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KpsbuioB Anexceit Hukosiaesnu

Auekceit Huxomaesry Kpbuto poauiicst 3 (15) aBrycra 1863 rona B nepesre Brcsra Anarsipcko-
ro yezna Cumoupckoii rydepumu (ceiiuac — a. Kpsutoo [operkoro paiiona Uysarickoii PecrryOmikn).

A.H. Kpbuios - kopabnectpoutenb, MexaHuk U matemaruk, akagemuk AH CCCP, I'epoit Corua-
muctuyeckoro Tpyna. Ilocne oxkonuanust B 1884 r. Mopckoro yunuia ObUT 3a4KMCIIEH B KOMIIACHYIO
9acTh [ TaBHOTO THIpOrpaduueckoro ynpasieHus, TAe BBIIOJIHUII CBOU TIEPBbIE HaydHbIe paOOTHI 110 J1e-
Buaiyu kommnaco. B 1890 r. okonums kopaOnectpoutenbHoe oTaeneHne MopcKoil akageMun U Aaiib-
HEHUIIYI0 JIeATEIFHOCTD MOCBSITIII TIIAaBHBIM 00pa3oM pa3paboTke BompocoB Teopun kopadimst. C 1890 r.,
noutu 50 net, npernogaBan B Mopckoii akagemuy, a takxke B [lerepOyprckom (JIeHHHIpaackom) mosu-
TEXHUYECKOM MHCTUTYTE | JIp. By3ax. Cozman psi y4eOHBIX KypCOB, SIBUBIIHXCS OJHOBPEMEHHO OpPHIH-
HaJIbHBIMU HAYYHBIMH Tpyaamu Oosnbloro npaktudeckoro 3HaueHus. C 1900 r. pykoBomun ONbITOBBIM
OacceitHOM ISt MCTIbITaHui Mogielelt cyoB, B 1908-10 rr. ObUT IMIaBHBIM HHCIIEKTOPOM KOpadiecTpoe-
HuUs | nipeaceaarenieM Mopckoro Texaundeckoro komurera. B 1910-17 rr. KOHCYITHPOBAJ IO BOIIPOCaM
cypoctpoenus Ha MetammueckoM, [lyTrnoBckom u 1p. 3aBojiax. AKTUBHO Yy4acTBOBANI B IIPOEKTUPOBA-
HHUU U TIOCTPOHKE MEPBBIX PYCCKUX JIMHKOPOB THIA «CeBacTOMOINb», BBEN B KOHCTPYKIIUIO KOpadie psia
TEXHUYECKMX HOBIIECTB, HAILICIIIMX 3aT€M INPUMEHEHHE B IMPAKTUKE BOSHHOTrO KopabmectpoeHus. C
1916 r. pgumpekrop ImaBHOW (u3Myeckol 0OCEpBATOPUM M HAYAILHUK [ JIaBHOTO BOEHHO-
METEOpOJIOTHYECcKOro ympapieHus, ¢ 1917 r. aupektop ¢usuyeckoii naboparopun (MO3Ke WHCTUTYTA)
Axanemuu Hayk. B 1919 r. Ha3HavyeH HavambHUKOM MOPCKOM akajeMuu, y4acTBOBaJI B €€ IpeoOpazoBa-
HHU ¥ BbIpaboTke ycraa. B 1921-27 rr. HaxomuIcs 3a rpaHULICH B COCTaBe KOMHCCHH JUIsl BO30OHOBIIE-
HUSI HAYYHBIX KOHTAKTOB M JUISl PELICHUsI MPAKTUYECKUX HapOTHO-XO3SMCTBEHHBIX 3a/1ay, CBSI3AHHBIX C
YKPEIUICHHEM MOPCKOTO U 3K.-11. TpaHcnopta. C 1927 r. npomommkan npenoaasats B MOPCKOi akaieMun
u pykoBomi1 Puznko-mMatemMarndeckuM MHCTUTYTOM AH CCCP. AKTHBHO y4acTBOBAJ B PEIIEHUHU OC-
HOBHBIX TEXHUUECKUX BOIIPOCOB BOEHHOI'0 U rpaskaaHckoro cynoctpoenus B CCCP.

Tpynet A.H. KpbuioBa mocBsIEHbI TEOPHH KOPAOJIsi, TEOPUM MAarHUTHBIX W THPOCKOIMMYECKUX
KOMIIACOB, apTUILICPUH, MaTeMaTHKe. J{Jsl BBIYUCIICHUSI OCHOBHBIX XapaKTePUCTHK Kopaodis (0CTOHYHBO-
CTH W IUIaBy4YeCTH) pa3zpaboTall palMoHAIbHBIC TPUEMBI U CXEMbI, CTaBIlHe Kiaccrmdeckumu. Cosmait
TEOPHIO KUJIEBOW KauKH, J1aJl METO/IbI OIPEIeNICHHs TTOBE/ICHUS Cy/IHA B OOILEM Cilydyae JIBMKEHHS 0]
YIJIOM K HarpaBJlieHHIO Oera BOJH. BaykHoe mpakThuyeckoe 3HadeHne uMen pabotel KpeitoBa mo Hero-
TOIUTSIEMOCTH Cy/IHA, OCOOCHHO COCTABJIEHHBIC MM TaOHIbI HEMOTOIUIIeMOCTH. KpbIloBy npHHAzIexatT
BBIJTAOLIMECS] pabOThl MO CTPOUTENHHOW MexaHuke kopabms. VMM Hauara pa3paboTka JTUHAMHYECKUX
npobseM B KOPaOIECTPOSHHH, CO3/1aHa TeOpus BUOPAIMK CY0B, MPEATI0KEH OPUTHHAIIBHBINA METO] pac-
yéra OaJoK, JIeKAIIMX HAa yIPYroM OCHOBAaHHMH, MMEIONHI OOJBIIOE 3HAUYCHUE HE TOJBKO JUTs pacuéra
CY/IOBBIX KOPITyCOB, HO ¥ JUISl pa3BUTHS CTPOUTENBHOM MexaHuku B 1iesioM. B 1938-40 rr. omyGnikoBan
KOMILIEKC paboT, B KOTOPBIX Jal MOJHOE M3JI0KEHHE TEOPHUH JIEBUAIMA MAarHUTHOTO KOMITAaca, UCCIe/0-
BaJl BONPOCHI TEOPHH TUPOCKOMMYECKUX KOMIIACOB, pa3paboTai TEOPHIO BIMSHUS KauKu Kopalis Ha Ho-
kazanus komraca (I'ocymapcreennas npemust CCCP, 1941).

Pabote KppiioBa 1mo Teopun KopaOiecTpoeHHs MPUHECTA eMY MHUPOBYIO U3BECTHOCTh. BombIiryro
LIEHHOCTh UMEIOT Takxke paboThl Anekcess HukonaeBuua nmo marematuke U mexanuke. OH pazpaboTan
PSII BOIIPOCOB PAIIMOHATIFHON OpPraHM3alMy YMCIICHHBIX PAacyEéToOB, 00OCHOBAI CIIOCOO YIIydIIIEHHS CXO-
JMMOCTH TPUTOHOMETPUYECKHX PSIZIOB, MPEIJIOKII METO]] PEIlIeHUs T.H. BEKOBOro ypaBHeHus. MM mo-
crpoeHa mepBas B Poccun MammHa i MHTErpupoBanust AudepeHIanbHbIX YpaBHEHUH, CO3/1aH Psit
BKHBIX KOpaOENbHBIX U apTUIUIEPUICKUX MPUOOPOB, BBHINOIHEHBI KPYITHBIE UCCIEIOBAaHUS B 00JIACTH
KOJIe0aHMH apTUIUIEPHICKUX CTBOJIOB M BHEIITHEH OaumcTiky. Henmpexoasiiy o IeHHOCTh UMEIOT TPY/IbI
KpsinoBa, mocssiieHHbIe pa3padoTke Hacieaus kiaccukoB Hayku: M. HetoroHa, JI. Diinepa, K. I'aycca u
1p. Vim co3nansl sipkue ouepku o ki3 u aestenbHocty [LJ1. Yebbimena, XK. Jlarpamka. Y. HeroTona
np. Harpaxnaen tpemst opnenamu JlennHa.

http://ru.wikipedia.org
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Opranu3aumMoHHbIA KOMUTET

Auexcanapos Baagumup Jleonunosuu — [Ipencenarens — npe3uneHT Poccuiickoro
HTO cynocrpoureneit um. akan. A.H. Kpsinoa, mpodeccop, ['epoit Poccun

AxumoB Ajsiekcanap Ierposuu — Conpencenarens — aupekrop YITM MI'OY, npo-
dbeccop

IpombiciioB Jleonun AsekcanapoBuy — nepsoiil Bune-npesuaeHT HTO cynocTtpo-
uteneit uM. akaa. A.H. Kpeuiosa

CurueB Baagumup MuxaitsioBuy — nepsslid BuLie-npe3uieHT Poccniickoro Corosa
HHNO

IosoBunkun Basepunii HukosaeBuu — pedepeHt aupekropa KpbuioBckoro rocy-
JapCTBEHHOI0 HAYYHOI'O LIEHTPa, Mpodeccop

MaprtbinoB Huxkosau IlaBioBuy — renepanibhbiii qupektop Gonna conericreust HTTI

Mypy I'eopruit Huko/siaeBu4 — reHepaibHbli JUpekTop LleHTpanbHOro MHCTUTYTA
CyZIOPEMOHTA

IOpuak Asiekcanap AHapeeBHY — UCIIOJIHUTEIbHBIA AUPEKTOP AcCCOLMAMU CYA0-
ctpouteneit Cankt-IlerepOypra

KonoB Davapa AjleKCAaHAPOBHY — IUPEKTOP HU3IATEILCTBA ' MOPBECT', TJIaBHBIN
Yy P p
penakTop xKypHaia "Mopckoi BECTHUK'

oo Bsiyeciiap MuxaitjioBuu — pykoBoaurtenb ApxaHrenbckoro u Cesepo-
JIBunckoro otaenenus Pocecuiickoro HTO cynocrpouteneit um. akan. A.H. KpeuioBa

Jlebenes EBrenmit BiaagumupoBuu — rnasa agmuuuctpanuu [lopenkoro painona
Uysamickoii PecryOnrku

Pe3nukoB Muxaunia CepreeBuu — ['eHepalbHblld AUpekTOp YeOOKCcapCKOro mpous-
BOJICTBEHHOT0 00bequHeHus nM. B.. HanaeBa
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DTOT HayudHbId (OpyM SBISETCS OJWMHHAIIATON JIETHEM HAy4YHOM IIIKOJIOM
«I'uaponunamuka Oonpmux ckopocrei» (I'BC), nmposoaumoii ¢ 1980 roma B r. Ye-
ookcapsl. [llkona Obuta opraHu3oBaHa MpU MOAAEPKKE U HEMOCPEICTBEHHOM yda-
CTUU TaJaHTJIMBOTO yuyeHoro akajgemuka CenoBa Jleonnna MBanoBuya. Llenbio miko-
JIBI SIBJISIETCSL CO3/IaHne pabouelt 0OCTAaHOBKHU U YCJIOBHUH ISl OTHOBPEMEHHOTO OT/IbI-
Xa YY4aCTHUKOB IIKOJIBI. IMEHHO BO3MOXHOCTh COYETaTh PabOTy C OTIBIXOM MPHUBJIE-
KaIOT YUYEHBIX C pa3HbIX TopoioB Poccuu. 3nech coOMparoTCs U MacCTUThIE YUYCHBIE, U
HAYMHAIOIIME MOJOJIbIE CTYJICHThl U aCIUPaHThI, YTOOBI B HEMPUHYKIACHHON 00CTa-
HOBKE BCTPETUTHCA C 3HAMEHUTOCTSAMH, MOCIYyIIATh UX BBICTYIUICHUS U J1OJOKHUTh
CBOM PE3yJIbTaThl, 0OCYJUTh HOBBIC MPOOJIEMBI U MOJYYUTh HOBBIN 3aps JJIsl Jajlb-
Helel padoTel. HeCOMHEHHO, Takue BCTPEUU SIBJISIIOTCS CTHUMYJIOM JJISl HAyYHBIX
UCCJIeIOBAHUM, YTO 0J1arOTBOPHO BIUSET HA PA3BUTHE THAPOAMHAMUKHU B 1IEJIOM.

Hauunnas ¢ 2002 roma, HaydHas 1IKoja MpUOOpETaeT CTaTyC MEXKIYHAPOTHOM H,
KaK TIPaBUJIO, TIOCBSIIIAETCS I0OMICHHBIM JaTaM KPYITHBIX YUEHBIX.

Hacrosimas mkona «['mapoanHamuka OONBIIMX CKOPOCTEH W KOpaliecTpoe-
Hue» nocsmaeTcs 150-1eTuro co TH poXKACHUS BEITMKOTO YYEHOTO - Kopaberna aka-
nemuka Anekces Hukonaesnua KpsioBa, ypoxenua seminn Yysamickoid. OH poausi-
cs B nepeBHe Bucsra (asiae 1. Kpbeutoo Iloperkoro paiiona Yysamickoit Pecy6iim-
KH) U MPOCTIaBUII ceOsl KaK TaJaHTIUBBIN YYEHBIH BO MHOTHX 00JIacTsIX Hayku (MaTe-
MaTHKe, MEXaHUKE, COMPOTHUBIICHUN MaTepUaJIOB, THIPOJUHAMHUKE, TEOPHH KOpaoJs),
KaK HOBATOp-U300peTaTelib, Kak BOJEBOW OpraHM3aTOp, KaK TOCYJapCTBEHHBIN esi-
T€Jb, KaK OTIMYHBIN opatop W nexaror. He ciy4ailHO, U3BABWIM KEJTAHUE Y4aCTBO-
BaTh B pabote mkonbl ['BCuK muorue yuensie C.-IletepOypra, Mockssl, HoBocu-
oupcka, Yoo, Kazanu, H. HoBropoaa, a takke u3 HEKOTOPBIX 3apyOEKHBIX CTpaH
(CIA, Ykpauna, Cep6usi, H. 3enanmus u ap.). OprromuteT u [IporpaMMHbIH# KOMH-
TET OJarogapHbl BCEM Yy4YaCTHHKAM Hay4HOro ¢opyMa MU SKENaloT UM TBOPYECKHUX
YCIIEXO0B B UX UHTEPECHOU U HEOOXOAMMOM TSl HAYKH padoTe.

Mps1 GnarogapHbl TakKe CIIOHCOpPaM, KOTOPBIE CO3/Ialid yCIOBUS ISl OPTaHHU3a-
MU TUIOOTBOpHOW paboThl JleTHeW HaydHO# mKOIBI «I MapoanHaMHUKa OOJBITHX
CKOPOCTEN U KOpabIeCTPOCHUE.

[Ipencenarens oprkoMuTeTa [Ipencenarens MpOrpaMMHOTO KOMUTETA
I'epoit Poccun B.JI. AnexcanapoB npodeccop A.I'. TepeHTbeB
Cormnpencenarenb OprkOMUTETA ['maBHBIN perakTop

npodeccop A.Il. AkumoB noueHt B.B. Yerynos



TEHUN AKAJIEMHUKA A.H. KPBIJIOBA.
HAYYHO-UHKEHEPHOE HACJIEJAUE U BKJIAJI B UCTOPHUIO CTPAHBI
K 150-71eTHIO CO THA POKAEHHSA

Auekcanapos B.JIL.

I'epoii Poccun
ITpesunent Poccuiickoro HTO cynocrpoureneit um. akan. A.H. Kpeuiosa
[Ipesunent Accommanuu cynoctpouteneit [lerepoypra u Jlenunrpaackoit ooactu
Hupextop UHcTtuTyTa MOpckoit Texuuku u Texnonoruii CIIGIMTY

Anexceu Huxonaesuu Kpuvinos, oeticmeumenvuwiil unen Axademuu nayx yapckou Poccuu u Cosemcxoeo Corsa,
yetr 150-1emuuii obuneti co OHsA podtcoerus Mbl HAUUHAeM OMMedams ce200Hs 30ecb, Ha npocmopax Boneu, be3 npe-
yeenuyeHus: Moxcem Oblmb HA36AH HAWUM HAYUOHATbHBIM 2eHUEeM, YHUKATbHbIM YYEHbIM U UHICEHEPOM, TUUHOCIbIO
noucmune ucmopudeckou. ¥ maxyrwo oyenky, umo dvieaem neyacmo, Anexcei Huxonaesuu Kpolnos 3acinyscun ysice y
ceoux cospementuros. I'ne6 Maxcumunuanosuy Kpacuscanosckuii, akademux AH CCCP, uawe écnomunaemsiti Kax
noaumuveckutl oeamens, nucai o Kpwviioge: «...Mowmnbiii eenuti smozo yenoseka, 2nyouHa U MHO202PAHHOCMb €20
3HaHULl noucmune uckIoyumenvuel. Hayuyno-mexuuyeckasa deamenvHocms A.H. Kpwinosa konoccanvna. Ona ciy-
JHCUM SAPKUM OOKA3ANENbCIMEOM HEPA3PIGHOU CE53U HAYKU U mexHuxku. Mamemamuka, mexanuxa, guszuxa, acmpo-
HOMUsL U KopabenbHble HayKu Oblau e2o pooHol cmuxuetl. He Ovlio 6 obiacmu mexHuku makozo oONpoca, Ha KOmo-
polil OH He Moe 06l damb ucuepnviéaioujeco omeemd...». A nocon Benuxkoopumanuu ¢ CCCP Apu Kepp, ¢ 1942 2.,
nocne usbpanus Kpuvinosa nouémmnvim unenom Anenutickozo obwecmea KopabeibHbiX UHNCEHEPO8 BbICKA3AILC O CO-
8emcKkom yuéHom mak. «...Buickaszvigas cecooms nawe ysagcenue axkaoemuxy Kpwinogy, mvi mem camvlm HAamum
0aub co3U0amMebHOMY OYXY PYCCKUX UHICEHepos- Kopabaecmpoumernell ... Akademux Kpuinos, kak mMHO2ue e20 3HA-
MeHumble coomeyecmeenHuKy 8o euase ¢ camum Ilempom u JIoMOHOCOBbIM, A8NAENCA HCUBLIM NPUMEPOM MHO2O-

CMOPOHHE2O ceHUAL.

W sty cnoBa — He npeyBenuueHue. MHorocro-
POHHOCTb ¥ MHTECHCUBHOCTB €T0 JIEATEIbHOCTH SIBJIS-
JIUCH Opa3uTeIbHBIMU. MHOTHE uien u pabotsl A.H.
KprJ'IOBa B €CTCCTBCHHO-TCXHUYCCKUX HayKaX, B 06'
JaCTH METOJIOJOTMU M TEXHOJIOTUH WH)KEHEPHOH Jiesi-
TEJIBHOCTH COXPAHSIIOT CBOIO aKTYaJbHOCThH YK€ BTO-
pol Bek mMoApsAn. XapakTepusysi UMEHHO €ro maes-
TEJIBHOCTh W TBOPYECTBO, MOXXHO OBIIIO OBI cMeno
HCIOJIB30BaTh CTOJb YacTO YNMOTPEOIsIeMble CeroIHs
CJIOBa «MHHOBALIMN» U «MOJE€pHMU3anus». B Hame BoO
MHOTOM CyTy0O YTHJIMTapHOE BpeMs BOOOIIE CTaHO-
BHUTCS CIIOKHO IOBEPHUTH, YTO TaKasi JMYHOCTh MOTJIa
KUTh M TBOPHUTh. XOTS CBOEr0 poja MHUCTHUKa pOC-
CUHMCKOU HUCTOPUM TaKOBa, YTO B €€ IEpPEIOMHBIE
SMOXHM BpEMs POXKJAAl0 B HAUIEW CTpaHE BEIUKHUX
J0JIeH, KOTOpBIe BHOCWIIM CBOW pemarolinii BKIaa B
pa3BUTHE MMEHHO TeX oljacTel 3HaHMS, MPOHU3BOJI-
CTBa WJIM YNPAaBICHUS, YTO U CTAHOBWIHCH pellaro-
MMM U BBIBOJIA CTPAHBI M TOCYJapcTBa M3 KpH-
3MCHOTO COCTOSIHUSA. JIOCTHKEHHS M BKJIAJ aKaJeMH-
ka A.H. KpbuioBa B 3TOM cMbIcie AEHCTBUTEIBHO
CII0XHO MEPEOICHHUTD.

Henslit psan Hayunbsix u3bickanuii A.H. Kpsi-
JIOBa UMeeT 0a30BBIM XapakTep st J000i obnactu
HHXXeHepHoro nena. OaHako, npexae Bcero, Anek-
ceii HuxonaeBuu KpblmoB — 3TO yenoBek Mopsi H
¢ora: BoeHHO-Mopckoro ¢uora Poccum. Takum
ObLI0 ero 6a3oBoe 0Opa3oBaHUE: OH OKOHYMI Mop-
CKO€ YYMJINIIE ¥ KOPabJIeCTPOUTEIHHOE OTICICHHE
Mopckoii akagemun (1890 r.). O6 3TOM HeomHO-
KpaTHO W B Pa3HbIC T'OJbl CBOCH XHU3HHU TOBOPHII H
OH caM.

A COBpeMEHHHMKH HE 3ps Ha3blBaIM AJeKces
HukonaeBnua «aaMupajioM KOpaOeabHOH HayKu».
Bxnag Anexcess Hukonaesuua KpbiioBa B geno mpak-
THYECKOTO CTPOMTENbCTBA ()I0Ta, B OpPraHU3aLUI0
CYJIOCTPOCHHSI Y Hac B CTpaHE KaK OTpacid, B 0a3o-
Bble pa3lenbl Hayku O Kopabine, B Hay4HoO-
TEXHOJIOTHYECKOoe o0ecliedyeHne CyAOCTPOCHUS U BO-
€HHO-MOPCKHX CHJI CJIEyeT Ha3BaTh PABHOBEIUKUM.

B 1908-1910 rr. A.H. KpeutoB B IOIKHOCTH
npencenarenss MoOpcKOro TEXHHYECKOTO KOMHUTETa U
I'maBHOTO MHCHEKTOpa KOpPaOIECTPOEHHs yXKe PYyKO-
BOJUJ MOCTPOWKOM KpyHHEHIIMX IO TOMY BpPEMEHHU
JIMHEWHBIX Kopabnel tuma «CeBacTomoyib», TAe IO
€ro MHUIMATUBE U HACTOSHUIO OBLIM MPUMEHEHBI HO-
BeiIlIne 0 TOMY BPEMEHH MaTepHaibl U TEXHOJIOTHU.
OH NpHUHAI caMOe HEMOCPEIACTBEHHOE ydacTHe B CO-
3JaHUN U XOHJOBBIX UCHBITAHUAX TMEPBBIX MOABOAHBIX
JIOJJOK POCCHUHCKOTO0 BOEHHO-MOpPCKOTo (ioTa THIA
«bapc», CIIpOEKTHPOBAHHBIX POJOHAYAIBHHUKOM OTe-
YeCTBEHHOTO MmojBogHOrO (iora ViBanom ['puropse-
BruueM byOHoBRIM. U B 1904 1. mepBas moaBogHas
monka 3ToM cepum «JlenppuH» OblTa 3adnMcicHa B
coctaB QIoTa.

VY poccuiickoro ¢iora ecth apaMaTthdHas Tpa-
qurus. JIomKHO OBUTO TMPOM3ONTH COKPYIIMTEIHHOE
MOpa)keHHE B BOMHE IJIA TOrO, YTOOBI TOCYAapCTBEH-
Has BJacTh 03a00THiach cocTosiHueM (ioTta U 3aHs-
JJachb €ro CTPOUTEILCTBOM U MoJepHM3aunuen. Tak
MPOM30LIIO B O4YepenHOW pa3 mociie (akThieckoit
rubenn poccuiickoro ¢uora B LlycuMckoM cpakeHnu
B 1905 r. Bo3poxaeHne pycckoro BOCHHO-MOPCKOTO
¢mnota nepen IlepBoii MIpOBOIt BOItHOI B pe3ynbraTe



HA4yaTOW pealu3ali TaK Ha3bIBAEMBIX Maloi U
OOJIBIIION CYZOCTPOUTENBHBIX MPOrpaMM — IIEpBOCTE-
neHHas 3aciyra auyHo Anekces HukonaeBuua Kpoi-
noBa. B momkHOCTH TeHepana s 0COOBIX Mopyde-
Huil npu mopckom wmuHuctpe M.K. I'puroposuue
Anekceil HukonaeBuu crtan Torza aBTOpOM AOKiIaaa
MuHucTpa ['ocynapcreennoit Jlyme 06 accurHOBaHUHU
500 muH.pyOel Ha CTPOMTENBCTBO (hi1oTa ¢ y4éToM
YPOKOB pyccko-smoHckor BoiHel 1904-1905 rr.
Texkcr 3Toro mokiaaga MPOAEMOHCTPUPOBAT YPOBEHb
MBIIJIEHUS! YK€ HE TOJBKO BBIJAIOLIETOCs] YY4EHOIO U
WH)XEHepa, HO U TOCYJapCTBEHHOTO JIEsTeNs, TIIy00KO
MTOHUMAIOIIETO CHCTEMOOOpasyrolee 3HaYeHHE CyI0-
cTpoeHns 1 (oTa JUIs HAllMOHAJIBHON 0e301macHOCTH
crpanbl. Jlannoe A.H. KpbuioBeiM TOrmga ompezesne-
HUE, KaKUM JOJDKEH OBITh (IIOT W, COOTBETCTBEHHO,
KaK JOJDKHO OBITH OPTaHHU30BAaHO €T0 CTPOUTEIIHCTBO
1 OH caM, CTaJ0 XpPEeCTOMAaTHHHBIM U sBigeTcs Ooiee,
4eM aKTyaJbHBIM 10 cedl JieHb. «Diom ecmb opeanu-
yeckoe yenoe ..., - mmcanr A.H. Kpsuos, -
...803MOMCHA UL NIAHOMEPHAS, PACCYUMAHHAS
bopvba gnoma npomus proma, npuuém... omcym-
cmeue 6 HEM KaKo2o-1ubo muna cy0o8 uiu ux omHo-
cumenbHas MAIOYUCIEHHOCHb He UCKYnaemcs npe-
VBETUUEHHbIM PA38UmMueM Yucia opyeoeo mund — ux
usIUWHee YUcio He O0ocmasum npeobaadanus Hao
NPOMUBHUKOM, a NpedCmasum auulb HANPACHYIo
mpamy cpeocms...»

Hauap cBoé cotpynauuectBo ¢ COBETCKOM Bia-
cThio cpasy xe mocie 1917 r., Anekcelt HukomaeBuu
CTal OJHUM W3 IJIaBHBIX OPraHU3aTOPOB U IKCIEPTOB
st Bo3poxkaeHus ¢paora 8 CCCP. Ilox ero pykoBo-
cTBOM paborana ['ocymapcTBeHHass KOMHCCHS IO
CTpouTeNnbeTBY A0KOB. B 1933 1. 0oH ObUT Ha3HaueH
YWICHOM DKCIEepTHO-TEXHUYECKOTO coBeTa
I'maBceBMopmyTi. OH TMpHHUMANI HEMOCPEACTBECHHOE
y4acThe W B CTPOUTENBCTBE psga MpoeKToB. Tak, BO
BpeMsl JUIMTEJIGHOW 3arpaHUYHON KOMaHIUPOBKH, B
1925-1927 rT., OH BBICTYNIHJI TJIABHBIM IPEICTaBUTE-
neMm 3akazunka — Heprecuanukara CCCP — mpu mo-
CTpoiike 2-X He(TEeHATUBHBIX CYIOB Ul HalleH
ctpanbl B Mapcene, @paniusa. B oktsaope 1935 r. B
JlenuHrpane ObUT 3aJI0KEH TEPBBIA Kpeiicep COBET-
cKol mocTpoiiku «KupoB», KOTOPBIN O3 HEE TPUHSLIT
aKTHUBHOE ydacTue B oOopoHe JleHumHrpanma u B mpo-
peiBe Bpaxkeckoil Oxnokazabl. Ilocnexyromee ctpou-
TEJIbCTBO 3TOTO0 HOBEHILIETo 10 TOMY BpeMEHH 00eBO-
ro Kopabuss Benocs noj Habmonennem A.H. Kpsiio-
Ba. A B 1938 r., Anekceii HukomaeBuy BO3IIaBII
KOMHCCHIO TI0 PAacCMOTPEHHUIO IPOCKTa IEPBOTO B
MHpe TIIyOOKOBOJHOTO ammapara IpOeKTa CBOETo
Y4eHHKa ¥ COpaTHHKa, OyAyllero axaJeMHKa
10.A.Illumanckoro. M Torma ToabKO BOIHA ITOMEIIa-
J1a OCYILLECTBUTH 3TOT CMEJBINA NIPOEKT B OCTpoOiike. B
roanl caMoii BOMHEI, 0COOEHHO B €€ Haualle aKaJeMHK
A.H. KpblmoB akTHBHO KOHCYJBTHPOBaJ KakK CYJO-
CTpOWTEIIEH, TaK U BOCHHBIX MOpsKOB. B ampene 1942
r. oH Obu1 BKIrOU€H B komuccuto AH CCCP no Hayu-
HO-TEXHHYECKUM BOEHHO-MOPCKHM BOIIpOCaM s
OKa3aHHA TMOCTOSHHOW KOHCYJIBTATHBHOW ITOMOIIA
yapexnaeruasm BM® CCCP.

Anexkceit Hukonaesnu KpblioB no npaBy cuuta-
€TCSl OCHOBOIIOJIO)KHUKOM COBPEMEHHOHW TEOpHH KO-
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pabas. K MOMeHTy Hawana ero mpernojaBaTelbCKOH
nesaTebHOCTH B Mopckoi akamgemuu B 90-x rr. XIX
B. TIPENOAaBaeMble OCHOBBI 3TOH HAyKH OTHOCHIIUCH
[0 CYIIECTBY K 3IIOXE MapoBOro, a TO M MapyCHOTO
¢nora. Hammcannsnii A.H. KpbutoBeiM HOBEINA yueO-
HHUK TI0 TEOpHUU KOpabisi, OCHOBAaHHBIM Ha €r0 aBTOp-
CKOM Kypce, KOTOpPbI OH Hadaj YUTATh CIYIIATEIsIM
Mopckoit akagemun B 1891 r. cTam mpOTOTUIIOM st
MOCJEIYIOUIMX KYpPCcoOB Ipyrux aBropoB. CocraBieH-
Hble AjiekceeM HukonaeBuueMm M BBeIEHHBIE B KypC
€ro JIEKIMH CXeMbl BEIUMCIICHHS DJIEMEHTOB IUIaByye-
CTH, HEMOTOIUIIEMOCTH M OCTOWYMBOCTH KopalOiieit
OCTAlOTCSl OCHOBOHW M JJIsl COBPEMEHHOW IPAKTHKH
CyIIOCTPOCHHS.

HoBbIM c10BOM B KOpaOiIecTpOUTEIbHON Hayke
U CBOETO POJIa «PaCIIUPEHNUEM» TEOPHU Kopabus cra-
na oOmIas Teopus Kauykd Kopabiis Ha BOJTHEHHUH, KOTO-
pasi crtana u3jaraTbCs B 3apyOEKHBIX PYKOBOJCTBAaX
0 KOpabJIecTPOCHHIO MO/ Ha3BaHUEM «TeOpuH KpbI-
noBa». MMenno Omaromaps 3Toil pabore Amnekcei
Huxonaesuu KppiioB B 1896 r.cranm ogHuM u3 He-
MHOTHX PYCCKHX MHOCTPAaHHBIX YJICHOB AHIIIMHCKOTO
o0riecTBa KopaOenbHBIX HHKEHEPOB — CAMOM aBTOpH-
TETHON MEXAyHapoJHOH OpraHW3allMy JaHHOTO IIPO-
(heccuonanmpHOTO coobmecTBa. A B 1898 r. 32 moxman
0 TEOpHHU YK€ B 3aBEPUIEHHOM BHJE INEpe] ITOH XKe
aynuTopuedt oH OBUI YJOCTOSH BBICIIEH Harpambl —
30110TOI Menany OpraHu3aluy NEPBEIM U3 HHOCTPAH-
HBIX WwieHOB ObmiecTBa.

K paboram A.H. KpsuioBa no kauke kopaOus
HEIOCPEACTBEHHO IPHUMBIKAIOT HCCIIEOBaHUS yué-
HBIM Tpo0JeMbl BHOpauuu kopabius. Anekceir Huko-
JaeBHY U 371ech cran nepsompoxoauem. B 1901 r. um
OblIa paspaboTaHa Teopwsi BHOpaIMK CyAHA, 00BsC-
HUTEJbHBIM HPUHIMIIOM KOTOPOW cTano (u3nveckoe
saBieHne pe3oHaHca. Teopust BuOpaunu A.H. Kpsuo-
Ba OblIa M3JIOXKEHA B Kypce Jiekuuii «Bubpauus cy-
noB», onmyOnukoBaHHEIX B 1907 1. Tam ke y4&HBIM
OBUIH TIpEIIOKEHBI KOHKPETHBIE CIIOCOOBI yMEHBbIIIe-
HUSI BUOpAINK, KOTOpBIE cpa3y ke OBIIM HMPUHSTHI Ha
BOOPY’KEHHUE U B 3apyOEIKHOM CYZOCTPOCHUH.

Heouennm Bxman A.H. KprimoBa B pemieHue
po0JIeMbl HEMOTOILIIEMOCTH KOpabdisi U Mep OOpBObI
3a HEMOTOIISIEMOCTD JUISI MUPOBOTO Cy/0CTpOeHUs. B
9TOH 00JIACTH OH CTall BHIJAIOIIUMCS IIPOJODKATENIEM
U COPaTHUKOM JIpyTrOTO BBIJAIOMIErOCs JesTelsl poc-
cuiickoro Boenno-mopckoro ¢iora — angmupana C.O.
MakapoBa, 3aJI0’)KHBILETO OCHOBBI YYEHHS O HEIo-
rorsieMocTr kopadusa. B 1903 r. yuénsrit chopmynn-
pOBaJ MPUHIMIIEI HETIOTOIUIIEMOCTH CyllHa W pa3pa-
6oTan mepBBle B MHpE TaONHIBI HEMOTOIUIIEMOCTH,
KaK MIPAKTUIECKOE PYKOBOJCTBO AJISI MOPSAKOB IO CO-
XpaHEHUIO Kopalisi B HaJBOJHOM IOJIOKECHUH H €TO
OCTOWYMBOCTH B Cydae MOJydeHUsI TPpoOOUHBI B 6oe-
BBIX YCJIOBUSIX WJIM MPH WHOM ToOBpexaeHuu. U sra
METOAMKA JI0Ka3aja CBOI OEe3yCJIOBHYIO IMOJE3HOCTh
yxke B 1905 r. B xoxe tparumueckoro Ilycumckoro
CpaXKeHHMs, KOTJa M3 BCEX OPOHEHOCIEB PYCCKOTO
¢10Ta, MOTYYMBIINX MOBPEXKACHUS, HA IUIABy OCTaJ-
csl TONbKO onuH — «Opén», Grmaronaps MCIONb30Ba-
Huto Tabumn KpbuioBa KopaOenbHBIM HHXEHEPOM
B.II. Kocrenko. OTmMeTnM, 4TO B aHTIIMHCKOM (hoTe
MOJ00HBIE TAONMIBI CTAlM HCIOJB30BaThCA TOJIBKO



ciycTst 25 ner mocie Toro, Kak ux paspadoram A.H.
Kpsuios.

Aunekceit HukonaeBuu KpbuloB siBisieTcst Takxke
OCHOBOMOJIOXHAKOM TEOPHH CYIONOabEMA B MHUPO-
BOH KopaOenpHON Hayke. [lepBas ero B MHpPOBOH
MIPAaKTHKE HaydHas paboTa 1Mo 3TOMY BONPOCY AaTH-
pyercst 1916 r. u OblIa cBsi3aHa ¢ MOABEMOM 3aTO-
HYBIIETO IO TParudyeckod cIy4aHOCTH B CEBACTO-
MoJIbcKOW OyxTe numHKOpa «MmmepaTtpuiia Mapusi»,
KOorjma moTpeboBaioch pa3paboTaTh 0COOBIC METOJBI
[0 TIPUBEACHUIO KOPadlii B NPSMOE IOJIOKEHHE B
mporiecce BCIUIBITUSI. A B 3aKOHYCHHOM BHJIE TEOPUS
cynononbéMa ObuIa M3JI0KEHA YYEHBIM YK€ B COBET-
ckoe Bpems B xypHaie «Cynomnonabém» DKCIEeANITNH
MOJIBOAHBIX paboT ocoboro wHasHauenus (DITPOH),
I7ie OH MPENI0XKHUI METOJ CyIONoAbEMA MPOIYTHIMU
MTOHTOHAMH, CKPETIIEHHBIMH C 3aTOHYBIINM CYZHOM.

Anekceit Hukonaesuu Kpsinos siBnger co0oii,
6e3yciIoBHO, (PeHOMEH aKaaeMHKa-IMpaKTUKa, aKaie-
MHUKa-WHXXEHEepa, eclii Takoe 00pa3Hoe onpejeseHue
yMecTHO. ['1y0okoe 3HaHME BbICIIEH MaTeMaTHKH,
(¢U3MKM ¥ MEXaHUKU OH paccMaTpHBal Kak o0s3a-
TEJIBHYI0 COCTABJSIONIYI0 NMPO(PECCHOHAIBHON KBa-
TUuUKaIUU ¥ U JII000r0 MHXKeHepa — HE TOJBKO
KopaOiecTpouTensi, M uig y4€HOTO, pabOTAIOIIETO B
o0nacTH TEXHHKH. AHalu3 €ro Hay4YHOIro TBOpUe-
CTBa BBISBIISIET BCECTOPOHHEE M IOCTOSHHOE CTPEM-
JeHHe Y4YEHOrOo MO BHEAPEHUI0 MaTeMaTHYECKHX
METOZOB B KopabiecTpoeHne u gpyrue o0JacTé UH-
KEHEPHOTO Jiea.

B 4ucie OCHOBHBIX MaTeMaTHYECKHX TPY/OB,
CO3/IaHHBIX Y4EHBIM Ha pyOexe BEKOB, B Hayaje ero
OOJNIBIIIOTO TBOPYECKOTO IYTH, HAJI0 BCIIOMHHTH,
npexnae Bcero, GpyHaameHtanbHbii Tpyn A.H. Kpor-
noBa «O mpuOIHKEHHBIX BRIYMCICHUAX». JTa pabora
MOJIOXKWJIO HAdajlo HOBOMY METOIOJIOTHYECKOMY H
METOANYECKOMY TMOAXOLY K KOPaOIeCTPOUTEIBHBIM H
WHBIM HMH)XXEHEPHBIM pacdéraM, KOTODPBIH CTal HeoO-
XOAMMOM COCTaBJISIIOLIEN OCHOBHBIX Pa3/ieJIOB TEOPUU
KopaoIs.

[IpobnemMy JOKHOT'O COOTHOUICHWS HAYYHBIX
UCCIIEIOBAaHUH M MX NMPAaKTHYECKOTO HCIOJIb30BAHUS,
€JIMHCTBAa TEOPUHU M TpakTHUKU Alnekceil HukomaeBnu
00Cy/1ain HEOJHOKPAaTHO B PAa3JMYHBIX TPylax U B
pasHble TOfBl, Kak MNPUMEHUTEIbHO K HaydHO-
WH)KEHEPHOW JIesATENBHOCTH, TaK U K HelIarorn4eckoi
paboTe. «...Hayka OONCHA cOCMOoimb 8 00beOUHEeHUU
meopuu u NpaKmuku, u 6cé eé pazsumue OO0NIHCHO
ObIMb OCHOBAHO HA MAKOM eOUHeHUU», - THCaT AJeK-
ceit Hukomaepnu B 1934 r. B crathe «Teopus u mpak-
tuka». U B creHax Axagemun Hayk B 1920-1930-e
IT., HampuMep, He ObUIO Oojiee SPOro CTOPOHHHKA
opranm3anuu Kadeapsl NPUKIATHBIX Hayk (aHaior
CETOHSAIIHETO OTACICHH), YeM akaaeMuK KpbLios.

OpnHuM U3 HauboJjiee CyIIECTBEHHBIX NMPHUMEPOB,
neMoHcTpupytomux oTHomenue A.H. KpeutoBa
Hay4yHOMY OOECIIEYEeHHIO MPAaKTUYECKOH JesTebHO-
CTH SIBJIIETCSI €r0 PYKOBOJACTBO ONBITOBEIM Oacceid-
HOM — CIEIMANBHBIM YUpeKaeHneM MopcKoro MUHH-
CTepcTBa IO MCIBITAHUIO Mozeneit kopadmeir B 1900-
1908 rr., kKoTOpoe 6puT0 cozmano B 1890-¢ rr. B cBo-
ém pamnopTe Ha nMms ['aBHOTO MHCHEKTOpa Kopabie-
CTPOCHHSI HAaKaHyHE CBOETO HA3HAYEHWs Ha JOJIK-
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HOCTh Anexceld HukonaeBud M3II0XKUI TOrAa IO Cy-
IIeCTBY 00pasloBYyI0 M KOMIUICKCHYIO Hay4HO-
SKCIIEPUMCHTAIBHYIO IMPOTPaMMy IO CO3IaHUI0 KO-
pabis, 6a3upyIOMIyIOCcs Ha 3aKOHOMEPHOCTIX (pyHma-
MEHTANBHBIX HayK. B Tompl pykoBOICTBa OacceifHOM
mox pykoBoactBoM u mpu ydactuu A.H. Kpsurtoma
371€ch OBLT MPOU3BEAEH IENbIN P SKCIIEPUMEHTOB U
HCIBITAHUN 110 OCHOBHBIM HAy4YHBIM HalpaBICHUSIM
HCCNeIOBaHUN caMoro y4éHoro, o0ecreueHo HaydHo-
HKCIIEPUMEHTAIIEHOE COIPOBOXKJIEHHE IOCTPOWKH, B
T.4. IIEPBBIX MTOJIBOJIHBIX JIOJOK, U Tpoy. [Ipeacrasis-
€TCsl 3aKOHOMEPHBIM, YTO Ha 0a3e 3TOro y4pexIeHHs
ObUT OpraHN30BaH BIIOCIIEICTBUM U Pa3BHBAJICS CEro-
nuamnuid HHHUW um. akan. A.H. KpeuioBa — ronos-
HOW WHCTUTYT CYIOCTPOUTEIBHON OTpacil CTPaHHI,
Bceraa 00ecleYMBaBIIN OTCUESCTBEHHBIX KOpPaOeIoB
CaMBIMH TIEPEIOBBIMA HAyYHO-TEXHHYECKUMHU pa3pa-
60TKaMU.

3Hauenue teopermueckux padbotr A.H. KpsuioBa
B o0OyacTu KopaliecTpoeHUs MpaKTHUYeCKH BCEraa
BBIXOJIMJIO 32 €ro mpezeinsl. Tak, HanpuMep, pe3ylib-
TaThl CBOMX HCCIIEJIOBaHMW B OOJIACTH MaTemarnye-
CKOM (pM3MKH 10 TeMaTHKE BBIHYXJICHHBIX KOJIEOaHUI
A .H. Kpbi0B Hcnonb3oBai, B T.4., BBICTYNAsl B pOJIU
TEXHUYECKOTO JIKCIIEPTA MPH CTPOUTEIHCTBE MOCTOB.
B 1911 r. oH caenan psa BaXXHBIX PEKOMEHIAIUH 1O
HABOJKE IIEPBOTO APOYHOTO IIPOJIETA CTPOUBIIETOCS
toraa Mocta umneparopa Ilerpa Benukoro B Ilerep-
Ooypre. A B 1933-1934 rr. akagemuk A.H. Kpbuios
MPOU3BEIN PacU€ThI M0 MOCTAHOBKE KECCOHA MOCTA UM.
Bononapckoro yxe B JleHuHrpazae, a Takke HEMNO-
CpEIICTBEHHO y4acTBOBaJ B HEil CaMOM.

Baxmueilimass 001acTb JA€ATEIFHOCTH COBPEMEH-
HOro MHXeHepa — cepa M300peTeHnH — TaK ke OT-
MeueHa reHueM Agnekcess Hukonaesuua Kpbuiosa.
CoueraHne HayYHBIX UCCIICAOBAaHUN C MH)KEHEPHBIMHU
paspaboTkamu, m3o0pereHne Ha 0Oasze Teopuii coO-
CTBEHHOTO aBTOPCTBA HOBBIX KOHCTPYKIWH, TPHOO-
POB M YCTPOMCTB — el€ oHa XapaKTepHas 4epTa ero
BBIIAIOIIETOCS KU3HEHHOTO Iy TH.

Bonpmoe  3HaueHme B ero Hay4JHO-
HM300peTaTeNIbCKON JeATEIbHOCTH MpuoOpenn pado-
Thl, CBS3aHHBIE C Teopueill kommnaca. Ero mnepseiM
HU300peTeHUEeM CTall JPOMOCKOI — IpUOOp IJIs Ompe-
JICJICHUSI CHJI, IEHCTBYIONINX Ha MarHUTHYIO CTPEJIKY
KoMmIaca. DToMy NpuOOpy oOKa3allach IOCBSIIEHA H
nepBast myonukamus muamana A.H. KpsutoBa. A 13
mapra 1941 r. Tpynsl akanemuka A.H. Kpsutoa mo
TEOpUH KoMmnaca Obumn ynocrtoeHsl CTaIMHCKOW Ipe-
muu 1-0if creneHu.

A.H. KpbutoBy npuHAUISKUT HENBIH psag m300-
peTeHmii B 00JacTH MOPCKOW apTHIUIEPHH, KOTOPHIE
obecrieynBany yHHUKAJIbHBIE BO3MOXKHOCTH I Ooe-
CITIOCOOHOCTH pycckoro (hjiota IO CPaBHEHHIO C
ocTalbHBIMU (IIOTAMU MHpa, KaK, HapuMmep, KOTMe-
yareiap» — CHElUaldbHBI Npubop ans oOydeHus
HaBOJYMKOB Opyauii crpeinbe Ha kauke. [Ipu sTom
BCE MPHUOOPHI €ro aBTOPCTBA OBLIM MPUHSTHL K ITPOU3-
BOJICTBY W BHEJpEHHIO Ha (Jorax, psa W3 HHUX OB
YIOCTOEH CHELHaJbHbIX NMpeMuid MuxaisioBckoi ap-
tuiepuiickoit akagemun (1909 m 1912 rr.). U Bmo-
CIEICTBUUA OHHU JOJTHE TOABl HCIOIB30BajJNCh Ha
¢rore.



Bonbmioe 3HaueHne wuMenu pabOTHI  Takke
A.H. KpsutoBa B ob6nactu rupockonos B 1930-e rr.,
pe3yNbTaThl KOTOPHIX AKTHBHO HCIIOJIB30BAINCH, B
T.4., B OypHO pa3BHBaBIICICS B T€ IOl COBETCKOI
aBUAIIH.

A «uHTeTpatop nuddepeHIaNbEHEX ypaBHE-
Huit» n3obperenus A.H. KpbeuioBa amsa mpuGnmkén-
HBIX BBIYMCIIEHUH 00Jajgasl IeIbIM pSAAOM YIIydllIeH-
HBIX CBOMCTB IO CpaBHCHUIO C aHAJIOTMYHBIMU IIPpU-
0opamu, Kak Obl MBI CETOAHS CKa3aJH, MPEAbIIyLIero
IIOKOJICHUS W CTal OJHOM M3 INEpBBIX CYETHO-
peIIaloINX WHTETPUPYIOMIMX MEXaHWYEeCKUX MallnH
— CBOETO0 pojia npejTeueii KOMIbIoTepa.

Anekcelt Huxonaesuu KpplioB mmo mpaBy cuMTa-
eTcs Tak)Ke OCHOBOIIOJIOKHHKOM BBICIIErO Kopabie-
cTpouTenbHOTO 0Opa3zoBanus B Poccuu. Ero Bkiag B
CTaHOBJICHUE BBICIIEH HHXXEHEPHO-MOPCKOM LIKOJBI,
Kak B JOpeBOIONNOHHON Poccuu, Tak u B CoBETCKOM
Coro3e ABNsETCS IEPBOCTETICHHBIM.

Anekceit Hukomaesnu KpbutoB ctam ogHMM H3
cooprannzaropoB Cankr-IlerepOyprckoro moiuTex-
HU4YecKoro wHcTUTyTa MMeHu Ilerpa Bemnwmkoro, or-
kpbitoro B 1902 r. OnHUM U3 ero OTAEJIEHHUH CTallo
KopabJiecTponuTenpHOE, T/€e BrepBblie B Poccun cramm
TOTOBUTH WHXCHEPOB-KOpadIlecTpouTened. Anekcei
HukonaeBnuy mpuHANI caMoe akTHBHOE W HEMOCpen-
CTBEHHOE yJacTHe B pa3paboTke y4eOHBIX IpOorpaMm
OTJCNICHNs], KOTOPBIE COXPAHAINCh B HEU3MEHHOM
Bujie aonroe Bpems u mocie 1917 r. A B 1930 r. ko-
pabiecrpoutenbHoe oTneneHue [lomuTexHUYECKOro
HWHCTUTYTA, Ha TOT MOMCHT Ha3bIBaBLICTOCA I/IHI[y-
CTpPHAJIBHBIM, OBLIO TPEOOpPa30BAHO B OTIACIbHBIN
WHCTHTYT — Hally 3HAMEHUTYIO JeHUHTpaackyro «Ko-
pabenKy» - YHUKJIbHYIO Ky3HHIly KaJpOB JUIsl KOpao-
JIECTPOUTENLHON OTPACIIN M HE TOJIBKO IS HeE.

B 1919-1920 rr. Anekceit Hukomaesmu Kpruios,
OyIydun Ha3Ha4YeH y>Ke€ HOBOW TOCYHapCTBEHHOW BIa-
CThIO HaudaJbHUKOM BoenHo-Mopckoil akajgemuu,
SIBUJICSI MHUIMATOPOM M OPraHMW3aTOPOM MPUHIUIIH-
aTpHOM TEepecTpOrKH BCero ydeOHOTro mpolecca B
9TOM I'JIaBHOM BBICHICM y‘le6HOM 3aBCACHHUHN BOCHHO-
MOPCKOT0 WH)XEHepHOoro oOpaszoBaHust B crpane. [lo
€ro MHMWIHUATHBE B aKaJeMHU ObUI OTKPBIT TOTAA HO-
BBIH OT/Ie)1 OpYXKHsl, OOHOBIIEHBI Y4eOHbBIE TPOrPaMMBbI
1 KYPCHI YK€ CyIIECTBOBABIINX J0 3TOTO OTAEICHUH,
BCKOpE IIEpEMEHOBAHHBIX B (DaKyJIbTETHI.

CoOcTBeHHYI0 OoraTeiulylo MenarorndecKyio
npaktuky A.H. KpputoB, o ero co6CcTBEHHBIM CIIOBaM,
CUHTAJI HEOOXOOMMOH M Ba)KHEHIIEH COCTABIISIOIIEH
Hay4yHOH paboTel. B pasHeie mepmomer mo 1917 .
A.H. KpbuioB yutan Kypcsl JEKIHI N0 OCHOBHBIM
pasmenaM TeopuH Kopabis, WM pa3paboTaHHBIM, a
TaK)XE OCHOBHBIM pa3fellaM MaTeMaTHYECKHX METO-
JIOB JUIsl HHKCHEPOB, MaTEMaTHUECKOH (QU3HUKE U Teo-
pertrueckol MexaHuke ciymarensM Mopckol akaze-
MHUH, CTYJEHTaM KOpalJIeCTPOUTEIBHOTO OTIENCHUS
[MonurexHuuyeckoro MHCTUTYTA, [leTepOyprckoro uH-
CTHTyTa WH)KEHEepoB IyTed cooOuieHus, [lerporpan-
CKOTO YHHMBEPCHTETa, HEKOTOPBIX YacTHBIX BY30B,
CYyIIECTBOBABIIMX HA TOT nepuod. OH sABJISIICS 3aciy-
XKEHHBIM TpodeccopoM Mopckoil akageMun u KC-
TpaopAuHApHBIM Mpodeccopom Ilerepdyprekoro mH-
CTUTYTa UH)KEHEPOB ITyTEH COOOIEHMS.
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B 1930-e rr., o BO3BpalleHUH U3 JUTUTEIHHOU
3arpaHudHOW  KoMmaHgupoBku  1921-1928  rr.,
A.H. Kpbl1oB cOCpeOTOYUNI CBOU YCHIIUS HPEUMY-
IIECTBEHHO Ha HAayYHO-OPTaHW3aIMOHHOW NEATelb-
HOCTH, HO ¥ B 3TU TOABI OH IPOYNTAN CIEIHAIbHbIE
Kypchl JIEKIUH 1O pa3IUYHbIM HayYHBIM HampaBie-
HUSAM CBOETO aBTOPCTBA IS MH)KCHEPOB Pa3IUIHBIX
CHEIUAIBHOCTEH, MPOBEN Pl MyOIMYHBIX JICKIHHA
o0lIeMeTo0I0rHuecKoro xapakrepa. A B 1943 r.
yBujena cBer KkHuMra akagemuka A.H. Kpsinosa
«MBbIcIu U MaTepuabl O IPENnoJaBaHUN MEXaHUKU B
BBICIIMX  TEXHHUYECKHX  YYEOHBIX  3aBEJICHUSX
CCCP», rme y4u€HBI 0000IMII CBOH IOTYBEKOBOI
OTIBIT MPENOAABAHMS, TPEXKIE BCETO, MATEMATUKH H
MEXaHHKH, aJalTHPOBAHHBIX ISl OBJIAJCHUS HHXKE-
HEPHBIMH CIIELUATBHOCTIMHU. Ha 3Tux xe cTpaHunax
OH M3JI0KUJI OCHOBHBIC MPHUHIUIBI O0YYECHHUS HHXKE-
HEpa B BBICIIEH TEXHUYECKOH WIKOJE, K KOTOPBHIM
OTHEC: coYeTaHUE SICHOCTHU M MPOCTOTHI CO CTPOroit
HAay4YHOCTBIO MpPEIoJaBaeMoro IMpeaMmeTa, aJaeKBaT-
HOE COOTHOLIeHHe 00bEMa 3HaHWH MO MperojaaBae-
MOMY INpPEIMETY C BO3MOXKHOCTBIO €ro Oyaymiero
MPUMEHEHUs] B IPAKTHYECKOH e TeNbHOCTH, 0053a-
TEJIbHOE COOI0/IEHNE TIPUHINIIA HCTOPU3Ma B U3JI0-
KEHUU IpernojaBaeMoil NuCHUNIUHBEL. ['1aBHON 3a-
Jlayell BBICIIEH TEXHUYECKOM IIKOJIbI BENUKUN ydé-
HBIH Ha3Baj Toraa (GopMHUpPOBaHHE y OyIyILIero WH-
JKEHepa CIOCOOHOCTH YUUTHCS B MOCIEAYOmEend co0-
CTBEHHOW NPAKTUYECKOW NEATENbHOCTH — «HAYYUTh
yuuTbes». HeT HyXIbl TOBOPUTH, YTO B YCIOBHAX
OYyepenHON uYepeabl IKCIEPUMEHTOB B Hallel BBIC-
meil mkone cerogHs u 3t 3aBeTsl A.H. Kprinoma
3BydYaT OCTPO aKTYaJbHO.

MB&I Ha3BaIH JMIIb ITIaBHBIE BEXU U BBIAAIOIINE-
cs noctmxenus akaaemuka A.H. Kpeinosa B Begymux
o0iacTsaX €ro JesTeIbHOCTH, KOTOpPHIE BO MHOTOM
OTIpENICIINIIA PAa3BUTHE ITUX O0JIACTEH HAYKH M MHXKe-
HEepUH, MPEeXIe BCEro, KopadlIecTpOUTEIbHON BILIOTH
JIO HAIlIETO BPEMEHH.

Ho orpannueHHoe Bpemst AOKIaga HE MO3BOISET
MOJPOOHO BCIIOMHMTH LENBIH PSR IPYyrHX Harpaslie-
HUU J€ATeNbHOCTH U CTOPOH JIMUHOCTH 3TON BEIUKOMN
JUYHOCTH. A Bexb Anekceil HuxonaeBud ocTaBmi mo
ceOe M BBLIAIONIYIOCS NaMsTh Kak MyOJIMIKCT, UCTO-
pPUK Hayku W nepeBoquuk. Ero kuura «Mou Bocmo-
MHUHaHHS» WK «BocoMuHaHus U ouepku» (0AHO H3
n3ganuid (1949 r.) BHIIUIO M MOJ TaKHM Ha3BaHHEM)
Beiepkana 10 m3maHuit, U3 HUX — 4 TPWKU3HECHHBIX.
U npencrasisier coboil BENMWKOJICTHBIN 00pasen Me-
MyapHOW JuTeparypbl. IIpu 3TOM KaxeTcss naxe
JUIIHUM BCIOMHUHATH, YTO akajgeMHuk KpbuioB cBO-
060HO M BCECTOPOHHE BIA/E] HECKOJIBKHMHU COBpe-
MEHHBIMH €BPOIEUCKUMH S3BIKAMH, a TaKXKe JaTHH-
CKUM s13bIKOM. Ero mepeBojn gpyHIaMeHTaIbHOTO TPY-
Jla OCHOBOINOJOXHMKA MexaHuku M. Herorona «Ma-
TEMaTH4YeCKHe Hadaja HaTypajlbHOH (uiiocopum»
B1914 r. crayn coObITHEM B MUpPE HE TOJBKO PYCCKOH,
HO M MHpoBOi Hayku. C npeBHEH JIaTBIHM MM OBII
C/IeTaH TaKXe IepPeBO TPY/Ia BBIJAIOIETOCS YIEHOTO
XY B. JI. Ditnepa «Hoast teopust Jlynsr» Ilepy
Anexcess HukosaeBu4a mprHaAIexaT IepeBObI eIié
LIEJIOTO Psiia KJIACCHKOB MHPOBOHM HAyKH, TaKHX Kak
JI. Jlarpanx, K. I'aycc u ap.



Anexkcero Huxonaesuay KpsuloBy nmpuHaaiexxuT
1 0COOBIN BKJIQJ B OTEUECTBEHHYIO XYA0KECTBECHHYIO
KyabTypy. UMeHHO Oiaromapsi ero opraHu3aTOPCKUM
U yXe TUIUIOMAaTHYEeCKHM CIIOCOOHOCTSM OBLT BO3-
BpaméH Ha Pommmy B 1920-x TT. B pacmopspkeHue
HNHctutyTa pyccKo JUTEpAaTyphl YHUKAIBHBIA My-
3eii-apxuB amurpanta A.®. OHernHa, MOCBIIMIEHHBINA
tBopuecTBY A.C. IlymkuHa ¥ WMEBIIUH OTPOMHYIO
KYJIbTYPHYIO ¥ HAYUYHYIO LICHHOCTb.

HayuHoe u TBOpueckoe Haciedue axageMHKa
A.H.KpsuioBa — 310 6osiee 500 pa3nuuHbix paboT B
00J1acTH TEOpHH W NPAKTHKH KOPaOJIECTPOEHUs, Ma-
TeMaTUKH, MEXaHUKH, OaJUINCTUKH, aCTPOHOMUH, (u-
3WKH, ICTOPHH HAYKW U TCXHUKH, a TAKXKe ITyOIHIIN-
ctukd, cobpanHoe B Xll-TomMHOEe coOpaHme codmHe-
Huil ydénoro, Beimeamee B cBer B 1936-1956 rr.
OcraBieHHas UM OHONHOTEKa, KOTOPYIO OH, CTPacT-
HBII OuOIModui, codupan BCIO CBOIO KM3Hb, HACUH-
ThiBaeT 10 ThIC. 3K3EMILISIPOB pa3HBIX BHJOB JHUTEPa-
Typbl Ha PYCCKOM, Psi€ €BPONEHCKUX U JATHHCKOM
s3bIKax. Ero 3aCJIyru npu XU3HU MOJTYYHUTIU HEOJHO-
KpaTHOE BBICOKOE MEKIYHAapOJHOE MPU3HAHUE B BUJIE
MOYETHOTO WIEHCTBA B psAA€ BEAYLIUX HAy4YHO-
TexHuueckux obmiectB EBpombl. A Ha Pommue ero
3acIyrd OBUTH OTMEYEHHI 9 OpJCHAMH BEICIIETO IO-
CTOWHCTBa B JOPEBOJIIOLIMOHHBIA MEPHOA H S5 BBHICO-
KIMH COBETCKHMH Harpagamu, mpuaéM 2 paza —
BeicimMu: 3Be3noi ['epost Connanucruyaeckoro Tpy-
na u Opaerom JlennHa.

W cHOBa M cHOBa NPHUXOAWUTCS 3a7aBaThCS BO-
MIPOCOM: KaK MOTJIa CIIOKUThCS Takast JIMYHOCTH? YUTo
SIBJISITIOCH JIBUKYIIEH CHJIOW 3THX TOYTH HEBO3MOXK-
HBIX C COBPEMEHHOH TOYKHM 3pEHHs JIOCTHIKCHUIl?
Mo3kHO JI1 Ha3BaTh OCHOBOIIOJIAraroIue YepThl TeHUs
KpbutoBa, xoTopble OKa3bplBaJId TaKOe BIIMSHUE Ha
COBPEMCHHUKOB U OCTAIOTCS BaXXHBIMH CETOMHS IS
POCCHIICKOTO HWHXXEHEPHOTO COOOIMIECTBA W HAIIETO
o01ecTBa B 11eJIOM?

HecomueHHO, HeNb3s HE TOBOPUTH 00 MHTEIICK-
TyaJIbHBIX TPAIWIHSIX CEMbH, M3 KOTOPOH BBIIIEI
Anexceit Hukomaesud. PoncTBo co 3HAMEHHTHIM PO-
oM JIANyHOBBIX — IpEACTaBUTENEN NEepesoBOM pyc-
CKOM HMHTEUIMTEHLIUH C MaTEPUHCKONM CTOPOHBI U
BIUSHHE OTIAa — ObIBIIErO oduilepa U BOJBHOAYyMIIA
HE MOIJIM HE CKa3aThCcs Ha (POPMHPOBAHUU OCHOB
JUYHOCTH  Oyaymiero «aaMupaiga KopaOelbHOU
Hayku». CBOIO POJIb CHITPAJO U MOJYYEHHOE UM BO-
€HHO-MOpCKOe 00pa3oBaHHe, KOTOpPOE B IoJibl 00yde-
HUs U B3pocieHus A. KpreuioBa, kak m paboTa mo
¢G0Ty B IIENIOM TpEeTepIeBaNO MEepUO] OOHOBICHUS
BciiencTBHe nopakeHus Poccun B KpreiMcko# BoliHE,
clerysl TOMY 3aKOHY Pa3BUTHS POCCHIICKOTO (roTa co
3HAKOM «MHHYC», 0 KOTOPOM MBI CKa3amu Bhimie. [lpu
3TOM OHO COXpPaHSJIO JIy4YllMe 4YepThl POCCUUCKOMH
KJIACCUYECKOM TMMHA3UU U YHUBEPCUTETA, KOTOPbIE, B
CBOIO O4epeab, BO MHOTOM Oyiarogapsi caMoMy
A.H. KpbuioBy oxa3aauch HNPUBHECEHBI BIOCIEN-
CTBHUH U B COBETCKOE 00pa3oBaHMe.

Ho, roBops 06 Anekcee Hukonaesuue Kpruiose,
BC€ paBHO MPHUXOJIUTCS TOBOPUTH U O BIHMSHHUH Ha €TO
CTAaHOBIICHHE HEKHX NPUYNH HEMATCPUATBHOTO Xa-
pakTepa, a TaKkXke O 3aKOHOMEPHOCTSAX MCTopuu Poc-
CHU B IIEJIOM.
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OnHa U3 TAaMHCTBEHHBIX TPUYHH SBJICHUS JIIOAEH
nogooueix A.H. KpbputoBy kpoercsi, BO3MOXXHO, H B
HEKHUX OCOOCHHOCTSX pycckoro xapakrepa. Ero mpwu-
POIHOE COCTOSHHE, OOYCIOBICHHOE M POCCHHCKHMH
OecKkpaifHUMH TPOCTOpaMH, M WHBIMH OOCTOSTENb-
CTBaMHM, BCErja MpEIoyarago CTpeMiIeHne K Ooib-
LIMM BO3MOXKHOCTSM. E1€ pa3 BCHOMHHUM O TOM, 4TO

Anekceil HukomaeBu4 poauics M BBIPOC 37€Ch,
Ha Bonre. Ero mepBble aeTcKue BICUATICHUS OBbLIH
CBSI3aHbBI, KaK 3TO NPHUHSITO TOBOPHUTH, C «OOJIBINOH
BOJOM». U, BO3MOXKHO, HeCIyuyallHO LeIbIH psijJ BbI-
JIAIOMIMXCS JIesTeNIel KopabiecTpoeHus MPOIIoro 1
COBPEMEHHOCTH MMEET CBOM KOPHH TAKXXE 3J1eCh, Ha
BOJDKCKHX MPOCTOpax WIM OHH IPOCTO BBIPOCIH
BO3JIe TOW WM WHOHM «OONBINOI BOIBI» Kak, HAINpH-
Mmep, akagemMuk PAH B.M. IlamuH wim BRIOAIONTHI-
Csl KOHCTPYKTOP HE MMEIOUIUX M CEroJHs aHaJoroB
noaBoaHbIX kKopabnedr FO.M.KonoBajnoB, u HEKOTO-
pble Apyrue.

Ecnu ke paccyxkaarb 00 OOLICHCTOPHYCCKUX
3aKOHOMEPHOCTAX  (OpPMUPOBAaHHS U SIBJICHUS
A.H. KpruioBa, Henb3si HE OTMETUTh, 4TO AJEKCEI0
HukonaeBuuy moBesno »KHTh M TBOPUTH UMEHHO B TO
BpeMsl, KOT/Ia €ero TeHUH OKa3aJicsi MAaKCHMaJIbHO BOC-
TpeOOBaH: B 3MOXY KpH3HCAa TOCyAapcTBa U HOBOTO
rOCyJapCTBEHHOTO CTPOMTENBCTBA, KOTOpas BCeria
Hen30ex)HO cBsizaHa B Poccuu ¢ ycuineHneM U pocToM
CHUCTEMOO00Opa3yoIIe posiu KOpadIecTPOSHHUS.

[ToaTomy mpezncTaBnseTcss 3aKOHOMEPHBIM, XOTS
CerofHs Takas MO3UIMS HEMOMyJsIpHa, 4To AJekceil
HukonaeBuu cpa3y u 6e3oroBopoyno npussi Coser-
CKYI0 BJIACTh W IIpeJaHHO paboran Bo 0Jaro HOBOTO
roCyAapcTBa 10 MOCIEIHEH MUHYTHI CBOEH KH3HH. A
BEJlb TAKOE PEIICHHE OKa3aJ0Ch COMPSIKEHO JJIST HETO
7 ¢ TUYHOH JpaMoii: ABOE €Tro CHIHOBEH MOTHMOIN Ha
¢ponTax ['paxmaHckoii BOWHEI, BOIOS B cocTaBe be-
noit apmMuu. CaM OH ONpeleNsaa CBOIO MO3UIMIO II0
sToMy Bompocy B 1941 r. mocne nonydenus: Cranus-
ckoit mpemun | crenenn tak : «Cetivac (T.e. B coBeT-
CKOE€ BpEMs MpU CPAaBHEHHH C JOPCBOIIOLHOHHBIM)
VuéHwlli pabomaem HA HApPoO; OH peuidem 3a0aqu
2U2AHMCKO20 CMPOUMENbCMEd, OH CO030aém HOBYIO
NPOMBIULIEHHOCMb, HO8VIO MEeXHUKY. ...Bnepevie 6
Hawiell cmpane YUEHbl CMail NOOAUHHO 20Cyoap-
cmeenHbiM Oesmenem...». BO3MOXHO, KOMY-TO 3TO
BBICKA3bIBAHUE BEJIMKOIO YUEHOTO MOKAXETCSd TOJbKO
MPOSIBIIGHUEM TOJUTHYECKOTO MOJ000CTpacTHs, OJ-
HaKO Ta MCTOpHYECKas 310Xa ACHCTBUTEIBHO IOTpe-
OoBasia aKTHBHEHIIEro y4acTus JIOAed Haykd B 00-
HOBJICHHH CTpAaHBI, a, MOYTH B OYKBaJILHOM CMBICIIEC
CJIOBA, TPENETHOE OTHOIIEHHE PYKOBOIUTEIEH CTpa-
ubl, HaunHast ¢ B.M. JleanHa, K BBHICOKOKBaNMH(pHUIIH-
POBaHHBIM CIHEIMAINCTAaM — XOPOIIO HM3BECTHBIN HC-
TOPUYECKUHN (aKT.

IIpu 3TOM CBOH rocCyAapCcTBeHHBIl NAaTPHO-
TH3M IIpH 0E3yCIIOBHOM MOHUMAHWHU POJIH CyIOCTPO-
€HUSl ¥ BOGHHOTI'0 KOPaOJIECTPOCHHUs Uil HAI[OHAIb-
HoW OezomacHocTu crpanbl A.H. KpbuioB mposBiisi
He pa3 u no 1917 r. XapaktepHa B 3TOM CMBICIE,
HamnpuMep, ero ciryxebHas 3amnucka «O0 apeHje UHO-
CTpaHIIAMH PYCCKHX 3aBOJIOB», IOAAHHAs TOBapUILY
Mopckoro muHHCTpa B 1910 r. KOH(pUAEHIHATHHO.
OTOT HEOONBIION TEKCT MOCBAMIEH aKTUBHO OOCYX-



JABIIMMCS B TO BpEMs BOIIPOCaM, KaK OBl MBI CETOJTHS
CKa3alld, O NMPHUBICYCHUH WHOCTPAHHBIX WHBECTUIUI
W WHOCTPAHHBIX (PUPM K BBITIOJHECHUIO HAMCYCHHBIX
OTEUCCTBEHHBIX CYNOCTPOUTEIBHBIX WpOTpamMM, a
TakKe O MPEIANOYTCHUH IS MX BBHITIOTHEHHUS YaCTHBIX
3aBOJIOB TEpel TOCYAAPCTBEHHBIMU WM «Ka3EHHBI-
MU», KaK WX MPUHATO OBLIO TOTJa Ha3biBaTh. B «3a-
nucke» renepan-maiiopa A.H. KpwimoBa B xEcTkoi
YIBTUMATUBHOM Gopme OBUIO CKa3aHO O HEmpHemIIe-
MOCTH TaKHX PCIICHHUH, T.K. IEPBOE OTIABajJ0 «BO
BJIACTH U TMOJ KOHTPOJIb HHOCTPAHIICB CYNICCTBCHHYIO
4acTh TOCYIApPCTBCHHON OOOpPOHBI», a BTOPOE CIIO-
cOOCTBOBAJIO «BO3MOXKHOCTH CYIIECTBYIOIIAM CHHIU-
KaraMm JWUKTOBaTh CBOM YyCIOBUS MOPCKOMY MHHH-
CTEPCTBY...», UTO TAaKXKE CBS3aHO C BOIMPOCAMH HaIl-
OoHaNBHOW Oe3omacHocTh. Beé ckazaHHOe 3BydHT 00-
Jlee 4eM COBPEMEHHO CEeTOIHs, KOTAa pasroBop o0
WHOCTPAHHBIX WHBECTHIIMSIX HE TOJBKO B CYI0CTpPOE-
HHUE CTaJl CBOETr0 POJia YKOHOMUYCCKUM 3aKJIMHAHUEM,
JPYTHM TaKHM JK€ 3aKJIMHAHUEM CTalld PacCyXICHUS
Pa3IUYHOTO POJa IKCIEPTOB O TOCYNApPCTBE KaK He-
3¢ (heKTHBHOM COOCTBEHHHKE, a 3aBOJBI OTpaciu
MTOJIBEPIIIMCH MPAKTUYCCKH TOTAIBHOMY aKIMOHHPO-
BaHMIO, YTO 3HAYUT — SIBJIIOTCS YACTHBIMH.

Bes pestensnocts A.H. KpbuioBa cBuaetenb-
CTBYET O MPHUCYIIEM MBIIUICHUIO U COOCTBCHHO JHY-
HOCTH 3TOTO BEJIIMKOTO YYEHOTO W WHIKEHEepa 0coO0M
CBOMCTBE CHCTEMHOCTH.

Oco0bIM CBOHCTBOM JTOM CHCTEMHOCTH €0
JUYHOCTH SIBIILIOCH CTPATETHYECKOE MBIIUICHUE YUE-
Horo. llenemonaranue W IUIaHUPOBAaHWE HA OCHOBA-
HHWH HAKOIIJIEHHOI'O OILITA OH CUMTA HEOOXOIMMBIMU
JUTSL pa3BUTHSI JIFOOO¥ OTpaciu HAyKH U MPOU3BOJICTBA
U, TIPEKJC BCEro, I KopadyiectpoeHus.. «HMcnonv3o-
6amnuUe HAKONJIeHHo20 onvima, - nucan od B 1906 r., -
ecmb 21asHbILL 3A7102 YCnexa 80 8CAKOM Oele, d 8 0CO-
OeHHOCmU 8 MAKoM, KAK BOeHHOe CYOOCmpOeHUe.
...HedoCmamox OAaHHbIX 0aém cebs 4y8Cmeosams
CamMblM KOPEeHHbIM 00pa3oM, KaK MOIbKO NPUCTNYNAM
K obcyscoenuro n0bozo npoexma. InasHas s3momy
NpUYUHA — OMCYymcmeue eOuHo20 NAaHd, eOUHOU Cu-
cmemvl U ONPeOdeNEéHHO U MOYHO HAMEYeHHOU Uye-
au...». Ceromdss ¥ 3TH CJIOBA HAIIET0 BEJIHUKOIO CO-
OTCUCCTBCHHUKA, K COXXAJCHHIO, 3BydaT OOjee uyeMm
akTyanbHO. [IOHATHE «IUTAHUPOBAHHUE» B CHIY COLHU-
ANBbHO-TIOJINTUYECKUX TpUYMH, ocobenHo B 1990-e
IT., OKa3aJI0OCh BBITCCHCHO KaK U3 CJOBaps Trocynap-
CTBEHHOTO VIPAaBIICHUS, TaK M U3 CAMOH €ro MmpakTu-
KM HE TOJBKO B cepe KopabIeCTpOCHHs. DBOIOIH-
OHHBIN XOJ Pa3BUTHUSA OTPACIH OKa3ajCcsi BO MHOTOM
HapymeH. W ceromHs rocygapcTBO OKa3aJoCh BBI-
HY)XIIEHO M HACTPOCHO, OyIeM HaJesThCS, BCEphEl
pemaTs, HaKOMMBINKECS NPOoOJIeMB, Kak B 0O0iacTu
BOEGHHO-MOPCKOM  COCTaBJIAIOLIEH CTPaTeruyecKon
6e3omacHocTr Poccuu, Tak M TIPaXIaHCKOIO CYy0-
CTPOCHHUSI.

T'oBopst 0 cHCTEMHOM XapakTepe TBOPYECTBA U
Bceil nestenpHocTH A.H. KpbimoBa, Henb3si He
BCIIOMHUTHh WM PsA Opyrux e€ ocoOeHHOCTel, e,
kotopele Anekceil HwukonaeBnu HacToMuMBO U
YCIEIHO TPOBOIWI B XH3Hb U KOTOPBIE OKAa3alluCh
COBpPEMEHHBI CETONHS, HAIpuMep, 00 SIKOHOMHUIECKOI
exaecoo0pa3HOCTH KaK HEOOXOAMMON COCTABISIOIMIEH
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OpraHu3alui CyJIOCTpOEHHs. Ines o MOBBIIIEHHOM
BHUMAaHHHU K DKCIUTyaTallMOHHO- 3KOHOMHUYECKOi CTO-
POHE TEXHHYECKOTO IIPOeKTa CyJHa ObUIa UM O3BYdYe-
Ha OCOOCHHO OTUYETIMBO BO BpeMs INEpBOH KoH(e-
PCHIMM 10 MEJIKOMY CYAOCTPOEHHIO, CO3BaHHOH
npasieaneM BHUTOCC, xotopoe Bosriarmstn A.H.
Kpsuto, B 1938 r. Ilpu stom axkagemuk KpbiioB Hu-
KOT'/Ia HE IMyTal 3KOHOMHYECKYIO I1eJIeCO00pa3HOCTb,
[IPUBHECEHHYIO B TEXHUYECKUM IPOEKT CyJHA WU
KOpalJsl MPOCTO C ero KOMMEpUYecKoi BheIromoi. U,
HampuMep, OJHONW M3 TJABHBIX NPUYMH H3BECTHOH
karactpodbl Beka — rubenn «TuraHuka» yu€HbIN
CUMTANl W3JIHMIIHEE YBJICUCHNE 3aKa3yMKa, KaK ObI MbI
€ro CerojHs Ha3BaJld, UMEHHO MOCIEIHUM SKOHOMHU-
YeCKHM 00CTOSTENsCTBOM. OO 3TOM OH MOMYJISIPHO U
YBJIEKAaTEIbHO paccKa3aHO B M3BecTHOW KkHure «He-
KOTOpBIE CITy4an THOEIN U aBapuil CyI0BY.

bormee ueM COBpeMEHHO 3By4yaT CETOAHS
takxe Mpic A.H. KppimoBa Beicka3aHHBIE UM elIE B
1916 r. — y)ke O 3aKOHOMEPHOCTSX, TOBOPSI COBpE-
MEHHBIM $I3bIKOM, KOHKYpPEHTOCIIOCOOHOCTH OTeue-
CTBEHHOT0 cypaocTpoeHus. Ha onHoM u3 coOpaHnwmii
Coro3a MOPCKHX MHIKEHEPOB BO BpeMs AUCKYCCUU OH
CBOEBPEMEHHO MOJYEPKHYJ, YTO BONPOC PA3BUTHUSL
OTEYETCBEHHOH Cy/MIOCTPOUTENHHON ITPOMBIIIICHHO-
CTH HENOCPEICTBEHHO CBA3aH C MOPEXOJCTBOM H TOp-
TOBJIEH, a 3HAYUT — C OOLIUM Pa3BUTHEM IIPOU3BOAN-
TENBHBIX CHJ B CTPAHE.

