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IVIACKA ITPOBOAOB JIDII —
HEYCTOMYHUBOCTH IO JAIYHOBY

JoKT. TexH. Hayk, npo¢. BAHBKO B. 1.,
KaH1. Qpu3.-Mat. HayK, 1on. MAPYEBCKHI U. K.

Mockogckuii cocydapcmeeHHbll mexHuyeckuil ynueepcumem umenu H. O. baymana
E-mail: vvanko@mail.ru

OmmcaHo SBJICHUE MOTEPH A3POAMHAMHYECKOTO NEMI(GUPOBAHMS, WM adpoHHAMUYE-
CKOH HeycTOWYMBOCTH MPOQuUIIs B MOTOKE, HAOIOJaeMOe B SKCIICPUMEHTaX M MHKEHEpHOU
npakTuke. [IpuMEeHUTENbHO K NPOMBIIITICHHBIM BEICOKOBOJIBTHBIM JIMHUAM JIEKTPONEpeaaun
JIaHHOE SIBJICHHE OOBIYHO HA3bIBAIOT raJoNnupoBaHueM (TUIsickoil) a3HbIX npoBonoB. [Tokasa-
HO, 9TO €ro MOXXHO OOBACHUTh HEYCTOHYMBOCTBIO 1O JIAMYyHOBY MOJIOKCHUH pPaBHOBECHs
npoduiei (MOoNepeyHbIX CeYeHH) MPoBOAd. B nomonHeHWe K HM3BECTHOMY YCIOBUIO He-
ycroitunBoctH ['mayspra — nen-I'aprora momxydeHo y1o0HOe A MPAaKTUIECKOTO MPUMEHEHHS
yCIIOBHE HEYCTONYMBOCTH, 3aBUCAIIEES TOJIBKO OT CTAIIMOHAPHBIX adPOJMHAMHUYECKHX KOI(-
¢unmeHToB podmiast — 6e3pazMepHBIX KOI(PPHUIUEHTOB JTIOOOBOTO COMPOTUBICHHUS M TIOIb-
€MHOM CHIIBI, @ TAKKE OT MX MPOU3BOAHBIX 110 yIITy aTakKy.

Ipennoxen 3pGeKTHBHBIA YNCICHHO-aHATUTUUECKUH METO/ MCCIIEIOBAHMS yCTOHYNBO-
CTH TOJIOXKCHUH paBHOBecHs MPO(QHIIL B MOTOKE, pa3pabOTaHHbBIA B MOCIEAHHE TOJbl Ha Ka-
¢denpe «IIpuknagnas matematukay MI'TY umenn H. D. baymana. JlanHslit MeTon npesmona-
TaeT ONpeAeNeHNe CTAHOHAPHBIX a3POJMHAMUYECKUX XapaKTEPUCTUK MPOQUISL MyTeM YHC-
JIEHHOTO MOJEIHMPOBAHHUS OOTeKaHWs NMpO(uiIs MO Pa3NTUYHBIMU YIIaMH aTakd METOHOM
BHXPEBBIX JIEMEHTOB U TOCIEyIoNee IPUMEHEHIe aHATUTHIECKUX YCIOBHH yCTOHYHBOCTH
U HEYCTOMYUBOCTH 10 JIAMyHOBY nonoxkeHui paBHoBecus. IIpuBeicHHbIE pe3yIbTaThl perie-
HMS TECTOBBIX 3a/1a4 110 MUCCIIEA0BAHUIO YCTOHUMBOCTH POMONYECKOTO U KBAPaTHOrO podu-
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JIel, a TaKKe XapaKTepHOro Mpoduis oOneAeHenoro NpoBoJa U UX CPABHEHUE C U3BECTHBIMH
pe3yIbTaTaMH SKCIIEPHMEHTOB B a3pOJUMHAMUUYECKUX TPyOax CBHUIETENBCTBYIOT 00 aJeKBaT-
HOCTU M JIOCTaTOYHOH TOYHOCTH pa3pabOTaHHBIX METOJIOB M anroputmoB. McmonezoBaHue
0ecceTouHOro JIarpaHkeBa METO/la BUXPEBBIX JIEMEHTOB U Pean3yIoliee ero IporpaMMHOE
obecriedeHre MO3BOIISIOT TAaKXKE PEIIaTh COMPSDKEHHBIC 331a4M adPOTHAPOYIPYTOCTH U MPO-
H3BOJMTH IIPSMOE YHCICHHOE MOJIEIMPOBAHUE ABIKEHMS NMPOQWIL B TMOTOKe. [IpHuBeneHEI
CCBUIKH Ha MCCIIEIOBAHUS Pa3JIMIHBIX aBTOPOB B JaHHOU o0nacTy.

