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B cTaTbhe mocTpoeHbl EpUoaMYEcKUe 1Mo BpEMEHU aCUMITOTUYECKUE PEIIEHUS] OMHOMED-
HOI HEJIMHEITHOW CUCTEeMbl ypaBHEHUI MeJKOI BOIbI B OacceifHe MepeMeHHON TITyOUHBI
D(x) c nBymst monornmu Geperamu (4TO O3HavaeT obpaieHue B Hy1b dyHkuuu D(x) B
TOUKax, 3aal0IIKUX Oeper) Ui C OMHUM IOJOIrMM OeperoM M BepTUKaJIbHOI cTeHKou. Ta-
KH€ pellIeHUsT OMMMCHIBAIOT CTOSTYME BOJTHBI, aHAJIOTUYHbIE U3BECTHBIM BostHaM Dapanest B
OacceiiHax ¢ BepTUKAJIbHBIMM CTEHKaMHU. B 4acTHOCTM, OHM MPUOJMKEHHO OIMCBHIBAIOT
CelIlM B MPOTSKEHHBIX OacceiiHax. KOHCTpyKIIMs TaKUX pelleHUid COCTOUT U3 ABYX 2Ta-
noB. CHauajia OnpenesiioTcsi rapMOHUYECKHE TT0 BPEMEHM TOUYHBIE U aCUMITTOTUYECKHE
pellieHs] TMHeapU30BaHHOM CUCTEMbI, TIOPOXACHHbIE COOCTBEHHBIMM (DYHKIIMSIMU OTIe-
paropa d/dxD(x)d /dx , a 3aTem ¢ MOMOIBIO HEAaBHO Pa3BUTOIO IMOAXOAA, OCHOBAHHOTO
Ha YIpolleHUU 1 MoauduKauuu npeodbpasoBanust Kappuepa—I'puHcneHa, o HUM B ma-
paMeTpudecKoil (popMe BOCCTAHABIMBAIOTCSI PElLIeHUs] HETUHEHHBIX ypaBHeHUl. [Tomy-
YEHHbIE aCUMIITOTUYECKHE PELIEHUS] CPABHUBAIOTCS C pe3yJibTaTaMUu 3KCIIEPUMEHTA, OC-
HOBaHHOTO Ha BO30YXXIEHWH BOJIH B 6acceifHe ¢ MOMOIIbIO MapaMeTPUUeCKOrO pe30HaHca.

Karouegule croea: HenHEHbIE YpaBHEHUST MEJIKOI BOAbI, mpeodpa3oBaHue tumna Kappue-
pa—IpuHcnieHa, aCUMNITOTUYECKWE PEIICHUST, CTOSTYME BOJIHBI, CTEHIOBBIN 9KCITIEPUMEHT
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1. Benenune. HennHeliHast cucteMa ypaBHEHU I MeJIKO Bobl [ 1 —4] onuchIBaeT IJIMHHbIS
HeoOpyIIarIrecs: BOJTHBI Pa3IMYHON TTPUPOIBI, BKITIOUYAast BOJHBI B 6acceifHaX orpaHu4YeH-
HBIX pa3MepoB. B ciyyae mpoTskeHHBIX 6acCEHOB MOXKHO OTPaHMYMTLCS OMHOMEPHOM IT0
IIPOCTPAHCTBEHHOU NMEPEMEHHOMN X CUCTEMOI, KOTOPAsl B IIPOCTEMIIIEM CIIydae UMEET BUL

N, +((DX) + M), =0, u, + Ny +uu, =0 (1.1)

3aech HEU3BECTHBIMU (DYHKLIMSIMU SIBJISIIOTCSI BO3BbILLIEHNE CBOOOIHOI MOBEPXHOCTHU T| U
TOPU30HTAIbHASI KOMIIOHEHTA 1 CKOPOCTH MOTOKA, g — YCKOPEHHE CBOOOJHOTO MaleHusl, a
dyHkuus D(x) onuceiBaeT myOMHY AHA. bynem cuutath, yTo D(X) — miankas GpyHKuUuS.
[Mpu HaMYMKU HAKJIOHHBIX OeperoB hyHKIUS D(x) oOpaiaeTcst B HyJIb B HEKOTOPBIX TOYKaX
X =au x = b, onpenensoIUX rpaHully 6acceiiHa B OTCYTCTBHME BO3MYIIEHUI1; B TOYKAX,
rne D(x) > 0, pellieHrsT ONUCHIBAIOT BOJIHBI BHYTpU OacceiiHa, a ipu D(x) < 0 — HabGeraHue
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Ha 6eper. CucreMa (1.1) paccMaTpuBaeTcs Ha nepeMeHHOM uHTtepBaie Q, = (a(?), b(r)), rpa-
HULIBI KOTOPOTO a(f) u b(t) onpenesitoTcs COOTHOIIEHUSIMU

n(a(@),?) + D(a(?)) = 0, n(b@),1) + D(b(E)) = 0 (1.2)

CucreMa MeJIKOI BOJbI XOPOIIIO MOAEINPYET TaKue SIBJIeHNs Kak iyHamu (cm. [1, 4, 5]) u
ceiimm (cM. [2, 6—8], HemaBHMiT 0630p [9] 1 aHaM3 HATYPHBIX JaHHBIX, Hamp., [10—12])),
MpUYEM OTHOMEPHYIO CUCTEMY MOXHO PacCMaTPUBATh JIJISI BOJH B BHITSIHYTHIX BOJOeMaX, Kak
Hanpumep o3epo balikan. MccienoBaHuio MogoOHBIX BOJIH U IMIOCBSIIEHA JaHHAsI CTaThs.

JIJ151 TIOCTaHOBKM KOPPEKTHOM 3amaum K ypaBHeHMIM (1.1) u ycnoBusm (1.2) cienyer mo-
0aBUTb, HAIPUMMED, HayaJbHbIE YCAOBUS 11 GYHKLUMIA 1 M 4 WIU YCIOBUSI NEPUOAUYHOCTHU
o BpeMeHH ¢. B nmocienHeM ciiydae moCTpOSHHbBIE PELISHUS SIBJISIIOTCSI HEJIMHEWHBIMU aHa-
JIoraMU TapMOHUYECKHMX KOJIeOaHW i IMHeapn30BaHHOM CUCTeMbI MEJTKOI BOMIBI

N+ DOxu), =0, u +gn, =0, (1.3)
S5KBUBAJIEHTHOI BOJIHOBOMY YPaBHEHUIO
Ny — (€D(xM,), =0 (1.4)

JIuHeapu3oBaHHBIE YpaBHEHUs 3a1al0TCsT Ha (DMKCUPOBAaHHOM MHTEpBaJie [a, b], Ha KOHIIaX

2 .
KOTOPOTO BOJHOBAsI CKOPOCTh ¢(x)” = gD(x) BbIpoxaaeTcs. sl TaKuX ypaBHEHUI HE Tpe-
OyI0TCs1 OOBIYHBIC TPaHUUHBIE ycsioBus Tutia Jupuxie unu Heiimana [13], BMecTo KOTOPBIX
HaJjlaraeTcs €eCTECTBEHHOE YCIIOBHUE OTPAHUUEHHOCTU MHTeTpalia s3Hepruu [14—16]

Egy = g +lleul’ < oo, wmn Egge = I+ JeCom, |’ < o (L5)

st (1.3) u (1.4) cooTBeTCTBEHHO. 3/1eCh U Aajee HOpMa M CKaJisipHOE MPOU3BeIeHNEe pac-
CMaTpUBAIOTCA B IIPOCTPAHCTBE L,[a, b] IO MPOCTPaHCTBEHHOI ITEPEMEHHOM X.
lapMoHuyeckue Mo BpeMeHHU ¢ peleHust ypaBHeHus (1.3) uMmeror Buj

nx, 1) = v(x)cos(o?), u(x,t) = —gv'(x) sin(r), (1.6)
()}

2
rac V(x) — OTBEYarlIlasa CO6CTB6HHOMY 3HAYCHUIO (O CO6CTB€HH8.H Q)YHKL[I/IH TTOJTO2KUTEIIb-
HO OINpPENEJIEHHOTO CaMOCOIIPSIXKEHHOTO olieparopa
- _4d
dx

i eD(x) 4 (1.7)
dx

Bompoc 06 acuMITOTUYEeCKNX COOCTBEHHBIX (PYHKIIMSIX OIlepaTopa L netanpHO obOcyxknancs

B cTaThe [17], Toe mist HUX TaKKe MOCTPOEHEI IBHbIE (DOPMYJIBI, KOTOPBIE OYAYT UCIIOIb30Ba-

HBI HITXE.

