per. s angl. Moscow: Tekhnosfera,
120 p. (in Russian)

14. Ostrovityanov, R.V. and Basalov, F.A. (1982). Statisticheskaya teoriya radiolokatsii pro-
tyazhennykh tseley [Statistical theory of the radar of extended targets]. Moscow: Radio 1 svyaz, 260 p.
(in Russian)

15. Obnaruzheniye, raspoznavaniye i opredeleniye parametrov obrazov obektov. Metody i al-
goritmy [Detection, recognition and definition of the parameters of objects images. Methods and algo-
rithms]. (2012). Ed. A.V. Korennoj. Moscow: Radiotekhnika, 112 p. (in Russian)

16. Zvezhinskij, S.S. and Ivanov, V.A. (2007). Klassifikatsii i informatsionno-izmeritelnyye
modeli sredstv obnaruzheniya [Classification and information-measuring models of detection tools].
Spetsialnaya tekhnika [ Special equipment], no. 6, pp. 26—32. (in Russian)

17. Kozlov, A.L., Ligthart, LP. and Logvin, A.L. (1998). Modeling and verification of earth-
based radar objects. Vol. 7. Requirements to accuracy and reliability of the equipment of determina-
tion of the objects parameters and signal characteristics. Moscow — Delft, 112 p.

18. Kozlov, A.l., Ligthart, LP. and Logvin, A.L. (2001). Mathematical and physical modeling
of microwave scattering and polarimetric remote sensing. Monitoring the earth's environment using
polarimetric radar: formulation and potential applications. Netherlands: Kluwer Academic Publish-
ers, 410 p.

INFORMATION ABOUT THE AUTHORS

Leo P. Ligthart, Doctor of Philosophy, Honorary Doctor of Moscow State Technical Universi-
ty of Civil Aviation, Delft University of Technology, International Research Centre for Telecommuni-
cations-Transmission and Radar, Delft, The Netherlands, 1.p.ligthart@its.tudelft.nl.

Anatoly I. Kozlov, Doctor of Physical and Mathematical Sciences, Professor of Air Transport
Radio Electronic Equipment Maintenance Chair, Moscow State Technical University of Civil Avia-
tion, Moscow, Russia, vilandes@yandex.ru.

Alexander I. Logvin, Doctor of Technical Sciences, Professor of Air Traffic Control Chair,
Moscow State Technical University of Civil Aviation, Moscow, Russia, vilandes@yandex.ru.

Igor V. Avtin, Post-graduate Student of Air Transport Radio Electronic Equipment
Maintenance Chair, Moscow State Technical University of Civil Aviation, Moscow, Russia,
igarrykavt@gmail.com.

OTPA’KEHME PAJIMOBOJIH ITPU JTUCTAHIHUOHHOM 30HANPOBAHUHN
HOACTUIAIOIIUX TIOKPOBOB

JLLIL. JII/Il"XilpTl, A.N. Kozaos 2, AMN. JlorBuH 2, U.B. ABTiH

! eagpmeruii mexnonoeuueckuii ynusepcumem, 2. JJeagpm, Huoepnanowl

? Mockogckuii 20cydapcmeennbii mexHuueckuti yHugepcumen 2pajicOanckoli aguayul,
2. Mockea, Poccus

B HACTOAIECC BPEMsS AKTUBHO PA3BUBANOTCA TEXHOJIOTMA MOHUTOPUHIA, KOTOPBIC IMO3BOJIAIOT M3BJICKATH U UCHOJIB30BATH
HEKOOpIMHATHYI0 MH(popMmaimio 00 oObekTax. HekoopmuHartHas mHGpOpMamus — 3T0 MH(OpMAlMs O THIIE W CBOWCTBaxX
uccneayeMoro oobexra. OCHOBHBIM METOZIOM DEILIEHMS 33]iad MOHHMTOPHMHIA SBIISIETCS JWCTAHLOHHOE 30HIMPOBAaHUE, TIIE
0co00€ MEeCTO NPHHAWISKUT DPAJUOTIOKALMOHHEIM METOJaM, OIHMPAIOLNIMMCS Ha IPOCTPAHCTBEHHO-BPEMEHHYIO 00palboTKy
CHTHAJIOB, M B YaCTHOCTH HAa METOIBl paauonoysipuMerpuu. [is pelueHus 3aJaddl MOHHTOPUHTA HEOOXOAMMO HMETh
nH(pOpMANIO O MOBEPXHOCTH. [10CKONBKY maXke HEOONbINEe W3MEHEHHS ACKTPHUSCKIX M (PU3UUECKIX CBOWCTB (COJIEHOCTH,
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BII@XKHOCTH, COCTaBa IOYBBl U T. [.) TaKMX 30H NPHBENYT K W3MEHEHHWIO OCHOBHOW 3JIEKTPOPHU3MUECKON XapaKTepHUCTHKU
MOBEPXHOCTH — KOMITIEKCHON JMAJIEKTPHYECKOI MPOHUIIAEMOCTH. B cTaThe MpHBOAATCS CTPOTHE PEIICHHMS 3a4ad OTPaKeHHS
PaIMOBOJIH OT CIIOMCTON MOBEPXHOCTH C PA3THMYHBIMU 3aKOHAMH N3MEHEHHS KOMIUIEKCHON JIIAIIEKTPUYECKOH MPOHHUIIAEMOCTH — €
1o riryouHe. PaccMaTpuBaroTces cpefipl ¢ SKCIIOHEHIMATIBHBIM M KBaAPaTHYHBIM 3aKOHAMH U3MEHEHHS € TIPH IPOM3BOJIBHBIX yTIIax
MaJeHUs PAJMOBOJIHBI Ha MOBEPXHOCTh €. [l CIOMCTBIX CpeA ¢ 3aKOHaMHM M3MEHEHHsS KOMIUIEKCHOM JIHANIEKTpUYECKOM
MPOHUIIAEMOCTH, HOCSIIMMH TTOJMHOMUAJIBHBIN U TMHEHHBIN XapakTep, CTpOroe pelieHue MoMydeHo I Clydast BEpTHUKAIBHOIO
Bu3MpoBaHus. OTAENBHO paccMaTpUBASTCs aHAJIOTHYHAs 3a]a4a JUisl MapadoInuecKoro cios. [IpoBoanTCs JeTallbHBIA aHaIu3
OTpaXkEeHUsI PaJMOBOJIH OT Cpefipl ¢ coriacyroumm cioeM. [TonpoOHO Mcciemyercs XxapakTep 3JIeKTPOMarHiTHOTO TIOJISl BHYTPH
niepexoHoro ciosi. CTaThsi WINTFOCTpUpYeTCsl TpadUuecKUMy 3aBUCUMOCTAMH KO3((HUIMEHTOB OTPKEHUs 3JIEKTPOMArHUTHOM
BOJIHBI OT CJIOMCTOM Cpeibl C JIMHEHHBIM W 3KCHOHEHIMAIBbHBIM 3aKOHAMH W3MEHEHHS KOMIUIEKCHOM JWAJIEKTPUYECKON
MIPOHUIIAEMOCTH 1O TITyOnHe.

KiioueBble cioBa: noysipru3anusd, MaTpula pacCeaHys, IMOACTWIAroNIass TITOBEPXHOCTh, KOMIUICKCHAA JHIJICKTPpUYCCKas
TMIPOHUAEMOCTh, CKAHUPOBAHNE, TUCTAHIIMOHHOE 30HINPOBAHUE.
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MOJUPUKAIINA METADBPUCTHUYECKOI'O METOJIA ®EMEPBEPKOB
JIJIA 3AJAY MHOI'OKPUTEPUAJIBHOM ONITUMU3AIIUU HA OCHOBE
HEJJOMHUHUPYEMOM COPTUPOBKHU

A.B. TAHTEJIEEB', A.JO. KPIOYUKOB'
"Mockosckuii asuayuonnwiii uncmumym (HayuonanbHbIT UCCICO08AMENbCKUT YHUSEPCUMENT),
2. Mockea, Poccus

B paGore npemraraercss MOIU(UKAIM YHUCIEHHOTO MeTofa (heiiepBepKOB OHOKPUTEPHAIBHOM ONTHMU3ALMK I PEIleHHs 3a1ad
MHOTOKPUTEPHATIBHOM ONTHMM3AIMK. MeTol OTHOCHTCS K METa3BPUCTUYECKMM AITOPUTMaM, OH HE TapaHTUPYeT HAaXOXKICHUS
TOYHOTO PEILEHHUs, HO MOXKET HaiTH JIOCTaTOYHO XOpollee IPHOIDKEHHOE pelleHue. PaccMaTprBaroTcsi MHOIOKpUTEpUATIBHBIE
3a/la4M  ONTUMH3alUKi C YHCJIOBBIMHU KPUTCPUAMH, HWMCIOIIMMH OJJMHAKOBYIO Ba)KHOCTD. ﬂOHyCTI/IMOC peuicHrne  3a1a4n
MIPEZCTABIISETCST BEKTOPOM U3 JCHCTBUTENIBHBIX UMCENl, 3HAYEHHE KaKIOH KOMIIOHEHThI KOTOPOrO MPHHAUIEXUT ONpPEeIEICHHOMY
otpesKy. [lon onTuMabHEIM peleHHeM IOHUMAETCs! pelleHre, onTuManbHoe 1o Ilapero. Tak kak TOUHBIX peLICHUH, ONTUMAIBHBIX
1o I1apero, MO>keT ObITh OECKOHEYHO MHOT'O, PACCMATPUBACTCs! CIIOCO0 HaXOXKIEHMS PUOJIKEHHSI, COCTOSIILIENO W3 KOHEYHOTO YMCIIa
perrennii, onTiMatkHBIX 10 [lapero. Moamdukarms ocHOBaHA Ha TIPOIEAYpEe HEJOMIHHUPYEMOH COPTHPOBKH, KOTOpas SBIISIETCS
OCHOBHOHM TIPOLICAYpPOH IS YIIPABJICHHS IIPOIIECCOM TIOWICKA TPHOMIDKEHHOTO pellleHrs. HemoMmuHupyemas COpTHPOBKA — 3TO
PAEKHPOBAHUE PEIIICHHI HA OCHOBE 3HAYEHMH KOMIIOHEHT YHCIIOBOTO BEKTOPA, MOyYEHHBIX C TIOMOIIBIO BBIUHCIICHHSI KPUTEPHEB.
Kaxnas KOMITOHEHTa COOTBETICTBYET OINpEICICHHOMY KPHUTEPHIO, @ MHOXKECTBO PEIICHWH pa3OMBAcTCs HA HENEPECEKAFOILHECS
MOAMHOXKeCTBa. [lepBoe MOIMHOXKECTBO — 3TO pEIIeHHs, OnTUManbHble Mo IlapeTo, BTopoe MOAMHOMXECTBO — 3TO PEIICHUS,
ontuMarbHsle 110 I1apero, ecii He y4uThIBAaTh NEPBOE TTIOAMHOMKECTBO, TTOCIIEHEES OJMHOKECTBO — 3TO PEIICHHMS], ONTHMAIBHBIE TIO
[Tapeto, ecii He y4uMTHIBaTh BCE MPEABIIYIIME MOIMHOXecTBa. [locie Takoro pa3oueHus NPUHUMAETCS PELliCHHE O TeHEPUPOBaHHH
HOBBIX JIOITYCTUMBIX perieHnid. Pabota MeToza rmporectrpoBaHa Ha OOIIEM3BECTHBIX 3a7a4aX MHOTOKPHTEPUAILHON ONTUMH3ALNH C
Jeymst kpurepusimi: ZDT2, LZ01. 3amaun ommgaroTcst CTpyKTYpOM pacliosioyeHust pereHni, ontuManbHbIx 1o Tlapero. Tax LZ01
HMEET JIOCTATOYHO CIIOKHYIO CTPYKTYPY PEIICHHUI, ONTUMATBHEIX 110 [1apeTo. B 3akimroueHnn 00Cy>KIaroTest BOMPOCHI O TATbHEUTIIEM
HalpaBJICHWW HCCIEZIOBAHUA M O BO3MOXHOCTH MOIM(UKAIMK METoa Uil 3a1ad MHOTOKPUTEPHAJIBHOM OINTHMHU3ALMN C
MPOM3BOJIBHBIMY, @ HE MapaJUIeNeUIeAHBIMKA OrPaHUUEHUSIMIL

KnoueBble cjI0Ba: MHOTOKpHTEpHATbHAS ONTHMH3ALMS, META3BPHCTUUECKHE METOIbI, HEJOMHHHpYEMas COpPTHPOBKA,
ONTUMAIBLHOCTS 110 I1apero, Teopusi NpUHATHSA pELLIEHUI.

