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1. BBeaeHue. lNepnoanyeckme BOMHbI
Ha O4HOPOAHO 3apAXKEeHHON NJIOCKOU
NOBEpPXHOCTU HECKUMAEMOM XKUOKOCTHU

1. JIuneiinbie BOJHBI. Hauamom TeopeTnueckoro uccie0BaHus
NEPUOJNYECKUX BOJH HA 3apSIKEHHOM MOBEPXHOCTH KUIAKOCTH SIBIIS-
ercst padora .M. ®penkens [1], B koTopoil KccienoBaH BOMpoc 00
YCIIOBUSIX PEANN3AUNA HEYCTOWYMBOCTH IMMOBEPXHOCTU KUIAKOCTH II0
OTHOIIICHUIO K M30BITKY MOBEPXHOCTHO PACTIPEACICHHOTO AJIEKTpUYE-
ckoro 3apsana. JILA. Tonkc 3a rog no nosiBieHus: paboTel OpeHkens
ITPOBEJI KAYECTBEHHYIO OLIEHKY YCJIOBHM pE€alu3alldd 3TOM HEYyCTOW-
quBOCTH [2]. OH MOXy4YWs KpPUTEPUHM HEYCTOMYMBOCTH 3aPSKECHHOU
MOBEPXHOCTH KUJKOCTU C TOYHOCTHIO 70 KoddduuuenTa 12, cpa-
HUBas JIATUIACOBCKOE JABJICHUE TOJ] MCKa)KeHUEM, B Buie chepuue-
CKOT'O CErMEHTa, penbeda MI0CKONH MOBEPXHOCTU C JABJICHUEM Ha He-
ro OJHOPOIHOI'O JJIEKTPOCTATHYECKOrO IOJIsS, HAIPABIECHHOIO IIEp-
MEHAUKYJSIPHO HEBO3MYIIIEHHON TOBEPXHOCTH.

Ha mnpaxkTvke HEyCTOMYMBOCTBH 3apsKEHHOU IMOBEPXHOCTHU KUJI-
KOCTH IO OTHOIIEHHUIO K U30BITKY AJIEKTPUUECKOTO 3aps/ia MPOSIBISACT-
CAd B TOM, YTO NPU MNPEBBIILICHUN MTOBEPXHOCTHOW IUIOTHOCTH 3apsiia
HEKOTOPOTO KPUTHUYECKOIO0 3HAYEHHSI C MOBEPXHOCTH KHUIKOCTH Ha-
YUHAETCSA COPOC JIEKTPUUECKOTO 3apsja B BUIE OOJIBIIOTO YHCIa Ma-
JIEHBKUX CWJIBHO 3apsDKeHHBIX Kanenek [3]. CHavyana Ha MOBEpXHOCTH
00pa3yloTcsi KOHYCOOOpa3HbI€ BBICTYIIBI — KOHYCHI Telnopa. 3aTeM ¢
BEPIIMH 3TUX BBICTYIIOB 3JICKTPHUYECKOE MOJIE HAUMHAET OTPHIBATh 3a-
pSOKEHHBIE Kanenbku [4, 5.

@peHKeNlb CTPOr0 BBIBEN YTOYHEHHBIN KPUTEPUM HEYCTONYUBO-
CTH B paMKax METOJa HOpMalbHbIX MOJ [6]. OH paccMoTpen B Ju-
HEMHOM MO aMIUTUTYAE BOJIHBI MPUOJMKEHUU 3aJlayy OINpeAcIICHUS
CIIEKTPA KalWUISIPHO-TPABUTAIIMOHHBIX BOJH Ha 3apshKEHHOW T10-
BEPXHOCTH UJICAUTHbHON HECKUMAEMOM, UACATBLHO MPOBOASIIEH OeCKo-
HEYHO TITyOOKOM XuaKkocTH. B cucteMe koopauHat OXYZ ¢ ocbio OZ
HaIpaBJICHHOM BEPTUKAIBHO BBEPX, U IUIOCKOCTBIO OXY, COBIIaJaro-
e C PAaBHOBECHOW B IIOJIE€ CHJI TSKECTH IJIOCKOM ITOBEPXHOCTBIO
KUJKOCTH, TOJIHAsI MareMmaTudeckas (OopMyIMpoBKa 3TOW 3a1ayu
umeet Bup [1,7]:

z>0: AD=0; z<0: Ap=0;
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3nech ¢t — BpeMs; & =E&(t,x) — OTKIIOHEHUE CBOOOHOM MOBEPXHO-
CTH KHUJKOCTH OT IIJIOCKOW PaBHOBECHOU (POPMBI; k, — MOBEPXHOCT-
Hasl IJIOTHOCTh AJIEKTPUYECKOTO 3apsiia B PABHOBECHOM COCTOSIHUU; O
U y — INIOTHOCTh M KOA(POUIIMEHT MOBEPXHOCTHOTO HATSHKCHUS JKHJI-
KOCTH COOTBETCTBEHHO;, g — YCKOPEHHUE TIOJA CHJIBl TSIXKECTH;
@ = ¢(t,x,z) — TTOTEHIINAJ TOJISI CKOPOCTEH B JKHIKOCTH, OOYCIOBJICH-
HBI BO3MYILEHHEM €€ CBOOOIHOM MOBEPXHOCTH; @ =d(f,x,z) — 110-
0aBKa K BEJIIMYMHE DJICKTPUUYECKOrO IOTEHIMAJIa HaJl MOBEPXHOCTHIO
KUJIKOCTH, BbI3BaHHAs OTKJIOHCHHEM ()OPMBI 3TOM MOBEPXHOCTH OT

PABHOBECHOU TUTIOCKOW. {719 TPOCTOTHI IBUIKEHUE KUJIKOCTH CUUTACT-
Cs HE 3aBUCSIIAM OT KOOPJUHATHI .

Pemenne 3agaun @peHkens B KOMIUIEKCHOW ¢opMme UMeeT BUJ
[1, 7]

E=Cexplilkx—wt)); wz\/kg(szp—};g—ij.

bespaszmepHbiii mapamerp W >0 B aanbHeWIeM OyJeT Ha3bIBaTh-
ca napamerpoM ToHkca-Openkenss. OH paBEH OTHOLICHUIO 3JIEKTPH-
YECKUX U JIAIUTACOBCKUX CHJI MOJ UCKPUBJIEHHUEM CBOOOIHOM MOBEpX-
HOCTU JKUJIKOCTH C XapaKTEPHBIM JIMHEHHBIM MaclITaboM, paBHBIM
KaITWLIAPHOMN MTOCTOSIHHOU JKUIKOCTH, U ONPENEISETCS BBIPAXKEHUEM:

_ 4K,
Jpgr

O6mmMm pemienreM 3agaun OpeHKenst SABISETCS CyNeprno3uus
CUHYCOMJAJIbHBIX ITPOTPECCUBHBIX BOJIH PA3IUYHBIX UIMH A =27/k,
rae k — BoJHOBOe uncio. [IpuHuMaercs, 4To cBOOOIHAS TOBEPXHOCTh
AKUJKOCTU MOJABEPKEHA TEIUIOBBIM BO3MYILEHHUSIM, KOTOPBIE B (DUKCH-

w
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POBAaHHBII MOMEHT BpPEMEHHM O00pa3yloT pelbedHYI0 CTPYKTYpPY
Cc XapaKTEPHOU BBICOTOM CKJIaJI0K ~JkT/vy, rae

k =8.31-10" 5pe/ (monw - 2pad) — nocrosuxas Bonsiumana. CornacHo

MPUHIIMIIAM TapMOHUYECKOTO aHalin3a, Takou penbed MOXKHO Mpe-
CTaBUTh CYIEPIIO3ULIUEN «IPOCTEUIINX TAPMOHUUYECKUX CKIATOK.
Pemienne ®DpeHKelsi MOKa3bIBACT, KAK TAKUE IMPOCTEUIINE BO3MYIIE-
HUS, Ha3bIBa€MbIC B JAJIbHEHIIIEM MOJaMU, OyAYT SBOJIOIMOHUPOBATH
BO BPEMEHU.

IIpu 0 <W <2 aMmuTyaa BCEX BO3MOXHBIX TEIUIOBBIX BO3MYIIIE-

HUM octaerca manon ~ KT/vy. Ilpu W>2 cymiecTtByeT MHTEpBai
BOJIHOBBIX YHUCEI:

L PE i a)en < P2 s -a),

2 Y

JJ11 KOTOPBIX aMIUIMTYAbl BOSMYIIEHUN 3KCIIOHEHIIMAIBHO PACTYT BO
BpeMeHU. B paMkax JIMHEMHOrO I0JIX0/1a 3TO HapacTaHUE HE OTPAHU-
4yeHOo (T.e. 0OecreyeHo 0 TeX MOp, MOoKa aMIUIUTYJa BOJHBI yKE HE
CMOXET CUUTATHCS BECbMa MaJiOl 10 CPAaBHEHUIO C €€ JTMHOM).

CxutagpiBaeTcs ciaeayroiias KapTuHa saBiieHus. Ecam 0<W <2, 1o
Ha CBOOOJIHOM TMOBEPXHOCTH JIATUIACOBCKHE CHUJIBI MPeo0iagaroT Haj
AIEKTPUUECKHUMHU Ha BEPIIMHAX BO3MYIIECHUN PAaBHOBECHOW ITOBEPX-
HOCTH, CBSI3aHHBIX CO BCEMH BO3MOXHBIMU Mojamu. [lostomy rmio-
CKasi paBHOBeCHasi (popma CBOOOJTHON MOBEPXHOCTH OKa3bIBACTCA YC-
TOMYMBOM MO OTHOIICHUIO K JTIOOBIM BUPTYaTbHBIM BO3MYIICHUSIM.

J{1d Kax 101 MOJIBI C BOJITHOBBIM YHCJIOM kK MMEETCS CBOE MOPOT0-
BOE€ 3HaueHUE napamerpa ToHkca-OpeHKeA

wo—r | L /&)
pg k\ vy

IpU KOTOPOM Ha I'peOHSIX UCKAXEHUS CBOOOJHON MOBEPXHOCTU KU/I-
KOCTHU JIAIUTACOBCKHUE W BJIEKTPUYECKHE CUJIbI B TOUHOCTH ypaBHOBE-
muBaroTca. Jlrodoe, gaxke Manoe, MPEeBbILICHUE TapaMeTpoM W MOpo-
rOBOr0 3HAYEHMSI MPUBOJUT K HAPYUICHUIO PABHOBECHUS B CTOPOHY
JOMUHUPOBAHUS JJIEKTPUUECKUX CHJI, CTPEMSIUMXCS YBEIUYUTH aM-
IUIMTY 1y BO3MYIIEHH. Moz1a ¢ BOJIHOBBIM YHCJIOM



MMEET CaMblii HU3KUM ITOPOr W =W, MO YCIIOBUSAM peajv3aliyi HEycC-

TOWYMBOCTHA Y HA3bIBACTCS OCHOBHOW. HammoMHuM, 4TO paccyxaeHus
ToHKCa NMPUBOIAT K YCIOBUIO pEalU3alMyd HEYCTOMYHUBOCTH W >1,
BJIBOE OoJiee ciaboMy, yeM y DpeHKes.

Mopens OpeHkesst He AaeT MOJIHOrO MPEACTABICHUS O HEYCTOM-
YUBOCTH 3aPSHKEHHOW MOBEPXHOCTH JKHIKOCTU MO OTHOIIEHUIO K W3-
OBITKY 3JICKTPUUYECKOTO 3apsiga. OHa OMUCHIBACT TOJBKO HAYaIbHYIO
CTaJMI0 HEYCTOMYMBOCTH U MPEJCKA3bIBAET HECTAOMIBLHOCTh BO3MY-
HICHUA MaJIon aMIuatyabl. M3 pemenns OpeHkens cienayer, 4To OT-
KJIOHEHUE (DOPMBI 3aKPUTHUUYECKHU 3apsKEHHOW MOBEPXHOCTH KHUJKO-
CTHA OT PAaBHOBECHOMW 3a MaJO€ BpeMsI OT MOMEHTA MOSIBJICHUS 3apsiia
Ha CBOOOJIHOM MOBEPXHOCTHU MPEBBICUT aMIUTUTYAY TE€PMOKAIUILISP-
HBIX KoJeOaHuil. Bonpoc o nanpHelen 3BOJIIOIUN BO3MYILIEHUS MO-
nesib Openkens He pewmaer. Tem He MeHee npeioKeHHbIn Dpenke-
JIEM KPUTEPUN HEYCTOMYMBOCTH MAJIBIX BO3MYIIEHUH W >2 NTPUHSAT
3a YCJIOBHE peaau3alliy MPaKkTUUeCKU HaOII0JaeMO HEYCTOMYMBOCTH
3apsKEHHONW MOBEPXHOCTU JKUJIKOCTH MO OTHOIICHUIO K H30BITKY
aNeKTpUUecKoro 3apsaaa [3 — 5]. YUerkoe TeopeTndeckoe 000CHOBAHUE
3TOTO (haKTa, TaK K€ KaK U €ro KOPpEeKTHask YKCIEPUMEHTaIbHAs TIPO-
BEPKA, B HAYYHOM JIUTEPATYyPE HE NMPEACTABICHBI. JIJIsl IETANBHOIO Hc-
CJIEIOBaHUSI BONIPOCAa HEOOXOIUM aHaiu3 3ajaun DpeHkess B HEJu-
HEWMHOW 110 aMIUIMTYJIE BOJIHOBOTO JBWXEHUs MOCTaHOBKE. IIpoBene-
HHUE TAKOTO aHAJIA3a SIBJISIETCSA AKTyaJlbHBIM BOIIPOCOM COBPEMEHHOU
ANEKTPOTUAPOIUHAMHUKHU.

J10 HaACTOAIIEro BpEMEHU B HAYYHOM MUPE COXPAHAECTCS YCTOM-
YHBBIN UHTEpec K 3amadye Openkend [1]. Dta 3agaya pemraiack B ca-
MBIX Pa3HOOOpa3HbIX MOCTAHOBKAX. DBBIJIO HCCIETOBAHHO BIIHSHUE
BSI3KOCTH JKUAKOCTU U €€ IIyOMHBI Ha 3aKOHOMEPHOCTH pean3alluu
HeycTouuBocTH [8 — 14]. B cBs3uM ¢ TeMm, 4TO Ha 3aKOHOMEPHOCTH
pacrpoCTpaHEHUsI BOJIH HA IMOBEPXHOCTH >KUAKOCTH CYILIECTBEHHOE
BJIMSTHUE OKA3bIBAIOT MOBEPXHOCTHO aKTHMBHBIC BemiecTna [15 — 22], B
pabortax [23 — 29] ObLI0 U3YyYEHO BIUSHHUE 3TUX BEIIECTB HA 3aKOHO-
MEpPHOCTH pPeaju3allid HEYCTOMYMBOCTH 3apsKEHHOU ITOBEPXHOCTH
KUJIKOCTU MO OTHOIIEHUIO K H30BITKY JJIEKTpUUYECKOTro 3apsiia. B
[30 — 38] ananuszupoBasioch BiusiHUE 3 (PEKTOB, 00YCIOBIECHHBIX pe-
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nakcanuen 3apsaa. B monpensax [39 — 41] npoBeneH aHaiau3 COBMECT-
HOTrO BIUsSIHUSA 3((PEKTOB, CBS3aHHBIX C peEJIaKcalluel 3apsna U 1Mo-
BEPXHOCTHO-aKTHMBHBIX BemiecTB. B [42 — 48] Obuio wucciemoBaHo
BJIMSTHUE BHEIIHEHW Cpelibl HA 3aKOHOMEPHOCTH PEAIN3AIMA HEYCTOM-
yuBOCTU ToHKCa-DpeHkens.

['maBHBIN BBIBOJI, CIACAYIOMIMM W3 MPOIUTHPOBAHHBIX PabOT, CO-
CTOUT B TOM, YTO JUCCHUMALIUS PHEPTUHU U pellakcalimoHHbIE 3G (PEeKThI
Ha HAYaJbHOW CTaJUM PA3BUTHS HEYCTOMYMBOCTH 3aPSKECHHOU IO-
BEPXHOCTH KUJIKOCTHU CKa3bIBAIOTCS HA BEJIMYMHE MHKPEMEHTA Pa3BU-
THUSI HEYCTOWYMBOCTH, HO HE U3MEHSIOT YCIIOBUN €€ peanm3auuu. [1o-
ne (IyKTyalMOHHBIX (IUCTIEPCUOHHBIX) CHJI YBEJIIMYMUBACT yCTOMYMU-
BOCTh CBOOOJIHOW TIIOBEPXHOCTH JKHUJKOCTH TIO OTHOIICHHIO K
JABJICHUIO AJIEKTPUUYECKOTO IMOJISI IOBEPXHOCTHOTO 3apsjia, a BIUSHUE
BHEIIHEW CpElbl, ABUXKYIIEHUCS MAPAIUICIIBHO TPAHULIE pa3Aena Cpel
WM B UMITYJILCHOM BJIUSIHUM Ha CBOOOJHYIO MOBEPXHOCThH, CHHUIYKAET
YCTOMYHMBOCTH MO JINHEUHOMY MPUOIMKEHUIO.

Onnako Bce paOoThl [8 — 48] BBINMOJIHEHBI B JIMHEHHOM IPHOJIH-
YKEHUU 110 aMIUTUTYJIC BOJIHBI U HE JAIOT OTBETA Ha BOIPOC, KaK Mpo-
UCXOAUT (OPMUPOBAHUE IMUCCUOHHBIX BBICTYIOB U KaK pa3JIMYHbIC
dbuszndeckue GakTopbl BIUSIOT HA ATOT Ipoliecc. MoaenupoBanue He-
JIMHEWHOM CTAAWU PA3BUTHUS HEYCTOMUYMBOCTU ToOHKCa-DpeHKENs sB-
JSI€TCS OJHOM M3 aKTyalbHBIX IPOOJIEM COBPEMEHHOM AIECKTPOTHAPO-
JTTAHAMUKHU.

Bpemennas ABOJTIOIIHS NEPUOIMYECKUX KalJLIIPHO-
TPaBUTALIMOHHBIX BOJIH, BOSHUKAIOIIUX B 3aaue OpeHKens, Mo3BOJs-
€T UCCIIEN0BATh HAYAIIBHYIO CTAUI0 PA3BUTHUSI HEYCTOMYMBOCTH TOH-
kca-POpenkens. 3a HaYaJbHOW CTaJAUEN HEYCTOMYUBOCTH CIIEYET dTal
YCWICHUS BIIMSHUS HEJIWHEHMHBIX WICHOB, MPUCYTCTBYIOIIMX B TMOJI-
HBIX YPaBHCHMSX DJIEKTPOTHUIPOJWHAMHUKA W TPAHWUYHBIX YCIIOBHUAX
3agauu. [losToMy claenyronyM Mmocjieq0oBaTeIbHbBIM 3TAllOM YJIyYllie-
HUsT Mozen DpeHKeIs ABISETCS TEOPETUUECKOE HMCCIIECIOBAHHUE HE-
JIVMHEMHBIX TNEPUOJUYECKUX KAWUIIPHO-IPABUTALIMOHHBIX BOJH HAa
3apsIKEHHOM MMOBEPXHOCTH KUJKOCTH.

2. HesqnHeliHbIe BOJIHBI. AHAIU3 HanOOJIEe YacTO IUTUPYEMbBIX
0030pOB MO PACHPOCTPAHEHUIO HEITMHEWHBIX BOJH HAa MOBEPXHOCTH
KUAKOCTU [49 — 51] mokaspIBaeT, 4TO METOJIbI HMCCJICIOBAHUS HEJIHU-
HEWHBIX NEPUOIUYECCKUX KAMWIISPHO-TPABUTAILMOHHBIX BOJIH HAaYalu
pa3pabaThIBaThCs OKOJIO CTa JieT Hazald. [lepBas TeopeTudeckas padbo-
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Ta 10 JTOW TEME€ BBINOJHEHA B Hauyaje JBaAIATOTO CTOJETHUS
JIx.P. Bunronom [52 — 53] MeTOIOM IPSAMOIO Pa3aokKEeHUsI OCHOBHBIX
YPaBHEHUMN TUJIPOJUHAMUKHU UICATBHOW KUIKOCTH M TPAHUYHBIX yC-
JIOBUM K HUM 110 MajoMy NapaMeTpy, paBHOMY OTHOIIEHUIO aMIUIUTY-
Il BOJIHBI K €€ JyinHe. AHanu3 BuntoHa — nepBas CyliecTBeHHast MO-
mudUKanys HETMHEWHOW MOJENH TMEPUOJANYECKUX TPaBUTAIIMOHHBIX
BoJiH ['.I'. CTokca [54] Ha ciyyail ydeTa KamWUISIpHbIX cuil. Kpome
Toro, Bunton nposen mpoueaypy peuieHusi B 3UIIEPOBBIX MEPEMEH-
HBIX, a4 HE B JIJArPaHXKEBBIX, Kak 3T0 Aenan CTokc.

Bo BTopon nonoBune XX Beka, nocie toro kak @.P. bpezepron
[55] u B.®. CaitmoHc [56] chopMyaupoBaiy METOJbI HETMHEHHOTO
aHaIn3a MEePUOANYECKUX BOJIH, Mpoleaypa peuieHus Buntona Oblia
yJIydllleHa ¢ TOMOIIBI0 METoJa pa3HbhIX MacmiTtaboB. Haubosee us-
BECTHBIC TCOPETUUECKHUE U IKCIIEPUMEHTAIBHBIE PE3yIbTaThl B 00JIac-
TA HCCIEHOBAaHMS TMEPUOJAYECKAX HEIMHEHWHBIX KanWUISIPHO-
rPaBUTAIMOHHBIX BOJIH Ha TMOBEPXHOCTH >KUAKOCTH IPHUHAJICKAT
JL.O. Mak-T'onapuky [57 — 60] u A.X. Haiids [61 — 63]. AkueHT B
uccnenoBanusax Mak-I'onapuka u Haiidgs caeman Ha ucciienoBaHUE
PE30HAHCHOrO B3aMMOJICHCTBUS BOJIH. I[IpuBeneHHble B X paboTax
BBIP@KCHHS 151 TIpoduast BOJHBL & = E(X,7) BO BTOPOM IPUOIMKEHIH

110 €€ aMIUIUTY/I€ BOJHBI B 0003HAYEHUSX, UCIIOJb30BAaHHBIX MPHU 00-
CyXJeHUH 3anaun OpeHKes, UMEIOT CIASAYIONIYIO0 CTPYKTYpPY:

1+ ok? /
=acos(kx—t)+ka* ————cos(2(k x — ot +...; o= L,
. ( ) 0.5—o’k> ( ( )) pg

r€ @ U kK — BOJIHOBOE YKCJIO U aMIUIUTYAa BOJHBI, ONPEACISIEMBIE U3

HA4aJIbHBIX YCJIOBUH, @ 3HAYEHUE YACTOThI @ IMOCTOSIHHO 110 BUITOHY,

HO SIBJISIETCSI MEJJIEHHO MeHsmoulelcs QyHKuueil BpemeHu no Mak-
o1 5

Tonmouky u Haiido: a):a)o(1+5a z). 3HaueHre mapaMmeTrpa J orfpe-

JEIAETCA C MOMOIIBK CTAaHAAPTHOM NPOLEAYPbl YCTPAHEHUs CEKY-
JISIPHBIX YJICHOB B 3aJ1a4€ TPETHETO MO AMIUIATYI€ MOPSAJKAa MAIIOCTH.

HezaBucumo ot meroma pemeHus npu k =1/,/2« OTHOILIEHUE

CJIaraeMOT0 BTOPOro MO Oe3pa3MEepHON aMIUTUTYNIE a MOpsaKa Majo-
CTH B BBIpQXEHUU I TPOQUIIST BOJIHBI K MPEABIAYIIIEMY CllaraeMoMy
cTpeMutcst kK 0eckoHeuyHocTu. Haitds u Mak-I"onapuk cBsizaiau 3TOT
(bakT ¢ BBIPOKICHHBIM TPEXMOJJIOBBIM PE30HAHCHBIM B3aMMOICHCTBH-
€M KalWUIIPHBIX M TPABUTAIMOHHBIX BOJH, a JJIA TOCTPOCHHUS TPH-
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TrOJIHOTO B HCMOJIb30BaHUU MPOGUISI BOJIHBI NPUMEHWIH B 3TOU CH-
Tyalluu IJI0X0 0OOCHOBAHHBIE MPHUEMbI, OCHOBAHHbBIC Ha IMPECTaBIIC-
HUU O NIEPEKAYKEe DHEPTUM BOJIHBI U3 OCHOBHOM TapMOHMKU C BOJIHO-
BBIM YUCJIOM k =1/ B TApDMOHUKY C BOJHOBBIM 4uCJIOM 2k. Ho oHu
HE y4JId, YTO IPU BBINOJIHEHUU YCIOBUM PE30HAHCA B YPABHEHUSAX
JBUKEHUS KOJIEOATENbHBIX CUCTEM BEChbMa CYLIECTBEHHYIO POJb WI-
parOT WIEHbl YPaBHEHUN, OTBEYAIOLIUE 3a JUCCUIIALUIO dHEPTUU. Mo-
nenn  Mak-T'onnpuka u  Haiidgs npu pe3oHaHCHOM 3HAYEHUU
k=1/\/2 IarOT HEBEPHYIO KAPTUHY SBJIECHUSA U3-3a HECOBEPILIECHCTBA

MOJENH WJICaTbHON KUAKOCTH, a HE MO NPUYMHE HENPABUIBLHOCTH
METOAMKHA penieHus. IIpu Hepe30HAHCHBIX 3HAYEHUSX BOJHOBOTO
yucia Meroauka Mak-T'onnpuka u Haiids mMoxkeT ObITh B34Ta 3a OC-
HOBY MOCTPOEHHUSA MOJEIN HEIIMHEHHBIX MEPUOJANYECKUX BOJIH HA MO-
BEPXHOCTH 3apsiKEHHOW KUJAKOCTU. B HacTosimielt pabote mokaszaHo,
KaK BBIIIOJHSAETCS TEOPETHUECKOE UCCIEIOBAHUE HEJTMHEWHBIX MEPHUO-
JUYECKUX BOJH Ha MOBEPXHOCTU 3aPSIKEHHOW KUJIKOCTHU C TTOMOIIBIO
MPUEMOB, NPEIJIOKEHHBIX B paborax Mak-l'ongpuka [58 — 60] u
Haiido [61 — 63].

BaxxHO MOIYEPKHYTh, YTO UMEETCS JOBOJBHO MHOTO MCCJEI0Ba-
TEJIbCKUX HAIPABJICHUM, CBA3aHHBIX C U3YYEHUEM BOJIH Ha TTOBEPXHO-
CTH JKHJKOCTU, KOTOPBIE JAJIEKU OT pacCMaTPUBAEMOM TEMBbI, HECMOT-
ps Ha CXOXKeCTh Ha3BaHUs. OTMETUM HEKOTOPBIE M3 ATUX HaIlpaBlie-
HU, 4TOOBI TOJYEPKHYTh UX OTJIIMYME OT U3y4aeMOT0 BOIIpoca U JaTh
YUTATEII0 HEKOTOPhIE OPUEHTHUPHI B 3HAYUTEIHHO 0OoOJiee MIMPOKOH
HAy4YHOU 00JIACTH MCCIIEIOBAHUSI HEJIMHEWHBIX BOJIH HA MOBEPXHOCTHU
AKUJIKOCTH.

['paBuTaniionHeie BOIHEI [54, 64 — 70] yXe B JIMHEWHOM MO aM-
IUIUTY1€ BOJHBI MPUOJIMKEHUN HE MMEIOT HAa 3aBUCUMOCTH (Ha30BOM
CKOPOCTH OT BOJIHOBOT'O YHCJIAa TOYKA MHUHUMYyMa, & Ha 3aBUCHMOCTH
YacTOThl BOJIHBI OT BOJIHOBOT'O YMCJIa HE MMEIOT TOYKH TMeperuoa.
brnaromaps 3ToMy TpPEXMOJOBOE PE30HAHCHOE B3aMMOJICHCTBHE, Xa-
pPaKTEpHOE ISl KAMWUIAPHO-TPaBUTAIMOHHBIX BOJIH, HEBO3MOXKHO JIJIsI
YUCTO TPAaBUTALIMOHHBIX BOJH. Kpome Toro, Hanbosiee HEyCcTOMUYMBas
no dpenkeno Moaa SIBISETCS BOJIHOM, Ha TPeOHAX KOTOPOH Kamuii-
JISIPHBIE CUJIbI M CWJIbI TPABUTALIMU 110 TOPSAKY BEIWYHUHBI CPABHUMBI,
YTO HE IMO3BOJIIET CYUTATh HaubOOJee HEYCTOMYMBYIO MOJY YHUCTO
rpaBuTalOHHOM. [lo aHanOrMYHOM NMpUYrMHE BHE 00JIACTU UHTEPECOB



HACTOAIICH pPabOThI JIKAT HMCCIACIOBAHUS IO YHUCTO KaNWUISPHBIM
BoJiHaMm [71].

MBI UCKJIIOUWIIA W3 PACCMOTPEHUS] MOJIENIb MEJIKOW BOJIBI [72 —
76], cunTarouryrocs MpUroaHONW, TOJIBKO €CJIM OTHOIIEHUE JUIMHBI BOJI-
HBI K TOJIIIMHE KUIKOMN TUICHKU SIBJISIETCS MaJIbIM MapaMeTpoM 3aauH,
Y CBSI3aHHBIE C HEM COJIMTOHHBIE MOJEIHU PACITPOCTPAHEHUS YaCTHIIC-
O0I00HBIX BO3MYIIEHUH IO MOBEPXHOCTHU KUAKOCTH [76 — 77].

He Oynem Takke paccMaTpuBaTh YacTHBIE CUTYyallMH, KOTJa IO-
BEPXHOCTHAS IJIOTHOCTH AJIEKTPUUYECKOTO 3apsaa U MMOBEPXHOCTHOE Ha-
TSOKEHHE CBSI3aHBI MEXKIY COOO# OIpejielIeHHBIM COOTHOIIIEHUEM, HC-
KYCCTBEHHO YTMPOIIAIOIINM 3a7ady (Tak cenano B pabotax [78 — 79]).

HNHTEpECHO OTMETUTD, YTO MOMBITKH TEOPETUYECKOTO UCCIEN0BA-
HUSI HEJIMHEHHBIX KalWUISIPHO-TPABUTAIMOHHBIX BOJIH Ha 3apsKEH-
HOM MOBEPXHOCTU UJICATTLHON KHUJIKOCTH 0€3 UCTOIb30BaHUS MOJIEITU
MEJIKOM BOJIBI YK€ MpeAnpuHUMaICh B padoTax [80 — 84]. B Hux co-
JepKanach MomnbiTka 0000muTh MeToauKy Haiids [63] Ha ciyuaii 3a-
PSKEHHOM MOBEPXHOCTHU MPOBOJISIIEH KUIAKOCTH, SIBIISIFOIICUCS HUX-
HUM 3JIEKTPOJIOM KOHJIEHCATOpa ¢ IJIOCKOM BEpXHEH OO0KIaaKOM, pac-
MOJIOKEHHOW TOpPU3OHTAIbHO. OHU cojaeparT OOJbIIOE YHUCIIO
MaTEeMaTHYE€CKUX BBIPAXXEHUH, COCTABISAIONINX (OpMaTIbHOE PEIICHUE,
HO B HUX HET (PUBMYECKU YETKUX BBIBOJOB O 3HAYEHUU IMOJTYyUYECHHBIX
pE3yJIbTATOB Ul UCCIEI0BAHUS HEYCTOMYUBOCTH ToHKca-DpeHkers.
ABTtophbI pabot [80 — 84], mo-BuaAMMOMY, HE 3HAKOMBI HU C TEOPETHU-
yecko pabotoit dpenkens [1], HU ¢ AKCIEpUMEHTAILHBIMU paboTa-
MU, B KOTOPBIX HEycTOMUMBOCTh ToHkca-DpeHkesns HaOmoaa1ach, U
MJI0XO0 MPEICTABIISIOT, HAJl MOJIENIbIO KaKoTo siBieHus padoTatot. [lo-
ATOMY pE3yJbTaThl, MojiydeHHble B [80 — 84] Ha HAacCTOSAIIUN MOMEHT
HE MMEIOT MPaBUILHOW (pu3nueckoi TpakToBKU. bonee Toro, B [82]
JUISl WCCIIEIOBAHUS BJIUSHUS HEIMHEMHOCTH BOJIHBI HA KPUTHYECKHE
YCJIOBUSI peaju3allii HEYCTOMYMBOCTU MCIOJIb3yEeTCSI HEOOOCHOBAH-
Hasi METOJIMKA MTOCTPOCHUSI PA3JIOAKEHHUS, TPUBOISIIAS K OIITMOOYHOMY
pe3yJibTaTy.

Oco060 crenyer OTMETUTh AKTyaJlbHOCTh BOIPOCA KOPPEKTHOIO
AHAJIMTUYECKOTO0 HCCJICJOBAHUS BJIMSHUS JNUCCUIIAIIMUM HA HEJIUHEU-
HbIE BOJIHBI HA TOBEPXHOCTHU KHUJIKOCTH HE TOJILKO B CIIy4ae €€ AJIeK-
TPUUYECKOU 3apsHKEHHOCTH, HO AK€ B CAMOM IPOCTOM Clydae, Korjaa
YUYUTBHIBAIOTCS TOJBKO KAMUJUISIPHBIE CUJIBI U TIOJI€ CHUJT TSIKECTH.
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Kak yxe oTmeuanoch, IEpPBbIC YCIICIIHBIE UCCIEIOBAHUS HEJIH-
HEWHBIX KaMWLISIPHO-IPABUTAIMOHHBIX BOJH OBLIM BBIMOJHEHBI IS
UJeaTbHOM KUJIKOCTH CTO JieT Hazaf [52 — 53]. PaGoTsl TOrO € Bpe-
MEHU IO WCCJEIOBAHUIO BJIUSHUS BA3KOCTH HA HEJIIMHEWHBIE BOJIHBI
[53, 85] BBIISIAEAM MEHEE 3HAYMMO, COJEp)Kadd HETOYHOCTH H
omuoOKu. M3-3a MpuHATON IJI1 TOTO BPEMEHH KOOPJIMHATHON (POPMBI
3aMUCU TPOMO3JKYIO /1K€ B COBPEMEHHBIX OO03HAYEHUSIX TOJIHYIO
MaTeMaTHYEeCKyI0 (HOPMYJIMPOBKY 3a7a4dl O HEJIMHEHHBIX BOJHAX B
BA3KOW JKMJIKOCTH C BHSITHBIM OOBSICHEHHEM CYTH KIIIOUEBBIX 3TArloOB
pelIeHHs] TPAKTUYECKU HEBO3MOKHO OBLIO SICHO M3JIOXKHUTh B 00BEME
KYPHAJIBHOM CTaThU. B pe3ynpTare ucciienoBaHus HEIMHEWHBIX BOJIH
B IIPUONMKEHUM WCaTbHOW KUJKOCTH ObUIM MPUHSTHI HAYYHOU 00-
IIECTBEHHOCTHIO KaK BITOJIHE JOCTOBEPHO IEpeiatolue 0COOEHHOCTH
HEJIMHEMHOTO BOJIHOBOI'O ABWKEHUS M K TOMY K€ JaBalld BO3MOX-
HOCTbh C CYIIECTBEHHO MEHBIIMMH 3aTPAaTaAMU MOJYYUTh YHHUKAJIbHbBIC
pe3yJbTaThl, TOCKOJIbKY (DAKTUUECKU ATO ObLIM TEpBbIC IIArd HEIU-
HeHOW ¢Gu3uKu. B wTore cioxwmiach Tpagulids B HCCIECIOBAHUSIX
CBOMCTB HEJIMHEWHBIX BOJH Ha MOBEPXHOCTH ITyOOKOM KMIKOCTU OT-
JaBaTh MPUOPUTET MPUOTMKEHUIO UICaTbHON KUJIKOCTH.

JlaBUHOOOpa3HO pacTyliee Yuciao padoT MO aHATUTHYECKOMY
UCCJICIOBAaHMIO BOJH Ha TMOBEPXHOCTH HJICATbHOM >KUIKOCTH (CM.,
HanpuMep [49 — 51] u ykazaHHYI0 TaM JIUTEpaTypy) CYIIECTBEHHO
MPEBBIIIAET KOJMYECTBO MOMBITOK aHAIMTHYECKH KOPPEKTHO OMUCATH
BIIMSIHUE BSI3KOCTM HA BPEMEHHYIO DBOJIOLMIO HEJIMHEWHOW MOBEPX-
HOCTHOM BOJIHBI. MMernmecs HCCAeIoBaHUusl IO KOPPEKTHOMY
AHAJIMTUYECKOMY MCCJIEIOBAHUIO BOJH B BSI3KOM JKHJIKOCTH JO CHX
NOp MAaJOYUCICHHBl W BBINOJHAIOTCA B MNPUOIIKEHUM MaJoi
BSI3KOCTH B paMKax TEOPUU MOTPAHUYHOIO ¢Jos [86 — 87], mpurogHomM
JIUIITB TIpY OOJIBINTNX 3HAYCHUAX unciia PefiHomnaca.

B nHacTosteir MoHOrpaduu OMUCHIBA€TCS CTPOTHMN acCHUMIITOTHYE-
CKMII METOJl pEelICHMs 3aJadyd ONpeAcicHUs Npoduis HEIMHEHHOU
MEPUOAUYECKON BOJHBI, PACIPOCTPAHSAIOMICUCSA IO 3apsSKEHHOM I0-
BEPXHOCTU TUIYOOKOM KUJKOCTH MPOU3BOJBLHOM BSI3KOCTH, pa3pado-
TaHHBIN B MMOCJIEAHUE IOkl [89-95].
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2. HenuHenHbIe NnepnoanYvYeckne BOSHbI
Ha OOHOPOAHO 3apPSAXKEeHHOWN NOBEPXHOCTU
3NEeKTPONpPOBOAHOWU XUOKOCTMN.
HenvHeMHbIM aHaNU3 yCTOM4YUBOCTHU
3apsiXKeHHON NOBEPXHOCTU XNAKOCTU

2.1. HenuHelHble nepuodu4yecKue KanusssipHo-
2pasumayUuoHHbIe 80JIHbl Ha OOHOPOOHO 3apPsIXKEeHHOU
noeepxHocmu udeasibHO npoeodsiuieli 6eCKOHe4YHO
any6okolu udeasnibHOU HecXKuMaemol xudkocmu

1. V3ydyeHrne KpUTHYECKHUX YCJIOBHUM pealn3aluyd HEYCTOWYHBO-
CTH 3apsXKEHHOW MOBEPXHOCTHU JKUAKOCTH MPEACTABISIET 3HAYUTEIb-
HBIA UHTEPEC B CBSI3M C MHOTOYMCIICHHBIMU aKaJIEMUYE€CKUMU, TEXHHU-
YECKMMU U TEXHOJOTMYECKUMHU TPUIOXKEHUAMU (PeHoMeHa. Tem He
MeHee 0oJiblllasg 4acTh MPOBEICHHBIX TEOPETUUYECKUX HCCIIEAOBaHUM,
OCHOBAHHBIX Ha U3YYECHUU YCTOMYMBOCTH KaIWIIAPHBIX BOJH OECKO-
HEYHO Majoll aMIUIMTY/bl, BHIIOJHEHA B JIMHEHHOM NPUOINKEHUM,
XOTsI HeJIMHEWHas CyTh (D)eHOMEHa, OCHOBAHHAsI Ha HEJIMHEHHOCTH OC-
HOBHBIX YPaBHECHUW TUIPOJWHAMUKH, OYEBHUIHA W TIOJTBEPKIACTCS
M3BECTHBIMM 3KcriepuMeHTaMu [3 — 4, 95 — 97]. OTmeTrum, 4TO METO-
Il ACUMIITOTUYECKOTO AHAJIN3Aa HEJIUHEWHBIX MEPUOAUYECKUX BOJIH
JIOCTATOYHO XOPOIIIO pa3padOTaHbl B CBSI3U C UCCIEIOBAHUSIMU HEJIH-
HEWHBIX KalWUISIPHO-TPABUTALIMOHHBIX BOJH HA HE3apsHKEHHOW IO-
BEPXHOCTH KHAKOCTH (cM. «BBeneHue» m ykazaHHYIO TaMm JIMTEpATy-
py) ¥ MOTYT OBITh YCIICIIIHO HCIOJIb30BaHBI ISl aHaIu3a 00CyXaae-
Mol mipoOsiemsl. Clienyer, 0JHAKO, OTOBOPUTHCS: HEIIMHEHHBIEC BOJHBI
Ha 3apsKEHHOUW MOBEPXHOCTHU HJICAJIbHOM KUIKOCTH B HEJABHEE BpeE-
M U3YYIIUCh [75 — 79], HO OpUEHTUPOBAHBI IUTUPYEMBbIE PAOOTHI HA
MOWCK COJINTOHHBIX PEIICHUNA U HE MPEACTABISIOT MHTEpPECa B IJIAHE
VCCIIEOBAHUS HEJTMHEUHBIX ITIEPUOIUYECKUX BOJIH.

2. [IycTh nneanbHasi, UACATBHO MPOBOASAIIAS HEC)KUMAEMAs KU1~
KOCTb TUIOTHOCTBIO 0 C KOA(PHHUIIMEHTOM MOBEPXHOCTHOTO HATSXKCHUS
¥ 3aIIOJIHSET B IOJIE CHJI TSXKECTH MOJYIMPOCTPAHCTBO z < 0 mexaprto-
BOW CHCTEMBI KOODAMHAT, OPT e, KOTOPOW HANpaBieH MPOTHB Ha-

IIPABJICHUsI YCKOpeHUs cuibl Tshkectu e llg. IlpuMem Takke, 4to
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CBOOOHAs MOBEPXHOCTh KUIKOCTH 3apsOKeHa M B €€ OKPECTHOCTH
CYIIIECTBYET OJHOPOAHOE AJICKTPOCTATHUYCCKOE Moje E,, HamnpaBJICH-

HOE MapajuiesIbHO OPTY e, .

bynem paccMarpuBaTh IUIOCKYIO BOJIHY, O€TYIIyIO MO CBOOOJ-
HOM TOBEPXHOCTH TpaHHMYAIICH C BAaKyyMOM J>KHJIKOCTH BJOJIb Ha-
nmpaBjeHus opTa ¢é,, Toraa aedopmaius CBOOOJHOW MOBEPXHOCTHU

KUJIKOCTH, CBsI3aHHAs ¢ OEryliel BOJHOM, MOJIe CKOPOCTEN BOJTHOBOTO
JIBUKCHUS, PACIIPENCIICHUE TAaBICHUU U DJIEKTPUYECKOTO MO B OK-
PECTHOCTH MCKAXKEHHOW BOJIHOBBIM JBMXKEHHEM CBOOOJHOMN MOBEpPX-
HOCTH KUJKOCTH OyAYyT 3aBUCETh, KPOME BPEMEHH ¢, TOJBKO OT KOOP-
JMHAT X U z. YpaBHEHHWE CBOOOJHOW MOBEPXHOCTU KUIAKOCTH, HCKa-
YKEHHOW BOJIHOBBIM JBHMKCHUEM MAJIOW aMIUIUTYAbl, MPEICTABUM B
BuUE z = &(x,1).

[ToctaBuM mepea coOoOi I11eJIb — HAWTH B YETBEPTOM TOPSIIKE
MaJjIOCTH IO aMIUIUTY/AE BOJHBI, KOTOPYIO OyJeM CUUTaTh Majou Mo
CpaBHEHMIO C €€ JUIMHOM, mpoduiib OEryiiel BOJHBI, HE U3MEHSIO-
IIUICS BO BPEMEHH, U HEJMHEMHYIO MO0 aMIUIUTY]I€ NOMNpPaBKy K 4dac-
ToTe. OTMETUM, UYTO YUCTO CHUHYCOUAAIBHBIA MPOQPUIL COXpAHSIETCS
BO BPEMEHHU TOJILKO JIsl BOJH OCCKOHEYHO MaJIOW aMIUTUTYAbl U HE
SBJISIETCS] CTAIMOHAPHBIM YK€ MPHU pacdyeTax BTOPOTO MOpPsIKa Malo-
CTH, MO3TOMY B KJIACCMYECKUX paboTax MO TEOPUM BOJH KOHECUHOMU
aMIUIMTYIbl B MJI€aIbHOM HEC)KMMAEMOM KUIAKOCTH [52 — 63] 3amava
pacuera BOJHBI KOHEYHOW aMIUIMTYJIbl BO BTOPOM MOPSJKE MaJIOCTH
TPaKTYyeTCs Kak 3ajada omnpejeiaeHusi mpodusis BOJIHBI, HE U3MEHSIO-
nierocsi ¢ TeueHreM BpeMeHu. Kak OyAeT nmokazaHo HHXKE, MOSBICHUE
B pacyeTax Oojiee BBICOKOI'O MOpsAJIKAa MajJOCTH, YeM BTOpPOM, HEJU-
HEWHOM KBAaJAPAaTUYHOW MO MAJIOMY HapaMeTpy IOIPAaBKU K 4acCTOTE
MPUBEACT K TOMY, UTO (Pa30BbI€ CKOPOCTU JIMHEHHOMN MO MaJIOMY Ma-
paMeTpy BOJHBI U HEJIMHEWHBIX TMOIMPABOK K HEW OyAyT pa3ivuvHbL
DTO 03Ha4YaeT, YTO TOBOPUTH O CTALIMOHAPHOM BO BPEMEHU Mpoduie
BOJIHBI KOHEYHOUW aMIUTUTY bl MOXHO JIUIIIb HA BECbMA OTPAHUYEHHBIX
WHTEpBaiax BPEMEHH.

3. YuuThiBasg BBIIIECKa3aHHOE, MaTeMaThdeckas Mojeib (heHO-
MEHa MOXET ObITh C(HOPMYJIMPOBAaHA B BHUJEC KPAcBOM 3ajauM Clie-
JTYIOIAM 00pa3oMm:

z>¢&: Vd=0; (1)
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z< & Vip=0; (2)

99 p Ekpjz (acpf
=P~ P55 5 — | |5 3
P=Py=Pg&=P (ax 13, (3)
z=¢ 8_§+8_§8_(p:8_(p; (4)
Jf odxodx Oz
-3/2
+(Vq>)2 = azg 1+ %
g 81 - Yaxz ox ’ (5)
®=0; (6)
Z —> o0 VCD%—EOe—;, (7)
Z — —oo; Vo —0. (8)

JI1si 0THO3HAYHOM pa3perImMOoCTi 00CYKIaeMOl 3aaud He00XO0-
IuMo copmyaupoBaTh €Iie U HadallbHbIe ycioBusa. OaHako B 3aja-
yax MoJ00HOTr0 pojia mpobiaeMa BrIOOpAa HaYaIbHBIX YCIOBUM OKa3bI-
BACTCSl JIOBOJIbHO TOHKHM BOIIPOCOM, IOCKOJIBKY MPOU3BOJILHOE Ha-
mepea  3aJaHHO€  HayallbHOE  YCIIOBHE  MOXKET IMPUBECTH K
HEOIpaBJIaHHOMY YBEJIWYECHHIO TPOMO3IKOCTH permieHus. [loatomy B
KJIACCUYECKHUX MOCTPOCHUSIX NEPUOANIECKUX BOJHOBBIX Mpoduiieit Ha
MIOBEPXHOCTU MACATBHOM KHUJKOCTH Ha4ajJbHOE YCJIOBHE BHIOHMpAETCs
TaK, 4TOObI aHAJTUTUYECKOE OMMCAHHUE PEIICHUs ObLIO HaMMEHEE TPo-
MO3KUM. DaKTUUECKHU TPeOOBAHUE OINpPEICICHUs] HA4aIbHOIO YCJIO-
BHS 3aMCHSICTCS] MMPUHITUIIOM — MCKAaTh PEIICHHE HauMEHEe TPOMO3/I-
KO€ B CMBICJIIE MaTeMaTHUUeCKOoro onucanusg. UIMEeHHO TaKOU IT0JIXO]I
UCIIOJIB3YETCA B HACTOSIIIEH padoTe.

bynem momarath, 9TO B HYJIEBOM NMPUOIMKEHUH CBOOOHAS TIO-
BEPXHOCTh HAaXOJMTCS B HEBO3MYIIICHHOM COCTOSIHUU W OIHUCHIBACTCS
ypaBHeHUEM z = (), )KUJKOCTh MOKOUTCS, a AJIEKTPUUYECKOE II0JIe OJI-
HOPOJHO BO BCEM IIPOCTPAHCTBE:
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5050; V¢OEO; Vo, =-Ee.; Do =——2-.

[Toncrapnsis 3t BeipakeHus B (1) — (8), moayuum
D, =-F,z.

4. Pa3zobbeM pemiaemyro 3amady no mnopsiakam wmaioctd. Ho
IpEeABAPUTEIBHO HUCKIIOUYUM M3 PACCMOTpPEHUs (DYHKIHUIO JaBJICHUS
p(7.,f) , TOACTAaBUB BBIpaXKEHUE JJIsI JaBlieHUs (3) B JTUHAMUYECKOE
ycaoBue (5), KOTOpoe Torja NpUMeT BHU/T

e GRGIECRE):
_ _7?;5 (1 +@_§Y}§

HewuszBecTHbIMU (QYHKIIUSMH B 3a7ade SIBJISIIOTCS BO3MYIICHUE
CBOOOIHOM MOBEPXHOCTH &, MOTEHIIHAII CKOPOCTH () M DJIEKTPHUYECKHI
noteHuan ®. Mckath ux OyneM B BUJI€ PA3JIOKEHUN MO MajoMy Ma-

pamerpy:

2 3 4 5
&:8&_}1—#8 §2 +8§3 TE€ &44_0(8 ), (9)
2 3 4 5
O=-E z+eD +e O, +e O, +e D, +0(e ); (10)
2 3 4 5
(pzscp1+£(p2+ecp3+e(p4+0(£ ); (11)

én ~ 0(1); (Dn “‘0(1); ¢, ~0(),

rje £ — Majblii 0e3pa3MepHbIN TTapaMeTp, onpeaeasieMblii KaK Mpous3-
BEJICHHE aMILTUTY 16l BOJIHBI @ HAa BOJIHOBOE YHCIIO K.
Pemate 3agauy OynemM METOJIOM MHOTHMX MAacIITaOOB TEOpUU

BO3MYyIIEHHIA. JIJIs 9TOro mpruMeM, 9TO HEM3BECTHBIE GYyHKIMHU &, @,
@, 3aBUCAT, MOMUMO KOOPJHMHAT X W z, OT Pa3HbIX BPEMEHHBIX Mac-
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2

mTadoB: OT OCHOBHOTO 1) =t 1 Oojee MemiueHHbIX 1) =&€t, T, = €7 t,
3

T =&t TO ecThb

& =€ (I,.1,.T,,T,,x). ® =& (T,,T,T,,T,,x,2)

(Pn = (Pn(TO’Tl’T2’T3’x’Z)-

C yderom sTOoro omeparop AudPepeHIUPOBaHUS O BPEMEHHU
MPUMET BU/

9 9 9 .9 09 4
9 _ 2 10
o ar, Tfar TS ar, T ar, YO (12)

['pannyHbIe ycnoBUs Ha CBOOOJHON MOBEPXHOCTH KUIAKOCTU Pa3-
JOXKUM MO aMIUIUTYJIE€ OTKJIOHEHUsI TMOBEPXHOCTH OT PABHOBECHOM
IJIOCKOM (110 €) B OKpecTHOCTH z = (). TouHee roBopsi, BC€ BEJIMUYUHBI,
BXoJis1Iue B ycioBus (4) — (6) U 3aBHUCSAIIKME OT Z, Pa3JIOKUM B PsiJl
Thiinopa B okpecTHOCTH z = (). Takke pa3noXuM Mo CTENEHIM MaJOoro
napamerpa BennuuHsl (95/9) u (9°E/9x%)/(1 + (9E/9x)?)*2. Tpu pas-
JIOKEHUM YaCTHBIX MPOU3BOIHBIX 1O BpeMeHu (0E/df) u (d@Q/df) Oynem
y4uuThIBaTh BhIpakeHue (12). Iloacrapmssa pazmoxenus (9)— (11) B
(1), (2), (7), (8), cobupasi cnaraembie MPHU OJIUHAKOBBIX CTEHEHAX £ U
MpUPABHUBAS UX K HYJIO, pa300beM 3a/lauy Ha MOPSJIKU MaJIOCTU OT
IIEPBOTO J0 YETBEPTOTO.

5. Maremaruueckass GopMyIupoOBKa 3ajlaud IMEPBOTO MOPsIKa
MaJjiOCTH UMEET BU/T

z>0: Vi®, =0;
z<0: V2(01=0;
E 0 dp, E. oD, 02
coo. L 9, e p20 B9 9T
Ja, oz 1oty 4m oz T2
(Dl_Eoé:O;
Z—>o00! Vo, - 0;
Z —>—o0" Vo, - 0.
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Pemenue 3agauun IICPpBOro mopsaaxka MajaoCTH JICTKO IT0JYy4YacTCA
KJIIACCUYCCKHUMHU MCTOJaMU:

1 1-
&1 = —C - exp(i0) + —C - exp(-i0);
2 2

i {0y
O =—— C-exp(kz) - exp(i0) + — C - exp(kz) - eXp(—ie);
2k 2k

EO E -
O =—C - exp(—kz) - exp(16)+—f; exp(—kz) - exp(—i0);
2 2

22
vk3 Eyk
p 4mp

—gk+ ; O=hkx—w-T.

Teneps MOXXHO CHOPMYIMPOBATH HAYaIBHOE YCIIOBHE, C KOTO-
pBIM OyZET MPOBOIUTHCA JanbHelee paccMoTpenue. [IpuMem, dro
BCE HEJIMHEMHBIE TOMPABKU K MPOQUII0 BOJIHEI, MOIYYalOMIEMYCS B
nepsoM Topsake npubmmxenuit (x ymkuun ¢ =¢ (T (Tx)), OymyT

bynkuusMu aprymenta (m-0), rae memnoe yuciao m > 1. UabiMu ciio-
BaMU, MPUMEM, YTO AMIUIUTYJIHbBIE MHOKHUTEIU MPHU BO3MOXKHBIX HE-
JMHEWHBIX TOMpaBKax K MPO(QUIII0 BOJHBI C apryMeHTOM O =0 paBHBI
Hynto. HavanbHOEe ycClOBUE TAakOro BHUJA HCHOJIB30BAIIOCH pAaHEE B
[61 — 63] ¥ BBISICHIIIOCH, YTO OHO 00€CTIEYMBAET JOCTATOYHO MTPOCTOM
BU/JI MOJTYYAIOIIUXCST PEIICHUM.

6. Maremarudeckas (opMyJHUpOBKA 3ajJadyd BTOPOrO IOPsJIKa
MaJIOCTH MOJYYUTCS B BUJIC

z>0: VO, =
z<0: V2¢2:O;
z=0: 95, _a(PZ 3 az(pl _aE-»I _a(P1 a5, |

o, 9z ' 0z2 9T, ox ox
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Jdp, E, 09, azgz a(P
— — — + —
pge.,z p E)TO AT Oz Y P aT pEA To

+B(%T+B(a(pljz_ 1 [aq)lj2+Eoilazqzl— 1 (acpljz;
2\ oz 2\ ox m\ oz 4t © Oz m\ ox

oD
?, _Eo?%z = _gl azl )

Z —> oo Vq)zﬁ(),

Z —> =] V¢z_>0-

Pewienue C(bopMmepOBaHHoﬁ 3aJ1a41 JIETKO HAXOIUTCA:

k n(k’ E 2k )
& = (Grtk v+ sp) = o )(C -exp(2i0) + § - exp(—2i0));
8n(pg—2vk )

_iok(6nky-E,)
8m(pg —2v k")

(€2 exp(2i0)— € - exp(~2i0)) - exp(2kz);

Ekf
0@@+

2

8(pg — 2vk )

© (€2 exp(2i0) + L7 exp(—2i)) - exp(—24z).

7. Marematuueckas (OpMyJIMPOBKA 3aJaud TPETHEro MOpsIKa
MaJIOCTH UMEET BUJL

z>0; Vi, =0;

z<0: Vi, =0;

18



8§3 8@3
- 0&'3 -

31> 3 33>
aTO dz
d E 0 azg
(P3 0 3 3
-pgE —-p - + =Q
391 4n oz 2 32
0 ox
AR V(I)3%0;
Z — —oo; Vo, —0.

Bripaxkenus: 11t QyHKIIMA HEOJHOPOIHOCTEM 931, 932, 933 B

MPaBbIX YaCTSIX TPAaHUYHBIX YCIOBHUH Ha CBOOOIHOHN IOBEPXHOCTH,
ONPENECTAIOIINXCS PEIICHUIMHU MEPBOrO U BTOPOTO MOPSAKOB MAJIO-
cTu, npuBeeHbI B «IIpunoxenuun Ay.

Pemienne HEOOHOPOIHOM 3a7ja4l MOYKHO MOJYYUTh MOCJIE MaTe-

MAaTHUYECKU HECIIOKHOM, HO TPOMO3/IKOW ITPOLEAYPHI:
E, =X (0 exp(3i-0)+L -exp(=3i-0);

< k2 (320c2k2W2 + 320kW (1 - oczsz) + 60c4k4 + 210c2k2 +6)

32(1- 20c2k2) (1I- 3oc2k2)

b

O =Y, - GC- (i~ C-exp(i-0)—i- C-exp(—i-0))- exp(kz) +

FY (-0 exp(3i-0)—i T -exp(=3i-0))- exp(3kz);
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2 2 2 2 33
ok o320kW —-10400 &k W-8W+78a k +150k)

Y =
33

2 2 2 2
32(1-2a k£ )Y(A-3a k )

2 22 4 4 22
% gk~ QokW ok —120 k~ —9)+ 140 k +250 k +2)

b

31 2 2
320(1-20" k)

@, =0,,-L{ - (C exp(iB) + § - exp(—iB)) - exp(—kz) +

+0,, (§-exp(3i0)+ T -exp(=3i0))- exp(=3kz);

2 2 2 4 4 2 2
EOk BakW (4okW +5a0 k =T)+6a k -3300 k +24)

0 - :
33 2 2 22
3201-20" k) (1=30" k")
2 22 )
E k(4o k~ +7-120kW) - y
o =19 ; /g— ; o= ,
31 2 2
16(1-20 k") 4mpgy Pg

A€ o — KanwuisipHas MOCTOSHHAs >KUJIKOCTH; W — mapamerp ToH-
kca-DOpeHKeIsi, XapaKTEPU3YIOIUN YCTOUYUBOCTh TIJIOCKOM OJHOPOJ-

HO 3apsPKEHHOM CBOOOHOM MOBEPXHOCTH SJICKTPOIPOBOTHOM KHUIKO-
ctu [1 —2].

Takxke B pelIeHWH 3aa4d TPETHETO MOPsJKa MaJOCTH KaK pe-

3yNIbTaT MOJyYeHa CIEAYIOmas 3aBUCHMOCTD aMILTUTYAbl BOJIHBI  OT
BPEMEHHBIX MaciITaboB 7, u T5:

20



C =, - exp(iBy) - exp(id- L -7, ):

3 22 2 2 2 2
5 gk (o0 £k (420 £k )+8-160kW (l1+0 k —0kW))

22
16m(1-20 k)

3nech (; u By — GyHKINH, 3aBHCAIIME TOJIBKO OT T3 U Onpeesie-
MBbI€ W3 PEIICHUS 3aJ1a4 BBICIINUX MOPSIKOB MaJIOCTH.

8. Maremaruueckas GopMyIMpOBKa 3aJlaud YETBEPTOrO MOPsIKa
MaJIOCTH UMEET BU]I

z>0: V@, =0;
z<0: Ve, =0;
o, oz *

a¢4_E5a¢4+yaf4__

- - =2, O, -E,C, =2,;
pgg,—p oT, 4n o 0 2 s~ ES, 43
Z —> oo Vo, — 0;
Z —> —oo! Vo, — 0.

Beipakenus 11 GyHKIMHA HEOJHOPOIHOCTEH 241, Zgp U =43 B IIPABBIX
4acTSAX TPAHUYHBIX YCJIOBUM, OMNPEICIISIIONIMXCS PEIICHUsAMHU 3a7ad
MIEpBOTO, BTOPOrO W TPETHETO MOPSJIKAa MajlOCTH, IPUBEICHBI B
«ITpunoxenuu By.

PCSYHBT&T pPCHICHUA 3a/Ja4d YCTBCPTOI'O IIOPAAKA MAJIOCTH IIPHU
IMPUHATOM HAYAJIbHOM YCJIIOBUHN UMCCT BU/I

1

21



Takum 00pa3oMm, B pelieHUU Bced 3ajauyn OyayT OTCYTCTBOBATH
BEJINYMHBI YETBEPTOTO MOPSIKA MAITIOCTH.

9. OKOHYATENbHBIE BBIPAXKEHUS JUIsI MPOPUIST HEIUHEIHHON BOJI-
Hbl Ha OJHOPOJHO 3apsHKEHHOM CBOOOJHOM MOBEPXHOCTH KUAKOCTH,
IUIsL IOTCHLMAJIA IIOJI CKOPOCTEH U JUIsl MOTEHIHUAIA 3JIEKTPUYECKOIrO
IIOJIsI UMEIOT BUJL

E—q-cos(0,)+a> - A-cos( 260,)+2a - X- cos 36:; (13)

7 ®Ook(3ok—2I)

®
¢ =a—exp(kz)-sin(6.) +a exp(2kz) - sin(20.) +

2 2
k 2(1-20" k")

+ad (-2Y, -exp(kz)-sin0~2Y__ -exp(3kz)-sin36):

O=—F -z+a-E -exp(—kz)-cos(® )+
0 0 o

5 Bk 20k 20k
+a”"——| 1+ exp(—2kz)-cos(26*) +

2 1-20%k

+a (20 -exp(~k2)-cos @ +20__ -exp(~3kz)-cos 30):

2 2
k(1+0 k&~ —204W)

A ; 9*59+8~a2-t5kx—(1)-t+8-a2t.

2 2
2(1-20 k)

10. 13 npoBeneHHoro pemuieHus U Beipakenus (13) nus npoduiis
BOJIHBI BUJHO, YTO O CYIIECTBOBAHUM CTAIIMOHAPHOIO BO BpPEMEHU
npodusis BOJHB KOHEYHON aMIUTUTYAbl MOKHO TOBOPHUTH JIMIIb YC-
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noBHO. CTaliMOHApHBINM BO BpEMEHHU MPO(HIIb BOTHBI MOTYUYUTCS, €CIIN
OTPAaHUYUTH PacUeThl BTOPBIM MOPSIAKOM MajocTh. B 3ToM ciyuae
HEJTMHEMHOM T00aBKU K 4acTOTE He OyaeT U mpoduiIb BOJHBI ONpE/ie-
JIUTCS MepBbIMU AByMd ciaraembiMu (13) npu 6 = 0 (npu 6, =6). B

pacyerax TPEThEro MOpsAKa MAIOCTH HEIMHEHHAS M0 aMIUIUTYIE J10-
0aBka K yactore nosiByisieTcs B (13) B IMHEMHOM IO a cjiaraeMoM, a B
KBaJIpaTUYHOM ee elne He OyaeT. Ciaeayer OTMETUTh, YTO B paboTax
110 HEJIMHEHMHBIM BoJHaM [6]1 — 63] HenuMHEHHbIE MONpPaBKUA K 4acTo-
TaM, HalJICHHbIE B pacdyeTax TPEThEro MOpsAAKa MAJIOCTH, BKIKOYAIOT-
Cs BO BCE KOMIIOHEHTHI BBIPaXCHUS, OMHUCHIBAIOIIETO MpO(uiib, OT
JUHEWHON 10 KyOMYeCKOW, YTO MPEACTaBIACTCS HEKOPpPEeKTHHIM. B
caMoM Jienie, eciu B (13) B kBaipaTUYHOM 1O MaJIOMY HapaMeTpy cja-
raeMoM pPa3JoKUTh KOCMHYC B OKPECTHOCTH O MO CTENEeHsSM Majioro
napaMmeTpa, TO ciaraeMoe, MpONopIMOHaIbHOE O, OyJAeT UMETh MH-
HUMYM YE€TBEPTHIN MOPSAAOK MAJIOCTH, IPUBOJUTH KOTOPOE B pacye-
Tax TPEThETO MOPAIKA HEKOPPEKTHO. B BEhIIIE MPOBEIEHHBIX pacueTax
YETBEPTOr0 TMOPSAKA MaJOCTH HEJIMHEHWHAs IIONpaBKa K 4YacToTe
BIIOJIHE 3aKOHHO MOSBIISIETCS B KBJAPAaTUYHOM CJIara€MOM, HO B KyOu-
YEeCKOM II0 MaJIOMy IMapaMeTpy cliaraeMoM (UTypUpyeT HEBO3MY-
HICHHBIN apryMeHT 0.

Cka3zaHHOE O3HA4yaeT, YTO B pacyueTax U TPEThEro, U YETBEPTOrO
nopsiika MaJIoOCTH  (Da30BbIe CKOPOCTH PA3IUYHBIX KOMIIOHEHT
npoduist BOIHBI OyAyT pa3iMyuHbl, YTO MPUBEAET K €ro aepopmaiuu
co BpemeHeM. Ocraercs Haaekda MOJYYUTh CTAalMOHAPHBIA BO
BpEMEHH TPO(UIL BOJHBI B pacyeTax CIEAYIONIEro MATOTO MOopsKa
MajoOCTH, €CJId B A3TOM MNPUOJIMKEHUU, TaK K€ KaKk B pacuerax
YETBEPTOro TMOpsSJAKa MAJIOCTU, HEIWHEWHash J100aBKa K MOpOoQuiio
BOJIHBI OKQXETCS paBHOM Hynr0. Ho B 3TOM cilyyae HEIMHEWHYIO
n00aBKy K 4aCTOTE€ MOKHO OyJeT Ha 3aKOHHOM OCHOBAaHHMH NPUBECTHU
B IIONPABKE K aMIUIUTYAE TPETHETO MOPSAKA MaJOCTH (B TPEThEM
cinaraeMoM B (13)).

11. Tlonmy4yeHHOE BBIpa)K€HHE M7 MPOPUIS HEIUHEUHOW BOJIHBI
Ha CBOOOJHOHN 3apsHKEHHOW MOBEPXHOCTH HJICATBHOM KUIAKOCTH B
npeaene W— 0 coBnazaer ¢ u3BeCTHbIM (cM. [61 — 63]) BeIpakeHrEM
U1l TpO Ul HETMHEWHON KanWJUISIPHO-IPAaBUTALIMOHHOW BOJIHBI Ha
HE3apsHKEHHON MOBEPXHOCTH MACAIBHOM KUAKOCTU (C YYETOM BBIIIE
CKa3aHHOTO O HEKOPPEKTHOCTH BKJIOUEHUS IOMPABOK K 4ACTOTaM B
HEJIMHEWHbIE 110 aMIUTUTYAe ciaraemblie npoduiist). M3 npuBeneHHbIX
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BBIPAXKEHUI BUJIHO, YTO aMIUIUTYAHBIN KOX(PGUIIMEHT MONPaBKU BTO-
POro MOPsIKA MaJOCTH A PE30HAHCHO HAPACTAET NPU k=k, =1/ /2.
AMIUIATYTHBINA KO3 (UIIMEHT MOMPABKU TPETHETO MOPSAIKA MaIOCTH
X HMMeeT yxe JBa pe3oHaHca: NMpu k=k, W NMpU k=ky=1/a-~/3. B
KBaJ[paTUYHOM TPUOIMAKEHUM (KOTJa UMEETCs JIMIb OJUH PE30HAHC
npu k=k,) TpU PE30HAHCHOM B3aUMOJICCTBUM HHEPIrus IMepeKa-

YUBACTCA OT JJIMHHBIX BOJH C BOJIHOBBIMH YHCIAMH k =k, K Ooiee
KOPOTKMM C BOJHOBBIMH 4YucCIaMu k=2k,. N3 (13) BugHo, 4TO

aHAJOTMYHBIM OYyJIeT U HamNpaBJICHHUE TMEPEKAuYKh OHHEPruu B
OKPECTHOCTH PE30HAHCA k=k;: dHEprusi OyJleT MEePEeKauyuBaThCS OT

JUIMHHBIX BOJIH C BOJIHOBBIMH YHCJIAMH k = k3K BOJIHAM C k =3k;, HO

caM d(pdexT OyaeT uMeTh 00J1ee BLICOKUM MOPSI0K MaJIOCTH.

N3 (13) Takxke BUJAHO, YTO HEJIMHEHHAs J00aBKa K YacTOTE
POTMOPIIMOHATbHA KBAJPaTy aMIUIMTY bl BOJIHBI @ M OTpHUIIaTENIbHA (B
NPEACTABISAIONIE MHTEPEC B CMBICIE HUCCIEAOBaHUSA YCTOMYMBOCTHU
3apSOKCHHOM TTOBEPXHOCTH KHUIAKOCTH O0JACTH 3HAYEHUW BOJIHOBBIX
yucen krk,), a caM >(hPeKkT uMeeT TPEeTUW MOPSAOK MAaJOCTH.

NHTEepecHo, 4TO HEIMHEHHas g00aBKa K 4acTOTe, TaK € Kak Hu
aMIUIUTYIHbIE MHOXHTEIN A U X, MMEET PE30HAHCHBIM BHUZ. ITO
O3HAYaeT OrPAHUYECHHYI TMPUMEHUMOCTh BbIpakeHus (13) B
OKPECTHOCTH BOJHOBBIX 4YHCENI k=k, W k=k;, IOCKOJIBKY KakK

aMIUTUTYIHbIE MHOKUTENH, TaK U 100aBKa K YacTOTE JOJKHBI OBITH
JIVIIIb MAJIBIMU TIOITPABKAMU K BEJIMYMHAM IIEPBOTO NMOPSAAKA MAIOCTH.

Yurem Tenepb, UYTO KPUTUYECKHUE YCIOBUSA pealln3aluu
HEyCTOMYMBOCTH  ToHKca-DpeHKenss ONpeAessioTcs  YCIOBUAMU
IIPOXOKJICHUS Yepe3 HOJb KBAApPAaTa 4YaCTOTHl BUPTYAJIbHOM BOJIHBI U
PaBEHCTBOM HYJIKO MEPBOW MPOU3BOJHOM OT YACTOTHI IO BOJIHOBOMY
yuciny (M3 TOCJHEAHErO YCJIOBUSL OMNPEAESeTCS BOJHOBOE YHCIIO
KalmWJUISIPHOM BOJIHBI, OO0JaJaroliel MakCUMaldbHbIM HHKPEMEHTOM
HeycroiunBocTu) [1]. Ilpu pacderax B JIMHEHHOM MPUOIMKECHUU
KpPUTUYECKOE 3HaueHue rnapamerpa ToHkca-Dpenkenss W =W, u

BOJIHOBOTO UMCHA k =k, MOJy4aroTcs B BUJIE [1]

k,=o"; W=ko+k'a'=2.
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B paccMarpuBaemoil HEIMHEMHOW CHUTyallud CUCTEMa ajreOpau-
YECKUX YpPaBHECHUUW OTHOCUTEIBHO W H £ TIOJNy4aeTcss BeCbMa
IPOMO3JIKOM, HO, MOCKOJIbKY HAC HHTEPECYeT JIMIIb OLEHKa II0
IOPSAZIKY BEJIWYMHBI, IPEACTAaBUM KCKOMBIE 3HAYE€HUs Ilapamerpa
Toukca-OpeHKenss W BOJHOBOIO YHUCIA B BHUIE PA3JI0XKEHUU I10
KBaJIpaTy aMIUIUTY bl BOJIHBI B BUJIE:

W=2—w-¢g; koo=1-x-¢€°.

[loncraBnsiss Takue pasjokKEHHUsT B CUCTEMY YPABHEHUM JUIA
ONPENCIICHUSI KPUTUYECKUX YCIOBUM HEYCTOMYMBOCTH, JIETKO HAUTH
w=11/8 u k=23/16.

TakuMm o0Opa3oM, HEJIMHEHHBIA aHANIU3 MMOKA3bIBAET, UYTO KpUTHYE-
CKas Uil peaJn3allii HEyCTOMYMBOCTH 3apsKEHHOM IOBEPXHOCTHU
KUJKOCTH TMOBEPXHOCTHAs IUIOTHOCTh 3apsila W BOJHOBOE YHUCIIO
HanOosiee HEYCTOMYMBOM MOJBI CHIKAIOTCA 1O CPaBHEHUIO C
MPEICKA3bIBAEMBIMHU JIMHEMHOW TEOPUEH.

HanomHuM TakXe, 4TO pacdeThl B YETBEPTOM IMOPSIAKE MAIOCTH
[0 aMIUIUTYJE BOJIHBI TOKAa3bIBAlOT, YTO B HEJIMHENHON N00aBKE K
4acTOTE€ OTCYTCTBYET CJIAraeMoe€, IPONOPLUUOHAIBHOE TPEThEU
CTENEHU aMIUIUTYAbl. ByJeT nu oTianyHa OT HyJis J00aBKa K 4acToOTe,
IPONOPLUUOHATIbHAA YETBEPTON CTENEHU AMIUIMTYJIBI, MOXKHO OyIeT
y3HaTh IIPU pacdeTax IATOro IOpsSAKa MaJlOCTH. Takue pacyeTsl
KeJIaTeJIbHO TMPOBECTH, YTOOBI BBIACHUTH NAJIbHEUIINE TEHACHIIUU
U3MEHECHUSI HEJIMHEUHBIX IIONPAaBOK K KPUTHYECKUM YCIOBUSIM
pean3aiu HEYCTOMYUBOCTH 3aPSIKEHHON ITOBEPXHOCTHU KUIAKOCTH.

12. anbHelmmi ananu3 BelpaxkeHus (13) orpaHu4uM nepBbIMU
IBYMs CllaraéMbIMU, OOpa3ylOUIMMU B HCIOJIb30BaHHOM MPHUOJIN-
KEHUU HE W3MEHSIONIMICA BO BPEMEHHM NPO(WiIb BOJIHBI KOHEYHOMH
aAMILUTATY JIBI.

Kak orMeuanocs BblIIE, aMIUIMTYAHBIM KO3(QuuueHt A B
CJIara€éMoOM BTOPOI'0 NMOPSAJKAa MAIOCTH UMEET PE30HAHCHBIM BU: IIPU
k =k, 3HaMeHaTellb BbIpaXXeHUs i A oOpaiaercss B HYJb, a caMa

no0aBKa CTpeMHUTCA K OECKOHEUHOCTH. DTOT (PeHOMEH ISl HEeJIMHEH-
HBIX BOJIH Ha HE3apsHKEHHOM MOBEPXHOCTH JKMAKOCTU HCCIETOBaH
[61]. B oTiimume OT ciydass HE3apsiKEHHOW MOBEPXHOCTH KUJKOCTH
BeIpakeHne it A B (13) comepkuT B uuciaurene mapamerp W,
BXOJSIIIMA B HETO C OTPHUIIATENIBHBIM 3HAKOM M XapaKTEPU3YIOIIUMA
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YCTOWYUBOCTh 3aPSKEHHON MOBEPXHOCTH >KUAKOCTHU MO OTHOIICHUIO
K JIaBJICHUIO AJIEKTPUYECKOrO MOJisi COOCTBEHHOTO 3apsaa. CkazaHHOE
O3HayYaeT, 4YTO IMPU OMNPEACICHHBIX COOTHOIIEHUSIX (PU3NUECKUX
napaMeTpoB /A MOXET OCTaTbCsl KOHEYHBIM JaKE€ MPU PAaBHOM HYIIIO
3HaMeHaTesne. 3HaMeHatelb A oOpaiiaeTcs B HyJb NpU k — k,, HO

eclli OJHOBPEMEHHO YCTPeMHTb W — W, =(3/242)=~1.06, To Tpu

TaKOM MPEJEIbHOM MEePEeX0e YUCTUTENb A Takke OyAeT CTPEMUTHCS
K Hymto. B urore npu W =W, B mnpenene k—k, IS BEIUYUHBI A

noyiyyaeTcs HeompeneaeHHocTh Tuna 0/0, koTopas npu BBHIYUCICHUU
no npaBuiy Jlanutans maet A = 1/8. Cama 3aBUCUMOCTb A= A, (ak)

CTAHOBUTCS HenpepblBHOW. OHA NMpUBEAEHA MyHKTUPHOM JIMHUEW Ha
puc. 1, rae noka3zaHbl 3aBUCUMOCTH 0€3pa3MEPHOr0 MHOXUTENS A OT
0e3pa3MEPHOro BOJHOBOI'O YHCIIA ok TIPU Pa3IMYHbIX 3HAUCHUSIX W.
OTMeTHUM, 4TO HE3aBUCUMO OT BeJIUYMHBI W TIpU MPUOIMKECHUU
k K 3HaAYEHUIO k, pazioxkeHue (13) CTaHOBUTCS HENPUTOJIHBIM JIJIs

NpEeACTaBICHUS PEIICHMs, T.K. BEIWYMHA KBaJpaTUYHOU 1o Oe3pas-
MEpHOW aMIUIUTYJI€ « J00aBKU CTAHOBUTCA 3HAYUTEIBHO OOJIbIIIE
JMHEMHOTO MO a 4JICHA Pa3JIOkKEHUSA. B 3TOM CBSI3M MHTEPECHO OlLie-
HUTh BIIMSIHUE BA3KOCTH, WTPAIOIIEN BA)XKHYIO POJIb B PE30OHAHCHBIX
saBieHusxX. [IponenaeM 310 Ha MpUMEPE BOJIBL.

Kak Oyner mokazaHo B CIEIyIOIIEeH TJiaBe, Ha HE3apsHKEHHOU
MOBEPXHOCTH BS3KOW JKUIKOCTH JJIS BOJBI BIWSHUE BSI3KOCTH HA
npodusib BOJIHBI CYLIECTBEHHO Ha UHTEpBaie oke D=(0.6,0.7). Ha

KOHIIaX 3TOr0 HMHTEpPBAJIA aMIUIUTyAa J00aBKM BTOPOTO TMOPsAKa
MaJIOCTH, OIICHEHHAas 0e3 ydeTa BS3KOCTH, OKa3bIBACTCS 3aBBIIICHHOM
HAa HECKOJBKO NPOILEHTOB CBOEH BEJIMYWHBI, HO NpU k —>k, 3TO

3aBBILICHUE CTAHOBUTCS OECKOHEUYHbIM. BHE yKa3aHHOro WHTEpBaia
MOJIEJIN BSI3KOW M HEBSI3KOM BOJBI JAIOT XOPOIIO COTJIACYIOIIUECS
pe3ysbTaThl. B 3TOW CBSA3M HUXKECIIEAYIOINN aHAJINU3 IPOBOAUTCS IS
BOJIH, Y KOTOpbIX ¢k ¢ D . YacTu 3aBUCUMOCTEM, KOTOphIE Ha puc. 1
nonajalT BHYTPh 00sacTu D, NUIIEHBl (PU3HYECKOTO CMBICHA, T.K.
OHM TOCTPOEHHI B OO0JAaCTH HECOBEPIICHCTBA HCXOJHOW MOJEINH,
II0ZIpa3yMeBaIOLIEH OTCYTCTBUE BA3KOCTH.
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b)

Puc. 1. 3aBucumocTn 6€3pa3MepHOro aMIUIUTYIHOTO MHOXHUTENsA A = A(ak )

ot Ge3pa3mepHoro mapamerpa W:
a— W=W,—0,05(1); W=W,—0252); W=W,—05 (3);
b— W=W,+0,05 (1); W=W,+0252): W=W,+05 (3);
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N3 puc. 1 BUgHO, 4TO (U3MUYECKH JOCTOBEPHBIE YACTH 3aBUCH-
MOCTEW A=A(ok) B nupeneine W —W, CTpeMATCd K 3aBUCUMOCTHU

A=A (0ok). 3Hauenue W =W, €CTECTBEHHO MPHUHITh 3a KPUTEPUU

pa3lieyicHUs] BOJIHOBBIX JBWIKEHHUM. [Ipy TakoM W 3HAK acHMIITO-
THYECKOTO 3HA4YECHUs /A B mipenesie k — k, Ha paCCMOTPEHHBIX 3aBUCH-

MOCTSIX MEHSIETCA Ha MPOTUBOIOJIOXKHBIN. BuaHO Takxke, 4To 100aBKa
BTOPOIO TMOPSJIKA MAJIOCTH K JIMHEWHON YaCTU PEIICHUSI CTPEMUTCS K
HYJIIO TIpU W — W,

Ha pwuc. la mokazaHo CEMEHWCTBO 3aBUCUMOCTEN A= A(ck),
MOCTPOEHHBIX TMPU PA3IUYHBIX 3HAYCHUSX W <W,. B sTol oOnactu

3HAUYCHUN W aMIuiuTtyga A00aBKH BTOPOTO MOPsSAKAa MaJIOCTH TpHU
U3MEHEHWU BOJHOBOIO 4YHCIa BEAET ce0d Tak XKe, Kak W s
HE3apsHKEHHOU MOBEPXHOCTH: I BOJIHOBOT'O JABHKCHUS XapaKTEPHBI
npoguiIn ¢ 3a0CTPEHHOW BEPIIMHON y JUIMHHBIX BOJIH C k <k, U C

MPUTYIJIEHHOW BEPIIUHOW y KOPOTKUX BOJIH C k> ky. DTO HATJISAHO

MIPOJIEMOHCTPUPOBAHO Ha puC. 2 (cM. moapoOHee B [61 — 63]).
Ha puc. 1b nzoOpaxeHbl 3aBUCUMOCTH A= A(0k), pacCudTaH-

HbIC IIpU pPa3IMYHBIX 3HAYCHMIX IapamMeTpa W U3 Auana3oHa
Wy<W <2. HecioXHO BHAETHb, YTO IPUBEICHHBIC 3aBUCHUMOCTU B

HEKOTOPOM CMbICTIE OOpaTHbI M300pa’KEHHBIM Ha pHC. la: mpaBble
(GbU3MYeCKH NOCTOBEPHBIE YAaCTH ATUX 3aBUCUMOCTEH, OTBEUAIOIINE
KOPOTKMM BOJIHAM, IIOJIOKUTEIIbHBI B JIOCTATOYHO MPOTSKEHHOM
MPABOM OKPECTHOCTU TOYKH k=k,, a4 HE OTPULATEIbHBI, KAK Ha

puc. la (BetBb 1 yxoauT B 00JacTh OTpHUIATEILHBIX 3HAYCHUU Ha
JOCTATOYHO OOJIBIIIOM PACCTOSIHUM OT k =k, ). [loaToMy HeauHeWHbIC

BOJIHBI, COOTBETCTBYIOIINE ITUM 3aBUCHUMOCTSIM €CTECTBEHHO HHTEP-
MPETUPOBATH B KAYECTBE HOBOTO, paHEE HEU3BECTHOTrO, THUIA MEPHO-
JUYECKOr0 BOJIHOBOI'O ABM)KEHUS HAa MOBEPXHOCTH HJI€aTbHOM JKUIKO-
CTH, TOSIBJICHHE KOTOPOTO CBS3aHO C HAJIMYUEM ITIOBEPXHOCTHOTO
3apsina. [Ipodunm Takux BOJIH NMPUBEACHBI HA PUC. 3 B CPABHECHHH C
npo@uIsIMU BOJIH Ha HE3apsHKEHHOM IMOBEPXHOCTH KUJKOCTH. He-
CIIO’KHO BHJETh, YTO MPOGUIN KaMMLIIPHO-TPAaBUTAIIMOHHBIX BOJH Ha
3apsKEHHOM M HE3apsKEHHOW MOBEPXHOCTU YKUIKOCTH Pa3InYaroTCs
CYIIECTBEHHbIM 00pa3oM. OOHapy’>KEHHbIC BOJHBI Ha 3apsKEHHOMU
MTOBEPXHOCTHU HJCAIBHONM HEC)KMMAEMOM >KHUJKOCTH YMECTHO Ha3BaTh
ANEKTPO-KAMUJUISIPHO-TPABUTALIMOHHBIMU, UJIA MPOCTO JICKTPOKAITHII-
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JASpHBIMHM, TpeHeOperas ciiadbIM B paccMaTpUBAEMOM JIHAMA30HE
BOJIHOBBIX YMCEJ BIUSHUEM MOJISL CUJT TAKECTH.

&, cm

0 1.89 X, Ccm

b)

Puc. 2. IIpodunu BoiH Ha Boje, paccuutanHbie o Gopmyre (13)
npu W = 0; 0,8 (munuu 1,2) g ok =0,5 (2a) u ok =0,9 (2b)
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Puc. 3. IIpodunu BoiH Ha Boje, paccuutanHbie o Gopmyre (13)
npu W = 0; 1,2(muuuu 1,2) s ok =0,5 (3a) u ok =0,9 (3b)
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13. 3axmouenue. Ilpu pemennu 3agauu o pacuere npoduns oOe-
CyLIEeN NEePUOANYECKON KANWJUIIPHO-TPABUTALMOHHOW BOJHBI HA OJI-
HOPOJIHO 3apsiKEHHOW HJICAJIbHOM HECHKUMAEMOU DIICKTPONPOBOJIHOM
AKUJKOCTU BBIACHWIOCh, YTO B AaCHUMNTOTHYECKUX pacuerax Oojee
BBICOKOT'O TOPSIJIKA MAJIOCTH, YEM BTOPOM, MOJIyHaroluecs mpopuian
BOJIH HE SIBJISIFOTCS CTALIMOHAPHBIMU, a PACIUIBIBAIOTCS M3-3a TOTO, YTO
(da30Bble CKOPOCTH TMOIMPABOK PA3JIMYHBIX MOPSIKOB MAaJOCTH K
POQUITIO BOJTHBI PA3JIMYHBI.

Henunelinas, 3aBucAlas OT KBaJpaTa amIUIMTYIbI ITONpPaBKa K
4aCTOTE BOJIHBI MOSBISETCS B pacdyeTax TPETHErO MOPSAKa MAJOCTH,
MMEET PE30HAHCHBIN BUJI U TPUBOJAUT K BOSHUKHOBECHUIO HEJIMHENHBIX
IIONPABOK K KPUTHUYECKHM YCJIOBUSM peEajv3alui HEYCTOMYMBOCTHU
CBOOOJIHOM TMOBEPXHOCTH >KUAKOCTH IO OTHOILIEHUIO K MOBEPXHOCT-
HOMY 3apsny. Kputuueckas s peanu3aldd HEYCTOMYMBOCTH IIO-
BEPXHOCTHasl IUIOTHOCTh 3apsija M BOJIHOBOE YHCIO Haubosee
HEYCTOMYMBOM BOJIHBI CHWIKAIOTCS B HCIOJIB30BAHHOM B pacyeTax
YETBEPTOM  MOPAAKE  MAJIOCTH  NPONOPUHOHAIBHO  KBaJpary
aAMIUTUTY bl BOJIHBL.

