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®JIAI'MAH KOPABEJIBHBIX HAYK

BcemMupHO W3BECTHBIA YYe€HBIH, akaaeMuk, ['‘epoii CoLMamMCTHYECKOro
Tpyna Anekceir HukonaeBuu KpbuioB ponuiics B nepeBHe Bucsaru (asiHe KpbiioBo
ITopeukoro paitona Yypamickoir PecnyOnuku). VCKIIOYHUTENIBHO pa3HOCTOPOHHEH
ObUla €ro Hay4yHas JAesTebHOCTb: KPYNHEWINUH MareMaThK, MEXaHWK, (QU3MK,
aCTPOHOM, HWCTOPUK HayKH, IEpEBOJYMK C JIATUHCKOrO fA3bIKa 3HAMEHUTHIX
«HAYAJD» HsproToHa, aBTOp NIPEBOCXOIHBIX BocHoMHHaHui. Ho, mnoxanyii,
MHUpPOBYIO M3BECTHOCTh akaaemMuky A.H. KpblioBy npuHecnn HaydHble TPyAbl IO
BOCHHO-MOPCKHM HayKaM, CTaBIIME JI€JIOM BCEW €ro »Ku3HU. Ero Hay4yHas
JEeSTENbHOCTh Hauallach Cpa3y nocie OJeCTAIEro OKOHYaHuss MOpCKOro yqusuiia B
1884 rony.

B 1890 roay nocne okoH4aHus KOpabJeCTPOUTEIHLHOTO OTAcAeHUSI MopcKoii
aKaJieMHUu IO MEepBOMY pa3psiay, OH ObLI Ha MpenoaaBaTebCckoil paboTe cHayana B
MopCKOM MHKEHEPHOM YUYMIMILE, a TOTOM B Mopckoi akanemuu. B 3to Bpemsa A.H.
KpbuioB BIJIOTHYIO 3aHSUICS M3Y4E€HHEM Kauku Kopalieil, okasbIBaroled OoJbInoe
BIIUSIHUE Ha MOPEXOJHbIE U 00eBbIE KAYECTBA.

C 1900 mo 1908 romet A.H. KpbuioB 3aBeayeT OMBITOBBIM OaccelHOM,
OCHOBHOE€ HAa3HAYEHHE KOTOPOTrO — HCHBITAHUS MOPEXOAHBIX KauyeCTB MOJENEH
MPOEKTUPYEMBIX KOpabJiel, BO BpeMsi KOTOPBIX OH COCPEIOTauMBaET CBOC BHUMAHUE
Ha JKUBOTPENENIYIMX MpodieMax yCTOMYMBOCTH, IJIABY4E€CTH M HEMNOTOIUISIEMOCTH
KopaOJsieii. Pa3zBuBas mepefoBbie UJEU BbLIAIOLIErocs pycckoro aamupana CrenaHa
Ocunosuya MakapoBa, OH pa3paOaTbIBaeT TEOPHUIO HEMOTOILIAEMOCTH KOpabis u
COXpaHEHUsI €ro MaHEBPEHHBIX M OOEBBIX KayecTB IMpH IMOJYYEHUH Kopabiiem
Pa3JIMYHBIX MTOBPEKICHUIN U 3aTOIVIEHUN OJHOI'O MJIM HECKOJIBKHUX OTCEKOB. MTorom
ATOM KPOMOTIMBOM paboThl siBUiack pazpadoranHbie A.H. KpbuioBbiM Tabmuilbi
HETMOTOIUIIEMOCTH O0EBBIX KOpaOJieil, KOTOphIE SIBUIMCh OECLIEHHBIM IMOCOOMEM JIJIs
KOMaHJUPOB B 00pb0€ 32 )KUBYUYECTh U HEMOTOIISIEMOCTbD.

C 1908 roga A.H. KpbuioB BO3IIIaBIISIET OTE€UECTBEHHOE KOpaljecTpoeHue,
MOJIyYUB HA3HAUYEHUE Ha JOJDKHOCTb IJIABHOI'O HMHCIEKTOpa KOpabiecTpoeHus, a
3areM W mpenacenaresiis MOpCKOro TEXHUYECKOro KoMmuTeTa. DaKTUYECKH Ha €ro
MJe4u Jierja BCS OTBETCTBEHHOCTh 3a OOEBBIE M MOPEXOAHBIE KayecTBa HOBBIX
CTposiLXcs KopaOJiel, u ¢ 3TOM 3a7adell OH YCHEIIHO crpaBuiics. Tak, JIMHEHHbIe
Kopabsu Tuna «CeBacTornoiby, NOCTPOCHHBIE TP CaMOM akTUBHOM ydactuu A.H.
KpbuioBa, SIBUIKMCH JIydIIUMU KOpaOJsIMA B MUPE TIO CBOUM OOEBBIM U MOPEXOAHBIM
kauectBaM. B 1914 rony A.H. KpwuioBy ObUIO NPHUCBOEHO 3BaHHUE JIOKTOpa
MPUKIIAAHON MareMaTukH, a B 1916 rony oH CTaHOBUTCA NEHCTBUTENBHBIM YJICHOM
aKaJeMHuu Hayk o kadeape MareMaTu4ecko pu3nku.

A.H. KpbuioB ropsdo, npeganHo U 0€33aBeTHO JIIOOUJI CBOIO POAMHY, CBOM
HapoJl, pocCUiickuii BoeHHO-MoOpckoil ¢uor. Korma cepmmnace Benukas
OkKTs0phCKast COLMAIMCTUYECKAsT PEBOJIONMSA, OH, IOTOMCTBEHHBIM JBOpPSHMHH,
KPYIHBI PYKOBOJIUTEND LIAPCKOIO BOEHHO-MOPCKOIO BEIOMCTBA, AaKaJEMUK H
npodeccop, reHepan-ieTeHanT ¢iaota, 6e3 kKojeOaHus U 0€30roBOPOUYHO MPU3HAT
CoBeTCKYIO BIACTh, YECTHO U MPEJAHHO CIYKHJI €M 10 KOHIIAa CBOUX JTHEM.
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B 1919 rony A.H. KpbuioBa Ha3HayaroT HaYaTbHUKOM MOpPCKOU akajgeMuu,
IZ1€ OH C IPUCYLIEH €My DHEPrUed U JEJIOBUTOCTBIO IEPECTPAMBACT HAYYHYIO U
MPENoJaBaTeIbCKyl0 pabOTy NIPUMEHUTEILHO K CBOUM YCIIOBUSM U MOTPEOHOCTSM B
MOATOTOBKE KaJPOB JJIs1 MOJIOAOI'0 COBETCKOTO BOEHHO-MOPCKOTro (hioTa.

OcoOblif mepuon B xu3Hu M AestenbHoctd A.H. KpbuioBa 3anumaer
3arpaHu4yHasg KOMaHJIUpPOBKa, rae oH ¢ 1921 mo 1927 roxa ycnemHo BBINOIHSET
OTBETCTBEHHOE 3a[JaHHE COBETCKOrO IIpaBUTENbCTBA B ['epmaHuu, AHININH,
O®panuuu, ['ommanauu, bensruu, [IBennun n Hopeernu 1o ycraHoBJIECHHUIO HAayYHBIX
CBsI3€M, MPUOOPETEHUIO HAYYHOU JUTEPaTypbl U MPUOOPOB, MEPEBO3KE 3aKYIICHHBIX
MapoBO30B U IMAPOBBIX KOTJIOB, TPAHCHOPTUPOBKE 00OpynoBaHUs sl BoiaxoBckoi
TUAPOdJIEKTpOCTaHlNK, [lyiakoBckol acTpoHoMHuYecKoi oOcepBaropuu u [nmaBHOU
rajgaTbl MEp U BECOB, a TaK)Ke 3HAMEHUTOro OHETMHCKOro My3es. BepHyBuIuCh U3
3arpaHnyHoOr KomMaHaupoBkH, A.H. KpblIoB BKIIOUMIICS B aKTUBHYIO JIE€STENBHOCTD
M0 CTPOMTENbCTBY BOCHHBIX KOpalJeil U JIeJJOKOJIOB B HaydyHYI0 paboTy, a Takke B
MPENoJaBaTeIbCKYI0 JIEATeIbHOCTh, KOTOPOM OH MOCBATUI Oosiee MOJyBEKa CBOEH
xu3Hu. Hayunwle Tpyasl akanemuka A.H. KpbuioBa OblmM M ocTaiOTCsl LIEHHBIMU
y4€OHBIMH MMOCOOMSAMU JJII MHOTHX IMOKOJEHUN MOPSIKOB, KOTOPBIE TOPASITCS 3TUM U
Ha3bIBAIOT €ro0 CBOUM YUMTENIEM, «OTLOM», «pIarMaHom», «AJIMUPATOM
KopaOenbHbIX Hayk». OH OblI MOMCTUHE MPEBOCXOIHBIM I€1aroroM, MOCTOSHHO
YIUTBHIBAJ YPOBEHb 3HAHWM CIyllaTene, ero JEKIuu ObUIM Bcerja SpKUMHU,
MOHSATHBIMUA U YOenuTeNnbHbIMU. OIHAXKIBI B aKaAeMHUIO MPUCTAIN TPYIIY PsIOBBIX
MaTpOCOB JJII OCBOCHHSI KOpaOeabHbIX HayK. Anekcelt HukomaeBuy ycTaHOBUII, YTO
MaTeMaTUYeCKUe  IO3HAHUA  OTUX  MOPSKOB  HE  MPEBBIAIOT  YETBIPEX
apu(pMEeTHYECKUX JEHCTBUM, TOT/Ia KaK JIJIs U3y4eHHs TeopuH Kopaluis TpeOoBaiuch
riiyOoKue 3HaHus Bblclied Mmaremaruku. M ydeHbld Hamien BBIXOH, pa3paboTaB
CIEIUAIBHYIO IPOTPAMMY YCKOPEHHOI0 00y4eHUsI MaTeMaTUYE€CKUM HayKaM.

B 1936 rony A.H KpbuioB u3gan KanuTaldbHBIA TpPyA IMOJ Ha3BaHUEM
«Bubpanust kopabnsi», B KOTOPOM H3JO0XKHUJ BIEPBbIE TEOPHUIO 3TOr0, paHee
COBEpUICHHO HE M3YyYEHHOro BOMpOCa, U pa3padoTrai crocoObl U METOAbl OOpHOBI €
OOpTOBOM, KUJIEBOM U KOMOMHUPOBAHHOW KayKOM Kopabiis. DTOT YHUKAJIbHBIA TP
MOJIy4UJT TpPU3HAHWE KopalbJecTpouTeneil BCero MUpa W SBUJICS MNPaKTUYECKUM
nocooueM MO JMKBUJAAUWM BIMSHUS BHOpalluM Ha JKUBYYECTh KoOpIyca,
KOpaOeJIbHbIX CUCTEM U MEXaHU3MOB, OOEBOT0 OPYKHS U TEXHUUYECKUX CPEJICTB.

He npepriBanace HaydHas nesaTenbHOCTh akaneMuka A.H. KpbutioBa u B roasl
Bemukoit OredyecTBEeHHON BOWHBL. HecMOTps Ha CONMIHBIA BO3PAcT U COCTOSHUE
3I0POBbsI OH CO3JAET HOBBIE HAy4YHBIE TPYIbl, KOHCYJIBTUPYET KOHCTPYKTOPOB
KopabJieil, 60eBOro OpYy>KHsl U BOCHHO-MOPCKOM TEeXHUKH, a ¢ 1942 roga cocTouT B
KOMUCCUM AKaJIeMUH HayK II0 HAy4YHO-TEXHHYECKMM BOIIpOCaM U1 OKa3aHWs
MOMOIIY BOEHHO-MOPCKOMY (PJIOTY.

Bcio cBoto xxu3nb akagemuk A.H. KpbuioB nposBiisit 3a00Ty 0 Monoiexu, 00
ee oOydyenuu u Bocriutanuu. B anpesne 1941 rona B roHomeckoM xypHaie «Kocrep»
OH O0paTWiCs K COBETCKOM MOJOJEXKHU C TaKUM HamyTcTBuUeM: «BceMy yduch cam.
Hukorna He paccuuTbiBaid, 4TO MOXKHO OBJAJETh 3HaHUSIMH Oe3 pabotrbl. Crapaiics
IOHATH CYIIHOCTh Jeia... HakarumBaii onelT B Kaxxaom aene. IIoMHM, 4TO HUKaKoe
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KHIDKHOE 3HAaHME HUYero He jmaetr camo 1o cebde. Her OGombmioro Ttonka B
MHOT'OCJIOBHOM pasrilaroJibCTBOBAHUU O JI€JI€, KOTOPBIM HE BJIAACEIIb NPAKTUYECKHU.
Tompko TOT, KTO AyMaeT Haj BONPOCAaMH, KOTOPBIE CTAaBUT IMEPE] HHUM KHU3Hb,
no0beTCs yCIeXoB M MpUHEcCeT Moyb3y. bynp croek, He Ooiics pa3ouapoBaHUl, HE
Opocaif Hauaroro nena. Paborail ymopHO M peryiaspHO M30 JHS B JIeHb, U TOT/a B
CTapOCTH Thl MOKEIb CKA3aTh: JKU3Hb HE MPOKUTA MHOIO 1apOM)».

1 oxTsa06pst 1945 rona, korjaa akaaeMuKy men 83-if roj, OH BBICTYIUI B JICHb
Hayajla HOBOrO y4yeOHOro roja mnepel KypcaHTamu BpIciiero BOEHHO-MOPCKOIO
WH)KEHEPHOro ydyuimia umeHn @.3. J[3epKUHCKOro ¢ TaKMMU CIIOBaMH: «S oTman
baoTy 65 net cBoeil KU3HU U eclii OBl sl pacroJjiarajl Takou e KU3HbIO, TO U €€ 5
organ Obl 10 KOHIA JIIOOMMOMY MOPCKOMY Jely». OTO ObLJIO MOCIEAHEE €ro
nyOJMYHOE BBICTYIICHUE.

Axanemuk Anekceit HukomnaeBuu KpbuioB ckoHuancs 15 aBrycra 1945 roga
B Jlenunrpane. IlamMsaTe 0 HEM KMBET B CEpALAX U yMax YYEHBIX BCErO MHpa H
IIPOrPECCUBHOTrO YeJIOBeUeCTBA. Ero HaydHbIe TPYAbI, UIEU U 3aBEThI BOILIOIICHBI B
COBpEMEHHOM poccuiickom BoenHo-mMopckoMm ¢iore, kopabiau KOTOPOro HECYT
HEJIETKYI0 00€BYIO CIyKOy, HaZeKHO OXpaHss rOCydapCTBEHHbIE MHTEPEChl Halllen
Poaunebl.

3acnyru akagemuka A.H. KpwuioBa mo J0CTOMHCTBY OBLIM OIICHEHBI
CoBeTCKMM TOCYJapCTBOM. 3a BBIJAIONIMECS JOCTHXKEHUS B 00JIaCTU Pa3BUTHUS
MaTeMaTUKH, MEXaHUKHU, KOpalJecTpoeHus U Apyrux Hayk B 1943 rony emy ObLIO
npucBoeHo Bbicokoe 3Banue ['epost Comumanucrudeckoro Tpyna. OH ObUT HarpaxJeH
TpeMsi opAcHaMu JIEeHMHAa U MHOTMMH TOCYIapCTBEHHBIMHU MpeMusiMu. OQHOMY U3
CaMbIX KpPYIHBIX Hay4YHO-UCCIEAOBATEIbCKUX HHCTUTYTOB AKageMUHM Hayk
npucBoeHo ero ums. Ha nome B JIeHMHrpage, B KOTOPOM OH JKHJI YCTAaHOBJICHA
MeMopuaibHasg Aocka. Ha mopckux mpocropax 00po3fsT Kopadiau U cyaa C €ro
uMeHeM Ha Ooptry. B JleHuHrpage U BO MHOTMX ropojiax CTpaHbl UMEIOTCS YJIMIIbI
akagemuka Kpsinosa. JlepeBus Bucsru Ilopenkoro paitona Yysamickoit Pecny0nmku,
rI€ POAMJICA M TPOBEN JETCKUE TOoAbl OynylMil akaJeMuK, NepeMMEHOBaHa B
nepeBHio KppuioBo, rae B 1984 romy Obul OTKPHIT My3ed € yCTaHOBJIEHUEM
MEMOpUaTbHOM JOCKM U Orocra akajemuka mnepei 3naHueM Mmysed. C OoiblIuM
MacTepCTBOM B ABYX 3alax My3es MoJ00paHbl SKCIIOHATHI U O(POPMIIEHBI KpacHUBBIE
CT€HJIbl, OTOOPAKAIOIINE KU3Hb U JIESITEIbHOCTh 3HAMEHUTOrO YYE€HOI'0, KOTOPBIN
ABJISIETCA SIPKUM MIPUMEPOM O€33aBETHOIO CiiykeHusl cBoeil Poaune, cBoemy Hapoay
u Boenno-mopckomy (ioty.

KonTtp-agmupan B oTcTaBke
M. boukapes
CeBacToIoib
27 uronsg 2008 roxa
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PYCELIKHI A.A., 1.1.H., mpodeccop —
HHUU um. akan. A.H. Kpsuiosa (1. Cankr-IletepOypr, Poccust)
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Anexceii Hukomnaesna Kpbiios, 145-netue co 1HA poxkaAeHUS KOTOPOTO Mbl OTMEYAEM, BHEC
OTPOMHBIH BKJIa/] B TEOPHIO KOpalJis i B OTEYECTBEHHOE CY/I0CTPOCHHUE.

Poms A.H. KpbuioBa He ucuepnbIBacTCs HEMOCPEACTBEHHBIM COZIEPKAHUEM €TO TPYIOB 10
Pa3IMYHBIM BOMPOCAM TEOPHH KOpalOis, XOTS MHOIME W3 HHX COCTaBHIM ILENyl0 3MO0XY B
OTEUECTBEHHOW M MHUpOBOM KopabenbHO# Hayke. Mmenno ycunusmu A.H. KpbutoBa B Hameii
cTpaHe chopMUpoBANCS HOBBIM MOAXOA K OpraHM3allMd HAyYHBIX MCCIEJOBAHUM, BKIIOYAOLIMIA
IIMPOKOE KCIONb30BAHUE MATEMaTHKd M JAHHBIX AKCIEPUMEHTA i ONMUCAHUSA (U3MUECKUX
SBJICHUI, IPUMEHECHUE HAYYHBIX PE3YJIbTATOB B IPAKTUYECKOM CYHOCTPOCHUM M TIOCIEIYIOILIEE
VICTIOJIb30BaHKE JAHHBIX MPAKTUKU U ONbITA IKCILTYaTAlMU Ui JaJIbHEHIIETO COBEPLUICHCTBOBAHUS
1 yrIyONeHus TEOpHH.

Ha Bcex srtamax xm3Hn A.H. KpbuioBa B pamkax €ro Hay4yHOW, MPENOAABATENbCKOM M
rOCyJ1apCTBEHHOM NEATENbHOCTU BCEra ObUIO BHAHO CTPEMIICHHE BBISCHUTH BOMPOCHI, CTOSIIME
nepeil MPakTUKOH M He pa3pellieHHbe NPEeAbIAYIIMMU TMOKONEHUSIMU YYEHbIX M PEIUTh 3TH
BOIPOCHI HanO0J1ee MPOCTBIMU M SKOHOMHBIMH CPEJICTBAMHL.

Bes sxmsubp A.H.KpbiioBa Obina mocBsiieHa MOPCKOMY [€ly, XOTS €ro TepBbie paboThl
OTHOCHJIMCh HE K KOpabJecTpOeHHI0, a K KOMIACHOMY Jemy. OTH paboThl BENHCh MOJ
pykoBozcTBoM Bbiaromerocs crnenuanucra M.II Komonra, KoTopslil 3aMeTws 0fapeHHOCTH
A.H. KpbuoBa, Bckope mocne ero HasHayeHHs Ha Ciyx0y B KOMIIACHYKO 4acTb. YK€ B MEpBOM
nedatHoit padore A.H. KpbiioBa, ony0OnukoBanHO# B 1886 ., mpOSBUIICH XapaKTepHbIE YEPThI €T0
CTWIS YETKOCTh M CXKATOCTb M3NOKEHHS, CMOCOOHOCTh MOJYYeHUs OOUMX YpaBHEHMH,
OMUCHIBAIONINX SBIEHHE MPU MUHUMAJIBHOM yHcie Haubosee 000CHOBaHHBIX jgomymienuit. Ho sTa
0071aCTh IeATENbHOCTU OKa3anach ciuiukoM y3koi 171 A.H. Kpsuioa. B cBonx BocioMuHaHUSX OH
muet: «V.I1. KonoHr no oTHOIIEHHIO K IeBUALMK KOMIACOB ObLT UCTHHHBIA (haHATHK, IPO HEro
Ha uote roBopwin: KomoHr cuuraer, 4yto Kopabiau CTpOSTCS JUIs TOro, 4TOOBI OBUIO Ha 4YeM
YCTAQHABIIMBATh KOMIIAChl M YHUYTOXkATh MX JAeBHalui0. Ho naxe sneMeHTapHOE 03HAKOMIIEHHUE C
Teopuel kopabis MOKa3aqo MHE, YTo 3Ta Hayka M KopabiecTpoeHHue BOOOIIE MPEeCTaBISIOT
00IIMpHOE MOJIe IS MPUMEHEHHs] MaTeMaTUKH, U S Pl NOCTymuTh B MOpCKyio akaJeMuio Ha
KOpaOJecTPOUTENbHOE OT/ICTICHHUE.

Yixe B 1888 1. mosBnsieTcs ero meppas neyaTHas padoTa Mo CyAOCTPOEHUIO — PELieH3Us Ha
kuury «Teopus xopabis» ¢paniysckoro aBropa E. ['oity, a 3aTeM u nepeBoj TpeThei TIIaBbl 3TOM
kuurd. [lepBas camocrostenbHas pabora A.H. KpbutoBa B 0061acTu cyaocTpoeHUs TOCBSIIEHA HE
Teopuu Kopabiis, a BOMpocaM IPOYHOCTU MOAKPEIUICHUH apTuiepuiickoil Oamuu OpoHeHOCIA
«Huxonait I». OxonumB B 1890 r. Mopckylo akafeMHI0O OH HAuMHAET MPENOAABATENBCKYIO
NeATeNbHOCTh, COBMEIAs €€ C TOCENIEHHMEM Kypca JIEKIMA [0 MareMaTHKe M MEXaHHKE B
[lerepOyprckom yHuBepcutere. B AkageMud OH HAYMHAET YMTAaTh KypChl MATeMAaTUKH M TEOPHH
Kopaluis, MOCAeHUI Kype OH 4UTaeT 10 rybokoii crapoctu. K aTomy neprony nesrensrocta A.H.
KpbuioBa oTHOCATCS ero HanOomnee BblAalomuecs padoThl MO TEOPUM Kopabis — pazpaboTaHHas UM
TeopHs Kaukd Ha BOJHEHMH. 3aHuMasgch MartemaTukod, A.H.KpbinoB obpatun BHUMaHHE, yTO
OOJBIIMHCTBO BBHIYKCICHUH, KaK B OTEYECTBEHHOM, Tak W 3apyOexHOW NpaKTHKE, TPOBOASTCS
KpailHe HepalMoHANbHO C COXpaHEHHEM W30BITOYHOrO uucaa 3Hadamux uudp. [lostomy,
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MpUCTYNas K YTEHHIO Kypca TEOpHH Kopabis, OH MpeArochal 3TOMY Kypcy OCHOBaHHS O
TNPUOIMKEHHBIX BBIYUCIEHUAX — C TOH TOYHOCTBIO, KOTOpask HeoOxoauMa 11sl mpakTuku. [Ipu atom
OH UCXOIWI M3 TOTO, YTO BCSKas HeBepHas mudpa ecrtb omubka, a BesAkas JUIIHAS [Uppa —
nonoByHa ommoOku. menno stu padotsl A.H. Kpbinosa sButch pyHIaMEHTOM /sl BBITYIIEHHOTO
MM B MOCTIEYIONIUE TO/Ibl KATUTATBHOTO Tpyaa «O NpUOIMKEHHBIX BEIYMCICHUIX).

[loBomom st BeimonHeHWst TepBoit paboThl A.H. KpbutoBa mo Teopuu KuseBoil Kauku
SBWICSA SMU30J, MPOU30LIEAIIMA Npu mocTpoiike JIMOaBCKOTO MOpTa, KOraa KOMAHIHUP SXThI
«llonspHas 3Be3na» OTKazajics MATH MO MEIKOBOAHOMY KaHATy B YCIOBUSX IPOJOJIBHOTO
BOJIHEHHUs. B TO Bpems cylecTBOBaja TONbKO TeOpHsi OOPTOBOM Kauku KopalJs, paspaboTanHas B.
®pynom, KkoTopas Oblia COBEPIICHHO HEMPUMEHMMA K KWIEBOM Kauke, T.K. HCXOIUIA U3
TMPEIOKEHUS O ManocTd kopabns mo cpaHenuto ¢ BonmHod. A.H. Kpeino pazpaboran Gomee
CTPOTYI0 TEOPHIO, YUUTHIBAIOIIYIO PEalbHbIE pazMepbl Kopaliis, KpMBU3HY BOIHOBOI MOBEPXHOCTH
¥ OTJIMYKE JIaBIEHUI B BOJHE OT THapocTaThdeckoro. OcHoBaHHas Ha rumote3e KpbinoBa Teopus
KauKd Ha MPOJONBHOM M KOCOM BOJHEHMH TONy4WJa MHUPOBOE MpU3HAHME M ObLIa yHOCTOEHA
sonotoil Menamu RINA. B srtor xe nepuon A.H. KpbuioB nmpuHUMAeT JAEATENbHOE Y4acTHE B
OpraHu3alliyi CyJA0CTPOUTENbHOr0 00pa3oBaHus B Poccuu, yyacTByeT B COCTaBIEHUU MPOrPaMM 10
Teopuu Kopabiis. ABTOPUTET MOJNOJOTO YYEHOTO HEYKJIOHHO Bo3pactan u B KoHiue 1899 r. oH
TpE/ICTABIIAETCS K JOJKHOCTU 3aBEYIOLIET0 OMBITOBBIM CYHAOCTPOUTENbHBIM OacceiiHoM. B cBoem
Tpe/ICTaBIeHUH TMaBHbIA uHCHekTop Kopabnectpoenus H.W. KyrteitHnkoB mucan, 4Tto HOMKHOCTD
3aBEJYIOLIEr0  OMBITOBBIM ~ 0ACCEHHOM JOMKHA —3aHUMAThCS  KOpAOENbHBIM  MHXEHEPOM,
OKOHYMBIIMM Mopckyto AKafieMuio ¥ JOCTaTOYHO 3HAKOMBIM C METOJAMH HCCIEN0BaHMUil
COMPOTUBJICHUS BOJbI TIPU JBUKEHUM CYJOB, YTOOBI, pyKoBOAs paboTamu OacceifHa cle0BaTh
CaMOCTOATEJIBHBIM IMyTeM MPH TMOJTYyYeHUH U OOOONICHHH ONMBITHBIX AaHHbIX. OH OTMeYal, 4To
pabora OacceilHa JomKkHA ObITh oOecreueHa Tak, «Ia0bl JeATeNbHOCTh OacceiiHa MMena
JNIeUCTBUTENBHO HAYYHOE 3HAYEHUE U OT OMBITOB ¢ MOJEIAMH MPUBOJMIA K BO3MOKHBIM TIOJIE3HBIM
TIPaKTHYECKUM TIOCIEACTBUAM B KopabiecTpoeHnuu». Hambonee mnopxomsuuM JIUIOM Ha 3Ty
JIOIDKHOCTB ObLT KamuTan o AqmupanteiictBy A.H. Kpbiios.

[onyuus Takoe nectHoe npeanoxkenue A.H. Kpbiios obparnaercs K riaBHOMY HHCIEKTOPY
KOpaOJecTpOeH!s C ParlopToM, COJEpIKAHUE KOTOPOTO CBHUAETENLCTBYET O TMPUHIMIAX, KOTOPHIMU
pykoBoncteyercsi A.H. KpbuioB mnpu mnpoBeneHMM WCCHENOBAHUA U KOTOPHIM OH CYMTAaeT
HEOOXOIMMBIM CJIeJI0BATh TIPH OpraHu3aid pabot B Oacceitne. Ha 0CHOBHBIX MONOXKEHHUAX ITOTO
pamnopra clieyeT OCTaHOBUTHCS, MOCKONBbKY OHU MpekpacHo xapaktepusytoT ook A.H. Kpbuiosa,
KaK YYEHOT0 M MHAKEHEpa.

OCHOBHasi MbIC/Ib, C KOTOPOM HAUMHAETCS ParopT, CBOJUTCSA K YTBEPIKIEHUIO, YTO HENb3S
ceno crnepoBath Metony ®Ppyna u npakTHueckodl JesTenbHOCTH OacceiiHa, HampaBiEHHOW Ha
0TpaboTKy 00BOJIOB ¥ MPOrHO3MPOBAHKE XOAKOCTU CTPOSALIMXCS CY/0B, JOKHA MPEIIIeCTBOBATh
TIATEbHAS TPOBEPKA JOCTOBEPHOCTH, KAK METOJa UCTIbITAHUH, TaK M MepecyeTa pe3ylbTaToB Ha
Hatypy. Otmeuaercs Oonbluias pofib HATYPHBIX HCHIBITAHUNA M YKa3bIBAETCS, YTO CIATOYHbIE
VCTIBITAHUSL  HEJJOCTATOYHO JIOCTOBEPHBI IS TOATBEPXKACHHS KOPPEKTHOCTH METOIMKA U
TIPOBE/ICHHE CTICLMANIBHBIX UCTIBITAHUI [T IPOBEPKU METOJUK M 3aKOHOB MOJI00MS SABISETCS OJHOM
M3 OCHOBHBIX 3ajau OacceifHa. VHbIMM cloBaMHM OH CUHWTaeT, 4to OacceiiH He NOKEH ObITh
TMPOKATHOM CTaHIMEH, a MOIJIMHHO HAYYHBIM YYpekIeHHeM. B 3akioueHune OH MUILET: «...HA
MpeAMeTbl HAayKd M TEXHUKH JIOMYCKAETCS COOTBETCTBEHHOE CAMOCTOATENBHOE BO33PEHHE,
PYKOBOIUTH JTOOPOCOBECTHO HAYYHOH pabOTOM B HANpaBlIEHUH, NPOTHBHOM COOCTBEHHOMY
YOCKIEHUIO S CYMTAl0 HEBO3MOKHBIMY». YcnoBust A.H KpbutoBa ObUM MPUHATHL U B TEYEHHE
BOCbMH JIET, KOTOPbIE OH PYKOBOAMJ OacceiHOM, 3TH TMPUHIMIbI ObLIM peaqn30BaHbl B TOTHOM
mepe. Tak B mepByto ouepesib ObLIM YHOPSAOYEHB METOIMKH MCTILITAHUI U YTOYHEHBI TIPHHIIUIIBI
nepecyeTa MOJIEbHBIX UCTIBITAHUN Ha HATYpY, KOTOPbIE 3aTeM OCTAaBATNCh 0€3 3MEHEHHI BILIOTh
no 1933 r., xorma ObLl BHEAPEH METOJA IMEpecyera Mo OTHOCHTEILHOMY CONPOTUBICHHUIO. bbumn
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TIPOBE/ICHbl MACIITa0HbIE CepHH MOJEJbHBIX HCIBITAHUH, CTIENUAaTUCThl OacceiiHa y4acTBOBATM B
HATypHBIX MCHBITAHUAX 25 Kopabnedd, mpudem ObLTd CHOPMYIMPOBAHBl U HEYKOCHHUTEIHHO
BBITIONTHSUIMCH TPaBHJIa OPTaHU3ALMU HATYPHBIX HCTIBITAHMA M M3MEPEHHS CKOPOCTU M JAPYrux
xapaktepuctuk. Hapsny ¢ ocHoBHOM paboToil OacceifHa B HEM BBITIONHSIMCH OONIMPHBIE
HCCIEIOBaHUS B O0JNACTH HEMOTOIUIEMOCTH, W3YYEHHH BIMSHUS KauKd HAa TOYHOCT
apTHILIEPHUICKOM CTpenbObl U pabOThl MO YTOYHEHHIO OONMKA MNPOEKTUPYEMbIX KopalIei.
OmnbITOBBIN OacceiiH 3aBOEBaN 3aCTyXKEHHBIH aBTOPUTET CPEIM MOPSKOB M CYAOCTPOUTENEH.
B 1908 r. A.H. KpbutoB Ha3zHauaeTcsi INaBHbIM HMHCIEKTOpoM KopaOnectpoenus. Ilepex coum
yxonoMm u3 Oacceitna A.H. KpbuioB B crelmanbHOM 3amucke M3MOKWI CBOIO TOYKY 3pEHHS IO
BOIPOCY OpraHu3allud HaydHO-UCCIIEI0BATENIbCKOM paboThl B obnactu kopabmectpoenus. OH
BBIIBUTA MJCK0 CO3/IaHUA HAYYHO-HCCIIE0BATENBCKOTO YUPEKAEHHUS BKIHOYAIOIIETO OMBITOBBIN
OacceifH C pacIIMPEHHBIM  OKCIEPUMEHTAIbHBIMH  BO3MOKHOCTSIMM, —J1a0OpaTopud s
VICCIIEIOBAHUSA TIPOYHOCTH M TPEAHA3HAYEHHBIE NI HCCIEIOBAHMSA MATEpUAJIOB, a TaKKe
11a00paTOPUK 1715 UCTILITAHKS SHEPreTUIECKOro 000 Py 10BaHHU L.

Taxum obpazom, A.H. KpeuoB yxe B 1908 1. chopmynaupoBan wuiew co3aaHus
KOMILTIEKCHOTO Hay4HO-HCCIe]0BATENbCKOr0 HHCTUTYTA KOpaOecTpOeHHUSL.

[Ipeemuux AH. KpbiioBa Ha mocTy 3aBemyromero ombiToBbiM Oacceiitnom W.I'. By6HOB
pasBuBaeT 3Ty uaerw W cosmaer B 1908-1911 romax B cocTaBe OacceifHa MeXaHHYECKYIO
na0opaTopuio, MPeHA3HAYCHHYIO JUIi MCCIEAO0BAHUS TPOYHOCTH KOHCTPYKIMH M CBOWCTB
marepuanoB. B pesynbrate ycunuit ML.I'. Byonoa mpu monnepxke AH. Kpbutosa B 1916-1917
rofax paspabaThbIBaeTcs MPOEKT KOMIUIEKCHOTO MHCTHUTYTA, KOTOPBIH TpPEANONaranoch coopyauTh
Ha MapcoBoM mosie. OHaKO 3TOT MPOEKT, OCHOBHbIE XapAKTEPUCTUKU KOTOPOro ObUTA 0100pEHbI
AH. KpbuoBbiM, B pe3ysibTaTe peBOMOLMOHHBIX COOBITHH ocyuiecTBieH He Obur. B 1919 .
A.H. Kpbl1oB ye3kaer B 3arpaHAYHYI0 KOMAHAMPOBKY, B KOTOPOM BBINONHAET MHOTOYHCIIEHHBIE
TEXHUYECKUE W JIUIUIOMAaTHUYECKUE TopydeHuss COBETCKOro MpaBUTENbCTBA. M3 KOMaHIUPOBKU OH
BEpHYJIcs TonbKo B 1927 r. Ha poauHe oH Bo3BpaInaeTcs K Hay4HO-IEIar oriIeCcKOi AEATENbHOCTH,
MyOJUKYeT psil TIOMyJIAPHBIX CTaTel, B KOTOPBIX M3/IaraeT CBOU B3IJISIbI HA METOJONOTHI0 HAYUHBIX
WCCIEIOBAHUN ¥ TpenojaBaHus, oOpaiias BHUMAaHUME HA pOJb MATEeMATHKM B HAydHOH H
VHKEHEPHOU 1EATETIHHOCTH.

B nawane 30-X romoB MCTEKLIETO CTOJETHSA, KOTAA YAQIOCh BEPHYTHCA K CO3/IaHUIO
KOMIUTEKCHOM Hay4yHOH 0a3bl oredecTBeHHOro cynoctpoenus, A.H.KpbuioB ¢ mepsbix 3Tamnos
TPOEKTUPOBAHUS MHCTUTYTA IPUHUMAET JIESTENHOE YIaCTHE B ONpPEIeIeHUH COCTaBa JabopaTopuil
1 BBIOOpE 3NIEMEHTOB OMBITOBBIX OacceitHoB. Bot, uto mumer no stomy nosoxy A.H. Kpbuios B
CBOEM TmuchMe TIaBHoMy wuHxkeHepy «Cymbacctpos» marupoBaHHoM MaptoM 1934 1. «Ilo
npurnamenuto  «Cynbacctpos» S NMPUHMMAN y4acTHE BO MHOTHX 3aCEJaHMAX KOMHUCCHH,
o0CyX/laBIIeil Kak MpeBapuTenbHble, TAK M OKOHYATENbHbIE TPOEKTHI MOPCKOTO M PEYHOro
HMCTIBITATENbHBIX OacceiHOB M uX 00opymoBaHus. B mpouecce oOCyxaeHMs 3THX TPOEKTOB, KaK
MHOK, TaK W JPYTUMH YICHAMHM KOMHCCHM BHOCWINCH Da3Hble IIPEANIOKCHUSA, KOTOPBIE IO
NoApoOHOM HMX M3YYEHMH M, NpH HAJOOHOCTH, NPOBEPKM pacueTaMd WM NPUHUMANHUCH U
BHOCHIIUCH B OKOHYATENbHBIMA MPOEKT, WU K€ OTBEPrajuch, €CIM HAXOMUICS JIydmuil umu donee
TIPAKTHYHBII BAPUAHT.

B 5ToM 3Ke mHUChbMe OH OTMEYAeT - «HEOOXOAUMbIM JIOTOTHEHHEM COBPEMEHHBIX OacceiiHoB
SBJISFOTCSA J1BA CYIIECTBEHHO BAXHBIX YCTPOKUCTBA, IMEHHO:

— KaBUTALMOHHAS Tpy0a 1Jis McClie[0BaHUs IpeOHBIX BUHTOB,

— a3poJUHAMUYECKas TpyOa ¢ BHICOKUM JIaBICHHUEM.

[TuceMo 3akaHumBaeTcs ciaoBamu: «Co CBOEH CTOPOHBI 5 CYMTAIO BCE TIPUHATHIE KOMUCCHEN
PeIeH s IPABUIbHBIMU U TEXHUYECKH 000CHOBAHHBIMID).

Taxum obpazom, xots AH. KpbiioB He A0KUI 10 CO3/1aHMs, HOCAIIETO ero MMs MHCTUTYTA,
B 3aKOHYEHHOM BHUJIE, OHAKO B OMpe/IeIeHIH €ro 00JiKa BHEC 3HaUnTeNbHbIN BKia. A.H. Kpbiios
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npuaBan OOMNbIIOE 3HAYEHHE MOMYNSAPU3ALMU TPYAOB KJIACCHKOB Hayku - Oilnepa, HpioToHa,
['amunes, Jlabpanta u Bblgatoumxcs pycckux ydenbix - W.E. Xykosckoro, C.A.Yamibiruna,
[1.JI. YeObimeBa u myOmukyeT psn craredl mocBAmEHHBIX MX paboram. B 1932 r. opranusyercs
BHUTOCC (Bcecoto3Hoe HayuyHO- HMHXKECHEPHOE M TEXHHMYECKOE OOIMIECTBO CYAOCTPOHUTENEH)
TpejiceqaTeNeM U II0YETHBIM YJIEHOM KOTOPOT0 OH ObLT 10 KOHIIA CBOUX JHEH.

A.H. Kpbu10B nipunuMaet JestensHoe ydacTie B padote 3Toro odmectsa. Ero BrCTymeHUs
NpU OTKPHITUM ¥ 3aKpbITHH KOH(epeHIui obiecTBa BCerjaa coiepikarelbHble U SpKue ObUN
3aMETHBIM siBJIEHMEM. [Ipy 3TOM OH pYKOBOACTBOBAICA ABYMS IIPHHLMIAMH, KOTOpBIE OH
(opmynupoBan HEOMHOKPaTHO - «Bcskas HOBas HAYYHO-TEXHMYECKAs MBICIL JOKHA OBITH HE
TONBKO TIyOOKO TMOHATHA, HO U YCBOEHA, a [ 3TOr0 He OECrose3Hbl U UCTOPUIECKUE aHANOTUH U
OCBEXAIOIIUA TONOBY OMOp» M «IIpy M3yueHnM Hayk NpUMEpbl HE MEHEE IOYYMTENbHBI, YEM
TIPaBHJIaY.

Jlo mocneaHMX AHEH CBOeH KU3HU OH MpPOMODKAT CBOIO HAYYHYI0 M OOLIECTBEHHYIO
JIeATeNbHOCTh ke B TEPBBIA JIeHb CBOeW TocnepHed Oone3HH OH paboTan Hal CBOMM
BBICTYIUIeHHEM Ha ouepeaHon kondeperun BHUTOCC.

Ponb A.H. KpbliioBa B cTaHOBJEHHH OTEUECTBEHHOM KOPaOIeCTPOUTENbHOM HAYKH OrPOMHA.
E€ Touno onpenenun Bune agmupan umxerep H.B. Mcayenkos. «MoXHO cka3ath - 3asBWI OH HA
3aceqannu Axazemuu Hayk 1943 rony, nmocsmenHom BoceMuzecaTuneTuo A.H. Kpbuioa - uto
BCE HAllM KOpaOJECTPOMTENM CTAporo TOKONEHHS WM SBISIOTCS YYCHHMKaMH Aliekces
HukonaeBnya MM YYWIMCh 1O €O TPyJaM Y €ro YYEHHKOB, a MOJIOJOE MOKOJEHHE YYUTCH Y
YYEHUKOB €r0 YYECHHKOB. B 3akmoueHue cBoero BbICTyIIeHHS OH HasBan A.H. KpsuioBa «otiom
pycckoil HayyHOW IKoJBl KopabmectpoeHus». C Tex mop mnpouuio Gonee 60 ner, kopabenbHas
HayKka TpOABMHYJACh Jajeko Brepen, HO co3faHHblii  AH. KpbutoBeIM CTWIB  HaydHBIX
VICCIIE/IOBAHUM, €10 CTPEMJICHHE JOBECTH UX PE3YJIBTATHI 10 NPAKTHKH, ET0 IIPEJaHHOCTh MOPCKOMY
JieTTy SBJIAOTCS MPEKPACHBIM PUMEPOM Il COBPEMEHHOTO MOKOJIEHUS UCCIIEI0BATENCH.
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O PABBUTHHU UJEN AKAJTEMHUKA A.H. KPBLJIOBA
B OBJIACTU BUBPALIUU CYJAOB B TPYAAX UHCTUTYTA
BEJIOB .M., UBAHIOTA 3.1., JIBIYEB O.H.,
HUKOJIbCKUM 10.A., IIIYKWUHA E.H. —
HHUU um. akan. A.H. Kpsuiosa (1. Cankr-IletepOypr, Poccust)
krylov@krylov.spb.ru

AHHOTALIUS

B ooknaoe oaemcs 0630p manpaeneHull u pe3yibmamos meopemuyeckKux u
9KCHNEPUMEHMATILHBLIX pabom no obwell u MeCmHou subpayuu xopabaei u cyoos,
evinonnenuvix 6 L[HUHW um. axao. A.H.Kpwvinosa u pazsusarowux uoeu A.H.
Kpuvinosa.

B wucropun OTEUYECTBEHHOTO CYAOCTPOEHHMSI IIEPBBIE HCCIEIOBaHUSA 10
BuOpanuu cyaoB 6butn BbinoHeHbl A.H. KpbutoBsiM, koTopslit B 1900r. ¢ moMotiso
CKOHCTPYMPOBAaHHOro UM TIpubopa (BuOporpada) mpousBesl 3amuch BHOpAIUU
Kkpeiicepa «['pomMoOoii». BrimosHeHHbIE 3aTeM pabOTHl MOCIYXHIJIM OCHOBOM Kypca
JIEKU UM 110 BUOpaluu Cya0B, KOTOpbIe OH Havasl yuTath ¢ 1901r. cnauana B Mopckoii
aKkajgeMHu, a 3areM Ha KopabiecTpouTenabHOM oTAenenun llerepOyprekoro
noimTexHuyeckoro uHcrutyra. [loznnee yuenue A.H. KpbuioBa o BuOpamuu cynoB
BOIILJIO B €0 U3BECTHOE courHeHne «O HEKOTOPbIX TU(PepeHIIUATbHBIX YPAaBHEHUSX
MaTeMaTU4yecKol (PU3KMKHU, UMEIOUINX MPUIOKEHUS B TEXHUYECKUX BOIpPOCAxX», a B
1936r. 6BLI0 U3NIOKEHO B OT/ACNIBHOM MOHOrpaduu «Bubparus cymos» [1].

B cBoem kypce A.H. KppuioB nan mnpakTUYECKHE METOABI pacuera Kak
CBOOOAHBIX, TaK W BBIHYXICHHBIX KOJeOaHWI cynHa TOJ JACHCTBUEM 3aJaHHBIX
BHEIIHUX CHJ, PAcCMOTpPENl Malible KojeOaHHs CHUCTEM C OJHOM U HECKOJIbKUMU
CTENEeHSIMU CBOOOJIbI, TPOAOJIbHBIE U TMONEPEUHbIE KOJeOaHUs CTep)KHEH, a Takxke
MOMNEepeYHbIe U KPYTHJIbHBIE KOJICOaHUS BaJIOB.

[Ipu pemieHMU MPaKTUYECKUX 3a/lad B Pa3IUYHBIX 001acTsx TexHuku A.H.
KpbuioB pazpabareiBan Kak aHaTUTUYECKUE, TaK U YUCICHHBIE METOJbI UX PEIICHHUS.
IIpountanHeie UM B MOPCKOM aKaAEMUU U BBILIECAIINE BIOCIEICTBUU OTAEIIbHBIM
u3nanueM «Jlekuuu o TPUONMIKEHHBIX BBIUMUCICHUSIX» [2] SBUIMCH NEPBHIM B
MHUPOBOM JIUTEpAType KypCOM MPUOIUKEHHBIX BRIYUCICHUN U TTOCTYXUIH 00pa3ioM
ULl BBILIEAIIMX I[IOCJIE HHUX KYypCOB JpPYrMX aBTOpoB. ABTOp B «Jleknumsax»
YTBEPXKIAL, YTO <« NPUKJIAJAHBIX BOMPOCOB HET HAgOOHOCTU TPOU3BOJIUTD
BBIUKCIECHUSA 1O a0COMIOTHO TOYHBIM (OpMYylaM U C COBEPILICHHOI TOYHOCTBIO,
IIOCKOJIBKY PE3YyJbTaT BCErAa 3aKIIOYAET HEKOTOPYH IOrPEIIHOCTh, KOTOpas
MIEPEXOIUT B ONPEAEISIEMBIE NCKOMBIE» M3 MCXOAHBIX JAHHBIX, YCTaHABIMBAEMBbIX
AKCIIEPUMEHTATIBHO, YTO HE MOXKET OBbITh MPOU3BEAEHO a0COMIOTHO TOYHO. Tpyasbl
A.H. KppiioBa gajiv TOIYOK K Pa3BUTHIO HOBBIX HallpaBJICHUH B HayKe O BUOpanuu
CydOB M TOCIYXWUJIM OCHOBAaHHWEM I MOJY4YEHUS COBPEMEHHBIX PELIEHUN B 3TOMN
obunacru.

Nnen A.H. KppuioBa ycnemHo pa3BUBAIM €0 YYEHUKH U IOCIEIOBATEIN
[1.®. ITankoBuy u FO.A. Illumanckuii, paboraBume B Mucrutyre. X Tpyasl, u3
KOTOpBIX cieayeT ynomsiHyTh padory I1.d. IlankoBuua «Bubpanus xopabns» [3],
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BOLLE/IIYIO B KauecTBe IiaBbl CripaBOYHUKA 11O cynocTpoenuto, T. 11, 1934, a takxe
3HameHutyto MoHorpaduio HO.A. [llumanckoro «/[uHamMmuyeckuii pacdeTr CyI0BBIX
KOHCTPYKIIHI» [4], cocTaBuiu ¢ yHIaMEHT COBPEMEHHBIX paboT B 00JaCTH BUOpAIIUU
CYZOB.

[InomoTBOPHBIN MEpUOJ B pa3BUTUM HAYKHM O BHOpallMU CYAOB Hadaics B
MOCJICBOCHHBIE TO/bI, KOTJa OCTPO BCTaja MpodiieMa BUOPAIIMOHHON MPOYHOCTH
I[eJIbHOCBAPHBIX Kopabjie U cynoB. Pe3koe CHUXEHHUE YCTaTOCTHOM MPOYHOCTH
CBAPHBIX COEJMHEHUN, HEIOCTaTKU B KOHCTPYKTUBHOM O(OPMIICHHU Y3JI0B
KOHCTPYKIUM CO 3HAYUTEIIbHBIMU O4YaraMu KOHIIEHTPAlUU HANPSHKEHUW TPUBOIUIN
moa4ac K BO3HUKHOBEHUIO MHOTOYMCIICHHBIX TOBPEXICHUM (TpelIuH) KOPIYCOB
cynoB. Bo3pacranue MoIHOCTEH MeXaHW3MOB OOYCJOBHUJIO TOBBIIMICHHYIO OOIIYIO
BHOpaIlUIO, YXYIIIAIIYI0 OOWTAaeMOCTh DJKHUIIaXa CyAHa H [MacCAXUPOB H
MPUBOJAIIYI0 K 3aTPyJIHEHHUIO B padoTe | OIKCIUTyaTalldd MEXaHU3MOB W
000pyI0BaHMS, & TAKXKE K CHH)KCHHUIO HAJI)KHOCTHU B UCIIOJB30BAHUU BOOPYKECHHUSI.

OBIIAS BUBPALIUS

HeobxoaumocTs OGOpbOBl ¢ TOBBIIMICHHOM BUOpalped MocTaBwia Tepen
HAay4YHBIMH U WHXEHEPHBIMH Kpyramu psj 3aaad, B IEpBYIO ouepelb IpodiemMy
BHEIIHUX CHUJI, BBI3BIBAIOIIMX BHUOpaIUi0 CcynHa. B 9ToM oOTHOIeHUHM OoJbias
3acnyra npuHaaiexut H.H. baGaeBy, koropsiii B pazsutue uned A.H. Kpoiiosa,
paccMaTpuBaBIEro YCUJMS Kak 3aJlaHHble, pa3paboTan TEOpUIO BO3JACHCTBUS
paboraronux T'peOHBIX BUHTOB Ha Kopmyc Kopabis [5]. B To xe Bpems Oblia He
BIIOJIHE pa3paboTaHa mpobsieMa ornpeiesieHus TPUCOSTMHEHHBIX MacC Cy/IHa TIPH €ro
obmet BuOparuu. CymecrBoBapiue pemieHus Jlokpyn-Tainopa u JIstonca naBanu
MPpUOIMKEHHBIE 3HAYEHHS TPUCOSIUHEHHBIX MacC 3a00pTHOM BOABI JIMIIL IS
MEepBBIX JBYX TOHOB TJIaBHBIX KojeOanuii kopmyca cynHa. C.K. opoderwk [6]
MONMy4Yusa 3HadeHus KodhPuuueHToB, Bxomsaumx B dopmyny Jletouca, mpu
pasIMuHbIX  dopMax  MOrpyKECHHOUH 4acTu HINaHroyra ¢ Y4ETOM
HETUIOCKOI apaJuIeIbHOCTH MOTOKA BOJIBI, 00TEKAIOIIET0 KOPITYC CYIHA.

HeobGxomumocTs ompeneseHusl aMILUTUTY/ PE30HAHCHBIX KOJICOaHWH TpuUBeNa K
AKCIIEPUMEHTATIBHOMY OIPECNICHUIO (ITyTeM BHUOPAIMOHHBIX HCHBITAHUNA Pa3IMIHOIro
TUTa KopabJel u cynoB) KO3 (UIIMEHTOB BHYTPEHHETO HEYIIPYroro COMPOTUBIICHUS TTPU
BUOpAIMH Cy/IHA, a TAKKE COOTBETCTBYIOIMX MAaKCUMAIIbHBIX 3HAUECHUH KO (HUITUESHTOB
JTUHAMUYIHOCTH [7].

[Ipu m3ydyenun o6IIel CBOOOTHON M BBIHYXKIACHHON (BBI3BIBAEMOM, T'JIABHBIM
o0pazoMm, paboToH TpeOHBIX BHUHTOB M MEXaHU3MOB) BHOpalMu CyJI0B ObLIU
MPOU3BEICHBI HUCCIEAOBAHUS PA3JIMYHBIX THUIOB KoJIeOaHUM — HW3TUOHBIX,
MPOAOJIbHBIX, KPYTWIBHBIX, KaK HM30JMPOBAHHBIX, TaK W COBMECTHBIX, a TaKXKe
BIMSHUE Ha HUX KOjJeOaHUW KPYMHOra0apUTHBIX TIEPEKPBITUH W  YIPYro
YCTAHOBJICHHBIX ~MeXaHu3moB [8]-[11]. i »TUX HCCIEAOBAHUN MIMPOKO
HCIIOJIb30BAJIUCh YU CICHHBIE METO/IBI.

B mporecce mnpoekTUpoBaHUS CyAHA JIOJDKHBI OBITh TNPUHSTHI  MEpHI,
HalpaBJ€HHbIE HAa HCKIIOYEHHE BO3MOXXHOCTM  BO3HHUKHOBEHHSI Ha HEM
HEJIONYCTUMOM XOJI0BOM BUOpanuu M oOecleueHue BHOPAIMOHHOW MPOYHOCTH
KOHCTPYKIIMH Kopiyca. {1 mporHo3upoBaHus mapaMmeTpoB BUOpaIliu pa3padoTaHbl
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U UCHOJB3YIOTCA pPa3iMYHbIE pacyETHbIE MOJIENIM — OJHOMEpHas (TpaaullMOHHAs
OanmouHast), IByMepHas IUIOCKas W MpOCTpaHCTBeHHas. Bribop pacueTHol Monenu
3aBUCHT OT THUMNa KOpalJsii WM CyJHAa MU MX KOHCTPYKTHBHOrO ucrojHeHus. [lpu
OaTOuHOM cXeMaTU3aluK MIUPOKO UCHob3yeTcs paspadorannubii B.C. UyBuKOBCKUM
METOJI MapHualIbHbIX OTKJIMKOB [12]. Ilnockue pacueTHble MOJEIN HUCIOJIb3YIOTCS
IIPU ONPENEIICHUU YaCTOTHBIX CHEKTPOB NEPEKPBITUN M HAICTPOEK ONpPEAEIEHHBIX
TUINOB, a4 WMEHHO: B CIy4yasX, KOrJa HapYXKHbIE NIPOJOJbHBIE CTEHKH SPYCOB
HAJICTPOMKN COBMEUICHBI B BEPTUKAIBHON TIOCKOCTH, TUOO HE3HAYUTENHHO OTCTOST
apyr ot apyra. [IpocTpaHcTBeHHBIE pacue€THBIE MOJEH 11€1eCO00pa3HO MPUMEHSATH
MIPU UCCIEAO0BAHUAX OCOOCHHOCTEH BHOpALUM CYJOB HOBBIX apXUTEKTYPHBIX (OPM,
HanpuMmep, CyJ0B ¢ OOJBIINM PacKpbITUEM NaTyO, Cy/I0B KaTaMapaHHOI'0 TUIIA U JIp.

[Ipu ucnonb30BaHUM CXEMaTU3alMi KopIlyca Cy/IHA, OTJIMYHBIX OT 0aJO4YHOMH,
MPUMEHSETCS METOJI KOHEYHBIX 3JIEMEHTOB WJM €ro pa3ju4Hble MOAU(PUKALUH.
CrpeMiyieHHE K YMEHBIICHHMIO YHCIIa HEW3BECTHBIX B pa3pellarolled CcucreMe
ypaBHeHnnit MKD u k cokpaieHnio oobeMa UcCroiab3yeMo HHPOpMalUuK MPUBETIO K
CO3JaHUI0 TAKUX METOAO0B, KAK METOJl CYNEPIIEMEHTOB, METOA MO YJb-3JIEMEHTOB,
METOJT PEAYLIMPOBAHHBIX 3JIEMEHTOB [13], IMpOKO MPUMEHSIEMBIX B pacueTax oOIen
BUOpaluu.

NHepuroHHOE BIMSHHE OKPYXAIOLIEH CYIHO BOABl YYUTBHIBAETCS JMOO C
MOMOIIBIO TPUCOESTUHEHHBIX Macc BOJbI, MO0 MOCPEICTBOM COBMECTHOTO PEIICHUS
3a1a4 AMHAMHUKH YOPYTroro Teja U TUAPOJANHAMUKH.

ANTOPUTMBI YKa3aHHBIX PACYETHBIX METOJOB PEAJM30BaHbI B MpPOrpaMmax H
MPOrpaMMHBIX KOMIUIEKcax, paspadboranusix B LIHUU um. akan. A.H. KpbuioBa u
MPEAHA3HAUYCHHBIX JJI1 BBINOJHEHHS PACUETOB HA NMEPCOHAJIBHBIX KOMIbIOTEpax. B
KauecTBE OMNepalMoHHON cucrembl wucrnoibzyercs «Windows 95(98)». Tak, nis
pacuera ob6mieil BUOpauuu Koprmyca mpu OaJoyHOM cxeMaTu3aluu HCHOoJIb3yeTcs
nporpamma «MHV  Ship 2.5», npu aByMepHOH TWJIOCKOM cxemaru3anuu -
nporpaMMHbI komIuieke «HeBa», a myg onpeneneHuss COOCTBEHHBIX YacTOT U
ypOBHEH BUOparuu oOmMBKY, Habopa, mepekphITuil — mporpamma «Safety 3.1».

JInst pacyera Ha MEPCOHATBHBIX KOMIIBIOTEPAX NUHAMUYECKUX XapaKTEPHUCTUK
MH)KEHEPHBIX COOPYKEHUW Pa3IMYHOr0 TUIA TPUMEHSETCS MPOrPAMMHBINA KOMIIJIEKC
«Vilgoy», B 6ubIMOTEKE KOTOPOro MOMUMO TPAJAUIIMOHHO MCHOJIb3YeMbIX KOHEUYHBIX
AJIEMEHTOB (0anouHble, TIACTUHYAThIE, OOBEMHBIE) CONEPKUTCS sl CIELHAIbHbIX
KOHEUYHBIX 3JIEMEHTOB, B TOM YHCJIE KUJIKUE KOHEYHBIE 3JIEMEHTBI, IIPEIHA3HAuCHHBIE
JUIA ydeTa B3aUMOJEHCTBHUS KOHCTPYKIHMH C KUIAKOCTbIO, OalOYHbI KOHEYHBIH
AIIEMEHT JJIsi pacdyeTra U3TMOHO-KPYTHIBHBIX KOJNEOaHUW C y4eTOM JerliaHaluu
CCYECHUM.

[Iporpammublii  kKommuieke «Vilgo» TMO3BOJISIET OMNpPENEsAiTh COOCTBEHHbBIE
YacTOThl KOPIYCOB CYIOB M OTIEIBHBIX CYHOBBIX KOHCTPYKIMHA C YYETOM HX
B3aUMOJICUCTBUSL C OKHJAKOCTBIO, a TakKe YpPOBHU BUOpONEpeMelIeHUN WU
BUOpPOYCKOPEHHMII B Y3JIOBBIX TOYKAaX pACYETHOM MOJEIM TpHU BO30YKIECHUU
KOJIeOaHUM YCUITUSIMU PA3IMYHOIO Xapakrepa (rapMOHUYECKOe, HEKOPPEJIMPOBaHHOE
IIMPOKOIIOJIOCHOE ~ CUJIOBOE  BO3JEHCTBUE, HECTALMOHAPHOE  JAUHAMUYECKOE
B0O30yxk1eHue). Kommieke pacnpocrpaHsieTcss Ha MOPCKUE U PEUHbIE TPaHCIOPTHBIE
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U TACCAXUPCKUE CyZa, Cylda JIENOBOrO IUIaBaHHUs, Cyla HA MOJBOJIHBIX KPBUIbSX, a
TaK)Ke Cy/ia KaTaMapaHHOro TUIIA, Cy/la ¢ OOJILIIMM PACKPBITUEM Manyd U Ip.

MECTHASA BUBPALIUA

Bce BuOpannoHHblE MOBpEXACHUS KOpIyca OOYCIOBJICHbI MECTHOMN
BHUOpaleil KOpImycHbIX KOHCTPYKIMA. B oTirune ot obmiel BuOpauu, npu KOTopou
HanpsbkeHus: He mnpeBocxofar 2-3 MIla, HanmpsbkeHHs NMpU MECTHOM BUOpanuu
KOHCTPYKLUMI MOryT aocthrarb omnacHbeix BeauuuH B 80-100 MIla. A.H. Kpsuios
YKa3pIBal, YTO «METaJUl, €CJIM €ro IOABEpPrarb YCHUJIHSAM, HOMNEPEMEHHO
M3MEHSAIONIMM CBOE HAIPABIICHHUE, IPOSBISAET TaK Ha3bIBAEMYIO «YCTaJOCThY;
CTPOCHME METaJlJIa U3MEHSETCSA, a €CJIM B HEM €CTh CaMblii HUYTOXHBIM MECTHBIN
MOPOK..., TO OT 3TOr0 MecTa HauyMHaeTca Oosiee ObICTpPOE M3MEHEHUE CTPOEHUs, U
CKa)XeM, BaJl, IJIe TaKOW MOPOK €CTh, JoMaeTcs» [1].

BrniepBbie MeTonMKa pacuera MECTHOM BHOpalluu KOPHYCHBIX KOHCTPYKIUN
Obl1a pazpadorana B 1954r. mox pykoBoactBoM B.C. UyBUKOBCKOT0 ¥ BHEAPEHA JJIS
MPAKTUYECKUX PAcyeTOB B KOHCTPYKTOPCKHE OIOpO — BCKOpE MOCJe MOSBJICHUSA U
M3y4eHUsT MPUYMH BO3HMKHOBEHHUSI MHOTOUMCIEHHBIX TPEIIMH Ha psje Kopabuein
BM®. B 3Ty MeToauKy BOIUIM PEKOMEH/IAIMHU 110 pacyeTy CBOOOIHBIX MaplHabHbIX
KoneOaHuil miacTuH, Habopa M TMEpPeKPHITUM M HUX BBIHYXIACHHOM BUOpalUU TMOA
NEUCTBUEM MYJIbCUPYIOIIMX JaBICHUH OT paboThl TpeOHBIX BUHTOB, a TAaKXKe
PEKOMEHJAIMK 110 PAlMOHAJbHOMY KOHCTPYMPOBAaHUIO B paliOHax JeiCTBUSA
MHTEHCHUBHBIX BUOPALMOHHBIX Harpy3ok. B nanbHeilliem wuccieqoBaHUs MECTHOU
BUOpaliMu ObUIM 3HAYUTENBHO pACIIMPEHbl KaK B OTHOIICHUH Pa3IMYHBIX
MCTOYHUKOB €€ BO30YXJACHUSI U MHOI000pasusi TUIIOB KOHCTPYKIUH, MOABEP>KEHHbBIX
BUOpallNy, TaK U yUeTa BIUSHUS Ha HEe pa3HbIX (PaKTOPOB.

Pacuery BuOpamuu C LEIbl0 NPOBEPKH M oOOecrnedeHuss BUOPALMOHHON
MPOYHOCTH MOJJIEKAT KOHCTPYKIMHU, HAaYMHAsd OT IUIACTHH, MOJIKPEMJISIOLIETO UX
Habopa U MEepeKpPhITUM U KOHYAsi MauTaMH, a Tak>Ke Pa3JIMUHBIMU BBICTYMAIOIUMU
4acTsIMH, TAKUMHU Kak KpbuibeBble ycTporcra Ha CIIK, pynu, KpoHIITEHHBI IpeOHBIX
BAJIOB, CTAOMJIM3aTOpbl MOJABOAHBIX ammaparoB W T.1. s Kaxaoro wus
MEePEUMCICHHBIX THUIOB KOHCTPYKIMH pa3pabOTaHbl CBOM METOJbl M IMPOrpaMMbl
pacuera cBOOOJIHOM U BBIHYXICHHOW BUOPALIUH.

OCHOBHBIMHM MCTOYHHMKAMH BO30YXKICHUS BUOPAIMU KOPITYCHBIX KOHCTPYKIIH
ABJIIIOTCS MYJIbCUPYIOIIME TUIPOAMHAMUYECKUE JaBJICHUS, BbI3bIBAEMbIE PabOTOM
IpeOHBIX BUHTOB, KMHEMAaTHUYECKOE BO30YXKIEHHE, OOYCIOBJICHHOE OOIIEXO010BOM
BUOpalneil; HeypaBHOBEUICHHbIE YCHIIMA OT padOThl MEXaHU3MOB; IMMOTOK >KHIKOCTH.
KonebGanust oTnenbHbIX KOPIYCHBIX KOHCTPYKIIMH U BBICTYMAIOMIMX YacTel, B CUITY
X 3HAYUTENBHOIO0 pPa3sHOOOpa3us M pa3Iuyus B XapakTepe BO3MYIICHHUH, IO
CYLIECTBYIOLIEH KiacCU(UKAIIMU OTHOCATCS K PAa3IMYHBIM THIAM KOJICOAHUM:
BBIH Y’KJICHHBIM, TapaMeTPUUYECKUM UJIH aBTOKOJICOaHUSM.

Jiga pemieHus 3anad MECTHOM BHOpauuu U oOecredeHus BUOPAMOHHON
MPOYHOCTH HEOOXOAUMO ONPEIETUTh

- IHTEHCUBHOCTh BO3MYIIAIOIINX YCUIIUI;

- BIIUSIHUE OKPY>KaIOIIEeH KUJIKOCTH Ha KoJeOaHUs! KOHCTPYKIIMH;

- K03(pPULIHEHTHI COMPOTUBIICHHS KOJIEOAHUSIM C YHETOM PacCcesHUs SHEPTUU B
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COCETHHE KOHCTPYKIIMM W BJIMSHUS CKOPOCTHOIO IIOTOKA BOZABI I HapyKHBIX
KOHCTPYKLUH;

- KpuTepuu BUOpALIMOHHOM NPOYHOCTH, YCTAHABIMBAEMbIe, HCXOIsi U3
YCTAJIOCTHBIX W KOPPO3MOHHO-YCTAJOCTHBIX XapaKTEPUCTUK KOHCTPYKIHOHHBIX
MaTepuasIoB U UX CBAPHBIX coequHenuil [14], [15].

Onpenenenue MNPUCOCIMHEHHBIX MacCc  pa3HOOOpasHbIX  KOpabelbHbIX
KOHCTPYKUHMI TpPU HMX CIO0KHOM B3aMMOJCHCTBHUM C OKPYKAKOIIEH XUAKOCTBIO
3aCTaBlIe€T MCIOJIb30BATh B MPAKTUYECKUX pacyeTax pasiuyHble MpUOIMKEHHBIC
npuembl. Ha BelWYMHY TPUCOEIMHEHHBIX MacCc MpU YOPYruxX KoJjeOaHHusxX
KOHCTPYKUHMHM 3HAYUTEIIbHOE BJIUSHHUE OKa3blBAET MOBEAECHHUE COCEAHUX C
paccMarpuBacMoOil KOHCTPYKIHEN Y4acTKOB coopyxeHud. [IpucoenrHeHHbIE Macchl
MHOTOMNPOJIETHBIX TUIACTUH MPU PA3JIMYHBIX (GopMax HUX KojJeOaHuW ¢ ydeToM
IepeTeKanus )KUAKOCTU B coceaHue nponetsl onpenenenbl E.H. [lykunoit [16]. Ero
KE TPEIJIOKEH CIoco0 HaXOXKICHHUS MPUCOSAMHEHHBIX MAacC >KUAKOCTH TpH
KOJIEOAHUSIX CIOKHBIX KOHCTPYKIIMH C Yy4e€TOM B3aUMOJEUCTBHUS OTJEIbHBIX
DIIEMEHTOB ATUX KOHCTpyKuuid [17]. [Ins mnOpuUCOEeIMHEHHBIX MacC ILIaCTHUH
OIPEENICHO TAK)XE BJIMSHUE BBIPE30B, OJIM30CTH TBEPJOM CTEHKH, a JJIsl 000JI0UEK —
0JIM30CTH TBEP/AOH KOHLIEHTPUUYECKOM moBepxHocTH [17].

OOmme TONOKEHUS W pacyeTHble  3aBUCHUMOCTH ISl OINpeneseHus
MIPUCOEAMHEHHBIX MAacC IIACTUH PACHPOCTPAHSIOTCA HA MEPEKPBITUS U UX OTHAEIbHBIC
nanenu. [IporHosupoBanne u obOecrieueHUE BUOPALMOHHOM MPOYHOCTU CYJOBBIX
KOHCTPYKIIMI 00YCIIOBJIEHO BO3MOKHOCTBIO BO3HMKHOBEHUSI BHICOKHX BHOPAIIMOHHBIX
HanpsDKEHUM, KOTOpbIE  CBS3aHbI, OOBIYHO, C PE3OHAHCHBIMU  KOJICOAHUSMHU
KOHCTPYKIINM, COMPUKACAIOIINXCSA C KUIKOCTBIO, UM CO 3HAUUTEIbHBIMU 110 BEJIMYHHE
JIEUCTBYIOIIMMY BHUOpAIMOHHBIMU Harpy3kamu. OTcCiofla BBITEKAIOT JIBAa Ba)KHBIX
TpeOoBaHMs K 00eCreueHNI0 BUOPAMOHHON MPOYHOCTH — UCKITIOUEHUE PE30HAHCHBIX
KoneOaHuii  JUIsl  COMPUKACAIOUIMXCA C OKMIKOCTBIO KOHCTPYKIIMH M pacyer
BBIHYX/ICHHBIX HEPE30HAHCHBIX KOJIeOaHMii MpH (haKTHUYECKUX MEPEMEHHBIX Harpy3Kax.
IlocnenHee OTHOCMTCS K JHUILEBBIM KOHCTPYKIMAM B pailOHE JIEWCTBUSA
MYJABCUPYIOLIUX AaBJIEHHI OT paboThl IPpeOHBIX BUHTOB COBMECTHO C MHEPLMOHHBIMU
YCUIMSIMH  OT OOLIEXOJ0BOM BUOpauuu; OOpPTOBBIM KOHCTPYKIMSIM KOPMOBBIX
OaUIaCTHBIX ~ LUCTEPH; BHYTPEHHUM KOHCTPYKIHUSM KOPMOBOM OKOHEYHOCTH,
OrpaHUYM BAIOLLIUM LU CTEPHBI; KOHCTPYKLHSIM MAaIIMHHOIO OTHEJICHUS;
CTabuJM3aTopaM MOJABOTHBIX OOBEKTOB.

Haubosnee ys3BUMBIMHU C TOUKH 3pEHUS BUOPALIMOHHON MPOYHOCTH SIBISIOTCS
MJIACTUHBI M MOJKPEIUISomui ux Hadop (pedpa xkecrkoctu). [Ipu cuMMeTpUUHBIX
dbopmax koneGaHUM TIJIACTUH pacyeTbl CBOOOJHOM M BBIHYKICHHOW BHOpaIuu
njacTUH MW pebdep cieayer TMpPOU3BOAUTH C YyYETOM UX JIMHAMHUYECKOIO
B3aUMOJECHCTBUS WM B3aUMOJCUCTBUSA C >KUIKOCTBIO, BOBJIEKAEMOM B CIIOXKHOE
IBU)KECHUE PA3JIMUYHBIMU COCTABJISIOIIMMH JIBUKEHUS KOHCTpyKuuu [16]. Brmusnue
YKa3aHHOT'O B3aUMOJICICTBUSI CHUKACT HU3LIYIO U3 MapIUaJbHbIX YaCTOT 3JEMEHTOB
KOHCTpYKIMH Ha 20-30% 1 yBeJIMYUBAET BBICUIYIO B HECKOJIBKO pa3, MPUOINKAICH K
COOTBETCTBYIOIIIEH YaCTOTE KOHCTPYKIIMU B BO3AYXE.

BomyxnenHas  BuOpanuss IJIacTUH €O 3HAUUTENbHOW — HavyajbHOM
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TexHosoruyeckou nmoruodnio (f/ h > 2, f — crpenka HauanbHOM moru6u, h — TonmuHa
MJIACTUHBI) B CHJIY HEJIMHEHHOCTH CHCTEMBbl MOXET TMPOUCXOAUTh B BHJE
BUOPAIIMOHHBIX XJIOMKOB (BBILIEIKUBAHUS), IPU KOTOPBIX IIACTUHA KOJIEOIETCs He
OKOJIO TIEPBOHAYATBHOT0 UCKPUBJIEHHOTO MOJOKEHHUSI, @ OTHOCUTENBHO MIIOCKOCTHU €€
OIOPHOrO0 KOHTypa. AMIUIMTYJa KOJeOaHUM ¢ HaNpsDKEHHUS «XJIOMAaroIen»
MJACTUHBl MOT'YT B HECKOJBKO pa3 TMpeBbIIIaTh COOTBETCTBYIOIIME BEJIMYMHbI
IJIOCKOU I1JIaCTUHBIL.

Meronbsl W TporpaMMmbl pacdyeTa BuUOpaluu OOJNBIIMHCTBA KOPIYCHBIX
KOHCTPYKILMI U BBICTYIMAIOLIMX YacTeil OCHOBAaHbI Ha CTEP)KHEBOW MIIM MJIACTUHYATO-
CTepkHEBOM anmpokcumanu. OHM TO3BOJISIIOT OIEHUTH IapamMeTpbl BUOpalUu
MEPEKPHITUH C YCTAHOBJEHHBIMM Ha HHUX AaMOPTU3UPOBAHHBIMH MEXaHU3MAaMU,
KPOHILUTEHHOB TpeOHBIX BaJOB C YYETOM B3aUMOJIEUCTBHS C BaJlOIPOBOAOM,
M3TMOHO-KPYTUIIbHBIX KOJeOaHWil pa3iaMyHOro Tuma madT (dpepMeHHbIX, OalleHHO-
MOJOOHBIX, CTEP)KHEBBIX), MapaMeTphl THAPOYIPYroll HEYCTOMYMBOCTH B IOTOKE
OOIMBKK KOpIyca M BbICTynmaroumx uvacreid (kpbuibeBbiX ycrpoiictB CIIK,
CTaOMIM3aTOPOB MOABOAHBIX 00BEKTOB U Jip.) [18]-[19].

Pa3zpaboranHble METObI pacueTa BUOpALMKU CYJOBbIX KOHCTPYKIIUH, a TaKxKe
aHaJIM3 XapakTepa BO3MYILIEHMH U yCIOBUH pabOThl KOHCTPYKLMI IMO3BOJIMIIN
co3larb METOJMKM pacyeTa MECTHOM BHOpalMd W BUOPAIMOHHOM MPOYHOCTU
KOPITYCHBIX KOHCTPYKUMH ¥ TpeOOBaHUS K HX BBIIOJHEHUIO C YKa3aHUEM
HEOOXOAUMOro oObeMa M YCIOBUH MPOBENEHMS s HAABOAHBIX M MOJBOJHBIX
KopalbJiel W CyAoB, CYyIOB JIEJOBOI'O IUIABaHUsS, CYAOB C JUHAMHYECKUMU
MPUHIUIIAME TTOJIIEPKAHUSL.

HOPMHUPOBAHUE BUBPAIIUU

N MEPBI 10 EE YMEHBIHIEHHUIO

VYpoBeHb nomycTuMor oOmIeH BUOpaluu CylHa AUKTYETCS HEO0OXOIUMOCTHIO
WCKJIIOYEHUS €€ BIMSHUS Ha paboTOCIOCOOHOCTh U 3I0POBbE IKUITAXKa M TTACCAKUPOB U
CO3/1aHUS HOPMAIBHBIX YCIOBUM I8 AKCILTyaTallkd MEXaHU3MOB M 00OpYyJIOBaHUS,
HAJISKHOCTH B UCIIOJIb30BaHUU BOOPYKEHUSL.

HanbGonee s dexTrBHBIM MEeTOOOM OOpbOBI C MOBBILIEHHON 001Iei BUOparmei
KopalJisi SIBJISIETCS YMEHbILIEHHE BO3MYILAIOIMX YCUIIMA OT pabOThl TpeOHBIX BUHTOB,
YTO JTOCTUTAETCsl YMEHBIIEHHEM HEPAaBHOMEPHOCTHU IOJsI CKOPOCTEH B JMCKE BUHTA U
yIaJleHueM BHUHTOB OT KOpITyca, a TaKXe HCIOJb30BAHHMEM BHUHTOB C ONTHUMAaJIbHOM
dopmoit nonacreii. PazpabarbiBatoTcsl pa3iuyuHble COCOObl YACTUYHOTO OTKIFOUEHHS (C
MOMOIIBIO YIIPYTUX KOHCTPYKTUBHBIX Y3JI0B) JBHKHTEIBHOTO KOMIUIEKCA OT Kopryca
Cy[lHa.

[por3BoHIMCh UCCAEIOBAHUS 711 TallIeHUs! BOSMYILIAIOIIMX CHJL, IEPEAAIOIIXCS
KOpITYCY 4Yepe3 BOAY, IIyTeM CIEUUATbHbIX YCTPOMCTB: HUIIA B HApY>KHOH OOIIMBKE
KOplyca HaJi BUHTAMH, 3allOJIHEHHBIE MOPUCTOM PE3MHOM M 3aKpbITble THOKOM
TUTACTUHOW; TOJIYB BO3IyXa K HApYKHOM OOIIMBKE HajJ BUHTAMHU C LEJBIO CO3IaHUS
BO3IYLIHOM TEJIEHbl, CMArJyarouiell mnepefady MyJIbCUPYIONMX THIPOIUHAMUYECKUX
JaBJICHUI KOPITyCYy Cy/IHA.

Jns cHwkeHust oOuield BUOpaluy BaKHO TAakKe, YTOObI TOUKH MPUIIOKEHHUS
IJIABHOTO BEKTOpa MYJIbCUPYIONIMX [aBJICHUA OT BUHTOB M MECTO 3aKpeIUICHHS K
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OCHOBHBIM CBSI35IM KOpIyCca KPOHILUTEHHOB, Yepe3 KOTOPBIE NIEPEAAOTCs 9TU AABJICHUS, a
TAK)KE JBUIareli ¢ HCYPABHOBEUICHHBIMU CHJIAMM  pacloJIaralliCcb B palloOHE
COOTBETCTBYIOIIIMX  y3JI0B  (JOpM  CBOOOAHBIX  KojeOaHMM  Kopiyca, a C
HEYPaBHOBELICHHBIMA MOMEHTAMU CUJI — B PaiOHE ITYYHOCTH.

HopmupoBanue nmpefensHO JOMYCTHUMBIX —IapaMeTpoB  oOmield BuOpauuu
OCYILECTBJISIETCSl  KJIACCU(PMKALMOHHBIMU ~ OOIIECTBaMM, B 4YacTHOCTH, Poccuiickum
Mopckum  Perucrpom Cynoxo[CTBa, Ha OCHOBAaHMM JKCIEPUMEHTAIBHBIX JIaHHBIX
XO/IOBOM BHOpallMd W CaHUTapHBIX HOPM. B KadecTBE OCHOBHBIX MapaMeTPOB,
XapaKTEepU3YIOIIMX  BUOpaUUIO, TPUHATHL CpEIHUE  KBAJAPAaTUUYECKUE 3HAUYCHUS
BUOPOCKOPOCTH MJIM BUOPOYCKOPEHH S, U3MEPEHHBIE B TPETh-OKTABHBIX MOJIOCAX YacToT,
a B OOOCHOBAHHBIX CIydasX - CpEeJHEE KBaJpaTW4eCKOE WJIM IHKOBOE 3HAYECHHE
BUOpOIEpEeMEILICHH .

JU11 MCKIOUEHU 1 yCTAJIOCTHBIX ITOBPEXKICHUM KOPIIYCHBIX KOHCTpyKuni B [THN
M. akaa. A.H. KpbsiioBa pazpaboranbl TpeOOBaHUS K BBITOJHEHUIO PAaCY€TOB MECTHOM
BUOpalMy JIJIsl pa3IMuHOro THUIlA Kopabsell W CyooB, B KOTOPBIX YKa3aHbl pallOHbI IO
JUIMHE KOpIlyca, TIJ€ JOJDKHBI IIPOM3BOMUTHCA paCueThl, XapakTep U MOPAHAOK
BO3MYILIAIONMX YCHJIMM, KOHCTPYKLMH, IIOMJICKAIME pacyeraM U YCIOBHUS HX
MPOBEJICHUS], 4 TAKXKE YCIOBHUS, HEOOXOAMMBbIE M JOCTaTOYHbIE Uil OOecreyeHUs
BUOpPALIMOHHOW MPOYHOCTH.

Kosddumuentsr paccesHuss 5SHEPruM, HUCIOJIb3yeMble IMpU  pacdyeTax
BBIHY)KJICHHOI PE30HAHCHOW BHUOpAlMU, OMpPENETICHbl SKCIEPUMEHTANbHO JIs
PAa3HOr0 TUIA KOHCTPYKLMHI, HAXOAALINUXCS B COCTaBE KOPIYCY CyAHA.

B kauyectBe KpuTepreB BUOPALMOHHON MPOYHOCTH KOPHYCHBIX KOHCTPYKIIUN
CIy)XaT JOIMYyCKaeMble HaNpsHKEHUsT WM JOJTOBEYHOCTh Ha TpeOyeMblil Cpok
JKCIUTyaTaluu — COOTBETCTBEHHO i1 KOHCTPYKIUM, U3TOTOBJICHHBIX U3 MaTE€pPUAJIOB,
MMEIOIUX (PU3NYECKUd TIpesiesl YCTATOCTH (MJIM ¢ HE3HAUUTENIbHBIM CHUKEHUEM €ro
C pOCTOM YMCIIa TEPeMEH Harpy3ku) U HE HMMEIOUIMX. 3HAYEHHUs JOIMYyCKaeMbIX
HAlIPSDKEHUM UL OCHOBHBIX KOHCTPYKLUHMOHHBIX MarepuajgoB U HUX CBAapHBIX
COCAUHEHUNW TIOJIYYEHBl, MCXOAs W3 OrPAHUMYEHHOIO IIpelesia yCTaJlOCTH,
COOTBETCTBYIOIETO YK cily HUKIOB 109, ¢ yuerom HEOOXOAMMOro 3amnaca NpOYHOCTH.
Jlonyckaemass BuOpanusi Juisi MayT, HEPEKPBITUNA, HA KOTOPBIX YCTaHOBJICHBI
MEXaHU3Mbl M Jpyroe oO0OpyJAoBaHUE, Ha3HAYAETCs, HMCXOAs M3 oOecreyeHus
HOPMAaJILHOM pabOThl MEXaHU3MOB U 000PYI0BAHHUSL.

Hapsiny ¢ TpeOoBaHMsSIMH K BBHIIOJHEHUIO PACYETOB MECTHOM BUOpanuu
pa3paboTaHbl PEKOMEHJAIMU [0 PalMOHATBHOMY KOHCTPYMPOBAHHMIO M BBIOOPY
ONTUMAJILHOTO THIA CBAapKM B BHOPOAKTHUBHBIX 30HAX C LEJIbIO MpPeaOoTBpalIeHUs
POCTa KOHLIEHTPALUU HANPSHKEHUM, BEAYIIETO K PE3KOMY CHUXKEHUIO YCTAIOCTHON U
KOPPO3UOHHO-YCTAJIOCTHON ITPOYHOCTHU KOHCTPYKIIUM.

SAKVIFOYEHUE

B pasButue uneii akanemuka A.H. KpbuioBa B oOnactu BUOpaiuu cynoB B
HNHcTuTyTe, HOCAEM €ro MMs, MPOU3BEAECH WIUPOKUU CHEKTP TEOPETUYECKUX U
AKCIIEPUMEHTAIBHBIX MCCIEAOBAHUN BUOpAMK KOpaldJisl B LIEJIOM M €ro OTIEIbHBIX
KOHCTPYKLIMI, B pe3ylbTare u4ero pa3paboTaHbl U BHEAPEHbl B MPAKTUKY
MPOEKTUPOBAHUS KOpabJjeil M CymoB METOIbl M IpOorpaMMbl pacuera ux oOImed u
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MECTHOW BUOpally U PEKOMEHAIUU 10 00ecrieyeHnI0 BUOPAITMOHHONW TPOYHOCTH U
pallMOHAILHOMY KOHCTPYMPOBAHUIO B pallOHAX, MOJABEP)KEHHBIX HWHTEHCUBHON
BUOpaluu.
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ON THE IMPORTANCE OF HYDRODYNAMICS
ON THE SAFE OPERATION OF HIGH SPEED CRAFT

Holden Kjell

FAST International Standing Committee, Norway

The influence of the most important hydrodynamic physical phenomena on the
operational characteristic of high speed craft will be presented and discussed.

Some examples of such phenomena are:

Ventilation of propulsion systems and steering devises like rudders and
interceptors is of vital importance for safe operation of such craft.

Practical experience from model testing and at sea will be given.

Further local wave impacts are often the main phenomena limiting the
operation of high speed cratft.

Results will be presented from extensive R&D programmers during the last 20

years.
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MESH AND MESHFREE METHODS IN HYDRODYNAMICS
OF FREE BOUNDARIES
TERENTIEV Alexey G. —
Cheboksary Politechnic Institute of MGOU, Russia;
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ABSTRACT

The paper presents numerical methods based on two main simulations: boundary
elements and particles. The first method allows calculating of polyharmonic equations
including harmonic and biharmonic functions, the second one allows computing nonlinear
equations of viscose liquid with free boundaries. Numerous examples show a great
effectiveness of these methods.

INTRODUCTION

Modern computers are very power means for obtaining essential results of many flow
problems with complicated boundary conditions. There are some books on numerical methods
and computer technique in the continuum mechanics [Gosman at al 1969; Anderson 1984;
Brebbia at al 1984; Terentiev & Afanasiev 1987, Terentiev 2005-2007a; Terentiev A.G. &
Pavlova N.A., 2006; Afanasiev & Gudov 2001;Afanasiev at al 2006] so it seems that all
problems could be well considered. But now it is important developing new numerical methods
and applying to new physical processes. Advanced numerical methods should be directed at the
simplicity of their application and at the precision of their results. For such methods,
computational time is not so important. In essence, an application of BEM is not saving of
computer time but truthful simulation of real processes and a precision of numerical results.

Most hydrodynamic processes can be simulated by simplifying conditions as no
viscosity and potential flow, or very high viscosity as Stokes condition. In that case a flow is
determined by harmonic or biharmonic functions. These assumptions permit reducing flow
problems to boundary value problems and applying very powerful tools of boundary element
method [Terentiev 2007b]. Some hydrodynamic problems using BEM have been presented in
above-mentioned references and in [Afanasiev & Samoylova 1995; Afanasiev & Stukolov
2000; Afanasiev & Grigorieva 2002]. Declaring a very high possibility of BEM one should
note that it cannot be used for a large deformation of free boundaries. In that case it is
preferable to use methods based of moving particles on Lagrange variables. One of those
methods is the so-called Smoothed Particles in Hydrodynamics (SPH). This method was
offered for problems of astrophysics in [Lucy 1977] and independently in [Gingold &
Monaghan, 1977]. Later the method was applied for numerical simulation in hydrodynamics,
solid mechanics, etc [Monaghan, 1992; Monaghan at al 1994; Liu at al, 1997 ;Liu G.R. & Liu
M.B., 2004; Morris at al, 1997; Afanasiev at al, 2006; Cueto-Felgueroso, 2004].

It should be noted that the particles have been used in many other method including
BEM, namely, for investigation of deformation of free boundaries [Terentiev & Afanasiev,
1987] or in method of finite particles given in [Belozerkovsky & Davydov, 1982] and has been
used in [Terentiev & Chechnev, 1985]. The both methods are based on mash concepts and as
BEM are unavailing for considering of large deformation of free boundaries.

The Smoothed Particle Hydrodynamics is a fully meshfree method; it doesn’t require a
mesh (set of connected nodes) at any stage of numerical simulation. This makes it
advantageously differ of hybrid methods, which can also be applied for solving problems with
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strongly nonlinear deformations of free surfaces, but require time-consuming algorithms for
constructing a mesh and defining free surfaces. The given method is a powerful tool for
numerical simulation with relatively small time resource requirements.

The present report includes two kind of numerical methods: mesh and meshfree
manners.

PART I. BOUNDARY ELEMENT METHOD

1. GOVERNING INTEGRAL EQUATIONS

OF STEADY FLOW

Flow problems of hydrofoils without cavitation are well known and determined by the potential
function ¢ , which satisfies the Laplace’s equation (Vz(p = () inside the fluid region and Neumann’s condition

(Op/0n=0) on the foil boundaries, and at infinity the velocity can be given as unit vector Vg = g,.
Besides, the Zhukovsky-Kutta condition requires finite velocities at the trailing edge of the foils:

HmV (s)+ limV (s) = 0, (1.1)

s—0 s—L
where § is curvilinear abscissa and L is the perimeter of the foils; the trailing edge is determined by
s=0(s=1L).

The flow problems of separate or two foils can be solved analytically using complex potential and
conformal mapping. Mostly, the mapping function cannot be found analytically but numerically only. The
problem for several foils is quite impossible to create any analytical solutions; it should be investigated
numerically only. Numerical methods are usually based on the Green’s identities which are applicable to single-
valued function and for the interior of the domain. Assuming a bounded function at infinity, the Green’s
identities are valid for the exterior also. The velocity potential is a multi-valued function and unbounded at
infinity so that it cannot be directly applied.

Much more preferable for planar and axisymmetric flow is the stream function as a single-value one.
The stream function satisfies Laplace’s equation (Vzl// = () inside the fluid region and is constant on the foil
boundary:

Y =c =const. (1.2)

The constant ¢ differs on each foil. If ¢, and ¢, are known on two foils, then the quantity of liquid
flowing between these foils is equal exactly to

qg=c,—c|. (1.3)

For given foils, the constants are unknown; they should be found by solving a flow problem satisfying
equation (1.1). In practice for planar flow, the complex potential w = @ + 1/ has usually known singularities
as multiple poles with leading part given by

n Ak m k D
F(z)=) —*—+) Bz + —. (1.4)
k=1 (Z—Zo) k=0 2(Z_Zc)

Using Cauchy’s integral for single-valued complex function W(z) , A.G. Terentiev generalized the third
Green’s third identity for a meromorphic function (Terentiev & Afanasiev 1987) and represented as

on(2)+§wG,,(z,0)ds — § w,G(z,7)ds = F(2),
C C

G(z,t)=(1/2n)In(1/|z—7).
Assuming in (1.4)w =const., A, =0, B, =0, D=0 and also 4, =0,B8, = w=const.,
B, (k>0)=0, D=0 we create the known but very valuable integral identity

&+ §Gn(z,r)ds :{
Ck

(1.5)

l, zeC,7eC,
0, z¢C,,1eC,’
where C, is the boundary of & -th foil.

(1.6)
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Due to the last identity, integral equation (1.5) for the stream function is transformed to the main integral
equation

c+§V(5)G(z,7) = 0(z) = Im F(2). (1.7)
C

If the angle of unit velocity at infinity with x-axis is ¢, then the potential of circulation-free flow

approaches infinity asw —> ze ' at infinity, so that

O=ycosa—xsina, x,yeC. (1.8)
For the symmetric flow along x-axis, the angle ¢ = 0, and equation (1.7) is represented as
c+fV(©)F(z)=0. Q=yeC, (19)
C
where
1 ~5*+(y+n)?
Fz.r)= =) +r+m) (1.10)

Ar - (x=&) +(y-n)’

Integral equations (1.5 and 1.9) are valid for multiply-connected domain as well as for
circulation flow because of mutual destruction of logarithmic singularities in infinity.

Axisymmetric flow is similar to the symmetric planar flow considered above. The
similarity is more striking if the stream function is considered. The stream function of a
cylindrical coordinates y (x, y) is also constant on the axisymmetric surface as a ring wing and
its partial derivatives determine the component of the velocity. The stream function for the
axisymmetric flow satisfies the integral equation (Sidorov 1958) like'

c+ jv(s)H(z,r)ds:Q, O=ry?, (1.11)
where :
2 2 2./yn
H(E,m;x,p) = M{—E(k) —(— —ij(k)} k= .
k k S =82+ (v +1)?

The parameter ¢ is unknown in generally, just condition (1.1) should be extra satisfied.
The latter integral equation by ¢ =0 was used to investigation of cavitating flow around
axisymmetric cone in [Guzevsky 1979].

2. BOUNDARY ELEMENT METHOD

IN HYDROFOIL PROBLEMS

The boundary element methods (BEM) are recently applied more and more. Descriptions and various
applications of BEM can be found in (Brebbia at al 1984, Terentiev & Afanasiev 1987, Afanasiev & Gudov
2001). Much more information can be also found in (Kinnas 1998 and Kirschner at al 2001). The substance of
the method is an approximation of the boundary by a system of elements, and then approximation of functions
on each element by certain polynomial.

Then integral equations (1.7, 1.9 and 1.10) can be written in matrix form

AV +C=Q. (2.1)

The elements of matrix A can be calculated analytically or numerically by integrating of function
G(X,,Y ;x(s), y(s))along the elements so that the matrix A is given. The elements of matrix-vector Q are

n’>-n?
determined by equations (1.8 or 1.9 or 1.10). The elements of matrix-vector C are unknown but identical with
the same constant c; the elements of matrix-vector V are the speed values at the nodal points.

For an arbitrary foil, condition (1.1) should be additionally satisfied, which becomes

Vi+Vy =0. (2.2)

! Parameter ¢ was introduced by A.G. Terentiev in 2005.
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The unknown vectors V and C can be combined into the one of order N+1, and, in view of equation
(2.2), the matrix A as well as the vector Q may be also expanded to matrices of N+1 dimension, so that equation
(2.1) 1s transformed to

AV =Q. (2.3)
Hence, the solution is
V=A"0Q. (2.4)

The dynamic characteristics are obtained by summation with respect to all elements, namely, the
circulation along the boundary can be found as

N
L==>Vh. (2.5)
k=1

For given circulation, equation (2.5) should be used instead of (2.2), then the (N+1)-th component of
vector Q gives the circulation (Qy,, =I").
It is easy to calculate the first aerodynamic axis connected with the direction of inlet velocity, when the

circulation vanishes. In that case both equation (2.2 and 2.5) should be used and the matrices A, V and Q are
expanded to N+2 dimension. The first N components of vector V give the speed on the nodal points; the last two

components determine the constant ¢ and the angle 3 between the x-axis and the first aerodynamic axis.

The above cited matrix conception can be applied to a system of M foils. Each of foil should be
approximated by a polygon with N, ~sides (m is number of foil). Then the dimension of matrix A will be equal
to

M
N=> N,+M. (2.6)

m=1
The additional M columns consist of /N, equal terms ¢,, in compliance with the m-th foil, and the
others are equal to zero. The M rows are arranged according to conditions (2.2) or (2.5).

3. EXAMPLES OF COMPUTING
OF STEADY FLOW PROBLEMS

Numerous examples of flow around foils with- and without cavities have been investigated using that
method. Below only some problems are represented for examples.

3.1. A ring wing

A ring wing is used for increasing an

Cj,/—ﬂﬁ e efficiency of screw propellers, but any conclusive

explanations are lacking yet. Compare two positions

of the generatrix foils and of the same radius

- i ; i determined as a distance of trailing edge from the

VD eam axis (Fig .1). Calculations show that an amount of

% liquid which flows through first ring (a) is
- 05 Sy q =0.969 while through second one (b) is
v b) q=0.617 only, ie. the screw propeller in first

Fig. 1: Two shapes of the rings ring accelerates much more liquid than in the second
one, and more then  without  rings

- 0969
4 q=0617

K}
¢ |Ro= 0374
N

(g, =7 R} =0.439).
Therefore, the first ring nozzle increases an efficiency of the screw propeller. At the same time,

calculation shows its shortcomings. Since the least radius of the ring wing (a) is Ro=0.374, the mean speed on
that section is Vo = 2.202, and what is more, the speed on the shape is higher than Vo.
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Fig. 2: Two rings: a)Zhukovsky foils; b)an influence of
element number on precision; c) speed distribution on inner
ring for N=500; d)The same on outer ring

Hence, the cavity can arise earlier then without a nozzle and this makes some difficulties using a ring
nozzle for fast ships (Rusezky at al 1971). As was noted above numerical algorithm is valid for multiply-
connected domain as well. Two rings of Zhukovsky foils are depicted on Fig. 2a. A precision of numerical
results depends on the element number on each foil. A dependence of the liquid amount flowing through inner
ring on element number is shown on Fig. 2b. Since the element number, N, can be discrete only and cannot be
too large, it is difficult to reach asymptotic value nume-rically. The asymptote may be obtained by some
approximation using dis-crete data. Due to property of the hyperbolic tangent the approximation function may
be written as

g(N) = a tanh(hN)° 3.1)

Three unknown parameters (a, b, ¢) are computed by any three numbers. The asymptote on Fig. 25 is
shown by dashed line. The speed distribution on both rings is depicted on Fig. 2¢,d.

3.2. Cavitating flow through Ring wing

Numerical algorithm for computing of cavitating flow of a ring wing as well as a planner foils includes

the numerical solution of a set of linear equations and iterative process [Terentiev, 2005a]. Some numerical
results are depicted in Figs. 4. Fig. 3a shows the partial cavities for three lengths

(L. =0.251, 0.526, 0.791).

Dependence of the cavitation number on the length is similar to a single foil: at first it decreases by
increasing of the length then it increases. An interesting effect can be observed: the fluid consumption ()
increases by extension of the cavity.

The cavity shape past a ring wing obtained by an inclined plate is shown on fig. 3b. Here, the inside
cavity surface is similar to a jet stream.

4. UNSTEADY DEFORMATION OF A FREE BOUNDARY

The BEM has been used to investigation of unsteady moving of body under the water in [Afanasiev at al
1986, 1989; Terentiev at al 1987; Terentiev & Afanasiev 1987], and mostly then applied in Kemerovsky
University.

4.1. Governing equations

While the stream function for steady planer and axisymmetric flow was very suitable, it
is quite unavailing for unsteady flow. In that case, the speed potential is much preferable; this
satisfies on the boundary of fluid region the Green’s equation

Lo =0, 4.1)
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or in matrix form
A® = BQ. 4.2)

7 3

J

Lc=0251] |Le=0526||Le=0791
| | o=6985| | o=g227|| o=6636
05T | g-a018| | q=am7|| a=4225

-5+

Q\ @=30" R=1 L,=5 o=03 Cp=im q=2%

Fig. 3: Cavitating flow of a ring: a) partial cavity; b) full cavity

The components of matrix-vectors, ® and Q, is the values at the nodal points on the
region boundary of the potential, ¢, , and its normal derivative, O, = (0@ /0n), , respectively.

In order to uniquely determine the potential, the following boundary conditions are
imposed:

- the normal derivative of the potential should be equal to the normal velocity of moving
boundary; thus,

v, =(ii),, 43)
where i = dii / dtis the time derivative of the vector of displacement, 7 ;

- on the free boundary, the dynamic condition is applied, which requires the pressure, p,
to be constant. Due to Bernoulli equation, the condition can be written in differential form

dp=(p, —p,—gz+v>/2)dt, (4.4)
where p, and p, are the pressure at infinity and on free boundary, respectively; gis the

acceleration of gravity; v is the value of speed, v’ = V- V.

- on the free boundary, which is determined by the displacement, # , the time derivative
of the displacement must be equal to the velocity of a fluid. Hence,

dit =Vdt. 4.5)

Besides, the initial conditions should be fulfilled, 1e., the function
o(x,y, t)l =0 = ®o(x,y) as well as the initial boundary of the fluid region, C, should be
given.

4.2. Iterative procedure

Equation (4.1-4.5) allow computing the flow problem of moving of free surfaces in an

iterative manner. On each i” time step, RO =D U _1), of an iteration, the matrix vector
V9 s calculated from Eq. (4.2), then the tangent velocity, w' = (8¢ /8s)" is computed,

and then the new position of free boundary, # D =7 4 da s found from (4.5), and the
increment of potential is calculated from (4.4). Finally, the new potential is found:

(D(j) — (D(j_l) + qu(j). 4.6)

Now, the algorithm scheme looks as follows:
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4.3. Wave generation by impact moving of the bottom
For example, consider an impact moving of the bottom [Terentiev, 1997]. Let the depth, H, of the water

be originally unity. At initial time, one part of the bottom (—1,0) moves vertically upward with speed ¥ while
another part (0,1) moves downward with the same speed; these parts move at limited small time. The Froude

number for this case is specified as Fr =V /./gH ; the dimensionless time 7 =tV / H . The truncated

domain is taken as a rectangle of sides 20 % 1. An initial distribution of potential as well as its normal derivative
(normal velocity) on the free boundary have been calculated
separately. First the normal speed of the free boundary is

0.03 T T T T T T T
¥ =032

! calculated from the given normal velocity of the bottom and
o —_— zero value of potential on the upper strait line. Then the
oo B P T potential is determined by the normal velocity on the upper
T strait line and the zero value of the subsequent motion of the
-0 o LT : bottom. The potential obtained from latter value problem is
003 — — — : assumed to be initial one for iteration. Then the evolution of the
v, __/\/‘/VL free boundary is simulated using the time-domain approach
o L L o ‘ described above. Evolution of a free boundary for Froude

number Fr = 10 due to a specified impact motion of the bottom

5 "—/v\/\/tm— is presented on Fig.4.
It is shown that at first two antisymmetric waves form;

each of them moves in opposite directions, then other waves

ym [ arise of smaller amplitude. The process is similar to the
° —J\/\’\/\/—‘ tsunami. In fact, by the tsunami the water is first putting out to
s ———————~————1 sea but then surges towards coast; the process is repeated by

decreasing amplitudes. The greatest destruction makes the first
wave on the right because the amplitude is two times higher
than on the left. At the same time the tsunami makes less destruction on the left coast.

Calculation show that the amplitude of next wave increases with time and may be greater than the first
one but its kinetic energy is less than the first wave.

4.4. Horizontal moving of the semi-cylinder

Deformations of free boundaries by moving submerged cylinder have been calculated
using BEM in [Afanasiev at al 1986, Terentiev at al 1987]. The wave breaking has been
considered other methods in [Grilli 1991; Haack at al 1991; Petrov 1996]. A moving of free
boundary has been investigated intensively in [Afanasiev & Samoylova 1995, Afanasiev &
Stukolov 2000, Afanasiev & Gudov 2001].

Fig. 8 shows a breaking of wave behind the semi-cylinder which moves along the
bottom with constant speed from initial quiescent state.

1.5

Fig. 4: Time history of the free surface

H=1 V=-1 D=1 Fr=4

Fig. 5. Moving of the semi-cylinder in the gravity fluid:
a) the sketch of moving; b) breaking wave behind the cylinder

It should be noted, that the BEM allows to computing the breaking wave almost to
contact with another part of the free bounder. But it is quite impossible computing further
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deformation of the free boundary.

4.5. Three-dimensional deformations

of a gas bubble near the wall

Two-dimensional and axial symmetric deformation of bubbles is investigated quite well
[Afanasiev at al 1989, Afanasiev & Stukolov 2002]. The above-mentioned equations and
procedure are acceptable for three-dimensional bubbles as well. In that case, it makes some
difficult dividing the boundary into a set of sells and the tangent components of velocity. All
problems have been overcome in [Afanasiev & Grigoriev 2002].

Neglecting gas diffusion through the bubble boundary, the pressure in the bubble is
defined as

Vb /4
Pr=p,tD (mj (48)

Here p, is a vapor pressure in the bubble, py,V ,V; is the initial gas pressure in the
bubble, bubble volume and initial bubble volume respectively, 7 is an adiabatic index.
Let Eq. (4.4) is transformed to

dt V
where a =R, pg/Ap is buoyancy coefficient, S =p,/Ap, Ap=p, —p,, P is mass density,
P, is the pressure at infinite-remote point of the fluid and R, is maximal radius of the bubble

d 1 Y
91l wof —az—ﬂ(—()] , (4.9)

on its explosion in infinite imponderable; R, and /Ap/p are taken as scale quantities.

Accurate calculation of time step and velocity vectors on the bubble surface is very
important for obtaining an accurate and stable solution. The time step Az is carefully chosen to
restrict maximal travel of the nodes on the bubble surface for one time step

A tz@*lmin/maX‘Ago(fi’ Z)‘ D

where 6 - mesh type coefficient, /mi, - minimal rib height. Not orthogonal and not
homogeneous mesh becomes complicated velocities calculating. Consider by turns all the

elements surrounding i-node to calculate (€0x,-, ?yis §02i) . The boundary element is chosen as

triangular element sides adjoining to i-node as two tangential directions S and 7 . Tangential
velocities 0¢/0s and 0¢/0t are calculated as finite differences. The normal vector at the node
is calculated by averaging the normal vectors of surrounding elements. Normal velocity
Op/on=q is computed from equation (4.2). Then the vector-speed is rearranging for Cartesian

coordinates (0@/0x 8¢ /dy ,0p/oz).

The algorithm scheme for iteration (4.7) is valid in this case also. The numerical
convergence has been tested and confirmed by using various mesh sizes and time steps. The
present results have been found in a good agreement with Rayleigh solution for a spherical
cavitation bubble. The one has a good agreement with
experiment results. The calculating of the bubble
dynamics in infinite imponderable fluid with different
coefficient B is other excellent possibility for
numerical algorithm examination. In this case spherical
bubble of initial radius R,, decreases for small radius

Fig. 6: The bubble radiuses as 30
function of time for different g

(1- p=04,2- p=0.5,3- p=0.6,
4- p=0.7,5- p=08,6- 5=0.9)



Ry, . Minimal radius R,;, is arisen trough coefficient S as follows [Levkovsky 1973]
(8>03)

Ruin =3B/ (1438 p7%).

After that the bubble increases again for maximal radius R, . Theoretically, the one may
pulsate unlimitedly, in case our numerical modeling bubble performs from one to four full
pulsating before the breaking of its spherical symmetry. In case of axis-symmetrical modeling
we can successfully contend with this numerical instability by smoothing. There are analytical
and numerical quantities of minimal radiuses of the bubble for two the first collapse phases for
different quantities of B and scaled lifetime of the one at table 1. The bubble radiuses as
function of time for different B are shown in Fig. 6.

Table 1
Analytical and numerical minimal radiuses for two first pulsating and scaled lifetime of the
buoyant gas bubble in infinite imponderable fluid
B R R Roo | to B R, | Ry | R t

04 10.6163]0.6056|0.6031|4.9129| 0.7 |0.8352|0.8304 | 0.8274| 7.2098
0.5 ]0.6988|0.6898|0.6870|4.3220| 0.8 |0.89400.8912|0.8885] 8.4509
0.6 ]0.7707]0.7638 | 0.7607| 5.4710| 0.9 ]0.9486|0.9473 | 0.9456| 10.890

4.6. Deformation of the bubble close to the wall

For the purpose of mutual influence of the wall
and gravity forces, some results of a bubble deformation
are presented. For all examples, 8 =100.0 and y =14,
The initial location of the bubble and the wall is shown on
Fig. 7. The gravity acceleration is directed downward.

anal minl min 2 end

Fig.7. Initial location of the v 1006 N
° t=1.906 - =2
bubble and the wall 15 L5 =90
1.0¢ 1.0+
0.5 A "‘ ‘ l‘ 0.5
AT ] ‘ 3
R RAK AR D0
S AAAAADA A
ol T Al ol
i A AAAAF
AAAAAN
‘nnng"
0.5 Eatr 0
2
-1.0 . . . 1 - . . .
L5 410 05 0 05 10 M 1.0 05 0 05

Fig. 8: The collapse of a buoyant gas bubble near a wall for
e=n/4, h=R,=1 a=0.2, =100

Some results of a buoyant gas bubble near a wall are depicted on Figs 7-14. Fig. 11
shows a collapse of the gas bubble near the inclined wall. This problem using another
numerical method was solved in [Wang 1998]. Both results are in a good agreement.
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Fig. 9: The collapse of a buoyant gas bubble

10

The most unusual case is the
bubble above a horizontal wall &=0
(Fig. 9). If the buoyancy coefficient is
small, o =0.05, an influence of the wall
prevails. The bubble is flattened against
the wall on the growth phase and acute
jet directed toward the wall is formed on
the collapse phase.

Unfortunately the thin and acute
jet promotes numerical instability and
premature distraction of computing. The
greater buoyancy coefficient increases,
the smaller wall influences on the flow
structure. Namely fora =0.2, one can
see an approach of small jet directed
opposite to gravity vector in spite of the
influence of close disposed wall. If the
acceleration of gravity is directed not
exactly toward the wall there are no so
strong changes on flow structure and
bubble dynamics on increasing of
buoyancy parameter o .

In case of vertical wall the jet is

opposite to gravity vector and is deflected by the wall (Fig. 10). In a = 0.2 case jet is formed in
described direction but jet has greater volume and smaller maximal velocity. It is possible that
jet velocity is smaller because in o = 0.2 case computing is breaking before jet touches an

opposite boundary of the bubble.

PART II. PARTICLE MOVING METHODS

The particle is regarded as a point which possesses a muss and is determined by
Lagrange variables. Just above-mentioned displacement determines a moving of particles on
free boundary. A combined method mesh and finite particles has been proposed in
[Belozerkovsky & Davidov 1982] and was used for investigation of entry of a disc into water
[Terentiev & Chechnev 1985]. But the method based on fixed meshes which make difficult
considering of large deformation of free boundary. Recently, some meshfree methods attract
attention of scientists [Afanasiev 2007]. One of them is smoothed particle method (SPM)

which was proposed in [Lucy 1977].
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Fig. 10: The collapse of a buoyant gas bubble
near the horizontal wall: € =37/2 h=R, = 1, B
5.SMOOTHED PARTICLE HYDRODYNAMICS
5.1. SPH method
The major idea of the SPM is discretization of a fluid domain, €2 by a set of

Lagrangian particles, which can be considered as small liquid volumes and do not require any
connections between each other. For the functions, included in the equations of motion, the
integral approximation is used:

f(r)= I S ()8 (r=r)ar, 5.1)

where O is the Dirac delta function.
For numerical simulation the o -function is substituted with a certain function,

W (r—r',h), referred as the kernel function and having a compact support domain, while the

=100

integral is approximated by the summation [Monaghan 1992]:
SR =2 AW (k). (52)
i=l i

where 7;,m,, p; are the position vector, mass and density of the i-th particle, respectively, and
n is the number of particles neighboring the i-th one. Two particles i and ; are called

neighboring or interacting, if the distance between them doesn’t exceed(hi +h j) . The value

(hl. - hj) is a support domain of the kemel function, W and #4,, are called the smoothing length

of the i-th particle and determines the radius of its interaction with the neighbors. Usually
polynomial splines are used for W . It follows from (5.2) that the function gradient is expressed
as

va(r):iﬁﬁVWr(r—ri,h). (5.3)

i=1 i
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5.2. Kernel function

Kermel function is very important in the SPH method. Both consistency and stability of
the method depend on the function selection. For numerical simulation using the SPH many
different kinds of the kernel function are applied, beginning with the Gaussian function, and
finishing with splines of different orders. Beside, the already known kernel functions one can
develop the own ones, but should follow the minimum requirements as

W(r h)y=0,F>h, IW(MW =L timw (7,) =5 (F).
0 —>®0

where €2 - flow domain; 7 =|r—r,|,g=7/h.

Beside the above mentioned requirements, some additional conditions can be imposed
on the kernel function for better stability of the method and higher order consistency. Such
additional conditions and the ensuing ways of constructing the kemel functions resulted, for
instance, in appearance of the RKPM (Reproducing Kermel Particle Method) [Liu 1997].

For the problems, considered in this paper, the classic Monaghan cubic spline was
applied [Monaghan 1992]:

2/3-¢*+q’ /2, 0<qg<l;

(2-4)' /6, 1<q<2; (54)
0, g=2.

15

o=

5.3. Governing equations
Motion of a Newtonian viscous fluid in a certain domain @ is described by the Navier-
Stokes and continuity equation

' _ O 0 (T”k) dp _ ovk

= _— 4 _— —_- —
P o TH R " 2k 5.5)

where n,k=1,2,3 are numerical superscripts of the coordinates, v'and F" are the
components of velocity vector and the gravity force, respectively; the component of the viscose
stress tensor is

_6v"+6vk_2V-V5nk 56
6xk 6xn 3 * ( * )

Besides, it is assumed the moving of the fluid to be adiabatic process in the form og
Theta [Cole 1950]:

pg{(ﬁjﬁl |

where B is volumetric expansion, p, is initial density, y =7 is adiabatic exponent.
The coefficient B for dam breaking with initial hight, H, is [Monaghan 1994]:
B=200p,gH/y. (5.8)
Due to approximations (5.2) and (5.3), equations (5.5) and (5.7) may be written in digital

Jol

Tnk

(5.7)

form. For stabilization of the equation set an additional term I1 i » called artificial viscosity, is

included to the right part of that digital equations [Brebbia 1984]:
i {(acl.jal.j +po;/p;, v < O);
;=

0,v.r, <0,
y oy

(5.9)
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where

_ 2, .2 2 2 _ —
O _hvzjrzj/(rzj +1 )9 n; =0.001h", v; =v, =V, 1, =1-1,,

c; = (cl. +¢; ) /2 is the average sound speed at the particles / and /,

5.4. Solid boundaries conditions

There are many different ways of imposing conditions on solid boundaries, the most
common of which is the virtual particle method. Monaghan used virtual particles, locating them
along the solid boundary in one layer. These particles carry no physical characteristics unlike
inner fluid particles, however, they interact with the latter by means of a certain interaction
potential. The selected potential is included as an additional body force into the equations of
motion. The most common potential used in the Smoothed Particle Hydrodynamics is the
Lennard-Jones potential [Monaghan 1994]:

U(r)= ?K’%jw +(”70ﬂ (5.10)

where D is the depth of potential well, 7, is interaction radius. The potential is two-parameter,
what allows independently setting any two properties of the fluid. This method of imposing
boundary conditions is applied in the paper for simulation of model problems.

5.5. Time integration

For time integration of the obtained ordinary differential equations, as in [Liu & Liu
2003] the leap-frog algorithm is used:

"Prediction”:
pl=p " +(At12)(dp) ! 1 dt); S0
5.11
v =V (A 2) (v dt).
'Correction":
P = pi M+ At(dp) 1 dt);

yrlE =yl At(dvl.” / dt); (5.12)

X=X AL (v dr).

The first time step:

p!* = p) +(A112)(dp!/ dt);

vi'2 =y + (At 2)(adv, ] dt); (5.13)

X=X+ Az‘(v;/2 /dt).

The time step 1s selected by the Courant-Friedrichs-Lewy condition [Morris 1997]:
min ( hl.)

ANM<C—"F——— (5.14)

. b
min (Cl. + ”Vl. )
i

where 1, ¢, v, — smoothing length, sound speed and velocity of the i-th particle,

accordingly. The constant C € (0,1) , namely, the stable calculation is observed if C =0.3 .

5.6. Droplet problem (testing of the method)
Consider the droplet problem [Ovsyannikov 1977] for testing the SPH-method. The
problem is formulated as follows: at the initial moment the calculation domain is a circle of the
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radius R = 1m containing the incompressible fluid. Deformation of the circle into an ellipse
starts under the influence of initial velocity distribution in the absence of external forces. To
provide incompressibility it is required that the area of the ellipse remains constant, i.e. ab =1
throughout calculation, where a and b are semi-axes of the ellipse. This problem has analytical
solution [Ovsyannikov 1977].

ym y.M

1.5F 1.5}

1F r
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Fig. 11: Droplet problem

The comparison between results, obtained using the SPH and analytical method, is
represented on Fig. 11. For numerical simulation of the problem by the SPH method the

following values are used: p, =1000 kg/m’ (initial density of the particles); ¢, =1440 m/s

(sound speed); o =0.1, B =0 (constants in the formula of artificial viscosity (5.9)). It was
used irregular distribution providing the equal number of particles neighboring the given one in
different directions.

Fig. 11 shows that the results of calculations by the SPH are in good accordance with
analytical data. The difference between the numerical and the analytical solutions doesn’t
exceed 0.5 %. More detailed testing of the method and solution of some model problems are
provided in the paper [Afanasiev at all 2006].

6. EXAMPLES OF NUMERICAL COMPUTING

The same values of ¢, o, B are used below. Besides, 7, = dx (interaction radius for
the Lennard-Jones forces), where dx - initial distance between the particles; D =0.049 (depth
of the potential well). The time step is selected using the CFL condition (5.14). For imposing
the solid boundaries conditions the Monaghan virtual particles are used.

6.1. Dam breaking

In this problem the fluid column of the density p,=1000 kg/m’, viscosity
p# =107 kg/(m-s) and the zero initial velocity field starts breaking under gravity at the moment
t =0.Fig. 12 shows the flow patterns for different moments with 900 particles.

yM y,M yM
2.5F 2.5F 2.5t
2F .. ot
Initial 4
151 location | t=0.3s 15} t=13s
g™ ! 1k
0.51 05f 051
0' L 1 L 1 L XM O' I i V’I i i iX,M 0|;  | |  i 'I,' |"‘IX,M
T 1.5 2 25 3 0 05 1 1.5 2 25 3 R e Ty

Fig.12: Dam breaking (N = 900)

6.2. Fluid-fluid interaction
Two fluid columns located at opposite sides of a tank start breaking under gravity at the
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moment /=0. In a certain moment the fluid flows come into collision and start interacting. The
dynamic viscosities of the both fluids are the same and equal to 0.5 kg/(m-s). The initial

densities of the fluids are p,, =1000 kg/m’® and p,, = 2000 kg/m*. In the calculation the fluid

columns are simulated with 900 particles each, the solid boundary consists of 661 Monaghan
virtual particles.

Fig. 13 represents the flow patterns at different time moments. The obtained results
show that the SPH method is an efficient tool for numerical simulation of multiphase fluid
flows as well.

6.3. Cavity collapse

The problem of a cavity flapping on the free surface is of interest to the researcher
because during the flapping process a cumulative jet of fluid with high velocity and complex
geometry is formed and the given phenomenon becomes difficult for mathematical modeling.
This problem was first formulated by M.A. Lavrentiev and investigated by V.K. Kedrinski with
the EGDA method [Kedrinskij & Lavrentiev 1983].

t=0.1s - _
Tnitial , S £=0.25s

location

Fig. 13: Fluid-fluid interaction

Cumulating effects arising during underwater explosions were discussed by Kedrinski in
his review [Kedrinsky 2000]. The applicability of the boundary element method on the basis of
the third Green formula for solving these problems is considered in [Terentiev and Afanasiev
1987]. Despite the long history, this problem is still interesting to both native and foreign
researchers [Kedrinsky 2000; Tuck 2000].

Below, the three-dimensional problem is considered. At the initial moment a
semicircular cavity is located on the free surface of inviscid liquid, filling a tank; the initial
density p =1000 kg/m*.The cavity starts collapsing under gravity at the initial time ¢ =0. The
results of numerical simulation are provided for 9625 particles. To verify reliability of the
obtained results we compared them with the ones obtained with Boundary Element Method.

Fig. 14: Cavity collapse (the dots correspond to BEM)

Fig. 14 presents comparison of the results of numerical simulation: the particles, location
of which is found by the SPH method; the boundary nodes found by the Boundary Element
Method — black dots.