KnroueBble cjioBa: a3poAMHaMUYECKUH SKCHEPUMEHT, a’poAMHaAMHUYecKas HeyCcTOWYH-
BOCTb, YCIIOBHUSI HEYCTOHUMBOCTH 1O JIAMYHOBY, METOJ] BUXPEBBIX 3JIEMEHTOB.

Wn. 6. Tabn. 1. bubmworp.: 19 Ha3s.

TRANSMISSION LINE-WIRE DANCING (GALLOPING) —
LYAPUNOV INSTABILITY

VANKO V. I.,, MARCHEVSKI I. K.

Bauman Moscow State Technical University

This article describes aerodynamic losses of damping, or aerodynamic instability, which
we observe in experiments and in engineering practice. As applied to industrial high-voltage
lines this phenomenon is usually called galloping (dancing) of phase line wires. This phenol-
menon can be explained by Lyapunov’s instability of equilibrium state of wires profile
(cross-section). In addition to known condition of Grauert-den-Hartog’s instability there was
obtained practical condition of instability, which depends only on stationary aerodynamic pro-
file’s factor — dimensionless coefficient of head resistance and lift coefficient, and also on
their derivative with respect to the angle of attack.

There was suggested an effective numerical-analytical method of investigation of stability
for equilibrium of profile’s state in flow, which was developed at the department “Applied
mathematics” of Bauman MSTU. This method allows to determine the stationary aerodynam-
ics characteristics of profile by numerical simulation of profile flow under different angles of
attack by vortex element method and later on the application of analytical conditions of stabil-
ity and Lyapunov’s instability of equilibrium positions. The obtained results during the inves-
tigation of rhombic and square profiles stability, as well as general profile of iced wire, and
their comparisons with the known experiments’ results in acrodynamic tubes indicate the pre-
cision of developed methods and algorithms. The usage of mesh-free Lagrange method of vor-
tex elements and software for their realization allows to solve also dual problems of aerohy-
droelasticity and to carry out direct numerical simulation of profile movement in flow. In this
article the investigations’ results of different authors in this field were taken into account.

Keywords: aerodynamic experiment, aerodynamic instability, Lyapunov instability,
method of vortex elements.

Fig. 6. Tab. 1. Ref.: 19 titles.

ITpu npoBeneHNy 3KCIEPUMEHTOB 10 MPOAYBKE MOJEIEH B adpoiuHaMUde-
CKol TpyOe Halbmomanu clelylollee SBJICHHE: CYILIECTBYEeT HHTEpBal YIJIOB
aTaku (1Sl K010 mpoduist — CBOi) [0ly, 0], Ha KOTOPOM aMILTUTY1a Kosieba-
HHUM IeHTpa Macc Mpoduis Pe3Ko BO3PAcTaeT, a 3aTeM TaK )K€ Pe3KO MajaeT.
3TO OOBIYHO CBSI3BIBAIOT CO CPBIBOM C Mpoduis cOpMHUpPOBABLIETOCS MOrpa-
HUYHOTO cJIoSi (HE CTOMT CMEIIMBAaTh 3TO SBJIEHHE C «3aXBaTOM YacTOT»)
Y Ha3bIBAIOT a3POJUHAMUYECKON HEYCTOWYMBOCTBIO WM MOTEPEH a’dpoauHaMu-
gyeckoro gemmnupoBanus [1].

