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BBeAenue

B HacTosie kHure aBTophl XOTAT NPUBJICYh BHUMAHUE YUTATE-
J51 K KOPOTKOBOJIHOBOMY JHaIa3oHy KanWJUISIPHO-TPABUTAIIMOHHBIX
BOJIH Ha 3apsi)KEHHOM MOBEPXHOCTH KUJKOCTH, WA, UHBIMU CIIOBaAMH,
K KalWUISIPHBIM BOJIHAM Ha 3apsKEHHOM OBEPXHOCTH JKUJIKOCTH. Pe-
3yJbTaThl IPOBOJUMBIX HUXKE PACUETOB MIPUMEHUMBI B BeChMa IITUPO-
KOM CIIEKTPE aKaJIEeMUYECKUX, TEXHUUECKUX U TEXHOJIOTUYECKUX MPHU-
JIO’KEHUH, CBSI3aHHBIX C AJIEKTPOAUCIEPTUPOBAHUEM BJIECKTPOIPOBO/I-
HOW W JUBJICKTPUUYECKOU XUAKOCTH [1 — 9], ¢ Teopuen rpo30BOTO
anekTpuuectBa [10 — 11] 1, B 4acCTHOCTH, C TeOpHUEH OrHEH CB. DiibMa
(OCH) [12 - 17], KuakOMETATIINIYCCKUMHA UCTOUYHHKAMHU HOHOB [4 —
5], a Takke ¢ MUKpPO- U HAHOAJIEKTPOHUKOM [18 — 19]. [l koHKpeTH-
3allMM HUKECICAYIONIUX PACCYKICHUN BhIOEPEM KOHKPETHOE MPHIIO-
KEHHE, B KAaUeCTBE KOTOPOTO BO3bMEM OTHM CB. DJbMa, U OyJIeM Ipo-
BOJIUTh MCCJIEJOBAHHUE MapaMETPUUECKU BO30YKJAaE€MbIX M HEJIUHEU-
HBIX KaNWUISIPHBIX BOJIH, KM€ B BHUIY BO3MOXHBINA BBIXO]]
MOJIYYEHHBIX PpE3YyJbTaTOB B TPAKTOBKE (PU3NUECKOrO MexaHU3Ma
BO3HUKHOBEHMS 3TOro npupoaHoro penomena. Kak Oyner mokazaHo
HWKE, TPAJUIIMOHHBIE TTPEJCTABICHUS, CBA3BIBAIOIINE OTHU CB. DJIbMa
C BUJIMMOM YacCThIO MOIIIHOTO KOPOHHOTO (KUCTEBOTr0) pa3psiaa, BEPHBI
muuib otyactu. Ho o3HakomumMmcest ¢ haktamu:

1. Mronsb 1956 roga. Paiion IO:xkubix Kypujbsckux ocTpoBoB.
HaoOuroaarenp kanutal 3-ro panra Xomskon A.B.

"B noanouv a 3acmynun 6axXmeHHbIM KOMAHOUPOM HA MOCHIUKE
kopaoasa. Ilo mecmuvim cmaunoapmam nozooa Ovlia xopouias: eemep
2 — 3 banna, odn1aunocms HU3KAaA, Kydesas, euoumocms xopouwtas. Oko-
J10 4acy HOYU HA MOCHMUKe KAK-mo noceemeno, Xomsa Houb Ovlia 0e3-
ayuHasa. Cmano mak ceemiio, Ymo MOMCHO Obl10 pa3iuuams Omoeb-
Hble npeomemul Ha nanyoe. H e0pyz na memannuyeckux 4acmsax 6anm,
HA OMMANCKAX CMOAUE20 MAKeNax3ca, Kpenauiezo Maumsol, Ha Mpocax
JICEPHO20 02PANHCOCHUA U UWIMbBIPEBLIX PAOUOAHMEHHAX NOABUIOCH CBe-
yenue. Hauanoco ono c eéepxnux uwacmeii u 0bicmpo CHycCMuIOCb HO
eécemy maxkenayxcy enus. Yepesz 2 — 3 munymol KOHmypol AHmMeHH U ma-
Kenajxca 3aceemunuct 0e3xicu3HeHHbIM 0eiblM C6emOM, NOXONCUM HA
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ceem HeoHosvIx pexnam. Ha mocmuke cmano mak ceemio, Umo MoHcHoO
ovl10 yumame. A 3anpocun mexaHuxka u paoucma 0 COCMOAHUU MexXa-
HU3M086 u paouoannapamypol. Mexanuk 00103cui, YUMo 6ce MexaHu3mol
pabomaiom HOpMAIbHO, IIeKmMpocucmemsl ¢ nopaoke. U3 paouopyoku
Ccoo0OwWUIU, UMO U3-3a CUILHBIX NOMEX He YOAemcs YCIMAHOBUMb C8AA3b C
oepezom. Uepes nonuaca ceeuenue cmaio ociavesams u nozacio. Qo-
HAKO paouonomexu NpoooIMHCANUCh euje HecKoabko uacos. Hu zpo3wl,
HU 0005 He 0bL110, HU 8 MOM 0eHb, HU Ha cledyrouiuit".

2. Monb 1958 roaa, neqnuk Henrpanbho Tywkcyiickuid
B 3amsmiickoMm Auaray. Habomonarean denncosa T. 5.,
Eroposa H./I., Konesa H.II.

"Mui, compyonuxu Hncmumyma zeozpagpuu AH KazCCP, npoeo-
ouu memeoponozuueckue usmepenusn na evicome 3500 — 4000 mempos
no npozpamme MIT. 23 uiona nozooa ucnopmuiace: CUibHblil eemep
Hec CHeMCHYI Kpyny, ceepkaiu MoaHuu. B nouv na 16 utonsa, eviioa u3
00OMUKA 011 04EPeOHBbIX UMEPEHUIl, Mbl YeUOEIU, YMO HA 6CEX BbICHLY-
nawux npeomemax: Memeonpuoopax, AHMEHHAX, COCYIbKAX, Ha
Kpbluiie 00M08 — ROABUTIUCH HCEIMOBAMO-20/1yH06amble A3bIKU X0J100HO-
20 naamenu. Imo naamsa NOAGAAIOCL U 60371€ NAIbUEE NOOHAMbBIX PYK.
Ha ocaokomepax onu oocmuzanu 10 canmumempoe ¢ onuny. Oona u3
Hac pewiula OOMPOHYMbCA KAPAHOAUWOM 00 NIAMEHU HA KPIOUKe 2pa-
ouenmuou wumanzu. Ho ¢ mo sce epema npouszowien papao — HagepHo,
6 wmanzy yoapuna moanua. Hac ocnenuno u couno c noz. Kozoa mut
nOOHANUCH, naama ucyesno. Ho uepez uemeepmov uaca 6no6b noaeunocw
Ha npexcuux mecmax'"’.

3. Mwonb 1975 roga. CeBepunlii 0eper Kacnmiickoro mops,
I'naroabckas koca. Habaoaareas kaHauaaT
reorpaguyeckux Hayk I'epuuranckuit H. /.

""Mbt, compyonuku Acmpaxanckoi 2uopomemeopoio2uieckoil 00-
cepsamopuu, nH030HO 6eUePOM 8036PAUATIUCH C PAOOMbL K ype3y Mopsl.
Yotce 6 noumu nonnoit memnome 8vlOpanucsy u3 3apocieil mpocmHuKa u
ROWLTIU RO MENKOBOObIO K MOMOPHOIL 100Ke, 0CIAG/IEHHOU 8 08yX KUJI0-
mempax om oepeza. Hebo ovi1o nokpeimo 2pozoevimu oodnaxamu. Ioe-
mo oaneko Ha ceeepe eécnvixueanu zapuuyvl. Heoxrcuoanno eonocwt y
6cex Hac 3aceemunucv apkum ghocghopecuupyrowgum ceemom, oopazys
ceemauuecs opeonvl 60Kpye 207106. Cuna ceeweHus mo 603pacmand, mo
cHudcanacy. A3vluku X0n00H020 NAMEHU NOABIAIUCH U 6803]1€ NAbUEE
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noouamuix pyk. Tozoa mbl noOHAIU MePHBLIL Wiecm, U €20 6epuIUHA 3a-
C6eMUACh MAK APKO, YMO MONCHO ObLIO RPOUECHb OUPKY 3A600a U320~
mosumens. Bce smo onunoco munym oecamo. Hnmepecrno, umo Huoice
Mempa HAO NOGEPXHOCHbIO MOPA céeYeHUe He 8603HUKA0" .

4. Ilpumopckuii kpaii. Hadmoaareans Asekcees B.H.

"B utone 1960 200a a emopvim nOMOWHUKOM KARUMAHA YUACHEO-
ean 6 nepecone mennoxooa "/[euna'’ uz nopma Ilpoeeoenue ¢ nopm Ha-
xo0ka. Mvt npoxoounu bepenzoeo mope u HaAxXOOUIUCL MEHCOY MbICOM
Onwomopckum u Komanoopckumu ocmposamu, Koz0a A cmaj ceuoeme-
JleM CHPAHHO20 U MAUHCMEEHHO20 Ae1eHus npupoosl. Kozoa é 0ea uaca
HOYU A 3ACMYNUL HA 6AXMY, HEOO ObLI0 NOKPLIMO UePHO-PUOo1IemosbIMU
oonakamu. Mot winu na oykcupe y napoxooa "E. Ilyzaues". /[huna oyk-
cupa oxkono 300 mempos. Munym uepe3 30 nocne nauana eaxmaol a 60pye
yeuoes, Ymo KOHmMypbl Maum, 6aHm U HAOCMPOUKU CMAIU KAK-MO He-
00btuno uemko euonwl. /la u "E. Ily2auee"” cman euden omuemnuego.
Euwe uepe3 neckoibko MuHym Ha 6cex GbICHYRAIOWUX UACHMAX CYOHA
noA6UNOCL ceeuenue. A Ha KIOMUKAX Mauym 603HUKIU KAK Obl ceems-
wueca Kucmouku. Bckope eéca noeepxnocmb cyoma no peopam Hao-
cmpouku, ganvuibopmy, eanmam u ocmpbule y2ibl 6cex NPeomMeno8 no-
Kpbliiuce ceemauenica 20ayooeamou oaxpomoi. Ocoodvix 36yK06 u 3ana-
x06 a He 3amemun. "E.llyzaueg'" mnaonwoanca kak cniaoutnoe
ceemsaueecs namuo. Bee amo onunocw waca oséa ¢ nonosunoi'’.

5. 1978 roa, r. Acrpaxanb. Hadmwoaareas Bacuinenxo U.T'.

"Muvt ¢ omuyom pvioauunu na Kacnuu, kozoa nac 3acmana 2po3a. B
camulil pazzap 2po3vl HA eepXyuiKe Maumol Hauiell J100KU NOAGUICA AP-
Kuil 020HeK pasmepom c¢ kpynnoe saiyo. He 3nas, umo smo maxoe, omey,
HONBIMANCA CHOJIKHYMb INOM 020HeK ¢ maumul oazpom. Ho kak moavko
OH NOOHA 0a20p, HA €20 KOHUe NOABGUIICA MAKOIL dce 020Hb. O20Hb 2open
Ha eepxyuiKe maumosl noka 2po3za He konuunacev. Ho kozoa mul eéepuynuce
00MOIl, 0OKA3A10Chb, YMO MaAYma He 00y2niunacy u oace He nouepuena'’.

B stux onucanusx oOpaiaetr Ha ceOsi BHUMaHue (DaKT, YTO OTHU
CB. DlbMa MOSBISIIOTCS HE BO3JI€ 3a0CTPEHHBIX AJIEKTPOIPOBOIHBIX
MPEAMETOB: IITHIKOB W KOJIIOYEK M T.M., HO BO3JIE MOBEPXHOCTEH C
OOJBIIMMH paguycaMy KpUBU3HBI. KOpOHHBIN pa3ps B OKPECTHOCTH
TaKUX TeJ B Ja0OPaTOPHBIX YCIOBHSIX CO3/1aTh BEChMa CJIOXKHO, a TO U
HEBO3MOXHO.



6. Haomonarens jjoumad Benrcnuickoro mopra Bosx:kos B.E.

"B nauane wecmuodecamulx 20008 a niaean na mankepe ''bamy-
mu'"" /lanoneeocmounozo mopckozo napoxoocmea. OOHa)covl Mbl WU 8
10xcHoit wacmu Oxomckozo mopsa ¢ Ilemponaenoeck-Kanwuamckuii. boin
nacmyphutii 3umnuii geuep. Cmepkanoco. Heoo 0v110 3aKkpvimo msasice-
J0U coucmo-Kyueeou oonaunocmoto. Bemep 3-4 oanna. Temnepamy-
pa— 2 C. A naxoouncsa ¢ pyneegoit pyoxe, omaniueaemou naposvimu oa-
mapeamu. Heosrcuoanno 6 00noit uz 6amapeit y nopoza pyoxku npopeasio
CAIbHUK, U 6 OMKPbIMYI0 06epb yoapuia cmpya napa. Qopazosasuieecs
0071aK0 3aKpblio 06epHoll npoem. B 3mo epemsa 6 Oeepsax noaeuncsa
mampoc. E2o cunyam omuemnugo ovin euden ckeo3wv oonaxo. Ha eepx-
HUX KOHUUKAX e2o ywiell 3aceemunoch 20jyboeamoe niamsa 6 ¢hopme
Kucmouek 2-3 canmumempa evicomoiui. A cxazan emy 06 Imom, npoms-
HYJ1 C8010 PYKY 6 0011aK0 napa, U HA KA3coom naavye 3ac8emuUIUCh 20y-
ovte ozonvku 6 1,5 canmumempa onunou. Hekomopoe epemsa mot 3a0a6-
JIAJIUCD, 6X005 8 0071aK0 U 6b1X00: U3 He2o. Ceeuenue 603HUKAIO MOJTb-
Ko 6 ob0naxke napa u nponaoano 3a ezo npeoeramu. Ilomom nap
nepekpuliiu, 00J1aKo0 pacceanocs, u ceeuenue 0ovuie He 603HUKan0".

DTO ONMMCAHUE OTHEM CB. DJIbMA MPSIMO YKAa3bIBAET HA BAXKHYIO
pOJIb B MX BO3HMKHOBEHUHU Kamesb BoJbl. Kak Mmoka3bpiBaeT aHaIu3 CO-
Opanubix onucanuiit OCD, yare BCero o4eBU I HAOIIOAAIOT ITO SIB-
JIEHUE B MACMYPHYIO, JTOXKUIMBYIO, TYMAHHYIO MO0y Ha BJIAXHBIX
npeaMerax. B KoHIEe ceMuaecaThiX ro0B B HAYYHOU I€YaTH MOSIBU-
JOCh COOOIIEHUE O JIOOOMBITHBIX 3JKCIEpUMeHTax ui.-kopp. AH
CCCP b.B. Boiinexosckoro [20]. C moMOIIpI0 HECTIOKHON YCTAHOBKH
OH CO3/1aJl B CIICIMAIBHOM Kamepe 00JIaKo OJHOMMEHHO 3apsKEHHBIX
Kamesek BoJbl. [Ipy BHECEHUU B 3TO 00JIaKO 3a3€MJICHHBIX IIPEAMETOB
OHU HAUYMHAIU CBETUTHCSA. CBETUIIUCHh U PYKH JIOACH. DTU KCIECPU-
MEHTBHI, BIIOJHE YOSAUTENbHBIE C HAYYHOU TOYKH 3PEHUSI U JIETKO BOC-
MPOU3BOJMMBIE, 3aCTaBUJIM 3aAyMaThCid HaJa MOPHUPOION OTHEW CB.
Onbma. Posib kamnenb BOAbl B UX BO3HUKHOBEHUHU ObLIa OUYEBU/IHA, YTO
MOATBEPXKAAJIOCH TAK)KE€ MHOTOYHMCICHHBIMH COOOICHHUSIMU O TMOSIB-
nenun OCD Ha camoieTrax OpH Mojerax B o0jakax, Korjga MmoBEpX-
HOCTb CaMOJIETA MMOKPHITA BOJSTHOW IIJICHKOM.

7. Hadmonareas 3aiineB A.I'., mrypman.

"Imo ovL10 nemom 1952 200a nao uyenmpanvnvimu paiionamu Yk-
paunst. Haw camonem "TY-4" coeepuwian oneenoii mapuwipymmnutii nojiem.
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Mbt co cHudicenuem npoxXoounu He 2po30eyr 001auHOCmb. 3a 00pmMom
nomemmesno, Kak-0yomo nacmynuau cymepku. Bopyz mut yeuoenu, kax no
nepeoHeil KpoMKe Kpolila 3anjisAcCaiu C6emao — CUHUE A3bIKU NJIAMEHU Gbl-
comoit canmumempos 20. Hx 6v110 maxk Mmno20, 4mo Kpulio, Kazanioch, 20-
peno no ecemy peopy. Munymul uepes mpu 02HU UCHE3IU MAKHCE HeOHCU-
OaHHO, KAK U NOAGUIUCH, XOM U3 00JAYHOCMU Mbl euie He bludau’"

8. Haburwaareas Cupenko IL.T.

"IlIpu noneme na 6oeeoe 3aoanue nouwvto 25 ascycma 1944 2ooa ¢
paiione Kuwmunesa na evicome oxono 3000 mempos, 00xo00a 2po3oeévie
oonaka, Haw IKUnax3c Haoarwoan ciedyrouiee asnenue. Illepeonue Kpom-
KU na0cKocmell, 6blCmynaruiue 4acmu Momopoe, Cmeojvl nyiememos,
mpyoka '"Ilumo' ceemunucv oOenvim naamenem, a UMEHHO ObliuU
OKQUMJIeHbl HEWUPOKOU HenpepuléHoll noaocou tenozo yeema. Ceeue-
Hue onunoce 10— 15 munym. B mom eviiem ecemy noaky ovina oana
paouozpamma, 6036pAMUmMbCA U3-34 HOZOOHBLIX YCN08UIl, HO HAUWl IKU-
nax)c u 0sa opy2ux camonema ee ne npunanu. boiiu cunvnovie paouono-
MexU, 603MOHCHO, C6A3AHHDLE C NOABIEHUEM ceedeHUAn'",

9. Haomonatean Ycoabues I'.U.

"Camonem wen nousto 6 ooaraxax na evicome 1500 — 2000 mempoes
Hao 3anaduvim nobepexcvem Caxanuna. B naywnukax paouocmanyuu
ObLIu CcablHbl cubHble 2po3oevle pa3paovlt. Ilepesoos 632140 ¢ npu-
00pHOIl 00CKU Ha OcmeK/leHeHue KaOuuvl, A yeuoen A3blKU NaamMeHU
0/1€0H0-1U108020 Usema OauHOU 25 canmumempos, wiupunoii 3 — 4
canmumempa. Koneonace, kaxk ¢praxcku na eempy, onu He cnewia 08u-
2a71UCh Om cepeounvl CmeK1a K pame KaduHsl u, 00cmuzasn ee, ucue3aiu.
Bunmut oviniu oopamnensvt 6,1€0HO-TUNOBBIMU CEEMAMUMUCA KPYy2amu
WIUPUHOU 0KO0J10 decamu canmumempos. Kozoa ceeuenue nozacno, ne
3HAI0, Mbl HOOX00UNU K Mechty nocaoku'.

10. Haomonareanr MartBeeB B.A.

"A pabomaro nunomom zparicoanckou aguayuu, aemairo Ha "AH-
24", "AH-26". OC3 nosaenaomcsa Ha 100060mM cmeKie RUIOMCKOU Ka-
OuHbBl U HA KOHYUKAX JIOnAcCmell 6UHMO8 NPU noJleme 6 C/IOUCMBbIX 00.1a-
kax na evicome 5000 — 6000 mempos. Onu ocobenno Kpacuevt u npeo-
cmaenam coooil OJiUHHble A3bIKU NaaMeHu Houblo. Q0bluHO npu noAe-
aenuu 0CI yxyowmaemca padooma paouocmanyuu. Hacmo OCI
ecmpeuaromcs npu nojiemax 6 paiione Kaekaza u na cesepnuvix aunusax'
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11. Ha6moaateas Moruaun C.H., mrypmaHn.

"B cenmaope 1981 200a naw skunaxc coeepuian HOUHOU pelic HA
eévicome 9000 mempoe 6 150 — 200 kunomempax k w2y om Xaovapoecka.
Hao Xabapoeckom u woicnee cmoanu ponmaivHule 2po3osvle od.1axka,
Komopble Mbl 6udenu Ha IKPAHE CEOUX TOKAMOPO8, U NO 803MOHCHOCMU
00x00unu nauoonee mownvle u3 nux. Hac ymepenno "oonmano'. U
60py2 Moa KaduHa eéca ozapuiace 20ayovim cuanuem. Cmano ceemio,
Kak 6 cymepkax. I'0/1y60il 020Hb NOKPBL OCMEKIEHHBLIL HOC HAULeZ0 ca-
monema. Iunomot eudenu, Kak 20/1yovle 020HbKU 6CHBIXHYIU euije pasa
06a, HO HEeHaoo20".

CormacHo CTaTUCTHYECKOMY AHAIM3Y OMUCAHUW OYEBHUJILIEB IO-
ABJIEHHUSI OT€l CB. DJIbMa B €CTECTBEHHBIX ycioBusax [13 — 17] OCD
Yalie BCEro BO3HUKAKOT Ha OTKPBITOM MecTHOCTH. [Ipuduem B 69%
cinydaeB HaOmogenuss OCD ormeuaercss Haiuuwe BeTpa, B 40% —
cuibHOro. MHTEpecHO OTMETUTH, YTO s13bIKU cBeueHus OCD He Ko-
JeOII0TCS Ha BETPY, Ja)ke KOT1a OH JlocTUraet ckopoctu 20 m/c.

XapaxktepHbIM 7151 yciaoBuid Ha0moaeHus OCO sBisieTcs TO, 4TO
OHM Bcera "mpuBs3aHbl" K KAKOMY JTUOO MPEeAMETY: BEPIIMHE MAUTHI,
KpECTy LIEPKBH, MalibliaM MOJHATHIX pyK W T.I. He Bcerma atu npen-
METBI SIBJISIFOTCSI XOPOIIMMHU TPOBOJHUKAMHU 3JIEKTPUUECTBA, HO B TOM
ciaydae, korga OCD MOSBIAIOTCS Ha U30JATOpax: AEPEBSIHHBIX Mad-
Tax, Beclax, Najiblax pyK, — 3TH NPEAMETHI OOBIYHO MOKPBITHI Karlis-
MM WM TUIEHKOM BOJbl. B 72% ommcanuii OCD, KOTOpble HAM yJa-
JOCh cOOpaTh, OTMEYAETCS MOBBIMICHHAS BJIAXKHOCTh: TYMaH, JOXIb,
MOKpBIN cHer. B 52% onuncanuii noBEpXHOCTh MpeAMETA, HA KOTOPOM
nosiunchk OCH, MOKphITa KarIsIMU JIMOO TJIEHKON BO/IBI.

Ho Bepnemcsa k TemMartuke Hactosimer KHUTH. CymecTByeT BO3-
MOKHOCTb TOT0, 4TO nosiieHne OCD CBA3aHO C AIEKTPOCTATUYECKON
HEYCTOMYHUBOCTBIO 3aAPS)KEHHOW TMOBEPXHOCTHA BOASAHOW IUJICHKW WIIA
Kaneib, MOKPBIBAIOIIEH MPEIMET, BO3JIE KOTOpOro nosiBisirorcas OCH
[12 — 17]. CornacHo KiacCHYECKUM MpeacTaBieHusM [21 — 23] snek-
TPOCTATUUYECKAs] HEYCTOMUYMBOCTD 3apsiKEHHOW MOBEPXHOCTH KHUJKO-
CTH CBSI3aHa C MOTEper YCTOMYMBOCTU BOJH (OETYIIMX WM CTOSYHUX)
Ha MOBEPXHOCTH KUJKOCTU. VcciienoBaHUIO YCTOMYMBOCTH MapaMeT-
PUYECKUX U HEJIMHEHHBIX BOJIH M MOCBSIIIEHA HACTOSIIAsl KHUTA.



I'aaBa 1. ITapamerpuueckue BOAHBI

1.1 dusuko-mareMmarnyeckKas MOAEAb OTHEN CB. DABMA

MHorue npo6JieMbl TPO30BOTO AJIEKTPUUYECTBA, HATPUMED, TAKUE,
KaK MEXAaHWU3M BO3HUKHOBECHMS U JUIMTEIBHOTO CYIIECTBOBAHHUs IIa-
POBOI MOJIHUH, MEXAHU3M 3apOXKACHUS U OCOOEHHOCTH pOCTa KaHaia
paspsijia OOBIYHOW MOJIHUM, CB€YEHUE BOPOHOK CMEpPUEH, dJIEKTpHUUe-
CKHME pa3psbl BO BPEMsI 3€MIIETPSICEHNM, CUIIBHBIX B3PBIBOB M M3BEP-
YKEHHMM BYJIKAHOB, 10 HACTOSILET0 BPEMEHH /10 KOHIIA HE Pa3pELICHBI.
K 4duciy ManouccienoBaHHBIX (PEHOMEHOB, CBSI3AHHBIX C TPO30BBIM
AIEKTPUUECTBOM, OTHOCATCS U OTHU cB. DibMa (OCD). HecMoTps Ha
TO, uT0 (peHOMEeH OCD u3ydaeTcss MOBOJBHO JABHO, €AMHON TOUYKHU
3peHus Ha MexaHu3M 3axuranns OCD no-npexHemy He CyIIECTBYET.

1. C konua XIX Beka, ¢ HAYaIOM HCCIEIOBAHUN JICKTPUYECKUX
pa3ps0B B atMoc(epe Ha OCHOBE YUCTO BU3YaJIbHOT'O CXOJCTBA, ObI-
JIO TPUHATO CUUTATh OTHU CB. DJIbMa MOIIHOW (hOpMON KOPOHHOIO
paspsga, pealn3yIomerocs B IPEArpo30BYI0 UM I'PO30OBYIO NOTOIY B
OKPECTHOCTH BBICOKMX 3a0CTPEHHBIX MPEAMETOB: KPECTOB LEPKBEW,
KOpaOeJbHBIX MAUT U T.II.

[Toio0HBIE yTBEPKASHHUS BOILIM 0€3 KaKOro-iu0o 000CHOBaHUS
B y4eOHUKU (U3UKHU W SHIUKIONEIUYecKue cioBapu. M Toipko uc-
cnepoBanus b.B. Bolnexosckoro [20, 24], skCiepuMEHTUPOBABIIETO
C OOJIaKaMM CHJIBHO 3apsKEHHBIX Karelb BOJBI U OOHAPYXHUBILIETO
ceeueHue tuna OCD Ha MPOU3BOJIBHBIX MPEAMETAaX, BHOCUMBIX B Ta-
Koe 00JIaKo, yKa3ajJu Ha HEaJeKBaTHOCTh PEAIbHOMY SIBICHHUIO CTOJb
YIIPOIICHHOM TPAKTOBKH WM HA BaXHYKO POJIb B BO3HHMKHOBeHUU OCO
3apSKEHHBIX BOJSIHBIX Karellb. OTO 00CTOSATENbCTBO 3aCTaBUIIO TEepe-
CMOTpPETh CHOXKUBIIMECS TpeactaBieHus o0 OCD u BHUMATENbHEE
OTHECTHUCh K OTMCAHUSM MX HAOIIOJIEHUN B €CTECTBEHHBIX YCIOBUSX,
MOCKOJIbKY MMEHHO OHU SBJISIOTCSI OCHOBHBIM HMCTOYHHUKOM HH(DOP-
Manuu o (heHOMEHE.



Baumarensnoe n3ydenue 220 onucanuii HabmoaeHus OCD B ec-
TECTBEHHBIX YCJIOBHUSIX, COOpPaHHBIX aBTOpPaMU HACTOAIIECH padOTHI,
MO3BOJIMJIO BBIIECTUTH TPU (HOPMBI 3TOTO (DEHOMEHA, Pa3TMYAIOITUXCS
KaK yCJIOBHUSIMU, TaK U PU3MUECKUMU MEXaHU3MaMHU BOZHUKHOBEHHSI.

1. CBeueHue ¢ XapakTEPHBIM JIMHEMHBIM pa3MepOM MOPsIJIKA CaH-
THMETPOB, BO3HUKAIOIIEE HA CYXHX 3a0CTPEHHBIX METAJUTMYECKHUX
peaMeTax: KOJIOYKAaX MPOBOJIOYHBIX OTPAKICHUH, IITHIKAX BHHTO-
BOK, aHTEHHAX, — KOTOPOE €CTECTBEHHO CBA3aTh C OOBIYHBIM KOPOH-
HBIM Pa3psAioM ¢ METAIIMYECKOTO ocTpusi. ONrCcaHusl TaKUX SIBJICHUM
BcTpeuyasuch B 10% ciygaeB. B 0coObix komMMeHTapusix 3Ta (opMma
OCD He HyXIAaeTCd U MOXKET CUATATHCS XOPOIIO U3YYEHHON B CBS3U
C UCCIIETOBAHUEM KOPOHHOTO Pa3psia ¢ METATIIMYECKOTO OCTPHSL.

2. CBeueHue, BO3HUKAIONIEE BO BPEMS BIIAXKHBIX CHEKHBIX METE-
Jed ¥ 3UMHUX T'pO3 Ha MPOU3BOJBHBIX MPEAMETax MPU IMUCCHUM 3a-
CHEKEHHOU WJIA MOKPBITOM MHEEM MOBEPXHOCTH CHIIBHO 3apsSyKEHHBIX
MUKpOKpHUCTaIUIOB cHera. Takas ¢opma OCD HaOmomaercs B 8%
onuvcaHui. XapaKTEepHbIN JIMHEWUHBIN pa3Mep cBeueHus ~ 10 cm.

3. CBeueHME C XapaKTEPHBIM JIMHEMHBIM Pa3MEpoOM N0 METPa,
BO3HUKAIOIIIEE B IPO30BYIO MOT0Yy Ha MPOU3BOJIBHBIX MPEAMETAX MPU
MOBBIIIEHHOW BIIAXKHOCTH (KOTJla MOBEPXHOCTh MpEAMETa IMOKPbITA
KAaIUISIMU WA TUICHKOW BOJbI), CBA3AHHOE C HEYCTONYMBOCTBHIO IMO-
BEPXHOCTU BOJBI B dJIEKTpUUeckoM moje. Ita popma OCD BcTpeua-
ercs B 82% onucaHuil.

XapaktepHbIM 1151 HaOmtoaeHuss OCD saBasieTcsl TO, UYTO OHU BCE-
raa "mpuBsA3aHbl" K KaKOMY-JTMOO MPEAMETY: BEPIIMHE MAYThI, AaHTCH-
HE, KPECTy IIEpPKBM, MaJibllaM MOJHATHIX pyK W T.n. He Bcerma stu
MPEAMETHI SIBIIAIOTCS XOPOIIUMU MPOBOIHUKAMU 3JIEKTPUYECTBA, HO B
ToM ciydae, koraga OCD MOABISAIOTCA Ha M30JSITOPAX: AEPEBSIHHBIX
MauTax, BecJiaX, MajbllaX PyK — AT MPEIMEThl MOKPBITHl KaIUISIMU
WIN IIeHKou Boabl. B 72% onmcanuit OCD oTMeuaeTcs ITOBEBIIIEHHAS
BII&JKHOCTh: TYMaH, JOXJb, MOKpBIN cHer. B 80% onucanuit OCO Ha-
OJIIOJJAI0TCA B TEMHOE BPEMSI CYTOK, YTO CBUJIETEILCTBYET 00 UX Ma-
JIOU SIPKOCTH.

N3 BeimenepeunciieHHsbix Gopm OCD HamOONMBIIMKA HMHTEpPEC
peACTaBIseT TPEThs, HAaUMeHee u3ydeHHas. Bropas ¢popma OCD B
cMbIciie (U3UYECKOTO0 MEXaHW3Ma BO3HUKHOBEHHUS CBEUYCHHS MpeE/I-
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CTaBJIIET YACTHBIN CIIy4all TPEThEU, CYTh KOTOPOW CBOJMUTCS COTJIACHO
[12 — 14] k caenyromemy.

B cHJIIBHOM 3JEKTPUYECKOM IIOJieé T'PO30BBIX OOJAKOB BOJsSHAs
IJIEHKA WJIM KaIllu BOJIbI, MOSIBIIAIOIINAECS HA PA3JIMYHBIX MMPEIMETAX,
MOTYT B COOTBETCTBHHM C KJIACCUHUYECKUMH MPEIACTABICHUIMU 00 3IICK-
TPOCTATUYECKUX HEYCTOWUYMBOCTSIX 3aPSKEHHOM IMOBEPXHOCTH JKH/I-
KocTH [7, 9, 21 — 23] cTaTh HEYCTOWYMUBBIMHU 1O OTHOIICHUIO K UHAY-
IUPOBAHHOMY 3apsiy, U C UX MOBEPXHOCTH HAYHETCS IMUCCHUS BBICO-
KOJMCIIEPCHBIX KalleJIeK, HECYIINX 3alpelesIbHbIE B CMBICIIE KPUTEPUS
YCTOMYMBOCTH 3apsAibl. HanpsKeHHOCTh 3JEKTPUUYECKOro MOl co0-
CTBEHHOI'0 3apsJa B OKPECTHOCTH 3MHUTHUPOBAHHBIX Kamejek OyAeT
NPEBBILIATE HEOOXOAUMOE JUIsl 3aXUTaHMsT KOpOHHOTO paszpsiaa. Ko-
POHHBIM pa3ps] BO BIaXHOW aTMoc(depe B OKPECTHOCTH OOJIBIIOTO
KOJIMYECTBA BECbMa MEJIKMX KalleJieK, 00pa30BaBIINXCS MPU pealin3a-
MU HEYCTOWYMBOCTH 3aAPSIKEHHON MOBEPXHOCTH >KHIKOCTH, Oyner
BOCIIPUHUMATHCS KaK MOSIBJICHUE TOJIyOOTO CBEUEHHMS Y MOBEPXHOCTHU
MMOKPBITOTO IUIEHKOM BOJIBI TPEAMETA, T.€. Kak OCD.

Ho nns Hauana paspsna HeoOXOAMMO HajJudyue B 00JaCTU CHIIb-
HOTO TOJISI, B OJMKalIeld OKPEeCTHOCTH KallelbKu, XOTsA Obl OJHOTO
CBOOOAHOTO 3JieKTpoHA. CBOOOJHBIE K€ B3JEKTPOHBI B MPU3EMHOM
cioe aTMoc(epbl BOZHUKAIOT 3a CUET €CTECTBEHHOM paJMalliu C J10C-
TATOYHO MAJOif CKOpPOCTBIO ~ 10 cx’c” u 3a Bpemst ~ 10™ ¢ cBs3biBa-
I0OTCSI C HEWTpaJIbHBIMU aTOMaMu M MOJIEKyJlaMH, oOpa3ysl OTpula-
TEJIbHBbIE MOHBI. B pe3ynbraTe BEpPOSITHOCTh CTOJIKHOBEHUS KaleJIbKH
CO CBOOOJIHBIM 3JIEKTPOHOM U 3aXKUTaHUS KOPOHHOIO pa3psijia B €€
OKPECTHOCTH BEChbMa Maja.

OpnHako M3BECTHO [25], 4TO B JOCTATOYHO CHJIBHOM DJICKTpUYE-
ckoM nojie E, >70 xB/cm oTpuuatenbHbli HOH pacnajaeTcsl Ha HEeu-

TpaJdbHBIA aTOM M CBOOOJHBIM 2JIEKTpOH. KoJHWuecTBO ke OTpHIla-
TEJIbHBIX MOHOB B KYOMYECKOM CaHTHUMETPE BO3/lyXa y 3€MHOM IIO-
BEPXHOCTH B €CTECTBEHHBIX yCioBusix =500—800cwu™, u Bepo-
ATHOCTb CTOJKHOBEHHUSI KalelbKH C OTPHUIATEIbHBIM HOHOM C
MOCJIEAYIOIIUM PaciaJ oM MOHA HAa HEUTPAIbHBINA aTOM U CBOOOIHBIM
JIEKTPOH OYyJIeT Ha MHOTO TOPSIAKOB OOJIbIIIE, YeM BEPOSITHOCTH €€
CTOJIKHOBEHHUSI CO CBOOOAHBIM 3JIEKTPOHOM.

[Tpumem 115t ONIpeIEICHHOCTH, UTO MAaJICHbKAas Kaneabka pajguyca
r =20 mKrm 3apsHKeHa MOJOXKUTEIBHO CTOJb OOJIBIIMM 3apsJIOM, YTO
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JUIsl HE€ BBIMIOJIHEHO YCJIOBHUE peaiM3allid HEYCTOMYMBOCTHU IO OTHO-
IICHUIO K COOCTBEHHOMY 3apsiy. Toraa Hanpss>KeHHOCTD IOl COOCT-
BEHHOT0 3apsijfa y ee noepxHocTu E =400 kB/cMm. DiekTpoH, mos-
BUBIIIMIICS 3a CUET pacliajia OTPUIATEILHOIO0 MOHA BOJIM3U KalelbKu
Ha PACCTOSIHUU MOPSI/IKA HECKOJbKUX PaJUyCoOB OT €€ IIEHTpa, JacT
Ha4aJIO 3JIEKTPOHHOW JIABUHE, COCTOSILEN U3 ~ 10° 3JIEKTPOHOB U Ha-
npaBJeHHOM K Kare. [Ipu pa3BUTHHN IEKTPOHHOM JIABUHBI B €€ CIIEe
ocTaeTcsi 00JBIIIOE KOJUYECTBO BO30YKICHHBIX aTOMOB, T.€. aTOMOB
OJINH M3 3JICKTPOHOB KOTOPBIX B PE3YJbTATE CTOJKHOBEHHUSA CO CBO-
OOJIHBIM BJICKTPOHOM JIABHMHBI TIEepeliesl B BO30YKIEHHOE COCTOSTHUE
Ha OJHY W3 BHEIIHUX OopOuT. Bpems xu3HM BO30OYXKIACHHOTO COCTOS-
HHS atoMma f, BechMa Majo (£, (1107 ¢), n 1o WcTeueHnn MHTEpBaja

BpEMEHHU [l f, IEKTPOH C BHEUIHEW OpOWTHI BO3BPAILAETCS HA CBOIO

CTallMOHAPHYIO0 OpOUTY, Hcmyckas npu 3ToMm (oroH. Takoit ¢(oToH,
OyJly4H MOIJIOINIEH APYTUM HEUTPATbHBIM aTOMOM, MOKET MPUBECTH K
€ro MOHM3AIUH, T.€. K 00pa30BaHUIO MOJIOKUTEIBHOIO MOHA U CBO-
OO0JIHOTO AJIEKTpOHA (ITOT MpoIlecC HasbiBaeTCAd (HOTOMOHHU3AIIUECH).
Kak moka3pIBalOT OLEHOYHBIE PACUETHI, YUCIO BTOPUYHBIX SJIEKTPO-
HOB, KOTOPBIE€ MOSBATCS B OKPECTHOCTU Kal€lIbKH B PE3yJbTaTe JCH-
CTBUS MOZOGHOrO MeXaHM3Ma Ha paccTosHHH ~107 cu OT ee LmeHTpa,
oyner ~ 10%-10°. [Ipu BBIOpaHHBIX 3HAYEHHUAX BEJIIMYUH 3apsij Ha Ka-
mesbKe o abCOMIOTHOMN BemmauHe ~ 10 3apsI0B JIEKTpoHA. [ ero
Hefitpanmsaruu norpedyercs ~ 10* maum. Ho Tak Kak 0IHOBPEMEHHO
MOTYT CYIIeCTBOBATH ~ 107 1aBUH, TO BPeMsi CYIECTBOBAHHS Pa3psiia
B OKPECTHOCTH KalleJIbKu Ty Ha JBa MOPsIKa OOJbIIE XapaKTEPHOTO
BPEMEHHM Pa3BHTHS OJHON JTaBHHBI, KoTopoe ~ 107 ¢, T.e. T4 ~ 10™ c.
Takum o6pa3om, B TeueHUE BPEMEHHU Ty Karejabka OyJeT CBETUTHCS 3a
CUET TOpPSAILIEr0 B €€ OKPECTHOCTH KOPOHHOro paspsana. CeedeHHe
MHOKECTBA KarejeK U BocrpuauMaercs kak OCO.

Ha xanenbKy, SMUTUPOBAHHYI) HEYCTOMYMBOM 3apsyKEHHOU IO-
BEPXHOCTBIO )KUJIKOCTH, CO CTOPOHBI BHEIIHETO 3JIEKTPUUECKOTO OIS
E, Oyner neicTBoBaTh CUjia, paBHAs MPOU3BEICHHUIO 3aps/ia KaneabKu

g Ha HarnpspkeHHOCTh nons E;: g-E,. [lox gerictBuem 3ToM cuibl Ka-

nejabka OyleT YCKOPEHHO IBUTaThCs, YAAISSCh OT MOPOJUBIICH ee

MOBEPXHOCTH KUJKOCTH. XapaKTEepHbIN JIMHEHHBIA pazmep OCD on-

pEleNUTCs PacCTOSIHUEM, Ha KOTOPOE KallelbKa YJIETUT 10 3aBepliie-

HUS KOPOHHOTO paspsga B €€ okpecTHocTH. Ho, 4ToOBI HAMTH 3TO
12



paccTosiHue, HeOOXOAMMO YUeCTh, UTO KOPOHHBINA pa3psij 3a)KUTaeTCs
y TOBEPXHOCTH KameJbKH HE Cpa3y, KaK TOJIbKO OHa 0Opa3yercs, a
TOJIBKO TIOCJIE€ TOTO, KaK B OJMKaMIIEH OKPECTHOCTH KaleJdbKH TOs-
BUTCSl CBOOOJHBIN AJIEKTPOH WM OTPHULIATENIHLHBIA HMOH. 3HAYMUT, JJIS
OILICHKM XapaKTEPHOro JUHEUHOTO pazMepa OCD KpoMe XapaKTEpPHO-
ro BpeMEHH Ty HEOOXOIMMO y4YECTh M BpeMs 3aJIep>KKU Hadayia paspsi-
1a T,.

Bpewms 1, onpeaenurcs BEpOSTHOCTBIO CTOJIKHOBEHUS KallEIbKH C
OTpUIIATEILHBIM HOHOM. Kak MoKa3bIBalOT YMCJICHHBIE OIIEHKH,
T, >> Ty U XapaKTEepHbIN JUHEHHBIN pa3mep obiactu cBeueHuss OCO

6y,Z[€T mopsAaaKa paCCToOAHNUA, KOTOPOC HpOfII[GT AOYCPHAA KalICJIbKa BO
BHCIIHEM I10JIE EO A0 CTOJIKHOBCHHA C OTpULIATCIIBHBIM HMOHOM (I[O

3aKUTaHMUs] KOPOHHOTO pa3psiia B €€ OKPECTHOCTH).

BpeMms oT Havana IBMKEHUS NOYEPHEW KaIeNIbKU JO CTOJIKHOBE-
HUSI C OTPULIATEIIBHBIM MOHOM, T.€. BPEMS 3aJCPKKM Hayasa paspsia
T, ONPEIEIIUTCS. COOTHOILLIEHUEM

Toz(n-s-v)_l, (1)

raAc n — KOHOCHTPpAOUsA OTPULATCIIbHBIX MOHOB, V — CKOPOCTb ABUHIKC-
HHs KallICJIbKXM B MOMCHT CTOJIKHOBCHHA C MIOHOM, § — CCUCHHUC CTOJIK-

HOBEHMUS KaMEJIbKH C HOHOM: § = nRz, rae R — paccTosiHuE OT LEHTpa
KalneiabKu, Ha KOTOPOM COTJIACHO BBIIIECKA3aHHOMY JJIEKTPUYECKOE
MoJie ee 3apsijga g CIIoCOOHO OTOPBATh AIEKTPOH OT OTPUIIATEIIBHOTO
noHa. B (1) BelpaxkeHuEe B KPYyIJIbIX CKOOKax XapakTepHU3yeT KOoJIMue-
CTBO OTPHUIATENIBHBIX MOHOB BHYTPH IPAMOTIO KPYrOBOTO IHJIMHIPA
pagnycoM R U JUIMHOW, paBHOW PACCTOSIHUIO, MPOXOJUMOMY Karllelb-
KOW 3a CEeKyHIy BJIOJb TpaeKTopuu ee JBmxeHusi B E,. OOparHas k

(I’l -5 V) BC/IMYMHA KaK pa3 U ONPCACIIUT BPCMs OT HaYadla ABUKCHUSA

JNOYEPHEN KaleJIbKU 1O CTOJIKHOBEHUS C OTPULIATEIIbHBIM NOHOM.
OueHnM CKOPOCTh IBUKEHUS 3apsKEHHOM KalleJIbKi B MOMEHT €€
CTOJIKHOBEHUSI C OTPHIATEILHBIM HOHOM 110 popmyne v a- T, moa-

CTaBUM 3TO cooTHoIeHue B (1) 1 Haiinem

’Coz(n-s-a)_l/z,
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CrnenoBaTenbHO, pPacCTOSIHUE /, HA KOTOPOE KamesbKa yJIeTaeT 3a

3TO BpEMsi, IBUTASICh C YCKOPEHUEM d, MOKHO HAlTH 10 popmyJie
2  2ns

YToObI OnpeAeuTh XapakTepHbIi TuHelHbId pazmep OCD Bbipa-
3UM CEUYCHUE CTOJIKHOBEHHMS KaIleJIbKH C MOHOM § 4€pe3 XapaKTepH-
CTHUKHU KaIleJIbKU U HANPSKEHHOCTh AJIEKTPUUYECKOTO NoJist £, B KOTO-
POM HOH PaclaJaeTcs Ha SJIEKTPOH U HEUTPAJIbHBIN aTOM.

Kak yxe roBopuiioch, pu aTMOCHEpHOM JABJICHUU OTPUIIATEIb-
HBIA MOH PAaCIafacTCsl Ha JJIEKTPOH U HEUTPaJIbHBIM aTOM IPU ITOIA-
JIaHUU B T0JI€ HAanpsDKeHHOCThI0 £, 270 xB/cm. Takoe moie cymiect-

BYy€T BOKPYT JIOYEPHEU KalelibKHh, HECYIIEH 3apsii MOpsiAKa MpeIeiib-
)1/2

e 3
HOTO B CMBICIE KPUTEPUS YCTOMYMBOCTH, T.E. qz(16ncr , Ha

[ -2 3
paccTosHun R <3 E.“8MGr” 0T ee LeHTpa, U pajdyC CEYEHHUs CTOIK-
HOBEHUS KaIEJIbKU C OTPULIATEIbHBIM HOHOM OYJIET UMETh BUJL

R<E;'N$n'or (2)

Tenepb MO>KHO HAUTH PaCcCTOAHNUC, KOTOPOC KAIICIIbKa HpOﬁ,Z[GT 3a

BpeMs T,:
-1
[=E, (27tn\/ 8nor ) , (3)

Ipu =20 mxm, n=800 cy”, 6=70 Oun/cm IErKO HONYUUTH

[=20 cm. W3 (3) BUIHO, 4TO XapaKTEPHOE PACCTOSHUE [, KOTOPOE
MPOXOJIUT KameiabKa J0 CTOJKHOBEHHS C MOHOM, KOT/Ia TOSBIISIETCS
CBOOOJIHBIN AJIEKTPOH, CUJILHO 3aBUCUT OT pajuyca Karuik. Y>Ke IpH
r =10 mxm nosryuum [ = 60 cm.