IMTomuepkHeM, UTO MOCKOJILKY Aajiee pacCMaTPUBAIOTCS HeOOpyIIaloIIecs BOTHOBBIE pe-
LIEHUSI HEJIMHEMHBIX YpaBHEHUM, UX aMIUIATYAA Ipearoaraerca Manoit. dopmMaibHO 3Ty
MaJIOCTh OylIeM XapaKTepu30BaTb 0e3pa3MEpHBIM MajIbIM ITapaMeTpPOM € U CYUTATh, UTO
n = 0(g), u = O(g). Takoe NPeANoNOKEHUE ECTECTBEHHO, [IOCKOJIbKY, HallpuMep, OoJibLIas
4yacThb LIlyHaMH He oOpyI1aercs [5] u TeM 00jiee OTCYyTCTBUE OOPYIIEHMS XapaKTepHO IS Ceii-
weit [10—12]. Bo3HukaeT uaesi, 4To u3ydyaeMble 3aJa4i MOXKHO pellIaTh ¢ IOMOIIbIO TEOPUU
BO3MYILIEHMIA, CTApTysl C JUHEHHOTO NMpubavxeHusi. [IpuMeHeHUue Teopur BO3MYIIEHUIt
OKa3bIBaeTCs HeTPUBUAILHEIM, IOCKOJIBKY MCXOMHAs 3amada — 3TO 3aJada ¢ MOIOBIDKHOM
rpaHuneii. OTMETUM TakKXe, YTO IIPOCTO OTPAHUUYMTHCS pPEIICHUEM JIMHEapU30BaHHOTO
ypaBHEHHUSI B pacCMaTPUBAEeMOM CUTYyalluy HENb3sl, IIOCKOJIBKY HanboIee MHTepeCHBIE (-
¢deKTHl B NOBEASHUN BOJH B OKPECTHOCTH Oepera JIMHeHasl 3agaya He OIMchiBaeT. Takxke
HY>KHO OTMETUTb, UTO, KaK MPaBUJIO, aMILJIUTyla PELIEHUS] B OKPECTHOCTU OeperoBoii Ju-
HUM OKa3bIBAeTCs CYILIECTBEHHO OOJIbIlIE, YeM BHYTPU OacceiiHa, TOCKOJIbKY OeperoBast Jin-
HUSI IIPEICTABIISIET COOOM “HecTaHIapTHYIO” KayCTHKY (B OMHOMEpPHOM ciiydae — (poKajlb-
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HYIO TOUKy). B pa6ote [18] ¢ moMoIliblo 3aMeHbl IEPEMEHHbIX, OCHOBAHHOI Ha MCITOJb30Ba-
HUM TTapaMeTPUYECKU 3aJaHHbIX (QYHKIMNA 1 MOTMBUPOBAHHOI U3BECTHBIM B OTHOMEPHOM
ciyuyae npeobpaszoBaHuemM Kappuepa—IpuHcnena [19], aTa 3amava (Kak B OTHOMEPHOM, TaK
U B IBYMEPHOM CJIy4yae) CBeleHa K 3ajadye C HeMOABUXHOM rpaHuleil (B OMTHOMEPHOM CITy-
yae — Ha OTpe3Ke [a, b]), B KOTOPOIi y>Ke MOXXHO ITPUMEHSITh U CTAHIapPTHOM TEOpUU BO3-
myiieHui. [1pu 3TOM airopuT™M HaxoXIeHUs HanboJjiee MHTEPECHOU C TOUYKU 3PEHUS TPU-
JIOXKEHUI TIaBHOW YacTW PELIeHUs] CTAHOBUTCS O4YeHb (MM EKTUBHBIM U COCTOUT U3 IABYX
111aTroB:

1) mocTpoeHne pemeHusT (BO3MOXHO, IIPUOIKEHHOTO) JJMHEapu30BaHHOM 3a1a4yn, KO-
TOpPOE TOCTAaTOYHO XOPOIIO paboTaeT BO BHYTPEHHUX TOUKax bacceifHa;

2) BOCCTaHOBJIEHHE MPUOJIMXXEHHOTO pellleHUs] HEJIMHEWHOM 3a/1a4u 10 pelleHUIo JTUHe-
apu30BaHHOW 3a]a4/ B OKPECTHOCTU O€pErOBOI JIMHUM C MOMOIIBIO COOTBETCTBYIOLIEH 00-
paTHO 3aMEHBI.

IMon “nmpubaMKeHHBIM pellleHreM”’ HeJIMHEeMHOM 3a1a4y IIOHMMAaeTCs Iapa, COCTOSIAast
13 BEKTOP-GYyHKLMHU (1), V) U IEPEMEHHOI 00J1aCTH €€ ONpeneeHUs], TaKasl, YTO Ha TPaHULE
0o0J1acTH BEINOIHEHHI ycoBuys (1.2), a BHYyTpH 00J1acTH ITOACTaHOBKA (DYHKIINY B ypaBHEHUS
(1.1) maeT Mayio HEBS3KY (CTporoe orpeneaeHue TaKoro (popMaabHOIO aCUMIITOTUYECKOTO
pelieHus naHo B [18]).

nOCTpOCHI/Ie peHJeHI/Iﬁ JTHHCapVI3OBaHHOI71 CUCTEMbI HETPUBHAJIBHO, U3-3a BBIPOXICHUA

Ha TpaHULIE CKOPOCTHU ¢ = \/g_D Ee TouHBIe pellieHUs ymaeTcs HailTU B UCKIIIOYUTEIbHBIX
ciyJasix, HarpuMmep, IJisl TIMHeHHO! 1 KBagpatuyHout ¢pyHkuuu D(x). CienoBarenbHO, s
JIMHEAapU30BaHHOMN CUCTEMBI peUb MOXET UATU O MPUOIMKEHHBIX (ACUMIOTOTUYECKUX), KaK
NpaBujIo, ObICTPOMEHSIOIIMXCS pelieHusiX. [loaToMmy BO3HMKAeT BOIPOC O MPUMEHUMOCTU
TeOpUU BO3MYIIEHUI 110 HEJIMHEIHHOCTU B TOM CJlyvae, €CJIM B Ka4yeCTBe HYJIEBOTO MPUOI-
JKEHUs BBICTYMAET aCUMIITOTUYECKOE pellleHNe JIMHeapU30BaHHOM cHCTeMbl. DakTHIecKu
pedb UIET O MOCTPOEHUU ACUMIITOTMYECKUX PEIISHUM, 3aBUCAIIUX OT IBYX MapamMeTpoB,
OIVH U3 KOTOPHBIX, €, XapaKTEPU3yeT aMIUIUTYOy PELIeHUs, a BTOPOM, [, — CKOPOCTb U3Me-
HEHUs pelieHus (IpuYeM Yucia a, b oT 3TUX napameTpoB He 3aBucsT). [IpumeHumocTs pas-
BUTOTO B [18] momxona 1 OCHOBAaHHOI'O HA HEM ITPAKTUYE€CKOIO aJIT0OPUTMa 3aBUCUT OT COOT-
HOIIIEHUS MEXAY YKa3aHHBIMM MapaMeTpaMu. DTOT BOIPOC OOCYIUM Ha MpuUMepe TTepruoan-
YeCKUX TI0 BpeMEHU U OBICTPOOCHWIIUPYIOIIMX TI0 MPOCTPAHCTBEHHON ITepeMeHHO
peIlIeHi1, KOTOpbIe HE TOJBKO, KaK yXe TOBOPWJIOCH BhIIIIEe, MOIEJIUPYIOT CEUIN B MPOTSI-
JKEeHHBIX 0acceifHax, HO M yOIOOHBI sl CPaBHEHUSI C SKCTIEPUMEHTOM, TTIOCKONbKY B MHCTH-
tyTe npobiieMm MmexaHuku uM. A.}O. Muumnackoro PAH nMeeTcst skcriepyuMeHTaabHasI ycTa-
HoBKa [20, 21], koTopas 61arogaps mapaMmeTpuieCcKoMy pe30HaHCy BOCIIPOU3BOAUT CTOSTUME
BOJIHBI Ha CBOOOIHOM MOBEPXHOCTH KUIKOCTH B cocyne — BojiHbI Dapanest (cm. [22—25]).

Hapsiny ¢ 3amadeii o BosiHax B 6acceliHe ¢ IBYMsI HAKJIOHHBIMU OeperaMu, pacCMOTPUM
3ajavy, KOrja ¢ OIHOW CTOPOHBI GacceifH BMECTO HAKJIOHHOTO Oepera orpaHuW4YeH BepTH-
KaJIbHOM cTeHKOM. B a3TOM citydgae BMecTo ycimoBuii (1.2) cTaBSTCS yCIOBUS

na(@),t) + D(a(@) =0, ul _, =0 (1.8)

OcHoOBHas 11eJTb JAHHOM paboThl — IpUMeHeHMe (M WLTIOCTpanus) pa3BuToro B [ 18] mox-
Xo4a K c(popMyIMPOBAHHBIM BBHIIIIE 3a7a4aM B OJHOMEPHOM CJIy4ae ¥ CpaBHEHUE TTOJIyYeH-
HBIX pEIIeHUI ¢ pe3yJIbTaTaMi SKCITEpUMEHTA.

Cratbsi opraHuM3oBaHa cienyiuM obpazom. CHavana B pasd. 2 i ciaydas ILUIOCKOTO
HAKJIOHHOIO IHAa KpaTKO HAallOMHUM IpeoOpa3oBaHue Kappuepa—IpuHcreHa, nmpeacras-
JIeHHOe B (hopMe [26], 1 ITpeAacTaBUM €ro MPUOIMKEHHYIO MOAN(UKALINIO, a TAKXKE CPABHUM
TOYHOE pellleHre HeJIMHEHOM 3a1ayu ¢ aCMMITTOTUKaMu. B pasa. 3 paccMoTpeHbl TTpuMe-
pBI, KOTIIa IMHeapru30BaHHas 3aja4ya B OrpaHUYeHHOM OacceitHe peraercs TouHo (pasn. 3.1
u 3.2), ¥ ciIy4aii IIpor3BOJIbHOM (pyHKIMY gHA (pas3mn. 3.3), Korga B IMHEHHOM CiIydae Tpedy-
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€TCsl MOCTPOEHUEe acCUMIITOTUK. B pasn. 4 obcyxxaaeTcsi SKCIepUMEHT, CPABHUBAIOTCSI 9KC-
MepUMEHTAIbHBIE U aHAUIUTUYECKUE PE3y/IbTaThl.

2. KoHCTpyKTHBHAS NPUOIMIKEHHAS JMHEAPU3ALWSA OJHOMEPHBIX HEJIMHEWHBIX ypaBHEHWiA
MEJIKOI BOBI.

2.1. Ilpeobpaszosanue Ksppuepa—Ipuncnena. sl TIOTHOTHI WM3JIOXKEHUSI HAIMIOMHUM B
yao0HoiI 11t Hac popme [26] (eM. Takxke [27, 28]) mpocTeie GOpMyIIbl, ONpeAesSIOLIne IIpe-
obpazoBanue Kappuepa—IpuHcnena [19], cBoasiiee omHOMEpHbIE HETWHEHbIE ypaBHE-
HUSI MEJIKOI BOIBI HaJl HAKJIOHHBIM THOM D(x) = Yx K JIMHE{HOMY BOJTHOBOMY YPaBHEHMUIO.
Bclony nanee B 1uHeiiHO# crcTeMe BO3BBIIIIEHUE CBOOOIHOM MOBEPXHOCTU U CKOPOCTh 000-
3HavaroTcs yepe3 N 1 U, a KoOpJIWHATa U BpeMsT — 4epe3 y U T.