Henunelinple BOJIHBI Ha 3apsHKEHHOW MOBEPXHOCTH KUJKOCTH
KaQYECTBEHHO OTJIMYAKOTCS OT HEJIMHEWHOTO BOJHOBOTO JBHKCHUS HA
HE3aPS)KEHHOM TMOBEPXHOCTU. KpUBU3HA BEPIIMH 3JIEKTPOKAMUILIAP-
HbIX BOJIH YBEJIWYMBACTCS C POCTOM NOBEPXHOCTHOW IUIOTHOCTH
3apsiga (C poctoM mapamerpa W) npu W, <W —2. llpu W — W,
NEKTPUUYECKUIN 3apsii OKa3bIBaeTcs (PaKTopoM, yMEHBIIAOIINM
3¢ (PEKTUBHOCTH HETUHEWHOTO B3aMMOICHCTBUS, TTOCKOJIBKY MIPU 3TOM
n00aBKa BTOPOTO MOPSAKA MAIOCTU CTPEMUTCA K HYJIIO.

14. IIpunoxenne A.

2 2 3
970, 979, 1 070 G A, e o5,
Q3,26 55t T3 T ar o e
822 822 2 823 8T2 aTl ox  ox

2
dp, 95 9Tg &

ox ox  loxoz ox
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32 5| ox o2 or T Yazor  29zor
x 2 1 1 0

spe 10 T T T, LIPS
1 Jx dxdz 4m Jdz Oz 41 2 .2 41 1 0z 2
0z 0z

HOI[CT&BJ'ISI?I B OTH BBIPAXKCHUA PCUHICHUA 3a1a4 IICPBOIro U BTOPO-
ro nopsAaKoB MajlIOCTH, ITOJTYYHUM

1 dC 2~ 1 9C —2

Q =—| —+¥Y { Clexp(i®)—| —— =¥ (- |exp(—iB)—
31 |29r 3l 20r Sl
2 2

-3
3 . .
- ‘P33 -~ - exp(3i0) + ‘P33 - - exp(-3i0);
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2 2 2 2 2
ik o ((m8k y+5gp)-3E k) kQ2n(k y+gp)—E_ k)
_ 0o . o .
\Il - ] \II 9
31 o) 32 o)
lon(pg—2vk ) 4n(pg -2y k )

2 2 2
9ik o (n(4k y+gp)—EO k)

Y = ;
33 2
lom(pg—2vk )
3 3 .
932 =-Kj;3 (€~ -exp(3i0) + { - exp(-3i0)) —
ipo ipo 9
- — 7+K31C 2; exp(®) +| — —— K312;C exp(—i0);
2k OT 2k oT
2 2
k2
K. = (Egk® ~ 4E zyk 2yt
2
327 (pg—2yk )
—47tE§kgp+247t27k2gp—67t2g2p2);
k2
_ 4,2 . .2 3 22,4
K33 - (SEgk™ —20mE Yk +60m”y k

2 2
321 (pg—2vk )

— 207:E§kgp + 487c2yk2gp + 6n2g2p2);
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- —
Q=M % Cexp(iB) + M, GC (o) +

-3
3 : :
+M (7 -exp(3i®)+M - { - exp(-3i0);
“ ¢” -exp 33 C -exp

2 2 2 2 2
E k* (n(4k “y+7gp)-3E k) 3E k~ (3mgp—E k)
M -0 0 .y -0 0

31 2 33
lon(pg -2y k )

2
lom(pg -2y k )

15. lIpunoxenne B.

QOyHKIIMA HEOJHOPOJHOCTEN B MPABBIX YACTAX IPAHUYHBIX YC-
JIOBUM Ha CBOOOJHOM MOBEPXHOCTH KUAKOCTU mpu z = (0 3a7a4u 4eT-
BEPTOTO MOPSAAKA MAJTOCTA UMEIOT BU/L:

2 2 2 3 3
_ I d9, I I9 1,90
:41=&3 ) +§2 5 +§1 ) +F’1§2 3 +_§1 3
0z 0z 0z 0z 2 0z

2

+

4
1,3079p 95 d&y 083 dE3d9p 95y dgy 955 do3

+_
61 oA oy 3T, dT; x o dx o dx O

2 2 2 3
0 99 95, de 9 de, g 5K JQ

) _E_’ . _a ) __g . . :

2 0¢ oxoz lox oxazr loax oxaz 2! o 2
ox 0z

-G

Egp =3y

2 2 2
a&l 8&_,2 0 gl 3y a&l 0 &2 a(pl a(pz
. : 5 +— : 5 +pP +p +
ax ax ax 2 ax ax 8T3 8T2
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| 0d; 03 1 a0 9°®, 1 _ 9D, 9

- -—& -—&
4t dx OJx  4m dx oxdz 4n ox Ox 0z

2
! (azq)l} I, 9D 0%, 1 500 D)

__g - - H
I ox 0z i ox oxdz 8m ! X I 922
) 0w, b, D, achl 1,9, 1 390
Ep =6 -5 _é:l _‘51 3 4 —__é:l
0z 0z oz az 2 oz 82

[Toncrasisis croa pemeHus NepBoro U BTOPOro MOPsAIKOB, TOTY-
UM

E =4 ! 95 exp(z@)—lﬁexp( —i0)+ A4 _exp(2i0)+
41 410 28T 23 412

+ A412 exp(—2i0) + A413 exp(3i0) + A413 exp(—3i0) + A414 exp(4i0) +

+ A exp(—4i0);

414
zpw dC ipow d(
E =4 —— ——exp(i@) + — ——-exp(—i0)+ 4  exp(2i0) +
42 420 4 8T3 % 8T3 422

+A4 exp(—2i0)+A4  exp(3i0)+ 4 exp(-3i0)+ 4  exp(4i)+
422 423 423 424

+ A4 exp(—4i0);
424
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E =4 +A4 exp(2i9)+ A4 exp(—2i0)+ A4  exp(3i0) +
43 430 432 432 433

+A4 exp(—3i0)+ A4 exp(2i0)+ 4 exp(—4i0);
433 P ) 434 p(2:0) 4344 P )

rae Ao, Asrz, Aarz, Asra, Aano, Asro, Aaoz, Aara, Asros Aaros, Aszy Aara —
HEKOTOpbIe (PYHKIIMU BpeMEHHbIX MaciiTadoB 71, 15, T5.

2.2. HennuHelUHbIe nonpaeKku K Kpumu4ecKuUM ycrio8usiM
peanu3sayuu Heycmoul4ueocmu rnioCKol 3apsiXKeHHOU
noeepxHocmu 371eKmpornpoeoOdHOU Xudkocmu

1. B npeasinymem naparpadge Obuia MOCTpOEHA MaTeMaTUYECKast
MOJIEJIb PACIIPOCTPAHEHNUSI HEJIIMHEWHBIX BOJH IO MOBEPXHOCTH HJIE-
aJbHOU 3JIEKTPONPOBOJHON KUJKOCTH U PEIIEHA 3a/1a4a ONPEACICHUS
npoduiis KanWUIAPHO-TPABUTAIIMOHHONW BOJIHBI METOJIOM Pa3HBIX
MacITaboOB B YETBEPTOM MPUOJIMKEHUH 110 MaJiOMy MapameTpy, pas-
HOMY OTHOIIICHUIO aMIUIUTYAbl BOJIHBI K €€ JiuHe. Haunbosee uHTe-
PECHBIM PE3YIbTAT 3TOW TJIaBbl — BBIPAXKEHUE JJISI HEJIUHEUHOW I10-
IPaBKHA K 4aCTOTE BOJHOBOTO ABMKEHUSA. OHO COJEPKUT JUIIb Cla-
raeMoe, MPOINOPIHUOHAIBHOE KBajpaTy Oe3pasMepHON aMILIUTYIbI
BOJIHBL. [[pyrue ciaraeMsie, TPONOPIUOHAIBHBIE TIEPBOM CTEICHU U
KyOy aMIUIUTYJbl, KaK OKa3aJloch, paBHBI Hymt0. KBaapartuuHas 1o
aMIUTUTYE TOIMPaBKa K 4aCTOTE TaKOBA, YTO MUHUMAJILHOE 3HAYCHUE
MOBEPXHOCTHOM IUIOTHOCTH 3apsija, HEOOXOAuMOE JIs peaau3aiiuu
HEYCTOMYHMBOCTH, U BOJITHOBOE YHCJIO HAaMOOJIee HEYCTOMUYMBON BOJTHBI
B pacyeTrax 4YETBEPTOIO MOPAAKA MAJOCTH CHUMXKAIOTCS C POCTOM aM-
IUIATY 16l BOJIHBL. B JaHHOW riaBe MPOBEPSAETCA XapaKTep BIUAHUA HA
KPUTUUYECKHE YCIIOBUS pealnu3allii HEYCTOMYMBOCTH NOMIPABKU K Yac-
TOTE€, UMEIOIIEN YETBEPTHIN MOPSAIOK MAIOCTH 10 aMIUIUTY/I€ BOJHBI.

2. B pesynbrare pemrenus 3amauu (1)—(8) mpenpiayiiero mapa-
rpadga METOAOM MHOTHX MAacCIITa0OB B MSATOM MOPSIAKE MaJOCTH IO
aMIUTUTYJIC  BOJIHBI ~ MOXHO  HaWTH npoduib  KamuuSIpHO-
TPAaBUTALIMOHHOW BOJIHBI B BUJIE

E=a- coslkx—(a)+ a’d, + a454)-tl+ a’-A- cosl2kx—2(a)+ a’so, )-tJ+
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+2a’-X- cosl3kx—3(a)+ a252)- n

+a*-(2,-cos2lke-an)+ Z, -cosla(ke—a));

5

gk

0, = X
YsReo+atk—ak W) (1-20°k%) (1-30%k?)

X(256—2368c k W +788a’k’> + 87040 k*W* — 5188’ kW —156160°K° W™ +

+2290 k* +110400° k* W2 +13056° k*W* +9420°k°W — 243200k W —

— 409607k W —3770°k® — 185280k W* — 99840k W* + 119480 kW +
+31232a"K'W> + 61440 k' W3 - 2218’k — 224000k W ? —13824a* k* W +
+6056 o IW +7680 o kW —1148 0/°k'® +1920 o'k W* —1968 o' k"W + 24 o2 k');

k3
Zl: 27.2N\3 272
48(1-20°k”)y (1-3a7k")

(34-164a kW =33’k +

+336° KW =320k W —1920°K°W? +171a*k* = 2400 k' W? +
+124°KEW +1920°K°W? —134a°k° =240’ k'W — 480°k®) ;

B K (Q+o’k> =2a kW)
P48 (1-20%k%)? (1-30°k) (1-4a*k?)

(16-128a kW +77a° k> +

+128a°k*W? +160° kW — 248 k* — 288a’* k* W? + 2880’ kW —120°k ) ,

rae O — KanwuIsspHas MOCTOSIHHASA KUAKOCTH, a W — napametrp ToH-
kca—DpeHkers.

IIpuBenentoe BoipaxkeHne GyHKuu &=¢E(x,¢), KOTOpas OMUCHI-
BacT (hOpMY HEJIMHEHHON BOJHBI Ha CBOOOJHOM 3apsyKEHHOM IOBEPX-
HOCTU HJICAUTBHON XKUJKOCTU C TOYHOCTHIO IO BEIIUYUH TPETHErO MO-
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psiKa MajocTu coBnagaet B mnpenaene W — 0 (to ectb 0 — 0) ¢ us-
BECTHBIM [61 — 63] BeIpakeHueM Jy1si POPMBbI HETUHEUHBIX KamUJLISIp-
HO-TPABUTAIIMOHHBIX BOJIH Ha HE3apsHDKEHHOM MOBEPXHOCTH HJCalhb-
HOM XKUJIKOCTH.

AMIUTMTYTHBI MHOKUTEIb TIOTIPABKA BTOPOTO MOPSIKA MAJIOCTH
A HapacTaeT pe3oHaHCHO mpu k=~ k, = 1/(a. - 2''%), a MHOXwHTENB TIO-
IpaBKU TPETbEro mopsAnka wmajlocth X— 10Opu  k=k, wu
k= ky=1/(o.- 3""%). AMIUTHTYIHBIl MHOXWTEINb [OIPABKH YETBEPTO-
ro Mopsjaka MajocTu 7, UMEET TPU pe30HaHca — mpu k= k,, npu
k=~ ks unpu k= k;=1/(o - 4"%). B KBagpaTHUHOM IPHOIIKCHHIH IO
aMILTUTY/I€ BOJHBI (KOTJIa €CTh TOJIBKO OJHO PE30HAHCHOE BOJHOBOE
qucio k = k,) Ipyu pe30HAHCHOM B3aUMOJICHCTBUU MPOUCXOIUT Tepe-
KayKa dHEPTHH OT JJTMHHBIX BOJH C BOJTHOBBIMH YHCIaMU k = k, k 00-
jiee KOPOTKUM ¢ k = 2k,. U3 Belpaxkenus misa & =E(x,t) IerKo BUIETS,
4TO aHaJOTU4HBbIE A(DPEKTh OYyIAyT UMETh MECTO NpU k= k3 U npu
k = ky: sHeprus OyneT mepekauyuBaThCs OT JJIMHHBIX BOJH C BOJTHOBBI-
MU 4HciaaMu k = k3 K BoJiHaMm ¢ k= 3k;, HO gaHHBIA > dexT Oyner
UMeTh 00Jiee BBHICOKUI MOPSAIOK MajIocTH. Takxke OyeT MpOUCXOAHUTh
nepeKayka dHEPTUM OT BOJH € k= k4 K BoiaHaM ¢ k= 4k, a cam 3¢-
(dekT OyaeT uMeTh elile 00Jiee BBICOKUI MOPSI0K MaJIOCTH.

HecmokHo 3aMeTHTh, 4TO q00aBKa K YacTOTe ~ O, COAEPIKHT
KBaJpaT aMILUIATY/IbI, a T00aBKa ~ 04 COACPIKUT aMILUIUTYly B YETBEp-
Tou creneHu. Ha puc. 1 — 2 npuBeneHsl pacyeTHbIE 3aBUCUMOCTH 10~
paBoK O, ¥ O4 OT BeIUUMHBI apameTpa Tonkca—Dpenkens W u 6e3-
pa3MepHOro BOJHOBOTO Uucia X = O k. DPGDEKT BIUSHUSA 3TUX HOMpa-
BOK K YacTOTaM MMEET COOTBETCTBEHHO TPETHH W MATHIA TMOPSIOK
MaJIOCTH (31O MO>KHO MOKa3aTh pasoKEeHUEM
a - cos[(® + a’ & + a* &,) - {] mo crenensm a” &, wu a* §y).

Henunelinple TOmpaBKM K 4YacTOTe, a TakKe AaMIUTUTYIHbBIS
MHOXxuTenu A, X, Z;, Z, IMEIOT pe30HAHCHBbIN BUJ (MMEIOT B 3HaAMe-
HATEJISAX MHOXHUTEU, 00pallaloIIrecs IPU ONMPEACICHHBIX 3HAYEHUSIX
BOJTHOBOTO 4YHCJIa B HyJb). CKa3aHHOE O3HAYAET, YTO BBIMHCAHHOEC
BBIPOKCHHE MMEET OTPAaHUYEHHYIO HNPUMEHMMOCTh it & =CE(x,t) B
OKPECTHOCTH BOJIHOBBIX 4Mcell k =k, , k= k3, k= k4, Tak KaKk amIuiu-
TyJIHbIE MHOKMTEIH T00ABOK K 4acTOTE O) M O4 M aMILIUTYIHBIC KO-
s punuentsl A, X, Z, Z, 1omxHbI ObITh IOpsiaka O(1).
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Puc. 1. 3aBucumocTs 6€3pa3MepHOTO MHOXKHUTEIIS MTPHU TIOTPABKE
K 4aCTOTE BTOPOTO MOPsIKA MAIOCTH O,
ot mapaMeTpoB x=0k(0<Sx<2)u W(0<SW <2)

Yacrora OCHOBHOM BOJIHBI 3a7aeTCA BBIPAKCHUEM
(0 + a” 8, + a* §,). Kpurndeckne ycioBusi peatn3alii HeyCTONIHBO-
CTH CBOOOTHOM MOBEPXHOCTH KHUIAKOCTH MO OTHOLIECHUIO K MTOBEPXHO-
CTHOMY 3apsily OINpPEACISIOTCS IBYMSI COOTHOILLICHUSMU: PABEHCTBOM
HYIII0 KBaxpaTa 4acToTsl 2 = ‘0 +a’ 8, +a*8,)* %/g BupTyansHOi
BOJIHBl U PaBEHCTBOM HYJIIO MPOU3BOAHON OT YAaCTOTHI {2 MO BOJHO-
BOMY umciy. M3 mepBOro COOTHOIICHUS OMPEIENSIeTCs] KPUTUUECKOE
3HaueHue napamerpa Tonkca—®Dpenkenss W, a U3 BTOPOTrO — BOJIHO-
BOE€ YMCJIO HamOoJiee HEYyCTOMYMBOM BOJIHBI k+. Kak ObUIO MOKa3aHO
panee [1], B paMKax JIMHEHHOW MOJIENIA KPUTUUYECKUE 3HAUeHust W« u
k+ ompeenst0TCS paBEHCTBAMMU:

40



1 1
o k. o
B pemaeMoli HEIMHEWHOW 3aJaye UCKOMBIE KPUTUUYECKHUE IS

peanu3alnuyd HEYCTOMYMBOCTU 3HAueHus mapamerpa ToHkca-Ppen-
KEJISL U BOJTHOBOT'O YHMCJIIA MPEACTABUM B BUE PA3JIOKEHUAM

W,=2-wk’a’ —wk'a*; (@ k), =1-hk’a’—hk'a".

[ToicTaBUB TaHHBIC PA3JIOKEHUSA B YPABHEHUS JJIsl KPUTHUECKUX
YCIIOBUM pean3aluu HEYyCTOMYMBOCTH ToHKCa—DpeHKeNss, HETPYIHO
MOYYUTh, UTO Wy = 1 1/8, wy = 135/32, h,=23/16, hy=7489/512.
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Puc. 2. 3aBucuMocTh 0e3pa3MepHOTr0 MHOXKHTEIIS TIPH MTOTIPABKE
K 4aCTOTE YETBEPTOrO MOPSIIKA MAJOCTH Oy
or mapamMeTpoB x=0k (0Sx<2)u W (0<SW <2)
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Kak BugHO U3 3TOM M OpeAbIAyIIEH TJIaB, KpUTUYECKas ISl pea-
JW3alUU HEYCTOMYMBOCTHU MOBEPXHOCTHASA ITUIOTHOCTH 3apsia U BOJI-
HOBOE YHMCJI0 HanboJjiee HeyCTOMUNBOM Mo TOoHKCY-DpeHKeN0 Kamui-
JIIPHOUW BOJIHBI CHUYKAKOTCSI IO CPABHEHHUIO C MPEJCKA3BIBAEMBIMU JIH-
HeHOW Tteopuen. IlompaBku Kak BTOPOro, TaK U YETBEPTOTO
MOPSAIKOB MAJIOCTH MO aMIUITUTYE BOJHBI K KDUTUYECKOMY 3HAYEHUIO
napamerpa Tonkca-Openkenst Ws 1 K BOJIHOBOMY UYHCIy ¢ HanOOJb-
UM UHKPEMEHTOM HEYCTOMYMUBOCTH K+ OTPULIATEIbHBI.

3. 3akmoueHue. B paMmkax HENMHEWHOW MOAENU TMONPABKH K
4acTOTE IJIOCKON KaNWJUISPHO-TPABUTAIIMOHHON BOJIHBI, Oeryiiei mo
OJTHOPOJHO 3apsKEHHOW CBOOOJHOM IOBEPXHOCTH HACATHLHOM He-
CKAMAEMOM KUIKOCTH, 3aBUCAT OT KBaJpaTa aMIUIUTYJAbl U €€ YeT-
BEPTOM CTENIEHH M MMEKOT PE30HAHCHBIN BUJA. Kputnueckue s pea-
JV3alUU HEYCTOWMYMBOCTHU MOBEPXHOCTHAS IUIOTHOCTH 3apsiaa U BOJI-
HOBO€ UYHCJIO HauboJiee HEYCTOWYMBOM BOJHBI B HEJIMHEHHOM
NPUOIMAKEHUM CHIKAIOTCS. bojee Toro, BBISBISIETCS TEHJICHIUS 0O-
jee OBICTPOTO YMEHBIIICHUS 3THX KPUTHYECKUX 3HAUYCHHH C POCTOM
aAMIUTUTYbI BOJIHBL.

2.3. HenuHeUHbIlU aHanu3 epeMeHHoOU 3sosiroyuu
Heycmouyueou 3apsi>KeHHoU ns1ockol ceob600HoU
nosepxHocmu xuoékocmu

1. WccnenoBanue Qu3nueckux 3aKOHOMEPHOCTEH peanu3aiuu
HEYCTOMYMBOCTH 3aAPSKEHHOW IUIOCKOM TMOBEPXHOCTH KUJKOCTH
MPEJICTABIISIET UHTEPEC B CBSI3U C MHOTOYHCIICHHBIMU aKaJICMUYECKH-
MU, TEXHUYECKUMH W TEXHOJOTMYECKMMH MPUIIOKEHUSIMU (CM., Ha-
npuMep, 0030pbl [98 — 106] u uTUpyeMyro Tam JuTepaTtypy). boib-
11as 4YacTh MPOBEJCHHBIX K HACTOSIIEMY BPEMEHU TEOPETUUECKUX HC-
CJICIOBAHUI BBITIOJTHEHA B JIMHEHHOM MPUONKCHUH IO aMIUTATYE
nedopMalud IMJIOCKOW TMOBEPXHOCTH JKUJIKOCTH, M JIMIIb HEJABHO
MOSIBUJINCH padOThI, OTpaXkarolue ero HeauHeinyt cyts [107 — 109].
Ho, HEcCMOTpst Ha 3HAYUTEIBHBIN UHTEPEC K ATOMY (PEHOMEHY W JIJTHU-
TEJIbHYI0 UCTOPUIO €r0 M3YYCHHUsI, MHOTOE€ B HEM OCTAETCS HETOHSAT-
HbIM. B 94acTHOCTH, MPaKkTUYECKH HE MCCIECIOBAHHBIM OCTAETCS BO-
IPOC O 3aKOHOMEPHOCTIX (popMUpoBaHUs «KOHYCOB Teiiopay» — BbI-
CTYIOB Ha 3apsHKEHHOM MOBEPXHOCTU KUJKOCTH, 00pa3yroIIUXCcS Ha
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HEJIMHEWHOMN CTaJuU pealu3aluu €€ HeyCTOWYUBOCTH, C BEPIIUH KO-
TOPBIX UJET COPOC U3OBITOUHOTO 3apsjia MMyTEeM SMUCCUU BBICOKOMC-
NEPCHBIX CUJIBHO 3apsiKEHHBIX Karesiek. KauectBeHHas mojens (op-
MHPOBAHMSI TaKUX BBICTYNOB Tpemiioxena emie B [2]. B [109 — 111]
O0OCYKJIalOTCSl MOMBITKA UX YUCIECHHOTO pacyeta. Ho HUKTO HE TbI-
TaJICsl OLICHUTh XapaKTepHOE BpeMsi (OPMHUPOBAHUS «KOHYCOB Teitno-
pa» OT MOMEHTA Hayajla peain3aluyd HEYCTOMYMBOCTH 3apsyKEHHOU
KUJIKOW MOBEPXHOCTH. MIHKPEMEHT HEYCTOMYMBOCTH B Ka4ye€CTBE Xa-
PAKTEPUCTUKMA BPEMEHHU POCTA BBICTYIIA HE MOJAXOIUT, MOCKOIBKY
OMUCHIBACT €ro POCT JUIIb Ha JUHEWHON (HadalbHOM) €ro CTajuu,
MOKA BbICOTA (AMILIUTY/Ia) BBICTYIIa MHOI'O MEHBIIE €ro MOMEPEYHOTO
JIMHEWHOTO pa3sMepa, TOrjaa Kak «KOHyC Teunopa» [BISIETCS CYIIECT-
BEHHO HEJIMHEWHBIM oOpa3zoBaHueM. Bompocy pacuera XapakTepHOTro
BpeMeHH (HOpPMUPOBaHUS «KOHYCOB Teisiopa» W MOCBSIIEHO HACTOS-
i€ PaCCMOTPEHHE, KOTOpOE OYIET MPOBENICHO MO CXEME, UCIIOIb30-
BAHHOM paHeEe MPU AHAIN3E HEJIMHEWHBIX CTAIUN PA3BUTUA CHUIIBLHO
3apsikeHHOM Karuu [112 — 113] u He3apssKeHHOM Karjid B OJHOPOI-
HOM BHEITHEM 3JICKTPOCTATUYECKOM I10JIe OOJIBIION BeanunHbI [ 114].
2. [IycTh nneanbHas, UACAIbHO MPOBOASAIIAS HEC)KUMAEMAas KU1~
KOCTh, MMEIOIIAsl IUIOTHOCTh P, 3alOJHSET B IMOJE CHII TSIXKECTH
(g ||-7.) momympocTtpancTBO z < 0 B IeKapTOBOM CHCTEME KOOPIWHAT
(3a 7, 0003HaYEH OPT OCH z), a €€ HEBO3MYIIICHHAsI BOJIHOBBIM JBHKE-
HUEM paBHOBECHAs TUIOCKasi MOBEPXHOCTH (COBIAJAONIAs C IMJIOCKO-
cThi0 XOY) rpaHU4UT ¢ BaKyyMOM, MOJBEpPKEHA ACHCTBHUIO CUJI MO-
BEPXHOCTHOTO HATSKEHUA ¢ KOI(PPUIHUEHTOM Y U HECET OJHOPOIHO
pacipeieIEHHbIN JIEKTPUUECKUN 3aps] IUIOTHOCTHIO O. Benencreue
TEIJIOBOTO JIBMXKEHUSI MOJIEKYJI KUJIKOCTH Ha €€ CBOOOJHOU MOBEpX-
HOCTH BO30YXIAI0TCSl KaMWIISPHBIE BOJIHBI BEChbMa MaJIOH aMILUIUATY-
Ibl Tak, 4To (opMa CBOOOJHOM MOBEPXHOCTH OMPEACITUTCS COOTHO-
meHuem z =&(x,t). Maremarnyeckass OCTAaHOBKA 3a/1a4d O pacuere

HEJIMHEMHBIX KamWUIIPHO-TPABUTAIIMOHHBIX BOJH Ha CBOOOJHOM OJ-
HOPOJIHO 3apsI’)KEHHOM MTOBEPXHOCTH KUIAKOCTH UMEET BU/I

z>¢ AD=0; z< ¢ Ap=0;
CE ey —per 0P P (a_co] (a_q of g _dp .
Z=60 PP ot 2|\ ox i oz ) | ot i ox ox 0z
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-3/2

2 2 2
p+(vq>) :_735? H(gj
87 ox ox

Z —>oo! VO - -Ege_;

Z — —oo; Vo -0,

rae ¢(7,t) — NOTeHUHAaN MOJIsl CKOPOCTEN TEUEHUS KUAKOCTU;, D(7,1) —
MMOTEHIHAJI JIEKTPOCTATUYECKOTO MOJIA HAZl )KUIAKOCTBIO; p(7,t) — MO-

JI€ JaBJIEHUU B JKUJIKOCTH.

B 3agadye nomxHbI ObITH CPOPMYIIMPOBAHBI TAKKE U HaYaIbHbIC
ycioBus. PernieHre HeIMHEWHBIX 3a7a4 C MPOU3BOJIbHBIMU, HAMeEpe
3aJITaHHBIMM HAYaJIbHBIMHU YCIIOBUSIMHU BBI3BIBACT OOJIBIINE MaTeMaTH-
yeckue TpyaHocTu. [loaTomy 1enecooOpa3Ho onpeaesiuTh HadyadlbHOE
YCJIOBHE TaKuM OOpa3oM, 4TOOBI pe3ysibTaT PEIICHUS 33aJa4d HUMEN
KaK MOKHO Oosiee mpocToid BuJ. B kauecTBe Takoro yciaoBus Mpeo-
JaraeTcsi, 4To KanuUISPHO-TPABUTAIIMOHHAS BOJIHA HA MOBEPXHOCTH
KUJIKOCTU SIBIIIETCSl O€rylield CHHYCOUJIAJIbHOW BOJIHOW B TIEPBOM
NPUOJIMKEHUH 110 MAJIOM aMIUIUTY/]Ie BOJIHBI, TO €CTh MPOUIIb €€ BbI-
[JISIUT CAEAYIOMUM 00pa3oM:

E=a-cos(k x—wt)+0(a*),

rJae a U () — aMIUTMTya M 9acTOTa BOJIHBI, K — BOJHOBOE YHCIIO. AM-
IUTMTY Ty BOJHBEI OyZI€M CUMTATh MAJIOW 110 CPABHEHMIO C KAITUILIIPHOM
MOCTOSIHHON JKUAKOCTH «=./y/pg TaK, 4TO OTHOIICHHE (a/c) Iis

HUKECIIETYIOIIET0 aCUMIITOTUYECKOTO aHalIn3a €CTECTBEHHO BhIOpATh
B KayecTBe MaJsioro napamerpa. Kpome toro, npenmnosiaraercs, 4To BCE
n00aBKH K MPOdHIIIO BOJIHBI BTOPOTO 1 00Jiee BRICOKHX MOPSIKOB Ma-
JIOCTH, IPONOPIIMOHAIbHBIE COS(k X— ), KOTOPBIE MOT'YT MOSIBUTHCS B
CUJIY HEJIMHEWMHOCTH 3a7]a4M, paBHBI HYJIIO.

B HyneBOM NpHOIMKEHUH 10 MajoMmy mapamerpy (a/a) cBo-

00/IHasi TTOBEPXHOCTh JKMJKOCTH HAaXOJUTCS B HEBO3MYILEHHOM CO-
CTOSIHUM WU OIHCBHIBACTCS YpaBHEHHEM z = (), KMJKOCTh IMOKOWUTCH, a
AJIEKTPUYECKOE MOJIE OJHOPOHO BO BCEM MPOCTPAHCTBE:
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5050; V¢050; Vo, =-Ee.; Do =——2-.

[oncraBnsis 3TU BbIpaKe€HUs B UCXOJHBIE YPABHEHHUS, [10JIyUYUM
D, =-F,z.

HeusBecTHbiMU GYyHKIMSAMU B CPOPMYITUPOBAHHON 3amade siB-
JISFOTCS. BO3MYIIEHHE CBOOOJHON MOBEPXHOCTH &, MOTEHIMAN IIOJIS
CKOpoCTed @ u 3neKkTpudeckuil noreniman @. Uckars ux Oyaem B BU-
JI€ PA3I0KEHUH IO MAIIOMY IIapaMeETpPy:

(el ae(e o aeold)

2 3 4 5
O=-E z+(ﬁ)q>1+(ﬁ) c1>2+(3) ¢3+(£) ¢4+0(£) :
0 o o o o o

o=(2)a+(z) () or(2) e ol2)

£, ~O0(); @, ~01); ¢, ~0(0).

3. Pemasi chopmynupoBaHHyO 3a7adyy METOJAOM MHOTHMX Mac-
mTaboB B O€3pa3MEpHBIX MEPEMEHHBIX, B KOTOPhIX g=y=p=1 (cre-

JOBATEIbHO, W KaNMWJUISIpHAS TMOCTOSHHAS JKHIAKOCTH TaK)Ke paBHA
eAuHUIE: 0=1), B MATOM MOPSAKE MAJOCTH MO AMIUIMTY]IC BOJHBI
MOKHO HAaWTH MpOodHIIb KamUUIBIPHO-TPABUTAIIMOHHON BOJHBI B BUJIC
(3a BceMH TIepeMEHHBIMU OCTaBJICHBI TPEKHUE 0003HAUCHUS, @ MAJIBIN
napameTp 0003Ha4YaeTCs MPOCTO @)

E=a-coslkx — (w+a’6, +a*8,)-t]+a* - X, - cos|2kx — 2(w + a°6,) - t]+
+a’ X, - cos3kx — 3w+ a’d,)- t]+
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ey (X42 _ cos[Z(kx _ a)t)]+ X, - Cos[4(kx — a)t)])+ a’ X, cos[S(kx — a)t)];
(1)

' =k 1+ =kW); W=dro*;

5 - I (L6k°W?* —16k°W +2k* —16kW +k* +8)
’ 16 w (1-2k%) ’

kS
54: 2 _ 253 _ 2 X
S120(1+k>—k W) (1-2k>) (1-3k?)

X(256 —2368 k W +788k> +8704k*W* —5188k°W —15616k°W> +
+220k% + 11040k W2 +13056k*W* +942k°W —2432K°W° —
—4096k°W?> —377k® —18528k°W?* — 9984 k°W* +11948k"W +

+31232K" W3 + 6144k W3 —2218k® — 22400k W? —13824 kKW +

16056 KW +7680 kW —1148 k10 +1920 k1oW2 —1968 k''W +24 k);

_k(Q+k =2kW)
“ 2(1-2k%)

_K(6=32k W +21K +326°W° =32K'W +6k*)

X33 2 2
16 (1-2k%) (1-3k%) ’

k3

X, = — —(34—164 k W —33k* +
48 (1-2k*)’ (1-3k%)
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+336K°W° = 52K°W =192 W +171k* — 240k W +
124K W +1926°W° —134k° = 24K"W — 48k");

B K (+k>=2kW)
Y48 (1-2k7) (1-3k%) (1—4k?)

16128k W +77k* +

+128K° W72 +160k°W —248k* —288k'W?* + 288k’ W —12k°);

rie W — Oe3pasmepHbiii mapamerp Tonkca-dpeHkens, xapakTepu-
3YIOIUNA YCTOMYMBOCTh CBOOOJHOM MOBEPXHOCTH KUJKOCTH MO OT-
HOLICHUIO K NMMOBEPXHOCTHOMY 3apsny. Belpaxkenue st X, HE IPUBO-

TUTCS BBUAY €r0 TPOMO3JAKOCTH W HE3HAUUTEIBHOTO BIIMSHUS Ha
poQuiIb pe3yIbTUPYIOIICH BOJIHBI.

Bripaxxenue myist Gopmbl HEIMHEHHOW BOJIHBI HAa CBOOOIHOM 3a-
PSPKEHHOM TOBEPXHOCTU HJICATBHON KUJIKOCTH (1) ¢ TOYHOCTBIO J0
BEJIMYMH TPETHETO MOPSIAKA MAJIOCTH coBnaaaeT B npeaene W — 0 (to
ecth ipu 0 —> 0) ¢ u3BecTHbIM [61 — 62] BbIpaxkeHueM 1151 (HOPMBI
HEJIMHEWHBIX KaMWIISIPHO-TPABUTAIIMOHHBIX BOJH Ha HE3apsKEHHON
MOBEPXHOCTH UACATHHOU KUJIKOCTH.

N3 (1) BUAHO, 4TO aMIUTUTYAHBIA MHOXXUTENb MOMPABKU BTOPOTO
MOPSLIKA MAIOCTH X,, HAPACTACT PE30HAHCHO mpH k = k, = 1/(- 2'%), a
MHOKUTEJIb MOMPABKU TPETHETO MOPSJIKA MAJOCTU X33 — IpU K=k, U
k=ky=1/(3"%). AMIIHTYIHBI MHOXHTEIb IONPABKH YETBEPTOTO
MOPsIJIKa MaJIOCTU X44 UMEET TPU pPE30HAHCA — NIPU k = ky, IpU k= k3 1
npu k= ks = 1/( 4"%). B KBampaTHUHOM MPUOIMKEHAN 110 AMILIATYIE
BOJIHBI (KOT/Ia €CTh TOJIBKO OJHO PE30HAHCHOE BOJHOBOE YHCIIO
k=k,) mpu pe30HAHCHOM B3aMMOJICHCTBUU MPOUCXOJUT IepEeKavKa
SHEPTUM OT JUIMHHBIX BOJIH C BOJHOBBIMU UHcCiIaMu k = k, K OoJiee Ko-
poTkuM C k = 2k,. U3 BblpaxkeHnusd (1) jerko BUAETh, YTO KPOME yKa-
3aHHOTO PE30HAHCA B TPEThEM MOPSIKE MAJIOCTH AHAJIOTHYHBIA (-
dekT OyAeT UMETh MECTO TNpHU k = k3: HEprusa OyAeT NepeKauruBaThCs
OT JUIMHHBIX BOJIH C BOJHOBBIMH YHCIIaMH k =k; K 0oJjiee KOPOTKHUM
BOJIHaM C k = 3k;. B deTBepTOM MOpSAJIKE MAIOCTH KPOME YKa3aHHBIX
OyZeT UMETh MECTO W PE30HaHC Mpu k = k,: Tepekadka 3Hepruu Oy-
JIET MPOUCXOAUTH OT BOJIH C k = k; K BoJHaM C k = 4k,.
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BuaHo Takke, 4TO IMOMpaBKa K 4acTOTe ~ O, COACPIKHUT KBaapar
aAMILTUTY/IBI, a TIONpaBKa ~ 04 COJACPKUT aMILIUTYAy B YCTBEPTOU CTe-
neHu. IQPeKT BAUSHUS ITUX MOMPABOK K YACTOTAM MMEET COOTBET-
CTBEHHO TPETUM W MATHIA MOPSAOK MaJOCTH (3TO MOXKHO TOKa3aThb
pazioxkeHueM a - cos[(® + a* &, + a* 8,) - t] mo cremensam a” 8, u a” &y).

HenuHerHble TONPaBKHU K YaCTOTE TaK K€, KaK U aMIUIATYIHbIC
MHOXUTENIH Xy, X33, X42, X44, AMEIOT PE30HAHCHBIA BUJ (MMEIOT B
3HAMEHATENSIX MHOXKUTENHU, OOpalllaroliyuecs Mpyu OMpe/eICHHbIX 3HA-
YEHUSX BOJHOBOI'O 4Mclia B HyJb). CKa3zaHHOE O3HAYaeT OrpaHUYCH-
HYIO IPUMEHUMOCTh BhIpakeHHUs (1) B OKPECTHOCTH BOJHOBBIX UYHCEIN
k=k,,k=k, k=k4, Tak KaKk aMIUTUTyTHbIC MHOXUTEIN J0OABOK K
4acToTe Oy M O4 M aMIUIMTYAHBIC KOI(DOUIUEHTHI Xj), X33, X4, Xug
JOJKHBI ObITH opsaka O(1).

Yacrora OCHOBHOM BOJIHBI 3a7aeTcsA BBIPAKECHUEM
(0 + a” 8, +a* §,). Kpurnueckne ycnoBusi peann3alii HEyCTONIHBO-
CTH CBOOOJHOU MOBEPXHOCTH YKUJKOCTH MO OTHOIIECHUIO K MTOBEPXHO-
CTHOMY 3apsily OMNPEAEIISIIOTCS IBYMSI COOTHOIICHUSMU: PABEHCTBOM
HYIIIO KBAJpaTa 4acToTsl Z°=(0 + a° &, + a” 8,)> BUPTyanbHOIl BOIHEI
Y PaBEHCTBOM HYJIKO ITPOU3BOJAHON OT YaCTOTHI Z MO BOJTHOBOMY UMC-
ay. I3 mepBOro COOTHOIIEHUS OMPEAEISIETCS KPUTUUECKOE 3HAUYCHHE
napameTpa ToHkca—®penkens W=, a U3 BTOPOTO — BOJHOBOE YHCIIO
HanOoJee HEYCTOMUMBOM BOJIHBI k+ [1]. B paMkax nuHelHOW Moaeu
KPUTUYECKHUE 3HAUEHUSA W+ U k+ onpenesitoTcsl paBeHCTBAMU

W=k, +k'; k=1, )

B pemaemoii HenuHeWHOUW 3agadye OyaeM MCKAaTh HEJIUHEHHBbIE
MOMPAaBKU K KPUTUYECKOMY JIJII peaiu3allii HEyCTONYMBOCTHU 3HAUe-
Huto napamerpa Tonkca—Dpenkensa W, nonaras, 4To ycioBus (2) BbI-
MOJTHUJIUCh U HEYCTOMYMBOCTH MPETEPIIEBAET BOJIHA C k=1, JJIsl 3TOTO
npeacTaBuM W B BUE pa3noKeHUs

2 4
W.=2-w,-a"+w,-a

3)

[ToncTaBuB JaHHOE pa3fokKEHUE B ypaBHEHUE Z° =0, MyTeM MO-
CJIEIOBATENIbHBIX MPUOIUAKEHUN HETPYIHO MOTYUUTh, UTO W, = 11/10,
wy = 51/160. TakuM 00pa3oMm, OKa3bIBACTCS, YTO KPUTHYECKOE IS
peanu3aluy HEYCTOMYMBOCTH TUIOCKOM 3apsiKEHHOW IMOBEPXHOCTHU
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UJICaTbHOM KUJIKOCTH 3HAYEHUE mapamerpa W 3aBUCHAT OT aMIUIUTY-
JIbl BUPTYaJIbHOM BOJIHBI, C IIOTEPU YCTOMUUBOCTHA KOTOPOU HAYMHACT-
ca HeyCTOW4YMBOCTh ToHkca-DpeHkess. B yCclioBusSX HaTypHOTO 3KC-
MepUMEHTa Ha CBOOOJHOM MOBEPXHOCTHU >KUJIKOCTH CYILIECTBYET Oec-
KOHECYHBIM CIHEKTP KaNWUISIPHBIX BOJIH C Pa3MEPHOM aMIUIATYIOU
nopsijka +/xT/y, (k — nocrosiHHas bonbiiMana; 7 — aOCOJIFOTHAsT TEM-

neparypa *uJIKOCTH), TOPOKAAEMBIX TEINIOBBIM JIBUKEHUEM MOJIEKYI
KUJIKOCTU. DTH BOJIHBI U HCHOJHSIOT (PYHKIIMIO BUPTYaJIbHBIX BOJIH
[1]. HecnoxxHO BHAETH, UTO aMIUIATYJla TAKUX BOJIH JISl TOJABJISIO-
1ero OOJBIIMHCTBA PEATIbHBIX KUJIKOCTEH MPU pa3yMHBIX (B CMBICIIE
BO3MOXHOCTH CYIIIECTBOBaHUS >KUJKOCTH) TeMIepaTypax OyJer
UMETh BEJIMYMHY OKOJIO IMOJOBHUHBI aHTCTPEMa, a B MPUHATHIX Oe3pas-
MEpHBIX NEepEeMEHHBIX ~ 107°. JIjs 1enei onpeaeneHus yCiaoBUi pea-
JIA3aLUA HEYCTOMYHUBOCTHU IUIOCKOW 3apSIKEHHOW MOBEPXHOCTHU KHUJI-
KOCTH CTOJIb Majas aMIUIMTyJa BOJHBI O3HA4YaeT, YTO KPUTHYECKHUE
YCIIOBUSL HEYCTOMYUBOCTH MTOJTHOCTBIO ONPEAEIATCS JIMHEUHON TEOPHU-
ei: k. =1, W.=2. BnausHue e HeIUHEHHBIX momnpaBok (cMm. (3))

MPOSIBUTCS B YBEJIMUEHUHM CKOPOCTU HapacCTaHUs aMIUIUTYIbl, KOTOpast
OyJzeT 3aBUCETh OT caMoil amMIuIuTyAbl. [lonpoOHOE 00CykIeHne 3To-
ro (peHOMEeHa TPOBEACHO B HUKECIEAYIOIIEM PACCMOTPEHUH.

4. ITpumeM, 4TO B HaYaIbHBII MOMEHT BpeMeHH (npu =) y cBo-
00JTHON OJHOPOJHO 3apsHKEHHON MOBEPXHOCTU KUJKOCTH BEIMYHMHA
napamerpa W paBHa KPUTHYECKOMY 3HAUYEHUIO, MPEACKa3bIBAEMOMY
JUHEMHOW Teopuen, W=2, Torma COrjacHO JIMHEWHOM K€ TEOpUH
KBaJ[paT YacTOThI BOJHEI C k =/ W aMIUIUTYJIOM, KaK YrOAHO MaJIO OT-
JUYaroNiencs oT Hys, 00paTuTcs B HYJb [1]:

o’ =k-(1+k>-kW). (4)

DTO 00CTOATENBCTBO CaMO IO ceOe ele He 00ecIIeurnBaeT Havaja
peaM3aid HEYCTOMYMBOCTH BOJIHBI, IOCKOJIbKY HHKPEMEHT HEycC-
TOWYHMBOCTH TaKOW BOJIHBI, ONIPECIAeMbI JTUHEHHON Teopueu, OyaeT
paBeH HYJIIO, T.K. B JINHCHHON TEOPUU AUCIIEPCUOHHOE YPaBHEHUE HE
COACPKUT aMIUIUTYAbl BOJIHBI U BCE €r0 KOMIIOHEHThI UMEIOT HYJICBOM
MOPSA0K MaJIOCTH. [IpOBENECHHBIN K€ BBIIIEC HEJTUHEWHBIA aHAIA3 T10-
Ka3bIBAE€T, YTO KPUTHUYECKOE 3HAUCHUE MapameTpa W 3aBUCUT OT aM-
IJIATYIbl BOJIHBI M YMEHBIIIAETCA ¢ €€ pocToM coryiacHo (3). Cka3zaH-
HOE€ O3HAYAET, YTO UMEIOIIEECS] Y MOBEPXHOCTH KUIAKOCTH DJICKTpUYE-
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CKO€ MoJjie (XapakTepuzyeMoe napameTpom W) Oynet 3aKpUTHYECKUM
U I BOJIHBI JIFOOOM, KaK YrOJHO MaJIOW aMIUIATY/IbI, BEJIMYMHA WUH-
KpEMEHTa HEYCTOMUYMBOCTH OYAET OTIWYHA OT HyJsA. CTeneHb 3aKpu-
TAYHOCTU  MapaMmeTrpa W  ompedenuTcss Pa3HOCTbIO  MEXIY
W.=2-w,-a’+w,-a* u W=2. JIpyruMH CJIOBaMH, KBaJPaT YaCTOTHI
BOJIHBI OTMIPEEIUTCS COOTHOLIEHUEM

@ =-w,-a’+w,-a (5)

9

T.€. BOJIHA CTAHET HEYCTOMYMBON C MHKPEMEHTOM ), ONPEIACIIAIOMIUMCS
corinacHo (5) BBIpaXXEHUEM y = a\/ (w,—w,-a’). Ecnu ydects Temepsn,

YTO aMIUIATYJIa HEYCTOMYMBOW BOJIHBI YBEJIMYMUBACTCS CO BPEMEHEM,
TO W3 3TOTO COOTHOLICHUS TMOJTYYUM MHKPEMEHT HEYCTOWMYHMBOCTU KaK
(GYHKINIO YBEIMYUBAOIICHCS CO BpEMEHEM aMILTUTYIbI a(?):

x=a((w, —w, -at)’). (6)

[ToguepkHeM, 4TO B MPOBEACHHBIX PACCYKACHUSIX pe3yJIbTaT He-
JUHEWMHOTO aHanu3a (cooTHolleHue (3)) MCMOIb3yeTCs s MoJyde-
HUS QHAJTUTHYECKOTO BBIPAKCHHUS JTUHEWHOW XapaKTEPUCTHUKU Bpe-
MEHHOM 3BOJIFOIIUA HEYCTOMYHUBOW BOJIHBI — HHKPEMEHTA.

N3 (6) BUAHO, YTO TTOCKOJIBbKY aMILUTUTY/1a BOJHBI SIBJISETCS (PyHK-
IMel BpeMEHHU, TO U MHKPEMEHT HEyCTOMUYMBOCTH Takke OyaeT QpyHK-
nue BpeMeHu: y = y(¢). CkazaHHOE O3HAYAET, YTO aMIUIUTYJia BOJIHBI

OyJIeT YBEIMYMBATHCSI CO BPEMEHEM 10 3aKOHY

a(t)=a,-exp(y 1) =a, 'eXp[a(t)\/(Wz — Wy 'a(t)z) 1], (7)

T. €. CYIIECTBEHHO OBICTpEE, YeM MO SKCIOHEHIIMAILHOMY 3aKOHY, H,
CJIEIOBATENIBHO, OBICTPO BBIMAET 3a pAMKU NPUMEHUMOCTH UCIOJIB30-
BAHHBIX MPU NOJyYeHUH (7) pa3IOKECHUN IO MaJIOMy ITapaMeTpy.
YTOoOBI MOJYYUTh 3aKOH POCTAa CO BPEMEHEM aMILIUTYAbl BOJIHBI,
IPUTOJHBIN NpH JIOOBIX €€ BEJIMYMHAX, PACCMOTPUM IOCIEA0BATEIb-
HOCTb 3HAYEHUI aMIUIUTYJbl ¢ 4epe3 MHTEpBallbl BpeMeHu Af,, (i=1,

2, 3, 4...), B TeUCHUE KaXJOT0 U3 KOTOPBIX BbIpakeHHE (7) MOXKHO
cuuTaTrh Xopomo padoraromuMm. Otmerum, 4to (7) chopaBelIMBO
JUIG JUIS JTUHEWHOM CBS3M MEXJIY CKOPOCTBIO POCTa aMILIUTYIBI
BOJIHBI da/dt ¢ aMIUIMTYJI0# a(t). Bennuuny nHTepBaia As, Oyaem om-
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peAeNsITh U3 YCIOBHUSA, YTOOBI MPUpAIICHUE MHKPEMEHTA Ha 3TOM HH-
TepBaJI€ ¥, — y., ObLJIO MHOTO MEHBIIIE BEJIUYMHBI MHKPEMEHTA B KOH-
1[€ MPEAbIIYIIEr0 MHTEpBAJIA BpEMEHU Ay= y. —y. ,<<y.,. lorma B
MpeJiesiax UHTEPBAIA BPEMEHU Af, BEJIMYUHY Y, MOXKXHO CUUTATh HE-
M3MEHHOM U TOJIb30BATHCS IS MOACYETA MPUPOCTA AMIUIMTYAbI Ag,

cooTHouieHueM (7).
[lycte BosmHa ¢ k=1 mpu W=2 mnperepriesia HEYCTOWYHUBOCTH
M €€ aMIUIMTyJa Hayajga yBEJIWYMBATbCS C  HHKPEMEHTOM

2 o
A =ao\/(w2 —W,-ay). 3a BpeMs Af, aMIUINTya HA4aJIbHOU BUPTY-
aJbHOM BOJIHBI a, =~/ kT BBIPACTET 0 a, =a, -exp(y, - At,). ITO IpUBe-
ner cornmacHo (6) K pOCTy  BEIMYMHBI HMHKPEMEHTa  JI0

X, =q, J(w2 —w,-a’), 1 B CIEAYIOIIMNA UHTEPBaJ BpEMEHU Af, aMILIH-

Tyaa OyIeT pacTd C TakuM HWHKPEMEHTOM M BBIPACcTeT IO
a, =a, -exp(y, - At,) . B KOHIIe HHTEpBajla BpEMEHU Af, HHKPEMEHT BbI-

pacTeT n0 y, =a2\/(w2 —w, -a;). Ha ciaenyromnieM nHTEpBaJIE BpEMEHU
At, aMIIIuTyAa OyJeT pacTH MO 3aKOHY a, = a, - exp(y, - At,).
Takum 00pazoM, 115 i-r0 HHTEPBAJIA BPEMEHU Af, TIOTYYUM

a,=a, -exp(y, -At). (8)

IToxcraBuMm B (8) BBIpake€HUE NI @, ,, KOTOPOE B CBOIO OUYEPEb
BBIPA3HUTCA 4epes a, ,, 4epes3 a, ;, U T.1. 10 a,. B mrore Bmecto (&)
OyJ1eM UMETh

a. = a, -exp[z;zl(;(m -Atm)J :

Ilepexonst B 3TOM BBIpaXEHUU K mpeneny At —0, m— oo, MO-
JIy4YUM

a(t)=a,- exp[ jo 2(t)- dt} .

B 3T0 BhIpa)keHuUE MOJCTaBUM COOTHOIICHUE (6), onpeacisoniee
3aBHCHUMOCTH BETMYMHBI HHKPEMEHTA OT aMILIUTY IbI:
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a(t)=a, -exp[ J‘;a(t)\/(wz —w, -a(t)®) -dt] 9)

Takum 00pa3om, MbI OTYUYUIIN HEIMHEHHOE MHTErPAIbHOE ypaB-
HEHHE OTHOCUTEIBLHO W3MEHSIOIICICS CO BpEMEHEM aMILIUTY bl BOJI-
HBI a(f). [{ns oThiCkaHus pelieHust ypaBHeHus (9) mposiorapudmupy-

€M €TI0

t
In(a(t)/a,) = | a(t)(wy —w, -a(t)?) -dt
U npoauddepeHIupyeM MOITYUMBILIEECS BBIPAKEHUE MO ¢

da(t)
a(t)- dt

= a(t)(wy —wy -a(t)?) .

Paznensis nepeMeHHbIe, TOJTyYUM
da B
2 N
a '\/(Wz —wy-a’)

[Tociie uHTETpUPOBAHUS HAMIAEM

dt.

0w, =wy-ag) 0w —wy -a)’) _

Wy -4 w, - a(t)

NN

2
\/(Wz_W4'ao)_t)2+& . (10)
Wy - dy Wy

a(t) =\ /wa(

N3 Beipaxkenus (10) BUOHO, UTO XapakTEpHOE BpPEMsSI PaA3BUTHS
HEYCTOMYMBOCTU T (XapaKTEpHOE BpeMsl HEJIMHEWHOrO HapacTaHUs
aMIUTATY/]Ibl), KOTOPOE OMPEACINM YCIOBUEM JOCTHKEHUS BBIPpAXKE-
HueMm (10) MakcUManbHOTO 3HAYCHUS, UMEET BU/I

T:\/(Wz—W4'a§)_ (an
w, - d
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Ecnun paccmaTpuBaTh pa3BUTHE BO BPEMEHH HEYCTOWYHMBOCTH
BUPTYaJIbHOW BOJIHBI, HAYMHAS OT TEIUIOBOW aMIUIUTYAbl nipu W=2,
TO, COTJIACHO CKA3aHHOMY BBIIIE, XapaKTEPHOE BPEMs HapaCTaHUs
aMIUTUTY/Ibl OKA3bIBAE€TCS OYEHb OOJBIIMM: B HMCHOJb30BAaHHBIX O€3-
pa3MEpHBIX NEPEMEHHBIX ~ 10°, a B pa3MEPHBIX MMEPEMEHHBIX, HAIPU-
Mep ISl BOJIbI, TpaHUYaIe ¢ BAKyyMOM, 3TO BpeMsi OyaeT =2.5-10%s,
T.€. OKOJIO CEMH 4YacoB (XapakTepHbI Macmitad o0e3pazMepuBaHUS

BPEMEHU €CTh - g’ /¥, T.e. T=t-\p-g’/y). [t Apyrux KuaKocTeit

WM KOMOWHAIIMKM >KUJIKUX CpeJl B 3aBUCHMOCTH OT Ko3(duineHTta
MexK(}a3HOTro HATSHKEHUS, TUIOTHOCTEW Cpell M TeMIIepaTyphl 3TO Bpe-
MSI MOXKET HECKOJIbKO U3MEHSIThCS, COXPaHssl MOPSI0K BEJIUUUHBI, T10-
CKOJIbKY UMEHHO TepeUYuCICHHbIE (PM3NUYECKUE BEIIMUMUHBI BIUSIOT Ha
BEJIMYHMHY TEIJIOBOM AMIUIUTYAbl BUPTYaJbHBIX BOJH U HA BEIUYHUHY
napaMmeTpoB oOe3pa3zmepuBaHusi. CkazaHHOE KaYeCTBEHHO COTIJIACYeT-
Cs C DKCIIEpUMEHTAJbHBIMU HaOmojeHussMu Tewmopa [3], koTopbIi
OTM€YaJl, 4YTO JUIMTEIbHOCTh JIMHEMHOW CTaJINU MOJATOTOBKH HEYCTOM-
YUBOCTH BO MHOTO pa3 MPEBBINIACT IJIUTEIbHOCTh HEIMHEHHON CTa-
MW, B T€YEHHWE KOTOPON aMIUIMTyJa SMUCCHUOHHOTO BBICTYNA Ha 3a-
PSYKEHHOW MOBEPXHOCTH KUAKOCTU (M3BECTHOTO IMOJ] HA3BAHUEM «KO-
Hyca Teisopay) ObIcTpo HapacTaeT. TeM He MEHee B DKCIEPUMEHTaX
[5, 115] o dakTe nnuTeNnbHOM 3aIePKKH peaii3allii HeyCTONYUBOCTH
HE COOOIIIaeTCs, XOTA HAa HEro CJI0KHO HE 0OpaTUTh BHHUMaHUE. DTO
HATaJIKUBAET Ha MBICIIb O TOM, YTO B YKa3aHHBIX SKCIIEPUMEHTaX pa3-
BUTHE HEYCTOMYMBOCTH UMEIO MECTO C BUPTYaJIbHOW BOJIHBI, AMILIH-
TyJa KOTOPOH CYIIECTBEHHO OOJIbIlle, YEM aMILIUTYyAa BOJIHBI, T€HE-
PUPOBAHHOM TEIJIOBBIM JIBUKEHUEM MOJIEKYJT AKHUIKOCTH.

Ha puc. | npuBeneHbl BpeMEHHBIE 3aBUCUMOCTH aMILIUTY 1 HEJW-
HEWHO HAPACTAIOLIMX BOJIH, PACCUYMTAHHBIE MPHU PA3TUUYHBIX HAYAIIb-
HBIX aMIUIATYJIaX, MHOTO OOJbIIUX TerioBoi. Kpome yxe ynoMsHy-
TOM JUITMTENBHOM 3aJIepKKU peain3allii HEYCTOMYMBOCTH, OpocaeTcs
B TJIa3a, YTO aMIUIMTYJa HEJIUHEWHO PACTYIIEH BOJIHBI C TEUCHUEM
BPEMEHU MPOXOJUT Yepe3 MAKCUMYM M HAauMHAET yMEHbIIaThcs. Be-
JUYWHA aMIUTATY]Ibl HEJIMHEWHOW BOJHBI B MAKCUMYME HE 3aBUCHUT OT
HaYaJIbHOM aMIUTUTY/Abl, HO OMNpPENENAeTCs] OTHOLICHUEM Kor(hduiu-
€HTOB MPU HEIIMHEHHBIX MOMPABKax BTOPOTO U YETBEPTOrO MOPSIAKOB
MajocTH. DTOT A(PGEKT CBsA3aH C HAIUYKMEM IMOIMPABKU YETBEPTOTO
MOPSIKa MAJOCTH IO aMIUIMTYJI€ K KPUTUYECKOMY 3HAYCHUIO Iapa-
MeTpa ToHkca-OpeHKessd, UMEIOLIEH IPOTUBOMOJOKHBIM 3HAK 10
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CpPaBHEHHIO C MOMpaBKoil BToporo nopsaka (cm. (3)). Eciu npoBectu
BCE M3JIOKEHHBIC PACCYXKJCHUS, OrPAaHUUYUBIIKUCH JIMIIb TMOMPABKOM
BTOPOTO TMOPSIAKA MAJIOCTU MO aMIUIUTYJle, TO OTMEUEHHOE Ha puc. 1
OTpaHUYCHUE aAMIUIUTY/bl HE MMEET MECTa, a aMIUIMTYyJa pacTeT J0
oeckoHeuHocTH. [1o Bcell BUAMMOCTH, TaHHOE OOCTOSATEIBCTBO CBA3A-
HO MPOCTO C OTPAHUYEHHOM MPUMEHHMOCTHIO MOJTYYEHHBIX COOTHO-
LUICHUH, T. €. C BBIXOJIOM 3a IIPEIEJIbl PABHOMEPHOU IMPUTOJHOCTHU pa3-
noxenus (3). MakcumMyM Ha KpUBBIX HaOJI0/1aeTCsl, KOrga ¢ pOCTOM
aMIUTUTYIbl TTONPaBKa Y€TBEPTOrO MOPAJIKA MAJIOCTH CPABHUBAETCS C
MOIMPABKOM BTOPOro TMOPSAKA, U MPU OOJIBIIUX 3HAYCHUSX BPEMEHHU
MMEHHO TOIMPABKA YETBEPTOTO MOPSAKA MAIOCTH OINPEIEIAET 3aTyXa-
HUE aMILTUTY b

1.5¢ 3 2
1 L
|
0.5¢f
0 10 20 30 t

Puc. 1. 3aBucumocTu 6e3pa3MepHbIX aMILTUTY 1 HETUHEHHO pacTyIIUX BOJIH
¢ 6e3pa3MepHBIM BOJIHOBBIM YHCIIOM k=1 mipu W=2 OT 6e3pa3MepHOro BpEMEHH,
paccunTaHHbI€ 110 (64) 115 pa3IUUHBIX HAYAJIBHBIX aMIUIATY/I:

1) a,=0.03; 2)a,=0.1; 3)aq,=03

5. Eme ogaum akTopoM, odecrieuynBaronuM ObICTPOE HapacTa-
HUE aMIUTUTYJbl HEYCTOWYHNBOU BOJIHBI, SIBJISCTCS CTENIEHb 3aKPUTHY-
HOCTH HANPsHKEHHOCTH 3JIEKTPOCTATUUECKOTO MOJIA (BEJIUYUHBI TUIOT-
HOCTH TOBEPXHOCTHOTO 3apsijia G), MPHUKJIAJAbIBAEMOI0 K HEBO3MY-
IICHHON TMOBEPXHOCTH XKUAKOCTH. OTMETHM, YTO B AKCIEPHUMEHTaX
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OOBIYHO OMNPEIEAIOTCS KPUTHUYECKUE YCIOBUS peaM3allii HEYCTOM-
YUBOCTH, KOTOPBIE JIJII XOPOUIO MPOBOJSIINX XKUJIKOCTEH ONpeness-
I0TCSl COOTHOIICHUSIMU (2). TepMuH «XOpOIO MPOBOJSIINE KUIKO-
CTW» B PEAIBHOCTH O3HAYAET, YTO BPEMSI MAKCBEJUIOBCKOM peakca-
AU DJIEKTPUYECKOTO 3apsija JOJDKHO OBbITh MHOIO  MEHBIIE
XapakTEpHOTO BPEMEHHU peaau3allid HEYCTOMYMBOCTH, TaK YTOOBI
ANEKTPUUECKUM TOTEHIMAT TMOBEPXHOCTU KUIAKOCTU BBIPAaBHUBAJICS
obIcTpee, ueM MpoucxoauT ee nedopmanusa. B mogasisroniem 607b-
IIMHCTBE PEAIM30BaHHBIX B AKCIEpUMEHTax cutyauud [3, 115] mo-
ciegHee TpeOOBAHMWE BBIMIOIHSJIOCH, HO BOT IOJIYYEHHBIE KpUTHYE-
CKHE YCJIOBHUS HEYCTOMYMBOCTH OTJIMYAOTCS OT (2) U 3aBUCST OT yC-
JIOBUM MPOBEICHUS SKCIIEPUMEHTOB (Hanpumep, B [115] kputuueckue
YCIIOBUSL PEAIN3AIMA HEYCTOMYMBOCTH 3aBUCAT OT XAPAKTEPHOTO
BPEMEHU HAPACTAHUSI Y MOBEPXHOCTU KUIKOCTH HANPSIKEHHS DJIEK-
TPUYECKOTO MOJIA). ITO MO3BOJSAET MPEAINOIO0KUTh, YTO B DKCIEPH-
MeHTax [3, 115] Hanpss>KEHHOCTH SJIEKTPUYECKOTO II0JISI HECKOJBKO
NPEBBIIIANIA KPUTHYECKOE 3HaueHue W, =2, u, cle1oBaTeNbHO, Be-

JUYMHA UHKPEMEHTAa HEYCTOMYMBOCTU BUPTYaJbHON BOJIHBI OIpeEe-
Js7ach ABYMsI (DaKTOpaMU: CTEHEHBIO 3aKPUTUYHOCTHU napamerpa W u
HEJIMHEMHbIMU TIonpaBkaMu (3). B 3To# CBsI3M MOBTOPUM paccyxkje-
HUSI, aHAJIOTUYHBIE MTPOBEICHHBIM B I1. 4 HACTOSIIIETO PAaCCMOTPEHUSI,
YUUTBIBAsI BKJIaJ] B UHKPEMEHT, OOYCIOBJIECHHBIA TEM, UTO MapaMeTp
Tonkca-®penkenst W npessiinaet W, Ha Benuuuny AW. B pe3ynbrare

BEJIMYMHA WHKPEMEHTA HEYCTOMYMBOCTH IUIOCKOW 3apSiKEHHOM MO-
BEPXHOCTU HJICATIBHON HEC)KMMaeMOM >KUAKOCTU BMecTo (6) Oyner
ONPENECIATHCS COOTHOIICHUEM

X =AW +a() (w, —w, -a(t)?).

{71 OThICKAHUSI 3aBUCUMOCTH aMILIUTY Il HEYCTOMYMBOM BOJIHBI
OT BPEMEHHU MOJIy4YUM BMECTO (9) HEeTMHEMHOE MHTETPAJIbHOE ypaBHE-
HUE

a(t) = a, - exp|[ AW + a(t)’ (w, —w, - a(r)’) - d,

HMCrOIICC pCICHUC
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a(f) = 4-AW - F(1) .
NI+ (W +4-AW -w,) - F(@) =2-w, - F(t)

(12)

a, -exp(NAW - 1)

F(1)= .
2'AW+W2-a§+2\/AW-(AW+w2-aé—w4-ag)

Ha puc. 2 npuBeneHsl 3aBUCUMOCTH aMIUIATYAbl HEJIMHEWHO HA-
pacTaroliei BOJIHBI OT BpEeMEHH, paccurTanHble 1o (12) npu paznny-
HBIX 3HAYECHUSX CTENEHMU 3aKpUTUUHOCTU AW = W-W, mapamerpa
Toukca-PpeHkens U IPU TEIUIOBOW HAYAIBHOW AMIUIATYAE BUPTY-
albHBIX BOJIH a,=10". HeclnoxxHO BUAETh, YTO B KAYECTBEHHOM OT-
HOIICHUU KPUWBBIE, MPUBEICHHBIC HA PHUC. 2, aHAJIOTUYHBI KPUBBIM,
IIPUBEJCHHBIM Ha puc. 1. Pa3Hnna nume KOJIMYECTBEHHAS: COTJIACHO
CKa3aHHOMY BBIIIE XapaKTEPHOE BPEMS pPeaan3aluyd HEYCTOMYUBOCTH
npu AW=0 u a,=10" OBUIO OYEHb BEJUKO ¢ ~10°, a MPU AOCTATOYHO

OOJIBIINX 3aKPUTHUUHOCTAX AW# 0 m a,=10" xapakTepHoe Oe3pas-

MEpPHOE BpeMsl pean3allMd HEYCTOMYMBOCTH MOXKET OBITh BEChMa
KpaTKOBPEMEHHBIM {~10+100, T.e. XOpOIIO COIJIaCyeTCs C ONUCAHU-
MM 3kcniepuMeHToB [3, 115]. OxHako ocTtaeTcst akTyajdbHBIM BOIIPOC O
TOYHOCTU W3MEPEHUN HANPSIKECHHOCTH JJIEKTPUYECKOTO MOy B [3,
115], mOCKOJIBKY €CTh OCHOBAHHWE MOJIaraTh, YTO 3KCHEPUMEHTHI |3,
115] ObuM TpoBENEHBI MPU MPEBBINIEHUU MapamMeTpoM W kputude-
CKOT'O 3HAYCHMS HA HEKOTOPYIO BennunHy AW . U3 puc. 2 BUIHO, 4TO
BEJIMYMHA 3aKPUTUYHOCTU AW TpU €€ U3MEHECHUHU B JUAIMA30HE OT
€UHUII 10 CTa MPOIIEHTOB OT W, JOCTATOYHO CJIab0 CKa3bIBAE€TCS HA

HaOr01aeMoi (heHOMEHOJIOTUM SIBJICHUS (Ha BEJIMYMHE BPEMEHH pea-
JIU3alu HEYCTOWYMBOCTH). MHa4Ye roBoOps, SKCIEPUMEHTAIBHOE H3-
MEpEHHE KPUTHUYECKUX YCIOBUM peaau3aiii HEyCTOMYHUBOCTH 3apsi-
KEHHOM TMOBEPXHOCTH SJEKTPOIPOBOJAHOM KUIKOCTU TOJBKO TOTJa
MOXKET CUYHUTATHCSI BBIITOJTHEHHBIM KOPPEKTHO, KOT/Ia XapaKTepHOE
BpeMs ~ peaiu3allid  HEYCTOMYMBOCTH  COCTABJSIET  BEIUYUHY
~2.5-10%s, T.e. KOrga MPUUYNHOU HEYCTOMUMBOCTH NpU W =W, =2 sB-

JSIFOTCS BUPTYaJbHbIE BOJHBI TEIIOBOW MPUPOJBI. TOJBKO B TaKOM
CJIydyae MMEET CMBICII TOBOPUTH 00 U3MEPEHUN UCTUHHO KPUTHUECKOU
HaIMpPS>KEHHOCTHU MOJISI U MOYKHO HAJEAThCS, YTO HEYCTOMUYHUBOCTD Mpe-
TepIielia BOJIHA C k= ', KaK " clieayeT u3 teopuu [1].
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a(t) l

0 20 40 60 80 100 t

Puc. 2. 3aBucumocTu 6e3pa3MepHbIX aMILTUTY 1 HETUHEHHO pacTyIUX BOJIH
npu W=2+AW ¢ 6e3pa3MepHbIM BOJTHOBBIM YUCJIOM k = [ 1 6e3pa3MepHOit
HAYaJbHOW aMIUTUTYI0M a, =10~ oT Ge3pa3sMepHOro BpeMEHH, PACCUNTaHHbIE

110 (68) npu pa3TMUYHBIX 3HAYEHUSIX HAYaIbHOW 3aKPUTUYHOCTH MapaMeTpa
Tonkca-®penkens AW: 1) AW =0.1;2) AW =0.2;3) AW =0.3;4) AW =0.5;
5) AW =0.75;6) AW =1;7) AW =2

[TomuepkHeM, 4TO TaK ke, KAK U Ha puUC. |, KpUBbIE, ITPUBEJCH-
HbIE Ha PUC. 2, UMEIOT CMBIC] JIMIIIb B AUAIAa30HE aMIUUTY a(t) < 1,
MOCKOJIbKY MPU OOJIBIIINX 3HAYEHUAX d(?) TEPSIET pAaBHOMEPHOCTh Pa3-
JoxeHue (3), MOJO0KEHHOE B OCHOBY MPOBEJAEHHBIX PACCYKICHUI.
Tem He MeHee HAJIMUKME MAKCUMYMOB Ha KPUBBIX @ = d(t) MO3BOJISIET
Ka4eCTBEHHO MCCJE0BATh 3aBUCUMOCTh XapaKTEPHOIO BPEMEHU pea-
JU3ald HEYCTOMYMBOCTH 7 OT BEJIWYMHBI 3aKPUTUYHOCTU AW W Be-
JIAYMHBI HAYAJIbHOM aMIUIUTY/Ibl BUPTYaAJIbHOW BOJIHBI «a,. It 3TOTO
PUMEM BO BHUMAaHHE, YTO KPHBBIE d(?) pacTyT BeCcbMa KpyTO U IMO-
JI0’KEHWE MAKCUMYMOB KPHUBBIX MOKHO MPUHATH B KAUECTBE aJICKBaT-
HOW OLIEHKU XapaKTEPHOI'O0 BPEMEHHU PAa3BUTHUS HEYCTOMYMBOCTU. YU-
TE€M TEeTNepb, YTO B MOJIOKEHUU MAKCUMyMa KPUBBIX @ = a(t) NpOU3-
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BOJHAsA da(t)/dt oOpaimaercs B HYJIb U U3 3TOTO YCJIOBHUSl HaWJIeM 3a-
BUCHUMOCTb 7 =7(a,,AW) XapaKT€pHOI'O BpPEMEHH peajM3alnuu HECYC-

TOMYMBOCTU T OT HMHTEPECYIOIMX HAC (PU3NYECKUX XapaKTEPUCTHUK
polecca: BEJIMYUHBI 3aKpUTUYHOCTH AW mnapamerpa Tonkca-Dpen-
KEJIsl ¥ BEJIMYUHBI HAYAJIbHON aMIUIUTYIbl BUPTYAJIbHOUM BOJIHBI a, :

In{-{(w, - ao +2AW)-(16-AW -w, - ao +16-(AW)* +

2\/7

+ay - (w; —12-w, -AW))++2\/AW-\/W2 ca; + AW —w, -ay X

X(16-AW -w, -a; +16-(AW)> +ay -(3-ws —4-w, - AW)]/[2- ay -NAW X

X\/wz-a§+AW—w4-ag (Wi —4-w, - AW) —

—ag -(Wy-ag +2-AW)-(wy +4-w, -AW)]}.

['paduku 3aBUCUMOCTH 7=7(AW) TIPU a, = const, PACCUUTaAHHBIC

M0 TIOJIYYEHHOMY BBIPXKECHUIO, MIPUBEICHBI SISl Pa3IMYHbIX JUaIa3o-
HOB U3MEHEHUS CTEIEHU 3aKPUTUYHOCTU AW Ha puc. 3a — ¢. 3aBUCH-
MOCTb 7 =1(a,) OyaeT Ooyee coaepkaTeabHa, €CIIU PACCUNUTATh €€ MPU
AW =0, olHaKO MOJy4YE€HHasl 3aBUCUMOCTb 7 =17(a,,AW) tipu AW —0
pacxoautcs. [loaTomy HCKOMYI0 (YHKIIMOHANIBHYIO CBSI3b HaWJIEM,
MpUPABHUBAS K HYJIIO IPOU3BOJIHYIO MO BPEMEHU OT aMIUIUTYAbI d(?),
onpeneneHHoN BbipaxeHuem (10), mojsiydeHHbIM UMEHHO JJIsl CUTya-
unu AW =0:

2

W2 'Clo

T(ay) =

»

yTo coBnagaer c¢ (11). Dra 3aBUCMMOCTh MPOWUIIOCTPUPOBAHA HA
puc. 4. Heciio)xHO BUAETH, 4TO Nipu W =2, (AW =0) 3aBUCUMOCTb Xa-

PAKTEPHOTO BPEMEHU peAU3aALNN HEYCTOMUYUBOCTH 3aPSKEHHOM ILIO0-
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CKOM ITOBEPXHOCTHU KUAKOCTU 7 =7(a,) B LIUPOKOM JIMAIIa30HE U3Me-
HECHUS Ha4daJIbHOM aMIUIMTyAbl 107 < g,<< 1 Majlo oTyiM4aercsi OT
YHCTO TUIEPOONMYECKO: 7~1/(a, - \w,).

T
T
800
6000
600
4000} 400k
2000 F 200
0 0.0002 0.0006 AW 0 O.I02 0.l06 AW
a) b)
T
80¢
40
0 4 6 8 AW

c)

Puc. 3. 3aBucumocTu 6€3pa3MepHOTro BPEMEHHU PA3BUTHS HEYCTOMYMBOCTH T
OT BEJIMYMHBI HAYaJIbHOU 3akpuTnuHOCTU AW napamerpa Tonkca-Openkens,
paccunTaHHBIC IS BOJHBI € k=1, a, =10~ npu usmenenun AW

B PA3JIMYHBIX OUAIIa30HAX BCIIMYNHBI:
a) 10° <AW<107; b)10°<AW<10"; ¢) 10" <AW <10

3aBucumMoctd 7=7(AW) U t=1(a,) HAIJIAIHO MNOATBEPKIAIOT

CACIaHHBIC BBIIIC HAa OCHOBAHMHM KOCBCHHBIX OIICHOK BBIBOJIBI, YTO
XapakTEepHOE BpEeMsl pealiv3alid HEYCTOMUYUBOCTH MOXKET OBITh J0C-
TaTOYHO MaJIbIM (MEHBIIIE CEKYHJbI) TOJILKO MPU HAaYaJbHBIX aMILIHU-
TyJaX, CyIlIECTBEHHO (Ha YEThIPE MOPSKA) MPEBBIIAIOIINX TEIIIOBYIO
aMIUTATYy, WK TIPY 3aKPUTUYHOCTIX AW >107. Ha 3T0 00CTOSATENb-
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CTBO HEOOXOAMMO oOpaliarth BHUMaHWE B OyIylIMX SKCHEPUMEH-
TAJIBHBIX IPOBEPKAX KPUTUYECKUX YCIIOBUU HEYCTOMUYUBOCTU TOHKCa-
@peHkenst U aKKypaTHO U3MEPATh B AKCIIEpUMEHTAX (PU3NUECKYIO Be-
JUYUHY, HA KOTOPYIO paHbIIe HUKTO HE oOpaliail BHUMaHUA, — BpeMs
peann3anny HEyCTOMYUBOCTH.

T

20}

10}

0 0.2 0.4 g4,

Puc. 4. 3aBucumocTh 6€3pa3MepHOTro BPEMEHH peallu3allii HEYCTOMUHUBOCTH T
OT HayaJbHOW aMILIUTY/IbI BOJIHBI, pacCUUTaHHAas IpH k=1,

AW =0, W =W, =2

6. B nipoBeneHHOM aHaiu3e ObLT BHIBEJICH 3aKOH M3MEHEHHS CO
BpeMeHEeM Tpu W = 2 aMIIUTyAbl HEYCTOMYMBOW BOJHBEI ¢ k=1. To
00CTOSITEILCTBO, YTO cOTJIacHO (1) OTHOBPEMEHHO C BOJIHOM ¢ BOJHO-
BBIM YHCJIOM k=1 3a CUET HEJIMHEWHOI'0 B3aUMOJCHUCTBUS B HCIIOJIb30-
BaHHOM MPH pacyeTax ISATOM MOPSAIKE MAIOCTH CTAHOBSTCS HEYCTOM-
YUBBIMHU U BOJHBI C k=2, k=3, k=4 u k=5, HUKaK HE yIOMHHAJIOCh U
HE KOMMEHTHUpPOBaI0Ch. OJHAKO €CTECTBEHHO 3aJaThCS BOTPOCOM O
ToM, Kak B (1) OyayT M3MEHSThCS BO BPEMEHH aMIUIUTYJIBI BOJH C
yKa3aHHBIMHU BOJTHOBBIMH YHCJIAMHU.

be3 netasbHOrO paccMOTpeHHUs] B KA4ECTBE IMEPBOTO MPHUOIIKE-
HUS K PEIICHUI0 cPOpMYIHMPOBAHHON MPOOIEMbI MOKHO MPUHSTH yT-
BEPXKJACHUE, YTO 3aBUCHMOCTh aMIUIUTY/IbI OT BPEMEHH a=da(t), TOJIy-
YeHHAsl BBIIIC JIJIT BOJHBI C k=1, COXpaHSIeT CBOM BUJ U B aMILUIUTY/I-
HBIX KO3(UIIMEHTaX MpH TOMpaBKaxX BTOPOTO M 0o0jee BBICOKUX
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MOPSIIKOB MAJIOCTH K OCHOBHOMY PEIIICHUIO, PaBHO KaK U B KBajpa-
TAYHBIX [0 g TOIMPaBKaX K 4acTOTaM BOJIH C BOJHOBBIMU YHUCIAMHU
k=2mn k=3 B coorHomenuu (1). OcHOBaHMEM MJIsI TTIOJJOOHOTO 3aKIIIO-
YEHHUS SIBJISIETCS camMa KJIACCUYECKas MPOIEaypa OThICKAHUS HEJIMHEH-
HBIX ITONPABOK K OCHOBHOM BOJIHE, 33/1aBA€MOM B HAYAJIbHBI MOMEHT
BPEMEHU B BHUJIE€ ACUMITOTHYECKOTO PA3J0KEHUS MO aMIUTATYE OC-
HOBHOM BOJIHBI @, @ TaKX€ TO OOCTOATENHCTBO, UTO MPU MPUHATOM
3HaueHuu napamerpa Tonkca-®penkenss W=2 BonHbl ¢ k > 2 yCcTOM-
YUBBI [0 OTHOLICHHUIO K MMEIOLIEMYCS MOBEPXHOCTHOMY 3apsiiy H
POCT UX aMIUIATYJ] 00YCJIOBJIEH TOJIbKO HEJIWHEWHBIM B3aWMOJICUCT-
BHEM C OCHOBHOM BOJIHOM C k=1.

B caeayronieM npuOIuKeHUu ClIeAyeT yu4ecTb, YTO C POCTOM aM-
IJTUTY/IbI BOJIHBI HAMPSHKEHHOCTD TOJIs1 Y BEPIIUH BOJIH OYJIET YBEJIU-
YUBATHCS U MPU JTOCTATOYHO OOJBIION aMIUTUTYIE OCHOBHOMN BOJIHBI C
k=1 Ha ee BepIIMHE MOXET MPETEPHETh HEYCTONYMBOCTH B CMBICIIE
JUHEWHOTO aHau3a (B CMbICIIE BBINIOJIHEHUS KpuTepus (2)) 0osee Ko-
poTKas BoJiHa ¢ k=2 (KOrja CpeaHee Mo MOJYNEepruoay BOJIHBI ¢ k=2
3HaYeHue mapamerpa ToHkca-DpeHKensi B OKPECTHOCTH BEPIIMHBI
pactyuieii BosHbI ¢ k=1 npessicut W.=2.5). [lpu naneHeiimem pocte
aMIUTUTYIbl TO %K€ MOXET MPOU30UTHU C elle 0osiee KOPOTKOW BOITHOM
c k=3. Ho nmeranbHbIil aHaNIM3 TaKOW BO3MOXHOCTH HETPUBHAJIEH U
COCTABIISIET TPEAMET OTJAEIBHOTO UCCIIEIOBAHUS.

7. llpeacTaBisieTcss HHTEPECHBIM OTMETUTh, UTO MPU PaCCMOTpe-
HAU 3aKOHOMEPHOCTEM pealln3aluyi HEYCTOMYMBOCTH Kameib MO OT-
HOIIICHUIO K COOCTBEHHOMY M MHIYIIMPOBaHHOMY 3apsiaam [112-114]
3aBUCUMOCTb XapaKTEPHOTO BPEMEHH PEATN3AIMN HEYCTOMYUBOCTH ¢,

(B pasMepHOi (opMe) OT aMIUTMTYAbl ¢, HAa4yaJbHOTO BO3MYIICHUS
paBHOBeCHOU (hopMmbl Karu Buaa ¢, - P,(cosf) (3mech P,(cosd) — mo-
auHoM JlexxaHpa) MacKUpPYETCsl €ro CHIIbHOM 3aBUCUMOCTBIO OT pa-
Iyca Karid R, uMeronen Buj t,g~(R4 /¢ 0). ITpu R = 10?cm (a uMEeHHO
JUISL Karellb TaKUX pa3MepoB MPOBOAWINCH IKCIEPUMEHTAIbHBIE HC-

CJIEIOBAHUSI UX YCTOWYMBOCTHU IO OTHOIICHHIO K IOBEPXHOCTHOMY
sapsagy [104]) u ¢, ~10*em momyuum (R*/Z,) = 1. TlosTomy o6Hapy-

YK€HHas B MPOBEJICHHOM PACCMOTPEHHUM CUJIbHAS 3aBUCUMOCTh Xapak-
TEPHOTO BPEMEHHU PA3BUTHUSI HEYCTOMYMBOCTH OT BEJIMYHMHBI HAYallb-
HOW aMIUITMTYIbl Ha IIOpOre KPUTHYHOCTHM TMapamerpa ToOHKca-
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Openkens (ipu W =W, =2) CBOUCTBEHHa UMEHHO TUIOCKOM 3apsiyKeH-

HOW TTOBEPXHOCTH KUIKOCTH.

8. To 00CTOATENBCTBO, UTO XaPAKTEPHOE BpEMsl pa3BUTHUSI HEycC-
ToiunBOCTH ToHKca-DpeHkens npu 0ECKOHEYHO MAaJIbIX aMIUIUTYIax
BUPTYAJIbHBIX BOJIH OKa3bIBACTCS BEChbMa OOJIBIINM (@ CIIeI0BAaTEIbHO,
CKOPOCTh JIBMKCHUS MOBEPXHOCTH >KHJKOCTH OKa3bIBAETCA BEChMa
MaJIOi), ONpeeNsieT U BIUSHUE BSA3KOCTH KUJKOCTH Ha 3aKOHOMEp-
HOCTH pealu3aluyd HEYCTOMYMBOCTH. B camMoM [nene, B TEUYCHUE
OOJIBIIIEH YaCTH XapaKTEPHOT'O BPEMEHHU pean3allii HEYCTONYHNBOCTH
HEYCTOMYMBAsI TTOBEPXHOCTD KUJIKOCTH JIBHXKETCS BEChbMa MEJJICHHO,
MOTEPU PHEPTUM HA JUCCUIIALMIO NIPU 3TOM MaJlbl, U UMH MOKHO Tpe-
HeOpeub. IIOBEpXHOCTh KUJKOCTH IIPU peaau3alliil HEYCTONYHNBOCTH
JIBIDKETCS OBICTPO JIMIIb Ha (PMHATBHOM CTaJHNH, IJIUTEIBHOCTH KOTO-
pOM CYILIECTBEHHO MEHBIIE MOJIHOIO0 XapaKTEPHOIO0 BPEMEHU peasu-
3allMM HEYCTOMYMBOCTHU. PaznoxkuMm BeipakeHue (10) s 3aBUCHMO-
CTA aMIUIMTYJIBI BOJIHBI OT BPEMEHM IO CTENEHAM a,-¢, OTPAHUYHB-

IKUCh KBaApPaTUYHBIM IIO a,-¢ CllIaraCMbIM, U I1IOJIYyYHUM

a(t) = {a, + a2 Jw, -1+0.5a[3% =% —w, (* —24)]} .

w, W,

HecnoxxHo BUIIETh, YTO 3TO BBIPAKEHUE ACUMITOTUYECKHA KOP-
PEKTHO Ha MHTEPBaIC BPEMEHU Af < (1/ a, \/wj ) CpaBHuBas €ro ¢ mnoJ-
HBIM BPEMEHEM peAIM3alli HEYCTOWYMBOCTH, ompenensembiMm (11),
MOJyYUM, YTO IJIMTEJIIBHOCTh JIMHEMHOW CTAJAUU SBISIETCS XOPOLIEU
ArMpOKCUMAILMEN I MOJHOTO BPEMEHU pPEANM3ALMH HEYCTOWYHBO-
ctu. llpruem B TedueHHWe BCEW JIMHEWHOM CTaWH XapaKTEpPHAS CKO-
POCThH JIBHIKEHHUS MOBEPXHOCTH KUIKOCTH BECbMA Mana: V =al\w, .
Ha Havasie HEIMHEWHON CTaauu, ITI0Ka OHA XOPOIIO alPOKCUMHUPYET-
CAd KBAJPAaTHUYHBIM IO a,-¢ CIIAra€MbIM, YCKOPEHUE IBHXKECHHUS I10-
BEPXHOCTH JKHUJKOCTH, paBHOE 2a’-w,, Takke BecbMa Mayo. CiemnoBa-
TEJIbHO, BIUSHUE BSI3KOCTU HA XapaKTEPHOE BPEMS pealln3aluy HeycC-
TOWYHUBOCTU MAJIo.