6.4. Drop falling
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The problem is formulated as follows: a circular drop 0.01 m in diameter falls with the
initial velocity 2 m/s into the water in a tank. The initial density of the drop and the fluid in the
tank 1s p, =1000kg / m’; the viscosity is 1 =10"kg/m-s. A series of calculations was
performed for different number of particles and different time steps. The fluid in the tank and
the drop are simulated by 5400 and 139 particles, respectively. Fig. 15 presents flow patterns
for different moments.

£=0.0018c t=00297s 1=0.1017s

Fig. 15: Drop falling

6.5. Dam breaking with inclined boundary

The given problem is one of classic model of free surface problems, which is used for
verification of Lagrangian particle methods. The solid boundary geometry and the initial
position of the fluid column are presented on Fig. 15. The left boundary is set in the interval [0,
0.15]m, the right one is [ —h, 0.15]m, the horizontal boundaries of the bottom is [0, 0.1]m and
[0.3, 0.4]m; the inclined boundary is set in the interval [0.1, 0,3]. The initial height and width of
the fluid column are equal to 0.1m. The dynamic viscosity is 2 = 0.5 kg/(m-s) and the initial

density of the fluid is o, =1000 kg/m’ . The calculations are performed for 2500 particles.

The same problem has been considered using another method in [Cueto-Felgueroso at al
2004]. For comparison, both results are depicted on Fig. 16. One can see from Fig. 16a a good
coincidence between both methods.

b l ok Present results | [Cueto-Felgueroso at
, . £ = 0.208s all 2004]
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Fig. 19: Fluid spreading on the inclined plane

7. CONCLUSION

The above mentioned examples are evidence of high efficiency of BEM and offered
algorithms of computing. One may conclude that practically all problems of steady as well as
unsteady flows of inviscid fluid can be solved numerically by sufficient high precision. The
methods can be applied to numerical solving of poly-harmonic equations, and so other
problems of continuum mechanics (hydrodynamics, theory of elasticity, filtration etc) can be
calculated similarly.

Presented here examples show a high efficiency of SMH-method. The method may be
applied to investigation wide problems of unsteady flows.
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SUPERCAVITATION FLOW APPLICATIONS
SAVCHENKO Yu.N. - Institute of hydromechanics of NAS of Ukraine
8/4, Zhelyabov str., 03057, Kiev, Ukraine

ABSTRACT

The supercavitation on a flat wall and the supercavitation on bodies of
revolution are considered. Some results of theoretical and experimental
investigations of using the supercavitation flows on hulls of moving vehicles with a
purpose of reducing the hydrodynamic drag and increasing the velocity are given.
Simple calculation formulae and computer programs for estimation of the obtained
effect and energy consumption by providing the supercavitation flow regime are
proposed.

INTRODUCTION

The supercavitation flows are widespread in technics, where they became a
basis of elaboration of new technologies.

The wall supercavitation application in the friction drag reduction is very
attractive since the hull surface part, which is covered by a supercavity, is excluded
from the wetted surface, which is washed by the flow, and, hence, is not under the
hydrodynamic drag action.

Computer programs give a possibility to simplify essentially a process of
inscribing the vehicle into the cavity and to optimize the underwater motion
parameters [ 1, 2].

1. THE WALL SUPERCAVITATION

1.1. A supercavity on a flat wall

A scheme of the wall supercavitating flow on the flat wall is shown in Fig. 1
and corresponds to the supercavitation flow in the upper half of the plane of the
unbounded liquid flow around a flat plate cavitator.

The main parameters of the plane supercavity in the ideal fluid are determined
by the relations [4, 21]:

Lo)_ 4 {[(2%)}2_11114[(2;@}1}

2h 4+ o 2 o 4
Co)=~~(1+0)
(4+7T) , (2)
where L is the supercavity length; 24 is the width of the flat cavitator (the
(PO_PK)

o= U? /2 . . . P - P : .
plate); (ou?) is the cavitation number; “ois the pressure; ‘«is the cavity pressure;
U is the velocity; # is the water density; Clo)is the cavitator drag coefficient.

If one compares the cavitation drag of the flat cavitator

2
1+0)2% h1,
4+ 2 3)

(here h is the cavitator thickness (height), Zxis the element of the cavitator length)
and the hydrodynamic friction drag of the wall part covered by the supercavity,

X :2—ﬂ(
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pU*

X =& (Re) L(o)L,,

4
(here ¢Re) s the friction drag coefficient [7]), then for the low cavitation numbers
one can obtain the relation for estimation of the drag reduction from relations (3) and
(4). The coefficient K shows a ratio of the cavitation drag and the friction drag of the

part covered by the cavity with area ©* %«
K:XK :CO(U) h z0_26—2
X &(Re) Li(o) ¢(Re) (5)
Y\

Fig. 1: The scheme of suprcavitation flow around the wall cavitator

in the boundary layer

K | | It is visible from relation (5) that the drag
ol g X _02:0 | reduction coefficient K depends on © * and the

1 X <(Re) "7 | following condition is the condition of the drag

1 reduction presence (Fig. 2)

107 ,,’ o2 5
10:; K =<1 ,//‘ é(Re)< ) (6)
10 i b The boundary layer influence may be taken
10 A EZ; i84 | into account by averaging the dynamic pressure
10 /,” with respect to the cavitator height 4 in the
106 B2

Fig. 2: The supercavitation
effectiveness zone (K <1) pU? 1
2 h

1
2 ho2

° 102 100 o conditions of the distributed velocity v’(") in the
pU 2}
0

(7)

boundary layer:
2
Bfonst
o 2 9
1
y 7

where UU)ZU(E] 1s the theoretical distribution of the velocity in the turbulent

boundary layer on the smooth wall; 9 is the boundary layer thickness [28, 5]. Taking
into account the expression (7), one can introduce some effective cavitation number

o considering the velocity distribution in the boundary layer:
2
or=—tofe 0-1.28(2)7.
S
2 9\¢o (8)
Then the expressions for the cavity length and the cavitator drag (1), (3) are
given by
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5(6*): 448 _2.73 (ﬁf
h c? o’ \5)’

€

U’ 7

X =088%2 -0.78(ﬁj7 WL,
2 o (10)

Choice of the cavitation number range for the wall supercavity and estimation

of the friction drag reduction may be obtained from the relation

X; 2 5\7

TK 020 = 1.64-K(—]

X §(Re) h (11)
The relations (8, 11) show that for the cavitator dimension /=238 the

additional multiplier to the cavitation number becomes equal to i :U), and the
boundary layer influence may be considered as negligible. If the cavitator is relatively
small #=0.56  then the correction value becomes essential K =243K  The performed
estimation should be considered as ideal, without influence of other perturbations
which may be visible in the example of the wall supercavity formation on the vertical
wall.

1.2. The systems of wall supercavities

At presence of the flat film cavity the liquid flow does not interact with the
wall, as a result the friction force is absent. In this case the condition of sliding is
realized on the free boundary of the supercavity [24-27]. The sliding on the part with
the supercavity restores the undisturbed velocity profile in the boundary layer that
results in increasing the drag of the adjoining part located in the wake past the
supercavity. The calculation method is based on the numerical solving the Prandtl
equations in variables “~Y, where #is the longitudinal velocity, ¥ is the streamline
function.

For the steady laminar plane flow of incompressible liquid the boundary layer
equations is described in the Cartesian system of coordinates in variables “~

2
ou 6l//6u: ldp pnou (12)

ox x oy pdc pd’
where u is the velocity components in the projection onto the axis OX; v(®.2)is the
streamline function satisfies the equation of continuity by definition
v
6y ox , (13)
v is the velocity component along the axis y; uis the dynamic viscosity coefficient;
dp/ dx 1s the longitudinal gradient of the pressure which is considered to be given.
) S Fig. 3 shows the scheme of the boundary
layer near the plate on which the conditions of
] adhesion and sliding are periodically given. On
the length a of each period ?=//M. where M is
¢ the number of zones of adhesion and sliding of

Fig. 3: The scheme of boundary the liquid, the adhesion condition is performed
conditions on the plate with the u=0, y=0, (14)

periods of sliding and adhesion 44
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and on the length -« the condition of sliding is performed when the second shearing

stress 7 =Hou/% is equal to zero, hence,

ou

Z-o.

o (15)

The ratio of the summary zone of sliding and the plate length is determined by

b-a

the porosity parameter b and the ratio I/b = M characterizes the uniformity of
the boundary conditions.

For the given pressure gradient dp/dx the boundary conditions (3) and (4) are
sufficient for obtaining the solution of the boundary layer equations (1) and (2). The
calculation zone along the axis OX is bounded by the plate length /, and in direction

) .. 5
of the axis OY it is bounded by the value 7=
Y JRe

laminar flow were performed in the range of Reynolds number from 10° to 5 - 10°.
The friction coefficient

[. Calculations of the plane-parallel

. _2F
S 2
o1, (16)
. . M-1ibza . .
where the friction force F=Y_ I t,dx, and the friction stress on the wetted surface
i=0 ip
T, = u% _ Hu, Uy =U, ; on the sliding part the friction stress is equal to zero.
oy 0 I Y=Y
-

As a result of non-linearity of the boundary layer development, the parameter
of the boundary condition uniformity M influences on the friction drag additionally to
the porosity parameter.

The maximal value b/ = 1 corresponds to M = 1, i.e. the maximal gain in the
hydrodynamic drag reduction may be obtained at maximal length of the sliding part
on the plate. For this case the drag coefficient is determined analytically:

. 1.35 1.35 135 s
! \/_ ~JRe (17)
Fig. 4 shows the dependen01es of the drag coefficient on the porosity parameter
for various values of the parameter M.
As a result of the performed investigations the interesting non-trivial
conclusions were obtained. They will be important for the next investigations.
* Both the surface porosity S and the
parameter M influences on the drag coefficient
¢ » 10 value.

204

81 * The maximal gain in the drag reduction

10006, 10 * for the given porosity is realized at minimal
parameter M.
o * In the case of a lot of the modules (M >
00 Re=5 10° 20), which periodically realize the fluid sliding
00 o0z o4 o8 o8 1o on the flowed surface, to reduce the drag on
Fig. 4: The dependesnce of the drag 45

coefficient on the porosity
for various values of the parameter M



10% it is necessary that the surface porosity is no more 90%, whereas 30% of the
porosity is sufficient for one module.

2. THE SUPERCAVITATION MOTION

OF AXISYMMETRIC BODIES

For the shape and dimensions of the cavity formed by a disk, the Institute of
hydromechanics of NAS of Ukraine has proposed the calculated formulae [6]:

R*(x)=3.659+0.847(x —=2)-0.2360(x - 2)* ) (18)

R, = 365942000 _g 3
c o

where x=x/R,; Xx>2; 0.01<o0<0.06.

One has also the theoretical formulae by Carabedian

/ D | L Int
D.=D, C"; L =—* cxhll; A=—"S= < |
o o o D, o

In this specific case the formalization of the supercavitating hull dimensions
should be performed by comparing the dimensions and volume of the hull and the
calculated supercavity volume and dimensions. Taking into account that for high
Froude numbers the supercavity shape is close to an ellipsoid of revolution, for the
supercavity shape one can write the expression

)
— | —x
5 2
rt=—-—0—
A (19)

Then the supercavity volume will be equal to

2
V.= gan L,=067nL A’

; (20)
where 7R L is the volume of the cylinder circumscribed around the elliptic
supercavity; "e/7RL=2/3=K.is the coefficient of the supercavity fullness with

respect to the circumscribed cylinder volume.

2.1. The supercavitation usage effectiveness

In the general case the calculation of hull drag related to the characteristic
surface is not sufficient to estimate effectiveness of real weight transportation.

To know the energetic cost of the transportation of the displacement unit or the
real weight is the more important. Therefore, the volumetric drag Cy related to the
vehicle volume

Y 7‘3 2/3
szl

and aspect coefficient of energy inputs [8] Q } are used in shipbuilding

(here, X is the drag; # is the water density; U= is the velocity; ¥ is the volume; QO is
the displacement).

21)

N | kBt
T

The calculations have shown that for slender cones (# < 15%) when #<45 the
friction drag exceeds the pressure drag. The minimal coefficients of the volumetric
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drag is attained at decreasing ¢ with using the cones with big angles # close to a disk
(# =90°.

T The two possible schemes of using the
B ‘ supercavity [7] are considered.
— Scheme 1: “cone—cavity”' (Fig. 5, a).
l Lex Jg 0.5L N Scheme 2: ““cone—cavity—cone” coincides

with theoretical calculation Riaboushinski

B | scheme (Fig. 5, b).
S The cavity part from the cone base to
. L | L | y the cavity mid-section Z= and half-cavity 0.5
b B ~ Lc may be conditionally marked in both the
Fig. 5: The schemes of supercavitating flow:  schemes. In the general case the cone drag
a— Scheme 1 — ""cone —cavity"; may be considered as a sum of two

b — Scheme 2 — *“cone —cavity —cone"

friction drag XF:

components — the pressure drag XP and the

2 2 2
X=XP+XF=CV(ﬁ;0)’D.V ﬂ-r2+Cx(Re)p.V 7r‘-r .
: 2 2 sinf (22)
For cones with big angles f — /2 the pressure drag Xp will be dominant,
where the cone base area is taken as the characteristic surface.
For slender cones when f — 0, the friction drag Xz will prevail, where the area
of the lateral cone surface 1is the
& characteristic surface. Basing on the scheme
B, \_—  of viscous liquid flow with the boundary
‘ layer formation (Fig. 6), the real flow will be
- : / G pushed off from the cone surface*on the
4 distance of the boundary layer shift 6 [2].
According to this scheme the
Fig. 6. The scheme of flow around the cone  boundary layer presence results in implicit
with the boundary layer formation increasing the cone angle and cone base

radius:

Br=B+f,=p+p=p+

57; r.=r+0".

(23)

For example, for Re=10"the additional angle 7 . In the supercavitation
flow the pressure drag is considered as the cavitation drag. Then according to the
theoretical and experimental investigations the drag coefficient Cx(B;c), which enters
in expression (22), has the following structure [3 — 5]:

Cu(b:0) = Cuo(p) (1 +0), (24)
where C,(f) 1s the cone drag coefficient when o = 0.

The dependence Cy(B;0) in the range 15° < B < 90° was studied sufficiently in
detail in the L.G.Guzevski work [3]. For the small cone half-angles (8 < 15°) 1.G.
Nesteruk has proposed the formula [7]

CXO(,B):—z-,Bz(lngﬂj.

=0.13°

(25)
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With taking the expressions (23), (24) and (25) into consideration, the formula
for the cone drag may be rewritten in the form

Br
2
where A+

Cxﬂ: sz
0.15

06,10

0.05

5° 10° e
Fig. 7. The slender cone drag:
Cyo 1s the pressure drag coefficient;

Cxs 1s the same with taking the viscous
friction into account

where

1.14C,(Re)0.75 7L, D,
Cyr = 23

is the drag coefficient of an ellipsoid of revolution which is equivalent to a

supercavity:

4
(o}
CVC=1.213/Inl

C, = —2-ﬂﬁ(ln —+1J(1 +a)+%cxp (Re)

—0.008332

(26)

=p+5° ,and 9" and C,, are determined from the conditions [28]

* 1
5, =—"=0.02-Re 7,

X

1
C,, =0.0307-Re 7.

The results of calculating the cone drag
coefficient by formula (25) and (26) are shown
in the graph in Fig. 7. The results of calculating
the volumetric drag coefficient for both the
schemes are graphically given in Fig. 8. It is
possible for the bodies of revolution to define

the cavitation application zone where
Cyr [Che >>1 ~ 108-
i /Cre >>1 Re = 10"
Cy 01 CVT
S = o=0,
/ =, Cye
0,04
——0— Scheme 1
—V— Scheme 2
X\ + disk B=90°
0,03 \{\
0,02
\\%
0,01
6=0,01 |
0 5° 10° 15° B° 90°

Fig. 8. The volumetric drag coefficient
of schemes 1 and 2

is the volumetric drag coefficient for a disk with a supercavity [7].
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3. MANEUVERING AT THE SUPERCAVITATION FLOW
To ensure turning the hull with mass m along the circulation radius R with
velocity U it is necessary to create the centripetal force F (Fig. 9):
- mU 2
s
If in the supercavitation motion the hull interacts with the liquid by the nose
and rear parts, then the centripetal force F- has two components: nose Fcy and rear
Fcg. In this case the turning will be realized under action of these two forces placing
in the turning plane with the radius
. mU* 2pV
CF,+F, S,C,+S,C,

Fe

where 7" are the density and volume of the hull;$¥>S# are the characteristic areas
and Cev-Cer are the coefficients of application of the nose and rear forces. In the
supercavitation flow the characteristic areas S¥-5k are in 2 + 3 orders less than in the
non-separated flow. Hence, the radius R at supercavitation will be correspondingly
bigger.

The rear lateral force Fcr forms simply
owing to planning of the rear part of the hull
along the cavity surface

2 2

E\/;\\ FCR:CCR(Q’H)%'%
B where Cal@H)is the coefficient of the lateral
Fig. 9: The scheme of maneuvering  force of the planning rear part as the function of
o and the rear edge immersion H. The lateral
force in the nose part, which is necessary for maneuvering, must be specially created.
Applying the cavitators, which assume the angular deviation a or the shift relatively

to the central axis of the cavitator, is the simplest method of its creation (Fig. 10).

The necessity of joining the many functions in the cavitator — the supercavity
formation, maneuvering, hydroacoustics, water inlet complicates obtaining the
general engineering solution, searching of which requires bulk of research works.

Fig. 11 shows the photograph of testing the cavitator, which joins functions of
the water inlet, maneuvering and control of the cavity shape in the hydrotunnel.

Fig. 12 shows the scheme of a device for control of the supercavity dimensions
at the constant cavitator diameter.

One can adduce the investigations of the force at planing of the cylindrical part
of the hull along the supercavity surface as a case in point.

b For
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Fig. 10: The lift control device

The investigation of the cylinder planing

and calculation of maneuvering of bodies
revolution in the supercavitation flow regime

along the supercavity surface is caused by the
necessity of predicting the stable motion regimes

‘ The planning of cylinders and cones along the

plane surface was investigated by theoretical and
Fig. 11: The lift controldevice  experimental methods by  G.V.Logvinovich,

by deviation angle « E.V.Paryshev, A.D.Vasin, T.Kisenyuk [8-12].
CH
Cus
ar.:::/_é____; sl
1— o —2f=180"
: ;{ ;i{ A e N/ - &,
- 4 a-oegr | L M 14— \ N
0.6 &
3/ k! VI

ke —_—

0.2 —
i 0.2 0.4 0.8 0.8x0,

x/ D

n

Fig. 12: The drag control device.Drag coefficient Cx versus stroke —

for a family of cones 60" <2/ <180 , Cxdis the disk drag coefficient

It was found that the angle of attack o, the rear edge immersion H, the value of
washing the cylinder surface S and raise of the free surface level [13] are the

acting onto the planing cylinder.

50

Fig. 13. The photo of the side view
of the planing cylinder with diameter
D = 51.5 mm in the supercavity hollow

determlmng parameters at estimating the coefficients of the hydrodynamic forces

The hollow having the semicircle section
(Fig. 13) was formed on the open surface of the



hydrodynamic impulse tunnel to investigate the planing. This hollow corresponded to
the lower part of the semi-cavity cut off by the horizontal plane along the cavitaor
axis. In the middle part of the hollow, where the radial velocity is equal to zero, the
measurements of the lift were performed for a series of planing cylinders at different
immersions and angles of attack.

The results of the performed experiments for a family of the cylinder models
with diameters 2=20+51.5mm have shown exact increasing of the lift with increasing
the model scale and respective changing the Froude numbers #7=13+22. For
application of the experiment results for practical purposes we can recommend the
approximation relation for planing along the plane surface:

—=\2
F =0.8a -ﬁ+1.2-105@,
Fr
where a =1+8° in radians; H <0.5; Fr,, > 10.

According to the experimental results for planing of the cylinder along the
supercavity surface the approximation formula is proposed to calculate the lift
coefficients:

F =0.8aH +10Ha’D?, where @=1+10" in radians;
_ 2H _
H:3<05, D:D/DB:0—09

A comparison of the obtained results at planing of cylinders along the plane
surface with results of other authors [8 — 12] showed good coincidence for
corresponding values %77

4. POWER OF SUPERCAVITATION MOTION

In the supercavitation motion with constant velocity (U =const) the hull drag X

must be balanced by the thrust 7" of the supercavitating vehicle propulsor:
2

2
X:CX&ERE :o“&ﬂRc2 =T,
2 2 (27)

where C,=0.82(1+0c) is the drag coefficient for a disk in the supercavitation flow;
S =n R} is the area of the disk(cavitator) surface area.

The jet propulsor thrust may be estimated by the formula

T'=m,0, ’ (28)
where i =dm/dt is the mass rate of the propellent; O, [2<] is the specific impulse of

the propellent.
One introduces the propellent volume V', as the cavity volume part:

2
V,=K,V, :Kpgan Lc’ 29)
where K, 1s the fullness coefficient of using the cavity volume for the propellent; R, ,
L. are the cavity radius and length, respectively.
Then, the propellent mass on the vehicle board will be equal to
24R 2L,

M =p K
» =P r 3 ‘ (30)
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With considering the expressions (27) and (30) the propulsor operation time is
determined as:

M, oM,

, 4. 9P L
3

mp T ’ U2 p O (31)
The formula of motion range S is determined as the product of the time ¢ on the
velocity U from relation (31):

s-ui=tg QP L
Uupo, (32)
At optimal designing the vehicle the hull length will be equal to the cavity
length, i.e.

L =L

In this case S :% expresses the range in terms of the hull vehicle length, then

the formula (32) may be given in the dimensionless form:
5.5 _4%p,0
L, 30 p U ‘ (33)
It 1s interesting to note that the three parameters characterising the propellent
K, p,,0,and three parameters characterising the supercavitation motion

hydrodynamics o,p,U enter in the formula for the range determination. In this case
the range depends directly proportionally on the propellent parameters and is in
inverse proportion to the hydrodynamic parameters.

If we accept that

% =30; Pr _ 1.7, K,=06; 0=0.02, then the motion range will be

o)
S =2040.The required specific power for the supercavitating vehicles is determined
as a ratio of the useful power to the hull volume inscribed into the supercavity
XU 4 U o [kWt}

kv, 3Pk L | w

(34)
where V. is the supercavity volume, K, is the coefficient of the hull volume fullness.

For 6 = 0.02; K, = 0.75; L. =10 [m]; U = 100 [m/s] the specific power is equal
N, = 1000 [kWt/m’]. For the velocity U = 200 [m/s] it attains the value 8000
[KWt/m’].

This value on 2 — 3 orders exceeds analogous values for diesel, electric, atomic
power installations. Therefore, gas turbine installations and jet-propelled installations
using the metallic propellent should be considered as perspective for the
supercavitating vehicles with increased motion velocity. They used the outboard
water for oxidation and cooling of the combustion products [14].

A number of metals reacting with water: beryl, boron, zirconium, lithium,
natrium, magnesium, aluminium may be considered as the metallic propellent. For
example, the magnesium combines with water and forms magnesium oxide and
hydrogen [17, 19]:

Mg +H,0 =MgO +H, — 315.4 [kj/mole], (35)
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and 1in this case 315 [kj/mole] of the thermal energy is evolved, and high temperature
of the combustion products becomes beyond 3400° K. The equation of the thermal-
chemical reaction with excess water is given by

Mg+ (n+1)H,0=MgO+nH,0+H,, (36)

O+ (n+1)-285.84)=(-601.24)+ n(-241.84)+ O,
where n =0, 1, 2 ... is the quantity of moles of the excess water, enthalpy at forming
the complex matter for temperature 298° K is given in [kilojoule/mole]

The equation of the reaction energy balance is given by

AH 5 :(315.4—}1-44)[ K }
mole , (37)
where 0 < n < 7.17 shows that the energy liberation is ceased at the excess water
parameter n = 7.17.

Providing the energy supply sufficient for heating the magnesium up to the
temperature of melting, fusing and vaporization (298° K — 1376° K) is required for
combustion of 1 kg of magnesium in the vapor-gas regime[17-19]:

EZ = E1+ E2+ E3 =1.1+03+5.6= 7[MJ/kg] (38)

The energy balance equation (37) shows that such energy value may be
ensured for the excess water parameter 7<4.

According to the momentum law and the theorem of impulse the rocket engine
thrust at full expansion of the gas in the nozzle is determined by the formula

P=mU,/g=mQ, [N], (39)
where U; is the theoretical (ideal) velocity of gas outflowing from the nozzle.

The specific impulse O, will be determined by the same expression as for the
ideal velocity:

o3 |-o[3] “

In thermal dynamics the velocity of gas outflowing is calculated by the formula [18]

K-1

K P.\ K
U, = 2gﬁRTk- 1—(P—C] =J2AH 7,

K

(41)
where R = 0.848 [kGf m / mole K] is the gas constant of the combustion products; Tk
is the temperature of gases delayed in the combustion chamber; P g is the pressure in

the combustion chamber; Pc is the pressure in the environment (cavity); K is the

AH:L

RT, .
adiabatic exponent of the gas expansion in the nozzle; K-1 is the thermal

K-1

P' K
v
effect of the propellent combustion; is the thermal efficiency for the
ideal cycle. In our case, when the water is captured from outboard and the payload
volume is used only for magnesium, one should introduce a coefficient indicating the
magnesium proportion in the mass of initial matters:
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r m(Mg) B 24.3 0575
M m(Mg)+ (n+1)m(H,0) 243+ (n+1)I8 1+0.43n" (42)

The adiabatic coefficient for the gas mixture outflowing from the nozzle (in
this case H,; H, O and solid particles MgO) will be determined as the value averaged
by mass:

1+0.51-n
1+0.435-n° (43)

where 7z is the mole quantity of the excess water.
Taking into account the relations (41-43), we obtain the expression for the
specific impulse:

0, =\2AHy K, {ﬁ}
ke (44)

as the function of the excess water parameter n and expansion of the gases in the
nozzle Fx /% [15, 16, 22].

9, (. Fe/Pe) has a maximum when 7 = 3 and for A</Pc =20 attains 5600 N for a
kilogram of the propellent per a second. This exceeds in some times the impulse of
contemporary solid propellents [18]. In this case a ratio of the mass rates of the
propellent and water will be 1/4, and for the volumetric rates the ratio will be 1.68.
This means that only 12.8 % of the full necessary volume of the propellant and
oxidant is required for the propellant on the board.
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AHHOTALUA

B pabome paccmompenvr nosasuswmeca nocie paspabomox A.H. Kpwinosa
OCHOBHble pe3ylbmamul UCCIe008aHUl, HANPABIEHHbIX HA CO30aHue Memooo8
OUHAMUYECKO20 paciema CKOPOCMHBIX U 8blcOKOCKOpocmHublx cy00s (CBC).

A.H. KpbU1OBBIM BBITIOJIHEHBI TEPBbIE HUCCIEAOBAHUS MO BUOpALMU CYIOB B
UCTOPUU OTEYECTBEHHOro cyaoctpoenus. B centsabpe 1900 r. ¢ momouisio
cKOHCcTpyupoBaHHoro um mnpubopa A.H. KpbuioB mnpousBen 3amuch BuOpanuu
kpericepa «I'pomo6oit» [1, c. 398]. TlosydeHHbIE TIPU 3TOM 3KCIEPUMEHTAIBHBIC
JAHHBIE, a TaK)KE pe3yJbTaTbl TEOPETUYECKUX H3BICKAHWM MOCIY>KWJIM OCHOBOM
Kypca JIeKIIMi 10 BUOpaluu Cyl0B, KOTOPbIA OH Hadan yutarh B 1901 r. cHauana B
Mopckoit akagemuu, a 3areM B [leTrepOyprckom moaMTeXHUUYECKOM MHCTUTYTE. DTOT
Kypc u3fan B qutorpagupoBannoM Buse B 1908 r. [2]. Pe3ynbTarsl uccinegoBanuii
A.H. KppimoBa 0000111eHbI B €r0 KamUTAIbHOM TpyJe - KHUre «BuOpauus cymnoB»,
MepBoe U3JaHue KOTOpod ObLIO ocymiecTBieHO B 1936 rT. B Helt BmepBbie B
CHUCTEMAaTU3UPOBAaHHOM BHUJI€ OBbUIM PACCMOTPEHBI BOIPOCHl U CIOJIB30BAHUS
AHAIMTUYECKUX M YMCICHHBIX METOJIOB pacuera oOlied W MECTHOH, a Takxke
CBOOOAHOW M BBIHYXKJIEHHOM BuUOpauuu cyaoB. [lpu aHammu3e BBIHYXICHHON
BUOpallMi BHUMAaHUE YAEJSAIOCh KaK NEPUOJUYECKUM, TaK U HENEPUOIUYECKUM
BO3/ICHCTBUSIM; YKa3bIBAJIOCh HA HEOOXOUMOCTD Y4eTa IIPU 3TOM CHJI, 3aBUCAIIUX OT
0000IIEHHBIX CKOPOCTEH KoJebaTelbHOro JBUKEHUS (KaK IUCCUIIATUBHBIX, TaK U, B
HEKOTOPBIX CIy4asx, THPOCKOMUYECKUX).

Bynyun co3narenem coBpeMEHHOM T€opru KopalJisi U OJHON U3 BAXKHEHUIINX ee
yacrel — yuyeHus o kauke, A.H. KpbuioB riiyboko moHuman npoOieMy BHEUIHUX
BO3JIEHCTBUI Ha KOpaliab. OH yTBEp)KIal, YTO CBEACHUS M3 3TOr0 YYEHHUS HYKHBI
“rmaBHBIM 00pa3oM ISl TOTO, YTOOBI MOJYyYUTh JACHCTBUTENLHBIE TOJOXKEHUS,
NpUHUMaeMble KopabjieM Ha BOJIHEHMHM, W JJs pacyeTa ero HampsbKeHHOro
COCTOAHMS . B COOTBETCTBMM C TakMM YMO3aKJIOUEHUEM, WM BBIIOJIHEHBI
OCHOBONOJIAralolIMe MCCIACAOBaHUSI BHEIIHUX CUJI [3] WM WX MHTErpaIbHbBIX
XapaKTepUCTUK (M3ruOalOIMX MOMEHTOB, IIE€pPEePe3bIBAIOIIMX CUJI), a Takke
HaIIPSDKEHUM B CBS3AX KOpIyca CyJHa MpPU JBUKEHHUU €ro B YCIOBHSX BOJHEHUS. B
pe3yabpTare S3THX HCCIECIOBAaHUM BIEPBBIE MOSBWIIACH METOJAMKA ONpPEIEIICHUS
BHEIIHUX CUJIOBBIX BO3JECHCTBUI KAaK HEKOTOPOrO MPOLECCA, CBA3aHHOTO C KAYKOU
cyaHa. OHa npencTasiisiia co0oi albTepHATUBY crocody J. Punia, B COOTBETCTBUU C
KOTOPbIM BHEIIHWE CHJBI, JCHCTBYIOIIME Ha KOpIyca TUXOXOOHBIX CYHOB,
HaXOJWINCh CYry0o HpuUOIMKEHHO (MyTeM MOCTaHOBKM CyJHA Ha MOJOIIBY M Ha
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BEpIIMHY BOJHBI U PACCMOTpEHHs ero crarmyeckoro pasHoBecus). s CBC npu
OLIEHKE MX MPOYHOCTH BAXKEH YYET CUJI MHEPIMOHHOI'O BO3ACHCTBUS JKUJIKOCTH Ha
KOPIYCHBIE KOHCTPYKLHMH, IO3TOMY METOAMKA Puja Moria Juib UCIOJIb30BaThCA C
CYLIECTBEHHBIMU OTPaHUYEHUSIMU JJI OLIEHKM HAarpy30K Ha OOBIYHBIE THUXOXOJHBIC
cyaa. Ilonxonst A.H. KpbuioBa x (opmMupoBaHHIO NPUHUMIIMAIBHO HOBOI'O MYTHU
pelieHus: TpoOIeMbl BHEIIHUX Harpy3oK, a Takke K pa3padoTke Teopuu BUOpalUu
CyaHa IOATBEPXKAAIOT cClpaBeMBOCTh BbiBoAa I[1.@. [lankoBuua o TOM, 4YTO
“ocHoBHOM 3aciyroi A.H. KpbuioBa mepen pycckum KopabJieCTpOCHHEM SIBIISIETCS
TO, YTO OH, 00JIajiasg caM HUCKJIIOUUTEIbHO OOJBIION CaMOCTOSITENbHOCTBIO MBICIH,
NPUYYMJT PYCCKMX KOpaOENbHBIX HHXKEHEPOB HUIATH B CO3aHUM KOpaOelIbHbIX
KOHCTPYKLHI COOCTBEHHBIMH MYTSAMH, NOJIarasch Ha COOCTBEHHbBIE CUJIBI U pa3yM, U
OTYYHJI UX OT pabCKOro KOMMPOBaHUS MHOCTPAHHBIX 00pa3uoB” [4].

B paspaborkax A.H. KpsutoBa mpocnexuBaeTcsi JBa  HarlpaBJICHUS
HCCIIE0BAHNM, CBSI3aHHBIX C JUHAMMUYECKUMH PAcCYy€TaMH CyJOB — aHAJU3 BHEIIHUX
BO3JICHCTBUI Ha cynHo (mepBas mpoOjemMa) M CO3JaHME METOJI0OB pacuera
JUHAMUYECKUX PeaklMil KOHCTPYKIUH (BTopas nmpobsema). CyliecTBEeHHbIN BKIAI B
pa3sBUTHE 1591 (337 A.H. KpsuioBa BHEC aKaJEMUK 0. A. IlumaHckuid,
YCOBEPUICHCTBOBABIIMN pacyeTHbIE CXEMbl OIEHKM I[apaMeTpoB BUOpalUu WU
MPEMIOKUBIINKM OPUTMHAIBHYIO TPAaKTOBKY METOAA IJIaBHBIX KoopauHar. MM xe
BBITIOJTHEHBI TIEPBBIE UCCIEAOBAHUS B 00JIaCTU TMHAMHUKHU BBICOKOCKOPOCTHBIX CY/IOB,
HallpaBJieHHbIE Ha penieHue rmnepBod mpodsnembl. B 1946 1. HO.A. llumaHckum
pazpaboTaHa  METOJMKA  OIEHKH  Harpy3oK, ONpPElNe/IoIMUX  IPOYHOCTh
INIACCUPYIOIIMX  KarepoB [5]. DOTa MeToAMKAa OCHOBBIBAJIACH Ha JaHHBIX
AKCIIEPUMEHTOB U OOJBIIOTO OMBITA AKCILTyaTallMH OO0EBBIX MIIMCCHUPYIOIIUX KaTEPOB
B IIPEABOCHHBIE U BOCHHBIE TOJIbl. B KauecTBE OCHOBHOIO “‘yCIIOBHOT'O M3MEPUTENS
BHEIIHUX CHJIOBBIX BO3ACHCTBUI ObUIM MPUHATHI BEJIMYMHBI Oe3pa3zMepHbIX
yCKOpeHU (Meperpy3ok) cyaHa Kak a0COJIIOTHO >KECTKOro Teja, 3aMEPEHHBIX B
AKCIIEPUMEHTAX U CIY>)KMBIIMX B Ka4€CTBE UCXOJHON MH(POPMAIIUU TPU BBITOJIHEHUH
pacyeTHbIX OLIEHOK. M3rubaronme MOMEHTBI B MOMNEPEYHBIX CEUEHMSIX Kopryca
OIPENESIINCh C YUETOM PacHpesiesieHus Macc CyqHa IO €ro JUIMHE U Psiia APYrux
KOHCTPYKTHUBHBIX IapaMeTpoB Kopnyca. HecMoTpst Ha ompenesneHHbIE HEOOCTAaTKH
(oTcyTCcTBHE ydyeTa MHEPIMOHHBIX CBOMCTB JKUJIKOCTH U TUHAMUKH Ae(OPMUPOBAHUS
KOpITyca), KOTOPbIE MOTJIM MPUBECTU K JBYKPATHOMY 3aHUKEHUIO, JINOO 3aBBIICHUIO
Harpy3ok, noaxon FO.A. Illumanckoro Kk paccMOTpEeHHIO U3ruda CKOPOCTHOIO CyJIHA
Ha BOJHEHUU UMEN U OOJIbIIME METOAOJIOTMYECKHE JOCTOMHCTBA, BCIEACTBUE YETO
OH JIOCTaTOYHO JOJITO MCIOJb30BAICS B MPAKTUKE MPOCKTUPOBAHUS TNIMCCUPYIOIIHNX
karepoB. B 1954 r. meroauka FO.A. llumanckoro Gbuta yrouHeHa Ha OCHOBE Ooliee
nonHbIX onbITHBIX AaHHbIXx M.K. CmupnoBoii, B.H. CepoBeim n B.K. IBunkom. B
TaKOM YTOYHEHHOM BHJE OHA UCIIOJIb30BaJIach 10 1999 r.

[Tonxon FO.A. llumanckoro coirpai 00JbIIYIO POJb HE TOJIBKO MPU CO3TAHUU
HOPMAaTUBHO-TEXHUYECKOW JOKYMEHTAUWHU [JIS TJIUCCUPYIOUMX CYAO0B, HO H
MOCIIY)KUAJI ~ METOJO0JIOTUYECKOM OCHOBOM  (“00pa3lioBBIM  JOKYMEHTOM) MpH
CO3JaHMHU  METOAUMK  pacyeTra Harpy30K M  MPOYHOCTH  JAPYTHUX  THUIIOB
BBICOKOCKOPOCTHBIX ~ CYIOB (Hampumep, CyIOB Ha TMOABOAHBIX KPBUIBAX).
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[Ipumenutensno k CIIK wucnosib3oBaHue 3TOro MNOAXOAAa OKa3aloch BecbMa
MJIOJOTBOPHBIM  [6], TOCKOJBKY B pEXHUME, MPEACTABISIOMEM HauOOIbIIYIO
OIMACHOCTH JJISl MPOYHOCTU CYJAHA M €ro KPbUIbEBBIX YCTPOUCTB, (XO/€ Ha KPBUIbSX C
OOJBIION CKOPOCTHIO) MOXKHO TOYHO VYKa3aThb MecTa HPUJIOKEHHUS Harpy3ok,
M3MEHUYMBOCTh MPHUCOCIUHEHHBIX MAacC JKUJIKOCTHU B  YCJOBHUSX BOJHEHUS
HECYILIECTBEHHA, a BJIMSHUE CHJI, CBSI3aHHBIX C HaMYMEM 3THX MacC, MOXHO HE
YIUTBHIBAaTh, TAaK KaKk OHM JIOKAJM30BaHbl B TeX K€ MecTax (Ha KpbUIbEBBIX
YCTPOMCTBAX), UYTO U BO3MYLIAIOLINE CUIIbI, BEI3BAHHBIE BOJTHEHUEM.

CoBeplIeHHO HEY/IOBJIECTBOPUTENbHBIE PE3YIbTaThl AAET TAKOW MOAXOI, €CIH
OH MCIOJIb3YETCsl I CYZI0B Ha BO3AYUTHOW MOJYIIKE U CKOPOCTHBIX KaraMapaHoB. Y
TaKUX CyIOB HaOrogaeTcss 00JbIas U3MEHYMBOCTh MPUCOEIUHEHHBIX MacC BOJBI B
YCIIOBUSAX BOJHEHUS, a MPUCOEAMHEHHbIE Macchl, Hanpumep, y ampuounitneix CBII,
HaxXOJSIIMXCS B PEKUME IJIaBaHUs, MHOTOKPAaTHO (B JAECATKH pa3) MPEBBILIAIOT
MaccoBoe  Bojou3MelleHue cynHa. [lonmoxeHue — ycyryonsiercss — HaldyueMm
PE30HAHCHBIX SIBJCHUN NpPHU B3aUMOACHCTBUM KOpHyca ¢ BOJHAaMHU (KOTOpbIE MOTYT
COMPOBOXKIATbCA M3MEHEHUEM  pAaclpeAesieHHOro MapaMeTpa THAPOYIpYrou
CUCTEMbl — MPUCOEAUHEHHON Macchl XKUAKOCTH). [IpuunHON moOsIBIEHHS OONBIIMX
MEepPerpy30K SBIISIOTCS HE TOJBKO (M HE CTOJIBKO) yAaphl KOpIyca Cy/IHa O BCTPEUHbIE
BOJIHBI, HO W MYJIbCAlMU JABJICHHUS BO3AyXa B BO3AYIIHOM MOAYIIKE, JAIEKO HE
BCEI/Ia BBI3BIBAIOIIME CYIICCTBEHHBIE OOIME W MECTHblE JedopManuu Kopryca.
BBuay HEnpurogHOCTH TakoOro MOAXOJa K OIEHKE Harpy3okK, OIpeaessionmX
NpoyHOCTh  amMPuOuiHbIX U ckeroBbix CBII, oH Obl1  HCKIIOYEH U3
CyAOCTpOUTEIbHOW TIpakTUKH B 1980 T., W 3aMeHEH JApPYrUMH croco0amu,
OCHOBAaHHBIMH Ha aHaJIM3€ TUJPOYNPYTrUX KoJNeOaHUN KOPHYCHBIX KOHCTPYKIUN U
HalleIIIMMU OTPaKEHHE B HOPMAaTUBHO-TEXHUYECKUX JIOKyMeHTax Poccuiickoro
Mopckoro Perucrpa Cynoxoacrsa [7].

Oco0oe 3HayeHHWE NpPU BBHINOIHEHUH IUHAMHYECKHX pPAcCyETOB CKOPOCTHBIX
CYyAOB HMMEIOT METOJIbl TEOpUHM Trujpoynpyroctu. Hauamo ee pa3BUTHS MOXKHO
oTHecTd K 1924 r., B KoTOpoM mnosiBuiack padbora JI. Hukomnca, oOHapyXuBIIEero, 4yTo
IpU TOTPY)KEHUU B BOAY MOJENU Cy/Ha €€ HHEPIUOHHOCTh YBEIMYMBACTCS, a
4acToTa CBOOOJHBIX KOJIEOaHU CYIIECTBEHHO CHUXaeTcs. B nanpHelmem nonodHoe
YBEJIMUYECHHE MHEPLUHUOHHBIX CBOMCTB YYHMTBHIBAIOCH BBEJCHUEM B pacueT BUOpanuu
MPUCOEAMHEHHBIX MAacC IKUJKOCTH, aHaJM3y KOTOPBIX MOCBSIIEHBI PabOThI
MaynnuHa, JIstouca u JIokBya-Tennopa. B oredecTBEHHON IPAKTUKE YUETY BIUSHUS
AKUJIKOCTU U MPOCTPAHCTBEHHOI'O XapaKTepa €€ TeUeHUs Ha MHEPLMOHHbIE CBOWCTBA
CyAHa MpU €ro BHOpallMM HAa OCHOBE KOHLEMIIMM MPUCOSAMHEHHBIX Macc ObUIH
nocBsmensl  uccienoBanus — H.H. ba6aesa  [8], C.K. lopoderoka  [9],
J.M. PocroBuesa[10-11], C.B. CounHCKOro M MHOTMX APYrMX aBTOpoB. B wacru
pPa3BUTHS YHMCIEHHBIX METOJOB pacueTa BHOpaUUM YOPYTrUX Tell B SKUAKOCTH
Oonpiio Bkiam cuaenan B padbore O. 3enkeBuua [12], BmepBhie IOKa3aBIIEro
3¢} (HEKTUBHOCTh MCIOJIb30BAHMS METO/a KOHEUHBIX 3JIEMEHTOB (paccMaTrpruBaeMoro
UM Kak pa3sHOBUAHOCTh MeTofa byOHoBa-I'anepkrHa) npu pemieHuu Trugpoyrnpyrux
3agad. B panmpHelieM HampaBiieHHWE MCMOJIb30BAHUSI YHMCIEHHBIX METOJOB MpHU
pellleHuH 3aJad TUJPOYNPYrocTH pa3BuBaiock B paborax [[.M. PocroBiesa,
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B.A. IloctaoBa [13], I'.b. KpeokeBuua [14, 17], H.®. Epmoa u I'.I'. llaxBepau
[15], B.W. Ilonskosa [16], A.I'. Tayouna, K. bpebua, XK. Teneca, JI. BpoyOena,
1O. Marcypa, K. Apuma, I1. Opcepo, x. Apmania u zp.

HeoOxonumMo OTMETUTH, YTO B 3HAUMUTENILHOM YacTU 3TUX paboOT CyIHO H
OKpYy’Karolasi €ro >KMJKOCTb pacCMaTpUBaIMCh JMOO Kak €IuWHas KOHCEpBaTHUBHAs
MexaHudeckas cucreMa. s MoCcTpoeHusi CXeM pacueTra BHOpaluu Mpu TakoM
PacCMOTPEHUHU BayKEH MPaBUJIbHBIA OTBET HAa BOIIPOC O BO3MOXXHOCTHU U CIIOIB30BaHUS
MeTOo/la TJaBHBIX KOOpAWHAT Il aHaiM3a TaKoW cucreMbl. B cBsi3u ¢ TeMm, 4TO
OTBETHI HA HEr0 ObUIM MPOTUBOPEUUBBIMUA U B HEKOTOPHIX MYOIUKALMSIX TOBOPUIIOCH
O HEBO3MOXHOCTH TPUMEHEHHsS 3TOro meroga [18], 3ToT Bompoc MOABEPrHYT
n3ydeHuto B padbote [19]. B Helt ycranoBieHO, 4To Npu BUOpaluu cyaHa 06e3 xoja,
NPOUCXONAIE Ha TUXOM BOJE, BO3HUKAIOT THAPOJUHAMHUYECKHE  CHUJIbI,
olpejessieMble  OMeparopoM,  OOJIaAalOlMM  CBOMCTBAMU  MOJIOXHTEIbHOU
OIPEACIIEHHOCTH U CaMOCONPSYKEHHOCTH. Takue CBOWCTBA TMAPOAMHAMUYECKUX CHJT
JaI0T OCHOBAHME JUIsl BBIBOA O TOM, UTO 33/1a4a O CBOOOJIHBIX KOJEOaHUSX CYIOBbBIX
KOHCTPYKLMI TpU OTCYTCTBUM CUJI CONPOTHUBIICHHS MOXET paccMaTpuBarThbCsl Kak
3a7aya Ha COOCTBEHHBIE 3HAYEHUs, U3 PEIICHUS KOTOPOH MOXKHO OIpeAeUTh
JUCKPETHBIA CIEKTP COOCTBEHHBIX YACTOT C COOTBETCTBYIOIIMMHU OPTOTOHATbHBIMU
dbopmamu cOOCTBEHHBIX KOJEOaHUM, a /I UCCIIEIOBAHUS BBIHYKIEHHbBIX KOJIeOaHU!
KOHCTPYKLMI CyAHa IPUMEHUM METO]] TJIABHBIX KOOPJAWHAT. Y CTaHOBJIEHO, UTO MpU
OTCYTCTBUM XOAa CyJHa COOCTBEHHble (OpPMBI THUAPOYIPYIHUX KOJeOaHUU
KOHCTPYKLIMM C PAaBHOMEPHBIM PaCHpeeiICHUEM MO X MOBEPXHOCTU COOCTBEHHOMU
Macchl B Cllydae KOHTaKTa C MWJCATbHOM MKHUJKOCTbIO IO BCEH IMOBEPXHOCTH
KOHCTPYKLIMM OpPTOrOHAJbHBI C BecOM, paBHbIM eaunune [17]. Jius Ttakux
KOHCTPYKIIHI coOCcTBeHHBIE (hOPMBI KOJIeOaHH il B BO3AyXE U B BOAE UJICHTUYHBIL.

B npyroii yactu paboT CyIHO M OKPY’KaroIiasi ero >KUJIKOCTh paccMaTpUBaJIHCh
Kak KoseOarelbHash CUCTEMa, DHEPrusi KOTOPOM H3MEHSETCA IMOJA BO3/AeCTBUEM
BHEIIHUX YCWJIMM M BHYTPEHHHMX IIOT€ph B CaMOM CyAHE (B YacTHOCTH, MpHU
BHYTPEHHEM TPEHUM KOHCTPYKIUi). Takas mocraHoBKa 3aja4y He BCErla MO3BOJISIET
o0ecneynuTh HEOOXOJUMYI0 TOYHOCTh BBIUMCIEHUM MapaMeTpOB BBIHYXICHHOU
o0mieit BUOparuu aaxe s TUXOXOAHBIX BOJOM3MEIIAIOIINX CYA0B (Hampumep, npu
UX CIIEMUHTE), U BOBCE HEMPUIOAHA JJII CKOPOCTHBIX (ABUXKYIIMXCS B MEPEXOTHBIX
peXXUMax JIBH)KEHHS]) U BBICOKOCKOPOCTHBIX CyaoB (riuccupyooumx cynos, CBII,
CIIK) u cynoB-akpaHoryiaHoB. O HEKOTOpOH HEKOPPEKTHOCTH TAaKOW IMOCTaHOBKU
3a7a4l O BUOpAMU JABUXKYIIETOCS CyIHA CBUICTEIBbCTBYIOT PE3YJIbTAThl PabOoThI
[20]. boJsiee TOro, B HEl OTMEUEHO CYIIECTBEHHOE BIMSIHUE HA CUJIbI CONPOTUBIICHUS
KOJIeOAHUSIM TUJTACTUH CKOPOCTHU IMOTOKA KOHTAKTUPYIOUIEHM € HUMHU KUIKOCTH.
[lyOnukanusi 3TOro 3KCHEpPUMEHTANbHOrO (¢akTa HHHUIMUpOBATIA JAajbHeiIme
UCCIeI0OBaHUs BUOpali OOIIMBKY CKOPOCTHBIX CYJIOB, BbIOHEHHBIE B.A. Erumnxo,
J.M. PocroBueBsiM, B.A. Pogocckum, E.H. lllykunoit u B.H. ®enopoBeim. OgHako
Ha OCHOBE 3KCIEPUMEHTAIBHBIX TAHHBIX, TPUBEICHHBIX B padore [20] 1 HOCHBIIMX
Cyry0oO 4YacTHBI Xapaktep, ObUI cAejaH HEeI0CTaTOYHO OOOCHOBAHHBIM OOIIMI
BBIBOJI O TOM, YTO MNpH o00meld BUOpanuu J0OOro MMEIOIIETO XOJ CyAHAa CHJIbI
COINPOTUBJICHUS KOjJeOaHUsIM, OOYCIOBJICHHBIE BO3/JCHCTBHEM MOTOKA >KUJIKOCTH,
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MOT'YT COCTaBJIATh BCETO JHIIb OKOJIO 20% OT CyMMapHBIX CHJI cONpoTuBIEcHUA. Ha
OCHOBaHMU 3TOr0 BbIBOJA MOXKHO OBUIO  OMMOOYHO  3aAKIIOYUTH, YTO
TUAPOUHAMUYECKOE JNEeMII(UPOBAHUE KOJIEOAHUN HMMEET CMBIC]I YYHUTHIBATH JIMIIb
IpU pacueTe pEe30HAaHCHBIX PEKHUMOB KoJieOaHul, obOecreunBas TeM CaMbiM
HECYUIECTBEHHOE YTOUYHEHHE pE3ylbTaToB pacueta. B CBA3M ¢ 3TUM 0OpH
BBINIOJTHEHUM aHalu3a oO0mied BuOpanuu cynoB (B TOM 4YHCIE HAXOIAUIMXCS B
MEPEXOIHOM PEeXUME JABUKEHHUS), BBI3BAHHOM KakK CIEMUHIOM, Tak U JIPYTUMU
NpUYMHAMH, TUIPOJUHAMUYECKOE TeMI(pUpoBaHUE KOJICOaHUN HE YYUTBHIBAIOCH [0,
8, 21-23], yTo Heu30eKHO MPUBOAMIO K HEIONYCTUMO OOJBIIMM MOTPEUIHOCTSIM
pacueToB.

B pabGorax [17, 24-27] BBIIOJHEH aHaJIM3 BIMAHUS Pa3IMYHBIX KaTeropuil
TUAPOJIMHAMUYECKUX CHJI Ha MPOLECC TUAPOYNpYroi oOmeld u MecTHOW BUOpaluu
CyAHa, MMEIOUIET0 3HAYUTEIbHYIO CKOPOCTh XOJa, U Ha (QOpPMbI COOCTBEHHBIX
KoneOaHuil. YCTaHOBJIEHO, YTO MNpU KOJEOAHUSIX KOHCTPYKIHUH MPOUCXOAUT
WHTEHCUBHOE  PAacCesIHUE  DHEPrud B JKUJIKOCTH. [ 'MapoaMHamMHYecKue
JUCCUTIATUBHBIE CUJIBI IIPU 3TOM MHOTI'OKPATHO MPEBBIIAIOT CUJIbI JeMI(pUpOBaHUs,
OOyCJIOBJICHHBIE ~ BHYTPEHHUMH  MOTEPSIMH  DHEPrUM B  KOHCTPYKLHMSX.
[I'upponunamuueckoe aemnupoBanue Budparuu koHcTpykuuii CBC B ckopocTHOM
pEeXHUME IBUXKEHUS BBI3BAHO IJIaBHBIM 00pa30M CJEAYIOIUMH MPUYNHAMMU:

®TI0SIBJICHUEM B PE3YJIbTaTe OTHOCUTEIbHOIO JABUKEHUS BUOPUPYIOIIETO CyqHA U
KUIKOCTU B TIPOJOJILHOM HANpaBJICHUH KOPUOJIMCOBBIX CHJ, JIEWCTBYIOIIMX Ha
CYAHO B BEpPTUKAJIbHON IUIOCKOCTM M CYIIECTBEHHO BIMSIOIIMX HA SHEProoOMeH
MEXAY CYIHOM U XKHUAKOCTbIO. B dYacTHOCTH, JelCTBHE KOPUOIMCOBBIX CHII
MPEAOIIPENEIAET MPOLECCHl “‘CTEKAHMS MMITYJIBCOB ¢ KOPMOBOW OKOHEYHOCTH U CO
CKYJIOBBIX KHJIEH CyqHA B KUJIbBAaTEpPHBIM CIEJ U PACCESHUS] SHEPrUU B KUIKOCTH,
OCTaroLIEK Cs 32 KOPMOU CY/HA;

epaccesiHUEM DHHEPrud  BUOPUPYIOLIETO  CyAHA  OpBI3TOBBIMU  CTPYSMHU,
dbopmupyromMMucs o 0opTam CyAaHa NPy 3HAUUTENIbHON CKOPOCTU X0/1a;

epaccesiHUEM DHHEPruu IMpH TIUCCUPOBAHUU IO TMOJHOW IIMPUHE HecyIen
MOBEPXHOCTH CYJ[HA, CBSI3aHHOE C BO30YXKJEHHEM K0JIeOaTeIbHOr0 JIBHKEHUS
BOJHOW MOBEPXHOCTH, OOpa30BaHHOW YACTHUIAMHU >KUJIKOCTH IIOCJE CpbIBA UX CO
CKYJIBI CYJHA;

*(hOpMHUPOBAHUEM CUJI BSI3KOI'O TPEHHUS, NEUCTBYIOIIUX Ha CYJHO CO CTOPOHBI
MOTPAHUYHOTO CJIOSI KUJIKOCTH.

B paborax [18, 27-30] moka3aHo, 4YTO ¢ pOCTOM CKOPOCTH XOJla Cy/JHa UMEET
MECTO OBICTpPOE YBEIMYEHUE CUJI COINPOTUBICHHUS THUAPOYNPYIHM KoJeOaHUsIM
KOpITyca, CONpUKacarouierocs ¢ 3a00pTHOM Bo/0#, 0e3 yueTa KOTOPhIX HEBO3MOKHO
JIOCTH)KEHUE TPeOyeMoro ypoBHS TOYHOCTHU pacueToB oOmiei BuOpamuu CBC Ha
CKOPOCTHBIX peXHMax O3KCIUTyaTallud W JUHAMUYECKOro u3ruba Koprmyca Mpu
cinemunre. [Ipu o6buHOM hopMe KOPITYCOB CYI0B MEPEXOAHOTO PEeKUMA ABUKEHUS U
[JIMCCUPYIOIIUX CYAOB IMPH BBICOKUX CKOPOCTSIX XO/Aa HaOJI0AaeTcsi MHTEHCUBHOE
rUAPOUHAMUYECKOE JeMI(upoBaHre KoJieOaHUU, MHOTOKPATHO MPEBOCXOASIIEe
nemndupoBaHue, 00yCIOBICHHAs BHYTPEHHUMHU MOTEPSMHU SHEPIrUU B KOHCTPYKIIUSX
U cucremMax cyiaHa. ['maponuHamuueckoe neMrnpupoBaHUE MOXKHO YCHIUTH MyTEM
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OPUHSATHS CIICIHAIBHBIX KOHCTPYKTHUBHBIX Mep (HampuMmep, 3a CUYET YCTaHOBKH
KPBIJIbEB MaJIOTO YIAJMHEHHUS WM CKYJOBBIX KWJIEH Ha OJHOKOPIYCHBIX CyJax,
YMEHBIIICHHSI BEPTUKAIBFHOIO KJIMPEHCAa B KOPMOBOW OKOHEYHOCTH KaTamapaHOoB, a
TaKXke 3a CYeT MPaBUIBLHOIO BHIOOpA MECT YCTAaHOBKH M XapaKTePUCTHK PEaHOB HA
TIUCCHPYIONMX  cyAax). [lpum HeygadHol TUApOIMHAMHYECKOW KOMITOHOBKE
TITUCCHPYIOMIUX CYI0B (OJHOKOPITYCHBIX H MHOTOKOPITYCHBIX), CYOB C ayTpUTepaMu
U CYIOB-OKPAaHOIUIAHOB W BBICOKMX 3HAUYCHHSIX CKOPOCTeH JBMXKEHUS dPdeKT
THAPOJMHAMUYECKOTO  JACMII(UPOBAHUS MOKET CYIIECTBEHHO  yMEHBIIAThCH,
MOJIHOCTBIO MCU€3aTh UM JlaXKe HaOJI0AaThCsl SBJICHHUE JecTa0uin3alum Kojaebanuil,
BBIp@Xaroleecss B HapacTaHUM aMIUIMTYyH KojieOaHuil (siBaeHue Quarrepa) 3a CUeT
DHEPI'HH, IEPEIAOIICICS B THAPOYIPYTYIO CHCTEMY OT JIBHKUTEIS Cy/IHA.

[foMr¥MO cHJ CONPOTHBJIEHUS C POCTOM CKOPOCTHM XojAa Habomaercs
HEKOTOpPO€ HM3MEHEHHE WHEPIHOHHBIX (TIPOMOPIMOHATBHBIX YCKOPSHHSIM YIPYrHX
CMEIIEHUH KOHCTPYKIIMM) U BOCCTAaHABJIMBAIOMIUX CHJI (TIPOMOPIIMOHAIBHBIX
VIPYTUM CMEUIEHUsIM KOHCTpyKuuu). Ilpu oObluHON (opmMe KOpHmycoB CyI0OB
MEPEeXOAHOr0 PeKMMa JABMKCHHS U TIIMCCHPYIOIIMX CYIOB C POCTOM CKOPOCTH XOJa
MPOMCXOANT 3aMETHOE TIepepaclpesiesieHne Mo IJINHE CyIHAa WHEPIUOHHBIX CHI U
YMEHBIIICHHE BOCCTAHABIMBAIONINX CUJI, MPUBOASIIECEe K M3MEHEHUIO COOCTBEHHBIX
dhopm KonedaHui.

OOmrast BuOpanusi CyJ0B MEPEXOJAHOTO peKUMa ABUKCHUS U TIUCCUPYIOIINX
CY/IOB BBI3BIBACT JIBI)KEHHE MOBEPXHOCTH (POPMHPYEMOTO MPH BBICOKHX CKOPOCTIX
X0/la KHJIbBATEPHOTO Cliefia. DTO JBIKEHHE (POPMUPYET THAPOAMHAMUYECKUE CHIIBI,
JACHCTBYIONIE HAa KOPHNYC CyAHAa M OKAa3bIBAIOIIME CYIICCTBEHHOE BIIMSHUE
WHEPIHOHHBIE W JeMI(UPYIOIINE CUIBl MPH KOJNEOaHUSX M, CIEAOBATEIbHO, Ha
KoJieOaTenbHbIi mpoliecc. Takum 00pa3oM, yCTaHOBJICHO B3aUMOBIIUSIHUE JABUKCHUS
MOBEPXHOCTH KWJIBBATEPHOTO ciiefa M KoneOaHui Kopiyca mpu oOmiel BuOpanuu
CBC, cka3piBaromieecst Ha ee mapaMmeTpax.

C pocToM CKOPOCTH XOJla CYIIECTBEHHO U3MEHSIETCS XapaKTep pacipeieieHus
Mo JUIMHE CyAHA WHEPIIMOHHBIX THIPOAMHAMUYECKUX CHJI, OOYCIOBICHHBIX OOIICH
BUOpaimeii. OTO OOCTOATENHCTBO, a TakkKe HEOOXOAMMOCTh KOPPEKTHOTO
YIOBJIETBOPEHUS] YCIOBUSM OPTOTOHAIBHOCTH, JIE€NAIOT LEJIecO00pa3HbIM  YydeT
MPOAOJBHOIO  TEpPeTeKaHWs JKUAKOCTH TpH BUOpallMd HE C  TIOMOIIBIO
TPAIUIIMOHHOTO MOMPAaBOYHOr0 KOAP(PUIIMEHTa, a MMYyTeM HCIOIb30BAHUS IS ITOU
[[eJH TTPEITIOKEHHON B paboTe crieuanbHON ¢ YHKITUH.

OOmrast BUOpaIus BOMOU3MEMIAIONINX U TIMCCHPYIOUIMX CYIOB, BBI3BaHHAs
B3aMMOJICHICTBUEM CyJHAa C BOJHAaMH, COINPOBOXKAACTCA CICHHUPUISCKHUM BUIOM
THAPOJMHAMHYECKOT O neMrpupoBaHus, 00yCIIOBIICHHBIM TIOTPYKCHHEM
MOTIEPEYHBIX CEYCHUH cyaHa B BOMHY. Ha BeMUnHY MOTOHHON THAPOAMHAMUYECKON
AeMIIUPYIOIICH CHJIBI CHIIBHOE BJIMSHUE OKa3bIBAIOT Takue (DAaKTOPHI KaK CKOPOCTh
MOTPYKCHUS TOMEPEYHOr0 CEYCHHsS B BOJHY, YIJbl HAKJIOHA KAacaTeNbHBIX K
[IMTAHTOYTHOMY KOHTYPY K TOPHU30HTAIbHOW TIUIOCKOCTH (YIribl KHJIEBATOCTH),
MIMpUHA BaTEPIMHUM, YrOJl TOAbeMa JIMHUM KHIS W CKOPOCTh XOJa CydHA.
3aBUCUMOCTh  KOX(PUIIMEHTAa  CONPOTUBIICHUS, MPEIOMPEACISIONEr0  TaKoe
AeMrupoBaHne, OT BPEMEHU JJaeT OCHOBAaHWE TOBOPUTH O IapaMETPHIECKOM
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Xapaktepe BUOpamuu.

B pabGorax [17, 25-27] Takke YCTaHOBJIEHO, YTO  BCJICJICTBHE
napamMeTpuyecKoro xapaxkrepa oOmed BuUOpaluH CyAHA, BBI3BAHHOW CIEMHUHIOM,
MMEET MECTO B3aMMOCBS3aHHOE BJIMSHUE Ha MPOLECC BOJHOBON BUOpaluM CylHA
OTJEIbHBIX CIEKTPAIbHBIX COCTABIISIIOIIMX MOPCKOro BOJHEHUS. OCOOEHHO CHUIBHO
3P (dEeKT B3aUMOBIUSHUS MPOSBISETCS MPU COBMECTHOM BO3ACHCTBUM JIBYX BOJIH,
OJTHA M3 KOTOPBIX JIBMKETCS HABCTPEUY CYAHY, a BTOpasi B 00OKOBOM HalpaBJICHUH.

Ha BenuuuHbl OOYCIOBIEHHBIX MOPCKMM BOJHEHHUEM BO3MYIIAIOMIMX CHUJI,
BbI3bIBAIOIMX BHOpanuio (quHamuyeckuit u3rn6) CBC okaspBaioT 0o0JibII0E
BIIUSIHUE Takue KOHCTPYKTUBHBIE TapaMEeTpbl HOCOBOM OKOHEYHOCTH Kak
rUAPOJUHAMUYECKAsT KPYTKa CYJOBOW MOBEPXHOCTH M YIJIbl MOABEMA KUJIEBOW U
CKYJIOBOM JIMHUH; MPUYEM 3TO BIUSHUE OBICTPO YCHUJIMBAETCS C POCTOM CKOPOCTHU
xona cynHa. [lpuunnoit nmossieHus BomHoBoM BuOparuu CBC siBisercs He TOJIbKO
pe3oHaHcHasi o0mas BuOpamuss 0pU B3aMMOJEWCTBHM KOpHyca C BOJIHAMH,
KX YILAsICs YaCTOTa KOTOPBIX MPUMEPHO PaBHA 4aCTOT€ OCHOBHOI'O TOHA KOJeOaHUM
KOpIlyca, HO W TpU B3aUMOAEHCTBUM C Oojee JJIMHHBIMU BOJHAMHU (KaxKyllascs
4acTOTa KOTOPHIX B II€JI0€ YMCIIO Pa3 MEHBIIE YacTOThl OCHOBHOI'O TOHA) U ¢ OoJiee
KOPOTKMMH BOJHaMH (KaXyIascs 4acToTa KOTOPHIX B JBa pa3a OOJbIlIe€ YacTOTHI
OCHOBHOro TOHa). Pe3oHaHcHass BuOpauusi Nmpu B3aUMOACHCTBUHM C 3THUMH ‘‘OoJee
KOPOTKMMH BOJHAMHU~ CONPOBOXIAIOTCS SIBJICHUEM MapaMeTpUUeCKOW HaKaYKu
SHEPruu B KOJeOaTENbHYIO CUCTEMY, TPUBOASIIUM K MHOTOKPAaTHOMY YBEIMYEHUIO
aMIUIMTY] KojeOaHMl Ha CKOPOCTHBIX peXUMax JBHKEHHS CyaHa. SIBieHue
napamMeTpuyecKod HaKadyKd HSHEPruu CBUIETEIBCTBYET O TOM, YTO HMEET MECTO
B3aMMOBIIMSIHHE Ha IMPOLIECC BOJHOBOM BHOpAIlMU CyAHA OTJEIbHBIX CIIEKTPaTbHbIX
COCTAaBJIAIOIIUX MOPCKOTO BOJIHEHUS (“/UTMHHBIX U “KOPOTKUX’ BOJH).

B 3akmouenue crnenyer ckaszarb, UYTO METOJbl JAMHAMHYECKOTO pacyeTa
HaxXOJsATCA B CTaMU CBOErO0 MHTEHCHMBHOIO Pa3BUTHSA M B OkaiiieM OymyiieMm
CJIElyeT OXXUJaTh MOSBJICHUS HOBBIX BBICOKOA((MEKTUBHBIX UMCICHHBIX MPUEMOB
peleHus 3a1a4 JMHAMUKHY U O TUMalibHOT O poekTupoBanust CBC.
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IN WATER WITH SUPERCAVITATION FOR SUB-, TRANS-
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ABSTRACT

The results of research for supercavitating motion in water at very high speeds — comparable
with sonic speed a ~1450:1500 m/s — are presented. At such speeds the water is a compressible fluid
and the basic compressible hydrodynamics of supercavitating flows together with practical approaches
and experimental data are considered. The theory of ballistic projectiles motion is developed with
emphasis on the problems of maximal range, minimal declination, hydro-elastic effects, resonant
oscillation frequencies. One main purpose of the article is an attempt to advance the level of
understanding of the problem of very high-speed underwater launch by a comprehensive review of
previous research into the topic.

NOMENCLATURE

r,X,t Cylindrical coordinates, time

r=R(x,t) Axisymmetric cavity form

R, LA, Maximum radius, semi-length, aspect ratio of ordinary cavity for 6 = const

U,,P.,p., Speed, pressure, mass density at infinity

c= o [AJI; /2 Cavitation Number ( AP -pressure difference hydrostatic and in cavity)

M, =U_la, Mach Number (a_ -water sonic speed in undisturbed fluid)

D;cysCy Drag, cavitator drag coefficients

Cpo-Cp Cavitating drag coefficients per maximal cavity section for 6 =0, 6 >0
INTRODUCTION

One of the most important applications of supercavitation is connected with the motion in water
of small inertial projectiles of mass M ~ 0.1—0.5 kg at very high speeds that are on the order of sonic
speed in water, a ~1450:1500 m/s . For such speeds the motion occurs within a cavity that isolates
most of the projectile surface from the ambient liquid in a process that gives the possibility of reaching
very small drag coefficients. With this approach, small, non-propelled projectiles with very high initial
speed can traverse considerable distances under water, distances comparable with distances that are
similar to projectiles launched at a similar speed in air. Stable motion of such projectiles over relatively
long distances has been repeatedly proved by experiments.

One of the most important problems here is maximization the range while conserving sufficient
projectile kinetic energy at the end of the trajectory. This problem is especially closely connected with the
problems of compressible flow in water. The flow processes are different for different ranges of sub-,
trans-, and supersonic speeds. Especially essential is the appearance of wave drag in the supersonic range
which is associated with a considerable decrease of the cavity size. Such an effect can make for some
cases additional increase in the initial projectile speed unreasonable. One of the important problems is
also the minimization of the deflection of the trajectory from a straight line due to initial perturbations
during the launch process. This requires the development of a theory of projectile motion. The motion of
a projectile in a cavity occurs in general along a curved trajectory, and at such high speeds, it causes very
high lateral forces. Accordingly, hydro-elastic effects must be taken into account. The motion is of
oscillatory nature that requires the consideration of the possibility of resonance processes. The problem as
a whole is of complex nature and requires research in different directions. In this paper the attempt is
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made to improve the understanding of this problem as a whole and to develop practical approaches for
estimating basic parameters which are necessary for the development of systems operating with very
high-speed launch in water.

1. SHORT OVERVIEW

1.1 Experimental research

Experimental research is one of the most important directions to solve different problems of high-
speed launch in water. Due to the enormous speeds, this research is complicated and expensive.
However, it should be noted that a considerable subset of this research are of semi nature due to small
enough projectile sizes that are convenient for further applications. One of the first experiments in this
field is presented in reference [27]. The basic modern experimental research in this field started from
subsonic experiments by Yu. Yakimov with his group [55,56,58] at the Institute of Mechanics of
Moscow University, where around 1990 speeds up to ~ 1000 m/s were achieved. After that, very high
subsonic speeds until ~1450m/s were achieved in Kiev at the Institute of Hydromechanics of the

National Academy of Sciences of Ukraine [36,37,53]. Later, supersonic experiments at speeds with
~1600m/s were performed at the Naval Undersea Warfare Center Division, Newport, Rhode Island, in

the United States [14]. The results of small scale subsonic experiments are presented in [5] and for very
high ultrasonic speeds in [54].

1.2 Theoretical research

Supercavitation in compressible flows is one of the most complicated problems in hydrodynamics
due to the fact that the free boundary, representing the interface between the supercavity and the liquid,
phase of flow is a priori unknown and part of the solution of the problem itself. One of the basic
mathematical statements of supercavitation is the classical problem for M_ =0 of an ideal

incompressible fluid flow, for which the velocity potential is governed by the Laplace equation, together
with the following boundary conditions: no-penetration at the body and cavity surfaces and a specified
pressure on the cavity surface, which is unknown from the very beginning. The classic theory is presented
by a number of well known books [4, 12,23].

Once compressibility of the liquid is taken into account, this model is generalized for isentropic
compressible flow. The basics of compressible fluid theory are presented by number sources, in particular
[3, 25, 57]. Particularly noteworthy are methods for nonlinear numerical computation of supercavitating
flows on the basis of model of incompressible fluid such as [13,18] and number of publications which
account for compressibility, including [1,2,16,35,38, 39,47,50,52,59]. In the very important case of
slender cavities which provides the minimal cavitating drag, the problem can be essentially simplified on
the basis of slender body theory [3,10]. The research in this field has resulted in the development of rather
effective practical approaches, such as presented in [24, 29,40-48,51,56].

Very important is the problem of cavitator blow and penetration into water. This problem was
investigated theoretically and by experiments by many authors, in particular 1, 2,17,19,33,34,50,55, 58].

For prediction of the motion inside the cavity one of the key problems is the interaction of the

P_ r = Pz, t) body stabilizing surfaces and devices with

1 cavity. Research of two-dimensional
cavitating flows with account for the
compressibility are presented in [8, 21,
28, 50, 59]. Specific gliding in the cavity
problem was considered starting from
known statement of blow of circle against
circular free boundary [30] with account
for compressibility in [9, 20]. The gliding
problem in sub- and supersonic flow was
investigated in [26]. The problems of
prediction of the motion inside the cavity

Fig. 2.1: Radial flow model.
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were considered in [11, 15, 31, 32, 37,43, 46,47, 49].

The problem of high-speed launch consideration as whole touches number of different fields with
considerable volume information and especially in the field of compressible flows. So we tried outline
shortly enough bases of main approaches and indicate key physical moments only what are important
both from point of view of further advancing of the theory and application of this results to the problems
of projectiles dynamics. In doing so more details can be found in the references.

2. GOVERNING EQUATIONS OF FLOW

2.1 Simplest flow model

The basic idea to reach small drag coefficients for high-speed motion in water is to avoid the
direct contact with the liquid by encapsulating the body in a vapor filled cavity. Creating a slender
axisymmetric cavity can be explained with help of a simple model of radial flow, Fig. 2.1. In the case of
prolate cavities the cavitator size is small and its drag is practically independent on the cavity form,
additionally the cavity form is independent of the cavitator form which is defined by the cavitator drag
only. The moving cavitator pushed the motionless fluid aside and its work 1s transformed into kinetic
energy of mainly radial near cavity flow in the each motionless section which the cavitator has passed. In
the main perturbed zone the main part of energy and impulse of flow is concentrated in finite region
limited with a boundary r = y(x,t) with extension of some more as compared to the semi-length of the
cavitator and the cavity surface. This fact makes the cavity alike as a wake of finite type. Further the
expansion of the cavity section together with the radial flow near the cavity is controlled by inertia and the
pressure difference in the undisturbed flow and inside the cavity. In doing so the expansion process
depends weakly enough on the surface r =y(x,t) form (x, t — axial coordinate, time) and the less the
more slender is surface of cavitator and cavity. The cavity section reaches the maximal radius in the
middle part and further starts to decrease by the action of the external pressure. Shrinking of the cavity
section is leads to an unstable closing regime with chaotic flow where the energy of radial flow is
transformed into energy of the wake behind cavity. The least cavitating drag coefficient per cavity middle
section C,, (the body close enough inserted in cavity) are reached for maximally prolonged (slender)

cavities and the possibility of further decrease is limited by maximal aspect ratios of the bodies from the
point of view of its strength. For real high speed of motion of supercavitating bodies in water values of
C, ~0.05:0.001 and less can be reached, for some cases the drag coefficient in water can be
compared even with that in air. The basic parameter of cavitation flow is the cavitation number
o =AP/ ( pU2 / 2), where AP - pressure difference between hydrostatic pressure in the flow and the

pressure in cavity which is approximately zero for vapor cavities, p - water mass density, ~ 0.1:0.5kg -

speed of the undisturbed flow. The cavitation number o in the case of a disk type cavitator defines the
cavity aspect ratio A which quickly increases if o decreases. For very high speeds another basic
parameter is the Mach number, M_ =U_/a_ where a_ - sonic speed in undisturbed flow. Flows

with account for the compressibility are described by the same simplest model but with essential
differences. In the case of incompressible flow we have essentially conservation of total kinetic and
potential energy in each motionless section. But in compressible flow we have appearance of the wave
drag of supersonic speeds especially of forward parts of the cavities and essential increase of the
extension of the disturbed flow regime near cavities in the transonic range of Mach numbers.

2.2 Nonlinear approach

A typical approach is to consider the cavitation problem in the case of steady motion in an
unbounded, ideal incompressible fluid, with the Riabouchinsky closure (e.g., disk) scheme for the closure
region of the cavity. The cylindrical coordinate system (r, x) shown on figure 2.1 is used. The flow
potential of perturbations ¢ satisfies the Laplace equation. For a given cavitator shape r = 1,(x), the

impenetrability condition of the cavitator is provided and for the apriori unknown cavity shape,
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r = R(x) .The impenetrability condition and the pressure difference AP between the undisturbed flow
and the cavity are assumed. The perturbations at infinity tend to zero:

I
r=r(x) r=R(x)
— X
[ ——__
Xg L-
L

Fig. 2.2: Schematic of flow.
2 2
o 100, To_

Es r or EZ
Gy b ded) ooy R, d)
or dx oxdx =t (%) or dx ox dx R (x)

2 2
r:rl (X), l(@j + l(a_q)j + UOO a_(P — £ ,
2\ or 2\ 0x ox p .
dR dr
—> 0 ,|R=r — =t 2.1
(Pr,x—>oo [ l]x:x0 |:dX dX:lX_XO ( )

Here p is fluid density. For simplicity, the location of flow separation from the cavitator at
x =X, 18 assumed to be fixed and the system of equations (2.1) must be amended to specify closure

conditions. It is appropriate to note that main complexities of the supercavitation flow problem from the
point of view of the linearization follows namely from the steady state assumption by avoiding essential
difficulties for generalization of the problem for unsteady flows. Generalization of the nonlinear statement
(2.1) with account of compressibility is good known. Instead of the Laplace equation here the known

system [2, 25] of the flow potential @ = ¢(r,x)+ U_x is applied:
0| 1 (a0 | |, 1[(edY )| 2 DD D 10D
3 e Bl B Rl B ey I Bl e el el U6
Ox a”\ ox or a or a~ 0x Or oxor r r
a’ _((n P+B U| 1/(2® 2+ oY
n-1 \n-1 p_ 2 ) 2|ox or ) |
completed by the an equation of state for water in the form of the Tait adiabatic curve [57] which give the
possibility to define compressible Bernoulli equation and sonic speed in water:

PJrnB:Pw:rB 2.2)
p P
2 2 2
n P+B+(Uw+u) tv._ n Pw+B+Uw 2.3)
n-1 p 2 n-1 p, 2
2= P _nP+B) (2.4)
dp P

where: B =3045kg/cm”, n =7.15. The subscript oo indicates undisturbed conditions at infinity. The
quantities u and v are the axial and radial perturbation velocities along flow line. For A7 >1 shocks

action have also be taken into account.
2.3 Approximate approaches
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In case of small disturbances the Prandtl- Glauert transformation can be used and the Laplace
equation can be transformed into equation:

o’¢  10g NG
— 4+ = 4+ (1-M2)=—==0 2.5

or’ r or ( ” ) ox’ 23

For M_ <1 this is acoustic equation for subsonic flow, for M_>1 wave equation for
supersonic flow. On the basis of this equations the expansions of known slender body theory [2,10] can
be received with accuracy of (r*In1/1r*,8° In1/8°):

' ' 2
M, <l:p=U, ilnr+ilnm— IM X, [(2.6)
2n 4 4x(L-x) 4n |X X1|
Here S=S(x)is the square of slender body lateral sections, m’ =[1-M2 |, § - slenderness

parameter of the slender body. By using expansions of the slender body theory the equations for slender
cavities can be defined. For subsonic flow:

, & d’R’
2 2 p2 2 p2 | «
Vo<1 1 dR +denmR d2 dxdx—
= > 2R? O dx d x* 4x(L - x) 7 X, —X|
(In1/8%*)™ (1) (In1/8*)™
d R2 d °R? dr’ dR*
L—= x =X 2 dX x=0 K |x—L
;!. x _X| dx, — " + L = 20 2.7)
. (lnl/%z)_ (In1/8%)" (In1/8*)~" (1)
or supersonic flow:
d’r? &R’
2
1 (dR’ d’ R2 m2 dx 7 e, dx’
. + dx, -
MC’°>1'2R2 ( dx j dx’ -[ X, —X| i
(In1/8)" (1) (In1/8)"
d’R* | d R’ d_r12|
B X d 2 Ix=x dX dX x=0 _
2 j p— dx, 2% — =20 (2.8)
(In1/8)" (In1/8)" (1)

In the case of small disturbances the equation in

Pyt the transonic range of Mach number is:
Pm

Pad R0 1 0¢ 5 (1’1+1)/\/]2 op | 0’

. — + ——+ (I—Moo)— e >=0

g r U, ox| ox

(2.9)

: But here it should be noted that the accuracy of
this equations can be considerable less as compared to
similar equation for air which is due to considerably

3 higher adiabatic coefficient in the equation of state for

o water.
Fig. 3.1: Values in break point 3.PRACTICAL APPROACHES
—_ P*_pressure for steady flow
69

X X X Pm_— pressure for blow against water [2]

------- - P mass density- steady flow

- = =& sonic speed- steady flow



Supercavitation flows are described by complicated equations. So further we present results and
equations only which were obtained in different ways including asymptotic expansions, slender body
theory and by heuristic approaches. All equations are considered for the most interesting range of Mach
numbers starting from incompressibility till M ~2:2.5. Most of these equations are verified by

experimental and numerical data and are improved from point of view of more effective practical use.
Details of the derivation of these equations can be found in the publications of the list of references.

3.1 Estimation of cavitator drag

The ordinary practical equation for the drag in steady incompressible flow for disk type cavitators
(disk, blunted cone andi.e.)is:

2

where R cavitator radius in the section of separation, in case of a disk: ¢ Jo ©0-82:0.83. The

simplest approach for estimation of the drag with account for compressibility is on the basis of the
equation for the pressure coefficient c. in the break point and drag coefficients can be estimated practical

use by following equations including also the transonic range:
c. = 22 (1 n-— lej(n—l) 1],
nM; 2
M,<l:cy=082c,(1+0), M, >1:c;=0.82c,+0. (3.2)

The influence of the compressibility near disk type cavitators is illustrated by values in the breaks
- pressure, density, sonic speed P, = P,10*(kg/cm?), p, = p.p.,, a, =a,a,, dependon M, :

1
2
P, = pwg ,@:(1 nlezj(“‘”,af:(l nlezj (3.3)

_ 4
Data for estimation of the values (3.3) are presented by Fig. 3.1 where the pressure P, =P, 10
under initial blow against water is indicted on the basis of nonlinear numerical prediction [2]. The

temperature in this range of Mo can be not over ~100—200° C , but in case of slender cavitator it is
possible to expect essential temperature increasing due to viscous flow. For estimation of “do for cones

till semi-angles in the range of 2¥ < 90° gng Mo <08 , €= 1NY the asymptotic approximated Eq.
(3.4)can be used:

2

o =262l 3 b ggnr2 PYe (3.4a)
2e me 2

Eq. (3.4) is of considerable more wide range of applicability as compared to found in [37]. Like

this dependence for A, >1 can be found also on the basis of known equation for slender cone [10]. In

the case of slender cavitators, including slender cones, the lateral force can be estimated by the known
aerodynamic equation (3.4b), applicable to a wide range of M, . This dependence is based on lateral

added mass in the body section of the flow separation with radius R .
3.2 Simplest equations for the cavity form
The simplest equations for steady slender axisymmetric cavity r = R(x) are:
252 2
MdR2 +o=0. dR R, 2(cy kG),Rz
dx dx 0 ku
with the solution for o = const as an ellipsoidal cavity form and known dependencies for the
cavity maximal radius R, , the cavity semi-length L, and also the cavity aspect ratio A =L, /R :
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R2=R2+ /2(Cd—_kc) i 2, (3.6)
R, =R \/a \/7 L =R —\’2“0‘1/ (3.7

More higher accuracy of equations (3.5-3.6) for not small enough o can be achieved by replacing
1, =un(cy —ko)/cy instead of p.The accuracy of equations (3.5) as compared to nonlinear numerical

data is demonstrated in Fig. 3.2.

1] 10 20 30 40 a0 a0l 70 a0 a0 100

Fig. 3.2: Cavity form behind disk, incompressible fluid ¢ = 0.04 :
-- — — ellipsoidal cavity, Eq.(3.6) o o o o -nonlinear numerical data [13].

Equations (3.5-3.7) include 2 characteristic values p and k have clear physical meaning : the
value p characterizes the mass of the expanding cavity sections, the value k - the axial transmission of

energy along with the flow sections. Equations (3.5-3.7) are universal and applicable for estimation of the
most part of the cavity in a wide range of M, including subsonic, transonic, supersonic flow. But in

doing so the values p, k for different ranges of M, can be essentially different.

3.3 Incompressible fluid and range of A/ <0.7-0.8

The basis for practical dependencies for p is a second order asymptotic solutions for the aspect
ratio A and maximal radius R, of'slender axisymmetric cavity:

21nx/mf In2//e
22 InA2/m? |’

where for Mach numbers in the range of M <0.7:0.8: m* ~1—M? . This solutions defines slowly
changing depend on A and o values p, k:

(3.8), R? = Rf"_{nz (3.9)
(@)

In2/m’c ~In 1.5
m\/— em’c m’c’
»~8-15
6~0.03+0.01: u~2 +2.5, (3.10)
k:kB:1_2ln2/2\/Ez1_2ln2/\2/E,
Inm~A In4/m*°c
6~0.03 + 0.01: k~0.94 +1 (3.11)

Calculation results of equations (3.10, 3.11) are illustrated in Figs. 3.3, 3.4. On the basis of (3.10)

Eq.(3.8) s transformed approximately into equation:
2
320 2, /2/m°0 (3.12)

2
9 em o
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Fig. 3.3: Dependence of inertial coeficient L
on cavitation number G

Eq. (3.10),

149 9.5 A

0s 0 0.0z 0.04 0.0&

()

Fig. 3.4: Dependence of k = k(o)

on cavitation number for M =0
Eq. (3.11),

- ---H. Reichardt dependence [13]

—--—values of 5% deflections for L1,
ooo o -numerical calculations [13]

o oo o -numerical calculations [13]

24
Ay

21
Calculation results for equations (3.8, 3.12) are
18 illustrated in Fig. 3.5. Egs. (3.5, 3.7) are applicable for

most of the middle part of the cavity. The forward cavity

= part near the disk is not described by this equation as it
12 can seen from Fig. 3.2.

The parabolic shape also is not correctly
9 described at infinite where is known. M Gurevich — N.
y Levinson asymptotic for subsonic flow [12, 22]:

0 001 002 003 004 005 006
()

Fig. 3.5: Dependence for cavity aspect ratio A = A(c)

on cavitation number.
equation (3.8),
+ + + equation (3.12) 1 1nl
o000 nonlinear numerical calculations [13]. R2 =2 /c X 1—— nnx . X
do /inx 4 Inx Inx% "

Here and further all values are supposed be dimensionless relay to disk type cavitator radius.
More precise approximate equation for the forward cavity part only on the basis of 3 terms of expansion
(3.13) and applicable also just near disk is:

2|/(cy—o) x B ox’
YAtxe)' I Ao nt

[1+2/(cy—0) x/\/ln(4A2 +x)] [14+2y(cq—0) x/ \/ In(4A% +x)]
For a rough estimation of the forward part of the cavity only behind slender enough cones the first
order asymptotic solution can be used:

R2 =J¢?| 2x /M_l _ox-D* (3.15)
Inx/m?¢’ Inx/m%e* |’
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where € = tany, y - cone semi-angle.

An accurate enough asymptotic approximation for the cavity behind disk as a whole can be

calculated by the equations:,

A=0.5R, | \Joq + 1/4eq | (3.14)

L2 t, X X
RZ=R2+-k /—m— 2- = A2 =mA?, n=(c —ko)/c,, 3.16
n 7\‘3 HXX Lk( Lk] c n n ( d G) d ( )

(x +~/eA)’ Kz e Aj —iT

L) Ly

) 4
e e |
7\‘6 Hls Lk Lk Lk

Hyx =0.5In

X=Lk

for:c~0.01+0.05: ps ~2

Results based on equations (3.16) as compared to nonlinear numerical predictions for M =0

are illustrated by Fig. 3.6.

4
R

3

R S
T . =
_H__,d_'-—-—'-'-'—”'fi.'-_._:—'__._;'_ﬂ_#
. e d_____.—'-—_#—
r s
AT
0 1 2 3 4 5 6 7 8 9 % 10

Fig. 3.6: Nonlinear approximation of the cavity form © = 0.04
———— ellipsoidal cavity form,
nonlinear approximation Egs. (3.15),
++++ G. Logvinovich experimental data,
LU U nonlinear numerical calculation [13].

3.4 Compressible flow for A/ >0.7-0.8
The equation for the aspect ratio in the range of supersonic speeds takes the same form occurred

as for subsonic flow (3.8), accordingly we have the same equation for p by using of the ordinary value of
m? =|1- M2 |.Fig. 3.7 illustrates action of compressibility on inertial coefficient p and accordingly on
cavity aspect ratio o. But in the transonic range M_, ~0.7:1.5 the most important effect is the

significant increase of the extension of perturbation zone. Due to this the value of m can be improved by
equation;
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Fig. 3.7: Compressibility influence on
Incompressible fluid:

Equation (3.10b)
o o o o numerical calculation [13].
Compressible fluid:
------- -1, Eq.(3.10b) for M, = 0.7,

....... 2,EBq.(3.10b) for M, =1.7 .

Fig. 3.8: Aspect ratio in transonic flow
M, =0 calculation Eq. (3.12)

calculation Eq, (3.12, (3.17),
+ + -+ numerical calculation [52].

1

m* ~{1—MZ(1+HT+IGJ‘+

4
kg

3

I

n 0oz 0.0& 0.o2 - 0.1

Fig. 3.9: Dependence for k =kg(o,8), M =14,

y=7.5°10°, 12.5°
Eq. (3.19) calculation.
—— - wave loss on the cone y ~ 10°

n+1G
2 I+(n+1)c/2

(3.17)

Fig. 3.8. demonstrates the estimation of
the transonic cavity aspect ratio results based
on equations (3.12, 3.17) as compared to the
attempt by nonlinear calculations of [52].
Calculations were made for 6 = 0.0268 . Data
of [52] are approximately recalculated for
constant & =0.0268 on the basis of weakly

changed values of A% .

The situation with estimations of the
supersonic cavity behind disc is not fully
complete till now. Three terms of supersonic
asymptotic at infinity for M >1 with
considerable differences as compared to the
prediction of subsonic asymptotic were found:

R? = K¢x

9Inx 3 InKm* /4

x| 4 Inx 2 Inx

and discovered considerable narrower forward
part of a supersonic cavity. Values of the

asymptotic coefficient K, where found for slender cavitators only what gives the possibility to find in

these cases values of k for prediction of supersonic cavities behind slender cavitators. In case of slender
cones the value of k =k and for M, >1 can be estimated by equation:
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where € = tany, v -cone semi angle. By using equations for p, k the supersonic cavity shape behind a
slender cavitator can be easily estimated on the basis of simplest equations (3.5, 3.6).

Fig 3.10 illustrates calculation result for a supersonic cavity behind a slender cone as compared to
subsonic flow and a cavity in incompressible flow for different cavitation numbers. The results for
incompressible flow were verified by hopeful enough nonlinear numerical calculations [18].

In doing so the forward cavity part can be described more accurately on the basis of first order
asymptotic solutions:

3/2
In( 1/m?e* o(x 1) X
R?={¢?| 2x (—22) -1 —(—2)2 ~——=5 (3.20)
In( x/m~e”) In( x/m~e”) (Inx)
X—>0

Fig 3.11 illustrates results of calculations for forward parts of sub- and supersonic cavities behind
aslender cone for o = 0 based of Egs. (3.15, 3.20).

k=kg = (3.19)
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Fig. 3.10: Compressibility influence on cavity form for cone y =10°
o o o o nonlinear numerical calculations M, = 0,5 = 0.04 [18].
— — — - M_=0,5=0.04,6=0.02:Eq(3.,3.103.11)
————— calculations: M, <1: M, =0.6, c =0.04 -Eq.(3.5,3.10,3.11)

------- M, > 1:caleulations: M, =1.5,6 =0.04,6 =0.02 Eq. (3.5,3.10,3.19)
These solutions were verified foro = 0 by nonlinear numerical calculations [1,2].
Interesting is the shape of a real supersonic cavity as compared to the ellipsoidal type. Fig 3.12

illustrates results of calculations of the form of the dominating part of a supersonic cavity, based on the
solutions [45, 52].
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Fig. 3.11: Cavity form behind slender cone in sub- and supersonic flows, ¢ = 0
3.5 Cavitating drag in compressible flows
The important difference of flows with A, > 0 is the formation of wave drag on the cavitator

and especially on the forward part of the cavities what can be very intense and is the more the less is the
cavitation number. As the result the forward cavity parts as it can be evident for solutions comparison
(3.15-3.20), is occurred for M, >0 considerable more narrow as compared to subsonic cavities. The
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appearance of wave drag leads to considerably higher coefficients k =k (A, m) . Their significances for
as distinguished with M, <0 where they are k ~0.94 +1, for M, >0 can reach the values k, ~ 2,
and more over what is illustrated by Fig. 3.9. As result supersonic cavities may have considerable smaller
size as compared to subsonic ones, but with considerably higher cavitating drag coefficients. Below the
equations for k =kg, k=k; and also C, and Cy, for forward cavity part for M, <0 and
M, >0 inthe case of cone are compared:

012
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n.0g

0.04
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X
Fig. 3.12: Comparison cavity form for M.>0 with ellipsoidal form
ellipsoidal cavity form
— — — cavity for M.#1.4>0, 620.04
lInA/
Mw<O:CDO~§nTZNE,kB~O.94—I, (3.21)
1
Cp ~kyo= kﬁz%;"@.

(3.22)
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Moo>O:CD0~§( J kB |: :|

ln\/z/ms (k)z - 1n2\/g/m282

2
C ko[ M2 /m® Y2
P b 1n2\/g/m282

2 me

The expression for cavitating drag coefficient Cpp per the cavity section coincides with body

back section:
2 D) 2
[1+£(2xf)2} (1+—Gx§j
_kul  2u _kelow ) (3.23)

2 (2 ) 8 A
where A, - aspect ratio of the cavity part contained body per back sections of this part. This expression is
universal in general case for a wide range of M, with different coefficients p, k for different ranges of
Mach Numers, but based on an ellipsoidal cavity form. This form can be essentially different from real
cavity for motion of small bodies in the forward part of very large cavities

3.6 Possibilities of compressibility account

The compressibility influence till M.~0.6-0.7 is not significant and here all calculations can be
made on the basis of verified equations. Physically the zones of supersonic flow near surface of finite
cavity are begun jet for subsonic speed of body motion. The flow over slender cavitators even under
essentially supersonic motion speed contain large zone of subsonic flow. For the range of M.~0.6-1 and it
would rather for not high supersonic speed of motion the values k can be not essentially different of 1 at
can be estimated by equation (3.11). Values of p with account of (3.17) can be calculated by equation
(3.10). Hopeful enough the estimation drag coefficient of disk type by Eq. (3.2) is. This fact gives the
possibility to estimate the cavity form behind disks and slender cavitators for this range on the basis of
Eq. (3.5). However, more accurate estimation of the cavity form near disks or cones for motion in the
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forward part of very large cavity till now is not possible. For transition into the range M.>1 the cavity very
quickly is occurred in the supersonic zone. The theory in case of slender cavitators shows the most high
wave loss is taking place namely on the forward part of the cavities. As result even for slender cavitators
the cavitating drag coefficients can be increased several times as compared to 1. With account of
experimental verification of supersonic asymptotic of streamlines at infinity supersonic cavities behind
slender cavitators can be estimated by equations (3.5) with account of equations of type (3.19) and also by
equation (3.20). The case of calculation behind disk for M.>1 causes higher complications and is not
solved until now.

Shock adiabatic curve for water practically is coinciding with ordinary one and energy loss in the
shock in water is not essential. Nevertheless it is need to expect jet more strong wave loss on the cavity in
case of the disk as compared to slender cavitators which can appear shortly enough for transition into
range of M.>1. More soft factors here for inertial projectiles is type of flow not at initial moment but for
final moment under considerable less speed which defines drag and it would rather this moment will be
under subsonic speeds. In doing so initial speed can be started for considerable more high supersonic
speeds with account of course essentially small sizes of supersonic cavities from point of view of motion
in cavity without touching with cavity surface.

4. EXPERIMENTAL RESEARCH

4.1 A typical launch process

The process of successful high-speed supercavitating projectile launch in water is realized in the
following way. A projectile is launched into water at a speed of ~ 1000 :2000m/sor even more.
Usually a launch bubble of muzzle gas is created and a cavity considerably longer than the projectile
develops.

— e e
_f_-_—::_—'ﬂ:,aﬂ?,'l—_ e P — T
i St : =g !
U, end moment U, mitial moment

Fig. 4.1: Experimental launch scheme (not to scale).

Fig. 4.2: Experimental cavity for U ~1000m /s behind disk with R, ~0.75mm.

The projectile travels in a nearly straight line, and decelerates ballistically, so that the cavitation
number increases and the cavity size decreases. At some point, the cavity boundary impinges on the
projectile surface. Eventually most of the projectile surface becomes wetted, viscous drag causes very
rapid deceleration and the trajectory is effectively terminated. Although a successful launch results in a
nearly straight projectile trajectory, the projectile itself tends to oscillate within the cavity in pitch and yaw
and is typically stabilized by a process referred to as “tail-slap,” wherein the afterbody grazes the cavity
boundary.

Typical experiments have employed fairly small, slender, metal projectiles of mass on the order of
M ~ 0.1+0.5kg. The range is maximized by fabricating the projectiles from a heavy material such as

tungsten or steel, with a density p ~ 7.8+ 20g/cm’. The projectile is designed to be closely conformal

to the forward part of the cavity at the end of the trajectory, at which point the cavitation number is
greatest, and the cavity dimensions are smallest. The cavitator size is selected such that the cavity nearly
grazes the projectile surface at this moment. A disk-type cavitator is usually used, since it is associated
with suitably stable projectile motion, and it is easily fabricated. However, it should be noted that, at very
high speeds, such cavitators endure very high stresses that, even at steady speeds, can reach the yield limit
of strongest steels. During water entry, under the conditions discussed in connection with Fig.3.1, the
stresses are even greater.
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4.2 Experimental data

Most experimental data have been obtained at conditions near atmospheric pressure for motion in
channels with free boundaries. In the following sections, the data involving the experiments described in
references [14, 36, 53] are used. The projectile form and cavitator size are chosen on the basis of a cavity,
the forward portion of which is close to a parabolic shape. Projectile stability is provided by sizing the
cavitator such that the after body is wetted, or, alternatively by generating a slightly oversized cavity such
that a tail-slap occurs.

Typically, for very high-speed experiments at approximately atmospheric pressure with
projectiles of small mass on the order of ~0.1+0.5kg, the cavities are very large. Under these

conditions, for motion at a depth of ~ 0.5 m, the cavitation number is on the order of & ~ 2.1x107*.
Ignoring the effects of facility boundaries and the free surface, the cavity length-to-cavitator radius ratio is
on the order of L / R ~29x10° . Even for a cavitator as small as 1 mm, the associated cavity length is

L. ~ 29 m. In comparison, a steel projectile of mass M ~ (.2 kg with an aspect ratio A¢~ 10-15 has a body
length of only Ly, » 10-12 cm. Even if the considerable blockage effect of the test facility is taken into
account, the large cavity will allow for considerable motion of the small projectile within it. A rough
schematic of the arrangement of the projectile within the cavity (not to scale) is presented in Fig4.1. A
high-speed composite image derived from sequential frames of a high-speed film of an experiment at a
launch speed on the order of ~ 1000 m/s is presented in figure 4.2 [36, 53]. Experiments to ranges on

the order of several scores of meters have been performed.

The main results of very high-speed supercavitating projectile experiments are as follows: The
practicality of stable motion over useful distances of small bodies enveloped in a supercavity has been
demonstrated. Very high sub- and supersonic speeds in water have been reached. See Figs. 4.2 [36, 53]
and 4.3 [14]. For range of speeds M, ~ 2 it was found that cavities have stable clear fixed surfaces.

Theoretically and by experiments the oscillating
nature of the projectiles motion and possibility of
resonance regimes for motion was discovered, see

Fig. 4.4: Demonstration of oscillating nature of the motion figure 4.4 [36,53].
and projectile stabilization process,

::'".': 'lf':;- y J: ¥, f— b B
Fig. 43 Shpersai v behind
o~10"% M_~03-0.9,
——— Ellipsoidal cavity form

Fig. 4

; [14].
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Main problems of launch processes
realization are connected firstly by the uncertainty
of the quantity of successful lunching. As the
estimation shows Fig. 3.1 the stresses on disk even
for motion can exceed the yield point of strongest
steels and considerably increased in the processes
of initial blow of cavitators against water. Plastic
TSRS SRR deformation estimation shows that a steel disk
Fig. 4.3: Supersonic cavity behind disk [14] cavitator under action of blow is deformed and
becomes alike as a mushroom form. Additional lunching experiments may provide considerable more
strong properties of metal under such specific of very short term blow processes. This possibility can be
verified by further experiments when we could catch projectiles which will not be destroyed for blow
against obstacle. A second reason of unsuccessful launch can be too high initial perturbation of projectiles
under launch which can lead to considerable lateral forces and bended plastic deformations.

Lack of experiments 1s also impossibility to reach maximal distances with nature cavity closure at
the end under 1 atm pressure so these distances are considerable over as compared to experimental treks.
There are also considerable difficulties for the forward part of the cavity near the disk due to too high
speed and especially thanks to essential change of optical properties of water under high pressure as it can
be evident on figure 4.3. For 1 atm natural pressure and very high speeds the modeling of projectile
motion in the cavity with the same as for projectile sizes is not possible too.

4.3 Verification of theoretical models

Experimental cavities are extreme slender like as needle ones. These cases are maximally suitable
for approaches on the basis of slender body theory. At the same time nonlinear numerical modeling of
alike cases 1s a very complicated problem which is not solved till now. The sizes of experimental cavities
are usually considerable larger as comparison to distances to walls and channel free boundary. For

estimation of the interference with boundaries in the range of My, <0.6+0.7 we haye dependencies
[7]. However, for any case using experimental results for middle parts of cavities for verification of the
theory is doubtful, due to considerable influence of boundaries. Especially essential boundaries influence

for transonic flows and for this case and for = > 1 models to estimate boundaries interferences do not
exist. This is the worse situation, due to the wide zone of perturbations. Here for motion near a free
surface this zone action practically is neglected and considerable distortion are made also by the wall
influence. The hopeful enough for all cases can be verification of the theory for forward part of cavities
for distances of several projectile lengths in spite of problems for photo fixation of the cavity form near
disk type cavitators for too high speeds.

Table 4.1
Experimental cavity forward parts validation
X 20 40 80 100 | 120 | 160 | 200 | 240 | 300
R experiment: (M =0.33) 46 6.1 8.2 88 9.5 112 124 134 -
R experiment: (M =0.45) 4 6l 7.8 9.1 93 113 127) 13.6 149
R theory: (M =0) 437 588 798 882 957 1090 12.1f 13.1] 145
R theory: (M=0.67) 446 600 8151 9000 977 11.13 1232 1339 14.83

As a result of subsonic experiments they had proved closeness of very slender under very high
speeds axisymmetric cavities to ellipsoidal form in spite of even considerable boundaries influence and
also independence of expansion of the sections of this cavities what is demonstrated by Fig: 4.5. [36, 53],
R,, L, - cavity maximal radius and length. Comparison of forward parts of cavities with known

asymptotic of streamlines expansion at infinity by Gurevich- Levinson [12, 22]:
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was made. In spite of the limited accuracy of the photo fixation, nevertheless this is one the most
promising confirmation of this theoretical prediction. Comparison of results [36] of this law are
demonstrated by table 4.1.

Data of supersonic experiments [14] give the possibility for verification of the asymptotic of
stream line expansion at infinity in supersonic flow:

2
r2 _ Kex {1_2lnh1x+iansm /4.} X w2

oM 4mx 2 x| oS
where K value is defined at present in the case of slender cavitators only.

For verification the photo original of fragment figure 4.3 was used. Cavity form for weakly
enough depend on A, which was estimated on the basis of shock wave angle which is clear fixed on

the photo. The experimental curves of the supersonic cavity form [14] were compared with sub- and
supersonic asymptotic (4.1) and (4.2) Fig. 4.5. For comparison booth theoretical curves are made as
reciprocally intersected with experimental curve on the first figure at the section 3, on the second figure at
the section 6. Experiments are corresponding to not very high Mach Numbers. The measurement of
experimental radii was not as very accurate. On the photo it can be seen the range of the sections 4-6 the
lateral blow of the projectile against cavity was occurred which what exited some increasing of the
experimental cavity radiuses in for the next sections. Nevertheless, as it can be seen in Fig.4.5, the curve
of the experimental cavity is situated considerable more close to supersonic asymptotic as distinguished to
the subsonic one. These confirmations give essential assurance and can be regarded as a basis for
validation of the equations developed on the basis of the Slender Body theory [44-49, 51].

- equal radiuses x=6

023
o 2 1 6 oy 8 0 2 4 6 g 8
Fig. 4.6: Verification of supersonic asymptotic of streamlines at infinity

experiment cavity form
------- - supersonic asymptotic,

— — — — subsonic asymptotic

5. AXIAL MOTION

5.1. General equations

The theory of motion in a in cavity is described by complicated equations. However, linearization
and simple heuristic approaches give the possibility to use here simplified equations which are universally
applicable both for continuous and supercavitating flows [11, 15, 31, 37, 43, 46, 49 ]. For estimation the
cavitator drag only is taken into account.

Due to extreme small values of cavitating drag coefficients a very low deceleration of
the speed of motion under inertia is observed. This fact gives the possibility to use quasi steady
approach for supercavitation modeling. The simplest model of axial axial body motion by
inertia in any continuous medium under drag which is proportional of to the speed square is
described by:

U

dt

2 dX . _ 2P B B
+KU* =0, U:E, K—canHE, U|t:O =U,, X|t:O =0, (5.1)
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where M, - body mass, x = X(t) - trajectory length, u = U(t) - body speed depend on time,
K accounts for the cavitator drag. This equations can be easily transformed into the system with the
simplest solution:
M U:

2
MdV”  ku? =0 U, ,x=—In—2 (5.2)
2 dx 2K 2

5.2 Universal equations for axial motion in cavity

In general case it is supposed that the motion starts in the large cavity and finishes in smaller
cavity when the back part of the projectile is connected with the cavity as it is shown in Fig. 4.1. The
projectile with aspect ratio A, of near parabolic form we consider as given and inscribed in such cavity as
we want with help coinciding given cavitator radius R , . In the case of motion in cavity trajectory length
until of reaching of the speed u=U, is defined in general case on the basis of integral (5.2) by
dependency:

2 2
Xo = _1n e _ Ao (53)
cymRyp U Uy

If the body is demgned in such a way in order to do not touch cavity surface for motion that speed

values U, are situated into range of body motion in cavity.

Axial motion of a paraboloidal body

Firstly we consider the most general case when body can move for the final moment both at the
forward cavity part of very large cavityFig. 4.1 or in cavity with sizes what can be near to body sizes. In
doing so the body has to be by form what would be close to the forward cavity part closed to paraboloid.
The cavitator size have to provide touch of back body with cavity for final moment of motion. On the
basis of equations for ellipsoidal cavity and equations (5.2, 5.3) the length of supercavitation part of
trajectory in general case is described by formula:

5 VA3
2/3 9(%%] 2/3 2\¥3
81 p* \/{,\S/PTC Me ) 0 81 m%S 3y 9(7“f) S
= \Y In—< (5.4)
9\/_ Pk o’ 226 [ O 93r p ki, 225 [ S
1+2- =< 1422
He He

This 1s an universal dependence, applicable both for incompressible and compressible flow in a
wide range of M, for coinciding significances of key coefficients k =k, p = p, corresponding their

significances for cavity at the trajectory end. Here py,, V - body mass density, volume, «; - show what
part of volume of final cavity until back body section 1s filled by body, o, ©, - cavitation numbers for
initial and final moments at the trajectory end.

Optimization along 2 values A¢, o, from point of view of achievement of maximal distance
gives 2 equations.

2 2
MO _y (55 1n Oe = 1T 245 e fkf [

He G, 4rio./n,
Optimization on A, only equation (5.5) indicates that maximal distances are achieved for
maximally filling by parabolic body the volume of final (ellipsoidal) cavity. The relation of the volumes

of paraboloid form V,, close inscribed in ellipsoid cavity with volume V, and relation of aspect ratios

(5.6)

here for cavity and inscribed parabolic form is:
Kpe =V / Vo =4/9~ 0445 , ¢, > =(4/9)""" ~0.582,
hp =N /N2 (5.7)
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With account of Eq. (5.5) the general dependence (5.4) is transformed into optimized dependence
for maximal distances:

203 3
X = 2 4 pb p \/— Mc (58)
p \/— 9 P k 4/ 3 Go
By optimization for o, only equation (5.6) indicates that the maximum of the trajectory length

can be achieved for motion in the forward part cavity likely as in Fig. 4.1.The maximal trajectory length is
defined by the Eq. (5.4) and by a given body aspect ratio A :

4/3
o o)
K 3
Xf:§31 Po Kp g/v\/i He InZe, (5.9)
93r p k. o) 1 2%%(50 c,
+
He

where 6, = o¢ 5 (Ag,0,) I8 defined by Eq. (5.6):

ncf_copt _ 1+22}\'1‘2‘cf_0pt /Mc (510)
Oo 47\‘fcf_copt /“c

5.3. The universal case: bodies of parabolic and ellipsoidal forms

If it would consider common optimization both on A, and o, the solution of the equations

system (5.5-5.6) give the condition which defines 6, =, for both this cases too:
c
lnCTOW:%. C¢ opt =o5,e’* ~2.126, (5.11)

o

The maximal distance on the base of Eq.(5.8), with account (5.11) is defined as:

2/3
X 2 1 pb p / \/MC (512)
pm ~ 3 G\/— P k G4/3

Comparison of 0pt1ma1 cavitatlon numbers for motion end in the forward part of cavity and in
closely inserted body in finite cavity is illustrated in Fig. 5.1.

The distance maximization under condition of maximal filling by the body of the cavity volume
in the final instant the motion in the cavity is universal. This fact is valid both for bodies close to
paraboloid and ellipsoidal form too! The dependence (5.7) for bodies of ellipsoid form the maximal
distance is defined by the same as Eq. 5.8 dependence, but with another coefficient:

203 3
2 4Py % Ve
X, JV In 2 5.13
\/_ 9 P k 4/ 3 GO ( )
Like this as Eq.(5.12) the dependence for maximal distance of ellipsoid body is:

3 Pb . 2/33 \/PT
Xom ifefp J_GMg (5.14)
(6]

For the range of M <0.7+08, A, ~10+20, k, ~0.94 this main equations can be
expressed accordingly.
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Fig. 5.1: Optimal cavitation numbers
motion end in the forward cavity part
paraboloid form: Eg. (5.10)

— ——— motion end in the finite cavity: Eq. (5.11)

In the case of paraboloid form of the body:
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In the case of near ellipsoid form of body:
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The optimal body aspect ratio is:

In0.71/ m’c
ke_opt ~ 0.69\/0—0

[}

Comparison of optimal cavitation numbers which realize maximal distances for end of motion in
the case of closely inserted in finite cavity parabloidal and ellipsoidal bodies forms is illustrated by

Fig. 5.2.
5.4 Maximizing projectile range
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Fig. 5.2: Body optimal aspect ratios depend on
cavitation number G,

————— close to paraboloidal form Eq. (5.17)
——— - close to ellipsoidal form Eq.(5.20)
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Given and not changed are values of p and of the gravity field pressure AP . The range of change
Py / p 1s also limited by values ~ 8 +15. From the point of view of effective launch most important is to

reach a given distances under conservation off sufficient energy of the projectile at final moment, from
the point of view of the required impact on the obstacle. With account limitation of reasonable initial
launch values of speed the most important possibility of the launch systems efficiency is the possibility of
maximal increasing of the reaching distances under given initial speed. This problem can be reformulated
as equaling the possibility of receiving a given distance by minimization of the initial speed, too.

There are two possibilities to reach a maximal distance under one parameter optimization. For the
parabolic body form this means optimization on the cavitation number at the final moment under given
body aspect ratio Maximal range here is defined by equation (5.9, 5.1 0). The cavitator size here is
designed for inscribing parabolic body in the forward part of cavity with cavitation number defined by
Eq. (5.10) depending on initial cavitation number. In the second way the one parameter optimization is
possible both for parabolic and elliptic body forms the maximal distance is reached in the case when body
maximally closely fills the final finite cavity.

F
1A

100 T A
X | X :
200 800
\
600|— 600
400 400
200 200
0.001 0.003 0005 0.007 0.009 0.011 0 0005 001 0015 002 0023
Up U g
i axima ; Fig. 5.4: Maximal ranges comparison paraboloid—
Fig. 5.3:M | — g 04 ges comp p
&3 rang%sq (pja%l;olmdal form ellipsoid forms paraboloid form curves are below
——Eq. (5.15) for A _ 15 ellipsoid ones

Eq. (5.16, 5.19),

————— Equations (5.9-5.10) for A =15 Eq(s.15.518) for A = 15

The maximal distance here is defined by equations (5.8, 5.13) with account of sizes for cavitator
which provide close inscribing of the body in final given finite cavity. For both cases of optimization we
have to chose the points with characteristic pressures and make optimization for this points so in reality
we have hydrostatic pressure changing. Under these conditions our design for typical points of pressure
under condition of constant initial speed of pressure will be optimal only for these values of pressure only.
For another pressures changing along depth this design will not be optimal and can be near optimal only.
For both cases under fixation of AP and py,/p we have the structure of dependence for length of

cavitating part of trajectory (5.21) which physically expresses the dependence (5.22) :

X~X(V,0,,0,) (521), X~X(M,U_,U,) (5.22)

Under given mass M and value defined body energy at the final moment U, the trajectory
length can be any long under infinite increasing of initial speed U, . With account of given characteristic
maximal pressure AP, given distance length X, initial speed U, and energy at the given trajectory end
U, definite defines value of body mass M :

M=MX,U_U,)

For further using with account of changing of pressure for given values M, U_, U, the length of
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distance will be coincide for given point AP = AP., however will it be more long for less pressures and
more short for more high pressures. The values U, at the end of given trajectory length for AP = AP,
will be the same under more small pressures. Under conditions when we have the possibility to change
the initial speed two optimization parameters give the possibility to optimize also parameter of the body
form (body aspect ratio A ) from point of view of reaching of maximal distance. Optimal aspect ratios A
are realized depending ono,, : equations (5.11, 5.17, 5.20) and under considerable increasing of initial
speeds can not be over of definite values of A from point of view body strength. If we choose maximal
possible aspect ratio from point of strength as A ~ 15 critical values of initial cavitation numbers for
parabolic o, andellipsoid &, forms are estimated by equations (7 ~1):

Ly Inmin/27
o =€ 3/4’"76 ~0.0054
SE , (523)
L34 2Inmi/
L=e 3“‘“’"—2\@ ~0.0093
A s (524)

This cavitation numbers divide range of pressures (depths) on two parts. The part of more high
pressures is when optimization is realized for body closely inserted in the cavity at the trajectory end. The
part of less pressure when optimization is realized for motion of the body at final moment in the forward
part of cavity. Body aspect ratio optimization equation ( 5.23, 5.24) is occurred as possible for the ranges
of 6., >0.0054, 5, >0.0093. Under less initial cavitation numbers and given maximal body aspect

ratios A¢ ~15 considerable better to use optimization for motion in the forward part of cavity where

maximal distance is defined by equation (5.9, 5.10). In doing so the cavitator size is designed under
condition of inscribing of body in the forward part of cavity under given characteristic maximal pressure
AP = AP, . For less and more high pressures calculation is made on the general equation (5.4) under

value of o, defined for AP = AP,,.
Figs, 5.3 and 5.4 illustrate the comparison of calculated results for maximal ranges under k ~1

m~1 k=1 Pb /p ,V'=1 and different ways of optimization under equal body aspect ratios and
masses. In Fig: 5.4 the over curves correspond to ellipsoidal form, below — paraboloidal body form. On
Figs 5.3, 5.4 touching points correspond to critical values of initial cavitation numbers (5.23, 5.24). In this

point for Uo ~1500m/s e by mass 0.3kg have reached distance length ~100m in the case of

parabolic form under AP ~60bar | elliptic form under AP ~100bar  Since more small cavitation
numbers trajectory length become practically as equal for paraboloidal and ellipsoidal forms with account
that paraboloidal form is inscribed in cavity under more small cavitation numbers for the same body
aspect ratios . It should be noted that the ellipsoidal body form under the same conditions give the
possibility to reach longer distances under high pressures but have essential lack with respect to required
additional stabilizer devises and is not good applicable for small pressures. The parabolic form is
considerably more universal giving some less long distances for high pressures but it is applicable and for
small pressures too, giving the possibility to reach maximal distances under given body aspect ratios. For
case of paraboloid form there is possibility in particular of an automatic stabilization with the help of
multiple touching by body back part of the cavity under angular oscillations of the projectiles.

5.5 Other constraints

Launch optimization process under given trajectory length and energy at the trajectory length give
not the possibility to account additional conditions and limitations if we have no some reserves of values
of initial speeds and distances. When we have these reserves they can be used to account for additional

conditions. In particular if we have limitation on projectile energy for final moment E_ = pb\/Ui /2
which can not be less as a required value we can optimize mass (volume V') of projectile from point of
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view maximization of trajectory length under this condition on the basis of equation (5.8, 5.13). The
optimal values of V here is defined by dependence (5.25) and corresponds to the dependence (5.26) for
cavitation numbers and energies of projectiles for initial and final moments:

V=eo, P Ee (525 . —co., E. =E,/c (5.26)
Py AP
This dependencies are not essentially different as compared to conditions of main optimization
(5.11). For limitations of the projectile energy at the final moment maximal distance will be reached
under some more high initial speeds.
Under limitation of the energy of launch device optimal V' is defined by (5.25) what corresponds
to equations for the cavitation numbers and energies for the initial and final moments (5.28):

E
V= ecoiA—; (527) o, =¢’c,, E,=E_ /e’ (5.28)

Like this conditions for given initial energy were considered also in [11, 37]. Conditions for
minimal initial energy and momentum of the projectile under given range and body aspect ratio can be
found too for both cases of cavitational trajectory end. This condition defines optimal value (5.29) of

projectile volume V., where B(A) is defined by dependence (5.30):

3
X
Vo= c 529
” [3@2)‘”3%)}’ o)
B(h) =X, /3IV (23 m2e (5.30)

(o]
Fig. 5.5 illustrates values of optimal volumes in (cm)® - Eq.(5.30) for paraboloid form depend on
body aspect ratio A under give trajectory range X, ~100m in the case of close inserting body in finite

cavity at the trajectory end - Eq. 5.8. Two cases of the body mass densities are used, x ~1, k. ~ 0.93.

It is important to note that for limitation of the
mitial energy of projectile maximal distances will be
reached for considerable more high initial speeds and
less projectile volumes but under considerable decrease
of the energy at the trajectory end. It is possible to
account of other limitations, important from the point of
view increasing of efficiency of very high-speed launch
systems in water too. It is interesting also possibility of
estimation reached distances and their optimization with
account motion under angle relay to gravity field.
R Trajectory length in the most part of cases can be

T A expressed by dependence:
Fig. 5.5: Dependence for optimal volumes depend on
body aspect ratio under given range Eq. 5.30. Case of X=Alnc,/c,,

body motion of paraboloidal form and trajectory end
with body closely inserted in cavity Eq. (5.8).