Ymeepaucoenue 1. Ilyctb N(y,1), U(y,T) — HEKOTOPOE pellieHUe TMHeapu30BaHHOM cucTe-
Mbl (1.3) ¢ D(x) = yx, 1 IPEAIIOI0XUM, YTO 3aMEHa NEPEMEHHBIX (), T) — (X, 7):

=T =1+LU, x=X1=y-LiN+ 102 2.1)
g Yy 2%
HEBBIPOXIEHA, T.€. He oOpalllaeTcs B HyJIb IKOOMaH
a(x, 1) 1 1
J=—"~=1--N,+—U,+NU,-NU,+UU)) 2.2)
oy oy oy T R
Torma mapamMeTpruyecKy 3aTaHHbIe PYHKIIUH

n=NpY-U'002e u=Uw1, t=T01, x=X1 (2.3)

OynyT pemieHnem cuctemslt (1.1) mpu D(x) = yx . IIpn sToM nocnenHssa cesazaHa ¢ cucremotii (1.3)
pPaBEHCTBOM

N+ (Cpe+ ), = I (DN + (U),) = 0
U+ gy +uu, = J7 (1, DU +gN,) =0
OtMeTuM, 4TO oOpaTHad K (2.3) 3aMeHa UMeeT BUIT

t=r—2u y=xa+ln N=n+Ll U=u (2.4)
18 Y 2g

Dopmyinsr (2.3), (2.4) CBA3BIBAIOT TOYHBIM TOYEYHBIM MTpeoOpa3oBaHeM OTHOMEPHBIE JTU-
HENHYIO U HEJIMHEMHYIO CUCTEMBI C HAKJIIOHHBIM THOM D = 7yx. B pabotax [29—31] aToT pe-
3yabTaT 0000IIEH Ha ciTydai BOJH B KaHajax ¢ “U” mwim “V”-00pa3HbIM cedeHreM 1 PaBHO-
MEPHBIM M3MEHEHNEM IIIyOWHBI, B HemaBHell padoTe [32] mpemcTaBiaeHBI pe3yabTaThl IS
KaHaJIOB IPOU3BOJILHOTO ceueHMs1. 3aMeHa Koappuepa—IpuHcrneHa Takke IMOCTy>KUa OT-
MPaBHOM TOUKO# psifa paboT, TIe UCCIeNYIOTCSl MPUOIMKEHHbBIE pEellIeHNs] B CIyyae HEpOB-
Horo gHa. B omHoMepHOM citydae B pa6ote [33] paccMOTpeH YMCIEHHBIIA aJITOPUTM, KOTa
BOIM3M Oepera OCYIIECTBIISIETCS TIEpeXol K pUMaHOBEIM MHBapuaHTaM, B [34] mocTpoeHEl
HeJIMHEeTHbIe aCUMIITOTUKY B MIPEIITOJOXEHUN HEOOIbIITX U3MEHEHWM THA C MCTIOJIb30Ba-
HUEM NPUOIIDKeHHON 3aMeHHBI, B [35] aBTOpBI paccMOTpenu ciiydail MpOM3BOJILHOIO JHA U
MOCTPOWIN MPUOIMKEHHOE PEllIeHNE C TOMOLIBIO YIIPOLIEHHO! 3aMeHbl y = X — a(t), TIe B
rmaBHoM uneHe a(?) = N(0,z)/D'(0). B [36] mna nBymepHoro ciydyas ¢ ¢yHKUIMel aHA

D(x;,x,) = x; IJIsT TIOJMyYeHUsI aCMMIITOTUK MCIOJIb30BaHbl HETIOCPENCTBEHHO (DOPMYITBI
Ksppuepa—IpuHcneHa BIoab KOOPAMHATHI, HOPMaJIbHOM K GeperoBoii inHuu. HakoHelr, B
[18] paccmoTpeH nByMepHbIii 6acceiiH ¢ hyHKkimen nHa D(x) obiiero Buaa, rpaueHT KOTO-
poii He BeIpoxxaaeTcs Ha rpanuile oomactu (V.D(x) # 0, korma D(x) = 0), ¥ JOKa3aHBI CTPO-
rUe YTBEPXKIECHUS KacaTeIbHO HEJIMHEMHBIX acUMNTOTUK. Ha rmocnenHue pe3yinbTaThl MBI U
OyameM OImupaThCsl B MTaHHOI padboTe.

2.2. Modugpuyuposarnnoe npeobpazosarue. Hekotopasi coxkHOCTh peanuzaunu ¢opmyi (2.3)
COCTOUT B WX 3aBUCUMOCTU OT CKOpPOCTH U, OCOOEHHO IpH TepecuyeTe BpeMEHU T B f.
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C npyroii CTOpOHBI, MTOCKOJIbKY paCCMaTPUBAIOTCS TOCTATOUHO MaJible peleHust (1151 KOTO-
PBIX, B YaCTHOCTH, HEBBIPOXIeHa 3aMeHa (2.1)), eCTeCTBEHHO MOIBITATLCS YITPOCTUTH (hOp-
MyJabl (2.1), (2.3), orOpachIBasi B UX IIpaBbIX YACTSIX clIaTaeMble HaOoJIee BEICOKOTO ITOPSIIKa
MaJIOCTH, — a 3TO ciaraemole, conepxaiiue U. Mtak, yrnpoiieHHble (OpMyIbl UMEIOT BULL

n=Ny1, u=Up1, t=1 x=y-NOy1D/NY = (2.5)
= N1 =N (10,1 =yY(x1) - x) (2.6)

BBIHCHHM, KaKoBa 3(1)(1)CKTI/IBHOCTI) TAaKOro 1moaxoaa Ha IIpruMEPE€ TOYHBIX pe].HeHI/Iﬁ OIBYX TU-
I1I0B.

1) ITocTpoeHHkbIe B [26] pellieHus B1aa Haberaiolux Ha Oeper yeIMHEHHbIX BOJIH OCHOBAHBI
Ha pelleHUsIX JIMHEHHOro BoJTHoBoro ypasHeHus (1.4) ¢ D(x) = yx cneluaaibHOro Buaa

2
N(,T) = SwReeie(coﬂ_j] 4_y_(cof_’co _ij
u n n

-3/2

s 2.7)

2
U(y,7) = 2ecy Re e 4y _ (c(, 7% _ i]
M n

3mech L — AyIMHA BOJIHEL, € > () — 6e3pa3MepHBIit MaJIblii MTapaMeTp, OTBEYaIOIINI 33 aMIITH -

TYIy BOJHBI, ¢, = 4/YlIlg — BOJIHOBasI CKOPOCTb Ha PAcCTOSIHUM [l OT Oepera, mapamerp 6
BJIMsieT Ha popmy npoduiisi, a ¢t = T, — BpeMsl IpUX0Ja BOJIHbI Ha Oeper.
2) PerieHust BUma CTOSTYUX BOJH [6, 7, 19] moydaroTcst U3 peleHui

N(y,1) = eyucos(m1)d, (2(0\/1} U(y,7) = €cy sin(mT) EJl (2(0\/£j (2.8)
18 y Y&

JmHeitHoi cucteMsl (1.3) ¢ D(x) = yx, rne J, — dynkuusa beccens nopsiaka k , 6espazmep-
HBII MaJblii TTapameTp € > 0 XapakTepu3yeT aMIUTUTYAY BOJHBI, a XapaKTepPHBbI pa3Mep

pn= u(z).lyg/4co2 — paccTosiHUE 10 MePBOro y3ja npu yactore o (o ; = 31/4 — nepBblil HYJIb
dyuxkuuu beccens J).

CpaBHeHME TOYHBIX pPEIICHUI HEIMHEITHO 3amaun, mojydeHHbIX 13 (2.7) u (2.8) npeo6-
pasoBaHneM Kappuepa—IpuHcneHa, ¢ MpUOIMKEHHBIMU PEIICHUSIMU, TTOJTyYeHHBIMM Ta-
paMeTpUYeCK 3aJaHHBIM YIIPOIIEHHBIM Mpeoopa3zoBaHueM (2.5) Wid ¢ IOMOIIBIO SIBHOTO
UTepalMoHHOro npeoopaszoBaHus (2.10), mokasbiBaeT, YTO yKa3aHHbIE IIpeoOpa3oBaHUs da-
10T B 3THX IpUMEpPax JOCTATOYHO XOpolllee MPUOIMKeHUe K TOUHOMY peleHuIo (CM. puc. 1, 2).

3ameHa (2.5) xopollla TeM, YTO OHa JIerko 0000I1aeTcs Ha cily4ail HeIMHEeMHOM (pyHK-
muu D(x) ¥ Ha IBYMEPHBIN ciydaii (B MPEIITOI0XKEeHNH, 9TO Ha 6eperoBoit imunu VD # 0).
NMeHHO, B 3TOM 3aMeHe cieayeT 3aMEHUTb X M y COOTBETCTBEHHO Ha D(x) u D(y).
[Tpu 5TOM HYKHO Y4YecTb, UTO TaKyl0 3aMEHY ClieyeT AejaTh JUIlb B OKPECTHOCTU TOUEK
Oepera a, b, BO BHyTPEHHMX TOYKaX OHa MOXET He paboTaTh. AKKypaTHasl peajin3alus 3TOro
cooOpaXkeH!sI COCTOMT BO BBEAECHUM MIAAKON cpe3atouieil pyHKUnUM p(x), paBHOI enuHULE
B OKPECTHOCTH Gepera W HYJIO BOaiu OT Gepera, Hampumep, p(x) =1 npu x —a < & win
b—x<8,p(x)=01npu x—a>20 ub- x> 20, rie & — HEKOTOPOE NOCTATOUHO MAJIOE
pacctosiHue. B pesyibTaTte mosyyaercsi 3aMeHa

n=N®»1, u=Ux1, t=1 Dx)=Dy-Nyop0»)), (2.9)

KoTOpas 3agaet GyHKUMU N(X, 1), u(x,t) napaMeTpUIECKHU.
[anee nipenjaraeTcs MCMOAb30BaTh 3aMEHY BBIYMCIIWTENBHO Aaxe 0oJiee TPOCTYI0, YeM
(2.9) — onpenensieMyro SIBHO C TTIOMOIIbIO UTEpPAIIMOHHBIX hopmyil. UMeHHO, B OMTHOMEPHOM
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Y(x)