BBEJIEHUE

B coBpeMeHHOM MHpe MPOEKTUPOBAHHE HOBBIX TEXHHYECKHX CHCTEM CTAHOBUTCA Bce Oosee
CJIOKHBIM. TpeboBaHUs K CHCTEMaM B Pa3IMYHBIX 00JACTAX PACTET, MO3TOMY MPUXOAUTCS YUUTHIBATH
MHOXKE€CTBO pa3iu4YHbIX (akTopoB [1, 2]. Ot ¢akTopbl MOTYT OTpa)kaTh MPOTHUBOMOJIOKHBIC IIEIIH,
HalpuMep, YMEHBIIEHHE SHEPromnoTpeOsieHHss M YBEJIMYEHHE MOIIHOCTH Ipolieccopa KOMITBIOTEpa,
YMEHBIICHHE PAcXOOB U YBEIUYEHUE KayeCTBAa B IPOLIECCE IPOM3BOJICTBA TOBApOB. BakHO HalTh
KOMITPOMHCC MEXJly MPOTUBOPEUALIMHU JAPYT ApYyry TpeGoBaHusMU. Kak mpaBuiio, st BEIOOpa OINTH-
MaJIbHBIX MTapaMeTpoB (GOpMyJIUpyeTcs 3aaada ontumusanui. CpaBHEHUE PEILICHUH POUCXOIUT Ha OC-
HOBE 3HAYCHUN KPUTEPHUEB, KK KPUTEPHHA JOJDKEH COOTBETCTBOBATH ONpPE/IEIEHHOMY (akTopy H
OTpaXkaTb CTENEHb BIUSAHUS pEUIeHUs Ha 3TOT ¢axTtop. Hampumep, yeM MeHble 3HaYEHUE KPUTEPHS,
TeM OOJIbIlIe SKOHOMHUSI TOTpedieHust SHepruu. KoHeuHo, MOKHO MOMBITaThCS OTPa3UTh BIUSHUE pellie-
HUSI Ha pa3ngHble (aKTOphl B OTHOM KpPUTEPHU. DTO YHPOLIAET 3a/1a4y ONTUMH3ALNY, TaK KaK OHa CTa-
HOBUTCA 3aJaueil OJHOKpUTEPHATIbHON onTuMu3anuu. /s ee perieHust pa3padoTaHO MHOKECTBO METO-
JIOB, HO 371€Ch BO3HUKAET CJIOKHOCTh: KaK IPABUJIO, HENb3sl ONUCATh BIMSHUE PELLICHUS Ha Bce (aKTOPBI
B paMKax OJIHOTO KPUTEPHs, TOCKOJIIBKY MOXHO MOTEPATh YaCTh MH(POPMAIMU O CBA3AX MEXKIY (PakTo-
paMu, ONHUCHIBAIOIMMHU pa3Hble Lienu. Tpedyercs pa3paboTka METOJOB Ul peIIeHHs 33a4 MHOTOKpU-
TepUATbHOIN ONTUMM3ALIUH, TIO3BOJISIOIINX HE IPEOOPa30BhIBATH HECKOIBKO KPUTEPUEB B OJIHH.
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st coOumoieHusT KOMIIPOMHECCA MEKIY KPUTEPHSIMHU I0JI ONTUMAIBFHBIM PELICHUEM TOHUMa-
eTcd pelleHue, ontTuManbHoe 1o Ilapero. HaxoxxneHue Takux penieHnii MokeT ObITh BaXKHBIM ILIArOM
KaK B JaJIbHEHIEM Ipolecce MPUHATUS PEIIEHUH, TaK U B MOJIYYEHUH BCEX BO3MOXKHBIX KOH(DUTYpa-
LU CHCTEMBI, KOTOPbIE HE MO3BOJISIIOT YIYYIIUTh 3HAYEHUE 0 OJAHOMY KpUTEpHUIO 0e3 yXyaUIeHus
3Ha4YeHu# no apyruM. [losromy Tak BaxHO pa3zpabaTbiBaTh HOBBIE 3()(hEKTHBHBIE METOABI I peLie-
HUS 33714 MHOTOKPUTEPUAIBHOW ONTUMU3ALIH.

Tak Kak TOUHBIX PEIICHUH MOXET OBITh OECKOHEYHO MHOTO U B OOLIEM CiIydae Heb3sl HalTH
croco0a OMMCaHUs peLIeHHH, onTuMaibHbBIX o Ilapero, TOo mpennaraercsd paccMOTpeTh CHOCOO
HaXOXKJCHUS MPHOIMKEHHOTO perteHus. [IpubnmkenHoe pemeHue npeacTaBiseT coooi Habop u3 Ko-
HEYHOI0 MHOYKECTBA PELICHUH, OJM3KUX K TOUHOMY PELICHHIO.

MO’HO BBIJICIUTH JIBa HANpaBJICHUS pa3pabOTKH METOJOB PELICHHs IMOCTABICHHOW 3aaauu:
MepBOE HANpPAaBJICHHE OCHOBAHO Ha ammpoKcHMaIuu odosiouku DmkBopTa — [lapero [3], a BTopoe Ha
annpokcumanuu rpanunsl [lapero [4]. B cratbe paccmarpuBaeTcst MOAX0A Ha OCHOBE alllIPOKCUMALIUN
rpanunbl [Tapero. OH cBs3aH ¢ pa3zpaboTkoil Mogudukanuu Metoga GhelepBepKkoB OTHOKPUTEPUAITb-
HOM oNTUMM3aLUH [5], MPUMEHUMOM IJIs pelIeHUs 3a7a4 MHOTOKPUTEPHAJIBHON onTUMHU3auu. Meron
OTHOCHUTCSI K METa’BPUCTHUYECKUM AJITOPUTMaM, KOTOpbIE OKa3aluch 3((GEKTUBHBIMU NPHU PELICHUN
pa3IMYHbIX IPUKJIAIHBIX 3a0a4 [6, 7].

ITOCTAHOBKA 3AJIAYA

PaccmarpuBaeTcst 3a1aya MHOTOKPUTEPUAIbHOW ONTUMU3ALUU C NAapAJIEICIIUIICAHBIMUA OIpa-
Hu4eHuAMH. [Ipeanonaraercs, 4To Bce KPUTEPUN UMEIOT OJMHAKOBYIO BA)KHOCTh U YMCHBILECHUE 3Ha-
YEHUSI OJTHOTO KPUTEPHsI NMPH (PUKCHPOBAHHBIX 3HAUYEHUSX OCTANBHBIX KPUTEpHUEB Oojiee MpearnoyTH-
TEJIBHO:

fi(x)
F(x)=| |- min, (1)

S (%)

rae m22—qncn0KpHTepHeB,Dz{xeR”aiéxl.ébi,izl,...,n}, fiD->R, j=1,...,m.

TpeOyercs HAlTH anMPOKCUMAIIMIO MHOKECTBA JIOMYCTUMBIX PEIICHH, ONTUMaNbHbBIX 10 [1a-
peto. Jlnst Toro 4ToOBI JaTh ONpeAeTeHUe PEIICHNU, ONTUMAaIBHBIX 1Mo [lapeTro, HE0OX0AUMO BBECTH
HECKOJIBKO JTOTIOJTHUTEIbHBIX ONPEIEICHUN.

Onpenenenne 1. Bexrop F(x)eR" 1 F(x)=(f(x),.... f,, (x))T Ha3bIBAETCSI BEKTOPHOU OIEH-
KoM pemeHus x € D.

Onpenenenne 2. Ilycts F'=F (xl ), F*=F (xz) —  BEKTOpHBIE  OIIGHKM  pellIeHHmit
x'eD, x>eD. Oueska F' pommmmpyer F*> (F'<F?), ecm Vie{l,...,rn},l’f.1 <F’ u
dje{l,...m}:F} <F.

Omnpenenenne 3. Pemenne x; € D npeanoututensHee pemeHns X, € D:x, <x, <& F (xl) <F (xz).

Onpenenenne 4. P = {x € D‘ﬂ xX'eD:F (x') <F (x)} SIBJISIETCS. MHOXKECTBOM PELICHUH, ONTH-

MaJibHBIX 110 [1apero.
Omnpenenenne 5. MuHoxecTtBo PF = {F (x)|x € P} HasbIBacTcs rpanunei [lapero.

[IpubnmxeHHbIM pemieHueM 3anauu (1) OyaeT KOHEYHOE MHOKECTBO pPELIEHUil, B KOTOPOM
Ka)K/IbIi 3JIEMEHT JI0CTaTOYHO OJIM3KO PACIOI0KEH K KAKOMY-TO IEMEHTY u3 P.
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CTPATEI'UA IIOUCKA PEIIEHUSA

s pemenus 3amauu (1) Oyaet ucnons3oBaThess Moaudukanus Metona deiiepsepkos [5], oc-
HOBAaHHOTO Ha UMUTAIINHU TIpOIiecca, TIPOUCXOISIIETO BO BpeMs (eliepBepka (camrora). defiepBepk co-
MIPOBOXKIAETCSI OOJTAKOM CBETSAIINXCS OCKOJKOB, 3aMOJHSIONIUX OKPECTHOCTh B30PBABILIETOCS 3apsija.
B 3agauax onTUMHU3AIMH STOT MPOIIECC ACCOMUUPYETCS C MPOLIEAYPOH JIOKATFHOTO TIOUCKA.

Kaxxpiii 3a1m canroTa onpeaesnseT nepexoa OT OJHONM UTepaIuu MOUCKa K Jpyroi (0T 0HOTO
MIOKOJICHUS pelieHu K Apyromy). CHavana i pea3aiuy MepBoro 3aima onpeaensores NP Touek
(pemeHnii) B MHOXKECTBE JOTTYCTUMBIX PEIIeHUI. B 3THX TOYkax MpOMCXOIUT B3PHIB, TCHEPUPYIOIITHI
OTIpe/ICIEHHOE KOJIMYECTBO OCKOJIKOB, Pa3NETAIONINXCS OT TOUYEK B3PhIBA B OKPECTHOCTH HEKOTOPOTO
panuyca, onpeAensieMoro s KaKI0H TOYKH B OTJEIIbHOCTH.

Janee unet nporiecc GopMUPOBaHUS HOBOTO TOKOJEHUS peieHui. [I[poBoauTcs HeTOMUHUPY-
eMasi COpTUpOBKa. HemoMuHupyemasi COpTHPOBKA — 3TO PAHKUPOBAHUE PEIICHUI HA OCHOBE MX BEKTOP-

HBIX oleHoK. [lycts [ = {xp ‘xp eD,p= 1,...,NP} — MHOXXECTBO PEIICHUI Ha TeKyIleld UTepaluu, rae
NP = |I | >1. Pe3ynbTaToM COPTUPOBKH SIBIISICTCS pa3OMEHHME MHOXKeCTBa /| Ha Kk HelepeceKaroImXcs

MMOJIMHOKECTB Qi,izl,...,k,1£k£|[

, TAC k — HOMCDP OCJICAHCTO ITOAMHOKCCTBA B pa36I/IeHI/II/II

k
]:UQi’ Qiinzg’ L#

i=1
Ql:{xe]‘Zx’e]:F(x’)<F(x)},

/-1 -1
0 =1xeIN\UQ|Zx e IN|JO :F(x')<F(x),
i=1 i=1

Qk :]\UQi-

JlpyrumMu cloBaMH, HEIOMHHHpYyEMas COPTHPOBKA IPEICTABISET COOOW TOBTOPSIONIYIOCS
MIPOLIEAYPY BBIICICHUS TPEANOUYTHTEIBHBIX pernieHnid. Ha mepBoMm mmare BBIOMPAIOTCS TPEIIIOUYTH-
TeNbHBbIC pemeHus u3 [. Jlanee 3Tu MpennoyYTHTENbHbBIC PEIICHUs YAAISIOTCS U3 [, U mpoleaypa Imo-
BTOPSICTCS K OCTABIIICHCS YaCTH.

Cpemu peleHmii, COOTBETCTBYIOIIMX TOYKAM B3pbIBA U MOJTYYEHHBIM OCKOJIKaM, BBIOUPAIOTCS pe-
IICHUSI C HEJIOMUHUPYEMBIMH BEKTOPHBIME OLleHKaMu (MHOXecTBO (J; ). OcTanbHbIe pPEelieH s BRIOUPAIOTCS

U3 OCTaBILIMXCS CIy4alHbIM 00pa30M C BEPOSITHOCTBIO, OIPEIENIIEMOM pacCTOSHUEM B MPOCTPAHCTBE KpHU-
TEpPHUEB JI0 APYTUX TOUYEK (UeM OOJIbIIIe CyMMapHOE PACCTOSIHIE, TeM OOJIBIIIE BEPOSTHOCTH BHIOOPA).

[Tpouecc noucka 3aBepuiaeTcs Mpu TOCTHKEHUU 33JaHHOTO YHCIIa UTEepaLHil.