(5.31)

where A is defined by parameters of end cavity and is not changed along motion. For motion in gravity
field of pressure with account changing of the pressure along trajectory dependence for trajectory length
under given o, (A, ) is defined by equation:

c.pU2/2
AP, +yX_cosn’
where y =pg weight density of fluid, n is calculated from gravity direction against clock rotation.
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Aspect ratio optimization here is made analogously constant pressure but for this case for given trajectory
length and after that minimization of needed for it initial speed. In doing so cavitation numbers are
considered as per pressure values at the trajectory end. In doing so relations of optimal cavitation numbers
(5.11) and other parameters are occurred the same as for motion along trajectory under constant pressure.
For motion along direction to free surfaces the bodies can flight out from water due to the cavity will not
be closed. Condition of body free flight out from water for ycosn < 0 is:

G, < Zc e—[1+(Ay cosm)/AP, ]
1+ 1+Mj

(5.33)

(6]

Here AP, - defines given pressure for initial moment.

5.6 Accounting for compressibility

Key moments of compressibility account can be made clear on the basis of general equations
(5.9-5.10) and (5.8, 5.13) passing coefficients values p, k which defines compressibility influence on the
trajectory length. It is important her fact that trajectory length is defined by cavity at the trajectory end
defined projectile drag coefficient. Under supersonic speed at the final moment this coefficient can occur
as it clear on Fig. 3.9 in several times more over as compared motion for subsonic speeds. With account
optimal relation intial and end speeds U, ~2.1U. increasing initial speed till values
U, ~3000+3200m/s for sonic speed in water a ~1500m/s will lead to increase of maximal
trajectory lengths. But here it can be possible to have the problems with motion in essentially more small
supersonic cavity. Further initial speed increasing can be negative only and can even decrease trajectory
length. In doing so the trajectory end for M, <1 in transonic range can some increase the trajectory
length thank to compressibility influence.

6. Lateral motion

6.1. Some peculiarities of the motion
The most convenient approach is the application of the equality conditions of all inner forces and

moments projected to normal and tangential axes of the trajectory of motion y = y(x). In the case of
level motion, the system of equations for the trajectory are:

d*0+a

MUs@—FnJngcosG:O, d—yztane, J—( 5 )+M= 0 (6.1)

dt dx dt

Here M s the body mass, J is the longitudinal moment of inertia, t is the time, U (t)1s the
velocity component along the trajectory defined by the addition to equation (6.1), o, 0 are the angle of
attack and the angle tangential to the trajectory, respectively. Equations (6.1) are written in with E,, as the
normal component of the main vector, and M as the main moment of all inner forces acting on the body,
including hydrodynamics forces.
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Fig. 6.1: Hydro-elastic effects influence depend
on M,

@ Eq. (5.3) for body aspect ratios
A, ~5,10,15

In general, the process of motion can be
imagined as follows. A moving cavitator creates a cavity
surface and after that, the body moves on the surface.
The trajectory of the cavitator and the trajectory of all
parts or the body interacting by hydrodynamic way with
the cavity (planning, stabilization, etc.) do not coincide
with the trajectory of the center of mass. The body
rotates, oscillates, and bends, and, as a result, the local
speeds and angles of attack of it different components
that interact with the cavity are significantly different.
The cavitator in this system essentially marks the curved
trajectory of the centers of expanding cavity sections. In
doing so, the cavitator imparts to the sections a definite
lateral speed and inertial impulse and after that, the
sections and body components interact with finite time
lag. Besides, a cavity for motion can be deformed under
different external factors, some of the most significant
being lateral gravity influence and gas injection, and

even for motion of a rigid body in an empty cavity connected with the possibility of appearance of power
oscillation processes. Thus, we have a complicated complex process including rigid and hydro-elastic
body oscillations under the action of cavity deformations and waves on its surface which can appear for
steady and unsteady motion. The motion problems are considered in the number of publications [6, 9, 15,
19,30- 32, 36,43, 46].
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6.2 Fluid-structure interaction effects

A key problem is planning on the cavity surface. Planning theory started from known publications
and was developed through many investigations. Planning of a cylinder on a cylindrical free surface in an
incompressible fluid for the first time was investigated by E. Paryshev (1973)]30]. Essential to this
problem is the application of the strip model for the hydrodynamic interaction with the cavity. In
considerable part cases the linear presentation of the lateral force depend on attack angle can be used as
based on the added mass m at the body end part coincided with separation section. Given a sufficiently
wetted back part of the body, known linear theory for slender body lift here can be applicable. But for
some cases, for example in the case of the angle of attack for a disk-type cavitator, this dependence can be
nonlinear. It is important for some cases can be account for compressibility for planning for at sub-, trans-,
supersonic speeds too [19, 26].

6.3 Hydro-elastic effects

The model problem based on differential equations for an elastic beam is:

o { } (x)a Yo, 62)
U2 ay — , a y — O,
C Ox - ox’ -
'y
= ) :O.
ax2 'S

Here, i(x) =i,1(x) is the linear moment of inertia and m(x) = m,m(x) is the mass of beam
sections. E is the elastic modulus. The center of mass is located at the coordinate, x = 0. Distances a
and a, are measured from the center of mass to the back and front of the beam, respectively. In the model
statement, the lift force, for simplicity, is situated at the body back section. m is the separation added
mass at the back body section. A hnearlzed solution of the problem (6.2) is determined using a quasi-rigid
approximation for o1, /Ei,) — 0 % Equation (6.2a) is twice differentiated with respect to x and second

order terms are neglected. Using integral conditions of conservation, all forces and moments on the beam,
(9.2) 1s solved for m = const and is transformed to the simple equation

A 10k amUin=0,b)k, = 9K, =& n. (63)
dt 1+mU; /K, a’
Here, J is the longitudinal moment of inertia of the beam, i_is the value of i(x) at the center of
mass, and the value of n~ a (i.e., close to the angle of attack of the body at the center of mass). The
solution for m - const have been defined significance of &, ~4,8 for this case. Physically hydro elastic

effects are manifested here by more small attack angles in the back basis of body as compared to it's
values for the rigid body.
Fig. 6.1 illustrates the results of hydro-elastic effect action on attack angle at the back body section

in case of model case of supercavitation flow of metallic body for E ~ 4x10''n/m? of near parabolic
form with wetted back part of body. The estimation data for k, =k, (M,,) on basis formulas (9.3)

depend on Mach Number are presented for three body aspect ratios A, ~ 5,10, 15 and rough estimation
of &,~11.5. With account of essential influence of real lift force position shift to forward this data can
give to high estimation and can be preliminary oriented only. These equations are on the basic model for

2 The equation (6.3) was obtained (1997) together with Yu. Scosarenko.
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nearly straight, inertial motion at nearly constant speed, where the problems of vertical and lateral motion
can be considered essentially separately. The linearized model applies to very high-speed launching, with
subsequent near straight body motion by inertia. The body has a wetted stabilizing part at the back, and
the hydro-elastic effects are accounted for based on generalization of the model problem (6.2, 6.3).
Neglecting small lateral forces on the disk-type cavitator and accounting for sufficiently slow damping of
velocity, the system equation for the trajectory y = y(X), y = y/a, x=x/a is given as:

)dAy k_dAy

dx’
b) A, =T (e, - 1®,), day (6.4)
X dx

+k—A 0,
JY

¢) Ay=y-J(a, - J® )—(e +T

Ei
Ok =1/1+2 S, = [—+ VK =E =
) K, [ K, | Kh [K KbA b = S a2

Here, o, 0,, U, ©,, arethe initial angle of attack, the angle tangential to the trajectory of the
center of mass, linear velocity, and angular velocity, respectively. a is the distance between centers of
mass and pressure. m is the separation-added mass of the back wetted part of the body, combined with
any stabilizers interacting with cavity surfaces, M, J are the mass of the body and the longitudinal
moment of inertia. E, 1 are the modulus of elasticity and lateral moment of inertia at the section of the
center of mass, K, 1s the body rigidity (K, - without influence of lift shift), defined in a special way,
K, is the stabilizer rigidity. For neglecting of the lateral forces on the disk cavitator delay effect for flow
action on the back part of body in this model is not accounted. The problem (6.4) defines lateral trajectory
coordinates relative to the axis inclined with respect to the direction of initial motion and by using the
classical equation of harmonic oscillations with damping, can be solved separately for o, 6, (o + ).
Physically, this fact corresponds to lateral and angular oscillations of an elastic body, where energy is
transformed from one type of oscillation into another, with energy then transformed into lateral energy in
the wake behind the body. It is important that this model is significantly unsteady, not quasi-steady. Even
this simple linearized model for the case of a rigid body uncovers the most important properties of
supercavitation motion connected with the manifestation of intensive oscillations, with definition of key
parameters of this process. The amplitude A, and the frequency of the dying oscillations k.. are given

by:

_khm

A =e 2 [(A,)*+

mp

(Ay0 +0.5k;m Ayo)

N k, = \/kh 2 0.5k, m)? (65)
ky 5~ (0.5, m)’ .

Oscillations frequency for M, A increasing have tendency to be more close to elastic body own

frequencies of oscillations and indicate on possibility of resonance processes. This tendency can be
enforced in transonic flow where possibility of essential increasing of lateral forces was discovered [26].
In doing so hydro-elastic effects action decreased lateral forces can provide considerable decreasing of
these processes. The approach under consideration is essentially model approach so supposes linear
dependence lateral forces on attack angle and is not taking into account cavity deformation along motion
process. Under other way of stabilization in particular under automatic stabilization process with help
multiply touching of the basis part of body the cavity this model for lateral forces will be another one.
Nevertheless the simplest model of lateral motion can be considered as qualitative model applicable for
estimations for wide enough cases. More accurate and adequate model is considered in particular in the
publication [15].
CONCLUSIONS
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A number of problems involving the launch of very high-speed supercavitating projectiles in
water have been solved, but research overall remains incomplete at this time. One of the remaining
challenges is observed instability during repeated launch experiments, which appears to be associated
with the very high stresses that occur during water entry. Special experiments are required to verify the
underlying physics of this process.

Another important unfinished research topic is compressibility effects at high Mach number. This
issue 1s important for defining reasonable expectations for the maximum launch speed that can be
achieved in the attempts to increase range and avoid resonant regimes of motion. One promising
approach would be the development and validation of nonlinear numerical models for compressible
supercavitating flows past disk-type cavitators, which would allow for reliable predictions over a much
greater range of Mach numbers.

Additional important results are desired in the area of experimental research into supercavitating
flows and the motion of the projectile within the cavity at very high speeds and under very high pressure.
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AHHOTAIUA

Paccmompenvl modenu psoa eudpoounamuyeckux npoyeccos uiu c800AUUXCS K
Hum. Kpome moeo npeonosceno onsa ysenuuenus HAOeHCHOCMU pacyemos GKII0UUMb 8
KOMNbIOMEPHYI0 MOOEb (PUULECKO20 NPOYECca MOOElb 8bIYUCTUMENbHO20 NPOYeCcca.

BBEJIEHUE

[lenpt0 KOMITBIOTEPHOIO MOJIEIUPOBAHUS SIBJISIETCSl MOIYYEHHUE JOCTOBEPHOM
uHpOpPMAIIMK O MOIEIMpyeMoM mpouecce. Kpome MareMarndeckod COCTaBJISIOIIEH
KOMITBIOTEpPHAsE MOJIENIb COAEPXKUT HH(OPMAIMIO, JTOMOJHSIOUIYI0 TEOPETUYECKUE
noctpoeHust (0a3y JaHHBIX, YCIOBHS MPUMEHEHUS Pa3IMYHBIX MOAMONEICH M T.IL.).
IlockonbKYy B KOMITBIOTEPHOM MOJIENM CYHIECTBEHHOE MECTO 3aHMMAIOT CJIOMKHBIE
BBIUMCIUTEIbHBIE MPOLEAYpPhl, TO JTOJDKHA OBITh pa3paboTaHa M CUCTeMa KOHTPOJI
MOrPEIIHOCTH. JTa CUCTEMa MOXKET OBbITh OCHOBaHA HA MOJEIM BBIYUCIMTEIBHOTO
Mpolecca U MOrpelHOCTA BBIMUCIICHUH, BKIIHOYASI TTOTPEIIHOCTh METO/IA, OKPYTJICHUS U
Jp.

HEKOTOPBIE 3ATAYN TEOPUU ABII

Pacuer aspomuHamuku TeueHwit B Bo3AymHOM mnoaymke (BII)  oObmHO
MIPOBOJIUTCSI HA OCHOBE psna jgonyiieHuid. [Tockonbky m30bITOuHOE AaBiieHue P—P, B
BII, xak mpaBuiio, HEBEJMKO, a 3HAUCHUE yuciaa PeiHobAca MPEBBIIAET BEJIMYHHBI,
XapakTepHbIE JJIs1 TaMUHAPHOTO TEUYEHHSI, TO BO3AYIIHBIN MOTOK MPEACTABIISIETCA CTpyen
U7CATbHOM HEC)KUMAeMOM HEBSI3KOM M HEBECOMOM KHMIKOCTU. A TaK Kak Tra0apuTHBIC
pasmepbl ABII Ha omuH — aBa mopsizika Oosbllie, YeM BeMYrMHA 3a30pa /1, TO KapTUHA
MIPOCTPAHCTBEHHOI'O TEYEHHUSI CTPOUTCS Ha OCHOBE TUIIOTE3bl IJIOCKUX CcedyeHui. B
PaBHOBECHOM HEHAKIIOHEHHOM IOJIOKEHNN JTABJIEHHUE TTOJI AllIapaToM paclpeielieHo 10
9KpaHy paBHOMEPHO, CTPYH B CTPYHHOU 3aBece paboTaloT B OMHAKOBBIX pexkumax. [lpu
HaksioHeHnn ABII mpoucxoaut HM3MEHEHHE BEJIMYMHBI BO3AYIIHOIO 3a30pa MEXIY
HWKHEH KpoMKoi ruOkoro orpaxaenus (I'O) u skpaHoM 1o epuMeTpy arapara (puc.
1,a). Ilpu 3TOM OCHOBHBIM (haKTOPOM, OOCCIICUMBAIOIIUM CTATUYECKYIO YCTOWYMBOCTh
ABII, sBisercs nepeMelleHUe IEHTpa JaBJIEHUSI OTHOCHTEIBHO LIEHTpa Macc Hu
CBSI3aHHOE C 3THMM BO3HMKHOBEHHE BOCCTaHABIIMBAIOLLEr0 MOMEHTA. JTO OOYCJIOBJIEHO,
[JIaBHBIM  00pa3oM, Tiepepacrnpe/ieyieHUeM JaBJeHHs [0 [HUILEM armapara Hu
OrpaXKJIEHUEM BCJICAICTBUE HM3MEHEHUs XapakTEpa HMCTEYEHUs 4Yepe3 3a30p, a TaKKe
BCJIEJICTBUE BEPTUKAILHOTO U TOPU30HTATIBHOIO MEPEMEIICHU ST HYKHEH KPOMKU THOKOTo
OrpaKAEHUS, T.€. M3-3a IEPEMEICHU S reoMeTprudeckoro neHrpa BIT[1].

Pacuer xapaktepuctuk ABII, paBHOMEpHO HBHXKYIIErOCs HajJ POBHOM
MOBEPXHOCTHIO 36MJIM WJIM Ha TUXOM Boae (puc. 2), CBOOUTCA K PEIICHUIO HECKOJIBKUX
CTALIMOHAPHBIX TMAPOIMHAMUYECKUX 3a/1a4.
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Puc. 2. Cxema nemwxenust ABII Hax MOBEpXHOCTHIO BOIBL.

B3aumoneiictBre Haberaroniero moroka Bo3nyxa CO CTPYSIMH, UCTEKAIOIIMMUA U3
'O, MomenmupyeTcsi 3amadell O COYIApeHHH CTPYyH C Pa3IMYHBIMA KOHCTaHTaMU
BepHyIM, TeKyuXx BIOJIb dKpaHa HABCTpeUy ApYr Apyry. PacnpeneneHue naBieHus 1o
nepumeTpy BII MokeT ObITh MOMY4€HO PACYETHBIM HIIM KCIIEPUMEHTATIBHBIM CITIOCOOOM
npu oorekaHuu Tena 6im3kon k ABIT ¢opmbl. Pacuer ¢popmbl MOBEpXHOCTH KUIKOCTH
(BOJIHOBOTO ~ CKJIOHAQ) CBOAMUTCS K PEIICHUIO TUAPOAMHAMUYECKOM 3a/laud o
nepeMenjaroneiicss cucreme nasieHuid. Ha gprokymmiics ABII neiicTBYIOT —cuilbl
COIPOTHUBJICHUS], UMEIOIIME a3POANHAMUYECKYIO U THIPOAMHAMUYECKYIO npupony. [lpu
pacuere napamerpoB ABII, Haxomsmerocs B PaBHOMEPHOM [IBUKEHHH, aHAJIOTUYHO
3a7a4e O CTAarn4eCKOW YCTOMYMBOCTH PpEIIAECTCS CHUCTEMA YPAaBHEHUH PacXOJHOIO
OamaHca B CeKUMSX M BecoBoro OanmaHca. B mocienHem ypaBHEHUHM YYUTBIBAKOTCS
BEPTUKAJIBHBIE COCTABJLIOIIME BCEX CUJL, PACCMOTPEHHBIX BBIIIE, & TAKKE CUJIBI TSITH U
criibl B3aumozencTeus 1'O ¢ skpaHoM. B orimuue ot 3a1aun cTaTi4ecKoil yCTOMYMBOCTH
BelMunHa yria auddepeHta 3 sBISETCS HEU3BECTHOM, B CBSI3M C YEM CHCTEMa
ypaBHEHUI OanaHca JONOJHSETCS YpPaBHEHHWEM MOMEHTOB, YYWUTBHIBAIOIIMM BCE
nevicreyronme Ha ABII cunbl u ux neun [1].

Ha puc. 3 mpuBeneHbI THIIOBBIC 3aBUCHMOCTH COMpPOTHBICHUS R = R/G W yria
middepenta 3 or uncna Opyna, npuBeneHubie B [1]. Toukamu oTMeueHBI pe3ysbTaTbl
AKCIEPUMEHTA.

Pacuer napamerpoB Teuenust Bozayxa B ABII co crpyitHOl cxemoii, Haxosiencs
B HAKJIOHHOM IIOJIOKEHWH, OCHOBAH Ha pe3yJibTaTaxX HUCCIEI0BAHUS PEKUMOB TEUECHUS

crpyu (puc. 4).
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Puc. 3. 3aBUCHMMOCTH OTHOCHTEIHLHOIO CONPOTUBJICHUS R
uyrna quddepenta 3 ot uncna dpyna Fr.
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Puc. 4. PexxuMbl TeUeHHS CTPYA.

IIpu Hakimone ABII B cuily pa3nMuHBIX yCIOBUM Ha K&KJIOM YYacTKE IEPUMETPA
BII nepudepuiinas cTpys B KaXIOM CEUEHUUM HAXOOUTCA B CBOEM PEXUME, KOTOPBIHA
OIpe/IeIIsieTCsl 3a30POM (PacCTOSIHUEM OT KPOMKH COILIA JI0 SKpaHa B IAaHHOM CEUEHUH) U
repenagoM JTaBJICHUA MEXIy CEKIMel U oKpyxkaroleil armocdepoii. Tak Ha ydacTke ¢
MEHBILIIM 33a30pOM CTPYS PACIIEIUISIETCS, U YacTh BO3Ayxa BXoAUT B obsacts BII (pexum
pacuienienusi). Ha npyrux yuactkax (¢ OoyiblIMM 3a30poM) CTpyiHasi 3aBeca, Oyaydu
MPUIIOAHSTON HaJ SKPAaHOM, MPOIYCKAET Mo COO0M CTPyro, TEKYIIYI0 U3 MOIYUIKH B
armocepy (pexxum nonrekanus). B ceuenuu, pazgensiomnieM o0JacTH pacIlerieHUs U
MOATEKAHUS, PEATM3YeTCs] PABHOBECHBIM PEXUM (MM PEKUAM OTKJIOHEHHOM CTpYH),
UTPAIOIMi OoJiee 3HAUMTENBHYIO POJIb MU pacuerax napamerpoB ABII B paBHOBecHOM
(HeHakJIOHEHHOM TosiokeHnn). Ha puc. 1,0 mokazaHbl 3Mmiopbl pactipeiesieHus pacxo/10B
B cTpyiiHOU 3aBece Bxonsuero B BII Boznyxa Q. [Ipu 3TOM O, B peKHME MOATEKAHUS
uMeeT oTpularedbHblid 3HaK. CranuoHapHbli pexum Bucenus ABII npu srom
OCYIIECTBJISIETCSl TpU HyJIEeBOM OanaHce cymmapHbix Bxomsaumx B BII pacxomos.
[lockonbKy TONMIIMHA CTPYH M 3a30pbl 3HAYUTENBHO MEHBIE T'abapUTHBIX Pa3MEPOB
armapara, a yroj HakJIoHa O Majl, TO T€UYeHHE B KaXJIOM CEYEHUM CTPYHHOH 3aBeChI
OyZer Majio OTJIMYaThCsi OT IUIOCKOTO TEeYeHUs (MCKIIIOYEHHUE COCTaBJISIIOT YIJIOBBHIC
TOYKH, BKJIaJIOM KOTOpBIX B oOUmMi OanaHc, Kak MpaBuio, npeHedperator). [losromy B
MEpBOM MPUOMXKEHHMH MOXHO paccMaTpuBaTh IUIOCKME 3aladyd, a TIepexo] K
TPEXMEPHOU 3a/ladye OCYIIECTBISETCS MHTErPUPOBAHUEM PACXOAOB IUIOCKHX CTPYH MO
BCEM y4acTKaM OIpaKICHHUS.

Kak cnemgyer u3 uccrnenoBanuil 3amay, BEJIMUUHY 3a30pa /1 B 3a7ayax HareKaHUs
CTPYH Ha 3KpaH MOXHO MPHUHSTHh HE3aBUCHUMBIM (3371aBa€MbIM) MapaMeTpOM, KOTOpBIA
IIPU TIPOYMX PABHBIX YCIOBUSX OMPEACISET PEKUM TEUEHHs CTPYH, XapaKTepu3yeMblit
KO3(D(OUIIMEHTOM pacIIeneH!s] CTPyH, PaBHBIM OTHOLICHUIO pacxona (J; TMOTOKa,
MIOCTYIIAIOIIEr0 B 00JIaCTh C MOBBIIICHHBIM JaBJIeHHEM /1 K o0mieMy pacxony Q. (puc. 5).
[Ipu K =0 (paBHOBECHBIN PEKUM) BCS CTPYS TEUET HAPYKY.
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Puc. 5. 3aBucumoctu 6e3pazmepnoro pacxona Q' u3azopa h'’
0T KO3 (pPUIHEHTA PACIICTUICHUS CTPY .

CrnenyeT OTMETHTh, YTO C TIOMOIIBIO 3aKOHOB COXPAaHEHUS W HEKOTOPBIX
YIPOIIAKOIMX JOMYIIEHUH BO3MOKHO IMOCTPOSHHE MPUOMKEHHBIX METOJOB pacuera
cTpyiHbIX 3aBec. [IpuOmkeHHBIE METONBI HE JalT TMOJHOW uH(opMaluu o
pacnpeiesIeHnd CKOpOCTed M JaBJIEHWM MO TpaHUIe M BHYTPH IOTOKa, O (opme
CBOOOIHBIX T'paHHIl. MeTO/bl, OCHOBAHHBIE Ha TOYHOM DEIICHUM 33]a4H, MO3BOJISIOT
MIPOBECTU MOAPOOHBIC MCCIICIOBAHKS PA3IUYHBIX MapaMETPOB TEUCHUS, HO, B CBSI3U CO
CIIO)KHOCTBIO PACUYETHBIX aITOPUTMOB, KX HEIOCPEACTBEHHOE MPUMEHEHUE IS
WHKEHEPHBIX PACUETOB 3aTPYAHUTEIBHO.

Bo3MoxkeH crenyrommid moaxo/I: anmpoOKCUMAals PE3YJIETATOB TOYHBIX PacueToOB
Y UCIOJIb30BaHuEe B MareMaTrueckor monesm ABII anmpokcumanmonnoit gpopmyisl. Ho
B CIIOKHBIX MOJIEJISX YMCIIO BaphUPYEMBIX MapaMETPOB MOXKET OKa3aThCsl OOJBIIMM, U
MOJTyYCHUE alTPOKCUMAITMOHHBIX (POPMYIT U3 TOUHBIX OKa3bIBACTCSI HEMIPOCTON 3a/1a4eH.
B psine ciyuaeB, ofHaKo, ypoIAOIIMe TOMYIIECHHUS U PUOIMKEHHbIE (POPMYIIBI MOKHO
MOJYYUTh Ha OCHOBE PE3YyJIbTAaTOB YHCIEHHBIX HcclenoBaHMUA. Takum oOpa3om, Ha
OCHOBE pE3YJIbTaTOB TOYHOTO PEILIEHUS CO3[0aeTcs MpPUOIM)KEHHAs MareMaTHyecKast
mozenb ABII, koropast cornacoBana ¢ TOYHOM.

[lomydeHHbl TakuM 00pa3oM Ha0Op XapaKTEPUCTUK CTPYMHBIX 3aBEC SIBIISETCS
JocTarouHbIM i pazpadorku mone ABII ¢ mpocrefinmmu koHcTpykuusimu 1'O. s
0oJiee CI0KHBIX KOHCTPYKIUI paccMaTpUBAIOTCS APYrUe MoAEH (CM. puc. 6).

roA4

Puc. 6. Monemu I'O: a — 0amoHHOIO THIIA,
0 — C OTBEpCTHUEM JIJISI CO3JIAHUS CTPY THOM 3aBECHI.
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To, uro mosryynIioch B pe3ysbTare pelieH s 3a/1a4, KOMOMHUPOBAHUSI PE3YJIbTaTOB
pelIeHus1, HICHTU(PHUKALMY TTO pe3yibTaTaM (PU3NYecKOro 3KCepuMEHTa, MOKHO CKOpee
Ha3BaThb KOMIIBIOTEPHON MOJEJBIO, YEM MaTeMarndyeckol. UHCIEHHOE pEeIIeHUE 3a1ad,
KOTOpBIE MPUIUIOCH PENIATH JIJIS1 TOCTPOEHUS] KOMITBIOTEPHON MOJIENH, TTIOCTABUIIO MHOI'O
BOIIPOCOB O TOYHOCTH PACUYETOB: KaK €€ OLIEHUBATh, C KAKOM TOYHOCTBIO HY>KHO I10Jy4aTh
pe3ynbrarbl. Kakaplii paccunThIBaEMbI MMapaMeTp UMEET CBOK NOrPEHIHOCTb, U 3TU
MOrPENIHOCTH MOTYT OTJIMYAThCS Ha MOPSIIKH.

CpaBHEHHME YHCIEHHBIX J@HHBIX C pe3yJbTaraMu (U3UYECKHX HSKCIIEPUMEHTOB
JaeT BO3MOXKHOCTb OLIEHUTh TOJBKO MOTPEIIHOCTH AMPOKCHMAIMH, MPEICTaBIISIIOIIECH
Co0O0M CyMMY TpeX COCTaBJISIOLINX

A =A +A +A

alIpoOKCUMauu MoACIIN OKCIICPHUMCHIA BBIYHCIIEHUU

B orcyrctBHe OIICHKM BBIUUCIMTEIBHOH MOTPEIIHOCTH, KOTOpas MOKET
CYIIIECTBEHHO MEHSThCS TPU H3MEHEHHWH paCcUYeTHBIX IapaMeTpoB, dTa CymMMa HE
MO3BOJISIET TONYYUTh TMOJIE3HYI0 HMHQOpMANWIo, TaK KakK Ui HCCIeI0BaTes
IIPEICTABIIAET HHTEPEC OrPEMIHOCTD KOMITBIOTEPHON MOZIEIIH.

TEYEHMSI BECOMOMU KUJIKOCTH

3amaun O TEYEHWH BECOMOHM KUAKOCTU (pUC. 7) MO OMpeeCHHBIM MpUYUHAM
PEIIaoTCsl ¢ OOJIBIICH MOrPEIIHOCTHIO, YeM, HAlPUMED, 337a491 00TEKaHUsT 000JIOUEK.

B Tabn. 1 mpeacraBiieHbl pe3yiabTaThl pa3sHBIX aBTOPOB IO 3a7ade O COJMTOHE
Crokca (yeqMHEHHOW BOJHE MaKCHMAIILHOM BBICOTHI). B ckOOKax mociie 4nceln yKa3aHbl
MIOrPEITHOCTH B SIMHHUIIAX MTOCIIECAHETO MMPUBEICHHOr0 pa3psiaa (TaM, TJe OHa ITPEBhIIIaeT
aTy enuHuIly). CpaBHEHHE pe3y/IbTaTOB Pa3HBIX aBTOPOB IMOKA3bIBAET, YTO OIMIMOACTCS B
OIIEHKE MOrPEIIHOCTH, TI0 MEHbBIIIEH Mepe, KaXIblii BTOPO, MPUYeM WHOT/a OIMOaeTcs
ooniee ueM B 10 pa3. IloaTromy Obl1a HEOOXOaMMa pazpabOTKa YCOBEPIIEH CTBOBAHHBIX
METO/IOB pacyera [2] 1 00paboTku pe3yabTaroB pemieHus [3]. Pesynbrarsl punsrpauu u
OIIEHKH TTOrPEIIHOCTH YIOOHO TPECTaBIIATh Ha Tpaduke (puc. 8) B BUIE 3aBUCHMOCTH
—lgd (mecstmunoro JorapupMa OTHOCHTEIBHOW IOTPEIIHOCTH), OT Jorapupma 7

(urcna Toyek Koymtokanuii). TakuM 0Opa3oM, TOYHOCTh HEKOTOPBIX MapaMeTpoB ObLia
noBeaeHa 10 13-14 3Hauvanmx 1wdp, 4To OBUIO HEOOXOAMMO JIA aHaim3a OBICTPO
3aryxarommX KoieOaHnii mapaMeTpoB COJMTOHA TIPU MPHOIMKEHIH BBICOTHI COJIMTOHA K
IIPEAEIIBHOM.

i l-}:
,/r "'}
\} — F\
H s
h A
A B B D
0 2 g 'l X
a 0

Puc. 7. Cxembl TeueHuil BecoMOi KUIKOCTH: a— BoJiHa CTOKCa (TpeiesIbHOM BBICOTHI);
6 — conmuroH CToKca npy 00TEeKaHUH BUXPSI.

JIEKTPOXUMUNYECKOE ®OPMOOBPA30BAHUE

3agau WICATBHOrO IEKTPOXMMHUYECKOro (HOpMOOOpa3oBaHHsS OTHOCSTCS K
3anadam Xene-11loy co cBOOOAHBIMU TPaHHUIIAMH U IO TTOCTAHOBKE BO MHOTOM CXOJIHBI C
3amayamMyd  JIBWDKCHMSI  BS3KOM  JKWJIKOCTM B TpyHTax. PaccMoTpuMm  3amady
dhopMoobOpazoBaHusi 00padarbiBacMol (PacTBOPSEMON) TOBEPXHOCTU JIBHIKYILIIMCS
TOYCYHBIM HMCTOYHMKOM — O3JIEKTPOJIOM, PacCMOTPEHHYIO B [4]. MepuauoHaIbHOS
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CeueHHe MexdJieKTpoaHoro mpocrpanctsa (MOII) mokazano Ha puc. 9. 3aece ADB —
cBOOOHAs rpaHuIla, Touka C — TOYCUHBIM UCTOYHHK, TBUKYIIMICS CO CKOPOCTHIO V) K
CBOOO/IHOI TOBEPXHOCTH.

Tabmua 1
3HaueHus Yncia chYIIa, ITOJIYYCHHBIC PA3HBIMU dBTOpaAMM

Fr=1.286 (5) Longuet-Higgins M.S., Fenton J.D. Proc. R. S. London.

A 340. 1974
Fr=1.2909 Fox M.J.H. Ph.D. thesis. Cambridge univ. 1977
Fr=1.290906 (15) Hunter J K., Vanden-Broek J.-M. J.F.M. 1983
Fr=1.290889 (1) Williams J.M. Phil. Trans. Roy. Soc. Lond. 1981
Fr=1.29089053 (8) Evans W.A.B., Ford M.J. Proc. R. Soc. London 1996
Fr=1.290890455 epbixammaa HM. BUHUTHU. Ne2550-B95-0en. 1995
Fr=1.2908904558 MaxnakoB JI.B. Euro. Journ. of Applied Math. V. 13, 2002
Fr=1.29089045586 Kurankos B.IL., llleppixanmuna H.M. Qusuxa 6onnosvix

npoueccos, Ne 2-3, 1998.
Fr=1.2908904558634 [Hepsixanuna H.M., XKurnukos B.I1. Computational Fluid

Dynamics Journ. V. 10, N 3, 2001
Fr=1.29089045586335 | Illeppxasmaa H.M., 2006

UccnenoBanne (opmooOpazoBanrss CBOOOMHOM IOBEPXHOCTU B OCOOEHHOCTH
OCIIOKHSET ~HEOOXOIMMOCTh JUMTENBHBIX  pacuyeToB  Tpollecca  YCTaHOBJICHHS
NIPEIETBHBIX KOH(PHUTYPAITUii ¥ TTapaMeTPOB 3aBUCHMOCTEH 1o BpeMeHu. OTMETHM, YTO
IIPY pacyeTe KOOPAMHAT TOBEPXHOCTH ¢ TOYHOCTHIO 12-14 3Hauanmx aecaTuaHbIX mudp,
rapamerp A SKCIIOHCHIMATBHOM 3aBUCHMOCTH a-+be " KPUBU3HBI [IOBEPXHOCTU B JAHHOM
TOYKE OT BPEMEHU MOYKET MMETh BCETO 2 TOYHBIX 3HAKA. JTO CBSA3aHO C TEM, YTO IS
MOJYYCHHUSI MCKOMBIX I1apaMEeTPOB HEOOXOOUMO BBINOJHECHUE BBIMHUCIUTEILHBIX
ONePAIVid, TPUBOJISIIIMX K ITOTEPE TOYHOCTH.

dg by |9 g % A& %,
2 | % s
z 3 = 13 T -t |
| | ._ F
i i g
& e g ol N D N R
| i - | i'ﬂ'% | 2 __-"‘
g5 I
4 o 4 =
a | 7 3 lgn @ ey 1 j . fu ) Igj-z 0 1 ) E Ipr
a o B

Puc. 8. Onienka norpenrHocT BRIMUCICHHBIX 3HaYeHIH urcia Opynaa:
a,0 — 0eckoHewHas riyOuHa; B — coyuToH CTOKCA.

Ha puc. 10, 11 nmpuBeneHbl pe3yabTarTbl (HIBTPALMKA BBMUCICHHBIX 3HAYEHUH
3aBUCHUMOCTH KpPUBHU3HBI, COOTBETCTBEHHO, CTAallMOHApHOW M (uHAIBHOM QopM OT

BpeMeHH. BIIHO, 4TO TOYHOCTH ABYX (POPM paziryacTcs CyIIECTBEHHO, XOTSI 3TO pa3Hble
YaCTH OAHOTO PELICHUS.
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Puc. 9. Cxema u BeIieIeHHBIE 30HBI 00JIACTH TeUSHUs: / — 30Ha CTAllMOHAPHOTO Mpoliecca; 2 —
(uHATHHAS 30Ha; 3 — 30Ha aBTOMOJICTIbHOCTH.

o 2 4 T & 1] 1 2 T 3
a 0
Puc. 10. 3aBucuMocTy OT BpeMEeHH: a— MOTPEITHOCTH KPUBU3HBI HECTAIIMOHAPHOM TIOBEPXHOCTH; O —
YIJIOBOTO KO3 (HImeHTa A..
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MOJEJINPOBAHUE BBIYNCJIMTEJBHOI'O TIPOLHECCA

B pesynmbrare ombiTa pemIeHUS PAa3NMYHBIX BBMHUCIUTENBHBIX 33734  ObLT
pa3paboTaH SMIUPUIECKUAN TTOIXOM K PEIICHHIO MPOoOJIeM, CBSA3aHHBIX C BepuUKaImei
pe3yAbTAaTOB YHMCICHHOIO SKCIIEPUMEHTa, OIEHKOH WX TOYHOCTH W JIOCTOBEPHOCTH.
Pe3ynbTarbl 4MCIEHHOTO SKCIEPUMEHTAa PacCMaTpUBAIOTCS M 00padarhBalOTCA Kak
pe3yabTarel  dKcrmepuMeHTa  (usmueckoro. CTpouTcs Maremarndeckass MOCIb
MIOTPEIIHOCTH (B BHUJIE CyMMBI Pa3IMUHBIX KOMIIOHEHT) M Ha €€ OCHOBE BBIOMPACTCS TOT
WM UHOM cnocod o00paboTku. B wactHOCTH, OOJbIIOE pPa3BUTHE MOJIydusa HIes
MHOI'OKOMITOHEHTHOT'O aHAJIM3a M YU CIICHHOHN (DMIIbTpaIUi: OOYEPEIHOE UM TPYIITIIOBOE

HOJABJIEHNE KOMITOHEHT ITOTPEILHOCTH [3].
dg i g

Puc. 11. 3aBucuMocTH OT BpeMeHH: a— MOTPEUTHOCTH KPUBHU3HBI HECTAIIMOHAPHOM TIOBEPXHOCTH; O —
YIJIOBOTO KO3 (pUIMEHTa A.
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BUXPEBBIE POTOPHBIE BETPOJJEKTPOCTAHIIUMU -
BYAYIIEE BETPOOHEPI'ETUKU
UBAHAWNCKUN A.B., 1.T.H., npodeccop; UBAHAUCKAS T.C., WHKEHED;
NBAHMCKHI B.A., k.T.H. — MOCKOBCKHif FOCY1apCTBEHHBIIA
OTKpPBITHIN yHUBepcuTeT (T. MockBa, Poccusi);
KACTOHBAPO A., npesunent «DokcaHepmxu» c.p.j. (r. Bepona, Mramis)

iva-vlad@mail.ru

AHHOTAIUA

B pabome oaémcs npeocmasnenue 0 HOBOM HANPAGIEHUU 68 BeMPOIHEPLEMUKeE 3a
cyem npUMeHeHUsl BUXPEBbIX POMOPHLIX 8EMPOIIEKMPOCAHYULL.

BBEJAEHUE

B nacrosiee BpeMs, B CBSI3U C COKpAILIEHUEM 3allacoB MPUPOJHBIX UCTOYHUKOB
torymBa (HedTH, ra3a, YIiis), MOBBIIICHHBIM MHTEpeC Kak B Poccuu, Tak u 3a pyoexoM
MIPOSIBJIIETCSL K BETPOSHEPIeTUKE, SBIISIOIICHCS OJHUM M3 NMEPCHEKTUBHBIX UCTOYHUKOB
ANIEKTPOSHEPIUU  JUISI  SHEProCHAOXKEHMSI TOCEJIKOB, OTACJBHBIX O KUJIBIX JIOMOB,
YIICHHBIX XO3SIMCTBEHHBIX M TEXHOJOTMYECKUX OOBEKTOB. BeTpoanekTpocraHiiuu
MOT'YT MCMOJIh30BATHCS KaK JJIs1 aBTOHOMHOI'O SHEPrOCHA0KEHH S, TaK U B paMKax €MHOMN
SHEPrOCHUCTEMBI.

IlepcrieKTMBHBIM HAPABJICHUEM B Pa3BUTHH BETPOSHEPTETUKH SABIIAETCS CO3/1aHUE
BUXPEBBIX POTOPHBIX BeTpodsiekrpocTaniuii (BPOC), B KOTOPBIX y4YTEHBI HEOCTATKH
M3BECTHBIX TUITOB U MOAU(UKAIMi BeTpsHbIX tekrpocTadimii (BOC). Celiuac riaaBHbIM
00pazoM MIMPOKO pacnpoctpaneHHbl BOC mporesiepHoro Tuia, B OTJIMYHE OT KOTOPBIX
BPOC ommuarorcs Tmpekae BCero HaMHOrO 0ojiee  BBICOKMM KO3 UITMEHTOM
WCIIOJIH30BAHUS SHEPrUU BO3IYIITHOTO TTOTOKA U KOA(D(MDUITMEHTOM MOJIE3HOTO JCHCTBHUS,
HU3KOM ITYCKOBOW CKOPOCTBIO, OTCYTCTBUEM OOOPY/IOBaHUSI IS OPUEHTAIMU CTaHIIUU
COTJIaCHO HAIPaBJICHUIO BETPOBOIO MOTOKA U TIP.

K tomy e, BOC npornesiepHoro Tumna ciio>kHbl B IPOU3BOICTBE, IKCILITyaTalluu U
peMmonTe. ['eHeparopbl TOKa pPacmoOKEHBI BBICOKO, YTO HEYHOOHO MJISI PEMOHTHBIX
paloT MpH OTKa3aX MEXaHUUECKUX y3JIOB M TeHeparopoB. CTaHIMK MPOIEJJIEPHOro TUITa
HUMEIOT BBICOKHE a3POJMHAMUYECKUE IITyMbI B OOJILIIIOM JIAla30HE YacTOT, B TOM YHKCIIE,
yABTPA3BYKOBOM, YTO TPEOYET CO3MaHUs CHEIMATBHBIX 30H, TaK HAa3bIBAEMBIX «I10JIei
BETPSAKOBY, pacrojiarasg ux Ha OOJIBIIIOM YIJICHUN OT MOTPEOUTENEH JCKTPOSHEPIHU U
KIIBIX UHPpacTpyKTyp. B cyliecTByronmx poTOpHBIX BETPOIIEKTPOCTAHIUSAX TTOJHOTA
WCMOJIb30BAHU I SHEPIUH BETPA HEOCTATOYHA, UTO SIBJISIETCSI UX HEJTOCTATKOM.

CoBpemennbsie BPOC [1] umeror nBa Osioka: MEXaHUYECKHM, COCTOSIIUN U3
BUXPEBOr'0 pOTOPA, HAXOMSAMIETOCS BHYTPU KOXKYXa C BEPTUKAIBHBIMUA Y3KUMH OKHAMH,
CITy>KaIllUMK HaIPaBIITIONMMU VI BO3AYIITHOTO MOTOKA, U penyKTopa (Wi 0e3 HEero) ¢
MTOMOIITBI0 KOTOPOT'0 POTOP KMHEMATHUECKH COSJUHEH C 3JIEKTPOOJIOKOM, COCTOSIIMM M3
YCTAHOBJICHHBIX B HWXHEW uactu BPOC nsnekrporeHeparopa, akKyMyJlIsiTOPOB H
ABTOMATUYECKOM CHCTEMbl yMpaBiicHUus. B CBo odepenp, cucTema YIpaBJICHUS
CHaO)KeHa TaxOreHepaTopoM, OJOKaMH BKJIFOUECHHSI M PETrYIUPOBKUA BO30YKICHUS
ANIEKTPOreHeparopoB, OJIOKOM YIpaBJICHHS YacTOTOW TOKa M OJOKOM aBapUHOIO
OTKJIFOYCHHSI BHEIITHEH CETU M BKJIFOUEHUSI ITUTAHUS OT OaTapen akKKyMyJIsiTOPOB.
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Bee y3mbl u xommnonentsl BPOC yHudumpoBansl, 4to mo3Bosser 6e3 Tpyna
HapalyBarb MOIIHOCTh CTAHIIMKA IyTEM YBEIWYECHHUS KOJIMYECTBA MOAYJIEH, BBICTpauBast
UX B CXEMY «LJI0THHa» MOIIHOCTHIO oT 1000 kBT 1 Gonee.

OcnoBHoll nipuHnun aeictBus BPOC 3akimouaercs B ciaeayronieM: BO3AYIIHBINA
MOTOK 4Yepe3 OKHA-OTBEPCTHUSl KOXKyXa HapaBIBIETCS HA POTOpP, HCIOJb3YIOIIMI
BUXPEBBIE TOTOKH, O00S3arelbHO BO3HUKAIOUME MpPH OOTEKaHWM TN BO3IYIIHBIM
ITOTOKOM. 3aKpyTKa BO3AYIIHOIO MOTOKA BIOJb BEPTUKAIBHOM OCH POTOpPA C MOMOIIBIO
Jonacred  CHEeUUAIbHOM  KOHCTPYKLIMM — TO3BOJISIET  YCTPAaHUTh  TOPMOYKEHHE
IIPOTUBOMOJIOKHOK OT €r0 BXOJA JIONACTh U OIHOBPEMEHHO YCKOPSIET IMOTOK BO3AyXa.
Koadduiment wucnons3oBaHuss SHEPrUM BeTpa B O3TOM CJIydae BbIIIE, YEM Yy
nponessiepabix BOC 6onee yeM Ha 30% B auamasoHe ckopocteil BeTpa oT 3 1o 25
MeTpoB B cekyHAy. OOpa3oBaBiMiicss Ha Baly MOMEHT IepelacTcs Ha TeHeparop, U
BO3ZHHMKIIMN TOK IIOCTYIIA€T Ha BBIIPAMUTENb, 3aT€EM Ha HMHBEPTOpP, OTKyda — K
norpedburemo. IIpeoOpazoBanne BETpPOBOM BSHEPruM C TIOMOIIBIO  HMHBEPTOpa
00ecrieuuBaeT BBICOKOE, COOTBETCTBYIOILEE EBPOMEHCKUM CTaHIapTaM KadecTBO
ANeKTposHepruu. Teopernyeckuil rpaguk 3aBUCMMOCTH BbIpabaThBa€MON MOIIHOCTU OT
ckopoctH Berpa aevicreus PBOC (muamerp porpa 1 m).

Ha puc. 2 nokazana BuxpeBasi pOTOpHasi BETpOIEKTPOCTAHIINSA COCTOSIIAS U3 TPEX
MOJYJIEN BBICOTOM IO 2 M ¥ TMaMeTPOM poTopa 1 m.

I'eHeparopHas 4acTh U CUCTEMA YIPABJICHUS BETPORJIEKTPOCTAHIIMEN HAXOIUTCS B
€e HWXKHEH uYactu, YTO TO3BOJISIET MPOBOIUTH CEPBUCHOE OOCIy)KHBaHuE O€3
UCIIOIb30BaHUs CIIEHUAIBHBIX YCTPOUCTB. [Ipr 3TOM ympomaercss MOHTaX CTaHLMH, TaK
KaKk OHa TMOCTpOeHAa IO MOAYIbHOMY NpuHLIUIY. [Ipon3BOACTBO  MOMOOHBIX
BETPOIEKTPOCTAHIIMKA BO3MOXKHO Ha JIFOOOM MAUIMHOCTPOUTEIBHOM TMPEAN PUSITUH
UMEIOIIEM  MeXaHooOpabaThBaloIlie U CBapo4yHoe oOopynoBanue. Ilpu srom
UCIIONB3YIOTCA  IIMPOKO IMPUMEHSEMBIE B  MAIIMHOCTPOSHWHM  MAT€pUallbl U
komIuiekTyromnme. Cpok okynaemocTtd oT 1 roga 1o 10 yieT B 3aBUCHMOCTH OT CKOPOCTH
BeTpa. OObEM 3aTpar Ha co3MaHue U ucnbITanue Berpoctanimu 10 220 Teic nosut. CIHIA.

BUXPEBASA BETPOJJIEKTPOCTAHIUA

JJIA HCITOJBb30BAHUA HA TPAHCIIOPTHBIXCPEJICTBAX

104



Pabora  snekTpocTaHIMU  OCYIIECTBIISETCS
cnenyronmM obpasoM. Ilorok Haleraroiero Berpa,
BO BpeMs [IBUKEHHUS TpPaHCIIOpTa, IOCTYMaeT Ha
JIONAaTKy HalpaBJIIOLIEro anmapara , yCKopseTcsl Ha
HUX W TOCTymaeT Ha JIONAacTh poOTopa, Tae
npeoOpaszyercss B BUXPEBOM IMOTOK, KOTOPBIA OTJaB
CBOIO DHEPTHIO JIOMACTSIM MOKUIAET 00BEM poTOpa B
00€ CTOPOHBI, B TOPHU3OHTAILHOM MOJIOXKEHUH Yepe3
OTBEPCTUS POTOpPAa U OTBEPCTUS TMOAMIMITHUKOBBIX
onop.

Kaxk U3BECTHO, npu 00TEKaHUH
reOMETPUYECKUX Tel TOTOKOM BeTpa Bcernaa
BO3HHKAIOT BUXPH, a MPU OOpa3OBaHHHU BUXPEBOIO
BO3IYLUIHOI'O MOTOKa €ro poTopa, TOrjAa Kak BIOJb
ocl poropa (B LUEHTPAIbHOM €ro 4acTh) CKOpPOCTh
BO3AYLUIHOIO IOTOKa paBHA HYIO, YTO U
UCITIOJIB30BaHO I YaJIeHUs OTpabOTaHHOTO MOTOKA
BO3[lyXa B TOPU3OHTAILHOM HAIlpaBJI€HUU - BJIOJIb
OCH YCTaHOBKM B 00e cropoHbl. Hcmonb3oBaHue
BUXPEBOIO  IOTOKAa  IO3BOJMT  MaKCUMAJIbHO
noBbicuTh KIIJ[ mpeoOpa3oBaHusi sHEepruud BeTpa B
Puic. 2 Buxpesas poTopHas MEXaHUYECKYIO0 SHEPrHui0, a YCTaHOBKa reHepaTopoB

BETPOSIEKTPOCTAHIIHS Ha 00EUX CTOPOHAX MOMYJsl 00ECHeYMBAET BBHICOKUI
KIIJI Ha Bcex ckopocTsix Haberarouiero Bo3AyIHOIO

noroka (puc. 3)

BbIBO/IbI

Hcnonb3oBaHWE BUXPEBBIX POTOPHBIX BETPOAIEKTPOCTAHLMM ITO3BOJUT PELINTH
npo0JeMy UX pa3MEIleHUs BOJM3HM KUIIbIX 00BEKTOB, T.K. YPOBEHb U3IIy4aeMOro 1ryma
HAXOIUTCSA B AONYCTUMBIX MPEEIIaX.

BPOC umeror BbICOKU KO3(DOUIIMEHT MONE3HOro JEHCBTBUS MO CPAaBHEHUIO C
nponesuiepasiMu BOC.

JUIs  W3rOTOBJIEHUS BO3MOXHO HCIOJIb30BaHHE IIMPOKO  IPUMEHSEMBIX
MarepualioB U KOMIUIEKTYIOLIHX.

Puc. 3 BerpoanekTpocTaHIms 711 UCTIOJIH30BAHMSI HAa TPAHCTIOPTHBIX CPENICTBAX
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BPOC yno0GHBI Tpr MOHTaXE U CEPBUCHOM OOCITY>KHBAHHUH.
Bo3MOXHO yBenMUYeHHE ANEKTPUUECKON MOIIHOCTH 32 CUET yBEJIMYEHHS OOIIEro
KOJIMYECTBA MOJYJIEH.
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BUOD2TAHOJ U BUOAU3EJBbHOE TOIIJIMBO
KAK AJIbTEPHATUBA HE®TSHBIM TOIIJINBAM
JIJII ABTOMOBHWJIBHBIX IBUT ATEJIEN
JINXAHOB B.A., akagemuk PAT, n.1.1H., mpodeccop;

POCCOXHH A.B., K.T.H., CT. IpenoaaBareiib —

BsTckast rocynapcTBEHHas CEJIbCKOXO03SIMICTBEHHAS aKaIeMUs
(r. Kupos, Poccus)
lihanow.fsp@kirov.ru

AHHOTAILIUSA

Paccmampusaromces pasnuyHvle acnekmol npuMeHeHUs. MONIUB
pPaAcCmumenbHo20 NPOUCX0HCOeHUs. (OU0IMaHona U OuoOU3eIbHO20 MONIUBA) 8
nopunesvix /[BC. Ilpugedenvl npeumywecmea u He0OCMAMKU MAKUX MONIUE NO
CPABHEHUI) C MPAOUYUOHHBIMU, OCODEHHOCMU UX UCNONIb308AHUS, GIUSHUE HA
npoyeccyl C2CoOparus u 00pa308anuUsi MoKCuuHvlx geujecms 8 yururope JBC.

BBEJAEHUE

[IpumMeHeHre »JTaHOJa B KavyeCTBE TOIUIMBA U KHCIOPOAOCOACPIKAIINX
KOMIIOHCHTOB TIPHCAIOK IIMPOKO W JaBHO M3BEeCTHO. Cpeay pa3IMUHBIX CITUPTOB H
WX cMecell HauOoJbIlee pacIpOCTpaHEHHE B KadyeCTBE MOTOPHOTO TOILIMBA
MOJIYYMJTM MeTaHoJ ¥ dTaHoJ. Eme H. OTTo B mocienHe 4eTBepTH BOCEMHAIIIATOT0
BEKa CKOHCTPYHMPOBAI YCTBHIPEXTAKTHBIA JBUTATE]Ib, PadOTaBIIMH Ha CIHPTE, a
nepBasi coBeTckasg Oammmcruueckas pakera P-1, ucnbitannas B 1948 rogy, B
co3mannu koropoi ydactBoBanm C.I1. KopomeB, paborana Ha cMecH KHCIOpoAa U
75 % BogHOM pacTBope 3THioBoro cnupra. ['enpu @opa B 1908 rogy coznan moaesb
T, paboraroliiyro Ha 3TaHOJIC.

OOBIYHBIA TOITMBHBIN ATAHOJ MPECTABIISACT COO0H BRICOKOOKTAHOBBIN CITHPT,
moJiydaeMblii TyreM (QepMEHTAIMM caxapa, KOTOPBIH TMOJy4aloT W3 Kpaxmalia
3epHOBBIX KYJIbTYp. bro3ranon momydaroT GpepMeHTaIel caxapoB, JOOBIBACMBIX U3
PacCTUTEIILHOTO BOJIOKHAa M3 BO300OHOBJISIEMBIX HMCTOYHUKOB ChIPbS, TaKHX Kak
JpeBECHHA HJIK COJIOMA.

buosTaHONM - 3TO KUIKOE CIHUPTOBOE TOIUIMBO, KOTOPBI MPOU3BOMUTCS W3
CEJIbCKOXO3SIMCTBEHHOW TPOAYKIIMH, COAEpKaIleld Kpaxmall WM caxap, Halmpumep,
U3 KYKYpY3bl, 3€pPHOBBIX WJIM CaXapHOr'0 TPOCTHHWKAa. B ormwyume or cnupra, U3
KOTOPOTO TPOU3BOJATCS AIKOTOJIbHBIC HAIMUTKHU, TOILTUBHBIA STAHOJ HE COACPIKUT
BOABl W IPOU3BOJUTCS YKOPOUCHHOW JHUCTWULIIHMCH (JBE pEKTU(HKAIMOHHBIC
KOJIOHHBI BMECTO TISITH) ITOATOMY COACP)KUT METAHOJI M CHBYIITHBIC Macja, a TAKXKe B
HEro n00aBJIIETCS OCH3WH, YTO JEJIACT €ro HENPHUTOAHBIM JIJIS THUIICBBIX IIEJICH.
TonIMBHBIN 3TaHOI MOYKHO TaK)KE MPOU3BOAUTH U3 BCETO, YTO COACPKUT IEIUTIOI03Y
(comoma, onuIIKH, TpaBa), HO CEOECTOMMOCTh TaKOro OMO3TaHOJIa U3 OMOMACCHI MTOKa
BBIIIIC, YeM M3 3¢pHA WM TPOCTHHWKA. CUHUTAETCSA, YTO MMEHHO OHMOATaHOJ HWMEET
HauOOJBIIMI MOTEHIIMAT B CBS3M C HEUCYECPIIACMBIMU MCTOYHUKAMH €TI0 TIOJTyISHUS,
XOTS W 37eCh eCThb CBOoM 0coOeHHOCTH. ChIpbeM IS TPOM3BOJCTBA OHMOATaHOIIA
MOTYT OBITh, KaK YK€ OBbIJIO OTMEUYCHO, TPABSIHUCTBIC PACTCHUS U JIPEBECHHA, OTXOBI
CEJIbCKOI'0 XO03fHCTBAa M JEPeBOOOpa0AaTHIBAIONMICH MPOMBIILICHHOCTH, OBITOBOMH
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Mycop # T.JO. OTWIOBBIM CHOUPT (PTaHOJN) MOXET OBITh HCIOJIb30BAH TIPU
MIPOU3BOICTBE MOTOPHBIX TOILJIUB B CIACAYIOIIMX BUIAX:

1. HemocpeaCcTBEHHO KaK MOTOPHOE TOIUIMBO JIsl CHIEIUABLHBIX JBUTaTENCH C
collepKaHueM HTUIoBOro crnupra a0 85 % (tak HaswpiBaeMbie cmecu E 85) ¢
coJiepKaHueM JIeTKUX ppakuuii yriaeBoaopoaoB (6enzuna) 15 %.

2. Kak KOMIOHEHT MOTOPHBIX TOILUIUB JIJIs1 OOBIYHBIX JBUTATENEH C MCKPOBBIM
3KUTaHUEM TPU CcojepkKaHuu 3TaHona ot 5 1o 24 % (B Poccum - GenzaHousbl, Ha
3a11aJie - Tak Ha3bIBAGMBbIM «T'a30X0»).

3. Kak okraHormoBsImaro1ias g00aBKa AJs MOBBIIICHUS OKTAHOBOI'O YMCIA U
OYUCTKHU TOTUTMBHON CHCTEMBI.

[Ipu ucnonp3oBaHuM OWOATAaHOJNA B KadyeCTBE TOMJMBA HEOOXOIUMO HMETh
BBHUJly, YTO B CYyHIECTBYIOMMX W BbIyckaembix JIBC wucnonb3oBaHue crnupra B
KauecTBe KOMIOHEHTa TomiuBa orpanuueHo 10 %. bonee BbICOKOE coaepikaHue
OmosTaHoa TpeOyeT MepeeKu IBUraTes.

[ToaToMy «umcThHI» 3TaHON KpemocThio 95 % u 0Gosee HCHONB3YyeTCS B
KaueCTBE MOTOPHOT'O TOMJHMBAa B OYEHb HEOOIBIIMX 0ObeMax. Yare mpuMEHSFOTCS
paszMuHble cMecu OCH3WHA ¢ 3TaHOoJIoM, coaepkarmue oT 5-10 mo 85-95 % asranona,
MIPU STOM B OCHOBHOM HCIOJIb3YeTCSl OMO3TaHOJ, MOJYISHHBIN 13 BO30OHOBISIEMBIX
HMCTOYHUKOB PACTUTEIBLHOrO ChIphs. JlemaprameHT cenbckoro xozsiictBa CIIIA,
MPOAHAM3UPOBAB KU3HEHHBIM IIUKJI JTaHOJA, TMpHUIIET K BBIBOAY, YTO OH
BbIpabareiBaeT 134 % osHeprum, 3arpayMBaeMoll TpU BbIpalllMBaHUHU, YOOpKE U
nepepaboTke KyKypy3bl. B To Bpewmsi, kak OeH3uH e BosBpamaet Juiib 80 %
SHEPTrUM, UCIOJIb3YEeMOU MPU €Tro MPOU3BOJICTBE.

CpaBHUTENbHAS XapaKTEpUCTUKA dTaHOJAa M JAPYTHUX BHJOB TOILIMBA
npeacraBiaeHa B Tabimuie 1. C sHEpreTM4ecKod TOYKH 3pEHUs] MPEeuMYIecTBa
CIIUPTOB 3aKJIIOYAIOTCSA TJaBHBIM 00pa3oM B 0osiee BBICOKOM K.IM.J. pabodero
MpOLIECCAa U BBICOKOM JETOHAIMOHHOW CTOMKOCTH. BenuunHa K.I.J. CIOHUPTOBOrO
JIBUTATENsl BhIIIE OCH3WHOBOI'O BO BCEM JAuamna3oHe pabodyux cMmecei, Oyaromaps
yeMy yAETbHBIN Pacxo/i SHEPruu Ha €AUHUILY MOITHOCTH CHUXKACTCSI.

Ecmu cpaBHuBarTh 6M03TaHOJI ¢ OCH3MHOM IO OCHOBHBIM TTOKA3aTeIIsIM, MOKHO
CKa3aTh, 4YTO, CHOUPT OO0JIaJaeT BBHICOKMMHU AaHTHIETOHAI[MOHHBIMUA KadyeCTBAMHU
(oxtanoBoe uyuciao 110), 4To ompeAeNsOT NPEUMYIIECTBEHHOE MCIOJIb30BaHUE
sta”osa B JIBC ¢ npuHyauTensHbIM (MCKPOBBIM) 3akuranueMm. Kpome Toro, B cocras
MOJICKYJIBl dTaHOJa BXOJIWUT KHUCIOPOA, Onarojgaps YeMy U TEOPETHUYECKH
HEO0OXO0AMMOE KOJIMUECTBO BO3/IyXa JJIsSl €ro cropanusi MeHsIie. [Ipu 3ToM OCHOBHBIE
MEpOMNPUATHUS TI0 NEPEBOY aBTOMOOUIIEH ISl padOThI HA YUCTBIX CITUPTAX CBOJSATCS
K VYBEIMYCHHUIO BMECTUMOCTH TOIUIMBHOrO Oaka (B cllydae HEOOXOJUMOCTH
coXpaHeHHs1 0e33ampaBOYHOro Mpoodera), yBEIWUCHUIO CTENIEHHM CXKaTHsl JBHUTATels
o 12-14 ¢ 1enplo MOJHOr0 MCIOJB30BAaHUS JETOHAIIMOHHONM CTOMKOCTH TOILUIMBA U
nepeperyaupoBku kKapOroparopa uiu ObY Ha GoJiee BbICOKHE PacXojbl TOMIMBA (B
COOTBETCTBUM CO CTEXMOMETPHUYECKUM KOIP(PUIIMEHTOM) M OOJBIIYIO CTEIEHb
00€THEHUS CMECH.

Henocrarku 6mo3TaHona Kak MOTOPHOTO TOILJIMBA CJIEAYIOIIHME: BO-TIEPBBIX, OH
oOnagaeT MeHblied B 1,8 pa3a TemiaoTol cropaHuisi, T.e. Pacxoji TaKoro TOIUIMBA
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COOTBETCTBEHHO OyJeT BhIlle. BO-BTOPBIX, 3TaHOI UMEET Tropa3no 0osee BBICOKYIO
TEIJIOTY MapooOpa3oBaHUsl U HHU3KOE [aBJICHWE HACBHIIEHHBIX IMapoB, YTO JeiacT
MPAKTUYECK HEBO3MOKHBIM 3allyCK ABUTATeNeld pabOTaOMMX HA 3TAHONE YXKe MpU
temrieparypax Hmwke +10°C, MeHblllee MO CpaBHEHUIO ¢ OEH3MHOM COJEp)KaHHE
yraepoaa. Ho B 1enom no MOTOpHBIM CBOMCTBAM 3TAHOJI JIyYllle METAHOJIA.

JInst ynydineHus TyCKOBBIX KauecTB B CHUPT A00aBisitOT 4-6 % m30meHTaHa
um 6-8 % auMeTunoBoro spupa, YTo 00ECNeYUBAET HOPMAIBHBIN MYCK JBUTaTelNs
IIPU TEMIIEpAType OKPYKaroIIero Bo3ayxa ao -25°C. Jlns 3Toi ke 1enu BUTaTeH,
paboTaronue Ha CIUPTOBOM TOIUIMBE OOOPYAYIOTCS CIELHATIbHBIMU MYCKOBBIMU
nogorpeBarensmMu. [lpu HeycTolumBOW paboTe MABUTATENs] HAa IOBBIIICHHBIX
Harpy3kax M3-3a IJI0XOr0 MCIapeHus CupTa TpedyeTcs JOMOIHUTEIbHBIA OI0TPEB
TOIUIMBHOM CMECH C TOMOIUIbIO, Hampumep, orpadoraBmux razoB (OI). Ilpu
MCIOJIb30BaHUM OOBOJAHEHHOTO 3TaHOJNAa B YCJIOBUSX MOHMXEHHBIX TeMIIEpaTyp
OKpyKarouieil cpenbl IJsi TPEeNOTBPAIICHHUS PACCIOCHHS B CMECh HEO0OXOIUMO
BBOJIUTDH CTAOMIIN3ATOPHI.

OnHako, MPH HCIOJNb30BAHUU CHUPTOBBIX TOIUIMB CHUYKACTCS COJEp)KaHHE
KOHTPOJUpPYEMbIX BpenHbIXx kKomrnoHeHToB (OI') nBurarens. bnaronmaps Oonee
HU3KUM MaKCHMaJbHBIM TEMIIepaTypaM T'OPEHUs CIIUPTOB BBIACISICTCS 3HAUUTEIHHO
MeHblie, ueM y 6eH3uHoBbIX JIBC okcumoB azora (NOy). OnHOBpeMEHHO BCIEACTBUE
yIY4IIeHUs TOJHOTHI CropaHus cnupToBbIX cMmeceld BbrIOpockl CO m CH Takke
ymenbInatoTcs. Beiopocs! [TAY Takke Ha mopsaoK HUXKE, YeM MpU paboTe BUTaTels
Ha OeH3uHE.

UccnenoBanusi, mpoBeneHHble B Kanane, moka3anu, 4YTO HCHOJIb30BaHUE
tormmBa E 85 mo3BossIeT CHU3UTH BBIOPOCHI TA30B, BBHI3BIBAIOIIMX IMApHUKOBBIN
abdexr, Ha 37 % (g E 10 - Toneko Ha 4 %), comepkaHue TOKCUYHBIX BEIIECTB B
O0TpaboTaBIIUX Ta3ax: OKcuaa yrieposa - Ha 25-39 %, okcunoB azora NOy - Ha 30 %,
KaHLIEPOT€HHBIX apOMATHYEeCKUX YTJIEBOAOPOAOB - Ha 50 %, NeTy4ynX opraHM4ecKux
coeauHeHuu - Ha 30 %.

Tabmuma 1
CpaBHUTEIbHAS XapaKTePUCTHUKA HEPTIHBIX U CIUPTOBBIX TOIJIUB
[Tapamerpsl CRMKCHRLIA a3 Meranoun | Otanon | bensun
IIponan byran

Hy, M/Dx/xr 46,35 45,75 19,5 25 44
p, kr/M’ ipu T =293 K 502 578 790, 810 750
[leranoBoe yucio 5 12 5 8 -
Tewmmneparypa . 504 431 450 420 415
camoBocIulameHenus, C
OKTaHOBOE YHCIIO 111,5 95 111 108 92
lo, KT/KT 15,8 15,6 6,52 9| 14,96
Hy/ 15, MJIx/xr 2,93 2,93 31 2,78 2,94
Touka (npenesnbl) KUIEHUs -42 -0,6 65 78|35-190
Tennora napooOpazoBaHus, 426 385 1110 904 285
kJx/Kr
[Ipenenst B3pwIBoOMmacHoctu (% 2,05- 1,68-10.3| 5.5-26| 3.5-151,5-5.9
rasa B BO3/yXe) 11,38
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CKVKEHHBIHN ra3

[Tapamerpsl Tporan Byran Meranoun | Otanon | bensun
Kax. Monek. Macca, [ 44.097| 58,124 32 46 11120(;
MaccoBas 1075 yriiepoaa 0,817 0,827, 0,375 0,522| 0,855
MaccoBas 10751 Bogopoaa 0,183 0,173} 0,125 0,13| 0,145
MaccoBas 10751 Kuciaopoaa 0 0 0,5 0,348 0
Mo mpu o =1 Tpu BHOMHEM| o411 10470 1061 1,065 1,086
cMeceoOpazoBaHUU

[Ipu cropanuu sSTaHOJa M3 PACTUTEIBHOrO BOJIOKHA Bbiensercs B 10 pa3
MeHblIe nuokcua yraepoga CO,, yuem npu cropaHuu OeH3uHa.

Hapsiny ¢ mojnoxXuTeapbHol 3K0I0rn4eckoil 3¢p(HEeKTUBHOCTHIO MCIOJIB30BaAHUS
CIIUPTOBBIX TOIUIMB CJEAYEeT OTMETHUTh M TaKUe€ HETraTUBHbIC SBJICHUS, Kak
MOBBILLIEHHBIE BBIOPOCHI ANbJIETUIOB M MCIAPEHUS YIIIEBOJOPOJHBIX COCIUHEHUH.
Conepxanue anbJerujoB pacreT C YBEJIWYEHHEM KOHIEHTpaluu CHOUPTOB B
TOIUIMBHOM cMecHu. U ecnu it MeTaHoIa XapaKTepHbl BEIOPOCH! (popManbaeruia, To
IpyU  CrOpaHMM  JTaHOJia  oOpa3yeTcs  MPEMMYIIECTBEHHO  alleTalbJIeru.
MuHuManbHBIE BBIOPOCH! AlIbJIETUI0B COOTBETCTBYIOT CTEXHMOMETPUYECKOMY COCTABY
TOIUIMBHOM CMECH M BO3pacTaroT Mpu ee odeqHeHuH Wi oOorameHuu. B cpennem
BBIOPOCHI AJILJIETUA0B IIpH paboTe Ha COUPTAaX MPUMEPHO B 2-4 pasa BhIIIE, YEM IIPU
pabote aBurarens Ha 6eH3uHe. X cCHM)KeHHsS TOOMBAIOTCS MpH 100aBKe K CIMPTaM
BozbI (10 5 %) u mpucanok kK torumBy Ao 0,8 % aHuiIMHA, MOAOrPEBE BO3/1yXa HA
BXO/JI€ B JBUTATEJIb.

Hcxonass W3  BBIIICU3IOKEHHOTO, MOXHO KOHCTaHTHUPOBAaTh, 4YTO MpH
MCIONIb30BaHUM OuodTaHosa B KadectBe TomiuBa mia JIBC cymecTByloT Kak
MOJIOKUTENbHbIE, TaK U OTPULATENIbHBIE CTOPOHBI, U TOBOPUTH O TOM, YTO 3TO
TOIUIMBO CMO3KET BBITECHUTH TPAAUIIMOHHBIA OCH3UH B ONMKaiIiie AeCITUIIETUS 10
KpaiiHeld Mepe NpexkIeBpeMeHHO. XOTs pabdOThl B 3TOM HAalpaBJICHUH BeayTCA
JOCTaTOYHO aKTHUBHO, OCOOEHHO B TE€X CTpaHaxX, KOTOpPbIE UMIIOPTUPYIOT HEPTIHBIE
sHeproHocutend. Tak, 10ds aBTOMOOWJIEH, HCHOIb3YIOIIMX ATAaHOJ B KayecTBe
100aBOK K MOTOPHOMY TOIJIMBY MOCTOSHHO Bo3pacraeT. OO0 3TOM CBUIETEIbCTBYET U
CTaTHUCTUKAa MHPOBOI'0 MPOU3BOJCTBA ATAHOJA U JOJIM B HEM TOIIMBHOIO ATaHOJA
s JIBC (cum. puc. 1), HO OCHOBHAas €ro J0JIsl UCIOIb3YeTCs Kak 100aBKa K OeH3MHaM
B KosmmuecTtBe 10 10 %.

Crnenyetr oTMETUTH, UTO ¢ 1975 1. B MUpE CAOKUIACH YCTOWYMBAS TEHACHUIUSA K
YBEJIMUYECHHUI0 OOBEMOB TPOM3BOJICTBA TOIJIMBHOIO JTaHOJAa W K CepeluHe
JEBSIHOCTBIX T'OJ0B €ro MPOU3BOJCTBO COCTABUIIO YK€ 0K0i0 20 muipa. J1 B roa. A ¢
Havasia 2000-X To0B A0JIs1 TOIUIMBHOIO 3TaHOJa B 001IeM 00beMe MPOU3BOJCTBA U
caMM OOBEMBI TIPOU3BOJICTBA PE3KO BO3POCIA M C KaXKIBIM TOAOM MPOAOJIKAIOT
yBenanuuBaroTcs. [lo mporHoszam crnernuanuctoB B 2010 roxy OyneT mpou3BeaeHO
oko0Jio 60 MJIpA. JT TOILNIUBHOrO 3TaHoja (1Mo gaHHbIM Poccuiickoit OMOTOIITMBHOM
acconuanuu). M3 Bcero MUpoBOro o0beMa MPOU3BOJUMOIO STUIIOBOIO CIHUpPTa B
NULIEBBIX LEIAX pacxonyercss okoio 8 %, okono 12 % morpebisger xumuueckas
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MPOMBIIIIEHHOCTh, @ OcHOBHas A0Jis (80 %) umer Ha MPOM3BOACTBO TOIUIMBA JJIS
aBTOMOOWJICH, HO OCHOBHAS €T0 YacTh MCIOIB3YETCs JIUIIh Kak J0o0aBKa K OEH3MHAM
(mo 10 %).

JIpyruM TOILJIMBOM, KOTOPOE MOYKHO HCIOJIb30BATh YK€ B JU3EISIX, SBISETCS
ouoausensHoe TorumBo (BJIT) Ha ocHOBE pacTHTENBHBIX Macel.

PacrurensHbie Macna, B IPUHITUIIE, MOJKHO HCIIOJH30BaTh B Ka4€CTBE TOIIMBA.
B stux ciaydasx HeoOXoAuMMa WX OYHCTKAa OT MpUMeceld TyreM (QMIbTpaliu |
HeHTpU(YrupoBaHus WK papuHaims. B kauecTBe MOTOPHOTO TOIUTMBA JJIST TU3EICH
MOXXHO TPHMEHATh TIOJCOJTHEYHOE, parCcoBOE, COEBOE, XJIOMKOBOE, JBHSHOE,
naibMoBoe, cadJIOpOBOE, aApaxXMCOBOE U Jp. paCTUTEIbHbIE Maca.

[To ameMeHTHOMY COCTaBY pacTHTENbHBIE Maciia OJM3KU APYr K APYry, a oT
HedrsHoro [T ornmuaroTcst mpucyrcrBueM kuciopona (9,6-11,5 %). Ho B To xe
BpeMsl, pacCTHTEIbHbIE Macjia KaK TOIUIMBA OOJAmaloT pPSAAOM CYIIECTBEHHBIX
HEJIOCTaTKOB IO CPaBHEHHIO C HE(PTSIHBIMHU TOILIMBAMHU: MEHBINIAsI TETIOTA CTOPAHMUS
(ma 7...10 %), 3HauuTenbHO OoJiee BBICOKas Bs3KOcTh (B 10 m Oosnee paz),
MOBBIIICHHAs] CKJIOHHOCTh K HarapooOpa3oBaHWIO, HHU3Kas McnapseMoctb u ap. [lo
cpaBHeHuto ¢ AT y pancoBoro macia mioTHOCTh BbIlIe Ha 9 %, BA3KOCTb — B 25 pas3,
HO cojiep)kaHue cepbl MeHblie B 10 pa3, Temmeparypa 3acThIBaHHS TaKXKe BBIIIE.
PancoBoe macio numeer Gosee BHICOKYIO MOJIEKYJSIPHYIO Maccy U 0oJiee JIMHHYIO
YIJIEPOIHYIO 1IeTb o cpaBHeHUIO ¢ JIT, uTo oOycrnoBiauBaeT ux pasnuvHble Gpu3nuko-
XHUMHAYECKUe CBOWCTBa. [103TOMY Ha pacTHTENBHBIX Maciax COBPEMEHHBIH TU3ETb
paborarh He MO)KSGOT.
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CpaBuutensHas xapakrepuctuka T M TOMIMB Ha OCHOBE PAaCTUTEIHLHOTO
CBIpbS IIpeJICTaBlieHa B TabauIle 2.

OnHuM M3 CHOCOOOB YCTpAaHEHMs YKa3aHHBIX HEJIOCTaTKOB PaCTUTENbHbBIX
MaceJl IBJISIETCS UX XUMUYEecKas epepadoTKa, HO3BOIIONIAs OJIydaTh IPOAYKTHI CO
CBOWMCTBaMH, MOJIHOCTbIO OTJIMYHBIMH OT HCXOJHOTO CBIpbS - MepedTepuduKanus
(nmpouzBoactBo BAT).
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B uem xe 3akmouaeTcs npouecc npou3BojactBa BT u3 pactutenbHoro macna.
B ouwniieHHoe OT MEXaHWUYECKHX MPUMECEH Macio J100aBJSIOT METHJIOBBIM CIUPT
(MeTaHOIT) U IEJI0Yb, KOTOpas CIYKHUT KaTaau3aTopoM peakivu rnepesTepuduKain.
[TonyyeHnyro cMech Harpeawot 10 50°C.

[Tocne orcTost M OXJ@XACHUS KUIKOCTh paccliauBaeTcsl Ha JBe (pakiuu —
JETKYI0 U TspKenyro. Jlerkas (pakiusi npeacrapisieT co00 METHJIOBBIA 3hUp UIn
BT, a Tsxenas — riunepud. Mcxoas M3 CTOMMOCTH, JOCTYIMHOCTU U (PU3HKO-
XUMUYECKHX XapaKTEePUCTUK, HanOoJiee MOIXOASAIIUM JJIsi MPOU3BOJCTBA TOILIMBA
SIBJISICTCSL PAIICOBOE MAcCjI0, KOTOPOE MOXKET OBITh MCIOJIh30BAHO B KAYECTBE OCHOBBI
WJIM KOMIIOHEHTA TOIMBa. Tak, u3 1 TOHHBI CeMAH parica MOXHO MojayduTh 300 kr
parcoBoro Macia, a M3 3Toro koinumuecrBa macia — okoino 270 kr BJT. Ho wu
MOJTYYMBIIIEECs] TOILIMBO HEOOX0AUMO cMemrBarh ¢ HedTssHbiM T, ecnu Mbl XOTUM
HCIIOJIb30BATh €r0 B CYLIECTBYIOIINX JU3EIIAX.

[ToaTromy, Hambosee mpocTod croco0 HCIOIL30BaHUS PalcoBOr0 Macjia —
nodasnenue ero B JIT. Takas cmech monydunaa Ha3BaHUWE OHOAU3EIILHOM.
OKCMEPUMEHTAIbHBIMUA U CCIEOBAHUSIMU OTEUECTBEHHBIX M 3apyOEKHBIX YUYEHBIX
YCTaHOBJICHO, YTO C POCTOM COJICP)KaHHUsSI PACTUTEIBHOTO Macia B OMOJU3EJIbHOM
CMECH MPOJOHKUTEIIBHOCTh €€ CrOPaHUsl YBEIUUYUBACTCS, U MIPU COAECPKAHUM Macia
6onee 60 % mpollecc cCropaHusi HE YCIIEBAaeT 3aKOHYUTHCS K MOMEHTY OTKPBITHS
BBIITYCKHOT'O KJlaraHa ABurarens. s yMmeHbIeHus oOIIed MpoaoKUTEIbHOCTH
cropaHusi B OHOAM3EIBHYIO CMEChb BBOISAT aKTUBATOPhI CrOpaHUs, HaIpUMED
dbeppolieH.

Tabnmma 2
CpaBuurenbHas xapakrepucruka T u ToniamBa Ha OCHOBE
PaCTUTENBHOTO ChIPhs

PaduHanp! pacTUTEIBHBIX Macen

Tokazarenu HOZ[;EJeIHe‘I coesoe | pancosoe | xiomkosoe | mamsMosoe AT
HJ'IO”I;HOCTI), 924 923 915 916 913 839
KI/M
Bsskocte  mpu
20°C, Mm’/c 63 2 78 i i :
Huzmas
TEIIoTa 36 39 37,2 34 38 42
CTOpaHus,
MJTx/n
LleTranoBoe 32 71 41 41 - 45-50
YHCJIIO
TeMnepaTy(Pa 320 220 305 318 295 60
BCIIBIIKH, C
Temnepartypa -16 -11 -18 -4 -8 -22
3acTeiBaHus, *C
Conepaxanne 0,005/ 0,005 0,005 - 1 03
cepsl, %

Hecmortps na cymectByronue Hegocrarku CIIIA u EC Bce Oosbliie BHEAPSIOT
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T BHUABI MOTOopHOro TormmBa. Tak, B CIIIA go 60 % ToBapHOro O€H3WHA YXKe
UCIoNb3yeTcst ¢ JodaBkamMu dTaHona oT 5 10 10 % (Tak HazpiBaemblii 0eH3uH E 10,
umn  «l'azoxom» ¢ coaepkanumeM odtaHona 10 %). B 2002r. B CIIA 6sw10
BbIpa0OTaHO OKOJIO 6,5 MJIH. T 3TaHOJIa, TJIaBHBIM 00pa30M, M3 BO300OHOBIISIEMOIO
CBIPbS - KYKYpY3bl. B cOOTBeTCTBUU € «3aKOHOM O BO30OHOBIISIEMBIX TOIJIMBAX IS
obecnieueHus sHepreTuyeckoit 6ezonacHoctu CIIIA» copepianue 3TaHoIa BO BCEM
oensune k 2010 r. momkHO ObITH yBenuueHo ¢ 1,3 1o 5 %, 4To npu Mpou3BOACTBE
380-400 maH. T OeH3MHA TOTpeOyeT mpou3BoAcTBa 15-20 MITH. T 3TaHOA.

B CIIA yxe paboraer 6omee 100 3aBO0B 1O MPOU3BOACTBY dTaHoJsia B 20
mrarax, B 2004r. umu Obulo mpousBeaeHo Oosee 13 mapa. 1, B 2006 romy
MPOM3BOJICTBO TOILUIMBHOI'O 3TAaHOJa COCTAaBWJIO YK€ 16 MiH. T B roa, a k 2012 r.
MJIAHUPYETCS yBEIMUEHHE 00bEMOB MTPOU3BOACTBA 10 36 MITH. T B TOJI.

B 1999 r. 6b1 uznan Ilpuka3 Ilpesunenta CIIA Ne 13134, xotopsblit
YCTaHOBWJI HaIlMOHaIbHYIO NpuBepkeHHOCTh CIIA mnpuHIunaM OMO’HEPreTUKH, B
2000 r. co3naH TEeXHUYECKHUH KOMUTET, KOTOPBIM 3aHMMAaeTCsl BOIIPOCAMH BHEAPEHUS
ouororuB. B 2002 . npuHaT 3akoH «O CEICKOM XO035HCTBEY», KOTOPBIM B pasjeiie
«DHeprus» NPOoNKUCHBAET HEOOXOIUMOCTh CTPOUTENHCTBA 3aBO/IOB IO MPOU3BOJICTBY
OMOTOIUIMB, a TAKXKE YCTAaHABJIMBACT HAJIOTOBBIE M MHBIE JIbI'OTHI IPOU3BOAUTENSIM U
NOTpEeOUTENSIM TOIJIUB PACTUTEIBHOrO MpoucxoxaeHus. I[lapamienbHo ¢ HUM
paboTaeT HauMOHaJbHAs MporpamMMa IO MOAAECPKKE HAyYHBIX MCCIECJOBAaHUN B
obnactu nepepaboTku OuoMacchl B OMOTOIJIMBA, HA YTO BBIICISIOTCS 3HAYUTEIIbHBIC
Oro/pkeTHBIe cpefcTBa. bosnee toro, B 2007 r. BHECEH Ha paccMOTpeHue «3aKkoH O
OMOTOIIMBEY, KOTOPBIN MPEAYyCMATPUBAET YBEIMUYEHUE TPOU3BOICTBA OMOTOMIMUB J10
190 muH. T. k 2030 rony.

K »sromy Bpemenu kommyectBO A3C, Ha KOTOpBIX OyneT NpoaaBarhbCs
CIUpPTOCOJEp)KAIlee  TOIJIMBO  JOMKHO ObITh  yBenmuueHo Jno 50%, a
aBTOMPOM3BOAUTENN OynyT O00si3aHbl YBEJIMYMBATHh IPOU3BOACTBO aBTOMOOMIIEH,
CIIOCOOHBIX €3MTh HAa CMECH dTaHoyia M OeH3uHa. Yke pa3paboTaH cTaHaapT Ha
TOIJIMBHBINA 3TAHOJ JIJIsI aBTOMOOMIIEH ¢ HCKpoBbIM 3akuranuem (ASTM D 5798-99).
ITpu 3ToM cornacHo crangapty ASTM, pazpaboTaHHOMY HAIIMOHATHLHON KOMHUCCHEH
no couproBbiM TommBaMm CIIA, razoxon ¢ 10 % »sraHoma xapaktepusyercs
CIENYIOIHUMH IOKa3aTessIMU: IIOTHOCTh 730-760 KT/M, TeMIIEpaTypHBIE IIPEAEIIbI
Beikunanust 25-210°C, temnora cropanus 41,9 MJDx/kr, Temiaora ucCmapeHus
465 xJx/xr, naBnenue HacbieHHbIX napoB (rpu 38°C) 55-110 kIla, Bsa3kocTh (1pH -
40°C) 0,6 Mm°/c, crexmomerpuueckuii kooddumment 14. Takum o6pasoM, IIo
OOJBIIMHCTBY IMOKAa3aTesiel ra30Xxojl COOTBETCTBYET aBTOMOOMIbHBIM OeH3uHaMm. [1o
JaHHBIM HcclieoBaHus, nposeAaeHHoro kommnanueid AUS Consultants, Gnaronaps
BBEJICHUIO HOBBIX CTaHJApTOB Ha COAEpXaHUE 3TAHOJa B aBTOMOOMJIBHBIX O€H3MHaX
umnopt ceipoid Heptu B CIIA k 2012 r. cokparurcs Gonee yeM Ha 250 MuH. T.
ITponssoacreo BT B CIIA B 2005 roay cocraBwio 0,07 mun. T. Ilpu 3TOM 1O
nporro3am B 2020 r. B CIIIA npousBoactBo bJIT nocrurner 23 mMiH. T. B TOJ.

B crpanax EBpocorosa, npuHUMas BO BHUMaHUE YBEITUYUBAIOIINECS BHIOPOCHI
CO, u pocr 11eH Ha HedTEeNPOAYKTHl ObLIO M3MaHO Pacmopstkenue EBpormeiickoro
napnamenTa u Coseta EBporneiickoro coro3a ot 8 mast 2003 roga Ne 30 «O mepax no
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CTUMYJIMPOBAHHUIO HCIIOJIb30BAaHUSI OHOJOrMYECKOro TOIJIMBA U JPYTrUX BHJIOB
BO300HOBJIIEMOI'0 TOMJIMBA B TPAHCIIOPTHOM CEKTOPE».

B ykazanHom PacnopsokeHUM OTMEYaeTcs, YTO OCHOBHBIM HCTOYHHUKOM
BeIOpOocoB CO, B armocdepy B EBporie siBiisieTcss aBTOMOOWJIBHBIM TpaHCIOPT, Ha
7010 KoToporo mpuxoautcs 84 % Bcex TpaHcnoOpTHBIX BbIOpocoB CO,, mpu 3TOM
TpaHCHOPTHBIN cekTop moTpebssier Oomnee 30 % ot obmero 3HEpromnoTpedIeHus
EBporieiickoro coobiiecTBa 1 Mpo0KaeT pacTu.

B cBsa3u ¢ stum Komuccuerr EBpocoro3a npusHsAT n0KyMeHT «O mMepax mo
obecrnieueHuto OecriepeOOMHOCTH 3HEpProcHabkeHus cTpaH EBponb», B KOTOpOM
MocTaBjeHa Lenb 3amMeHuTh 20 % TpaauIMOHHOIO TOIUJIMBA aJlbTEPHATUBHBIMU
BUJaMHU TOIUIMBA B TpaHCHOpTHOM cektope K 2020 rogy. OCHOBHOI ymop mpu 3TOM
JiefaeTcsl Ha JTaHOJI, MPOM3BOJMMBIA M3 OMOMACCHl, W JU3EIbHOEC OWOTOJMBO,
MPOU3BOAUMOE U3 Macesl PACTUTEIILHOIO WM >KMBOTHOTO IPOUCXOXKICHUS.
VYBenuueHue 0711 OMOTOIJIMBA TIJIAHUPYETCS 3a CUET MPOBEJACHUS TaKUX MeEp, Kak
OCBOOOXKICHHE OT HAJIOroB, (PMHAHCOBAS MOIJCPIKKA MPEANPUITHH, TPOU3BOISIINX
OMOTOIUTMBO U BBEACHUE O0S3aTEIBHONW KBOTHI Ha MPOU3BOJCTBO OMOJIOTHMYECKOIO
TOIJIMBA 17151 He(TenepepadaTblBarOUX KOMITAaHUH.

B crpanax EBpocoro3za nmpousBonactBo 6uoauszenbHoro tomausa B 2000 rony
cocrapisino 0,2 %, a B 2003 rogy yxke 0,6 % or obmero OanaHca motrpelJsieHHs
He(TSIHOrO TOMIMBA.

Hupextusoit EBpocorosza 2003/30 ES ot 08 mast 2003 rona momist 6MoTOmmMBa K
2010 rony momxHa ObITH HE MeHee 5,75 % B o01eM OanaHce PHEPronoTpedIeHUS.
[Tnanupyemsiii 00bem romgooro npousBozacTBa bJIT B 2010 rogy momkeH COCTaBUTh
12 min. T. Ha ™1 nenm yxe BblaeneHo 3,27 mupa. €Bpo s crpoutenbcTtBa 40
HOBBIX 3aBOZ 0B I10 Ipou3BoacTBy bJIT.

AHaOrM4HbIe MPOrpPaMMbl IPUHATH B bpasunuu, ABCTpanuu U psijie Ipyrux
CTpaH, B KOTOPBIX CEOECTOMMOCTh IMOJIYYCHHUS TOIJIMB Ha OCHOBE PACTUTEILHOIO
CBIPBSI IOCTaTOYHO HUBKAS.

B Poccuum Takke paszpaboTaHbl HallMOHAJIBHBIE CTAHAAPTHI Ha TOIJIMBA C
nob6aBkamu pactutenbHoro mpoucxoxaeHus: ['OCT P 52201-2004 «3taHoabpHOE
MOTOPHOE TOIUIMBO JIJIs AaBTOMOOWJIBHBIX JIBUTATelied C MPUHYAUTEIHHBIM
3axuranueM. benszanon. OOmme TexHHYECKHEe TpeOOBaHUs» C JOJIed 3TaHoJIa A0
10% u T'OCT P 52368-2005 (EH 590:2004) «TomnuBo Au3eIbHOE €BPO.
TexHudeckue yclioBHs», KOTOPBIN JONMYyCKaeT ucnoib3oBanue A0 5 % BT, xors Ha
7ere TPUMEHEHHE J1I00aBOK PACTUTEILHOI'0 MPOMCXOXKACHUS B TOIJIMBO HE
HCITONB3YETCS.

Ho cnenyer umeTs BBHUAY, YTO BCE MPOEKTHI, HATPABJICHHBIEC HA IPOU3BOJICTBO
U mnorpebsieHue OWOTOIIMB B 3HAYUTEIBLHON CTENEHHM TMOAJACPKUBAIOTCS 3a CYET
DKOHOMHUYECKHX JIbIOT, TpedepeHlnii, KOMIICHCAIMiH U T.I. CO CTOPOHBI
eBponeiickux rocyaapcts u CIIA. K Tomy ke Borpoc 0 3aMeHe He(TSIHBIX TOIJIUB
albTEPHATUBHBIMH CHUJIBHO TIOJMTU3UPOBAH W SBJIACTCS OJHUM U3 PblYaroB
BO3JICUCTBUS Ha CTPAHbI TPOU3BOIUTEIN HEDTHU.

[ToMmuMoO OTpHUIIATENIBFHBIX CBOMCTB OHMOTOIUIMB C TOYKH 3PEHHS MPOTECKAHUS
pabouero mporiecca, €CTh psii BONPOCOB, CBS3aHHBIX C UX MPOU3BOACTBOM. Jmst
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BBIpPAIIUBAHUS CHIPh HEOOXOAMMO OCBOOOXKJAaTh IMOCEBHBIC IUIOMIAAM, T.€. JHOO
BBIpYOaTh Jjieca, MO0 COKpallarh IJIOMIaaNd CEeIbCKOXO3SIMCTBEHHBIX MOCEBOB, a ATO
MPUBOAUT K 3HAYUTEIIBHOMY POCTY 1LIEH Ha CEJIbCKOXO3SHCTBEHHYIO MPOAYKIUIO U
MpOAYKTHl muTaHus. [lo3TOMy M ¢ 3TOM TOYKHU 3pEHHUS HEOOXOAUMO COOJIIOAATh
OalaHC MEXIYy KOJIMYECTBOM TNPOAYKIIUM TMPOU3BOJUMON [JIi MUTAHUS M Ha
MIPOU3BOJICTBO TOILIMBA.
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ABTOMATHU3UPOBAHHBIE CUCTEMbI OTOIIJIEHU S
C IPUMEHEHMEM TEIIJIOBOI'O HACOCA
N BETPOOHEPTOYCTAHOBKHA
BAUPAMOB ®./1., n.T.H., npodeccop; XAPUYK C.U., k.d.-M.H., TOLIECHT;
JIET'OILIIMH A.A., aciupasTt —
Kamckas rocynapcTBeHHas HHKCHEPHO-OKOHOMHYECKAs aKaeMust
(r. Habepexubie Uennbl, Poccus)
sergey@kampi.ru

Ternocnabxenne B ycioBusix Poccuu ¢ ee mMpoJoDKUTENbHBIMA U JJOCTATOYHO
CYpOBBIMH 3MMaMH TpeOyeT BecbMa OOJBIIMX 3aTpar TOIUIMBA, KOTOPbIE IPEBOCXOIST
noytd B 2 pasza 3arparbl Ha OAieKTpocHaOkeHne. (OCHOBHBIMU HEJOCTaTKaMU
TPAIUIIMOHHBIX HCTOYHUKOB TEIJIOCHAOKEHUS SBJIIOTCS HU3Kasg SHEpPreTudeckas
(0coOeHHO Ha MaJbIX KOTEJbHBIX), SKOHOMHUYECKas M 3Kosornyeckas 3(hp(eKTUBHOCTD
(TpamuIMOHHOE TeMJOCHAOXKEHHE SBJSETCS OJHMM M3 OCHOBHBIX HCTOYHHKOB
3arpsi3HEHUS] KPYIHBIX TopofoB). Kpome Toro, BBICOKHME TpaHCIOpPTHBIE Tapudbl Ha
JOCTaBKY  DHEPrOHOCUTENIEH  yCYryOJISIOT — HeraruBHble  (DakTOpbl, IPHUCYIIHUE
TPaAULIIOHHOMY TETLJIOCHA0KEHUIO.

OmHrM W3 TakMX METOHOB SBJISIETCA IOJIE3HOE HCIIOJIB30BAHUE PACCESIHHOTO
Hu3kotemneparypHoro (5-30° C) nmpupoaHoro Temnjia Wi cOPOCHOrO MPOMBIIUIEHHOTO
Teria JJsl TEMJI0CHA0XKEHUs C MOMOIIBIO TEIJIOBbIX HacocoB. [IpenmyliiecTBa TEmIoBbIX
HACOCOB:

® Mpou3BOAAT B 2-4 pa3 Ooblle TEMJOBOW SHEPrUM, YeM MOTPeOISIOT
ANIEKTPOSHEPIUH Ha ITPUBOJ KOMIIpeccopa

e npumenenue TH B 1,2-2,5 pasza BeiromHee cambix 3(h()EKTUBHBIX Ta30BBIX
KOTEJIbHBIX;

e crouMOCTh BbIpaboraHHoro TH tema B 1,6-2,0 pa3a HuXKE CTOMMOCTU
HEHTPAIM30BaHHOI'O TEMJIOCHA0KEHUS U B 2-3 pasza HUKE, YeM B YrOJIbHBIX U Ma3yTHBIX
KOTEJIbHBIX MAJION M CPETHEN MOIIHOCTH;

® OTCYTCTBYET 3arpsI3HEHHE OKPYKAIOIIEH Cpebl;

e He TpeOyercs 3HAYUTETbHAS TEPPUTOPHS JII KOTEIbHOW C MOABE3IHBIMU
MYTSIMHA U CKJIA/IA TOIIMBA;

Ha puc. 1 npuBenena npunumnuansHas cxema I[ITH tuna «Boma-Boma» ¢
HAaMMEHOBAHUSIMA OCHOBHBIX 3JIEMEHTOB, a Ha PUCYHKE 2 M300paKEH YIPOIICHHbIHN
tepmonuHamudeckui 1k [ITH B T-S muarpamme. CocTtosiHUsI pabodero Tesia mocie
MPOLIECCOB,  MPOMCXOIIIMIMX B  OCHOBHbIX snemeHTax IITH,  oOo3HadeHbl
COOTBETCTBYIOIIMMHU 1M(ppamu 1ukia. [IpuHIMnuansHas cxema napoKOMIIPECCHOHHOTO
TeroBoro Hacoca cocrout u3: K — xommpeccop; K/ — konmencarop; II —
nepeoxnagurens; PT — pereneparuBHbIA TemiooOMeHHUMK; PY — perymupyroriee
ycrporictBo; 1 — ucnaputens; Tsl u Ts2 — HuskoremnieparypHas Boaa, Twl,Tw2 —
HarpeBaemas BOJ1a.

VYIpOILIEHHBI TEPMOAUHAMUYECKUA LUK IApOKOMIIPECCHOHHOIO TEMNJIOBOIO
Hacoca ¢ mporieccamu: 1-2 — cxxarve mapoB padbodero Tena (XJ1agoHa) B koMrpeccope; 2-3
— OXJIQKJEHHUE M KOHACHCAIMs NapoB XJIaJl0Ha B KOHAECHCATOPE; 3-4 — NEPEOXIIKICHUE
KHUJIKOTO XJIaJOHa B Mepeoxyamurene; 4-5 — OXJIaKIECHUE KUIKOro XJIAJoHA B
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pEreHepaTUBHOM TEIIO0OMEHHUKE; 6-1 — KuneHue (McrapeHue) XJiaJoHa B UCIIapUTEe;
1-1’ —mosorpeB MapoB XJ1a70Ha B PEreHEpaTUBHOM TEMIIOOOMEHHHUKE.

T, Tw,
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Puc. 1

IITH paboraer cnemyronmm o0pa3oM: B MEKTPYOHOE IPOCTPAHCTBO MCHIAPUTETS
W nopaerca HU3KOTeMIepaTypHas BOAA, HarpeBas XJajoH (pabodee Teio -
HU3KOKUIIAIME (TOPXIOpCOnepkKallie YIiIeBOJOPOAbL, T.H. PPEOHBI), IPOTEKAOIMN B
TpyOHOM IpocTpaHcTBe ucnapurens M. Xnanon ucnapsercs v napbl XJ1aJ0Ha IOCTYIaeT
B komrpeccop K, mpoxons perenepatuBHbIi TeruiooomeHHuk PT wu, BcreactBue
TEIIOOOMEHA C MPOTEKAIOIIMM BHYTPU TpPyO TEMJIOOOMEHHUKA JKUIKAM XJIAJOHOM,
YBEIMYHUBAIOT CBOIO TeMneparypy. Kommpeccop K cxxmumaer momorpersie mapsl xjiagoHa
70 JaBJIEHUs1 KOHJIEHCAIMK, elle OOJIblle HarpeBas ux, U 3aTeM, MOJaeT B MEKTPyOHOE
npocrpancTBo KoHzaeHcaropa KJI. B TpyOHoe mnpocrpaHcrBo koHzaeHcaropa KT
IIOCTYIIaeT HarpeBaeMas BOAA TEIUIOCETH. 3a CYET TEIIoOOMEHa B MEXKTPYOHOM
npocrpancree  KJI, Boma HarpeBaercs, a Iapbl XJIQJOHAa OXJQKIAIOTCA H
KOHJICHCHPYIOTCS, TPEBpAIlAsACh B JKUAKOCTb, KOTOpas 3areM IIOCTymacT B
nepeoxyuaauTens I kuakoro xiamoHa, TAE OXJIAKIACTCS 3a CYET TEIJIOOOMEHa C
oOpaTHOM Bomoil Temocetd. Jlanee SKUAKUNA XJIQIOH TPOXOIUT BHYTPH TpYO
pereHepaTuBHOro TerooOMeHHuKa PT, oxynaxnasce JONOJHUTENPHO 3a  CYeT
TerI000MeHa ¢ mapamu XjiagoHa. [Ipu qpoccenmpoBaHny B peryIupyOIIEM YCTPOMCTBE
PY, nonmkaercs naeieHue pabodyero Tejga U, COOTBETCTBEHHO, TeMIIEpaTrypa [0
JaBJeHUsl U TeMneparypbl B ucnapurese M. IlapoxuakoctHas cMech, 0Opa3yroIasics
BCJIEJICTBUE JIPOCCEMPOBAaHMS, KUINT (KUCIapsieTcsl) B MCIApUTEIIE, TOIy4das TEIIO Yepes3
CTEHKH TpyO0 ¢ HHU3KOoTeMmreparypHol Bomoi. OOpasyronmecss mapbsl XjIafgoHa
OTCachIBAIOTCsl KOMIIpECCOpoM, LUK padodero Tena [ITH 3ambikaercs.
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Puc. 2

Takum 06pazom, pabouee TeNo (XJIaI0H), MOCTOSHHO LHUPKYIUPYET B 3aMKHYTOM
koHType [ITH, mpereprieBas M3MeHEHHsI arperaTHOrO COCTOSHHS B €T0 anmaparax u
HEepPEeHOCs TEIJI0Ty OT BO30OHOBJISIEMOTO HU3KOTEMIIEPATYpPHOrO MCTOYHMKA TEIUIOTHI K
MOTPeOUTEII0 TEIUIOTHI CPEHErO IOTEHIIMAla 3a CYeT 3arparhbl SHEPIUM BBICOKOTO
HOTEeHIMasa B KoMpeccope. OTHOIIeHNE MOTy4eHHOH OTpeOrTeNIeM TEMIOBOM SHEPrUH
K 3aTpavyeHHON (B TEIJIOBOM JKBHUBaIEHTE) ompenensieT 3 exkTuBHOCTs padorel TH u
HOCHUT Ha3BaHue K03 durreHTa npeoOpa3oBaHusL:

QIY + QKJT
p==—1T—FL (1)
Oy
Trac Q P + Q KT — TCII0TAa, HOJIy‘IeHHaH HOTpe6I/ITeJIeM nu3 HepeOXHa}II/ITCJIH U

KOHJIeHcaTopa, [BT]; O, — MOIITHOCTh B TEMJIOBOM SKBUBAJICHTE, 3aTpayeHHAas Ha MPUBOL
Komripeccopa, [Br]. Bemmunna koadduirienta npeodbpazoBaHus pealibHOro 0OpPaTHOro
nukia Penkuna, peammsyemoro B [ITH, B OCHOBHOM, 3aBHCHT OT TEMITEpPaTyp XOJIOJHOIO
Y FOPSTYET0 HCTOYHUKOB TETIJIOTHI:

P=Pyy " H (2)
T
T,-T,
OCYIIECTBIISIEMOro B JuarasoHe Temreparyp (mo mkaie KenbsBuHa) KoHAeHCAauu 1x U
KuneHus Ty pabodero Tena UUKIa; (= 4, - 4, - fy - 1, - s — KOI(P(DHULNEHT, YUUTHIBAIOILMH
peabHbIC MPOIIECChI, ocyiecTBisieMble padounm tenoM B [TTH. Koaddurmentsr w,—us
YUUTBIBAIOT HEOOpaTUMble TOTEPH PEaTbHOIrO IMKJIA COOTBETCTBEHHO: (; — 3aMEHY
CpeIHEeTEePMOAMHAMUYECKON TeMIIepaTyphl OTBOAA TEIIOTHl Txcp B IMKJIEC PeHKMHA Ha
TEMIIEpaTypy KOHJEHcauuu padodero Tema Ty, u, — TOTepd B  MpoOIECCe
JPOCCEIMPOBAHUS;, U3 — U3MEHEHUE 3HaueHusl kKoddduiimeHTa mpeodpazoBaHus IUKIIA,
CBSI3aHHOE C TIEPErpeBOM TMapoB pabouero Teja Mepel CKaTHeM B KOMIIPECCOpPE B
pETeHEpaTUBHOM TEINIOOOMEHHUKE; My — TIOTEpU OT HEOoOpaTMMOro Cxarus B
KOMITPECCOPE; (5 — JOMOIHUTEIILHBIC 3aTPaThl MOITHOCTH KOMITPECCOpa Ha IIPEO0JICHNE
CHJI TPEHUSL B HATHETATEJIbHOW 1 BCACHIBAIOILEN CTOPOHAX.

[IpakTuyeckue 3HAYEHUS ( B JWANA30HE PEATbHBIX TEMIIEPaTyp KOHICHCAIIUU
(50-70°C) u Temmneparyp kunenus (0-20°C) pabouero tena cocrabysor 0,55-0,70, mpu

e @, = — kod(pduiment npeodpazoBaHus uacambHOro IwkiIa Kapho,
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sToM Oosiee HM3KHE 3HayeHHst cooTBeTcTBYIOT KpymHbiM [ITH. Hampumep, B IITH
TEIUIOBOM MOHHOCTBIO 1| MBT mpu Temmeparype HH3KOTEMIIEParypHOTO HCTOYHUKA
tertotel (HUT) 7°C um  Temmeparype HarpeToi BOABI CpeAHETEMIIEPATypHOIo
norpedutessa ternothl (CIIT) 60°C koaddurment npeodpasoBanus ¢ cocrasiser 3,0.
DTO0 3HAYUT, 4yTO K3 TpexX eauHul nomydeHHor CIIT TeroBoil sHeprun ofHa eaqUHMLIA —
3a cyer sHepruu npusBoma IITH, a gBe emunmier — 3a cuer rteriorel HUT. Ilpum
noBbiieHun  temneparypel HUAT wu nonmxenun temmeparypsl CIIT, T.e. npum
cokparienun pasHoctu Temreparyp HUT u CIIT (4ro COOTBETCTBYET CHUIKEHUIO
pasHoctu Ttemneparyp Tx — 7p), koapduumeHnt mnpeodbpazoBaHusl MOBBILIACTCS, MPH
YBEJIMYEHUU PA3HOCTU Temreparyp Ko3(D(UIMEHT, COOTBETCTBEHHO, CHMXKACTCH.
PeanbHo nocturaemsle Ha mpakTUKe pazHocty Temneparyp — ot 70°C no 30°C, mpu sToM
ko dument npeodpazoBanus uzmensiercs or 2,0 1o 5,0 coorBercrBeHHO. T.0., Kak
OTMEYAJIOCh BBIIIE, MOIIIHOCTh HEOOXOIMMAas Ha IIPUBOJI KOMITPECcopa OIpeesisieTcs us3
BBIp&XEHU | M B YIIPOLIICHHOM BU/IE 3alIACHIBACTCA:

Ny = 0O - [B1] €)
rnie O — TEIUIOBOM MOTOK (TEIIO MoJydeHHOoe moTpedureniem), [Br].

Jns mpuBoma KoMImpeccopa OOBMHO HCIOJNB3YIOTCS  DIIEKTPUYECKUE MU
TIM3EIIbHBIE JBUTaTEIIHN. IlepcnekTMBHBIM SABIISIETCS UCIIOJIb30BaHNE
BETpOdHEpreTuyecknx ycranoBok (BOY). B kadectBe npeoOpazoBaresns SHEPruu BeTpa
IIpeJIaraeTcsi BETPOHEProyCTaHOBKA POTOPHOI'O TUMA C BEPTUKAJIBHOM OCBhIO BPAICHUS
no mareHTy Ne 2168060. Ha puc. 3 mnpeacraBieHa cxema omHoro moxayis. OH
MpeACTaBisieT co0oi porop 1 ¢ BOrHYTBIMHU JIONACTSIMU 2, YCTAHOBJICHHBIM Ha Baly 6 U
MOMEIICHHBIM BHYTPUM CTaropa 3 ¢ HampaBSIIOUMMU 4  COMJIOBOM  CHCTEMBI
i BO3/IyX03a00pHMKA, HO KOHIIAX, KOTOPOIo
. i : i YCTaHOBJICHBI 3KeKTOpbl 7. llpumeHeHune

' °  HampaBIAIONMX COILIIOBOM CHCTEMBI
BO3/IyX03a00pHUKA M 3KEKTOPOB 3aMETHO
MOBBIIAIOT 3()(HEKTUBHOCTh BETPOIIBUTATEIIS.
JUis  mpekpalieHuss IOCTYIUIEHUS BETpa
BHYTpb CTaropa M OCTaHOBKHA pOTOpa
YCTaHOBJICHBI KAJIFO3U 3.

VYcranoBka OecirymMmHa W Oe3omacHa,
TaK Kak pOTOp  BpallaeTcsi  BHYTPH
BO3/IyX03a00pHUKA 1017} 3aIUTHOTO
MOTYUMJIMHIPA. Hcnoms30Banue B2Y
BOJIM3M O KWAJIBIX JIOMOB M  HACEJICHHBIX
MYHKTOB B OTJIMYME OT TIPOIMEUICPHBIX
BETPOJBHUTraTelicli HE OKa3bIBaCT HETaTHBHOI'O
BIMSIHUS Ha OKPY>KAIOIIYIO CPENy.
IIpennoxkennas cxema BJY, mo
CPaBHEHHUIO C CYIIECTBYIOIIMMH, UMEET PsIl
BECOMBIX IPEUMYIIECTB ISl IPUMCHCHUS B
TIPUBOAX TEXHOJIOTUIECKIX MallVH:
JOCTaTrOuHO BBICOKOE 3HAYCHHE
KOd(PUIMEHTa HCIOJb30BAHUSI  DHEPIUU
BeTpa & OTCYTCTBHE HEOOXOAMMOCTH CHCTEMBI
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Puc. 3. Cxema BeTpoaBurarens
C BepTHKaHBHOﬁ OCBIO BpalllCHUA
1 —potop; 2 — cTaTop; 3 — JonacTu
poTopa; 4 — HaNpaBISIOIINE CTATOPA;
5 — xkamo3u; 6 — BaJl poTOpa;
7 - 2)KEKTOPBI



OpPHMEHTAIIMM Ha BETEp; YIPOIICHHBIA MEXaHU3M Iepeaadyl MEXaHWYECKOW 3HEPTuu;
MaJIbIii THPOCKOMMYECKU MOMEHT; BO3MOXXHOCTh TTPUMEHEHUSI B KOHCTPYKIIMHU JIETKUX
KOMITO3UITMOHHBIX U TEHTOBBIX MaTCPHAJIOB.

MormHocTs pa3BuBacMa BOY, onpenensercs:

NBC)y:é'NB) [BT] (4)
rae Nz — MOIIHOCTH Berpa, [BT]; & — k0a((duIMeHT HUChonb30BaHUsI SHEPrUM BETPA.
CornacHo popmyiam (3) u (4), TEIIIOBO# MOTOK, MOTYYEHHBINA TOTpeOUTEIEM:

QTn:K'%'NBa [BT]
rie K — ko3 puiiveHT, yauThIBAIOIINI MOTEPH MOIIHOCTH ITPY TPe0Opa30BaHNUN SHEPTUU
BETpa B TEIJIOBOM ITOTOK.

s toro uytoosl BDY poropHOro THIa ¢ BEPTUKAIBLHOM OCHIO BpallleHUs
pa3BHBaJIa MAaKCUMAJBHYIO MOIIHOCTh, HArPY>KEHHBIM POTOpP BETPOABUTrATEIIs JIOJKEH
BpauiathCs B 3 pa3a MeJjieHHee, YeM POTOP CBOOOHO BPAIIAIOLIETOCS aHEMOMETPA, T.€.

w, =30,, )

IJie wp — YIrJIOBas CKOPOCTh POTOpa BETPOJBUTATEINS, 3aBUCSILAs OT CKOPOCTH BETpa U
Harpy3Kku; @, — yrjoBasi CKOPOCTb pOTOpa aHEMOMETpPa, CBOOOJHO HACAKEHHOTO Ha BaILy
pOTOpa BETPOABHIaTeNsl W OINPEAENsIoNIero CKOpocTh Berpa. Hwke mnpennaraercs
MEXaHUUECKUI PETYIISATOP CIEHKEHUsI 3a CKOPOCThIO BETPa, KOTOPHIA aBTOMATHUYECKU
MOJUICP)KUBACT COOTHOIIEHHE (5) TpU JIFOOBIX M3MEHEHHUSX CKOPOCTH BETpa, MyTeM
yIIpaBJICHUS! HArPY3KOM, TOJIKJIFOYEHHOM K BETPOABHUTATEIIO (puc. 4).

On COCTOUT u3 poropa 1
BETPO/IBUTATEIIS, 3y04aroro KoJieca
aHeMOMeTpa 2, MPOMEKYTOUHOrO 3y04aroro
Koneca 3, poymka 4, cBOOOTHO HaCaKEHHOT0 Ha
OCb pbMara S5 YOpaBJCHUSI Harpy3koul u
UTPAIOILETO POJIb CPAaBHUBAIOILIETO DJIEMEHTA.
Koneco 3 u aHemMoMeTp HMMEIOT OAWHAKOBBIC
pamuychl r4. Paadycbl poropa U aHeMomeTpa
MoAOMPAIOTCSl TaK, YTOOBI TPU BBINOJHEHUHU
cooTHoIeHus1 (5) pomuK 4 coBepial YHCTO
BpalllaTeJIbHOE JIBIDKEHHE, T.€. 4YTOOBI OCh
YIPaBJISIONIETO phlyara 5 ocraBaiach B MOKOE.
Oto TpeboBaHue OyIeT JOCTUTHYTO IIpH
COOJIOIGHUH YCIIOBU S

|VP| = |V17P| > (6)
rne Vp u Vpg — OKPYKHBIE CKOPOCTH TOYEK
CLEIUJIEHHS KoJleca poTopa U MPOMEXKYTOUHOIO
koneca 3 ¢ pomikom 4. T.Xx. pamuycel u
YIJIOBBIE CKOPOCTH aHeMOMeTpa M Kojeca 3

Puc. 4. Cxema peryaTopa PaBHBI, TO YCIIOBHE (6) 3alTUINETCS B BUJIE:
C IPOMEKYTOTHBIM KOJIECOM:

1 — xoneco poTopa; 2 — 3yb4yaToe
KOJIECO aHEMOMETPA; 3 — IPOMEKYTOUHOE
3y6uatoe Koueco; 4 — raukuii r,=" % ,
POJIMK yIPaBIISIOIIErO phlyara;
5 — ynpaBJrOIUI per4ar

WpTp =W, T,
OTCIOJIa, YYUTBIBasE COOTHOIIIEHUE (5), TOIyduM

T.e. JUIA TOMIACPXKAHUS COOTHOMIEHUs (5)
pamuychl aHeMOMETpa U  IPOMEKYTOUYHOTO
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KoJIeca JIOJKHBI ObITh B 3 pa3a MEHbIIIE pajyca Kojieca poTopa.

Hapymienue cootHomenus (5), a ciegoBareiabHO, U paBeHCTBA (6) MPUBEICT K
MOBOPOTY pblMara S5 W M3MEHEHUIO Harpy3kd TaK, 4TOObl cooTHOIIeHHe (5)
BOCCTaHaBIMBaJIOCh. OnHOW H3 3agad mnocTpoeHus BeTpokommpeccopHor (BK)
YCTAaHOBKH SIBJISIETCSl BBIOOP THMA U CXEMbI BETPOKOJIECa, MPHUBOJA, KOMIIpEccopa U
obecrieueHre COOTBETCTBUS UX XapaKTePUCTUK Mexy coboil. [Ipobiema onTumanbHOro
coorBercTBUsl B/l 1 kommpeccopa 3akioyaercs B TOM, YTOOBI C IMOMOIIBIO MPUBOJA
COEIMHUTD 3TU PA3HOTUITHBIE YCTPOWUCTBA B OHO 1IeJI0e ISt SPPEKTUBHOW COBMECTHOU
paboThl, obecneunBaollel HaMMEHbIIME 3aTpaThl MPU KOHCTPYUPOBAHUU, TPEOYEMYIO
JIOJITOBEYHOCTh YCTAHOBKM, BBIIOJHEHUE TEXHOJIOMMYECKOIo TMpolecca U yIoOCTBO B
SKCIUTyaTalMi. JTO B MEPBYIO ouepe]b cBsizaHo co cnenudukoit BJI, ormmuumem ero
XapaKTEPUCTUK U PEXUMOB pabOThl OT aHAIOTMYHBIX MoKazarenel, Hanpumep [IBC wm
aNeKTpoaBuraresss. Bo-BTopeiX, Bpamaroumii MoMeHT B/ BcrencrBue HW3MEHEHUs
CKOpPOCTH BETpa U 4acTOThI BpauieHus B/I, MOCTOSHHO MEHsIETCA B IIMPOKUX Mpenesax.
[losromy BJI Haubonee >(pPeKTHBHO MOXKHO YKOMIUIEKTOBATH C KOMIIPECCOPOM,
XAPaKTEPUCTUKU KOTOPOr0 U3MEHSIOTCS MIIABHO UJIM OCTAKOTCS IIOCTOSHHBIMU.

CoBMelieHHE BETPOIBUTATENS C PETYIMPYEMBIM KOMIIPECCOPOM ILIACTUHYATOIO
TUMa, OOJIET4YaeT ONTUMHU3ALMIO peKUMOB padoThl BK, ocobeHHO ecinu NpuUMEHUTH
peryastop MakcumanbHon MotHoctd B/ (puc. 4). HauanbHbli MOMEHT COITPOTHBIICHUS
y TAKOr0 KOMITPECCOpa MOKET ObITh CHUMKEH J10 HYJIS.

Fegynamop ITneeso- Komupeccap i pecusep

Pa FPo Pa
Puc. 5. CxemarnaHO€E HCIIOIHEHNE aBTOMATU3UPOBAHHOM

BETPOKOMIIPECCOPHO ycTaHoBKH Ha 6aze BOVYPC:
1 —3yOuaroe KoJjieco poTopa; 2 — 3y0uarToe KOJIeco aHEeMOMETPa; 3 — pbluar CyMMaropa;
4 —30JI0THUK; 5 — MarucTpajb; 6 — CepBOABHUraTeb; 7 — IITOK CEPBOIBUTATEIIS;
8 — Ipy’KHHA HACTPONKH; 9 — peryIMpyeMblIii IJIACTUHYATBIA KOMIIPECCOP;
10 - TpyOoTIpOBOT C 0OpaTHBIM KJIAITAHOM

CxeMa yrpaBJieHHsI KOMIIPECCOPOM TOKa3zaHa Ha puc. 5. Porop Berpoasurarens 1
MEXaHUYECKH COEIMHEH C POTOPOM IIJIaCTUHYAaToro Kommpeccopa 9. VYmpaienue
MOMEHTOM COIPOTUBIICHUSI Ha Baly Kommpeccopa u poropa BJl ocymiectsisercs
W3MEHCHUEM  TMPOM3BOJUTEILHOCTH  KOMIIpeccopa  IMyTeM  HM3MEHEHHUsI  €ro
OKCIeHTpUucuTeTa. [Ipy  yMEHBIIEHMH  CKOPOCTM  BETpa IS yYMEHBIICHUS
MIPOU3BOIUTEIILHOCTA ~ KOMIIPECCOpPa  IKCIIGHTPUCUTET €ro  YMEHBINAeTCsl IyTeM

121



BO3/ICHCTBUSL HAa IOJBMIKHBIA KOPIYC CO CTOPOHBI NPYXUHBI HAcTPOMKM 8§ u3-3a
YMEHBILIEHUS JaBJICHU Ha IITOK 7 cepBonBUrareis 6. Y MEHbIIICHNE JaBJICHUS BO3/1yXa B
IIOJIOCTU ~ cepBozBUraresii 6  OCYHIECTBISIETCS IIyTeM IIepeMelleHus IToka 4
30JIOTHUKOBOTO YCTPOMCTBA BJIEBO, IIpU KOTOPOM BO3AYX H3 JIEBOW IOJIOCTH
CEepBOBUTATENS BEIXOIUT B aTMOchepy.

OTO mNepeMelleHHEe KOHTPOIUPYETCA PETYIATOPOM M IPEKPaTUThCsA, KOraa
BOCCTaHOBUTBHCSI cooTHouleHue (5). Perymsatop comepkur 3youaroe koneco 1 poropa
BETPOJBUIaTells, POTOPAa AaHEMOMETPA 2 U pbMar cymmaropa 3. Y cuime, co31aBaeMoe B
HOJIOCTSIX CEPBOJBUIATENsl, OOECIIEUMBACTCS 3a CUET JABJICHUS CXKAToro BO3JyXa B
pecusepe.