DKCIEpUMEHT, IPOBEJCHHBIN B TAOOPATOPHUU MPOMBIIIIEHHON a3poIUHAMU-
ku LUAT'U umenn H. E. Xyxosckoro [1], moka3an Ha puc. 1: [MHHBIA Opyc
POMOHMYECKOTO TOMEPEYHOTro CeYeHUs (HIDKHEee ceueHne Opyca Omupalioch Ha
[IapOBOM IIAPHUP, BEPXHEE MOAIEPKUBAIOCH YIIPYTHUMHU NMPY>KUHAMH) TTOMEIIeH
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B a3pOAUHAMUYICCKYTIO TpYGy Hzmensmm YTOJI aTakid U JUIA KaXXA0ro €ro 3Haydce-
HUA U3SMCPAIIA MAKCUMAJIBHYIO aMIUIUTYOY KoJIeOaHui LCHTpa MacC BEPXHETO

ceyenns. Ha puc. 1 Takoke npeacrasien rpadgux A (o) (A — ammmryna Ko-

nebaHuil, OTHECEHHAS K JUArOHAIH 8 poM0a).

0 o4 30 oly 60 o, rpan 90

Puc. 1

OO6pabatbiBast IKCIIEPUMEHTAIBHBIA MaTepuall, MpeACcTaBlIeHHbIH B [2] (u3y-
Yas KPyTHJIbHBIC KOJeOaHUS MOJAENU OWIUIaHa BOKPYT MPOJOJIBHON OCH TpH
Pa3IMYHBIX YIJax aTakd — yIiIaXx MeXIy HallpaBIeHHEM II0TOKa M OChIO Bpallle-
HHS Mozenu), [ ayspT nomydns HeoOXoAUMOe YCIOBUE aBTOpoTanuu [3]:

G(a)=C}+C, <0, (1)

rae Cy’ CX — CTallMOHAPHBIC A3POANHAMUYCCKUC KOS(i)(l)PIL[I/ICHTLI MOABEMHOM

CHWJIBI ¥ JIOOOBOTO COTIPOTHBJICHHUS; IITPUXOM B TEKCTE CTaThbi 0003HAYAaEM IIPO-
M3BOHYIO IO YTy aTaKH.

[Mo3xe ycnoue (1) ObUIO TONMy4YeHO B [4] NPU MOJEIHUPOBAHHH IUIICKU
(ramommmpoBanus) mpoBona JTUHUN dMekTponepenaun (JIDII) kak HeoOxomammoe
yCIIOBHE BO3HUKHOBEHUsSI KOJICOaHUH ¢ OOJNBIION aMILTUTYI0W NEepICHIUKYIISIP-
HO K HampaBliCHHIO BeTpa. MTak, Ipu UCCIeOBaHUU aBTOKOJEOAaHUN ¢ OJHOM
CTEIEHBIO CBOOO/IBI — aBTOPOTALIMU M TaJONUPOBaHUs — HepaBeHCTBO (1) sBis-
eTcsl HEOOXOAMMBIM YCIOBHEM a3pOJMHAMUYECKON HEYyCTOWYMBOCTH.

B [5] nmpu nccnenoBannu msicku nposoja JIDII 6puto momrydeHo gocrarod-
HO€ yCIJIOBHE HEYCTOMYMBOCTH T10 JISMTyHOBY IOJIOKEHUI paBHOBECHS MPOQUIIS
B IUTOCKOTIApAIJIEIbHOM IBMKCHHH (TPHU CTENIEHH CBOOO/IHI)

W (a)=C,(C] +C,)+C,(C, —C}) <O0. )

2
VYcnosue (2) mocine pacKpbeITHS CKOOOK M JeneHust HepaBencTsa Ha C; #0

yAOOHO TIPEACTaBUTh B TEPMHHAX a’poauHaMuyeckoro kadectBa (AJIK)
K=C,/C,

W (o)=K’+K?+1<0. (3)
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To ecTh ISt BRIIOMHEHHS YCIOBUS (2) HEOOXOAMMO, YTOOBI MPOU3BOIHAS
AJIK no yriy aTaku Obljia OTPHIATEIEHOM

K’ <0. ()

W3BecTHO, Hampumep, 4YTO NPH BHI-
MOJIHEHUH YCIOBHS (4) MOJI0KEHHE caMo-
JleTa B CTAallMOHApHOM IIOJIETE 4pEeBAaTO 124
cpeiBoM B 1mTonop [6]. B [7] nansl nmpu-
MEphl  HCCIICAOBaHMSA  aIEKBATHOCTH
ycnoBuii (1) u (2) Ha MaTepuase UCTbITa- 0,84
HAW Tpodmiied B adpoIUHAMHYECKOMH
tpyde LIATU umenn H. E. Xykoscko-
ro: PacCMaTPUBAIUCH IIOXO0O0TEKaeMbIE 04y
npodmm — poMOWYECKUM, KBaIpaTHBIM,
MPSIMOYTOJIBHBIN, acTpoufanbHbIl. B [8]
npuBeneHs! rpadukn 3apucumocteil C, = : — O,
= C(o) m C, = C(0) oIt KpBUIOBOTO 5 10 15 20 a 25
(xoporo o6Tekaemoro) mpoduist ¢ 60Ib- Puc. 2
M 3HaueHneM AJIK (puc. 2).