OTMeTUM TakXke, 4To OoJbIIask JIMTEILHOCTh JIMHEHHON U KBaJI-
PAaTUYHOU MO a,-¢ CTAAUNA PEAM3AlNU HEYCTOMYMBOCTH O3HAYAET

ACUMIOTOTUYECKYIO MPUTOAHOCTh IMOJIYYEHHBIX pE3yJIbTAaTOB (B 4acT-
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HOCTH, MHTETPAIBHBIX YPaBHEHUM, BBIBEJCHHBIX JJISI OMUCAHUS pa3-
BUTHSI BO BPEMEHH aMILIUTY/bl HEYCTONYUBOU BOJIHBI).

9. 3akmoueHue. XapaKTEPHOE BpEMSI peaIM3alui HEYCTOMYHBO-
CTHU IUIOCKOW OJHOPOJHO 3apsKEHHOM MOBEPXHOCTHU HJICAJIbHOM HE-
CYKUMAEMOW JJIEKTPOIPOBOAHON KUIKOCTU JICIIUTCS HA JBE Pa3HO-
MacCIITA0HBIX YaCTU: CTaAMS MOATOTOBKH HEYCTOMYMBOCTH, WU JIU-
HEWHas CTaausl, 3aHUMAoIIasi B 3aBUCUMOCTH OT HAYAJIbHBIX YCIOBUU
(OT HAYaIbHOW AMILIUTY/bl BUPTYAJIbHOM BOJIHBI U OT CTEIICHU 3aKpH-
TUYHOCTH TlapaMmeTpa Tonkca-DpeHKens B HavyaJbHBI MOMEHT) 3Ha-
YUTEJIbHYI0 YacTh IMOJHOTO BPEMEHM Pa3BUTHUSI HEYCTOMYUBOCTH, U
BECbMa KPAaTKOBPEMEHHAs HEJIIMHEWHAs CTAAus, B TCUCHUE KOTOPOU
aMILUIUTYJa HEYCTOMYMBOM BOJIHBI HEOTPAHUYEHHO BO3PACTAET.

2.4. HenuHeUHbIlU aHanu3 ¢popmbi KOHyca Teusnopa

1. HecmoTps Ha 3HAUUTENBbHBIN HHTEPEC K (PEHOMEHY peau3aliuu
HEYCTOMYMBOCTU ILUIOCKOM 3apsKEHHOW MOBEPXHOCTH ITPOBOISIIEU
KUJKOCTH, IO CUX MOp HE u3yuyeH (pu3nyeckuii Mexanusm GhopMupo-
BaHUS «KOHYCOB Teunopa» — BBICTYIIOB Ha 3apsSIKEHHOU MTOBEPXHOCTHU
KUJKOCTH, OOpa3yIOIIMXCS HAa HEIMHEWHOW CTaauu peain3allid ee
HEYCTOMYHMBOCTH, C BEPIIUH KOTOPHIX UJIET COPOC U3OBITOYHOTO 3apsi-
J1a IIyTEM AMHUCCUU BBICOKOJUCIIEPCHBIX CHIIBHO 3apSIKEHHBIX KaIeJIeK
[2, 103 — 104]. KauecTBeHHast Mozielib (H)OPMUPOBAHUS TAKUX BBICTY-
noB npemioxkena emie B [2]. B [110 — 111] npeanpunsTa nonsiTka ux
YUCJICHHOTO pacyera, Majo 4TO JAaBlias JJid MOHUMaHus (peHomeHa.
Ho 10 cux mop HUKTO HE MBITAICA MOCTPOUTH KOHYC Tennopa B paMm-
Kax IPEICTABICHUNA O HEJIMHEHMHOW 3BOJIIOIMHA MOJ KANWUISIPHBIX
BOJIH Ha HEYCTOMYMBOW MO OTHOLICHUIO K IMOBEPXHOCTHOMY 3apsiay
IJTIOCKOM MTOBEPXHOCTHU KHUAKOCTH U OLIEHUTh XapaKTEPHOE BPEMSI €TO
dbopmMupoBaHus.

2. [lycTh uaeanpHas HEC)KUMaeMas JIEKTPOITPOBOAHAS KUIKOCTh

C IUIOTHOCTBIO P 3aIOJHAET B MOJE TSHKECTU ¢ ||-7i. MOMyNpoCTpaH-

cTBO z < (0 B JIEKapTOBOI CHUCTEME KOOpJAWHAT (3a /i, 0003HAYEH OPT
OCH Zz), a €6 HEBO3MYILECHHAss BOJHOBBIM JBUXEHHUEM pPaBHOBECHas
IJIOCKasi TTOBEPXHOCTh (COBMAjaroIias ¢ IIOCKocThio XOY) moasep-
YKE€HA JICMCTBUIO CUJI TTIOBEPXHOCTHOTO HATSKEHUS ¢ KO3(PDUITMEHTOM

Y 1 HECET OJIHOPOJHO PACTPE/ICTCHHBIN 3JIEKTPUUECKUIN 3apsi TI0T-
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HOCTBIO 0. KanumisipHOE BOJIHOBOE NBWMIKEHUE B KUJIKOCTH, TEHEPH-
pyeMoOeE YK€ TEIJIOBBIM JIBUKEHHUEM €€ MOJIEKYJ OyAEeT MPUBOJUTH K
nedopmariy paBHOBECHOM ILIOCKOM CBOOOJHON moBepxHOCTH. [Ipu
JOCTATOYHO OOJBIION MOBEPXHOCTHOM IJIOTHOCTU 3JIEKTPUYECKOTO
3apsijla HEKOTOPBIE U3 TEIUIOBBIX KAIMWJUISIPHBIX BOJIH MOTYT CTaTh HE-
YCTOMYMBBIMHU U UX AMIUTUTYIbI OYIyT YBEIUYUBATHCS CO BPEMEHEM.

B paMkax JTUHEMHOW MOAEIN KPUTUYECKUE YCIIOBUS peaU3aluu
HEYCTOMYMBOCTU TAaKOW MOBEPXHOCTH OIMPEICIISIIOTCA YCIOBUEM MPO-
XO0XKJIEHUS 4€pe3 HyJIb KBAJpaTa 4acCTOThl BUPTYaJbHOW BOJHBI U yC-
JIOBUEM OOpallleHHs] B HYJIb ITPOU3BOJAHON OT YAaCTOTHI IO BOJITHOBOMY
yucny (YCIOBHE 3KCTPEMATbHOCTA MHKPEMEHTA HEYCTOMYMBOCTH IS
JAHHOT'O BOJIHOBOI'O YKCJIA) UMEIOT BU/T

W, = ok, +(ck,)™" =2; k.=a™, (1)
raie W — O6e3pasmepnbiii nmapamerp Tonkca-DpeHkensi, XapaKTepu-
3YIOIUNA YCTOMYMBOCTh CBOOOIHOM MOBEPXHOCTH KUJKOCTH MO OT-
HOILEHHUIO K TIOBEPXHOCTHOMY 3apsny W =4z ¢*/.\[pgy; k — BonHOBOE
YUCIIO; Ol — KaNWJUISIpHAs MOCTOSIHHAS )KUAKOCTH: & =./Y/ pg .

Ecmu npu uMmeromemMcs Ha MOBEPXHOCTH JKUAKOCTH AIICKTpUYE-
CKOM 3apsje BennunHa mapamerpa Torkca-Openkens Oyaet Oombiie,
yeM HEOOXOAMMO JIJIsl pealli3alii HEYCTOMUYMBOCTH BOJIHBI € k. =,
T.€. BBINOJHUTCS ycioBue W > 2. TO MaKCHUMaJbHbIM WHKPEMEHTOM

HEYCTOMYMBOCTH OyJieT 00J1aaTh BOJIHA C BOJHOBBIM YHCJIOM, OIpe-
JenromumMcs cootHomenuem [10, 117:

ko= +dw*=3)/3- o). (1a)

Ecnu 3amatbest BompocoMm 0 pacuere npoduis HEIMHEHMHOW Ka-
MUAJUTSIPHO-TPABUTAILIMOHHOM BOJIHBI OETYIIEeH IO TIOCKOM 3apsKeHHOM
MOBEPXHOCTH KUJIKOCTH, TO, PEIIasi TAKyIO 3a/1a4y B TPETbEM MOPSIKE
MaJIOCTH MO aMIUTUTYAE BOJHBI (CUATAOUIEHCS MAJIOW 10 CPABHEHUIO C
KaNWUIAPHOW TOCTOSSHHOM >KHUJIKOCTH), MOKHO HaWTH Tpoduib Ka-
MAJIISIPHO-TPaBUTAIMOHHOM BOJIHBI B BU/IE (CM. maparpad 2.1)

E= a-cos[k-x—(co+a2 -52)-t]+a2 X, -cos[2k - x —2m-t]+

+a’ - X, - cos[3kx —3w-t]; (2)
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0? =k g (1+ 02k — ok W);

gk 160’ kKW =160 KW + 20kt —160kW + 0’k” +8)

$
? 16 o (1-20%k?)
_k(+ 0’k =20k W)
. 2(1-20%k%)
< - k*(6=3200k W+ 210°k* + 3207 k°W?* =320°K°W + 60 k™)
33 7 :

16 (1-20°k*) (1-30%k?)

Hannume HENMMHEWHOM TMOIPABKU K YAaCTOTE B TPETHEM IOPSAKE
0 aMIUIUTY/I€ BOJIHBI (110 MaJIOMy MapaMeTpy £ =(a/e) — OTHOLIEHUIO

aMIUTATYJIbI BOJIHBI @ K KANMWJUIIPHOM IMOCTOSIHHOW (), TPUBOJUT K
MOSIBJICHUIO 3aBUCUMOCTH KPUTHUYECKOW BEIIMYMHBI mmapamerpa W oT
aMIUTATYJIbI BOJHBI a (OT Majoro napamerpa ¢) (cMm. naparpad 2.2)

W.=2-B-&€=2-f(a,/a); [=11/8 (3)

3. Ilpocnenum 3a 3BOMIOLMEN BO BPEMEHU KalMIUIAPHO-TPABH-
TallMOHHOW BOJIHBI C k, =@, TIOTEPSABIIEH YCTOMYMBOCTD MPU BBINOJ-

HeHun ycioBus (1), T.e. npu W =W, =2, npuHAMas BO BHUMAaHUE TO

OOCTOSITEILCTBO, YTO C POCTOM aAMILIUTYIBI BOJTHBI KPUTHUYECKOE 3HA-
YyeHue nmapamerpa W. coryacHo (3) CHUXKaeTcs, U mpeHedperas Ha 3TOM

JTare 3aBUCUMOCTBIO JUTMHBI HanOo0JIee HEYCTOMYNBOM MOJBI k. OT Be-

JIMYHAHBI HAMIPSIKEHHOCTHU JIEKTPUYECKOTO I0JISI Y €T0 IIOBEPXHOCTH.
HeBo3MmylieHHasd KanuJUIPHBIM BOJIHOBBIM JIBUKEHUEM PaBHO-
BECHAsI B IOJIE CUJIBI TSYKECTU U BJIEKTPOCTATUYECKUX CUII TUIOCKas 3a-
psIKEHHasi TIOBEPXHOCTh KUJKOCTH NpU W =2 ycronuuBa. Ee Heyc-
TOWYHUBOCTh NPOSIBUTCS, €CIM HA IUIOCKOW MOBEPXHOCTH KUJIKOCTH
MOSIBUTCS. BUPTYyasjbHAs BOJHA KaK YrOAHO MaJOW aMIUIATYHAbl a,. B

TaKkoOM CJIy4yae CYyIIeCTBYIolllee 3HaueHue mapamerpa ToHkca-Dpen-

KeJIst W =2 coryiacHO (3) JiJi1 BOJIHBI CTAHET 3aKPUTUUYECKUM U aMILIH-

TyJa 9TOH BOJIHBI HAYHET HapacTaTh BO BPEMEHHU IO IKCIOHEHIIUAIb-

HOMY 3aKOHY a(f)=a,-exp(y-t) ¢ HHKPEMEHTOM ), IIPONOPIHUOHAIIb-
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HBIM KOPHIO KBaJ[paTHOMY M3 Pa3HOCTH MEXK]Y CYIIECTBYIOIIAM 3Ha-
YeHUEM W =2 W KPUTHYECKHUM I BUPTYaJIbHOW BOJIHBI, ONpeese-
MBIM T10 COOTHOIIIEHHUIO (3), T.€.

x=la,Jal(B-g/a). (4)

Takon 3KCIIOHCHIMAIBHBIM POCT C MHKPEMEHTOM, MPOIOPIIHO-
HaJbHBIM HaYaJIbHOW aMIuUIUTyJe, OyJaeT oOecrnedeH BOJIHE JUIIL Ha
KOPOTKOM MHTEpBaJIE BPEMEHU: MMOKA IPUPOCT HAYAJIbHOW AMIUIUTY b
Aa He BBIAIET 3a Npepeinsl yclnoBuss Aa<<a,. 3aT€M B BBIPAKCHUU

IUI1 MHKpEMEHTa (4) ciaemyeT 3aMeHUTh a, Ha a, + Aa ¥ pacCMOTPETH

AKCIIOHEHIIUAJIBHBIM POCT aMIUIUTYAbl HA CIEAYIOIIEM KOPOTKOM HH-
TepBaje BPEMEHU U T.A. B UTOre MIsi OTBICKAHUSA AMIUIATYIbI HEYC-
TOWYMBOM BOJIHBI MOJIyYUM HEJTMHEMHOE UHTETPAIBHOE YPABHEHUE

a(t)y=a, -exp(j % ,B% : dtj ,

PCHICHHUC KOTOPOT'O UMCCT BU/I
a, a

O B Tt ®

N3 (5) HECI0KHO BHUIETh, YTO XAPAKTEPHOE BPEMS pealn3aliu
HEYCTOMUYMBOCTH £, ONPEIENIIeMOe KaK XapaKTepHOe BpeMs Heorpa-

HUYEHHOT'O MPUONMKEHUSI K HYJII0 3HaMeHatens (5) MOJHOCThIO Xa-
pPaKTEpU3yETCSI THKPEMEHTOM HEYCTOMYMBOCTH B HAYAIBHBIA MOMEHT
peanu3aluy HEYCTOMYMBOCTU £, =y ', XOTS BECh IMPOLECC SIBISACTCS

CYIIECTBEHHO HEIMHEUHBIM. OTMETUM TOJBKO, YTO CMBICT ) B pac-
CMOTPEHHOM HEJIIMHEWHOM POCTE aMIUIMTYIbl HEYCTOWYMBOW BOJIHBI
CO BPEMEHEM U B 3KCIIOHEHUHUAJIBHOM POCTE, XapaKTEPHOM IJis JIU-
HEWHOW T€OpHUH, Pa3INUCH: B JTUHEHHON TEOPHUU 3a BpEMsS y~ aMILIU-
TyJla BOJIHBI yBEJIMYUBAECTCA =~ 2.73 pasza, a B paCCMOTPEHHOM HEJIH-
HEMHOM MPOLECCE 3a TO K€ BPEMsI aMIIUTyAa JOCTUTAET OECKOHEUHO
Oonpnx 3HaueHui. To, 4TO 3aKOH HapacTaHUsI AMIUTATY bl BOJIHBI CO
BpeMeHeM (5) obOecreunBaeT OOJBIIYIO CKOPOCTh POCTa MO CpaBHE-
HUIO C SKCIOHEHLIMAJIBHBIM JIETKO YBUJIETh, packianbiBas (5) u
exp(yt) npu yt<<l 1o CTENEHsM Jf U CPaBHUBAS UX MEXIY COOOM.
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MuHUMaJIbHO BO3MOKHOE 3HAUYECHHE @, ONPEACISETCS aMILUIUTY-

JON KanmWJULIPHBIX BOJIH, MOPOXKIAEMBIX TEIJIOBBIM JIBUKEHUEM MO-
JEKYJI KUJKOCTHU a, = kT/y, (K — noctosinHasi boneiimana; 7' — abco-

JIOTHAs TeMIIepaTypa >KUAKOCTH). AMIUIUTYJA TaKUX BOJIH JJIS TIO-
JABJISIIOIIETO OOJBIIMHCTBA PEATbHBIX KUAKOCTEU MPU pa3yMHBIX (B
CMBICJIE BOBMOKHOCTH CYIIECTBOBAHUSI KUJIKOCTH) TeMIepaTypax Oy-
JI€T UMETh BEJIMYMHY OKOJIO MOJIOBUHBI aHTCTPEMA, U, CIIEI0BATEIBHO,
XapaKTEepHOE BpPEMs Pa3BUTHUSI HEYCTOWYMBOCTH OyJeT BeCchbMa 0O0JIb-
muM. Tak, npu a, =10"cm XapakKTEPHOE BPEMs pealv3allii HEYCTOM-

YUBOCTH f,, HAlpUMEP ISl 3aPSKEHHOM IMMOBEPXHOCTH BOJbI, TPAHU-

qalieil ¢ BakyyMoM, OyJIeT OKOJIO CEMH 4acoB (CM. MpEeAbIIyIIUi na-
parpad). C pocToM Ha4aJIbHOM aMIUTUTYbI a, XapaKTepHOE BpeMs ¢,

YMEHBIIIAETCS ~ a,' U yXKe NpU a, =10~ cm u3MepseTrcss eIUHUIIAMU

CeKyHJ. B urore mmeem, 4ro s MOJMYyYEHUS B DKCIIEPUMEHTAX IPU
W =W, =2 XapaKTEpHBIX BPEMEH peanu3alui HEYyCTOUYUBOCTH, U3ME-

PAEMBIX CEKyHIaMU, HEOOXOAMMO BUPTYaJIbHBIE BOJIHBI k- =1, C KO-
TOPBIX HAUMHAETCSI HEYCTOMYMBOCTD, CO3/1aBaTh UCKYCCTBEHHO.
CkazaHHOE O3HAYaeT, YTO B IKCIEPUMEHTAX MO MPOBEPKE CIpa-
BEJJINBOCTU KPUTEPUSI HEYCTOWUYMBOCTHU 3aAPSHKEHHOW IOBEPXHOCTH
*KUakocTH [13 — 14] xapakTepHOe BpeMsl OKHAaHUS pEeATU3alA He-
YCTOWYMBOCTH JOJKHO 3aBHCETh OT CIoco0a 3aJaHusl BUPTYaJbHOU
BoJHEL. [lockonbky B pabortax [13 — 14] 3To 06CTOATENBCTBO HE YIIO-
MHHAJIOCh, OCTAETCS MPEAINOJI0XKUTh, YTO B IKCIEPUMEHTAX BUPTY-
aJIbHbIE BOJIHBI BOBHUKAJIU JIU00 M3-3a TEIIOBOT'O ABUKEHUSI MOJICKYJI,
HO TOrJa BpEMsl OXHUJAHHS peATH3alMid HEYCTOMYMBOCTHU JOJKHO
OBITh BeCbMa OOJIBIIUM, JTUOO TEHEPUPOBATIUCH B PE3yJIbTaTe CIIydai-
HBIX COTPSACEHUU YCTAHOBKHU, & UX aMIUIUTYJa HE KOHTPOJIUPOBAJIACH.
Bnopouewm, B [3] uMeeTcst psiMOE yKa3aHWE Ha JIJIUTEIbHOCTh JTUHEU-
HOM CTaJWM TOATOTOBKHM pa3psna: TaK, TaM YIIOMHHAETCs, 4YTO W3
MPUMEPHO TATHAAIATA METPOB KMHOIUJIEHKH, Ha KOTOPYIO (PUKCUPO-
BaJICS DKCIIEPUMEHT C MOMEHTA T0/1aud HaNpsDKEHUs, CaM aKT BbIOPO-
ca CTpYHKH XKUJKOCTU IIPU peaTnu3alii HEYCTOMYUBOCTU 3apUKCUPO-
BaH JIMIIb Ha ogHOM Kajape. B [115] o BpemeHm 3anepkku paspsija
BoOOIIEe He ynomuHaeTcs. CKa3aHHOE MMEET €II€ OJIHO BO3MOXKHOE
oObsiICHEHHE: B dKcriepuMeHTax [3, 115] ucmonb3oBanoch Hampsoke-
HUE, MPEBBIIABIICE KPUTUYECKOE M IKCIEPUMEHT MPOUCXOJUI MPHU
HaJIMYMH 3aKpUTUYHOCTH napamerpa Tonkca-Ppenkens AW no cpas-
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HEHHIO C KpUTHYECKUM 3HaueHuem W =W, =2, onpenensieMbiM (1),

YTO U CKa3aJ0Ch HA BEIWYMHE XAPAKTEPHOTO BPEMEHH pEaN3alUuuU
HEYCTOMYHUBOCTH.

4. [lycTh B HaYaJIbHBI MOMEHT BPEMEHHM BEJIWYMHA IapameTpa
Toukca-PpeHkKens NPEBHIIACT KPUTUUECKOE IS IJIOCKOM ITOBEPX-
HOCTH XKUJIKOCTH 3HaueHue Ha AW u paBHa W, + AW . B takoii curya-
I BEJIMYMHA UHKPEMEHTA HEYCTOMYUBOCTH B HAYAJIbHBI MOMEHT €€
peanuzanuu OyJleT 3aBUCETh KaK OT BEJIWYHUHbI HAYaJIbHOW aMIUIUTY-
Ibl BUPTYaJIbHOU BOJIHBI 4, TAK U OT CTEIICHU 3aKpUTUYHOCTU AW 1 B

COOTBETCTBUH C TPAJUIMOHHBIMU TIpeicTaBlieHUAMU [ 1] 3amaeTcs co-

OTHOILICHUEM
g a, 2
r= =AW+ [ =] |.
o o

3aBHUCUMOCTD K€ aMIUIUTYAbl HEYCTOMYMBOW BOJHBI OT BPEMEHU OIl-
PELIECINTCA KaK PEIICHUE HETMHEMHOTO UHTETPAIBHOTO YPABHEHUS

a(t)=a, - exp j %{AW+,B( Mj ]dt ,

0 o

pelieHrue KOTOporo MMeeT BU/T

)= 2-exp(1/g-AW/0(-t)-(l+§) . _ +£.&2
(t)_(1+§)2—(a0/0()2-exp(2-1/g-(AW/0()-t)’ o= (l (AW) (aj ) ©)

XapakTepHoe BpeMsl peaii3alliid HEyCTOWYUBOCTH, OIPEICISIeMOe
JTAHHOM 3aBUCHUMOCTBIO, TIOJIYYaeTCsl U3 YCIOBUSI OOpaIieHuss B HOJb
3HaAMEHAaTeNs a(t) ) B BUJIE

t,=J(a/g-AW)-In[S - (er/a,)). (7)

N3 (7) BUgHO, YTO OCHOBHOM BKJIaJl B BEJIWYMHY XapaKTEPHOrO Bpe-
MEHU peajn3ali HEYCTOMYHUBOCTU JTAET 3aKPUTUYHOCTH IMapaMmeTpa
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Toukca-®Openkenss AW, a BIUSIHUE BEIUUYUHBI HAYAUTLHOW aMILTUTY/IbI
BUPTYaJIbHOM BOJHBI @, Oojee ciabo. [IppuHuMas BO BHUMaHUE, 4TO

BEJIMYMHA KaNWJUIIPHON MOCTOSTHHOM Ol /171 OOJIBIIMHCTBA KUAKOCTEH
U3MEpPSETCS SIUHUIIAMH MUJITUMETPOB, U3 (7) HECI0KHO HAWTH, YTO
yXKe IIpu AW =10~ HE3aBUCUMO OT BEIIMYUHBI @, XapaKTEPHOE BpeMs

peanu3alii HEYCTOMYMBOCTU OYyJIeT U3MEPSThCs ceKyHaamu. [Ipume-
HUTEJIBHO K 3KcriepuMeHTaMm [3, 115] ckazaHHOe MO3BOJSET MPEAIo-
JOKHTb, YTO B OOOUX CIydasiX U3MEPEHUS MPOBOJUINCH MPU ONpEie-
JSIFOIIEM BIIMSIHUY Ha XapaKTEPHOE BPEMs pealiv3allii HEYCTOMYHBO-
CTH 3aKpUTHYHOCTH napameTpa ToHkca-DpeHkes.

[IpencraBnseTcss HHTEPECHBIM OTMETUTD, YTO MPU PACCMOTPEHHUHU
3aKOHOMEPHOCTEN peain3allii HEYCTOMYHMBOCTU Kaleyb IO OTHOIIIE-
HUIO K COOCTBEHHOMY U MHAYIMpOBaHHOMY 3apsiaam [112-114] 3aBu-
CUMOCTh XapaKTEPHOTO BPEMEHHM pEAIN3ALNA HEYCTOMYMBOCTU OT
aMIUTUTYIbl HA4aJbHOI'O BO3MYIIEHHS PaBHOBECHOM (POpPMBI Karuiu
¢, - P(cos®) (3nechb P,(cos@) — monuHoM JlexxaHpa) MacKUpyeTcsl €ro

CWJIBHOW 3aBUCHUMOCTBIO OT paavyca Kaiuii R, HUMEWUEH BUI
t.~(R*/¢,)). Opu R = 10”%cm (a UMEHHO 118 Kamejb TAKUX pa3sMepoB

MPOBOJUIUCH SKCIEPUMEHTAIIBHBIC MCCIEJOBAHUSI UX YCTONYMBOCTH
10 OTHOUIEHHIO K MOBEPXHOCTHOMY 3apsay [104]) u £, =10™cm momy-

anm (R*/¢,) = 1. TloaToOMy 0OHapyXeHHas B MPOBEJEHHOM PACCMOT-

PEHUM CUJIbHASI 3aBUCUMOCTb XapaKTEPHOTO BPEMEHH Pa3BUTHS HEYC-
TOMYMBOCTU OT BEJIWYMHBI HAYaJIbHOM aMIUIUTYJbl Ha MOPOre Kpu-
TUYHOCTU TMapaMmeTpa ToHkca-PpeHKenss CBOUCTBEHHA HWMEHHO
MJIOCKOM 3apsKEHHOM TOBEPXHOCTHU KUJIKOCTH.

5. O6patuM BHHMAaHHE Ha TO, YTO C YBEJIMYCHHEM aMILIUTYIbI
HEYCTOMYMBOW BOJIHBI, HApacCTAIOIIE CO BPEMEHEM IO 3aKOHY (6)
(wu 1o 3aKoHy (95)), TOKaJIbHAS MJIOTHOCTH AJIEKTPUUECKOTO 3apsijia, a
C HEM W JOKAJIbHAs BenuMuynHa napamerpa ToHkca-DOpeHKens Ha CBO-
OO0JIHOM MOBEPXHOCTH JKUAKOCTH B MECTax C BO3POCIICH KPUBU3HOMU
Takxke OynyT pactu. CinenoBaresbHO, coryacHO (la) ¢ yBenudyeHueM
aMIUTUTYAbl BOJIHBI OyJET pacTd U BEJIMYMHA BOJHOBOI'O YKCJIa Hau-
OoJjiee HEYCTOMYMBOMN BOJIHBI: T.€. Ha BEPIIMHE PaACTyIIEld BOJHBI C
k=o' OymyT 1o Mepe YBEIUYCHHUS TTOBEPXHOCTHOM TUIOTHOCTH 3JICK-
TPUYECKOTO 3apsiia MpeTepreBaTh HEYCTOMUNBOCTh BCE 00JIEE KOPOT-
Kue BOJIHBL. B utore popma smuccuonHoro BeicTyna (popma KoHyca
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Telinopa) omnpenenurtcs Cyneprno3uiiieil BCEX BOJIH, MPETEPHEBIINX
HEYCTOMYHUBOCTb.

Cnenyer, oqHAKO, OTMETHUTh, YTO CKAa3aHHOE BBIIIE OTHOCUTCA K
JIOKQJIBHBIM 3HAYE€HUSAM MNOBEPXHOCTHOM MJIOTHOCTH 3apsia, Mapamer-
pa Tonkca-OpeHKeNss U BOJTHOBOTO YHCIA, A «JIOKAITBHOCTHY ISl BOJI-
HBI TT0JIPA3YMEBACT XapAKTEPHBIN JIMHEWHBIA pa3Mep MPOCTPAHCTBA, B
KOTOPOM MO>KHO TOBOPHUTH O JIOKAJIbHOCTH, TOPSIJIKA MMOJIOBUHBI JIJTH-
HBl BOJIHBI. Teopus peanu3alny HEYCTOMYMBOCTH 3aPSKEHHOW ILIO-
CKOM ITOBEPXHOCTH KHUJKOCTU IPU HEMPEPBIBHO M3MEHSIOMIEUCS OT
TOYKHM K TOUKE MOBEPXHOCTHOM IJIOTHOCTH 3apsijia Moka He pa3pado-
TaHa. B 9TOM CBSI3M B HUKECIIEAYIOIINX PACCYKICHUSIX OyIeM ornepu-
pPOBaTh YCPEIHESHHBIMU TI0 MOYTIEPHOAY BOJIHBI C k = ¢ 3HAUYCHUSAMU
napameTpa Tonkca-DOpeHKes ¥ UMEHHO M0 HUM HaXOJIUTh COTJIACHO
(1a) BemMUMHBI BOJHOBBIX YMCEl HAMOO0JIee HEYCTONYUBBIX BOJIH.

Urak, 3agagumMcs LENbK0 OPOCHEAUTH 3aKOHOMEPHOCTH MPO-
CTpaHCTBEHHOTO (popMHUpOBaHMS KOHyca Teisiopa, mpuHUMasi, 4TO B
Ha4aJIbHBIA MOMEHT BpeMEHU npu W=2 nperepriena HEyCTOMYUBOCTh
BOJIHA C BOJIHOBBIM YHCJIOM k=« ' ¥ ee aMIUIUTYJla HapacTaeT 1o 3a-
KOHY (6).

Breipaxenue g BenuuuHbl napaMmerpa ToHkca-PpeHkens Kak
(GYHKIIMU BPEMEHHU U KOOPJUHATHI CBOOOIHOW MOBEPXHOCTH BOJIHBI C
k=a ", ecau orpaHUYMTHCS TOJBKO TJIABHBIM CllaraeMbIM B (2), T.€.

@za-cos[k-x—((x)+a2-52)-4, (8)
JIETKO HaxoauTcs U uMeeT Bua [116]
W =W, (1+2a-k-cos(k-x—(0-a’-8,)-t)),

rae W, — BelIruuHa napamerpa Wy HEeBO3MYIIECHHOW KallWJUIIPHBIM

BOJIHOBBIM JIBUKEHHMEM IIIOCKOM PABHOBECHOM MOBEPXHOCTHU HKUIKO-
CTH, KOT/Ia KBaJPAaT YaCTOTHI BOJHBI z° = (0—a’ -§,)” TMPOXOAUT Uepe3

HyJb W BOJHA NPETEPHEBAET HEYCTOMYMBOCTH. lIpm 3TOM 3aBucH-
MOCTb W OT KOOPAMHATHI ONIPEAECITUTCA COOTHOLLIEHUEM

W=W,(1+2a-k-cos(k-x))=W,(1+2¢- (k-a)-cos(k-x)), (9)
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a 3aBUCUMOCTb W OT BpeMEHHU OmNpeaeauTcs uepe3 a=a(t). Ycpennss
(9) 1o MOJIOBMHE JTMHBI BOJIHBI C &k =¢', IOJIyYHM

W=W,-(1+127-¢).

[ToncraBisist 3To cooTHoIIeHUe B (1a), HalijieM 3aBUCUMOCTh BOJI-
HOBOT'O 4YHcCJia HanOojee HEYCTOMYMBOW BOJHBI OT €€ aMILIUTYIBI
(ot €):

2
k.=a'(1+2.54-£-3.29-£%) Ek0(1+2.54-(%j—3.29-(%j ). (10)

[ToncraBuM 3TO BhIpaxkeHue B (8) u, mosarasi, 4To ¢ Ha4aja roTe-
P BOJTHOW YCTOMYHMBOCTH M BO BCE IOCJICAYIONIUE MOMEHTHI BpeMe-
HU KBaJpaT YacTOThl paBeH Hym0 (T.e. (w—a’-6,)°=0), a 3aBUCH-
MOCTb aMIUTMTY/Ibl BOJHBI OT BPEMCHH ONPEACIISICTCS COOTHOMICHUEM
(5), momyunm

E=a(t) cos (1+2.54-@—3.29-(@) )-(Q = a(1)- cos[k(a(t))- x]; (11)
o o o

O (aaBeai

N3 3TOr0 BBIpa)KE€HUS BUJIHO, YTO OT BPEMEHU 3aBUCUT U aMILIU-
TyJla SMHUCCUOHHOTO BBICTYIIA, U €r0 XapaKTEPHBIN MOINEPEUHbIA pa3-
Mep. PaccMOTpUM 3BOJIONMIO BO BPEMEHH BBICTYIIA HA MTOBEPXHOCTH
YKUJIKOCTH, OITUCBIBaeMOro cootHomeHuem (11).

B HauanbHBIE MOMEHT BpeMEHH, TIpH ¢=(), OyJ1eM UMETh

&=a, cos[x/a]=a, cos[k,x].

ITo nmpomecTBUM MaIoro MHTEpBana BpeMeHu Af, (hopma BBICTyIIa
U3MEHUTCS:

da dk
& =a, - cos [x/oc]+E-At1 -cos[(k0 +E-At1)-x}.
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ITo mpoecTBUM CIEAYIOMEr0 Majloro MHTEpBaja BpeMEHH Af,
dbopMma BeIcTyMNa elie 00ee U3BMEHUTCS:

x| da dk
& =a,-cos [;} + — At, - c:os{(k0 + EAtl)x} +

da dk dk
+— At, - ky+—At +—At))x |.
P COS[( o ST 2)x:|

[ToBTOpSISI MPOBEACHHYIO IPOLICAYPY # Pa3, HOJYUHM:
& =a, - coslx/a]+ i(% At - cos{(k0 + i(% At )) : xD

B npenene n — o0 CyMMUPOBaHUE B 3TOM COOTHOIIEHHU MOKHO
3aME€HUTh UHTETPUPOBAHUEM

& =a, - cos|x/a]+ i[% .cos[(ko + ]z((% . dtD) . x} . dt] _

a a

= a, - cos|x/o]+ j (‘Z -cos[k(a(?)) - x]- dtj = a, - cos|x/a]+ j ( coslk(a)-x]-da)-

ap a0

[ToncraBmnsis B 3TO COOTHOIEHUE BhIpakeHue k=k(a) u3 (10) u
UHTETPUPYS T10 @, ITOTYyIUM

a

0.69- 0. X a
& =ay - cos|x/a]+ N '{008(1-49;)- C[0.22:Vx/ o (—2.54+6.58(aj)] +
+sin(1.49-1)-‘S[0.22-x/x/oc (—2.54+6.58(£))] yooo (12)
04 o 4

0

B 3TtoMm cootHomienun C[z] u S[z] — unterpanst @penens [117].
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Ha pucynke 1 BHyTpeHHeW KpuBOil npuBeaeH rpaduk 3aBUCUMO-
ctu {=¢(x), paccunTaHHbIA IpU a=(0.250, HA TOM K€ PUCYHKE HapyXK-
HOM KpHBOM mpuBeAeH TpaduKk 3aBUCUMOCTH ¢=a-cos(x/o) TIpu
a=0.250. Hecllo)KHO BUAETH, UTO MPHU PABEHCTBE AMIUIMTYAHBIX 3HA-
yeHHl 00euX KPHUBBIX 3aBUCUMOCTH (12) maeT 3aMeTHO OOJIBIIYIO
KPUBHU3HY BEPIIHMHBI 10 CPABHEHHUIO C OOBIYHON KOCUHYCOHUIOM.

HamoMH#M, 4YTO MPOBECHHBIE pPACUYEThl OCHOBAHbI HAa Y4YETE
JUIIL TIABHOTO 4jieHa pasnoxkeHus (2). Ecnu yuects u 1o0aBKu pas-
JUYHBIX TOPSAKOB MaJlOCTH, TO KPUBH3HA BEPIIMHBI SMHUCCHOHHOTO
BBICTYyNA emie 0ojee YBEIUYHUTCS M, KPOME TOTO, YBEIMUYUTCS U €r0
ammuntyga. OIHAKO Takoe HCCIeAOBaHUE CYLIECTBEHHO Oojee rpo-
MO3JIKO IO CPAaBHEHUIO C MPOBEJICHHBIM W HYXIAETCS B OTIAEIBHOM
paccMOTpEHUH.

a/ a

0.1

-1 -0.5 0

Puc. 1. ®opwmsl konyca Teitnopa
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3. HennHenHbIe BOMHbLI
Ha NOBEPXHOCTU BA3KOWU XUOKOCTU

3.1. HenuHelHble nepuodu4yecKue 80JIHbI
Ha OOHOPOOHO 3apsi)KeHHOU noeepxHocmu
3/1eKmporpoe8oOHOU 8s1I3KOU XudKkocmu

3.1.1. Pemrenue 3agaum 00 aHAJIUTHYECKOM ACHMIITOTHYECKOM
pacuyere KanUJISAPHO-ITPABUTALIMOHHOIO HEJMHEHHOIr0 Mepuoau-
YeCKOro BOJHOBOIO JABMKCHHUS B 0CCKOHEYHO IJIyOOKOHM BSI3KOM
3JIEKTPONPOBOAHOM HECKMMACMOM KUAKOCTH

Hwxe mpennaraercs cTporoe aHaaIUTUYECKOE aCUMIITOTHYECKOE
pElIEHNUE 3aJlaud pacueTa NnapameTpoB HEJIMHEWHOW MEPUOIUUYECKOU
BOJIHBI, PACTIPOCTPAHSIONIEHCS MO 3apsiKEHHOW MOBEPXHOCTH TITy0O-
KOM JKUIKOCTH ITPOM3BOJIBHOM BSI3KOCTH, KOTOPOE A0 HACTOSAIIETO
BPEMEHH HE OBbLIO U3BECTHO B HAYYHOU JINTEpAType U KOTOPOE IMpe/I-
CTaBJISICT 3HAUUTEIbHBIA MHTEPEC NI MHOTOOOPA3HBIX MPUIOKECHHM
DIEKTPOTUAPOJUHAMUKMU.

1. MaTremaTruyeckasi popMyaupoBKa 3agaum. [I[pumem, uro He-
C)KMMaeMasi HbIOTOHOBCKAs XKUAKOCTb ¢ KUHEMATHYECKON BSA3KOCTBHIO
Vv, TNIOTHOCTBIO p U KOA(DPUIIMEHTOM NOBEPXHOCTHOTO HATSKEHUS ¥
B JIEKapTOBOM cucTeMe KoopauHar ¢ ockio O Z , HAalpaBJIEHHOW Bep-

THUKAJIBHO BBEPX B IOJIE CUJI TSIXKECTU g||—é., 3aMOJHIET IOJYIpO-

z9

CTPAHCTBO z<( W FPAHUYUT C BaKyyMOM. JKUIKOCTh CUHATAETCS UJE-
aJIbHBIM IMMPOBOJAHUKOM, HECYIIMM OJIHOPOJHO PAaCIpPENCICHHBIA I10-
BEPXHOCTHBIA  3aps]l TaKOW, YTO JJIEKTPUYECKOE TMOJIE HAal
VCKQKCHHOW BOJHOBBIM JBUKCHHUEM TOBEPXHOCTHIO KHUJIKOCTH B
MPENIEIIE z —> oo CTPEMUTCS K OJTHOPOJHOMY C HAINPSIKEHHOCTBIO E €, .

Bbynem uccienoBaTh BpEMEHHYIO 3BOJIOLUIO HaYaJIbHOU JieopMaluu
CBOOOTHON TOBEPXHOCTHU YKUIKOCTH.

[Tycth u=1u(x,z¢) u v = v(x,z,f) — TOPU30HTAJIbHASI U BEPTUKAJIb-
Hasi KOMIIOHEHTHI MOJIsI CKOPOCTEH BOJIHOBOI'O JBUKEHUS B AKHUIKOCTH,
KOTOPBIE JIJIsl IPOCTOTHI CUUTAIOTCS HE3aBUCUMBIMU OT KOOPAUHATHI Y,
e, un e — oprel oceil Ox n Oz. Torga OTKIOHEHHE CBOOOIHOH IO-

x?

BEPXHOCTH JKUAKOCTU & =&(x,t) OT pABHOBECHOM B TIOJIE€ CHIT TSKECTH
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Gopmbl z=0, none ckopocTell U=u-&_+v-&, ¥ DIEKTPUIECKHUI I10-
TeHIHaa @ HaJ KUAKOCTHIO YIOBIECTBOPAIOT COOTHOIIEHUSM

z>¢&: AD=0; (1)
z< & azU+r0t(l7)><l7=—grad(%p+%2+g2]+vAl7; 2)
div(i)=0; 3)

Z:é:; 8t§+u-8x§:V; (4)
p=2pv-(i- (i V)-O) —(VOP =p-div@);  (5)

7 eV)-U)+ii-(7eV)-U)=0; (6)

®=0; (7)

z—>o00: -VO S E,-é_; (8)
z—>—oo: U—0. )

3nech t— BpeMmsi; p — JaBJICHHE BHYTPU KUAKOCTU, d, U J, —
YaCTHBIE MPOUW3BOJHBIE 0 BPEMEHH W KOOPAMHATE;, 7i U 7 — OPTHI
KacaTeJbHOW M HOPMAJIM K MMOBEPXHOCTH, SIBHBIM BUJ KOTOPBIX BMECTE
C BBIP@KCHHWEM JUIA JUBEPreHIMH HopMmamd div(i) TpHBEIEHBI B
"Ilpunoxennn A".

Jist  3amMbIKaHMsT MaTeMaTU4ecKOM  (POpMYJHUPOBKH  3a/auu
BBINIMCAHHBIE COOTHOUIEHUS JOJIKHBI OBITh JIONMOJHEHbl HAYaJlbHBIMU
YCJIOBUSIMH, 33Jal0IIMMU HAYaJIbHOE OTKJIOHEHUE MOBEPXHOCTU U
HadyaJIbHOE pachpeneneHue nojs ckopocrel. Kak u B [61-63], BUn
HaYyaJbHBIX YCIOBUHN OyJieM OMNpPEAENsaTh B MPOLECCE PEIICHUSI TAKUM
oOpa3oM, 4YTOOBbI MPUWTH K HaumOoJiee MPOCTHIM B CMBICIIE
aHAJTUTUYECKOTO  OomucaHus  ¢opmaM  KojeOaHul  CcBOOOHOM
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MOBEPXHOCTU U BBISIBUTH CBOWCTBA BOJIHBI, CBSA3aHHBIE C €€
HEJIMHENHOCTBIO.

2. Ilpuanun pemenus 3agaum. [[ycTe HayaabHOE BO3MYILECHUE
E(x,t) mepHoOAMYHO MO x M 00pasyeT BOIHOOOpasHBIA penbed ¢
JUTMHOM BOJIHBI A =27/k (k — BOJHOBOE YHWCIIO) U aMIUIUTYJI04 a. B
KQ4EeCTBE MAJIOT0 MapaMeTpa OpUMeEM £=k-a.

B kBampatuuHoM 10 € mpubOmmkeHuu perieHue 3amadu (1)-(9)
UILETCS B BUJIE PA3JIOKECHUN:

0=0,+0,+0[); 0, ~0();  U,~o0le?);

p=p +p, +0le’); pi~0le); P, ~0le?);
P=0,+®, +0,+0(); @, ~001); @ ~0(); @,~0l);
f=+6+0();  &~0); & ~ole). (10)

[ToncranoBka (10) B (3) — (5) mpuBOAUT K 3ajadyaM HYJIEBOTO,
IEpBOTO H BTOpOro mnopsaakoB wanoctu. B "llpunoxenun B"
BBIIIMCAHbl COOTHOIIEHUS, KOTOPBIE MOJIYYarOTCs MOCIE pa3AeieHUs
IPAaHUYHBIX YCIIOBUH Ha CBOOOJHOM moBepxHOCTH (6)-(9) Ha
COOTHOUIEHUS JIJISl BEIMYUH PA3JIMYHBIX MOPSAIKOB MAJIOCTH.

B HyneBoM 1o & npuOIMKEHUH 3aJja4a CBOAUTCS K ONPEAEICHUIO
pacrpeeneHus: THAPOCTATUYECKOro AaBJICHUS B )KUIKOCTH:

EZ
u,=0; v, =0; p0=—8—0—pgz; Q) =-F,-z. (11)
V4

B HumxecnenyomnemM M3JI0KEHUU OyIyT MCIOJIB30BATHCS CIELU-
anbHble ~ 0003HAYEHUsA ISl JUHEHWHbIX  Ju(depeHIrnanbHbIX
OIEepaToOpoOB:

9, —v(@. +d.) 0 Lo o
o
L= 0 9,-v@.+a.) Lo, o |
P
5 ). 0 0
i 0 0 0 axx-l-azz_
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9, 0 1 0 0

R —p-g+y-0, . B= 0 -2-p-v-a, 1 —E,/(4r) ;
0 . 2. 0 0

I - E, | 0 0 0 1 1o

U MaTPHUI-CTOJOIOB C OOO3HAYEHUSIMH JUISI  COCTABJISIOIINX
DJIEMEHTOB:

0 u; Y;[l]=u;;
0 ' Y. [2]=v;
o= |; Y.=| ’|; 2=y, (12)
0 ’ P, Y;[3]=p;;
10 _CI)]._ Y, [4]=D,;.

Oneparop B neACTBYeT Ha OOBEKTHI TMIA Y; IO CIEAYHOLIEMY

MPABUITY: BBIOJHSIOTCS MAaTPUUYHBIE ONEpAlMM, 3aTEM BCE ONEpalUU
nuddepeHupoBanus U apupmMeTHudecKue JASHCTBHUSA, IIOCIE Yero
nonaraerca z =(0. Pe3synbrar neiictBusi omepatopa B Ha cToJiOel
YeThIpeX (PYHKIMNA, 3aBUCSIINX OT MEPEMEHHBIX X, Z U f, €CTh CTOJIOEI]
yeThlpex QYHKIMH, HE 3aBUCSIIUX OT Z.

B mepBoM mnpuOMMmKEHWHM TOJIydaeTcsl JUHEWHas OIHOPOHAs
muddepeHmanpHas 3a1ada, a sl BTOPOro MPUOIMKEHUS — Ta Ke
nuHenHas nuddepeHimanbias 3aaa4a, HO ¢ HEOAHOPOIHOCTBIO, BU/L
KOTOPOH OIpEEeNseTcsl Yyepe3 pPEIIeHUs, HAWJICHHbIE B HYJIEBOM H
NIEPBOM MPUOIKEHUSX.

3. 3agaya nepBoro MOpsiAKa MaJOCTH. /[ BEIMYMH NEPBOro
M0 &£ TOpsAJAKAa MaJIOCTH TIOJHAs MaremaTudeckas (opMyJIHpoOBKa
3aJlaud B MMPUHSTHIX 0003HAYCHUSX UMEET BU/]I

L(Y,)=0; (13)

B(Y,)+R($)=0; (14)

Z—> oo @, =Y,[4]>0; (15)
Z—>—oco! u, =Y[1]-50; v, =Y,[2]>0; (16)

t=0: & =a-cos(k-x); z<0: Y[l =u); Y][2l_,=v). (17)
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JI1sl TIPOCTOTHI B KAa4eCTBE HAYajbHOW Ie(OopMalMU B IEPBOM
IpHUOJIMKEHHH BEIOpaHa KOCUHYcomIa. Beioop ¢yukimii u) =u)(x,z,¢)

u v =v?(x,z,¢) WIS ONMMCAHUS HAYAIBHOTO pacIpeaeiICHUsI CKOPOCTEN
1 1 <>

Oyner BbIMOAHEH HUxke. OTMETHM, 4YTO HayalbHBIE YCJIOBUS
HE0O0X0auMO (HOPMYIUPOBATH TONBKO IS IEPBBIX JIBYX JJIEMEHTOB
Y,, a HEe JJIsi1 BCEro A3TOr0 CHUMBOJIBHOTO CTOJOIIa HEW3BECTHBIX

BenmunH. HavaneHbie ycnoBus Ha p; u @) He HyxHbL. 1 p; 3TOT
dbakT O0O0BSCHIETCA cleayrnmM oOpa3oMm. JImHeapu3oBaHHOE
ypaBHeHue HaBbe-CrTokca (nepBoe ypaBHeHUE cuctemsbl (13)) MOXKHO
3amucaTh B BUJIE

0,U, =—grad(lplj +VAU,.
P

Ecim x oberM dacTsiM 3TOro ypaBHEHHS NPUMEHUTH OIEpaInio
div ¥ y4ecTh, YTO KMJIKOCTh HeCc)kumaema (T.e. div(Ul):O), a TaKxke

TO OOCTOSITEILCTBO, YTO TOBTOPHBIE YAaCTHBIE ITPOU3BOJIHBIC
NEPECTAaHOBOYHBI, TO HECJIOKHO JIJIS p; OJIYUUTh YpaBHeHue Jlamnaca

Ap, =0.

HI/IHeapI/ISOBaHHOC I'paHU4YHOC YCIIOBHC Ha HOPMAJIbHBIC
HaTsKCHUA BMCCTC C YCIIOBUCM HMCUYC3HOBCHUS HaA OO0IBIION I‘J'IY6I/IH€
rpaaucHTra OT I[O6aBKI/I IICpBOro Imopsaaka MaJdoCTH K JaBJICHUIO
HUMCIOT BU/

Z=O: p1=2-p-V-aZV1+axxfl; Z—> 0. |Vp1|_)0

BuHo, 4TO €ciy M3BECTHO MOJIE CKOPOCTEH HA MOBEPXHOCTH U B
o0beMe KMJIKOCTH, a TaKKe JaHO BbIpaxkeHue s &, TO p; YJIOB-

JeTBopsieT 3amaye Jupuxie B HEOTPAaHUUYCHHOW 00JIaCTH, pelIeHue
KOTOPOM CYHIECTBYET U €AMHCTBEHHO. Ha ®; HavyaibHOE yClIOBUE HE
HAKJIQJBIBACTCS MO AHAIOTMYHOM mnpuuuHe. (CKa3aHHOE MOXKHO
OOBSICHUTh KaueCTBEHHO CIICIYIOIMIUM O00pa3oM: B HCIOJb3yeMOU
MOJIETTM HEC)KMMaeMoOW HACaIbHO IPOBOAIICH >KHAKOCTH JH000€
V3MEHEHHE B 3HAYEHHUSX TOJI CKOPOCTEN U OTKIIOHEHUS TIOBEPXHOCTHU
£, MTHOBEHHO OTPAXKAETCS HA BUJIE CKAISIPHBIX NOJIEn py U D;.

Pemienue 3ala4u IICPBOIoO nmopsAaaKa MaJlOCTH UMCCT BU/I

& =a-cos(0) exp(T); (18)
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u=a K S, -exp(ke)—2v k- (g, - cos(qrz) + 4, sinlq2) - explg2) j cos(0) +

(19)

o Dresplie)-2v- -l ol sl ) ex) i) ol
vi=a- K D -exp(kz)—2v - k* - cos(g,z)- exp(q,z) J'cos(ﬁ)—
—( S, -exp(kz)—2v - k* -sin(q,z) - exp(q,z) j-sin(@)} exp(T); (20)

o =M( (— S, -D+S22)- cos(8) +2S, -(S2 +v- kz)- sin(8) j-exp(kz)- exp(T);

k

(21)
®, =a-E, cos(8)-exp(T); (22)

2
@2+ff—%2§@+k?ii—k_ﬁtl=¢k?q; (23)

v Pg 4rpg
g =Re(q)20; g,=Im(q)=0; (24)
S=v-(¢* -Kk?); S, =Re(S); S, =Im(S); (25)
0=S, t—k-x; T=S,t; D=S, +2v-k*. (26)

B 3TUX COOTHONIEHUSAX ¢ BBIYUCISAETCA KaK KOPEHb JIUCTIEp-
CHOHHOTO ypaBHeHUs (23), yIOBICTBOPSIOMMI YyciIoBUsSIM (24).
VcinoBus (24) sABISAIOTCS  YCIOBUSIMH OTOOpa 3HAYE€HUS KOPHS,
KOTOPBI COOTBETCTBYET BOJHOBOMY JBHKEHHIO CO CKOPOCTHIO,
CTpPEMSIIEICS K HYJII0 IpU z —> —oo (cM. ycioBue (16)), 1 koTopomy
COTOCTABIISIETCS ~ IPOTPECCHMBHAs  BOJIHA,  PaCHPOCTPAHSIOMIASCS
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BIIpaBo. YcioBus (24) obecrneynBarOT €AMHCTBEHHOCTh MPOLELYPbI
BBIYHCIICHUS KOMIJIEKCHON 4acTOTHI S.
C nomomisto pemenus (18) — (22) noacraHoBka

E=6+& Y =Y +Y

ceogut (13)— (17) k 3amadye C H3HAYAIBLHO HEBO3MYILECHHOM
MTOBEPXHOCTBIO:

B(Y" )+ R(£*)=0;
Z—>too; O =Y,*[4]—>0;
Z—>—o0: u =Y [1]-0; v =Y [2]-0; (17)

t=0: &7 =0; z<0: Y10 =u'- Y, 1so: Y, [2]i0 =V - Y21 -

dopma cBOOOIHOM MOBEPXHOCTH MPEICTABISETCA B BUIE Cylep-
no3unmu PpyHkimu &, CoBmajarome mpu =0 ¢ Ha4aJIbHBIM HCKa-

KEHHUEM IMOBEPXHOCTU U GyHKIMM &, coBHajaromield B HadaabHbIN
MOMEHT BPEMEHH C PaBHOBECHOM IMOBEPXHOCTHIO (& =0 mpu £=0).

UToObl MOJYyYUTh HAUMEHEE T'POMO3JKOE pEIICHUEe, MPUMEM, YTO B
3amade (27) B HaYAJIbHBII MOMEHT BPEMEHHM CKOPOCTb BCEX TOYEK
KUJIKOCTH

z<0: u-Y],,=0; v'-Y2]_,=0; (28)

Orcroga cienyer, 4to peuieHue 3anauu (27) Hynesoe, a (18)—
(26) mpeacTaBisAIOT pEIICHUE 3aJa4M TMEPBOTO MOPSAKA MAJIOCTH C
HavyaJbHBIM YCIIOBUEM (28).

4. 3agaya BTOpPOro mnopsAKa MajJocTu. B pe3ynbprare
BoizienieHnss w3 (1) — (9) cooTHomeHU? Ha BEIUYUHBI PA3TUUHBIX
nopsikoB (cM. "llpunoxkenue N") ¢ mocnenyroiieil mojacTaHOBKOW B
MOJIyYEHHBIE BBIPAKEHMS, 3aBUCSIINE OT BEJIUYMH MEPBOTO MOpsAJKa
MajOCTH, PEIICHUs], HAWJEHHOTrO B TNEPBOM MNPUOIUKEHUHU, 3ajada
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BTOPOIr'0 MOPSJAKA MAJIOCTH C HEOIPEICICHHBIMU TMOKa HayaJbHBIMU
YCJIOBUSIMUA MOXET OBITh C(OPMYJIMPOBAHA B BUJIC

LY, )=’ Re(qﬂ exp(2:2)+ {ﬂ exp(2k)+ ﬁ)} expllk+q) Z)j exp(2T)+

+{AO4}-exp((k+q)-z)-exp(2(T+i-6?))j; (29)
Ay Ag
B(Y,)+R(&,)=a’ -Re| | k-E, |-exp2T)+| k- E, |- exp(2(T+i-8))|; (30)
2 2
Z—> oo ®, =Y,[4]>0; (31)
z—>—oo: u, =Y,[1]1-0; v,=Y,[2]—>0, (32)

rae A, — A, — TpexXdIEMEHTHBIE CTOJIONBI C KOMIUIEKCHBIMU KO hu-
1 6

LIUEHTAMH, HE 3aBUCAIIMMHU OT KOOPIMHAT U BPEMEHU. BripaxeHus
1711 HUX npuBeaieHsl B "'lpunoxenun C".

BBuny nuHeiiHOCTH C(HOPMYIUPOBAHHON 3a/laud, MOXHO HAWTU
€€ KOMIUIEKCHOE PEUICHUE, a 3aTeM, B3SAB OT HEro JACHCTBUTEIBHYIO
4acTh, NOJYYUTh (PU3NYECKU peanu3yrolneecs penienue. s cucrem
HEOJTHOPOJHBIX YPaBHECHUH

L(ya>=a{ﬁ;}-exp<quz>+m-exp<zkz>+m-exp<<k+q>-z>j-exp<zr>; (33)

L)=a| | oollesa) 2 oo eia), (4

OTHOCHUTCIIbHO HCU3BCCTHBLIX, U3 KOTOPBLIX COCTABJICHBI CTOJI6I_[BI Y.
Y, . JICTKO ONPCACIIAOTCA YaCTHBIC PCIICHUSA B BUJIC

v, :az[ﬁ;}.exp(quz){cﬂ.exp(zkz){ﬂ.exp((mq).z)j.exp(zr); (35)
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y,=a’ -{((:)4} exp((k+q) z)-exp(2(T +i-6)), (36)

rie C,—-C, — TpexdIeMEHTHbIE CTOJOIBI ¢ KO3 UIMEHTaAMHU,

NoJUIe)KAIMMHK onpenenieHnto. HerocpeacTBennas moactaHoBka (35)
u (36) B ypaBHeHus (33) u (34) NpUBOAUT K CUCTEME JIMHEHWHBIX
HEOHOPOIHBIX YPAaBHEHHH OTHOCHUTEIHHO KO3 (PHUIIMEHTOB CTOJIOIIOB
C,, U1 KOTOPBIX MOJIy4aroTCst (POpMyJIbI

C,=I7"-A,; j=1234. (37)

3nece II, —II, — KkBajpaTHBIE MATPULBI C KO3(PPUIMEHTaMHU, HE

3aBUCSIIMMH OT KOOPJAMHAT M BPEMEHHU, NPUBEACHHbIMH B
"ITpritoxennn C".
Jlanee vileM pereHne OqHOPOIHOM 3a1a4u

L(y.)=0. (38)

Ero mo’xHo 3anucars B BUE

F 0 | —ik ]
) 0 2 k
y.=a 70) cexp(2T)+a*-| 2- 5 - A -exp(2kz)+ (39)
| 3(1) | 0]

o
+ -H-expz-w/2-ik +q ))+ 0 -R-exp(—2kz) |- exp(2(T +i-6)).
1

Cronbern (39) sBasercs pemieHHEM OJHOPOIHOM 3adadu HE3aBHCHMO
OT BBIOOpa B 00IIEM Cioydae KOMIUIEKCHBIX IMOCTOSHHBIX A,H,R u

dymxumit f(1),3(¢).
3uaueHus A, H,R u { nmoaOuparoTcs TaK, 4T0O BEITHMUUHBI
§ =0 exp2AT+i-0);  yu=Y,+Y, (40)

YAOBJICTBOPAJIN COOTHOIICHUAM
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A6
L(y, )+ R(&)=a’ [M] exp(2(T +16)). (41)
2

ITocne moacranoBku (41) B (40) oka3pIBaeTcs, 4TO TaKHE 3HAUe-
Hust A, H,R u { Haxomarcs Kak pelICHUs JTUHCHHON HEOTHOPOIHOM

CUCTEMBI alNreOpanyecKnx ypaBHEHHU U UMEIOT BUJ

w7 C,[2] |

. . V- — A
Al_pa||2-Cal2lpy (k+q)-C,3] k-E |l (42
¢ 2i-C,[2]-k=C,[1]- (k +¢q) >
R 0

Bup xBagpatHoM Matpuilel A nipuBencH B "llpunoxennn C".
brnaromaps ToMy 4TO CTONOLBI y,, Y, =Y, +Y., TOXKIECCTBEHHO

YIOBIIETBOPSAIOT cooTHOmEHUsM (33), (34), (41), moacTaHoBKa
V=Yoot Yo=Y tY, Ty §=6 (43)

B (29) — (32) npuBOUT K 3aj1aue

L(y,)=0; (44)
] ) ; -
st [ et s
i I 3() 1.
2 —> oo ®,=Y,[4]—0; (46)
z—>—oo: U, =Y, [1-0;  v,=Y,[2]-0; (47)

BI/II[HO, qTO C€CJIH ITOJTOXKUTH

)= A21-CBI-CBI-C3L S(0)= k-, -exp(-27),  (48)

TO COOTHOIIIEHUS (45) yrnpocTsaTes:
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B(y,)=a’ cexp(2T);  A=2-C|[1]-¢, +C5[1]-(k+q) (45a)

[Tonyuyunacek 3agaya, aHaJOTHMYHAS 3aja4ye ONpeJesICHUs MOoJIsl CKOPO-
CTel B HECXKMMAEMOMN BSI3KOM TTyOOKOM JKMAKOCTH TOJI JBYOKYIIECHCS
TBepaor miockor mactuHkon [118]. ITo cxeme, mpemiokeHHON B
[118], HECTIOKHO HalTH pelieHue 3aaauu (45), (45a), (46), (47):

[AS[3]-A]
5 0 v t ZZ
Yo=a - 0 . ;'J.CXP —m -exp(2-Sl-T)d2', (49)
0
0

YIOBJIETBOPSIOIICE HAYAILHOMY YCIOBHUIO
t=0: y,=0.

JIerko IMPOBCPUTH, YTO IMOACTAHOBKA

Ye=Yo+ Yo +tY, +Yes &=+ exp2(T+i-0)), (51)

rae y, Belumcisercs us (49), y,, y, Haxopsrcesa no ¢gopmynam (35)-
(37), a y, u ¢ Beuucistorcs dyepes (39), (42), (48), ceonut 3amgauy

BTOpOro mopsjka majaoctu (29)— (32) Kk 0JHOPOJIHOM, aHATOTUYHOM
TOM, YTO MOJIy4aeTCs B IIEPBOM MPHUOIMKCHUH

L(y*)=0;

Z—>4oo! ®, =y [4]—>0;

z—>—o0o] u, =y [1]-0; v, =y [2]—0;



t=0: & =& - expl(2ikx);

z=0: Y [Uico = uy= ¥l Y2l = Vo= y.[2] -

[lepexonsa kK Pu3MUECKu peanu3yIolEeMycsl PEIICHUI0 U MPUHU-
Mas BO BHUMaHHE, YTO Y, IOCTPOEH TaK, YTO B HAYaJIbHBII MOMEHT

BPEMEHH BCE€ €r0 AJIEMEHTHI PaHbl HYJI, MOXHO YTBEPKIaTh, YTO
NEeUCTBUTEIbHBIE YaCTH BEIWYHH, COCTABJISIONIAX CTOJOE y,,

onpeeneHHbId B (51), ABIAIOTCA pelICeHUEM 3a/1adyi BTOPOTO MOpsIKa
MaJIOCTH, €CIIM B KAa4ECTBE HAYAJIBHBIX YCIOBUM HA BEJIMYUHBI 3TOTO
IIOpsIIKa B3STh

t=0: & = Re[{ : exp(2ikx)];

ud =Re(y,[11+y,[10+y[1])_;  v)=Rely,[2]+y,[2]+y.[2]),,-

3HA4YMMOCTh HﬂﬁI{GHHOI‘O peICHUA Y, HC YMCHbBIIACTCA OT TOrIO,

YTO OHO YJOBJIETBOPSIET KOHKPETHBIM Ha4YaJIbHBIM yCIOBUAM. ['opazio
Ba)XXHEE TO, UYTO Yy, — KIHOYEBOE 3BEHO MMOJIcTaHOBKH (50), cBOsAIIIECH
HEOJHOPOJHYIO 3a7ady BTOPOrO MOPSJKAa MAJIOCTH K OJHOPOIHOW.
Cam ¢dakT OAHOPOJHOCTH HOBOM 3ajJaud HE 3aBUCUT OT BHUJIA
GyHKIMHI, 3aal0IIMX MCXOJIHbIE HayaJbHbIE YCIOBHUS HAa BEIUYUHBI
BTOPOr0 MoOpsaka MajocTh. [loaToMy mNpOU3BOIBLHOCTH (POpPMYIIH-
POBKHM HauyaJIbHBIX YCJIOBHM Ha 3TH BEJIWYMHBI CKA3bIBACTCS JIUIIb HA
HAYaAJIbHBIX YCIOBUSAX OOHOPOAHOM 3aJ1a4i, K KOTOPOU ITOJCTAHOBKOU
(50) penyuupyetcs ucxogHas HeoJHOpoiHast. OgHOPOHAS KE 3a7a4a
SBJISICTCSL  MPEAMETOM  MCCIEIOBAaHUS  XOpOIIO  pa3paboTaHHOM
JIMHEMHOW TEOPUU BOJIH.

S. IIpopuiab HeJMHEHMHOM BOJIHBI. ECIM K pENICHUIO 3a1a4u
BTOPOT'O MOpsiAKa MaocTu Re(y,) mpubOaBUTH Re(y*), TO TMOJYUYCHHOE

BBIpO)KCHUE CHOBA OyJET pEIICHUEM 3aJadd BTOPOro IOPSAKa Malio-
ctu. Ho ogHOpoaHas 3amgada ompeneneHus y, COBIATACT C 3aaadci

nepBoro nopsiaka manoct (13) — (16). [losTtomy npu goOaBIECHUM K
Re(y,) mroboro pemenus Buma (18)— (26) ¢ apyruMu 3HaYEHHSIMHU

BOJIHOBOT'O YHCJa U aMIUIUTYJbl (MX TMPOU3BEICHUE JOJKHO OBITh
BEJIMYMHON 00Jiee BBICOKOTO TMOPSAKAa, Y€M &£) CHOBA MOJY4YHUTCS
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peIIICHHE 3aa4K BTOPOTO Mopsaka MaocTH. C y4eToOM BO3MOXKHOCTH
100aBOK TOA00HOTO poaa (popMa BOJHBEI, OCTyIIEH IO 3apsHKCHHOM
CBOOOTHOM IMOBEPXHOCTH BS3KOHN IIyOOKOH JKHMJIKOCTH, MOXKET OBITh
OIMCaHa BEIPAKCHHEM

&= {a -cos(8)-exp(S, - t)+a* - (¢, -cos(20) - &, -sin(28))-exp(2 - S, - z‘)}+ JI.B.P.=

= {a -cos(8)- exp(S, - ¢)+a” - 4-cos(26 + B)-exp(2- S, -t)}+ JI.B.P. (52)

Rl Gy A=GEeE o=t
(Aretg(£,18,), ecu §>0u{, 20;
Aretg({,/18,)+2m, ecnu §>0u {, <0;

B=1Arctg({,/¢)+, eciu ¢, <0;
/2, ecu §=0u{, <0,
|37/2 eciu §=0u{,<0.

3neck Arctg(x) — BeTBb (QYHKIIMH apKTaHI'€HC, OTOOpaXKaromias YHCIIo-
BYIO OChb B CETMEHT (—7/2, 7/2). Boipaxkenue s (assl S MOCTPOEHO
TaK, YTOOBI €€ 3HaUeHHE JIC)KAJIO B npenenax 0< f<2r.

Jlis 100aBOK, O KOTOpBHIX IJIa peyb B MpeAblaylleM ad3ale,
BBe/IeHO o0o3HaueHue JI.B.P. — nuHeliHble BOJHOBBIE pEIICHUs (TaKue
&Ke, KaK B JIMHEHHON TEOpHH). ITO MOXKET OBITH JIF00Ask CyNEepPIO3ULIUS
KOCHHYCOMIAIbHBIX OETyIIMX BOJH 77-cos(Z, -t —k-x+¢@)-exp(Z,-¢) ¢
TaKUMH aMIUIMTYAOM W 77 W BOJHOBBIM YHCIOM K #k, 4YTO
k-n=olk-a) (o—cumBon Manoctu). KommiekcHas  d9acrora
2=2 +i-X, U BOJHOBO€ YHCJIO K OTHUX BOJH CBS3aHbl TEM K€
JTUCTIEPCUOHHBIM ypaBHeHUEM (23), 4yTo U BenuyuHbl S U k, 4epe3
KOTOPBIE BBIPAXKAKOTCS TEpeMeHHble =S, -t—k-x U T=S,-¢t. Kak
pelIEeHus JIMHEMHOW OHOpoAHOU 3anauu, JI.B.P. pactpocrpanstoTcs
HE B3aUMOJICUCTBYS APYT C APYroM, KaxkJas BoJHa CO cBoeul (pa3oBoii
CKOPOCTBIO.

CrnaraeMble B UTYpPHBIX CKOOKax B BbIpakeHUU (52) mpeacTas-
JS0T cO00M B3aMMOJIEUCTBYIONIME BOJTHOBBIE pemeHud. Koadduun-
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€HTBl A U [ CIOXHBIM 00pa3oM 3aBUCAT OT BOJHOBOTO yucia £,
KOTOpOE OTBEYaeT BOJHE a-cos(d), pPaCIPOCTPAHSIOMICHCS II0
CBOOOJIHOM TOBEPXHOCTU B MEPBOM NpuOIMxKeHuu. Takum oOpaszom,
aMIIuTyAa U ¢daza BTOPOM BOJHOBOW OOABKH B (PUTYPHBIX CKOOKax
(52) 3aBUCHT OT CBOMCTB NepBOM BOJTHOBOU 100aBKU. O0O€ BOITHOBBIE
COCTaBJISIIOIINE B (PUTYPHBIX CKOOKaX MMEIOT OJMHAKOBYIO (Pa30BYIO
ckopoctb. lloaTOMy TO, 4YTO mOIydaercss B CyMMe, SIBISETCS
CAMOCTOSITEJIbHOM ~ MEPUOAUYECKOM BOJHOM, HMEKOIIEH Ty XKe
($a30ByI0 CKOPOCTb. 3a JUIMHY 3TOM BOJIHBI €CTECTBEHHO B3SITh MPOCT-
PaHCTBEHHBIN mepuoj Mo x, oOmui i1 00OMX CllaraeMbIX, —
BeNUYuHy A=27x/k.O4eBUIHO, kK MOKHO CUUTATh BOJIHOBBIM YHCIIOM,
KOTOPOE OTBE€YACT ATOW HOBOM BOJIHE. B OTIMYKME OT BOJIHOBBIX
peleHnid, TOoJMy4yaeMbIX TIPH PEIICHWH 3aJa4yd B JIUHEHHOM
npuoOKeHn, ¢GopMa HOBOM BOJHBI CYIIECTBEHHO 3aBUCUT OT €€
BOJIHOBOT'O 4YMCJa k W, Kak BUIHO U3 (52), UBMEHSETCS C TECYCHUEM
BpeMeHH (B ciydae, korma S, #0). VM3Menenuss B ¢dopme UMEIOT
BTOPOU MOPSAAOK MaJIOCTH.

B mpenene uacanbHOW KUIKOCTH, Korga v —0, 3HadyeHue [
CTPEMUTCS JMOO0 K HYyJI0, JUO0O0 K x. 3aMmedasl, 4TO BMECTO [=7
MOXHO MOJIOKUTh B =0, ¢ UIBMEHEHUEM 3HaKa npu A, s npoduiis
BOJIHBI B 3TOM MPHUOIMKEHUN MOXHO 3allHiCcaTh COAEPKATEIbHOE IS
UCCIIEJIOBAHUS BBIPAYKECHUE:

_1 (140K ~2di0).

E(x,t)=a-cos(,)+a” - A-cos(26,); A—2 20 ; 6y =yt —kx;
(33)
E2
W=—2—; o= l; a)ézgk(1+0(2k2—0(kW).

ar\pgy’ 0g

3nech « — KanwulsipHash MOCTOsiHHasA, a W — 0e3pa3MepHbIi
napameTp ToHkca-DOpeHkenst, KOTOPBIA XapaKTePU3yeT YCTOUUUBOCTh
3apSDKEHHOM  TOBEPXHOCTH  JKMAKOCTH [0  OTHOUIEHHIO K
coOCTBEHHOMY 3apsny. M3 NMHEWHOW TEeOpUU XOpPOIIO MU3BECTHO, UTO
yCJIOBHUE
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1
W >ok +—
s (54)

obecrieuynBaeT MPHU 3aJaHHOM @k TIOJOKHUTEIBHOCTh TIapaMeTpa
S, =Re(S), Bxomsmero B (50). B 3TOM ciyyae HMMEET MECTO

HEYCTOMYUBOCTh 3aPSKEHHON CBOOOJHON MOBEPXHOCTH >KHJIKOCTH
[7], mpuueM S| UMEET CMBICII MHKPEMEHTA HApaCTAHUS aMIUIATY]IbI
JUHEWHOTO T0 a cjaraeMoro B (UTypHBIX CKOOKax (52), a 2-S, —

WHKpPEMEHTa HEJIMHEHHOro ciaraemoro. Eciu 3Haduenue W
HEJIOCTaTOYHO BEJIMKO JUIsl BBINOJHEHUS ycioBus (54), to S, <0.

Torma S xapakTepu3yeT IEKPEMEHT SKCIIOHEHIIUATLHOTO 3aTyXaHUs
JUHEWHOTO MO a cjaraeMoro B (UrypHbIX CckoOkax (52), a 2-S, —

JEKPEMEHT HEJIMHEHHOTO CJIaraeMoro.

I[Ipu W =0 BeipaxkeHnue (52) coBmagaer ¢ mpoduiieM BOJHBI,
nocTpoeHHbIM B pabote Haiids [63]. Ecniu B momosnHeHHE K 3TOMY
MOJIOKUTh =0, TO TOJYYUTCS H3BECTHOE KBAJAPATUYHOE MO
aMIuIiTyJle npubamxkeHue BoJiHbl Ctokca. HenuHelHsbll mpoduiib
BOJIHBI HA MOBEPXHOCTHU HUJICATBHOW KUJKOCTH, HA3bIBAEMBIA BOJIHOU
Crokca, nmoctpoeH Oojee Beka Hazad. Tem He MeHee (52) — mepBoe
KOPPEKTHOE OOO0OIIEHWE ATOTO TOHATHS Ha CIIy4ald >KUJKOCTH C
KOHEUHON BSA3KOCTbIO, KOHEYHBIM TOBEPXHOCTHBIM HATSDKCHUEM U
3apsHKEHHOM  CBOOOJHOM TOBEPXHOCTBIO B KBAJpaTUYHOM IO
aMIUTATYJIe TpUOIMAKEHUU. TakuM 00pa3oM, yKe€ caMO BBIpaKEHUE
(52) siBnsieTcst HOBBIM JIJI1 TEOPUHU BOJH Ha MOBEPXHOCTH TIyOOKOM
KUJKOCTH  PE3YJbTaTOM,  pEIICHUEM  KJIAaCCUYECKOW  3aJauu
TUJPOJIMHAMUKU, KOTOPOE 00Jie€ BEKA OCTABAIOCh HEM3BECTHHIM. U3
(53) cnmemyer, 4TO B MIEAIBHOM >KHIKOCTU IIPH k=k*=1/(a-\/§)
3HAMEHATeIb AaMIUIUTYJIbl TIOMPABKU BTOPOrO TMOPsSAKA MaJoOCTH K
IpoHITIO BOJHBI 0OpaIaeTcs B HyJb, a cama JI00aBKa IPU KOHECYHBIX
3HAUCHUSX YHUCITUTENST CTpPEeMUTCA K OeckoHeuHocTh. OO0cCyxaeHue
3TOro  (akta, CBSI3aHHOTO C  HEJIMHEHHBIM  PE30HAHCHBIM
B3aMMOJICMCTBUEM BOJIH, YAaCTUYHO YK€ MNpOBOAWIOCH B [58]. B
BA3KOWM KUJKOCTHU, KaK W CJIEJIOBAJIO OXKHUJaTh, aMIUIUTYJa BOJIH B
OECKOHEYHOCTh HE 00paIaeTcs, a OCTaeTCss KOHEYHOM.

HNPUJIOKEHUE A. Oprbel HOpMalli W KacaTelbHOM K CBO-
00/THOM TOBEPXHOCTH >KUJIKOCTH. J{UBEpreHiys opTa HOpMaH.
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YpaBHEHUE MCKAXKEHHOM BOJIHOBBIM JIBUKCHUEM  IUJIOCKOM
CBOOOIHOM IOBEPXHOCTH XHIKOCTH MMeeT BHI z—E=0, &=E(x,1).
HopmanbHbli M KacaTeJlbHBIA OPTHI BBIUMCISAIOTCA C ITOMOIIBIO
COOTHOIIIEHUH

(1.A)

n=

— 9x$ e .+ ! e, ;
JI+0,87 7 y1+0,87

(2.A)

ﬁ L 9.&
T= e, + €,.
V140,87 V1+(0,8)

Cpennssi KpuBM3HA NOBEPXHOCTH, KaKk H3BECTHO, pPaBHA
JTABEPrEHIIMN OPTa BHEIIHEW HOPMaJHU

. 0,6 3
div(ii)=— - =—0 o 3.A
( ) (1+(ax§))3/2 xx§+ ( ) ( )

NPUJTOXKEHHUE B. I'panuunbie YyCinoBUS Uil BEIUYUH
Pa3JIMYHBIX TTOPSAIKOB MAJIOCTH.

1. Kunemamuueckoe zpanuunoe ycnosue (4). PackianpiBas (4) B
pSZl B OKPECTHOCTH HEBO3MYIIIEHHOW MOBEPXHOCTH KUJIKOCTU z=0,
cuuTas 3[eCh M Aajee, 9To u~ O(E), MOKHO MOAYYUTH ACHMITOTHKY

3TOT0 YCJIOBUS C OIIMOKON NOpPsiIKa 0(53 ):
z=0: 0,é+ud =v+&-0, v, (1.B)

[MoncraBmsis  ctoga  cootHomenus &=§&,+&,, u=u,+u,,
V=V,+V,, B KOTOPBIX HHIEKC O3HA4YaeT IMOPAJOK MAaJIOCTH

WHJICKCUPOBAHHOM BEJIMYUHBI II0 £, MOXHO paznenuth (1.B) Ha
COOTHOIIEHMUS JIJISI BEJIMYUH PA3JIMYHBIX OPSAIKOB MAIOCTH:

z=0: 0§, —v,=0; (2.B)

0&,-v,=& -0.v,—u,;-9.&,. (3.B)
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2. Ychoeue ona kacamenvuvix HamsadCEHUN HA CE0O000HOU
nosepxnocmu. Ecinm 1j1g opTOB 7 M 7 BOCIOJB30BaThCSA (HOPMyIaMH

(1.A), (2.A), T0, 0O03HaUas y = (1 +(0.&) )_1/2, HECIIOKHO HAMTH, 4TO

(fieV)-U=¢ -(ieV)u+é -(ieV)v=
=x-¢ -(-0,£-9,u+d,u)+y-é -(-9,£-9,v+9,v);

(feV) U=é, -(FeV)ut+é,

-(T’OV)Vz
=y-é -(0,u+d,&-0.u)+y-é -(0,v+9,£-9.v);
z (o) O)=g> 9,60, ut0.u-(0,&) -9, v+d,E-0.v);

i(7ev)0)=2 0,6 0,u-(0,8)7 0. u+d, v+3,£-9. V).

C moMomipl0 JBYX MOCIEIHUX PABEHCTB YycioBUE (6) MOXHO
nepenucaTh B BUJIC

2= @, v+9.u)-(1-(0,£)? )2-(3,u-9.v)-9,£=0. (4.B)

Paznoxenue (4.B) B psax o & B OKPECTHOCTU z =0 IPUBOJUT C
OIIMOKOM mopsIKa 0(53) K aIlllIpOKCUMAIIMOHHOMY BBIPAKEHUIO

z=0: d,.v+d_u+&-9.(0,v+9.u)=2-(0,u-9_v)-9.&.

OTCIOI[a HCCJIOKHO ITOJIYYHUTHh COOTHOIICHUS BCIIMYUH PA3JTHYHBIX
MMOPAAKOB MaJIOCTH:!

z=0: d.u,+d_ v, =0; (5.B)

aZu2+aZ VZ :2'(axul_az Vl)'axél _51 .az(ax V1+azu1)-

[TocnenHee COOTHOLIEHHE YINPOINAETCS € MOMOUIBIO YCIIOBUSA
HEPA3PBIBHOCTH, 3alIHCAHHOTO B BUJIE 0, U, =—0 V,, 1O BBIPAXKCHMUSI
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d,u,+d,v,=—4-9_v;-9.§ - -9,(d,v,+0,u,). (6.B)

3. Ycnoeue ona oasnenusa na eozmywiennoit nogepxnocmu (5).
Ecim  Bocmonws3oBathess  gopmymnoit  (1.A) u  ompeneneHuem
U=u-e +ve, T0 c OIKUOKON MOpsAIKa 0(53) MOKHO TIOTY4HTh

BbIPpA’KCHUA

z=¢: ﬁ:(—ax§+0(§3))-éx+(1+0(§2))-é’z;
(eV) U=(-9,£-9,u+d. ur0(&)) -6, + (-0, 0, v+, v+0(£))-&.;

i ((ieV) U)=-0.&0.u-9.&-9, v+d.v+0(£3).

Paznoxenue (5) B psa Mo B OKPECTHOCTH z=0 ¢ OIIHUOKOMN

HopsiIKa 0(53) MMEET BUJT

z=0: p+§-azp+%-§2 0_.p=2pVv-0_v=2pVE-Q_v+2pv-0.E-(0.utd, v)+
(7.B)

| (V0 + 2600020, (70)+ £0. (70 + £(7000.(V) |=7-av).

Ecnu ydects, 40 p=p,+p, + p,, =&, +&,, D=+ D, + D,
div(ii)=-0 &+ O(?) muro p, =—pgz—E; /(8n); ®,=-E, z, 10
(7.B) pacnagaercsi Ha COOTHONIIEHUSI [JI1 BEJIMYMH Pa3TUIHBIX

IMOPAAKOB MaJIOCTH:

E
z=0: _pggl—i_pl_2pv.an1+y'axx§1_4_0.azq)l:0;
T

E
_pg§2 +p2 _2pv'azv2+7'axx§2 _ﬁ'azq)Z =

1 E
:2pV'§1 'azz Vl_é:1 'azpl _g'((axq)l)2 +(azq)l)2)+i'§l 'azzq)l'
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4. Paznoscenue ycinosusn (7) OKpecmHOCHMU HEBO3MYULEHHOU
HOGEPXHOCMU HCUOKOCHU C HEOOXOIUMON TOYHOCTBIO UMEET BU/I

1
z=0: cp+§-azcb+5-§2-azch:0.
DTO COOTHOIIECHHE JIETKO paS6HBaGTC5{ Ha IIOpAIKHU MaJIOCTH:

z=0: ®d,=0; @ -F,-=0; d,-E,-§ == -0.9,.

NPUJTOXEHHNE C. BcnomoraTeilbHble MaTPHIIBI-CTOJIOLBI,
BO3HUKAIOIIKE B 33]1a4€ BTOPOTO MOPSIKa MAIIOCTH.

3HaueHus1 Beau4uH S, S», ¢, g1, ¢», D BBIUUCISAIOTCA C TOMOIIBIO
BbIpakeHwuit (25) — (26).
1. Marpuusl-cronous! A, — A, Bxomsamue B (27), (28):

g 0

2

A =—4K g k|, Ay=|—k-(S;+D%)|;
0 0

2(§+2vk2)qlq2 +(S, +iD)(q§ —q; +k2)
A, =Vk —2-i-k-(k+q)(S,+i-D) ;
0

—ivk(q—k)" (S +2vk?)

A, = 0 ;
0
0 Q, +iQ, S =S8, —iS;
A;=| Ny |; A;=| N, +iN, |; Q =k(D-2vkq,);
M, M +iM, | Q,=k(S,—2Vkg,);



N, = -p(Sl2 — 83 +AVE’S, + 4V (K — g +q22));

1
2

L KE
41

N, =N, + ; szp(Sz'D_4V2k2%%);

My = k(kS, =g, (3K +4; =347 ) );

M, =~k (3KS, 4, (5K* — 43 +342) -v);

M, = k(?)kS1 +V(6k3 ~5kq, +3¢2q, — ¢; ))
2. KBanparssle matpunsl II, —II,, Bxonsamue B (35):

2(S,-2vg;) 0 0 2(5,-2vg;) 0 0
I, = 0 0o 20|, - 0 o 2L
p p
0 2q, 0 0 2% 0
28, -v(k+q) 0 0 |
k
I, = 0 o Ura)],
p
0 k+q 0
28 +v(3k* —2kg - q°) 0 2k
p
k
I, = 0 28 +v(3k* —2kg - q°) £+ )
P
—2ik k+gq 0
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3. Matpuna A, Bxojsiias B (40) u A, BXOJsIIAs B (52):

2ik —2k 28 0
4ipvik /2(2k2+§j C2p(s+ k) —(pg+an?) o
A= 1% 2
8> +2° — 8ik? 0 0
|4
i 0 0 ~E, 1|
i 2ik —2k C,[2]+Q 0 |
. , S s kE,
dipvk 2| 2k += —2p(S+4Vk) 2C,[2] pv(k+q)-C,[3]1+ N —2
|4
A=
¢ 8k +25° _gik? 2iC,[2] k—C,[1]-(k+¢)+M 0
|4
0 0 kE, 1
i 2 i

3nece Q=Q, +iQ,; N=N,+iN,; M =M, +iM, onpenencHsl
4yepe3 IapaMerTpbl, OIpPEJENICHHblE B IIyHKTEe | TeKymeill dacTu
npunoxenus, a C, [n] — n-it snement C,, — crondua (cm.(37)).

3.1.2. ®opMbl HEJUHENHBIX KANWLIAPHO-IPABUTALMOHHBIX
BOJIH HA CBOOOIHOM MOBEPXHOCTHU BA3KOM KUIAKOCTH

[TonyueHHOe B MpeabIAyIIeM MYyHKTE penieHue 3aaadud o (hopme
MEPUOUYECKON KaNMWJUISIPHO-TPABUTAIIMOHHOW BOJIHBI Ha TOBEPX-
HOCTHU BSA3KOW ITYOOKOW KHUJIKOCTH MMEET 3HAUYUTEIbHYIO IIEHHOCTh
IUIS TEOPUH PACITPOCTPAHEHHUS BOJIH, TOCKOJIBKY 3TO MEPBOE YKA3aHHE
Ha OIMOOYHOCTh BBIPAKEHMUS, MPEIJIOKEHHOTO B KQUECTBE PEIICHUS
aToi 3amaun XapuconoM [118] 1908 r. Ommbka XapucoHa B TeUECHUE
BEKa OCTaBaJlaCh HE BBISBJICHHOM, a €ro paboTa He cTajla OCHOBOM st
UCCIIeIOBaHUS 3aJlady C IJIOCKOM CBOOOJHOM IMOBEPXHOCTHIO, KOTJIA
HEOOXOMMO YUMTHIBaTh quccunatuBHbie 3 dexTol. B cBsI3U co cka-
3aHHBIM, HHTEPECHO PACCMOTPETh HEKOTOPBIE CBOMCTBA MOJTYYEHHOTO
pelieHus TpPU OTCYTCTBUM HA TOBEPXHOCTH >KUJIKOCTH DJIECKTPH-
YECKOro 3apsija.