Ecmm ke BeTep yCHIMBAETCsA, TO BOCCTAHOBJIEHME 4YacTOThI BpAILCHUS POTOpPA
BETPO/IBUTATENs] M  KOMIIpECCOpPA IPOMCXOIUT B  OOparHOM MOpsAKE. OTUM
obecnieunBaercs 3hdekTuBHOCTH paboTel BK ycTraHoBKU.

Takum oOpazom, NpUMEHEHHE BETPOSHEPrOYCTAHOBKM COBMECTHO C TEIUIOBBIM
HACOCOM, SIBJIIETCS IEPCIEKTUBHBIM HAllPaBJICHUEM B MCIOJIb30BAHUN TEIIJIOCHAOKEHUS
3nanuil. [IpopabGaTsBaeTCst BOIPOC, O MapauieIbHOM HCIIOJIB30BAHUN BETPOJIBUTATENs C
JIPYTMMU TUTIAMU JBUTATENEN (JIEKTPUYECKUE NI U3EIIbHbIC).

HNPUHATBHIE COKPAIIIEHUSA

TH — Tennosoit Hacoc; IITH — mapokomnpeccrnonnbii TerioBoi Hacoc; HUT —
HU3KoTeMIeparypHbiii ucrouHuk Termnorsr, CIIT — cpenHereMneparypHblil MOTpeOUTENDb
teriorel; BOY — BerposneproycranoBka; BOYPC — BeTposHeproycTaHoBka poTOPHOIO
TUIMA C BEPTUKAILHON OCBIO BpAIllEHHs M COIJIOBOW CHCTEMOM Bo3myxo3abopHuka; BJI -
BETPOJIBUraTEIIb
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MOJIEJIb POCCUHMCKOT'O BAKAJIABPUATA
NHXEHEPHO-TEXHUYECKOI'O OBPA30OBAHUSA
BOJIKOB O.I'., k.x.H., norieHT — UITK MI"OVY (r. Yebokcapsl, Poccust)
volgamgou@mail.ru

AHHOTAIUA

B cmamve npedcmasnena 603M0dcHAs MOOeNb  pehOPMUPOSBAHUSL CUCTNEMbI
gvicuieco  npogeccuonanvHo2o obpasosanus Poccuu 6 ycrosusix nepexooa Ha
08YXYDOBHEBYI0 cucmemy NO020MOBKU UHICEHEPHO-MeXHUYeckux xaopos. Modenw
npeononazaem sHAUUMeIbHoe COKpAujeHue CPoK08 00yYeHUsl Ha NEPBOLL CYNEHU 8 8Y3€ —
baxanaspuanmy 3a cuem aKmueHO20 UCHOIb30BAHUS HOBBIX NEOA20UUECKUX TNEXHONO2ULL.

BBEJAEHUE

J.A. Mengenes, uzbpannbiii [Ipesunent Poccuu, Beictynas Ha KpacHosipckom
sKkoHOMHUYEcKOM ¢dopyme 15 depanss 2008 1., onpeaenua  KOHIENTyalbHBIC
HaIlpaBJICHUS COIMATBHO-3KOHOMHUYECKOTO Pa3BUTHUsI CTpaHbl. ba3zoBhIM HarpaBiieHHEM
Ha3BaHO MpodeccruoHanbHOe 00pazoBanue. OmpeesieHo, YTO CErOHSIIHUE BBITYCKHUKI
«Ipujig Ha pabodee MEeCTo, He MPOCHIM Obl B OYEPEIHOM pa3 paccka3arh UM, Kak BCE
YCTPOEHO B JKU3HH, & YTOOBI OHU OBLIIM CAMOCTOSTEIbHBIMA HOCUTEJISIMUA HOBBIX 3HAHUHN
M TEXHOJIOTUH, KOTOPBIX KIYyT Ha IMPOW3BOACTBE, ObUIM OBl Ha IIar BIEPEAUd CBOUX
kosuter» [1].

3akoHOAaTeNbHO onpeneseHo, uto ¢ 2009 rona, B pamkax bosioHCKOro mpoiiecca,
BCE HAIlM BY3bl JOJDKHBI MEPEUTH Ha JIBYXYPOBHEBYIO ITOITOTOBKY CIEIHMATIMCTOB:
OakamaBpoB W MarucTtpoB. JlaBaliTe Ha Bpems 3aayMaeMcsi, KakoOM pe3ysbTar
mpeanosaraerT dToT nepexon. Jla, KOHeYHO, MbI TIPUHUMAaeM OOIKME MHPOBBIC
(eBponetickue) mpaBwia Uurpsl. A uto panbine? CeromHsi J000M pyKOBOAWTETh Majlo-
MaJIbCKUA PHIHOYHON OpraHu3aIllii TOBOPUT O 3HAYUTEIIHHOM OTCTaBaHWH B MIPAKTUYECKOM
MOJITOTOBKE CIEIMAIIMCTOB B BY3aX.

Cnenyer mnpu3HaTh, YTO HAIllM COBETCKO-poccHiickue craHmaptel BIIO He
cpaboTali B YCJIOBUSIX IMEpPEXojia CTpaHbl HA PHIHOYHBIE MeXaHWU3MbL M 4TO B 3THX
YCIIOBUSIX MO)KHO OXKHJaTh OT CTaHAapTa Mo MEepBOM CTYNEHU — «OakanaBpuara»? Yrto B
HEro 3I0KUIH, 1 4eM oH OyneT orimuathest oT 3 mokosenus ['OC BITO? Tomnbko mwiib
TEM, YTO W3 U3BECTHBIX CTAHIAPTOB YOepyT 5 roj o0y4ueHusi? A MOXKET ObITh OTCYTCTBUE
POCCHIICKOTO CTaHAapTra Ha, OOIICNPU3HAHHBIA B MHPE, YPOBEHb OakajliaBpriara U €CTh
Hallle CTpaTernyecKoe MpeuMyIecTBo? Mbl KMeeM B BULY TO, YTO B YCIIOBHUSIX UTPBI IO
Ha3BaHUEM «JIOTOHSUIKW», Y HAC JIOJDKHBI OBITh MCKIIOUMTEJbHBIE TpenmyinectBa. U
IJIABHBIMUA TTPEUMYILECTBAMH MOTYT OBITh Ka4e€CTBO OOpPa3OBaHMsI U CKOPOCTh HAIIIETO
JBIDKEHUS. A 3HAYUT, BpeMsi 00ydeHUsl OakaJaBpoB JOJDKHO OBITh COKparieHo. To ecTh
BpeMsi o0ydeHus Ha nepBoid crynenu BIIO, B yuiem ciydae, J0KHO OBITH OUH — JBA
roga! Takum 00pa3oM, HY>KHBI POrPaMMBI, TIOCTIE OCBOSHHSI KOTOPBIX CTYJIEHT CMOMXKET
OBICTPO TIOYYUTHh HEOOXOIUMBIE TPOPECCHOHAIBHBIC YMEHUS, TPAKTUIECKUE HABBIKU U
KOMITETEHIIMM CHEIMAIIMCTa, TOTOBOro paboTaTh € MEPBBIX JHEW IOCIe MpuemMa Ha
padory.

Ho 3a cuer 4ero Mo>xHO 1OCTMYb TaKoOro cokpaiieHus? Ham kaxercs TOJNBKO 3a
CYET M3MEHEHHUsI BY30BCKHUX YYEOHBIX MPOrpaMM C TEOPETHUECKOrO Ha MPaKTHUYECKOE
oOydyeHue. Bor B dYem, Mo HalieMy MHEHHIO, OCHOBHOW TaKTUUYECKUI CMBICI
MpeiaraeMoll HaMHM POCCHIMCKOM Mojienn OakaigaBpuara. A 9TO 3HAUUT, YTO LUK
T'YMaHUTAPHBIX W COLMATBHO-3KOHOMUYECKMX  JUCHUIUIMH (32  UCKIFOYCHUEM
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WHOCTPAHHOTO s3bIKA W (U3KYJIBTYpPbl) M I[MKJI OOLIMX MaTeMarn4ecKux M
€CTECTBEHHOHAYYHBIX JUCLMILUIMH CIEAYeT IEPEHECTH Ha YPOBEHb MAarucrparypabl.
IlocTosiHHOE pa3BUTHE TEXHOJIOTMM M W3MEHEHUS BCEX IPHUBBIMHBIX, U KA3aBILMXCS
BEUHBIMH, COLMATIBHBIX YCTOEB U ()OPM IPOU3BOACTBEHHOM AEATEIBHOCTU TPEOYIOT OT
00pa3zoBaHusl KOPEHHBIX peopM U MHHOBaIUI. OCHOBHBIM HOBILIECTBOM B 00Pa30BaHuUH,
Kak W B OuW3Hece, JODKHA SIBUTHCS CMeHa (GUIOCOPUU TOCYyJapCTBEHHOTO KyJbTa
IUIAHOBOTO MTPOM3BO/ICTBA B COOTBETCTBUM CO CTaHAApTaMH MOATOTOBKU CIELMATMCTOB U
C JIMLIEH3UPOBAHHBIMU MpPOrpaMMaMH By3a, Ha WACOJIOTUIO LIEHHOCTEH MoTpeOuTens B
PBIHOYHON 3KOHOMUKE.

MBI TBEpIO MOJAracm, 4To By3 B YCIOBUSX PBIHKA JIOJDKEH TOTOBUTH TOJIBKO TEX U
CTOJIbKO, CKOJIBKO HaJl0 TMOTpeOUTeN0, KOHKPETHBIM paboromaresnsaM. YeOokcapckuid
noymrexHnueckux UHCTUTYT MI'OY yxke 6omnee 50 yeT sBISETCS OJHUM U3 OCHOBHBIX
LEHTPOB HempepbIBHOrOo oOpasoBanuss B UyBammu. Muccus Yebokcapckoro
nojurexHuueckoro uucrutyra (pumana) 'OY BIIO «MockoBckuii rocyaapcTBEHHbIHN
OTKPBITBIA YHUBEPCUTET» — TapaHTHs JOCTYIHOIO Kauye€CTBEHHOIO WHKEHEPHO-
HSKOHOMHYECKOTO 00pa3zoBaHusl Uil caMopeaM3alud JMYHOCTU | (OPMUPOBAHUS
nocroiiHoro oyayiero Poccuu B 21 Beke. [Ipu 3T0M moa HempephIBHBIM 00pa30BaHUEM
Mbl TIOHUMaeM, B IMEPBYIO O4Yepe/b, BO3MOXKHOCTh MPOIOJDKEHUS MPOdECCHOHATIBHOrO
00pa3oBaHusl B By3e Ha 0ase YK€ MMEIOILErocsi HauajabHOrO, CPEIHEr0 WJIM BBICIIETO
00pa3zoBaHus. ITO MOXKET OBITh KaK MOJY4YE€HUE BBICHIEr0 00pa30BaHUs MO Pa3IMYHbIM
dbopmaM (MOJIHOE WJIM COKPALIEHHOE), TaKk M BCE BHUIbl PAa3IMYHBIX I[POrpamMm
JOMOJHUTENBHOro  npodeccronansHoro  obpazoBanus (JI10): mepenonroroska,
MOBBIILICHHE KBATM(UKALMU, KYpChl M KPaTKOCPOYHBIE Mporpammbl (KOH(pEpEeHIIHH,
CEMUHApbI, TPEHUHTHU U 1p.).

JlaHHBIE HalX MCCIIEOBAaHNI JESTEIIbHOCTH " pasBUTHS
HSKOHOMHKOOOPA3yIOIMX OTpaciiel W MpeAnpusiTUii, yOeKJaloT Hac B TOM, YTO
MEPBO3HAYMMBIM U OCHOBHBIM B UX KOHKYPEHTOCIIOCOOHOCTH B YCIIOBHSIX HACTYIUBIIEH,
HO TIOKa IUJIOXO OCO3HaBaeMoOW Tyodanu3alud B ycjoBusx Poccuu, sBisieTcs
COBPEMEHHOE TEXHUUYECKOE MbIIIEHHE. To €cTh, CTENEeHb WHHOBAMOHHOCTH U
COBPEMEHHOCTM 3aBHCUT OT YPOBHSI COBPEMEHHOI'O TEXHOJIOTMUECKOTO MBIIUICHUS
MEHE/DKMEHTa OpraHuM3auuu. PykoBOACTBY (DaKkylbTeTOB M BBITYCKAIOIMX Kadeap
BXHO 3HAaTh M MOHUMATh — CHEUUAIMCTBI C KAKUMH 3HAHUAMU W KOMIETEHLMSIMHU
HY)KHBI CETOIHSI paboTOJareo. A JIJIsl 3TOr0 CHadajda Mbl ONMPENEIUIUCh CO CIUCKOM
HaIlMX OCHOBHBIX MoTpedutesnell. ToNbKO 3a MOCHeTHUE JIBa r0/la MHCTUTYTOM OBbLIO
3aHOBO 3aKimo4yeHo Oonee 80 JOrOBOPOB C OpraHu3alMsIMHU, TPEINPUSTUSIMUA U
KOMITQHUSIMM, 3aUHTEPECOBAHHBIMM B IOATOTOBKE CHEUUAIMCTOB IO HAIUM
IIPOrpaMMam.

COBMECTHO ¢ HUMHM MBI €KETOJHO MPOBOAWM HCCIENOBAHUS, KAaKUMHU JOJDKHBI
ObITh HalM 00pa3zoBaTebHbIE MpOrpaMMbl, B ToM yucie nporpammel JI1O, a Takxe
KaKUMH OOIIMMHU W CHEUUAIBHBIMU JUI1 JAHHOW KOMIAHMK KOMIIETEHIMSIMU JIOJDKEH
00J1a1aTh CHELUATMCT Ui COOTBETCTBYIOIIEH paboThl Ha JaHHOM mpeanpustau. Ha
OCHOBAHWM  aHalIM3a  pPEe3yJIbTaTOB  MPOBOAMMBIX  HMCCIENOBAHUI  IOCTOSIHHO
KOPpPEKTUpPYETCS  MOJIENb  BBITYCKHMKA  Hallero  HWHCTUTYTa.  PaHxkupyrorcs
npodeccoHalIbHBIE M KITFOYEBbIE KOMIIETEHIIMK MOJIOAOTO crienuammcra. OnpeaesstoTcs
KOHKpETHBIE pa3inyus MEeXIy 3armpocamyd paboromarenss W pe3yiabTaraMu OOYydeHUs
CTYJIEHTOB U BBITYCKHUKOB, TPeOYIOIIMe HEOOXOAUMBIX CHEIMATbHBIX N3MEH CHHM.

Takue 3HaYMMble KauecTBa, Kak 0a30BbIC 3HAHMS, 3HAHUS UHOCTPAHHOIO SI3bIKa U
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MEPCOHAIIBHOI'O KOMITBIOTEPA OLIEHUBAIOTCS IPUMEPHO OJMHAKOBO KaK BY30M — YPOBEHb
«IpueMiIeMO», TaKk W paboTojaresisiMM — «B LeJoM mnpuemiemo». Ho Bor 1o
KOMITETEeHTHBIM ITapaMeTpaM: «3HaHHUS MO CIEIHMATbHOCTUY, «HABBIKUA K CAMOOOYUEHUIO,
«CIMOCOOHOCTh TPAKTUYECKH MPUMEHSTHh 3HAHUSN», «KOMMYHHUKATUBHBIE HAaBBIKH,
«HALIEJICHHOCTh Ha Kaphepy», «TOTOBHOCTh K OBICTPOMY BKJIIOUEHHIO B pPabOTy»
HaOMIOIAIOTCS 3HAYUTENbHbIE pa3muuKs. B ocHOBHOM paboronaren OoTMedaroT HU3KHUMA
YPOBEHb 3TUX KOMIIETEHIMI. Paboromarenmm B OCHOBHOM TOBOPST O HEIOCTATOYHOM
«IMPOTE OXBara» BBITYCKHUKOB, 00 OTCYTCTBUM Yy OyayllUX pPyKOBOAUTEJEH
COBPEMEHHBIX 3KOHOMHUYECKMX U IOPUIMYECKUX 3HaHWM. ['7aBHas W Hambojee 4acro
3Byyalass MpeTeH3us paboropareiel K BBITYCKHUKAM BY30B — OTOPBAHHOCTD
MOJTyYEHHBIX 3aTE€OPETU3MPOBAHHBIX 3HAHWN OT COBPEMEHHOW MPAKTUKU JIEATEIIbHOCTH
KOMITaHUM:

— HEYMEHUE PUMEHSATH 3HAHUS JJIS1 pEIICHUS TPAKTUYECKUX 3a/1a4;

— HECITOCOOHOCTh 00paIllaThCsi ¢ COBPEMEHHBIM 000PYI0BaHHUEM;

— MCUXOJIOTMYECKAs HEMOATOTOBIEHHOCTh K pealisiM IPOU3BOJICTBA;

— HECIOCOOHOCTh K PYKOBOJICTBY Pa0OOTHUKAMU;

— OTCYTCTBHE MPEICTaBICHUI 00 STHKE MTOBEICHUS B OU3HEC-Cpe/Ie.

Ceronmust B uHctutyT Ha nporpammbl IO mo cokpaienHoit popme oOydeHus
CTaJl MPUXOJUTh B3POCIBIA aOUTYypHeHT. PaOOTHUK OCO3HAHHO MOAXOASIIMI K BBHIOOPY
IIpOrpamMMbl, C KOHKPETHBIMM 3allpocaMd [0 JWCHUUIIJIMHAM Kypca, TOTOBBIA K
HaNpsOKEHHOMY ~ OOYYEHHIO  HOBBIM  TEXHOJIOTMSIM M MOTHBUPOBAaHHBIA  Ha
TPYAOYCTPOMCTBO.

BriOupass Hamr HMHCTUTYT, CTYIEHT, 1O CYTH, BBIOMpAaET YCTPaMBAIOILYIO €ro
o0pazoBaresbHyl0 TporpaMMmy. MoKHO € OONBIIOH BEPOSTHOCTBIO TOBOPUTH, YTO
OOILIECTBO U, B MEPBYIO O4Yepelb, padOTOAATENM yXE HACBIIEHBI JTUTUIOMUPOBAHHbBIMU
BbllyckHUKamu. Ceiiyac  Qopmupyercs YCTOMUYMBBIA COPOC HA  CHELUAIMCTOB,
MOATOTOBJICHHBIX MO/ 3aKa3uMKa [0 CHEHUaIbHBIM 00pa30BaTENIbHBIM MPOrpaMMaM.
OOpaszoBarenbHass ~ MporpaMma,  MPEACTaBICHHAs  KOHKPETHBIMUA  JIMYHOCTSIMU
MIPENoJaBareyeii, U €CTb TOT IPOAYKT, C KOTOPHIM HWHHOBALMOHHBIA BY3 JOJDKEH
BBIXOJIUTh HA PBIHOK. B 3TOM HanmpaBieHUH HaM MMOMOIJIM HAIll ONBITHBIE EBPOIEHCKUE
naptHepsl. B 2006 1. UITN MI'OY akTUBHO BKJIIOUMJICS B MEXKAYHAPOAHBIA POCCHIICKO-
mBeackuii mpoekr [IIO «Pa3Butue poeHKa Tpyaa B Poccuiickoir ®Denepaumny,
KypupyeMblii deepanbHbIM areHTCTBOM 10 00pa3zoBaHuio. Llenb mpoekTa: ajekBaTHoe
pedopMupoBaHrE CHCTEMBI POCCUICKOro MPO(EeCcCHOHATBHOIO 00pa3oBaHUs 3alpocam
paboronareneil U pPEerMoHAIBHOTO pbIHKA Tpynaa. PedopmupoBanue uepe3 oOydeHue
MPEeroaaBaTesiei-mpakTUKOB U3 chepbl SKOHOMUKHU, MEPEIOATOTOBKAa MOTUBHUPOBAHHBIX
BY30BCKMX TI€JaroroB, a TaKXe aJMUHUCTPAaTOPOB U  KOHCYJIBTAHTOB W3
COOTBETCTBYIOIIIMX cep HKOHOMUKA B 00JIACTU MPAKTUKO-OPUEHTUPOBAHHOTO
00pa3oBaHMSI.

[IIBenckue nmapraeps! (HarmonansHoe arentcrso mo JAI1O, [lIBenckuit HHCTUTYT U
®donbKyHUBEpCUTET, YTcalda) NpeasioXKWIM Ha BbeIOOp JmoOyro u3 650 cBoux
rOCY/IapCTBEHHBIX IPOrpamMM JOMNOMHUTENBHOIO OOpa3oBaHMA. 3ajiaya pPOCCHHCKOro
BY3a-lIapTHEPA OIPENEIUTh, HA OCHOBAHUM PE3YJIbTATOB MAPKETUHI OBBIX HCCIIEI0BAHUI
pBIHKA TPyHa, TAKYIO0 MPOrpamMMy, Ha KOTOPYIO €CTh YCTOMYMBBIA 3aKa3 PEruOHaIbHON
POCCUICKOI SKOHOMHUKH [2].

B uHCcTMUTYTE yCmemHO mpomien 3ran 00y4eHHs MEPBBIX IKCIEPUMEHTAIBHbIX
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Ipynn MO KOPOTKUM €BpOIEHCKUM TmporpammaM. PykoBoaun oOpa3oBaTelbHbIM
nporeccoM, kak 31o TpeOyer mmenckas mozaens JIIO, Coer mporpammbl. Koropbiit
dbopmupyercs u3 paboromarenerr (70 %), mnpeacraBuTenell OpraHoB  BJIACTH
(MuHHCTEPCTBa, CIY)K0a 3aHATOCTH, MYHUIMITAIUTETHI), AAIMUHUCTPALIMHA MTPOrpaMMBbl U
BYy3a, CTYJICHTOB U MperojiaBaTesield porpaMMBbi.

Boob6me nmst a¢gdekTuBHOro pa3BUTHSI SKOHOMHUKM Poccuu BaKHBI BCE TpHU
COCTaBJISIOIIMX: BJIACTh, OM3HEC U oOpa3oBaHue. Mbl 00 3TOM roBopuM ¢ KoHua 90-x
rojioB mpouuioro Beka. Ho W 10 cux mop 3TH COCTaBISIONIME BCE €Ile MOKa He
TPEYrOJdbHUK COIMAJbHBIX IapTHEPOB, a BEEp pPAa3HOHANPABJIECHHBIX M TIOYTH HE
MEPECEKAIOIMXCS BEKTOPOB. B COBpPEMEHHBIX YCIOBUSIX IMOJUTUYECKUX TEPCIEKTHB
rOCY/IapCTBEHHOT'0 Pa3BUTHUsI HOBOW Poccru, MCIONMHUTENbHAS BIACTh U PHIHOK B JIMIIE
paboronarenel W 3aKa3yMKOB JOJDKHBI C(HOPMYIMPOBATh M NPO(PUHAHCUPOBATH 3aKa3
cuctemMe MpoeCCHOHATBHOrO 00pa3oBaHUSI HA HOBBIE IPOrPaMMbl OOy4YEHHS. ITO
CO3/1aCT HANIE)KHYIO OCHOBY COBPEMEHHOM MapaJurMbl OOpa3oBaHUs U HAyKU — ObITH
ONEePEKAIOLMM [0 BPEMEHH U CIY>KUTh HApPaBISIOIMM B Iporpecce sl OusHeca u
BJIACTH.

JIMTEPATYPA

1. Crenorpamma BricTyruienus [lepBoro 3amecrurens [Ipencenaresns [IpaBurenscTBa
Poccun JImutpust Menpenesa Ha V KpacHosipckoM 3KOHOMUYECKOM (hopyMe.

2. Marepuansl KOH(pEpEHIIMH 10  JIOMOJHUTEILHOMY  MPOGECCUOHATLHOMY
00pa30BaHUIO — [JIEKTPOHHBIN JOKYMEHT| - ApXaHresbck, 20006.
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THJPOJTHHAMHUKA BOJIBIIIHX CKOPOCTEH

HHO/IBO/IHBIE KPBLUIbA, BUHTBI H CY/IA

YUCJTEHHOE MOJEJIUPOBAHMUME CJIEJA 3A T'PEBHBIM
BUHTOM, PABOTAIOIIIUM B COCTABE
KOMIIVIEKCHOI'O ABU/KUTEJISA
BYIIKOBCKHUU B.A., k.T.H., c.H.c.; MYXUHA JL.A., K.T.H., C.H.C..
SKOBJIEB A.IO., K.T.H., IOLIEHT —

HHWUU um. akan. A.H. Kpsuiosa (1. Cankr-IletepOypr, Poccust)
krylov@krylov.spb.ru

AHHOTANUA

Heobxooumocms  mooenuposanust cieda 3a 2peOHbIM —BUHMOM — BO3HUKIA  OJiA
osudicumernell, 3JeMEHMbl KOMOPLIX 3AUMOOENCMBYIom ¢ dmum ciedom. B pabome
npedcmagienbl OCHOBHble NPUHYUNLL MAKO20 MOOeIUpoBanusi ONsl MAK HA3bl8AEMbIX
KOMNIEKCHbIX Osudicumeneti. Pacuem eedemcs 8 pamkax HeA3KOU HCUOKOCHU, NPU SMOM
GIUAHUE BS3KOCTU YUUMBIBAEHCS C NOMOWBIO CHEYUATbHBIX nonpasok. OcHoeHoe HuManue 8
Xo0e pacuema yoensiemcs onpeoeieHuo (opmvl 8UXpPesblX neieH 3a Jonacmsamu eunma. B
pabome npugedeHo conocmagieHue paciema ¢ IKCNEPUMEHMOM, PACCMOMPEHbl Cyuau
maAHywetl N08OPOMHOL KOJIOHKU, COOCHbIX 2DEOHbIX BUHMOB U 2PEOHO20 BUHMA 8 HACAOKe.

BBEJIEHUWE

[lonstue xomrutekcHoro aBwxkutens (KJ[) BBegeHo B HaydHyl0 MPaKTUKY
Mexnynapoaaoit koH(epeHuuen onbiToBeIX OacceitnoB [1]. Ilog KII monmmaercs
JABHKUTENb, B COCTAaB KOTOPOTO MOMHMO TpebHoro BuHTa (['B) BXOmAT Apyrue 3ieMEHTH,
HEMOCPEICTBEHHO yYaCTBYIOIHE B JOPMUPOBAHKM TTOTOKA M BOCTIPUSTHU YHOpA JIBUXKUTEIISL.
K umciny mogoOHBIX ABMKUTENEH MOXKHO OTHECTH MOBOPOTHBIE KOJOHKH, I'B B Hacaikax, a
TaKke coocHsle I B.

Kak BuIHO, OCHOBHBIM akTUBHBIM 3neMeHToM KJI cysxut I'B, xotopsiii ¢popmupyer
BOKPYT c€0sl 10JI€ BBI3BAHHBIX CKOPOCTEH. JTO T0JIe MOXKET OBITh JIETKO ONpEEIeHO BCIOAY,
kpome ciena I'B. Cnen I'B mpexcraBmser ocoOyio o0nacts, s KOTOPOM XapaKTepHO
npucytcrBie neneH cBoOoaHbx Buxped (IICB) u BA3kuX ciienoB, BO3HUKAIOIIUX 32
nonactamu ['B. Ilpunsto cuurare, uto BmusHue (opmbl [ICB, mpoctuparonmxcs 3a
nonactamMu ['B, Ha cunoBble xapakrepuctiku camoro I'B He Bemuko. Kak mokasbBaror
UCCIeIOBaHus [2 ], 3TO AOMyLIEHHUE CIIPABEUIUBO MPHU yMEpeHHBIX Harpy3kax I B. [lockombky
pacuer ¢popmbl [ICB pocratouno Tpynmoemkas 3amaya, mis oxuHouHoro I'B um Bnomne
JOMyCTUMO TpeHeOpeus. B To sxe Bpems, Wi KOMIUIEKCHBIX JIBIKUTENEH CIPaBEIIMBOCTD
3TOTO JIONYIIEHUSI CTAHOBUTCS COMHMTEIBHOM, MOCKOIBKY ['B B MX cocTaBe MCHBITHIBAET
CYILLIECTBEHHOE THIPOIMHAMUYECKOE BO3/IEHCTBUE CO CTOPOHBI APYTHX AemMeHToB K/ u cam, B
CBOIO Ou€peib, AKTUBHO BO3/ICHCTBYET Ha HUX. B pesynbrare, ¢ oaHoil croponsl, hopma [ICB
3a sonactsivu ['B npereprnieBaeT n3meHenus Beneacrsue BuusHus smeMenToB K/, C npyroi
croponsl, [ICB npuBoauT K nepepactpeaeneHuio ckopoctel Ha anemenTax K/, okazapomxcs
B obnactu ciena I'B. CnenosarenbHo, npu pazpaborke MetonoB pacyera KJ[ neobxoammo
CHIELMATBFHOE YHCIEHHOE MoJenupoBaHue ciena 3a I'B u B wactHoctm — pacuer [ICB.
[IpuHimIBl 10JOOHOTO MOJETUPOBAHUS U TIPUMEPDI UX TPUMEHEHUS A7 pacueTa pa3iuyHbIX
KJI npeacraBneHbl HUKE.

1. METOA PACYETA ®OPMBI IICB

127



Pacyer I'B, paGoratomero B cocrae KJI, ocymiectBisercs ¢ MOMOIIbIO METoa
HECylIel MOBEPXHOCTH [3], KOTOpPBIA TMO3BOJISIET ONPEACIUTh MHTECHCHMBHOCTh BUXPEBBIX
0COOEHHOCTEH Ha CpeAMHHOM ToBepxHocTH Jonacteid Sg u moeepxHoctd [ICB I'B Sy u
MHTEHCUBHOCTh HMCTOYHMKOB, pacrojlaraéMbplX B Tpenenax Jonacteid (puc. 1). Popma
noBepxHocTy [ICB Sy Hen3BecTHA 3apaHee U onpeaenseTcss B IPOLECCe pacyera, YTo JENaeT
3a71a4y HelMMHeHHoM. [l ee pemenus B cirydae oquHoyHoro ['B panee Obu1 npriMeHeH METO
[4], obOecneumBaronii MepeHOC BHUXpeW ¢ dYactuiamu kuakoctd. OjHako OoH TpeOyer
3aMETHBIX BPEMEHHBIX 3aTpar, KOTOPbIE 3HAYUTEIBHO BO3pacTatoT pu pacyere K/I.

Puc.1. K noctpoennto Maremarnaeckoi moaenu ciena 3a ['B

C uenbio yckopeHus pacuera B AaHHoi padote dpopma [ICB onpenensiercs u3 ycioBust
niepeMeIlieHUs] BUXPEeH BIOJb TMHUN TOKA, OTBEUAIOIIMX CKOPOCTH OCPETHEHHOM MO YTJIOBOM

koopauHare U BpeMeHu V. IlomoOHBII moaxon OBUI NPEMUIOKEH OTEUYECTBEHHBIMH

uccnenoarensiMu 11 [ICB mzomaposannoro I'B [S]. Yckopenue pacyera B JaHHOM ciiydae
JIOCTUTAETCs 32 CUET TOTo, 4To MeToJ [3], Oy ydH OCHOBaH Ha pa3/iefIbHOM pacyeTe TapMOHUK

Pa3iloKCHUA CKOPOCTH B pPAL (Dypbe, MMO3BOJICT OIPAHHUYMUTBHCA U1 pacyuCTa VE TOJIBKO

HYyJIEBBIMM TapMOHHMKamu. OCpelHEHHE M0 YITIOBOW KOOPAWHATE, KPOME TOTO, MO3BOJISET
U30aBUTHCS OT OCOOEHHOCTH, BOSHUKAIOIIEH MTPU pacyeTe CKOPOCTH B TOUKAX HA MOBEPXHOCTH
[1CB, u cayxut >3ppexTuBHBIM cpecTBoM criaxuaHus [1CB, He mo3BoSSIFONMM pa3BUThCS
HeycroiunBoctd KenbBuna-I'enbmronsia. B [5] moka3aHo, 4To B pamKax BBEIEHHOTO
ynportrenus popma [1CB o1HO3HAYHO ONUCHIBACTCS IBYMSI ()YHKIUSIMH

_ (1)
r. = rr(x,ro) 0, = er(xa”o)
e 1, O — paguyc U yriaoBas KOOpAMHATa BUXPEBOM HHTH, colleauiei ¢ sonacti I'B Ha
panuyce I, HOJNYyYCHHbIE IPU MPOJOJIBHOM KOOpAMHATe X. B JToM cilydae moirydacm
CIIEYIOILYO0 cucTeMy ypaBHeHui nepenoca IICB:
4 Qr+V 2)

drr=V‘“ dx do . E0 x
E X r: VE X _
e Vix, Vi 1 Vig - IPOJONBbHASA, patialbHas M TAHICHLMATIbHAs KOMIIOHEHTBI CKOpocTH V.,
BKJIIOUAIOIME CKOPOCTH, BbI3BaHHbIE BcemH snemeHTamu KJ[, (2 — yrioBas CKOpoCTb
Bpauienust ['B. B psne ciayuae ['B B cocraBe KJ[ paGoTaeT B yCIOBUSX CHUIIBHOTO CKOCa
MOTOKA, YTO MPUBOJUT K M3MeHeHUI0 (opmbl cnesa 3a ['B, He yunTbiBaeMOMy € MOMOIIIBIO
npezctasiaeHus (1). B coorBercTBHM € [6] cumTaercs, YTO YUYMTHIBAaTh 3aKPYyTKy CTPyH U
KPHBOJMHEHHOCTH ee (POpMBI HaZ0 NpU yIax ckoca noToka , 6onbimx 30°. Tlpu yriax v,
Menbinx 30°, m3MeHeHneM dopmbl [ICB MoxHO peHeOperaTs.
Kak mnokaszanmu npakTMYeCKUE pacdeThl, XOpPOUIME Ppe3yJIbTaThl JOCTUTAOTCS, E€CIU
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UCTIONb30BaTh MOHATHE HavdanbHOTO yrima ckoca [ICB 3a rpeOHBIM BUHTOM 0. DTOT YToOJ

ONpeesAeTCsS MO AaNMpPOKCUMAIIMOHHBIM 3aBHCUMOCTSAM, IONYyYeHHBIM B pabote [6], Kak

(byHKIMA yIIIa \y, IaroBOTO OTHOIIEHUS 1 Harpy3ku ['B.
rlR

1.-9.
Z I

Puc. 2. ConocraBneHne mpoobHBIX ceUeHUI pacueTHO u sxcnepuMenTansHoi [ICB
u3onupoBanHoro I'B. 1 —pacuer 1o npeacTaBneHHOMY METOLY, 2 — pacyeT 1o METOLy
[4], sxcriepuMeHTaNbHbIE JaHHbIE [8] MpeICTaBIEeHbl IMHUSAMU YPOBHS TYpOYIEHTHBIX
nysbcatuil. Pexxum pabotsl ['B cooTBeTCTBYET OTHOCUTENBHOM NOCTYIN
J=0.88, R —pamuyc I'B.

3anada onpenenenus (opmel [ICB siBnsiercs HenuHEHHOW, MOITOMY €€ pEIIeHHe
BEJIETCS TOCIENOBATEbHBIMI TPUOIMKeHHsAMUA. Ha KaxaoM 1iare oCyIIeCTBISETCS pacyeT
noJieil ckopocreid, co3naBaeMbix Becemu anemenTamu KJ[ u crpoutcst HoBast gopma I1CB nHa
OCHOBE cooTHomeHud (2). Pacuer 3aBepiuaercs, Korja H3MEHEHHME TOJed CKOpOCTei
CTaHOBSATCS MEHbIIIE HEKOTOPOM 3a/laHHOW BEMTMYMHBI, YTO OOBIYHO JOCTHraercs mocne 3-4
urepauuil. 3Has okoHuarenbHyto Gopmy [1CB, mo u3BeCTHONM MHTEHCHBHOCTH MCTOYHHKOB,
CBOOOJIHBIX M TPUCOEAMHEHHBIX BUXpEd MOXKHO BBIYMCIUTH CKOPOCTH B ciene 3a I'B, 6e3
yuera Bs3KuX 3¢pdexroB. i 3PheKThl CYIIECTBEHHBI B Y3K0H 00JacTu cleia 3a JonacTbio,
I7ie BBOAWTCSA JIOK&JIbHas TMoONpaBka. BemuuunHa mnonpaBku BBHIOMpAeTCs HA OCHOBE
COOTHOILIEHUI Teopu CTpyd [7] Ans miockoro mpouis, COOTBETCTBYIOIIETO MPOMIIIIO
IWIMHAPUYECKOTOo ceuenus jonactu ['B.

2. TECTOBBIE PACYETHBI

Tecrosbiit pacuer popmsl [ICB Bemomnnen Ha npumepe I'B E779A [8]. Conocranenue
C DKCIIEPUMEHTOM TOKa3a10, YTO TPEACTABICHHbIA pACYETHBIA METOA TIO3BOJAET C
J0CTATOYHOM TOUHOCTBIO onpenenats popmy [ICB (puc. 2). OTcyTcTBHE yyeTa CBOpauMBaAHUS
[1CB cka3biBaeTcs HECYIIECTBEHHO U TOJILKO Ha OoMbioM yaaneHuu oT I'B. JlaHHBI BRIBOX
HOATBEPK/IAETCSL  CONOCTaBJIEHHEM C  pacyeTaMd, BbBIIOJHEHHBIMH MO  METOAY,
Moenupytomemy cBopaunBanue [ICB [4]. DddextuBHOCT, pa3spabOTaHHOTO MeToAa B
Cllydae CKOILIEHHOTO IMOTOKa TMOATBEP)KJEHA COMOCTABICHUEM pE3yJIbTaTOB pacyueTa CUI C
AKCIEPUMEHTATLHBIMK JaHHBIMU paboThI [9] (puc.3). TounocTs pacyeTa CKOPOCTEi B ciieie 3a
I'B nposepsiercst Ha npumMepe ['B DTRC4119 [10]. Bunt paboTtaet B 0JJHOPOHOM MOTOKE HA
nocrymu J=0.833. Kak mokasajgo COMoCTaBJICHUE C HKCIEPUMEHTOM, PACUETHBIA METOJ JaeT
BIIOJIHE MPHEMIIEMbIE OLIEHKH PACIIPENIeIeHUs] CKOPOCTH MO YITOBOM KoopauHare 0 (puc. 4) u

pamaycy [11].
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F J(4*p*Q™R'r)

0,4

0,31

0,2

0,14

0,0

0,11

-0,2 . . . . J
0,0 0,2 0,4 0,6 0,8 1,0

Puc.3. ConocTaBneHue pacueTHbIX U AKCIIEPUMEHTAIBHBIX 3aBUCUMOCTEH CHIIBI
Ha ['B B4.70 [9], neiicTByromeii B HampaBieHNH HAOETAIOIIETO MOTOKA,
IPU Pa3INyHBIX . | — pacyer, 2 — H9KCIIEPUMEHT.

3. MOJAEJMPOBAHMUE CJIEJA B CJIYYAE COOCHBIX I'B

U IBUXKUTEJA CRPOD

Hns psapa KJI mmeer mectro B3aumopeictBue mapsl ['B. Ilpocreiinmii crmyyait
npenactaBisitoT coocHble I'B. Ha puc. 5 npencrasneno cyxenue [1CB nepennero I'B cocHoit
Hapbl, MPOUCXOZAIIEE B pe3ysbrare B3aumoneucTBus ¢ 3aaHuM ['B. ComocrapieHue c
AKCIIEPUMEHTOM (PHC. 5) MOATBEPAKIAET TOCTOBEPHOCTH MOJYYaEMbIX PE3yJIbTaTOB.

3HauuTeNbHO OOJBIIME CIOXKHOCTH, TI0 CpaBHEHUIO € coocHbiMU ['B, mpexcrapiser
ciyyait aerokutenss CRPOD (Contra rotating podded propulsor), Bkitrouatortero nepeanuii ['B
Ha Baly U PACIOJIOKEHHYIO COOCHO C HMUM MOBOPOTHYIO KOJOHKY. IIpy moBopoTe KOJOHKU
none ckopoctd B gucke ee ['B cymectBenno wu3mensiercs. IlomoOHoe u3MeHeHMe,
MPOUCXOIIIEE TIPH TIOBOPOTE KOJMOHKH Ha 15°, MpoaeMOHCTpHpoBaHo Ha puc. 6. Pacuersi
BBITIONIHSJIACh  JUTSL  YCIIOBUMA PabOThl JIBUKUTENS B HEOJHOPOIHOM TOJIE CKOPOCTH,
XapaKTEepHOM JUISl TOTOKA 332 KOPMOBOW OKOHEYHOCTBIO OTHOBAIBHOTO TPAHCIIOPTHOTO CY/IHA.

[IpencraBneHHple Ha puc. 6 KapTUHBI PAaCHpPEENEHUs] CKOPOCTEH OTPaKAIOT
KOHKPETHBI MOMEHT BpeMeHH. B mocrnemyronme MOMEHTHI OHH OyJIyT H3MEHSThCS B
pesynbTate BpamieHus nepemHero ['B. CunbHad HEOAHOPOJHOCTh W IEPUOAUYECKOE
M3MEHEHUE TMOTOKA B JUCKE 3anHero I'B mpuBOIMT K TOMy, YTO CHJIbl U MOMEHTHI Ha €T0
JIOMACTAX MEHSIOTCS BO BPEMEHH CIIOXHBIM 00pazoM. Ilepeiajika MOBOPOTHOM KOIOHKU
YCUIIMBAET ATOT MpOIIece, IPUBOJA K OoJiee pe3KuM U3MeHEHUsIM cuiibl. [TopoOHbI aHamu3
ATOTO sIBJICHUS ObUT TIpoBeicH paHee B [13].

130



o"9o' '180' '270' " 360

Puc. 4. ConocraBiieHne pactpe/ieieHus PaCUeTHBIX U AKCIIEPUMEHTAIBHBIX KOMIIOHEHT CKOPOCTH TIO YTJIOBOH
koopaunate B cnefe ['B DTRC4119 (x/R=-0.3281, 1/R=0.7). Oxcnepumenr [10]: 1 —Vy, 2- Vg, 3 - V.. 4 -
pacyer i COOTBETCTBYIOIIMX KOMITIOHEHT CKOPOCTH.

4. MOJAEJIUPOBAHUE CJIEJA IIPU PACYETE I'B B HACAJIKE

O6pmunO mpeanonaraercs, yro ¢opma [ICB 3a momactsmu I'B B Hacamke moxer
CUATATBCS TAKOM K€, KaK M B ciyyae H30JupoBaHHOro I'B. Pacuersl moxprtBepikmaror
CIIPABEIMBOCTL 3TOrO MPEIIONOKEHHS IS MPOIYJIbCUBHBIX Hacalok. B To ke Bpems, B
Hacaake ¢ momxatuem, [ICB I'B pomkHa u3MeHsTh CBOIO (OpMy, MHAYe OHA TEpeceyeT
MIOBEPXHOCTb HACAJIKU.

rlR 1
1.0 .

0.8

0.6

0.4

0.2

\ E

0.0- . : r :
0.5 0 5 1 5 2.0 25 x/IR

Puc.5. ConocTaBneHue pacueTHbIX U SKCIIEPUMEHTAJIbHBIX TPAeKTOPHIl BUXpeit
ms coocHbIX ['B. 1 — pacuer s omuHOouHOTO ['B, 2 — pacder 111 cooCHOM mapel,
3 — 3KCTIEpUMEHT [T COOCHOM mapsl [12].

Hcnonw3oBanue Boipaxenuit (2) aia [ICB I'B B Hacagke, eciu mpeamnonaratb, 4to
pacIpeeNeHrue CKOPOCTH B MOMEPEYHOM CEUECHUM HACAKU OTHOPOIHO, MO3BOJISIET MOIYYUTh
3aBrcUMOCTh paauyca [ICB ot reomerpun Hacaaku u ctynuilsl ['B. 3aBucuMocts oT pexnma
pabotsl K] cymectenna st yrnoBoii koopauHarsl [ICB Or, Ho 3aT0 ckopocTh n3MeHeHus O
B/IOJIb HAcaJKu W3MeHsieTcs cnabo. [IpaBUIBHOCTH pacueTa CHIOBBIX XapaKTEPUCTUK

HOIIO6HBIX IIBI/DKI/ITCJ'Ieﬁ MOATBCPIKACHA COIIOCTABIICHUCM C SKCIICPUMCHTAJIbBHBIMUA JTdHHBIMU
[14].
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Puc.6. Tlone oceoit ckopoctu B ucke 3aaHero I'B aemxurens CRPOD npu coocnoM pacnionoxkenun I'B (a) u
B CJIydae moBopoTa KooHKH (y=-15°) (6).

5. BIMAHUE ®OPMBI CJIEJA I'B HA XAPAKTEPUCTHUKHA

TSSHYIMEU BUHTOPYJIEBOU KOJIOHKHA

[Ipu pacuere MOBOPOTHON KOJNIOHKU CUUTAETCS BOSMOXKHBIM MPEHEOPEYb CKOPOCTIMH,
O6YCJ'IOBJ'IGHHBIMI/I o0TEeKaHHEM CTOMKH. DTO CBA3AHO C TEM, UTO B pa3pa60TaHH01"4 MCTOINKE
UCIOJB3YIOTCS CKOPOCTH, OCPETHEHHBIE 110 YITIOBOW KOOpUHATE (2), BEMYMHA KOTOPBIX VIS
cTOMKM Maja. B HCﬁCTBHTCHBHOCTH KOJ'I€63.HI/ISI CKOpPOCTH B6J'II/131/I ITOBCPXHOCTH CTOMKHU
MPpUBOIAT K HU3MCHCHUIO q)OpMBI HCB, HO STH W3MEHEHUS HMEIOT JIOKAILHBIN XapaKTep.
CorocTaBieHue ¢ SKCIICPUMCHTOM (pPIC. 7) MOATBCPIKAACT IMIPABUIIbHOCTD PACUCTHOI'O MCTOIA.

R

1,010 —1

0.8 \O\ \\\\ N o o |- o g
06 VoY Y Y Y
e\ )

0.0

0,2- loHpona
0,0 T T T T T
0,0 0,5 1,0 1,5 2,0 2,5 xIR

Puc. 7. Conocranenue pacuyetnoit popmsl [ICB I'B B cocTaBe TsHy1mIEH TOBOPOTHOM
KOJIOHKH C 9KcriepuMeHToM. 1 —pacuertHas ¢popma [ICB, 2 — pacuetHas TpaekTopus
MIEPEHOCA KOHIIEBBIX BUXPEH, 3 — MOJIOKEHNE KOHIIEBBIX BUXPEil
10 3KCTIEPUMEHTABHBIM JaHHBIM [12].

Ha puc. 8 moctpoena pacuernas hopma [ICB mist ogHo#t u3 nomacreit ['B. Bumgno, 4uto
dopma TICB mo wmepe ymanenus or I'B mperepmeBaer CymiecTBEHHbIE W3MEHEHMUS.
PazpaboTanHblil anroput™ pacuera MpUBOIUT K TuiaBHOMy oruOanuto IICB roHmonsl u
«IEPEPE3aHUI0»  €H0  CTOMKM  KOJIOHKM, 4YTO COOTBETCTBYET OKCIEPUMEHTAIbHBIM
HaOJTIOACHUSIM.

Ha puc.8 mnpexncrasneHo pacmpeneneHue aOCOMIOTHOW BEJIMYMHBI CKOPOCTH Ha
MOBEPXHOCTU TOHMONBI U croiku. [lomamanue croiiku B obOnacth crnema I'B mpuBoaut k
NIOBBILICHUIO CKOPOCTH. PacmpeneneHue CKOpOCTM HAXOAWT OTPAKEHUE B PACHpEICIICHUU
JaBiIeHUS W OOyCIOBIEHHBIX MM cunax. TakuMm obOpazom, cien ['B okasbBaer
HETIOCPE/ICTBEHHOE BO3JCHCTBUE HA CUIOBBIE XapaKTEPUCTUKU IIOBOPOTHOM KOJIOHKH.
M3menenne ¢opmel [ICB 00ycnopnuBaeT HENMMHEHHBIH XapakTep 3aBUCMMOCTH CWJI HA
KOJIOHKE OT €€ TeoMeTpuH, nocrynu ['B u yria vy, a Tak e IpUBOIUT K BO3HUKHOBEHHUIO
3aMETHOM 10 BEIMYMHE NONEPEYHOM COCTaBISIOIIEH CUITbI HA KOJIOHKE [15].
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Puc. 8. CxopocTh Ha HOBEpXHOCTH MOBOPOTHOI Kononku u popma [ICB
cxommei ¢ nonactu I'B.

3AKJIIOYEHHUE
[IpencraBneHHble BbIIE MaTepUalbl MOATBEPKIAIOT, YTO MPU pa3pabOTKE METOOB

pacuera KJ[ HeoOx0aMMoO nCHIONb30BaTh HEJMHEHHbBIE MaTeMaTHYECKIEe MOJIEH crena 3a ['B.
['eomeTprueckue 1 ruApoMHAMIYECKIEe 0COOEHHOCTH, XapaKTEPHbIE U1l KOHKPETHOTO THIIA
KJI, mO3BOJIIOT BHOCHTh B 3TH MOJAEIM YNPOUICHUS. BakHeWIMMU W3 TaKUX YIPOIICHWI,
OOIIMMH I BCEX paccMOTpeHHBIX TUMOB KJI, SBISIOTCS MCMOIb30BaHUE MOJIEIN HEBSA3ZKOM
xuakoctd U pacyer Qopmbel [ICB Ha ocHOBe CKOpOCTEH, OCpETHEHHBIX IO YIJIOBOH
KOOpIMHATe.

Pa3pa60TaHHa;1 YKUCICHHAaA MOZACIIb CJICAa 3a I'B Onuta INPUMCHCHA 1A pacycTa

cienyroumx KJI: coocHpix I'B, neuxurens CRPOD, I'B B Hacaike n TSHyILEH TOBOPOTHOM
KOJIOHKH. Bo Beex ciydasx Inepexol K HEMMHEMHOW MOJENM CIEAa MO3BOJIMI IIOBBICHTH
TOYHOCTB PACUETA.

[—
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AHAJIMTHUYECKOE YCJIOBUE MUHUMYMA ITIOTEPH
MEXAHUYECKOM SHEPTHUM JJ151 KOMILJIEKCA
KOPITIYC-IBUKUTEJb B BA3KOU KUIKOCTH
AYKUHAJ3E A.IIL, a.1.H., npodeccop —
Cankr-llerepOyprekuii rocyjapcTBEHHBIN MOPCKOM
texHudyeckuit ynusepcuret (r. Cankr-IlerepOypr, Poccus)

BBEJIEHUE

Ha3Bannas mpoOnema paccmarpuBaiack B paborax B.M. HMBuenko 1962 u
1963 rogos [1, 2]. Kak yka3biBaeT caM aBTOp B padbote [2], 3a1ada Obli1a MpejioskeHa
emy mnpodeccopom B.M. JlaBpeHTheBbiM. Hcmonp3oBaHue B MPOCKTUPOBAHUM
rpeOHBIX BHUHTOB YCJIOBUA ONTUMyMa, mojydyeHHoro B.M. UBuenko, ObLI0
ocymectBieHo B.I'. MumkeBuuem mnozxke [3, 4]. Hago ormeTutsh, uto B paborax
B.M. UBuYeHKO WHCIOJB30BAIACH CHJIIBHO YIPOUIEHHAA MAaTEMAaTHYeCKas MOJEIb
TEUYEHUsI, HAlIpUMEp, TEUCHHUE BSA3KOW KUIKOCTH 3a KOPIYCOM U T'PEeOHBIM BHHTOM
MPEANnoiarajoch IUIMHAPUYECKUM, T.€. MNpPEeHEeOperajoch HUMEIOUIMM MECTO B
NENCTBUTEIBHOCTH pPa3MbIBOM Clle/la. OTO NPHUBEIO, B YAaCTHOCTU, K BBEICHUIO
HEepeabHON  BENMYUHBI  «KOA(p(UIIMEHTAa TOMYTHOrO [OTOKAa TPEHUsS Ha
OECKOHEYHOCTH 3a KOMILIEKCOM» M K COOTBETCTBYIOUIMM HpoOjemMaM €ero
AKCIIEPUMEHTAIBHO — TEOPETUYECKOrO OIPENEICHUS] B HWHYKEHEPHBIX pacyeTax.
[TosiBIEeHHe B HACTOSAIIEE BPEMS NPOTrPaMMHBIX KOMIUIEKCOB I pacdyeTa BA3KHX
TYpOYJIEHTHBIX TEUEHHMH KUIAKOCTH Jaj0 MNPUHLUIUAIBHYIO BO3MOXXHOCTb
UCIIONIB30BATh OTH PAcCUeThl JJisI YTOYHEHUsS BEJIWYHWH THIIA YIOMSHYTOIO
«ko3(PureHTa MOMmyTHOr0 MOTOKAa TPEHUsS HAa OECKOHEUHOCTH 3a KOMILIEKCOM).
OnHako, OKa3aloch HEBO3MOXKHBIM MPOBOJUTH YKa3aHHbIE pacyeThl 0e3 yuera
pa3MbIBa ciella, KOTOphIA Ha OECKOHEYHOCTH 3a KOMIUIEKCOM CTPEMUTHCS
pacMpuThCs 10 O€CKOHEYHOCTH.

B nacrosimeit pabote moiy4eHo ycliOBUE ONTHMYMa C MCIOJIb30BaHUEM OoJiee
aJIcKBaTHOM MareMaru4yecKkol Mozenu TedeHus. HaiiieHHoe ycioBuE ONTUMYyMa
nos00HO ToMy, KoTopoe nonyduia B.M.MBueHko, HO B OTJAMYHUM OT MOCIEAHETO HE
COJICP)KUT BEJIMYMH, KOTOpPbIE HE MOTYT OBITh HaiIeHbl HEMOCPEJACTBEHHO MYyTEM
pacuera BSI3KOrO TYpOYJEHTHOrO Te4deHHUs >KUAKOCTU. lIpexknae Bcero momydeHHOe
yCIIOBHE ONTHUMYMa HE MCHOJb3YyeT «KOd(h(dUIIMEHTa MOMYTHOrO MOTOKA TPEHUS Ha
OECKOHEYHOCTH 3a KOMILIEKCOM», a TAaK)K€ HE MCIIOJb3YeT U IMOHSATHUE BBI3BAHHBIX
IBH)KUTEJIEM CKOPOCTEHN, KOTOPBIE HEBO3MOYKHO HEMOCPEICTBEHHO BBIACIUTH U3
bu3MYeCKH M3MEpPUMONW CyMMapHOW OTHOCHUTENBbHOM CKOpPOCTM B cClele 3a
KOMILJIEKCOM.
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1. OCHOBHBIE ITPEJAITIOJOKEHHUSA 1 OBO3HAYEHUSA

WNneanpHblii  ABWOKUTENH, pabOTAlOIMIMA B BSI3KOHM  KUJKOCTH,  3TO
MAaTeMaTU4ECKasi MOJENb IPOU3BOJBHOIO PEAJbHOIO JIBHXKHUTENSA, B KOTOPOH
YUUTBHIBAKOTCS TOJILKO JIBA BUJA IOTEPh MEXAHWYECKOW SHEPIUU, BO3ZHUKAIOIIME Ha
AMEIIIEM KOHEYHBIE pa3MEpbl KOMIUIEKCE KOPIYC — JBWXKHTEIb MPU HX
MOCTYMAaTeJIbHOM ¥ PaBHOMEPHOM JBI)KCHHU B O€3rpaHUYHONM HEBECOMOI
HECKUMAEMOM BSI3KOM JKUJKOCTH. Y Ka3aHHBIC BBIIIE JBa BUJA MOTEPb COCTOST, BO-
MEPBBIX, W3 TIOTEPh Ha TMPEOAOJICHUE CONPOTUBIIEHUS JBUKECHUIO KOPITyCa,
BO3HHUKAIOIIETO0 MPU OOTEKAaHWUU KOpIyca BS3KOM >KUIAKOCTBIO, W, BO-BTOPBIX, M3
MOTEPh HA OCEBBIE BBI3BAHHBIE CKOPOCTH, HMEIOIIME MECTO JaJIEKO MO03aau
KOMIUJIEKCA B MpeJesiax CTPyd [JBHXKUTENS W TUAPOJMHAMUYECKOrO CIIENa,
00pa3yrommXxcsl 3a KOMIUIEKCOM. OTH TOTEPH CBsI3aHbl C (DU3NUECKUM IMPOILIECCOM
o0pa3zoBaHus TypOYJICHTHOTO T'UIPOIMHAMUYECKOTO Clie/la 32 KOMILJIEKCOM KOPIYC —
JIBUKUTEIIb U XapAaKTEPU3YIOTCA M3MEHECHUEM IOJISI OCEBBIX CKOPOCTEU NAIEKO 3a
KOMILJIEKCOM, T.€. CKOPOCTEH >KHIKOCTH HaIlpaBJIECHHBIX TJIABHBIM O00pa3oM IMPOTHUB
HanpasieHus ABMXeHHus. CyliecTBO paccMarpuBaEMOM MOJAEIU 3aKII0YaeTcsl B
JOMYIIEHUN O TOM, YTO Tsra W MoTpedsseMas MOIUTHOCTh KOMILUIEKCa MOJHOCTBIO
ONPENCISIIOTCA ~ IOJIEM  OCEBBIX CKOpPOCTEHN B MONEPEYHOM CCUCHUHU
TUIPOAUHAMUYECKOTO cliefla, OOpa3yrolIerocss 3a KOMIUIEKCOM, T.€. B Ipejesax
OrpaHMYEHHON IIOBEPXHOCTH F}, pACIIOIIOKEHHON IONEPEK HANPABJIECHUS IBUKCHUS

JAJIEKO, HO Ha KOHEYHOM pACCTOSIHUU, 3a paccMarpuBacMbIM KOMIUIEKCOM. B
JalbHEHIIeM TMOHATHE  TUIPOAMHAMUYECKOro  cieia, oOpasyromerocs  3a
KOMIUIEKCOM, BKJIIOUAET B C€OSl U CTPYIO IBMXKHUTEINA, T.K. Ha JOCTaTOYHO OOJIBIIOM
PAcCTOSHUM 32 KOMILIEKCOM HEBO3MOXKHO OOBEKTUBHO OTIUYHUTH CTPYIO JABUKUTEIS
OT ruJpoarHamMuueckoro ciena. [lepexon MexaHMUYECKOM SHEPIUU B TEIUIOBYIO, T.€.
MIPOLIECC JAUCCUITAMM MEXAaHWYECKOW HEPruHU, MPU 3TOM HE Y4YUTHIBAaETCs. Takum
o0pa3oM paccMmarpuBaemasi MaTeMaruuyeckas mMojenb (cM. puc.l) Xapakrepusyercs
CJIEIYIOIINM:

O,x,y,z - NOABWXHAsA CBS3aHHAsl C pacCMaTpUBaeMbIM KOMIIJIEKCOM IIpaBas
MPSAMOYTOJIbHAsI CHCTEMAa KOOPAMHAT C Ha4aJoM B LIEHTPE AUCKA JBHKUTENS U OCBIO
X HampaBJICHHOW MPOTHUB HAIPABJICHUS PABHOMEPHOI'O MOCTYNATEIbHOIO ABUKECHUS
KOMILJIEKCA;

I'’1C — ruapoIMHAMUYECKUH Clie]l, KOTOPBIM MpeanonaraeTcs TypOyJIeHTHBIM U
KOTOPBI 00pa3yeTcsi 3a paccCMaTpUBAEMbIM KOMIIJIEKCOM KOPIYC — JBHXKUTEINb U3
BSI3KOCTHOT'O CJIeJ]a 32 KOPIYCOM U CTPYH 3a padOTaOUINM JIBHKUTEIEM;

S UF), - KOHTpOJIbHAsI 3aMKHYTasi IIOBEPXHOCTb, COCTOSIIAs M3 ABYX 4acCTei:

cepudeckoii S U IIIOCKOM [}, , 3aMbIkatoniell cdepy IIIOCKUM JUCKOM, KOTOPBIH

coBragaet ¢ nonepeunsiM ceuenueM ['JIC;

S'- 4acTb KOHTPOJIBHON IOBEPXHOCTH, MPEACTABIISIONIAs] COOOM yCEUEHHYIO
IJIOCKOCTBIO cepy OOJIBLIOro paauyca r, ¢ HEHTPOM B LIEHTPE AMCKA JABMKHUTENS,
ycedeHue cdepbl BBIMOJHEHO HOPMAbHOM K OCH X IUJIOCKOCTBIO, TaKk 4TO
KOHTPOJIbHAs 3aMKHYyTasi noBepxHocTs S UF), mnpeacrasiser co0oil HENPEpHIBHYIO

22 .
IOBEPXHOCTh C IUIOCKMM JHOM B BHUAE Kpyra paauyca (r°—Xxy), KOTOpPBIH
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MpeanojaaracTcsi  COBMAAalomMM ¢ mnomnepedHbiM  ceueHuem  ['JIC Fy,
(MHTErpupoBaHUE IO 3aMKHYTOM ITOBEPXHOCTM cojepxkamed S u Fj,, Oyxer

0003Ha4YaThCs Kak HMHTErPUPOBAHUE IO 3aMKHYTOM KOHTPOJIbHOW MOBEPXHOCTH
SUF, ¢ nuddepeHyanbHbIM IEMEHTOM dS, a IPH UHTEPUPOBAHUU TOJIBKO IO

F,, Oynyr wucnone3oBarbca auddepeHIManbHbIE dNeMeHThl dS U dF), Kak
SKBUBAJICHTHBIC);

F,- HOpMampHOE K OCH X  INIOCKOE  IIONIEPEYHOE  CEYCHHE
TUIPOAUHAMUYECKOTO Clie/Ia TaeKO 3a KOMIIJIEKCOM (PacIiojioKEHHOE MPU OOJIBIIIOM
NOJI0KUTEIBHOM 3HAYEHUU X, U HEMOIBUKHOE OTHOCUTENIBHO MOJBUKHOI CHCTEMBI
koopauHat O, x,y,z);

U,- abcomoTHasd BeIMYHMHA CKOPOCTH PABHOMEPHOIO IIOCTYNATEIbHOrO
JIBI)KCHUS KOMIUIEKCA B HAIlPABJICHUU OTPHUIIATEIbHON OCH x (TIepeHOCHAask CKOPOCTh
Havasa MoJBHXHOU cucTeMbl KoopauHat O, x, ),z );

W- OCpEeIHEHHas MO0 BPEMEHHU aOCONIOTHAs CKOPOCTh, T.€. OCpEIHEHHas IO
BPEMEHU CKOPOCTh YACTHIl >KMJIKOCTH, M3MEPEHHAash OTHOCHUTEIHHO HEIOJBMKHOU
(a0CoMOTHOM) CHUCTEeMBI KOOpJAWHAT, B KOTOPOW JKMAKOCTh BIIEpEId Ha
OCCKOHCYHOCTHU HETOABUKHA.

i - OCpPeTHEHHAs 10 BPEMEHU OTHOCHUTENbHAS CKOPOCTh, T.€. OCpETHEHHAS 10
BPEMEHU CKOPOCTh YaCTHUIl YKUIKOCTH, M3MEPCHHAs OTHOCHUTEIHLHO CBS3aHHOW C
KOMILIEKCOM KOPITYC-ABMIKUTEIh MOJBHKHON cucTeMbl kKoopauHar O, X, V,z ;

Uy, - oceBas (X -as) COCTAaBILAIONIAs OCPETHEHHON O BPEMEHU OTHOCHUTEIBHOM
CKOpPOCTH I Ajs TO4eK obnactu [, ;

p - 1aBJICHUE B KUIKOCTH, OCPEAHEHHOE M0 BPEMEHU;

D,- JaBlieHue Ha OCCKOHEYHOCTH, T.€. JAJIEKO BIEpPEeIH KOMILIEKCA, TOUHEE
pH X —> —0;

Dy - laBlICHUE JUI TOYeK 001acTu [, , OCPEJTHEHHOE 10 BPEMEHH;

F - rnaBHBIA BEKTOp CHJI, AEHCTBYIONIMX HA OrPAHUYEHHYIO KOHTPOJILHOM
nosepxHocteio S U Fj, Maccy xKuakocTH;

R - BEKTOp CHJIBI CONIPOTHBIEHUS KOpITyca 03 yueTa IPUCYTCTBUS IBUKHUTEIS
(COTIPOTHBIIEHHUE «TOJIOT0» KOPITyCa);

R- oceBast ( x-ast) coCTaBIAONIAs BEKTOpPa CUJIBI COMPOTUBIICHUS KOpmyca 0e3
ydeTa IPUCYTCTBHS JIBHYKHTEIIS;

T.- BEKTOp CHJIBI TATH JBMDKHUTENS, [0 MOJAYJIIO PAaBHbBIA YIODPY JABUKHTEIS
MHUHYC CHJIa 3acacblBaHMs (CHJIa JOIMOIHUTEIBHOTO COMPOTHBIICHHS Ha KOPITYCe,
00ycCJIOBJICHHAsA pabOTOM IBUKUTEIIA);

T.- oceBas (x -ast) COCTABIIAIOIIAS BEKTOPA CUJIbI TATH ABHKUTEILS;

) .

T ;- BCKTOp «TSITM Ha Take», T.. CyMMapHas CHia, JEHCTBYyIOIas Ha
paccMaTpuBaeMblid KOMIIJIEKC KOPIYC — JIBUXKHUTENb CO CTOPOHBI BA3KOW >KUAKOCTH
(TSATa ABMKUATEIS T y MHHYC COIIPOTHBIICHHE KOpIIycCa R), MpEIoaaraeTcs, 4To
«TSTa HA Take» KOMIICHCUPYETCS BHEIIHEW K pacCMarpuBacMOW CHUCTEME CHIIOW C
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TE€M, YTOOBI yCIIOBUS PAaBHOMEPHOIO U MPSIMOJMHENHOr0 NBHXKEHHS KOMILIEKCA HE
Hapyladuch AaXe B CIydae HEHYJICBOW BEJIMYMHBI «TAra HA rakey», JAJisi OOBIYHOIO
JBUKYLIETOCS PABHOMEPHO U MPSMOJIMHEHHO CaMOXOJHOI'0 OOBEKTA «Tsra Ha rake»
paBHa HYJIIO;

P, - MOIIHOCTB, TOABOAUMAS K ABUKHUTEIO U3 BHE;

P,- MomHOCTh, pacxonyemasi IBUKUTEIEM Ha KOMIICHCAUIO II0TEPh

MOII[HOCTH, UMEIOLIX MECTO B IIporiecce 00pa3oBaHMs CUJIbI COIIPOTUBIIEHUS FOJIOr0
Kopmyca,

1 - IPONYJIbCUBHBIN KO()(PUILIUEHT;

7i- BHEIIHSS K paccMarpuBaeMoMy OOBbEMY KUJKOCTH €AMHUYHAsI HOpMaJb K
KOHTPOJIbHOM noBepxHoctu S U Fy, ;

dS - DIEMEHT KOHTPOJIBHON IOBEPXHOCTH, SKBHUBAIECHTHBIM dIEMEHTY df;, Ha
NOBEPXHOCTH [, .

© - IUIOTHOCTh paccMaTpruBaeMon HECKUMAEMOMN KUIKOCTH;

OTHOCUTENIBHO  paccMaTpuBacMOro  TEUEHHUs  JIENAaloTCi  CIEAYHIOIue
IPEITOIOKEHNUS:

JIBMKEHNE KOMIUIEKCAa HA4aloCh OECKOHEYHO JaBHO M paccMaTpUBaETCA
OTHOCHUTEJIbHOE JABUKEHUE KUIAKOCTU B MOABUXKHOU cucteme xoopauHar O,X,y,z.

PaccmarpuBaemoe NBUKEHHUE MOKHO CUUTATh CTALIMOHAPHBIM, T.€. HE3ABUCSIIUM OT
BPEMEHHU.

[Ipennonaraercs, 4YTO JKUJIKOCTh  SIBISIETCA  HECKHMMAEMOW,  BSA3KOW,
0e3rpaHuyHOl, HEBECOMOW, U YTO Ha OECKOHEYHOCTH 3a KOMILJIEKCOM 00Opa3zyercs
I'’IC, wmeromMii ONpeaeeHHOe IONEpeYHoe cedenue Fj, U couepKalmn

OTHOCUTEJIBHBIE CKOPOCTH TOJIbKO OCEBOT'O HAPAaBIEHHS Uy =U, , T.€. Uy =u, =0
Ha [, . Kpome toro, nasnenue B nomnepedynoM cedenuu I'JIC namexo 3a aucKoM
npwxuTens (Ha Fy,) p, TOCTOSHHO M MalO OTJIMYAcTCs OT JaBJICHHA JAIEKO

BIIEpEIU KOMILIEKCA.

PaccmoTpuM aOCONMIOTHOE JBMIKEHHUE SJKUJIKOCTH, T.€. IOJE a0COJIOTHBIX
CKOpOCTEH W, HM3MEpPEHHOE B a0COJMIOTHOM CcHUCTEME KOOpAMHAT, s KOTOPOH
KUIKOCTb Ha OECKOHEYHOCTH BHepeaud Nokoutca. [y Todek KOHTPOIbHOM

nosepxnoctu S BHe I'JIC, T.€. BHE [}, , IMEET MECTO yCIIOBHE

_ 2

le/r IIpU ¥ —> 0. (1)

DTO yclnoBHE OTJIHYaeTcss oOT wucnoibdyemoro Illnuxtunarom [5] mnpu
OMPENCTICHUH COMPOTUBJICHUS «TOJIOr0» KOpIyca C HCIOJb30BAHUEM TEOPEMBbI
MMIYJIbCOB, KOTJa CTENEHb MPU r paBHA MUHYC 3, U 3TO OTJIMYHE CBA3AHO C
pacCMOTpPEHUEM KOMILJIEKCa, B KOTOPOM KpOMeE Kopiyca umeeTcs paboTaromniui
JIBUXKUTENb, KOTOPBIA, KaK M3BECTHO [6], [7], B JalbHEM IOJE SKBUBAJICHTEH NUCKY
CTOKOB. YKa3aHHO€ OOCTOSTENIHCTBO JIeJlaeT HEOOXOAMMBIM B JaJbHEHUIIEM IIpH
UCIOJIB30BAHUHU TEOPEMBI UMIIYJILCOB YYMTBIBATh OTJIMYME BEIWYMHBI JABICHUSA p
Ha 4aCTH KOHTPOJIGHOM IIOBEPXHOCTH S OT JaBJICHHS Ha OECKOHEYHOCTH P, .

[Tone ckopocteit aObCOMOTHOTO JBHKEHUSI WCBSA3aHO C TIOJIEM CKOPOCTEH
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OTHOCUTEJIBHOT'O JIBMIKEHUS OOIIETPUHATON (hopMynoi [§]

w=u-U,, )
r1e [ OpT OCH X .

Tak xKak paccMarpuBaeMblid KOMIIJIEKC UMEET
KOHEUHBIC pa3Mephbl, BHE TeJla BBITECHCHUS W
ruapoauHaMuueckoro ciena (cm. Puc.1) sxuakoctsb
MaJjio Bo3MylieHa (1o MpuYruHe TOro, 4To J0 Hadasa
paccMaTpuBaeMoro JBMKCHUS KOMILJIEKCca
KUJIKOCTh B a0OCONIOTHOM CHCTEME KOOpJIUHAT
MOKOUJIaCh), U BS3KOCTBIO MOXXHO TIPEHEOPEUb.
Tornma Ha YacTM KOHTPOJBHON MOBEPXHOCTH S
npuMeHumMo  ypaBHenue bepuymwm  [7], [8]
Puc. 1. Cxema Teuenus 3allMCaHHOE B CBSI3aHHOU C  KOMILIEKCOM

MOABWKHOU cucremMe KkoopauHat O,x,),z c

HEHEUTEE

HUCIIOJIB3OBAHUECM BCKTOPA CKOPOCTHU a0 COJIFOTHOT'O JIBHOKCHUSA w , & UMEHHO

pP=py,—pW/2-pwil,. (3)

3ameuanue. YpaBHeHue (3), ¢ yueroMm (2), DPKBUBAJIEHTHO OOBIYHOMY
YpaBHCHUIO bBepHysUTH, 3amMcaHHOMY C HCIIOJIB30BAHHEM BEKTOpPa CKOPOCTH
OTHOCHTEIIBHOTO JBWXKEHHUS @i, KOTOpOE CIPABEIJIUBO I PaccCMaTpPUBACMOIO
CTAIlMOHAPHOTO TEYCHUS JUIsI OOJIaCTH, TJIC BSI3KHUMHU IOTEPSIMH TIO TPUHITOMY
MIPEAMOIOKEHUIO MOKHO MpeHEeOpeyb, T.e. JJI1 00JIACTH BHE MOTPAHUYHOTO CJIOS U
TUAPOTMHAMUYECKOTO CIIe/a.

3aKOH COXpaHEHUs MacChl HECKUMAEMOW KHIKOCTH B 00beMe, OTpaHUYECHHOM

3aMKHYTOH KOHTPOJIbHOM noBepxHocTeio S U F), , Meet Bux

[ards=0. (4)
SUFy
)43 TPCTHETO 3dKOHA Hrrorona OUCBHUJIHO BBITCKACT
T>=—F. (5)

2. IPUMEHEHUME TEOPEMbI UMITYJIBCOB
[Ipumenenue Teopembl uUMIylbcoB [6], [7] Kk paccmarpuBacMoMy 00BEMY
KHJKOCTH, OrPAaHHYCHHOMY KOHTpONbHOM moBepxHoctbio SUF),, ¢ yderom

CTAIllMOHAPHOCTH TOJISI OTHOCUTEJIbHBIX CKOPOCTEN J1aeT ISl «TSATH Ha rakey, T.e. i
CWJIbl JCHCTBYIOIIEH Ha paccMarpuBaeMblii KOMIUIEKC CO CTOPOHBI JKHIAKOCTH,
3aKTIOUYCHHON BHYTPHU KOHTPONIBHOH moBepxHoct SUF),, ciexyromee ncxomHoe
BBIpAKEHUE
Ty =— [(pr+pu,m)ds, (6)
SUFy

IJ€ U, - HOPMaJbHas COCTABIIAION[as OTHOCUTEIBHON CKOPOCTH Ul TOYEK 3aMKHYTOH
KOHTPOJIbHOM noBepxHoctu S U £, .

[Toacranss B (6) coorHomeHust (2), (3) mocne mpeoOpa3zoBaHU MOXKHO
MOJIYYUTh
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Tie = p [y Uy —uy )dF, . (7)
Fy

Ota Qopmyia A ciydasi onpeeseHus: COPOTUBIICHUS «TOJI0Or0 KOpImyca» R
coBrnagaer ¢ ¢opmyinoit (25.1) Ha crp.701 u3z monorpaduu Illlnuxtunra [5], XoTs
uHTerpupoBaHue B (7) BBINOJNHSETCA YyXe€ [0 PACIOJIO)KEHHBIM Ha KOHEYHOM
PAcCTOSTHUM OT KOpIyca M MO3TOMY OTPaHMYEHHOH TUIONIAAN MOMEPEYHOr0 CeUCHUS
THJPOJMHAMHYECKOIO CIe/a JAJIEKO 32 KOMIUIEKCOM [, .

Ota (opMmyna Ans cilydas ONPENEICHUs TATU UACATBHOTO IBMXKUTENA T, B
HEBS3KOM KUAKOCTH, KOTJAa CONPOTHUBIIEHHE «TOJIOTO Kopmyca» R paBHO HYIIO, C
TOYHOCTBIO 10 3Haka coBmnamaeT ¢ Gopmynoir (3.10) Ha crp.10 u3 crareu
JlaBpenTheBa [6], ecii 3aMETUTb, UTO B 3TOU CTaThe MPHUHITO 0003HAYaTh OCEBYIO
BBI3BAHHYIO CKOPOCTh JUI1 TOYeK Fj, Kak w,, IPUd ITOM COIJACHO NPHHATHIM B

naHHoU paboTe 0003HauYEeHHSIM, CMOTPU B 4acCTHOCTH (2),

W, =Wy =ty = U (3)

HuTerpupoBanne BeACTCS B yKa3aHHOW CTaThe MO TIOMEPEYHOMY CEUEHHUIO
CTpyd JABWXKHTENS Ha OECKOHEYHOCTHM 3a KOMIUIEKCOM, 4YTO OKa3bIBAaeTCs
BO3MOXKHBIM, T.K. B HEBS3KOW JKUJIKOCTH H3-32 OTCYTCTBHS TYpOYJIECHTHOTO
MEepeMEeNINBaHus CTPYs JABMD)KUTENS HMMEET OrPpaHWYCHHOE IIONEPEYHOE CEUCHHE
BIUIOTh /10 O€CKOHEUHOCTH. 3HAaK TATH MO TodydeHHou dopmyne (7) momydaercs
OTPUIIATEIBHBIM TIPU TIOJIOKUTEIBHBIX 3HAYCHUSX OCEBBIX BBI3BAHHBIX CKOPOCTEH
Wy, YTO COOTBETCTBYET IIPUHATOW BBIIIE CHCTEME KOOPAWHAT U OKAa3bIBACTCS

HpOTI/IBOHOJ]O}KHBIM HpaBI/IJIy 3HAaKOB, HpI/IHSITOMy B HHTHpOBaHHOﬁ CTAarTrbC.

3. MIPUMEHEHWE 3AKOHA COXPAHEHU S

MEXAHUYECKOMW YHEPTUUA

Uepe3 paccMarpuBacMyr0 KOHTPOJBHYIO MOBEPXHOCTH S UFW €KECEKYHIHO
HepeHOCI/ITCSI KHMHCTHUYCCKAA U ITOTCHIUAJIbH ast BHCPFI/ISI, BCJIMUHUHA KOTOpOfI JOJDKHA
6BITB paBHa 3HepFI/II/I C}KCCCKYH)IHO Hepe):[aBaeMOﬁ 061;eMy KUAKOCTH,
OrPaHUYEHHOMY pPacCMarpuBaeMOM KOHTPOJBHOM ITIOBEPXHOCTBIO, B IIPOLECCE
00pazoBaHUs CHJIbI COMPOTHUBIICHUSI KOPITyca U B MPOIIECCEe MOABOIA MEXaHUUYECKOM
3HepFI/II/I N3 BHEC K ABHUKHUTCIIIO. I[eTaJII/I MCXaHHU3Ma Hepez[atm BHepI‘I/II/I HC
paccMaTpuBalOTCs, T.K. BOKEH JIMIIb c)OpMYyIMpOBaHHBIM Bhille ee OanaHc. B
mponecce 06paSOBaHI/I$I CHUJIbI COIIPOTHUBJICHUA TOJIOI'O KOPIIyCa paCCManHBaeMBIﬁ
O6T>CM KNOAKOCTHU TepHeT e>1<eceI<sz[H0 MexaHquc:Kon 3H€pl‘I/IIO paBHyIO PR

OnHOBPEMEHHO, K JIBHMJKHUTEIIIO, a CJICIOBATEIBbHO M K pacCMarpuBacMoOMy OOBEMY
KHUIKOCTH Yepe3 JBIMKHTEIIb €KECEKYHJIHO TOABOJIUTCA MEXaHHYECKas DHEPrus
paBHast P,, KoTopas JOJDKHA IpPEeXJEe BCEro MOracUTh 3aJlaHHYK BEIUYUHY P, a
KpOME TOTO BOCCTAaHOBUTBH OalaHC MEXaHWYECKON SHEPIHH MOABOJAMMON U TEPSECMOM
depe3 KOHTpOJbHYI moBepxHocTh S Fj,. Takum 00pa3oM B BSI3KOH IKHIKOCTH
OaaHc MEXaHMYCCKOM SHEPTHHM MOYKHO 3aIllUCATh CICAYIOIMM 00pa3oM

Py—Py= [(pu,+05pa*u,)ds. 9)

SUFy
IToacraBnsas B (9) coorHomenus (2) u (3) MOXHO Mmoclie Npeodpa3zoBaHU
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MOJIYYUTh

Py =Py +0.5p [uy (uy -U3)dF, . (10)

Fy

[Tonyuennas ¢popmysa coBnaaaeT ¢ cCOOTBETCTBYyoMIEH popmynoii [nuxrtunra
Ha cTp.152 [5] nsst moTeph MOIIHOCTH B YaCTHOM CIIy4ae IMJIOCKOTO BSI3KOTO MOTOKA y
00TeKaeMoro TBEpA0ro Teia.

Ora Qopmyna s ciydas ONpeAesieHUus MNOTpedisieMoll HeanbHbIM
IABUKUTEIIEM MOLIHOCTU F), B HEBS3KOH JKMIKOCTH, KOTZa COIPOTUBIIEHUE «TOJIOrO
KopIiyca» R paBHO HYIIO, C TOYHOCTBIO 10 3HaKa coBmaaaet ¢ ¢popmynoit (3.14) Ha
crp.12 u3 crareu JlaBpeHThEBa [6], €cnM 3aMETUTh, YTO B 3TOM CTAThE MPHUHSATO
0003Ha4aTh OCEBYIO BBI3BAHHYIO CKOPOCTb M TOYeK [, Kak w,, IPH 3TOM
COIJIACHO MPUHSATHIM B JaHHOM paboTe 0003HaYEHUSIM, CMOTPH B YaCTHOCTH (2),

W, =Wy, =uy, —U,. (11)

HNuTerpupoBanue BeAETCSd B YKA3aHHOW CTaTb€ IO IONEPEYHOMY CEUYEHHUIO
CTpyH JBWXHUTENS Ha OECKOHEYHOCTH 3a KOMIUIEKCOM, 4YTO OKa3bIBaeTcs
BO3MOXXHBIM, T.K. B HEBA3KOH KUIKOCTH U3-32 OTCYTCTBUSA TYpPOYJIEHTHOIO
IIEpEMEIIMBAHUS CTPYsl NBWKUTENI HMEET OrPAaHUYEHHOE IIONEPEYHOE CEUYECHUE
BILIOTH /1O OECKOHEYHOCTH.

4. HEOBXOJINMOE YCJIOBHUE OIITUMYMA

Hckomoe ycioBue ONTHMyMa 3TO AHAIWTHYECKOE BBIPAKEHUE IS
ONpEJENICHUs]  Takoro  paclpeleNneHus  u, IO IONEPEYHOMY  CEYEHHUIO

THPOJMHAMHYECKOrO ciefa Fj, , KOTopoe SBIIAETCS HEOOXOAMMBIM I IOTY4EHHS
MHMHHMMYMa IIOJBOAUMON K JBMXKHTEII0O MOIIHOCTH (min P,) mnpu 3agaHHON

BEJIMYUHE TSITM HA Trake [ EZXO u nupu 3amnaHHelX p,U,, P, F, . Ilpu s1OM
npexnonaraercs: p >0, Uy, 20, P, >0, F, ¢O.
3ameuanue. ConporuBieHHe Koprmyca R W MomHOCTE F,, pacxomyemas

IBH>KUTEIEM Ha KOMIIEHCALMIO MOTEPh MOIIHOCTH, MUMEIOIIMX MECTO B IPOLECCE
00pa3oBaHus CUJIbI COMPOTUBIIEHUS TOJOr0 KOPIYca, CYUTAIOTCS 3aaHHBIMH, T.K.
reOMETpHs KOpIyca W paBHOMEpPHAsd IOCTynareiabHas ckopocts U, momararorcs
HEU3MEHHBIMHU B Mpoliecce peueHus chopMyaIrupoBaHHOM BapuallMOHHON 3a/JauH.
MareMarn4ecku UMEEM U30IIEPUMETPUUECKYIO BapUAMOHHYIO 3a7a4y.
Haimu pacnpeoenenue u, wna F, 6 xauecmee HeoOX00UMO020 YCIO6Us

MUHUMYMA UHmMezpajla

Py =Py +0.5p [uy (uy -U3)dF, (12)
Fy
npu 300AHHOM 3HAYEHUU unmeecpaid
Tie = p [wy (Uy —uy)dF, (13)
Fy
u npu 3adaunvix p,U,,P,,F, . BellMcaHHbIE HHTETPaJIbl COOTBETCTBYIOT ITOJIYYEHHBIM
Boite (10) u (7).

HeobOxonumoe yCi0BUE ONTUMyMa JInIE: 3TOMN BBIPOXKJACHHOU
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I/I3OHCpI/IMeTpI/I‘ICCKOﬁ 3aJadyu BapHaliTMOHHOI'O N CUYHCIICHUA COCTOUT B
OOAHOBPCMCHHOM PABCHCTBC HYJIIO IICPBBIX BapI/IaI_[I/Iﬁ OoT HO}IBOIII/IMOﬁ K ABHUKUTCIIIO

MOLIHOCTH P, ¥ OT TsrH Ha rake 7, EZX , A UMEHHO:

5(P,)=0, (14)

5(T%)=0. (15)

3ameuanue: KpoMe Toro paccMarpuBaeMas 3agada SBIISICTCS BBIPOXKICHHOM
(T.K. oT uckoMoil pyHKIIMU He TpeOyeTcs oOpalieHue B HyJb Ha I'paHulle 00J1acTh
WHTETPUPOBAHUSA) U, IO3TOMY, JUISI €€ pelieHUs] HEKOPPEKTHO WCIOJIb30BATh
ypaBHeHue Oiinepa-Jlarpanka, a Haa0 HCIOJIb30BATh CJEeACTBUE JeMMbl [[ro0ya -
Peiimona u3 kiaccuueckoro BapualnmoHHoro ucuucieHus [9] (em. crp.177, T1.1),
KOTOPOE COCTOMUT B CIICYIOLIEM

Ecmu ¢(x) sBIIsIeTCS HEKOTOPOM KYCOYHO-HENPEpPhIBHON (DYHKIIMEH Ha OTpe3Ke
[ Xy, X,] ¥ eciin BBIIIOJIHAETCS PABEHCTBO

[o(m(x)dx=0 (16)

ISl TIPOM3BOJBHOI KyCOYHO—HENPEPHIBHOM Ha OTpe3ke [Xx,,X;] QyHKumm n(x),
YIOBJIETBOPSIOLIEN YCIOBUIO

X1

[n(x)dx=0, (17)

X0
TO

o(x)= const. Ha [ X, X, ]. (18)

[TpuMenum choOpMyIMpPOBaHHYIO JIEMMY K paccMaTpyUBacMOll BapUallMOHHOM
3anave. [loncraBmss B (14) u (15) coorBeTcrBytonue BoipakeHus u3 (12) u (13) u
BBITIOJIHSSL OTEpaIuio B3sITHs TepBoi Bapuanuu (U cokpamas Ha 0.5p u p
COOTBETCTBEHHO), MOXHO HANTH

[Guy, ~US5 uydF, =0, (19)
Fy
[, -2y ) uydF, =0. (20)
Fy

HammoMHMM, 4TO 3TH paBEHCTBA MOJDKHBI BBINOJHATHCA OJHOBPEMEHHO W,
II03TOMY, I10JIarasi i, KyCOYHO-HENPEPBIBHON (YHKIMEN ION0KEHUS TOYKU HA F,,

HUCIIOJIB3YCM B paCcCMATPpUBACMOM CJIydac C(bOpMyJII/IpOBaHHyIO BBIIIC JICMMY. I[JI;I
9TOro nNpuMem

n=Uy—2up)ouy, (21

¢ =Quy, ~Ug) (U, —2uy,). (22)

Baxuo OTMCTHUTDb, YTO I KOPPCKTHOI'O IIPUMCHCHHA yHOMHHYTOfI JICMMBI
HCO6XOIII/IMO O6eCHeIH/ITB HCIIPCPBIBHOCTH (byHKLII/II/I 0] JJIA BCEX TOUYCK
paccMarpuBaeMol 00JIaCTU  HMHTETPUPOBAHUS F,, Te. HEOOXOAUMO TIPUHSATH

AOIIOJIHUTCIIbHOC YCIIOBHUC, O6CCHC‘H/IBaI-OIJ_I€€ HCPABCHCTBO 3HAMCHATCJIA ¢ HYIIIO
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L TOYCK FW‘ Tak KaK, IIOKa Uy CYHHUTAIOCh IPOHM3BOJIBHBIM, YKAa3aHHOC

JIOTIOJIHUTENIbHOE YCIOBUE HEU30EKHO CY)KAeT MHOMXKECTBO JOMYCTUMBIX (hYHKLIHI, B
npenaesax KOTOporo CrpaBeIIMBhI MOJY4YE€HHbIE HUKE pe3yJbTaThl, 3 UMEHHO

u, >U,/2 (23)

3ameuanne: B npuHIMIIE MOXHO pacCMOTPETh €IIe Cllydaid, Koraa
u, <U,/2, HO »3TOT ciy4aii He UMEeT NpPaKTUYECKOrO 3HAueHHs AJ
paccMaTpuBaeMoi 3a1auu, B KOTOPOW MCCIeAyeTCsl KOMIUJIEKC KOPIYC-IIBH)KUTEINb, a
HE KOpIyCc-TypOrHa.

Teneps (19) u (20) MoxHO mepenucarh ¢ ucrnosb3oBanueM (21) u (22) B
CJIEIYIOIIEM BUJIE

[ondF, =0, (24)
Fy
[naF, =0. (25)
Fyy

[Tpumensis k (24) u (25) npuBeaennyto Boimie Jemmy (16), (17), (18), koTopas
MPUMEHUMA TIPH  BBINOJHEHHWHM  JIOMOJHUTEIBHOTO  ycioBus (23), MOXHO
HEITOCPEACTBEHHO MOJYYUTh HCKOMOE HEOOXOIMMOE YCIIOBHE ONITUMYyMa

Q= (3us —U(f)/(U0 —2uy )=c, =const. Ha Fy. (26)

[TomyuaeTcs KBagpaTHOE YpaBHEHHME OTHOCHUTENBHO U, . PeleHue 3TOro
KBaJIPaTHOTO YPAaBHECHUS UMEET BUJI

wy =[—¢, ++/ct +3U,(U, +¢)1/3  ua F,. (27)

3/1ech UCIMOJB30BAHO JIOMOJHHUTEIbHOE yciioBre (23) st BEIOOpa OJHOTO U3
JBYX KOpPHEW KBaJIpaTHOTO ypaBHEHHMsI, T.C. 3HAKA Mepe]] KOPHEM KBaapaTHbIM B (27).
3amedas jajiee, 4To B MpaBod 4acTH (27) BCE BEJIMYUHBI SIBISIOTCS MOCTOSHHBIMH,

MOJKHO 3aIIACaTh HCKOMOE HEOOXOAMMOE YCIIOBHE ONITUMYMa B CICIYIOIIEM BUIE
u, =c=const. Ha Fy. (28)

BenuunHa MOCTOSIHHOM ¢ B 3TOM YCJIOBHUN OITUMYMaA OTJIMYACTCA OT c¢; H

o )y
OonpeacsICTCA U3 YCJIOBUS PAaBCHCTBA TATHW HA I'daKC 3dIdHHOU BCIIMUYNHC TEXO .

JIOCTaTOYHOCTh TOJYYCHHOTO HEOOXOAMMOrO YCIOBUS ONTHMYMa  JUJIS
MOJIYYCHHSI MCKOMOT'O MHHHUMYyMa MOXET OBITh JIOKa3aHa BIIOJHE CTPOro, HO B
JTAHHOW CTaThe ATO IPOMO3IKOE JOKA3aTeIbCTBO HE MIPUBOIUTCAL.

5. MPOITYJBbCUBHBIA KOOODPUIINEHT

[TponynbCcUBHBIN KOA(DOHUITUEHT IS CaMOXOJHOT'0 KOMIUICKCa, KOorja cuia

s
TSATH Ha FaKe paBHa HyO, T.e. Ty, =0, a COMPOTUBICHNE 10 MOAYJIIO PAaBHO TSITE, B
MPOU3BOJILBHOM M B ONTUMAIBHOM CIIy4asX COOTBETCTBEHHO MOXET OBITh
npejacrasieH, ¢ yueroM (10) u (28), cneayromum oOpazom
2 2
Np=RU,/ Py =RU, /[Py +0.5p [uy (uy —Ug)dF, ], (29)
Fy
_ _ 2 2
Nporr = RUy/ Ppopr =RUy /[Py +0.5p yopr (upopr —Ug) 1. (30)
CorylacHO TIOJIYYCHHOW TeOopeMe IPU BBIMOJHECHUU BCEX COMYTCTBYIOITUX
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YCJIOBI/Iﬁ O4YC€BHUAHO, YTO 1] pypy ABICTCA HauOOJILIINM 3HaYCHUEM MMponyabCUBHOT'O

kodhpuireHTa u3 BceX BO3MOKHBIX.
ConporuBieHne «royioro Kopmyca» R M MOWHOCT FP,, pacxogyemyto

ABUJKUTCIICM Ha KOMIICHCAIIWIO ITOTCPb MOIONHOCTHU, MMCIOIIUX MCECTO B IIPOLCCCE
06pa303aH1/151 CHJIbI COIIPOTHUBJICHUA TOJIOIO KOpIIyCa, MOXKHO HaﬁTH, 3Hasa

COOTBETCTBYIOIIEE TI0JIE OTHOCHTENBHBIX CKOPOCTEH i, Ui TOYEK MOIMEPEYHOro
cedeHus caena fy, , c ucnonsszopanueM (7) u (10),

R=p [u;, Uy —uy )dF, (31)
Fy
Py ==0.5p [u;,[(u)* UG 1dF,, . (32)
Fy

3ameuyanue. BeanuuHy nponyiabCUBHOTO K03((UILUEHTA 1), HEJIb3s Ha3bIBATh

MPONYIbCUBHBIM KOA(P(UIIMEHTOM TMOJE3HOr0 MACHCTBUSA, T.K. 3Ta BEJIUYMHA, B
MPUHIUIIE, MOXKET ObITh OOJIbIIE €AMHUIIBI.

SAKVIFOYEHUE

[lonmyuyeHHbIE BBINIE pe3ydabTaThl MOXHO C(HOpPMYJIMPOBAaThH B BHUJE HUXKE
CIEAYIOLLEU TEOPEMBI.

VYcnoBue ontumyma (28), 3akiroyaronieecs B MOCTOSHCTBE OTHOCHUTENbHOMN
CKOPOCTHM MO IONEPEYHOMY CEYEHHUIO THAPOAMHAMUYECKOrO clela Jaleko 3a
PaBHOMEPHO U MPSMOJIMHEMHO JABUKYIIMMCS B BSI3KOM HEC)KMMaeMoW Oe3rpaHUuuHON
KUIKOCTU KOMIUIEKCOM KOpPOYC — JBWXKUTEIb, SBIAETCI HEOOXOAUMBIM U
JNOCTaTOYHbIM YCIIOBUEM MHUHUMYMa IMOABOAMMOM K JIBUKUTEIIO MOIIHOCTH NIPH
3a7aHHOM CHJIe TSATM Ha rake, MpU BBIMOJHEHUU JOIMOJHUTENIBLHOrO YycioBus (23),
OrPaHUYMBAIOLIETO MHOXKECTBO CpPAaBHUBAEMBIX pACHpPENECICHUN OTHOCUTENIbHOU
CKOPOCTH, a TakK€ IMpU BBIIOJIHEHUH YETHIPEX OCHOBHBIX MPEANOJIOKECHUN:
1)y4uTHIBalOTCS TOJBKO OCEBBIE COCTABIIIOIIME OTHOCHTEIIbHOM CKOPOCTH B
MIONEPEYHOM CEYEHHM TUMIPOJMHAMHYECKOTO Clela JaleKo 3a KOMIUIEKCOM;
2)ynajieHue paccMarpuBaeMoOro IMorepeyHoM CEYEHUU THAPOJMHAMUYECKOro ciena
OT KOMIIJIEKCa KOHEYHO, HO JOCTAaTOYHO BEJIMKO JIJISI TOTO, YTOOBI CTaTH4ecKoe
JaBJI€HHE B CEUYEHMHM OKa3aJoCh pPa3yMHO OJM3KMUM K €ro BeJIMYMHE Ha
OECKOHEYHOCTH  BIEpenH; 3)aisi TOYEK KOHTPOJBbHOM TOBEPXHOCTH, BHE
TUAPOAUHAMHUYECKOTO CJE€Aa, OTEPU Ha BSA3KOCTh MPU UCIOJIb30BAHUU YPaBHEHUS
bepuynnmu He  yuuThIBaloTCs; 4)Iis8  TOYEK  KOHTPOJBHOW  TOBEPXHOCTH,
PAaCHOJIOKEHHBIX BHE THUAPOJIMHAMUYECKOrO Cle/la, OLEHKAa MOAYJIA BbI3BAHHBIX
CKOPOCTEMN COIEPKUT paJuyC paccMarpuBacMOM TOYKU B CTEIIEHW MHUHYC JIBa [CM.
yciosue (1)].
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AHHOTALUA

B pabome kpamko usnodtceHvl OCHOBHbIE NONOJNCEHU MeOPUll KABUMAYUOHHBIX OUAZPAMM U
npeocmasienvl - pe3yivmamsl - Moougukayuu  cepuu  euoponpoguneti  Inniepa.  Mooupuxayuu
OCHOBAMbI HA NPONOPYUOHATLHOM PACHIANCEHUU (CHCAMUL) U CO8UAX (DYHKYUU MAKCUMATBLHOLL
CKOPOCMU HA NOBEPXHOCU NPOQUA OM Yerd AmAaKu.

BBEJIEHUE

[Ipu npoekTupoBaHuu ruaponpoduaeid Moy KaBUTALMOHHOM [HMArpaMMOil TMOHMMAeTCs
sapucuMocTh £ (0) Kod(uImEenTa MHHIMAILHOTO IABIICHHS, B3ATOTO ¢ 0OPATHBIM 3HAKOM, OT yIia
araku o :

F(a)=-C,

(a)zzpoo _pmin(a)

min o

o0

TIe Ppmin — MUHUMAJIBHOE JIaBJICHHE HA KOHTYpe poduis, P, — daBleHUe Ha OECKOHEUHOCTH, V., —

CKOPOCTh HAOETaIoIEro MOTOKa, £ — IVIOTHOCTS KuaKocTH. OyHkims () — onHa 13 BaKHEHIINX
XapaKTePUCTHK TUAponpoduiIei, mo3BoIMONIas OMPeIeTUTh AUANa30H YIJIOB aTaku, B KOTOpoM Oyier
OTCYTCTBOBaTh KaButanus. Kiaccuueckoe ycnoBue 0eCkaBUTAIIMOHOTO 00TEKaHUs COCTOUT B TOM, 4TO

JlaBieHNe P BCIOAY B TMOTOKE JOKHO OBITh OONbINE [aBIEHUS P, HACHILIEHHOTO mapa (CM.,
manpumep, [1]). Yepes pynxmmo £ (@) yenoue GeckaBUTAMORHOCTH 0OTEKAHKS 3aIMIETCS TAK:

F(a)<Q, Q=28="F
o0
e O —4HCIo KaBUTAIHH.

B padorax O.I. Asxammesa u [[.B. MaxiakoBa pa3paboTaH METO] MPOEKTHPOBAHMS
rUaponpodusIell, KaBUTalMOHHAs JuarpaMMa KOTOPBIX COBIAAET C 3apaHee 3a1aHHOoK QyHKIuei (CM.
[2-4]). U3noxeHue 3Toro MeToia MOXKHO HaifTi B MoHOrpadwuu [5]. B crarse [6] Tex e aBTOpOB METON
peILieH!ss OCHOBHOTO YPaBHEHHUsI TEOPUH KaBUTALMOHHBIX JUarpaMM ObLI J0MOJHEH SBHOH (hopMyIoit
00palleHHns, YTO MO-HOBOMY OCBETHIJIO OOJBIIMHCTBO paHee MOMYYEHHBIX PE3yNbTaToB. JTOT HOBbIN
MOAXO[ K MpobjiemMe TO03BOJISET BEChbMa MPOCTO CTPOUTH THAPONPOPUIM € MPONOPHUOHATBHO

pacTsHyTOl (CKaTod) WM cOBMHYTOM BHomb ocu abcuuce dymxmmern f (o) =41+ F(a) .
Pe3ynbrarhl mompoOHBIX MOTU(DHUKALMKA /1 M3BECTHOM cepur rupponpoduei Inmnepa (e816, e817,
836, e837, €838, €874, cM. [7]) mpezcTaBieHs B JTaHHON paboTe.

1. OCHOBHBIE IMOJOKEHUA TEOPUU

PaccMotrpuM B MIOCKOCTM Z  TOTEHIHMANbHOE OOTEKaHWE ONMHOYHOTO TIpOdmiIs ¢
CIMHCTBEHHON OCTpoi KpoMkoi z =0 TOTOKOM HIealbHOH HeCKMMAeMoi JKHAKOCTH. IlycTh
dyrkuus z = z(¢) ocymecTBIser KOHPOPMHOE OTOOPAKEHHE BHEMIHOCTH EIMHMYHOIO Kpyra B
NapamMeTPUIECKOi TIOCKOCTH ¢ Ha BHENIHOCTh MPO(MIL B MIOCKOCTH Z C COOTBETCTBHEM TOUEK
z(0) =00, z(1) =0 (cwm. puc. 1, g, b). [Tycth ¥ — MOMAPHBII Yroy B IapaMeTPHIECKOl MIIOCKOCTH
¢, 0 — yron arakk OTHOCHTEILHO JMHHH HYJIEBOM MOXbeMHOM cunbl. O0o3Haumm uepes V(¥, Q)
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paciipecICHUC CKOPOCTH BIOJIb HapaMETleeCKOﬁ OKPYKHOCTH TIpU YIJIC aTaku «& . CKOpOCTB Ha
OECKOHEYHOCTH MOJIOKHM paBHOﬁ CANHUIIC.

a b
) JIunusa HyIE€BOM AY (2) ) AT (t)
TIIOTBEMHOM CHUIBI

\LQ WY é

Puic. 1. a) Dusrdeckast IIOCKOCTb Z ; b) apaMeTprdeckast ITOCKOCTh ¢

Oyukmo  z(¢) MoxkHO npencTaButh B Buue Z(7) =ez,(1), e Z,(?) xou(opMHO
orobpakaer o0macTh | [> 1 Ha BHEMIHOCTH POQHIIL, UMEIOLIEr0 HYIEBYIO MOIBEMHYIO CHIY, TP
srom Imz,'(00) = 0. B pa6orax [2] - [6] mokasamo, uTo

v(y,a) =[cos(y 12 —a) | g(y), (1)
e QyHKIus
_ Au, [siny /2|
g() |ZO,(eiy) | 2)

SBIISETCA 277 -TIEPUOIMIECKON M HETPEPIBHOM, U, = Z,(0).

Ecmu gysxuus g(¥) wusBectHa, T0 (opMa Ipoduiis MOKET ObITH JIErKO BOCCTAHOBIEHA. B
camom zere, m3 (2) maitnem dymxumo P(y)=1In|z,'(e'”)/u, |. Ona sBIseTcs BelECTBEHHOM
YacTBI0 AHAIMTHYECKOM BO BHEIIHOCTH efuHmdHOro kpyra ¢ymxumm x (1) =In(z,'(t)/u,).
CrnenoBarenbHo, () Moxker OBITH BOCCTAHOBIEHA ¢ IHOMOMBI0 uuTerpama Ilsapua. [lanee,
npounterpuposas  Z,'(t) = u, exp[ x(¢)], momyumm B napamerpieckoM Buge mpu f=e'’
ypaBHenus Koutypa npodwns. IlocTosHHAs ¥, TP OTOM HIPaeT pPOIb  MHOXKHTEI
TPONOPLUMOHATIEHOCTH H TI0A0UPAETCS TaK, YTO0BI IPO(MIIE HMEJ 3aJaHHYIO XOPAY.

Tak kak Z, (©) =u,, T0 y(00) =0. Orcrona u w3 Gopmyis lllBapna Haiinem ycinowe,
00€CTIEYMBAIOIIEE EIMHIYHYIO BETHIHMHY CKOPOCTH Ha OECKOHEUHOCTH:

j_ﬂln 2(y)dy - 2712 =0. )
Konryp npoduis nomkeH ObITh 3aMKHYTBIM, @ 3TO 03HAYaeT, YTO B PA3NONKEHUH (YHKIUH

dz/dt mo crenensm 1/t momkeH OTCYTCTBOBATH YileH B IIEPBON CTENEHH. Y CIIOBHS 3aMKHYTOCTH,
BhIpakeHHbIE uepe3 (7 ), uMeroT Bux

_[_ﬂ]ng(y)cosy dy +7 =0, fﬂhlg(;/)sm y dy =0. 4
Beenem GyHK1mIO
fla)= max v(y,a). (5)

Oyuxumio f (o) Gynem HaspiBaTh orudarolei ckopocteii. U3 ypaBaenus bepHyium cenyer,
YTO KaBWTalMOHHAs auarpamma (o) u orubaromas ckopocreil f(€t) cBA3aHbl MexIy coOOM

npocThiM cooTHomenueM f (o) =4/1+ F(a) .
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Maremaruyeckas MocTaHOBKA 3314y POESKTUPOBAHUS NPO(HIIS MO 331aHHOM KaBUTALMOHHOM
JIMarpaMMe COCTOMT B ONpe/IeNieHun 277 -epuomudeckoi Gyrkiumu g () u3 ypaBHEHHs

max g(y)|cos(y 2—a)lF f(a) (6)

np 3aaHHoM Qyskman f () .

10 ypaBHEHHE OyNeM HA3bIBaTh OCHOBHEIM. IIpH PEIIEHHM €ro IPEIToNOKHM, YTO
ormbaromas ckopocreii  f(¢) 3amama B wmmrepane — W2 <a <mw2. U3 (6) cuemyer, 4ro
f(72) = f(—n/2), suauur, dynxumo f(Q) MOKHO INEPHOIMYECKH MPONOIKHTH HA BCHO
YKCIOBYIO OCh, onoXkuB f (o + )= f(cr). Tlooromy cuntaeM B nanbHeiimenm, uto f (&) 3amana
Ha BCEW YHCIIOBOW OCH M SBISITCA 7T -meprojudeckoi ynkimei. Touky Ha mpodure, B KOTOPOH
JOCTHTaeTC  HAMOOJBIIEE 3HAYEHHE CKOPOCTH IPU  yIlaX arakn o = t7/2, Ha30BeM

THAPOAMHAMIMECKUM HOCUKOM IpoQuisd. BooOmie roBops, ompeneneHHbIA TakuM 00pa3oMm
THAPOAMHAMUYECKUI HOCHK IPO(UIIA HE COBIAJAET C €r0 FEOMETPHUYECKIM HOCHKOM, 33 UCKITFOUEHHEM

npo(uIIe], CHIMMETPHYHBIX OTHOCHTENBHO XOP/IbI, HO 04eHb 0130k K mocneanemy. Ilycts 7, —obpa3
TeOMETPHIECKOT0 HOCHKA Ha MApaMeTpUYEcKOM Kpyre, a ¥, — 00pa3 runpoxuHamudeckoro. Kax

TIOKa3AJIM PacyeThl, A1 raponpodureii dnnenepa orHowenue | ¥, — ¥, | /¥, cocranser necsrsie
JIOTH TIPOTICHTA.

Oyuxima g(y) cBs3aHa ¢ MOXYNEM NPOM3BOXHOM KOH(OPMHOro oToOpaxkenus Z,'(Y)
dopmyioii (2). U3 coobpaxeHuit TIanKOCTH KOHTYpa MPOMUIIS BHITEKAET, YTO pelieHne ypaBHeHus (6)
CIleTyeT UCKATh B Kiacce 277 -MEPUOIMICCKIX, HeOTPHIIATEIbHBIX, HEMPEPBIBHBIX (DYHKIIHIA, KOTOPBIC
MOTYT 00paLaThCs B HylIb JIMIIb B TOYKAX ¥ = 2777 , B — EN0e YHCII0. MHOXKECTBO TAKUX (DYHKIIHiA

0003HaunM yepe3 G .
O003HaunM yepe3 1 MHOKECTBO, COCTOSIIEE U3 CTPOTO MOMOKUTEIBHBIX, 7T -[IEPUOIMUECKUX

1 TPUTOHOMETPHYECKH BBIMYKIBIX (yHKumit. Hamomumm (cM. [8]), uto dynkums f (o) HaseiBaercs
TPUTOHOMETPHUECKM BBITYKIOH (mopsimka 1), ecmn ans mobeix ¢ n Q,, 0<o, —a, <7,
BBITOJTHSETCS HEPABEHCTBO

fl@)<H(a) o <a<a, (7)
rie

(o) = 2 esin(a, —a) + f(a,)sin(a — )
() : : (8)
sin (@, —a,)

Teomerpuuecky HepapeHCTBO (7) o3Hauaer, uro rpaduk dynkuun ¥ = f (o) mHax orpeskom
[a,,a,] nexur e BBIIE "TpHroHOMETpHYECKoi Xopabl", ompenensemoii ypaprerueM (8). ITycts
S €T .Beenem Qyuxiyu

/() . f(a)

q(a) =2 a+arctg=———|, g, (y;f)=min )

f(a) « [cos(y/2—a)|
Kpome Toro, BBeZeM ClieAylONIie KOHCTAHTBI, ABJIOIIMECT (QYHKIMOHATAMU OT (YHKIHMH

f(a)eT:
K,= fﬂlngm(y;f)dy —27In2, (10)
K, Zthlgm(y;f)cosydﬁm Kﬁfﬂhlgm(y;f)sinydy, (11)
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e g, (y;f) onpenenserca Bropoit dopmynoii dopmymsoil B (9), a KOHCTAHTBI MOTYYArOTCSA
noxcranoBkoil g, (75 /) B nesbie yactu yenosuii (3), (4), 00eCIeUMBAIOIIMX €IUHIYHYIO CKOPOCTD

Ha 0€CKOHEYHOCTH 1 3aMKHYTOCTh KOHTYpa MPOQIIISL.

OmpeneniM HOCOBYIO YacTh IPOU3BOJNBHOTO MPO(MIS KaK COBOKYMHOCTb TOYEK HAa €ro
KOHTYpE, TJIe PACTON0KEHb MaKCUMYMbI CKOPOCTH, KOTJIA YTOJ aTakd O W3MEHSeTCs B Mpesenax
— /2 < o < /2. CooTBETCTBYIOIIEE MHOKECTBO HA MApaMETPUUECKON OKDYKHOCTH 0003HAYNM
gepes V. B o0mem ciyuae HOCOBast 4acTh COCTOMT W3 W30JMPOBAHHBIX TOYEK H JYyT. ITycTh
MHOXeCTBO N TIpe/cTaBIseT co0OM OTIENbHYK CBs3HYIO ayry. W3 pesymsraros pador [2] — [6]
BBITEKAET CIIETYyIOIIas

Teopema. 1) [[us paspewumocmu ypasnenus (6) 6 knacce G Heobxooumo u docmamouno,

umobwr f €T . Oymcyus g, (V5 f), onpedenennas emopoii hopmynoii 6 (9), npunadnescum kraccy
G , cmpozo nonoscumensha u sensemcs pewervem ypasnenus (6), pymeyus 1/g 2y, f)eT .

2) Ecu dynxkims f (o) € T u sBasercs orubaromeit ckopocteli 11 HEKOTOpOro mpoguis,
10 f () > 1, ncymectsyer yron araku C,., TaKo¥, 40

g(a, —0)<0<g(a, +0) (12)
e g(o) omnpenenserca nepsoii popmynoit B (9); mocrosmurie K,, K, K, ynosnetsopsior
HEPABEHCTBAM

K,>0, 0<k =K} +K}/K,<l. (13)

3) Ecou dyrxuus f () € T u sBisercs orubaromeil CKopocTed i mpo(uiIst CO CBS3HOM
HOCOBOM YaCThH0, TO

g(r)=g,(r:f) mpu ¥ &lyy.y. ] "
g)<g,(rsf) mpu yelyy.y, D,
e ¥, =q(a.+0), 7, =q(a.-0), a nocrosumere K,, K, n K,, nommmo (13),
yrnosietsopsior yenopuo (K, +1K,)/K; €S, tne S — MHOKECTBO BHYTPEHHHMX TOYEK CETMEHTA

CIMHIYHOTO KPyra, 00pa3oBaHHOTO IyTOi ¢ TIOJISPHBIMH YIIIAMH Yo U ¥, .

HepageHcTBo (12) S5KBUBANEHTHO YTBEPAJIECHHIO, YTO MaKCUMAaJIbHAs CKOPOCTh Ha mpodue He
MOJET JIOCTUTaThCs Ha OCTPOH 3a/THel kpoMke. Kpome Toro, 13 HepaBeHcTBa (12) BhITeKaeT, 4To mobast
orudaro1as CKOpoCTe MMEET T KpaiiHel Mepe 0fiHy TOUKY paspbiBa cBoeit mpor3BoaHoi. Korna yron

aTaky TIEPEXONUT OT 3HAYEHHMS O < O, K 3HAYEHMI0 O > O, TOIOKEHHE TOYKH MaKCHMAIbHOM
CKOPOCTH CKaYKOM TIEPEXOIHT C HIKHE ITOBEPXHOCTH KOHTYpa pohuiis Ha Bepxioro. [lpn o = ¢,
MaKCHMallbHast CKOPOCTh JOCTHTaeTCsl OHOBPEMEHHO Ha BEPXHeli 1 HIDKHEH cTopoHax. B manbeiimem
o, Gy/IeM Ha3bIBaTh LIEHTPATLHBIM YIIIOM ATaKH.

Tlapamerp K, sBrseTcs BaXHON XapaKTEPUCTHKON JEOOOrO IUAPONpOPMIS M ONpeeNser
TONIIMHY €ro XBocToBoi yactu. Kpome &, Beemem mapamerp o, = arg(K, +1K,). W3 tperbero

- +
YIBEPXKJICHHS TEOPEMBI BBITEKACT, UTO ¥, < &, < ¥, . IlapamMerp &, Ha30BeM 3KCLECHTPHUCHUTETOM

npoduis. Kak Oyaer BUTHO U3 JaNIbHEHIIET0, OH ONPEENIET MCKPUBIEHHOCTh XBOCTOBO! YaCTH.
2.IIOCTPOEHUE 3AMBIKAIOIIEN KOMIIOHEHTbI
Kax cnenyer 3 cootHomenust (14) mis mpodusnei co cBS3HOW HOCOBOM YacThO ()YHKIHS

g(¥) mBecrHa Bcioy 3a HckmouenneM yuactka (Vo7 ), rae () < g, (75 f) . Tlycts Ha 3TomM
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yuactke g(7) =g, (y)exp[-m(y)], rne m(y) - dynxuus, nognexamas onpenenennto. Ona
JIOJIKHA YIOBJIETBOPATE CIETYIOIIMM YCTOBHAM:

m(y) =0, m(y,)=0, m(y,)=0 (15)

Yo Yo Yo .

[om(y)dy =K. m(y)cosydy =K, ["*m(y)sinydy =K.. (16)
7o 70 70

Ha yaactke [ 57, | byHKImS cCKOpocTH

v(y,a)=g,(7: f)e " cos(y 12— a)|.

JUst 6€30TPBIBHOrO Pa3BUTHS MOTPAHAYHOTO CJIOS HA ATOM ydactke OyjeM BbiOupars 71(Y )

TaK, 4T00bl CKopocTh V(),0t) Oblla Kak MOKHO OMMKE K IOCTOSHHOM BENMYMHE IS BCEX
MHTEPECYIOMINX HAC YTJIOB aTaku & . DTOro MOXHO JO0CTUYb, MUHUMU3UPOBAB (hYHKIIHOHA

2
¥o| d
I = —In d
Lo{ 5 V(%a)} y

mo m(y) wm «a. MokHO J0Ka3aTh, dTO HA yuactke [ Vo.Yo |  QyHKumA
g, (v:f)=f(a) cos(y/2—a,) . Torna

1 1 T
1=]" gy 2-a)-—tg(r2-a)-m'(y) | dy.
70 2 2

1 1
Pa3HOCTB Etg(}//Z—ac)—Etg(y/Z—a) WMeeT MOpIoK | —a. | wm s

I‘H,Z[pOHpO(bHJIGﬁ 04Y€Hb MaJa. HOBTOMY €€ 3HAUCHUEM MOKHO HpeHe6peqL, MIOJIyYMB OKOHYATCJIbHO

I[m]= IZ_O [m'(7)I'dy. (17)

3amaua MOCTPOCHUS 3aMBIKAIOIIEH KOMIIOHEHTBI CBOIMTCS, TAKUM 00pa3oM, K MUHUMH3ALUH
¢yuxuuonana (17) mpu orpanmuenusx (15)-(16). Ilocne auckpeTwsarmu NpPUXOTUM K 3ajmaye
KBaJIPATHYHOTO MPOrPaMMUPOBAHHUS, Pa3PENIMMOCTb KOTOPOH 00€CTIeurBaETCs BBITIOMHEHUEM YCIIOBHUSI

(K, +1K,)/K, €S Teopemsl.
3.IPEOBPA3OBAHUSA OTMBAIOIEN CKOPOCTEM
Vsyaum Bompoc, Kak mMenstes ¢ynkius g, (Y5 f) u xomcrantst K, K, K, pu

pacTskeHud M csure oruOarormeii ckopocreit f(or). TlycTh st HEKOTOPOro TUAPONPOQMIIS
wsectHsl ynkmmn f (o) n g, (7;f). U3 Bropoit gopmyms (9) crenyer, uto, ecmt A —
nocrosuHas pemauna, 10 g, (¥, Af ) = Ag, (7, f), 10 ectb 1pH IPONOPUHMOHATEHOM PACTSKEHUH

S (a) nponopumonansHo mamensieres 1 g, (¥, /). Bynem orMedars HOBbIE 3HAYEHHS KOHCTAHT
3pe3noukoid u u3 (10), (11) BeBeneM

* * *
K,=2rlmhA+K,, K, =K,, K,=K,,
TO ecTh MensieTcs koucranta K, a koncrantsl K, u K, ocrarores temu xe. Otcrona cieyer

*
BAKHBIN BBIBOJL, YTO MYTEM PACTSHKEHHS BCETA MOXKHO JOOMThCS BhinonmHerus yeiosus Ky >0,
Jlocrarouno Beiopars A > exp(—K,)/(27). Eciu Mbl XOTHM IyTeM pPacTsDKEHHs JT00MTHCS

HY’KHOTO 3Ha4eHns K, T
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VK + K2 -k, K,

27k

w

A=exp

Paccmorpum Tenepsh ¢ynkmmo f (o — @), rpaguK KOTOPOM CABMHYT 10 OTHOIICHHIO K
rpaduxy f (o) Buoms ocu abemuce Ha yron O . 3 Bropoit hopmyisl B (9) 1 u3 (10), (11) BeBomum
g, (v fla-a))=g,(y —2a; f(a)),

K,=K,, K, =(K, —m)cos2a, —K,sin2a +nx

K, =K, cos2a, + (K, —r)sin 2a,.

Taxum obpasom, npu casure Gynxumn f (o) wa yron &, dyrkuus g, (7; f) casuraercs
Ha 20, xoucranta K|, me Mensercs, Ho Menstorcs konctantsl K, m K, . Ilyrem capura Beerna
MOKHO 100uThCs BIonHerns yenosus (K, +1K,)/K, € S teopeMmsr.

IIpoduis, y KoToporo yron skcuentpucutera o, =0, GyneM Has3bIBaTh LIEHTPUPOBAHHBIM.
Ilpn nynesom okcuentpucutere K, =0, nostomy, uroOsl w3 moGoro mpoduis MOTydHTE
LEHTPUPOBAHHBIN,  Heo0XomMMO  caBuHYThb  ero  Qymkmmo  f(a)  ma  yron
o, =arctg[K,/(r - K,)]/2.