-0.15 I
0.05 0.10
X

L L
-0.10  -0.05

Puc. 1. CpaBHeHUEe TOUHOTO pellIeHUs] HETMHEHOM 3a1a4u ¢ aCUMITTOTUYECKUM TSI Gerylieil BOJHBI (a) U CpaBHe-
Hue rpadukoB 3aMeHbI TiepeMeHHbIX (0). Mcrmonb3yeTcs pemieHue (2.7) TuHEHON 3aqaun B 6e3pa3MepHbIX Tiepe-
MeHHBIX (Y= 1,g =1, W= 1, ¢j = 1), 3HayeHuns napameTpos: Ty = 0, 8 = —1/4, € = 0.17, a rpadMK1 NOCTPOEHBI 11t
MOMEHTOB BpeMeHu t = —2, —1, 0, 1. HenuHeitHble peenns orsevator 3ameHe Kappuepa—IpuHcnena (2.4) (cepbie
KPUBbIE), & aCUMIITOTUKYU — MMapaMeTpuieckoii 3amMeHe (2.5) (uepHble CIUIONIHbIC) U siBHOI 3aMeHe (2.10) ¢ ogHoit
urepauueit (4epHblii myHKTHP). COOTBETCTBYIOIINE KPUBbIE ISl 3aMeHBI ¥ = Y(x, f) ©1300paXkeHbl B MOMEHT BpeMe-
Hu t = 0. I'paduk 3amensl (2.10) ¢ n1ByMst utepausmMu (cepblii MyHKTUP Ha (6)) HEOTIMYUM OT IMapaMeTPUIeCcKOit

3aMCHBI.
Y(x)
n(x, 7 0.05
0. a 0
0.04
0.0
ool 0.03
, 0.02
: : . 5
~0.01 0/
1 1 1 1 1 J
—0.02 -0.01 0.01 0.02 0.03 0.04 0.0

-0.03

Puc. 2. a: CpaBHCHI/IC TOYHOTO pEeIIeHUs HEJTMHEWHON 3a1auM ¢ aCUMITOTUKAMU JUIsl CTOSTYE BOJIHBI U 6: cpaBHe-

HUe rpadUKOB 3aMEeHbI MepeMeHHbIX. Vcnonb3yeTcs peleHue JuHeiHoi 3anaun (2.8) B 6e3pa3MepHbIX epeMeH-
HeIX (Y= 1,g= 1, 0 = 1, ¢y = 1) npu 3HaueHnsx napametpos: € = 0.03, w=3.3, T'= 275(1)_1 , B MOMEHTBI BDEMEHU
t=0, T/5, T/3 u T/2 . HeauHeliHble pelieHusi oTBevaiot 3ameHe Kappuepa—Ipuncnena (2.4) (cepble KpuBbie), a
ACUMINTOTUKYU — ITapaMeTpU4ecKoil 3aMeHe (2.5) (4epHbIe CIUIONIHbBIE) U siBHOM 3aMeHe (2.10) ¢ ogHoI uTepanueit
(uepHblii TyHKTUP). COOTBETCTBYIONINE KPUBBIC MJIsT 3aMeHbI y =Y(x,f) n300paxkeHbl B MOMEHT BpemeHu ¢ =T)/5.

I'pacduk 3amensi (2.10) s onHOM UTEpaALIMU YK€ HEOTJIMUUM OT TTapaMeTPUIYECKOI 3aMEHBbI.

cinyyae peuieHue y = Y(x,t) ypaBHeHus (2.9) MOXHO WCKaTh ClenyloliuM obOpa3oM (B
OKPECTHOCTH JIEBOTO Oepera y = a):

D(x)+ N(a,t)
DY) =pY,_ DN(¥,_1,0) + N(a,1)  (2.10)
Y(x,t) = Y,(x,) + O (|Y,, - x|”+‘),

YO =maX{a+50,x}, Yn_a :(Ynfl _a)

rne 8, > 0 — mpousBoJbHas Masasi moctosiHHast. Kak Jierko BUIeTh, yKa3aHHasl 3aMeHa Tie-
PEBOIUT MOJABUXHYIO TPAaHUILLY a(f) B TOUKY y = 0 U, 3HaYUT, BXOAUT B KJIacC 3aMeH, pac-
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CMOTpPEHHBIX B [18], W11 KOTOPBIX CIpaBeIMBO yTBepXkKAeHUe 2. Takke 3aMeTUM, 4TO Tpu
Y, = 8, — 0 s nepBoit utepauuu nojiydyaeM B npeneiie ¥; —a ~ (D(x) + N(a,1))/(D'(a) —
— Ny (a,1)). Ansa paccmaTprBaeMbIx TPUMEPOB YKe NepBast urepauust y = Y (x,f) Aaet Xxopo-
LIee NpuoJIMXKeHUe, a BTopast UTepaLys 3Toil npouenypsl y = Y,(x,7) NpaKTUYECKU HEOTJIU-

YyrMa OT MapaMeTpUUIeCKH 3agaHHoi hyHKumu (2.9) (cM. puc. 1). @opmynsl (2.6) TpruHUMA-
10T BUJL

nex,t) = NY(x,1),t) = DY (x,1)) — D(x), u(x,t) =UX(x,1),1)

[IpennoxenHast ¢popmyia BXOOUT B pacCCMOTpeHHBIN B [18] Kiracc 3aMeH, 1 U3 pe3yIbTa-
ToB [18] BBITEKaeT cienyouiee yrepxxaenue. [1ycte mapamerp € — 0 + XapakTepusyeT aM-
TUTUTYy pellieHus TIMHeapu30BaHHo cucteMsl: N(y,t) = O(€), U(y,t) = O(€).

Ymeepacoenue 2. Tlpu noctaTouHo MasioM € GyHKUUM M(X,7), u(x,t), TOTYYEHHBIE U3 TOY-
HOTO pelleHus JIMHeapu30BaHHOM 3a1auu (Hanpumep, (2.7) uiu (2.8)) nocpeactBom obpar-
HOI TapamMeTpuieckoii 3ameHsblI (2.9) (wiu siBHoi (2.10)), onpenensiioT IIaBHbIN WieH Ghop-
MaJIbHOTO aCUMIOTOTHYECKOTO pereHus cucteMsl (1.1), (1.2).

Ha puc. 1 paccmarpuBaeTcs citydyait moayoecKOHEeYHOI 061aCcTh U TUIOCKOTO HAKJIOHHOTO
JTHA, TSI KOTOPOTO HEeJWHEWHbIE aCUMIITOTUKN CPABHUBAIOTCSI C TOYHBIMU PEIICHUSIMU He-
JIMHEHOM 3amady, MOJyYeHHBIMM C IIoMOoInbio 3aMeHbl Koppuepa—IpumHcnena (2.4).
Kak BumHo 13 rpacduka, aCUMNTOTUKH, TTOJyYEeHHBIE C TTIOMOIIBIO TTApaMETPUIECKOM 1 SIB-
HOI1 3aMeHBI MPAKTUYECKU HE OTIMYAIOTCS yXKe IS MepBoil utepanuu Y (x). Takxke MOXHO
BUZIETh, YTO ACUMNITOTUKH JOBOJIBHO XOPOIIIO COBITAAIOT C TOUHBIM pellieHUeM, a OTKJIOHEe-
HUS CBSI3aHBI B TIEPBYIO OUYepelb C TEM, YTO HE YUUTBHIBAIOTCS TOMPABKU MO BPEMEHMU, T.€.
MpodUIb TOYHOTO PELIeHUST MPAKTUYECKU TOUHO TTOBTOPSIETCSI ACUMITTOTUKOI, HO B CJlerka
U3MEeHEHHBIII MOMEHT BpEMEHMU.

3ameuanue 1. 3amena Koppuepa—IpuHcneHa (2.3) KOppeKTHO omnpelnejieHa, Koraa siko-
6uaH (2.2) He o6palllaeTcst B Hy/Ib. DTO Xe YCJI0BUE rapaHTUPYET OTCYTCTBUE OOpYIIICHUS
pelleH s HeJIMHEHOM cucTeMbl. “YmpolleHHas” 3ameHa (2.5) cylecTByeT, Koraa He oopa-
IaeTCs B HYJIb IKOOMaH J; = dx/dy =1— YN ,, UTO He COBIA/IAET C YCIOBUEM HEOODYIIEHUST

J # 0. Tem He MECHEC, BBIDOXICHUEC Jl uJ IIPOUCXOOUT IIPHU OJHOM U TOM K€ MMOPAIOKE OT-
HOLICHUA aMIIJIMTYyObl € JIMHEMHOMN BOJIHBI K IJIMHE BOJIHBI . B 4YaCTHOCTH, OJIA CTOAYMX

BOJIH (2.8) Hal NMJIOCKMM HaKJIOHHBIM JHOM J; HE BBIPOXIAETCS IPU

_euw’
g
Jlnst 6eryieii BoaHEI (2.7) ycioBue HeOOpYILIEHUSI MOXKHO HOJIYyYUTh aHanorndHo [37].

K <1 (2.11)

B ciyyae HepoBHOTO AHA D(X) U151 TOYHOTO YCI0BUs HeoOpyieHus 3ddekTruBHbIE (hop-
MYyJIBI HAaM He U3BECTHBI, HO €CTECTBEHHO OXMIIaTh, YTO OOPYIIEHUE TTPOUCXOIUT MPU TIPU-
MEPHO TeX e COOTHOIIEHUSIX aMIUTUTYAbl U JUIMHBI BOJHBI, IPU KOTOPBIX BHIPOXKAAETCS 3a-

MeHa (2.9) J, = dx/dy = 0, 4T0 B61M3M Gepera paBHOCUIIBHO yciosuto D'(y) — N (y,1) = 0.