U, nakoHer, 31eCh e HEIb3S HE CKa3aTh eIié 00
OJIHOI BaxkHeMmIel yepTe MupoBo33penus Kpouiosa —
y4€HOTro, KOpaOJIECTPOUTEINS, WHXKEHEepa, KOTOPYIO,
HaBEpHOE, HE COBCEM TOYHO MOXKHO ObIJIO OBl Ha3BaThH
TYMaHU3MOM WM HPAaBCTBEHHOCTHIO. I1OCBSTHB BClO
CBOIO JKM3HBb CO3[JaHHMI0 COOCTBEHHO (JIOTa, NPEXIE
BCEro, BOEHHO-MOpCKoro, Asnekceit HukonaeBuu Hu-
KOTJa He 3a0BIBaJ O TOM, YTO KOpaOiIH BEIyT B MOXO
monn. U ma obecrieyenust 6oecrnocodHOCTH ioTa
nucan yuéHelii B cBo&éM ouepke «KomaHampoBka 3a
TPaHUITy» Ba)KHEE BCETO «100u u mom ¢hiaz, KOmMo-
pblll 8bl NOOHUMUME U 34 KOMOP®I OHU OOJICHBL
cpasxcamoca. ...Kaxos gpnae, maxoswl u 1oou».

Wnes BBICOKOI OCMBICIIEHHOCTU CIIYXKEHHUSI CBO-
eMy [IIely, CIOCOOHOCTh JKHTh, NMPEXIE BCEro, ITUM
ACJIOM JJaX€ BOIIPEKU JIMYHBIM 00CTOATENLCTBAM 6])1-
na npucyma camoMy Anekcero Hukomnaesuay Kpsuio-
By. U 3Ta yepra ero BblJArOLIEHCS TUYHOCTH CITY>KU-
J1a, HECOMHEHHO, OJJTHOW U3 OCHOB JUIs €I€ OQHOM ero
OCHOBOIOJIATAIONIEN 4epThl, 0 KOTOPOH, MOCIE BCETO
CKa3aHHOT0, BpoJie OBl TOBOPUTH YK€ M3JIMIIHE - BbI-
coyaiimieM mnpogeccuoHAJM3Me, TPOSBICHHOM B
mo00i 007acTH, KOTOPOH OH 3aHMMAJICS.

PaszMbiuieHnss o BblAAOIIEHCS JEATEIBHOCTH
A.H. KpsumoBa OyayT BBRITTISACTh HE3aBEPIIEHHO, €C-
a1 O0OHTH BHHMMaHHEM eII€ OJHY €€ BaKHEUIIYIo
CTOpPOHY — y4acTHe B YIIPaBICHUU HAYKOH, MPOU3BOI-
CTBOM U 00Opa3oBaHueM. DTa JESTEIbHOCTh CTaja JUJIs
HEro oJIHOM M3 BeAYUIUX B COBETCKUU mepuoj. Men-
HO B OTOH 00JIACTH BCE YIMOMSHYTBIC BBIIIE TPU KH-
Ta» €ro MHOTOTPAaHHOI'O TalaHTa. roCyAapCTBEHHBIN
MATPUOTU3M, CUCTEMHOCTh JIMYHOCTH W MBIIUICHUS], a
TaKKe BBICOYANIINI TpodecCHOHANIN3M  TOTyYHIIN
cBo¢ ocoboe Bomuromenne. OHa OCYIIECTBISUIACH KaK
B KOHKPETHBIX aJMHHHCTPATUBHBIX JIOJDKHOCTAX



(mavanpHuk BoeHHo-Mopckoit akagemun B 1919-
1920-x rr.) U B BUZE OTACIBHBIX BPEMEHHBIX MOpyYe-
Huii COBETCKOTO MPaBUTENbCTBA (YIOJTHOMOYCHHBIN B
MEPUOJl YIMOMSHYTOH 3arpaHMYHOH KOMaHIUPOBKH
1921-1927 rr.), Tak M MpH 3aHATHH LEJIOTO pAla py-
KOBOJSIIUX TIOCTOB B c(epe HaydHO-OOMIECTBEHHON
nestenbHOCTH: BO riaBe komuccuit AH CCCP, koop-
JVUHUPOBABIINX Ba)KHEHIINE HaIpaBICHUS Hay4yHO-
MPOMBIIIJICHHOTO Pa3BUTHS CTPaHbl U TMEPECTPOHKU
caMoit AkazieMuu, a TaKkxke e€ HHCTUTYTOB — Dusuko-
MaTematuueckoro U Wucruryra ¢usuku. Ho Hanbo-
Jlee KOHIEHTPUPOBAHHO, €CIM TaK MOXXHO CKa3ars,
A.H. Kpb10B nposiBuiI ce0st B 3TOM CMBICIIE Ha ITOCTY
mpeacenaTesns Npe3nanyMa MpaBleHusl YKe YIOMSHY-
toro HaMmu BHUTOCC - Bcecoro3HOTO HaydHOTO
MH)XEHEPHO-TEXHNYECKOro OOIIeCTBa CyIOXOJCTBA U
CYIOCTPOCHHS, MPABICHHE KOTOPOTO OH BO3TJIABIIAI,
HayuHas ¢ 1932 r. u QopManbHO BIUIOTH IO CBOEH
koH4yuHbl B 1945 1. IIpu 3TOM I€IOM IECATHIIETHE
A.H. Kpsutos (mo ero 6one3un B 1942 1. u B CBSI3H C
9BaKyallueil U BOITHOM) OBUT pealbHbIM, KaK MPUHSITO
CerojiHsi  TOBOPUTH, JIMAEPOM  OTOH  HAY4HO-
00I11eCTBEHHOI OpraHu3aliy, KOTopas MoJ| ero pykKo-
BOJICTBOM MIpajia OAHY W3 MEPBOCTETICHHBIX M 3HAYHU-
MBIX POJIEH B JieJie Pa3BUTHUS KOPAOJIECTPOUTEIBHBIX
HayKH, TIPOMU3BOACTBA M 00pa30BaHUs y HAC B CTpaHE
U HE TOJBKO UX.

[IpropuTETHBIM HaNpaBIEHUEM JESITEIBHOCTH
O6mectBa moxn pykoBoacteoM A.H. KpeutoBa crana
[0 CYyWIECTBY MOJEpPHHU3ALHMs CyIOCTPOUTEIHHOMN
MPOMBIIIJICHHOCTH. BCIIOMHNM, YTO UMEHHO Ha KOHeI]
1920-x u 1930-e rr. mpuunIack peaju3aiys HOBBIX
cynocrpoutensHbix mporpamm CCCP. Drto ObutH TO-
JIbl CO3JIaHHsI OTEYECTBEHHOI'0 TPaKJaHCKOTO (JIoTa U
BO3POXKICHHUS TPAKTHUYECKH C «HYJS» BOEHHO-
Mopckoro. U Jlenunrpan, rae padorano BHUTOCC,
CTaJl TJIABHBIM LIEHTPOM 3TOTO BO3POXKACHUS. YKE B
nepBbIi rog padotsl A.H. Kpsutoa Bo riase O6me-
CTBa Ha MPEIUPHUATHAX OTPacIH OBLIO co3maHo Oomee
2-X IECATKOB €ro fdeek yuciieHHocThio Oomee 1200
4yenoBek. [loBceMecTHOE M MHOTOCTOPOHHEE YKpell-
JICHHE Hay4YHO-TIPOM3BOJICTBEHHBIX CBS3€il, Hay4yHO-
TEXHOJIOTHYECKoe obecleueHne pa3BUTHUS CyIOCTPO-
€HHs, HampuMmep, BHEAPEHHE TaKWX IEepeIOBBIX Ha
TOT TEpUOJ METOJOB Kak JJIEKTPOCBapKa Kopiyca
CyJIHa WJIM METOIBI CKOPOCTHOW IOCTPOHKHM CyIIOB U
JIp. Ha MPOM3BOJICTBO CTAJH TJIABHBIM COJAEp)KaHHEM
pabotsl wieHoB OOmecTBa Ha 3aBOAAX, a TaKXKe Ha
€ro COOCTBEHHBIX MEPOIPHUITHSAX B MPEIBOCHHOE JIe-
caTuneTne. B To xe camoe BpeMs IOTydiiia pa3BUTHE
U uaes 3KOHOMHYECKOTO TOAXO0Ja K CTPOUTEIbCTBY
CyZIOB, O 4éM YK€ rOBOPUIIOCH. Bompocsl ontumMans-
HOHM opraHW3aluu KOopadIeCTPOUTENEHOTO 00pa3oBa-
HUSI TAaK)K€ OCTaBaJMCh B MoJje 3peHus wieHoB OOiie-
crBa. Ho HM Ha cekyH/1y HE OCTaHaBIMBAlach U COO-
CTBEHHO Hay4Has paboTa.

HenpenB3saTeIM HCTOpHKaM — TeM, KOTOpbIE HE
JeNSIT UCTOPUIO Ha «HAIy» U «HE Hally» - XOpOIIO
M3BECTHA MpobJiieMa KaJpoBOro rojoaa, KOTOphIe Hc-
nbIThiBasa COBETCKas BJIACTh B IIEPBBIC JECATUIICTHUS
CBOCTO CYIIECTBOBAaHUS. TeM IIEHHEE W BOCTpeOOBaH-
Hee SBISUICS ONBIT CIIEIHAIMCTOB CTAapOro M TOJBKO
HapO’XJABIIETOCSI HOBOTO MOKOJIEHUSI WH)XEHEPOB, a
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TakKe KBATH(DHUIMPOBAHHBIX Pa00YNX, OOBEIUHEH-
HBIX B Hay4YHO-TEXHHYECKHE oOIiecTBa MO oTpacie-
BOMY IpPHHIUILY. DTH Hay4HO-OOIIECTBEHHbIE Opra-
HU3AIUH UTPATH POJIb CBOETO POJa COOPraHU3aTOPOB
WHIAyCTpUaNu3aluy, T.€. TOM camMOl paauKaJbHOU
MOJICpHHU3AIIMN HApOOHOTO Xo3diicTBa cTpaHbl. OO0-
pasHo roBOpS, OHH TPEACTaBISIN COO0H CBOETO poja
OOIIIECTBEHHOE «IIPABUTEIBCTBO CHEIHMAIMCTOB», O
KOTOPOM TaK IMaTeTHYHO Belllaja Hallla Ipecca B TOJIbl
«mepectpoiiku». U, pasymeercs, OOumectBo Cym0-
CTpoMTENel — MpeACTaBUTENIeH CHCTEMOOOpasyromeit
oTpaciy Uil MOJEpHU3AIMH HYKOHOMHKH, TOJ PYKO-
BOJICTBOM TaKOTO CTOJIIIa OTEYECTBCHHON HAyKH H
CYAOCTPOUTENBHON MpaKTUKHU, Kak Anekceil Hukoina-
eBnu KpblioB, urpajio cpeau 3TUX opraHu3aluil OaHy
13 BEAYLIUX POJIEH.

B sToM Buautcs ocoboe W Hempexojsiiee 3Ha-
yerue nestenbHocTw A.H. KpbuioBa i uctopuu
Haled CTpaHbl B II€JIOM, OCHOBOW KOTOPOW BcCerna
ABJIAJIaCh MMPOMBIIIJICHHAA HCTOPUS. Anexces Hwuko-
naesuya KpbuioBa ciiegyeT Ha3BaTh OJHHMM U3 OCHO-
BaTelieil CMCTeMBbI COBETCKOI'O CyJIOCTPOCHHMS, a Tak-
K€ — OJTHUM W3 HamOosiee BBIAAIOUIMXCS IMPEJCTaBH-
Tenen u POJIOHAYaTIBHUKOB COLIMAJIBHO-
9KOHOMHYECKOW COBETCKOW MNapagurMbl <«HMH:KeHep
KaK ynmpasJjeHen». DTOT MOAX0od K (pOpMHpOBaHHIO
BCEll CHCTEMBI TOCYAapCTBEHHOI'O YNpPaBJICHUs, B CO-
OTBETCTBHH C JIOTHMKOW COI[HabHO-3KOHOMHYECKOTO
pa3BUTUA T'OCYAAPCTBA, PYKOBOAUTEIU CTPAHBI IIO-
CJIEZIOBATENILHO OCYIIECTBIISIIIM B COBETCKHIl TEpHOA
1, 0cCOOEHHO, B X0/ Halllel MOCIEBOCHHON HCTOPUH
BIUIOTb JIO <II€PECTPOHKU.

Crnenyer mpu3HaTh, 4TO 3ajJadya OpraHU3aluu
KHU3HECIIOCOOHOW CHCTeMBbI B3aMMOJICHCTBHS yupe-
KIEHUH W TPOMBINUICHHBIX IPOU3BOACTB C (yHna-
MEHTAJIbHBIMH W OTPACIECBHIMH HAayKaMH, a TaKkKe
rOCyJapCTBEHHOM HOpMaTHBHOW 0a30M, KoTopas co-
O0TBETCTBOBAJIA HAMOHAJBLHBIM HMHTEpecaM cTpa-
HbI, ObUTa HamOoJee YCIENIHO pelieHa MMEHHO Ha
onpenenéHHOM 3Tane coBeTcKod ucropuu. K passu-
THIO CYAOCTPOGHUS U pAfa OPYTUX BBICOKOTEXHOIO-
rudHbIX oTpaciei mpombinuieHHocTH CCCP ocoben-
HO B 1960-1980-¢ rr. aTa OLIeHKa OTHOCUTCS B MOJHOM
MEpe. N He BBI3BIBaET COMHE€HHUSA, 4YTO HAYYHO-
ynpaBieHueckas nesitensHocTh A H. Kpbuioa, ocHo-
BaHHas Ha psjic 0a30BbIX Ui 00 OpraHU3aIUK CYI0-
CTpOCHHUS, BBICKa3aHHBIX uM emé go 1917 r., cocra-
BHJIa OCHOBY (DOPMHpPOBaHMS CHCTEMHOTO XapakTepa
HaIled OTpaciH, a TaKKe He MOTJIa He 0Ka3aTh CBOETO
BIMSHUSA Ha (OPMHUPOBAHHE TAKOH K€ CHCTEMBI B
paMKax HapOJHOTO XO35ICTBA B IIEJIOM.

BcroMHUM U 0 TOM, 4TO Hpodeccust KMHKEHEP»
B 1930-¢ rr., Tak e Kak W OyIyliue MOCICBOCHHbIC
roJibl CTajla TOYTH B OYKBAJBLHOM CMBICIIE CJIOBA TO-
4y&THBIM 3BaHUEM It Mosonéxu CoBerckoro Coro3a,
T.K. ObLJIa IIOCTaBJIEHA PYKOBOACTBOM CTpaHbI Ha IE€p-
BOE MECTO B 4HCJIe 00IIeCTBEHHO BOCTpeOOBaHHBIX. B
3THX OOLIECTBEHHO-TIOJINTHYECKUX YCIOBUSAX Cam
A.H. KpbutoB, uensiii psij BbIIAIOMIMXCS YUYEHBIX U
CHENHAINCTOB TpeXHEeH (opmannu, padoTaBIINX, B
T.4. ¥ TIOJ €T0 PyKOBOJCTBOM, OKA3aJIMCh B CUTYallHH,
€CJIN TaK MOXKHO CKa3aTh, TPAHCIIIUU CHCTEMBI CBO-
WX 3HAaHUHW U JyYIIUX YepT JUIYHOCTH HAa MAaCCOBYIO



ayJIUTOPHUIO YK€ COBETCKOr0 HMHXKEHEPHOr0 KOpITyca.
Tak oka3aiuch COXpaHCHBI H TBOPYCCKHU mepepadoTa-
Hbl B HOBBIX YCJIOBHSIX Jy4IlME€ TPAJULHH PYCCKOIO
WHXCHEPHOTO Jiea u obecriedeHa MpeeMCTBEHHOCTh B
Pa3BUTHH Psiia €CTECTBEHHO-TEXHUYECKUX HaYK.

Cam Anexceit Huxonaesuu KpbutoB Ha3wpiBam B
YHUCIIe CBOMX YYCHUKOB TaKUX BBIIAIONINXCA AesTeNeh
KopalsiecTpoeHus, kak akageMuk FO.A. llumMaHCKuUH,
npodeccopo W.I'. byonosa u I1.®. IlankoBuua. K
«ikonie» akagemMuka A.H.KpsimoBa crnenuanuctst
Takxke oTHocAT akanemuka B.JI. Ilo3atonuHa, mpo-
(deccopor A.U. bankamuna, B.I'. Bnacosa, I'.E. I1ag-
nenko, H.H.MaryceBuua u nensiii psajg Apyrux UMEH,
NPOCIIaBUBLINX OTE€YECTBEHHYIO Hayky. Ho, ucxons
U3 ckazaHHoro, k «ukose» A.H. KpsuioBa MoxxHO
CMeJIO OTHECTH W LEeJNBIA PAJ MPEeACTaBUTENCH yIpaB-
JIEHUSI KOPaOIIeCTPOUTENBHON OTPACIBI0 HECKOIBKHIX
MTOKOJICHUH, KaK BEIyIIUX KOHCTPYKTOPOB, TaK U Py-
KOBOJUTENEH MPOU3BOJCTB U CAMOM OTpaCiu.

Omnpenemnsttouue 4eptol reHus A.H. Kpsinosa, o
KOTOPBIX MBI PAacCYXKIalIW B HalleM JOKJIaje, CTallu
CBOETO POJia ATAJIOHOM JIMYHOCTH, CIEJOBaTh KOTO-
poMYy SIBISIOCH HETJIACHBIM MPAaBUIIOM JUIsl TOU Tijie-
SITBI KOpaliecTpouTeseH, YIEHBIX U PYKOBOJUTEICH.
A ¢unocodus ero moaxona K ToMy, KakuM OBITH Cy-
JOCTPOEHUIO M MHXXEHEPHOMY TpPYIAy B LEJIOM, Kak
JIOJDKHA paboTaTh HayKa ISl OTPACIH, OIpeeiHia
OCHOBHBIC YEPTHI CTUJIS UX ACSITEIFHOCTH.

Ocoboro poma rocynapCTBEHHass OTBETCTBEH-
HOCTb — BOT, NOXalyH, TO JEHCTBUTEIBHO IVIABHOE
CBOMCTBO JMYHOCTH, KOTOPOE POJHHUT ATHU TOKOJE-
HUS PYKOBOAMTEJIEH CyAOCTPOCHHS, Ja M MHOTHX
JIpYTUX OTpaciedl MpOMBIIIIEHHOCTH C HAIlUM BeJU-
KUM TpEAIIeCTBEHHUKOM. 3Has ILeHy STOH OTBeT-
CTBEHHOCTH, 3TH PYKOBOJIUTEIU HHKOTHA HE 00s-
muck OpaTth e€ Ha cebs. CHCTEMHOCTh MBINIICHUS
KaK OTJIMYUTEIBHOEC CBOWCTBO TAaJAHTIMBOTO pOC-
CHUHCKOTO YIIpaBICHIIa W CIICHAINCTa, KOTOPOE IO
CUX TOp TpHu3HAETCA 3a pyOEKOM OTEUECTBEHHBIM
HOY-Xay», He TO3BOJIUIO 3TUM PYKOBOIUTEISAM OT-
JeNATh CyabOBI TOW MM WHON OTpaciIy OT X0Ja pas-
BUTHS BCEH CTpaHbl, KaKk Obl CIIOXKHO HE CKJIaJbIBa-
JIUCh TIOPOM WX OTHOIIEHHS ¢ rocyaapcTBoM. U 3a-
CTaBJISIJIO OTCTAaMBaTh CTPATETMUYECKU BEpHBIE pelie-
HHUSL TOPOM B HENETKOM MPOTUBOCTOSIHUKU C €ro
NpEeNCTaBUTENAMH, cllacasi U caMoO rocyaapcTtso. U,
HaKOHEII, CIOCOOHOCTH XUTh pabOTON — Ta ACHCTBU-
TENbHO YHHUKAaJbHO pyccKas 4epTa xapakrepa, KOTo-
pas He pa3 mO3BOJsUIA pemIaTh, Ka3ajaoch OBI, Hepe-
mraeMble 3a/1adu, ObUTa B TIOMTHOM Mepe mpucyIia Kak
CaMHM 3THM PYKOBOJAMTEINSM, TaK H BEIOMBIM HUMHU
KOJIJIEKTUBAM CYJOCTPOUTENECH WM TpeAcTaBUTENeH
JIPYTUX OTpaciiel MPOMBIIIIEHHOCTH.

MOXHO CMeNo YTBEP)KIaTh: B COCTaBE TeX py-
KOBOJIUTENEH, O KOTOPBIX 3/IeCh UIET pedb, Clydaii-
HBIX JIFOJICH mpakTHyecku He Obuto. U, mpexae Bcero,
CHOBa CHCTEMA COBETCKOT'O KOPaOIIECTPOUTEIEHOTO
oOpa3oBaHus, B (OPMHUPOBAHHH KOTOpOH AJeKcei
Hukomaesnu KpbumoB mpHHAN caMoe aKTHBHOE yda-
CTHE, YPOBEHb KBaNM(UKALIWH, €10 3aJTaBacMbIi, 3a-
JTAJTA TIPAKTUYCCKU Ha BEK BIEPEI TOT BBICOKHIH 3Ta-
JIOH YHHBEPCAIBHOTO TMpodeccrHoHanmn3Ma pOCCHii-
CKHX CYIOCTPOHWTENEH, U, B MEPBYIO OdUepenb, PyKo-
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BOJUTENEH OTpaciu, KOTOPBIA IO MpaBy OCTaeTCs
HaIICH YHUKATHHOW OCOOCHHOCTBIO M CETOJTHS.

B ycnoBusix akTHBHOrO pa3BUTHUS BOEHHO-
TEXHHUYECKOTO COTPYAHHUYECTBA B MOCICIHIE TOABI U
o0meHns ¢ 3apyOeKHBIMHU CIEIHATUCTAMH 3Ta 0CO-
OCHHOCTH HANIMX, K TpPHUMEPY, TUPEKTOPOB HE pa3
obHapyxuBana ce0s. 3HaHHWE INHPOKOTO CIEKTpa
HAyYHO-TEXHUUYECKHUX MPOOJIeM CYZOCTPOEHUS, KIIIOo-
YEBBIX MOMEHTOB TEXHOJOTHW OpraHU3aIliu HaIlero
MPOU3BOJICTBA, U B TO JK€ CaMO€ BPEMS CaMHUX TEXHO-
JIOTUH HE pa3 YIUBJUIA MHOTHX 3apyOCkKHBIX MapT-
HepoB. Ho Benb mpakTHYeCKH BCE HAIIM JUPEKTOpa
Mpexae ObUTH TIaBHBIMU WHXCHEPAMHU MPOU3BOJICTB.
U Takue WHXKEHEPHI, PSI U3 KOTOPBIX CTAIA aKaJIeMU-
KaMH, - 3TO IEHCTBUTEIBHO CYry0o poccuiickuii ¢e-
HOMEH, KOTODPBI M cerofHs oOecmedmBaeT OOIIyIO
OpraHU3aIUI0 POCCHICKOTO CYyIOCTPOCHHS Ha YPOBHE
MHUPOBBIX TpeOOBaHUII.

VimMeHHO 3Ta miesiga pyKOBOJHUTENICH (popMHPO-
BaJla y>K€ rOCyJapCTBEHHOE «IPABHUTENHCTBO CIleIHa-
JIUCTOBY, JIO3YHT O KOTOPOM, KaK Mbl 3aMETUJIU BHIIIIE,
OBbUT CTOJIb MOMYJISIPEH B rojsl «rmepectpoiiku». Ho,
1o KpaifHeil Mepe, B MOCIEIHUE COBETCKUE ECITHIIE-
THS OHO ¥ OBLIO TakuM. Hu B MUHUCTEpCKOE Kpeco,
oy B LIK: oTAen nmpoMBINIUIEHHOCTH WM JIH000# Ipy-
rol He momnajang 4egoBeK, HE MPOIIEAIIUN JO ITOro
IIKOJTy Ha OJHOM W3 PYKOBOIAIINX TOJDKHOCTEH Ha
MPEeNNpUsATHA B OTpacid. Tak peann30BHIBANach Ha
MpaKTHUKE TapajiuirMa «HHKEHEp KaK yIpaBICHEI»,
YTO MO3BOJIUJIO, U HUKTO HE CMOXKET CETOIHS C 3TUM
MOCTIOPHUTH, BBIBECTH B XX B. HAIlly CTPaHy B pa3psn
MHPOBBIX JCpPXKaB.

DTOT XK€ CTaHAApT JMYHOCTU U yIPaBICHUECKOM
JIeATeIbHOCTH PYKOBOAUTENICH HAIIeTo MPOU3BOJ-
CTBa, KOTOPBIM MBI BO MHOTOM OOsI3aHBI BBIIAIOMICHCS
nearenpHoctd A.H. Kpbuiosa, emé pa3 nokazan cBOkO
s¢dexkruBHOCTS B 1990-¢ TT. - mIepwoJ OdYepemTHOTO
COIMANIbHO-9’KOHOMHYECKOTO TiepeaomMa B Poccum.
MHorue u3 pyKOBOJUTENEH, KOTO B T€ TOIBI ITyOImd-
HO ¥ B IIpecce NMMEHOBAIH «KPACHBIMHU IHPEKTOPAMI»
U OOBHHSIIN B 3aperyJMpOBAHHOCTH IPABWJIAMH KO-
MaHJHON 3KOHOMHUKH, CTOMKO W YCHEIIHO MNPOULIH
4yepe3 KPU3UCHBIN MEPUOJ U CETOHS BEAyT CBOU KOJI-
JICKTUBBI WM, KaK MPUHITO TOBOPUTH TETEPh, GUPMBI
K HOBBIM pyOexkaM TOCTHKCHUIA.

B aTot xe mepuos gokazan CBOIO MPOTHOCTHYE-
CKYIO0 LIGHHOCTb W PSIJi MPUHIUMIIOB YIIPaBJIE€HUS HAy4-
HO-TIPOM3BOJICTBEHHON JAESATENbHOCTHIO, MPOBO3IJIA-
méunple A.H. KpputoBeim emé B 1930-¢ rr. Tax,
HaIlpuMep, COCAWHEHHE B €IUHOE, CHCTEMHOE IeI0e
TEXHHUKH, TEXHOJOTHH, OpraHW3aldd M SKOHOMHKH
CyIOCTPOHUTEIHFHOTO MPOU3BOJICTBA BBIBEIO 32 KOPOT-
KM [IepuoJl BPEMEHU LIENIbIN P NPEeaIpUITHI Cya0-
CTPOMTENBHON OTPACIN Ha JAOHKHBIA YPOBEHb KOHKY-
PEHTOCIIOCOOHOCTH B COOTBETCTBHM C MHUPOBBIMH
TpeOOBaHUSAMH.

CeroJiHsi MPUHATO TOBOPUTH 00 yIPaBICHUH KaK
(dakTope TMEepPBOCTEIICHHOW BAXXHOCTH JUIS JIFOOOM
YCHEIHO paboTamell 3KOHOMUYECKOW CHCTEMBL.
Bnpouem, cam Anekceii HukoiiaeBU4 M MOKOJEHUS
€ro mocleAoBaTele, 0 KOTOPBIX MBI CETOJHS TOBO-
pUM, HUKOTJA HE MOAXOIWIA K Pa3BUTHIO CBOHUX OT-
pacieil 3HaHUM U DPOU3BOACTBA, a TAK)KE BCEH CTpa-



HBI OAHOCTOPOHHE U yTHiIHUTapHO. [ToaTOMY MHPOBO3-
3pPEHUYECKUN BOMPOC O POJIU JIMYHOCTU B HCTOPHUH, O
TOM, KTO BO3[JIABHT Ty WJIU WHYK 00JacTh 3HAHUU
WM TIPOU3BOJICTBA, U CETOMHS HE TepseT CBOCH aKTy-
AITBHOCTH, €CIM MBI TOBOPUM 00 HCTOPHUU BBICOKO-
TEXHOJIOTMYHOrO pa3Butus Poccun. U sta ucropus
MIPOIOIKACTCS CETOTHS.

YueHUK J0JDKEH MPEB30HTH YUHUTENs] — TaKOBO
MIPaBUIIO JKU3HECHOCOOHOCTH Jtoboro obmectBa. Ce-
TOJIHSI TIOKOJICHHWE YYEHBIX M YIIPaBJICHLIEB, BOCIUTAH-
HBIX B TpaJulMu «IKoOJbl KpbuioBa», MOCTENEHHO
ocraBnser cBou mnoctel. Mwmena B.E. byrtowmsr,
N.C. benoycosa, IO.I'. [Jlepersanko, M.B. Eropoga,
B.I'. KapzoBa, A.M. Penpkuna, JLLA. Pe3yHoBa,
IT.A. Yepuosepxckoro, B.A. Umsips, B.H. Iy6pos-
ckoro, A.B. lBanoga, b.E. Knonorosa, B.C. Xapuro-
HoBa, B.®. babanuna, M.K. I'mo3mana, B.M. Myapo-
Ba, H.A. ®enopora, B.B. Boiirenikoro, B.W. Herano-
Ba, ILII. IlycreianeBa, B.H. ITanosa, H.II. CertoBa,
A.A. lllymepoa, E.M. IOxumna, B.E. IxHwuna,
10.®. fposa, C.M. basununa, KO.M. KonoBasnosna,
10.H. Kopmunununa, E.C. Kopcykosa, I.I'. CoxoioBa,
U.B. Topeiauna, H.H. HWcanuna, B.M. Ilamwuna,
B.I'. Ilemexonosa, C.H. Kosanesa, 1.J[. Cnacckoro, u
MHOTHX JPYTHUX HAIIUX BBIAAIONINXCS CYIOCTPOUTE-
JeH, KaK YIISAIINX, TaK U pabOTaIoNmNX CEromHsd, CO-
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CTaBIIIOT «30JI0TOW (DOHI» HCTOPHH CYAOCTPOCHUS U
MPOMBINUICHHOCTH Poccuu BTOpoi monoBuHEI XX B. U
Havaiga Beka XXl-ro. Kaxnaprii u3 HEHX, 0€3yCIOBHO,
MOJKET OBITh Ha3BaH, B TOW WIIM MHOM CTEIICHH ITOCIIe-
noBareneM Asnekcest Hukonaesuua Kpruiosa.

Ho cerogus moxxon k (OpMHPOBAHHIO YIIpaB-
JICHUS YKOHOMHUKOM M cTpaHo u3MmeHEéH. [Ipu sTtom
napajgurmMa «3KOHOMUCT KakK YIpaBJIEeHEeL» HE pa3 zie-
MOHCTpPHpPOBaja 3a MOCIEeIHNE TO/IbI CBOIO CIIOPHOCTh
ULl peanbHOU 3(G(GEKTUBHOCTH Pa3sBUTHS HAYKH U
npou3BojicTBa. CTaHET U HOBOE MOKOJEHUE POCCUIA-
CKHX KOPaOJIECTPOUTENICH U YIPABJICHIIEB BOCIIPUUM-
YUBO K CHUCTEMHOMY HACIEIUI0O CBOET0 BEJIUKOIO
MpEAIIeCTBEHHUKA, TTOKaXET BpeMsl. X0UeTcsl BEpUTh,
YTO CTPEMJICHHE K HAIIMOHAIBHOH TOPAOCTH C HE0O-
XOJIUMOCTBIO MIPUBEAET K TAKOMY PEHICHHIO. A BpeMs
— K NOSIBJIEHUIO HOBBIX UMEH B HayKE U UHKEHEPHOM
nene momodubix KpeuioBy. M Torma poccuiickue Cy-
JIOCTPOUTENH, UHXKEHEPHI U YUYEHBIE IPYTUX BBICOKO-
TEXHOJIOTHYHBIX OTpaciied MHAYCTpUuU HOBOM Poccun,
ONUpPasiCh Ha OTEYECTBEHHBIN OMBIT BEJIUKUX JOCTH-
JKEHUI W MEepPeloBOr0 pa3BHUTHSA, 00eCrevar HaydHO-
MIPOMBILIUIEHHBIA MPOrpecc He TOJBKO POJIHBIX OTpac-
Jiel, HO U BCeH CTpaHbl, CAMOCTOSTENbHOCTh U HE3a-
BUcUMOCTb Poccuu, e€ MOTryniecTBO U NpOLBETAHKE B
YyuCie BEAYIUX MUPOBBIX JIEPHKaB.



A.H. KPBLJIOB, H.E. )KYKOBCKHMH, C.A. YAILIBITHH —
TPU TUTTAHA, 3AJIOKUBIIUE ®YHIAMEHT
I'maAPOANHAMUKU U TEOPUU KOPABJIA

Kumkuna H.1O.

HUU mexanuxku MI'Y umenu M.B. JJomoHOCOBa

MockBa, MuuypuHckuii mp., a. 1
nemirovata@mail.ru

Anexceti Huxonaesuu Kpwinos - uzeecmuulii yuenwvitl, akademux (1916 2.), I'epoil coyuarucmuuecxkozo mpyoa
(1943 2.), kopabrecmpoumens, Mexanux u Mamemamux poousics 6 oepeste Bucsieu (nvine Kpoiioso, Iopeyxozo pationa

Yysauickoti pecnyonuxu 3/15 aszycma 1863 200a.

MHororpanHoit ObUTa €ro Hay4dHas OeITeIbHOCTh
— BBLAAIOIIEIicd MaTeMaTHK, MEXaHHK, (U3HK, acTpo-
HOM, HCTOPUK HAayKH, HEPEBOAUYHK C JIATHHCKOTO SI3bIKA
3HaMeHHUThIX «Havam» HeioTOHa, aBTOp MPEeBOCXOAHBIX
BOocTIoMHHaHUi. MupoByto u3BectHocTs A.H. Kpsiio-
By IPHUHECIH HayuyHbIe TPYAbl IO BOEHHO-MOPCKUM
HayKaM, CTaBIINE JIeJIOM BCEH €ro >KH3HU.

Coxpanunace obmmpnas nepenucka A.H. Kpsi-
goBa ¢ H.E. XKykoBckum u C.A. YannsIruHbeIM, Xpa-
Hawascs B Apxuse PAH.

Hawm oco6enno nenns! BociomuHanusa A.H. Kpbi-
JI0Ba O MHOTOJIETHHX IIIOJIOTBOPHBIX HAYUYHBIX CBSI3SX
¢ H.E. KyxoBckum u C.A. YanisITHHBIM.

C.A. YanmisIrMH paccKa3plBaeT O BCTpeYax C
A.H. KpsutoBeim y H.E. JKykoBckoro.

«5] muano nauo 3Haro A.H. KpeutoBa. bonee 30
JIET TOMY Hazaj s UMell yIOBOJbCTBUE BCTPETHTHCA C
HUM Yy HE3a0BEHHOTO YYHTENs MOEro, IOKOWHOTo
H.E. XXyxoBckoro. A.H. cpazy obOpaman Ha ceOst BHH-
MaHHE€ CBOEH IIHMPOKOW SpyIUlMell, CBOUM KUBBIM
YMOM M TIPOHHIATENBFHOCTBIO B HAy4YHBIX BOIPOCAX.
Kaknm oH ObIT TOr/a, TAKUM OCTaNICs U TIOHBIHE: TIepe-
ctyrmuB B cBou /0 jer, OH Tak e 0op, ero HayYHBIH
KPYTo30p CTaj, KOHEYHO, €Ille IINpEe, BCE TaK JKE CBEXK
€ro TBOPYECKHH TaJIaHT M TaK k€ OJECTSIN ero ocT-
pOyMHE U IIPOHUIATEILHOCTY.

AH. KpoutoB BcromuHaer — «S 3HaKoM ¢
H.E. XykoBckum c nexadpst 1889 roma ¢ oTkpbiTus
VIIl che3na ecTecTBOMCIBITATENICH W Bpayei, rie
H.E. XKyxoBckuii cheman noxnan «BupgonsmeHenue
Mmerona Kupxroda». B 1894 mwnm 1895 r. H.E. XKyxkos-
CKHI TO3HAKOMMJ MEHS - ciymaTesns TeXHHYecKoro
o01mecTBa BOGHHO-MOPCKOTO OT/ieNa ¢ onbitamMu OTTO
Jlunmuentans u B 1896 r. manm mopydyeHHe mMpu BU3UTE B
Bepmun npusestu ot O. Jlmmuenrtans ¢ororpaduu ero
nosietoB, yeprexu IwiaHepoB u ap. (O. Jlumuenrasnnb
moru6 B 1916 r.). C 1900 mo 1908 r. H.E. XXykoBckuii
HECKOIbKO pa3 mocetun OmbiToBbI Oacceiin B C.-
[erepOypre u MHTEpPECOBAJICS MCIBITAHUSAMU MOJENIEH
1 0COOEHHO CaMHX CyJIOBY.

H.E. XKyxosckuit nucan A.H. KpsutoBy: «f ny-
Maro Ha HECKOJbKO aHel npuexarts B [lerepOypr u no-
CMOTPETh Ha NPHCIOCOOJICHUS Ul KauykKd MoJeleid B
OnsITOBOM OaccerHe».
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A.H. KpbutoB BCIOMHHAET, YTO OH COJIEHCTBO-
Ban H.E. J)KykoBckOMy B MOXEpPTBOBaHHM KYILIOM
B.B. 3axapoBeim 2500 pyOneit Ha oOopynoBaHue
OoNBIION a’poAMHAMHYECKOH TpyObl W coOpaHue
«KaJpOB TAJAHTIMBONH M PEBHOCTHO MpEJaHHOW nery
MOJIOJIEKH, KOTOpasi COCTaBHJIa 3aTeM sJIpo pabOTHU-
koB [TAT U».

A.H. KpputoB ykassiBall, 4TO MHOTHE pPabOTHI
H.E. )KykoBckoro umenu HEMoCpeACTBEHHO MpaKTuye-
ckoe 3HaueHue, Ho H.E. XXykoBckuil He mareHTOBaI
paboTHI, IPENICTABIAS CBOM OTKPBITHS B 00IIEe MOJb-
30BaHUE, IPUYMHOasl Oylara Juis 4eJI0BEYECTBaA.

W3 meperuckun A.H. KpsuoBa ¢ H.E. XKykos-
CKHUM.

B nuceme ot 1 aBrycra 1908 r. H.E. XykoBckuit
coobmaer A.H. KpbuioBy, 4TO JaBHO MONYy4YHII WHTE-
pecnyto cratbio A.H. KprinoBa o kauke cy10B U 3auH-
TepecoBaJICs 3TOH 3aaayei.

«Ha mpeamnonaraeMoM Cbhbe3ie €CTECTBOUCIBITA-
Teneil U Bpaued B MockBe, Ha KOTOpBIM Hajaeemcs, U
Bl npuenere, s cooOILy CBOM Pe3yJIbTATHI».

5 mas 1911 r. H.E. XykoBckuii coobmaer
A.H. KpsuioBy «urto 2500 py6neit, npucnanasie Bamun
moryumi, BHec mo 1250 pyOneit MockoBckoMy yHH-
BepCUTETY U MOCKOBCKOMY TEXHMYECKOMY YUMIHIILY
Ha HY>KIIbI a3pOIMHAMUYECKUX JIabopaTopuil. ITO 1MO3-
BOJIUT 000PY/I0BaTh HHTEPECHBIE YCTAaHOBKI.

CoTpyIHHUYECTBO B 00JIACTH a’pOMHAMUKH TIPO-
JIOJDKAJIOCh W B mocienyromue roapl, Tak B 1916 r.
H.E. XyxkoBckuit 6marogaput A.H.Kpsiiosa 3a coneii-
CTBHE B INPHOOPETEHUH MOTOpa JJsl a’poJMHaMUYe-
ckoil Tpyost MTY.

B nost6pe 1915 r. H.E. XykoBckuii B nmucbme
A.H. KpbuioBy 65arogapur ero 3a IpHChIIKY IIEpeBosia
«Hagan HprotoHa». «BBI TOMOTHIIN 3TUM IMPOOEN B
PYCCKOH MaTeMaTHYECKOH JUTepaType, KOTOPbIM Tak
HEOOXOAMMO OBLIO MOMOJHHWTE. Ha CBOMX JEKIMAX S
Ternepb Oyly MOCTOSIHHO JienaTh yKazaHus Ha Bamn mne-
peBoa.

B 1917 r. H.E. )KykoBckuii coobmaer A.H. Kpsi-
JIOBy «O BapHalliOHHOM BHMHTE KaK pe3yJjbTaTe co-
3nanHoi H.E. JKykoBckuM BuxpeBoi Teopun rpeOHOTO
BUHTa. Bam oH OyJer, BeposATHO, MOJE3€H IJIsi MOp-
CKHX CyZIOB».



B nokmane x 40-nmeturo Hay4HOU AEATEIBHOCTH
H.E. XXyxosckoro A.H. KpsuioB ormeuaer: «B mpo-
nomkenue 40-nerust Bameii nesrensHoctn Ber obora-
THJIN BCE OT/ENBI TEOPETUUECKONH MeXaHWKH Bammmn
HCCIIEIOBAaHUSAMH, OCOOEHHO Ba)KHBI BAaIl TPYAbBI IO
THIPOJMHAMUKE, KacasCh MOPCKHX BOIIPOCOB — BBI-
roHOH (hopMe 0OBOJIOB CyIOB, TEOPHU CYIOBBIX IIBH-
raTeneil, kKadaHuu Kopabmueil. Bel qenumuch He TONBKO
C MPEICTaBUTENIIMH YHCTON HAYKH, HO U C MpaKTHYe-
CKHUMHU JeaTeNsaMu. Bamy uccnenoBanus NpuMeHSIOTCS
IIpU pacdeTax JeTaTeNbHBIX allapaToB U Ul BOCHHO-
MOPCKOT0 [Jie]la, B YaCTHOCTHU, U3JI0KEHHE TEOPHH HKU-
POCKOIOB».

C 1921 r. ITo 1927 r. A.H. KpsutoB 6611 KOMaH-
nupoBad AH CCCP B 3anaiHO-€BpONENCKUE CTpaHbI
npeacrasurenieM COBETCKOrO MPaBUTEIBCTBA B Pa3HbIE
MEXIyHApOAHBIE KOMHCCHH, O YeM CBHICTCIBCTBYET
JOKYMEHT — yJJOCTOBEPEHHUE Ha KUTEJIBCTBO, BBIIAHHOE
«BOEHHOMY MOPsKY KpbuioBy».

Ilens KOMaHAUPOBKH — BO30OHOBIICHNE HAY4HBIX
CBszel ¢ 3apyOEKHBIMH YYEHBIMHM M HAayYHBIMH yupe-
xnennsmu. Axanemuk A.®. Uodde, komanauposan-
HBIH 3a rpaHuiy oaHoBpeMeHHO ¢ A.H. KpbsuioBeiM
mucan. «A.H. KpbeuioB Obul Ha TOJIOBY BBIIE BCEX
OCTaJIbHBIX YYaCTHHUKOB ... OH 3HaJl KaXIblH THUN KO-
paliis 1 Bce ero MOpexo/JHbIe CBOWCTBA, OH MPEIBUIEI
BCE, UTO MOXKET JaTh KaKIbIH KOpadis. ... Takoro riry-
OOKOI'0 3HATOKA, TAKUX CIIOCOOHOCTEN SI B )KU3HM €lle
HE BCTpeYall M HE MOBEPHI OBI, UTO 3TO BO3MOXKHOY.
3HaHHME MHOTMX HWHOCTPAHHBIX SI3BIKOB IT03BOJIMIIO
A.H. KpbuioBy ycmemHo pemars pa3sHOCTOPOHHHE
npoOJieMbl - O0LIMe MaTeMaTHYeCKUe OCHOBaHHS IS
MIPOEKTUPOBAHUS IPUOOPOB YIPaBICHUSI OTHEM 3€HUT-
HOM, MPOTUBOAIPOINIAHHON apTUIJIEpUH, a TaKXe TOA-
TOTOBUTH 3aMUCKy 10 PYKOBOJCTBY H3yuU€HHs OIBbITa
BOMHBI.

B 1933-1935 r. Bemmio IlomHoe cobpanue Tpy-
noB C.A. Yamsruaa B m3gannu AH CCCP, I-11-111
toma nog peaakuueit A.H. Kprinosa.

A.H. KpbutoB npencraBisieT OeTaJbHbBII aHAIN3
kaxxgoro toma. B npenuciaosun A.H. KppuioB ormerun
«tpynsl C.A.YanbirnHa 0XBaThIBalOT MHOTHE 00J1aCTH
MEXaHUKHU U MPHKJIATHON MaTeMaTHKH. IO ONpeeIIeH-
HOCTH M Ba)XHOCTH IOCTaBJIEHHBIX BOIPOCOB, M3AIIe-
CTBY M OOLIHOCTH HOBBIX METOJIOB, IPUMEHEHHBIX IS
UX pEIIeHUs], OTUETIUBONH 3aKOHUYEHHOCTH pe3yJIbTa-
TOB, TPYZAb! SBJIAIOTCS KIACCUYECKUMHU U COCTaBISIOT
YKpalleHue pycCKON MaTeMaTH4eCKON TUTepaTyphl».

A.H. KpsioB taxke orMmedaer, uto Obmereope-
tuueckass rpynna [AI'M, xoropyro BoO3riaBiseT
C.A. Yarutelrus, sBIseTCS MOJTMHHBIM [EHTPOM pas-
BHUTHUSI COBETCKOW MEXaHHUKHU. TeopeTndeckas OesTeib-
HocTh LIAT'M BeIpaxkeHa modtu B Kaknod u3 Bammx
pa6ot. OHM COCTABJISAIOT IENYH0 OHOIHOTEKY IO a’po-
nuHamuke u aBuanuu. C.A. YarubIrH 1o cBoeMy Ta-
JIAHTY KaK MaTeMaTHK CBOMMH paboTaMu JlaBai perie-
HUE TPYyJIHEHUIINX, HO CaMOM >KM3HBIO NOCTaBIEHHBIX
3aj1a4y aBualyy.

A.H. Kpbl0B npH peJaKTUPOBAHUU MIOJIHOTO CO-
Opanms coumnenuii C.A. YamipIrmHa OTMEYall, 9TO
C.A. YanueIriH B 0071aCTH a3pOIMHAMUKH U THIPOIH-
HaMuKkd - npsmoit HaciegHuk H.E. JKykoBckoro «pa-
60tsl YarutbiruHa u JKyKOBCKOTO TIPHOOpETH BCEMUP-
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HYI0 M3BECTHOCTH, M XOTSl X CBS3BIBAIOT C MMEHEM
Kyrra, no nounny camoro JKyKkoBckoro, o HUX He 3a-
MaJTYUBAIOT, Aa U TPYOHO 3aMOJYaTh, KOTAa MOXKHO
cka3atk, uto Bce 191000 arporiaHoB, AeHCTBOBaBIINX
10 CBUACTENBCTBY CTaTC-CEKpeTaps aMEepHUKAaHCKOTO
BO3IYIIHOTO (pJI0Ta B MHPOBYIO BOIHY, JeTaqd Ha
KpBUIBbSIX, (opMa, MPOoGHIIb U pacdeT KOTOPhIX ObUIN
naHel YarieruHBIM». 3/1ech OTBJICUCHHAs Hayka (ma
Ka3ajoch Obl) B OTBJIEYEHHEUIIEH CBOEH 4acTH — TE€O-
pur (QYHKIMA MHHMOTO TEPEMEHHOTO — BIUIOTHYIO
MOJIONIUIA K TEXHHKE.

A.H. KpbU10B 0TMEHaeT, YTo MOCTPOWIIN TUTaHT-
CKHE TAapoXOJbl C TypOMHAMH W Be3/€ IOAIINITHUKA
Murtuens, Ho aHu C.A. Yambsirun 1 H.E JKykoBckuit B
1904 r. maBas pemieHHE «IFOOOMBITHON THIPOAHMHAMHU-
YeCKOW 3a7ad, W He MOMBIIULUIA O TOM Kakoe Tpo-
MaJHOE TPAKTUIECKOE 3HAUCHHE MOXKET IMONyJUTh MX
YICTO MaTeMaTHYECKOE MCCIIEeI0BaHNE. JTO €CTh OANH
n3  OECUMCICHHBIX  IPUMEPOB,  I[OKa3bIBAIOIIMX,
HACKOJIBKO HEO0XOAWMO JOJDKHOE €IWHEHHE OTBIIe-
YCHHOW HAYKH U MPAKTHYCCKOU TEXHUKHY.

A.H. Kpsinos o C.A. Yamsiruse.

«Bce pabdotel C.A. YarubiriHa MOXXHO CUUTATh
KJIACCHYCCKUMH — [0 HUM MOKHO M HYXXHO YYUTHCH ...
MupossiM aBTOpuTeToM siBisercs C.A. Yamnbsirus».
Coxpanunacek 3anncka A.H. KpsuroBa 1928 1. o BBI-
nemwxeann C.A.YarmuisirnHa B AEHCTBUTEIBHBIE WIEHBI
Otnenennst Texamdeckux Hayk AH CCCP, Bmepswie
opranuzoBanHoe (B 1928 r.), rae untaem — 1 kanauma-
Typy C.A. YamelrnHa, MpU3HaBas €ro BBIJAIONTUECS
JIOCTOMHCTBA KaK MaTeMaThKa, HO BMecTe C TeM U
TBOPIIA U PYKOBOAUTEIIS B 00JIACTH TEXHUKU, OOCYAUTH
B KOMHCCUU HayK TeXHUUYeckuX. Jlanee cnenyer aHamu3
yuensix TpynoB C.A. Yamnbirmna (33 Ha3BaHus 3a
1894-1924), xapakTepu3yeMble KKPaTKOCTBIO U SICHO-
CTBIO M3JIOXKEHMS, BCETJla BHOCALINE YTO- JHOO Cyle-
CTBEHHOE HOBOE B HAyKy».

21-22 mas 1936 r. B AT Ha xoH(DepeHIun 1o
BOJIHOBOMY COIIPOTHBIICHHIO BCTPEYAIOTCS B COCTaBE
Oprxomureta A.H. KpsuoB, C.A. Yamsirus,
A.N. Hekpacos, M.B. Kenppim, JI.I. Cenos.

Temarrka koH(EpEeHIHMH — TeopeTHuYecKas TI'H[-
pOOMHAMUKA, THIpPOaBHALlUA U CYAOCTPOEHHE.
A.H. Kpbuio ormeruin, uro poknansl M.B. Kengprima
n JLU. Ceposa, monoasix corpynnukoB LAI'U, mo
TEOPUU BOJIHOBOTO COINPOTHBIICHHUS «3HAYUTEIHLHO
OTIepEeXKaIOT yPOBEHb MHUPOBOH HAYKH TOT'O BPEMEHH».

Iozxe, B 1953 r. M.B. Kennpmm, npexncraBmss
JILU. CenoBa B pencrBurensHble wieHsl AH CCCP,
ormetun «tocie kKoHauHsl A.H. Kpsiosa, JL.U. CenoB
ABNSICTCS OECCIOpPHO Hambonee KPYMHBIM YYEHBIM
Hame CTpaHbl B 00JacTH THAPOJWHAMHUKHU TSDKEIOU
JKUJIKOCTH U TEOPUH CYIOCTPOCHISI».

A.H. KppuioB MHOTO BHUMaHHS yJeJsUl MPEMo-
JIaBaTeNILCKOM JESATEeNbHOCTH U OpraHU3aliK yueOHOTro
nporecca.

Kacasice  mpernojaBaTenbCKOW — IESITEIBHOCTH
C.A. Yambiruna, A.H. KpbuioB oTMETHI CTWIIB €ro
mperofaBanus, kak uaean. OH mucan Yamisiruay «Ber
CaMH YHTAId MHOTHE KYPCHl MEXaHWKH, SBIISIS TIPHIMeE-
PBI TOTO, KaKOB JOJDKEH OBITh KypC MEXaHUKH! WIIH JIFO-
00ro MaTeMaTHYECKOTO MPEIMETa B BBHICIIEM YIeOHOM
3aBeJICHUH WM YHUBEpCUTETE. DTOT Kypc HOJDKEH CO-



€IMHATh KPaTKOCTh, BPa3yMUTEIbHOCTh W MOJHOTY
W3JIOKEHHs IpeaMeTa, 0e3 3arpoMOXKICHUS M3ITUIIHH-
MU JeTajsiMu. V350)XeHue 0JDKHO OBITH CTpOroe, HO
OHO HE JIOJDKHO YTOMIISTH CBOCIO YUCTO (PHUIOCOPCKOMH
riryousor. H.E. JKykoBckuii cymen maTe HEmpeB30ii-
JICHHBIC 00pa3Ibl TAKOTO M3IOKEHU. Bl cymenu cie-
JIOBaTh II0 CTOIIAM CBOETO HE3a0BEHHOT'O YUUTEIIS».

C.A. Yamieirul B 100uieiHo# peun k 70-1eTHio
A.H. KpbutoBa oTmedaet, 4To «IeHTpaIbHOE MECTO B
uccienoBanusx A.H. KpbuioBa 3aHuMaroT ero paboTsl
10 TEOpUH Kopaldiisi, 3aBOEBABIINE €My MHUPOBYIO W3-
BECTHOCTh, a Tak ke A.H. KpbUioB co3man Bo3MOX-
HOCTb CTPOTO MaTEMaTH4eCKOro ydeTa HeoOXOIUMBIX
YCIIOBUH MTPOYHOCTH NPU HPOEKTHPOBAHUU KOpaliisi U
MIPOCKTUPOBAHUE OBIJIO TOCTaBJICHO Ha TBEPAYyIO Oa-
3y...».

«Jlexmun A.H. KppuioBa o mpuOIMKEHHBIX BEI-
YHCIEHUAX IOKAa3bIBAIOT MPHMEHUMBIE MPAaKTHYECKHE
IPUEMbl M CHOCOOBI BBIYMCICHUA. M3yduBiIHE 3Ty
kaury A.H. KpbutoBa, MokeT BIIOJIHE OBJAAETh U3IIO-
JKeHHbIMU B Hell mpuemamm». Akagemuk A.Il. Kanuma
O BBICTYIJICHUAX C.A. Yamsirnaa 3aMETUJ1, YTO «KHU-
KOMY B IOCJIEJCTBUHM HE YJAJIOCh TaK €MKO M KpaTKo

OXapaKTepu3oBaTh  Bce  00JAacCTH  JAEATEIBHOCTH
A.H. Kpslnosa».
Caoro MIPETO1aBaTENbCKY IO JESATEIbHOCTD

A.H. Kpsuto Hagan 1900 r. B Mopckoii akagemun ¢
yTeHus1 Kypca mud(epeHInaTbHOr0 U HHTETPATFHOTO
WCYHCIICHUS. DTH JISKIIUH TOT/Ia ke ObLTH JUTOTpadu-
pPOBaHbI U B IOCIEICTBUU COCTaBWJIM JBa (pyHIaMeH-
TanbHBIX ToMa. Kak ormeuaer C.A. YammbIruH «iIek-
UM Ha KOTOPBIX YYHIIUCh HECKOJBKO MOKOJICHUIH Ma-
TEeMaTuKoB, (pu3nkoB U nMHxeHepoB. Cpenu ciymiare-
neit Obn Oynyne yuensie — H.M. KpbutoB — akane-
Muk AH VYkpaunsl u C.II. TumomieHko — y4eHBIH ¢
MHPOBOH M3BECTHOCTHION.

C 1912 r. A.H KpsoB yuran kypc no audde-
PEeHIMATIBHEIM ypaBHEHHSAM MaTeMaTHUeCKON (QH3NKH
(n3manme 1913 1., nepemsmanne 1933 r.) Ilo moBomy
toif kauru C.A. Yammsirme mucai: «$ He 3HaI0 pyKo-
BOJICTBA, JIydYIl€ OCBEIIAIONIETO pa3HOOOpa3zHeHIe
IIPUEMbl WHTErPUPOBAHMS YPaBHEHUH, HILIIOCTPHPO-
BaHHBIX PUEMaMH, B3SITBIMU U3 PabOT IPYTUX YYCHBIX
u u3 crareit camoro KpsuioBa».
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B nauvane 900-x romoB A.H. KpbuioB B CBsi3U C
pasBuTHeM B PoccuM TpakIaHCKOTO CYJOCTPOSHHMS
COCTaBMII JIOKJIAJl O HEOOXOJMMOCTH M TOPSIIKE MOAT0-
TOBKM KOpaOENbHBIX WHXEHEpOB. OTa HMHHUIHAATHBA
A.H. KprutoBa cmocodcTBoBana OTKpeITHIO B llerep-
Oypre Ilomurexauaeckoro MHCTHTYTA ¢ KOpabiecTpo-
UTEIBHBIM OTAEIEHHEM, NPEOOPa30BAHHBIM IO3IKE B
Kopab6nectpourensusiii UHCTUTYT.

Haxanyne Boitabl — 14 utons 1941 r. A.H. Kpsi-
JIOB BBICTYIIHJI C JIOKJIa/IoM Ha 3acenanuu [Ipesnanyma
AHCCP o nonroroBke crenuanuctoB: «lIpexae dem
MPUCTYNUTH K MPEJMETY MOETO COOOLICHMUS, I ClIeNIat0
HeOoJIbIIIoe BBEJCHUE, OTHOCSIIEECS K NPUMEHEHHUIO
MaTeMaTUKH JJIsl PEIICHHs NMPAKTHYECKUX BOIIPOCOBY.
Hukakas mkosia He MOXET JaTh TOTOBOTO MHXKEHEDA,
PYKOBOAMTENS II€Xa MIIM CAMOCTOSITETIBHOTO KOHCTPYK-
TOpa, HO OHa 00s3aHa JaTh OCHOBHBIC MO3HAHMSA, OC-
HOBHBIE TPHHIWIEI, HEKOTOPHIE OCHOBHBIE HABBIKH U
KpOME 3HaHHMS, €Ile M YMEHUE IpWIaraTb 3HaHHUA K
JCy... U TOorjJa OH HEC BOAJACT B PYTHHY U ... CTAHCT
WH)KEHEPOM - PYKOBOJHTENEM MPOMU3BOJICTBA MM HC-
TUHHBIM KOHCTPYKTOPOM — HOBATOPOM B CBOEM JIEJIE.

9tot Bompoc AH CCCP mnocuurana: «lmero-
mKUM ollee 3HaUYCHHE M 3aCily’>KHMBAIOIIUM 0cO00TO
BHUMAaHUS».

5 cenrs6ps 1944 r. B nepuon Bemukoit Oreue-
ctBeHHOM BoiiHbl A.H. KpbuioBy — wieny bpuranckoro
oOmecTBa WHXXEHEPOB KOpaOIleCTpoUTeNel OBLT TO-
HECEH JUIUIOM Ha 3BaHHWE MOYECTHOTO wWieHa AHIIIHNH-
CKOT0 00IIIecTBa KOPaOEIbHBIX apPXUTEKTOPOB «3a BIIU-
SIHUSL €r0 UJIed Ha Pa3BUTHE MUPOBOW TEXHUKHY.

B otBerHoM cioBe A.H. Kpbuio ckazan: «48 ner
TOMy Hazaj, B Bo3pacte 33 JieT, s ObUT H30paH 4JICHOM
9TOr0 3HAMEHUTOro odmiecTBa. 48 yeT — Malblid mpo-
MEXYTOK BPEMEHHM B JKH3HHM TOCYJapcTBa, HO 3TO
0OJIBIIION POMEXXYTOK XHM3HU YEJIOBEKA M eIlle ropas-
Jio Oojple B pa3BUTHN HayKH M TEXHHWKH. bpurtanckoe
00I11eCTBO MH)KEHEPOB KopadiecTpouTeeii Meno no-
JIE3HOE BIMSHHE HA IPOEKTUPOBAaHHE bpuTaHckoro
¢10Ta, MOCTYKUBIIETO OOpa3aMu I IPYTUX MHPO-
BBIX ()JIOTOB.

Mbl ¢ NOJHOW YBEPEHHOCTBIO YYyBCTBYEM, 4YTO
OKOHYaTeNbHas Mmobefa — YHHUTOXKEHHE LapcTBa IH-
KOCTH U THpaHuu [ utiepa OyzieT 3a HaMu».
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Abstract
It is noted constructional features of VPP. It is illustrated the principle of its operation. It is given information
about advantages of VPP over fixed pitch propeller (FPP) and information about their design. On the base of research
results obtained by authors it is demonstrated advantages of using of VPP on the tug and on the hydrofoil.

The special feature of VPP consists in movable
blade connection in the hub and contrary to FPP the
VVP’s blades are in the working place on the hub at
the expense of actions of hydrodynamics, inertia (in
general case of elastic) moments relatively to any axes
in the hub. Changing the balance of these moments in
right direction causes the displacements of blades on
the hub and as a result changing hydrodynamics char-
acteristics of VPP in such way that it allows to use ef-
fectively the full main engine power in intermediate
regimes ensuring its operation at these modes optimal-
ly, for instance, from point of view of minimization of
specific fuel consumption.

The same results can be obtained by the using of
much more expensive and complicated propeller con-
struction — control pitch propeller (CPP) but for the
moving of its blades it is necessary to have force hy-
draulic driven, which is also expensive and complicat-
ed device requiring special servicing during its opera-
tion. Besides that the replacing of FPP for CPP in ships
is connected with considerable expenditure and with
taking heavy work with shaft line. Moreover the avail-
ability of hydraulic driven blades is always connected
with environmental threat due to the oil leakage in me-
dium. Analysis obtained in a due time had shown that
VPP is approximately in 1.5 times more expensive than
FPP. This analysis was done more than thirty years ago
and related to the level prices of that period.

Nowadays it has been offered several construc-
tions of such propellers [1]. However the practical im-
plementation for the full-scale marine objects was real-
ized in the scheme with moving blades in propeller disc
(see fig. 1). By that time it had already been created
three full-scale propellers of such scheme for the dif-
ferent purpose ships and they had been successfully
tested. Let’s explain the principle of operation of pro-
peller of this type.

As it has been above-mentioned the blade places
of such propeller at the high speed of rotation are de-
fined by action of hydrodynamics, centrifugal restored
moments and in general cases by elastic ones relatively
to point A in propeller disc. Research results have
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shown that relative displacement of blade in direction
to opposite its rotation together with propeller corre-
sponds increasing the moments due to centrifugal force
M1 and decreasing of moments due to hydrodynamic
forces M2.

Figure 1 - Mine sweeper (A) and hydrofoil (B) are
equipped with VPP

When deflection of blade is opposite the picture
is reversed. So at the VPP operation in flow the posi-
tion of blades is defined by equality of actions of oppo-
site moments. The elastic moments are out of consider-
ation in this case. At this case the hydrodynamics char-
acteristics are changed (fig. 3) as far as mentioned dis-
placements (relatively to point A not coincided with
propeller axe) lead to changing of geometrical propel-
ler characteristics. This very important VPP quality



allows in some cases to use them instead of CPP, au-
tomatically providing the most optimum load of the
main engine in intermediate operation mode and corre-
lation of the engine operation with propeller in services
without force driven only at expense of the hydrody-
namics, inertia and in general cases elastic forces.

B
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Figure 2 - Scheme, explaining VPP’ operation
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Figure 3 - Hydrodynamics characteristics of VPP at
fixed blades on the hub (y = 10°, 0, —10°). Dashed line
corresponds to “free” blades on the hub.

Specific constructional connection of blades re-
sulting in moveable them on the hub makes us to take
into consideration some additional requirements at
their designing. The full containment of them is placed
in [1] and is a result of analysis of equations describing
the moving of VPP blades on the hub in relative dis-
placements. We need to note, in particularity, that from
this analysis it was obtained analytical expression,
which had to be taken into account at the designing of
VPP. For the case of propeller with blades moving in
propeller disc it looks like:

> 8K poP
ZC =2_—_
7 dVp,,

Zc =Z(/;a=%;\7:%3

where - relative coordinate center of gravity, distance
between axe of blade rotation A on the hub and axe of
propeller and relative volume of blade with butt end; R
- VPP radius; p and pM - water density and density of
blade material; KAQ - hydrodynamics moment coeffi-
cient relative to axe A (see. Fig. 3).

The correct choice, in particular, listed above-
mentioned parameters allow to realize one of general
advantages of VPP over FPP. It consist of the fact that
its hydrodynamics characteristics may be optimum
ones for some modes of ship moving. Actually FPP
designed as optimally propeller for the full ahead speed
in calm water at normal displacement of ship (curve 1

)
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in fig. 4), does not allow to realize reserves in improv-
ing its propulsion in intermediate mode of running, in
particular, at mode which corresponds to economical
velocity.
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Figure 4 - Characteristics of diesel of ship

There are two reasons of that. First FPP designed
above mentioned manner for intermediate economical
velocity may change its mode of operation, for instant,
at non quadratic dependence on velocity law of ship
resistance or because of additional resistance arising,
for example, with rolling and by so doing deflect from
optimally mode which corresponds to full ahead speed,
which is used for designing. At the same time the de-
signed FPP for the intermediate (economical) velocity
(curve 2 in fig. 4) may not provide effective consump-
tion of full power because of this is no correlation of
propeller to the main engine of ship and as result the
maximum ship velocity will decrease. Second, the pro-
peller characteristic corresponding to optimum propel-
ler designed for full ahead velocity is close to cubic
parable and in many cases it does not allow realize
main engine minimum consumption of fuel. Along
with this preliminary valuations and analyze show that
deleting these reasons off in some cases allows to pro-
vide considerable saving of fuel (up to 5%) in interme-
diate modes including economical velocity of ship.
Analyze is also showing the possibility of obtaining of
this savings particularly by taking into account using of
VPP (curve 3 in fig. 4). Its specific feature as it has
been mentioned before is automatic control of moving
blades in depending on mode of operation of propeller
only due to action hydrodynamic, inertia and elastic
forces (without force driven) on blades. It may open
perspective of developing of propellers, which are in
excess of efficiency of FPP in intermediate modes of
operation. In its turn these modes in many cases are
mostly used during in process of ship services. To
above said it should be added that improvement in effi-
ciency of developing power even in part of percent
assists in increasing energy design index and may be
the main factor for obtaining order of building the ship
from the future ship-owner [3].

Along with this above-mentioned requirements
made more complication of the process of VPP design.



This complication consists in the taking into account
some another requirements besides (1). It is necessary
to take under consideration as mass characteristics of
blades themself as mass characteristics of butt end of
blades. As a rule these characteristics are unknown at
the beginning of design and in its turn they considera-
bly influence on blade geometric. This complication
leads to situation when development of VPP is needed
to be done in a par with constructional works using
step by step method based on approximate stages. In
fig. 5 there is approximate scheme of such methodolo-
gy. To be said it should be added that design calcula-
tion is kept with lifting surface theory. As to hydrody-
namics calculation it should be conducted with apply-
ing of modern programs based on RANS methods.
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CODITION
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Figure 5 - Scheme of VPP designing

This methodology was used for developing all
VPP for the ships and marine objects of different ser-
vices. Some of full-scale results of them are partially
contained in [1, 2]. Analysis of these results and expe-
rience of the VPP developing have shown that their
applying is useful on all types of ships. It is explained
by fact that during service ship its resistance is con-
stantly changing by virtue of influence on her different
factors: becoming overgrown hull, rough sea, wind and
other reasons. In its turn it causes the deflection of
mode of propeller operation from design value and as
result of decreasing of it’s efficiency as long as to pro-
vide optimum of VPP operation is possible only for the
designing mode in tested conditions. In other cases its
operation strictly to say can’t be considered as most
effective if to tell about engine loading and keeping it
at design mode together.

Along with this the maximum efficiency with us-
ing of VPP may be gained in the case when there is
considerable deflection of propeller operation mode
from design one. The obtained valuations of different
type of ship propulsion have supported to be said
above.

Fig. 6 illustrates calculation results of power con-
sumption P of main engine of ship and her pulling
characteristics Te at the mooring mode versus of the
output rotation frequency of this engine.

This ship is a tug of cabotage sailing and
equipped with FPP designed for full ahead speed with
about 12 knots. From these results it is seen that at
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small velocities the main engine of a ship is able to
develop only approximately 1300 kWt without over-
loading and to develop pulling at the stopping regime
about 150 kN.

1
1300

110
n, mn~l 5]

Figure 6 - Power and pulling characteristics of
ship at mooring mode
Notes are related to:

This result is connected with fact that FPP is de-
signed for full ahead speed (about 12 knots) at close
stopping velocity (V~0) is hydro dynamically heavy
one (curves 1 in fig. 6). As matter of valuation the us-
ing VPP instead of FPP allows (due to automatic shifts
of blades) hydro dynamically unload propeller, to in-
crease its rotation and to use, in so doing, full power of
main engine (curve 2 in fig. 6). In its turn the using of
full power at small velocity of moving (about 2 knots)
leads to the increasing of pulling characteristics (com-
pare curves Te corresponding to VPP and FPP in fig. 7)
and to the improving its ice propulsion which is about
10 % higher.
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Figure 7 - Dependence of rotation output shaft line of
engine n, power P and pulling of propeller Te
Notes are related to:

FPP
VPP

Another example is shown in fig. 8 and is related
to hydrofoil. As known process of coming hydrofoil up
on wing is accompanied with increasing of the re-
sistance of moving and as a result it leads to considera-
ble deflection of mode propeller operation from design
value corresponding to full ahead ship. This deflection
in the case of FPP may does not provide necessity re-



serve of pulling in mentioned process (curve 1 in fig.
8). In the case of designing propeller for overcoming of
“hump” resistance leads to decreasing of full velocity
(curve 2 in fig. 8). At the same time VPP due to shift-
ing of its blades on the hub allows to provide the max-
imum velocity of hydrofoil (the same one as with FPP)
and successful overcome the “hump” resistance with
necessity reserve of power as well (curve 3 in fig. 8).
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Figure 8 - Pulling characteristics of hydrofoil,
equipped with different propellers
Notes are related to:

FPP, designed to get maximum velocity

overcoming “hump” of resistance

—  — — VPP

FPP, designed to get required reserve
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Nowadays evaluating of the developing of VPP
for different service ships with results of full scale tests
it is necessary to note that the accumulated experience
of creation of such propeller should be extended in
direction of developing and improving of methodology
of their design and in the direction of developing them
to applying for the ships sailing in different service
conditions as well. Mentioned note is one of the direc-
tions in building of effective ships in the conditions of
normalizing them with energy efficiency according to
introducing modern IMO rules.
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ABSTRACT

The velocity potential of a transient source of arbitrary strength and in arbitrary three-dimensional motion is de-
rived. The initially quiescent fluid of infinite depth is assumed to be inviscid, incompressible and homogeneous. Upper
surface is covered by a thin layer of elastic material of uniform density with the lateral stress. The linearized initial
boundary-value problem is formulated within the framework of potential flow and the Laplace transform technique is
employed to obtain the solution. As a sample application, the potential of a time-harmonic source with forward speed is
obtained from the transient source. The principal physical features of the wave motion for large time in far field are
determined by using the method of stationary phase. The problems of radiation (surge, sway and heave) of the flexural-
gravity waves by a submerged sphere advancing at constant forward speed are investigated. Method of multipole ex-
pansions is used. Numerical results are obtained for the hydrodynamic load: wave-making resistance and lift, added
mass and damping coefficients.

Introduction Position of a source and its strength at time t >0
It is well known that knowledge of the velocity . ey _
potential due to fundamental singularities submerged in are given by &(t) =(¢(t),7(t), ¢ (1)) and (1),
water with free surface permits the investigation of where {'(t) <0 and u(t)=0at t<0.
water wave generation by the body which is either par- The motion in the fluid can be described by a ve-

tially immersed or completely submerged in water as-
suming linear theory [1]. In the same way it is possible L . .
to determine the wave motion in more complicated @ satisfies in the fluid domain

case when the upper boundary of the fluid presents an AD = u(t)o(X _Jj(t)), 1)
elastic cover. Wave motion due to fundamental line
and point singularities with time-dependent strength
submerged in water with an elastic cover and an iner-

locity potential @(X,t) (t >0). In the linear theory,

where A denotes the three-dimensional Laplace opera-
tor, O is the Dirac delta-function.

tial surface was investigated previously [2-5]. Basical- If W(X,Y,t) denotes the small vertical displace-

ly, two kinds of unsteadiness were considered: instan- ment of the upper surface below its equilibrium posi-

taneous or time-harmonic singularities. tion, then the linearized kinematic and dynamic condi-
In this paper, the velocity potential of a transient tions at the upper surface (z = 0) are given by

source of arbitrary strength and in arbitrary three- oW/ ot =od | 9z

dimensional motion is derived, wherein a thin elastic '

plate of infinite extent is assumed to cover the surface DASW+QA,w+ Ma*w/at* + )

of water. This potential is fundamental to the analysis
of various types of body motion under the influence of
waves. where

+p0® /ot +gpw =0,

D =Eh}/[12(1-v*)], M =ph,
M athematical Formulation

—_ 02 2 2 2.
Consider a fixed, rectangular coordinate system A, = d”/ox"+d"lay; p
O—xyz where (Xy)-plane coincides with the un- is the density of the fluid; g is the acceleration of
disturbed upper surface of water, and the positive gravity; E,v, p,, h are the Young's modulus, the

Z -axis points upwards. The initially quiescent fluid

of infinite depth is assumed to be inviscid, incom- Poisson's ratio, the density and the thickness of the

oressible and homogeneous. Upper surface is cov- plate, respectively. Moreover, since the disturbance

. . . . must vanish at infinity, it is required that
ered by a thin layer of elastic material of uniform . ]
density with the lateral stress. The motion in the flu- lim,, V®=0, lim,, V®&=0 (t20). (3

id is generated due to a point mass-source of time- h R? = (x— E(1)) + (Vv —71())2. The initial
dependent strength which starts operating at time W er.e. (x=g(0)" +(y—n())". The _ initia
conditionsat Z =0 are:

t=0. The linearized initial-boundary-value prob-
lem is formulated within the framework of potential O=w=0w/dt=0 (t=0). 4)
flow. There are some particular cases of this problem.

If the elastic parameter D is made zero, but

25



Q=-T (T >0), then the plate-covered surface re-
duces to the flexible membrane. If in addition also sur-
face density of plate M =0, then upper boundary of
fluid becomes the free surface with surface tension and
T is the coefficient of surface tension. AsD =Q =0,

the plate-covered surface reduces to the inertial surface
which represents the effect of a thin uniform distribu-
tion of non-interacting floating matter, for example,

broken ice. If addition to this also M =0, then upper

boundary of fluid becomes the usual free surface.

The initial-value-problem (1)-(4) is solved by
standard method. The solution of this problem can be
written as

Q=u(t)(1/r-1/1,)+9¢, ®)
where

2 =R*+(z—n(t))? r7 =R*+(z+7n(t))’.

In order to obtain the formal solution for the har-
monic function @(X,t), it is convenient to introduce a

combination of the Laplace transform with respect to t
and the Fourier transform with respect to spatial varia-
bles X and Y. The formal integral expression for the

function ¢()? t) can be written as
$=2p I u() I o ) o TR

sm(a)(k)(t—r))dkdz',

where

(k) = Jk(Dk* —QK? +gp) / (p+ MK), (1)

J,, is the zeroth-order Bessel function of the first
kind. If D=Q=M =0, the solution (6) is con-

sistent with the velocity potential for clean free surface
and coincides with the result [1, Eq. (13.49].

Eq. (7) is known as the dispersion relation. It is
known that there is a limitation on the compressive

force Q. The condition Q <Q, = 2\/% provides
steadiness of the floating elastic plate [6]. In the pre-
sent analysis, it is assumed also that Q <Q, <Q.,
where Q, is defined by the condition of the positive
group velocity C,(k)=da/dk for all wave num-
bers K = 0. The method of determination Q,was giv-
en for a fluid of finite depth [7]. The value Q, and
associated K, are found from the conditions
¢, (k) =dc, (k,) / dk = 0. For deep water, the val-
ue K, is determined as the positive root of the poly-
Dk; (8Mk, +15p) —3gp* =0 and the

value Q, is equal to

nomial
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= [Dk{ (4MK, +5p) + ]/ [k (2MK, +3p)].
At M =0, the values k, and Q, are determined
explicitly k,(D/gp)"* =5"* = 0.669,

Q,/+/9pD =+/20/3=~1.491.

All considered cases of upper cover are divided
into two groups. For elastic cover, flexible membrane

and surface tension, both the phase C, (k) = @/kand
group velocities C; (k) have minimal values, denoted
by U;=c (ki) and U, =c,(k,), respectively.
Here K, is correspond to the wave number at which
dc, (k;)/dk =0,and analogously k, <K is

defined by the expression dc; (k) / dk = 0. For iner-

tial surface and clean free surface, both the phase and
group velocities are the monotone functions.

Velocity Potential Of Translating

And Oscillating Sour ce

The velocity potential (5) can be applied for dif-
ferent particular cases of source motion. One of the
most interesting case presents a source of oscillating
strength, starting to oscillate at t =0 and moving with
constant velocity U in the direction OX. The potential
of a time- harmonic source with forward speed is ob-
tained from the transient source by specifying the ap-
propriate source strength and its motion

H(t) = g4, cosot, S(t) =&, +ut,
ne)=m, {t)=7p.

Furthermore, a coordinate system moving with
velocity U in direction OX (X = X—ut) is used. The

location of the translating source is fixed in this mov-
ing system and the velocity potential (5) can be written
as

d(X,y,z,t) =4, coso”c[l—ijﬂp(f, Y, Z,t),
n n

where
72t

¢ = 4[ jcosa(t f)jF(k ¥)X
cos(k cos (X + ur))sm(a)(k)r)dkd 7dy,

F(k,y):—ﬂopw(k) e (*¢) cos(KY sin ),
z(p+kM)

X=x-&, Y=y-n,,
and the range of the ¥ - integration is reduced in the

®)

quadrant [0, /2].Using the function-product rela-

tions for sine and cosine, Eq (8) becomes
2t

¢ = HjF(k y)Zsm‘I’ dkdzdy,  (9)

where



Y, (k,7,t) =[w(k) + o]t k(X +u7)cos y—ot,
¥, ,(k,7,t) =[@(k) —o]r £k(X +uT)cos y+ot.