1. CpaBHeHHe HAWJIEHHOr0 pelleHusl ¢ U3BeCTHbIMH. [lomy-
YEHHOE B MPEAbIAYIIEM IYHKTE PEIICHHE WHTEPECHO CPaBHUTH C
pesynpTratamu  A.X. Hailde, koTOpbIli wHCClIenOBa aHAJIOTUYHYIO
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3a1a4y, cHOpMYIMPOBAHHYIO IS UAcaIbHOM XuakocT [63]. B aTtom
ciaydae, corjlacHo [63], mpsMoe pas3nokeHue PEIICHUS B KBaJpaTH-
YECKOM IO aMIUIATYJI€ OTKJIOHEHUS MOBEPXHOCTH OT PABHOBECHOU
(GbopMBbI MPUOTMKEHUN TPUBOJUT K CIETYIOMIEMY PE3yJbTaTy:

pg+Yk)

9

1 (
x,t)=a-cos(0,)+a* A, cos(20,): A=—k

0, =t —kx. (55)

Ecim y=0, Tto pemenue (55) npespaimraercss B BosHy CTokca

[64]. HecoxHo moka3ath, 4TO MpU v — 0 BbIpakeHUE I NMpoduis
BOJIHBI B BSI3KOM JKUJIKOCTH (52) MEpeXoJUT B COOTBETCTBYIOIIEE IS
uJeIbHOM XUAKOCTH (53).

[Ipu cpaBHEHMHU pelIEHUN ISl BA3KOUM XKUJIKOCTH (52) v 115 uje-
aJbHOM KUJKOCTH (55) BBIICHUIIOCH, YTO OHU HanboJiee CYIIECTBEHHO
pazIMyaroTCs MpU 3HAYEHUSIX Oe3pa3MepHBbIX MmapamMeTpoB COOTBETCT-
BYIOIIIMX PE30HAHCHOMY B3aUMOJCUCTBUIO MOJ. [[JIs1 HEBS3KOM KHUJI-
kocTH m3 (55) BuHO, uTo TIpH Yk =0.5-p g m06aBKa, KBagpaTHUHAS

M0 aMIUTUTYE BOJIHBI IIEPBOTO MPUOIMKEHUS, CTAHOBUTCS OECKOHEY-
HO OOJIBIIION, W TIOJTydaeTcs, YTO TJIaBHAs MOJa PE30HAaHCHO pacKa-
YMBAET BOJIHY C BABOE MEHBIIIEH JUTMHOM.

Ha puc.1 B 0e3pa3MepHBIX TIEPEMEHHBIX, B KOTOPBIX
p=g=7v7=1, moCTpOEHBI aMIUIUTYAbl BTOPBIX CIAra€MbIX PEIICHUU

(52) u (55) mpu 6e3pasMepHbIX 3HaueHHMsX V=10" u a=0.01 B
3aBUCUMOCTA OT 0€3pa3MepHOr0 IMOBEPXHOCTHOTO HATSDKCHUS Y.
BriOpanHbIii Habop Oe3pa3MepHBIX NMEPEMEHHBIX MO3BOJISIET CPABHUTD
BSI3KYIO U HEBSI3KYIO MOJIETIU MEXMOJIOBOIO PE30HAHCA JIsl BOJIHBI Ha
MMOBEPXHOCTHA BOABI C JIUMHOU 2.4cm W amruatynou 0.3mm. U3 pu-

CyHKa BHUJIHO, YTO B JIAJICKOM OT pe30oHaHca o0jacTu Oe3pa3zMepHBIX
napaMmeTpoB pemreHus (52) u (55) cormnanarot. BOmu3u pe3oHaHCHOTO
Oe3pa3MepHOro 3HadeHUs y=0.5 B pEHICHUU 3aJa4ll C YYETOM BSI3-
KOCTH CTaHOBHMTCS OTJIMYHBIM OT HyJIst Koo duiuent npu Re(S,) mpu

sin(20). D10 cMmemaer a3y BOJHBI, HAHIEHHON BO BTOPOM IOPSIKE

MPUOIMKEHHH, TI0 OTHOIICHUIO K (pa3e OCHOBHOM BOJHBI. AMILTUTYAa
KBaJPATUYHON JJOOABKH OCTAETCS] MEHBIIE aMIUTUTY bl OCHOBHOW BOJI-
Hbl a=0.01 Ia)ke Opu pe30HAaHCHOM 3Ha4eHUH ¥ =0.5. DTO O3HAYACT,

95



qTO pemeHue (52) B TaHHOM CiIydyae MPUTOJHO MPHU BCEX 3HAYCHHUSIX
y, TorJia Kak perieHue (55), OCHOBaHHOE Ha MPUOIMKEHUHN HEBA3KOU
KHUJKOCTH, TIPEACKA3bIBAET PE30HAHCHO BBHICOKYIO aMIUTUTYTy.

0.01

0.005

-0.005

Puc. 1. 3aBucumoctu Bxoasmux B (52), (53) ammautyn
Oe3pa3MepHBIX KBaJIpaTUYHBIX 100aBOK A(Y) K TPOQUITIO BOJTHBI
npu W =0 oT BeanurHbl 0€3pa3MEepHOTr0 MOBEPXHOCTHOTO HATSHKEHUS;
1 — s maeansHOM kuakocty; 2 — Al(y)=a2ll(y), 3 — A2(y)=a2l2(y):
JUISL BI3KOW JKMJAKOCTH COOTBETCTBEHHO mpH v=10-3

2. IIpumepsl pacuera npoduisi BOJHbI. PacueTsl mokaszanu, 4To
Ha  BoJe MNpodwid  BOJH  HEOKOJOPE30HAHCHOW  JIJIMHBI
A#24cm+0.1cm, nonydeHusle o gopmyse (55), u npodunu, pac-

CUMTAHHBIC TPU TEX K€ 3HAUCHHUSAX MapaMEeTPOB B MOMEHT BPEMEHU
t=0 mo ¢opmyiae (52), pa3anyuarTcs BeChbMa HE3HAUYMTEILHO, HO C
TEUEHHEM BpPEMEHU pa3nuuue B BbIcoTe BOMH (52) m (55) ObIcTpO
pacter. bnaromapsi BS3KOCTH, 3HA4YEHHE aMIUIUTYAbl BOJHBI (52)
CHIIKAETCS, MPUYEM AaMIUIUTYJa COCTAaBJISIIONICH TEpPBOro MOPsAKa
MaJIOCTH YMEHBIIAETCS MPOMOPIUOHAIBHO exp(—S, -¢), rme S, <0, a
aMIUTATYJla JI00aBKU BTOPOTO MOPSKAa MaJlOCTA YMEHBIIAETCS Kak
KBaJpaT 3TOW HKCHOHEHTHI. B pe3yibTaTe C TEUYEHHEM BPEMEHH,
KPOME€ CHIDKCHUSI 3HAUCHUS! aMIUTUTYAbl BOJHBI, OTMEUYAETCS €lle U
u3menenue ¢opmbl ee mpoduis. Ha puc.2 mnpuBeneH mnpumep
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npoduisl HEIMHENHOM BOJIHBI Ha BOJE C JJIMHOW A=2cm U a=0.3cm.

[IyakTHpOM mocTpoeH npoduiib, pacCCUUTaHHBIM 0€3 yuyeTa BSI3KOCTH
no ¢opmyne (55). OH ¢ TOYHOCTHIO O TOJIIUHBI JIUHUN PUCYHKA
COBNajaeT ¢ mnpoduieM, HAlJACHHBIM B MOMEHT BpEeMEHH (=0 TIO
dbopmyne (52), yuuthiBaromeil BsaskocTb. CormacHo (52) 3a Bpems
f=5s aMIUIUTyJla YMEHBIIUTCA TpUMEpHO BaBoe (Tpoduib
M300paKEHHBIN CIUIOMIHOW JuHUel). KpoMme Toro, HWXHsS BHajguHa
npodusis 3a 3TO BpeMsl TOJHUMAETCS HaJ HYJEBBIM YPOBHEM,
U3MEHSA XapakTep mpoQus.

-1 0 1 0/x

Puc. 2. IIpodunu BoiH JIHHBEL A =2cm Ha BOJE, pACCYMTAHHBIC
o popmyie (52) npu p=1g/cm’, y=72dyn/cm, v =0.0lcm® /s,
2=9.8lcm/s*, W =0 B pa3inuHble MOMEHTHI BpeMeHH: ¢ =0 s

(mpouib ¢ OOIBIION aMILTUTYA0W) U ¢ =55 . ENUHUIIEI ©3MEpECHUS
110 BEPTUKAIHHON ¥ TOPU30HTAIBHON OCH — CAHTUMETPHI

N3 puc. 3 BugHO, uTo 00a BhIpaxkeHus (52) u (55) HENPUTOHBI
JUISL OTHCaHUs TTPOGUIIST OKOJIOPE30HAHCHOM BOJIHBI, IJTHHA KOTOPOH B
JAHHOM ciydae A=2.5c¢m. JlecTBUTEIBHO, TIpU a=3mm n00aBKa,

KOTOpas JOJKHA UMETh BTOPOU MOPSJOK MaJOCTH, JACT BKJIAJ, YBE-
JVYUABAIOIIAN aMIUTUTYAy HOYTH 10 3cm.
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3. BausiHMe BSI3KOCTH HA CHMMETPHUIO NPOoPu/si BOJHBbI. B
NPUOIMKEHUHU HAeaTbHOM XUAKOCTH (55) mpoduiib BOIHBI — IOCIEI0-
BaTEJIBHOCTh OOJIBIIMX U MaJIbIX TOPOOB, CAMMETPUYHBIX OTHOCUTEIb-
HO BEPTUKAJIU, MPOXOJAIIEN Yyepe3 UX BepluMHy. MOXHO CKa3aTh: Iie-
peaHUil U 3aAHUI (110 OTHOUIEHUIO K HAIMPABICHUIO PACIPOCTPAHEHUS
BOJIHBI) CKJIOHBI TOPOOB MMEIOT OJMHAKOBYIO KpyTH3HY. biaromaps
BA3KOCTH CUMMeETpus Hapymiaercs. Ho oOHapyKuTh 3TO yAaeTcs TOJb-
KO MpU JOBOJBHO OOJIBIINX 3HAYEHUSIX BA3KOCTU. U3 puc. 4 BUIHO, YTO
TUIS SKUOKOCTH, OJIM3KOM II0 CBOMCTBAM K BOJE, HO C V = 0.1ecm* /s (10

B JIECSITh pa3 OO0JbIle, YEM Y BOJIbI), ACUMMETPHs TOPOOB CTAHOBUTCS
3aMETHOW, a Tipu v =0.5 3HaunTenbHOM. 13 prc. 4 BUIHO, YTO y BOJIHBI
C ITMHON A =2.6cm Ju1s1 OONBIIOro ropOa 3aHUM CKIIOH Kpyde mepe-
HEro, a JyIsi Majoro HaoOOpOT. BS3KOCTH KHUIKOCTEH, MMEIOMHNX B
HOPMAaJIBHBIX YCIIOBUSX IUIOTHOCTH, OJM3KHE K TFIOTHOCTH BOJIBI, U TIO-
BEPXHOCTHBIC HATSKEHUS, Ou3Kue K 50dyn/cm, MOTYT CYILIECTBEHHO
pasnnuarhes — oT v =0.0lcm® /s U BOABL, 10 v =T7cm”/s JUId TIMLE-

puHa. llo-BuiumMomy, pacTBOp CO CBOMCTBaMU, IMPU KOTOPBIX MOCTPOECH
puc. 4 MOXHO IIOJY4YHTh, CMEIIMBAS B OIPEIACICHHBIX MNPOMOPLHUIX
KHUJIKOCTHU C PA3HBIMU BSI3KOCTSMMU.

2 -1 0 1 2 g/«

Puc. 3. [Ipodunu BosH Ha Boje ¢ anmuHoi A =2.5¢m,
OJIM3KOM K pe3oHaHCHOU 2.4cm , paccuutanubie ipu W =0 u t=0 s
o ¢hopmyJiaM: CIuIomHasl JIUHUS — (52) ¥ myHKTUpHAs JTUHUS — (53)
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Puc. 4. Ilpodunu BoaHb! AauHbsl A =2.6cm Ha TOBEPXHOCTH JKUIKOCTH

nmpu p=lg/cm’, y=60dyn/cm, g=9.81cm/s*, paccuntaHubie
npu W =0 u t=0 s mo ¢popmynam: crutomHas Juaus — (52);
nyHkTHpHas Tuaus — (53); a) — v=0.1em*/s; b)-v=0.5¢cm> /s
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4. 3akirovenue. [lonmydyeHHOE KOPPEKTHOE B KBAaJIPATUYHOM IO
aMIUTATYJIC BOJIH MPUOJIMKEHUN aCUMIITOTUYECKOE PEIICHUE 3aJauu
PacIpOCTpaHEHUs BOJIH IO TOBEPXHOCTH OECKOHEUHO ITYyOOKOM JKH/I-
KOCTH TPOU3BOJILHOM BSI3KOCTH 000011aeT moHATHe "BojaHbI CTokca"
(ompeneneHHoe JIsl UICATBHOMN KUJIKOCTH) HA CIy4dail BSI3KOUM KHUJIKO-
ctu. CpaBHEHHE HANJAEHHOIO PELICHUS C PEIICHUEM ISl UACATbHOU
KUJIKOCTH TOKa3bIBAET, YTO Ja)K€ Majiasi BSI3KOCTb WIPaeT CYIIEeCT-
BEHHYIO pOJib B (POpMHUPOBAHUM TIPOGUIIS BOJHBI, IPUYEM POJIb BS3-
KOCTU B MCCJICIOBAHUU BPEMEHHOM 3BOJIIOIMU HEJIMHEHHBIX BOJH IO-
BBIIIIAETCS C POCTOM TOPsJIKa MAJOCTH, B KOTOPOM HIIETCS PEIICHHUE.
VYyer BSI3KOCTHM MPUBOJUT K CYIIECTBEHHOMY HM3MEHEHUIO KAPTHHBI
peanu3aiy pe30HAHCHOTO0 MEXXMOJIOBOIO B3aMMOJECUCTBUSA BOJIH U
HapyIiaeT CUMMETPHUIO TPO IS BOJIHBI.

3.1.3. HemmHelHbIe KANWJIAPHO-TPABUTALIMOHHBIC BOJIHBI
Ha 3apAKEHHOH CBOOOTHON MOBEPXHOCTH
MAJIOBSI3KOM KUJAKOCTHU

Beipaxxenue (52) mis npodwiisi TMEepUOIUYECKON KaNWJIISPHO-
I'PAaBUTAIIMOHHON BOJHBI Ha MTOBEPXHOCTH BS3KOW AIIEKTPOIPOBOTHOMN
KUJKOCTH BEChbMa TPOMO3JKO JUIsi Ka4eCTBEHHOT'O HCCIICIOBAHUA.
TpyaHocTs MpoBeEHUs HATJISHOTO MCCIEIOBAHUS OCJIOXKHIETCS HE
TOJIBKO OOJIBIITUM KOJTMYECTBOM MCXOJHBIX MTEPEMEHHBIX M BCIIOMOTa-
TEJIbHBIX BEJIWYUH, HO U TEM, YTO B HErO BXOJUT JCUCTBUTEIbHAS U
MHHMasi 4aCTh KOMIUIEKCHOM 4acTOTBI, ONpEAEIsiIeMON Kak OJUH W3
KOpHEH TPaHCIEHJEHTHOTO ypaBHEHMs, BBIOpAHHBIH W3 MHOXKECTBa
JIPYTUX KOPHEW B COOTBETCTBHUH C ONPEACIICHHBIMU TIpaBuiamMu. [laxe
KOMIIBIOTEPHOE MCCJE0BaHUE BBIpaKeHUs (52) CBS3aHO C TPYAHO-
CTHIO TIPaBUJILHON HACHTU(GHUKAIIMA KOPHS JTHUCIIEPCHOHHOTO ypaBHE-
HUS B MMPOrPaMMHOM pexkuMe. B HacTosmeM myHKTe OyAeT mocTpoe-
HO BBIpKEHUE JJIsI TPpO(HIIst BOJHBI B TPUOIMKEHUHN MaJIOW BSI3KOCTH
U JaHbl yJAO0OHBIE JUIS MPAKTHYECKOTO MCIOJb30BaHUS (OPMYJIBI BbI-
YUCJICHUSI KOPHEW TUCIIEPCUOHHOTO YPaBHEHHUS.

1. AcMMNTOTHYECKU AHAJIM3 B Mpeaesie Majoil BSA3KOCTH.
[IpenacraBneHre KOMIUIEKCHOW YacTOThI B BHJC psla IO CTEICHIM
0e3pa3MepHON BA3KOCTH. UTOOBI HAWTH aHAJIUTUYECKHE aCHMIITO-
TUYECKHE BBIpaKeHUs I KoddduimeHToB ¢, u ¢,, urypupyrommx

B (52), HEOOX0AMMO B3ATh ACUMITOTUKY HANJACHHOTO PEIICHUS K Ma-
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JIOW BSI3KOCTHU. [J11 3TOrO pas3inokum AUCHEPCUOHHOE YPABHEHUE 3a-
Jla4d MO CTEIMEHSM BI3KOCTH. BBEJIeM B pacCCMOTPEHUE BEJTUYUHBI

®, :\/kg(1+a2 K —okiW); =\/kg(ockW—1—oc2 k).

3HaueHUs @, BEUIECTBEHHBI MPU JOKPUTUUECKUX 3HAUCHUSIX W, a
ro Ipu 3aKpuTHUYeCKuX W. B (uU3NM4eCKOM CMBICIIE @), MPEICTABISIET
YaCTOTY BOJIHOBOTO JBHM)KEHUS HAa MOBEPXHOCTH UACATBHOU KHIKO-
CTH; 7o — UHKPEMEHT HapacTaHUs HEYCTOMYMBOCTU MO OTHOIICHUIO K
M30BITKY TTOBEPXHOCTHOTO 3apsifia JUisl UJCalIbHOM >KUIKOCTH MPH 3a-
KpuTnueckux W.

Paznenmum 00e yacTu ITUCIEPCHOHHOrO ypaBHEHuUs (23) Ha @, B

ciydae JOKpUTUYECKUX W U Ha r( IPU 3aKPUTUYECKUX 3HAYCHUAX W

(B+2x) +{ 11}=4-;(3/2 B+ x=0; Re((ﬁ+2;()2 +1)>O; (57)
S/, vk® /
= ; = 58
P S/, * vk® /7, %)
371ech U Janee UCHob3yeTcsi 0003HaYeHHE
O _ 0, ecnu W <ok +(ock)_1; (59)

R R, eciu W<0ck+(ock)_1.

Bugno, uto B (57), KpoMe YHCIEHHBIX KO3(PHUITUEHTOB, UMEIOTCS
TOJIBKO JIB€ Oe3pa3MepHbIe NIEpeMEeHHbIC: Oe3pa3MepHas yactora f u

0e3pa3MepHas BI3KOCTh .
s onmpeneneHHOCT PacCMOTPUM JUCIIEPCUOHHOE YPaBHEHUE
(57) B noxkputuyeckoM 1o W ciyyae

(B+2y)Y +1=4-4°2 . JB+y=0; Re((,B+2;()2+1)>O. (60)

ITycte y<<1. Haitgem pasnoXK€Hue MO CTENEHSIM y IS KOpHS
TUCTIEpCUOHHOTO ypaBHeHUs (60), KOTOPBIA CTPEMUTCS K [ =i NpH
¥ —0.

J{1g 3TOTO IIpUMEM, YTO
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B=i+o0; lim (0')=0.
¥—0

KBanpaTHplii KopeHb U3 mpaBoit yactu (60) uMeeT ABe aHAIUTH-
YECKHUE BETBU

m:ﬁ.m:i%w/—l—i@(+oﬁ, 61)

KOTOpBIE MPEACTABIISIIOTCS psiiaMU IO LEIbIM CTEIEHSIM MaJIoro IMa-
pamerpa (x+oc) (IpU BBIYUCICHUU KBAJIPATHOIO KOPHS /1—i(+0)

JUTSL OTIPEICTICHHOCTH BBIOMpAETCs Ta €ro BETBb, HA KOTOPOM OH paBeH
enunuile npu ¥ +6 =0). BeiOupas BeTBb QyHKIUU /B +7 , 1EHCTBU-

TeJIbHAg YaCTh KOTOPOW ITOJOXKHUTEIIbHA MPU MajblX B CPABHEHHUU C
€AUHUIICH (B TOM YHMCJIE M NIPU HYJIEBBIX) 3HAYCHHUSX MapaMeTpa
¥ + O, MOJIy4yaeM JUCIIEPCUOHHOE YPABHEHUE B BUIE

(i+0+2x)" +1=2-42-(i+1)-%">- J1-i(x+0).

IIpencraBuM © B BUAEC JBYX ClaraeéMelx: O=0,+0,, TIle
o, ~o()), Apyroe O, ocTaercs HeompeleacHHbIM. [Ipu noacranoske

0=0,+0, B (60) ero neBas 4acTb NPUMET ACHMMIITOTHYECKUI BUJ
2i(o, +2))+0(x), a npaBas Gyner umerh nopsitok '°. B urore B

JIMHEWHOM IO ) MPUOIMKEHNUU NIOIy4uM O, = —2)(:

B=i-2x+0,; c,=o0(y). (62)

B pesynbraTe moacranoku (61), (62) B (60) momy4yaercss COOT-
HOITICHHE

0,(0, +2i)=2-~2-(i+1) " - J1+i(y-0,). (63)

Jlnst mpaBoii yacTu, ¢ yuetom (62), momydaercs

242 (i+1)- ;{ 2 1+i(y - c,)=2- \/_ i+1)- 1 SRS (i+1) 2 +0(Z5/2)
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OI[HOSH&‘IHO BBIACIIMJIIMCh ABA IICPBLIX TI'JIABHLIX YJICHA, KOTOPLIC

OKa3aJIMCh NMPONOPLUUOHANBHEL y>'> M y°'%. 3HauuT, cllaracMble TaKUX

K€ TOPSAIKOB JOJKHBI OBITh TJIaBHBIMU B aCUMIITOTHYECKOM TMPE]-
CTaBJICHUU JieBoil yacTtu (63). B uTtore B aCUMNTOTUYECKOM ITPECTAB-
JIEHUH O, BBIACISIOTCS JBA MEPBBIX JIUAUPYIOUIUX TOPSIAKA:

s, =B3'X3/2+B5'X5/2+0(X5/2)-

[Tociie MOBTOPHOM IOACTAHOBKU O, C BBIIEICHHBIMU IIEPBBIMU
JUIUPYIOIUMU ciaraeMbiMi B (63) HaleM, YTO HAUMEHBIIUN BO3-
MOKHBIM MOPSAJIOK MO ¥ MJi1 TPEThEro CJIaraéMoro B Pa3joKeHUU

3
KBaJIpaTHOTO KOpHsS U3 (63) ecTh O(x ) 3HA4UT, 3TOT K€ MOPSIIOK

JTOJDKEH TPHUCYTCTBOBATh B ACUMITOTHYECKOM IPEACTABICHUH JICBOM
gactu (63):

6, = B3X3/2 +BSX5/2 +B6X3 +0(X3)-

[Ipoienypa mocneaoBaTeIbHOTO BBIICIECHUS JTUIUPYIOMIUX Clia-
raeMbIX B IPENCTABICHUM I G, MOXET OBITh MPOJOJIKEHA IO HH-

IYKIUH.
B IpOBEICHHBIX PacCyKICHUAX HUYErO HE TOBOPHIOCH O 3HAYEC-
Husix B, u 5. Uepes HuUX BbIpaxkaroTcss Ko3((GHIMEHTH Npu Oosee

BBICOKUX IOPSIKaX, KOTOPBIE MOTYT OKa3aThCs HyJEBBIMH (s [3,

Tak U noiydaercs). OgHako 00111asi 3aKOHOMEPHOCTh MPOLIEAYPhI BbI-
NENCHUS TUIUPYIOLIUX MOPAIKOB B IIPEACTABICHUU M1 G, COCTOUT B

TOM, YTO BBIICJIICHUC CJIAraCMbIX KaXXKJA0T0 CIACAYIOLICTO ITOPAAKA CBA-
3dHO C BO3BCACHHUECM B CTCIICHb HJIKM IICPCMHOXKXCHHUCM ITOPAIKOB, BbI-

ACJICHHBIX Ha NPCAbIAYIICM IIarce. HpOHCCC BBIJACIICHUA HAYUHACTCA C

/2 2
nopsiakoB x> u °'*. TIo9TOMy TOPSIIOK BCEX CIETYIONIHX YICHOB

Pa3JI0KCHUA HOJDKCH BbIPAXKATHCA I_IGJ'IOf;I CTCIICHBIO BCIIMYMHBI X1/2.
910 3HA4YUT, 4YTO oe3 OI'paHUYCHUA O6HIHOCTI/I A1 6, MOKHO UCIOJIb-
30BaTh MMPCACTABJIICHUC

c,=>B, %", (64)



B KOTOpOM HeKoTopble 3, MoryT ObITh Hys1eBbIMH. Kopens (60), oopa-
MIAIOMIUNCS B MHUMYIO €IMHUITY y =0, HY’)KHO UCKaTh B BHJIC PsJia

p=i+ Z_;ﬂn " (65)

[ToncranoBka (65) B (60), paznoxenue ooeux vacteit (60) mo 1ie-
JIBIM CTEeNeHsM Y''> ¥ HpUpaBHUBaHHE KO3(DOHIMEHTOB HPU OJMUHA-

KOBBIX CTEIEHSX DTOr0 IapaMeTpa MPUBOAWT K CHCTEME ypaBHEHUIA
IISL oTIpeieNeHus 3, .

Jlnst oteickanus kKodh¢unuentoB 3, B pazioxeHusx (64), (65)
HCIIONB3yeEM TeopeMy o auddepeniupoBanun (GyHKmu £ = B(5),
§=yx""?, 3amanHOil HesBHBIM 06pa3oM, ¢ moMomipio (60). TIpu 3TOM
HOSIBJIIETCS BO3MOYKHOCTh HaWTH Mpom3BoaHbIe d"B/dd" aro6oro mo-

psAIKa 1, a Yepe3 HUX BhIpa3uTh KOdhuimeHTsl TelIopoBCKOro pas-
JoxeHus (65).

AHaJIOTUYHBIC PACCYXKJICHHUS JIETKO TPOBECTH JJIA JHCIEep-
CHOHHOTO YpaBHEHUS B 3aKpUTHYECKOM 110 W ciydae.

B uTore mj1s KOMIIIEKCHON YaCTOTHI S TTOYYUTCS BEIpaKEHHE

o | [i] & i Vik® | o
S:{ 0} {1}+Z,Bn;(,/2 s An = "
n=2

" ViK® 1,

Yo = \/kg(akW -’k - 1)'

9

(66)

ﬁ——l- d (aﬁF(ﬁ,é‘)j
"o ds"\ 9sF(B,6)

ol F(B.6)=(8+25°) —48°\/g+5>.

(67)

durypHbie CKOOKH HCIIOIB3YIOTCS 3/1eCh B CMBICTIE (59).

[Ipu Beumcnenuu f, mo dopmyne (67) Hy»KHO TPUHITH BO BHU-
MaHHe JBa 00CTOATENbCTBA. Bo-MepBhIX, MPU MOCJIEI0BATEILHOM BbI-
YUCJICHUU MOJHBIX MPOU3BOHBIX MO ¢ Ka)XIblil pa3, Koraa B pe3yJib-
tare au@PQGepeHUUpOBaHUsT  COCTAaBHOW  (YHKIMM  MOSBIISETCS
B'=f'(5), 5Ty IpOM3BOAHYIO HYKHO 3aMEHSTH BBIPaKCHHEM
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%) F(B,S) 25(—3[35_463+(B+8)3/2)
asF(B>8) S _(B+8)3/2 .

Bo-BTOpBIX, BBIpaXKEHUE, MOJYYAIOUIEECs] IOCJIE BbIYUCICHUS
(UHATBHOW TPOU3BOJHOM, SIBISETCA IPOOHO-pAIMOHAIBHON (PYyHK-

e B, & U+ B+82 . UTOOBI BBIYMCIUTH 3HAYCHHE 3TOrO BBIpaKE-
Hus ipu B=i, §=0, B KaueCTBe /i Hy’KHO B3STb HCIIO (i+1)/\/§.
D10 o0ecreunBaeT COOTBETCTBHE BBIYHMCIEHHOTO Koddduimenra 3,

KOpHIO ypaBHeHHs (60), I KOTOPOTO BBIMOJHSIETCA YCIOBUE
Re((B+24) +1)>0.

[Ipu moctpoeHun psga (65) UCHOIB30BAIOCh MPEACTABICHUE B
BUJIC pAlla Il KBAJIpaTHOTO KOpPHs M3 mpaBoil yactu (61). DToT psn
CXOJIUTCSl BHYTPU 0071acTH | ¥ + o |<1. Bmecto ob1iero ananusa ycio-
BUM CXOAMMOCTH psna (65) Oblia mcciaeaoBaHa BO3MOXKHOCTD IMpeE/I-
CTaBJICHUSI KOPHs ypaBHEHUs (57) KOHEUHOU YacThio psiaa (66). Huxke
IpUBEIEHBI TPUOIMKEHHBIE BBIPAYKEHUS JUISl YaCTOThI S, U IapaMer-

pa S|, XapakTepU3yOUIEro JEKPEMEHT 3aTyXxaHus Ipu S, <0 U HH-
KPEMEHT HeycToiuuBoctu pu S, >0, noxydeHHsle u3 (66) otopacsl-

BAaHUEM CJIaraeMbIX MOPSAAKa O(;gs) Y BBILLIE:

. 9

1 1
W 1_\/5_ 3/2+__ s;2 L 7/2+2_ _ ) 9/2)
Sy = ( A N A AN R A | Y (1)
0

( 5 1 1 9 ‘
0) 2. 2. 3/2+__ 5/2+ A 7/2 . 9/2j

ro(l_z_x+2_x3/z_X5/2_%_X7/2+2_X4_%_X9/2j

YucneHHble pacyeThl MOKa3bIBAKOT, YTO MPU ¥ =0.1 OTHOCUTEINb-

Hasl IOTPEMIHOCTL (opMyiisl (68) cocraBiser 10™°, eciaM yYHTHIBATH
Bce 6 ciaraembix, v 0.002, eciii OrpaHUYUTHCA CIAaraeéMbIMUA HE BBIIIE
2. O Gopmyinsl (69) OTHOCHTENBHAS MOTPEMIHOCTL — 107>, eciu
YUYUTBIBaTh BCE BbIMUCaHHBIE ciaraemble, 0.015 mna mexkpemeHTa H
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0.004 nnst MHKpEMEHTa, €clid OTOPOCUTH YJIEHbI 00Jiee BBICOKOTO IO
cpaBHeHuIo ¢ y°'* mopsaaka. ITostomy mpu y <0.1 TOYHOCTH, AOCTa-
TOYHAs JJIsl MPAKTUYECKUX PAaCU€TOB, IOCTUTAETCS, €CJIM OTPAHUYUTh-
ca B (68), (69) mopsaaxom /2.

Bce Bemucannbie B dopmynax (68), (69) ciaraemple HUMeEET
CMBICJI COXPaHATh MPH 3HAYCHUSX, OM3KuX K v =0.5. [Ipn TakoM 3Ha-
YEHUHU ) OTHOCHUTEIbHAs MOTpemHocTh Gopmynbl (68) cocraBiser
0.03, dopmymst (69) — 0.1 mna nexkpementa u 0.02 11 MHKpEMEHTA.
OTHU NOTPEIIHOCTU 3aMETHO PACTYT MPHU JaJTbHEHIIIEM YBEITUYECHUH .

2. ACMMNTOTHYECKHE BbIPAKEHHUS 1l MPOPUIst HeTMHEHHOM
BOJIHBL. [Ipubnvxkennbie GopMymsl 11 npoduiist HETMHEHHON BOJTHBI
B IIPEJICJIE MAJIOBSA3KOM KUJIKOCTH. {19 aMIIUTY AHBIX apaMETPOB ¢
u ¢, u3 (52) B npexaesne MaJion BA3KOCTH HECIIOKHO MOJYYUTh U3 TOY-

HOTO PEIICHUSI aCUMITOTUYECKUE (DOPMYIIBIL:

1 (1+ 0% — 2000 o(v)
L vy LN SR (70)
g 1-20°k"

Kay, 22—k —20)
H=Y g 1-20k? +O(V). (71)
0

durypHble CKOOKH 37€Ch UMEIOT TaKOM K€ CMBICII, KaK B MPE/IbI-
nyueM nyHkre. [Ipu W =0, v =0 nonydaercs peuieHue, KOTopoe COB-
najiaeT ¢ MOJIydeHHbIM B paboTax [61 — 63], eciiu B kauecTBe HavalIb-
HOT'O YCJIOBHUSI MCIOJIb30BaTh ycioBue Ha Bennuuny a. M3 (70) u (71)

BUJIHO, 4YTO mpu Ok —1/ J2 aMIUIUTYJIHbIE MHOXHTEMU ¢, U ¢,

CTpeMSTCA K OECKOHEUHOCTH. B cBsi3U ¢ 3TUM 3Hauenue k =k, =1/ J2

B [6]1 — 63] onpeaensiyioch KaKk pe30HAHCHOE.

dopmyna s npoduist BoJHBI (52) MOXKET OBITh MCMOJb30BaHA
MO-pa3HOMY, B 3aBUCUMOCTH OT croco0a OmpeeieHus HadalbHOTO
ycJoBHS. B 4acTHOCTH, MOKHO MPOBOJUTH HOPMUPOBKY aMIUIUTYIbI d
TakK, 4TOObl MAaKCMMyM HayajlbHOTO OTKJIOHEHHUSI MOBEPXHOCTH PpPaB-
HSUJICSI UICXO/IHO 33JJaHHOMY 3Ha4eHHIO A . Torga moiaydum BbIpaKEHHE
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Uil Opouiisi HENMHEHMHON NepHOJNYECKON KaluJUIsipHO-IpaBUTA-
MOHHOM BOJIHBI B KBaIPATUYHOM MPUOJIMIKEHUH 10 € :

&(x,1)=&(0,1)=m-cos(0)+n’- (L, -cos(20) -, -sin(0))-exp(27),
(72)

I7Ie 3Ha4YeHue 7] 1Mo100paHo Tak, 4To
max(£(6,0))=A npu 0<6<2rx. (73)

DTO COOTHOUIEHHWE WIPAET POJb YCIOBUS HOPMHPOBKH aAMILIU-
Tyapl. OHO O3Ha4yaeT, 4YTo Ha OTpe3Ke [0, 27] CyHIECTBYET 3HAUEHUE €
Takoe, 4To &£(0,0)=A u uto mpu TakoMm 6 dyakums f(8)=£(6,0) moc-
TUTaeT CBOEro Makcumyma. [1oCKoJIbKy CTpykTypa BhipakeHus (72)
TaKoBa, YTO f(f) MMEET KOHEYHOE YKMCIIO IKCTPEMYMOB, CPEIH KOTO-

PBIX HAXOIWTCA MAKCHUMyM, TO JISI OCYLIECTBICHUS HOPMHUPOBKH
MOYHO PaCCMOTPETh CUCTEMY YPAaBHEHUU

n-cos(0)+m* (g, -cos(20) -, -sin(20)) = A;
—sin(0)+2-1n° - (=, -sin(20)+{, - cos(26))

OTHOCUTENBHO € U 77. llepBoe ypaBHEHUE 3TOUW CUCTEMBI — YCIIOBUE
oOpaienust £(6,0) B A IIpu HEKOTOPOM &, a BTOPOE ypaBHEHUE — He-
00xoaMMoe ycloBue 3kcTpemyMa GyHkiuH f(6). Cpead KOHEYHOrO
upcia nap (17,6) peleHnii BEITUCAHHONW CHCTEMBI 00S3aTEIBHO MMEET-
cs Ta, i1 KOTopod &(6,0) MakCHMAaJIbHO. 3HAYEHUE M3 DTOM Haphbl U
CJIEyeT B3STh.

Crnemgyer OTMETUTh, YTO YHOTpPEOJICHHE B KauyeCTBE HAYaJIbHOTO
YCJIOBHS BBICOTHI BOJTHBI A , BKIIFOUAIOIIEH COCTABIISIONINE U TIEPBOTO
¥ BTOPOTO TOPSJKOB MO £, OTIWYAET MOCTAHOBKY 3a7a4dl B HACTOS-
el paboTte oT MpeabIAyIKuX padoT pa3HbIX aBTOPOB [57-63], B KOTO-
PBIX 3a HMCXOJHOE JaHHOE MPUHUMAJIOCh 3HAYCHHE aMILUIUTYABI MU
IIepBOM cjlaraeMoM B (52).

B mpenene mpeanbHON XKUAKOCTH mpu v =0 ¢dopma HEIUHEH
HOM BOJHBI B HaYaJIbHBIH MOMEHT BpPEMEHHU HMEET BH]
&=mn-cos(kx)+n*-(, - cos(2kx) -, -sin(kx)). Ynoeuersopss ycio-

BUI0O HOPMHUPOBKU (73), HECIO0XKHO TMOJIYyYUTh KBaJpaTHOE ypaBHE-

107



HUE OTHOCUTEJBHO 7], MOJOKUTEAbHBIMUA PELIEHUAMHU KOTOPOro Oy-
AyT

_ 20 (e —200m)

=] JTraAg +1 ST s aw)

— , ecmu <0

28

Takol moaxoJ rapaHTUPYET, YTO MPOQPUIL BOIHBI Ha TTOBEPXHO-
CTH UJICATTbHOU KUJKOCTH

1+4A§_1, ecau § >0, (
k - (74)

E=n-cos(8)+n* - -cos(20)

He OyJeT pacTu MO aMIUIMTYJE Nnpu k — k.. [Ipu npubnmxeHun 3Ha-

YEHUs BOJHOBOI'O YHMCJIA K PE30HAHCHOMY 3HAUYECHUIO aMIUIATY]A JIH-
HEWHOro Mo MaJIoMy HapaMeTpy ciiaraemoro B (72) OyAeT CTpeMUThLCS
K HYJI, 4 HEJIMHEWHOro K A. HecMoTps Ha KOHEYHOCTH BBICOTHI
npodusis BOJIHBI B TOJOXXEHHUU PE30HaHCA, pasiioxeHue (72) mpu
k=k. TepsieT aCUMITOTUYHOCTb: TJABHBIM YJICH aCUMIITOTUYECKOIO
npeacTaBieHus (72) cTaHOBUTCS OECKOHEYHO MaJIol MO CPABHEHUIO C
KBaJPaTHYHOMN 10 MaJIOMy IapaMeTpy J00aBKOM.

[Tockoybky ¢ MOMKET MPUHUMATh KaK MOJOKUTEIbHBIC, TAK U OT-
pUllaTeNbHbIE 3HAYEHHUS, JJII BO3MOXKHOCTU BBIYMCIICHUH MO (HOpMy-
naMm (74) HeoOxoauMo, 9TOO0BI 4A | [<1.

3. Bausinue BSI3KOCTHM HA (popMy CBOOOJTHOW NMOBEPXHOCTH.
Biusinve BA3KOCTH Ha 3BOJIONUIO TPOGUIisi BOJHBI JBOsiKO. C oHOM
CTOPOHBI, Y€PE3 BSA3KOCTh BBIPAKAETCA S, KOTOPOE B 3aBUCUMOCTH

OT TOTO, TOKPUTUYHO 3HAUEHUE W WM 3aKpUTUYHO, OTIUCHIBAET JEK-
PEMEHT 3aTyXaHHS WM MHKPEMEHT HapacTaHWsS aMIUIUTY]IbI BOJIHBI.
HecnoxHo Takxke BUAETh, YTO OTHOWEHUS S, /), U S,/ ®), SBIAIOTCS
GYHKIUAME TOJIBKO OT Oe3pa3mepHoit Bsizkoctu y. C apyroit cropo-
HBI, OT BSI3KOCTHU 3aBUCAT aMIUIUTYIHbIe KO puumeHTsl ¢, u ¢,, ye-
pe3 KOTOPBIE BBIpAXKaeTCsl pelIeHUEe 3aJayd BTOPOIo MOPsAKa Majo-
ctu (52).

N3 acumnroruueckux BoipakeHuid (70) u (71) BuAHO, 4TO mpH
JTOKPUTHUYECKUX 3HaueHUsX W mapamerp ¢, HamOoJiee CHUILHO 3aBU-
cut oT Bsa3kocTh (£, ~O(v)). YcioBHs 3HAKOIIOCTOSIHCTBA 3TOrO IIapa-

MCTpa UMCIOT BU
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0 W < (ok)™ + ok; (W > (o)™ + ok
£, >0 ecuu - unu -
200°k7 > 1; L 20°k7 <1,
-1 ( -1
£, <0 ecn W>(ok) +ok; W <(ak) +ok;
2000k > 1; 20k < 1.

[lepenumem pemenue st £ B popme

&= [77 -cos(8)+n* - £, -cos(26)- exp(2T)]—772 - ¢, -sin(8)- exp(27T).

3/1€ech cllaraemMoe, 3aKJIF0YEHHOE B KBAJIpaTHbIE CKOOKH, MPE/ICTaBISET
coOoi npoduiib, CHMMETPUYHBIM OTHOCUTEIBHO BEPTHKAJHU, MPOXO-
JSIIEeH dyepe3 BepIIMHY BOJHBI. BTopoe ciaraemoe — mpoduiib, CIBU-
HYTBIN Ha +7/2 (B 3aBUCUMOCTHU OT 3HaKa ¢{,) OTHOCHUTEIbHO MEPBO-

ro. PesynbTupyromuii npopuiab 0yaeT aCUMMETPUYEH OTHOCUTEIBHO
BEPTUKAIM, MPOXOJAIICH Yepe3 BEPIIMHY BOJHBI. CTENEHbh aCUMMET-
PUYHOCTH CBsI3aHA C BEJIMYUHOU ¢, , 3aBUCAIIECH OT v, U, TAKUM 00pa-

30M, ompejensiercsl BA3KocThio. Hamnpapienue acummerpuu (Mo JBH-
YKEHUIO BOJIHBI UJIU TTPOTUB) ONPEEIAETCA 3HAKOM (.

N3 (70), (71) BugHO, 4TO NIPU 3aKPUTUUECKUX ¥ XapakTep BIIHS-
HUS BSI3KOCTH Ha (opMy CBOOOHOM MOBEPXHOCTH COBCEM MHOM: Oa-
rojiapsi BI3KOCTH IOSIBIIIETCS MPOMOPIMOHAIbHAS €l ToO0aBKa B BBI-
paxeHuu it ¢, TOJIOKUTEIbHAS JUIsl ITTMHHBIX BOJIH C 20k <1 M OT-

puLaTeNbHas Ui KOPOTKUX 20k >1. 3HaueHue ¢, npu W > ok + (ok)™

pPaBHO HYJIIO0. DTO O3HAYAET, YTO MPH 3AKPUTUUYECKUX W HHUKAKON
acUMMETpUM Npo(duIisi BOJIHBI HET, a BA3ZKOCTh OTBEYAET 32 yBEJIUYe-
HUE J1071U J00aBKU BTOPOTO MOPsJIKAa MAJIOCTH B BhIpakeHUU s & .
Ha puc.5-9 B 0e3pa3MepHbIX TMEPEMEHHBIX, B KOTOPBIX
p=g=y=1, IPUBENCHBI PE3yJbTAThl pacucTa BPEMEHHOU 3BOJIIOLUU

npodusieid BoJaH Opu k=1 u v =0.03. VI3 pucyHKOB BUJHO, YTO BOJIHA,
pacupOCTPaHSIOMIAsACS BIIPABO, B OTCYTCTBHUE AJNEKTPUUYECKOTO 3apsAaa
uMeeT npoduiib, BEpIIMHA KOTOPOTo ""CKOIIeHa" B CTOPOHY, MPOTHUBO-
MOJIOKHYIO HAIMpPaBJICHUIO pACIIPOCTpaHEHUsI BOJIHBI (CM. puc. 5). Tak
BEIIyT ce0s BOJIHBI, A1 KOTOPBIX ¢, >0. [Ipu apyrux k mMoxert moity-
YUTHCH, 4TO {, <0. YBenuueHue W 10 3HayeHus W =1 BBIPABHUBACT

acuMmmeTputo (puc. 6). JlanpHeliee yBeaudeHue ' CBA3aHO CO Clia-
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ObIM, 3aMETHBIM JIMIlIb TO (GopMe BHAIUH YKPYUYCHUEM MEPEIHETO
dbpoHTa BosHbI (puc. 7). Ilpu npubamxeHun mapamerpa W K KpUTH-
YEeCKOMY 3HAUYEHUIO W =2 BBIBOJBI, CJICJIAHHBICE HA OCHOBE aHAJIN3a
BBIPAYKCHU, MTOJYUYEHHBIX IIPU MaJOW BSI3KOCTH, HECITPABEIJIUBEI, T.K.
npu k=1 u W =2 0e3pa3MepHasi BI3KOCTh ;{z(vkz/ a)o)—>oo. OnHako
pacueThl, TPOBEJCHHBIE MO0 TOYHBIM (opMysaM, MOKA3bIBAIOT, YTO B
OKPECTHOCTH W =2 acuMMeETpus TpOodUsis BOJIHBI HCUE3ACT.

a

AWEAWE

Puc. 5. IIpoduau HeTMHEHHBIX BOJIH, pACCUUTAHHBIC
B 0€3pa3MepHBIX EPEMEHHBIX, B KOTOPBIX p =g =¥ =1 1o (72), (73)

npu k=1, v=0.03, A=0.3 B pa3nuuHble MOMEHTHI BPEMEHH
(a—t=0; b—t=10; c —t=20) npu W =0

\ /

.1
..0.2]

Puc. 6. To xe, yto Ha puc. 5, npu W =0.5
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.1
0.2

Puc. 7. To ke, uto Ha puc. 5 — 6, ipu W =1.7

.

—0.3

Puc. 8. ®opma SMHUCCHOHHOTO BBHICTYTIA,
Pa3BUBAOINETOCS U3 HAYAIIbHOU ehopManiy paBHOBECHOM
I0CcKOM moBepxHOCcTH Buaa (72) pu k=1, v=0.1, A=03, W =4
B pa3nu4yHbIe MOMEHTHI Oe3pa3zmepHoro Bpemenu: a — t=0, b — t=0.1, ¢ — t=0.2.
[Tpu GonbIIMX BpeMEHAX aMIUTUTYbl SMUCCUOHHBIX BBICTYTIOB OBICTPO
YBEIMYMBAIOTCSA 32 CUET IPEUMYIIIECTBEHHOT'O POCTa HETMHEHHOM 100aBKH
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-2p 2p \9

-0.3"

Puc. 9. ®opma 3MUCCHOHHOTO BBICTYIIA,
Pa3BUBAIOLLEIOCS U3 HAYAJIbHOM Je(opMaliii paBHOBECHOM
I0cKoM moBepxHocTu Buja (72) npu k=1, A=0.3, W =43a Bpems t=0.2.
KupHas nuHUS — BsA3Kast )kUAKOCTh ¢ V =0.1; ToHKas — uaeanpHas ¢ v =0

Ha puc. 8 mokazan HadagbHBIN 3TaI BOJIOIUN TPOodUIIs CBOOOI-
HOW MOBEPXHOCTH IMPHU 3aAKPUTUYECKOM 3HAYCHUU W =4, npu k=1 u
v=0.1. Ha puc. 9 noctpoena ¢opma BbIcTyIa Ha CBOOOHOM MOBEPX-
HOCTHU JJISI 3aKpUTHUYECKOIro 3HaYeHus W, xoraa v=0, u v=0.1 depe3
HEKOTOpPOE BpeMs MOCJIE Hayaja ero pocra. Bpemena miist pa3HbIX Bsi3-
KOCTE€H MCIOJIb30BaHbl pa3Hble W MOJ00paHbl TaK, YTOOBI BBICTYIIBI
JIOCTUTJIM OJHOW W TOM k€ BBICOTHI. [Ipu v =0 3Ta BhICOTA OCTUTACT-
cs 3a =020, a ;s v=0.1 3a 6onbiiee Bpems ¢=0.25. N3 pucyHka
BUJHO, YTO MPHU OJHOM M TOM K€ BBICOTE BBICTYI HAa MOBEPXHOCTHU
BS3KOM JKUJIKOCTH UMEET HEMHOT0 00Jiee MIUPOKYIO BEPIIUHY U MEHEE
pa3BUTOE MUKOOOpa3HOE OO0pa3oBaHHE BO BHAJAMHE. DTO CBSI3aHO C
T€M, 4YTO Mpu O€3pa3MEpHOM 3HAYECHHM k=1 TOIydaeTcsi, 4YTO
20°k* >1 ¥ MHOXUTENb NIpH v B (46) oTpunarened. Jins tex 3Haye-
HMI &, IS KOTOPBIX 20°k* <1, 3TOT MHOXKHTENb OYAET HOJI0KUTEICH,
3HAYUT ¢, OyAeT Oojblie, 4YeM B CiIydae WJICAIbHOUM JKUIAKOCTU. YTO

MPUBEACT K HEOOJBIIIOMY CY>KEHHIO SMUCCHOHHOTO BHICTYIIA.

4. 3akaovenue. HennHellHble NEPUOANYECKUE KANMWILIAPHO-
I'pPaBUTALMOHHBIE BOJHBI Ha 3apsSKEHHOW CBOOOJHON IMOBEPXHOCTHU
BSI3KOW 3JICKTPOIIPOBOIHOM KUJKOCTUA CYIIECTBEHHO OTJIMYAIOTCS OT
paHee UCCIIENOBAHHBIX HEJTMHEUHBIX BOJIH Ha 3apsSyKEHHOW ITOBEPXHO-
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CTH UJICAJIbHOW KUAKOCTU. ITO OTIMYHE 00YCIIOBIEHO HAJIMYHUEM I10-
BEPXHOCTHOTO 3apsifia M BIMSHAEM BA3KOCTHU. IIpn TOKpUTHYECKOM B
CMBICJIE YCTOMYMBOCTU CBOOOJIHOM TMOBEPXHOCTH IO OTHOUIEHUIO K
M30BITKY 3JIEKTPUUYECKOTO 3apsjia 3HAYEHUU MOBEPXHOCTHOM IIOTHO-
CTH 3apslla HaJIU4Yue BSA3KOCTH IIPUBOJUT K MOSIBIICHUIO aCUMMETPUU
npodust BOJHBI MO0 OTHOIICHHUIO K BEPTUKAIBHOW MPSMOMU, MTPOXOIs-
e Yepe3 €€ BEPUINHY M YBEIWYMBAIOLICHCA C POCTOM BS3KOCTH.
[Ipr 3aKpUTHYECKOM 3HAYECHUM IOBEPXHOCTHOM IUIOTHOCTH 3apsja
BJIMSIHUE BS3KOCTU MPUBOJIUT K U3MEHEHUIO (POPMBI 3MUCCHOHHBIX
BBICTYIIOB Ha CBOOOTHOM 3apsiKEHHOM MOBEPXHOCTH KUIAKOCTH HA Ha-
YaJIbHOM CTaJMM Pa3BUTUA HEYCTOMYMBOCTU. BepimHa BeICcTyna, pas-
BUBAIOLLIETOCS W3 BUPTYaJIbHOTO BO3MYLIEHUS KOPOTKOBOJHOBOTO
JMara3oHa OKa3bIBaeTcsa 0oJiee YIUIOMIEHHOM M0 CPaBHEHUIO C BBICTY-
IIOM HAa NOBEPXHOCTHU WUJACAIBHOM JKMAKOCTH, a B Clly4yae BBICTYIIA,
Pa3BUBAIONIETOCS W3 JJIMHHOBOJIHOBOTO JMana3oHa — 0oJiee 3a0CT-
peHHoil. IHTepecHO, YTO IEKPEMEHT 3aTyXaHUsl HEJIMHEWHOM MOIpaB-
KU K MPOQUIIO BOJHBI B J]Ba pa3za OoJbllle IEKPEMEHTA 3aTyXaHHUs JIH-
HEWMHOW IO MaJIOMy MapaMeTpy €€ KOMIIOHEHTHI.

3.1.4. Bausinue MOBepPXHOCTHOIO 3apsiia HA (POPMBI
HEJIMHEHHBIX KANMWLISPHO-TPABUTALMOHHBIX BOJIH
HA MOBEPXHOCTH BSA3KOM KHIKOCTH

1. YcnoBue (52) BblaensieT Ha MJIOCKOCTH Oe3pa3MEpHBIX Mapa-
MeTpoB (0k,/V) 00IacTs HEYCTOIYMBBIX BOJHOBBIX 4HceN (0OJIACTh

HaJl KpuBoil L, cMm. puc. 10). Bennunna W, =2, COOTBETCTBYIOIIAs HA

KpuBOM L 3HaueHuio Ok =1, sABIsETCS HAUMEHBIIUM 3HAauYCHUEM W,
JIe)KalIMM Ha TpaHule yctonuuBocTu. [Ipu W =W, cranoButcs Heyc-

ToitanBoil BonHa { =a-cos(S,t—kx)-exp(7) co 3HaYECHHEM BOJIHO-

BOro umcia k=o0.'. DTy BONHY Ha3bIBAIOT OCHOBHOH Mozoil. UeM
oonpiie W, Tem Oojee MIMUPOKUM CIIEKTP CUHYCOUIATbHBIX BOJHOBBIX
pElICHUN JIMHEAPU30BAHHOW 3aJla4d CTAHOBUTCS HEYCTOWYMBBIM. C
pocTOM W CHEKTp HEYCTOWYMBBIX BOJIH PACLIMPSETCS Kak B CTOPOHY
MaJjblX, TAK ¥ B CTOPOHY OOJIBIIMX BOJIHOBBIX uncell. B pamkax npen-
CTaBJICHUM JJUHENHOW TEOPUU BCE HEYCTOMYMBBIE BOJIHBI YUACTBYIOT B
(OpMHUPOBAHUU 3MHCCHOHHBIX BBICTYNOB. JTO 03HAYaeT, YTO C POC-
TOM W OCHOBaHUs 3MHUCCHUOHHBIX BBICTYNOB JOJKHBI PACIIUPATHCA.
CpaBHeHHE ke pe3yJIbTaTOB HAOJIIOJEHUN IKCTIEPUMEHTAIBHBIX PadboT
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[4], rne 3aduKcHupoBaHO OOpPa30BAHME DMUCCHUOHHBIX BBICTYMOB IPHU
CYIIECTBEHHO PAa3JIMYHBIX 3HAYEHUSIX HAMNPSHKEHHOCTH 1o (Mpu
pPa3IMYHBIX ), 3TOTO BBIBOAA HE MOJATBEPKAAET. fICHO, 4TO Mexa-
HU3M BKJIIOUYCHUS JJIMHHBIX BOJIH B MPOIIECC 0Opa30BaHUSI IMUCCUOH-
HBIX BBICTYIIOB B PEAJTbHOCTH UMEET OMNPEACIICHHBIE OrpaHUYEHUS,
KOTOpPBIE HEIB3s CPOPMYIIUPOBATH B paMKax JTUHEHHON TCOPHH.

W
=
/"
/
/
3 —
/
___/
B e
i
e
1 —_—
- 2 3
2’ ok

Puc. 10. O6nactu peannzanuu pa3indHbIX PEKUMOB HETMHEHUHOTO
BOJIHOBOTO JIBI>KeHUs. O01acTh Hal KpUBOM L — HEYCTOMUYMBBIC PEIICHMUS.

B 3amrpuxoBaHHBIX 00J1aCTSAX, OTPAHUYEHHBIX KpuBOW ' u mipsimoit ak =1/ V2,
BOJIHBI UMEIOT 3a0CTPEHHBIE BEPIIMHBI. B HE3aTpUXOBaHHBIX 00IACTSIX
BOJIHBI UMEIOT PUTYIUJICHHBIE BEPIIMHBI

HenuneitHoe pemienue (52) mo3BoJsieT B3SHYTh HA 00pa30BaHUE
SMUCCHOHHBIX BBICTYIIOB C MHOM TOYKH 3peHHUs. | TaBHAs uaeanu3anus,
WCIOJIb3YEMAsI JIMHEMHOW TEOPUEHU, COCTOMT B IMPEIIOJIOKEHUUA O
CIpPaBEJIMBOCTU MPUHIIMIIA cynepno3uuu. Ha camom nene, smuccu-
OHHBIN BBICTYIT (POPMUPYETCSI HE TPOCTO 3a CUET CIOKEHHUS BOJHOBBIX
pELIEHUN JTUHENHOW 3a7jaur, HO U 32 CUET POCTA aMIUIUTYIbl HEJTUHEH-
HBIX BOJIH, OINUCHIBAEMBIX BBIPAKEHUAMHU THIA TEPBOr0 CJIAraeMoro
(52). IIpu atoM opma npodusis BOIHBI U3MEHSETCS 32 CUET MPEUMY-
HIECTBEHHOT'0 YBEJIMUYEHHUS aMIUIUTYAbl BTOPOrO cllaraeMoro B (uryp-
HbIX ckOOKax (52). HecinoxHO BUAETH, UTO TpU S, >0 aMIUIUTyAa He-

JUHEHNHOr0 MO aMIUIUTYAE a CIaraéMoro pacTteT BO BPEMEHHU C BIBOE
OOJIBIIIMM MHKPEMEHTOM, Y€M aMIUIUTyAa JMHEHHOTO MO aMIUIUTY]Ie
CJIaraeMoro. 3a KOpPOTKO€ BpeMs OMpEeIECSIonM B (HOPMUPOBAHUU

114



YMHCCHUOHHOTO BBICTYIIa CTAHOBUTCS HE pelleHre JTMHEHHON 3a/1auu, a
n00aBKa K HEMY, OTBEYAIOIIAsl HEIMHEMHOMY XapaKTepy BOJIHBI.

Pemenue (52) MOKHO paccMaTpuBaTh Kak MOJICTIBHOE, B KOTOPOM
B HayaJIbHbIi MOMEHT BPEMEHU NPOQUIb BOIHBI ONMKUCHIBACTCS B MEP-
BOM MPUOJMKEHUH TOJIBKO OJHON TapMOHHKOM, pa3peliaroiieii Jiu-
HEeWHYyIo 3a1a4dy. B oliiem ciyyae, Korja HadaibHBIN Npouis npea-
CTaBJISIETCS CYNEPHO3UITUEH psifia TAKUX TAPMOHMK, PEIICHUE CYIIECT-
BEHHO YCJIOXXHHTCS, U BMECTO BTOpPOTO CJlaraéMoro B (UTYPHBIX
ckoOkax (hopMyJbl (52) MOTYyUYUTCS CyMMa BCEBO3MOXKHBIX BOJIH, TO-
POKIAEMBIX TPEXMOJIOBBIM BOJHOBBIM B3auMojiecTBueM [57 — 58].
X WHKpEMEHTBI OMNpPENENATCS MapHBIMU IPOU3BEICHUSMH HWHKpE-
MEHTOB M3Ha4aJlbHBIX BOJH. [lo3TOMY CKOpOCTH pocTa y HUX OyAeT
OOJbIIE, YEM Y BOJIH IIEPBOTO MPUOTMAKEHUSA, U (DOPMUPOBAHUE IMUC-
CUOHHBIX BBICTYIIOB OIPEAENSAT BOJHbBI, HOPOKICHHBIMU HEITMHEHHBIM
B3aUMOJICHICTBHEM.

2. Ha mmockoctu Ge3pa3sMepHBIX TapaMeTpoB (ak,W ), Ha KOTOPOi
IIOCTPOEHA I'PaHULa YCTOWYUBOCTU PEIICHUN JTUHENHOW 3a1a4u, U30-
Opa3uM kpuByto I', onpeenseMyro ypaBHeHueM (puc. 10)

l- ock+L -W=0. (75)
2 ok

N3 (53) cinexayet, 4To Ha ATOM KpUBOM oOpamaercss B HyJib aMILIN-
TyJla BTOPOro Iopsaka MajloCcTU A=0 U C TOYHOCTBIO OO BEINYUH
TPETHETO TMOpsAKa MaJIOCTU MPODWIb MEPUOJUYECKON BOJIHBI TMPHU
(ok,W)eT B mpeneie UAeaabHON KHIKOCTH OKA3LIBAETCS CUHYCOM-
JabHBIM 0e3 Kakux-1u0o q100aBok. PacdeTsl mo dhopmyie (52) noka-
3bIBAIOT, UTO B CJIy4Yae€ BA3KOM XKUIAKOCTH HA 3TOM KPUBOM JOCTUTACT-
Csl JIOKQJIbHBI MUHUMYM BEJIMYUHBI 4 (B KOTOPOM A OJHM3KO K HYJIIO)
KakK (QYHKIMU apamMeTpoB (ok,W ).

Crenyronmi MOMEHT, HA KOTOPbIA MHTEPECHO OOpaTUTh BHUMA-
HUe, onpeaensiercst poibto gassl £, Bxogsuen B (52). U3 (52) u (53)
CIeayeT, 4To 3HaueHuio (aswl, Oau3koMy fF=0, npu 4+#0 OoTBe4aeT
BOJIHA, KOTOpasi, Ojaronaps CMH()a3HOCTH MEXY a - cos(d) ¥ KOPOTKO-
BOJIHOBOM HEIMHENHOM 100aBKOU a’A-cos(26), MMeeT GOMBIIYIO, IO
CPaBHEHHUIO C BOJIHOW IMEPBOr0 MPHUONMKEHUS, KPUBU3HY BEPIIUHbI
(BeplIMHA BOJHBI B HEJIMHEHHOM NPUOIMXKEHUM 3aocTpsiercs). [lpu
pf=rn, A#0 BeplIMHa, HAOOOPOT, OKPYIJIAETCS.
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AHanu3upys BBIPAKECHUE NJIA aMIUIMTYIbl HEJITMHEWHON 00aBKU
A, HECJIO)KHO BHUJIETH, YTO

200k <1 200k > 1;
A>0, eciu ., oo B
2W <ok +(ok) 2W > ok +(ak)
20k <1; 20k > 1;
A<O0, ecmu ., oo B
2W > ok +(ak) 2W <ok +(ok) .

DTO 03HAYaeT, YTO IUIOCKOCTh M3MEHEHHUSl MapameTpoB (ok,¥")
repeceueHreM JTUHUM [T U MPSIMOM ok =1/~/2 IETUTCSA HA YETHIPE 00-
JACTU, OTPAHUYCHHBIE YIIaMU, KKIbId U3 KOTOPBIX UMEET MPSIMOJIU-
HEWHYI0O M KPHUBOJMHEWHYIO cTOpoHbl (puc. 10). B mpenene v —0
MPOTUBOJICKAIIUE TMapbl YIJIOB OTPAHUYMBAIOT 00JIACTU C OJHUM H
TeM e 3HaueHueM ¢as3pl F. B 3amrpuxoBaHHBIX 00yacTsax ¢asa
=0, a HeIWHEHHbIC BOJHBI HMEIOT 3a0CTPEHHBIC BEPIIUHBI
(cm. puc. 11a, ¢). Hpyroii nape obsacteit cooTBeTCTBYET (paza f=r, a
BEPILUHBI HEJIMHEWHBIX BOJIH criiaxeHsl (cM. puc. 11 b, d).

B npenene a — «~ ¢aza Ha CTOpOHAX YIJIOB U3MEHSETCA CKauKOM.
Eciav y4uTBIBATH BSI3KOCTh, CTOPOHBI YIJIOB Ha IIOCKOCTH (ok,W)
"pacIuibiBatOTCs" B MOJIOCKHI, B KOTOPHIX (pa3za MiIaBHO M3MEHSET CBOE
3Ha4YCHUE.

3. U3 puc. 10 BuaHO, 4TO 00JIaCTh HEYCTOMYMBOCTHU PEIICHUMN JIU-
Heapu30BaHHOI 3anaun (00OnacTh Haj JUHUEH L) mpsaMoil ok =1/~/2
JENUTCSL Ha ABE 4YacTu. Pa3BUTHME HEYCTOMYMBOCTH BOJHBI TUIA (52)
MPOUCXOJAUT C (POPMUPOBAHMEM 3a0CTPEHHUSI HA BEPIIUHE, €CJIH
ok >1/y/2 (puc.1lc), u c ynuoumleHHeM BepIIMHBI TpU ok <1/+/2
(puc.11d). DnekTpuyeckoe MoJie OTPHIBAET C BEPIIMH BBICTYMNOB Ka-
NEeJIbKU ¢ XapaKTePHBIM JIMHEHHBIM pa3MepoM MOpsKa paanyca Kpu-
BU3HBI BepimnHbl [11]. TloaTOMy smucCua Kamenek ¢ 3a0CTPEHHOU
BEPILUHbBI, CBA3aHHASI C OTPHIBOM 0o0Jiee MEJIKUX U 0ojee CHIbHO 3a-
PSOKEHHBIX, 00Jiee BEpOsiTHA MO CPABHEHUIO C OTPHIBOM Karesb C YII-
JIOLIEHHOW BEPIIMHBI BOJIHBL. [lociie Havana sMUCCUU BpEMEHHAS 3BO-
JIOIMSI BOJIH HAYMHAET MOJYUHATHCS HOBBIM 3aKOHOMEPHOCTSAM, KO-
TOpbIE HEOOXOUMO MCCIEAOBATh OTAENbHO. TakuM o0pa3om, aHaIu3
HEJIMHEMHOTO pPEIIeHUs 3a7a4d MPUBOAUT K €CTECTBEHHOMY OTpaHMU-
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YEHHIO CO CTOPOHBI JJIMHHBIX BOJH HA JUIMHBI BOJIH, YYaCTBYIOIIUX B
hopMUPOBAHUY SMHUCCUOHHBIX BBICTYIIOB.

a) (k=1)

b) (k=0.6)

Puc. 11 a, b. [Ipodunu HenuHEHHBIX BOJH, TOCTPOCHHBIE
B pa3JIMNYHbIE MOMEHTHI BpeMEHHU B O€3pa3MepHBIX IEPEMEHHBIX,
B KOTOphIX p=g=y=1,npu v =0.01. AMmuTyaa BOJIH yMEHbIIAETCS

CO BPEMEHEM 3a CUET BIMSHUS BSI3KOTO 3aTyXaHMUsI, BBUILY TOKPUTUIHOCTH 3HA-
yeHus napametpa Tonkca-Openkens W =1.5. t=0 (1), t=30 (2), t=60 (3)
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Puc. 11 c (k=1)

—~0.05;

Puc. 11d (k=0.6)

Puc. 11 c,d. [Ipogunu HeTMHEWHBIX BOJIH, HOCTPOCHHBIE B PA3JIUYHBIE MOMEHTHI
BpPEMEHHU B O€3pa3MepHbIX IEPEMEHHBIX, B KOTOPbIX p=g =¥ =1,

npu v =0.01. AMIUIMTY1a BOJIH YBEIMYUBAETCS CO BPEMEHEM 3a CUET BIIUSHUS
BSI3KOTO 3aTyXaHUs, BBUAY 3aKpUTUIHOCTH 3HAUCHUS TTapaMeTpa
Tonkca-®penkens W =2.5. t=0 (1), t=1 (2), t=2 (3).

BnusiHue BS3KOCTM M HEJIMHEWHOCTM HA KPUTHUYECKUE YCIIOBUS
pean3any HEYCTOMYUBOCTH 3aPSKEHHOW MOBEPXHOCTH KUJIKOCTHU B
UCIIOJIb30BAHHOM KBAJIpaTUYHOM MPUOJIMKEHUU HE TIposiBiseTcsi. OHO
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MPOSIBUTCS B pacueTax CJIEIYIONIEro MopsaKa MaJOCTH B BUE MOMpPa-
BOK K 4aCTOTaM BOJIH.

4. [TonydyeHnHoe BbIpakeHUE ISl MPOPuIs HETMHEWHOW TTepUOIn-
YECKOW KaNmWUISPHO-TPABUTAIIMOHHONW BOJIHBI HHTEPECHO TEM, 4YTO
KBaJIpaTUYHAas [0 aMIUTUTY/I€ BOJIHBI I0OaBKa UMEET MpH v — 0 pe3o-
HAHCHBIN BUJ (cM. 53).

N3 (53) BuAHO, 4TO T0OABKM BTOPOTO MOPSIKA MAJIOCTH K aMILIU-
Ty/I€ BOJIHBI B UJICAIBHOM KUIKOCTH IPH k <k, =+/pg/(2y) k >k, nume-

I0T pa3juyHbIe 3HAKW: JJIS JUIMHHBIX (TpaBUTALIMOHHAsI BETBb) k <k, ;

BEIMYMHA A TIOJIOKHUTENbHA, a JIJI KOPOTKUX (KamWJUIApHAas BETBb)
BOJIH k > k. — oTpunarensHa. Ilpu & =k, nMeer MecTo BHYTPEHHUN He-

JIMHEWHBIA PE30HAHC TPEXMOJIOBOIO B3aUMOJECHUCTBUS KaIWUISIPHO-
I'PaBUTAIIMOHHBIX BOJH [57 — 58], a ammmTyna 100aBKM BTOPOTO IIO-
psiZiKa MaJIOCTH CTpEeMHUTCSI K OeckoHeuHocTH. VccnenoBanue mpoduiis
BOJIHBI Ha 3apsDKEHHOM TOBEPXHOCTH BSI3KOM TITYOOKOM YKMJIKOCTH MPHU
k =k, Ipy OTIIMYHOM OT HYJISI BI3KOCTH MOKA3aJ10, YTO CaMO MOJIOKEHUE

pe30oHaHca Mpu v #0 HE U3MEHSETCS, HO aMIUTUTy/a J0OaBKU BTOPOTO
MOPSJIKa MAJIOCTH B OKPECTHOCTH PE30HAHCA OCTAETCS] KOHEUHOM.
Ha puc. 12 B 6e3pa3MepHbIX IEPEMEHHBIX, B KOTOPbIX p=g=y=1,

MPUBEJICHBI 3aBUCUMOCTH MOJTYJISI aMIUTUTYIbl A4 100aBKH BTOPOTO IO-
pSAIKa MaJOCTH K MPO(UIII0 BOJHBI B BbIpakeHUU (52) OT BOJHOBOTO
yucia k 1Opu v=10" u Pa3IMYHBIX 3HAYCHMSIX Oe3pa3MepHOro mnapa-
Metrpa ToHkca-OpeHkens W, XapakTepu3YyIOLIEro YCTOWYMBOCTH IIO-
BEPXHOCTH >KUJKOCTU MO OTHOIIEHUIO K MOBEPXHOCTHOMY 3apsany. M3
puc. 12 BUHO, UTO C POCTOM W BEIMYMHA JT00ABKU BTOPOIO MOPSAKA
MaJIOCTH K aMIDIATY/IE BOJHBI IIPH MaJIbIX 3HauYeHHsX (W <1) yMeHbIIIa-
etcs (puc. 12a), a mpu 60abmmx W >1 OsicTpo pactet (puc. 12b). Takoe
MOBEACHUE MOAYJSl aMIUTUTYIbl XapaKTEPHO U JUISl UACATBHON KUIKO-
CTH, YTO HECJIOKHO BUJIETh U3 aHAJTUTHUYECKOTO BhIpaXkeHus (53) 1 A :
npu W =1 kodhPUIIMEHT A MEHSET CBOM 3HaK.

Kak BpIIIE yXKE€ OTMEUAIOCh, HAIUYHUE Y KUJIKOCTH BSI3KOCTU H
AIEKTPUUYECKOTO 3apsA/ia HE CKA3bIBAETCS HA MOJIOKEHUHA BHYTPEHHETO
HEJIMHEWHOTO PE30HAHCA, KOTOPBIM NMpHU V0 U W #0 N0 NPEKHEMY
UMEET MECTO MpH k =k,. B UCMoabp30BaHHOM MPUOIUKEHUH BTOPOTO

MOpsIAKa MAJIOCTH MOJ PE3OHAHCHBIM B3aMMOJEUCTBUEM BOJIH IOJIpa-
3yMEBAETCSI TPEXMOJOBOE B3aUMOJICMCTBUE, PECATU3YIOIICECS MEXIY
TpeMs KallWUIIPHO-TPABUTAIMOHHBIMUA BOJIHAMM, JBWXKYIIIUMHUCS B
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OTHOM HaIIpaBJICHWH, KOT'Ja UX BOJHOBBIC YHUCJIa U YaCTOTHI CBSA3aHBI
YCIOBUSMU k, +k, =k;, @, + ®,=w,. B IpUHIATBIX O€3pa3MEpHBIX Ie-

PEMEHHBIX @’ :k<1+k2 —kW). OtMeTuM, 4TO0 CHOPMYIHUPOBAHHBIE B
[56] ycnoBus B3aMMOJICMCTBHS B pacCCMaTPUBAEMOM CJIy4ae HEJIUHEH-
HBIX KaNWJUIIPHO-TPABUTAIIMOHHBIX BOJH Ha 3apsIKCHHOM MOBEPXHO-
CTH >KUJKOCTH BBIMOJHSIOTCS JJIA JIOOBIX 3HAUYCHUN W BIUIOTH JO
KPUTHYECKUX (WCV =k+k‘1) B dopme 2k, =k, U 2w, =®,, T.e. AMEET
MECTO TaK HAa3bIBAEMBIN "BBIPOXKICHHBIN'' PE30HAHC, KOT/Ia BOJHA C
BOJIHOBBIM YHCJIOM £, JBaXIbl B3aUMOJICUCTBYET C BOJHOW k, =2k,,

OTJaBasi €M SHEPTUIO.

YKa3aHHbIE 3aKOHOMEPHOCTH TOBEJCHUSA KANWLISIPHO-IPaBUTA-
IMOHHBIX BOJIH HA 3apSYKEHHOM IMOBEPXHOCTH KUJIKOCTH, B YACTHO-
CTH, O3HA4arT, 4TO 3a CUET HEIMHCHMHOIO B3aMMOJICMCTBHUS BOJH B
MaJjioil OKpPECTHOCTH BOJIHOBOTO YHUCHA k =k, BOJHBI OyAYyT UMETh aM-

IUTATYIbI, IPEBHIMIAIONINE aMIUIUTYAbI BOJH C BOJIHOBBIMHU 4YHCJIaMH
k<<k, m k>>k,. [Ipu yBenM4eHNN HANPKEHHOCTH DJIEKTPOCTATH-

YECKOI'o IoJId E, Yy NOBEPXHOCTH KUJIKOCTHU BOJIHEI C k =k, COTJIACHO

[1 — 2] OyayT uMeTh IPEUMYIIECTBO B CMBICIIE pEaIU3allMi TEH]ICH-
LN K IOTEPE YCTOWYHMBOCTHU IO OTHOILICHUIO K IOBEPXHOCTHOMY 3a-
pany (OynyT obnanarh OOJMBIIMMHU BEIMYMHAMU WHKPEMEHTOB HEYC-
TOMYMBOCTHU B HaYaJbHbIA MOMEHT BpeMeHHU [119]) u uMeHHo ux poct
OTpEeAENUT (PU3NYECKYIO KAPTUHY peau3allii HEyCTOMUYNBOCTH.

A A
1
5 25}
2
0 0 1 k
a) b)

Puc. 12. 3aBucumocTu 6e3pazMepHOro MOy aMILUTATYAbl A
700aBKH BTOPOTO MOPSIIKA MAJIOCTH OT 0€3pa3MEPHOr0 BOJTHOBOTO YnCa k

npu v =107 ¥ pa3IHUHBIX 3HAYCHHUAX mapameTpa W :
a) W=00(1), W=05@2),wW=1@3); b) W=15 (1), W=2.0 (2)
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A 3
E =
3 =
2
, .1
0 0.65 0.70 k

Puc. 13. 3aBUCUMOCTH, aHAJIOTUYHBIE, IPE/ICTABIICHHBIM Ha puc. 12,
MMOCTPOCHHBIC MpH W =1 W pa3IMUHBIX 3HAUYCHHUAX Oe3pa3MEePHON BA3KOCTH:

v=107(1), v=5-10"(2), v=10" (3)

BiusiHue BSI3KOCTH Ha BEJIMYMHY JOOABKKM BTOPOTO MOpPsJIKA Ma-
JIOCTH K aMIUTUTY/E€ BOJIHBI WILTFOCTPUPYET pHUC. 13, MOCTPOEHHBIN O
COOTHOIIIEHUIO (52).

9. 3akia04yeHue. AHAIN3 HAWJAECHHOTO PEIICHUS 3aJ1a4d O HEJU-
HEWHBIX IMEPUOJAUYECKUX BOJIHAX HA 3aPSKEHHOM IMOBEPXHOCTHU BS3-
KO MPOBOJAIIEH XKUIAKOCTHU MOKA3aJjl, YTO TJIaBHBIM BKJIAJl B IIPOLIECC
dbopMUpOBaHHUS YIMUCCUOHHBIX BBICTYIOB, 00pa3yIOIIUXCS MPU peau-
3allMM HEYCTOMYMBOCTHU 3apsKEHHOW ITOBEPXHOCTHU, BHOCUT HE BECH
Ha0Op HEYCTOMUYMBBIX BOJH C JJIMHAMHU U3 UHTEpBaJIa, IPeACKa3aHHO-
ro JUHEMHOU TEOPUEH, a TOJBKO Ta UX YaCTh, HA KOTOPOU HEIIMHENU-
HOCTB IPOLIECCA MPOSABISAETCSA B 3a0CTPEHUM BEPILIUH. BOIHOBBIE ynC-
JTa TAKMX BOJIH YIOBJIETBOPSIOT YCIOBHIO k >k, —+/ pg/(27).

[TomoxxeHne BHYTPEHHETO HEJIIMHEWHOTO PE30HAHCA KAMUJUISIPHO-
TPAaBUTALIMOHHBIX BOJH HE 3aBUCHUT OT BA3KOCTH M HAJIWYUW 3apslia Ha
CcB0OOO/IHOM moBepXHOCTU. [IpyU pe30oHaHCHOM B3aWMOJICHCTBUU SHEP-
U OT KanWUISIPHO-TPABUTALIMOHHBIX BOJH C BOJIHOBBIM YHCIIOM
k.=+pg/(2y) mepekaunBaercs K 6ojee KOPOTKMM BOJHAM C BOJIHO-

BBIM YHUCJIIOM k., =./2pg/7 .
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Pacuerpl, BBINOJHEHHBIE B HACTOALICH TIJIABE, ONUPAIUCh Ha
ypaBHeHUs nBrxkeHns HaBbe-CTokca MIsl )KUIKOCTH, B KOTOPOM BO3-
MOXHa JTUCCHUTIALMS dHEPruu. BapualnoHHbIe MPUHIUIIBI, WHTEHCHB-
HO HCIIOJIb3YEeMbIC JJIs OMMCAHUS JBW)KCHUS HICAUTHBHOM KUIKOCTH,
HUKaK HE MCIOJIb30BAJIMCh. DTO CBA3aHO C TE€M, YTO B 3ajlayax C JUC-
CUTIaIIMEeN ypaBHEHUSI ABWKCHUS MOTYT OKa3aThCsl HEBBIBOAUMBIMU U3
BapUaIIMOHHBIX MMPUHIMIIOB. B 4acTHOCTH, MMEIOTCS TIPUMEPHI HEBO3-
MOYXHOCTH BBIBOJIa JUCCUITIATUBHOM CHCTEMBI OOBIKHOBEHHBIX T de-
PEHIIMATLHBIX YPAaBHEHUM M YPAaBHEHUM YCTAaHOBHUBIIIETOCS JBUKECHUS
BSI3KOM KUJKOCTH W3 BapHAMOHHBIX NpuHOUIOB [120 — 121]. Kiac-
CHYECKHE BapHAIIMOHHBIC MPUEMBI UCCIICIOBAHUS BOJIHOBOTO JIBHIKE-
HUSI, pa3paO0TaHHbBIC ISl U3YYCHUS BOJTHOBOTO JBIKCHHUS Ha MOBEPX-
HOCTH HCAITBHOM JKUJKOCTH B JJAHHOM CIIy4ae HEKOPPEKTHBI, M MPO-
JTEMOHCTPUPOBAHHAS BO3MOKHOCTH OOOHMTHCH 0€3 HUX — BaKHBIM
pe3yJbTaT, UMEIONTMH PyHIaMEeHTAIbHOE 3HAUCHHE.

3.2. O pacyeme 80/IHOB020 O8UXKEHUS
6@ paMKax meopuu no2paHU4YHoO20 CJ1051

1. CymectByronme MaThuU3NYecKue METOAbl pacuera HeJIUuHEH-
HOTO TIEPUOJIMYECKOTO KaMWUISIPHO-TPABUTALIMOHHOTO BOJHOBOTO
JIBUYKCHHUSI HA TOBEPXHOCTH BSI3KOW >KUJIKOCTH B paMKax IMpPEACTaBIIC-
HUM O MOTPAaHUYHOM CJIO€ OCHOBAHBI Ha 3JIEMEHTApHOM OIlCHKE (HE
BIOJIHE KOPPEKTHOM, Kak OyJAeT MOKa3aHO HMXKE) €ro TOJIIUHBI,
NPEIJIOKEHHOM 1711 aHanu3a 3agauu Jlonrer-Xurruncom [122]. Tloa-
X0/, OCHOBaHHbIN Ha OllcHKE JIOHTeT-XUITHHCA, HE PEyCMaTPUBAECT
pacyera BUXPEBOIO TECYECHUS XKUAKOCTH BHYTPU MOTPAHUYHOTO CJIOSL.
BrIllosTHEHHBIE B TOCJIEAHUE TOJIbI KOPPEKTHHIC AHATUTUYECKUE
ACUMIITOTHYECKUE PACUYETHl HEJIMHEWHOTO MEPHUOIUYECKOTO BOJTHOBO-
ro JBWKCHUS Ha MOBEPXHOCTH Bs3KOM >kuakoctu [91, 123 — 125],
CBSI3AHHBIC C KPAMHE T'POMO3IKMMM JAKE€ IMPU HCIOJB30BAHUM KOM-
MBIOTEPHBIX MAKETOB aHATUTUYECKUX BBIYMCICHUN pacueTaMu, 3acTa-
BWJIM PEAaHUMMPOBATH MIPOOJIEMY OCTPOSHUSI KOPPEKTHOM TEOPUH TO-
I'PAaHUYIHOTO CJIOS Y CBOOOJHOW MOBEPXHOCTH KUIKOCTH B HAJIEKIIC
YIIPOCTUTh MATEMATUYECKYIO MPOLEAYPY OTHICKAHUS MapaMETPOB Iie-
PUOANYECKUX HEIMHEWMHBIX BOJIH.

XOpoIIo U3BECTHO, YTO Ha TpaHUIC 00JIACTH, B KOTOPOH HMEET
MECTO JIAMUHAPHOE TEYECHHE MAJIOBSI3KOM HECKMMAEMOW KUIKOCTH,
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BO3HMKAET MHTCHCUBHOE BUXPEBOE JIBIXKEHHUE, OBICTPO 3aTyXarolee 1o
Mepe YIAJICHHS OT TPAHUIIbI, TAK YTO UMEETCS BO3MOKHOCTh BBIJICIIUTh
MPUITIOBEPXHOCTHYIO 00JacTh ¢ HauOOJiee WHTECHCUBHBIM BUXPEBHIM
JIBUKCHUEM B TaK HA3bIBAEMbIM JIAMUHAPHBIN ITOrPaHUYHBIN ciioi. [Ipu
3TOM JIBH>KCHUE KUJIKOCTH 3a MPEAECIAMU MIOTPAHUYHOTO CJIOS CUATACT-
Csl MOTEHIMANIbHBIM. Takol mpreM MOo3BOJIAET B OOIIEM Clydyae BechbMma
CJIOKHYIO 33/1a4y CTPOTrOro aHaJIMTUYECKOrO PacyeTa JIBHXKEHUS BA3KOU
KHUJKOCTA B 00JIACTH C 3aJaHHBIMU TPaHHUIIAMH CBECTH K JIByM OoJiee
IIPOCTBIM: PacyeTy MOTEHIUAIBHOTO ABUKEHUS HEBS3KOM KUIKOCTH B
o0beMEe U pacyeTy BHXPEBOTO JBWIKEHHUS BSI3KOW JKMJIKOCTU B TOTrpa-
HUYHOM cjioe [126 — 129]. 'pannira o61acT ABMKCHUS KHIKOCTH MO-
XKET OBbITh TBEPJOW MOBEPXHOCTHIO, TPAHUIICH pa3felia ABYX HECMEIIH-
BAOIINXCS KUJKOCTEN UM CBOOOHON MTOBEPXHOCTHIO.

[IpaBruiibHAsA OLEHKA TOJIIMHBI HOTPAHUYHOTO CIIOS B KAXION
OTJEJIbHO B3SITOM 3aJa4€ CYHIECTBEHHO YIIPOIIAET pacyeT TEUCHUS
KUJIKOCTHU TIPU 3aJIaHHBIX TPAHUYHBIX YCIIOBUSX M OOJier4yaeT KadyecT-
BEHHBIW aHAJIN3 €TO CBOWCTB. B TO ke BpeMs camo MOHSATHUE TOIIUHBI
MOTPAHUYHOTIO CJI0SI HE 00JaJaeT TOM CTPOrOCThIO, KOTOpas MpuUcyIia
IPYTUM MEXAHWUYECKUM BEIWYMHAM. B HCTUHHOM TE€UEHUU KOMIIO-
HEHTHI POTOpPa CKOPOCTH IIJIABHO YMEHBIAIOTCS MO a0CONIOTHOM Be-
JUYUHE MPU BBIXOJIE W3 MOTPAHUYHOrO CJIOSi B 00J1aCTh MOYTH MOTEH-
HAAIBHOTO TEUYCHUA. BBIIEIICHNE YETKOW TpPaHUIlbl, pPa3AcisStoNIeh
JBIKEHHE Ha 00JIaCTh C BUXPEBBIM JBMKEHHEM U O€3 HEro, 03Ha4aeT
YCJIOBHOE YCTAaHOBJIEHHE ITOPOra, HAYMHASI ¢ KOTOPOTO POTOP CKOPO-
CTH B 33J]a4€ CUUTAETCA HYJIEBBIM (UYTO, B KOHEYHOM UTOTE, TPUBOJIUT
K OFPaHWYEHHUIO TOYHOCTH MPOBOJMMBIX pacueroB). CaM mopor mo-
XKeT OBbITh BBHIOPAH MO-Pa3HOMY B 3aBUCHMOCTHU OT LieJIeH HCCIieI0Ba-
HUs. IMEHHO MO3TOMY OIIEHOYHBIE BBIPAKEHHUS JJISI TOJIIWHBI OTpa-
HAYHOTO CJIOSI, UCIIOJIb3YEMBbIE HA MPAKTUKE, KaK IIPABUIIO, COAEPKAT
0e3pa3MepHbIA MHOXKHUTEIb, BEIOOP KOTOPOrO JTUKTYETCS CpaBHEHUEM
C DKCIIEPUMEHTOM, CBOMCTBAMU HM3BECTHOTO MPUOIMKEHHOTO pellie-
HUS, WU KaKUMHU MO0 BCIIOMOTATEIbHBIMU COTJIAIIICHUSIMH.