N3 (3) BUAHO, YTO XapaKTEpHbIM JIMHEHHBIA pa3Mep CBECUYCHHS
OCD 00paTHO NPOMOPIIMOHATIEH KOHLIEHTPALIMK OTPULIATEIIBHO 3apsi-
KEHHBIX MOHOB B 00BeMe, 3aHsToM OCD. Brllie nonaydyeHHas 4uc-
JIEHHAs OIIEHKA HA MAaKCHUMaJIbHOE 3HAYEHUE XapaKTEPHOIO JIMHEHNHO-
ro pasmepa OCD /<1 m cipasemmBa b pu 7 =800 . Ectect-
BCHHO OXWAaTh, 4TO mpu 3axurannu OCD B UX OKPECTHOCTH
KOHIICHTpAIIMs OTPUIIATENIbHBIX MOHOB OyjaeT yBenuuuBaThca. B ca-
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MOM JieJie, COTJIaCHO BBIIIECKAa3aHHOMY B OKPECTHOCTH 00beMa, 3aHs-
toro OCD, UayT MHTCHCHUBHBIE IMPOIECCHI (POTOMOHHU3AIMN BO3TyXa
[25]. O6pazoBaBmiecss mpu 3TUX (POTOMOHUBAIMOHHBIX aKTaX JJIEK-
TPOHBI MPUIIUIIAIOT K HEUTPAIBHBIM aToMaM, 00pa3ys OTpUlIaTeIIbHbIE
noHbI. B utore ux xoHueHrpamus B oobeme OCD yBenu4mBaercs, a
XapaKTEPHBIM JHMHENHBbIA pasmep ! ymenbmaerca [ n . Ilostomy
HanboJiee 4acTo yIIOMHUHAaEMble HAOIIOAATEISIMU 3HAUEHUS [ COOTBET-

CTBYIOT BCET'O HECKOJIbKUM CaHTUMETpaM (B 62% onucanuii /<5 cm).

1.2. AeticTBHE 3A€KTPOCTATUYECKUX HEYCTOMUYHUBOCTEMN
Tonkca — @penkeara u KeabBuHa — I'eabmMroasna

HA 3apA>KEHHYIO I'PAHUILy ABYX CPEA

HaunOonbiue nuHeiHbie pa3mepsl U sipkocTh OCD UMEIT B BET-
PEHYIO (IIITOPMOBYIO) TOTO/ly. DTO OOCTOSTEIBCTBO MO3BOJISIET TIPEI-
MOJIOXKHUTh, YTO HAJIIMYKE BETPA CO3AaeT Oojee OJaronpusiTHbIE yCIO-
BUS 1 nosiBieHus OCD U 4TO ONPENENIEHHYIO POJb B 3TOM UTPaECT
HEeyCcTOMUYMBOCTh KenbBrHA — ['enbpMmrosbiia — HEYCTOMYMBOCTh T'pa-
HUILIBI pas3liefla ABYX HECMEIINBAIOMIMXCS JKUAKOCTEHW, MO KOTOPOM
IIPOXOAUT TaHT€HUMAIBHBIA pa3pbIB MOJI CKOpOCTEU. B 3TOM CBA3M
peACcTaBIseTCs 11eeco00pa3sHbIM PACCMOTPETh KOMOMHALIMIO 3a]1a4u
Toukca — @penkens ¢ 3agauent KenbBuHa — ['esibMroJibiia, Harrpumep,
B TOM BHJI€, KaK OHU U3JI0KEHBI B [26 — 27] COOTBETCTBEHHO, HO B 0O-
jee oOIel MocTaHOBKE, KOrga CKOPOCTh MOTOKA BO3JyXa HaJl 3aps-
KEHHON MOBEPXHOCTHIO KUJKOCTH SIBISIETCA MPOU3BOJIBHOW (PYHKIIU-
€ BPEMEHH, Ha KOTOPYIO HAJOKHUM JIMIIb OJHO OrPaHUYCHHE: €€
KBaJ[paT JIOJKEH pasznaratbes B psag Dypee. MiMes B BUAY JHIIL HC-
CJI€OBAaHHE KPUTHUYECKHX YCIIOBUM peaav3alid HEyCTOMYMBOCTH 3a-
PSXKEHHOW MOBEPXHOCTHU BOJIBI, HAJI KOTOPOU UMEETCA MapajlieIbHbIN
TPaHULIE pa3zesia NOTOK BO3/1yXa, OTPAHUYUMCS PACCMOTPEHUEM CITy-
qasi HEBSA3KOU KHIKOCTH.

BrlleckazanHoe pekpacHo o0bsicHseT oOpazoBanue OCO. Op-
Hako I oOpazoBanuss OCD HE0OXOAWMBI OYE€HBL OOJBIINE HaIps-
YKEHHOCTH JJIEKTPUYECKOTO TOJIs1, KOTOPbIE B MPUPOJIE CYIIECTBOBATH
HE MOTYT.

B cBsi3u ¢ aTUM OyJzieM pemiath 3aaq4y o0 YCTOMYMBOCTU TaHTEH-
IAAJIBHOTO Pa3pbiBa JIBYX HECMEIIMBAOIIUXCSA HUACATBHBIX KHUJKO-
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cTeu Pa3JINYHBIX IUIOTHOCTEU P U Py, KAKAAA U3 KOTOPBIX 3aIlOJIHACT

0JTyOECKOHEYHOE MPOCTPAHCTBO, a BEPXHSS JKUIKOCTH JTBUIKETCS C
IIEPEMEHHON BO BPEMEHU CKOPOCTBbIO U =U(t) NapajulesIbHO 3apsi-

KEHHOM C MOCTOSTHHOM MTOBEPXHOCTHOW IUIOTHOCTBHIO 3apsA/ia TPAHULIE
paszzaena cpen.

[IycTs mOTEHIMANIBI TIOJIEH CKOPOCTEW [IBMKEHUSA BEPXHEU W
HWKHEW sxuakocren ects W (r,) u W, (r,) coorBercTBeHHO. Torma

MareMaTtudeckas (GopMyJHUpOBKa 3aladyd 00 HCCIEIOBAHWU BPEMEH-
HOM SBOJIIONMHU aMIUIUTY/]l KaWJUIIPHBIX BOJIH B JICKAPTOBOM CHCTEME
KOOPJIMHAT, MJIOCKOCTh XOY KOTOPOH COBIAJAET ¢ HEBO3MYIIICHHON
rpaHullel paszzelna cpell, a ocb OZ HampaBlieHa BHU3, B HAlPaBJICHUU
JEUCTBUS CUJIBI TSXKECTH, UMEET BU]T

AY,=0; i=12 (1)

AY| =0 — ornocurcs k BepxHeil KHUAKOCTH,

AY, =0 — oTHOCUTBCS K HUKHEN KUIKOCTH.

[IpencrtaBuM MOTEHIMA CKOPOCTEH BOJHOBOTO JIBMXKEHUS KUI-
KOCTEM B BUJIE
BepxHel xuakoctu ¥V, =%, +%¥,, , (2)

HwxkHew xuakoctn ¥V, =%V, +'¥,, . (3)
[ToncraBuB Beipakenus (2), (3) B (1), monyuum ypaBHeHue Jlar-
naca, pa30MTOe Ha MOPSAKU MaJIOCTU

AY¥,, +A¥,, =0 5)

Pemum IMOCTABJICHHYIO 34/1a49y B HYJICBOM HpH6J’II/I}K€HI/II/I

A¥,, =0,

[TockoybKy JBH>KEHUE CTAIMOHAPHO (3aBUCHUT TOJIBKO OT X ), TO
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o _. Wy _

0.
x> ’ x> ’

M3 OTHOCHTEIILHOCTH BBIOOPA IMOTEHITHAA CIICAYET, YTO
VYo =4yx; Yo =Apx.
N3 HadaIbHBIX YCIOBUM UMEEM

grad¥, = grad (4yx)=U = 4y, =U = ¥, =Ux,

grad¥y,=0=¥,=0; A=0.
Torna

V,=Y, (7)
HOCKOHBKy JBHUKCHUC HOTCHHI/IaﬂBHO, TO

divgrad¥ =0 (8)
A¥y;=0; €))

Ik SR STO

x> 0z?

0. (10)

Ipumenum noacranosky W, =V (x)U(z), Torna Belpaskenue
(10) mpumeTt BUI

C U] LU=, an

8)6—2 0z
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1d*V 1 d2U_O
;ax2 +E aZZ I (12)

Pa3ouBas ypaBHenue (12) Ha 1Ba ypaBHEHHS U NIPUPaBHUBAS UX K
HYJII0, HAWJIEM WX PEIICHUSA:

V=Ce* +Ce™, U=Ce®+Ce™. (13)

9

Torna
W1 =(Ge™ + e ™) (e + Cpe ). (14)

HCXOI[H U3 TOro, 4TO UIICM PCHICHUA I'APMOHHUYCCKHUC 110 BPpEMC-
HHU NIMEEM

¥, = (Cle’kx + Cze_ikx)(QekZ + C4e‘kz )ei(ﬂf :

9

¥, :( Clei(kx+(ot) " Cze—i(kx—(ot))( C3ekz +C, e—kz).

N3 ycinoBus cyliecTBOBaHMS KoJieOaHHMI TOJIBKO BOJM3U TTOBEPX-
HOCTH JJIs1 HUJKHEN )KUAKOCTU C, =0, ISl BEpXHEN KUJIKOCTU C; =0

P, = (Clei(kx+0)t) + Cze—i(kx—mt))c3ekz .

9

P, = ( Clei(kx+(ot) + Cze—i(kx—(ot)) C4e—kz.

bynem paccmarpuBaTh BEHNIECTBEHHYIO 4acTh pelIeHHs. Buaum,
YTO PELICHHE OIMCHIBAET PACHPOCTPAHEHUE B NPOTUBOIIOJIOKHBIC
CTOPOHBI IBYX OJWUHAKOBBIX BOJIH. PaccMOTpUM OAHY U3 HUX:

ReW,, = C, cos (kx — ) Cye ™

IH
¥, = Acos (kx —wt)e” ;

>
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¥, = Beos (kx—ot)e ™ ;

b

IToncraBuB Beipaxkenus (15) B (6), (16) B (7) moayuum BbIpaxe-
HUS MMOTEHIIMAIOB CKOPOCTEH BOJIHOBOTO JBMIKEHUS BEPXHEH M HUXK-
HEel KUJKOCTH COOTBETCTBEHHO:

P, =Ux + Ae" cos (kx — wt); (17)

¥, = Be ™ cos (kx —wt). (18)

JUIs pellenys IIOCTaBIEHHOMN 3a]a4i HEOOX0IUMbI KHHEMATUYECKOE 1
JIUHAMMYECKOE TPAHMYHBIE yCIIOBUS.

BriBeZleM KHHEMATHMYECKOE TIPaHMYHOE ycinoBue. CMBICI 3TOrO
YCIIOBUSL 3aKJIIOYAETCS B TOM, YTO TOUKA, JIEKalas Ha TPaHMIE paszie-
J1a, HUKYJa ¢ DTOM IMOBEPXHOCTU HE MEpeMeNIaeTcs. B ciydae Manbix
KOJIe0aHUM I'paHULBl pasjela KHHEMATHYECKOE TPAHUYHOE YCIOBUE
MOJKET OBITh CBEJEHO K YCIOBHIO, IPY KOTOPOM HOpMajbHas COCTaB-
JIAIONAs BEKTOPA CKOPOCTH Ha MOBEPXHOCTU Pa3feNa COBIANAET CO
CKOPOCTBIO IEPEMENIECHUSA ITOM MOBEPXHOCTU B HAINPABICHUU CBOEU
HOpMasid. VIHBIMU CJIOBAMH, IIOJHAs [POU3BOJAHAS [0 BPEMEHHU ! OT
(yHKIMY, onMcHIBaOIIER ypaBHeHUe rpaHunbl pasaena (F(r;z)=0),

JOJIXKHA o6pa1uaTI>c;1 B HOJIb — KHHEMATHYCCKOC I'PAHUYIHOC YyCIIOBUC!

dF
PR (19)
F(r;t)=z-&; &=(xz). (20)
[ToncraBuMm (20) B ypaBuenue (19):
d
E[Z—F;(x,t):'=0,
dz Jd§ dx o

R Gl
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Torga nocne HECNOKHBIX MPEOOPa30BAHUN TOJIYUUM CIIEIYIOIIEe
BBIPAXKEHHUE:

dz ai.dx_aé_o

dt ox dt ot
dz_aﬁ.dx_l_a&
dt ox dt ot

Jlns HKHeH xumxocTu npousBonHas (dx/di=0) B cuy Toro,
YTO IO YCJIOBHIO 3aa41 HYUKHSS AKUJAKOCTh HEIMOJIBU)KHA, TOT1a

dz _d¥, dx _

=V ) -
dt Jdz  dt

9

dz ot

21)

Jls BepxHel skuakocT npoussoanas (dx/dt #0) paBHa ckopo-
CTH JIBUYKECHUS YACTHUI] BEPXHEU KUJIKOCTH, TOTIA

dh_, o dv

— =V ) -
dt oz ~ dt

9

d¥, :U8§+8§ |
dz ox ot

(22)

B cuny Toro 4ro pasHOCTb AaBICHHI C 00€MX CTOPOH KHUIKOCTH
HEe paBHa HyI0, (popmya Jlammaca mpumeT BUA

82
P, —-R =—0687§, (23)

rie P, — naBieHue B HIDKHEH KUIKOCTH BOIM3M rpanunel, ] — nas-
JIEHWE BEpXHEHN KUJKOCTH. 3anuiieM ypaBHenne HaBbe-CTokca
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aa—:+(VW)V=—¥+g, (24)

Ecnm packpbITh MO MpaBWiiaM BEKTOPHOTO aHaln3a IMPOU3BEICHHE
(VLV)v, TO ypaBHeHue (24) MOKHO IIEpEenucaTh B BUAEC

aa—:Jr%gmdvz —[vlrotv]= —pilgmdP+g (25)

u, mojacTaBuB B Hero V = grad‘\¥|, ypasuenue (25) MoKHO 3amucarh B
BUJIC

%gmd‘l’l + %graafv2 —[vlrotv]= —pLgraza’P1 + grad(gz). (26)
1

Tak Kak ABWKEHHE IMOTEHUIUAIBHO, TO rotv=0= virorv=0, u (26)
npeoOpasyercs K BULY:
Y, 1 1
grad% + Egraza’v2 +—gradP, + grad (gz)=0 (27)
P1

Brinecem grad 3a ckoOKy, Toraa

gmd{ﬁ+lv2+ip1 +gz}:0,

o 2 P
v, 1 |
a—tl+EV2+p_1])l+gZ:c+f(x).

HOJ'IBBYHCB IMPONU3BOJIBHOCTBIO BBI60pa IIOTCHIIMAaJIa, 3alIMIIICM

%+lv2+i}’l +gz=0,
a2 )

OTKYAa MOKHO IIOJIYYUTDb BBIPAKCHUC IS TABJICHUA BerHeﬁ KUAKO-
CTH:

o, 1
R=—p—t=—vp —pigz=0, (28)

rae [ — maBnenue BepXHEH )KHIKOCTH.
21



JlaBnenre HMKHEH XUAKOCTH [5 ecTh cyMMa JaBIICHUM DIIEK-

TPUYECKOTO TIOJI M JABJICHUS MO NUCKPUBIEHHOW ITOBEPXHOCTHIO.
Haiinem maBieHHE 3JIEKTPUYECKOTO IMOJIs, 00YCIOBICHHOTO TEM,
YTO IpaHUIIa pa3jesa Cpesl UMEET l'IOBerHOCTHYIO MJIOTHOCTH 3apsaa

G, JaBIEHUE djeKTpuueckoro mous P, =—4no ﬁ BBunay Toro uro
CKOPOCTb HM>KHEW KUJIKOCTH PaBHA v =0, BbIpakeHue (27) npumet

BUJI

Y,

+ Lgmcﬂ’z +grad(gz)=0
P2

0
grad
BBIHOCSI COOTHOIIICHHUE 32 CKOOKY

grad{a:—tz+pif’2+gz}20,
2

MOHO C TTOMOIIBI0O HECIIOKHBIX MPEOOPA30BAHUI MTOTYUHUTh BBIPAKE-
HUE [T TaBJICHUS HUKHEN KUJIKOCTH:

CASY +LP +gZ:0:>_8‘aI’2 +gz:—iP2:>

at pz { pZ

h=-— —2p, —p,gz —4nc7E, (29)

rje P, — JIaBJICHHE HIKHEHN )KUIKOCTH.
[TogctaBum Beipakenus (28) u (29) B dopmyny Jlammaca (23);
T.K. v2=[grad‘1’1]2 €CTh BEJIMUYMHA BTOPOTO TMOPSJIKA MaJIOCTH, TO

MO’KHO 3aIucarb v’ —[vl Uz] HITH [(V‘Pl)z—Uz] Ha rpanuue pas-

nena z=0, a & — OTKIIOHEHHE 10 z, Toraa rgz =rg&. Takum oOpazom,

OKOHYATCJIIbHOC BBIPAKCHHUC, OIIMCHLIBAKOIICC TUHAMHWYCCKOC I'PaHHY-
HOC YCJIOBHUC, BBITTIAAUT CJIICAYHOIIUM o6pa30M:

INCh SRR 2_ ¥, %
P o 2[(V\P1) UJ —-p1g&=p, kY +P2g§+47‘5§ 0‘ (30)
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3agaaumcs Teneph UEIbi0 BhIBECTH AU PepeHImaibHoe ypaBHe-
HUE, OMUCHIBAIOIICE BPEMEHHYIO IBOJIIOIUIO (B pe3ysbTaTe IeHCTBUS
JABJICHUS DJICKTPUYECKOTO MMOJS U TaHTCHIMAJIBHOTO pa3pbiBa MO
CKOpPOCTEM Ha rpaHule pa3fena cped) aMIUTUTyA (UKCHPOBAHHBIX
MO/ TETUIOBBIX KaIMJIISIPHBIX BOJIH.

[logcTaBuM B KMHEMaTHYeCcKOe rpaHuyHoe ycioBue (21) u (22)
BBIPAYKEHUS ISl TOTEHIIMAJIOB T0J1s ckopocTei (17), (18):

My _ Ae®kcos(kx—wt):
oz
N, =—Be “kcos(kx—ot);
0z
: M =xaU+Ae “wsin (kx — or)
ot ot
M, ~Be “osin (kx — wt)
ot
8& o5
Aekcos(kx—wt)=U=+=2
e“kcos(kx—wt)=U = - E (31)
—Be “@sin (kx—oot) = g—% _ (32)

Onpenenym Henus3BeCTHbIE KO3P(UIMEHTH A U B B BBIPAKEHUSIX
(31) u (32):

95 . 95 ag

A= 8x af . —B= at
kz ’ —kz . :
ek cos(kx — ot) e “wsin (kx — or)

CiienoBaTenbHO, BBIPAXKEHUS I MTOTEHIMAIOB MOJISI CKOPOCTEN
(17) u (18) mpuoOpeTaet BU/
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]

193¢
yp, =% 34
2= (34)

YureMm Terneph, YTO BO3MYIIEHUE T'PAHULIBI Pa3eiia, CBSI3aHHOE C
KallWUIAPHBIM BOJIHOBBIM JBH)KEHHEM, JOJDKHO WUMETh MEPUOIUYC-
CKUU BU;

&0 exp(ikx) . (35)

[Toncrasus (35) B (33), Hailnem

W = U+ Iliku@ aﬂ (36)
__ 13
=1 % (37)

e I — MHUMAas €AUHUILIA.
[ToncraBuM BeipakeHus (36) u (37) B TMHAMHUYECKOE TPAaHUYHOE
ycinosue (30), yuuThiBas, 4yTo
0° g _ K% ¥, 10% 0¥, oU .oU 0t 109%

o T a TRy Ut

(V¥,)’ =2U2kE + 2Uig—§,

Y B JJUHEWHOM 10 & TPUOIMKEHUH 3aIUIlIeM YPaBHEHHE

19%

0 L oU
kaz(p1+p2)+2ple §+plz§—+[g(p1—pz)—plek—4n62k+ockz]é:O.

ot ot

YMHOHB IOJTy4eHHOE BBILIE YPABHEHHE Ha k/(p, +p, ), IOIY4HM

UcKoMoe Tu(dhepeHInAIbHOE YPABHEHUE, ONTUCHIBAIOIIEE BPEMEHHYIO
HBOJTIOIUIO aMILTUTY]T KAMMWUISIPHBIX BOJIH, B BUJIE:
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2
37+2kpUzg—§+kpz—§+

k
+—[g(p1 —pz)—plek—4n02k+ock2]§=0; p—p— (38)

(P1+p2) (P1+p2)

[pu U(t)=U,=const ypasuenue (38) cTaHOBUTCSI OOBIKHOBEH-

HbIM TU(depeHIINATIBHBIM YPAaBHEHUEM C MOCTOSTHHBIMU KOA(uIu-
€HTaMHU, ONMHUCHIBAIOIIMM BPEMEHHYIO IBOJIIOLUIO aMILUIUTY[ KaIlu-
JSPHBIX BOJIH MPU peanu3aiuy HeyctonunBocTu KenpBuHa — ['ebM-
ronpla u Tonkca — @peHKens, U UMEET PELICHUE

£=E, Re{exp[ikp Uyt +itF"? (k)]} 5

F(k)=F(k,0,0,Uy,g,p1,P2) = )[g(pl —pz)—plek—4n62k+(xk2J§.

(1 +p2
(39)

Kputnyeckue ycinoBHUs HACTYIUICHUS OO€MX YMOMSIHYTBIX HEYC-
TOMYMBOCTEN OMPEACIISIIOTCS U3 TPEOOBAHUS MPOXOXKICHUS (QYHKIIUU
F (k) 4epe3 HOJNb M MOTYT OBITH HOXyYEHBI ITyT€M CTAHAAPTHOTO HC-

CJIEJOBAHHSI.

JIs KOHKpeTU3anuu JaJTbHEUIIIETO UCCICIOBAHUS 3a1aIUMCS OTI-
PELEIEHHBIM BUAOM 3aBUCHUMOCTH CKOPOCTH BEPXHEW Cpedbl OT BpeE-
MEHU, PUHUMAs

U=U,+ Z oSyt - (40)

IToncrapmnsis (40) B (38), mosmydum JJis XapaKTEPUCTUKUA BPEMEH-
HOM 2BOJIIOIMN aMIUIUTY/] KalMJIIIPHBIX BOJIH B ONHMCAHHOM CHCTEME
muddepeHImaIbHOe ypaBHEHUE C MEPEMEHHBIMU K03 (DUIIMEHTaMU.
JIsi OTBICKaHMSI €ro PElIeHUH MPOU3BEIAEM 3aMEHY HCKOMOM Iepe-
MEHHOM:
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§=§-exp[icb(t)], (41)

- .
D =—kp U0t+ZKU*js1nooOjt , (42)
j=1 0
, - | .
& =Cexp? —ikp U0t+ZaU*jsm(oojt : (43)
j=1 0]

B utore (38) npuBoauTCS K BUAY

82
a722;+F(k)2;—D(k)Ccos.((x)Ojt)+L(k)§cosz((1)0jt)=O, (44)
_ P1P2
D(k)=D(k,Uy,U,..py.p, =2k —2_UU, ., (45)
( ) ( 0 joF1 2) (p1+p2) 0~ *j
_ P1P2
L(k)=L(k,U, ..p,,p,)=k*—2_U, .. (46)
(k) ( s 2) (Pi+p2) 7

[TonyuuBiieecs: ypaBHEHUE C 3aBUCSIIMMU OT BpeMeHH K03 u-
[IMEHTaMH TIPH MPOM3BOJILHBIX, OTINYHBIX OT HYJIs, Uy U U, ; SBISET-

csl ypaBHeHHEM XWLJIa, KOTOPOE B 3aBUCHMOCTU OT COOTHOIIEHUS KO-
s¢uurentos F, D, L ¥ 4aCTOTHI @) ; MOKET UMETH JTUOO MapamMeTpy-

YECKU YCTOWYHUBBIE, JUOO TMAapaMETPUUYECKH HEYCTOWUYMBBIE, SKCIIO-
HEHIMAJIIBHO HApacCTalOlIUE CO BPEMEHEM pELICHUA. B Mcnonb30BaH-
HOM NPUONMKEHUM  WJCATbHOM  KUJKOCTH  MapaMeTpuyeckas
HEYCTOMYMBOCTh PEAU3YETCS MPU CKOJIb YTOJHO MaJON aMIUIUTYIE
MEPEMEHHON KOMITOHCHTBI CKOpOCTH U, ;. s peaqbHON KHUIAKOCTH

packayka mapaMeTpUuueCKOd HEYCTOMYMBOCTA HAYHETCSI C HEKOTOPOTO
MIOPOrOBOTO 3HAa4YeHUst U, ;, BEIUYMHA KOTOPOro OyIeT 3aBUCETh OT
JUTMHBI KalTWJUISIPHOM BOJIHBI M BA3KOCTEU Cpe/l.

B wactHOM cityvae, korna U, ; =U,, ypaBHeHHe (44) MOKHO MpH-

BECTHU K U3BECTHOMY YpaBHEHUIO Martbe-Xua:
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ERY A N
at +CF( ) CZk WUOZU*jCOS((DOjt)—i_

j=1

+{k? p?ff)z ZU2 cos? cooj =0. (47)

Bocnonbp30BaBIINCh U3BECTHLIM TPUTOHOMCTPHUYUCCKUM TOXKIACCT-
BOM

cos? oL = %(1 +cos20.),

ypaBHeHuUe (47) MOXKHO Tiepenucath B 00jiee IpOCTOM BUJIE:

a C., 2 Plpz E
+CF 2k U U. COS ®
at C.; ( ) C.; p1 2 0 0]

j=1

1,2 PPy N 1 2_PiPa
+—Ck"—2 ) U, . + U? cosZ (x) =0. (48)
2 (pl+pz); ! (P1+P2) Z o)

Ecimn U*j OAUMHAKOBO OJIs BCCX yacTen CIICKTpa, TO U*j MOKHO BBIHC-

CTH 3a 3HaK cyMMbI. Toraa (48) MOKHO MPEICTAaBUTH B BUJIE

ac+CF Zcos (DOJ +§ L(k +C L(k Zcos2 0)0] =0

ot P =

2%
7+z;[F(k)+o,sL(k)}[1—[F( APEIAT JZcos @)

0,5L(k N
[ +05L ]ZCOSZ W ] : (49)

Ecnu B ypaBHeHue (49) M0JIOKUTH
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9% wg; 9% U
wyt=jt; {=u; = ; k:Lk—O;
0 J C., 33 8t2 j2 atz ( ) ( )U*
603~ 4ea;
[F(k)+0,5L(k)]=—28; L(k)=—72,
J J
TO (49) MOXXHO 3amrcaTh B HOBBIX 0003HAYCHHX:
U N . C N\
8?-'_ 6+2820082(]t) u—2u28kcos2(ﬂ)—0, (50)

J=1 J=1

rae A=4U,/U,.
m
Ecnu B ypaBHeHuu (50) B BeIpak€HUH ZeZcosz( Jjt) OTpaHUYUTH
j=1
PAl IEPBBIM WIEHOM, Torja ypaBHeHue (50) npumer BuA
0’ N :
a?+[8+2£cos2t]u—2u28kicos2(ﬂ)=0; (51)
j=1
€ — MaJblil MapaMeTp, Mo KOTOPOMY ITPOBOJMUIIOCH Pa3jI0KEHHUE ypaB-
HeHud (51) ¢ coxpaHEHHEM ciaraeéMbiX BIUIOTh O YETBEPTOTO MOPSI-
ka Majoctd. [lapamerp & XapakTepHu3yeT 4acTOTy KalMIISIPHBIX KO-
nebanuit. YpaBuenue (51) npenacrapisieT coooi MOAUPUIIIPOBAHHOE
ypaBHeHHEe Martbe-Xumia U B 3aBUCUMOCTH OT COOTHOIIEHUSI BEJIU-
9uH KOA()PUIIMEHTOB &, €, U A MOXET UMETh JTUOO MapaMeTpUIeCKu
yCTOWYMBBIE, JIMOO MapaMeTPUYECKH HEYCTOWYMBBIC, SKCIIOHEHIIU-
albHO HApacTalOUIME CO BpEMEHEeM pelieHud. B dacTHoM ciydae
Uy=0 (A=0) ypaBHeHue (51) nepexonut B ypaBHeHue Matbe. I'pa-

HUIIBl YCTOMYUBBIX U HEYCTOMYMBBIX PEUICHUI Ha TIOCKOCTH Oe3pas-
MEpHBIX IapamMeTpoB (03e) SBIAIOTCA COOCTBEHHBIMU (DYHKIUSAMHU

ypaBHeHus (51). Jlaxxe B yacTHOM ciydae, koraa (51) cBoguTcs k
OOBIYHOMY ypaBHEHHIO Matbe, 5TH (PYHKIIMU HE BBIPAXKAIOTCS yepe3
3JIEMEHTapHBIE U U3BECTHBI, Kak (pyHKINU Matbe: Ce, (&,t), Se,(&,t).

[Ipumensist k ypaBHeHuto (51) cranaapTHYIO OpOLEAYpPY Pasiio-
KEHHS 110 MaJoOMy MapameTpy €, METOJOM PACTSHYTHIX MapaMeTpOB
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MOXHO TIOJYy4YUTh COOCTBEHHBbIE (PYHKIMM ypaBHeHMs (51), a Takxke
paccuuTaTh MX IS KaXKJIOW OTACIBHO BBIOPAHHOW TapMOHHMKH W3
CYMMBI B ITOCJIeAHEM ciaraeMoM (51).

[Tonoxxum B ypaBHeHuu (51) m=4, mapameTrp A;, BXOASUIUN B
ypaBHeHue (51), — 6e3pa3MepHblid MapaMeTp, YUCIOBOE 3HAYEHUE KO-
TOPOTO MOKET ObITh MOJIOKUTEIIBHBIM, OTPUIATEIbHBIM WJIH PaBHBIM
HYJI1O0, IapameTp el 1.

Hcnons3ys METOJT pacTSHYTHIX apaMeTPOB, MOJYYUM COOCTBEH-
Hble 3HaueHus QyHkuui Ce,(e,r) U Se,(e,r), ONPEHEIAIOIIUE IEepe-

XOJIHbI€ KPUBBIE, JIENSIINE IUIOCKOCTh & — € Ha 00JIACTH yCTOMYMBBIX
Y HEYCTOMYMBBIX pelieHuil ypasHenusd (51). s atoro 3anuiiem pas-
HOMEPHO IIPUTOJHOE PA3I0KEHNUE B BUJIE

E(t,e) =8 () +E (t)e+E, (1)e® +&; (1) +E4(£)e +...,

S=n"+8£+8,6> +8,8 +5,8" +... (52)

[Toncrapnsis Beipaxenue (52) B (51) u npupaBHUBaAs HYJIIO KO3(-
GUIMEHTHI TIPU MOCIEOBATEIBHBIX CTENEHIX €, MOJy4aeM CUCTEMY
mudpepeHImaIbHbIX YPaBHEHUN BUA:

e &, +Emn* =0;

e & +En" =-E8, — 28, cos(2t) +2u,E, cos (¢) + 2, cos(2¢) +
+2U5E cos(3t) + 2,8 cos (41) ;

e &, +Emt =08, —£,8, — 2&, cos(2t) +2u,E; cos (1) + 2u,E, cos(2¢) +
+21,8, cos(3¢) +2p,E, cos(4t) ;

e &y +Emnt =-E8, — &5, —&,8, — 2&, cos(2¢) + 2u,E, cos (¢)+21,&, cos(2t) +

+21,8, cos (31) + 21,8, cos(4¢);
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et E et = —E004 =105 —&,8, —E38, —2&; cos(21) + 2,5 cos(2) +

+21,E5 cos(2¢) + 21,E 5 cos(3¢) + 2p,E; cos (4¢) . (53)

Pemenne cucrembl nuddepeHunanbHbIx ypaBHeHH (53) mact
HCKOMBIE COOCTBEHHbIE 3HaueHUs1 QyHKUUN Ce,(e,t) U Se,(e,t), ONU-

CBIBAIOLINX XAPAKTEPUCTUUECKUE KPUBBIC, KOTOPBIE SBIISKOTCS TPAHU-
1aMH 00JIacTel YCTOMYMBBIX M HEYCTOWYMBBIX PEIICHUM ypaBHEHUS

(51).
OO6miee penieHre ypaBHEHHUS HYJIEBOrO Mopsiika B cucteme (53),
MO>KHO 3aIHCaTh B CIEAYIOIIEM BHUJIE:

&, =cos(nt)+sin(nt). (54)

N3 BeipaxkeHus (54) sicHo, uto pyHKIUA &, ABISIETCS MEpUOIUYE-

CKOM € MEPHOAOM T, €CIIM n YETHO, U C MEPUOJIOM 27, €CIIU n HeueT-
HO.
O06o03HaYNM cOOCTBEHHbIE 3HaUeHUs QyHKUUN Ce,(g,f) U Se, (&,?)

COOTBETCTBEHHO @, W b,, TOTJA 3aMMIIEM BBICIIME HPUOIUKEHUS B
cnyvasix n=0, 1 u 2:

1 W Mg 14 14
ay = —5—2M12+H2—%—%—%}82+[—3H12+3H12M2— L;1”3+ “152“3+

L3 3ol 3oy I3y || 7 2007 T Tw, | 40MM, |
16 8 16 18 28 9 2 32 9

L2109 20005 7wy Tw5 15wy 10uiMs  ISwopy  ISppons  15u5
64 9 32 128 8 9 4 4 225

CSHMS  104pSpy  S2uons  TWS | OSMiM,  65WiHi, | 383w,
18 225 25 1458 72 7 300

_ 383uko151, + 55031, _ 55U M, _ 513 _ 17013 + Sk, _ SH3M; _
300 216 216 144 225 72 144
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_25u35 L TW |4 (55)
441 8192 | °

2 2 2 2
al:1+[—1+uz]g{_%+5ﬂ+“_z_&_2m_2ﬁ+M 2a 2%

3 4 8 3 5 4 4 6

S 1200 3w, 120w, 3w o 8Oy 86wl 165 16u5H,
64 36 64 36 64 64 45 45 225 225

Mg TR Mg MOW, 3T, SMSM, L WG SMAM, | s
48 36 24 48 90 36 144 144

S 1, 62330 763u) Wy 6233wip, Wy 6233wy Wy Wy
1536 2880 216 384 1440 256 2880 384 1536

LA84TI,  158WL  484Tuos 48440, | 4111305 Iy
2400 135 1200 2400 100800 150

LAUL3WNS 411130005 | 200up3 | 83p5  Sp,  A5Tuai | 45Tngni
50400 100800 1350 2000 1152 360 360

SN SHD 123y | 123Mola, 22763045 | 2276305
384 1152 70 70 50400 50400

J25M5 25wG 25ppni 25wong 19Twugug  1499upg
2304 1008 2304 2520 2520 32400

3 3 4
_ Uy +5M2H4 +11M4 e (56)
576 576 4320
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2 2 2 2
bl =1+[1—H2]€+ _l_u_l+ﬁ_ﬁ+%_“_3_ﬁ+%_& 82 +
3 4 8 3 5 4 4 6

G TuE 3 ey 3ur Wy Vs Tlwpops 16p5  1605M,
64 36 64 36 64 64 45 45 225 225

Mg THM MM PSM, 29SS, SWG L SWan, | s
48 36 24 48 90 36 144 144

2 4 2 2 2.2 3 4
Lo b 20 Sy Wy 217MiM, WG 217K W Wy
1536 2880 384 384 1440 256 2880 384 1536

JSIRy 17w STy STgpops 1795 97uns 17950,
800 135 400 800 33600 450 16800

179ws 2093 833 S, Aluilg  Sioly | 4IMoM, 41,
33600 1350 2000 1152 360 384 360 384

JSHaMe SHoly | S3upait,  S3upolaiy 1387050, 1387Mousp, | 2505
384 1152 350 350 50400 50400 2304

_OTWPMG  25ppnG  25u3MG  323pMing  SSOMMG | SMG  Smouj
720 1152 2304 2520 32400 576 576

4
+11M4 j|84; (57)
4320

2 2 2 2
a2=4+[u4]e+{i+2“1 _OMp  OWp | MM | 2K WG o

12 15 6 12 3 7 32
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S 3 3Mufiy Gl Ol B3 o3 121w 64uin,
9 90 315 315 18 18 576 225

20, 120050, 937w, 64WSW, MG |5 | 763 S8up
288 576 2520 441 1034 13824 1576

4334 L7630, 116pp,  763u3 s 58uiu; s 7633 763u;  223wu;
13500 3456 1575 2304 1575 3456 13824 1440

360w 223wl 223Wpon; 74605 245905 | 149205,
4725 720 1440 3969 12600 3969

_746u5p3  205p5w, 14305 | 182997 18299u,o07 | 5391 I,
3969 1323 3430 50400 50400 105840

53911y sty + 53u3M, _ 531,M3 1, + 62330 + 233u7u; _ 6233115 +

105840 280 280 184320 6300 92160
62330305 | 41910pgs | 2561u50E g | . (58)
184320 627200 97020 98304

by=4+n,le+ B S T T 0 T 'y FER B U/
i ! 215 6 12 3 71 3 90

190, 103wy | 103y | S Mols L Ti | G4, Mo, |
90 315 315 18 18 576 225 288

JTHol, 937w, | 6TMIM WG |5 |5 142wy 3174
576 2520 441 1034 13824 1576 13500
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CSwp 284wy Suy 142uh Swy L Sy 19w
3456 1575 2304 1575 3456 13824 288

LOOMS | 1Owoly  19pons 2205 285IpMs  44pous  22p0u5
4725 144 288 19845 12600 19845 19845

L2055 14305 | T30 T30l | 56461, | S646T ML, |
1323 3430 5600 5600 529200 529200

2l 120wpsp, 21705 233p0G 21705 2170505

5040 5040 184320 6300 92160 184320
4191 0wpany  2561usug  py | 4
- 3 (59)
627200 97020 98304

Breipaxxenus (55), (56), (57), (58), (59) npeacTaBisioT co0oii 00-
i BuJ QyHKUMA a, U b, nipu n=0, 1, 2 ayug ypasaenus (51). Ips-
Masl b, JISKAT HA OCH 3HAYCHUHN O M YXOIUT B —o. ECIU BBIpaxeHUe
(51) cnenate nUCKpeTHBIM MO j, Toraa BeipaxkeHus (55), (56), (57),

(58), (59) Oynyr omnuchiBaThb COOCTBEHHBIC 3HAUY€HUS (QYHKIUN
Ce,(&,t) 1 Se,(e,t) U1 ypaBHEHUI BUJA

2
88_121 +[8+ 2ecos 2t |u —2uel, cos2t =0, (60)
t
o’
a—2+[8+2(1—7\.z)ecos2t]u=0, (61)
t
0l
=7 +[8+ 2ecos2t|u—2uek; cos3r =0, (62)
t
0’1
a—2+[6+280052t]u—2u87»4 cosdt=0. (63)
t
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Hns ypaBuenuii (60), (61), (62), (63) coOCTBEeHHbIE 3HAYCHHS
(GYHKIHI JIETKO MOJYYHUTh MOCJICIYIOMIUM PUPAaBHUBAHUEM K HYJIIO B
(55), (56), (57), (58), (59) mapameTpoB A, A,, A;, Ay, HE BXOJISIINX B
ncxogHoe ypaBHeHue. Hampumep, mis ypaBuenus (60) coOCTBEeHHOE
3HaUYC€HUE QYHKIHMH q, OYJIeT BHIMISACTh CICAYIOIINM 00pa30M:

R T 27a | T 200 A | 4

Ecnu B ypaBHeHuu (51) mapamerp A, (U, =0) NOJI0KUTh PaBHBIM
HyJ0 (W, =0), TOrAa OHO IEPEXOIUT B KIIACCUYECKOe ypaBHeHHe Ma-
ThE:

0’
a?+[6+28cos2t]u=0 (65)
1 coOCTBEHHbIE 3HaueHMs1 QyHKuuil Ce,(e,t) U Se,(e,r) OyAyT COOT-
BETCTBOBATh COOCTBEHHBIM 3Ha4eHUAM (pyHKIMI Matse:

1 o 7 4 4.

1 1
a =l+e+—g’——¢

ag=——¢€ +——¢"; +——£7;
2 128 8 64 1536
b1=1—€—l£2+L83—L84; a, = +i 2—7—6384;
64 1536 12 13824
b, =4—L82 +L£4. (66)
12 13824

Ha puc. 1 — 4 u3o0pakeHbl rpaHuIbl, pa3aestomue o01acTi yc-
TOMYMBBIX U HEYCTOWYMBBIX pelieHui ypaBHeHud (51), paccuntanHbie
IUIA cilyyYasl, KOT1a OTJIWYHBI OT HYJA aMIUIUTYIbI TOJIBKO IIEPBBIX 4e-
TBIPEX TapMOHUK C U, ;>0 W KOrJa HEeHYJICBOH BKJIAl B YypaBHCHHUC

JaeT KaKaas U3 3TUX TapMOHUK B OTJeIbHOCTH. Ha Tex ke pucyHkax
JUTsl CpaBHEHUS U300paKEeHbI TPaHUIbI 00J1aCTe YCTOMYMBBIX U HEYC-
TOMYUBBIX PEIICHUH 171 KJIaCCHYECKOro ypaBHeHHs Matwe (U, =0).
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I8 1 1 31313 I3 525 7 Fi] :,rl 4

Puc. 1. I panuywvt 301 Heycmouuugocmu 8 nJ10CKOCMuU napamempos o
u € 014 ypasHenus (52) u nepsvix uemvlpex 2apMOHUK
nepemenHo20 6HeulHe2o 8o30eticmaus npu =1

& g32If1522 .. 25 g i9

3

r{

Puc. 2. 3asucumocmu, ananocuunsie puc. 1, npu e =0,1,2, u=3
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Puc. 3. 3asucumocmu, ananozuunvie puc.1, 2 npu 8> =0, 1, 2, u=7

3aBUCHUMOCTA Ha PHUC. 5 AHAJIOTWYHBI NPUBEJACHHBIM Ha pucC.4,
M300paKarOT HYJIEBYIO 30HY HEYCTOWYHMBOCTH, HO B 0ojiee yJA00HOM
Macmrabde. Korga 3HadeHus MOCTOSHHON M IIEPEMEHHOM COCTaBIIAIO-
o€l KOMIIOHEHT CKOpOCTM paBHbl JApyr apyry (U,=U, s
U, =U,,=U;=U,=U,) 001aCTH yCTOWYUBBIX U HEYCTOMYMUBBIX pE-
nmeHut ypasaeHus (51) nepopMupyroTces o CpaBHEHHUIO C COOTBETCT-
BYIOIIIUMHU O0JIACTSIMU ypaBHEHUs1 Mathe.

s Bropoit rapmonuku (j=2; U,,=U,; U, =U,;=U,=0) H
TOJBKO I HEC IMPHUBEICHHBIN aHalN3 BBIABUI "HCUYE3HOBEHHE" 00-
JacTe HEYCTOMYMBOCTH MPH JTIOOBIX 3HAYEHUSIX IapaMeTpoB O, €.

OTH 00J1aCTH BRIPOKIAIOTCS B MpsiMble, a ypaBHeHue (51) tpancdop-
MHUPYETCSl B 00BIYHOE YpaBHEHNE TAPMOHUYECKUX KOJICOaAHU:

2

o’
—— +ud=0 67
R (67)

Ero PCIICHUC ITPCACTABIISICTCS B BUIC
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u=_C cos(\/g-t)+Czsin(\/g-t) (68)

BeposiTHO, TIpy paBEHCTBE CKOPOCTEN HACTYIAET CTAOMIIM3ALIMS HEYC-
toruuBocTer KenbBuHa — I'enpmroinbia u Tonkca — @peHkens, 4To, B
CBOIO OuY€pe/lb, MPUBOJUT K CTAOMIM3ALMK TPAHUIILI pa3jiesa, paciiu-
psig 00J1aCTH 3HAYECHUI MApaMeTPOB & U €, B KOTOPOM OHA YCTOWYMBA.
Ha puc. 1 nmepexoHbie KpUBbIC, ONPENCIAIOIINE TPAHUIBI YCTOW-
YUBBIX U HEYCTOMYMBBIX pelieHuid ypaBHeHus (51), mpeactaBiieHbI
CJIEIYIOLIEN HyMEepaue:
ypaBHEHUIO (52) COOTBETCTBYIOT KpuBbI€ 1 — 5; KpuBas 1 — omnpe-
JieNseT MPaBylo TPAHUIYY 30HBI HEYCTOMYMBOCTH mpH &2 =0, JeBas
IPAHUIIA HAXOJUTCS HA —oo ; KpUBasA 2 JIEBYIO FPAHUILY 30HBI HEYCTOM-
qUBOCTH TIpH 82 =1; KpHBas 3 — MPaBYIO TPAHUILY 30HBI HEYCTOMHH-
BOCTH TIpH 8"2 =1; KpHBast 4 — JIeBYIO TPAHMUILY 30HBI HEYCTOHUHBOCTH
npu 82 =4; KpUBas 5 — NPaBYIO IPAHMILY 30HBI HEYCTONYUBOCTH IIPH
82 =4,
13

N

Puc. 4. 3asucumocmu, ananocuunsle puc. 1, 2, 3
npu 82=0,1, 2, p=20
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IlepBoii rapmonuke (U,,=U,; U,,=U,;=U,,=0) NEPEMEHHOTO
BHEIIIHETO BO3JICVCTBUSI COOTBETCTBYIOT KpuBble 6 — 10; xpuBas 6 —
COOTBETCTBYET IIPaBOii IPaHMIIC 30HBI HEYCTOHYMBOCTU TpH 82 =0,
JeBasi TpaHUIlA HaXOJUTCS HA —oo; KpHUBAsi 7 — JICBOM T'paHUIIC 30HBI
HEyCTOWYHBOCTH TIpH "2 =1; KprBas 8 — IpaBoii rpaHHIIe 30HBI HEYC-
ToitanBOCTH TpH 8'2 =1; KpuBas 9 — JIEBOH IpaHHUIE 30HBI HEYCTOM-
quBOCTH TIpu 8% =4; kpuBast 10 — npaBoil rpaHHIIE 30HBI HEYCTOHH-
BoCTH 1pH 82 = 4.