4. YUCJOBBIE PACUYETHI

YyCIoBbIE PacueThl ObLIM HPOBEIEHE! 11 CEPHM THAPONPO(UIEH DIIIepa, FeOMETPHUECKHE
XapaKTePUCTUKH KOTOPBIX NpecTaBieHsl B MoHorpaduu [7]. g onpenenenus (yaxmmii f (o)
(opmel 3THX TIpodueit KOHPOPMHO 0TOOPAKATKMCH HA BHEITHOCT MapaMeTpuucKoro kpyra. [1pu stom
HCTIONE30BAIICS BHICOKOTOUHBIA METON KOH(POPMHBIX OTOOPAKEHUH, OCHOBAHHBIM Ha MHTETPAIbHBIX
ypaBHEHHSX. XapaKTEPUCTUKU KABUTALMOHHBIX JUarPaMM JTOH cepun JaHbl B Tadumie 1. Bee yriiosble

BEJIMYMHBI 3/I6Ch JJaHBI B IPajycax. YTol O, — 3T0 YrOJl aTaku HyJeBOH MOTbEMHOM CHIIBL Bermmunna

F (o, ) onpenenser nanmenbiee snauenne F(a) mwis pacemarpusaemoro mpodus. [Tapamerp

3a1aeT  KOOQQUIMEHT MOoxbeMHOM Cuibl mpoduis s Mo0Oro yriia aTakd, TaK —Kak
C,=8ru,sinc.
Tabmua 1
Name ¢, U, a, |7 Yo F(a,) |K, |k, a,
E817 435 0271 1721 6750 -126.01 0.466| 0.682 0.803 -26.52
E818 434 0268 1.70  67.50 -132.01 0.424  0.646 0.776] -29.78
E874 -0.656 0.266 0.40 117.00 -143.99]  0.356 0.600 0.592] -9.636
E836 0 0274 0 96.02 -96.02 0341 0.494 0.844 0
E837 0 0279 0 103.53 -103.53 0.496, 0.695 0.785 0
E838 0 0283 0 99.02 -99.02  0.591] 0.695 0.795 0

HepBBIe TpU M3 ITHUX HpO(bI/IHCfl HCCMMMCTPUYHBI OTHOCHUTCIIBHO XOpIbI, BTOPBLIC TPHU

cumMeTprdHbl. [logBepraem Monudukaimu cummerpudbiii npodums E836 ¢ Hanbonee Ommskum K
enunuue napaverpom K, =0.844. K coxaneHuro, OrpaHMuYeHHBI OObEM CTATBH HE II03BOJISET
TIPOIEMOHCTPUPOBATh MOAUDUKAIMHI ApyruX npoduseil. byaem pacTarusath orubaromnyio ckopoctei
npodus E836 Takum obpasom, uto Beeraa k, = 0.9 .

Tabmmia 2
a

0 w e

0.494  0.844 0

uO ac

0274 0

F(a,)
0.341

Yo
96.02

Name a,
E836 0

Yo
-96.02
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0 0277, 0  96.02] -96.02 0328 0.464 0.9 0
-1.78 0.276) 1.0 98.02) -94.02 0335 0.479 09 -12.73
-3.63) 0274 2.0 100.02) -92.02 0351} 0.517 0.9 -24.07
5430 02700 3.0 102.02) -90.02 0377 0.611 0.9 -37.10
s -6.32) 0266 4.0 104.02) -88.02 0.410,  0.650 0.9 -40.39

OnHOBpeMEHHO Oy/IeM T0C/IEI0BATENLHO caBurath Gyukimmd f (o) mux npoduieii Ha yron

©

N

RIRKRIRKRIRIR
I
N R S e -

N

0 y
1" Ha puc. 2, a npezcraBieHbl pe3y/bTaThl TAKKX PE0OPa3OBaHKii, a Ha Puc.2, b COOTBETCTBYIOIIIE
KaBUTAIlMOHHBIC MarpaMMbl. Kak BUIHO U3 puc. 2, a, C yBEIMUEHHEM O, XBOCTOBAS 4acTh MPOQHII
MCKPUBJISETCA U Ipouib mpu &, = 4" CTAaHOBUTCSA HEOTHOMUCTHBIM, KaBUTALMOHHEIE THarpPaMMBI

BCEX TIPEICTABICHHBIX Tpopuiell CUMMETPUYHBI OTHOCHTENBHO MpsMo & = .. [lanHble
MOIUMDUIMPOBAHHBIX TIPOQUIIeH MpeIcTaBIIeHb Ta0IUIIeH 2.

b)

__ E836

0 02 04 06 08 '

1
(&)
O_
o |
(&)

Puc.2. a) MomuimpoBaHHbIe TIPOGUITH; b) MX KaBUTAIMOHHBIE THATPaMMbI

Paboma noooepocarna PODU, npoexm Ne 08-01-00163-a.
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u Mexanuku uMm. H.I'. YebGorapena (1. Kazann, Poccust)
rinrinrin@mail.ru

OnHoll M3 BaXHEMIIMX a3pPOJAWHAMHYECKUX XAPAKTEPUCTHK KPBIJIOBBIX
npohuneit  sBuserca KodpduUIMEeHT mnoabeMHOM cuibl.  [loatomy 3amaua
MaKCUMHU3allUM 3TOM XapaKTEPUCTUKU BCErJa SIBJIAETCS akTyalbHOM. CyllecTByeT
JBa MOAXOAA a’pOJMHAMUYECKONW ONTUMHU3ALMU KPBUIOBBIX Mpoduiiei: mpsamMoi u
oOpaTHBIil.

OnHoM 13 NepBBIX 337a4 MaKCUMU3AUU KO PUIIMEHTA MTOABEMHON CUITBI JJIsI
M30JIMPOBAHHOIO KpPBUIOBOT'O Mpoduis Mpu OE30TPHIBHOM OOTEKaHWU B TOTOKE
uJIealbHOM HEC)KUMaeMoM XuaKocTu Obiia permeHa P. JIluGexom [1]. A.M. Enuzapos
u E.B. ®enopoB [2] ¢ uCOONBb30BAaHUEM TEOpUU OOpATHBIX KPaeBbIX 3aaad
asporunpogunamuku (OK3A) paccMmorpenu 3amadyum 4YUCICHHOM ONTHUMM3ALUU C
OrpaHUYECHUSIMU B BUJIE PABEHCTB U HEPABEHCTB.

B cnydyae mnpoHUIIaeMbIX KpBUIOBBIX MNpOQuUiIeH, a, MMEHHO, KpPbUIOBBIX
npoduiiel, OCHAIIEHHBIX YCTPOMCTBaMH OTOOpa YacTU BHEIIHETO MOTOKAa U BbIIYBa
PEAKTUBHOW CTPYHW, KOrAa IMOJHOE JABJCHUE U IUIOTHOCTh B CTPYE OTIMYAOTCA OT
IIOJIHOT'O JTaBJIEHUS U IJIOTHOCTU BO BHEIIHEW Cpelie, PEICHUE 3a0aul ONTHUMHU3alUN
3HAYUTEIBHO YCJIOXKHAETCS. 3agada MakKCUMH3aluuu KodppuuueHTa MoabeMHON
CHJIbI KOHTYpa C BBIIYBOM PEAKTUBHOW CTPYHM 4U€pE3 TOUEUHBIH MCTOYHUK pEIICHA
J.®. AG3amuinoBeM [3].

B texymeit pabote penieHa 3agaya MaKCUMU3aMU KOAPGUIIMEHTA TTOTHEMHOM
cuiibl IS ipoduieil ¢ oTOOPOM YacTH BHEIIHETO MOTOKA U BBIAYBOM PEaKTUBHOM
cTpyu. PemeHnue 3amaun OCHOBaHO Ha MeTOAE peuieHusi coorBeTrcTByroniein OK3A,
npuBeaeHHoM B pabote P.A. INaitdpyrnunosa u H.b. Mneunckoro [4].

B ¢wusnyeckoil MIOCKOCTM HWCKOMBIM KpbUIOBOM Mpoduiib oOTeKaeTcs
IJIOCKOM apaJIeNIbHbIM OTOKOM MJEaJbHON HECKHUMAEMOM KUJIKOCTH C 3alaHHBIMU
XapakTepucTukamu Ha OeckoHedyHocTH. KoHTyp mpoduiisi oOpa3oBaH H3BECTHBIM
NPSAMOJMHENHBIM YJ4aCTKOM M HEU3BECTHBIM, C 3aJaHHBIM pAaclpelelICHUEM
ckopoctu. CkopocTh Ha moBepxHocTH Tmpoduisi orpanuyena. lllens orOopa
MOJIETTUpYyeTCcs OECKOHEYHOMMCTHBIM 3aBUTKOM, ACMMIITOTHYECKH MEPEXOIAIlUM B
KOJBLEBOW KaHal. B 3amHedl KpOMKE M3 MPAMOJMHEMHOrO KaHana BbIIYBaeTCs
peakTuBHas  crpys. Tpebyercss HalTH KOHTYp mnpoduis, o0JIamaronuii
MaKCHUMAaJIbHbIM KO3 (PUIIMEHTOM MOBEMHON CUJIBI.

HcxonHas onTUMHU3allMOHHAS 337a4a C YCIIOBUEM HAa OTCYTCTBUE IEPECCUEHUS
KaHaJOB OTOOpa M BBIAYBAa CTPYHM METOAOM INTpadHbIX GYHKUMM CBEJEHA K 3amaue
0e3yCIOBHOM ONTUMHU3ALUH, KOTOpas peliajach METOJOM COIPSKEHHBIX IPaIuEHTOB
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1 KOHEYHO-Pa3HOCTHBIX I'PAAUEHTOB [5].

IIpoBeneHa cepust pacdyeToB MO MPOCKTUPOBAHUIO ONTHUMAJBHBIX KPBLIOBBIX
npodusieil ¢ ycTpolcTBaMH aKTUBHOIO yIpaBieHUss NOoTOKOM. CaenaHbl BBIBOJBI O
1eJeCOOOPa3HOCTH  UCMOJIb30BAHUSI ~ TAaKUX  YCTPOMCTB Uil YBEJIMYEHUS
kodpdunrenta mnoabeMHOM cuibl. [IpoBeneH mnpsAMOM YUCIEHHBIA pacyer
MOJIYY€HHBIX KPBUIOBBIX Mpoduiiet ¢ ucnosnb3oBanueM nakera Fluent®.

Asmop  evipasxcaem 01a200apHOCMb  CB0EMY  HAYYHOMY DPYKOBOOUMENIO
npogeccopy H.b. HUnvunckomy 3a nomowsb u yeHHvle cogembi.
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ONNPEAEJEHHUE ®OPMbI KOHTYPA KPBIJIOBOT'O ITPO®UJIA
ITPY HAJIMYMHA B TIOTOKE TOUYEYHBIX OCOBEHHOCTEM
BAPCEI'OBA E.B., Mm.H.C. —

HUU maremaruku u mexanuku uMm. H.I'. Yeborapera (1. Kazans, Poccus)
evarsegova@yandex.ru

B 3agayax a’poruIpoArHaMUKH ONPEAEICHHBIM MHTEPEC BBI3BIBAIOT CIydad
00TeKaHUsI KPbUIOBBIX Mpoduiield Mpu HAIMUYUKM B TOTOKE TOYEYHBIX OCOOCHHOCTEH
TUMA WCTOYHHUK, BHUXPb, BUXPEUCTOUHHMK. TOUEYHBIM BHUXPEM YaCTO 3aMEHSIOT
MNPEAKPBUIOK WM 3aKpbUIOK. Takue 3agadyd  MUCCIENOBAIM B CBOE BpEMS
C.A. Yanieirun, B.B.Tony6eB [1, 2]. 3agaya oOTekaHusi Kpyra npud HaJu4uu B
notoke Buxps pemieHa A.M. HekpacoBbim [3]. OOparHas 3amada O HaxOXJICHUU
dbopmbl Tpoduiist MO 33aHHOMY HAa HEM PACHPEIEICHUI0 CKOPOCTH MpPU HAIWYUU
MPEAKPbUIKA UIN 3aKPbUIKA, 3aMEHSIEMbIX OJMHOYHBIM HEMOABUKHO 3aKPEIICHHBIM
Buxpem, nsydyena M.T. Hyxxunbim [4]. C ucnonb30BaHMEM METOAA KBAa3UpPEIIEHUU
3a7a4ya NOCTpoeHus: NMPouUils ¢ 3aKpbUIKOM, MOJIEIMpyeMbIM BuxpeM, pemeHa H.b.
Nnbunckum, A.B. IToramessim [5].

(=1
u = \

a §)
Puc. 1.

a— 00yB peaKTUBHOM CTpyel HIKHEH MOBEPXHOCTH KPbLIA C 3aKPBIIIKOM;
0 — BepXHel MOBEPXHOCTH KPhLJIa ¥ 3aKPBLIKA

VBenuuenue kod(hPUIMEHTa MOABEMHOW CHIIBI CBSI3aHO C OOBEAMHEHUEM
CHCTEM, CO3JAIOLIUX TATY U MOABEMHYIO CHIy. [[JI1 3TOro MCHonb3yeTcsl HEPrus
CHJIOBOW YCTaHOBKHM JIETATEJIbHOI'O alMapara, UCTOYHUKOM KOTOPOW MOXKET CIIYyKHUTb
cTpys peaktuBHoro apurarens (puc. 1). [lockonabky aHalIMTHYECKOE HCCIEIOBaHUE
BO3JICHCTBUSI TAaKOM CTPyM Ha a’dpOJMHAMUYECKHE XapaKTEPUCTUKU 001yBaeMoro
npopuiast  3aTPyIHEHO, HMEET CMBICI PAacCMOTPETb MOJAEIbHYIO  3ajaauy,
MO3BOJISIIOIIYIO TOCTPOUTH pacyeTHbIE POPMYIIbI B IBHOM BHUJIE.

Hacrosimas pabora mocBsilieHa ONpeAesieHUu0 (OopMbl KOHTYpa KpPBIJIOBOIO
npodusii MO 33aJaHHOMY pacCHpelieNIeHUI0 CKOPOCTHM TpU HaTUYUU B IOTOKE
BUXPEUCTOYHUKA, KOTOPBI MOJIEIUPYET AOMOJHUTEIHLHOE BO3/IEHCTBIE HA TPOPUIIB.

OtbIcKMBaeTCs pelleHre OOpaTHOM KpaeBOM 3aJayd  a’dporuApOAUHAMUKH
(OK3A) npu HaM4uM B IOTOKE BUXPEUCTOUHMKA. 3a/1aHO pacnpeesieHne CKOPOCTH,
NOJydEHHOE W3 paclpeiesieHUus CKOPOCTH IO IUIACTUHKE 3aMEHON O€CKOHEYHOIO
3Ha4eHMs Ha KoHe4YHoe. HanoxkeHo yciaoBHe HEMPOHUIIAEMOCTH KOHTYypa. Tpebdyercs
HaliTh ¢GopMy KpbUIOBOIO Mpoduisi W paccyuTarb €ro al’poAMHaAMHYEcKue
XapakTepucTuku. B cioydae, ecnd MONy4YeHHBIM KOHTYp Hpoduis oOKaxeTcs
Pa30MKHYTBIM, TpuMeHsercs Mmerona ksaszupemeHuss OK3A. Hpes storo merona
3aKJIIOYCHAa B MUHMMAJIBHOM IOANPABICHUH 33JaHHOIO PaCIpPElENICHUs CKOPOCTH
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TaKuM O6p330M, YTOOBI KOHTYpP CTaJl 3aMKH YTbIM.

B pa60Te MMOJTYYCHO aHAIIMTHYCCKOC PCIICHUC, BBIIIOJIHCHBI YHUCIOBLIC
pacucThbl, IMOCTPOCHLI KPBIJIOBLIC HpO(l)I/IJII/I, paCCUuTAaHbl HX aA3pPOANHAMUYCCKHUC
XAPAKTCPUCTUKHU. PaCCMOTpeHBI YaCTHBIC CIIy49dad HWCTOYHMHKA, CTOKAa MW BHXPs.
CIICJIaHBI BBIBO/JIbI O BJIMAHHNH OCOOCHHOCTM B TIIOTOKE Ha (bOpMy 151
APOANHAMHUYCCKUC XAPAKTCPHUCTUKHN KPBIJIOBBIX HpO(l)I/IJICI;'I.

Buipaowcaro  6nracooaprocme  nayunomy pykosooumento npogeccopy H.B.
Unvunckomy 3a nonesHvle cogemsoi.
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IMPULSIVE MOTION OF FLOATING BODIES
AND GENERATED LOADS
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ABSTRACT

In the present paper asymptotic estimates of the impact loads generated after the sudden start of
bodies originally floating on the free surface are derived. The analysis is focused on a stage during which
compressible effects are already over whereas the gravity is still negligible. Within the assumptions of an
ideal and incompressible fluid and of a potential flow, the solution is written in the form of an asymptotic
expansion up to the second order. The non-dimensional displacement of the body plays the role of a small
parameter. Owing to the singularity of the leading order solution at the initial contact point between body
and free surface, the method of matched asymptotic expansions is used. An inner problem is formulated
under a set of time-dependent stretched variables, solution of which is properly matched at the far field
with the inner limit of the outer solution. It is shown that the eigensolution of the boundary value problem
with boundary conditions of the mixed type plays an important role. In terms of hydrodynamic loads, the
eigensolution term is responsible for a non-integer power of time which, being negative in some cases,
can lead to unbounded impact loads just after the sudden start. The theory is developed for two-
dimensional flared bodies, a two-dimensional flat plate and an axisymmetric disc. Comparisons among
theoretical and numerical results are established exhibiting a fairly good agreement.

INTRODUCTION

The loads generated in the early stage of the water entry of bodies are investigated. The body is
originally floating on the free surface and suddenly starts to move downward. The study is carried out
under the assumption of ideal and incompressible liquid, with gravity and surface tension effects
negligible.

A motivation for this analysis stems from the difficulties that numerical flow solvers have in
dealing with the flow singularity at the contact point between the body and free surface. Owing to the
flow singularity, the numerical results are not available in a short initial stage after the sudden start.
Despite its short duration, the interest is motivated by the large hydrodynamic loads taking place during
this stage.

Hydrodynamic loads generated after sudden vertical motions of bodies in water have received
considerable attention. By using a small time expansion procedure, Tyvand and Miloh [21] obtained the
initial asymptotics of the loads acting on a circular cylinder. Fully nonlinear calculations of the free
surface deformations of the initially calm water caused by forced constant velocity motion of a totally
submerged circular cylinder were performed by Moyo [18] and compared with the small time
asymptotics obtained in Tyvand and Miloh [21]. The asymptotic results which are taken up to third order,
when the gravity terms first appear in the expansion, were found to be in excellent agreement with the
numerical calculations for small times. Faltinsen [2] and Vinje and Brevig [22] evaluated numerically the
hydrodynamic loads generated by the sudden vertical motion of a floating body. However, due to
different ways adopted to describe the very early stage, significantly different results were obtained [23].

With the aim of getting deeper insights into the flow generated by the water entry of a floating
body, Korobkin and Wu [17] derived the small time solution of the impulsive motion of a circular
cylinder initially half-submerged into the liquid at rest. The sudden vertical motion of a flared body is
even more complicated by the fact that in this case the first order solution is already singular about the
intersection point. The flow generated by the floating wedge impact problem was investigated in lafrati
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and Korobkin [9]. Therein, the solution was presented in terms of a small time expansion and a uniformly
valid solution was derived by introducing a suitable set of stretched variables and matching the inner
solution with the first order outer solution.

In the context of flat body impact, the water entry of a circular disc at low Froude number was
analyzed experimentally by Glasheen and McMahon [4]. The study was mainly concerned with the
measurement of the cavity drag, which is the hydrodynamic load acting on the disc in a stage during
which the initial unsteadiness of the flow is over. A similar study was carried out by Gaudet [3] who
developed an unsteady flow solver for the description of the free surface flow and related loads. Also this
study was aimed at evaluating the free surface dynamics and the induced hydrodynamic loads up to
cavity sealing. However, a deep analysis of the flow in the very early stage after the sudden start of the
disc was missing.

Among many different kind of water impact problems, the plate impact case was theoretically
analyzed by Oliver [19], who formulated the boundary value problem and conjectured two possible free
surface morphologies. One possible solution was characterized by an unbounded free surface elevation
about the plate edge, and the other was characterized by a humped free surface attached at the plate edge.
Experimental results by Yakimov [24] indicated that the solution characterized by a humped free surface
was more realistic. A detailed study of the initial stage after the sudden start of a two-dimensional plate
was presented in [afrati and Korobkin [8]. The assumption of a floating plate allowed to assume that no
air was entrapped between the body and the free surface. The outer solution was presented in the form of
a small time expansion. It was shown that the first order outer solution is singular at the plate edge. In
order to derive a uniformly valid solution, the inner problem was formulated under a suitable set of time
dependent stretched variables. The inner solution, which is valid in a small neighbourhood about the
edge, was properly matched at the far field with the inner limit of the outer solution. The inner solution
was shown to be nonlinear and approximately self-similar for small times and was derived through a fully
nonlinear numerical procedure. The computed results were in rather good agreement with the
experimental data by Yakimov [24].

The hydrodynamic loads generated in the early stage after the sudden start of a flared body were
analysed in Korokin and lafrati [14]. The solution was derived through the method of matched
asymptotic expansions. It was found that the inner solution gives a contribution to the outer solution
influencing both the flow and the pressure distribution in the main flow region. It was shown that terms
with non integer powers of non-dimensional body displacement ~ have to be included in the asymptotic
expansion. Such non integer powers depend on the deadrise angle at the still water line and, for angles
smaller than 7 /4, negative powers appear which are responsible for large hydrodynamic loads just after
impact. The solution was presented in the form of a power series with exponents depending on the
deadrise angle at the water line but with unknown coefficients, which depend on the details of the body
shape. For this reason fully nonlinear numerical simulations of the water entry flow were carried out. The
time after which numerical simulations were reliable was identified through comparison of results
obtained with different grid resolutions. The coefficients of the power series of the hydrodynamic loads
were determined by a least squares interpolation of the numerical results over the reliable region.

A similar study was carried out for the sudden start of a floating plate in Korobkin and lafrati [15]
and lafrati and Korobkin [10]. It was shown that a uniformly valid solution is obtained by the matching
between the inner and outer solutions. By matching the far field asymptotics of the inner solution with the
inner limit of the outer solution, the coefficient of the leading order eigensolution is derived. This term,
which behaves as £, gives rise to unbounded loads just after the sudden start. Differently from the
case of flared bodies, owing to the simpler geometry the coefficients of the series were determined
analytically. Fully nonlinear numerical simulations were performed and used for validation purposes.

In the present work, the theoretical developments of the previous studies are overviewed.
Preliminary results of the extension of the theoretical approach to the water entry of an axisymmetric disc
are also given.
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It is worth remarking that the theory is developed under several assumptions, limitations of which
deserves some discussion. Let L denote a length scale, usually the half-width of the body at the water
line, and 7, the initial entry velocity, which is used as velocity scale, gravity effects are negligible in an

early stage when h <<V, /(gL), g being the acceleration of gravity. A careful analysis of the role

played by compressible and viscous effects was presented in appendix of lafrati and Korobkin [§]. It was
shown that acoustic effects are rather important in a very early stage, duration of which was estimated as
O(L/¢c,), where ¢, 1s the speed of sound in water. Such acoustic stage is much shorter than the stage

addressed in this analysis. The present study is concerned with the incompressible stage, which lasts
much longer than the compressible one but it is still short enough for the body displacement to be small
compared with the characteristic body dimension L ,and gravity effects are not yet relevant.
1. WATER ENTRY OF FLARED BODIES
1.1. Governing equations
y The unsteady two-dimensional flow generated by the
impulsive vertical motion of a flared body initially floating on a
liquid free surface 1s considered. Before the body starts to move, the
liquid is at rest and its free surface is horizontal. The shape of the
\ % body, which in non-dimensional form is given by a function
y = f(x), is assumed symmetric with respect to the vertical axis,

L L ' ie. f(x)= f(-x). The angle between the tangent to the body
surface at the water line and the initially horizontal liquid surface is
denoted by y, y <x/2. Lengths are non-dimensionalized by the

Fig. 1: Sketch of the initial half-width L of the body at the water level (see Fig.1). With this

position of the body notation the derivative of the shape function at the intersection with

the water line is /. (1) = tany .

At ¢ = 0the body suddenly starts to move vertically into the liquid with an initial entry velocity
V(0)=V,. The initial entry velocity is used as velocity scale and L/V; is the characteristic time scale of
the problem. The non-dimensional displacement of the body is A(z), where 2(0)=0 and its time
derivative is 4,(r) where 4, (0) =1.

Under the assumption of an ideal and incompressible liquid, the flow is described in terms of the
complex velocity potential

w(z,1) = ¢(x, y,0) +iy (x,,1)
where z = x+iy. The complex potential is an analytic function in the fluid domain Q(#) and decays at
infinity as x*+y* — oo, It satisfies the condition

w =h (1)x (D

on the actual body surface y = f(x)— h(¢) and the dynamic and kinematic boundary conditions
é,+ %|ng5|2 +Fr'n =0 (2
¢, =19, +1, 3)

on the free surface y = n(x,#) . In the above equations Fr =V, /,/gL is the Froude number. The solution

of the problem is sought in the form of an asymptotic expansion in terms of the non-dimensional body
depth (), which plays the role of a small parameter. The complex velocity potential is written as

w(z,t) = h (H)w,(z) +w,(z,t)+o(h) 4)
where the first term corresponds to the pressure-impulse solution. The functionw,(z) is an analytic and
bounded function in Q(0), decays at infinity and satisfies the boundary conditions
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Swe(@)]=x (¥ = f(x), x| <1)

Riwy(2)]=0  (y=0,x>1)

Alike the velocity potential, the free surface elevation is written in the form

n(x,1) = h(t)n,(x) +1,(x,1) +o(h*) (6)

The complex velocity potential w,(z) can be obtained through the conformal mapping
z=G(¢),¢ =& +im of the lower half-plane @ < 0 onto the domain ©(0). Far from the body surface,
ie. |t >0, the mapping behaves as G({)=G, ¢ +G,/{+0O( ™) where G and G, are real
constants. It can be shown that the analytic function W, (&) = w,[G(¢)] 1s given by

X

()

X

Wy ($)=1G() -G (&7 -] Y
and then the velocity potential on the body surface is
G (x, [ (X)) == (x) = G, y1-&" (®)

Substitution of the expansion (4) into the governing equations provides the boundary value
problem for the second order velocity potential w,(z,¢). The boundary conditions are imposed onto the
initial positions of the body contour and of the free surface thus obtaining

v, =hh@, +o(h) (y=f(x)]x<1) ©)

1
A, Z—Eh,2(¢oy)2+0(1) (y=0,]x>1) (10)
If ah,=o0(1), the second order outer velocity potential can be written in the form

w,(z,t) = hhw,(z,t) . By taking into account the boundary conditions (9) and (10), it can be shown that
the analytic function w,(z,¢) has the form

i (2,0) = 5T ) 43 (2. (1)
where the analytic function W, (z,¢) satisfies the boundary conditions
S 1=¢, [1+9,,] (v=/7(x)x <D

(12)
RW1=0 (y=0,]x>1)
In the plate impact problem ¢, =—1on |x|<1, y =0, i.e. conditions (12) are homogeneous and

X

X

X

W, (z,1) 18 given as superposition of eigenfunctions. By using the conformal mapping approach, it is
_ (2n+1)

NE
W(z,0) =iy C,(n[¢*~1] 2 (13)
n=0
where z = G(¢) and C, () are real functions which have to be determined together with the number of
eigenfunctions N, from the matching of the outer solution with the inner solution in small vicinities of
the intersection points x =+1,y =0. It is shown in the following sections that only the leading order
terms of the outer and inner solutions are matched, and this is why N, = 0 in the following.

The particular solution which satisfies the boundary conditions (12) can be derived by using
equations (5) and (8), thus obtaining for arbitrary symmetric body contours

G2 f.(x) £
Ox1 0yl = ; 2 2 2 = ,0).
Wl = or cemeor & TEY

Let u(&)=¢,,[1+¢,,1(5,0), where || <1, by the body boundary condition it follows that
u(&) =y (£,0) £.[x(&,0)]. In the case of a wedge shaped body, the function u(&)takes the form

(&) = Zsin(2y)sen(@)E

arbitrary symmetric body, the unknown function W, (z,¢) is equal to the sum of the particular solution

2-4y/x

(1= with —1<2y/x-1<0and 0<2—4y/z<2. For an
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i V1-72u(7)
Wip(2) = J

w14 1=
where z = G(¢) , and the elgensolution (13).

As discussed before, the pressure-impulse solution provides a singular velocity field at the
intersection points x =+1,y =0 and the velocity potential w,(z,7) is singular itself. Therefore, the inner
problem has to be addressed in order to arrive at a uniformly valid solution. In the following the inner
limit of the outer solution is derived which is used next as a matching condition at the far field for the
inner solution.

1.2. Outer solution near the intersection points

About the intersection point on the right hand side, z =1, the conformal mapping behaves as

z2=1=G,({ ~DF" +G,(¢ -7 +Ol¢ -] (15)
where g =n—y.The coefﬁcient G, 1s related to the shape of the body by the equation

G)—

G, —lg' ‘W whereas G, depends on the body curvature close to the intersection point
G, = f..(1)G’cos’ y /[2siny]. The asymptotic equation (15) can be inverted, thus providing

dr (14)

&-1= {ZG_ 1} . {1 - 20, %(z ~1)+ th —1 ]}, where o, =7 /(2). In order to derive the asymptotic

formula for W,(z) a z—1, the integral in equation (14) is rewrntten as

j—”l T 4, _Sj(l 2 dz+U, +0[(1- &)™, where
-1 T-=

1 (26 2,z UO) 4o it UG =0f-ey
S, = ﬁ( ﬁﬁq] sin2y),  k ”(y 4], j d with U(z)=0[(1-7)""*].

By using the above equations it can be shown that, for y = ﬂ/4the second order complex velocity

potential behaves as
2 2

O . 260-2
exp(2iy)(z=1)"" +
2cos27) pQiy)(z-1)

w(z,t) =ih,(O[1- A(z=1)* +O(z—1))]+hh, {—

+4o, (z=D)"" +iu, (z—1)"" —%+0(1)}+0(k)

V26, 1 U, 2k,
2z M :ﬁ{co(t)"';_ﬁ}

In order to better understand the asymptotic behaviour of the solution, it is convenient to introduce
local coordinates such that z =1+ rexp[i(@— B)], where r <<1, with 8 = 0on the body contour and
0 = p on the still free surface. The asymptotic behaviour of the velocity potential close to the intersection
point can be derived by taking the real part of the asymptotic formula above, thus obtaining

$(x,v,) = —h () Ar cos(c,0) + O(r) + h;{ Loy 08120 ~2)0]

where 4 =

+ Aoy
COS(Z}/) (16)

sin[(c, —1)0 + ] — w,r 7 cos(o,0) — E +0o(1) |+o(h)

It is worth noticing that the curvature of the body surface near the intersection point enters the
above asymptotics only at higher order. This means that the asymptotic behaviour is mainly governed by
the deadrise angle at the intersection point whereas the global shape of the body affects the solution at
higher orders through the integral U, .

The flow singularity in the above equation can be removed by a more careful analysis of the
details of the flow about the intersection point. This is done in the next section where the first order inner
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solution is obtained through a set of stretched variables and properly matched with the inner limit of the
outer solution.

1.3. Inner solution about the intersection points

In order to derive a uniformly valid solution, a set of inner variables is introduced, which is
defined in terms of a time-dependent stretching function a(¢) such that

x=1l+a()A, y=a)p, r=a(t)p, n(x,t)=a(t)H (1,1),
¢ =h,da (A, u,t), p=nhla’ 4% p, (A, u,t)

The function a(¢), which determines the size of the inner region, is chosen so that linear and non-
linear terms in the boundary conditions are of comparable order. By choosing
a(t) =[(2-0,)Ah(£)]"* the dynamic and kinematic boundary conditions on the free surface take the
form

Ag, +up, —o, +%|qu|2 = O(hh,) (17

¢, =H,p,+H—-1H, +O(h)
which are applied on u = H(A,¢). The inner velocity potential has to satisfy the boundary condition on
the body

(I-0)

99 _ o peon (18)
on

And to match the inner limit of the outer solutionas p — o

@~ —p” cos(c,0) (19)

The above equations indicates that, at the leading order as 4 — 0, the inner solution is nonlinear
and approximately self-similar.

The self-similar inner solution characterising the inner problem in the early stage of the water
entry process of floating wedges was carefully studied in [9]. Therein, the solution was derived iteratively
with the help of a fully nonlinear numerical procedure. In particular it was found that as p — oo the inner
velocity potential behaves as

Gg cosP(1-o,)0] Aoy D)
2—-0, 2cosQy)

oy (20)
O(pz(o'o*l)) + {hz% J

where y = /4. The particular case y = /4 needs a different procedure and was studied in Iafrati and
Korobkin [7]. The second term in equation (20) matches the leading order eigensolution of the problem.
It is worth noticing that this term is of higher order with respect to the third one for deadrise angles
y > /4 whereas it gives an important contribution to the far field asymptotics for smaller deadrise
angles. A way to derive the constant C, together with the solution of the boundary value problem for the
inner solution was proposed in lafrati and Korobkin [9], at least for those cases in which 0 <y <z /4.
For larger deadrise angles, the eigensolution terms are of higher order, and the numerical estimate of the
constant C, was dominated by round-off errors, thus resulting not reliable. In order to derive more
accurate estimates of C, for deadrise angles larger than /4, additional contributions of higher order,
neglected in the present study, should be included in the expansion.

The far field behaviour of the inner velocity potential given by equation (20) has to match the
inner limit of the outer velocity potential (16). In order to enforce the matching, the relation » = a(7)p is
substituted into equation (16). The resulting equation is divided by the scaling factor of the inner velocity

op,0)=—p° cosc,0)+C,p " cosc,0) +
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potential 4 A4a® ,thus obtaining

¢ — _pcu COS(GOB) + G(? COS[2(1 _60)9] 2(op-1) +
h Ao, 2—-0, 2cos(2y)
220, (21)
— Lh* p~°° cos(o,0) + O[h 200 J
2+0, 20
S o 2-3
where 17, = u,4 *(2-0,) 7 x= %
2-o0,

Note that y < 22_ 2% for any o,, being 1/2 <o, <1. From the comparison between equation

(21) and (16), it follows that the terms match provided

o, =—C.h*
for 0 <y < 7 /4 and thus the formula for the coefficient of the leading order eigensolution is derived as
kS U N (2+0y) 20,
Cy=—Cph™ + et G =V2G,67 4 20

Formally speaking, the same equations holds for deadrise angle larger than = /4. However, in
those cases improved estimates of the coefficient C, are needed.

1.4. Hydrodynamic loads in the early stage

The second order solution derived above can be used to obtain an estimate of the loads acting on
the impacting body in the early stage of the water entry process, when the displacement of the body is
small enough for higher order terms to be negligible. The pressure on the moving body is given by

P(x, [ (xX) = h(0),8) = =h, ¢ (x, [ (x)) +
= 1 [ (x, f(X)) + 6, (x, f(x), ] + (22)

— hh, @, (x, f(x), 1) = Fr 2y + o(1)
where ¢ (x, £(x),7) is presentedas

C, () J- 1 T u(r)

X, f(x),t)=—
$ (x, f(x),1) = ﬂ ﬂ ¢
< 1. The Cauchy principal part of the integral is considered.

It is Worth remarking that, although the inner pressure is much larger than the outer one, its
contribution to the total hydrodynamic loads tends to zero as # — 0. In fact, the contribution is of order
of O(pa)=0(h>a®" 47) = O(h>h>> ">y = o(1y. It can be concluded that the contribution of the mner
pressure to the hydrodynamic force in the leading order is

(20,-1)
F,(0)= G h* (1+0(1)) (22a)
where the constant factor C, should be calculated by integrating the pressure in small vicinities of the
intersection point. Starting from the above considerations, in the limit of small displacements of the body,
the hydrodynamic loads are mainly governed by the pressure distribution in the outer region which, on
the basis of the asymptotic  behaviour of gand 4, is given by

— 5 700 _ 42 2 cos’ Y 200~
p=nH 005(27/)

}+h hi,r™ +o(l)

By using the relations between u,and z,it can be shown that the outer pressure about the

intersection point behaves , _ h{;& 1 — A2 005(27) 72072 |4 o1y Which indicates that the pressure
-0, cos(2y

field is singular about the intersection point, although the singularity is integrable.
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In order to better understand the role played by the different contributions to the pressure, the
above equation is rewritten in terms of the inner variables, » =a(f)p. In this case the asymptotic
behaviour of the pressure about the intersection point has to be considered as a(¢) <<1, p >>1 and
a(t)p <<1.

2 COS' Y agia
0 m

For 7/4<y<n/2,20,-2>-0,,so0 that the second term in the asymptotic formula provides
the main contribution to the pressure, where cos(2y) < 0. This implies that the pressure grows when
approaching the intersection point from the outer region. A similar behaviour characterizes the pressure in
the case 0 <y < /4, although in this case 20, -2 < -0, and the first contribution dominates. This

contribution is positive because C, < 0, as it was shown in lafrati and Korobkin [9].
By using equation (21) and (22), the hydrodynamic load acting on the body is estimated as
F(h)y=hM ,—h’G[G E—7rC,(t)]+
20,1 (23)
+hhaG,Cy, () +C,h2h > +0o(1)

1 2
with E:I S —dr, M,=7nG_(G,+G_/2)-S,,where M ,is the added

S0=77)x. (z,0)[1+ 1]

mass coefficient and S,is the area of the submerged part of the body. As

4(oy-1)
C,,(t)= —(320—0 — 2]5Eh,h =% the terms involving C,(#) and C,,(¢) in equation (23) are of the same
0

order in % . The first term in equation (23) represents the well known result of pressure-impulse theory,
1.e. the hydrodynamic force is equal to the product of the added mass coefficient by the acceleration of the
body 7, . In the case of impulsive motion with constant entry velocity, the first term is a delta-function
and gives no contribution to the force for 7> 0.

Equation (23) highlights the important role played by the eigensolution of the inner problem,
coefficient of which explicitly appears. In the wedge entry case, some of the coefficients in equation (23)
can be computed analytically,

tan y wcosy \/; T 4

p=ha* A -20,C,p " —0

. . r(i —k jr (k)
2°s, U, _ sin( 2y) 2
( 7wk Vs J 27 r(%j
The coefficient C, is not evaluated in the present analysis as it involves a higher order

contribution. Regardless the details of the body geometry, equation (23) indicates that, in addition to the
added mass term, the hydrodynamic loads is composed by a constant coefficient

k
F, :—G{GwE—sz‘ +U1} (24)
and two terms which depend on non-integer power of the body displacement
20,-1 30,2
20 2 - 0
F(=Ch*" . F()=-7G, %o G pr (25)
.

While £ (%) tends to zero as # — 0, the term F, (k) has a negative power for deadrise angles
y<m/4,1e. it gives an unbounded contribution just after the sudden start. This is not the case for
y > n/4 in which the power is positive and the contribution tends to zero as # — 0. The case y =z /4
is more complicated and needs an appropriate analysis which was presented in [7].
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On the basis of the above discussion, the hydrodynamic loads generated in the early stage after the
sudden start of a flared body initially floating on the free surface can be presented in the form

30y-2 20,-1

F(h)y=a+bh> +ch®" +dh (26)

The last term in equation (26) accounts for the growth of the hydrodynamic loads occurring for
large displacements. In the case of wedge shaped bodies entering the water with a constant velocity, the
hydrodynamic loads approach the linear trend asymptotically # — oo, at least in the high Froude number
limit [6)].

1.5. Fully nonlinear numerical modeling

Even for simple shapes of the body, like wedges for instance, the analytical derivation of the
coefficients is not easy and/or accurate. This is even more complicated for arbitrary shaped bodies. The
problem can be overcame by using a combined theoretical/numerical approach. In fact, fully nonlinear
numerical methods are accurate and reliable tools for the prediction of hydrodynamic loads. Nevertheless,
they do not provide a reliable answer in the very early stage after the sudden start of a floating body.

Fully nonlinear numerical approaches are generally based on the mixed Eulerian-Lagrangian
formulation, originally proposed by Longuet-Higgins and Cokelet [13]. At each time step the flow
velocity potential is found by solving a boundary problem with a Dirichlet condition imposed on the free
surface and a Neumann condition assigned along the solid boundaries. The solution of the boundary
value problem is usually achieved through panel methods, and provides the velocity potential along the
body contour and its normal derivative along the free surface. These values are used for the evaluation of
the velocity components on the free surface, which are integrated in time to provide the new free surface

position. The updated distribution of the velocity potential is
1 obtained by the integration in time of the unsteady Bernoulli

@, =cosy equation.
For floating bodies, the initial discretization about the
intersection point is sketched in Fig. 2. It can be seen that the
 Fig 2:Sketchof the initial boundary conditions enforced on the solid boundary
discretization about the intersection point d¢/on = cosy , and on the free surface, ¢ = 0, do not match

at the intersection point, which is the reason for the flow singularity. As a consequence of the flow
singularity, a thin jet develops along the body surface.

During the very early stage after the sudden start, numerical simulations are not able to describe
accurately the jet development, and the predicted hydrodynamic loads are not reliable. In a next stage, the
jet develops and the flow singularity disappears. Only at this time hydrodynamic loads become reliable
[6, 1].

On the basis of the above considerations, fully nonlinear numerical approaches can be used to
estimate the hydrodynamic loads generated during the water entry of floating bodies, although this
estimate is not reliable in a very early stage of the simulations. Aside from this stage, the time history of
the computed loads can be used to determine the coefficients of the expansion (26) through a least squares
interpolation. Once the coefficients of equation (26) are derived, the theoretical estimate can be used to
provide the impact loads throughout the early stage of the water entry process. Either, the theoretical
estimate of the loads can be used in conjunction with the equation of the dynamics of body motion to
predict the reduction in the entry velocity occurring in the early stage of the water entry.

Practical examples of this combined theoretical/numerical approach are given in Korobkin and
lafrati [14]. Therein, the water entry of floating wedges with deadrise angles y =7 /6 and y =z /3 were
simulated numerically. For each condition, simulations were performed with different grid refinements,
obtained by halving twice the initial size of the first free surface panel. The comparisons among the time
histories provided by the different solutions allowed to identify the reliable part of the computed loads.
Results obtained for y = 7 /3 are shown in Fig. 3.
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Fig. 3: Tim;m histories of the hydrodynamic loads after the suggen start
of a floating wedge (y =7 /3)
Table 1
Coefficients of equation (26) derived from the least squares interpolation
of the numerical results

/6 6 (%) /3 &3 (%)
a -15.4897 0.0672 2.35994 0.0779
b 10.8574 0.0207 -2.03773 0.3513
c 12.8762 0.0906 1.13076 0.6304
d 14.4686 0.0633 0.72610 0.2722

In the upper figure it can be seen that solutions obtained with different discretizations are well
overlapped in the late stage whereas differences occurs in the very early stage of the impact. A close up
view of the latter is provided in the lower figure, where diamonds are introduced to mark the time at
which each simulation starts to be reliable. As the numerical simulations were done for a constant entry
velocity, loads are drawn versus the ratio between the body displacement and the initial depth of the
wedge apex 7, .
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Fig. 4: Time histories of the impacting loads in the free fall of wedge shaped bodies with y =7 /6 (top)and y =7 /3
(bottom). Results obtained for A7, =10 (solid) and A7, =100 (dash) are compared with the hydrodynamic loads in the
constant entry velocity case, 1.e. M, — o

The unknown coefficients in equation (26) were obtained through the least squares interpolation
of the computed loads established over the reliable part of the numerical results. The coefficients derived
from the least squares interpolation are given in Table 1, along with the estimated errors in percent.

Once the coefficients of equation (26) are known, they can be used for the prediction of the
dynamic of the body. In this case the acceleration of the body has to be accounted for and thus the
hydrodynamic loads are estimated as

3092 20,1

F(hy=M jh, +h>| a+bh™™™ +ch > +dh (27)

If the body is let free after the sudden start, the hydrodynamic load given by equation (27) is the
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only forcing term in the equation of the dynamics of the body motion
M yh, =—F(h) (28)

integration of which with the initial conditions #(0) =0, (0) =1, provides the actual entry velocity and
acceleration of the body. In equation (28), ar, = m/(p,2?) 15 the non-dimensional mass of the body,
where m 1s the mass of the body per unit length and , 1s the density of water. Owing to the reduction of
the entry velocity, the initial decay of hydrodynamic loads is faster than in the constant entry velocity case
because of the reduction of the coefficient in front of the square brackets in equation (27). As an example,
in Fig. 4 the time histories of the hydrodynamic loads occurring in the free drop of wedges are drawn.
Results, which are obtained through the theoretical estimate of the loads, are provided for wedges with
y=nr/6 and y=x/3 and for two values of the non-dimensional mass of the body, s, =10and

M, =100.
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2. WATER ENTRY OF A TWODIMENSIONAL FLAT PLATE

2.1. Governing equations

A similar analysis can be done for the impulsive start of a two-dimensional plate. Basically, the
study is done under the same hypotheses used for the flared body. However, in this case the assumption
of a originally floating plate has an important meaning as it implies that no air is entrapped between the
body and the free surface. The initial-boundary value problem for the velocity potential is

¢.+9,=0 Q@)

¢, =—h, (| x|<1,y=~h(1))
n+én.=9, (Ix[>1Ly=n(x,1)
2¢f+¢‘2+¢f:_F_22'7 (| x[>1,y=n(x,1)
¢—0 (x* +y* > )

n(x0)=0, ¢(x,00)=0, A0)=0,4(0)=1

n(xLe)=-h@), n(ELet)=-h()

The last two equations are the Kutta conditions which state that the free surface is always attached
to the plate edges and leaves them tangentially. As it was discussed by Oliver [19], such additional
constraints drive the free surface shape towards a physically acceptable solution [24].

In order to arrive to a theoretical estimate of the loads, the solution to the boundary value problem
is sought in the form of an asymptotic expansion

¢(x,y,0) = h (O (x,y) + h(O)h, (D) (x, y) + o(h)

1(x,1) = h(2)(x) + 1 (O, (x) +o(h”)

It can be shown that wo(z):i(z—\/zz —1) wl(z):%{dwo} + €@  and then the second order

dz z? -1
accurate velocity potential on the plate in its initial position takes the form
0,0y =1 + T2 g PG O (29)
1-x V1I-x*

which is unbounded at the edges, x=+1. As already discussed in the case of flared bodies, in the above
equation C,(r)1s the term related to the eigensolution of the boundary value problem with boundary

conditions of the mixed type.

Similarly to what done for flared bodies, an inner solution is derived under a set of time dependent
stretched variables

x=1+a)A, y=a(t)u,

n(x,0)=a(H(A,1), ¢=~2ha">p(A 1)
Again, the stretching function a(¢) is chosen so that the linear and nonlinear terms in the dynamic
boundary condition play a comparable role. It can be shown that by using

a(r){% h(r)} ~ [BAP” 31)

the dynamic and kinematic boundary conditions on the free surface become

(30)

3
0 =200, + up,) + > + > = —7[% +h,/ ho)
1
3

H—-(AH , + '“Hu) +o,H, +o H, =- o H,
which have to be enforced on u = H(4,¢). The body boundary condition takes the form
Bl/3
—_ = hl/3
%7

and the Kutta condition at the edge becomes
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H©O,0)=-B""n"?, H,(0,1)=0

In the limit of small plate displacements, and under the assumption that /5> <<1, the terms on
the right hand sides are negligible, i.e. the inner solution is approximately self-similar, at least in the
leading order as # —0.

The self-similar inner solution was derived in lafrati and Korobkin [8] through a fully nonlinear,
iterative procedure. Therein it was shown that the far field asymptotics of the inner velocity potential on
the plate behaves as

@——f+f+7+0(p )

as p — . The coefficient C was derived together with the solution and was found to be C~-0.4182.
By recasting the above equation in outer variables, it can be shown that the inner velocity potential about

the plate edge behaves as

——h\/_\/_+\/_“(3§h %fi+ o(hr™

where » =1-x is the distance from the plate edge. This equation matches the inner limit of the outer

(32)

velocity potential provided ¢, () = za(z)|h£|
Then, the second order Velocity potential along the plate is given by

2/372/3
$(x,0,) = —h 11— L /22 6h""h|d —hh, +o(h)
1 X N
which clearly highlights the role of the inner solution on the second order velocity potential.
2.2, Pressure distribution and hydrodynamic loads
Starting from the second order outer velocity potential obtained in the previous section, the

pressure distribution along the plate can be derived as

h’ 2 1
—ht)=hN1—x* +h’ ———+ Z6"|C|h"" K} +o(1 33
pout (x ) un x t 1 _ x2 3 | | 4 ﬁ 0( ) ( )
where terms that tends to zero as 4 — 0 are shown as o(1) and the plate displacement is accounted for. It is
worth noticing that, again, it is assumed that 4,/ <<1. The limits of this assumption on practical

applications are discussed later on.
Equation (33) indicates that the pressure distribution exhibits a singular behavior as # — 0 or
x —> 1. The first term in equation (33) is the added mass contribution which is singular at ¢=0owing to
the sudden start. A weaker singularity is represented by the fourth term which is unbounded as 72 —0.
Concerning with the spatial singularity, the third term in equation (33) is not integrable about the
plate edge and the fourth term is square root singular. Such singularity can be removed by using the
pressure field provided by the inner solution

R,
p= _;[ﬁoz +p -2, +0(1)]

in the vicinities of the edge. By taking into account the far field behaviour of the inner solution given by
equation (32), the pressure in the inner region can be presented in the form

h? a
o=t S(p 34

where a =2C, 9 = (4/c))™ and S(p) is an integrable function over the interval 0< p <o,

The pressure distributions provided by equations (33) and (34) are both not integrable, the former
being not integrable as x — 1and the latter as p — . The estimate of the total hydrodynamic load acting
on the plate is then obtained by dividing the plate surface into two sub-regions. A positive parameter & is
introduced so that in the sub-region where 0 < x <1-ad , the outer pressure is considered whereas nearby
the plate edge, 1-as <x<1, the inner pressure (34) is used. Hence, the total hydrodynamic load is
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evaluated as

1-as 1
F(t)=2 lim { jpom dx + men dx}
0 1-as

a—0,0—>©

From the first integral it is obtained

F. (0 :%hn+2?ﬂ62/3|c|hfh’”3+§hf 1nh+hf{2—ln2+§lni+ln5—8| C| \/5}0(1)

V2

whereas the contribution of the inner region provides

F,

inn

(0)=h2|-2in(4] C ) =27 ~1n6 +8 C |5 |+ o(1)

where J = j: S(p)dp 1s evaluated from the inner solution as J ~0.78 [10]. It is worth remarking that,

although each contribution depends on the parameter &, their sum is independent of it and the total
hydrodynamic load acting on the plate is then given by

F(t) =§h,, +iIh +§hf 1nh+hf{2—2ln(4 |C|)-In2 +§lni —Zl}ro(l) (35)

V2

where the first contribution represent the added mass term, and « = 4?” |C|(3/4/2)*".

Equation (35) shows that the asymptotic of hydrodynamic loads for # —0 is composed by the
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Fig. 5: Comparison between
the self-similar free surface
shape obtained numerically
versus the experimental results
by Yakimov [24]

added mass contribution, a #™* term, a logh term and a constant

contribution. In the case of impulsive body motion with constant
entry velocity, 5, is a delta function and gives no contribution for

t>0. The next two terms are both unbounded as # —0, and, in
case of free drop, are responsible for the sharp reduction of the entry
velocity during the initial stage [4].

Differently from the flared body case, in the water entry of a
plate the asymptotic behaviour of the hydrodynamic force is
completely determined in analytical form. In order to check
reliability and accuracy of the theoretical estimate, the flow
generated by the water entry of a floating plate is numerically
simulated and comparisons are established in terms of pressure field
and impacting loads.
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2.3. Numerical simulation of the two-dimensional plate impact
The fully nonlinear free surface flow generated by the water entry of a plate initially floating on
the free surface is simulated numerically. The method is basically the same adopted for the wedge entry

problem. However, some differences occur in the treatment of the initial transient.
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Fig. 6: Free surface profiles obtained by the numerical simulation at t=1.5 10°, 0.0476, 29.35. Two-dimensional solutions
(solid) are compared with the results obtained for axisymmetric disc (dash)

In the plate impact case, the initial velocity field is singular at the edge of the plate. It can be
shown that both the horizontal velocity beneath the plate and the vertical velocity on the free surface

diverge as x/+/|x*> —1| when x — 1. The presence of flow singularity makes the use of the numerical tool

in the very early stage rather challenging.

As already said, a detailed study of the flow generated about the plate edge in the early stage of
the water entry process was carried out in [afrati and Korobkin [8]. Therein, the self-similar solution of the
inner problem was obtained iteratively. The self-similar free surface shape is drawn in Fig. 5, where it is
compared with the experimental measurements by Yakimov [24]. Note that under the set of stretched
variables (30), the plate edge is located at (4, u) =(0,0) and the plate is on A e (—,0),u=0.
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Figf 7: Pressure distributions on the plaEe for the solutions presented in Fig. 6

The small time solution can be profitably used to start the time domain numerical solver, thus
strongly simplifying the description of the initial transient. To this purpose, a small initial time ¢" 1s fixed
which is used in equation (31) to calculate the stretching function «(¢"). This value is then used in
equations (30) to scale the self-similar solution and to obtain the initial free surface shape and
corresponding velocity potential at time ¢~ when the displacement of the plate is #". The free surface
shape and velocity potential obtained in this way are then used to start the time domain numerical
simulation. Of course, owing to this procedure, the numerical solution is only available for ¢>¢". In the
calculations presented here, it is assumed " =1.5107.

171



300

200
250 L
150
200 |
% N
> L > L
) 150 I C 100
Q Q
100 | 1
50
50 I
0 . . . . 0 . .
0 02 0.4 0.6 0.8 1 0 02 04
x/L
100
80 L
L 60
=
e
S w0l
20
0 . . .
[] 0.2 04 0.6 0.8 1

XL
Fig. 8: Comparison between the pressure distributions provided by the fully nonlinear numerical solver (dash-dot) versus the
theoretical estimates of the outer (dash) and mnner (solid) pressure distribution given by equations (33) and (34), respectively.
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Fig. 9: Close up views about the plate edge of the same curves drawn in Fig. 8

In order to prove reliability and accuracy of the theoretical estimates, the plate impact at constant

entry velocity is numerically simulated up to a non-dimensional displacement of about fifty [5]. As the
velocity is constant, the equation of non-dimensional plate displacement and vertical velocity are
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h(t)=t,h,(1) =1, respectively.

The free surface shapes and pressure
distributions obtained at different time instants are
drawn in Fig. 6 and 7, respectively. Therein,
comparisons with the corresponding results obtained
in the axisymmetric case (presented in the next
section) are established as well.

In Fig. 8 the pressure distributions provided
by the time domain numerical solver are compared
with the theoretical estimates at three different times,
small enough for the assumption of small
e T dlsplac§ment to remain valid. In order to makq the

Vot comparisons more understandable, close up views
Fig. 10: Time history of the non-dimensional  about the plate edge of the same curves are shown in
loads acting on the plate. The theoretical Fig. 9.
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estimate (dash) is compared The comparison exhibits a fairly good
o5 Vith the numerical results (solid) agreement between the theoretical and numerical
results. As expected, the second order outer solution
02 provides a rather good estimate of the pressure field
along the plate, aside from a small neighbourhood
N 015 of the edge where it is singular. In contrast, the inner
2w solution correctly matches the zero pressure at the
*+ edge and the pressure peaks occurring at short
00 distance from it. Far from the edge, the inner
. solution deviates significantly. This is due to the
r shortness of the computational domain used for the

005 derivation of the inner solution in [§].

0 02 04 06 08 1

A rather good agreement between the theory

. ' _ and the computations is also obtained in terms of

Fig. 11: Time history loads. In Fig. 10 the time history of the non-

of the error dimensional impact force is drawn for the constant

entry velocity case. The comparison between the theoretical formula (35) and the numerical results are

well overlapped for a long interval of time and start to deviate afterwards. Again, due to the procedure
adopted to initialise the simulation, numerical results are not available for 7 <¢".

In order to better quantify the errors, the relative difference between the numerical and theoretical
estimate is drawn in Fig. 11. It is seen that the error of the theoretical estimate is less than five percent up
to non-dimensional plate displacements of order 0.2. As expected, the error grows for increasing
displacement and rises to twenty percent for a unitary non-dimensional displacement.

2.4. Free drop case

As explained in the introduction, a theoretical estimate of the loads is needed in the early stage of
the water entry process when numerical results are not available. The use of the theoretical estimate in
combination with the equation of the dynamic of the body motion allows to evaluate the reduction in the
entry velocity and thus to provide more accurate initial conditions to numerical solvers.

For a plate with mass per unit length ., the equation of the body motion is

Mh, =-F (36)

where A1 = m/(p,L*) 1s the non-dimensional mass per unit length. In the free drop, the only force

acting on the plate is the impact load 7 given by equation (35). Hence, equation (36) is integrated in time
with initial conditions #,0)=1 and h(0)=0, to obtain the updated entry velocity 5 and plate

displacement # .

Vot
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In order to validate the estimate, the equation of the dynamic of body motion (36) is included into
the numerical procedure, using the numerical estimate of the loads as forcing term. The numerical
solution is again started at time ¢ with the initial value of acceleration and entry velocity by the theoretical
estimate at t=¢".

In Fig. 12 the comparisons in terms of plate displacement and entry velocity obtained from the
theoretical estimate and from the numerical simulations are established for the case of a non-dimensional
mass of the plate M =50 . In order to make differences more understandable, numerical results are drawn
along with the relative difference between the numerical and theoretical results. Despite the error in terms
of acceleration (not shown) is about ten percent for a unitary plate displacement, the error in terms of
entry velocity and plate displacement is within 0.1%.
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Fig. 12: Time history entry velocity (top) and plate displacement (bottom) provided by the numerical solution (solid-") of the
free drop of a plate with non-dimensional mass M=>50. The relative error of the corresponding theoretical estimates are
drawn, scales of which are on the right axis.

Similar conclusions can be derived from the same comparisons established in Fig. 13 for a non-
dimensional mass M =5. In the latter case, due to the lighter mass of the body, accelerations are much
larger and thus a more significant reduction of the entry velocity is achieved at the same plate
displacement. The relative error in terms of entry velocity and plate displacement is larger than that in the
heavier mass case, although it is still within the rather satisfactory level of five percent for a unitary non-
dimensional plate displacement.
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Fig. 13: The same comparison shown in Fig. 12 but the non-dimensional mass is M=5
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The increasing error found for lighter body can
be explained with the increasing relevance of terms of
order o(nh,) which have been neglected in the

derivation of the theoretical estimate. From Fig. 14 it
can be seen that in the calculations presented the ratio
hh,/h? approaches 0.03 for A =50 and 0.2 for
M=5.

Results presented above indicate that the
theoretical estimate is rather reliable and can be used
with confidence within the small displacement limit
for any mass of the body. For heavy bodies the theory
is still rather satisfactory for non-dimensional
displacements of order of unity. In order to make the
theory accurate up to large plate displacements even

for lighter bodies, further developments are needed to include terms of order of o(x#,), which have been

neglected so far.

3. WATER ENTRY OF AN AXISYMMETRIC DISC

3.1. Governing equations

The theory developed for the two-dimensional plate can be extended to the case of a circular disc.
The mathematical formulation is rather similar although the derivation of the second order velocity
potential is more complicated. In the following, the theory for the axisymmetric case is presented but
some steps, already discussed for the two-dimensional plate, are skipped.

The boundary value problem for the first order velocity potential is

li(r%}%zo (2<0)

ror\ or oz*
%:—1 (z=0,r<1)
0z

b=0,m,= (z=0,r>1)
oz

¢y >0 (°+2° > o)

(37)
(38)

(39)
(40)

The solution of this boundary value problem is given in Lamb [12], in the form

d(v,E k)= zKv(l —Ecot™ &)

T

where £ e(0,0) and v e (-1,1) are the oblate spheroidal coordinates, defined as

r=RI-v V(&) z=Rve

and Ris the radius of the disc. For a disc of unitary radius, the velocity potential on the body and its

vertical derivative on the free surface are given by

B (r0) === (<)
T

%(r,O) =£ ! —zarcsin(lj (r>1)

T1—p% & r

The first order velocity potential exhibits the same singularities of the two-dimensional case and
the boundary value problem for the second order velocity potential is

Ag =0

¢1=_%{%T (r>1)
b _ 107 247,
oz r@r[ 61’} <

(41)
(42)

(43)
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Although the boundary conditions are essentially the same as for the two-dimensional case, the
solution is made more complicated because of the three dimensionality of the Laplace equation. The
determination of the second order component of the velocity potential is derived in the next section.

As in the two-dimensional case, the asymptotic behaviour of the velocity potential as #— 01s
presented in the form
¢(r,z,1) = h (), (r, 2) + b, (h(1)¢,(r,2)
+D(t)p,(r,z)+ o(h)
The eigensolution can be easily derived from the first order velocity potential

4.0r,2) ="/

¢,(r,0) =
1-r

The function D(z) is determined from the matching between the inner limit of the second order
outer velocity potential and the far field asymptotics of the inner velocity potential. The set of inner
variables is very similar to the two-dimensional case,

r=l+a®A, z=a@)u,

which, on the disc surface, provides

L o<

2

N0 =aOHGD, ¢ =2\2ha"*p(h, 1,0)
T
Also the stretching function is very similar
%
@, (0) = {ﬂ h(r)} =B, ()]
T
and the difference is only in the numerical value of the constant B,, . It can be shown that the

boundary value problem that governs the inner solution is just the same as in the two-dimensional case,
and thus the far field behaviour of the inner solution is that described by equation (32). By expressing it in
terms of outer variables, it is obtained

2/3
o, z—ght\/I—rz +iBj)/(3C Wk +i2—\/EZBAXhht *.. (44)
pia T Ml—p2 Oml—r

By matching the above equation with the inner limit of the outer velocity potential it is found that
D(t) = —iBj/;|c|h2/3h,
T

Moreover, from the matching of the last term in equation (44), it can be seen that the most

divergent part of the second order velocity potential behaves as
2 1

4= ? 1-r?

Although this would be already enough to derive the most relevant contributions to the impact
loads, the solution of the boundary value problem (41)-(43) is necessary in order to achieve an estimate of
the loads at the same order of the two-dimensional case.

3.2. Second order velocity potential

The boundary conditions for the second order velocity potential are

¢ (r,0) = —i{; - arcsinl} r>1
T

Vri-1 r
L) 2 2 r
—1 ’0 :——2 3 (l"<1)
5 0=, L/l—rz +(1_r2)4}

It is convenient to present the solution as the sum of three contributions ¢, = ¢, +¢, + ¢, €ach of

them suitably chosen to match the different terms in the boundary conditions.
The velocity potential ¢, is a combination of axisymmetric dipole and source. Both are located at
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the plate edge, and the dipole is oriented in the radial direction. It can be shown [11] that as » —1 the
dipole term matches the 1/(»*-1) whereas the source term is needed to balance the logarithmic
singularity of the dipole contribution. By enforcing the matching with the most divergent term in the free
surface boundary condition it is found

2 1
¢,(r,z) 72 (gz +4r)é
(D2 )2 )£
l-@ o
1 F@)
7w
where ¢2 =(r-12+z%, @’ = gzir4r and F(w) and E(w)are the complete elliptic integrals of the first

and second kind, respectively.

Even though the most divergent part of the free surface boundary condition is matched, there is
another divergent term which behaves as 1/./(+* - 1) . A harmonic function that matches this term can be
derived exploiting the fact that if ¢(r,z) is harmonic, its z-derivative is still a harmonic function. Hence,
the velocity potential ¢, is obtained as a4, / oz , 1.€.

2 el
B (11,6) = ﬂ{ arctan=+ 2 Wz}

The last contribution ¢,. 1s finally chosen to satisfy the boundary conditions everywhere along the
boundary. By letting ¢. =¢, — ¢, — ¢, a boundary value problem can be formulated for ¢,.. It can be found
that the ¢ 1s harmonic and has to satisfy the boundary conditions

21 1 1T
o (r,0)= —?{% —arctan 5(1/)} +

_z{_
m| &(r)
%(w): 0

} 1 E@y)
Er | #m*r-1

— arctan

on the free surface and on the disc surface, respectively. It is worth noticing that, the terms ¢, and ¢,
balance the singular terms in the boundary conditions for ¢, and thus the boundary conditions for ¢, are
bounded. Despite the problem is much simpler, it is not easy to derive ¢. in closed form. As long as the

velocity potential on the body is needed, instead of solving the boundary value problem the Sneddon [20]
formula can be used, which provide the velocity potential on the disc surface as

o (r0) = %f ¢C[ (- + I,O]dr

The second order velocity potential on the disc surface is evaluated numerically and used to
derive the pressure distribution and the total impacting loads.

3.3. Hydrodynamic loads for axisymmetric disc

The hydrodynamic loads acting on the disc surface can be derived in a way similar to that used for
the two-dimensional case. The disc surface is split into a main region, where the outer velocity potential is
used, and a region about the edge, where the inner solution is used instead. Hence, the hydrodynamic load
can be written as

l-ad 1
F()=2r lim { jrpom dr+ Irpinn dr}

a—0,0 >0
0 1-aé

By using the second order velocity potential, for the main contribution it follows
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1) = + 0
F(t)= h K [3 BZ/3|C|h TEI 38 logh

+G,, +— 10g5——|C|\/_}

where G, =-N+ ilogz + 3ilog But+= 2 72’ is a constant with N =0.196429 .
The calculatlon for the inner part 1s much simpler. From the comparison of the stretching relations,
it can be shown that the contribution to the loads of the inner part is 4/~ times that found in the two-

1

dimensional case, 1e. F, :hz{G.nn——log5+—|C|\/— } where G, =§10gg_§ J As in the two-

dimensional case, although the two contributions depend on the parameter &, the sum is independent of
it, and then the total hydrodynamic ~ load acting on the disc s

F(t)= h +h [ 3 BY|Cln™”? 38 logh +G}r0(1) ,where G=G,, + G, . It is worth noticing that the loads

exhlblts a behaviour rather similar to the two-dimensional case, with an added mass contribution, a #™'>
term, a log/ and a constant.

10000 — In order to check the accuracy on the
theoretical estimate, also in this case comparisons
1000 P~ ' with fully nonlinear numerical results obtained for
constant entry velocity are established. The numerical
procedure is essentially the same adopted for the two-
dimensional case, although the solution of the
boundary value problem is more complicated

because of the azimuthal coordinate.
The comparison between the theoretical
“lets  1e06  tess o011 estimate of the loads and the numerical result is
Fie. 1 VBl established in Fig. 15 whereas the relative error is

g. 15: Comparison between the L . .

theoretcal estimate (dzsh) drawn in Fig. 16. The time history of the loads looks
02—t the firtty Tomtnear murmericat similar to the two-dimensional case. Quantitatively
s results (solid) in the case / speaking, the error grows faster than the two-

of axisymmetric dis¢~ dimensional case and gets twenty per cent for a non-
ol dimensional plate displacement % =0.2.
005 Although a more careful investigation is
needed, from a preliminary analysis it seems that in
this case convergence of the numerical results is not
0.5 achieved yet, and this can explain the worse
agreement found in comparison to the two-
0 005 o 015 o2 dimensional case.
Fig. 16: Time hist01§f of the relative CONCLUSION,S )
error of the theoretical estimate A theoretical estimate of the hydrodynamic
loads generated during the early stage after the
sudden start of an originally floating body has been derived. The theory has been developed for flared
shaped bodies and for a flat plate. An extension of the theory to the case of axisymmetric disc has been
also presented.

The solution of the problem has been sought in the form of an asymptotic expansion which uses
the non-dimensional displacement of the body as a small parameter. It has been shown that the first order
velocity potential is singular about the intersection point between the body and the free surface. A
uniformly valid solution to the problem has been obtained through the solution of an inner problem which
is properly matched with the inner limit of the outer solution. It has been found that in order to have a
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matching between the inner and outer solution, an additional term has to be considered in the expansion
which is related to the leading order eigensolution of the boundary value problem with boundary
conditions of the mixed type.

This additional term in the expansion involves non integer power of the displacement of the body.
For flared bodies with deadrise angles less than /4 and for the plate or disc, the eigensolution term has a
negative power of the displacement, which means that hydrodynamic loads are unbounded soon after the
initial start.

For the flared body case, the hydrodynamic load has been obtained in the form of a power series,
with some of the exponents dependent on the deadrise angle of the body at the still water line. A method
to use a combined theoretical/numerical approach for the derivation of the coefficients has been
discussed.

In the case of flat plate or circular disc, the coefficients of the expansion have been derived
analytically. For the purpose of validation, comparisons with fully non linear numerical simulations have
been established in the case of constant entry velocity, achieving a fairly good agreement.

In addition to the water entry with constant velocity, the free drop of a plate has been simulated.
The equation of the dynamic of the body motion has been integrated in time using the theoretically
estimated loads as the forcing term. Results obtained in terms of plate displacement and entry velocity
have been compared with numerical simulations of the free drop case. It has been shown that, provided
the mass of the impacting body is large enough, the agreement in terms of plate displacement and entry
velocity keeps rather satisfactory up to non-dimensional displacements of order of unity. For lighter
bodies, the theory is reliable only within the range of small displacements. Additional terms, neglected in
the present study, have to be included in order to make the estimate valid longer even for light bodies.
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AHHOTANUA

IIpusedeno onucanue npocpamMmMHO20 HPOOYKMA Hpeonazaemozo Ol  pacuéma
HeTUHEelHOU KauKu OONbWOU  aMIIUmyobl  8000USMEWAIOWUX 00BbEeKmMOos. Buinoanero
conocmasiieHue pe3ynmamos pacienos NPoOOIbHOU KAUKU OblCIMPOXOOHO20 NACCANCUPCKO20
napoma no paspaboOmMaHHOU NpocpamMme C OAHHbIMU DKCNEPUMEHMAa U pacyémami no
cywecmeyrouum  npoepammam. Ommeuenvl  OCHOBHBIE  BO3MONCHOCHU  NPOSPAMMHO20
NPOOYKMA No OYeHKe XapaKmepucmux MOpexoOHOCHu Y008 Npu NIABAHUU HA YMEPEHHOM U
CUTTBHOM BOJIHEHUU.

OnHOM M3 BaXHBIX 33714 MPOEKTUPOBAHMS CyIHA W JIOOOTO ILIaBAIOIIEro OOBEKTa
(maee cymHa) sIBISETCS BHIOOP ONTUMAILHOM C TOUKM 3pEHHUS €r0 MOBEIEHUS Ha BOJHEHUU
¢dopmbl kopryca. [losroMy yke Ha paHHEW CTaJMM NPOEKTHPOBAHUS HEOOXOAMMO HMETh
UH(MOPMALIUIO O TMHAMUKE CYHA NP €r0 KCILUTyaTallud B PA3IMUHBIX BOJHOBBIX YCIIOBUSIX.
OCHOBHBIC XapaKTEPUCTUKU TMOBEICHUS CyJHA HAa BOJHEHUHM — IMEPEMEIEHUS U YCKOPEHUsI
Pa3MUYUHBIX TOYEK, 3aIMBaHUE, CJIEMHUHT, JOTOJHUTEIHHOE COMPOTUBICHNE NPU JIBIDKCHUHU -
onpezessieT ero Kauka. Mzrubaronme MOMEHTHI U TEPePe3bIBAIOIIME CHIIbI, BO3HUKAIOIIHE B
KOpITyCe, TAakKe 3aBUCAT OT Kauku cyaHa. Ha HauambHOM 3Tare mpoeKTUpOBaHuUS MPU BBIOOPE
(opMbI 00BOJIOB OOBIMHO MCHOJb3YIOT YHCIEHHOE MOJIEIMPOBAHUE TMHAMUKY CY[HA, UCXOJA
U3 YI0BJIECTBOPEHUS PABTUYHBIM MOPEXOTHBIM KaueCTBaM.

B wuncrutyre u oredectBeHHbix Kb cymoctpoutensHOl oTpacnu  HamOomnee
pacnpocTpaHeHa KOMIbIOTEpHAS MporpaMMa IO pacuery Kauykd BOJOW3MEIIAIONIMX CYIIOB,
oasupytomasicas Ha meroauke OCT 5.1003-80. Dra mporpamma OCHOBaHA Ha JIMHEHHOM
NOX0/e, OIpaHudeHa 1o (opMe UIMAaHTOYTOB TNPU pacuere TUIPOANHAMUYECKHX
KO3 (P(QULIUEHTOB, KCIOIB3YET YKOPOUCHHOE YpaBHEHHE OOPTOBOM KauKU CyTHA, HE YUUTHIBAET
B TIOJHOM Mepe ¢opMy Kopryca B pailoHE TEPeMEHHOW BaTePIMHHM W B3aMMOCBS3h
OTJIEbHBIX BUJIOB KoJieOaHMH. PacueTbl MOPEXOHOCTH CyZOB Ha OCHOBE 3TOM MPOTpaMMbI
JAI0T BIOJIHE TPUEMJIEMbIC PEe3yJIbTaThl Ul CAydas JBIDKCHHS CyJHAa Ha YMEPEHHOM
BOJIHEHHH, KOTJIa HET 3HAYMTEILHOTO M3MEHEHUS CMOUYEHHOM MoBepxHOCTH. OIHAKO TaKue
BOKHBIC SIBJICHUS, KaK CyOTapMOHHMUECKUE KoJeOaHWsl, B3aMMHOE BIMSHHE IMPOIOIBHON U
TIONEPEYHON Ka4KH, MOBEACHUE Cy/JHA MPU KOHEYHBIX YIJIaX KpeHa, 3alMBaHHE W CJICMHUHT,
BIIUSIHUE TEOMETpHU OopTa (HEMPSMOCTEHHOCTH), Ha IMapamMeTpbl KauKd U BO3HHMKAIOIIUEC
TUPOAMHAMUYECKHE CIJIbI OCTAIOTCS HEeyuTeHHbIMU. Kak ciesicTBre 3TOro, pacyeTHas OleHKa
TIOBEJICHUS Cy/THA B YCIIOBUSIX TIJIABAHUS HA CUIILHOM U, TeM 00Jiee, SKCTPEMATLHOM BOJIHEHUH
HE MOXKET OBITh OIpe/eieHa ¢ JO0CTATOYHOM ISl MPAKTUKK JI0OCTOBEPHOCThIO. PerieHne 3tux
3aa4 BO3MOXKHO Ha OCHOBE YTOUHEHHSI COCTaBa U CTPYKTYpPhI THIPOMEXAHMYECKHX CHII,
JEUCTBYIOIMX HA BOAOM3MEIIAOIIEE CYJHO MPU OONBIIMX aMIUTUTYAaX KoieOaHuid, U yuére
MIEPEMEHHOCTH CMOYEHHOW TMOBEPXHOCTH KOpIyca Cy[Ha MpH UX omnpeneneHud. B pamkax
JOMyIIeHUsT 00 WIeaNbHOM JKUIKOCTH MOXKHO OTMETUTh CJCAYIONME YETHIPE OCHOBHBIC
UCTOYHMKA HEJTMHEWHOTO B3aUMO/ICHCTBYSI B3BOJTHOBAHHOM KUAKOCTH U KOPITyca Cy/THA:
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— TIEPEeMEHHOCTh CMOUYEHHOW TOBEPXHOCTH BO BpeMeHM U e€ ormmuue no Qopme ot
CMOYEHHOM MOBEPXHOCTHU CY/IHA B IOJIOKEHUU PABHOBECHS;

— HaJIMYUe B MOTEHIMANe CKOPOCTEH ABMIKEHHS KUIKOCTH KOMIOHEHTOB BBICIIETO MOPSAKA
MaJOCTH;

— HaJIM4Me KOMIIOHEHTOB BBICILIETO MOPsAKa MaJIocTu B MHTerpane Jlarpanxa-Koum;

— HaJIMYMe HETMHEWHBIX KOMIIOHEHTOB B CHJIaX, 00YCIJIOBIEHHBIX MEPEXOJIOM OT CBSI3aHHON
CHCTEMBI, B KOTOPOH OMpeneNstoTcs 1aBlIeHus, K MOy CBI3aHHON, OOBIYHO MCIIONb3yEeMON
JUIS1 3aITUCH YPABHEHUS IBHKCHUSL.

PazpaboTanHas mporpamMma mpenHa3HaueHa [UId pacueTa LIECTH BHUJOB Kayku
KOHEYHOM aMIUTMTY/Ill B YCJIOBUSIX CHJIbHOTO BOJHEHHsA. CTpyKTypa HeJIMHEHHbIX
muddepeHIMATBHBIX YPaBHEHUI I MATEMaTUYECKOM MOJIeNM Kayku OONbIION aMILTUTY/IbI
(KbA) ycraHoBneHa wu3 O0OImIEH TIOCTAHOBKM THAPOMEXAHHUUYECKOW 3aJaud  IMyTeM
TIOCIIe/IOBATENBHON €€ JMHeapu3aliyi. JTO TO3BOMIO LEHOM psjia JOMyIIeHUH pa3JeiuTh
TUPOMEXaHUYECKUE CUIbl Ha TPAIMIMOHHbIE, HO B OTIMYMU OT JMHEHHON Teopuu
B3aMMOCBSI3aHHBIE COCTABJIIONIME (THIPOCTaTUYECKas, TMIaBHAs YacTh BO3MYIIAIONIUMX CHIL,
mU(pakMOHHas, WHEPLUOHHO-IEMIUPYIONIAs), YUYeCTb KBAJAPATUUHBIA YJIeH WHTErpajia
Jlarpamxka-Kommm ¥ BBIIEMMTh CKOPOCTHBIE COCTaBISAIONIME OT COBMECTHOM Kauku Ha
BOJIHEHUH, KOTOPbIE MPONOPIIHOHATLHBI KBA/IpaTaM M MPOU3BENEHHUSIM CKOPOCTEl KoJieOaHuil.
Paznenennie ruapoMexaHWYeCKUX CHJ Ha COCTAaBJSAIOIIME Jal0 BO3MOXHOCTh COCTaBUTb
cucteMy O-THM HEOJHOPOIHBIX B3aMMOCBS3aHHBIX HETMHEHWHBIX ypaBHeHHHA. CTpyKTypa
YpaBHEHU KauKH CyIHA IOKa3aHa Ha IPUMEPE BEPTUKATbHON KauKH.

(D/g) & = Fst{+ Fhkrl+ Fdl+ Fid{+ Fsq(+ Fvng
r1ie &, - BEPTUKAIBHBIC YCKOPEHHUs LIEHTPa TKECTH; Fst( - ruapocTathueckas cuna; Fkrd -
IJIaBHAs 4YacTh BO3MyIIAronmx cui, Fd{ - mubpakumonHas cwia;, Fid{ - UHEPIMOHHO-
nemndupytomas cuina; Fsql - cuma, oOyClOBIEHHas KBaJpaTUYHBIM UJICHOM HHTETrpaja
Jlarpamxka-Koum; Fvnd - cuna, mponopiyMoHaibHas KBajipaTaM U NPOM3BEICHUAM CKOpPOCTEH
konebanuid. Cuiibl, JEHCTBYIOIIME HA CYIHO, OMpPENENSIOTCS UHTETPUPOBAHUEM JIABICHHUMN B
KaX/Iblii MOMEHT BPEMEHU IO €r0 MTHOBEHHOM CMOYEHHOM MOBEPXHOCTU B COOTBETCTBHHU C
METOJIOM, TIpemIokeHHbIM B padore [l1]. Pemenne muddepeHnmanbHbx —ypaBHEHHH
HAXOJUTCS YUCIEHHBIM METOJIOM BO BpeMeHHOH o0sactu. Takoil moaxoa Mmo3BOJsiET y4ecTh
HanOoJiee 3HAYUMBbIC 1S Ka9Kku dP(EKThl HEMMHEHHOTO B3aUMOJICHCTBUS CyiHA U BOJH. J[yist
BAIUALMK pa3pabOTAHHOM MPOrpaMMbl pacuéra Kaukd OONBIION aMILIUTYAbl ObLIA
BBINOJIHEHBl CHCTEMATUYECKUE PACUETHI KWIEBOW U BEPTUKAILHOM Kaukd OBICTPOXOJHOTO
MACCAXHUPCKOTO MapoMa M TMPOHM3BEICHO CPAaBHEHHE MOMYYEHHBIX PE3YJbTaTOB C JaHHBIMH
Pacy€TOoB M0 IPyTUM MPOTpaMMaM, a TakKe C pe3yIbTaTaMi MOPEXOIHBIX UCTIBITAHUI MOJIEIH
Ha BCTPEYHOM PETYJISIPHOM BOJTHEHHH.

CpaBHurenbHbIe pacuéTsl mpoBeaeHs! Mo nporpammam OCTa u AQWA. IIporpamma
cranpapta OCT 5.1003 [2] ocHOoBaHa Ha MeToJax JMHEWHOM Teopun Kayku. CraHgapt
pactpocTpaHsieTcsi Ha OJHOKOPIYCHbIE MOPCKHE HaJIBOJHBIE BOJOM3MEIIAIOIIME Cy/a
TPAJMIMOHHON apXUTEKTYphbl, ABIIKYIIHECS MPOU3BOJBHBIM KypcOoM Ha YMEPEHHOM
PEryJISIpHOM U HEPETYJISIPHOM BOJTHEHHU C OTHOCUTENBHOM CKOpOCThIO Xoaa (duciom Dpyra)
no 03. Jlnsg OUEHKM XapaKTEpUCTUK [BUKEHUS CyJHA Ha HEPEryJsipHOM BOJHEHWH
UCTIOJIB3YETCS METONl CHEKTpAILHOM Teopuu Kauku. Crnemyer oTMeTuTh, uTo CTaHAapT He
MI03BOJISIET OLEHUTh BO3MOMKHOCTb Pa3BUTUSI CYOrapMOHMYECKMX KOJEOaHWH, a TaKke
ONTUMHU3HUPOBATh HAABOJHYIO (OPMY IIIAHTOYTOB C TOYKH 3pPEHHS YMEpPEHUs Kadkd H
JIMHAMUYECKUX HArpy3oK, JEWCTBYrOmMX Ha kopmyc. IIporpammusbii npogykt AQWA [2],
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sBistioumiicst  paspadotkoit Century Dynamics (Bxomsmedt B ANSYS Inc), mo3pomser
PacCYMTHIBATh AMIUTMTYIHO-YACTOTHBIE XapakTepuctukun (AUX) u peanusanyy Kaykd Ha
PEeryJIsipHOM M HEpEeryJsspHOM BOJHEHWH. B mporpamme He yuMTHIBaeTCs B MOJIHOW Mepe
MIEPEMEHHOCTh CMOUYEHHOW MOBEPXHOCTU TIPU OMpENeNeHu THAPOAUHAMUYECKHX cui. [lpu
pacuétre AUX B mporpamme CyHIECTBYET KECTKOE OTPaHMYEHHE — MOCTOSIHHAS aMILTUTY[a
BOJH (1M) 3ano0keHa pa3paboTYMKaMH B TEIO MPOTPAMMBI M HE MOIEKUT U3MEHEHUIO.

OKcrnepruMeHTATbHbBIE JaHHBIE MOoMy4YeHbl B MopexoaHoM Oacceitne « [ {HUU um. akan
AH. KpsuoBay. VcnbiTanus MoJenu mapoMa HPOBOIWINCH HAa BCTPEYHOM PETYJSIPHOM
BOJIHEHMU PA3JIMYHOM KPyTU3HBI AN Tpéx 3HaueHud umcna Ppyna Fr = 0; 0,26; 0,36.
Kpytisna BoiH MeHsimach B juanazone ot 1/25 no 1/80. Taroke ObUia mpoBapbUpOBaHa
KpYTU3HA Ui TIPOMEXYTKa, e HaOmofanoch HauOoNbIlee pPacXOKIeHHE B JaHHBIX,
MOJIYEHHBIX MO PA3IMYHBIM MaTreMaTHYecKUM MoJensM. Pacuérbl mo pa3pabarbiBaeMoil
nporpaMMe OBbUTM BBINOJHEHbI MpH KpyTH3He BOMHBI 1/50. OCHOBHBIE XapaKTEpPUCTHUKH
napoma MpeJicTaBleHbl B Tabmuiie 1, Ha pucyHke 1 puBeeH 3CKU3 MPOEKIUH KOPITYC.

Tabmuma 1
OCHOBHBIE XaPAKTEPUCTUKH MTACCHKUPCKOTO NMApOMa

No XapakTepucThKa En. m3m. Benmnunna

1 | Bogousmerenue T 1630
2 | Jlnuna, L M 60
3 | llupuna M 12,6
4 | Ocanka cpenHsis M 3,60
5 | Anmmkara [T M 54
6 | IIponosbHBIA pagryC HHEPLIUU MacChl M 14,2
7 | MeraueHTtprueckas BbICOTa M 1,25
8 | CobcTBeHHBIIM TIepro1 60pTOBOM Kauku, To C 7.4

Oco0eHHOCThI0 (HOPMBI HOCOBBIX OOBOJIOB PACCMATpUBAEMOTO TapoMa  SIBIISETCS
HOCOBOH OyJ1b0, TpaHIieBas KopMa, HeOObIIas 0CaIKa Ha IOBOJBHO OOJBIIOM MPOTSHKEHUN B
KOPMOBOM OKOHEYHOCTH, YTO TMPEONpEeNsieT YacToe OTOJICHHE CKYJbl M JHHUIIA CyAHA B
paiioHe Mmo30pa MpH X0/ie Ha BOIHECHHUH.

MeTpbl

o o
KBN KB
Exy E

1]

i —— VL

— \

MeTphl

Puc. 1. Dcku3 mpoekiy Kopiyca naccaKMpcKoro mapoma.
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Puc. 2. AUX BepTuKanbHOi (BBEPXY) U KMJIEBOM KAUKH MACCAKUPCKOTO TAPOMA MPH OTHOCUTEIIBHOM CKOPOCTH
xoma Fr=0.

PesynbTartel pacuéroB B Buje AUX KWwieBOM M BEPTHKAJIBHOM Kaukud Mapoma
NPUBEICHBI HA PUCYHKaX 2, 3 1 4.
2y,

- 2¢
oy fl(T) - Tg:fz(T)

5

rie h — BbICOTa BOJHEL, (i) — AMIUIUTY /1A YIJIa BOJIHOBOTO CKIIOHA; 2(, — pa3Max BEPTHKAJIBHOM
KauKu; 2\o — pa3Max KusieBoi Kauku; T — meproJi BOJHBL AHAIN3 PE3y/IbTaToOB CPABHEHUS
JAHHBIX Ha pHC. 2-4 O3BOJIAT CAENATh OYEBHIHBIE BHIBOJIBL:
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Puc. 3. AUX BepTuKanbHOIl (BBEPXY) M KMJIEBOM KAuKH MACCAKUPCKOTO TTapoma
IpU OTHOCUTENBHOM ckopocTu xoza Fr = (,26.

Jlnst cyana 6e3 xoza Bce MpOrpaMMbl pacy€Ta JaloT pe3ynbTaThl, OJIM3KUE K TaHHBIM
skcnepumenta. g uucna @pyna Fr = 0,26 pesynbrarsl pacuéra no nporpaMmmaM KBA u
CrannapTa HauOoee OIM3KU K 3KCTIEPUMEHTATbHBIM JaHHBIM.

Jlns wambonpmiero w3 wuccienoBanHbx uucen dpyma (Fr = 0.36) pacyérer mo
nporpamMaM OCT u AQWA naior 3aMeTHO 3aBBIIIEHHBIE PE3YJIbTAThI MO0 CPABHEHHUIO C
3KcnepuMeHTOM. Pacuérel mo mnporpamme KBA  yIOBIETBOPUTENBHO —COITIACYIOTCS €
AKCIIEPUMEHTOM, YTO OOYCJIOBJICHO IJIaBHBIM 00pa3oM, Y4€TOM MIHOBEHHOM CMOYEHHOM
HOBEPXHOCTH BO BCEX KOMITOHEHTAX TUAPOTMHAMUYECKUX CHUIL.
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Puc. 4. AUX BepTukaibHOI (BBEPXY) U KMIIEBON KAUKU MACCAXKUPCKOTO MapoMa
IpU OTHOCUTENBHOM ckopocTH xoaa Fr = 0,36.

Xopolee COOTBETCTBUE YISl IMPOKOTO JHana3zoHa uucen dpyna MexTy JaHHBIMU
pacuéTa Mo mporpaMme Kaukd OONBIION aMIUIMTYAbl M 3KCIEPUMEHTOM MOATBEPKAAET
NPaBIILHOCTh TMPUHATOM MareMaTUYecKOM MOJENM, M TO3BOJSIOT TPUMEHSTh €€ Ui
YUCIIEHHOTO MOJIETMPOBAHKS TMHAMUKU CYJIOB C OTHOCUTEILHO BBICOKMUMU CKOPOCTSIMH XOJIa.
Pazpabotannas mporpamma KBA, moMuMMoO Kadku, MO3BOJSET PACCUMTHIBATH MapaMeTPbl
KosebaHus Cy/Ha, KOTOpbIE HE MOTYT OBITb OINpeneseHbl Ha OCHOBE METOJOB JIMHEHHOM
Teopud. B yacTtHOCTH, mporpamMMa JaeT BO3MOXKHOCTh OLIEHUTh HECUMMETPHIO KosieOaHWi
Cy[Ha OTHOCUTEJIBHO PaBHOOObEMHOTo mnonoxeHus. Ha puc. 5 mpuBeneHsl peanusaiuu
KIWIEBOM Kauky MapoMma TpU IUIABaHUM Bpaspe3 PEryisipHoOi BoiHe ¢ jmuHoM A = 1,6 L
(mepuon T = 8 cexyHn) ¢ KpytusHou BoiHbI h/A = 1/20 u 1/100. BuaHo, uto mis gaHHOTO
Cy[Ha HECUMMETpHs KojieOaHuil cyiecTBeHHa npu kpytusHe 1/20, B To Bpemsl Kak IpH
kpyTtuste 1/100 oHa MpaKTUYEeCKH OTCYTCTBYET.

Ha puc. 6 mokazanbl pacCiuTaHHbIE 3aBUCUMOCTH O€3pa3MEepHBIX aMILIUTY ] KUJIEBON
Ka4yK{ TPy HaKIoHeHUH Ha Hoc WH/ 00 ¥ Ha kopMy WK/ 00 a Talke aMIUTUTY]l BepTHKAIBHOM
KauKd TpH norpyxeHu Cr/r u BCIibITUM (B/r cyaHA Ui pa3HOM KpyTH3HBI BOMHBL U3
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pUCYHKa CIIeyeT, UTO JUIsl mapoma Tpu JutnHe BonHbI A = 1,6 L u xpyTtusHe Bomusl h/A >1/50
HECHUMMETpHS KoJIeOaHUH CyIIECTBEHHO YBEIMYMBAETCS MO CPABHEHHIO C MOJOTMMH BOJTHAMH.
V4ér mnepemMeHHOW CMOYEHHOM TIOBEPXHOCTH TO3BOJNIMII YCTAaHOBUTH 0OJee TECHYIO
B3aUMOCBSI3b MEX/Ty Pa3IMYHbIMU BUAAMU KOJeOaHUI Cy[HA, YeM, HalpuMep, 3TO BBITEKAET
U3 JIMHEWHOW TeOpHH Ka4yKd, 4TO Ja€T BO3MOKHOCTH C ToMolbio nporpammbl KBA perarh
3a7a4u, CBA3aHHBIE C BO30YXKIEHHEM CyOrapMoHMuYeckux KkoneOaHuil. B  kauyecrse
WUTIOCTPALMK TaKOM BO3MOKHOCTHU Ha pHC. 7 MPUBE/ICHA pacCUMTaHHAs peanu3alus 00pToBOi
KayKd paccMaTpUBAaEMOIo Mapoma MpH JABIKEHUU co ckopocthio 12 y3noB (Fr = 0,26) Ha
BCTPEUHOM peryiisipHoM BosHenuu (A = 1,6 L, h/A =1/50).

), rpagyesl ¥ TREyCEL
8 1

0 T

3

&
3 3
| — iy i T "

2
BPEMA, CEKYHIE EQENT, CEKYHIE

Puc. 5. Peanu3anny KuiaeBoi Kauky MacCakUpPCKOro napoma Ipy ABUKEHUN
Ha BCTPEYHOM PETyJIApHOM BOJIHEHUHU IMHOM A = 1,6 L u xpytusHoii 1/20 (cnesa)
1 1/100 (momoxutenbHblid 1 epeHt - Ha Kopmy ).

W3 npuBeaéHHOTO pUCYHKAa BUAHO, YTO OOPTOBas Kauyka BOZHMKAET M3HAYAIHLHO C
KaXyIieicst 9acToToi BoJHBL [1o Mepe pa3BuTus OOPTOBOM Kauku €€ 4acToTa YMEHBINACTCS
(mepuoj koJieOaHUi YBEIUYMBACTCS ) M B YCTAHOBUBILIEMCS PEKUME KOJIeOaHUH TIepro,] KauKu
CyJIHa CTaHOBUTCS B 2 pa3a OoJbIlie KaXKyIerocs rneproja BomHeHus. O0001as M3I0KeHHOe
MOHO KOHCTaTupoBaTh, yTo mporpamma KBA Mo3BOJIS€T CYIIECTBEHHO PacHIMpUTh KPYyT
3a/1a4 MOPEXOAHOCTU CYJIOB, PEUICHUE KOTOPBIX BAXHO KakK Uil IIPOCKTUPOBAHUS, TaK U JUIS
AKCIUTyaTallii CyZ0B Ha YMEPEHHOM M CWJILHOM BOJHEHMH. K TakuM 3amauam, B MEPBYIO
o4yepelb ~ OTHOCATCA  pacu€rHas  OLEHKAa  MMOJBEPKEHHOCTH  CYAHA  Pa3BUTHUIO
CyOTapMOHMYECKUM KOJICOaHUN TIpH pAa3IMUHBIX pEeXUMax JBWKEHUs. BaXHbIMH C
MPAKTUYECKOM TOYKU 3PEHHUS SABJAIOTCS 3a7a4d PACUETHOTO OINPENEIICHUS BCXOKECTH CyHA
Ha BOJTHY, BOJIHOBBIX M3THOAIOIIMX MOMEHTOB Ha BEPIIIMHE U TO/IONIBE BOJIHBI, TUHAMUYECKUX
Harpy3o0K OOYCIOBJICHHBIX pa3BaloM OopTa B pailoHe NepeMeHHOW BarepauHuM. [laHHas
porpamma fo3BOJISIET IIPOBOAUTH UCCIIEA0BAHUS U3MEHEHUS OCTOMYMBOCTH HA BOJTHEHUH.
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Puc. 6. 3aBucumMocTb 6e3pazMepHbIX aMIUTUTY/]] KUJIEBOI U BEPTHKATIbHOM KauKK
napoma oT otTHomeHus A/h.
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Puc. 7. ®parment peanuzanuu OOPTOBOM KauKH CyJHA Ha BCTPEYHOM PETyJIspHOM
BostHeHuH (A = 1,6 L h/A = 150).
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. AQWA Version 5.7C Release Note.
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®OPMA IPOTOYHOMN YACTHU HATTPABJISIIOIIEN HACAJIKM,
OBECIIEYNBAIOLIAA OCJABJIEHUE
IEJEBOM KABUTAIIMM OCEBBIX HACOCOB
BOJIOJVH I0.B., k.1.H.; KPKAHCKUN A.B., k.T.H. —
Kb mopckoii texnuku «PYBUH»; BOJIOTUH ®.®., k.T.H. —
HHWUU um. akan. A.H. Kpsuiosa (1. Cankr-IletepOypr, Poccust)
neptun@ckb-rubin.ru

AHHOTALUS
B npeocmasnennoii pabome npeonacaemcs memoo 60pvOLI ¢ Wenesoll
Kasumayuell paboyux KoJiec 0Ce8blX HACOCO8 8 HANPABIAIOUel Hacadke.

BBEJAEHUE

Haumbonee pacnpocTpaHeHHBIM W3 W3BECTHBIX BUJOB KaBUTAIUH y PabOUMX
KOJICC OCEBBIX HAaCOCOB B HAITPABIIIIONIMX HACAJKaX SBJIICTCS IICCBas KaBUTAIIUS,
BO3HUKAIOIIAS B KOJIBIICBOM 3a30pe MEXY JIOMMACTAMHU W HAaIlPaBJISIONICH HAacaIKOU
OCEBOI'0 Hacoca. YKe Ha HauaJlbHOM CTaJMM BOZHUKHOBEHHUS KABUTAI[UH ITPOUCXOTUT
MOBBIIICHUE IITYMOU3ITYYCHHUS pa00UNX KOJIEC, UYTO SBIISCTCS HEXKEIATSIIbHBIM.

[IleneBas kaBuTanus pabOYMX KOJEC XapaKTEpU3yeTCs OIHUM OOIIUM
CBOWMCTBOM: OHA BOBHHKACT PaHbIIC, YEM KaBUTAIIMS KOHIICBBIX BUXpEH Ha JIOMACTSIX
OTKPBITBIX TPeOHBIX BHHTOB. OOBSICHAETCS 3TO, B OCHOBHOM, BBICOKHMMH IIO
CPaBHCHHUIO C TPEOHBIMM BHHTAaMH 3HAUYCHHAMH Kod(dduimeHTa ymopa pabodmx
KOJIEC, YTO MMPUBOJMT K PAaHHEMY BOSHHKHOBCHHIO ITICJICBON KaBUTAIIMH.

B Hacrosiee BpeMsi M3BECTHBI CICAYIOIIME METOABI OOpPHOBI C IIEJIECBOM
KaBHTAIMCH pabOYnX KOJIEC OCEBBIX HACOCOB:

1. yMeHBIICHUE TEXHOJOTHYECKOTO 3a30pa MEX Ay TOPIIOM JIOITACTH M CTEHKOU
BOJIOITPOTOYHOTrO KaHaJa,

2. ycTaHOBKa KOJIbIIEBOM oOevaiiku (0aH aXka) Ha KOHIIaX JIOMAacTe;

3. pasrpy3ka KOHIIEBBIX CEUEHUI JIOMACTEN.

Kaxp1ii U3 METOI0B UMEET HEJJOCTATKH:

-YMEHBIIICHUEM 3a30pa, KaK MoKa3aia MpakTHKa, 0COOCHHO OOJIBIINX YCIEXOB
JIOCTUYL HE yIaeTcs, K TOMY K€ HMMCIOTCS TEXHOJIOTMYCCKHE OTPaHWYCHHUS I10
YMEHBIIICHHUIO 33a30Pa;

-IpUMEHeHHe OaHaka MPUBOAUT K CYIIECTBCHHBIM ITOTEPSAM DHEPTrUU HA €ro
BpalllCHHE.

[Ipennmaraemelii HUXE CIIOco0 OOpPHOBI C INEJICBOM KaBHUTAIMECH SBIISCTCS
MonuUKaIMe TPEeThero METOJa, a WMEHHO: PEKOMEHIYETCS OJHOBPEMEHHO C
pasrpy3Kol KOHIIEBBIX CEYCHUU JiomacTell pabouero Kojeca ONTUMHU3HPOBATh (hOpMY
BOJIONIPOTOYHOM YaCTH HACAJIKU B PailOHE KOHIIEBBIX CEUCHUI JIOMacTeH.

PE3YJIbTATHI HCCJIEJTOBAHUN

N3BecTHO, 4YTO Ha KaBHTAIIMOHHBIC XapaKTEPUCTUKH OCEBOr0 Hacoca
3HAYUTEIBHOC BIIMSHHUE OKAa3bIBAaCT paCIIMPEHUE HampaBisionieil Hacagku. Ha
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pucynke | mpuBeIeHbl XapaKTEpHbIE 3aBUCUMOCTH BIUSHUS KO3PUIIMEHTA
paclIMpeHuss HacaJKu Ha TUIPOAMHAMUYECKHE XAPAKTEPUCTUKH PaBHOYIOPHOIO
Hacoca. Ha pucyHke 1 B SBHOM BHJI€ IIPOCIIEKUBACTCS CIEAYIOIIas 3aBUCUMOCTD: C
yMEHbIlIEHHEM Kod(dduuuenta pacmmpeHuss Hacagku () TPOUCXOAUT MaJleHHe
KaBUTALIMOHHBIX KA4eCTB.

1,06
o
o, 1,05 ™~

1.04 \\

1,03 \
1,02 \

1,01 \\

1,00

0,99 B
0,95 1 1,05 1,1 1,15 12 1,25

Puc. 1

ITo pe3ynbpraTaM MpoOeKTHUPOBAHUS pabOYEro Kojieca B HACaKEe CTaHIapTHOIO
BHJA OMNPEACIAIOTCS TEOMETPUYECKUE XapaKTEPUCTUKU pabodero Kkojeca W
BBIOMpaeTcs kKodpduimeHt pacmpenus Hacaaku ¢ Hamnydmumu KIIJ na pabouem
pPEXKMME U KaBUTAIMOHHBIMU XapaKTEPUCTUKAMM.

[To maHHBIM, TIPUBEACHHBIM B paboTe [1], OCeBbIe MHIYKTUBHBIE CKOPOCTH B
3a30pe MEXAY aKTMBHBIM JTUCKOM W HACaJKOW IO CPABHEHHUIO C OTKPBITHIM JHUCKOM
HAa COOTBETCTBYIOIIMX paguMycax YBEJIUYUBAIOTCSA, UYTO NPUBOJUT K YCUICHUIO
«BO3BPATHOIO TEUEHUSD B 3a30PE.

Ha koHnax jponacreil BOSHUKAIOT OTPUIIATEIbHBIC 3HAYEHUSI OCEBOM CKOPOCTHU
MOTOKa, YTO TMpPU MPOSKTUPOBAHMU pabodyero Kojeca MOXKET TMPUBECTH K
OTpUIIATEIIbHBIM 3HAYECHUAM IIAaroBOTO yrijia Ha KoHIax Jonacted. OgHako, Takoe
KOHCTPYKTUBHOE PEIICHUE OCYIIECTBISTh HE CTOMT, TaK Kak OHO MNPUBOAUT K
CIOXKHOM (QopMe KOHIIA JIOMACTM W  MOXET VYXYAIIUTh KaBUTAIIMOHHBIC
XapaKTEPUCTUKU JaXe MPU HE3HAYUTEIbHBIX OTKJIOHEHUSIX OT PACUYETHOrO peKUMa
O0O0TEeKaHUHI.

[Ipu cymecTByromieit popme MPOTOYHON YaCTH COBPEMEHHBIX HalpaBJIsSIOMIUX
HAaCaJ0K, XapaKTepU3yeMOW IUWIMHIPUYECKOW ITOBEPXHOCTHIO B PAMOHE JIONMACTEU
pabouero koseca yCTpaHCHHE IIIEJIEBOM KaBUTAIlMM HATAJIKUBACTCs Ha OOJbIINE
TpyaHoctH. B oOecrieuenune ocnabieHUs BO3HHUKAIOIIEH B 3a30pe  IIEJIEBOM
KaBUTAIIUA MPOBOJUTCS ONTUMHU3AIMS BOJOMPOTOUYHOM YaCTH HACAIKU U T€OMETPUU
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pabouero koJjeca.

Ecmu odhopmMuTh mpoTOYHYIO YacTh HACAJKU COOTBETCTBYIOIIMM 00pa3zoM, TO
MOXKHO JIOCTUTHYTH 3((EeKTa YCKOPEHHUs MOTOKA B 3a30p€ M CO37aTh YCJIOBHS JJIS
00TEeKaHUs KOHIIEBBIX CEYEHUM Jomacre pabouero koieca, aHaJOTUYHBIC TEM, YTO
UMEIOTCS Y OTKPBITBIX JABMIKUTENCH, YTO IO3BOJUT OCJIA0UTh WA YCTPAHUTH
MOJIHOCTBIO LIEJNEBYIO KaBUTAIIHIO.

\/g 0,90
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N ~
= ~ I ___________________ a
0,80 \ i cTaHgapTHas
’ \ SS
0,75 N o~
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|
|
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— |
N |
\ N | ===~ onTMMN3MpPOBaHHas
0,70 :

\_,_ o |
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0,60
0,30 040 050 060 070 080 090 J

Puc. 2

s obecniedeHuss OTMEUEHHOro 3P¢deKTa yCKOPEHHUsI 0OCEBOr0 MOTOKAa B 30HE
KOHIIOB JionacTe (opMa MpOTOYHOM YacTH B HOC M KOPMY OT IJIOCKOCTH JUCKa
paboudero kosieca MPUHUMAETCS KOHUYECKOW C YIJIOM HAaKIJIOHA, OMpPEICSIEHHBIM B
pe3yibTare psga COBMECTHBIX C KOHTYpOM JIomactu TmpopucoBok. KopmoBas
OKOHEYHOCTh [IJI1 MPEAOTBPAIICHUS OTPHIBOB BBIOMPACTCA C YyYE€TOM TOTO, UYTOOBI
yroJj KoHyca, Xxapaktepusyromuit 1uddy3opraocts He npesbiman 7°. KoadduueHTs
pacIIMpeHus U pPacTBOpa HAINPaBJISIONIEH HACAIKK ISl BApUaHTOB CO CTaHIAApPTHOU U
C ONITUMHU3UPOBAHHOM (HOPMOI KaHAJIa TPUHUMAIHUCH PABHBIMHU.

[IpoexkTupoBanue  HOBOro  pabodero  Kkojieca  NPUMEHHUTEIBHO K
ONTUMHU3UPOBAHHOHN (POpME BOIONPOTOUHOrO KaHala BEIETCS MYTEM KOPPEKTUPOBKH
1mara, KpuBU3HBI M ()OPMBI JlonacTed u3 ycioBusi odecrnedenust HauBwicero KIT u
ocnabjieHusT 1IEeJeBOM KaBUTAIlMM TIPU  YCIOBUM COIJIacCOBaHUS paboOThl ¢
DHEPreTUYECKOM  YCTAHOBKOM C  y4eTOM  pe3yJbTaroB, TMOJYYCHHBIX TIpH
MPOEKTUPOBAHUU PabOYEro Kojeca B HacaJKe CTaHJapTHOIO TUIIA.

JlomyiieHusi, MCHOJBb30BAHHBIC TMPU MPOSKTUPOBAHUU OBUIM TPOBEPEHBI
OIBITHBIM MTyTE€M Ha MOJIETbHOM SKCIEPUMEHTE (PUCYHOK 2).

Takum oOpa3om, pa3paboTaHHas ONTHUMH3ALMS BOJAONPOTOYHOM dYacTu
HacajKu, TPOBEJEHHAs C OJHOBPEMEHHOW KOPPEKTHPOBKOW I1ara, KPUBU3HBI M
dbopmbl JomacTeil pabouero Koseca MO3BOJMIIA MOJTHOCTBIO YCTPAHUTH IIENEBYIO
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KaBUTALMIO B 00Jiee MIMPOKOM JMana3oHe OTHOCUTEIBHBIX MOCTYIEH, YeM 3TO ObLIO
JUIL HACOCA CO CTaHJAPTHOM BOAONPOTOYHOM YaCTHIO.

SAKVIFOYEHUE

[IpennoxkeH MeTox ONTHUMH3AllMM BOJOIPOTOYHOM YacTH HACaAKUd IIpU
OJTHOBPEMEHHOW KOPPEKTHPOBKE Iara, KpUBU3HBI M (OPMBI Jomacted padodero
KoJieca, MO3BOJIAIOLINI 0Cc1a0UTh WM MOJHOCTBIO YCTPAHUTh ILEIEBYIO KaBUTALUIO B
IIMPOKOM JIMara30HEe OTHOCUTEIbHBIX MTOCTYIIEH.

JUTEPATYPA
1. 1. Kroxenpbman, M.Bebep. Aspoannamuka aBualimoOHHbIX apurareneii. M., NUJI,
1956r.
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IMAPAJTOKC 3AJTHEH KPOMKH KPBLIA
N MMOCTYJAT XKYKOBCKOI'O
I"OPEJIOB I.H., n.1.1., mpodeccop —
Owmckuit pumman Uuacruryra maremaruku um. CJI. CoboneBa CO PAH
(r. Omck, Poccus)
gorelov(@ofim.oscsbrac.ru

AHHOTALUS

Hccnedosana acumnmomurxa mouHo20 peutenus 3a0adu oomexaHus npopuis
MemoOOM  KOHPOPMHBIX OMOOpaAdMCEeHUNl 8 OKPeCMHOCMU 3a0Hell  KPOMKU.
Yemanosneno, umo 6 ciyyae yeno6ou KpomKu npedeiibHoe peuienue 01 CKOpoCcmu u
YVCKOPEHUS HCUOKOCMU He nepexooum 8 coomeemcmeyioujee peuterue 0ist Rpohuis ¢
OCMpoll KpOMKOU. Dmom napadoxc YCMpaHsemcs KOPpeKmuposKou nocmyiama
JKyKosckozo nymem 10KAIbHOU 3aMeHbl Y2l080U 3a0Hell KPOMKU HA OCMPYIO.

BBEJIEHUE

[Tapamokcsl — HeU30€KHbIE CITYTHUKH MareMaruieckoro MmojaearupoBanus. OHu
BBISIBJISIIOT OOJIBHBIE TOUKH M TPAHUIbl IPUMEHEHUS MOJIeN . B Teopun Kpblia oJHUM
U3 TapaZOKCOB SBJIIETCS MApagoOKC yYrJIOBOW 3agHEM KpPOMKM Kpbuia. B
CTAIlMOHAPHOM MOTEHIIMAILHOM MOTOKE 3TOT MapajgoKC MPOSBISIETCS B TOM, YTO B
TOYHOM pEIIEHUHU 337aul 00TEeKaHUs MPOQPUIs C YrIOBOM KPOMKON CKOPOCThH B 3TOM
KPOMKE paBHa HYJIO JUIsl CKOJIb YTOJTHO MAJIoro yrila, TOrAa Kak COOTBETCTBYIOIIEE
pellieHre B OCTpPOM KpOMKe (TOYKEe BO3Bpara) OTIMYHO OT HYJSA. AHaAJIOTWYHBIHI
napajokc MMeeT MECTO U B HECTallMOHapHOM moToke. [lapagokc yrioBol KpoMmKu
MOKHO YCTPAaHUTb, €CJIH NMPOBECTU KOPPEKTUPOBKY MocTyara JKyKoBCKOro.

[Tocrynar JXKykoBckOro gojirue rojsl ObLT MPEAMETOM OCTPBIX AUCKYCCHH.
Monenb TedeHUsT UICATbHON >KUAKOCTH C KOHEYHBIMH CKOPOCTSIMH Ha OCTPbIX
KpOMKax KoHTypa npumensiiack . I'enbmroinbiem (1868) u I'. Kupxrohdom (1876)
IpU UCCIIEOBAaHUU CTPYHHBIX TeueHu. B pamkax Toit sxe moxemu 1. Paneit (1876)
ONpeAeNni JaBJeHUE TMOTOKAa Ha IUIACTUHKY, OOTEKaeMylo C OTPBIBOM CTpYH.
CymiecTBeHHBIN BKIag B popmupoBanue nocrynara BHecaun B. Kyrra (1902) u C.A.
Yarmieirus (1910), koTopsie ucciaenoBain 0€30TPhIBHOE 00TEKaHUE KPUBOJIUHEHHOTO
KOHTYpa C KOHEYHOM CKOpPOCTBIO MOTOKa B 33JHEH KpPOMKE C BBIYHMCICHHUEM
TUAPOMHAMUYECKUX CUJI. 3akiounTensHblid mar Obut caenad H.E. XKykoBckum. B
pabore «I'eomerpuueckue uccienoBanus o TeueHnu Kyrra»y (1911) on nman crmoco6
OIpEAeNICHUs] IUPKYIALUN CKOPOCTH BOKPYT HPOU3BOJIBHOIO MpOQuUis ¢ OCTpon
KPOMKOH IIpHU YCIOBHH, UTO CKOPOCTh B 3TOM KPOMKE OcTaeTcs KoHeuHou. Panee, B
1906 r., uM ObLIa yCTaHOBJEHA CBSI3b MEXKAY LUPKYISUEH CKOPOCTH U CYyMMapHOn
TUAPOIMHAMUYECKON CUJION, JEHCTBYIOMIEH Ha MPO(GUITL CO CTOPOHBI )KUIKOCTH.

MMOJIE CKOPOCTH B OKPECTHOCTH 3AJTHEM KPOMKHA

AHanu3 Te4YeHUs B OKPECTHOCTH 3aJHE KPOMKH YAOOHO TPOBOAMUTH C
MOMOIIBI0 METOAa KOH(POPMHBIX O0TOOpaskeHUi. [{1s1 3TOoro paccMoTpuM B IJIIOCKOCTH
KOMIIIEKCHOTO TiepeMenHoro 2~ **+% xouryp mpoduns L, koropslii ofTekaercs

MNOTCHHHAJIBHBIM CTAIUOHAPHBIM IIOTOKOM C KOMIIJICKCHOM CKOPOCTBIO Vo B
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OECKOHEYHO  yJaJeHHOW  Touke. BBegem  BcmoMorareiapHyr0 — IJIOCKOCTh
KOMILJIEKCHOTO TIEPEMEHHOTO ¢ =+l y B Heil KpYr paguyca R, KOHTYp KOTOpOTO
K ompenensiercs ypaBHEHUEM |6 F R O6nacts TeueHHs KUIKOCTH BHE KoHTypa L

oGo3HaunM depe3 D, a obmacts BHe kpyra — 21 (puc. 1). ITycrs aHammMTHYECKas

D

byHKIUS Z 1) npeodpazyer obsacte ~1 B 00sacth D TakuM 00pa3oM, 4TO TOUKH

KOHTypa K mepexomsr B TOUKM KOHTypa L, OeCKOHEUHO ymaieHHas TOYKa §=
MepeXoIUT B OECKOHEYHO YJAJCHHYIO TOUKY Z = % IpHYEM

lim argd = lim argz, lim —Z:k>0
g > Z—>® | £ |—> o ¢ 1)

Puc. 1. Konpopmuoe orobpakenue npodusist Ha KpyT.

[Ipu BeIMosHeHUU ycnoBuit (1) B cooTBeTCTBUU C TeopeMmod Pumana o
KOH(QOPMHOM OTOOpaKEHUH Takas aHATUTHYecKast (QYHKIUS CYIIECTBYET U SBJISICTCS

equHCTBeHHON. CylIeCTBYET M 00paTHOE MpPeoOpa3oBaHKe ¢ =F(2). 0003HaYNM
uepes w(z),V(2) gommexcHbI HOTEHIUAT M KOMIUIEKCHYIO CKOPOCTh TEYEHHS

KUJKOCTH BOKPYI KOHTypa L B mnockoctn Z, a WELV(E) . kommuexcusii
NOTEHIIMAT M KOMIUIEKCHYIO CKOPOCTh TEUYEHHUsI BOKPYr Kpyra. OTH (QyHKUHH
CBSI3aHbl COOTHOILLIEHUSIMU

w(z) =w(f () =W ({),
. _aw(z) daw({)dd - 1
Y@= T a & S wac @

KommniekcHass  CKOpOCTb  paccMarpuBacMOro TEUYEHHS BOKPYT  Kpyra
omnpenensercs Gpopmymnon

_ kR 1
V kv ———+——,
(&) =khkv, o T mc o

v =v |e”

rne 1 — IAPKYIISIITUS CKOPOCTH,
®opmynsl (2), (3) MO3BOJISIOT ACTAIbHO HCCIEAOBATh TEYEHUE KUIKOCTH B

. o . . Z
MaJIOn OKPCCTHOCTH 3aJHCU KPOMKH KOHTYpa L, 3aaaBacMOMu KOOpPAHHATOH B,

194



L z o
VYron Mexy KacaTeabHBIMU K KOHTYPY 4 B Touke ~# o0o3HauuM yepe3 O (puc. 1).
3nauenne O # 0 COOTBETCTBYET YIJIOBOM 3aHEH KpoMKe mpoduiis, a 6=0 OCTPOM.

B ciyuae O#*T HapyluiaeTcsi KOHQOPMHOCTh OTOOpPKEHUSI MaJloll OKPECTHOCTHU
z

z
TOYKH é/B B OKPECTHOCTh TOYKH £, TaK KakK B TOYKax B, B HC COXPaHAIOTCA YIJIbI

MCKOY OTO6pa)KaeMBIMI/I KPHBbLIMU. B cooTBeTCTBUU C 3TUM q)YHKI_[I/ISI z= f(g) B

MaJion OKPCCTHOCTH TOYKHU CB HOJDKHA UMCTDH PA3JIOKCHHUC BUIA

z—z, =MR(¢/R-¢,IR)PF O,

rae M - Hekoropast 6e3pa3MepHasi OCTOsIHHAS, @ MHOTOTOYMEM 0003HAYEHbI BEJIMUUHBI
0oJ1ee BBICOKOTro nopsaka Majoctu. Orcroga npi |& - &l << R

dz :271—5M(£_g)1_5/ﬂ i

Brersicaum TCIICPb MMOBCACHUC KOMIIJICKCHBIX CKOpOCTCfI V(g),V(Z) B Majou

OKPECTHOCTH TO‘IKI/I S, , CIenys pa60Te [1]. U3 (2)-(4) umeem, uto nipu |§ - Ep| << R

1 1 2
E—[;——g—(? ¢+ E(év—/;g) +..,

1 1 2
C_ ; C ?(C—CB) +...,

V()= )+ 2"?” S Dyl
MR EC)

2m

"= el €G- (R

DRGSR G Syeorn],

HpI/IBCI[eHHBIC q)OpMy.HBI MMO3BOJIAIOT BBIYHUCIINTE CKOPOCTH JKUJAKOCTHU B 3aI[HeI>i

ceey

KpOMKe Hpoduiisi (TOYKE zp) MyTEM MPEACIBHOIO MEepexoaa & _>§B. IIpu sTom
BO3MOXXHBI ~J[Ba BapHaHTa: re)=0 y V(G,)=0 g IIEPBOM  CIIy4yae

v(z,)=V(C,)/M npu O=T y 17(23):00 npu 0<0<7. Bo BTOPOM

ciIydac, Koraa 4 (53) =0 , KOMIIJICKCHAsA CKOPOCTH KUJIKOCTHU B OKPCCTHOCTHU 3aHeH

KPOMKH NTpOQuIIs B nepBOM NpUOJIMKEHUU paBHA: TIPU 0 #0

R LG el G A

(2 (5)
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anpn5:O

o _ R 2R T [ _3kvRyE ¢,
V(Z)_ch;;[( c 27Ti)+(2m' ‘ )(R R)]'

B

(6)
[lepexons B (5), (6) k mpeneny C — 53 , TIOJTyYUM
v(z,)=0 ., 50,
R (2kv R2 r
7z =56
g, mpu © =0, (7)

Takum obpazom, ecnu Touka 53 Ha OKPYXKHOCTH HE SIBJISICTCSI KPUTUUECKOH,
o . o o z
TO B COOTBETCTBYIOIIEH €M OCTpOW WJIM YIJIOBOM KpoMKe mpoduis (Touke 5)

CKOPOCTh JKMJKOCTH TpUHHUMAEeT OECKOHEUHbIe 3HaueHusa. Eciu ke Touka 53
SIBJISICTCSL KPUTUYECKOM, TO CKOPOCTH KHUJKOCTH B 3aJIHEH KpOMKe TTpoduis Il BCeX
TUTIOB KPOMOK OCTaeTCs KOHEUHOU. B peasibHOM MOTOKE CKOPOCTh KUIKOCTU MOXKET
MPUHUMATh TOJIBKO KOHEYHBIC 3HaueHUsA. [loaTOMy ecrecTBeHHO TpeOoBaTh, YTOOHI B
paccMaTpuBacMoON MaTeMaTU4ecKoW MOAECIU UICaTbHOM KHUIKOCTH CKOPOCTh B
3agHel Kpomke mnpoduis ocTaBalach KOHEYHOW. DTO TpeOOBaHHE COCTABISAET
comepxkanue Tmocrynara JKykoBckoro. IlonmokeHue KpUTHYECKOW TOYKH Ha
OKPY’KHOCTHU TOJHOCTBIO ONpelessieTcd UUpKylsuuend ckopoctu. TpebGoBaHue

V (gg) = BBITIOJIHACTCS IIPHU

[ =2mk(v.(,-v.C,)=—4mkR v, |sin(@—6,). g

3nech CB /R= eXp(l 90),1)00 :| v | exp(za). ®dopmyna (8) uzBectHa [2] u
orpenesieT UHUPKYIIUI0 CKOPOCTH s TPOu3BOJbHOrO mpoduist. Cremyer
OTMETUTh, YTO /IS BBIUUCICHHUS LHUPKYJSIIUM CKOPOCTH BOKPYT mpoduiis
JOCTaTOYHO YCIIOBHS OIPAaHMYEHHOCTH CKOPOCTH KUIAKOCTH B 33 JHEH KPOMKE, a CaMO
3HAYCHHE CKOPOCTHU B 3TON KPOMKE HE UTPACT POJIH.