OOBEKTOM HACTOSIIEr0 UCCIACTOBAHUS SIBJIIETCS TEUCHHUE B IIO-
TPAaHUYHOM CJIO€, BO3HUKAIOIIEM 10/ CBOOOTHOM MTOBEPXHOCTHIO Oec-
KOHEUYHO TJTyOOKOW MaloOBSI3KOM >KMAKOCTH, IO KOTOPO# pacmpocTpa-
HSETCSl KaWUIAPHO-IPaBUTAIIMOHHAS BOJIHA. B OOJBIIMHCTBE KJiac-
CHYECKUX MOHOrpaduil mo rugpoguHamuke [126 — 128] ans oneHku
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TOJIIMHBI ¢ TAaKOTO MOTPAHUYHOIO CJIOSI UCIMOJIB3YETCS BBIPAXKEHHUE,
npeayioxxeHHoe B [122]:

s=Cvjo. (1)

3nech ® — UHUKJIAYECKAas YacToTa TMEePUOJUYECKON KamMLUIIPHO-
TPaBUTAIIMOHHON BOJIHBI; V — KOA(PPHUIIUEHT KHHEMATHYECKON BS3KO-
CTH XKUJKOCTH; C — Oe3pa3MepHBIN MmapaMeTp, 3HaYCHUE KOTOPOTO B
[122] npunsTo paBHBIM 2. CooTHomerue (1) chopMyTHpoBaHO Ha
OCHOBaHUHW aHaju3a TOYHOTO PEIHICHHUS 3aJaud O PAcueTe TECUCHUS
KHUJAKOCTH, CBS3aHHOTO C KaMWUISIPHO-TPABUTAIIMOHHON BOJHOM,
PaCIIPOCTPAHSIONICHCS 110 MOBEPXHOCTH OECKOHEYHO TTyOOKON Maio-
BSI3KOHM KUAKOCTH B JTUHEHHOM TI0 aMIUTMTYZC BOJIHBI MPUOIMKEHUN
[126]. 3nauenne C=+2 BBHIOpaHO TaKMM OOPA30M, YTOOBI B M3BECT-
HOM TPUOJMKEHHOM pEUICHWU 3aKOH yObIBaHUS C TUIyOWHOW h am-
IUTUTYIBI POTOpPa CKOPOCTH TEUCHHUS >KUJKOCTH OIHMCHIBAJICS 4Yepe3
napameTp ¢ HamOosee IPOCTO — BeIpakeHUEM BUaa exp(—o-h). Oue-

BUJIHO, TaKOM BBHIOOp C B BBIPAKEHUU Ui & HE rapaHTUPYET J10CTa-
TOYHOM MOJABJIICHHOCTH BUXPEBOTO JIBUKEHUS Ha TIIyOHWHE OOJIbIIEH,
YEM O, U OCTAETCS HESICHBIM, KAKUM HY>KHO B3ATh 3HAYCHUE TOJIIUHBI
CJI0s, YTOOBI OXapaKTepU30BaTh MOJIOKEHUE YPOBHS, HUKE KOTOPOTO
BUXPb CKOPOCTH MOXHO ITOJOXHWTh PABHBIM HYJIKO C 3apaHee 3aJ1aH-
HOW TOYHOCTBIO JJISl OTBICKAHUS XapaKTEPUCTUK TeueHus. M3BECTHO,
YTO IPU PACIPOCTPAHEHUU 1O CBOOOIHOM MOBEPXHOCTHU CJIOS KHUIKO-
CTU KOHEYHOW TOJIIMHBI TEPUOJAUYECKON KANWJUISSPHO-TPABUTA-
IIMOHHOM BOJIHBI TJTyOWHA B MOJIOBUHY JUIMHBI BOJIHBI SIBJIIETCS TEM
YPOBHEM, HAUMHAs C KOTOPOTO JTHO U CBOOOJIHASI TTIOBEPXHOCTh MeEpe-
CTalOT «4yBCTBOBaTh» npyr npyra [130 — 131]. IIpeacraBnser nHTe-
pec GopMyJIMpPOBKA aHAJIOTMYHOTO KPUTEPUs OTHOCUTEIBHO BHUXpE-
BOW COCTABJISAIOIICH TEUECHUS, MTOPOKICHHOTO MOBEPXHOCTHBIMU BOJI-
HaMH, T.€. BO3MOYKHOCTbH IOJIYYCHUSI OTBETA HA BOMNPOC: HAYMHAA C
KaKo# riIyOMHBI B KOJIMYECTBEHHBIX pacyeTax TEUEHUS BSI3KOM K-
KOCTH M B KQYECTBECHHBIX PACCYKJICHUSIX MOKHO IOJAraTb BUXPEBOE
JIBH)KEHUE, TOPOKIECHHOE CBOOOJHOW MNOBEPXHOCTHIO, MOJIHOCTHIO
MO/IaBJICHHBIM, HE BIUSIOIIMM Ha MOTEHIIMATILHOE T€UCHUE B 00beMe?

B HmxkecnmenymomeMm H3JI0KECHUU JBWKCHUE KUJKOCTH, BO3HHU-
Kalolllee IMPU PACIPOCTPAHCHUU IEPUOJAUYECKON  KANWUIAPHO-
I'PaBUTALMOHHON BOJIHBI MO MOBEPXHOCTH MAJIOBSA3KONW OECKOHEUYHO
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TyOOKOM KUJKOCTH, OyAET anmpOKCUMHUPOBATHCS C MOMOIIBIO MO-
JEITbHOTO TE€UYEHUS, COCTOSIETO M3 BUXPEBOM YaCTU BHYTPHU IPHUIIO-
BEPXHOCTHOT'O MOTPAHUYHOIO CJIOSI, U MOTEHLMATIBHOU YaCTU BO BCEM
o0beMe KUIKOCTH. by TyT BbIBEICHBI YPABHECHUSI U TPaHUYHBIE YCIIO-
BUS, K KOTOPBIM 3aJla4ya pacdera MOJICIbHOIO T€UECHUS CBOJUTCI MeE-
TOJAaMU TEOPUU MOTPAHUYHOIO CJOsI, UMEIoIMe 0ojee MpOCTON BUJT
[0 CPABHECHUIO C TPAJUIMOHHBIMU. byjer HaWJIeHO ONTUMAalIbHOE
3Hauenue C B popmyie (1).

2. Marematnueckass GpopMyJMpPOBKAa M M3BECTHOE PpelIeHUe
3apaqu. [Ipumem, 4yTO HecKHMaemas KUJIKOCTh C KHHEMATUYECKOU
BSI3KOCTBIO V, TJIOTHOCTBIO p W KO3(PUIHEHTOM MOBEPXHOCTHOTO
HATSOKCHUST ¥ B JIEKAPTOBOM CHUCTEME KOOpAMHAT Oxyz, C OChIO Oz,
HamnpaBJICHHOM BEPTUKAIILHO BBEPX, B IOJIE CUJ TSKECTU g||-é,, 3a-

TIOJIHSIET MOJYIPOCTPAHCTBO z<( M I'PAaHUYMUT C BakyymoM. PaccMoT-
pUM JIMHEAPU30BAHHYIO 10 aMIUIUTYJIC BO3MYIIEHUS 3aJlaqdy OIIpee-
JICHUS CIIEKTpa KaMMJUISPHO-TPABUTAIIMOHHBIX BOJIH Ha CBOOOJTHOM
IIOBEPXHOCTHU KUJIKOCTH.

ITycte u =u(x, Z,t) U V:V(x, z,t) — TOpU30OHTAJIbHAsA U BEPTU-
KaJbHasg KOMIIOHEHTHI IOJII CKOPOCTEU TE€UECHHUS KUIAKOCTH, CBSI3aH-
HOTO C TEPUOJUYECKHMM BOJIHOBBIM JIBUKEHHEM €€ CBOOOIHOM To-
BEPXHOCTHU, KOTOpPBIC IJIs1 MPOCTOTHI CUUTAIOTCS HE 3aBUCIIIUMH OT

KOOpAWHATHI y. Torjaa oTKIOHEHHE CBOOOHOM MOBEPXHOCTH YKUJIKO-
cti &=E&(x,1) OT paBHOBECHOH TIIOCKOH B MOJIE CHIT TSXKECTH (QOPMBI

z=0 un none ckopocreit U =u-€é_, + v- €, B NPUONMKEHUH BOJH Ma-
JIOW aMILIUTY 1Bl YIOBJIETBOPSAIOT COOTHOILEHUSIM

—

z<0: atU+le—vAl7:6; V.-U=0; (2)
P

z=0: 0,6-v=0; —pgé+p-2pva v+yd _E=0; d,u+d v=0; (3)

Z —> —oo: U,%O, V—)O, (4)

rae ¢ — Bpems, p — 00aBKa K PaBHOBECHOMY 3HAYEHUIO JABJICHUS
BHYTPH XKHUJKOCTH, d, U d — YACTHBIC IPOMU3BOJIHBIE IO BPEMEHU U
KOOpAUHATE, €. U €, — OpThl 0Ocer Ox U Oz.
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Pemrenne chopmyMpoOBaHHOW 3a7a4dl XOPOIIO M3BECTHO M MO-
’KeT ObITh 3amrcaHo B Bujie [91, 126]

5 =%a-exp(9)+K.C.; ()
(“(F’f) SGOIN NGO (6)
v(7,1) (r t) (e)(?,t) ’

(p) (= — 2
Lu (r’t)J:%o{ 1 S+2vk Jexp(k-z)exp(é’)”{'c';

7,1 S+2vk?

(7,1 21vk
w0 =la( : quexp(q-z)-exp(QHK.C.;
vO9GF ) 2 (—2vk

p(7.1) =—%apS(%+2vkjexp(kz)-exp(9)+K.C.;

g= | +5,  @=St—ike.
14

[Tosie ckopocTer TEUEeHUs KUIAKOCTU IPEACTABICHO B BUIE CY-
MEPHO3ULINN MOTCHIUATLHON u? vy BUXPEBOU 1, v¥ xomro-
HEHT; o — KOMILUIEKCHAsI aMIUIMTY/la IOBEPXHOCTHOM BOJIHBI, OIpe/ie-
JsieMasi U3 HadajbHBIX yclioBuil; abopeBuarypa «K.C.» o0o3HadaeT
KOMIIJIEKCHO COMPSIKEHHBIE CllaraeMbl€ K BBIIIMCAHHBIM; i — MHHMas
€IMHUIIA; k — BOJIHOBOE 4MCIO; Re(g)>0 — XapakTepHbIl MacluTad

CKOPOCTH JKCIOHEHIMAIHHOTO YOBIBAHHS AaMILUIATYIAbl BHXPEBOIO
JIBIDKCHUS C TUIYOMHOM; S — KOMIUICKCHAS 4acTOTa, SIBJISIOIIAsCS pe-
HICHUEM JUCIIEPCUOHHOTO YPABHECHUS:

2 3/2
(Zk2 +£j + —41/2£k2 +§j =0, Egk[lﬁ“lkz} (7)

1% PE
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31eCh @ WMEET CMBICH KBajpara KOMIUIEKCHOW YacTOTHl S° TIpH
v —0, UHBIMU CIIOBAMH, @), €CTh 4YacTOTa KaNWUIAPHO-TPaBUTALU-
OHHBIX BOJIH Ha MOBEPXHOCTH UJICAJIbBHOW HEC)KUMAEMOM KUAKOCTH.

B nipenene manoit (HO HEHYJIEBOM) BSI3KOCTH KOMILIEKCHAS 4aCTO-
Ta S U BCIOMOTaTElbHBIN MapaMeTp ¢ BBIPAKAIOTCSA B SIBHOM BHJE:
S=iw,-2vk®; g=(1+i)@,/(2v). Ecmu B cooTHOmeHusx (5) — (6) ma-
pamMeTpsl S U ¢ BBIPAa3UTh MO 3TUM (HOpMyJaMm, TO MOJIYUUTCS acHUM-

INTOTUYECKOE I10 Majoil BSA3KOCTH pelieHue 3aaadu (2) — (4), B KOTo-
POM T10JI€ CKOPOCTEH OMHUCHIBACTCS COOTHOIICHUSIMU

(u(lj,t)]z uEn ) (uUED), ()

v(ir,0) v @) \(VOE D
:—aa)()(']exp(kz)-exp(9)+K.C.; 9)

V7 2 1

ul 1 [ kJ2ve, (1+1)i S : 10

W T2 ke exp(g9)-exp(8)+K.C. (10)

S =i, —2vk*; o= s [ (11)

5, o,

3nech ¢, — XapakTepHas TOJIIHWHA MOTPAHUYHOTO ¢J10s1 o JIoHTeT-Xur-
ruHcy [122], onpenenstoias riyorHy, Ha KOTOPOH aMILIMTyAa poTopa
CKOPOCTH |0, v— 9 u| 1oJis cKkopocTeit (8) yMeHbIaeTcs B e = 2.73 pas.
Ecnu yyects, 4TO B peajibHbIX YCIOBUSIX MAJTOBI3KON KUJIKOCTH
TOJIIIUHA TOTPAHUYHOTO CJIOSE OOBIYHO MHOTO MEHBIIIE JJTMHBI BOJIHBI
0,0 A=2rx/k, To 3 hopmyisl (8) ciaeayer, 4To CTPYKTypa aHAJIUTH-
YECKOr0 BBIPAKEHUS ISl MOJISI CKOPOCTEN SIBISETCS TUINWYHOM IS
TEOPUHU MOTPAaHUYHOIO CJIOS: MOTEHIMaIbHAsl (OCHOBHAs) YacTh TeUe-
HUS TUTIOC BUXpeEBas (MOrpaHCiIoiHasA) YyacTh. JJisi HUKECIeMyOIIEro
CYIIECTBEHHO, YTO MOTEHIIMAIbHOE TEUYEHHE C KOMIIOHEHTAMH CKOPO-
ct u"”,v!”) urpaer BaxkHyI0 posib BO BceM 00beME, TOIIa KaK BUXpe-

Bas 4yacTh TeueHHs ¢ KommoHeHTamu u'”,v!? mpm mamoif BsizKocTH
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CYIIEeCTBEHHA TONLKO B TOHKOM CIIO€ BOJM3H CBOOOIHOH IOBEPXHO-
ctu. JleHCTBUTENBHO, AMIUTMTYA HOTEHIMATBHBIX KOMIIOHEHT IIOJIA
ckopocteil u'”,vl”) ymenpluaercs ¢ rIyOMHOI HPOMOPLHOHATLHO

exp(kz)=exp(z/271), a aMIUIUTyJa BUXPEBBIX KOMIIOHEHT CKOPOCTH

u¥, v ymenbmaercsa npu manoii BenuuuHe Kod(QGUIMEHTa KHHEMA-
TUUYECKOHN BSIBKOCTH (Korja Re(q)[] k) 3HAUUTENBHO OBICTpEe: MO 3a-

KOHY exp(Re(q)-z)=exp(z/6,) EeXp(Zw/a)O/zl/).

BuxpeBble KOMIOHEHTHI Nojs ckopocTei u', vl cTpemsarcs k Hymo B
npeznene v — 0 Ha mMo6oi ryoune. M3 HenpepsBHOCTH u'”, v crnemy-

€T, 4TO IIPU MaJON, HO OTJIMYHOM OT HYJS BA3KOCTU BUXPEBask COCTaB-
JSIOIAsl TEYCHUsI SIBJIAETCS Majol J0OaBKOW K OCHOBHOMY MOTEHIIM-
QTbHOMY JIBIDKCHHIO BO BCEM 00JIACTH TEUEHHUS, B TOM YHCIIC U B MPH-
MOBEPXHOCTHOM MOTPAHUYHOM cjioe. Takum 00pazoM, axe B 00JacTu
MOTPAHUYHOIO CJOSI OCHOBHYIO COCTABIISIOLIYI0 TEUCHHS] MAJIOBSI3KOU
KUJKOCTH CIIEAYET CUMATATh NOTEHIMAIbHOM. Hanuuue 3Ton cocras-
JSFOIIEN IBUKECHUS — TJIABHOE OTJIMYKE B TEYEHUHU KUIKOCTH BHYTPHU
MOTPAHUYHOTO CJI0sA, (popMUpYIOIIErocs BOJU3U CBOOOJHOW MOBEPX-
HOCTU (paccMarpuBaemasi CUTyalus), OT TEYEHHUS B MOTPAHUYHOM
cji0e BOJIM3M TBEPAOUN CTEHKH, KOTJ]a 3HAYUTEIIbHOCTh MOTEHIIMATBHOM
COCTAaBJISAIOLIEH ABUKEHUS 10 CPABHEHUIO C BUXPEBOM HE NMPUHUMAET-
csl BO BHUMaHue [127].

3. MoaeabHas 3aga4a. ChopMmynupyem MOACIBbHYIO 3a7a4y, KO-
TOpOU OyJIeM anmpoKCUMHUPOBATH TOUHOE petieHue (8) — (11) u koto-
pas noJjiyyaercs u3 3agauu (2) — (4) Ha OCHOBaHHMM TPEACTABICHUHN O
MOTPAHCIIOWHOM CTPOEHUU €€ pelieHus. {9 JOCTHXKEHUS 3TOU LIENn
OyJileM UCXOJUTh U3 MPEIOI0KEHUS, YTO BUXPEBask 4YaCTh MOJICJIbHO-
ro TEYCHUSI COCPEAOTOUYEHA TOJIBKO B MOTPAHUYHOM ITPUIIOBEPXHOCT-
HOM CJIO€ M POTOP CKOPOCTH MOJIEIbHOTO TE€UEHMs oOpamiaercs B
HYyJIb Ha HWKHEN IPAHULE 3TOrO CIIOA.

B ucxomHbix ypasBHeHMsX (2)— (4) ckopocTs U COCTOMT M3 IIO-
IPAHCIONHON (BUXPEBO) U OCHOBHOM (MOTEHIIMAIBHOW) COCTABIISIEO-
IMX ABMKEHHS. UTOOBI BOCIOJIB30BAThCA (DAKTOM MOTPAHCIOMHOCTH
CTPOEHHUSI PEIICHHMS], ITH JIB€ COCTABISIONINE HEOOXOUMO Pa3ieiiuTh U
ypaBHEHUS /ISl TOTEHIIMATIBHON COCTaBIISIONIEH peliaTh BO BCeil o0ac-
TH z <0, a ypaBHEHUS JJIs MIOTPAHCIONHON BUXPEBOM JOOABKH TOJIHKO B
y3KOM cJioe —0 <z <0. TonmuHy MOrpaHUYHOrO CJIosi 6 ToKa Oyaem
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CUMTATh OMPEJEICHHOM C TOUHOCTHIO JI0 MOCTOSTHHOTO MHOXKUTENS G U
B cootBeTcTBUU C (1), (11) yaoBieTBopsito1ieil COOTHOLIEHHUIO

0=G-2v/m,=G -9, (12)

Y MaJIOW MO CPABHEHUIO C JJIMHOW BOJIHBI O/ Al 1.

ByneM uckarh mone ckopocredl U(7,f), paspeliaroliee 3agady
(2) — (4) Ha ocHoBanuu TeopeMbl ['enbMronbia [132], B Bume cymep-
NO3UIMN MNOTCHIIMAJIBLHOTO U(p)(F,t) U BUXPEBOI'0 COJICHOUAAJIBHOI'O
U (#,t) TeueHmit:

z<0: UF0)=0" F0+U09F,0); (13)
z<0: UPF,0)=Ve(i,0); vio"“ =0,

~6<2z50:  VxU“(F,0)=Q(F, )= QF,1) ¢, ;

Q7 1) =0, v (F -0, u (7, 0).

3nech @(F,t) — CKaAPHBIA TUAPOAUHAMUYECKUN MOTEHIUAI OC-
HOBHOT'O TeueHHus; Q(7,f) — pOTOpP OIS CKOPOCTEM TEUEHHUS KUIKO-
ctu. U3 coneHonpansHoct U 1 ypaBHEHHUs Hepa3phIBHOCTH CIETY-
et, uto none U Toxe conenonnansHo: VIU"Y = Ap=0. U3 coneHou-
nansHoctH U, T.e. yenoBus 9 u'“+9.v¥ =0, crexyer cymiectso-
BaHME TNOTEHUWAIbHONM (QyHKUMU w(F,f) ¢ 1auddepeHunanTom
dy=v9dx-u9dz. Orxkyma u“=-0yw, v¥=0yw. Ilpu >10oM
Ay =9 v¥-9.u=Q. K o6eum yacTsM IMHEApU30BAHHOIO YpaBHE-

Husa HaBbe-Crokca (2) mpuMeHUM K YPAaBHEHHUIO ONEPAIUIO rof U MO-
Jy4YUM YpPaBHEHHE JJI OTHICKAHHS BUXPEBOM KOMIIOHEHTHI TEUEHUS

3.Q(F,1) -V AQ(F,1)=0.

OKOHYATETBHO MOJIYYUM OT/CIbHbIC YPABHEHUS i1 QyHKUMH ¢(F,t),

OTBEYAIOIIEH 32 OCHOBHOE MOTEHIMAIBHOE TCUCHHUE, U NI (QYyHKIUN
w(7,t), Q(F,t), 4epe3 KOTOPHIE ONMPEACIISIETCSA TMOTPAHCIOUHOE BUXPE-

BO€ JBW)KEHHE:
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z<0: Ap=0_@+d_@p=0; (14)

-0<z<0: 0,Q-vAQ=0; Q=Ay. (15)

B ypaBuenusix (15) pynkuust Q(7,¢) SBAsSETCS BCIOMOTaTEIbHOM.
N3 3TUX COOTHOIIECHWH TJIABHOE OIpeaeauTh QYHKIUIO w(7,t), MO-

CKOJIBKY BCE T'DaHUYHBIE YCJIOBHS Ha IpaHulle clod —0<z<(0 BO3-
MO>HO 3amucaTh B opMe, KOTOpasi COAEPIKUT TOJIBKO ¥ U HE COJep-
KUT Q. B TuHEHON 10 aMIUITUTYI€ BOJIHBI TEOPUH JJIsi CUCTEMBI (15)
CYILIECTBYET MPOIEAYpa UCKIIOUCHHUSI BCIIOMOTAaTeIbHOU (PYHKIIMU €,
onucaHHasi, Harpumep B [126], rae (15) cBoaUTCS K OJJHOMY ypaBHE-
HUIKO OTHOCUTEIIBHO W, OTBEYAKOUIEW 3a BHUXPEBOE [IBUIKECHUE,
Jd—vAy=0. OgHako mporeaypa Takoro yHpoIEeHHWs OCHOBaHA Ha

JUHEWUHOCTH ypaBHEHMH (15). B HenMHENHOM MO aMIUIUTYIE BOJIHBI
npuOamxeHu QyHKUUs Q(7,f) yIOBJIETBOPSICT HEIMHEWHOMY YpaB-

HeHuio 0,Q+(U-VU)-vAQ=0 [128]. B mape ¢ ypaBHeHHeM Ay =Q

oHO 00001maer cucremy (15) Ha 0OIIUI CiTyyald BOJTHOBOTO ABMKCHUS
C IMPOU3BOJILHOM aMIUIUTYA0U. HO I TakoM CUTyallMu HE CYLIECTBY-
€T MPOLEAYPhl UCKITIOUECHHUS U3 UMEIOIIEHCS Mapbl YpaBHEHUM (YyHK-
unu Q(7,t). Imess B BUAYy BO3MOXHBIE MOCIECAYIOIIME UCCIIEI0BAHUS

HEJIMHEMHOTO BOJIHOBOI'O JIBMJKEHHSI B BA3KOW KUJIKOCTH, B KOTOPBIX
aHaJOTMYHAas 3ajadya OyJeT pacCMaTpUBAThCS B HEJIMHEHHOW IMOCTa-
HOBKE, B HACTOAIIEM pPACCMOTPEHUU COOTHOIIEHUS Ha (PYHKIIUIO
w(7,t) ucronb3yroTres B hopme (15).

Teneps ydTeMm, UTO €CIM BUXpPEBOE (MOTPAHCIONHOE) TEUCHHE
COCPEMOTOYEHO TOJILKO B Y3KOM MPUIIOBEPXHOCTHOM CJIOE, TO KOMIIO-
HEHTBbI CKOPOCTHU 3TOr0 TEUEHUS IONEPEK MOTPAHUYHOIO CJI0S U3Me-
HSIOTCSl Ha XapaKTEPHOM JIMHEMHOM MaciiTade ¢, a BAOJIb CJI0S — Ha
XapaKTEepPHOM JIMHEHHOM MaciTabe, paBHOM JJinHE BOJHBI A. [1oaTo-
MY OTHOIIEHHWE MPOU3BOJHBIX OT 3THUX BEJIWYUH BIOJb Oz K MPOU3-
BOJHBIM BJIOJIb Ox UMEET NOpAHaoK [1 A/J. Mbl npuHsiu, 4to o6/ A0 1
ud—0npuv—0 (cMm. (1)). Orcrona mosrydaroTcsi OLEHKH

(¢ (©
v—0: 9,V —axxwuo(éjeo; Jd,u”|_ Do(éjeo.
A ‘8Zu(e) ‘ A

0.¥
d..y

o.v] 0w
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HecnoxHo caenats BbIBOJ, YTO MHTEPECYIOLINNA HAC KJlacc perie-
HUU JOJDKEH YIOBJIETBOPSTH YCIOBHIO

.V
3.y

v—0:

DO(a—zleo. (16)

['panuynbie ycnoBus (3) — (4) mpeBpaiaroTcsl B TpaHUYHBIE yC-
J0BUs HA QYHKIUHU @, ¥, Q, €CJIH YYECTh, UTO BXOJMSIINE B HUX KOM-
MOHEHTBI CKOPOCTH BBIPAKAIOTCSI U€PE3 BBEJICHHBIE CKAJISIPHbIEC (PYyHK-
Uy 1o hopmyiam

u'?) = 0.¢; v = 0.¢; u = —0.y; v = ov. (17)

Bo BTOpoe u3 cooTHomieHui (3) BXOAWT JaBJICHUE p HA YPOBHE
z=0. YToOBI 000OUTHCEH O€3 MOKCKA JABJICHUS BO BCEM 00bEME, JOIIOJI-
HUM TpaHUYHBIC YCJIOBUS Mpoekiuel ypaBHenuss HaBbe-Ctokca (2) Ha
ocb Ox. OHO BMeCTe AUHAMUYECKUM T'PaHUYHBIM ycioBueM (3) Oynet
comepxath GyHkimo p=p(t,x)=p(t,x,z=0), KoTOpas B mporecce
pEIICHHS] UCKITIOUYMUTCS. B MOJydYeHHOM COOTHOIIEHHWH HYXKHO y4YeCTb,
YTO ISl TOPU30HTAILHON KOMITOHEHTHI MOTEHITMATLHON YacT TeUCHUS

Bemonusercs ycioBue 9, u”+9_u” =Au” =A(0,0)=0, (Ap)=0.
Haxkownerl, mprMeM BO BHIMaHHE OOpaIlleHUE B HYJb POTOPA CKOPOCTH

Q Ha HWkHeW rpanuie cios. B pesynbrate (14) — (15) OyayT gomoi-
HEHBI TPAaHUYHBIMH YCIIOBUSIMHU

2=0: 0, —(vW+v!)=0; (18)
-pgé+p-2pv 8Z(V(”)+ V(e))+ 79.6=0; (19)

po, (u”+u")+0,p—pv(9, u+0. u"); (20)

2. (u"+u®)+a, (v”+v19) =0; 21)
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z=-5: Q=0; (22)

Z—>o00: u?” 50, v 0. (23)

CootHomienus (14) — (23) npencrasisitor co0oi GopMyTUPOBKY
MOJIETILHOM 3aJ1a4H, B KOTOPYIO MpeodpaszyeTcst ucxoaHas 3aaada (2) —
(4) Ha OCHOBaHUM TPEJCTABICHUNA O TMOTPAHCIONHOM CTPYKTypE €€
peuienusa. HecnoxkHO BUAETH, UTO B MIpeaesie d — o (HOPMyIUpPOBKa
MojenpHoM 3a1aun (14) — (23) moaHOCTBIO SKBUBAJICHTHA (POPMYIIH-
pOBKE HMCXOJHOW 3amauu (2)— (4), mepenrcaHHON 4Yepe3 BCIOMOra-
TEJIbHBIE CKAJSPHbIE PYHKUUU @, i, Q. 3HAYUT, PELICHUS] MOJEIBLHON

Y MCXOJIHOM 3aJay B MpeJesie o — o coBnagarT. Ho 3to yTBepxe-
HUE HE KOHCTPYKTHBHO. llermecooOpa3HO paccMOTpeTh BOIpPOC, MPHU
KaKOM KOHKPETHOM 3HAYEHHUM TOJIIAHBI MOTPAHUYHOIO CI0S & MOXK-
HO TOBOPHTH O OJIM30CTH PEIISHUH TOYHOTO M MOJEIBLHOTO.

4. Pemienue MojejibHOM 3aaaum. /11 HEU3BECTHBIX BEJIUYMH

E=&(x,t), p=p(xt), o=9¢(x,z,t), w=y(x,z,t) Gyaem UCKaTh pe-
IIIEHUE B BUJIE Oerymiei BOJIHBI ~ exp(6)

p
(2) |-exp(0). (24)
()

r(z)

[Toncrapnsist Beipaxkenue st ¢ B ypaBHeHue Jlannaca (14) u yuuThsi-

/
h

O ST
I

Bas (23), maiinem uto f(z)=a-exp(kz), rae a — HeompenenenHas
koHcTaHTa. [loacraBiss Beipakenue s Q B (15) ¢ yuyeTom rpanuy-
HOTO ycnosus (22), Haiinem 7 (z) :b-sinh(q(z+5)) , Te b — Heorpe-
JeJeHHass KoHcTaHTa. Teneps u3 BTOoporo ypaBHeHus (15), BbiOupas
pellieHre YJOBJIETBOpAOIIEe YCIOBUIO (16), MOKHO TMOJYyYUTh
h(z)= (b/q2 ) .sinh(q(z+6)). Hoxcrasnss >n Bepaxkenus B (24),

MPUXOJIUM K BBIPKCHUSAM JJIs1 HEU3BECTHBIX (PyHKIIHIMA
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a

B

B ) 03)

%Sinh(q(2+5))

O |9 T Yn
I

b-sinh(q(z+6))

[Toacrasmnss (25) B (17), a moy4deHHbIC BBIPAKEHUS B TPAHUYHBIE yC-
aoBus (18)-(21), moaydaeM CUCTEMY YeThIpEX JIMHEHHBIX OJTHOPOIHBIX
areOpanyecKnX ypaBHEHUN JIJIsl ONpeeNIeHUsI HEM3BECTHBIX KOHCTaHT
a, B, a, b, KOTOpas B MaTpU4HON (hOpME 3aITUCU UMEET BUJI

1k .
S 0 —k ?smh(qé‘)
—%wj 1 2pvk’ 212chosh(q§) o) (0
2 2 IB = 0 . (26)
_ S+v(k-q’) al| |0
0 —ik -ipkS -p cosh (kJ)
q b 0
k2+ 2
0 0 -2ik —(q—zq)sinh(qé')

VYcioBue HETPUBHAIBHON Pa3pelIiMMOCTH 3TOW CHUCTEMBI — oOparile-
HUE€ B HYJb onpeaenuTens Ko3Gh(PuIrueHToB pyu HEU3BECTHBIX o, f3,
a, b — IPUBOAUT K JUCTIEPCUOHHOMY YPaBHEHHIO

4pvi° (S+vk*)—g(p @} +(S-2vk"))anh (48) =0. 27)

[Tonaras cornacuo (12)
v=AO", A=68"w,[2G

U ompeenss pemreHue (27) ¢ TOYHOCTBIO J0 CllaraeéMbIX ~J°, HaXo-
UM, 910 S =iw, —2A8°k* =iw,—2vk®. VlHBIMU CcIIOBaMH, HE3aBHUCHMO
oT BbIOOpa 3HaueHus G B dopmyne (12) uccneayemoe BOJTHOBOE
JBUKEHUE B MOJICILHOM T€UEHUU TOIYUHSAETCS TIPU MaJlOl BSI3KOCTU
JUCIIEPCUOHHOMY COOTHOUIIEHUIO, KOTOPOE MOJY4YaeTCss B TOYHOM pe-
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meHuu. [Ipyu Takom 3HaueHUU S BhIpaXEHUE JJIsl TapaMeTpa g B Mpe-
nene MaJjou BSI3KOCTH pUMET BU/T
g=VNk>+S/v=(1+i)\J@,/(2v)=(1+i)/8,, uro comamaer ¢ (11).

Brimonnenue cootHoreHus (27) rapaHTHpyeT JIMHEHHYIO 3aBH-
CUMOCTh CHUCTeMbl ypaBHeHUU (26). IloaTomy koHCTaHTBI S, a, b
MOYHO BBIPA3UTh YEPE3 aMIUIUTY/Ly BOJIHBI ¢, OCTaBUB TPHU ypaBHE-
HUSI C HEHYJIEBBIM ompeaenuTeaeM u3 kodpduimenToB npu S, a, b.
B34B niepBoe, TpeThe U YETBEPTOE YPABHEHUS, MTOJTYUUM

coth(go)
PS(S(k2+q2)—2kq(S+v(k2—qz)))k(kz_qz)
’B k2+q2
a|=a S
b k(k —4 )
S 2ikf
sinh (gJ) (kz—qz)

Jlerko mpoBepUTh, YTO KOMIIOHEHTHI NMOTEHIUAIBHONW YaCTHU I10-
JIs1 CKOPOCTEN MOJICJIBHOM 3aiaul OMPEACISIOTCSA MO TeM ke (hopMy-
aaM (9), 4TO U KOMIOHEHTHI MOTEHIMAIBHOW YacTH MOJII CKOPOCTEH
TOYHOTO penieHus 3aaaun (2) — (4).

71 TOrpaHCiIOMHON YacTU PEUICHUsS MOJICIBHOW 3aJa4d II0JIYy-
yaroTcsi (GOpMyJibl, OTJIMUHBIE OT BbipaxkeHui (10) mst BUXpeBoit co-
CTaBJISIFOIIEH TOYHOTO IMOJIsI CKOPOCTEH B MPUONMKEHUM MaJOW BSI3-
KOCTH:

cosh(g(z+0o
ki(1+i)2ve h(g(2+9))
u) g sinh(J-q) .
=—« exp(St—ikx)+K.C. (28)
v ) 2 ,sinh(g(z+6))
-2
sinh(J-q)

3nech S U g Bbruucisitores no popmynam (11).

6. Ynpoumenue moaeabHol 3amaun. Marematuyeckas dopmy-
JUPOBKA MOJICJIbHOM 3a/1aun 0e3 yiiepOa Jjis BUjaa pelieHus B Ipe/ie-
JIe MaJIOM BSI3KOCTH MOXKET OBITh YIPOIIEHA C TTOMOIIbIO MOCTPOCHUH,
AHAJIOTUYHBIX TEM, YTO HCMOJIB3YIOTCS B TPAAUIUOHHOW TEOPUU TIO-
TPaHUYHOTO cJ0s [127] ¢ HEKOTOPBIM pa3IMYMEM B MPEIACTABICHUU O
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CTPOCHUU TEYCHUS B MOTPAHUYHOM CJIO€, CBSA3AHHOM C HaJIMYUEM
cBOOOIHOM moBepXxHOCTU. Hukecneayroiiee yrpolieHue OCHOBaHO Ha
OLICHOYHBIX PACCYKJICHUSIX, KOTOPBIE JIETKO MPOBECTH Aake 0e3 3Ha-
HUSI TOYHOTO pemieHusi. Ho aJist mpoBepKy MOJyYEHHBIX BHIBOJOB TaM,
r7I€ 3TO BaXKHO, IPOBOJAUTCS CPABHEHUE CBONCTB MOJCIUPYEMOTO pe-
IIIeHMS CO cBoMcTBaMu TouHoro (8) — (11).

Bocnosib3yeMcsi MajgoCThIO TOJIIIUHBI TTOTPAHUYHOTO CIOSL & TI0
CpPaBHEHHUIO C JUIMHOM BOJIHBI A. [lanmee B cymmax Buga = A+ B Oy-
JieM npeHebperaTh ciaraeMbIM B, ecimu B/ A0 O(5°/ A7)

2
A+B=A(1+%)=A 1+O(5] = 4.

s

Kak u npu BwIBOoAE oneHku (16), oTMeTHM, 4TO BUXpEBOE (I1O-
IrPaHCIONHOE) TEYEHHE COCPENOTOUYECHO TOJIBKO B y3KOM cioe. st oT-
BEYAIOIINX 3a ero omucanue ¢ynkmui y, Q, u'”, v” xapaxrepHblii
JUHENHBIA MacITad U3MEHEHUS UX 3HAYCHHUI paBeH: MOMepeK morpa-
HUYHOTO CJIOSl — €r0 TOJIIMHE &, a BIOJb CJIOS — JUIMHE BOJHBI A.
[ToaTOMy OTHOIIIEHHE MPOM3BOIHBIX OT ATHUX BEIMYUH BIONL Oz K
IPOU3BOAHBIM BAOJIb Ox MMeET Nopaaok [ O(A/J). Orcrona nomyya-

I0TCs OlIeHKH (cM. (16))
2 2

9V o[ 2|, 952 0[ 2],
J.y A d_Q A

zz

Torna B mpuHATOM NPUOIMKEHUU MOXKHO OMYCTUTh d Q U d_i B
(15).

Jlist Toro 4toOBl B mpenesie v — 0 ypaBHEHHUSI MOAEJIBHOTO TeYe-
HUA MEPEXOAWIN B YPABHEHUS TCUCHUS WJCATBHON KUIKOCTH, ypaB-
Henue Jlamnaca (14) nns moTeHUMANTbHON YacTH TEUEHHSI HY>KHO CO-

XpaHUTh 0e3 u3MeHenus. [losTomy s BenmuuuH ¢, u'”,v!” Bo Beeit

00JacTh TeYeHHUs (ake B MOTPAHUYHOM CJIOE€) XapaKTEPHBIN JUHEH-
HBIN MaclITad U3BMEHEHHS UX 3HAYEHUN OyJIeM CUUTATh OJIUHAKOBBIM,
PaBHBIM A, KaK U B ClIydae TeUEHHUS UJIeaTbHON KUKOCTH.

[Ipumem cnenyromiee corjalieHue O CTPOEHUH TE€YEHHUs B Morpa-
HUYHOM CJIO€ BOJIM3U CBOOOJHOM MOBEPXHOCTH. TedueHne COCTOUT U3
IJIaBHOM (MOTEHIMANIBHON) U 100aBOYHOM (BUXpeBOii) yacTeh. Bux-
peBast YaCTb TEUCHUS SABJISACTCS MaJOM, UCUE3AIOIIEH B IIpeeiie v — 0,
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J00aBKOM K OCHOBHOM 4YacTH TeueHHUs. /{711 OCHOBHOI 4YacTH IBHXKE-
HUSI XapaKTEpHbIM JMHEWHBIM MacmTad, Ha KOTOPOM H3MEHSIOTCS
KOMITOHEHTBI CKOPOCTH, OJJMHAKOB BO BCEX HalpaBieHUAX. [l BUX-
PEBOM YaCTH TEUEHHUS XapaKTEPHBIN JIMHEHHBIN MaciiTad, Ha KOTOPOM
VU3MEHSIOTCS KOMIIOHEHTbl CKOPOCTH B HAIPaBJICHUU, MNEPIIEHIUKY-
JIPHOM TOTPAaHUYHOMY CJIOK, PABEH TOJIIMHE CJIOSA, a4 BIOJb CJIOA
OIPENIENSAETCA XAPAKTEPHBIM TOPU30HTAJIBHBIM PA3MEPOM ITOBEPXHO-
CTHOT'O BO3MYILICHUS.

B cBsI3u CO CKa3aHHBIM B YIPOIICHHONW MOJIEJILHOM 3a/1a4€ B MPe-
JIeJIE MAJIOW BSI3KOCTU OCHOBHBIMHU YPAaBHEHUSIMU SIBIISIFOTCS COOTHO-
LICHUS

z<0: Ap=0; (29)

—0<z<0: 0Q-vd_Q=0, J_y=Q. (30)

JIJist yripoIiieHusl TPaHUYHBIX YCIOBUN TIPOBEAEM PsJl OIIEHOK OT-
HOCHUTEIBHO MOPSAJKOB BEIWMYHMH, BXOJAIIMX B T'PAHUYHbBIC YCIOBUS
(18) — (21). Bce Hmxkecnenyroomme OIEHKH TMPOBOJATCS HAa YPOBHE
z=0. 3HaK «L/»HUCTOJIb3yEeTCS KaK CUMBOJ OTHOIICHHS «CPaBHEHUE
10 MOPSAJIKY BEJIMUUHBDY.

[IprHMMas BO BHUMAHHUE COTJIAIICHUE O XaPAKTEPHBIX JIMHEHHBIX
MaciTabax, Ha KOTOPBIX M3MEHSIOTCS 3HAYEHUS KOMIIOHEHT OCHOB-
HOTO M TOrPaHCIOMHOrO TEUYEHUM, OyneM CIeoBaTh CIEAYIOINIMM
MpaBWJIaM OIEHKHU MPOM3BOJHBIX MO MPOCTPAHCTBEHHBIM KOOpJWHA-
TaM OT 3Tux BenuumH. g ¢, u'” ,vl?) Gynem momp3oBaTheca (hop-
MaJbHBIM MPABUJIOM MOCTPOECHUS OLIEHKU CPABHEHUS: 0 TEPEXOJIUT B
1/A u 0, nepexoaut B 1/A, Hanpumep 9 u'”’ I u'”/A. Jlna norpanc-
JNOMHBIX BenHuuH ¥, Q, u' vl nmpaBuIo oleHKM MPOU3BOAHBIX JPY-
roe: 9, nmnepexoaur B 1/A, a d, mepexomur B 1/5, Hampumep:
0, u“0u 4, HO 0. w9 0us.

3ametum, 4Tto ycnoBue (21) ¢ yderom ompeneneHuss (QPyHKIIMU
Q=0 _v—0d_u MOXHO Iepenucarb B BUIE

Q=28xV=28x(V(p)+V(e)). (31)
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[Iycts W — XapakTepHOE 3HAYEHHE CKOPOCTH MOTCHIMAIBHOTO
T€UCHUd Ha ypoBHE z=0. lIpy moTeHUMaITbHOM BOJHOBOM TE€UYCHUH
YaCTHUIbI )KUJAKOCTH JABUTAIOTCS MO TPACKTOPUSIM, OJIM3KUM K OKpPYXK-
HOocTsIM [126 — 129]. IloaTOMy TOpPHU3OHTAIBHYIO W BEPTHUKAIBHYIO
KOMIIOHEHTY CKOPOCTH MOTEHIUAIBHOTO T€UCHUSI OyJeM CUUTaTh Be-
JUYUHAMU OJTHOTO TTOPSAKA

(p) V(p)

oo, (32)

Yy

U3 (31), (32), ouenku o vllv/A u manoctu v B cpaBHeHHH C
v”) cremyer oneHka

QUWI/A. (33)

M3 ycnoBus COJICHOMAAIBHOCTH BUXPEBOM YAaCTH MOJSI CKOPOCTEN
(¢) (e) _ () (¢)
Jd.u’+d_ v’ =0 cuexgyer, yto d, u“[1d,v?. OTcroaa 10 NPUHATOMY
paBUly OLEHKH MPOU3BOIAHBIX OT MOTPAHCIOWHBIX BEJIUYHH UMEEM
COOTHOILICHHE

u

(e)
v o)
@0 [;) (34)

B cBs3u ¢ (34), enie pa3 npuMeHsisi IPaBUJIO OLICHKH MPOW3BOJIHBIX,
MOJIy4aem
() 2
9.V o9
az u(e) 12

3HauuT, B J€BOH YacTu cooTHOmeHHus Q=9 v'“—0_ u") rmaBHbIM sB-

JsieTCA BTOpOE cliaraeMoe, U mo3toMy Q[ u/ 6. CpaBHHMBAs ATy OLICH-
Ky ¢ (33) u (34), nonyuaem

(e) (e) 2
Ly o(é} Y 1o 5—2 . (35)
W A W A

13 omenkn 0, v~(6°/47)0,u n ompeneneHns Q Takke CIEIyeT,

yT0 (21) MOXHO 3amucaTh B APYroM BHUJIE:

137



z=0: azu(p)+28x(v(‘")+v(e))=0. (36)

Ecnu B (10) yuectb, 4TO KMHEMATHUYECKasi BSI3KOCTh V MPOMOP-
IIMOHAJbHA &°, TO HECIIOKHO YOCIHUTHCS, YTO OIEHOYHBIC COOTHOIIIC-
Hus (34) — (36) HEUCTBUTEIBHO BBIMOJHAIOTCS JII TOYUHO BBIUYUCIICH-

HBIX KOMIOHEHT u'” u v'7.

3a XapakTepHOE BpeMsi, B TECUCHUU KOTOPOTO U3MEHSIOTCSA (PYHK-
1M, BXOJIAIIME B 3a/1a4y, €CTECTBEHHO MPHUHITh T =@, ', TAC @, — Xa-
paKkTepHas NUKIWYECKash 4acToTa BOJHOBOIO JBMIKCHHUS B TIpeieiie
UJI€abHOM KUJKOCTH.

HecnoxxHo nokazatk, 4to B ycioBuH (19) B mpubimkeHnn Maaoi
BA3KOCTH MOKHO TIpeHeOpedb caaraeMeiM 2 pv 9. v, JleficTBUTENBHO,
u3 KuHeMaTtnueckoro yciosus (18), omenku (32) u manoctu v B
cpaBHeHun ¢ v”) umeem &1 W /@,. KpoMe TOro, BOCIIONBb3yeMCs TEM,
uro v @o°. Torma Jerko OICHUTh OTHOIICHHE CJIaraeMoro

2 pv 9. v') kKo BTOpoMy craraemomy seBoii yactu (19):

2pv o, v . ®,0° Z(J_Z]_ o (é_zj
pgs  gWim) o A) ¢

— e
[IpousBepcHUE BENWYMHBI MOpSaKa O°/A° Ha Malyl Jw,/g TpH

J — 0 Jaer BeIMUYHHY 0OJIee BHICOKOTO MOPSIKA MaJIOCTH, Y€M BEJIH-
ypHa ~ &/ A°.

AHaJIOTMYHBIM 00pa3oM MOXKHO YOETUThCS B BOBMOXKHOCTHU TIpe-
Hebpeun B (20) cnaraembiM pvd_u', cpaBHUBas €ro C IEpPBLIM Clla-

racMbIM 3TOI'O YCJIOBHA:

pvo_u . 0,0’ K(éj _(éT
po,u?” oW A 1)

A

[IpoBoasi aHAMOTWYHBIA aHAIW3 JJII BCEX OCTAJBHBIX CllaraeMbiX,
BXOJ/SIIIIMX B TPAaHUYHbBIC YCJIOBHUSA, MOXXHO yOEIUTHCS, YTO OHH, B
paMKax BBIOPAHHOTO TIPUOIMKEHUS, TOJKHBI OBITH COXPAHEHBI.
Colupasi Bce COOTHOIICHUSI YITPOIIEHHOW MOJIEIBHOM 3a7ja4H, TO0-
Jy4YUM MaTeMaTU4YeCKyI0 (HOpPMYJIHUPOBKY MOJICIBHOM 3aJaud, KOTopas
MOJTyYnyIach B pe3yJIbTaTe MPUMEHEHUS TEOPUH MOTPAHUIHOTO CJIOS:

z<0: Ap=0;
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-0<z<0: .¥=Q; 0Q-vd_Q=0.

z=-8: Q=0 uwW=0¢; vW=0¢; u=-0y; v9=0uy;

z=0: atf—(v(p)+v(e))20; —pgé—p-2pv 8Z(V(p))+78xx§=0;
po, (u?+u)+9,p-prva_ u"; 0.u?+20, (v7+v!)=0;
Z—>o0: u” 50; vi” 0. (37)

B ¢dbopmynnpoBke ynpouieHHON MOJENbHOM 3aaul OTCYTCTBYET yC-
noBue (16.). ITo He 03HAUYaAET, YTO OHO HE yuuThIBaeTcs. [IpocTo oHO
OBLJIO MCMOJB30BAHO HA ATale yIPOIICHUs] YPaBHEHUH, U ISl UCKO-
MBIX PEIICHUN BBITIOJIHSIETCS.

7. Pemienue ynpoumeHHoW 3amaum. [IpuHuun pemieHust ympo-
IIIEHHOW MOJIebHOU 3a7auM (37) TakoH ke, KaK y MOJACIbHON 3a/1aun
(14) — (23). Ho o0bem BbIYMCIIEHUM 3aMETHO MeHbIe. OTiau4yue co-
CTOUT B TOM, YTO JIPYTUM IOJIYy4aeTCsl ABHBIA BHJ Iapamerpa ¢, a

BMeCTO (26) moay4aeTcsl CHCTEMa YpaBHEHU

S 0 —k %sinh(qﬁ)
q
Ly 1 2pvk? 0 a) (0
k 2 B |
S—-v ol
0  —ik —ipkS —pwcosh(ké') 4119
q b 0
2k° +q°
0 0 2ik’ —(—zq>sinh(q§)
q

JucnepcoHHOE ypaBHEHUE IIOCIIE COKpAIlleHHs Ha ik psinh(qd) npu-
HUMAaeT BU]I

(S+2vk?) + @} =0,
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U B NIPUOIMKEHUN MaJION BSI3KOCTH M3 HETrO IMOJIYYarOTCS U3BECTHBIC
cootHomieHus (11). Beiuncienne KOMIOHEHT OISl CKOPOCTEW B MpH-
OJIM’KEHUM Majioil BSI3KOCTH MPUBOIUT K IMPEKHUM COOTHOIICHUSIM:
(9) — nng moTeHUMaNBHON YacTu TeueHus u (28) — s BUXpeBou (mo-
rPaHCIONHON) YacCTH.

[Tonyuunock, 4TO B MpUOTUKEHUN MAJIOW BA3KOCTU TIPU MOJIEIIH-
pOBaHMM pelieHus 3aaauu (2) — (4) ¢ MOMoIIbIO 3a7a4u, B KOTOPOM
BUXPEBOE JIBU)KEHUE COCPEAOTOUCHO B MOTPAHUYHOM CJIO€ TOJIIUHOU
0, 06e3 ymiepOa /i Bujga (UHAIBHBIX BBIpAXKEHUNH MOMXKHO HCIIOJIb30-
BaTh HE TOJHBIC YPABHEHUS U IPaHUYHbBIC YCIOBUS MOJCIBHOMN 3a1a-
yn (14) — (23), a ynpouieHnbsie ypaBHeHus (37). YpolieHHbIE ypaB-
HeHus nojrydarorcs u3 (14) — (23) ¢ moMoIIb0 TEOPUH MTOTPAHUYHOTO
cJ10s1, MOAUGUIIMPOBAHHON JIJIsi pacyeTa TeUEHUs BOJIU3U MOJABUKHOU
CBOOOJIHOM TOBEPXHOCTU KUAKOCTU. B oTiamyme oT Teopuu morpa-
HUYHOTO CJI0s1 BOJIM3M TBEPJIOM CTEHKH, B TEOPUU MOTPAHUYHOTO CIIOS
BOJIM3U CBOOOJHON MOBEPXHOCTHU HY>KHO YUUTHIBATH 3HAYUTEIHLHOCTD
MOTCHUUAIIBHOM COCTABIISIONIEH TEUEHUS B TOIrpaHUYHOM cioe. [Ipu-
YeM Ha KOMIIOHEHTBI 3TOW COCTABIIAIONIEW HE PACHPOCTPAHSAIOTCS YII-
POIICHUS TEOPUHU MOTPAHUYHOIO CJIOSI, OCHOBAHHBIC HA YTBEPKICHUU
O MaJIOCTH MNPOU3BOJIHBIX OT KOMIIOHEHT CKOPOCTH BJIOJb CJOSI MO
CPaBHEHHUIO C TPOU3BOJHBIMU OT TE€X € KOMIIOHEHT MOIEPEK CJIOA.

8. [Toa0op TONMMHBI MOTPAHUYHOIO ¢J1051. He3aBucuMO OT BBI-
oopa ypaBHeHHi MozenbHOU 3amauun (14) — (23) unu (37) B npenene
MaJjioil BA3KOCTU MOJYYHIIUCh COOTHOIIEHHUS, KOTOPBIE OTJIMYAIOTCS OT
petennii (8) — (11) ucxoanoit 3agaun (2) — (4) TOJIBKO B BBIPAKECHUSIX
JUIsl KOMIIOHEHT CKOPOCTHU TIOrpaHcloiiHoi go6asku u', vi: BMecTo
(10) momyumnuce cootHomenus (28). Mccnaeayem, HACKOIBKO XOPOIIO
cooTHomieHus (28) anmpokcumupyroT BeipakeHus (10) B 3aBucumo-
CTH OT 3HAUCHMS TMapaMmeTpa J, a KOHKpPETHEE OT 3HadyeHus Oe3pas-
MepHOTo napamerpa G B opmyiie (12).

PactsiHeM BepTUKaIBHYIO KOOPAUHATY B 6 pa3 NepHEHAUKYISIPHO
MOTPAHUYHOMY CJIOIO:

[1=z/6. (38)

Cornacio (11)—(12) B nDpuONMKEHUH MaJIOMl  BA3KOCTH
q=(1+1)/8, =G(1+1)/6. TloaTomy, yunTbiBas, (38) MOXKHO 3amucaTh

gz =G(1+1)I1; g0 =G(1+1); q(z+8)=G(1+i)(1+11);
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vg=v(1+i)G/S = |va, (1+1)/~2 . Takum oGpasom, uepes pacTsy-

TYIO BEPTUKAJIbHYIO KoOopAuHATy (38), KoTopas paBHa HYJIO Ha YpOB-
HE z=0 W MUHYC €JMHUIIC Ha IPaHUIle TOTPAHUYHOIO CJIOSl, COOTHO-
menus (10) u (28) MOXKHO nepenucaTh B BUJIC

[uq:ia{ k20, (1+i)ieXP<G(1+i)H))exp(6’)+K.C.; (39)

v 2 —2vkzexp(G(1+i)H)
u) 1 kv, (i+1)i F(G,I) .
[Vfﬁ} B 50{ v ®(G,TT) exp(0)+K.C.; (40)
~ cosh(G(1+1)(1+11))
Flem= sinh (G(1+1)) (41)
o(G,m) = S(G (L) (1+1T)) W)

sinh (G(1+1))

3Be3704YK0N 0003HAYEHBI KOMITIOHEHThI TOTPAHCIOMHOW J0OaBKHU
K OCHOBHOMY TIOJIFO CKOPOCTEH, pacCUMTHIBAEMBIC M3 PEIICHHS MO-
JNEIbHOW 3aJauu, a JJIsi KOMIIOHEHT TOYHOro peuieHus (2) — (4) co-
XpaHEHO MpeKHee 0003HaYCHUE.

N3 (39) crnenyer, 4TO TOYHOCTh ANIPOKCUMHUPOBAHUS (PYHKIIMI
w9, v pyrkmmamu v, v\ npu GukcHpoBaHHOM 3HAUEHHHU TapaMeT-
pa G =G, IOJIHOCTBIO ONPEHACIIICTCS TEM, HACKOJIBKO TOYHO 3aBUCH-
MocTh 7], (IT) =exp(G, (1+i)I1)  anmmpokcumupyeTcs GyHKIHAME
F, () =F(G,,IT) n ®, =®(G,,TT) Ha npoMexxyTke —1<TT<0. Bplisic-

HUM, HACKOJBKO OJIM3KW 3TH (PYHKIIMU TPHU TOJIIMHE MOTPAHUYHOTO
cios, onpenensemMor 1o Jlonrer-Xurruncy [122], T.e. korna 6=9,,

yTo cornacHo (12) o3Havaet BbIOOp G =1.

Ha puc 1. a-b mokazaHo, kak BeAyT ce0si ACHCTBUTEIIbHBIC U MHU-
MbI€ YacTH CpaBHUBAaeMbIX (DYHKIMI Ha MpoMexyTke —1<I1<0. U3
TUX PUCYHKOB BHHO, 4TO TPU G =1 3aBUCUMOCTH JEHCTBUTEIHLHON 1
MHUMOM dacTtedt pyHkumu (41) u (42) ot mapameTpa IT 3aMETHO OTJIH-
YaKOTCS OT JICHCTBUTENBHOH M MHMMOH yactu GyHKImn exp( (1+i)IT)
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Ha BCEM MPOMEXYTKE —1<I1<0. B 4acTHOCTH, MOJEIBHOE PEIICHUE
IIPOTHO3UPYET YMEHBIIEHUE BEPTUKAILHOW KOMIIOHEHTBI CKOPOCTH Ha
HIKHEN TPAHULE CJIO0S 10 HyJA, @ HE B e~ 2.7 pas3a, KaKk B TOYHOM pe-
mennu. KpoMe Toro, Ha BEpXHEW TpaHMIE CIOS AlMPOKUMHUPYIOIIAs
byHKIMS u!¥ umeer 3aMCTHYIO HECHYJICBYIO OTPHULATCIBHYIO MHUMYIO

gacTh (cM. moBefenue Im(F(1,IT)) Ha puc. 1b), 4To O3HAYAET HaNMMYKeE

B 3aKOHE SBOJIIOLMU BUXPEBOTO JABMXXEHHS (ha30BOTr0 CABUIa MO OTHO-
IIIEHUIO K BOJIHOBOMY BO3MYIIIEHUIO &. J[[pyrumu ciioBamu, Npu Moje-
JUPOBAHUN BO3HHUKAET (PMKTUBHBINA 3P(HEKT HAIUUMSA KOHEUYHOI'O Bpe-
MEHH — PEJIAKCALUH — XapPAKTEPHOTO BPEMEHH, B TEUEHHE KOTOPOIO
BUXPEBOE JBMKEHUE HA BEPXHEH IpaHUIIEC CJI0 pearupyer Ha U3MeHe-
HUS, IPOUCXOAAIINE HA CBOOOIHON MOBEPXHOCTH. B TOUHOM peliieHnu

Taxoro sddexra mer: Im(exp((i+1)I))=0 mpu M1=0.

- 0.6

Re(f([ 1))

0.4

~ -
-
~ -
-~ -
-~
-
I R
r-0.2

— e Im(f([1))

. o —

Puc. 1.
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Takum 00pazoM, Mpu BBIOOPE TOJIIMHBI MOTPAHUYHOIO CJIOS 1O
JloHreT-XWrTuHCY NPEICTaBICHUE O CYLIECTBOBAHMHM BUXPEBOTO JIBH-
KEHUS TOJIBKO B MPUIIOBEPXHOCTHOM CJIO€ TOJIIMHOM &, NPUBOAUT K

CYIIECTBEHHBIM OLIMOKAM: MPU MOJEIMPOBAHUN TE€UCHHUS IMOIY4aAIOTCS
HEBEPHBIC 3HAYEHUS JIJI1 KOMIIOHEHT CKOPOCTEH BUXPEBOM COCTaBIISIO-
HIei TeYEHUsI U MOSBISAETCS (PUKTUBHBIN pelakCallMOHHbIN 3P QeKkT. ITn
OIMOKY MOJIEIMPOBAHUS MPUHIUINHUAIBHBL B CUTYallMd, KOIJa pac-
CMaTpUBAaEMbI METOJ MOJEIIMPOBAHMS TPUMEHSAETCA JUIS pacyeTa
BJIMSIHUS Ha JIBUYKEHUE CBOOOJHOM MOBEPXHOCTH PEIaKCAIMOHHBIX A(-
(exToB (penakcaiyu 3apsaa, TOBEPXHOCTHO-aKTUBHBIX BEIIECTB U T.I1.),
BBH/ly MX YYBCTBUTEJIBHOCTH K IIOBEJICHHUIO IOJII CKOPOCTEW HEMOCPE-
CTBEHHO B MPUIOBEPXHOCTHOM 00sacTu Teuenus [ 123 — 124].
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0.2
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Ha puc. 2 — 4 nocTpoeHbl 3aBUCHMOCTH JICHCTBUTEIBHBIX M MHH-
MBIX dacTell GyHKImi exp(G(i+1)I), ®(G,IT) u F(G,IT) Ha mpoMme-

KyTke —1<I1<0 Opu pa3nuyHbIX 3HaueHud G=3 (puc.2), G=4
(puc. 3) u G=5 (puc. 4). U3 pucyHKOB BUJHO, YTO IIPH YBEIUYCHUU
3HaUYCHHUS G pa3HUIla MEXKIy paccMaTpUBaeMbIMU (DYHKITUSIMH OBICT-
po yMeHbIIaercs. TodHee roBOpsi, YMEHbIIAeTCs aOCOIOTHAs TMO-
IPELIHOCTb, C KOTOpoi GpyHkuuu &(G,IT) u F(G,I1) MOJEIBHOIO pe-
meHns (40) annpokCHMHUpPYIOT GyHKIHMIO exp(G (i+1)I1) To4HOrO pe-

meHus (39).

-0.1
o M
-1.0 ~0.8_-0.6 -0.4 -0.2 0
--0.1
Im(f([ 1))
--0.2
--0.3
b)
Puc. 3.
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Im(f([ 7))

L -0.1

b)

Puc. 4
Puc. 1 — 4. CpaBHeHHE 3aBUCUMOCTH aMIUTUTYAHBIX MHOKUTEJIEH IIPH MTEPUO-
JMYECKOM YacTh BOJIHOBOTO penieHust ot 0e3pazmepHoit riyouns! I1: Tounoro
(0003HAYEHHOTO CIUIOIIHOW JUHUEN) U MOJEIbHBIX (0003HAYEHO MYHKTUPOM
JUTSI TOPU30HTAIILHOM KOMITOHEHTBI CKOPOCTH U IUTPUX-ITYHKTUPOM JIJISl BEPTH-
KaJIbHOM ) MOCTPOCHHbBIE TPH PA3JIMYHBIX 3HAUEHUAX Kodpdunmenta G .

Crutomsast munnst cootsercrsyer Gynxumn f (IT)=exp((1+1)G-I1),
nyrakrup — f (I1)=®(G,I1), wrpux-nyskrup — f (I1)=F(G,I1).
PHCYHKH C MHIEKCOM «a@» COOTBETCTBYIOT I€HCTBUTEIBHBIM YaCTAM

KOMIUIEKCHBIX aMILTUTYIHBIX MHOKHUTEJIEH,

PUCYHKH C UHACKCOM «b» — MHUMBIM.
Puc. 1. G=1. Puc. 2. G=3. Puc. 3. G=4. Puc. 4. G=5
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PacdeTsl MOKa3bIBalOT, YTO MOTPEIIHOCTh ANIPOKCHUMALMH, I10-
HUMaemasi B CMbICJIE a0COJTIOTHOrO 3HAYEHUSI MAKCUMAJIBHOTO OTKJIO-
HEHHUS anmpOKCUMUPYIOMNX (PYHKIHUN OT TOUHOM BEJIMYMHBI, TOCTH-
raeT MakCUMyma Ha HWXHEHU rpanuile cios npu I1=-1. Ha Oonpiei
JacTH NOTrpaHUYHOro cjios 0.8<II<0 3Ta MOrpeIHOCThL IIpU G =4
MIPUMEPHO Ha MOPsAIOK MeHbIe (cM. puc. 3 — 4). Ilpu 3HaueHun G =4
CpaBHEHHME JICHCTBUTENBHBIX YacTeil GyHKumit exp(G (i+1)I1), @(G,II)

1 F(G,II) (puc. 4a) oOHapyKHMBaeT MOrPEIHOCTh =~ 0.01, a CpPaBHEHHE

MHHMMBIX YacTed 3TuX (DYHKIUM MPUBOJUT K TOTPEIIHOCTH =0.03.
[Ipy G<4 COOTBETCTBYIOLIME MOTPEIIHOCTH  YBEIUYHBAIOTCS
(em. puc. 1 — 2), a npu G >4 ymeHblnarorcs (cM puc. 4 Ha KOTOPOM
pa3Iuuusl MEXJIy KPUBBIMHU MOpsAJKa TOJIIUHBI JuHuK). C ompexe-
JIEHHBIM 3aI1aCOM TOYHOCTH MOYKHO YTBEpXIaTh, UTO MpU G =4 abco-
JIIOTHAsI IIOIPEIIHOCTb, ¢ KOTOpoM (GyHkuuu & (4,I1) m F(4,I1) an-

NIPOKCHMUPYIOT yHKIMIO exp(4(i+1)IT), He npeBbimaeT 5% OT 3Ha-
YeHHs 3TOH QYHKIMH Ha BEpXHEil rpaHuIle cios: exp(4(i+ 1)1‘[)‘“_0 =1.

PaccmarpuBas ctpoenue MojaeiabHbix (40) u Tounbix (39) BbIpa-
YKEHHM, HECJIOXKHO 3aKJIIOYUTh, UYTO AHAJTOTUYHOE YTBEPKICHUE UMEET
MECTO OTHOCHUTEIBHO XapaKTepa anmnpoKCUMalMd COOTHOILIEHUH (29)
BoIpaxeHusiMu (30). Tak, mjisi TOPU30OHTAIBHON KOMIIOHEHTBHI CKOPO-
CTH UMEEM

u—ul? =Au" :%ak 2vaey, (1+1)i AD exp(6)+K.C.;

A® = AD(G,IT) =exp(G(1+i)[1)-@(G,IT).

Otcrona Ha ocHOBaHUU (39) U BBITTOJTHEHHBIX OIIEHOK MOJIy4aeM

[AD)
‘exp(G(l +i)H)‘

= |A®| = |[Re(AD)’ + Im(AdD)’ ~

~~0.01% +0.03% = 0.03.

Takum 00pa3zoM, MOXKHO YTBEPXKIaTh, YTO MOJICJIbHBIE BbIpaXKe-
HUS 711 BUXPEBBIX KOMIIOHEHT Tojsi ckopoctei (40) mpu BbIOOpE
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3Ha4YeHUs G =4 anmnpoKCUMHUPYIOT TOYHbIE KOMIIOHEHTHI (39) Buxpe-
BOM COCTAaBJISAIOIIEH IMOJISI CKOPOCTEH C MOrpelmHocThio He Oosee 5%
OT 3HAYECHUs OTUX KOMIIOHEHT Ha BEPXHEW TPAHULE CJIOsS. TOYHOCTH
armpoOKCUMAlMY YBEJIIMYMBAETCA C POCTOM 3HAYEHUM G U yMEHbIIA-
€TCS IIPU YMEHBIICHUU G .

MoHO yTBEpKAaTh, UTO 3HAYEHUE G =4 — 3TO TO 3HAYEHHUE, Ha-
YUHAas ¢ KOTOPOTO TOJIIKMHA MOTPAHUYHOTO CJI0SI 0 =G - §, MOXKET OBbITh

NpUHSATA 3a IIyOHHY, HA KOTOPOW BUXPEBOE JIBUYKEHHUE, TTOPOXKIaEMOe
JBIKEHUEM CBOOOJIHOM MOBEPXHOCTH, CYIIIECTBEHHO MojaniieHo. Ha
riyouHe 0osiee 4eM ¢ OHO HACTOJIBKO HE3HAYUTENBHO, UTO MPU U3ME-
HEHUU MOJHOW (POPMYJIMPOBKU 3aJ1a4M pacyeTa TeUeHUs: Ha (HopMyIu-
POBKY C JOMOJHUTEIbHBIM YCIOBUEM MCUYE3HOBEHUS POTOPA CKOPOCTH
npu z<¢, pelieHre U3MEHEHHOM 3a/1auM ¢J1a00 OTIUYAEeTCs] OT TOUHO-
ro: OlIMOKA JIGKUT B MpeJiejaX HECKOJIbKUX MPOIEHTOB OT 3HAYCHUS
BUXPEBOM KOMIIOHEHThI CKOPOCTHU HAa BEPXHEU rpaHuIIe CIIOSI.

9. 3akiouenne. Teopus MOTPAaHUYHOTO CJIOSI MOXKET OBITH C yC-
MEXOM HCIIOJIb30BaHa JJIsi aHAJIMTUYECKOrO pacdyeTra TEYCHHUH >KUJKO-
CTH, CBSI3aHHBIX C KalWLISPHO-TPABUTAIMOHHBIMU BOJIHAMHU Ha CBO-
00JTHOM TIOBEPXHOCTH MAJIOBS3KOU KUIAKOCTH. Ho mpu »3TOM HEoOXO0-
JUMO TNpPUHUMATh BO BHHUMAHHE, YTO XOpollee NPUOIMKEHHE K
TOYHOMY PEIICHUIO MOXHO IMOJYYHUTh TOJBKO MNP JOCTATOUYHO OOJIb-
X TOJIIHMHAX MOTPAHUYHOIO CJIod (HE MEHEE 4YeM B 4YEeThIpe pasa
OOJIBIINX TPATUIIMOHHO MCHOJIb3yeMbIX). CTpyKTypa MOojsi CKOPOCTEH
TE€UEHHUS KUJIKOCTU B MOTPAHUYHOM CJIO€ BOJIM3U CBOOOJIHOM MOBEPX-
HOCTH OTJIMYAETCSd OT CTPOEHUS MOTPAHCIOWHOIO TEYEHHUS BOJIM3U
TBEPJION CTEHKU: MPU HAIMYUKU CBOOOTHON MOBEPXHOCTH MUMEETCS I10-
TEHIIMAJIbHOE T€YCHUE, TOMUHUPYIOIIEE BO BCE 00JIACTU IBUKEHUS, B
TOM YHUCJIE U B HOTPAHUYHOM CJIO€; B CAMOM MOTPAHUYHOM CJIO€ Ha M0-
TEHIIMAJIbHOE TEUCHHUE AJIUTUBHO HAKJIAJBIBACTCS BUXPEBOE; OJIHAKO
BBIBOJIbI KJIACCUYECKOW TEOPUHU MOTPAHUYHOIO CJIOSi O OBICTPOM H3Me-
HEHUM KOMIIOHEHT CKOPOCTH B HAIPABICHUM, MEPICHINKYISIPHOM
IPaHUIIE 110 CPABHEHUIO C UX M3MEHEHUEM BIOJIb TPAHMUIIbI, CIPABE-
JIUBBI TOJIBKO JIJIS1 KOMITIOHEHT TOJIsl CKOPOCTEW BUXPEBOTO JIBUKEHUS U
HEMPUMEHUMBI K KOMITIOHEHTaM MOTEHIIMAJILHON YacTU TEYEHUSI.
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4. UuTepnrogus. Nepnoanyvyeckmne BOSHbLI
Ha NOBEPXHOCTU OOAHOPOAHO 3apPSAKEHHOMN
LUNUHOPUYECKON CTPYUN HECXKUMaAEeMOU
xXunakoctu. [lpobneHne 3apsKeHHbIX CTPYMH

1. SIBneHHUIO HEYCTOMYMBOCTH 3apSKEHHOM NMOBEPXHOCTH YKUJIKO-
CTH M DJIEKTPOJIUCIIEPTUPOBAHUIO JKUIKOCTEH TOCBAIIEHO OOJBIIOE
KOJIMYECTBO MyOJMKAIMi B CBSI3M C MHOTOYMCIICHHBIMU aKajeMuye-
CKMMH, TEXHUYECKUMHU W TEXHOJOTHMYECKUMU MPUIIOKECHUSIMU, Ha-
npumMep 0030psI [5, 98 — 99,100 — 105, 133 — 135], B KOTOpBIX IIpo-
aHAJIM3UPOBAHO COCTOSIHUE MCCJIEAOBaHUN B pa3NuWyHBIX cepax uc-
MOJIb30BaHUs 00CyxaaeMoro siBjieHusl. CiaeayeT oOpaTUTh BHUMaHUE
Ha IIMPOKOE MPAKTUYECKOE HCIOJIb30BaHUE (PEHOMEHA MpHU MOoTyde-
HUU TOPOIIKOB TYTOIUIABKMX METAJIJIOB, B XMMUYECKOW TEXHOJIOTHUU
IIPU PACTIBICHUH $IOXUMHKATOB U JIAKOKPACOYHBIX MaTepHUajoB, To-
pPIOYETO B PEAKTUBHBIX JBUTATENSIX B PEAKTUBHOM KOCMUYECKOMN TEX-
HUKE, dJIEKTpoKaruiecTpyiHol neyatu. OH Takke CBsA3aH C pa3paboT-
KOM HOBBIX CPEJCTB MacC-CIIEKTPOMETPHUUECKOTO aHAIN3a HEJIETYyUHnX
U TEPMUYECKH HECTAOMIIbHBIX KUIKOCTEH.

HecmoTpst Ha oOuue TeOpeTUYECKUX U HKCIIEPUMEHTATBHBIX pa-
00T MO M3YYEHUIO HEYCTOMUYUBOCTHU JBHXKYIIIEHCS CTPYHU KUJIKOCTH U
IpoOJeHUs €€ Ha OTAC/bHBIC KaIlJld, MHOTO€ B (PU3HMKE MPOUCXO/Is-
IIMX B MPOIECCaX OCTAETCS JI0 CUX IMOpP HE BBIACHEHHBIM M IIO-
MpexHEeMY MPUBJIEKAET BHUMaHUe uccieaonareneid. CkazaHHoe, B Ya-
CTHOCTH, OTHOCUTCSI K aHaJIU3y YCTOMYHMBOCTH HEOCECUMMETPHUYHBIX
MOJ OCUWUISILUA CTPYH, M CBA3AHO 3TO C TEM, YTO OOJIbIIAsl YacTh
MPOBEJICHHBIX K HACTOSIIIEMY BPEMEHHU HCCIICIOBAaHUI ObLIa HaIpaB-
JIEHa Ha MOJIyYE€HHE MOTOKOB MOHOAMCIIEPCHBIX Kamenb [135 — 139].
Tem He MeHee (eHOMEH pacmaja Ha Kamid HEOCECUMMETPUYHBIX
CTpPYH, BBIOpACHIBAEMBIX C BEPIIMH CBOOOJHO TMAJIAIONIMX Kallelb
[140] 1 MEHHUCKOB )UJKOCTH Ha Toplax Kanusapos [141 — 145], npu
peanuzanyu UX HEYCTOMYMBOCTU MO OTHOIICHUIO K MTOBEPXHOCTHOMY
3apsiAy ObUT TaBHO M3BECTEH. I TONBKO B MOCIEIHHUE TOJbI BHIMOJIHE-
HO HECKOJBKO PabOT MO HMCCIENOBAHUIO B JTUHEWHOM MPUOIMKCHUU
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YCTOMYMBOCTH 3APSIKECHHBIX CTPYH OTHOCHUTEIBHO MPOU3BOJILHBIX HE-
OCECUMMETPUYHBIX BO3MYyIeHUN [ 146 — 148].

Haubomnee naTepecHbie padOThI, MOSBUBIINECS B MOCIEIHEE Bpe-
Msl, OPUEHTUPOBAHBI HA HCCIIEIOBaHUE HETUHEUHBIX 3(PHEeKTOB, CBS-
3aHHBIX C OCHWUISIUAMU CTPYH U JpOOJICHMEM UX Ha Karuiu (CM., Ha-
npumep, [149 — 164] u ykazannyto tam autepatypy). OJHaKO JUIIb
IATh MOCTAETHUX U3 IEPEYUCICHHBIX PA0OT OTHOCATCS K HEJIMHEHHBIM
OCHWJUISIUASIM 3apsIAKEHHOW CTPYH, OCTAIbHBIE PACCMATPUBAIOT HEIIH-
HEWHbBIC MPOOIEMBbl OCHUIIISALMN U APOOICHUS HE3apsHKEHHBIX CTPYH,
4YTO TEM HE MEHEE BaXXHO, ITOCKOJIbKY MHOTHE MPOOJIeMbl HEJTUHEUHOM
YCTOMYMBOCTHU 3apsi’KEHHBIX W HE3APSIKEHHBIX CTPYH OJWHAKOBBI, H
MIOKAa B 3TOM BOIIPOCE MCCIEAOBATENN HAXOAATCA HA CTAAUN HAKOILIE-
HUSI DKCTIEPUMEHTAJIBHBIX U TEOPETUUECKUX JTAHHBIX.

2. BriepBpie 3amadya TEOPETUYECKOTO AHATUTHYECKOTO HCCIIENO-
BaHMS YCTOMYMBOCTU OECKOHEUHOI'O IMUJIMHIAPUYECKOTO CTOJ0A KU/I-
KOCTH TMOJl JACHCTBUEM KaNWJUISIPHBIX CUJI OblIa perieHa Paneem
[165 — 166]. B cBoux paboTax OH ONMUpPAJCS HA IKCIICPUMEHTAIIbHbBIC
ucciegoBanusa Casapa [167], B KOTOpbhIX OblIa MOAPOOHO H3ydeHa
(heHOMEHOJIOTUSI paclajaroiecss CTpyH, B YaCTHOCTH, TTOKa3aHO, YTO
JUIMHA HEPACTaJAONIEHCA YacTH CTPYH 3aBUCUT OT BUJA HAYAJIBHOIO
BO3MYUIEHHUS. BbUIO yCTAHOBIIEHO, YTO CTPYSI KHAKOCTH, MTOABEPKEH-
Hasi CHHyCOMJAJIbHOMY OCECUMMETPUYHOMY BO3MYIIECHUIO, C JJIMHOU
BOJIHBI, IPEBBIIAIONICH JJIMHY OKPY>KHOCTH, OrPaHUYUBAIOIIEH ceue-
HUE CTPYH, HEYCTOMYMBA [0 OTHOLIEHHIO K ’TOMY BO3MYIIEHHUIO, CaMa
K€ HEYCTOMYMBOCTh BO3ZHUKAECT B PE3YJIbTATE NCUCTBUSA KATWLIAPHBIX
CWJI, & BUPTYyaJbHO BO3HUKIIEE BO3MYIIECHHE HAPACTAET C TCYECHHUEM
BpEMEHU. Pajiell MONy4YuIlI COOTHOIIEHHE, CBSI3BIBAIOIIEE CKOPOCTH
pOCTa aMIUIUTYAbl BOJTHOBOTO BO3MYILEHUS U €r0 JUIMHY BOJHBI. Kak
OKa3aJIOCh, BPEMSI OT MOMEHTA BO3HUKHOBEHUS BO3MYIICHUS 10 MO-
MEHTa pacliajia CTPyH Ha Kalllyd, BBIYMCIEHHOE MPHU MOMOIIMU JUHEH-
HOW TEOPHUH, HEIUIOXO COIIACOBAIOCH C pe3yJbTaTaMu OIBITOB[17,
165 — 167]. B paMKkax JTUHEMHOIO MO aMIUTUTYJI€ BO3MYILECHUS T€Ope-
THUYECKOr0 aHajiu3a yAaloCh BBISICHUTh, UTO KOPOTKOBOJIHOBBIE BO3-
mymierus (kR >>1) Ha cTpye )KHAKOCTH yCTOWYHMBBI M MOTYT PacIpo-

CTPAHATHCS BJIOJb CTPYHM B BHUJEC KaNWJUISIPHBIX BOJH. OJHAKO OHU
OBICTPO 3aTyXaloT MO JASHCTBHEM UMEIOMICHCS B PEaIbHBIX YCIOBUIX
BSI3KOCTH XKUJIKOCTH [168]. JIMMHHOBOJIHOBBIE K€ BO3MYIICHUS
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(kR <1) HeyCTOWUMBEI, ¥ IIPH BCEX [UIMHAX BOJH, YIOBICTBOPSIOLINX

ycnoBHI0 kR <1, peanmusyercs KanuusipHas HEyCTOHMYMBOCTb CTPYH,
COIIPOBOKIAIOIIASACSA pa30MEHMEM CTPYHM Ha Kamuiu. MakcuMallbHbIM
MHKPEMEHTOM 00J1a/1at0T BOMHBL ¢ qmuHOM A ~9R (k. =~0.7/R).

max
BenuurHa  MHKpEMEHTa  HEYCTOMYMBOCTHM IPU 3TOM  paBHA
12 o
O = 0,97(0'/ 8pR3) . B urore xapakTepHbii pa3mep Kamelb, Ha KO-

TOpble  pacmajaeTcss  CTPys  ONpPENEINTCS  COOTHOIICHHEM
D, =1,145D**2"> . Tlomxox Panest GbUI pacmpocTpaHeH Ha Ciydaii

max *

BSI3KOM KHUJKOCTH B paborax [168]. BeisiCHMIOCH, YTO BA3KOCTh OKa-
3bIBACT CTAOMJIM3HPYIOIIEE AEHCTBUE HA pacnaj] CTPYH, a BA3Kas JUC-
CUIIALIUSI BHYTPU CTPYH U BSI3KOE TPEHUE HA €€ MOBEPXHOCTH MPH HC-
TEYEHUU W3 HacaJlka TeHepaTtopa MPUBOJAT K U3MEHEHHUIO TpOoQuis
CKOPOCTH Y BO3pPaCTaHUIO BPEMEHU pelaKCali. Y Ka3aHHbIC SIBJIICHUS
COBMECTHO ¢ 0oJiee HU3KMM 3Haue€HHUEeM KOod(PHUIMeHTa MOBEPXHOCT-
HOTO HATSKEHUS CYIIECTBEHHO YBEIMYMBAIOT JJIMHY HEpaclaBIIecs
4acTH.

PaccmoTpeHHas kapTuHa pa3BUTHUS KANWUIAPHOW HEYCTOMYHMBO-
CTH, OCHOBAHHAs HA JIMHEWHOM TEOPUM OCLUWJUIALMMI U pacrana CTpyH,
HECMOTPSI Ha YCHEIIHOE OOBSICHEHUE MHOTHX 3KCIEPUMEHTAIbHBIX
(bakToB, HE SABIISCTCS MCUEPIBIBAIOIIECH U JOJDKHA ObITH 0000IIIeHa Ha
cillyyail yuyera BHYTPEHHUX TE€UEHUU B CcTpye, 3(PPEeKTOB penakcaiuu
BSI3KOCTH, 3apsjia U Ko3((puUIMEHTa MOBEPXHOCTHOIO HATSIKEHHUS, a
TaKXke y4deTa pealbHOM HelnHeitHocTu ¢peHoMmeHa. Kpome Toro, cpenu
HEOOXOIUMBIX 000OIIEHUN CIeAYyeT yKa3aTh UM Ha IMOJyOrpaHUYEH-
HOCTh pealibHbIX cTpyu [122, 160, 169 — 174]. Jdns ucToJKOBaHUS
PACXOXKJICHUN TE€OPUHU U IKCIEPUMEHTANIBHBIX JAHHBIX ObUIM MPEJI0-
KEHbI HECKOJIbKO TUIIOTE3: TUHAMUYECKOE BO3JEHCTBUE OKPYKAIOIIIEe-
ro BO3/lyXa Ha OCECUMMETPHUYHBIC BO3MYIIECHUS CTPYHU, YBEIMUYHBAIO-
IIME [ABJICHUE B CYKECHUSAX M YMEHBIIAIOIINE — HA BBIITYKIOCTSIX
CTPYH, YTO NPUBOAMUT K Oosiee ObICTpOMY pOCTy BoO3MyIlleHu# [17,
168, 175]; BnusHUE BSI3KOCTH OKpY>Karoliero Bozayxa [176]; nsmene-
HUE MEXaHW3Ma pacrnaja CTpyh — IEepexo] OT OCECUMMMETPUYHBIX
BO3MYIIIEHUM K U3THOHBIM (M3rubaetcs ock ctpym) [177 — 178]; nepe-
X0Jl K TypOyJIEeHTHOMY pexxuMy TeueHus B ctpye [179 — 180]; Bmus-
HHUE pellakcallii HadajabHOTo mpoduis ckopocTH B cTpye [133].

Ho nHaunbosnee BaXHbIM B KOHTEKCTE AAHHOTO 0030pa SBISAETCS
UCCJIEIOBAaHNUE YCTOMYMBOCTH CTPYH MO OTHOIIEHHUIO K COOCTBEHHOMY
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WM UHAYITUPOBAHHOMY JJICKTPUUECKUM 3apsijiaM, TIPOBEJIECHHOE HKC-
MEPUMEHTAIBHBIMU W TEOPETHYECKUMH cpeacTBamMu B [141 — 142,
181 — 194].

3. Emie Ha 3ape uccieqoBaHus 3JIEKTPUUYECKUX SIBIICHUN BHiibsiM
['unOept 3amMeTu1, YTO Karis BOJbl HAa CyXOW MOJJIOKKE MPpUoOpeTaeT
KOHMYECKYIO (BepIIUHOM BBEPX) (popMy, eciii HaJ HEH Ha HEOOJIBIIIOM
PacCTOSIHUM TIOMECTUTHh HAdJIEKTPU30BAHHBIN KycOK siHTaps [194].
Kak 6bu10 mokazaHo y»e B Haie Bpems [195], mpu 3Tom Ha cB0OO/I-
HOM MOBEPXHOCTHU KaNEIbKHU MOSABISETCS WHIYLUUPOBAHHBIN AIEKTPH-
YeCKUHN 3apsj W Kaluisd MpeTepreBacT HEYCTOMYMBOCTh: OHa nedop-
MHUPYETCSl K BBITSHYTOMY cdepouay, Ha €€ BepiinHe (HopMUpyeTCs
SMUTHUPYIOIINN BBICTYII, HA3BAHHBIN «KOHYCOM Teunopay, ¢ BEpIINHbI
KOTOPOTO BBIOpACKIBAE€TCSl TOHEHBKAsl CTPyHKa BOJBI, paciaatoniascs
Ha OTJeJNIbHBIC KaneabKku. [1o-BuauMoMy, nepBbrie HAOIIOACHUS IMUC-
CUU CTPYEK JKHMJIKOCTH, PACHAJAIOIIMXCS HA OTACIbHBIE KalleJIbKU,
IpU 3JEKTPU3AIMU CBOOOJHON IMOBEPXHOCTH KUIKOCTH CBSI3aHBI C
paboTamMu OJHOTO U3 TEPBBIX HCCIETOBATENEH IEKTPUUECKUX SIBIIC-
Huii abOara XK. Homne B cepennHe BocemHaaaToro Beka [196]: on
3aMETUJI, YTO €CJIM Y€JIOBEKA MOMECTUTh Ha U30JIMPYIONUIYIO MOJICTaB-
Ky W OJABEPrHYTh 3JEKTpu3anuu (¢ noMmoipto cozaannoro O. ['epuke
nmpooOpasza AMEeKTPOPOPHON MAIMHBI), TO U3 PAHOK U MOPE30B Ha KO-
K€ YeJIOBEKa HAYMHAIOT OUTh OYE€Hb TOHKHUE CTPYHKHU KPOBH, pacrma-
JAIOIIMECS HAa OTEJIbHBIE KA.