3. AcMMOTOTHYECKHE PellleHns1 TUMA CTOSAYMX BOJH B OTPaHMYEHHOM OacceiiHe. B mpenbimy-
IIeM ITYHKTe OBLIA IIOCTPOCHBI HEKOTOPEIE TOUHbBIE PEIIeHMsI CUCTEMbI YPaBHEHUI MEJIKOIA
BOOBI HaJa IUIOCKMM HAKJIOHHBIM OTHOM B HeorpaHWYeHHOM OacceifHe. Brlme oroBapuBa-
JIOCh, YTO IIJISI IIOCTPOEHUSI PEeIICHUI 3TOM HeJIMHEITHOM CUCTeMBI B OTPaHMYCHHOM Oacceii-
He cienayeT 3amaTh JMOO HayaJlbHbIEe YCIOBUS, JIMOO MOTpeOOBaTh BBHIIIOJHEHUS KaKUX-TO
NPYTrux ycJIOBUi1, HampuMep, YCJIOBUE TIEPUOJUYHOCTU PELLIeHUs 10 BpeMeHU. B nuHeitHoM
clyvyae MHOTME TaKU€ PELIEHMS] BBIPAXKAIOTCS Yyepe3 COOCTBEHHbIE DYHKLMU v()) U 3HAYe-

HUSL (0 3aHaHHOTO Ha oTpe3ke [a, b] onepaTtopa L (1.7) mo dopmynam (1.6), aHamorny-
HBIM (2.8).
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Takue pelieHus MOTYT CIYXXWUTh 0a30ii JJIs TIOCTPOCHMUS f-TIEPUOAUUECKUX PELICHUI C
MaJioil aMIUIMTYI0M (Mbl, HAIOMHUM, XapaKTepu3yeM ee MajibIM ITapaMeTpOM €) HeJIMHeii-
HBIX YpaBHEHWI, TOYHEE UX aCUMMTOTUK B TIPEIAIOJIOXKEHUM 00 UX MaJIOCTH, C TIOMOIIbIO
METOIOB TEOPUY BO3MYIIIEHU i, HAITpuMep 6€CKOHEYHOMEPHBIX aHAJIOTOB METOa OCPEIHE-
Hus KpsimoBa—borono6osa [38] unu metona KAM [39, 40]. Eciu numeTh B BULy 3TU METO-
IIbl, COOTBETCTBYIOIIIME YaCTOThl ( CJEAYET CUMTATh 3aBUCSIIMMU OT €, Mpearnosaras 4to

O=0E) =w, +Eem + 82(1)2 + .... B paccmarpuBaeMbix 31ech 3amadyax HeJIMHeHbIe 2 dek-
ThI CUJIBHO CKa3bIBAIOTCS TOJIBLKO B OKPECTHOCTH Oepera u comiacHO [18] ciabo BIuMsSIoT Ha
3HA4YEHU (), TO3TOMY ITPU OMPEAEIEHNN NIABHOTO YIeHAa aCUMITOTUKYU JOCTATOYHO B3SITh (),
4TO OYZIET CIeNaHo B JaJIbHEHIIEM, TIPU 3TOM IS YIIPOUIeHUST 0003HAYeHNI BMECTO () TTH-
1IeM .

3.1. Cmosiuue 6oanbi 6 bacceiine ¢ NAOCKUM HAKAOHHbIM OHOM U 8eDMUKANbHOU cmenKoil. Pac-
cMOTpUM ypaBHeHUe (1.1) ¢ MIOCKUM HAKJIOHHBIM THOM D(Xx) = X W C TPAHUYHBIMU YCJIO-
BusiMu (1.8) (BepTukanbHasi cteHKa pu x = b). 3ameHa Koppuepa—I'puHcriena (2.3) nepe-
BOJIUT HEeJIMHEHOE ypaBHEHUE B JIMHeTHOe ypaBHeHUe (1.3), Koraa COOTBETCTBYIOIINIA STKO-
OuaH J He oOpauaetcsi B Hy/lb. [Ipu 3TOil 3aMeHe nepeMeHHas JieBasl TpaHuua x = a(t),
omnpenensieMasi cooTHomeHrem (1.2), mepexonuT B GUKCUpOBaHHYIO: y € [0, ), HO mpaBas
rpaHvla x = b epeXonuT B IIOABUXKHYIO y = y,(T)

Ulyepry =0 3(D) = b+ N(3p(D),7)

Takum oGpa3zoM, Ipu HaaUIMKM CTeHKM 3aMeHa Koappuepa—IpuHcmeHa He obOecrieunBacT
TOYHYIO JIMHEAapU3alMIo 3a1auM Jaxe B cllydyae MI0OCKOTro HAKJIOHHOTO IHA, XOTS U JIMHeapu-
3yeT cucteMbl ypaBHeHUil. C npyroit ctopoHsl, 3ameHa (2.9) unu (2.10), roe cpesaroias
dyHkums p(y) = 0 B OKpECTHOCTU CTEHKH, NPUBOAUT K HEJIMHEHHOI 3amaye B (UKCUPO-
BaHHOI obsiactu y € [0, b], pu 5TOM yclOBHE Ha CTEHKE y = b ocTaercs 6€3 U3MEHEHU, a
BMECTO YCJIOBUSI Ha MOABUXHOM rpaHulie a(f) Hy>KHO MOTpeOoBaTh KOHEYHOCTb SHEPTUU pe-

wenusd (1.5) (npu cz(x) = x). Metonpb! pelieHus: BTOPOI 3a1auu MPencTaBisiioTcs Ham 00-
Jiee pa3BUTBIMU U 3(DdekTuBHBIMU. Bojiee TOro, eciayd cuuTaTh pellicHUe MalbiM U BBECTU
XapaKTePU3YIOIIUM aMIUIMTYLy PELICHUsI MaJIbIi MapaMeTp €, TO KaK YXXe OTMe4alioCh, CO-
IJIACHO YTBEPXKIECHUIO 2, TIaBHBINA 4ieH (DOPMaIbHOIO aCUMIITOTUYECKOro (IO ImapaMeTpy €)
pelleHMs MTOJIHOCThIO OIpeaeisieTCd pellleHUeM JIMHEMHOM 3aJaun, 3aJaBaeMoii ypaBHEHU-

eMm (1.3), ycnoBuem (1.5) 1 KpaeBbIM YCIOBUEM U|y:b =0.
OueBunHoO, TMHelHas 3anava (1.3), (1.5), u|y=b = () momyckaeT CeMeuCTBO TOUHBIX CTallM-

OHApHBIX PelleHU (B BUAE CTOSTYEi BOJHBI), 3amaBaeMbIx opmynamu (2.8) [6, 7, 9], roe ya-
CTOTBI IPUHUMAIOT JUCKPETHBIE 3HAYEHUS () = (,, KOTOPBIE ONIPEAEISIOTCS PABEHCTBAMU

o, =10, % neN (3.1)

3mecs o, — Hynu dyHkuuu beccens J;, (mpu 6onbmux n: o, = m(n + 1/4)).

AnanornyHo ([18], Teop. 2), MOXKHO 10Ka3aTh CJIEAYyIOIIee YTBEPXKISHHE.

Ymeepacdenue 3. Dynkuuu 1,,(x, 1), u,(x,t), nomydeHusie u3 (2.8), (3.1) c nomomibio 3a-
MeHHI (2.10), onpeaenssioT opMaabHOE aCUMIITOTUYECKOE pellleHUe HEJIMHEMHOM 3anaun.

3ameuanue 2. INaBHBINA YeH aCUMITOTUKMU MIPUMEHUM (AaeT MaJIyl0o HEeBSI3KY IIpU IOMI-
CTaHOBKE B ypaBHEHHUE) Ha BpemeHax nopsinka ¢ = O(1) npu € — 0 +. Ha Gonbiimnx Bpeme-
Hax HAaYMHaeT UTPaTh POJIb 3aBUCUMOCTb YaCTOThI HEJIMHEHHBIX KOJIEOaHWI OT aMIUTUTYIbI,
T.€. HeJIMHEMHOe TUCIePCUOHHOE cCooTHOIIeHUe (CM. [38]), 1 4acTOTy HY>KHO COOTBETCTBY-
JOLLIUM 00pa30M MOAIIPABIISTh.

3.2. Cmosiuue 6oanbl 6 6acceline ¢ napaboauveckum oHom. Elie oquH mpuMep TOUHBIX pelle-
HU JIMHEapU30BaHHBIX YPaBHEHUI naet ciydait mHa D(x), umeroiero popmy napabdoJibl,
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-1.2
KOTOpYI0 63 YMEHBIIIEHUsI OOIIHOCTM MOXKHO TIPEACTaBUTh B BUne D(x) = P —H x° =
~1( 42 2 .
=% (&i - X ) e D — MakcuMalibHasI TIyomHa u 2 — IprHAa HEeBO3MYIIEHHOI T10-

BepxHOCTU. B 3TOM ci1ydae cooTBEeTCTBYIOIIAS 3aMa4a O COOCTBEHHBIX (DYHKIIUSIX — CBOIMUT-
csl K YpaBHEHMUIO, onpezessionieMy noiuHomsl Jlexannpa P,(y) (1o-BUAMMOMY, BIepBble
oTOT (hakT oTMedeH JIam6om B 1895 1., cMm. ([6], sec. 182)):

d ~2) dP,

Lp, = ——NK(I -7 —:'(f)j = @,B,(); @ =nn+1), neN (3.2)
dy dy

[Iepeittu oT pusmIecKoro BojJHOBOro ypaBHeHUs (1.3) K 6e3pazmepHOMYy (3.2) MOXHO C
MOMOUIBIO MOACTAHOBKU: x = AX, t = Tf, n = ﬁ%_'AZ, u= L?\/g%_]/lz, e XapakTep-

. ~ —1
HBIl Maciitab BpeMeHu I = /# /g, TaK 4TO 4aCTOTA MEHSIETCS KaK ® = G gH . Takum
00pa3oM rapMOHHYECKHMe MO BpeMeHU pellieHus JIMHeHoM 3anaun (1.3) ¢ aBymst 6eperaMmu
IIPU YCIOBUM KOHEYHOCTH 3Hepruu (1.5) onpenensiorcss popMynoit

2
N0 = cos,08 (1), U0 = -sinw,ne, 2]

®, =\ n(n+ l)g%_]

Ymeepaucoenue 4. CornacHo ([18], Teop. 2), TIpu TOCTATOYHO MaJIOif aMIUTUTYIE € IPUME-
HeHue 3aMeHbl (2.9) k TouHoMy perieHuo (3.3) nact acumnrToruky mod O(g) ipu € — 0+
VCXOMHOM HemHeitHoI 3anauu (1.1) ¢ nByMsI TTOABUKHBIMU TpaHuLamMu (1.2).