The principal physical features of the wave mo-
tion in far field can be determined by the asymptotic
analysis of double integral for K and 7 in (9) using the
method of stationary phase. An especially important
role is played by the critical (stationary) points at
which

¥ k=¥ [37=0 (n=1,..,4).

The fulfillment of these equations permits to de-
termine the wave numbers and the direction of propa-
gation for the waves in far field.

The function ¥, has no critical (stationary)
points in the integration range [0, 7z / 2]. The function
W, has no more than 2 critical points. The equation

w(k)+o-kU =0 (U =ucosy) (10
has two roots denoted by k{ and k{® with
k® <k u>U, (o) =c,(k;)and

0< y <y where the wave number k; satisfies the

only if

equation ke, (k)— (k) =0 and 7, =cos™(U,/u).
It follows from the dispersion relation (7) that
k, > k,and U, —»U, at o —0. If the conditions
mentioned above do not hold, the function ‘¥, has no

the critical points. The values K" (i =1,2) are de-
fined as the positive roots of the polynomial
Dk® —(Q + MU?)k® —U (pU — 206 M )k? +
(pg+2poU —c’M)k — po® =0
satisfying Eq. (10). The wave motions corresponding
ki propagate upstream (X >0) or downstream

(11)

(X <0) depending on the sign of the difference
Cg(kz(i))—U.The function ¥, has always only one

critical point. The equation
w(k)+o+kU =0 (12)

has one zero K, for any ye[0,7/2].The value
k3 is defined as the positive root of the polynomial (11)

satisfying Eqg. (12). The wave motion corresponding
the wave number k3 propagate always downstream.

The function ‘¥, has no more than 3 critical points.

The equation
w(k)—o-kU =0

has always one root kf) and two additional roots
kP kP only  at

U, <U <U,. The functions U,(c)and U,(c)are

(13)
o<o.=w(k,)-k,U, and

determined as follows: U, =c; (ky), U, = C, (k3).
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Here the values k, <k  <k; are the roots of the
equation

(k) —ke, (k) =0 (14)

It follows from the dispersion relation (7) that

k; >0, k; >k, and U, —>e, U, U, at

o —0, but k;,k;%kg and U, ,U; ->U, at

O —>0 .If for given o<o the velocity

u>U, (o), three roots exist for ¥, < ¥ < ¥,, how-

ever if U,(0)<u<U,(o)then three roots exist

only for 0< y <y, where ¥,, =cos™(U,,/u). The

values k(" (j =1,2,3) are determined as the positive
roots of the polynomial
Dk® — (Q+MU?)k®-U (pU +20M)K* +
(pg-2poU —c°M)k—po® =0
satisfying Eq. (13). The wave motions corresponding
the wave numbers ki” propagate upstream if
Cq (k{”)—U >0 and downstream otherwise.

The basic properties of the flexural-gravity
waves generated by oscillating pressure moving over
ice plate were investigated for 2D and 3D problems
and the fluid of finite depth [7-9]. In this paper, the-
se results are presented in more simple form for deep
water.

For inertial surface (D =Q =0), the function
¥, has only one critical point, because Eq. (10) has
one zero K,for any ye[0,7/2]. The value K, is

always greater than K. For '¥,, there are two critical

points for certain values of yonly at 0 <./gpo/M.
Eq. (13) has two rootsk{” and k{” with k" < k¥ at
U<U'= Cq (k;) where Kk is the root of Eq. (14).
The value k: is defined as the positive root of the pol-
ynomial
M?(pg—o’M)k®+ pM (pg —30°M)K?* +
0.25p%*(pg —120*M)k — p°c? =0
satisfying Eq. (14). For u <U ", both kf) and kiz)
exist for ye [0, 7/ 2]. However, when u>U", k("
and K? exist only for y>cos™(U " /u). For usual
free surface (D =Q =M =0), we have well known
result: k, =40° /g, U =0.25g/0.

The foregoing analysis is necessary, in particular,
for the solution of wave radiation problem of a sub-
merged body with forward speed.



Radiation By A Submerged Sphere

At Forward Speed

Consider the problem of a submerged sphere of
radius a advancing at constant forward speed U.The
centre of  the sphere is located at
X =Yy =0,z=-h(h>0).We also define a spheri-
cal coordinate system (r,8, 5) with the origin fixed
at the position of centre of the sphere:
X =rsin@dcos S, y=rsin@sin 5, z=rcosé-h.

The total potential @ may be expanded as

d(X,y,z,t)=u[@(X,y,2)-X]+
Re| 31,9, (%.y. ) expiot) |

where 5 is the steady potential due to unit forward
speed; ¢; (j =1,2,3) are radiation potentials corre-
sponding to three degree of freedom oscillations of the
body (surge, sway and heave) with the angular fre-
quency O and 77; are corresponding motion ampli-
tudes. Notice that the three-dimensional body in the
general case can oscillate with six degree of freedom,
but evidently, the rotation of a sphere about its centre

does not disturb the fluid.
The boundary conditions at the upper surface of

the fluid (z=0) are determined from Eq. (2). The

boundary conditions on the body surface S or
r=aare

0¢ /on=n,,d¢; /on =

=ion;+um; (j=12,3),
(nl’nZ’nS) (nx’ y’nz)’
(my,m,,my) =~(f-V)V(¢ —x).

Here fi is the inward normal of the body surface.
The radiation condition assumes that only those out-

going wave with group velocity larger than forward
speed can be found in far front of the body.

(15)

where

Method Of Multipoles

We write the steady potential ¢ (X,Y,Z)
terms of the following multipole expansion method
[10] based on the Legendre functions P."

n

5222”\1{ — P"(cos §) cosm3 +

0 m=0

n+1 m (16)

a
S A cos mydkd
2w(n— m)'-” YRR

where
Ak, ») =k"exp[k(z—h+i(xcos y+ ysin »))],
T,(k, ) =Z,(k, ) +2pu’k cos® ¥,

Z,(k,7)=Dk* —Qk* —u’k cos’ y(p+ MK) + pg.
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The multipole expansion for the radiation poten-
tial @;(X,Y,2) has the form

¢, = ZZA { — P"(cos 6) cosm/3 +

n=0 m=0

o n n+l
+ B”[a P"(cos@)sinmp +

n=0 m=0 " rn+1
an+lim T T2
+— — Acosmydkdy |+
27z(n—m)!_-[[£[22 ydkdy
a.n+1im
A —= A sin mydkd
27(n— m)'-” FEET | an

where
T,(k.7) =Z,(k,»)+2p(c—ukcos ),

Z,(k,7) =k(Dk" -Qk* + pg) —
(o —uk cos 7)* (p + MK).
The integration routes L, and L, in (16) and (17)

are from zero to infinity. There are the singularities in
the integrand of these equations. The paths at the sin-
gularities are determined by the radiation condition.
The properties of wave motion in the far field are de-
termined above.

By applying the conditions on the body surface
(15) and using orthogonality relations for associated
Legendre functions, we obtain the infinite systems
of linear algebraic equations for unknown coeffi-

cients A", A", B"[10]. These systems can be
solved numerically by truncating theirs to N xN
systems and increasing N until the solution con-
verges to the required degree of accuracy. Once the
solutions for A™, A", B™ are found, the hydrody-

namic load may be determined by integrating the
pressure obtained from the Bernoulli equation over
the body S. The steady load acting on the translat-

ing sphere is determined by the force
F =(F,F,,F,), where
1 _ _
F.=—=pu?|V(g-x)V(¢—x)n.
j =5 AU j (@-0V@-onds o
(1=123),

while the moment about the centre sphere is appar-
ently zero. As consequence of the symmetry of the
sphere, we have also F,=0. The radiation load is

equal to
— A2 H —
Tij =0 uij IO'ﬂ,Ij =

~p|liog, +uv($ -x)Vgnds, ¥

where 4, and A,

coefficients, respectively.

are the added mass and damping



Numerical Results

Numerical calculations are performed for the fol-
lowing input data:
E=5-10°Pa, p =1025kg / m®, p, =922.5kg / m?,
v=0.3,a=10m.

Fig. 1(a) shows the minimal values of the phase
velocity U, and the group velocity U, asa function

of the lateral stress at the different ice thicknesses
h =0.5,1,2m. The critical frequency o is presented
in Fig. 1(b).

Both U . and U, increase with the ice thickness

and decrease with the lateral stress. The reverse is true
for the critical frequency.

Notice that the real ice lateral stress is small
(see, for example, [11]) and can be used Q = 0. How-
ever, the lateral stress may be important for the artifi-
cial floating platforms. It is known that the solutions
of the hydroelastic problem for the sea ice and very
large floating structures in many cases are similar
[12].

Fig. 2 shows the variation of U; (j=1,2,3)

with o for the case of the ice cover.

/VEa

¢
o

if-_}/ ga U

h,=0.5m

in

2m

0.1
-1s -1 05 0 05 1

1.5
O/\peDh

Figure 1 - The influence of the lateral stress
at the different ice thicknesses. (a) The minimal values
of the phase (solid lines) and group (dashed lines)
velocities, (b) the critical frequency. The values
at M =Q =0 are shown by symbols.

The curves U, U,, U, divide the (cU) - plane
into four regions G, (N=1,...,4). There are all six
waves in far field for values o and U from the region
G, k¥ ki k,, kP kP k.

waves for  the

There are four

regions G, and G;:

29

kz(l) , kéz) Ky, kf) and K, kf) , kf) , kf’) , respective-

ly. There are only two waves for the
G, :k,, k®.

region

20
m
Ui (F)

-
0 0.1 0.2 0.3 0.4
G (1/5)

Figure 2 - Dependence of U (j =1,2,3) on the fre-
quency (h, =0.5m, Q =0).

Numerical results for broken ice are presented in
Fig. 3. There are four waves for the region

G, :K,, K, kY k{?. only two waves k,, K, exist for
the region G,.

The results for hydrodynamic load are obtained
by taking N =5. Further increasing N has been
found not be affect the first four figures after the deci-
mal point.

Fig. 4 gives the resistance coefficients and lift co-
efficients of a sphere submerged at h = 2a under usual
free surface and broken ice.

0.25
ou”

015

0.1

"o’
Figure 3 - The influence of the frequency on the non-

dimensional parameter oU " / g in the case of broken
ice at the different ice thicknesses h, =0.5,1,2m.

The coefficients are defined from (18) as
R=-F /(npga®) and L=F,/(zpa®u?). The results
for the wave resistance in the case of usual free surface
are compared with the tabular values [13], which are
shown by open circles in Fig. 4(a). Good agreement is
found. In Fig. 4(b), the horizontal arrows indicate the
values of the lift for two Ilimiting cases:
U—0(L=0.01198) and u — « (L =-0.01147).

The first case corresponds to the rigid lid on the
upper boundary of water, whereas the second case cor-
responds to weightless fluid. The solutions of the
steady problem at these cases can be easy obtained by
multipole expansion method.



— free surface
hroken ice

Figure 4 - The influence of forward speed on the steady
hydrodynamic load for the free surface and broken ice
at the different ice thicknesses.

(a) Wave resistance, (b) lift.

Fig. 4 shows that the maximal values of wave
resistance and lift take place for the sphere moving
under the free surface. For broken ice the extremal
values of the hydrodynamic load decrease with in-
creasing the ice thickness but the qualitative behavior
of the hydrodynamic load does not change. It is seen
that the lift tends to value for the rigid lid, when the
velocity of the sphere tends to zero.

The hydrodynamic load for the sphere moving
under the solid ice-cover with the thickness
h =0.5m is shown in Fig. 5. Both the wave re-

sistance and the lift attain discontinuities at the criti-
cal velocity u=U,.

At u<U,, the wave resistance is equal to zero
but the lift increases sharply with u. At u>U,, the

wave resistance increases at substantial stretching of
the ice cover. At u >U ¢, the wave resistance increas-

es at substantial stretching of the ice cover. In Fig. 5(b)
the horizontal arrows indicate the values of the lift for
two limiting cases: u— 0 and u —  as in Fig. 4.
The lift coefficients tend to the value for rigid lid at
U — 0 and to value for weightless fluid at U — oo
regardless of the lateral stress.

Figs. 6, 7 give respectively the added mass and
damping coefficients for a sphere submerged at h = 2a
under usual free surface and broken ice. The results are
obtained with using (19) and have been non-
dimensionalized as

They correspond to u/@=0.4. The results

for usual free surface are compared with tabular values
which are given in [13] and shown by open circles in

Figs. 6, 7. The results for 7, are omitted here, because
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at low forward speed we have 7; =—7; (i # ]) (see
for more details [13]).

0.2 “

R

015r

0.1

0.05

0 > 1 5 3
1/lfga
Figure 5 - The influence of forward speed
on the steady hydrodynamic load for the solid ice-
cover at the different lateral stresses: h = 0.5m.

(a) Wave resistance, (b) lift.

Hij = 1 I (mpa’), Ay =4 | (mpa’c).

Some coefficients of the radiation load vary
sharply in the vicinity of the critical frequency, which
is at ga/g ~0.3906 for usual free surface. As shown

in Fig. 3, the critical frequency decreases with increas-

ing of the ice thickness for broken ice:
o’al g ~0.34603,0,31456, 27118 at h,=0.512m,
respectively.

The effect of the ice cover on the non-

dimensional added mass and damping coefficients is
shown in Figures 6 and 7, respectively. The radiation

load is calculated at u/./ag = 0.4 for different lat-
eral stresses and the ice thicknesses:
Q=0, h,=0512m and h, =1m,

Q/+/pgD =-0.5,0.5.

For comparison, the values of the radiation load
for a sphere submerged under the rigid lid are shown
by the crosses in Figs. 8(a-c), 9(d). In this special case,
non-zero values have only the diagonal coefficients

1y (J=12,3) and Ay =—Ay. We can see

from Figs. 8, 9 that the values 4, f5,, 55 for the
solid ice-cover and the approximation of rigid lid are



very closely. But for the value ﬂm it is realized only at

relatively thick ice-cover with h, =2m.

—_ _fnl’.cf 3ur_.|':Eme
broker ice h =
-} S

- Imr
- v

9.8 1 IIT Ll-l
clalg
Figure 6 - The added mass coefficients of a submerged
sphere for the free surface and broken ice

(u/ Jag =0.4).

(a) Surge, (b) sway, (c) heave, (d) surge-heave.

It should be noted, that the radiation force in the
case of an ice sheet is smaller than that in the case of
broken ice at low forward speed. The value of forward

speed u/.,/ag =0.4 is less than the minimal group

velocity of the flexural-gravity waves for all considered
cases in Figs. 8, 9 (cf. Fig. 1(a)). Consequently, the

waves in far field are correspond to only the region G,

in Fig. 2. At large forward speed, however, these fre-
quencies take place and correspond to the boundaries

of the regions G, (N=1,2,3,4) inFig. 2.
At more high forward speed, u/.,/ag =1, the

added mass and damping coefficients are shown in
Figs. 10, 11, respectively. The radiation force is calcu-
lated for different ice thicknesses and lateral stresses as
well as in Figs. 8, 9.

As distinct from u/,/ag = 0.4, now the value of
forward speed is greater than the minimal group veloci-

ty for two casess h =05m,Q=0 and

h =1Im, Q//pgD =0.5. In these cases, some
components of the radiation force change sharply at
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those frequencies which are close to the boundaries of
the regions G; and G, in Fig. 2. As well as in the

case of low forward speed, the values of the diagonal
added mass coefficients for an ice sheet and a rigid lid
are very closely for all considered parameters. But for

the value of the damping coefficientA,, similar
agreement is realized only at relatively thick ice-cover
with h, =2m.

= i

i1
U]
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Figure 7 - The damping coefficients of a submerged
sphere for the free surface and broken (u/./ag = 0.4).

(a) Surge, (b) sway, (c) heave, (d) surge-heave.

Conclusions

The velocity potential of unsteady mass source
has been derived for inviscid, incompressible and
homogeneous fluid. The upper surface of the fluid is
covered by a thin layer of elastic material of uniform
density with the lateral stress. The potential for a
source of arbitrary strength, starting from the rest
and moving in an arbitrary path in deep water is de-
rived first by solving an initial, boundary-value
problem using Laplace and Fourier transforms. The
result is similar in form to the transient source in a
fluid with clean free surface. It is possible to obtain
other sources of interest by starting with the transi-
ent source. It is trivial to derive sources with unit-
step or delta-function strength. These sources are
commonly used in time-domain calculations of body
motions. For frequency-domain calculations, oscil-
lating sources with and without forward speed are
used.
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Figure 8 - The added mass coefficients of a submerged
sphere for the solid ice-cover with (u /\/E =0.4).
(a) Surge, (b) sway, (c) heave, (d) surge-heave.
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Figure9 - The damping coefficients of a submerged
sphere for the ice-cover (u/./ag =0.4). (a) Surge, (b)
sway, (c) heave, (d) surge-heave.
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As an example, the potential of a time-harmonic
source with forward speed is obtained from the transi-
ent source by specifying the appropriate source
strength and its motion. In order to obtain the principal
physical features of the wave motion in far field, the
asymptotic analysis is adopted using the method of



stationary phase. The multipole expansion method is
applied to the wave radiation problem of submerged
sphere with forward speed. Numerical results are ob-
tained for the wave resistance, lift, added-mass and
damping coefficients. It is shown that the hydrodynam-
ic load acting on the submerged sphere significantly
depends on its translating speed and the angular fre-
quency as well as the thickness ice and the lateral
stress. This solution may be appropriable benchmark
for the numerical methods which will be designed for a
body of an arbitrary shape.
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Pedepar
AHnanusupyemcs onvlm NPUMEHEHUs. UCKYCCMBEHHOU KABUMAayuy 05l CHUMICEHUS. CONPOMUBTEHUS U NOBbILUEHUS.
aghpexmugHocmu dsudsxxcumenell Ha cydax omeuvecmeeHHoz2o groma. Ilpugodames OanHvie 0 Cyoax, HA KOMOPLIX UC-
NONb3YeMmcst NOAOHCUMETbHYLIL IPHEKm UCKYCCMEEHHOU KasUMayuu.

KiroueBrle cioBa: KaBUTALUs, KaBepHA, ABIKUTEIH, COIPOTHBIICHNE, aBJICHNE, BHOPALIUS.

BHCpBI)IC MBICJIb O BOBMOXXHOCTHU BO3HUKHOBCHUS
KaBuTaluu Obula BbIcKazaHa JleoHapaom Diinepom,
kotopeiii B «Histoire de I’Academie royale des
sciences et belle Retres T10 Berlin 1756» mucan: «Ec-
JU CIYYUTCS, YTO B KAaKOM-HHUOYAb MecTe TpyOBI 3Ta
BenuuruHa (abCOJMIOTHOE [aBJICHHE) CTAHET OTPHIlA-
TEJNBHOM, TO BOJA JOJDKHA OyNET OTHENUTHCS OT CTCH-
KH, B pe3ylbTaTe 4Yero o0pasyercs IyCTOTa; STOTrO
Heo0XoauMO M30eraTb BCEMH MepaMH, TaK Kak Jei-
CTBUTENBHOE SIBICHNE OyIeT COBEPIICHHO OTIMYATHCS
oT Teoperrueckoro» [7]. OQHaKko MpaKTHYECKH C ITUM
SIBIICHHEM BIIEPBBIE CTOJKHYJIHCh HEe B TpyOax, a Ha
jonactsix rpeOHbIx BUHTOB. B konie XIX Beka B npo-
Lecce JKCIUTyaTallid CyAOB OOHapyKWIJIOCh, YTO HPHU
CKOPOCTSIX X0/1a, OJIN3KKX K TIOJHOM, YBEIMUYCHUE YKC-
J1a 000pOTOB TPEOHBIX BUHTOB HE TOJIBKO HE MPHUBOJIUT
K POCTY CKOPOCTH, HO ¥ BBI3BIBACT B PSJIC CIy4acB €e
CHIDKCHHE.

[To-BuamMoMmy, mepBoe COOOIIEHHE, B KOTOPOM
9TO SIBIICHHWE CBS3BIBAOCH C MAJCHUEM NABJICHUS Ha
JIOMACTAX JI0 TIOJTHOTO BaKyyMa, AatupoBaHo 1873 r. u
mpunuckiBaeTcsi 00braHO Peitnonpacy [7]. B 1894 r.
AHOMAaJIHOE WM3MCHEHHE XapakTepUCTUK BHHTOB
HaOMIOaIOCh M TIIATEIBHO OOCIENOBAJIOCH HA aH-
TJIMACKOM MHHOHOCIE «/I3pHHI» U OMBITHOM KOpaoOiie
«TypOuHHUSA», OCHAIIEHHOM HapoOTYpPOMHHOW YCTaHOB-
koi. Iporecchbl, KOTOPhIC MPOUCXOIMIN HA JIOMACTSIX
rpeOHBIX BUHTOB 3THX KOpabiel, mo mHuImMaruse B.
Opyna ObUTH Ha3BaHBI «KaBUTanuei». JlampHeimas
SBOITIOIUS CYJOCTPOCHUS MPHUBETA K YBEITUICHUIO CKO-
pocteil Xoma CyIoB, B pe3yjibTaTe Yero KaBUTAIHS
TpeOHBIX BUHTOB YaCTO CTaja HEM30eKHOMH.

OnBIT 3KCIUTyaTallud HATYPHBIX KaBUTHPYIOIIUX
BHHTOB TIOKa3aJl, YTO Jake MpH paboTe Ha pexnuMax,
KOTJla HE TPOUCXOAUT KaTaCTpOo(hUIECKOro MaaeHus
3¢)¢)CKTI/IBHOCTI/I BUHTOB, KaBHUTallUsA SBJISICTCSA HCTOY-
HUKOM YCWJICHHOHW BHOpAIMU U IIyMa, a TAKKE MOXKET
MIPUBOJUTE K paspylICHUIO JIOMACTEH, JeNarolemMy
SKCIUTyaTalii0 BUHTOB Ha THX PEKUMAaX HEIOMYCTH-
Moil. Bckope OBLIO yCTaHOBIEHO, YTO pa3pyIICHHE
JomacTeld, Ha3BaHHOE KaBUTAIIMOHHOW 3PO3HEH, CBs3a-

34

HO C 3aMBbIKaHHUEM KaBEepH Ha MX IMOBEPXHOCTHU. B cBsi3u
C 9TUM BO3HHUKJIA UJes CO3JaTh /Il CKOPOCTHBIX CYZOB
KOHCTPYKIIMIO BUHTOB, pa0OTaIONIUX B PEXKUME Pa3BU-
TOM KaBUTAallUM, KOTJla KaBEpHBI 3aMBIKAIOTCS 3a Ipe-
JieflaM{ JIOTIacTel ¥ HE MOTYT OBITh MCTOYHHUKOM HX
paspyuenus. [Ipu 3TOM O4eBHAHO, YTO KOHCTPYKIIHS
TaKUX BHHTOB JJOJDKHA 0OECIeYMBaTh UM JOCTAaTOYHO
BbICOKHI KO3 duiment monesnoro aevicteus (KIIMI).
BriepBele MBICTB O CO3MaHUM 3TUX BHHTOB OBbIIa BBI-
ckazana B 1939 r. B.JIL Tlo3aioHWHBIM, KOTOPBIH
Ha3Ball UX «CyMNepKaBUTHpYyomumMm». Mnes, npunsrTas
CHELHaTICTAMU Ha TEPBHIX MOpax HEOJHO3HAYHO, MO-
TpeOoBana i ee peaqu3allii CO3JaHHusS TEOpUHU pas-
BUTHIX KAaBUTALMOHHBIX TEUCHUH, a TaKKe METOHOB
pacyera ruIpoIMHAMUYECKHX XapaKTePUCTHK IPeOHBIX
BUHTOB, JIOIACTH KOTOPBIX paboTalOT B pEKUME Pa3BH-
TOI KaBUTAIWH.

B cBs3u ¢ atum ¢ Hadana 40-X IT. UCTEKIIETO
cToNeTusl MyONHKyeTcss OONbIIOe YUCIO padoT, MO-
CBAIIIIGHHBIX TEOPETHYECKUM METOJaM pacuera cy-
MEePKAaBUTUPYIOMNX TPOoQmIed. ITH METOIBl IpHUMe-
HHUTEIBHO K IUIOCKMM KaBHTAI[MOHHBIM TEUYEHUsIM Oa-
3UPOBANNCH KaK Ha pa3paboTaHHBIX paHee PEeIICHUIX
TEOPUH CTPYH UACAIBHOU )KUIKOCTH, aBTOPAMU KOTO-
peix B Poccun asnsamuce H.E. XKykosckuit, C.A. Ya-
mieiriH, M.A. JlaBpentbeB u JI.U. CenoB, Tak u Ha
HOBBIX peuieHusix. B wactnocru, B 1944 r. JI.JI. Do-
pocoM Obla IpeIo’KeHa cXeMa IIIOCKOTO KaBUTallH-
OHHOT'O TEYCHHUs C OOPaTHOHM CTPYHKOH, ITydIne oTpa-
Karomas QGusnueckywo kapruny ssinenus [8, 10, 15,
26, 31].

PesymnbraTsl paboT HMO3BONMIM MEPEUTH K CO3Ja-
HUIO TEOPUU U METO/I0B THAPOIUHAMUYIECKOTO pacyera
CYNEpKaBUTUPYIOIMX IpeOHbIX BUHTOB. Ha nepBom
aTamne B 3THX MeToaax [15] yduThIBanoch TONBKO H3-
MEHEHHE TUIPOJIMHAMUYECKUX XapaKTEPUCTUK MTPOdH-
neid, oOpasyromMx JIONacTb, U HE NPUHUMAAaCh BO
BHUMaHHE 3arpy3Ka THAPaBIMYECKOTO CEYCHHUS BHUHTA
3a CUET TEJICCHOCTH KaBepH, GOPMHUPYIOUINXCS Ha JIO-
macTsax. ITO HE TMO3BOJIIIO 00ECIICUUTh yJOBIETBOPH-
TEJIFHOTO COTJIACOBAHMS PE3YJIBTATOB pacyeTra C 3KCIe-



PUMCHTOM. YUeT BJIHSHHUS TEICCHOCTH, B YaCTHOCTH,
MOKa3aJl HEOOXOMUMOCTh TIPU TPOCKTUPOBAHUH Tpel-
HBIX BUHTOB JOOHMBATHCS MHUHAMHU3AIMH TOJIIIMHBI Ka-
BEpH, MpPEXIE BCEro, 3a CUET CMEMICHHS MaKCHMalb-
HOW TONIIUHBI IPOGHU-TIeH, POPMHUPYIOMIHNX JIOMACTb, K
BBIXOIAIIEH KpomKe [17].

Ha ocHoBe »TMX MeTOMOB OBUIHM pa3padOTaHbBI
CepHH CyNepKaBUTHPYIOMINUX I'PeOHBIX BUHTOB C KIIH-
HOBBIMH TPOQUISIMH, 00JAAIOMINX BBICOKMM 3Haue-
HueM KIIJI Ha pacuetHOM pexume. OnHako Inpu
MPAKTUYECKOM MPOCKTHPOBAHUM BO3HHKJIA CIICAYIO-
mas npodiema. CynepkaBUTHPYOIIUE TPEOHBIC BUH-
THI Yallle BCEro MPHUMEHSIOTCS Ha CyJaX ¢ IWHAMUYE-
CKHMH TPUHIUTIAMH TOANEpKaHusA. 1 3TuX cymoB
XapaKTepHO HAJIMYHE TaK HA3BIBAeMOTO ropba cormpo-
THUBIICHUS, KOTOPBIA JTOJDKEH IPEOJ0JICBATHCS B IMPO-
mecce pasrora cygHa. OgHaKO IpU CKOPOCTSIX, COOT-
BETCTBYIOIIMUX TOpOy CONMPOTHUBIEHUS, CYNEpPKaBUTH-
pyroinue rpeOHbIe BUHTHI OOBIYHO 00JIaJar0T HU3KOU
3G (PEKTUBHOCTBIO, UYTO BBIHY)XXJA€T MPOEKTAHTOB
CyllHa YCTaHABJIIMBATh Ha HEM paad MPCOJOJCHUS
ropba JBHUraTeib MOBBIINICHHONH MOIHOCTH, KOTOpas
HE HCIOJB3YETCS HA OCHOBHOM PacyeT-HOM PEKUME.
YuuTeBass HEOCTATKH MOJOOHOTO PEIIEHUs, MOWCK
MyTed BBIXOJA W3 ITOTO TOJOXKCHHS OCTaeTCS aKTy-
AJBHBIM U B HACTOSIIIEE BPEMSI.

PasBepTriBanme paboT B 06JIaCTH Pa3BUTOI KaBH-
TaMH OBUIO CBS3aHO HE TOJBKO C HEOOXOIUMOCTBIO
co3nauus d()(HEeKTUBHBIX IBIDKATEIEH OBICTPOXOIHBIX
CYIOB, HO M C BBIIBHBIIMMCS B IPOIIECCE PACUECTOB U
9KCIEPUMEHTOB ()aKTOM: B HEKOTODPBIX YCIOBHUSX KO-
3¢ GUIHEHT COMPOTHBIICHHS TEJI, 00TEKACMBIX C Pa3BH-
TOW KaBHTAIHMEH, MOXKET OBITh MEHBIIE aHAJIOIMYHOIO
KOX(ppUIMEHTa A TEN, OOTEKaeMBbIX OC30TPHIBHO.
30T (haKT SBUIICS MOBOJOM JUIS UCIIOJIh30BAHUS KaBU-
TaIU KaK CPEJICTBA CHWKCHHUS COMPOTHBICHHS. Mmes
CBOJIMJIACH K TOMY, YTO €CJIH B JXKHUIKOCTh ITOMECTHTH
HEKOTOpOE TENO — KaBHTATOP, 32 KOTOPEIM (OPMHUPY-
eTcs KaBepHa OONBIIOro 0o0BeMa, TOe MOXKET OBITh
pa3MeIIeHo HHTepecyrollee Hac TeJIO0, TO CONPOTUBIIC-
HHE KOMIUIEKCA «KAaBUTaTOp — TeEJ0» MOXeT OBITh
MeEHbIIIE, YeM COIPOTUBJIICHHE 3TOTO TeNa, 00TeKaeMo-
Tro 6e30TpBIBHO. O)IHaKO IMpaKTU4YECKast BO3MOXHOCTb
UCIIOJIb30BAHUS YKA3aHHOTO CBOWCTBA KaBUTAIIMU OBI-
Jla OrpaHuueHa TeM OOCTOSTENbCTBOM, YTO KaBEepHA
JIOCTAaTOYHBIX Pa3MEPOB MOXKET CYIIECTBOBATh TOJBKO
B Y3KOM JIMANIa30HE OOJBIIIX CKOPOCTEH.

PagukanpHOE pacmpeHue o0MacTH MPUMEHEHUS
Pa3BUTHIX KAaBUTAIMOHHBIX TCUCHHWHA JUIS CHIDKCHUS
COIIPOTHBIICHUSI MOXET OBITh HOCTHTHYTO ITIyTEM CO-
31aHUS TaK Ha3blBAEMOM HCKYCCTBEHHOH KaBUTAILUH.
Torma npu mo060# CKOPOCTH MyTEM IMOJIa4X Ta3a B Ka-
BEepPHY M TIOBBIIICHHS 3a CYET 3TOTO MABICHUS B HEU
CO3/1aeTcsl TeueHHe, OJIM3KOe K PeXUMY CylepKaBUTa-
LMY U COOTBETCTBYIOLLEMY €i UHCIly KaBUTAlLlUU.

[lepBOHAYAIEHO 3TO TEXHUYECKOE PEIICHUE ObI-
JI0O Peau30BaHO KaK CPEJICTBO CHUXKCHHS COMPOTHB-
JICHUSI TIOJIBOJTHBIX CKOPOCTHBIX OOBEKTOB. B Hameit
CTpaHEe OHO HANUIO MPUMCHCHHE Ha HAJBOJHBIX CY-
nax. B aTrom crmydae kaBepHa pacronaraetcs Ha JTHH-
e CyJHa W TO3BOJISET M30JIMPOBATH OT KOHTAKTa C
BOJOM YacTh CMOYEHHOM NOBEPXHOCTH, yMEHbIUAasi,
TakuM 00pa3oM, COCTABJISAIONIYI0 TPEHUS B CONPOTHB-
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neHuu cynHa. O4eBUAHO, YTO B CBA3H C ATHM IIpHMe-
HEHHE NCKYCCTBEHHOHN KaBUTAalMW HanboJee BBITOIHO
Ha cyJaax, y KOTOPBIX JOJI JIaHHOH COCTaBIISIOIICH
CONPOTHUBIICHHS BeNMKa. PaGoTHI B 9TOM HamnpaBlIeHUH
Hayanuch B 1961 r. mo naunuaruse A.H. IBanosa. B
X OCHOBY OBLIM IOJOXXEHBI €ro HCCIEeJOBAaHHA, a
TaKXke KOMIUIEKC paboT, BRIMOTHEHHBIX A.A. byTy30-
BeiM [1, 3, 4, 6, 11-13].

Ha nepBom 3Tane paboOTHI 110 CHIKEHHUIO COTPO-
THBJICHHUS BEIIUCh TPUMEHUTEIBHO K PEYHBIM THXO-
XOZHBIM cyaaMm u Oapxam. ITpu aToM B ux oOocHOBa-
HHE OBUTH BBIITOJHEHB! TEOPETUYECKUE NCCIICOBAHHS C
UCIIONB30BaHHEM  JBYMEPHOH  JIMHEapH3UPOBAHHOMN
TEOPHH KaBUTALMOHHBIX TCUCHUH, a TaK)Ke IPOBEIICHBI
OOIIMpPHBIE MOJEIBHBIC HCIIBITAHUS, TIOCTPOCHBI U HC-
MBITAHBI TPH HATYPHBIX 00beKTa [29].

Haunnas ¢ 1969 r., mon pykoBonctoM A.A. Bby-
Ty30Ba OBUT BBIMOJMHEH MUKI pabor [5] mo mpumene-
HHUIO KaBEpPH MJISI CHIKEHMS COIPOTUBIICHHUS TIIHCCH-
PYIOIIMX CyIIOB, TAKUX KaK HaTpPyJIbHBIE H pa3be3IHbIe
KaTepa U CKOPOCTHBIE CyJa JIsl MEPeBO3KU MacCaHu-
poB. B mocienyromue roasl NpUMEHUTENHHO K OBICT-
POXOJTHBIM BOJIOU3MEIIAIONIMM CyJaM ObUTH pa3pado-
TaHbl PacUYETHHIE METO/bl, OCHOBAaHHBIE HA HCIIOJIB30-
BaHUM TPEXMEPHOH JIMHEapU3NPOBAHHOW TEOPUH KaBH-
TAlMOHHBIX Te4eHUit [5]. DTH MeTObI IPOLLIH IKCIIe-
PUMEHTAJBHYIO IIPOBEPKY M B HACTOAIIEE BpeMs
YCIENTHO IPUMEHSIOTCS.

C 1993 r. Ha4aNMCh UCCIICOBAHUS 110 MIPUMEHE-
HHUIO HMCKYCCTBEHHBIX KaBepH ISl CHIDKEHHS COIPO-
TUBJICHHSI CKOPOCTHBIX KaTaMapaHOB, a TaKXKe OIHO-
KOPIYCHBIX CyJOB pa3IMuHOrO Ha3HAYCHUs, DKCILTya-
TUPYEMBIX B Iepexoja-HoM pexume. K Hacrosiiemy
Bpemenu B Poccum paszpaborano cBeimie 40 npoekToB
CyJIOB, HCIIOJIb3YIOIIMX HCKYCCTBEHHBIE KaBEpHHI,
IIPUYEM 110 BOCBMH U3 3TUX MPOEKTOB OBIIO IOCTPOCHO
6omee 80 OBICTPOXOIHBIX CYIOB M KaTEPOB BOJOM3ME-
menneM 14-300 T co ckopoctsamu xona 30-52 ys3.

OmbIT 3KCIUTyaTalWd 3THX CYAOB IOKAa3bIBaeT,
YTO B 3aBHCHUMOCTH OT JOJH IUIOIIATH, OXBaThIBae-
MOH KaBEPHOW, ypOBEHb CHM)XEHHUSI CONPOTUBIICHUS
cynna nocruraetr 15-30 %. Ilockonbky B mporecce
9KCIUTyaTallid CyJHAa MLIEPOXOBATOCTh OOIIUBKU U
00yCIIOBJICHHOE €10 CONPOTHBIICHHWE TPEHHUs] BO3pac-
TaIOT, 3TOT 3((EKT UMeeT TEHASHINIO K AajbHenIIe-
MY yBEITUUYEHHIO.

B 3aBuCHMOCTH OT peXuMa JIBIKEHHUS CYIHA IS
(OpMHUpOBaHUS KaBepH NPHUMEHSIOTCS —Ppa3IHYHbIC
KOHCTPYKTUBHBIC pelleHus. B dacTHOCTH, Ha cynax,
9KCIUTyaTHPYEMbIX B BOAOHM3MELIAIOIIEM PEKHME, Ka-
BepHA Ha [IHHINE HMMEET 3HAYHMTEIBHYIO IMPOTSHKEH-
HOCTh ¥ OTpaHM4YeHa MO OOpTaM MPOJOJIBHBIMHU KHIIS-
Mu. g nonaepxaHus KaBepHbl HAa 3HAYUTEIBHOU
JUITMHE TIPUMEHSFOTCSl TOTEPEYHbIe KO3BIPHKH, YCTa-
HABJIMBAeMbIe B HECKOJBKO PSIOB Ha muie (puc. 1).
XOTS 9TU YCTPOMCTBA HE3HAUYUTEIBHO BBICTYIAOT O]
JHUIIEM CyJIHa, UMEETCS OMAaCHOCTh MX IOBPEXICHUS
IIPY IBM)KEHUU Ha MEJIKOBO/IbE.

YroObl yCTpaHUTh yKa3aHHBI HENOCTAaTOK, Ka-
BEpHY MOXXHO ()OPMHPOBATh B HUINE HA JTHHIIE CyAHA
(puc. 2). CymiecTByeT TakKe KOHCTPYKTHBHOE peliie-
HHE, MPU KOTOPOM BBICTYINAIOIIHME ITOJ IHHIIEM DJie-
MEHTBI BBIIOJIHSIOTCS 3aBaIMBAIOIIUMUCH.



Pucynok 1 - Cxema ycrpoiicTa ajist GOpMHUPOBAHHUS KABEPH HA JTHHIIE
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Pucynok 2 - Cxema hopMHpOBaHHs KaBEPHBI B HAIIIE
1 — KO3BIpBKH; 2 — BO3AYXOAYBKA; 3 — TpyOOmpoBox; 4 — KaBepHa

Ha rimmccupyronmx cynax KaBepHa Takxke oOpa-
3yercd B Humie. HocoBas gacTh HUIIM MMEET BHI pe-
JaHa cTpesnioBHaHOW ¢dopmbl. KopMoBas gacte HH-IIH
npoGUIUpyeTCss TaKUM 00pa3oM, uTOOBI 00ECIeYHTh
Ha Hell TUIaBHOE 3aMblkaHue KasepHbl (puc. 3). Jlis
wtroctpauuy 3)(QEeKTUBHOCTH KaBepHBI Ha puc. 4 co-
MOCTABJICHBl 3aBHCUMOCTH THAPOIMHAMHYECKOTO Ka-
yectBa R/D ot uncna ®@pyna Fr mis AByX BapuaHTOB
TIIMCCHPYIOLIEr0 HATPYJIBHOTO Karepa ¢ OOBIYHBIMHU
00BOJIaMH U KaBEPHOH Ha THHIIIE.

Pucynok 3 - Pazmenienue kaBepHbI
Ha IIMCCUPYIOLIEM CY/IHE:
1 — nuume nepern peraHoM; 2 — AHUINE BHYTPY HHUIIN,
3 — penaH; 4 — ckern

JlaBneHne B KaBepHE TIIMCCUPYIOLIMX CYJIOB HE
npessiraeT 300-500 MM BonsiHOTO cTOI0a, YTO TTO3BO-
JSIET MCIOJIB30BaTh U ¢ 00pa3oBaHUs HE KOMIIPEC-
COpBI, a BEHTHJIATOPHL VIHOrja Ha MaibIX Katepax
MOYKHO OTKa3aThCsl M OT BEHTHIATOPOB, HCIIONB3YS VIS
(GopMHpOBaHNS KaBEepHBI BBIXJIONHBIC Ta3bl IBHUTaTe-
Jeil: Ha TIMCCHPYIOIINX Cylax 3aTpaThl MOLIHOCTH Ha
o0pa3oBaHKe KaBepHBI He MPeBhIIIaOT 2—3 % OT MoIll-
HOCTH TJIABHBIX JIBUTaTeNeH, MpU 3TOM 00ecre4nBaeT-
csl cHIDKeHue cornpotuBieHus Ha 20-35 %.

Hapsimy co cHIXKEHHEM COINpOTHBICHHS, MOJO-
KHUTEIBHO OTPaKAIOIIUMCSI Ha SKOHOMUYHOCTH Cy/HA
WIA €ro CKOPOCTH X0/a, MPUMEHEHHE KaBepHBI 103-
BOJISIET CHU3HUTh aMIUTUTYABI IPOIOJIbHONM Ka4uKH, Bep-
THKaJbHBIC TEepPerpy3KH M yJaapbl THHIIA, YTO JaeT
BO3MOXXHOCTh YBEJIMYUTH SKCIUTyaTALMOHHYIO CKO-
POCTh B yCJIOBHAX BonHeHus. Ha puc. 5 comocraBie-
HBl BEPTHKAJIbHbIE YCKOPEHHMsS Ha BCTPEYHOM H MO-
IIyTHOM BOJIHEHUM, IPH HAJIMYUU U OTCYTCTBHH Ka-
BEPHBI Ha JIHUIIE.

Cepbe3HOl MpoOIIeMOii ITPU CO3IaHUH CYIOB, IS
CHIYKEHUS COINPOTHBIIEHHUSI KOTOPHIX NPHMEHEHa HC-
KyCCTBCHHAsl ~KaBUTalMs, sBISIETCS  oOecrieueHne
Ha/Ie)XKHOH pabOoThI IBMYKUTEIHHOTO KOMILIEKCA.

36

RD

0,2

Bes ka r;e-pm;l /

KaBepHOH -

"

1 2 3 4 5 Fr,

AR, %

30

20

PucyHnok 4 - ConocTaBiiecHHE CONIPOTHBIICHUS CyTHA
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PucyHok 5 - BiusiHue KaBepHBI

Ha BEPTUKAJIBHBIC YCKOPCHHWA HAa BOJTHCHUU



Orta mpobiaemMa MOXET OBITH pellieHa IMyTeM 3a-
LIUTHI ABMKUTENS OT MOMAJaHUs BO3IyXa Ha €ro Jo-
NMAaCTHYK0 CHCTEMY WM HPUMEHEHHs JABHKHUTEIEH,
TaKKe WCIOIB3YIOMNX HCKYCCTBEHHYIO KaBHTALIUIO
nomacteid. Hambomee pacmpocTpaHCHHBIM IBIDKUTE-
JeM, TIPUMEHsIEMBIM Ha CcyJax ¢ KaBepHOH Ha JHHINE,
SIBJSIETCSI  TOJIYTIOTPYKEHHBIH TpeOHOW BHHT. OTH
rpeOHbIe BHHTHI OOBIYHO PACIIONAraloTcs 3a TpaHLEeM
Cy[IHa, W TOJada BO3AyXa Ha MOTPY’KEHHBIEC JOMACTH
OCYILIECTBJIIETCS B pe3yJIbTaTe €ro 3axBara IpU BXOJe
jonacTtei B BoJy. B TakoMm ciydae mojgBoJ MOIIHOCTH
K 'peOHBIM BHHTaM HE TPeOyeT JOMOJHHUTEIBHBIX BbI-
CTYMAIOMIMX YacTei, 4TO CIOCOOCTBYET MOBBILICHHUIO
3¢ peKTHBHOCTH KoMIUIeKca. IIOCKONbKy IogbeMHast
CHJIa JIOIacTeH co3faeTrcs ITaBHBIM 00pa3oM 3a CdeT
MOBBIIIEHHOTO JIaBJICHHS HA X HAarHETAIOMIEH CTOPOHE
JIONACTH, MOCJIEAHUE UMEIOT KIMHOBUAHYIO NMPOQHIN-
POBKY CO 3HAUUTEJILHOM KPUBU3HOM HarHeTarouiei
CTOPOHBI, MaKCHMallbHasl CTpeJika Nporuda KOTOPOH
CMelleHa K BbIxojsued KpoMke. MHorma B paiioHe
BBIXOJAIIEH KPOMKH JIONACTU YCTaHABIUBAeTCA HH-
TepLEnTop, 00ECHEeYNBAIONINN JIOMIOJHUTEIHLHOE YyBe-
nuuenue ynopa. KIIJ[ Takux BHHTOB Ha PacyeTHOM
pexxume nocturaet 0,60-0,65.

B xaBuTanmmonHoMm Oacceitie KppuioBckoro roc-
YAApPCTBEHHOTO HAy4YHOTO LEHTpPa OBIIM MPOBEACHBI
UCIIBITAaHUSA CepHU M3 6 Monenel MONIyNorpy>KeHHBIX
BUHTOB, MPHYEM OJIHA U3 HUX HCIIBITHIBATACH C MHTEP-
LIENTOpaMy Ha HarHeTaromei cropoHe Jyomnactu. Hc-
MIBITAHUS] TIPOXOIUIIU TIPH TPEX yIilaX HaKJIOHA rpeOHo-
ro Bajla M Pa3IMYHBIX 3ariyOJeHUsX BUHTA. Pexxumbl
UCTIBITAaHUH O0ECIeuynBail aBTOMOJIECIBHOCTb, YTO
MO3BOJISIET HEMOCPEACTBEHHO HCIOJIB30BaTh HX pe-
3yNbTaThl U Pac4€TOB XOAKOCTH CYJOB CO CKOPOCTS-
mu g0 70 y3 [21].

OCHOBHBIM  HEJOCTaTKOM  IOJYTOTPY>KCHHBIX
BUHTOB SBISIETCSI WX TOBBIIICHHAS BHOPOAKTUBHOCTB,
00yCIJIOBJICHHas] M3MEHEHHEM CHJI, JICHCTBYIOIIMX Ha
KaXIyI0 U3 JIOAcTedl B TedyeHWe o0opoTa BHHTA, a
TaK)K€ CMEIICHNE B TOPU30HTATBHON TNIOCKOCTH TOYKH
MIPUIOKEHMST yIIOpa M0 OTHOIICHMIO K ocu Bama. Ilo-
CJIE[IHUH HEIOCTaTOK OCOOEHHO CYLIECTBEHEH Ul O[-
HOBAJIBHBIX Cyl0B. HemocTtaTku 3TOro THIa JABIKUTE-
JIel MOTYT OBITh YCTpaHEHbI 32 CUET NPUMEHEHHUs BEH-
THJIUPYEMBIX BOJIOMETOB. OTIMUUTENBHOW 0COOEHHO-
CTbIO TaKUX JIBUKUTEJNIEH SIBJISETCS YCTaHOBKA Hacoca ¢
JIONACTSIMM KJIMHOBUAHOTO Tpo(dwmiisi Ha BBIOpOCE U3
BOJIOMETA, OJPKATHE CTPYH OCYLIECTBISIETCA 3a CUET
KaBepH, oOpasylomuxcsi Ha jonacTsx. Cxema Takoro
IBIDKATENS npuBeneHa Ha puc. 6. KIIJ BeHTHIHpYE-
Moro Bomomera Omm3ok K KIIJ[ momymorpy eHHBIX
BUHTOB.

ITpn mpuMEHEHNN BEHTHIIMPYEMBIX BOJIOMETHBIX
JBIDKHUTENEH Ha CylaXx C BBIPAXKEHHBIM TOpPOOM COIpO-
TUBJICHUS BO3HMKAIOT TE JX€ MPOOIEMBI, 4TO U MpHU
UCTIOJIb30BaHUH OOBIYHBIX CYNEPKABUTUPYIOIIUX IPeO-
HBIX BUHTOB. [l obecmedyeHust mpeozoneHus ropda
COIIPOTHUBJICHUS IPUMEHSIOTCS TaK Ha3bIBa€MbIE JIBYyX-
KOHTYpPHBIE ABHXHUTEIH, CXeMa KOTOPBIX I CyJlHA Ha
MTOJJBOZHBIX KPBUIBSIX PUBE/ICHA HA PUC. 7.

B mpornecce npeononeHus ropda conpoTHBICHUS
HCIIONB3YIOTCSL 00a KOHTYpa, OJWH W3 KOTOPBIX SIBIIA-
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€TCA BCHTUIMPYCMbBIM BOAOMETOM, a BTOpOﬁ — BOJO-
METOM OOBIYHOI'O THIIA.

PucyHok 7 - JIByXKOHTYPHBIIl BOTOMET:
1 — BeHTHIIMpYEMOE pabouee Koueco; 2 - Bogo3abop
MaJbIX X0/10B; 3 - BO03a00p MOJIHOIO X0/a.

Ilocne BeIXOJa CyqHAa HAa peXHUM JBHXKEHUS Ha
KpBUIbSX 1I0Jla4a BOJABI BO BTOPOM KOHTYp MpeKpaiia-
eTcd, U JaNbHelIIee ABIKEHNE Cy/THa 00ecIIeunBaeTCs
BEHTHWJINPYEMBIM BOJIOMETOM. AHAJIOTHYHAs MpobiaeMa
IIPY UCHOJIb30BAaHUU CYNEPKAaBUTHPYIOIINX BUHTOB Ha
CIIK pemraercst myTeM NPHUMEHEHHS HAa STHX BHHTaX
CeYeHUHl JTomacTeil KOMIPOMHUCCHON POQILTUPOBKHU CO
CMEIICHHOW K BBIXOASIIEH KPOMKE MaKCHMalbHOM
TOMIIUHON. DTO To3BoJIsIeT oBbIcUTH KIT/] Ha pexume
«ropba» Ha 10-15 % npu MUHMMaJIBHBIX MOTEPSX Ha
pacueTHOM pe-xuMme. VIMeHHO moao00HbIe TpeOHBIC
BUHTHI OBIIM HMCIOJIB30BaHbl HA CyJax Ha IOJBOJHBIX
KPBUIBSIX CO CKOPOCTBIO MOJHOTOo X012 60 y3.

Takum oOpaszom, 3a ucrekmue roasl B Poccun
HAaKOIUIEH 3HaYUTEJIbHBIM OINBIT UCIIOJb30BaHUs pa3BU-
THIX KaBUTALHMOHHBIX TE€YEHHH NpPHU CO3AAHUU CYJOB,
3KCIUTyaTUPYEMbIX Ha Pa3IMYHBIX CKOPOCTHBIX PEXKH-
Max. JIOoCTIDKEHHsI B 3TOH OOJIACTH TOATBEPKIAIOTCS
MIPWJIOKEHHUEM, B KOTOPOM IPHUBEIEH BHELIHUN BUI U



OCHOBHBIC XapaKTCPUCTHUKU IMOCTPOCHHBLIX B Hamiei
CTpaHe 6I)ICTp0XO,HHLIX CYZ0B, UCIOJb3YIOIIUX HUCKYC-
CTBCHHYIO KaBUTAIUIO JJI1 CHUKCHUS COITPOTHUBIICHUS.

MMPUJIO’KEHUE
BricTpoxoHbIe Cya Ha KaBepHE,
co3gaHHble B Poccuu
ITatpynbHbIl KaTep

«Caifrak»
T'ox coaum romoBHOTO CcymHA 1981
Kon-Bo moCTpoEHHBIX KaTepoB Bonee 50
Bopousmernienue, T 13,0
JlnvHa MaKCHMallbHast, M 14,05
[Iupuna MakcUMaNbHas, M 3,5
Ocaaka MakcuMaJIbHas1, M 0,65
MoiHocTh aBurarens, kBt 735
CKOpoCTb MakcUMalbHasl, y3 40
JIBrxuTennb Bomomer

JlecaHTHBIN KaTep

«CepHa»
T'ox cnauum ronoBHOroO cynHa 1992
Koi-Bo mocTpoeHHBIX Cy10B 10
Bononsmerenne, T 105
JlinHa MakcHMallbHas!, M 25,65
[IuprHa MakcUMabHas, M 5,85
Ocanka MakcUMalIbHast, M 1,52
I'py3onoabeMHOCTD, T 45
MorHocTE aBurarens, KBt 2x2430
CxopocTh MakcUMaibHasl, y3 32
JBrxutens BB

Peunoe maccaxupckoe 70-mMecTHOE CyIHO

«JIunga»

T'ox cnauum romoBHOTO CcymHA 1992
Kou-Bo MoCcTpOeHHBIX CY/I0B 13
Bopousmenienue, T 24,6
JInvHa MaKCHMalbHas, M 24,1
[[IupuHa MakcUMalbHas, M 4.6
Ocaaka MakCUMaJIbHasA, M 0,95
MowHocTs aBUrarens, KBt 660
CKopocTh MakcUMalbHas, y3 38
JBuxuTens UIll'B

BykcupoBimuk Moseneit ruipocaMosIeToB

«Mydiron»

T'ox cnauum romoBHOrO cynHa 1992
Ko:1-Bo mocTpoeHHBIX CyT0B 1
Bononsmerenne, T 13,2
JInuHa MakCHMabHas, M 15,5
uprHa MakcUMaNbHAS, M 3,56
Ocaaka MaKkCUMaJIbHas, M 0,7
MomHocTs aABUrarens, KBt 1100
CkopocTh MakcHMallbHas, y3 50
JBrxuTenp 4lll'B
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SHEPTHUS MOPCKUX TEYEHHUH Y CIIOCOBBI EE UCIIOJIb30BAHUS

TepentbeB A.I'

Yebokcapckuil monutexHuueckuit UHCTUTYT MI'OY

428022 Yeboxkcapsl, yiu. I1. JlymymOsi, 8
agterent@rambler.ru

Abstract
P accmampueaenmcsi npo@zema UCNOJIb306AHUA NPAKMUYECKU He‘OZpaHulleHHOZZ IHepcUU MOPCKUX mequuﬂ. ﬂaemc;z Kpam-
K‘ul:i AHAIU3 COBPEMEHHbBIX 3JleKmp0CI’}’laH14u12 u npeéﬂazaemc;z nepCHEKmuGHblﬁ, SKoJlocu4ecKu '{MCI’)’lblljl u 6630naCHblﬁ CI’!OCO6

NOJIYYeHUs SNEKMPOIHEP2UL U3 MOPCKUX MEUEHU.

The problem of using virtually of unlimited energy of sea currents is discussed. A brief analysis of modern power plants is
considered, and forward-looking environmentally friendly and safe way to generate electricity from sea currents is proposed.

Beenenne

PaccmarpuBaercs robasnbHas mpobiema, CBI3aHHAs
C OHEpProoOecreYeHneM IKU3HEJESTEILHOCTH YelloBeve-
crBa. JlaeTcst KpaTKuii aHaIM3 COBPEMEHHBIX 3JIEKTPOCTaH-
LM, U TIpeuIaratoTcsl NepCIeKTHBHBIE SKOJIOTMYECKH YH-
CThIE 1 Oe30MacHbIe CIIOCOObI IOy YeHHS AIEKTPOIHEPTUH.
YacTHuHO pe3ysbTaThl M3JIOKEHBI B PaHee OITyOIMKOBaH-
HBIX paborax [1,2].

B HacTosimem moKiage OCHOBHOE BHHUMaHWE 0Opa-
IIEHO Ha CIOCOOBI MCTIONB30BaHMs 3HEPTUN MOPCKUX Te-
yeHull. [laH aHamM3 TEIUIbIX M XOJIOAHBIX TeueHuil. Mop-
CKHME TEUYEHHUsI XapaKTepU3yIOTCs, B OCHOBHOM, MaJbIMU
CKOPOCTAMU TIPpU KOTOPBIX H3BECCTHBIC BUHTOBLIC BETPO-
apuratenm  ManoddgextuBHbL  [Ipemmararorcss pasHble
KOHCTPYKIIMHM THAPOYCTAHOBOK, OCHOBAHHBIC HA JIBIDKE-
HHH KpbUIbeB. HEKOTOphIE THIPOYCTAaHOBKH PEan30BaHbI
B BHJE WUTIOCTPAIMOHHBIX Mojenel. VcrbITaHus 3Tux
MoIernieli IOKa3alli IOCTATOYHO BRICOKYTO 3((EKTHBHOCTE.

1. Poct HaponoHaceJieHUs1 M TPOOJIeMBI.

Ha puc. 1 mokasan kpuBas pocTa HaceJeHUs Ha
Hamied 1wianere W nporHo3 g0 2050 roma (myHKTUpHAs
mmnwsi) [1]. Tpenpiayiiee v HAYAIO HACTOSIIETO CTONETHSI
XapaKTepH3yIOTCs IEMOTpaMueCKUM B3PHIBOM, OJTHAKO B
HACTOsIIIee BpPEMsl IIPOMCXOIUT HEKOTOPBIA CraJl pocTa
HapojoHacenenust ¥, o Muenuro C.I1. Karuisr [2], Hace-
JICHNE YCTAaHOBHTCS Ha ypoBHE 12-13 mip. yenoBek.

Ilpoobnema nedocmamea npecHoii 600bi.

Poct morpebneHnst mpecHO BOIbI HACEICHHEM Ha
mranere onpenersiercss B 0,5-2 % B rox. B Hacrosmee
BpeMs 00IIHIT BOZI03a00p OCYIIIECTBISICTCS B 00BEMe 12—
24 thIC. KMS,

OpHako, moTpebieHre MPEeCHON BOJBI HEMPEPHIBHO
BospactaeT. lIpecHast Boga mcHomb3yeTcsl Ul OBITOBBIX
HYX], U CElIbCKOXO3SHCTBEHHOTO MPOM3BOJCTBA, IS
NPOMBIIUIEHHOCTH M JAp. YKe ceifuac HaOnronaercsi He-
XBaTKa BOJIbI B OT/IEJILHBIX paliOHAX IUIAHETHI, U, KaK Ciel-
CTBHE BO3HHMKAIOT KOHQMMKTBL. B Oymymem npobiema
TIPECHOH BOZIBI YCHITUTCS.

Ilpoonema numanun nacenenus.

[pobnema obecriedeHns] HaceNEeHHs TDIAHETHI TIPO-
JyKTaM{ TIATAHUS CYIIIECTBOBaJla BO BCE BPEMEHA CyIIe-
CTBOBaHMA denoBedecTBa. C POCTOM HACENCHWsl OYEHb
CWJIBHO pacTeT BaXKHOCTh 3TOH mpoOneMsl. Perenue stoit
MPOOJIEMBI COIPSHKEHO C OCBOCHHEM HOBBIX YTOIHMIL U, KaK
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CJIEJICTBUE, C YMEHBIIIEHUEM YCIIOBHI CYIIIECTBOBAHUS ISt
’KUBOTHOTO Mupa. Vcue3HOBeHHE BUIIOB KUBOTHOTO MHUpa
— 9TO NPECTYIJIEHUE YETIOBEUECTBA.
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Pucynok 1- Poct HapooHaceneHus;
IIyHKTHUpPHAs KpUBasi — POTHO3.

Ot npoOneMbl MOryT OBITh pELICHBl Hay4HO-
00OCHOBaHHOH arpOTEXHONOrHEHl, OCBOCHHEM 3EMElb,
BKJIFOYasi MyCThIHA. HO U1 3TOro Hajo MHOTO MPECHOH
BOJIB], & JUTS €€ TIOTYYCHHUsI, HAIpHMeEp, ITyTeM OIPECHEHHs
MOPCKOH BOJIBI, TPEOYETCsl MHOTO 3JIEKTPOIHEPTHH.

Ve ceitac mo moncueram b. Cxunrepa [1] genose-

YecTBO HCIIONb3yeT anekTposHeprim 3x10%° Ik B Tog,

uto skBuBaneHTHO 9.5x10”Br. Jlna cymecTBoBaHHS
YeJIOBEUYECTBA B OY/IyIIeM MOTPEOYeTCss SHEPIUH MOIIIHO-
cThio He Menee 3x10%° Br.

Ha puc. la mpexacraBieHbl KpHBbIe HOTpeOJIeHHE
sHepronocurenei [1].

U3 puc. la BUIHO, YTO OCHOBHBIMH HEPrOHOCUTE-
JSIMU SIBJISTIOTCSL He()Th, TIPUPOJIHBIHA ra3 1 yroib. OxHaKo,
JUISL BBIPAOOTKY YKA3aHHOTO KOJIMYECTBA HJIEKTPOSHEPTUN
HE CMOXET 00eCreunTh Hi HedTh, HU ra3, HU Yrolib, a K
TOMY JKe, OHH He Oe3rpaHMdYHbI U OyAyT BHIPaOOTAHEI, 3a
HCKITIOYEHHEM MOYKET OBITh YIUISl, K KOHILY HAIIIero CTOJe-
THs. Yxe cefiuac moOba HeTH W ra3a Ha KOHTHHEHTE
COKpaIllaeTcsi, HEOOXOAMMO OCBauMBaTh  APKTHUYECKUE
menbQbl, a 3T0 Pe3KO YBEIUYMBAET ce0ECTOMMOCTh MPO-
nykid. Ecimm  ceGecToMMOoCTh  TOOBIMM  OJJHOW TOHHBI
nedu Ha Bimkxrem Bocroke cocrasnsier $5-10, To B Cu-



oupu Poccuiickoit ®eneparuu — $30-60, a Ha apkTiue-
CKOM TIPHOPEKHOM IIenb(e ceOeCTOMMOCTh JIOCTUIaeT

$200-300.
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2. ABapuH B CBSI3H € JHeprocHadkeHHeM

Kpome 10poroBusHbl 100bYa HE(TH U ra3a Ha MOpE
TIPEZICTABIISCT ONPENCIICHHYIO OIIACHOCTh KaK IS KU3HH
TiepcoHala, Tak M JUI SKOJNOrHH. B mocnemsee Bpems c
YIPOXKAIOIIEH TEPHOIMIHOCTBIO MPOUCXOIAT KPYITHBIE
apapui. Ha puc. 2 u 3 mokasaHbl JIBe U3 TaKUX aBapuii,
KOTOpBIE CPaBHUMBI C IKOJIOTMYECKHMH KaTacTpohaMuL.

Pucynok 2 - B3pbiB Ha HedTsaHOH maTdopme
Piper alpha, npunamiexarieit komrmanuu
Occidental Petroleum (1988r.), yHeciumit 167 sxu3Heii.

B nocnenHeM ciydae 3arpsisHeHHe MOpst ObUIO Kata-
crpodudeckuM. Heckonbko MeHsIIe, HO TOXKe OYEHb OLILy-
THMBIM siBHJTach Karactpoda Ha Ecofisk B CeBeprom mope
B 1977 romy, xorma Beumiioch B CeBepHOM Mope Ooriee
300 ThIC. TOHH He(TH. 3arpsi3HEHNE MOPE MPOIOIDKACTCS.
Ho cxwranne HedTH, rasa u yriis B MPOMBIIIICHHOM Mac-
mrade, BKIIIOYAsi TPAHCIIOPTHBIE CPEICTBA, OKA3bIBAeT HC-
KITIOYUTENBHO OTPHIATENBHOE BIMSHHE HA arMmocdepy
3EMITH.

Hedtp ¥ ra3 sBIsIOTCS BechbMa LIEHHBIM CBHIPHEM B
XUMHYECKOH TIPOMBIIUICHHOCTH Ul NPOW3BOACTBA pa3-
JIMYHBIX MaTepHaJIoB, OOJNAJAIOIINX YHUKAIBHBEIMU CBOMH-
crBamy. [1oaTOMy CKMTraHHE YIIIEeBOIOPOIHBIX SHEPrOHO-
cHTesIei KpaliHe Helenecoo0pasHo.

YeT0BEUECTBO HINET ATBTEPHATHBHBIC BHIBI TOTLIH-
Ba, HO U OHH YaCTO OKA3bIBAOTCS TAKXKE 3arPS3HAIOIIIMH.
Jaxe 4uCTbIe, HA MEPBBIA B3NS, CIOCOOBI MOMYYCHUS
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SHEPIuM, KaK BETPSHBIC WM TPAIWIMOHHBIC IUIOTUHHEIC
I'SC, BecbMa OTpHIIATEIFHO OKA3hIBAIOT BO3/ICHCTBHE Ha
OKPYXKAIOIIyl0 cpemy. IlepBbie 3aHUMAIOT JOBOJIBHO
OOJIBILYIO TUIOIIAb U CO3AI0T XapaKTEePHBIH IIyM, BIHS-
IOl Ha OOIlee COCTOSIHUE YENOBEKa, BTOPbIC — 3aMIId-
BAIOT BOJIOEMBI, 3aTPYIHSIOT MHIPALIMIO PHIO, 3aJIUBAIOT
OOLIMpHBIC TOCEBHBIC Jyra M, KaK CJEACTBUE, CO3AI0T
OMACHOCTB SITUICMHHU OOJIC3HEH.

Pucynok 3 - B3priB Ha HedTsHOH TU1aTdhOpME
Deepwater Horizon of BP 8 2010 1.
[Moru6mno 11 yenosek. Boumiock B Bozy
MeKcHKaHCKOT o 3amiBa OoJiee 2 MITH. TOHH He(TH

CaMu IUIOTHHBI TasT B ceOe MCKIIIOYUTEILHO OOJIb-
TIYIO OMACHOCTH; B CITydae pas3pyiieHus (peaqHaMepeHHo,
B CIlydac BOWMHBI, WIM TIPUPOIHBIMH SIBICHUSMH), TIOTOK
HAKOIUICHHOMN BOJIbI CHECET BCE HA CBOEM ITyTH, TTOTTIOTHB B
CBOEI ITyurHE HEUCUKCITMMBIE YeIOBEYECKUE KEPTBBL.

2 nexabOpst 1959 roma, miotmHa Manbmacce BO
Opanrmu pyxayia (puc. 4), ropox Ppexioc moaBepres
MPAKTUYECKU MOJHOMY 3aTOIUICHUIO. B pe3ysbrare HaBoI-
HeHust oruoiio 423 yeoBeka.

Pucynok 4 - Pa3pymenne mmoTrHbl Mansacce
B0 @paniumu; norudio 423 yenoBeka.

9 okrs6pst 1963 roma, W3-3a OMOJ3HEH Oeperos
OrPOMHOE KOJIMYECTBO BOJIbI MEPEINIIIOCH Yepe3 IUIOTHHY
Baiiont B Utaymu (puc. 5); G0JIbIIOE KOTMYECTBO BOJBI B
BUJIC OTPOMHOM BOJIHBI OOpPYIIMIOCH B JONIMHE PEKU
ITesiBe, B pe3yNbTaTe HECKONBKO CEJIICHUHA OBLIO CHECEHO;
noru6;10 2000-3000 yenoBek.

Amapuss 17 asrycra 2009 roma Ha CasHo-
ymenckoit I'9C, yHecna xwu3HM 75 uenoek. LleHoi
KW3HK OBIJIO TIPEAOTBpAIICHO eIe Oojee cephe3HbIe TMo-
cneznctBusi. Ho TEXHOT€HHAs! ONACHOCTh BCE €1Iie COXPaHs-
ercst. Casro-1lymenckas ['9C obpasyer yHHKasbHas Oe-
TOHHAsI APOYHO-TPABUTAIIMOHHAS TJIOTHHA BBICOTOM 245 M,
JUTHHOM 110 TpebHto 1066 M, ¢ MIMPUHON 0 OCHOBAHHIO
105,7 M, a o rpebHto — 25 M. B mmotuny ynoskero 9 MitH



KyOOMeTpoB OeToHa (XBaTmiio Obl Ha TO YTOOBI MOCTPOHTH
mocce ot CI16 1o Bnagusoctoka). [TnoTiHa Takoro Turia,
MOCTPOEHHAS B IIMPOKOM CTBOPE, SBIISIETCS €IUHCTBEHHOU
B Mupe. Ecii Takast IIOTHHA paspyIIMTCs, TO TPYIHO Ja-
K€ TIPEICTaBHTh TOCIEACTBUS Pa3pyIIHTENHHOIO MOTOKA
TAKOro OOJIBIIOTO KOJIMYECTBA BOJIBL
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Pucynok 5 - ABapust Ha otuse BaiionT B Utamim,
a — IDIOTHHA, O — BOJOEM H OITOJI3EHD,
noru6no 2000-3000 yernosek.

Janexko HeOe30NMacHBIMH SIBIISIFOTCSI TAK)KE aTOM-
HBIE DJIEKTPOCTAHLH.

28 mapra 1979 rona, aBapust Ha ADC Tpu-Maiin-
Aiinenn (aurn. Three Mile Island accident) — oana u3
KPYIHEHIINX aBapuil B UCTOPUH SACPHOI SHEPTETHKU
CIIA.

25 ampens 1986 roma, aBapms Ha YepHOOBLIB-
ckoit ADC (CCCP, HeiHe YKpawHa); TOJBKO Ha JIUKBH-
JAIAIO0 aBapuH OBLJIO TOTPAYCHO OKOJO 25 MIIPI. AOI-
JIapoB.

11 mapra 2011 roga, B pe3yibTaTe 3eMieTpsce-
HUA U TOCICAYIOWIECTO IMyHaMHU M3 CTPOSA BBIIIINM CH-
crembl oxnaxjeHuss Ha ADC Snonuu. HambGonbiumii
ymep0 Obl1 HaHeceH craHuuu “@dykycuma-1", Ha ue-
THIPEX dHEproosokax kotopoii 12, 14 u 15 mapra npo-
W30LLTH YEeTHIPE B3PhIBA.

DTOT CIMCOK MOKHO OBLITO OBbI IPOJOJIKHUTE, Ky/Ia
MOTJIH OBl BO#TH 0K0J0 20 aBapuii siEepHBIX PEaKTOPOB
ADC. He ciyuaiino, B ['epmannn otkasammcs ot ADC
U IepellTd Ha JpyTue UCTOYHUKY. SIepHast SHepreTH-
Ka He Takasg yX jgeméBas, Kak kaxerca. Ha 1 Bt
MolHocTH ajst noctpoiiku tpaturcst 4000-6000 mon-
napoB. Ha rasoesix cranmusx — 1000, Ha TemioBbIX
yroibpHbix — 2000, Ha rugpocrannusx — 1500-3000.
MHoro neHer yxoqut Ha obecrieueHHe 0e301acHOCTH,
IUTIOC 3aTpaThl Ha BBIBOJ PEAKTOPOB M3 DKCILTyaTallHH,
3aTpaThl HAa XpaHEHUE OTXOJIOB U T.JI.

[TepcreKTUBHBIM SIBISIETCS. SHEPTHS  SIEPHOTO
CHHTE3a, OJHAKO, IOJyYeHHWE ATOW SHEPTUH AJs I10-
JIE3HOTO MCIOJIB30BAHUS COMPSKEHO ¢ OYECHb CIIOXKHBI-
MH HCCIECIOBAHUSIMH, pPE3yJIbTaThl KOTOPBIX IOKA
TPYZIHO NpeABUAETh. Jla u 3KCIulyaTauus Takod BbICO-
KOJHEpreTHYEeCKOH CTAaHIUM XPaHUT BechbMa OOIbIIHNE
OIIACHOCTH.

CroumMocTh 3nektpocTannuit [3], BBEACHHBIX B
skcrryaraiuio B 1900-1994 ronmax u cpenuss cebe-
cronMocTh 1kBT 4. a11eKTposHepruy npescTaBiIeHbl Ha
puc. 6.

CrieyeT OTMETUTh, YTO U Ta3, U HePTh U yrojib
SIBJIAIOTCS OCHOBHBIM CBHIPBEM B XHMHYECKOH Ipo-
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MBIIIIEHHOCTH JUTS TIOJTyYeHUs! IEHHEHIINX MaTepua-
JOB M IIO3TOMY HX C)XKHIAaHHE, COIPOBOXIAIOIIEECs
3acopeHneM aTMoc(epsl IBYOKHCHIO YIIEpoAaa, a Tak-
K€ BPEAHBIMH AJISI 37J0POBbS XUMUIECKUMH BELIECTBA-
MH, KpaiiHe pacrounTtesnbHO. [TosaToMy yenmoBedecTBO
JIOJDKHO yKe cefuac 3ayMbIBaThCs O CBOMX MOTOMKax
U MCKaTh aJIbTCPHATHBHBIC BUBI SHEPTUH.

CToianeTe T30, Sl tevini § SORAHITHSS B 1000- 1050 Mgk
{1996 Jon Ol

T A rac

o ryplese:
Pucynox 6 - CTOMMOCTb 3JI€KTPOCTaHLUH
U cebecTOMMOCTB dIeKTpodHepru [3].

3. IlepcriekTHBHAS YHepPreTHKA

Hawnbonee mepcrieKTUBHOW SIBISACTCS COJTHEYHAsS
9HEPIHUs, €KEIHEBHO MOCTYMAIONIAs Ha 3eMIII0 B KOJIH-
yecTe 1,5%10% JIx v 1,7x10% Br, T.e. B 10000 pa3
Ooxpiie, yeM MOTpedyeTcs denoBedecTBy. KoHewHO,
BCIO SHEPrHIO COJHIIA HCIIOJB30BAaTh HEBO3MOXKHO, Ja
U IIpeBpallaTh HENOCPEICTBEHHO B JJICKTPUYECKYIO
SHEPTHIO TPY/HO, TIOCKOJIBKY CTOMMOCTh ()OTOIIIEMEH-
TOB BBICOKA, & CaMH YCTAaHOBKH TPEOYIOT OOJBIINX
miomaneit. Kak mokaszan B. Ckunnep [3], mis Toro
ar06s! noyunts 10° B (mpumepras mommmocts ADC)
MOHAZ00MIOCH OBl 8 KM~ MOBEPXHOCTH. [10-BHaMIMOMY,
IIOKa COJIHEYHble OaTaped B HAIIMX IIHUPOTax MOTYT
OBITH HCIIONB30BAaHBl B CIMHWYHBIX CIydasX, CKOpee,
JUTSL OBITOBBIX HY’KA, HEXEIH IS IPOMBIIICHHOCTH.

CosHeyHas SHEPIrUs AKKYMYJIUPYETCS B aTMO-
cdepe 1 B Boze, TeHEPHUPYsI BETPbl U MOPCKUE TEUCHHS.
Bosnpinasi 4acTh cOCpeAOTOUEHAa B MOPCKHX TEYCHUSIX.
Hanpumep, o6bem nortoka ['onbdcrpuma cocraBiser
50 KyOH4YecKuX KUIOMETPOB BOBI €KECEKYH/IHO, YTO B
30 pa3 OoJblie, yeM BCe PEKH MHpa BMECTE B3STHIC.
[TpumepHO, Takue K IHEPreTUYECKUE XapAKTEPUCTUKU
umeet tedeHne Kypocuo. OnHaKo, 3TH TEUSHHUs SBIIS-
IOTCSI TEIUIBIMA M UTPAIOT OOJBLIYIO KIMMAaTHYECKYIO
pONb UIi MHOTMX KOHTHHEHTOB, PacIlOJ0)XKEHHBIX B
CeBepHBIX mIMpoTax. [103TOMy HCIOIB30BaTh MX JHEP-
THIO CJIEAYET C ONpeeIeHHOH OCTOPOKHOCTBIO.

Kpome 3THX ABYX TEUEHHUH CYLIECTBYIOT €ILE
cBeimie 30 Teuenui, u3 Hux 20-remibix m 11-
XOJIO/IHBIX.

OKeaHCKHE TEYCHHUs] XapaKTEepPU3YIOTCSl CPaBHU-
TENLHO HEOONBIINMHE CKOPOCTSMH, MeHee 1m/cek.
HampumMep, AHTapKTHUECKOE LUPKYMIIONSPHOE Teue-
Hue umeet ckopocth 0.4 — 0.9m/cek, HO 3TO TeueHue
SIBISIETCSI CaMbIM MOIIHBIM OKEAHCKHM TEYEHHEM IIH-
puHoit 1 ThIc. KM M mmuHON 30 TBIC. KM; HECeT dHep-



THIO, JOCTaTouHYH denoBedectBy Ha 1000ner Boepen.
Ho na1s mareMaTH4ecKHX pacueToB TpebyeTcs Oojee
MOJHAS ¥ AOCTATOYHO TOYHAs WH(OpMAIMsA O pacmpe-
JIeJICHHH CKOPOCTH M 0 penbede nua. Ecte Takxke Te-
4eHust co ckopocTsmu Gonee 1m/cek. K Hum oTHOCST-
cs1, kpome [ompderpuma 1 Kypo-Cuso, HOxHoe mac-
carHoe teueHue (ckopocts 1.024m/cex ), I'Bmanckoe
teuenne (ckopocts 0.559 — 1.118wm/cek, metom 0
1.676m/cex), Comanumiickoe Teuenme (0.5 -
1.490m/cex), HOxnoe maccatHoe Teuenue (0.931 —
1.118m/cex) u ap.

HHTepec K HCIOIB30BAHUIO MOPCKOH 3HEpPrHu
MOCTOSIHHO yBenuuuBaercsi. Hampumep, B CIIA co-
3nana kommnanus «Hydro Energy», kotopas ¢uHaHcH-
pyercst MUHHCTEPCTBOM SHEPreTHKU M YIPaBICHUEM
BOeHHO-MOpckux wuccrnenoBanmii CIIA; B IlIBenmn
yxe Oonee 50% mnoTpeOHOCTH yIOBIIETBOpSETCS 3a
CUeT TMAPOIHEPTeTUKH; HanboJiee CyIIeCTBEHHBIE JO-
CTH)KCHHSI TOJYYCHBI B ABCTpajJdH, TIE OIBITHAs
dupma «Oceanlinx», ocuoBannast B 1997r., momy4nna
MHBeCTUIIMK OT TpasutensctBa B 2002r. A$750°000,
sarem US$3’750°000 ot Tpex EBpomeicKux MHBECTH-
muonHbIX rpynn u US$750°000 or RWE Dynamics
(Tepmanus); B 2004r. monyuyen rpant denepanibHOro
npaBurenbcTBa ABcTpanuu Ha cymmy A$1,210,000 u
ap. B Hacrosmee Bpemst 9Ta hupma TBEpIO CTOMUT Ha
HOrax M MOJy4aeT 3aKkas3bl pa3HbIX cTpaH. Cienyer,
OJIHAKO, OTMETHUTH, YTO IePEUUCIICHHBIC THIPOIHEpre-
THYECKHE YCTAaHOBKH HCIIOJB3YIOT B OCHOBHOM IIpH-
JIMBHBIE BOJIHBI M IO9TOMY MMEIOT OIpaHMYEHHbIE BO3-
MOYKHOCTH.