Bepuemcs k popmyine (7). C yuetom (8) umeem:

v(z,)=0 .50,

klv | 2i0

v(z,) = Le *cos(a —0)

npu 0=0, 9)

Otcrona cienyer, 4TO MpU JIFOOOM 3HAYCHHUU o0#0 CKOPOCTh >KHIKOCTH B

3a7HeN KpOMKE paBHA HYIIO, TOrAa Kak Mpu 0 =0 5 CKOpPOCTh B 00ILIEM Cilydae
OTAMYHA OT HyasA. VHaue roBops, pelleHHWe KpaeBOW 3aJayd CTalMOHAPHOIO
oOTekaHus mpodpuis ¢ YrioBOoM KPOMKOHM HE NEPEeXOAUT B COOTBETCTBYIOIIEE
pelLeHue B NIPEAETIBHOM ClIydae OCTpO KPOMKHU. B 3TOM M cocTOUT mapajokc 3aaHen
KPOMKHM npoduis. [y MUTI0CTpalMy 3TOro Mapajokca Ha pUc. 2 NPUBEJEH pacuer
MOJIYJIsl CKOPOCTH XHUJKOCTU B TOYKaX cuMMeTpuyHoro npoduis Kapmana-Tpedrua
C YIVIOBOW KPOMKOH, AJii KOTOPOrO HU3BECTHO KOH(POpPMHOE OTOOpakeHuE Ha
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OKPY>KHOCTb (ITpY 3HAUEHUU YTJia 0=0 npoduibs Kapmana-TpedTiia nepexoaur B

npoduias XKykockoro). Orivune pacueTHBIX JaHHBIX IS 0 = 0,00 u0=0
MIPOSIBIISICTCS TPAKTUYECKU TOJIBKO B 3aHEN KpOMKE. 3HAaUEHUE CKOPOCTH KUJKOCTH

B OJTOH KpoMmKe, ompenensemoe 1o Qopmyne (9), npu 0 =0 nomocrsio
corjacyercs C pachnpeielieHHeM CKOPOCTH Mo Mpoduiio, TOrjAa Kak HYJIEBOe

o = 09001 HE UMeeT (GU3UIECKOT0 CMBICTIA.

10 % npoduna Kapmana-Tpedtia as 0 = 0,001 u0=0 npu & = 100.

[IpuBeneHHBII MPUMEP HArSITHO WILTIOCTPUPYET MapaJoKC YriIoBOH KPOMKH.
OOBSACHUTH OTOT MAPAJOKC MOXXHO TEM, UYTO MOJCIb HJCATBHONW JKHUJIKOCTH
JIOMTyCKaeT W3JI0M JIMHWM TOKa B OKPECTHOCTH YIJOBOW KPOMKH, TOrja Kak B
peTbHOM TTOTOKE IO/ JICHCTBUEM CHJI BS3KOTO TPEHHUS JIMHUHM TOKA, CXOMSIINE C
KOHTypa, OOTEKAarT YIrJIOBYIO KPOMKY IUIaBHO, KaK oOCTpyro. Takum oOpa3om,
MapagoKC YrjoBOW KPOMKH MOXHO YCTPaHHUTB, €CIIM YIJIOBYIHO KPOMKY JIOKaJbHO
3aMCHHTH OCTPOH. B COOTBETCTBUU C ATHIM B Ciydae OOTeKaHHs MPO(UIIL ¢ yrioBon
KpOMKOH TmocTyiar JKYKOBCKOTO CIEAyeT MPUMEHSTh TIPU JIOTOJHUTEIHHOM
MIPEAMOIOKEHNH, YTO 3Ta KPOMKa sBJISIeTCsl ocTpoir. OTMETHM, YTO B OOJILITUHCTBE
MPAKTUYCCKUX pacdeToB oOTeKaHHWS Mpoduis moctyaar JXyKOBCKOTO 3aMEHSETCS
TpeOOBaHWEM pAaBEHCTBA CKOPOCTEH Ha BEpXHEHW W HIDKHEH CTOpPOHAaX KOHTYpa
npoduJii B OKPECTHOCTH 3aJHEH KPOMKH, YTO COOTBETCTBYET 3aMCHE YIJIOBOM
KPOMKH Ha OCTPYIO. AHAJIOTWYHBIM ITapaJloKC YIII0BOH KPOMKH HMEET MECTO U B
HECTallMOHapHOM NOTOoKe [3].

3HAYCHUC CKOPOCTHU JIA

|v/v ||
. 5=0
| o0 =0,001
L /b
N 4
0 0.5 1

Puc. 2. Pacnipenenenne Mo1yJisi CKOPOCTH IO KOHTYPY CUMMETPUYHOTO

JIUTEPATYPA

1. Topenor JI.H. MeTonsl perieHus IMIOCKUX KPaeBbIX 3ajad TEOpUs KpbUia. —
HoBocubupck: U3n.-so CO PAH, 2000. — 215 c.

2. Kounn H.E., Ku6ens 1U.A., Poze H.B. Teopetuueckas runpomexanuka. Y.1, --
M.: ®MI, 1963. - 583 c.

3. T'openo JI.H. Ilapamokc yrioBoil KpOMKH MNpoQuisi B HECTalMOHAPHOM
notoke// IIMT® — 2002.—T. 43. -- Ne 1. — C. 45-51.
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YYET BJIMAHUSA CKOPOCTHU XOJA HA JTEMII®OUPYIOLIUE
CWJIbI IPU ITPOJOJIBHOM KAYKE BBICTPOXOJHBIX CYJIOB
NIIKOB B.B., aciupant — IMKDB «Anmasy;

KPBDKEBUNY I'.b., n.1.H. — [IHWUU um. akan. A.H. Kpsinosa,
(Poccus, Canxr-IlerepOypr)
ishkovv(@yandex.ru

AHHOTAIU S

B pabome onucwvisaemcs memoo pacuema npooOOabHOU KAyKu ObICMPOXOOHLIX
CY008 HA BOJHEHUU C YYemoM OCOOeHHOCMel 0OMeKaHus 020Js0ue20cs mpanya u
NPUBOOSMCS Pe3VIbMAmbl €20 OYeHKU HA OCHOBe MOOETbHbIX UCHbIMAHULL 8 ONbIINOBOM
baccetine.

BBEJAEHUE

Knaccuduxanust cun, ASHCTBYIONMX Ha CYAHO, JBUXKYIIEECS B IMEPEXOTHOM
peKMME Ha BOJHEHWH, Takas ke, KaK W JJI1 OOBMHOIO BOJIOM3MEIIAIOIIETO CY/HA.
OnHako, Mo Mepe PocTa CKOPOCTH XO/a, U3MEHSETCS] COOTHOIICHUE MEXKITY Pa3JIMUHbIMU
KOMIIOHEHTaMU cujl. B Bomom3MmemaromemM pexuMme amILUMTYAbl THIPOCTaTUYeCKUX
BOCCTAaHABJIMBAIOIIMX W THAPOJMHAMHUYECKUX WHEPIMOHHBIX CHJI, Kak IPaBUIIO,
3HAUUTENBHO OOJbIlle aMIUMTYJ CHJI THUIPOAMHAMUYECKOro AeMiipupoBaHus, a B
BO3MYIIAIONMX CHJIaX MpeolsanacT TJaBHAs KpPBUIOBCKas cocraiisitomias. [lo mepe
pocra CKOpOCTH Xofa JOJsl TUAPOIMHAMUYECKUX JACMI(PUPYIOIIMX CHI |
TU(PPaKITMOHHON YacTh BO3MYIIAIOIIMX CHJI BO3pacTaeT. B CBsI3M ¢ 3TUM Ipu pacuerax
Ka4KM CYJIOB TEPEXOIHOTO peXMMa JBIKEHUS BO3HHUKAET HEOOXOMUMMOCTh MX OoJee
TIIATEJIFHOM OIIGHKM C YYE€TOM CKOpPOCTM Xoia cyaHa. J[ims ydera ocoOeHHocTen
00TeKaHWs TpaHIla CyJHa MEePEeXOJHOro peKMMa JBHKEHHS B pabote [1] mpemyiokeHa
METOMKA  ONpEACNCHUS] TUAPOIUHAMUYECKUX CHJI  TOTCHUUAIBHOM  MPUPOIBI,
BO3HHMKAIOIIMX IMPU KauKe TAaKOro CyIHA, JUIsI CITy4dasi €ro JBUKESHU S Ha THXOU BOJIE.

Meroauka ompenerneHuss TJABHBIX W JU(PPAKIMOHHBIX  COCTaBJSIFOIIMX
BO3MYIIAIOIIECH CHUJTBI 1 MOMEHTA PU MPOOJIBHON KauKe OOBIMHOTO BOIOM3MEIIIAIOIIIECTO
Cy/Ha u3j10keHa B padore [5]. B pabore [2] Ha OCHOBaHMM METOIUKH, MPEAJIOKEHHON B
pabote [5] myst OOBIMHOIO BOAOM3MEIIAIOIIETO Cy[IHA, pellieHa 3ajada OIpeleIeHuUs
TUQPPAKIIMOHHBIX COCTABISIONIMX BO3MYIIAIOMICH CHJIBI W MOMEHTa JUIsl CY/HA,
JIBIDKYILIETOCS. Ha BOJHEHUHM B TIEPEXOJHOM PEXHMME C OrojieHHWeM TpaHIla. I JiaBHbIe
COCTaBJISIFOIIME B JAHHOM CITydae MOXKHO PaCCUMTBIBATH MO METOIUKAM, Pa3paboTaHHbIM
JUTs1 OOBIYHBIX BOJOM3MEIAIONMX cy0B. Taioke B padote [2] mpuBeaeHbl (PopMyIibl s
pacuera ruIpOTMHAMUYECKUX CHJI, IEHCTBYIOIIMX HA CYJHO HAa TUXON BOJIE, OHAKO OHU
coZiepKar psii HETOUHOCTEH.

B Hacrosieili pabore BBIIOMHEH pacyeT XapaKTePUCTUK KauyKu OBICTPOXOIHOIO
Karepa C TPaHIEBOW KOPMOM, ABIDKYILIETOCS Ha BOJHEHHMHM B TIEPEXOIHOM PEKUME
JBIDKEHUSI C OrOJICHHWEM TpaHIla, W COMOCTABJICHHE TIOMYYCHHBIX PE3YyJIbTaToOB C
UMCIOIUMUCS  AKCIEPUMEHTAIBHBIMA ~ JaHHBIMU. [Ipu  3TOM i1 BBIUUCIICHUS
TUJIPOAMHAMUYECKUX CUJI TTOTCHIIMATLHOW TTPUPOIBI, OMPEACISIIONIMX KauKy Karepa mpu
€ro JIBM)KCHUHM Ha TUXOW BOJE, MCIIOJb30BaHA METOMIMKa, MpemyiokeHHas B [1], mms
BBIUUCIICHUS JU(DPAKIIMOHHON COCTaBIIIIONIEH BO3MYILIAIOIIMX CHUJT — METOMAMKA,
paspaboranHast B [2]. ['71aBHBIC YacTH BO3MYIIAIOIIEH CHJIBI U MOMEHTA BBIYUCIICHBI 110
METOJIUKE, UCITOIB3YyEMOM ISl OOBIYHBIX BOJIOM3MEIIAOIIX CY/IOB.

JIOMOHUTENTBFHO PACCMOTPEHAa BO3MOXKHOCTh Y4€Ta B JIMHEHHOM MPHOJIMKEHUN
CHJI BS3KOCTHOM TIPUPOJBI, JEHCTBYIOIIMX HA Kayarolleecss CYIHO CO CTOPOHBI

198



MOrpaHu4HoOro cnos. IIpu 3ToM HCHonb30BaHa METOAMKA, NpenioxeHHas B [4]. Llens
HacTose paboThl — OIEHUTh METOJMKY pacuera XapakKTEepUCTUK Kaukd CyJaHa
MEPEXOTHOr0 PEeKMMa JIBUKEHUS, BIKYLIETOCS] HA BOJIHEHUHU C OTOJICHMEM TpaHIla, Ha
OCHOBE UMEIOIIMXCS SKCIEPUMEH TAIHBIX JAHHBIX.

CUCTEMA YPABHEHUM HPOJIOJII)HOI/I KAYKHU

Kak wu3BecTHO, mpu JMHEHHOW TMOCTAHOBKE 3a/laud JJIsI CUMMETPUYHOIO
OTHOCHUTEJIbHO JMAMETPAIbHOM IJIOCKOCTH CyJIHA OTCYTCTBYET B3aMMHOE BIHMSHHE
MONEPEYHbIX W MPOAOJBHBIX BUJIOB Kaukh. B 3TOM ciydae cucremMa ypaBHEHMH,
ONMCHIBAIONIMX KAYKY CY/IHA, paclaiaeTcs Ha JABE TPYIITbL:

1) cucrema ypaBHEHWIl Uil TONEPEYHBIX COCTABJIONMIMX —  IMOMEPEeYHO-

TOpU3OHTANIbHAs, OOPTOBAs KAUKa U PHICKAHUE,

2) cucreMa ypaBHEHH JIsi MPOJOJIBHBIX COCTABISIIOIIMX — BEPTUKAIbHAS, KUJIEBas U

MPOJOJILHO-TOPU3OHTATIbHAS KAuKa.

Ecnmi nomoiaHuTeNnsHO TPEanoiIoKUTh, YTO CYIHO HMMEET JUIMHHBIA KOpIyC ¢
OCTphIMU OOBOZAMH, TO MOXHO IOKa3aTh, YTO MMAPOAMHAMUYECKHE CHIIbI, CBS3aHHBIE C
MPOJIOJIHO-TOPU3OHTATIBHBIMU TEPEMEIICHUSIMU, CYILIECTBEHHO MEHBIIIE CHJI, CBSI3aHHBIX
C MepPEeMELICHUSIMHI TI0 APYTUM IISITH CTETEHSIM CBOOOJBI, U MPOJIO0IbHO-TOPU30HTAIBHO
Ka4KOM, TAKUM 00pa3oM, MOKHO IIPeHeOpeyb.

B arom cityqae coBmecTHast cucTeMa YpaBHEHUIM BEPTUKAJIBHOW U KUJIEBOM KAaYKU
Ha JIBYXMEPHOM PETYJIIPHOM BOJTHEHUH UMEET BU/I;

Ay G+ By Co+Cp G+ Ay, w+ B, y+Cpy = F(t)

AWC §g+ BWC §g+ Cwégg + AW v+ BW Y+ CWV/ = M(t)
Uiens! ¢ Ko>pQHIMEHTaMl A, COOTBETCTBYFOT HHEPUMOHHBIM COCTABJISIOLIMM, C

koopuimenramn B, -  nemndupyloumm, ¢ kodpduimenramu  C, -

BoccTanaBmBaronmM. OyHkuun F(r) 1 M(t), IpeacTaBIsonme coboi BO3MYIIAOIILYHO
CMJly M MOMEHT, IPEINONAaraloTCs TapMOHMYECKUMU (DYHKUMSIMA — BPEMEHH.
KoopUIMEHTHl CHCTEMBI YpPaBHEHMH MHPOMOIBLHOM KauyKM C Y4ETOM IIONPAaBKH Ha
OCOOEHHOCTY TPAHLEBOr0 OOTEKAHMS U B IPEAIOIOKEHMH IPHMEHUMOCTH METOIA
IUIOCKUX CEUCHUN UMEIOT BUJI:

D m
ACC = E + J“ngg (X)dx, J‘lgg dX+ Vlugg ’ ng = }/SWL +V. gg 2

xN A

Ay, = —T(x - X, )/,tgg (x)dx R

Xy

% % v?
B,, :—j(x—xg)lgg(x)dx+VjﬂC§ (x)dx—;i?f _V(xmp —Xg)/l?fa

k

Xy X

Cy, ;/SWL(xf - X, +VJ‘A€§ dx ( —x)ﬂ. +V? M s

xh

A, = —T(x - X, )/,tgg (x)dx =4

Xy

By :_f(x_xg)}%;(x)dx_Vf“CC(x)dx_V(xm” —xg)ugé”,

Xy Xy

C :_7/SWL(xf —Xg VJ‘ACC dx V( )AZ?’

7
xh
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4,, =1, +f(x—xg)2u§§(x)dx,

Xk
X, 2

8, = e, P2 (ohae s [ (oo, —x, Pz + e,

X k X k

C,, =1y, —szugg(x)dx—Vz(x )/,tgg +V( xg)zi’gg.
3mech  u., A, - TIOTOHHBIE TpPUCOCAMHEHHAs Macca U Kod(uuueHt

JICMTI(l)I/IpOBaHI/ISI IIpru BCPTHKAIIBHBIX KOJICOaHM X IITaHIOYTHOI'0 KOHTYypa Ha

NIOBEPXHOCTH BOABL, 4f , A7 - aHAJIOTUYHBIC KOA(PUILIMEHTHI JIsI TPAHLIEBOT'O CEYECHHUMUS;

D - BOZIOM3MEIIIEHHE CY/IHA; y - YACTbHBINA BeC BOABL, S,, - IUIOMAAL BaTepIMHUN; V -
CKOpocTh Xxofa (M/c); @, - KaXyIlascs 4acToTa BOJHEHUS; X, - a0cimcca 1eHTpa

TOKECTH Karepa, x, - abCuucca LEHTPAa TSHKECTH IUIOI@IM BAaTepIMHUU; X, X, -
a0cIcchl KpalHUX TOYEK CMOYEHHON MTOBEPXHOCTH KOPMOBOM M HOCOBOM OKOHEUHOCTEH

cynHa, x, - abCIucca TPaHLEBOTO CEYEHHs; [, - MOMEHT MHEPUMHM MAacChl CyaHa
OTHOCUTEJIbHO IIEHTPAJILHOM IONEPEYHOM OCH; [,, - MOMEHT HHEpLUUM IUIOLIAIU

BaTCPJIMHUM  OTHOCHUTCIBHO  HCHTPAJIbH oM momn CPCUH ol ocu. Bce HWHTCT PAJIbI
BBIMHUCIEIOTCA B CUCTEMC KOOPAUHAT C HCHTPOM B MHUACIICBOM CCUCHUU. I[J'I}I BBIYU CIICHUA

mp mp
KOODPUIMEHTOB 41, A, u W A2 WCHOJL30BAHBI PE3YJILTATHI, MONy4eHHbIE B.

[loprepom u mipuBeneHHbIE B pabore [3] [ IIMAHTOYTOB C HOPMaJbHBIMHU

OTHOIIICHUSIMU IIMPUHBI K OCAJIKE, U PE3YJIbTAThI, MOMYyYEHHBIE B paboTe [6] 11 ceueHmit

c OONpIIMMU OTHOIICHUSIMM IIMPUHBI K ocaake. JlelicTByronme Ha CyaHO
B B

BO3MYIIAIOIILYO CHITy F, W MOMEHT F,’ TIPHHSTO TIPEICTABIIATE B BUIE CYMMbI TJIABHBIX

U TP PaKIOHHBIX COCTABIISIONIMX:
FgB :Fgm +F§ﬂ, FWB :me +Ff
cI)OpMy.HBI JJIA TJIaBHBIX COCTABJIIIOIIMX UMCIOT BU
F =y jN(x)Cos(k]x)dx-Coswkt+ Wy - jN(x)Sin(k,x)dx-Sinwkt ,

Xi Xk

Ey ==, - TN(x)(x -X, )Cos(k]x)dx- Coswt —yr, - TN(x)(x -X, )Sir(k,x)dx- Sinw,t,

X Xk

B()/
e N(x)=2 I exp(—kz)Cos(k,y)dy, k, =kCosy, k, =kSiny . 30€Cb y - KypCOBOH yroia K

BOJIHE ( ¥ = 180 - COOTBETCTBYET BCTPEYHOMY BOJIHEHHIO), B(x) - IIMPUHA IIITAHTOYTHOI'O
ceyeHus ¢ aberuccoit x. MHTerpan B BuIpaKeHMU it N(x) BBUHCISETCS B CHCTEME
KOOPJIMHAT C HA4YaJIOM, JIE)KAIMM B IIOCKOCTH BAaTEPIMHUU, U OCbl0 Oz HampaBJIECHHON
BHU3. @opMyIIbl 1151 AUPPAKIIMOHHBIX COCTABIISIONIMX BO3MYIIIAIOIIMX CHJIBI 1 MOMEHTA
C YYETOM IOIMPaBKH Ha 0COOEHHOCTH TPAHIIEBOTO OOTEKaHWsI UMEIOT BU/I:

_r (/,tég (xmp )a)k + Ay (xmp ))} Cosw,t —

k

{Mgga)k A V(e (v Joo - 22 (v, ))}Sina)kt

ﬂ K
F; {M 0 =Ny
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F;fz :I”Ou{ ggwk —A’?g _g (A/[Z§ O +ACCC ) _(xmp —Xg )g ('u Zé (xmp)wk + /ICCC (xmp))}Comkt +
tr o“{ 2 TN +;Vk (M 2O —Ny )"‘ (’xmp X )a)K (ﬂgg (me )cok — A (xmp ))}S inot
k

o e L e ) |

1 (x,) Coskx,|’ Y (x,) Cosk,x,
M& :]“ Hé’g(xl) M;f :]'”(x 3 ,u&(xl)
1> . I
A% % A (x ! ) Ny %, ’ Al (xl )
0

3JICCB 7, - aMImTyaa BOJIH, o - UCTHHHAA 4acroTa BOJIH, k - BOJIHOBOE YHCIIO; K, -

PENYKIIMOHHBIA KOA(PPHUIIMEHT, YUUTHIBAIOIINN COOTHOIIICEHUE Pa3MEPOB Cy/IHA U JIJTMHBI
BOJHH, x, - IEPEMEHHAs UHTETPUPOBAHU .

COITIOCTABJIEHHUE PACYETHBIX

N OKCITEPUMEHTAJIBHBIX TAHHBIX

JIis OLIEHKM OMHMCAHHOM METOIMKU pacdyeTa MPOAOJIbHOM KayKd B HACTOSILIEH
paboTe HCIONb30BaHbl PE3yJIbTaTbl HCHBITAHUM MOAEIM OBICTPOXOIHOTO KaTepa C
TPaHIIEBOM KOPMOM, MPOBEAECHHBIX B OMBITOBOM MopexoaHoMm Oacceitne OI'YIT [THUN
M. akaj. A.H. KpsutoBa. Bononsmenenue Monenmu - 127 Kr, OTHOCUTENBHOE YIJIMHEHHUE
—5,4. VicnibITaHus MpOBOAWIMCH HA PETYJISIPHOM JIBYXMEPHOM BOJIHEHUU TPU JBUKEHUN
MIPOTUB BOJIHBI CO CKOPOCTSIMM XO/a, COOTBETCTBYIOIIMMHU uuciiaM Ppyaa Mo JIJIUHE
Fr,=0,65 1 Fr, =091, W 0Opd JOBWIKCHUHM 10 BOJHE CO CKOpPOCTBIO XOJa,
COOTBETCTBYIOIICH Fr, =0,65. B pe3ynabTare MoJeabHbIX HCIBITAHUNA OBLIA TOMYYEHBI
aAMILTMTYHO-4aCTOTHBbIC XapakTepucTuku (AYX) BepTUKaTbHOW W KHJIEBOM KadKH
karepa. Ha ocHoBanum mnomydeHHbIX AUX C MCIOIB30BAHMEM BOJIHOBOTO CIIEKTPA,
PEKOMEH/IOBAHHOIO  OTPACIEBBIM CTAaHAAPTOM pacueTa KadyKd BOJOM3MEIIAIOIIMX
kopabusiet u cynoB PJ[ 5.1003-80, ObUTM MOCTPOEHBI CTAaTUCTUYECKUE XaPaAKTEPHCTHUKU
MIPOIOJIBHON KauKu KaTepa Ha HEPETYJIIPHOM BOJHEHWH WHTEHCUBHOCTBIO 4 U 5 OaJIOB.
Pacuersl BRIMOMHAMMCH 1JIs1 YKA3aHHBIX PEKUMOB JBHKEHUS. [Ipy mpoBeneHnn pacueToB
YUUTBHIBAIOCH M3MEHEHUE MOCA/IKM KaTepa Ha XOAy. XapaKTepUCTUKU MOCAAKU Karepa Ha
XOAy B3STHI TIO JJAHHBIM 3KcrepuMeHTa. [ pacdyera CTaTUCTUYECKUX XapaKTEPUCTUK
Ka4KH KaTepa Ha HePEeTYJISIPHOM BOJIHEHHH 4 U 5 6aJUIOB UCIIOIH30BaH BOJIHOBOW CIIEKTP,
pexomenaoBanHbii PI1 5.1003-80.

Jis  cpaBHEHMs pe3yJabTarOB pacdyera C pe3yJbTaraMu, [OJYyYEHHbIMA B

dx,, p=c,s

€ g0 y
OKCIepUMeHTe,  ucmomb3oBamick  AUX 22 (w), “°(w), ammwmTyms  3%-oif
7, (04
0 0
00CCIICUCHHOCTH (., , Wy, M CPCIHHE NEPHOABI T,, T, BEPTUKAILHOH M KHIICBOH
KauKu. 371eCh @, - AMIUTATYJIA YIJia BOJHOBOIO CKJIOHA. JKCIIEPUMEHTAIBHBIE JAHHBIE U

pe3ylbTarbl pacuera XapaKTEpUCTUK KadyKd Karepa Ha BCTPEYHOM BOJIHECHUU
WHTEHCUBHOCTEIO 4 U 5 OayuioB IpU CKOPOCTAX X0Ja, COOTBETCTBYIOIUX Fr, =0,65 U

Fr, =0,91 npuBeaeHsl B Tabmumue 1.

Tabmmra 1
CrarucTuyecKre XapakTepyCTHKY KauKyd Ha BCTPEUHOM BOJIHEHUH
ITo pacuery 6e3 | Ilo pacu
pacuery paceery ¢ | o paceTy ¢ yaeTo
1o ydera y4erom T
JKCIIEPU-MEHTY TPaHLIEBOU TPAHIICBOIH TPaHIIEBOM JOOABKH 1
XOJIOBOM BOJTHBI
N0OAaBKH 100aBKU
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BonHeHne nHTEHCUBHOCTRIO 4 Oama, Fr, = 0,65
Vs, 1,6° 3,0° 1,9° 2,0°
Como M 0,5 0,60 0,52 0,55
BonHeHne HHTEHCUBHOCTRIO 5 OaioB, Fr, = 0,65
Vs, 4,0° 6,8° 4,3° 4,5°
Como M 1.4 1,56 1,38 1,45
BonHeHne nHTEHCUBHOCTRIO 4 Oama, Fr, = 0,91
V3, 1,3° 2,6° 1,4° 1,5°
Como M 0,3 0,62 0,46 0,50
BonHeHne nHTEHCUBHOCTRIO 5 OamoB, Fr, = 0,91
V3, 3,3° 7,5° 3,6° 3,9°
Como M 1,1 1,88 1,35 1,46

N3 Tabmuiipl 1 BUIHO, YTO pe3ysIbTaThl pacyeTa XapakTePUCTUK MPOAOJILHON KauKu
0e3 yuyera TpaHUEBOM JO0ABKU JTAIOT 3HAYMTEIBHO 3aBBIILICHHBIE aMILIUTYAbI Ka4KU IO
CPaBHEHMIO C COOTBETCTBYIOIMMHU JKCIIEPUMEHTAIHBIMU 3HaYeHusIMA. Ha BonHeHun 4
Oaa mpu  Fr, =0,65 pacueTHas aMIUIUTya KWAJIEBOW Kauyku Ha 88% MIPEeBOCXOAUT
COOTBETCTBYIOIIEE JKCIIEPUMEHTAIbHOE 3HayeHue. [Ipy yBenM4eHMH CKOPOCTH XOa
OTHOCHUTEJBHAS OIPEIIHOCTh pacyeTa aMILJIUTY Il KUJIEBOW KaUKH YBEJIMUUBAETCS U ITPU
Fr, =091 cocraBysger 100%. IlorpemHoCTh pacyera amIuMTy[l BEPTHUKAJIBHON KauKd
HECKOJIBKO MEHbILIE, YeM KHWJIEBOM, HO TMpH OOJBIIMX CKOPOCTSX XOAa TakxkKe
HEMPUEMIIEMO BBICOKA.

VYder TpaHieBoi J00aBKM TO3BOJSET KapAWHAIBHBIM 00pa3oM YMEHBIIUTh
MOrpenIHOCTh pacyera. lIpm 3TOM OTHOCHTENBHAs MOTPELIHOCTh pacyeTa aMILUIUTY
KWJIEBOM Kauyku cocTaBiBOT nopsaaka 10 — 15%. Insg amMmmTyn BEpTUKAIBHOW KauKU
npu Fr, = 0,65 COBIAJACHHUE C IKCIIEPUMEHTOM MPAKTUYECKU NoyHOoE. [Ipu Fr, = 0,91, 4yTo
IIPUMEPHO COOTBETCTBYET BEPXHEM TIpaHULE NEPEXONHOTO pEeXUMa JBUKCHHUS,
OTHOCHUTENBHAS TOrPEIIHOCTh HECKOJIbKO BO3pacTacT. PacueTHble 3HAYEHHS! CPEIHUX
MIEPUOJIOB KAUYKH r_g , T_w B 000MX CIy4asx JOCTAarO4yHO OJIM3KU K SKCIEPUMEHTAIBHBIM
3HaueHusM. [ cimydas pacuera ¢ y4eTOM TpaHLIEBOW J100AaBKM 3TO COOTBETCTBHUE
HECKOJIbKO TouHee. [IpuOmKeHHbI y4eT XOJ0BOM BOJHBI, TOPOXKIAEMOM Karepom, Mo
METOJIMKE, TPEIJIOKEHHON B paboTe [2], He AaeT MOJ0KUTEIbHOT0 dPdeKTa.

VY4yer BS3KOCTHOTO TpPeHHS MO METOAWKE, MPEIJIoKEHHONM B pabore [4], maer
BECbMa HE3HAUUTENIBHYIO IOMPABKY K PAaCUETHBIM 3HAUEHUSM aMIUIMTYJ MPOAOJIBHON
Kauku, He mnpeBbmnaronryo 2%. Ha pucynkax 1 m 2 uisi BCTPEYHOrO BOJIHEHHUS
npuBeicHbl AUX KUJIeBOW Kauku pu Fr, = 0,65 W BEPTUKAIBHOM Ka4Ku Npu Fr, = 0,91
COOTBETCTBEHHO.

Ha pucynkax 1 u 2 BUIHO, YTO B JUANa30HE YaCTOT, MPEICTABIISIONIEM UHTEPEC
MU pacuerax MponosibHOM Kauku, KpuBble AUX, mocrpoeHHble 03 ydeTa TpaHIIEBOM
N00aBKH, 3HAYUTEIBHO MPEBOCXOIAT COOTBETCTBYIOIIME IKCIIEPUMEHTAIbHBIE KpUBBIE. B
muartasone gacror 0,7-0,9 ¢’ pacyeTHbBIE KPUBBIE UMEIOT SIPKO BBIPAKEHHBINA «TOpO», TIC
pacuerHble 3HaueHuss AUX B 1Ba u Oojee pas3a MPEBHIIIAIOT COOTBETCTBYIOIIUE
AKCIEPUMEHTATIBHBIE 3HAYEHUs. PacdeThl MOKa3bIBaIOT, YTO C YBEJIMYEHUEM CKOPOCTH
XOJla BBICOTA «T0p0a» pacTeT M MPOUCXOJUT €ro CMEIEHHE BJIEBO B 00JIACTH MAaJbIX
YacToT.
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Puc.1. AUX kuseBoit kauku Ha BCTPEYHOM BoJIHEHUU ipu Fr, = 0,65

VYuer TpaHueBON 100AaBKU MO3BOJIET YCTPAHUTh «TOpO» U IPHUBECTU PACUETHBIE
KpuBble AUX B KaueCTBEHHOE COOTBETCTBUE C AKCIEPUMEHTAIBHBIMUA JaHHBIMU. [lpu
3TOM pacueTHble KpuBble AUX OCTal0TCS HECKOJIbKO CMEUICHHBIMH BIIPaBO B 00JACTh
BBICOKHMX YaCTOT.

B Tabmiie 2 npuBeneHbl pe3ysbTarbl pacuyeTa CTATUCTHYECKUX XapaKTEePUCTHK
IIPOJOJIBHOM KauKu Karepa IpUd CKOPOCTH XOJa, COOTBETCIBYIOUIEH Fr, =0,65, Ha
HEpEryJsipHOM MOIMYTHOM BOJTHEHUHM MHTEHCUBHOCTBIO 4 U 5 GaljIoB.
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= = = - Ge3y4yeTa TpaHueBomn gobaeKku yactoTa

— —— cC y4yeToM TpaHueBoWn AoGaBku
IKCMepuMeHT

Puc.2. AUX BepTHKaIbHOM KauKHU Ha BCTPEYHOM BoJIHEHUM nipu Fr, = 0,91

Tabmmia 2
CrarucTUYeCcKre XapaKTepHUCTUKN Ka9KU Ha OMYTHOM BOJIHEHUH
o [To pacuery ITo pacuery ¢ [To pacuery ¢
N—— 0e3 yuera y4eTOM Y4€TOM TPAHIICBO
P TPaHIIEBOI TPaHIICBOI JO0OABKH M XOJIOBOM
MEHTY
JI00aBKHU JI00aBKH BOJIHBI
BonHeHne HHTEHCUBHOCTRIO 4 Oaia, Fr, =0,65
Wi, 2,1° 1,9° 0,8° 1,0°
Comps M 0,3 0,39 0,35 0,35
BonHeHne MHTEHCUBHOCTBIO 5 OalIoB, Fr, =0,65

203



Vi 4,3° 3,7° 1,8° 2,2°
Com> M 0,9 0,97 0,86 0,88

Kak BuHO 13 Tab/MIIbl 2 HA IOMYTHOM BOJIHEHUH Y4Ye€T TPaHIIEBOM J00aBKU MpU
pacuere MPOoI0IbHON KAaYKU HE 1T IOJI0KUTEIBHBIX PE3YJIbTATOB.

BbIBO/IbI

Ha ocHOBaHMY TpOBEIEHHBIX PAaCU€TOB U COIIOCTABJICHUS PE3YJIBTATOB C JTAHHBIMU
MOJIENIBHBIX UCIIBITAHUN MOYKHO CZIEJIaTh CIEAYOIIME BBIBOABL

1.Ha BCTpedyHOM BOJHEHMH pPacyeT XapaKTEPUCTHK MPOIOJIBHOM KauKh Karepa,
BBINOJIHEHHBIA 0€3 ydeTa TpaHUEBOM J00aBKM, J1aeT 3HAYUTEIBHO 3aBBIIICHHBIC
aMIUTMTY/Abl KaK KWJIEBOW, TaK U BEPTUKAIBbHOM Kauku. [Ipy 3TOM pacyeTHbE KpUBBIE
AUYX o000oMxX BHIOB KayKh MMEIOT SPKO BBIPAKEHHBIA <«TOpO», KOTOPBIA Yy
COOTBETCTBYIOIIMX AKCIEPUMEHTATIBHBIX KpUBbIX AUX mposBiseTcs B CyHIECTBEHHO
MeHbllel creneHu. [lo Mepe pocta CKOpOCTH XO[a BBICOTA «TOpOa» yBEJIMUYMBAETCS, a
CaM OH CMENIAETCsI BJIEBO B 00J1aCTh MAJIbIX YacTOT.

2.Ha BCTpe4YHOM BOJHEHWM IPU BKIIOYEHUHU B pacueT TMIPOAVMHAMUYECKUX CHUJI
MOTECHIIMATIBHON MPUPOABL, ONPEACISIOIMX KauKy Karepa Ha THXOM BOJE, U
TU(PaKIIMOHHOM 4YacTH BO3MYILAIOLUMX CHJI TMOMPAaBOK Ha Y4eT OCOOEHHOCTEH
TPaHILIEBOrO OOTEKaHMs, TOYHOCTh pacyera CYIIECTBEHHO TOBbIIaeTca. SIpko
BBIPQKEHHbBIE «TOPObD» pacueTHbIX KpuBbIX AUX KuI€BOM M BEPTUKATBHOM KaYKH
MCYE3aAI0T, a CaMHM KpHUBBIC 3HAYUTEIBHO MPUOIMKAIOTCS K COOTBETCTBYIOLIMM
AKCIEPUMEHTATIBHBIM KpUBBIM. [IpOBENEHHBIE pacyeThl HAIJISITHO CBHUJIETEIBLCTBYIOT O
LENIECO00Pa3HOCTH MCIOMb30BAHUS OMUCAHHOM B HACTOSIIEH padOTe METOAMKH TpH
pacuere TPOAOIBLHOM Kaykd OBICTPOXOAHBIX CYAOB Ha BCTPEYHOM BOJIHEHMHHU,
IBIDKYILIUXCS B pEXMAME C OrFOJIEHMEM TpaHUA. Pe3ynbrarbl pacdyeToB KAaykd Ha
BCTPEYHOM BOJIHEHHMH MOTYT OBITh MCIIOJIb30BaHbl MPU aHAIM3€ MOPEXOIHOCTH, a Tak¥Ke
JUIL OLCHKM BHELIHWX CHUJI, OIPENEISAIOIIMX IIPOYHOCTh KOpIyca U KOHCTPYKLIMN
OBICTPOXO/IHBIX CYJIOB.

3.1lpuOmmKeHHBIA  y4eT XOIOBOW BOJHBI B COOTBETCTBUM C METOIUKOM,
PEKOMEHJIOBAHHOM B [2], HE JaeT MOJOXKUTEIbHOro 3((PeKkra Ha BCTPEUHOM BOJHEHUH
Mpyd pacdeTax MPOAOIBHOM Kadykd C y4eToM TpaHileBod mo0aBku. IIpu pacuerax
NPOJOJILHOM KAaukd Ha TMONYTHOM BOJIHEHMM Oe€3 ydera TpaHUEeBOM J00aBKUA yder
XOZI0BOM BOJIHBI I103BOJISIET HECKOJIBKO YTOUHUTD PE3YJIbTaThbl PACUETOB.

4. Yder crit BA3KOCTHOrO TPEHUS IO METOIMKE, IPEVIOKEHHON B [4], naeT BecbMa
HE3HAUNTENBHYIO MOMPABKY K PACYETHBIM 3HAYEHU M aMILIUTY/ IIPOIOJIBHOW KAYKU, TEM
CaMbIM, TOATBEPXkAas HE3HAYUTEIBHOCTh POJM CHJI BSI3KOCTHOIO TpPEHHS B OOIIEM
OanaHce CHJI, OMPEIENSIOIIMX MPOJOIBHYIO KauKy CyIHA.
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NCCJIEAOBAHUSA B OBJIACTH IPUMEHEHU S
NCKYCCTBEHHBIX KABEPH JIJIS1 CHUKEHU S
Ir'MAPOAUHAMMUNYECKOI'O COITPOTUBJIEHUS
TPAHCIIOPTHBIX CYAOB
CBEPYKOB A.B., x.T.H., C.H.C. —
HHWUU um. akan. A.H. Kpsuiosa (1. Cankr-IletepOypr, Poccust)
krylov@krylov.spb.ru

AHHOTANUA

Haemcs  kpamkuii  0030p COBPEMEHHO20 COCMOSHUA UCCIe008AHULl 6 0baacmu
NPUMEHEHUS  UCK)CCIMBEHHIX OHULYEBbIX KABEPH OISl CHUMICEHUs  2UOPOOUHAMULECKO20
CONPOMUBTEHUSL MPAHCNOPMHBIX CYO008. AHATUSUPYIOMCS PA3TUYHbLE CXeMbL YCIMPOUCmEa O
CO30aHUS UCKYCCMBEHHBIX KABEPH, KOMOPble MO2Ym Oblb UCTIONb308AHbI HA MPAHCIOPINHBIX
cyoax. Ilpedcmagnennvie 6 pabome OanHvle C8UOEMENbCMBYIOM 0 8blCOKOU Ighekmusrocmu
UCNOTIL308AHUSL UCKYCCTNBEHHBIX KABEPH, UMO O0JHCHO NO3B0NUNMb SHAUUMENLHO COKPAMUMb
CMOUMOCIb NePeso30K, a4 MAKIHCe NOBICUMb KOHKYPEHMOCNOCOOHOCMb OMe4eCBeHHbIX
CY008 HA MENCOYHAPOOHOM DbIHKE.

BBEJIEHUE

Ha npoTskeHrn MHOTHUX JIET B MUpPE BEAYTCS MHTEHCUBHbBIE Pa3pabOTKU pa3HOTO poja
HHEProcOEperaoIMX YCTPOMCTB, TaKUX KaK BHXPETEHEpPaTOpbl, pa3IMYHbIC HAJIEIKH,
NpeaHACaku, a TaKke HEOObMHbIE KOHCTPYKIMM TpeOHbIX BUHTOB. [Ipy 3TOM aBTOpBI
n300peTeHni 00eIIatoT 3HeprocoeperkeHre mopsaKa S-7%, HO TMOMyYaroT (€CIIH MOTy4YaroT) He
oonee 3-4 %. 3auacTyio JOOUTHCS 3aMETHOTO BBIMTPHINIA YIAETCS TOJBKO HA OJHOM M3
PEKMMOB (OaJTACTHOM MITU TPY30BOM) HJIM B Y3KOM JIMana3oHe CKOPOCTEH.

Mexay TeM poccuiickas Hayka MMEeT B CBOEM apCeHalle YHHKAIbHOE TEXHUYECKOe
pellieHre, KOTOpOe B TEUEHHE HECKONbKUX JAECATWIETHH OTpadaThiBaIOCh B MOJEIbHBIX
UCCIIEI0BAHUSIX, MTOCIIE YETO YCIEIIHO MPOIILIO HATYPHYIO MPOBEPKY HA ONBITHBIX 00pa3iax, 1
B HACTOAILEE BpeMs IIMPOKO HCHONB3YETCS B CEPUIHOM CTpouTenbcTBE. Peub wuper o
NPUMEHEHUH HWCKYCCTBEHHBIX JHUINEBbIX KaBepH. K Hacrtosmemy Bpemenn B L[HUU
uM.akag A H KpeutoBa B pe3ynbrare MOJAEIbHBIX MCCIEIOBAHUN IOMyYEHBl JIaHHbBIE I10
(P eKTUBHOMY TPUMEHEHUIO KaBEPH Ha CIEAYIOUIUX TUIAX CY/I0B:

- peUHbIe TPAHCTIOPTHBIE CyAa 1 Oapsku [1];

- CylepTaHKepbI;

- bankepsr,

- TPaHCIIOPTHBIE Cy/Ia Kiacca peka-mope [2];

- OBICTPOXOIHBIE BOIOM3MeIatoIue cyaa [3];

- Cylda MEepeXOJHOr0 peXuMa JABHXKEHHS (MACCAXUPCKUE M - aBTOMOOUIIBHO-
MACCAKUPCKUE MApOMBbI, MOPCKIE MOTOPHBIE SIXTHI, criacaTelbHble cyaa) [3,4];

- CKOPOCTHBIE JIECAaHTHBIE Kopaomu [5];

- DIMCCHPYIOLIME OJHOKOPIYCHbIE cyla (MAcCaHKUpPCKUE Cyaa, ChayxKeOHble, -
pa3be3IHbIe, MATPYJIbHbIC U KaTepa, MOPCKUE MOTOPHBIE SIXTHI) [6];

- NIMCCUPYIOIKME KaTaMapaHbl C HECUMMETPUYHBIMK KopIycam [7];

- KaraMapaHbl MEPEXOJHOTO PekKUMa JBUXKEHHUS (IacCaXMPCKUEe U aBTOMOOUIIBHO-
MacCaKUPCKUE Mapomsl) [3];

- TPaHCIIOPTHBIE Cy/Ia C Ay TPUTepaMu JUIsl KOHTEHHEPHBIX TIEPEBO30K [ ].

HarypHyto mpoBepKy MpoOILIM PeYHble TPAHCIIOPTHBIE Cy/la U Oapiu, ObICTPOXOIHbIE
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MACCAXUPCKUE CyJ1a, CKOPOCTHBIE JIECAHTHBIE KOpPaOiH, a TakKe Pazbe3qHbIe U MaTPyJIbHbIE
Karepa, 000py/I0BaHHbIE CUCTEMOM CO3/1aHKsl MCKYCCTBEHHBIX KaBepH. B HacTtosielt pabote
HpEeZICTaBIeHbl PE3YNbTAaThl IPOPAOOTOK TPAHCIOPTHBIX CYJIOB HAa KaBEPHE MOCIESAHUX JIET C
TeM, 4TOOBI TIOKa3aTh MEPCIEKTUBHOCT €€ MPUMEHEHMs KakK JUIsl BHY TPEHHUX BOJHBIX MyTeH,
TaK U U1 TPAHCOKEAHCKUX TEPEBO3OK.

1. ACTOPUSA CO3JAHUA CYJOB HA KABEPHE

PaboThI 10 co3ianmio cy10B Ha KaBepHe Obui Hayathl B Poccuu B 1961 rogy B LIHUN
uM. akaa. A.H.Kpsutosa. [lepBble uccnenoBanus MpoBOAMIIUCH MPUMEHUTENLHO K PEYHBIM
TUXOXOJHBIM CyjAaM W OapaMm. OTH pabOThl BKIIOYAM TEOPETHUYECKUE HCCIAEIOBAHUS B
paMKax JIByMEpHOM JIMHEApU3UPOBAHHOM TEOPUH KaBUTALMOHHBIX TEUEHUH, OOJbIION 00beM
AKCIIEPUMEHTAIbHBIX MCCIIEJ0OBAaHMA Ha MOJENSIX B OMNBITOBOM OacceiiHe M, HaKOHEL,
UCIIbITAaHKS TPEX HAaTypHBIX OOBEKTOB. 3areM ¢ 1965 r. ObUI BBINOJHEH OOLIMPHBIA LUK
paloT MO HMCHOJIb30BAHUIO KaBEPH Ui CHUIKEHUS COMPOTHUBIIEHUS TIIMCCUPYIOUIMX CYIIOB,
TaKUX Kak MaTpyJbHbIE U Pa3be3/IHbIe KaTepa, CKOPOCTHDIE MACCAKUPCKUE Cya. ITH PabOThI
HAUMHAIMCh C  JAIbHEHIIEero pasBUTHA JIBYMEPHOM JIMHEAPU3UPOBAHHOW  TEOpHH
KaBUTALMOHHBIX TEUYEHWH MPUMEHUTENHHO K CIIY4al0 TJIMCCHPYIOLIEro CyAHa. 3areM Obul
npoBesieH OO0MbIION 00BEM MOJENbHBIX HCIBITAHUN, KOTOPHIE MO3BOJMIM TPUCTYIUTh K
Hayaly CEpUITHOTO CTPOMTENHCTBA MAaTPY/IbHBIX KaTepoB Ha kaBepHe. C 1985 r. oObexTamu
UcCre0BaHuii ObUTM BBIOpaHbl OBICTPOXOJHBIE BOAOM3MEIIaoNMe cyaa. B pamkax 3THx
UCCIIEI0BaHM ObUTM pa3paboTaHbl PAacYETHBIE METOJIbI, OCHOBAaHHBIE Ha HCIIOIb30BAHUU
TPEXMEPHOH JIMHEAPU3UPOBAHHON TEOPUM KABUTAIMOHHBIX TEUEHUH. DTH METOAbI MPOLLIU
BCECTOPOHHIOI  HKCHEPUMEHTATLHYIO TMPOBEPKYy M B HACTOAIIEE BpEMS  YCHEIIHO
HPUMEHSFOTCHL.

C 1993 r. Hayanoch MNpPOBEINCHHE HMCCIEAOBAHMI MO HCIOJIL30BAHUIO KAaBEPH HA
DIMCCUPYIOMIMX U MOJyDIMCCHPYIOIMX KaramapaHax. CIeayrolyM 3TaroM, HauyaBIIMMCS B
1995 r., crano mpoBeneHUE HCCIAEIOBAHUN OTHOKOPIYCHBIX CYAOB IIEPEXOIHOIO pekXuMa
JBIDKEHUS, TaKMX KaK CKOPOCTHBIE MOPCKUE MACCAKUPCKUE U aBTOMOOMILHO-TIACCAKUPCKUE
HapOMBbl, OBICTPOXOIHBIE MOTOPHBIE SXThL. Haunnas ¢ 2000 1. cTany mpoBOAUTHCS UCTIBITAHUS
MOjIefiel CKOPOCTHBIX TPAHCIOPTHBIX Cy/I0B. B pesynbrare Gonee yem 40 €T MHTEHCHBHBIX
UCCIIEI0BAaHUI OBUTH pelleHbl MPoOJeMbl, CBS3aHHbIE C MPUMEHEHHEM pa3IMYHbIX THUIIOB
ABIDKUTENEH, TMPOOJeMbl MOPEXOJHOCTH M MHOTOPESKMMHOCTH I CYJOB, HMMEIOIIHX
HECKOJIbKO ~ 3a[aHHBIX  CKOPOCTEH, CYLIECTBEHHO pAacCIIMpEH [Hana3oH CKOPOCTEN
3(hpeKTUBHOTO MpUMeHeHus kKaBepH. Hapsmy ¢ ofHOKOpIyCHBIMHM CyJlaMH M KaTaMapaHaMH
paccMarpuBaIMCh Cyla ¢ ayrpurepamu. Bemen 3a Poccuedl B NMOTOHIO 3@ TOBBILICHUEM
HKOHOMUYHOCTH CYJOB YCTPEMWIUCh M JApyrue crpaHbl. Cpemu 3apyOeXHBIX KOMIAHUI,
HarOoJee aKTUBHO MBITAIOMINXCA BHEIPUTh KAaBEPHBI, B MEPBYIO OUEPEb CIEAYET OTMETHTD
Huzepinanackyto kommanuio “DK Group”. O6nacTh HHTEPECOB, TIE OHA MBITACTCS IPUMEHUTh
KaBEpHbI — TPAHCIOPTHBIE Cy/a, CKOPOCTHbIE KOHTEHHEPOBO3BI M aBTOMOOUIIBHO-
NACCAKUPCKUE MTAPOMBL

[TonoOHbIe HcCnenoBaHUsT MO HMCHOJIBb30BAaHUIO TOHKMX BO3MYIIHBIX MPOCIOEK st
CHWDKEHHSI TUIPOJMHAMHYECKOTO COMPOTHBIEHUS Cyn0B mpoBoasaTcs B Kurae [9]. Otu
uccaenoBanus ObuM Hayatel B 1982 romy. K Hacrosmemy Bpemenu B Kutae BBINONHEHO
OOJIBILIOE KOTMYECTBO MOJEIBHBIX MCIBITAHUN PA3IUYHBIX TUTIOB CY/OB, a TAKKE POBEIACHDI
HaTypHbIE UCTBITaHUS Oapku Tpy3onoabeMHocTs 1000 T. OmHAKO IMUPOKOTO MPUMEHEHUS
3TOT METOJ MTOKA HE HAIIIE.

Hapsiny ¢ ycnemmsiM BHeZpeHneM KaBepH B Poccun criieyer OTMETUTh U HECKOJIBKO
HeyJay, KOTOpble TMOCTUIIIM PAJl 3apyOSKHBIX (DUPM, TBITABIIMXCS CaMOCTOSITEILHO
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MIOCTPOUTH CyJa Ha KaBepHE 0e3 NpOBEICHUs HaIeKallero oObeMa HCCeI0BaTeNbCKIX
pabort. B uncno stux dupm BxoaT aBeTpammiickas kommanus “Oceanfast Ferries PTY LTD”,
TIOCTpOUBIIIAs 45-METpOBBIl KaTaMapaH, W OJMH W3 YKPaWHCKHUX 3aBOJIOB, HAYaBIIWMA
CTPOUTENBCTBO CEpUM  MaTpylIbHBIX KarepoB. OrTka3 dTuX ¢GupM OT  Hay4HO-
UCCIIE0BATENbCKOTO COIPOBOXK/ICHUS CYILIECTBEHHO TIOBPEIMI MMUDKY KaBEpH.

2. PUBNYECKHUE NPEANMOCBIIKHA NCITOJb30BAHUS

KABEPH JJ1s1 CHUXKEHUSI COITPOTUBJIEHUS

HWckyccTBEHHBIE KaBEpHBI, M30JMPYsSs OT KOHTakTa C BOJOW YacTh CMOUYCHHOM
MOBEPXHOCTH KOPITyCa, OKa3bIBAIOT IOJIOKUTEIbHOE BO3IEHCTBHE IJIABHBIM 00pa3oM Ha
COTIPOTHBIICHIE TPEHHS M COMPOTHBIICHHE OT MIEPOXOBATOCTH. [109TOMY MpHMEeHEHHE KaBepH
HarOosee BBITOJHO HAa TEX CyJaxX, Y KOTOPHIX BEMKa JIONIsl CONPOTUBJICHUS TpeHus. ITo,
Npexae BCEro, THXOXOAHBIE TPAHCIOPTHBIE CYyAa, OCOOCHHO pEYHbIe CcyAa € OOJbLUIUM
OTHOIIICHWEM INHMPUHBI K oOcaike. J[pyruM THIIOB CyZOB, y KOTOPHIX BelWKa JOJIs
COTIPOTHBIICHUSI TPEHWS, SBISIIOTCS IIMCCHpYIoIme cyaa. O(O(HEKTUBHOCTh MPUMEHEHHUS
KaBEPH HA JTHX THUIAX CYJOB MakCUMaibHa U MoxeT jgocturarb 30~35%. Ilpuyem mo mepe
CTapeHusi Cy/IHa, U3-3a ero oOpacTanus, 3 PEeKTUBHOCTH KaBEPH MOBBIIIACTCS.

Jlst Toro 4ToObl KaBepHa oOecrednBaia CyIECTBEHHOE CHIDKEHHE OyKCHPOBOYHOTO
COTIPOTHBIICHHSI, OHA JIOJDKHA MMETh ONTUMAThHBIE XapaKTEPUCTHKU: OOJBIIYIO TUIONIA/Ib B
IJIaHe, TMOBBILIEHHOE M30BITOYHOE JaBIE€HUE W IUIaBHOE 3aMblkaHue. bomnblias miomans
KaBepHBl HEOOXOAMMA YIS H3OJSAMMHM OT BOJIBl MAKCUMAJIbHO BO3MOMKHOM TLIOIA/H
CMOUYEHHOM MOBEPXHOCTH KopIyca. JKenarenbHo, YT00bl H30JHMpyeMas TIOMAlb COCTaBIIsIIa
He MeHee 40-50% cMoueHHOM moBepXxHOCTH Kopmyca. [loBbIeHHOe W30BITOYHOE J1aBJICHUE
MO3BOJISIET KaBepHE HECTH Ha cebe 3HAYMTeNbHYI0 4YacTh Beca CylaHa, oOecrednBast
HanOonblee BCIUibiTHE Kopryca. [InaBHoe 3aMbikanue TpeOyercs Iisl yMEeHbIeHHs: 00beMOB
BO3/yXa, MM0J]ABAEMOTO TIOJ[ JTHHUIIE, YTO MPHUBOAUT K CHHIKEHUIO MOIHOCTH, HEOOXOMMMOM
W1 pabOThI BEHTHIIATOPA. VICKYCCTBEHHBIC KaBEPHBI MOKHO TIPUMEHSTh JIMOO JUTSl CHIDKCHUS
MOIIHOCTH TIPH COXPAHEHWH CKOPOCTH, OO ISl YBEIMIEHUS CKOPOCTH TMOJIHOTO XOAa MpPH
COXPaHEHHH MOIIHOCTH JIBUTATENCH.

Jlnsg  BoJOM3MEIIAIONIMX CyA0B Oonee 11eecoo0pa3HO  CHIKEHHE MOIIHOCTU
JBUTATENICH C IIEMbIO TMOBBIMICHWS WX 3KOHOMUYHOCTH. [IpM 3TOM MOTYT BO3HHUKHYThH
JIOTIOJTHUTENBHBIC IPEUMYIIIECTBA, CBSI3aHHBIE C BO3MOKHOCTHIO TIPUMEHEHHSI MEHEE MOIITHBIX
JBUTATENICH W COKpAIeHHEM 3aIacoB TOILTMBA. JTH MOJOKHUTENbHBIC (DAKTOPHI MPUBOMAT K
CHMYKEHHIO CTOMMOCTH CyJIHA ¥ YMEHBIIIEHU IO IKCILTYaTallMOHHBIX pacxo/ioB. Kpome Toro, ms3-
3a yMEHbILEHHS Beca JBUTATelell M COKpalleHWsl 3alacoB TOIUIMBA CIENYeT OXKUAATh
HEKOTOPOTO yMEHBIIICHUsS BOJOM3MEIICHUS Cy/lHA, YTO B CBOIO OYepeb MOXET JaTh
JOTOJTHUTENBHBIN (D (DEKT N0 YBEMUEHUIO IPY30MOABEMHOCTH CYIHA.

3. IPUMEHEHHUE KABEPH HA TPAHCIIOPTHBIX CYJIAX

Ha TpaHCmopTHBIX Cynax MOXKHO MPHMEHSTh [Ba BapuaHTa YCTPOWCTBA ISt
dopmupoBanust kaBepH. [lepBwiii Bapuant (puc.l) mpencrtaBiser co0oil KOHCTPYKIUIO U3
KIMHOBUIHBIX HAJIENOK (KO3BIPHKOB) /1/, pacronokeHHbIX Ha HAPYKHOM OOIIMBKE IIOCKOTO
nauma. Kosblpeku ciyxar st popmupoBanus kaBepH /4/. Co cTOpOHBI OOPTOB KO3BIPHKU
OTpaHWYEHBl TPOJONBHBIMU KWIsIMA. HeoOXOIMMBIM 3IIEMEHTAMH YCTPOWCTBA SIBISIOTCS
BO3/IYXOAyBKa /2/ M cucTeMa TpyOorpoBoaoB /3/, obecrieuMBarOMX IOABOJ BO3AyXa OT
BO3IYyXOMYBKM K KO3bIppKaM. /JIJs1 TOBBIMIEHWS HAYaIbHOM OCTOMYMBOCTH, JUIA
TIPEIOTBpAIIICHNS MTEPETEKaHMsI BO3IyXa ¢ O0pTa Ha OOPT B yCIOBHAX OOPTOBOM KauKd M IS
YITY4IIeHHS YCIOBUH JOKOBAHMS HA CyJIHE MOTYT OBITh YCTaHOBJIEHBI HECKOJIBKO TIPOJIOJBHBIX
KUJIEH.
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Puc. 1

HccnenoBanust mo ompezeneHuio 3()QGEeKTHBHOCTH TEPBOr0 BapuaHTa YCTpOMCTBA
KaBepH BBIMOTHAIUCH B Tiepuo] ¢ 1961 mo 1969 1. u ObutM JOBE/CHBI JI0 MUCIBITAHUM TpexX
HaTypHbIX 00BEKTOB. VX OCHOBHBIE XapakTepucTUKH NpuBedeHbl B Tabmuue 1. CormacHo
JIAHHBIM HATYPHBIX HWCIBITAHUN TPUMEHEHHE TaKOTO YCTPOWCTBA TO3BOJIIET YMEHBIIUTH
OYKCHPOBOYHOE COTIPOTUBIIEHUE PEUHOTO CyIHA Ha 12~22% mpu SHEpreTH4ecKuX 3aTpaTax Ha
1ojiady BO3/yXa He npeBblaonmx 2~3%. IIpenMymiecTBoM 1epBoro BapuaHra yCTpoicTBa
SBISIETCS. BO3MOXKHOCTh €TI0 HCMOJb30BaHUS Ha YK€ TIOCTPOEGHHOM CyJHE MpHU €ro
MojiepHI3amu. K HemocTarky crneayer OTHECTH HaldyKe Ha JHHIIE BBICTYTAIOUIMX YacTel,
KOTOpBIE MOTYT OBITh MOBPEKACHBL, 4 TAKKE MPUBOJAT K YBEIUUEHHIO OCAIKU, YTO OCOOEHHO
BAXKHO IS PEYHBIX CY/IOB.

VuuTbIBasg 3TH HENOCTaTKH, ObUT pa3paboTaH BTOPOW BapHaHT yCTPOWCTBA, KOTOPOE
MO3BOJISICT CO3/1aBaTh €IMHYI0 KaBepHY C BOJHOBBIM mpoduieM (puc.2). OCHOBHBIM
3JIEMEHTOM BTOPOTO YCTPOKCTBA SABJISIETCS BhleMKa /1/ B MIIOCKOM YacTul AHUINA CyHA — HUIIIA,
HOCOBasi TpaHHWIla KOTOpPOW Qopmupyercs monepeunbiM pernadoM /2/. C OOKOB HuMIIA
OrpaHMYeHa CKeramM /3/ ¥ MpoA0IbHBIMU KWIsIMH /7/. B KOpMOBO# 4acTH BbIEMKA TIEPEXO AT
B JIHUINE TPU TIOMOIIM KOPMOBOTO cBOjAa /4/. BHYTpH HMIIM MOTYT OBbITH YCTAHOBJICHBI
NpOJOJIbHBIE KUK /6/ W TonepeuHble pefaHbl /8/, pacrmojioKeHHbIE Ha OIMpeNeIeHHOM
paccTosHUM JIpyT OT JApyra. Bo3ayx B kaBepHy mojaeTcs OT BO3LyXOAyBKU /9/ mo cucreme
TpyOonpoBooB /10/. 3ta cxema npuMeHseTCs Ha BHOBb CTposiuxcs cyaax. [1o cpaBHeHH1o ¢
nepBoi cxemoii oHa 6ostee 3P eKTUBHA U HAJICIKHA.

Tabmmma 1
Ne | TIpoekr Haznauenue LWL, M| BM | T,m D,
1 |461B |Peunas Gapxa 84.5 14.0 3.2 3270
JIByX CEKILIMOHHBIN COCTAB:
2 |1787 |ronoBHas CEKIIMS 96.0 14.0 3.5 2550
XBOCTOBAsI CEKLIUS 972 14.0 3.5
3 |507B |I'py30Bo€ MOTOPHOE CYTHO 135.0 16.5 3.2 6140

10 9
= 4 : N\ N =
4 |
5 8 2

7 > 6

Puc. 2. Cxema ycTpoiicTBa I CO3/1aHUsI KaBEPHBI C BOJHOBBIM ITPOQUIIEM
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OCHOBHbBIE XapaKTEPUCTHKU HCCIEA0BABIIMXCS 00bEKTOB NpUBeieHb! B Tabmmie 2. 13
BCEr0 CIHUCKA MOCTpoeHa Oblia TONbKO ofHa Oapska mp. 81100 rpy3omnoabsemHocThIO 1000 T.
Harypubie ucnbiranus Oapxxu Obu mpoBesieHbl B 1988 romy. [lpriMeHeHMs KaBepHBI C
BOJIHOBBIM MPO(DIIEM Ha TPAaHCIOPTHBIX CYAaX MO3BOJIIET YMEHBIIUTh OYKCHPOBOYHOE
cornpotupieHre Ha 17~30 % mnpu >HEpreTMUECKUX 3aTpaTax Ha MOJady BO3AyXa He
npesbimaonmx 2~3%. CnenyeTr mpusHaTh, YTO YKa3aHHBIN 3(PeKT OyAer CHIKAThCS MpH
JBMKEHUH CyJHA B YCJIOBUSX PA3BUTOTO MOPCKOTO BoJTHEHHs. [list kpymHOro HerepynoBo3a
3(PeKT MpakTUIeCK! UCUE3HET MTPU BOJTHEHUU MOpsi 5~6 Oaiios.

HaunGonee wHTEpecHOW ¢ MpaKTHYECKOW TOYKM 3pEeHHs CTalla TMOCIeHss padora,
BoinonHeHHast [IHUU um. akan. A.H.KpsuioBa coBmectHo ¢ IIKb «bantcymonpoexr» (CankT-
[lerepOypr), mo pazpaboTke MpOeKTa CyHA Klacca peKa-Mope HOBOro MokojieHus. B kauecTse
00beKTa HMCCIEN0BaHUs, Ha KOTOPOM TPEAIoNaraioch BHEIPUTH KaBEpHY, ObUIO BHIOpPAHO
cepuiiHo ctposiieecst cyano npoekta 01010, cnpoextupoBannoe 1IKb «Beivmen» (HuxHuit
Hogropo). OcHOBHBIE XapaKTepPUCTUKH KOPITyca JaHbI B TabuIe 3.

Tabmma 2
Ne | Tlpoekr Haznauenue LVI\ZL’ B,m | T,m D,
1 |P168 I'py30oBoe moTopHOE cyquo (83.0 (120 |25 2129
2 |81360 I'py3oBoe motopnoe cyano (62.0 |10.14 1.3 737
3 |CK2000K |I'pyzoBoe MoTopHOE cyaHo |67.93 |14.0 1.82 1502
4 81100 Peunas 6apxa 69.6 |14.0 1.6 1 498
5 16101 CynaHo peka-Mope 798 |14 |25 1 807
6 (01010 CyHO peka-Mope 1282 |16.5 42 7510
7 bankep 177.0 |31.0 10.75 149100
8 Hedrepynosos 353.0 |56.0 |22.5 |360000
Ta6ma 3
OcHoBHBIE XapakTepucTuku cyaHa mpoekta 01010
Mopcxkast Peunas
ocajika ocajika
JlmiHa HanOosbInast, M 128.2
JUHa MeKy TEPIIEHIUKYIIPAMU, M 122.8
IupuHa MakcuManbHasi, M 16.5
BasioBast BMECTUMOCTb, pET. T. 4960
KoHTeiiHEpOBMECTUMOCTD, 1T 267
MonHOCTb I1aBHOTO ABUrarens, KBt 2x918
Ocanka, M 420 3.60
JlenBewT, T 5010 3670
[TpoekTHas CKOPOCTH 11.0 y3m. 16.0 xm/u

B pesynbrare nNpOBENEHUS PACUETHBIX, HKCIEPUMEHTATBHBIX M MPOEKTHBIX
UCCIIeI0BaHM ObUT pa3paboTaH MPOEKT CyJHA, Ha JHUILE KOTOPOTO CO3MAETCs yCTOWYMBAs
KaBEpHA, M30JMPYIOLAs OT KOHTakra ¢ BOXOM 45% Iulomagy CMOYEHHOH IOBEPXHOCTH
Koprnyca. BHelHuiA BUJ| Cy/iHAa C JHHUIIEBOM BBIEMKOW MMOKa3aH Ha pucyHke 3. IIpu mopckoi
ocagke, Ha ckopoctd 11.0 y370B mpuMEHEHHWE KaBEpHBI MO3BOJISIET CHU3UTH MOIIHOCTbH
mIaBHBIX gBUrateneit Ha 21.8 %. Ilpu miaBanuu B peke co ckopocThio 16.0 KM/Y BBIMIPHILI

210



yBenuumBaercs 70 26.5 %. IIpuBeeHHble LUPPHI YK€ YUUTHIBAIOT SHEPTETHUECKUE 3aTPAThI
Ha CO3/IaHMEe KaBepHBL Bbicokas >(QEKTUBHOCTh KaBEPHBI COXPAHSIETCI B IIMPOKOM
JMana3oHe CKOpPOCTed M TpH Xojae B Oamwtacte. B cBi3u cO 3HAYMTENHHBIM CHU)KCHUEM
TpeOyeMoi MOIIHOCTH TEHeph Ha CyIHE CTAI0 BOBMOXKHBIM YCTAHOBUTH JIBA AU3EIIS MEHBIIICH
motHocTH 1o 720 kBT kaxpii (BMecto 918 kBT), pu 3TOM yMeHbI1aeTcss 00beM MalllMHHO-
KOTEJIBLHOTO OTJIEEHUs (ero JUTMHA yMeHbIIIach Ha 1.2 M, 4TO MMO3BOJIMIIO KOMIIEHCUPOBATh
MOTEPSHHBIA 00BEM TPIOMOB), COKPAIIAETCS CYTOUYHBIN PacXo]l TOIIMBA, YMEHBIIIACTCS 3arac
TOIUIMBA, HEOOXOAMMBIN Il obOecriedeHuss JalbHOCTH IUIABAHUS CyJAHA. DKOHOMHYECKas
3(heKTUBHOCTB M0 MEPEBO3KE IPy3a I0DKHA COCTaBUTHL Ooree 12%.

BOKOBOW  BUA

BEPXHAA NMA/NYBA

i i - i s o i - _hﬁ

+ |+ |+ + |+ |+ |+ 4+ 4| +Bg

+ |+ |+ o+ |+ |+ |+ 4 4+ °

i e - am e b e ] e e e e RN R T e 3 L3
+ |+ |+ I i e e ol Cy

+ |+ |+ Ho+ |+ |+ |+ H 4+ +FP

Puc.3 O6mwmit Bux cynna nmpoekra 01010

3AKJIIOYEHUE

Marepuansl cTaTbu JAIOT NMPEACTABICHUE O COBPEMEHHOM COCTOSIHUM UCCIIEI0BAHUI B
o0nacTi Co3aHusl TPAHCIOPTHBIX CYIOB C MCKYCCTBEHHBIMM KaBepHaMu. OIIbIT,
HakoruieHHbld B IIHWW wum. axan. A.H.KpbuioBa, mnokaspBaer, 4YTO HauOONIbINMIA
HKOHOMUYECKHH 3P PEKT MOKHO MOTYUUTh IPUMEHSSI KABEPHBI HA CIIETYIONIMX THIIAX CYJIOB.

1. PeuHble THXOXOMHbBIE TPAHCHOPTHBIE Cy/a U OapKH, COCTaBbI OapXk, a TakkKe cyJa
Tna pexa-mope. Hanbomnpimii 3¢ pexkT MOKHO MOMyUUTh Ha CyHaX UMEIOLMX HEOONbIIYI0
OCaJIKy Y 3HAUMTENBHYIO JUIMHY IMIMHAPUYECKON BcTaBkU. Ha 3THX cymax MOXKHO NPUMEHSITh
00a BapHaHTa yCTPOMCTBA, T. €. U HAJICIKU Ha JIHUIIE U THUILIEBYIO BhIeMKY. [IepBblii BapuaHT
11e71ec000pa3HO UCIIONIH30BaTh Ha YK€ MOCTPOEHHBIX CyJlax U 0apkax BO BPEMS UX IJIaHOBOTO
noxoBanus. [locne Takol MOAEpHHM3AIMKM MOYHO JOOMTHCS SKOHOMHUM TOTUIMBA Ha 12~20%.
[IpumeHeHre BTOpPOTO BapuaHTa YCTPOWCTBA BO3MOKHO TOJHKO HA BHOBB CTPOSILIUXCS Cyaax
u Oaprkax. B aToM cirydae 3koOHOMUSI TOIUIMBA MOXKET BO3pacTH 10 25%.

2. PeyHble THXOXOAHBIE MENKOCUIAIINE MTACCAKUPCKUE Cylla U KPYU3HbIE JaiHepbl B
3TOM cltydae 0oJiee PalMOHATHLHO UCIOIb30BAHUE KABEPH HA BHOBb CTPOSIUXCS CyAax Vs
HOBBILIEHUS KX SKOHOMUYHOCTH, & HE ISl YBEIMYECHHUS CKOPOCTH. DKOHOMHS TOTUIMBA MOYKET
coctaBuTh 15-20%.

3. KpynHble TpaHCIOPTHBIE Cy/1a, TaKKE KaK CyNepTaHKephl U Oaikepbl. BoinoaHeHHbIE
NpopabOTKH MOKa3aI, YTO UCIOJIb30BAHUE KaBEPH Ha TAKUX CyJaX CHIKAET Pacxo]l TOIUIMBA
Ha 15-20%.

Cnemyer OTMETUTb, YTO HECMOTPS Ha CJOXKHOCTh SKCIIEPUMEHTAIBHON OTpabOTKH
00BOJIOB KOpIyca C KaBEpPHOH, 3TW pabOThl YBEIMYUBAIOT CTOMMOCTb CYIHA BECbMa
He3HauuTeNbHO. [Ipu mepexone Ha CTPOUTENHCTBO CYHOB C KAaBEPHOW CyJOCTPOMTETbHOMY
3aBOJly WM Beppu He TpeOyeTcs paspaOOTKH CHENUATBHBIX TEXHONOTHH, a TaKke
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NPUOOPETEHNUS! IOTIOIHUTENLHOTO 000py10BaHKs. CTOMMOCTb IIOCTPOMKH Cy/IHA BO3PACTET HE
oonee yem Ha 1~2%. Ecnu e Ha cynHe OyIyT NPUMEHEHBI U3 MEHBIIIEH MOIHOCTH, TO
€ro CTOMMOCTb CTQHET HIKe, YeM aHATOTUYHOTO Cy/1HA 0€3 KaBepH.
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YUCJEHHOE MOJIEJIUPOBAHUE B3AUMOJIEHCTBUA
BSI3KOM HEC)KUMAEMOM )KMJIKOCTH CO CBOBOJHBbIMHU
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KemepoBckuii rocynapcrBennbiii yauepcuter (. Kemeposo, Poccust)
keafa@kemsu.ru, rein@kemsu.ru

BBEJIEHUE

Jlis  pacdera HEYCTAaHOBUBIIMXCS TCYCHUN BS3KOM IKHIKOCTH CO37[aHO
OOJbIIIOE YHUCIIO YHMCICHHBIX METOA0B. Hambompiee pacrnpocTpaHEHHE IMONTYydUIIN
METOJIbI KOHEYHBIX Pa3HOCTEH, KOHCUHBIX U TPAHHYHBIX JJIEMEHTOB, a TAK)KE METO]
KOHTPOJIBHBIX 00BEMOB. JlaHHBIC METONIBI TMPUHAICKAT KJIACCY CETOYHBIX. MX
CYIIHOCTh MOET OBITh OINMHWCaHa CIEAYIOIHUM 00-pazoM. B obmactu m3MeHeHUs
HE3aBHCHMBIX MEPEMEHHBIX BBOJUTCSA CETKA - JUCKPETHAs COBOKYITHOCTH Y3JIOBBIX
TodeK. BMmecro  (yHKOMI  HENpEephIBHOIO  apryMeHTa  pPacCMaTpPHBAIOTCS
KOHEYHOMEPHBIC CETOYHBIC (YHKIIMM, 3HAYCHUSI KOTOPBIX 3aMal0TCI B Y3JIOBBIX
TOUYKaxX CETKU. Bce 3TH MeToabpl 0071a1al0T OJJHUM OOIIMM HegocTaTkoM. Ha kakmom
BPEMEHHOM IIIare CeTKa, Ha KOTOPOH CTPOHTCS pEIICHHE, HE TePSET CBOIO Y3JIOBYIO
CBSI3HOCTH, YTO, B CBOKO O4YEpEib, NIPH OOJBIIUX JcPOPMAIHIX JKUIKOCTH MOXKET
OBICTPO TIPUBOJHTH K €€ BHIPOXKICHHOCTH.

C pocTOM MPOU3BOAUTEIHLHOCTH KOMIIBIOTEPOB Pa3BUTHE  TOTYUUIIH
OCCCeTOYHBIE METOABI, KOTOPBIC AaNMIpPOKCHMHUPYIOT ypaBHEHHS B  YaCTHBIX
MIPOM3BO/IHBIX, OCHOBBIBASICh TOJBKO Ha HAOOPE y3JIOB, 0€3 3HAHUS JOMOTHUTEILHOM
WH(pOpPMAITMU O CTPYKTYpPE CETKH. B TakMx METOIaX OTHOIICHHE COCEJCTBA YACTHII
He (DUKCHPOBAHO, TO €CTh YACTHUIIBI, OBIBIIME COCEISIMH B HAaYaJbHBIA MOMCHT
BPEMEHH, MOTYT CO BPEMEHEM pAaCXOAMTBCSI APYyr OT Japyra. XapaKTEepPHBIMU
MPEACTABUTEIIMA ATOM TPYIIIIBI METOJOB SBJISIOTCS METOJ CrJIQKCHHBIX YaCTHIL
(SPH - Smoothed Particle Hydrodynamics) [11], monyHesBHBIA MeTOA ABUKYIIMXCS
gactull (MPS - Moving Particle Semi-implicit) [10], meTon JlarpanxeBo-DitiepoBbIX
gactui] [5]. JlaHHBIE METOABI TO3BOJISIOT JIOCTATOYHO TOYHO BOCITPOU3BOJUTH
KHHEMATHKy TEUYCHHH, OJHAKO IIONYyYEeHUE JUHAMUYCCKUX XapPaKTCPUCTHK,
HEOOXOJUMBIX I pacuera THAPOJUHAMUYCCKUX HArpy3o0K, SBIIICTCS TPYAOSMKOM
3amaueil. K oOmuM HemocratkaM OECCETOYHBIX METOIOB MOXHO TaK)Ke OTHECTH
TPYAHOCTH BBEJICHUS I'PAHUYHBIX YCIIOBHH.

OTU 00CTOSTENbCTBA 3aCTAaBWJIM HCCIIEOBATENel HMCKarb HOBBIE METOJIBI,
codeTarolue B cebe uaen U BO3MOKHOCTH 0€CCETOYHOrO MOIX0/1a, HO, BMECTE C TEM,
obiajaronye JOCTOMHCTBAMU CETOYHBIX MeTOAOB. llepBbIM U3 0OecCceTOYHBIX
METOJIOB HOBOTO TIOKOJECHHs TIOSIBUJICSA METOJA ecCTeCTBeHHBIX coceneil (Natural
Element Method) [14]. Oco6ennocts MeToga NEM B TOoM, 4TO JIs CTallMOHAPHBIX
3a7a4 OH SIBJSCTCS OOBIYHBIM (KJIACCMYECKHMM) METOAOM [ ajepkuHa, TO €CTh
SBIIICTCS CETOYHBIM. J[1s1 HecTalmoHApHBIX 3a7a4, B KOTOPBIX IPUMEHSICTCS
JlarpaHxeB MOAXOJ K ONHMCAHHWIO H3y4aeMOro IMpoliecca, Ha KaXIOM Imare IIo
BPEMEHHU I10 HAlJCHHOMY Ha IPEIbIIYIIEM IIIare MOJOKCHHUIO Y3JI0B CTPOUTCS HOBas
CeTKa, OMpEAeIAoNnas HOBYIO CTPYKTYpPY cCOCeled s KaKIOW Y3JOBOH TOYKH
obnactu. Ha BHOBB IMOCTPOCHHOW CETKE almpOKCMMHUPOBAHHAS CHUCTEMa ypaBHEHUH
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cHOBa pemaercs meroxoM l'amepkumHa. B cuiy storo meron NEM coxpasser
HEKOTOpPBIE MPEUMYILECTBA KJIACCHYECKOr0 MeToza I alepkrHa, a UMEHHO MPOCTOTY
¢byHkuid Gopmbl B 00JaCTH OIpeAesieHHs, HEMPEPhIBHOCTh MEXKIY 3JIEMEHTaMU,
JETKOCTh BBEICHHUS TPAHUYHBIX YcnoBUM. IIpm 3TOM HMeEET Bce JOCTOMHCTBA
0ecceTOYHBIX METOJIOB, TaK Kak (hYHKUHHU (OPMBI METOJa €CTECTBEHHBIX cocelei
3aBUCAT TOJBKO OT MOJIOKEHHS Y3JIOBBIX TOUEK. [IOCKOJIBKY METOJ €CTECTBEHHBIX
cocefieil mpejacTaBisieT co0oOM pasHOBUIHOCTH Metoaa [amepkuna, To Jlns
(bopMHUpOBaHUS TUCKPETHON CUCTEMbl YPAaBHEHUM UCIONIB3YETCS METO B3BEIIEHHBIX
HEBSI30K C HaOOpOM BECOBBIX (PYHKIMH, coBHaaaromux ¢ 0asumcHbiMH. MHTErpanbi
OepyTcs MO dJeMEHTaM pacliupeHHoM Tpuanryssiuu Jenone [9]. MHoxkecTBO
€CTECTBEHHBIX cocelled Il KaKIOro y3Jja, a TakKe y3Jbl CBOOOJHOM IpaHHIIbl Ha
HOBOM BPEMEHHOM Il1are ONpeAesitoTCs ¢ MOMOIIbI0 METO/I0B sweep line u a-shape
[4]. dns anmpokcUMalMid HEU3BECTHBIX (DYHKIMH MCHONIb3YIOTCA (QYHKUMH (OPMBI
Cubcona u Jlammaca [13,3]. TlomydeHHas cucTeMa JTUHEWHBIX alre0panyecKkux
YPAaBHEHHUI TOCIE BHEIPEHUS TPAHUYHBIX YCIOBBI  pEIIAETCA  METOIOM
COMPSKEHHBIX TPAAUEHTOB C MPEe100yCIOBIMBAHUEM.

B Hacrosimieit pabote mpuBOAATCS pe3yJbTaThl PEHICHUS 3a/lad O KOJeOaHUAX
BSI3KOM HEC)KHMMAaeMOM KUAKOCTH B MPSAMOYroJIbHOM OacceiiHe W 00 oOpyllieHuu
I0TUHBL. OnpeAesstoTca Harpy3Ky Ha CTeHKU pacuyeTHou obunactu. [1].

IHOCTAHOBKA 3ATAYHU U AJITOPUTM PEILIEHUSA

[Iycts B pacueTHo#l obnactu D, orpaHM4eHHONW CBOOOAHOW MOBEPXHOCTHIO [,
Y TBEPABIMU Tpanuuamu [ ;, I, v I3, TPOUCXOAUT IBUKEHUE BA3KOW HECHKUMACMOMU
AKUJKOCTH, OIUChIBaeMoe cucreMoil ypaBHeHnil HaBbe-Crokca:

SE-LTNE IO B LTRSS LT
Dt ﬂxi ﬂxj ﬂxj ﬂxi (1)
3neck x(#) = x(t) = (x;, X2), i, j = 1, 2, MO HPHHATOMY MPAaBHIy IIO

MOBTOPSIOIIEMYCSl MHIEKCY MPOBOAUTCS cymMmmupoBaHue. B cucreme (1) uckoMbpiMu
GYHKUMSAMU SBIISIFOTCS JaBJIEHUE p(X, 1) U BEKTOP CKOPOCTH u(X, t) = ui(x, t) = (u;(x,
), uy(x, t)). Ilapamerpamu OyayT IUIOTHOCTH 7», KOA(POUIIMEHT IUHAMHYECKOU
BSI3KOCTHU 71 U BEKTOP MACCOBBIX CUll f; = (11, f2).

Ha cBobomHoit moBepxHOCTH (5) BBIMONHSIETCS JUHAMUYECKOE YCIOBHE p(X, 1)
= Pam; TaK KaK KUIKOCTh BsI3Kas, TO Ha TBEpAbIX cTeHKaxX G, (G, G; BBHIOIHSICTCA
ycioBue npuannanus u; = 0,i= 1,2,

JluckpeTusamus mo BpeMeHu. JJi1 MHTerpupoBaHus CHCTeMbl ypaBHeHH (1) B
METOJIE €CTECTBEHHBIX COCE/ICH MCIIOIb3YeTCsl METOI pacIieIieH s (MeTo ] APOOHBIX
11aroB), TPEJIOKEHHBIM B Jokjdaae [6] u omnucaHHbE B pabore [8] s
uHTerpupoBanus cucrtemMbl HaBbe-Ctokca. CyTh 3TOro MeToJAa 3aKIOYaeTcs B
pasOoueHnn (QU3NYECKOro Tpolecca Ha JABa: KOHBEKIUIO-TUG(Y3ui0 W BKIAI
naBneHus. Ha mepBom »dTtame B ypaBHEHWW JBYDKEHUS YUUTHIBAIOTCS TOJBKO
KOHBEKTHBHBIC WICHEL, B PE3yJIbTATE YEro BBLICISCTCH (BUKTHBHAS [IEPEMCHHAS U (X,
¢) ¥ 32U CBIBAIOTCS BBIPKEHUS JJIsI TPEIUKTOPA U KOPPEKTOpa CKOPOCTH.

*£1/2
* m u.
u, = u, + fDt+ my Ju D¢,

' r ﬂxj ﬂxj (2)
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n+l __ * Dt T[ n+1
Uu. = Uu. -

S G)

3neck fu(x, )] 77 = B (x, o) + u'(x, )], D, = """ - {' - war no Bpemenn. Ha
BTOPOM 3Tare pemaercs ypasuenue Ilyaccona Ha naBieHue:

R 20 I )i

Dr qx,  9x; Yx, 4)

B coorBercTBHE ¢ naeel MeToAa paciieryieHUs] arOpUTM JABUXKEHUSI IO BpEMEHU
METO/1a €CTECTBEHHBIX COCE/IEH COCTOUT U3 CIICAYIOUIMX LIaroB.

I) onpenenenue rTpaHUIBl O00JIACTU W TOCTPOCHHE HHTEPIOISIIIMOHHBIX
dyHKuM;

IT) BeIuuCIIEHNE TPEAUKTOPA CKOPOCTH u (x, ¢) u3 cucremsl (2);

III) pemenue ypaBuenus [lyaccona (4) s onpenencHust 1aBiIeHUs p"”(x, b);

IV) BBIYHCICHHE HOBOIO 3Ha4eHMs cKopoctd u '(x, t) w3 ypaBHeHus (3) ¢
y4E€TOM HauAeHHOro Ha mare IV gaBnenus;

V) BbluKCIeHUE HOBOI'O MOJIOXKEHHS Y3II0B Ha (1 + 1)-oM BpEeMEHHOM IlIare:
x()"" =x"t) + u""'(x, ) Dt u nanee Ha mar 1.

CTABUJIN3ALIUA YCJTOBUA HEC KUMAEMOCTHU

OnHoMt W3  TJaBHBIX  TPYAHOCTEH  YHCICHHOIO  MOJEIHUPOBAHUS
HecTallMoHapHbIX ypaBHeHUM HaBbe-CTokca sBIsieTCs perysspu3anus YCIOBUS
HEC)KMMAEMOCTH. B onrcaHHOM BbIllIe METOJIE PACIIEIVICHHS 11O MPOCTPAHCTBEHHBIM
MEepeMEHHBIM YCJIOBHE HEC)KMMAeMOCTH MpeJCcTaBieHo ypaBHeHuem llyaccona miis
nanenus (4). Jns ycrpaHeHuss HeDU3UUYECKUX OCUMIUISIUNA (YHKIUU JTaBIICHUS
UCHoJb3yercst MeTo] KoHeuHbIX npupauieHuit (Finite Increment Calculus [12]).

VYcroliunBocTh pemienus cucreMmbl HaBbe-CTokca MeTo1aMi, OCHOBaHHBIMU Ha
metone ["anepkuna, obecrieunBaeTcsi BBIOOPOM KOHEUYHO-3JIEMEHTHBIX MPOCTPAHCTB
IUIE CKOPOCTHU M JIaBJICHUSI: CTENEHH WHTEPIHOJALMOHHBIX MOJMHOMOB KOMIIOHEHT
BEKTOpa CKOPOCTU U JIaBJICHUS JIOJDKHBI YAOBJIETBOPATH YCIOBHIO JlagbLKEHCKOM-
babymiku-bpessu (JIBB). B nannoi pabote ns annpokcuMmaruy GyHKIIUK JaBJICHUS
B ypaBHeHUsX (4) u (3) ucnonb3oBanuch JUHENHHbIE 0azucHble QYHKIUU (PyHKIUU
dbopmbl pacimMpeHHON HHTepnosuuu Jlammaca), 1 annpoKCHManuu KOMITOHEHT
BEKTOpa CKOPOCTHM — KBaJparuuyHble OasucHble QyHKIUU (QyHKOUH (HOpMBI
Cubcona). Ilocrpoenue Takoro 0OOOIIEHHOTO METOJa €CTECTBEHHBIX cocele
(GNEM - General Natural Element Method) npuBoAUT K y10BJIETBOPEHUIO YCIOBUNA
JIBb nns coBMECTHOM amnmpoKCHMMAllMd, 4YTO TapaHTUPYEeT HEBBIPOKICHHOCTD
pelIeHHUS.

TECTOBBIE PACYHETBI

TectupoBanue 0000IIEHHOIO METO/Ia €CTECTBEHHBIX COCEEH MpeICTaBIECHO B
pabore [2]. B Hacrosmieit pabore mpumenumoctb GNEM nnst moxpenupoBaHus
TEYEHUN BSI3KOM HEC)KMMAEMOW >KUJKOCTH JEMOHCTPUPYETCS Ha PELICHUU 3a[1a4u O
KOJIEOAHUSIX KUJKOCTH B MPSIMOYTOJBbHOM OacceilHe M OIpe/esieHUH Harpy3ok Ha
CTeHKHU OacceifHa.

3amaua popmynupyercs caeayrmumM oopazoM. B pacuetnoii o6nactu D.xO/0;
pl, yO[0; I + 0,25cos(x)] nog nedcTBUEM CHJIbI TSDKECTH MPOMCXOJIUT JBUKCHUE
KUAKOCTU. B HauanmbHBI MOMEHT BPEMEHHU paclpesiesieHne nois ckopocreit u(x, ) =
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0. MonenupoBanue KojaeOaHUN ABUIKEHUS KUJKOCTH MPOBOIAUIIOCH JJISI Pa3TUYHBIX
3HaueHui yucna Peitnonbaca: Re = 400, Re = 10000, Re = 50000. Bribpannoe B
Ha4YaJIbHBI MOMEHT BPEMEHU BO3BBIIICHHUE KUIKOCTH HE MPUBOIAUT K 00pa30BaHUIO
HEJIMHEHHBIX PEKUMOB JIBUXKEHUS, MPU KOTOPBIX MPOUCXOAUT (HOPMHPOBAHUE U
NaibHelIee oOpyIIeHne BOJIHOBBIX CTPYKTYp. [Ipodunm cBobGomHON rpaHuUlbl, a
TaKX€ 3HAYCHUA THUAPOJMHAMUYECKUX HArpy30K, CO3/1aBa€MbIX HCaIbHOU
KUJIKOCTBIO HA TBEPIBIX CTEHKAX, CPABHUBAINCH C PE3YyJIbTaTaMH, MOJTYYEHHBIMU
KOMIUIEKCHBIM METOAOM T'PAHUYHBIX DJJEMEHTOB [UIA MOTCHIHAIBHOW MOJE/IN
ujacanbHOM XUAKOCTH [1].

Pacuet Mmetomom GNEM npoBoauiics ajisi pa3iiuHOro YMciia y3J0B Pacye€THOM
obonactu. Jlus pacdyeToB, mpencTaBieHHbBIX Ha puc. 1, B Meroge GNEM
ucnonb3oBaniock 3220 y310B 00JacTH, M3 HHUX Ha KecTkod rpanune - 209, Ha
cBoOonHoM - 105. Yucno y3710B Ha cBOOOMHON rpaHuile obsactu B meroge KMID
Takke Obuto BbhIOpaHo paBHbiM 105. Illar mo Bpemenun B wmetone GNEM

NepeMeHHbI, BbIOMpaics u3 yciaoBus [1] Dt:min{s/|u(x,t)
X

hs =minx, —x| -
iNj

MUHUMAIBHOE PACCTOSIHUE MEXY y3JaMu pacueTHOM 00J1acTu.

OnHuM U3 BOXHEHIIMX MPEUMYIIECTB METOAa €CTECTBEHHBIX COCeleil mepen
KJIACCHYECKUMU CETOYHBIMH METOJaMH  SIBJISIETCS BO3MOKHOCTh  YHCIJIEHHOTO
MOJICJIMPOBAHUSI TEUYEHMH, COMPOBOXIAOIIMXCSA OOJbIIUMH  JedhOopMaIisIMU
pacueTHOM oOmactu. s MmojydeHuss MOMEHTOB OOpYILIEHHsS pacueTHas 00J1acTh
3amaBajiach cueayimuMm obopazom: D:xO[0; p], yO[0; 2 + 1,1cos(x)]. Pemenue
3amaun ocymectBisiock MerogaMu GNEM u KMI'D nis yucna y3noB obniactu
3690, u3 kotophix 145 y310B mpUHAIECKAT CBOOOAHOW TpaHuile, 254 — TBEpIOil.
[IIar mo BpeMeHU Takke BhIOUpaiCs MepeMeHHbIM. KOMITJIEKCHBIA METOJT TPaHUYHBIX
AJIEMEHTOB  TO3BOJISIET  TMPOBOAUTH  MOJEIMPOBAHMUE JIMIIL JIO MOMEHTa
CONMPUKOCHOBEHUSI TPEOHS BOJHBI C MOJONIBOM. JlanbHEHIIUNA pacdyeT CTaHOBUTCSA

HCBO3MOKCH BCJICACTBHUC HAPYHICHUA CBA3HOCTH o01acTu.
. = P r ar By et LA x l.i-.-- ! gy et

4l

Puc. 1 KpuBble nMHaMH4YeCKUX HArpy30K P, Ha neBoit CTEHKH 06MACTH B 3aBHCHMOCTH OT BPEMEHHU

! (cex). 1)— meton KMI'D, 2)-4) — GNEM: Re = 400, 10000, 50000

216



¥ i ¥ [icaan == |[Fli=ase

]
'
]
L
k-d
-

Puc. 2. a) npodwmim cBoOOIHOM TpaHUIIBL;
0) KapTHHA TEUYEHUS 110CJIE MOMEHTA OOpYIIIEHUS

OOOOIIEHHBIE ~ METOJ] ©CTEeCTBEHHBIX COCeled  IMO3BOJIIET  MPOBOAUTH
MOJIETITUPOBAHUE  TEUYEHHH, COMPOBOXKIAIOMIMXCA  CHUJIbHBIMU  JedopManusiMu
pacueTHoil obsactu. Ha puc. 2,a mpuBeneHo cpaBHeHHE Npoduieid cBOOOAHON
IpaHU1Ibl, TOJTYYEHHOU Pa3IMuYHBIMU METOAaMU. Pe3ynbTaThl CpaBHEHUS MOKAa3bIBAIOT
JOCTaTOYHO TOYHOE coBmaaeHue npoduieil rpanun. Haumbomnbinee pacxoxaeHue
COOTBETCTBYET MOMEHTY BPEMEHHU HEIMOCPEACTBEHHO Iepell OOpylIeHHeM TIpeOHs
BOJIHBl. MOMEHT CONpPUKOCHOBEHUSI T'peOHsI BOJIHBI C TOJOMIBOM MPOUCXOAMUT MJIs
pasHbIX METOJIOB B pa3Hble MOMEHTHI BpeMeHu: 111 GNEM — 7 = 4,53 cek, niia KMI'D
— t = 4,61 cex. Ha puc. 2,0 npuBeneHbl KapTUHBI TEUECHHUS TOCIE MOMEHTOB
OOpyIIEHUS.

Ha puc. 3 npuBeaeHbl XpOHOTPaMMbl JTUHAMUYECKUX HArpy30K, CO3/1aBaEMBbIX
BSI3KOM W HJI€aTbHOM >KHAKOCTSAMHM Ha TpPaBOd M JIEBOW BEPTUKATBHBIX CTEHKaX:
kpuBas 1 (crommHas) pacuer metonoM GNEM, kpuBas 2 (myHktupHas)— KMI'D.
3HaueHMUsI HArpy3oK Mocjie MOMeHTa oOpyuieHus noiaydeHbl metogomM GNEM. Jlns
KOHTpOJIsI KOHcepBaruBHOCTU MeToia GNEM B TeueHun Bcero pacuera npoBOINIIACH
MpOBEpKa 3aKOHAa COXPAHEHMS TMOJHOM »Hepruu cucrembl. K KOHIy pacuera
OTHOCHUTEIIBHOE OTKJIOHEHUE dHEpruu He npeBocxoauiio 0,93 %.
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a 0
Puc. 3 Ilunamuueckas Harpy3Ka. a) Ha MPaBYIO CTEHKY; 0) Ha JIEBYIO CTEHKY

YU CJIIEHHBIE PACYETHI

PaccmarpuBaercs 3agaya O pa3pylieHUMH IUIOTHUHBI NPU HAJTUYUU  CIOS
KUIKOCTU Ha OCHOBAHUU. PacueTnasa 001acTb COCTOUT U3 OacceiiHa ¢ POBHBIM THOM
W TBEPABIMHU HENMPOHULAEMBIMU CTEHKAMH, 3allOJJHEHHOIO OJHOPOJHOW BSI3KON
HECKUMAEMOM KHUIKOCTBIO U PAa3/IEJICHHOr0 B HaYaJbHbI MOMEHT BPEMEHU TOHKOMU
HEMPOHUILIAEMOM TMEPETOPOAKOM, CO3JAIOLIENd Mepenas YpoBHS JKUAKOCTH. B
HavyaJbHbIA MOMEHT BPEMEHHU IEPETOPOAKA HAYMHAECT PABHOMEPHO JBHUIaThCs BBEPX
C 3aJlaHHON CKOPOCTBIO, (popMUPYIOIMIUICS TTPU 3TOM CTOJO >KUJIKOCTH C HYJIEBBIM
HayaJbHBIM BEKTOPOM CKOPOCTM HAuMHAET OOpYIIaThbCA IOJ JACHCTBUEM CHJIBI
TspkecTd. B tabmuiue 1 mpuBeneHbl 3HAYEHUsI MapaMETPOB pacyeTa MOCTaBICHHOU
3anauu. lllar mo BpemMeHu BEIOMpAIICS EPEMEHHBIM.

Tabnuma 1
ITapameTpsl 3anaun
[Tapamerp 3nauenue | PasmepHOCTH
CKOpOCTbh MeperopoAKy MIOTUHBI 1,5 Mm/c
II;moTHOCTE KUAKOCTH 1000 Kr/m3
Koadpunment nuanammuueckoi BI3KOCTH 3,210-2 | kr/m‘c
Cuna TspkecTu 9,8 Mm/c2
Bricora ciost xKUIKOCTH NP OCHOBAHUU 1,810-2 | ™
BricoTa cronba )kuaKocTu B JeBoM Obede 0.15 M
MupunHa cronbda KuIKOCTH 0.38 M

0.156'5 (b
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0281 s

e) i
Puc. 4. CpaBuenue pe3yabTaToB pabOTH aBTOPOB € IKCIIEPUMEHTATIbHBIMH JIAHHBIMH
B MOMEHTHI Bpemenu: a) t = 0,156 ¢.; 6) 1 =0,219 c.;B) t=0,281 c.; 1) 1 =0,343 ¢c.;
n)t=0,406c.;e)t=0,468 c.
CreBa - 2KCTICpUMEHTAIbHBIC JIAHHBIE, CTPaBa - TEKYIIHE PACUCThI

Ha puc. 4 npuBoauTCSl COMOCTABICHUE PAcuyeTOB 00 OOPYIICHUU TIJIOTUHBI C
AKCIIEpUMEHTOM. JlaHHBIE SKCliepuMeHTa ObUTHM B3sATHI U3 paboThl [7]. K koHIy
pacyera OTHOCUTEIIbHOE OTKIOHEHHUE SHEpruu He mpeBocxoauiio 0,86 %.

BbBIYUCJIEHUE HAT'PY30K

B xonme pacuera ObUIO TOJY4EHO pacmpeicsiCHUE MO JTaBJICHUs, KOTOPOE
MO3BOJIICT ONPES/IMTh 3HAYCHHS THIPOJUHAMUYECKUX Harpy30K Ha BEPTUKAJIbHBIC
CTeHKH oOnacTtu. {7 pa3nuyHbIX 3HAYCHWUN TapameTpa /i (BBICOTA CIO0S KUJKOCTH
MpU OCHOBAHWM) BBIYUCISUINCh HAarpy3kd Ha TMPaBYK0 BEPTHUKAIBHYIO CTEHKY
Oacceitna. Ha puc. 5 mnpuBeieHbl XpOHOIpaMMBbl Harpy3ok Ha BEPTUKAJIbHBIC
rpanuIbl odnactu ais 3Hadenuit 7 = 0,018; 0,038; 0,09 u 0,12 M COOTBETCTBEHHO Ha
npaBoi puc. 5a u eBoil puc. Sb BepTUKaIbHBIX CTEHKaX 00JIaCTH.

e e B A i B e N
-ty W N R S U TN - T P KR S S U S S S S
e o et e o e o e o - -
T N Y Y 4 ./ S S I — -

L e | s - |
I O I 7 = I S it e s Rt i
b | R S Y i S -
M-t —f-f-r——-——r——-———r—->= ———— -
._fl:j:rfl_h:ff?_-___%;:TET:::ET:-._: -
B S o o s o, O = SO
e i r i e e M R o .. s it i
L #_.I._I__l_l__l___l__I___I_____l\___'_'_ﬁ"='|=.=i.

| ] i 1 | i i 1 1 l ' | i

a) 0.5 T 1 1.4
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Puc. 5. XpoHOTrpaMMBbI rMIpOAMHAMUYECKON HATPY3KH HA BEPTUKAIBHBIX CTEHKAaX
obnactu. st 3navennii £ = 0,018 m (Homep 1), 0,038 m (HOMED 2), 0,09 M (HOMED 3),
0,12 m (HoMep 4): a - paBasi cTeHka o0JacTy; O - J1eBasi CTeHKa 00J1acTH

IIpu # = 0,12 M ToNMUIMHA CIOSI MPAKTUYECKU COOTBETCTBYET BBICOTE CTOJIOA
KUJIKOCTU U BbIOpaHa SMIIMPUYECKU Ha OCHOBE MIPOBEJIEHHOM cepuu pacueToB. Takas
BBICOTA CJIOSI IPM OCHOBAHUM COOTBETCTBYET KAPTHUHE TEUEHUS, NPU KOTOPOU IS
3a7aHHOM JJIMHBI OacceiiHa He HapyIIaeTcs CBA3HOCTh OOJIACTH M HE BO3HUKAIOT
MOMEHTHI 00pyieHuid. CooTBeTCTBEHHO Ipaduk Harpy3ok st -z = 0,12 m Hanbonee
IVIAJKUI M MMEET HAaWMEHBUIEE YHUCIO IKCTPEMYMOB B OTJIMYHE OT XPOHOTPAMM
Harpy3o0K JUid JPYTUX 3HAYECHUH TOJILIMHBI CJIOA Npu ocHoBaHuHU. [Ipu 3HaueHuun
BBICOTHI cToJi0a £ = 0,09 M MOMEHT 0OpyIIeHHs! CBOOOIHOM T'PaHULIBI BOBHUKACT YiKe
mocJjie OTKara o0Opasyrolleics B pe3ysbTare pa3pylIeHHs IUIOTUHBI BOJIHBI U3JIMBA,
II03TOMY Ha XPOHOIPaMME€ MaKCHUMAIbHOE 3HAYEHHE HArpy3KH JIEHKUT HHXKE II0
CPaBHEHUIO C PeXUMAMH, JIJI KOTOPHIX MOMEHTHI OOpYILIEHU BO3HUKAIOT A0 HaKara
BOJHBl M3JMBA HA BEPTUKAJIbHYKO CTEHKY. MOXHO OTMETHUTh, YTO pPaCUETHBIE
XpOHOTPAMMBbI HAarpy30K Ha MpPaBYK CTEHKY HMMEIOT [Ba JIOKAJIBbHBIX MaKCHUMyMa.
OnHako, IepBblil MAKCUMYM UMEET MEHbIIIEE 3HAYEHUE, YEM BTOPOM, U BOSHUKAET B
CJIEICTBME HAKaTa Ha CTEHKY CJIOS >KUAKOCTU CIpaBa NpPU OCHOBAHUU IUIOTHHBIL
Cama BonHa, (opMupyoomascs Mpud OOpPYIIEHHH IJIOTUHBI JOCTHTaeT MpaBon
BEPTUKAIBHON CTEHKM 3HAYUTEIBHO I[IO3[IHEE, YXKE IIOCIE€ OTKara OT CTEHKH
KHUJIKOCTU MPU OCHOBAHUU IUJIOTHUHBL. OTCIO/1a MOXHO BUIETh BTOPOM, HAMOOIBIINMA
10 3HAYECHUIO, MAaKCUMyM Harpy3ku. [Ipu nanpHelmieM OTKare BOJHBI OT MPaBOM
CTEHKHU Harpy3ka Ha Heil HaunHaeT yObIBaTh.

SAKVIFOYEHUE

B pabGore mnpencraBieH O0OOOIIEHHBIH METOJ €CTECTBEHHBIX COCE/EH,
MTO3BOJIIIOIIMI MPOBOAUTh YHUCIEHHOE MOJIEIMPOBAHUE 337a4 JUHAMUKHU BSI3KOU
HECKMMAEMOM  JKUJIKOCTHU €O CBOOOAHBIMM TpaHUIlaMM Ha BCeX JTamnax
BBIYMCIUTENBHOIO AKCIIEPUMEHTA, BKIIFOUAs 3TAlbl CUJIbHO HEJIMHEWHOrO MTOBEICHUS
TEYEHUsI C 0Opa3oBaHMEM MHOTI'OCBS3HOCTU pACYETHOM oO0xacTu. XapakTepHOM
O0COOCHHOCTBIO METO/Ia SIBISIETCS BO3MOXKHOCTH pacyeTa JaBJICHHUS MKUJIKOCTH B
00JacTy W Ha TpaHUlle, KOTOPOE B JaldbHEHIIEM MOXXET OBITh MCHOJB30BaHO MJIS
MOJIYYEHNS] 3HAYEHUM [IMHAMUYECKHX HAarpy3oK, CO3aBacMbIX JKHJKOCTBIO Ha
TBEPJBIX CTEHKAX 00JaCTH.

Pa3BuTHe yClIOBHO-0€CCETOUYHBIX YHCICHHBIX METOAO0B, @ HMMEHHO MeToja
€CTECTBEHHBIX COCEIEH  SABJIETCI BAXHOM M aKTyaJlbHOM  3ajaded Ui
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MOIICJII/IpOBaHI/ISI TCLICHI/Iﬁ BHSKOﬁ HCC}KHMaCMOﬁ )KHﬂKOCTCﬁ, YTO AaC€T BO3MOXKHOCTH
HOJIY"I&TB pCH_ICHI/Ie HOBBIX 3aJd4 CO CBO6OI[HBIMI/I FpaHI/IL[aMI/I, peH_ICHI/IC KOTOpBIX
TpaIII/II_II/IOHHBIMI/I METOJaMU 501051 BCCbMa Sany,Z[HI/ITCJIBHO, nJn BOO6H_IC
HeBO3MOKHO. (120,130) (20,50) (20,0) (15,95) a) (15,35) b)
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ABSTRACT

The paper presents an overview of various problem arising when designing the high-speed
underwater vehicles. The features of designing the launched “small” supercavitating models and the self-
propelled “big” supercavitating vehicles are considered. The examples of investigation of some named
problems using the new versions of SC_Design and ACAV software developed at the IHM of NAS of
Ukraine are presented.

INTRODUCTION

As is known, the supercavitation (SC) flows underwater have a number of specific peculiarities.
Rational designing the SC-vehicles is impossible unless the well understanding these processes. We have
generalized a great experience of theoretical and experimental investigations of the SC-flows when
developing the SC-Design, Version 2.5 software for designing SC-vehicles and computer simulation of
the SC-vehicle motion, where the latest version of the SCAV and STAB programs [1, 2] are coupled. In
this software to calculate a shape of unsteady supercavities the approximation mathematical model is
applied based on the known Logvinovich’s principle of independence of the cavity section expansion [3,
4]. The various relations agreed with experimental data [5—7] are used as well. Motion of SC-models is
computed by numerical integrating a set of differential equations of the body dynamics, also relations for
forces acting onto the model at interaction between the model and the cavity walls are used. In this paper,
an overview of various problem arising when designing the high-speed underwater vehicles is given. The
examples of investigation of some named problems with the SC_Design software are presented.

1. PROBLEM OF SC-VEHICLE DESIGNING

From the viewpoint of designing, it is convenient to divide two classes of the high-speed
underwater bodies: the launched “small” ones (£~ 0.1+1.0m, ¥, ~1000m/s), and the self-propelled “big”
ones (L=~5+50m, ¥ ~100+200m/s). In both cases the models move underwater in the natural
supercavitation regime.

The launched “small” SC-models should be designed with consideration of the following basic
requirements: 1) the model must be sufficiently strong for taking a starting accelerating impulse of a
launching device and an impact load at the water entry as well; 2) the model must stably fly desired
distance in the supercavitating regime with a minimal deviation; 3) desired value of the model speed
and/or the kinetic energy at the end of distance must be retained.

The self-propelled “big” SC-vehicles must fly the desired distance along the desired trajectory
with the established average velocity. In this case besides the cavitator diameter, the model shape and
mass, the parameters of the propulsor and the control performance should be designed.

All calculations necessary for the hydrodynamic design of both the “small” and “big” models
may be performed with the SC_Design software.

2. THE “SC_DESIGN” SOFTWARE

The SC_Design software is intended to calculate a shape of the unsteady supercavities and the
velocity variation of the “small” and “big” high-speed SC-models moving on inertia or under thrust of an
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acting propulsor. In the SC_Design, Version 2.5 software (the short name is SCD25), the modules of the
SCAV and STAB programs [1, 2] have been coupled. The SCAV modules serve to calculate the
rectilinear motion of axisymmetric SC-models in the axially symmetric flow. The STAB modules serve
for computer simulation of the SC-model dynamics.

It is supposed that “small” models start on the depth #,, with the velocity v, under the angle  to
the horizon and then move in the natural supercavitation regime. If there are starting perturbations of the
pitch angle v, and angular velocity o, , then the model position in the cavity is asymmetric and unsteady,
and the flight path deviates from a straight line.

The “big” models start horizontally on the depth # under thrust of propulsor. In the STAB
modules the flight path of the “big” models may deviate from a straight line.

Basing on the accepted mathematical model we have developed the “fast” calculation algorithms
which make it possible to perform computer experiments “in real time”.

3.PROBLEM

OF SELF-PROPELLED SC-VEHICLE SPEEDING-UP

The practical application of the SC motion regime for attaining the very high speed of the self-
propelled underwater vehicles requires solving a number of difficult technical problems. The main
problem consists in that a SC-vehicle must overcome the very high hydrodynamic drag when it is
accelerated from the start to the time when the vapor supercavity is formed. During acceleration, it moves
sequentially in the non-separated flow regime, in the partial cavitation regime, and finally in the planing
SC regime.

The SC-Design program makes it possible to
design the model shape and the cavity dimensions for
the most energy conserving marching motion. For
150 bmmm e example for the “standard” SC-vehicle model having
the length L =7 m and the cavitator diameter o, =100
mm moving on the depth H = 15 m with the marching
velocity v, = 150 my/s, the propulsor thrust must be

F, = 83 KN, and the towing powerp, = 12.5 MW.

Y, mis

100

50 | | |

0 10 20 50 .« The supercavity length during the steady marching
Fig. 1: History of the vehicle velocity at the steady motion1s L, =8.71 m.
thust: 1= F, / F,, =1,27 F, | F,, =1.324 Fig. 1 shows time dependence of the

“standard” SC-vehicle model velocity during the
acceleration when the thrust r,, is fixed. The curve 1 was obtained at ', = F, . As is seen, in this case
the marching value v, is not achieved. The obtained balanced values r.=4.93 m, ¥ =112.5m/s

correspond to the partial cavitation regime. If the thrust increases (curve 2), than we come to the balanced
values of 1 exceeding their marching values ., and v,, . Besides, one can see from the graph that the

acceleration to the balanced velocity with the mid-flight engine occurs during the long time interval about
10+30 s. In this case much fuel is consumed for the vehicle acceleration, and the total range decreases.

223



0 I I I 1

1 1.1 1.2 1.3 1.4 Fo'Fn

pr

Fig. 2: Final cavity length at the “standard” vehicle
model speeding-up under various thrust

PROPULSION EBIE ety

Fig. 3: The function “Steady/Prc.)plﬂsion”‘ o

Fig. 2 shows dependence of the final cavity
length on the propulsor thrust after the vehicle
acceleration. As 1s seen, the step-wise passage from
the partial cavitation regime to the supercavitation
occurs when the thrust increases. After that we come
to uneconomical flow regimes . > L,,,, V >V,,.

Thus, it is impossible to come to the marching
regime using the mid-flight engine with fixed thrust.
In practice, the additional starting engine should be
used for both the marching parameters achievement
and the start time reduction. It must give high thrust
F, >> F, during short time ¢, ~0.1+0.5s. The high-

energy fuels with short combustion time, e. g a gun-powder, are used for the starting engine [8].

The analysis [8, 9] has shown that only the
rocket motors and the gas-turbine engines may be
applied as the mid-flight engines for the SC-vehicles.
They have to use hydro-reacting fuels with the very
high specific impulse, for example aluminium or
magnesium. A number of questions of the SC-vehicle
propulsion are considered in the Yu. Savchenko’s
papers [9, 10].

The menu function “Steady / Propulsion”
makes it possible to estimate the required propulsive

characteristics of the rocket motor and fuel in the SC-vehicle steady-state horizontal motion (see Fig. 3).
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4.STABILIZATION

OF SELF-PROPELLED SC-VEHICLE MOTION
A self-propelled SC-vehicle may have the positive or negative residual buoyancy. In the SC-
vehicle steady horizontal motion on the depth # , it must be compensated by the hydrodynamic force F,,

created by inclination of the cavitator on the angle s, and by the lift 7, at planing the SC-vehicle tail on

the cavity wall in the planing regime, or by the lift 7,, on the SC-vehicle hull in the partial cavitation

£.90°

~ =

Fig. 4: Scheme of forces acting on a SC-vehicle in the
planing regime

F, cos(0+y)—F, =0,

regime. In the partial cavitation regime, the hydrostatic
Archimedes force F, acts onto the SC-vehicle as well.
The additional transversal force and moment can be
obtained by deflection of the thrust vector 7, on the

angle o. In the steady-state motion, the sum of the
vertical components of all these forces must be equal to
the SC-vehicle weight, and the summary moment of
forces relative to the SC-vehicle mass center must be
equal to zero.

In case of the planing regime (see Fig. 4), the
set of equations of the SC-vehicle balance has the form:

Q)

Foo+F,cosy +F, sin(0+y)-mg=0,
Fox.—(Fy +F, sin0)(L-x.)=0,

where F,,, and £, are components of the force on the cavitator in the flow coordinate system; #,, and

F,, are projections of the forces in the body coordinate system.

Fig. 5: Scheme of forces acting on a SC-vehicle in

BIG mossl BALANCE (PLANING cavilalion regime) Dt ag

BALANCED MODEL | # s fised |

4 = fimes cemer

the partial cavitation regime

Fig. 6: The function “Steady / Balance”

In case of the partial cavitation regime (see Fig. 5), the set of equations of the model balance has

the form;

F,. cos(0+y)—F,n—F;cosy =0 2)

Foo + Fpy cosy +Fy + Fp, sin(0+y)-mg=0,
F, x.—F,l,—F, sin0(L-x)—F, cosyl, =0,

ny”’c
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where 7, and 7, are arms of the forces £, and F, relatively to the model mass center x,. In the

SC_Design software, the balanced values of three angles s*, ", and v are founded automatically by
the iteration process (see Fig. 6).

5. EQUATIONS OF SC-VEHICLE DYNAMICS

In the SC_Design software, the investigation of the SC-vehicle dynamics is performed by the
numerical integration of the set of equations which include:

1) the differential equations of a rigid body six-degree-of-freedom dynamics;

2) the equations to calculate an unsteady supercavity shape and its position;

3) the equations connecting hydrodynamic forces and moments acting on a SC-vehicle with the
supercavity parameters and the vehicle motion parameters.

The general 3D-motion of SC-vehicle may be divided on the longitudinal motion in the vertical
plane and the lateral motion (the rotation between the «, -axis and y,-axis and the motion to the 2, -axis
direction, see Fig. 7).

Y The longitudinal and lateral motions may be
considered independently if the inertial and hydrodynamic
U connections between these motions are insignificant. This is
valid for SC-vehicle if w, =0 or if the cavitator slope is
) absent 5 =0.
) X In dependence on the mutual sizes and mutual
positions one can select four main regimes of the SC-vehicle
AR motion. For each of regimes the calculation of the
hydrodynamic forces and moments in the right parts of the
dynamic equations has characteristic peculiarities.

1) Steady high-speed supercavitation regime is
characteristic for the free inertial motion of the “small” SC-
models at the very high velocities » >300m/s without
perturbations. In this case the model is completely located within the cavity, and only the cavitator
contacts with water with the cavitation drag .. However, this regime is rarely realized in practice owing
to presence of starting perturbations.

2) The non-steady ricocheting regime is characteristic for the same conditions as for the a regime,
but at presence of starting perturbations. In this case the model oscillates within the supercavity and
periodically interacts by its tail with the opposite cavity walls [11]. In this case in addition to the cavitation
drag ,, the unsteady transversal force F,, (;) arises on the cavitator owing to turning the model axis, and

e

I3 Z
Fig. 7: Scheme of a SC-model in the planing
motion regime. Body and semi-body coordinate
systems

the unsteady planing force with alternating sings ,, (-) periodically arises on the model transom. As we

have shown theoretically and experimentally, such motion regime may be stable “as a whole” or unstable
[11,12].

3) The planing regime, when the SC-vehicle is planing by its tail along the supercavity boundary.
This regime is characteristic for motion of the “big” self-propelled SC-vehicles at moderate velocities
7 =100+200 nvs. In such scheme the model gravity mg is compensated by the lift 7, created on the

cavitator and by the transom planing force £, which must be balanced in the steady-state motion.

4) The partial cavitation regime, when the supercavity length is less than the body length. This
regime is characteristic for motion of the “big” SC-vehicle at comparatively not high velocities
v <100m/s. In such motion regime the supercavity is closed on the SC-vehicle body, and the transom part
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of the body is wetted by water. In this case in addition to the cavitation drag . the strong friction drag
F,, acts on the body. If the SC-vehicle moves at the angle of attack, then the transversal force F,, arises

on the wetted body part. In the case of the steady-state motion all the forces and moments must be
balanced.

In the SC_Design software, all these forces and moments are calculated with accuracy sufficient
for practice. The cavitation drag of a inclined disk cavitator is [3]

‘Fn‘ =F,,cos(6+a)cos B 3)

where s is the cavitator slope angle; « is the angle of attack; s is the slide angle; 7, is the cavitation
drag when 6 =a = g =0. Then the force components are calculated in the body coordinate system by
formulae:

F _=F, cos(0+a)cosdcosp,
F,, =F,cos(6 +a)sindsin S,

F_=F  cos(d+a)sindsin f.

The Paryshevs formulae [13-15] are used for calculating the force of the SC-vehicle planing
along the cavity walls £,. The method of plane sections [3] is used for calculating the force 7, in the
partial cavitation regime.

6. DYNAMICS AND STABILITY OF SC-MOTION

Computer simulation with the SC-Design software confirms that a basic mechanism of the
“small” SC-model free motion stability is their self-stabilization by hydrodynamic interaction of the
model tail with the cavity walls [11, 12].