Bropoit rapmonuke (U,,=U,; U, =U,;=U,,=0) TIEPEMEHHOIO
BHEIIITHETO BO3JECHUCTBUSI COOTBETCTBYIOT KpuBbie 11 — 15: kpuBas 11 —
COOTBETCTBYET IIPaBOii I'PaHMIIC 30HBI HEYCTOHYMBOCTU TpH 82 =0,
JieBasi TPaHUIIA HAXOJUTCSA HA —oo ; KpHUBas 12 — JIEBOM rpaHUIE 30HBI
HeyCcTOHUHBOCTH npH "2 =1; KpuBas 13 — mpaBoif rpaHHIIe 30HBI He-
ycroitunBocty mpu 8"2 =1; kpuBast 14 — 1eBoif TpaHMIE 30HBI HEyC-
ToitamBoCcTH TIpH 8/% =4; KkpHBas 15 — MpaBoii rpaHHIE 30HBI HEyC-
ToitauBOCTH TIpH 82 =4.

Tperbeii rapmonuke (U,;=U,; U, =U,,=U,,=0) NEPEMEHHOTO
BHEIIIHETO BO3JECHCTBUSI COOTBETCTBYIOT KpuBbie 16 — 20: kpuBas 16 —
COOTBETCTBYET IIPaBOii IPaHMIIC 30HBI HEYCTOIHYMBOCTU TpH 82 =0,
JieBasi TPaHUIIA HAXOJUTCS HA —oo ; KpHUBas 17 — JIEBOM rpaHUIE 30HBI
HeycToiunBocTH npu 872 =1; kpuBas 18-TpaBoii TpaHMIE 30HBI HEyC-
ToitamBocTH TIpH 872 =1; KpHBast 19 — JIeBoi TpaHMIE 30HEI HEYCTOM-
quBOCTH TIpu 8% = 4; kpuBast 20 — NPaBoil IPaHHIIE 30HBI HEYCTOHH-
BoCTH mpH 82 = 4.

Yerseproit rapmonuke (U,, =U,; U, =U,, =U,; =0) E€pEeMEHHO-
0 BHEIIHETO BO3JIEMCTBHS COOTBETCTBYIOT KpuBbie 21 — 25: kpuBas
21 — COOTBETCTBYeT MPAaBOM TPaHUIIE 30HBI HEYCTOMYMBOCTH IIPHU
§8Y2 =0, neBas rpaHMIA HAXOMUTCS HA —oo ; KPHBAS 22 — JIEBOI IPaHH-
e 30HBI HeycToitamBocTH mpu 872 =1; KpuBas 23-TpaBoil TpaHMIE
30HBI HEYCTOHYIMBOCTH IpH 8”2 =1; kKpuBast 24 — JIEBO¥ TPAHHUIIE 30HbI
HEYCTOMYHBOCTH IIpH "2 =4; KpuBas 25-IpaBoil 'paHMIIE 30HBI HEYC-
ToitauBOCTH NI 8"2 =4.

W3 pucyHKOB BHIHO, YTO TIO MEPE YMEHBIIICHUS YUCIEHHOTO 3Ha-
yeHus mapamerpa U,; pa3sMep 30HbI ITApaAMETPUYECKON CTaOUIH3aAIMH

HeycTonunBocTe Tonkca — ®@penkensa u KenbBuHa — ['enbMrosibia
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uist ypaBHeHud (51) yMeHbIIaeTcsi U MOCTENEeHHO ucueszaeT. [locTpo-
CHHBIC Ha OJTHOM Tpaduke 00JaCTH HEYCTOMUMUBBIX PEIICHUHN I Ka-
XKIOM U3 TIEPBBIX YETHIPEX TAPMOHMK MEPEKPBIBAIOT APYT Apyra, 00-
pasys MHOTOCBSI3HYIO 00JacTh HeycToluuBocTH. [Ipum moctpoeHuu
oOjacTel CyIIECTBOBAHHUS YCTOWYMBBIX U HEYCTOWYMBBHIX PEIICHUIM
(COOTBETCTBYIOIIUX OTAEIbHBIM TapMOHHUKAM B CYMME IOCJIETHETO
cinaraemoro B (51)) ObuIO MOAMEUEHO, UTO IUIOLIA]b MapaMeTpuye-
CKOM cTaOMIM3aiuy KoMOMHauM HeycTonunBocTe Tonkca — Open-
kens u KenbBuHa — ['enbMrosiblia yBEJIMUMUBAETCS C YMEHBIICHHEM
YHCIICHHOTO 3HAYEHHUs lapaMerpa U, ; ¥ HOMEpa rapMOHUKH j , YTO, B

CBOIO OYEPE/Ib, IPEJICTABJIEHO HA PUC. S TIPU L ;=20.
F

21

3

] N - L} = - —

-4 -2 2 4 6 &

Puc. 5. Obracmu napamempuueckoti cmabunuzayuu ypasrenus (52)
U 2APMOHUK NePeMeHHO20 BHeulHe20 8o30elicmaus npu | =20

ITo Mepe yBenu4eHUst IOCTOSIHHOW KOMIIOHEHTBI CKOPOCTU BEPX-
Heit cpenbl U,y (yMeHblIeHUs U, ;), TIEPEXO/IHBIE KPHUBbBIE, PACCUMTAH-

HBIE JJI OTACJIbHBIX TAPMOHHUK CyMMBI B (51), 00pa3yroT MHOTOCBS3-
HYI0 00JIacTh HEYCTOMUYMUBOCTH U, MEPEKPHIBASI COCETHUE 30HBI HEYC-
TOMYMBOCTH, TPHUBOAAT K PACHIMPEHHIO 00JacTh  3HAYCHUH
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apaMeTpoB & U €, B KOTOPBIX TpaHUIIA pa3jena HeycTonuuBa. Kpome
TOTO, yBenuueHue U, (yMeHbIICHHE U, ;) NPUBOAUT K OTPAHMICHHUIO

CBEpXY UMCJIECHHBIX 3HaYEHUH MapaMeTpa € Ui 00JacTH MmapameTpH-
yeckor crabmimsauuu npu 6=0. [Ipu U, <U, obiacts napamerpuye-

CKOM crabuinzanuu He oOpaszyercs. Hamuuume mepeMeHHBIX KOMIIO-
HEHT CKOPOCTH U,; NECTaOWIU3UPYET TPAHHUIly pasjesia, pacuiupsis

00JlacTh 3HAYECHUI MapaMeTpoB & U €, B KOTOPOM rpaHulla paszjeia
cped HEyCTOMYMBA.

Urak, Hamnune N3MEHSIOMMNXCA BO BPEMEHU COCTABIISIOIIAX CKO-
pocTtu U,; NBUKEHHS BEPXHEW CPE/bl MPUBOIAUT K 00pa3s0OBaHMIO 00-

JACTU TapaMeTPUUECKON CTaOWIM3aIud KOMOWHAIIMKM HEYCTOMYMBO-
crei Tonkca — ®Openkens u KenbBrHa — ['enbMronsia ypaBHECHUS
(51) (cm. puc 1) npu U, 2U,,. Obnactb napameTpuuecKkon crabunmza-

UM XapaKTepU3yeTCsl OINpeEICHHBIMU NpeJelaMd U3MEHEHUs apa-
metpa U, /U, ; , @ AIMEHHO

O.8<&<2.5_
*J

B 5TOM uHTEpBasie YHCIEHHBIX 3HAYECHUM Iapamerpa U, /U* jo

KpOME MapamMeTpUyYecKOW CTaOWIN3aluy, HaOMIOJAeTCs U pacuIupe-
HUE T€OMETPUUYECKOT0 MECTa TOYEK, MPU KOTOPBIX peaau3yercs napa-
MEeTpUYEeCKass HEyCTOMYMBOCTh. Tak, rpaHuila HyJeBOW 00JacTH Ta-
paMeTpUYeCcKO HEYCTOMYMBOCTH, 3aru0asch BIIPaBO, NEPEKPHIBAET
COCE/IHHE 30Hbl HEYCTOWMUYMBBIX pelieHuil ypaBHeHus (51), oOpasys
MHOTOCBSI3HYIO 00JIaCTh HEYCTOMYMBOCTH, OTpaHUYMBAsi CBEPXY 3Ha-
YEeHUs IapaMmeTpa €, MPU KOTOPBIX peleHus: ypaBHeHus (51) ycToii-
YUBBI.

[Ipn paccMOTpeHUM OTAENBHBIX TAPMOHUK MEPEMEHHOTIO BHENI-
HEro BO3JEHCTBHUS MapameTpuueckas cradbwimsanus npu U, >U, He

umeeT Mecta (puc. 1). Ilapamerpuueckas cTaOuIu3aIys A OTACIIb-
HBIX TapPMOHUK IEPEMEHHOI0 BHEIIHEr0 BO3JACHCTBHUS pPeAU3yeTCs
TOJIBKO TIpu ycioBuu U, <U, (puc. 4). Ilpu U, <U, u ¢ pOCTOM YHC-

JICHHOI'O 3HAYCHMU:A IIapaMETpa 7“]’ 30HbI CYICCTBOBAHUA HCYCTOI\/JI‘II/I-

BBIX pCIHGHI/Iﬁ OTACJIbHBIX T'apMOHHK IICPCMCHHOI'O BHCIIHCTO BO3-
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NEUCTBUS TIEPEKPBIBAIOTCS HYJIEBBIMUA 30HAMHU HEYCTONYMBOCTH, 00-
pasysi MHOTOCBSI3HBIE 30HBI HEYCTOMYMBBIX pelieHuil. Takum oOpa-
30M, YBEJIMUMBAIOTCS pa3Mepbl 00JaCTH YUCICHHBIX 3HAUYCHHUM mapa-
METPOB & U €, IPU KOTOPBIX pelIeHUs ypaBHEHU Martbe-Xuiuia cra-
HOBSITCS HEYCTOMYMBBIMU. [ €OMETPUUECKOE MECTO TOUEK, COOTBETCT-
BYIOIIKUX IMapaM YuCeNl & U €, HAJl TPAHUYHOU KPUBOM HYJIEBOMU 30HBI
JUTsl TIEPBOM TApMOHUKHU B KOTOPOM JI0OOM TMape 3HAYeHU & U € CO-
OTBETCTBYIOT HEYCTOWYMBBIC pEIICHUs, OyJeT MaKCUMAaJIbHO OO0JIb-
MM TI0 CPaBHEHUIO C 0oJiee BHICOKMMHU TrapMoHHKamu. COOTBETCT-
BYIOII[asi 00J1aCTh OyAET YMEHBIIATHCA C POCTOM YaCTOTHI.

N3 puc. 4 u 5 BUgHO, 9TO 00JACTH ITApaMETPHUICCKOM CTaOMIIH3a-
M1 KoMOmHanuu HeycToumBocTter Tonkca — ®penkens u KenbBu-
Ha — ['eIbMroyiblla YpaBHEHUM, COAEPKAIINX OMUCHIBAIOIIUX OTIECIb-
HbIC TAPMOHUKHN MIEPEMEHHOTO BHEIIHETO BO3JACHUCTBUS, PACIIAPSIIOTCS
C pocToM HOMepa rapMoHuku. llpu U, <U, He oTmMeyaeTcs napaMer-

pUYECKON CTaOMIM3alMK KOMOHWHAIIMKM HEyCcToMuuBOCTeM TOHKca —
Openkens u KenbBuHa — ['eibMroJiblia B HyJIEBOM 30HE HEYCTOWYM-
BoCTH ypaBHeHus (51) (puc.4).

[TonBoAs UTOT BBIIECKA3aHHOMY, OTMETHUM, YTO ypaBHeHHEe Ma-
The- XWJLJIA, OIUCHIBAIOIIEE BPEMEHHYIO 3BOIOLUIO AMIUIUTY I KAIlUJI-
JIIPHBIX BOJIH HA 3apsKCHHOW TPAHUIIEC pas3eia ABYX CPEl, BEPXHSA
U3 KOTOPBIX JBHXKETCS OTHOCUTEIBHO 0OJiee TUIOTHOM HIKHEH CO
CKOPOCTBIO, 3aBUCSIIEN OT BPEMEHU, UMEET HEYCTOWUNBBIC PELICHUS,
CBSI3aHHBIE KAK C peaju3aunei HeycTonunBocTe Toukca — OpeHkens
u KenpBuHa- ['enbMronsla, Tak U ¢ mapaMeTpUYECKON HEYCTOMYMBO-
CThIO, XapaKTEPHOU I ypaBHEHUA Marbe-Xwuia. Hanuuue nBuxe-
HUsI BEPXHEW CpeApl NMapajuieIbHO TPAHULE pa3lesia CcO CKOPOCTHIO,
3aBUCAIIEH OT BPEMEHH, MPUBOJIUT K JAECTAOMIN3AIMKU MOBEPXHOCTHU
XKUJIKOCTU U K CHWKEHHUIO KPUTUYECKOTO 3HAYECHUS MOBEPXHOCTHOU
IJIOTHOCTHU 3apsa (HAMpsSKEHHOCTU BHEIIHETO 3JIEKTPOCTATUYECKOTO
OJIs1), IPU KOTOPOM MOSIBIIIETCS HEYCTOMYUBOCTh ToHKCa — DpeHke-
JIS1 ¥ 32%KUTAKOTCS OTHU CB. DJIbMA.
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1.3. Aecrabuan3zanua 3apA>KEHHON I'PAHUIIBI PAa3AEAA
ABYX CP€A, HOABEPIKEHHOU ACHUCTBHIO HEYCTOMYUBOCTENU
Tonkca — @penkeas u KeabBuHa — I'eabMroasiia
IIPU HAAMYUH IE€PEMEHHOM BO BPEMEHU KOMIOHEHTHI
IIOAA CKOPOCTEU BEPXHEM CPEABI

Kak mokazano B [51], B 3amaue 00 yCTOMYMBOCTH TaHT€HI[UAIIb-
HOI'0 pa3pbiBa ABYX HECMEIIMBAIOIIMXCS HJI€ATbHBIX KUJIKOCTEH pas-
JUYHBIX TUIOTHOCTEH p; U p,, KAKIAs U3 KOTOPHIX 3AMOJIHSIET MOTY-

OECKOHEUHOE IIPOCTPAHCTBO, a BEPXHSASA KHUIKOCTh JIBUXKETCA C Iepe-
MEHHOM BO BpeMEHH CKOpocThio U =U(f) mapawienbHO TpaHUIIE

pazzaena cpen, nuddepeHiaibHble YypaBHEHUS, ONMMCHIBAIOIINE Bpe-
MEHHYIO JBOJIIOLMIO aMIUIATY KAIWJUISIPHBIX BOJIH SIBIISIFOTCS YpaB-
HEHUSIMU C MEPEMEHHBIMU BO BpeMeHHM Kod(duiimentamu tuna Ma-
The-XWIJIA U UMEIOT JTUCKPETHBIE 30HBI, B KOTOPBIX UX PEIICHUS HE-
ycronuuBsl [28 —30]. [IpuMem, 4TO rpanuiia pasjeiia cpe/l 3apsikeHa ¢
MOCTOSTHHOM MOBEPXHOCTHOM TUIOTHOCTBIO 3apsija ¢, U OyJaeM uccie-
JIOBAaTh €€ YCTOMYMBOCTh. OUEBUIHO, YTO MIPU HEKOTOPBIX 3HAYCHUSX
du3MUecKuX MnapaMeTpoB paHHIla pasjiesia Cpell B OMUCHIBAEMOU CH-
Tyalldd MOKET ObITh MOJIBEP>KEHA OJTHOBPEMEHHOMY BIUSHHIO HEYC-
torunBocter KenmbBuna — I'enbmrosibiia, Tonkca — Openkens u mna-
paMETPUUECKOW HEYCTOMYMBOCTU. VcciienoBaHue B3aUMOBIUAHUA
3TUX HEYCTOWYHMBOCTEW M SIBIAETCSA IMPEIMETOM PACCMOTPEHUS Ha-
CTOSILIETO pa3ena.

1. Ilycte moTeHIMANBI MOJEW CKOPOCTEU ABWXKEHHSI BEPXHEU U
HIWKHEW kuakocted ectb W, (r,r) u W, (r,/) cooTBeTcTBEHHO. Torma

MareMaTtudeckas (GopMyJMpOBKa 3aladyd 00 HCCIEIOBAHWU BPEMEH-
HOM SBOJIIOLMHU aMIUIMTY/]l KaIWJUIIPHBIX BOJIH B JICKAPTOBOM CHCTEME
KOOpPJMHAT, IIJIOCKOCTh XOY KOTOPOW COBIIAJAET C HEBO3MYILEHHOMU
TpaHULEN pa3zena cpel, a ocb OZ HalpaBJICHA BHHU3, B HAPABICHUU
JEUCTBUS CUJIBI TSXKECTH, UMEET BUJT

A‘PJ:O; j=12;
Z=>—oo W, —xU(t)= const =0;
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Z=>00 Y, = const=0;

z=§(x;t): %zUa_§+a_§_ 9, 95

oz ox of dz ot

pla—t1+plg§+5pl |:(V\Ill)2 _U2<t):| =p2a—t2+ng§+4n02§—a87§,

rae &(x;¢) — BO3MYLIEHUE TPAHULIBI Pa3]elia, CBA3aHHOE C TEIJIOBBIM
KamUBIPHBIM BOMHOBBIM JBinkeHneM; U= U(¢) — ogHopoaHas 1o

KOOpJAMHATaM x W z, 3aBUCAINAs OT BPEMEHM CKOPOCTH JIBHXKEHMS
BEPXHEU KUAKOCTA OTHOCUTENIbHO HUKHEW. HanpaBnenue Bexkropa U
OTnpeieNisieT OPUEHTAIUI0 OcH OX ; o — KOA(DPUIIMEHT MOBEPXHOCT-
HOT'O HATSHKEHUS TPAHUIIBI pa3Aesa; k — BOJIHOBOE YMCIIO.

Eciu npuHATh, 4TO

U(1)=U,+U,cosmyt; (U, 0U,),

To nuddepeHuaiLHoe ypaBHEHUE, OMUCHIBAIOIINE BPEMEHHYIO BO-
JIOLMIO aMIUTATY A (PUKCUPOBAHHBIX MO TEIJIOBBIX KaIHJUISIPHBIX
BOJIH, MPUHUMAET BU/T

2
§_§+C[w§—ZXUOU*coswof+XU30°SZ‘°0t]ZO; M
t
0= F | g(py—py)+ ak®  dnctk —kpUZ +kUZ—PI | =0
(P2 +p1) (P2 1)
XEkZ&
<.
(P2 +p)

[TonyunBiieecs: ypaBHEHUE ABISIETCS ypaBHEHUEM Matbe-Xuiia,
KOTOPO€ B 3aBUCUMOCTH OT COOTHOIIEHUSI BEIUYUH KO3(P(PUIIMEHTOB
®, Y M YaCTOTHI (), MOXKET MMETh IHMOO IapaMeTPHYECKH yCTOWYH-
BbI€, JIMOO MapaMETPUYECKH HEYCTONYMBBIE, HKCIIOHEHLMAJIbHO Ha-
pacTaroimue co BpeMeHeM pemieHus. KpoMe Toro, mpu HEKOTOPBIX
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3HAYEHUAX BXOISAIIMX MapaMeTpoB (IIpu w:<0 u U, =0) U3 ypaBHe-
Hus (1) cienyer Tak:ke BO3MOXKHOCTh peav3allii B aHAIU3UPYEMOM
cucreMe HeycronuumBocted ToHkca— @Ppenkens u  KenbBuHa —
['enbMronbua, KpUTHUECKUE YCIOBUS IMPOSIBICHUS KOTOPBIX OMpeEJe-
JISIFOTCS YCIIOBHEM

2
g(py—py )+ 0k® — 4nc’k — kp, U + kUG —PL <0 3)
(P2+p1)

HecnoxxHo BUIIETH, UTO KPUTHUYECKOE IS PEAIA3alMU HEYCTOW-
YMBOCTH T'PAHUIIBI pa3Jielia 3HAYCHUE MOBEPXHOCTHOM IUIOTHOCTH 3a-
pAla ¢ YMEHBIIAETCS C POCTOM CKOPOCTH JIBUKEHUS BEPXHEU CPEIbI
Kak nemoro U,. MHade roBopsi, 00€ BO3MOKHBIX HEYCTONYMBOCTHU

rpaHULIbl pa3jiena: amnepuogudyeckass HEYCTOMYMBOCTh TOHKCa —
®penkens U KoJjiebatenbHas HeEycToMumBOCTh KenbBuHa — I'enbM-
roJiblla — UMEIOT MECTO OJTHOBPEMEHHO, CHUKasi KPUTUUECKUE YCJIIO-
BUSI peanu3aiiuu Apyr apyra (6ojee moapoOHO 3TOT BOMPOC U3IOKEH
B [26]).

[lepeiineM B ypaBHeHuu (1) k 6e3pa3MepHbIM IEPEMEHHBIM, B KO-
TOPBIX KaNWJUISIPHAsI MOCTOSIHHAsE HWKHEW MKUJIKOCTH @, IUIOTHOCTH
HVDKHEHN )KHUJIKOCTU P, U YaCTOTa NEPUOAUYECKOTO BHEIIHETO BO3JICH-

CTBUA HA I'PaHULLY pasJicjyia CpEa , paBHbI CAMHHUIIC, U, OCTABJIAA 34

(bU3UYECKUMH BEIMYMHAMM TIPEXKHNUE 0003HaUeHus, niepenuiieM (1) B
BHJIC

0% 2 .
a?-l-Z;|:8—ZU*UOXCOSZ‘+O,5U*XCOSZf:|:Oa (4)

d=w+0,50U2. (5)

B npuHATHIX 0003HaYCHUSIX O00JaCTh peaau3ali HEyCTOMYMBOCTEH
Tonkca — @penkens u KenbBruHa — ['€IbMromnbiia, COrjlacCHO BBINIE-
CKa3aHHOMY, BBIJIESECTCS YCIOBUEM

§<0,5(U2 (6)
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B wactHoM ciyuae U, =0 ypaBHeHHE (4) NEpEXOUT B YpaBHECHHE

Marsbe, MoJI0’)KEHNE HECKOJIBKUX MEPBBIX 30H HEYCTOMYMBOCTHU PEIIIE-
HUM KOTOPOIO, PAacCCYMTAHHBIX METOJOM, MOJAPOOHO ONHCAHHBIM B
[31], myTem pasnokeHUsT MO HajIoMy Oe3pa3sMEepHOMY MapameTpy
e=yU}, npuBeieHO Ha puc. 1. BUaHO, 4TO BEPIIMHBI 30H HEYCTONYH-
BOCTH HAUYMHAIOTCA HA OCH aOCIIUCC MPHU LETOYHCICHHBIX 3HAYCHUSIX
napametpa 82, T.e. mpu 82 =0; I; 2;.... 3aBUCHMOCTb OT BPEMECHH aM-
IUTUTYJ HEYCTOMYMBBIX KalWJUIAPHBIX BOJH MNPOWLIFOCTPUPOBAHA HA
puC. 2, TOJIy4EHHOM B MPSIMOM pacyeTe Mo ypaBHEHUIO (4).
HeycTon4YuBBIM 10 OTHOLIEHUIO K MApaMETPUUECKOW PACKAUKE
COCTOSIHUSIM Ha TIJIOCKOCTH (§; €) COOTBETCTBYIOT 3HAUEHHUS TapameT-
POB, JIEKaIKE JIEBEE KPUBOU 1, a Takke MEXAy KpUBbIMHA 2 U 3,4 u 5.
CocTtosiHus ¢ mapaMeTpaMu & U €, JICKAIUMU MEXKITY KPUBBIMH | 1 2,
3 u 4, ycroiuussl. [IpuHrMasi BO BHUMaHHUE yCOBHE (6), HECIOXKHO
BUJICTh, UTO B 00JIACTHU 3HAYEHUN MTapaMETPOB & U € MEXy KpUBOH 1,
ypaBHEHHUE KOTOPOI B YETBEPTOM MPHUOJIMIKEHUH 110 € UMEET BUJT
1 -

d=——¢ +L£4 —...
2 128

>

¥ TpsAMON §=0,5UZ =0,5¢, IpUBEIEHHON Ha pUC. | IyHKTUPHOM JIU-
HUEH, UIMEET MECTO MOJABICHUE HEYCTOMYUBOCTH ToHKCA — DpeHke-
71, TIOCKOJIBKY pemieHus ypaBHeHus (4) nmpu U,=0 Ha JaHHOM TI€O-
METPpUYECKOM MecTe ToueK (&; €) ycronhuuBbl. HeycToM4MBOCTH
KensBuna — I'enpMromnena npu U, =0 HE UMEET MECTa, U €€ POJb B
oOlel KapTUHE peaau3allii HEYCTOMYMBOCTH TPaHUIIbI pa3jiesia moka
HE OYEBH/IHA.

[lycTh TErepb NOCTOSTHHAS KOMITOHEHTAa CKOPOCTH U, OTJIMYHA OT
Hyass. Cuuras MO-TIpeKHEMY MallbiM Oe3pa3MepHbId  Tapamerp
e=yU?Z, MOkHO paccuutath (cM. [31]) mONOKEHNS HECKOIBKHX IIEp-
BBIX 30H HEYCTOMYMBOCTHU pelieHuid ypaBHeHUs (4). YpaBHeHUs rpa-
HUYHBIX KPUBBIX JJISI YETHIPEX MEPBBIX 30H HEYCTOMYMBOCTH HWMEIOT
BU/I

& = (—20(2 —ljsz + (—30(2)83 +(—15—50c2 Lo +Lje4 +.;
2 72 2 128

F=l-g+ 2062—1)82+ 1212 Ly
3 8 36 64
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43 4 10 53 6233 , 1 4 .
+ ———o ——o + o — e 4.5
216 3 2880 1536

& =1+g+(—loc2 —ljsz +[—loc2 —sz—? +(ioc4 ELCR je“ +...;
3 8 36 64 216 1440 1536

( T 2 2 j 3 .
| —o +—o e +...;
90 45

5, =4+ LIS I e SR ;
15 12

& =9+ IS e RS S
35 16 280 64

8, =9+ —a2+ijez+(—io¢2+Lje3+... (7)
35 16 280 64

B 5THX BBIpOXKEHUSX HUKHAW UHACKC HYMEPYET 30HBI HEYCTOW-
YUBOCTH, BEPXHUU COOTBETCTBYET JIEBOM «1» W MPABOU «*) TPaHU-
1IaM 30H, a MapaMeTp O OMNPEAENISETCS OTHOUICHUEM MOCTOSHHOW WU
NEPEMEHHOM KOMIIOHEHT ckopoctu: a=U,/U,. OrpaHnyeHue Ha

NPUMEHUMOCTh COOTHOIIEHUU (7) B COOTBETCTBUU C TPEOOBAHUSIMU
TEOpUU NPUOTMKEHUN HAKIaAbIBACTCS YCIOBUEM o.-€ () 1.
Pe3ynbTaThl YUCIEHHBIX pacyeToB (OPMBI 30H HEYCTOMUHUBOCTH
10 COOTHOILIEHUSIM (7) IpH pa3IUYHbIX 3HAYEHUAX MMapaMeTpa o MpH-
BeJCHBI HAa puc. 3 — 5. [IlyHKTUpPHOM NPSIMOW Ha BCEX PUCYHKaX MpH-
BEJICHA TpaHMIla O0JIaCTH peaau3aliu HeycTOWuMBOCTH ToHKCcA —
@penkernd. HecnokHO BUAETH, 4TO MO0 MEpPE YBEJIMYEHHS NapaMeTpa
o (Mo Mepe YBEIMYEHHUS! MOCTOSSHHOW KOMIIOHEHTBHI CKOPOCTH BEpX-
Hel cpenibl U,) pa3Mepbl 30HbI MMapaMEeTPUUECKON CTaOMIM3aluu He-

ycronunBoctern Tonkca — @penkens u  KenbBuHa — ['enbMrosibia
yMeHblIatorcs. [lapameTpuyeckass HEYCTOMYMBOCTh T'PAHULIBI pa3Jie-
Ja, 00s3aHHAasl CBOMM ITPOMCXOXKACHUEM HAJUYUI0 TIEPEMEHHON KOM-
TIOHEHTBI CKOPOCTHU BEPXHEU Cpelibl U, , TAKKE KaK U HEYCTOMYUBOCTh

KenbBuHa — I'ennbmMrosnblia siBiisieTcst koJsiebarenbHoil. IIpu omgHOBpe-
MEHHOW pealln3aluy JTUX JBYX HEYCTOMYMBOCTEU HEYCTOMYMBOCTH
KenbBuHa — ['enbMrosbiia moaBiasieTcss NapaMeTPUUECKON HEYCTOM-
YUBOCTHIO (MMO-BUIMMOMY H3-3a HAJIM4YMsS CABUTA (a3 B WHUIIMUPYE-
MBIX KO0JIEOATENbHBIX JABMKEHUsIX). COrjacHO MPUBEIECHHBIM PUCYH-
KaM, 4eM OOJIbllIe BeJIMUUHA U, TEM MEHbIIIE pa3Mepbl 30HbI TapaMeT-

puuecko crabunuzanuu HeycrodunBocTed ToHkca — @peHkens u
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KenbBruHa — ['eTbMrosiblia M1 MEHBIIE Pa3MeEpPbl 30H CYIIECTBOBAHUS
YCTOMYUBBIX pElICHUN ypaBHEeHUSI Matbe (4).

Takum 00pa3oMm, HaMuWe MEPEMEHHONW KOMIIOHEHTHI CKOPOCTHU
BEepxHEN cpeabl U, NecTaOWIM3UPYET TpaHUIly pasjelia, paciiupsis

00JlacTh 3HAYEHMI MapaMeTpoB & U €, B KOTOPOM rpaHulla paszjeia
Cpell HEyCTOMYMBA.

k
£

0z
06

04

0.5 1 2 3 4 4

Puc. 1. I'panuysl 30161 Heycmotiuusocmu 8 NI0OCKOCMuU Napamempos
0, € 014 ypasHeHus (4) npu o.=0: I — npasas epanuya 30Hol
neycmotiuueocmu npu 8 =0, 1e6as epanuya HAXOOUMCs Ha —os ;
2 — npasas epanuya 301l Heycmoiuusocmu npu 872 =0;

3 — nesas epanuya 30nwL Heycmouusocmu npu 8> =0;

4 — npasas epanuya 30nel Heycmotiuugocmu npu 8/ =0;

5 — nesas epanuya 30nwl Heycmotiuugocmu npu 8% =0

HNuTepecHo, yTo 0 Mepe yBenndeHus U, JeBas U IIpaBas IpaHu-
(bl 30H [MApaMETPUYECKON YCTONYMBOCTHU MEPEKPHIBAOTCA MEXKIY CO-
OOM M IEepEKPHIBAIOT COCEIHUE 30HBI, IPUBOJA K PACIIUPEHUIO 00JIac-
T 3HAYECHUM [apaMeTpoB & U €, B KOTOPOM I'paHHUIIA pa3leiia Heyc-
TOMYMBA, KaK 3TO BUAHO U3 puc. 5. Kpome Toro, ykazaHHbelii peHOMEH
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MPUBOJIUT U K OTPAHMYCHHUIO IO € CBEPXY JJISI 30HBI NapaMeTpuye-
CKOM cTadmnu3anuu npu 6<0 (cM. puc. 5).

-20

A
0| ;
I
0 i
s I
10| fo !
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Fl ]
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10 oo ll
|
Wol
' I

-0

Puc. 2. 3asucumocmv om epemenu amnaumyo
HEYCMOUYUBLIX KANUNIAPHBIX BOJIH,
HOJIYYEHHAs NPAMbBIMU YUCTEHHBIMU pacyemamu no ypagHenuto (4)

OnrcanHbplii PEeHOMEH MOXET UMETh BEChbMa CYIIECTBEHHOE 3Ha-
YeHHUE JJISI MCTOJIKOBAHUS TaKMX MPHUPOJHBIX (PEHOMEHOB, KaK WHHU-
IUMPOBAHUE PA3PAIa MOJIHUU 32 CUET 3KUTAHHUSI KOPOHHOIO pas3psijia
B OKPECTHOCTHM TAJArOIEed Karuiu Wil Taromied rpaaussl [10— 11,
31— 32], u orHu cB. DabMa, BO3HHUKAIOINE HAa (PUHAIBHOM CTaauu
HEYCTOMYMBOCTH 3aPsKEHHON MOBEPXHOCTH Karesb JUOO TMIIEHKH BO-

TIbI, TIOKPBIBAIOIINX BO BpeMs Oypb U TPO3 MPEAMETHI, B OKPECTHOCTH
KOTOPBIX MOSIBIISIIOTCSI OTHU CB. DnbMa [12 — 17].
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g *
1 2 3 4 3

Puc. 3. 3asucumocmu, ananocuunsie puc. 1, npu Y2 =0;1; 2, ao=1

0.3

n2-

g1 -

0 .
03 | 2 3 4 &

Puc. 4. 3asucumocmu, ananocuunsvie puc. 1, 3 npu V2 =0;1;,2, =6
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04} |

05 I 2 3 4 4]

Puc. 5. 3asucumocmu, ananocuunsvie puc. 1, 3, 4
npu 82 =0;1; 2, 0=10

1.4. ITapameTpuueckue BOAHBI HA TPAHUIIE PA3A€AA
ABYX HECMENIUBAIOMIUXCA YKUAKOCTEM
PA3ANYHBIX IIAOTHOCTEU,

KOrAa €€ K03 (pHUITEeHT ITOBEPXHOCTHOIO HATAXKEHUA
ABAAETCA (PYHKIIEN BPEMEHH

[Ipoananu3upyeM yCTOMYMBOCTh KAWJUISPHBIX BOJIH HA TPAHULIE
pazzena ABYX KHUJKUX Cpell, KOrja WX NapaMeTpUyecKas packadyka
BBI3BIBACTCS TIEPUOIUUECCKUM M3MEHEHUEM BEIMYHHBI KO3 dUleHTa
MIOBEPXHOCTHOTO HaTsbKkeHuda. Kak m3BectHo [37 — 38], y moJspHBIX
KUJKOCTEH y CBOOOJHOM MOBEPXHOCTH >KUJKOCTH WM y TPAHULIBI
pazzaena cpell 00pa3yroTcsi IBOMHBIE SJIEKTPUUYECKUE CIIOU, TTOSIBIICHUE
KOTOPBIX CBSI3aHO C U3MEHEHHEM (CHIKEHHEM) MMOBEPXHOCTHOM dHEP-
TUW U BEJIUYUHBI KOd(P(PUIIMEHTa TOBEPXHOCTHOrO HaTskeHus. [lpu
pa3pylIEHUU ABOMHOTO 3JIEKTPUUYECKOTO CJIOS BEIWYHWHA TTOBEPXHOCT-
HOT'O HATSKCHUS YBEJIWYMBACTCS, NPU BOCCTAHOBIEHUH — CHOBA CHU-
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xkaetcs. Becb eHOMEH u3BeCTEeH MMOJ1 Ha3BaHHEM 3 deKTa JUHAMU-
YECKOro NOBEPXHOCTHOTO HaTsKeHUs [37 — 38]. [Ipu Hanuunm HEKOTO
MEPUOIUYECKOTO CHIJIOBOTO BO3JICWCTBUS HA TPAHUILy pas3fleiia cpen
(HampuMep, MEPUOINYECKOT0 TEIJIOBOTO MOTOKA, MIEPUOJUUYECKH pa3-
PYLIAIOMIETO JBOWMHOW AJICKTPUYECKUM CIIOM, MOXXHO IOJIYyYUTh Ie-
PHUOANYECKU 3aBUCSIINN OT BpeMeHU KOA(DPUIIMEHT MOBEPXHOCTHOTO
HATSKEHUS C aMIUTMTY0M OCHWUIALIMKA B HECKOJIBKO JECITKOB MPO-
IICHTOB OT MOCTOSHHOM BEJIWYMHBI. lcciienoBaHue yCTOMYMBOCTH
BOJIHOBOTO JIBM)KEHUSI Ha TPAaHMIIE pa3jiesia cpell B OA0OHON cucTeme
MIPEJICTABIISIET MHTEPEC B CBSI3M C MHOTOOOPa3HBIMU MPUIIOKEHUSIMU.
1. ITycTh naHbl ABE UACATBHBIE HEC)KUMAEMBIE HECMEIITUBAIOIIINE-
Csl )KUIKOCTH JIBYX PA3JIUYHBIX IUIOTHOCTEW p, U p,, KaxkJas U3 KOTO-

PBIX 3aMOJIHSAET MOJYOECKOHEYHOE MPOCTPaHCTBO. ['panunia paszgena
KUJIKOCTEH MMeeT MMOBEPXHOCTHYIO IUIOTHOCTH 3apsaaa o. Koadduiiu-
€HT MOBEPXHOCTHOI'O HATSKECHUS o TPAHUIILI pa3jiesia Cpell U3MEHSIET-
Cs 10 3aKOHY a(T,t)= o, + a..Cos(ot), rne T— TeMIieparypa, ¢ — Bpe-
Msl, O, — HOCTOSIHHAs COCTAaBIISIONIAS TMOBEPXHOCTHOTO HATSIKECHUS
TPAHUILIBI pa3eiia Cped, o, — aMIUIUTY/Ia IIEPEMEHHON COCTAaBJISAIOIICH

ITOBEPXHOCTHOTO HATSDKEHUsI TPaHULBI pasaena cped. Bepxusas cpe-
114 — IURJIEKTPUK C TUDJICKTPUYECKOUN ITPOHULIAEMOCTBIO €, HUKHSS —

AJICKTPONPOBOIHASA. YPAaBHEHUE IUIOCKOW TpaHUIIBI pasnena Cpen,
BO3MYILICHHOW KalWJUISIPHBIM BOJHOBBIM JIBUKCHUEM BEChbMA MaJiOU
aMILUTATY/IbI, 3aIIUCHIBAECTCS B BUJE

F(;;t) =z—&(x,1)=0;

3gech ¢(x,1) — BO3MYIIICHUE PABHOBECHOMU IUIOCKON B MOJIE CHUJIBI TSI-
YKECTH TPaHHUIIBI pa3zena Cpel, MOPOKIAEMOE YKE TEIIOBBIM JIBUXKE-
HHEM MOJIEKYJI XMIKOCTH, uMeroniee ammntyny [ +&T/a, rue k —

noctosiHHas bombrvana, T — abcomoTHas Temieparypa [23].

bynewm ucciienoBath yCTOMYMBOCTH BOJTHOBOI'O JBU)KEHUS Ha I'pa-
HUILIE pa3fena Cpen.

2. IlycTh moTEHIHMANBI CKOPOCTENW BOJHOBOTO JBVMIKEHUS B BEPX-
HEW U HWXKHEW KUIKOCTAX €CTh P, (;,t) u v, (;,t) COOTBETCTBEHHO. To-

rra MarTcMaTnudcCKasd (I)OpMy.TII/IpOBKa 3adadyu 00 HCCICIOBAaHHUU BpPC-
MEHHOM ABOJIIOIIUU AMIUINTY D KallWIISAPHBIX BOJIH B I[CK&pTOBOfI CHUC-
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TeMe KOOPJHWHAT, IJIOCKOCTh XOY KOTOPOM COBIIaJIaeT C HEBO3MY-
IICHHOW T'paHMIICH pa3zaena cped, a ocb OZ HampaBlieHa BHU3, B Ha-
IIPaBJICHUN JEHCTBUS CUJIBI TSDKECTH, HIMECT BU/T

AY. =0,  i=1;2; (1)
2=t L @
—pl%—plge“(x,t) -
= p2%+p2g§(x,t) +gi17r0'2§(x,t) +| o, +0¢*Cos(a)t)]%. (3)

B (3) TpeTbe crmaraemoe cripaBa OT 3HaKa PABEHCTBA OINPEECISAET JaB-
JIEHHUE 3JICKTPUYECKOTO MOJISl HA TpaHuIly paszjnena [23], a ueTBepToe —
JABJICHUE CUJI TOBEPXHOCTHOI'O HaTshkeHUsl. THieke «1» OTHOCUTCS K
BEPXHEW KUJKOCTH, MHAEKC «2» — K HWKHEW >XUIKOCTH. Pemenue
BBITIMCAHHOW 3a7auu OyJeM UCKaTh B BUJIC

¥, = de* - Cos(kx — wt), 4)
W, =Be™ - Cos(kx — ot), (5
E(x,t)=a- o), (6)

[ToncraBuM mnpoekThl pemieHuit (4) — (6) B TpaHUYHBIE YCIOBUS
(2) — (3) u mpuaem k auddepeHInATPHOMY YPaBHEHUIO BTOPOTO TI0-
psZlKa, OMHUCHIBAIOIIETO BPEMEHHYIO SBOJIOLMIO KAMUJUISIPHBIX BOJIH
Ha TpaHMIIE pa3jena Cpe:

¢,k 2o 2 4
2+ g(p, —p,)+ 0,k + o k*Cos(wt) - —nc’k [E=0. (7)
or"  py+p, €,
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Jlns manpHEWIUX MCCae0BaHuN moyduBIierocs audQepeHim-
anbHOrO YypaBHeHUs: (7) TpoBeleM Mpoueaypy oOe3pa3MepuBaHUs
BCEX BEJIMYMH, BXOJISIIUX B YPaBHECHUE.

3a OCHOBHBIE €IMHUIIBI, OTHOCHUTEIBHO KOTOPBIX OYIET OCYIIIECTB-
JSTHCS Tpolietypa o0e3pa3MepruBaHusi, BO3bMeM p, =o, =g =1. Toraa

BCE OCTAJIbHBIC BEJIMYMHBI (32 KOTOPBIMU OCTaBUM MPEKHUE 0003HAYE-
HUSA) OyAyT BBIPAKEHBI B €JUHUIIAX CBOMX XAPAKTEPHBIX 3HAUCHUN:

pol=cn™ 2, lop]=cn? -, [gl=cm-c

]=c; t.=g% af -p} o.]=¢"; @.=g" 05 -p}

c=cm® ¢ eu® P oY cl=em® e en® P Y

1==20- a=-2/3 —1=-20- o=2/3

0O=a+2B-3y;=>p=1/3 0O=a+2p-3y;=>PB=-1/3

0=y v=0 0=y v=0

t*:g—2/3_0(%)/3.pg (D*zgz/ 1/3 p2

[0, ]=cn 2212 7 [k]=cn™; ko=g*-af-p}
=g%-ab p! emt=em® e en®P P Y

e V22 2 0=—20-J a=1/3

=em® % en® P e oY -l1=a+2B -3y, =>B=-2/3

_1=—20-P a=1/3 0=7y v=0

~12=0+2B-3y' = B=1/3 k=g’ a2l

/2=y v=1/2

c.=g" og’-py’

B ykazaHHBIX Oe3pa3MepHBIX BelWYHWHAX BhIpaxkeHue (7) Oymer
BBITJISIZICTH CIICIYIOIIMM 00pa3oM:

2
—§+— (p—1)+k* +0c*k2Cos((ot)—inc52k E=0, p,=p. (8)
o> 1+p €

[Ipu o, =0 BepaxeHnue (8) mnepeiner B auddepeHIHaAIbHOE
ypaBHEHHE BTOPOTO MOPSIIKA C MOCTOSHHBIMU KO3 (QULIEHTAMU:

Zi 1+p{(p—1)+k2—in02k}§:0, 9)

ot* €
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€ro pelIeHue OyIeT BRITIISACTh CASAYIOMMNM 00pa3oM:

tkl4kno® —g,(p—1)+ k) |

-=Ch ]

[Tycth B BbipaxeHuu (8)
&(x,t)z@(x,ﬁ), T.K. mt:21::>t:2,
o o

Torja (8) MOKHO MPEJICTABUTh B BUJIC

82C+{4 (/’c(p—l)Jr kK’ _4n62k2J+ 4 ok’ Cos(2’t)}§=0

o’ |’ (1+p) (+p) &(+p)) o (+p) . (10)
B (10) BBeneM o603HaUeHUS
3 2712 3 3
5 4 k(p—1)+ k> 4nc’k 9 _ Aok Zzoc*k an
o (1+p) (1+p) &(+p) o (1+p) o’ (1+p)

Torna Beipakenue (8), 3aMCaHHOE B HOBBIX O€3pa3MEpHBIX BEJIMYH-
Hax, OyJIeT BBITJISIACTh CIEAYIOMUM 00pa3oM:
0°C

a*

+[8+2eCos(2t)E=0. (11)

[TonydyeHHoe ypaBHeHUE siBIETCA NUGPepeHIIaTIbHBIM yYpaBHEHUEM
BTOPOTO TOpsAJIKAa C MEepeMeHHbIMU Kod(dduimentamu Ttuma Marthbe.
Pelienust 3Toro ypaBHEHHsI MOTYT ObITh Kak MapaMeTPUUYECKH YCTOM-
YUBBIMM, TaK U MapaMETPUUECKH HEYCTOMUYMBBIMU, SKCIIOHCHIIUATBHO
HapacTaroUMHU CO BPEMEHEM.

[Tpumensiss k ypaBHenuto (11) cranmapTHyIO OpoLEAYpY pasiio-
YKEHUS IO MAJIOMYy TTapaMeTpy € << 1, METOJOM PaCTSIHYThIX MapaMeT-
poB [31] MOXHO TOIYyYHTh COOCTBEHHBIE (PYHKIMHU ypaBHEHHUS (55)
Ce,(e,t) u Se,(e,t), KOTOpBIE ONMPEIEIAIOT MMEPEXOAHBIE KPHUBBIC, JIC-

JSUIUE TUIOCKOCTh 8—¢€ Ha O0JACTH YCTOMYMBBIX M HEYCTOMYMBBIX
pemtennit ypaBHenus (11). s aToro 3amuiieM paBHOMEPHO MPUTO/I-
HO€ Pa3JI0KEHHE B BUJIE:
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Clt.2)=Colt)+ G, (e + 8, (1)e” + Cs(r)e” +Cyle)e”

S=n>+8e+08,e" +8,e° +5,¢". (12)

[Toncrasnss BeipakeHue (12) B (11) u npupaBHUBas K HYJIO KO-
3G PUIMEHTHI TPU TOCJIEIOBATEbHBIX CTEMEHSIX €, MMOJy4aeM CUCTe-
My auddepeHInanbHBIX YPaBHEHUN BUIA

g’ : {y+Cn”=0;
g C1+ {n° =-C,8, —2(,Cos(2t);
e’ éz"‘ 2;2”2 =—8, — ;8 —2¢,Cos(2¢);

e é3+ Can® =—8o8; — (,8, — (,8, — 24, Cos(2¢);

et L+ Cun® =-L8, — 8, - £,8, — 38, — 28, Cos(27). (13)

Pemenue cucrembl nuddepenunansubix ypaBHenuit (13) macr
HCKOMBIE COOCTBEHHBIE 3HaYeHUs1 QyHKuui Ce, (e,t) U Se, (e,¢), OIH-
CHIBAIOIMX XAPAKTEPUCTUUYECKUE KPUBBIE, KOTOPBIE SIBIISIIOTCS T'PAaHU-
IIaMH 00JIaCTeM YCTOMYMBBIX M HEYCTOWYMBBIX PEIICHUM ypaBHEHUS
(11). I'panunibl yCTOMYMBBIX U HEYCTOMYMBBIX PEIICHUN HA MIOCKOCTH
Oe3pa3sMepHbIX IapaMeTpoB (J,€) SBIAIOTCA COOCTBEHHBIMH (DYHK-

nuaMu ypaBHeHud (11). Otu QpyHKUMM HE BBIpa)aroTCs 4yepe3 dJe-
MEHTapHBIE ¥ U3BECTHHI KaK GpyHKIMKU Matee: Ce, (e,¢), Se, (,1).