IIpu o = 14,75° oTMedeHBI CPBIB MOTOKAa M HOTEPS adpOANHAMUYECKOTO
nemnduposanus. Pesynsratel 00padotku kpuBbiX Cy(@) n C,(0) mo ycnoBu-
sim (1) m (2) mpuBenens! B Ta0d. 1.

Cch Cy--

Tabnuya 1
PesynbTaThl 06padoTin 3asucumocteii C.(or) n Cy(ax) mo ycnosusam (1) u (2)

0., rpag. C, G K=C/C, G(w) W(cr)
0 0,0777 0,4440 5,7141 3,267 28,521

5 0,1332 0,7437 5,8333 3,323 31,812
10 0,2220 1,0545 4,7500 4,050 13,113
12 0,2553 1,1655 4,5652 2,807 15,048

13 0,2775 1,2210 4,4000 3,467 7,197
14 0,3108 1,2765 4,1071 8,849 -31,117
14,75 0,3718 1,2876 3,4632 —4,454 21,445
15 0,3829 1,2654 3,3048 -2,169 11,645

<0 <0

25° 0,9546 0,9546 1,0000 -0,637 -2,178

Omnpenenenue adpoIuHaAMUYECKUX KO3(QQUIIMEHTOB MpoQuis U UX MPOH3-
BOIHBIX, BXOSMX B Bhipaxenus G(o) u W(0), BO3SMOXKHO 3KCIIEpUMEHTAIb-
HBIM, & TaK)X€ pacyeTHHIM MyTsAMHU. Ha mpakTHke MOKHO MCTOIB30BaTh, HAIIPHU-
MEp, BUXPEBBIE METOJIbI, MO3BOJIIONINE MIPU CPABHUTEIBHO HHU3KUX 3arparax
BBIYUCIUTEIBHBIX PECYPCOB MOJEIMPOBATh OOTEKaHUE NPO(UIS HEC)KUMAEMbIM
MMOTOKOM U C JOCTaTOYHOIH TOYHOCTBHIO OIPENENSITh HYXKHBIE XapaKTePUCTHKH.
Mertoxa BuxpeBbix a5eMenToB (BD) [9-11] ocobenHo 3¢ deKTHBeH MpH pelieHUuH
BHEIIHUX 33724 00TEKaHHsl, TOCKOJIbKY Ha KaXKOM IlIare pacyera o BPEMEHH
ypaBHEHHE HEPa3phIBHOCTH W I'PAaHUYHOE yCIIOBHE 3aTyXaHHS BO3MYILICHHH Ha
OECKOHEYHOCTH BBITIOJHSIOTCS aBTOMATHYECKH. BBIONHEHWE TpaHUYHOTO
ycnoBus Ha npoduie obecriednBaeTcs reHepaiueit BD Ha moBepxHoCcTH 00Te-
KaeMbIX mpo(duiei, a caMo TeYeHNE UACANBHON 00 BI3KOW Cpelbl MOJEIUPY-
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€TCsl IBUKEHUEM CTeHepHUpoBaHHBIX BD. Bricokas addextuBHOCTE MeToga BD
U ero MoauQuKauii Mpu pelIeHNH 3a1a4 MOJACIUPOBAaHHS oOTeKaHHs Mmpodu-
JIeli TOTBEPIKAASTCS pe3ylibTaTaMy TeCTOBBIX pacyeTos [10-12].