It gives a method of varying the model shape and its construction to increase the motion stability
for specified starting perturbations. For a well-designed model, the SC Design simulation allows
predicting a level of starting perturbations when the trajectory deviation will be admissible, i.e.
determining requirements to a launching device. Fig. 8 and Fig. 9 show views of a computer screen when
performing two functions for investigation of the “small” model dynamics.

The menu function “Range” serves for serial computation of the “small” model motion range in
dependence on the cavitator diameter », , the cavitator slope angle &, the initial depth #,, the angle y of

)

launching the model, the initial perturbation of the pitch angle v, and the starting angular velocity o,
(see the example in Fig, 10).

DYRAMICS OF SLIPERCAVITATING MODEL AL HISTORY OF MOITION

ll/

For’’small” model for “small” model
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R ST D A o Fig. 10 shows that for the small depths the

= . iz model flies the distance less than 40 m and loses
I ' i i i e the stability. With increasing the depth the motion
I | : becomes stable, and the range increases
T spasmodically.
The computer simulation shows that the
I B SC-model free motion is more stable for the
i e smaller p, and the greater depth ie. with the
ceewe Dommm voowen e D me 0 “tighter” cavity. Also, the motion stability of SC-
Fig. 10: The function “Range / Starting Depth” models essentially depends on their shapes. As a
result of serial calculation, it is possible to plot the
areas of the stable and unstable motion on the planes of the various motion parameters, for example
(H,a,) [2,16].

DYNAMICS of supercavitaling BIG model FRLE L HISTORY OF MOTION (BIEG modesl)

'Fig. 11: The function “Dynamics / Testing” for “big” Fig. 12: The function “Dynamics / Portraits” for
model “big” model

Fig. 11 and Fig. 12 show views of a computer screen when performing three functions for
investigation of the “standard” SC-vehicle model dynamics. In this case, the permanent propulsor thrust is
equal to the total drag when +=0. As a result we obtain a stable motion, but the motion depth decreases.
In the general case it is necessary to introduce the additional control force in the calculation to keeping the
fixed motion depth.

The computer simulation shows that the self-propelled SC-vehicles moving in the planing regime
usually oscillate within the cavity. In this case the oscillation amplitude may both damp and increase. As a
rule, to save horizontal stable “as a whole” motion of SC-vehicle it is necessary to use additionally an
active control.

7.SOME PROBLEMS OF CONTROL AND MANEUVERING

Keeping stability and control of the self-propelled SC-vehicle motion realize by creation of lateral
forces on asymmetric cavitators or/and with the operating controls as the cavity-piercing fins and rudders
which work as SC-hydrofoils. The control by the vectored thrust of a propulsor may be used as well. For
example, in the steady-state horizontal motion the lift on both the cavitator and the model tail must be
created to compensate the model weight.

In last years appear a lot of papers devoted to the theory of the SC-vehicle control (e.g. see [17-
19]). The non-linear delayed nature of the reactions and the feedback presence are the main peculiarity
and an origin of mathematical difficulties of such problems. Here, one gives some practical notes related
to hydrodynamic aspects of problem of the SC-vehicle control.

1) Theoretically, the simplest way of control of a SC-vehicle motion in the horizontal plane is just
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the vehicle roll about its longitudinal axis. Indeed, if the vehicle roll angle 6 =0, then the lift #,, on the
cavitator creates the extra side force F,_ = F, sin 6 , which causes to the vehicle yaw.

2) The rotary disk and cone cavitators and also the transformer variable-lift cavitators may be used
as the operating controls in both vertical and horizontal planes. Disadvantage of rotary cone cavitators
consists in possibility of changing the cavity detachment line for the big deviation angles « . This leads to
non-uniformity of the dependence between the deviation angle of the cone and the arising transversal
force ¢, (a) [20, 21].

3) Tradition operating controls as the cavity-piercing fins and rudders are applicable to SC-
vehicles. However, their effectiveness decreases considerably in comparison with the non-cavitating
flow. This is explained by the following four causes: a) the working area of the hydrofoil decreases on the
value of its part locating within the cavity; b) the hydrofoil itself is flowed in the supercavitation regime;
¢) the positive effect of the hydrofoil interference with the model hull disappears; d) the negative effect of
the free cavity boundary appears.

4) An additional disadvantage of using fins and rudders for the SC-vehicle control is uncertainty
of the flow regime around the fin. Indeed, the flow around the fins can be non-separated, partially
cavitating or supercavitating one. Moreover, the flow regime can change in time. Besides, the lateral force
may depend ambiguously on the deviation angle due to flow re-arrangement [20, 21]. This is
accompanied by the stepwise changing the coefficient ¢, and the hysteresis effects. Thus, the active

automatic systems of controlling with feedback are needed for SC-vehicles.

5) Control of the self-propelled SC-vehicle motion by the vectored thrust has not such weaknesses
as rudders. That is why it seems to be preferable to use in the supercavitation regime.

The SC_Design software makes it possible to introduce any kinds of control forces and moment
into the right parts of the dynamic equations, and to perform the computer simulation of the operating
control effect on the SC-vehicle motion.

Designing cavitators is the most important stage of the general process of designing SC-vehicles.
A cavitator serves not only for the supercavity formation, but it can be used as the stabilizing element and
operating control of the high-speed underwater vehicle. As is known, the main supercavity dimensions
depend weakly on the cavitator shape but are defined only by its “effective diameter” p) =D, /e, . The
cavity dimensions are defined by dimensions and a shape of a vehicle inscribed within the cavity. Thus,
for the fixed b, the cavitator shape can be designed with taking into account additional requirements, as
motion stability, controllability, presence of a water intake etc.

8. SOME PROBLEMS OF USING VENTILATION

The initial acceleration part of the SC-vehicle motion is the most power-consuming, when
transition occurs from the continuous flow to the steady SC-flow over the vehicle. For acceleration of the
supercavity formation it is expedient to blow a gas into the cavity.

Also, the method of regulating the gas-supply rate into the cavity is a known ways of the
supercavitation flow control.

As is known, the ventilated cavity behaviour is very complicated, it is determined mainly by a
type of the gas-leakage from cavity ¢ = F' (0, o,, Fr,Re, We,.. ) and the value of the dynamic
parameter 8 =0, /0 ,where o, is the vapor cavitation number [23]. When the parameter S increases,

role of the elasticity of the gas filling the cavity increases as well. If B> B, , the stability loss in the
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dynamic cavity-gas system and arising of self-induced oscillations of the ventilated cavity are possible
[24, 25].

On the one hand, gaps between the vehicle hull and the cavity walls is advantageous to make
minimal for decreasing the cavitation drag. On the other hand, the gas flow in narrow gaps may lead to
adverse deformation and disintegration of the free boundary and hence to appearance of the high spray
drag [26]. Influence of this factor may be weakened by applying the distributed gas-supply into the cavity.

A possibility of the stability loss and development of the self-induced oscillation of the ventilated
cavities is one of important peculiarities of the artificial cavitation flows. If the ventilated cavity closes on
the vehicle hull at acceleration of the vehicle, then the great vibration loads may act upon the hull, and the
gas supply rate increases. This must be taken into consideration when designing, It is necessary to be able
to predict the pulsation appearance conditions and parameters in order to avoid their undesirable
consequences.

The ACAYV software developed at the [HM of NASU is intended for computer simulation of
unsteady processes of the ventilated supercavity control, and also for computer simulation and analysis of
instability and the non-linear self-induced oscillation of the ventilated supercavities. In the ACAYV,
Version 2.5 software, modules of previous versions
of PULSE and ACAYV have been coupled [2].
—  — — = = =] The program uses different laws of the gas-
leakage from the cavity in dependence on the
cavitation number and the Froude number and also
when the cavity closes on a body [6, 23]. It performs
the numerical spectral and correlation analysis of the
discrete time series for both the cavity pressure and
e el o . the cavity length with the direct and inverse Fast

PULSE TEST| o, = 05000 §, = 32000 g, = 4000 ¥ o000

“Fig. 13: The finction Pulse/Testmg ~  Fourier Transformation (FFT), and also plots the
phase-plane portraits of the self-induced and forced

oscillations of supercavities.

In all, the menu of the ACAV, Version 2.5 software includes 55 different functions, and in
addition 16 demo-functions. Fig. 13 — Fig. 15 show views of a computer screen when performing some
functions of the ACAV software. Fig. 15 shows the partial ventilated cavity reaction on the periodic
variation of the gas supply rate. In this case, the ventilated cavity oscillation appears periodically due to
loss of stability.

FOURIER AMALYSIS of  P_(t) ETEYE N I

Fig. 14: The function “Analysis / Fourier Prels;ﬁfé’; S Flg 15The ﬁmctlon “Moﬁoh / BenchTest;". -
CONCLUSIONS
In addition to possibilities listed above, the SC_Design software makes it possible to calculate the

elastic stress distribution in “small” model sections, to investigate the supercavity reaction on the ambient
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water pressure perturbation, to simulate the process of the “small” model water entry from the
atmosphere, and others. In all, the menu of the SC_Design, Version 2.5 software includes over 50
different functions.

Some design problems concerning with the ventilated cavitation application can be investigated
successfully with the ACAV software.

An experience of practical application of this software for the computer-aided designing (CAD)
of the high-speed underwater SC-vehicles showed their high efficiency and easy-to-use.
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THE INFLUENCE OF STAGNATION ZONE UPON THE FLOW
PARAMETERS FOR SHOCK-FREE SUPERCAVITATING
HYDROFOIL WITH SPOILER
FRIDMAN Gregory & Zaw WIN,

Applied Mathematics and Mathematical Modelling —

St. Petersburg State Technical Marine University (St. Petersburg, Russia)

ABSTRACT

An analytical solution is carried out and the corresponding numerical results are
obtained for the two-dimensional nonlinear problem of a shock free supercavitating flow
past a hydrofoil with a spoiler and controllable thickness of the leading edge. The flow
model addressed in the paper has two essential features, namely, the stagnation zone in
the spoiler vicinity and stagnation point coinciding with the tip of the wedge-like leading
edge. The former enables one to indirectly take into account viscosity effects in the
framework of an ideal fluid model while the latter ensures the shock free flow mode.
Basing upon the numerical results obtained through the solution procedure, a new type
of the cavitating section can be designed.

INTRODUCTION

The problem of the flow past the shock free supercavitating hydrofoil with
stagnation zone in the spoiler vicinity and wedge-like leading edge is a problem of the
theory of jets in an ideal fluid [3, 5, 6]. Using the term ‘shock free’ we assume that the
stagnation point coincides with point D (the dividing streamline reaches the wedge-like
leading edge in its vertex D) and the upper bound of the cavity smoothly detaches at point
B, see Fig. 1.

B
Ly

/‘(\/-' chord length !
D a7

Y —
a o /"1 :——‘))
d

spoiler length =
Figure 1: Sketch ofthe shock-free supercavitating hydrofoil with spoiler and controllable
thickness of the sharp leading edge. The geometry of the hydrofoil ensures that the leading
stagnation point coincides with the tip of the leading edge D

PROBLEM STATEMENT AND ANALYTICAL SOLUTION

The Tulin-Terentev model with single-vortex termination is chosen to be the cavity
closure scheme. The method of singular points (Chaplygin’s method) is applied to derive
the exact nonlinear solution along with the elliptic theta functions technique used for
numerical implementation. The sketch of the flow pattern is depicted in Figure 2. The
flow region 1s mapped onto the rectangle z/2 x 77/2 on the auxiliary u-plane, where 7 has a
pure imaginary value.

With the correspondence between the physical z = x + 1y plane and auxiliary
quadrant u = ¢ + 15 shown in Figure 2, the exact solution can be written out in the form of
two derivatives of the complex potential w = ¢ + 1y with respect to the physical and
auxiliary variables:
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duw L0 (u—id) 5, ( 01 (u) 0 (u) )
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du = B ) B ) B ) Bt )
[ dz [ dz dw
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where u,, = a+ib corresponds to the point at infinity at the physical plane (flow domain).
Note that a well-known technique of elliptic theta-functions 6, i = 1,..., 4, which nome 0 <
g < 1is real (g = exp(izrr) < 1), see [7], is proved to be very effective both from the

analytical and numerical viewpoints [4, 2].

F
, thoe
G A
g /2§

Figure 2: Tulin-Terentiev cavity closure for the shock free supercavitating hydrofoil:
physical plane z = x + iy and corresponding auxiliary plane = &+ in

In the case when the position of the detachment point of stagnation zone ZE is given
the analytical solution includes nine real unknowns a, b, ¢, d, g, Vi, g, N, and [, where Zr
= I which can be determined via the following conditions

i i .
2(0) = 2p =1, (_) — 24 = ceiat)

2
dw dz
5(”’0@):‘/003 %du:oa
i @
dw /o7 i TTTN
&(7)_‘46 -’ z(2+ 2)_’”“

If position of point £ is unknown then the Brillouin’s condition is to be imposed as

follows e = dds, where & = arg(dw/dz) denotes the tangential angle to the contour and s
is the arc coordinate. It is seen that the Brillouin’s condition implies that the stagnation
zone detaches smoothly in point £. The flat plate has zero curvature at any point and that
is why at point £ the second derivative of the function of stagnation zone shape ordinates
with respect to x coordinate is to be equal to zero. It is seen that this condition can be

readily reduced to
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Figure 3: Lift C;, (left column) and drag Cp (right one) coefficients versus the position of detachment point
Iz are shown for 2 values of the leading edge angle = 40" and 60° (respectively in rows). For a set of ¢
the relative spoiler length &/ = 0.05, o= 0.5, the inclination angle of the spoiler being = 90"

NUMERICAL RESULTS AND DISCUSSION

The system of nonlinear equations that can be derived from conditions (4) and (5)
is very complicated to solve numerically for the convergence region is small. That is why
a special procedure is proposed of searching the initial point to start the iteration loops for
the Newton damping method. This procedure based on linearization of nonlinear solution
to the problem of shock free su-percavitating hydrofoil without stagnation zone and some
conformal mapping technique. Detailed discussion of the procedure see, e.g. in [4, 2].

Basing on the scheme of numerical solution to the problem, a large amount of
numerical data were produced for hydrodynamic coefficients and flow patterns for various
ranges of the flow parameters (i.e. angle of attack a, cavitation number o, spoiler length ¢
angle v, etc.).

It is proven numerically that the separation point of the stagnation zone determined
by the condition of the smooth detachment (so called Brillouine’s condition) provides
extreme values of the drag and lift for any set of initial data input, e.g. the angle of attack,
cavitation number, spoiler length, etc., see Fig. 3. Dots in the figure show the value of Iz
when the Brillouine’s condition is satisfied. This fact correlates with results published in
papers [4, 2] as well.
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Figure 4: Flow pattern: shock-free supercavitating hydrofoil with stagnation zone (blue
boundary) in the spoiler vicinity; stagnation point coincides with the leading edge.
Tulin-Terentiev cavity closure scheme. Angle of attack o= 5°, cavitation number o= 0,35,
spoiler length £= 0,1 and inclination angle = 90°, lift and drag coefficients and other
flow parameters are indicated in the figure. The Brillouine’s condition is satisfied.

The flow pattern is shown in Figure 4 for o = 50, 0=035¢l=0.1, B= 900, and y
= 30". Cavity is shown as blue lines and the boundary of the stagnation zone is green. The
problem is solved under the assumption that the Brillouine’s condition is satisfied.

Figure 5 illustrates dependencies of lift C; and drag Cp coefficients and length /xx
upon the angle y of the leading edge for a set of values of the angle of attack o when
cavitation number o = 0.5, spoiler length & = 0.05 and = 90°. It is seen that parameter y
significantly affects hydrodynamic characteristics of the hydrofoil as well as its shape. The
length of the upper part of the leading edge I should not be too large for the
supercavitating hydrofoil. If the interval is known for the desirable values of Iz for given
o, & and o then the corresponding interval for y can be determined. The larger the value of
y the larger the lift coefficient C;. This is again due to the fact that /s decreases with
increasing y and negative lift component acting upon BD, see Figure 1, decreases as well.
The drag coefficient Cp, 1s not so sensible to the parameter y as C; is. Cp slightly decreases

with increasing y for the same reason of /s behavior.
1.2

Oy P

4 =15% = =8%r=3H" =
Lo s a=le © 15% a=20° a=25% a=35" %
T
=2 -.—‘_J-:.-" =152
H ; a=30°

k‘;f

02 r=5"

0,
20 40 60 80 100~ deg 120

Figure 5: C; (lines 1), Cp (lines 2), and /7 (lines 3) as functions of the angle yof the
leading edge for different values of the angle of attack o when o= 0,5, = 0,05 and = 90°.

236



04 | Lo 2.99.
{} 3

o1 | G~ 0608, Cp - 0167 by (}N

0.5 I 1.5 2 25

035 =011
-02 |
-03 |

04 |

03 | Cr 0498, Cp  0.1M
02 )

0.1 | Liww = LGB

-1

-1 05 01 A 1 i3 2 25 3
-02 | o=
03 | lpp — 0.235

Figure 6: Flow patterns for the shock free supercavitating hydrofoil without (a)
and with (b) stagnation zone as o.= 5°, 6 = 0,35, £ = 0,05, B = 90, and y = 25°.

Calculations show that stagnation zone reduces both lift and drag of the
supercavitating hydrofoil and dramatically decreases the cavity volume for the same set of
input parameters. To the contrary, lift-to-drag ratio increases. Two flow patterns are
depicted in Figure 6 for the shock free hydrofoil without (a) and with (b) stagnation zone
in the case when angle of attack, spoiler geometry and cavitation number coincide. Both
flow patterns are depicted in the same (x)) rectangle area. In the case without stagnation
zone lift-to-drag ratio is equal to 3.64 and taking into account the influence of stagnation
zone leads to the value of 4.79 for this parameter. The relative length of the upper side of
the leading edge (the distance between points D and B) obtained for these input data is
0.28 and 0.235 correspondingly.

CONCLUSIONS

Basing upon the numerical results obtained through the solution procedure, a new
type of the cavitating section can be designed with wedge-like fully wetted leading edge
and spoiler at the trailing edge, the generalized strength condition being satisfied. The
condition implies an appropriate (big enough) cavity thickness allowing one to ‘inscribe’ a
chosen standard body in between the lower wetted part of a section and upper boundary of
the cavity. It was shown [1] that meeting the strength condition is of exceptional
importance in design problem of a cavitating section. Such a section may be used, for
instance, for designing a blade of surface piercing screw propellers and jet propellers as
well as submerged supercavitating wings in hydrofoil vessels, foil-assisted planing crafts
and catamarans.
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COMPARISON OF TWO CLASSICAL FLOW MODELS FOR
TWO-DIMENSIONAL NONLINEAR PLANING PLATE PROBLEM
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St. Petersburg State Technical Marine University (St.Petersburg, Russia)
grifri@peterlink.ru

ABSTRACT

The paper addresses the two-dimensional nonlinear flow problem for the
planing flat plate without gravity in the framework of the theory of jets in an ideal
fluid. Traditionally, two schemes are used of such a flow: the first one postulates that
the sprinkle jet is directed at infinity at a certain angle y, 0 < y < 7 - a, where a
denotes the angle of attack, and the second one assumes that the sprinkle jet is
moving along the planning plate (i.e. has direction at infinity 7 - a). Both models are
compared to analyze if the second one is indeed a special case of the first one as y —
7 - a. It is found out that passage to the limit took place only if a new characteristic
length is chosen for the model with arbitrarily directed sprinkle jet which definition is
analogous to that to the Wagner wetted length.

The problem considered in the paper is the nonlinear two-dimensional (2D)
flow problem for the planing flat plate without gravity. A flat plate is located with its
trailing edge at the origin of coordinates, as shown in Figs. 1a and 1b. There is an
incident stream with speed V., coming form the left. The fluid is assumed to be
incompressible and inviscid and the flow to be irrotational. A Kutta condition of
smooth detachment is assumed to be satisfied at the trailing edge.

It is a classical problem of the theory of jets in an ideal fluid, see for instance
[5]. An exact analytical solution to the problem has been found back in early 1930th
by S. Chaplygin, Gurevich, and Yampolsky [6] and Wagner [12]. In [6] the solution
was derived in the case of an arbitrary directed sprinkle jet. We call this planing flow
scheme “the 1-st flow model”. In [12] the planing plate was assumed to have semi-
infinite length and the sprinkle jet run in the direction of the leading edge. Later we
name such a model “the 2-nd flow model”. Green [4] and Chaplygin [2] presented an
analogous nonlinear solution and systematic numerical results to a more general
problem about a planing plate in the case of a stream of finite depth. Since then
numerous papers were based on results presented in the works mentioned above, see
for instance [7, 8, 3,9, 10, 11, 13] and many others.

The main goal of the present paper is to answer the following question: if the
exact solution to the 2-nd flow model problem is a special case of that to the 1-st flow
model problem.

The total force coefficient Cr = Cp + 1C; in the case of the 1-st flow model is
given by expression

Crp=Cp+iCL = 2—0 71 — con T el (7/2=0) )

[ sina (1)
where C; and Cp are lift and drag coefficients, / denotes the length of the plate, 6 and
y are the thickness and direction of the sprinkle jet at infinity, and « is the angle of
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attack, see Fig. 1a. The value of d1is easily calculated from

§= 71'[/ ((1 —cosy) (2cot” o + mesc o) + 2 cot v siny —

— 2cos(a + ) log(cot @ tan & il 7))

2 2 )
D y
5 ¥
v\ N
A
E
Voo
C e
0 o4 €T
Voo
a) 1-st planing flow model
B D 8o y
Vao d
A
E
Vo
C 5%
O S, x
Voo

b) 2-nd planing flow model
Figure 1: Flow patterns for two schemes of the flow past the planing plate:
a) 1-st planing flow model with an arbitrary directed sprinkle jet (y € [0, 7 - @)) and
b) 2-nd planing flow model with sprinkle jet running along the plate y= 7 - c.

In the case of the 2-nd planing flow model, see Fig. 1b, one arrives at another

formula for the total force coefficient:
_ . . 24 Qe
Cp,=Cp, +1Cr, = 270 ot — el (7/2-) ,
L 2
3)

where [, = |OF| is the wetted length of the planning plate defined in [12] and Jy is
the thickness of the sprinkle jet at infinity given by

O = Ly (Cot2 — + 7 cot @ + log (Cot2 % — 1))

2 2 )
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Figure 2: Lift and drag coefficients versus direction of the sprinkle jet y.
The corresponding values in the case when y = 7 - a are marked as black dots.

It is clear that the flow pattern of the 2-nd flow model can be considered as a
limiting case of that for the 1-st one as y — 7 - a. On the other hand, graphs in Fig. 2
demonstrate that lift C; and drag Cp, coefficients as y — 7 - a significantly differ from
those in the case when y = 7 - a (marked as black dots in figures). In fact, Cr—0as
y—7 - oo due to logarithmic singularity in denominator of (2). Moreover, formula (2)
does not transform to (4) as y — 7 - a (again, 0 — 0), though both expressions are
very similar, see for instance Fig. 3, where a = 20° and 0y//,, = 0.05881 1s shown as a
horizontal line.

At first these discrepancies might look odd but one has to bear in mind that two
different characteristic lengths are used for these flow models, namely, / and /,,
which are determined in two different ways. While / is just a physical length of the
planing plate, the value of the wetted length /,, is defined as a distance between the
trailing edge of the planing plate and orthogonal projection of point £ onto the plate,
see Fig. 1b. The velocity vector at point £ is perpendicular to the plate. Below we call
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this point the Wagner point. Naturally, the Wagner point exists for the 1-st planing
flow model as well but if 0 <y <7/2 - a it is situated on the “wrong” boundary of the
sprinkle jet springing from the plate itself, see Fig. 4b. That is why it seems more
reasonable to consider the 1-st flow model in the above mentioned range of y as a
generalization of free streamline flow past a flat plate, i.e. submerged cavitating plate
at zero cavitation number, rather than a generalization of the 2-nd planing flow
model. Note that expression (1) for the total force coefficient Cr reduces into that for

the cavitating plate at zero cavitation number as y — 0:
27 SNy ei(ﬁ/g_a)

——— ¢ as v — 0,
4 + 7 sin o

Cp —

while the sprinkle jet thickness (2) tends to infinity: 0 — oo, see Fig. 3.
8/,
035 |

03}
025 1
027
0.15 |
0.1}

0.05 —
0

20 40 60 80 100 120 140 v, deg

Figure 3: The relative thickness of the sprinkle jet 6// versus its direction y for a= 20°.
Horizontal line corresponds to the case y =7 — o.

If 72 - a<y<zr - o see Fig. 4a, then the 1-st flow model is indeed a
generalization of the 2-nd model. In this case the Wagner point can be used in order
to introduce another characteristic length in the considered problem which is
analogous to the wetted length /,. Denote this length as /,. The value of [, is
determined as a distance between the trailing edge of the planing plate and the
orthogonal projection of the Wagner point onto the ray containing the planing plate.
After a little algebra one arrives at the following expression for the ratio /,// which 1s
valid forz2 - a<y<m- o

Iy, T+4cosa 1

— Y= % —,
where

cosa (cosla+~) —1
(costar +7) )+cos(a+’y)—

I'=(1—-cosar)cos(a+7) 1
(1— cosa) cos{ax + ) %5 cos(a + ) (1 — cosa)
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(84
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D = cos{a+ ) cos o + cos(av + ) sin® ov log (cot. 5 tan 5 f) —
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T/

Figure 4: Two flow patterns in the vicinity of the leading edge for dlfferent sprmkle
jet directions: o + v > 7/2 (left) and a + y < /2 (right). Wagner's points in both cases
are shown as black dots

It is important that this ratio tends to zero asy — 7 - a

Ly cosa(l +cosa) + 7 sina s

- = 5 ————— a5 Y 5 -«

l 2 cos? v + 7 (1 —sinq) sin

Cry

0.6 boommmzz==m==qmo7277 77 2 )
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0.2
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Figure 5: Re-calculated lift C7, and drag Cp, coefficients versus direction of the sprinkle
jety for different o; m/2 - o <y < w- a. Cr and Cr are shown as dashed lines

As a result, all the geometrical and hydrodynamic parameters of the flow
problem can be re-calculated using this new characteristic length /,. For instance, re-
calculated total force coefficient has the form
201 —cosvy i (1/2-0) {

C*F i OD“.H' + l OL“.P - 7 . = C*F T
[, sino L 8)

Now it is obvious that

Cpy—Cp a8 v —7m—q.

Figures 5 and 6 illustrate that the values of the total force coefficient and
relative thickness of the sprinkle jet re-calculated using new characteristic length /,
coincide with those for the 2-nd planing flow model as y —> 7- o C;, Cr and &/ are
shown in these figures as dashed lines.

Thus, analytical and numerical results presented in the paper lead to the
conclusion that the 1-st planing flow model with the sprinkle jet inclined at a given
angle y is a generalization of the 2-nd planing flow model only if o + y > 7/2 and a
new characteristic length /, is defined analogously to the Wagner wetted length /,. In
the case a + y < n/2 the 1-st flow model should be considered as the flow problem for
the submerged supercavitating plate at zero cavitation number which is a
generalization of the flatplate free-streamline flow problem.

CONCLUSIONS

A comparative analysis has been done of two classical two-dimensional
nonlinear flow problem for the planing flat plate without gravity: with sprinkle jet
directed along the plate and with arbitrary directed sprinkle jet. It has been shown that
the former i1s a special case of the latter only if a new characteristic length is chosen
for the model with arbitrarily directed sprinkle jet which definition is analogous to
that to the Wagner wetted length.
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Figure 6: Re-calculated relative thickness of the sprinkle jet &//, versus y for oo = 20°;
/2 - a <y <7 - a. Horizontal line corresponds to the case y = - a, 6/1 is shown
as dashed line
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O MACHITABHOM 3®®EKTE ITPU MOAEJINPOBAHUU
TEYEHUSA C KABEPHAMHA
C OTPUOATEJBHBIM YNCJIOM KABUTAIINHU
KO3JIOB U.W., nayunsiii corpynuuk; [IPOKO®BEB B.B., k.¢.-M.H. —
HUU mexannku MI'Y (r. Mocksa, Poccus)

AHHOTAIU S

Panee oOvino nokasano [4], umo mexanusm YHOca 2a3a U3 KABEPHbL C
OMPUYAMENbHBIM YUCTOM KABUMAYUU C8S3AH C Peleli-MellIOPO8CKOU HeyCMOU4U80CMbIO
ee epanuysl. Ilapamempol 601H, 00pA3VIOWUXCA HA NOBEPXHOCIU KABEPHYL, 8 OCHOBHOM
onpeoensomes 0eticmeyiouwuM Ha Mot NOBEPXHOCU YCKOPEHUeM U NOBEPXHOCTHbIM
HAMSNCEHUEeM, NOIMOMY OCHOBHbIM NAPAMEMPOM, ONPEeOeTIIOWUM  MACUMAOHBLU
appexm 6 smom cryuae, susemcs uucio Bebepa. B nacmoswel pabome Ha
KPYNHOMACWMAOHOU — CMPYUHOU — YCMAHOBKE — 9KCNEPUMEHMANLHO — UCCILe0yemcsl
3a6uUcuUMocms Koagguyuenma ynoca 2aza om yucia Bebepa. Ilokasano, umo moyHocms
IKCNepUMeHma 6noiHe O00CMAMOYHA Ol YMBEPHCOCHUs. O CUTbHOU 3A8UCUMOCTU
Koo puyuenma ynoca 2aza us kagephol om wucia Bebepa npu We<I1(0.

BBEJIEHUE
W3BectHo [1], 4T0 B 3a1a4e yHOCA ra3a U3 BEHTUIMPYEMOW KaBEPHBI UMEET MECTO
Macmrabubii dddexr. Koapduiment yHoca rasa 3aBUCHUT HE TOJBKO OT TE€OMETPUHU
TEUEHUs M Yrcia KaBUTaluu, HO U oT uucen dOpyna, PeitHonbaca u Bebepa. Ha puc. 1
MOKa3aHa MCKYCCTBEHHas KaBepHa, oOpa3oBaHHas 3a JTuckoM ((ororpadus B3sra u3
pabotsl DmrreiinHa [1]).

SnTTR

e

Puc. 1

Takolt pexxum yHoca rasza (yHOC [0 BUXPEBBIM IHYpaM, 00pa3yloIMMcs 3a CUeT
BCIUTBIBAHHSI KaBEPHBI) XapaKTepeH I MaJIbIX YMCel KaBUTAIIMA U HEOOJIBIIMX YUCelT
O®pyna. g Takoro pekuMa OCHOBHBIM JOMOJHUTEIBHBIM [TapaMETPOM, BIMSIONIMM Ha
YHOC Taza, sBiigercs unciio @pyna. Tam ke 0OTMEUEHO, UYTO BIMSIHUEM MOBEPXHOCTHOIO
HaTsDKEHHSI Ha YHOC rasa npu dnciax Bebepa We>1000 (3mech B kadecTBe XapaKTepHOM
JUIMHBI MCHOJIB3YeTCs JUaMeTp KaBUTaropa) MOXHO MpeHeOpeub. [lpu yBeimmueHuun
grcen Opyaa 3aBUCUMOCTh OT Hero ucuezaer. Cnapk [2] oOpaTtui BHUMaHUE Ha TO, YTO B
3TOM PEXHUME CYIIECTBEHHBIM MOXKET OKa3aThbCsl BSI3KOE B3aMMOJICHCTBUE >KUJIKOCTH C
3aMOJHSIIO MM KaBEPHY Ta30M.

O BO3MOXXHOCTH peaM3aliyd OOTEKaHHsI Tel ¢ OOpa30BaHUEM HMCKYCCTBEHHBIX
Do — Dy
pVi/2
B HaleraroIieM MOTOKE U B KaBEPHE, COOTBETCTBEHHO), IMO-BUIMMOMY, BIEPBHIC OBLIO
3asBieHO akanemMukoM JLU. CemoBbIM BO BCTYIMTENBHOM CIIOBE HA OTKPBITUU
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cumnosuyma I[UTAM 1971 rona [3]. Toraa ke mog ero pykoBOACTBOM TaKUE TEUECHHUS
obum pearm3oBanbl B UnctuTyTe Mexanuku MI'Y. Ha puc. 2 npencrasnena gotorpadus
TaKoW KaBEpHBI, MOJy4YeHHass B J1a0OpaTOpPUM SKCIEPUMEHTAIBHON THIPOJMHAMUKH
Hucruryra mexannku MI'Y (kaBepHa oOpa3oBaHa B KOPMOBOW 00JacTH OOTEKaeMOro
OCECHMMETPUYHOIO TeJIa, TCUEHUE CIpaBa HAJIEBO).

Puc.2

BuaHo, 4TO yHOC ra3a 31ech HOCUT COBCEM APYrOl XapakTep — Iy3bIPbKU raza
00pa3yloTcs He B XBOCTOBOM 00J1acTH, a MPaKTUYECKU O BCell JymMHe KaBepHbl. [[nmmHa
TaKMX KaBEpH CPaBHUTEJIbHO Maljla, a KPUBU3HA TIPAHMIl BEJIMKA, TaK YTO OOBMHO
YCKOPEHMSI YacTHI] >KUJAKOCTH Ha TPaHUIE KaBEPHbI 3HAYUTEILHO OOJIbIE YCKOPEHUS
cunbl TsoKecTd. CrienoBaresibHO, BIMSHHE BECOMOCTH B OTJIMUME OT OOBIMHBIX KaBEpH
371eCh HEBEMMKO. IMeeTcs ellie 0MHO NMPUHIMITHATIBHOE OTJINYHME — YCKOPEHHUE Ha TPaHULIE
KaBepHbl HANpaBJICHO M3 Tra3a B KUJIKOCTb. IJTO TMPUBOIUT K OOpa30BaHMIO
HEYCTOMUMBBIX (B cwmbicie Penes-Teiisiopa) BOJH Ha I'paHUIE KaBEpPHbI, KOTOpbIE U
OIPENEISIIOT OCHOBHOM MEXaHM3M YHOcCa raza u3 KaeepHbl [4]. B pasBurum Takux
HEYCTOMYMBBIX BOJH 3aMETHYIO POJIb UTPAET APPEKT MOBEPXHOCTHOTIO HATSKEHHU .

KaBepHa ¢ orpunarenbHbIM YHCIOM KaBUTALMM HCCIENOBaJlach paHee [5] Ha
TJIOCKOM CTPYMHOM yCTaHOBKE, CXeMa KOTOpOoU TpeicTaBiieHa Ha puc.3. M3 ¢popkamepsl 2
4yepe3 COIUIO 3 MCTEKAaeT CTpys BOAbI 1, B3aMMOIEHCTBYET € SKpaHOM 4 U BBITEKAcT B
MPOCTPaHCTBO ¢ arMochepHbM naBieHreM. CripaBa uMeercs «ramOyp», Kyza moaaeTcs
BO3IyX Yepe3 WITylep S5, u oOpa3yeTcs BO3AYyLIHAs KaBepHa 6 ¢ JaBJEHUEM OOJIBLINM
armocepnoro. B [5] wuccnenoBamock TeueHHe, OrpaHHMYEHHOE C OOKOB JBYMS
NPO3pPaYHbIMU TUJTACTUHAMM  (3a30p MEXIy IUIACTUHAMM S5 MM), 4Yepe3 KOTOpble
MIPOBOJMJIMCh BU3YaAJIbHBIE MCCIEIOBAHUS MPOLIECCa PAa3BUTHSL BOJH HAa HEYCTOMYHMBOMN
I'PaHMIIEC KABEPHBIL.

Ecu nnst oObrgHOM KaBepHBI C M3MEHEHMEM YHCIA KaBUTAIlUM MEHSIOTCS B
OCHOBHOM TOJIbKO pa3Mepbl KAaBEpPHBI, TO JJIsl BOTHYTBIX KaBEPH B 3aBHCHMOCTH OT
BEIIMYMHBI YKCJIA KABUTAMM MEHSETCA CaM pEKUM Te4YeHHs. MOXKHO BBIIEIUTH
KPUTHYECKUI PEKUM TEUEHHUSI, COOTBETCTBYIOIIMI TEOPETUYECKOMY CIy4ar0 3aMbIKAHUS
KABEPHBI HA CTEHKE-IKPaHE, IIPU MEHBILIEM JIaBJICHUH B KABEPHE PEATU3YETCS] TEUECHUE C
00pa3oBaHUEM BO3BPATHOM CTPYWMKH, MPHU JABJICHUM OOJBIIEM KPUTUYECKOTO KUIKAs
CTpysl B3aUMOJICMCTBYET HE CO CTEHKOM, a CO CTPYEH rasa, MCTEeKarouen u3 kasepubl. Ha
puc. 4 a,0,B MOKa3aHbl KAPTUHBI TEUEHUS Il OKOJOKPUTHYECKOr0, TOKPUTUYECKOTO U
CBEPXKPUTHYECKOIO PEKUMOB TEUEHUS IIPU UCTEUEHUHU CTPYH U3 COILIA HAKJIOHEHHOI O
oy yrmom 45” K sKkpaHy (CIUIOUHBIME OE/IbIMU JMHUSMHE HAHECCHBI TEOPETHUICCKHE
rpanuibl TeueHust). Ha puc. 4,a mokaszaHo OKOJOKPUTHYECKOE TE€YEHUE TIPH CKOpocTu 4.5
M/c, C,=-0,=0,48~C, (3mech Uil ymoOCTBa BMECTO YHCIa KaBHTALMA BBOAUTCS

248



koaddument napneHuss Cj  3BE3A0YKOM OTMEUEHO KPUTHMYECKOE 3HAYEHHE B
COOTBETCTBUU C Teopued wuaeanbHbIX crpyil). Ludppamu 1,2,3 ormeueHbl: BHEIIHSS
IpaHuLla CTPyH, KaBepHA, CTEHKAa-dKpaH, COOTBETCTBEHHO. BOJHBI, pa3BUBarOIMECs Ha

I'PaHUIC KAaBCPHLL, ITPU €€ 3aMbIKAHWH ITPCBPAIAOTCS B Hy3I>IpBKOBBIf/'I CIICA.
5

Puc.4

CneunanbHble UCccIeI0BaHUS [S] MOKa3aal, 4To CpeAHUIN pazMep oOpa3yrommxcs
B CJIeJI€ ITy3bIpel XOPOILO KOPPEIUPYETCsl C JUTMHOM BOJIH Ha IT'PaHUIIE KaBEPHBI.

Ha puc. 4,6 npeacrasinen gokpurudeckuil pexxum teuenus (C; = 0.44). BuaHo, 9to
KUJIKOCTh BO3BPATHOM CTPYHKH B XBOCTOBOW YacCTU KaBEPHbI BHIOPACHIBAETCS OOPATHO B
notok. [Ipu cBepxkpuTHUeckoM pexkume KaButaroHHoro teuenus (C; = 0.52, puc. 4,B)
IPaHUIbl KaBEPHBI U CTPYH XOPOIIIO COTJIACYIOTCS C TEOPETUUECKUMH Pacue€TaMU TOJIBKO
B oOmactu KkaBepHbl. Hmxke oOpazyercs nByx@asHbli ciel, Kak pe3yibTar
B3aMOJICUCTBUS MCTEKAIOIIEH W3 KaBEpHBI I'a30BOM CTPyW C KUIKOCTHIO. Tak Kak B
paccMarprUBaeMoi 3ajjade rpaHuila TEOPETUUECKON KaBepHBI OJIM3Ka K OKPYKHOCTH, TO
OLICHMBATh MapaMeTpbl BOJH MOXHO Ha 0a3e 3a7ayd O BPAILCHWHU >KUJIKOTO IMJIMHIPA.
UccnenoBanus TeueHnss MEXAY TUIACTUHAMM [5] MOKa3aJii, 4TO Ha TOBEPXHOCTH KaBEPHBI
00pazyloTcs CTOSYME OTHOCHTEIBHO HUJKOCTH BOJHBI, JYIMHA KOTOPHIX HA HadyalbHOU
CTQ/IMM Pa3BUTUS HEYCTOWYMBOCTU OJM3Ka K JUIMHE HauboJsiee OBICTPO pacTyux IO
JUHEHHOW TEOPUM BOJH. 3areéM pa3BUTHE BOJH IEPEXOJUT B HEIMHEHHYIO U
TypOyieHTHyI0 craguu [6]. B kiaccudeckoil 3amgade TypOyJeHTHas CTaausi SBISETCS
aBTOMOJICNIBHOM — TIE€pPEeMEILCHNE TPaHUIbl [EepeMENIMBaHUS JKUIKOCTH M ras3a
TPOIIOPLIOHANBHO gf°, T/IC B JAHHOM CIIydac 3a YCKOPCHHE g ClIeayeT puHsTh Vi /Ry, Vi
- MOJy/b CKOPOCTH HJIKOCTH Ha T'PaHUIE KaBEPHBI, a Ry - paquyc KpUBU3HBI KaBEPHBI
(3TM BEJMYMHBI 3aBUCAT OT XapaKTEPHOW CKOPOCTU TEUEHUs M 4Kciia KaBuTaluu). Eciu
CUMTaTh, YTO CKOPOCTh YHOCAa Ta3a MpONOPLHMOHABHA CKOPOCTH  T'PaHUIIBI
NepeMeIMBaHuU s, TO MaCIITa0HBIN APPEKT B TypOYIEHTHON CTaluu OTCYTCTBYeT. [pyras
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CUTyallls BO3HHMKACT HAa HEABTOMOCILHOW HENMHEWHOW cramuu pa3Butvs. OleHuM
CKOPOCTbh POCTa HEJIMHEHHBIX BOJIH T10 CTAIMOHAPHON CKOPOCTH Pa3BUTHS OJHOMOJIOBBIX
(TO ecTh IepUOANYECKUX) BOJH [6,7]:

Vb 20,234/g/1m 20)23VOOVO'\///1’W[/R]€ (1)
3a NJIMHY BOJIHBI 3CCh IIPpUHATA lm - IJIMHA BOJIHBI BO3MYIIICHHA, HanOoJIee

OBICTPO pacTyLIero Mo JMHEWHOM Teopu [6]:
—1 2
A,n=27rAv0\/3We (R /A); We=ApVyloy, A=K,D (2

3nece We - umcno Bebepa, A - TommmHa CTpyM Ha OECKOHEYHOCTH, K-
kodpduimenT pacxoma comia (QyHKIMS 4YHCIAa KaBUTAIMK), O - KOI(PPHUIMEHT
MIOBEPXHOCTHOI'O HATSDKEHUS, v, = /1+ 0, , Vo - MOLYJIb CKOPOCTH Ha BHEIIHEN I'PaHULE

crpyu, D - mmpuHa coria. Ha camom jiesie BO3HUKAIOIIME BOJHBI HE NIEPUOMUECKHE U,
KaK MOKa3aHo B [7], n3-3a cyOrapMOHMUYECKON HEYCTOWYMBOCTH OJJHOMOJOBOIO PEKUMa
MPOUCXONUT YBEJIMUEHHE cperHell JmMHBI BoiH. [lo3ToMy cpemHssi aMIMTyaa BOJH
pacter ObicTpee, ueM creayet u3 (1). Ha puc. 5 mokazan poct aMriauTy/asl (Kak ¢yHKIUH
TEKYIIEro yrjia pa3BopoTa CTPyH) IJsi HEKOTOPHIX BOJH M OCpeIHEHHas aMILIUTYya
(3aKoH pocTa 6JM30K K 1mapaboJie) J1sl BCeil COBOKYITHOCTH M3MEPEHHBIX PACTYIIMX BOJH.
[IpencraBieHsl pe3ynbTaTbl U3MEPEHUH 1JI1 OKOJIOKPUTHUYECKOTO PEeKUMa TEUEHHS MPU
D = 25 MM, paccTosiHUM OT cpesa coruia 1o 3kpanHa H = 70 mm, ckopoctu V,, = 4,5 m/c,
CTpYsl MCTEKaeT MEPHEHAUKYISIPHO K CTeHKe-oKpaHy. CIUIOIIHbIE TIaKHe KpUBbIE Ha
pUC.5 COOTBETCTBYIOT: HMDKHSAS - OJHOMOJOBOMY PEKUMY, a BEPXHSS - JBH)KEHHIO
cepryeckoro razoBoro my3sipst (3PQPEeKTUBHBIN KOAXPPHUIUEHT COMpOTUBICHHUS Opacs
paBHbIM 0,6) ¢ HayaJdbHBIM JUAMETPOM paBHBIM A,. BuaHo, 4To Bce TpaeKkropuu
HAXOAATCS MEXIYy 3TUMH JIBYMsI OLIEHOYHBIMU KpUBBIMU. Tak Kak MmpeesnbHasi CKOpOCTb
JBWKEHUS OAMHOYHOrO MY3bIps M CTAlMOHApHas CKOPOCTh OIHOMOIIOBOIO pEeXUMa
POMOPLMOHANBHBI BEJMUMHE /g, , TO €6 MOXKHO IIPUHATH 3@ XapPAKTEPHYIO CKOPOCTH

Pa3BUTH BOJIH HA T'PAHUIIC KABCPHBI.

P ocpegHeHHAA TRAaeKTOoOpKMA a

nepex<onoHanA
””””””””” B CTagnA

]
i

fIHHeHHaA
cragmA

|
& (rpan)

=}
[}
o
22}
=}

Puc. 5

*
Torna u3 (1) u (2) cnenyer, yro xo3dduuueHt pacxona rasa C, (OTHOIICHHE
O00BEMHOI0 pacxofia YHOCHMOTO W3 KaBEpPHBI ra3a K pacxody J>KHAKOCTH B CTpYe,
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3BE3/I0YKOM OTMEUEeHa BeIM4MHa KO3(D(UIMEHTa MPU KPUTHYECKOM DPEXKUME TECUCHUS)
IIPOIIOPLKOHAJIEH we™. Ha puc. 5 TMOKa3zaHbl TakkKe (COrIacHO OLeHKaMm [6] s
KJIaCCMYECKOM 3aaur) o0JacT JIMHEMHOro M MepexoaHoro (K HEeJIMHEHHOMY
CTallOHApy) Pa3BUTUSl HEYCTOMUMBOCTHU. J[JIMHA TMHEWHOr0 ydacTKa OIpeaelisiercs Mo
bopmyne [, =2,5V, /y, (TA€ ¥, - MAKCUMAaIbHBI HHKPEMEHT pOCTa JIMHENHBIX BOJH). [l

yria passopora crpyr 90° MOXKHO TIPHOIHKEHHO TTOTOKUTH Ry ~ H (H - paccTosHuE OT

cpe3a coria 10 3KpaHa), IJInHa KaBepHbl Ly~rH/2, u Torna
lp 5 1

L = J@2/3)WvoWe/BH/A)

Takum o6pazom, ¢ ymeHblIeHHEM We 10 JIMHEHHOTO M EPEXOIHOr0 Y4acTKOB
YBEJIMYUBAETCS, YTO JIOJDKHO MCKa)KaTh MPUBEJICHHBIE BBIIIE OLEHKH AJis1 K03 huieHTa
yHOCA.

OKCrepUMEHTAIbHBIE MCCIIEIOBaHUSI TEUEHUSI B 3a30p€ MEXIYy IUIaCTUHAMU [S]
MOKa3aJId 3aMETHOE YBeNMUYeHHE KO3 (QUIMEHTa YHOCA T'a3a U3 KaBepHBI C yMEHbIICHUEM
ckopoctu TedeHusi. OIHAKO TPaKTOBAaTh 3TOT 3D (PEKT KaK 3aBUCUMOCTh TOJIBKO OT YHUCIIa
BebGepa Ob110 Ob1 HEMPABUIILHO HU3-32 BEChbMa CHJIBHOT'O BJIUSHUS BSI3KOCTH IPU TEYCHUHU
B 5 MM 3a30pa MeX1y MIaCTUHAMH.

[TosTomy OBLT POBENIEH ClIEHUATBHBINA IKCIIEPUMEHT, B KOTOPOM OOKOBBIE CTEHKU
HE3HAYUTEIBHO BIMSUIM HA CTpyHHOE TeueHue. Pabouas yacTh HOBOW yCTaHOBKH clieaHa
IO TOM K€ CXEeMe, YTO M paHee, HO KPOMKH COIUIA 37€Ch MPEJCTABISAIOT COOOM IyTru IBYX
KOHLIEHTPHUYECKUX OKPYKHOCTEH (ITOJTydaeTcsi CEKTOp KOJblieBOi cTpyn). Cxema puc.3. B
3TOM CIly4ae €CTh CEYEHHE TEUEHHUSI IIIOCKOCThIO CUMMETPUM (paluyc MO BHYTpPEHHEH
kpoMke coma R, = 600 mm, yron cekropa 12°). Takylo YCTaHOBKY MOXHO TAKKe
paccMaTpuBaTh KaK MOJEJb KOJIBLIEBOM CTPYMHOM 3aBEChl. ECIM B TUIOCKOM YCTaHOBKE
[5] paccTosiHe MexTy OOKOBBIMHU TIJIACTUHAMM (5 MM) 3HAUUTEIBHO MEHBIIE ITUPUHBI
comia (25 Mm), TO B JaHHOM 3KCHEPUMEHTE PACCTOSHUE MEXIYy OOKOBBIMH IUIACTUHAMU
(126 MmM) 3HAuuTENBHO OOJbIIE MMPUHBI coruta (19,5 mm). Tak kak paguyc KpUBH3HBI
KpOMKHU corjia Oosiee 4eM Ha TOpPSIOK MPEBOCXOAWII TOJIIMHY CTPYH, a PacCTOSIHUE
MEXIy KpOMKOW coruia U skpaHoM H mensunoch B auarnazone 40-70 mm (Ha mopsiiok
MeHbIIe R.), TO JUIsl OLEHOK KPUTUYECKOro koddduimeHTa AOHHOrO JaBJICHUS C;
UCITOJIb30BAJIaCh TEOPHS IJIOCKOTO CTPYHHOro TedeHus. OTMETHM, YTO Ui LIMPOKOM
CTpyH, B OTJIMYME OT IUIOCKOM YCTaHOBKH, pPa3BUTHE HEYCTOWYMBOCTH HOCHUT
TPEXMEPHBIN Xapakrep.

Bhbina npumsTa ciesyiomas MEeTOMKa ONPe/ENCHHs KPUTHIECKOro Kodhduiienta
yHoca raza C, : npu GMKCHPOBAHHOM ITOJJHOM Harope BOASHON CTPYH M3MEHSIICA PAaCXO/]
IIOJULyBAEMOI'0 B KaBEPHY BO3JyXa U IpoBOAMiCS psn usMepeHuid C; B OKPECTHOCTH
KPUTUYECKOr0 KOA(pHUIMEHTa JOHHOTO [ABJICHUS, JaHHbIC aNpPOKCHMHPOBAIUCH
npsMOl (CTpOMIIach MpsiMas PEerpeccud) U C MOMOLIBIO 3TOW JIMHEHHON 3aBHUCUMOCTH
onpeaenserca C, = Cq* B Touke Cy = Cy . HyXHO OTMETUTH, UTO 3KCIEPUMEHTAIIBHBIC
TOYKM  XOPOIIO  aNMpPOKCUMUPOBATIUCH MpsAMOM  (KO3(GUIMEHT JOCTOBEPHOCTH
anmpokcumaruu Obut He Hike 0,95), onHako ko uiMeHT perpeccu (HaKJIOH MPSIMO )
noBoJbHO Beiuk (ot 20 no 40), mpuyeM OH YBEJIMUYHMBAICS C YMEHBIIEHHMEM Haropa
CTPYH, YTO TPeOOBAIO BBICOKOM TOYHOCTH M3MEPEHUS JaBJICHUS HAopa W JaBJICHUS B
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kaBepHe (moapoOHoctd cM. B [8]). CKOpPOCTH HCTEUEHHUsS CTPyH B SKCIEPUMEHTaX
MeEHSUHCh OT 5 10 20 m/c.

Jlanerne menee 0,3-10° M3MepsuIoch BOISHBIM MAaHOMETPOM (ITOTPEIIHOCTh He
oosiee 20 Pa), uTo obecrnieurBano BHICOKYIO TOUYHOCTh U3MepeHuil C,; pu yMEHbIICHUN
gyrcia BeGepa. [lorpenmocts mipu onpeneaeHun Cq* coctaBysia 0,1 BOJIM3K KOHIIOB
HMHTEpBaIa U3MEpeHU (Majibie U OOJbIIME CKOPOCTH UCTEUEHUS) M YBEJIMYUBAIACH O
0,3 B cepetuHe UHTEpBAJIA. .

B pesymbrare nmpoBeAeHHBIX U3MEPEHUH IOMydeHa 3aBHCMMOCTh C, OT 4ucia
BeGepa misi pasnMuHBIX pacCTOSHMIA OT cpe3a coria J0 dkpana H. Ha puc.6
MIPEACTaBICHBI 3aBUCUMOCTH KPUTHUYECKOro KoadduirenTa ynoca ot urcia Bebepa rpu
H/D = 1,54; 2,56; 3,59 (kpuBble OTMEYEHBI COOTBETCTBEHHO Iuppamu 1, 2 u 3,
MPO3paYHbIMU KBaJIpaTHKaMH MTOKa3aHbl JaHHBIE IJIOCKOTO AKcepuMenTa [S] npu H/D =
2,8).

*

C

q
6
| ]
5
4
3 -
2
O O
1+ & A
0
0,0E+00 1,0E+04 2,0E+04 3,0E+04 4,0E+04 5,0E+04 6,0E+04 We

Puc. 6

BunHo, 4Yro SKcHepUMEHTaIbHbIE TOYKM  XOPOLIO  alllPOKCUMHPYIOTCS
CTETICHHBIMHU 3aBUCUMOCTSIMU Cq* ~ We”. Jlns npeacTaBleHHbBIX Ha PUC.3.2 Pe3yibTaroB y
=0,41, 0,47, 0,61 cootBercTBeHHO. BuHO, 4TO paccrosuue H/D BIMsET HA BEIMUUHY Y,
HO C yMeHbLIeHHeM [/D pacCTOSHHS OT COIa 10 3KpaHa (COOTBETCTBEHHO
yBermunBaeTcsi C; ) 3aBUCMMOCTh CTaHOBUTCS MeHee KpyTol. BumgHo, yTo naHHbBIE
paboThl [5] YIOBJIETBOPUTENBHO COTJIACYIOTCSA C pPe3yJabTaramMu, IOJyYEeHHbIMU B
AKCIIEPUMEHTAX C KOJIBIIEBBIM CEKTOPOM, YTO CBUJETENILCTBYET TaKXkKE M O
HE3HAYUTEIbHOM BJMSHUM OOKOBBIX CTEHOK (uucna PelfHonbaca) B mIocKOM
skcniepumMenTe [S]. Tak kak JyMHa KaBepHbI HeBelMKa (00bIMHO YUIMHEHUE mopsiaka 1), a
YCKOpEHHE >KUAKOCTH Ha TpaHHUIe KaBEpHbl 3HAYUTENILHO OOJbIE YCKOPEHUS
CBOOO/IHOTO Ta/ieHUs (B MPEICTABICHHBIX IKCIIEPUMEHTaX ycKopeHue Mensiercst ot 400
10 6000 M/c”), BIMSHHEM BECOMOCTH JKHIKOCTH MOMKHO TIpeHeOpedb. ClieloBaTENbHO,
MacTabHbl 3(h(EeKT B OCHOBHOM 3/1€Ch CBSI3aH C BJMSHUEM IOBEPXHOCTHOIO
HaTsHKEHU s, KOTOPOE MOXKHO XapakTepu3oBarh unciioM Bebepa. Ha ocHoBaHuU onbITOB
Ha KPYMHOMAcCIITaOHOM YCTaHOBKE M JAHHBIX [S], MOXKHO cliesiaTh BBIBOJ, YTO BIMSIHUE
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ancma BeGepa ycmmBaercs mpn  We<l10’. Dr1or (akT HyKHO YYHTHIBATH IIPH
MOJICIMPOBAHUN TEYEHUH C 00pa3oBaHHEM KaBEpHbI C OTPHULIATEIBHBIM YHUCIOM
KaBUTAMM Ha MajbIX ycTaHoBKax. Kpome Toro, uncio Bebepa 3aBucuT oT pu3ndeckux
CBOWCTB CHUCTEMBI JKMJKOCTb I'a3. Tak mpu A00aBiIeHHM B BOAY MbUIa IOBEPXHOCTHOE
HaTsOKEHUWE yMEHBILAeTCss NpUMEPHO B 2 pa3a, TaKk YTO MpUd  OAMHAKOBBIX
TUIpOIMHAMUYECKUX MapaMeTpax uncio Bebepa yBemnunBaeTcs B 1Ba pasza, YTO MOMKET
COMPOBOXKIATHCS 3HAYUTEIILHBIM YMEHBIIIEHUEM YHOCA T'a3a U3 KABEPHBI.

Paboma sevinonnena npu noooepoicke PODU (Ne 06-08-00412, 08-08-00463, 07-
01-00296) u npoepammer HILI-610.2008.1
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B cmamve npueedén kpamkuil aHaiusz CONpOMUBIEHUS] 800bl OBUNCEHUIO
CYOHA U NpeoNoNHCeHbl CMPYKMYPHble BblpAdCeHUs Ol e20 NPOOONbHOU U
NONEpeyHoU COCMABAAIOUUX.

OmHUM M3 B@KHEUIIMX MOPEXOMHBIX KAyeCcTB Cy[IHA SBISETCS XOIKOCTb, IMOJ
KOTOPOM MTOHUMAETCS €r0 CIOCOOHOCTh Pa3BUBATh 33JIaHHYIO CKOPOCTh MPSMOIMHEHHOTO
JBIKEHUSI B ONPEACNEHHBIX YCIOBUSAX IUIaBaHUS TpH A(P(HEKTUBHOM HCIOIb30BAHUU
MOIIIHOCTH TJIaBHOW SHEPreTUYECKON YCTaHOBKU. XOIKOCTh 3aBUCUT OT Pa3MepoB, (hOPMbI
00BOJIOB M COCTOSIHUSI HapPYXHOM MOBEPXHOCTU OOIIMBKU MOTPY:KEHHOM YacTH KOpIlyca,
MOIIIHOCTH TJIaBHBIX JIBUTATeJNIel, TUIA JIBUXKUTENICH, a TakKe OT YCIIOBUH, B KOTOPBIX
MIPOUCXOJUT JIBUXKEHHE CyJTHA.

JI71st OLIEHKH XOJIKOCTH HEOOXOAMMO paciiojiarath JaHHBIMU O CUJIE COMPOTUBIICHUS
OKpYXKarolen cpezbl (BOAbl M BO3AyXa) ABWKEHUIO CYy[HA, a TAKKE XapaKTepuCTUKAMU
JBIDKUTEINEH, KOTOPbIE CO3IAI0T CHITY TSITU, TPUBOISIILYIO CY/IHO B JBHKEHUE.

Pabora moboro Tuma ABUAXUTENSA B TOW WM MHOW CTENEHU BIMSET HA CTPYKTYPY
MOTOKA, OOTEKAIOIIEro KOPIYC CyAHA, U HM3MEHSET COMpPOTHBJICHUE >KUJIKOCTH €ro
IBIKeHUI0. OnHAaKO OOBIMHO COMPOTHBIICHUE BOIbI ABMKEHHUIO KOPITyCca pacCMarpUBaIOT
0e3 ydyéra BIMSHHMS Ha HEro padOTAIOLIETO IBIKUTEINS, a JIONOJHUTENBHYIO CHITY,
Bb3BAHHYIO 3THM BJMSHHUEM, KaK M COIMPOTUBIICHUE >KUAKOCTH IEPEMEILEHUI0 B Hel
CaMOro JIBHKUTEIS, YYUTHIBAIOT OTACIBHO MPU pacuére 3 PEKTUBHOCTH ABUKUTEISL

[Ipu ycraHoBHBILIEMCS JIBUXKEHHH Cy[HA C HEKOTOPOM CKOPOCTBIO V BIOJb BCe
CMOUYEHHOW MOBEPXHOCTU S €ro Kopmyca B pe3ysibTare B3auMOJACHCTBUS C KUIKOCTBIO
BOSHUKAIOT HENPEPHIBHO paCIpeleNEHHbIe TOBEPXHOCTHBIE CWiIbl. B Kakmoil Touke

IIOBEPXHOCTU OHU XapaKTEPU3YHOTCS BEKTOPOM HAIPSLHKEHUM NMOBEPXHOCTHBIX CHII P .
Cucrema rupoAMHAMAYECKUX CHJI, IEMCTBYIOIIMX CO CTOPOHBI BOZIBI HA TOIPYKEHHYIO
4acTh KOPIyca CyIHA, IPEICTaBIIET COO0H CyMMY paclpeelEHHbIX 10 €ro OBEPXHOCTH

ANIEMEHTAPHBIX CHUJI, KOTOPYIO MOKHO MPUBECTH K IVIABHOMY BEKTOpY R U TJIaBHOMY
MoMeHTy M 1o opmynam [1]:

R={psds; (1)
S

—

M = [(F x pg)ds , )

S
e 7— pananyCc-BC€KTOpD IIaHHOﬁ TOYKH ITOBCPXHOCTU KOPIIYCAa OTHOCHUTCIIbHO Hadalla
KOOpAUHAT.

ITpoekumst BekTOpa p ¢ Ha HAIPaBJICHUE BHYTPEHHEW HOPMAIU 71, K IIOBEPXHOCTH
KOpITyca B KakoM-JIM00 €€ TOUKe MpeICTaBIIseT COOOM I'MAPOIMHAMUYECKOE JaBIeHHUE p , a

€ro MpOeKIMs Ha HalpaBJIeHUE JMHUM TOKA B 3TOM TOUKE — KacareJIbHOE HapsDKEHUE T,
00YCIIOBJIEHHOE BS3KOCTBIO KUKOCTH. ClieoBaTenbHo [2],
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Dg =phi, +7T. 3)
[loacraBus paBeHctBo (3) B popmyay (1), momyumnm:
R=|piidS +[7ds. (4)
s s
Boipakenue (4) TO3BOJSET  Pa3iCNUTh  THAPOIMHAMMUECKYIO CHIy R,
MPE/ICTaBILIIONILYI0 COOOH 00IIIee COMPOTUBIICHUE BOJIBI JBIKEHHIO B HEH KOpITyca Cy/IHa,

—

Ha JIB€ COCTaBJISIOLIME: COMPOTUBJICHUE TABJICHUNA R , Y BA3KOCTHOE COIPOTUBIICHUC RV ,

TO €CTh
R=R +R,. (5)
IIpu 3TOM MEpBas COCTABIISAOLLAS
R, = pii,ds (6)
s

MPE/ICTaBIsIeT COO0OM CyMMAapHbBI BEKTOP CHJI, CO31aBAEMbIX THIPOIUHAMUYECKUMU
JaBJICHUSIMH, paciipeAeEHHBIMU IO CMOYEHHOM MOBEpXHOCTH S Kopityca cyaHa. Bropas
COCTaBJISIFOILIAS

R, =[zds @)
N

MIPE/ICTaBIISIET COOON PaBHONEHCTBYIOIIYIO KacaTeNIbHBIX HaNPsDKEHUM, pacipeneléHHbIX
10 HAPYKHOM MOBEPXHOCTH OOIIMBKH MTOTPY>KEHHOM YacTH KOpITyca.

CynHo, IBUTasiCh B KHUJKOCTH, CO3MaET Ha €€ CBOOOIHOMN MOBEPXHOCTH CHUCTEMY
BOJIH, BBI3BAHHBIX KOJICOAQHUSMH YAacCTUI[ BOJbL, KOTOPHIC BBIBEIECHBI M3 COCTOSHUS
paBHOBecus. [lporecc oOpa3oBaHMsl BOJH TPUBOAUT K M3MEHEHHIO TOJS CKOPOCTEH H
JIaBJICHWI Ha CBOOOIHOM IMOBEPXHOCTH, B TOM YHUCJIE 1 BOJIb OOIIMBKY camMoro kopryca. B
UTOre BO3HMUKACT PE3YJAbTUPYIOIIAs CUjia JaBJICHWH, OOYCIIOBJIEHHBIX BECOMOCTBIO

JKUJIKOCTH, KOTOPYIO HAa3bIBAlOT BOJIHOBBIM conporusienueM R, [1, 2]. Ilosromy
CYMMAapHYIO CHITY JBJICHUH R | TAK:KEe PAs/CIBIOT Ha JABE COCTABIISIOLLIHC —

R, =R +R,. ®)

Cocrapisrolmast Ry TpeiacraBiaieT coOOHM 4YacTh OOMIETO  CONPOTHBICHUA

JaBJIEHUIA, KOTOPYIO IIPUHSTO HA3bIBATh BSI3KOCTHBIM COIMPOTHUBIICHUEM JIaBJICHUS [2], WK
conpoTuBlieHreM Gpopmsl [1, 2].

[lonpiTaeMcsl BBIACHUTD, PE3yJIbTaTOM KAaKUX JABJICHUN SIBIISIETCS CONPOTUBIICHHE
dopmbl R, . TIpexe Bcero, OTMETHM, YTO MOJiE CKOPOCTEH TMOTOKA, OOTEKAIOMIETo

KOpHyC Cy[aHa, HEOOHOPOAHO. 1I03TOMY CKOpOCTHM NBMKEHHUS YacTHI KUIAKOCTH BJIOJb
OOLIMBKY PAa3MYHBIX YacTel Koprmyca (BHEHNIHUMM W BHYTPEHHHMH OOpTa, HOCOBas U
KOpMOBasi ~ OKOHEYHOCTH) HEONUHAaKOBbL — ClieoBareinbHO, HWMEIOTCS  J1aBJICHMUS,
OOYCIIOBJIEHHBIE Pa3HOCTBIO CKOPOCTEH OOTEeKaHWs BOIOW TOBEPXHOCTH KOpITyca.
PaBHOzClCTBYIOIIAs TTOBEPXHOCTHBIX YCWJIMH, CO31AaBAaEMbIX OSTUMHU JABJICHUSIMU,
AHAJIOTWYHA CHJIE, BO3HHMKAIOUIEH HaA KpbUIE BCJIEICTBHE UUPKYJSIUH CKOPOCTH
00TEKAIOIIIEro ero MOTOKa U Ha3bIBAEMOW LIMPKYIISIIIUOHHOM [3].

Kpome Toro, mmerorcsi naBieHus, OOYCIOBJIEHHbIE CKOPOCTHBIM HarmopoM (Wi
Pa3HOCTBIO CKOPOCTHBIX HAarlOpOB) HJKOCTH Ha IMOBEPXHOCTh MOrPYKEHHOW YacTH
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KOpITyca CyAHA. PaBHONEHCTBYIOIIYIO paclIpeAeIEHHBIX 10 CMOYEHHOM TIOBEPXHOCTH CHUIL,
CO371aBaEMBbIX CKOPOCTHBIMH JIaBIICHUSIMU, IIPUHSTO Ha3bIBaTh OTPBIBHOM [3].

Taxum oOpazom, conporusiaeHre GOpMbI R, TPENCTaBIsIeT cOOOM HE YTO MHOE,

KaK pPaBHOJIEMCTBYIOUIYIO THIPOJMHAMUYECKUX CHJI, OOYCIIOBJICHHBIX IUPKYJISIMOHHO-
OTPBIBHBIM OOTEKAHUEM BOJIOH MOrPYKEHHOM YacTH KOpIyca Cy/IHa, TO €CTh

RPF = Ruup + Romp‘ (9)

[locnenHee BbIpakeHWE IO3BOJSIET CENaTh BBIBOA O TOM, YTO THUIIOTE3a O
CyIIeCTBOBaHUU TIPsiMOM (ad(UHHOM) B3aUMOCBSI3U MEXITY COIMPOTUBIICHUEM (POPMBI U
COMPOTUBJICHUEM TPEHUS HE MOXKET CUUTaThCs BIIOJHE OOOCHOBAaHHOM, IOCKOJBKY
MIPUPOIA U PKYJISIIMOHHO-OTPHIBHBIX U BI3KOCTHBIX YCUJIMIA CYIIIECTBEHHO pa3jIMvHA.

BsizkoctHOE COITPOTHUBJICHUC RV 3dBUCAT OT PacClIipCaCIICHUA KaCaTCIIbHbBIX

HaMpsHKEHUM M0 CMOYEHHOM MOBEpXHOCTH Kopryca. Ha Hero BIMSIOT MpomosibHas U
ToriepeyHas KpUBU3Ha OOBOJIOB KOPITYca M OOYCJIOBJICHHBIE €10 Teperajibl HampsyKeHUN
TOBEPXHOCTHBIX CHJI, COCTOSIHUE HApY)KHOW TOBEPXHOCTH OOIIMBKU, PA3JIMUHBIC BH/IBI
OTpbIBa MTOTPAHUYHOTO CJIOSI, a TAKXKe BOJHOOOpa3oBaHue [2]. DTu (hakTOphl MPUBOAAT K
TOMY, YTO KacareJjbHble HANpPsHKEHUs Ha OOIIMBKE CYIOBOIO KOpITyca OTJIMYAIOTCS OT
3HAUEHHWM, COOTBETCTBYIOIMX OOTEKAHWIO TIJIOCKOW TJIAKOM IIJIACTMHBI TMPHU PaBHBIX
yucnax Re. [loatromy cymmapHas cuia, 0OycOBJIEHHas BSI3KOCTBIO HMJKOCTH, BCErIa
OKa3bIBACTCS OOJIBIIE CUJIbI TPEHUS, BOSHUKAIOIICH HA YKBUBAICHTHON TUTACTHHE.
CrienoBaresibHO, «COMPOTHUBJIEHHE (OPMBD» MOXKHO PACCMATpUBATh KaK PasHOCTh

—

MCKIAY CYMMApPHbIM BA3KOCTHBIM  COIIPOTHUBJIICHUCM RV U CUJIOU TPCHUA R 7o

BOZHUKAIOIIEH Ha SKBUBAJICHTHOM muacTuHe. B aTom ciydae Hamuue ap@UHHON CBSI3U
MEK/LY BSI3KOCTHBIM COLPOTHBIICHHEM (OPMBI Ry U CONPOTUBICHHEM TpeHuUst R, Oyzer

oueBUIHBIM. Torna cuna R, MOXKET OBITh IIPE/ICTaBIICHa B BUJIE
R, =R + R (10
Heo0xomMMo 3aMeTHTh, YTO NpPH ONPENEJICHUH CONPOTUBIIEHUSI OOBIMHO AEIacTCs
JOIyIIEeHHE 00 OTCYTCTBUM KpeHa. OnHaKo KpeH Cy[aHa MPUBOIAUT K TOMY, YTO ILIOIIAIb

CMOYCHHOM IMOBCPXHOCTU OOHOI'O 60pra YBCJIMYUBACTCA, 4 APYIrOoro — YMCHBIIACTCA, B
pe3yibTare qero Ha KopIryce ITOSBJIATOTCA THAPOAMHAMNYCCKUC yYCUimis,

—

aBHOHeﬁCFB masd KOTOPBIX R, o CACTaBJICT coOoit JOINOJIHUTCIIBHOC COITPOTHUBJICHUC
0

BOJIbI, BO3HUKAIOIIEE B CITydae ABMYKEHHS Cy/IHA C YTJIOM KpeHa 6.
Takum 00pa3zoM, cyMMapHOE CONPOTUBIICHUE XKUKOCTU ABMKEHHUIO B HEM KopItyca
CyZIHa MOXET OBITh ITPE/ICTABIICHO CIIETYIOIIMM 00pa3oM:

R=R, ,+R,, +R +Ry +Ry. (11)
IIpoekuuy rmaBHOro BEKTOpa R HaOCHU X Uy, a TJIABHOIO MOMeHTa M — Ha OCb z
CBSI3aHHOM C CyIHOM MTOJBHKHON CHCTEMBI KoOopauHar

Xp =Xy + Xopp + Xy + Xy + Xy (12)
Yp=Y,,+Y,, +Y, +Y, +1,; (13)
Mr=M,,+M,,, +M,+M,+M, (14)

Ha3bIBAIOT TUIPOAMHAMUYECKIMU XapaKTEepUCTUKAMU CyIHa. [IpomonbHyrO
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COCTABJFIIOLIYK0  OOLIEro comporuBieHuss X, =R, Ha3bBalOT TaKkKe CHJIOH

COMPOTUBIICHHUS BOJIbI IBUXKEHUIO Cy/IHA (MITH, KPATKO, COMPOTUBIICHUEM BOJIBI).

Crpykrypable popmynbl (12) — (14) orpaxkaioT, IO MHEHUIO aBTOpA, pEealbHBIN
MpOLECC TUHAMMYECKOTO B3aUMOJICMCTBHS TMOTPYKEHHOM YacTH Kopiyca CyaHa C
OKPYKaIOILIEH KUIKOCTBIO.
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3AKOHOMEPHOCTHU ABUXEHUSA KNJIKOCTHU
B IIJTIOCKOM ITIOT'PAHUYHOM CJIOE
TUXOHOB B.W., k.T.H., 1o11eHT — Bomkckas rocy1apCTBEHHAs aKaieMus
BogHoro Tpancnopra (r. H. Hosropon, Poccus)
nitthonova@mail.ru

C ucnonvzosanuem nOHAMUS ((I’lpblCO@OMHéHHa}Z AHCUOKOCHIbY NOJIY4€Hbl
3a6UCUMOCNTb pacnpedeﬂeﬂuﬂ czcopocmet? u ypaeHenue yYCmdaHoBUBULECOCA
nomeHyualIbHO2O0 O0BUINCEHUSL HCUOKOCTU 8 noepanuvyHom cioe.

[Ipu wuccnenoBaHWU JABWIKEHUST TBEPABIX TEI B PEATbHOW KUJIKOCTH
MPEANoiaraeTcs, 4YTO BIMSHHE BS3KOCTM Ha CTPYKTYpPY IMOTOKa OrpaHUYUBAaETCA
0071acTbl0 BOJIM3M HX TMOBEPXHOCTU. [l03TOMY OKpYXaIOIIYI0 TEI0 >KUIKOCTh
pa3feNsoT Ha ABE YacTU — MPUJIETAIOMIMNA K TOBEPXHOCTH TeJla MOTPAHUYHbBIN CIIOH,
B KOTOPOM IPOSIBISIETCS JIEUCTBHE CHJI BA3KOCTH, M BHEIIHUM MOTOK, B KOTOPOM
KUIKOCTb BEAET ce0s Kak haeaibHas.

OCHOBHOW T€OMETPUYECKON XapaKTEPUCTUKON MOrPaHUYHOTO CIOSI CIIYXKHUT
€ro TOJIIMHA & — PACCTOSHUE MO BHEUIHEH HOpMaiau 7 (WIM MONEPEeYHOH OcH ),

ccim j}Hﬁ) K IMOBCPXHOCTHU S TClIa, rAc CKOpoCrh V . IHOTOKAQ, O6TCKaIOI_HeFO TCII0

BHYTPHU IIOTPAHUYIHOTO CJIOA, JOCTUTACT 3HAUCHUA vV, COOTBCTCTBYIOUICTO CKOPOCTHU
BHCIIHCTO ITOTOKA OTHOCHTCIIBHO I[&HHOIZ TOYKHU ITOBCPXHOCTH TCJIa [1] Bremnss
IMOBCPXHOCTDH Sl MMOTPaHUYIHOrO CJIOA HC ABJIACTCA JIMHUEH TOKa, a JIMIIb YCJIIOBHO

OrpaHUYMBACT U3BHE 30HY BIMSHUSA BI3KOCTH HA MOTOK, OOTEKAIOIIUMA TEIO.

JInst OLIEHKM CHUJIBI CONPOTHUBIICHHUS TPEHUS, ACHCTBYIOIIEH Ha KOPIYyC
BOJOU3MEIIAIOIIETO CyAHA, ULIMPOKO HCIONB3YETCA IOHATHE <«OKBUBAJICHTHAA
MJI0CKasl MacTuHay. Takue MmiIacTuHbl, 00TeKaeMble B MPOJ0JIbHOM HalpPaBJICHUH X,
MPEACTaBISIIOT cO00M Tpynmy MNpOCTEHIIUX Ted, A KOTOPhIX XapakTEepHO
OTCYTCTBHE IE€pernaja AaBJICHUS )KUIKOCTH BJIOJIb UX IIOBEPXHOCTH.

OnpeneneHue XapakTEPUCTUK IOTPAHUYHOrO CJIOS OCHOBAHO HA PELICHHH
MHTETPAIBHOr0 cooTHOWEHUsT KapMaHa, cipaBeyinBOro Kak sl JJAMUHApHOTO, TaK
U TypOyJeHTHOro TeueHus. [{is MNOrpaHMYHOro CJOsl IUJIOCKOM IUIACTHHBI 3TO

COOTHOLIEHHE MPUMET CIEAYIOIIUNA BUA [2]:
&

d d ¢ ,
pv—juxdy—p—_[uxdyzro, (1)
dx dx
IJ€ u, — CKOPOCTb >KUAKOCTH, OOTEKaroIel Teslo B MpejenaxX MOrPaHuYHOrO ClOos

(mpu TypOYJIEHTHOM TEUEHMHU IOJ CKOPOCTBIO U IIOHUMAETCS €€ OCpPEeIHEHHOE BO
BPEMEHH 3HA4Y€HUE); p — AABIEHHUE KHMJKOCTH; T, — KacaTelbHOE HalpshKeHHE Ha
noBepxHoctu S Tena (mpu y =0).
3HaueHHe 7, KaK IpH JaMHHApPHOM, TaK U IpU TypOyJIEHTHOM [BUKEHHU
KHUIKOCTH MOXKET OBITh OMPE/IEICHO 10 M3BeCTHON (hopmyie HetoToHa
ou

To=pN ayx : (2)
y=0
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3JICCB N — KHHCMAaTHU4YCCKas BA3KOCTb XKHUIKOCTH. Taxkum 06p8,30M, JJIAA
PCUICHUSA YpPaBHCHUA (1) HCO6XOI[I/IMO U JOCTATOYHO YCTAHOBHUTL XapPaKTCP
paciupeCaciICHUA CKOpOCTCﬁ u, (y) ABUKCHHUA YaCTULl KHUIKOCTH B IIPCACIIaX

TOJIIWHBI TTOTPAHUYIHOTO CJIOA. O‘ICBI/II[HO, 4YTO 3aBHCHUMOCTD ux(y) JOJI?KHA OBITH

OOBEKTUBHOM, TO €CTh COOTBETCTBYIOLIEH OCHOBHBIM 3aKOHaM MEXaHUKH.
[TonbITaeMcs OnpeaeanThb 3Ty 3aBUCUMOCTb.

[IpeanonoxuM, 4YTO CyYOIHO JBHMXKETCS B IMPOAOJBHOM HAIpPaBICHUH C
IIOCTOSIHHOM CKOPOCTBIO V OTHOCHUTEIIBHO HaXOISIIEKHCS B COCTOSHHHU IOKOS
xuakoctu. [IpeomoneBas e€ compoOTUBIEHUE, CYIHO COBEpIIaeT paboTy, MU3MEHsA
IIPU 3TOM DHEPTUI0 OKPYKAIOLIEN €ro BOABL. DTOT MPOLECC HENMPEPHIBHON MEpeIadn
DHEPruM, NPOUCXOASIIMI B NOTPAHUYHOM CJIO€ TOJUIMHOM &, COMPOBOMXKIACTCS
BO3HUKHOBEHHUEM B HEM IIOJISI BBI3BAHHBIX CKOPOCTEW YacTUL, B pPE3yJbTaTe€ Yero
oOpa3zyeTrcs Tak Ha3bIBaeMasi MPU COeTMHEHHAS )KUIKOCTb.

VY CIOBHOCTh 3TOT0 TMOHATUA OOBSCHAETCA TEM OOCTOSATENbCTBOM, UYTO B
IpeAenax IMOrPaHUYHOIO CJIoS KaXJas 4YacTHula BOABI SBJSIETCA Y4aCTHHIEH
JBH>KEHUS 10 IBYM IPOTHUBONOJI0KHBIM Hall PaBJICHUSIM:

1) mo HarpaBJICHHUIO IBIKCHHUS CY[HA CO CKOPOCTBIO V,  KaK MPHCOSINHEHHAS

KUJKOCTb;

2) 1o HampaBJICHUIO BHEIIHETO MOTOKA ¢ OTHOCUTEIBHOW CKOPOCTBIO —V Kak
KHUIKOCTb, 00TEKaroIas Cy10BOi KOpMyc.

PaccmoTpum yacTuIbl MIIOCKOTO MOMPAaHUYHOIO CJIOSA, HAXOASIIUECS Ha OTHOU
U TOM K€ BHEILIHEW HOpPMali 7 K MOBEPXHOCTH S OopTa cylHa B KaKOW-TMOO TOYKE
O, nonaras, 4To KoopAuWHaTHas ocb Ox COBMNANAacT C HAIpPaBICHUEM JIBUKEHHS
cyAHa, a ocb Oy — ¢ HalpaBJICHUEM HOPMAIH 71 .

CkopocTp 4YacTHIbl BS3KOM JKUJIKOCTH, HENOCPEICTBEHHO IPUJIETarOIIeH
(«mpunumIue») K TOBEpXHOCTH S OOIIMBKU KOpIyca, paBHa ero ckopoctu v. Ilo
Mepe yAaJleHHs OT MOBEPXHOCTH S CKOPOCTh XKUJKHX YACTHUI] YMEHBINAETCS U Ha
YCIOBHOW IOBEPXHOCTH S|, Pa3AeAOLIECH MOrPaHUYHbIN CIOM M BHEIIHUN IOTOK,

CTAQHOBHTCs PaBHOH HyIO (puc. 1). CiieoBarenbHo, CKOPOCTh v, ABHXXCHUS TaCTHIL

MPUCOECAUHEHHON KHUJIKOCTH JOJDKHA YIOBJIETBOPATH CIACAYIOUIMM TI'PaHUYHBIM
YCIIOBUSIM:
Ha MMOBEPXHOCTHU KopIyca

vnpls =V (3)

Ha MOBEPXHOCTH, pa3AeIISOIIEN BHEITHUM ITOTOK Y MOTPAaHUYHBIN CIIOH,
v =0. 4

np, 4)

Pe3ynbTupytomass CKOpPOCTb v,;, JBUXKEHUS 4YaCTUIIbI BSI3KOM JKHIKOCTH
OTHOCHUTEJIBHO TTOBEPXHOCTHU KOpIyca OyIeT ONpeaesiThCsl BhIpOKEHUEM:

V06m = _(V B Vnp ) (5)
CKOpOCTB Voom HAOIDKHA YIOBJICTBOPATH IPOTHUBOIIOJIOKHBIM TI'DaHWYHBIM

yCJIOBHSM (cM. puc. 1):
Ha MOBEPXHOCTH KOpITyca
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v

0; (6)

Ha MOBEPXHOCTH, Pa3ACIISOIIENA NOTPAHUYHBINA CIIOW U BHEIIHUM TTOTOK,

06m|S =

vo6m|S] =-V. (7)
XA
A vnp =V
S
1
&
V,y = 0
09— -
vo6m y
S
Y vo6m =V

Puc. 1. 'pann4HbIC 3HAYECHUS CKOPOCTEN YACTHUIL KUIKOCTH

PaBencrBO (5) CBUACTCIIbCTBYCT O TOM, YTO B IIPCACIIaAX IMOTPAHUYHOTO CJI0A

BBITIOJTHSETCS YCIIOBHE HEPAa3PHIBHOCTH M HEC)KUMAEMOCTH KHUJKOCTH, TO €CTh

Vir = Voom =V (8)

3aMeTHM, 4YTO CHJIa COIPOTHBJICHUS BOJBI JBIJKCHHIO CydHA, a TaKXKe
DHEPreTUYECKHEe 3aTparbl CyJAHA Ha MPEOJOJCHUE 3TOr0 CONPOTHUBIICHHS OYymyT

OIIPCACITATHCA OTHOCUTENBHON CKOPOCTBIO V o0TeKaHUsd KUIKOCTBKO CYIOBOI'O
obom

KopIryca. KpOMe TOIr'o, ITOCKOJIBKY BHCIIHUM IIOTOK, paCCManI/IBaCM]':Jﬁ KaK
nacajlbHas KUAKOCTb, HUKAKOI'O BJIMAHHUA Ha l'IOI‘paHI/I"IH]':Jﬁ CJIOM HE OKa3bIBACT, TO
CHUCTCMa YaCTull BOAbI BHYTPU IOTPAHHUYHOIO CJIOA MOKCT CUHUTATHCA BaMKHYTOfI.
Torz[a, COIJIACHO 3dKOHY COXPAHCHUA KOJIMYCCTBA ABUIKCHUA, IJII CIIydast IBUKCHUA
CyadHa B HOKOHH.I@fICH KUAKOCTHU

! I Vap (v)dy = const . 9)
€0

Paccmorpum Temeph 0oOpamiéHHOE YCTAaHOBUBIIEECS JIBUKEHHUE KHUIKOCTH
OTHOCUTEJIBHO HEIMOJABHUKHOIO CyIHA C TOW K€ caMOW CKOpPOCThIO. B 3TOM cCityuae
cuja CONPOTUBIICHUSA CydHA JIBU)KCHUIO KHUJKOCTH, a TaKXe€ DSHEPreTUYecKue
3aTparbl TOTOKAa Ha TMPEOJIOJICHUE ITOr0 COMPOTUBICHUS OYAyT OIpeaeasThCs
CKOPOCTBIO V,, JIBH)KCHHS YaCTHI[ OTHOCHTEILHO BHEILIHETO MOTOKA, & Il CHCTEMBI

YJaCTHI] BOJIBI BHYTPH IOTPAHUYHOTO CJIOS MOYKEM 3aIucarh:
10
— _[ Voom (y)dy = const . (10)
€ &
Torma eIWHCTBEHHBIM YCJIOBHEM, HE MPOTHBOpPEYAIMM HHU MPUHIIHITY
OTHOCHTENbHOCTH ["anuiesi, HU TpeTheMy 3aKoHYy HbIOTOHA, HM 3aKOHY COXpaHCHUS
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KOJIMYCCTBA ABUKCHHA, HU 3dKOHY COXPAaHCHUA U ITPCBPAICHUA SHCPI'UH, 6YI[CT
0

ifvnp (y)dy = ifvogm (v)dy. (11)
0

&
Bocnonb3oBaBucy TeOpeMoil 0 cpeHEeM 3HAYEHUU WHTErpaia, MpejcTaBUM
ypaBuenue (11) B Bune

‘7 & - &
" [ dy + 2 [dy =0, (12)
€ 0 € 0

rae v v

np> obm
YaCTHIl KUJIKOCTH.

N3 Beipakenus (12) BbITEKaeT:

Vo T Voom =0. (13)

— CpCAHUC B IIPCcACIaxX IOIPpaHUYHOIrO CJIOA 3HAYCHUSA CKOpOCTCﬁ

PasenctBa (8) u (13) mo3BOJSIOT cieIaTh BHIBOJ O TOM, YTO
Vo =0.5v5 v, 0 =-05v. (14)

CrnenoBarenpHO, €CIM UMEET MECTO OTHOCUTEIBHOE JBUKEHHE TBEPIOrO Teja
B pealIbHOM KUJKOCTH, TO B MpeJiesiaX MOrPAHUYHOIO CIOs

1) cpenHsisi CKOPOCTh YACTHI] MPUCOCIAUHEHHON >KUIKOCTH paBHA IOJIOBHHE
CKOPOCTHU OTHOCUTEIBHOTO IBUKEHUS;

2) cpenHsisl CKOPOCTh OOTEKaHUsI Tejla KUJKOCThIO paBHA IMOJIOBUHE CKOPOCTH
OTHOCHUTEIBHOTO JBUKECHMUS;

3) ABMXKEHUE 4YAaCTUIl TPUCOCAMHEHHOW KUJKOCTU W BHEIIHETO MOTOKa
MIPOMCXOAUT HABCTPEUY APYT APYTY.

HOCKOJIBKy IIomaaun sIrop CKOpOCTCfI —
€

0
[V )y = [v,5, (v)dy = 0,5v&
0 €
OKBHUBAJICHTHBI IJiomagsam MMpAMOYT OJIBHBIX TPCYTOJIbHUKOB, TO, COI'JIaCHO

paBenctBam (8) u (11), dbyHkuUMU vnp(y) u v06m(y) JOJDKHBI  YJIOBJIETBOPATH
YCIIOBUSM:
vnp(y)‘y_ =0,5v; voém(y)‘yzo’sg =-0,5v. (15)

Eciy mpeamnonoxuTh, 4To Ha XapakTep paclpefcieHHs CKOPOCTEH MKMIKUX
qJacTull BOJIM3M MoBepxHOCTH S oOmuBKu Kopryca cyaHa (0 <y <0,5¢) Oonbiiee
BIIMSIHME OKa3blBaeT BS3KOCTb BOABL, @ OKOJIO BHEWIHEH TrpaHulbl S, cios
(0,5e <y<eg) — eé «mIeaTbHOCTHY, TO 3aBHCHMOCTh u_(y)= Voim (y)‘ MOXKET OBITh

MpEeJICTaBJICHA B BUJIE
1 .2
U, =v —y—Asm—ﬂy : (16)
g g

3nece A — Oe3pazMepHblit k03P dunment. OueBuaHO, YTO ypaBHEeHHE (16)
YIOBJIETBOPSAET CIAEAYIOIIEMY YCIOBHIO: HAa BHEUIHEH TPaHULIE CIIOs
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d’u
Z—; =pn— =0. (17)
y=¢ y=€
Haiiném kacarenbHOe HapsKeHHWE Ha MOBEPXHOCTH OOIIMBKU KOPITyca CyJIHA.
[ToncraBus Beipakenue (16) B popmyny (2), moaydum:

r=pn - (1-224). (18)

Cootnomenne (18) mo3BoJseT ONpeaAeauTh IPAHUIIBI BOZMOKHOT'O U3MEHEHUS
3HayeHuH kodpduumenta A. OdeBuaHo, 4yto npu A=0 3aBUCUMOCTD U, (y)

CTAaHOBUTCS JIMHEWHOW, a mpH A:1/27r BOJla «IIPEBPAIACTCSI» B HJICATbHYIO

KUAKOCTD. CHCHOB&TCHBHO, KOC—)(i)(i)I/ILII/ICHT A HOJOKCH YAOBJICTBOPATH YCIIOBUIO!
0<A<1/2r.

[puuss BenmuuuHy Kodpduumenrta A cpenneit — A=1/4x, nomyaum

OKOHYATEIbHBIA BHJ 3aBUCHMOCTH PACIPECICHUS CKOPOCTEH B MOTPAHUYHOM CJIO€
KUJKOCTH, oOTeKaroIeit TBEpaoe Teio (puc. 2):

1 1 2
uxzv—y——sin—ﬂy : (19)
g 47 g
Torma
7, =050 Y. (20)
£

Heo6xoaumo oTMETHTBH, UTO 3aBUCUMOCTH (19) MOJHOCTBIO COOTBETCTBYET
pe3yapTaTaM SKCHEPUMEHTAIBHBIX MCCIEIOBAaHUN PACIIPEACIICHUS CKOPOCTEW B
TYpOYJCHTHBIX THAPOAMHAMUYECKUX CIeJaX M CIYTHBIX CTPYsX, CO3/1aBaeMbIX
CXOJAIIMM C KOpIlyca CyJHa WA €ro MOJAEJU MorpaHudHsiM cinoem [1, c. 49]. Ilpu
3TOM HEKOTOphlE BEChbMa HE3HAYUTENIbHBIE KOJMYECTBEHHBIE PACXOXKACHUS B
muanazoHax 0<y<0,5¢ u 0,5 <y<g& Moryr ObITh OOBSCHEHBI, IO MHEHHIO

aBTOpa, BJIMUAHHUCM, COOTBCTCTBCHHO, ICPOXOBATOCTHU HOBCpXHOCTeﬁ MOHeﬂeﬁ u
BOJIHOO6paSOBaHI/ISI.
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Takum oOpaszom, MOXHO cuuTarh, 4yTo ApocnaB MocudoBuy BoiTkyHckuit
AKCIEPUMEHTAIIBHO YCTAaHOBUJI, & aBTOP aHAIUTUYECKU MOATBEPAMNII CYILECTBOBAHUE
OOBEKTUBHOM 3aKOHOMEPHOCTH pPaCHpEleNIEHUsI CKOPOCTed B MOTPAaHUYHOM CJIOE
BOJIbI, OOTeKaromed TBEpIOE
pacnpocTpaHseTcss U Ha Cilydadl JaMUHApHOIO TEUYEHUS JKUAKOCTH B IIOTPAaHUYHOM

v@/v

_voﬁm /V

1.00

0.80

0.60

0.40

0.20

0.00 <

0.00

0.20

0.60

y/e

1.00

Puc. 2. be3spazmepHble 3IIOPBI CKOPOCTEN B IOTPAHUYHOM CJI0€

OueBugHO,

9Ta 3adKOHOMCPHOCTb

[Toncrasus dhopmy:nsl (19) u (20) B Beipakenue (1), momyqum:

cJoe.
pv

L sin

1677 5

2 d

1§ 15 .
;{ydy—ﬂgsm(

227[ 1
“Zoldvl=
(gyjy 2

)
—pn—.
&

1% ¢ .
jdy———zjyzdy+—jys1n(—y
e % 2re

21

&

HNHuTterpupoBanue 3T0ro ypaBHEHUs AAET CIEAYIOINUN PE3yJIbTaT:

24 lex” —27)y

967 °n

8:2,691/77—)6;
v

dx, oTKyna
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03717 v*
Ty = p—. (23)

VX 2

n

Hust onpepenchust  kodpduumenta  C,  CONPOTHBICHHS  TPCHHUS

SKBUBAICHTHOMW IJIOCKOM MJIACTUHBI BOCIIOJIb3YEMCSl U3BECTHBIM COOTHOIIEHUEM
2 L
v Q
C,Qp—=—|r1,dx, (24)
fo 0
2 Ly
rae (2 — IIomaab CMOY€HHOM MMOBEPXHOCTH KOpIyca CyJHa; L — JJIMHA CyJHA.
Cootnomenne (24) ¢ yu€rom BeIpakeHHs (23) TMO3BOJIIET TMOJIYYUTh
CJIENYIONIYI0 GOpMYITy:
Cc - 0,7434

So T /Re

Takum oOpa3zom, ecTb BCe OCHOBaHHS IOjNararb, 4TO PE3yJIbTAaThl PacuyETOB
koa(punuenta tpeust C, SKBHBAJICHTHOW IUIACTUHBL [0 GOPMYaM, OCHOBAHHBIM

(25)

Ha WCIOJL30BaHUM TMpOTUBOpevalied (QyHAaMEHTAIBHBIM 3aKOHaM MEXaHUKH
norapumMuyeckol  3aBUCMMOCTH  PACIPEACIICHUST CKOPOCTeM  KHUIKOCTU B
MOrPAaHUYHOM CJIO€, HEJOCTOBEPHBI, IMOCKOJbKY CYIIECTBEHHO IMPEBBIIIAIOT €ro
JNEUCTBUTEIIbHBIE 3HAYECHHUS.

OnHako  BepHEMCA K  ONPEINEICHUI0  OCHOBHBIX  3aKOHOMEPHOCTEH
JUHAMHAYECKOTO B3aUMOJIEMCTBHS KOpIyca CyJHa C OKPYKAIOUIIEH €ro BOIOM.
PaBenctBa (14) mo3BOJIAIOT cAeNarh BBHIBOA O TOM, YTO B MpelesiaX MOrPaHUIHOTO
CIIOSL CPeMHAS y/e/bHAs KMHETHYECKas SHEprusi E , NPUXONANIASCS Ha €IUHUILY

MacCChbl KakK HpHCOCI[HHéHHOfI KHNIKOCTH, TaK M XHIKOCTHU, O6T€KaIOH_Ief/'I TBépIIOC
TCJI0, ONIPCACTIACT CA BBIPAXKCHUCM!

E. = jﬁnpdv = j§05mdv = O,Sjvdv =0,25v>. (26)

CJIeIIOBaTCJIBHO, YCTaHOBUBIICCCA IIOTCHOHUAJIBHOC JABUXKXCHUC BSI3KOM
KUAKOCTH B IIOI'PAHUYIHOM CJIIOC MOKCT OBITH OITMCAHO YPaBHCHUCM:

E=gz+ L 0,25v* = const . (27)
I

3nece E — cpenHss yheNbHAas SHEPrHs, NPUXOAAMAAcs HA eIWHUIYy MacChl
KUJKOCTH B IIpEAENax MOrpaHUuYHOrO CII0sl; z — alllIiKara paccCMaTpuBaeMoOn TOYKH
INOTPAaHUYHOIO CJIOS OTHOCUTENBHO Hayanaa KoopauHar. YpaBHeHue (27) He
MIPOTHUBOPEUYHUT 3aKOHY COXpaHEHHs dHepruu. OHO JIMIIb CBUIAETEILCTBYET O TOM, YTO
B [TIOTPAHUYHOM CJI0€, COTJIACHO BhIpaKEHUsIM (8 1 26), 4aCTh KUHETUYECKOU SHEPTrUU
TBEPAOro Tena (MM BHEUIHEro MOTOKA) MPEBPAIlaeTCs B KMHETUYECKYIO DHEPTHUIO
npUcoeAMHEHHOM KuakocTh. KpoMe Toro, paBeHCTBO (26) MO3BOJISIET ClieNaTh BHIBOJ
O TOM, YTO 3aTparbl BHEPIUM CYJHA Ha IMPEOJOJICHUE CONPOTHUBIICHUS BOJBI €O
JBH>KECHUIO YMCIIEHHO PAaBHBI JHEPIETUUECKUM 3aTrparaM Ha MOANEPKAHUE JBHKECHUS
MPUCOETUHEHHON KUJKOCTH.

B u3no)XeHHOM BBIIIE OCHOBHOE BHHMMaHHE ObUIO YJEJIEHO aHalIu3y
IPOAOJBHOIO OOTEKaHUs CyJOBOrO0 KOpIyca pealbHOM JKHUIKOCThIO. OnHako
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HETPYAHO IOKa3aTh, YTO 3aMEHA CKOPOCTH Cy[HA Vv €€ COCTABILIOLUMH V, H V , a
OpIIMHAThl y HOpMajbio 7 (PAKTUUECKU HE U3MEHUT BbIpakeHUi (3-14), To ectb He

M3MEHHUT 3aBUCUMOCTH paclpelesieHuss CKOpOCTed 4YacTUIl BOAblI B Ipeaesax
MOTPAaHUYHOrO CJIOS KakK TMPU MPOAOJIBLHOM, TaK W NpPHU IMONEPEUHOM OOTEKaHUU
kopnyca. CnenoBarenbHo, W ypaBHeHHME (27) ONHUCBIBAE€T IPOU3BOJIBHOE
YCTaHOBUBILEECS TMOTEHUUATbHOE JBMXKEHHE BSI3KOM IKUJIKOCTH B Mpejesax
MOTPaHUYHOTO CIOSL.

JIUTEPATYPA
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OBOCHOBAHWE BO3MOXKHOCTH YCJIOBHOM
3AMEHBI PEAJIBHOT'O CYJOBOTI'O KOPITYCA
EI'O DKBUBAJIEHTHBIM AHAJIOT'OM
TUXOHOB B.W., k.T.H., 1o11eHT — Bomkckas rocy1apCTBEHHAs aKaIeMUs
BogHoro Tpancnopra (r. H. Hosropon, Poccus)
nitthonova@mail.ru

[l paspabomku ananumuieckux Memooos onpeoeieHus Oeticmeyiowux Ha CyOHO
2UOPOOUHAMUYECKUX YCUTULL ABMOPOM NPedazaemcst YCI08HAsL 3AMEHA DPealbHO2O
CY008020 KOPNYCA €20 IKBUBANCHMHBIM AHAI020M C 8EPMUKATbHBIMU UWMEBHAMU WU C
gepmukanbHeiMy  6opmamu. Ilpu >mom  Ooxasvieaemcs, umMoO  2eoMempuyecKu
IKBUBANCHMHDIL AHATI02 OOHOBPEMEHHO ABNAEMCSL 2UOPOOUHAMUYECKU MOHCOECBEHHBIM
AHATI020M PeabHO20 KOPNYCcd CYOHA.

YcranoBuBILIeecs OTEHIMATBHOE JBHKEHUE BO/bI, OOTEKAIOLIEH KOpIyc CyaHa,
MOXET OBITh MPEACTABICHO CIAESYIOIUM ypaBHeHueM [1]:

2
gz + LA 0,25v" = const . (1)
Jo,
3nech g — yCKOpeHHe CBOOOIHOro MaJIeHus;, z — anlljIMKaTa paccMaTpUBacMOn
TOUYKH TOTOKA; p — JABJICHUE KUJIKOCTH B JAHHOW TOYKE; O — IUIOTHOCTH JKHIKOCTH; V

— CKOpPOCTb KUAKOCTU B JJAHHOM TOUKE.

CrnenoBaTenbHO, MOTYYEHHOE aBTOpPOM ypaBHeHHe (1) MOXeT paccMarpuBaThCs
Kak uHTerpag ['poMeku (WM Kak ypaBHEHHE BepHYIIH) NMPUMEHUTENBHO K CIyJaro
00TEeKaHUsI KOprIyca CyaHa pealbHOM JKUAKOCThI0. Ileperminem Boipaxkenue (1)
CIIEIYIOIIMM 00pa3oM:

gz, + % +0,25v7 =gz, + % +0,25v2, )

Iae z,,z, — ANIUIMKAaThl pACCMAaTPUBAEMBIX TOUEK I1OTOKA, OOTEKAIOLIEr0 KOPIYC CYy/IHa;
P> P, — AABIECHUSA XXUIKOCTU B PacCMAaTpPUBACMbIX TOYKAX IIOTOKA; V;,V, — CKOPOCTH
YaCTUII KUIKOCTH B PaCCMATPUBAEMBIX TOYKaX MOTOKA.

Ecmu paccMmarpuBaemble TOUKH MOTOKA, OOTEKAIOLIErO0 KOPIYC Cy[HA, JIeKaT B
OZHOHM U TOH K€ IUIOCKOCTU BAaTepMHUM (TO €CTh z, = z, ), TO BbIpakeHHe (2) mpUMeT
CIIETYIOIIMIA BUI:

p, +025v) = p, +0.25v3. ?3)

VYpaBuenue (3) mO3BOJAET OMPENENATh Pa3HOCTh JABJICHUNA PEalbHOM MKHUIKOCTU
Ha MOBEPXHOCTH OOIIMBKU KOpIyca Cy/IHA, BOBHUKAIOUIYIO KaK BCJIEJCTBUE PAa3HOCTH
CKOpOCTEl UX 00TEKaHMs, TaK U BCIICACTBUE PA3HOCTH TUAPOJMHAMUYECKIX HAITOPOB Ha
3TU TIOBEPXHOCTH.

DreMeHTapHOe THIPOAUHAMUYECKoe yeuime d(), AeiCTBYOIee Ha MTOBEPXHOCTh
OOILMBKH MOTPY>KEHHOI YacTH CyJI0BOr0 KOpIyca B Kakoi-nmi6o Touke A(x,y,z), MOXKET
OBITH MTPEICTABJICHO B BUJIC

dQ= pds . 4)

3necb dS — »oneMeHTapHas IUIOUIaAb CMOYEHHOM IOBEPXHOCTH KOpITyCa.
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[poennpys cuimy dQ Ha NpOJOIBbHYIO X U TONEPEYHYIO ) OCH CBSI3aHHOW C CYJHOM
CHCTEMBbI KOOP/IMHAT, TIOJTy4aeM:

dQ.=—pdScosqcosy ; (5)
dQ, = pdSsingcosy, (6)
IIe ¢ — JBYI'PaHHBIM yroia MeXxIy auameTpaipHOM miockoctsto (/1) cymna u

BCPTUKAIBHOM IIJIOCKOCTBIO, IPOXOISIIEH uepe3 HOpMalb K BaTepiMHUU B
paccMmarpuBaeMoii Touke A(x, y,z). [TockoabKy B JaHHOI paboTe yroi ¢ OTJINYaeTcs OT

NPUHSTOrO B HABHMTAIlMHM KYPCOBOIO YIjla JIMIINb TEM, YTO BCErJa IOJIOKUTENICH, TO B
nambHerIIeM OyJeM Ha3bBaTh YIOJMI ¢ KYPCOBBIM YIJIOM HOpPMaJM, IIOIpa3yMeBas, YTo
OH M3MEPSETCSA B UCTBEPTHOM CHUCTEME CuéTa; ¥ — CHHIKECHHE HOPMAIM K IOBEPXHOCTH
KOpIyca B OTOH TOYKE OTHOCHUTECIBHO HOPMaid K BarepiuHUH. [Ipou3BeneHus
dScosgcosy, dSsingcosy TpeACTaBIsAIOT COOOH MPOCKIINU AJICMEHTAPHOMN IO
dS COOTBETCTBEHHO Ha IJIOCKOCTh MuebimanroyTa u JII1 cyaHa, To ecth

dScosgcosy =dS ; (7)
dSsingcosy =dS,. (8)
[ToncraBuB paBenctsa (7) u (8) B ypaBHeHus (5) u (6), mOIydnm:

dQ, =—pds,,; )
dQ, = pds,. (10)

CrenoBarenbHO, B CIydae TUIOCKOMAPAIICIBHOrO ABWKCHUS CyIHA TPOSKIIUU
JCHCTBYIONIIMX HA €ro KOPITYC 3JIEMEHTAPHBIX THIPOIMHAMUYCCKHX YCHIIMH OymyT
OIPEICIIATHCS BBIPOKCHUSIMU:

dX =—Ap.dS.,; (11)

dY =Ap dS,. (12)

B ypaBuenmsx (11) u (12) obosmaueno: dX,dY — mpoekuuu saeMeEHTapHOM
TUIPOTMHAMUYCCKOM CHJIbI, TPHJIOKEHHOM K KOpPIYCY CYIHA, Ha OCH ITOJBMKHOM
CHCTEMbl KOOpIMHAT; Ap, — Pa3sHOCTb MAMHAMMYECKUX JABJICHUH KUIKOCTH B

paBHooTcrosmmx ot JI1 1 nexanmx B MIOCKOCTA OAHOM U TOM K€ BaTepiMHUM TOUKaX
OOLIMBKY HOCOBOIl M KOPMOBOIl OKOHEYHOCTEH Cy[OBOrO Kopiyca;, Ap, — pasHOCTb

JTUHAMAYECKUX JaBJICHUH >KUJIKOCTU B CHUMMETPUYHBIX OTHOcuTeslbHO JIIT Toukax
OOIIIMBKM BHEIIIHETO U BHYTPEHHET'0 OOPTOB KOpITyca Cy/Ha.

Boipaxxenus (11) u (12) mo3BoJsitOT cAeaTh MPEANOI0KEHUE O TOM, UTO JJIS
OIpeNieJieHUsl JICUCTBYIOIMX Ha CYIHO TUAPOJMHAMUYECKUX YCHJIMH CYIIECTBYET
O00BEKTUBHASI BOBMOKHOCTh 3aMEHBI PETbHOr0 CYIOBOTO KOPITYCa €r0 SKBUBAJICHTHBIM
AQHAJIOTOM.

JIeHCTBUTENBLHO, pa3eiMM TOTPY)KEHHBI 00BEM Kopryca CyldHa Ha TpHU
COCTaBHBIE YACTH:

1) mumHApUYecKass BCTaBKa — CPEIHSAS 4YacTh KOPIyca, XapaKTepu3YIOIascs
MOCTOSIHCTBOM 3HAYEHUS KOA(PPHUIMEHTA TTOTHOTBI,

2) HOCOBas OKOHEYHOCTh — 4YacTh KOpITyca, paclojoKeHHas B HOC OT
UWJIMHAPAYECKOU BCTABKH;

3) KopMOBasi OKOHEYHOCTh — YacTh KOpITyca, pacloJIOKeHHas B KOPMY OT
UAJIMHAPAYECKON BCTABKH.
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Kpome Toro, mpencraBuM peanbHBIA KOPITYC CyJHA B BHAEC HEKOETO YCIIOBHOTO
KOpITyca C BEPTUKATGHBIMY IITEBHSMU. TOraa mpu coXpaHeHnH 00BEMOB €TI0 COCTaBHBIX
YyacTel 3Ha4YeHWsS [UIMHBI M KOAPQUIMEHTa TOJHOTH BOIOW3MEIICHHUS HOCOBOU
OKOHEYHOCTH OyIIyT

l,=050,L-1,,;6,=(05L-B,1,)1, (13)

a KOPMOBOM —

l.=050.L-1,.;8, =(050L-p,1.)1, (14)
rae [, — cpemHsisi JUIMHAa HOCOBOM OKOHEYHOCTH KOpIyca CyaHa; o, — KoddduimeHt
IOJIHOTBl HOCOBOHM IIOJIOBHHBI JUaMETpPaNbHOro Oarokca; [, — CpeaHsas JUIMHA
[TMHAPAYECKOW BCTaBKM B HOCOBOW ITOJIOBUHE KOpiyca CyaHa; o, — KoddduimeHt
MOJTHOTHI BOJIOM3MEIIEHNST HOCOBOM OKOHEYHOCTH KOpITyca CymHa, O — Kod(duimeHt
MIOJTHOTHI BOAOM3MEIICHHS CYIHA; [, — KOAp(UIIMEHT TOTHOTHI MUCIIBINIAHTOYTa; [ —
CpemHsIs IJIMHA KOPMOBOH OKOHEYHOCTH KOpITyca CyIOHA; O} — KO(PQHUIUEHT MOIHOTHI
KOPMOBOM TOJIOBUHBI AMAMETPAIBHOTO OATOKCA; [, — CPenHsil JIIMHA LHIIMHIPUIECKOI
BCTaBKM B KOPMOBOW IIOJIOBUHE KopIyca CyaHa; ¢ — KO3(DOUIMEHT TOIHOTHI
BOJIOM3MEIICHHUS] KOPMOBOH OKOHEYHOCTH KOpITyca CyIHA.

OdeBUIHO, YTO 00N 00BEM MOTPYKEHHOW YacTH KOpITyca Cy[IHa MpU 3TOM HE
MeHsIeTCs, H0O0

0,8, +1,B,+15,)8T=(,8, +1 B, +1.5 LBT =SLBT. (15)

3necw [, = (l yn T W() — CpemHsIs IIMHA IMIMHAPUYECKOM BCTaBKU KOpITyca CyIHa

l,=1,/L;1, =1 /L=1 L+l [L=1  +1 ;I =1I/]L.

3ameTum, uTo paBeHCTBO (15) xapakTepu3yeT co0o0i YCIOBHBINA CYI0BOM KOPITYC C
BEpTUKATBHBIMU IITeBHSAMU. Ecmm ke o00e dvacth BeIpaxkeHus (15) yMHOXHTH U
pa3ieuTh Ha BEIMYUHY [, , TO MOJIy4UM aHAJIOT CyIO0BOrO KOpIyca ¢ BEpPTUKATbHBIMU
O6opramu, TO €CTh

(e, +1, +l@a,)B,LBT =aLB,T. (16)

B mociennem paBeHcTBE 0003HAYEHO:

a,=0,/B, — KOIpOUIUEHT IOJIHOTH BAaTCPIMHUH B HOCOBOW OKOHEYHOCTH
YCIIOBHOTO KOPITYCa,;

a,=0,/B, — k0o3p(HUINEHT IOIHOTH BaTEPIMHUU B KOPMOBOH OKOHEYHOCTH
YCIIOBHOT'O KOPITYCa,

a =06/B, — KOXDUIMEHT NOMHOTHl BAaTCPIMHHHM YCIOBHOTO KOpIyca ¢
BEPTUKATBHBIMU OOpTaMu;

B, = B3, — IIMpUHA YCIOBHOIO KOpILyca (CpeHss IMPUHA MUEIBIIIAHI0YTa).

HeoOxomuMo  OTMETHTh, YTO YCIOBHBIA  KOpPIYC, XapaKTepPHU3YIOIIMICS
paBercTBamu (15) u (16) reoMeTpudecKd SKBUBAJICHTEH TMOTPY>KEHHOM YacTH PEeaIbHOTO
CyzfoBoro kopiyca. st onpeencHus 3aBUCUMOCTH BEIMYUHBI Ap =~ OT T€OMETPHYECKUX
XapaKTePUCTHK KOPITyca CyIHa PaCCMOTPUM €ro oOpaméHHOEe JBIKEHUE B MTPOIOJIHHOM
HAlpaBJIEHUM C YCTaHOBHMBLIEHCS CKOpOCTHIO v . CHpoenupoBaB CKOPOCTh Vv, Ha
KacaTellbHbIe K BAaTCpIIMHUU B KaKUX-TMOO paBHooTcrosmmx or JIT Toukax oOImmBKU
HOCOBOH 1 KOPMOBOIM OKOHEYHOCTEH KOPITyCa, MOTYIUM:
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2(7.2 2.2 2
Ap, = p, - p, =0,25pv} (k2 sin® ¢, —sin’ g, ), a7
rae Ap, — PasHOCTb JIABIICHMH JKMIKOCTH Ha IOBEPXHOCTH OOUIMBKM HOCOBOH M

KOPMOBOM OKOHEYHOCTEM CyJOBOIO KOpIyCa, BO3HHMKAIOINASA BCIECICTBHE PA3HOCTH
CKOPOCTeH UX O0TeKaHus; k, — KOO(Q(UIHMEHT, YIUTBIBAIOLIIT CPBIB IIOIPAHUIHOLO CIIOS

(YMeHblIIeHHEe KPUBU3HBI JIMHUA TOKa) B KOPMOBOM OKOHEYHOCTH CYJOBOTO KOPITYCa;
4,4, — KyPCOBBIE yIJIbl HOPMAaJIEl K BaT€PIMHUU B PACCMATPUBAEMBIX TOUKAX HOCOBOM

Y KOPMOBOM OKOHEYHOCTEM.
IIpoerpoBanne CKOpOCTH v, Ha BHYTPEHHHE HOPMAlIM K OOHIMBKE B TEX K€

TOYKaX HOCOBOW M KOPMOBOH OKOHEUHOCTEH KOpITyca JaéT CIIeAYIOIIHA pe3ysbTar:
_ _ 2 2 2 2 2
Ap, =p, — P, =025pv (cos q, cos” y, +cos” g, cos ;/K). (18)
3meck Ap, — pasHOCTb J1aBJI€HUI, BO3HMKAMOLIAs U3-332 PA3HOCTH CKOPOCTHBIX
X
HaloOpOB JKUJKOCTH Ha IMOBEPXHOCTH HOCOBOM M KOPMOBOH OKOHEUHOCTEH KOpITyca,
¥ .»Y, — CHIKEHUE HOpMaJIel K OBEPXHOCTSIM OTHOCUTEIbHO HOpMaIel K BaTEpIIMHUY B

paccMaTpUBaEMbIX TOYKaX HOCOBOM M KOPMOBOWM OKOHEYHOCTEW KOpITyCa.
Haiinem npuxonsumecs Ha €QUHALLY TIJIOMAIM CMOYEHHOM MTOBEPXHOCTH KOpIyca
CpelHUE JMHAMHYECKME JaBjieHMs Ap.  u Ap, B ClIydyae yCTaHOBHMBLIErOCs
X X

MPOJOIBHOrO JIBIDKEHHs cymaHa. Iy 3TOro, BOCHOJIBh30BABIIMCH TEOPEMOW O CpelHEM
3HAUYEeHUHU UHTEerpania [2], mpeacraBuM Beipaxenus (17) u (18) crnenyronmm odpazom:

1 QK 1 Q,
Ap. =0250v% — [ k*sin*q . dS—— [ sin’q. dS |=
pTx ,OVX 0 J. q 9« 0O J. q”

Kk 0 H 0
2 S S R
=O,25pvx(Aq sin“ g, —sin qH), (19)
1 1
— 2 2 2 2 2
Ap, =025pv; Q—jcos q, cos ;/HdS+Q—jcos q.cos”y . dS |=
H )
=0,25 2(A cos’q, + A cosz_) (20)
25pv;(4, cos®q, + 4, cos*q,).
B nocnemaux dhopmynax 0603Hau€HO:
Q,,Q  — Iomam CMOYEHHBIX IIOBEPXHOCTEM HOCOBOM M KOPMOBOU
OKOHEYHOCTE! KOpIyca;
4,= k qz — cpemHee 3HaueHWe Kod(pduiMeHTa, YUUTHIBAIOIIETO CPhIB

MMOIrpaHUYIHOIO CJIOA B KOpMOBOﬁ OKOHCYHOCTU CyJHA,

— 2 > 9 o
A, =cos”y, — KOdDGOULMCHT, yINTHIBAIOLMII CpEHES CHIDKCHHE HOpMAICH K

IMOBCPXHOCTH OOIIIMBKK  OTHOCHUTEJILHO HOpMaJIeﬁ K BarcpjMmHUAM B HOCOBOM
OKOHCYHOCTHU KOPITyCa,

— 2 > 9 o
A, =cos”y, — KOdXPOUIMCHT, YIUTHIBAOLMNA CPEAHES CHIDKCHHC HOpMalei K

MOBEPXHOCTU OOIIMBKMA OTHOCUTENIBHO HOpMallell K BaTepiMHUSIM B KOPMOBOM
OKOHEYHOCTH CY/IHA.

CrnenoBareinsHoO, B ciry4ae IIPOU3BOJIBHOTO YCTaHOBUBILIET OCS
IUTOCKONAPAIJIENBGHOrO ABUKEHH S 3aBUCUMOCTE Ap . OT T€OMETPUYECKUX XapaKTEPUCTHK

KOpITyca, corjlacHO (opMyiaM Dinepa, MOXKET ObITh IIPECTABIICHA B BUJIE
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Ap. = F(0,3,:G0o 7 7ok, )= F.(0); @1)
JI1s1 OLICHKM 33aBHCUMOCTU BEJIMYMHBI Ap OT EOMETPHYCCKHX XapaKTePUCTHK

HOTPY’KEHHOM 4acTH KOpIyca pacCMOTPUM OOpAIEHHOE YCTAaHOBUBLIEECS IOMNEPEUHOE
JIBIDKCHHUE Cy/IHA CO CKOPOCTBO V. [TOCKOIIBKY CKOPOCTB ITONMEPEIHOr0 ABIKCHUS CyAHA

BECbMa MaJia, TO MOXKHO JOIYCTUTh, YTO OOTEKaHNE OKOHEYHOCTEN KOpITyca IMPOUCXOIUT
0e3 cpeiBa morpaHUYHOro ci1ost. Torna, cpoenpoBas CKOPOCTh V), Ha KaCaTeNBHBIC K
BaTePJIMHUU B KaKUX-TMOO CUMMETPUYHBIX oTHOCHTENbHO JII1 Toukax oOmmBKu OOpTOB,
MOJTyYHM:
Apry =0. (22)
IIpoerpoBaHne CKOPOCTH Vv, Ha BHYTPCHHHE HOPMAIU K IIOBEPXHOCTSIM B
CUMMETpUYHBIX oOTHocuTeNnbHO JIII Toukax oOummBkM OOpTOB Ha€T CleAyHOUMA

pe3yJIbTar:
B HOCOBOW OKOHEYHOCTH KOpIyca

Ap, =05pviA, sin’g,; (23)
B KOpMOBOI/I OKOHe‘{HOCTI/I KopIrycCa
Ap, —OSpv 4, s1n q.; (24)

B O6JIaCTI/I L[I/IJ]I/IHI[pI/I‘IeCKOI/I BCTaBKH
- _ 2
Apnu = O,SpvyAyu. (25)
2 = .
3nech A7u =c08"y, — KOIPOUIMEHT, YYMTHIBAOLIMA CPEIHEC CHHXKCHUE

HOpMAaJIEH K TOBEPXHOCTH OOIIMBKYA OTHOCUTEIILHO HOpMaJIel K BaTrepIIMHUSM B 00J1aCTH
UWJIMHAPAYECKOW BCTABKHU.