Sel(s,t)=1+e—ls2 _1e —Le“;
8 64 1536
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s L a4,
s

Cel(e,t)zl—e—le2 PRLIPC RN S
8 64 1536

‘%Jaﬁ=4+§£2—iﬁifﬁ
127 13824

1, 5
Ce,le,t)=4——¢e" +—¢". 14
»(&:0) 12 13824 (14)

Ipsimast Se,(e,t) IEKAT HA OCH 3HAYEHUN & M YXOIUT B —oo, € — Ma-

JBIA mapameTp, N0 KOTOPOMY HPOBOAMIIOCH PA3JNOKEHUE YpPAaBHEHUE
(55), c coxpaHeHHEM ciaraeMbiX BILIOTh J0 YETBEPTOrO MOpsIKa Ma-
noctu. Ilapamerp & XxapakTepusyeT 4acTOTy KalWUISIPHBIX KoJeba-
HUM TpaHMIIBl pa3jiesia Cpej B 3aBUCMMOCTH OT NEPEMEHHOW COCTaB-
JISTIOIIEN TTIOBEPXHOCTHOTO HATSKEHUS O, .

Ha puc. 1 npexncrasiieHsl NepBbl€ TPU 30HBI HEYCTOMYHMBBIX pe-
IICHUIM TP IEJIOYMCIEHHBIX 3HAUCHUAX MapaMeTpa n°. Pesyiabrarsl
YUCJIEHHOT0 MOJEIUPOBAHUs TpaHuUll 001acTel YCTOMYUBBIX U HEYyC-
TOMYUBBIX pelieHuil ypaBHeHus (11) moaydeHnsl ¢ TOMOIIBIO BhIpAXKe-
Huit (14). Pe3yapTarsl mpsMBIX pacdyeToB o ypaBHeHuto (11) mpen-
CTaBJICHBI PHC. 2-1.

A €
-1
0.8
Cey(€,0) Ce,(€,0) Se,(e,1) Sey(€,1) Cey(€,)

0.6

0.4

0.2

)

0 1 2 3 4 5

Puc. 1
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T'AaBa 2. HeAnHennHbIE€ BOAHBI
B CAO€ KUAKOCTH KOHEYHOM I'AyOMHBI

2.1. HeAnHeliHbIE BOAHBI
B CAO€ BA3KOM >KMAKOCTH KOHEUYHOM I'AyOUHBI

Beeoenue. V3yueHrne HETWHEWHBIX KaNWJUISIPHO-IPABUTALIA\OH-
HBIX BOJIHOBBIX JIBM)KCHUW HA MOBEPXHOCTH BS3KOU KUIKOCTHU IPEI-
CTaBIISIET 3HAYUTEIIbHBIM UHTEPEC B CBS3UM C MHOTOYHMCICHHBIMU TE€X-
HAYECKUMH Y TEXHOJOTUYECKUMU MPUIIOKECHUSIMU, CBA3aHHBIMH C SIB-
JeHUEeM JJieKTpoaucneprupoBanus (cMm. [1-9] u uutupyemyio Tam
mutepatypy). Cpenu TakuxX NPWIOKEHUN — pa3paboTka METOJ0B
AIEKTPUUYECKOTO PACHBUICHUS JJAKOKPACOYHBIX MAaTCPHUATIOB U KHUIKHUX
TOIUIMB, B TOM YHUCJIE TEXHOJIOTUM CTpYUHOM neyatu. Kpome toro, uc-
CJIEIOBaHUS B JAaHHON 00JIaCTH HaXOJAT MPUMEHEHUE B TEOPHUH TPO-
30BOT'0 BJIEKTPUYECTBA U B U3YUEHUH siBJIeHUs orHeu CB. Dibma (Tipo-
ABJISIFOTCSI KaK PE3yJIbTaT KOPOHHOI'O pa3psifia ¢ MOBEPXHOCTHU Kallellb
BOJIbI, OCEBIIMX HAa BBICOKHX TpeameTax). B npunoxenusx urypu-
PYET SBJIICHUE HEYCTOMUYMBOCTU 3aAPSKEHHOM MMOBEPXHOCTU HE BIA3KOMU
MIPOBOJISIIIEN KUJKOCTH MO OTHOLICHUIO K TOBEPXHOCTHOMY 3apsify —
HEYCTOMYMBOCTh TOoHKCAa — Dpenkenss. MHOrUe acreKkTsbl TaHHOIO SB-
JICHUS, B TOM YHCJIE KPUTHUUYECKUE YCJIOBHUS pealu3alliil HEYyCTOWYH-
BOCTH, MOTYT OBITh U3YUYE€HBI MOCPEACTBOM aHAIUTHYECKOTO HCCIIEI0-
BAHUSI HEJIIMHEHMHBIX BOJH HA 3apsyKEHHOM MMOBEPXHOCTH JJIEKTPOIPO-
BOJIHOU JKUJIKOCTH.

MexaHn3M peanu3alud HEYCTOMYMBOCTH IUIOCKOW OJHOPOJIHO
3apsiKEHHOM MOBEPXHOCTH BSI3KOM JKUJIKOCTU C YUETOM peaibHbIX (Hu-
3UKO-XUMHUUYECKUX CBOWCTB KUIAKOCTH JOCTATOYHO MOJPOOHO HCCIIE-
JIOBaH IIOCPEICTBOM MATEMAaTUYECKOTO MOAECIUPOBAHUSA JIMHEUHBIX
KaNWJUISIPHO-TPaBUTAMOHHBIX BOJIH. B aToM cBsizu B [39 — 40] momny-
YEHO W NPOAHAIM3UPOBAHO IUCIIEPCUOHHOE YPABHCHUE JUISI KaIluil-
JSIPHBIX BOJIH Ha 3apsUKEHHOW ITOBEPXHOCTU BA3KOM JKUIKOCTH, 4 B
[4] — 44] u3y4yeHO BIUSHUE TOJIIUHBI CJIOS BSI3KOM )KHUJIKOCTH C 3apsi-
KEHHOM CBOOOJIHOM IMOBEPXHOCTHIO HA 3aKOHOMEPHOCTH Pa3BUTHUS
HEYCTOMYMBOCTHU MOBEPXHOCTH KUAKOCTH. OCHOBHOM pE3yJbTAT ITUX
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paboT COCTOUT B TOM, UTO HAa HaYaJIbHOW CTAJMH Pa3BUTHS HEYCTOM-
YHUBOCTH JUCCHUITAIIAS U3MEHSET BEIMYMHY MHKPEMEHTA Pa3BUTHS He-
YCTOMYMBOCTH, HO HE BIIMSAET HA YCIIOBUS €€ pealnu3aliiu.

bonbiias 4yacTe HEIMHEHMHBIX MCCIEIOBAHUM HEYCTOWYMBOCTH
OJTHOPOJIHO 3apsSKEHHOM MOBEPXHOCTH CJIOSI BSI3KOM KMIAKOCTH BbI-
MOJTHEHA B MPHUOIMKEHUH «MEIKOW BOJABDY, KOTJa MajbIM IlapaMeT-
POM 3aJ1a4d SIBJISIETCSI OTHOIIEHUE JJIMHBI BOJHBI K TOJIIIUHE KUIKOU
meHKu (cM., Hampumep, [45 — 48]). [lomoOGHOe ympoleHre He BCer/ia
o6ocHoBaHO [49 — 50], 1 kK TOMY k€ OOJBIIMHCTBO pabOT CBOJMUTCS K
BBIBOJIy HEJIMHEWHBIX YPABHEHUM, UMEIOIIUX COJUTOHHBIE PEIICHUS
[46 — 47]. TonbkO B MOCIEAHHE TOJIbl MOSBUWIMCH PadOThI, MO3BO-
JSIOIIAE KOPPEKTHO YYMTHIBaTh BJIMSIHUE BSI3KOCTH Ha HEJWHEHHBIC
BOJIHOBBIE TIporiecchl [S1 — 52]. OgHako BecbMa CYIIECTBEHHBIM BO-
IIPOC O COBMECTHOM BJIMSTHUM TOJIIIMHBI CJI0S U BA3KOCTH Ha pacmpo-
CTpaHEHHE HEJIMHEHHBIX MEPUOJANYECKUX BOJIH MO MOBEPXHOCTH CJIOS
BSI3KOM KUJIKOCTU M, KaK CIEJICTBUE, HA (DEHOMEH HEYCTONYMBOCTH
Toukca — OpeHKeIst U KPUTHUECKUE YCIIOBUS €€ peanu3aluu, OCTacT-
Cs1 OTKPBITHIM.

Bce uccnenoBaHus HEIMHEHHBIX TEPUOJUYECKUX KaMWIUIIPHO-
rpaBUTALIMOHHBIX BOJIH Ha CBOOOIHOM MOBEPXHOCTH KUJKOCTH J0 HE-
JaBHEro BpeMeHU (A0 TosBieHUs padoT [S51 — 54]) BBHINOIHSINUCH
TOJBKO IS WAealIbHON >KUJIKOCTU. AHajau3 HauboJjiee 4acTo ITUTH-
pyeMbIX 0030pOB IO PACHPOCTPAHEHHUIO HEJIMHEWHBIX BOJH Ha IIO-
BEPXHOCTH KUJKOCTH [55 — 57] MOKa3bIBAET, UTO METOABI UCCIIEA0BA-
HUSI HEJIMHEHHBIX MEPUOJAUYECKUX KaWUIIPHO-TPABUTAIIMOHHBIX
BOJIH Hayaju pa3pabaThIBaThCs elie 10 MosBiIeHUS padoTel Dpenke-
ns. [lepBas TeopeTndeckas padoTa Mo 3Toi TeMe BBIMIOJIHEHA B HAYaJIe
nBaauaroro croierus Buntonom [58 — 59] MmeTtomom mpsimoro pasino-
’KEHHUsI OCHOBHBIX YPaBHEHUM THAPOJMHAMUKHN HACATBHOM KUJKOCTH
Y TPAaHUYHBIX YCIIOBHUA K HUM IO MAJIOMYy HapaMeTpy, paBHOMY OT-
HOIIICHUIO aMILIATY/IbI BOJIHBI K €€ JiJInHe. Bo BTOpoO# MoJOBUHE JBa-
JIIaTOr0 BeKa, mocie Toro kak bpesepron [60] u Catimonc [61] cdop-
MYJIUPOBAJIM METOAbl HEJIWHEHHOrO aHAIM3a MEPUOJIMYECKUX BOJIH,
npoleaypa penieHnss BuntoHna ObuUia yiydilieHa ¢ MOMOIIBIO METO/Ia
pa3HbIX MaciTaboB. Hanbosiee M3BECTHBIE TEOPETUUYECKUE M DKCIIE-
pUMEHTaJIbHBIC Pe3yJIbTaThl B 00J1aCTU UCCIEAOBAHUS TIEPUOTUUSCKUX
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HEJIMHEHWHBIX KalWJUIIPHO-TPABUTALIMOHHBIX BOJIH HAa IMOBEPXHOCTHU
KUJIKOCTH TIpuHaaiexkat Mak-I'onapuky [62-65] u Hatido [66-68].

B Hacrosimeit paboTe OCyIIECTBICHO MOCTPOCHUE MaTeMaThye-
CKOM MOJIETIM HEJTWHEWHBIX KaNWUIAPHO-TPABUTAIMOHHBIX BOJIH Ha
IIOBEPXHOCTU CJIOSL DJIEKTPOIPOBOAHOU KUJIKOCTU MPOU3BOJIBHOMU
BSI3KOCTH, MPOJEMOHCTPUPOBAHO MPUMEHEHNE METOAUKHN aHAIUTHYE-
CKOT'O pacyeTa HEJIMHEHWHBIX BOJIH B CJIO€ BA3KOW JKUJKOCTH, & TAKXKE
MPOBEACH aHAJIW3 BJIMSHUS BSI3KOCTH >KHJKOCTH U €€ TIIyOMHBI Ha
MPOIIECC BOJHOBOT'O JBHKCHUS.

1. Onucanue @usuueckoit mooeau. Jljisi uccinenoBaHus Obuia
BbIOpaHa cieayromias pusnueckas Mojenb. Hecoxumaemas KUIKOCTh
C IUIOTHOCTBIO P, KHHEMATHYECKON BSA3KOCTHIO V, KO3(PPUIIMEHTOM
MOBEPXHOCTHOTO HATSDKEHHUS Y 3aIOJHAECT B MOJE TKECTU g ||-7i.

Oe3rpaHUyHbIA MO TUIoMmAaAu cio —d <z < (0 B JI€KapTOBOW CHUCTEME
KOOPAWHAT X, V, z (3a /i, 0003HaUYeH OPT OCcH z). CHU3Y KHUJIKOCTDH OT-
paHUYEHa MOBEPXHOCTBIO Z = —d — TBEPJBIM JHOM, Ha KOTOPOM BBI-
MOJTHSICTCS yCloBUe mNpuiunanusg. Haja cBoOOgHON TMOBEPXHOCTHIO
KUJIKOCTH B COCTOSIHMM MOKOs z = 0 — BakyyM. JKUJIKOCTh HUJI€THHO
AJIEKTPOIPOBOJIHAS, HAXOJAUTCS B OJHOPOJHOM DJIEKTPUUECKOM I10JIC
HaIpsHKEHHOCThIO E(), BEKTOp KOTOPOTO HarpaBlieH BHU3. Bce duszu-
YECKHUE MapaMeTpPhl KUJIKOCTU U OKpPYKarolIen ee cpelbl — p, V, v, g,
d, Ey — cauTaroTcsl MOCTOSTHHBIME BenmunHaMu. CBOOOIHAS MOBEPX-
HOCTb KHJIKOCTH TOJBEPKEHA BO3MYIICHHUSIM MaJIOW aMIUIMTY/Ibl Tak,
yTo ee (hopMa mpeAcTaBisieTcs (YyHKIMEH KOOPAWHATHI U BPEMEHU:
z=E&(x, 1).

BriosiHe o4eBUHO, YTO JIBMKEHHUE JKUJIKOCTH B MPUHITON (PU3HU-
YeCcKOM Mojienn OyAeT OJHOPOAHBIM MO KOOpAWHATE ), TO €CTh BEJIU-
YUHBI KOMIIOHEHT IOJII CKOPOCTEM W JIaBJICHUS KUJKOCTH M Harpsi-
YKEHHOCTH 3JIEKTPUUYECKOTO MOJII He OYAyT 3aBUCETh OT KOOPAUHATHI ).

2. Mamemamuueckaa nocmanoska 3ad0ayu. C y4eTOM BBIIIECKA-
3aHHOTO MaTeMaTHYECKOE ONMMcaHne (GU3NIEeCKOM MOJICTTH UMEET BU]I

~d<z<E: aa—(t]+(VxU)xU:—V(%p+%U2+ng+vA(7; (1)

V-U=0

; (2)
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z2&: AD =0; (3)

. 9% 98

Z=¢ or Mo ()
-3/2
o~ (VO 9%& IEY

p—2pl/}’l(}’lV)U+ Y. :—]/ax—z 1+a—x ; (5)
T-(A-VYU+i-(7-V)U=0; (6)
O=0; (7)
z=—d: u=0; (8)
v=0; )
Z 00" Vo =-E, ii_, (10)

rae U = (u, 0, v) — 1oJte CKOpOCTEH U p — TMAPOJHHAMHYECKOE JaBIIc-
HU€ BHYTPH KUAKOCTH; ® — MOTEHIMAI 3JIEKTPUUECKOTO MOJIs, a /i U
7 TPEACTaBISIOT COOOW COOTBETCTBEHHO HOPMAJIbHBIM M KacaTelb-
HBIN K CBOOOTHOM MOBEPXHOCTH JKUIAKOCTU BeKkTOpa. JIJIsl JadpHeue-
ro TEOPETUUYECKOTO UCCIEIOBAHUSI TpeOyeTCsl pelIuTh 3ajavy B JaH-
HOM mocTaHoBKe. [Ipu 3TOM JOJKHBI OBITh Hali/ICHBl HEU3BECTHHIC BE-
JIMYMHBI BO3MYIIEHUS CBOOOIHOM OBEPXHOCTH &, OIS CKOpocTei U,
TUIPOAMHAMUAYECKOTO JABJIEHUS p U DIEKTPUUYECKOro noreHuana d.
B nocranoBke 3ajauM, Kak HETPYAHO BUJIETh, HE MPUBECHBI Ha-
yanbHble ycinoBus (ycioBus npu ¢t = (), kotopsix B (1) — (10) B coot-
BETCTBUU C KOJMYECTBOM M TMOPSAKOM MPOU3BOJHBIX IO BPEMEHU
JOJDKHO OBITH JBa. PemieHue 3amauu npu MpOU3BOIBHBIX Ha4YaJIbHBIX
YCIIOBUSIX BBI3BIBAET CEPHE3HBIE MAaTEMATHUYECKHUE TPYAHOCTHU. [lo3TO-
My, KaK 3TO NPUHATO B TEOPUU HEJIWHEHMHBIX MEPUOIUYECCKHX BOJH
[51 — 68], ycnoBus npu ¢ =0 mogOMparOTCa TaKuM 00pa3oM, YTOOBI
MOJTy4aeMoO€ B pe3yJibTaTe PEIICHUE MMEJIO KaK MOXHO OoJiee Ipo-
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cToli Bu. B KauecTBe 1mepBOro Ha4YaJIbHOTO YCIOBHUS MOYKHO MPUHSTH,
YTO BO3MYIIEHHE CBOOOIHON MOBEPXHOCTH B MEPBOM MPUOIMKCHUU
o MaJio¥ (1O CPaBHEHUIO C JUIMHOW BOJIHBI) aMIUIUTYE d UMEET BU]T
oeryuiei B MOJOKUTEILHOM HalpaBJIE€HUU KOOPAUHATHOU ocu Ox cu-
HYCOMIAJIbHOW BOJIHBI. IHBIMU CJIOBaMU, B HadaJlbHBI MOMEHT Bpe-
MEHHU 3a7aeTcs npoduiib Oeryiiei BoJIHbI (PUKCUPOBAHHOM, MAJIOH, HO
KOHEYHOW aMILTUTYIbI, TO €CTh

f(x,t)=%aExp(St—ikx)+c.c.+0(a); (11)

rae S — KOMIIICKCHAs 4acTOTa BOJHBI, k= 2TT/A — BOJHOBOE YHCIIO,
BhIpaXkaeMoe 4epe3 JIMHY BOJHBI A, ¢.C. — KOMIUIEKCHO-COIPSHKEHHOE
cimaraemoe. Bropoe HauanpHOE ycloBUe OyJieT BHIOpaHO B JabHEH-
€M TakuM oO0pa3oM, 4TOObI MOJYYUTh Haubosee ynoOHOe HJis Mo-
CIIEAYIOIIEr0 aHaIu3a pelieHue.

3. Pewwenue 3a0auu 6 nyneeom npuobauxcenuu. JJonyctum, 4to B
HYJICBOM MPUOJIM>KEHUU CBOOOHAS TIOBEPXHOCTD JKUJIKOCTH SIBJISIETCS
HEBO3MYIIIEHHOM, TO €CTh

fo(xat) = 0 .

Torna BeIWMYMHBI TIOJISI CKOPOCTEH, ABIICHUS U DJICKTPHUICCKOTO
noTeHInana OyayT omnpeneineHsl u3 cootHomenut (1) — (10) cue-
TYIOIHAM 00pa3oM:

EZ
uy(x,z,t) =v,(x,z,t) =0; po(x,Z,f)=—ﬁ—,0gZ; D, (x,z,t)=-F, z.

4. Pazbuenue 3a0ayu Ha nopaoku manocmu. PeiieHue 3aaadu
(1) — (10) Oynem uckaTh B BHUJI€ Pa30KEHUM HEW3BECTHBIX BEIUYUH
OTKJIOHEHHUSI CBOOOJHON TOBEPXHOCTH >KHUIAKOCTH OT PaBHOBECHOTO
cocrostHus &, moist ckopoctei (u, 0, v), JaBIEHUS p, SJIEKTPUIECKOTO
noTeHIrana @ mo CTerneHsIM Majoro rnapamerpa & :

S, =e&(x,)+E&(x,0)+0(€); (12)

u(x,z,t) =€ u,(x,z,t) + €u,(x,z,t) + O(&) ; (13)
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v(x,z,t) = € v(x,2,t) + £v,(x,z,t) + O(£’) ; (14)
p(x,z,t) = py(x,z,t) + € p,(x,2,t) + £ p,(x,2,t) + O(£’) ; (15)

D(x,2,t) =D, (x,2,t) + &€ D,(x,2,1) + D, (x,2,t) + O(€) . (16)

B kadecTBe Masioro mapameTrpa MOKHO BbIOpaTh, HAIIpUMeEp, OT-
HOLICHUE MAJIOW aMILUIUTYAbI @ K KaMJUISIPHOM MMOCTOSIHHOM:

a y
= —" o= |[——
=" s (17)

[ToncraBum BeIpakeHus (12) — (16) B cootHomenus (1) — (10),
CIIPOEKTHPYEM rpaHuuHble yciaoBus (4) — (7) npu z = & Ha II0CKOCTh
z=0 ¥ OTACIHHO BBLICINM CIaraeMble IpH € U pu &. Toraa moiy-
YUM KpaeBYIO 3aJlauy JUIsl HAXO0XKACHUS MEpBOro NpuOImkeHus (3a1a-
4a [epBOro MopsaKa MajaocTh wiM 1-3amaya) v 3agavy il onpeaesie-
HUS BTOPOro MpuOJMKeHUs (3a7adya BTOPOTO MOpsAJIKa MaJOCTU WU
2-3a/1a4a).

5. Mamemamuueckan nocmanosxka I-3aoauu.

oU 1 -
—-d<z<0: 8tl+v(;plj_VAU1:0; (18)
V.U, =0:; (19)
220 AD, =0; (20)
p)
m0: Poy-o; @)
av, E, 0D 9°&
—pgé& +p —2pv 821_4;)1' azl+78x£=0; (22)
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oy, v

= o (23)
O, —E,&=0; (24)
s=—d: =0 (25)
v =0: (26)
N Vo |- 0; (27)

rae U, — BekropHoe moie (uy, 0, vi).

6. Peuwwenue I1-3ad0auu. N3BectHo, uto ypaBHeHus (18), (19) k-
BUBAJICHTHBI COOTHOIICHUSIM

Jd dp, 9
Ap,=0; (28) a—l//tl_VAl/flzo; (29) u;%—%; (30)
a

az ox

31ech @ IMeeT CMBICT TTOTEHIMAaNIa MOJIsl CKOPOCTEeH, a ) — QYHKIIUU
TOKa.

BripaskeHue 1j1si BO3MYILEHHS CBOOOIHOM MOBEPXHOCTH &; oIpe-
JEJISIeTCSl Ha4YaJIbHBIM YCJIOBUEM M B KOMILUIEKCHOU (popme Tpe/cTaB-
JseT co00i OeryIyro BOJHY:

E(x,t)=nExp(St—ikx), (33)

r7€ T HEKOTOPHIM 00pa3oM BBIpAXKAETCS Yepe3 MY aMIUIATYIy
BOJHBI a. TakuMm oOpa3om, 3amada (18) — (27) cBoauTcs K ompeaerne-

HUIO BEIIMYUH @, V¥, P}, a TaKKe KOMIUIEKCHON 4acToThl S B (hopMy-
ae (33).
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BolpaxeHus AJisi HEU3BECTHBIX MOTEHLIHUANIA CKOPOCTH ), (DYHK-
MU TOKa ¥, SIEKTpUUEcKoro noreHuuaia ®; Oynem uckarb B BUJE,
aHAJIOTHIHOM BHAY &

@ (x,z,t) = B(z) Exp(St—ikx); (34)
w,(x,z,t)=C(z) Exp(St—ikx); (35)
D (x,z,t) = A(z) Exp(St—ikx); (36)

rae A, B, C — Hen3BEeCTHbIE aMIUTATY/IbI, TOJIEKAIIUE ONTPEAEIEHUIO.
[Toncrapnsis Beipaxenus (34) — (36) B (20), (28), (29) u noaenus
JIEBbIE€ Y TIPABbIC YACTH MOJYYEHHBIX YPABHEHUM HA SKCIIOHEHTHI, TO-

ayunM audpepeHimanbHble ypaBHEHUS UIsl ONPEACIICHUS] aMILIUTY]T
A(z2), B(2), C(2):

A(2)=kA(z); (37) B"(2)=k’B(2); (38) C"(9)=4¢" C(2), (39)

/i€ BeJIMUMHA g onpeaessieTcs: hopmysion

q=1/k2+§. (40)

Pemenne ypaBHeHusi (37) Hamo BbIOpaTh TakUM, YTOOBI OHO
YAOBIETBOPSIIO YCIOBUIO JJIsl AJEKTPUYECKOro MOTEHIHala Ha Oec-
KOHEUHOCTH (27):

A(z)=a Exp(—k z) .

3nech U Jajnee B 3TOM paslielie a — HE aMIUTUTYJ]a BO3MYIIEHUS
CBOOOIHOM MOBEPXHOCTH, & HEU3BECTHASI NIOCTOSIHHAA, ONpeesieMas
U3 TpaHUYHBIX ycioBuit (21)—(24). Jlannoe A(z), eciiu €ro MoJICTaBUTh
B (hopmyiy (36), acT BbIpakeHUE JIA SJIEKTPUUECKOr0 OTEHIaNa:

D, (x,z,t)=aExp(St—ikx—kz).

N ecnu nocnegnee BbipaxkeHue BMecTe ¢ (33) Mbl OACTABUM B
rpaHu4yHOE ycioBue (24), TO CMOKEM BBIPa3UTh a 4epe3 M:
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a=Emn;
U TOT/Ia
D (x,z,t)=EnExp(St—ikx—kz). (41)
Pemrenne ypaBaenus (38) OyieT ciaeayronmm:
B(z)=b, Chk(z+d)+b, Shk(z+d):
a pemieHue ypaBHeHus (39), orOpacsiBast 4acTHBIN citydail g = 0,
C(z)=c,Chq(z+d)+c, Shq(z+d);

rae by, by, ¢y, c; — HEU3BECTHBIE MOCTOSIHHBIC. JlaHHBIE BBIPAKEHUS
st B(z) u C(z) noacrasum B (34) u (35), 4ToObI MOIYyYuTh HOPMYJIBI
VIS @ U Y. 3aTeM MOJydeHHbIe @ U I MBI tojacTtaBuM B (30) — (32)
Y TIOJIyYUM BBIPAXKEHUA JIJI1 KOMIIOHEHT MOJIs CKOPOCTEN U JaBJICHUS:

ul(x,z,t)=(—ikb0 Chk(z+d)—ikb Shk(z+d)—qc, Chq(z+d)—
~qc,Shq(z+d))Exp(St—ikx); (42)
v(x,z,t)=(k b, Chk(z+d)+k by Shk(z+d)—ik c, Ch q(z+d)—
~ike, Shq(z+d))Exp(St—ikx); (43)

p(x.zt)=(=p Sby Chk(z+d)—p Sb, Shk(z+d)) Exp(St—ik x). (44)

Teneps moactaBum dopmyisl (33), (41), (42) — (44) B rpaHUYHBIC
ycaoBus (21) — (23), (25), (26) 1 moJIyduM CUCTEMY MATH JIMHEUHBIX
OJIHOPOJHBIX alIreOpanvyecKuX ypaBHEHUN OTHOCUTEIILHO HEU3BECT-
HBIX by, b1, co, c1, . MaTpulia 3TOH CHCTEMBI UMEET BU/I
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1 0 0 ~i4 0
k
0 1 —i 0 0
M = —k Shdk —k Chdk ik Chdg ik Shdq S
—v(k®> +q*)p Chdk —v(k> +q*)pShdk 2ivpkqShdg 2ivpkqChdg —ga)o2
_2i k* Shdk _2ik* Chdk  —(K*+q*)Chdg —(k* +q*)Shdg 0
(45)
rIe
y E,
a)ozzgk[u—kz——ok] (46)
Pg 4mpg

UMEET CMBICT KBaJipaTa peaibHOM 4acTOThl BOJHBI Ha MOBEPXHOCTH
KUJIKOCTU B OTCYTCTBUE BSI3KOCTU. SICHO, YTO JaHHasi OJHOPOJHAs
CUCTEMa JIMHEWHBIX alreOpanvyecKux ypaBHEHUM MMEeT HETPUBHUAIIb-
HOE pEIICHHE TOJBKO TOTJa, KOrjaa ompeAeauTeasr MaTpullbl (45) pa-
BEH HyJ10. Clie10BaTENBHO,

Det M =0 (47)

OyZeT yCIOBUEM pa3pelIMMOCTH CHCTEMBbI alreOpanvyecKkux ypaBHE-
Hul. Taxxe 3TO ycimoBue OyAET U YCIOBUEM Pa3pelIMMOCTH Bcer 1-
3aa4i. OHO CIIY>KUT IS ONPEACTICHUS KOMIUIEKCHOW YacTOTHI S, TO
€CTb SBJIAETCS AUCIIEPCUOHHBIM YPABHEHUEM 3a/1aUH.

[Ipu BbIONHEHUU yciaoBuUs (47) MATh ypaBHEHUM CUCTEMBI JIH-
HEWHBIX OJHOPOJHBIX ANTEOPANYECKUX YPABHEHUU CTAHOBATCS 3aBU-
cuMbIMH. [Ipy 3TOM OJHO W3 ypaBHEHHIl MOXHO OTOPOCHTBH, a OC-
TaJIbHBIE YETHIPE PEIIUTD, BEIPA3UB YETHIPE HEU3BECTHBIX YEpPE3 OIHY,
KOTOpasi OCTAHETCS HEOIpeaeiIeHHON. B 1aHHOM cityyae ya00HO BBI-
pa3uTh HEM3BECTHBIEC TTOCTOSIHHBIC by, by, cy, | Yepe3 N. B pesynbrare
3TOTO MOJIYYUM

iq

b =
077k

02; (48) bh=nio; (49) ¢ =n0,; (50) ¢ =n0,,(51)

rac nNoCToOAHHbBIC O, O, UMCIOT BHU
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__iv(-2kg Shdk+ (K +¢°) Shdg) .
' g Chdq Shdk+k Chdk Shdq ’ (52)

__ivQ2k’ Chdk— (k> +4¢*) Ch dg)
> —qChdgShdk+kChdk Shdg "

(33)

Havanbaoe ycnosue (33) 1-3amaun 10MKHO OBITH SKBUBAJIECHTHO
HayajgbHOMY ycioButo (11) Bceit 3agaun. CornacHo paszioxeHuro (12)
C TOYHOCTBIO JI0 BEJIMYMH TIEPBOTO MOPSIKA MAIOCTH

E(x,z,t) =€ & (x,z2,1).
H03TOMy Haa1o0 l'IOTpe6OBaTB BBITTIOJIHCHHUC paBeHCTBa

gn—la
@

Toraa oTcroia BEIpa3uM, YUUTBIBask paBEHCTBO (17), BeTudyuHy 1:
o
n= 5 (54)

HauanbHoe ycnoBue (33) 1-3a7auu SKBUBAJICHTHO HAYaJlbHOMY
ycaoBuio (11) Bcelt 3a1aun ¢ TOYHOCTHIO A0 BEJIMYUH BTOPOIO MOPSII-
Ka MaJIOCTH M KOMIUIEKCHO-COINPSKEHHOTO CllaraéMoro B QopmyJie
(11). JInst mosnyyeHus: OJIHOW 3KBUBaJIECHTHOCTH ycioBuid (11) u (33)
HaJ0 K pemeHuro 1-3ajmaun nmpuOaBUTh PEHICHHE TaK Ha3bIBAEMOM
1 —3aauM — KOMIUIEKCHO-CONPSDKEHHOM K 1-3ajaue. 1—3a1ada mMeeT
noctaHoBky 1-3amaum (18) — (27), HO ¢ APYrUM HaYaJdbHBIM YCIIOBH-
€M, KOTOpoe OyJIeT KOMIUIEKCHO-COIPSKEHHBIM ¢ ycinoBueM (33). 3a-
nava (18) — (27) nuHeiHas, ¥ BIOJHE OYEBUAHO, UYTO MPOLEIypa pe-
mrenus 1 —3amauu OyqeT aHAJOIMYHA MPOLEAype pelieHus 1-3agaun,
IIPU 3TOM PE3YJIbTAT PEUICHUS MEPBOMl OyJET KOMIUIEKCHO-COMPSIKEH-
HBIM C PE3YJIbTATOM PEMIEHUS MOCJICIHEN.

Wtak, pe3yibTaToOM pELICHUS 3aJauu MEPBOTO MOPSAKAa MaJIOCTH
OyayT BBIpAXKEHHUS IS BO3MYIIEHHS CBOOOIHON IOBEPXHOCTH &,
ANEKTPUUECKOT0 ToTeHIHana P, KOMIIOHEHT TOJIsI CKOPOCTEH uy, vy,
JABJICHUS p1, KOTOPBIE Tosty4daroTes u3 gopmyi (33), (41), (42), (43) u
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(44) COOTBCTCTBCHHO I[O6aBJ'I€HI/IeM KOMIIJICKCHO-COIIPS?KCHHBIX CJId-
racMbIX:

E(x,)=nExp(St—ikx)+c.c.; (55)
D (x,z,0)=EnExp(St—ikx—k z)+c.c.; (56)
w(x,z,t)=(—ik by Chk(z+d)—ikb Shk(z+d)—qc, Chq(z+d)—
—qc, Shq(z+d))Exp(St—ikx)+c.c.; (57)
v (x,2,8)=(k b, Chk(z+d)+k by Shk(z+d)—ik ¢, Ch g(z+d)—
—ikc, Shq(z+d))Exp(St—ikx)+c.c.; (58)

p(x,2,t)=(=p Sb, Chk(z+d)—p Sb, Shk(z+d)) Exp(St—ik x)+c.c. (59)
[IpencraBum BeipakeHus (55) u (56) B BelIeCTBEHHOM BUJIE, YUH-
ThIBasg Gpopmyny s M (54):

E(x,t)=aExp(ReS 1) Cos(ImS -t -k x); (60)

D, (x,z,t)=0E, Exp(ReS-t—k z) Cos(ImS -t -k x). (61)

Boipaxenue (61) mo3BoJiieT onpeneauTb KOMIIOHEHTBI 3JIEKTPU-
YECKOT'0O MOJIA NIEPBOro MOPSAAKa MAIOCTH. B 1eKapTOBBIX KOOpAHWHA-
Tax OHU OIPEHEIAIOTCA KaK IIPOU3BOJHBIE IO KOOPAUHATAM OT DJIEK-
TPUYECKOTO MOTEHIMANA:

e ob, 0P, 90,
1 ox 9y 9z )’

U B HaIlleM cliydae OHU OyAyT UMETh BU]T
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Sin(ImS -t -k x)
E,(x,z,t) = akE,Exp(Re S -t —k z)- 0 .
—Cos(ImS -t —k x)

B dopmymsr (57) — (59) moacraBum (48) — (51), (54) u mpuBeaem
WX K BEIICCTBEHHOMY BHUY:

u,(x,z,t) = o Exp(Re S - t) (—%\ q (0, +0,) | Exp(Req(d +z))x
xCos(ImS-t—k x+Imqg(d +z)+ Arg(q (0, + 0,)))+
+%\ q(0,-0,) | Exp(-Req(d +z))x
xCos(ImS -t —k x—Img(d +z)+ Arg(q (0, - 7,)))+
+‘ q 0'2‘ Chk(d+2z) Cos(ImS-t—k x+Arg(q 0'2))+
+k| 0| Shk(d +z) Cos(ImS -t —k x+ Arga,)); (62)
v,(x,2,t) = Exp(Re S - 1) (g\ 0, +0,| Exp(Re g(d +z)) X
x Sin(ImS -t —k x +Imq(d + z)+ Arg(o, + 0,)) +
+§\ 0, - 0,| Exp(-Re q(d +z))x Sin(ImS -t —k x —Imq(d + z) + Arg(o, - 0,)) -
—k| o,|Chk(d+z) Sin(ImS-t—k x+ Argo, ) -

~|qo,|Shk(d+2) Sin(lmS -t~k x+ 4rg(g 0,)));  (63)
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p(x,z,1) = a%Exp(ReSI) q q S 0,|Chk(d +2z) Sin(ImS-1—k x+ Arg(q S 0,))+

+k|S 0| Shk(d +z) Sin(ImS -1~k x+ Arg(S 0,))). (64)

7. Pesynomam pewenusa I-3a0auu. Pe3ynbTaToM pelieHus 3aaa-
YU MIEPBOr0 MOPSIKA MAJIOCTH OyA€T 3HAUEHUE KOMIIJIEKCHON YaCTOTHI
S, onpeAensieMon Kak peleHne JUCIIEPCUOHHOTO ypaBHeHud (47), e
maTprua M 3amasa hopMyIoit (45), a ¢ 1 ®,° ompeaeneHs! hopMyIa-
mu (40) u (46) coorBeTcTBeHHO. Kpome TOro, pe3ysibTaToM pEIeHUs
3amaun OyayT BeIpakeHus (60)—(64), B KOTOpPBIX KOHCTaHTHI G|, O
onpeaesitorcs mo hopmynam (52), (53).

8. Mamemamuueckasn nocmanogka 2-3a0auu.

—d<z<0: 88(7; +V&p2j—v AU, =—%V(U12)—(VXU1)X(71; (65)

V-U,=0; (66)

220 AD, =0 (67)

PR S T o
pety+py—2pyLe Bo 9% 0%, pva A 1%—

Jdz 4rm oz o’

1 (o, od V) E . 9® o0& o o0& 0
__(( )*(_lj}ﬁfl 2pv L 2pr S (69)

ox 0z 0z* ox 0z ox ox’
ou, dv, _9& du, I Iy,
= 2 —2 f— .
0z " ox ox ox - ox oz ax = 51 ’ (70)
0P
®,-E, 52 = _6[:1 azl ; (71)
z=—d: u, =0; (72)
v,=0; (73)
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z—oo:  |[VD,|—50;

rne U, = (ua, 0, ).

9. Pewienue 2-3aoauu.

9.1. 3anuco 3a0auu ¢ mampuunoii gpopme. Ypasuenus (65), (66)
MOXKHO 3alicaTh B BUAC MPOU3BEACHUS MaTPHUIIBI OllepaTopa Ha BEK-

TOP-CTOJIOCII:

u,

T(uzavzapz)zY' V) =R+,(75)Y:

)2

dbopme:

-
g

V(ﬁl-ﬁl)—(wﬁl)xﬁlj

V(ﬁl-ﬁl)—(wﬁl)xﬁlj

0

0

X

z

B(u,,v,,p,,®,)+ES =R, .

B(u,,v,, p,,P,) =

73

u,
V)
P
D,

z=0

(74)

19
p ox
1 0
;g (76)
0
(77)

['pannunbie ycnoBust (68) — (71) Takxke 3anuiieM B MaTPUYHOMN
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0 -1 0 0 g
0 —2,01/8i 1 —f—oai 02
_ Z T oz |. E =| — + — |
B=| : Pr&+Y 53 (79)
— — 0 0
0z ox 0
0 0 0 1
_EO
avl 851
e 0 ax
d%v op, 1 2 0’D ol (au ov )
2 | 1 V(I) _0 1 _2 1 1 1
R — PV 0z* 6 0z 87r( 1) " 51 7 PV ox \ oz " ox
+ ) 851 (8141 avlj é: (aul +%j
ox\ dx Oz "oz\ 0z ox
0D,
51 aZ 0
(80)

Taxke UMeeT CMBICH 3amucaTh B MaTpU4HOM (popMe yciIoBuUs Ha
nue (72), (73):

X(“zovz):[uzj =0, (81)

V)

J[pyrue COOTHOIIEHHUS 2-3aJ]aud OCTAKOTCSI HEU3MEHHBIMU. Takum
obOpazom, Beipaxkenus (67), (74), (75), (78), (81) OyayT marpudHOU
dbopmoii 3a71a4M BTOPOTO MOPSIIKA MATOCTH.

9.2. Habarwoenus, nexcauiue 6 ocnose uoeu peuwrenun. CHayana
IpUMEM BO BHUMAaHHUE TOT (DAKT, 4TO OOLIEe pelIeHue JTI000N JTUHEH-
HOM HEOJHOPOJHOM KpaeBOW 3aJadyM €CTh CyMMa OONIEro pPEIIeHUs
COOTBETCTBYIOIIEH OJHOPOHOM 3a/lauyd U KaKOTO-IUOO0 YaCTHOIO pe-
HICHUSI 3TOM HEOJHOPOJAHOW 3amauv. Hamia 2-3a7aua B IOCTaHOBKE
(65) — (74) sBnsercsa TakoBoil. HeTpygHO BHIETH, YTO ITOCTAHOBKA CO-
OTBETCTBYIOILIEHM OJHOPOJHOM 3aJa4d HSKBUBAJICHTHA ITOCTAHOBKE
1-3amaun (18) — (27), obmiee pelreHrue KOTOPOW OMpeaAesiioch Ha-
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yaiabHbIM yciioBueM (33). Jlomyckasi mpou3BOJ BhIOOpa HAYaIbHOTO
YCJIOBHS, TIOJIOKHUM, YTO OOIllee pelieHrue OJHOPOIHOM 3aauu, COOT-
BeTCTBYIOIIICH (65) — (74), onpeaensiercs: HadaabHBIM YCIOBUEM
520()H0p00H0€ ('x’ t) =0 .

Torma oGree perieHre 0JHOPOIHOM 3a7a4u, OYEBUIHO, OyAET HYJIe-
BBIM, a 3HAYMT, JIFOOOE YacTHOE pelieHue 3aaauu (65) — (74) aBroma-
THYECKU OyJaeT ee oOmmum perenneM. Mtak, B gajdbHEHUIIIEM OTpaHU-
YUMCSI TIOUCKOM TOJIBKO YaCTHOTO PEIICHUs 2-3a/1a4uH.

Borancnenune R.E. mo dopmyne (77) ¢ mpeaBapuTeIbHOM OCTa-

HOBKOW TyJIa BBIPAXXECHUU JJI1 KOMIIOHEHT IIOJISI CKOPOCTEN IEPBOTO
nopsijka MajaocTu (62), (63) B KOMIUIEKCHOM (hopme JaeT clieayroliee:

1

R, =0(2Exp((5+§)f)( 2 (A,ChQ(d+z)+HShQ,(d+z)+cc.)+

+i(AiCh Qz(d +Z)+H1.Sh Qz(d +Z)))+

i=3

e (Exp(ZS t —2ikx) (ZO +22:(Zl.Ch 0.(d+z)+I'.ShQ.(d +z)))+c.c.}) (82)

rac

O =k+q; (83) Q,=k-gq; (84) 0O;=q+q; (85)

0,=q-q; 86)  Os;=2k. (87)

Bemnuunnr A;, H;, Z,,I", — 3-mepHbIe BekTOpa. DOpMYIIBI IS HUX
npuBeACHBI HIDKE. J[JI COKpallieHusl 3aIuCcy B HUX OMYIIEHA TPEThs
KOMIIOHEHTa, KOTOpas paBHA HYJIIO M3-3a TOTO, YTO ypaBHEHHE (60)
OJTHOPOJTHOE.
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é(/gﬁla—qu@gﬁk@ azgz_ng 0-2;2)

Al:l 2 PR 3 P 2 P ; (88)
Z(k q0,0,+kqq 0,0,+k” 0,0,+k qO'zo'l)

(kzg Gla_ng 0-1;2+k30-2§1_kq20-2;1)

T

I
7~ N\
= 00|~

3 2 P 2 P ; (89)
(k 0,0,+k°qo,0,+k"q 0,0, +kqq 0'20'2)
é(k3o-1§1_kq20-1;1_k250-2;2+q2562;2)
A2=12__ PR i 2 _; (90)
Z(k q0,0,—kqq 0,0,k 0,0,+k qazoq)
é(kzaO-lgz_ngo-lgz_kso-zgﬁ‘quo-zgl)
H, = | B I 91)
Z(k30-1 o,-k’qo,0,-k’q 0,0, +kqq 0'20'2)
l 2 - -2 _— 2 -2 _
g(kq 0,0,—kq 0,0,+kq"0,0,—kq 620'2)
A3= 1 2 o 2 2 P 2 ; (92)
Z(_k qo0,0,—k"qo,0,—-k’q0,0,—k qO'ZO'I)
J 2 o= -2 _ 2 o -2 _
g(kq 0,0,—kq 0,0,+kq"0,0,—kq 620'1)
= o (93)

1 N — - - — -
Z(—kzq 0,0,-k*qo,0,-k’qo0,0,-k’q 0'20'2)
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é (quo-lgl - k;ffla o quo-zgz + kaz%a)
Ay = > (94)

1 N _ N N _
Z(kzq 0,0,-k’q 0,0,-k*q0,0,+k’q 0'20'1)

(_quglgz + k;zo-la + quo-zgl - kgzaza)

H4_ 1 2 . 27 2 P 27 ; (95)
Z(_k qo,0,+k"qo,0,+k"q0,0,—k qO'ZO'Z)

0 0
As=| 2 ) ) (96) H;=| & ) ; (97)

_7(510-251"‘50-1;2 —5(k20'10'1+qq 0,0,

I 2 2 2
—(=2k’c" =2kq*c” +4kq’ o
Z, = 8( 1 q O, q 2); (98)
0

7 _ L (k30'12 —2k’q0 +kq*o +k*qo,’ —2kq*o,’ + q30'22) _
1= 8 > (99)
0

é (Ko’ +2K°q0) +kq’0,’ —k g0, —2kg’0," —q'0;”)

Z, = ; (100)
0
]
r-ls (k30'10'2 ~k’qo,0,—kq’0,0, +q30'10'2) ; (101)
0
]
r-ls (—/%30'10'2 ~k’qo,0, +kq’0,0, +q30'10'2) | 102)

0
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Boruucnenue R, o gpopmyne (80) ¢ moACTaHOBKOM B HErO BbIpa-

JKeHuit 11 &, uy, vi, p1, ©; (60) — (64) B KoMIIIEKCHOH PopMe TaeT

R, =’ Exp((S+5)t) (N, +NCh dk+Z,Sh dk +N,Ch dq +Z,Sh dg +

+N,Chdq+Z,Shdq)+a’ (Exp (28t —2ikx) (M, +M,Ch dk+T,Sh dk +

rac
0
0
No=[ 0 | (104)
Ek
2
0
—ik’vpo,
No=|
—5 (3 =4’)o,
0
0
1_3
_ Ezk Vpo,
I R PP
()
0

+M,Ch dg +T,Sh dq)+c.c.),

ivpq
L (106) 5, =| 4

q0,
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lk:p (3k2 _52);1

0

1 1
—k’qo, +—
49Ty

0

'k
_! :p(3k2_q2)o_l

Kqo,

0

(3% -4 )0, - 2L (3% - ) o,

%k%‘l %kﬁ

0

(103)

> (105)

;(107)

(109)



1.
PR _%ichz
lz‘k(5/7c2+q2)vpcs Lo 2,52
M, =|4 1 (110) M, =| KRRy
3., 1
_Ek 40, Z(5k2 +¢%)q0,
0 0
1. 1.
5 k2(51 _Elchl
1 1
—ig(5k* + g*)vpo . ——ik(k* +2¢°)vpo
3 1
—§k3(51 Z(Skz +q2)q(51
0 0

N3 Beipaxkenuit (82) u (103) HeTpyHO YBUIETH, UTO R.E. — CyM-
Ma cJlaraéMbIX BUJa

Exp(Q,t—i K ,x) (Al.Ch Q0.(d+z)+HSShQ,(d+ Z)) , (114)
a R.B.C. — cymma ciiaraeMbIX BUjaa

Exp(Qt—i K,x) (N,ChdQ,+Z2,ShdQ,), (115)

rae Q;, K;, J; — HeKOTOpble KOMIUIEKCHbIE TTOCTOsIHHbIC, A,, H, — 10-

CTOSIHHBIE KOMIUIEKCHBIE BEKTOpa pasMepHoctd 3, a N, Z, — KOM-

IJIEKCHBIE BEKTOpa pasmepHoctH 4, mpudem L, K;, O; B (115) He 00s-
3aTEJIbHO Takue ke, Kak B (114).