4. O00ocHOBaHHE NMOJIBOAHOM

KPBLJI0OBO# THAPOYCTAHOBKHA

Ha namr B3rmsin HanboJiee MEePCIEKTUBHBIMU SIB-
JITFOTCSL THIPOIHEPTETHYCCKUE YCTAHOBKA Ha OCHOBE
MMOJIBOMHBIX KpbUTbEB. [lycTh KpBUIO HMMeeT Qopmy
IUTACTHHBI U PACIOJOXEHO IM0J] HEKOTOPHIM YIJIOM
aTakd K TMOTOKY, TOTJIa Ha Hero Oynaer JeiicTBOBaThH
MOJJbEMHAs CHJIA, TPUMEPHO paBHas

Y = pV?Szsine,
WJIU IS BOJIBI,
Y =327V °Ssina [xr],
rae V [M /cex] — ckopocTh BOJIEI OTHOCHTETBHO KphLa,

S[m?] - mwiomanp Kpbua, @ - yroi, Moj KOTOPBIM
Ha0eraer MOTOK JXHAKOCTH Ha KpbLIO (4TOOBI CPHIB
MMOTOKa He OBLI, Yroll HEe JODKEH OBITh CIUIIKOM
Oonpumnm). Jlist pacuera npumem yron ¢ = 30°, Torna
cuiia OyzeT paBHa

Y =163V 7S [xr].

TexHuuecKrue BO3SMOKHOCTH MO3BOJIIOT M3rOTO-
BUTh KpbUIO ¢ pa3MaxoM 50M W ImupuHO# 5w, T.e.
mwiomaneo S =250 kB.M. Ecnu  ckopocTh MOTOKa
paBua V =1wm/cex, To cuna, AeiCTBYIONmAs Ha KPBLIO,
Oynmer paea Y = 82000kr.

Hamu npeniokeHa JBYKpbLIas yCTaHOBKA, KOTO-
past MO3BOJIET MOJYYUTh MOLIHOCTh IJIS YKa3aHHOI'O
kpeia N =32MBrt.  PaspabarbBaroTcs — Takke
KBaJPOKpBLIOBas, paboraroias B mpoTuBodase, U po-
TOpHasi MHOTOKDBUIOBBIE yCTaHOBKU. Ha puc. 7 moka-
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3aHBl TOJIOKEHUSI KPBUIbEB JBYKPBUIOW U POTOPHOM
TPEXKPBUIOBON YCTAaHOBKU AJSl HEKOTOPBIX YIJIOB IO-
BOpPOTa, pacCUMTaHHBbIE HAa KOMIbIOTEpe. B ympomien-
HOH TIOCTaHOBKE HaWAEHBI TakKe (GopMyIbl Ui pacye-
Ta MAaKCHMAJIFHO BO3MOXXHOH MOIIIHOCTH.
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Pucynok 7 - Cxemarnueckoe H300paxeHue
JIBYKpBUIOH ycTaHOBKH. [Ioka3aHo mocnenoBaTenbHOE
MTOJIOKEHHE KPBUTHEB NP TOBOPOTE KPUBOIINIIA
Ha ITOJHBIA 000POT, YTO COOTBETCTBYET JIBIKCHHIO
KpbUIa B OJTHOM HaIpaBJICHUH.

JIsL OILIEHOYHBIX PAacueTOB MOXKHO BOCIIOJIB30-
BaThCsl KpUTepHeM berlia, B COOTBETCTBUU C KOTOPHIM
KO3(h(PULMEHT MaKCHMMaJbHOTO HCIIOJB30BaHUS JHEp-
TUH BETpa HJCAbHBIM BeTpokonecoM paseH K = 0.593,
KOTOpPBI paBeH OTHOUICHHWIO II0JIE3HOM MOIIHOCTH
BETPOKOJIeca K MOIIHOCTH ITIOTOKa Yepe3 JTaHHOEe KoJle-
co. [lnst peanbHOro BeTpokoieca nopsiaka kK = 0.3-0.4.
Ecnn omeraemas miomans THIPOYCTAHOBKH paBHA S

[ M°], TO MOIHOCTb TeUeHHs! Yepe3 ITy MUIOMAb PAB-
wa N_=pU°S/2[B1], rne y=1000kr/m° - BecoBas
moTHOCTE Bogel. Mommocts yctanoskn N =KN, .

PaccunTaeM MOJNE3HYI0 MOIIHOCTH, KOTOPYHO MOXHO
caath ¢ Lupkymmomsipaoro teuenus. M3sectHo [5],
YTO CPEHUN PAcCX0]l BOJBI

Q =125Sv(Cepapyn)=1.25x10°m° / cex .

CrnemoBatenbHO, TIPU CPEIHEW CKOPOCTH TCYCHHUS
U =0.7m/ cek momepeyHas IUIOMIagb TEUYECHHUS paBHA
S=Q/U =1.786x10°m".
Karolieil yepes JaHHyIo IJI0MIa/1b, paBHa

N, =7SU°/2=3.062x10"Br.

[ycte ko3 durment kK = 0.3, Torga ruapoarpe-
raThl, yCTAaHOBJICHHBIC B OJHOM CEYEHHH, OyayT mpo-
W3BOJHUTH 3HEPTUIO MOITHOCTH

MomrHoCTh BOJBI, MIPOTE-



N, =kN,_ =9.187x10°Br.

Ecnmu ruppoarperatsl yCTaHOBUTH 4epe3 KaXKIble
300M no ammme Teuenns L =3x10"m, To TeopeTmue-
CKH MOYKHO MOJIYYUTh SHEPTHIO, PABHYIO

N = N,L/300m =9.188x10"Br .

[MonydeHHast 3HEPTHs MEPEKPHIBAET MOTPEOHOCTH
HaceleHus. Pasymeercs, 3TO 4MCIO SIBJISETCA YUCTO
TEOPETUYECKUM U €0 HaJl0 KOPPEKTUPOBAThH AJIs KOH-
KpETHBIX arperaroB u tedeHuil. Ho, Tem He MeHee, OHO
CBHJICTEJICTBYET O TOM, YTO JHEPIUs BCEX MOPCKHUX
TEYEHHUH TTOJTHOCTBHIO TIEPEKPOET NOTPEOHOCTH YesIoBe-
4YECTBA HA BCE BPEMEHA €r0 KU3HU.

5. Mopckue noaBoAHbIE YJIeKTPOCTAHIINY.

[MpennaraeTcsi pa3MECTHTh HSHEPreTHYECKHE
YCTAaHOBKH Ha IUIABAOILIEM WM MOTPYKEHHOM TO/-
BOJIHOM IIOILJIABKE, 3aKperieHHOM Ha sikope (Puc. 8).
Jnd mMOBEepXHOCTHBIX MOPCKHUX TEUEHUM TUAPOIHEP-
reTHYECKHUEe arperaTbl MOXXKHO YCTaHOBUTbH WMJIU CHHU-
3y, WIK CBepXy Win ¢ obeux cropoH moruaBka. Ca-
MU TOIJIaBKM MOTYT OBITh Ha ITOBEPXHOCTU BOJBI
WM TIOTPYXeHbl Ha TiayOuHy nopsiaka 50m. B mep-
BOM ClIly4ae MOXXHO YCTaHOBUTb TaKXe HaJBOJHBIC
BETPSIKU IS MOJIyYCHUS JOMOJHUTENBHO YHEPTUH OT
Berpa. Kcratu, [{upkym- moJsipHOE TeUeHUE HaAXO-
JUTCSI B LIMPOTax, HA3bIBAEMBIX «PEBYLIMMH COPO-
KOBBIMHY», TJI¢ TIOCTOSIHHO IYIOT BETPhI C OOJBIIUMHU
CKOPOCTSIMH.

eyl

PucyHok 8 - Cxemarnueckoe n300pakeHne
noasoHo ['DC:
a) TIOBEPXHOCTHOE TCUCHHUE;
0) riyOMHHOE TEYECHHE.

OpaHako B 3TOM cllyyae HeXelaTeabHOe BO3Jei-
CTBHE MOTYT OKa3aTh yparaHHble BETPbl U CHUJIBHOE
BOJIHEHME. B cilydae morpy>keHHOro morjiaBka BOJHe-
HUEe He OyJeT OKa3bIBaTh CKOJIBKO-HHOYIh OIIyTHMOE
pnusiHue (puc. 8a). IlommaBok TUHA MOIBOJHAS JIOIKA
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MOJKET OBITh MOTPY’KEHA HAa HEOOJBIIOE PACCTOSHUE OT
CBOOOIHO TIOBEPXHOCTH.

[Tockonbky BHYTPH KOpIyca Npeanoiaraercs
TEXHOJOTHYECKHUH MPOIECC OCYIIECTBIATH B aBTOMa-
THYECKOM PEKHUME, TO BHYTPECHHEE NaBICHHE MOXKET
MOIIEP)KUBATHCS TIOBBIICHHEIM. B 3TOM citydae mie-
penaa naBIeHHS MEXIy BHEIIHHUM W BHYTPEHHUM
JaBJIeHHEM OyAeT CpPaBHUTEIBHO HEOOIBIINM, HYTO
MTO3BOJIUT KOPITYC MOIUTaBKA CAENATh M3 OOJETYCHHO-
Tro MaTepI/Iana. B YaCTHOCTH, MOXXHO HCIIOJIB30BaTh
BOJOHEIPOHUIIaeMBbIil OETOH, KOTOPHIN 3HAYUTEIBHO
JIeUIeBlIe W JoJroBeuynee meramia. WMudopmanus o
OeroHe OyJerT MOJOXEHAa Ha JAHHON KOH(EpeHIUH
Kpacnosckum P.O. Pacuer TONIMHBI CTEHOK MOIJIaB-
Ka 1aH B [2].

Bec sHeproycTtaHOBKH OyAET ONpeNeniTbcs, B
OCHOBHOM, BECOM T'€HEpaTopa; KPBUIbs, CHIEIaHHBIC
TePMETHYECKH W 3aMOTHEHHBIE BO3AYXOM HIIH JIETKOU
KHUAKOCTBIO (PECHOW BOJIOM), OYIyT UMETh MOJIOKHU-
TEIBHYIO IUIaBY4eCTh, MO3TOMY OOIIWH BeC MOTPy-
KEHHOTO DJIGKTpOreHeparopa OyIeT 3HAYUTEIBHO
MEHBIIIE Beca reHepaTopa B HEMOTPYIKECHHOM COCTOS-
Hud. Ero MOHO onmyCcTUTh Ha TIyOuHY, T/ie TeUeHUe
HauOoIbIIEE.

BHyTpu moriaBka B aBTOMAaTHYECKOM PEKHME
MOXKHO OPTaHH30BaTh IPOU3BOJACTBO BOJOPONA, KHC-
JIOpOJa, ONPECHEHHONW BOJBI, 4 TAKXKE PACTBOPCHHBIX B
MOPCKOH BOJIe XMMHYECKHX JJIEMEHTOB. M3BeCcTHO, 9TO
B MOPCKOH BOJIe B pACTBOPEHHOM BHJIE HMEIOTCS TIPaK-
THYECKH BCE DJIEMEHTHI TaOmmiel MenneneeBa. Boo-
POX ¥ KHCIIOPOJT AaBTOMAaTHYECKU CKMKAIOTCS U 3aI0JI-
HstOTC B Oainnonbl. KOHTEHHEPOBO3 TEpHOAMYECKU
3a0upaeT 3amoIHEHHBIC OAJJIOHBI U TPAHCIOPTHPYET
Ha KOHTHHEHT. JlJI1 3alOoJHEHHUs U TPaHCIOPTUPOBKHU
OHpeCHeHHOﬁ BOAbI MOX>XHO HCIIOJIB30BaThb MJSTKHUE
0007109KH. MOKHO TPEUIOKUTH P CITOCOOOB TpaHC-
HOPTUPOBKH Npoaykuuu ¢ Mopckux I'OC, B ToMm uucne
MO0 MSTKHM TOJIHATHICHOBEIM TpyOaM, MOTpyKEHHBIM
1 3aKPEIUICHHBIM SKOPSIMHU.

OkcrmryaTtanus noasonueix ['DC Ge3omacHa, mo-
CKOJIEKY OHa OynmeT paboTaTh B aBTOMATHUYECKOM pe-
)kuMe. Ha Hee He OKa3BIBAIOT HUKAKOTO BIHSIHHS Pa3-
JUYHBIC 3€MHBIC KAaTaKIM3MBI. 3eMJICTPSICEHNUS, IIyHa-
MH, TOpHa/I0, HaBOMHEHHA U ap. Ho riaBHOE mpenmy-
IIECTBO CHUCTEMBI MOABOAHEIX I'DC — 3TO 3KOJIOTHYE-
CK{ YHCTOE MPOU3BOJCTBO M CHA0KEHUE YEIOBEUYECTRA
9KOJIOTHUCCKU YHCTHIM SHEPTOHOCUTEIICM, KAKUM SB-
JISIETCS. BOJIOPOJI, & TAK)KE BECEMA IOJIC3HBIM KHCIIOPO-
moM. Tam ke OyIyT TPOHM3BOIWUTHECS B JOCTATOYHOM
KOJIMYECTBE M JIPYTHUC MOJIC3HBIC XUMUIECKHUE DIICMCH-
THI, O YeM YIIOMHHAJIOCH BBIIIIC.

He meHee BakHOU sBisieTcsl MOMYy4YEHHE OIpec-
HEHHOW BOABI. EI0 MOXXHO 3alOJHATH MSTKHE OTPOM-
Hble OOOJIOUKH W TPAHCHOPTHUPOBAThH Ha KOHTHHEHT,
rae ecthb mpobiieMa ¢ MUThEBOM BOmoil. MoXHO Oymer
Y4acCThb BOABI UCIIOJIB30BATH JJIsA OpOH_IeHI/IH SaCyIHJ'II/IBBIX
3€EM€EJIb, TEM CaMbIM peIJ_II/ITI) Hp06neMy C IIMTAHUCM.

6. Momeau YHePro-TuAPOyCTAHOBOK

B mnacrosimiee BpeMs NpeasioKeH psia MoJenen
THUIPOYCTAaHOBOK, OOJBIITMHCTBO KOTOPBIX OCHOBAaHO Ha
nponeuiepax. B nHTepHETE MOXKHO HAUTH MHOXKECTBO
TaKUX MpeAsIoKeHud. YacTh U3 HUX NpECTaBIeHa Ha



puc. 9. BoNbIIMHCTBO MOJIEIEH MPENCTABISIOT MPOCTOE
KOITUPOBAHUE BETPSIKOB 0€3 TCOPETUYECCKUX 00OCHOBA-
HUN U SKCIIEPUMEHTOB.

Pucynok 9 - 'mapoycTaHOBKH, OCHOBaHHBIE
Ha BpalleHUH POIeIUIEpOB

B UYeOokcapckoM MOJIMTEXHUYECKOM HHCTUTYTE
MI'OV u B OOO «DOHeprouHHOBaLUU» UHTEHCHUBHO
BEAyTCS HCCIEAOBAHUS IO BETPO-THAPOIBUTATEISAM.
ITpeanoxeHs! ¥ TMOMyYECHBI TATEHTHI Ha THIPOYCTAHOB-
KM, OCHOBaHHBIE Ha BO3BPATHO ITOCTYNATEJFHOM JABH-
KEHUH Kpbuia. [1J1st TOro 4To0Obl HCKIIOYUTH KOJIeOaHUs
B JIBYKPBUIOW yCTaHOBKE, MpPEAJaraercsi YCTaHOBKA C
YETBIPHMS KPbLIbsMH (KBaApO), paboTaronye B IpoTH-
Bo(ase (puc. 10).

[TepcrieKTHBHOM SIBSIETCSI POTOpHAs YCTaHOBKA,
C BpalIalOUIMMH yIPaBIsIEMBbIMH KPBUIBSIMU C 3aKpbLI-
KamH, npeanoxxeHHas TepeHTbeBbIM ALA.

3ak/oueHue

Cucrema moaBogusix ['DC B OyaymemM MoOXeT
MOJIHOCTBIO OOECIEYHUT YEIOBEUYECTBO DKOJOTMUECKH
YUCTBIM TOIIJIMBOM, KaKHM SBIISICTCS BO}IOpOll, nu
MPECHON BOJOW, a Tak)Ke LEHHBIMU 3JIEMEHTaMH U3
MOpCKOH Boabl. Bomopox MoxHO OyneT HCHOIB30-
BaTh B KaueCTBE TOILUIMBA JIIS TPAHCIOPTA, a TaKKe
JUISL TIONTYYEHHs DJIEKTPOIHEPTUU Ha DIIEKTPOCTAHIIN-
sIX, pabOTAONUX HA BOJOPOIHOM TOILIHBE.

YenoBeuecTBO OCBOOOAUTCS OT OMACHBIX U JKO-
JIOTUYECKH BPETHBIX CPEJCTB TOIYUYCHHUS 3IEKTPO-
sHepruu, kakumu spistores TOC, ADC, I'9C u ap.
ATMocdepa 3emau OyAeT OYMIIATHCS OT BPEIHBIX
pUMecel, KOTOpPBIe MOCTYNAOT B HACTOSIICE BpeMsI.
Pexn ocBoOOOATCS OT IUIOTMH W BOWAYT B IpEKHEE
pyciao. Iltogopoaue 3eMiIn yaydIiuTcs. 3eMis Oyaer
CITIOCOOHA HAKOPMHUTH BCE YEJIOBEUECTBO JKOJOTHYE-
CKH YUCTBIMU HpO}IyKTaMI/I.

Jlast Toro 4ToOBI MCCIIEI0OBATh BCE BO3MOYKHBIE
CIIOCOOBI MCIOIB30BAHMS SHEPTUU MOPCKUX TCUCHUH,
nenecooOpa3HO OPraHU30BaTh IIEHTP, MOXKET OBITH,
MEXIYHApOIHEIH, B KOTOPOM OBI BEIIMCH HCCIIEAOBA-
HUS B JaHHOM HampasiieHuu. CHaO)XeHHE JHepruei
OyIyIIero MOKOJICHUsS — 3TO MpodiieMa BCETO YelloBe-
YeCTBa, W MOITOMY UM JOJDKEH 3aHUMATBCS MEXKIY-
HapoIHBIN HeHTp nox srugo OOH.
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Pucynok 10 - KpbiioBbie ruipoycTaHOBKH:
a) IBYKPBUIas YCTAHOBKA,;

0) KBaJ[POKPBLIOBAst YCTAHOBKA;

B) MOJIEITb JIByXKPBLIOBOM YCTAHOBKH.
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Abstract

The investigation subject is the stability of the linear motion of the high-speed underwater vehicle with a ring-
type underwater wing and one hypothetical hydro dynamical scheme. Another subject is the mathematical model of
longitudinal motion, including the conditions for the linear stability.

I ntroduction

According to the existing practice [1, 2, 5, 7, etc.], cavi-
tation or super-cavitation is one of the most effective ways to
reduce the resistance for High-speed Underwater Vehicles
(HUV). It’s principle is to break the water in front of the ve-
hicle and shaping the cavern to fit the whole HUV. Currently
the design of the cavitating HUVs suggests to place the disk
or cone-shape cavitator at the nose of the vehicle and also to
fuse gas into the cavern right behind the cavitator [1, 2, 5, 7].

Despite of obvious advantages this classic scheme has a
number of weaknesses.

Some experts consider that the existing limitations can
be bypassed by using the controlled cavitating currents. The
idea is to create the super-caverns of desired shape by exter-
nal hydro dynamical specifics. The fisrt one to describe this
approach in the middle of the 20" century was Lighthill [8].
A group of researchers lead by professor Shushpanov [Ma-
khrov, Kerin, Pushkarev] managed to prove thie possibility of
creating such current (Fig. 1).

Numerous theoretical and practical researches resulted
in creating a ring-type tail wing to form the controlled cavitat-
ing current as the preferred solution. [6]. This design is usual-
ly referred as «Lighthill-Shushpanov scheme» (Fig. 2).

Figure 1 - Controlled cavitating current.
Experiment lead by professor Shushpanov.

A very logical idea comes next which is to combine the
advantages of the classical cavitation design [6] and the
Lighthill-Shushpanov scheme in one vehicle. Theoretically
the resistance of the body which moves in two caverns — front
one with o > 0, and the tail one with & < 0 will be quite
tiny. But in this case there is an important task to secure the
dynamical characteristics for the vehicle, most importantly —
for stable horizontal motion with given speed.This is the ob-
jective of the below article. Step one is to create the mathe-
matical model for the HUV and calculate the parameters of
the stable motions.

Setting of thetask
Let us consider the theoretical design of the HUV buind
under Lighthill-Shushpanov scheme (Fig. 2).
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Figure 2 - Theoretical design of the HUV
with controlled cavitating current
by Lighthill-Shushpanov

The HUV s a rotating body moving in the cavern
created by by the ring-type disk placed in the nose part of
the vehicle.

The angle between the disk and the axis of the ve-
hicle is variable. We shall ignore the flotation and slant
effects of the cavern. Let us assume that we place a ring-
type wing in the tail part of the HUV which converts the
cavern formed by the cavitator into cavitating current with
negative cavitation number. We have to create a mathe-
matical model for the HUV linear motion as well as for its
stability calculation. Below | the system of equations for
such type of HUV motion.

Equationsfor HUV motion.

We shall consider the right oriented rectangular co-
ordinates system Oxyz ¢ with O located at the centrum of
masses of the HUV and axis Ox directed alongside the
axis of symmetry of the HUV.

The HUV s influenced by the following forces
and their momentums: hydro dynamical force generated
by the cavitation disk; gravity; hydro dynamical force
generated by the ring-type wing, force created by the
HUV sliding by the cavern edge.

The differential equations of the HUV mation pro-
jected on the linked axes of coordinates are as follows:

(M+ 4, )V, = (M+ L,V 0, = L0 =
=T-X—-(G-A)siny

(M+ AV, + Ay, + (M + A )V, 0, =
=Y —(G-A)cosv

(3, + As) @, + AV, + AV, @, =

=M, + A(X, —x,)cosv

V=,
where V,,V, are projections of the centre of masses

velocity vector on the axes, @, - projection of the angle



velocity of body rotation vector on the axis Oz, G =mg -

gravity, A — Archimedean force, X;, X, - distance from the
vehicle nose to the centre of masses and centre of displace-
ment, T — propulsion, #%- trim angle, X,Y, M, - projec-

tions of hydro dynamical forces and their momentums of
the axes.

Kinematic equations are:

d=w,; V,=Vcose; V,=-Vsina

Here ¢ isthe angle of attack of the vehicle centre of
masses.

There are different ways how to calculate the loads on
the HUV, so we shall consider some scenarios of the cavi-
tating current at the tail part of the vehicle.

Scenario 1.

This Scenario is typical for linear-type motion, with-
out any manoeuvres (Fig. 3a). In this case the cavern does
not touch the surface of the vehicle, and the current at the
tail part of the vehicle is fully in line with the Lighthill-
Shushpanov scheme with negative cavitation figure. The
cavern closes on the engine jet of the vehicle. In this case
the vehicle tail is influenced only by the hydro dynamical
force applied at the tail ring-type wing. This is the preferred
type of motion, but in case of manoeuvre the cavitating cur-
rents might change.

I N
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Figure 3a - ScenarioNel of HUV motion.

Scenario 2.

The HUV body may touch the cavern border (Fig.
3b). In this case the HUV is influenced by additional hydro
dynamical force generated by gliding of the HUV tail over
the cavern border.

In this case the Lighthill-Shushpanov cavitating cur-
rent amends at the tail part of the vehicle (outside of the
HUV body), which changes the parameters of the cavern
closing. However, due to stability of the controlled cavitat-
ing currents the general structure of the tail current does not
change.

Figure 3b - Scenario Ne2 of HUV motion.
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Scenario 3.

In case of HUV manoeuvres the tail wing may
touch the cavern border (Fig. 3c). In this case the
current at the tail side becomes different from the
Lighthill-Shushpanov scheme, and the HUV hydro
dynamical model becomes similar to the classical one
with cavitating tail wing [8SuperFast 2008].

D

Figure 3c - Scenario Ne 3 of HUV motion.

This scenario is the most undesirable as there
is no controlled cavitating Lighthill-Shushpanov
current.

In this case the hydro dynamical force at the tail
wing will be different, as the tail wing is not fully
submerged in the water. However, it might generate
an additional hydro dynamical force, similar to the
gliding force [9, 10].

Cavern geometry

Let’s assume that the cavern from the cavern-
forming disk to the tail ring-type wing is natural and
ellipsoid (Fig.2.), [16-18], and its geometry can be
formulated by the following equations.
C, (1+o0)

o

of the cavern; L = R - medium length of the

ho

cavern, h, =0,47+0,49, here o is the cavitation

number, Ry — radius of the cavern-forming disk, Cyo —
coefficient of the nose disk resistance,

R. =R - radius of the maximum section
K H

2 2 (X — LK )2 i
R%(x)=R%|1- 2K/ | - current cavern radius,
( ) K az

R L
Rk —Rj
The cavitating current has a more complicated

geometrical form after the tail wing. The method of
its calculation is described in [11].

where g% =



Forcesacting at the vehicle
Let’s investigate the forces acting at the HUV with dif-
ferent scenarios of the tail cavitating current.

1) Hydro dynamical force at the ring-type tail wing.

This force is created when the ring-type tail wing
moves in a permanent flow. Such scenario can be applied for
all previously mentioned scenarios of tail cavitation current.
In scenarios 1 and 2 the ring-type wing is fully covered with
water, and in scenario 3 the wing is partially submerged. The
mathematical model for the calculation of the mentioned
force in each scenario is based on the model for T-type tail
wing (see below) [12 Vladimirov].

Let’s consider the ring wing as a set of N flat wings
placed in the radius equal to the ring-type wing Ry. In this

case the lift force at the ring wing Y, will be:

Yo = zYki
i=1

where Y, is the lift force.

Further we shall define Yki according to [12 Vladimi-
rov]. According to [1] the lift force coefficient will be

271Ky6, (e, +061 +uS)

CYk 2k 5
e )

where k, =0,8, £(&2) =& (&) 1, u - wedging
_a’S|nT+a

yem .k

angle of the wing, & - wing angle of

attack, where 7 - rectangular angle between the horizontal
axis and the vertical line on the wing middle.

To provide stability for the HUV it is logical to use a
special wing tail — e.g., with different angles at the upper and
lower parts.

In this case:

0°<7<180 o =«

yem.k L yem.x

180°<7<360° =«

yem.x 2 yem.x
where ¢, = ——j df (t) 1+t dt f (t) - profile equation;
T

e - adjusting angle; é’l( ) é‘z( h) are defined by exper-
iments.

Let'sassume & (1) =&, (3) =1,
. 27k, &,

Asresult ¢ :i_
Yk
A 1+2k 52[1+ ,u\FJ
A&

Wing resistance coefficient will be [1]:

8(. 4 C; 4 \F
Cc 1—— + 1+ +2C, +
X, 7[( ﬂjﬂ qu( 3,U /J tr
2
2 +ux+ao,+o, ., +@0+—— C 1+ \/E
+27| o
/,l 2 ust ﬂ%’(l 3:u ﬂ,

1
where ¢, =_ljw 1

T dt J1-t?

-1
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Forces on the wing:
2 2
_c _e PV
Ykp - Cym SKP ' ka - CXK, SKP
72 r2
where S =1_h_ | _ -wingspan, h_ -wing width,
. T
l,, = 2Ry Smﬁ’ Ry - radius of the ring-type wing

(R and R, if the ring is not symmetrical), n — num-
ber of wing particles
Y, =Y, sIint
The momentum on the wing will be the combina-
tion of the Iifting and resistance forces:
h, h,
o o [ o
k Cyk L C T I C)’k L CYK |_
Here x, is the distance from the centre of masses to
the wing, hk - wing elevation over the vehicle axis of
symmetry.
Let’s assume that the vehicle is oriented with the
wedging angle towards the direction of motion [1, 2].
Torna C,=03 for the wedging angle p=50°,

M, —Xh where h,

e is the centre of pressure.
For adjoint masses of the wing Zik , Which are parts

of differential equations, let’s assume that

Ay =0; Ay, = prl®;

oo = P s =

- half-length of the plate, X,

wing centre.

2) Force appearing at the HUV gliding over the
cvern border.

The approach has been developed by E.V.
Paryshev. He has investigated the task of submerging a
cylinder into the liquid through a cylinder with variable
radius. [3]. The resulting formula for the hydro dynamic
force acting at the cylinder with variable radius is -

2
2| —V, +V.
_ par? (g+h j

"~ £+h dv j
+h 2e+h er2dVR
£+h dt dt

where I is the cylinder radius, £ - distance between the
cylinder and the free border , & =R —r, R - caven

radius, N - submersion of the cylinder into the water, Vy

prl?
8
- coordinates of the

where |

- speed of submersion of the cylinder into the water, \7R -

speed of cavern radius variation.

Therefore this formula enables to identify the force
acting at the cylinder whit is being submerged into liquid
with variable radius.

3) Force at the cavitator
v =C%, (1+0) Sz sindcosdq




O.=pH_pK7 S -

q

where  CX,, cavitator angle,

_ 2
Sig=7 RHaf

4) Force from the wing gliding on the cavern edge

It’s logical to use the method similar to the one pro-
posed to calculate the gliding force on the cavern edge to
estimate this force value.

Balance and stability
The equations for the stabile motion taken than

@, =0 will be
T=X+(G-A)siny

Y =(G—-A)cosv
M, =—A(X, —X,)cosv
Let’'s assume that «,?¢* are minor, SO

sind=ca; sinv=1;, cosa=1 cos¥¥=1, and
also that V =const as well as during the motion
T=X+(G-A)sind.

Then the equations for the longitudinal turbulent mo-
tion will be:

(8, p* +a, p+a,) A+ (a, p+a,) A =bAS
(ay, p* +a,, p+a,,)Ad+(a, p+a,)Aa=b,Ad
where a; are dynamical coefficients.
The conditions of non-turbulent motion will be:
D, >0 D,D,-D,D,>0; k=0,3
If we assume that during the whole time of motion

A8 =0, then the equations for the angle turbulence motion
can be described by one differential equation:

(a,p*+a,p+a,)A=h,AJ,
where 8, =a,,, @ =@, +a,,, 8, =ay;+tay
The conditions of non-turbulent motion & = 0 will be

J, + ¢ >0,m, <0,4,9(% —x,)sing}, —mqgSL >0
The first one is obvious and does not have any impact
on vehicle parameters. Clauses two and three are:

c:o(1+a)%H—TﬂH —chXTK—
—Cy hTK+ Xc.h. <0
A,9(X; —X,)sin &, —
—C0(1+0')S—HxT -
—-qSL +Xche >0
q o XTK_CthTK cle
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I ntroduction

Present work is devoted to the study of time aver-
aged parameters of a gas jet in the concurrent water
flow. Geometry of gas jet, flow velocities and water
volume fraction distribution, and other flow parameters
are under consideration. This work was initiated be-
cause all known experimental and theoretical works
were devoted to the problem of high speed gas flow in
motionless water, see [4, 5, 6, 7]. At the same time, our
study shows that the presence of concurrent water flow,
even at relatively low velocities in compare with the
gas flow dynamic pressure, changes the nature of the
water-gas interactions at its interface and the structure
of gas jet in the water flow and its boundary dynamics
are rather complex and differ from gas-gas and water-
water systems.

The experiments were carried out in hydrotray of
TSAGI. Gas pressures upstream of the nozzle, water
velocity were varied. Static and dynamic pressure, wa-
ter-gas mixture velocity, water volume fraction along
nozzle axis were measured. Also the flow was photo-
graphed.

The attempt to model such a flow via CFD in
scope of multiphase Reynolds equations was done and
presented below.

1. Experimental Setup

The experiments were carried out in TSAGI’s hy-
drotray with working part sizes 400x400mm. To elimi-
nate the influence of gravitation and getting flow close
to the axisymmetric the bottom of the hydrotray was
curved with curvature radius of 3m. This allows to
compensate gravity by the centrifugal force at water
flow velocities around 5m/s.

Figure 1 shows the scheme of experimental setup.
Gas was supplied through a nozzle mounted in the hol-
low body. The diameter of nozzle throat was

d., =3.0mm, the diameter of nozzle exit section was

d . =3.7mm, nozzle aperture angle was 8°. Gas
out

pressure inside the chamber upstream of the nozzle was

p,=6-15-10°Pa, and its  temperature

T, =290K . Water velocity was V, =3—-7m/s.

Gas was supplied from receiver through pneumatic
valve. Hydraulic losses were less than 10%.

The following parameters were measured during
experiments:

-pressure inside the chamber upstream of the

nozzle Pg;
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-static P, and total P, pressure of gas-water
mixture along nozzle axis;
-water volume fraction ¢, along nozzle axis;

-flow velocity U, along nozzle axis.

| ? -
Figure 1 - Experimental setup

Static pressure was measured by a tube having
inner diameter 1.5mm with a lateral intake opening at
the distance of 12.5mm from the nose. Dynamic pres-
sure was measured by the Pitot tube having inner di-
ameter of 1.1mm. These tubes were established on the
mobile carriage moving along the axis of the stream.

Water volume fraction and velocity of liquid
phase were measured using the method developed by
L.A. Epstain [3]. Intake opening of the calibrated tube
(cross area was S, =7mm?) was inside multiphase

steam along nozzle axis (see Fig.1, section A-A). The
other end of the tube through the tray wall was re-
moved outside at height H. The horizontal length of
steam flowing out from the tube is |. It allows to cal-
culate the velocity of liquid phase:

u|:I4/29.

At the same time the water flowrate Q, was

measured by collecting of water in the measuring cup
during a fixed time. Having accepted a hypothesis of
gas and liquid phase velocities equality the water vol-
ume fraction can be express as:

_Q
S,
Tube movement along an axis of a stream allows

to determine the distributions of averaged by time ve-
locity and water volume fraction.

b



2. Results Of Experiments

Photos of jets at different water flow speeds are
shown in Figure 2 (obtained at the expose time 0.001sec),
and Figure 3 (obtained at the expose time 0.25sec).

T :
Figure 2 - Photos of jets at different water flow speeds
(expose time 0.001sec, p, =1MPa)

Visual observations and measurements of static
and dynamic pressures distributions show that the
structure of high pressure gas jets in concurrent water
flow is similar to the compact gas jets submerged in
motionless water, described in [1, 2, 4-6]. At the be-
ginning of the jet there is a purely gas stream. Then
liquid portions penetrate into the gas stream and form
gas-droplet mixture. After that gas collects in bubbles
and the flow becomes a mixture comprising liquid and
gas bubbles.

When underexpanded gas jet flows into the at-
mosphere there are any “barrels” and corresponding
static pressure oscillations at distance less than ~10dy.
But this was not detected in the experiments with gas
jets in concurrent water flow. Moving liquid bounda-
ries of gas jet form continuation of Laval nozzle, mak-
ing the mode of underexpanded gas jet propagation
close to the flow of fully expanded jet.

Figure 4 shows measured distribution of total

pressure excess Ap, = P, — P, along nozzle axis at

different water velocities, where P, is hydrostatic

pressure.

These results show that presence of water accel-
erates the mixing process, whereby the axial velocity
(or total pressure) becomes substantially smaller than
in the case of jet flow in the atmosphere. The water

velocity variation slightly changes Ap,, distribution.

3. Descussion

A distinctive feature of the gas jet geometry in
concurrent water flow is the fact that, from a certain
distance from the nozzle the transverse size of jet ceas-
es to increase and reaches some limiting value of radii.
l.e. jet becomes practically cylindrical, and the longitu-
dinal velocity component of liquid and gas are close to
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the concurrent water flow velocity V. Let’s introduce

the character transverse dimension of jet D, =2R
. X

at rather remote distance X =——>40 from the

out
nozzle outlet:

Ry =.—%, )

here Qg is gas volume flow rate at pressure and tem-

perature of water flow. This dimension is shown in
Figure 3. It is comparable with jet middle.

Figure 3 - Photos of jets at different water flow speeds
(expose time 0.25sec, p, =1MPa)
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Figure 4 - Distribution of total pressure excess
Ap,, = P,, — P,, along nozzle axis

Below the attempt to describe water-gas stream theo-
retically is presented. The approach is similar [1, 2].

Let’s introduce gas mass fraction K, and water
mass fraction x, of water-gas mixture stream:
G,
Ky=— ' ¥
G, +G,
Here G, and G, are gas and water mass
flowrates correspondently.



The density of mixture is

e G +G, B Py )
G =
+—G' K, (1 K, )/)g
pg pl pl

The gas mass fraction &, is related to the gas

volume fraction ¢, by expression:

?q
K, = @
0, +-p,) 2

9
Let’s transform (3) and introduce gas mass frac-
tion along jet axis:

_ Py
pP= P 1 =
(K‘ +(1- K‘) ng‘gm
pl Kgm
\ 5)
z—pg
[%+ﬂ%
Kgm
here a:&i«l.
pl ﬁ’gm

Using the experimentally established fact that
main part of considered jet is isobaric the momentum
equation can be written as:

F
Al ng (ugO _Vo)JgoFO = I(u _Vo)ude  (6)
0
here U, , Fo are gas velocity and cross-section area of

the jet in the initial section (the water volume fraction
in this section is zero) and u, F are the same parameters
in some cross-section, vg is concurrent water flow ve-
locity.

Gas mass flow rate equation is:

G F
. PoUgeFo = [KypudF (1)
0

The turbulent growth of stream thickness R in
concurrent flow is:

F
g:pgugoFozngpudF (8)
0
here ¢=0.27, u,

U, is character velocity in give cross-section, that can
be defined as:

is mixture velocity along jet axis,

av

F
IpudF
Uy = ¢ ©)

J poF
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The distribution of parameters in the cross-
section is considered like [1] in correspondence with
theory of free turbulence:

e == «f =1 o
here & =%.
s1-£2 = 1)
Integration gn:)f (6), (7) with (5), where
dF = 27&dE gives:
( f(§)edé
YO 60
J(2)= { f(f))fdj ~ 0,214
(12)

I(3)= { ff(é);gdf ~ 0,13

J(4)= ! ff(é))fdf ~ 0,09

here the numbers are approximate results of integra-
tion.
After some transformation and considering that

V
1- % =1-v, <<1 we can find equation for ve-
u
go

um - - . e
= —— alone jet axis definition:
u
go
0,09(u,, v, )’
—0,5K,,7, =0
The solution of (13) is:
=V, +
0,214v, -0,13«x, —

locity U,

+(043x,, —0,214v, Ju,, —v,)

(13)

u,

m

(14)

~/0,214v, -013x,, f +018x,,7,
-0,18
In case of motionless liquid V, =0 the solution

of (14) corresponds to [1]:
m :1,451(gm
Expression (7) allows to obtain the expression

Gg
=—— local

that combines gas volume flow rate Q,
90,

jet radii R and velocity up:
Q, = R’[v, +0,26(u,, -V, )]
Using (1) and (15) we can find:
-0,5
ﬂ (16)

Rm VO

(15)



Substituting (16) into (8) allows to find the equa-

tion of jet radii referred to the limiting jet radii R :
dR _c(-R?)
o T A (17)
dx 0,52

here ﬁ:i and X:L.
R R

m m
The solution of (17) at the boundary conditions

R—olatX —oois:

(18)
. . < D .

Figure 5 shows jet profiles D = R obtained

m
in the experiment and calculated by (18):

= D
b=
R,
an
o5
[T ]
oz
o
3 1 2 E q 5 F
» w=3mt = p=Smi 2 vp=dwic  — Lixpresswm (15)

Figure 5 - Jet profile

On the other hand via (13) the gas mass fraction
along jet axis can be defined as:

2
Ky = 2[?} (@, —v,)x
x (0,09(T, -V, )+ 0,214V,)

The liquid volume fraction is defined through gas
mass fraction as:

(19)

1- K,
O = (20)

14k, 2 -1
Py
The calculations of water volume fraction distri-
bution along jet axis are shown in Figure 6.
With aid of above results and [1, 2] the expres-
sion to determine the distribution of total pressure can
be expressed as:

2
u 21
[ P ;= (21)
PVo 14 Pm P
pl ¢gm
2
u
The calculations of P, = P ;- with aid of

PiVo
this expression and the experimental data are shown in
Figure 7.
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So the developed theory allows qualitative predict
the water volume fraction and total pressure distribu-
tion along gas jet in the concurrent water flow.

oA
qpf
5
nl
.24

L

oL

l2cid,

o 0 3 3N W XN & W LR IR 1 b c o

B === Exporiment ve=5 mic p= M
—  Expresion (19)

Figure 6 - Water volume fraction distribution
along jet axis
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4. CFD Modeling

In author’s previous work [10] the numerical
method of multiphase flow modeling was developed.
This method is based on numerical solution of time
averaged multiphase Reynolds system of equations and
can be used for modeling the flow of the gas jets in the
concurrent water flow.

The problem is considered as axisymmetric.
Computational mesh consists of 110000 elements.

At the nozzle inlet the mass flow rate is
Gy, =0.0198kg /s, air volume fraction equals 1 and

total gas temperature is T, =290K . This flowrate

provides total
p, =10atm.

At the initial stage the numerical calculation was
performed using homogeneous approach with de-
creased by 10 times mass flow rate. Further calcula-
tions ware carried out using inhomogeneous approach.
The implicit time step was At =0.000001sec. A
greater time step leads to instability.

The flow under consideration is unsteady and
measured parameters were averaged during rather long
time period. So to correctly compare of experimental

pressure upstream of the nozzle



and numerical data the large number of time steps
should be calculated. This number depends on the wa-
ter velocity and time step. For present problem the re-
quired number of time steps is 120000. The calculation
was progressed during 5 weeks.

Figure 8 shows the distribution of gas Mach
number near nozzle. It should note considerable heter-
ogeneous velocity filed that is character for such a
problem. There is small region near nozzle outlet
where the flow velocity is greater by 1000 times than
averaged velocity through the computational domain. It
forces to set rather small time step.

Figure 9 shows the distribution of water volume
fraction at different time steps.

Figure 8 - Gas Mach number distribution

Figure 10 shows experimental and numerically
obtained gas jet shape as the function of jet diameter

d =y and distance x =y along jet axis.
dOUt dOUt

Figure 11 shows the comparison of water volume
fraction distribution measured in the experiments and
obtained in numerical calculations.

There is a good correlation between numerical
and experimental data.

The most important shortage of the method is the
need of long time for calculations.

Conclusions

The experimental, theoretical and CFD studies of
high speed gas jets in the concurrent parallel water
flow are presented. It was shown that gas-dynamic part
of underexpanded jet is rather short and at rather close
distance to the nozzle gas flow becomes isobaric. Mov-
ing liquid boundaries of gas jet form continuation of
Laval nozzle, making the mode of underexpanded gas
jet propagation close to the flow of fully expanded jet.

The important feature of jet geometry is that at
some rather remote from the nozzle outlet distance the
cross-section of jet ceases increasing and the longitudi-
nal component of flow velocity is close to the concurrent
water flow velocity. The jet geometry near the nozzle is
not depended on concurrent water flow velocity.

Theoretical expressions that allows defining axial
jet velocity, water volume fraction distribution, total
pressure distribution and jet geometry and developed.

Figure 9 - Water volume fraction distributions
at different time steps
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Figure 10 - Dependence of jet diameter
upon distance along jet axis
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Abstract
Two new efficiency criteria for high-speed underwater motion are proposed. The power-efficiency and energy-
efficiency factors were calculated for different water animals and vehicles. The comparison of the power-efficiency
coefficients shows that the best swimmers have a streamlined shape that ensures an attached flow pattern and a
laminar boundary layer at rather large values of the Reynolds number. The efficiency of different flow patterns was
analysed. The information about animal shapes and locomotion should be of great use to improve robot fish and

underwater vehicles.

Introduction

Improving of robot fish and high-speed underwa-
ter vehicles needs further investigations of low drag
flow patterns, optimal shapes and propulsion efficien-
cy. E.g., the very important problem of the drag reduc-
tion of the high-speed underwater hulls can be solved
with the use of different flow patterns. Some axisym-
metric examples are shown in Figs. 1 and 2.

Figure 2 - Non-standard cavitator and cavity which
needs no closing body

The patterns, shown in Figs. 1a and 1f correspond
to the flow without boundary layer separation and low
pressure drag. The supercavitating flow patterns, shown
in Figs. 1b, 1c, 1d, 1e, ensure low skin-friction drag due
to the small surface of the cavitator wetted by water, but
the pressure drag can be rather high. To create a cavity,
the slender (Figs. 1c and 1d) and non-slender slender
(Figs. 1b and 1e) cavitators can be used. This idea was
developed in many theoretical, numerical and experi-
mental investigations in a lot of countries. This year we
celebrate the 100 anniversary of the famous Ukrainian
academician G. V. Logvinovich who sufficiently con-
tributed both in the theoretical and experimental re-
search of supercavitation, and practical applications of
this phenomenon. His principle of independence [1] is
still the very efficient tool for calculating the shape of
long 3D cavities.

The non-standard flow pattern with a cavity
which closes without any artificial closing body or re-
entrant jet (shown in Fig.2) could provide minimal
pressure drag (due to the Dalambert paradox) and the
skin-friction drag is reduced in comparison with the
unseparated flow pattern shown in Fig. 1a (due to the
smaller area wetter by water).

To compare the effectiveness of flow patterns
different criteria can be used. If the vehicle veloci-
ty U and the hull volume V are fixed the simplest
and effective criterion is the volumetric drag coef-
ficient:

2X

pUN %

When the hull caliber D or its length L are
fixed, the coefficients Cor C, can be used:
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The shape criteria (1) and (2) were applied in [2-4]

to compare the effectiveness of different flow patterns.

In this paper we will consider some new propulsion

efficiency criteria and compare the swimming efficiency
of animals and underwater vehicles.

C = 1)



1. Propulsion Efficiency Criteria
The power balance for the steady motion at ve-

locity U , when the trust is equal to the drag X , can
be written as follows:

u? 2
gmn=UX =U cvp7v 8

where  is the available power per unit mass, m is

that mass, and 0 <77 <1 is the propulsion efficien-
cy, which also takes into account the fin drag.

The power-efficiency factor PE = (7 can be
estimated as follows:

pUC,
2pr%
where p, = m/V is the average body density. In

particular, for neutrally buoyant vehicle or animal
(m = pV ) the power-efficiency factor can be writ-
ten as follows

PE = 3)

_u,
»

PE (4)

Characteristics (3) or (4) represent the “sprint-
er” effectiveness of underwater movement. But it is
very important to have both high velocity and large
range S (or operating time T =S/U), therefore
the best vehicle must have also the greatest value of
the energy-efficiency factor — the energy stored in-
side the vehicle per unit of its mass, which is neces-
sary for movement at the velocity U to achieve the
range S, multiplied by the propulsion efficiency
coefficient 77. With the use of (3) this characteristics

can be written as follows:

pU?C,S

EE=qnT =—F~
2pr%
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2. Comparison Of Propulsion Efficiencies
For Different Animals And Vehicles
To use formulas (3) or (5) the information about

drag coefficient C,, is necessary. In many cases the

information about drag is not available (especially for
animals). But we can compare the characteristics with
the use of C,, for some ideal case. For example, let
us take the attached laminar flow around slender

body of revolution (as shown in Fig. 1a).
On such slender unseparated body of revolution

(with a small maximum diameter D to length L
ratio) the pressure drag can be neglected and the lam-
inar friction drag was estimated in [5]:

4.708 uv’

C, , 6)
JRe, Yo

(U is the kinematic viscosity of water). Eq. (6)

shows that the volumetric friction drag coefficient

C, does not depend on the slender body shape,
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yields only approximately 8% greater value of drag
than the flat plate concept (see [5]) and can be con-
sidered as minimum possible total drag for the at-
tached flow (in some cases the supercavitating flow
patterns shown in Figs. 1b-1f and 2 yield smaller
drag, see, e.g., [2-4]).
Applying (6) to formula (3) yields
3

pU
PE=2354— " =
PoyReyV &
)
5
U % 1%
e
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Large values of PE correspond to the better
swimmers (i.e., the animals, who can produce more
energy per unit time and per unit mass and use it ef-
fectively for locomotion). Smaller values of this fac-
tor correspond to the vehicles or animals which have
a large drag (greater than the theoretical minimum
(6)) and don’t need (or cannot) to use a lot of their
energy for fast underwater movement and/or cannot
use their energy in proper way (e.g., due to the small
efficiency 77). Eq. (7) can be also rewritten in a di-

mensionless form

Y2, 6
pe = P—E4 = 2354’0U4—V
V%gé pbgA\/\T
Applying (6) to formula (5) yields
pU?°S
EE=2354— =
P,y ReyV &
3 ®)
pU N
=234 ———
Pb\/v
and in a dimensionless form:
%
EE pU 28
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The values of PE and EE calculated for dif-
ferent vehicles and animals with the use of (7) and (8)
are shown in the Table. It can be seen that some good
shaped animals are more efficient than torpedoes at
the same Reynolds number range. For example,

Thunnus thynnus has 3 times greater value of PE
than torpedo Mark 48, Makaira indica is twice more
efficient as torpedo Spearfish. The supercavitating

torpedo “Shkval” has rather high value of PE, but

its EE factor is smaller than for torpedoes Mark 48
and Spearfish. It looks that supercavitation can be
useful to increase the speed of the vehicle, but not its
range. The supercavitation also drastically increases
the noise of the vehicle.

The whales have much greater power-efficiency
factor in comparison with submarines. The real val-
ues of  are 1.61 W/kg and 3.8 W/kg for Collins and

Virginia submarines respectively. Taken the value



0.85 for the propeller efficiency, the real values of
PE are approximately 100 times greater than the
theoretical ones shown is Table. This fact can be ex-
plained by the same big difference between the real

values of C, (approx. 0.032 and 0.062 for Collins

and Virginia submarines respectively) and minimal
theoretical values which can be calculated from (6)
(approx. 3-10™* —-4-107").

Presented comparisons show that animals prob-
ably have much better shapes than underwater vehi-
cles. The reasons of smaller animals’ drag will be
considered in the next Section.

3. Unseparated Shapes And Critical Values

Of The Reynolds Number

The people who investigate the animals swim-
ming believe that their perfect shapes ensure unsepat-
ed flow and near to zero pressure drag (e.g., [6, 7]).
On the contrary, the researchers connected with tech-
nical applications think that separation on a solid
body is inevitable (e.g., [8]) and can be removed only
with the use of some active flow control methods
(e.g., by suction [9]). This pessimistic point of view
is based on the classical pressure distribution with a
stagnation point at the trailing edge and positive pres-
sure gradient in its vicinity which makes separation
inevitable [8]. Nevertheless, the experiments with
dolphins showed that during gliding (inertial move-
ment without maneuvering and shape change) they
really have unseparated flow pattern (e.g., [6, 7]).

To achieve an attached flow a series of special
shaped bodies of revolution with favourable (nega-
tive) pressure gradients near the trailing edge were
calculated and tested in the wind tunnel [2, 3, 10, 11].
An example —shape UA-2c¢ - is shown in Fig. 3 and is
rather similar to the dolphin body. The unclosed ver-
sion of this shape body UA-2 revealed the attached
flow pattern in experiments at

Re, =UL/v < 300000 (see [11]).

We will use the fact that the shapes of best
swimmers do ensure the unseparated flow pattern and
will try to estimate the friction drag of a slender un-
separated body of revolution (in this case the friction
drag practically coincide with the total one). The
forebody always has the laminar boundary layer,
which can become turbulent downstream due to the
different factors. Nevertheless, at some subcritical
values of the Reynolds number the boundary layer
remains laminar. To estimate the maximum value of
the Reynolds number, when the boundary layer re-
mains laminar on a slender unseparated body of revo-
lution, the Tollmin-Schlichting-Lin theory (e.g., [8])
and the Mangler- Stepanov transformations (see, e.g.,
[12]) were used and the following formula was ob-
tained [13]:

Re, [R*(£)d¢ <59558 ©)
0
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If the boundary layer remains laminar over the
entire surface, the integral in (9) has to be substituted
as follows:

Vv
j R (@)dg=—

1

T T ‘__Q_A

=TT T
\“‘x,_
e — J

Figure 3 - Comparison of the shape UA-2c with the
body of a bottlenose dolphin.

Thus,
3 2
Re, < 595581 Re, < 5955287ZL (10)
v 7

To calculate the critical values of the Reynolds
numbers Rei and Re\*, , corresponding to the right-

hand parts of the inequalities (10), the information
about the body shape is necessary. Expecting the op-
timal body shape to be close to the dolphin or UA-2c,

the ratio V /L can determined directly after calcu-
lating the corresponding shape based on the method
proposed in [13] or with the use of the approximate

formula V /L* =0.295(D/L)?, which was also

applied to calculate the values of C,, for animals in
Table. Then the critical Reynolds numbers can be
estimated as follows:
LZ
Re| =6.3-10°— or Re;
D?
11)
Egs. (11) testify that the boundary-layer re-
mains laminar on slender bodies of revolution at ra-
ther large Reynolds numbers and the critical value of
the Reynolds number increases with the diminishing
of the thickness ratio D/L. Formulas (11) yield

Re; =1.7-10" or Re, =3.8-10° for the bottle-

nose dolphin body L/ D =5.2.

These estimations resolve the known Gray par-
adox, since the Reynolds number Re, =1.4-10"taken
for estimations in [14] corresponds to the laminar
flow on the dolphin shape (see also [15]).



Table - Reynolds numbers, efficiency characteristics and slenderness ratio for different animals and vehicles

Name Re,10° | Re-10° (V\i’ /ig) ( ﬁfg , | o | ey
Illex coindeti Verany 0.32 7.10 96.6 - 0.12 -
Loligo vulgaris Lam. 0.36 5.78 77.9 - 0.14 -
Hirundichthys rondeletii Cuv. et Val. 0.45 5.78 202.4 - 0.14 -
Mola mola L. 0.60 2.09 0.011 - 0.30 -
Scomber scombrus L. 0.64 4.13 13.2 - 0.18 -
Caretta caretta L. 1.03 1.58 0.16 - 0.37 -
Human (sportsmen dolphin kick) 13 3.59 0.095 - 0.20 -
Sarda sarda BlI. 2.28 3.59 524 - 0.20 -
Prionace glauca (juvenile) 2.43 4.13 83.2 - 0.18 -
Salmo trutta labrax Pall. 2.45 4.46 29.3 - 0.17 -
Sphyraena barracuda Walb. 3.42 6.38 45.8 - 0.13 -
Thunnus alalunga Bonnat. 3.88 3.16 70.6 - 0.22 0.199
Prionace glauca (adult) 4.62 4.13 12.3 - 0.18 0.166
Acanthocybium solandri Cuv. et Val. 5.19 7.10 90.7 - 0.12 -
Scomberomorus commersoni Lac. 5.64 5.27 150.8 - 0.15 0.143
Dephinus delphis ponticus Barab. 6.35 3.36 16.9 - 0.21 0.130
Tetrapturus belone Raf. 6.43 12.18 244.5 - 0.08 -
Thunnus albacora Lowe 7.29 3.36 47.9 - 0.21 0.118
Istiophorus platypterus Show and Nodder 8.75 9.05 246.5 - 0.10 -
Xiphias gladius 10.8 3.85 30.3 - 0.19 | 0.0877
Squalus carcharias 15.1 3.59 0.557 - 0.20 | 0.0682
Istiophorus albicantsa 15.2 9.05 384 - 0.10 | 0.0677
Megaptera novaeanglie 15.5 3.85 0.081 - 0.19 | 0.0667
Orcinus orca 16.5 2.53 0.875 - 0.26 | 0.0637
Thunnus thynnus L. 18.8 2.98 24.9 - 0.23 | 0.0579
Torpedo Mark 48 23.7 10.41 8.34 |1.12*10*| 0.09 | 0.0485
Physeter catodon L. 24.2 3.85 0.06 - 0.19 | 0.0478
Balaena mysticetus L. 27.8 2.41 0.022 - 0.27 | 0.0431
Makaira indica Cuv et Val. 34.0 4.13 41.7 - 0.18 | 0.0371
Torpedo Spearfish 37.2 12.18 20.3 |1.12*10*| 0.08 | 0.0346
Balaenoptera physalus L. 41.2 4.84 0.097 - 0.16 | 0.0321
Balaenoptera borealis Less. 56.4 5.27 0.618 - 0.15 | 0.0253
Balaenoptera musculus L. 57.2 4.46 0.129 - 0.17 | 0.0251
Supercavitating torpedo "Shkval" 70.6 14.56 875 | 87455 | 0.07 | 0.0214
Submarine Collins class (diesel-electric) 124.7 9.05 0.019 | 105.7 0.10 0.014
Underwater express BAAO6-13(requirements) 151.0 no data 6.13 | nodata | nodata| 0.0121

limited
Submarine Virginia class (nuclear) 195.8 1041 | 0018 | 1Y, | 009 | 001
supply

Thus slender bodies of revolution can delay
the laminar-turbulent transition on their surfaces
and reduce the skin-friction drag. It must be re-
called that the presented estimations are valid only
for the flow pattern without separation. That is
why the effect of the laminar-to turbulent transi-
tion delay was not achieved on the standard (sepa-
rated) slender bodies of revolution. The difference
in shapes can be almost non-visible, but usually
the pressure distribution is very sensitive to the
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small changes in shape and similar shapes can have
very different pressure gradients and separation
behavior. In particular, the body shape UA-2c has
L/ D =3.6, a negative pressure gradient forebody,
ending at the minimum pressure point X = 0.33, a
long positive pressure gradient region (approxi-
mately 45% of the total body length) and a nega-
tive pressure gradient near its tail. The separation
on the Goldschmied’s body ( D=0.508 m;



L/ D =2.9; with a long negative pressure gradient
forebody (appox. 76% of the total hull length), a
short zone of the pressure increase (its length
d =10 %) and a negative pressure gradient region
near the tail was removed only with the use of
boundary-layer suction, see [9]).

At supercritical Reynolds numbers the friction
drag on the unseparated slender of revolution can be
estimated by using method presented in [5] for the
laminar part of the boundary layer and the flat plate
concept [16] for the turbulent one. An example of
such calculations and comparison with the experi-
mental results for the Hansen&Hoyt body [17] are
show in Fig. 4. The larger drag on the Hansen&Hoyt
body can be explained by presence of laminar separa-
tion revealed in experiments. It can be seen from Fig.
4 that the drag coefficient curve has a distinct mini-
mum, corresponding to the critical value of the
Reynolds number. At supercritical values the drag
coefficient increases rapidly, stabilizes near the value

C, = 0.01 and then diminishes.

0.005

1'9 . .E.ID.

30 Re*10°
Figure 4 - Volumetric drag coefficient (solid line)

calculated for a body of revolution similar to UA-2¢

and Dephinus delphis ponticus Barab. ( D/ L =0.21).

Calculations for the pure laminar and the pure
turbulent boundary layers are shown by dashed lines.
Markers represent the experimental measurements for

Hansen&Hoyt body with D/ L =0.22, [17].
Critical values of Reynolds numbers Re\j were

calculated for different animals and vehicles with the
use of formula (11) and presented in the Table.

4. Discussion. Which Is The Best Shape?
The Table demonstrates that the best swimmers

(with the higher values of PE) are fishes which
swim at subcritical values of Reynolds number (e.g.,
Indo-Pacific sailfish Istiophorus platypterus, Medi-
terranean spearfish Tetrapturus belone, Flying fish
Hirundichthys rondeletii. Animals which swim at
supercritical Reynolds numbers (e.g., dolphins,
sharks swordfish Xiphias gladius, black marlin
Makaira indica) have much smaller values Of power-
efficiency factor. It must be noted that the value of
PE for juvenile Blue shark

Prionace glauca (swim at subcritical Reynolds
numbers) is almost 7 times greater than for adult one
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which swim at supercritical values of Re, . Thus,

the best swimmers probably ensure the attached lam-
inar flow pattern and the small drag close the mini-
mum value (6).

The smallest values of PE are associated
with non-streamlined animals (e.g., ocean sunfish
Mola mola, bowhead whale Balaena mysticetus,
or sperm whale Physeter catodon) and submarines.
The shapes of these animals and vehicles obvious-
ly cannot ensure any attached flow pattern. The

low values of PE for submarines are both the
result of the large supercritical Reynolds numbers
and of the separation that increases the drag 3- to
5-fold in comparison to the value possible for an
attached flow pattern.

When designing underwater vehicles (e.g., ro-
bot fish), a most important objective is to minimize
the drag for a given volume and velocity. To solve
this problem, the minimum volumetric drag coeffi-

cient C, for the hull (the main part of the body)
must be achieved at the given volumetric Reynolds
number Re, . Thus, the optimal hull shape must

ensure attached and laminar boundary layer.
Since for laminar attached flow on a slender

body of revolution C, is independent of the shape

(see (6)), the hull shape may be arbitrary provided it
ensures a laminar attached flow. It means that the hull
must be unseparated and slender enough to increase
the value of the critical Reynolds number and to en-

sure Re, <Re,. These necessary values of

(D/L)" can be calculated form (11). For animals

and vehicles, which swim at supercritical Reynolds
numbers, the examples of such calculations are
shown in the Table.

This simple way of improving the efficiency
can be used for underwater vehicles which move at
moderate subcritical Reynolds numbers (e.g., torpe-
does). In the case of very large Reynolds numbers
(e.g., submarines) the necessary unseparated hull
must be unrealizable slender (see Table). For such
vehicles some non-standard flow patterns (for exam-
ple, shown in Fig. 2 can be recommended). The ad-
vantages and disadvantages of supercavitating flow
patterns shown in Figs. 1b - 1f will be discussed in
the next Section.

Further theoretical and experimental investiga-
tions of unseparated shapes (similar to UA-2) with
different thickness ratio at different angles of attack
and at large Reynolds numbers are necessary in order
to study the peculiarities of boundary layer separation
and laminar-to-turbulent transition.

5. Discussion.

Swimming And Flying/Jumping

Some fish and molluscs (e.g., southern short-
fin squid Illex coindeti, European squid Loligo
vulgaris) are both perfect swimmers and rather
good fliers. They can change their shape during
flight to create lift forces (see, e.g., [18]). Dolphins



jump into air during their motion. The animas use
flying/jumping to escape from predators and to
diminish the energy with is necessary for locomo-
tion (since the friction drag in air is approximately
800 times smaller).

The same phenomenon can be used in the case

of vehicles in order to increase their range or EE
value. For example, an optimal shaped body having a
velocity 50 m/s can jump in air at the distance circa
250 m. This distance can be increased with the use of
shape changing and creating the lift force. Some wa-
ter entry tests of the unseparated bodies of revolution
are already done in [19].

The supercavitating flow patterns shown in
Figs. 1b - 1f and 2 are examples of simultaneous
swimming and flying, since a part of the body - cavi-
tator — is wetted by water, another part of the hull is
located in cavity an fly in the gas.

In comparison this the attached flow or one
shown in Fig. 2, the supercavitating flow patterns
shown in Figs. 1b - 1f have large pressure drag. In
particular, the volumetric pressure drag coefficient
can be calculated as follows

9o
=3—— 12
@ \-16Inc (2
o = AP.+ PN 13)
pU

for the flow pattern 1b and a conic cavitator with the
angle 26, 6 >25° [20]. Here p, and p,are
pressures in atmosphere above the free water surface
and in cavity, his the operating depth of the vehicle.
the value of C,,, does not depend on & for these
non-slender cavitators and tends to zero with dimin-
ishing of the cavitation number o .

Another disadvantage of the supercavitating

flow patterns is additional drag connected with the
creating the lift drag which must be equal to the part

of the vehicle weight AG =K;p,Vg which is non-
compensated by buoyancy, ie.
Y =AG =k, p,Vg =k AX , where p, is the av-
erage vehicle density and K =Y / AX is the aerody-

namic efficiency. The corresponding additional vol-
umetric drag coefficient can be given as follows

AC, = 2AX _

puy
) : (14)
206G 2k p,
kpU 2\/ % kaI‘V2
Y.
Here F, is the volumetric Froude number.

Formulas (6), (12) and (14) must be taken into
account in order to decide which flow pattern is pref-
erable. Let us compare the corresponding characteris-

Fr, =
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tics for supercavitating torpedo "Shkval". A vehicle
with the attached laminar flow could have the value

C, =0.56-107° (see (6)), but very small thickness
ratio D/L = 0.021 (see Table). Formula (12) yield
the value C,,, = 3-107° at o = 0.016 (this value

is the minimal cavitation number allowing locating
the hull of D/ L = 0.07 in the cavity, see the Gara-

bedian formula L/ D =+/—Ino /o, [21]). Even
at 0=0.01 the corresponding  value
Ciear ~1.6-107%is 3 times greater than formula (6)

yields. To have the values of the cavitation number
smaller than 0.016, the ventilation is necessary even
at small depth (see (13)). The use of gas injection
into the cavity needs additional energy and decreas-
es the vehicle efficiency. Formula (14) can give the

values of AC, greater than 0.001 in the case of

this torpedo.
For great values or Reynolds number, e.g,.

Re, > 5.10" the flow pattern shown in Fig. 2 can

be recommended. If a part of a vehicle is covered by
the cavity, which closes itself (without any fictitious
closing rigid body or re-entrant jet, see Fig. 2), the
hull’s pressure drag has to be near to zero (due to
Dalambert paradox). The skin-friction drag of such
vehicle can be reduced, since the large part of its sur-
face has no contact with the water. In addition, such
vehicle can have rather high buoyancy and the addi-

tional drag AC,, can be reduced (see (14)).

Due to the smaller area of contact with the wa-
ter, the skin-friction drag coefficient can be estimated
as follows for the laminar attached boundary-layer,
[22]:

- (15)
Re, VV

where V, is the volume of the body’s part wetted by

water.

In order to realize the flow pattern shown in
Fig. 2, a special investigation has been done in [23].
It was shown that shapes of the axisymmetric slender
cavities can be not only elliptical. The cavity longitu-
dinal cross section can be also a parabola, a concave
and convex hyperbola and even a straight line (at one
specific value of the cavitation number). The last case
shows, that the slender body theory is applicable up
to the end of the straight line cavity (in comparison
with the elliptical cavities with the infinite slope at
the blunt trailing edge). Therefore, such cavity can
close itself and does not need any artificial closing
scheme.

To support this fact the nonlinear calculations
have been performed in [23] with the use of sources
and doublets located on the axis of symmetry. Their
intensity was chosen to satisfy the constant pressure
condition on the cavity surface. An example is pre-
sented in Fig. 5. For the body shown in Fig. 5

(V,/=26-10",V/L*=55.10"),



equation (15) yields the drag diminishing of 31% (in
comparison with the unseparated flow pattern
V, =V ). Diminishing V, /V leads to a further drag

reduction. Nevertheless, the short cavitators have
more deep pressure minimum on their surface. This
fact can cause separation (and cavitation) upstream to
the point x =0 and another flow pattern with a large
pressure drag. The separation behavior is very im-
portant for such flow pattern rand has to be investi-
gated in a water tunnel.

6. Conclusions

Two new efficiency criteria - the power-
efficiency and the energy-efficiency factors were
developed. The values of the power-efficiency and
energy-efficiency factors were calculated for differ-
ent water animals and vehicles. The comparison of
the power-efficiency coefficients shows that the best
swimmers have a streamlined shape that ensures an
attached flow pattern and a laminar boundary layer at
rather large values of the Reynolds number. The crit-
ical values of the Reynolds number for the slender
unseparated body of revolution were estimated. The
efficiency of different flow patterns was analysed.
The information about animal shapes and locomotion
should be of great use to improve robot fish and un-
derwater vehicles.
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Figure 5 - Axisymmetric cavitator (x<0) and cavity,
which closes itself (x>0).

Shape and pressure distribution.

The non-standard supercavity flow pattern was
proposed with the cavity, which closes itself without
any fictitious closing schemes. The total drag of the
corresponding vehicle can be reduced due to the
small value of the pressure drag. The water tunnel
tests of such flow patterns are necessary.
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Abstract

In the paper the approach developed by the author is used for calculating the propulsion performance and coeffi-
cients of interaction between an axisymmetric body and the ideal propulsor in viscous fluid. The distributions of static
pressure and axial projection of relative velocity over the wake cross-section was preliminary found from a numerical
experiment when the flow around the given body of revolution was calculated for the two cases, viz. with and without
operating propulsor. Three diameters of the actuator disk were considered in the variants studies. The calculations
show that the propulsive efficiency is somewhat reduced as the diameter is increased but remains to be very high (the
propulsive efficiency is 0.9985). When the actuator disk diameter is 0.3 maximum diameter of the axisymmetric body it
is seen from the calculations that the significant wake has an important effect in this variant (the wake fraction equals
0.3965). The hull efficiency here is 1.532, while the open-water propulsor efficiency is 0.6517 and propulsive efficiency
equals 0.9985. The proposed approach is believed to be promising for propulsion performance estimations for waterjet
propulsors, in particular those having sophisticated configurations with several propulsive units, for handling the data
obtained in test tanks including relevant measurements in the cross-section of hydrodynamic wake of the “hull-
propulsor” complex.

I ntroduction is sequentially numbered. It is assumed that the “hull-
The momentum theorem and conservation-of- ideal propulsor” complex has a given geometry. For the
energy principle were applied by the author [1], [4], [5] sake of simplicity an axisymmetric case is considered.
to derive approximate analytical equations for the effec- 1) The advance speed of the complex U is de-
tive thrust and power delivered at the ideal propulsor fined; the actuator disk diameter of ideal propulsor D is
using integrals over the finite surface of hydrodynamic defined:
wake far away from the “hull-propulsor” complex under 2) In the cylindrical coordinate system x,r,0 the

uniform and straightforward motion in viscous fluid. The
sub-integral functions contain distributions of static pres-
sure and axial projection of relative velocity over the

static pressure discontinuity for the propulsor disk points
is defined as the radius function Ap(r), for simplicity

wake cross-section. The proposed “dry” analytical ap- the axisymmetric case is considered;
proach to the derivation of the above-said distributions is 3) The propulsor thrust T is determined (more ex-
implemented using Fluent-type application software. For actly the axial projection of thrust vector using an excep-
Simp“fication the propu|50|’ is modeled by a given distri- tional rule of Sign: the thrust is assumed pOSitive as usual
bution of pressure discontinuities over actuator disk, i.e. when the vector under consideration is directed along the
as the ideal propulsor. It ils assumed that the flow is negative x -axis) and the axial thrust vector projection
irrotational. Ty (Ty =-T) is determined using the rule of signs as-
In the paper the approach developed by the author  gymeq specifically in this study where the projection Ty

is used for calculating the propulsion performance of an

axisymmetric body with the ideal propulsor in viscous Is opposite in sign to the thrust (1),

fluid. The distributions of static pressure and axial pro- T= DﬁAp)andr )
jection of relative velocity over the wake cross-section ’

was preliminary found from a numerical experiment 0

when the flow around the given body of revolution was Tx =-T, )
calculated for the two cases, viz. with and without oper- where r - radius of cylindrical coordinate system in the
ating propulsor. Three diameters of the actuator disk propulsor disk plane with its origin at the x -axis, D -
were considered in the variants studies. given diameter of actuator disk:

4) Two radius-wise distributions of pressure

glfgs:lc}gtr:l]sion Per formance Etimations Po — p\,\{(r) and axial .projection of relati.ve velocity
Let us first describe the algorithm for estimation of Uy (r) in the cross-section Fy are determined for the
propulsion performance and interaction coefficients given distance from the propulsor disk to the cross-
based on the distribution of pressure and axial projection section. These two distributions are obtained from a
of relative velocity in the wake cross-section behind the numerical experiment using a package of software ap-
complex under consideration. Each step of the algorithm plications, e.g. Fluent. Thus, the problem of viscous
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flow around the given complex is solved for the case of
operating propulsor, i.e. with the given Ap for the

points in the diskrepresenting the propulsor. The pres-
sure discontinuity Ap on the actuator disc is refined by

iteration.
5) Two radius-wise distributions of pressure

Po — p\;,(r) and axial projection of relative velocity

uy (r) in the cross-section F, are determined at the

given distance from the propulsor disk to the cross-
section for the complex with non-operating propulsor,
i.e. at Ap=0. These two distributions are required to

determine the resistance in step 8 and these are obtained
from a numerical experiment using a package of soft-
ware applications, e.g. Fluent. Thus, the problem of vis-
cous flow around the given complex is solved for the
case of non-operating propulsor.

6) The axial projection of the total effective thrust

Tg of the system is determined, i.e. the axial projection
of the force acting on the complex from the fluid under
uniform motion. The total effective thrust is T3 =0 for

the self-propulsion point and TEZX >0 for the case when
the model is subject to a towing force from a virtual car-
riageand F, <0 [4],
D/2
Tex = [Ip uy Uo —uy ) + (P — pw)2mrdr , (3)
0

7) The external axial force Fy is determined (pull-
forward force Fy <0 or pull-back force Fy >0) to be

applied to the complex under consideration, e.g., from a
virtual towing carriage, to ensure zero balance of axial
projections of all forces acting on the complex. This
force is equal to the counter-force with the opposite sign:
Fx = _TEZx ) 4)

8) The axial projection of the resistance force R is
found. The resistance force is calculated from formula
(5) using the earlier determined (see step 5) radius-wise

distributions of pressure p,— pJv(r) and axial projec-
tion of relative velocity u\’,:,(r) in the cross-section
Fy for the case on non-operating propeller, i.e. at
Ap=0 [4],

D/2
R=[Ip uy Uo —uy)+(po — py)]2mrdr ,  (5)
0

9) The axial projection of the thrust deduction
force is determined from the main propulsion equa-
tion (6):

AT =—(R+Ty +F¢)=T-R-Fy, (6)
10) The thrust deduction coefficient is found
t=AT/T, (7

11) The axial projection of the effective thrust vec-
tor Tg is found using the usual rule of signs unlike the

rule of sign used by the author (i.e. the said projection is
greater than zero if the effective thrust force coincides
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with the direction of motion). At self-propulsion point,
when Fy =0, the main propulsion equation gives a
well-known expression Tg =R =T —AT . In the general
case under consideration we have
Te=R+Fy =T -AT +Fy, (8)
12) The power externally delivered at the propulsor
is determined [4]

P, =RU, +
D/2 2 2
- 9
+ I [0’5’0 (U U°)+} u,, 27rdr ®
0 +(pvv_po)

13) The generalized propulsive efficiency is found
Nog =TeVUo/ Po (10)
14) The average flow velocity through the hydrau-
lic section of equivalent isolated optimum ideal propul-

sor of small axial size is determined

Usopr = Pp /T 11)

Remark. The equivalent isolated optimum ideal
propulsor is assumed to be the propulsor having the
same: geometry of actuator disk, thrust T and consumed
power Py as the non-isolated ideal propulsor under con-

sideration. The average flow velocity through the hy-
draulic section (represented by a thin 2D disk) of the
equivalent propulsor (11) is generally not equal to that of
the non-isolated propulsor for two reasons: first, the
pressure discontinuity distribution over the disk of non-
isolated propulsor is not uniform Ap = const. and, sec-

ondly, formula (11) is not valid for this ideal propulsor
because it is neither isolated not optimum.
15) The design velocity U, is determined which

corresponds to the velocity at infinity ahead of the
equivalent isolated optimum ideal propulsor of small
axial size. For the isolated optimum ideal propulsor of
small axial size the Froude - Finsterwalder theorem is
valid and also the thrust can be expressed in terms of
pressure discontinuity at the propulsor disk [2], [3]:

Usopr =Ua +Wa/2 (12)
T =pFpw, (U +Wa/2) = pFpW,lsopr (13)
Ua =Usopr =T /(2pFpUsopr) (14)

where w, - time-averaged axial projection of the absolute

(induced) velocity at the infinity in the slipstream of the
equivalent isolated optimum ideal propulsor, Fp - area of

the hydraulic section of ideal propulsor disk equal to
Fe =nD?/4, where D - diameter of propulsor disk.
Equation (14) is derived from (12) by substitution of w,
found using the second right-hand part of equations (13).
16) The design wake fraction is determined
wr =1-U, /U, (15)
17) The open-water propulsor efficiency is found
Mo =TU /Py =npg (1—wy)ig /(1-1), (16)
where the relative rotative factor is assumed to be unity
(ig =1) because in the adopted model it is assumed that

the flow is axisymmetric.



Calculation Study Of Interaction Between
Theldeal Propulsor And The Axisymmetric
Body Under Uniform Motion In Viscous Fluid

The simplest case is analyzed for illustrating the
capabilities offered by the proposed approach. The do-
main where this approach is applicable will be clarified
as more experience is gained in numerical experiments
under the proposed mathematical model, including addi-
tional capabilities arising from the generalized Rankine
theorem formulating the analytical optimum condition
for the ideal propulsor operating behind hull in viscous
fluid [4].

Let us consider the case of straightforward and uni-
form motion of the “hull-ideal propulsor” complex vis-
cous fluid. As was mentioned above, nowadays the
achievements in the computational fluid dynamics
(CFD) make it possible to carry out numerical experi-
ments on the above-said complex under uniform motion
in viscous flow. This study has used the FLUENT
software package.

Figure - Complex: Axisymmetric body
with aft actuator disk

The case study considers the turbulent flow around
an axisymmetric body with aft propulsor represented by
a thin 2D actuator disk (see Fig. ). Similar studies were
conducted earlier [6], [7], [8], [9], [10]. Below are given
general explanations regarding calculations for three
variants with different diameters of the actuator disk
(0.3; 0.8 and 1.0 maximum body diameter equal to
0.1609 m so that the actuator disk areas in m? were
0.001830; 0.01301; 0.02033, respectively). The given
axisymmetric body shape coincides with the Patel body
shape [5] which is an ellipsoid of revolution with a cone
afterbody (cone angle of 43 deg.). The axisymmetric
body aspect ratio is 6.2150. The hull length is 1m. The
maximum diameter of the axisymmetric body is
0.1609m. The speed of uniform advance motion of the
complex is 1.4334 m/s. The control cross section of hy-
drodynamic wake is located at a distance of four hull
lengths or 82.9; 31.1; 24.9 diameters of the actuator disk
for the three variants under consideration, respectively.
This actuator disc is located in the transverse plane
crossing the body axis in the aft at a small distance (3%
body length) inward from the aftermost point of the
cone.