OnucanHbli Beille MeTon BD monokeH B OCHOBY UYHCICHHO-aHAJIUTHYE-
ckoro Merona [12] uccienoBaHusl yCTOMYMBOCTH MOJIOKEHUI paBHOBECHS MPO-
¢uns B motoke. [Ipu 3TOM TOCIIEI0OBATENBHO UCTIONB3YIOTCS YMCICHHBIN METO/
BD u anamuTHdeckue yCIOBUS HEYCTOWYMBOCTHU TOJIOKEHUI PaBHOBECHS ITIPO-
¢uns (1) u (2). ATTOpUTM METOa BKITIOUAET B CeOS TPH ITara:

1) momennpoBanne o0Tekanus npodmia MetogoM BO npu pa3nnyHbIX yTiaax
aTaKu | ONpeielicHUe CTalloHapHbIX Ko3dduuuentos C, u C,;

2) armmpokcnmanuio 3aucuMocteid Cy(o) 1 C,(01) IIIaIKuMU KPUBBIMHE;

3) ompenenenne mpu momomu ycioBui (1) u (2) «omacHBIX» WHTEPBAIOB
YTJIOB aTaku.

Hns mpoBepkn pabOTOCIIOCOOHOCTH YHCICHHO-aHAJMTUYECKOTO METOHAa
M OICHKH €ro aJeKBAaTHOCTH W 3((MEKTUBHOCTH OBUTH IPOBEICHBI TECTOBBIC
pacdeTsl 1Mo MCCIIE0BAHUIO YCTOWYMBOCTH TOJOXKEHHH paBHOBecHs Mpoduieit
B ¢opMe poMOa M KBajpaTa, IUIi KOTOPBIX U3BECTHHI IKCIIEPUMEHTAIBHbIE 1aH-
vele [7]. Ilpm wcciaemoBaHnn KojeOaHW MPOGUII OONEASHETIOro MpoBOaa
pemaiy CBiI3aHHYIO 33/1ady adpoyNpyrocTd. Bce mapamMeTpsl pacueTHBIX CXeM,
a TaKke 0COOCHHOCTH MPOBEACHUS BBHIYUCIUTEIBHBIX OKCIIEPUMEHTOB U 00pa-
OOTKH pe3yIbTaTOB pacueToB NOAPOOHO onucaHsl B [12, 13].

[IpuBeneM pe3yiabTaThl MPIIIOKEHUI YUCIEHHO-aHAIUTHIECKOTO METO/IA.

1. Ilpogune 6 popme pombda. UccnemyeTcss YCTOMIUBOCTD TTOJIOKCHHUH paB-
HoBecus mpoduist, umeromero GopMy pomba C OTHOLICHHEM AJIMH JUAroHa-
ner 1:0,75. XapakTepHble KapTUHBI, Ha KOTOPBIX IOKa3aHbl BUXPEBBIE CIEIbI
W JIMHUM TOKA T YTII0B ataku npodwmist oo = 0 u o = 60°, mpuBeneHs! Ha puc. 3.

=

o=0:t=14,0 — 0(:60°;t:14k,03/’

Cmr Cya G’ W

2,5 10

2,0 Cu() 8

15 ’ 6

10 oM (%)) 4 Ob6nactb

0,5 M 2 HeyCToii-
YUBOCTH .

0 0 -
10 20 30 40 50 60 70 80 o, rpan. 10 20 30 40 50 60 70 80 o, rpan.

Puc. 3

IIpu onpenencHUE a3poAMHAMIYSCKIX KOI(PPHUITMEHTOB POdUIIST B KAXKIOM
pacdere BemoiHsTM 5000 BpeMEHHBIX IIaroB, TeUEHHUE K ITOMY MOMEHTY yCTa-
HaBJIMBAJIOCh, W CTAllMOHAPHBIC 3HAYCHHS KOA((UIMEHTOB MOJydYaId MyTEeM
ocpenHeHus mo nociennum 2500 maram. HalineHHsle 3HaYeHUS OTMEYCHBI Ha
rpaduke puc. 3a TOYKaMH, TINaJKHAe 3aBHUCHUMOCTH, TOKAa3aHHbBIE CIUIOIIHBIMH
JTUHUSIMH, SBISIOTCS PEe3yNbTaTOM AaNlpOKCUMANHUK ToJdnHOMamMHu YeOsimesa.
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Ha puc. 36 CIUIONIHBIMHK JIMHAMY ITOKa3aHbl 3apucumocT G(o)) 1 W(a), moctpo-
CHHBIE TI0 MpUBeIeHHbIM paHee (opmyiaam (1) u (2). B skcnepumenTe mo npo-
IyBKE YIIPYTO 3aKpETICHHOTO MPOQHIIS B adPOUHAMUYECKON TpyOe M3MEpSIIH
aMILTUTY bl KOJleOaHni npoduiasi momnepek nmoToka. [lonmydeHHble SKCIepuMeH-
TaJbHO 3HAYCHHUS Oe3pa3MEpHBIX AMIUIUTY] KOJCOAHMH MPH Pa3IUYHBbIX yriiax
aTaKW NOKa3aHbl Ha pHC. 30 TOYKaAMH.