IToCKOJIbKY MBI MIIIEM YACTHOE PEIIEHUE JIMHEMHOU KPacBOW 3a-
nauu (67), (75), (78), (81), To Bug 3TOTO penieHus OyaeT OmpeaeisaTh-
Cs BUJIOM HEOJHOPOJHOCTEW YPABHEHHMN U KPAEBBIX YCIOBHUM, COCTAB-
JIAIOIUX TIOCTAHOBKY 3aJ1a4d, TO €CThb BUJOM BbIpaXeHUU R.E. u
R.B.C. wnu, uHaude roBopsi, cyMmon ciaraemeix Buga (114) u (115)
COOTBETCTBEHHO. ClieIoBaTeNbHO, KaXK/1asd U3 HEU3BECTHBIX (PYyHKIIMIM
Uy, V5, po OyJIET CYMMOM cllaraeMbIX BUJIa
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Exp(Qt—i K.x)(a,Ch Q,(d +z)+hSh Q,(d +z)) (116)
U BUJA

Exp(Qit_iKix)(Zi+Ci(d+Z))9 (117)

rne a;,h;,z;,¢;, — HEKOTOPhIE CKaJAPHBIE KOMIUIEKCHBIEC MOCTOSIHHBIE.
N3 nanpHENIIUX PaCCyKIEHUW CTAHET MOHSITHO, YTO CIIATAEMBIX JPY-
roro BUJia HE MOXET OBITh B COCTaBE BBIPAXKEHUU IS Uy, V), D).
Oyuknus P, ABIAETCSA JIMHEHHON KOMOMHAIIMEH aHAJTOTUYHBIX (PYHK-
1WA, HO YJIOBJIETBOPSIONIUX yYpaBHEHUIO (67) 1 ycnoBuio (74) — ycio-
BHIO Ha OECKOHEUHOM BBICOTE, CYMMOM CllaraéMbIX BHa

Exp(Qt—-i Kx—Kz)., (118)

BBIpa)KeHI/Ie JJIsA gz BCJIICACTBHUC TOI'O, 4TO ITIOCJICOAHCC OT Z BOOO-
¢ HC 3aBUCHUT, OIIPCACIINTCA CYMMOﬁ CJlara€MbIX BHJ1a

Exp(Qit—i Kx), (119)

Beipaxxenust (116) — (119) qis onaux u tex xe €, K;, O; Ha3oBeM
IPOCTEHMIIEH BOIHON M 0003HAYUM Kak (zi, Vai, Pai, i, E21), a Q;, K,
(Q; Ha30BEeM mapaMeTpaMu BOJIHBI.

PaccmoTpum AelcTBUE ONEPATOPOB R,B,X HA HNPOCTEUIINAE BOJI-
Hbl. DT ONEPATOPhI JUHEUHBIE, IO3TOMY OHU CBOMM JECHCTBHUEM HE
W3MEHSIOT 3HAYCHUW MapaMeTpoB IIPOCTEMINEH BOJIHBL. JlelcTBue
orniepaTopa R Ha (i, V»i, P2i) CBI3aHO C HEKOTOPHIMU MaTpUIlaMU. ITU
MaTpUIlbl 3aBUCAT OT MAapaMeTpoB mpocreiiied BoiHbl 2;, Kj, O,
JelictBue omeparopa CBOOUTCS K CYMMHPOBAHUIO IPOU3BEIACHUM
MaTpull Ha CTOJIOLBI aMIUIUTY MPOCTEHIIEH BOJHBI TaK, KaK 3TO MO-
KAa3aHO HHXKE:

ecan (uy;,Vy; D) = Exp(Q,t —i K,x) (A,Ch Q,(d +z)+H,Sh O,(d +z2)),
TO R(uy, Vs, ;) = Exp(Qt =i K,x) (R, (K, 0,,Q,)- A, +R,(0)-H,) Ch O,(d +2)+

+(R1(Ki>Qi>Qi)'Hi +R2(Qi)'Ai) Sh Qi(d+Z)) >
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cCin (u2i’v2i’p2i) = Exp(Qt—i K;x) (Ai +H,(d +Z)) )
T0 R(uy, vy, py) =Exp(Qt—i Kx)(R(K,,0,Q,)-A, +R,(1)-H, +

+R,(K,,0,Q,)-H, (d +2)).

Martpuiel Ry 1 R, nmeror Bua

V(Kiz_Qi2)+Qi 0 _i%
Rl(KﬂQi’Qi)z 0 V(KiZ_Qi2)+Qi 0 ; (120)
-i K, 0
0 O 10
Rz(Q[): 0 0 ;Ql . (121)
0 0. 0

Tenepr paccMoTpuMm jeicTBUE orepatopa B Ha mpocTeiinyro
BOJIHY (Upi, Vi, P2is P2i). OHO 3aKITIOYAETCS B CICAYIOLIEM:

eCIIH (uzl.,vzl.,pzi) = Exp(Qt—i K x) (AiCh O.(d+z)+H.ShQ.(d +Z)) (122)
" ®, = fExp(Qt—i Kx—Kz), (123)

TO AUy, vy, Poys Py,) = Exp(Q,f —i K, x) ((Bl(Ki) A, +B,(0)- Hi) ChdQ, +

+(B,(K,)-H, +B,(0)-A,) ShdQ, + fE(K,)); (124)
ecmn (Uy;, vy, D) = Exp(Qt —i K,x) (A, +H,(d +2)) (125)
u ®, = fExp(Qt—i Kx—K.z), (126)
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TO B(u2i’v2i7p2i’q)2i) = Exp(Q.il‘—i Kix) (Bl(Ki) ‘A, +B2(1) ‘H, +

+B1(Ki) ) Hi d+ sz(Kz)) .

ITpu 3ToM MaTpuusl B, B, Bekrop E umeror Bua

0O -1 0 0
0O O 1 0
B,(K)) = 0 —iK. 0 ; (128) B,(0)= 0
0O 0 O 0
0
E.K,
E(K;)=| 4n
0
1

0
—2vp Qi
0
0

oS O O O

(127)

(129)

(130)

CoBceM TpOCTO BBIMISAUT ACHCTBUE oreparopa A Ha mpocTei-

Y10 BOJIHY:

ecin (Uy,Vvy; ) = Exp(Qt —i K,.x) (A,Ch Q,(d +z)+H,Sh O,(d +2))

wn (u,,,v,,) = Exp(Qit—i Kx) (A, +H,(d +z)),

10 X(Uy,,Vv,;)=Exp(Qit—i K x)A,.

9.3. Hoea pewienusn. OCHOBHBIM B UJEEC PEUICHUS SBISIETCA I10-
UCK He 00I11er0, a BCEro JIUIIb YaCTHOTO pelIeHus 2-3aJjauH, YTO YKe
ObLJIO apryMEHTUPOBAHO. TakkKe BaXXKHBIM MOMEHTOM SBJISIETCS MPE/I-
CTaBJIEHUE PEIIeHUs B BUJE CyMMBbI THOKOM M Hermokoi vacteit. He-
ruOKasi 4acTh PEIIeHUs 3aa4i — Ha0Op BEJIMYUH (', vy, p2+, ®,"), B

KOTOPpOM



yIAOBJICTBOPAIONINA ypaBHEHUIO (67) WM JUHEMHOMY MaTpUIHOMY
ypaBHEeHHUIO (75), HO HE 00513aTEIHHO YAOBICTBOPSIONINN OCTaIbHBIM
COOTHOIIEHUAM 2-3amaud. ['nOkas d4acTh pemnieHus — Habop
(uz*, v, pz*, @, €,), KOTOPBIA YIOBIETBOPSIET OXHOPOIHOMY YpaB-
HEHHI0, COOTBETCTBYIOIIEMY (75) M BCEM OCTaJIbHBIM COOTHOIIICHUSIM
2-3aga4u, TO ecThb (67), (74), (78), (81), Takum 00pa3om, 4TO Cymma

(uzavzapzaq)zagz) = (u2+:vz+:p2+>070) + (uz*:vz*:pz*aq)z*:gz); (131)

OyJleT pelIeHueM JTUHEWMHOW HEOJAHOPOJHOM KpaeBo 2-3amauu (67),
(74), (75), (78), (81).

YtoObl HaWTH HAO0Op BEIWYUH HETHOKOM dYacTh pelieHus
(', vy, p2+), HaJ10 HaWth matpullsl L; u L,, 3aBucdmme ot mapamer-
POB IIPOCTEUIIIEN BOJIHBI, TAKUE, YTO

ecit Ry, v,0. py) = Exp(Qt—i K.x) (A,Ch Q.(d+2)+B,Sh 0,(d +2)) (132)
10 (Uy, ,Vs, » Py, ) = Exp(Q,1—i K,x) X
x((L,(K,,0,,9) A, +L,(K,,0,,Q,)-B,) Ch 0,(d +2)+

+(L,(K,,0,,Q.)-B, +L,(K,,0,,Q,)-A,)Sh Q.(d + z)), (133)

rae A;, B; — 3-MepHbIe BEKTOpa, 3HAYEHUS] KOTOPBIX MU3BECTHBI. Mart-
puunsl L; u L, B onipesieieHHOM CMBbICTIE ABIISIIOTCS 00paTHBIMU K R 1
R,, Tak Kak mepeBoaAT M300pakKeHUE omepaTopa R B €ro mpooodopas B
otimune OT Ry u R,, IercTBHE KOTOPBIX 3KBUBAJICHTHO JEUCTBUIO
orneparopa R. Marpuus! L; 1 L, yI10BIETBOPAIOT COOTHOIIEHUAM

LR +L,-R,=E; (134) L -R,+L, R, =0, (135)

rae E — equanunag marpuna 3x3, a O — marpuna 3x3 u3 Hyjnel. 3Has
R, u R, u3z (120), (121) no popmynam (134) u (135), MOKHO BBIUKC-
muth Ly 1 Lj:

1
X
(Ki2 _Qiz) (V (Ki2 _Qi2)+Qi)
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L,(K,0,,Q,)=



_Qi2 0 iKi(V (Kiz _Qi2)+Qi)

x 0 K/’ 0 . (136)
ipK,(v (K =0)+Q) 0 p(v(K’'-07)+Q,)

0,
L,(K;,0,,Q,)=- 2 2 l 2 2 X
( Q ) (Ki _Qi )(V (Ki _Qi )+Qi)
0 iK, 0
x| iK 0 VK -0+ | (137
0 p(v(K, -0)+Q) 0

['mOkas 9acTh permeHus (uz*, vy pz*, Cl)z*) YJOBJIETBOPSIET OJIHO-
POJIHOMY YpaBHEHHUIO, COOTBETCTBYIOIIEMY (75), U 3TO OJHOPOJHOE
MaTpUYHOE YpPAaBHEHHUE, OUYEBHUIHO, aHAJIOTMYHO CHUCTEME YpPaBHEHUU
(18), (19) 1-3amaun. IIpouenypa pelieHus: STUX YpaBHEHHUI MOAPOOHO
OMMCaHa B MyHKTE 6. DTanbl CKAISIpU3aluy ypaBHeHui (65), (66), no-
Jy4YEHHE COJIEpKaIlero HEeOMpPeaeICHHbIe KOHCTAaHThl PEUICHUS STUX
YPaBHEHHI OTHOCHTENLHO TIOTEHIHMAA 1 (GyHKIIMUA TOKa, IEPEX0]1 OT
HUX K BBIPQKCHUSIM IS Uy , V , P, OYIYyT aHAJIOTHYHBI COOTBETCT-
BYIOIIMM IIaraM Jyisi 1-3aadu BIUIOTH JI0 3Tama oOpalieHus K rpa-
HUYHBIM yciioBusM (68) — (73), koTopele, B OTau4ue ot 1-3a1auu, siB-
JISTFOTCSA HEOTHOPOAHBIMU.

IToncranoBka (131) B (78) u (81) maer cucrteMy MaTpUUYHBIX
YPaBHEHMIA:

B(u,,v,, ps, @) +EE =R, —B(u,",v,", p,",0); (138)

X(uy,v,) ==X(u,",v,"). (139)

VY IOBIIETBOPSISE 3TUM ypaBHEHUSIM, Mbl HAaWJIEM HEOIPENEICHHBIC
KOHCTAaHTBI, BXOJAIIIHAE B THOKYIO YacTh PewIeHus (is , Vo , pa » P &).
9.4. Omanwvt pewenua. HernOkas 4acTh pemieHus 2-3aJa4u IMO-
Jy4aeTcs KaKk CyMMa OTJEIbHBIX MPOCTEUIINX BOJIH B R.E. (BbIpaxe-
Hue (82)), mpeoOpa3oBaHHBIX MO MPUHIUITY, U3JI0KEHHOMY B IyHKTE
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9.3, a umenHo mnpocteimas BoaHa (132) mpeobpasyercs B (133). B

UTOTE UMEEM

2 _ —
((L,(0,0,,5+5)- A, +L,(0,0, S +5)- H,)x

=1

1

(u;,v;,p;)=a2Exp((S+§)t)(

XCh Q,(d+2)+(L,(0,0,S+8)-H,+L,(0,0,S+5)- A,) $h Q,(d +2) +cc.)+

+i((L1(O,QZ.,S+§)-Ai +L2(O,Ql.,S+§)-Hi) Ch Q.(d +z)+

+(Li(0.0,.5+8) H,+L,(0.0.5+5)A, ) ShQ,(d +2)))+

+o (Exp (28 t=2i k x) (L,(2k,0,25)-Z, +

+ZZ:((L1(2k, 0,28)-Z,+L,(2k,0,,25) T,)Ch Q,(d +z)+

i=1

+(L,(2,0,,28) T, +L,(2k,0,,25)- Z,) Sh Q,(d +2))) +cc.),  (140)

rae Q; onpenensatorcs Boipaxenusmu (83) — (87), A,, H,, Z,, T, —
dbopmynamu (88) — (102), marpuusl L;, L, — Beipaxkenusmu (136),
(137).

[lepen Tem Kak MCKaTh TMOKYIO 4acTh PEIICHUS 2-3a7a4d, MOA-
poOHO paccMOTpuUM IpaBbie yactu cooTHomeHu (138), (139). IIpu-
MEHSII K OTJEIbHBIM CJlaraéMblM HETHMOKOW YacTh PEIICHUs
(', vy, p2+, ®," =0), orniepaTop B 110 BhIICYIOMSIHYyTOMY TPUHIIUITY,
Korja mpocteiire BoJiHbl (122) u (123) npeobpaszytorcs B (124) —,

npuOasss 3ateM R.B.C. (Beipaxkenue (103)), moayduM npaByro 4acTh
(138) B BUzE

R, —B(',v*,p",0)=a’ Exp((S+S)t) (N, +N,Ch dk +E,Sh dk +
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+(N,Ch dg+ZE,Sh dq+c.c.)—i((Bl(O)~ai +B,(0,)-B,) Ch dQ, +

1

+ (BI(O) ’ :Bi + BZ(Qi) ) ai) Sh in + C-C-)_

_Z((Bl(o)'az‘ +B2(Qi)':Bi)Ch in +(B1(0)'ﬁi +B2(Qi)'0(i)Sh in)j"'

i=3
+a’ (Exp(2S t—2i k x) (M, + M,Ch dk + T, Sh dk + M,Ch dg+T, Sh dg —

“B,(26)- L, (26,0,25)-Z, 3 (B, (2k)- A + B,(0)- 1) Ch dQ, +

i=1

+(B1(2k)'lui+B2(Qi)'/li)Sh in))+c~C-)- (141)
3aech o, Bi, Ai, Wi, OIPEAesoTcs Mo GopMyIaMm:

ai :Ll(oaQisS+§)'Ai +L2(O’QI’S+§)'H5;
B =L,(0,0,5+8)-H,+L,(0,0,5+5)-A;
A =L,2k,0,,28)-Z, +L,(2k,0,,25) T, ;

1, =L,(2k,0,25)-T, +L,(2k,0,25)- Z:

BekTOpa A,, H,, Z,, I',— o ¢opmynam (104) — (113), matpuuer B; u
B, — 1o dbopmymnam (128), (129).

IIpaBast yacth popmyibl (139) BeUMCISIETCA ClAEAyOMMUM 00pa-
30M: CHaydajia OepyTcsl JIBE TEPBbIE KOMIIOHEHTHI BEKTOPHOI'O BBIpa-
xenus (140), 3aTemM B HUX Jenaercs MOJACTaHOBKa z = —d. B pesyinbTa-

TC UMCCM
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(L£,(0,0,,5+5)- A, +L,(0,0,5+5)-H, +

—X(u3,v3) =~ Exp((S+S)) [

2
=1

+C.C.)+i([~41(0,Q,-,S+§)'Ai +I~‘2(07QﬂS+§)'H")j_

i=3
o (Exp (28 t=2i k x) (L, (2k,0,25)- Z, +

2

+2(L,(2k,0,,25) 7, +E2<2k,Qi,25>'Ff)j+C'c'] U9

i=1

riae Marpuilbl L, U L, nomy4darorcs u3 L, L, oTceueHuem TpeTbeit
CTPOKH.

Kak HerpyaHo BuAETh, mpaBble 4YacTu cooTHomeHu (138),
(139) — Beipakenus (141) u (142) — npeacTaBiasOT co00i TMHEHHbBIC
KOMOWHAIIUA MHOKUTEIEN Exp((S + E)t) U Exp(zS t—2ik x). Cnenosa-
TeJIbHO, JieBble yacTu cooTHomneHuu (138), (139) Taxkxke OyayT mm-
HEWHBIMA KOMOWHALMSIMU 9TUX MHOXUTeNeH. Tak Kak omnepatopsiB,
E U X JIMHEWHBIC U HE U3MEHSIOT TapaMeTPbl MPOCTEUIIEN BOJIHBI, TO
BEJIMUYMHBI Habopa (uz*, vz*, pz*, CI)2*, €,) OyayT IMHEHHBIME KOMOMHA-
LUSAMU MHOKUTEJIEN Exp((S +§)t) u Exp(2St—2ikx).

['ubkas yacThb perieHus 2-3a/1auu ABJISIETCS PEIICHUEM YpaBHEHUS
(67) 1 TMHENHOTO OJHOPOJAHOTO MATPUYHOTO YPAaBHEHUS, COOTBETCT-
Bytomiero (75), KOTopoe MPUBOJUTCS K CUCTEME CKaJISIPHBIX ypaBHE-
HUW:

* * *

: d : . g D
AP =0 (143) 5 F-vAp=0; (144) === (145)
. 0@, Y, . 00,
v2=a—;+a—xz; (146) pz——pa—;. (147)

CornacHo 3aMeuaHuaAM U3 TpEeAbIIyIIero naparpada u ToMmy, 4To ya-
CTHBIC TTpou3BOJHEIE B opmynax (145) — (147) He U3MEHSAIOT Tapa-
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METPbI IPOCTEUILIEN BOJIHBI, TOTECHIMAI goz* U (YyHKIUS TOKa ;//2* Oy-
OyT JIMHEMHBIMM KOMOWHALIMSIMU  MHOXKUTENEH Exp((S+§)t) 51
Exp(zS t—2i kx), TO €CTh MCKaTh THOKYIO 4acThb peIIeHMs 2-3aJlauu
HaJ0 B BUJE

@ (x,2,0) = A Exp((S + S)t) 4, (z) + o (Exp(2S t = 2i k x) 4,(2) + c.c.) ; (148)
0.(x,2,0) = &P Exp((S + S)t) B,(2) + & (Exp(2S ¢ = 2i k x) B,(2) + c.c.); (149)
w,(x,z,t) = azExp((S + E)t) Co(2)+a* (Exp(2S t=2i k x)C,(z)+c.c.); (150)

E(x,t) = Exp((S +8)t) Z, + & (Exp(2S t=2i k x) Z, +c.c.). (151)

IToncrapnsis (148) B ypaBHeHue (67) U y4uThIBasi TPaHUYHOE YC-
nosue (74) noyuum, 4to Ay U A; YAOBIETBOPSIIOT PABEHCTBAM

A(2)=a,; (152) A(2) = a,Exp(-2 k z), (153)

TC ady U @, — HEM3BECTHBIC MMOCTOSTHHBIE, OMPEACIsieMble U3 YCIOBUM
(138), (139). IToactaBus Boipaxkenue (149) B (143), noaydum, 4To

By(z) =Dy +by(d +2); (154)

B,(2) =b,,Ch 2k(d + z)+ b, Sh 2k(d + z), (155)

rae byo, bo1, b1o, b11 — HeU3BecTHBIC TocTOssHHBIE. [ToacTaBmss (150) B
(144), nonyunm

Cy(2) = cpoCh wy(d +2) + ¢, ,Sh wy(d +2) ; (156)
C\(2) = ¢, Chw,(d+z)+c,,Shw(d+2z), (157)
TIE Coo, Col» Ci0» C11 — HEM3BECTHBIE MOCTOSHHBIE, ONpPEEIIEMbIE W3

TPaHUYHBIX YCIIOBUH 2-3a]1a4u, U
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S+S 28
Wy = =5 (160) W = 4k2+7. (161)

Jlanmee Mbl JOJKHBI TOCTYJIMPOBATh PABEHCTBO
Co(2)=0, (162)

YTO MOKET UMETh MECTO, TOJIbKO €CIU Coo = co; = 0. B ciydae korga
ReS < 0, TO ecTh KOTIAa MaJIble BO3MYIIEHUS ITOBEPXHOCTH KUIKOCTH
HE TPUBOAAT K pealu3aluyd HeycTOMuMBOCTH ToHkca—DpeHkens,
dbyukius Cy(z) cormacHo (156) sBIIEeTCS MEPUOAUICCKOM I10 Z U €€
aMIUTATYJIa TOCTOSIHHA MO z. JTO COOTBETCTBYET TOMY, YTO BHYTpHU
CJIOSI )KUJIKOCTH Ha BCEM €r0 BEPTUKAIBHOM MPOTSKEHUU B MOJIE CKO-
pOCTEN MPUCYTCTBYET TOPU3OHTATIbHAS KOMIIOHEHTA, BEJIMUMHA KOTO-
poil oMHAKOBa 0 Bcel ToduHe ciios. [Ipu oueHb OOBIITON TOIIN-
HE CJIOA HAJWYue TAHHOW KOMITOHEHTBI MOJISI CKOPOCTEW COOTBETCTBY-
€T OOJIBIIIOMY 3amacy KUHETUYECKOW SHEPruM BHYTPU >KHUJIKOCTH,
KOTOPBI HE MOXKET O0ECIEeUMBATHCS MaJbiM BO3MYIICHUEM MOKOS-
nieiics xkuakoctu. Takum obpazoM, cutyauuto Cy(z) #0 He paccmart-

pHUBacM U CHHUTACM, YTO

Bripaxxenue s @, nosydaem, nojactasiiss (152), (153) B (148):
D (x,z,t) = azaOExp((S + E)t)+ o’ (a,Exp(2S t—2ik x =2k z)+c.c.). (163)

[ToactaBus (154) u (155) B (149), (157) u (162) B (150), a 3atem
BBIPAKCHUS IS @* (149) u guz* (150) B bopmynsl (145) — (147), no-
JYyYUM BBIp@XKEHUE JISl APYTHMX KOMIOHEHT TMOKOM YacTH PEIICHHS
2-3aJ1a4u:

s vs, po) = & Expl(S +8)) (buofy + Brod +b0y (d +2) +
+a’ (Exp(2S t—2i k x) (b, (f, Ch 2k(d +z)+h,Sh 2k(d + z))+

+b,,(j, Ch 2k(d + z) +1, Sh 2k(d + z))+ c,,(n,Ch w,(d + z) + p,Sh w,(d + 2)) +
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+¢,,(r, Ch w/(d +z) + t,Sh w,(d +z)))+c.c.), (164)

rae
0 0
f():l(): O ; _]0_ 1 ;
—p(S+5) 0
—2i k 0 0 —-wW
f=L= 0 |, hy=j=2k|; n=t,=|-20 k|, pp=r,=| O
-2p S 0 0 0

Tenepbr MOXXHO BBIYMCIIHTH JIEBYIO YacThb IPAHUYHOTO YCJIOBUS
(138). st aToro mpuMeHumM omnepatop B k ruOkoil yacTu perieHus
(163), (164) no mpuHumny: npocrteimue BoiaHbl Buaa (122), (123)
npeobpa3yroTcs B BbIpaxkeHne Bujpa (124), a Boaubl Buaa (125),
(126) — B (127). K nonydyeHHOMY BBIpaXEHUIO TTPUOABUM PE3yJIbTaT
nevictBus orneparopa = (79) Ha &, , umeromuii Bux (151). Torma

B(u;. v, 3. @)+ EE, = & Exp (S +8)t ) (B,(0)- (Byof, +bydy ) + by By (1)1, +
+b,,B,(0)-1, d+a,E(0)+Z,Z,)+

+ o (Exp(2S t = 2i k x) (B, (2k) - (b, £, + b, j,)+ B,(2k) - (byh, +b,,1,)) Ch 2dk +

+(B,(2k) - (byh, +b,,1,)+ B, (2k) - (b, £, + b,j,)) Sh 2dk + (B,(2k) - (c,n, + ¢, 1, )+

+B, (W) (copy +cyty)) Ch dw, +(B,(2k) - (copy + ¢yt )+ By (w) - (o, +¢y1y))

Sh dw,+aEQk)+Z,Z,)+cc.), (165)

rae matpuiiel B, B,, Bektop E onpenenstorcs Beipaxkenusmu (128),
(129), (130) COOTBETCTBEHHO,
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S+S 28

- —p g—4y Kk’
z,=| P &, z,=| PETTE

0 0

~E, —-E,

YtoObl MOTYy4NUTH JEBYIO 4YacTh paBeHcTBa (139), Hamo BHIOpATH
TIepBbIE JIB€ KOMIIOHEHTHI TMOKOW yacTu pemeHus (164). J{ns aToro
BCe BbIpakeHue (164) Hag0 YMHOKHUTh Ha MaTPUILY

. (1 0 0
E= ,
010

KOTOpasi €CTh €MHUYHAS MaTpUIla C OTCEUCHHOU MOCIEHEN CTPOKOM.
3aTeM NMpUCBOUTH z 3HaUeHue (—d). B utore nosyuum

X, vi)=E- (azExp((S+§)t) (Boofy +Brodo ) + 0% (Exp (28 t=2i k x) (b f, +

+b,j, + ¢y, +cnr0)+c.c.)). (166)

B pesynbrare UMEIOTCS BBIPOKEHUS sl THOKOW YacTH pelIeHUs
2-3amaun — (151), (163) u (164), koTOpbIe CO/IepKAT HEU3BECTHBIE TIO-
cTostHHBIC. J[JI1 ompeneneHus dTUX HEU3BECTHBIX IMOCTOSHHBIX HMe-
10TCsl MaTpuuHble ypaBHeHus (138) u (139). Beipaxkenus 1j1st oTeib-
HBIX CJaraeMbIx 3TUX ypaBHeHui (141), (142), (165), (166) nago noa-
ctauth B (138), (139). IIpu stom (138), (139) mnpeBpatutcs B
CUCTEMY JIBEHA/IATH CKAISIPHBIX ajareOpandeckux ypaBHEHUH C aecs-
ThKO HEU3BCCTHBIMU A, dq, bo(), b()l, blo, bll) Co1» C11, Zo, Zl. Pemas 9Ty
cucteMy MeToaoM ['aycca, onpenenseM 3HaYeHUS HEM3BECTHBIX:

a, :%"; (167) 0 :E021+%k' (168)

9

% 1
8w. (—q Chdq Shdk+k Chdk Shdq)(—q Chdq Shdk+k Chdk Shdq)

00 —

(4k*qq—4k*qq - (K> +q*)-Chdk Chdg+4k>q-(k* +q°)-
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Shdk Shdg + (k* —6k*q* + ¢*)x(—qq-Chdq Chdq+k*-Shdg Shdq)—
2_ 2 2 - 4 2 2, 4, 272
—kq- -2k —q" —q )-Sh2dk Chdq Shdq)+(2k™ —4k"q +q +q°q )-

(qq-Chdg Chdg+k*-Shdg Shdq)-Ch2dk)+cc.;  (169)

_iw_(Bk'+6K’q’ —¢") o] +8K7¢’ -07) o
01 2k 11 8V(k2 _qZ)(9k2 _q2) ) ( )
b, =0, (171)

, 2k’q- 0,0,
b, —1'601_V(k2_q2)(9k2_q2); (172)

Y kv pw, (16k* —w*)- R, +8ik>V? pw, (4k> —w?)- R,, - Chdw, —

Cop =—
Zl

— (2ikp@} - Rys + pay (4K +w)- R, —2kv(16k* —w})-R,,,) Shdw, —iv’ pw, X
X(16k* —w}')- R,y - Ch2dk +w, - (4pka; - R, +ipa) - R, —8k*v(4k> —w}) R, ) X
X Sh2dk —32kv? pw,(4k> —=w;)- R,, - Ch2dk Chdw, —32ik>v’ pw, (4k* —w?)- R,, X
X Sh2dk Chdw, + p(4k> —w. )@} - R,, +iv> (4k> +w)-R,,)- Ch2dk Shdw, +
+ip(4k> —wi ) (! - Ry, —iv> (4k” +w])- R,,)- Sh2dk Shdw,); (173)

Vv

A 8KV p(16k* —w}) R, + 2kpa} - R s —ip@} (4k> +w; ) R,, + 2ikv X
Z,

€ =
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x(16k* =w*)- R,,,)- Chaw, —8k*v’ pw, (4k> = w?)- Ry, - Shdw, + 2k - (4ikpe} - R,, —
— pa? - Ry —8ik*v(4k> —w?)- R,,)- Ch2dk + 2kv? p(16k* —w?)- R, - Sh2dk —
—32ik*V? pw, (k> = w?)- Ry, - Ch2dk Shaw, +32k°v? pw, (4k> —=w?)- R, - Sh2dk X

x Shdw, +ip(4k> —=w> )@ - Ry, +iv> (4k> +w?)* - R, )- Ch2dk Chdw, — p(4k> = w? ) X

X(@; - Ry, —iv’ (4> +w})* - R),) - Sh2dk Chdw,);; (174)
Z,=0; (175)
Z = 2: (16K>vow, (4k> +w?)- R,, + 2ikvpw, (12k> + w2)- R, +vow, (16k* —w') x

Z,
X R,, -Ch dw, +2ikvp(16k* —w})-R,, - Sh dw, —8k*vpw,(4k> —=w})-R,, - Ch2dk —

—8ik*vpw, (4k> —w?)- R, - Sh2dk —vpw, ((80k* +8k>w] +wi)- R,, + 2ik(12k> +w?) X
XR,,)-Ch2dk Chdw, +2kvp((16k* +24k*w;] +w;')- R, +2ik(4k> +3w;)- R ;)X

X Sh 2dk - Sh dw, —2kw,(4k> —w;)- R,,, - Sh2dk Chdw, +
+4k* (4k> —w;)- R,,, - Ch2dk Shdw,) , (176)
rac
A, = S - (1657v>w, (45> +w?) = w, (V> (80k* +8k>w? +w)- Ch2dk + @ - Sh2dk) X

X Chdw, +2k(a} - Ch2dk +v* (16k* +24k*w? +w?)-Sh2dk)- Shdw,); (177)
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vk
R, = )
! 2(9k* — q°)(—q Chdgq Shdk + k Chdk Shdq)

(4k>q-(5k> +¢°) - gx

x(31k* +10k>q> — q*)- Chdk Chdgq +k - (3k* +22kq> — ¢*)- Shdk Shdq); (178)

ESK (K -¢)vip p(k+4")-07-2¢"-0,) kp y
167 4 8 209k* —10kg* +¢*)

R, —-
x (k- (9k* +10k>q> = 3¢*) - Chdk Chdq +4kq - (3k*> + ¢*)- Shdk Shdq)- o +
+q-(4kg-(3k> +¢°)- Chdk Chdg +(9k* +10k*q> —3q¢*)- Shdk Shdq) o> +

+(g-1k* +14k7¢> = 34*) - Shdk Chdg +

+k-(9k* +22k*q* +q*)- Chdk Shdq)- 6,0, ): (179)

ivk?

R, = {g-G1k* +4*)=2gx
BT 9k% — ¢ )(—q Chdq Shdk + k Chdk Shdq) 0-¢ )2

x(22k* +11k>q> —¢*)- Chdk Chdg +2k* - (3k> +134%)- Shdk Shdq); (180)

ik Gk 6kt —g*) -0 +8k%q ;)

R, = .
21 4V(k2 _q2)(9k2 _qZ) )

(181)

4k*q- 6,6
R =— 12 ) 182
(SRS CL e (182)

Habop Benuuun (131) He yaoBneTBopsier paBeHcTBaM (78), (81)
MOJIHOCTBIO, @ YJIOBJIETBOPSAET COOTHOIICHUSIM
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Bty vy, @,) +E&, = RBC.— o Exp((S+S)t ) o (183)

0

X(uz,vz)=—0{2Exp((S+§)t)-[’3). (184)

rae

1
= — — X
(3k> — g* - 2kq)(3k> — q° + 2kq)(—q Chdq Shdk + k Chdk Shdq)

4P

1
X X

(3k> —q —2kq)(3k> —q +2kq)(—q Chdq Shdk +k Chdk Shdq)

ikv -
X = —x(kq-(684k' =967k q> +597k"q* —215k%q® +45k°q® -
4(k* —qq)(k* +qq)

A4kt g" — 47Tk — 522k g +1008k g g —532k°¢° g +127k*q g —
_12)2 1072 aqp104 g 274 6 44 4 64 2 874 g6
qg q —3lk g +726kq"q —392k’q"q +50k"q’q +3k°q"°q +77k"q +
430k 276 1 4 476 2 66 g0 68 4 278 2 478
q q —154k"q"q +28kq°q +q q —13k’q —159"q" q +67k"q"q —
3 68 5 5—10 4—10 ,—12
-3q°q +46k"qq —6q'q —4q°q )-(—qShdk Chdgq+ kChdk Shdq)+
+I2q - (A68K™ — 44127 +116k" ¢ —k*q° -2k ¢ — 259k ¢ —786k"°¢* ¢ +
+962k" 4_2_3 6,62 4 872 g0 102 4,104 g 274 6 44
qq 96k’q°q +77k’q°q —6k"q q —14k"q +432k’q q +44k°q q
_ 4 64 2 874 5 1074 147876 6 276 4 476 2 66
134k"q°q +30k°q°q —2q "q —13k"q +296kq q —370kq q +72k"q q
g+ 22k — 220k q* ¢ +104k2q ¢ —5¢°q —4k'q +52k%q% g —8q*q
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—4q%q")-Chdq Shdq+12q-(k* —q*q ) - (252" —135kq* —52k°q* +41k*¢° —
— 6kt —T5Tk g +524k°q2 g — 127k g g +22k%q°q —2q°q +704k°q" —
“319k%q%q +38k7q*q +q°q =291k ¢ +62k2q7 ¢ —3q* ¢ +56k>q —4q*q —
— 44"y Ch2dk ChdgShdq—kqq-(q*> —q )- (110K =313k"°¢> + 172k q* — 43k°¢° +
A G 111k g g —31k°q g — 8k qtq +2k2q g +8k*qt g’ —15k%q°q +
+2¢%¢" +¢°q")- Sh2dk Chdg Chdq—k*> -(¢* —q )~ (2015 — 443k"°¢* + 160k q* —
19k —160k% g% ¢ +685k°q" g —318k*q°q +60k g g —4q'°q —265k*q g +

H17k%°q —84°q" —64°q")-Sh2dk Shdg Shdq)+cc.; (185)

k2 _qZ
= — — X
(3k2 — g* — 2kq)(3k* — q* + 2kq)(—q Chdq Shdk + k Chdk Shdq)

B

X k- 52 X
(3k> —q —2kq)(3k> —q +2kq)(—q Chdq Shdk + k Chdk Shdq)

—2
ikV(qz_Q) 2 6 4 2 2 4 2 272 472
L —X(—4k"qq-(35k° —48k™q  +8k"q" +7k"q"q —2q"q )—
16(k* —qq)(k* +qq)

_8k2qq-(k* —q*q ) (k2 —q*)-Ch2dk + qq - (k* +¢°) - (37Tk* —25k2q* +4q"* —

_25k%q" +5¢2q +4q ) (4k* - Chdk— (k> +q )-Chdq)- Chdq —(k* +¢*)- (33k° —

C23k g kgt — 23k g 9K g —2q° g +4k g’ —247q ) (4kq- Shdk -
—(k*+q)-Shdq)- Shdq)+c.c. (186)
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[Tockonbky B 001IeM ciydae 7, # 0 u r) # (), ToO UMEETCs Hepas-
PELUIUMOCTh, KOTOpas JI0JKHA OBITh TPEOI0JICHA.

9.5. Ilpeooonenue nepazpewrumocmu. {1 yCTpaHEHHUs] HEpas-
peIMMOCTH MOIUDUIIIpYyeM HA0Op HEM3BECTHBIX BEJIMYMH B 2-3aj1a-
ye. bysiem cuuTaTh, 4TO pelieHue UMEET BUJ

(uzavzapzaq)zaé:z) = (uz,vz,pz,q)2,§2)+(UZ,VZ,Pz,O,O), (187)

rae (uy, Vo, pr, @, &) — pemienue, HaiineHHoe B myHkre 9.3, a
(U,, Vy, Py, 0, 0) siBisieTCs pellieHueM CeayIONeH 3aauu:

0

— 0
R(U,,V,.P)=0 ; (188) B(U,,V,.P,,0)=a’Exp((S+S)t)- . [ (189)
0

X(U,,V,) =a2Exp((S+§)t)-[:§]. (190)

bynem uckars pemenue 3amaun (188) — (190) co ciepyrommumu
Ha4yaJbHBIMH YCIOBUSMH:

t=0: U,=0; (191) V,=0, (192)

3anaya (188) — (192) coBmamaeT ¢ 3amadeil OmnpeaciaCHUs IMOJIs
CKOPOCTEH 1 NaBJICHUS B CJIO€ BSI3KOM KUIKOCTH KOHEYHOM TITyOUHBI,
Ha TOPU30HTAIBLHON CBOOOAHOM MOBEPXHOCTH KOTOPOTO B HAYAIBHBIMI
MOMEHT BPEMEHM  BKIIOYACTCS  TAHTCHIMAIBHOE  HATSKEHUE

~ Exp ((S + E)t) Y TBEPIOE JTHO CMEIIAETCS B TOPU30HTAIBHOM HalpaBs-

JIEHUU CO CKOPOCTBIO ~Exp((S+§)t). IToaTOoMy pelieHue maHHOM 3a-

Jla4d CYIIECTBYET.
bynewm uckatp pemenue 3anauu (188) — (192) B Buge

U,=U,(t,2); (193)  V,=0; (194)  P,=0. (195)

Torna 3agava (188) — (192) cBoguTCA K ONpE/IeICHUI0 HEU3BECT-
Hoit (yHkium U,(%,z), KOTOpas SBISETCS PEIICHHUEM CICAyIOIICH
KpaeBo 3a7a4u:
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] (196)
U, -

220 gzrlz-Exp((S+S)t); (197)

z=—d: U, =r Exp(S+5)); (198)

=0: U, =0. (199)

bynem uckatp pemenue 3anauu (196) — (199), npumensist nmpeo0-
pazoBanue Jlaraca. Haitnem wmzoOpaxkeHusi cooTHouieHuit (196) —
(199). Onu OyayT UMETH BU]T

0’0, _

~d<z50: pUy =V == =0; (200)
oau, 1

z=0: % _rlz'p——vwg; (201)
~ 1

z=—d: U2=rz-p_VW§, (202)

rie U, =U,(p,2)— n300pakeHrne HemsBecTHON ¢GyHkumn U,(t,z), a
w onpeaensieTcs: BeipaxkeHueM (160).
Pemenue ypaBuenus (200) umeet BUA

U,(p,z)=a(p) Exp(z\g) +b(p) EXPL— Z\/%) : (203)

rae a(p) u b(p) — GyHKIIUK, onpeAcasieMble U3 TPAaHUYHBIX YCIOBHM
(201), (202), BeIpakeHUs! 1JIsI KOTOPBIX UMEIOT BUJT
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1Y
p
; (204)
(1 + Exp 2d\/;j] ng
Vv

7y Exp[ ]
b(p) = (205)

_[1+Exp(2d\/zn'(p—\/wo)

Tak kak Exp(—d p/ V)< 1, To BeIpaxenus (204) u (205) MOxHO
MPEJCTaBUTh B BUJE PA3JIOKEHUH MO IEJIbIM HEOTPHUIIATEIILHBIM CTE-

IIEHAM EXp(—dq/p/V)I
Exp(— (2n +2)~d\/;]
1%

. Exp(—(2n+1)-d\/§j _
alp)=r LN —— B ey v Py

+

’”12‘/_' ! ;
o @

Exp(—(2n+l)-dﬁj Exp{—(2n+2)-d\/gj

b(p)=r,-3 (-1’ : N W :
p=n3 Py 2. Tolo=mi)

[ToncraBnsis nanHbie BeipaxkeHus B (203) u 3aTeM pasznaras ero Ha
pOCThIE ApoOU, moyuyuM GhopMyily st oOpa3a HEM3BECTHOU (PyHK-
mun U, :
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~ 7 14 1%
UZ(p’Z) = L

ZWO' \/;(\/;—Wo\/;)_\/;(\/;+wox/;) ZWO\/_ Z( )" x

J Exp((z—(znﬂ)-d)\EJ

<=

Exp[(z—(2n+l)-d)

" \/;_Wo\/; ) \/;‘FWO\/; "
Exp[<—z—<zn+1>-d>\/ﬂ Exp(<—z-<zn+n-d>m
+ Ty = Torwdv W, nz(;( )" x

Exp((z—(zn +2)-d)\/a EXP[(Z—Qn +2)-d)\/§j

\/;(\/;_Wo“/;) ) \/;(\/;+w0«/;)

Exp((—z—(2n+2)-d) J EXpK(—Z—(2n+2)-d)\/§J

S —wv) oo rwev) |- (208)

+

<R

+

OpurvHan JaHHOTO U300pa)KEeHU JIETKO HAXOJUTCS MPHU MTOMOILIHN
TabnuI peoOpa3oBaHUid, KOTOPhIE MOXHO HAWTH B CHPABOYHHKE I10
maTeMaTuke. OKOHYATENbHOE BBIPAKEHUE ISl OpuruMHaia (yHKIUU
U, umeer BUJ

2
U,(t,z) =2
2 (1,2) 2,

: Exp(l/wg t)' [Exp(w0 Erf:[ \/7 \/7 j —FExp(— woz) X
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oo

XEFJFC[W—*_ WO\/W)]— 212 -Exp(VWOt)- Z(—l)” X

Wo n=0

B ' d2+2n)—z
X(Exp(wo(z d(2+2n)) Erfc( 2\/; WO\/W]-F

+ Exp(w,(~z—d(2+2n))- Erfc[d(zz’:/zvlt) 2w, Jﬁ) _

— Exp(— wo(z—d(2+2n))-Erfc(d(22+2\/Vlt)_Z + WO\/WJ—

—Exp(— WO(—Z—d(2+2n))-Erfc[d(2+2n)+Z + WO\/W]]"‘%'EXP(VWgt)X

2,V e

xg(—l)” (Exp(w0 (z—d(+ 2n))-Elfc[d(1;\/2Vl2_ Z_ WO\/WJ +

+ Exp(w0 (—z—d(1+2n))- Erfc[d(lz—i_\/zvli+ Z_ w, \/W] +

+ Exp(— wy(z—d(1+ 2n))'Erfc[d(1;\/2Vii_Z + WO\/W] +

d(1+2n)+z
+EXP(_ Wo(_Z_d(l'*'zn))'ErfC[ 2\/; +W0\/;]J . (209)
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9.6. Pezynomam pewenusa 2-3adaqu. Vitorom pemeHus 2-3aaauu
B noctaHoBke (65) — (74) OyayT BbIpaKeHHUs JJII KOMIIOHEHTHI MPO-
(uist CBOOOIHOM IOBEPXHOCTH BTOPOTrO Mopsiaka ManocTu &, (151), B
KOTOpOM 7Z; — KOMIUIEKCHas aMIuIMTyja, onpenensemas (171), mns
AIEKTpUYECKOro noreHnuana (163), B KOTOpoM ay ¥ a; ONpeeIIsItoTCs
(167) u (168) cooTBeTCTBEHHO. BhIpaskeHUs JjIs1 BEPTUKAIBHONH KOM-
MOHEHTHI MOJIsi CKOPOCTEN U JABJICHUS SBIISIOTCA CYMMOW COOTBETCT-
BYIOIIUX KOMIIOHEHT HETrMOKOW M TMOKOW 4acTHU pEelIeHUs, Ompejie-
asieMbix 1o ¢dopmynam (140) u (164). BenuunHa ropu3zoHTaIbLHON
KOMIIOHEHTHI TOJISI CKOPOCTEH OmpeiesieTcsl Kak CyMMa COOTBETCT-
BYIOIIIMX KOMIIOHEHT HeruOKkoi yactu perieHus (140), rubkoit gactu
pemenus (164) u cnaraemoro «’U,(t,z), rae U,(1,z) ompenensercs
BbIpaxkeHueM (209).