The turbulence model k — @ SST was used for the
CFD calculations, and the flow around hull was assumed
as fully turbulent. The analysis was performed by speci-
fication of an axisymmetric pressure discontinuity distri-
bution over the disk (this paper only gives the results for
three variants, all with uniformly distributed pressure
discontinuities over the disk), i.e. the propulsor thrust
was specified rather than the effective thrust. In this case
the propulsor effective thrust is known at self-propulsion
point because the effective thrust under this condition is
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equal to the bare hull resistance found by calculation of
bare hull flow at given velocity. However the propulsor
thrust is unknown because the thrust-deduction force is
not known. For this reason iterations were done to ensure
sufficiently accurate determination of the thrust corre-
sponding to the self-propulsion point, i.e. when the actu-
al effective thrust is close to the bare hull resistance. For
the sake of simplicity and illustration this study assumed
the simplest radius-wise distribution of pressure discon-
tinuities represented by a constant value on the ideal
propulsor disk.

The results of calculations for the three variants of
different actuator disk diameters are given in Table 1.
The required pressure discontinuity value was deter-
mined by iteration but the Table 1 contains only the data
obtained at the final iteration step.

Remark. For each case a general type of uniform
advance motion of the “hull-propulsor” complex along
the negative x-axis is considered. In the general case
under consideration the uniform advance motion requires
that the sum of the axial projections of all acting forces
be zero giving the main propulsion equation represented
in two equivalent forms

R+AT +Tyx +Fy =R+AT -T+Fx =0 (17)

This equation can be used for iteration to find the

axial projection of the thrust vector Ty corresponding to

zero axial external force Fy (self-propulsion point) with

a given accuracy at a specified constant ship speed.
Since the thrust-deduction force AT is not known in
advance, it is required to use iterations for satisfying the

inequality FZ /T2 <e?, where e2- square of the speci-
fied maximum error for the solution of the main propul-
sion equation with respect to the axial thrust projection.
In a first approximation for the self-propulsion point it
can be assumed that Ty =—R, AT =0. As it is seen

from the results of calculations for the three variants
(Table 1) the iteration process provided a high level of
accuracy in solving the main propulsion equation (17)
characterized by e=0.000425 for variant 1 in accord-

ance with the criterion F{ /T¢ <€®. The iteration pro-

cess has actually formalized a physically clear algorithm
under which the propulsor thrust to be specified is cho-
sen in all three variant based on the condition that the
effective thrust should with a given error be equal to the
bare hull resistance, and obviously the hull resistance is
equal in all three variants. As it is seen from the calcula-
tions for three different disk diameters and three respec-
tive pressure discontinuities on actuator disks at the same
effective thrust, the generalized propulsive efficiency is
smoothly reduced as the disk diameter is increased but
remains at a very high level, viz. 0.998; 0.982 and 0.961,
respectively.

Remark. The main inherent advantage of the pro-
posed approach is that it offers to use the effective fields
of relative velocity and static pressure containing the
total velocities and pressures induced by both the hull
and the propulsor. A different approach was formulated
by Ivchenko in [11]. It should be noted that Ivchenko



employed a very simplified flow model viz., viscous
wake behind hull and propulsor was assumed cylindri-
cally shaped, i.e. the diffusive wake expansion was ig-
nored.

Table 1 - Three variants illustrating applications
of the propulsion estimation algorithm.
Summary results.

Operating condition: self-propulsion point.
Absolute speed of complex advance U, =1.4334m/s ;
Reynolds number 1.26 10°;
bare hull resistance R =2.074 N;
pressure discontinuity of ideal propulsor (IP)
is constant over the disk Ap = const.

Fluid density p =998.2kg/m®.

Characteristic Var Value
1 0.3Dyay = 0.04827m
IP disc diameter D 2 0.8Dpyax =0.1287m
3 | Dyax =0.1609m
2
Area of IP hydraulic sec- |+ | 0.001830m
fi 2 |0.01301m
ion Fp 2
3 | 0.02033 m
Effective thrust loading 1 1.105
coefficient Cy 2 0.1554
3 | 0.09944
Constant pressure dis- 1 |1225.1Pa
continuity over IP disk 2 | 166.26 Pa
Ap 3 | 105.56 Pa
1 | 2242N
Thrust T 2 2.163 N
3 | 2146N
Axial projection of com- 1 | 0.0008810 N
plex’s total effective 2 0.0003120 N
thrust vector T2, 3 | 0.0002250 N
External axial force 1 -0.0008810 N
E,o—_TZ 2 | -0.0003120 N
X EX 3 | -0.0002250 N
. 1 | 0.1689N
'Iz_ll_rust-deductlon force 5 0.08931 N
3 | 0.07222 N
Thrust deduction factor 1 0.07533
t 2 | 0.04129
3 | 0.03365
Axial projection of IP 1 | 2.073N
effective thrust vector 2 2.074 N
Te =T —AT +Fy 3 | 2074N
Power delivered at IP 1 2.976 Wt
P 2 | 3.026 Wt
D 3 |3.093Wt
Generalized propulsive 1 ] 0.9985
efficiency 2 10.9824
Mo =TeUo/Pp 3 0.9612
Average flow velocity 1 | 1.327mls
through hydraulic section
of equivalent isolated 2 | 1.399m/s
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Characteristic Var Value
optimum IP 3 | 1441y
. s
Usopr = Pp /T
Des_ign vel(_)city for _ 1 | 0.8645 m/s
equivalent isolated opti-
mum IP: 2 | 1.339mis
Uy =Ugpr —
T I(2pF Uger ) 3 | 1.404 m/s
Design wake fraction ; 832226
=1-U,/U :
" Ao 3| 0.02051
Open water IP efficiency ; 882%
Mo =TU /Py 3 | 09741
Hull efficiency ; 182?}
1-t)/(L—w :
(=0/d-wr) 3 10.9868

Thus, for formulating the optimum condition it was
required to introduce an artificial value, namely the
“friction wake fraction at infinity behind the complex”,
which raised a problem of experimental or theoretical
evaluation of this value. It should be noted that Ivchenko
used the notion of propulsor-induced velocity, apart from
the velocity induced by flow around hull, to write the
optimum condition, which makes it impossible to analyt-
ically describe the adopted mathematical model for vis-
cous flow conditions. As a critical remark regarding the
Ivchenko model it should also be pointed out that there is
an error in his expression for the power delivered at pro-
pulsor, viz. Ivchenko gives the following equation

Po =0.5p [uy, (ugy —vi..)dF..
Foo
which does not coincide with the equation (9) derived by
the author [1], [4]:
Po =RUo+0.5p [uy (uy U$)dRy ,
Fw

It is takes into account that in (9) in the concerned
case (p,, — p,) =0-

It is seen that Ivchenko’s formula misses the first
summand in the right-hand part and the square of ad-

vance speed UZ is mistakenly replaced by (vil)?,

(18)

(19)

which, according to lvchenko paper [11], is the square of
axial projection of relative velocity vector associated
with the viscous flow around the hull only (though it is
impossible to discriminate this component from the relative
velocity induced by propulsor slipstream) in the control
section of the hydrodynamic wake far away from the com-
plex. Even on presumption that the Ivchenko formula is
correct, it is obvious that anyway v, ., can only be a nomi-

nal the value determined for the case of flow around bare
hull without operating propulsor. At operating propulsor it
is impossible to discriminate the velocity induced by flow
around hull from that induced by propeller operation, so the
effective value of v, _ cannot be found and it will always

remain a nominal value by definition.



Conclusion

The study has investigated how the diameter of the
ideal propulsor actuator disk fitted in the aft of axisym-
metric body influences the propulsive efficiency. The
calculations show (see Table 1 and 2) that the propulsive
efficiency is somewhat reduced as the diameter is in-
creased but remains to be very high.

Table 2 - Propulsive efficiency versus IP actuator
disk diameter referred to the maximum diameter
of axisymmetric body

0.9985 0.9824 0.9612
0.3Dyax = 0.8Dyux = Dyax =
=0.0482M =0.1287m =0.1609m

The proposed approach is also viable for seeking
the optimum pressure discontinuity distribution over the
actuator disk using the generalized propulsion efficiency
as the objective functional with concurrent optimization
of hull and propulsor interaction parameters. In this
study the pressure discontinuity was assumed to be uni-
form over the actuator disk. The calculations showed
that for the three case studies the propulsion efficiency
calculated for the self-propulsion point reached very
high values (see the Table 2), therefore the uniform pres-
sure discontinuity distribution assumed here is close to
the sought optimum. When the actuator disk diameter is
0.3 maximum diameter of the axisymmetric body it is
seen from the calculations that the significant wake has

an important effect in this case W; =0.3965. The hull

efficiency here is 1.532, while the open-water propulsor
efficiency is 0.6517 and propulsive efficiency equals
0.9985.

If the control cross-section of hydrodynamic wake
of the system under consideration is sufficiently distant
from the complex, the above-given analytical expres-
sions are simplified because the integrals containing
pressures are close to zero.

The proposed approach is believed to be promising
for propulsion performance estimations for waterjet pro-
pulsors, in particular those having sophisticated configu-
rations with several propulsive units, for handling the
data obtained in test tanks including relevant measure-
ments in the cross-section of hydrodynamic wake of the
“hull-propulsor” complex. It should be emphasized that
the proposed approach offers a unique advantage of di-
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rect full-scale predictions avoiding the scale-effect is-
sues.

The author is grateful to A.A. Andryushin for his
valuable assistance in calculations.
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Abstract

One of the possible mechanisms of bubble breakup is the one due to shape instability. The resonance of radial and
arbitrary deformational oscillation mode frequencies 2:1 were examined by using Zhuravlev’s method of invariant
normalization of Hamiltonian systems and the complete analytical solution was obtained. It has been shown the prob-
lem is fully analogical to that of the swinging spring [8, 12]. It has been shown that in order for arbitrary oscillation
mode described by a high Legendre polynomial number n to be in resonance 2:1 with the radial bubble oscillations, the
bubbles’ radii should be proportional to n*. The exact expression for energy transfer period was obtained. The maximal
magnitude of deformational mode due to energy transfer from radial mode has been shown to grow with the growth of n
linearly. For example the relation of magnitudes in case of n=7 is about 20. The resonant energy transfer and huge
growth of deformational mode magnitude on big n could be the explanation of bubble breakup due to shape instability.

INTRODUCTION _p 3
Non-spherical bubble oscillations were studied in - E_”q’VndS =
a huge number of works (see [1, 2, 3], for example). o0

The linear theory provides us the harmonic oscillations o, T : 5 .

of radial and deformational modes. The resonant ener- Y _[d(/’ I @r(p,6,1)r (.0, t)dn

gy transfer can be obtained only by considering the 9=0  n=-1

non-linear terms in dynamic equations. The most im- pV | (V ri
portant resonance occurs when the ratio of frequencies U=0(S-S,)+p.(V-V,)+—22 [—Oj -

of radial and deformational oscillations is 2:1. For the y=1\Vv

resonance to be obtained, the quadratic terms in dy-

namic equations should be considered [4, 5, 6]. In [4], Here S and V stand for the bubble’s area and vol-
the method of two scales was used for overcoming di- ume and can be easily calculated using the expression

vergence. The problem of ellipsoidal oscillations of a

: >0 i forr; S, =4rza,’;V, =4 8. o stands for the
gas bubble under harmonic variation of pressure in the So =472, Vo I37ay; o

environmental liquid with taking into account the ampli- surface tension coefficient; p.. stands for the external
tude square terms in the equations was investigated nu- pressure and v is the gas’s adiabatic coefficient.
merically in [7] and analytically in [9],[10]. In [9, 10], On solving the linear system we obtain the angu-
the method of invariant normalization [11] was used for lar frequencies for the bubble’s radial and deformation-
constructing the asymptotic solution, describing the en- al oscillations:
ergy transfer from radial to ellipsoidal oscillations. In the 2 _ 26( _ 3pwa07/j

L . o, = —| 3y-1+—2% |,
work [13], a similar investigation of the energy pumping 2 s 20
from the radial mode into an arbitrary axisymmetrical _
mode was carried out. In this work we studied arbitrary o = 2—03 (n=1)(n+1)(n+2)
3D deformational mode. Analytical expressions describ- P 2

ing the system’s behavior were derived. . .
The condition of resonance for radial and defor-

mational modes 2:1 was obtained:

Main Part o (4n*+n-2)(n+1)+2 5
We started from the expression for bubble radius: 8 = p_ 3y -
=a, 1+a(t)-_+ Ry (cos 8)(&, (t) cos(mg) + The resonant bubble radius a, doesn’t depend on
+¢,(t)sin(me) m. On Figure 1 is plotted the dependence of the reso-

nant bubble radius on n for air bubble in water at nor-

where P™(cos@)stands for nm’s associated NG
n mal conditions:

Legendre polynomial. Solving Laplace’s equation with —0.073N /m: —10°N/m? v=14
Neumann’s boundary conditions we obtain the velocity 0 =0.073N/m; p. =10"N/m" y=14.
potential d(r,d,t) outside the bubble up to the third One can observe that the resonant bubble radi-
order of smallness on a and &, &. Thus, we obtain the us is increasing rapidly and the maximal n to take
kinetic and potential energy of the system and the into account is nearby 10, where a, reaches approx-
Lagrangian of the system: imately 1 mm.

68



1000 -

aum 1

100 -

10

1 ; : : : . - . :
2 4  n 8 10
Figure 1 - Dependence of resonant bubble radius on n.

We obtain the Lagrangian of the system up to the
third order of smallness on a and &, & considering only
the resonant terms (terms with both a and & , degrees of
freedom). On switching to the dimensionless variables

T=at,x=a,y,=Ng,,
NZ = (1+9,,)(n+m)!
2(n+1)(2n+1)(n—m)!

and using the condition of resonance we obtain a rather
simple expression for Lagrangian

L= (R 5+ Y= -y -2+
3 2 w2
+E+x(y1+y2)+

mn(2n+1) )., . .
+(n+3_¥jx(yly1+yzyz)_

2 2
—4n+Dx(y; +Y53)
On the next step we obtain the system’s
Hamiltionian up to the third order of smallness on X,
Y., Y, considering only the resonant terms:

H=H,+F,
H, :%(u2+v12 +VZ+AX + Y +Y5)
F ——Ex(v2 +V2) -

1= 2 1 2

—(n+3—mju(ylv1 +Y,V,)+

+HA(N+1)X(Y7 +y2)

Analogycally to the investigation of 3-
dimensional oscillations of a swinging string in [8, 12]
we use the procedure of Hamiltionian’ invariant
normalization [11]. To obtain the resonance 2:1 we
obtain the normal form in the first order of
approximation. In accordance with the procedure one
should firstly obtain a solution of unperturbed system

with Hamiltonian H,:
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X(t) = X cos 2t+%sin 2t

u(t) =U cos2t—2X sin 2t
Y.,(t) =Y, cost+V,,sint
vy, (t) =V, cost-Y,,sint
The normal form in the first order of

approximation can be obtained by averaging the
perturbation F; along the unperturbed trajectories:

lf — - 1 ! Fl(X(t)i yl(t)1 yz(t),
1= lim—=
T T gu(t), vy (1), v, (t))dt

After averaging we obtain:
£ - 4n+mn(2n+1) —1><
8
X(X (Y2 +Y7=V2=V})+
+U YV, +Y,V,))

In Birkhoff variables

U i . .
yA =—+\/§|X, Z, =V, +1Y,, 2, =V, +1Y.
1 \/E 2 1 1 3 2 2

the first approximation of the normal form can be
expressed as H = H,+F. where

H, =i(22Z, + 2,7, + .7,) .

4n+nm(2n+1) —1)\/5 »
16

le(fz2 +732) _71(222 + 232)

F=_{

Hamilton equations and there solutions:

s — O3 — 2it
2, = 2iz, z,=2¢
s — — it
7,=1z, => 7,=7,¢
s — 1 — it
2, =1z, Z,=2,e",

Here Z, and Z, have to be substituted by the
solutions of Hamilton equations for Hamiltonian F:
7 = (4n+nm(2n +1)—1)\/§
' 16
(4n+nm(2n +1)—1)\/§
- 8
After the substitution {

(Z;+23),

ZZ = Zl(Z_Z + Z_S)

_4n+nm(2n+1) —1t
3

our problem becomes fully analogical to the 3-dimensional

swinging string” problem [8, 12]. This problem is solved

analytically. There exists an energy integral:

W =222 +2,Z,+Z,Z,

On denoting the total energy of nN,m’s

deformational mode Z,Z, +Z,Z, by & we obtain the
second integral:



&2 2

M+S =E, 1_I:(4n+nm(2n+1) 1) (& —WE)
2 32
In limit case E — 0 the initial bubble

oscillations are practically radial with small initial
perturbation on deformational mode. A phenomenon of
resonant energy transfer will take place when small
initial perturbation of the deformational mode will lead
the system to practically full periodical energy transfer
from one mode to another. For the oscillations with

initial  conditions  X(0) = X, v,0)=y,,.
Y,(0) = Yy, u(0)=0, v,(0)=v,(0)=0 we consider
2 + 2
the parameter g= yOl_zyoz to be small. An
XO

expression for the period of energy transfer from radial
to deformational oscillation mode is obtained
analogycally to the swinging string:

T= 4 (Ing+0(5)j
(4n+nm(2n+1)-1)x, £

On Figure 2 this period is plotted for n=7 as func-
tion of m. One can observe that the period rapidly de-
creases on higher m indexes. Assuming the energy to
be distributed uniformly by the deformational modes,
one can conclude that the energy should be transferred
mainly in the n,n-deformational mode.

The energy transfer process was simulated nu-

=2X

S

merically and obtained analytically. The analytical ex-
pressions for the enveloping curves for magnitude of
radial and deformational oscillations can be written in
the form of solitons:
X(t)=
t 1), 32 t 3), 32
=X ||| === [In—|[+|| | === [In— || -1 |X
T 2 £ T 2 £
Y (O +Y; () =
sech t.1 Ing +sech t.3 In§
T 2 £ T 2 £
1,04
TIT,
0,8+
0,6+

0,4+

0,2 .

0,0+ : : : . y v >

0 1 2 3 - 5 g m 7

Figure 2 - Dependence of energy transfer period
on m at n=7.

On Figure 3 is shown the plot of numerical simu-
lation for n=7, m=0, x,=0.007, y,=0.0013. Enveloping
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curves, obtained analytically, are represented by bold
lines. By a is denoted the magnitude of radial oscilla-
tions and by & of the deformational ones, corresponding
to the n,m-Legendre polynomial.

From the plot, one can see that the analytical so-
lution is in rather good coincidence with the numerical
modelling. The energy is completely transferred from
radial oscillations to deformational ones.

[ VRN e e I OO AR TARS.
Eq] i ] 1l 1o 1211 [ET]

015
112 ‘
!

.08

i

!

It
H \“lf
| N

Bl
Figure 3 - Comparison of numerical modelling
with analytically obtained energy transfer curves.
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The enormous increase of the oscillations’ magni-
tude after the energy transfer from radial to deforma-
tional mode could help us explain the process of gas
bubble break-up. On Figure 4 is plotted the ratio of
oscillations magnitudes of deformational and radial
mode as function of n and m.

301 -
AfAgs
25
20 T T
- R
- . .“: -
10 £ -
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n PU.1F!1
0 1
0 2 4 € 8 10

Figure 4 - Magnitudes ratio on n and m.

Conclusions

The phenomenon of the resonant energy’s trans-
fer from radial to arbitrary deformational mode is fully
described analytically with the help of Zhuravlev’s
invariant Hamiltonian normalization procedure. The
exact expressions for energy’s transfer period, resonant
bubble ratio and magnitudes’ ratio were obtained. The
obtained results are in good coincidence with the re-
sults of numerical modeling. The enormous increase of
oscillations’ magnitude when energy is transferred
from radial oscillations to deformational ones, de-
scribed by the Legendre polynomial with high n-index,
could lead us to the explanation of gas bubble break-up
in fluid.
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AHHOTALMSA

Mamemamuueckoe modenupoganue yCmanoBUGUIUXCSL KAGUMAYUOHHBIX MEUYEHUTI OCYUeCMEISAEMCs PA3IUYHBIMU
Memooamu, OOUH U3 HUX CEI3AH C peuleHUeM UHMeSPalbHO20 YPAGHEHUS, 8bIPAdICAIOue20 YYHKYUIO MOKA NIOCKO20 U
0CeCUMMEMPUYHO20 TheYeHUll 8 UOealbHOU Heeecomoll Hecocumaemo scuokocmu [1, 2]. [na uucnennozo pewenus
maxkux ypasnenuti A.I'. Tepenmvesvim npednocern umepayuonnsiii memoo [3], nozeonsiowuii ocywecmenamo pewenue
3a0auu HenocpedCmeenHo 8 Gusuieckol 06nacmu medeHus: U HA38AHHbIN NOIMOMY KAPSIMbIM UMEPAYUOHHBIM Memo-
oom». Dmom memoo panee NPUMeHEH agmopamu K pacyémy KasumayuoHHo2o obmeKkanus cepul, chpepuyeckux cee-
MEHMO8 U KpugonuHelnvix konycos [4, 5] 6 6ezepanuunoil sgcudxocmu, a maxdice K peuenuio 3a0a4 0omeKanus npogu-

JISL ¢ YaCMUYHOU KA8epHOU noo c60600Hol nosepxrocmyio [6] .

B nacmoswei pabome npsamou umepayuonnsiii Memoo NPUMEHAeMcs K UCCIe008aHUI0 KAGUMAYUOHHO20 0bme-
KAHUs npensimcmeuii 803mMywénuvimu nomoxkamu. Paccmampusaemces mooenuposanue passumulx Kagepu 3a npensim-
CMBUAMU, HAXOOAWUMUCS 8 NOMOKE O BUXPSL, NOO C80000HOU NOBEPXHOCNBIO, 8 OCECUMMEMPUUHOL mpyde.

O0o03HaYeHHus

CKOpOCTB )XHAKOCTH Ha 0ECKOHEUYHOCTH
CKOpOCTb KUAKOCTH HA TPAHUIIE KaBEPHBI
JlaBeHne Ha 6€CKOHEYHOCTH
JlaBieHue B KaBepHe

IImoTHOCTB KUOKOCTHU

Yuciio xasutamuu 6 = 2(P, —P,)/pV?2

[MuprHa kaHaTa WK PagIHyC TPYOBI
Hupkynsuust ckopocTu

'—J:rCIUnt 8-U°<8<

Beenenne

IIpocreiimelt MoJenpl0 KaBUTALMOHHBIX Tede-
HUIl SBISIETCS CTallMOHApPHOE KaBHTAI[MOHHOE 00Te-
KaHue MPEensTCTBUA HAealbHOW HEBECOMOW HECHKH-
MaeMoOW KUAKOCThIO. Ecnu st pemeHus IiocKux
3a7a4 B 3TOM IOCTAaHOBKE MPUMEHSIIOTCS METOIbI
TO®KII, ToO B 0CECUMMETPUYHOM CIIy4yae HCIOIb3YIOT
HHBIE MOAXOAbl. VM3BECTHBI TaK)Xe METOIbI pacuéra
KaBUTALMOHHBIX T€YEHUH, MO3BOJISIOLIME pacCMaTpU-
BaTh KaK IUIOCKHE, TaK U OCECUMMETPUYHBIE 3aJauu
[7, 8]. [Ipuuém B [7] YnCIIEHHBIN aITOPUTM CBOIUTCS
K PELUEHUI0 CUCTEMBbl HEJIMHEUHBIX YPaBHEHUI OTHO-
CUTENIBHO 3HAYCHUH CKOPOCTH M OpPAMHAT TOYEK CBO-
00MHOM I'paHMIBI B HEKOTOPHIX TOYKax, a B [8] — K
peLIeHUIO HEeJIUHENHHOro HUHTErpo-
muddepeHnnansHOro  ypaBHeHus. Meron mpsMoi
uteparuu [3], OCHOBY KOTOPOTO COCTABJISET METO[
PaHUYHBIX 3IIEMEHTOB [9], CBOAUTCS K YHCICHHOMY
PEeIICHUI0 CHCTEMBl JHHEHHBIX alreOpandecKux
ypaBHeHHH. Pa3paOOTaHHBIA YHCICHHBIH aJITOPUTM
M03BOJIAET JOCTATOYHO MPOCTO PACCUUTHIBATH THIPO-
JUHAMHYECKHe 3a7adu 00 OOTeKaHHMH KaK H30JIMPO-
BAaHHOTO Tela, TaK M CHUCTEMBI Tel Oe3rpaHHYHBIM
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MMOTOKOM. ODTOT YHCIEHHBIA alTOpPUTM NPUMEHUM
TaKKe K MCCIEA0BAaHUIO TeNl B KaHale, TpyOe, B Beco-
MOM KHUJIKOCTH U Ap. B 3TOM ciiyuae paccmaTpuBaet-
Cd CcuCTEMa C OOIOJHUTCIbHBIMH BO3MYUIAIOIIUMHU
TeJlaMHu.

[IpuMeHeHHIO JAHHOTO MOAXOJAa K YUCIEHHOMY
HCCIIEJOBAHUIO TEJl B IUIOCKOM M OCECHMMETPUYHOM
KaHaJIax MMOCBSIICHA JaHHAS padoTa.

ITocTanoBKka 3agaun

PaccmoTpuMm nBymepHOe (ITOCKOE WM OCECHM-
METPHUYHOE) CTAIIMOHAPHOE KAaBUTAIIMOHHOE OOTEKaHKe
MPENATCTBUSL BO3MYIIEHHBIM ITOTOKOM HJI€aJbHOW He-
BECOMOM HECO)KMMAaeMOHN XuAkocTd. Bo3mylneHue B
MIOTOK B OCECUMMETPHYHOM CJIy4yae BHOCUT KOJIBIIEBOE
KPBUIO WJIM BO3MYUIAIOIINE TIJIOCKHE Teja, 3HAUUTENb-
HO 0OJIBIIUX PAa3MEPOB, UeM 00TEKaeMOE MPEISITCTBHUE.

MepuaroHansHOE CeueHHE 00JacTH TeUeHHsS 3a
JIUCKOM, COBMaJarolee ¢ reOMeTpHUel MI0CKOro Teve-
HUS 32 TUTACTHHOM, epICHIUKYISIPHON Haberaromemy
MTOTOKY, TTOKa3aHO Ha puc. 1.

[I70THOCTB KHUIKOCTH P, CKOPOCTH €€ Ha Oecko-

HEYHOCTH V. | auamerp aucka 2R (wiu aiwuHa mia-

CTHMHBI) MPUHUMAIOTCS paBHBIME eauHwmIie. [lycTh 3a-
JlaHa TaKxke Oe3pa3MepHast JyiuHa KaBepubl L/ 2R .

yi.
il
. e S ——
2 = n D
Bt
; | e ;
K )
e e —

Pucynok 1 - MepuauonanbHoe ceueHne
o0JracTy Te4eHus



®ynkuusa Toka W(X,Y) Takux TeueHmii ymoBie-

TBOPSET CIEAYIOIIUM KPaeBbIM 3a/1auaM
2 2
J ‘f + J E’ _EB_‘I’ =0 B obmactu teuenus, (1)
ox ay* y oy
rme €=0 mia mrockoro ciuydas u €=1 — as oce-
CHUMMETPHYHOTO;
¥ =C, =0mna BAB, BC", BC™,(2)
Y =C, =const ua DEFD, (3)

¥ {—V » B TUIOCKOM CITy4ae,
on

HaBC",BC™ (4)
-V , ¥ B 0CECHMMETpH. CIIy4ae,

V_Y B IDIOCKOM CITy4ae,

¥ = v (5)
Vm 7 B OCCCUMMCTPHUYHOM CJIy4dac,

npH X2 +y? = eo
I'=0 na DEFD. )
31eck X,y — OWIMHAPHYECKHE KOOPAWHATH B

CiIyda€ OCECHUMMETPHUYHOIO0 TCUCHUA U JACKAPTOBBI —

JUTSL TUTOCKOTO, N — BHEIIHSSA K 00JaCTH TEYCHHS CIH-
HUYHass HopMasib. OTMETHM, UTO €CIM B 3aj1aue MOsB-
JSIFOTCSL JIOTIOJTHATENBHBIC TPAHULIBI, TO HA HUX TaKKe
BBICTaBIISIIOTCS yennopus tumna (3) u (6).

Pewienune kpaeBoii 3agauu

Jnst perieHns MOCTaBICHHBIX 3a/1ay NPEACTaBUM
(GYHKLMIO TOKa B HMHTErpalbHOM BHAE. B mockom
Clly4ae 3TO MOXKHO CHEJaThb C HOMOLIbI0 (HOPMYJIBI
I'puna, 06o0ImIeHNEe KOTOPOH ISl CHHTYISIPHBIX (yHK-
il monmyuero B [11], a B ocecHMMETpUYHOM — ¥C-
noss3yeM pesynbtatel [2]. Torma, ¢ yuérom rpanuy-
HeIx ycnouid (2), (3) u ycnoBuii Ha GECKOHEYHOCTH
(5), mony4yrM HHTETrpaIbHBIC YPABHCHHSI

y+JV(Q)H(P,Q)d|(Q)+Cj B IUIOCKOM
ciyuae,
P(P) =1 2~ [VQH(P.QUIQ)C, 5 ocecns-(7)

METpHUH.

cirydae

rie
—4i|n((x—§)2 F(y=m)) B miockom
T

ciydJae,

H(P,Q) = @Kg—ij(k)—EE(k)} Boce- (8)

k
CHM.

cirydJae.

3necs P(X;y) - dukcupoBaHHas TOYKa Ha cede-

Huu rpanunbl Tedenus S = ABUBCT U DE U EFD,

Q&m) -

V(Q) — cKopoCTh XHAKOCTH B TeKymed Touke Q ;
K(k), E(k) -

TCKyIllasi TOYKa IIpU HHTCTPUPOBAHUH,

IMOJHBIC JDJUIMOTUYCCKUC HWHTCTpaIbl
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2\/yn

MEPBOTO U BTOPOT'O POJia COOTBETCTBEHHO, K = R
1

R = \/(ff— X)2 +(n+ y)2 [ocrosinubie C, (j=12)
BBI6I/IpaIOTC$I B 3aBHCHMOCTH OT IIOJIOKCHHUSA TOYKHU
P(x;y) : uamgekc j=1 cOOTBETCTBYET 3TOM TOUKE, Jie-

JKaled Ha MPEeIsITCTBUN WM T'PaHUIe KaBepHbI, HHACKC
j =2 — Touxe, Nexaleil Ha BO3MYIIAIOIEM TeJIe.

3nech HeusBeCTHBI (GyHKUUS Y(X), OMUCHIBaKO-

mas MCPHAMOHAIBHOE CEYCHHE TI'PAHHUIBI KaBEPHBL,
ckopocth V (X, Y) Ha MpEnsTCTBHU, KaBepHE U BO3MY-
marorieM Tteie. Kpome Toro, 3apaHee HEH3BECTHO M
3HaueHne mocTosiHHOW C,. OTMETHM, 4YTO B CHIY
CHMMETPUH TEYCHHS B OCECHMMETPHYHOM CIydae,
JOCTATOYHO PACCMOTPETh TOJIBKO BEPXHIOKO MMOJIOBUHY
obnactu TedeHus. [Ipyu pelIeHHH IUIOCKHX 3a1ad Tpe-
00BaHNE CHUMMETPUIHOCTH HEOOSI3aTEIHHO.

YucieHHOE pelIeHne 3a1a4H

Jl1st YMCTICHHOTO pEeleHUs] HTETPAIbHOTO ypaB-
Henust (7) mpUMEHsIeTCS METOJ TPAHUYHBIX JJIEMEHTOB
[9]. Tpammma S pasOuBaeTcs CHCTEMOH TOuYeK

(X, Yk), k=0,N na zagannoe gncimo N yd9acTkoB,
KaXJbli M3 KOTOPBIX 3aMEHSAETCS OTPE3KOM MPSIMOU
(rparnunbiM amemenToM) Sy, (K =1,N ), u Ha kaxzOM

9JIEMEHTE HEM3BECTHasi (PYHKIHUSI CYMTACTCS MOCTOSH-
HOM, paBHOM ee 3HaUYCHHUIO B ceperHe deMenTa (y3ie)
(Xk,Yx) . Yooneropsist ypasuenust (7) B y3iax, mo-
JIy4aeM CHUCTEMBbI JINHEHHBIX YPaBHEHUI !

Yk =_iViJ.H(xk'Yk;§v77)dl—Cj, k=LN (9)
i=l g

B IINTIOCKOM cnyqae nin
Y2
2

N
DV [HX Y Emdi+C, k=1N
i=1 S;

(10)

— B OCECHUMMETPHYHOM, B KOTOpPBHIE CIELyeT TakKxke
BKJIIOYNTH ypaBHeHue (6). [locnennee npumer By

N,
>V, =0,
m=1

rac NZ_ KOJIMYCCTBO I'PAaHUYHBIX 3JICMCHTOB Ha Ipa-

(11

HUIIE BO3MYIIAOIIETO Tea.

B ob6oux ciydasx cucteMy ypaBHEHHH MOXKHO
3alrucaTb B MATPUIHOM BUIEC

MV =Q,
TJIe SIEMEHTHI MaTpullbl M MMeroT Bua
My = (D" [H(X Y &mdl, ki=1N,

Si
0,ecm 0<k <N,,
Lecmu N, +1<k <N,
0,ecimk =N +1,

(12)

KN+ =

0,ecim 0<i<N,,
My =1k, ecm N +1<i <N,

0,ecmmi=N+1,



a Bektopa Q —
Y B IIJIOCKOM clyyae,
\fi k=LN,
B OCECHMMETPUYHOM Cliyyae,
Qus =0,

rae N1 — KOJIMYCCTBO I'PaHUYHBIX DJICMCHTOB Ha IIPC-

IATCTBUU U TPAHUIIC KAaBEPHBEI.

IIpuMeHeHne NPSIMOro UTEPAIIMOHHOIO METO/IA
A.T'. TepentbeBa

Hust perennst cucrem (12) mpumeHEH mpsMoit
utepanonnsiid Mmetox A.I'. Tepentsesa [3]. Utepanun
TIPOBOASATCSI MO CIIETYIOUIEMY aJITOPUTMY.

1) 3amaroTcsi TpaHHMIBI MEPHUAMOHAIBHOTO Cede-
Hus obTexaeMoro npenatcTsus S, rpaHHMIBI BO3MY-
[IAIOIINX TEYSHUE TelT,

2) 3amaéres Ha4YalIbHOE MPUOJIMKEHUE K TPaHULe
kapepus S® (mampumep, B BHme OTpe3Ka MpPAMOiL
qmuHo# L, mapamtensHoro ocu OX);

3) BBIUHCIAETCS MPOMEKYTOYHOE 3HAYCHHE CKO-
poctu V'™ =M™Q;

4) BBIYHCISICTCS CPEIHSS CKOPOCTh Ha KaBEpHE

Ve, = z hV, / Z h
k(X Yy )es® k(XY )es®

Tac hk_ JJIMHAa TPpaHUYHOI'O JJIEMCHTA, CKOPOCTH B

y3J1axX Ha KaBCpHE 3aMCHACTCS Ha ch,

TBép,Z[LIX TpaHULlaX CKOPOCTHU COXPAHAKOTCH, MMOJTYyHacT-

B Yy3JaX Ha

sl BEKTOP V™ pLigCIseTCs YMCII0 KABUTALUK
2

5) mo dopmyne Q™ =M Q™)™ pprumcns-
IOTCSL OPAMHATHI Y3JIOB [0 CKOPPEKTUPOBAHHON CKOPO-
CTH H ONPEAEISIFOTCS OPIMHATHI Y3JI0B CBOOOIHOM 110-
BEPXHOCTHU; OPIMHATHI Y3JI0B HAa TBEPAOW TpaHUIE 3a-
MEHSIIOTCS 3a/IaHHBIMH,

6) HaXOmATCSI MPUPALICHUS] OPAUHAT y3JOB CBO-
00IHOI TPaHUIIBI M CKOPOCTEH Ha TBEPIBIX TPAHUIIAX B
JABYX IIOCJI€A0BATCIIbHBIX I/ITepa]_II/IﬂX; €CJIN 3aJaHHast
TOYHOCTB HE JJOCTUTHYTA, [Iard 3) — 6) MOBTOPSIOTCS.

YuciieHHbIE pe3yJIbTaThI

OnucaHHBIH aNTOPUTM NPUMEHEH K HCCIenoBa-
HUIO KaBUTAI[MOHHOTO oOTekaHusi mpoduist JKykos-
CKOTO ¥ JINCKA B BO3MYIIEHHBIX MTOTOKAX.

Obmexanue npouis ¢ 4acmudunou Kagumayueu
8 Kanane ¢ KpUGOIUHeUHbIMU epanuyamu. 3agada ooTe-
KaHUs IpO(MIs IOTOKOM OT BHXPSI MOJEIHUPYETCS Te-
YEHHEM MEXIy JABYMs IyraMH KOHIEHTPUYECKHX
OKpY’KHOCTel. Bo3mylieHre B IOTOK BHOCAT JBa Tena,
BHYTPEHHUE TPaHMLIBI KOTOPBIX — JAYI'M OKPYXKHOCTEH
(puc. 2) ¢ paguycamu R, =8 (w1 BepxHero rtena) u
Ry=7 (mnsa Hmwxnero tena). Illupuna kaHana paBHa
h=R,-R;=1.

3ajaya CBOIUTCS K HMCCIECIOBAHHIO KaBHTAIMOH-
HOTO OOTEKaHWsI CHUCTEMBI Tpex mpoduieii B Oe3rpa-

HUYHOM T10Teke. Clie0BaTENbLHO, HHTErPAILHOE yPaB-
nenue (7) (IUIOCKMi Cy4ail) CONEPKUT 3 HEM3BECTHBIX
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napamerpa C;, C,, Cj3, Ans omnpenencHuss KOTOPBIX

3anatorca  ycioBusi  JKykoBckoro —  YaruislrmHa

lim V(s)+ lim V(s)=0, rae a - nyroas KOOpJuHa-
s—a+0 s—a-0

Ta 33JHEil KPOMKH IIEpBOTO MPOQUIIsl, U JBa YCIOBHS
06 orcyrcTBuu HupKyismun (11) Ha BO3MYILIAIOIIUX
Tenax.

Y -2 [ 2 4
X
Pucynox 2 - Ilpoduis B kanane
C KPHBOJIMHEHHBIMU IPaHULIAMA

YucneHHbple pacueThl MPOBOJWINCH VI NPOQHILS
XKykosckoro ¢ mapamerpamu kx =0.1,d =0.05,¢=0,
KOTOpBIE XapaKTePH3YIOT UCKPUBIIEHHOCTD, TOJILIMHY U
3aKpyIJICHHOCTh 3aJHE KPOMKH TpH YIJIe aTaku
o =10°. PaccrostHue OT 3aaHedl KPOMKU MPOQUIS 10
HIDKHEH Tpanuupl, h., Bapsupyercs. Ha puc. 3,a mpexn-
CTaBJICH MNpOQUIb C YaCTHYHOW KaBEPHOHW JUIMHOMN
L, =0.47 B KaHane C KPUBOJIMHEHHBIMU TI'DaHUIAMU
npu paccrosiausx: h.=0.1 (xpusas 1), h.=0.5 (kpuBas
2) u h.=0.7 (kpuBas 3). CoOTBeTCTBYIOLINE YHCIIA Ka-
BUTaMH 1 KO3 ¢HuumeHtsl nmogbeMHod cuiabsl Cy

TUAPOJNHAMUYECKOTO MOMEHTA OTHOCHUTENIBHO 3aJHeH
kpomk npounst Cyy paBHBL

s kpusoit 1 - 0 =144 ,C, =1.77, C, =-1.12;

11t kpuBoit 2 - 0 =161, C, =1.64, Cy, =-1.06;

nist kpusoit 3 - 0=3.13, G, =2.74, Cy =-1.79.

C mpubmmkeHueM MpoQwiIsi K BEpXHEW CTEHKE
KaHaJIa YUCII0 KaBUTAIMH BO3PACTALT, a KaBepHA CyiKa-
ercs (puc. 3,0), 4TO MOKA3bIBAET CHJIBHOE BIIHMSIHHE
CTEHKH KaHaJa.

CreiyeT OTMETHTD, YTO TPH YUCICHHBIX pacyé-
Tax CKOPOCTh HAaOEeralomero MoToKa CuuTaaach paBHON
equHMIE. B naHHOM 3amade cpefHss CKOPOCTh B KaHa-

VoR,

H
R3+?

ne V= (V.. =1.3) ™Momenupyer CKOpOCTh

Ha0erarIero IMoToka Ul NpoQuid, MOITOMY, MOJe-
JIMB Ha 3Ty CKOPOCTb BCE IIOTyYCHHBIC DPE3YNBTaTHI,
MOJKHO IOJIy9UTh TCUCHHE B KaHANE C CAMHHIHOH CKO-
pocTbio Ha GeckoHeYHOCcTH. KonmdecTBO XHAKOCTH,
TPOTEKAIOIEeH B KaHAIe, ONpEeNnsieTcs Kak pa3sHOCTb
MEXIy 3HaYeHUSIMH (yHKINH TOKA Ha JBYX IPaHHIAX
g=C,—-C; =13, 4T0 CcOBmagaeT co CKOPOCTbIO HA

6eckoneunoctu V_ =1.3.



Ha puc. 3,B IMpuBEACHAa 3aBUCUMOCTb YHUCJIa KaBU-
Talluu U TUAPOAUHAMHNYCCKUX XaPAKTCPUCTUK HpO(i)I/IJB[

C 4aCTHYHOM KaBepHOii ot paccrosuus h, (tak xax C,,

OTPpULATECJICH, €0 BEJIMYMHA YMHOKCHA Ha -1)
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Pucynox 3

a) po¢uits JKYKOBCKOTO ¢ 4aCTUYHON KaBEPHOI B
KaHaJe IpH pasianIHbIX pacctosuusx h.: 1 —h=0.1;
2-h=0.5; 3-h.=0.7; 6) popma YaCTHUHBIX KABEPH

NIpH TEX )K€ 3HaUeHUsX h, ;
6) 3aBUCHMOCTbD YHCJIa KABUTAIIUU © , KOO)DHUIIHCHTHI
nogbeMHOM critbl Cy , MOMEHTa OTHOCHTEINIBHO 3a{HEH

kpomku npoduist Cy, ot h,

U3 puc.3,06 u 3,8 ciienyer, 4To BIUSHUAE KaHAia
YCUJIMBAETCS MPH MPHOIMKEHUN TPO(UIST K KPUBOJIH-
HEUHBIM CTEHKaM.

Oo0tekanue mpoduis ¢ pa3BUTON KaBHUTAIHEH
BOJIM3M CBOOOHOI rpaHuIbl. MoieIMpoBaHe JaHHON
3aaud aHAJOTMYHO Mpenslaymmed 3agade. Omindue
COCTOUT B TOM, YTO BO3MYILUEHHE B IOTOK BHOCUT
BEpXHEE TENO CO CBOOOAHON HW)KHEH TpaHUIEH, a
HIDKHEE TENO CIIEAyeT yAanuTh. Ha HibkHeW rpaHune
BO3MYILAIOIIETO Teja BBIMOJIHACTCS AWHAMUYECKOE
YCIIOBHE O TOCTOSIHCTBE CKOPOCTH, 3Ha4E€HHE KOTOpPOH
ONpEENsAeTCs B IPOLECCE BBIYMCIECHUH. AJITrOpUTM
MIOCTPOEHHSI CBOOOHON IpaHMIIBI U KaBEPHBI OMICAH B
pab6ore [6].

YuciieHHbIE pacyEThl IPOBOAMIUCH JJIsI IIPOGUIIS
XKyxkosckoro (& =0.1,d =0.05,c=0.005) npu yrue

ataku o =10°. B kadyecTBe KaBUTALIMOHHON MOIEIH
HCIOJIb30BANACh MOJIETb C 3aMbIKAHHEM KaBEpHBI Ha
miactuHy (cxema PsiGyrmnckoro). Cunrtarores 3aaaH-
HBIMH TOYKa OTPbIBA OT mepenHei kpomku & = 0.06 u

JUTiHA KaBepHBI LC=1.

Ha puc. 4 nokazana koHUrypamus cBoOOIHOM
IpaHULbBl ¥ KaBEPHBI ISl PAa3IMYHBIX TIyOHH MOTrpy-
xkeHust hy Tpoduis, a COOTBETCTBYIOIINE THAPOIH-
HaMHUYECKHE XapaKTEPHCTUKU IPEJCTaBICHB B Tal-
mune 1. I'myOmHa mOTpYKEHHS ONpenensercs Kak
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paccTosHHE MEXIy OBYMs JHHHIMH TOKa Ha OecKo-
neunoctu hy =(C, —C;)/V, , rue V,- ckopocTs Ha

CBOOOIHOW TpaHMIle, MOACIHUPYIONAs CKOPOCTh Ha
OECKOHEYHOCTH.

Pucynox 4 - Kondurypanus cB0OO0JHOH TpaHUIIBI
1 KaBEPHHI 3a poduiiem
M0JT CBOOOTHON TTOBEPXHOCTHIO

Tabmuna 1

Ne hg o Cy Cum

1 | 0.2257 | 0.2634 | 0.3772 | -0.1901
2 | 0.3929 | 0.2948 | 0.3244 | -0.1417
3 | 0.5693 | 0.3268 | 0.3422 | -0.1418
4 | 0.7235 | 0.3369 | 0.3135 -0.123
5 | 0.8873 | 0.3463 | 0.2987 | -0.1126
6 | 1.0728 | 0.3621 | 0.322 -0.1205
7 | 1.2349 | 0.3658 | 0.2957 | -0.1068

Pe3ynbTaThl MOKa3ami, YTo MPH Pa3TMYHbIX TITyOH-
Hax TOTpYKeHUs Mpoduist popMa KaBepHBI MEHICTCS He-
3HAYUTEIIBHO, MPO(IITH C KABEPHOH BIHSET HA CBOOOIHYIO
TPaHMIly TOJBKO JIoKanbHO. Ha puc. 4 kxaBepHa coorBer-
CTBYeT IiIyOuHe norpy»exus npoduwt h, = 0.2257 .

KaBuranmonnoe oOrtekanue mucka B Tpyde. [ms
TECTUPOBAHUS AJITOPUTMA B OCECHMMETPHYHOM CIIydae
paccMoTpeHa 3a/1ada 0 KaBUTAIIMOHHOM OOTEKaHUH JWC-
Ka B IIWINHIpUYECKO TpyOe.

ITycTh auCK, pacHoONOKEHHBIN B IIUIMHAPHUECKOM
TpyOe paamyca h, oOTekaeTcs ¢ 0Opa3oBaHHEM KaBep-
oI (puc. 5).
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PucyHok 5 - MepuaunonanbHoe ceueHne
o0JiacTu TeueHHs B 3a/1aue
0 KaBUTALMOHHOM OOTEKaHHHM JMCKa B TPyOe

B aTom ciyuae TpebyeTcs pemmnTh ypaBHenue (1)
npu € =1 ¢ yuérom rpanndHsix ycinosuii (2), (4) u (5),
COOTBETCTBYIOUIMX OCECUMMETPHYHBIM TedeHusiM. Co-
otHoureHue (3) BoimosHsETCs HA cTopoHe ED ceuenmns

Tpy6si 1 umeet Bua: ¥ =C, =h* /2.



OrpanuuuM 00J1acTh PEeUIeHUs! 3aJadu JIONOJIHHU-
TenbHbIMU ceueHusiMu TpyOsl GE n FD, nepnenam-

KyJspHbIMH €€ ocu. Ha »3Tux rpaHuIax HMeeM:
W =y?/2,Tae Y — OpAMHATHI TOUEK ITHX CEUEHMH.

HauanpHoe npuOIMKeHHe K TPaHUIE KaBEPHBI
3/1eCh, KaK M B TUIOCKOM CJIydYae, BHIOMPANIOCh B BHUJIE
OTpe3Ka MPsSMOi 3aJaHHON JJTMHBI, MAPAIIETBHOTO OCH
teueHus. OJJHAKO, B OTIIHYUE OT CXeMbl PAOyIIuHCKO-
ro, QUKTUBHOE TENI0 B KOHIIE KaBEPHBI HE JOCTPAHBa-
ercst. Ilomyuaromasics B Xxolle UTEpalUuidl paHuLa Ka-
BEPHbI HE3aMKHYTa W TNPHOOPETAET «ECTECTBEHHYIO»
bopmy.

UucnoBsie pacu€Thl MPOBENEHBI ISl Oe3pazMep-
Horo paguyca Tpyosr h/2R =3. Ortpesxkun GO u OF
paBubl 20 muamerpam amcka. OOIiee KOJMYECTBO Tpa-
HUYHBIX JJIEMEHTOB C HM3MEHEHHEM JIJIMHBI KaBEPHbI
mensiioch ot 500 o 700. 3aBucUMOCTH UTHHBI KaBep-
HBI, €€ MaKCHMaJbHOTO paanyca u Kod(hduimenra
JTABJICHHSI

Cp=D /%ijﬂ'Rzy

R
e D=7 (V2 =V )ydy
0

OT YHCJIa KaBUTALMH [TOKa3aHbl CIUIONIHBIMH JIMHUSAMH
Ha puc. 6. Kpectukamu Ha 3TuX rpadukoB 0003Ha4EHbBI
pe3ynbTaThl paboTsl [12], a cBeTNIBIME KPY:KOUKAMH —
paboter [13]. VYmOBIETBOPHUTENHLHOE COIIACOBAHHE
HalIux pe3yJIbTaTOB C U3BCCTHBIMHU MO3BOJIACT IMPUME-
HSTh PACCMOTPEHHBIA ANTOPHTM K PELICHHIO APYTUX
3aj1a4 B OTPAHUYCHHBIX MMOTOKAX.

KaBuranmoHHoe oOTeKaHWE HOUCKa BO3MYLIEH-
HBIM ITOTOKOM HAKOCTH. Dn3nueckas 00JIacTb Tede-
HUSA TI0Ka3aHa Ha puc. 1.

PesynbraTel pacuéToB MmokazaHbl Ha puc. 7, 8.
3nechk BHYTPEHHUH pajinyc KOJIbIIEBOrO KpbUIA U JUIH-
Ha €r0 OCH BBIOMPAJIHMCh TAKHMH K€, KaK pa3Mepbl
yacTH TPyOBbl B MpeablAylIcH 3amade. ['panuria cede-
HUSI KOJIBIIEBOTO KpbLIa 3ajaBaiach B BHJE IMOJIYdJI-
murca ¢ nonyocsimu 20R u 2R . Pesynbrartsl pacué-
TOB YHCJIa KaBHTALWM, MaKCHMaJbHOIO paanyca Ka-
BEpHBI U KOXPOUIIMEHTa NaBICHUS I TPEX 3a4aH-
HBIX 3HAYeHUIl OTHOCHUTENBHON [UIMHBI KaBepHBI
(L/2R =2,2.55) nokazansl 4EPHBIMH KPYXKOUKAMHU

Ha puc. 6. CoBnaneHue pe3yJbTaTOB pEIICHUS pac-
CMaTpuBaeMOW 3aJjaud C pEMIeHHEM IpeablIyIeH
MO3BOJISIET CUMTATh, YTO 3aja4a 00 OCeCHMMETpHU-
HOM KaBHTAI[MIOHHOM OOTEKaHWW NPENSATCTBUS BO3-
MYLICHHBIM TTOTOKOM SIBIISICTCS XOPOIIEH MOJIEINBIO
KaBUTAIIHOHHOTO OOTeKaHWs JTOro Tena B TpyOe.
dopma BepxHell cTpyn KaBepHbI jauHOW L /2R =5
3a JIMCKOM, HaXOJSIIMMCSI B MOJIOCTH paccMaTrpHBae-
MOT'0O KOJIBLICBOTO KpbLIa MIOKa3aHa Ha puc. 7.
Pacnipenenenue CKOpOCTH Ha JHCKE W HA BHYT-
pEHHEH TpaHHIe KOJIBIEBOTO KpbUIa IIOKa3aHbl HA PHC.
8,a u 8,6 coorBercTBenHo. Ha puc 8,6 mnst HarssiiHo-
CTH TOKa3aHHas BHYTPEHHSs O0JACTb KpbUIA COKpa-
meHa g0 pasmepoB —10< x/2R <10, Tak kak BHe
9TOTO TIPOMEXYTKa CKOPOCTh OCTa&€rcsi MOCTOSIHHOH,
PaBHOI CKOPOCTH HEBO3MYILICHHOTO TIOTOKA. 3/1eCh s
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HOPMHUPOBKH CKOPOCTHU HpI/IMeHéH TOT KC HpI/IéM, 4qTo
pu pCUHICHUU TTIJIOCKUX 3a4a4.
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PucyHoxk 6 - 3aBUCHMOCTH OTHOCHTENBHBIX JUTHHBI (@),
HIMPUHBI KaBepHbI (6) U K03 duIirenTa naBieHus (8)
OT YHMCIia KaBUTALWH IS IUcKa B TpyOe pu h /2R =3
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Pucynok 7 - ®opma kaBepHBI JyIMHON L /2R =5
3a JUCKOM, HaXOASIIUMCS B BO3MYIIEHHOM IOTOKE
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Pucynok 8 - PactipesiesieHre CKOPOCTH @) Ha JINCKE;
0) Ha BHYTpPECHHEHN IpaHUIle KOJIBIIEBOTO KPbLia
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AHHOTAIHNSA
Paccmampusaiomea 3a0auu  ompwigHo20 0b0mMeKaHusi UOearbHOU HCUOKOCMbIO DATUYHBIX NPEnsimCcmeui
(sxrr0Uas 8030yX00NOPHBIE YURUHOPUUECKUe 06010uKY). [IIsl OYeHKU NOSPEeWHOCIMU U YIMOYHEHUS YUCTEHHBIX Pe3Yilb-
Mamog UCNOAb3YIMC Memoobl QuabmpayulL, 4mo no360.Jsem ucciedosams monKue d¢gexmal.

BBenenne

B [1] paccMOTpeHO KaBHTAIHOHHOE OOTEKaHHEe
KpyroBoro nmujimHApa 1mo pa3JM4HbIM CXEMaM 3aMbIKaHUA
KaBepHBbI. BBl HCce10BaH BONPOC O BBIMOJIHEHUH YCIIO-
BUi bpuitysHa, nepBoe U3 KOTOPBIX 3aKJIFOUAETCS B TOM,
YTO CKOPOCTh JKUAKOCTU Ha TPaHHIE KaBEPHbI IOJDKHA
OBITh HAaMOOIBIIICH, a BTOPOE — 3TO TPEeOOBAaHHUE HEemepe-
CEUCHHs1 CBOOOIHOW MOBEPXHOCTHIO TPAHMIBI IPEMST-
cTBUs. BpuTH mMpoBeaeHbI pacdeTsl, KOTOPBIE MPEAIONo-
JKUTEIBHO IT03BOJISUTM yTBEPXKAATh, YTO C€AWHCTBEHHBIM
TEYCHHEM W3 BO3MOXHBEIX (MPHU pa3HBIX ITOJIOKEHUAX
TOYKH OTPHIBA CBOOOTHOW IMOBEPXHOCTH), YIOBICTBOPSI-
I0IUM 000MM ycnoBusiM bpuitysHa, siBisieTcs TeueHHe
C TIagKuM OTphiBOM (TedeHue bpumiysna-Bumna). Ia-
paMeTphbl TaKHUX TECUEHHUH JUIA pa3HbIX YUCEJT KaBUTalUU
NPE/ICTaBICHBI TAONUYHO C 4-Ms 3HaYaluMH 1udpaMu
st koodunmenrta napnenus Cy yria oTpbiBa, IUIMHBI U
LIMPUHBI KaBepHBI. J[pyrue 3aBUCHMOCTH TPECTaBIEHBI
rpadukamu, B yactHocTH, Cy OT yria orpsiBa. OTMeue-
HO, YTO 3Ta 3aBHCHUMOCTh MMEET JIOKAJIbHBIH IKCTPEMYM
B TOYKE TJIaKOTO OTPHIBA.

Crexyer OTMETUTB, YTO, OCHOBBIBAsCh Ha JaHHBIX
rpadukax, 3T0 NPEIIOIOKEHHE MOXKHO CHENATh BeChMa
MPUONMKEHHO, TIOCKOJIBKY TOYHOCTH Tepefadu rpadu-
4yeckoil nH(popManuu oOBIYHO HE NPEBBIIAET JBYX 3Ha-
gamux mudp (morpenraocts>0.01) ot AnamazoHa wmccie-
JOBAaHU. HpI/I 9TOM €CJIM B TOYKE JKCTpEMYyMa 3aBUCH-

MOCTH HMEIOT BH[ f(x)zy0+k(x—xo)2, TO MpH

OTIpeIeIeHUH f(x) ¢ norpemHocThio 0.01, 3HaueHmE Xo

onpezemsercs npumepro a0 0.1. TTosromMy [uist IpOBEPKU
1 000CHOBAHUS TIPEMOIOKEHUS 00 SKCTPEMyME B KOH-
KPETHOU TOUYKE Hy)KHa 0oJice BBICOKAs TOYHOCTH U IPY-
rast popma rpadrIecKoro mpeIcTaBIeHIs.

37eCh C TOMOIIBIO TEXHOJOTHH (DHIBTPAIIMH YHC-
JIEHHBIX Pe3yibTatoB [2, 3] moapoOHO HCCIeayeTcs moBe-
JACHUE XapaKTCPHBLIX IMMapaMEeTpoOB IIPHU CMCUHICHUU TOYKU
OTpbIBA MIOTOKA OTHOCHTENBHO MOJIOKEHMS, COOTBETCTBY-
IOIETO TIIaJIKOMY OTPBIBY (KOHEYHOCTH KPHBH3HBI CTPYH
B TOYKE OTpHIBA). PaccMATpUBAIOTCS 3a]au ¢ Pa3sHbIMU
YCIIOBHSIMH Ha TpaHui@x (o0TekaHue 0OONOYKH, BECOMAst
JKHIKOCTB, Pa3HBIE CXEMBI 3aMBIKaHHs KaBEPHB).
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1. KaBpuTanuoHHoe 00TeKaHHe KPYTroBOro

nuJauHapa no cxeme TynnHa—TepeHTheBa

ITocraHoBKa 3afa4nd MONHOCTBIO COOTBETCTBYET
[1]. 3mech mpHUBOASITCST YTOYHEHHBIE PE3YNIBTATHI pacye-
TOB U OlleHKa norpemHocty. Ha puc. 1 mokaszans! ¢op-
MBI TPaHHIl TE€YEHUs [IPU Pa3HOM MOJO0KEHUU TOYKH OT-
pwiBa a1t yncina kasutauu K=1. Buano, 4ro npu oTpsI-
BE TEUCHUS B TOYKE, PACIIOJNOKEHHOH BBINIE MO MOTOKY,
YeM TOYKa TJIaJKOTO OTPHIBa, CBOOOAHAS TpaHMUIIA Tepe-
CEKaeT MOBEPXHOCTh NPEMATCTBHUS, T.€. HE BBHITIOJIHIECTCS
BTOpOE ycioBue bpumnysHa.

Pucynok 1 - ®opMBI TpaHUI] TSUCHUST
npu K=1 ¢ oTpriBoM:
a — BBIIIE TOYKH TIIAIKOTO OTPHIBA;
6 — TIagKuil OTPHIB;
6 — HIDKE TOUYKH IIaIKOTO OTPhIBA

PaccMoTpum 00pa3 obnacTy Te4eHHs Ha INIOCKOCTH
JorapupMuIecKoro rojgorpaga CKOpocTH
dw

=1-10,
V..dz

In



rae T= InL , V,0 — Moxynp M yromn HakjiIOHa BEKTO-
oo

pa ckopoctu k ocu abcuucc (puc. 2). Kak BumHO U3
PUCYHKa, IIPH OTpPHIBE HIDKE IO MOTOKY OT TOYKH
TJIaJKOTO OTPHIBAa Ha CMOYEHHOH NMOBEPXHOCTH MMEET-
Csl 30HA, TZIe CKOPOCTh OOJBINE CKOPOCTH Ha I'paHUIE
KaBEPHBI, T.€. HE BBIMOJHAETCS IepBOe ycinoBue bpui-
JTy3Ha.
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PucyHnok 2 - ®opmel 00pa3a 00acT TCUCHHS
Ha [UIOCKOCTH JIorapu(MIdeckoro rojgorpada
s K=1 npu otprise:

a — BBIIIE TOYKHU TIIAJKOTO OTPHIBA;

6 — TTIagKUH’ OTPHIB;

6 — HUKC TOYKHU I'JIaJIKOTO OTphIBAa

Takum 00pa3oM, €IWHCTBEHHBIM TEUYEHHEM, YIO-
BJIETBOPSIIONIMM 000MM ycioBusM bpuiutysHa omHOBpe-
MEHHO, SIBJISIETCS TEUCHHUE C TJIaJIKUM OTpPBIBOM. BTopoe
TEYEeHHE C MIAJKUM OTPBIBOM, MONydeHHoe B [1], Haxo-
JsiIeecst Majeko HIDKE IO TOTOKY, HE YIIOBJIIETBOPSIET
nepBoMy ycioBHio bpuiysna.
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Teneps paccMOTpUM BONPOC O JIOKAJIBHOM MaKCHU-
MyMe Kod((uIeHTa CONpPOTHBICHUS

2
2 v
Cy =Mlm;\jc(P(z)_ Pp)dzZ = (K +1)AjC 1—(%]

dl,
R

1)

rZie P — IWIOTHOCTh kunakoctH; Vp,V,, — CKOpOCTh Xua-

KOCTH Ha TpaHUIC KaBEPHBI W Ha OCCKOHECYHOCTH,
P(Z ), Py — naBneHus B moToke U B KaBepHe; R — paxuyc

IUJINHIPA.

Ha puc. 3,a npuBesena 3aBucumocts C, (8¢ ) mis
K=1, wna puc. 3,0 3aBUCHUMOCTb  Pa3HOCTH
ACy =Cy —Cy, ot pasHoctn A6c =0¢ —0¢(, rme

CXO , B¢y — 3nauenus napametpa C, W yria oTpeiBa
Oc mpu IIIagKoM OTphIBE B MacmuTade 10 mo AB¢
10" no AC, . Ha Toueunsle rpaduku 3aBUCHUMOCTEH
HaHeceH rpaduk (QyHKIHH f(X)z kx? ¢ NoA00paHHBIM

koa(durmenrom k=1. 1o MO3BONIAET C BHICOKON TOUYHO-
CTBIO YCTAHOBUT, uto 3kcTpeMyM C, (B¢ ) mmeer mMecto

MIPH TTIAIKOM OTPHIBE.
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Pucynoxk 3 - 3aBucumoctu: a — Cy (GC ); 6— AC, (AGC )

JIst OTEHKH TIOTPEITHOCTH HCIOJIB30BAACh UHC-
JIeHHas (PUIBTPANHsI Pe3yIbTaTOB pacueTos [2, 3], momy-
YEeHHBIX MPU PA3IHYHBIX YHCIAX TOYCK KOJUIOKAIWit N.
Pesynbrarel GpuiabTpanyun n3o0paxkeHsl Ha puc. 4, Te 1o
ocH abCIHUCC OTI0XKEHBI ACCATHYHBIC JOrapu(pMBbI YHCIa
TOYEK KOJUIOKAIMIl N, MO OCH OpAMHAT — ICCSTUYHBIC
sorapu@mMbl OLEHOK OTHOCHTEIBHOH MOTPEIHOCTH HC-

KOMOTO I1apaMeTpa 8:‘Au/ u‘ (TO4HOCTB pelIeHus, BbI-
pa)XeHHas B KOJMYECTBE BEPHBIX 3HAUYAIIUX LH(D).

Hudpoit 0 o0o3HaUEeHB! BBIYMCICHHBIE pPE3YIBTATH,
mudpamu 1, 2, ... — pesyabrats! 1-i 2-if u 1.4. QunsTpa-



ouu. Chv'| PE3YJIbTAThlI MMOKA3bIBAIOT, YTO IAJId IMPUBCACH-
HbIX BAPUAHTOB BCJIMYHWHA CX OIIPCALIIACTCA C OTHOCHU-

TEJILHOW MOTPEIIHOCTHIO OKOJIO 10-10 a 9Co — OKO-

o 10", Toumocts OIPaHUYMBAETCS IMOTPEIIHOCTHIO
OKpPYIJICHUSL.

/

+
5 1

lan

Pucynoxk 4 - O1ieHKH TOYHOCTH
BBIYHCIICHUS TTApaMeTPOB:

a-— CX;6— GCO

Bosznukaer Bompoc 06 0OIIHOCTH BEIBOAA 00 KC-
TpeMyMe 3aBHCHMOCTEH TpPH TIAIKOM OTphIBEe. UTOOBI
MIPOSICHUTE 3TOT BOIPOC, PAacCCMOTPUM JAPYTHUe 3a4aun
OTPBIBHOTO OOTEKaHMS NMPEMATCTBUH.

2. KapuTanmoHHOE 00TeKaHNE KPYTrOBOT0

IUJIMHAPA 1o cxeMme PsiOymuHckoro

PaccmarpuBaercs 3amaya KaBUTAIIMOHHOTO 00Te-
KaHUs UAealbHOM KUJIKOCTBIO KPYTOBOTO LIMIMHAPA IO
cxeme PsibymmHckoro (puc. 5), cormacHo KOTOpoit st
3aMBIKaHHUs KaBEPHBI BBOIMTCS 3aMmblkaTenb BT, cum-
MeTpuuHEI kaButatopy BC. [lycTe maBieHue B kaBepHe
paBHO Py, naBnenne Ha 6eckoHeyHOCTH — P... Uncno ka-
BHTAIIMH OTIPEIEIACTCS KaK

P.—-Py (Vg
pv2/2 V.
3agaya pemaercs OBYMS METOJAMH, MEPBBIA W3
KOTOpBIX — Mero[ JleBu-UuBUTHI, Kak U B IPEABLIY-
e 3agaye, BTOpoi ucnoiibdyer unrerpai llBapua na
moJioce u omucad B [4, 5]. IIpuMeHenne IByX METOI0B
MO3BOJIMIIO TIPOBEPHUTH OLICHKH, IOJYYCHHBIC B BHUIE

WHTEPBAJIOB HEOIPENCICHHOCTH Ha IIEPECEUYCHUE U
yOeIUThCS B HEMPOTHBOPEUYMBOCTH ITHUX OIlcHOK. Ha

2
K
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puc. 6 mpUBEACHBI OLCHKH MapaMeTPOB, MOITYy4EeHHBIX
BTOPBIM MeTOJOM. TOJICTHIMH JTHHUSAMH MOKa3aHbI pe-
3yJBTAThl MONAPHOr0 BBIYMTAHHS, TOHKAMH — CpaBHe-
HUs ¢ 3TanoHoM [3].

PI/ICYHOK 5 - Cxema KaBUTallLUOHHOI'O 00TeKaHHs
KpYyroBoro nujimHapa 1o cxeme PH6yIIII/IHCKOFO

a5

L

os 1 15 F4 25

PucyHok 6 - OLeHKH TOYHOCTH
BBIYHCJICHUS [IAPaMETPOB:

a-Cy;6- 8,

Hccnenopanack He TOJIBKO 3aBUCHMOCTH CX(GC),
HO ¥ 3aBUCHUMOCTH TIONYJIMHBI Xp U MOTYIMIUPHHBI Y
kaBepHBI OoT Oc . Ha puc. 7 3aBHCHMOCTH IOKa3aHBI B
macmrabe 107 mo A6, 10 o Axp u mo Ayp. Ha
TOYCYHbIe TpaduKH 3aBHCHMOCTEH HaHEeCeH Trpaduk
dynxman f(x)= kx? ¢ noz00panHbIME K03 dunueHTa-

M K.
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PucyHnok 7 - 3aBucumocTH:
a- Axp(A6c); 6 - Ayp(A6c)

I/ICCHGZ[OBaHI/IC IMOKa3bIBAC€T, YTO JKCTPEMYMbLI B
TOYKE TJIAAKOI'0 OTpbIiBa UMEIOT BCC YKa3aHHBLIC 3aBUCH-
MOCTH.

PaCCMOTpI/IM, KaK MOBJMACT HaA JSKCTPEMaAJIbHBIC
CBOMCTBa M3MEHYHBOCTH (I)OpMLI 00TeKaeMoro apenAT-
CTBUA P U3MEHECHHWH TTOJIOKEHHUA TOUYKH OTPHBIBA.

3. KaBuTanuoHHoe o0TeKkaHne

MsATKO# 00010uku o cxeme Kupxroga

PaccMoTpuM LMIMHIPUYECKYIO O0OJIOYKY, 3aKpe-
MJICHHYI0 B OAHOW Touke A; Touka B MoxkeT mBurathcs
Baonb ocu X. IIpu aToM KacaTenbpHas K 000J0YKE B TOY-
ke B nepnenaukysspaa ocu X (puc. 8). CkopocTh 1OTO-
Ka Ha CBOOOJTHOHW NMWHHUU TOKa paBHa Vo. Ha muamm SA
BEKTOp CKopocTu mapasienen ocu X (puc. 8).

B 3amaue oOTexaHust 000JIOYKH HA TpaHUIlEC TpeOy-
eTcsl BEITIONTHEHMS ycooBwus Jlammaca

T =R(P; —P)=const, )

rae T — HaTshkeHue 000JI0ukd; R — pamuyc KpUBU3HBI;
Ps — naBneHue BHyTpU 00ONIOUKH.

Teuenne XapaKTEpU3yETCsA COOTHOLICHUEM JaBJiC-
Ps — Py

P -P,

HUH W = , rme Py — maBineHue Ha cBOOOXHOM

noBepxHocTH; P* — xoncranta Bepuymmm. s uccie-
IOBAaHHUS SKCTPEMAIBHBIX CBOMCTB 3aBHCHMOCTEH pac-
cMoTpeH ciyvail W=1 (mpu 3TOM gaBieHHE B KPHUTHYC-
CKO# TouKe A COBIaZaeT ¢ JaBJICHHEM BHYTPH 000I04-
ku Pg).

Ha puc. 9 npuBeneHsl OLIEHKH ITapaMeTpoB, I10JTy-
YEeHHBIX BHIOM3MEHEHHBIM MeToZioM JleBu-Uusuts [6].
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ToaCTEIMM NUHUSAMH NOKa3aHbl PE3yNbTaThl MOMAPHOTO
BBIYHTAHHS, TOHKMMH — CPaBHEHUSI ¢ 3TanoHoM [3].
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Pucynok 8 - Cxema o0TekaHus
BO3IyXOOMOPHO# 06010ukH (U=1)
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PucyHok 9 - OueHky TOYHOCTH
BBIYHCIIEHUS TApaMETPOB.

a—CX;6—T*

HccnenoBansl 3aBucumocta Cy (OC) u ko3 dunu-

2T R

SHT HATDKCHHS T*(Oc)zizz—o (Ro — paamyc
pVgln |

KPHMBU3HBI HECMOYCHHOH uactu o6omoukw, | — mmuHa

obpasyromieil 000104Kd, oTHeceHHass K T). Ha puc. 10
3aBUCHMOCTH TI0Ka3aHbl B Macimrade 107 mo AB¢ 107

no AXp umno Ayp.
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Pucynok 10 - 3aBucumoctn i B=1:
a— AC,(A6¢); 6 - AT"(A6¢)

BI/I)IHO, YTO 3THU 3aBUCUMOCTH UMCIOT SKCTPEMYMBI
B TOYKEC IIaIKOT'O OTPhIBA, KaK U B PACCMOTPCHHBIX BbI-
Ie 3ajadax.

4. OfTexaHue MATKOI 000JI09KH

BOJIM3H JKpaHa

PaccmorpuM  muIMHApUYECKYl0 000709Ky, 00a
koHa kotopoit (A u B) 3akperuiens! (B 3aqaue Mojenu-
pyeTcs OJMH M3 BO3MOXHBIX TUIIOB THOKHX OTPakKICHUH,
npumMersieMbix B ABIT — 6amtonsoro). CKOpocTs TIOTOKA
Ha CBOOOIHOW JMHHWK TOKa paBHa Vj, CKOPOCTH Ha Oec-
koHeyHocTu cieBa — Vi. Ha nuanu PA m Bmosb skpaHa
P S”Bektop ckopoctu mapasieneH ocu X (puc.11). Ipu
HEOOMNBIINX Mepenajgax IaBJICHUH, XapaKTepHbIX JUIs
ABII, BO31yX MOXHO MOJEIHPOBATH WACATHHON HEBS3-
KOl HECXKMMAEMOMH KUIKOCTBIO.

Jlnst pemieHnst 9TOM 3aqa4yM, Kak M B TPeIbIAYILIEH,
UCIIOJIb30BAINCH JIBA METOJA: BHJOU3MEHEHHBIH METOJ
Jleu-YuBuTHI [7], BTOPOH METOX WCHONB3YeT WHTErpall
[IBapua Ha nonoce [5].

BenmnunHa oTcTOsSHUS 000J0YKM OT AKpaHa Xapak-
Tepusyercst 6e3pa3sMEepHBIM YHCIIOM

Q _ Q" = 1
Vol X6+ Y
HccnenoBaiach 3aBUCMOCTD OT ITOJIOKEHUS] TOUKH
OTpPBIBa BBICOTHI 000JI0YEYHOH KOHCTPYKLIUH
- min@, 0c <0,
« H |
I &(1—00563), 0c <0;
Vol
1 K03 UIIMeHTa HOPMAITLHOTO JTaBIICHUS

H

C,=—2_Im j(P(z)—Po)dz:@(sineA—sineB)w
pPVol  ac '

3

| =

r r
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Pucynok 11 - Cxema 00TekaHUsI 000IOUKH
BOJIM3M SKpaHa

Ha puc. 12 mpuBenens! rpadukd 3aBHCHMOCTEH
ucereayembix mapamerpoB it Yo=0; L/I=n/2; u=1 or
JUIMHBl CMOYEHHOH IoBepXHOCcTH Ly Q* npu Q* =2: 1;

0.5; 0.25 (xpussie 1, 2 3, 4). [TonoxkeHre TOUKH OTPHIBA,
COOTBETCTBYIOIICE BBLIMOJIHEHHIO YCIIOBHUS TJAJKOTO OT-
peBa (Lc =Lg), oTmMedeHo Ha rpadukax KUPHOH TOY-

koi. Buano, uto npu Lc =Ly 3aBucumocTy, mpeano-

JIOKHUTEIBHO, UMEIOT JIOKAJIBHBIE OKCTPEMYMBI.
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Pucynox 12 - 3aBucuMocTH napameTpoB:
a—-H*6-Cy misap=1

B cootserctBuu ¢ orenkamu (puc 13), morper-
HOCTh HCCIIEAYEMBIX MapaMeTpoB Mocie GpUIbTpaliu He
npesbimaer 1072,
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Pucynok 13 - OneHka norpemHocTy mapaMmeTpos:
a—-H*6-Cy mma Q*=0.25, u=1

Ha puc. 14 macmrabHas eauHUIA IO OCH abCIUCC
pasua 107, mo ocu opmumar — 1072, Kak mokassBarOT
rpaIKn, TONTOKEHHE SKCTpeMyMa ¢ TO4HOCThIO 107°
coBmazaer ¢ O¢ .
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Pucynox 14 - 3aBucumoctn st L=1:
a— AH"(AB¢); 6 - ACy (A6 )

Z[EU'ICC paccMOTpuUM  BJIUSTHUC
ycCioBUsA HA CBO60HHOI71 TpaHUIIC.

BUIONU3MCHCHUS

5. KaBuTtanuoHnoe o0Tekanue moJyKpyrJjoro

BBICTYIIA HA THE BECOMOM KUIAKOCTHIO

no cxeme Padymunckoro

PaccmarpuBaercss 3amaga KaBUTAIlMOHHOTO o00Te-
KaHusl UJCAIbHOM BECOMOW KHUAKOCTHIO IMOJIYKPYTJIOrO
BBICTYIA 1O cXeme PsiGymunckoro (puc. 15). Croit xu-
KOCTH HaJI MWINHAPOM CUUTACTCS JOCTATOYHO OOJBIIHM,
TaK YTO BJIUSHUC CTCHKH MU CBOOOJHOW MOBEPXHOCTH
HE OKa3bIBaeT CYIIECTBEHHOI'O BIUSHUS Ha TeueHUE
BOJIM3U TIPEMATCTBHSA. TakoW CXeMOW MOXKET MOJCITUpPO-
BaThCsl OOTEKaHME BBICTYIIA HA THE WM HA ITOJBOJHOM
KpBIIE.

Pucynok 15 - Cxema oO0Tekanus
MUJINHAPUYCCKOTO BBICTYIIA BECOMOMH KHUIKOCTBIO

Ha rpanwuiie xaBepHsl naBnenue P=Py, Torna momy-
YUM KpaeBoe yCIOBUE B BUJIE

2
v +i21=1+r<, Fro_Ve ,K:PW;PO.
V, Fr? R JoR pV.2/2

O003HaYNM THIOTETUYECKYI0 CKOPOCTh Ha YacTH
ocu X BHyTpH KaBepHbI V=V, Torna

2
(VOJ =1+K.
Veo

Hns  naHHOW 3amadd  KO3(PQHUIHEHT TaBICHUSL
ompenensercs GopMyIIon

Zc Yo 2 2
Cy=—2 Imj(P—PO)dZ:(1+K)j[1—V]dY—1YC.
0

pv2 0

=

CKOpoCTh XHIKOCTH B HauBhIcHiel Touke D rpa-

HMI[bI KABEPHBI
Vb = 1+K _ 2 Y ,
vV, Fr2 R

Pesynbratel (puc. 16) mokassIBaroT, UTO AJS MPHU-
BEJICHHBIX BapHAaHTOB pacCMaTPUBAEMBIC BEITMYHMHBI
OTIPEJICTISIFOTCSl C OTHOCHUTENHHOW MOTPEITHOCTBI0 OKOJIO
10

Ha puc. 17 npuBenensl rpaduku 3aBHCUMOCTEH
UCCIeIyeMbIX TapaMeTpoB JUIs TEYCHUH, yJOBJIETBOPS-
IONIMX YCIOBUIO Diagkoro otpeiBa mis K=1; 2; 3; 4
(xkpuBble 1 - 4) or umcna, obparHoro uuciay Dpyna
(1/Fr).