Buaso, uTo HalWACHHBIN C MCIIONIH30BAHUEM UHCICHHO-aHAJIMTHIECKOTO Me-
TOJA auama3oH yriaoB ataku 23° < o < 43°, B koropoM o00e dpyurimu G(o)

n W(0r) mprHUMAIOT OTpHULIATENIbHBIE 3HAYEHHS, XOPOLIO COTIacyeTcsi C Onpese-
JICHHOW B 3KCIIEPUMEHTE O0JIacThIO YIJIOB, COOTBETCTBYIOIIUX BO30YXKICHHIO
konebanuit npoduiis ¢ 60bIION aMIIuTy 0¥ (puc. 1).

2. Ksaopammuwiii npogunp. AHaANOTMYHOE HCCIIEIOBaHHE OBLIO IMPOBEE-
HO 111 KBaapaTHoro npoduis. KapTuasl o6Tekanns mpoduis st yIIIoB aTaku
o =0 u o = 20° nmpuBeneHbI Ha puC. 4.

o=0:t=10,0 ——= — o =20%1t=10,0 %
Cur Cra G, W
3 _
"\/—u 5 Ao)
2 20
Cia(0) 15
! 10 O6J‘laCTV]>
0 5 10 15 20 25 30 35 40 o, rpax. HCYCTOH-
YHUBOCTU b
) 0
I e () B 75 10 15 20 25 30 35 40 o, rpax.
Puc. 4

Ha puc. 4a BHU3Y IMOKa3aHbl BBHIYMCICHHBIC 3HAYCHUS adPOJAMHAMHYCCKHX
KO3((HUIMEHTOB ¥ MX aNNPOKCHMAINS TJIaIKHUMHU KPUBBIMH, Ha puc. 40 BHH3Y
npuBeneHsl rpadukd Gyaknuii G(o) 1 W(0!), HaloKeHHBIC Ha TMOJYYCHHYIO
B a3pOJMHAMHYECKOM JKCIEPUMEHTE 3aBHCUMOCTh aMIUTUTYbI KOJICOAHUH OT
yIJIa aTaKH.

Xopoiiiee corsacue auarazona yrios araku 0 < o < 15°, B kotopom G(o) < 0
u W(o) <0, ¢ 0011acThIO yIJIOB, COOTBETCTBYIOLIMX HEYCTONYUBBIM MOJIOKCHHU-
M. Ipo(uIIst B IOTOKE, TOBOPUT 00 3P PEKTUBHOCTH M aJICKBATHOCTH IOCTPOCH-
HOT'O YHCJIEHHO-aHAIUTHYECKOTO METO/IA.

3. Konebanusi npoghuns obredenenozo nposoda. B nmurepaType oTMeuaeTcs,
9TO JUIA POBOJOB Bo3aymHbIX JIDII B ycnoBusx obnenenenus (0coOOCHHO) Xa-
PaKTEpHO SIBICHUE TUIICKH, T. €. KOJIeOaHHIi IOTIepeK BETPOBOT0 MOTOKA BO3AyXa
¢ Oonpioi ammunTynoi [4]. [lokaxeM, 4To yHOMSHYTBIE «OOJBIINE» KojeOa-
HUSI BO3HHMKAIOT BCIICICTBHE «IONAJAHMS» YyIiia aTakd NpOQHIsS B HHTEpPBAI
[0, 0], AU1sT KOTOPOTO BBIMOIHSIOTCS YCIOBUSI HEYCTOHYMBOCTH 110 JISAYHOBY.
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[TpuBoanM pe3ynbTaThl YUCICHHOTO SKCIEPUMEHTa Ha OCHOBE pa3paboTaH-
Horo Metona BD (pemanu cBsi3aHHYIO 3a1a4y adpOyHpyrocTH).