10. Umoz pewenus eceir 3adauu. TpeOOBAIOCH OMNPEICIUTH
BO3MYILEHHE CBOOOJHON MOBEPXHOCTH — (QyHKIMIO E(x, 7). g Hee
nmeercs popmyia (12). Ioacrasisist B Hee BeIpaxkenus (33) mus & u
(169) ms &,, BCIOMHHAsL, YTO MaJjblii apaMeTp £ ONMPEHESICS 0
dbopmyiie (17) 1 npuBOJs BCE BHIPAKEHHE K BEIIECTBEHHOMY BHUJLY,
MOJIYYUM C TOYHOCTBIO JI0 BEJIMUMH BTOPOIO MOPsSJKAa MajIOCTH IO
aMILUTATY]I€ BOJIHBI PE3YJIbTAT:

E(x,t)=a-Exp(ReS-t)-Cos(ImS-t—k-x)+

+2a*-|Z,|- Exp(2ReS -1)-Cos(2ImS -t -2 k-x+ Arg Z,).  (210)

11. Ananu3z pewenun. Hanbonee UHTEpECHBIN pe3ybTaT JaHHOMN
3a/1a4¥ — aMIUTUTYHBIA MHOKHUTEJIb HEJIMHEWMHON MOMpaBKU K IPo-
¢buiro BoaHbl Z;. Ero BennunHa XapakTepu3yeT CUIIy HEJIUHEHHOIO
B3aHMMO/JICVCTBUS U B TO K€ BpEeMs 3aBUCUT OT MHOTHUX NapaMeTpPOB, B
YUCIIe KOTOPBIX TIIyOUHA KUIKOTO CIOSl M BSIBKOCTh JKUJIKOCTU. Bech-
Ma MOJIE3HBIM MPEICTABIACTCS aHAU3 MOBEJCHUS 3TOM BEJIMYUHBI B
3aBUCUMOCTH OT TJIYOUHBI U BI3KOCTH JKUIKOCTH.

[Ipy aHATUTUYECKOM HCCIICAOBAHUM HEIMHEHWHBIX BOJIH Ha IO-
BEPXHOCTH KUAKOCTU 4YacTo oOpaliaroT BHUMaHWE Ha Npoduib Oe-
rymieil BoaHbl. [Ipu 3TOM OIEHMBAIOTCA TaKWE BEJIUYUHBI, KaK 3a0CT-
PEHHOCTh TPEOHS BOJIHBI M €r0 HAKJIOH. /[aHHBIE BETMYHHBI OMpeie-
JSAOTCA MHOXUTeNeM Z,. M3BecTHO, 4To 4YeMm OoJjblle KPUBU3HA
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npodusis BOJHBI Ha BEPIIUHE, TEM OOJIbIIIE 3a0CTPEHHOCTh TPeOHS.
[TokaxxeM, 4TO KpuBH3HA MPOGHIS HA BEPIIHHE IIPONOPIIHOHAILHA
Re Z,. Torna MOXXHO OyJAeT CKa3aTb, YTO C POCTOM Re Z; 3a0CTpeH-
HOCTb rpeOHEeN yBEIMYMBACTCS.

Touku BepimH rpeOHEH HEIMHEHMHONW BOJHBI U CaMbl€ HUI)KHHUE
TOYKH BIIAJAH ONPEIEIAIOTCI KAK COOTBETCTBEHHO TOUYKU MAaKCUMyMa
u MuHHMyMa BbIpakeHus (210). Eciu npupaBHSATH HYJIIO TNEPBYIO
IIPOM3BOAHYIO ATOTO BBIPAKCHHS IO KOOPJAWHATE, TO IMOIydnM (op-
MYJTy I HAXOXKIECHHUS 3TUX TOYEK:

Sin(ImS -t —k-x)+4a-|Z|- Exp(ReS-1)- Sin(2ImS -1 =2 k-x+ArgZ,)=0. (211)

byneM cuutath, 4TO aMIUTUTYa BOJIHBI @ Majla, U UCKAaTh TOYKH
skcTpemyMma pynkuuu (210) B Buze

ImS-t,—k-x,=6,+a0,.

[ToncraBuM nanHoe BbIpaxkeHue B (211) u pazmoxuMm mocienHee
0 MaJIol aMIUIUTY/JIe, OTOpachiBasi cllaraeMble€ BBIILIE TIEPBOTO MOPSII-
Ka MajocTu. [Ipy 3TOM OKakKeTCs, YTO TOUYKU IKCTPEMyMa OIpeIeis-
I0TCSI CJICTYIOIIUM 00pa3oM:

ImS-t,—k-x,=7rn—-4(-1)"-a-ImZ, - Exp(ReS-t,). (212)

3HavyeHue BTOpOM MPOU3BOAHOM BhIpaxkeHus (210) mo koopauHa-
T€ B TOYKaX MaKCUMyMa U MUHMUMyMa OyJIeT UMETh BU]I

9> E(x,,t,)

1°°1) __ 2

=k .Exp(Re S-1,)-((-1)" +8aRe Z,Exp(Re S -1,)),

I'I€ 4€THOC n COOTBCTCTByeT TOYKaAM MaKCI/IMYMa, d HCUYCTHOC n —
TOYKaM MHUHHMYMaA. Takum 06pa30M, OTHOCHUTCJIIBHOC HN3MCHCHUC
KPYBU3HBI MPO(QUIIS BOJIHBI HA BEPUIMHE, BBI3BAHHOE HEJIMHEHHOM T10-
MIPABKOM, ONIPEEISAETCS BEIPAKEHUEM

8aReZ Exp(ReS-t)),

TO €CTh NPONOPIMOHAIBHO ACHUCTBUTENBHOU YacTu Z;. C yBeJINYEHHU-
eM Re 7, pacTteT kpuBH3HA MPOdWUIs BOJIHBI Ha BEpIIWHE, a 3HAYMT,
YBEIIMUUBAETCS 3A0CTPEHHOCTDH IPEOHSI.
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[ToxoxxuM crocoOOM MOXKHO TOKa3aTh, YTO C YBEIWYEHUEM IO
MOAYJII0 MHUMOM 4YacTh 7, YBEJIMYMBAETCA HAKJIOH T'peOHE BOJIH,
npu4yeM TIpeOHM HaIpaBJIeHbl B CTOPOHY JBIKEHHS BOJIHBI, KOTJa
Im 7, > 0, u B oOpaTHyt0 CTOpOHY, korja Im Z; < 0. [Ipumem 3a yroiu
HAKJIOHAa TPEOHS YroJl MKy BEPTUKAIbIO U MPSMOM, COSTUHSIONIEH
OCHOBaHUE IrpebHs ¢ ero BepunHoi. OcHOBaHUEM TrpeOHs OyaeM Ccuu-
TaTh TOYKY C OpAHHATOM z =0 M aOCUUCCOM, YAOBIETBOPSIOLICH pa-
BEHCTBY

ImS-t,—k-x,=7n. (213)

HerpynHo yOoenuThCsi B TOM, UYTO TOCJIEIHEE BBIpaXKEHHE OyneT
TOYKOM dKCTpeMyMa pouis TUHEHHOMN 110 aMIUIUTYI€ BOJIHBI. A Tak
KaK rpeOHM JIMHEWHOM BOJIHBI HE UMEIOT HAKJIOHA, TO BBEJCHHAS HAMU
TOYKa OCHOBAHMSI TPEOHSI HEIIMHEMHOW BOJHBI OYyJIET SBISATHCS U OC-
HOBAaHUEM TpeOHs JTUHEHHON. VICKOMBIN yroJl HakjIoHa OMpeAeseTCs

dbopmyoi
9= Aretg (x,—x,)/ a),

rae xo U x; Haxoxsarcs u3 (212), (213). Ilomaras, 4To 7 J0IXKHO OBITH
4yeTHbIM B (212) u (213), HaliieM UCKOMBII yTo:

Q= Arctg (% Exp(ReS - t)j )

I[aHHOC COOTHOIICHUC HAIJLIAHO ACMOHCTPHUPYCT 3aBUCUMOCTDH YIJId
HaKJIOHA FpC6H${ BOJIHBI OT MHHMMOM YacCTH AMIINIMTY AHOT'O MHOKHUTCIIA

Z,.
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Puc. 1. 3asucumocmu oeticmeumenvhoti (a) u muumotui (b) uacmeu Z;
om 653K0Cmu 0 KOPOMKUX 60 onunou A = 0.1 cm
npu 6OILUUX 3HAUEHUSIX MOJUJUHBL CTIOSL:

Dd=442d=0423d=02544)d=022A
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Puc. 2. 3asucumocmu oevicmeumenvroti (a) u muumot (b) wacmeu Z;
om 63K0CMU 0151 KOpOmKuUXx 60 Onunou A = 0.1 cm
NPU MAIbIX SHAYEHUAX MOJUUHBL CIOS:

Dd=0142d=09513)d=0944)d=0852
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0.053

4
0.0525

Puc.3. 3asucumocmu oeticmeumenvrou yacmu Z; om 813K0Cmu
07151 ONUHHBIX 80aH Onunou A = 30 cm
npu 60IbUWUX 3HAUEHUSX MOJIUUHBL CIIOSL.

Dd=442d=07313)d=0634)d=058A

—t N (W

ImZ1.CM'1/ 1
2
410"
/
O 05 1 ES—%—2  10°nT1
_4.10-4\

Puc.4. 3asucumocmu muumoti wacmu Z; om 6533Kk0cmu 05k ONUHHBIX

6oin Onunol A = 30 cm npu OONbUUX 3HAYEHUSX MOTUUHBL CLOSL.
1)d=412)d=03343)d=0234,4)d=0.191 5 d=0.17 A
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ReZ,. CM_1 4
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34- 1
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Puc.5. 3asucumocmu oeticmeumenvrou yvacmu Z;
om 853KOCMU 015l OIUHHBIX 6011 Oaunou A = 30 cm
NpU MANbIX 3HAYEHUSAX MOAUWUHBL CLOSL:
1)d=510"42)d=4.9310" 1,
3)d=48710" 1, 4)d=4810" A

ImZ:. cm™
0 | | | |
0.5 1 1.5 2 102011
0.2 \1
0.4 - 2
-0.6 | 3
4

Puc.6. 3asucumocmu mrumou vacmu Z;

Om 8A3KOCMU 015l ONUHHBIX 8011 Oaunou A = 30 cm
NpU MAIbIX 3HAYEHUSAX MOAUWUHBL CLOSL:
Dd=56710"22)d=51710" 1,
3)d=48310" 4, 4)d=4.67107 A,
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Ha puc. 1 — 6 mokazaHbl 3aBUCMMOCTH BEIIECTBEHHON U MHUMOM
yacTu 7, OT JWHAMHUYECKOM BS3KOCTH MPH PA3TUYHBIX 3HAUYCHUIX
rTyOWHBI CJIOS JKUJIKOCTH, B KadeCcTBE KOTOpoW Oepercs Bojaa
(p=10,998 r/em’, y=72,8 mun/cm, g = 981 cm/cex’). 3ech Mpeamona-
raercsi OTCyTCTBHE ajekTpuueckoro noist (E,=0). Panee Obuio u3-
BECTHO, YTO KOPOTKHE KAIUJUIIPHBIC BOJHBI Ha TTOBEPXHOCTU TITyOO-
KOM JKUJIKOCTH UMEIOT MPHUTYIUIEHHbIE IpeOHu. M3 puc. 1 HeTpyaHO
BHUJETh, UTO C POCTOM BS3KOCTH >KMIKOCTH BEPIIMHBI TAKUX BOJIH 3a-
OCTPSIFOTCS, TAKXKE TMOSBIISCTCS HAKJIOH B CTOPOHY, OOpaTHYIO ABHIKE-
HUIO BOJIHBI, KOTOPBIA YBEIMYUBACTCS C BA3KOCTBHIO. YMEHBIICHUE
TOJIIIUHBI CJIOS B 3TOM ClIydae JaeT oOpaTHbIN 3¢ PekT: rpeOHM BOJH
MPUTYIUISIOTCSA, @ UX HAKJIOH B CTOPOHY, OOpAaTHYIO JBUKECHHIO BOJI-
Hbl, Hcye3aeT. JlaapHeullee CHUXKCHUE TOJIIIUHBI CIIOS KHUJIKOCTH
(=1/10 A, A — nawHa BOJIHBI) eie Oojiee MPUTYILISCT rPeOHH BOJIH
(cM. puc. 2), 0OJTHAKO U3MEHSIETCS XapaKTep 3aBUCUMOCTH OT BSA3KOCTH.
371ech pOCT BSA3KOCTHU TaKXe 00Jiee MPUTYIUISIET BEPUIMHBI BOJIH. 3aBU-
CUMOCTh HAaKJIOHAa TpeOHEH OT BS3KOCTH IMPH CTOJIH Majo riayOuHe
CJ10S1 )KMIKOCTH HOCHUT CJIOKHBIN XapakTep. Bo-nepBbIX, B OTJIWYHUE OT
IIIyOOKOM KUJIKOCTH UMEET MECTO HAKJIOH B CTOPOHY JBUKCHUS BOJI-
HBI, ¥, BO-BTOPBIX, C POCTOM BSI3KOCTH 3TOT HAKIIOH YBEJIMUUBACTCS 10
ONPEJICTICHHOTO 3HAYCHMS, a 3aTEM CXOJUT HAa HET U MEHAETCA B IPO-
THUBOITOJIOKHYIO CTOPOHY.

HeckosibkO MHOM XapakTep HUMEIOT aHAJIOTUYHBIE 3aBUCUMOCTH
IJIs UIMHHBIX TPABUTAIMOHHBIX BOJH. M3 puc. 3 — 4 HETpyaHO BU-
J€Th, YTO B CIy4asix TOJIIMHBI CJIOSI MOPSIAKA JIJTMHBI BOJHBI U 0oJiee
CWJIa HEJIMHEWHOTO B3aWMOJICUCTBUS, OMNpeaeisieMas BEIWYMHAMU
Re 7, v Im Z,, Ha nBa-TpW MOpsiAKa MEHBIIE, YEM JJIsi KOPOTKUX Ka-
OUUIIPHBIX BOJIH. OIHAKO I OYeHb MalbIX TIyouH — =1/20 A (cm.
puc. 5 — 6) — CTOJb CYIIECTBEHHOTO Pa3JIMuMsl B CUJIE MPOSIBICHUS HE-
JUHEUHBIX 2G(PEKTOB IS JITUHHBIX U KOPOTKUX BOJIH HeT. Kak BUIHO
u3 puc. 3 — 4, rpeOHU T'PABUTAIIMOHHBIX BOJIH HA MOBEPXHOCTHU CJIOS
KUJIKOCTH TJIYOMHOHN MOpsIAKAa JJIMHBI BOJIHBI 3a0CTPEHBI U HMEIOT
C1a0bIii HAKJIOH B CTOPOHY JBHXXEHHS BOJIHBL. C YMEHBIIICHHEM TJIy-
OMHBI 3a0CTPEHHOCTh BEPIIMH BOJIH YBEJIWYMBAETCS, a HAKIOH
YMEHBIIIAETCS U MPHU 3HaYeHUsX =~1/5 A u3MeHseTcs B IPOTHUBOIIO-
JIOKHYIO CTOPOHY. 3aBUCUMOCTH OT BSI3KOCTH TaKOBa, YTO 3a0CTPEH-
HOCTb IpeOHEM YMEHBIIIAETCsl C POCTOM IEPBOM, a UX HAKJIOH YBEJIH-
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yrBaeTcs. [loxokue 3aBUCUMOCTH UMEIOT MECTO U ISl OYEHb Majlon
TOJIIKHBI CJIOS KUAKOCTH — =1/20 A (cM. puc. 5 — 6) — ¢ Tol pa3HHU-
1[el, 4TO BSIBKOCTh KUIAKOCTH HE YMEHBIIACT, & YBEJIMUYUBAET 3a0CT-
PEHHOCTh TPeOHEM BOJIH.

2.2. OnieHKa aCUMIOTOTUYECKON IIPUTOAHOCTH BBIPAXKEHUM
AAA TIOAA CKOPOCTEU >KUAKOCTHA
B MATEMATHUYECKOUM MOAEAY BOAH HA ITAOCKOU
CBOOOAHOM MOBEPXHOCTU BA3ZKOM YKHUAKOCTH

B [52] myTtemM npsiMOro aCHMOTOTHYECKOTO PA3JIOKEHUS IO aM-
IUIUTYAE BOJIHBI, CYATAOIIEUCA MAJIOW O CPABHEHUIO C JJIMHOM BOJI-
HBI, TIOCTPOE€HA MOJEIb BOJHOBOI'O JIBUKEHHS B IMOJYyOECKOHECYHOM
o0beMe BS3KOM AJIEKTPOINPOBOJHON HEC)KUMAEMOM KUIKOCTH BO
BHEIIHEM 3JICKTPOCTATUYECKOM MOJie. MOJIeNTb ONMUCHIBAET IBUKCHUE
YKUJIKOCTH, BBI3BAHHOE BOJIHOM, OEryIel Mo MIOCKON B T0JI€ CHUJI TH-
KECTH CBOOOJHOM MOBEPXHOCTU KUJAKOCTH. IlogpodHOE paccMoTpe-
HHUE 3TOW MAaTEMaTUYE€CKOW MOJEIU MO3BOJIMUIIO ONPEACIUTh B ACUM-
NITOTUYECKUX PacueTax BTOPOTO MOPSJKA MAJIOCTH II0 AMILIUTYE
BOJIHBI TTPO(MIIb OETYIEeH MOBEPXHOCTHOW BOJIHBI M TIOJIE CKOPOCTEH
BHYTPH KUJIKOCTH.

PacueTsl mokazanu, 4TO HAMJICHHBIC ACUMIITOTUYECKHUE BBIPAXKE-
HUS JI TOJI CKOPOCTEH KUIKOCTH HE 00J1a/IaloT CBOMCTBOM PaBHO-
MEpPHOM TPUTOJTHOCTH HA BCEM HMHTEpPBaJ€ BPEMEHHM, HauMHas C Ha-
JaJbHOTO MOMEHTa BPEMEHH M 10 OeckoHeuHocTH. MIHTEepBam Bpeme-
HHU, HA KOTOPOM ACUMIITOTHYECKUE BBIPAXKEHUS IS IIOJI CKOPOCTEU
XKUJIKOCTH SIBJISIFOTCSI PABHOMEPHO MPUTOAHBIMH, SIBJISIETCSI KOHEYHBIM.
[IprurHa 3TOr0 B 0COOCHHOCTSIX MAaTEeMaTHUUYECKOM MOJICIN M UCTOJIb-
3yEMBIX B MOJEIA MAaTEMATHUYECKUX METOJIOB PACUYETa HEU3BECTHBIX
BennunH. IlpeacraBisieT MHTEPEC OIECHUTH BEIWYWHY BPEMEHHOTO
MHTEpBaja paBHOMEPHOW MPUTOJHOCTU. ECIIK €ro BeInYrHa HEBEIH-
Ka, TO BO3HUKAET BOMPOC O LIEHHOCTHU JaHHOW MAaTEMAaTUYECKOW MOJIE-
T 11 TEOPETUYECKOTO ONMCAHUs BOJTHOBBIX JIBUJKEHUH B BA3KOW HE-
CKUMAEMOM 3JIEKTPOIMPOBOHON JKUAKOCTH WM MOIW(PUKAIUN J1aH-
HOW MaTeMaTUYEeCKOM MOJEIM ISl IIOCTPOEHHUST PABHOMEPHO
MPUTOJHBIX BBIPAXKEHUHN JJIA MOJS CKOPOCTEW B JKUJIAKOCTH Ha 0OJIb-
1IEM MHTEpPBAJIC BPEMEHU PacueTa.
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CkazaHHO€ OTHOCHUTCS M K 3ajla4y€, PEHICHHOM B MOPEAbIAYIIEM
paszziesie Mo ajaropuTMy, MPEJIOKEHHOMY B [52], pemeHue KOTopou
TAK)KE€ UMEET OTPAHUYECHHBIN BPEMEHHON MHTEPBAJI MPUMEHUMOCTH.

1. Ilocmanoexka 3adauu. MateMaTuyeckass MOJI€Jb, B KOTOPOU
paccMaTpUBACTCS IBUXKECHHUE BSI3KOW JKUJIKOCTH, BBI3BAHHOE BOJIHOMU
KOHECYHOM aMIUIUTY/Ibl HA €€ MOBEPXHOCTH, MPEANOIaraeT, 4To xKu-
KOCTh IJIOTHOCTBIO P 3aIOJIHSET B MOJIE TSKECTU C YCKOPEHUEM CBO-
OOJIHOTO MajJieHUsI g B JIEKAPTOBBIX KOOPJAMHATAX MOJYyOECKOHECUHBIN
o0beM z < (0. CBepxy Ha MPOBOJAIILYIO KUAKOCTh IEUCTBYET AJICKTPH-
YECKOE MMOJI€ HANIPSHKEHHOCTHIO F(j, BEKTOP KOTOPOTO HANPaBJICH BHU3.
[To MOBEpXHOCTH KUJIKOCTH B MOJIOKUTEILHOM HampaBiaeHUU ocu Ox
OCXXUT IIJIOCKAs BOJTHA MAJIOW aMILIUTYIBI d.

B acuMnToTruecknx pacuerax BTOPOro MOPSJIKAa MAJIOCTH O aM-
IJIUTYAE BOJIHBI OBLIO MOJYYCHO aHATMTHYCCKOE BBIPAXKCHUE JIJIS TO-
PU30HTAJIbHOM KOMIIOHEHTHI MOJISI CKOPOCTEH KUIKOCTH:

u(x,z,t)=€u,(x,z,t)+ e’ (u2+(x,z, H+U,(z, t)); (1)
a /
g = — ; a = L ,
o P&
rac Y — KOC—)(l)(bI/IHI/IeHT MOBCPXHOCTHOI'O HATHKCHHUA KHIAKOCTH,

u,(x,z,6) ¥ u, (x,z,t) — nepuogudeckre GyHKIMU BPEMEHH, aMILIK-
TYJIbl KOTOPBIX AKCIIOHEHIIUATBHO YOBIBAIOT:

u, ~Exp(ReS -t); u,” ~Exp(2Re S - 1),

rae S — KOMIUIEKCHAsl 4acToTa BOJHBI, mpuueM Re S <0 (BoyiHBI Ha
MOBEPXHOCTH 3aryxarT); U,(z,t) — amepuoanyeckas yObIBaroIas
GyHKIMST BpPEMEHH CO CKOPOCTbIO YOBIBaHMSI MEHEE, YeM
~Exp(Re S -1).

Takum oOpa3oMm, acuMnToTHyeckoe BbipakeHue (1) umeer
CMBICJI, €CITU

eu(x,z,t)>> & U,(z,1). (2)
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[Ipu OonbplIMX 3HAYEHUS BPEMEHM ¢ ycloBue (2) HapyliaeTcs u
Torjaa BeipaxkeHue (1) He UMeeT cMbICTA.

[{enpt0 TaHHOTO PACCMOTPEHHUS SIBIAETCS OINpe/eJIeHnEe MOMEHTA
BpeMEeHHU ¢ = T*, TaKOro 4To
I*=T(z*)=minT(z); (3) € max u,(x,z,7(2)) =£* U,(z,T(2)) , (4)

z<0 xg<x<xg+A4

rae A — JUIMHA Oeryiei 1Mo MOBEPXHOCTH KMIKOCTH BOJHBI, Xq — JIIO-
6oe uncno. [Ipu 3Tom BenmumHa 7* Oynet rapaHTUPOBAHHOW OIEHKOM
CBEpXY JJII MOMEHTa BPEMEHHU, MPU KOTOPOM aCHMIITOTUYECKOE BHI-
paxkenue (1) TepsieT CMBICT.

2. Memoo pewenusa. CHayasa OnpeesitoTCs BBIPAXKEHUS JICBOM
U TIpaBoi yacTu (4) pu z = z*. BeipaxkeHue 114 JIeBOW YacTu:

e max u(x,z%T*) =¢g0 |S+2k°V|Exp(k z%)Exp(ReS-T*%)  (5)

XoSx<xp+A

r7¢ Vv — KHHEMaTU4eCKasl BA3KOCTh KUIKOCTH; kK — BOJTHOBOE YHCIIO
(k=2m/A).
Bripaxxenue 1 npaBoit yactu (4) opu z = z*:

, o’ Rer

U, (z%,T*) =¢ - Exp(2 ReS-T*)-[Exp(woz*)x

Wy

XEMC(%— WoV T *] — Exp(—w,z *).Erfc[z_v%Jr WOWJ ,
(6)

rac

2
e kvimg (14K +2k°g —21K°q? —2k*q* +3k¢" +

(k> +qq) - 3> — ¢ +2kq|

+13k5gq + 4k g g — 30k g — 10k2q g + 6kq g +2¢°q - Th*q* g —16k2q g +
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4—2 5—2 3—3 4—3
+3kq"q +2q°q +3kq'q +2q°¢q );

WO:/S+S; y= k2+§; 7= k2+§,
|4 |4 Vv

rae S — KOMIIJICKCHO-COIIPAKECHHAA 4aCTOTAa BOJIHBI.
By,Z[eM mojararb, 4YToO

E

1 I In® In(1/ £)
T(Z)=XO(Z)-lnE+X1(z)-lnlnE+X2(z)+O(nln(nT€)j, (8)

rae d*, Xo(z), Xi(z), X>(z) — HEU3BECTHBIE, MOJICIKAIINE OMPEACICHUIO
U3 paBEHCTBA BbIpaxkeHUH (5) u (6). YUnuThIBas aCUMITOTUYECKHUE BbI-
paxenus (7) u (8), 3aMeHUM BbIpakeHHE (6) €ro aCUMOTOTHYECKOM
dhopmoii:

£2U, (2%, T%) = £ 8o’ Rer-Exp[— z*? J[ (v T*)*"? ]

Jr 4vT*) | z* —8ReS-v T*

dopMa HCKOMOTO ACUMITOTHYECKOTO BBbIpakeHUs s 1(z) (8)
MPUHUMAETCSI UCXOsI U3 TOTO, YTO OHO JOJKHO YJAOBJIETBOPATH BbI-
paxeHusiM (3)—(4) ¥ 4TO aCUMITOTUYECKOE TOBEICHHUE MPHU ! —> oo
byskmuit u,(x,z,t) u U,(z,t) AMeeT BU

u, ~Exp(Re S -1); U2~%,
TO €CTh ormoaromias nepuoaudeckon GyHkuu u,(x,z,t) yObIBaeT CO
BPEMEHEM 10 MOJYJIIO KaK dKCIOHEeHTa, a ¢pyHkus U, (z,¢) yObIBaeT
CO BpEMEHEM KaK CTETeHHasl.
Acumnrornueckas (opma BenuuuHbl z* (7) BpIOpaHa H3 clie-
nytomux cooopaxkenuit. ITycts z* onpenensiercs kax

F=—d* v -F(e), 9)
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rae F(¢) — HeusBecTHas QYHKIMS, MOAJIeKaIIas onpeaencHuto. Pac-

CMOTPUM CJEAYIOIIME BapuaHThl BUAa (QYHKIHUH F, ONpeessronye
pPa3IMYHOE ACUMIITOTHYECKOE MOBEACHNE BETUYUHBI z *;

1
1) F(¢)=1 nmm F(g)=1n1n;;
2) F(S)thll;
)
1 1 1
3) Fe)>In— o Inln—<< F(¢) << In— pum
E & £

1
1<< F(8)<< lnlng WIIN F(g)<<1.

[ToncranoBka BeIpakeHUs (9) /Uil MEPEUYUCIEHHBIX BBIIIE TPEX
BapuaHTOB BuAa GyHKIMM F, a Takxke BbipaxkeHus (8) B (3)—(4) naet
CJIEIYIOIINE PE3YJIbTATHI.

1
Ecimu F(e)=1 numu F(€)=In lng , TO BEJINYMHA z* HE JTOCTaBIISIET
MuHuUMyMa GyHKIuH 7(z).
1 1 1
B cnyuae xorma F(€)>> lng , win In lnz << F(g) << ln; , WJIH
|
<< F(g)<<In lng, nwm F(€)<<1, muaumyM 7{(z) mocturaercs npu

d* = 0. IIpu aTom

9

In> ln(l/e‘)J

T* = ! -[lnl+llnlnl+ln)(j+0
In(1/¢)

"~ _ReS e 2 &

Jz-(=ReS):| S+ 2k

X =
a«/;-Rer

1
B ciyuae korma F(€) = lng , MUHMMYM 1(z) JOCTUraeTcs npu

2y

kY —ReS"

d *
IIpu 3TOM
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2
T*:%-(lnl+llnlnl+ln)()+0 In"In(l/e)],
kv —-ReS g 2 £ In(l/€) )’

Jz - (k*v -2ReS)| 5 +2k%]
204V -Jk*v—ReS -Rer

X =

1
OueBuaHO, uTo ecim (€)=1HE, To 7™ JOCTUraeTr CBOEro Hau-

MEHBIIIEr0 3HAYCHUS.

3. Pesyrvmam. @opMyna st KpUTUYECKOTO MOMEHTA BPEMEHH,
IpU KOTOPOM HMMEET MECTO HApPYILICHHE PAaBHOMEPHOW MPUTOJHOCTH
ACUMIOTOTUYECKUX BBIPAKEHUU JJISI TOJSI CKOPOCTEM B JKUAKOCTH,
UMEET BU/I

2
T*:Z;.(lnl+llnlnl+ln)(j+0 In (ln(l/é‘)) (10)
k’v—ReS e 2 € In(17€) )°

IPI(¥
Jz (kv -2ReS)| 5 +2k%V] ’
= ; (11 x= |—;
20V -Ak*v —Re S -Rer (th pPEg
2
N k7vimg (14K + 2k - 21K — 2k g + 3k +

(k> +qq) - P> —¢” +2kq
+13k5qq + 4k* g% g — 30k g —10k2q* g + 6kq g +2¢° g — Th*q q —16k*q g +
4—2 5—2 3—3 4—3
+3kq"q +2q°q +3kq'q +2q q |,

2

L

S
+_.
1%

4. Ananu3z pezynomama. AHanv3 BKJIIOYAET ONPEJICICHUE CTEIIE-
HU BJIUSHUS PA3IMYHBIX (PaKTOPOB HA BEIWYMHY 1* U, KaK CJIEACTBHUE,
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Ha CTENEHb PAaBHOMEPHOW MPUTOJHOCTH ACUMIITOTUYECKUX BbIpaxe-
HUW IS TIOJIL CKOPOCTEM B JKUIAKOCTH.

AHaIIU3 NPOBOAUTCS B MPEATOJIONKEHNHU, YTO KUJIKOCTHIO SIBIISET-
cst Boja. O0ObeM BOJBI HAXOJAUTCS B MOJIE 3€MHOrO TATOTEHUS (YCKO-
peHne cBoGoaHOro mageHus g = 981 cm/cex’). Besze, rie 9T Cren-
aJIbHO HE OTOBOPEHO, BHEIIHEE DJICKTPUUECKOE MOJIe IMojaraeTcs oT-
CYTCTBYIOIIMM (HampstkeHHOCTh mons E,=0). Takxke BO Bcex
ClIy4asix, KpoOM€ CHEIMaJbHO OTOBOPEHHBIX, MPEANOJaraeTcs, YTO
Temneparypa Boasl paBHa 20°C.

T* ¢

\\

| [ i
0.6 1 1.4 1.8 10%y, myas

Puc. 1. 3asucumocmo kpumuyeckoeo momenma epemenu T*
Om GA3KOCMU NPU PASTUYHBIX 3HAYEHUAX OJIUHbL GOJIHbL!
1 —-2=005cm;2—1=0,1cm; 3—1=02cm Omunocumenvnas
amMnaumyoa 80JiHbl — OMHOUleHue (a/L) — 80 8cex mpex Cayuasx
noaazaemes pagnoti (2r) "

[Tpu >TOM 3HAYEHHUS OCHOBHBIX IIAPAMETPOB JKUIKOCTU CICAYIO-
mue: p = 0,99823 r/em’, y="72,8 muna/cm, n =0,01004 nyas; a,., —
OTHOCHTEIIbHAS aMIUIMTYJIa BOJIHBI Ha IOBEPXHOCTH BOJBI, OIpee-
asieMasi OTHOIIEHHEM
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a

OMH ﬁ )

a

-1
MOKET MEHATHCS OT 0 10 MaKCUMaJIbHOTO 3HA4Y€HUsI, paBHOTO (27) .

Ha pwuc. 1 npuBeneHsl 3aBUCHMOCTH KPUTHYECKOTO MOMEHTA
BpeMeHH T* oT Bsa3kocTu. [Ipenmomnaraercs, 94To IS BCEX TPEX KPH-
BBIX

TO €CTh KaXJas U3 TPEX KPUBBIX COOTBETCTBYET BOJIHAM HA MOBEPX-
HOCTH BObI, MPOGUIN KOTOPHIX B MEPBOM MPUOIMKEHUU 10 aMILIHU-
Tyae moao0HbI apyr apyry. [lomoOue mpodmiieit BOJIH XapaKTepHu3y-
€TCsl TEM, UTO KPYTHU3HA TpeOHEel BOJIH OJMHAKOBAas, a MPOGUIN BOJH
OTJIMYAIOTCS APYT OT APYra TOJIBKO MacIITaOOM.

Ha ocHoBaHuM JaHHBIX pHUC. | MOXHO TOBOPHUTH O TOM, YTO C
POCTOM BSA3KOCTU 3HAYEHHWE KPUTHYECKOIO MOMEHTa BpeMmeHu 71°*
yMeHbIIaeTcs. M3 atoro ciemyer BBIBOJ O TOM, UTO C POCTOM BSI3KO-
CTU CTENEHb PAaBHOMEPHOW MPUTOJHOCTH BBIPAKEHUMN I TOJISI CKO-
pocteit cHmkaeTcsi. C Ipyroi CTOPOHBI, pOCT MaciiTada BOJIH MPUBO-
JUT TaKXXE U K POCTY 3HaUeHUs T*, TO eCTh JyIsl BOJIH OOJIBIIEro Mac-
mTaba BRIPAKESHHS JJIsI TIOJII CKOPOCTEH SBIISIIOTCS 60J1€€ paBHOMEPHO
npUroaHbIMU. [[aHHBIH (akT Takke WIUTIOCTPUPYETCS TpaduKoM Ha
puc. 2, Tae ToKa3aHa 3aBUCUMOCTb 1* OT JIJTMHBI BOJHBI MPU Pa3HBIX
3HAYEHUAX OTHOCUTEIIBHON aMIUTUTY]Ibl. M3 puc. 2 Takke MOXHO BH-
JI€Th, YTO JJISI BOJIH C MEHBIIIEW OTHOCUTEIIBHON aAMIUIUTYIOU, TO €CTh
c 0osee MOJOTUMU IPEOHSMH BOJIH, BBIPAXKEHUS JJIA MOJISI CKOPOCTEM
SBJISIFOTCSL 00JIe€ PABHOMEPHO MPUTOTHBIMH.

Ha pwuc. 3 nmokazaHa 3aBUCHMOCTb KPUTHYECKOTO MOMEHTA BpeE-
MEHH 1™ OT IJIMHBI BOJHBI MPHU pa3HON Temriepatype Boabl. [lpu u3-
MEHEHUHU TEMIIEPaTyphbl BOABI U3MEHSAIOTCS U 3HAYEHHUs €€ OCHOBHBIX
napaMeTpoB, TaKHME KaK IVIOTHOCTb, BA3KOCTh, KO3(PPUIMEHT MOBEPX-
HOCTHOI'O HATSDKEHHMS. JHAYECHUS [TapaMETPOB BOBI IPHA PA3HBIX TEM-
nepaTypax npuBeieHbI B Tadnuile 1.
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0.05 0.1 0.15% 0.2 A o

Puc. 2. 3asucumocms kpumuueckoeo momenma epemenu T*

OM ONUHBL BOJIHbL NPU PAZIUYHBIX 3HAYEHUSIX OMHOCUMETLHOU
amnaumyowt éonn: 1 — (a/d) = 2n)'; 2= (a/h) = (8m)";
3—(a/) = (32n)"

Tab6muma 1

3Hauenusn napamempoe 600bl NPU PA3TUUHBIX MEMNEPAMYpPax

Kosgppuyuenm
o Ilnomuocme no8epxHoCcCmuo2o | Bsazxocmub 600wl,
Temnepamypa, °C 3
60001, 2/cM HAMSICEHUS. 0- nyas
0bl, OUH/CM
0 0,99987 75,60 0,01797
20 0,99823 72,80 0,01004
30 0,99567 71,18 0,00803
60 0,98824 66,18 0,00470
90 0,96534 60,75 0,00317

Kak MOXHO yBUIETh M3 PHC. 3, POCT TEMIIEPATYPhl MPUBOJUT K
pPOCTY 3HaYEHUsI KPUTUUYECKOTO MOMEHTA BpeMeHH 1, TO €CTh K pOCTY
CTEIIEHW PABHOMEPHOM IPUTOJHOCTHU BBIPAXKEHUU I IOJISI CKOPO-
creil. [1lo ganHbIM Taba.1 BUAHO, UTO C U3MEHEHHEM TEMIIEPATyphl B
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nuamnasone ot 0°C mo 90°C 3HaueHue BSI3KOCTH BOJBI U3MEHSETCS B
5,7 pa3, B TO BpeMsl Kak 3HA4YCHHUS IUIOTHOCTH W KOd(uIlMeHTa mo-
BEPXHOCTHOTO HATSXKEHUS BOAbI U3MEHSIOTCS COOTBETCTBEHHO TOJIBKO
B 1,04 u 1,25 pa3a. D10 naer OCHOBaHHUs yTBEPKIATh, UTO C POCTOM
TEMIIEpaTyphl BOALI HanOoJiee BIUAIONIUM (PaKTOPOM POCTa PaBHO-
MEPHOU MPUTOJHOCTH SIBJIACTCS CHUXKEHME BSI3KOCTH BOABI. JlaHHBIN
BBIBO/I ITOJITBEPKAaeTCs rpadikoM Ha puc. 1.

+
Bl

0.10

0.05

Z . |

0.05 0.1 0.15 02 Acm

Puc. 3. 3asucumocmo kpumuueckoco momenma epemenu 1™
om OJIUHbBL BOJIHbL NPU PAZTUYHBIX MEeMNEPAmMYPax HCUOKOCM:

I —t=0°C; 2-t=30°C; 3—t=60°C; 4—1t=90°C

2.3. O BO3MO>KHOCTHU 32>KHUTAaHUA KOPOHHOIO pa3pAAa
y TpeOHEN BOAH

B pazzene (3.1) ObUI0 OJTy4EHO BBIPAKEHUE I HAPSHKEHHOCTH
IEKTPUUYECKOTO TOJISI HAJl TUIOCKOW CBOOOJIHOM MOBEPXHOCTHIO CIIOS
BS3KOM JJIEKTPOIIPOBOIHOU XKUIAKOCTHU KOHEUHOW TOJIIMUHBI. Y Ka3aH-
HOE aCUMIITOTUYECKOE BBIPAYKEHUE MPEJICTABIISIET COOON pa3iokeHue
0 MAJIOW aMIUIUTYJie Oeryiieid mo cBOOOJHON MOBEPXHOCTH YKHUJIKO-
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CTH BOJIHBI C TOYHOCTBIO OO0 BCIIMYMUH BTOPOTO IOPsAAKA MAJIOCTH U B
IleKapTOBOﬁ CUCTCMC KOOpAHHAT UMCCT BHU

0 Sin(0)-n,
E(x,z,t) =| 0 |—-akE,Exp(ReS-t—kz)- 0 -
~-E, Cos(0)-n.

Z
Sin(26) + 4%-Sin(2(9—Arng) i

~a’k*E,Exp(2Re S -t — 2k - z) X 0

Z
Cos(20)+ 4% -Cos(20— ArgZ,) -,

0=0(x,t)=kx—-ImS-t;

14

2, = —(16%vpw; (487 +w)- R, -+ 2ikvpw (126° +07)- Ry +vpw, (16k" ) x

Z

XR,, - Ch dw, +2ikvp(16k* —w})-R,, - Sh dw, —8k*vpw,(4k* —w})-R,, - Ch2dk —
—8ik*vpow, (k> —w})- Ry, - Sh2dk —vpw, ((80k* +8k*w] +w!)- R,, +2ik(12k* +w] )X
XR,,)-Ch2dk Chdw, +2kvp((16k* +24k*w] +w;)- R, +2ik(4k> +3w;)-R;) X

X Sh 2dk - Sh dw, —2kw,(4k> —=w;)- R,,, - Sh2dk Chdw, +
+4k*(4k> —w])- R,,, - Ch2dk Shdw,) ;
A, = S - (1657v>w, (45> + W) —w, (V> (80k* +8K>w? +w')- Ch2dk + & - Sh2dk) x
X Chdw, +2k(@) - Ch2dk +v?* (16k* +24k*w +w;)- Sh2dk)- Sh dw, );
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' =2g k| 1+4-L k> - _ sk + 25 . S
Pg 27rpg ! v’

R - vk _ ( 4
" 2(9k% = ¢*)(—q Chdg Shdk + k Chdk Shdq)

kzq'(Sk2 +q2)—q><

x(31k* +10k*q* —q*)- Chdk Chdg +k - (3k* +22k>q* —¢*)- Shdk Shdq);

Bk (K -¢)Vip p((K+q) 0" -2¢"0)) kp

R, =— X
2 167 4 8 209k* —10k%q* +¢*)

x (k- (9k* +10k>q> —3¢*) - Chdk Chdq +4kq - (3k* + ¢*) - Shdk Shdq)- o +
+q-(4kg-(3k> + ¢°)- Chdk Chdg +(9k* +10k*q> —3q¢*)- Shdk Shdq) o> +
+(g-21k* +14k>q> —3¢*)- Shdk Chdg+k-(9k* +22k*q* +¢*)- Chdk Shdq)- 0,0, );

R - ivk’
P (9k* — ¢*)(—q Chdq Shdk + k Chdk Shdq)

{q-G1k* +4*)—2gx%

x(22k* +11k*q> — ¢*)- Chdk Chdg+2k* - (3k> +134>)- Shdk Shdq);

k(3K +6k*¢* —¢*) -0 +8K°¢*-0,})
4v(k* —q*)(9k* —q°) ’
R 4k*q- 0,0, .
22 2 2 2 ANE]
vk —q X9 —q°)

l
R21 =

i v(~2kq Shdk + (k> +¢*) Shdq) . iv(2k® Chdk—(k*+4*) Chdq) .

' _gChdgShdk+kChdkShdg’ ®  —qChdgShdk+kChdkShdg’

r7e P — IJIOTHOCTh JKUJAKOCTH, V — BA3KOCTb JKUJKOCTH, Y — K03 hu-
IIUEHT IOBEPXHOCTHOTO HATSKEHUS >KUAKOCTH, d — TOJIIHMHA CJIOs
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KHUIAKOCTH, g — YCKOpPEHHe CBOOOAHOTrO majaeHus, £, — Benmu4ynHa Ha-
MPSKEHHOCTH BHEITHETO0 JJICKTPUYECKOTO0 TIOJIsI Ha OECKOHEYHO
OO0JIBIION BBICOTE HAJl MOBEPXHOCTHIO KUIKOCTH, @ — aMIUIATYAa BOJI-
HBI, PACTIPOCTPAHSIONICHCS MO CBOOOJHOW MOBEPXHOCTH KHUIKOCTH,
k — BomHoBoe uucno (k= 2m/A, rae A — JUIMHA BOJHBIL), S — KOMILIEKC-
Hasl 9acTOTa BOJIHBI.

B 10 xe Bpems B pazzaene (2.1) nonyuena gpopma cBOOOTHOM IMO-
BEPXHOCTH BSI3KOM JJICKTPOMPOBOJHON KUIKOCTH, OOYCIOBJICHHAS
oerymieil Mo MOBEPXHOCTH >KUJIKOCTH BOJIHOM B BHUJE CJICIYIOIIETO
ACUMITTOTHYECKOTO PA3JIOKESHUSI TI0 MaJIOH aMITJIUTYI€ BOJIHBI:

&(x,t)=a-Exp(ReS-1)-Cos(0)+2a* -|Z,|- Exp(2Re S -1)- Cos(20 — Arg Z,) .

[Ipu 5TOM aHATUTUYECKOE BBIPAKCHUE JJII a0COTIOTHON BEIUYM-
HBbl HAIIPSDKEHHOCTH 3JICKTPHUUYECKOIo IMOJIs Ha CBOOOHONM MOBEPXHO-
CTH JKHUJIKOCTH, HCKa)XCHHOM OeryIliel MOBEPXHOCTHOM BOJIHOM, C
TOYHOCTBIO JI0 BEJIMYWH BTOPOTO MOPSJIKA MaJIOCTH UMEET B/

‘Ei(x,t)‘ =E,-(1+a k-Exp(ReS-t)-Cos(6)—
—iazkz-Exp(2ReS-t)><(1—|?;l|-Cos(26—Arg gl))j; (1)

Z
£i=16:=t+1,

JI71s1 OLIEHKH BO3MO>KHOCTH BO3HUKHOBEHHS Ha I'peOHSAX BOJH KO-
POHHOTO pa3psjga HEOOXOJMMO 3HATh MaKCHMaJIbHOE 3HAYCHHE Ha-
NPSHKEHHOCTH AJIEKTPUYECKOTO MOJISI HA TOBEPXHOCTH JKUIKOCTH.

Jl1s onpeniesieHUMss MaKCHUMyMa Hanps>)KeHHOCTH MOJISI Ha TTIOBEPX-
HOCTH JKMIKOCTH HEOOXOJMMO IMPOM3BOAHYIO BbIpaxkeHus (1) mo O
NpUPaBHATH HYJO. [Tpu sTOM momydnm

2-Sin(0)+ak || Exp(Re S -1)- Sin(20 — Arg {}) =0, (2)

Hckomoe 3HaueHue O sl TOUKU MakCUMyMa BhIpaxkeHus (1) Oy-
JIeM UCKaTh B BUJIC
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O.=m+a-6,.

[loacTaBnsis paHHOE BbIpaXeHUE B (2) W BBIACHSS claracmble
MEPBOTO MOPSJKAa MAJIOCTH, MOJYy4YAM BbIpakeHue s O;. [Ipu sTom
BbIpaKeHUE ISl TOUKU Makcumyma (1) Oyzet uMeTh BUJI

6L=2ﬂn+%-ak-lm§l-Exp(ReS-t); neZ.

3HavYcHUE ‘Eg(x, t)‘ B TOYKE MaKCHMyMa O: — INKOBOE 3HAYCHHE —

C TOYHOCTBIO /10 BEJIMYMH BTOPOTO MOPSIAKA MaJIOCTH OYJIET CIeAayIo-
UM

E, ()=E,-(1+a k- Exp(ReS-1)+4a’k -Re(Z,) Exp(2ReS -1)).

JlanHoe BhIpakeHHE sIBIsieTCS (POPMYIION JjIsi 3aBUCUMOCTH MakK-
CUMyMa HAaNPSHKEHHOCTH JJIEKTPUYECKOTO MOJiE Ha MOBEPXHOCTH
KHUIKOCTH OT BPEMEHHU.