Hcropust pa3BuTust mporeaypbl HEIOMUHUPYEMOM COPTUPOBKH CBsI3aHA C MUCTOPUEH Pa3BUTHS
YHUCJIEHHBIX METOJOB JUIS PEllIeHUs MHOTOKPUTEPHANbHBIX 3a7au ontuMuianuu. [Iponenypa Henomu-
HUPYEMOU COPTUPOBKH HCIIONH30BAIACH B PA3IUYHBIX aITOPUTMAaX MHOTOKPUTEPUATHLHOW OMTHUMU3A-
1uu. OCHOBHBIE YCHIIHSI OBLIIM HAIpaBJieHbl HA YMEHbIIIEHUE aJTOPUTMUYECKOM CI0XKHOCTHU MPOLETY-

pbl. B urore B paGote [8] GbIT NPEaIOKEH alropuT™, HMEIOMmHil ciaokuHocTs O(nlog™ ' n), Toe n —

YHUCJIO PEIICHUA Ha TEKYIIeH uTepanuu, m — 9uciio kputepueB. [lo3ke B [9] Obuta mpemioxkeHa Mo-
TU(UKALNS AITOPUTMA C TAKOU K€ OI[CHKOW CJIOKHOCTH, HO B XY/IIIIEM CITydac.
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AJITOPUTM PEIHIEHUSA 3AJAYHN

Janee onucansl maru padboThl MOAU(DUIMPOBAHHOTO METO1a «(eHepBEPKOBY.
Hlar 1. 3amate mapaMeTpbl METOA: YHCIIO 3apsSI0B Ha Kaxkaoi utepauuu NP € N; mapamerp

m >0, KOHTPOIUPYIOLIUI YUCIO OCKONKOB; S, . ,S, . €N,s . <§ = — MAHUMAIbHOE U MaKCHMallb-
HOE YHCJIO OCKOJIKOB JUTsl Ka)XKI0TO 3apsijia; MaKCUMalbHasi aMIUIUTy1a B3pbiBa A, > 0; Makcumarb-
Hoe uucno urepaumii Iter,, €N; HOMep uTepaimu, Mocie KOTOPOil MCIOIb3yeTCsl HOBAsi CTPATEr st
or6opa pewenuii [, € {0} UN, 1, <1 .

[Har 2. [Tonoxuts iter =1 (cueruuk uncna urepauuit). ['enepupoBats NP pemieHuit Ha MHO-

JKECTBE JOIyCTUMBIX petenuii D, " = {xl’l, oxP ’1} :
.l _ .
x =a,+Urand(0;1)- (b, —a,),

rne i=1,....,n,p=1,..., NP,Urand (0;1) — Clly4aifHasi BEJIMYMHA, UMEIOIIasi paBHOMEPHOE pacIipejie-
nenue Ha otpeske [0;1].

Ilar 3. IIpoBecTH HETOMHUHHPYEMYIO COPTHPOBKY MHOxkectBa /"“. OHO pa3OuBaeTcs Ha

/
iter . giter __
1</< ‘1 noamuaoxectB Q. 1 [ = UQI..
i-1

[Har 4. IIponienypa B3pbIBa U FreHEPALIUN OCKOJIKOB.
[lar 4.1. JIng Bcex p =1,..., NP BBbIYUCIUTH:

1. Homep moamHokecTBa ¢ : x" € 0,,1<q<l.

2. YHCII0 OCKOJIKOB:

p.iter
Snin » |:S ] = S'nin >

op.iter _ D.iter
S - Smax’[s ]Z’Smax’

|:Sp Her ] , B OCTAJILHBIX CIIy4asX,

Sp,iter:m_10g2 1+é . ]_% R

p.iter

rac /- HOMCP MOCJIICAHCTO ITOAMHOKCCTBA B pa36I/I€HI/II/I, S — KOJIMYCCTBO OCKOJIKOB, IMOPOXKIac-

MBIX B3PBIBOM B TOuke x”"'.
[Iar 4.2. OnpeneneHue MOI0KEHUST OCKOIKOB. i kaxnoro p =1,..., NP HaWTH MOJOXKECHUS

A DIt
OCKOJIKOB ¢ HOMepamu s = 1,..., 87"

1. Haitru ¢:x™"" €Q,,1<q<I.

p.iter,s p.iter

2. llonoxute X =X
3. 11t Ka)xa0ro HOMepa OCKOJIKA S:
3.1. Ilonoxwurs & =Urand(0;1).

3.2. HaiiTi 4mciio ucciienyeMbiX KOOPAUHATHBIX HAIIPABICHUM:

ﬁ=[n'§],
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rac [] — ncjaasd 4aCTb 4Mciia.

4. Ecnu creHepupoBaHHas ciydaiiHas BenuuuHa & < 0,5, TO NMPUMEHUTh MEPBBIM crocol
OINPEECIICHUS TIOJIOKEHUS OCKOJIKOB!
4.1. BeiOpaTh citydaiiHBIM 00pa3oM 71 KOOPAMHAT JUIsS KaXI0ro HOMEpa OCKOJIKA S.
4.2. Beruucnaute aMIuTyay (panuyc) B3pbiBa Juist Becex p =1,..., NP:

lo

NP’

Ap,i[er = Amax ) 10g2 (1 +%j

4.3. Jlna KaXkaoro BBIOPAHHOrO HOMEpa [ M3 7 KOOPAMHAT BekTopa X7/

OCKOJIKa § BBIYHUCIIUTH IIPpUpalICHUC!:

U HOMeEpa

h' = AP -Urand (-1;1),

~ p.iter,s Jiter s
X7 =x""+ R

5. Ecnu crenepupoBaHHasi ciydaiiHasa BennunHa & > 0,5, TO IpUMEHUTH BTOPOH crocob orpe-

JIEJICHUS TTOJIOKEHUS OCKOJIKOB:
5.1. BeiOpats ciay4aitHeIM 00pa3oM 71 KOOPAWHAT LTS KAXIOTO HOMepa OCKOJIKA §.
~p.iter,s

5.2. JIns KaxJ0TO BBIOPAHHOTO HOMEpa i W3 71 KOOPAWHAT BEKTOpa X
OCKOJIKA § BBIYUCIIUTH IIPUPALICHUE!

U HOMepa

X = x, P Nrand (1;1),

rac ran — CII yariHas BCJIMYMHA, UMCHOIIIasi HOPMAJIBHOE paCIIpCACIICHUC C MAaTCMATHUYCCKUM
Nrand (1;1 y ,

O’KHUJaHUEM, paBHBIM 1, 1 aucnepcueil, paBHoi 1.
[Har 4.3. IIpoBepka BbIX0/1a 3a IPaHUIly MHOXKECTBA JOIYCTUMBIX perieHuid D.
1. Ins xaxnoro p =1,..., NP IpOBEpUTH:

1.1. Iins kaxmoro s =1,...,8”"" mposepuTs:

= piiter,s :
Beu 57" ¢[a;;b,], To

Urand (a;;0,5-(a,+b,)), %" <a,

1

Urand (O,5~(ai +b[);b[), XS > b

=~ p,iter,s
xr =

roe i =1,...,n.
~ iter.s L . . - o
1.2. I[O6aBI/ITB xiP,l ers K [1tef :Itter _ Jiter U{xip,ltel ,s}'

[Ilar 5. Co3ganre HOBBIX PEIICHUM.

I
Iar 5.1. TIpoBecTH HEAOMUHUPYEMYIO COPTHPOBKY I = UQn [ — HOMEp TOCIIEAHETO TIO-
i1
MHOKECTBA B pazouennu /" . YBeIMUUTh CYESTUNK YUCIA UTepamuii: iter = iter +1, I = .

Ilar 5.2. Eciu 1), <iter —1, To BbImonHUTH 1Iar 5.3, uHave mwar 5.4.
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!
lar 5.3. Ecnu |QI|ZNP, to P=0,. Eciu |Q1|<NP, TO I””:QI,P:UQ,.. [Mepeiitn K
i=2
mary 5.5.
Hlar 5.4. Haittu u,;,:

Upnin Upnin
i1
Ecmu u, =1, to P=0,. Ecu u,, #1 u UQZ. =NP, o [ = UQZ.,P:@, MHa4e
i=1 i=1
Upnin —

1
Iiter — U Qi:P:Qu
i=1

Iar 5.5. Ecim P #J, 10 11 KaXa0i ToYku x" € P IOJICYUTATH R(xw) — CyMMY paccTosi-

HUH 10 OCTabHBIX TOYEK, p (xw) — BEpOSATHOCTb B3pbIBA!

()= ol () o)

xPep

rue p(x, y) — €BKJINJIOBO PAaCCTOSIHUE MEXTy BeKTopamu X, y € R”.

CllydyaiiHbIM 00pa3oM BBIOpaTh M3 MHOECTB P

2

[Iar 5.6. Vcnonb3ysi BEpOATHOCTH p(xw)

MHO’KECTBO TOYCK (pEIIeHUii) B KondecTBe NP — ‘I ier| ¥ 06ABUTH UX B MHOKECTBO [

Ular 5.7. Ecaw iter < Ifer, ., To nepeiiti k mary 3. MlHaue B ka4ecTBe NPUOIMKEHHOTO peliie-

Hus B3ATh 1"
CTOUT 3aMeTHTh, YTO MPOBOAUTH HEJOMHHHPYEMYIO COPTHPOBKY Ha HIare 3 II0C]IE IHEPBOIi

uTepaluy Heobs3aTenbHo. MHpopManuio o pa3oueHun [™ MOXKHO B3ATh HOCIE BBHINOIHEHHMS MIa-
ra5.l.

TECTUPOBAHHUE PABOTBI METOA

OCHOBHOHM HWHTEpeC I U3MEPEHUS TPEACTABISIIOT JIBa CBOWCTBA PEIICHHS: KaK OJIM3KO OHO
PacIoJIOKEHO K UCTUHHOM TpaHule [lapeTo u HaCKOJIbKO paBHOMEPHO €€ MOKpbITUE. s n3Mepenus
9THUX CBOWCTB ObLIa BEIOpaHa METPHKa, KOTOpas HasbiBaeTcs rurnepoonsem [10]. T'unepodrem HV (1,7)

3aBHCHUT OT pelieHus: / U TOYKU 7' B NMpocTpaHCTBE KpuTepueB. OH omnpenensercs ciaeayomum odpa-
30M:

HVW):,,[U[Vl;a(x)]x...x[rm;Fm(x)]},

xel

rae () —mepa JleGera.
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Jlanee mpuBeaeHbl pe3ynbTathl 10 3ayCcKOB pelleHMs 3a1a4 ¢ Pa3HBIMU Iapamerpamu. Ilocne
KaXKJIOTO 3aImycKa OBbLIO TONyYeHo npuommkenHoe pemenue /. Ono umeno pasmep NP, tme NP —
YhCIO  3apAJ0B  OpM  i-M  3amycke. B pesynbrate  ObUIM  HONYYEHbl — 3HAYCHUS
{HVi tHV, =HV (I;,r),i= 1,...,10} . Bo Bcex Tecrax r =(O;O). AHaIOrH4HBEIM 00pa3oM ObLIM pac-

CUMTaHbI 3HaYEHUS runepoObema [/{\171 Uit UICTUHHOTO (poHTa [lapeTo (Tak Kak 3a/1a4d TECTOBBIE, TO

JUISL HUX U3BECTHO MHO’KECTBO pelleHul, onTuMaibHbIX 1o [lapero). Uucno Touek, mo KOTOPbIM CUH-

TaJICs THUIEPOOBEM JUT TOYHOTO pelIeHus, Takxke paBHsics NE . B tabnunax npuBeeHs! cleayomie
- 10 —_—

XapaKTEPUCTUKU: CpelHee 3HaueHue HV = Z(H V.- HYV, ) /10, MakcuMasbHbIC 1 MUHHUMAJIbHBIC 3HA-

i=1

yenus HV , = max {HVi —17171} , HV . = minO{HVi—ﬁVi}.

i=1,...,10 i=l,...,1
TECTOBBIE 3AJIAYHA
[lepBas 3agaua ZDT2 [11] nmeet Beimykiryto rpanuny Ilapero. OHa umeer ciaenyromuil BUa:

fl(x):xla

X

g(x)) |

fr(x)=g(x)| 1~

n
rae g(x) :1+9in /[(n=1),n=>2,x; €[0;1],i =1,...,n. Bo Bcex tecrax n = 30.
i=2
MHOK€eCTBO BEKTOPHBIX OLICHOK HAWJEHHOI'O PEIICHUs MpeACTaBiIeHO Ha puc. 1. PF 31mech u
nanee 0003Ha4aeT MHOXKECTBO A(PPEKTHUBHBIX BEKTOPHBIX OLIEHOK. [lapameTpbl U 3HaUCHHS] METPUKH
MIpeACTaBICHBI B Ta0. 1.