XapakrtepHast popma Hanenu, oOpa3oBaBIIeiCS Ha KPYTJIOM NPOBOJE, MPHU-
BE/IEHAa Ha pHC. 5, a Takke MOKa3aHa KapTWHAa OOTEKaHMS NPU HYJICBOM YTIJIe
aTakd, COOTBETCTBYIOLIEM MOJIOKCHUIO PAaBHOBECHS NPOBOJA TPH CKOPOCTH
BeTpa, paBHOil Hyto [14]. B atom monoxenun (oo = 0°) paBHOBecue mpoQuiist
HEYCTOMYMBO B CHITy BBINOJHEHUs yciaoBuid (1) m (2), uro BUAHO u3 pHC. Sa,
Ha KOTOPOM TaKKe MPEJICTABIICHBI 3HAYCHHUS CTAI[HOHAPHBIX a9POTMHAMUYECKUX
ko3pumuento C, n C,. 3aBucumoctu G(o) u W(o) (puc. 56) mokassIBaroT,
4TO B UHTEpBasie [0, O] = [-6°, 9°] BBINOMHSIIOTCS YCIOBUS HEYCTOHYMBOCTH
1o JIAmyHoBy.
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[pu pemennu 3amaun B MoMeHT BpeMenu t = 0 mpoduib 3aHMMaeT nosioxe-
HUE O € [0, 0], T. . oHO HeycToiuuBo. ITpu t > 0 mox meficTBHEM BETPOBBIX
HArpy30K M HaJOXCHHBIX Ha MpoQWIb YNPYTuX CBsizeil (Ympyrue npyKHHBI
YACPKUBAIOT TPO(HIH OT TOPU3OHTAIBHBIX M BEPTUKAIBLHBIX NEpEeMENICHUH,
a crupalibHasi Npy>KMHa CO3JaeT CONMPOTUBIICHHE KPYTHIBHBIM KOJICOaHUSIM BO-
Kpyr' LeHTpa Macc npoduisi) mpoduiib COBEpIIACT CHayajla TOPH30HTAJIbHOE
nepeMeleHre, 3aTeM HaYMHAIOTCS] HapacTaroliye Mo aMILTHTY/JIE JBHXKCHHUS 110~
[IePEK MOTOKA BO3yXa. YTOJI aTaku MPH 5TOM M3MEHSIETCS, M IMoKa o € [0y, Oly],
KOJIeOaHWs TIPOUCXO/IAT C OONBIION aMIUIMTYOH, YTO XapaKTEePHO NS IUIACKH
MpoBOJA.

w(t) HN3menenus yria ara-
B KA TPUBOIIT K BBIXOAY
U3 «OMAacHOT0» HWHTEpBa-

Ja; aMIuITyga Koseba-

HUN CyIIECTBEHHO ITOHH-

n n JKaetcs, 1 npu t > t; ee
4 8 3HAYCHUS COOTBETCTBYIOT
BHOpaliu B CUJIYy CpbIBa

Buxpeit Kapmana (puc. 6).
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[Ipoduns 3aHUMAaET yCTOHYMBOE TIONOKEHHE.
BbIB O I bl

1. Meronamu Teopuu yCTOMYMBOCTH IO JISAMyHOBY MOITYyYeHBI JOCTATOYHbBIE
YCIIOBUSI HEYCTOWYMBOCTH TOJIOKEHUH PAaBHOBECHS, 3aBHCSIINE TOJIBKO OT CTa-
LUOHAPHBIX a3POJMHAMUYECKUX KO3(PUIIMEeHTOB MPOoGMIs U UX MIPOU3BOIHBIX
[0 yrily aTaku. Pe3ynbTaThl aHanu3a MOCTPOEHHBIX MaTeMaTHYEeCKHX Mojemei
KoJIe0aHHUI TIPOBOJIOB JIMHHUN 3JIEKTPOIepeaaddl U UX CPaBHEHHE C SKCIIEPUMEH-
TaJIbHBIMU JaHHBIMHU ITOKa3bIBAIOT, YTO TANONHUPOBaHKE (IUIICKY) IPOBOAOB Clle-
JyeT paccMaTpuBaTh Kak NMpOsBIEHHE HEYCTOHUMBOCTH MO JIAMyHOBY HX IOJIO-
JKEHUU paBHOBECHSI.