(3.3)

n

B cnyuae, korma o6acth orpaHuyeHa 1ByMsi 6eperamu Q = (a, b), uTepallMoOHHasl Polie-
nypa (2.10) 3ameHnsiercd Ha cienyrolyo (cpesawoiast GyHKUMS p(y) paBHA HYJIO B TOYKE
ce (ab)):

max{fa +9,x}, x<c
- {min{b -8,x}, x=c¢
D(x) + N(a,1)
D(Yy) = p(Yg)N (Yo, 1) + N(a,1)’
D(x) + N(b,1)
D(Yy) - p(Yy)N (Yy,1) + N(b,1)’

a+ Yy, —a) x<c (3.4)

b+ (¥, ~ b)

3.3. Cmosiuue 604HbL 8 bacceiine ¢ NPouU3B0AbHbIM HePOBHbIM OHOM. Dopmynvl 015 peuieHus au-
HeliHol 3adauu. PaccMOTpUM 3a1a4y O MIOCTPOSHUM MEPUOINYECKUX IO BpEeMEHM PellIeHU
TUIIA CTOSIYMX BOJIH B cllydae, Korna hyHKIUs D(x) 10CTaTOYHO ITPOU3BOJIBHO 3aBUCHUT OT X .
OrpaHnIMMcs ciydaeM 6acceifHa ¢ IByMsI TTOJIOTUMU GeperaMy U OyIeM IpenrnojiaraTb, 4To
D(x) — mragkas GyHKuUMs, 3agaHHasg Ha wWHTepBayie [a — 8,b+ 8], D(a) = D(b) =0,
D'(a) <0, D'(b) >0, D(x) >0 nipu x € (a,b), D(x) < 0 BHe oTpe3ka [a,b]. 3aecb a < b —
4yucia, onpenesione d6epera GacceitHa, 6 — MojoXutenbHoe yucio. Kak ormedanocs,
OITMCAHHBIN BBIIIE TTOAXOM MTO3BOJISIET, TT0 KpaiiHel Mepe, 3amady O cTapilei 9acTu acCuMIT-
TOTUKU PELICHUS T10 TTapaMeTpy € CBECTH K JIMHelHo 3agaye (1.3) u, 6osee TOUHO, K 3a1aue

0 coOcTBeHHBIX hyHKIMX orniepaTopa L Buna (1.7).
Bynem crpouts acummitoTndeckue pemeHus 3agadn (1.7). boabmmM mmapameTpoM 3mech
SIBJIIETCA HOMED A COOTBETCTBYIOLLEH COOCTBEHHOM (DyHKIIUNU Y, , KOTOPHBIi CBA3aH C Majloi

XapaKTepHOU JUIMHOI BONHEL U = (b — a) /n dyHK1uMYU . Takue acCUMITOTUKY GbUIM I10-
cTpoeHsbl B [17] ¢ moMoIibio MonuGUIMPOBAaHHOTO KAHOHMYECKOTO orepatopa MacjoBa u
nocJieaytolieit ero peaausanuu B Bune GyHkumit beccenst (Mcropuio Borrpoca u 6ubarorpa-
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U0 MOXKHO HalTH B 3TOI cTaThe). [IpuBeneM cooTBeTCTBYyIoOIIME (popmyiibl. Onpenenum
GYHKIIMIO, UMEIONTYIO Pa3MePHOCTh BpEMEHU

y
S(x,y)zj‘%; a<x<y<h 3.5)

Pemenue B Bune crostueii BOTHEBI CYIIECTBYET IIPU BBITTIOJTHEHUU YCJIOBUA KBAHTOBaAHUA

0, = L (m+n)(1+0(n71)); ne N, (3.6)
S(a,b)\4

rae m = 2 B ciyvyae IByX 6eperoB U m = 1 B ciiydyae Oepera u BEpTUKAJIbHOW CTEHKU — TIPU-

paieHue nuHIeKca MacinoBa—Mopca. [1aBHBIN YieH aCUMITTOTUKU OTpeaesisieTcst Gopmy-

JIaMUu:

IN"(y) 3.7
P (3.7)

N" = gcos(@,T+ T)N"(y), U"=-Esin(o,T + 1)
[O))

n

tie N onpenessieTcsi ¢ TOYHOCTBIO 0 YMHOXKEHHMS Ha (l +0 (n_3/ 2)) CIeAYIOIINM 00pa3om

&> 0):

1/2
Jo(wnS(a,y))(Mj . yelab-3l

HD(y)

1/2
(1" To(0, (. b))[wj . yela+ddl
HND(y)

B ciiydae omHoro Gepera u BEpTUKAIBbHON CTEHKW aCMMIITOTUKA OIpEIesieTCs] Ha BCEM
uHTEpBaje y € [a,b] c nomolbio dyHkuuu S(a, y) no (3.8).

Yenosus cywecmeoganus npubAUNCEHHO20 peuleHUss U CO2AACO8AHUe MAAbIX NAPAMempos.
Crenys mpeaIoXeHHOMY aJrOPUTMY, BO3bMeM acUMNTOTUKY (3.6)—(3.8) nuHelHOI 3a-
maun (1.3) u mpuMeHUM K Heil 3ameny (2.10); moirygaTcss puOIrKeHHBIE (DOPMYJIIBI IS
BOJIHBI C COOTBETCTBYIOIIIEH TTepeMEeHHOM 00J1acThIO.

CTporoe 10Ka3aTeJbCTBO TOTO YTBEPXKICHUSI, UTO B Pe3YJIbTaTe MOJTYIUTCS aCUMITTOTIIE -
CKO€ pellleHHe HEeJIMHEWHOM 3amadyi, CyIIeCTBEHHO CJIOXHee nmpoBeneHHoro B [18]. [leno B
TOM, YTO NMPU MCIIOJIB30BAHUM ACUMMTOTUKM JIMHEMHOW 3amauyu, TOMUMO aMIUIUTYIbI €,

]\’}n Sﬁz

= 3.8
" (3.8)

BO3HHMKAET MOIOJHUTEIbHBII MaJIbIiA MapaMeTp — OTHOCHUTEJbHAs IJIMHA BOJHBI usﬁ_l, u
NMPYMEHUMOCTD JIMHEHHON aCUMNTOTUKM JOKA3bIBAaeTCd B Mpenese Nnpyu Manbeix W — 0, (B
clyyae CTOSIYMX BOJIH ynoOHee paccMaTrpuBaTh OOJIBIION IMapaMeTp — HOMEp TapMOHUKM
n ~ 3 /u). YToObl IPOBECTH CTPOTOE T0KA3ATEIBCTBO, UTO IJIsT HEIMHEHHOM 3a1a4M TTOCTPO-
eHHbIe (POPMYJIBI TAIOT MAJIYIO HEBSI3KY, HEOOXOIUMO PACCMOTPETh TIpeielibl cpasy I10 IByM
rnmapaMmerpaM (L — 0, (XapaKTepu3yloLIUM JUIMHY BOJIHBI) U € — 0, (XapaKTepu3yoIUM aM-
TUTUTYY), TIPUYEM 3T MapaMeTpbl TOJKHBI OBITh COIJIACOBAHBI.

st Tounbix peteHuit (2.8) u (3.3) MOXHO BBIYUCIUTD KPUTUYECKYIO aMILIUTYAY €, KO-
rma MnpoucxXoauT “oOpylieHue” 3amMeHbl (2.9), a MMEHHO BBIPOXIAETCS SKOOWaH
Jo(y) = dx/dy. B mepBylo odyepenp sSIKOOMaH OGHYJSIETCSI B TOUKe Gepera y = a, MpUYeM
MPOUCXOIUT 3TO B MOMEHT ¢ = T'/2 = Tt/() MAKCUMAIbHOIO OTKATbIBAaHUSI BOJHBI (HAUMEHb-
LLIETO YPOBHS ype3a BOJIbI):

7| = D'(a(T/2))"'(D'(@) = N,(a,T/2)) =

y=a,t=T/2

= D'(a(T/2))"" {v— e ——=1J, (2(»\@} = D'(a(T/2))"”" [v— eu“’—zJ
\/'Yg_y Y8/ 1y=0 g
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st pemieHus (2.8) u

Bl arerp = D'@(T/2)(D'(@) ~ N (@, T/2)) =
24 e n(n+ 1))
o Fx 2

nist peutenust (3.3). Takum 06paszoM, KOIGDOUIIMEHTSI K 5, ONPEAEIAIOLINE YCIOBUE HEBbI-
poxaeHus sikoouaHa 3ameHsl (2.9) nns pemenuit (2.8) u (3.3), paBHbI COOTBETCTBEHHO:

= D(a(T/2))" (% - %P,,-(l) = D'(a(T/Z))”(

2
K = EUL® <1, 1= en(n+1)

g 4
(aHaJIOTMYHOE COOTHOIIIEHUE MOJydeHo B [37] w1 ycioBUs OOpyllIeHUs B ciydyae Oeryiei
BOJIHBI (2.7)).

Haia runotesa 3akiiroyaeTcsi B TOM, YTO YCJIOBUS CyIIECTBOBaHUS 3aMeHbI (2.9) no no-
PSIAKY BEJIMUYMH COBIAAAIOT C YCJIOBUSIMUA HEOOpYIIEHUs, a TaKXe, YTO €CIU aMIUTUTYyIa €
MHOTO MEeHbIIIe KpUTUUECKOi1, TO M HeBsI3Ka OyneT Maja.

ITockonbKy mpu MOAEIUMPOBAHUN KOHKPETHBIX BOJIH “MaJjible ITapaMeTphbl”’ BCEraa Ipu-
HUMAaIOT HEKOTOPbIE KOHEYHbIE 3HAYEHU S, TO TIpejiaraeMblii AJITOPUTM 3aKJTIOYAETCS B TOM,
YTOOBI MPOBEPUTh KOPPEKTHOCTh 3aMeHbl (2.10), U ecliu COOTBETCTBYIOIIME HEJIMHEIHBIC
¢dopmMysbl He OOpyIIAOTCS, TO UCIIOIb30BaTh MX KaK MPUOIVKEHHBIE LIS MOJEJIMPYEMBbIX
BOJIH.