Ha puc. 18 mpuBeneHs! rpadukd 3aBHCHMOCTEH
nccienyeMbIx mapamerpoB it K=3 ot gyroBoit abcuuc-
cel Y=7/2—0¢c (xpuBbie O - 4 cooTBeTCTBYIOT Fr=co;
2.5; 1.25; 1; 0.97). ITonokeHHEe TOUYKH OTPBIBA, COOTBET-
CTBYIOILIEE BBIIIOJIHEHHUIO YCIIOBUSl TJIAIKOTO OTpBIBA



(6¢c =GCO ), oTMedeHO Ha rpaduKax KHUPHOU TOUYKOIL.
BunHo, 4ro, Kak u Bbllle, Ipu O¢ =6C0 3aBHCHMOCTH,

MPEANOJIOKUTCIBHO, UMCIOT JIOKAJIbHBIC SKCTPEMYMBI.
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Pucynok 16 - OneHka norpemHocTy napameTpoB:
a—Cy: 0 - Vp/V.. nua K=3, Fr=1
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Pucynok 17 - 3aBucumocTr mapameTpos ot 1/Fr:
a—Cy, 60— Vm/VD
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Pucynok 18 - 3aBucruMocTH napamerposB or .
a-— Cx, [ VD/Vm

B cooTBeTCTBHM CO ClIETTaHHBIMH BBIIIE OLIEHKAMH,
HOTPEIIHOCTh HCCIIEAYEMBIX IapaMeTpoB Hocie (HIilb-
Tpauuy He mpesbimaer 1072, CornacHo sToMy, BeIOEpeM
mar mo napamerpy Oc pasubiM 10° u paccmoTpuM pas-
HOCTH AU=U-Ug B 3aBucHMOCTH OT ABc =8¢ —0¢,

rae Ug, Oc( — 3HaueHus mapameTpoB U u Oc mpu Bbi-

MOJTHEHUH YCJIOBHS TIaJJKOTO OTPHIBA.

OTH 3aBICHMOCTH WLTIOCTpHUpyIoTcs Ha puc. 19. [pu
9TOM OJHA MacmTabHas eOWHWIIA M0 OCH a0CIHCC paBHA
10, 1o ocu opmumar — 102, Kak mokaseiBator rpaduk,
TONIOXKEHNE SKCTpeMyMa ¢ TouHoctsio 10° comamaer ¢
Oc» @ 3aBUCHMOCTH OJIM3KHU K KBaIPATHIHbIM.

Crnemyer OTMETHTh, YTO OCCKOHEYHBIN POCT YHCia
Fr BosmosxeH Tonbko s K<3. s K>3 npu yBenmude-
Huu Fr B gaHHOW MOJENN MPOUCXOAUT CMBIKAHHE KaBU-
TaTOpa W 3aMBIKaTels, T.e. B Mpeelic peannsyercs 0e3-
oTpBIBHOE OOTeKaHue. [Ipu 6e30TPHIBHOM OOTCKaHUU

\Y 2°Y
D= 14+K-—=-D
Ve, Fr? R
Torza, tak kak Yp =R, ¢ =0, 1o
1 |K-3
Fr 2
B npeznensHoM pemennn (cM. puc. 17, a)
1 K-3
Cy =K-Z———.
3 2
Cormacuo puc. 17, 6 mpu ymeHpmennn gucna Fr
CKOPOCTh JKUJIKOCTH B HauBBICIIEH TOYKE CBOOOIHOM
noBepxHoctH Vp npudimkaercs K V... [Ipu atom anuna
KaBEPHBI CTPEMHUTCS K OCCKOHEYHOCTH, a IMUPHUHA OCTa-
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OTcro/ia HalZieM CBS3b MTapaMeTPOB

2
Yo _Fro

R 2
KoHKpeTHBIE 3HAUCHNUS 3TUX U APYTHX N1apaMeTpoOB
NOJIyYaroTCsl YUCICHHO. 3aBUCHMOCTH TPHpALICHUH Ta-
pameTpoB Juid mpefensHoro pemenus npu K=1 wmto-
crpupytotcs Ha puc. 20. Ilpu sTom ogHa MmacmrraOHas
euHmIA 110 ocu abemuce paHa 107°, mo ocu opamuar —
1072, Kak mokassiBaioT rpaduKH, IMOTOXKEHHE SKCTpe-

MyMa C TOYHOCTBIO 10° COBITAJaET C 9Co .
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CTBHH C OTPBIBOM CTPYH C LENBIO OMpPEAETICHHs YKCTpe-
MaJIbHBIX CBOMCTB 3aBHCHMOCTEH XapaKTEpHBIX IIapa-
METPOB TE€UEHHUH OT yIia OTPHIBA.

HccnenoBanne Imokasano, 4TO Ul pas3HbIX 3amad
3aBUCHMOCTH OCHOBHBIX ITapaMETPOB OT MOJOKCHUS
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1 10°-107 mo Benmumne yrma orpsiBa). [IpHBencHHBIC
JarpaMMBbl 1al0T BO3MOXHOCTh B yI0OHOM BHJE TIpea-
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EXAMPLES OF FREE-BOUNDARY FLOWS
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Abstract
New approach to the construction of the exact solutions of unsteady free-boundary flows with ideal incompressi-
ble liquid is proposed. Six examples of such flows have been found.

I ntroduction

Consider a plane unsteady flow of ideal incom-
pressible liquid. External forces and surface tension are
absent. At each time moment t liquid occupies some
domain in complex plane z = x + iy. The domain
boundary consists of free surface and hard wall. On the
free surface the pressure P is zero. On the hard wall the
nonpermeability condition is satisfied.

The liquid motion has either inertial nature, i.e., it
is caused by the initial velocity field, or it is caused by
sources, doublets and other hydrodynamic singularities
of specified strength. At all times t thereafter, it is nec-
essary to calculate the fluid domain and velocity.

Very few exact solutions of this problem are
known. The first and probably a unique class of exact
solutions are the flows with a linear velocity field. It
was discovered by Dirichlet in 1860. The modern
treatment can be found in [1-3]. In this case the free
surface is the second-order curve: hyperbola, ellipse or
parabola. Ellipse evolution is studied in [4]. Ellipsoid
evolution is considered in [5], [6].

The function U (z ) =u (X, y, ) - iv (X, y, t) is the
analytic function of the complex variable z and is
called a complex velocity. Here u(x,y,t), v(x,y,t) are
Cartesian components of the velocity vector. The arbi-
trary analytical function U(z,t) always describes some
flow, although it may be in multisheet domain. It is
connected with the fact that real and imaginary parts of
analytic function satisfy the Laplace equation because
the equation of vortex-free flow are fulfilled. For the
function U(z,t), it is possible to check: are the con-
stant-pressure lines the liquid lines simultaneously (the
line consists of the same particles). For that, we find
isobars from the Cauchy-Lagrange integral and verify
the kinematic condition. It is not known a priori how to
choose function U(zt) so that it describes a free-
boundary flow.

First flow

Below, we present some considerations allowing
one to construct new exact solutions. Let a liquid occu-
py a thin stripe located symmetrically along the posi-
tive part axis x (Fig. 1).

|
: Es
Figure 1 - The first flow

At initial time t = 0 the component of the velocity x. =0
vector along the axis x quadratically depends on the t
coordinate: Xt|t:0 =a?/4 )

u(x, 0, 0) = x*/4 1)

The boundary of the stripe is considered to be X|t=0 =a,(a=0)
free; zero pressure is maintained on it. It is necessary to which has the solution
evaluate of the boundary configuration and liquid ve- 22
locity for all t > 0. -2

This problem may be solved for a thin stripe. Sup- X= 4 t+a ®)

pose the stripe is so thin such that pressure across it is con-
stant. Then pressure is zero everywhere in the stripe. Thus,
the pressure gradient is zero and, hence, acceleration is zero
too. Therefore, each liquid particle in the infinitely thin
stripe moves with the initial velocity.

If one uses the Lagrangian coordinate a, then to
find the displacement x (a, t), it is necessary to solve
the Cauchy problem:

In order to find the velocity u = x; as the function
of Euler’s coordinate x, we take the positive root of
quadratic equation (3):

a_~l+xt-1
2 t
Substituting it into (2), we obtain



u(x,0,t) = 4)

2
V1+xt -1
t

Thus, if at initial time t = 0 the velocity profile is
given by formula (1) and each liquid particle has the
constant velocity, then at any time thereafter the veloci-
ty profile is given by (4).

The main idea of this paper consists in to analytic
continuation of the solution (4) from real axis to com-

plex plane:
2
(\/1+ zt —1}
t

Uzt = )

We established that complex velocity (5) de-
scribes the evolution of infinitely thin liquid stripe.
Besides, it is remarkable that formula (5) describes five
different free-boundary flows more.

Properties of solution
Let us choose a branch of square root for which

V1+zt|,, =1 Hence, it follows that U (0, t) = 0. It

is possible to show that acceleration and all subsequent
time derivatives of velocity of higher order also equal
zero at the point z = 0. This means the liquid particle,
which was initially at the origin of the coordinates,
stays there thereafter.

The free surface of the infinitely thin liquid stripe
passes through the coordinate origin (Fig. 1). There-
fore, it is natural to suppose that pressure at the coordi-
nate origin equals zero for the flow described by (5):

P|,.o=0 (6)

The time moment t = 0 is specific. The velocity is
square at this time: U (z, 0) = z%/4. In (5), time t may
have any sign. It is more convenient to separate posi-
tive and negative times and make additionally negative
times positive. Thus we obtain two cases.

In the first case (we call it positive) we have for-
mula (5) at time t > 0. If t < 0 then we turn back time.
For this purpose, it suffices to change the velocity
vector for the opposite one. Substituting U — -U, t — -t,
z — -z, we obtain the second negative case from for-

mula (5):
[\/1+ zt —1}2
t

U(z,t)=— (t=0) (@
Note that functions (5), (7) have the point of
branching:
X' =-1/t (8)
It is necessary that singularity must be outside the
liquid. In recent times, a greater attention has been paid
to such virtual singularity. Analysis of its behavior is
very important for integrability of two-dimensional
free-boundary problem. It is easy to prove that liquid
velocity at singularity (8) coincides with the velocity of
singularity itself.

Positive case
Complex potential @ (z,t) = @ (X, y, ) + i (X, Y,
t), where ¢ (x, y, t) and w (X, y, t) are the velocity po-
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tential and stream function, respectively, it found from
equation @, = U. Supposing that @ = 0 is at the coordi-
nate origin we have

2 3
¢=2—22+Z——i2[(1+ zt)2 —1} 9)
t 2t 3t

It is practically impossible to perform further
computations directly with formulae (5), (9) because
radicals contained in them result in cumbersome ex-
pressions. We get rid of radicals by introduction a
complex parameter

g=+1+2t -1 (10)

Using (10) we transform complex plane z into
plane ¢ Note that the point ¢ = 0 corresponds to the
point z = 0 by this.

In addition, let us denote time by t, if z is the se-
cond independent variable, and denote time by 7, if ¢is
the second argument. For example, complex velocity
can be the function U (z, t) or U (g, 7). Such agreement
is convenient for recognition of partial derivatives.
Although t = 7 partial derivatives have different sense
and they do not coincide: da # dJdr. Replacing z by ¢
in (5), (9), (10) we obtain a parametric representation
of the solution without radicals

2
U(,7)= (ij (11)
T
3 4 4 3
D(g,7)= Le’g (12)
2
2(¢,7) = %% (13)

I sobars
To find a pressure, we use the Cauchy-Lagrange
integral

1 P
Red, +ZU[ +—=c(t) (14)
2 P
From (6), we define: ¢ (t) = 0. By using paramet-
rical variables ¢, 7 in (14), we obtain

Re(c1>T+q>ggt)+%|U|2 oo (15)
p

Substitute here (11), (12) and derivative g, found
from (13). Differentiating (13) with respect to t, we
have

_g2+2gT +2g+2

Z. =
t Tz t T t
Taking into account that z, = 0, %z = 1, we find
1 ¢%+2¢
=T (16)
2t ¢+1

Thus the Cauchy-Lagrange integral (15) takes the
form:
4
P_Reg"—fg]
P 27
Using the representation ¢ = 7e'®, we obtain the

fact that numerator in (17) equals zero if and only if
cos4© = 1. Therefore we have two lines in the plane g

(A7)



where the pressure equals zero: imaginary axis ¢=in
and real axis ¢= 7.

Find what lines in z-plane, these axes correspond
to. Substitution of ¢= iz into (13) yields

2 -
St 2in
t
and taking imaginary and real parts, we have
x=-n°lt, y=2n/t (18)

Thus imaginary axis ¢ = iz in z-plane corresponds

to the parabola
X=-ty?/4 (19)

Along this parabola, the pressure always equal
zero.

In a similar way, we can check that real positive
semiaxis ¢ = 77 (172 0) turns into the real positive semi-
axis in z-plane as follows:

y=0, x>0 (20)

Here the pressure equals zero too.

Kinematic condition
If the free surface is given by equation y = f (x, t),
then the kinematic condition is represented in the form

f,+fu=v (21)

=04

=4 =16

This condition for isobar (20) is fulfilled since f =
0, and from (5), it follows that v = 0. Therefore, ray
(20) is a free boundary. If the free surface is given by
equation x = g (y, t), then the kinematic condition may
be written down in another form

g, +g,yv=u (22)

On isobar (19) we have g = - ty%/4. Substituting ¢
= ininto (11), we find the components of velocity vec-
tor:

v=0, u=-n?/t?

Using the second formula in (18), we get u = -
y%/4. Applying found formulae in (22), we obtain that
parabola (19) is a free boundary.

The evolution of free surface (19) with increasing
time is shown in Fig. 2. The dot denotes the location of
singularity x* which is initially outside the liquid and
finally reaches the free surface. The initial half-plane is
transformed into a plane with rectilinear cut. Thus, we
have the second flow described by formula (5).

As is shown above, the axis x in Fig. 2 is not
only a symmetry line but also the free surface.
Hence, top half of the flow is represented in Fig. 2 is
the third flow, which is described in Fig. 3. There is
an interesting example of flow, in which part of the
free surface remains a straight line during the whole
time of flow.

=160

Figure 2 - The second flow

Acceleration

It is known from the manner of construction of
complex velocity (5) that acceleration equals zero on
the rectilinear free surface. Define acceleration for oth-
er free surface (19). In complex notation, the accelera-
tion is found from the formula

ﬂi=m+GUZ
dt
Changing here variables z, t for g, 7, we have
du —
E=Ut+Uggt+U(Uggz) (23)

From (13) we can obtain

t
ST
Substitution of this derivative, complex velocity
(11) and derivative (16) into (23) yields
du _¢%-¢’
dt  °(c+1)
It is obvious that dU/dt = 0 at ¢=i7. Thus, accel-

eration equals zero on the free surface (19). Each liquid
particle of this surface moves parallel to the axis x with

constant velocity.

(24)



=4 =16

=160

=l

Figure 3 - The third flow

Negative case

In a similar way we can construct the flows with
complex velocity (7). In this case, both, complex potential
and complex velocity reverse signs. As a result, instead of
(17), from Cauchy-Lagrange integral we have

4
P Reg'+lg]
P 27
Changing ¢= 7e"® we can see that the pressure equals

zero if cos4 @ = -1. Thus in the plane ¢the free surface cor-
responds to two lines:

g — neiﬂ:/4’ g — neSiﬂ'M (25)
Substitute the first line into (13) as follows:
. in? +n(V2 +iv2)
Taking imaginary and reaf parts, we have
x=~2nlt, y=m*+V2m)it (@6
Hence we obtain a parabola
y=X+tx*/2 @7)

¥

e L S

=40

=12

The form of the free surface described by (27) and the
singular point x~ are shown in Fig. 4. Initially, the singular
point was at infinity, finally it appears on the free surface.
The flow, in which the liquid wedge with the right angle is
transformed into a half-plane, is found.
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along which the pressure is constant. Similarly, from the
second line (25) we obtain the second analogous parabola
y=—Xx—1tx*/2 (28)
Substitute the first line (25) into equation U = -
(4t)? Taking imaginary and real parts, we have velocity
components on constant-pressure line (27): u =0, v =
(n/t)®. Next, by using the first formula in (26), we ob-
tain v = x%/2. Substituting found velocity components
and function f = x + tx%2 into kinematical condition
(21), we can see that it is satisfied. Therefore parabola
(27) is a free surface. In a similar way, we can prove
that parabola (28) is a free surface too.
The formula for liquid acceleration differs from (24):

dU _¢’¢+¢°

dt  °(c+1)

By using (24), it is easy to prove that accelera-

tion on these free surfaces equals zero. On the free
surface, each liquid particle moves with constant

velocity. The path of particle is a straight line, paral-
lel to the axis y.

(29)

=200
Figure 4 - The fourth flow

=

The liquid flow located between two free surfaces
(27) and (28) is demonstrated in Fig. 5. The liquid
wedge with the right apical angle, whose bisector is
along the y-axis, evolves to a half-plane with increas-
ing time.



=0.2

i=1.6 =12

=40

Figure 5 - The fifth flow

A remarkable feature of two liquid flows repre-
sented in Figs. 4 and 5 is that both flows have the same
free surface forr;rc‘. Hence, one more flow can be con-

3

=02
Figure 6 - The sixth flow

=0

The rigid fixed wall is located along x axis. The pa-
rabola (28) is indicated by a dotted line. In this case the
parabola can be called the interior free boundary since it is
the constant-pressure line consisting of the same particles
and located inside liquid. We have evolution of the liquid
wedge with initial angle 3774 to the wedge with angle 3772.

Conclusion

A new method for construction of the exact solutions
of free-boundary flow problem is proposed. The main idea
consists in analytic continuation of the solution obtained by
simple physic considerations into two-dimensional complex
plane. For example, if the initial velocity profile along the
x —axis will be cubic or some other profile instead of quad-
ratic (1), then we can obtain quite different new solutions. It
should be noted that all constructed flows belong to the
class of self-similar flows found in [7].

The authors thanks P.1. Plotnikov for useful discus-
sions.

The work is supported by Project of Fundamental
Research of Presidium RAS No. 4.8
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structed if the top half of the flow shown in Fig. 4 is
joined to that in Fig. 5. Thus we have a new flow,
which is represented in Fig 6.

1=0.4
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Abstract
The paper presents some results of the experimental research of the axisymmetric supercavity flow formed by
outside hydrodynamic singularities - the ring type wings. These flows are known as Lighthill - Shushpanov flows. The
results of the cavitation experimental testing have been cited as an example of the new method of the cavities formation
with positive and negative cavitation numbers in horizontal and vertical streams.

Nomenclature

dw, de, 4, X - Wing and cavitator-disc diameters;
aspect ratio; coordinate.

V, p, ps, p - Velocity; pressure in the flow and
cavity; density.

X, C«, C4 - Drag Force; drag coefficient, gas rate
coefficient.

o = 2(p-p,)/pV? - Cavitation number.

Fr = /g d - Froude number

Introduction

The idea of supercavitation attracts the attention
of creators of high velocity underwater vehicles as a
fundamental way to reduce the hydrodynamic drag,
and first of all — the friction drag. Consequently, it may
increase the vehicle velocity significantly. Problems of
organization and calculations of the flows for the cavi-
tation drag decreasing are the main tasks of the super-
cavitation investigations.

A moving system as whole is complicated by
different aggregates using for the energy consump-
tion for the drag overcoming and for the gas injec-
tion for the cavity ventilation. However, there are
many theoretically researches of cavity, but the fact
that since the research by H. Reichardt does not suf-
ficiently active proceeding in using of the cavity for
underwater motion with high velocity. Though, he
obtained the basic tenet and equations for the cavity
formation.

It is known that the usual supercavity shape is
represented as an ellipsoid. But until the present time
there is no evidence that the cavity may be controllable
yet with different shape and cavitation humbers.

Eminent Research worker and investigator in na-
tive Aero and Hydrodynamics Professor of Moscow
State University Vladimir F. Shushpanov (1911-1988)
was the first who realized in practice by Lighthill's
idea about cavity with negative cavitation number and
a point of closing. M. Lighthill has proposed to use the
hydrodynamic singularities for the cavity boundary
formation for it [1].

Systematic physical experiments on cavitation
flows formed according to Lighthill method were per-
formed by Professor V.F. Shushpanov and his col-
leagues in Moscow Aviation Institute (MAI) jointly
[2,3].
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Shushpanov shown first that a cavity is formed by
the ring wing (annular airfoil) and others hydrodynam-
ic singularities and depends on the geometry of the ring
wing, the cavitator and their combinations.

The similar flows were theoretically and experi-
mentally obtained in MAI by using the ring wing. We
named such cavitation flows as Lighthill — Shushpanov
flows [4 - 7].

Figure 1 shows the first Lighthill’s real cavities.
It is obtained by using the practical ring hydrodynamic
singularities — a ring water scoop.

Figure 1 - Cavities by Lighthill with negative
cavitation numbers (Experiment by V. Shushpanov):
A-0=-0.06,Cy=0.028;

B -0=-0.044, C, = 0.017;
C-0=-0.068, C;=0.053.

The results by V. Shushpanov we repeated with
success in A. Krilov flow channel for the model with
300 mm diameter [3].

This paper presents the some results experimental
investigation of the controlled cavitation flow and its
boundary formed by the hydrodynamic singularities —
the ring wings (annular airfoil) in horizontal and verti-
cal streams.



1. Experimental Procedure

The theory of the type Lighthill — Shushpanov
flows has been applied to many experimental tests in
the hydrodynamic test tunnel, towing and vertical test-
ing rig. Systematic tests have been conducted since
1976.

Experimental procedures were performed at
relatively low velocities in steady-state conditions
for the disc-cavitator, testing models of bodies of
various aspect ratio (A = 5...20) and for various
model’s head and the ring wings at all hydrodynamic
test rigs. The maximum diameters of the testing
models for test tunnel were: disc-cavitator - 10mm;
models of the body - 20mm; the ring wings to
60mm. For the towing the diameters of testing mod-
els were 110...300mm.

The cavitation number is simulated by supported
gas (air). The expression for the gas rate has the forms:
Cy=GRT/pd? V.

Here G, R, T are gas weight per 1 s the gas con-
stant, temperature of gas accordingly.

Measurements of the drag were realized for the
qualitative analysis or for the comparison with analogs.
C, = 8Xlmp d2 V2.

The number of cavity o, number of Froude and
drag coefficient can be estimated.

2. The cavitiesarein horizontal streams

Figure 2 shows several examples photos of the
cavity formed by the ring wing in natural tunnel
stream, where in the cavity shape can be seen.

Figure 2 - Examples of the horizontal cavities formed
by the ring wing:
A-0=-0.06;B-0=0.12; C-06=10.06

Here for these conditions qualitatively different
types of gas entrainment have been found: gas en-
trainment by vortex filaments or gas entrainment with
foam.
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In Fig. 3 shows the examples of the photo frames
of the supercavities, formed by the pair ring wings.
Here can be seen composite shape of the cavities with
various number of the cavity.

Figure 3 - Examples of the horizontal cavities formed
by a pair ring wings
(o, — cavity number in the disc zone):
A-0,=0.04;B-0,=-0.12; C— 0, =-0.08

The first photo A shows the cavity with positive
number and large aspect ratio (A > 20). Others photos B
and C shows the cavities with negative numbers and
various gas rate. Here it is obvious the changing of the
cavity curvature and velocity at the cavity boundaries.
There are the points of the bend under the wings. The
speed at the boundary of the cavities is changeable in
the first part of the cavity and after of the wing. There
is alteration the numbers of cavity before the second
wing and after it.

Figure 4 also shows two photo of the supercavi-
ties formed by the pair ring wings, but with their vari-
ous hydrodynamic parameters and the gas rate. Here
can be seen the supercavities with various aspect ratio
(A =10...15) and alteration of the wings characteristics
(aerofoil profile and wing chord) and distance between
the wings.

The photo frames of the cavity formed by the ring
wings in horizontal streams demonstrate the complexi-
ty but various possibilities of controlling the parame-
ters of the ventilated cavities by varying the parameters
of the wings and its relative allocation.

3. The supercavitiesarein vertical streams

In this section present the results of the experi-
ments for the cavities in vertical streams. For the given
cavities there is necessary to make allowances for grav-
ity effect. The number of the cavity with its influence
gravity along the length of the cavity is

6 =0, + 2x / Fri(d,).

Here o, is the cavity number at the disc level; x is
linear coordinate along the length of the cavity. Exper-
imental tests were carried out at the small vertical wa-
ter tunnel in the Moscow Complex of the TsSAGI.



Method of the test is analogy by [8]. This method is
shown in [9] too.

Figure 4 - Examples of the horizontal cavities formed
by a pair ring wings: A - Fr(d,) =20 ; B - Fr(d,) = 50

In Fig. 5 shown a comparison of the cavity
shapes behind the disc in the falling vertical gravity
flow without the ring wing (A) with C, = 0.89 and
formed by the ring wing around the disc (B) with C, =
0.2. The cavitation number o, and gas rate Cy were
constant here.

Figure 5 - Cavities in vertical water tunnel (r =11,2):

A —behind the disc,
B — behind the disc with the ring wing

Figure 6 shows two photo the cavities formed
by a ring wing at the models of the vehicle with A =
10. At the second photo (B) the cavity has aspect
ratio & > 20.

Figure 6 - Vertical cavities for the vehicle models:
A -Cy=0.15, Fr(dy) = 12,5;
B-Cy=0.23, Fr(dy) = 16,5

Figure 7 also shows two photo of the supercavi-
ties formed by the ring wings at the models with large
aspect ratio (A = 20).

A B
Figure 7 - Vertical cavities at the vehicle models with
large aspect ratio and various gas rate:

A —-Cy=0.12, Fr(d,) = 12,5;
B -Cy,=0.26, Fr(dy) = 16,5

The present experimental data shows what the as-
pect ratio of the vertical cavity formed by the ring wing
more simple vertical cavity [8, 9] to 2 - 3 dimension for
equal conditions.



Vertical cavity flows formed by the ring wings
being investigated first by author.

Conclusions

The presented method of modeling cavity flows
in horizontal and vertical streams applied earlier by
Vladimir Shushpanov gives possibility to form the
controlled supercavities flows in real water for real
vehicle with determinate the cavity shape and
length.

The experiments showed the most important
characteristic of the supercavitation formed by the ring
wing — it is the possibility to make the closing flow
with very small energy loss.

Some theoretical and experimental results related
to this problem were published in [4 - 7].
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Abstract
The problem of use of a package of the engineering analysis of STARCCM+ for definition of hydrodynamic characteristics
of a collapsing vapor bubble is considered. The choice of hydrodynamics models is reasonable and meshes’ parameters grids are
determined. Characteristics of a flow are calculated for cases of existence of a wall near a bubble and without wall. Comparison
with the relevant experimental data is presented. Vapor condensation influence from a bubble in surrounding liquid is
considered. In relation to a case of existence of a wall calculations are executed for the bubble spherical and lost sphericity.
Approximate calculation of dependence of pressure operating on a wall from time is executed.

Introduction

Using of high-performance computer systems
allows to carry out definition of hydrodynamic
characteristics of different objects.According to article [1]
materials as a result of this process there is an erosion,i.e.
destruction of details of devices and mechanisms which
are exposed to a cavitational flow. The phenomenon of a
cavitational erosion was observed and is described about a
century agobut still the problem of prevention of erosive
damages is solved on the basis of results of specially
carried out experiments and the relevant statistical
data.Too most it is possible to tell about a quantitative
assessment of erosive damages.Data on influence of
liquid on a wall at collapse of a steam bubble near it will
be undoubtedly useful at specification of the solution of
the called task if that is required in the future.The purpose
of the present article is demonstration of opportunities of a
package of the engineering assaying of STARCCM+ and
justifications of its suitability for definition of
hydrodynamic characteristics of the steam bubble
collapsing in boundless liquid and near a wall. Used
RANS method to the two-phase environment water-steam
taking into account forces of a surface tension is
used.Theposition of limits of the section was defined by a
method of the accounting of volume of liquid (VOF
method). Mass transfer between phases paid off with the
help of the field functions, which were set on the basis of
the materials published in [2,3].

Deter mination of parameters

of the computational scheme

in relation to a case of boundlessliquid

For calculations of a collapse of a spherical bubble
the hybrid grid consisting of unstructured and structured
parts was used.The unstructured part represented the
sphere with polyhedral cells. Sphereradiusisequal 0.5
ofthesphereradius.The structured part of a grid consisted
of prismatic layers.From the above-mentioned sphere to
edge of external area the grid condensation with
coefficient 1.2 in the radial direction to an interface steam-
water and a growing of the cell size in the direction of
external area was appointed.Radius of external area by
eight times exceeded bubble radius in an initial
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timepoint.The timestep changed automatically, at
reduction of radius of a bubble the vapor-water boundary
passed from one cell to another for 4timestep.At
withdrawal of an interface of environments from an initial
condensation more than on 5 prismatic layers the grid was
reconstructed anew for ensuring compliance of area of a
condensation of prismatic layers to bubble radius.As a
result the quantity of cells necessary for the correct
description of process of a collapse of a bubble, was rather
small and acceptable time of calculation was provided.this
fact allowed to carry out a big series of calculations with
various parameters, as net for an assessment of net
convergence, and physical models for an assessment of
adequacy of representation of physical processes.

The assessment of the received results was carried
out by comparison of calculated dependence of radius of a
bubble from time with the relevant experimental data
given in [2].Section of calculation area the plane passing
through the center of a bubble in an initial timepoint, is
given in figure 1.

Sofurtiesss Tharee = &

Figure 1 - Initial version of a calculation grid.
Section the plane passing through the center
of a bubble in an initial timepoint.

However it doesnt suit for calculations of
characteristics of the bubble which has lost sphericity,
such approach. For this reason the second specified option



of a calculation grid which is shown in figure 2 was
developed.The space is divided into the areas which
borders are invariable, and the size of cells is constant
within area.Upon transition of border of area the size of a
cell changes, it decreases as approaching the bubble
center.The sizes of cells in each area are determined on
the basis of results of the calculations executed by means
of a grid, shown in figure 1.

The specified option of a settlement grid will demand
much more machine time, than the first. Specified option is
used for working off of parameters of the grid used at
calculations of a collapse of a bubble near a wall.

Figure 2 - The specified option of a calculation grid.
Section the plane passing through the center
of a bubble in an initial timepoint.

Resultsof calculationsof collapse

of abubblein boundlessliquid

Dependences of pressure of liquid surrounding a
bubble on radial coordinate were firstly calculated at
various compression of a bubble. They are given in fig. 3.

The type of dependences presented in figure 3 and
tendency of their change coincide with the corresponding
results of the calculations of a collapse of a steam spherical
bubble executed analytically. The called results are given in
[3].Calculations of compression of a bubble without
concentration of steam were executed in relation to the
initial and specified options of calculation grids.

At calculations influence of vapor condensation on its
pressure was as follows considered. Dependence of speed
of vapor condensation on its pressure and temperature is
given in the book [2].STARCCM+ allows to consider
change of weight of vapor in a bubble at its compression.
The formula for calculation of speed of condensation is
taken from [2] and looks like:

G= i 1)
28T
were: G-speed of condensation; A- the accommodation
coefficient according to data from [2] is equal 0.04; P —
vapor pressure; B — specific vapor constant; T — absolute
temperature of vapor.

The mass of the condensed vapor was defined as
product of speed of condensation on a step by time and
bubble surface area.According to data [2] at a speed of
condensation, smaller product of density of vapor and
compression speed, condensation has no influence on
COMPression process.

Comparison of dependences of radius of a bubble
from time, received at calculation and at experiment, is
given in figure 4. Increasing of external pressure is set
according to experimental conditions.
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Figure 3 - Dependences of pressure
of liquid surrounding a bubble on radial coordinate
at various compression of a bubble.
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Figure 4 - Dependences of radius
of a vapor bubble on time.
Comparison of calculated and experimental

dependences of diameter of a bubble from time allows to
make a conclusion that on rather their good coincidence at
big radiuses. Influence of various grids thus insignificantly.
At compression the bubble keeps sphericity.

It is visible that at radius reduction to about 1.75 mm
results of calculations with use of a specified grid are rather
close in relation to account and neglect cases condensation.
Its influence grows at increase in extent of compression of a
bubble.



The received results allow to make a conclusion
about suitability chosen models of a flow and key
parameters of grids for calculation of a collapse of a vapor
bubble.

Also paradoxical result: the initial grid gives the best
coincidence of calculated and experimental data, than
specified the second option, in the range of radius from
about 1.75 mm to about 225 mm. The monotonous
increase in a difference in relation to a case of the specified
grid is observed.

Determination of parameters

of the computational scheme

in relation to a case of exisence of awall

In the presence of a wall the flow ceases to be
spherically symmetric. For this reason the calculation grid
is under construction uniform on the volume of considered
area with a condensation in the bubble location. On the
basis of given in [1] data of high-speed filming of a collapse
of a bubble near a wall it is possible to make conclusions
about a form and the sizes of the called area and the
demanded sizes of cells. In the present paper at loss
sphericity by a bubble the sizes of cells are defined on the
basis of data of high-speed filming of the bubble which has
lost sphericity. The called data are provided in article [4].
Figure 5 gives an idea of a calculation grid used in this case.

Figure 5 - Third option of a calculation grid.
Section the plane passing through the center
of a bubble in an initial timepoint
and a perpendicular of the wall.

Expenses of machine time and demanded resources
are near to values of the corresponding parameters for the
specified option of a grid.

In case of absence of experimental data determination
of the sizes of cells has to become a subject of special
researches.The configuration of areas in which the size of
cells is constant, should select similar considered in the
present work.

Resultsof calculations of a collapse

of abubblenear awall

Comparison of dependences of radius of a vapor
bubble from time, received at calculation and at
experiment, is given in figure 6.
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Figure 6 - Dependences of radius
of a vapor bubble on time.
Comparison of calculated and experimental

dependences of radius of a bubble from time allows to
make a conclusion about rather their good coincidence.

Influence of a wall causes increase in radius of a
bubble in relation to the radius of the bubble in boundless
liquid.

The applied method allows to define a bubble form in
various timepoints. Section of the bubble which has lost
sphericity is given in figure 7.

SRS [REA A

Figure 7 - Section of the bubble
which has lost sphericity.

Dependence on time of pressure of liquid operating
on a wall is of interestwhich reaches a maximum after a
bubble collapse. At calculations of a collapse of a bubble
for the flow description it is enough to define movements of
particles of liquid.In process of reduction of volume of a
bubble originally condensation provides a constant vapor
pressure in it. At achievement by a bubble of some volume



condensation doesnt provide the decrease of vapor
demanded for maintenance of constant pressure, and it
starts increasing. Thus the increase in condensation caused
by vapor pressure growth is still not enough for noticeable
braking of a collapse of a bubble,butfurther the speed of a
collapse starts decreasing with a vapor pressure growth.

Apparently from a formula 1, the speed of
condensation depends on a vapor pressure in the first
degree, and reduction of surface area of a bubble leads to
reduction of weight of the condensed steam in process of
a collapse. As a result further development of process
leads to vapor pressure growth up to the sizes which are
much exceeding pressure of surrounding liquid. Thus the
speed of movement of particles of liquid it is essential
(about in order) less maximum of the speeds observed at
previous stages of process. As a result instead of a task
about movement of particles of liquid at a collapse of a
steam bubble it is necessary to formulate and solve a
problem about behavior of a bubble with a high pressure
of steam in it.

The formulation and the solution of this problem is
beyond this work. Here the results of approximate
calculations confirming suitability of the STARCCM+ for
further researches are presented only. In figure 8
approximate dependence on time of the average pressure
operating on the nearest to a bubble part of a wall is
presented. The area of this site is some orders less than the
area of diametrical section of a bubble in an initial
timepoint.

The results given on figure 8, testify to suitability of
the chosen approach for approximate determination of
pressure of liquid operating 0. n a wall at a collapse of a
vapor bubble near it. The section of a bubble,
corresponding to a timepoint at which pressure operating
on a wall is maximum, shown in figure 9.

Further according to the received results there is a
reduction of pressure operating on a wall at simultaneous
reduction of volume of a bubble. As pressure in a bubble
too is very great, such situation can be caused by vapor
condensation influence.

Conclusions

The main result of work is the conclusion about
suitability of a STARCCM+ package for definition of
hydrodynamic characteristics of a collapsing vapor
bubble.The choice of models of a flow is reasonable and
parameters of calculation grids are determined.
Characteristics of a flow are calculated for cases of
existence and absence of a wall near a bubble, comparison
with the relevant experimental data is presented. Vapor
condensation influence from a bubble in surrounding liquid
is considered. In relation to a case of existence of a wall
calculations are executed for the bubble spherical and lost
sphericity. Approximate calculation of dependence of
pressure operating on a wall from time is executed at a
bubble collapse near it.

It is necessary to notice that the received results are
approximete and process of a collapse demands further
more detailed study. For this purpose it is necessary as
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improvement of models and grids when using a package
STARCCM+ and improvement of the experimental
equipment for obtaining detailed data on a flow and
carrying out the corresponding experiments.

Pressare Pa

:

Figure 8 - Dependence of pressure operating
on awall on time.
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Figure 9 - Bubble section in a timepoint corresponding
to a maximum of pressure operating on a wall.
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Abstract
An attempt is made to elaborate different variants of asymptotic solutions to one of the problems, which are criti-
cal for practical applications, - determination of the shape of slender supercavities behind extended axisymmetric bod-
ies. This study is aimed at development of simple engineering equations based on asymptotic solutions for the reliable
shape estimation of cavities behind extended axisymmetric cavitators of quite arbitrary shapes.

Problems of reliable calculation, in case of cavi-
ties with very big elongations, appear to be very topi-
cal for a number of applications. However, considera-
ble elongation of supercavities combined with a com-
plex singular structure of solutions provides an essen-
tial hindrance for elaboration of quite reliable numeri-
cal solutions of these problems. Therefore, reliable
nonlinear numerical solutions are currently available
only for separate stationary test problems. At the
same time, applications require quite simple methods
of calculation, which are in some cases essentially
distinct from test solutions. On the other hand, slen-
derness appeared to be a considerable simplifying
factor, which allows one to construct quite simple
asymptotic solutions.

These solutions are very convenient as the basis
for elaboration of simple and reliable methods of engi-
neering calculations in the majority of applications.
The critical role of slender cavitators is attributed to
their specific properties, which are used for motion
control, compensation of gravity effect on the cavity
shape, as well as are widely applied in various techno-
logic processes of treatment of various materials and
liquids, etc. The scheme of cavity formation cavity
behind a slender cone is shown in Fig. 1.
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Figure 1 - A slender cavity behind a slender cone
6=0.04, y=10°,1=1
————— 1* approximation — ellipsoid cavity,
—— 2" approximation - M=0,
0 0 0 02" approximation - M ~ 0.35 via solution (4);
o o o o nonlinear numerical calculation [5]
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Problem Statement

The basics of hydrodynamics of supercavitation
is presented in monograph [1]. Within framework of
the model of potential flow of ideal compressible lig-
uid, the problem of determination of subsonic super-
cavitating flow within the limits of hydrodynamics of
slender bodies is reduced to the solution of the integro-
differential equation for the cavity shape r=R(x) behind
a cavitator r = r, (x) [2, 3] for the initial conditions in
the flow separation cross section and the condition for
cavity length assessment (1la-1d):

1 [dR2]2+ dszln Bsz B
2R?| dx dx?  4x(L-x)
(In1/82)7!
Xs%|x=x _@ L @&:x _ﬂ
_J‘ dx todx X, — J‘dx—ldxzdxl_
0 X = x| Xq Xy = x|
(In1/82)* (In1/82)™"
ﬁIx:o ﬁ|><=L
- dXX + dXL-x = 20(x), 1)

(In1/8%)™1 (In1/8%)7*

2 2
R =n),, 0[5 -%)

S

) d’R? _dr2
o) R ‘OLL d){ o _dxz} :

Here x= X, is flow separation cross section coor-
dinate, G=2(Pw—Pc)/pUi is the cavitation number,
where P, —P. is the difference of hydrostatical pressure
and pressure in a cavity, p is mass density of the liquid,

and U_ is inflow velocity. p=v1-M?, M=U_/a,
a~1500m/s - sonic speed for water. The parameter
8, =2R,, /1 + L. defines the order of magnitude of the

ratio between the maximal diameter of a cavity 2R,
and the total length 1+L of the cavitator - cavity sys-
tem and is assumed to be a small parameter. Below
each term of equation (1) there is indication of the
order of its smallness at 6-—0. The solution of the



limiting equation implies a blunt shape of the cavity
rear edge at o=const. Proceeding from this, the last
term in equation (1) can be treated as a pointed
equivalent of the cavity rear edge closure of the
Ryabushinsky type. This closure is controlled by a
pressure sourced, which models the elevated pres-
sure near small-sized cavitators of disk type, a blunt
cone, etc. Within the limits of accuracy, the cavity
closure shape is not essential, unlike the fact of
presence of cavity closure, which provides a univer-
sal effect on the cavity.

Regular Solutions

The direct solution method for preset cavitator
length: The Asymptotic solution of problem (1) is ob-
tained for the preset values of: the length 1=1 of quite
arbitrarily shaped cavitator r, =r,(x)=28F, (x)and cavi-
tation number o(x) = (82 In1/B%8%)6(x), &(x)=0(1) un-
der condition that /8 =0() and for the preset number
of various alternativesd=0(e). In case of a
cone, e =tany, where v is the cone semi-opening angle.
The flow separation cross section is assumed to be
fixed (Fig. 1). The solution for the cavity shape and
length L. is derived in the form of expansions:

- 1 .
AR?=8|R2+———R2+..|,
) [ ° In@/p%%) !

I I:cl

b) L.=L, ,+—2 _+ 2
) Le=Le i@/ B25%) )
and is further reduced to the sequence of boundary
problems:
d R2 drR2 df 2o o
0 =-26 , |Rg = ;
(){dx dx:l_o [ ° “L:o
~ ~ 5\2 ~ -
d’R? 1 (dR? +o|2R§|n R2 )
dx?  2R2( dx dx? | 40+ Xx)(1-Lg)
2| ¢%R? @R d%R?
0 dx? X2 Leo dx? dx?
X=X X=Xy
-1 |X1_X| 0 |X1—X|
d’R5|  d°R] " dR2
2 2 n
_'—Jc_o dx x=x, dx « ly=-1 dx xely
1
0 [ X, —X]| 1+x Lo —X
52
aRy 0, R =0 ()
dx x=0
x=0

The solution in the form of two terms of a series
is generally derived in quadratures:
1
RZ=RZ+—— R?=[e? +2me’x] -
°In@/p%?)

_ﬁ(x —X1)20(X,) x11+ @

o In(/p%e?)
X
+% J(x—x )d R dx,
In/p%8%)| 3 dx?
The solution for a cone m =1 is derived in an ana-

Iytical form [3], but calculation on the basis of solution
(4) is more convenient. Fig. 1 illustrates accuracy of
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the solution (4) for a cone with 6=0.04, y=10°, and | =
1 in comparison with the nonlinear numerical calcula-
tion [5].

Semi-inverse solution method. Equations of prob-
lem (1) are written in the coordinate system with x=0 in
the cavity mid-section. The solution is derived for the
preset length L. =1 of the cavity rear part, which ad-
joins its mid-section by the slenderness parameter of
this part of cavity, provided the condition &/8=0(1)is
satisfied, in the form of expansions similar to (2) for
the initial conditions (5a):

2
AR ([ =5 B
x=0 dx
x=0
2 _
R2(9|_, =0, )
drR? B 2 2
b) = L =2R, tany R \X:Lm =R2,
X=Lm

whered=1/A=R, /L., R, Dbeing the maximal radius

of a cavity. Conditions (5b) are thus set, which control
the cavity radius Ry, the inclination angle of its meridi-
an yin the flow separation cross section, as well as
location of the flow separation cross section X=L,.
When the problem solution was derived, it became
possible to find dependence (6a) between the cavitation
number and parameter A of its rear part, in case of a
cavity behind a cone.

2
a) o=t /B 1-2| 1+ enfL+ (en)? In——t !
Y1+ (@) )i’ /B2
—tany
b -—I , C 6
) 6 2 n ) o xz B\/E (6)

Expression (6a) turned out to be more universal,
yielding in the limiting cases the dependence for A of a
cavity behind a cylinder (6b) and the earlier derived
dependence from elongation, in case of a small disk-
type cavitator (6¢) [3]. Results of calculations via de-
pendence (6a) are depicted in Fig. 2. For the same cavi-
tation numbers, according to dependences (6b, 6c), a
cavity behind a cylinder appears essentially shorter
than the rear part of a cavity behind a disk.
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Figure 2 - Cavitation number ¢ in dependence (6a)
from cone semi-opening angle vy for the fixed elonga-
tion values A=10 and A=15 of the rear part of a cavity

behind its mid-section.
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Engineering method of calculation

of cavities behind dender

axisymmetric cavitators

The refined variant of the system of equations
[2], which is suitable for calculation of cavities behind

slender cavitators, has the following form:
d’R?
a)u,———+0o(x)=0,
) Me v (x)

— Rn 2(Cd _kG) ’ C) RZ
-0 \ Ku

The basic idea of deriving of these equations
implies that the solution for the cavity shape is based
on the differential equation (3), which is the first ap-
proximation of the integro-differential equation (1).
However, the characteristic factors available in the
problem solution are defined on the basis of solving
more exact integro-differential equation (1). The main
advantage of equations (7), in addition to their sim-
plicity, is the exclusive universality of their applica-
bility for calculations that imply both conditions
e/8=0(1), ande/8—0for quite arbitrary shapes of
cavitators and dependences from the cavitation num-
ber. A very weak dependence of factors in these equa-
tions from deformation of cavitators and cavities is
observed, which is confirmed experimentally by the
well-known principle of independence of expansion
of a cavity [1]. This allows one to use values factors
derived for the basic form of a cavitator and a cavity
in calculations of other forms, which are not too dis-
tinct from the basic one. Equations (7) contain two
characteristic parameters p and k, which have a clear
physical meaning. Value p characterizes the inertia
properties of the expading cavity cross section, being
a certain inertia factor. This value in the form of de-
pendence (8b) is asessed on the basis of the second-
order solution for cavity elongation A and the second
approximation of the problem solution (8a) for the
case of 8/e—0[3]. The same dependence in form

dr?
X

x=0

b)

(8g) is also obtained at A— for regular
8 /€ =0(1) asymptotic solution (6a).
2 A 2u A
a)o=—In——==",b) u=Ih— —
) A2 Be A2 ) B/e
In2/p% 0.82
cuol D, =p——"m—;
I s DM = h o8 ko)
M=0:

2
e)u:'gé'{1—2[1+sx 1+82x2m‘ﬁ“] ! ],

Vi+e2? JInd2
A A
f) He—0 = Ing ' g) Hpse = Inﬁ (8)

Results of calculation of factors p depending on A
for a cavity behind a cone with y=10° (8¢) and a cylin-
der (8f) at B =1are depicted in Fig. 3.

In2/e
InA2 /B2

a) k(\)=1-2 -
2In2/+Je

k(c)=1—
(0)=1 In4/B’c

~0.92-0.94
6~0.04+0.01, B=1
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Figure 3 - Dependence (8e) for the inertia
factorp =u(y,A),B=1, in case of a cavity behind a cone

aconey=10°, — — acylinder
o o o o Numerical calculationp =cA?, [5]

As the first initial condition (7b) of the problem
(7), the equation of conservation of energy transferred
from cavitator to cavity cross sections at the initial
moment is used. This condition is the equivalent of
merging and it simulates a small intermediate area in
the cavitator’s vicinity by a jump in the cavity meredi-
an inclination angle. Value k~0.93-1 in dependence
(9a) characterizes a small-scale longitudinal transfer of
energy along cavity cross sections. This value is calcu-
lated on the basis of the second approximation of the
solution at &/¢— 0. Correction (8d) is applied for not
small enough values of c.

A formal solution (10) at o=const of the first ap-
proximation of the regular problem of type (2-4), in
case of equality of the inclination angles of cavitator
and cavity meridians in the form of an ellipsoidal cavi-
ty is obtained as follows:

dr?
R2=:Rﬁ-+[ n (10)

dx

] o
X=X
o) In@/dd)

At o=const the equation for engineering calcula-
tion (7a) also controls an ellipsoidal cavity (11) which,
however, at the corrected inclination angle of cavity
meridian in the flow separation cross section takes the
following form:

a) RZ=R2+R, /LCd_kﬁ)x—ix2
Kile 2u,
[
b) Rm=Rj -4 ]
ko

c) LC:&\/%(./cd—kc+\/a)

(o)
This equation allows one to derive dependences
for the cavity maximal radius R, (11b) and length L.
(11c). Results of calculation of the solution (11a) for a

(11)



cavity behind a cone aty=10° 6=0.04,0.02, R, =1, in

comparison with the results of nonlinear numerical
calculation [5], are depicted in Fig. 4.

Figure 4 - Results of calculation for a cavity behind
aconey=10° 6=0.04,0.02, R, =10n the basis

of the equations for engineering calculation (7).
Solution (11a) on the basis of the equations
for engineering calculation (7)

o o o o Nonlinear numerical calculation [5]
————— The formal wrong solution of the first
approximation (10) in the form of an ellipsoidal cavity
by parameter 8.=2R, /(1+L.) in case of equality

of the inclination angles of cavitator and cavity
meridians in the flow separation cross section.

For comparative analysis, results of calculation
of the formal regular solution (10) are also provided
for the slenderness parameter 8.=2R,/(I+L;). As

follows from comparison of results in Fig. 1 this solu-
tion (10) is suitable for deriving the second-order so-
lutions. However, as is seen from results of calcula-
tion in Fig. 4, this formal solution appears completely
unsuitable even for qualitative assessment.

In the calculation results in Fig. 4, which have been
based on the equations for engineering calculation (7) via
solution (11), the drag coefficient value was determined
via dependence (9c) using the nonlinear asymptotic de-
pendence for cy, (9b), which has been developed in [6].

Application of formula (9c) for c, together with depend-
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ence (9a) for kand (8b-8c) is valid for the range of cone
semi-opening anglesy>5-7°. Less accurate, but uni-

versally applicable results for y<5-7° can be derived,
if the value k=1 and dependences (8e,9d) are used in
equations (7).

Conclusions:

- Calculations of cavities formed behind extended
cavitators of quite arbirary shapes can be conducted
using simple engineering equations.

- Calculations should take into account a singular
character of the problem by correction of the initial
inclination angle of the cavity surface in the flow sepa-
ration cross section, which does not coincide with that
of cavitator surface.
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Summary
The land-based airplanes’ glissading on water surface hydrodynamics aspects were considered while forced wa-

ter-landing.

The theory of cylinder-shaped body glissading with constant angle of attack and constant dipped transom cross-
section was developed. The hydrodynamic forces were defined, based on the flat cross-sections hypothesis, minding the
finite cylinder’s surface, contacting with water. The experiments undertaken had shown very good coincidence of theo-

retic and experimental data.

Introduction

For some years in TSAGI the hydrodynamic and
dynamic studies are underway, dealing with forced
civil land-based airliners’ water landing. In course of
these studies, the experiments of ditching modeling
using the dynamically-similar models were undertaken.
The powerful scale effect was discovered, changing the
flow mode of the fuselage in comparison with the real
one, while modeling using the Froude criterion. The
effective measures were developed to evade this. The
massive efforts to develop the calculation methods of
ditching dynamics investigation also took place. The
final purpose of these works was the shortening of ex-
perimental studies cycle, as well as creating the reliable
calculation programs, needed for the simulators to study
pilots the ditching process. One of the key moments of
these studies is creation of rather simple theoretic model
of fuselages and, possibly, other airframe elements of
land-based airplane glissading on water surface.

1. Statement Of The Problem

And Free Surface Cinematics

While creating the mathematic model of ditching
process, first of all the hydrodynamic forces, acting
upon the airframe after its contact with water, are to be
defined. For simplicity, we take the case of only the
fuselage’s contact with water, which represents the
round cross-section cylinder in its middle section, ant
fore and aft sections have nearly ogival shape. These
limitations narrow the class of flying vehicles which
can be considered by the method applied, but they also
simplify the problem and give the capability to obtain
general results and dependences, which subsequently
may serve as the starting point to investigate the ditch-
ing of wider airplanes’ class.

Studies of the flat-surfaced bodies glissading [1]
depict that while ditching of the real airplane with such
geometry parameters, the water flow separation occurs
in its tail section.

During the hydrodynamic forces calculation, the
flat cross-sections method was used, perpendicular to
the fuselage axis and fixed in the absolute coordinates
system. It is stated that the liquid flow takes place only
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in the layers’ plane, while the longitude flow is absent.
Then, in every flat layer, when it is entered by the air-
plane’s fuselage, the flow will arise, similar to that one,
which arises while the cylinder’s submerging into the
liquid with free surface. Total hydrodynamic load can
be defined by integrating along all the elementary sec-
tions in every fixed moment of time. Elementary hy-
drodynamic force, acting in the flat sections, is defined
only by instant meanings of cinematic airplane’s mo-
tion parameters, i.e., its vertical and horizontal velocity
meanings, angular velocity and linear and angular ac-
celeration.

Let’s consider the forces, acting upon the cylin-
der, being submerged into the liquid with constant ve-
locity along the perpendicular to the free surface. To
define the kinematics of free surface motion towards
the body and the size of wetted width of the body, 2c,
which coincides with every meaning of submerging h
relatively to the free surface, the velocity potential of
the latitude wrap of the widening plate with variable
width 2c is used. As the result of the counter rising of
the liquid, the 2c width becomes higher then the geo-
metric segment’s width, cut by the non-disturbed free
surface. Dependence between 2c and h is defined by
well known Wagner’s equation [2], the solution of
which is represented by expression, developed by
G.K. Koloskov[3]:

h= 2 j4dy(x) X 1)
X /CZ _ %2 '

where y=y(x) is the cross-section’s equation in the

coordinates system of body.

y=r—+r>—x*, )

In this case, the (1) may be represented in the
shape of the power series:

h 1(cjz 3 (CI 5 (cje
—==—=| +—|=| +—]| =] +.....,03)
r 4\r 64\ r 256\ r



e
Figure 1 - For round cross-section cylinder
with r for a radius (Fig. 1), this equation takes
the following form:

The power series is useful to estimate the c/r
function behavior, as well as that of the hydrodynamic
power at low h/r meanings. But, for the latter ditching
stages, these series become inconvenient due to the bad
series convergence. Instead, the (1) integral is quite
usable, which can be driven to the full elliptic integral
of the second mode:

D:l_iE(Ej, (4)
r T r

Using (1) — (3), it’s easy to imagine the wetted
border of the cylinder behavior using the function of its
submerging. In the Fig. 2, the calculated dependence
between c/r and h/r is represented.
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Figure 2

Taking the (4) for a basis, at ¢/r -1 and h/r—
0,33, i.e, the h/r = 0,36 is a limit. Of particular interest
is the dependence of wetted half-width to geometric
width, which makes the half of a segment, being
formed as a result of crossing by a cylinder’s surface of
the undisturbed water surface c,. It’s obvious, that at

low h/r meanings, the c/c, level is quite close to V2,
which comes from the (2) and (3). With h/r growth, the
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c/c, ratio varies only a little, and while h/r reaches 0,36,
it lessens to 1,34.

It must be noted that for the submerging wedge,
the c/c, ratio equals to w/2 at low deadrise angles, and
as the latter rises, it lowers.

When the submerging h~0,36r, the wetted width
2c is equal to the cylinder’s diameter 2r. This ap-
proach gives the reliable solution only for h < 0,36r. At
higher h meanings, the flows separation from the cyl-
inder’s surfaces occurs and its wrap picture transfers
into cavitations stage.

2. Hydrodynamic Forces I n 2-D Interpretation

Minding the fact that during the constant body
submerging into the liquid the important role is played
by the free borders behavior, in particular, formation of
jets, the fluid motion amount, found by solving the
‘strike’ task, not in all cases coincides with the real
flows. The error grows with body’s inclining angle in
the zone where spray jets are formed. G. V. Logviniv-
ich [4] proposed instead of force representation in the
shape of impulse derivative, to define the force using
Koschi — Lagrange integral, but slightly changed the
velocity potential form on the plate’s surface, which
was representing the wetted body’s surface, and the
integrating limits, actual only in the positive pressure
zones on the plate.

As the result, the following expression for hydro-

dynamic force appeared:
f=7ZanZCE 1—lﬁ 1+In4$ , (5)
dh 7 dc dh

Defining ¢ and ? with the help of (3) or (4)
c

and putting the found meanings into (5), we obtain the
dependence of f force from the cylinder’s submerging
depth. This dependence is illustrated in Fig. 3 in di-

mensionless form, as f = . Due to the complexi-

anZr

ty of defining the f(ﬂj its direct use in the numeric
r

ditching model creation on the base of flat cross-

section method is inconvenient.
Instead of this, in the current work, using the re-

sults of F(Hj curve calculation, the simple approxi-
r

mation dependence was built

f= 47{1—1.58\/?], (6)

This dependence coincides with the initial curve
so well that it couldn’t be represented as a separate
line, and it was marked with separate points. Only at

2 > 0.25 both curves start to differ a bit, but this takes

place at too low force meanings.
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3. Forces At Glissading

Now, let’s consider the case of stationary cylin-
der’s glissading along the liquid surface, at constant
angle of attack «, which, in this particular case, is
equal to the pitch angle ¢J, and its transom being sub-
merged to the constant depth h relatively to the undis-
turbed free surface level (see Fig. 4) In analogue with
the glissading theory of the deadrisen bodies, the flat
cross-section method for lift definition is applicable.

Figure 4

We’ll take the consideration that the liquid mo-
tion takes place in the layers’ plane, perpendicular to
the cylinder’s axis, while longitude liquid’s mation in
direction, perpendicular to the layers, is absent. It must
be stressed that, to be strict, such a flow picture is actu-
al in the frames of narrow body theory, only if some
particular conditions are fulfilled, dealing with geomet-
ric parameters of body — to — liquid contact zone. In
our case, these conditions are not fulfilled in the fore
section of contact zone, as there the presence of sharp-
ening point is needed. But, in case of cylinder’s glis-
sading, the contact zone’s plan form is quite close to
the elliptic one. Nevertheless, despite the disruption of
mathematic conditions of the problem, as it will be
depicted later, the flat cross-sections method gives
quite applicable exactness level to be used in practice,
while defining the glissading cylinder’s lift.

Firstly, let us consider the glissading case with
small submerging, lesser then 0,36 from the cylinder’s
radius, i.e., prior to the moment when the width of wet-
ted surface 2c¢ at the cylinder’s transom will reach the
cylinder’s diameter. Elementary force in the layer’s
plane of dx thickness (Fig. 4) will count:

dF = anvnzr(l—l.SS\/szx (M
r

where y — cylinder’s submerging in the given cross-
section, V, =Va - velocity perpendicular to the cylin-

der’s axis, V —glissading speed, o =9 . It’s obvious
that out of geometry parameters, the submerging mean-

105

ing y is equal to xe, and, though, the lift, acting on
the submerged cylinder’s portion at ; -y <0,36, will
r

count

ylr
F =27pV ar? | (1—1.58\/2)(1 y_

0 r r ., (8
= 2mpv ortyl- 105y

As the result, the lift at y < 0,36 is a linear func-

tion of the angle of attack o . At § =0,36 the expres-
sion (8) gives the meaning
F ~0,836pV°ria.

If the transom submerging meaning is bigger then
0,36r, we can approximately accept that in the corre-
sponding cross-sections the non-stationary cylinder’s
submerging relatively to the free surface has ended,
and the cavitations flow started to form, with the speed
V, =Va (Fig.5), which drives to the arising of the

force, acting upon the unit of the cylinder’s length
2

Vn
fk = Ck /02

2r=C, pV’ira?, 9)

where C, - cavitations resistance factor of the cyl-
inder.

Sideward lorce
Lingar section

Mon-linear section

A ____AH__ o

_—

Figure 5

In every flat cross-section, at §> 0,36 the force
will be acting
dF =C, pV ’ra’dx, (10)
There are strong suppositions that the C, weakly
depends upon the cylinder’s ditching level. In this case,
at the stationary glissading, the force’s spreading along
the cylinder’s length may be accounted uniform. The
C, factor is roughly equal to 0,5. At Fig. 5 the scheme
of sideward loadings spreading along the cylinder’s
length is shown.
The expression (8), which was developed using
the method of flat cross-sections, considers only the

case of ultra small elongation of the wetted surface
2
/1:4%, where 2c¢ is the width of wetted surface at

the transom, and S is the wetted surface’s square.

In cases of finite 4 meanings, the use of correc-
tion factors is needed, which minds the fluctuations of
longitude loadings spreading with 4 meaning growth.
The data needed can be obtained using the finite chord



to span ratio wing theory. For instance, the method of
discrete vortexes, developed by S.M. Belotserkowsky,
permits to calculate the levels and spread of loadings
on the wings of different plan form, including the delta
and elliptic ones. From the other side, this method is
rather labor-demanding, especially in the glissading
case, where the 4 meaning may fluctuate in the widest
range, depending of angle of attack and submerging.
Due to this, the Jones theory [5] was used to define lift.
Jones proposed the simple formula, dealing with the
wings of small chord/span ratio with sharp wingtips,
for instance, the delta wings. In case of glissading, the
Jones theory gives the correction factor for (8) in the
following shape:

L= 4
pA+2’
where p is the half-perimeter of the horizontal wetted
projection to its span 2¢ ratio.

(11

Figure 6
To define lift, the 4 and p expressions must be

found in the relative submerging function ﬁ=E and
r

of the angle of attack « .

The wetted surface projection to the horizontal
plane, formed while the cylinder’s glissading, has a
shape, close to half-elliptic one.

At Fig. 6, the line of intersection between undis-
turbed free surface and the cylinder, having the r radi-
us and inclined at some « angle of attack.

Earlier it was shown that due to the free surface’s
rising towards the submerging in the fixed flat cross-
section cylinder, the wetted width grows approximately

V2 times. If at the transom, the geometric wetted
width (see Fig. 1) was equal to 2c,, then, due to the
effect described, while the 4 meaning, the width of the
wetted surface is to be estimated as Zcoﬁ . At Fig. 6,

the appearance of such a flow in the sideward view is
shown.
It’s obvious, that out of geometric parameters

¢, =v2rh—h?, (12)

And though, the glissading surface span is de-

fined as
c=+2+/2rh—h?

(13)

To define the chord of this surface | let us take
that its fore point is defined by intersection of undis-
turbed free surface and the lower cylinder’s portion. At
low o angles,

Now, the /1:4% is to be found in h function

and o . To simplify the estimating calculations, we’ll
take the fact that the wetted surface square S differs
only a little from that of the triangle with base equal
to2c, and height isequal to | . Then, S =lc,

¢ 4J2+2rh—h?

1:4—:—&:
I h | (15)

=420 /%—1

The p meaning is easily expressed through 4,
and though, to represent it as the function of hand a:

2
p:i 1+ 1+(ij ,
2 A

As a conclusion, the hydrodynamic force, arising
while the cylinder’s glissading is calculated in the fol-
lowing way, using (8), (15) and (16):

F:ZJz'pVZrzﬁ(l—l,OS h Juo =
_ 8oV °r*hl 1,05

2
1 1+ 1+(4j A+2
2 A

where A = 4\/50( /%—1 .

We may represent this force in dimensionless
form, as a factor:

(16)

o 17)

F

:2—
pV 4r2

2
4rhl—1,05vh e

2
1 1+ 1+[4] A+2
2 A

A=4J2a /%—l,

4. Results Of Experiments

Several times, the studies were undertaken in
TsAGI dealing with the cylinders’ glissading. Lift
measurements, conducted in different studies, give
very close results. In A.D. Vasin’s work [6] the wide
experiments results data base is present, dealing with

Cq

Co =

(18)
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the stationary cylinder’s glissading in 2° <o <8°
angles of attack range with submerging h<0,36 [6].
In the work [6], the lift F was represented as a
factor
F
VZ
PV,
2
In order to compare the experimental and calcu-
lated in shape of Cy factors, that will be enough to
define the conformity of these two dimensionless
meanings. It’s readily seen that

=
CB =Fz,

F-

; (19)

(20)

At Fig. 7 the theoretic dependence between Cg
and h at o=2°=0,035, 4°=0,0697, 6°=0,105,

8% =0,139. Also, the experimental meanings from
the work [6] are marked, re-calculated in coinci-
dence with (20).

The good correspondence between the theoretic
and experimental data is observed at all the angle of
attack and relative submerging meanings considered.

It’s interesting to note that in A.D. Vasin’s work,
the method of calculating the lift is also proposed while
the cylinder’s glissading. His approach is based upon
the flat cross-sections method with other correction for
finite chord to span ratio. This correction is based on
the theory of G.V. Logvinovich, dealing with the ac-
counting of longitude liquid transportation, which takes
place in frames of ‘flat cross-sections hypotheses’. This
viewpoint arises serious objections, as it not only dis-
rupts the whole flat cross-sections idea, but brings also
to the incorrect result, correction meaning counts

around o, whilst the theory considered is created
upon the prerequisites, linear towards « . A.D. Vasin’s
calculations results considerably differ from his own
experiments.

The cylinder glissading theory, built upon the
Johns theory, gives the correction of around the
o meaning.

Conclusion

The approximate theory of the round cross-
section cylinder’s glissading was worked out, together
with the method of hydrodynamic forces calculation,
the latter based upon the simultaneous use of cylinder
submerging into liquid theory, thin body theory and
low aspect wing theory. Comparison of calculations
data and experimental results, including the ones, un-
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dertaken by other authors, had shown their very good
coincidence. The data obtained give the capability to
calculate the hydrodynamic forces, which arise during
the passenger planes’ emergency ditching, and their
dynamics in the process of water landing.

Results of light measurements
on the drained model, made
in the work present

Results of Vasin’s
experiments
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SOME ASPECTS OF SUBMERSION OF THE CYLINDRICAL SOLID
OF REVOLUTION WITH CURVED NOSE AT SMALL ATTACK AND TRIM ANGLES
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Moscow Aviation Institute (State University)

125993, Moscow, A-80, I'CII-3, Volokolamskoye ch., 4

Abstract

In some cases during submersion of cylindrical solid of revolution with curved nose at small attack and trim an-
gles a significant increase of the angle velocities in longitudinal plane at the initial moment of submersion has been
spotted. It is followed by rotation towards the direction of the nose submersion. npuuem ¢ epawernuem, nanpasnennvim 6
cmopoHy noepyacenust Hocosotl wacmu. Current analytical methods do not provide an explanation for this effect.

The article below suggests the way to explain this effect and the method which allows to estimate the disturbances
generated by this effect. At the stage when the curved nose of the cylindrical solid of revolution crosses the surface of
the water, a cavern is being formed. Moreover, at certain angles of attack the cavern forms only at one of the solid
sides. The method described below allows to estimate the surface load alongside the longitudinal axis of symmetry. Also

two models of the surface load are compared.

Let’s analyse the moment when the cylindrical
solid of revolution with curved nose crosses the water
surface. The solid has a certain speed and certain an-
gles of attack and trim, as well as the angle velocity
against the axis OZ. Figure 1 shows the experiment
scheme.
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Figure 1 — Experiment scheme

There are different scenarios how the solid could
cross the surface. First one is when the cavern forms
around the solid (Figure 2 a), when most part of the
solid is covered by the cavern and the solid contacts the
water only at the nose and tail parts. Second scenario is
when the cavern forms only at one side of the solid.
(Figure 2b). Third scenario is when the solid ricochets
from the surface (Figure 2c).

/ /
7 ¢

a h

Figure 2 — Scenarios of water landing

In some cases during the water landing the of cy-
lindrical solid of revolution with curved nose with
small attack and trim angles it was noticed that the an-
gle velocities increase significantly both in longitudinal
and horizontal planes at the first moment of submer-
sion, and on top of that the solid starts to rotate in the
direction of the nose part submersion. We shall use the
equations of a solid body space motion to identify the
mathematical model [1]. We shall define the forces
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acting at the solid according to [2]. The geometry of
the resulting cavern shall be calculated based on the
principle of independent cavern enlargement suggested
by G.V. Logvinovich [3] and method suggested in [4].
The results are shown at Figure 3.
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Figure 3 — comparison of model Neland experiment.

The Figure shows a significant difference be-
tween the model and experiment results. The reason is
that the model from [2] assumes that the cavern covers
the solid according to the first scenario of water land-
ing. On top of that, in [2] a disk is used instead of the
curved nose.

Figure 4 analyses the mutual positioning between
the solid and the cavern at the moment of crossing the
eater surface. These positions identified through ex-
periments. We can see that the lower part of the cavern
passes “through” the solid at its nose part.. Let’s as-
sume that the lower cavity of the cavern does not form,
and that the cavern at its lower part is formed by sec-
tion of the solid by the plane OX and OZ. If we shall
consider the separate section of the solid in lateral
plane, then the submersion of this section will corre-
spond of the round solid submersion shown on the pho-
tograph (Figure 5).

We shall consider the mutual positioning of the
cavern and solid as follows — Figure 6.



Figure 4 — Mutual positioning of the solid
and the cavern.

o

=

Figure 5 — Submersi-on of the round solid.

Figure 6 — Mutual positioning of the cavern and solid
to calculate the loads on the solid.

We shall use the results from [5], which are the
results from TsSAGI identified for the gliding motion of
a cylinder over the water

h(x)

dF )
“=2n-pV?R,(x)1-1.58 L (1)

dx R, (x)
at h(x) <= 0.33R,,(x),
where R,,(x) — section radius of the solid at distance x
from the nose; h(x) — submersion depth of the section
at distance x from the nose; V’, — submersion velocity;
F,. - load on the solid.

Figure 7 shows the submersion scheme.
At each section the velocity will be:

Vo=V, +(x=X,)o,, @)

where Vy - submersion velocity of the solid alongside

axis QY; x, — centre of masses position against the
nose; w, — angle velocity against axis OZ.
For h(x) > 0.33R,,(x) the equation will be
dF
- :CK pV'i RT(X)' (3)
dx

where C_ - hydro dynamical coefficient (C_=0.5).
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Figure 7 — Section submersion scheme

Will be zero if the solid is not submerging.
Basing on the above we can identify the load at

the direction of axis OY.

L dF
F,=|—dx, 4
” {dx 4)

where L — is the length of the solid.

Momentum of the load will be
L

dr
= [ =2 (x, - x)dx )
, dx
Calculation results are shown at figure 8.
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Figure 8 — Comparison of model Ne 2 and experiment.

Figure 8 shows a significant discrepancy between
the model and the experiment results which can be ex-
plained by extra load not included into the model. Let’s
make the corrections for the model(1-5) with respect to
acting forces. Usually the pressure decreases at the
nose part under the current flow. This effect is defined

by P.its dispersion over the solid is shown on Fig-
ure9.

p_P-Ph (6)
pV*
2
where P — pressure at the lower part of the solid at dis-
tance x from the nose; P, — static pressure at certain
depth.
We will concentrate on the water crossing by the

nose part of the solid, so we shall examine the P dis-
persion over the solid as per Figure 10. Figure 9 shows
that at the curved surface of the lower part of the solid
there is a zone of lower pressure. According to Figure 6
there is an air cavity on the upper side of the solid with
pressure P,,, . This cavity exists till the moment of
permanent flow or formation of water layer between




the atmosphere and the cavern. Pressure on the lower
part of the solid is P. Difference between those pres-
sure figures will be F,,,.

P

Figure 9 — Pressure dispersion over the solid

JL?

| &

Figure 10 — Model of pressure dispersion

Dependence of ﬁnm from the angle of attack is

shown on Figure 11. We shall approximate the experi-
mental curve by the line (Fig. 11). The function will be

P.,=a%xa—D, @)
IF'mIn

o —

oo '.___.-l-"" =

vod R e

- ..ﬂ'—-—

=1 <
b= L= 3 [n] 3 5 =] ﬂ(r&.ﬂ,}

* experiment, — approximation
Figure 11 — Estimation of P,

Depending on the solid position x the pressure on
its surface will be 8 (Figure 10).

D 2
p= X PV b
Xmin
X< Xmin
P= |3min_ﬁmin (()z( _):(mm)) p\2/ +Ph’ 8
p min
Xenin <X <X,
P=P
X2 X,

Flow stall from the solid surface direction is op-
posite to submersion. In this case the load from pres-
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sure difference is directed alongside the submersion for
each section and will be

dF,

—L2=2R_ (P-P,_ )P )
dX m( aTM)
Load on the axis OY will be

F Ldl:"d (10)

=|—dx
yp
5 dx

Momentum of this load will be

L

M, = jdi(xC — X )dx
dx

0
The results of the calculation are shown at Figure
12. We can see that the suggested mathematical model
for the submersion of cylindrical solid of revolution
with curved nose at small attack and trim angles corre-
sponds to the experiment outcome. Further analysis
requires additional experiments with more parameters

included.
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Figure 12 — Comparison of model Ne3 and experiment
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AHHOTaNUs
B pabome nonyuenvl anarumuyecxkue gopmynsi, svipaxcaoujue 80IH080e CONPOMuUBLEHUe Med, O8UNCYIULe20Cs
NOCMYNAMenbHO 8 KaHaie KOHeUHOU 2yOunbl, uepesz napamempuvl 006pa3o8asuiuxcsa 3a meiom HeauHeunbix npoepeccus-
HBIX BOIH. YCMAaHOBNeH0, Umo 2enepayus GOaH 3a MeI0M 803MOIICHA UL 011 OOKPUMUYECKOL CKOpOCmU nepemeuye-
nus mena. Illocmpoenvl mounvie acumnmomudecKue paziodceHus UHMeSpaIbHblX XapaKmepucmux G0aH, GKII0YAs CO-
30a8aemoe umu 60JIHOB0E CONPOMUGIEHUE, N0 CIENeHIM Oe3PAZMEPHOU AMNIUMYObL.

Brenenne

PaccmatpuBaercst Teno, ABHXKYyLIeecs MOCTYIa-
TEJBHO HAJl IUIOCKUM TFOPU30HTAIBHBIM JTHOM € MOCTO-
SIHHOH cKkopocThio C. [Ipenmonaraercsi, YTo B CHCTEME
OTCYeTa, CBS3aHHOHM C TEJOM, IBIKEHHE YCTAaHOBHB-
nreecs. Branu ot Tena, Briepenyu HEro, JKUAKOCTH I10-
KOUTCSI ¥ MMEET IOCTOSHHYI0 riiyOmHy h, a mosagu
TeJa yCTAHABIMBAIOTCS BOJIHBI JUIMHBI A, TBUKYIIUECS
CO CKOPOCTBIO Tena. KapTiHa TeueHus] B cUCTeMe KO-
OpIMHAT, CBSI3aHHOW C TEJIOM, H300paXKeHa HIKE.
Ilycth popma cBOOOAHOM MOBEPXHOCTH B YCTAHOBHB-
nieMcsi IBIKCHHUH 3a/1aeTcs ypaBHeHUeM Y = Y(X), rae
OCh X HalpaBJieHa 110 JHY.

O06o3HaunM 4yepe3 @ (X, Y) MOTEHIHMAN YCTaHO-
BHUBILETOCS TCYCHHMS, TOTAA

S99, 99

V,, = —— — KOMIIOHEHThI CKOPOCTH,

“oox Y oy

V= 1[Vi + V§ — MOJyNnb cKopocTH. B obGmactu

MEPUOANYECKUX BOJH JaJIeKO BHU3 IO MOTOKY BBEIEM
CIEIyIONINE XapaKTePUCTUKU: MpHUpaIIeHUe MOTSHIIN-
ana

\"

Ap=o(x+4,y)=p(xy);
CPCAHIOIO TOPU3OHTAJIBHYIO CKOPOCTb YaCTUI] KHUIKO-
CTH.
A

1% A
C,=— jvx(x, y)dx =2f

A A
rae HUHTErpUpoOBaAHHUEC BCACTCA IO J'IIO6OMy TrOpuU30H-
TAJIBHOMY OTPE3KY, LEIUKOM IMOTPYyKEHHOMY B XKHU[-
KOCTh; CPCOHCKBAJIPATUYHYIO CKOPOCTh YaCTHI KU~
KOCTH Ha JHEC

1 X+A
2 _ 2 .
C = !vx(x,O)dx, 1)
CpeZIHION0 ITyOHHY BOJTH
~ 1 X+
=7 f Y, (x)ax.
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OOBIYHO B TEOPUM HEJIMHEHHBIX BOJIH KOHEYHOM
IIIyOMHBI TIPENONaraeTcs, YTO BOJHBI IIEPEMEIA0TCs
¢ (a30Bo#l CKOPOCTHIO, pAaBHOU CpeIHEH TOPHU30HTANIb-
HOW CKOPOCTH C, YaCTHII )KUJAKOCTH B YCTAaHOBHBILIEMCS
npwkernd [1-3]. Tlpy 3TOM B HEYCTaHOBHBIIIEMCS
JBIDKCHUH CPEIHSS TOPH30HTANbHAsT CKOPOCTh YaCTHI]
KuAKocTH OyaeT paBHa HYIO. B manHON paboTte moka-
3BIBAETCS YTO JISI BOJIH, TE€HEPHPYEMBIX JBHKYIIHMCS
TEJIOM, 3Ta TUIOTE3a He SIBJIAETCS BEPHOIl, TO ecTh C #
C,. Kpome Toro, ycraHaBIuBaeTcs 4To CpeiHUE YPOBHHU
KUJKOCTH BIEPEIN W 1033 Tella TaKKe pa3jInyuHbl,
TO ecTb uMeeTcs nedekt ypoHeit Ah = h - D # 0.