CucremaTuyeckre HCCIEeIOBaHUs (PEHOMEHA JJICKTPU3ALMU Me-
HUCKOB KUJIKOCTH Ha TOPLE KaWJUIsipa, Mo KOTOPOMY KUIKOCTh TO-
JaeTCsd B Pa3psAAHYI0 CHUCTEMY U COMPOBOXKIAETCS BBHIOPOCOM 3aps-
KEHHBIX CTPYyH, pacnaJarollluXcsi Ha OTHAEJIbHBbIE KaIlUld, HAa4alliCh
JUIIb B Hayaje JABAJaTOr0 BeKa W CBsi3aHbl ¢ uMeHeM k. 3eneHu
[197 — 199], xOTOpBIN AETATBHO HUCCIEA0BA 3aKOHOMEPHOCTH AIMHUC-
CUU Kameiab U CTPYH KUJIKOCTH MPH dJICKTPHU3AIMU €€ CBOOOIHOM MOo-
BEPXHOCTU. B CBsi3u ¢ MHOrooOpasueM akajeMUYeCKUX, TEXHUYECKUX
U TEXHOJOTUYECKUX MPUIIOKEHUN (PeHOMEHA JIEKTPOIUCTIEPTHPOBa-
HUSI KUJKOCTH €r0 SKCIIEPUMEHTHI ObUIM MPOJOJLKEHBI B paboTax
B. Maxku [140], B. Uarnuma [200], B. Ipo3una [201], b. Bouneryra
u P. Hrobayspa [202], M. Hapab6a, C. Mpaiicona [203], K. Ilymnsia
[204], P. Marapges, JI. Ayrxay3za [141], B. Knebepa [205], P. Kapco-
Ha, Y. Xenapukca [206], P. Xamnuca [207], [Ix. Teumopa [194],
A. JIxonca, P. I{onra [208], A. Xwo6nHepa, X. Uy [142], B. Koxenko-

151



Ba, A. Kupmra, H. ®@ykca [99, 209 —210], T. bypaesa, 1. Bepemaruna
[100, 211 — 212], K. Pobuncona, P. TypuOymna, K. Kuma [144, 213],
JIx. Buncona [214], . Cmura [215], U. Xaiistu, A. beinu, T. Tan-
poca [216 — 218], B. Kupuuenko, U. IlerpsnoBa-CokonoBa [219 —
221], M. Kinono, b. Ilptoner-®oxkca [145, 222], ®. Jla Mopa [223],
A. T'omeca, K. Tanra [224]. B yka3zaHHbIX paboTax ObLJI0 00OHAPYKEHO
OKOJIO JIECSTKA PA3JIMYHBIX PEKUMOB AJICKTPOAUCIICPTUPOBAHUS KU~
KOCTHU, IPUBEJICHHBIX B CUCTeMY B paboTax [225 — 226]. Ho ais npo-
BOJIMMOTO PACCMOTPEHMS Ba)KHO, YTO BO BCEX 3THX paboTax ObLI 3a-
(UKCUpOBaH BBIOPOC C 3apsSHKEHHOW MOBEPXHOCTH >KHUJIKOCTH 3apsi-
YKEHHBIX K€ CTPYH KUAKOCTH, PaclaJalolMXCcs HA OT/ICJIbHbIC KallIu.
371€ech caeayeT OTMETHTh, YTO B MOCJIEAHUE ABAALATH JIET PETYIISIPHO
MPOBOSATCS MEXTYHAPOJAHBIE CUMIIO3UYMBI TI0 3JIEKTPOAUCIIEPTUPO-
BaHUIO JKUJKOCTH, COOWpAIOIINE COTHU JOKJIAJOB, IMOCBSAIICHHBIX
sTomMy (peHOMEHY. U x0Ts mojaBiisitoniee OOJbIIMHCTBO JOKJIAbIBaC-
MBIX PabOT HOCST SKCIIEPUMEHTAIBHBIN XapakTep U COOOIIAOT B OC-
HOBHOM 00 OCOOEHHOCTSX DJIEKTPOIUCIIEPTUPOBAHUS KOHKPETHBIX
AKUJKOCTEH B KOHKPETHBIX YCTAHOBKAX M yCTPOMCTBAX, TEM HE MEHEE
oO0lee KOIMYECTBO MyOIMKALM 10 00CyKAaeMOil TeME UCUUCISAETCS
ThICSSTYAMU W HACYIIHOW MPOOJEMOHN SBISETCS IMOCTPOCHHUE OOIIeH
TEOPUH BJIEKTPOIUCTIEPTUPOBAHUS (IPOOTICHUS 3apSHKEHHOM CTPYH Ha
Kalyli) C y4YE€TOM pEAIbHBIX (PUBNKO-XUMUUYECKUX XaPAKTEPUCTHUK
KUJKOCTEH U MHOTOOOpa3usl peslakCalmoOHHbIX (PPEKTOB.

B mpoBefieHHBIX SKCIEpUMEHTAX BBIACHWIOCH, UTO hopMa CTpyil,
BBIOpPAChIBAEMBIX CO CBOOOJHON MOBEPXHOCTU 3apSKEHHBIX Kallellb
VI HA3JIEKTPU30BAHHBIX MEHHUCKOB KUJKOCTH Ha BEpIIMHAX Kamui-
JSIPOB, MO KOTOPBIM KUJKOCTh MOAAETCS B Pa3pAIHYIO CUCTEMY, OT-
JIAYAETCS OT UWIMHIPUYECKOU, JJI1 KOTOPOW HAa CETrOMHSIIHUN JIEHb
BBITIOJITHEHBI BCE M3BECTHBIC TEOPETUUYECKUE HCCIECAOBAHUS, KaK JIH-
HEWHOTro, TaK M HeJMHeHHoro npudmmkeHuit. opma cTpyi, BeIOpa-
ChIBAEMbIX HEYCTOMUYMBBIMU KAIUISIMU U MEHUCKAMM KUJIKOCTH, HEOJI-
HOKPAaTHO HCCIIEIOBAIACH TEOPETHUYECKH C PA3JIUYHOW CTEIEHbBIO
CTpOrocTH (cM., Hanpumep, [227 — 235] u yka3zaHHYIO TaMm JINTEpaTy-
py). Tak, HanpuMep, 111 00BEMHO 3apPsSHKEHHOM OCECUMMETPHUYHOM
CTPYH 3JEKTPOIPOBOJIHOMN XKUJAKOCTUA B [231] mosyueHa cieayromias
3aBUCUMOCTD Pajiiyca CTpyd OT IIPOJAOJIbHOU KOOPAUHATHI X:
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r(x):\/w\/;- 1+ 12 —1;

w X

rae Re — uncio PetHonbACa; p — MaccoBast INIOTHOCTD KUJIKOCTH; ¥ —
o0bEeMHas MIOTHOCTh JJIEKTPUUYECKOTO 3apsija; M — oObeMHbIN pac-
XOJ1 )KUJIKOCTH; E — HAampsSyKEHHOCTh BHEIIHETO AJIEKTPOCTATHYECKOTO
0JI51, MapajyIeIbHOTO OCH CUMMETPUU CTPYH; d — HAYaJIbHBIN PaJIAyC.
KauecTBEHHO CXOJ/IHbI€ 3aKOHOMEPHOCTH HU3MEHEHUS pajnyca CTPYH
0 Mepe yAaJIeHHUs €€ OT MecTa oO0pa3oBaHUs HAOIIOMAIOTCS U IS
AIIEKTPONPOBOIHBIX XUAKOCTEH. B [236] ms 00BEMHO 3apsiKEHHOM
CTPYH IUIJIEKTPUUECKON KUJIKOCTH (KMIKOrO0 BOAOPOJA) UCCIIEI0OBA-
JOCh BIIMSHUE OOBEMHOTO 3apsijla CTPyd KOHEUYHOW JJIMHBI Ha CKO-
pPOCTh JBMXKEHUS €€ TopIia.

[IpencraBnsiercsi, YTO UCCIEAOBAHUE HA YCTOMYMBOCTH MO OTHO-
HICHUIO K OECKOHEUHO MaJIbIM BOJHOBBIM AehopMalusiM C pa3yMHON
CTPOTOCTBIO PETYISIPHBIMU METOJAMHU JJIsl CTPYU Takod (PopMbI TIpo-
BeCTH OyJeT BeCbMa CJIOXKHO. IMEHHO 1o 3TOW MPUYUHE BCE BBIMOJ-
HEHHBIE 10 HACTOSIIEr0 BPEMEHHM TEOpPETHYECKHE (KaK B JIMHEHHOM,
TaK ¥ B HEJIMHEWHBIX MPUOIMKEHUSAX) UCCICTOBAHUS UCXOIAT U3 ITU-
JUHIPHUYECKON HEBO3MYIIIEHHOW (DOPMBI CTPYH.

Kpome ckazaHHOTO BbIIIE, B NEPEYUCICHHBIX SKCIIEPUMEHTAX
BBISICHIIOCH, YTO JIJIMHA YTOHBIIAIOIICHUCS C yAAJIECHUEM OT TopIla Ka-
NUJUISIpa HEpacHaBIIEHCsS YaCTU CTPYH SABISIETCS (DYHKITUEH BETUYHNHBI
3apsza, TPUXOSUIErocsl Ha €AUHUILY IIUHBI cTpydu. CBOOOIHBIN Xe
(He3aKpEeIJICHHBIN) KOHEIl CTPYHU, BBITEKAIOIIEH U3 COIlIa, C YBEInYe-
HUEM BEJIMYMHBI 3apsifa Ha €IUHUIE IJIMHBI CTPYH HAYWHAET COBEP-
IaTh XJIBICTOOOPA3HOE JIBIXKEHUE, a C €ro TOpIia OTPHIBAIOTCS JOUYep-
HUE KaneJbKu. XJIbICTOOOpa3HOE JIBUKEHUE CBOOOJHOTO KOHIIA CTPYH
yKa3bIBAET HA PeATN3aINI0 KaK U3TMOHONW HEYCTOMYUBOCTU CTPYH, TaK
Y Ha €€ HEYCTOMYHMBOCTh MO OTHOILIECHHIO K BPAILIEHUIO OTHOCUTEIBHO
UCXOJHOM ocu cuMMeTpud. BpaleHre OTHOCUTENRHO OCU CUMMETPUH
CTPYyHY, SMUTHUPOBAHHOW HEYCTOWYMBOW 3apSHKEHHOW MOBEPXHOCTHEO
AKUJKOCTHU, MPOIIE BCETO OOBICHAETCS OJJHOBPEMEHHBIM BO30YKIECHHU-
€M JIByX WJIA HECKOJIBKUX OJWHAKOBBIX MOJI IPU HAJTUYUU MEXKITY HH-
My caBura mo ¢aze. OTMETUM, YTO B OTJIMYHUE OT MpParMaTUuecKu
00YCIIOBJICHHOTO BBIHYKJICHHOTO KalWUISIPHOTO pacnajaa ctpyit [135]
C KOHTPOJUPYEMBIMU I'PAHUYHBIMU U HAYAJIbHBIMU YCJIOBUAMHU 00CY-

KaacMasa B KOHTCKCTC IMPOBOAUMOIO HMCCIICAOBAHUA CIIOHTAHHAA HC-
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YCTOWYUBOCTh CTPYH (C MOCIEAYIONIMM paclajoM Ha Kalljlu) Xapak-
TEPU3YETCS MOJHOW CBOOOJOW B 3aJaHWU HAYaJIbHBIX U TPAaHUYHBIX
YCJIOBUH M HUYTO HE MPEMSITCTBYET BO30OYKIECHUIO HA TOPIIE KAUILISA-
pa HECKOJBKUX OJAMHAKOBBIX MOJ] C Pa3JIMYHBIMU HadyalbHbIMU (a3a-
Mu. M3rubOHast ke HEyCTOMYMBOCTH CTPYH HYXKIAETCA B OTJACIBHOM
VICCIIEJOBAHUMU.

B cBA3M CO CKa3aHHBIM BBIIIE TEOPETUYECKOE U IKCIIEPUMEH-
TAJIbHOE HCCIENOBAHUE 3aKOHOMEPHOCTEW pacrana 3apsiKECHHBIX
CTpYHW Ha Karuli MpeACTaBiseT 3HAUYUTEIbHbIN nHTEpec (0COOEHHO ec-
JIY TIPUHATH BO BHUMaHWE MHOTOOOpa3HbIe NPWIOKEHUST (PeHOMEHA B
MPAKTUKE) U HEOJHOKPATHO MPOBOJIMIIOCH HA PA3HOM YPOBHE CTPOIo-
ctu 1 obmHocTu [237 — 257].

IIepBbIM yCTOMYHUBOCTH ITOBEPXHOCTHO OJHOPOJHO 3apsKEHHOTO
cTOJI0A UACATBHOM JKUAKOCTH MO OTHOIICHUIO K OCECUMMETPUYHBIM
OCHWIIALMAM uccienoBan Paner [165], monyduBIIMi AUCTIEPCUOH-
HOE ypaBHEHHUE JJI CiIy4asl JUIMHHBIX BOJH (KOT/1a JJIMHA BOJHBI MHO-
ro OoJbIlIe pagnuyca cToI0a KUJIKOCTH) B BUE

-1
o = n(n 3)(5
a

(n-22,

Toa

rae Q — 3apsaj cTojda, MPUXOAIINICS HA €IUHUILY JJIMHBI, G — KO-
3G PUITUEHT TOBEPXHOCTHOTO HATSKEHUA, a — PaauyC; @ — 4YacToTa
OCUMWJUIALMA; p — INIOTHOCTD )KUAKOCTH; /1 — HOMEP MOJBI.

UYepes nHeckonpko ser A.B. baccer, uccienys BapHKO3HYIO
HEYCTOMYUBOCTh 3apSKEHHOU CTPYH, UMEIOIIEN dopmy
r=a+{ -cos(kx)-exp(iax), BBIIHCAT TUCIEPCUOHHOE YPABHECHHUE IS
OCUMJUISILIMA OCHOBHOW MOJIbl TIOBEPXHOCTHO 3aPS’)KEHHOU CTPYH Ma-
JIOBSA3KOM SKUJKOCTH C MPOM3BOJIBLHOW JJIMHOW BOJIHBI (C BOJHOBBIM
4YHCIJIOM k) B BUJIE

@’ = 0-3 kCl']l(kCl) {(l_kzaz)_Q—2[1+ka'Kl(ka)
pa 1 (ka) 4rou K, (ka)

13-

baccer yka3ain, 4To HamM4Ke 3apsia Ha CTPye MPUBOIUT K €€ CTa-
ownuzanuu. B cooTBeTCTBUM ¢ aHanmu3oM Paness Ha He3zapsHKEHHOU
CTpy€ HEYCTOWYHMBBI BOJIHBI C BOJIHOBBIMU UuciiaMu k > a~'. CorjaacHo
XKe pesynbraraM baccera Ha 3apsiKEHHOM CTPyE HEYCTOUYMBBI BOJIHBI
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0’ 1+ ka-Kl(ka)]}
4mtca K, (ka)

Wi ¢ OOJBIIMMM JIIMHAMU BOJH. BBIICHWIIOCH, YTO JJIMHA HEpac-
MaBIIEHCAd YacTH CTPYH 3a CPE30M COIUIA, U3 KOTOPOIO BBITEKAET
CTpY$, C POCTOM MOBEPXHOCTHOW MJIOTHOCTH 3aps/ia YBEIMUUBACTCS.

Telinop [194] ucnpaBuin yucaeHHbIN KOAPHUIIMEHT B BHIPAKCHUU
baccera, mony4uB quCepCUOHHOE YPABHEHUE B BUJE

C MEHBIIMH BOJTHOBBIMH 4ncnamu k’a” > {1—

e ka- I (ka) (-ka)— 0’ [1+ka-K1(ka)

pa’ I (ka) 7o K, (ka)

iz

Telinop xe B [194] uccrnenoBan M3ruOHYH0 HEYCTOMYMBOCTH CTPYH,
OTTAJIKUBASICh OT U3BECTHOTO MO IKCIEPUMEHTATbHBIM UCCIIEA0BaHU-
M (pakTa, 4TO IPU JOCTATOYHO OOJIBIIION MJIOTHOCTH 3apsijia Ha CTpYe
€€ KOHEI] HAYMHAET COBEPIaTh XJIBICTOOOpa3HOe IBIXKEHUE, pacmajia-
Chb TPU ATOM Ha OTAEIbHBIC Kamenbku. Teinop Bbeimucan QGopmy
CTpyHU B BUAE r=a+ { -cos(kx)-cos(¢)-exp(iax), TAE ¢ — a3UMYTaJIbHBIN
yToJI, U MOJYy4J1 JUCTIEPCUOHHOE YpaBHEHHUE ISl U3TUOHON HEYCTOM-
YUBOCTH CTPYU:

w2__gm{k2az+ Qo

14 Kl
pa’ I (ka) woa K, (ka)

1}

Y cII0BUE HEUTPATBLHOIO PAaBHOBECUS CTPYHU 110 OTHOLIECHUIO K U3-
THOHOM HEYCTOMYMBOCTH OTCIO/IA MOJy4YaeTCsl B BUJIC

Q®  ka-K (ka)
moa K, (ka)

B pabote [191] uccienoBaHo BIMSHHE BS3KOCTH M AJICKTpUYE-
CKOTO MOJII Ha XapaKTep YCTOMYMBOCTH KANMWJUISIPHBIX CTPYM, pac-
CMOTPE€HBI HEOCECUMMETPUYHBIE BO3MYUICHHUS CTPYH, CHIEJIaHA II0-
NBITKA MPOSICHUTh HETOHSTHBIE MOMEHTHI (B KOTOPBIX MMEET MECTO
paccoriiacoBaHue TEOPUH U AKCIEPUMEHTA) JTMHEHHON Teopuu. Onu-
CaHbI JIBA BUJa HEYCTOMYMBOCTEW, BBI3BIBAEMbBIE ITOBEPXHOCTHBIM Ha-
TskeHueM u criion Kynona. [lonydeHHOE TMCTIEPCHOHHOE yPaBHEHUE
Y BBIPAXKEHHE JUISI CKOPOCTH pacrajia CTpyd IMPOAHAIU3UPOBAHbI B
MpeJEIbHBIX CIy4yasx Majgod U OOJbIION BS3KOCTH U YHUCICHHO H3Y-
YeHBI B MPOMEXYTOUHOM oOnactu. Kpome toro, B [191] onucansl HO-
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BBIC THUIIBI MOJ, KOTOpPbIC MPHUBOJST K BpAIIATEIbHOMY JIBUKEHHIO
CTPYH.

DKCHEPUMEHTAIBHBIE HCCJIEIOBAHUS AJIEKTPOAUCIIEPTUPOBAHUS
KUJKOCTH C 3apsSHKEHHOM MOBEPXHOCTH >KUAKOCTH (CM., Hampumep,
[181 — 184, 128 — 193, 236, 255 — 257]) cBUAETEILCTBYIOT O BO3MOXK-
HOCTU BO30YKIACHUS HEOCECUMMETPUUYHBIX MOJ] 3apsHKEHHBIX CTPYH,
HO B TEOPETUYECKOM OTHOIIEHHH 3TOT BOIPOC MCCIEIOBAaH MOKAa HE-
JOCTAaTOYHO TMOJIHO, XOTs u3 eHoMmeHonoruu [194, 196 — 144] ¢ oue-
BUJAHOCTBIO CIIEAYET, YTO Peaan3alusi HEYCTOMUYNBOCTA UMEHHO ATHUX
MO/ B CYIIIECTBEHHOM CTENEHU OTBETCTBEHHA KaK 3a XJILICTOOOpa3HOE
JIBUKEHHUE CTPYM, TaK U 3a MOJIUIMCIEPCHBIN XapaKTep UX pacliajia Ha
karu. B [192] Ob110 monyyeHo (mmpaBaa, ¢ onMOKoi) AUCIIEPCUOHHOE
ypaBHEHHE ISl OCHWJUISAINM MTPOU3BOJIBHON MOJIbI IOBEPXHOCTHO 3a-
PSOKEHHOW HMAECAJIBHO AJIEKTPONPOBOJHOM CTPYH HECKMMAEMOW KU-
KOCTH, HO MPOBEJCHHOE JTAJIEE€ KAY€CTBEHHOE UCCIICJOBAHUE 3aTPOHY-
JIO TOJIBKO OCECHUMMETPUUHYIO Moay. B [240 — 242, 246] roBoputcs o
TEOPETUYECKOM HCCIICIOBAHUU YCTOMYHUBOCTH MOJ ¢ m=I u m=2.
Mopga ¢ m=2 Ha3zbiBaeTcsd «bBOpPOBCKOI» M COrJIACHO YTBEPKICHUIO
[240 — 242, 246] ee BO30yx)aeHUE MPUBOAUT K MPOJOJILHOMY pacliie-
IJICHUIO CTPYW Ha JIBE€ JIOYEPHHE CTPYHU, KaK 3TO 3aUKCUPOBAHO B
skcriepumenTax [249]. Takoe yTBepkaeHue moBTopsieTcss B [233 —
234] u BBI3BIBACT HEAOYMEHHE, TTIOCKOJIBKY MPOJIOJbHOE PaCIICIIIICHUE
HEOCECUMMETPUYHOU CTPYH, TMEPUOJUYECKA HU3MEHAIOIIEH CBOIO
dbopMy 10 a3UMyTaJbHOMY YTy, JTOJDKHO MPOXOIUTH C HapyIICHUEM
HAa4aJIbHON BUHTOBOW CUMMETPHUHU U, CIIEA0BATEIIBHO, BO3MOXXHOCTH €€
peanu3aluy COMHUTEIIbHA.

JlucriepcoHHBIE YpaBHEHUS ISl PA3IMYHBIM 00pa3oM 3apsiKeH-
HBIX CTPYH B3JEKTPOMPOBOJHBIX U JUDICKTPUUYECKUX KUJIKOCTEU IO-
Jy4aauch C Pa3IMYHBIM YCIIEXOM U C Pa3JWYHBIMU MOTPEITHOCTSIMU B
TEOPETUUECKUX PaboTaxX, BBIMOJHEHHBIX B JUHEMHOM MPUOIMKESHUU
o aMmuryae ocuwusinuil [146 — 148, 42 — 46, 181 — 185, 237 —
248]. B teopernueckux pabdorax [251 — 254] paccMOTpeHBI KOHKPET-
HBIC BOITPOCHI pacueTa XapaKTEPUCTUK CTPYH, SMUTHUPYEMBIX C KOHYCA
Teumnopa.

JleTanbHBIN TEOPETUYECKUN AHAIN3 3aKOHOMEPHOCTEW OCLMILIS-
AN ¥ BEJIMYUH UHKPEMEHTOB HEYCTOMYMBOCTH HEOCECUMMETPUYHBIX
MOJT 3apSIKEHHBIX DSJICKTPONMPOBOAHBIX M JIUINEKTPUUYECKUX CTPYH
npoBecH B [146 — 148] B CBsI3M C BO3MOXHOCTBIO MPUIIOKEHUS pe-
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3yJbTATOB K UCTOJIKOBAHUIO 3aKOHOMEPHOCTEW CIIOHTAHHOTO PacIaia
CTpyU. BBISICHUIOCH, UTO MHKPEMEHTBHI HEYCTOMYMBOCTH HEOCECHUM-
METPUYHBIX BOJIH B MAJIOBSI3KUX CTPYSAX JIEKTPOMPOBOIAHBIX KHUJKO-
CTel mpu OOJBIIMX TUIOTHOCTSAX MOBEPXHOCTHOTO 3apsijila CpaBHHUBA-
IOTCA C MHKPEMEHTaMH HEYCTOMYMBOCTH OCECUMMETPHUYHBIX BOJIH, 4 B
CUJIbHOBSI3KHX CTPYSX CYIIECTBEHHO MX OpeBbIIAtOT [146 — 147]. OT0
00CTOATENHCTBO BMECTE C (PAKTOM YTOHBIIEHUSI POPMBI CTPYH MO Me-
pe ynajieHus ee oT Mecta (OPMHUPOBAHUS TTO3BOJISET MPEINOIOKHUTD,
YTO MPU CIIOHTAHHOM KalWJUIAPHOM PacCIa/iec 3apsiKEHHBIX CTPYHW Ha
KaIllId BOXXHYIO pOJib B (POPMHUPOBAHUU CIEKTpPA pACHpEIESICHUs Ka-
nejabp MO0 pa3MepaM JOJHKHA UIPaTh HEYCTOMYMBOCTH HEOCECUMMET-
PUYHBIX MOJ KAIWJUISIPHBIX OCHMJUTALIMN CTPYH.

Jli1st 00bEMHO 3apsKEHHBIX CTPYH AMAIEKTPUUECKUX KUJKOCTEH
[148] BenMMYMHBI MHKPEMEHTOB HEYCTOMYMBOCTH HEOCECHMMETPHUY-
HBIX MOJ| CHUKAIOTCSI TPU YMEHBIIEHUH JUAJIEKTPUUECKON MPOHUIIA-
€MOCTH KUJKOCTH, IpUUEeM 3TOT 3(PPEKT CKa3bIBAECTCA TEM CHIIbHEE,
YEeM MEHBIIE a3UMYTAIBHOE YUCIO M (YEM MEHBIIE CTENIEHb HECHM-
METPUYHOCTH) U JOCTUTAIOT MUHUMYMa JIJIi OCECUMMETPUYHBIX MOJI.
OTO 0OCTOSITENBCTBO MPUBOJUT K TOMY, YTO IJI JAUDJIEKTPUUECKUX
KUJIKOCTEN C MAJIBIMH JUAJIEKTPUUECKUMHU TPOHUIIAEMOCTSIMA UHKpE-
MEHTbl HEYCTOMYMBOCTA HEOCECUMMETPUYHBIX MOJ MOTYT IpPHU IPO-
YUX PaBHBIX YCIOBUSX MPEBBINIATh BEIUUYUHBI UHKPEMEHTA HEYCTOM-
YUBOCTA OCECUMMETPUYHBIX MOJI, YTO CYILIECTBEHHO CKaXETCS Ha
3aKOHOMEPHOCTSIX JIPOOJICHUS CTPYH Ha Karulu.

B paborax [184, 236 — 242] npennoaraioch UCClIeI0BaTh BIUS-
Hue 3¢ dexra penakcauu 3IEKTPUUYECKOro 3apsiaa (BIUSHUE KOHEY-
HOCTH CKOPOCTH BBIPABHUBAHUSI AJIEKTPUUYECKOIO0 MOTEHIHAIA CTPYH,
WJIY, UHAYE TOBOPS, BIUSIHUE KOHEYHOCTH CKOPOCTH MEPEHOCA 3apsia
B peaJIbHOM JKHUJIKOCTH) Ha CTPYE HA €€ YCTOMYHMBOCTh, HO BO BCEX IIE-
PEUYUCIICHHBIX pabOoTaX HEBEPHO BBINMKMCAHO ypaBHEHUE OajaHca MO-
BEPXHOCTHOTO 3apsja (OTCYTCTBYET CIaraéMoe, CBA3aHHOE C KPUBH3-
HOM MOBEPXHOCTHU CTPYH) U, CJIEAOBATEIbHO, HEBEPHBI U MOJYYEHHbBIC
pe3yJibTaThl, Ha 4TO U ObUIO yKazaHo B [150]. Tonbko B mocienHee
BpEMs aBTOpPaMHU HACTOALIEH pabOThl OBLIO MOJYYEHO KOPPEKTHOE
JUCTIEPCUOHHOE ypaBHEHHUE, yuuThiBaroiee »(hPexT penakcanuu 3a-

psaa:
- 279G, (k) §V(1+ M, - a)(m*- 1)+ n2sa(m" + I*)l
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+m’ [n(fG, (k)+ 2w(k® - P)(1- a))+ s* (WM, - an)+
+sw(l- a+2n(k*- )M, }+ ns((f- ab)G, (k)M
- n2a (G, (k)(1- 2%)+ k>~ IP)|J+
+ PG, ()W2n Bo(1+ sM,,, - a)m* - k*)+ 2nsa (m® + k* )ik
+nl” WG, (k)(1+ sM,, )+ sa (s- G, (k)(2n+ bM,, ))&
+m? B saw+ @nf+ sw)1+ sM,,)+ 2nsa (s- bBM,,, + n(*- )Y
+ K[ nfG, (k)(1+ sM,)- 4nwG, (k)(1- a)+ 5*(na - wM,,,)-

- sw(l- a+ 4G, (M, )+ nsa (bG, (M, + 2n(I>+ 3m* + 5G,, (k) )1 1+
+2G. ()H2nk! w1+ sM,, - a)- nsa} al’[fG, (k)(1+ sM,,)+
+sa(s- G,(k)2n+ bM, )+ m* Qnsa + w(l+ sM,, - a))]+
+i2nf G, (k)(1+ sM ,)- nwm*G, (k)(1- a)+ s*(na - wM,,)+
+sw(l- a+nm’G, (M, »

- nsa (bG,,(k)M,, + 2n[I* + (1- mz)Gm(k)])gz 0;
a=a(s,s,e,wmk)e L M ;b= >b(wmk)e k>+m’- 1+ w;
o= fo(s,8,6,w)=wH (k)+ ab;l?=k>+s/v;

=M, (s,5,8,W)e€ 2\/_;%" 2WpwG (k) (4ps + sds)gl
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L,,=L,.(s,5,e,,we sH, (k)- G, (k)(4ps + g,5), we dpel;

G, (x) e XI§(x)/1,(x); H, (0 e xKJx)/K, (),

rae k u m — BONHOBOE M asumyraisHoe umcia; [, (x), K, (x) —

MoauUIIMpOBaHHbIE GYyHKIMHU beccenst mepBoro u BTOporo poaa; R —
paguyc CTpyH; P — MaccoBasl INIOTHOCTh; V — KO3(DPUIIMEHT KuHEMa-
TUYECKOHN BSI3KOCTH; Y — KOAI(PGIUIIMEHT MTOBEPXHOCTHOTO HATSHKCHUS,

G — yZAeJbHas 3JIEKTPOIPOBOAHOCTD; €, — IUAIEKTpUYECKas IIPOHU-
LJAEMOCTh; &, — MOBEPXHOCTHAS IUIOTHOCTh JJIEKTPUYECKOIO 3apsia

Ha CTpye. AHAIU3 IUCIEPCUOHHOIO YPABHEHUS MMOKA3aJl, UTO BIIMSIHUE
addekTa penakcanu 3apsga 3aMETHO TOJIBKO B Ciiydyae OOJIBIIMX
BSI3KOCTEN KUJIKOCTU. JIBMXKEHUS JKUIAKOCTU, CBSI3aHHBIE C Iepepac-
NpEeJEICHUEM 3apsiia 0 MOBEPXHOCTH CTPYH MPHU €€ OCUMIUISALMSIX,
UMEIOT alepuoJUYECKUi (3aTyXarolluil) XapakTep U NPUBOAAT K
0oJiee OBICTPOMY PACCEUBAHUIO MEXAHUYECKON SHEPTUU OCIUJIISIUMN,
WM, UHa4Ye TOBOPs, K Oojiee OBICTPOMY 3aTyXaHHIO BOJIH Ha CTpYe.
Oo6cyxnaemblii 3G PEeKT 3aBUCUT OT BOJHOBOTO W a3UMYTaJIbHOIO
YUCeN U MO Pa3HOMY IPOSIBISAETCS JJIA BOJIH C PA3IUYHON CTENEHBIO
ACUMMETPUHU U JUISl KUJKOCTEH C pa3InyHbIMU (PU3NKO-XUMUYECKUMHU
CBOMCTBAMM M MOXKET CIOCOOCTBOBATH YMHOMXEHHUIO KOJIMYECTBA
HaOJII0JaEMBIX PEKUMOB JIEKTPOIUCIIEPrUPOBAHUS.

3. HequHelHble ocuu/uisiiuu cTpyii. Kak ormeuanoch BbhIIe,
OOJblIAs YaCTh TEOPETUUECKUX HEIMHEHHBIX HMCCIEA0BaHUN OCLUJI-
JAMA U YCTOMYMBOCTU CTPYH BBITIOJIHEHO JJI1 HE3APSKEHHBIX CTPYH,
KpOME BBIIIIE YIIOMSHYTON pa0oThl [160], BEIMOJTHEHHON YMCICHHBIMU
Metoaamu. Jlumb B [193, 258] paccmaTpuBaeTcsi HEYCTOMYMBOCTD 3a-
PSOKEHHBIX CTPYW HUJICAUTBHOM KUJKOCTH, TAaKXKE BBIIOJHEHHBIX YHC-
JIEHHBIMH METOJAMH.

He Oyaem octaHaBiIMBaThCA Ha OOCYKIEHUU TEOPETHUECKUX padOT IO
HEJIMHEWHBIM OCHWJUISIIUAM U IPOOJICHUIO CTPYH, BHIMOJHEHHBIX YHC-
JIEHHBIMH METOAaMH, O0JIaJJaloIUMK CTaHJAPTHHIMUA OTPaHUYCHUSIMU
OOIIHOCTH TPOBEACHHBIX paccMoTpeHuid [156 — 160, 172 — 173, 193,
258]. Ilo3HaKOMUTBCA € UCHOIB3YEMOW PETYJIPHOM MPOLIEAYpOil aHa-
JUTUYECKOTO ACUMIITOTUYECKOTO HEJIMHENHOTO aHAJIN3a YCTOMYUBOCTH
3apSHKEHHOM CTPYM MOXKHO Ha KOHKPETHOM MPUMEPE BIIOJTHE KOPPEKT-
HO BBITIOJIHEHHBIX, COJIEPKAINX JIETAIbHBIN pa30op Mpoleayphl aHa-
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JuTHYEeCKoro cuera padot [161 — 164], BHINOJHEHHBIX BO BTOPOM I1O-
PAIKE MAJIOCTH MO OTHOIIEHWIO aMIUIMTYJbl OCHWUISIUA K Paguycy
cTpyu. B 3Tux paboTax BBISICHWIOCH, YTO PEHICHUE 3aJ]a4l O pacyeTe
HEJIMHEWHBIX OCUWUISLMNA 3apsIAKEHHOM CTPYH yKE BO BTOPOM ITOPSJIKE
MaJIOCTH MO aMIUIUTYJie JAedopMalui HEBO3MYIIEHHOW IWJIUHIpUYC-
CKOM CTpyd TIO3BOJISIET OOHApYXUTh BBIPOKICHHOE PE30HAHCHOE
B3aMMOJICICTBUE BOJIHBI, OMNPEICIAIONICH HAYAIBHYI0 BUPTYAIbHYIO
OJTHOMOJIOBYIO Je(OpMaIliio, ¢ BOJTHOM, MOSBIISIOIICHCS BCICACTBUC
HEJTMHEWHOCTU YpaBHEHUMN THIPOJIUHAMUKH U UMEIOIIECH BIBOE 0O0JIb-
11ee BOJIHOBOE YUCIO. [10n0KeHrne pe30HaHCHBIX CUTYalldi 3aBUCHUT OT
BEJIMYMHBI BOJIHOBOT'O YHCJIA U MIOBEPXHOCTHOM IUIOTHOCTH BJIEKTPHUYE-
CKOI'0 3aps/a Ha cTpye. B 4acTHOCTH, OCECHMMETPHUYHAS MOAA MOXKET
B3aMMOJICCTBOBATh C MOJIOM, OTBETCTBEHHOU 3a 3aKpy4YMBaHUE CTPYHU
(m=1). Ilpu HEIMHEWMHOM PE30HAHCHOM B3aMMOJICHCTBHMU BOJIH Ha 3a-
PSKEHHOM CTpye PHEprusi Bcerja NepekauyruBaeTcsi OT 0oyiee ITMHHBIX
BOJIH K 0oJiee KOPOTKUM HE3aBUCUMO OT CHMMETPHUM B3aMMOJCUCT-
BYIOIIMX BOJH. M3 HavyalibHO BO30YXIACHHOM MOJABI ¢ m=I JHEpPrus
MOXET IMEPEKAYMBATBCS KaK B OCECUMMETPUYHYK) MOAY C BIBOE
OOJIBIIIMM BOJIHOBBIM YHCJIOM, TaK U B HEOCECUMMETPUUYHYIO C m=2
TaK)Xe C BJIBO€ OOJIBIIIMM BOJHOBBIM YHCJIOM. BoBjieUueHE B HEIMHEH-
HOE PE30HAHCHOE B3aMMOJEWCTBHE MOJ C 7>2 BO3MOXHO JHUIIb MPH
3HAYUTEIBHBIX IUIOTHOCTSIX ITOBEPXHOCTHOrO 3apsaa Ha crpye. llo-
CIIEAHEE YCIOBUE MOXET BBINOJHUTHCA JJIS TOHKOTO KOHIA 3JIEKTPO-
MIPOBOJIHOM CTPYH, BBIOPOIIICHHOMN 3apsDKEHHOM TMOBEPXHOCTBHIO K-
KOCTH, UMEIOLIEH MOCTOSHHBIM MMOTEHUHUAI MTOBEPXHOCTU U, CIENOBA-
TEJIbHO, HEOJHOPOJHOE pACHPEACIECHUE TMOBEPXHOCTHOIO 3apsija,
IJIOTHOCTh KOTOPOTO OYJIET YBEJIIMUMBATHCS C YTOHBIICHUEM CTpyu. B
WUTOTE€ 3aKOHOMEPHOCTU IIEPEPACIPENCIICHUS SHEPIUM HEJIMHECUHOU
BOJIHBI 32 CUET HEJIIMHEWHOTIO PE30HAHCHOTO B3aMMOJICUCTBUS OymyT
Pa3IMYHBI U1 HAYAJIBHOTO ¥ KOHEYHOI'0 YYAaCTKOB CTPYH, YTO B CBOKO
ouepe/b MPUBEAET K PA3IUUYUIO YCIOBUM APOOJICHUSI CTPYU HA pa3iny-
HBIX ee ydacTkax. [Ipm MHOrOMom0BOM HavdaibHOU nedopmaruu o0-
M€ 3aKOHOMEPHOCTH pEAU3alNU HEJIMHEWHOTO BOJHOBOTO JBHKE-
HUSI HA CTPYE OCTAOTCS MPEKHUMH, HO, KPOME BBIPOKICHHBIX PE30-
HAHCOB, TOSIBIISIIOTCS W BTOPUYHBIE KOMOWHAIIMOHHBIE. DHEPrus
TENepb MEPEHOCUTCS U OT BBICOKMX MOJ K HA3KHUM, U TOSIBIISIFOTCS yC-
JIOBUA JIS1 PEATU3ALMY PACIIAHON HEYCTOMYHUBOCTH.
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OTanYuTEeNIbHONM OCOOCHHOCTBHIO AHATUTUYECKUX aCHMITOTHYE-
CKMX pPacu€TOB HEJIMHEWHBIX OCHWIUISALMN CTPYH SIBJISICTCS UX Mare-
MaTH4ECKasi TPOMO3JAKOCTh, IPUMEPOM YETO MOXKET CIYKUTh PE3YJIb-
TaT pacdyeta QopMbl 00pa3yrolIel HEIMHEHHO-OCHUITUPYIOIIEH
CTpYH, KOrJa HaualibHasi Jeopmaiys paBHOBECHON MWJIMHAPUYECKON
dbopMBbI 3a1aeTCsl B BUJIE HEOCECHUMMETPUYHONW MOJbI, MPOBEICHHOTO
aBTOpPaMM HACTOSIIEH CTaThU B TPETHEM MOPSJIKE MAJIOCTH.

Kpome nosiBiieHUs! caraeMbIX TPETHETO MOpPsKa MajlOCTH, MAJIO
CKa3bIBAIOIIMXCS Ha peibede cTpyu, Haubosiee UHTEPECHBIM PE3YJlb-
TaTOM IIPOBEJICHHOTO pacueTa Mo CPaBHEHUIO C paHee MPOBEACHHBIMU
B [161 — 164] pacueTamu BTOpPOTro MOpsIAKA MAJIOCTH SIBJISIETCS MOSIB-
JICHUE HEJIMHEMHOW TMONPAaBKU K YaCTOTE BOJIHbI, HAJTUYHUE KOTOPOU
MPUBOJIUT K U3BMEHEHUIO KPUTUUECKUX YCIOBUM (KPUTUUYECKOU JJTMHBI
BOJIHBI M BEJIMYMHBI MTOBEPXHOCTHOM IJIOTHOCTU 3JIEKTPUUYECKOIO 3a-
psna) peainzalnyu HeycTonuuBocTu cTpyu. Koadduiment g B 3aBu-

CUMOCTH OT BOJIHOBOTO YMCJA, IIOBEPXHOCTHOM IUIOTHOCTH DJIEKTPHU-
YEeCKOT0 3aps/ia U a3UMyTalbHOTO YHUCIIa M MOXET OBbITh KaK OTPHIIA-
TEJIbHBIM, TAaK W IIOJOXKUTEJIBHBIM, YTO O3HA4aeT BO3MOKHOCTH
CMEILECHUS KPUTUYECKUX YCIOBHM pEAM3alUU HEYCTOMYMBOCTH IS
BOJIH C Pa3IMYHON aCUMMETPUEN B Pa3IMYHBIX HAPABICHUSAX: JTUOO B
CTOPOHY UX YBEJIMYEHUS], TNOO B CTOPOHY YMEHBIICHUS.

Crnenyer TakXke OTMETUTh, YTO BCE aHAJIMTUYECKUE MCCIIEIOBAHUS
HEJIMHEMHBIX OCLHWULILMNA CTPYH, KaK HE3apsHKEHHBIX, TaK U 3apsyKEH-
HBIX, IPOBEAEHBI Il MOJEIIN UICATBHOMN KUIKOCTH, YTO CYILLIECTBEHHO
Cy’KaeT BO3MOXKHOCTb IIPAKTUYECKOI'0 UCIIOIB30BAaHUS IOJYYCHHBIX B
pacuerax pe3yapTaToB. [losTOMY mpencraBisgeTcss HEOOXOAUMBIM ITPO-
BECTU aHAJIU3 HEJIMHEWHBIX OCHWIUISALMNA CTPYU BA3KOM KUIKOCTH.
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5. HenuHenHble HeoceCUMMETPUYHBbIE BOJSIHbI
Ha OOHOPOAHO 3apPSAXKEeHHOWN MNOBEPXHOCTU
CTPpyu naeanbHON HECXXMMaeMoun
3NIeKTPONPOBOAHOU XUOKOCTU

5.1. OOHoMoOdoe8ast HavyasibHasi Oeghopmayusi
ce0600HOl nogepxHOCMuU cmpyu

1. Bo Bcex paborax, MOCBSIIICHHBIX HEIMHEHWHBIM HCCIICIOBAHM-
M, pacCMaTPUBAJIKCh JIMIIb OCECUMMETPUYHBIE OCHWIIALMUA CTPYH,
MIOCKOJIBKY aBTOPBI MPOBEJACHHBIX HCCIEIOBAHUN HHTEPECOBAINUCH B
OCHOBHOM 3aKOHOMEPHOCTSIMHU Pa3OUECHUS CTPYH Ha Karuid, a ermie Pa-
Jer 0OHapy XU ISl He3apsXKEHHOW CTPYH, UYTO €€ pa30MeHHE Ha OT-
JEJbHbIC KaIUIM MPOUCXOJUT 3a CYET BO30YKIACHUS OCECUMMETPHY-
HOM BOJIHBL. B TO ke Bpemsa B [146 — 148] nokazaHo, 4yTO AJisl CTPYH,
JOCTATOYHO CHJIBHO 3apsHKEHHBIX (TOBEPXHOCTHO MM 00BEMHO), MH-
KPEMEHTbl HEYCTOMYMBOCTU HEOCECUMMETPUYHBIX BOJIH MOTYT Mpe-
BBIIIIATh UHKPEMEHT HEYCTOMYMBOCTH OCECUMMETPUYHOM BOJIHEBI. [lo-
ATOMY B HACTOSAIIEM PACCMOTPEHUHU OyJeT MPOBEACHO aHATUTHYECKOE
ACHUMIITOTHYECKOE HCCJIEIOBAaHUE HEJIMHEWHBIX OCIHWUISIHNN HEOCe-
CHMMETPHUYHBIX BOJIH Ha MOBEPXHOCTH 3aAPSKEHHOW HJI€aIbHO ITPOBO-
JSIIEeH CTPYU B paMKax METOJia MHOTHMX MAacIITaOOB, UCTIOJIH30BaHHO-
ro panee B [149] nns uccimenoBaHus HEIMHEWMHBIX OCIHWIIAIAN HE3a-
PSIKEHHOU CTPYH.

2. PaccMOTpHM JBHXKYIIYIOCS C TIOCTOSHHON CKOpOCTBhIO U, Oec-

KOHEUYHYIO CTPYIO OCTOSIHHOTO pagnyca R HUACAIbHOU HECXKUMAEMOU
U7eaIbHO TPOBOJSIIEH XUAKOCTU C IUIOTHOCTBIO p U KO3 DUIMECH-

TOM IOBEPXHOCTHOTO HATsDKEHUs o. lIpumeM, 4To BHEIIHSS cpena
OTCYTCTBYET, OJTHAKO B OKPY’KAIOIIEM CTPYH IMPOCTPAHCTBE CO3JAHO
IEKTPOCTATUUECKOE T0JI€, NEPIEHAUKYISIPHOE OCU CTpyH. Beneacr-
BUE€ OSTOr0 Ha IMOBEPXHOCTH paCIpENETeH 3apsAll, NOBEPXHOCTHAs
IJIOTHOCTh KOTOPOT'O B PABHOBECHOM COCTOSIHUM, T.€. B YCIOBHSX OT-
CYTCTBUSI KaKMX-TUOO BO3MYUIEHUN LWJIUHIPUYECKOU (POPMBI CTPYH,
MMEET BEJINUMHY J .

PaccMmotpenue mposeneM B LMJIMHAPUYECKOW CUCTEME KOOP.IHU-
HaT, Ha4aJI0 KOTOPOM ABUXKETCA CO CKOPOCThIO U, , @ OCb OZ Halpas-
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JIEHA BIOJIb OCU CHMMETPUH HEBO3MYIIEHHOW CTPYH IO HAIIPABJICHUIO
ee JBIKeHNs 7i_|U,. OUeBUIHO, YTO B TAKOW cHCTeMe KOOPIHHAT IO-

JI€ CKOPOCTEH NBMXKEHUS KUIKOCTU B CTpye OyJEeT MOJHOCTBIO OIpe-
JENSATHCS KalUJUIIPHBIMU KOJICOAHUSIMU €€ TIOBEPXHOCTH.

[IpocaeauM 3BONIOLIMI0 BO BPEMEHU PACHPOCTPAHSIONICHUCS 10
MIOBEPXHOCTH CTPYH B IMOJOKUTEILHOM HaIpaBiI€HUU Ocu OZ HEoce-
CUMMETPUYHON BOJIHBI C BOJHOBBIM YHUCJIOM A, aMIUIUTYJla KOTOPOU
MaJjia o CPaBHEHUIO C PAJUyCOM CTPYH.

Bce paccmoTrpenue mnpoBeneM B 0Oe3pa3MepHBIX TNEPEMEHHBIX,
NpPUHSIB B KadeCTBE OCHOBHBIX €AWHUIl R, p,o (T.e., moJarasl,

R=p=0=1). B 3ToM ciiyyae ypaBHEHHUE CBOOOJIHOW MOBEPXHOCTH

CTpYyH, BOSMYIHGHHOﬁ KalmWJUIAPpHBIM BOJIHOBBIM JIBHKCHHUCM, 3allU-
MIETCA B BUIC

r=1+§(go,z,t); ‘é_’f‘<<1 , (1)

rae ¥,(,z— MWIMHIPAYECKUE KOOPAUHATHI, ¢ — BpeMs, & — QyHKIHS,
OMUCHIBAIONIAS HMCKAXKEHUE PABHOBECHOW IWJIMHAPUYECKOU (OpMBI
CTPYHU.

B pamMkax Moaenu TNOTEHLUMAIBHOIO TEYECHUsS MaTeMaTUyecKas
(dopMyJIMpOBKa 3aJayd O pacyeTe BPEMEHHOU 3BOJIIOIMU BHUPTYaslb-
HOTO BOJIHOBOT'O BO3MYIIEHUS TTOBEPXHOCTU CTPYH OYAET COCTOSITh U3
ypaBHEHHUM Jlamnaca il MOTEHIMAJIA TOJIsI CKOPOCTEN TEUEHUS KU I-
KocTU B cTpye V¥ U anekTpocTratrueckoro noreHmuana ® B OKpecT-
HOCTH CTPYH:

A¥ =0, AD =0 ; (2)

YCJIOBUI OTpaHUYEHHOCTH PEIICHUN HAa OCH CTPYH U B OCCKOHEUYHO-
CTH:

r—0: VY| —0; r—>oo! Vo —-0; (3)

IPaHUYHBIX YCJIOBUM HA CBOOOHOM mToBepxHOCTH (1):
KHHEMaTH4YECKOTO:

r=1+&: %—I;+V‘I’-VF=O; F(r,p,z,t)=r—[1+&(@,z,1)]; 4)
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TUHAMHUYECKOTO:

r=148: ap- Y Lww? i Loy —v.i=o (5)
oo 2 87

N yCJIIOBUS S9KBUIIOTCHIHUAJIBHOCTH ITIOBCPXHOCTU CTPYHU!
r=1+¢&: D= (). (6)

B Boipaxkenuu (5) AP— nepenaj 1aBieHU BHYTPU U BHE CTPYHU B
paBHOBECHOM cocTOsHUH (=0, W =0); Npeamnocicanee u mocieaHee
ClIaraeMbl€ — JABIICHUA 3JICKTPUUECKOTO MOJISI U CHJI TIOBEPXHOCTHOTO
HATSKEHUSI COOTBETCTBEHHO; N — BEKTOP HOpPMalu K ITOBEPXHOCTH

VF
1): i=——.
(1): 7 VF

KpaeByto 3amauy (1) — (6) cieayer AOMOJHUTH YCIOBUSIMU CO-
XpaHEeHus 3apsiia U 00beMa ydacTKa CTPYH, IJIMHA KOTOPOTO paBHA

21
JUIAHE BOJHBI A = o :

r=1+&(@,z,t);
—ﬁ (7-V®)r-do-dz=2mh; S=1 0<¢<2m ;  (7)
s ZpSz<zp+ N
0<r<1+§(,z2,1);
jr-dr-dcp-dzznx; V= 0<o<2m, . (8)
d zo<z<zy+ A\

JIJis TIOJTHOTO 3aMbIKaHUs CUCTEMBI ypaBHeHHU (2) — (8) HeoOXo-
JUMO 3a/1aTh ellle HavyalbHble yciaoBus. OHAKO, B CUJIy TOTO, YTO Ha-
YaJIbHbIE YCJIOBUS MPOU3BOJIBLHOIO BHJIA MOTYT MPUBECTH K Ype3Mep-
HOM TPOMO3KOCTH MOJIy4aeMOr0 PEIlICHUs, B HEIMHEWHBIX 3a/1auax 00
OTBICKAHUM TEPUOJIUYECKUX BOJHOBBIX MPOQUiIeH MOBEPXHOCTH HU/Ie-
ABHOM KUIKOCTHU MPUHSTO BHIOMPATh HAYAIBHBIC YCIOBUSI TaK, YTOOBI
pelieHre MpUHUMAaJIo HamOoiiee mpocTtoit Bua [61 — 63, 149]. OtoT
npueM 1 OyAET UCTIONb30BaH B HUKECIICAYIOIIUX PACCYKACHUSIX.

bynem uckath pemenue 3anauu (2) — (8) B BUJie pa3ioKeHUs IO
MajoMy MapaMeTpy €, B Ka4eCTBE KOTOPOTO BBHIOEPEM OTHOIICHHE
aMIUTUTYAbl BOJHBI K paauycy cTpyud. Mcmonb3yss MEeTosl MHOTHX
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MacITabOB ¥ OrPAHUYMBASACH TOYHOCTBIO JO BTOPOrO MOpPsIKa MaJo-
CTHU BKJIFOUUTEIBHO, IPEJICTABUM UCKOMBIE PYHKIUU & ¥ U OB BUAE

PSAJZIOB TI0 CTEIICHSAM €, ToJIarasi OJJHOBPEMEHHO, YTO MX SBOJIOLHS BO
BPEMCHHU OMPEACIISICTCS ABYyMS BPEMEHHBIMH MacmTabamMud — OCHOB-
HbIM T, =t u 6onee MeaeHHbM T, = €t:

&((p,z,t)ze-ﬁm ((p,z,TO,le+£2 -ﬁ[z] ((p,z,To)+O 83 ;

g > g2 ;
‘I’(r,(p,z,t)=8-‘1’ 0,z,T ,T |+&"-¥ 0,z,T |+0O|¢e |;
0 1 0
(OJ (1] 2 (2j 3
@(I’,(P,Z,f)zq) (r)+£-CI) (rs(PazaTOaTij-l_g - P (ra(PazaT0)+O €

9)
[ToCKOBKY MBI CUATAa€M, YTO BOJIHA, PACHPOCTPAHSIONIASACS I10
MOBEPXHOCTH CTPYH, OCIKUT B MOJOKUTEITLHOM HaIpPaBJIeHUU ocu OZ ,

TO TpUMEM, 4TO (popMa CBOOOAHOM MOBEPXHOCTH KHUIKOCTU

r=1+8-f((p)- A(Yij-exp(i6)+A(le-exp(i9) +0 82 ,

rne 0=k-z—w,,(k)-T,, TA€ @, (k) — 4aCTOTa BOJIHbl C BOJHOBBIM

YUCIIOM Kk ¥ a3sMMyTaldbHBIM YUCIOM m,; f(@) — OeHcTBUTEIbHAS
dbyHKIMs, onuchiBaromas ¢GopMy MOMEPEYHOTO CEYEHUsI CTPYH,
A(T) — moKa HeM3BeCTHAass KOMILIEKCHAs (YHKIHUS, 3aBHCAIIAS OT
MEJICHHOrO BpemeHn 7. ['opu3oHTanpHass 4epra O3HAYaeT KOM-

IIEKCHOE CONPSIKEHHE.
OueBHUIHO, YTO f(¢@) — meproanvecKas QPYyHKIHS C IIEPHOIOM 2T

U, CJIEIOBATEIIbHO, MOXKET OBITh pa3yioxkeHa B pal Dypbe:

(e o)

f((p) = ZO(Cm -exp(im®) + g . exp(—im(p));

m=

165



1 T
Con = |/ () exp(—img) - dg.
275(1 +6 oj 7

Jns yIpoueHus JalbHENIINX BBIKJIAA0K OrPaHUYUMCS PaCCMOT-
peHueM ciyuas, korga (opma MOoNepeyHOro CeYeHusl CTpyH OIpese-
JsieTCA KaKOW-TM00 OJJHOM rapMOHUKOM, T.€. IPUMEM, YTO

f(@)=C,, -exp(imp)+C,, -exp(img) ;

TOrJa, TepeoOo3Havass HaJIeKaluM o00pa3oM  KOIDPHUIIUECHTHI
(¢9(T)=C,-AT); £UT)=C, - A(T)), BBIpaxKeHHe A CBOOOIHOM TI0-
BEPXHOCTH CTPYH 3aIIUIIEM B BHJIC

r=1+ 8[(§(+)(7“1 ) exp(im@) + g“(_)(T1 ) exp(—im (0))~ exp(i@) + (K.C.)J+ 0(82 ) (10)

3neck u jganee abopeBuarypa (k.c.) 00O3HAuyaeT cjaraeMble, KOM-
MJIEKCHO COMPSI’KEHHBIE K BHIMUCAHHBIM.

Bripaxxenue (10) OyzaeM paccMatpuBaTh Kak HayajdbHOE YCJIOBHE,
HEeO0OXO0IMMOE JJ1s1 3aMbIKaHMs KpaeBoil 3aaauu (2) — (8).

3. IloacranoBka paznoxenuit (9) B ypaBHeHus (2) — (8), UCMOIb-

Jd 0 0 .
30BaHUE oIepaTopa Fria a_T+ £ A BBIYUCIICHUS [IPOU3BOAHOM I10
t 0

1
BpEMEHU U paszioxkeHue ycnoBuil (4) — (8) B pan Teitnopa B okpect-
HOCTU PABHOBECHOM LWJIMHAPUYECKOM ITOBEPXHOCTU r=1 ¢ mocie-
JTYIOIIUM BBIACICHHEM U CYMMHUPOBAHUEM CJIAra€MbIX MPHU OJIMHAKO-
BBIX CTENEHAX € W C NPUPABHUBAHUEM HYJIK0O MHOXWTEJIEU IIPU pas3-
JIMYHBIX CTENIEHSAX £, IO3BOJISIFOT BMECTO MUCXOJHOW KPAEBOM 3aJa4u
MOJYYUTh 3a/1a4M PA3JIMYHBIX TOPSJIKOB MAJIOCTH.

3a. B HyneBoM MpUONMKEHUU HMEEM PaBHOBECHOE COCTOSHHE,
KOTOPOMY COOTBETCTBYET HEMOJBUXXHBIA (B ABUKYILICHUCS CHUCTEME
KOOPJMHAT) MWIMHAPUYECKUN CTONO >KUIKOCTH C MOCTOSHHOM IO-
BEPXHOCTHOM IJIOTHOCTBIO 3apszia ) . DIEKTPUUECKOE MOJI€ B OKPECT-

HOCTH HEBO3MYILIEHHOTO OJIHOPOJHO 3apsKEHHOTO LUJIMHAPUYECKOTO
cT0JI0A OTpeIeNIeTCs MTOTSHITUATIOM

@ (r)=—4myn(r). (11)
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[Tpu 3anucu (11) npuHATO, YTO MOTEHIIMAT HEBO3MYIIIEHHOMN BOJI-
HOBBIM JBHWKEHHEM MOBEPXHOCTHU LWJIMHIPUYECKOW CTPYU PaBEH HY-
JIFO: CDS’) =0. /IuHaMH4YECKOE TPAHUYHOE YCIIOBUE B HYJIEBOM IIpH-
OJIM’KEHUH TO3BOJISIET OINPEACIUTh PAaBHOBECHBIN Mepenaj JaBJICHUM
Ha NTOBEPXHOCTH CTPYH

Ap =1-27p°.

3b. B cuny nuHelHOCTH ypaBHEHUH (2), YCIOBUH OrpaHUYEHHO-
cru (3) u pasnoxennit (9), dyuxiuu WY u @Y (j=1,2) B mepsom
MPUOIIDKCHUH SBIISIOTCS] PEIICHUSMH 3allMCAHHBIX I HUX ypaBHE-
HUM, TOJTHOCTHIO aHAJIOTUYHBIX (2), (3).

Cucrema rpaHUYHBIX U JIONOJHUTENBHBIX ycioBuil (4) — (8) B
MIEPBOM MOPSIIKE MAIOCTH NPUHUMAET BU/T

1 1
r=1: 8‘1’[]_85(]:0; (12)
or BTO

+— +—
oT, 8z| oJdr Jdr Or

o 1| 9 s 9
- 2 .
or ¢’

0\ (1) (1)
(BCI) ] }5(1)}_{_5(1)_{_825 +8;§2 =0 ; (13)
Z

1 dq)(O) 1 1
0!+ S = al(); (14)
Zo+A 27 (1) (0)
jj{a(ap +ai(ra§) ]cf(”} dp-dz=0; (15)
%0 r r r -
z0+A 21
[ [&Vdep-dz=0. (16)

Ha ocnoBanuu (1), (9) u (10) nna dyHKUIMUM MONPaBKU MEPBOTO
nopsiika ManocTd k npodmmo Bomuel £V momyumM ciemyroree BbI-
paxeHue:

EVN,2,T,,T,)= (1) exp(im) + {(T,)- exp(~im@) Jexp(i@) + (k.c.). (17)
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SIBubiii Bug Gyskmmi (7)) u () Moxer OBITH OIpeeNeH
JIMIIb TIPM aHAJIM3€ 3aa4d CIEAYIOIIETro mopsaka Manocti. Hecmox-
HO y6emuThes, uto Gynkumst &) B Buae (17) yIOBIETBOPSET YCIOBHIO
HEU3MEHHOCTH 00BheMa (16).

[IpuHrMast BO BHUMAHHUE, YTO MOMPAaBKU MIEPBOTO MOPSIKA MaJIo-
cTH K moTeHnuany mois ckopocreit W u anexrpocratiaeckomy mo-
tenmmany @ cessanbl ¢ dynxumeit £ kuHeMaTHueckuM rpaHmd-
HbIM ycnoBueM (12) u ycioBueM s3kBuUnoTeHuuanbHoctu (14), Oynem
nckatp Boipaxenust mi1 P u ®Y meromom paszenenus mepeme-
HBIX, IPEICTABHUB UX B BUIE

YO (r,0,2,T,,T )= AT )- B(r)- D(¢)- exp(i0) + (k.c.);

Y7021

O (r,0,2,T,,T)=[S(T)-C(r)- W(p)- exp(i6) + (k.c.)]+ ®" (). (18)

270271

[Toncrasnss (18), a Takxke (17), (11) B (12), (14) u npupaBHUBas
KO3 PUIMEHTHl MPU SKCIOHEHTAX C OJMHAKOBBIMU TMOKa3aTeJsIMHU,
MOJTY4YUM

A(T,)- D(p)=—S[E(T,)- explime) + £ T, )- exp(=im)];

S(1)-W(p)=—A[¢Y(T) exp(ime) + {(T))- exp(=im)].  (19)

3nech U ganee MmMTpuX 0003Ha4YaeT MPOU3BOIHYIO MO apPTYMEHTY, B3S-
TYIO0 Ha HEBO3MYIIICHHOH TTOBEPXHOCTH CTPYH.

3aBHCUMOCTH IONPaBOK K morennuanam V" u ®" or xoopauHa-
THI r ONpenenseTcs u3 ypaBHeHui Jlamnaca (2), KOTopsle Mociie Mmo/-
ctaHoBKHU B HUX (18), (19) nerko cBoAsATCS K UMEIOIIUM OJUHAKOBBIN
BUJT OOBIKHOBEHHBIM U] depeHIINATbHBIM YPAaBHEHUSIM OTHOCUTEIh-
HO Gyukiuit B(r) u C(r):

de(”)+l.M_(k2 +’”—2]-G(r>=0;

dr’ rodr ?

r

3neck G(r)=B(r) wmu G(r)=C(r). PelmeHussMH 3TOr0 ypaBHEHUS SB-
nsroTess MoguduuupoBanubie GyHkuuu beccens I (k) u K (kr).
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VuuteiBas, uTo 100aBKku K noTeHnuanam V" u & nomkHel yaosie-
TBOPATh  YCIOBHUSIM  OTPaHMYEHHOCTH (3), MOXKHO 3alucarth
B(r)=1 (kr), C(r)=K (kr). B pe3ynbraTe BRIpa)KEHUs IJIs HONPABOK K

HOTEHIMATY 0N cKopocTeil W' W 2JeKTPOCTAaTHYECKOMY ITOTEH-
uany @ mpuMyT OKOHUYATEILHEIN BUI;

L, (kr)
k-1, (k)

¥ (re.21,.T) =-iw | S(T,)- explime) + &7 (1) - exp(-imp) |exp(i);

K, (kr)

o (7,1,,T;) = 47y % (0)

| £O (1) explimp) + ¢ (T; ) exp(=ime) |exp(i6).
(20)

ITpu 3anmcu BeipakeHus it ®") yuTeHo, YTO M3 YCIOBHS COXpa-
HEHUs 3apsija clieqyeT, 4To JAo0aBKa MEpPBOro MOps/iKa K 3HAYEHUIO
ANEKTPOCTATUYECKOI0 TOTEHI[Majda Ha MOBEPXHOCTH paBHA HYJIIO:
®(t)=0.

N3 cucTeMbl rpaHUYHBIX W JIOMOJHUTENBHBIX ycioBui (12) — (16)
OCTaJIOCh HEHUCIIOJIb30BAHHBIM JIMHAMUYECKOE TPAHUYHOE YCIOBUE
(13). IToacrasnsia B Hero pewenus (17), (20) u (11), monmyyaem nuc-
NIEPCUOHHOE YPAaBHEHHE, CBSI3BIBAIOIIEE BOJHOBOE UUCIIO k U a3UMY-

TAJIBbHOE YHCIIO m C YaCTOTOM KOJCOaAHHI M

@ (k)=G (k) |[k>+m* -1+w-(1+H (k) ]; (21)
Gm(k)sk}[éfk(;c); Hm(k)z—kkK’(;k(;c); W=dr-y .

3c. Bo BTOpOM mopsnke ManocTd u3 cucteMsbl (4)—(8) momydnm
HEOJHOPOAHBIE YPABHEHUS VIS IIOIPABOK BTOPOrO IOPAAKA MAIOCTH
£ w g @@ (cm. «IIpunoskenne A»). [IpaBble 4acTH THX ypaBHe-

HUW UTPAIOT pojib (PYHKIMM HEOJHOPOTHOCTH M BBIPAXKAIOTCS depes
petienus HyJieBoro (11) u nepsoro (17), (20) nmopsiakoB ManocTH, Io-

CJIe TIOACTAaHOBKH KOTOPBIX TPAHUYHBIE W JOTIOJHUTEIbHBIC YCIOBUS
(A.1)-(A.5) npumyT BuUJ

(2) (2) (+) (-)
r=1: v _d¢ {aail eXp(im(ﬂ)+aaLTeXp(—im¢)}eXP(i9)+

or a7, 1
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+{X1 ((§(+))zexp(i2m(p)+(§_) exp(— z2m¢))+2X§ e ]exp(129)+(7<c)

(22)
e S L 9°ED 92
o1, ~ { o } e T
=—i® Gml(k) {aag: exp(im ) + aai;{)exp(—im (0)} exp(i@) +
+|7 () expizme) + () exp(-=i2m) )+ Y, - 28 9¢C |exp(i26) +
+Y, 209 9 exp(i2me) + Y(] ) C.); (23)

O — 47yt =Y + L{l(é’“) )2 exp(i2m@) + (é’(’) )2 exp(—i2me) + 2§(+)§'(’)Jexp(i26) +

+200 .0 exp(z2m¢)+(] (+)2+‘§(_)‘2)+(K.C.)}; (24)

2044 21 (2)
j jaq)r dg-dz =—4° Ayl + m —4H( (] ) +‘§ ); (25)
Hf dg-dz=-m-(|CV] +)¢0T) (26)

Bce Hemocraronue o0o3HaueHus npuBeneHsl B «lIpunoxkenun By.
[Ipu 3anucu ypaBHeHUs (25) UCHOIB30BAJIOCH PEKYPPEHTHOE COOT-
HOIIICHHE

K’ (k) :£1+Z—ijm(k)—%K;(k).

3ajaiuMes 1eNbI0 HAMTH YacTHOE pPEIICHUE 3aj1aud BTOPOro Mo-
psIJIKa MaJOCTH, YIOBIETBOPSIOIIEE 3aMCAHHBIM IS QyHKIMA P u
@ ypaBuenusaMm (2), (3) u cucreme ypasuenuii (22) — (26). Bun
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GyHKIIUA HEOTHOPOAHOCTH B (22) — (24) nmoacka3bIBaeT XapakTep 3a-
BUCUMOCTH UCKOMOTO PEIIEHUS OT KOOPAUHATHI @ U aprymeHTa 0. Ha

9TOM OCHOBAHHH IIPUMEM, YTO

ENp,2,T,))= 4, + A" - exp(imp) + A7) - exp(=im ) lexp(i6) +

+ [A2 + A" - exp(i2m@) + A7) - exp(=i2m (p)]~ exp(i20) + A, - exp(i2me) + (k.c.);
27)

\P(Z)(V’ ¢9Z7To ) = Bo ’ Fo (I/')-l- [B1(+) ’ E(+)(I’)' exp(zm(p) + Bl(i) ’ EH(V)' exp(—imqo)]exp(i&) +

+[B2 .F,(r)+ B EY)(r)-exp(i2mep) + B - F7 (r)- exp(—izm(p)] -exp(i26) +

+B, - F, (r) -exp(i2me) + (k.c.); (28)

®%(r,p,2,T,)= D, - C,(r)+ D" - C)(r)- exp(im@) + D - C)(r)- exp(~imp) lexp(i6) +

1

+[D2 -C, (r)+ DY -\ (r)-exp(i2me) + DY) - 37 () exp(—iZm(p)} exp(i20) +

+D; - C, (r)-exp(i2me) + (k.c.). (29)

3aBucumoct QyHKIMi ¥ 1 & oT KOOpAMHATEI » ONpPENETHM
u3 ypaBHenui Jlamnaca. [loacrasmnss (28), (29) B (2) u tpeOyst obpa-
IICHUS B HYJIb CyMM KO3(PHUITUESHTOB MTPH SKCTIOHEHTAaX C PA3IMIHBIMA
MOKa3aTeIsIMU, TMOJTYyYUM OOBIKHOBEHHBIC audQepeHInaabHble ypaB-
HeHMS U1 Kaxno# u3 dynkmumit F7(r) u C(r) j=0123. PemeHns

3TUX YPaBHEHHI C yYETOM YCJIOBUH OrpaHUYEHHOCTH (3) MO3BOJISIOT
npuBectn Bepaxkerus (28), (29) ws notenrumanos ¥, @2 k Bumy

¥(r,0,2,T,)=B, +[B" - exp(imp) + B - exp(~im@)|- I, (kr)- exp(i6) +

+[B2 1,(2kr)+ (B - exp(i2mg) + BY) - exp(-i2mg) ) 1, (2kr)] exp(i26) +

+B, " - exp(i2m@) + (k.c.); (30)
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(I)(z)(r,(p,z,T0 )=D, -Inr+ [Dl(” -exp(im@) + Dl(’) -exp(—im (p)]- K (kr)-exp(i®) +
+[D2 K, (2kr)+ (DS - exp(izme) + D) - exp(-i2mg) ) K, (2kr)]exp(ize) i

+D, 17" - exp(i2m@) + (k.c.) (31)

)  pl)
Kosdurmentsr 4, BY n D!’ onpenensiorcs U3 CHCTEMbI ypaBHe-

Hul (22) — (26). 3ametum, 4TO B, MOXKET ObITh (PYHKIIMEW BpPEeMEHHU,

BBIOpPAHHOM B yIOOHOM AJis 3amucH peiieHust GopMme, MOCKOJIbKY HU-
KaKoTo (pU3MYECKOro 3HaYCHUS OHA HE UMEET.

N3 ycnoBuil coxpanenuss oobema (26) u 3apsga (25) HECIO0KHO
HAUTH

AO:—%( z;<+)2+‘g<->m; Dy = 2mx(k* +m?) Uz; +c ‘2)(32)

[Toncrapnsis (27) u (30) B KHHEMATUUECKOE TPAHUYHOE YCJIOBHUE
(22) u mpupaBHUBas JIpyr ApYry Ko3Q@PUIMUEHTH MPU OJUHAKOBBIX
DKCITOHEHTAaX W3 JIEBOW M ITPABOM YAaCTEN PABEHCTBA, MTOJTYYUM

’ t . t a -
k-1, (k)-B® +i-a, (k) A >:§_Tl;

2k I, (28) B 120, () A =i, (€]

2k-15(2k)- B, +i-20, (k)- 4, =i-X, 20" ¢, B,=0. (33)

AHanorndaeIM o0Opaszom, ucmoib3ys (27) u (31), U3 yciaoBus K-
BUMOTEHIIUAIBHOCTH TTOBEPXHOCTU CTPYH (24) MOIyUYnM CIEAYIOUTYIO
CHUCTEMY PaBEHCTB:

2
K, (k).Dl(i) —4TI:X-A1(i) —0; sz(Zk)-Déi) —4TCX'A§i) :L(C(i)) :

K, (2k)-D, —dmy- 4, =L-20¢Y); D, —4my-4,=L-20,.C ;
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o) =dmy (1+H,, (k))- ( ‘CH

g ‘z;(‘)m. (34)

OTMeTHM, YTO MPHU TOJTYUYCHHH 3HAUYCHUS J00aBKH BTOPOTO IIO-
psiika MajoCTH K MOTEHIMany moBepxHoctn ®F) GbUTH MCIONB30Ba-
HBI BhIpaxxeHus (32).

Haxkownen, noacrasisist (27), (30) u (31) B tuHaMU4YeCcKOEe TpaHUY-
Hoe ycioBue (23), a Takxke yuuThiBas (32), Haljiem

(1-k> =m* —4my?)- A +i- 0, (k) 1, (k)- B -

+

k- K, (k)- D =-

@,
i : ;
G, (k) of,

(1-4k% = 4m® —dmy? ) 47 +i 20, (k)1

2m
—x-2k-K}, (2k)-D, =Y, .(g;(i))z;
(1-4k> —4my*)- 4, +i- 20, (k)-1,(2k)- B, -
- 2k- K (2k)- D =Y, - 28, - s
(1=dm® —4rx?)- 4, +2my- Dy =¥, -26) -0
:_[1/4 +%—2nx2(k2 +m’ +1)]UC(+)

Brisicnenue Buga ¢gyHkiuu B, (cM. mociegHee u3 paBeHcTB (35))

38,
o,

’ +‘§<‘>m (39)

UMEET YHUCTO aKaJeMHUUECKOe 3HaYCHHUE, TTOCKOJbKY MOTEHIIMAJ OMpe-
JEJISIETCS C TOYHOCTBIO J0 IPOM3BOJBHON aJIMTUBHON (PYyHKIIUH, 3a-
BUCSIIIEH TOJIBKO OT BpeMeHu [17].

CoBmecTHOe perienre cucteM paBeHCTB (33) — (35) mosBodisier
OTPEACIUTh, UCKOMBIE KO3(hPHUIMeHTh. PaccMoTpuM IepBbIC paBeH-
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CTBa U3 BBHINHMCAHHBIX cucTeM. Bripakas u3 (33) koaddurments B™
au3 (34) — D" unoxacrasnasg ux B (35), HoayIHM

: (%)
1—k2—m2—4nx2-(1+Hm(k))+0)’"(k) Al(i):—i-2m’”(k)-ac .
G, (k) G, (k) oF,

Hec105KHO 3aMETUTh, YTO B CHIIY AMCIEPCHOHHOIO COOTHOIICHHS
(21) kBagparHas ckoOka mpu 4™ oOpamiaercs B HONb. B pesynbrare

oJIy4aem
——=0. (36)

Ypasuenue (36) 03HAYACT, YTO KOMIUIEKCHBIC aMILIATYabl () He
3aBUCAT OT BPEMEHHOro maciiraba T, ¥ IpH pelieHUuu paccMaTpH-

BAEMOU 331a4M C TOYHOCTBIO JO BTOPOTO MOPSIAKA MAJOCTH SIBIISIFOTCS
KOHCTaHTaMH.
Koo dunmentsl 4" ocramuchk HeonpeaeleHHbIMA. X 3HaYeHns

MO>XHO BBISICHHUTH TOJIBKO W3 HAYaAJIBHBIX YCIOBHH. [TOCKOJIBKY MBI
MIOCTABUJIM TIepe] COOOM eI MOCTPOUTh PEIIeHUE, UMerolee Hanbo-
Jee MpOCTON BHUJ, MOA0Mpas HY>KHBIM 00pa3oM HadalbHBIE YCIOBHSI,
TO MBI BIIpaBe BLIOPATh MX TakK, 4TOOBI HONYy4uTh A =0. IIpu 3TOM

coriacHo (33) u (34) Oyxem umets BY =0 u D) =0.
Onpenensisg u3 cuctemsl (33) — (35) Bce ocTaBimecs ko3¢ duiin-

CHTBI, 3aIUIIIEM PEIICHUE BTOPOTO MOPSAKAa MaJIOCTU B OKOHYATEIb-
HOM BUIIE:

1 ; o1 1) oo .
g(z)((p,Z,TO):_EUQ( ) +‘C( )‘ j+2a3 ’C( )’C( )-exp(12(p)+

+ lal -((é’(*))z -exp(i2me) + (g’( ) -exp(— z2m(0))+ 2a, - Jexp(z20) + (kc)

jT_

‘P()(r 0,z,T,) = UC
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—i[bl ((§(+) )2 exp(i2me) + (é’(_) )2 exp(—i2m¢)) X
X1, (2kr)+2b,¢ O, (Zkr)] exp(i26) + (k..)

O (r,p.2.T, ) =2y (k> + m* \|C WL +[¢ ) 1nr +

+[d1 ((g““) ) exp(izme) + (¢0) exp(-i2m(p))K2m (2kr)+2d,¢ ¢k, (2kr)} exp(i26) +

+2d, -9 exp(i-20) + (ke.), (37)

r7ic¢ BCE BHOBb BBEJICHHBbIC 0003HaueHUs MNpuBejeHbl B «lIpumoxe-
Huu Cy.

B uTore penieHre nocTaBI€HHON 3a/1a4M C TOYHOCTHIO JO BTOPO-
ro TmopsijiKa MajlocTu onpeaesiercs Boipaxenusmu (1), (9), (11), (17),
(20)-(21), (36)-(37).

4. ®opma cTpyH Kak (PyHKITHS BPEMEHHU OMPECTUTCS BhIPAKEHUEM

2
r(z,@,t) =1+ £cos(me)cos(0) — % :

B - (@-cos(2mp) + a,)cos(26) ~a, cos(ﬂm} -

Pacuetrsl mo 3TOoMy ypaBHEHMIO IpU £=(0.3 U IOKPUTHYECKUX B
CMBICJIE pEan3allii HEYCTOMYMBOCTU CTPYH IO OTHOUICHUIO K IIO-
BEPXHOCTHOMY 3apsjly 3HAUCHUSX TapameTpa W =4rx-y° B TaKeTe
aHAJTMTUYECKUX  BblUMCIeHUN  «Matematicay»  WUTIOCTPUPYIOTCS
puc. 1 — 5, rne nust nepBbIx nsitu Moa ( m = 0, 1, 2, 3, 4) npuBeJEHbI
TpEXMEPHBIE H300pAKEHUSI MOBEPXHOCTH HEJIMHEHHO OCIHMUIUPYIO-
mux crpyi npu: a) t = 0; b) t = 0.5T, roe T — nepuos BojH (KpUTHYE-
CKoe JUIsl (PUKCUPOBAHHOTO m 3Ha4Y€HUE W HaxoauTcsa U3 TpeOOBaHUs
oOpallleHHsl B HOJIb KBaJpaTa 4acTOThl B JIUCIIEPCUOHHOM ypPaBHEHHUU

(21)).
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a b

Puc. 3. [ToBepxuocTh cTpyumpu K =2, m=2, W=1
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Puc. 5. [ToBepxuocTh ctpyu mpu K =2, m=4, W=1

N3 npuBeIeHHBIX PUCYHKOB BHUJIHO, YTO MOHOAMCIIEPCHBIA pac-
naj CTpyd Hanbosiee BEPOATEH JJII OCECUMMETPUUYHBIX (m=() CTpyHl.
Bo30yxxneHne ke «XJIbICTOOOPa3HOIro» NBUKEHUSI CTPYH BEPOSTHEE
BCETO CBS3aHO C HEYCTOMYMBOCTBIO MOIBI ¢ m=[. IIpu peamnzanuun
HEYCTOMYMBOCTH HEOCECHMMETPUYHBIX BOJH C 7 > 2 TOBBIIIACTCS
BEPOSITHOCTh MOJUAUCIEPCHOrO pacnaga CTPyd, Kak 3TO U HaOIroaa-
€TCSI B €CTECTBEHHBIX YCIIOBUAX IIPU CIOHTAHHOM PAacCIajie CHIbHO 3a-
PSOKEHHBIX (HEOOXOAMMOE YCJIOBUE JIsi  O0eCledeHus pealu3aliuu
HEYCTOMYMBOCTU HEOCECUMMETPHUUYHBIX MOJI) CTpyil. BiusiHue yBenu-
YeHUs1 TOBEPXHOCTHOM IMJIOTHOCTH 3apsija Ha cTpye Ha ee ¢hopmy HUIl-
moctpupyetcst puc. 6 — 9, rae ipu ¢ = 0.5 T npuBenaeHsl GOpPMBbI MO-
BEPXHOCTH HEOCECUMMETPUYHBIX CTPYH ¢ m = I, 2, 3, 4, IOIMy4YECHHbIE
npu £¢=(.3, Korja MmI0OTHOCTh MOBEPXHOCTHOTO 3apsijga OJIu3Ka K KpH-
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TUYECKOU ST JAHHOM MOJbl. BUIIHO, UTO C YBEJIMYEHUEM ITOBEPXHO-
CTHOM IUIOTHOCTH BJICKTPUYECKOTO 3apsijia aMILUIUTY/ Ikl BOJH pPacTyT, a
BEPOSITHOCTh UMEHHO TOJUIUCIIEPCHOTO paclajaa npu m > 2 CTaHO-
BUTCS OoJiee oueBUIHON. Mconb30BaHHOE B pacyeTax s puc. 1 — 9
OOJIBIIIOE 3HAYEHHE Majioro mapamerpa £=(.3 BbIOpaHO JJISI HAIJIs/I-
HOCTH.

a b

Puc. 7. I[loBepxuocts ctpyu mpu K =2, m= 2, W = 3.33
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Puc. 9. [ToBepxuocts ctpyu mpu K =2, m= 2, W =5.25

5. VI3 BBINIMUCAaHHOTO ypaBHEHUS sl POPMBI CTPYH HECTIO0KHO BU-
J€Th, YTO KPOME BOJIHBI C BOJIHOBBIM YHCIIOM k , CYILIECTBYIOIIECH B
HavyaJlbHBII MOMEHT BpPEMEHH, BO30YKIIaeTCsl TaKKe 3a CUET HEJu-
HEWHOTO B3aMMOJICMCTBUSI BOJIHA C YJABOCHHBIM BOJHOBBIM YHMCJIOM
2k. Mexnay >TUMU JBYMsI BOJTHAMH MMEET MECTO PE30HAHCHOE B3au-
MOJCICTBUE, ONpeAeIsIoeecs HAIMUUEeM Y Ko3Q(GUIIMEHTOB a; U a;
3HaAMEHATEeJeN, KOTOphIE MPHU ONPEJEICHHBIX YCIOBHIX 00paIarTCs
B HYJIb.

N3yyeHne pe30HAHCHOIO B3aUMOIEWUCTBUS LWIMHIPUYECKUX
BOJIH COCTABJISIET ITPEAMET OTACIBHOTO UCCIEAOBAHUS, IOKA K€ UHTE-
PECHO OTMETUThH, UTO MPU PE30OHAHCHOM B3aUMOJICMCTBUU HEIWHEU-
HBIX OCLIMJUISILIMM KalleJlb ¥ BOJIH HA TJIOCKOU ITOBEPXHOCTH KUIKOCTH
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BO3MOJKEH CTOIPOILIEHTHBIN 0OMEH 3Hepruil mexay Humu. Kpome To-
ro, IpUMEYaTesIbHO, YTO PE30HAHCHO B3aUMOJECHCTBYIOT BOJIHBI C
Pa3IMYHBIMU BOJIHOBBIMU U a3UMYyTaJbHBIMU YHCIIAMH, T.€. C Pa3JIny-
HOM CUMMETPHEM, KaK 3TO BUAHO U3 BBIPAXKEHUN N1 KO3PPULIMEHTOB
a; U a,. BiisiHue BEIWYMHBI TOBEPXHOCTHOW IIJIOTHOCTH DJIEKTpUYE-
CKOI'0 3apsifia Ha CTpye y Ha 3aKOHOMEPHOCTH pealu3aly pe30HaHC-

HOT'O B3aMMOJEHUCTBHS CBOAUTCS K U3MEHEHUIO MOJIOKEHUS PE30HAHCA
(K M3MEHEHMIO BOJHOBBIX YMCENI U a3UMYTaJbHBIX ITapaMEeTpPOB B3au-
MOJICHCTBYIOIIMX BOJH MPU BapbUPOBAHUM y ). Braiu OT MogoxKeHU

PE30HAHCOB BIUSHHE IEKTPUYECKOIO 3apsa, UMEIOLIErocss Ha IO-
BEPXHOCTH CTPYH, CBOOUTCS K MOSIBIICHUIO BO3MOXHOCTH Pa3BUTHSA
HEYCTOMYMBOCTH HEOCECUMMETPUYHBIX MOJ IMPHU JOCTATOYHO OOJIb-
MIMX TUIOTHOCTAX 3apsija — npu 4zy’ >1. HamoMHuM, 4TO B OTCYTCT-

BUE 3apsna (mpu y=0) BCe HEOCECUMMETPUUYHBIE MOJbI YCTOWYUBHI,

3TO CHEAYET U3 AUCIEPCHUOHHOrO ypaBHeHusa (21). BimsiHue 3apsna
(oObemMHOTO MO0 MOBEPXHOCTHOTO) Ha (HOpMY CTPyH peaauszyeTcs
4epes 3aBUCHMOCTD OT €ro INIOTHOCTH ¥ KO3(D(UIMEHTOB 4;, OIpee-

JISFOIIUX OTKJIOHEHHWE BTOPOTO MOpPsKa MajocTH (OPMBI CTPYyU OT
IUJIAHIPAYECKOM.

B mpoananu3umpoBaHHOM BBIIIIE BTOPOM MPHONMKECHUH II0 aM-
IUIATYJI€ BOJIHBI MOMPABOK K YAaCTOTAM HET, OHU MOTYT MOSBUTHCS
JIMIIb B CIEAYIOIIEM, TpeTheM, NpuoanxkeHuu. [loaToMmy B HacTosIeM
PACCMOTPEHUN KPUTHUYECKHE YCJIOBUS peaU3alyd HEYCTOWYMBOCTHU
MOBEPXHOCTU HEOCECUMMETPUYHON CTPYH B CMBICJIE pa30MEHUs €€ Ha
OTACIbHBIC KaIUIM OMPEICISIOTCS W3 JUHEHMHOro NMpUOIMKEHHUS, KaK
3TO0 onucaHo B [146 — 148], ycinoBueM mepexojia yepe3 HyJb B 00-
JaCTh OTPHUIIATENILHBIX 3HAUYCHUHN KBajpaTa 4acToThl (21). Bopouew,
CJIEYeT OTMETUTbh, UTO MOMPABKU K KPUTUUYECKHUM YCJIOBHUSIM peau-
3allMM HEYCTOMYMBOCTH, CBSI3aHHBIC C HEJIMHEHMHBIM B3aWMMOJICMCTBHU-
€M BOJIH, HE MOTYT OBITh 3HAUUTEJIHHBIMUA U MPUBECTH K 3aMETHOMY
M3MEHEHUIO CYIIECTBYIOUIMX MPEICTABICHUN O PA3BUTUM HEYCTONYH-
BOCTH MOBEPXHOCTU CTPYH, MOCKOJIBKY MMEKOT BTOPOM MOPSIOK Ma-
JIOCTH.

OTtMeTuM, 4TO IIPU PE3OHAHCHOM B3aMMOJICMCTBUM HEJTMHEUHBIX
OCITUJUISIIUM ¥ BOJIH BO3MOXXEH CTOIPOIICHTHBIM OOMEH PHEpPruil Me-
K1y HUMUA. Kpome Toro, mpuMedaTeabHO, YTO PE30HAHCHO B3aUMO-
JICUCTBYIOT BOJIHBI C Pa3JIMYHBIMU BOJHOBBIMU WM a3UMYTaJIbHBIMU
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YUCJIAMU, T.€. C PA3JIMYHOU CUMMETPUEH, KaK 3TO BUIHO U3 BBIpaXKe-
HUN 1719 K03)PUIIUEHTOB a; U a,.