1.0 ﬂ

f2 05 AN

0.0 A

0,0 0,5 1.0
h

Puc. 1. MHOXeCTBO BEKTOPHBIX OIICHOK HAWJEHHOTO pemIeHs s 3agaun ZDT2
Fig. 1. A set of vectors’ values for the ZDT2 problem solution
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[TapameTpsl MeTOA ¥ 3HAUEHUSI METPUKHU JUTst 3a1aun ZDT2
Parameters of method and metric values for the ZDT2 problem

Taoauna 1
Table 1

Imax N P m Amax S min S max Ib ﬁ HV min H Vmax

200 200 10 1,1 5 20 0 6,3012E-003 3,4064E-003 1,0032E-002
250 200 | 20 1,2 10 30 0 6,7858E-003 3,6735E-003 1,2382E-002
300 200 | 25 1,5 5 30 0 6,2619E-003 3,5421E-003 1,1649E-002
600 200 15 1,05 20 50 0 7,6412E-003 3,9464E-003 2,0607E-002
600 200 | 20 0,9 20 50 0 8,7471E-003 5,9410E-003 1,6159E-002

Bropas 3agaua LZ01 [12] umeeT cnoxkHy10 CTPYKTYpY pelieHuid, onTumaibHbiX o [lapeto. B

OPUTHHAIILHOM cTaThe 3a/]a4a HasbiBaeTcsi F{. OHa MMeeT CIeayIounii BU:

3
2 O,5~[1+ -
fl(x):xl+mz X; =X 2 ,

je;

, NOETR)
L(x) =1 +== > | % - x ,

|J2| Jjesy

rae J, ={j:jneuéruoe,2< j<n},J,={j:juérnoe, 2< j<n},n>2,x €[0;1],i=1,...,n. Bo Bcex

Tectax n =30.

MHO0k€eCTBO BEKTOPHBIX OLIEHOK HalIEeHHOr0 peleHus IpeacTaBieHo Ha puc. 2. [TapameTpsl u

SHAYCHUS MCTPUKU MPCACTABJICHBI B Tao. 2.

1.0 -
\ —pF]
Y

0,0}

0,0 0,5 1,0
hi

Puc. 2. MHOX€CTBO BEKTOPHBIX OLIEHOK HallIGHHOTO peweHus 1is 3agaun LZ01
Fig. 2. A set of vectors’ values for the LZ01 problem solution
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Taoauna 2
Table 2
[TapameTrpsl MeTOa ¥ 3HAYEHUSI METPUKHU JyTs 3a1aun LZ01
Parameters of method and metric values for the LZ01 problem
] max N P m Amax Smin Smax ] b ﬁ HV min H Vmax
500 400 10 1,1 8 15 0 8,3839E-03 6,9525E-03 1,0721E-02
500 400 | 20 0,7 8 15 0 8,0824E-03 6,0186E-03 9,6019E-03
500 400 25 1,5 8 15 0 8,8832E-03 6,7740E-03 1,0672E-02
500 400 15 1,05 8 15 0 8,5516E-03 6,0967E-03 1,0432E-02
500 400 | 20 0,5 8 15 0 8,0425E-03 7,0934E-03 1,0182E-02

OBCYXIEHMUE ITOJYYEHHbBIX PE3YJIbTATOB U 3AK/IIOYEHHUE

OcHoBHBIE TIPOOJIEMBI, KOTOPbIE HY)KHO PEHIMTh NMPHU CO3AAHWU METOJA U PEUICHUs 3a7ad
MHOT'OKPUTEPHAILHON ONTUMM3ALMHU, CBSI3aHbl C 00ECIIEYEHUEM CXOJUMOCTH K MUCTUHHOI rpaHulle U
paBHOMEPHOCTH €€ MOKpBITHS. [Iporienypa HEZOMUHHPYEMOW COPTHUPOBKH HE PEIIaeT ITUX MPOOIIEM.
Omna Bcero Julillb MO3BOJISIET PaHXXUPOBaTh pelieHus. Bornpoc o npaBunax GpopMupoBaHHUs HOBBIX pe-
LIEHUH OCTaeTCsl OTKPBITHIM /ISl UccienoBaTeneil. HemoMuuupyemas copTUpoBKa OCHOBaHa Ha MPHUH-
LUIe, KOTOPBIA 3al0KeH B ONpeAeseHUH onTUMaibHOCTH 1o IlapeTto, mostomy sBisieTcst Xopouien
IBPUCTUKON. Y 3TOIl Impouenyphl CyHlecTByeT HeocTaToK. OHa NMO3BOJISET ONPENENINUTD, ABISETCA JINA
OJIHO peLIeHHE MPEANOYTUTENIbHEE APYroro, HO He IMO3BOJIAET ONPEJENUTh KOJIMYECTBEHHYIO MEpy
sTOro npeanoureHus. [lonxon Ha OCHOBE HEJJOMUHUPYEMOI COPTUPOBKU HE SIBJISIETCS €AMHCTBEHHBIM.
Cy11ecTBYIOT U IpyTU€ 3BPUCTUKHU AJIs BbIAEIEHUS peuieHui [13].

JanpHeiimme uccieaoBaHusi HEOOXOAMMO MPOJODKUTH B HANIPABICHUN YIYUIIECHUS MEXaHU3-
MOB 0TOOpa pelieHuil 11 odbecnedyeHus: 6oiee paBHOMEPHOTO MOKPBITUS UCTUHHOM rpanuLbl [Tapeto
IIPY MEHbIIEM 4YMciIe pa3paaoB. s pemeHus 3aad MHOTOKPUTEPUATIbHOM ONTUMHU3ALMU C MIPOU3-
BOJIbHBIMU OI'PaHUYEHUSMM, 33JA0LIUMH MHOKECTBO JOMYCTHUMbIX PELIeHUH, HEOOX0AUMO MOAU(HU-
LUPOBaTh NPOLEAYPY HEAOMUHUPYEMOU cOpTUPOBKH. [Ipu paHXKMpOBaHUM pElICHUN YK€ HelocTa-
TOYHO MPOCTO CPABHUBATH UX HA OCHOBE JOMUHHpOBaHUsA. He00X0AMMO yUUTHIBATH, JIEKUT JIU pelle-
HUE B MHOXXECTBE JOIMYCTHUMBIX PEIIEHUN M HACKOJIBKO CHUJIBHO OHO BBIXOIUT 3a JOIYyCTHUMbIE TPaHU-
1bl. M3-3a 3TOr0 npaBmia pa3oreHus Ha IOJMHOXKECTBAa He00X01uMo NoMeHATs. Hanpumep, ecinu 1Ba
pelIeHus ABISAIOTCA ONTUMalbHBIMU 110 IlapeTo, HO mepBoe pelieHue JIEKUT B MHOXKECTBE JIOIYCTH-
MBIX PELIEHHI, a BTOPOE HET, TO IEPBOE NOMUHHUPYET BTOopoe. OCHOBHAs UIes 3aKI4acTcs B Iepe-
CMOTpE MOHSTHUS TOMUHUpPOBaHUsA. CylecTByeT yCHELIHbI NMpUMEP MPUMEHEHUS TaKOTro MOAX0Ja K
3aJjauaM MHOTOKPUTEPUAIbHOM ONTUMU3ALUK C OTPaHUYEHUSMH [TPOU3BOJIbHOTO THMA [14].

CIIUCOK JIMTEPATYPBI

1. Arias-Montano A., Coello Coello A.C., Mezura-Montes E. Multiobjective evolutionary
algorithms in aeronautical and aerospace engineering // IEEE Transactions on Evolutionary Computa-
tion. 2012. Vol. 16, Iss. 5. Pp. 662—694. DOI: 10.1109/TEVC.2011.2169968

2. Multi-objective optimization. Techniques and applications in chemical engineering /
Ed. G.P. Rangaiah. 2" ed. World Scientific, 2017. 588 p. DOI: 10.1142/10240

3. Bbepeskun B.E., JlotoB A.B., JlotoBa E.A. V3yuenue ruOpuHbIX METOIOB allPOKCHMa-
K 00onmouku DmxBopra — [lapeTo B HEMMHEWHBIX 3aJadyaX MHOTOKPUTEPUAIbHON ONTHMHU3anuu //
KypHas BbIUMCINTENFHOW MaTeMaTUKU U Marematudeckoi gmsuku. 2014. T. 54, Ne 6. C. 905-918.
DOI: 10.7868/S0044466914060039

75



Hayunblii Becruuk MI'TY T'A Tom 22, Ne 03, 2019
Civil Aviation High Technologies Vol. 22, No. 03, 2019

4. INopunosckmii B.B., Horun B./l. [TapeTro-onTumaibHble pelIeHUss MHOTOKPUTEPUAJIbHBIX
3agad. M.: Hayka, 1982. 256 c.

5. TanY., Zhu Y. Fireworks Algorithm for Optimization // Advances in Swarm Intelligence.
First International Conference. ICSI 2010, Beijing, China, June 12—15, 2010. Proceedings, Part 1 /
Ed. Y. Tan, Y. Shi, K.C. Tan. Springer, Berlin, Heidelberg, 2010. Pp. 355-364. Lecture Notes in
Computer Science, vol. 6145. DOI: 10.1007/978-3-642-13495-1 44

6. Handbook of Metaheuristics / Ed. F. Glover, G.A. Kochenberger. New-Y ork; Boston; Mos-
cow: Kluwer Academic Publishers, 2003. 557 p.

7. IlanteseeB A.B., KproukoB A.FO. MeTasBpucTruecKre METO/IbI ONITUMHU3AIMN B 3a/1auax
OIICHKM TapaMeTpoB auHamuueckux cuctem // Hayunbrii Bectauk MI'TY T'A. 2017. T. 20, Ne 2.
C. 37-45. DOI: 10.26467/2079-0619-2017-20-2-37-45

8. Fortin F.-A., Grenier S., Parizeau M. Generalizing the improved run-time complexity al-
gorithm for non-dominated sorting // GECCO '13. Proceedings of the 15™ annual conference on Genet-
ic and evolutionary computation. Amsterdam, The Netherlands — July 06-10, 2013. 2013. Pp. 615-
622. DOI: 10.1145/2463372.2463454

9. Buzdalov M., Shalyto A. A Provably Asymptotically Fast Version of the Generalized Jen-
sen Algorithm for Non-dominated Sorting // Parallel Problem Solving from Nature — PPSN XIII: 13"
International Conference, Ljubljana, Slovenia, September 13—17, 2014: proceedings. Cham: Springer
International Publishing, 2014. Pp. 528-537. DOI: 10.1007/978-3-319-10762-2_52

10. Zitzler E., Thiele L. Multiobjective optimization using evolutionary algorithms — a com-
parative case study // Parallel Problem Solving from Nature — PPSN V. 5" International Conference
Amsterdam, The Netherlands September 27-30, 1998. 1998. Pp. 292-301. DOI: 10.1007/BFb0056872

11. Zitzler E., Deb K., Thiele L. Comparison of multiobjective evolutionary algorithms: em-
pirical results // Evolutionary Computation. 2000. Vol. 8§, Ne 2. Pp. 173-195.
DOI: 10.1162/106365600568202

12. Li H., Zhang Q. Multiobjective optimization problems with complicated Pareto sets,
MOEA/D and NSGA-II // IEEE Transactions on Evolutionary Computation. 2009. Vol. 13, Iss. 2,
April. Pp. 284-302. DOI: 10.1109/TEVC.2008.925798

13. Amuso V.J., Enslin J. The Strength Pareto Evolutionary Algorithm 2 (SPEA2) applied to
simultaneous multi-mission waveform design // 2007 International waveform diversity and design con-
ference. Pisa, 2007. Pp. 407—417. DOI: 10.1109/WDDC.2007.4339452

14. Jain H., Deb K. An evolutionary many-objective optimization algorithm using reference-
point based nondominated sorting approach. Part II: Handling constraints and extending to an adaptive
approach // IEEE Transactions on evolutionary computation. 2014. Vol. 18, Iss. 4, Aug. Pp. 602—-622.
DOI: 10.1109/TEVC.2013.2281534

CBEJEHHSA Ob ABTOPAX

IlanTesieeB Anapeii BiaagummupoBu4, 10KTOp (PU3MKO-MaTeMaTHYECKHX Hayk, mpodeccop,
3aBeAyrOmMi Kadenpoil maTemMaTHYeCKON KuOepHETHKHM MOCKOBCKOTO aBHAIIMOHHOTO HWHCTHTYTA
(HaLIMOHAJIBHOTO MCCIIEI0BATEILCKOTO YHUBEPCUTETA), avpanteleev(@inbox.ru.

KproukoB Anexcanap HpbeBuy, maructpanT MOCKOBCKOTO aBHUAIIMOHHOTO HWHCTHUTYTA
(HaLIMOHAJILHOTO MCCIEA0BATEILCKOTO YHUBEpCHUTETA), alex9x99(@yandex.ru.