[pearnonoxum, 4To BOJHBI NepemMeniatoTes ¢ da-
30BOH CKOPOCTBIO Cy, TOTJIa CPETHEKBAPATHIHAS CKO-
POCTh YaCTHUI] >KUAKOCTH Ha JHE B HECTAI[MOHAPHOM
JBIDKEHUH orpesensiercs: GopMynoi
X+A

)= [0 -cld @

a ynerbHas KHHETHYECKas JHEprusi BOJH (Ha
eIUHUILLY AJIHHBI) OyaeT

v (X)
[ [v,—c,)?+vldy, @

,0 X+A4
T(c,) =2 [dx
24 %
rae p — IINIOTHOCTb KHUJAKOCTH.

Beenem ¢yHkimio
X+A4

() =22 [ 100 -hFox

rae hy, — HeKoTOpas npou3BoJIbHAS ITyOHHA, § — YCKO-
peHue cuitbl TsoKecTH. SIcHo, uto npu hy, = D Benuuuna
I1(G) ecTp ynenbHas MOTEHIMAILHAS SHEPTHS BOJH.
Ecmu xe hy, = h, To

M(h) = H(D)+%Ah2. @

Otcroma BeiTekaet, 4to BemuumHa II(h) mmeer
cnenyromuid ¢usnueckuii cmpica: I1(h) — 3to cymma
yIEIbHOU MOTEHI[MAIBHON YHEPIHU BOJIH OTHOCHTEIb-
HO UX CpegHero ypoBHs D mo3aau Tena u yaenbHOU



MOTEHLIMAILHON SHEPruM PaBHOMEPHOI'O IOTOKA IIIy-
OWHBI h Biepen Tena TakxkKe OTHOCHTENbHO ypoBHs D.
B pabote noxaspiBaercs
Teopema 1. Bornosoe conpomusenenue Ry 1r06o-
20 mena modcem Ovbimb HAUOEHO NO 1000l U3 mpex
IKGUBANEHINHBIX YOPMYIT:

Rx :3H(h)—p(gh—C2)Ah, (5)

R, = 3T1(D) —3%9Ah2 — p(gD—c?)Ah, (6)

U]

OtMmeTuM, 4YTO TepBas U3 3THX (popmyn Obuia
npuBesieHa 06e3 J0Ka3aTeNnbCTBa B crarhe [4].

XopoIro U3BECTHO, YTO YCTAaHOBUBIIHECS TIEPHO-
JMYCCKUE HENMHEHHBIC BOJHBI B CHCTEME KOOPIMHAT,
IBIDKYIIEHCS BMECTE C BOJHAMH, OMPENEIAIOTCS IIBY-
Ms1 Oe3pa3MepHBIMH TapameTpaMu. B kxadecTBe 0THOTO
W3 ATHX TapaMeTPOB MOXKHO B3STh O€3pa3MEpHYIO aM-
mwutyay a = (he - h)/(24), rae h, — BeicoTa rop6a, a h;
— BBICOTA BIAJWHBI HaJ JHOM. B KadecTBe BTOPOTO
00BIYHO BBIOHPAIOT BemuuuHy Fy = exp(-27q/A¢), rae q
— pacxoj KHIKOCTH B CHCTEME KOOPAWHAT, IBIIKY-
mieticst BMecre ¢ BonmHamu (cm. [1-3]). TTapametp ry —
9TO BHYTPEHHHMH paauyC KOJblla, Ha KOTOpPOE KOH-
(GhopMHO OTOOpakacTcs OJUH TEPUOJ] OOJNACTH, 3aHS-
Toit BoiaHamu. Eciu rg = 0, TO BOJHBI MMEIOT OECKO-
HEYHYIO TIIyOuHY, eciiv Iy = 1, TO BOJTHBI BRIPOXKIAIOT-
csl B yeTUHEHHBIC. J{J1s1 HEyCTaHOBHBIIETOCS BIKCHUS
nMeeTcs TpeTuil mapamerp — (a3oBasi CKOPOCTh BOJIH,
JUIA  OTIpEeNeJICHUs] KOTOpPOW, KaK Y»kKe OTMEUalioch,
HeoOXoanMa IOIOJHUTENIbHAS THIIOTE3a. B HJaHHOM
ctaThe (pa3oBasi CKOPOCTh u riy6uHa xuakocTH h
BIIEPE/IM TEJIa OMPEICIISIOTCA U3 CHCTEMBl YPaBHCHUH,
BBITEKAIOLIEH U3 FPaHUYHBIX YCIOBUM 3a7auH:

ch=gq, ®)
c’+2gh=C. 9)
IepBoe ypaBHEHHE — BTO YCIOBHE COXpPAHEHHUS
pacxoia B BOJIHE W IEpe]l TEJIOM, & BTOPOE CIICIYET W3
ypaBHEeHHUs: BepHYIIH U YCIOBHS MOCTOSIHCTBA JTaBiie-
HUS Ha cBOOOAHON moBepxHOCTH. B cucteme (9) mo-
crosuHas bepayim C — 0JHO3HAYHO OIPEIENAETCA
gepes A, g, a u ry. Takum 0OpasoM, B 3aj1aue 0 BOJIHAX,
BO3HHKIINX 32 JIBIKYIIAMCS TEJI0M, (pa3oBas CKOPOCTh
HaxoauTcs u3 cucrembl (8, 9) Ge3 mpuBieUeHHS 0-
IIOJIHUTCJIbHBIX I'MIIOTE3.
B Teopun oOrtexkaHust Tes MOx CBOOOAHOW TO-
BEPXHOCTBIO BECOMO# KUIIKOCTH OJHMM U3 OCHOBHBIX
Oe3pa3sMepHBIX IApaMeTpoB siBisiercs ducio Dpyna,

H:—£<

Jon

noxputuueckuM, ecmu I > 1, to morox ceepxxpurn-
yeckuii. CoOrlacHO JHMHEHHOM Teopur BOJIH (CM.,
nanpumep, [5]), ectu Fr >1, 1o Bonnsl Ha cBoGo-
HOM MOBEPXHOCTH M03a/M TeNa OTCYTCTBYIOT, €CIIU XKe
Fr <1, ro nosanu tena nosnsiorcst BonHbL. Bosnu-
KaeT BOIPOC. BEPHO JIM 3TO YTBEPXKICHHE Ul HEJH-
HelHOW Teopun? DTOT BONPOC HEOIHOKPATHO AWCKY-
THpOBaicsi B HaydHOW mnureparype. Hampumep, L.K.

R, = 3[1(h) - 2T (c) —go“" (©)h.

Ecimu Fr <1, to motox HasbiBaercs
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Forbes u L.W. Schwartz B crarse [6] Bbicka3amu rumo-
Te3y, YTO BOJHOBBIC PEIICHHS MOTYT CYIIECTBOBATh U
TSI CBEPXKPUTHYECKHX PEKHUMOB npu

Fr<Fr =129, rne Fr' — aucno ®pyma ans

npejienbHON yeMHEHHON BOIHbI ¢ yriaoMm B 120° npu
BepuirHe. OJJHAKO YUCICHHO MM MOJOOHBIX pPEIIeHUN
MOJY4UTh HE yJIANOCh, KaK, BIIPOYEM, U HUKOMY B IO-
CJIE/TYFOIIMX UCCIIEIOBAHHSIX.

B Hacrosmeli paboTe qoKa3bIBAETCS

Teopema 2. s 6caxou cmayuoHapHou cucme-
Mbl NEPUOOUHECKUX 80IH, Y KOMOPbIX epeOHU U 8nadu-
Hbl HAXOOAMCS HA OCAX CUMMEMpUU CUCmemd ypagHe-
nutt (8, 9), umeem poeno 0ea peuienuss OMHOCUMENLHO
Heuzsecmuvlx C u h . [lna nepeoco pewienus guinonms-
10MCsl HepageHCmea

h<D<h<h, Fr<i, (10)
a JIl BTOPOr'0 — HEPAaBCHCTBA
h<h, Fr>1 (1)

13 TeopeMBl CIEIYET, 4TO ISt TIEPBOTO PEITCHHS
cuctemsl (8, 9) mpsiMast HEBO3MYIIIEHHOTO YPOBHS Y = h
nepeceKaeT TOBEPXHOCTh BOH, MedekT ypoBHei Ah >
0, a gnciio Opyna Becera MeHbIe exuHUIILI (prc.1).

‘e

¥

X

v . i . . —
Pucynok 1 - Cxema ycTaHOBHBIIETOCS TCUCHHS

JIst BTOpOro peleHus] BOJHBI HaXOMSTCS BBIIIE
HEBO3MYyIIIEHHOro ypoBHsS Y = h. Kapruna oGrexanus
TeJa CXEMAaTHYHO T0Ka3aHa Ha puc. 2.

PucyHok 2 - CxeMa yCTaHOBMBILETOCS TEYEHHS
ISt BTOporo pererust cuctemsi (8), (9).

Pacuersr mo dopmymnam (5-7) HOKa3bIBAIOT, YTO
JUISl TIEPBOTO PEIISHHs] BOJIHOBOE CONPOTHBIEHHE Ry >
0, a nns BToporo Ry < 0, To ecTh BMECTO CONMPOTHUBIIE-
HUS MOJTyYaeM «BOJIHOBYIO Tsry». [locnennee dusmye-
CKH HEPEaITbHO, MO3TOMY HEOOXOJUMO MPUHUMATH BO
BHUMaHWeE JINIIb IIepBOE penieHue, korna Ry > 0 u Fr <
1. Otcrona BeITeKaeT, uto rurnoreza Gopodca u [lIBapma
HEBEpHA, W BOJIHOBBIC pEIlleHHs B 33ja4a 00 oOTeka-
HUH TeJa 0] CBOOOIHON MOBEPXHOCTHIO MOTYT CYIIe-
CTBOBATh, TOJBKO €CIIH TOTOK TOKPHUTHYCKHUI.

Ha ocHoBe MeTOnOB, pa3pabOTaHHBIX B MOHO-
rpadun[7], B HacTosimieli paboTe MOJTYyYCHBI TOYHBIC
ACHMIITOTUYECKHEC PA3I0KCHUS HHTEIPAIbHBIX Xapak-
TEPUCTHK BOJIH IO CTEHCHSIM aMIUIATYIbI & Tpu (PUK-
CHUPOBAHHBIX 3HAYCHHSX Iy, B 3THX pa3lioskeHUsIX KO-
(G QUIUEHTH IPH CTENEHAX & SBISIOTCS (QYHKIHSIMHU
ot rg. [ocne pemenust cucremsr (8, 9) mpaBbie yacTu
¢dopmyi (5-7) craHOBATCS GYHKIUSIMU MAPAMETPOB & U
ro. OTO JaeT BO3MOXKHOCTh MOCTPOSHHST aCUMIITOTHYE-



CKHUX (hOPMYJI ISl BOJIHOBOTO COMPOTUBIIEHUS. Borurc-
JICHUS 10 3TUM (POpMysiaM CPaBHUBAIOTCS C Pe3yibTa-
TAMU BBICOKOTOYHOTO YHCJIEHHOr0 MeToJa pacuéra
MEPHOTUYECKIX TIPOTPECCHBHBIX BOJIH KOHEYHOM TITy-
OUHBI, TPEAI0KEHHOTO B [8].

IIpenBapuTebHbIE TeMMBI

Beenem B prsuueckoil MIOCKOCTH KOMILIEKCHYIO
[IEPEMEHHYI0

Z=X+1y.

Jlemma 1. Ilycms KL u PQ — 06a éepmuxanorubix
ompesKa, gvloesawue 00Ul nepuod 8 obracmu nepu-
oouueckux eonn (puc3), a F(2) - mobas A
nepuoouyeckas, aHarumuyeckas QyHKyus 6 3moil 0o-
aacmu. Toeoa

j F(z)dz = j F(z)dz, (12)
LQ KP

I(Z—A)F(z)dz—

[ F()dz=1| % , (13)
KL A= [(z-AF()dz

rac A- MMPOU3BOJIbHAA ﬂeﬁCTBHTGHBHaH IOCTOsIHHAas.

g

K P X

Pucynox 3 - Ogus nepuon
B 00JTaCTH MEPHOANIECKUX BOH

s nokaszarenscTBa Gopmysibl (12) HeoOX01UMO
NpOUHTErpupoBath (GyHKIMIO F(Z) 1o 3aMKHyTOMY
koutypy KPQLK, npupasusats no teopeme Komm mn-
Terpal K  HYJII0O W  BOCIONB30BATBHCS — A—
nepuoauunocteio F(z2): F(z+4) = F(z). ®opmyna (12)
noxy4aercss HHTerpupoanuem ¢yukuuu (Z - A)F(z) no
TOMY K€ 3aMKHYTOMY KOHTYDY.

Jlemma 2. [[ns 60iH, nepemewaouuxcs ¢ gazo-
601 CKOPOCIbIO Cy, UX Kunemuueckas suepeusi T(Cy)
8bIYUCTACMCA NO hopmye

_P 2
T (Cw) - E(Caq + CWD - chq)l (14)
a CpeTHeKBaIpaTHIHAsE CKOPOCTD 110 (hopMmyIte
o’(c,)=¢ct—2c,c, +C.. (15)

JoxkazarenabcrBo. Cornacao dopmyse (3) npen-
CTaBUM KMHETHYECKYO SHEPTUIO B BUIC

X+ A VS(X)
T(cw)=T(0)+§ J dx j (c2 —2c,v,)dy,

re T(0) = % j J'(vf +v;)dxdy,
S

U UHTCIPUPOBAHHUE BEAETCA MO 001acTd S, 3aHATON
OJIHUM TIEPHOJIOM BOJIH. Tak Kak

y5(X)
v, (X, y)dy =q, (16)

0
TO IMOJIy4JaeM, 4TO

T(c,)=T(0) +§(c3vD —2¢,0).

C nomormipio hopmyinsr ['aycca—Octporpaackoro
HaXOIUM

T(0) = 5 [[div(pV p)dxdy =

p 10 . _
= — ¢—d| =
2/1 KPiLK an

_p dp @
=L | [oZ8dy - [0 20y |.
22 Jfax d Kjfpax d

3necy dl — amement anuHbl KoHTypa KPQLK,
J@l h — npon3Bo/IHASI TOTEHIMAIA (@ TI0 HAMPABJICHUIO
BHemHeil Hopmanu. [Tockonbky dgloh = vy ectb QyHK-
ust A-Tiepronueckast, a pacxo/l (| B yCTaHOBHBIIIEMCSI
TeyeHuHu onpezensercs Gopmyioii (16), To

T0)=Lam=Lcq
24 2

IMoactaBue T(0) B mocienHee BBIpAXKCHHE IS
T(cy), mpugem k dopmyre (14). Gopmyna (15) nemo-
CPEJICTBEHHO crnenyeT u3 (2).

Jlemma 3. B obracmu cmayuonaphuix nepuoou-
YeCKUX 60JIH CPeOHUll K8AOpam CKOpOCmu Ha c80600-
Hotl nosepxnocmu LQ pasen cpeonemy xeadpamy cko-
pocmu Ha OHe

1
2 J.vz(x)dx =c’. 17)
LQ
B moukax nepeceuenusi c60600H0I n08ePXHOCMU
co cpednum yposnem 'y = D cxopocmu sicuokocmu cos-
naoaem co cKopocmulo Cy, U C1e008AMENLHO, HA CE0-
0O00HOU NOBEPXHOCMU BLINOIHAECMCA YPABHEHUE
VA(X)+2gy.(x) = v +2gD. (18)
Joka3zateiabcTBo. IIycts W(Z) — KOMIUTCKCHBII
MOTEHIIHAJ TCUYCHHUsI B 00JIACTH YCTAHOBHUBIIUXCS BOJH,
TOTJ]a KOMIUTIEKCHO COMPSDKEHHAst cKopocTh dw/dz ects
A-nieprouueckas aHaauTuueckas GpyHkuus. Paccmor-
pum ynxmmo F(z) = (dw/dz)®. dta dyuxius, oueBua-
HO, yIOOBIETBOpsieT ycnoBusMm yemmbl 1. CormacHo
dopmynam (1) u (12)

2 2
¢’ :lRej(d—WJ dz :lRej(d—Wj dz.
A eldz A o\ dz

3amedaeM, 4TO BIOIb TUHUHM TOKA

2
(d_wj dz =v’e?dl =v*(dx —idy),  (19)
dz

rae 6 - yron HakyoHa BekTopa ckopoctH, dl — smement
ayru. OTCIO[a CJeAyeT MepBOC YTBEPIKACHUE JIEMMBI
(17). dnst mokasaTenbCTBa BTOPOTO YTBEPIKIACHHS IO-
CTaTOYHO HPOMHTErPUPOBATH YCIOBUE IIOCTOSHCTBA
JIaBJICHUI Ha CBOOOHON TTIOBEPXHOCTH



v?(X) +2gy,(x) = C = const (20)

B TIpefesiax oT X J0 X + A U BOCIOJB30BATHCS TIEPBBIM
yreepxaerneM. Torma C =V, + 2gD u memMa IoKa3aHa.
Jlemma 4. Cnpaseonusa gpopmyna

2T () +§h02 (€)= p(gh—c?)Ah.  (21)

Joxa3zareabcTBo. J[J151 10Ka3aTENbCTBA BOCIIOJb-
3yemcst iemMamu 2 U 3. Yurem, uro = ch u mo ¢op-
myite (14) Haiizem

T(c)= g(ccah +c’D—2c°h).

B ¢dopmyne (15) yurem, uto cormacHo iemme 3
BeuunHa C, = ¢* + 2gAh. Toraa

o’(c) = 2(c* + gAh —cc,).

Teneps BIUKCIISIEM
2T () +§haz(c) = p(c?D — c*h + ghAh).

OTclo/ia noy4aeM YTBEp)KICHUE JIEMMBI.
Joxka3zareiabcTBo Teopembl 1. CoriacHo ¢op-
MyJie Harbruia cuia ConpOTHRIICHHS

_ pyopfdwY
X-——|m§ — | dz,
2 " dz

rae Lo — KOHTYp, OrpaHUYMBAOIIUIA TENO, & HHTETPH-
pOBaHHWE BEAETCS MPOTHUB YacOBOM cTpenku. Jedopmu-
pyem koHTYp Lo B korTYp MKLNM (pHc. 1), roe MN —
BEePTHKAJBHBIN OTpe30K maieko mepex tenoMm, KL —
BEPTHKAIBHBIN OTPE30K JAJIEKO TO3aIH Tella, MpuIeM
STH OTPE3KH PACIIOJIIOKEHBI HACTOJBKO JaJeKo, dTO
MN — maxomuTcs B 00IaCTH PaBHOMEPHOTO IMOTOKA, a
KL — B obiacTu meproaudeckux BoiH. Tak Kak Ha JHE
Imdw/dz = 0 To

ED:c2h+I1—I2,
0

dw )’ dw )’
roe |, =Im (—) dz, I, =Im (—) dz.
! JL dz 2 KIL dz

Jlnst Beruucnenus unrerpaioB l; u |, yurem, uto
BIIOJIb CBOOOAHOI moBepxHOCTH LQ BBIMOMHSICTCS
ypasuenne Bepuymm V2 = ¢2 - 2g(y - h) u, kpome Toro,
coracuo (19)

2
dw .
(d_ dz =[c® —2g(y —h)](dx —idy). (23)
YA
Jlnist mepBOTrO MHTErpana l; 1erko BEIBOJUM, YTO
— 2 2

lLL=g(y.—h)"=c“(y.—h), (24
rje Yy, — opauHara To4KH L.

JInst BBIYHCIIEHHS] BTOPOTO MHTErpasia BOCHOIb3yeM-
cst TeM, uto oTpe3ok KL sexur B 00macTu mepromaeckux
BOJH, a (ymkuus dw/dz sBisercst A-TieproanyuecKoii.
TTomoxxuMm, uro A = X, roe X, — abcumcca To4ky L.
C momorisio hopmyi (13) u (23) momyanm, 4to

(22)

I, :llmj.vz(x—xL +iy)(dx —idy) = 1,—1,,
A%

114

rac

PN

I, =

[Ic*—2g(y —m1(y —h+h)dx,
LQ

1
1, = [[e* =29(y ~mI(x - x)dy.
LQ
J:[J'IH HHTETpaJia |3 BBEIBOJIUM.

I, = ch+ (¢ — 2gh)Ah— 2 TI(h).
o,

Jlnst BelYMCIIEHUS |, TPOBOAMM HHTErPUPOBAHHUE
I10 YaCTSIM, MOJOXKMUB, 9To U = X - X, dv = [c¢? - 2g(y -
h)]dy. Torza du = dx, v = ¢*(y - h) - g(y - h)% Tomyunm

1 Q
;(X—XL)[CZ(Y—h)— g(y-h)] -

1 2 2
- [ [e(y=h)-g(y—h)"Jox.
LQ
VYurs, aro uHTErpan |, BeMMUCIAETCS B 00NaCTH
MEPUOANIECCKHUX BOJIH, HAWIEM

I, = c2Ah+-2 TI(hy— 1.,
p

|4

IMosTomy
I, = c*h—2(c* — gh)Ah —EH(h) +1,. (25)
Yo,

U3 dopmyn (22, 24, 25) cnenyer cnemyer dop-
myna (5) teopemsr 1. Jlns qokazaTenbcTBa (hOpMyIIbI
(6) mocTaToYHO 3aMETHTH, YTO COTJIACHO JIeMMe 3

gh—c?* =3Ah+gD - V;.

Ecnu Temeps Bocmonb3yemcst hopmyiioit (4), To
u3 (5) momyunm (6). ®opmyna (7) cremyer u3z (5) u
YTBEPKACHHS JIEMMEI 4.,

Joxa3aTeabcTBO TeopeMbl 2. O0NacTh mepuo-
JIMIECKUX BOJTH MOJYYAETCS B pe3ybTare pacripocTpa-
HEHUsI BOJIH CIIpaBa Ha GECKOHEYHOCTH BJIEBO HA BECh
moToK. BepxHss rpanumna obxactu omnpepersercs Gop-
MyJI0H

Yy =1lim Y,(x+nA).
nN—>oo

O6o03HaunM 3Ty obmacts uepes G,. DyHkuus
KOMIUTEKCHOTO HoTeHpana W(z) koHpopMHO 0TOOpa-
xaet obnacte G, Ha nonocy 0 < < ( B miockocTH W
= @ + i, MO3TOMY KOMIUICKCHO-COMPSIKEHHAS. CKO-

\
pocts f(2)= d_ uurge Baytpn G, B Hynb HE 006-
VA

paraercs.
yenosue Imf(z) =0, koropoe nossonser ananuru-

Ha TOPU3OHTAJIBHOM JHC BBITIOJTHACTCA

veckn nponomkuts dynkuuo T (Z) wepes ropuson-

TaJIbHOC JHO IO IpaBUITY
f(z)=f(z), zeG,,

rae 4epTa 03Ha4acT KOMIIICKCHO-COIIPSKCHHYIO BEJIN-

unny, a G, — obnacts, momyuennas B pesysbrare

cuMmeTpudHOro orpaxenus obmactm G, orHocH-



TCJIBHO OHA. q)yHKIII/ISI f(Z) TCICPb OMNpeaciicHa B

obnactu G, LJGZ :

CorylacHO  MPUHIUIY  MakCUMyMa  MOJTYJIs
Ommoka! UCcTOYHUK CCHIJIKM He HaleH. QyHKITHs

V(X y) =l f(x+iy)|
JOCTUTaeT MAaKCHMyMa ¥ MHUHHMYMa Ha TPaHMIIE
obyactu GZLFZ , TO €CTh Ha CBOOOJIHOW MOBEPXHO-
CTH BOJIH.
O6o3Haunm uepe3 V, u V, CKOPOCTH B ropbax u
BIIaJMHAX BOJH, COOTBETCTBEHHO. Tak Kak hc " ht

€CTh MAaKCHUMAJIbHOC W MHHHMAJIBHOC BO3BBIIICHUA
CBO60I[HOﬁ MOBEPXHOCTU HaJ YPOBHEM JiHA, TO U3
yCIoBUA TMOCTOAHCTBA JABJICHUSA Ha CBOGOI[HOﬁ 10~

BepxHoctH (20) Haxomum, uto V, u V, ecTh, COOTBET-

CTBCHHO, MUHHMAJIbHAS W MaKCHUMaJbHas CKOPOCTH Ha
CBOOOTHON TTOBEPXHOCTH, a, CIIEIOBATEIFHO, U BO BCEH

obmactn G, . Paccmorpum touky C ma moGom rop6e
BOJIHBI U MyCTh X — abcuucca 3Toi Touku. Tak Kak 1o

ycnoBuo TeopeMmsl 2 Touka C  HaxomuTes Ha ocu
CUMMETPHH BOJHBI, TO

Vo (Xe, ) = V(X ),
Ho V >V, . CnemoBarensHo,
vV, (X, y)>v, 0<y<h.

Uuterpupys 310 HepaBeHCTBO B mpesenax ot 0

O<y<h,.

pi(¢] hc , C YUIETOM COOTHOULICHUS

hC
a= [v,(x,y)dy
0

HaxoJIum
q>v.nh,. (26)

COBEpIIEHHO aHAIOTUYHO, PACCMOTPEB TOUKY |
BO BITa/INHE BOJIHBI, HAl/IEM, 4TO

q<vh,. (27)
[ycts koHcTanta Bepuymm C = 29hm , Tze

h,, - ypoBens HysneBoit ckopocTn 1o ypasHenuio (20).
Beenmem QyHKIHIO
Q(y)=a"=vi(y)y",
rme V(Y) — ckopocTs Ha CBOGOMHOH MOBEPXHOCTH.
Cornacuo (26) u (27) umeem
Q(h,)>0, Q(h)<0.
U3 ypasuenust bepuymnu (20) Haiizem, uto
Q(y)=q°-2g(h, - y)y",
npruem Q(0) = q2 > (. PaspemumocTs cucteMbl (8)
. (9) okBuBameHTa
Q(y) =0 npu y>0.
Tpoussomuas Q'(y) = 6gy(y—2h,/3). Or-

(28)

pa3peliuMOCTH  ypaBHEHUS

crona BeItekaeT, uto gynxuus Q(Y) yObiBaer Ha uH-

tepsane (0,2h /3) wu Bospactaer ma wumTepmane
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(th/3,+°°). Cnenoparensho mpu Y >0 ¢pynkuus

Q(Yy) mubo BOOOUIE HEe MMeeT KOpHeH, TM6O MMeeT

OJIMH KPATHBIH KOPEHb, MO0 [Ba MPOCTHIX KopHs. Co-
riacHo (28) y 9Toii GyHKINK UMEETCST OMH KOPEHB Ha

HWHTEpBaJIe (ht, hc) . BTopoil kopeHb HE MOXKET HaXO-
JUTBCSI HA 3TOM JK€ MHTEpBaJIe, TaK Kak Toraa Oyaer
Q(h,) > 0. Mo sroit e nprunHe KOpeHb HA MHTEP-

sane (N,,N.) we mMoxer 6BrTh KpatHEIM. OTciOna 3a-
wiovaem (cm. puc.4), uro ¢dymxmus Q(Y) wumeer

POBHO JiBa CTPOTO IMOJOXKUTCIbHBIX KOPHA hl u h2’

PACIIOJIOKCHHBIX TaK, YTO
h <h <h,
h, <h,

h, >2h, /3,
h, < 2h_/3.

¥

Pucynok 4 - ®ynkmus Q(Y) = q2 - vz(y) y2 .

DTHUM KOPHSIM COOTBETCTBYIOT CKOPOCTH

G =\/Zg(hm _hl)’ C, = \/ZQ(hm _hz)-

PaccmoTprM KopeHb h1 > th/ 3. lns Hero

2 B ¢’ +2gh
h>=gh =—=z2_=21
gn 39m 3 3

Otcrona

3gh, >c’ + Zghl:>i <1.
Voh,

Anasnoruuno s kopust N, ycranasnusaem, uto
C,/y/gh, >1.

W3 3tux paccyxIeHuil ciemyor oba yTBepiKie-

HHUS TEOpeMbl 2, 338 HCKIIOYECHHEM HEpaBeHCTBA

D <h,. Jlns nokasarenbcTsa HepaBeHCTBa paccMoT-

puM paBeHCTBO (21) memmer 4. TTonoKUM B 3TOM pa-

BeHCTBe, uT0 C = C|, h= h1- JleBas wacts (21) crpo-

ro MOJIOXKUTEIbHAS.
gh, —c¢? > 0. Ho torna

Ah>0=D <h,.

Teopema 2 noka3aHa.

Takum oO0Opa3oM, JUIsi TOYHOTO BBIYUCICHHSA
BOJIHOBOTO COIIPOTHBIICHUS HEOOXOJUMO 3HATh Na-
paMeTpbl YCTAaHOBMBIUEHCS BOJHBI 3a TEJIOM, a
MMEHHO TOTEHIHAIBHYI0 U KHHETHYECKYI0 YHEPTHH
BOJIHBI M €€ cKOopocTh. IlepeinéM K pemeHuo 3Tou
3a/1aqH.

CornacHO yXe JIOKa3aHHOMY



Meton CTokca pacyeTa NPOrpecCHBHBIX BOJIH

B mocnenyromux pasmenax 3a Hayalo OTCUETa
ocu Y TpUMeM CpeiHUH YPOBEHb IIEPHOIUYECKHUX

BonH. Torma ¢opma BOJNHBI 3agacTCsl ypaBHEHHEM
y=Y(x)=y,(x)-D.

OECKOHEYHOINCTHOE KOJBLO IapaMeTpHYecKoi IuIoc-

Kondopmuao otobpazmm

KOCTH f Ha 00J1acTh GZ nepuoguieckux BoiaH. O06-

HIMH BUJ TAKOTO OTOOpaXKeHHs OyaeTr

=

2($) = {lln§+x0+|y0+2(z M4z, % H (29)

rae koddduuuentsl psna Jlopana Z, Ha3bIBalOTCA

koapdunmrenTamu CTokca.
BHemHsiss OKpY»XHOCTh |§ |=1 orobpaxaercs

Ha IMOBEPXHOCTH BOJIHBI

X :%{xo +i In§+%§(zn§" +7n4“‘")0!n}

(30)
2 2i

=1+ B,

YJ{ 25 -ne )ﬁ}

—_ 2n
=1-1r7,

a BuyTtpennsas | |= I, oToOpaxkaeTcs Ha IOBEPX-

HOCTH AHA
A
y=-D=""[Inr,+y,]. (31)
T
¥y
o A o)

s
&)
=Y

/:-
@

o )
Pucynok 5 - Mnmoctpanust k Mmetoxy Ctokca

Ecmmn MMpeAnoJI0XUTh, 4YTO Fpe6HI/I U BIIaJJMHbI
BOJIH HaXOJATCA Ha OCAX CUMMCTPUM U 3TUM OCIM B

miockoctn §  cootserctytor otpeskn [—1,—I] u
[1,1,] neiictBurenshoro anamerpa konbua, TO KO3G-
duumentsl CToKca Z, IPOrPECCHBHOI BOJHBI — 4HCTO

=iy,,n=0,1,2,....

miockoctn  §  paspes mo otpesky [1,r]. Torma

MHHUMBIC 4YHCJia Zn HpOBe,HCM B

bynkiws (29) 0ToOpaxaeT KOJIbIO C Pa3pe30M Ha OJUH
nepuoz obnactu G, (cm. puc.5).
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KommnexcHbIi NOTCHIHAJI TCUYCHHUSA B CUCTEME KO-
OpJAUHAT, HBH)KymeﬁCH BMCCTC C BOJIHAMH UMECT BU

allng“

W= (p+|1//—2—|ln§— (32)

OTcroz1a BBITEKAET, YTO PACXOJT JKUIKOCTH B ITOH
cUCcTeMe KOOpIMHAT OyIeT

Ac,
Inr,.
27

q=- (33)

HHTerpanbHble XapaKTePUCTUKH BOJIH

B nanbHeiiem Bce TMHEWHBIE pa3MePbl OTHOCUM

K ﬁ/(Zﬂ'), a Bce ckopoctd K Cg :«/g/ll(Zzz).

Benunuuna C

IPECCUBHBIX BOJIH OSCKOHEYHO MAllOW aMILTUTYIbI B
KUIKOCTH OeckoHeuHOH TimyOmHB. bespa3zmepHbie
AHAJIOTH HMHTETPAIbHBIX XapaKTEePUCTUK BOJH Oylem
0003Ha4YaTh «KphIIIKON». Hampumep, Oe3pa3zmepHas

— 3TO CKOPOCTH PaclpoCTpPaHEHHUs MpPO-

jumiHa BomHEl A = 27T, GespasMepHas TOPH30HTAIb-
Has CKOpPOCTh 4acTHUI] KHUJIKOCTU

=27 7C, [ \JgA , 6espazmepuspiii pacxon

W3 ypaBHEHUsS AJs CPeJHETO YPOBHS MOBEPXHO-
CTH BOJIHBI

[¥(xdx=0

noJIyunum

1
= __S,
Yo >

s=Shy 1y, (34)
n=1

7, =1-r1".

Taxum oOpasom, xo3pdumueHT Y, BEIpaxkaeTcs

qepe3 Kodppuiuents Y, , i1=12,....

IMongcunraem ©Oe3pa3sMepHYIO0 YAETbHYIO IOTEH-
LUATBHYI0 SHEPTHIO

(27)°TI(D) _

H 2
P9

475[ Y (X)dX.

Nmeem

ZﬂH—% V2dg _—j ¥ = y,)2d% -7y,



HepBoe cJraracMoc npaBoi/i YaCcTu HPUBOJUTCA K
HUHTETpaly IO OKPYKHOCTH U BBIYUCIIACTCA IO TCOPEME
BBIYCTOB.

12/r R
Ej(\(—yo)zcjx:
0

X[ Z ﬂnﬁmfnfm -2 z ﬁnﬂmfnzm]'

n—-m=k

C nomo1usio GopmMyIIbl

Zkakzk Z ﬂnﬂmfnzm =
k=1

n-m=k
oo

= Tn z ka’kﬂnﬁmzkzm =

n=l m+k=n

= Tk z nanﬂk mZan

k=1 m+n=k
TI0JTy4YUM

1%~ .

> 100 =yo)ax =
0

Bz, +

n=1

2

n+m=k

NN

+lm)» 7,
k=1

(% kakﬂn + nanﬁkj mznzm

Cobupasi nonyueHHble (GOPMyNbl M TOACTABIISIS
Z, =1y, , IpUXOAUM K CIIEAYIOIIEMY BBIPAKEHUIO

271 :%(—Sz 12+ B2y +ImGj.
n=1

B cymme, depe3 KOTOPYrO BbIpakaeTcsi (yHKIIHS
G, MpOBEAEM CHUMMETPHU3alUI0 Mo mHAekcam N, M.
ITocne cummeTpU3anuy MOJIy4uM

o k-1
G = sz ng—nnznzk—n’
k=2 n=1
gmn - m(l— rOZn)(l_ I,04m+2n) + n(l— rOZm)(l_ r02m-¢-4n)l
C yd4eTroMm TOrO, 4YTO Z = iyn, OKOHYAaTEJILHOE

BBIp@XEHUE i1 Oe3pa3MepHON yIeNbHOW MOTEHIH-
QJIbHOI SHEpPruM OyIeT TaKUM

ﬁ=%(—82/2+81+61), (35)

117

rac

oo oo k-1
S, = Z:ﬁz yZ, G, = kZ:;,yk Z::,Sk_nn A

a BeIMYMHA O BBIYHCIAETCA MO BTOpOil (opmyse B
(34).

Beemem 0Ge3pasMepHyIO YICNBHYIO KHHETHYE-
CKYIO DHEPTHUIO BOJH, (pa3oBasi CKOPOCTH KOTOPHIX paB-
Ha CpeIHEW TOpPU3OHTAJbHON CKOPOCTH YacCTHUILl >KH]I-
KOCTH

A @)
Py’
C mnomompio  dopmynst  (14) mpu C, =C,
mafizem T = —65 Yo/ 2. Otcrona n (34) nomyunm
~ 1.
T=2¢S. 36
2% (36)

Brerancnium  6e3pa3MepHBI  CpemHMH  KBaapat
CKOPOCTH JaCTHIL KHUJKOCTH Ha JTHE:

és = 27[C§ /(gA) . Jina snementos dZ u dW ma

JTHE TIpU 5 = roei“ MOy 4YUM

dz = i%{“ inyn (g““ + rf”é’-”)} =

= _(1+ 2§lnyn Iy COS naj de,
n=1
oW = d (2’”—‘”} =6i% - ¢ da
Ac, 4

OTcro1a HaXOIUM

A A
CZ:lJ-vz(x,—D)dleJ- aw dz =
" A5\ dz

SN C) P 4 U0 P
A0 '

(o) 20 7(«)
[Toatomy
A2
~ _ C. o do
&= - (37)
7 1423 ny, i cosner
n=1

Paznoxus HUHTETpaJl 10 CTCICHAM ro , HOJTYyYUM
¢z = BE?,
rae
B=1+2ry/ +
071

(38)
+1y (By; —12y7y, +8y; )+

o 20y, —80y,'y, +

+24Y;y, +96Y7y; — 1y



@Oyukuus Jlarpanxa
u ko3 Ppunuentsr CTokca

Bynem cuurarh, uro azoBas CKOpOCTb BOJIHBI
paBHa C,. Kosd¢ummentsr Crokca Y,,Y,,... ompe-
AETOTCA 13 yCII0BHH 3KcTpeMyMa GyHKuuu Jlarpaxa

T-T1I [IPU YCJIOBHHM COXPAHEHUS CPEIHEr0 YPOBHS B
BoJHE (COXpaHEeHHE MacChi)
InR
=0.
2

(D—ES
2

3nece D =27D /A — Gespasmepnas riy6una,
— 2
R=r;.
3ajaya Ha YCIOBHBIH SKCTPEMYM METOIOM MHO-
xkuteneit Jlarpamka CBOIUTCS K SKCTpeMyMy QyHKIAN

L(y,Ru)=T - H+,u(D—%S 'nZR]

U3 ypasuenus dL/JR=0 maxommm muOXH-

Tenb Jlarpanxka U
,(lﬁ_ij
20R 2R)

_o(T-1n)
=0,i=1,2,... umem G

a

(38)

a u3 ypasuennii oL / ay,

u xodpdumuenter Croxca Y,,Y,,Ys,... B BUAE cTe-

NCHHBIX PAO0B
%=b Y,
= ynobn + ynzanr2 +
2 _ 2
C,=Cy+Chb +

3T

=y P+ Y0y, =

IMoncrasinssa

oL/ dy,

psAnel B ypaBHEHHE

= 0, nonyyaem cooTHOIIEHHS BUIA

..=0.

U3 ypasuenuit @, , = Ou &, = 0 naxoaum
_1-R _R*+R+1

G = R 1’ Ya0 = (R—l)2

W3 ypaBHeHuii, copepxammx kod(duImreHTs!

akobk +ak2bk+2+ak4bk+4+

npu bg: a1’2 = O, 33’0 = 0 maxoaum
_R'*+2R*+12R?+2R+1
2" 1-R? ’
y. = 3R'+4R*+4R* +4R+3
30 Z(R—1)4 )

3amedaTenbHO, YTO 3aBHCUMOCTH OT IapaMeTpa

—i
R— o BBIPAXKAKOTCA HYCPE3 BO3BPATHBIC ITOJIMHOMBI

n K
Zk_oakR , Y KOTOpBIX K03(h(UIMEHTHI CUMMETpHY-

HBL. & =3a,_, W, KPOME TOTrO, OHU SBISIOTCS LEIBIMU
qucnaMu. Jljis COKpaIeH s 3aIUCU BO3BPATHBIC MOJIH-
HOMBI y}106H0 3aIUChIBATh, IPUBCAA CTCICHb ITOJIMHO-
Ma u 3Hauenus ero mepebix [N/ 2] xosddunmentos,
HanpuMep,

P[1,2,3] =1+ 2R+3R*+2R*+ R’,
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R[1,2,3] =1+2R+3R*+3R°+ 2R* + R°.
VYcioBust paBeHCTBA HYJIHO KO3(G(QHUIIMCHTOB MpU
b*: a,, =0,a,, =0 onpenemsor
_ PJ[1,0,-16,—24,-30]
27 (-1+R)°)
_ PJ[16,47,74,87,92]
7 21+ R’(3+4R+3R%)

AHAJIOTHYHO ONPENENSIOTCS U BCE IMOCISNYIO-
e Ko3pPUIneHTs.

HapaMeTp b MOJHO BBIPa3uTh 4YC€PEC3 aMIUIUTY Y

BOJHBI A = (YAmX )/ 2. C nomousio (30) mo-

JIy4aeMm

(39)

m|n

— 2n-1
a= ZyZn—l(l_ R ) .
n=1
B wrore Bce XapaKTCPUCTUKN BOJIHBI MOKHO
MPEICTaBUTh B BHJE PAAOB IO aMIUIUTyxe &, Kodg-

(UIMEHTBI KOTOPHIX OYOyT 3aBHCETh OT IapamMmeTpa
— 2
R=r;.
[IpuBeaém mnepBble 4i€HBl PAJOB AJSL MMOTEHLIH-
. - a2
AJIbHOU SHEPTHUU H , KBaJipaTta CKOPOCTU BOJIHBI Ca u

koo Purmenta B dopmyist
[=TLa*+I1,a" +11,a°,

I1,=1/4,
7 = PRl14516] @)
* g-1+R°
R,[-19,11,486,2209,5592,
_ 10567,15698,19709, 21094]
® 8(-1+R*(2+ R+ 2R)(3+4R+3R)
1-R
cZ=c,+ca’ +ca*+ca’, ¢, = L

_ P[-1,-2,-17]
2" (-1+RP*(1+R)’
_ B,[-1,3,83,248,290,374]
“7 2(-1+R°(1+R)
3,28,274,8352, 48601,
P, | 157896, 362580, 654512,

= 971148,1221428,1315268 (40)
° 2(1-R®(1+ R)(2+ R+ 2R*)x
X(3+4R+3R?)
B=1+B,a’+B,a* + Ba,, (42)

_ 2R _ 6RP,[-1,-2,-3,6]
* (1-R*" " (1-RY
6RP,[52,967,6086,15149, 24028,
22267, 26018, 21185, 27696]
2(1- R™(2+ R+ 2R?)(3+4R+3R?)

BGZ



Jlns KuHEeTHYecKOol sHeprum | IONyyaeM cie-
IYIOIIHE PA3IOKEHHS

_S
= Z XO s
S(Ra) =S,(Ra’+S,(Ra*+S,(Ra°
_1+R
=T
(1+R+R*)P[1,3,2]
- 1-R)
P,[-13,75,927,3745,9332,
_ 17412,26287,33793,38042]
%= 2(1- R®(2+ R+ 2R%)(3+4R+3R?)

(44)
S, =

[TepBrIit WwieH pa3noXeHUs A1 CKOPOCTH BOJHEI
TOYHO COOTBETCTBYET PE3yJbTaTy JMHEHHONW TEOPHH.

BonHoBOe conmpoTuBIIeHHE

Bocnons3yemcsi TouHOi (HOpPMYIIOH ISl BOJTHO-
Boro conporuBnenus (6). C yuerom (38) B O6e3pazmep-
HOI1 (popMe OHA IIPUHUMACT B

R = 31— ARy -
. C @
—(E(S—In R)—éijAh,

e R =(27)?1(pgA®), Ah=27Ah/ A — 6es-
pasmepHbIii nedekT ypoBrei. B dopmyne (42) Heob-
xoaumo Beipasuth AN uepes mapamerpsr BoHBL.

Pacxos KUAKOCTH IEped TEIOM OIpPEAeIIeTcs
PaBHOMEPHBIM MOTOKOM CO CKOpPOCThI0 C U BBICOTOI
D+ Ah. Tosamu Tema an1a pacxona *HMIKOCTH B
BoJIHE TonydeHa dopmyia (33). C momorsio (38) mo-
JlyuuM Ge3pasMepHbIN aHaJIOr yPaBHEHUsS. COXPAHEHUs
pacxona (8)

~&(S—InR+2Ah) = ¢, InR (46)

Ha moBepxHOCTH >KHAKOCTH BIIEPEIM Tela U IO-
3a1 Tesa uHTerpall bepryim na€t

2Ah+ &2 = B&2, (43)

Yro6sl BEIUUCIUTE TI0 hopmyie (42) cuy co-
[POTUBIIEHHs, IOCTATOYHO 3a4aTh JBA IapaMerpa,
Hanpumep, mapamerp R u ammiuTyny a. 3arem
He0OX0muMo pemuth cuctemy (43) OTHOCHTENBHO

A2 .

nemsectusix AN uw C°. Ioxcrabnsas waiinennsie
~

suausenns AN u C° B (42), monyuaem cuiy compo-

tuBieHus R . PeueHns MOXHO uCKaTh B BuAE psi-

JI0B 10 creneHsM a. Ecnim orpaHMunMThCsS KBajapa-
THYHBIM TPUOIMKEHHEM, TO U3 Gopmyinsl (42) mo-
JIy4UM M3BECTHYIO (OpPMYILy NEPBOro MpHOIMKEHUS
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-~ ,1-R°+2RIn(R)
REa R
a U1 KBaJpaTa CKOpOCTH Telia
c® =c¢,+a’c,
(1- R)(4(1- R(1+ R+ R?)? +
v - [*R(1314InR }
> 1-R*(1+R)(2-2R+(1+R)InR)’

. (49

4 v
Bunno, uto ko3¢ dumuenter C, pasnoxeHui ms

L A2 a2
ckopocTert C” u C, CyNIECTBEHHO OTJIMYAKOTCS.

Jna pazHOCTH ypOBHEW BIEpenu M M03aau Tena
TOTy9aeM

S -1+ R*+RInR
(1-R)(2-2R+(1+R)INR)

KoadhdunmeHTsl pas3noxeHuid MpeacTaBIsIoTCs

paumonansHeiMu dyskmmamu or R u INR u Beirns-
AT BecbMa TpoMo3iko. IloaToMy s BbIUUCIECHHA
CHJIBI YZIOOHO OTIPENETINTh C TouHO, KaK KOpEeHb KyOu-
YECKOT'O YPaBHEHMS

S+EP+Q=0, rme
P=—(S-InR+¢&B), Q=-¢,InR,
o opmyme

c=2 _Ecosﬂ’ IB :arctgﬁ,
V3 3 Q

a 3aTeM HaWTH

Ah=(Bx2-6%)/2.

CpaBHeHHH TOYHDBIX XaPAKTCPUCTUK BOJHbI
C UX ACUMIITOTHYCCKUMHU PA3JIOKCHUIMU

Jis GeckoHeUHOW TIYyOMHBI Pa3HOCTh YPOBHEH
paBHa HYJIO, a CKOPOCTH BOJIHBI M TEJIa COBMANAIOT. B
mpenene To9Has (opMyia Ui BOIHOBOTO COMPOTHB-
nenust (7) mepexomuT B CIEAyomiee KOMIAKTHOE BBI-
paxeHue

R, =3f1-2T.

PasnoxeHrne COMpPOTHBICHUS 10 aMIUIATYIC IO

JIECSITON CTETIeHN MMEET BHT

R(a):la2 30 B
4 8 48 45)
N 2597 2 559733 20 4 O<a12)
2880 201600

Ha puc. 6 nmpuseneno cpaBHeHHE QOPMYIBI IS
comporuBiieHus (45) ¢ TOUHBIM YHCIEHHBIM PACYETOM
mo mMetoxy pabotst [8]. UepHas THHUS — TOYHBIH pac-
4ér, mrpuxoBas — Gpopmyna (45) U MWITPUXITYHKTHP-
Hast — npubmmkenue (44).



I [T] [T [T [T
Pucynok 6 - ConporusieHue
npu 6eCKOHEYHOH TITyOnHe

Ha puc. 7 npuBeneHo aHaJIOTMYHOE CPaBHEHHUE
JUISL BOJIH KOHEYHOH TITyOHHBI.

R 4

I [T win win [T [T [T
Pucynox 7 - Conpotusienue

npy KoHewHoH riy6une, I, = 0.4
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O HATEKAHHMHU CTPYHU HA ITIOJIMT'OHAJIBHY IO CTEHKY
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Pedepar

B pabome uccnedyemcs 3a0aua o Hamexanuu cmpyu Ha NOAUSOHATLHYIO CMEHKY NPOU3BOTbHOU KOHGuUeypayuu.
IIpeonacaemcs memod, ocHosauHvlll HA Kiaccuieckom nooxooe H.E. JKykosckozo u o X. Muuenna u nozeonsowuii
paccuumvigams HamexKauue Cmpyu Ha NOAULOH ¢ OOTLUIUM HYUCIOM 38eHbe8. YCmanoeieno, ymo npu onpeoeneHHoll
KOHGpu2ypayuu cmeHKu 3a0aya Modxcem umems 08a peuienus, 00HO U3 KOMOpuIX - HeOOHOIUCMHO. Buisignenvl npedens-
Hble pedcuMbl meyeHls, XapaKkmepusylouwuecs noIHbIM UCUe3HO8EHUeM OOHOU U3 Cmpyll, 00pasyIowuxcsa nocie pasoe-
Jenusi ocHognou Hamexkaiowel cmpyu. Coenana nonvimka CMoOeIuposamy U3BeCMHbIL ONbIM 00 YCMOUYUBOM NOA0-
JHCEHUU NeAHCAWe20 HA 20PU3OHMATLHOM OHe WAaPUKA NPU NA0eHUU HA He20 C8epX)y MOHKOU cmpyu 800bi. Ilpu moodenu-
POBAHUU WAPUK 3AMEHAEMCS KPY2O8bIM YUTUHOPOM, obmeKkaembim Oezompuvleno. Hucienno nokaszamo, umo aoboe
cMewerue Cmpyu 6npago Ul 6180 0N NOIONCEHUS Oelicmayrowjell Ha YUTUHOP HYIeOl cOPUSOHMANLHOU CUTbl NPUBO-
oum K 8O3HUKHOBEHUIO HEPABHOU HYII CUTbI NPOMUBONONONCHOZO HANPABNEHUs, YMO 2060pum 06 abComomuoll He-
YCMOoUuyu8oCmuy YUIUHOpa 8 cmpye npu 6e30mpoi8HOM 00MeKaAHUU.

KnroueBble ciioBa: cTpyiiHoe oOTekaHuWe, Hje-
aJlIbHadg XUJAKOCTh, IIOTCHIIMAJIbHbIC TCUYCHUA, aHAJIUTU-
YeCKOe PEIICHHUE.

Brenenne

OOmue MeTombl TOCTPOCHUS AHAJTMTHYECKHUX
peLIeHnil IIOCKUX CTPYHHBIX 3a/1a4 OOTEKaHUs ITOJH-
TOHANBHBIX TpPEMATCTBHHA ObUIH Tpemnoxensl H.E.
Kyxosckum [1] u [[x.X. Muuemtiom [2]. B atux asyx
(yHIaMeHTaIBHBIX paboTax M3/Maraercs, Mo CyTH Jea,
OIUH U TOT K€ METOJ,, B KOTOPOM OOJIaCTb TEUECHUS
KOH(GOPMHO OTOOpakaeTcsi Ha BEPXHIOI MOIYIUIOC-
KOCTh, @ OCHOBHOW HWCKOMOW (YyHKIMEH SBISIETCS
¢ynkius JKykoBckoro-Muyemia — jorapupm Kom-
IUIEKCHO comnpsbkeHHON ckopocTd. C.A. YamnbIrMHeIM
ObLT pa3paboTaH MeTon OcoObIX ToueK [3], KOTOpHIit
3HAYUTEIBHO YIPOCTHJI MPOILECC IOCTPOCHUS aHaJIH-
Trdeckux pemreHui. [logpoOHyro Oubnmorpaduro pa-
60T, mocesmeHHbIX pa3Buthio uaeit H.E. XKykosckoro,
JIx.X. Muuemna n C.A. YaruiblruHa, MOXKHO HalTH B
MoHoTpadusx [3-5].

Kinaccuueckuit nonxon JXXykosckoro u Muuesia
MOJKET OBITh IPUMEHEH U IS UCCIIENOBAHUSI CTPYHHO-
ro o0TeKaHHWd KPHUBOJIMHEHHBIX MPENATCTBUN MOCpEa-
CTBOM aIllPOKCUMALIMM KPUBOJIMHEHHBIX CTEHOK HOJIHU-
roHanbHBIMU. OJHAKO 37€ch BO3HHMKaeT IpobieMa
orpeziesieHus] OOJIBIIOrO YHCIa TPAaHUYHBIX TOYEK I1a-
paMEeTpUYECKON IUIOCKOCTH, SIBISIOIMIMXCSA 00pa3zamu
YIJIOBBIX TOYEK IOJMTOHOB. DTH 00pa3bl HEOOXOANMO
OTIPENETINTh M3 PEIICHHS CIOKHOH CHCTEMBI TpaHC-
LIEHJEHTHBIX ypaBHeHUM. [lombiTka pemeHus 3Toi
mpoOseMsl (Tak Ha3sIBAEMOM TPOOGIEMBI TAPaMeTpoB)
Obla craenana B cratesax [6, 7]. B mepBoit u3 Hux wuc-
cllelyeTcsl Kaccudeckas 3afiada O CTpyHHOM oOTeka-
HUHH TOJMTOHAIBHOTO MPEMATCTBUS MO cxeme ['enbM-
rojbia-Kupxrodda. IIoMUMO MOJUTOHOB JAOCTATOYHO
MIPOCTON KOH(QUTYpAIlMU ¢ HEOOJBIINM YHCIIOM 3BEHB-
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€B aBTOPHI [6] MPUBOIAT BECbMa 3K30THYECKHUH IPUMEP
pacuera 13-3BEHHOTO MOJUIOHA, TJIABHAS [ENb KOTO-
poro mokasath, 4YTO MpoblieMa MapaMeTPOB MOXKET
66T MU 3G eKTHBHO pasperieHa. B pabote [7] pe-
IaeTcst 3a1a4a 00 UCTEYESHUH CTPYH U3 KaHala ¢ MOJIH-
TOHAIIBHBIMU CTEHKaMH. B oIHOM M3 mpHMepoB, pac-
CUUTAHHBIX B [7], paccMaTpHUBaeTCs UCTCUYCHUE CTPYH
W3 BOPOHKH, OJIHA W3 CTEHOK KOTOPOW 3aKaHUYHBAETCS
IYTOi OKPYKHOCTH C TIPSIMBIM IIEHTPAITBHBIM YTIIOM.
ABTOpBI aNMPOKCHUMUPYIOT AYTY MOJUTOHOM C IISITHA-
JIIATBIO yIIIaMH, HO HE PEKOMEHIYIOT TPUMEHAITH Ta-
KOW MOAXOM Kak OOIIyI0 MPOIEAypY HCCIICTOBAHUS
CTpYHHOT0 OOTEKaHHsI KPUBOJIMHEHHBIX MPENSTCTBUH,
MOCKOJIBKY, C UX TOYKH 3PEHHsI, OHA SIBJISAETCS BeChMa
JIOpOTOM TIO0 3aTpaTaM BPEMEHM BbIYHCIEHUH. Jlei-
CTBUTENBHO, JUISl pacyeTa OOTEKaHUsSI KPHUBOJIMHEHHBIX
MIPEISITCTBUI CYIIECTBYIOT ropaszo Ooiee 3¢ ¢eKxTus-
HbIE METO/IbI, HanOOoJee U3BECTHBIM U3 KOTOPBIX SIBJIA-
etcs meton Jleu-Uusursr [8, 3]. DToT MeTox He yTpa-
THJI CBOEH aKTyaJbHOCTH M Ha COBPEMEHHOM «KOMITh-
FOTEPHOM» 3Tale pPasBUTHA THAPOIAWHAMHKH (CM.,
Hanpumep, [9]).

MeTtoas! pacyeta HaTEKaHHS CTPYH Ha KPHUBOJIH-
HEWHYIO CTEHKY mpemtoxeHsl B paborax [10, 11]. As-
Topbl ctathi [11] mpu CpaBHEHHM MONYYECHHBIX HMH
pesynbratoB ¢ pesynbratamu [10] ormeuaror, 4to B
cllyyae HECUMMETPHUUYHOrO HartekaHus B paborte [10]
HapyllaeTcs 3aKOH COXPAaHEHUsI MacChl: pacxoj] B OC-
HOBHOM HATEKaromedl CTpye HE COBIANAcT ¢ CyMmap-
HBIM PacxoJloM CTPYH, 06pa3yroIuxcs Mocie pasaese-
HUS OCHOBHOM. CJIeZlyeT OTMETHTh TakXke, UTO B CTATh-
six [10, 11] mpuBemeHBI ML MPUMEPBI pacdeToB 6e3
MOAPOGHOTO TTApaMETPHUYECKOTO aHaInW3a  BIIHSHHUSL
TIOJIOKEHHS CTPYH.

B Hacrosie#t pabore wuccimemyercs 3amada o
HATEKAHUH CTPYH HA TOJUTOHAJBHYIO CTEHKY MPOM3-
BOJIbHOHM KOH(purypanuu. [Ipeanaraercs MeTon, OCHO-



BaHHBIM HA KJIACCUYECKOM IIOJXOAC M ITO3BOJISIONIUIA
PaCCUUTHIBATh HATCKAHWE CTPYU HA TOJHMIOH C 0OJb-
LIUM YHUCJIOM 3BEHbEB. Y CTAHOBJIEHO, YTO NP ONpese-
JICHHOW KOHQUTYpaIlii CTEHKH 3aJada MOXKET UMETh
JIBA PELICHUs, OJJHO U3 KOTOPHIX — HEOJHOIHUCTHO. BEI-
SIBIICHBI TIPENIEIbHBIC PEXXUMBI TCUCHUS, XapaKTepU3y-
IOIIKECS TOJHBIM HMCUYE3HOBEHHEM OJHOW U3 CTpyH,
oOpa3yrommxcsi Tocje paseieHdss OCHOBHOM HaTeka-
omei crpyu. CrenaHa TOMBITKAa CMOJEITUPOBATh W3-
BECTHBIH OIBIT 00 YCTOWYHBOM ITOJIOKEHUH JISKAILETO
Ha TOPU30HTAILHOM JIHE IIapUKa MPH MaJleHUU Ha HETO
CBEepXy TOHKOW cTpyu Boibl. Ilpenmonaraercs, d4To
IJIOCKasi CTPysl MPU HATEKAHUU Ha KPYroBOW LMIJIMHJID
TaKXe JOJDKHA MPUBOJAUTH K YCTOWYMBOMY IOJIOXKe-
HUIO muHApa. KpyroBoil muiwHAp 3aMeHseTcs Ha
BIIMCAaHHYIO B HETO MPSIMOYTOJBHYIO MPU3MY, B OCHO-
BaHWHU KOTOPOH JISKUT MPABHIHHBIN MHOTOYTOIBHHK C
JOCTAaTOYHO OOJIBIIIMM YHCIIOM CTOPOH. YCTaHOBIIEHO,
YTO TIpH JI0O0M yIiie HAKJIOHA CTPYH CYIIECTBYET €e
HEUTpaJbHOE MOJI0KEHHE, IPU KOTOPOM JIEUCTBYIOIIAs
Ha IWIKHIP TOPU30HTAIbHAS cuiia OyIeT paBHA HYJIIO.
OnHako J11000e CMEIEHHE CTPYHU BIPABO HJIH BJIEBO OT
9TOr0 TOJOKEHUSI MPUBOJIUT K BO3HUKHOBEHHUIO TOPH-
30HTaJIbHOM CHJIbI, JEHCTBYIOIIEH B HPOTHUBOIOIOXK-
HOM HaIIpaBJICHUH, YTO TOBOPHUT 00 abCOMIOTHOW He-
YCTOMYMBOCTU IIMIIMHAPA B CTPye IPU OC30TPHIBHOM
00TEeKaHNH.

1. IlocTanoBka 3axaun. Cujia ¥ MOMEHT,

AeliCTBYIOLINE HA CTEHKY

[Imockast cTpys uaeanbHONM HEC)KHUMAEMOW KHJI-
KOCTH, HaKJIOHEHHAs 10 YIJIoM O kK ocu OX, HaTekaer
Ha MOJIMTOHANBHYI0 CTeHKY LAJARALR. KoHTyp cTeHkH
P coctout u3 nomanoit AjAnA, U TPOIOIDKAIONTNX €€
ayyeir AL u A\R. He Tepsist 001IHOCTH, cyrTaeM, 4To
nyd AR Hanpasien mo ocu OX. Ctpys paszpensercs B
touke Topmokenusi C u pacrekaercs mo crenke. O0-
JIaCTh TEYCHUS COJEPIKUT TPH OECKOHEUHO YAaJeHHbIX
touku:l, L u R (¢ur. 1). Ha cBOGOAHBIX TUHUAX TOKA
LI u IR ckopocTh MOCTOSIHHA B paBHA V.

@urypa 1 - Cxema HaTEeKaHUS CTPYH HA CTEHKY.

Mupuna ctpyn Ha OeckoHewHOCTH | sBIsSeTcs
3amanHoi u paBHa h. Iomoxkenue HaTekaromen cTpyn
II0 OTHOHICHHUIO K CTCHKE OIIPCACIIACTCA YITIOM Op U
apaMeTpoM S, PaBHBIM PAcCTOSIHHUIO OT OCH CTPYH 10
Hayaja KOOPJMHAT. DTO PACCTOSHUE CUUTAEM IOJIOKH-
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TENBHBIM, €CITH BEKTOP CKOPOCTH V| = -Vo€®, Hampas-
JICHHBIN 110 OCH CTPYHM W paccMaTpHBaeMblil Kak CHJa,
CTPEMHUTCS TIOBEPHYTh CTEHKY 110 OTHOLIEHHUIO K Hada-
JIy KOOpJIMHAT NPOTUB 4acoBOH crpenku. OTcrona cie-
JyeT, 4TO 3HaK S COBMAJACT CO 3HAKOM anreOpamde-
CKOTO MOMEHTAa BEKTOpa V| MO OTHOIICHUIO K Hayaiy
koopauHaT O. B wactHOCcTH, Ha Qur. 1 mapamerp S <
0. Takum o0Opaszom, hopMa CTEHKH U TTapaMeTphl Vo, O,
h u s, 3aansl, Bce OCTaNbHBIC XaPAKTEPUCTUKH, BKITIO-
qast popmy cBoOOIHBIX NuHMIA ToKa LI u IR, moanexar
OIIpEe/IeNICHUIO.

ITycte h, u hg — mwupuubl cTpyit B GECKOHEYHO
yIalieHHbIX ToYka L U R, COOTBETCTBEHHO, ¢4 — yroi
HakjoHa Jy4a LA, § — pacctosHue ot LA; no Hayana
KOOpJHMHAT. 3HaK S ONpenessieTcsi TakKe, Kak U 3HaK
31, TO €CThb CUUTACTCA MOJIOKUTECIbHBIM, €CJIN BEKTOP
CKOPOCTH V| = - Voe®", Hanpassennsiit mo nyuy AL u
paccMarpuBaeMblii Kak CHJIa, CTPEMHUTCSl ITOBEPHYTh
CTEHKY IO OTHOIICHMIO K Hadaly KOOPJHMHAT HPOTHB
yacoBoii crpenku. Ha ¢wur. 1 mapamerp S > 0. 'mapo-
JuHamMu4eckas cuia R n moment M, melicTByromue Ha
CTEHKY, ONPEeNeINSFOTCs (OpMyIaMu

R= [ (p-po)ndl,
M = [ my[(p— po)nldl,

rae P — KOHTYp CTeHKH, P U Po — NABICHHS B )KUIKOCTH
U OKPYXaIOIIeH cpesie, COOTBETCTBEHHO, N — €MHUY-
HBIA BEKTOP HOPMAJIHM, BHEITHEH MO OTHOIICHUIO K 00-
JIACTH, 3aHATOM XKUIKOCTHIO, dl — 3JIeMEHT [JIMHBI KOH-
Typa P, My — aireOpandyeckuii MOMEHT BEKTOpa OTHO-
CUTEJILHO Havyasla KOOPIHUHAT.

IIpoBeneM B oOnacTh TeueHUs YIaJCHHBIC cede-
wus LL', II’, RR u BeImenuM B KUAKOCTH KOHTPOJIB-
HBIA 00BEM, OrpaHUYEHHBIH STUMH cedeHusMu ((ur.
1). TlpumeHeHue Teopem 00 HM3MEHEHHU KOJIUYECTBA
JIBIDKEHUH U MOMEHTA KOJIMYeCTBa MBHKeHui (7) mpu-
BOJIUT K PaBEHCTBAM

R=R+IR =

h .. h, (L1)

— Zh _LelaL__R_elao ’

h2  h(2s +h)
M= pht] Sy e _R@sth) |,
Mo h+2h2 2h? 2

rae P — IIOTHOCTh JKUAKOCTH. OTMETHM, 4TO (HOopMy-
aet (1.1, 1.2) cnpaBeyiUBBI U B CiIydae, KOTAa CTEHKA
MPEJCTABISCT COOON JIIOOYI0 KPHUBYIO, UMEIOIIYIO T'O-
PH30HTAIBHYI0 ACHMITOTY COpaBa U ACHUMIITOTY,
HAKJIOHEHHYIO O] YoM ¢f, cieBa. CleayeT Takke
yKasartb, uro B ¢opmynax (1.1, 1.2) Benuuunnst hy u hg
HEHM3BECTHBI U JIOJDKHBI OMPEACIUTHCS B XOJIE PEIICHUS
3a1a4m.

2. ITapameTtpu3auus

OO6nacTh TeueHHs: B PU3MUECKOI TNIOCKOCTH Z = X
+ iy koHDOPMHO OTOOpa3sWM Ha BEPXHHUIl MpaBbIi
KBaJPaHT MapaMEeTPUUYECKOM IIOCKOCTH § = & + i{,
TaKk 4TOOBI TMOJMIOHANbHAS CTEHKa Iepeluia B Jei-
CTBUTENBHYI0 OCh J3TOH IIIOCKOCTH, CBOOOIHAS IIO-
BEPXHOCTh BO MHUMYIO OCbh, KpuTHdeckas Touka C B



SIMHUITY JNEHCTBUTEIBHON OCH, OSCKOHEYHO YyaalcH-
Has Touka | B Touky di (¢ur. 2 8). Yepes ay, ay, ..., &,
0003HauMM 00pa3bl BEPIIUH MOJUTOHATHHON CTCHKH U
MyCTh W = @ + | |y — KOMIUTEKCHBIH OTEHIIHAT TEUECHHUS.

OO6nacTp W3MEHEHWS KOMIUIEKCHOTO IIOTEeHIHana W
mmoka3aHa Ha ¢ur. 2 0.
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Qurypa 2:
a) TlapameTpuyeckas IIOCKOCTh & .
6) OGacTb U3MEHEHUS KOMIUIEKCHOTO ToTeHIrana W .
B) [lapa-meTpuueckas mWIockocTs L.

r) K BEIYHCIIEHHIO PACCTOSHUS S, OCH CTpYH

J10 Havajla KOOpAUHAT.

MCTOI[OM 0COOBIX TOYEK HaﬁHeM IMPOU3BOJHYIO

KOMINJIICKCHOI'O IMMOTCHIIMAJIa
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dw _ {21
ac ez +dy

rae ¢, >0 — nocrosmnas, nMeromas pasMepHOCTH

2.2)

noTennuana ckopoctd. O6osnaunm uepes ¢ = hv,

q. = hl_V0 u Qg = hRV0 Pacxobl KUIKOCTH B Oec-

’ ’ 4
xoHeuHo yaanennsix cedenusx |17, LL" u RR" co-
OTBETCTBEHHO. =Qq. 0z "

h= h,_ + hR . Beipaszum Tommune! crpyit h, h,_ u hR
4epes mapaMeTpsl ¢y U d . Ins aToro mpouHTErpUpY-

em ¢pynxmmo dW/d ¢ o monyoxpysxuocTH C, oec-

SIcHo,  4TO q

KOHEYHO MAJIoro paamyca, uetseptn okpyxnoctn Cg
OeckoHe4HO OOJIBIIOro pajnyca U YeTBEPTH OKPYKHO-
cru C| Geckoneuno manoro paauyca. Hampasienue

MHTETPUPOBAHUSI — MPOTUB YacCOBOM cTpenku (¢ur. 2
a). KoHTypaM HMHTErpHpOBaHHs COOTBETCTBYIOT y[a-

nennsie cevenns |1,

RR" u LL" B mmockoctu W.
IToaTomy

dw

igq= CI dé/ 10 = J-C

—iqL=jCLj—ZYd§.

C momoreio (2.1) u Teopun BEIYETOB HalieM

dw

d§

V4 1 V4
:&_ 1+_2 ) R &_1
v, 2 d A
(2.2
P 1
hL____Z
v, 2d

OGosnaunm uepes ¢, , K =1,N —suyrpennue
110 OTHOIIGHHMIO K XMIKOCTH YIJIbI B BEPIIMHAX MOJH-

v,dz

rona. IlpuMeHHB Juisi TOCTpOeHHs (YHKIHUU

meToxx ocoObrx Touek C.A. Yaruislruna, HOJIy‘II/IM

Vodz _ .g“+1 ] 23
dw ¢- 1 k=1 é"*‘ak
. ,dz _
IPUYEM 311€CH YUTEHO, YTO ||m§ HWW =1.

[TapameTpuueckasl IIOCKOCTb § ynobHa Juis

MIPUMEHEHHST METO/Ia 0COOBIX TOYCK M BBIBOJA (OPMYI
(2.1-2.3). OHako B 3TOMH «yIOOHON» IIIOCKOCTH MOSIB-
JSIFOTCS  BBIYUCITUTENBHBIE TPYIHOCTH JUIS CIIyYaeB,
KOT'Jla O/lHa U3 CTPYH, pacTeKaIOIMXCs 0 CTEHKE, CTa-
HOBUTCSI O4€Hb TOHKOH. Ecnu, Hanpumep, oyeHb TOH-

KOii CTAaHOBHTCS NeBas crpys, To mapamerp & —> 0,

NpU4eM, KaKk Mbl YBUIMM B JTAJIbHEHIIEM, MPU pacye-
Tax cO CTaHTAPTHOHN JBOHHON TOYHOCTHIO (8-OaiiTHbIC

JACCATUYHBIC lII/IC.]'Ia) al CTaHOBHUTCA MCHbBIIC MHHHU-

MaJIBHOI'0 YHCJa, KOTOPOC KOMIIBIOTCD MOKET OTJIH-
YUTb OT HYJIA. AHaHOFI/I‘lHO, €CIIM TOHKOW CTAaHOBHTCS



npasas CTpys, TO &, —> ©°, npu4eM &, MOXKET IIpe-
B30MTH MaKCHMAaJIbHO BO3MOXKHOE YUCIIO KOMIIBIOTEPA.
Uro0bl pacmIMpUTh BOZMOXXHOCTH YHCIEHHOTO METO/a
nepeiizem B miockocts t = 1IN ; . ObnacTpio M3MeEHe-
HUA HOBOI1 rapamMeTpu4ecKou [IEPEMEHHOMN
t= f +17 sBnsercs monoca mmpunsl /M2 (¢pur. 2

B). [Ipu aTOM
o0=Ind, ¢ =Ina, k=1,n,
a popmyner (2.1), (2.3) npuobperaroT Bu

dW:(pg sht ’ (2.4)
dt e’ ch(t-9)
o1
vdz _ .t t—«fk]"
=cth—| || th—=> . (25
dw 21;!( 2 (29)

Bropast n3 popmyi (2.2) ocraercst HeM3MEHHOIH, a
mepBass M TPEThS MPEoOpaszyroTCs CISAYIOImNM 00pa-
30M:

_ T _
h=%redchs, h =%%e? (g
A Vv, 2
C nomotipto 1epBoro paseHcta B (2.6) u coot-
HOIICHUS

dz _ 1 v,dzdw
hdt v,h dw dt

HaiiieM MPOU3BOIHYI0 0TOOpaXkaromer QyHKIH

z=12(t).

dz _
i
_ 2 ch?(t/2) o
zchoch(t—90)
(i g
2
= F(t).

B dopmynax (2.5 u 2.7) HEU3BECTHBIMH SIBIISIOT-

@2.7)

csi 00pa3bl BEpIIMH IOJUTOHA fk, K=1,n u napa-
MeTp O — o6pa3 GecKOHeYHO ynaneHHo# Toukh | .
I[J'lﬂ ONpEACICHUA OJTUX HCU3BECTHBIX HeO6XOZ[I/IMO

nomyunuts N+1 ypasnenne. O6o3Haunm uepes |J-,

J =1L,n=1 wmuer cropon AjA,; momuronansHoM
crenku. C IOMOLIBIO cOOTHOMIEHHS (2.7) MOTyYnM
2 (Gmch’(d?)
zchd ¥ ch(&-0)
|

n 3 o1 .
xH(th lf—jklj dé= —rJ] (2.8)
k=1

]=1,n-1
Tak Kak yroja HakJOHa HaTEeKaloUlell CTpyHu 3a-
JIaH, TO JIOTKHO BBITIOTHATHCSA yCIIOBHE

124

v,dz
dw

noMotipo Gopmyisl (2.5) monyuuM erie 0JHO ypas-

G(G11 6211601 0) = %,

rme G — QyHKuMA 3aBHCAIIAs OT MapaMeTpoB fk u

0:
G = 2arctge’ + Zn:(ak —1)(7z —2arctge’ )
k=1

arg =0,—m upu t =0+ m2i. Orcrona ¢

(2.9)

Yto6s1 moctpouts nocnennee (N+1) -oe ypas-
HEHHE HEOOXOJAMMO BBIPA3UTh pPACCTOSHME S, OT
Hauaya KOOPIMHAT JI0 OCH CTPYH Hepe3 apaMeTphl &,

u O . 3aMetnMm, uTO MOGOMY HAGOPY ITHUX HAPAMETPOB
COOTBETCTBYET HEKOTOpas CTpPysl, HaTEKarollas Ha Mo-

JMIOHAJBGHYI0 CTEHKY C YIJIaMd B BepluMHax O T .
O603Ha4UM yroj HaKJIOHA 3TOH CTpyH uepes & . Sc-
no, uro &, = G(&,,¢,,...,<&,, ) . Bribepem mobyio
BEPIIUHY An MOJIMTOHANIBHON CTEHKU M MyCThb X,
Y — KOOpIMHATHl 3TOHl BepuIMHBI B (U3MIECKOH

mwiockocetd Z . B miockocru t toukn A, u | coenu-

HUM HaKJIOHHBbIM OTPE3KOM. HyCTB

p=a Ctg[E (0—¢.)] ectb yron orkionenus s1o-
T

ro orpeska ot Beprukamu (¢ur. 28). Otpesky Al B

miockocTu 1 cooTBeTCTBYET OfHOMMEHHAs IMHHSA B
IUIOCKOCTH Z , MMEIOMIas aCHUMIITOTY, HaKJIOHEHHYIO

noz yriaom & . IlpoBeneM B MIOCKOCTH Z U3 TOUKH
A\, nyu ¢ yrom Haknona ¢ (cm. ur. 2r). Paccros-

uue J aroro myua go acummrorel muann A | ects

/e MHTErpupoBanne Bexercsi mo orpesky Al B

mwiockoctu 1. Paccrostaue acnmnrorst muann Al 1o

ocu cTpyn paBHo —h, Tak Kak TpH paccMOTpeHHH
T

(1)I/IKTI/IBHOFO TCUYCHHUA B ITIJIIOCKOCTH t C KOMIIUIEKCHBIM
IIOTCHIMAaJIOM W(t) u3 yria ﬂ KHUIKOCTb UCTCKACT B

konuyectse — (]. PaccrosHue d or Jy4a | 1o maua-

Ja KoopauHAT Oyjaer d= cosa. Y, — sin O X, -
T

Orcropa cnenyer, 4to S, = d+J —E ,Bh Hckomoe

YPaBHEHUE IJI ONPENENEHUS OTKIOHEHUS S, CTpyH

3alIMIICTCA B BUAC



1 -
le zse °F(, +zd0')]d0'+

+cosach—sinacx—m—£ﬁ:3—h,
h h 2 h

e Zy = 5+ﬂ'i/2—§m , & QyHKIUA F(t) omnpene-

neHa popmyoit (2.7).
Cucrema (2.8)-(2.10) ects 3aMKHyTas cucTeMa
HEJIMHEMHBIX TPaHCUEHIEHTHBIX YPABHEHUH I OTIpe-

(2.10)

JIeJIEHHs] 11apaMeTPOB fk u O. Kpome ypapHeHwmii

(2.8)-(2.10) mapametpst fk JIOJKHBI  yIIOBIICTBOPSTH
YCIOBHUIO YIIOPAIOYEHHOCTH:
< <
51 52 ccc fn ' (211)

Pemienre cucTeMbl OBUTIO TOMYYEHO METOIOM
Hetorona. Orpannuenust (2.11) B uTeparmsx merozaa
HbrOTOHA BBIMONHSIINCH C MOMOIIBIO 3aMEHBI Tepe-
MEHHBIX

u, = In—4——*=,
W1 —

rie Wy, = —1,w_, =1,w, = %arctg &, k=1,n.

Habop HOBEIX nepemeHHbIX U, , k=1,n spns-
€TCs HeyNopsAJOYEeHHbIM, npudeM Bce U, yInoBIeTBO-
psitor HepasenctBy —1< U, <1. Jlna o6parsoro me-

pexoja K yNOpsiIOUYCHHBIM MEPEMEHHbBIM fk HEeoOxo-

JIMMO PEUINTh CUCTEMY JIMHEHWHBIX YpaBHEHHI C TpeX-
JIMaraHajgbHON MAaTpULIE OTHOCHUTEIbHO HEU3BECTHBIX

W, , k=m:

u; /2 -u, /2

u
—2ch=tw, +e""“w, =e ™',
2
_ u
e ”k/ZWk_l—ZCh?ka +e"?w _, =0,
k=2,n-1,
. u .
e 2w, —2ch—tw, =—e™'?,
2

. — T,
u mocne onpeneneHus W, HalTu é:k = th. Ure-

pammu Metona HproToHa MpOBOAMIIICE OTHOCHTEIHHO
nepeMeHHbIX U, . AHaTOrM4Hble 3aMEHbI EPEMEHHBIX

ObLIH CcleTaHbl U B paborax [6, 7].