Ha puc. 10 mpuBenen rpaduk 3aBUCUMOCTH F =4’ (k)-«?, (2k)
npu m=0 (onpenenstomeil BeTMYMHy 3HaMeHaTessl B Ko3PpPuureHTe
a,, a Takke B Kodduimente a, npu m=0) OT BEJIUYNHBI BOJTHOBOIO

yucna k u napamerpa W, nepecedeHHo# miockocTbio F'=(0. Ha kpuBoii
[k W)= 4a,(k)- @, (2k)=0,

Sk pry = 25 20 d (2k- K, (20) /Ky )}
,(2K)

Ak (1=K =W = (k- K (k) /K ()]}
1,(k) ’

110 KOTOPOW MEPECEKAIOTCS 3TU JIBE€ MTOBEPXHOCTHU, PEATU3YETCS PE30-
HAHCHOE B3aWMOJICHCTBUE MEXIY JIBYMS OCECUMMETPUYHBIMU MOJa-
MU (m=(0) AJis1 BOJIH C BOJIHOBBIMU YHCJIaMU k U 2k. Pe30HaHCHBINI 00-
MEH PHEpPrueil Mexay IABYMSI OCECUMMETPUYHBIMUA BOJHAMHU Pa3HOU
JUTUHBI (3aaHHOM B HaYaJIbHBIH MOMEHT BPEMEHHU C BOJIHOBBIM YMHC-
JIOM k ¥ BOJTHOM C BJIBO€ OOJIBIIMM BOJHOBBIM YMCIOM 2k, BO30YXK/Ie-
HHUE KOTOPOW MPOUCXOJUT B PE3YJIbTATE€ HEIMHEMHOTO B3aMMOJICHCT-
BUSI) HA CTaJAWM JAPOOJIEHUS CTPYH MOXKET MPUBECTH K OOPa30BAHUIO
«CaTEJUTUTOBY» — Kallellb C pa3MepaMu, OTIUYAOIIUMHUCS OT pa3MepOB
Kamnejab, Ha KOTOpble pa3OMBaeTcss CTPysS IpPU OTCYTCTBHH BO3MY-
mamux BozaerucTBuil. M3 puc. 10 MOXKHO BHIETH, YTO YKa3aHHOE
B3aMMOJICMCTBUE UMEET MECTO TOJILKO mipu W # 0.

PacueThl Ha OCHOBE COOTHOIICHHUS 4w’ (k)— . (2k)=0I0Ka3bIBa-

10T, YTO PE30HAHCHAS IEPEKAYKa SHEPTUMU U3 33JJaHHOW B HAYAJIbHBIN
MOMEHT BPEMEHM HEOCECHMMETPUYHOU MOJBI ¢ m=I W BOJHOBBIM
YUCJIOM Kk B JIPYTYI0 HEOCECUMMETPUYHYIO MOAY C m=2 U C BJIBOE
OOJBIITUM BOJIHOBBIM YHCJIOM MOXET Peau30BaThCs TOJBKO TMPHU J10C-
TaTOYHO OOJBIIMX 3HAYEHUSX MOBEPXHOCTHOM IJIOTHOCTH 3apsijia Ha
ctpye (ipu W > 3), Kak 3T0 BUJHO U3 puc. 11.
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Puc. 10.

Puc. 11.

N3 ammutygHoro Ko3duiimenTa a, BUIHO, YTO BO3MOXKHO pe-

30HAHCHOE B3aMMOJICUCTBUE MEXKIY OCECUMMETPUYHOU MOJOU m = ()
U HEOCECHMMETPUYHBIMU Mojamu ¢ m # (. Ha pwuc. 12 npuBenen
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rpauK 3aBUCHUMOCTH F =4’ (k)-w;(2k) npu m=1 (ompenensromici

BEJIMYMHY 3HAMEHATeNsl B KO3 (UIIMEHTE a,) OT BETUYUHBI BOJHOBO-

ro yuciia k u napamerpa W, nepecedeHHO mockocTthio F=(. Ha

KpHUBO#l f,(k,W) =4’ (k)-w;(2k)=0,

2k - 1,(2k){1-4k> — W[l - (2k - K1(2k))/K0 2]} N
1,(2k)

Jolk, W) =

| 2KLL () + 1, ()] 46" + WL (KK, (k) + K, (0)1) 2K, ()]}
1, (k) ’

10 KOTOPOW MEPECEKAKOTCS 3TU JIBE MTOBEPXHOCTHU, PEAIU3YETCS PE30-
HAHCHOE B3aMMOJECUCTBUE MEXKIY 3aJlaHHOW B HAYaJbHBIA MOMEHT
BPEMEHU HEOCECUMMETPUYHOM BOJIHOU C m =/ W BOJIHOBBIM YHCIIOM k
U OCECUMMETPUYHON BOJHON m=( ¢ BOIHOBBIM umciioMm 2k. Ilpu ta-
KOM B3aWMOJICHCTBUM IHEPIrUsl MEPEKAYNBACTCS U3 HEOCECUMMETPHUY-
HOU MOJBI C m=1 K OCECHMMETPUYHON MOJIE C YJIBOEHHBIM BOJIHOBBIM
guciaoMm. U3 puc. 12 BuaHO, YTO TaKOM pe30HAHCHBI OOMEH dHEprUeH
MOKET UMETh MECTO U MIPU OTCYTCTBUH HA CTPYE AICKTPUUECKOTO 3a-
psana (mpu W=0).

PacueTsl moka3bIBalOT, UTO PE3OHAHCHOE B3aUMOJICMCTBHE C IE-
PEKAYKOM HEPTUU OT HEOCECUMMETPUYHOM MOJBI C m=2 OCECUMMET-
PUYHOM BO3MOKHO TOJIBKO MpPHU JOCTATOYHO OOJIBIIUX IIOTHOCTSIX
MMOBEPXHOCTHOTO 3apsijia Ha CTpye: pu W > 3.

BnusHue BeIMYUHBI TOBEPXHOCTHOW MJIOTHOCTH 3JIEKTPUYECKO-
ro 3apsga Ha CTPyE€ Ha 3aKOHOMEPHOCTH PEaJr3aluu PE30HAHCHOTO
B3aMMOJICCTBUS CBOJIUTCS K M3MEHEHHIO MOJIOKEHUM Pe30HAHCOB (K
VM3MEHEHHIO BOJHOBBIX YUCEJ M a3UMYTaJIbHBIX MapaMETPOB B3aUMO-
JNEUCTBYIOIINX BOJH MPU BapbUpOBaHUU ). Baanm oT momoxeHwuit

PE30HAHCOB BIIMSIHUE 3JICKTPUUYECKOTO 3apsijia, UMEIOIIErocsi Ha Io-
BEPXHOCTH CTPYH, CBOJUTCS K MOSIBICHHUIO BO3MOXHOCTH Pa3BUTHUS
HEYCTOMYMBOCTH HEOCECUMMETPUYHBIX MOJ IMPHU JOCTATOYHO OO0Jb-
IIMX IUIOTHOCTAX 3apsjaa: npu 4zy’ >1 [146, 148]. Hamomuum, 4To B
OTCYTCTBHE 3apsna (mpu y =0) BCE HEOCECHUMMETPUUYHBIE MOJIbI yC-
TOWYMBBI, UTO CJIEAYyET M3 AUCHEPCUOHHOTO YpaBHeHUs. BiusHue 3a-
psana (00beMHOTO JIMOO MOBEPXHOCTHOTO) Ha (HOPMY CTPYyU peasIn3y-
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€TCS YEepe3 3aBMCUMOCTH OT €ro IUIOTHOCTH y KO3()(QUIMEHTOB «a,,

OTPENIETSAIONINX OTKJIOHEHHWE BTOPOTO TMOpsAAKa MaJOCTH (HOPMBI
CTPYHY OT IWJIMHIPUYECKOM.

(o T el

e T e
R e

'.*'."'**'**..*-:ﬂ-t“.-‘-

Tl
-ﬁ-:-r:"‘-r""-q-"" W""‘"’- Ty

Puc. 12.

Crnenyer Takke OTMETUTH, U4TO B [259] st He3apsHKEHHOU CTpYH
HEJIMHEWHOE BO30YKJIEHUE OCECUMMETPUYHBIX MOJ] C YaCTOTaMH, Kpat-
HBIMHA BO30Y>KJICHHOM B HaudaJIbHbIK MOMEHT, HCCIICJIOBAHO DKCIEPU-
MEHTAJIBHO: BO BCSKOM ciiydae B [259] noka3aHo, 4TO HEJIMHEMHOE BO3-
OyX/IeHHE MOJI, KpPaTHBIX U3HAYAIbHO BO30YKIECHHOM, UIMEET MECTO.

6. PemieHne 3amaun 0 pacdyere HEIMHEWHBIX OCHWUISIUN 3apsi-
KEHHOM CTPYH YK€ BO BTOPOM MOPSAKE MAIOCTH IO aMIUIUTYAE Jie-
dbopmanuyu HEBO3MYIICHHON IUIMHAPUYECKON CTPyH MO3BOJIIET 00-
Hapy>XUTh PE30HAHCHOE B3aMMOJICWCTBHAE BOJIHBI, ONPEAEIISIONIECH Ha-
JaJbHYI0 BHUPTYAIbHYIO AchOpMaIiio, C BOJHOM, MOSBIISIOIICHCS
BCJIEJICTBUE HEJIMHENHOCTU YPAaBHEHUM T'MAPOJVHAMHUKU U MMEIOLIEU
BJIBOE Oouiblliee BOJIHOBOE uucio. [loyoxkeHne pe3oHaHCHBIX CUTYa-
LU 3aBUCUT OT BEJIMYMHBI BOJIHOBOTO YUCJIA U MIOBEPXHOCTHOM IIOT-
HOCTHU 3JIEKTPUYECKOTO 3apsAna Ha cTpye. B wacTHOcTH, ocecumMeT-
pHUYHAsE MOJA MOXET B3aUMOJIEUCTBOBATh C MOJIOM, OTBETCTBEHHOM 3a
3aKpy4duBaHue ctpyu (m=1). Ilpu HeIUMHEHHOM pPE30HAHCHOM B3aW-

184



MOJICVICTBUY BOJIH HA 3apsSKEHHOW CTPyE DHEPrusl BCErja IMepeKadu-
BaeTCsi OT OoJiee JUIMHHBIX BOJH K 00Jiee KOPOTKHM HE3aBUCHUMO OT
CUMMETPHUH B3aMMOJCHCTBYIOIINUX BOJIH. 13 HauaapHO BO30YKIACHHOU
MOJIbI ¢ m=1] 3HEPrUsi MOXKET MEPEKAYMBATHCS KaK B OCECUMMETPHUY-
HYIO MOJIy C BJBOE OOJIBIIIMM BOJHOBBIM YHCJIOM, TaK U B HEOCECHUM-
METPUYHYIO C m=2 TaKX e C BIBOE OOJIbIIIUM BOJHOBBIM 4KCIIOM. Bo-
BJICUCHUE B HEJIMHEMHOE PE30HAHCHOE B3aWMOJECHUCTBHUE MOJ C m=>2
BO3MOKHO JIMIIb IIPYA 3HAYUTEIBHBIX IUIOTHOCTSAX IOBEPXHOCTHOTO
3apsia Ha CTpYe.

Hpunoxenne A. Cucrema rpaHUYHBIX U JOMOJIHUTEIBHBIX YC-
JIOBUM BTOPOTO MOPSIKA MAJIOCTH.

W9 9 P a0 e og

r=1: o o of o °  op dp & & (A1)
2) 0) p @) 0))2 2£0)  2£0)
0¥ 1) 00" 00" | 9 [8(1) j £ +§(2)+a§ L0
of, 8z| or odr or|\ or dp> 0z’
P 7w o 1l ae?Y) (e (aw")
= + oy — + + -
o1,  oJrdT, 2|1 or el oz
(0) ) 2 0
_L 2i aCD . a(I) 5(1) +l a aCD (é:(l))z +
87| or| or  or 2007 |\ or
M\? m\? M\2
or Y o
E AN AN 92w
+— — +28W 2| (A.2)
ARCL) 0z 0P
00" 0" 10°®"Y v
o°) _ ) = @®(s)— o_1 ) A3
or NO- 8y Ay



zo+A 27 aq)(Z) a aq)(o) .
_— L EF2 do - dz =
I J.{ or +8r(r or j oy dz

zy 0

2044 2] ) (1) o) (1) (1)
_ J. J.i rad) .5(1)_8<1> 9&" 9PV IS N
or 00 J@ dz Oz

2 (0) (0) m\? (0) m\?
+l 82 rad> .(é:(l))z_E)CI) . o0& _8(1) . o0& dp-dz: (A4)
2| or or or o0 or 0z

+A 21

20 z0+A 27
J If(z)dg”'dzz_%f [V dg-dz. (A.5)

Ipunoxenue B. Boipaxenus minga ko3PpQUIMEHTOB B rpaHUY-
HBIX 1 JIONIOJHUTEIbHBIX YCIOBUSX (22)-(26).
®,, (k) [(, 2 2 ®,, (k) [,, 2
=Rk +m” |-G, k) X, =—""=P2k" -G, (k)]
e et G,k a0 = sbke -6, 0

1

R e A

2(G,, (k)

+2my 23k +3m2 ~3-4H, (k)-(H,, (k)]

0u® L2 ey, w)R):

Yy =14+ (k2 3m? )+
2 2(G, (K))

+omy 2Bk +m? —3—4H,, (k) (H,, (k)

0 ® o2 (6, 0P

v, =1- 2 (k2 +5m2 )+
2 2(G, (k)

+omy2lk? +3m? =34, (k) (H,, (k)] ]:
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12 m> ®,, (k) [, > m? — 2
Y, =1 2(k +3 )+2 G ) k> +m? - (G, (6 ]+
om 2k e m? —3—am, (K)-(H, ()| L=—2my[1+2H,,(k)].

IIpunoxenue C. OO03HAUEHUSA, WCIOIB30BaHHBIE TPHU 3aMKUCH
pelIeHUs BTOPOTO MOPSIAKAa MaJIOCTH.

_ Gy, (2k)[¥, +4L-H,,, (2k)]+20,, (k)X
B 4w, (k) -3, (2k) ’

a

Go(2k)-[Y, +xL - Hy(2k)]+ 20, (k)X,
42 (k)— g (2k) ’

a, =

Y; —2myL _
(1—2m)(1 +2m — 4my? )’

az = by=Y, +%—2nx2(k2+m2+1);

y 220, (k)-[¥ +L-Hy, (26)]+ |4k + 4m? —1+4ny2(1+ H,,, 2K)Jx,
- 1, (2k )40}, (k) 3, (2k)]

b

200, (k)-[¥, + L - Ho (2k)]+ |4k =1+ 4y (14 H,y (26)Jx,
1o (2k)[402, (k) - of (2k)) |

b,

_ Gy (2K)-Jam Y, — (4K +-4m® — 1+ 4my? )L+ 200, ()[4 X, +20,, (K)L]

dl Koy 2002 (), 1) |

Gy (2k)- | 4mY, - (4K —1+47” ) L |+ 2@, (k) 47y X, + 20, (k) L]
K, (2k)| 4@, (k) - @ (2K) ] ’

d, =

g A=A’ 1+ Ay L

o (—2m)1+2m—4my?)
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5.2. MHo2oMmoOo0e8as1 Ha4YalibHasi deghopmayusi

1. IIpu uccienoBaHnM 3aKOHOMEPHOCTEW CIIOHTAHHOI'O pacmaja
CTPYH JKHJIKOCTH, BEIOPACKIBAEMBIX TIPU pPeaIM3allUi HEYCTOMUYUBOCTH
3apsHKEHHOM TIOBEPXHOCTH JKUJKOCTH, HaMOOJIee eCTeCTBEHHOM SBIIS-
€TCsl CUTYallMs, KOTrJa MOBEPXHOCTh CTPYH IMOJBEPKEHA ePopMaIin,
0OYCJIOBJICHHOM HE OJAMHOYHOIN BOJHOM, HO CyIepIio3uilMe Habopa
BOJTH, Pa3IMYArOIIUXCS KaK BOJHOBBIMH, TaK M a3UMYyTaJbHBIMU YHC-
namu. [loaToMy, B OTIMYHME OT 3aJa4d, PACCMOTPEHHON B MPEIbIAY-
HieM paszjiesie, TPoaAHAIM3UPYEM TEMeph CUTYalUIO, KOT/la HadaJlbHas
nedopmanus onpeaeNsieTcs CyIepIo3nIueii HECKOIbKUX BOJIH Ha TI0-
BEPXHOCTH CTPYH, YTO IO3BOJIUT BBIJEIUTH, KPOME BBIPOKICHHBIX,
€lle U BTOPUYHBIE KOMOMHAIIMOHHBIE PE30HAHCHl. MaTemMaTHYeCKyIo
GbOopMyYIIMPOBKY 3a/lauyd, BO MHOTOM CXOJIHYIO C HCIOJb30BAaHHON B
IpeabIIyIIeM pa3zelie, U X0/ PelIeHUs 3aa4i BOCTIPOU3BEIEM TOJI-
HOCTBIO, YTOOBI 00JIETYUTH BOCTIPUATHE MaTepHUaa.

2. PaccMoTpuM ABMAKYIIYIOCS C IOCTOSIHHOM ckopocThio Uy Oec-
KOHEYHYIO CTPYIO IIOCTOSIHHOTO pajanyca R HIealbHOW HECKUMAEMOU
UJIeabHO MPOBOJISIIEH KUJIKOCTH C TUIOTHOCTBIO 0 U K03 uImeH-

TOM MOBEPXHOCTHOI'O HaTsKeHUsi o . lIpuMem, 4To BHEWIHSA cpeaa
OTCYTCTBYET, OJIHAKO B OKPY’KAIOIIEM CTPYI MPOCTPAHCTBE CO3JAHO
IEKTPOCTATUUECKOE M0JI€, NEPIEHAUKYIIPHOE OCU CTpyH. Benencr-
BHE€ 3TOr0 Ha IMOBEPXHOCTH PACHPEAEIEH 3apsii, MOBEPXHOCTHAs
MJIOTHOCTh KOTOPOTO B PABHOBECHOM COCTOSIHUU, T.€. B YCJIOBUSIX OT-
CYTCTBHS KaKMX-TMOO BO3MYIIEHUM IUIUHIPUUYECKON (POpPMBI CTpyH,
UMEET BEIIUYUHY J .

Paccmorpenue mnpoBeneM B UMIMHAPUYECKOW CUCTEME KOOPAU-
HAaT, HA4aJI0 KOTOPOU IBMKETCA cO cKopocThio Uy, a ocb OZ Hampas-
JIEHA BJOJIb OCH CMMMETPHUMU CTPYU IO HANPABJICHUIO €€ JIBUXKCHUA:
U,. O4eBHIHO, YTO B TAKOW CHUCTEME KOOPJAMHAT IOJIE CKOPOCTEU

nZ
JBW)KEHUS KUJIKOCTH B CTpye OyJeT MOJHOCTBIO OMpPEACsAThCS Ka-
MUAJUISIPHBIMUA KOJI€OAHUSIMU €€ TIOBEPXHOCTH.

3agaguMcst UENBI0 MPOCIEAUTh ABOJIOIUI0 BO BPEMEHU JBHKY-
HIEroCs MO MOBEPXHOCTU CTPYHU B MOJIOKUTEILHOM HAIMPABICHUU OCH
OZ BOJTHOBOrO MakeTa, MPEACTABIAIONIET0 COOOM CyNEepHO3UIUI0 U3
N 0CECUMMETPUYHBIX M HEOCECUMMETPUYHBIX BOJIH C BOJHOBBIMH
quciaaMu k,, aMIUIUTyAa KOTOPBIX Majia MO CPaBHEHHUIO C PaJIMyCOM

CTpYH.
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Bce paccmoTpenue npoBesieM B 0e3pa3MEpPHBIX MEPEMEHHBIX, MO-
narass R=p=o0=1. B 3Tom cinydae ypaBHEHUE CBOOOIHOM TOBEPXHO-
CTHA CTPYH, BO3MYIIICHHOW KANWJUISPHBIM BOJHOBBIM JBHKCHUEM, 3a-
MALIETCA B BUAE

r=1+&(p,z,t); €] <<1; (1)

e 7,@,z— TWIMHAPUICCKUE KOOPIWHATHI, { — BpeMs, & - (QyHKIHS,
OMUCHIBAIONIAS HMCKAKEHUE PABHOBECHOW NWJIMHAPUYECKOU (OpMBI
CTPYH.

B pamMkax Monenu MOTEHIHUATBLHOIO TEYEHHS MaTEeMaTHYeCKas
(dopMyJIMpOBKa 3aJjayd O pacueTe BPEMEHHOU 3BOJIFOIUMU BHUPTYasb-
HOT'O BOJIHOBOTO BO3MYIIEHHUSI TTOBEPXHOCTU CTPYH 3aJIlaHHOIO B Ha-
JaJbHBIH MOMEHT BpeMEHHU OyJeT COCTOSTh U3 ypaBHeHHH Jlarmmaca
JUI TIOTEHIMAJA TOJIsI CKOPOCTEN TEUEHUS KUJAKOCTU B cTpye W
AIEKTPOCTATUYECKOTO NMOTEHIHAaNa @ B OKPECTHOCTU CTPYH:

AY =0, AD = 0; (2)

YCJIOBUM OTPaHWYCHHOCTH PEIICHUN Ha OCHU CTPYH M Ha OECKOHEYHO-
CTH:

r—0: VY| - 0; r—oo: Vo -0 ; (3)

I'PAaHUYHBIX YCIIOBHI Ha CBOOOIHOM MOBEpXHOCTH (1):

r=1+¢&: %—T+V‘P-VF:O; F(r,p,z,t)=r—[1+ &, z,1)); (4)
r=148: ap— 2 Lvw)? i Lvoy —v.i-o; (5)
a2 87

U YCIIOBHS SKBHIIOTCHIINAILHOCTH IIOBEPXHOCTH CTPYH:
r=1+¢&: D=0 (1). (6)

B Beipaxkenuu (5) AP — nepenaji 1aBJIeHUl BHYTPU U BHE LIWJIMH-
IPUYECKOU CTPYH B PABHOBECHOM COCTOSIHUM; MPEATIOCIENHEE U I10-
CJIEHEE CIIAraeMble — NAaBJICHUS JIEKTPUUECKOIO II0JIs U CUJI IIOBEPX-
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HOCTHOTO HATsDKCHHS COOTBETCTBEHHO; N — BEKTOP BHEITHEH HOpMaJIu
k nosepxHoctH (1): n = VF/ |VE|.

Kpaeyto 3amauy (1) — (6) ciaegyer JOMOJHUTH YCIOBUSIMH COXpa-
HEHUS 3apsaza U 00beMa ydJacTKa CTPYH, JJIMHA KOTOPOTO paBHA HEKO-
TOPOMY XapaKTepHOMY MaciiTady A , B KOTOPBIM YKJIaJbIBA€TCS 1IETI0€
YHCIIO JTMH BCEX BOJIH, OMPEIEISIONINX HAaYaIbHYIO eopmariuro:

(7 =1+§((0,Z,t);

anVder(odz ;S =) Usesim

s \ZOSZSZO-l-A; (7)
(0<r<1+&(@2,t);

[redr-dp-di=n-n; V= 0<¢<oz; .

4 | 7 <z<z,+A. (8)

JI71s1 TOJTHOTO 3aMBbIKaHUSI CUCTEMBI ypaBHeHHM (2) — (8) HeoOXo-
MO 3a/1aTh elle HadaibHble ycnoBus. OMHAKO, B CHIIy TOTO YTO Ha-
YJaJIbHBIC YCJIOBUS MPOU3BOJILHOTO BHJIa MOTYT IIPUBECTU K Ype3Mep-
HOM IPOMO3AKOCTH MOJYy4aeMOro peuieHus, B HEJIMHEHHBIX 3a/1auax o
pacdeTe BOJHOBBIX MPOQHIeH U TEUCHUHN KUIKOCTH MIPUHATO (POpMY-
JUPOBaTh HAYaJIbHBIC YCIOBUSI 0 XOAY PEIICHHS TaK, 4TOOBI peliie-
HUE MPUHUMANO Haubojee MPOCTOM BUI. DTOT mpueM U OyAeT uc-
MI0JIB30BaH B HIDKECIICAYIOIINX PACCYKICHUIX.

2. bynem uckate peuienue 3agauu (2) — (8) B BUAE pa3yIOKEHHUS
0 MaJIOMy MapaMeTpy €, B KaUeCTBE KOTOPOTO BbIOEPEM OTHOIICHUE
aMIUTUTYIBl BOJIHOBOTO IMaKeTa K paauycy cTpyu. Mcmonb3ys meron
MHOTMX MacIITabOB U OTPAHUYMBASICh TOUHOCTHIO 0 BTOPOTO MOPSI/I-
Ka MaJIOCTH BKJIFOUUTENIBHO, IPECTAaBUM UCKOMbIC (YHKIMU &, ¥ U

® B BHJC PAIOB IO CTENCHSAM €, ToJiaras OJHOBPEMEHHO, YTO HX
IBOJIIOIIAS BO BPEMEHH OIpESIAeTCS IBYMS BPEMEHHBIMH MacIITa-
0aMu — OCHOBHBIM T, =¢ ¥ OoJiee MEIJIEHHBIM 1, =€ -1

f({D,Z,t) :8'5(1)(¢,Z,%,]})+82 '6(2)((072375))_’_0(83);

Y(p,z,t) = 8-‘1’(1)((0,2,7"0,]”1) +& -‘P(z)((p,z,To)+ oEe’);
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o7, 0,z,t) =0V (r)+ -0V (r,0,2,T,,T) + & -0 (r,0,2,T,) + O(£").
)

[ToCKONBKY MBI CUMTA€M, YTO BOJIHBI, PACIPOCTPAHSIOMIUECS IO
NOBEPXHOCTH CTPYH, OETYT B MOJOKUTEILHOM HaIlpaBiIeHUU ocu OZ ,
TO IPUMEM, 4TO (popMa CBOOOAHOM MOBEPXHOCTU KUIKOCTU

r= 1+g]zV: h-f, ((o)-(An (T, )-exp(i8,)+A, (T, )~exp(—i¢9n))+0(£2),
n=1

rie en Eknz—a)nTO; @,, — 9acTOTa N-U BOJIHLI, [, (¢) — ACUCTBUTCIIb-

Hasg (QyHKUMS, onmHchiBaromias GopMy MOMEPEUHOI0 CEUYECHUS CTPYH;

4, (T,) — 1oka HeusBeCTHBIE KOMIUIEKCHbIE (DYHKLMH, 3aBUCAIIHME OT

MEJUIEHHOTO BpEMEHH 7 ; h, — NMapUUalIbHBIA BKJIAJ 1-i BOJHBI B Ha-
. N

4aJbHOE BO3MYILIEHHE PAaBHOBECHON (OpMBI CTpyn Y h,=1. I'opu-
n=l

30HTAJIbHASA YepTa HaJ CUMBOJIOM O3HAYaeT KOMIUIEKCHOE COIpsKe-

HHC.
OdyeBUHO, YTO f,(¢) — HmepuoaUYECKHEe (DYHKIUU C MEPUOIOM

27 W, CIE0BATEIHLHO, MOTYT OBITh Pa3yioKeHbI B psif Dyphe:

fn (¢) = méo(cmn ' exp(imnqo) + C—mn : exp(—ian));

/4
Cmn :_Jﬂ_fn (¢)'exp(imn¢)'d¢/27z(1+5mn,0)-

Jna ynpoumeHus: TalbHEHIINX BBIKIAJI0K OrPAHUYUMCS pacCMOT-
pEHHUEM Cllydas, KOrJa JJid KaXKIOW #-W BOJIHBI €€ 3aBUCUMOCTH OT
a3MMYyTaJIBLHOTO yIJla ¢ OIpeaeseTcs KaKoW-Iu00 OJHOM TrapMOHH-
KOU C a3UMYTAJIBHBIM YUCIIOM 71, , T.€. IPUMEM, UYTO

[, (9) = Cpy - exp(imp @) + Cppyyy - exp(im, @) .

BBogs ko3¢ durmenTs

(@) =Copn- 4. (@) =Cpay - ATy,

3aMuIlIeM BbIpaXKEHHUE J11 CBOOOHOM MOBEPXHOCTU CTPYH B BUJIE
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r=1+¢ g hy, Kg“n(ﬂ (Tl) -exp(in, @) + é/n(_) (Tl) : exp(—imn(p)j : exp(i@n)} + 0(82).

n=l
(10)
31ech M Jajiee He BBIMKCHIBAIOTCS ClIaraéMble, KOMILJIEKCHO COTMpS-
’)KEHHBIE K BBIITMCAHHBIM; 49n Ekn-z—a)m(kn)-lg, rae o (k) — 4acrora

Nn-1 BOJHBI C BOJJHOBBIM YHCJIOM kn " a3UMYTaAJIbHbIM YUCJIOM m,, .

Bripaxxenue (10) OyaeM paccmaTpuBaTh Kak MEpBOE HadaIbHOE
yCJIOBHE, HEOOXO0AMMOE ISl 3aMbIKaHUs KpaeBoil 3amaun (2) — (8), a
BTOpOE OYyJIET 3aJlaHO HIKE.

3. IloacranoBka paznoxenuit (9) B ypaBHeHus (2) — (8), UCMOIb-

Jd o 0 .
30BaHUE OllepaTopa Evin 8_T+ ga—T JUIS BBIYUCIIEHUS IIPOU3BOIHOMU 110
t 0

1
BpEeMEHU U pazioxkeHue ycnoBuil (4) — (8) B psan Teitnopa B okpecT-
HOCTH PABHOBECHOM LIMJIMHAPUYECKON ITOBEPXHOCTU r=1 C mocle-
JOYIOIIUM BBIJICJIEHUEM U CYMMHUPOBAHUEM CIIATAEMBIX MPU OJIUHAKO-
BBIX CTENCHSX € C NMPUPABHUBAHUEM UX HYJIIO, MO3BOJISIIOT MOTYYUTh
3a7a4¥ PA3JIUYHBIX TTOPSAIKOB MAJIOCTH.

3a. B HyneBoM MpUONMKEHUU HMEEM PaBHOBECHOE COCTOSHHE,
KOTOPOMY COOTBETCTBYET HEMOJABUXKHBIA (B ABUKYILICUCS CHUCTEME
KOOPJMHAT) HWIMHIAPUYECKUN CTONO >XKUIKOCTH C MOCTOSIHHOM IIO-

BEPXHOCTHOM TJIOTHOCTBIO 3apszia ) . DIEKTPUUECKOE MOJIE€ B OKPECT-

HOCTH HEBO3MYILIEHHOTO OJITHOPOJHO 3apsKEHHOTO LUJIMHAPUYECKOTO
cT0JIOA OTpeIeNIeTCs TOTSHITNATIOM

DO (r)=—4ry-In(r). (11)

[Tpu 3anucu (11) npuHATO, YTO MOTEHIIMAT HEBO3MYIIIEHHOMN BOJI-
HOBBIM JIBUKEHHEM IMOBEPXHOCTH IUIUHIPUUYECKON CTPYyH PaBEH HY-
JIIO: CD(SO) =(0. /IuHaMHu4eckoe TpaHUYHOE YCJIOBUE B HYJIECBOM MPU-
OJIM>KEHUU TIO3BOJISIET OMPEACIUTh PAaBHOBECHBIN TEpernaj JaBieHUN
Ha MOBEPXHOCTH CTPYU AP =1-27y°.

3b. B cuny nuHeiHOCTH ypaBHEHUH (2), YCIOBUN OrpaHUYEHHO-
cru (3) u pasnoxenuit (9), dyrkmun ¥V u ol )(/' =1, 2) B neprom
MPUOIMKEHUM SIBISIOTCA PEIICHUSIMU 3allMCAHHBIX JJIsI HUX ypaBHE-
HUM, TOJTHOCTHIO aHAJIOTUYHBIX (2), (3).

Cucrema rpaHUYHBIX U JIONOJHUTENBHBIX ycioBuil (4) — (8) B
MIEPBOM MOPSIAKE MAIOCTH NIPUHUMAET BU/T
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1 1
Pl a‘l’”-af”:o; (12)

or JT,
(1) (0) (1) 2EM 2D
_a‘P L1 28(13 00 +i 0P §(1) $ED 5 52 :0;(13)
T, 8« or  odr  dr|\ or oz
dod
o1+ 42 20 o 1): (14)
z0tA 27 (1) (0)
J a%)r +aar(ra%)r Jf“)] dp-dz=0; (15)
0 r=1
ZotA o
| jf do-dz = (16)
20

Ha ocnoBanuu (1), (9) u (10) nna GyHKIUM MONPAaBKU MEPBOTO
nopsiika Majoct K mpobumo Bomubl £V (¢,z,7,,7,) HOIyYnM BbIpa-

KCHHUC

= s [; (1 )exp(imn¢)+§n(_)(q)-exp(—imnw)}exp(ien). (17)

—l

SABHBIN BUJ (DYHKIIAMA & (%) u fn_(Tl) MOXET OBITh OMpeeIcH
JUITL TIPM aHAJIM3E 3aJ1aud CICAYIOIIETO MopsiaKka MamocTu. Hecmox-
HO yoeautses, uto Gynkuus & B Bume (17) yIOBICTBOPSIET YCIOBUIO
HEU3MEHHOCTH 00BheMa (16).

[IpuHrMas BO BHUMaHWE, YTO TOTPABKH MEPBOTO MOPSIKAa Majio-
CTH K MOTEHIHAy MOoJsd cKopocTeit ¥ M 31eKTpocTaTH4ecKoMy Io-
Tennuany " ceasansl ¢ Gpynknuei & KMHEMATUYECKUM TPAHUYHBIM
yciaoBueM (12) u yciaoBuem 3kBuBaieHTHOCTH (14), OyaeM HCKaTh

BeipakeHns 1 P u @ MeTomoM pasieneHus IEPEMEHHBIX, IPE-
CTaBUB UX B BUJIC

(1)(r 0,27, T, ) = ]z\ll [An(Tl)'Bn(r)‘Dn((p)'eXp(iQ”)}

n=l
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N
o'(r,p,2,7,.1; )= 2 [Sn (1) Ca(r) W (9) expliby) |+ @) (1),
n=
(18)

[Toncrasnss (18), a Takxe (17), (11) B (12), (14) u npupaBHUBas Ko-
3 PUIMEHTHI MPU FKCIOHEHTAX C OJMHAKOBBIMHU TOKA3aTeJISIMU, TO-
JTy4UM

4, (Tl)-Dn(qD):—ia)mn-hn [{n(ﬂ( 1) exp(im, @) + ¢, ( ) exp(—zmnqo)} /B ;

Su(Ty)- Wy (9)= 477 Iy, [g“n(“ (7, )-explimy @) + £, ™ (Tl)-exp(—imn(ﬂ)} / Cp -
(19)

31ech U ganee MTpUX 0003HAYAET MPOU3BOJIHYIO MO APTYMEHTY,
B3STYIO HA HEBO3MYILEHHON OBEPXHOCTHU CTPYHU.

3aBUCUMOCTD IIONPABOK K MOTEHIMAIAM ) p CI)(l) OT KOOpIu-
HaThl ¥ ompeaensiercss u3 ypaBHeHui Jlaruaca (2), KOTOpele moclie
nojcTtaHoBKkU B HUX (18), (19) nerko cBoAsITCA K UMEIOIIUM OJMHAKO-
BBl BUJI AU PepeHIINaTbHBIM YPABHEHUSIM OTHOCUTEIBHO (DYHKIIHIM
B (r)ymC,(r):

szn( ) 1 dV () (k’%+ﬂniJ.Vn(r):O’

dr? ” d” 2

rne V,(r)=B,(r) v V,(r)=C,(r). Pemenuamu 3TOTO ypaBHeHI/I}I
ABIAIOTCS  MoauuuupoBanHbie (GyHKIMU Beccens (k r) m

K, (k,r). YaursBas, uto no6asku k norennmanam ¥ u o romx-

HBI YIOBJIETBOPATH YCIOBHSAM OTPAaHUYEHHOCTH (3), MOYKHO 3aIMCATh
B,(r)=1,,(k,r), C,(r)=K,, (k). B pesynbrate BhIpaKEHHS IS

n

IIONPABKU K MOTEHLUATy oy ckopoctel ¥ um K »nekrpocraruye-
ckoMy noTeHnuany ®" mpuMyT OKOHYATEIBHBIN BUL:

N h, -1
lP[lj(r,(p,z TO’TI) nzzl —iw, ]:;1”’,; ((kn)){gn (T | )-exp(im, @)+

194



+¢, ) (T1 )-exp(—imn(o)}exp(iﬁn )};

1 N K,  (k,r) + .
! j(r,qo,z,TO,Tl)=47z;5nz=1{h,,l %{;n( (T, )expim,0)+
+£,0) (Tl )exp(—imngo)}exp(iﬁn)} ) (20)

[Ipu 3amucu Bepakenus mig @ yureHo, 4T0 106ABKa IEPBOTO
NOpsIIKAa K 3HAYEHUIO JIEKTPOCTATHYECKOTO MOTEHIMaNla Ha MOBEpPX-
HOCTH paBHa HyJ10: @ (1)=0.

N3 cucTeMbl rpaHUYHBIX U JIONOJHUTENBHBIX ycioBul (12) — (16)
OCTQJIOCh HEHUCIOJIb30BaHHBIM JIMHAMUYECKOE TPAHUYHOE YCJIOBHE
(13). IToacrasnsis B Hero pemenus (17), (20) u (11), momyyaem nuc-
NEPCUOHHOE YPaBHEHHE, CBS3BIBAIOLIEE BOJIHOBOE YUCIIO k, U a3UMYy-

TaJbHOE YHCIIO M, C YaCTOTOUN KOJNEOAHUN @), :

O ) = Gy (k) [ KZ +my? 14472 (14 Hpy (k) |+ (21)

Gmn (kn )an ']i,ma (kn )/Imn (kn); Hmn<kn):kn 'Krlnn<kn )/Kmn<kn)

3c. Bo BTOpoM mopsiike MaJlocTh U3 cuctemsl (4) — (8) nmomyuum
HEOJHOPOAHBIC YPABHEHUS ISl TIOMPABOK BTOPOTO MOPSIAKA MaJIOCTH
D w® g o (cm. [8]). IIpaBble yacTH STUX YPaBHEHHI HIPAIOT
poJib (PYHKIMN HEOAHOPOJAHOCTH M BBIPAKAIOTCS YEpe3 pelIeHUs Hy-
nesoro (11) u nepporo (17), (20) mopsiAKOB MajaoCTH, TOC/E MOACTAa-
HOBKHM KOTOPBIX TPAaHUYHBIE U JOMOJHUTEIBHBIC YCIOBHS, MOJTyYaro-
IIMECS BO BTOPOM MOPSAJIKE MAJIOCTH MPUMYT B

() Ns) W (+) )

r=1: a\gr _aaé;) :;hn ang exp(imn(p)+ag';l exp(—im, @) |exp(if,) +
N N

HY Y b [ X', + X3 R, |exp[i(8, +6)]+[ X3'S,, + X4'T,, Jexp[i(6, - )]}

n=1 [=1

(22)
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a7, or

a\P(z) 8®(2)
I @° 822

2 £(2)

N (-)
=—iy { i };Cn ) { g exp(im, ) + ag;l exp(—imn(p)} exp(i6, )} -

S {[Yl”l O, +Y'R, |exp[i(6, +6) | +| 1S, + V"T,, |exp[i(6, - e,)]};
(23)

) — 47y =0 (1) +

+iihnhl L {(in + Rnl)exp[i(en i 91)} H(S + Tnl)exp[i(é?n - 91)] (24)

n=1 [=1

Z0+A 2r
r<l: 00

=47’y AZ# (e +m (16 P +14,7 7 ):(25)

Zy 0

zotA 21

j Ié‘ dg-dz=-7- AZ# (16,97 +1£9F0), (6

rie Qu, Rur, S u Tw soipaxatores uepes £3.¢" cnenyrommum
00pa3oMm:

0, = ¢3¢ expli(m, +m)pl+ {761 expl=i(m, +m))@];
R, =" expli(m, —m)@l+ ¢ expl=i(m, —m))@l;

S, =L E explim, —m)@l+ £ ¢ expl—i(m, —m;)g):

g’(”( expli(m, +m,)p] +§’()§’(+)exp [—i(m, +m,)@].

196



Bce nenocraroniue 06o3HaueHus npuBeaeHbl B «IIpunoxenun Ay.
3aganumMcs UEIbl0 HAWTH YaCTHOE PELICHHE 3aJayd BTOPOro Io-
PSLIKA MAJOCTH, yIOBJICTBOPSIOIIee 3anicanHbM atst Gynkuuit ¥ u
2) ypasrenmsam (2), (3) u cucreMe ypasHenuit (22) — (26). Bug
GbyHKIMI HEOTHOPOAHOCTU B (22) — (24) moAcKa3bIBaeT XapakTep 3a-
BHUCUMOCTH HCKOMOI'O PEIICHUS OT KOOPJIHMHAThI (@ W apryMeHTa 6, .

Ha sToM ocHOBaHMM nTpuMEM

(p, z, T ZN:{ [ -exp(im, @) + A exp(—imn(p)] exp(if, )} +

n=1

+zN:ZN:{[A2+) exp[i(m, + m)@|+ A" exp[-i(m, + m,)(p]} expli(8, +6,)]+

n=1 [=1

+| A5 expli(m, +m))pl+ A" exp[—i(m, +m,)p] |expli(6, — 6,)]+
+[A,(3+) expli(m, —m,;)@]+ A(3 )exp[—i(mn - ml)(o]] exp[i(6, +6,)] +

+[ 45 expli(m, —m))p]+ A5 exp[—i(m, —m,)p] | expli(6, - 6)1};  (27)

N
(re.zTy) =Y BE )+ BYFY (P explim,p)+ B Y () exp(-im, ) |exp(i6,)} +

n=l1

N N
+> L[ BYFY (r)explilm, +m)@]+ By Fy” (r)exp[—i(m,, +m,)p] |expli(6, +6,)]+
=1

n =1

[B(2+)F;f,2+) (r)expli(m, +m,)@]+ BE F2) (r)exp[—i(m, + ml)¢]} expli(6, — 6,)]+

+[ BVES? (m)expliCm, — m))pl+ By Fy (r)expl-i(m, —m;)g) | expli(6, +6)] +

+[BIVEL () explitn, = m)@1+ B FL (ryexpl=itm, —m gl |expli(6, - 61}
(28)

N
(r.9.2.7,) = Y { DiCo(r) +] DS 'CL (r)explim, @) + +D} 'C; (r) exp(=im, ) |exp(i6, )} +

n=l1
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+§: i{[DSl”CS,“ (r)exp[i(m, +m))@]+ DCSY (ryexp [—i(m, + m,)go]] exp[i(6, +6)]+

+[ DGICY (r)expliGm, +m))@l+ Dy Ci () expl=i(m, + m )] |expli(6, - 6))]+

+[ DGVCYY (ryexplim, —m)@1+ DY CLy” (r)expl—i(m, —m))p] |expli(6, +6)] +

+[ DyC (ryexpli(m, = m)l+ DiCLi7 (r)expl=i(m, - m)@]]expli(8, - 91} + /().
(29)

3asucumocty pyskimit ¥ u ®* or KOOpAMHATEI r OMpeeTHM
u3 ypaBHeHu# Jlamnaca, nmoacrasiss (28), (29) B (2) u Tpebyst oOpa-
IICHUS B HOJIb CyMM KOS((PHIIHEHTOB TIPH 3KCIIOHEHTAX C Pa3InYHbI-
MU TIOKa3zaTelnsiMUu. B urore moaydnm OOBIKHOBEHHBIE TudQepeHiu-
anbHble ypaBHeHus mns Gynkuuit F/7(r) m Y (r), j=0123. Ux
pELIEHHs C YYETOM YCIIOBUI OrpaHMYEHHOCTH (3) MO3BOJISIOT PUBEC-
i BeIpakenus (28), (29) ans notennuanos ¥, o k Bumy

N
¥ (r0,2.T,)= > {B) +[ B explim,p) + B exp(=im,p) |1, (k,r)exp(i6,)}+
n=1

+ZN: Z {[B;}” expli(m, + m,)p]+ B!,” exp[—i(m, + ml)¢]] X

N
n=1 [=1

x I [k, + k)rl-expli(8, + O]+ (Q 1, .., [k, =k [r]+E r>"")x

(mp +m])
x[ B expli(m, +m,)g]+ B expli(m, +m,)p]|exp[i(6, - 6,)]+
+|:Br(1?+) eXpl:l(rnn - ml )go] + Br(j_) eXp[_i(mn - ml)¢)]:|l(mn7ml)[(kn + kl)r] eXp[i(an + Hl)] +

+[ B} expli(m, — m)@]+ BS” exp[—i(m, — m,)p] | %

X1, _.llk, =k |r]-Q-expli(8, —6)] }; (30)
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N
%) (r,0,2,7,)= YD) - n(r) + [ DY exp(im,p) + D\ exp(=im,p) | K, (k,r)exp(i6,)]+
n=1

N N
+> > [ DL explitm, +m)@]+ Diy” expl=i(m, +m)@1] K, ., [k, + k,)r1expli(6, +6,)]+

I=1

n=

+(Q Ky o[l =k, [P+ 277 )

x| D expli(m, +m,)p]+ D} expl—i(m, +m,)¢] expli(6, —6)]+
+|:Dr(5+) eXp[i(mn - ml )gp] + Dr(l?_) eXp[_l(mn - ml )¢]:| K(mn -mj) [(kn + kl )V] eXp[i(en + 9] )] +

+[ D expli(m, —m;)@]+ D™ expl—i(m, —m)@] |Q-K,,, [k, =k | rlexp[i(6, — 6]} +

+1 (), 31)

rJie CTyIleHuYaTble GyHKOUU Q U = OT aprymeHTa (n-/) ompeneieHbl
CIEAYIOIIUM 00pa3oMm:

Q=Qn-0)=1npun=1,uQn-1)=0npun=+l

p—
(=
e

En-0D=1lnpun=1uZ&n-1)=1npun=+l.

Kosdpdumuentsr 4%, B/*) u D/ onpenensiorcs u3 cucremsl ypas-
HeHuit (22) — (26). 3ameTuM, 4to B’ sBAseTCs (DYHKIMEH BPEeMEHH,

KOTOpasi MOXeET ObITh BbIOpaHa B yAOOHOM JJisl 3alUCH pelieHus pop-
M€, B CUITy OIIpEJETIEHN MOTEHIINAIA.

N3 ycnoBuii coxpaneHnus oobema (26) u 3apsga (25) HECIOKHO
HAUTH

R i
A A+ A7 == (16,0 P 16,7 T);

nn

Dy =2z -1 (ks +m2) (16, F +18,7F). (32)
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[Tonacrapnss (27) u (30) B KHHEMaTUUYECKOE TpaHUYHOE yciioBue (22)
U TIpUpaBHUBAS APYT K APYry KOA3(PQGUIIMEHTHI MPU OJUHAKOBBIX JKC-
IIOHEHTAX W3 JIEBOM U MIPABOM YAaCTEUW PAaBEHCTBA, MTOJYYUM

(£)
h %,

n b

k-1, (k) BY +i-w, -A4Y =
n a]';

n m

by 4 ) g U+ ) B (@0 + 0,)- AL
=ik XM @O
<Q|k ki 1L o (L Ky = K |)+E-2mn)-B(2+)+l( —w ) A =
:i.hn.hl.Xfl,gn(i)_ﬁ;
(kn+k,)-](' gy (K T Ky - B )4 (w,,+0,,)- A
=i-h, -h, .X;l .évn(i),gl(ﬂ;

Q-1 Ky =k 11—y (o =Ky ) B +1-(@,,, = @,) - 4L =

=i-h, by X700 (33)
AHnanoruuHo, ucnonb3ys (27) u (31), u3 ycinoBusi SKBUNOTEHIIU-

aTbHOCTU TIOBEPXHOCTU CTPYyH (24) MOJydUM CICAYIOIIYI0 CUCTEMY
pPaBEHCTB:

K,, (k) D, —4zy 4, =0;

K impy (K + Kp) - D\ —amy A\ = h,-h-L,- gn(i) ' gz(i) 3
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® 3.
:hn-hl'l’n'é/n é/l()

2
b

K(mn—ml)(kn + kz)’D,Si) — 4y - A;Si) zhn,hl,Ln.gn(i),é'l(i).

Q-[K (kg —F - DG — 4y - 4] =

nl

:thhll’ngn(i)é/l(i) )

b

)=y (A0 + A6 + 42 =

n=1

N
=0y + > 1L, (1,7 +1£,7F). (34)
n=l1

OTMeTuM, 4TO MPHU MOJyYEHUU AOOABKU BTOPOTO MOps]Ka Ma-

2
JI0CTH K moTeHuuany nosepxuoctn @ GbUIM HCIONB30BAHBI BHIpA-
wenus (32).

Haxkownen, noacrasmnsis (27), (30) u (31) B nmHamMuueckoe rpa-
HUYHOE ycaoBue (23), a Takke yunuTbiBas (32), Hailiem

(1-k-m}-w) 4P +i-w, 1, (k) B -

h o W
—y -k K. (k) D) =—j T Zon . = dry;
Z n mn( I’l) n len (kn) a]-{ w 47[19

[1—(k, + k) =(m, +m) —w]- A +i(w, +@, )X

><I(mn+m Z)(kn + kl) ) B}glli) —X (kn + kl) ' K(,mn+ml)(kn + kl) ) Di(illi)
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nl + +
—h,h 18,0

[1—(k, — k) —(m, +m,)" —w]- A7) +

(@, = D) [ L oy (| K, =Ky )+ E]- B =

nl +
U AN AN

[1-(k, + k)" = (m, —m)* —w]- 47 +i(@,, + @)1, oy ) BGY —

_Z(kn +k1).K(,mn—ml)(kn +k1)D’(3i) = hn 'hl .anl . é’n(i) é/l(i)’

{[1=k, = k) = (m, = m,) =] A5 + (@0, = @) Ly ( Koy =K ) B -

— Xk, =k 1Ky (o — Ky |).D,$‘l‘i)},g —h kYO0

0B’
o7,

A=) (A AL AT ) = by (1,0 46,0,
(33)

Boiacuenue Buga pyHkuuu B, (cM. mociegHee u3 paBeHCTB (35))
UMEEeT YUCTO aKaJeMUYECKOe 3HaUCHHE, TOCKOJIbKY MOTEHIIMA OIpe-
JENSETCA ¢ TOYHOCTBIO 10 MPOU3BOJBHON aIIUTUBHON (YHKIIMH, 3a-
BUCSIIIEH TOJIBKO OT BPEMEHH.

CoBmectHOe penienue cucteM (33) — (35) mo3BOJISIET ONPEICIIUTh
UCKOMbIe K03 duireHTsl. PaccMoTpum nepBbie paBeHCTBa U3 BBINHU-
caHHBIX cucTeM. Brrpaxas u3 (33) xoddpdurments B, a u3 (34) —

D u noacrapnag ux B (35), monyuum
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(©
1=k —m (14 H, (k)= g8 =g D 96
G, (K,)

mn mn

Heclio’)kHO 3aMeTUTh, YTO B CHIIy AUCIIEPCUOHHOTO COOTHOIICHUS
(21) xBagpaTHas ckoOka oOpaiiiaercsi B HyJib. B pe3ynbprare noiyyaem

(0 /o) =0. (36)

Vpasrenue (36) 03HAYaeT, 9TO KOMIUIEKCHBIE aMIUTYasl ("
HE 3aBHUCST OT BPEMEHHOr0 Maciutada 7, ¥ Ipu pelIeHUu paccMaTpH-

BacMoOM 3a/la4u C TOYHOCTBIO 1O BTOPOIO IOpAAKa MAJIOCTU ABJIAIOTCA
KOHCTaHTaMH.

Koaddurments: 4 ocrtamuce HeompeneneHHsIMH. VX 3Hade-

HUSI MOYKHO BBISICHUTH TOJBKO W3 HadallbHBIX yclIoBHH. [T0CKOIBKY
MBI TIOCTaBWJIM TIEpe]l COOOM IIellb IOCTPOHUTH pelIeHHe, UMEIOIIee
HanOoJiee MPOCTOM BHU/I, MOAOHMpasi HY>KHBIM 00pa30M HadallbHbBIC yC-
JIOBHSI, TO MBI BIpaBe BHIOpATh BTOPOE HAYAIPHOE YCJIOBHE B BHJIC

TpeOoBaHUs A,(f) =0. IIpu stom cornacHo (33) u (34) OyneM HUMEThb

B,Si) =0 HD,Ei) =0. Onpenenssa uz cuctemsl (33) — (35) Bce ocraBiime-

csl K03 (HUIIMEHTHI, 3alUIIEM PEIICHUE BTOPOTO MOpsJIKa MaJOCTH B
OKOHYATEJIbHOM BUJE:

_Lse (16 F+1¢71F)+

2 n=1
N N
2D by el [ E06 explitm, +m)el+ £ ¢ expl-i(m, +m,)@]]x

/=1

£ (p,2.1,)

n=

xexpli(6, + )] + (Q-a'P +Z-a'?)x

x| £ E explitm, +m)@l+ £\ ¢ expl=i(m, +m)p] | expli(6, - 61+
va) [ §061 explim, —m)pl+ &L expl—i(m, — m,)@] |expli(8, +6,)]+

+Q-alf [ 178 explilm, —m)pl+ £ E expl=itm, —m)pl |expli(6, - 61}
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N
YO (rpz 1) == b b (16 P +1 6,0 )1 -
n=1

N N
=i Dy by B ey [y + K )P

n=1 [=1

x| £¢ expli(m,, +m)@l+ £ 76 expl—i(m,, + m;)@]|expli(6, +6,)]+
[ QT iy (e, =K | 7Y B +E 7 b |
x| ¢85 explitm, +m @1+ ¢4 ¢ expl=i(m, +m,)g] |expli(6, - )]+
B iy —m L, + k)]
x[ £¢ expli(m, —m)@]+ {76 expl=i(m, —m))p] |expli(6, +6,)] +

+Q - ﬁ(4) I(m —ml)(|kn_kl|r)><

X[ £47 6 expliCm, —m)g)+ £ ¢ expl=i(m, —m)g] |- expli(8, - 6)}:

N

® (r,0,2,1) = Y 12 [ 2w (R +m,2 ) nr (16,5 P 414,77 )+

n=1

N N
DDkl {dY [ S04 explilm, +m)@l+ V¢ expl—im, +m))g] %
n=1 [=1
><I{(mn +ml)[(kn + kl)r] ) eXp[l(en + 6] )] +

2 — -2 2
H QK iy (U =Fey [7)-d + 27 d ) |
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x| £47 ¢ explim, +m))pl+ (17 E17 expl=i(m, + m,)g] |- expli(d, - )] +

+d\) | £ expli(m, = m)@l+ 7 expl-i(m, — m)p] |

XK(mn—ml)[(kn + kl)r] : exp[l(en + 91 )] +
+di [ 47 explim, —m)@l+ €7 E1 expl=i(m, - m)p] | %

XQ K (- (1 Ky =y | 7) - expli(6, = 6))]};

o (1) = Wﬁ hy-(1+H,,(k,)), (37)

n=1

I7Ic BHOBb BBEJCHHBIC 0003HaUeHUs NpuBeeHbI B «IIpunoxennu By.

Pemienne nocraBieHHOM 3a/1a4¥ ¢ TOYHOCTBIO 10 BTOPOIO MOPsI-
Ka MayiocTu omnpezensiercs: BeipaxkeHusmu (1), (9), (11), (17), (20),
(21), (36), (37).

4. ®opma cTpyu A ciaydas, Korja ee HadajabHas Jedopmanus
OIIpeJIeJICHA CYNEPIIO3ULMEN IBYX BOJH C BOJHOBBIMU YUCIIAMU k, =k

U k,=[-k C a3uMyTaJIbHBIMM YHUCJIAMH m; U m, ONIPEIACIISICTCS BBIpa-
JKCHUEM

r(z,@,t) =1+ & [ h cos(m@)cos(6,) + h, cos(m,p)cos(6) ]+ (38)
£0.258 {[=0.5(h + 1)) + hla{” cos(2m,p) + h'a(> cos(2m,p) | +
+h! [al(})cos(2m1(0)+a(3)}cos(20)+h, [algl)cos(2m1¢)+a(3)}cos(291)+

+hy - | (o} + ) cos[(m, +m)@]+ () + e} ) cos[(m, — m,)p] |cos(6 +6,) +

~

+h, - h

~

(a<2> +aP)cos[(m, +m)@]+ (e + ) ) cos[(m, — m )co]]cos(e 6 )}
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rae 6, onpeneneHo Hacrp. 4,a 6, =l-k-z-w,,T,.

N3 (38) BUIHO, YTO 3a CYET HEIMHEWHOTO B3aMMOJICUCTBUS BOJIH
BO BTOPOM TIOPSJIKE MajOCTH BO30YKIArOTCS BOJIHBI KaK C yJABOCH-
HBIMU BOJTHOBBIMU U a3WMYTaJbHBIMU YHCIIAMU, TaK W BOJIHBI C BOJI-
HOBBIMU M a3UMYTAIbHBIMHU YUCJIAMU, MOTYYAIOITUMUCS B PE3yJIbTaTe
CJIO’KEHMSI ¥ BBIYUTAHUS BOJHOBBIX W a3UMYTaJIbHBIX YUCE BOJIH, OII-
pPEeNCNAIONUX HAaYaJIbHYIO JlepopMamuio paBHOBECHOW ITMIMHIAPHYC-
CKOM ()OPMBI CTPYH.

Bripaxenus, anamoruunsie (38), JErkKo BBIMUCATH IO BBIMIE TO-
JYYEHHBIM BBIPOKCHHUSAM M JJISI TIOJISI CKOPOCTEH BOJHOBOTO TCUCHHS
KUJKOCTU B CTpye, U MOJS AIEKTPOCTATUYECKOrO MOTEHIMaNIa B €€
okpecTHOCTH. M3 HemuHeitnbix monpaBok ®, W u £ mpecnoxno

BUJIETh, YTO OHU MUMEIOT PE30HAHCHBIN BUJI, ONPECTSIONUNAC KO3(]-
duLMeHTaMU, KOTOPbIE MPU OMNPEIEICHHBIX COOTHOIICHUSAX MEXKIY
4acTOTaMM BOJIH CTPEMSITCS K OCCKOHEYHOCTH, YTO B TEOPUU HEIIH-
HEMHBIX OCHMJUIALMA U BOJH COOTBETCTBYET ITPOSIBICHUIO PE30OHAHC-
HOTO OOMEHa PHEpruei Mexay BOJHAMU. Y CIOBUS peaiu3alluid Pe3o-
HAHCHOT'O B3aUMOJECHUCTBHS UMEIOT BU]

rae w,, (k) u w,, (k) onpenemnstores (21), a D iml)(k”ikl) COOTHO-

NICHUEM

*  (k tk)=G

a)(mniml) (| kn as kl |){(kn x kl)z + (mn + ml)z —

(mntml)

_1 + W[l + H(mniml) (| kn i kl |)]} (40)

HccnenoBanue 3aKOHOMEPHOCTEM pPE30HAHCHOTO OOMEHa SHEpruei
MEX]Ty BOJHAMH TpeOyeT OTACILHOIO0 PacCMOTPEHHS, HO U3 BHIA CO-
otHomeHu# (21), (39) — (40) cpa3zy MOKHO CKa3aTh, UTO B PEATU3YIO-
IMXCSI TPH MHOIOMOJIOBOM HayalbHON JedopMaliud BTOPHUYHBIX
KOMOMHAIIMOHHBIX PE30HAHCAaX BO3MOXXEH OOMEH JHEPTHeH MEXKTy
JUTMHHBIMA U KOPOTKMMH BOJTHAMHM B 0OOUX HampaBleHUS X (OT KOPOT-
KUX K JUIMHHBIM M OOpaTHO), a TaKKe€ MEXIYy BOJHAMHU C Pa3IMYHOM
CUMMeTpHEH (pa3nyalonMMUC 3HAYCHUSIMUA a3UMYTaJIbHBIX YHUCE).
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Ha puc. 1 npuBenens! paccuntanubie 1o (38) gopmbl CTpyH B CU-
Tyalluy, KOTJla HadalibHas JedopMaiusi ompeiesieHa Cyneprno3ulinei
JBYX BOJIH JJI Pa3JIMYHBIX KOMOMHAIMN BOJHOBBIX U a3UMYyTaJIbHBIX
yucen. HecaoxHo BUJETh, YTO MIPU JOCTATOUYHO OOJBIIUX aMILTUTYAaX
BOJIH CIIOHTaHHOE APOOJIEHUE CTPYH Ha OTJICTbHBIE KAk OyJE€T UMETh
MOJIUIUCTIEPCHBIN XapaKTeP, YTO U OTMEYAETCS B SKCIIEPUMEHTAX.

ki
T T
st
oS e *.'i"-‘ﬂ:-*f *
e
L e T
L 'ﬂ\:t“ﬁiﬁ il

[

f

Puc. la Puc. 1b
k, =125k, =2.5m =0,m, =0. k, =125k, =3.75,m =0, m, =0.

L,
|‘. ! iii'-‘"%‘i“ et
St

Uiin!

Puc. 1c Puc. 1d
k, =125k, =2.5,m =0,m, =1. k,=1.25,k,=3.75,m; =0, m, =1.
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ARl
s
i

Puc. le Puc. 1f
k,=125k,=25m =1,m,=2. k =125k, =3.75,m =1,m, =3.

Puc. le Puc. 1h
k,=125k,=25m =2,m,=2. k, =125k, =3.75,m =3, m, =3.

NHTEPECHO OTMETUTD, YTO HEIMHEWHBIE OCHUJUISALIMU CTPYH MPOUCXO-
AT HE B OKPECTHOCTH PABHOBECHOW IUJIUHAPUYECKONW (OPMBI, a B

OKPECTHOCTH CTpyH C (OpMOM, 3aBUCSIIEH OT BUJA HAadaJbHOM Je-
dbopmaruu:

1
r(z,9) =1-025¢" | —(h  +h )—h a cos(2m @)—h a cos(2m,p) |.
2
Takoii xe ¢peHoMeH paHee ObUT OOHAPYKEH ISl HETMHEHHBIX OCLUJI-

Ja1ui Kamnens [260 — 261].
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5. CpaBHeHUE MOJIyYEHHBIX PE3YJbTaTOB C JAHHBIMU aHAJIN3a,
MPOBEJICHHOTO B TMpeapiAylieM naparpade, MOKa3blBalOT, YTO MPHU
MHOTOMOJIOBOM HadajabHON JedhopMalii paBHOBECHOW HMJIMHAPHUYEC-
ckoil (popMbI CTpyH penibed) CBOOOAHON MOBEPXHOCTU CTPYH YCIOXK-
HSETCS, KOJIMYECTBO BO3MOXKHBIX BHYTPEHHUX HEJIIMHEHHBIX PE30HAH-
COB YBEJIMUMBAETCS, PABHO KaK U CTENEHb MOJIUIUCTICPCHOCTH pacia-
Jla CTPYH Ha OTJEIbHbIC KAILJIW MPU YBEJIMYCHUN aMIUTUTY AbI BOJIH.

IIpunoxenue A. Boipaxenus aiis k03pOUIIMEHTOB B TPAHUYHBIX
U JOTIOJTHUTEIBHBIX YCIOBUAX (22) — (26).

X" =@, | -1+ K, +m +kJ+mm)/G,, (k)]

m

inl =Q I:—l'f‘(k’f +m§ +knkl _mnml)/Gmn (kn):|’

X! =@, [ -1+ +m} -k, —mm)!G,,(k,)]:

b

x!'=@,, | -1+, +m; —kk +mm)/G,, (k)]
"= P+ 0.5{[(kk = m,m; = @,,0,,)=w-H,,(k,) H, (k)] +
+(u,, + W)k k, +m m);
" =P+ 0.5{[(kk +m,m - @,,0,)~
—w-H, (k) -H, (k)] + 1, +w)kk —mm,):
stl =P, +0.5{[(k,k; —m,m; - ®,,,,) ~

—w- Hmn (kn) ) Hml (kl )] + (lunl — W)(knkl + m”ml);
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" =B, +0.5{[(k,k +m,m - @,,0, )~
—w-H,, (k) H,, (k)]+ (i, — w)k,k, — m,m));
P, =1-15w—(2m, + @, )+ w-(k, + m, —2H,(k,));
L,=-2my-[1+2H,,k)]; u,=l0,0,/G,,(k,) G, (k)]+w.

Ipuiaoxenne B. O003HAaUECHUS, UCTIOJIB30BAHHBIE MPU 3aMUCU
pELIECHHS] BTOPOTO MOPSIJIKa MAJIOCTH.

a (1) = N /M Ml = (a)mn(kn) + @, (kl))2 o (mn+m1)(k +k )

N, = (k, +k,)- [}’1”’+H (kn+k1)-;(Ln]+(a)mn+a)m,)-X1”l;

1 (mn+ml) (mn+ml)

(2) =N /M n# l’ M2 = (a)mn (kn) o a)ml (kl))2 - a)(zmn+ml)(| kn - kl |)’

nl -
n nl
N = (mn+ml)(| k kl |)|:Y4 : + H(mn+ml)(| kn - kl DZLn:' + (wmn - a)ml)' X4 5

(2)_ Y4 _2m ZL

3) — .
a® =N /M.
“ (1-2m, )(l+2m —w) ! 3/ :

M3 = (a)mn (kn) + wml (kl ))2 B w(zmn—ml)(kn + kl)?

Ny =Gy by + k) [ Y H L (k +K) 2L |+ (0, + 0,,) X5

3
alp =N M, n#l M, =(0,,k,) =@, (k)) = (K, =k ]);
nl 4 4 ’ 4 mn \"Vn ml l (mn—ml) n [ 1)

N =G (mn— ml)(|k kl |)|:Y3nl +H(mn—ml)(| kn _kl |)ZLn]+(wmn _a)ml)'X;ll;
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by =" +0.5[1—w-(1+k; +m)]; a =R /O
Ql = (kn + kl) ’ 1(,mn+ml)(kn + kl) ’ |:(a)mn (kn) + a)ml (kl ))2 o a)(zmn+m1)(kn + kl):|’
Rl = (a)mn + a)ml ) ’ G(mn+ml)(kn + kl) ) |:Y1nl + H(mn+ml)(kn + kl) ) an :| +

+a)(2mn+ml)(kn+kl).Xlnl; (Z)ERz/Qza ”l?’—'l,

nl
’ 2 2
QZ E| kn - kl | .I(mn+ml)(| kn - kl |) ’ |:(wmn (kn) — WOy (kl )) - a)(mn+MI)(| k’l - kl |):|’

R2 = (a)mn -0, ) ) G(mn+ml)(| kn - kl |) ) |:Y4nl + H(mn+ml)(| kn - k[ |) X Ln :| +

2 l, (2) _— . 3
+ @ ey (kg =K, - X025 B = X" [2m, 82

nl

R, /05
’ 2 2

Q3 = (kn + kl) ) I(mn—ml)(kn + kl) ’ |:(a)mn (kn) + @, (kl )) - a)(mn—ml) (kn + kl)}’

R3 = (a)mn + wml ) ) G(mn—ml) (kn + kl) ) |:Y2nl + H(mn—ml) (kn + kl) ) ZLn:| +

2 .yl (4) _ :
+w(mn—ml)(kn+kl) Xz > nl =R4/Q4, n#l;

, 2
Q4 El kn - kl | '](mn—ml)(| kn - kl |) ’ [(wmn (kn) - a)ml (kl )) - a)(zmn—ml)(l kn - kl |)j|’
— nl
R4 = (a)mn — W, )G(mn—ml)(| kn - kl |) ’ |:Y3 + H(mn—ml)(| kn - kl |) ’ ZLn :| +
+ Oy oy =Ky ) X d,) =W, /S;

S

K(mn+ml)(kn + kl) ) |:(a)mn (kn) + a)ml (kl ))2 - w(zmn+ml) (kn + kl)j|9
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Wl = 47[ [(wmn + a)ml)'Xlnl + G(mn+m1)(kn + kl) 'Ylnl] +
+|:(a)mn+wml)2+G(mn+ml)(kn+kl)'(1_w_(kn+k1)2_(mn+ml)2):|'//{l’n 5

d\y=w,/S,, n=#l,

2
S2 K(mn+m1)(| kn - kl |) ' |:(a)mn (kn) — W, (kl )) - a)(zmn+ml)(| kn - kl |):|’

X
i

47 [(@y = @1 ) X3+ Gl (e =k )Y ]+

+|:(a)mn _a)ml )2 + G(mn+ml)(| kn _kl |)(1_ w_(kn _kl)2 _(mn -i-’/nl)2 )] an’

d(2)=47z-Y4""+(1—4m2—w)-,1’Ln.
" (=-2m))(1+2m,-w)

(3) — .
dnl =W3/S3,

S5

K(mn—ml)(kn + kl) ) |:(a)mn(kn) + a)ml (kl ))2 o a)(zmn—ml)(kn + kl):|9

W3E47[.|:(wmn+a)ml)'X2nl+G )(k”+kl)'Y2nli|+

(mn—ml
[ (@ + @)+ Gy Ky + K- (1= w= (k4 K) = Om, = m))?) |- L,
d;?) = W4/S4, n#l;

Sy =Koy Lk =K, 1) [(a)mn (k,) = @, (k ))2 = Oy (| K, — Ky D}

W4 =4r- |:(a)mn — W, ) ' X3nl + G(mn—ml)(| k" B kl |) ' Y3nl:| +

(@ = 00 + Gy (e, = - (1= w = (h, = ) = (m, =m)*) | 2L,
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5.3. AHannumu4eckuu pacdyem HesluUHeUHOU rnorpaesKu
K Yacmome 80JIHbl KOHe4YHOU aMmiiumyobl
Ha nosepxHoOcmMu 3apsi>kKeHHol cmpyu

1. B HacTosieM naparpade B TpeTbeM MOPSIAKE MAJIOCTH 1O aM-
IUIATYJI€ OCUMJUISIIAN MMOBEPXHOCTHO OJHOPOJHO 3aPSKEHHOW CTPYH
WJICAIbHOM HEC)KMMAEMOM MPOBOMSIIECH KUIKOCTH, ABUKYILECHCS C
MMOCTOSIHHOW CKOPOCTBIO BIIOJb OCH CUMMETPUU HEBO3MYIICHHOM IIH-
JVHAPUYECKON ITOBEPXHOCTH, OINPEAEISCTCS AHAUIMTUYECKOE ACUM-
NTOTUYECKOE BbIpaxkeHue Nt PopMbl CTPYH Kak (PYHKIUH BPEMEHH,
KOorJa HavyaibHas jAedopMalius paBHOBECHON MOBEPXHOCTHU OINPEICIIs-
€TCsl OJTHOM MOJI0M, KOTOpasi MOXKET ObITh KAK OCECUMMETPUYHOM, TaK
Y HEOCECUMMETPUYHOW. BBIBOAUTCS aHATUTUYECKOE BBIPAXKEHUE IS
HEJIMHEWHOM MOMPABKU K YaCTOTE W OINPECIISIIOTCA MOJOKECHUS BHYT-
PEHHUX HEJIWHEMHBIX BBIPOKIECHHBIX TPEXMOJIOBBIX M YETBIPEXMOIO-
BBIX PE30HAHCOB, XapaKTEPHBIX JJI1 HEJIMHEWHBIX MONPABOK K aHAJIU-
TUYECKUM BBIPAXKECHUSIM 1J11 (DOPMBI CTPYH, MOTEHIIMAJIaM IOl CKO-
POCTEN TEUEHUS JKUIAKOCTU B CTPYyE, BIECKTPOCTATHYECKOIrO MOJSA B
OKPECTHOCTH CTPYH, a TAKKE JIJIsI HEJTMHEMHOW MONPABKU K YaCTOTE.

2. llocranoBka 3agavu. [lycTh nMeeTcs OBHXKYIIASCSA C IMOCTO-
SAHHOM CKOpPOCTBI0O U OeCKOHEUHAas [UIMHAPUYECKAs CTPYs IOCTOSH-
HOrO paaumyca R WIeanbHOW HEC)KHMAEMOM HWICAIBHO ITPOBOJISIIEH
KUJIKOCTU C TUIOTHOCTBIO p U KOA()PUIIMEHTOM MOBEPXHOCTHOIO Ha-

TsbKeHUs o . [IpuMem, 4To BHEWIHSS Cpena OTCYTCTBYET, OJJHAKO B OK-
pPY>KarolleM CTPYIO NPOCTPAHCTBE CO3aHO JIEKTPOCTATUYECKOE TIOJIE,
NEPHNEHIUKYJIIPHOE OCU CTpYH. Bcenmenctsue 3TOro Ha MOBEPXHOCTH
CTPYH pacHpeAcsieH 3apsiji, MOBEPXHOCTHAS IUIOTHOCTh y KOTOPOTO B

PAaBHOBECHOM COCTOSIHMH, T.€. B YCJIOBUSIX OTCYTCTBHUS KaKHUX-JTHOO
BO3MYIIICHUM PAaBHOBECHOMN IMUJIUHAPUYECKONW (POPMBI CTPYH, MOCTO-
ssHHA. BiusiHueM 1oJist CUJI TSHKECTH OyJieM peHeOperarh.
PaccMmoTtpenue npoBeneM B MHEPIUAIBHOM CHCTEME OTCYETA, HE-
MOABWKHOM OTHOCUTENBHO MOBEPXHOCTH CTPYH, B LIMJIMHIAPUYECKOU
CHCTEME KOOPAMHAT, HAYaI0 KOTOPOM ABMIKETCA CO CKOPOCThI0 U, a
ock OZ HampaBlieHA BJIOJb OCHU CHMMETPUU CTPYH MO HAMPABICHUIO

€€ IBWKCHUS: ﬁZHfJ. bynem nonarath, 4TO B TAKOH CUCTEME KOOPIH-

HAT TI0JIE CKOPOCTEH JBMKEHUS KUIKOCTH B CTPYE OMPEISTUTCS Ka-
NWUBIPHBIMA KOJICOAHUSIMU €€ TTIOBEPXHOCTH, OOYCIIOBJICHHBIMH Ha-
yajapbHOM nedopMaimeit, KOTopyro ajis ynoO0CcTBa BbIOEpeM Hambosee
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npocrtoi. [Ipumem, yTo HavanbHas nedopMaliysi BOJIHOBAs U ONpese-
JSIETCSL OJTHOM TapMOHMKOM C BOJTHOBBIM YHUCIOM Ak U a3UMyTaJbHBIM
YUCJIOM M

t=0: r(@,z,t)=R+a-cos[(kz—m@)— @, t],

KOTOpasi MOKET ObIThb KaK OCeCUMMETpU4HOM mpu m =0, Tak U He-
OCECUMMETPUYHOM Tipu m # (0 ; paanyc CTpyH MHOTO OOJIbIIE aMILIH-
Tyabl ocuuanu: R[] a. 3amaauMcsi LENbI0 MPOCIEANUTH 3BOJIIO-
1[I0 BO BPEMEHHU MOJO0HOW HayaidbHOW JaedopMaliii paBHOBECHOM
UWINHIPUYECKOU CTPYHU.

Jliist ynoOcTBa nepeiiieM K 0e3pa3MepHbIM IEPEMEHHBIM, Tojarast
R=p=0=1. Torma ypaBHeHHE CBOOOJHON MOBEPXHOCTU CTPYH,

BO3MYIICHHOW KaNWJUIAPHBIM BOJHOBBIM JIBH)KEHUEM, 3AMUILETCS B
BUJIE

r=1+&(g,z,1); |§|<<1, (1)

rae r,@,z— NWINHIPUICCKHE KOOPJIUHATHI, t — Bpems, & — (QyHKIIHS,
ONHUCHIBAIOIIAS MCKAXCHUE PABHOBECHOM HMJIMHIPUYECKON (HhOpPMBI
CTpPYH.

B pamkax Mojienu ujieanbHON HEC)KUMAEMOW KUJIKOCTH MaTeMa-
TUYeCKass (PopMylIMpoBKa 3aJadyd O pacueTe BPEMEHHOM 3BOJIIOIUU
BUPTYAJIIbHOIO BOJIHOBOT'O BO3MYIICHUS ITOBEPXHOCTH CTPYH, 3a7aH-
HOTO B HaYaJbHBI MOMEHT BpEMEHH, OyJAET COCTOSITh
13 ypaBHeHUU Jlammaca juisi MOTEHIMAIAa TOJS CKOPOCTEHW TEUYEHMS
KHUAKOCTU B cTpye W M 3JIEKTPOCTATHYECKOrO moTeHInana ® B okpe-
CTHOCTH CTPYHU:

AY =0; AD =0; (2)

YCJIOBUIM OTPaHWYEHHOCTH PEIICHUI Ha OCU CTPYH M Ha OECKOHEYHO-
CTHU:

r—0: V¥ —0; I —>oo! Vol -0,  (3)
TPaHUYHBIX YCIOBUH Ha CBOOOHOM MOBEPXHOCTH (1):

r=1+¢&: aa—F+V‘P-VF:0; F(r,(o,z,t)Er—[l+§((p,z,t):|=0; 4)
t
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ap-2 _Lvwy o L vo) —awi=0; 5)
o 2 87

Q=P (1). (6)

B Boipaxkenuu (5) AP — niepemnaja JaBJICHUN BHYTPU U BHE I[UIUH-
JIPUYECKOU CTPYH B PABHOBECHOM COCTOSIHUM; IPEAIOCIEAHEE U T0-
CJIEJTHEE CIIaracMble — JABJICHUS 3JIEKTPUUECKOTO MOJISI U CHJT OBEPX-
HOCTHOT'O HAaTSKEHUSI COOTBETCTBEHHO; 7 — BEKTOP BHEIIHEW HOpMa-
mu k nosepxuHoctH (1): 77 = VF/ |VF|.

KpaeByto 3amauy (1) — (6) cieayer AOMOJHUTH YCIOBUSIMU CO-
XpaHEHHs 3apsijia U o0beMa ydacTKa CTPYH, JJIMHA KOTOPOrO paBHa
JJIMHE BOJIHBI A :

r=1+¢&(@,z1);
—4i (3-V®)r-do-dz=2my-4; S=7 0s@=<2m (7)
s z,Sz<z, + 4
0<r<1+&(@,z,t);
Jr-dr-d(p-dtzﬂ'-l; V= Osp=<2r, (8)
4 z,<z<z,+ A

JI71s1 TOJTHOTO 3aMbIKaHUSI CUCTEMBI ypaBHeHHM (2) — (8) HeoOXo-
TUMO 3aJaTh €II¢ HadallbHbIE YCIIOBHUSI, TEPBOE M3 KOTOPBIX MPE-
CTaBJsieT coOOOM HavYaJIbHOE BO3MYILEHHE MOBEPXHOCTH CTPYH, KOTO-
pO€ 3amuIlIeM B BUC

H@,z,0)=1+¢- [é’ ®(0)- exp(ime) + £ (0)- exp(—imgo)] -exp(ikz).

€ — MaJblil mapaMeTp, paBHBIM OTHOIICHUIO aMIUIUTYAbl BOJIHBI K pa-
nuycy cTpyu: € =a/R. Bropoe HauaabHOE yCIOBHUE, KaK 3TO TPHUHSTO
B AHAJIMTUYECKUX pacyeTax HEJMHEHHBIX BOJH, 3aJaJUM Ha (pUHAJIb-
HOM CTaJWU PEUICHMs 3a7a4d TaKuM 00pa3oM, 4YTOOBI MOJIyUarolieecs
aHAJIMTUYECKOE BHIPAKEHUE UMEIJIO0 HAMMEHEE TPOMO3IKUAN BU/I.
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3. Onucanue acHUMITOTHYECKON mpoueaypsl. byaem uckarte
petienue 3anaun (2) — (8) B BUJe aCUMITOTHYECKOTO Pa3I0KEHHUS 110
MaJioMy mapameTpy €. Mcrnonap3ys MeTo MHOTHMX MacIiTaboB M Orpa-
HUYMBAsCh TOYHOCTBIO JIO TPETHETO MOPsSJKa MAJOCTH BKIIOUUTEIIb-
HO, MPEJICTABUM UCKOMbIE PyHKIIMU £, W U ® B BUJE PAJIOB IO CTe-

IICHAM €, IToJiarasd OAHOBPCMCHHO, YTO UX 3BOJJIOLUA BO BPCMCHU OII-
peacisicTCa TpeMss BPCMCHHBIMU MaciTadaMi — OCHOBHBIM 7:) =t U

6onee MeJieHHbIMU T =£-t u T, =€ -t

Epzy=e EV (P Ty T T+ £ 2T, T)+E £V (p2.Ty) +O(E"):
W0 =e WO T, T T+ 8 WO T, T+ WO (7, T,) + (e
(I)(’_;at):(I)(O)(’_;)+8'CD(1)(7_;9TE)7T17T2)+82 °CI)(2)(’_;9T07TI)+

+& - ®V(F,T,)+O(e*). 9)

[TpumemMm, uto popmMa CBOOOTHOMN MOBEPXHOCTH CTPYH B IIPOU3-
BOJIbHBIA MOMEHT BPEMEHU UMEET BUJ

r=1+&| (T, T,) exp(imp) + { (T, T,) exp(~img) |exp(i6) + O(€”).
(10)

31ech W Jajiee He BBIIMHCHIBAIOTCS ClIaraéMble, KOMILJIEKCHO COIpS-
KEHHbIE K BbIMUCAHHbIM; 8=k -z—-w,, - T,, Tne W, (k) — dacTtoTa BOJI-

Hel, {*(7,,T,) — TIOKa HEU3BECTHBIC KOMIUICKCHBIC (DYHKIMH, 3aBH-
CsAIIME OT MCAJICHHBIX BpEMEH 1, U T, .

YT0oOBl OTBICKATh ACHUMIITOTHYECKOE pelieHue ChopMyIUpPOBaH-
HOM 3a71auu, MOJICTaBUM paszioxeHus (9) B ypaBHeHus (2) — (8), moJib-
3ySCh JJIs1 BBIYMCIICHUS MPOU3BOIHON 110 BPEMEHH OIepaTOPOM

9 9 2 9
—=——+€E—+¢
ot oI, oT oI,

u packiaabiBas ¢ yuetom (10) rpanuunsie ycnoBus (4) — (8) B acum-
NTOTUYECKUE Psibl B OKPECTHOCTH PABHOBECHOW LIWJIMHIPUYECKOM
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MOBEPXHOCTU 7 =1. 3aT€M B Ka)XXJIOM U3 YpaBHCHUN U I'PAaHUYHBIX YyC-
noBui 3anmaun (2) — (8) BbIIEIUM, TPOCYMMHUPYEM U MPUPABHSIEM K
HYJIIO CJIaraeMble MPU OJMHAKOBBIX CTENEHAX €. B wrTore momydnm
Ha0Op JMHEHHBIX (B 00IIEM Cilydyae HEOJHOPOJHBIX) KPaeBbIX 3ajad
JUISl OTBICKAHUSI HEJIMHEMHBIX MOMPABOK PA3IMYHBIX MOPSIAKOB MaJlo-
CTH K JINHEMHOMY PEUICHUIO.

4. PeieHus 3a/1a4 pasjidYHbIX MOPSAIKOB MAJIOCTH

4a. 3a0aua mynesozo nopsaoka manrocmu. B HyJIeBOM MpUOIIKe-
HUU MMEEM PAaBHOBECHOE COCTOSIHUE, KOTOPOMY COOTBETCTBYET HeE-
MOABWKHBIN (B JABWKYILEUCS CUCTEME KOOPJWHAT) HUJIUHAPUYECCKUM
CTOJIO JKHJAKOCTH C TTOCTOSSHHOM MOBEPXHOCTHOW IUIOTHOCTBIO 3apsjia
Y - DIEKTPUYECKOE T0JIE B OKPECTHOCTH HEBO3MYIICHHOTO OJHOPOJI-
HO 3apsOKEHHOTO MIJIMHAPUIECKOTO CTOJI0A OmpeesseTcsl MOTeHIInA-
JIOM

<I>(0)(r)=—47r)(-ln(r). (11)

[Tpu 3anucu (11) npuHATO, YTO MOTEHIIMAT HEBO3MYIIIEHHOMN BOJI-
HOBBIM JIBUKEHHEM IMOBEPXHOCTH IUIUHIPUUYECKON CTPYyH PaBEH HY-
JIIO: CI)(SO) =(0. JIuHaMHu4eckoe TpaHUYHOE YCJIOBUE B HYJIECBOM IMPU-
OJIMDKEHUU TIO3BOJISIET ONPEACIUTh PAaBHOBECHBIN TEpernaj JaBieHUN
Ha HWIMHIPUYCCKON TIOBEPXHOCTH CTPYU: AP =1-271y°.

4b. 3aoaua nepsoco nopsoka manrocmu. B cuny TUHEHMHOCTH ypaB-
HeHui (2), ycrnoBuit orpannueHHOCTH (3) U paznoxenuii (9), GyHKIUN
¢y ®Y (j=1,2) B mepBOM NPUOTIKEHUH SBISIOTCS PELICHUSIMH
ypaBHeHni Jlarmaca. Crucrema TpaHUYHBIX U JIOMOJHUTENBHBIX YCIIO-
Buii (4) — (8) B mepBOM MOPSJIKE MAIIOCTU IPUHUMAET BU]T

fo1- a\P(l)_ag(l)_O.
' or 9T, ’
2
M 50 26 51 0¥ . . 825(1) 825(1)
L, 9 ], 0.
B o o ol 2 core o Y
0 T r r r r op 0z
1 d®(0) 1 1
0"+ M0~ ;



2t 229w 5 5
+—|r

(1) dz=0 -
dr  or or 6 ¢-az ’

z, 0

[ [&Vdp-az=0.
z, 0

Pelenue 3aa4uu epBOro MopsaKa MaJoCTH IS IPOQUIIS BOTHBI
1
5()(¢,Z,TO,TI,T2) UMEET BUJ

D = [;H)(TI,TZ) -exp(imp)+ (' (T,T,)- exp(—im(p)] -exp(if) +k.c..
(12)

AOGOpeBuarypa «k.c.» O03Ha4YaeT cjaraembie, KOMIUIEKCHO COIPSKEH-
HBIE K BBITTMCAHHBIM.

Snsit Bun Gynkuuit (& (7,7,) MOXKeT OBITH ONPEEINICH JTUIIb 13
perieHui 3aga4 0osiee BHICOKUX MOPAIKOB MasiocTH. HecnoxHo yOe-
muthest, uto dyukmms £V B Bume (12) yIoBICTBOPSET YCIOBUIO HEH3-
MEHHOCTH 00BbeMa (8).