76



Tom 22, Ne 03, 2019 Hayunblii Bectuuk MI'TY T'A
Vol. 22, No. 03, 2019 Civil Aviation High Technologies

MODIFICATION OF FIREWORKS METHOD FOR MULTIOBJECTIVE
OPTIMIZATION BASED ON NON-DOMINATED SORTING

Andrei V. Panteleev', Alexander U. Krychkov1
"Moscow Aviation Institute (National Research University), Moscow, Russia

ABSTARCT

The article suggests a modification for numerical fireworks method of the single-objective optimization for solving the problem of
multiobjective optimization. The method is metaheuristic. It does not guarantee finding the exact solution, but can give a good
approximate result. Multiobjective optimization problem is considered with numerical criteria of equal importance. A possible
solution to the problem is a vector of real numbers. Each component of the vector of a possible solution belongs to a certain
segment. The optimal solution of the problem is considered a Pareto optimal solution. Because the set of Pareto optimal solutions
can be infinite; we consider a method for finding an approximation consisting of a finite number of Pareto optimal solutions. The
modification is based on the procedure of non-dominated sorting. It is the main procedure for solutions search. Non-dominated
sorting is the ranking of decisions based on the values of the numerical vector obtained using the criteria. Solutions are divided into
disjoint subsets. The first subset is the Pareto optimal solutions, the second subset is the Pareto optimal solutions if the first subset is
not taken into account, and the last subset is the Pareto optimal solutions if the rest subsets are not taken into account. After such a
partition, the decision is made to create new solutions. The method was tested on well-known bi-objective optimization problems:
ZDT2, LZ01. Structure of the location of Pareto optimal solutions differs for the problems. LZ01 have complex structure of Pareto
optimal solutions. In conclusion, the question of future research and the issue of modifying the method for problems with general
constraints are discussed.

Key words: multiobjective optimization, metaheuristic algorithms, non-dominated sorting, Pareto efficiency, Pareto optimality,
decision making.
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K PACUETY KOHIIEHTPAIIUU KOHTAKTHOM HAI'PY3KH
B COEAUHEHUAX C HATAI'OM TOHKOCTEHHBIX JETAJIEN

1
C.B. IIMIIIKUH
1 . . . .
Mockosckuii aguayuoHHblil UHCMuUmym (HayuoOHAIbHLIU UCCIe008aMeNbCKULL YHUGEpCUment),
2. Mockea, Poccus

LlenbIit psixt y370B aBUALMOHHOM TEXHUKH NPEACTABIIAET COOOH COSIMHEHNsI C HATATOM TOHKOCTEHHBIX JeTajleil THIIa BaJ-BTYJIKa,
BBIHOCIIMBOCTh KOTOPBIX B YCIIOBHSX LUKIMYECKOTO M JTUHAMHUYECKOTO HArpyXKEHHS CBS3aHA C KOHIIGHTpAaIueld KOHTAKTHOM
Harpy3ku oT mocaiku. [Io3ToMy B craTbe pacCMOTPEHO UMCIEHHOE pElIeHHE JaHHOH KOHTAKTHOM 3amaud. Ero ocobGeHHOCTH
COCTOUT BO BBEACHUH B pacdeT YCJIOBHOTO TPAHUYHOTO CIIOS, CMEIIEHHE KOTOPOTro 3KBUBAICHTHO Jie(hOpMaIiy [IIepOXOBATOCTH
MOCAZOYHbIX MOBEpXHOCTe. MaremaTuueckass MOJENb HANpsDKEHHOTO COEJUHEHMs CTPOMTCS Ha MPHUHIMIE Pa3AeieHust
nedopmanyii Ha oO1He (OCECUMMMETPUYHBINA U3ru0 JeTaneil) u MecTHbIE (00XKaTre MUKPOHEPOBHOCTEH) MPH MX HE3aBUCHMOM
omnpezeneHuy. Jyist yrpoIneHus peleHns] 3aBUCHMOCTh KOHTAKTHOTO COJIMDKEHHSI TIOBEPXHOCTEH OT JaBJICHWs IT0JBEpraercs
JMHEapu3allid B BHIE MOJENH >KECTKO-TUIACTUYECKOTO Tella C JIMHEHHBIM yHpodHeHWeM. BenmmdnHa cOMDKEHHS B CEYSHHH
olpesieNsieTcs] TONBKO JABJIEHHEM B 3TOM )K€ CEUCHHH M HE 3aBHCHT OT Ie(OPMATHBHOCTH COCEAHHMX YYacTKOB ILIEPOXOBATOrO
MEKITIOBEPXHOCTHOTO TIPOCTPAHCTRA. J[J1s BEIMHCIICHHUSI PainaIbHBIX CMEIIEHHH JIeTajlell CTIONb3yeTcsl MeTo | (PyHKITI BIMSHUS
(pynxumii I'puHa), a pemeHne ONMKCHIBAaETCS HHTErpaibHbIM ypaBHeHHeM Ppenronmbma. [Ipu muckpeTn3anyi KOHTAKTa OHO
CBOAWTCS K KOHEYHOH CHCTEME JIMHEIHBIX alreOpandecKnX ypaBHEHHH. Takoi omxo ] 00eCIeuMBacT YCTONUMBOCTD PEIICHHS 3a
CUET YCHJIEHHS IIABHOW IMAroHaIM paspellaroIell CUCTEMBI, @ TOYHOCTb ONpe/ieIeHNsI 3HaYeHUs KO3 QUIIMEHTa KOHIICHTPALIH
3aBHICUT OT BEJMYMHBI I1ara pa30MeHus. Y CTaHOBIICHO, UTO TSI IOTOOHON MOJIENH COSIMHEHHUS PACKPBITHE CTHIKA MO TOPLAMHI
OXBAaTbIBAIOIICTO TEJIA MPAKTUYCCKA HEBO3MOXKHO. yHl/IBepcaJ'leblﬁ oaxona 1o3BOJIsICT O606LLH/IT]> peHICHNEC IJI1 KOHCTPYKTHBHO-
OPTOTPOIHBIX M CTYIEHYATHIX O0ONOYEK, a TakoKe I JeTaliell ¢ KOHCTPYKTHBHBIMUA OCOOCHHOCTSIMH M Pa3HOHM >KECTKOCTBIO
YYacTKOB, OJIM3KO PaCIIONIOKEHHBIX OT MecTa Tocaku. OTKIOHeHHs (OpPMBI KOHTAKTHBIX MOBEPXHOCTEH OT MPSIMOJIMHEHHOCTH
YUUTBIBAIOTCS C TIOMOIIBIO COOTBETCTBYIOIICH (YHKIMK Hatsira. M3 aHaM3a MOMyYeHHBIX PE3yJIbTaTOB CIEAYET, 9TO BeJIMIMHA
ko3 pHIMeHTa KOHIEHTPALMY 3aMETHO MaJaeT C POCTOM KOHTAKTHOH MOAATIMBOCTU TPAaHUYHOIO ciiost. OTKIOHEHHs (hOPMBI
MOCAZIOYHBIX TIOBEPXHOCTEH B BHIE KOHYCHOCTH M BOTHYTOCTH YBEIMYMBAIOT KOHIICHTPAIMIO KOHTaKTHOM HAarpy3KW, a ee
BBIYKJIOCTh TMPUBOJUT K oOparHoMy d¢dexry. I ympaBieHHs KaueCTBOM MOBEPXHOCTH Balla C LENBIO yBEIHYCHUS
neOpMaTHBHOCTH CTBIKA WM CO3MAHUA €€ WCKYCCTBEHHOH OOYKOOOpa3sHOCTH 3aJaHHOW BEJIMYMHBI PEKOMEHIyeTCS
WCIIONb30BaTh TaKUE€ METOJNBI OTAENIOYHO-YIIPOYHsIomed 00pabOTKM, Kak HAHECEHHWE PETyJIPHOTO MHUKpopenbeda B BHUIC
BHHTOBOM KAHABKH C OMpENCICHHBIM IIaroM C TIOCTOSIHHBIM IUIM TIPEMEHHBIM YCIUIMEM Ha ajMa3HBI WHIACHTOP WITH
BUOpOBBITIXHBaHUe. [I[prMeHeHne oTOOHBIX TEXHOJIOTHI MO3BOJIIET CKOMIIEHCHPOBATh KOHIIEHTPAIIMIO KOHTAKTHOW Harpy3KH
U, HapsIy ¢ GaKToOpOM YIPOYHEHHS, YBEIIMYHUTH YCTAJIOCTHYFO IIPOYHOCTh TAKHX Y3JIOB.

KnroueBble ciioBa: 00050YKa, OCECHMMETPHYHBIA W3THO, KOHTaKTHAs MOAATIMBOCTb, HATAT, COCJWHEHHE, IIEPOXOBATOCTH,
KOHIIEHTpALMS HAIPSOKEHUM, TOBEPXHOCTD, IABJICHHE.

BBEJIEHME

B aBHanmoHHOM TeXHHMKE HEPEIKO UCIONb3YIOT MTOCAKU C HATSATOM LWIMHIPUYECKUX AeTanen
TUIIAa TOHKOCTEHHBIN Bal-BTyJKa. Hampumep, U3BeCTHO MpUMEHEHHE HANIPSDKEHHBIX COSIMHEHHN JTUC-
KOB IEPBBIX CTyNEHEH KOMIpPEeccopa ¢ TOHKOCTEHHBIM BAaJIOM B COYETAHUHU C JPYTUMHU JIEMEHTaMU
KpEIUICHHsT B HEKOTOPBIX KOHCTPYKIHSIX ra3oTypOuHHBIX nsurarteneii [1]. [lo mocanke c¢ Hatsrom
YCTaHABJIMBAIOT BHYTPEHHHUE KOJIbIIA MOJIMIUITHUKOB KaueHHsl, HOTYMY(ThI U CTYMHUIIBl 3y0O4aThIX KO-
jec Ha nojbix Banax [2]. Croga e MOXHO OTHECTH MPELM3UOHHBIE CONPSKEHUS BTYJIOK MOAIIUITHU-
KOB CKOJIBKEHHs C KOpITycaMmu arperatoB. K mogoOHbIM KOHCTPYKIMSAM OTHOCSITCSI IPECCOBBIE U TEp-
MoMexaHn4eckue [3] coequHeHus: TpyOOIpOBOIOB, a TAK)KE€ HUMIEIbHBIE COCTUHEHUS C Pa3BaIIbIO-
BaHHBIM LITYLIEPOM, IOJIyYUBIINE LIMPOKOE PACIPOCTPAHEHHE MPU MOHTAXE ABHALMOHHBIX Maru-
cTpajew u T. II.
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[Tocanka ¢ HATAroM SIBJISIETCSI UICTOYHUKOM 3HAUUTEIbHOW KOHIICHTPALIMK JIaBJICHUS O] TOp-
[IaMH OXBAaTBHIBAIOIIEH NETAA. DTO CIY>XKUT OJHOW U3 MPUYMH CHHKEHUSI BHIHOCIMBOCTH HAMNPSIKEH-
HBIX COEJMHEHUH, MOCKOJIbKY B IMOJIET€ OHH, KaK MPaBUJIO, MOABEPralOTCs HUKINYECKOMY U JUHAMU-
yeckoMy Harpyxenuto. [loaTomy pa3zpaboTka METOIMKHU pacdeTa paclpeeieHIs] KOHTAKTHOW Harpys3-
KM JIJI1 COCJUHEHUN C HATSATOM TUIIA TOHKOCTEHHBIN Baj-BTYJIKa C LEIbIO OLEHKH €€ KOHLEHTpaluu
BBHUJY IIUPOKOTO PACIPOCTPAHEHHS TAKKX Y3JI0B B aBUALIMOHHBIX MEXaHU3MaXx SIBISETCS HACTOSITEIb-
HOW NPaKTUYECKON HEOOXOAMMOCTBIO.

HaunbGonee xapakTepHble TOYHBIC PEIICHHUS] KOHTAKTHOM 3a7a4u JiJIsi 000JI0YEYHOM MOJCIH CO-
€IMHEHUsI pacCMOTPEHBI B paboTax [4—10], e moka3piBaeTCsi HEBOZMOKHOCTE MOYYCHHUS O€30TPHIB-
HOTO KOHTAKTa 10 BCEH JIMHE HAIPsKEHHOHN mocaaku. OCOOEHHOCTh pacdyeTa COCTOUT B TOM, YTO 3a-
paHee HEW3BECTHA MPOTSHKEHHOCTh YYaCTKOB PACKPBITHS CTHIKA; MpPUYEM pa3pernaromas (yHKITHIs
MMEET CIEHHUATbHYIO CTPYKTYPY B BHJE COCPEAOTOUYEHHBIX KOJIBIIEBBIX CHJI M HEMPEPBIBHOIO AaBje-
Husl. [losToMy Takoil MOAX0a He MO3BOJISIET OMPECIIUTh PEAbHYI0 BEIMUNHY Kod(HIMeHTa KOHIICH-
Tpali U JTaK€ HE HMCKIIOYAET ABOMCTBEHHOCTH PEIICHHS, TO €CTh 00pa30BaHUS MHOTOTOYEYHOTO
KOHTAKTa 110 BCECH IJIMHE COCIUHCHUS.