[MpounttocTpupyeM cKazaHHOE Ha cieaylolleM npumepe. BeidepeM pyHKIIMIO THA B BUIE

3.9)

D(x) = 0.3(1 - x2)(x2 +0.179x + 0.597)

(3mech BCe BBIKJIAIKU MTPUBEIEHBI B 0€3pa3MepHBIX MEPEMEHHbBIX). ACUMITOTUKY JIMHEHHOM
3aa4yu 111 TaKoi (hyHKIIMM TIIyOUHBI MOXXHO HaiiTH B [17]. O603HaUMM HEBSI3KY, BOZHHUKA-
OO TPU MOJICTAaHOBKE JIMHEMHON aCUMIITOTUKHM B TIepBOe U BTOpoe ypaBHeHue u3 (1.3),

yepe3 §,(, T), 0,(), T) COOTBETCTBEHHO U MOJIOXKUM

& = N7+ DOUL,  §=18 + D(»)3;

YucneHHbIC pacyeThl IMMOKAa3bIBAlOT, YTO IIPU aMIUIUTYOEC € = 03, B CUTyalluu, OJIM3KOI K

00pyLIEHUIO, KOra sKkoOuaH J, OueHb OJIM30K K HYJIIO, HEBSI3KA CTAHOBUTCS CPABHUMOIM €
camMoii acMMMNTOTUKOW. [lpM yMEHBIIEHMW aMIUIUTYObl HEBsS3Ka yMEHbIIAeTCs:

181, 105y / [l gy = © (£62)-

4. DKcrniepuMeHTAJIbHbIE METONBI M Pe3YIbTaThl. B 1a00paTOPHBIX YCIOBUSIX MCCAEA0BaHBI
IJIMHHBIE TTOBEPXHOCTHBIC BOJIHBI B KMIKOCTU B IMPSIMOYTOJIBHBIX COCYHdaxX C IMepeMEeHHOM
rTyOMHOM. DKCIepMMEHTHI TTPOBOAMINCH Ha CTeH e “JIMHaAaMUKU U CTPYKTYPbI OCLHMJLIUPY-
omux TedyeHnii” (JCO) [20], KOTOpBIiA BXOOUT B YHUKAJIBHBINA MCCIIEIOBATEIbCKIIT KOM-
mwiekc “I'dOK MUIIMex PAH”. Llens — Bepudukauus pe3yabTaToB TEOPETUYECKOM MOIEIN
Ha 9KCTIEPUMEHTATbHBIX JaHHBIX.

DKCITepUMEHTAJIBHO U3YYAJINCh CTOSTYME BOJHBI B COCYaX C JIMHEHBIM U BOTHYTBIM T1a-
paboanmyecKuM IIpodrieM THa ¢ IToJIoTuMu 6eperamu. Hanndaue monororo 6epera mo3Bosisi-
eT HabyoaaTh HaberaHue BOJIH U €ro BIMSHUE Ha KojiebaHus XUAKOCTU. B 3ToM cocTout
OTJINYME MPEACTABIEHHOIO 3KCIIEPUMEHTA OT MCCAEA0BaHUI CTOSTYUX BOJIH B COCy/le C Ta-
pabonuyeckuM [22] unu TUHEeHBIM [24, 25] THOM U BEpTUKAJIbHBIMU CTCHKAMM.

4.1. Onucanue sxcnepumerma. Tlpu co3gaHUM BOJTHOBOTO ABUXEHUS XUIKOCTU MCIOJb-
30BaJICS TTapaMeTPUYECKUil pe30HAHC, TP KOTOPOM OOpPas3yloTcsl CTOSTYME BOJHbBI (BOJHBI
dapanes) n3-3a necTadUIM3alMY TOPU30OHTATIBbHONH CBOOOIHOM MMOBEPXHOCTU XUIAKOCTH B
cocyne, KoJieooiieMcs BepTukaibHo. [TockobKy BosiHbI Dapanest Bo30yXnarTcs 6e3 uc-
MTOJIb30BaHMSI KAKMX-JTMOO BOJTHOIIPOAYKTOPOB, UX HAOIOACHUE U U3MEPEHUE OKa3bIBAIOTCS
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0oJiee IPOCTHIMU 1 TOUHBIMU, Y€M MPU MCIIOJb30BaHUU APYTrUX MeToaoB. boiee Toro, mpo-
¢bwim BOJH aHAJOTMYHBI TTPOMUIAM CBOOOMTHBIX CTOSIUMX BOJH, YTO TTO3BOJISIET CPAaBHUTH
pe3yJbTaThl U3BMEPEHUI C BHIBOJAMU TEOPUU.

Cocynl ¢ XKUAKOCTbIO TTOMeIaJIcs Ha MiaTdopMy dJIEKTPOMEXaHUYECKOTo BUOpOCTEeHIa
(cm. [20]), obecrieynBaIONIero ero rapMOHNYECKIEe BepTUKAJIbHbIC KoJlebaHus. JIByMepHbIe
BOJTHOBBIE IBVKCHUS MCCIIEIOBAIMCH B peXXMMe OCHOBHOTO pe3oHaHca Papanes [23], korma
yacTtoTa KosiebaHuil cocyna B Ba pa3a MpeBbIIIAET YACTOTy (O BO30YXXIACHHBIX BOJH
(Q ~ 2m). TouHoCTh M3MEpPEHUS Mepuoaa KoyiebaHuii pe3epByapa cocrtasisiia 2 mc. [pu
(ukcupoBaHHOI amIIUTy e KojiebaHuii cocyna S = 0.75 cM U3MeHeHue 4acToThl { obec-
MeYnBajIo BO30yXIeHUEe COOTBETCTBYIOIIEH BOJTHOBOW MOIbI C HOMEPOM 1 Y BBICOTOI BOJI-
Hbl ‘H. Ceiillln MOIETMPOBAUCH TPEThEU U YeTBepTOoit Mogamu (n = 3,4) IBYMEPHBIX CTOSI-
YMX TPaBUTAIIMOHHBIX BOJH Ha CBOOOMHOI IMOBEPXHOCTU BOIBI B MPSIMOYTOJILHOM COCY/IE
pazmepoM 60 X 14 x 40 unu 50 X 4 X 50 cM, KosieGroleMcsl B BEpTUKAILHOM HaIlpaBJIEeHUHU
[23—25]. Cocyn M3roToBICH M3 IPO3pavyHOTo OprcTekiia. BoaHoBast KapTuHa perucTpupoBa-
nack nudponoii kamepoii DIMAGE Z2 u Canon PowerShot SX50HS (wacTora xagpos co-
craBisuia 30 u 120 X/c) B ABMXKYILECS CUCTEME OTCUeTa, XXKECTKO CBSI3aHHOM C COCYIOM.
Paspemenue Buneonzobpaxenuii cocranisuio 0.15 mm/nukcens. [Tocaenytoiias o6paboTka
BUIEOKAIPOB OCYLIECTBIISUIACh C UCMOIb30BaHUEeM MporpaMmmbl Imagel. Bee skcrieprMeHThI
MPOBOJMJIMCH MPU KOMHATHOI TeMnieparype 21—22°C.

B kayecTBe paboueil XXUIKOCTU UCIOIb30Bajlach BOJa U pacCMaTpUBAJIMCh ABE pa3iuy-
HbIe KOHGMUTYpAIlUU THA COCYa: TNIOCKOE HAKJIIOHHOE M TTapaboInyecKoe.

Kongueypayus I: naockoe nHaxnownoe ono. Vcrionb3ysi MOHOJUTHYIO TparielMeBUIHYIO
BCTaBKY M3 OprcTekjia Ha AHe cocyna pazMepoM 60 X 14 X 40 cM, co3gaHa eMKOCTb C TIJI0C-
KUM AHOM D(x) = yx ¢ ykioHoM Y = 4.8 : 60 wim c yriom HakioHa 0.08 paguanHa —
puc. 3,a. [Ipy MmakcuMasibHOM TTyOuHe Boabl & = 4.5 cM JyIMHA HEBO3MYIIIEHHOI CBOOOI-
HOI1 TOBEPXHOCTH cocTaBlIsia ¥ = 56 cM. DKCIeprUMeHTATbHbIE UCCIETOBAaHUST OTpaHUYM -
BaJINCh IBYMEPHBIMU CTAIIMOHAPHBIMU KOJIEOAHUSIMU XXUAKOCTH (pHC. 3,0), co3maBaeMbIMU
YeTBEepTOil BOJIHOBOII Momoii (n = 4). ITapaMeTpuyeckoe BO30OYXIEeHHE 3TUX BOJH OCY-
IECTBISIOCH TIPU 4acToTe KoseGaHuii cocyaa Q ~ 19.64—22.67 ¢,

Kondhueypauus 11: eoenymoe napaboauuveckoe orno. B aToM ciiygae BOrHyToe Iapadoimmde-
CcKoe THO B cocyne pa3dMepoM 50 X 4 X 50 ¢cM U3rOTOBJIEHO U3 TEXHUYECKOTO TUIACTUINHA —

. -1.2

puc. 3,B. s ¢opMupoBaHus AHA, omuckiBaeMoro ¢GyHkumeit D(x) = D—-H x° =
1 2 2 . .

=% (&Q - X ), HCMOJIL30BAJICS COOTBETCTBYIOLIMIA IJIACTUKOBLIN 11a0J0H. B pesynbrare

mpu MaKCUMaJIbHOM ]"J'Iy6I/IHC BOIbI 9 =32cMm JJINHA IMMOBEPXHOCTU HEMOJBUXHOM BOJIbI

coctaBiisia X =24 = 2NWHD = 356 cm (# =100 cm). B nmamaszoHe dacToOT
Q ~ 18.85-26.39 ¢! BO3GY:KIaach TPEThsI MOIA ABYMEPHBIX CTOSIYMX BOJIH — PUC. 3,T.

Ha puc. 4 moka3zaHbl IpoGUIn 4eTBEPTOM BOJTHOBOM MOZIEI, BO30Y:XKIaecMoii Ha cBOOOI -
HOIi MOBEPXHOCTU BOJBI B COCYJIE C TIMHEIHBIM OeperoM. Buaeokanpel, peacTaBieHHbIE Ha
PUCYHKaXx, TTOJTHOCTBIO OTPAXAlOT MHAMUKY BOJHBI B TEUCHUE €€ Tepuoaa, MpuyeM Mpous-
BOAMJIACHh BBICOKOCKOPOCTHAsT Buneo3anuch (120 K/c) ¢ hpoHTabHOM CTeHKM cocyna (a) u
o6bryHas 3anuch (30 K/C) ¢ HampaBjleHUs IO yIJIoM K cocyny (6). PasHuia B ckopoctu
CheMKHU ompenessieT HEM30eXKHYI0 HEe3HAYMUTEJbHYI0 BPEMEHHYIO IeCMHXPOHU3aIlMio, Ha-
GIr0maeMyIo IpyU cpaBHeHUH KanpoB (a) u (0) Ha 3TUX puUcyHKaX. HecMoTpst Ha oueHb HU3-
KyI0 aMIUIMTYOy KojieOaHUi (emBa 3aMETHYIO IJIa30M) BOJIM3U Oepera IIPOMUCXOIUT O0pyIiIe-
HUE BOJIHEHI (cM. [41]).