[IprHK¥Mas BO BHUMaHUE, YTO MOTEHIUAN MoJs ckopocteld ¥ n
5JIEKTPOCTATHYECKHUI noTeHnuan @, ompemenseMble B IEPBOM IIO-
pAIKE MaJOCTH, CBA3aHbl ¢ QpyHKnuen & KMHEMAaTHYeCKMM IpaHuY-
HBIM yCJ0BUEM (4) U yCIIOBHEM SKBUBAJIECHTHOCTH (6), OyJeM HCKaThb
seipaskenns mis P (7,7, 7,7, ) u @V (F,T,,T,,T,) B Buje

WO F,0) =1, (k)| B (T,,T, ) exp(img)+ B (T,,T, ) exp(~imp) |exp(i6) + k.c.;

@ (7,0)= K, (kr)| D (T.T, ) exp(img) + D' (T..T, ) exp(~img) Jexp(i6) + @ (1) + k.c..
(13)

rie 3aBucumocts notenrmanos ¥ u @V or xoopauHate! » ompese-
nsieTcst u3 ypaBHeHui Jlamaca (2), KoTopble TIpU 3aJlaHHON 3aBHCH-
MOCTH OT yIJla ¢ CBOJATCA K ypaBHeHUsIM beccens. IIpu 3Tom oHa
JOJKHA YAOBJIETBOPATH YCIOBHUSIM OTPaHMYEHHOCTH (3), a mOTOMY
BBIpaXkaeTcs uepe3 MoauduimpoBannsie pyHkuuu beccens 1, (kr) u
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K, (kr). YuuTbIBas ckazaHHOE BBIIIE, HAWIEM CBS3b MEXIy K0d((hu-
nreHTamu pemeHui (12) u (13):

_iwm 'g(i) (TlaTz)

Amy-¢ (i)(Tl’TZ)
k- 1, (k) '

: D(i)(Ti,Tz)— e (k)
m

BY(T.T,)=
(14)

3nech U Janee MTpux 0003HAYAET MPOU3BOJHYIO O apTyMEHTY, B3s-
TYKO Ha HEBO3MYILEHHOM NOBEPXHOCTHU CTPYH. B pe3ynbrare BbIpaxe-

HUA 1)1 ITOTECHIIUAJIOB ‘P(l)(?) U CD(I)(F) MPUMYT OKOHYATEJIbHBIA BUI:

WO (7.7, 7.T, ) = —iay, 22

1, ) =i, [T, explim)

+¢N(1,1,)- exp(—imgo)] -exp(ib);

K, (kr)

oV (7,T,,T,,T, )=4rx
( 041 2) ){Km(k)

(£ (5.1, ) explimg) +

+¢O(T.T,)- exp(—imgo)] -exp(if) + k.c.. (15)

ITpu 3anucu BeIpakenus mis & (7) ydreHo, 4To 100aBKa 1epBo-
ro MOpAJKa K 3HAYCHHIO 2JIEKTPOCTATHYECKOrO MOTEHIUAIa Ha IIO-
BEPXHOCTH JJIEKTPOIPOBOIHOM CTPyH paBHa Hy0 @ (£)=0.

[loxcraBinsist B TMHaMUUYECKOE TpaHUYHOE ycioBHe perieHus (15)
u (12), Haifnem AUCIIEPCHOHHOE YpaBHEHHUE, CBS3BIBAIOIIEE BOJHOBOE
k W a3uMyTalIbHOE m 4YHCIIa C YaCTOTOW BOJIHBI @), (k):

0, (k) =G, (k)| &> +m” =14W (14 H,, (k) |; (16)

w=dny'; G, (k)=k-1,(k)/1,(k); H,(k)=k K (k)/K, (k).

4c. 3aoaua emopozo nopsoka marocmu. Bo BTOpoM Mopsiake
MaJIOCTH U3 CUCTEMBI (2) — (8) MOJIy4YUM HEOJHOPOJHYIO KpaeBylo 3a-
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Iaqy Ui OTHICKAHMS [IOIPABOK BTOPOTO MOpsiaka Mamocta &£ (F,f),
YO, ) u @ (7,1). Oyrxuun ¥ u @ B cuny auHeHHOCTH TIPO-
€KTOB aCMMIITOTUYECKHUX perieHui (9) BO BTOPOM TMOPSIAKE MaJIOCTH
SBJISIIOTCA PEUICHUAMH ypaBHeHUH Jlamiaca ¢ HEOJHOPOIHBIMU Tpa-
HUYHBIMHU YCJIOBUSIMH, B KOTOPBIX IIpaBble YacTH (UTPAOIIUE POJIb
(GYHKIMI HEOJTHOPOJHOCTH) BBIPAKAIOTCS YEPE3 PEUICHUS] HYJIEBOTO
(11) u meporo (12), (15) mopsaKoB MaJIOCTH.

Cucrema TpaHMYHBIX U JOMOJHUTEIBHBIX YCIOBUA BO BTOPOM
MOPSIIKE MAJIOCTH UMEET BU/]T

(2) (2) (+) -)
r=1: 8‘;; — aaé;o = {aaé/Tl exp(imp) + aaLTlexp(—im (p)} exp(i@) +

+ i[X1 : ((§(+))2 -exp(i2me) + (f(‘))z -exp(—i2m go))+ X, 209 é’(_)JeXp(iZH) +(k.c.);

a\P(Z) a(D(Z) 82(5(2) 825(2)
— _ 4 (2) (2) —
oT 1{ o Ve }g 0 o
(+) (-)
=—i@), Gml(k) {ang exp(im@) + ag—Tlexp(—im@} exp(if) +

+ lYl ((§(+))2 exp(i2m@) + () exp(—i2m ¢))+ Y, - 2§(+)§(‘)Jexp(i29) +

+Y, - 289 exp(i2me) + ¥, ( ¢

2 )2
+‘C ‘ j+(z<.c.);
) _ 4EZ§(2) = CI)ff) + L{l(é’(”)z exp(i2me) + (é’(’))2 exp(—i2me) + 2§(+)§(_)Jexp(i9) +

+ 209 exp(i2me) + (jg”(*) g ‘g”(‘)‘z )+ (K.c.)} :

ZT Tagmdq) cdz =4 Ayl + m* —4H (k)] QC(*) ’

15 +‘§’(—)‘2);
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z0+A 27

ZJ' !)'é:(z) -d¢-dz=_ﬂ-,1,(‘§(+) ) +‘§(_)‘2) |

BoeipaxkeHusi 111 HEONPENEIeHHbIX KOA()PUIIMEHTOB MPUBEJCHBI B
«ITpunoxenuun Ay.

AHaJIUTUYECKUE BBIPAXKEHUS I UCKOMBIX IOMPABOK BTOPOTO
NOpsiJIKa MaJOCTH, MOJIy4aeMbI€ B pe3yJibTaTe PEUICHUS 3a]laud, UMe-
10T BUJ

ED =[ AS(T,,T,) exp(i2mp) + AL (T,, T,) exp(=i2mp) + Ay, |exp(i260) + 4, (T, T,) +
+ AT, 1) explime) + A (T, T, ) - exp(=img) |exp(i6) + Ay (T, T,) exp(i2me);
W = 1, (2kr)| BY(T,.T,) exp(i2mp) + By, (T, T,) exp(—i2me) |exp(i26) +
+1,(2kr)B,, (T, T,)exp(i20) + r*" B, (T, ) exp(i2me) + 2B, (T, T,) +
+1,,(kr)| B (T,.T,) exp(im) + B (T,. T,) - exp(—im) |- exp(i0) + £,(1);
© = K,, (2kr)| Dy (T;.T,)exp(i2mp) + D3, (T, T,) exp(~i2mp) |exp(i26) +
+K,(2kr)D,, (T, T,)exp(i28) + " - D, (T,,T,) exp(i2m@) + D, (T,, T, ) +

+K,, (k)| DY(T,.T,) exp(im) + D (T, T, exp(=img) |exp(if) + £, (1) + k.c.
(17)

3aBUCUMOCTH TOMPABOK BTOPOIO MOPSAKA MAIOCTH v 4 o?
OT KOOPJIUHATHI 7, UCTOJIb30BaHHBIC MpH 3anucH (17), Takke Kak U B
3a/1a4ue MEePBOTO MOPSKAa MaJOCTH, HECIOXKHO MOJIYyYUTh U3 ypaBHE-
Huii JIaraca ¢ 3aJlaHHBIMU YCIIOBUSIMUA OTPAHUYEHHOCTH HA OCH U Ha
OECKOHEYHOCTH.

[Toncrasnsis (17) B rpaHuYHBIE YCIOBUS U MpUpaBHUBAsA KO3(Du-
IMEHTHI TIPU SKCIIOHEHTAX C OJWHAKOBBIMU IOKA3aTEISIMU, MOJIYYUM
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CHCTEMY ypaBHEHMH oTHOcUTenbHO kodpduuuentos AT (T,,T,),
BT, T,) n DS(T,T,), n,I=1{0,1,2}, oThiCKMBasi pelIEHHE KOTO-
poii, naxonum ceszb A(T,,T,), BS(T,,T,), DS(T,,T,) mexmay co-
60¥ M ¢ KOMIUIEKCHBIMU ammunTyaamu ¢, a taxke auddepenim-

anbHOE YpaBHEHHE 1 oThicKanus amrumutyn &

9¢™ [aT, =0; (18)

AS) =a, '(é/(i))z; 4y, =a, '2§(+)§(_)§ Ay = ay '2§(+)§(_);

=—(I{Y P +1COP)/2; 47 =0; (19)
+ —i + + . + +
Béi)Em‘(z%‘Aéi)—X1'(5(‘))2)5—11?1'(5(‘))2; By =B, =0;
—I
B = (20 A, -X, CPEO)=—ib, 2O EO,
02 2k-[6(2k)( Ao 2, 6¢ ) , 2070
fl(l‘):bﬁTo;

DY =(4my- A +L- (V) /Ky, (20 = d, (&)
Jo=Qmy—L)A4;
Dy =dmy Ay +L- OO =d, 2000,
Dy, =4my- (k> +m*)- Ay;
Dy, =(4my- Ay +L-{D¢0) /K (2k)=d,-2{MCO; DP =0, (20)
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IJI€ 4epTa HaJ CHUMBOJIOM O0O3HA4YaeT KOMIUIEKCHOE COIpPSLKCHHE.
Beipaxkenus niusd k03(pPUIueHToB a,, a,n a, npuseneHsl B «lIpuno-

HKEHUU A».
N3 cootHomenuit (18) — (20) BUAHO, YTO KOMILJIEKCHBIE aMILIU-
tyasl ) u kosppummenter 45, B

nl

51 D,f;) HE 3aBHUCSIT OT Bpe-
MeHHOro maciiraba 7;. Bce BHOBb BBeJieHHbIE O003HAUYCHHS TPHUBE-
nensl B «[Ipuiioxxennn A».

4d. 3a0aua mpemvezo nopaoxa manrocmu. Honpasku ¥ u o
TPETHEr0 TOPSJIKA MAJIOCTH OyAyT pelieHusMu ypaBHeHU# Jlammaca.
CucreMa HEOOHOPOHBIX TPAHUYHBIX W JOMOJHUTENBHBIX YCIOBUU K
3a7a4e B TPEThEM MOPSAJIKE MAJOCTH UMEET IPOMO3JKHUNA BUJ U BhIHE-
ceHa B «IIpunoxenne B». B TpeTbem mopsiike MaaoCTH, MIOMUMO I10-
npasok & ¥ u @ MoxHO MONMYYHTH 3aBUCHMOCTH KOMILIEKC-
HBIX aMIUIUTyA OT Oojieeé MEIJICHHOT0 BpeMEHHOro macmrabda 7, u

HEJIMHENHYIO (3aBUCSIILYIO OT KBaJpaTa aMILIUTYAbl BOJHBI) MOMPABKY
K 4aCTOTE BOJIHBI.
[loBTOpss Te ke marv, 4To M B 3aJa4e BTOPOTO MOpsIKa Majo-

CTH, /ISl IOTIPABOK TpeThero mopska manoctu £ (7,7,), WY (7,T,)

u @ (7,T,) MOXHO HaliTH aHAINTHYECKHUE BBIPAKCHHS:

&9 =[ (47 exp(i3me)+ A7 exp(-i3mp)) +( A7 exp(img) + A4 exp(=img)) |x
xexp(i360) +| A" exp(i3me)+ A" exp(-i3mg) |- exp(i6) +
+ [Aff) exp(im@) + A" exp(—imqo)] -exp(if) + 4, + (k.c.);
W& = 1o, (3kr) | B exp(i3me) + B” exp(~i3mp) |- exp(i36) +
+1,,(3kr)-| BS" exp(ime)+ B exp(~imp) |- exp(i36) +

+1y,,(kr)-| B exp(i3me) + B exp(=i3mg) |- exp(if) +
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+1,,(kr)-| B exp(im@)+ By exp(=img) |- exp(i6) + (k.c.);
O = £,(1) + Ky, (3kr) | DI exp(i3mp) + D}~ exp(—i3me) |- exp(i36) +
+K, (3kr)- [Dé” exp(im@) + D\” exp(—imqo)] -exp(i30) +
+Ks,, (kr)-| DS exp(i3me)+ Dy exp(~i3me) |- exp(i6) +

+K,,(kr)-| D§" exp(im)+ D" exp(~im) |- exp(if) + Dy Inr + (k.c.),
21)

onpenenus 3aBucumMocTs ¥ u @) ot KoopaMHATH 7, TOACTABUB HX
B ypaBHeHus Jlamtaca (2) ¢ ycnoBUsIMUA OrpaHUYEHHOCTH (3).
[ToacraBnss BeIpakeHus (21) 1y MONMpPaBOK TPETHETO IMOPSIKA
MaJOCTH B JOTOJIHUTENIbHBIE YCIOBHSI COXpaHEHUs 3apsjia U o0ObemMa
ydJacTKa CTPyH, JJIMHAa KOTOPOTro paBHa JjuHe BOJHBI A (8), (9), Haii-
aeM, 4To ko unuentel 4, u D, paBHbl Hy10. [locne noacraHoBKH

BbIpaxxeHuil (21) B kunemarudeckoe (4) u nuHamuudeckoe (5) rpaHuy-
HbIE YCJIOBUS, & TAKXKE B yCJIOBHE AKBUIIOTEHIMAIBLHOCTH MOBEPXHO-
cTu cTpyu (6) u3 TpedboBaHus paBeHCTBA KOA(PHUIIMEHTOB IPU OJIMHA-
KOBBIX JKCIIOHEHTax OMpeJesseTcs CUCTeMa YPaBHEHHUM Il HaXOX-

nenns  kospduumentos A, BY w D j={1,..,5}. Kpome

BBIpOXCHUH, OMpENesIiomuX Kod(PGUIMEHThl B PEIICHUH TPEThETO
MopsiIka MajioCTH, MojydaeM auddepeHImaibHOe YpaBHEHUE OTHO-

+ o +
curensuo ¢, w3 KOTOPOTO MOXHO HaWTH ko3ddurment g™ ompe-
JIEJISIONIUN MTOMPABKy K YaCTOTE BOJIHBL:

(®) S ’
o _ g ’(k)gmﬂ- G, (k) {wm(k)ﬂ—

K —-m’-Wwl+H, (k))} A,
d7T, @, (k) 20,(k)| G, (k)

(22)
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G, (k) || @,(k)

)= m T, + Y, +y-H (k)-A )
g 5 Gm(k) 4 s T m( ) 4 |§ |
@,, (k) ) 12
T . +Y.+y-H (k)-A ) 23

Boipaxenunst it koadpounmentos I';, ¥, u A, mpuBeIcHBI B

«ITpunoxenuun C».

OTMeTuM cpa3sy, 4To cama 1o cebe HeJIMHeHHas mompaBKa K Jac-
TOT€ B ACUMITOTUYECKOM aHAJIU3€ O3HAYAET JIMIIb PACIUIbIBAHUE HE-
JUHEWHOMN BOJHBI CO BPEMEHEM 3a CUeT pa3nudusi B (a30BBIX CKOPO-
CTSIX TOMPABOK PA3IMYHBIX MOPSIIKOB MaJOCTH, HO TEM HE MEHEE OHa
OKa3bIBAET CYIIECTBEHHOE BJIMSIHUE HAa 3aKOHOMEPHOCTH Peaau3aluu
HEYCTOMYMBOCTH BOJIHBI (Ha 3aKOHOMEPHOCTH pa30MEHMs] BOJHBI Ha
OTACIbHBIC KAIlIN).

KBanpatHas ckoOKka B ypaBHeHHUH (22) paBHa HYJIO corjacHo (16).
[TockonbKy y Hac HE HCHOJIB30BAHO BTOPOE HAYyajJbHOE YCIOBHE,
copMyIupyeM ero B BHje TpeOoBaHus, 4ToObl kKod(pduuuent A"
ObLT paBeH HYIO. Torna u3 ypaBHeHUs (22) 3aBUCUMOCTb KOMILJIEKC-

+
HBIX aMIUTATY & ®) ot BPEMEHHOT0 MaciTaba 7, onpeaeauTcs B BUJIC

(+) (k)
(k)

+

{‘ =C-exp(— & T,).

m
[ockoneky g u g(_) XapaKTEpU3yIOT MOMNPABKY K OJTHOM U TOU

*e yactore ), (k), OUeBUHO, YTO OHU JIOJKHBI OBITH PABHBI, UTO I'O-

Bopur 06 oskBuBazentHoctd ¢ wm (7. Takum o6pazom, mns
¢ =¢(T,) MOXKHO 3aKcaTh OKOHYATEIHPHOE BhIPaKEHHE:

i 8K)
§(T,)=C-exp( " (k)Tz), (24)

m

rge C — MOCTOSHHAs MHTErpHpoBaHms. YuursBas, urto {7 =,
MPHUBENIEM COOTHOIIEHHE ISl OTIpeieIeHHs KOIDDUIHEHTOB A, :

225



4,=a,C, j=11.2.3)

o, :[a)jl“j +G,, (k) (X, +;(-Amej(kj))}/[a)jz. (@, (kj))z]; (25)

o, ={3w,(k,;),30,(k,),o,(k;)}, k,={3k,3kk}, m,={3m,m,3m}.

[TockosbKy moTeHnuan noJisi ckopocrenn W(7,f) W 3JIEKTpOCTaTUYE-
ckuii moteHman d(7,t) cBsa3aHbl ¢ QyHKIuen &(F,t) TpPaHUYHBIMH
ycaosusmu (4)-(5) u ycnosuem (6), To kodbdumuentsr B, u D, He-

CJIO’KHO HaWTH, 3Hasg A i

B, = (—i/[kj -I,’nj (kj)])(a)jAj - FJC3);

D, = (1/ij (kj))(4ﬂ}(- A,+AC),  j={123).  (26)

N3 nepBoro HayajibHOr'O yCIIOBUS CIEIYET, YTo C =1.

5. ®unagbHOE BbIpa:keHue Misi popmbl cTtpyu. O0cyxaeHune
NOJyYeHHBbIX pe3yabTaToB. CoOupasi BMECTE MOMpPaBKU BCEX MOPSII-
KOB MaJIOCTH, MOJY4YUM, 4TO (popMa CBOOOJHON MOBEPXHOCTH KHUIKO-
CTU CTPYH B NPOU3BOJIBHBIA MOMEHT BPEMEHU C YYETOM BBIPAKCHUS
(24) Oynet onuChIBaTHCS YPAaBHECHUEM

g(k)
@, (k)

r(@,z,t) =1+ ¢&-cos(mp)cos(8 — &

t)—

—-0.25-¢ [0.5—(a, cos(2m@)+a,) cos(20) — a, cos(2mp) |+

+(&’ / 1 6){[0{1 cos(3me) + o, cos(mp)]|cos(360) + &, cos(3me) cos(H)}.

(27)

YcioBue peann3anyyu HEYCTOWUYUBOCTU CTPYU 10 OTHOLIECHUIO K
JEUCTBUIO CHJI TIOBEPXHOCTHOTO HATSXKEHUSI U TABJICHUIO AJICKTpUYE-
CKOT'O TOJISI 3aKJIF0YAETCS B MPOXO0XKIACHUM KBAJpara 4acTOThI 4EpE3
HOJIb B 00JIaCTh OTPUIIATENIbHBIX 3HAUEHUU. C y4yeTOM HaJIM4Yus HEJu-
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HEWHOM MONPABKU K YaCTOTE B TPETHEM NOPAAKE MAJIOCTU 3TO YCIO-
BUE IIPUBEIET K COOTHOLIEHUIO

2

o+ | =@ +26°g=0.

0]

m

HecnoHO BUIETh, YTO BIMSHUE HEJMHEMHON MOIPABKUA HA KPUTHUYE-
CKYIO JUISl Ha4aJla PEAIN3allMd HEYCTOMYMBOCTHU CTPYH JJIMHY BOJIHBI
k u xpuTHYecKoe 3HaueHue napamerpa W Oyner paznuyHbIM npu g >0
v npu g <0.

N3 BuIa HEIMHEWHBIX IOMPABOK TPETHETO IOPAIKA MAJOCTH
o 7,1, YO F,1) n £°(F,1) MOHATHO, YTO OHM MMEIOT PE3OHAHCHBIIA
XapakTep, ONPEACIISIIOMIMNICA BUIOM KO3(DPUIIMEHTOB, KOTOpPHIE MPU
ONPEICICHHBIX COOTHOIIEHUAX MEXIY YaCTOTAMH BOJH CTPEMSITCS K
OCCKOHEYHOCTH, YTO B TEOPHUU HEIMHEHWHBIX OCHWIIALMN U BOJIH CO-
OTBETCTBYET MPOSBJICHUIO PE30HAHCHOIO OOMEHA JHEPTHEed MEXIy
BoiiHaMU. [lonokeHHst  PE30HAHCOB OMNpeNEsatoTCs TpeOoBaHUEM
CTPEMJICHHS. K OCCKOHEYHOCTH KOI(POUIMEHTOB ¢, Yepe3 KOTOpbie

ONPE/CISIFOTCS AMIUTUTYAHBIC MHOXUTENH A;, B;, D; Npu HEIUHEH-

HBIX TMOMNpaBKax TpeThero nopsiaka manoctu. CornacHo (25) yciaoBus
peaau3any BBIPOKIESHHOTO YETHIPEXMOJIOBOIO PE30HAHCHOTO B3au-
MOJICHCTBHUSI BOJIH Ha IOBEPXHOCTU CTPYH UMEIOT BUJ

o —(a)mj(kj))2 -0, (28)

IJie @; — 4acToTa MO/Ibl, B KOTOPYIO SHEPrHs MePeKaunBaeTes, Orpe-
nensiercs (16), a @, (k;) — wacrora MOABI, ompeaessiomel Gopmy

HayaJlbHOM JedopMaliii, OT KOTOPOM PHEPrus oTOMpaeTcs, 3a1aeTcs
COOTHOIICHUEM

2
(a)mj(kj)) =G, (k)4 +m? —1+W [+ H,, (k))};
@, = {3w,(k),30,(k),o,(k)}, k,=1{3k3kk}, m,={3m,m,3m}.

(29)
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B HenuHEWHBIX IONpaBKax TPETHETO NOPAAKAa MAaJIOCTH
3) = 3) 3), -
@' )(r,t), g )(r,t) u f( )(r,t) COXPAHSIOTCSI M BBIPOXKICHHBIE TPEX-
MOJIOBBIE PE30HAHCHI, XapaKTepHbIE [JIs1 KBAAPATUYHOTO MPUOIH-

XKeHus. VX mojoKeHus omnpeaeistorcs TpeOOBaHUEM CTPEMJICHUS K
OECKOHEYHOCTH KOI(D(UIMEHTOB @, BXOJAINIMX B ONpPE/CICHUE aMm-

IUITUTY IHBIX KO3 (UILIMEHTOB BTOPOTO U TPETHETO MOPSIKOB MAJIOCTH.
VYemoBus peanusanuyd TPEXMOJOBBIX PE30HAHCOB 3alMCBHIBAIOTCS B
BUJIE

4ay (k) — a5, (2k) = 0; 4ay (k) — ay (2k) =0.

HccnenoBanve 3akOHOMEPHOCTENH PE30HAHCHOTO OOMEHA SHEPTH-
el MeXIy BOJHaMU TPeOYyeT OTIEIbHOIO0 PacCMOTPEHHUsI, HO U3 BUA
cootHomeHu# (16), (28) — (29) cpazy MOXKHO CKa3aTh, 4YTO B pealu-
3YIOIIUXCSA BBIPOXKJACHHBIX PE30HAHCAX TMEPEHOC DSHEPTUU MEXIY
JUITMHHBIMU M KOPOTKUMH BOJIHAMHM HJET JIMIIh B OJHOM HarpaBlie-
HUW — OT JUJIMHHBIX BOJIH K KOPOTKHM HE3aBHCUMO OT CHUMMETPHUU
B3aUMO/ICHCTBYIOIIUX BOJIH.

Ha puc. 1 npuBenensl paccuutanHbie 1o (23) s pa3InYHbIX
3HAUYCHUI a3UMYTaAJILHOTO YUcia m TpaduKyd 3aBUCUMOCTH BEJIUYMHbI
HEJMHEMHOM MONpaBKU K 4acTOTe g =&£°g OT mapamerpa W, xapak-
TEPU3YIOIIETO MOBEPXHOCTHYIO IUIOTHOCTH 3apsijla Ha CTpye, u 0e3-
Pa3MEpHOTro BOJHOBOTO 4yucia k (a) m=0;b) m=1; ¢) m=2; d) m=3).
W3 puc. 1 BUaHO, YTO BEITMYMHA U 3HAK (@ CJIEIOBATENIBHO, U BIUSIHUE
Ha KPUTUYECKUE YCJIOBUS HEYCTOWYMBOCTH CTPYU B 3aBUCUMOCTHU OT
3HaKa yCTOMYHUBOCTh CTPYH JIMOO MOBBIIIACTCS, JTUOO CHUXKAETCS) He-
JIMHEWHOM MOIPABKHU K YACTOTE 3aBUCAT HE TOJBKO OT MTOBEPXHOCTHOU
MJIOTHOCTH 3JIEKTPUYECKOr0 3apsiia Ha CTPye U OT BOJHOBOI'O YHCIIA,
HO U OT a3UMYTaJbHOIO uMciaa m. BUaHO Takxke, 4TO HEJIUHEHHas
MOMNpaBKa K 4acTOTE€ UMEET PE30HAHCHBIA BHUJ, MOITOMY MpPHU €€ HUC-
MOJIb30BAaHUM B OKPECTHOCTSIX PE3OHAHCOB CJICAYET 0OpalaTh BHUMA-
HUE Ha BBINOJHEHUE TPeOOBAaHUA ACUMIITOTUYHOCTH PA3JI0KEHUS
(MHBIMHU CJIOBaMHU, HEOOXOIUMO CIICIUTh, YTOOBI Majas IMOIMpaBKa K
4acTOTE OCTaBajach MaJIOW MO CPAaBHEHUIO C YACTOTOM).
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NHTEpECHO OTMETUTH, YTO HEJIMHEUHBIE OCUMIUISIIAN CTPYH MPO-
UCXOJST HE B OKPECTHOCTH PABHOBECHOW IUJIUHAPUUECKON (HOPMBI, a
B OKPECTHOCTHU CTPyH ¢ (popMoOii, 3aBUCAIIECH OT BHJa HadyaJbHOM Jie-
dbopmanuu:

r(z,9) =1-0.25¢"[0.5—a, cos(2m)].

Takoii e penoMeH panee ObLT 0OHAPYKEH NI HETUHEHMHO-OCIIUIUIH-
PYIOIIKX Karelb co cepudeckoit paBHOBecHOM hopmoii [260 — 261].

6. B acuMmIToTMYeCKMX pacueTax HEJIMHEHMHBIX OCIHAIISIIAN
CTPYH TPETHETO MOPSAIKA MATOCTH MOSIBIAKOTCS HEJIMHEWHBIE TTOIPaB-
KM K 4acToTaM, KBaJIpaTMYHbIC MO aMIUIUTY]Ie, 3aBUCAIINUE OT BUJIA
HavyaJbHOU aedopMalvi CTPYHU, UMEIOIUE PE30HAHCHBIN BUJ U OKa-
3bIBAIOIIME BIVMSIHUE HA KPUTUUYECKUE YCIOBHS Pealnu3aliyi HEYCTOM-
YUBOCTH CTpyu. CamMu HEJTWHEWHBbIC OCHWUISIIUA CTPYH MPOUCXOJAT
HE B OKPECTHOCTH PAaBHOBECHOM IMUIMHIPUYECKON (HOPMBI, a B OKpe-
CTHOCTU TOBEPXHOCTH, popMa KOTOPOW 3aBUCUT OT BUJIa HAaYaJIbHOU
nedopmaiuu, ¥ B 001IEM Cllydyae HE OCECUMMETPUYHA.

IIpunoxenue A. OO03HAYEHUS, WCIOIB30BAaHHBIC TP 3aMKUCH
pELIEHHS] BTOPOTO MOPSJIKAa MAIOCTH.

a=M[N; a,=M,[N,;
M, =G,, (2k)-|Y,+ yL-H,, (2k)|+2m, (k) X;;
N, = 4@’ (k) - w:, (2k);
M, =G,(2k)-[Y, + yL-H,(2k)]+ 2@, (k)- X,;
N, =4@ (k) -, (2k);  a;=(Y;—2myL)/[(1-2m)(1+2m—-W)];
by =Y, +0.5—0.5W (k> +m* +1);

X, =w,(k)] 20 +m*) -G, (k) | /G, (k):

231



X, =,k 2’ -G, (k) |/G,(k);  L=-2my[1+2H,,(K)];
Y, =1+0.5(k> =5m* )+ @}, (k)| K +m’ —3G,§(k)]/2G;(k)+
+0.5W | 3k* +3m* —3—4H,, (k) — H,,(k) |:

Y, =1+0.5(k> =3m* )+ @), (k)| &> —m’ —3G;(k)]/2Gj, (k) +
+o.5W[3k2 +m® —3—4H (k) —H;(k)];

Y, =1-0.5(k> +5m” )+ @), (k)| k> —m’ = G (k) | /26, (k) +
+0.5W | k> +3m* —=3—4H, (k) — H. (k) |
Y, =1-0.5(k*+3m’ )+ @), (k)| &* +m’ —G;(k)]/zG;(k)+
+0.5W[k2 +m*—3—4H (k)-H> (k)];

Hpunoxkenne B. Cucrema rpaHUYHBIX U JIOMIOJIHUTEIBHBIX YCIIO-
BUU TPETHETO MOPSAAKA MAIOCTH.

(3) (3) (2) (1) 2yp(2) (2) 4 £(1)
.y b d _acf :85 +8§ _8 ‘P2 §(I)+8‘P o0& N
or  dT, 0dI, IT, or 0p J¢
+aLIJ(2) ag(l) B 82‘{’(1) 5(2) _l 83‘11(1) (f(l) )2 s aZ\P(l) n ag(l) B
oz 0z or’ 2 or 0Q-or 0
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a\P(l) n 85(1) N 82‘1’(1) n af(l) N a\P(l) 85(2) N a\P(l) 85(2) '
0P op 0z-or oz 0p J@ dz 0z

_8‘1’(3) L 28@[)(0) oo +i 90 Y g0 Ly £0) +82§(3) +82§(3) _
oT, 8« ar dr or|\ or 00’ oz’

-2

ov? ov! ol 0,1 oy
oT 91, olor> 2

+li oyl 2+ o) 2+ oyl i é:(l)_ oy 26(1)+8‘I’(1) 8‘P<2)+
20r|\ or 0 0z 0 or or

N SR AL SUCh S ) 70 £0) 9’ (90" 2+
0p J@ Jz dz 8«x o’ or

1 (e} 9’ (acp(") JZ}_ 1 {acp(") r’e" ool ach(O)j 0 _

f(l) n

2 9ty RRVIY)
() 5
Lor oT,0r oT,0r

6 | or A\ or or’ or or’

1 (00 o°0" 90" 9*d 21 9% 320" )\
( n (5(1)) 5(1)) _

87\ or or or or _47[ or:  or’

2 2 2 2
8ar|| or oQ oz 2\ oz o

- 1 aCI)(O) 82613(2) .\ aq)(2) 82(13(0) 5(1) N ag(l) aé:(Z) _aé:(l) 85(2) \
o or’ o or’ dp d@ 0z Oz
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1 (a09) o 1 (00" 002 30" 30 ol g
+ W_ + + +
0 or  or 00 J@ dz 0Oz

260) (40 3220 (320 2 £(2)
L1 852 A& +a§2 2"V |, 5()35 e ) 0
2| do 0z 0z 0Q g’

+24:(1)§5(2) _(é:(l) )3 _3 82/5(1) (5(1) )2 s ag(l) ag(l) 825(1) .
8@2 8(0 0z a(p8z

eI 2+ 20 (920 Y |
2| 9¢® | do oz> | a9z | |

o0 6) _ @ (1) 9D £2) 9P oy 197 )y
or g s (1) o or g 2 or g )
0’0" ). 190" oy
- or? se 6 or’ 3 ) ’

dop-dz =

_zoj_rﬂzj{z{ q)(3) [ aq)(o)jgm}

0 0 or r=l1
Z()+/1 27 (1) a aq)(z) 82 a(I)(O)

= j J[ r[ J§(2)+$(,, > J§(1)+ar2 (,, = jg(l)g(z)_'_
zg O

3 (0) (0) (1) 3£(2) (1) 5 £(2)
+%a8 e od (5(1))3 9D [958 d¢ N 9§ d& |
r or or | dp d¢@ dz Oz
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9[99 wag 9100098 19 [ oo (&0 -
0z dz or|\r d¢ do 20r or

19" 2+ g0 Y 00" 9(100" s | o) &)
21| do 0z or or\r or 0p J@

_85(1) op? B oW 85(2) B ag(l) aq)@)}

do-dz.
00 J@ dz 0z dz 0z

r=1

Hpunoxenne C. BoipaxkeHus mjisi BEIAYNH I‘j, T ; m A 7

Jj={1,..,5}, uCONB3YyIOHNXCS MPU 3aAMUCU PEIIEHUS TPETHETO NOPSIA-
Ka MaJIOCTH.

T, =b- 1,2k (k> +m* = G,,(2k)) +a,- @, (3k> +3m* - Gm(k))/Gm(k) -
@, [k +Tm* = (3K +3m” +2)G,, (k) | /2G,, (k);

T, =b-1,,(2k)(6k% +2m* = G, (2k) ) +a, - @, (3k* —=m* = G, (k)) /Gm(k) +
+2b, - 1,(2k) (6K = G,(2k) ) +2a, - @, (3k” +m’ = G, (k)) /G, (k) -
~,| 36> +5m* = (9k> +m’ +6)G, (k) | /2G,,(k):

Ty =b,-1,,(2k)(2K> +6m’ = G,, (2K) ) +a, - , (K> =3m* +G,,(k)) /G, (k) +
+@, [ K +Tm’ = 3k +3m” +2)G,, (k) | /2G,, (k);

T, =b 1,26 (2K +2m* - G,,(2k)) +a, @, (K* +m* + G, (k)) /G, (k) +
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+@, [k +7m* = (3K +3m” +2)G,, (k) | /26, (k);
Ty =2b, - 1,(2k)(2k* = G,(2k)) +2a, - @, (k> =m* +G,,(k)) /G, (k) +
+@, [k —m’ = (3K —m* +2)G,, (k) | /G, (k):
Y, =a, |~ +2k° —12m” + 24+ W (k> +m’* =3-2H,,(k)) | +1.50], +
+b, - @,1,,(2k)| 2(k* +m*) /G, (k) = 3G,,,(2k) | +d, - xK,, (2k)| 6k +
+6m = (2+ H,, (k) H,, (2k)] - @, (k)| (k> +m*)G,, (k) +2m" | /2G,§ (k) +
+0.5W | 4=3k> —Tm* + (kK> +m* +6+2H,,(k))- H,, (k) | -
—1-0.5k> +4.5m” +3k>m* +1.5(k* + m*);
Y, =(a,+2a,)| —@], + 2+ W(K* +m* =3-2H,,(k)) |+ 2a,(k* —4m") +
+4a,(k* —m*) + 450, +b,- @, 1,,(2k)| 2(k* —m*)/G,, (k)= 3G, (2k) |+
+b, - 20,1,(2k)| 2k°/G, (k) = 3G,(2k) |+ d, - ¥K,, (2Kk)| 6k +6m® —

—(2+H, (k))-H,, (2k)|+d, - 2yK,(2k)| 6k —(2+ H,, (k))-H0(2k)} -

—@}, (k)| 3k* +11m*)G,, (k) —2m” | /2G; (k)—=3-1.5k>+7.5m*> —k’m* +
+0.5W | 12=9k* —13m* + (3k* = 5m* +18+ 6H,,(k))- H,, (k) |+ 1.5(3k* —m*);
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Yy =(a, +2a)| —@), + 2+ W (k> +m* =3-2H,,(k)) |- 2a,(k* + 6m") -
—a;24m’ +0.5@, +b, - @,1,,(2k)| 2(k* =m*) /G, (k) - G, (2k) |+
+d, yK,, (2K)| 2k +6m” =2+ H,, (k) H,,, (2k) |+ dy4 gm{3m+2+ H,, (k)] -
—), (k)| (=5k* +3m™)G,, (k) +2m’ | /2qu (k)—=3+1.5k> +13.5m* —k*m* +
+0.5W [ 12=9k* =21m* +(=5k> +3m* +18+6H,,(k))- H,, (k) |- 1.5(k* —3m*);
Y, =a-| —@, -2k =8m> + 2+ W (k> +m’ =3-2H,,(k)) | +1.50, +
+b, - a)mIZm(zk)[z (k> +m*) /G, (k) - GZm(Zk)] +d, - yK,, (2k) [2k2 +
2m* —(2+H, (k) - H,,,(20)]+ @, (k)| 506> +m*)G,, (k) - 6m” | /2G,i (k) +
+0.5W[18— 7k* —11m* +(=3k* —=3m* +22+6H (k))-H, (k)] -
—5+0.5k> +9.5m*> =3k*m* —=1.5(k* + m*);

Y =2(a, +a))| —@), + 2+ W(K +m’ =3-2H,,(k)) |- 4a,(K +m*) -
—a;16m® +2a, +2b, - @,1,(2k)| 2k*[G,, (k) - G,(2k) |+
+d, - 27K, (26)| 26> =2+ H,, (k) H,(2k) |+ dy -4 ym (m+2+ H, (k) +
+a), (k)| (5k* =3m*)G,, (k) +2m” | /G,i (k)—8+k* —17m> +2k*m* +

237



+W | 15-8Kk* —12m* — (4K +4m> =20~ 6H,, (k) H,, (k) |- 3(k* + m*);
A, =—4mya, (1+H, (k) +27y| (2/3)— k> —m* + H,, (k) |- d, 2k - K3, (2));
A, =—Amy (a,+2a,)(1+ H,, (k) + 677 | (2/3)— k> —m’ + H,, (k) |-
—2k[d, - K}, (2k)+2d, - K, (2k)];

Ay =—4zy(a,+2a;)(1+ H,, (k) + 67y | (2/3)—k* —m’ + H, (k) | -
—d 2k-K} (2k)+d, - 4m;

A, =—4mya,(1+ H,, (k) + 27y | 4= k> —m® +5H,,(k)) |- d, 2k - K3, (2K);
Ay =—87y(a, +a;)(1+H,, (k) +47my| 3-2k" —2m” +4H, (k) | -

—4d k- K, (2k)+d, - 4m.
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6. AHanuTn4Yeckoe aCUMNTOTUYECKOE
peleHne 3agaydv 0 HENMMHENHbIX OCLUUINALUAX
TOJFICTOM 3apSAXXKEHHON CTPYU BA3KON XKUOKOCTHU

1. VI3 MHO»XecTBa BO3MOKHBIX MPUYMH MHOTO0Opa3usi IKCIEPHU-
MEHTAJIbHO PEATU3YIOIIUXCS PEKUMOB  3BJIEKTPOAUCIIEPTUPOBAHUS
KUJKOCTEH MOXKHO YyKaszaTh Ha MHOTO0Opa3ve HaydajdbHBIX YCJIOBUH,
CITOCOOCTBYIOITUX BO30YKIESHUIO HEOCECHMMETPHYHBIX MOJ OCIIHII-
JSALMA, 3aKOHOMEPHOCTH peaan3alii HEYyCTOMYMBOCTH KOTOPBIX U3Y-
YEHBI I0Ka HEAOCTATOYHO MOJHO. COrIacHo pe3yJibTaTaM MCCIIEI0Ba-
HUM, OOCYXIEHHBIX B JBYX MPEIbIAYIINX TJaBaX, MHKPEMEHThI HEYC-
TOMYUBOCTH HEOCECUMMETPUYHBIX MOJ] B 3aBUCUMOCTH OT BSI3KOCTH U
3IEKTPONPOBOTHOCTH KUJIKOCTH MOTYT IPEBBIIIATh UHKPEMEHTHI HE-
YCTOWYMBOCTH OCECHMMMETPUYHBIX MOJ U ONPEAECHAT KApTHUHY IOJIH-
JOUCIIEPCHOTO pacnaja CTPyH. 3aKOHOMEPHOCTH IEPEHOCA SHEPTHUH
MEXIY PE30HAHCHO B3aWMOJCHCTBYIOIIMMHU MOJAMH YKa3bIBAKOT HA
HaJIMYUE ONPEACIEHHON aCUMMETPUHN B HAIPABJICHUU MEPEHOCA SHEP-
TUA MEXKIY OCECUMMETPUYHBIMU M HEOCECUMMETPUYHBIMU MOJAMH.
HenuuerHbie MOnmpaBKuU K 4acTOTaM OCUWJUISILIMA HEOCECUMMETPUY-
HBIX MOJ] Ha Pa3HbIX yyacTKaxX peajbHON CTpyu ¢ GOpMOM, OTIHYar0-
HEHCs OT LWIMHAPUYECKOM U UMEIOLIEHM Ha Pa3jIMYyHbIX YyYacTKax
Pa3IMYHYI0 IJIOTHOCTh MOBEPXHOCTHOTO 3aps/ia, MOTYT UMETh pas-
HBIM 3HAaK ¥ OyJyT MO-pa3HOMY BJIMSITh HA YCTOMYHUBOCTH PA3TUUYHBIX
YYaCTKOB CTpyd. D(PPeKT penakcanuu 3apsia Ha MOBEPXHOCTU OC-
HWUTMPYIOIIEN CTPyH, MPUBOASIIMN K MOSIBICHUIO KOJeOaTeIbHOU
HEYCTOMYMBOCTH 3aPSKEHHOM MOBEPXHOCTH JKUJIKOCTH, MO-PAa3HOMY
peanusyeTcs Uil MOJ C Pa3IMYHOM CUMMETPHEHN, 4 €r0 KOPPEKTHOE
TEOPETUYECKOE MCCIIEIOBAaHUE I CTPYH IMOKa HE IMPOBEIEHO. boiee
TOr0, BCE MPOBEAEHHBIE K HACTOSLIEMY BPEMEHU aHAIUTUYECKUE HC-
CJIE0OBAHUS HEJIMHEUHBIX OCLHUUIALMUN CTPYH BA3KOM KUIAKOCTU BbI-
MOJIHEHBI JUISl TPUOJMKEHUS «TOHKOW CTPyW», KOTJa paguaibHOE
pacnpeneseHue nojiasi CKOPOCTEN TEUEHUS KUIKOCTU B CTPYE, CBI3aH-
HOE C €€ OCHWJUISLMSAMU, CUUTACTCS OJHOPOJHBIM (HE 3aBUCSIIUM OT
paauaibHON mepeMeHHo#). B Takom npubnvkeHun paguanbHas KOM-
IIOHEHTA I0JIsI CKOPOCTEN TEUEHUs KUIAKOCTU PaBHA HYJIIO U YpaBHE-
HUEe OajaHca 3apsija Ha MOBEPXHOCTU CTPYH HE MOKET OBITh BBINIKCA-
HO CTpOro. B CBsi3u CO CKa3aHHBIM B HACTOSAIIEM PACCMOTPEHHUU MPO-
BOJIUTCSI CTPOTHW HEJIMHEUHBIA ACUMIOTOTHUYECKUM aHan3 HEJINHEW-
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HBIX OCUWJUISIUN CTPYH, KOTJa IpeHeOperatb HEOJHOPOJHOCThIO pa-
JMAJILHOTO pacmpeieNieHUs Mo CKOpOCTel Heb3s. Beck ananus Oy-
JIET TIPOBEJIEH MO CXEME, UCITOJIb30BAHHON PaHee MPU AHAUTUTUYECKOM
pacyeTe HEJIMHEHWHBIX OCHWUIALUN 3apsHKeHHOM c(epruyecKon Kariu
BSI3KOW HECKUMAEMOM BJIEKTPOIPOBOTHON )KUIKOCTH [262].

2. IloctanoBka 3agaum. PaccMoTpuM O€CKOHEUHYIO, ABHKYIILY-
F0CS BJIOJIb OCU CUMMETPHH C IOCTOSHHON CKOPOCTBIO U, LUIMHIPHU-
YECKYIO CTPYIO paauyca R BA3KOW HECKUMAEMOM KUJIKOCTU C MACCO-
BOM TUIOTHOCTBIO P, KHHEMATHYECKON BSI3KOCTHIO V U KO3 (DUIIMECH-
TOM IOBEPXHOCTHOI'O HATSKEHHUS O, NOAACPKUBAEMYIO IIPU MOCTOSIH-
HOM DJIEKTPUYECKOM IOTEHIMaje. byieM cuuTare, 4TO KUJIKOCTH SB-
JIIE€TCA UACATBbHO MPOBOJAILECH U DJIEKTPUUECKUM 3aps]l pacupeeiicH
0 NUJIMHIPUYECKON B OTCYTCTBUE BO3MYIECHUN MMOBEPXHOCTU CTPYH
C TIIOCTOSIHHOM IOBEPXHOCTHOM IUIOTHOCTBIO 3apsana ). Haiinem

KPUTHYCCKUE YCIIOBHS HEYCTOMYMBOCTH KaIMIIAPHBIX KOJICOAHMMA
ITOBEPXHOCTHU CTPYH.
PaccmoTrpenue npoBeneM B UMJIMHAPUYECKOW CUCTEME KOOPIH-

—

HAT, Ha4Yaj0 KOTOPOH IABHMXKETCS CO CKOPOCTHIO U,, a 0Ch OZ HaIpaB-
JIeHa BJIOJIb OCH CHMMETPHH HEBO3MYILEHHOM CTPYH II0 HAIIPABJIEHHIO
ee IBWKeHUs: 7i||U,. OueBHIHO, 4TO B TAKOH CHCTEME KOOPAMHAT IO-

JI€ CKOPOCTEU NBUKEHUS KUIAKOCTU B CTpye OyJEeT MOJHOCTBIO OIpe-
NENATHCA KaWJUTSIPHBIMU KOJIEOAHUSIMU €€ TIOBEPXHOCTH.

3agaguMcsl LENbl0 MPOCIEANTh 3BOIIOLMIO BO BPEMEHHU paclpo-
CTPaHSIOLIEHCS 110 ITOBEPXHOCTH CTPYH B MOJIOKUTEIBHOM HallpaBJIe-
HUM ocu OZ OCECHMMETPUYHOM BOJIHBI C BOJIHOBBIM YHCIOM K,, aM-
IUIATY1a KOTOPOM Majia 110 CPaBHEHUIO C €€ UIMHOM.

Bce paccMorpeHue mnpoBeneM B 0Oe3pa3MEpHBIX NEPEMEHHBIX,
NPUHSIB B KayeCTBE OCHOBHBIX €auHHI] R, p,o (T.e., moiaras,
R=p=0=1). B aToM ciyuae ypaBHEHHE CBOOOJHOW MOBEPXHOCTH
CTPYH, BO3MYILECHHON KallWJUIAPHBIM BOJIHOBBIM JIBMKEHHEM, B IIPO-
U3BOJIbHBIM MOMEHT BPEMEHHU ! 3alUIIETCSA B BUJIE

r=1+¢(z,1); £] <<1, (1)

rjae 7,z — IWIHHIPUYECKUE KOOPJUHATHI, ¢ — BpeMs, & — (yHKIHS,
OMUCHIBAIOIIAS MCKAKEHUE PABHOBECHOW IWJIMHAPUYECKONW (POpMBI
CTpYH, a HaYabHasl edhopMalius CTPYH OMPEACTUTCS BhIPAKECHUEM
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E(zt=0)=¢efexp(ik,z)+(rc); e<<l; [{|0O(1), (2)

r7ie € — MaJlblii TapamMeTp, XapaKTepHU3yIolui aMIUIUTY Ty Ha4aJIbHO-
ro BO3MYIICHHS; 31€Ch U Janee abOpeBuarypa (k.c.) 0603Hadaer cia-

raeMble, KOMIUJIEKCHO CONPSIAKEHHBIE K BBIITHCAHHBIM.

Marematuueckast GopMyIUPOBKA 33a1a4l COCTOUT M3 ypaBHEHHUI
TUJPOJAMHAMUKU U DJIEKTPOCTATUKH (B MPEANOI0KEHUH, UYTO CKOPOCTh
JBH>KEHUS KUJAKOCTU MHOTO MEHBIIIE PEISITUBUCTCKOMN):

QU+(U-V)U=-Vp+vAU; divU=0; AD=0, (3)

YCIIOBUM OTPAHWYEHHOCTH IS TOJISI CKOPOCTEW HA OCU CTPYU W IS
HaIPSHKEHHOCTH AJIEKTPUYECKOTO0 MOJIs CTPYH Ha OECKOHEYHOCTH:

r—0: ‘(7‘<oo; I —>oo! V| -0, 4)

IPAHUYHBIX YCIOBHI Ha CBOOOIHOM MOBEepXHOCTH (1):
KHUHEMAaTHYECKOI0:

r=1+§: atF+ﬁ-VF=O; F(r,z,t)zr—[l+§(z,t)], (%)

JUMHAMHWYCCKUX:

r=1+&: 7-(i-VYU+ii-(7-V)U =0; (6)
—~(P-P,,)+2vii-(i-V)U-P, +P, =0, (7)

YCJIOBHUS DKBUIIOTCHIMAJIBHOCTU ITOBEPXHOCTU CTPYH:
r=1+¢&: =D (1), (8)

rae d, 03HAYaeT YaCTHYIO MPOU3BOAHYIO IO TIEPEMEHHOM ¢, I U T —

OpThl HOpPMaJIM M KacaTelbHOW K moBepxHOcTH (1), P— naBiieHue
KMJIKOCTH BHYTpHU CTpyHu, P — atmocepHoe nasienue, F, u P —

atm

HAaBJICHUA JJICKTPUYCCKOI'O IOJII U CHUJI ITOBCPXHOCTHOI'O HATAKCHHUA
COOTBCTCTBCHHO, O — 3HCKTpOCT3TH‘-ICCKHﬁ IMOTCHIMAJI B OKPCCTHO-

ctu ctpyn, D (¢) — HOTEHIHAI IIOBEPXHOCTH CTPYH.
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JI71s1 OJTHOTO 3aMbIKaHUsl cucTeMbl ypaBHeHu (3) — (8) HeoOXo-
JUMO 33J1aTh €IIe JBa HadyaJbHBIX YCJIOBHUS. B kadyecTBe OJHOr0O W3
HUX €CTECTBEHHO BBIOpaTh (hOPMY CTPyH B HAYAJIbHBIT MOMEHT BpeE-
MeHH (2). B kauecTBe BTOpOro MpuMeM HYJIEBOE€ 3HAUEHUE HAYaJIbHO-
r'0 TOJISE CKOPOCTEH BOJIHOBOTO JABUKECHUS

t=0; U=0. 9)

3. Pemienne HenuHENHON cucTtembl ypaBHeHH# (2) — (9) Oyaem
UCKaTh B BUJE MPSMOTO Pa3IOKEHHUS IO MaJIOMy MapaMeTpy €, KOTO-
PBIi IO CMBICITY SIBJIIETCSI OTHOLIEHUEM aMIUTUTYIbl BOJIHBI K PaANyCy
ctpyu. OrpaHMYMBasCh TOYHOCTBIO JIO BTOPOTO IOPSAKA MajOCTH
BKJIFOUUTEIBHO, TIPEICTABUM BCE UCKOMBIC (DYHKIIMH B BHJIE aCUMIITO-
TUYECKUX PA3JIOKEHUMN 110 CTEMEHAM &£ :

Ez,0)=e-EV(z,0)+ - &P (z,0) + 0(&%)

-

U(r,z,t)=| €U (r,z,)+ £ UP (r,21) |er +
+ eUL (r,2,0)+ £ UP (r,2,1) |e: + O(€);
P(r,z,t)=PO(r,z,1)+& PV (r,z,t)+ & PP (r,z,1)+ O(£");
o(r,z,0) =0 (1) +e-0V (r,2) + 2 P (r,2)+O(),  (10)

TIE e,, €: — OPThl UWINHIPUYECKONU CUCTEMbI KOOPIUHAT.
B Buae aHaIOrM4YHBIX Pa3aoKeHUN IPeACTaBUM AaBiaeHus Fy,, P,

Y IIOTEHLIHAJ IOBEPXHOCTHU CTPYH

P, (r,z,t) :Pq()o) (r,z,t)+¢ Pq()l) (r,z,t)+ € Pq(,z) (r, z, t)+0(83);
P (r,z,t)= PU(O) (r,z,t)+& P;l) (r,z,t)+ € Pf) (r, z, t)+0(83);

o (=0 +e.0V) )+ oV () +0().
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HOI[CT&BJI?ISI JAHHBIC PA3JIOKCHUA B BBIIIMCAHHYIO CHUCTCMY YpPABHC-
HI/IfI, Y4UTbIBAsA BCKTOPHBIC TOXKACCTBA

(UV)U =V(%U2)—U><r0t(7, Aﬁ=gmd(divﬁ)—rot(rot ﬁ)

U TpyupaBHUBAS KOA(PGUIIMEHTHI MPU Pa3IUYHBIX CTEMECHSIX MaJioro
napamerpa &, pa3AeiauM UCXOJHYI0 HEJIMHEWHYIO 3a/1a4y Ha COBOKYII-
HOCTh CBSI3aHHBIX MEXAY COOOM JIMHEHMHBIX HEOAHOPOAHBIX 3a/au.

3a. B HyneBOoM mopsigke MajaoCTH MOJYYUM 3a7ady, OMMCHIBAIO-
IIYI0 PABHOBECHOE COCTOSIHUE CHCTEMBI

ADY =0; F — +oo Vo' - 0;

r=1: o =; -(PV-P,,)-P"+P" =0,

atm
pelIeHrne KOTOPOM JIETKO MOJYUYUTh B BUJIE

0 _ : 0) _ 2
O =—47 yIn(r); P =P -2ry +1. (11)
Ecnu ydecTh BbIpakeHUE, CBA3BIBAIOIIEE PABHOBECHBIN 3JIEKTPO-
CTaTUYECKUN MOTEHIHAT B OKPECTHOCTH CTPYH C PABHOBECHOM IIO-
BEPXHOCTHOM  IUIOTHOCTBKO  3apsla, TO  HECJIOXHO  HaWTH

(Vo)

3b. Cobupas ciaaraemsele, cojaepsKallide Mayblil mapaMeTp B Iep-
BOM CTETNEHHU, BBIJICIIUM 33/1a4y MEePBOTo MOPsIKa MaJOCTH:

=A4ry.

r=l1

1

0, U" =—0, PV +v (A Ul - —2Ur“)j ; 0, U =—0, PV +v AUY;
r

2, UM+ Ly 4 U0 =0, APV =0;
r r r r z~ z 2 2
t=0: 0" = 0; EV =L exp(—ikyz)+(x.c);
r—0: ‘Ufl), Uﬁl)‘<oo; =y Vo' - 0;
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r=1: 9&V=U0"; UV +o.U"=0; ®V+&V9 00 =0();

PO 12y 9, U -0, 0 (3,00 +EV 9, &)~ (EV+9_£0)=0.
r r 472_ r r rr zz
(12)

3c. Cobupas ciaraemble, CoeprKalllie Majiblii mapameTp BO BTO-
pPOM CTENEHU, BBIJEIUM 33J]a4y BTOPOTO MOPSAKa MaJIOCTH:

9, U +9 P(z)—v(AU(z)——l U(z)j:—(U(l)-V)U“)'
t r r r 2 r ro9
r

9, U +9, PP —vAU? =—(0" - V)U'";
t z z z

z 9

0. U? + 1 U +0 U =0; AD? =0;
r
t=0: v =o: EP =0;
r—0 ‘U(z), ng) <oo; rFo4o:  VOP 50;
r=1: D + £V @0 =P (1) - £V D —%(5“) )2 3 D

Ur(2) _at§(2) — Uz(l) azg(l) _arUr(l) 5(1);
0.0, 43U M =", (DU +9.U,")-20.8" (0,0, ~0.U.");

1
_p®? (2) _ (0) (2) (2) 0))_(£2 (2) ) —
P? +2v0 U! 4”arcp (arcb +EP9 @ ) (P +0.£%)=
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=&Y, P 20| €09, U -0.£" (9.0 +0,Ul ) |+

1
+g[(8,qm> )2 + (aZCI)(l) )2 +2&0 (arrq)(O)arq)(l) n arq)(O)an)(l) ) N

+(e® )2 (( 3 B )2 +9.0% o )} _(( £0) )2 —%(82 £0) )2) (13)

4. Jlia pemenus 3a1a4u NEPBOTO MOPSAJIKA BBIIIOJIHAM B CUCTEME
(12) mpeoOpazoBanue Jlamnaca mo BpeMeHu U mpeodpazoBanue Oypbe
I10 IIEPEMEHHON Z :

f(k,S):ﬁT(Tf(z,t)exp(—St)dt)exp(ikz)dz, (14)

TO €CTh OT PYHKIUI

EV(z,t), U (r,2,t), UV (r,2,t), PV (r,z,t), @V (r,z,t), ®Y (1)
nepeneM K UX U300paKeHUsIM, COXPAHUB MPEKHUE 0003HAUCHUS:
EV(k,S), UL (r,k,S), UL (r,k,S), PP (r,k,S), ®V(r,k,S), ®(S).

U TOJIB3YACHh TeopeMamu 0 TudPpepeHIIMPOBaHNH 110 IEPEMEHHBIM { U
z:

d,f(r,z,t) > S f(r,k,S)= f(r,k,t=0); d_f (r,z,t) > —ik [ (r,k,S),

Mpy MOTydeHHH u3006paxeHuit mis mpomsomaeix 0,EV, 9 UV,

1 o
o,U § )queM HavyaJibHbIC YCIIOBHSI.
B pesynbrare cuctema (12) npumer Bua

SUY=-9 PY 4y [1 9,(ro,Ul")-k*U" . Uf”j; (15)
2

r
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SUY =ik PV +v (1ar(ra,U;”)—k2U§”j- (16)

’
r

o.U" L UY-ikU" =0, (17)
r
la,(ra,cb“))—kz o =0; (18)
r
r—0: ‘Ur(l)‘<oo; ‘UZ(I)‘<oo; (19)
F—> +oo ‘(I)(l) —0; (20)
r=1: UP -5+ 27 8(k—k,)=0; (21)
o UV -ikUY =0; (22)

P r2p Ut g D0 (0,0" +£09,0")-(1-%7) &Y =0;
r=r 472_ r r r ’

(23)

oV +£EV9 Y =P 5(k), (24)

rae O(x) — nenbra-QyHKIHSL.

9HCKTpOCTaTI/I‘IeCKa$I YacTh BBINUCAHHOU CHUCTEMBI, COCTOMAIIAasA

u3 ypaBHeHuii (18), (20), (24), merko pemaercss U onpeieIsieT 3Haue-
HUE AJIEKTPUUYECKOr0 MOTEHIIMANa B IEPBOM MOPSIAKE MAJIOCTH:

) _ ) Ky (kr).
" (r,k,8) =47y EV (k,5) A0S

rae K, (x) — moguduumposantas Gyskums beccernst mopsiaka 7.

oY (5)=0, (25)
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JI71s1 TOro 4TOOBI HAMTH MOJII CKOPOCTEM KUJKOCTH U JABJIICHUS B
cTpye u3 ypasHenus HepaspsieocTy (17) Beipazum UL (7,k, )

U = —é(arUf” +% U,E“j : (26)
a u3 ypasrenns (16) PV (r,k,S)

pU = _ é{s Ud —y (lar (ro,Uu®)- szg“ﬂ . (27)
r

[Tocne moacTaHoBKU BbIpaxkeHuit (26) u (27) B (15) ero MoxHO
MIPUBECTHU K BUY

(aw +lar —(kz +%D (aW +lar —(kz +%)—§J UY=0. (28)
r r r r | 4

Pemenne ypaBHenus (28), yJIOBIETBOPSIONIEE YCIOBUIO OTpaHUYECH-
Hoctu (19), umeet BuA

U (r,k,S)=A(k,S) 1,(kr)+B(k,S) I, (Ir); zzsk2+§, (29)
Vv

rne A(k,S), B(k,S) — neonpenenénusie nocrosHusie, [, (x) — Mo-
mudunpoBanHas GyHkuus beccens nopsiaka n.

Moxcrasmsas (29) B (26) B (27), maiimem U (r,k,S) wu
P(l)(r,k,S):

U (r,k,S)=—i (A(k,S)Io(kr)+éB(k,S)Io(lr)j; (30)

P(l)(r,k,S):—%A(k,S)IO(kr). (31)

Hcnonb3ys (29), (30) u rpannunbie ycioBus (21) — (22), BeIpa3uM He-
onpenenéHHble moka BemuuuHel A (k,S), B(k,S) gepe3 ¢yHkuuio

5(1) (k,S):
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A(k,S):(l; :z)asé"—\/ﬁ{a(/«—kg));

B(k,S)=~-

2k? (
L(1)S
13 nocieaHero JUHaAMUYECKOr0 IPaHuYHOro ycaosus (23), yuuThiBas

pemenus (11), (25), Beipaxenus (29) — (32), noaydum UCKOMYIO 3a-
ucumocts £V (k,S):

£ (1,5) = 5 (k—ky )2 L2 SD(ka;)(k)); (33)

V27 8(k-kK,)). (32)

D(k,S)=S*-2v|SG(k)-2k (S+vk2)£1—%ﬂ+af (k);

@ (k)=G (k)| k> -1+4z * (1-H(k))]:

MCIIOJIB3YSl KOTOPYIO IS Ur(l)(r,k,S), Uz(l)(r,k,S), P(l)(r,k,S) 1o
JTy4HM

U (r.k,S)=8(k- ‘/ng {2vk2ﬂ—(s+2vk2)]1(kr)}

) SD(k,S) 1,(1)

Uz(l)(’”akaS)=—i5(k—ko)\/ﬁ§w2(k){2vlclM—(S+2vk2)[0(kr)}

SD(k,S) 1,(1)

(rkS
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N3 Beipaxkenuit (33), (34) BUAHO, YTO BCE HaWJICHHBIC (PYHKIIMU
umeroT obutyio ctpykrypy: f(r,k,S)=08(k—k,)\27 f (r,k,S), no-
3TOMYy 00paTHOe npeoOpazoBanre Oypbe MPUBEAET K PE3yJIbTaTy

f(r,z,8)= f(r.k,S)e™dk=

rdl

- ﬁ T S(k—k))\27mf(r,k,S)e ™ dk = f(rk,S)e™ . (35)

Kpowme Toro, u3 Bujga BeipaxkeHuit (33), (34) BUAHO, YTO OHU HUMEIOT
0co0y10 Touky S =0 u 0coOble TOUKH, MOJOKEHUE KOTOPHIX OIpe/ie-

JSIeTCA  YCIOBUEM D(k,S,E”)) =(0. YpaBHeHue D(k,S,E”)) =0 mnpen-
CTaBJISIET COOON JTUCIEPCUOHHOE YpaBHEHME 3aJja4yd U UMEeT OecKo-
HEYHOE 4YHUCIIO pemieHuil. B kaxaoll u3 ocoObIx TOYEeK (YHKIUS
1/ (SD(k,S )) MMEET IOJIIOC MEPBOro nopsaka. [T0oCKOIbKy Kaxa0e U3

BbIpaxkenuit (33), (34) npu S —c CTpEMUTCS K HYJIO, TO B popmylie
oOpaTHoro nmpeodbpazoBanus Jlammaca

1 Ytico

f()==— [ f(S)exp(St)d S

VMHTETPAJ BAOJIb NMPSIMOU ReS =y MOXKHO 3aMEHUTh KOHTYPHBIM UHTE-
rpajgoM, OXBAaTHIBAIOIIMM BCHO JIEBYIO 4aCTh KOMIUIEKCHOM IIJIOCKOCTH
Y NPUMEHUTH K 3TOMY MHTETpally TeOpeMy O BblueTax. B pesyinbrare
dbopmyia oOpalieHus: IPUMET BHU/T

f(r,z,t)=iBbzq[f(r,Z,S)-eXp(S t),S, | (36)

n=l1

[Ipumensis hopmyiel obpamienus (35), (36) k Beipakenusm (33),
(34), naiinem pelieHus MEPBOTO MOPSJIKA MAJOCTU JJIsi OTKJIOHEHUS
IIOBEPXHOCTU CTPYU OT PABHOBECHOW LMJIMHIAPUYECKOM U MOJIEH 1aB-
JIEHUS U CKOPOCTH KANWJUISIPHBIX KOJEOAHWHN >KUAKOCTH B CTpye B
OKOHYATEJIILHOM BUJIE:
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EV(z,1)= é’f,f;) (t)exp(—ik,z)+(x.c.);
UV (r,z,t)= GU (r.t)exp(=ikyz)+(k.c.);
U (r,z,t)= zé’US()O (r,t)exp(—ikyz)+(x.c.);

pY (r,z,t)= g’Pk(Ol) (r,t)exp(—ikyz)+(x.c.);

K, (k,r)
@ (r,z,t)=dx g EV (z,6) =22, (37)
K, (ky)
rae
- D(k,, 8" )~ @ (k,))
D) =S a" exp(S™ ¢); a(”):( 0>k o7,
ko ( ) ; 4 p( ko ) ¢ S}E:)aSD(kO,SIE;q))
& I, (k,r) I(1,r)
UY (r)==Y | a" 222 _pt) 2 L exp (8™ ¢);
k()( ) nzl:( ]l(ko) Il(ln) ( ky )
& I, (k,r) I 1,(1,r)
Uz(l) (I”,t)= (a(n) 0o\ _b(n) fn fo jexp g 4 :
’ Z; 1 (ky) o L(1,) S
o YR (kyr)
PO ()= g L 000 exp(S¥ ¢) ;
D AT AR
L=l =k +SIv
(n) 2\ .2
(n) :(Sko +2Vk0)a) (ko). b(n) _ 2Vk§ (()Z(ko) (38)

s00.0(kST) | SpaD(kST)

250



OtMmetuMm, 4TO B BhIpakeHusX (38), onmpeaenstomux ko3pduim-
eHThl pasnoxenuii (37) g‘,f;)(t), Ur(l,zo (r,t), U (r,1), Bcil)(r,t),

z kg

CYMMHPOBaHHUE BEJETCS MO OECKOHEYHOMY HAaOOpy KOpHEH ypaBHe-
mY — (n) =
HUS D(kO,Sk;1 )— 0,ad SD(kO,Sk: ) — 9TO 3HA4YEHHUE NIPOU3BOJHOM 110

nepemerHoil S ot ¢yukunn D(k,S) (cM. (33)), BBIUMCICHHOE IIpH
k=kuS=8".

5. KpaeBas 3ajmaua BToporo mopsjaka Manoctu (13) mocne mona-
CTAHOBKU B He€ pemieHuil HyJsieBoro (11) u mepsoro (37) mopsiakos
MajJoCTH MPUMET BHUJ CUCTEMBbI JIMHEHHBIX HEOTHOPOIHBIX Tudde-
PEHIIUAJIHBIX YPAaBHEHUM B YaCTHBIX MPOU3BOAHBIX BTOPOTO MOPSIIKA

2
OTHOCHUTEJIbHO BesinunH U ,,( ), U®, PP e? @,

AHAaJIOTUYHO TOMY, KaK 3TO J€Jajl0Ch MPU PEIICHUU 3aJ1aul Iep-
BOI'O MOPSAAKA, TPUMEHUM K MMOJTYYEHHOM CUCTEME MHTETPAIbHOE Mpe-
oOpa3zoBanue Pypbe MO MPOCTPAHCTBEHHOW MEPEMEHHON z WU MPeoo-
pazoBanue Jlamiaca no Bpemenu ¢ (14). B nensix ynpouieHus 3amnucu
st o0o3HadyeHus Jlammac-o6pa3oB PYHKIHMI HEOTHOPOIHOCTH OyieM
UCIIOJIb30BaTh CJICAYIOIIEE BhIPAKECHUE:

oo

F(S)=[ f(t)exp(=St)dt=S[f(1)].

0

B pesynbrare B cucteme (13) oT pyHKIUA
EO (z,t), U (r,z,t), UP (r,z,t), PP (r,z.1), @ (r,z,t), P (1)

nepenieM K UX U300paKeHUSIM, COXPaHUB MpeXHUE OyKBEHHBIE 000-
3HAYCHMUS:

ED(k,S), UP (r,k,S), U (r,k,S),

PO (1,k,S), @2 (r.k,S), @2 (S).

Yurem, 4TO B EPBOM MOPSAJKE MPOCKIMUU IO CKOPOCTEN KUJI-
1 1
koctu U (r,z,t) m UV (r,z,t) cBsI3aHbl ypaBHEHHEM HEPA3PBIBHO-

CTH U, UCTIOJb3ys (37), moaydum
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UL (r,z,t)= —kif(arUfz) (r,t)+lUr(2) (r,t)j.exp(—ikoz)+(K.c.).
r

0

Tornma cuctemy (13) MOKHO PUBECTH K BUAY

SU® +9 PP —y {a U® - aU<2> (kz jU@)} £i(r.k,S); (39)
I”

rr r

SU® —ikP? - {awUS) +—o U? — szz(z)} =i f,(r,k,S); (40)
o.U? +%Uf2) —-ikU® =0; (41)
9,0 +% 9,0% — > ®* =0; (42)
r—0: UP|<oo; (43)
F— oo ‘(I)(z) —0; (44)
r=1: U® -5EY = £,(k,S); (45)
o,UY —ikUY =if,(k,S); (46)

L (1-8)8 = £ (k.5): (47)

—P? yop9 U +1(8 ®
r r }/‘ r

@) - 2L 0 02 (5) 6(k) + 1, (K.5). 48)

rae GyHKIUA HEOJHOPOIHOCTH ONPEESISIOTCS BIPAKECHUSIMU
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£i(,k,S) zf{a(k—zko);%s[(u;go (m)ﬂ_

~3(k)|¢T S{Uﬁlk)o (r,t)(zarﬂ(r,t) +%Ur“,30 (r,t)ﬂ};

£(rK.S) Ef_’” {5(k—2k0)g“2 [s{v;}; (r,t)(r,t)(aﬂ Ly —%ju;;; (r,t)}—

s[(@u2 () ] J-owier s| vt (oo, + 1o, Jom |
£ (k,8) =27 { 5(k~2k,) ¢ 3| £ (1) (20, + 1)U (r0)] _ |-

ﬁ(k,s)s%{ ~2k) 443[5“ )(9,, +9,+(5K ~2)9, +2( +1))U (1) J_

r=l

~S(RET 3| & ()T, (1)

(k)T 3[(5 (00, +3, ~(3k +2)3, 2(k )T, ()| |1

fs(kaS)Eﬁﬂ{ﬁ(k—%o)(z(—zvs[ékj(r)(zaW +0,+(K-1))U"

=
—
D
~
~—

{2 () -t )36 +2) =3 (2+) |8 (&) Jes[&00 )] )

}+
r=1

(BICF (23] & (0)(0, +( ~1)) U (0
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{2 (0 -t~k +2) 5 2-k) S o5 2. )

EN)

ilkS) =222 (k) 1) 8(k~2k) 8 (&) [+ stmler 3] )
(49)

Pemenue cuctemsol (39) — (48) HauHEM C AJIEKTPUYECKOM 4YaCTH
3agaun (42), (44), (48), onpenensroiieil MOTEHIIMAI MOBEPXHOCTH U
MOTEHIINA 3JICKTPOCTATUUECKOTO MOJISI B OKPECTHOCTH CTPYH:

O (§)=—4my2x T (H (k) -S| [0 (0 | 60

~
—

e

~
N—"

(ke 8) = (1= (k) (475 (K, 8) + 1, (k6 8)) = (51)

N3 ypaBHeHHs Hepa3pbIBHOCTH (41) BbIpa3uM IPOEKIUIO CKOPOCTH
U (r,k,S)

U? = —i(arUfz) 1 Ufz)j; (52)
k r

noxcrasum B (40), orkyaa wis P (r,k,S) momxyunm

pr-te 5o e

+Z a,,,,,,+garr—(k2+i2jar—l(k2—izj U®.  (53)
k r r r r

Hakonen, moxcrasnss —Beipakenus s U (r,k,S) wu

pv (r,k,S) B ypaBuenue (39), monydum 0ObIKHOBEHHOE HEOXHOPOA-

Hoe Au(depeHIranbHOe yPABHEHHE YETBEPTOrO IOPSAKA IS OThI-
ckanust Gynkuuu U™ (r,k,S):

254



2
(aw oL 0, —(kz +%D an oL 0, —(kz +i2j —Ej u® =k—(f1 +larf2j;
r r r r 1% 1% k
(54)

OnHoposHOe ypaBHEeHHE (54) UMeEeT YeThIpe JIMHEWMHO HE3aBUCH-
MBIX PEIICHUS:

Ur(z)zll(kr); U:Z):Kl(k”);

u?=1(r), UP=K/(r), (55)

rne ’=k*>+Sv™"; I(x) nu K (x) — MoguduuupoBanHsle (QyHKIHK
beccens mepBoro u BTOporo poza.

Onpenenurens BpoHckoro cucteMsl (55) 3amuchIBaeTcsi KOM-
MaKTHO

S2
2.2 °
rv

w (I (kr),K (kr),L,(Ir),K (Ir))=

a 4aCTHOE€ pelleHue ypaBHEHUsS (54), yJIOBIETBOPSIOIIEE HYJIEBBIM
I'PAaHUYHBIM YCIOBHSIM, MOKHO BBIIIUCATH B BUJIE

U (r,k,S)= —%j[ll (kr)K, (k7)-K, (kr)I, (k7)+

+1,(Ir)K,(I7)-K,(Ir)1, (lr)](f1 (r,k,S)+%8rf2 (r,k,S)jrdr. (56)

Takum obOpa3zom, oOlee peuieHue ypaBHeHus (54) ¢ yyetom yc-
JIOBUM OrpaHUYE€HHOCTH (43) OyAeT UMEeTh BU/T

U? (r,k,S)=A(k,S) I, (kr)+B(k,S) K, (kr)+U?" (r,k,S), (57)

rne A(k,S), B(k,S) — npou3BoJIbHBIC OCTOSIHHBIC.

[Toncrapmsis (57) B (52) u (53), HailieM HEU3BECTHBIC (PYHKIIMHU
U? (r,k,S) m P(z)(r,k,S):
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U§2>=—i A(k,S)kI,(k)+B(k,S)11,(1))+ a,+l U»®; (58)
Ak S) kL, (k)+B(k.S) 11, (1) p

)

PO (r,k,S)=—A(S) p 1, (kr)+

+ kl(a = —(12 +%j8r —1(12 —%DUE”’“ —%fz. (59)

r r r r

['panuunbie ycnoBus (45) — (47) nocie MOACTAHOBKUA B HUX pe-
menuit (51), (57) — (59) nepenumryTcst B BUAC

A(k,S) 1, (k) + B(k,S) I, (1)~ &7 (k,S) = £, (k,S)=U (rk,S)|
(60)

A(k,S) 2K (k) + B(k,S) (P + k)1, (1) ==k f,(k,S) -

(3, +2, + (K ~1)) U (rk.5)

o (61)
A(k,S)(%(S+2vk2)10(k)—2vll(k)j+B(k,S) 2v(11,(1)~1,(1)) +
+&2 (k,S)(4my* (1-H(k))+k* —1) =
= S (k. S) 2 (K) 1, (6.8) = (kS +

{0,420, (P 426 41)0, ~(P U (kS @)

r=l1

256



Cucrtema ypaBHeHuit (60)— (62) mpencraBisier coboil cucremy
JUHEWHBIX HEOTHOPOJHBIX aNreOpandecKuX ypaBHECHHI OTHOCHTEIIb-

Ho BenmunH A(k,S), B(k,S), s (k,S). IoacTaBmsist B 9Ty cCUCTEMY

pelleHre 3aja4yu nepBoro mnopsjaka mainoctu (37), (38), mocie rpo-
MO3JIKMX BBIYUCJIICHUN HalAeM BBIpaKCHHE I Kod(dUIMeHTa

s (k,S) B Bume

9 (k,8) =6 (k=2k )27 &7 (k.S) = S (k) 27| &7 (k. S) =

zé(k_Zko)\/ﬁgzi IBIEB(/{,S) _

i (S =S8 =S ) S*D(k,S)

o0 (2)
/ 2 < ﬂnm (k’S) .
~olk2rle] Zl (S-50 -5 S°D(k,S) )

F) (r,k){[ T, (k.S

nm

k1, (k)| K, (kr)+

BL) (k. S)= I, (k)-T,(k,S

o'—'»—‘

+[ T, (k,S

kKK, (k)+T,(k,S

K)K, (k)]ll (kr)-

—| Tk, S|, (1)~ T, (k, S

DI (1)K, (Ir)-

[T, (k,S

DK, (1)+T,(k,S

DK, (1) ]1,(17)}rdr—

—a [aw) (Yl (k.S

k)= 5"SG (k) =B (.S

L) |+ a0 ey, (k) -

~a"a"™Y, (k,S|ky, ky,0,0)+a"b™Y, (k,S

1. ky.1,,0)+

+a"b"Y, (k,S|k,,1,,0,m,) - b"b"Y, (k,S

0°%n>
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Bl (k,8)= [ ) (r ){[ Tk, S

nm

k)1, (k)= T,(k,S

I (k) K, (kr)+

I
O'—.’—‘

+ T, (k,S

kKK, (k)+T,(k,S

WK, (k) |1, (kr)-

-[Ti(k.S

DI, (1) =T,(k,S

D1, (1):|K1 (lr)—

[Tk s

DK, (1)+ T, (k.S

DK, (1)]1, (lr)}rdr +

k) - st,ﬁg”)G(k)) ALY

+a? [ (7, (k. L) |-af v, ()

~a" a"V, (k,S|ky.ky,0)+a "BV, (k.S

ko )+

+b" a" v, (k,S|ky.l,.m,) =" BV, (k.S

Ealnaa'l'nn);

p0 [ {
+]l(ln r)] ko1, 1, (kor)_(ﬂn +k, (k—2k0));]1(kor) -

pm 1
7 (lm)(l'” (7, -1,)1,(1,r)—(n, =37, +k (k_ZkO));II (2, ’”)H;
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o ) 2 [ 1
FE (k)= 1, (k) 7] 5| 26 ko (k+ k) +— | I, (kyr) -

r

—(ko (k+ 2k, )+ ri]%z (kor)j _

(m) (__/__ _
= Ilb(l) (zm (nm + 2k, (k Jrko)Jr%)z0 (£, 7)-

—(%+k0(k+2k0)+i2jlll@r)ﬂ—

b(")
1

n

_11 (Zn r)

r

)[ W)[ko (77” + 2k, (k+/’c0)+£2j]0 (kyr)—

r

—(m +k0(k+zk0)+i2jlzl (kor)j—

(m) (_ _
- b_ [Zm(nn+nm+2k0(k+k0)+%jlo(lmr)—

—(77"+E+k0(k+2k0)+i2jl]1(lmr)ﬂ; 77,15515(’:)/";

r

L (k.S

x)=xS[S+3v (k> +1)-v(3+x7)G (k) |;

L (k.S

x)=g (k,S)+(2+x7)g, (k,S)-2(3+x*)vSG(k);
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g, (k.8)=8 (K +1-G(k))+v S| k* +K&* +1-(3k* =1)G (k) |+
2V (K +2)(S+vE)(1-G (k)G (1))

2, (k,S)=v S (K’ +2)—2vk2(S+vk2)(1—G(k)G(z)‘l);

S x*

k G(x)

¥ (k. S]) =

287k, +vS (k(x* +5k —2)-2k,G (k)
2k (X +5k; 24Kk, ) (S+v ) (1-G (k)G (1)) |+

1
+k—[S2k0 +S (k(x* +3k —4)+ 2k, (227 + &2 +1) G (k)) -

vk (x> + 342 — 24k, —4)(S+Vk2)(I—G(k)G(l)_l)};

1 () =5 S°GUR) 4 (1) () ~4)+ H(8) (201 1) 1) =36 +2) (2|

1
kk,G(x)G(y)

b (S ) (522606101 (6(5)-))

{(VSG(k) yz +g, (k, S) G(y))(xz (Z_W) B

~G(x)(3z—w+2k; —kko)j—VSG(k)G( y)(x2(52—3w+2k§ —kky)—
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—G(x)(z(12+x2)—w(4+x2)+4(2k§—kko))ﬂJ(k,l)};

vS x°

Vi(k,S|x) z——)[257{0(;(1{)—k(x2 —3k§—2)(5—2(S+vk2)(1—G(k) G(l)_l)ﬂ+

k, G(x

1
+k—[szk0 —vS (2K, (k2 =1)G (k) +k(x* =k —4)) +

0

20k (2 -k + 20k, —4)(S+v ) (1-G(K)G (1)) |:

V() =3 S GR) 4 (1 (k) (0 =4) (k) (21 (k) =1) = +2) (2

1

S ) 60

[$6(0)(¢ 1660+

+ (VSG(K) Y+, (18) G(y)) (¥ (242K +2kck, +2) -
~G(x)(z+2k; +kk, +4))—vSG(k)G()(x* (3z+6k; +5kk, +12) -
~G(x)(2(4+2") +2(x 0 +1+4k) )+ 2kk, (2+37)+24) | (K )}

T (ko2) =k (1, (k) Ky (k) + 4, (k) Ko (k) =1 (1, (1) K, (1) + 1, (1) K, (1))

O6partHoe npeoOpazoBanue Dypbe A1 BeIpaxkeHus (63) npuBeAcT K
pe3yJbTaTy



1

:ﬁ T [5(/(-21(0)@;2 EP (k,S) =6 (k)27 |ST & (k,S)}e"'“dk=
=2 EP (2k,,8) e 7 — ¢ EP (k=0,S) . (64)

N3 Buga Beipaxenus (63) ¢ yuérom (64) BUOHO, YTO (PYHKUIHUS
cfl(z)(ZkO,S) MMEET OCOOYIO TOUKYy S=0, SBISIOILYIOCS IOIIOCOM
BTOPOTO MOPsAAKA, OECKOHEYHOE CYETHOE YMCIIO OCOOBIX TOUEK, KOTO-
psle ompenensitorcss u3 ycnoeuit D(2k,,S)=0, S—S,E:)—S,E(:") =0.

2
Oynxmus ) (k=0,5) nMeer GeCKOHEUHOE CUETHOE YHCIO OCOBBIX

TOYEK, ONPEACIAIOIINXCA U3 YCIOBHSI U S —S,E:) —S,E:” =0u sBusI0-
IUXCSI MPOCTBIMU IIOJIFOCAaMH, a TOo4Yka S=0 ABIICTCSI JUIA
EN (k=0,8) momocom uerséproro nopsaka (T.x. D(k=0,5)=5%).

[TockoyibKy MpH S — oo BbIpaXkeHHE (63) CTpEMUTCS K HYJIIO, TO B BbI-
pakeHuu JJis1 o0paTHOro npeodpazoBanus Jlammaca MOXXHO BOCIOJb-
30BaThCs JiIeMMou JKopiana st 1€BOM MONMYINIOCKOCTH U TEOPEMOM O
BbIyeTax. Toraa gopmyna oOpaiieHus NpUuMeT BUL

__L e _\ ) ()
f(t)= 2—mj7_iw (S)exp(S 1) dS = ;res(g}(snf )-exp(SY 1))
(65)
Il CyMMHPOBAaHWE BEIETCS IO KOpHsM ypasHenwit D(2k,,S)=0,
S—SM—SM =0, S—S"-S" =0u §=0.

[Tpumensis hopmyny (65) k (63) ¢ yuérom (64) nis koapduunen-
ta &V (z,t), momyaum

nm

9,80 (k=0,5)

(Z)Z,t:2+m _ S=0_ 4
e =0=¢ ; (S +8") @ (2k,)

(1) k. §m (m)
— ﬁnmm(zzo’Sko +S"Z) - exp[(S;E:)JFSIE:”)t]JF
(S +S0") D(2ky, 8. +S¢)
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=01, 9| BY(k=0,8)exp(St)

nm

ot 16520987 (S _ S}E:) _ SIE;M))

+

(7 — n m
R
ky + ky

rae Séiz — KOPEeHb AucnepcronHoro ypasraenust D (2k,,5)=0.

6. Tloacrasnsis BemucanHoe Boipakenue mist £ (z,¢) u koad-
dunuent &V (z,t), koTOpBIi onpenesiercs BeipaxenueM (37), (38), B
(1) ¢ yuérom (10), MmoxxHO HaiiTi siBHBIA Bux dyHKumn &(z,¢) u om-

penenuth GopMy oOpasyroile HeTMHEHHO O0CECUMMETPUYHO OCIIWJI-
JIUPYIOUIEN CTPYU BSI3KOM HECKUMACMOU BJICKTPOIIPOBOIHON KUIKO-
CTH Kak (yHKIIMIO BPEMEHHU U KOOPJIUHATHI Z :

Pz 1) =14+ €80 (2,0) 4+ 6% (z,1) =

:1+8§'{ia§”) exp(S,E;’) t)}exp(—ikoz)+

n=l1

e | 9B (k=0.5)
+82§2 Z _ S§=0 +
| (S48 (2k,)
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(1) 2k ’S(n) +S(m)
i (n) 'Bm(lm() 20 - fri)) (m) eXp|:(Sl§:)+S]£;"))t:|+
(&0+&0)DCM@&O+&O)

) ) ()
+Z | B (2k03S2£ ) CXP[S% t] B
A (SY) 80 s (SD) (3,D(2k,.8)) .,

2ko

1. | BY(k=0,8)exp(S?)

CENE '

(2) _ n m
- (&f’fz;}s’;))expﬁszwszﬁrﬂ-
kT 9k

Takum oOpa3zoM, HaliJIeHO KOPPEKTHOE aHAIMTUYECKOE aCHUMIITO-
TUYECKOE PEIICHHE BO BTOPOM MOPSIAKE MAJIOCTHU s (hOPMBI HEJIH-
HEMHO-OCIHWUINPYIOIIEH MTOBEPXHOCTHO 3APSKEHHOU CTPYH 3JIEKTPO-
MIPOBOJHON BSI3KOW HEC)KUMAECMOM KUIKOCTH.
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