METOAOJIOI'UA PEHIEHUSA

OueBu/IHO, YTO NMPUMEHEHHE YHCIIEHHBIX METOJIOB OTKpBIBACT Oojiee IIMPOKHE BO3MOKHOCTH
pelIeHus: 3TON MpoOIeMBbl, TaK KaK MO3BOJISIET yU4eCTb KOHCTPYKTUBHbIE OCOOCHHOCTH AeTanel, aedop-
MaTHUBHOCTb IIEPOXOBATOCTH MOCATOUYHBIX MOBEPXHOCTEH M UX OTKJIOHEHUS (POPMBI OT MPSIMOJIMHEHHO-
CTH. XOTs BeJIMYMHA KOHTAKTHOIO COJIM)KEHMSI M HEBEJMKA [0 CPABHEHMIO C YIIPYTUMHU JIe(OpMalisIMU
000JI104€eK, OHa BCE YK€ 3HAUUTEILHO OOJIbIIIE PACCUUTAHHBIX 3a30POB, TO €CTh PEATBbHO PACKPHITHE CTHIKA
HEBO3MOXKHO. B coeMHEHMsAX ¢ HATATOM IIEPOXOBATOCTh B CTHIKE pabOTAeT Kak MATKoe AeMI(pUpYIO-
1iee MOKPBITHUE, KOTOPOE 3HAYUTEIIbHO CHUKACT KOHLIEHTPALIUIO KOHTAKTHON HArpy3KHu.

PaccMmoTpuM coeuHEHnE ¢ HAaTSArOM TOHKOCTEHHBIX, IMIMHIPUYIECKUX 000JI0YEK pa3HON JUIn-
Hbl. byzieM cuuTaTh, 4TO Ha rpaHULE KOHTAKTa UMEETCs yCJIOBHBINA IIPOMEKYTOUHBIN CIIOW, PaJHAalIb-
HO€ CMEILIEHHE KOTOPOr0 SKBHMBAJIEHTHO Je(POPMALUU IIEPOXOBATOCTH IMOCAJOYHBIX MMOBEPXHOCTEH.
Otcrofa ycinoBrUe KOHTaKTa B3aUMHO CONPSKEHHBIX TOUYEK AeTalell UMEET BUJ

(%) =W, (%) +8(x) = A(x), (1)

rae Wi(X) — paauansHOe CMeIlleHrne HapykHO# (i = 1) u BHyTpeHHe# (i = 2) AeTtanu B pe3yibTaTe UX
0CECUMMETPHYHOTO M3ru0a; o(x) — KOHTAaKTHOE CMEIIEHHE TPaHIUYHOTO ciiosi; A(x) — QyHKIuUS paau-
aJIbHOTO HATATa COEIMHEHUS, KOTOPasl MO3BOJISIET ONMUCATh OTKIOHEHHS (POPMBI TOCAIOUHBIX MOBEPX-
HOCTEH OT MPSMOJIMHEHHOCTH (IIPH STOM MOJaraeM, YTo MX BEIMYMHA HWDKE MPEIeNIbHBIX 3HAUCHHM,
TO €CTh KOHTAKT SIBJISICTCS CIUIOIIHBIM).

Jnist ynpomeHus penieHus: pa3ienuM nedopMainy IEMEHTOB PacueTHON MOJeNnn Ha o0Imune
(ocecummeTpuYHBINA M3rHO 000JI0UEK) U MECTHBIE (00kKaTHe MUKPOHEPOBHOCTEN) MPH UX PaccMoOTpe-
HUM HE3aBUCHMO JIPYT OT Apyra. Takke CUMTaeM, YTO KOHTAKTHOE COJMKEHUE MOCATOYHBIX MOBEPX-
HOCTEH B 11000M CEUYEHUH OIpeeNsIeTCsl TOJIbKO AaBJICHUEM B 3TOM )K€ CEUYCHUU U HE 3aBHCUT OT Jie-
(OpMaTUBHOCTH COCETHHUX y4acTKOB. OTMETHM, YTO MOJXOOHBIE TOMYIICHHUS UCTIONB30BAIKCH TIPH pe-
LIEHUU LEJIOTr0 psija TEXHUUeCKuX 3aaa4 [11].

Jnis monmydeHus peleHus HeOOXOIUMO CBS3aTh paJualibHbIe CMEIIEHHsS] Tel U TPAaHWUYHOTO
CJIOSI C HEM3BECTHOIN KOHTaKTHOM Harpy3koil. 3aBUCHMOCTh KOHTAKTHOT'O COJIMDKEHUS B CTBIKE OT Be-
JTUYUHBI TaBJICHUS UMeeT HeMHeWHbIN xapakrtep [12, 13]. Oxnako B cooTBeTcTBHM ¢ padortoi [11] ee
y100HO MPEICTaBUTh B KBa3UIMHEHHOU opme

6 (x) =8+ Aq(x), 2)
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rre g(x) — BeIMYMHAa KOHTAaKTHOW HArpy3KH B CEUEHHH X; O, A — KO3((UIIMEHTHI JTMHEHHON anmpok-
CHUMallUy, MIPUYEM HapaMeTp A CBA3aH C KOHTAKTHOM MOJATIMBOCTBIO TPAHUYHOIO cios. OTMETHM,
YTO TEPMHUHBI «JIaBJICHUE» U «KOHTAKTHAsl HArpy3Kay» SIBIISIOTCS HICHTUYHBIMHU.

Jlnis ompeneneHus CBA3M pPaAMalIbHOTO CMELICHMs JeTalel ¢ KOHTAKTHBIM [JaBJIEHUEM OT
HaNpsHKEHHOM MOCAKU BOCHOIB3YEMCsl COOTBETCTBYIOIUMH (DYHKIUSAMH BIAUSHUSA [ 14]

b
() = [ K (x,8)q(&)dE, 3)

rre Ki(x,&) — pynkuus Bausiaus (Gynkuus ['puna) ot gaBnenus ¢ (&), KOTopas MOKa3bIBaeT paualibHOE
cMmernieHne BTYNKH (I = 1) win Bana (i = 2) B CEYEHUHU X OT AUHUYHOMN KOJIBLIEBOM COCPEAOTOUECHHOM CH-
JIbl, IPUJIOXKEHHOM B TOUKe &; a, b — HauanbHOE M KOHEYHOE CEYCHHNE KOHTAKTA COOTBETCTBEHHO.

[Ipn noacranoBke uHTErpasoB (3) ¢ yueToMm BbIpaxkeHus (2) B yciaoBue coBmecTHOCTH (1) mo-
JydaeM clleAyIollee HHTEerpaibHOe YPaBHEHUE [T BEIUMCIICHHUS] HEM3BECTHOM KOHTAaKTHOW HAarpy3KH:

b
g () + [ J(x,8)q(&)dE=A(x)=3,,

DTO BRIpaXEHHUE TPEICTABIIACT COO0M MHTETpaIbHOE YpaBHeHHEe Dpearonpma 2-To pojaa ¢ WH-
TETPAIBHEBIM SIAPOM

J(x,8) = K;(x,8) = K (x.8).

Jlnis mostydeHusi YMciaeHHOro peuieHus [14] pa3oObeM MIIONMIAJKy KOHTAKTa HAa /7 Y4aCTKOB C
paBHOMepHBIM maroMm A& = (b — a) / n. [lpu mogoOHOM TUCKpETHU3aIlMi KOHTAKTa HETIPEPhIBHAS NCKO-
Masi GYHKLHUS JaBJICHUsS 3aMEHSIETCS HEKOTOPBIM CTOJOYATBHIM pacHpezieieHUEM C yJIOBIETBOPECHUEM
YCIJIOBUSI COBMECTHOCTH NEPEMEILIEHUHN TOJIBKO B LIEHTPE 3TUX YUACTKOB.

OTcroa MpUXOJUM K KOHEUHOW CHUCTeME JIMHEHWHBIX alreOpandeckux ypaBHEHHMH, KOTOpas B
MaTPUYHOM BH/JIE 3aIIUIIETCS TaK

1

(127 [E] {a) R

riae [J] — kBaapatHas Matpuiia KodhGuiueHToB BIMsHUSA 00004ek; [E] — eAMHUYHAs TUaroHaIbHAs
MaTpulia n-ro nopsuka; {A — 8p} — MaTpuIa-cTONIOCI HATATA COCUHEHUS C YUYETOM €ro ocialieHus
3a cueT KodpdummenTa op rpaHudHOrO0 cnosti; A* = A / A§ = Const.

Tak xaKk AaBIeHHE HAXOJAT B IICHTPE yYACTKOB pa30OUEHUs, TO €ro BEJIMYMHY Ha TpPaHHIAaX KOH-
TaKTa OINpeAeNsAoT napabonuueckol MHTepnosauued. OYeBUAHO, YTO YeM Mejbue Iar pazOueHus,
TEM TOYHEE IMOoJlydeHHOe perieHne. OTMETHM, YTO yCHJICHHE TJIaBHOW JMAroHajlu pa3pelaromei cu-
CTEMBI ypaBHEHUH 3a cueT KodddumueHTa A obecreunBacT IIaIKOCTh (DYHKITMH pacrpeaesieHust KOH-
TaKTHOM Harpy3ku [15].

[Tpu OTCYTCTBUM BOJTHUCTOCTH BEIMYMHY KOHTAKTHOTO COJMKEHHUS B TOUKE X MOYKHO HAWTH MO
npubnmxeHasM Gopmynam M.B. Kparensckoro [12]. Eciu KOHTaKTHBIE TOBEPXHOCTH Bajla U BTYJIKU
HUMEIOT COU3MEPUMBIE MapaMeTPhl IEPOXOBATOCTH, TO

8(x)=3,4(Ra,+Ra,)K,, 3/q(x)/ HB,
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rne HB — tBepnocth 6onee MArkoi moBepxHocTH 1o bpunemo; Ra; — mapamerp Mukpopenseda i-i
JeTanu coequHeHus; K,,, — KodQQUIUEHT, yUYUThIBAIONIUN yBEIMYEHHE KOHTAKTHOIO CONMKEHUS B
CTBIKE ITPU MEXAHUYECKON 3aIpeccoBKe (715 nonepeuHoi coopku K, = 1).

_ 2 N/ (vi+vy)
K,, =21+ f,, )",

TI€ fmp — KOI(DDUIMEHT TPEHUsS IPU MEXAHUYECKOW 3allPecCcOBKE; V; — MOKa3aTeslb CTENEHH KPUBON
ONOPHOM NOBEPXHOCTH BTYJKHU (i = 1) 1 Bana (i = 2) COOTBETCTBEHHO.
Jljs KOHTaKTa I1aJIKoi U IepoX0oBaTON MOBEPXHOCTH

d(x)=4,1RaK,, \/q(x)/ HB.

JInHelHy0 anmpoOKCUMAIIMI0 3aBUCHMOCTH KOHTAKTHOTO CONMKEHHs OT JaBIICHUS ¢ pealu3y-
10T METOZI0OM HaMMEHBIIUX KBAJPAaTOB B MHTEPBAJIE 3HAYCHUH Gcp — Gmax-

PaguanbHOe cMeleHHe MIIMHAPUYECKON U30TPOMHONW O0OJOYKH B TOUKE X B pe3yjbTare ee
OCECUMMETPUYHOTO M3ruba OT €UHUYHON KOJIBLIEBOW CHUJIbI, MPUJIOKEHHONW B CEUCHUH &, Ompenersi-
eTcsl BelpakeHuem [16, 17]

1 dW(O) 1.d°w(0)

W (x) = I (0) y (B) + n @)+~ L7O | 6ys
[3 dx @)
1 &°W(0 S
s dﬁ) Yy(Ba)+ é"i)ygm( )L,

riae 3, D — mapaMeTp U MIIHHIPUYECKAs KECTKOCTh 000JI0UKH, paBHBIC

Eh _12(0-p%) Do En’

44: - 5 N
g Dr? her? 12(1-p?)

h, r, E, | — TOJIITUHA CTCHKH, PAJANYC HEUTPATHHON MMOBEPXHOCTH, MOYJIb YIIPYTOCTH U KO3PPHUITHCHT
[Tyaccona marepuaia aeTaim,
Vs(Bx) — dynkuu A H. Kpsutosa (s =0, 1, 2, 3)

Vo (Bx) =chPxcosPx, y,(Bx)=0,5(chPxsinPx +shPxcosPx),
Y, (Bx)=0,5shPxsinPx, y;(Bx)=0,25(chPxsinBx—shPxcosPx),
w (S)(O) — IIOCTOSIHHBIE MHTETPUPOBAHUSA, ONPEIEIAEMbIE U3 KPAcBbIX YCIOBUM Ha TOpPLAX JETallH;
S(x,&) — enmaMYHAs pa3pbiBHas QyHKIMs, paBHas 1, mpu x > & u 0, pu x < &,
I[J'DI CBOGOI{HBIX TOPIOB O60JIO‘-IKI/I MOKHO IPHUHATH CICAYIOIHUEC I'PAHUYHBIC YCIIOBHUA:
d’w(0) d’w(0)
dx* dx’

d’W(b) _d’W(b)

-0, -
dx? dx’

=0. (5)

[Ipu noacranoBke nepBoi mapbl KpaeBbIX ycioBHil (5) B ypaBHeHue (4) BelpakeHHe IS QyHK-
LIUM BIUSIHUS 3aIIUIIETCS B CIEIYIOIEM BUIE:

W (x) = K(x,8) = W (0)y, (Bx )+édW(0) S(x,8)

n(Bx)+ 5D

y3[B(x=8)].
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JuddepeHuupys 3T0 paBeHCTBO MO X TPU pa3a U MPUPABHHUBAS €T0 BTOPYIO U TPETHIO MPOU3-
BOJIHBIE BTOPO# mape yciioBui (5), mosydaem

1 y[Bb-E)]y,(Bb)— y,[B(b—E)]y;(BD) .

w(0) =

4pD Y2(Bb)— y,(Bb) 5 (Bb) ’
AW (©) _ 1 yolB ~8)ly3(Bb) -~y (B )y (Bb)
Bdx  4pD y3Bb)—y(Bb)y3(Bb)

Ecnmu anmuHa cBOOOJHOTO KOHIIA Bajia Oosbiie /3, TO MpH BBIYUCICHUN (DYHKIHA BIUSHUS €TO
MO’KHO CUHUTaTh OECKOHEYHOM 000s10uK0il. OTCIOa

e P
K(x)= cosf3x,
(x) 25D B

TJIe X — PACCTOSIHUE OT TOYKH MPUIOKEHUS SAMHUYHOM, TIepepe3bIBArOIICH CHIIBI JI0 CEUYCHUS, B KOTO-
poM omnpenensercs nporud Bajia.