Ha puc. 5 moka3zaHbl TUITUYHBIE MMPOGWIN TPEThe BOJHOBOW MOIBI, BO30YKIaeMOil Ha
CBOOOIHOIi MOBEPXHOCTU BOJIBI B COCYIax € NMapaboINYeCcKUM JTHOM B cllydae IByX 4acToT €2
U pasHble 1o amrummtyne. CpaBHeHue rpodusieil BoiaH (a) u (6) mo3BoJISIET cieiaTh BHIBOIL O
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a X wal

Puc. 3. Kondwurypanus 1. a: Cocyn ¢ IUIOCKMM HaKJIOHHBIM THOM, (hpOHTaIbHAasi Kamepa, 1 6: yeTBepTast Moja JIBY-
MEPHBIX CTOSTYMX BOJIH, yrioBast Kamepa. Kondurypauwms 11. B: Cocya ¢ BOTHYTHIM ITapaboIndecKUM THOM, (ppOH-
TajbHasi KaMepa, U I': TPEThsl MOJa IBYMEPHBIX CTOSTYMX BOJIH, YIJIOBasi Kamepa, MoKa3aHbl BOJIHbI MAKCUMAaJIbHOTO

pa3BUTHS.

HaJIMYuu 6e300pyIIAIoNIMXCSl BOJIH B OMHOM CJIy4yae U CYLIECTBEHHO HEJIMHEMHbIX Kojieha-
HUI — B IPYTOM.

DKCNEPUMEHT C JIMHEWHBIM THOM OKa3aJiCsl HeynoOeH JJIsi CPaBHEHMSI, TIOCKOJIbKY HE00-
pyliato1recs: BOJHbI HACTOJILKO MaJIbl, YTO WX TSKEJIO HAOJI01aTh: ISl BOJIH, N300paXkeH-



170 JOBPOXOTOB n np.

o . . -1
Puc. 4. TIpoduib crosunx KoJeGaHMil Hall TUTOCKMM HAKJIOHHBIM THOM € Y4acToToi KoseGanuii cocyna Q = 20.47 ¢
COOTBETCTBYIOILIMIT YeTBEPTOil BOJTHOBOI Mozie BO (ppoHTaIbHOI (a) 1 M3omeTpuiecKkoit (6) nmpoekuusix. Bpems B
CEeKyHJIaX OTMEYEHO B JIEBOM BEPXHEM YTy Kalpa.

HBIX Ha puc. 4, 6e3pa3mMepHOe OTHOILLIEHME, OTpeaessollee ycaoBrue oopyileHus paBHo (3.9)

K, = 18 > 1, TaKk 4TO sIKOOMAH OOHYJIsIeTCsl OKoJIo Gepera. DTa nmpobiemMa NpeoaoseBaeTcsl B
9KCIEPUMEHTE C THOM I1apaboIMuecKoro mpoduiisi, Koraa IMpyu TOM Xe MIyOrHe MOXHO MO~
JIYYUTb 60ﬂbmuﬁ HaKJIOH JHa Yy rpaHUIbI 2KMIKOCTHU M COOTBETCTBCHHO CYILICCTBEHHO MCHb-
1iee TpeboBaHME Ha aMITJIUTYAY HEOOPYIIAIOIIMXCS BOJIH. YUUTHIBasi yKa3aHHYIO pa3HUILY B
SKCIIEpUMEHTAaX, CpaBHEHUE C TeOpUeil MMPOBOIMUIIOCH IIJISI CiIydasi BOTHYTOTO Ttapabosinye-
CKOTO JHa, CM. pHuC. 5,0.

4.2. CpasHerue ¢ 3KCnepuMeHmoM: CAy4ail 80eHymozo napaboauueckoeo ona. Paccmorpum
CHUCTEeMY MEJIKOM BOIBI B pa3MepHbIX BeanurHax (1.1). B cooTBeTcTBMM ¢ MapaMeTpaMu 9KC-

nepuMeHTa B KoHdurypauuu 11, 3agaguM xapakTepHblii MaciuTad s§ = 17.8 cM, Tak 4TO
IUTMHA HEBO3MYIIEHHO# moBepXHOCTH Boabl ¥ = 2« = 35.6 cM m dyHKuMs mHa D(x) =

=9 - %lez = %61 (&42 - xz), e MakcuMasibHast yonHa &% = 3.2 cM 1 %61 =0.01 cm~ L.
YtoObl nepeiiTu oT cuctembl Mesikoit Boabl (1.1) k 6e3pa3zmepHoii cucteme ¢ § = 1 1 QyHK-

e nHa D()Z) =1-% , XapaKTEepHBI MaclITab BpeMeHM BbIOepeM paBHBIM J = [H /g 1
cIeTaeM MOACTaHOBKY x = X, t = J7, = ﬁ%alsiz, u= ﬁ\lg%alsﬁz , YTO TIPUBEIET K

iy + (D) + i)z =0, iy + Tz + itz =0, D(F) =1-%° 4.1

Jlist Tpexy3noBoit Monbl 1 = 3, HaOIIOgaeMoii B 3KciepuMeHTe (puc. 5,a), Iepuos Koje-

06aHMIii, TIpeIcKa3bIBaeMbIil TEOpHC, paBeH 79 = 210y '~0.58¢ (cMm., Hamp, [2]). [Mepuon

3
BOJIH B OKCIIEpPUMEHTE Te(xgm = (.50 c oTIMYaNCS OT TEOPETUISCKOTO (3TO CBSI3aHO C OCOOEH-

HOCTAMU ITapaMETpHUICCKOTO 13036y>1<1[eHm{ BOJ'IH), HO ITpU 3TOM ]'[pOCI)I/U'[I/I BOJIHBI JOBOJIbHO
XOpoHIo coBIIajin € TCOpHCﬁ.
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0.0000 10 cm 0.0000 10 cm

0.0498 0.0664

0.2490 0.3071

Puc. 5. TpeTbst Mozia CTOSTYMX BOJIH HaJ, BOTHYTBIM MapaboJMuecKMM THOM ¢ Masioit (a) u 6onbluoit (0) aMIIIuTy-

1O, yacToTa KosiebaHuit cocyna cootTBeTcTBeHHO ) = 25.23 1 24.26 c_l; cbeMKa Ha GPOHTANIbHYIO KaMepy ¢ 4a-
crotoii 120 k/c, Bpems (C) yKa3aHO B JIEBOM BEepXHEM YIJIy Kaapa.

Puc. 6. CpaBHeHME aCUMOTOTUYECKNX (DOPMYJT (CTUIOLIHBIE KPUBBIE) C BOJHOM B 3KCIIEpUMEHTE (ITpO3payHbIe U
CIUIOUIHBIE KPY>KOYKM) B MOMEHTBI BDEMEHHU, COOTBETCTBYIOLIME MAKCUMAILHOMY ¥ MUHUMAJIbHOMY OTKJIOHEHMIO
ypesaBonpl: t =T nt =T /2, me T — nepuoxn koneGaHuii.

Ha puc. 6 cpaBHMBaeTCs aCUMITOTHKA BO3BBIIICHUSI CBOOOIHOM MOBEPXHOCTH C IKCITE-
PUMEHTOM B MOMEHTBI MAKCMMAJTbHOTO 1 MUHUMAaJIbHOTO OTKJIOHEHUSI ype3a BOAbI. AMIUIH -

TyJa BOJIHBI B MAaKCUMaJIbHOU TouKe # =~ 1 cM, 1 Kputepuii HeoopyiueHus (3.9) BBITTOTHSI-
eTcs: kK, = 0.9 < 1.

3akmouenne. [IpennoxkeH MeTom MOAEIMPOBAHUS OMHOMEPHBIX MEPUOANIECKHUX (CTOSI-
YKX) BOJH B 6acceifHax ¢ IByMsl 6eperaMu u 6eperoM u creHkoii. [1pu moctpoeHun npudiav-
JEHHOTO pelIeHUs HEJTMHEHHOM 3a1a4i UCIOJIb3YIOTCI AaCUMIITOTUKY PEILICHUS JUHEUHOMN
3a1a4u 1 3aMeHa Bpoje 3aMeHbl Kappuepa—IpuHcnena. [IpoBeaeHo cpaBHeHME ¢ MOMEb-
HBIMU MTPUMEPAMHU TJTOCKOTO HAKJIOHHOTO THA U TTapaboJIMyecKoro JHa, a TAKXKe CpaBHEHUE
C DKCMEPUMEHTOM, B KOTOPOM CTOSIYME€ BOJHBI BO30YXKIAOTCS MTPU OCHOBHOM TapaMeTpu-
yecKoM pe3oHaHce. CpaBHEHME MOKa3aJio Xopolliee COOTBeTcTBUE. [lojlyueHHbIe aHATUTH-
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yeckue ¢GOpMyIIbl JIETKO peaTn3yloTCs Ha KOMIbIOTEPE U MO3BOJISIIOT IIPOBOAUThL PACUYeThl B
peXrMe peajibHOTO BpEMEHH.
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PaGora BeimosiHeHa nipu noaaepxkke Poccuiickoro HayuHoro poHaa, rpanT Ne 21-1100341.
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Asymptotics of Long Standing Waves in One-Dimensional Basins
with Shallow Coasts: Theory and Experiment
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We construct time-periodic asymptotic solutions of the one-dimensional system of nonlin-
ear shallow water equations in a basin of variable depth D (x) with two shallow coasts (which
means that the function D (x) vanishes at the points defining the coast) or with one shallow
coast and a vertical wall. Such solutions describe standing waves similar to the well-known
Faraday waves in basins with vertical walls. In particular, they approximately describe seich-
es in elongated basins. The construction of such solutions consists of two stages. First, time-
harmonic exact and asymptotic solutions of the linearized system generated by the eigen-
functions of the operator d/dxD(x)d /dx are determined, and then, using a recently devel-
oped approach based on the simplification and modification of the Carrier—Greenspan
transformation, solutions of nonlinear equations are reconstructed in parametric form. The
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resulting asymptotic solutions are compared with experimental results based on the para-
metric resonance excitation of waves in a bench experiment.
Keywords: nonlinear shallow water equations, Carrier—Greenspan type transformation, as-
ymptotic solutions, standing waves, bench experiment
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