Ha puc. 1-2 nokaszaHo, Kak pacnpenessieTcs BEJIMYMHA Harpsi-
YKEHHOCTH AJICKTPUYECKOr0 TOJISI Ha MOBEPXHOCTU KUIAKOCTU BIOJIb
HaIpaBJICHUS PACIpPOCTPAHEHUSI BOJHBI (MO KoopauHate x). TyT ke
JUIsl CpaBHEHUSI MPUBEICHBI MPO(PUIN BOJH Ha MOBEPXHOCTH KUJKO-
CTH, KOTOPBIC OJTHOBPEMEHHO SIBJISIOTCS paCIpeeICHUIMH BeTUINHBI
BO3MYIIICHHUSI CBOOOJHOM TMOBEPXHOCTH KUJIKOCTH OT PaBHOBECHOTO
COCTOSIHUSI (COCTOSIHUSI TIOKOsI) IO HaIpaBJICHUIO PACIPOCTPaHEHUS
BOJIHBI.
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Ela 7
1
0s
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0 15 -
0s L
2
E 25
1 6

Puc. 1. I[Ipogunu 6onn (6) u eerununvl HANPAHCEHHOCMU
INEKMPUUECK020 NOJIA (4) HA NOBEPXHOCHIU HCUOKOCHU 800JIb
HanpaeieHusi pAcnpoCmpanerus 80JH NPU PA3TUUHBIX 3HAYEHUSIX
napamempa Tonkca—@penxena W: 1 —W =7,63; 2—-W =W«=17,19.
W — kpumuueckoe 0151 peaiu3ayuu HeyCmouvyueoCmu 3Ha4eHue
napamempa W npu onure eonmvl 4 = 0,1 cm
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\E}\fED N

0.5

0.5

Puc. 2. IIpogpunu 6onn (6) u eerununvl HanpPsHceHHOCMU
INEKMPUUECK020 NOJIA () HA NOBEPXHOCHIU HCUOKOCHU 800JIb

HanpasieHusi pacnpoCmpanerus 80JH NPU PA3TUUHBIX 3HAYEHUSIX
onunvl 60anbl: 1 — 1 =0,05cm; 2—1=0,15 cm
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1.9 L 3 2 1

lLd

g

1.5 I I I I

Puc. 3. 3asucumocmu omuocumenvbHuvix NUKOBbIX 3HAUECHUU
HANDPANCECHHOCMU dIEKMPUUECKO2O0 NOJIAL HA NOBEPXHOCMU AHCUOKOCTNU

om napamempa Touxca—@penkens W npu paznuuHvlx 3Ha4eHUsX
ONunbl 60aHbl: 1 —A =0,075cm; 2—A=01cm. [ —A=0,15cm

Ha puc. 3 — 5 npuBeeHbl 3aBUCUMOCTH MUKOBBIX 3HAYEHUW Ha-
NPSHKEHHOCTH AJIEKTPUYECKOTO TOJISI HA TTIOBEPXHOCTH JKUAKOCTU MPU
Pa3IMYHBIX 3HAYEHUSX BEJIUYMHBI BHEIIHETO SJICKTPUYECKOrO OIS
Eoy, 1iHBI BOJHBI A, a Takke TeMIeparypbl )KUAKoCcTH. Bo Bcex rpa-
(durKax 3aBUCHUMOCTEN Ha pucC. 1-5 3a UCKIIOYEHUEM CIIEIMAIBHO Oro-
BOPEHHBIX CIIy4aeB B KQU€CTBE KHUJKOCTH PacCCMaTPUBAECTCS BOJA MPHU
temnepatype 20°C. [Ipu 3ToM 3HaYEHHS] OCHOBHBIX TAPaMETPOB KU/
KOCTHU CIIeAYIOIINE: p=0,99823 r/em’ , y = 72,8 nuH/cMm,
n =0,01004 mya3. TonmuHa CJIOS KUIAKOCTH BE3JI€ IOJIATACTCS PaB-
Hou 0,4 cMm. PaccMatpuBaroTCsi BOJIHBI Ha TOBEPXHOCTH KUAKOCTH Ka-
MAUISIPHOTO THUIIA C JJIMHOM BOJHBI nopsiaka 0,1 cm. AMIunTyna BoJi-
HBbI TIOJIaraeTCs MPOMOPIMOHANBHON JyiuHe BOJHBL Kosddumment
MPONOPIIMOHATBHOCTH OINPEIEIIETCS COOTHOIIEHUEM

_ 0,7 .
27

A.

a

be3pa3zmepnas ammuTyaa BoJHsl (a-k) = 0,7.
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BennunHa HapssKEHHOCTH SJIEKTPUUYECKOTO TOJISI HA TTOBEPXHO-
CTH >KUJKOCTH Ha puC.l-5 mpeacraBieHa B €IUHUIIAX OTHOCUTEIBHO
BenuuuHbl Ey. [Ipodunu BojH, npoduiv BETUYUHBI HAIPSKEHHOCTH
MOJISI HAa TOBEPXHOCTH MKHUJIKOCTH, 3aBUCUMOCTH TNMHKOBBIX 3HAYEHHM
HAMNPSKCHHOCTH MOJISI HA TOBEPXHOCTHU KUAKOCTH OT Pa3JIUYHBIX Ia-
paMEeTPOB MOCTPOEHBI IJIsI MOMEHTA BpeMeHH ¢ = 0.

Ha puc. 1 nokaszansl npoduyivd BOJH U BEJIUYUHBI HAPSHKEHHOCTH
MOJI1 HA TOBEPXHOCTH KUJKOCTH NIPU PA3IAYHBIX 3HAYCHUSAX BEIINYN-
HBI BHEIITHETO JIEKTPUYECKOTO MOJISI, BEIMYNHA KOTOPOTO XapaKTepH-
3yercsi 3HaueHuem mnapamerpa Tonkca—DpeHkels, onpeaeisieMoro
KakK

Eg
4z\pgy

JInvHAa BOJIHBI B 3aBUCHMOCTAX Ha puUC. | monaraercss paBHOU
0,1 cm. 13 puc. 1 BuAHO, 4TO HANPSKEHHOCTH ANEKTPUUECKOTO MOJIS Y
rpeOHel BOJIH YBEJIMUYMBAETCS 110 CPABHEHUIO C HAIIPSHKEHHOCTH Ej.

Ha puc. 2 nokaszaHo, Kak BIMSET JJIMHA BOJHBI HA PACIIPEICIICHUE
BEJIMYMHBI HANPSKEHHOCTH JJIEKTPUYECKOTO IOJS MO IMOBEPXHOCTH
BO3MYIIIEHHON XUJAKOCTH. [Ipoduim BOJIHBI U BEIUYUHBI HANPSKEH-
HOCTH MOJISI HA JAHHOM PUCYHKE MTOCTPOCHBI MPHU 3HAYCHUHU MMApaMeT-
pa Tonkca — ®penkenst W= 11,33. J{nsa Bonn aiausbsl A = 0,15 cM nan-
HOE€ 3HAYCHUE TMapaMeTpa HEYCTOMUYUBOCTH ToHKca — DpeHKENA ABJIA-
€TCSI KPUTHUECKUM JJISI PEATIA3ALNMU HEYCTOMYMBOCTH MO OTHOILLIEHUIO
K MOBEPXHOCTHOMY 3apsny, a sl BOJH JuHbl A = 0,05 cM — nokpu-
THYECKUM. M3 TaHHOTO PUCYHKA HETPYIHO BUAETH, YTO C YBEIUYECHHU-
€M JUIMHBI BOJIHBI Ha MOBEPXHOCTHU KUIKOCTH UMEET MECTO TAKKE U
POCT MNHUKOBBIX 3HAYEHWW HANPSHKEHHOCTH IO HA TOBEPXHOCTH
KHJIKOCTH.

N3 puc. 1 — 2 BUAHO, YTO MUKW HAIPSIKEHHOCTH JIEKTPUUYECKOTO
MOJIS HA TMOBEPXHOCTH JKUJIKOCTH IOYTHM COBMNAJAIOT C BEPIIMHAMH
rpeOHeN BOJIH, YTO MOJATBEPKIaeT TOT (PAKT, UTO KOPOHHBIA pa3psi
UMeeT TeHJICHIINIO BOSHUKATh MMEHHO Ha BEpIIMHAX rpeOHEeN BOJIH.

3aBUCUMOCTH TIPOQUIICH BEIUYMHBI HAMPSXKEHHOCTH JICKTpUYe-
CKOT'O TIOJII Ha TTOBEPXHOCTH >KHIKOCTH, KaK U 3aBUCUMOCTH TPOQu-
JIel BOJIH OT TOJIIIMHBI CJI0S )KUJIKOCTH He mpuBoasTcs. boiee riy6o-
KW aHalii3 MOKA3bIBAET, UTO BU Mpoduieh BOJIH U npoduiieid Beau-

127

W =



YUHBI HANPSHKEHHOCTH TOJIS1 HA TOBEPXHOCTH JKUIAKOCTH MPAKTHYECKH
HE 3aBUCHT OT TOJIIIUHBI CIIOS )KUIKOCTH.

[Ipu u3MeHeHnn TeMIepaTyphl KUJIKOCTU BU Mpoduiei BOIH U
3HAYEHUW HANPSKEHHOCTH TOJISI HA TTOBEPXHOCTH JKUIKOCTH MEHSET-
csl He3HAYUTENbHO. [Ipr 3TOM OCHOBHBIM (PAKTOPOM BIIMSHUS TEMIIE-
paTypbl Ha BUJ npoduiieil siBiasieTca W3MeHeHne KodpuireHTa mo-
BEPXHOCTHOTO HATSHKEHUS KUIAKOCTH IIPU U3MEHEHUU €€ TEMIIEpaTy-
pbl. M3MeHEeHHne BA3KOCTH, a TaKX€ IUIOTHOCTU KHUJKOCTH IIpH
U3MEHEHUHN TEMIIEpATYpbl NMPAKTUYECKA HE OKa3bIBACT BIIASHUS HAa
Bl TTpoduiie BOJH M BEJIMYMHBI HAMPSKEHHOCTH T0JIs1 Ha MOBEPX-
HOCTH KUJIKOCTH.

Ha puc.3 mnokazaHbl 3aBUCUMOCTH OTHOCHUTEIIBHBIX IHKOBBIX
3HAYCHUN HAMNPSKEHHOCTHU SJICKTPUYECKOTO TOJS HA IMOBEPXHOCTH
JKUJKOCTHU OT BEIW4YMHBI Imapamerpa Tonkca—Ppenkens W npu pas-
JUYHBIX JJIMHAX BOJH. 3aBUCUMOCTH Ha YKa3aHHOM rpaduke Mo-
CTPOEHBI B Ipejieniax 3HaueHus W ot 0 10 KpUTUYECKOTO ISl peaju-
3allM¥ HEYCTOMYMBOCTHU 3HAYECHUSI, KOTOPOE IIPU Pa3HBIX JJIMHAX BOJH
Pa3IUYHO.

N3 puc.3 BUIHO, YTO MAKCUMYyMbl OTHOCHUTEJIBHBIX ITHKOBBIX
3HAYCHUN HANPSIKEHHOCTU HA MOBEPXHOCTH JKUIAKOCTH JUIA pa3Jiny-
HBIX JUIMH BOJH COBMNAJAlOT, HA JAHHOM PHUCYHKE OHH BCE PaBHBI
npumepHo 1,946. Crnenyer oOpaTuTh BHUIMAHUE Ha TO, YTO 3aBUCUMO-
CTA OTHOCUTEIIbHBIX MUKOBBIX 3HAYEHUN HAINPSHKEHHOCTH AJIEKTPUYE-
CKOT'O TIOJISI HAa TOBEPXHOCTH KUJIKOCTH OT W SBIAIOTCS MOYTH JIH-
HEHHBIMU.

Ha pwuc. 4 npuBeneHsl 3aBUCUMOCTH OTHOCHUTEIIBHBIX MHKOBBIX
3HAYEHUW HANPSHKEHHOCTH JJIEKTPUYECKOrO MOJII HAa ITOBEPXHOCTH
JKHAJIKOCTH OT JJIMHBI BOJIHBI MPH PA3JIMYHBIX 3HAYECHUSX IapameTpa
HeycTOMUYMBOCTH ToHkca — @penkens. M3 puc. 4 BUIHO, 4TO 3aBUCH-
MOCTH OTHOCHUTEIBHBIX MUKOBBIX 3HAYEHUW HANPSKEHHOCTH IOJIS HA
MMOBEPXHOCTH KUJKOCTHA OT JJIMHBI BOJIHBI SIBJISIFOTCSI TOYTH JIMHEH-
HbIMU. C POCTOM JIMHBI BOJIHBI BO3PACTAET U COOTBETCTBYIOIIEE OT-
HOCHUTEJIBHOE MMMKOBOE 3HAYEHUE HAIPSXKEHHOCTH TOJIST HA TIOBEPXHO-
CTA >KUJIKOCTHA. TOJBKO TPHU MaJlblX 3HAYCHUAX HANPSHKEHHOCTH
BHEIIIHETO 3JIEKTPUUYECKOTO0 oISl Ey WU BOOOIIE MIPU €ro OTCYTCTBUU
HAOJII0JaeTCA CHM)KEHUE BEJIIMUYMHBI OTHOCUTEIBHON MUKOBOUW Hampsi-
YKEHHOCTH MOJISl HA TOBEPXHOCTH KHUJIKOCTH C POCTOM JIJIMHBI BOJTHBI.
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Puc. 4 3asucumocmu omnocumenbHbiX NUKOBBIX 3HAYEHULL
HANPsIAHCeHHOCMU INeKMPUUECKO20 NOJISL HA NOBEPXHOCMU HCUOKOCTU
om OJIUHbBL BOJIHbL NPU PA3TUUHBIX 3HAYEHUSX napamempa
Tonxca—®@penxena W: 1) puc. 4a: 1 —W =20, 2—-W =13,5;
3-W=11;2)puc.46: 1 —-W=0;2-W=0,153—-W=20,3

129



Puc. 5. 3asucumocmu omuocumenvuvix NUKOBbIX 3HAUECHUU
HANDPANCECHHOCMU dIEKMPUUECKO2O NOJIAL HA NOBEPXHOCMU AHCUOKOCTNU

om napamempa Touxca—@Dpenkens W npu pazniuuHvix memnepamypax
ocuoxkocmu: 1 — T =0°C; 2 -T = 90°C

Ha puc. 5 npuBeneHbl 3aBUCUMOCTH OTHOCHTEIBHBIX IMHKOBBIX
3HAQYEHUW HANPSHKEHHOCTU JJIEKTPUYECKOrO MOJiI Ha IOBEPXHOCTH
KUJKOCTH OT BEJIMYMHBI TapaMeTpa HEyCTOWYMBOCTH ToOHKCa—
@penkenss W npu pa3nuyHbIX TEMIEpaTypax *KUJIKOCTH. 3J1€Ch JIJIMHA
BOJIHBI TIoyiaraeTcst paBHou 0,1 cm. J[aHHBIE 3aBUCUMOCTH TTOCTPOCHBI
s Boael npu temrmeparype 0°C u 90°C. Ilpu HOpMaJIBHOM aTMO-
chepnom napinennn 0°C — temmepaTrypa 3amep3aHus Bojbl, a 90°C
OJIM3KO K TeMIlepaType KWUIICHUS BOJbl. 3HAUYCHHUSI OCHOBHBIX IMapa-
METpOB kujakoctu npu Ttemneparype 0°C: p=0,99987 r/em,
y="75,6 nun/cm, n =0,01797 nya3. 3HaueHHUs] OCHOBHBIX IapaMeTPOB
KUJIKOCTH npu TEeMIIepaType 90°C: p=0,96534 /e,
y= 60,75 qua/cm, n = 0,00317 myas.

3aBHCUMOCTH, TIPUBEICHHBIE HA PUC. 5, WLIIOCTPUPYIOT CTEIIEHb
BIIUSIHUS TEMIEPaTyphl KUJIKOCTH HA BEJIUYUHY MUKOBOTO 3HAYCHUS
HaIpSHKEHHOCTH 3JIEKTPUYECKOTO TMOJsI Ha MOBEPXHOCTH KUIKOCTH
MPAKTUYECKU BO BCEM JMANA30HE TEMIIEPATYp, TI€ BOAA CYyIIECTBYET
B JKHJIKOM COCTOSIHMHM. B 4acTHOCTH, U3 TaHHOTO PUCYHKA BUIHO, YTO
BIIMSIHUE TEMIIEPaTyphbl HA BEIMUYWHY MUKOBOTO 3HAYEHUS HAIPSKEH-
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HOCTH TOJIs O4eHb ciiaboe. bosee riy0okuil aHaIn3 MOKa3bIBAET, YTO
OCHOBHBIM BIUSIIONTUM (haKTOPOM MPU U3MEHEHUU TeMIIepaTyphl SB-
asieTca u3MeHeHue K03 UIIMEHTa MOBEPXHOCTHOTO HaTsKeHus. M3-
MEHEHUE BI3KOCTH, INIOTHOCTH KUIAKOCTH C U3SMEHEHUEM TEMIIEPATY-
PBI IPAKTUYECKA HE OKA3BIBAIOT BIUSHUSA HA BEIIMYMHY OTHOCHUTEIIb-
HOI'O MUKOBOT'O 3HAYEHHWS HANPSIKECHHOCTU BJICKTPUYECKOTO IOJS Ha
ITIOBEPXHOCTHU KUIAKOCTH.

Kak ObLI0 MOKa3aHO BBILIE, HA PACIpPEACIICHUE BEJIMYMHBI JJICK-
TPUYECKOTO TOJS IO 3aAPSIKEHHOM MOBEPXHOCTH CJOS KUIKOCTU KO-
HEYHOM TOJIIHUHBI MPAKTUYECKU HE OKA3bIBAIOT BIIMSHUE BA3KOCTH
KUJKOCTH M TOJIIIHMHA CJIOS KUAKOCTU. B 3TOM CBSA3M mpH McciienoBa-
HUU MEXAHW3MOB Y BO3MOXHOCTEMN 3aKUTAHU KOPOHHOTO pa3psAna Ha
BEpILIMHAX IpeOHEN BOJIH HA 3apsiKEHHOUW MOBEPXHOCTH KUIKOCTH BO
BHEIITHEM 3JIEKTPOCTATUYECKOM I10JIE BIIOJIHE JOIYCTUMO PAaCCMATPH-
BaTh MaTeMaTHYECKUE MOJCIH HJeaTbHON OECKOHEYHO TIIyOOKOM
KUJIKOCTH.
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I'rnaBa 3. Aunerninoe
B3AMMOAEVICTBUE BOAH

3.1. AuHeliHOE B3AaMMOAEUCTBUE BOAH
HA 3apA>KEHHOU I'PAHUIIE PA3A€AA CPEA
IIPU HAAWYHUH TAHT€HIINAABHOI'O Pa3pbIBa IIOAA CKOPOCTENU

BBenenne. HeycroiunBocts KenbBuna — I'enpmrosibiia 3aps-
)KEHHOW TpaHullbl pa3ieiia ABYX HJICAIbHBIX HECMEIINBAIOIIUXCA
KUJIKOCTEH PA3JINYHBIX MJIOTHOCTEH, KaXK/1asl U3 KOTOPBIX 3aMOJIOHSET
0JTyOECKOHEUHOE MPOCTPAHCTBO, @ BEPXHSS KUIKOCTh JIBHKETCS C
MMOCTOSIHHOW CKOPOCTHIO U TapaJUIENIbHO TPAHULIE pa3/ielia, KaKk OTMe-
4aj0Ch B MEPBOM TJIaBe, MPEACTABISECT UHTEPEC B CBSI3U C MHOTOYHC-
JICHHBIMH TIPUJIOKEHUSIMUA B T€OPHU3UKE, TEXHUUECKON (DU3UKE U XU-
MUYECKOM TEXHOJOTHH W JOCTATOYHO IMOJPOOHO HCCIIeIOBaHA Kak
AKCIIEPUMEHTAIBHO, TAK U TEOPETUYECKU. TeM HE MEHeEe HEKOTOphIC
BOIIPOCHI, CBSI3aHHBIE ¢ OCOOCHHOCTSIMU peaiM3allui TaKOW HEYCTOM-
YUBOCTH OCTAIOTCS MOKa HEBBIACHEHHBbIMHU. CKa3aHHOE, B YACTHOCTH,
OTHOCHUTCA K 0ojie€ pEaTMCTUYHON CHUTyalluH, KOrjla B OTJIMYHE OT
KJIACCHYECKON HUICATM3UPOBAHHON CXEMBI BEPXHSS KUIKOCTH WUMEET
KOHEUHYIO TOJIIAHY. JTa CUTyalUsl IPEACTABIISIET UHTEPEC U B CBSI3H
C npoOJeMOi packayky BETPOM BOJIH Ha MOBEPXHOCTH BOjbl. Heyc-
ToMunuBOCTh KenbBuHA — ['enbMrosibpia kak TeOpeTHYECKass MOMACTb
3TOro ()eHOMEHa JaeT CYIIECTBEHHO 3aBBIIICHHBIC 3HAUYCHUS KPUTH-
YECKON CKOPOCTH BETPA, NP KOTOPOW HAYMHAETCS POCT BOJIH. Pacue-
ThI C YYETOM BSI3KOCTEW BOJIBI M BO3IyXa, MpoBeAcHHBIE Maiiizom [33,
69] B pamkax mpeAcTaBICHUN O MOTPAHUYHOM CJIO€, JAOT CYIIECT-
BEHHO JIYUIIIYIO OIEHKY KPUTHYECKOW I Havaja pocTa BOJH CKOPO-
ctu Betpa. CoriracHo Teopun Mawi3a NpUYMHOW PaCKayKu BOJIH SIB-
JSE€TCA CABUTOBOE TEYEHHE BO3[yXa B MOTPAHUYHOM CIIO€ CO CKOPO-
CTBIO, SBIISIIONICHCS (PYHKIMEH BEPTUKAIBHON KOOPIAWHATHI, JBH-
KEHHUE K€ BO3/lyXa 3a IpeJeilaMu MOrPAaHUYHOTO CJIOA Ha PAacKadykKy
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BOJIH BJIWSHMS He oKaszbiBaeT. Kak m3BecTHO [34 — 35] TojmuHa I0-
TPAHUYHOTO CJIOSL SIBJISICTCS MAJIOM BEJIIMYUHOW, MPOMOPIHOHATBHOU
KOPHIO KBaJPpaTHOMY M3 KMHEMATUYECKOW BS3KOCTH BO3ayxa. B aTou
CBSI3M €CTECTBEHHO 3aJ1aThCs BOIPOCOM O HANPABICHUH W3MEHEHUS
KPUTUYECKUX YCIOBHUM HeycTtonumBocTh KenbBruHa — ['enmbpmroibia,
T.€ HEYCTOMYMBOCTH TPAHUIIBI pa3fiefia JBYX HICATbHBIX (HEBSI3KHUX)
Cpeld, KOraa BEPXHssS U3 HUX UMEET KOHEYHYIO TOJIIUHY.

1. UccnenoBanue npoBeieM Ha MPOCTEUIIEH MOAEIN UICAUTBHBIX
HECOKUMAEMBIX JKUIAKOCTEM, KOTAA BEPXHSASA AUBJICKTPUUYECKAS KUJ-
KOCTb UMEET TOJIIWHY s W TJIOTHOCTH p;, 4 HWXKHAS HUJICATBHO MPO-
BO/JIAIIAS dKUJIKOCTh C TUIOTHOCTBIO p, 3AIOJIHSET B MOJIE CHII TSKECTH
g ToyO0EeCKOHEYHOE MTPOCTPAHCTBO z<0 (g||n,, a n, €CThb OpPT ACKap-
TOBOM OCH OZ, TEPHEHAUKYISIPHOM TpPaHMUIEC pas3liena; IUIOCKOCTh
XOY coOBHagaeT ¢ HEBO3MYIICHHOW TPAHUIIEM pa3feiia BEPXHEU U
HUxKHeW cpen). Ilpumem, 4TO Ha HEBO3MYILEHHOW KaWIISPHBIM
JBUKCHUEM TPAHUIEC Pa3feia MMEETCS JJIEKTPUYECKUU 3aps, pac-
MIPEACICHHBIN C TIOCTOSTHHOM IUNIOTHOCTHIO © .

[IpoaHanmu3upyeM yCTOWYHMBOCTh KaNWUIAPHBIX BOJIH B TaKOH
CHUCTEME, peIlas 3a/1a4y JJIsl TAPMOHUYECKUX MTOTEHIIMAIIOB IOJISI CKO-
pPOCTEN IBUKCHUS B BEPXHEU W, U HIXKHEU \, )KUAKOCTSIX B JEKApPTO-

BOM CUCTEME KOOPAUHAT
Ay;=0; j=12 (1)

C T'PAaHUYHBIMHU YCIIOBHAMUA

_p W%, K (2)

0z ox ot

0 1 0?

Pl%"'PlgC‘FEPl[(V‘I’l)Z_Uz]_alax—gzoa (3)
z=0: MzU£+£, (4)

0z ox ot

dy, dE

g¥a 95 5
oz ot ()
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2
P{aa\l;1+g§+ [(V\Vl) _Uz]} 92{8—4‘ %} —azgx§:0, (6)

rae ((x,t) — BO3MyIleHHE CBOOOIHOM MMOBEPXHOCTH BEPXHETO CIIOS;
&(x,) — BO3MYIIIEHHE TPAHMIIBI Pa3jieNa Cpell, CBA3aHHOE ¢ KaIlHJLUIsp-

HBIM BOJIHOBBIM JIBMK€HUEM; U — MOCTOSIHHAas CKOPOCTh JBUKCHUS
BEPXHEW >KUIKOCTH OTHOCUTEIBLHO HIDKHEH, HampaBiICHUE KOTOPOM
OTpeieNisieT OpHEeHTAIMI0 ocu OX; o, U o, — KOI(PIUIIMEHTHI TI0-

BEPXHOCTHOT'O HATSIKEHHSI CBOOOJHOW MOBEPXHOCTH W TPAHMIIBI pas-
nena; P, =4ne '6’kE — DIIEKTPOCTATHYECKOE JABIEHHE Ha T'PaHHILY

pasjena cpejl, IPOUCXOISIIee W3-3a HAPYIICHUS KamWUISIPHBIM JIBHU-
KEHHEM >KUIKOCTH OJHOPOJHOTO pacHpeAcseHUs 3JeKTpocTaThuye-
CKOTO 3apsjia Ha Tpa”ulie pa3aeina [23]; € — IudIeKTpUudecKasi MpOHU-
11aéMOCTh BEPXHEH KUIKOCTH.

[ToTeHIuan mojst CKOPOCTEH, CB3aHHOTO C HAMPABJICHHBIM JBU-
JKEHHEM BEpXHEU >KHUJIKOCTH, UMEET BUJ x-U, a MOJHBIM MOTEHIIHAT
MOJISI CKOPOCTEH JBIKEHUS BEpXHEW JKMIKOCTU 3aIMIIEM B BHUJIE CY-
MIEPIIO3UIINHN:

0
l|11(l‘,t)=x U+ Y, (l‘,l‘),
rje KOMIOOHEHTa ) (r,/) OIMCBHIBAET KAMIUIIPHOE BOJHOBOE JIBHUKE-

HUE B BEPXHEU KUIKOCTH.

KanumisspHoe ABMKEHHE TOPOXKIACTCS TEIIOBBIM JIBHKEHHUEM
MOJIEKYJI KHUJIKOCTH M XapaKTepHU3yeTCsS BEChbMa MaJbIMU aMILIHTY1a-
MH (o ~ (kT /al)]/ 2 u o ~ (kT /0{2)]/2; k — mocrosuHas boipiimana;

— abcoMoTHAs TeMIepaTypa.

2. 3amagumcs 1eNblo BhIBeCTH AU PepeHIINAIbHBIE YpaBHECHMUS,
OMHCHIBAIONIEC BPEMEHHYIO SBOJIOIUIO aMIUTHTYa (PUKCHPOBAHHBIX
MO/ KallWJIJIAPHBIX BOJIH Ha CBOOOJHOMN MOBEPXHOCTH BEpPXHEH JKH-
KOCTH W Ha TpaHUIIe pa3jiesia cpela B pe3yJibTaTe JACHCTBUS JTaBICHUS
ANEKTPUIECKOTO MOJISI M TAaHTCHIIMAIBHOTO pa3phiBa OIS CKOPOCTEH.
YuTteM, 94TO MOTEHITMAJ TIOJISI CKOPOCTEH B HIDKHEH cpene mpu 0ecko-
HEYHOM YJIaJICHMM OT TPAaHMIIbI pa3jiesia JIOJKEH yObIBaTh A0 HYJIS.

DTO O3HAYaeT, 4To Y, (r,t)~ exp(kz). IlpuMem aanee, 4TO 3aBUCHMOCTD

OT KOOPJAMHATHI z MOTEHIMAJA MO CKOPOCTEN B CIIO€ BEPXHEU KU/~
KOCTH KOHEYHOW TOJIIMHBI JOJKHA UMETh BU/T
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W) (r,0) ~ (4 (t)explkz) + 4, (t)exp(— kz)). 7

Hcnonw3ys (7) u rpaHUYHBIE YCIOBUS, TOJTYYUM COOTHOIICHUS

d oy 0
z=0: izisz(AlaAz)‘V?; %:k\h; (&)

0z 0z

0

0z 0z

G(4,,4,)= jl%jz;
A (t)exp(kh)— 4, (t)exp(= kh).
A (t)exp(kh)+ A, (t)exp(— kh) ’

H(A, Ay, kh)=

N—

_ H —th(kh)
1-H -th(kh)’

)

HecnoxHo BUAETD, uTO TpH th(kk)>1 U 1> H - th(kh) 3HaKH KO-

dbunuenToB G u H Oyayt paznuunbl. KoagduimienTtst G 1 H MOXHO
CUUTATh HE 3aBUCSIIMMH OT BPEMEHU ¢, €CJIM MPHUHAThH, YTO 3aBUCH-
MOCTH 4, U A, OT { WACHTHUYHBI JPYT APYTY.

[Ipumem Tenepb, YTO BO3MYILIEHUS CBOOOJHON MOBEPXHOCTH
BEpXHEH KUAKOCTU ((x,f), CBA3AHHLIE C KAIMJUISPHBIM BOJHOBLIM

ABHXKEHUEM, UMCIOT HCpI/IOI[I/I‘-ICCKI/Iﬁ BHU/
CNGXP(—ilOC), §~exp(—ikx), (10)

u, noactaisis (8) — (10) B rpanuunbie ycnoBus (2) u (4), (5), HaitneM

Z=h: wf(r,z)zk%(u%+%j=k%(—ikuc+%j;

_ 1 (. dC ).
wl(r,t)—x-U+E(—kuC+§j, (11)
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o w33 w2

v, (re)=x- U+k—( KUE + éj (12)

wz(r,t):%g—f, (13)

rJe | — MHUMAas €qUHUIIA.
YuTeMm Takxke, 4To

Vy, =U+Vy), (le)zzU2+2UV\|J?EU2+2UaiI|I?. (14)
X

[ToncraBum Temnepp (10) — (14) B nHAMHUYECKHE TPAaHUYHBIE YC-
noBus (3) u (6) u B muHEHHOM 0 { U & TPUOIMKEHUH MOJTYyYUM HC-
KoMble AudepeHInanbHble YpaBHEHUS, ONMHUCHIBAIOIINE HBOIIOLIMIO
aMIUTATY]T KalWUISIPHBIX BOJIH Ha CBOOOJHON IMOBEPXHOCTH CJIOS
BEPXHEW KUAKOCTH U Ha TPAHUIIE Pa3/Ieia CPE:

2°¢ dg
= 2kUa—+(Hm0—kU)§ 0, (15)

(Dg = gk + O(‘lpl_lk3 9

azg

o 21kpU?)—§+(cho +pk*U )E_, 0,
t

o> =p;'|gk(p, - p, )+ ok — 4me” 62k,

p=p,/(Gp,—p,). (16)

VYpaBuenus (15) u (16) sBasroTcs oObIKHOBEHHBIMU AuddepeH-
IIMAJLHBIMA YPABHEHUSIMU C TIOCTOSSHHBIMH KO3 (PHUITMEHTaMH, U UX
pEIIeHNs JIETKO BBIITUCHIBAIOTCS B BUJIC
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C=¢, Re[exp{'t[kU + (Hikg + Houp k) JH (17)

£ =&, Relexpyi|- kpU £ (Gplo? + pppia2u?)) |, (18)

rac CO n E_,O — HAYaJIbHBIC 3HAYCHUS aMIUIUTYJ KalIMJJISAPHBIX BOJIH,
BBIPAKCHHUC RCU] 0O3Ha4YacT BBIACIICHUC BeMGCTBeHHOﬁ qaCcTu OT

byHKIMHU [ .

3. OM3MYECKHUI CMBICI IONYYCHHBIX DPEMIEHUH ONpeneaseTcs
3HAKaMM TTOJAKOPEHHBIX BBIPAKCHHN B TIOKA3aTENAX SKCIIOHEHT, KOTO-
PEIE B CBOKO OYEPEh 3aBUCAT OT 3HAKOB KOd(PPUIUEHTOB G = G(4,, 4, )

U H=H(A,,A,,kh), BBeleHHbIX B cooTHOIIEHU (8) 1 (9).

Tak, mpu H >0 u3 (17) noiaydum, 4TO JBUKEHUSI CBOOOIHOM TIO-
BEPXHOCTH CIIOSl BEPXHEH KUJIKOCTH OyIyT BOJHOBBIMH IPHU JIFOOBIX
3HAYEHUAX PU3NYECKUX TTApaMETPOB, XapAKTEPU3YIOIIUX KUIKOCTh, a
4acTOTa BOJIH OMNPEJEIUTCS BbIpaxeHueM, ctosimuM B (17) B mokasa-
TE€JIE SKCIIOHEHTHI, B KBaAPATHBIX CKOOKax. B cooTBercTBUU € 2 Pek-
ToM Jlomuiepa yactora BOJH OyAeT JUHEHHON (YHKIMEW CKOPOCTH
HAIMpPaBIICHHOTIO JIBUKECHUS BEPXHEU Cpelbl Kak 1enoro. Heycronuun-
BOCTh CBOOOJIHOM MOBEPXHOCTH BEPXHEH KUIKOCTU BO3MOXKHA JIUIIh
npu H >0 U, BUIUMO, MOXKET OBITh BbI3BaHa JIMIIIh B3aUMOJEHCTBUEM
C JIBUKEHUSIMU TpaHULbl pazgena cpen. OQHako B JUHEWHOMN MocTa-
HOBKE 33/1a4M TaKasi HEYCTOMYHUBOCTh HE MPOSBISAETCS.

bonee cmoxHbIM, corsacHo (18), OyaeT CHEKTp KamMUIAPHBIX
IBIDKCHUN, MOPOXKAAEMBIX TpaHHUIleW pazaena cped. [lpu Oonbimmx
TOJIIIUHAX CJIOSI BEPXHEH >KUIKOCTH KOdPPUIMEHT G <0 (MpU 3TOM
napaMeTp p TaKXKE OTPUIIATEIICH) U peaiu3yeTCsl CUTYyallusl, pacCCMOT-
peHHas B [26], KOrjga ycJIOBUS HEYCTOMYMBOCTH TPAHUIIBI pa3jielia
Cped OompeneNstoTcss KoMOWHaIuew HeycToiunBocTtel KenbBrHa —
I'ensmromnbiia 1 Tonkca — @penkens. Pemienne (18) Oyner uucto me-
PUOJIUYECKUM B 00JACTU 3HAYECHHUM (PM3UYECKUX MapaMeTpoB 3ajauH,
IUIsl KOTOPOM BhIpaxkeHue, crosimee B (18) moa 3HakoM paaukana, mo-
JOKUTEIBHO, T.€. TIPU MAJIBIX MTOBEPXHOCTHBIX IIOTHOCTAX 3apsija G
Ha TPAHUIIE pa3lelia CPel U NPU MAIBIX CKOPOCTIX U JBUKCHUS
BEpXHEU cpenbl Kak uenoro. [1lo mepe yBennuenuss ¢ u U BbIpaxe-
HUE, CTOAIIEE MOJ 3HAKOM paJuKaia, U3MEHUT CBOW 3HAK W W3-TIOA
KOpHS BBIMACT MHUMas €IUHULA. B 3TOM ciyyae IIOJIOKUTEIIbHOE
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3HAYEHUE paJvKaia ONPEAECIUT MHKPEMEHT HEYCTOMYMBOCTA BETBH
BOJIH C YaCTOTOM kpU , OETylIUX MO MMOBEPXHOCTH paszjiesna Cpel, a OT-
pULIATEIbHOE 3HAUYCHUE paJuKala ONPEACNIHUT JACKPEMEHT 3aTyXaHUs
JPYTrOi BETBU BOJIHOBBIX JIBUXKEHHM, UMEIOIIUX TY K€ 4acTOTy kpU .
[Ipy yMEHBIIIEHUU TOJIIMHBI CJIOS BEPXHEUW KUJIKOCTH PACTET KO-
s durment G(4,,4,) ¥ TIpH HEKOTOPOM 3HAYEHHH /1 OH CTAHOBUTCS

MOJOKUTENbHBIM. Ecnu BenmnunHa G HAXOAWTCA B JIMANA30HE
[0;p,/p,], TO mapamerp p ocraercs orpuLATENLHEIM U B pemenun (18)

U3-TI0J] paJiuKaja CHOBAa BBIXOAUT MHUMas enuHuiia. O0IacTh Heyc-
TOMYMBOCTH BOJIHOBOTO JIBMXKEHUSI TPAHUIIBI pa3jieia Py 3TOM CHOBa
CMEHHUTCS 00J1acThi0 ycTOMUMBOCTH. [Ipu 3HaueHusix G <p,/p, Heyc-

TOMYMBOCTH TPAHMIIBI pa3jera Cpel MOKET ObITh BbI3BaHA JIUIIb JIOC-
TaTOYHO OOJIBIIION IIOTHOCTHIO MMOBEPXHOCTHOTO 3apsifa G, MOCKOJIb-
Ky JBUXEHUE BEpXHEH Cpelibl KaK 1eJI0Tr0 NapajijieIbHO TpaHulle pas-
JieJla OKa3bIBaeT B TAKOW CHUTyallMU CTaOWJIM3UPYIOIIEEe BIUSHUE Ha
rpaHully.

CrnemyeT OTMETUTh, YTO CUTYyalus, B KOTOPO 3HaMEeHaTEb B BbI-
PaXEHUU JJI ONPEIeNICHUs] p MPUOTUKACTCA HYJIIO, SABJISIETCS aHaJO-

romM u3BeCTHOro 3¢dexra «MepTBoro Mopsi» [70] U COOTBETCTBYET
3HAYUTEIBHOMY POCTY AMILUIATY/IbI BOJIH HA TPAHUIIE pa3jieiia Cpes.

WNtak, npr KOHEYHOW TOJIIMHE CJIOS BEPXHEU )KUIKOCTH h B pac-
CMAaTPUBAEMOU JIBYXCIIOWHOM CHUCTEME HECMEIIMBAIOUIUXCS KUJIKO-
CTE€W BO3MOKHO CYIIIECTBOBAHME HECKOJBKUX PA3JIWYHBIX 30H 3HAYE-
HUW MOBEPXHOCTHOM IJIOTHOCTH 3apsiia G Ha TPaHUIIC pa3ferna Cper,
CKOpoCcTU U JBWKEHUSI BEpXHEU cpelibl Kak I1€JI0ro, B KOTOPBIX BOJI-
HOBBIC JIBUKCHUS, MOPOXKIAECMBIE TPAHULIEW pa3delia Cpell, HEyCTOM-
YUBBI.

PaccMoTpuM, 01HaKO, HEKOTOPBIE aCHMITOTHYECKUE CUTYAIIUH.

4. B npenene BecbMa TOJICTOTO CJI0SI BEpXHEH >KHUIKOCTU («TOJI-
CTBI» CJIOM OMpeAeauM YCIOBUEM kh>6) BOJIHBI, T'€HEPUPYEMBIE
rpaHuUlIe pa3zesia U CBOOOHOW MOBEPXHOCTHIO, HE B3aUMOICUCTBY-
10T MeXy coboil. Kak n3BecTHO, riyOrMHA MPOHUKHOBEHHUS BOJHOBO-
ro JBWKEHHUS, TEHEPUPYEMOro CBOOOJHOM MOBEPXHOCTHIO, BHYTPb
AKUJKOCTU MOpsAJKa JIMHBI BOJHBI A ~A=27/k [70]. [ToaTomy B pac-

CMAaTPUBAEMOW JIBYXCIIOWHOW CUCTEME B3aUMOJIEHUCTBUS BOJIH, IIOPO-

KITAaeMbIX CBOOOJHOM IMMOBEPXHOCTHIO BEPXHETO CIIOS M TPaHMIICH pas-

Jena cpell, CIEAYET OKHUAATh TOJNBKO MPU kh <6 (UTO M MOATBEPHKIA-
138



€TCsl, KaKk OyJeT MOKa3aHO HWXKE, YUCIICHHBIMH pacyeTaMH IO COOT-
BETCTBYIOIIIEMY JMCIIEPCUOHHOMY ypaBHEHMIO). B nipenene kh>6 s
kod(duienTa H HECI0XHO MOJYyYHUTh OLEHKY H ~1, U o cBOOO/I-
HOM MOBEPXHOCTH OETYT BOJIHBI, omnpenensembie peiienuem (17) mpu
H =1. Ha rpanune paszena B pacCMaTPUBAEMOW CUTyallMd MOKHO
IIPUHATH, YTO BOJHBI MMEKOT TAaKOM K€ BHUJ, KaK WM B 3aJade, KOoraa
BEPXHUM CJIOM OTPAHUYEH CBEPXY KECTKOM IJIOCKOW IMOBEPXHOCTHIO,
Ha KOTOPOU BBINIOJHSIETCS YCIOBUE

=h: %—O

ez (19)

noayyJatorieecs u3 (2) npu {=0.
3aBUCUMOCTh MOTEHIHAJIA TOJISI CKOPOCTEN TEUECHUSI B BEPXHEH
JKUIKOCTH , (r,t) B OTOM ClIy4ae 3aBUCHT OT KOOPAUHATHI z IO 3aKO-

1y ~ch(k(h - z)), a KO3 UIMEHT G ONPENETUTCA COOTHOIIEHUEM
G =—thkh.

Bripaxkenune 118 BPEMEHHOW 3aBHCUMOCTH aMIUIMTYI BOJIH Ha
IPaHULIE pa3aerna MIPUHUMAET TEeEPh BUL

E=E,Re| expy it

1/2
PkU [ pithkh [ o p,k*U?
p,thkh+p, | p,thkh +p, p,thkh +p, ’

N KPUTHYCCKHUC YCJIOBUA PCaIN3alluA HCYCTOIZ‘H/IBOCTI/I I'paHUIbI pa3-
JAcCJIa JICTKO BBIITMCBIBAIOTCA:

p1p2k2U2 _

k(p, —p, )+ a.k> —4ne'0%k? — =
g (Pz pl) 2 0, thkli + p,

N3 3TOro COOTHOIIEHUSI BUAHO, YTO B COOTBETCTBUU C 001Ie(hU-
3MYECKHUMHU TIPEJICTABICHUSIMHU O NMPUYMHAX BO3ZHUKHOBEHHUS HEYCTOM-
yuBocTH KenbBuHa — ['eIbMrosiplia KpUTHYECKOE JJIsl Hadasga pa3BH-
THUSI HEYCTOMUYMBOCTH 3HAYEHUE CKOPOCTH U YBEIMYUBACTCSA C
YMEHBIIICHUEM TOJIIUHBI CJIOS BEPXHEH KUJKOCTH (TOJIMHA CIIOS
BEPXHEW JKUAKOCTHU MPHU ITOM JOJDKHA OCTaBaThCs JOCTATOYHO OOJIb-
111011, 4TOOBI OBLIO CIIpaBeUIUBLIM ycioBue (19)).
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5. B apyrom npeaensHOM cityyae kh << 6, KOTJa B3aUMOJICHCTBHE
BOJIH BEJIUKO W SBJISICTCS OMNpPECIISIONINM, KapThHAa OyJeT CyIIecT-
BEHHO MHOU. PaccMOTpyUM CUTyaluro, KOT1a CIIOW BEPXHEN KUJIKOCTH
HACTOJIBKO TOHOK, YTO IIOJIE CKOPOCTEN KANWUIAPHBIX JIBUKECHHU B
HEM CJIa00 3aBUCUT TOJIIUHBEI CJi0s /. [Ipr 3TOM MOXKHO IPUHSTH, YTO
ko duienTsl G U1 H OJWU3KUA IPYT K APYry MO aOCOIOTHON BeJu-
ynHe. B paccmarprBaemMol JIMHEWHOM MO MaJibiIM BO3MYIUECHUSIM ( H
& MozeNM B3aUMOJIEVCTBHE BOJIH MOXKET PEAIM30BATHCS TOJIBKO PE30-
HAHCHBIM CIIOCOOOM, T.€. B ClIy4a€ PaBEHCTBA YACTOT U BOJIHOBBIX YH-
CeJl Y B3aUMOJICMCTBYIOIIMUX BOJIH. [Ipearnonokum, 4To rpaHuia pas-
Jierna cpejl HeyCTOMYMBa U B cCOOTBETCTBUU C (18) coBepinaeT koseba-
HUASL C YacTOTOM kpU, aMIUIMTyJa KOTOPBIX 3KCIOHEHIHUAIBHO
U3MEHSIETCA BO BPEMEHH CO CKOPOCTBIO, OMPEAEISAEMON BEIMYUHOU
paIrKalia B IOKa3aTelIe SKCIOHEHTHI.

[IpumeM, 4TO B CJIO€ BEpPXHEN KUJIKOCTH KAMWUISIPHBIE JIBUMKE-
HUs HE3aTyXarollue, BOJHOBBIE, T.€. H >0, a rpaHuIla pasfena cpea
MycTh OyJIeT HEYCTOMYMBA B CMbICIIE KOMOUHAIIMA HEYCTOMYMBOCTEM
KenbBuna — I'enbmronbiia u ToHkca — ®@penkens [26] (T.e. G<0).
OueBnaHO, 4TO KOorga H W G HWMEKT MPOTHUBONOJIOKHBIE 3HAKH,
B3aKMMO/ICVCTBUE BOJIH Ha CBOOOJIHOW IMOBEPXHOCTH BEChbMa TOHKOI'O
CJIOS M TPaHUIIE pasjielia Cpell MPOSBIISIETCS HanboJiee OTYETINBO, TaK
KaK BOJIHBI HaxojsTca B mpotuBodasze. [lorpeOyeM BBINOIHEHUS pa-
BEHCTBA YaCTOT BOJIHOBBIX JiBMKeHUM (17) u (18):

kU + (Hkg + Hop;'k* ) =k —P1—. (20)

Gp, —p;

Y4uTeM, 4TO COTJIaCHO MPEANOJOKEHUI0 G=~H , U TOIYy4YdM U3
(20) xBampaTHOE anreOpanvuecKkoe ypaBHEHHE OTHOCUTEIHHO HEW3-
BECTHOW KOHCTAHTHI H :

H?*-HL+R=0,

L=kU(g +op7'k2) 20,05, R=(p,p3'). 1)
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PaccmoTpuM i1 IPOCTOTHI CUTyaluio, korna L>R. Ilpu atom
00a KOpHS ypaBHEHHUS TMOJOXKHUTEIbHBI U WX MOXHO TPEJCTaBUTH B
BHJIC

H, ~L-RL', H,=~RL" (22)

[Tockonbky cornacHo (18) (mpu G =—H ) BEeTUYUHBI UHKPEMEHTOB
HEYCTONYMBOCTEM, COOTBETCTBYIOLIMX Pa3IMYHbIM KOPHIM H ,, IpH-

GITM3UTENBHO MPOIOPLUMOHATBHBL H!”, a KOpHU H, U H, UMEIOT pa3-

HbI€ MOPSJAKH BEJIIMYMH, TO PACCMaTPUBAEMBbIE JTBHKEHHS JIETKO pa3-
JUYUMBI.