[TogoOHBIN MOAX0 MPUMEHUM M K COCJMHEHHUIO C HATSITOM TOHKOCTCHHBIX, IMIMHIAPUICCKUX
000JI0YEK, T/Ie HA BHYTPECHHEH MOBEPXHOCTH BaJia BBITIOJHEHBI IITUIBI WU pe3nda. Obmee audde-
PCHIIMAIBHOE ypaBHEHHE OCECUMMETPHUYHOTO M3rHbda TakoW 000JO0YKH, KOTOpasl SBISETCS KOHCTPYK-
TUBHO-OPTOTPOITHOM, UMEET cieayromuii Bus [17]:

d*'W(x) d’W (x) q(x)
i p,——— 4 p W(x) =12, 6
dx4 2 dx2 P4 (X) D ( )
Ppr=—"73; 4= 10 — .
rD r2D S

OYHKIMH fiy, for, f2, fa SABIAIOTCA U3BECTHBIMU (YHKIUSMH X M HIPAIOT POJIb yHpPYyTo-
re€OMETPHUECKUX XaPAKTEPUCTHK CEUCHUSI.

3,

fio=|

_51

52
EK,.dz
ho= |
-8, - eH

X

EK dz
1-K Kou*’

8, 3, 5, 2
LEK K LEK Kyz EK .z
| = J—eza’z; fi= I—"zdz; D= I—zdz,
5, I-K Kyu 3, 1-K Kyu 5, I-K Ky

rrne Ko, Ky — Koo pHUIHUEHTHI 3a110JIHEHUSI B OCEBOM M OKPY>KHOM HAIIPaBICHUH; Z — TEKyIlask KOOPAU-
HaTa, OTCYUTHIBaeMasi OT HEUTpaIbHON MoBepXHOCTH z = () B paauaibHOM HampasieHuu; D — muiamH-
JpUYecKas >KECTKOCTh KOHCTPYKTUBHO-OPTOTPONHON OOOJOYKHM, KOTOpas sBiseTcs Oosee oOLIMM
Clly4aeM LWJIMHAPUYECKOU; O1, 02 — KOOPAUHATHI BHYTPEHHEH U HAapy>KHON MOBEPXHOCTH Bajla OTHO-
CUTEJIbHO HEUTPAJIbHON IIOBEPXHOCTH, PaNyC KOTOPOU ONPEAEIIAETCS U3 COOTHOLICHUS

h22 h22
EK zdz EKdz
= e e
e L i

&3
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rJie 7| — IPOU3BOJIBHBINA paanyc; hj — TONIUHA OCHOBHOUW 000JIOUKH; /1) — TOJIIMHA BaJlla CO IILIUIA-
Mmu. JIJ1s1 ocHOBHOM 000109KH | AcTanu u3 oumetamia K, = Ky = 1. Jlng Bana co numunamu Ky = 0, co-
OTBETCTBEHHO JUIsl BHyTpeHHEH pe3bObl K, = 0.

Pemenue nuddepennnansHoro ypaBHeHus (6) Ipu Harpy>KeHUH BaJia Tepepe3bIBAIONICH €/Tu-
HUYHOM CHJIOU UMEET BUJI
d W(x)

d> W(O) d’ W(O)

1 SCBy

W (x) =W (0)Y,(x)+ K(x)+ L) +——==HKx)+ S); (7)

rne Yi(x) — HopManbHble (pyHIamMeHTanbHble GyHkuuu npu s = 0, 1, 2, 3, KOTopble BBIPa)KaIOTCs Cie-
JOYIOIUMH COOTHOIIEHUSMH IIPH YCIOBUU Py~ < 4p4, UTO U ObIBAET B ICHICTBUTEIBHOCTH:

16(X)=v5%;[2ﬁvchﬁxcosvx-(Bz—vz)shﬁxsinvxk

_ 1 2 n2 . . 2 2 .
h(x)= BT [BBy =B ) chBxsinyx—y(y"=3B")shBxcosyx];
1 N B 1 oo
Y,(x)= Z—MSthsmyx, Y,(x)= —2BY(BZ+Y2) [BchBxsinyx—yshPxcosyx],

e B=\pdd-pol4  v=JJpd+p,l4.

ITpu B =y atn pynkuu copnamaroT ¢ pyaknusmu A.H. Kpsiiosa.
Jlyist cBOOOIHBIX KOHIIOB BaJia, HE3arpyKEHHBIX MEePepe3bIBAIOIIMMH CUIIAMH U M3THOAIOITIMEI
MOMEHTaMH, KPaeBbIe yCIOBHS MOKHO 3aITUCaTh TaK:

2 3

AWO __fs gy, WO __ s dHO), )
dx ’,-D d_x VD dx

dWE) _ S gy, 4WO) _ fu dW),

[ToncraBnss mepByro mapy rpaHudHbIX ycnoBuil (8) mpu x = 0 B BbIpakeHue (7), mosryyaem
bopMyiy 1715 onpenenaeHus] QyHKIUU BIUSHUS

dW(O)

W&)Kuatwam—ﬂY(m- [, (x) - ﬁY(mﬁ“@Y(ﬁ)

JuddepeHunpys 3T0 paBeHCTBO 1O X TP pa3a ¥ NPUPABHUBAS MPHU X = b KPAeBbIM yCIOBUAM
(8) BTOpYIO U TPETHIO MPOU3BOIHBIE, HAXOAUM ITOCTOSIHHbIE UHTEIPUPOBAHUS

W@——mew)aﬁﬂYwanYwmv)aﬁﬁYwam

dVZ)(CO):i{y(b)[y(b g)+ﬁy(b £)]- [Y(b)+£Y(b)][Y(b &)+ f“Y(b 3]}

rmT'M@+H+(AHW%)Y@W@+M‘@m
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PE3YJIbTATBI HCCJIEJOBAHUA

Pacnpenenenue KOHTAaKTHOW Harpy3Kd B CHMMETPUYHOM COEIMHEHUU C HATAroM A = 40 MKM
M30TPOIMHBIX I_II/IJ'II/IHI[E)I/I‘IGCKI/IX 000JI04€K, U3TOTOBJIEHHBIX U3 cTalmu 45, ¢ MEXaHUYECKUMH XapakTe-
puctukamu E = 2-10° Mlla, p = 0,3, HB = 1970 Mna, nokazano Ha puc. 1. Paanyc HapyxHO mo-
BEPXHOCTH Basia JyIMHOW by = 100 MM M TONIIMHOW CTEHKH A, = 2 MM coctaBisieT R = 50 mMm. JlnmnHa
BTYJIKH C TOJIIUHOW CTEHKU /1 = 5 MM paBHa b; = 30 mm. COOpKa COSAMHEHHS OCYIIECTBIISIACh MeXa-
HUYECKUM IyTeM IPH fp, = 0,25. [l ynpoleHns BBIYUCIECHHS KOHTAKTHOHM JiepopMalii IpaHUYHOTO
CIOs TpPUHMMANAch OJWHAKOBas BbIcOTa W (GopMa HEPOBHOCTEHM TMOCAJOYHBIX TOBEPXHOCTEH
Ra=2,5vkm, v = 1,5. KpuBy10 KOHTaKTHOTO COJIMKEHUS OMPEAEIISIN IJIs TIepBOM COOpPKM COoearHe-
HUSI, a €€ JIMHeapU3alMIo MPOBOIUIIN B HHTEpBaJie M3MeHeHUs naBiieHus 4—14 MlIa.

q, MITa

[} 3 L] 9 12 15 18 n M 7 30
X, MM

Puc. 1. PacnipeencHre KOHTAKTHOM HATPY3KH B COSIMHCHHUH C HATSTOM TOHKOCTCHHBIX IMITHHIPHYECKUX 000I0YEK
Fig. 1. Contact load distribution across pressure couplings of thin-wall cylindrical shells

Ha puc. 2 nokazano pacripesielieHue KOHTaKTHOTO JaBJICHUS] B 3TOM € COCIUHEHUU IS pa3iind-
HBIX METOJIOB (PMHMIITHON 00pabOTKH BaJia, a Ha PUC. 3 — AIIOPHI JABJICHUS T KOHUYECKOH, BOTHYTOU U
BBINYKJION KOHTaKTHOM MOBEPXHOCTH Baja MPU COXPAHEHWH OE30TPHIBHOIO KOHTAKTa IPU YCIOBHH, YTO
BEJIMYMHA JJAHHBIX OTKJIOHEHUH ()OPMBI OT MPSMOIMHEHHOCTH HUXKE MPEIEIIbHBIX 3HAUECHHH.

q, MITa

Puc. 2. Biusinne 4ucToThl 00pabOTKH HApYKHOW TOBEPXHOCTH BaJia (3HAUCHHUS A) Ha pacrpelielieHne KOHTaKTHOTO
JIaBJICHUS B COEAMHEHUH C HATSATOM™:
1 — anMa3HoOe BHITJIaXHUBaHUE; 2 — OJIHPOBaHue; 3 — nundoBaHue; 4 — TOUYCHHE; 5 — PETYILIPHBIA MUKpOpenbed.
* TIoBepXHOCTH OTBEPCTHS BO BTYJIKE ITOJydEeHA pacTauMBaHUEM M HIITH()OBaHUEM
Fig. 2. The influence of the finish of the outer surface of the shaft (the value L) on the distribution of the contact pressure
across a pressure coupling*: / — diamond-tip smoothing; 2 — smooth finish; 3 — grinding; 4 — lathing; 5 — regular
microterrain.
* The sleeve bore surface was finished by reaming and grinding
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. Mila

n

Puc. 3. Pacipenenenue qaBieHus 1o AJIMHE KOHTAKTA IIPU HAMOOJIbIIEM OTKIOHEHHH (POPMBI II0CaI0YHON TOBEPXHOCTH
BaJia OT MPSIMOJIMHEHHOCTH 20 MKM:
1 — BOTHYTOCTB; 2 — KOHYCHOCTb; 3 — IIUJIMHApHUYECKas IOBEPXHOCTh; 4 — BBIITYKIOCTh
Fig. 3. Pressure distribution along the contact in case of the biggest deviation of the shaft surface fitting shape from the
straightness 20 pm: / — concavity; 2 — coning; 3 — cylindrical surface; 4 — convexity

Pacrnipenenenune KOHTaKTHON Harpy3Ku IO JJIMHE MOCAAKHU C HATSIroM A = 35 MKM BHYTPEHHETO
KoJiblia mapukonoamunanka Ne 220 u3 cranm IX-15 ¢ monbiM nunieBbiM Baiiom u3 ctainu 30XI'CA
MpPEACTABICHO Ha puc. 4. MexaHW4YecKue XapaKTepUCTUKU JeTaneit: Ej, = 2,15-105 Mlla, p;, = 0,3,
tBepaocth ctanu 30XI'CA HB =2000 MIIa.

q. MlIa

I\ /
\ /

Puc. 4. PacnipenierneHre KOHTAKTHOM HArpy3KH 10 JUTMHE COCANHEHHMS C HATATOM BHYTPEHHETO KOJIbla OAIIUITHIKA
C TIOJIBIM [TMLEBEIM BaJIOM
Fig. 4. Contact load distribution along the pressure coupling of the bearing inner ring with a hollow spline shaft

Ecnu He yYuTHIBaTh CHUKEHHE )KECTKOCTH KOJIbIIA TIOITUITHUKA 32 CYET OCTOBOM JOPOKKH,
TO MPUOTUKEHHO €r0 MOXKHO CYUTATh MUIUHIAPHUICCKON 000JI0YKON AMUHOU b = 34 MM, C TOJIIH-
HOU cTeHKH h; = 12,5 MM u panguycom otBepetusi R = 50 mm. Ha BHyTpeHHE#H MOBEpXHOCTH Baya
IO BCEH €ro JJINHE b2 = 104 MM BBINIOJIHEHLI PBOJILBEHTHLIE nJInnbI. TOHH_II/IHa BaJjila CO IJIMOaMu
hy; = 8 MM TIpU TOJIIIIUHE CTEHKH OCHOBHOM 0005109KH /1, = 3 MM. Takum oOpa3om, Baja MOJEIUPY-
eTCsl B BUJE KOHCTPYKTHUBHO-OPTOTPOITHON 00O0JIOUKHU C YIPYTrO-reOMETPUUECKIUMHU XapaKTePUCTH-
kaMu cedeHus Koy = Ki2g = 1, Kooy = Kazo = 0,305: fio = 6,6593-10° H/mM, fi. = 9,7398-10° H/mm,
£=1,9978-10° H/mm, f3=-2,9967-10° H/mm, D=45,6489-10° H/mm, p,=0,002807 mm °,
pa=0,626-10" MM * 1 r = 46,765 Mmm. Oropa 3aHEMAET CHMMETPHYHOE PACTIONIOKEHHE HA BATY MPH
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MEXaHUYECKOH cOOpke coequHeHHs C f,, = 0,20. BpicoTHBIE mMapamMeTpsl LIEPOXOBATOCTU U (Gopma
HEPOBHOCTEW TPHUHATHI OJUHAKOBBIMH JUIsI OOEHMX TOCATOYHBIX MOBEPXHOCTEH Ra = 2,5 MKM,
v=15K,,=127.