Takum 00pazom, B ciy4dae MIPOU3BOJIGHOTO YCTaHOBHUBILIETOCS
IUIOCKONApaUIeNbHOr0 ABIKCHIUS 3aBUCHMOCTD Ap | OT ITCOMETPHICCKUX XapaKTePHCTHK

KOpITyca, corjlacHO (hopMysiaMm Diepa, MOXKET OBITh IIPE/ICTaBJICHA B BUJIE:

Ap, =F, (x.4,.7.,)=F, (%); (26)
Ap, =F, (x.4,.7.)=F, (%); 27)
Ap, =T, (x.7,)= F, (x). (28)
Torna, cornacuo ypaBuenusiM (11 u 12),
0 0,5Bp,,
X=-1| [Ap,dv+ [Ap dy|: (29)
-0,5B8, 0
0,5Lo,
Y=T jAp dx+ [Ap, dx+ jAp dx + jAp dx |, (30)

Iy u ~ly -0,5Lo,

rae Ap, ,Ap, — Pa3HOCTH JABJICHU XUIKOCTH Ha OBEPXHOCTH HOCOBOW M KOPMOBOM
OKOHEYHOCTEN COOTBETCTBEHHO BHEIIHETO U BHYTPEHHET0 OOPTOB.

OrnpenemMM MOMEHTBI 3TUX CHUJI OTHOCUTEIIBPHO BEPTUKAIBHOM OCM z. MOMEHT
M . 1pomonbHON cuiibl X HaiAEM MO BBIPDKCHHIO!

V4
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0.5BB,

M, =-T ~|AApx ydy — ~lAApx2 vdy |. (1)
0,588,
AHAJIOTHYHO MOXET OBITh IOJCYNTAH H MOMEHT M 1onepeuHoi cuisl Y

0,5Lo,

M, = IAp xdx+ IAp xdx— IAp xdx— IAp xdx|. (32)

1y« -0,5Lo;,

A Ternepb paccMOTpUM HOCOBYIO IIOJIOBUHY ITOIPYKEHHOM YaCcTH PEaIbHOrO Cy/HA.
s obmero aHanmmM3a JEWCTBYIOIIMX Ha HEE TUAPOAMHAMMYECKHX YCHIIMM BBEIEM
cnenyronme GyHkuuu: f(z)=/, — MIMHA HOCOBOI MOJIOBUHBI KOPITyca B IIOCKOCTH i -

Ol BaTEPJIMHUMU; fl(z):lu , — JUIMHa HOCOBOM YacCTW LMJIMHJIPUYECKON BCTaBKH B
b )
IUIOCKOCTH I -0l BaTepiauHuu; f, (z)= lHi; f5(z)=0,5B, . ITockoibKy 0OLIMBKa KOpITyca

HCIIpOTCKacMa, TO 6y1IeM cHuTarb, 4TO BBeIIéHHBIe (I)YHKI_[I/II/I HCIIPCPBIBHBI B UHTCPBAJIC

(- 0,5T; +0,5T).
CornacHo TeopeMe 0 CpeJHEM 3HAYCHUH UHTErpania [2],
0,57 0,5Bp,,
S, =2 [f(2)dz=T [dy=TBp,; (33)
~0,5T ~0,5Bp,
0,5T 05La,
j flz)dz=T j dx=0,5TLo, ; (34)
~0,5T
0,5T 0,51,
j fi(2)dz=T j di = Tl,, (35)
~0,5T
0,57 0.5La,
S, = [lf(e)-fi(2)dz=T jdx r(0,5L0, ~1,,)=T.,.  (36)
~0,5T l

Y.H
B dopmynax (34) — (36) obGosHaueHo: S,, — IUIONaAb NPOCKIUHM HOCOBOH

noJIoBHHBl Kopryca Ha I cyawa; S, .S, — IUIOMAAM MPOCKIMI HOCOBOM 4acTH

LWIMHAPUYECKON BCTaBKU M HOCOBOM OkoHeuHoctu Ha JII1 cynHa.
AHAJIOTMYHO MOXHO NIOKa3aTh, YTO B KOPMOBOW ITOJIOBUHE PEATBHOI0 KOpITyCa

0
S, =T [dx=05TLc,; (37)
-0,5Lo,
0
Sy =T [dx=TI,,; (38)
_lu.k
_lu.k
S, =T [dx=TI; (39)
-0,5Lo,

3aecy S,, — IUIOIAAL IPOEKIMU KOPMOBOM MOJIOBMHBI Kopryca Ha [III cynnHa;
S, x»9, — IIOMAH IPOCKINH KOPMOBOH YaCTH LHIMHIPHICCKOH BCTABKH M KOPMOBOH
okoHeuHocty Ha JII1 cynna. Heo6XxoqMMo OTMETUTBh, YTO KaK JUJIsl pEaIbHOrO CY0BOIO
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KOpITyca, TaK M [JIs1 €r0 9KBUBAICHTHOrO aHANora BeIMYUHbI §,,q,, 4, ,A, 1 A%; Oynyt

MMETb OJHH U T¢ ke 3Ha4eHuUsI. CIe/10BaTeIIbHO, U PasHOCTU JaBICHUI Ap , Ap , Ap
H K

u Apyu OyIyT onmpeaeNaThCsl OMHUMU U TeMH ke BbIpaxeHusiMu (21, 26, 27 u 28). Torna,

coryiacHo ypaBHeHusiM (11, 12 u 33-39),

0 0,5B8,,
X=-1| [Ap,dv+ [Ap dy|: (40)
-0,5B8, 0
0,5Lo,
Y=T IApydx+ [Ap,, dx+ jAp dx + IApydx . (41)
by u ~ly -0,5Lo,

HOHBII‘aeMCH OIIPEJCIIMTh MOMEHTBI 3TUX CUJI OTHOCUTEIBHO BEPTUKAIBHON OCH
z.MomeHT M, 1pOAOsBHOM Ciitbl X HalAEM 110 BEIPAKCHUIO:
0,57 0,57
[£GAp, fi(2)dz+ [ f(2)Ap,, £ (2)dz =
~0,5T ~0,5T
0,57 0,5Bp, 0,57
— [apdy [ (e Jap,.ar [ £1(2)dz=
-0 SBﬂ‘, ~0,5T ~0,5T
0,5Bp,,
=-T f Ap, ydy - [Ap, ydy|. (42)
~0,5BB,, 0
AHAJIOTHYHO MOXKHO I10Ka3aTh, 4TO MOMEHT M nonepequﬁ cuibl Y

0,5Lo,
M, =T _[Ap xdx + _[Ap xdx — _[Ap xdx — IAp xdx |. (43)
-0,5Lo,
I/I,aeHTI/IqHOCTB dbopmyn (40) —(43)u (29) —(32) mo3BoIseT cienaTh BHIBOJ, O TOM,
YTO  T'€OMETPUYECKU SKBUBAJICHTHBII aHaJIoT OJIHOBPEMEHHO SIBJISICTCS
THIPOJIMHAMUYECKN aJCKBATHBIM aHAJIOIOM PEATbHOr0 CyAOBOro Kopmnyca. Takum
00pa3oM, MOXKHO CUMTATh JIOKA3aHHBIM CYIIIECTBOBAHUE OOBEKTUBHOM BO3MOXKHOCTH JIJIs
pa3pabOTKH AHAMTUYECKUX METOJOB aIEKBaTHOTO MOJICIMPOBAHUS  (DHU3UUECKUX
MPOIIECCOB, TMPOUCXOASIIMX B CHCTEME CYAHO — JKUAKOCTb. M miisi Toro 4toObl
BOCITOJIB30BATHCS ATON BO3MOXKHOCTBIO, HEOOXOAMMO MPEJCTaBUTh MOTPY>KEHHYIO 4acTh
CYZIOBOI'O KOpITyca B BUJE €€ IKBUBAICHTHOIO aHAJIOra, a 3HAYCHUA ¢, ,], , Ayﬂ ,Aykn A%;

onpecaAcimTb MCTOOdAMU BBIYM CJIUTEIIHH OM 'MAPOAMHAMHUKU C  HCIIOJIb30BAHUCM
TCOPCTUYICCKOI'0O 4CPTECKa CyHA CIIC HA CTAaNU €TO ITPOCKTHUPOBAHU .
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MEXAHW3M BO3HUKHOBEHUSI CTPYHHOCTH
HA ITIOBEPXHOCTH JETAJIA ITPU UMITYJIBCHOU
JJEKTPOXUMUWYECKOU OBPABOTKE BUBPUPYIOIIIUM
QJIEKTPOJA-UHCTPYMEHTOM
[TOPEYHBIN C.C., acnupanT; MYKCHMMOBA P.P., acnupanTt —
VY pumckuit rocyiapcTBEHHBINA aBUAIMOHHBIN TEXHUYECKU YHUBEPCUTET
(r. Ya, Poccus)
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AHHOTAIU S

Hmnynovcuas snexkmpoxumuueckas oopabomra (3X0) subpupyowum 21eKkmpoo-
uncmpymenmom (OH) ceco0ns sensemcsi 00HOU U3 Haubojiee NePCHeKMUBHLIX
mexHonoeuyeckux cxem IXO, obecneuusarowux Hauboniee BbICOKYIO MOYHOCHb
KONUPOBAaHUsL U Kavecmeo oopabomanuol nogepxnocmu [1-3]. Buecme ¢ mem oannas
cxema He uuieHa U psaoa Hedocmamkos, xapakmepuvlx 01 pazmeprot X0 6 yenom. B
YACMHOCMU, NPU ONPEOeNeHHbIX YCI08USAX HA 00pabamvieaemol no8epxHocmu (aHooe)
Mo2ym  803HUKAMb  MaKpooegekmvl 6  8ude  GOJHUCMOCMU  NOBEPXHOCHIU,
OPUEHMUPOBAHHOU 8 HANPAGIEeHUU NOMOKA JNIeKMPOIUMAa 8 MeNCINEeKMPOOHOM
npocmpancmee (MOII) (puc. 1). B numepamype smo s6ieHue NOIYHUNO HA3BAHUE
«CmMpYyUHOCMUY.

[IpoOnemy BO3HMKHOBEHHs cTpyiHOCTH mpu DXO paccMaTpuBaad pasMuHbIe
aBTopbl [4-13]. Bbum npemsiokeHbl pa3MYHbIE MEXaHU3Mbl O00pa30BaHUA WU
COOTBETCTBYIOIIIME UM METOIbl YCTPAHEHHUsI 3TOTO HEKENaTeNIbHOro siBjieHus. Tak, B
paborax [7, 10] ormedaercs, 4YTO CTPYWHOCTh Ha TIOBEPXHOCTH JeTamM (aHO/a)
BO3HMKAeT, KOrJa MpoLecC B LEJNOM KOHTpoiupyercs auddysHod kuHeTnkou. B
YAaCTHOCTH, MPEOoJaracTcsi, 4YTO0 BO3HUKHOBEHHE JIOKAIbHBIX MHUTTHUHIOB BbI3bIBACT
TypOYyIM3alMIO MOTOKA 3JIEKTPOJIUTA B BUJI€ MUKPOCTPYH, CIOCOOCTBYIOIIMX MOSBICHHIO
MakponegekToB B BuIe cTpyiHoctu. Orciona Jenaerca BbIBOA 00 OCHOBHBIX
HAlpaBJICHUSIX ~ YCTPAHEHUsI  CTPYHMHOCTH:  YCTpaHEHHWEM  MUTHUHTO00pPa30BAHMS
(HarpyMep, U3MEHEHHWEM XHMUYECKOrO COCTaBa JJIEKTPOJIMTA), JIMOO YCTpaHEHHEM
i dy3HBIX OrpaHUueHHi Tpoliecca (HanpuMep, CIOIb30BaHUE UMITYJILCHOTO TOKA).

B pabGore [13] Ha OCHOBE OKCHEPUMEHTAIBHBIX JaHHBIX BBICKA3aHO
MPENOJIOKEHNE, YTO BUJ MakponedekToB (B YaCTHOCTU CTPYWHOCTb) M UX Pa3MEpPbI
OIPE/ICIISIFOTCSl XMMUYECKUM COCTaBOM M CTPYKTYpoil oOpalarbiBaeMOro marepuana, a
TaKKe 3aBUCSAT OT psijia MapaMETPOB pexrMa 00pabOTKH (IIJIOTHOCTH TOKA, TEMIIEPATYPhI
Y KOHIIGHTPALMK 3JeKTposmTa). [Ipu 3TOM CyIIeCTBEHHOr0 BIMSHUSI CKOPOCTH TE€UEHUS
anektpoura B MOII Ha oOpa3oBanue CTPYHHOCTH HE yCTaHOBJEHO. ABropamu [13]
ONMCHIBACTCS 3aBUCUMOCTh CTPYWHOCTH OT MapaMeTpoB pexuma oopaborku. Tak, mis
OXO wmarnueBoro ciiaBa MASM ObUIO yCTAaHOBJICHO, YTO TOSIBJICHUIO CTPYHHOCTH
CITOCOOCTBYIOT MOBBILIEHUE TUIOTHOCTU TOKA, YyMeHblleHne MO3 CHIKeHue CKOpOCTH, a
TaKke TeMrepaTypbl, pH 1 KOHLIEHTpaIK AJIEKTPOJIUTA.

B pa6orax [4, 5] BbICKa3bIBaeTCs TUIIOTE3a O TOM, YTO B 00pa30BaHUM CTPYHHOCTH
npu DXO 3HaYUTENbHAS POJIb MPUHAIJICKUT THAPOJUHAMUYECKOMY PEKUMY MOTOKA, U
37ech 0c00asi poJib OTBOAUTCS SIBJICHUIO KaBUTalWu. Kak BUHO, MPUBEICHHBIE MHEHUS U
pe3yJIbTarbl MCCIEAOBAaHUSI OTHOCHTEIbHO MEXaHW3Ma BO3HUKHOBEHHUS CTPYWHOCTH
MIPOTUBOPEUYMBBI, TMOIYYEHbl I pa3InyHbIX ycioBuid OXO (MperMyIIecTBEHHO Ha
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TIOCTOSTHHOM TOKE). B COBOKYITHOCTH 3TO HE ITO3BOJISICT B TIOJHOM MEpe MCIOIb30BaTh
NIPE/ICTABJICHHBIC B W3BECTHBIX paboTaX BBIBOIBI M PEKOMCHIAIMU YIS  YCIOBHMA
umnyiabcHoN X O BUOpUpYIOIIM AieKTpoA-uHcTpymMenTom (D) [1-3].

‘_,
=

e -

r
Puc. 1. O0muii B MOBEPXHOCTH aHO 1A (JIETAJIN) CO CIISaMH CTPYHHOCTH:

a— MOJIOCTH C OIMHAKOBBIM PUCYHKOM CJIEJIOB CTPYMHOCTH MOJTy4Y€HbI OJTHUM
MHCTPYMEHTOM Ha OJJUHAKOBBIX PEKUMAaX; O — MOJIOCTH C OJJMHAKOBBIM PUCYHKOM
CIIENIOB CTPYHMHOCTH TIOJTy4€HBI OTHIM HHCTPYMEHTOM Ha pa3HbIX pexumax (U=7B
1 9B); B — MMOJIOCTH C Pa3IMYHBIM PUCYHKOM CJIEZIOB CTPYHHOCTH MOJTyYCHHBIC
MHCTPYMEHTaMU OJIMHAKOBOTO MAaKponpo(uiIs, HO C pa3JInuHbIMU pajily caMu
CKpyTJIeHHs1 BXOAHOM KpoMKH (1=0,05 1 IMM) Ha OIMHAKOBBIX PEKUMAX ; T — TIOJIOCTH,
TOJTyY€HHBIE OTHUM MHCTPYMEHTOM Ha pa3iidHbIX (30 u 10MKm)
MEXDJIEKTPOIHBIX 3a30pax (MI3)

B macrosmieit  pabore mpeampuHSATa MONBITKA  CO3/laTh Ha  OCHOBE
AKCIIEPUMEHTAIBHBIX ~ MCCIEAOBaHUNA  (DEHOMEHOJIOTMUECKYI0 W YIPOLICHHYIO
MareMaTU4ecKyl0 MOJICIM OOpa3oBaHUN CTPYWHOCTH, OOOOIIMTH C WX ITOMOIIBIO
MUMEIOILMICS TEXHOJIOIMYECKUM OIBIT M BBIPAOOTaTh PEKOMEHAALUHU IO YCTPAHEHUIO
ATOTO HEKEJATEIILHOTO SIBJICHHUS.

OKcnepuMeHTAIBHBIC HCCIIEI0BAHUS TTPOBOIMIIMCH TI0 cXxeMe «TpyOka (karom-OU)
— IUIOCKOCTh (aHOJI-JIETalb)» C MPSIMOW MPOKAYKOW SIIEKTPOJIMTA Yepe3 LIEHTPAITbHOE
otBepctue B DU (puc. 3). B pesynapTare NpoBEAEHHBIX HWCCIECIOBAaHUNA OBLIO
YCTaHOBJIEHO, YTO XaPAKTEPHBIM PUCYHOK MaKpOIpOduUIIs, MOTy4YEHHBIM OHUM U TEM Ke
WHCTPYMEHTOM Ha OJMHAKOBBIX pPEKHMax OOpabOTKM U B OJUHAKOBBIX YCIOBUSIX,
oCTaeTcss HeM3MEHHBIM (puc. 1, a), ckoibKko OBl eTaneil Mbl He oOpabarbiBay. bosnee
TOr0, 3TOT PUCYHOK OCTAa€TCsl HEM3MEHHBIM JUId TaHHOrO DU U 1pu M3MEHEHUH peXruMa
00padotku (puc. 1, 6). UckmroueHneM 37ech SIBJISETCSl YMEHBIIICHUE BEMYMHBI M I3 i
yBeJMYEHHE JaBJeHus 3Mekrpomura B MOIL, B 3ToM citydae mpu HEM3MEHHOM PHCYHKE
CTPYHHOCTb YMEHBIIIaeTcsl, MO0 coBceM ncyesaer (puc. 1, r). C npyroit CTOpOHBI Taxe
HE3HAUMTEJIbHBIC U3MEHEHHs] MaKpo- U MUKporpoduist BXoaHor kpomku DU (puc. 3) B
TpaKTe MOJa4u JIEKTPOJIMTA CYILIECTBEHHO M3MEHSIOT PUCYHOK CTpyiHOCTH (pHC. 1, B).
W, HakoHel, B MONEPEYHOM CEUEHHU Kaxas «CTpyiMKa» Ha IMOBEPXHOCTH JETalH
MIPEACTaBISACT COOOM BBITSAHYTHIM W PACHIUPSIONIMICS BIIOJIb HAIpaBJICHUS TIOTOKA
MakKpoBBICTYII (puc. 2).
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Puc. 2. O0muii BU MOJIOCTH CO CeAaMH CTPYHHOCTH () ¥ iporiiorpaMMbl PO UL
TIOTIEPEYHOTO CEYCHUs JaHHOTO MakpoedekTa (0) Ha pacctosHmAX: 1, 2, 2.5 1 3 MM

OT BXO{HOH KpoMku DU,
SmAriny o)
Fyx
Y s S

7 %

L J
Puc. 3. TexHonormieckast cxema SKCIIepUMeEHTa.

Ha wnam B3misa, uznokeHHble (AKThl JIy4llle BCEro COrjacyloTcs ¢ UACsIMU
BO3HMKHOBEHHUS CTPYHMHOCTH, BbICKa3aHHbIMM B padore [5]. B cBs3u ¢ stum Obuia
copMynrpoBaHa CIEAYIOLIYS TMIIOT€3a B OTHOUIEHMM MEXaHW3Ma BO3HUKHOBEHUSI
cTpyiHOCTH Tipu UMMyiabcHOH DXO Bubpupytroumm DU (puc. 3). Ha Bxome B MOII,
BCJIC/ICTBUE M3JI0Ma (HETJIaKOCTH) FPaHHUI] MTOTOKA, MPOUCXOIUT MECTHOE BO3pACTaHUE
CKOPOCTM TEUEHMsI 3JEKTpoiIuMTa W mamaer naieHue. Co3maioTcs YCIOBHS IS
BO3HMKHOBEHUS KaBUTAllUM, T.€. BO3HUKAIOT KaBEpHBI, HANOJHEHHBIC HACBIILICHHbBIM
MapoM XHUJKOCTU TMpH JaBieHun P. dopma KaBepH M YCIOBUS HUX BO3HUKHOBEHUS
OIPENICIISIOTCS, B OCHOBHOM, YMCJIOM KaBUTaluu [ 1]

0-21"te, 1)

PelV

rae P., P, — NaBlieHUs B KaBEpHE U B OKpPYXKarOUIeH ee >KUIKOCTH Ha JIOCTaTOuHOM
yIAJIeHUU, P, — IUIOTHOCTh HMIKOCTH, V., — CKOPOCTb >KHJIKOCTH Ha JOCTaTOYHOM
yIaJIeHUX OT KaBEPHBI.

CornacHo [15], mepBble NpPU3HAKK KaBUTALMU TMOSABIIIOTCS, Korga 4ucio
CTaHOBUTCSI MeHbIle HekoToporo 3HadeHust Q ' (0.35<Q '<1). B srom ciydae B 30HE
MOHIKEHHOI'O  JIaBJIEHUS] BO3HHMKAIOT MEJKME KaBEpHBI, HANOJHEHHBIE IapaMu,
IBIDKYIIMEecs BMecre ¢ morokoM. C  JampHEWIMM yMeHblieHHeM () My3bIPbKH
YBEJIMYUBAIOTCS B pa3Mepe, CIAMBAIOTCS B OOIIYIO MOJIOCTh (Ha3bIBAEMYIO KaBEpHOI), T.€.
BO3HMKAaeT OTPbIB TOTOKA. B  KOHIlE KaBepHbl CYIIECTBEHHO MPOSBISETCS
HECTallMOHAPHOCTb TeUeHus [16], 4acTh ®KUIKOCTH MOMaJaeT BHYTPb KaBEepHbI 1 BMECTE C
HEKOTOPHIM KOJIMYECTBOM Tapa U ra3a MEepUOAWYECKH BBIOPACBIBAETCS B OCHOBHOM
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MOTOK, 00pa3yd 3a KaBepHOM 30HY JBYX(a3HOM BCIIEHEHHOW HJIKOCTH,
pacimpsroIIecs py IBKEHUHU BHU3 1O OTOKY. KomdecTBo U pacripezesnieHie KaBepH
3aBHCHUT KaK OT Makpo- TaKk U OT MUKPOIPOPHIIL TpaHHIl TOTOKA, T.€. (PaKTUUECKU OT
¢dopmbl kaBuTaropa. B HameMm ciydae ot popmbl BXoaHOM kpomku .

BrITsiruBasch BIOJb JMHUM TEUEHUS 3JEKTPOINTA, IBYX(a3HbIe CIe/bl OT KaBEpH
00pa3yloT HEMPOBOIAIIME 00JIACTH B MEXAEKTPOAHOM cpeae. Ha paconoskeHHbIX 1Moj
HUMU y4YacTKaxX aHOJHOW MOBEPXHOCTH MafaeT IUIOTHOCTh TOKa M, COOTBETCTBEHHO,
CHUKAETCSl CKOPOCTh aHOJHOTO pacTBopeHus. [locneanee u cnocodcTByeT 00pa3oBaHUIO
«CTPYMHBIX» BBICTYIIOB Ha aHOJHOW IOBEPXHOCTU. Pe3toMUpysl BBILIEU3II0KEHHOE,
MOXKHO TPEANOIOKUTH, YTO JJIsl yCIAOBUIM UMITYIIbcHOM DXO xapakTep pactooKeHHUs 1
(dbopMa KaBUTALMOHHBIX TOJIOCTEH MPAKTUYECKM HE 3aBUCHT OT pexuma 00padoTKH,
XMMHYECKOr0 COCTaBa JEKTPOJUTA U 00padarbiBaeMoro marepuaia. OHU BO3HUKAIOT U B
OTCYTCTBHE TOKa 3JIEKTpojn3a. BHOCMMBIE KaBUTAIMed HCKOKEHUS B paclpeqesicHue
AIIEKTPOIPOBOTHOCTH ~ MEXDIJIEKTPOAHOW  Cpellbl U SBJSIOTCA  TEPBONPUUYMHOM
(dbopMUpOBaHUS CTPYHHBIX MAaKpPOBBICTYIIOB MPH MPOXOKJIEHUU Toka. OTCro/1a ClenyroT
OCHOBHBIE PEKOMEHJAIMK ISl YCTpaHEHHWs! CTpyHHOCTU. Bo-miepBbIX, JOKHBI OBITH
YCTpaHEHbl KaBUTATOpbl, HaXOMALIMECs B TpakTe TMpPOKaYKud djeKkTpoiuTa. B
paccMaTpuBa€MOM  OKCIIEPUMEHTAILHOM TpPUMEpPE JIOJDKEH OBITh  YBEJIMYEH H
3aMOJIMPOBaH pajnyc BXOAHOM KpoMku OU. Bo-BTOpBIX, JHODKHO OBITH IOBBIIICHO
JABJICHUE DJIEKTPOJIMTA, HATPUMED, TTYTEM YMEHBIIEHUSI MEXKAJIEKTPOTHOTO 3a30pa, MO0
CO3/1aHU A TPOTUBOJIABIICHU S Ha BBIXOJE AnekTposmTa n3 MOIL

Heobxomumo 3amMeTuTh, 4TO M3MEHEHHEe (U3NYECKUX MapaMeTpoB JJIEKTPOJMTA
(Temrieparypbl, IJIOTHOCTM M BSI3KOCTM) B HCCIEyEMOM JIMala3oHE [apaMeTpoB
CYLLIECTBEHHOTO pe3yJabrata He JamM, a Oosee 3HAUYUTEeNIbHOE WX HW3MEHEHHE
OTPUIIATEJbHO CKA3bIBAECTCS HA BBHIXOJHBIX TEXHOJIOMMYECKUX MOKA3aTesiX (TOYHOCTH U
KaueCTBE ITOBEPXHOCTH).

B Hacrosimeit pabore npennpuHsATa Takke MOMBITKA MPOU3BECTH TEOPETUUECKUI
aHaIU3 YCJIOBUN BO3HMKHOBEHHUS! CTPYHHOCTH B COOTBETCTBUM C W3JI0)KEHHOM BBIIIE
(beHOMEeHONOTYecKon MofeNiblo. Ha uMIynbCHBIX peXuMax, MpUd OTHOCHTEIBHO
HEOOJBIIMX U3MEHEHHSIX TEMIIEPATYPhl U Ta30HANOICHHS JJIEKTPOJIUTA PACTIONOKEHUE U
dopma KaBepH OyayT ONpeAENsTbh B OCHOBHOM THAPOJUHAMHYECKHE Mapamerpbl U
(hopma rpaHuI] MOTOKa 3JIEKTPOIUTA.

B03MOXHOCTh BOBHMKHOBEHUSI KaBUTAIIMM OLEHUBAIACH JJISI paccMaTpuBaeMoi
cxembl (puc.3) o unciy kaputauuu Q. (1). Ansa onpenenenust Bxonsuiei B (1) ckopocru
V. anexrpomura B MOII popmammzyem yenosus 3amaun. [Ipumem, uto DU u 3aroroBka
UMEIOT TUIOCKUE, MapaliesIbHble IPYr JIPYry padodre TOPLBbI, >KUAKOCTb (JIEKTPOJIUT)
SBJISIETCS. BA3KOM M HEC)KUMAEMOM, a ee TeUeHHE — IJIOCKUM U JaMuHapHbIM. Pabouas
MOBEPXHOCTh 3arOTOBKM HEMOABMI)KHA, a MOBEpXHOCTb DU coBeplaer BO3BPATHO-
MOCTyNarebHbIe IBUKEHUS B HAIPABJICHUH OCH Z IO TApMOHUYECKOMY 3aKOHY (puc 3).

Kak u3BecTHO, ypaBHEHUS ABMKEHUSI U CILUIOIIHOCTU ISl BI3KOM HECKMMAeMON
KUIKOCTH B 00IIIEM CITydae UMEIOT BU/I:

%_I;:(V-grad)V:—%gradP+vAV,diVV=O, 2

rne V, P, p, v — COOTBETCTBEHHO, CKOPOCTH, JABJICHUE IJIOTHOCTh U KMHEMAaTUYECKAas
BSI3KOCTb DJICKTPOJIUTA.
JInst  mpssiMOM  LIEHTPAJTbHOM  CXEMbI  MPOKAYKHA  DJIEKTPOJUTA HKCIIOJIb3YEM
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JMHEApU30BaHHYI0 CUCTEMY YypaBHEHMM, mpuMeHsemyro B [17], 3anumcaHHyio B
UWJIAHJIPUYECKON CUCTEME KOOPIUHAT

2
e 0P op o 1dh) . 5
02 por 0z r or 0z
C TPAaHUYHBIMU YCIOBUSIMU
npu r=n P=H, 4)
npu r=r, P=F), o)
npu z=0 V,.=V,=0, (6)
_ _ _ds _
npu z =S Vr—O,VZ—E—u. (7
Nuterpupys (3) ¢ yuerom (4) - (7) momyaum
3 3 InL
P(r)=R - "ﬁ”(rf—rz){Po—a— pg”(rzz—rf)} L)
S S n’2
n

v, = 3_0;,,4_;{[’0_[’1—3?}”(;’22—1’12)}1 Z(Z—S). 9)

CJIeIIOBaTeJIBHO, CpCaH:AsL CKOPOCTh B MCKIJICKTPOAHOM ITPOCTPAHCTBC

2
ABITL (2]l qo
r

1S
V. =§erdz=—Lr+

0 25 12pvln2 " 482
n n
Hcnonp3ys ypaBaeHue bepHymm, Beipazim gaBieHue Ha Bxoae B MOII
2
V
B =P~ pg=2*. (1)

*
B kauectBe P Oepercsa pasnenue B kamepe. Iloncrasnsas (8) npu r=r; B (11)
NOJIy4UM ypaBHeHHe 1y onpenencHus £ . Ilocne onpeneneHns AaBieHUs U CKOPOCTH

BBIUHCIIACTCA YN CIIO KaBUTAallUH

B-P
K=2-1""¢ (12)

Pel Vazv
Pacuets! yncna kaBuTaluu, MPoBeCHHBIE B cOOTBETCTBUU ¢ (11, 12), KauecTBEeHHO
MOJTBEPAKIAIOT PE3YJIbTAThl AKCIEPUMEHTOB, OMHMCAHHBIE BbIIIE. Tak ¢ yBEIMYCHHUEM
TopueBoro M33 (puc.4) u naBiaeHHS JIEKTPOIUTA YBEIMUMBACTCA OTHOCUTEIIbHAS JTOMS
BpEMEHH B TMepHojie KojeOaHWii, B TeYeHHE KOTOpOM BeJM4MHa Kod(duimenra
KaBUTAIIUY UMEET MUHUMAJIBHOE 3HAUEHHE, T.€. YBEIIMYUBACT BEPOATHOCTH KaBUTallMu. B
[15] oTmeuaeTcs, 4yTO CYIIECTBYET HEKOTOPOE KpUTHUECKOE 3HadeHHe KoddduimeHTa
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KaButauuu ., IpH MPEBBIIICHUU KOTOPOr0 BOBHUKHOBEHUE KABUTALMU MAJIOBEPOSTHO.
B cBsi3u ¢ 3TMM, HAa OCHOBAHUU IMOJTYYEHHBIX pacueTHBIX 3aBucumocrei (11, 12) moxHO
OIPEIEIUTD JIOMYCTUMBIE 3HaYeHHUsI (ha3bl OJauu U AU TEILHOCTH UMITYJIbCa TOKA, MPH
KOTOPBIX HE BO3HHMKHET CTPYWHOCTh Ha 0OpabarbiBacMON IMOBEPXHOCTH. XapakTep
BO3HUKHOBEHHUSI Y U3MEHEHUS KABUTAIMOHHBIX KaBEPH B T€UCHUE ACUCTBHS MMITYJIbCA
MO3BOJISICT OOBSCHUTH TMOSBJICHUE BBIOPOCOB HANPSDKEHUS IO TepeaHeMy (QpoHTY
UMITYJIbCa HanpsbkeHus. Tak, BO3HMKHOBEHHE KaBEpPHBI CIOCOOCTBYET —PpE3KOMY
CHVKEHHIO IMPOBOJIMMOCTH MEKIIEKTPOTHON Cpeibl, uTO (IIPY 33aHHOM BEJIMYMHE TOKA)
MIPUBOJUT K COOTBETCTBYIOIIEMY YBEIMYEHHUIO MajieHus HamnpsbkeHuss Ha MOIL Tak
Ha3bIBaCMbI BBIOPOC HAMpSOHKCHUsI MO TepeHeMy (POHTY SBJSIETCS XapaKTePHBIM
n3MeHeHueM (popmbl uMITyIibca HanpspkeHus Ha MOI I, koropoe MoxkeT ObITh (PopMaTTbHO
pacIrio3HaHO M 3apETUCTPUPOBAHO. B ManbHEUIIEM 3TOT CUTHAI MOXKHO MCIHOIb30BATh B
CHUCTEME  aBTOMATMYECKOrO  VYIPABJICHUS  MPOLECCOM ISl MPEAOTBPAILECHUS
BO3HUKHOBEHUSI CTPYUHOCTH. [IpMepoM Takoro noaxonaa sBisgeTcs aJaTUBHAs CHCTEMa
yIIpaBJIeHUs1, onKcanHas B padote [12].

H™

3

2

f _'\'-_"rE)'I
it '
2 _-_"""-L.__,_ /\1 i
1 :‘:__/M-_ —> __F,.f'..,..-/""-_ I \‘\/ \//—
E— —— e S g o

= —

/

] 4 L 12 16 Hes? 0 4 8 12 16 sl

a §)

Puc. 4. Usmenenue korpduimenta kapuraunu O, Beuaunbl MO3 S 115 pa3inyHbIX
3HaYeHU MUHUMATBHOTO MD3: a) — S,i,=10MKM; 6) — S}y1in =S OMKM.

BbIBO/IbI

B ycnoBusix umnynbcHoir 9XO BubOpupyommm DU cTpyiiHOCTb, Kak MpaBUIIo,
MPOSIBISIETCS. B BHUJE MAaKpPOBBICTYIIOB, HAaYMHAONMXCS Ha Bxome B MOIl u
pPacClMPSAIOIIMXC B HAIIPABJICHUM I1OTOKA JIEKTPOJMUTA BILJIOTH 10 BBIXOAHOM KPOMKHU
ON. Ha ocCHOBaHMM peE3yJIbTarOB JKCIIEPUMEHTOB, TEOPETHUYECKOrO aHaiM3a U
UMEIOILIeHiC B  HAay4yHO-TEXHHMYECKOW JmTeparype HH(OpMalMyM  MpeiokeHa
(eHoMeHoIorYecKass Moeab 00pazoBaHusl crpyiHocTH. CHOpMYIMpPOBaHBI OCHOBHBIE
HarpaBJieHUsl ee ycrpaHeHus. [lomydeHbl npuOMKEHHbIE pacyeTHbIE 3aBUCUMOCTH IS
pacripeqielieHns CKOpocTH M jAaByieHus 3iekrpommrta B MOII npu mmmynscHo 9XO
BUOpUpyronmM OU, KoTopbie MOTyT OBITH HCITOJIB30BaHbI JJIsl OLIEHKU YK CIIa KaBUTAUH
1 BbIOOpa ONTUMAIBHOM JJMTENBHOCTH U (Da3bl MOJAYM MMITYJILCOB TOKa. [IpemioskeH
MH(POPMAIMOHHBIA CUTHAN JJISI CUCTEM aBTOMATUYECKOrO YIPaBJICHHS, MO3BOJSIOIIMIMA
BBISIBUTH PEKUMBI 00paOOTKH, TPH KOTOPBIX BO3HUKAET CTPYUHOCTb.
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IKCHEPUMEHTAJIBHOE NCCJIEJOBAHHUE MO/JAEJIN
BOJIHOBOI'O IBUKUTEJIA
TAJIIBIKMH M.B., K.T.H. —
HNucrutyr Mexanuku n MammHoctpoenus Kasanckoro HI[ PAH
(r. Kazanb, Poccus)
gubajdullin@mail.knc.ru

AHHOTAIUA

B pabome sxcnepumeHmanbHo uccieoyomcs 3a8UCUMOCU CKOPOCHU NPOOSUNCCHUSL U
mseu 6 WBAPMOoBoOM pedicume Om Napamempos 60JHbl NIOCKOU MOOeU B0THOBO2O
08uUdICUMEJIAL.

BBEJIEHUE
BomnHoBo# crioco0 npoaBrKeHuUst (JIOKOMOLIMH ) IPHUCY 1L HOJABIIIOMIEMY OOJIBIIMHCTBY

TUIPOOMOHTOB OT MENbYaUIIMX MPOCTEHIMX € yuciaamu Re= 10 10 IMraHTOB KUTOB
Re=108. B pe3ynabrare UIMTENBHOW SBOMIOIMU Y TUAPOOMOHTOB  BbIpaboTascs
BBICOKO((EKTHBHBIA BOJHOBOM MEXaHW3M HUX IMEPEMEUICHUs] B KUAKOCTH, H3y4YEeHHE
KOTOPOTO TPENCTaBiIsfAeT KakK (yHIAAMEHTATbHBIA, TaK TMPUKIAAHON W TMO3HABATEIHHBIN
UHTEpEC.

JleficTBHE BOJHOBOTO JIBUKUTENS OCHOBAaHO HAa T€HEPUPOBAHMM HM3TMOHOW Oeryrien
BOJIHBI TIOCTOSIHHOW WJIM BO3pAcTAIOIIEH aMIUIUTYIbl, TPU 3TOM OTOPOILIEHHAs BOJHOM
’KUJIKOCTb YHOCUT € COOOM MMITYJIbC, & CAMO TEJI0 TIPUOOPETAET MPOTUBOIOIOKHBIA UMITYJIbC,
CO3J1aBasi TATOBYIO CHITY, pabOTOI KOTOPOH MPeo107eBaCTCs COMPOTUBIICHHE XKUKOCTH [1].

[puHimn co3nanus TATOBOM CHUIBI IS ABMOKEHHSI THOKOTO Teia B JKUAKOCTU WM B
miankoM kanane M.A.JIaBpeHTtbeB [2, 3] MHTEpHOpPETHPOBAT CIIEAYIOIMM 00pa3oM. YTpyruit
CTEp’KEHb, TOMEIIECHHBI! B TBEpAbIA TIJAJAKUHA KaHAT C MEPEeMEHHOM KpUBU3HOW, Oynaer
CTPEMHTBCSI TIEPEMECTUTHCS B CTOPOHY MEHbINEH KPUBU3HBL, YMEHbLIAS €ro YIpyrylo
DHEPIUI0. B KUIKOM cpene CTeHKaMu KaHajla CIIYKUT JKUIKOCTb, KOTOpas B CHIy CBOEH
MHEPIUOHHOCTH TIPU JIOCTATOYHO OBICTPOM B3aUMOJICHCTBUY MPAKTUUECKU HE CMEIIAETCs OT
MIEPBOHAYANIBHOTO TIOJIOKEHHS 32 BpeMs, B TEYEHHE KOTOPOTO MPOUCXOJUT CYIIECTBEHHOE
nepemernieHue ruokoro tena. Ilpu BomHOOOpasHOM aedopmarmu crepkHsa (yka) B BHIC
Oerymieil BOJMHBI OyJIeT OCYIIECTBISATHCS HEMPEPHIBHOE MPOJABUKEHHE B CTOPOHY,
NPOTHBOIOJIOKHYI0  PACIPOCTpaHeHUI0 M3rHOHOM  BonHbL bB.B.  BoifiexoBckuit -
AKCIEPUMEHTATOP MHCTUTYTA THApoarHaMuKk UM. MLA. JlaBpentbeBa CO PAH B cBoe Bpems
U3TOTOBUI (DM3UUYECKYI0 MOJEINb: «KPUBOM MUCTONET», KOTOPBIA BBICTPEIMBAI YIPYTHil
CTEep’KEHb, JEMOHCTPUPYS HPUHIMI MpoJBHKeHHs. CKOpOCTb MPOABMKEHUS (JIOKOMOLIMH)
yka B TJQJKOM KaHajle M 10 BEJIMYMHE paBHA CKOPOCTU M3TMOHOW BOJMHBI C U
NPOTUBOIMOJIOAKHA 0 HAIIPABIEHUIO:

u=-c.

[lpu fBWXKEHMM Yyka B BOJAE CKOPOCTh JIOKOMOIIMM  YMEHBIIUTCA — M3-32
NPOCKAIb3bIBaHUs OETyILEeH BOIHBI

u=-c/n;
rae: n>1-k03(hPuUIMeHT, paBHbIA OTHOIIEHHIO CKOPOCTH BOJHBI K CKOPOCTH TPOJBIKEHUS
(moxoMoruM). 3HaK MUHYC OOBIYHO YITYCKAIOT.

OCHOBHBIE 3ABUCUMOCTHU MEXAY T’EOMETPUYECKUMHU

N KUHEMATUYECKUMHU TAPAMETPAMMU BOJIHBI

[lpu TeopeTMyeckoM H3y4eHMH BOJHOOOpa3Has JedopMalys MOBEPXHOCTU
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KMHEMAaTHYeCKH 3a7aercd 0e3 pacCMOTpEeHMS MeXaHM3Ma BOJHOOOpa3oBaHMs (TeHeparopa
BOJIH) M BHYTPEHHMX CHJIOBBIX (pakTopoB. [Ipu SKCIEpUMEHTAIbHOM HCCIEOBAHUM
BO3HUKAET 3a/a4ya, KaKk AepOpMUPOBaTh YIPYIYIO IUIACTHHY, CTEP’KEHb, LIMIMHIPUYECKYIO
NOBEPXHOCTh B BUIE Oerymed BONMHBL, T.6. HalWTH 3(QQPEKTUBHBIA  MEXaHU3M
BOJTHOOOpa30BaHUS.

B ocHoBe mpescTaBIeHHBIX HIDKE (DM3UUECKUX MOJIENed M TEXHUYECKHX YCTPOMCTB
JIOKUT TIPEACTaBICHUE BOJHOBOrO MPO(QIWIA KaKk MaTepuaIbHOM JMHHUM (TIOBEPXHOCTH),
oOpasytonmxcs npu KaueHuu kpyra. [lokakeM «reHeTHaecKoe poJCTBO» MEKILY CHHYCOUIOM
U TPOXOUI0M (YKOPOUYEHHOM IIMKIION 0N ), TIPE/ICTaBUB MX KaK OHO CEMENUCTBO KPUBBIX.

Paccmorpum cucreMy M3 IBYX OKPY»KHOCTEH OJMHAKOBOIO paauyca R, CHHXpOHHO
KaTSIUXCSA «CBEPXY» U «CHU3Y» 0€3 CKONbKEHUS M0 NPSAMOH JTMHUM (OCH X) ¢ 001Iel TOUKOH
kacanusi (puc.l). Cucrema uMmeer OfHY CTeNeHb CBOOOJBI, YTOJ KaueHUS OKPYKHOCTEH ¢
sBIsieTcs 00001eHHoM KoopauHatod. Touku A u B nexanmie, COOTBETCTBEHHO, BHYTpU
BEpXHEW M HIDKHEH OKpYKHOCTEH Ha OJMHaKoBOM paccTossHuM a=¢R (e<l) oT ueHTpoB
ONHUCHIBAIOT MTPU KAYEHUH TPOXOM/IbI, 3ePKATbHbBIE OTHOCUTEILHO OCU X U CIIBUHYTHIE MO (haze
OTHOCHUTENBHO APYT Jpyra Ha IOJOBUHY MEPHONA. IJTOT CABUI 3aJacTcsi HM3HAYAIBHO.
VpaBHeHUsI BepXHEW U HIDKHEN TPOXOU/ B MApaMeTpUUYEcKoil popme UMEIOT BUIT:

t
x* =R F eRsing; ¥ =%R-¢R cosg;

.
rae X : ;y -a0CIUCChl M OpAMHATHI TOUeK A u B.

JInsg Takoil cUCTEMBbl M3 CHMMETPUYHO KaTALIMXCS OKPYKHOCTEH CIpaBeTUBbI
CIIEAYIOLIME CBOMCTBA:

1. Touka C(@)-cepemuna otpeska AB, onuchBaeT NpU KAaYEHUU CHUHYCOMIY C
aMIuUTy0i a=eR 1 miuHON BosHBI A = 27R. JIeficTBUTENBHO, B CHITy CUMMETPHH TOTy4aeM
B [IapaMETPUYECKOM BHJIE TSt

C(xy): x=0,5(x++ x-)=R@; y=0,5(y+ + y-)=—¢&Rcos ¢ (1)

2. Orpe3ok AB, coemuHsrONmMi TeKyue TOukd BepxHed A(¢) u HwkHell B(o)
TPOXOU, SBISIETCS HOPMANBIO K curycouze C(¢).

OTO CBOWCTBO CJE/yeT M3 PABEHCTBA yIlla MEKAy KacarelbHOU k cunycouzae C(@) u
TOPU30HTATBHON OCBIO X U YIJIa MEX/Y BEPTHKAIBLHOM OChI0 U 0Tpe3koM AB tg oo =y’p =¢
sin @.Takum oOpazom:

sina = gsin @ (1+e 2 sin2)—0,5; coso = (1+e 2 sin2p)—0,5 .

Bosbmem nipousBonbHy0 Touky W(o, k), pacnonoxkeHHy0 Ha HOpMad K CHHYCOU/IE
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Ha paccrosHud kR. Ota Touka nmpu KauyeHUH CHCTEMbI ONUCHIBAECT KPUBYIO JIMHHIO, KOTOPYIO
YCIIOBHO HA30BEM «BOJIHOMJIOM» M0 aHATOTUM € CUHYCOMIOM M IMKIoumol. be3pasmepHbiii
napameTp K xapakrepusyer CTeleHb YyJAaleHUs OT CHHYCOW/bl 10 HOpPMaId K HEM.
[TapameTprueckuie ypaBHEHUs BOJTHOMIbI (BEpXHEH 1 HUKHEN) 3aBUCAT OT IBYX NAPAMETPOB €
u k u B 6e3pazMepHOM BUJIE MIPEICTABISIOTCS TaK:

x=@TFkesing/le’sin’@+1  y=xk/\Je*sin*p +1—gcos @ @)

VpaBuenue (2) sBaseTcss OOMIMM Il pacCMaTpuUBaeMbIX TpeX KpuBbIX: mpu k=0
NoJTy4aeM ypaBHeHHe cuHycouibl, ipu k=(1+€2sin2¢)0,5 — uuknounssl, mpu k<1- BOTHOHIBL
[uxsionna u BoHOM A (TTyHKTUPHAS JTMHKSA HA prc. 1) pu k=1 coBmanaror B 3KCTpeMaIbHBIX
TOUKax (BepIIMHAX W BIIaJWHAX BOJIHBI).

Tpaexropun Touek B ypaBHEHHH (2) MOKHO HMHTEPIPETHPOBATH KaK CYIEPIIO3UIIUIO
PaBHOMEPHOTO JIBMKEHUSI BJIOJIb OCH X U JIBYX KOJIE€OATENbHBIX IBHKCHUMN: TaApMOHHMYECKOTO
BIOJIb OCH y W BO3BPATHO-BPALIATENbHOTO (MAsTHUKOBOIO) C aMIUTUTYJIOW YIVIOBBIX

Kormebanmii JPUYEM B CIydyae LUKIOWJATIBHOTO [IBIDKEHUS M3MEHSETCd W JUIMHA
“mastauka” oT 1 10 (1+e2sin2¢)0,5 Takum 00pa3oM, 4TO MPOEKIIHS €r0 Ha OCh Y BCET A paBHA
1.

PaccMOTprM OCHOBHBIE COOTHOIIEHHSI B TE€OMETPUHM CHUHYCOMIAIbHOM BOJHBL B
KaueCTBE XapaKTEPHOI'0 JIMHEHHOTO pa3Mepa BO3bMEM paanyc KaueHus R, KOTOpBIi yCIOBHO

Ha30BeM «PAIMYC KAYCHHMS BONHBD. be3pasMepHbIi mapamerp © a/R=1go,_

OTHOCUTCIIbHAA aMIUIMTydd BOJIHBI XapaKTCPHU3YCT CTCICHb BOJIHUCTOCTU WM KPYTU3HY

BoHbl, T (- MaKCHMaTbHEL yroJl HaKloHa KacareabHoi K cunycoupe). [lapamerpsl R u
€ SBIAIOTCS OCHOBHBIMH JUISL OMpeZeNeHus Mpouisl CHHYCOMAATbHOM BOMHBL JlmuHa
A =27R y ammmryzna Bonue! a=€ R 6yayT npon3soaHeME. BomHoBoE qmcio 27U/A momydaer
MPOCTYI0 FEOMETPUUECKYO MHTEPIPETALINIO KaK KPUBU3HA OKPY>KHOCTH paauyca R.
JIns  kparkoctu, cnenyda TepmuHonorud  M.AJlaBpentheBa [2,3], HazoBeM
BOJIHOOOpa3HO JiepopMUpPYEMBbIid YIPYTUI CTEpKeHb B KaHaiie -yxkeM. [Ipu mMexaHuueckoM
R d  a 2 MOJISIMPOBAaHWM BOJHBI HEOOXOJUMO  OMpENeTATh
JUIMHY IyTH CHHYCOMmbI (IMHY yka)- !, Kotopas

E .
onpezensiercs yepe3 0 (@) s pummaveckut MHTETpa
BTOPOTO PoOJia:

[ /R=4~N1+ ngo(oc*) =4FE,/cosa,
3)
Torna cooTHOIIEHHS MEXKTY 3JIEMEHTAMH BOJTHBI

eCTh: a/l:sinoc*/4E0; Al :ﬂcosa*/ZEO.

Pamuyc xpusmsnbl B Touke C(?) cumycommanbHoit
p/R=(+¢&%sin’@)'?/¢

onHbl P /R=1/e=R/ @ =ctg®+. DasoBast cKOPOCTH

Oery1weit BOIHBI BRIPAXKAETCS Uepe3 PaIyC U KPYTOBYIO

qacroty c=®@ R, rne @ = Q/dt _ KpyroBas 4acToTa.

CUHYCHBIE MEXAHUN3MbI
M3BeCTHBIE CHHYCHBIE MEXAHU3MBI PEATU3YIOT

BOJIHBI: B BCpHINHAX
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TONbKO (DYHKIMIO TMeEpeMEIleHHs OT KOOpAMHATHl BEIyIIero 3BeHa. TeopeThyecKue
HOJIOKEHUST TIPEbIIyIero mnaparpaga TMO3BOJISIIOT IMOCTPOUTh CHUHYCHBIA MEXaHU3M C
O/THOBPEMEHHBIM 3aJlAaHMEM TapMOHUYECKMX KoieOaHWd 10 JIMHEHHOMY WU YIJIOBOMY
nepemMerienno. Ha 3tom ocHoBaHMM ObLia pa3pa0oTaHa HOBas KUHEMAaTH4ecKas cXema
Mexanu3Ma (prc.2) 1uist aepopMaliui IacTuHbI B opme Oeryieit BOIHbL, UCIOIb30BaHHAS B
pane TeXHUUYeCKUX ycTpoiictB [4,5]. KpoMkam ynpyroil mpoJofbHO CXaToil IIAacTHHBL 1,
NPUHABIIEH PABHOBECHYIO 3aKPUTUUECKYIO (OpMY, 3a/laHbl COTVIACOBAHHbIE IOTEPEUHBIE

y=¢€ Reos ¥ 1 yriossie mmkennst dy/dx=tg@ =¢5"% cunycnpiv mMexarmsmom. Ilpu tom
IJTACTHHA TIOCNIE/IOBATENbHO MPOXOAUT Bce (asbl Oerymeid BoiaHbL M3 Teopum rulkux
YIPYTUX CTEpXKHEH [6] U3BECTHO, YTO MJIOCKAS YNpYTas JIMHUS NPOAOJIBHO CHKATOTO CTEPHKHS
NpEZCTaBIAET cOO0M TOUHOE ypaBHEHHE CUHYCOM/Ibl. CHHYCHBI MEXaHU3M COCTOUT U3 ABYX
Hap CHHXPOHHO BpAIIAIOIMXCS KOJEC 2, KPUBOLIMIBI KOTOPBIX MOMAPHO COEIUHEHBI
3BeHbSMU M3 KyJuchl 3 1 mantorpada 4. Paanyc HadanpHbBIX OKpYX)HOCTEH 3y0UaThix Kosec R
ONpefieNsieT UTHHY BOIHEI 4 = 27R | paccTostHre OT 0ceii KPUBOLIMIIOB /0 LIEHTPOB KOJEC —
AMIUTTYy KonmeGammii @ = &R yrnoBas cKopocTh BpalleHHs KPHMBOIIMIIOB — CKOPOCTH
Oery1eit BoHbI. JTiHa Ay CUHYCOUIBI (JUTMHA YIPYTOH MIIACTUHBI B Helle(hOpMUPOBaHHOM
COCTOSTHMM) ompeznensercs 1o (3). 3aMeTHM, 4To NOTEHIHAIbHAS SHEPTHS YIPYTOH MTACTUHBL,
neopMUPOBAHHON B BUJI€ CHHYCOUJIBI C MOCTOSHHOW aMIUTUTYIOM MO JIMHE BOJHBI (TIpH
IIEJIOM YMCIIE BOJH) IMOCTOSHHA TMPU M3MEHEHMH (a3bl BOJNHBI (MEXaHU3M HaXOJUTCS B
0e3paznMyHOM COCTOSIHMM OT (has3bl), 4TO OOECeYyrMBaeT PAaBHOMEPHOCTb BpAIIAIOIIETO
MOMEHTA.

PaccMOTpeHHBII ~ MeXaHM3M  SBISIETCSI ~ TOYHBIM ~ CHHYCHBIM  MEXaHU3MOM
(rapMOHMYECKAM OCIMIUIITOPOM), HO KHHEMATHYeCKas CXe€Ma €ro JOCTaTOYHO CIIOXKHA.
[IIupoko W3BECTHBIA KPUBOIIMITHO-IIATYHHBI MEXaHWU3M SBISIETCS  MPHOIMKEHHBIM

CHHYCHBIM MeXaHH3MOM. [Ipu ManbIX € (B peanbHBIX KOHCTPYKIMAX € < 0,25 , JUTHA IIaTyHa
HAaMHOTO OOJIbILIE TMHBI KPUBOIINIIA) JIBUKEHHE TTOPLIHS MTPUOTMKEHHO TApMOHIYHOE.

Ecnmu B cHHycHOM MeXaHM3ME CcJeNiaTh BEAYIIMM OJUH KPHUBOLIWI, a 3BEHO,
COEIMHSIONIee KPHUBOIIMIIBI HEM3MEHHOW IMHBI paBHOW 2R (aHTHmapamienorpamHbii
MEXaHU3M), TO CpeIHSsI TOYKAa TAaKoro 3BeHa Oy/eT ONUCHIBaTh BOCBMEPKOOOPA3HYIO
TpaeKkTopuio (1emuuckary bepHymm). bianzkyio Tpaekroprio OMICHBaIOT KPOMKA XBOCTOBOTO
IJIaBHUKA DPBIOBI M KOHIIBI KPbUTbEB MNTUIl (KOMUMOpW B BHcsAmeM mnonere). [lpu 3Toit
TPAEKTOPUH OTCYTCTBYIOT TOUKU C HYJIEBOW MO TbEMHOM CHJION.

IKCIHEPUMEHTAJIBHBIE PE3YJbTATBI UCCJIEJOBAHUA

MOJEJIX BOJTHOBOT'O IBU/KUTEJIA

B [7, 8, 9] akciepuMeHTaNbHO UCCIIEYETCsl 3aBUCUMOCTD CKOPOCTU CaMOIIPOIBHKECHUS
uu Taru T ( mpu u=0) MOZENTM BOJHOBOTO JBUXUTENS B 3aBUCUMOCTH OT MTapaMETPOB BOJHBL
Cxema ombiTa cnenyromas. Braons OacceliHa jummHOM 12 METPOB € TOKOSILIEHCS BOJON
nryOuHoi 1,5 MeTpa IBUKETCs 110 MOHOPENBCY JIETKas TeJlexka, 6Jaroapsi BOJHOOOpa3HbIM
KOJICOAHUSIM YTIPYTOM MIACTUHBI B KUIKOCTU. [171acTHHA KOHCOMBHO KPEMUTCS 3a MEPEIHION
KPOMKY C TOMOIIbIO HOXKa K TeNexKe. MeXaHu3M BOJHOOOPa30BaHMS, COCTOSLIMHA U3
KOJIEHYATOr0 Bajla, CUCTEMBbl PhIYATrOB U TAT KOMIIAKTHO PACIONOXKEH HEMOCPEICTBEHHO Ha
nehopMUpyeMoil TITaCTHHE, 4YTO MO3BOJSET TMOMYYMTh JIETKYI0 M MOOWIIBHYIO MOJEIb
BOJIHOBOTO JBIDKMUTENS. BparieHne Baia ¢ pa3iuyHOW YIJIOBOW CKOPOCTBIO (CKOPOCTBIO
OeryIel BOJHbI) OCYILECTBISIETCS TOCPEICTBOM HABOJHOTO AJIEKTPOIPUBOJIA HA TEIEKKE.
[Ipubopamu perucTpupyercs CKOpOCTH MPOABMXKEHUS U U Oeryiuei BOJHBI C, aMIUTUTYJAa
KonebaHui. JlmHa BOJNHBI SABISIETCS KOHCTPYKTHBHBIM MApaMeTpoM U ObUla MOCTOSIHHOM.
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Moyens ¢ jmHoit BorHbl 4 =04 M, OTHOCHTeNBHOI ammmTy0it € =0,471 nerko passuBana
ckopocthb 10 0,6 M/c ipu yacToTe Konebanuii 10 7 [,

Ha puc.4 npusenena ¢otorpadus BHE3AMHOTO CTapTa MOJAETM BOIHOBOTO JIBMKHTEINS
(IBYOKEHHE CTpaBa HAIEBO), CHsTas HEMOJBIKHON KaMepoil ¢ 0ombiioi Akcrosunmen (1/15
cekyHIbl). Ha BepxHell KpOMKe IUIACTUHBI JIMCKPETHO 3aKPEIUIEHbl CBETOOTPaKAIOMINE
TIOJIOCKH, IPOYEPUHMBAIOLIME CBETIIbIC TPEKH. 3HAs BpeMsl SKCIIO3ULIUH, JIUHEHHBIE Pa3Mephl 1
macimrad mo Qororpadur MOXKHO OMNPEEIUTh KHUHEMATUKy BOJHOBOTO MPOJBHKECHUS
IJTACTHHBL AMIUTUTY/a KoneOaHuil yBelMInuBaeTcs oT mnepeHei kpoMku. B paiione 3amHei
KPOMKH BCIIE/ICTBUE MHTEHCHBHOTO Pa30OpbI3IMBAHMS BObI H300paXKEHUE Pa3MBITO.

OKcnepruMeHTATbHbIE JaHHbIe (pHC.S) MOKa3bIBAIOT JUHEHHYIO0 3aBUCUMOCTb CKOPOCTH
NPOJBIKEHUS. OT YacTOThl KojieOaHuil (CKOpOCTH Oeryieil BOJHBI), a TaKke pOCT ee IpH
YBEJIMYEHUH OTHOCHUTEIHLHON aMIUIMTY bl 3aBUCUMOCTb YCPEIHEHHOM 3a Mepruo]] BeTMUHUHbI
TATU MMEET CJIOXHBIA XapakTep M OTIMYAeTcs OT TEOPETHYECKOW KBAIPaTMYHOM HaM4YueM
neperuOoB. IT0 OOBACHIETCS M3TMOHBIMU XapaKTEpPUCTHKAMH CaMOW IUIACTHHBL, TIPH
HEKOTOPBIX YacTOTaX MPOUCXOAMT MEPEXOA OT pekrMa OeryIieid BOIHBI K CYNEpHO3HIMH
Oery1wei U cTosiueid BOJH.

Puc. 4.
We ! H
/ £=0.471 B
/ /
0.6 / ’ W 3
/ £=0.377 | 0.471
- / £=0.377
0.4 | 2 & | §=0.283

0.1 . [Dcp 1 /D ] o

2 4 6 I 2 1 6 My
Puc. 5.

Ecmu B paccmatpuBaemoil mpo6ieme npeHedpedb BausHueM 3(QPEKTOB TPEXMEPHOCTH,
HE YUUTHIBATh BIMSHUE TTOBEPXHOCTHOTO HATSKEHHUS U OTPAHUUUTHCS PACCMOTPEHHEM OJTHOM
JUTMHBI BOJIHBI C MOCTOSIHHOM aMILTUTY/ION, TO B Oe3pa3MepHbIX Mapamerpax 3ajada CBOUTCH

K OTIPEIE/CHHIO OIHONAPAMETPHUECKON (DYHKIHOHATHHON 3aBUCHMOCTH ' (¢) ua ocHoramm
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KOTOPOi, B CBOKO 04EPE/Tb, MOYKHO ONPE/ICTHTh ONTHMATBHOE 3HAUCHHE - & omm .

B kadecTBe XapakTepHOro JMHEHHOTO pa3Mepa BO3bMEM pajuyc KaueHus R, a
XapaKTepHOI CKOPOCTH - CPEIHIOI0 CKOPOCTb MOCTYHATENBHOTO MPOJBUKEHUS TUIACTUHBI U.
Kunematuky HECTallMOHAPHOTO IUIABaHWsA  IUIACTHHBI  OyAyT  ONpENeNsaTh — TakKke
OTHOCUTENIbHA CKOPOCTb TPOMYJILCUBHOM BOJHBI n=c/u M Oe3pa3MepHble KpPUTEPUH
Peiinonbica Re=ul/V (V -kuHemarmueckuii ko3 duimeHT Bs3kocTd Bojbl) U Crpyxans,
KOTOpBI, B CBOIO Ou€pelb, MOKHO TMPEACTABUTh KaK MpPOM3BENEHHE Oe3pa3MEpHbIX
apameTpoB:

Sh=Affu=26Rw/2mu=en/m

rae A=2a - ynBoeHHas aMIuTyaa (pasmax), f=@ /27 - yactota KoneOaHui MIIaCTUHBL
n -~

i1 IKCTIEPEHIEHT

1.55

0s € =D531
Puc. 6.

,_.__
WM

CoracHO HATypHBIM HaONIONCHUAM 3a TUIPOOMOHTaMH [l], TpUHAISKAIMMH K
YIPEBUIHOMY (BOJHOOOpasHOMY) Tumy IiaBaHus mist urmcendl Re 103-2.106 xapakrepHb
aBTOMOJIENbHBIE 10 PeliHoubcy 3Hauenus: n~const=1,55 u Sh =~ const=0,41. [loacrapmnsist 3t

3HAYEHUS  TOMy4uM: € :0,83=tga* (%+=40"). B [l10] MOJy4eHo  OJm3Koe

snaucHne € = Ak=0,88( % ~41,5" ). Taxxke I MHKDOOPIAHH3MOB “BEKHAS OCOOCHHOCTH
TIEPEABIDKECHUS C TIOMOIIBIO KTYTHKOB 3aKIIOYACTCS B TOM, YTO MaKCUMATbHBIA HAKIOH
TUIOCKOM BOJIHBI TIO JKTYTUKY WJIK YTOJ TIOJ/beMa BHHTOBOW BOJIHBI 0 JKTYTUKY JIOJDKSH TPH

~ 400 2 [12]

MaKCUMAILHOW CKOPOCTH COCTABIISITH Bunas Taxum oOpaszom, 3HaueHust n=1,55

(u=0.645¢) u € = 0,83(%* ~40") BugMMO GIM3KA K ONTHMATBHBIM VTSl BOIHOBOTO CrOCO0A
HepeIBIKEHUA.  MOXKHO — TPEIIIONOKHUTh, 9TO  THIEpPOONMYecKas  3aBHCHMOCTb

n=Sh7/ & = 0,417/ € qpyaeren ynnamenTansHoit 11 MPoM3BOBHBIX 3HaueHHit n. Ha pric.6

Npe/ICTaBIeHa 3Ta 3aBUCUMOCTb, a TaK e IKCIIEPUMEHTAIbHbBIC TaHHble. V3 rpaduka BuIHO,
YTO MMEETCS KAUECTBEHHOE COTIACHE.

[Tone3Ho mpoBecTH cpaBHEHHE C KJIACCUYECKOM aBTOMOJENBHOM 3a7adeil oOTeKaHus
IWINH/IPA, 32 KOTOPBIM 00pa3yeTcs YIopsiJioueHHas CTpYKTypa BUxper — nopokka Kapmana.
3a BOIHOOOpPa3HO AepopMUpyeMOl TLUIACTUHOW HAOMIONAETCs aHAIOTUYHAs JOPOXKKA, HO C
MPOTUBOIIOJIOKHBIM HaNpaBlIeHuEeM BUXpel (1opoxka ['omyoeBa). B mepBoM ciydae cKopocTh
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NPOABIKEHNS LIMIIMHJPA 331a€TCs, a OIPENENAeTCA YacToTa CpbiBa BUXpel. B naHHOM 3amaue
Hao0OpOT: 3a/1aeTCs YacTOTa KoseOaHnH, a OTHICKUBAETCSl CKOPOCTb CaMOIPOIBKEHHSL.
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COBEPUIEHCTBOBAHUE METOJA PACYETA OBTEKAHUSA
HECYIIHUX TEJ IOTOKOM UAEAJTBHOM KAUJKOCTH
I[TEUEHIOK A.B., HauaJlbHUK OTAENa THAPOJNHAMUKHY;
CTAHKOB b.H., nupexrop — komnanust DTG (r. Onecca, YkpauHna)
BUIIIHEBCKUH JI.N., a.1.H., mpodeccop —
Cankr-IleTepOyprckuit rocy1apCTBEHHBIM
Mopckoi Texuuueckuid yausepcuret (r. Cankr-IlerepOypr, Poccus)

AHHOTAIU S

Paccmampusaemces éonpoc 06 yueme @nusHUs MOIUWUHBL KPLLIEG NPU PACYEme UX
noovemHou cunvl. Ommeuaemcs, ymo ¢ ee Y@eiudeHueM YKA3aHHAs CUld OOIJICHA
VMEHLUAMbCSL NPU 0OMEKAHUU UX PeabHOU HCUOKOCIbIO, A He 803pACmamb, KAK Mo
crnedyem u3 MmMeopemudeckux pe3yrvmamos. Buixo0 u3 co30asuiec0cs nonodceHus
obcyscoaemces 8 Hacmoswell cmamoe.

B mHacrosiiee Bpemsi Uig  pacyeTa HECYIIMX IOBEPXHOCTeHW (KPBUILEB),
OOTEKAIOIMXCSI TTOTOKOM PEAIbHOM JKUIKOCTBIO, IMIMPOKO HCHOJb3YIOT COBPEMEHHBIC
MaKeThl MpOrpaMM, pa3padOTaHHBIX HAa OCHOBE YHCIEHHOTO pEIICHHS OCPEIHEHHBIX
PEMHONBICOBBIX ypaBHEeHUH (Tak Ha3biBaeMbiX RANS ypaBuenuit). K umciy takmx
nakeroB MokHO otHectH Fluent, Start-CD, Flow Vision (FV) u np. Bce onu sBistrorcs
KOMMEPUECKMMH TMaKeTaMd M TPU COOTBETCTBYIOILIEM OINbBIT€ HMX HCIOIb30BAHUS
MO3BOJISIFOT JTOCTaTOYHO HAJEHKHO ONPEAENATh TMIPOJUHAMHUUYECKUE XaPaKTEPUCTUKU
pa3IMUYHBIX O0BEKTOB, HapUMEP, KopadenbHbIX TpeOHbIX BUHTOB (I'B). Ha puc. 1 u 2
NpUBE/ICHBl B KAUECTBE MpUMEpa pe3yibTaThl pacyera yKa3aHHBIX xapakrepucTuk ['B,
MOJyYEHHBIX TyTeM mpuMeHeHus mnaketroB Fluent m FV. VYkazanuele nporpammbl
pa3paboTaHbl 3apyOeKHBIMH M OTEUECTBEHHBIMHU CIIELUAIMCTaMH COOTBETCTBeHHO. He
B/IaBASCh B IIPEUMYIIIECTBA M HEJOCTATKUA YKA3aHHBIX MTPOrpaMM, CIIEAYeT OTMETUTh, YTO
UX HCIOJIb30BAaHUIO TMPEAIIECTBYET JOCTATOYHO CIIOXKHAs W KpOMOTJMBas padora,
CBSI3aHHAs C MPE/ICTaBJICHUEM PACYETHOM 00JacTH pacueTHbIMHM ceTkamu. bornee toro,
Takas paboTra B 3HAYUTEIBHOW CTENEHH OMHMPACTCS Ha OMBIT PACUETYMKA, OTCYTCTBHUE
KOTOPOT0 3a4aCTYIO MPUBOJUT K HEMPUEMIIEMOMY PE3YIIbTATY.

Bmecre ¢ Tem Hapsgy C yKa3aHHBIMUA TaKeTaMM B IIPAKTUKE HCHOJb3YIOT
MpOrpaMMBbl, pa3paboTaHHbIE Ha OCHOBE WUJICAILHOM >KUJIKOCTH, HApUMEp, MaHEeIbHBIX
METONOB. Y4YeT €€ BA3KOCTU B O3TOM ClIydae OCYIIECTBIISIETCS BBEIACHUEM
IUPKYJSILMOHHOTO  TeUeHUs (LUPKYJSAIMHA), HHTEHCUBHOCTH KOTOPOTO OMPEACISIOT
MyTeM BBINOJHEHU nocTynara Yarmsiruaa-)KykoBCKOro Ha BHIXOISIIEH KPOMKH KpbLIa.
OrnpenenenHas TakuM 00pa3oM LUPKYIALKUS 10 TeopeMme JKyKOBCKOro Mmo3BoJisieT HalTu
MOABEMHYIO CHITy, BO3HHUKAIOLIYI0 Ha paccMaTpuBaeMoM Kpbule. Ha Takom momxone
pa3paboTaHbl ~ IpOrpamMMbl,  [O3BOJISIIOIIME  OMNPENENATh  TUAPOJUHAMUYECKUE
XapaKTEPUCTUKK Pa3IMUHbIX KPbUILEBBIX cucTeM, B yacTHOCTH, I'B. Mcnons3oBanue nx
3HAUUTEJBHO MPOIE, YeM MporpamMmM, pa3paOdOTaHHBIX Ha OcHOBe pereHus RANS
ypaBHeHUi. [lomydeHHbIE MO HUM pe3yJbTarbl JOCTATOYHO XOPOILIO COMNIACYIOTCS C
pe3ysibTaraMi  dKCIepuMeHTa (cM. TaliuIly) Tpd  KOPPEKTHOM  TOCTPOECHUH
TUIPOIMHAMUYECKON MOJIENN KpbLIa.
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Puc. 1. Comnocrasnenue pe3ynbsTaroB pacyera (mporpaMMHbId makeT Fuent)

H OKCIICPUMCHTA. O0603HaYeHNS : CIUIONIHBIE JIMHUN OKCIICPUMCHT, TOYKH — pacCyeT.
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Puc. 2. Pe3ynbTatsl pacuera ruipoAMHAMUYECKHX XapakTepucTuk ['B
nio porpammam Fluent (ciieBa) u Flow Vision (cripasa).
OO003HaYeHMs : CIUIOIIHBIE IMHUH KCTIEPUMEHT, TOUKH — PACUeT.

Tabmna
ComnocraBneHue pe3yabTaroB pacueTa 'MIpOIUHAMAYECKUX XapakTepucTuk ['B no
MTAHEJIbHOMY METONy U 3KcriepumenTa [10].

] Kr Kr Ko Ko
OKCIEpUMEHT Pacuer OKCIEpUMEHT Pacuer
0.5 0.285 0.2744 0.0477 0.04676
0.70 0.200 0.2010 0.0360 0.03607
0.833 0.146 0.1500 0.0280 0.02851
0.90 0.120 0.1198 0.0239 0.02380
1.10 0.034 0.0339 0.0106 0.01044

Jleno 3akiovaeTcst B TOM, 4TO Mpu (POpPMaTbHOM cXeMe MOCTPOSHUs YKa3aHHON
MOZIEIM B paMKax WJICAIbHOM cpelbl OOHApYy>KUBAETCAd 3aBUCUMOCTb BIMSHUS
OTHOCUTEJIbHOW TOJIIMHBI KpbUIA HAa BEJIMYMHY €€ IOIBEMHOM CHJIBL YBEIMYEHHUE
YIIOMSIHYTOM XapaKTEPUCTUKU COIMPOBOKIAETCA BO3PACTAHUEM HA3BAHHOM CHJIBL. JTOT
HEKOPPEKTHBIN PE3YNbTAT COACPKUTCS B UCCIENOBAHUAX MHOIMX HE3aBUCHUMBIX IPYT OT
npyra aBTopoB. [IpuMepoM 3THX UCCIeIOBaHUA MOXKET CIYyKUTh padora [2]. [Ipumepom
TaKKe MOXET CIYyXUTh M (opmyna, TpuBeneHHas B padore [3], momydeHHas U3
HEJIMHEWHONM TEOpUM TNOTEHUMAIBHOrOo OOTeKaHusi mpoduiield, coaepKalmxcs B
yKa3aHHOW paboTe ¢ y4eTOM MX KPUBU3HBI M OTHOCHUTENIbHOM TOJNIIMHBL JTa (hopMmysna
st KoapuiMeHTa moabeMHOM cuiibl C, UMEET BUJ
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C, =27(1+0,77¢/C))sin(a + B),
rre B = arctg (2h/C); « - yron araka; t, C - MakcMMaJIbHasl TOJIIMHA U XOp1a MpoQuis
COOTBETCTBEHHO; h - MakcMMaITbHasI €T0 KPHUBH3HA.

N3 Hee Takke CJeayeT, YTO C YBEJIMYCHHEM OTHOCHUTCIIbHOW TOMIMHBI t/C
KO3(D(OUITMEHT MOABEMHON CHJIBI pacTeT. ECTh M Jpyrue NpUMEpbl, MEepedrciICHUC
KOTOPBIX MOTJIO OBbI OBITH MPOIOJKEHO.

Bmecre ¢ Tem, CyIIECTBYIOIME 3KCIEPUMCHTAIBHBIE MaTEpHANIbl YOSTUTEIIHHO
MOKa3bIBatoT (CM. puc. 3 u 4), 4TO TaKOM 3aBUCUMOCTH He oOHapyxuBaeTcs. bonee Toro,
paccMarpuBasi 3TH PUCYHKH, OOHApY)KMBaETCs 00paTHasl 3aBUCUMOCTh: C YBEIMYCHUEM
OTHOCUTEJIbHOW TOJIIIMHBI Mpoduiisi mogbeMHas cuiia (ee kodhduimeHt C,) nakKe He
COXpaHSIETCsI TOCTOSIHHOM 110 BEJIMYMHE, a magaeT. OCOOSHHO JIETKO MPOMIITIOCTPUPOBATH
CKa3aHHOE Ha MpuMepe >umnTrieckoro mmHapa (A11). JlelicTBuTenbHO, CKOPOCTD V.

Ha €ro KOHTYpE MpH [UPKYISLUOHHOM 00TEKaHUHU orpeiessieTcst GopMyIoit [6].

27V, (a+b)(—sin S +sind, cos f)+ I’ )
277Ja2sin2ﬂ+b2cos2ﬂ ’

rae V,- CKOpOCTb Ha0EraroIIero MoToKa; §,- yroJl aTaku; a U b - OoJbILAs U Manas

V.=

ocb DI, B - mossipHBIA yrou; I - TUPKYJsUs BOKpyr O11;

c*=a*+b’;x=acosf;y =bsin B.

Bemonnenne TpeOoBaHWMS MOCTYy/aTa Ha 3aJHEH KPOMKH IO3BOJISIET HaWTH
BEJIMYMHY LUPKYIALUH, T.€. U3 ycloBus  V, /p—=0 onpenemrs

I'=-2aV,sind,(a+b). 2

W3 (2) BumHO, uTO B mpenenbHoM ciaydae npu b=0 [' coBmagaer ¢ nupkyssimei
BOKpYr miactuHku (cMm. popmymy (92) crp. 231 [5]). [Ipu HenyneBoit Tommue O]
(b#0), oHa 11O aOCOMOTHOW BEIMYHMHE OOJbIIE, YeM y TJIACTUHKU MPU 33JaHHOM YIJIe
aTakh W TEM CaMblM TOATBEPXKIACT BBINIECKa3aHHOE. TakuM 00pa3oM, MOCKOJBKY
LUPKYJSIIMS  OJHO3HAYHO CBs3aHA C BEJIMYMHOM moxbeMHOM cuibl (Teopema HL.E.
JXyKkoBcKoro), TO M3 TEOPETUUECKHX COOOPAKEHUH BBITEKACT, YTO TOABEMHAS CHIIA,
Bo3HuKaromass Ha Oll, mpu mpouux paBHbIX ycnoBusix (a, Vo, Op) Bcerma Oosblie
MOABEMHON CHJIB, BO3HUKAIOINICH Ha TIUIacTWHKE. JIpyrMMH CIIOBamMH, BEJMYHHY
MOBEMHON CHJIBI Ha IIACTUHKE CIIEAYET PacCMaTpPHBATh Kak HIDKHUMN MPEJIEIT 3TOH CHITBI
NP YBETIMYCHUH OTHOCHUTENBHOM TOMIMHBI DL,

CkazaHHOE HE MOATBEPKIACTCS MMEIOLMMUCS SKCIIEPUMEHTATBHBIMU JTaHHBIMU
(cMm. puc. 3 u 4), U3 KOTOPBIX CJEIYET, YTO MOABEMHYIO CHUITYy TIPU HYJIEBOW TOJIIIMHE
CIeIyeT paccMaTpuBaTh KaK BEPXHUH €€ Tpeied MPH YBEIWYCHHH OTHOCHUTEIIHHOU
TOJNIMHBI, T.€. KOTOpas C YBEIMUCHHWEM TIOCIeAHEW OJDKHA YMEHBIIAThCSA, a He
yBEMUUBAThCs. TakuMm 00pa3oM, U3 CKa3aHHOTO CJIEAYET, YTO BBINOJHEHUE MOCTYJaTa
YamieruHa-XKyKoBCKOrO Ha 3agHell KpOMKe, HalJCHHOTO W3 HaOJFOJICHWH, eIe He
JOCTaTOYHO TIONMHO oTpaxaeT oOTekanue Ol (MIOCKOro Kpbula) peambHOU (BS3KOM)
KUAKOCTBIO M TPeOYEeT CBOETO JIOMOIHEHHsI, 00SCIIeUNBAIOIIETO MPABUIIFHOE MTOBEICHHE
MOBEMHON CUJIBI (LIUPKYIISIHN) C U3MEHEHHEM OTHOCUTEIIFHOW TOIIMHBI KPbLa.
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Puc.3. 3aBucumocts ko3 duiirenta noareMuon cuibl Cy
OT OTHOCHUTEITLHOM TOIIIMHBI IPoduIs t%.
(ITo manapiM NACA [3]: RepNe 824, Summary of aerofoil data, 1945)

OnmHuM M3 BO3MOXKHBIX ITyT€Hd 3TOM KOPPEKTUPOBKH SIBJISIETCSI BBEJICHUE KOPPEKTHPYIOILETO

MHOXHTCIIA, 00 CCIICYHMBAromIcro YMCHBIICHHEC MHTCHCHUBHOCTH NPUCOCANHCHHOTO BHUXPsI.

[MpumennrensHo K D1 ero 3HaUeHNE MOYKHO TIPUHATH B BUZIE

L ———r )

koppern
rae I',_, =—2mV, sin S, - 3Ha4YeHUE HUPKYJISALNH, ONPENEIsIEMOE U PacCMaTpuBacMoe Kak
BepXHUI Tmipenen mnpu HydeBod TomumHe Ol mpu u3MeHeHMM TOMILMHBL kK —
KOPPEKTUPYIOIIMI KO3 UIIMEHT, OTpakaroMil aJeHne TUPKYISIUH PH YBETUMYEHUH
TOJIIIMHBI U OMPEIENAEMBIN MO SKCIEPUMEHTATBHBIM JTAHHBIM.

Bribop, Takum 00pa3oMm, IUPKYISIUU OOECHeYMBAET BBIOJHEHUE MOCTYJara
Yannsiruna-)XXykosckoro (v, =0) Hectporo Ha Beixonsien kpomke DL (f=0), a B Touke
HECKOJIBKO CMEIIEHHOM oT Hee [2]. OueHruM BEeMUYMHY 3TOro cMeuieHust A u3 ycinoBus
oOparttenus (1) B HyJb Ipy 3HAYE€HUM TUPKYJSLUU, TpUHATOM B Buze (3). B aToMm ciyuae
HEO00XO0IMMO, YTOOBI

ocC,
da 012

0,08

0,04
25
t%

Y

oa
(ITo mannbIM cripaBovHUKA [4], cTP.96).

Puc. 4. 3aBucUMOCTH BEJTMUHMHBI OT OTHOCHUTEJIBHOM TOJIITUHBI Tipodust t% .

27(a+b)V,(—sin B, +sin S, cos B,)+ I, k=0, 4)

290



[TpuHuMast Bo BHUMaHue paBeHCTBa (2), (3), B, = AB U sind=d,, nepenuieM (4) B
BHJIE

(a+b)(-AB+3,)—kad, =0 (5)

Orcrona

AB =8,[1-k(1-b/a)]

JInst ManbIX Og M OTHOCHTENIBHBIX TOJIIMH b/a<< 1 m k= 1 umeem

b
X racos(0,—)=a
a

BbIX.KD

(6)
Y, ~bS,[1-k(1-b/a)]

BBIX.KD.

Takum oOpa3oM, 1Jisl IPUBENICHNUSI B COOTBETCTBUE BEJMYMHBI MOABEMHON CHIIBI,
BOZHUKAIOLIEW B MACAIBHOW CpeNe, C IIOAbEMHOM CWIOW, pEalu3yroLIeucs B
NN CTBUTEILHOCTH, HEOOXOAMMO CMEIIATh TOYKY, B KOTOPOW BBIIONHSETCS MOCTYyJar
Yarneirnaa- ) KyKOBCKOTr 0, 10 3aCachIBAOILEN CTOPOHE B CTOPOHY BXOoAsLIel KpoMku. Ha
puc. 5 IpUBEIEHbl KPUTUYECKUE TOYKH, MOTydaeMble 1o Gpopmynam (6), Ha BXOASIIEH U
BBIXOJAILIEH KPOMKAaxX, OTMEYEHHbIE 3HAaYKOM «A». Ha 3TOM K€ pHCYHKE OTMEYEHBI
MOJIOKEHUSI KPUTUYECKUX TOYEK Ha KOHType OL[ B paiioHe BXOAAIIEH W BBIXOASIICH
KPOMOK MpPH JIPYTUX 3HAUECHUSX LIUPKYIISALUN:

I’ =2n(a+b)V,sind, - B3TOU U3 pelIeHns 3a1aun 00 oorexanuu O1;

I’y = 2maV,sin, - COOTBETCTBYIOIIEH mIacTuHKe (b=0);

I', = —2makV) sin 5, - BBIOPAHHOM C y4€TOM SKCIIEPUMEHTAIBHBIX JaHHBIX Ui b/a=
0,1, k=0,9; I'=0.

W3 ipenicTaBIeHHBIX TaHHBIX BUIHO, YTO KPUTHYECKUE TOUKH, COOTBETCTBYIOIIHE
Pa3IMYHBIM 3HAYEHUSIM LIUPKYIISAIMH, PacIioNaraloTcs JOCTaTOYHO OJIM3KO APYT OT Apyra.
Hckmouenue IPEICTaBIISIOT KPUTUYECKUE TOYKH, COOTBETCTBYIOIIUE
oecrmpkyisimoHHoMmy ootekanuto (I'=0). Bmecre ¢ TeM pasnmyrie B MOABLEMHON CUJIE
NpU LUPKYISAMOHHOM 00TeKaHuM cocraBiisieT okoio 20% ms a/b=10. TIpumepHo Takoit
e MPOLEHT COCTABIISET pa3inyie MaKCUMAIBHOrO paszpexeHus (cMm. puc. 6). [lpuuem B
OCHOBHOM OHO ITPOSIBJISIETCS B 30HE HAMOOJIBIIET0 pa3pekeHusl, YTO MOXKET CYILIECTBEHHO
CKa3aTbCsl Ha JOCTOBEPHOCTH IIPOTHO3MPOBAHUS KAaBUTAIMOHHBIX XapaKTCPHCTHK
npoduIis mpu 00TEKAHUU €r0 PeaTbHOM KHUJIKOCTHIO.

y
-0,005
_Q‘Bmxonﬂma;q

KpoMKa

lol—a__ 995 __a

——g

Puc. 5. IlonoxeHne KpUTHIECKHX TOUeK Ha koHType DL, Haxoxasemcst
B IUIOCKOMAPAJIIEIBHOM MOTOKE MpH yrite ataku 2,87 (0,05 pax.).
Otnomenwre oceit D1 papHo 10. O603HAUEHUS OTHOCATCS K:
I=0;A I', = 2makV,smé,;x I, =-2rx(a+b)V,snd,;0 I', = 2raV,smo,.
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IEENCINNEE
Z 7 7

Kpurnueckas touxa
(B=1; V:=0)

Puc. 6. Pacnipenenenue xorduimenTa naBaeHus P 1o KoHTYpY DL,
HAXOJISIILETOCs B IUTOCKOMAPALIEIFHOM TOTOKe o yriioM ataku 2,87° (0,05 par.).

Otnomenwre oceit D1 paBHo 10. O603HaUEHUS OTHOCATCS K:
I'y =-2n(a+b)V,sind,; - I'; = 2makV,sing,.

Takum 0o0pa3oM, Ha OCHOBAaHUU MPUBEACHHBIX JTAHHBIX MOXKHO YTBEP)KIaTh, YTO
BBINOJIHEHHUE MocTyaTa YarubruHa- ) KyKoBCKOro 00ecreunBaeT 3aBbIIIICHHOE 3HAYCHUE
LUUPKYJISIUK, a CJIEA0BATEIBHO U 3aBBIIICHHOE 3HAYEHUE TMAPOIMHAMUYECKON CUJIbI Ha
npodusie, HaXOASIMMCS B TIOCKONAPAUICIBHOM TOTOKE, IO OTHOIICHUIO K PEalbHO
JNEUCTBYIOIIEH BEJIIMYMHE TOM JKE€ CWJIBI B PEAJBHOM IIOTOKE. Jlpyrumu ciioBamu,
BBIMOJIHEHHUE MOCTYJIaTa Ha BBIXOJAILIEH KPOMKE XOTSI M TTO3BOJISIET MTOTYYUTh JOCTATOUYHO
Xopoliee TpuoMKeHre 00TEeKaHusl K pealbHOM cpesie B paMKax UACATbHOM JKUJIKOCTH,
BCE kKe TpeOyeT CBOEW KOPPEKTUPOBKH B YaCTH YMEHBIICHUSI BEJMYMHBI MOJIBEMHON
cuiibl. Takoe yMEHBIIIEHHE MOXXHO OOECIIEYUTh CMEIICHUEM TOJIOKEHUS] KPUTHUECKOM
TOYKHM Ha KOHTYype Oll, B KoTopo#i BbIoyHAETCA nocTynar YanasruHa-KykoBCKOro mo
3acachIBAIOIIEH MOBEPXHOCTH B CTOPOHY BXomsmied kpoMku. [ms DI 3to cMmeleHue
ornpenensiercs popmysnamu (6).

BrmonHenne pacueroB 6€3 yKazaHHOIO KOPPEKTUPOBAHUS LUPKYISIUU JOJDKHO
3aMETHO CKa3bIBarbCsi KaKk Ha BEJIMYMHE THAPOJMHAMUYECKHX CUJI B CTOPOHY MX
3aBBILIEHUS, TAK U YBEJIMUCHUS Pa3pe:KeHUs Ha 3acachIBaIOIEH MOBEPXHOCTH. B ciyuae
MIPOTHO3UPOBAHUST KABUTAIMOHHBIX XapaKTEPUCTUK MPOPHIIST TOCTCIHEE 3aMedyaHue
JIOJKHO ITPUBOJIUTH K O60JIee paHHEMY BOSHUKHOBEHUIO Ha HEM KaBUTAIUH.

K ckazanHOMy cremyer m00aBUTh, 4YTO TMpobJieMa NIPUMEHEHHUs IOCTYyiara
SBIISICTCS AKTYaJIbHOW U CErolHS OCOOCHHO C TMPaKTHUECKOM TOUKH 3peHus. Jlemo
3aKJIIOYAETCd B TOM, 4YTO MCHOJIb30BAHUE COBPEMEHHBIX KOMMEPYECKHMX I1aKETOB
nporpamMm  perieHuss RANS  ypaBHeHuil, He  OOSI3BIBAIOIIMX  HMCIOIH30BATh
JONOJIHATEIBHBIC YCIIOBUSI Ha 3aHE KPOMKE, SBJISIETCS JOCTarO4HO JIOJITHM,
«HETMOKUM» M HENEIIEBhIM IMOKa TporieccoM. OO0 3TOM yxKe TOBOPUJIOCH B Hadase
HACTOSIIIEH CTaThl, OCOOCHHO TMpPU PEIICHWH IPOCTPAHCTBEHHBIX, HECTAIMOHAPHBIX
3agad. [losToMy crelyer cuuTarb BIOJIHE OMPAaBJAHHBIM MCIIOJIB30BAHUE TOMXO/A,
HaIpPaBJICHHOTO HA TOJIYYEHUE MPUEMIIEMBIX PE3ylIbTaTOB B PaMKax MOTEHIUAIBLHOrO
naHesapbHoro merona. CymiecTBO TaKoro Mojaxojia CBs3aHO ¢ BBeAeHueM noHstusi Kyrra
MaHEJM, PACIIOJIOKEHHOM Cpa3y 3a 3aJHEd KPOMKOW W SBISIFOLLENCSA IPONOJDKEHUEM
CPEIMHHON MMOBEPXHOCTH PACCUUTHIBAEMOTO Kpblia. BBeeHNE TakuX MmaHesnen mo3BOJIseT
pEeAYLIMPOBaTh LUPKYJSLUIO W MOABEMHYIO CHIy MYT€M OTKJIOHEHUSI UX B CTOPOHY
3acachIBAIOIIEH TTOBEPXHOCTH (CpPaBHU CO CMEILEHHEM TOJOKEHUSI KPUTUIECCKON TOYKH
Ha DII) u Tem cambIM J10OMBATHCS TTO-BO3MOXKHOCTH JIYUILIETO COTJIACOBAHUS PACUETHBIX
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U OSKCIICPUMEHTAIBHBIX JaHHBIX. VIMCGHHO TakoW NOAXon ObUT pa3BUT B paborax
Auxunamze Al m Kpacunshukoa B.M. [10,11,12,13], koTopsie pa3Buim padoTy
Narayana [9] npumenuTenbHO K pacuery I'B Ha ocHOBe MaHebHOr0 METO/A, U MOTYYHIIN
BIOJHE TIpUEMJIEMbIe JUUIsl TPAaKTUYeCKUX HYKI pe3yabrarsl (CM. JaHHBIC,
MPE/ICTaBJICHHBIE BhIIIIE, B TAOJHIIE).

3AKJIIOYEHUE

B zakmodeHnn crienyeT OTMETUTh, YTO, HECMOTpST Ha CYIIECTBYIOIIHE
COBpEMEHHBIE TTAKETHI IporpamMM, paspaboranHbie Ha ocHOBe RANS MeTomoB, OCHOBHEIM
paboYrM HMHCTPYMEHTOB TIpM  pEIICHWH TPAKTHYECKMX 3a1a4  COBPEMEHHOI'O
MPOEKTUPOBAHUS KOpalJIsi OCTAOTCS IOKAa alTOpUTMbI, IMOCTPOECHHBIE Ha OCHOBE
uneanbHON cpenbl. 11o3ToMy WX COBEpIIIEHCTBOBaHHME B paMKax MOJENeH 3TOW Cpelbl
SBJISIETCS aKTyaldbHOM 3amaueil. Hamo monararb, 4To oHO OyJeT OCTaBaThbCsl TAKOW ellie
JIOJITO€ BpeMsi, a IMOTOMY TPHBEIACHHBIC pPE3yJAbTaThl B HACTOAIIEH paboTe MOryT
0Ka3aTbCsl BEChMa MOJIC3HBIMH.
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CIIOCOB OITPEAEJIEHUA TEOMETPUYECKHUX
XAPAKTEPUCTHUK DKBUBAJIEHTHOT O AHAJIOT A
CYJOBOI'O KOPIIYCA
TUXOHOB B.1., k.T.H., nonient; XBOCTOB P.C., cTrynent —
Bomkckas rocymapcTBeHHas akaJeMus BOJHOT'O TPaHCIIOpTa
(r. H. Hosropona, Poccus)
nitthonova@mail.ru, khvostov roman@mail.ru

B pabome  npeonacaemcs  cnocob6  onpeodeneHus — XApakmepucmux
2eoMempuyecKu IKUBALEHMHO20 U 2UOPOOUHAMUUECKU MONCOECMBEHHO20 AHAN02d
PeanvbHo2o cy008020 KOpnycd.

be3onacHOCTh CyZ0X0JCTBA HAa BHYTPEHHHMX BOAHBIX IyTSAX ONPEICISIETCA MPEKIC
BCET0O  MAaHEBPEHHBIMU  KaueCTBaMM CyAOB M  MNpoECCHOHATBHOM  TOATOTOBKOM
CYIOBOJUTEIIEH.

W3BecTHO, YTO Ha BHYTPEHHHUX BOJAHBIX TMYyTAX JOMUHUPYIOIIUM SIBISETCA
IJ1a30MEPHBIN (JIOIMAHCKUIA) METO/ CylNOBOXKAEHUs. JlaHHOe 0OCTOATENHCTBO OOBSCHIETCH
cnepUYeCKUMU yCIOBUAMH palbOThl CYZI0OB PEYHOro (oTa, KOTOPbIE XapaKTepU3yIOTCs
CTECHEHHBIMU TabapuTaMl CYIOBBIX XOJIOB, MX W3BWJIMCTOCTbIO, TpeOyIOIeld YacToro
M3MEHEHUSI Kypca, 3HAYUTENIbHOW IUIOTHOCTHIO BWKEHMSA, HAIWYMEM MOCTOB, LLIIO30B,
nepenpas, pedpoB W T.1. OTMEUeHHBIE OCOOCHHOCTH BHYTPEHHHX BOJHBIX ITyTeH
CYLLECTBEHHO YCIOXKHSIIOT MPOLECC YIPABIEHHUA CYAHOM W MPEABSIBISIOT BECbMA JKECTKHE
TpeOOBaHUs HE TOJIBKO K YIPABISEMOCTH CYJ0B, HO M K YPOBHIO TIOATOTOBKHU, OIBITY CAMUX
CYJIOBOIUTEIIEH.

Jlist mpodeccroHambHOM MOATOTOBKY CyI0BOIUTENEH (IPUOOPETEHNS MU HaYTbHBIX
HABBIKOB B YIPABICHUU CYAHOM) U TEPHOJMUYESCKOTO TIOBBINICHHS WX KBATM(PHUKAIMU B
HACTOAIIIEE BPEMS MCIIONB3YIOTCS PAa3IMYHOIO THIA CyJOBOAMTENLCKUAE TpeHAKEPBL CyTh
J000TO CyJIOBOIMTENBCKOTO TPEHAKEPA 3aKII0YAETC B UMUTALIMK YIIPABJIIEMOTO JIBHKCHUS
cynHa. O4yeBHUJHO, YTO OT CTENECHU HMMHUTAIMK TIOBEICHUS Cy/JHA B PEATbHBIX YCIOBHSX
IUTaBaHMs 3aBUCUT M KauecTBO oOyueHus Ha TpeHaxépe. CrienoBatenbHO, pa3padbaTbBacMast
I TpeHaKEpa MaTeMaTUYeCcKas MOJIENb JOJKHA aJIeKBATHO OTPaXKaTh MPOLECC TBHKECHUSA
pPEATbHOTO Cy/HA TpPU BBIIOJHEHMM TOTO WJIM HMHOTO MaHeBpa. B ycClOBHAX peanbHOi
AKCIUTyaTally CyjiaM peuHoro (hroTa MpUXoUTCs COBEPIIATh MAaHEBPHI, UMEIOIIME B TOW WU
MHOW Mepe HEYCTaHOBUBILMICA XapakTep. [loaToMy s peleHus 3a1a4 yrpasiaeHusl Cy THOM
B PA3IMYHBIX CUTyallMAX TpeOYIOTCS MaTeMaTHYeCKUe MOJIEIM, OCHOBAHHBIC HA YPaBHEHUSIX
JBIOKeHUsT cynHa. be3 gocraro4Ho TOYHOTO —ompeneneHus (QUTYPUPYIONMX B ATUX
YPABHEHUSIX CWJI U MOMEHTOB, JCHCTBYIOIMX HA MOTPYXEHHYIO YacTh CYIOBOTO KOPIIyCa,
JOCTHKEHUE aJICKBATHOCTM W BBICOKOW CTENEHM HMMHTALMKM TIOBEICHUS CYJHA CTaHOBHUTCS
poOIeMaTUIHbIM.

OdveBHUAHO, YTO IS TOCTPOEHUS MONOOHBIX MOAENel TpeOyroTCS aHATUTUYECKHEe
METO/bl ONpeNeICHHUs JEUCTBYIOUIMX Ha CyIAHO YCWIHH, OCHOBAaHHBIE Ha aHaIM3e
JMHAMUYECKOTO B3aMMOJIEHCTBUS CyZ0BOTO KOpITyCa C MOTPAHUYHBIM CJIOEM OKPYKAFOLIEH
€r0 BOJIBL

Jlns  pa3paboTKM aHAIMTUYECKUX METOIOB  ONpeNeieHusl JACHCTBYIOMMX —Ha
NOTPY)KEHHYI0 4acTh CyJHAa YCWIMH KaKk WHEPUUOHHOTO, TaK M HEMHEPIMOHHOTO
NPOUCXOXKACHUST TpedyeTcs YCIOBHas 3aMeHa pealbHOTO CyJIOBOTO KOpIyca €ero
SKBUBAIEHTHBIM aHanoroM[1]. IIpu 3TOoM KOpIyC Cy/aHA NPENCTABIAETCS B BUJIE CIEIYIOLIMX
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COCTaBHBIX YaCTEM:
1) HOCOBast OKOHEUHOCTB JUIMHOM [, ;

2) MITMHIpIYecKast BCTABKa JIHHOM /,, B HOCOBO# IONIOBHHE KOPITYCa;
3) MTHHAPUYECK s BCTABKA JUIMHOM /,, B KOPMOBOH IIOJIOBHHE KOPITYCa,

4) KOpMOBasi OKOHEYHOCTb JUIMHOM /, .
['eomeTpudeckast S5KBUBAIEHTHOCTh OyIeT o0ecriedeHa, eCli BBITOMHSIETCS CISTy OIS

ycnosue: BenuduHet /,, [, [, , [ KaK Jyis peaqbHOTO CyZI0BOrO KOpITyca, TaK U Jyisi ero

aHajiora UMEIOT OJIHH U T€ 7K€ 3HAYCHHUS.
Kpome Toro, reomeTpuiecku 3KBUBAICHTHBIM aHAIOT OJTHOBPEMEHHO JIOJI’KEH OBITh U
TUIPOJMHAMMYECKA AIEKBATHBIM aHAIOTOM PpEAJbHOIO Kopmyca cydaHa. 1o  ecTb
TUIPOJJMHAMUYECKUE YCHIINSA, IEWCTBYIOIIME KaK HAa pEabHbIA CYIOBOW KOPITYC, TaK U HA €T0
aHaJIOT, JIOJKHBI OBITH TOXKIICCTBEHHBI.
[Mocnennee TpeboBaHue OylIET BBHITOIHEHO MPU COOJIONEHUU CIEIYIOLIETO YCIOBHS:
CpeIHUE 3HAYEHU KyPCOBBIX YIVIOB HOpMaJel K BaTCPIMHUAM ¢, , ¢, , @ TAKKE CHIKCHHUS

HOpMaJIeii K TIOBEPXHOCTAM OOLIMBKA OTHOCHTEIBHO HOPMAJICH K BATCPIMHIAIM ¥, 7, , 7, B

HOCOBOW M KOPMOBOM OKOHEUHOCTSAX KOpIyca W B 00JIACTU €r0 IMJIMHAPUYECKOW BCTaBKU
JOJDKHBI  OBITh  OJIMHAKOBBIMM KaK JUIsi PEalbHOrO KOpIyca CyaHa, Tak M JUIT €ro
SKBUBAIECHTHOIO aHaiora. AHAIM3 TEOPETUUECKHX uepTexed (puc. 1) mo3BoMseT caenarb
BBIBOJI O TOM, 4TO JTF00ast BaTepJIMHUS B HOCOBOM M KOPMOBOM OKOHEUHOCTSIX KOpITyca CyaHa
BHYTPEHHETO IUIaBaHUS MOXKET OBbITh MpEACTaBlieHA CICAYIONIMM aIPOKCUMAIMOHHBIM
ypaBHEHUEM:

y=k (2)[x - x,(2)]+ by (2)|x — x, (2)]*+ k5 (2)[x — x, (2)]*, (1)

rane x,y,z — KOOpAUHATHI KaKOH-100 TOYKH BaTCpIIMHAA (CM. puc. 1), Xo — OTCTOAHHC

BAaTCPIMHUM OT Hadaga KoopAmHat; k,, k,, k; — K0d3(QQUUMEHTBH anmpoKCHMAIWH.
Bripaxenue (1) MoxeT ObITh peoOpa3oBaHO K BUILY:
y=A@)x+B(2)x* + ky(z)x’ = C(2). )

[Mpomiddeperimpyem ypaBHeHHe (2) IO X U MOTYYEHHbIA Pe3yNbTaT MpUPaBHIEM K
HYJIIO:

% = A(2) + 2B(2)x + 3k; (z)x* = 0. 3)

Boipaxenne (3) mosBoisier HaWTH aOCLUCCY X, TOYKH COMPSIKCHHS OKOHEYHOCTH
CYJIOBOTO KOpITyCa C IMIMHAPUIECKON BCTaBKOH B INIOCKOCTU KaKOM JIMOO0 BaTePIMHUM:

Xy = {[E(Z)]z - Z(Z)}O’5 —B(2)=X,(2). @)
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B/2

X, (z) x

Puc. 1. IIpoekys nomymmpoTel TEOPETHIECKOT0 YepTeska KopIyca CyiHa

JIMHa AIMHIPUYECKON BCTABKHU B TUIOCKOCTH KaKOW-TMOO BATEPIIMHUM OTPEEAeTCS
CIICAYFOLIUM 00pa3oM:

l%’ =Xam Ty ()
e x,, —aodcmucca IIM cynua.

C yderoM TeopeMbl O CpeIHEM 3HaueHMM uHTerpana [2] cpemusist alciucca
CONPSIKEHHST OKOHEYHOCTH CYyJIOBOTO KOpIyca C LIMJIMHIPUYECKOW BCTABKOM MOXKET OBbITh
HaliZieHa Mo BBIPAKEHUIO:

o1
X, =;.([xu (z)dz. (6)

Iloxcrasmsist 3HadYeHWss X, B ypaBHCHHE (2), MOMYYMM OpAMHATEL ), TOYCK
CONPSIKEHHS] OKOHEUHOCTEH C IIMITMHAPUYECKOM BCTaBKOIA:
2 3
v, =A@)x, + B(2)x,” + k;(2)x,” — C(2). (7)
HuddepenurpoBanue ypaBHeHus (2) Mo KOOpIMHATE X TMO3BOJSAET HANTH TaHTEHC

yIila HAKJIOHA KacareJabHOM MJIM KOTaHT'CHC KypCOBOI'O yIJld K BATCPJIMHUU B Kakoi-11bo ee
TOYKEC, TO €CTh

Z—y = A(z) + 2B(z)x + 3k, (z)x2 =1gTt=cigq. ®)
X

CHmxenue HOpMAJIX K TIOBCPXHOCTU OOIIMBKHU KOopIryCa B Kakol JMO0 TOYKe
OTHOCHUTCIIbBHO HOpMaJIM K BATCPJIMHUU B 9TOM JK€ TOYKE MOXKET OBITh OIPCACICHO II0
BBIPAKCHUTO:

on

ALS
z

= g[A(Z)x + B(z)x2 + k, (z)x3 - C(z)]cos ecq =1gy. )
Z
JlniHa KakoW-mmO0 BaTepIMHUK HAXOUTCS CIIEAYFOIIM 00pasoM:

S = ~[cos ecqdx. (10)

xo(2)
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Torma cpennue 3HaYeHWsl KypcoBOIO yIila HOpMaIM K BarepiuHuu g (puc.2) u
CHWKEHUS HOPMAIM K TOBEPXHOCTH KOpIyCa OTHOCHUTENBHO HOPMANM K BAaTEPIMHHU ¥ ,
NPUXOJAIIMECS HA €IMHUIY JJIMHY BaTepiMHHUU, MOTYT ObITh HAMIEHBI C HCIOJIb30BAHUEM

CIICayromux COOTHOIIICHUH:

Xy

é ~[ctgq-cosqa’x=coszq_; (11)

xo(2)

1t
— ~[coszyctgq-cosqcz’xzcoszqcosz;7. (12)

xo(2)

if

I

| -

|.',
|
|
|
| .
1
Xn' = i X- x

Puc. 2. K onpeznenenno cpeJHEB3BEIEHHOTO 3HAYECHHS
KYPCOBOTO yIJIa HOPMAJIH K BATEPIMHUH

[pemnaraemplii croco® ¢ KCMOIb30BAHUEM TEOPETUUECKOTO YepTeka MO3BOJISET C
BBICOKOI TOYHOCTBIO ONPEAEIATh FEOMETPUUECKUE XaPAKTEPUCTUKN SKBUBAIEHTHOTO QHAJIOTA
PEANIbHOTO CYA0BOTO KOpITyCa.

JUTEPATYPA
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JJAMUHAPHOE U TYPBYJIEHTHOE OBTEKAHUE
OCECUMMETPHUYHBIX TEJ C IYHKAMH
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AHHOTANUA

Paccmompeno enusnue 21youtbl IyHOK HA KOIG@uyteHm conpomusieHus YOIuHeHHbIX
men npu OMpbIBHOM 00MeKaHuU 63Kol dHcuokocmuio. Ilokasano, ymo kodagguyuenm mpenus
MOHOMOHHO ~YObleaem C VeluyeHuem 2IyOuHvl JYHKU, a Kodpguyuenm OasieHus
gospacmaemn.

BBEJIEHUE

3amaud O BIMSHUM JIYHOK Ha TpolecCc OOTEKaHUs Tel BS3KOM HECKUMAEMOH
’KUJIKOCTB O MTPUBJICKAIOT BHUMAHNE HECKOJIBKO MOCIEAHUX JIET [1, 2]. 3TO CBA3aHO C TEM, UTO
BUXPEBbIC SYEHKH, BHIEMKHA Ha TIOBEPXHOCTH Tejla MOTYT CYIICCTBEHHO M3MEHUTh KapTHHY
Teuenus. OOTeKaHHE Tel MOXET cTarThb O€30TPbIBHBIM, M Kak, CIEJCTBUE, YMEHbIIUTCH
conpoTuBienre. B maHHON paboTe paccuuThiBaeTCs OOTEKAaHHE OCECUMMETPHYHBIX TeJ C
JYHKaMH BSI3KOH KHUIKOCTBIO B JIBYX CITy4asx: KOTJia TEYCHUE KUIKOCTH OCECUMMETPUYHOE U
TpexmepHoe. Dopma nyHOK BbiOMpaercs B Buje npodmist JKykosckoro. Hecnemyercs
BIIUSIHUE TTyOUHBI JIYHOK Ha KO3(D(HULUEHT COMPOTUBICHHS T KaK MPH JaMUHAPHOM, TaK U
npy TypOYJIEHTHOM PEKMMaX TCUCHHUS.

IMOCTAHOBKA 3AJIAYH

PaccmatpuBaeTcs TeueHHE BA3KOW HEC)KMMAEMOM RHUAKOCTU B 00JACTH, coJepKalieit

CUMMETPUYHOE OTHOCHTENHHO TPOJONBHOM OCH Teno, 00pa3oBaHHOE JBYMS JTyramu
OKpPY>KHOCTEH paauyca R ¢ MEXUEHTpOBBIM paccTosiHueM G =4 R . Jlyru COeqUHEHbI MEXTY
coboit vacteto mpoduns XKykosckoro (puc. 1). I'myOmna myHox H BapbupoBaiach B
muanazone 0.1 R+ R. BHelHue rpaHuIlbl pacdeTHOW 00JAaCTH HAXOAATCSA HA JIOCTAaTOYHOM
yJaJleHUd OT Tena, BIUSHUE WX Ha YMCIEHHOE pEellleHue 3a/a4yu npeHedpexxumo mano. [lpu
pacuere namuHapHoro oOtekanusi (Re=200) wucmonb3yrorcs ypaBHeHus Hasbe-CTokca,
3aMKCaHHbIE OTHOCUTENHHO KOMIIOHEHT BEKTOpa CKOPOCTU U JiaBiieHus. Bo BXoJHOM ceueHun
| pacyeTHOM 001acTH 33/1a€TCsl OJJTHOPOIHOE TEUECHUE
% C €IMHUYHON CKOPOCTHIO; HA BHEIIHHX TPaHUIIAX
CTaBITCSL  YCIOBHS ~ CBOOOJHOTO  CKOJbKEHHS
’KUJTKOCTH; Ha BBIXOJIE 3aJIal0TCS TaK Ha3bIBAEMbIE
MATKAE TPaHUYHBIE YCIOBHMSA, Ha TpaHMIE
00TEeKaeMor0 Teja — yCIOBUS MPUITUTIAHUSL.
G Jlns  pacdera TypOYJIEHTHOTO —JBMXKEHUS
xunkoctn (Re=4-10%) BBIOMpACTCS  MOJIEITh
Mentepa SST k—@. Ha BxomHoWl rpanuie
JOTIOJTHUTEIBHO 33JIA10TCs CTEMeHb TypOyaeHTHOCTH Haleratomero noroka 1.5% u maciirad
TypOyJIEHTHOCTH, paBHBIA 2 R .

B cnydae, korma TedeHHE OCECMMMETPUYHO HCHOJB3YIOTCS  HEpEryJspHbIC
TPEYTOJIbHbIE KOHEYHORJIEMEHTHBIE CETKH C CYILIECTBEHHBIM CI'YIIIEHUEM Y3JIOB B OKPECTHOCTH
obrekaemoro Tema. Ilpu pemennn TpexMepHOM 3amaun  oOmacTh pa3OMBaeTcs Ha
TeTpadpaibHble 37eMeHThl. OOIlee YMCIO Y37I0B PACUETHBIX CETOK COCTaBISIET OKOJIO
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200000.

Pemenue 3amaun oCyIIeCTBISUIOCH ¢ TOMOINBIO MpOTrpaMMHOro Komruiekca Fluent
6.3.26 (ynuBepcuterckas ymrensus Kas['yY) [3]. Hectammonaphas 3amaua permaercs 10
MOMEHTa YCTAHOBJICHUsI aBTOKOJIEOATENBLHOr0 pexuMa. Kpurepuil CXOJMMOCTH TO BCEM
TapaMeTpaM TpuHIMaeTes paBHeM 10~ . MakcHMaTbHOE KOTMYECTBO HTEPAlHil HA KAKIOM
BpeMeHHOM miare 30.

TECTUPOBAHUE

TectupoBanue anropuTMOB TMPOBOAMIOCH HA 3agade oOOTeKaHWs cdepbl BA3KOM
KUIKOCTBIO. [ToyyeHHbIe pe3yIbTaThl CPABHUBAIUCH C U3BECTHBIMH YKCIIEPUMEHTATLHBIMU U
pPacyeTHBIMM JIAHHBIMK JIPYTUX aBTOPOB. B I11€7IOM yCTaHOBIEHO YJIOBJIECTBOPUTEIHHOE
coracue.

d) x__ = _‘:':_'ﬁi . @ N S ——
Puc. 2, 3. Jnmn Toka ciesa mpi Re=200; cripasa mpn Re=4 - 10 :

a) H=0.1;b) H=02;¢) H=05;d) H=1.0

PE3YJbTATHI PACUETOB

[Ipy namuHapHOM H TYpOYJIEHTHOM pEXHMMax OOTEKaHHS Tel OCECHMMETPHIHBIM
TIOTOKOM BSI3KOH JKHJIKOCTH B JIYHKaX (POPMHUPYIOTCS TOpOuiaibHbIe BUXpH (pHc. 2, 3). OTphIB
TIOTPaHUYHOTO CJIOS MMPOUCXOKT C OCTPON KPOMKH, TIPUCOSTMHEHNE TIOTOKA — B KOHIIE JTyHKH.
Kpome Toro, 3a Tenmamu HaOmiomaroTcsi BUxpeBblie obmactu. llomHoe compotusienne Cp
cKJIabBaeTcs U3 kodddurmenta Tpenus Cru nasienus C,. Kak 11t 1aMuHapHOro, Tak 1 Ui
TypOYJIEHTHOTO PEKUMOB TeueHus: Cr MOHOTOHHO YOBIBaeT ¢ poctoM /1, a C,.(/]) MOHOTOHHO
Bo3pactaet (tabn. 1). Ponb compoTuBieHust naBineHust Ipu TypOyJIEHTHOM TE€YEHUHU SBIISIETCS
JTOMUHHUPYIOMIEH, YTO TPUBOIUT K BozpacTanuto GyHKmu Cp(H) ¢ yBenM4eHHEM ITyOuHbI
nyakd H. Ecnu TedeHwe JaMUHApHOE, HA00OPOT, CYIIECTBEHHBIA BKIA[ B COMPOTHBIICHHE
BHOCHUT TpeHue, mostomy Cp(H) yobBaer mpu pocte H.

JlononHuTenbHy0 HHGOpMALIO 00 OCOOEHHOCTSX TEYEHHS B MOTPAHUYHOM CJIO€
MOJKHO TIOJYYHTb [PU aHATH3C HOPMAIbHBIX HanpsokeHui. Koodouument nasinenns C, 1o

ONpPEENCHHUIO SABISETCS MHTErpaIoM HOPMAJIbHBIX HANpPSKEHUH MO TOBEPXHOCTH Tela S B
IPOEKLMHM Ha KOOpPAMHATHYI0 och (X, HampaBleHHYIO BHOJb MOTOKa. [lnd TOro, 4roObl
YCTaHOBHTb, KaKas 4acTb MOBEPXHOCTH BHOCUT CYIICCTBCHHBIH BKIax B BenmmunHy C
paccMOTpUM rpaduK QyHKIUHI

S2r

F(S)zjjpsin(s,x)dsdw (puc. 4).

Tabmuma 1
3naderust C, 1 C, B OCECHMMETPUYIHOM ClTydae

H | Re=200 | Re=4-10"
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G
1.2}

1.1

|
0.9
0.8
0.7
0.6
0.5

0.4F
03F

0.2

Cf Cp Cf Cp
0.1 0.758 0.427 0.059 0212
0.2 0.556 0.469 0.041 0.280
0.5 0.430 0.580 0.035 0.363
1.0 0.408 0.602 0.033 0.407

43

nronz

Puc. 4. I'padux pynxuuu F(S)

I i
03 04 05 06

1
0.7

L

Puc. 5. Ceuenue noBepxHOCTeH TOKa
MIPU TPEXMEPHOM OOTEKaHUHN

4
ocecummeTpudHbIX Ten Re=4-107:

a) H=0.1: ) H=0.5:¢) H=1.0

BI/IIIHO, YTO M3MCHCHUC HpOCKI_II/Iﬁ HOPMAJIbHBIX HaHpH)KCHI/Iﬁ SHAYUTCIIBHBI C
H&B@Tp@HHOﬁ CTOpPOHBI TCJId U B oOmactu IMPUCOCANHCHUA IIOTOKA. B obGnactu JIYHKA

N LEEEN EAEEN LERRY LA

*----<----9
2

R
2 —9

\*

Puc. 6. 3aBucumocTts ko3 pPuienra
CONPOTUBJICHUS OT Ty OUHBI JTyHKHU:
ImyHKTHpHas auHus — Re=200;

!
0.2

L
0.4

|
0.6

L
0.8

4
crutomHast auHust — Re=4-107;
2, 4 — ocecuMMeTpUYHAsT MOJIEIb,

1, 3 — TpexmepHas MOjIeb

H

MPOCKIMM HOPMAJBbHBIX HAMpsKEHUN MaJbl.
CnenoBarenbHo, Hauboipmmii Bkian B C,

BHOCAT JIOOOBOM M KOPMOBOM YYacTKH TeJa.
CylecTBeHHBIE HM3MEHEHHS B  Xapakrepe
TeUeHHs HAOIIOMAIOTCS TPH HCIOJIb30BAHHUH
TpexmepHoii  mozenmu. Kak uw  mpu
OCECHMMETPUYHOM TEUCHHH, B JIYHKax U 3a
TeNOM (POPMHUPYIOTCS BUXPH, OJJHAKO OHU HE
UMEIOT pajMabHONM cumMmeTpuu (puc. 5).
Pazmepsl BUXpeBoit 061acTH, 00pa30BaHHOM 3a
TEJIOM B TIPOAOJHLHOM HANpaBIEHHH MEHbIIIE,
COOTBETCTBYIOLIUX pa3mepoB B
OCECUMMETPUYHOM CITy4ae.

[lokazaHo, 4Yr0 C  YBEIMYECHUEM
DIyOMHBI  JIYHKH H KO3 GUIMEHT
THApOAMHAMUYECKOro — compotusienus C,

yMeHblaeTcss npubmurensHo Ha 18% (puc.
6, kpuBas 1), a B ciydae TypOyJIEHTHOTO
TeueHusl — yBenmuuuBaerca Ha 63% (puc. 6,
KpuBas 3).

B LEJOM, ko3 (purireHT

THAPOAMHAMUYECKOTO conpotuBieHus Ten C,, IpU TpeXMEpHOM 00TeKaHuH OoubLIe (puc. 6,

KpuBble 1, 3), 4eM Ipr 0CECUMMETPUYHOM (pHC. 6, KpUBBIE 2, 4).
BBIBO/IbI
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Pe3ynbTaThl pacueToB MOKa3ajiu, YTO KaK MpH JaAMUHAPHOM, TaK U MPU TYpOyJIECHTHOM
oOTekaHuu Ten ¢ JyHkod B ¢opme mpoduiis JKykoBCKOTO KOIDPUIMEHT COMPOTUBIICHUS
tpenus Cr ¢ yBeNnYeHHEM IIyOHMHBI TyHKH yMEHBIIAETCS, a KOO(PQHIMEHT CONPOTUBICHHA
nasinenns C, HampoTwB yBenuuuBaercs. OmHako BKIA[ 3THX KOd(QUIMEHTOB B o0miee
conpotuBnenre Cp NPUHIMITUATBHO pasIdeH Wi TypOyJIEeHTHOTO 1 JJAMUHAPHOTO PEXIMOB,
nosroMy Cp € pOCTOM IITyOUHBI JTIYHKH YOBIBAET B JIAMUHAPHOM PEXUME, a B TypOYJIEHTHOM —
BO3pacTaet. PacyeT oOTekaHus TeI ¢ IYHKOW C TIOMOIIBI0 OCECUMMETPUYHON MOJIENH MaKeTa
Fluent naet 3aHM>xeHHbIE 3HAUEHMS COMPOTHBIIEHHUS 110 CPABHEHUIO C pe3yJbTaTaMu Mo Oosee
PEAMCTUYHON TPEXMEPHOU MOJIEIIH.
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