[Tpy mpOU3BOJIBHBIX COOTHOLIEHUSX MEXAY R U L ypaBHEHHE
(21) MOXeT UMETh KOPHHU Pa3HBIX 3HAKOB, & TAKXKE U KOMIUIEKCHO CO-
npsbkeHHble. KOMIUIEKCHBIE 3HaueHust H; OyIyT COOTBETCTBOBATH

CUJIbHOMY B3aMMOJICHCTBUIO BOJIHOBBIX JBMKEHUN OOEUX MOBEPXHO-
CTEW, IPU KOTOPOM B HEYCTOWYMBBHIC JIBUKCHUS TPAHUIIBI pas3zeia
Cpel BOBJIEKAIOTCA W BOJIHBI, T€HEPUPYEMbIE CBOOOJHON MOBEPXHO-
CTBEO BEPXHETO CJOSI )KUIKOCTH.

[IpoBeeHHBIN aHAIN3 SIBIAETCS CYIIECTBEHHO KAYE€CTBEHHBIM H
OasupyeTcsl Ha psne JomyleHuil u ynpouienuid. [lostomy npeacras-
JsieTcd 1EeIeco00pa3HbIM COMPOBOJUTH €r0 MCCIEIOBAHUEM HBOJIIO-
AU PEATU3YIONINXCS KAWUISAPHBIX JBHXKEHUW (MPpU BapbHUPOBaHUU
bU3UYECKUX TTapaMEeTPOB CUCTEMBbI) HA OCHOBE UHCIEHHOTO aHaln3a
COOTBETCTBYIOIIETO TUCIIEPCHOHHOTO YPABHECHUS.

6. bynem uccienoBath perienue 3agauu (1) — (6) B Buje

v, = (4, exp(kz) + A, exp(— kz))cos(kx — wt)+ Ux,
v, = Bexp(kz)cos(kx — wt),

{=Csin(kx— t), &=Dsin(kx—ot).

[ToncraBisiss 5TU BBIpAXKEHUS B TpaHU4HbIE ycioBus (2) — (6) u
IIpUpaBHUBAS HYIIIO OMPEACIUTEIb, COCTABIICHHBIN U3 K03 PuIineH-
TOB MPU HEU3BECTHBIX aMIUIUTYyJax A4,, A,, B, C, D, HECIOXHO IIO-

JYy4dTh JUCTEPCUOHHOE ypaBHEeHHE 3amaud [71]. B Oe3paszmepHbix
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NEPEMEHHBIX, B KOTOPBIX p, =0, =g =1 (a 3HAUUT, U KaNWUJISIpHAs IO~
CTOSIHHAsI JIJI1 HUKHEH >KUJIKOCTH, BHIOpaHHas B KaueCTBE XapakTep-
HOTO JIMHEHHOT'O MPOCTPAHCTBEHHOI'O MaclTada, Tak)Ke paBHA €lIU-
HUIIE), ICKOMOE JIUCIIEPCUOHHOE YPAaBHEHUE UMEET BU/

[1 + pth(kh)Jo* — 2Uk[2pth(kh) + 1]’ +| pth(kh) 6(UK ) —%[1 + O‘Tkz) +

L+ K + ok = k|- (UK o — 262U 2pkU 2 th (kh) - (1 + &2 + ok — Wk jo —

2 2
e pth(kh){l f e (% + 1)(1 —k Wk)} UK + k2 — Wk - p]
p p

0

W=d4nc’e™", p=p,, 0.=0,. (23)

7. Ha puc. 1-4 npuBeeHbl pe3yJbTaThl YUCIECHHOIO MCCIEeA0Ba-
HUS. 10 (23) BAMSIHUS TOJIIIMHBI BEPXHETO JBHXKYIIIETOCS >KHIKOIO
CJIOSI HA 3aKOHOMEPHOCTH Pa3BUTHSI HEYCTOMYMBOCTH B BUJE 3aBUCH-
MOCTEM JeHCTBUTENbHOM Rew=Rew(lU) W MHUMOH Imw=Imn(U)
KOMIIOHEHT KOMIUIEKCHOW YacTOThI OT BEJIUYUHBI O€3pa3MepHOi CKO-
poctu U. Ha mpuBeAEHHBIX PUCYHKax BEIIECTBEHHAs YacTh KOM-
IJIEKCHOM 4YacTOTHI OMPENEIISIET YaCTOThl BOJIHOBBIX ABHWKCHUU JKHJI-
KOCTH, a MHHUMAas — HWHKPEMEHThl HEYCTOMYMBOCTH (B 001acTu
Im®>0) U AEKPEMEHTHI 3aTyXaHus (B 001acTu Imw<0).

BeTBu aucriepcMOHHOrO ypaBHEHHUsI ¢ Homepamu /-3 Ha pwuc. |
(paccuUTaHHOTO MPHU A =35) ONMUCHIBAIOT KAMMILISPHBIE JTBUKEHUS, MO~
pOXKIaeMble TPAHULIEH pa3jeiia cpela. BetBu ¢ HomepamMu 4 U 5 onu-
CHIBAIOT KaNWUISPHBIC BOJHOBBIE IBUKEHUS, TTOPOKIAEMbIE CBOOO/I-
HOM MOBEPXHOCTHIO BepxHeW kuakocTtu. Ha puc. 1 3tu BeTBU sIBIS-
I0OTCSL  TapajuleIbHBIMU ~ NPSAMBIMH,  COPUEHTUPOBAHHBIMU (B
cooTBeTcTBUU ¢ 3pPexToM Jlomiepa) moa HEKOTOPHIM YIJIOM K OCH
aociucc (ocu U ). OueBUAHO, UTO BETBb 4 OMUCHIBAECT BOJIHY, PACIpo-
CTPAHSIOIIYIOCS 0 HanpaBjeHUO U, a BETBb J COOTBETCTBYET TAKOM
e BOJIHE, OeryIieil B MpOTUBOIOJIOAKHOM HaIlpaBJICHHUHU.
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Puc. 1. k=1,0=0.5,p=05W =0 Puc. 2. To orce, umo na puc. 1,
HO npu h=1

N3 puc. 1 BuAHO, 4TO, KaK M1 OTMEYAIOCH BBIIIE, TPU TIOCTATOYHO
OompIIol Oe3pa3MepHON TOJIIUHE CIIOS BEpPXHEH JKHIKOCTH BOJIHBI,
MOPOXKJaeMble CBOOOHOM MOBEPXHOCTHIO BEpXHEN KUIKOCTU U Tpa-
HUIICH pasjena, He B3aUMOJICUCTBYIOT MEXy COOOM, a 3aKOHOMEPHO-
CTU peanu3aiuu HeycTtoiuuBocT KenbBuHa — ['enbMronbiia (xapak-
TEpU3yEMOM BETBBIO 3) HE OTINYAIOTCA OT KJIIACCUYECKOTO BapUaAHTA C
OCCKOHEYHOM TOJIIMHONW BEpXHEH XUAKOCTU h — . CoriacHo puc. 1
IpU HEKOTOPOM 3HAYECHHH CKOPOCTH JBHXKEHUS BEpPXHEU Cpejbl
U =U, BETBU BOJIHOBBIX JBIKCHHN [/ W 2 ciuBaroTcs, oOpasys JBa

BOJIHOBBIX K€ JBUKCHUS 3, aMIUIMTYJIa OJTHOTO U3 KOTOPBIX 3KCIHO-
HEHIMAJIBHO 3aTyXaeT CO BPEMEHEM C JEKPEMEHTOM, ONPENEIAEMbIM
OTPUIIATEIILHOW YaCThI0O MHHMOW KOMIIOHEHTBI BETBH 3, a JIPYroro
DKCIOHEHIIMAIIBHO HApPACTAET ¢ MHKPEMEHTOM, OIPEAECISAEMBbIM I10JI0-
YKUTEJIbHON YaCThI0 MHUMON KOMIIOHEHTHI BETBU 3.

[Ipu yMeHbllIeHUN O€3pa3MEepHOI TOJIIHUHBI CJIOS BEPXHEHW Kui-
KocTH (puc. 2 — 4) 10 3HaYeHUM h~1 BETBU [ — 3 HAYUHAIOT B3aUMO-
JIEUCTBOBAaTh C BETBSIMU 4 U 5 C 00pa30BaHMEM HOBBIX COCTAaBHBIX

143



newxkeHu 6-10 u ¢ nedopmupoBanvem BetBelt 1, 2, 4. [Ipuuem nBu-
XKEHUs 4, 6, 7, 9 ABJISIIOTCS BOJTHOBBIMU HE3aTyXAlOIIUMHU, a JIBUKEHUS
8 u 10 conepxaT Kak NEPUOJUYECKH IKCIIOHCHIIMAIBHO 3aTyXaroIue
(a7 koTopblXx Imw<0), TaK U NEPUOAUYECKH IKCIIOHCHIIMAIBHO Ha-
pacraroniyue (HeyCTOMYMBBIE) BETBU (M1 KOTOphIX Imw>0). Heyc-
TOMYMBOE ABUKEHUE /() COOTBETCTBYET KJIACCUYECKON HEYCTOMYHBO-
ctu KenbBuHa — ['enbmMronblia, v 111 HETO KpUTHYECKasi CKOPOCTh Ha-
yaja  pealv3allii  HEYCTOMYMBOCTH U,  YBEIUYUBAETCA C

YMEHBIIIEHHEM TOJIIIMHBI CJI0s1 BepXHEH kuakocth (puc. 1 —4). Heyc-
TOMYMBOE JABMKEHHUE 8 003aHO CBOMM ITPOMCXOXKICHUEM B3auMO/ICH-
CTBUIO KalMJUIIPHBIX JBUKECHHH, ITOPOXKIAEMBIX CBOOOHON MOBEPX-
HOCTBIO BEPXHEU KUJIKOCTH U TpaHUIeh pazaena cpen. Kak BuaHo u3
puc. 3 — 4, Ipu yMEHbIIIEHUH 0e3pa3MepHOM TOJIIIUHBI CJIOS BEpXHEH
KUJIKOCTH h 0OJIacTh peaiM3allii HEYyCTOMYHMBOTO ABWKEHUSA 8 B OT-
Ju4Yie OT JABWXEHHUS /() cMemaeTcsa B CTOPOHY MEHBIINUX 3HAYCHUM

CKOpOCTH BerHeﬁ KNUIKOCTHU U*, a BCIIMYMHaA CIr0 MHKPCMCHTA IIPH
9TOM CHHKACTCA.
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Puc.3. h=09 Puc.4. h=0.001

144



Keiw
&
1
" k.
o W
_i.-i.
L
1 0
i g L
——— ) -
8 2 W
—:I' L 1';':'

Puc. 5. h=0.0001;U =1

Ha puc. 5 npuBeneHsl pe3yJbTaTbl pacuyeTa Mo AUCIIEPCUOHHOMY
ypaBHeHHIO (23) 3aBUCHMOCTH JEHCTBHUTEILHON Rew(W) W MHHMOIA
Im®(/#) KOMIIOHEHT KOMIUIEKCHOM 4aCTOTHI OT BEIMYMHBI IIapamMeTpa
W, XapakTepU3YyIOLIEr0 YCTOMYHUBOCTH 3apsKEHHOW ITOBEPXHOCTHU
KUJIKOCTH T10 OTHOIICHHIO K COOCTBEHHOMY 3apsiay (T.€. BO3MOX-
HOCTh pealu3allii HEyCTOMUUBOCTH ToHKca — DpeHKes), MOCTPOCH-
Hble TIpy U =1 1 h=0.0001. Hymepamus npuBeICHHBIX BETBEU Takas
e, KaK U Ha NpEeablIylnX pucyHkax, Berss 10 omuchiBaeT anepuo-
JTUYECKYI0 HEYyCTOMYHUBOCTh ToHKCca — DpeHKens (BhI3BaHHYIO BECbMa
OOJBIIMMH 3HAYECHUSIMU TOBEPXHOCTHOIO 3apsijia HA TpaHULIe pas3je-
Ja), pa3BUBAIONIYIOCS Ha (OHE KoJieOATeIbHON HEYCTONYMBOCTH
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KenbBuHa — ['enbmronbia (Mpoucxoasiinei u3-3a pa3pbiBa MoJis CKO-
pOCTEN Ha IpaHUIE pa3aena cpela). YUCIeHHbIE pacyeThl OKa3bIBAIOT,
YTO BBIJICJICHHE CAMOCTOSATENIBHOTO JIBUKEHHS &, BBI3BAHHOTO B3aW-
MOJEHCTBUEM BOJIH, MOPOXKIAEMBIX Pa3HBIMU MOBEPXHOCTAMH (110 TON
XKe CXeMe, 4TO W Ha puc. 2, 3), MPOUCXOIUT TIPU Oe3pa3MEPHBIX TOJI-
IIMHAX CJOSl BEPXHEW KUJKOCTU, U3MEPSAEMBIX COTBIMHU JOJSIMHU €JIH-
HULIBL.

Ha puc.4 — 5 BUAHO, 4TO IPU YMEHBIIIEHUU TOJIIIUHBI CJIOSI BEPX-
HEW KUJIKOCTH CKOPOCTH, KPUTHUECKUE IS PEAIU3alMU HEYCTOWYHN-
BOCTU TPaHUIlBl pa3jielia, MOPOXKIAAEMON B3aUMOJICMCTBUEM BOJIH,
MMEIOIINX PA3HOE MPOUCXOXKICHUE, CHUKAIOTCS, KAK U BEJIMYMHA WH-
KpPEMEHTa HEYCTOMYMBOCTU. Hannume Ha rpaHuue paszena cpen He-
CKOMIICHCUPOBAHHOTO JJIEKTPUYECKOIO 3apsiia YCUIMBAET 3TOT 3(-
dekT.

R

o
&7 85
Imgd Imice
1 ir ]
v 1
P L
i m 1 i 1 it 1 v
U U 5 I R i & 6
&
pii}
-7} i -1 &

npu p =0.001

Ha puc.6 — 7 npuBeIeHbI 3aBUCUMOCTH J€HCTBUTEIBHON Rew(U)
1 MHAMOU Imm(U) KOMIIOHEHT KOMILIEKCHON YacTOTHI OT BEJINYHHBI
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0e3pa3MepHOl CKOPOCTU U, paCCUUTAHHBIC MPU MOCTOSTHHOMN TOJIIIH-
HE CJIOS BEpXHEMN KUJIKOCTH, HO PA3IMYHBIX 3HAYCHUSIX O€3pa3MepHOM
IUIOTHOCTH BEpXHEU cpenbl. Hymepanus U cMbICT ITPUBEICHHBIX BET-
BEW Takue ke, Kak U Ha puc. 3 — 4 (BeTBb 4 Ha puc. 7 BBIILIA 32 Tpe-
Jenbl TPUBEACHHON 00JIaCTH 3HAYCHHWM BenuuyuH). BuaHo, 4To C
YMEHBIIIEHUEM TUIOTHOCTH BEpXHEU cpelibl (C YMEHBIIEHUEM p) 00-
JIaCTH 3HAYECHUI Oe3pa3MepHON CKOPOCTH U, B KOTOPBIX PEaTu3yroTCs
HEYCTOMYMBOCTH, OMUCHIBAEMBIE BETBAMHU & U /(), cMEmAKTCsA B CTO-
POHY YBEIIMYEHUS U PACCTOSHUE MEXAY HUMH yBenuuuBaercs. MHre-
PECHO, UTO MPU 3TOM BEIMYMHA UHKPEMEHTA HEYCTOMYUBOCTH, ITOPO-
AKICHHON B3aUMOJICHCTBHEM BOJH (BETBb &§), CYIIECTBEHHO YBEJIMYHU-
BAETCS, CPABHUBASICh C BEJIMYMHOW MHKPEMEHTA BETBU /().

CornacHo 4uCIEHHbIM pacueram (puc. 3, 6) yMEHbIIEHUE ILIOT-
HOCTH BEPXHEHN CpeIbl NPUBOJIUT K YBEIWYCHHUIO 3HAYEHHS TOJIINHBI
BEPXHETO CJI0sI, TP KOTOpOM (OPMHUPYETCS B BHJIE CAMOCTOSTEIBHO-
ro IBMKEHHUS &, OPOKICHHOE B3AMMOJEHCTBUE BOJIH.

3axunrouenue. [Ipy TonmmHax cios BEpHEW KUIKOCTH, MEHBIIUX
KaIMWUIAPHON MOCTOSHHOW HHMXKHEW JKUIKOCTH, UMEET MECTO B3aUMO-
NENUCTBUE KaMWUISPHBIX JBIKEHUM, MOPOXKIAEMBIX CBOOOIHOM mMO-
BEPXHOCTBIO BEPXHEW >KUJKOCTA W TPAHUIIEH paszjiena cpel, MPUBO-
IA1ee K MOSIBJICHUIO JTONOJHUTENBHOM, paHee HEU3BECTHOM KoiieOa-
TEJIbHOM HEYCTOWYMBOCTH. KpuUTHUYECKME YCIOBHS €€ pealu3aluu
CHIDKAIOTCA C YMEHBIIEHUEM TOJIIHUHBI CJIOS, XOTS IMPHU 3TOM CHUXa-
€TCA M BeJMYMHA MHKpeMeHTa. Hanmmuue Ha rpaHuue paszena cpen
HECKOMIICHCUPOBAHHOI'O JJIEKTPUYECKOTO 3apsifla yCWUIIUBAET JTOT
s PekT.

CpaBHeHHE pe3yabTATOB MPOBEACHHOTO BBIIIE YHCJIECHHOTO aHa-
Ju3a AUCTIEPCUOHHOTO ypaBHeHUs (23) ¢ pe3ysibTaTaMu Ka4yeCTBEHHO-
r0 PacCCMOTPEHMS B paszaenax 2 — 5 MOKa3bIBAET, YTO B3aUMOJICVICTBHE
Pa3IMYHBIX BETBEH KAMWIISPHBIX BOJHOBBIX JIBUKEHUN MEXKy COOO0M
B MaT(U3UYECKOM CMBICJIE B HCMOJIb3yeMOW JMHEHHON MOCTaHOBKE
3a/1a4M PEATU3YETCS YePE3 TPAHUYHBIE YCIIOBUS.
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3.2. BzauMmoAeicTBUE C AHOM BOAH B CAO€ BA3KOU
KUAKOCTH KOHEUYHOU TOAIITUHDBI

B »TOoM pazziene cHoBa BepHEMCH K 3ajiaue, JIETAIbHO pa3o0paH-
HOW B NPEABIAYIIEH IJIaBE ISl HEJIMHEUHBIX BOJIH, HO IPOBEJIEM pac-
CMOTPEHHUE B JIMHEHHOM MNPUOJIMKEHUH, UCCIETys HEYCTOMYHUBOCTH
BOJIH OCCKOHEYHO MAJIOW aMIUIMTYJIbl Ha OoJjiee (PU3MYHOM OCHOBE C
JETaIbHBIM aHAJIM30M JUCIEPCUOHHOTO YpaBHEHMS, oOpaliasi BHUMAa-
HU€ Ha B3aWMMOJICICTBUE BOJIH HAa MTOBEPXHOCTH CJIOSI BSI3KOM KHUJIKO-
CTH C TBEPJIBIM THOM.

1. byaem pemiate 3agauy 0 pacyere CHEKTpa KalWUIAPHBIX BOJIH
Ha TPaHUYAIIEH C BAKYYMOM IUIOCKOM 3apsiKEHHOW TOBEPXHOCTHU HJIE-
TbHO TIPOBOJIAIICH >KUIKOCTH KOHEUHOU TITyOWHBI d C TUIOTHOCTBHIO
P, BA3KOCTHIO Vv, KOG (PHUITMEHTOM MMOBEPXHOCTHOTO HATSKCHHS 7Y, B
MoJIe TSDKECTH g U B dJIEKTpocTaThuueckoM moiie. BepxHsis cpena o6-

JajaeT JUAJICKTPUYECKON MPOHUIIAEMOCThIO €. HampsikeHHOCTH
ANEKTPUUECKOrO0 Toyisi E 'y MOBEPXHOCTH >XKUAKOCTH OMPEHEISETCS
Pa3HOCTHIO MOTEHLIHAIOB MEXIY JJIEKTPOAAMHU: HUKHUM, Pacroio-
KEHHBIM MPU z=—d , HA KOTOPOM JISKUT CIION KUIKOCTH, TTOJIEPKHU-
BAIOIIMMCS NPU NOTeHIHAIe @, =0, U MapaJJIeIbHbIM €MY MPOTHUBO-

DIIEKTPOAOM, OTCTOSIIUM OT IIOBEPXHOCTH KUAKOCTU HA b, UMEIOIIINM
noTeHuuan e, =V .

Pacnonoxxum JieKapTOBy CHUCTEMY KOOPAMHAT Tak, 4TOOBI OCh z
OblJ1a HampaBJ€Ha BEPTUKAIBHO B BepX n_ [1—g (n, — OPT JAEKaAPTOBOIA

KOOPJIMHATHI z), @ OCb x — II0 HAIPaBJICHUIO JBWKEHUS IUIOCKOM Ka-
NWUIIPHON BONHBI [ exp (st +ikx). IlpumeM Taxke, 4TO IJIOCKOCTB

z=0 COBIIaJIa€T CO CBOOOAHOIN HEBO3MYIIICHHON MOBEPXHOCTHIO KU~
KOCTH (s — KOMIUIEKCHAsI 4acTOTa, k — BOJIHOBOE YHCIIO, ¢ — BpeMs,
i — MHMMas equHuna). [lycte pynkuus &(x,¢)=Eyexp(st+ikx) ONMMCHI-

BacT MaJIOC BO3MYUICHHUC paBHOBeCHOﬁ IJIOCKOU IMOBEPXHOCTH KHI-
KOCTH, BBI3BAHHOC TCINIOBBIM KaIIWJJIIPHBIM BOJIHOBBIM JIBHKCHUCM

BecbMa MasioH (&, [ (kT/y)l/ *) aMIUIMTY/IBL, k — OCTOSIHHAsT BombIiMa-
Ha; T — abcomroTHasd Temneparypa; U(r,z) — IOJe CKOPOCTEN JBHKE-
HMS KMJKOCTH, BEI3BAHHOTO BO3MYILICHUEM &(x,¢), UMEIOIIEE TOT 7K€
MOPSAI0K MAJIOCTH.
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JIist yripolieHust JaJIbHEHIINX paccyXAeHui o0e3pa3MepruM Bce
BEJIMYMHBI HA UX XAPAKTEPHbIC 3HAUEHUSI, IPUHUMAst g =p=Y=1,

L v [p_g)/ V. (ij/

Z=h

it | y Y pg
T Sl z=¢&| Xt 12 NG
7 k. = (p_g) ¢ = [pi}
X ‘ Y Y
W.=4pgY -
F=d

o \\\\ \ JluHeapu3oBaHHAs CHUCTEMA
ypaBHECHUU TUIPOAVHAMUKHA

BSI3KOM KUJKOCTH (32 BceMU Oe3pa3MepHbIMU BEJIMYMHAMHU COXPaHS-
eM TIpekHHE 0003HAUCHMS), ONMUCHIBAIOIIAS JBMKCHHUE JKUIKOCTH B
AHAJIU3UPYEMOU CUCTEME, UMEET BU/T

%—?:—%VP(U)+VAU+g, (1)

divU =0, (2)

z=—d: U=0, 3)

2=0; -%wﬁo, (4)

z=0: n-(1-V)U+t-(n-V)U=0, (5)

z=0: —P(U)+pg&+2pvn-(n-V)U-P;(&)+F;(&)=0, (6)
divE; =0, E,=-V®, (i=1,2), (7)

z=—d: @ =0, (8)
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z=d: ®,=V, 9)

2= ®,=0,, (10)

P(U), Py (&), B;(§) — mobaBKM K JABICHHUIO DJIEKTPUYECKUX CUII H
JABJICHUIO CHUJI TTIOBEPXHOCTHOI'O HATSPKEHMS, BBI3BAHHBIC BO3MYIIIE-
HUEM I[OBEPXHOCTHU &, UMEIOIIME MEPBBIN MOPSAAOK MAJIOCTU 10 &; n U
T — €IMHUYHBIE BEKTOpAa HOPMAJId U KAaCaTeJIbHONW K MOBEPXHOCTHU
YKUJIKOCTH; MHJIEKC 1 OTHOCUTCS K )KUIKOCTH, 2 — K BHEIIIHEH Cpelie.

2. JIBymepHOCTh 3ajaud (BO3MylIEHHE (POPMBI MOBEPXHOCTH
&(x,t) mmone U(r,t) cUATaEM HE 3aBUCALIMMU OT KOOPJAUHATBI ) ) IO-

3BOJIIET IIPOBECTH CKAISPHU3AIIMIO 3a7a49M Ha OCHOBE TeopeMbl [ enbM-
roJIbla, BBOJS MOTEHLMAT HOJS CKOPOCTEH ¢(r,r) U (QYHKLIHUIO TOKa

y(r.) [6],

U=N,o+N,y, N,=V, NZE[V,nJ, (11)

n, — OPT JEKAPTOBON KOOpAMHATHI y; Ny m N, — BekTopHbIe gubde-
PEHUHAIIBHBIE ONEPATOPHI, YAOBIECTBOPSIOIIME COOTHOUIEHUSM OPTO-
TOHAJIBHOCTH U YCJIOBUSAM KOMMYTAaTHBHOCTH € oneparopom Jlaraca.
DpMUTOBBI omepatop N, BblAeNseT HOTEHIHUAILHYIO 4acTh JBUKE-
HUS, 2 aHTUIPMUTOBBINH N, — BUXPEBYIO.

[Toncrasnss paznoxenue (11) B BEKTOPHBIC YPABHEHUS (1), 2)n
NPUHSIB COOCTBEHHbIE 3HAYEHUSI OMEPaTOPOB N DN2 u NZDN1 OTJINY-
HBIMU OT HYJIS, TOJIyYUM CUCTEMY CKaJSIPHBIX YPaBHEHUN

oy
— VAW =0 12
Ap=0, (13)
0
P(U)=-p5 ~pez. (14)

[Toacrasnsa paznoxkenue (11) B (3) — (6), mpeobpaszyeM rpaHud-
HBIE YCJIOBUS AJISl BEKTOPHOro mouisi ckopoctedl U(r,7) B IpaHUYHBIE
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yCIOBHS Ul CKaIApHBIX QyHKUMA @(r,/) n y(r,t). Yciosue (3) Ha
HIKHEM DIIEKTPOJIE PE0Opa3yeTcs B yCIOBUSA

— 9_N_y, (15)
ox Oz
9, N _,. (16)
dz oOx

YcnoBus (4) — (6) Ha cBOOOJIHOM MOBEPXHOCTU KUIKOCTU MPH-
MYT BH]

x_do,n (17)
ot Jdz Ox

2 2 2
2070 Y _d9_

=0 18

oxdz  ox> 9z? ’ ( )

02 ot 2oy OOV p ey ip )20, (19)
ot dz2  oxoz °

Cucrema ypaBHeHuil (12)— (14) ¢ rpaHUYHBIMU YCJIOBUSMHU
(15) = (19) nmpexacraBisieT rUAPOIUHAMUYECKYIO YacTh 3a/a4d B CKa-
JISIPU30BAHHOM BUJIEC.

YtoObl yIOBIECTBOPUTH JUHAMUYECKOMY TPAaHUYHOMY YCIOBHUIO
JUIsl HOpMaJIbHBIX KOMIIOHEHT TeH3o0pa HamnpsbkeHud (19), ciemyer
BOCIOJIb30BAThCS BBIPAXKEHUEM IS Py (&), MOIyYEeHHBIM B IIPEABLIY-

meﬁ IJ1aBC, 1 U3BCCTHBIM BBIPAKCHUCM IJIA ,Z[O6aBKI/I K JaBJICHHUIO CHJI
IMOBCPXHOCTHOT'O HATAXKCHUA PG, HMCIOIIMM B JIMHEMHOM I10 E_, Ipu-

OJINKEHUU BUII

3. OrpaH4eHHbIE TEPUOAUYECKHUE IO x PElIeHUs! cucteMsl (12),
(13) B mexapToBoOii cUCTEME KOOpIUHAT OyJIeM UCKaTh B (hopme
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@ =(Csh(kz)+ Cych(kz))exp(st —ikx), (20)

\|;=(C3sh(qz)+C4Ch(qz))exp(st—ikx), (21)

raoe ¢, C,, G, C4, s — KOMIUICKCHBIC BEJIMYNHBL.

[ToncranoBka (23), (24) B rpanuynbie yciaoBus (15) — (19) npu-
BOJUT K OJIHOPOJHOW CHCTEME IIATH JMHEWHBIX alreOpandecKux
YPaBHEHUN OTHOCUTEJIBHO HEU3BECTHBIX KOHCTAHT C|, C,, C;, C,, &;:

GC,+2pvqC; + FE, =0,
2pvkC, +GC, =0,
—Cysh(kd)+ Cych(kd ) — Cssh(gd )+ Cych(qd ) =0,
kCich(kd ) — kC,sh(kd )+ qCsch(gd ) - qCysh(qd) =0,

Cy+Cy—58, =0,
re

G=%(k2+q2), q2=k2+s/v,

2
F=pg+Yk’ —Zﬂkcth(kb) :
T

HeoO0xoauMbIM M JOCTATOYHBIM YCJIOBHUEM CYIIECTBOBAHHUS HeE-
TPUBUAIBLHOTO PEIICHUS MOJYYEHHOW CHUCTEMBI YPABHEHUU SBIISETCS
PaBEHCTBO HYJIIO €€ OMPEACIHUTEINSI, COCTABICHHOTO M3 KO3 uIineH-
TOB, CTOSIIIUX MPU UCKOMBIX BeJIMUUHAX C; U &

152



G 0 2pvg 0 F
0 2pvq 0 G 0
—sh(kd) ch(kd) —sh(qd) ch(qd) O
keh(kd) —ksh(kd) gch(kd) —gsh(qd) O
0 1 0

1 —S

910 YCIOBHUC AACT NUCIICPCHOHHOC OTHOLICHHUC IJIA CIICKTPa Ka-
IMAJUTAPHBIX I[BI/I)KGHHI\/JI KUAKOCTH B aHaHHSpreMOﬁ CHUCTCMC.

4qk* (K + 47 )+ (K +q2)2(ksh(kd)sh(qd)—qch(kd)ch(qd))+

+413q(gsh (kd )sh(gd ) — keh (kd )ch (qd )) -

—Z(f)(qch(qd)sh(kd)—kch(kd)ch(qd))zo, (22)
\Y
Z(k)=k+k —Wk*cth(kb), W=%, Ey=-V/b.

B npenenbHOM cliydyae OECKOHEYHO TITyOOKO#M HaeanbHON >KUIKOCTH
(22) 3anuchIBaeTCA COBCEM MPOCTO:

52 =f(eE§kcth(kb) —pg — vk’
p
Y ONpENEIsIET KpuTHYecKre yciiopusa peanm3anuu HT®D. I1o cooTHO-
IICHUE AHAJIOTUYHO BBIPAKECHUIO, MOJYYEHHOMY B [23] I ujaeaib-
HOM, UJealbHO MPOBOJSIICH KUJIKOCTH M OTJIMYAIOIIEMYCS OT HEro
JINIb MHOXKHTENEM cth(kb), YUUTHIBAIOIIMM KOHEYHOCTb PACCTOSHUSA

0 BEPXHETO AJEKTPOJA. JTO HE3HAYUTEIBbHOE, HAa TNEPBBIA B3I,
00CTOSATENHCTBO MPHUBOAUT K MHTEPECHBIM (PU3UUECKUM TTOCIICICTBU-
M, & UMEHHO YKa3bIBAE€T HA 3aBUCUMOCTb KPUTHUUYECKUX YCIIOBUM pea-
JV3ald HEYCTOMYMBOCTU 3apSHKEHHOM TMOBEPXHOCTU YKUJIKOCTH OT
PaCCTOSIHUSL 10 BEPXHETO MPOTUBOAJICKTPOJA b, KOTOPAsT CTAHOBUTCS
3aMETHOM IIPU k CPABHUMOM C b.
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4. YucneHHbIN aHaIU3 IUCTIEPCUOHHOIO COOTHOIIEHUs (22) noka-
3bIBAET, YTO OHO MMEET OECKOHEYHOE OJIHOMapaMeTPUUYECKOE CeMEii-
CTBO pelIeHUM (KOJIUYECTBO BETBEU ¢ HOMEpaMu OOJIBIIUMU YeM 3, U
C OpAMHATaMH, YBEJIMYMBAIOIIUMUCS MO aOCOJIOTHON BEJIMYMUHE TIO
Mepe YBEJIMYECHUSI HOMEpPa BETBU OE€CKOHEYHO) (puc. 1) B oTiinune ot
JUCTIEPCUOHHOTO COOTHONIEHUS JJIS KUJIKOCTU OECKOHEUHOU TriTyOu-
Hbl [3], CIEKTp KanwUISIPHBIX IBH)KEHUW KOTOPOTO OITUCHIBAETCS
kpuBbIMH | — 3 Ha puc. 1. C MaTremMaTH4eCKON TOYKU 3PEHHS ITO 00-
CTOSITEIIbCTBO CBSI3AHHO C MOSIBJICHUEM B PACCMaTPUBAEMOM CUTYyalluu
B JIUCIIEPCHOHHOM YpPAaBHEHUHU THUIEPOOIMYECKUX (DYHKIIUM OT KOM-
TJIEKCHOW YaCTOTHI.

C ¢dusnueckoil TOYKHU 3pEHUS TOSBIECHHWE OCCKOHEUHOI'O CeMEil-
CTBa arepHoOIMUYECKU CUIIBHO 3aTyXarolUX JABWKEHUN CBA3aHHO C OT-
pPaKEHUEM JIBUKYIIEHCS KUJIKOCTH OT nHA. KpuBas 2 Ha puc. 1, B 00-
JacTu Res >0, onpeAensieT MHKPEMEHT HEYCTOMUYNBOCTH 3aPSKEHHOU

NOBEPXHOCTH KUJKOCTH (MHKPEMEHT HeyCcTOWYMBOCTH ToOHKCaA —
®penkens). Kpuas 1 onuceiBaeT 3aTyXaroliye BOJHOBOE JIBHKEHHUE.
KpuBas 3, Tak ke Kak U 4acThb KpHUBOU 2, B obsactu Res <0 omnpene-

JISIeT 3aTyXarIue anepruouYecKue JIBMKEHUS KUJIKOCTH. Bce HOBBIE

II0 CPaBHEHHUIO CO CIIydyaeM OECKOHEUYHO TTyOOKOM >KHIKOCTH BETBH

JTACTIEPCUOHHOTO COOTHOIIICHUS OINPEICIISIOT BUXPEBBIE CUIBHO arle-

PUOINYECKH 3aTyXaroIIUe TBUKCHHUS.
05t 2

) - a

&5+ ¥5 g | 2 3w

rar \
6

.-.1_..

Puc. 1. 3asucumocmu sewecmeennoti u MHUMOU KOMNOHEHM
00e3paszmMepeHHOl Yacmomsl s KANULISAPHO20 OBUNCEHUSL HCUOKOCTIU
om eeaudUnbl be3pazmepHo2o napamempa W xapakxmepusyouie2o
oaeJjieHue 2J1IeKMpUecko20 nojis Ha c860O00HYI0 NOBEPXHOCHIb
orcuokocmu.b=10,k=1,v=0.1,d =5
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BnusHue KOHEYHOCTH TOJIIMHBI CJIOS HA MAapamMeTpbl ABHKCHUM
YKUJIKOCTH CYIIECTBEHHO CKa3bIBAETCs, KOIJia OHA CTAaHOBUTCS CpaB-
HUMOM C JJIMHHOW BOJIHBI, KaK 3TO BUJIHO U3 pUC. 2, 3, TJie TPUBEICHbI
3aBUCUMOCTH KOMIUIEKCHON YaCTOThI OT BOJIHOBOT'O YMCJIA JIJIsI JOKPH-
TUYECKUX U 3aKPUTHUYECKUX 3HAYCHUH JJIEKTPUYECKOTO IOJs y MO-
BEPXHOCTH kuAKOCTU. Ha puc. 20 npuBeieHa aeBast 4acTh puC. 2 HO B
OoJiee KpymHOM MaciTade, 4ToObl ObLIIO BHIHO, KaK MPOUCXOIUT IIe-
PEXO0Jl OT COCTOSIHUSI YCTOMYMBBIX KAIIMJUISIPHBIX ABHXKCHUM KHJIKO-
CTA K HeycTomuuBOCTH ToHKca — DpeHKens, KOTopas pean3yercs
npu W > 2. Ilpu 3TOM 4acTh BETBM 2, Kacaromascst npu k=1 ocu abdc-
IIACC MOJHUMAETCS HAJl HEIO U JIA€T MHKPEMEHT HapacTaHUsI HEYCTOM-
yuBOCTH ToHKCca — DpeHKeNs, KaK 3TO BUIHO U3 PUC. 3, T/I€ NIPUBEIEC-
Ha 3aBUCUMOCTb Res=Res(k) npu W =4,

&

wk a g 0.1 2.1 4.1

&
c.-:.'fﬂ
@

=28

-3

4 41

B !

a a z o 0 //T
E E |07 2.1 \‘;f "

—i

Puc. 2. 3asucumocmu eewyecmeennou u MHUMOU KOMHNOHEHM
yacmomsl S 0m 80JIHOB020 YUCAA k
npu b=10,v=04,d =1,W =2 — (a), yeenuuennyro yacms puc. 2a — (0)
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Puc. 3. 3asucumocmu
6eU|eCmMBeHHOll
KOMNOHEHMbl s

Om 80JIHOB020 Yucaa k

npu b=10,v=04,d =1,W =4

Puc. 4. 3asucumocmu
8eUleCmeeHHOU U MHUMOU
KOMNOHEHM s OMm 21yOUHbL
cl10s HcuoKkocmu d
ona k=1,b=10,v=0.1,W =1.9.

Puc. 5. 3asucumocmu
BeUleCMBEHHOU
KOMNOHEHMbl s OM 271yOUHbL

cnos oHcuokocmu d 0
k=1,b=10,v=0.1, W =2.02



Ha puc. 4, 5 npuBeneHbl 3aBUCUMOCTH KOMITJIEKCHOW YacCTOTHI OT
TIYOUHBI CIOS )KUIKOCTH d JUisl k=1 TIpU JOKPUTUUYECKOM (W =1.9) u
3aKpUTHYECKOM (W =2.02) 3HAYEHHUAX BJIEKTPUUYECKOTO TOJIA Y IIO-
BEPXHOCTH XHUIKOCTU. BUIHO, YTO M MHKPEMEHT HEYCTONYMBOCTHU
Tonkca — @peHKensi, U YaCTOThl KaWJUISIPHBIX BOJIH, U JIEKPEMEHTHI
3aTyXaHUs allepUOJUYECKUX BUXPEBBIX JBUKEHUN KUJIKOCTH 3aBUCAT
ot d. [IpuueM 3Ta 3aBUCUMOCTh HauOoJiee CyUIECTBEHHA MpU d <2.

PacueTrbl 3aBUCUMOCTH KOMIUIEKCHOM YaCTOThI OT BSI3KOCTH B JIOKPH-
TUYECKOM U 3aKPUTHYECKOM pPEKHMax MOKA3bIBAIOT, YTO C YBEJIMYE-
HUEM BSI3KOCTH JICKPEMEHTHI 3aTyXarolIUX JBH)KEHUW pACTyT U WH-
KPEMEHT HeyCTOMUMBOCTH ToHKca — DpeHkens yObIBaer.

Tot (akT, 4TO Ha yCIOBUE CYIIECTBOBAHUSA KAaNWJUISIPHBIX BOJIH
BJIMSIOT U BA3KOCTb, M TOJIIIHMHA CJIOSI, TOATBEPKAAET U 3aBUCUMOCTD,
npuBeJAcHHas Ha puc. 6, kotopas 1 k=1 (kpuBas 1) u 10 (kpuBas 2)
npu (UKCUPOBAHHOMN TOJIIIMHE CJOSI ONPENEISET XapaKTEPHYHO BS3-
KOCTh ITOJIHOTO MCUE3HOBEHHS KAIWJUISIPHOTO BOJIHOBOTO JIBHXKCHMSI.
['eomeTprueckoe MECTO TOUEK, HAXOASIIEECs BbIllIe KPUBOM, COOTBET-
CTBYET CUTYyalluH, KOra KalIWUIIPHOE BOJIHOBOE JIBUKEHHUE C TAHHBIM
BOJIHOBBIM YHCJIOM OTCYTCTBYET, HM>KE KPHBOM OHO cymiecTByeT. Kak
BUJIHO U3 TpaduKa, BIUSHUE TOJIIIUHBI CI0SI CTAHOBUTCS HE3aMETHBIM
npu d < A 1 cnabo cka3zpIiBaeTcs npu d > 4.

v
2r 1
Puc. 6. 3asucumocmu
8A3ZKOCMU OM MOJIUUHBL CLOS
JHCUOKOCMU, NPU KOMOPOTL
1~ npexpauiaemcs KanuiisapHoe
B0JIHOBOE OBUIICEHUE, NPU
b=10,W =2.02;
2 k=1 (1),10 (2)
1 ]
a 3 g d
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W3 BbIlIE U3JI0KEHHOTO aHAIM3a CIEAYET, YTO YMEHbIIEHUE TOJI-
IIMHBI 3APSIKEHHOTO CJIOS XKUJIKOCTH IO BEJIMYMHBI, CDABHUMOM C pac-
CMATPUBAEMON JUIMHHOU BOJIHBI, IIPUBOJAUT K YBEIIMUYECHUIO JIEKPEMEH-
TOB BCEX 3aTyXarOLIUX IBUKECHUN KUJIKOCTU U K CHUKECHUIO MHKpE-
MEHTAa HEYCTOMYMBOCTU ToHKCa — DpeHKes. Y MEHBIICHUE TOJIIUHBI
CHOSl )KUJAKOCTH TPUBOJUT TAK XK€ K CYKECHHUIO CIEKTPa pPEATU3YIO-
IIMXCSI B HEM BOJIHOBBIX JIBMKEHUU 34 CUET OTPAHUYEHHUS KaK CO CTO-
POHBI BBICOKHX, TaK U CO CTOPOHBI HU3KHWX 3HAYECHUM BOJHOBBIX YH-
CeJl, XapaKTEPU3YIOIINX JBUKECHUS, TPUHUMAIOIINE YYaCTUE B PEAJIU-
3aUMu  HeyCcTOMyMBOCTH ToHkca — @penkens. BoilHOBOE 4YuCIO
HanOoJiee HEYCTOMYMBONW MOJbl YBEIMYMBACTCS C YBEIWYCHHEM Ha-
MPSKEHHOCTU AJIEKTPUYECKOTO TOJISI Y TOBEPXHOCTH KUJKOCTH U C
YMEHBIIIEHUEM TOJIIIIUHBI CJIOS.

5. B3aumoaeuncTBMe BOJIH C JHOM. B paccMoTpeHHOU 3amaye
MPOCTPAHCTBEHHAS CKOPOCTh YOBIBaHMS IO Mepe yAaJICHHUs OT CBO-
OOJTHOM TMOBEPXHOCTH B TIIyOMHY BHXPEBOrO ABUKEHHUS (CKOPOCTH
yobiBanus GyHKIMUA W B (21)), mopoxaaeMoro B BSI3KOM >KUIKOCTH
BOJIHOM, Oeryiiei mo ee cBOOOIHON MOBEPXHOCTH, OMIPEACIISICTCS Ta-
paMeTpoM

qg=Fk,|1+ =,
v-k

KOTOPBIN MOXKHO HaWTH W3 AUCIIEPCHOHHOTO ypaBHeHHUs (22). B Oec-

KOHEYHO TTYOOKOM KHUJIKOCTH 3aTyXaHHE BHUXPEBOTO JBMIKCHHS CBS-

3aHO C JIEMCTBUEM BI3KOCTH B OOBEME XUIKOCTU. B ciioe BsA3KOU

KUJKOCTH KOHEYHOW TOJIIMHBI Ha BEIMYHMHY MapameTpa g Oyner
OKa3bIBaTh BIWSHUE U 3aTyXaHWe Ha TBepAoMm aHe. M3 obmedusnye-
CKUX COOOpaKeHHMi OYEBMIHO, YTO ¢ Ui BOJMHBI (PMKCHPOBAHHOIM

JUTUHBI TIOJKEH PACTU ¢ YMEHBIIICHHUEM TOJIIUHBI cIos /. UTOOBI uc-
CJle0BaTh JIaHHBIM (PEHOMEH B Ipejieie MaJiol BSI3KOCTH HaiIeM OT-
HOITICHHE OOCYKJIaeMOro IapaMeTpa IS CIOS KUIKOCTH KOHEYHOM

-1 o
TOJIIUHBI ¢, K €TI0 3HAYCHUIO IJIA OCCKOHEYHO FHY6OKOI/I AKHUIKOCTHU
-1

q.. -
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P B L S R i U e
G vk =k + 1 =W k) - th(kh)

Ha pwuc.7 npuBeneHsl paccuuTaHHbie 10 (23) 3aBUCUMOCTH
L=LW,k,h).




Puc.7. 3asucumocmos omuowenus xapakmepHvix TUHEUHbIX
macumabos npocmpancmeeHH020 YObl8AHUSL BUXPEBO2O OBUNCEHUS 8
cll0e KOHEeYHOU MOJIUUHBL U 8 OECKOHEYHO 271yO0KOoU dHcuokocmu L om
MOAWUHBL CTIOsL h U 8A3KOCMU HCUOKOCIU NPU PA3TUUHBIX BOJIHOBBIX

yucaax: a) k=0.03; 6) k=0.1; 8) k=0.5

N3 npuBe1eHHBIX PUCYHKOB BUAHO YTO B OJJTHOM U TOM K€ JMaria-
30HE U3MEHEHUS TOJIIMIMHBI CJIOSI BEIMYMHA [ C YMEHBIICHUEM BOJI-
HOBOT'O 4Hcjia (C yBEIWYCHHEM JJIMHBI BOJHBI) BO3pacTaeT 3aBHCH-
MOCTh L OT BeIWYMHBI KOA(DPHUIIMEHTA BA3ZKOCTH B MCIIOJIH30BAHHOM
MPUOTUKEHUHN MaJION BSI3KOCTH MPAKTUYECKU HE3aMETHA.

3akaoueHue. B ciioe BSI3KOM JKUIKOCTH KOHEUYHOM TOJIIIMHBI HA

3aTyXaHUHU BOJIHOBOTO JBM)KEHHUS CYIIECTBEHHO CKAa3bIBACTCS BIIMSHUE
TBEPJIOTO JHA.
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