KoadduimenTs! TrMHEapU3alud KPUBOH KOHTAKTHOTO COJNFDKEHUS OT JIABJICHUS IS NEPBOM
COOpKHU COSIMHECHHS PaBHBL: Oy = 2,48-10_3 MM, A = 1,015 107 mv/H. Pacnpenenenue napienus mo-
JYy4eHO TpH pa3OMEHUH JUITMHBI COCTUHEHUS Ha 7 = 48 3JICMEHTAPHBIX YYaCTKOB C PABHOMEPHBIM IIa-
rom A§ =0,70833 mm.

OBCYXIEHUE PE3YJIBbTATOB

JIy1s OLleHKH TOCTOBEPHOCTH MOJyUEHHBIX PE3YyJIbTaTOB CPEAHUM YPOBEHb KOHTAKTHOM Harpys-
KM CPaBHMBAJIM C TECTOBBIM pelICHUEM 3anayu JIsime Uis COeIUHEHMs C HATATOM JIBYX IWJIMHIPOB
OJIMHAKOBOM JJTMHBI C y4eTOM Je(OpMaluu MIEPOXOBATOCTH CTHIKA, YTO JAET XOpOIlee COBIMAJCHUE
naHHbIX. Bennuuny xosd@uirenta KOHIEHTpAUU OLICHUBAIU MO HACBHIIMIEHUIO (QYHKIIMH pacmpese-
JICHUs] KOHTAKTHOM Harpy3KH ¢ Hamepes 3aJaHHON TOYHOCTHIO MPU MOCTENEHHOM YMEHbIIIEHUU IIara
pa30ueHus 30Hbl KOHTAKTa METOJIOM YJBOCHUS, KOTOPBII MIMPOKO HMCIIONB3YETCs MPU YUCICHHOM pe-
[IEHUH KOHTaKTHBIX 3a7ad.

[TpennoxxeHHOE pelIeHre CIPaBeUIUBO IS JIOOO0T0 COYETaHUS PaTUaIbHBIX MOATIUBOCTEH
KOHTaKTUPYIOLIUX TeJl, B TOM YKCJIE U JUIsl CiIydasi, KOTJa OXBaThIBAIOLIas JeTallb SIBJISIETCS aOCOMIOT-
HO ecTKoH. OHO JIeTKo 00001IaeTcs Ha CTYTeHYAThIe JeTaIH, a TAKXKE Ha JIETall, UMEIOIre Cla0yro
KOHYCHOCTb THITa KOHUYECKUX KOJIEL] POJIUKOBBIX IOJIIMITHUKOB.

@yHKIMS HaTAra MO3BOJISIET YUECTh peabHy0 (OpMy IMOCAJ0YHBIX MOBEPXHOCTEH, a TaKXkKe
MOJTyYUTh PEIICHUE MPU HEOIpeaeICHHON TPaHUIle KOHTAKTa, TO €CTh JJISl CIydasl paCKpBITUSL CThIKA
IIPU JOMOJIHEHUH pacueTa CTaTUYECKUMHU M KMHEMATHUYECKUMU YCIOBUSMHM KOHTaKkTa. BBeneHue pas-
JIMYHBIX KPAaEBBIX YCIOBHI JaeT BO3MOXHOCTb OMPENEIUTh paclpe/ielieHue KOHTAKTHON Harpy3KH C
Y4€TOM B3aMMHOTO BIIMSHHUS COCEAHUX YYAaCTKOB JIeTalei ¢ KOHCTPYKTUBHBIMH OCOOCHHOCTSIMH B BH-
Jie ILIJIUIIOB, PE3bObl, OTBEPCTHUM, KECTKUX (DIAHIIEB U IPYTHX.

Jlns BorurcneHus: KO3 QUIIMEHTOB BIUSHUS MOYHO HCIIOJIb30BaTh KOHEYHO-3JIEMEHTHYIO MO-
JIeJIb COEAMHEHNS, YTO MO3BOJIIET ONMCATh PEAJIbHYI0 KOHCTPYKLHUIO feTaneid. OaHaKo Uil MOTyYEeHUs
aJIeKBaTHOTO PEHICHUs HeoOXOoanMa ananTanus pabodell MporpamMmbl, a TaKKE ONMTUMHU3AIUS CETKH
pa30ueHus IpU TIOCTATOYHO MajbIX pa3Mepax 3JIEMEHTOB B 30HE KOHTAKTa, U OCOOEHHO Ha y4acTKe
KOHIIEHTpauuu. B Hamem ciydae s popMupoBaHus GYHKIWMU BIMSHUS UCHOJB3YIOTCS aripoOHpo-
BaHHbIE ()OPMYJIBI TEOpUU 00O0JOUYEK B 3aMKHYTOM BHJIE, UTO ONpEAEISeT MPaKTUYECKYI0 LEHHOCTh
paboThL.

B otnnuune ot u3BecTHBIX METONOB [4—10], mpu YUCICHHON peanu3aiy MpeayioKeHHON MaTe-
MaTHYECKOH MOJIETN OMpPENENsIOT peajlbHoe 3HaueHHe Kod(@uiMeHTa KOHIEHTpPAllMU AaBICHUS OT
IOCaJKHU. B 3TOM cilydae JIeTKO YTOUHUTH BEJIMUMHY 3aIaca yCTaJOCTHOW IMPOYHOCTH HAINPSKEHHOIO
COCJIMHEHUS C YYETOM €r0 KOHCTPYKTUBHBIX W TEXHOJOTMYECKHX O0COOEHHOCTEW. B wactHOCTH, yCTa-
HOBJICHO, YTO MPHU YBEIUYCHUH YUCTOTHI 00paOOTKH (CHUKEHUH 1e(h)OPMAaTUBHOCTH TPAHUYHOTO CIIOST)
BeIMYMHA KO3((UIIMEHTa KOHIICHTPAllUU KOHTAKTHON Harpy3ku yBenuuuBaeTcs. KOHYyCHOCTb M BO-
THYTOCTh TIOBEPXHOCTH TAaK)KE 3aMETHO YBEIMYMBAIOT BEIHMYUHY KOX(PPHUIMEHTa KOHIEHTPAINH, TO-
r/la KaK BBITYKJIOCTh CO3/1ae€T 0OpaTHbI 3P PeKT.

B 3710i1 cBs3M BecbMa MpUBIIEKATEIbHBI METOABI OT/ICIOUHO-YIIPOYHSIOMEH 00paboTku anmMas-
HBIM BbITJI&XKMBaHUEM. Tak, HaHECEHHE PEeryJIsIPHOTO MUKpopenbeda aaMa3HbIM MHIESHTOPOM B BHJIE
BUHTOBOW KaHABKH Ha HE3aKAJIEHHYIO CTAJbHYIO MIOBEPXHOCTH 00ecrednBaeT ero Boicoty 6—10 MkM B
3aBHCHMOCTH OT PSKUMOB 00paboTku. C 3TOM Ke IEeNbI0 MPUMEHSIETCS U TEXHOJIOTHS aIMa3HOTO BUO-
pOBbBITTIXUBaHUSA. B pe3yibTare CylecTBEHHO yBEIMYMBAETCS KOHTAKTHAsl MOAATIMBOCTb CThIKA U
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CHMXKACTCs BCIIMYHMHA KOB(b(i)I/IHI/IGHTa KOHLCHTpAaI 1. Hanecenne BUHTOBOII KaHABKU C MNEPECMECHHBIM
YCUIIMEM Ha UHJEHTOP (OPMUPYET UCKYCCTBEHHYIO BBHIMTYKJIOCTh MOBEPXHOCTH HEOOXOAUMOTO pa3me-
pa. IIoaTOMy BHEApEHHE dTUX TEXHOJOTHH, HApALy C YIPOYHEHUEM BaJa, MOBBIIAET yCTAIOCTHYIO
MPOYHOCTh HANPSKEHHBIX coequHeHui [18].

JAK/IIOYEHUE

Takum o0Opa3om, IpeioKeHHass METO/IMKA pacueTa pacIlpeesieH!s] KOHTAaKTHOW Harpy3Kd B
COCIMHEHUAX C HATATOM THUIIAa TOHKOCTCHHBIH BaJI-BTYJIKAa C YYE€TOM MX KOHCTPYKTHUBHBIX OCOOCHHO-
CTei MOXKeT OBbITh BHE/IpeHa 0a3 Kakux-In00 n3MeHeHui B npakTuky Kb, 3aHuMaromuxcs Bonpocamu
NPOEKTUPOBAHUS aBUAIMOHHBIX MeXaHMW3MOB. [loydeHHBIE pe3yabTaThl OTKPHIBAIOT IIHMPOKHE IIEp-
CHEKTHBBI IPUMEHEHHSI IPOTPECCUBHBIX METOOB OTAEIOYHO-YIIPOUHSIONIEH 00pabOTKH € LIEIbIO MO-
BBILICHUS O€301IaCHOCTH ITOJIETA.
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ANALYSIS OF CONTACT LOADS CONCENTRATION IN PRESSURE
COUPLINGS OF THIN-WALL COMPONENTS

Sergey V. Shishkin'
'Moscow Aviation Institute (National Research University), Moscow, Russia

A number of aviation assemblies are made as pressure couplings of thin-wall components, e.g., shafts and hubs, durability of which
is related to fitting contact load concentrations under cyclic and dynamic loadings. This article discusses a numeric solution to the
contact problem. The solution is introducing into the calculations a conventional boundary layer, any shift of which is equivalent to
a roughness deformation of fitting surfaces. The mathematical model of a pressure coupling is founded on a division of
deformations into general (axisymmetric bending of components) and local deformations (microroughness compression) that are
determined independently. To simplify the solution, the dependence of the contact convergence of the surfaces on the pressure is
subjected to linearization in the form of a model of a rigid plastic body with linear strengthening. Convergence values in section are
only determined by the pressure and do not depend on the stress-and-strain behaviors of areas adjacent to the rough interfacial
space. The Green’s functions method is used to find radial shifts of components, while the solution is expressed by the Fredholm
integral equation. That is reduced to a finite system of linear algebraic equations when the contact is made discrete. This approach
provides solution stability through strengthening of the main diagonal of the resolving system, while the evaluation accuracy of the
concentration coefficient depends on the subinterval value. It has been found that any disclosure of a coupling beneath the faces of
an enveloping body is practically impossible for that model. The comprehensive approach provides a generalized solution for
orthotropic and stepwise shells, as well as for components with specific design features and various strengths of areas adjacent to
fitting sites. Deviations of the shape of the contact surfaces from the straightness are taken into account by its respective pressure
coupling function. The analysis of the findings suggests that the concentration coefficient value slumps as the contact compliance
coefficient of the borderline layer increases. Any shape deviations of the fitting surfaces, including their coning and concavity,
increase the contact load concentration, while their convexity causes a reverse effect. We recommend using strengthening treatment
methods, e.g., application of regular micropattern in the shape of helical flute at a certain pitch while applying a constant or a
variable force on the diamond indenter, or vibration smoothing in order to control the shaft surface finishing to improve the stress-
and-strain behavior of the seam and to impart an artificial barrel shape of a preset value to the shaft. These technologies compensate
contact load concentrations, and, together with the strengthening factor, enhance the fatigue limit of such assemblies.

Key words: shell, axisymmetric bend, contact compliance, pressure coupling roughness, concentration of stresses, surface,
pressure.
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