2. Ha npoMBIIIUIEHHBIX JMHUSAX 3JIEKTPOIEpeladyn TajJonupyOMUi MPoBOL,
KaK MpaBujo, 0 COCTOSHHS YCTOMYUBBIX KOJIEOAHMH «HE J10’KHBaeT» BCIEM-
CTBHE OOpBIBa CaMOTO TMPOBOAA JINOO MOBPEKICHUS TUPIITHI U30IATOPOB [15].
B [16] pa3zpaboTana MeToauKa pacueTa adpoylnpyrux KojeOaHud mpoBoOAa Ju-
HUU JIEKTPOIIepelaul, B KOTOPOI BBIMOIHIETCS NMPSIMOE YHUCIEHHOE MOJAETUPO-
BaHHWE HECTAIIMOHAPHOTO OOTEKAaHWs CEUEHUH MpoBoja. Takoi mMoaxox HE Tpe-
OyeT mpeABapUTENILHOTO ONPEAETICHUs] CTALMOHAPHBIX a3POJUHAMUYECKUX KO-
s ¢unreHToB npoduis (Kak 3To genaercs B paboTax MHHCKOW mKkobl [17, 18])
Y TI03BOJISIET PACCUUTHIBATH MEPEXOIHBIC PEXKUMBI KOJICOAHMIA IPH CYIIIECTBEHHO
HECTAllHOHAPHBIX a3pOJMHAMHUYECKUX Harpy3kax, HallpuMep IpHU NOpBIBE BETpa.
Ha xoHkpeTHOM mpuMepe MOKa3aHo, YTO MPHU [TOCTOSTHHOM BETPE Y4eT HecTallu-
OHapHOTO XapakTepa a’dpoANHAMUYECKHUX HAarpy30K MPUBOIUT K CHIDKEHUIO aM-
Ty abl mwsicky Ha 10-15 %.

3. B [19] npeanpuHsTa MOMBITKA OLEHKH a’pOJMHAMHYECKO HEyCTONYM-
BOCTH pAacIICIUIEHHON (a3bl 0OJEeIEHEIBIX NPOBOIOB JIMHUM 3JIEKTpoIepe-
Jlaudl «IpU YCIOBMM BBEIEHUS MHUHMMYyMa YTPOLIAIOIINX MPEATON0KEHUN.
IIpu 3TOM npUHUMAETCS] U3HAYAIBHO JINHEWHAs CUCTEMA YPABHEHUN ABUXCHUS,
a a’pOJMHAMMYECKHUI ~HAmop BBIUUCIAETCA MO CKOpocTH BeTpa. C Takumu
«YHPOIIAIOLMMHU MPENNOI0KEHUSIMI aBTOPBI COTJIACUTHCS HE MOTYT.
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Beiximrouarenu OTHOCSTCS K MEPEYHIO 000PYIOBAHHS YHEPrOCUCTEM, HAAEKHOCTh KOTO-
PBIX OKa3bIBacT CYIIECTBEHHOE BIMSHUE HA HAJEKHOCTb 3JIEKTPOYCTAaHOBOK. B dacTHOCTH,
BBIKJIIOYATENIN ONPEJEIISIOT CTPYKTYPHYIO HaJIe)KHOCTh CXEM Paclpe/eIUTENbHBIX YCTPONUCTB
3MEKTPOCTAHIUI U CETEeBBIX MOJACTaHIMNA. OTKa3 B OTKIIOYEHUH BBIKIIOUATEIEM TOKa KOPOT-
KOT'O 3aMBIKaHUs € MOCIEAYIOIIUM OTKAa30M yCTPOMCTBA PE3ePBUPOBAHMS OTKA30B BBIKIIIOYA-
TeJed WX 3aIlUThI JAJIbHETO Pe3€PBUPOBAHUSA HEPEIKO IPUBOJAUT K CUCTEMHOM aBapUu.

B ycCioBHsIX CHCTEMaTHYECKOIO YBEJIMUYEHHs DKCIULyaTallMOHHBIX 3aTPaT Ha TEXHUYECKOE
00CITy>KUBaHHE M PEMOHT MACIISTHBIX M BO3/IYIIHBIX BBIKIIIOUATENEH MpobiieMa MOBBIMIECHHUS NX
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