3. BeruncauTe bHbIE aCIEKThI

Perienue cucTeMbl HETMHEHHBIX ypaBHEHN# (2.8-
2.10) mpu GONBIINX 3HAYEHUAX YHCIA YIJIOB ' B IO-
JIUTOHE SIBJSIETCS HENpOCTOM 3ajadei gaxke Ui co-
BPEMEHHOW BBIYHMCIIUTENbHOM TexHuKU. B pabote (3)
cucteMy Ttuna (2.8)-(2.11) ymamoch pemmTh s

n=15 4, koMmbroTepe Sun 3 workstation. B nacro-
sitei paboTe Mbl YBEJIUYMBACM KOIHYECTBO YIJIOB JIO

n=100 , IIPU ATOM HE OIpaHMYUBAEMCs PacyeTOM
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PUMEPOB, a MPOBOIUM MapaMETPHUYECKHE HCCIe0Ba-
HHUSL

Hnst pemenus cucrembr (2.8)-(2.10) 6buta co-
cTaByieHa Iporpamma Ha si3ike Fortran 90. B mepBona-
YalbHOM BapHaHTe IJIsl BBIYMCICHHS HHTETPANOB B
ypaBuenunsx (2.8), (2.10) ucrmonp3oBanack mporpaMma
QDAGS wu3 nonynsipaoii oubaunorexku IMSL, a mis pe-
IICHHS CHCTEMBbl HEIMHEHHBIX YpaBHEHHMH Iporpamma
NEQNF wu3 toit xe Oubnuorexku. IlepBoHaYaIbHBIMH
BapuaHT padortai, HO KpaiiHe HecrabwibHO. Makcu-
MaJbHOE YHCIIO YIJIOB ISl IEPBOHAYATHLHOTO BapHaHTa
taroke He npesocxoquino N =15, C wenvio ysenuue-
HUsI pabOTOCIOCOOHOCTH YHCIEHHOTO MeTo/a ObLI
MPOBEJICH PS/I MEPOMPHUSITHIA, ONIMCAHHBIX HIXKE.

[MopeiHTerpanbHble (GYHKIHH B JIEBBIX YacTAX
ypaeHenuii (2.8), (2.10) umeroT cTeneHHble 0COOCHHO-
CTH Ha KOHUAxX. B maHHOW paboTe mMpu BBHIYUCICHHU
MHTErpasioB KaXIblil MHTEpBaj WHTETPUPOBAHUS pa3-
OuBaJICs MMOIOJIaM U MOTy4ajioch Ba HHTErpana BUIa

I = [a@)E-a) de,
I, = [[9&)b-&) dé,

e @ >-1,a g(f ) — ¢ynkuun, muddeperuupye-
Mble Geckoneurnoe kommaectBo pas. Pymxmmn ()

3.1)

ANNPOKCUMUPOBAIIMCH KyOMYECKMMH CIUIaiiHaMH, a
3aTeM MHTETPAJIbl BBIYHCISUINCH aHATUTHYECKH. TaKoi
crocob okasajcs Oojiee HaACKHBIM, YeM MPUMCHEHHE
nporpammbl QDAGS, ocHOBaHHOW Ha KBaJpaTypHBIX
¢dopmynax [aycca-Kponponma. IlpuBemem 3mecs 6e3
BBIBOJIA aHAJIMTHYECKHE (DOPMYJIBI AT BBIYMCICHHSA
HHTErPajjoB (3.1) c [IOMOIIIBIO CILIaiH-

annpokcumanuii. Mycrs U, , K = 1,_N — CeTKa y3J0B
HaHECEHHas Ha OTPE30K [a, b] :

U =a<u,<u,<...<uy =h,
a 9(8), selu,ul K =1,N-1 - KyOmte-

CKHE TIONIMHOMBI, COCTABIIIONIHE KyOWIeCcKUi CIIIaifH,
anmpoxcumupyromuii pyrximio §(E) ua [a,b]. Torma

1 N-1
g _QL+d(a+1)kZ:;X
x[gy(u,)—g¢ (U )]x (3.2)
X(uk _a)aM:
le = Qg +;NZ_:1X
d(a+1) =
x[g¢ (U, ) =gy (u)]X
x(b—u, )",

(3.3)

rac

: (b _ a)a+l

o d
—(a+6)(b—-a)gy_,(b)+

QL [(052+80!+18)9N_1(b)—

+(b—2)’gl ,(b) + 29u@y
a+1



_ (b _ a)0{+1

Q- [(® +8cr +18)g,(a) +

+(a+6)(b-a)g;(a)+
+(b-a)gl(a) + 20
o+l
d =6+ (a+1)(a’ +8c +18).
IMpu Beruucnenun mo gopmyne (2.1) paccrosHus
S, Hayaga KOOPAMHAT OT OCH CTPYH HEO0OXOAMMO
MPOU3BECTH BBIOOp HOMepa M YIJI0BO#l TOYKU MOJH-

TOHAJLHOW CTEHKH A“ DTOT HOMEp BBIOHWpAJCS TIO

cienyromemy kputepuio. Cpenud ToYek fk BBIOMpA-
JINCh «XOPOILIKME» TOYKH: TOYKA CUMTANACh XOPOILEH,
€CITH €€ «COCEe/IN» — TOUKH fkfl " fk 41 JIEKaT oT fk
Ha PACCTOSIHUY, MPEBOCXOJSILEM 33JaHHYIO BEJIHYHHY
& . Takoii BbIOOp 00YCIIOBIIEH T€M 0OCTOSTENLCTBOM,
YTO €CJIM KCOCSOH» HAaXOIATCs OINU3KO OT fm , TO CTe-
TIEHHBIE OCOOEHHOCTH, KOTOpBIE WMeeT (PYHKIUSI
dz/d & B stux cocennnx TouKax, YCIOKHSIOT €€ IO-
BEJCHUE HAa MHTEpBaJle UHTETpUpoBaHus. B pacuerax
npurumaiocs € = 0.5. Ecim xopormmx Touek Het, To
npocto monaranock M=N/2, xors Takoii coyuaii B
pacyerax He BcTpeTwics HH pasy. Cpemu Xopommx
TOYEK B Ka4eCTBE fm Opaiach Ta, y KOTOpOi 3HaUCHUE

vonyns | &, —O| smnsercs mammenbumm. Tem ca-
MBbIM, MBI I/I36el“aeM JJIAHHOTO ITYTU HWHTETPUPOBAHUA
no orpesky Al B mmockoctu t (cm. ur. 28).

B urepanusx merona Herorona SlkoOuaH BeIYuUC-
JISUICS TI0 PA3HOCTHOH (OpMyJie ¢ HCIOJIE30BAaHHEM
mupextuB OpenMP, mozBossitonux 3¢dekTuBHO pac-
MapajuIeIUTh HanboJiee BpeMA3aTpaTHBIH MPOoIece.

4. YucaoBble pacyeTbl

Bo Bcex mpHBENEHHBIX HHMKE YHCIOBBIX IMpPHMeE-
pax moJjarajgoch, YTO TOJNIIMHA OCHOBHOM HaTEKaOLIEH
CTpyH h =1, takum 00pa3oM, Bce JTUHEHHBIC pa3Mephl
Ha rpaduKax orHeceHsI k N .

Hpumep 1. TlompITaeMcs CMOAETHPOBATH W3-
BECTHBIH OMBIT 00 YCTOHYNBOM MOJIOXKCHHUH JICKAIIETO
Ha FOPU30HTAJILHOM JIHE IIapUKa [IPU MaJJ€HUU Ha HETO
CBEpXy TOHKOH cTpyu Bozbl. Ilpenmonaraercs, d4to
IUIOCKAasl CTPYs IIPU HATEKaHUM HAa KPYTrOBOM LIMJIMHAD
TAaKXE O0JDKHA HpI/IBO[[I/ITI) K yCTOﬁ‘IHBOMy IIO0JIOXKEe-
HUIO IWiIuHApa. KpyroBol numimHAp 3aMeHsieTcs Ha
BIMCAHHYIO B HETO MPSIMOYTOJbHYIO MPU3MY, B OCHO-
BaHMU KOTOPOH JIEXKUT MPaBUIbHBIA N -yroJIbHUK, Jie-
JKalllii Ha TOPU3OHTAJILHOM JHE Ha OJHOW W3 rpaHei.

Ha ¢ur. 3a nokazaHbl 3aBUCUMOCTH TOIIIUH CTPYH h,_
u hR clieBa M CIIPaBa, a TaKke KO3 HUIMEeHTa TOPH-
30HTAJIBHON CHJIBI CX = Rx/(pV§/2) OT PACCTOSHUS
S, OCH CTpyH JO Hadaja KOOPJAMHAT IIPU YIJI€ HAKJIO-

na crpyn &y = 90" n paguyce R = 2.
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il
®urypa 3 - 3aBUCHMOCTH ITapaMETPOB h,_ , hR u CX

OT PaccTOsAHMs Sy UL UMIMHJIPA Pajyca R=2.

a) o, =90°.6) o, =120°.

Jst Gonbiued HAarJIAAHOCTH HapaMeTp S, OTIOo-

EH I10 ocH abcuuce ¢ 00paTHBIM 3HaKOM, YTOOBI yBe-
JMYCHNE OTIOKEHHOW BEIMYHMHBI NPHBOIWIO K CMe-
IIEHHUIO CTPYH BIIPABO.

Pacuetsl Obitu mpoBeneHsl npu N =32 u

N = 48, u Ha ¢ur. 3a HareceHH! TpadHKH I 060X
BapHAHTOB.

BusyanbHo rpaUKd He pasIHuMMbl, CIEI0Ba-
TEbHO, NPABUIBHEIH 48-yTOTBHUK JOCTATOYHO TOUHO

anmpokcumupyer okpykuoctb. Ilpu S; =0 Teuenne

CUMMETPUYHO, U IIOOTOMY CX = O, TOpU3OHTAaJIbHAsA

CWIIa Ha IIWIMHIpP He AeiicTByeT. OmHako moboe cMme-
IIEHHE OCH CTPYH BIIPABO WJIM BJIEBO MPHBOAUT K BO3-
HUKHOBEHHUIO FOPU30HTAJIBHOM CUIIbI, HAIIPAaBJIECHHOU B
MIPOTHBOIOJIOXKHYIO CTOpOHY. OTCIo/la BBITEKAeT, YTO
npu 0e30TpPbIBHOM OOTEKaHMM LHMJIMHAPA HACAIbHON
KHJKOCTBIO OH abCOJIIOTHO HeycToW4uB B cTpye. Kap-

THUHBI TCUCHUS IJI1 HEKOTOPBIX 3HAYCHU I Sh IIOKa3aHbI

Ha ¢ur. 3.
Crnenyer 00OpatuTh 0coboe BHUMaHue Ha Qur. 40.

3nech npu S, = 2.6. MBI momyuniu nouTH mpenens-
HBIH peXHUM OOTEKaHUs: NpaBas CTpyiKa MPaKTHIECKH

ncuesna (hR =0.016), a neBas umeer TomMHY

hR =0.984, OJIM3KYIO K eIUHUIIC.
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®Ourypa 4 - KapTuHbl HaTeKaHUSA CTPYH
Ha UWIMHAP IpU

0, =90°,R=2.a)s, =5.
6) S, =2.6.¢c)s, =0.

Boee CloXkHAs KapTUHA MONYYaeTcs MPHU yrie
nakinona crpyn Oy =120° (cm. ¢ur. 36, n = 48).

3nece C, =0 npu s, = —2.22, u mo6oe cmemenne

CTPYH BIIPABO WJIH BIIE€BO NMPHUBOIUT K BOSHUKHOBEHUIO
TOPU3OHTAIBHOM CHIIBI, BHIOPACKHIBAIOIICH LIMIIMHID U3
crpyu. CHOBa NpUXOJUM K BBIBOJLY 00 aOCONIOTHOM
HEYCTOMYMBOCTH LWJIMHIIPA B CTpPYE.

KapTunbl HaTekaHus CTPyH Ha HWJIMHIpP MOKa3a-
HHI (ur. 5.

3mech MBI CMENIANM CTPYH CHayajga CliieBa
HAIpaBo 10 IHOJIy4EeHHs MOYTH NPENEITFHOTO PexHMa,
n300paskeHHOTO Ha ¢ur. 50, a 3aTeM crpaBa HaJIEBO 10
TIOYTH TIPENETHLHOTO PEXMMa, MOKA3aHHOTO Ha QUT. S1.
U3 ¢ur. 306 BupHO, dYTO B  JMana3oHe

S, € [-3.39,-2.74] pemenue 3amaum me emuH-
CTBEHHO, OHAKO OJHO M3 PELICHHI HEOAHOIUCTHO, U
HEOJHOJUCTHBIC PEIICHNS HAOTIONAIOTCS B AUATIA30HE
S, € [-3.75,—2.74]. Hauanemas cramus HeomHo-
JIMCTHOCTH, KOTja cBoboanas nosepxHocts Il mauu-
HaeT caMoIlepecekaThes, NokasaHa Ha ¢ur. 5r. Kpussle

Ha ¢ur. 30, COOTBETCTBYIOIIIEC HEOJHOIHCTHBIM TeUe-
HUSIM, HAPUCOBAHBI TyHKTHPOM.
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®urypa 5 - KapTuHbI HaTeKaHUSA CTPYH Ha IFITHHIIP

mpu ¢, =120°, R=2.2) s, =0.6) s, =—3.39.
B) S, =—-3.75.1)S, = —2.74.

OTMeTuM, YTO TOYTH HpENeTbHBIE PEKUMBI Ha
¢wur. 40 u ¢ur. 5 6, 1 HEBO3MOXKHO PACCUUTATh BO BBE-
JICHHOW TIE€pBOHAYAIIbHO MAapaMETPUUYECKON IUIOCKOCTH

; . B camom gene, mist TedeHus, M300paKEHHOTO HA

¢ur. 406, fn =853.55, a
a, =exp(&,) =4.92-10°°.

MOJKHO€ YHCII0O KOMIIBIOTEpa NpH pacdyerax co CTaH-
038

napameTp 3HAYUT

MaxkcumanbHO BO3-

napTHoii aBoiiHO#M TouHocThio — 1.80-107" . TIoaTo-
My IOMBITKA MMPOBECTH AHAJOIMYHBIN pacyer B ILIOC-
koct ¢ TPUBOJUT K HEM3OEKHOMY MEPENOTHEHHIO.
Curyanusi OyaeT HECKOJIbKO HHOH mist ¢ur. 5 0, .
3nech fl =-1024.8 nna ¢ur. 56 u 51 =-865.17
s ¢ur. 51, 3HaueHus @, = exp(fl) OynyT, coOT-
BETCTBCHHO, 8, = 8.6-107%° a = 1.83-10_376, a
MHUHHAMAJIBHO BO3MOXXHOE YHCJIO, KOTOPOE KOMIIBIOTEP
MO’KET OTJIMYMTh OT HyJs paBHO 2.22 107 . Crepo-
BATEIBHO, HapaMeTp &, IUIOCKOCTH ¢ compéres ¢
HYJeM W pacyeT CTaHeT HEBO3MOXHBIM, TaK Kak y
dynxkman  d z/d ; =dz/dw-dw/d gv MOSIBUTCSL He-
HHTErpupyemMas 0COOEHHOCTh B TOUKE ; =q = 0.B
CBSI3M CO CKa3aHHBIM CTaHOBHUTCS OYECBUAHOHN NpaBo-



MEPHOCTb IIEpEX0Ja OT IUIOCKOCTH ; K ILIOCKOCTHU
t=Ing.

Ipumep 2. PaccMoTpyM HaTekaHHE CTPyH Ha
IPSIMOM YroJl, CTOPOHBI KOTOPOrO COEJAMHEHBI MOJIUrO-
HoM ¢ unciiom yriosbix Todek N =100, paromepHO

R=2.

paclpeneNieHHbIX 0 OKPYXKHOCTU pajanuyca

Yron Haknona crpyn ¢, = 180" (cm. dur. 6).

a)

5 0 5

Ourypa 6 - KapTuHbl HaTEKaHUS CTPYU Ha IPSIMOMA

YIOJI C KpyTrOBBIM BBICTYIIOM IIpU &%, = 180°, R=2.

a) s, =212.6) s, =-1.8) 5, =—2.39.

Juta storo npumepa @ =2, S, =0 u co-
rmacHo ¢opmynam (1.1) u (1.2) B pasmepHsIX mepe-
MEHHBIX

Rx Ry :pvghL’
M = pvehih, +(he —h, )/2],

mpuyeM 3T (OpPMYJBI BEpPHBI TPH JIOOOM crocobe
COEIMHEHUs CTOPOH yrJIa.

IlycTh

. = RJ(pv2i2h)
, =R I(pv2i2h),
M/(pv2/2h?) .

Torza, ecitu OTHECTH BCE JIMHEIHBIE pa3Mephl K
IIMpHHE OCHOBHOM cTpyH N, TO

C,=C,=2h, C, =2h +h,—h. (41)
Takum 00pa3oM, Ha CTEHKY BCerja JIeiCTBYeT
cHia, HarpaBJieHHas BBepx moa yrioM 45° k ocu OX .

D oo
1 | |
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Pacyer mpoBoaunics HauuHas OT S, = 6 ¢ marom no
S, paBubM -0.01. 3aBucHMOCTH HapaMeTpoB hL , hR
u C, =C, or paccrosuns S|, moxasamsi na ¢ur. 7,

rJe 1o ocu abCUUcC OTJIOXKEH mapamerp S, ¢ obpar-

HBIM 3HAKOM.

®urypa 7 - 3aBUCHMOCTH IIApaMETPOB h,_ , hR

C.=C S
u L, =0, orpaccrosuus NIpY HATEKaHUM CTPYHU

Ha MPSIMOH YTOJI C KPYTOBBIM BBICTYIIOM

Kaptunbl Teuenus: nokaszanbl Ha ¢ur. 6. Ilpu
S, = 2.12 mmpuna h = 0.84 nmwxueit crpyn max-

CUMaJbHa ¥, COOTBETCTBEHHO,  KOX(PQUIHEHTHI

C, =C, nocruraior Makcumanbubix sHauenuii (¢ur.

6a). PesxxuM, GIM3KHIA K MIPEACIBEHOMY, MONYIHIICS TPH
S, =—2.39 (¢pur. 68). Jlns 3TOr0 pexuMa HUKHIS

ctpyiika mpaktuyecku ucuesna (N, = 0.011), a cuna,
JICHCTBYIOIIAsl HA CTEHKY IOYTH HyJb. IIpomexyrou-
Hast kaptuHa npu S, = —1. noxasana Ha ¢ur. 66.

5. O6 odpa3oBanny NpeaeIbLHBIX PEKAMOB

[IpenenbHbIe peXXKUMBI HATEKAHHS CTPYH HA CTCH-
Ky XapaKTepU3yIOTCSl MOJHBIM MCYE3HOBEHHEM OJIHOM
U3 CTPyeK, 0Opa3yIoIMXCs MOcIe paszeleHUus] OCHOB-
HOW HaTekaromed crpyu. OTMeTnM, 4to rpaduku Ha
¢wur. 3a u pur. 36 UMEIOT KadecTBeHHbIE oTinuus. Ha
¢ur. 3a GyHKIMM HENpepbIBHBI M OJHO3HAYHBI, BCE
COOTBETCTBYIOIIHME TeueHus1 oJHonucTHb. Ha dur. 36
y TpaduKOB HMeEeTcsl YYacTOK HEOIHO3HAYHOCTH

(S, € [-3.39,-2.74]) u yuacrok, xotopomy cooT-

BETCTBYIOT HCOAHOJIMCTHBIC PEKUMBIL

(S, € [-3.75,—-2.74]). Cnenoparensho, cymectsyer
y3kuit unrepsan S, € (—3.75,—3.39), na xoropom

(U3NYECKH PeaT3yeMbIX OIHOJIMCTHBIX PCIICHUN HE
CYIIECTBYET.

BozHukaeT Bonpoc mpu KakuxX (opMax CTEHKH H
yriax HakJIOHa CTPYH BO3MOXHO 0Opa3oBaHHUE Ipe-
JIENbHBIX W HEOJHOJIUCTHBIX PEKUMOB HATCKAHHUSL.
Yrobbl Ha HEro OTBETHUTh, PACCMOTPHM TEUYCHUS Ha
¢wur. 50, r. Ilpearnonoxxum, 4To STH TECUECHHUS MPEaeIThb-

e (N =0). B wumeansHON KHIKOCTH TEUCHHUS
L

MOXHO OOpaTHTh, M TOTAA MbI IOJyYUM JBa PEXKHMA
00TeKaHusl JIeKaIero Ha TOPU30HTAIBHOM JHE I[MJIHH-
Ipa cTpyeii KoHeunoll mmpuHEI N, HaGeraromieii Ha



LWIMHAP CIPaBa, C Pa3IMYHbIMU TON0XKEHUSIMH TOUYEK
orpeiBa C . U3 Teopuu cTpyiHOro 06TEKaHHS KPHBO-
JIUHEWHBIX MPENATCTBUH XOPOIIO U3BECTHO, YTO TOUKY
OTpPbIBa MOXKHO PacIoJIOKHTh B JIIOOOM MecTe Ha Ipe-
nsarctBun [3]. Bymem XapakTepu3oBaTh TOJIOKEHHE

TOYKH OTpPBIBA C pmunoit Iyrd O OMBIBAEMOM YacTH
npensatctBus (¢ur. 56, r) 1 usmenat) O . Kaxnomy

nonoxxennto Toukn C  COOTBETCTBYeT HEKOTOpBIi
yronl (¥ OTKJIOHEHHUS CTPYH.

PaccvotpuM dyrkmmmo @& = @(0) . fcwo, uto
05(0) = 7T ucyBennmdeHueM O YTojl OTKIIOHEHHS CTPYH
O/ Oyner yObIBaTh, JOCTMIHET MUHHUMYMa B HEKOTOPOM
Touke O = Oy , a 3aT€M HA4HET Bo3pacTath. CXeMaTHIHO

rpacux dynkim &/(0) mokasan Ha dur. 8a.

| OL

a)
T
0'[]
c"I'min
0 o, |o, |o, g
oL
amax 5)
Gy
o
0 (T, Gy G, O

Ourypa 8

OG6o3HauuM uepes i, = Ot(O'B) MHUHHMaJb-
Hoe 3HavyeHue yrna & . Torma mpu &, < O, ypas-
HCHHUE 05(0') = (f; HE HMEET KOPHEH, U PEKHM C

h, =0 uesosmoxen. Eciu e @ > O, , TO ypas-

min
HCHHUE 05(0') =, wnMmeer nBa KOopHi O =O0; #
O = 0, . CrnenoBarensHoO, IPU HEKOTOPBIX S, JOJIK-

Hbl TMOSABUTCA [Ba IPCACIIBHBIX PEXKHUMaA C hL = O .

PC)KI/IMI)I, OJIM3KHE K DTH mpeaCIbHbIM, Mbl 1 BUITUM Ha
¢wr. 50,r.

O Touke O = Op, B KOTOPOH (yHKIMs 05(0')
JOCTHTAaeT MHHUMYMa, CIIeIyeT cKa3aTb 0cobo. B Teo-
pUHM CTPYHHBIX M KaBUTAIUOHHBIX TCUCHUN W3BECTCH
HEJOKa3aHHBIA CTPOro (akT, BHEPBHIE OTMEYCHHBIN
I'10. CrenanoBeiM [13]: B TOYKax TIajKoro OTpbiBa
Bpummrosna-Buta  [3]  mocturaroTes  3KCTpEeMyMBI
THIPOAMHAMHYECKUX XapaKTEPUCTHK. ITOT (pakT ObuT
MOATBEPIKACH M Apyrumu aBTopamu [14-16]. Tlpumu-

Mas €ro, IPUXOAUM K BBEIBOJY, YTO Op ONpenenser

TOYKY IIAJIKOTO OTPbIBA, & (X, — 3TO Yroll OTKIOHE-

HUSI CTPYH JUIs 3ToW ToukH. KapTuHb! TeueHuit Ha ¢ur.
50, I — 9TO JBa KIACCHYECKUX PEXHMMa OOTEKaHUS KpH-
BOJMHEMHOIO MpPEMSTCTBUS C OTPbIBOM cTpyil. [lmst
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pexuma 6) TOYKa OTPHIBA HAXOJHUTCS BBILNIC TOYKH
[IaJKoro oTpbiBa bpummosHa-Bumna (cBobomHas mo-
BEPXHOCTh HE MEpPeceKacT KOHTYP MPEMATCBUA), a Uit
pexnMa 1) — Hike (CBOOOAHAs MOBEPXHOCTH Iepece-
KaeT KOHTYp HPEIATCTBHU).

CuTyanusi aHaJIoTHYHA M Ul TPENEIbHBIX pe-

KHMOB C hR =0 (dur. 46). 3necy dynxkmus &(0)

CHaJasia pacTeT 10 TOYKH TJIaKoro oTpeiBa O = Op ,
a 3aTteM HauWHaeT yOwBath (¢ur. 86). MakcumanbpHOE

3HaYeHWe yma & ectb .. :Ot(O'B). Eciu

0y > O, 10 peskum ¢ Ny =0 nesosmoxen. Bumu-

MO, JUISI TEUYEeHUH q)ylr. 4c 060 = 712 Benuuuna Otmin
6nuska k /M2, HO Bee ke O, > Oy = /W2 . B cuny

CUMMETPUH O, = 7T — Oy < Oy = 702 . TlosTomy

HEOJHOJMCTHBIX PEUICHUH MJIsi TEYeHWH, COOTBeT-
CTBYIOIIMX Tpadukam ¢ur. 3a, He CyIIECTBYET.

3aki04yeHue

B pabote Ha OCHOBE KIACCHYECKOTO IOAXOIA
H.E. KykoBckoro m [Ix.X. Muuemna ucciegoBaHa
3a/1a4ya 0 CTPYMHOM HATE€KaHUM CTPYH HA MOJUIOHANb-
HYIO CTEHKY NPOM3BOJIBHON KOH(HUTYpanuu. YCHenrHo
pemeHa mpoOieMa MapaMeTpoB. YHCIO YIJIOBBIX
TOYEK MOJIUTOHAIILHOM CTEHKH B OJHOM U3 IIPUMEPOB
paBHO cTa. TeM caMmbIM MOKa3aHO, YTO KJIACCHYECKHUI
MOJXOA MOXKET YCIHEIIHO MPUMEHATHCS U IS HCCIe0-
BaHMS CTPYWHOTO OOTEKaHMsI KPHBOJIMHEHHBIX MpEIIsT-
CTBHH. YCTAaHOBJIEHO, YTO NP ONpEAEICHHOH KOH)HU-
rypaluy CTEHKH 33Jaya MOMKET UMETh JIBa PELICHHUS,
OJIHO U3 KOTOPBIX — HEOAHOJIUCTHO. BBIBIEHBI Ipe-
JIeTbHBIE PEXUMBI TEUEHUS], XapaKTePU3yIOIIHecs MoJI-
HBIM FICYE3HOBEHHEM OJHOU M3 CTPYH, 0Opa3yromuxcs
[IOCJIE PA3AEIEHUs] OCHOBHOM HATEKAIOLIEH CTpYH.
YcTaHOBIIEH KpUTEpUil 00pa30BaHHUS MPEACIbHBIX H
HCOJHOJJMCTHBIX PEKUMOB HATCKaHMA.

B pamxax Mojenu uneanbHON KHUJIKOCTH CAeTIaHa
TIOIIBITKA CMOJICJIUPOBATh M3BECTHBIH OMBIT 00 yCTOM-
YIBOM MOJ0XEHUU JIEXKAIET0 Ha TOPU30HTAIBHOM JHE
1IapuKa Mpy NaJeHUHM Ha HEro CBEPXY TOHKOW CTpyu
Boabl. [Ipy MozmenupoBaHUM LIAPUK 3aMEHSIETCA Kpy-
TOBBIM MIJIMHAPOM, OOTeKaeMbIM 0e30TphIBHO. Yiic-
JICHHO TTOKAa3aHO, YTO JIF000e CMEIICHHE CTPYH BIIPABO
WJIM BJIEBO OT IOJIOKEHMSI AEHCTBYIOUIEN Ha LWJIMHAP
HYJIEBOM TOPU30HTAIBHON CHJIbI NPUBOAMUT K BO3HHUK-
HOBEHHUIO HEPABHON HYJIO CUJIbI IPOTHBOIIOJIOKHOIO
HAIPABJICHUSA, YTO TOBOPUT 00 aOCOIFOTHOW HEYCTOMH-
YMBOCTH LWJIMHIpPA B CTPye NMpH OE30TPHIBHOM 00Te-
KaHHH. OTCIO[la MOXHO CA€JIaTb BbIBOJ, 4YTO HJIsA KOP-
PEKTHOr0 MaTeMaTHYECKOr0 MOAEIMPOBAHUS yCIOBUI
OIBITa HEOOXOMMO YUHUTHIBATH BSI3KOCTH XHMIKOCTH U
BpallleHHe LIapuKa NpPU OTKIOHEHHU CTPYH OT MOJIO-
YKEHUS HYJI€BOU FOPU30HTAIILHOMN CHJIBL.

Paboma nonyuuna ¢unancosyro  nodoepoicky
PODU, npoexmur 12-01-00996-a, 12-07-00007-a.
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IMMERSED INCLINED PLATE INTERACTION WITH INCOMING WATER WAVES
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Abstract

In the Research Institute of Mechanics of MSU proposed new type of wave propellers, which use the energy of
breaking waves to propel vessel. As a model of such propeller we consider interaction of the incoming waves with im-
mersed inclined rigid plate, which can move in horizontal direction perpendicular to the inclination axis and fixed in all
other degrees of freedom. By lab and numerical tests there is shown presence of the effect of plate motion against
waves. Average velocity of such motion for given wave properties is non-monotonically dependent on the plate immer-
sion depth, inclination and the plate length. Two-dimensional non-stationary calculations were performed in XFlow™
package to simulate lab conditions. It was shown that with channel depth increase mean velocity is decreased. Glissade
effect is discovered and studied: the plate when partially taken out of the water is speed up to definite constant velocity
and moves in the direction of the waves above physically non-disturbed water surface. Numerically was shown inde-
pendence of the average plate velocity on the plate mass. Lab and numerical test are in good agreement with each oth-

er.

Nomenclature
A Wave amplitude

F Plate drag force

f Wave frequency

H Channel depth

h Plate upper edge excess over still water level
L Plate length

S Plate area

V Plate average velocity

£ Water density

w Wave circular frequency = 2af

Introduction

Sea wave energy for long time is being used for
human needs. One example is surf energy plants,
which transform mechanical energy of the near-shore
surf into electricity. In the first half of the 20" centu-
ry, a way of direct wave energy usage was proposed,
without any conversion from mechanical to any other
type of energy [1]. The so-called wave propellers
were represented by simple airfoils, pinned at its lon-
gitudinal axis to the forward part of the ship body
below the waterline [2]. The airfoil could spin freely
about the pin axis to certain positive degree and cer-
tain negative degree from horizontal position of its
chord. The effect of thrust was produced because of
the rolling motion of the ship and the resulting lift
force emerging on the airfoil with horizontal compo-
nent always directed forward, due to the attack angle
limits.

Up to the end of the 20™ century there was not
known any devices that transformed wave water mo-
tion into motion of the ship without intermediate ship-
rolling stage. In 1995 Yakimov & Yakimov [3] sug-
gested simple mechanism, which used the elevation of
the wave cusps to produce horizontal momentum to
drag the ship. Yet they did not propose any proof that
such idea will really work.
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In 2010 by Prokofiev et. al. [4] this jet propeller
was constructed and tested in the wave channel of the
Institute of mechanics of MSU. The model consisted of
an inclined plate, rigidly fixed on a trolley, which was
able to move free in the direction of the plate incline
(see Figs.1-2). The principle of work of such propeller
was explained using both nonlinear wave theory (like
theory of Gerstner waves) and the shallow water ap-
proach of higher degrees (the so-called Boussinesq
approximation) derived by Nwogu in 1993 [5]. Later
on the test were extended by numerical simulations,
which allowed predicting the propeller behavior in
wider range of parameters [6].

- — i
Figure 1 - General view of the experimental set-up:
trolley with inclined plate in wave channel

In the present paper after quick review of the
work done before on the topic by authors some new
results are reported. They consist of analysis of an in-
clined plate behavior in tests compared to numerical
simulations, and new laboratory tests with floating
model of a catamaran in the wave channel with in-



clined plate installed between catamaran bodies to pro-
duce propelling effect.

1. Experiments With An Inclined Plate
On A Trolley In The Wave Channel

. trofley .

Side plate - ransparent

Sl
watber
level

Inclined plate

Channal botiom

Figure 2 - Schematic side view of the trolley
with inclined plate in wave channel

Very first experiments with inclined plate fixed
on the rigid basement under the still water level in the
wave channel demonstrated that wave behavior above
the submerged plate is very much like the behavior of
the surf wave over gradually sloping beach. Theoretical
model from [5] of shallow water of high degree, known
as Boussinesq approximation, was used in [4] to model
2D wave profiles, which coincide very closely to test
ones, as seen in Fig.3, where plate of the length 1.25 m
and incline of 10.5 degrees is shown in interaction with
incoming wave of height 0.1m and frequency 1.14 Hz.
Breaking wave energy and momentum were calculated
from obtained profiles, using most simple breaking
criterion: part of the calculated wave profile, where
horizontal velocity exceeded wave peak celerity was
considered involved in breaking process.
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Figure 3 - Wave profiles above inclined plate:
Boussinesq approximation and lab experiment

Though energy of wave breaking is one mecha-
nism that produces momentum to drag the plate in di-
rection opposite to the waves, there still exists another
one. Let’s consider non-linear wave in its most trivial
form — Gerstner wave. For simplicity we will suppose
its velocity field non-disturbed, what is not really true,
but this level of accuracy is enough for the effect ex-
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planation. Let’s also suppose that the plate is vertical
and its upper edge is at zero-level of the still water sur-
face (Fig. 4).
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Figure 4 - Horizontal fluid velocity distribution
in the wave: two opposite phases

Then, if we consider two opposite moments:
when the plate is under wave peak and when it’s under
wave trough, we will find that, due to plate fixity in
vertical direction, the total drag is greater in the latter
case, when fastest particles, which always are on the
water surface hit the plate And, on the contrary, in the
peak case the fastest particles miss the plate, going
over it. Integrating over plate surface and calling forces
Frax and Fni, (with account for the sign) we can calcu-
late the average plate velocity using formulae

_\F + F i

max

avg 2

where k is coefficient, responsible for non-steady mo-
tion.
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Figure 5 - Dimensionless plate velocity vs upper edge
depth to wave amplitude ratio

Earlier in the wave-breaking approach this coeffi-
cient was found to be universal for different plates and
equal 20%. If we substitute this value, we will obtain
the curve shown in Fig.5, together with experimental
data for plate for plate of 225 mm length and waves of
1.03 Hz and 110 mm height, with inclination angles of
60 and 90 degrees.



When the plate was partially up-drawn from the
water, so its upper edge was higher than still water lev-
el, the plate totally changed its behavior and started to
move in direction of the waves with almost constant
velocity. The same would occur if one would have
gradually decreased the inclination angle of the plate:
the plate will change its motion from one against waves
to one in direction of the waves. There can be detected
a proportional dependency of plate velocity on particles
with factor = 0.15, see Fig.6, where plate was L = 1300
mm long with 6.7° inclination angle and zero upper
edge submersion. Channel depth was H = 720 mm.
Note, that the curve AT is not straight line because of
the amplitude dependence on frequency in experi-
ments.
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Figure 6 - Average plate velocity for motion
in direction of waves

2. Numerical Simulations
And Comparison To Test

To extend test results and validate the experimen-
tally discovered effect the numerical calculations were
performed, using test version of the XFlow™ package,
produced by Next Limit Technologies® and used un-
der test license distributed by MSC Software Corpora-
tion®. The package solver is based on the Lattice-
Boltzmann method, which do not require any mesh, so
it was able to simulate most complicated wave behav-
ior including free surface self-touch and breaking. Al-
so, numerical simulation allowed deeper insight into
fluid-plate interaction, including measurements of bulk
velocity and plate surface pressure distributions, total
loads acting on the plate and total momentum flux
across any control surface.

One of the main results obtained from the numer-
ical simulation was independence of the plate motion
effect existence on the wave channel depth and friction
in the trolley wheels, which was impossible to establish
by test. Another advantage of simulations was discov-
ery of the independence of asymptotic (quasi-steady
stage) plate velocity on the plate mass, which was as
well hard to model in experiments. We varied plate
mass by two orders of magnitude, seeing difference in
the initial behavior only, as was expected by prelimi-
nary considerations.

w2
Figure 7 - Simulation in XFlow™: plate oscillate
and gradually drifts against waves

Same as in the experiments, dependent on the
plate submersion two different regimes of plate mo-
tion were detected in the simulations: 1) if totally
submerged, the plate was moving against waves with
oscillations about its average velocity (Figs.7-8), 2) if
only partially submerged, the plate was gliding above
almost non-disturbed water surface in the direction of
the waves with velocity close to the wave celerity

(Fig. 9).

500 - S{mm)

20 4s) 30

D 10

Figure 8 - Plate counter-wave motion law
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Figure 9 - Plate gliding-with-waves motion law



In the former case the plate was 1.3 m length,
with incline 20°, plate upper edge exceed h= 0 mm,
channel depth H = 0.75 m, wave frequency f = 0.52 Hz,
wave amplitude 4 = 35 mm in the experiment, and
wave frequency f = 0.5 Hz, and amplitude 4 = 80
mm in simulation. In the latter case plate was 1.3 m
long, inclination angle was 7°, plate upper edge ex-
ceed h = 36 mm, channel depth H = 0.75 M, wave
frequency f = 0.8 Hz, 4 = 70 mm in simulation, and
A =62 mm in test.

Considering the asymmetric driving mecha-
nism described in section 1, one would expect that
drag force will be proportional to particles velocity
square, and, thus, the velocity of the plate — to just
the particles velocity. Indeed, analyzing dependency
of average plate velocity against waves on wave fre-
quency (Fig. 10) we see that it is very close to pro-
portionality law V = 0.2 Aw(], where Aw Lis veloci-
ty of the particles at the surface (in linear wave), and
0.2 is the same factor of proportionality, which was
adopted to match experimental data with Gerstner
wave analysis for vertical plate in section 1. On the
Fig. 10 the plate and wave parameters were L = 500
mm, H=0.72 m, A =80 mm, h = -32 mm, inclina-
tion angle = 36°.
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Figure 10 - Average plate velocity vs wave frequency
compared to proportionality law

It is interesting to check how average plate ve-
locity depends on frequency in simulation compared
to tests. This is done in Fig. 11 for plate of L = 1300
mm, incline 20° , h = 0 mm, H = 0.75 m, waves of
amplitude A = 80 mm in simulation, and variable A in
experiments (since it was impossible to maintain con-
stant amplitude with variable frequency in tests).

3. Catamaran With Inclined Plate
In The Wave Channel

To test jet wave propelling effect on a really
floating body, in Moscow Research Institute of Me-
chanics a catamaran model was constructed, see photo
in Fig. 12. Catamaran bodies were made from foam
plastic. Each body dimensions were H x W x L =
0.247m x 0.064 m x 6.111 m. As wave propeller be-
tween the catamaran bodies was installed a corrosion
resistant 5 mm thick steel plate of length 0.5 m and
width 1.0 m, inclined by angle 36° facing incoming
waves.
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Figure 11 - Plate relative velocity in simulation and test

:'..'I:"' ’ .
Figure 12 - Catamaran with jet-wave propeller is being
lowered to the water surface in the channel

Comparison of the catamaran data (line) with the
plate ones (circles in Fig. 13), for the same inclination
angle of 36° and submersion of the upper edge of 32
mm for the plate and 20 mm for the catamaran shows
close correspondence, especially in higher frequencies.
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Figure 13 - Catamaran (line) and trolley (circles) aver-
age velocities comparison

Again, in lower frequencies, (that is if length of
the plate is smaller than that of the waves, which is
likely the case for sea waves), the catamaran tests
showed that floating body equipped with plate jet-
wave propeller is even more efficient than just rigid-
ly fixed in vertical direction plate. The effect of in-
creased functionality is generally due to catamaran



counter-phase vertical motion in respect to the wave.
So, by this motion the vessel “automatically” reduc-
es wave peak back-thrust and increases (when the
plate is just slightly submerged, as usual) forward
drag by wave trough, according to the scheme given
in section 1.

Conclusions

1. By laboratory test and numerical simulations
the effect of inclined plate motion against waves is
demonstrated. Average plate velocity is non-
monotonously dependent on the plate submerge depth,
inclination angle and length. Plate velocity against
waves is essentially dependent on the wavelength to
the plate length ratio

2. Numerical simulations discovered fast gliding
motion of the plate with constant velocity in the direc-
tion of waves. In this case the plate glides above almost
still water. Experimental tests confirmed existence of
the effect.

3. A catamaran vessel as a model of jet wave
propeller is constructed and tested in the wave channel.
First tests confirmed existence of the against-waves
motion with average velocity even greater than for the
rigidly fixed plate on a trolley.
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HEKOTOPBIE BOITPOCHI I'"IMCCUPOBAHUSA HUJINHAPA B KABEPHE
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AHHOTAINA
B pamkax nnockoil 3a0auu o nozpyscenuu yurunopa 6 kpy2oeou nonocmu [5)] nonyueno 6 anarumuueckom sude
NpUbIUdICEHHOE peuenie OCHOBHO20 UHMEZPATIbHO20 YPAGHEHUsI NPU NPOU3BOILHOM COOMHOUEHUU MENCOY PAOUYCOM
YURUHOPA U PAOUYCOM NOAOCMU, NPEOTONCEH MemoO umepayuti 0ist NOIYYeHUs. YUCTEHHBIX PeuleHUll.
Hano pewenue niockou 3adaqu 06 ompwvige HCUOKOCMU 8 Cryuae yoapa Kpy208ou OYiHCKU 8 KPY2080il HOLOCU.

OcHoBHbIE 0003HAYEHHS

L - IIOTHOCTB JKUKOCTH

@ - IIOTEHIMAII CKOPOCTEH

2B - yrom pacTBOpa CMOYCHHOW MOBEPXHOCTH
LWTMHIPA

h - morpyxeHne HUIHHAPA HIXKE HEBO3MYIICH-
HOM I'PaHULIbI KaBEPHbI

R,r - pamuycsl KaBepHBI U IUIUHIPA

£ =R —r - xombueBoil 3a30p MEXIY KaBEpHOU U
LHUWIAHAPOM

V, - CKOPOCTb Cy>KE€HHsI KaBEPHBI

Vv,

Vi =V, +V,

¢ ~ CKOPOCTb paClIMpCHM NUINHAPA

V,V,,V, - ckopocTb yaapa 1 ee MpOoeKLUn

Brenenne

Pemenne BOpoCOB IiIMCCHPOBAaHUS Tejla B 3Ha-
YUTENIFHOM CTENEHH ONUpAeTCs Ha METOJ IIOCKHX
nonepeyHslx ceueHui, npeanoxxkeHuslii I'.E.ITaBnenko
B 1932 r. [1]. Meron rutockux cedeHuil ObUT CyIie-
CTBEHHO pa3BuT B paborax [I.B.JlorBuHoBmua [2],
A.B.JlotoBa [3], A.W.Tuxonosa, I'.K.Komocosa [4] u
Ip. B ocHOBE 3TOro MeTOJA JIEKUT PELIECHUE IIIOCKOM
3a/1a4u O TIOTPYKEHHH B BOAY Mpoduiis, odpasyrolie-
rocsi B INIOCKOCTH TMONEPEYHOr0 CEUSHHs TITHCCUPYIO-
IIEro Tela.

B psine ciydaeB rimccupoBaHUE MPOMCXOAUT IO
BO3MYILEHHOW TOBEPXHOCTH BOJIbI, HAlpHUMEp, HpHU
JIBIDKEHUH BTOPOTO pellaHa I'MpocamMolIieTa B clielie OT
MIEpBOTO pefiaHa, MpU TIMCCHPOBAHUU Tela B KaBEpHE
u zp.

Jnst mocnennero ciydvas B [5] Obut0 maHO pernre-
HHUE IUIOCKOH 3a/auu 00 yzaape M MOTPYy>KeHHH KPyro-
BOTO IMJIMHIPA Yepe3 NWINHAPUIECKYIO MOBEPXHOCTh
XKHUJIKOCTH. BBIIO MOMTydYeHO MHTETPaIbHOE ypaBHEHHE,
Jaromiee CBA3b MEXKAY IMOTPYXKECHUEM HUIIUHAPA U €ro
CMOYEHHOW IIMPHUHOM, U aHO pEUICHHE U1 IPEIeIlb-
HOTO CJIy4asi MaJIbIX 3a30pOB MEXIy TEJIOM W KUAKO-
CTBIO.

B [6, 7] momoJHUTENBHO PACCMOTPEH BOMPOC O
pELICHNH OCHOBHOTO HMHTETPAIbHOTO ypaBHEHHS IpH
IIPOU3BOJIEHOM COOTHOIICHUH MEX/IY PaaAnycoM Teia U
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panuycom nonoctd. [IpuBeaeHsl HEKOTOPBIE pe3yIbTa-
TBI PacueToB.

B HacTosmel paboTe MOIy4eHO B aHAJIUTHYE-
CKOM BHJC l'[pI/I6J'lI/I)KeHHOC pCeUICHUEC OCHOBHOI'O MHTE-
IPalbHOTO YPaBHEHMS IS IPOU3BOJIBHOTO COOTHOIIE-
HUS MEXOYy paguycoM Tella U PajnycoM IOJIOCTH,
IpeUIOKEH METOA UTEpaluil A NOXy4YEeHUS YHCIIECH-
HBIX PEILEHH.

B pamkax Toi e 3amaun [5] paccMOTpeH Bompoc
00 OTpBIBE JKUIKOCTH IIPU YAApe AYKKH B KPYTOBOH
MIOJIOCTH.

1. PemieHusi HHTErPaJbHOIO YPABHEHMsI
B [5] monyueHo uHTErpambHOE YpaBHCHHE

ZH—(E+H)Z=

C2il-yf1-(E+h) et - O
f(z—f1)

Jaroniee CBA3b MCKAY MNOrPpyKCHUCM, 3a30pOM U CMO-

%

YEHHOW INMPHHON HUIMHAPA. 31ech h - morpyxeHue
UWIMHIAPA, € - KPYroBOM 3a30p MEXAY MOJOCTHIO U
UIAHAPOM, OTHECEHHBIE K €ro pagmycy I
z=1-cosB; 2B - yrom pacrtBopa CMOYEHHOW IO-
BEPXHOCTH LUIHHAPA (CcM. puc.l).

Pucynox 1



Ha puc. 2 nana cxema BCIIOMOTATCIILHOW 3a/1a4u
0 KOCOM y/1ape KPyroBoil Ty Ku (IKBHBAJICHTHAS JTyK-
ka EA - npoekuus CMOYEHHOW MOBEPXHOCTH LIMJIUH-
JIpa Ha TPAHUIYy KaBEPHBbI).

PucyHok 2

Honymmua ayxku S=RB, R - paguyc mnosmo-
ctu. B Ge3pazmMepHOM BHIIE

§=§=(1+§)B.
r

Jlyist mpeenbHOro ciiydas MajibiX 3a30poB B [5]
JaHo peureHue ypaBHenus (1):
cosB = £-h . 2
e+h
Hwxke mpemmaratorcst pernennst ypasuenus (1)
OpPH TPOU3BOJBHOM COOTHOLICHHH MEKIY PaanyCcoM
LIINHAPA U PAIHYCOM IIOJIOCTH.

1.1. YucneHHoe penieHue

Nurerpansioe ypasuenue (1) oGmamaer Hepas-
HOMEpHOI N0 Z KOPPEKTHOCTHIO YHCIICHHBIX pellle-
HUH. B 3aBUCHMOCTH OT € BEpXHUII Mpejen nHTerpaia
(1), T.e. mapamerp z, mensiercst ot O (pu € — o0 ) 110
2 (mpu € — Q). Ilpu ManelX Z HWHTEPBAJT UHTETPHPO-
BaHHWA CTAHOBUTCA HEYJOBJICTBOPUTCIIbHBIM.

Jlns BbIpaBHMBAHUSI WHTEPBAJIOB HUHTETPUPOBA-

HUSL TpU  pPa3NUYHBIX €  BBEIEM  Iapamerp

Z =7(1+&)’ ¥ HOBYIO TIEPEMEHHYIO HHTETPHPOBAHUS
F = f(1+£)’. Ypasuenue (1) npumet Bu:
o 2
(1+¢)

1 \/1 (£+0) (2-F/(1+8))F/ (1+8) ©
z1-,1-(2+ - +Z +Z
2 oF

Ty F(Z-F)

ITpn ManpIX € MOPSIOK HHTEpBANA COXpaHsIeTCs,
npu OoJBIIMX & BOCCTaHABIMBACTCS 10 BEIWYHMH

Zz%S_2 —0(1).

Memoo umepayuii. 3anuiiem ypaBhenue (3) B
BUjIE
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H_(E+E)Z
T 2(1+8)
z1 / 2)F/ 2
\/1 2 F/(1+8))F/(1+8) . @)
F(Z-F)
—=a(h)

Pemienne ypaBHeHus (4) mpencraBuM B BHIC
h= HO +A, roe HO - HayajgpbHOC MPHUOJIDKEHHE, A -
nonpaeka. [Ipu Maneix A ypaBHeHue (4) MOXHO mpes-
CTaBUTh B h, +A=d(h,)+@'(h,)A,

BUIC rac

CD':(_)—(%j - mpomsBojHas mo h. OTCloia HAXOTUM
_ @ (Ho) - Ho
- 1-9'(h,)
naeT GopMyITy UTEpalluid:
= @(h)-'(h)h,
i1 = 1— @,(Hi) :

HpOI/ISBOJI[Haﬂ @’ uMeeT BU

— @ (h)-@'(h)h,
u h =M. Ilocnenuee
1-0'(Ry)

®)

@'(h )_(1+ =% x
Z g+h
—+ X
2 V4
x| 2 (2-F/(1+2)*)VFdF
X

"JZ-F|1-(+h)

Pacuers! moka3aiu XOpOIIYI0 CXOIUMOCTh METO-
ma: no 7-12 3navamumx 1mudp npu yMEpeHHOM 4YHCIIe
urepanuii (or 1-2 mo 4-5). 3ameTuM, 4TO B IpoIECCE
UTepalii MOXKHO TAaKXKe KOPPEKTHPOBATH BEIUYHHY
Z (mpu HEOOXOIMMOCTH — BEIHYUHY E ).

Cpasnenue 4UCIEHHBIX PEUWIEHUI ¢ MOYHBIMU.
Vpasuenust (1) u (3) MO3BOJSIOT BBIACIUTH IBa TIpe-
JEBHBIX CIIy4asi, AMCIOIINX TOYHBIC PEILCHHS:

1) morpyxeHue LWIMHIApPA Yepe3 TOPU3OHTANIb-
HYIO TOBEPXHOCTH KHUAKOCTH (€ —> o0 ),

2) MOrpyXXEHHE LIIMHAPA B KTECHOW» KaBepHE
(£—-0).

BenuunHa morpyxeHus OpH JIOOBIX € HMEeT

F(2-F/(1+&)*)/ (1+£&)’

nopsiziok h =o(1) .
B nepBom ciyuae u3 (3) momydaeTcsi BRIpaKCHHE

=_J~l VJ1-2F
N

n3BecTHoMy pemeHnio B.A. CokosoBa 1151 TOPHU30H-
TaJILHOM ITOBEPXHOCTH

dF , KoTOpOE JIETKO TIPHBOIUTCS K

ho1-2 E(C), (6)
V4
1 _ w22
rne E(C)= J&ds - MOJIHBIA JJIMOTHYCCKUIT
o V1-¢?

MHTErpaix BTOporo poma, 2C =2¢/r=2S - cmoueH-
Hasl LIMPHHA [AIHHPA.
Bropoit cmyuair paccmotpen B [5]. Ilpwm

£,h — 0 npaas uacts ypasrenus (1) uMeer BTOpOii



OopAAOK MaJIOCTU B CPaBHCHHU C JIEBOH YacThIO. Hpe-
HereI‘aH MaJIbIMHU  BTOPOT'O  HOpsJKa, MOJIYy4YUM

ZH—(§+ H) z=0, oTkyna cienyer peuienue (2).

Jus npenensHoro ciaydas € — 0 ynoGHO BBe-

1+€ -
CTH HOBYIO mepemeHHyro H =Tgh . Torma u3 (2)
£

MOJIyYUM
cosB:lJ“f_H Nl 7

l+e+H 1+H
B ciayuae € — oo (morpykeHme yepe3 rOpu30H-

TaNbHYIO MOBepXHOCTH) H =h .

Ha puc. 3 u 4 gaHo cpaBHEHHE YHCICHHBIX pe-
IIEHUH METOJOM HTEpalMi C TOYHBIMH DPEIICHHUSIMU
JUI IBYX TIPEIENbHBIX ciydaeB. CIUIONIHBIMU JIMHHA-
MM TTOKa3aHbl TOYHBIC PEUICHUA, OTACJIBbHBIMHU TOUYKAMU
— YHUCJICHHBIC.

. 1}
kY
0.8
0.6l
0.4}
0.z
S A A S N e S A S S A S
005 0.1 005 0.2 025 0.3 0.3 _
i
Pucynox 3
L5
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1
0.75
0.5
o.28
0.2 0.4 0.6 0.8 1 H
Pucynox 4

Ha puc. 3 npuBeneHa 3aBHUCHMOCTB S (ﬁ) IS

nepBoro ciydast (£ — oo ): TOYHOE pelieHue mo ¢Gop-
Mmye (6), uncnenHslii pacyer npu € =10000. Ha puc.
4 nama 3aBucumocth S(H) ams Broporo ciyuas
(£=0): Tounoe pemenue no Qopmyine (7), 4ucieH-
Hblil pacuer npu € =0.01. CoBnaneHue pe3ynbTaToB
OYEBHUITHO.
1.2. Ilpu6éan:keHHOE AHATHTHYECKOE PelIeHue.
IpencraBum paaukan B mpaBoit yactu (1) Tpems
YIICHAMH PSa;
1, = 1, —4 2
1-=(g+h) f(2-f)-=(g+h) f?(2-1)".
S(E+h) f(2=1)-5(2+h) 7 (2-1)
Moncrasnsst B (1), mocne HHTErPUPOBAHUS TTOTYUUM:
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2h —(E+ﬁ)z=(§+ﬁ)2 (z_gzz)+

(E+ﬁ)4

++— 72(192-160z + 3522)
512

B Pa3JI0KCHUN npaBoﬁ YacTu o Z OrpaHU4YuMCH

WICHAMHU BTOPOI'O MOpsAAKa BKJIFOUUTEIJIBHO:
= = —\2 3 3 —\4
2h—(g+h)z=(g+h) (z-=2°)+=(g+h) z°.
(e +h)2=(e+h) -22)+ 3 (e +h)

Pewenue atoro ypaBHeHus

41—\/1—35(1—5—5) /| (L+& +h)
3(z+h)(1-g-h)

ABJISICTCA HpI/I6J'II/I>KeHHI>IM PCUICHUEM HHTETPAJIbHOTO

yparHenust (1). Otcroma momyvaeM HPHOIMKECHHYIO
(dopMyITy 111 CMOYEHHOM NONYIIMPHHBI UIHHAPA

S(g,h)=(1+8)x
1-\/1-3h(-Z-h)/A+E +h) |. ()
3(+h)(1-2-h)

xarccos| 1-4

Pesynbrarhl pacyeToB IpUBEAEHBI HA PUC.5 s
snauenuit € =0.01,0.04,0.1,0.3,1,10 (cBepxy BHHU3):

1) o popmyie (8) - CIUTONIHBIMU JTHHHUSIMH,

2) uucinennele pemenus ypasHenus (1) — or-
JETBHBIMUA TOYKAMH.

0.1% 0.z a_zE o

Pucynok 5

0L0E oL

CoBriaieHie pe3yJIbTATOB XOPOIIee.
«YHugepcanbHasn» NEPeMeHHan U YRPOU|eHHOE
npudnuxcennoe pewenue. B [6, 7] 6but0 OTMEUeHO,

1+€ — N
gyro mepemenHas H ==———h mnpuBoauT BCe cemeii-
£

ctBo kpuBBIX S(Z,h) ¢ mapamerpom 0 < & < oo mpax-
THUeCKH K emuHo# 3aBucumoctn S(H). Ha puc. 6
NPENCTaBICHBl TOYHBIC PEIICHUS UL IBYX Ipeneib-
HBIX CIIy4aeB, IPUBENICHHbIE K koopauHate H @ £ =0,
dopmyna (7) — BepXHssl KpuBas U € — oo, (Gopmyna
(6) — mmxHsas kpuBas. OcTambHBIC PEIICHHUS JTOKHBI
pacronaratbCs MEKIy HIUMH.

3ameruM, uto perrerne (6) CymecTBYyeT TONBKO
10 3Hauerns h = 0.36338, KOTOPOMY COOTBETCTBYET
MOABEM JKHJKOCTH [0 TOPHU30HTAIBHOTO JHaMeTpa
uuwiuHapa. Ilepemennas H npu Mambix € MOXeT
JOCTUraTh HEOrPAHHYCHHBIX 3HAYCHHH.
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Ha puc.7 kpuBble puc.6 HONOJIHEHBI TOYKaMH,
OTOOpaXKAIOIMMH YHCIICHHBIC PeIeHHs ypaBHeHUS (3)
mipu 3HadeHusx 0.01< £ <10000.
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Pucynox 7
JuanasoH koopauHatel H  yBennmueH 1o

0<H <5. Toukm pacrnonaraiorcsi BOJIM3H KpPUBOH

S_(H):arccos1 H
1+H

(mpenmenbHbIil cyvait € — 0),

KOTOPYI0O MOXKHO TIPHHATH KakK TNPHOJIDKCHHYIO arl-
MPOKCUMALIMIO JUIsl BCEH COBOKYIHOCTU PpELICHUI

S(H).
BosBpamasice k mepemeHHod h
YIPOIIEHHOE MPUOJIKEHUE

noJIyunum

g-h@1+7)
g+h@l+8)’
KOTOPOE YJIyYIIaeTCsl TIONPABKAMHU:
?—ﬁ(l+§—h/3). ©)
£+h(@l+&+h/3)

Pacuet o dhopmyite (9) u YuCICHHBIE PELICHUS
IIOKa3aHblI Ha pI/IC.8 (CHHOHIHBIMI/I JJUHUSIMHU U OT-

JACJIBbHBIMU TOYKaAMMH, COOTBeTCTBeHHO) I 3Ha‘IeHI/Iﬁ
mapamerpa € =0.01; 0.04; 0.1; 0.3;1; 10  (cBepxy

S(g,h) =arccos

S(g,h)=arccos

BHU3).

2. OTpBIB )KHIKOCTH NPH yAape

KPYIOBOil 1YKKHM B KPYTrOBOii OJIOCTH.

JL.U. CenoBbim [8] Oblia peliieHa 3aaada o ropu-
30HTAIFHOM yJape IUIABAIOIeH BEPTHKAIBHOW IIa-
CTHHKH C OTPBIBOM JXHIKOCTH Ha €€ 3aJHEH CTOpOHE.

d
O0nacTh OTPBIBA ONPEACISACTCS YCIOBHEM a—(p <V, u
n
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0
¢=0, rme 29 . HOpMAaJTbHAasi CKOPOCTh KHUIKOCTH,

Vn - HOpMaJIbHasA CKOPOCTh TOYECK IINIACTUHKH.
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Hwxe paccMarpuBaeTcst BONPOC 06 OTPBIBE K-
KOCTH B CllyYae yjaapa KpYroBOM IyKKH B KPyroBOii
HOJIOCTH.

2.1. YcnoBus oTpbiBa.

B [5] paccMoTpena 3amada 0 KOCOM yIape pac-
LIUPSIOIIEHCS KPYTOBOM JIy>)KKHM B KPYTOBOW IOJIOCTH
(em.  pumc.2).  CKOpoCTh  pagWajbHOTO  yaapa

V. =V, +V,, ynapa

v =V, —iVy. Jnst ompenenenHoctH OyaeM CUWTATh,

CKOPOCTh  TTOCTYMATEIbHOTO

YTO TOPU3OHTAJIbHAA CKOPOCTh BCErZla HalpaBiieHa Mo
ocu OX.
Ilony4yensl mNOTEHLMAN CKOPOCTEH Ha Jy¥KKe

(| ﬂ| < B) 1 HOPMAJIbHBIE CKOPOCTH >KHIKOCTH Ha CBO-

0OIHOI TOBEpXHOCTH (| ﬁ| > B) :

szing\/cos2 B/2—cos’ B/2 +
p=-2R| +V, cosg\/cos2 B/2—cos’B/2 - » (10)
Vi n c0s 31 2—+/cos? /2 —cos? B/2
2 c0s 31 2+4[cos? 3/2—cos? B/2
_ 2 2
%ZVX —sinﬂicosﬂl 2cos® f/2+cos” B/2 N
an 2 Jcos? B/2—cos? §/2
3 2cos® 3/2—cos’ B2
+V, | —cos B+sin (11)

2 Jcos? B/2—cos? f3/2

sinf/2
\/cosz B/2—cos’ /2

3necy f - Tekymias yrioBas KOOPANHATA, 3HAK «

+V, | -1+

- » Oepercs mpu < 0.

Ycnoeusa 6ezompuienozo yoapa. llpu cummer-
puuanoM ynape (mo ocu Oy BHH3) U paaHaIbHOM pac-
HIMPEHUH JYXKKH [OTEHIHA Ha CMOYEHHOH MOBepX-
HOCTH BE3Jlc OTpHIATE]CH, UMIYIbCUBHbBIC NaBICHUS
p; =—p@ > 0. Ilpu aucro GoxoBoM yzaape (1o ocu Ox



BIPaBO) MOTCHIMAI Ha TEpeAHEel CTOPOHE OTpHIa-
TEJIbHBIA, Ha 3aJHEH CTOPOHE MYKKH - MOJOXKHUTEIb-
ueiid. [locnexgnee QopmanbHO O3HAa4YaeT IOSBICHHE
OTPUIATENFHBIX HMMITYJIbCUBHBIX JaBJICHHH, YTO Ha
caMOM Jiefie HE peajmu3yercsi, a CBHICTEIBCTBYET O
HaJIMYUKM OTpPbIBA >XUAKocTH. IIpn KoMOMHHpOBaHHOM
yaape (BepTHKAIBHBINA, TOPU3OHTAIBHBIN yaap M pac-
[IUPEHHE Ty)KKH) BO3MOMKHO TEUCHHE KaK C OTPBIBOM,
TaK 1 0e3 OTPBIBA JKUIKOCTH.

OTcyTCTBHE OTpBIBA Ha MOyXKe OIpeAemnsercs

d Lo .
YCJIIOBUEM! a_¢2Vn B KpaWHCH JICBOU TOYKC IOYKKHU
n

) .
E . Ilpu a—(p:Vn B 3TOH TOYKE MPOUCXOLUT OTPBIB
n

xkunkoctn. OmnpenenuM HEOOXOMUMBIE JJIsL  3TOTO
YCIJIOBUS.

CxopocTh TOYKH E TI0 HOpMAaNu K AYXKKE paB-
ma V,=V,sinB-V, cosB —V,. HopmambHas cko-
POCTh XHJAKOCTH B 3TO# Touke ompenensercs (hop-
mynoit (11) mpu [ =-B. U3 ycnoBus oTpeiBa B TOY-

ke E nomydaem
0 V, cos’ B/2-V, sinB/2-cosB/2+V, . B
- sin

Jcos? B/2—cos? /2 2

S —-B
YTO BO3MOXKHO TOJIBKO IIPpHU
V, cos’ B/2-V, sin B/2-cos B/2+V, =0. (12)

B memom OTCYTCTBHUE OTpPBIBA Ha AYXKKE OIIPEaC-
JIA€TCA HEPABCHCTBOM

(V, cosB/2-V, sinB/2)cosB/2+V, >0.
3ameTnM, 4TO OfIHA M3 cKOpocTel V, ,\7R MOXET

OBITh OTPHIATETBHON (CKOPOCTH MPUHUMAOTCS TIOJIO-
KUTETbHBIMA B CTOPOHY KUAKOCTH).

Ompuie npu yucmo 60xoeom yoape. Paccmor-
pHUM 4YHCTO OOKOBOHM (FOPU3OHTANBHBIN) yaap CHMMET-
pUYHOU IyXKH ¢ yrioMm pactBopa 2B (puc. 2). Cko-

pocts yaapa V, >0, ckopoctu V, :\7R =0. IIpumem,
YTO OTPHIB KHUAKOCTH Ha 3aJHEIl CTOPOHE IYXKKHU IMPO-
HCXOAUT B TOYKE C YIIOBOH KoopamHatoii —C oOT
HIDKHEH Touky ayxku D . Ompenenum Berununny C .

®opmyisr (10) u (11) mis moTeHnMama W HOP-
MaJlbHOH CKOpPOCTH MOJYYEHBl I CHMMETPHYHOIO
PACIIONOKEHUS TyXKKH. BCreacTBre OTphIBA CMOYCH-
Hasi TMOBEPXHOCTh IYXKH CTAHOBHTCS HECHMMETPHY-
HOH, U TpeOyeTcs MpHBEICHUE ¢ MapaMeTPOB K CHM-
MeTpUuHOil KoHGUrypauuu. OUYeBHAHBI CICIYIOLIHE
COOTHOLICHHS:

a) TOJYIIMPHHA CHMMETPUYHOM JTyKKH

B = B+C ,
2
6) 0Cb CHMMETPHH MTOBEPHYTA Ha yTOJ

By =
B) HOBas YIJI0Bas KOOPIMHATA
B'=B-5,
) CKOpPOCTH yapa
V.=V, cos B, V, =V, sin 4.

IMpOTUB 4acoBOH CTPECJIKH,
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HOpMaJ'H)HI)Ie CKOpOCTH 6yaeM CUHUTATh IOJIOXH-
TCJIbHBIMU K LICHTPY MOJIOCTH. CKOpOCTL touku —C 1O

HOpMaui K ayxkke paHa V., =V, sinC. HopmanbHas
CKOPOCTb JKHIAKOCTH B 3TOH TOUKE ompenensercs ¢op-

mynoii (11) mpm pB'=-B’. U3 ycnous oOTpeIBa
g—¢’=vn B Touke —B’ momyuaem
n

V_ sinB’sin(4, —B’/2
0: X (ﬂo / ) ’ /_)
2,Jcos? B’/2—cos? §'/2
YTO JaeT, 0 aHAJIOTHH C TPEIbIIyIIIM,

sin(A3, —B’/2) =sin % =0.

-B’,

B
OTCIOHEI HaxXoJuM C= E . HpI/I O9TOM IIOTCHIHMAJI

B Touke —C oOparmaeTcs B HyJIb.

Takum 00pa3oM, Mpu 4UCTO OOKOBOM (TOPU30H-
TalbHOM) y/ape CUMMETPHYHON JYXKKH C YIJIOM pac-
TBOpa 2B OTpPBIB JKUIKOCTH IIPOMCXOAWT Ha 3aJHEH
CTOpOHE AyXKU Ha YIIIOBOM paccrosiHuu —B /3 ot ee
HUKHEH TOUYKH.

Ha puc. 9 u 10 gam pacder oTpeIBa MPH YHCTO
6oxoBoM ynaape; V, =1, B=75°, C =25°.

7. 22
dn 1.5
L
0.5
I
=150 =100 =50 = plusl 150
=05
-1
Pucynox 9
£

Pucynox 10

OKpyXHOCTb pa3BepHyTa Ha TOPHU30HTAIBHYIO
ocb. Ha puc. 9 mpuBoasTCS HOpPMAaJbHBIE CKOPOCTH
nyxku V, (xkpuBas, IpoXozsmas depe3 Havyauo Koop-

0
JIMHAT) ¥ CKOPOCTH JKHIKOCTH a—(p (1Be GOKOBBIE KpPH-
n

g0 99
an

BbIe). BuzHO, uTO B TOUKE [ = =V, , a 1eBee



9
cec a— <Vn , T.€. KKUAKOCTb OTCTAECT OT ILY)KKI/I. KpI/IBaﬂ
n

B MPaBOW YacTH PUCYHKa JaeT THIUYHYIO KapTUHY
HOPMaJIBHBIX CKOpPOCTEH Ha CBOOOJHOH ITOBEPXHOCTH
npu ynape. Ha puc.10 mokasano pacmpenenenue 6e3-

Pa3MepHOro IOTeHIUana @ - ? MOBEPXHOCTH
2RV

Iy’XKd. BUIHO, YTO HOTEHIMA BCIOAY TOJIBKO OTPHUIIA-

TeHBHBIﬁ, B TOM YHCJIE HAa 3aMbITOM Y4YacCTKC 33}1Heﬁ

CTOpOHBI, 1 paBeH O B 30HE OTpPHIBA.

Obwuii cayuaii ompwiga. Ycnosue (12) mo3so-
JSIET OTPE/ICTUTh MONOXKEHHE OTPhIBA HA JTyXKKE B 3a-
BHCHMOCTH OT CKOPOCTEH yapa U pacIIupeHus.

[lpencraBuM  CKOpOCTH  ymapa B BHIC

V,=Vcosa, V, =Vsing, tne o - yron (MOJOXH-

TENBHBIN 10 YaCOBOM CTpEINIKE) MEXIY HAIpaBICHHEM
ocu OX wu BekTOpoM ckopoctd. Torma ycinosue (12)
MOJKHO 3aITUCaTh B BUJIE

sin(o—B/2)cosB/2+V, =0, (13)

— Vv
rae Vi =VR' Bennunna yrma ¢ 3aBucHT OT BbIOOpa

CHUCTEMbI KOOpAWHAT.

CBsbKxeM HampaBJICHUE  BCKTOpa CKOPOCTHU

V=V, —iVy HETNOCPEACTBEHHO C YXKOU, a HMEHHO,
C KacaTeJIbHOU, MPOBEACHHOW K AYXKE B €¢ Iepel-
Helr Touke A. Bektop V moBepHYT 1o 4YacoBoi

CTpEJIKE Ha YroJ 0(=arctgv—y OTHOCHUTEIIBHO OCH
X
Ox u Ha yron A=B+ @ OoTHOCHUTENBHO NaHHOW Ka-
caTeipHOW. Yronm A HWHBapHaHTCH K CHCTEME KOOp-
JUHAT W ONpeJessieT HampaBlIeHHEe yjJaapa Mo OTHO-
LICHHIO K JTyXKKE.
IMoncrasnsist & = A—B B (13), monyunm

B

sin(A—%)cosEHTR =0. (14)

IIpu 3amaHHBIX XapaKTepUCTHKaX CKopocTedl A
u V, ypasnenue (14) maet cMouennyio mmpuny 2B,

T.€. YIJIOBOE PACCTOSIHWE TOYKH OTPBIBA OT MEpeaHEH
KPOMKH JTyKKH.
Ha puc.11 noka3ans 3aBucumoctu 2B(A) mpu

3HAYCHUSIX PaJUAIbHONH CKOPOCTH \7R = 0.8, 0.6, 0.4,

0.2, 0 (cBepxy BHH3). BumHO, 4TO C yBeIHYCHHEM
yrama A W paauanbHOH CKOPOCTH CMOYEHHas 30Ha
YBEIUYUBACTCS, OTPHIB YAAIACTCS OT Hayaua AYKKH.

B paccmoTpeHHOM BBIIIE ClTydae OOKOBOTO yaapa
V. =0, A=75°=1.309. U3 rpaduros puc.1l Haxo-

JIMM CMOYeHHY0 mmpuHy 2B =1.7=97.4°,

2.2. IlpucoennHeHHbIE MACCHI PH OTPHIBE.

Pemenne mmocko#t 3amadn o0 ygape KpyroBoi
OYKKH, HEOOXOAMMOE I pEUIeHHs 3aJaddl O IIo-
IPy’KEHHHU, caMO MO cede 1aeT HEKOTOpOe MpPeaCTaB-
JIEHHE O TE€YCHWH M CHIIaxX, NEHCTBYIONIIUX Ha TeEIO.
Pacnpenenenne norennuana ckopocteit (10) mosso-
JIIET ONpPENENUTh UMIYJIbCHUBHBIC CHIBI U IIPHUCO-
€JMHEHHBbIE MAacCChl, B TOM YHCJIE C yYETOM OTPHIBA
KHUJIKOCTH.
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Teuenue 6e3 ompuiea. PaccMoTpuM cHavaja Te-
4yeHrne 0e3 OTpHIBA, NMPH KOTOPOM CYMMAapHBIH IOTEH-
rran (10) Be3me Ha TyXKKe OTPHUIATENbHBIN.

B cuny cBOWCTB CUMMETpUU MMILYJIbCUBHAs CH-
J1a, IeUCTBYIONIAsd HA Ty>KKY IPU BEPTUKAIBHOM yJape
U pagvaabHOM paclIUpEHHUH, HallpaBlieHa [0 BEpPTHUKA-
JIM BBEPX, a IpH OOKOBOM yJape — B CTOPOHY OTpHIla-
TenbHOM ocu OX. O cuiibl umerot Bua (@, , @, P -

cocrasisromnue norenmnuana (10))

B
P = 2pRI¢X (B)sin BdB=—paR¥, sin“g,
0

P, =-2pR[[ ¢, (B)+:(B)|cospdB= (15

. ,B B ~
= prR?sin* — (1+ cos’ — |V, +2V, |.
2 2
OTCIOI[a HaxOJUM IPHUCOCIUHECHHBIC MACCHI:

X

. P ., B
m; == prR?sin* —,
Vv P 2

. 2 +B
m, = pzR (1—(:05 2

my, = pzR? ~25in2%

B ciaydae «TecHO» KaBepHBI, HCTIONB3Ys HopMy-
ay (2), monyYnuM BBIPaXKEHUS! MPHUCOEAUHEHHBIX Macc
4epe3 ocanky h wm3azop €

2
o = e P
(e+h)
m;:p;;RZZ‘E‘_"'hzh,
(e+h)
N 2h
m. = pzR?
REPIR N

bokoson yoap. Tlpu uucto OOKOBOM yHape
(Vy,\/~R =0,V =V, >0) HCOOXOAUMO YYUTHIBATH OT-
PBIB JKHIIKOCTH Ha 3aaHeil cropoHe nyxku. Ecmu me-
penHsisi CTOpOHa JY>KKH MMEET yriioBoil pasmep B, To
Ha 3aJHEH CTOpoHE OyAeT 3aMbIB MPOTSHKCHHOCTHIO
B/3. CmoueHHas mOMylIMPUHA YKBHBAIEHTHOH CHM-
MeTpHYHON My*ku pasHa B’ =2B/3, ock cummerpuu
noBepHyTa Ha yroa B/3 mpoTtuB wacoBoii cTpenku,
yriosas koopauHara 3 = f3—B/3, ckopoctu ynapa



V.=V cos Iy , V) =Vsin % JUIs CUMMeTpUYHOM
Iy>KKH coriacHo (15) momyumm:

P/ =-paRV cosEsin“E,
3 3

. B B’
P’ = prR? sin— 1—cos“—}
y =P 3[ 3

JIist ucxomHOW Ty>KKH TIpU OOKOBOM yAape ¢ OT-
pBHIBOM

P =P’ cos B — Py’sinE =
3 3

=—prR*V sin* %(1+ 2cos’ %),

pomw = P'sinE+ P’cosE = prR*V lSin32—B-
y X 3 y 3 4

Ha puc. 12 npencraBieHbl KpUBbIE
_ P _ _
_P)< B —— X , _ PX omp B , P omp B ,
(B) DR (B), R™(B)
pAacIioo’KeHHBIE B YKa3aHHOM IOPSIKE CBEPXY BHU3.

BunHo, 4TO OTPBIB JKUJKOCTH Ha 3aJHEH CTOPOHE AyXK-
KM CPaBHHUTEIBHO CJIa00 BIMSIET HAa WMITYJIbCUBHYIO

cuny P, (u npucoemunennyto maccy m ). Taxxke mpu

OOKOBOM yaape € OTPbIBOM IMOABJIACTCSA NPHUCOCANHCH-
*
Hasg Macca my .

B
E 50 TE oo 1z5 150 175

Pucynoxk 12

O6wui cayuaii yoapa ¢ ompwigom. Paccmotpum
Ternepb KOMOMHHMPOBAHHBIA yIap C OTPBIBOM, KOT/a

NPUCYTCTBYIOT BCe TpH ckopoct V,, V., V.. Vron

nmojgypacTBopa IyXku B, Bekrop  cKopocTH

V =V, iV, cocrasnser yron & c oceto OX (mono-
JKUTENBHBINA 110 YaCOBOM CTPEJIKE).
ITycTh OTpPBIB KHUAKOCTH HAYMHAETCS HA 3ajHEH

CTOpPOHE JY)XKH B TOYKE C YIJIOBOH KOODPJMHATOM
B =-C, C<B. Toraa 3aga4ya cBoauTcst K 6€30TPhIB-

HOMY ymapy cumMerpuaHodl nyxku —C<[<B,

MMEIoIIEl yron momypacteopa B’ = U OCh CUM-
, -C

merpur Oy’, moBepHyTyto Ha yron S == po-

THUB YacOBOW CTpENKH. BexTop ckopocTm obpasyer c
oceio OX” yron @’ =+ f3,. COOTBETCTBEHHO, MPO-
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eximm  ckopoctH  pasuel V=V cos(a+f3,) m

Vy' =Vsin(a+ f,) . C y4eToM cka3aHHOTO, UCIIOJIB3YsI

(15), nmeeM IS CHMMETPHIHOM JyKKH

’

P/ =—pnR* cos(er + A,)sin* 87

P, = prR*V sin(o:+ﬂo)(1—cos4 %)Jr
ar o, B
+pr RV, - 2sin >
Bosspamasice k cucteme koopaunar XOY , moy-
yum
P =P/ cosf3,—P/sin g, =
., B
/| cosarsin® = +
=—prR*V sin’

4

+2sin g, {sin(a+,ﬁo)cos2 B?+\\//—R

N | m

P, =P,’sin 4, +P/cos §, =
.. ,B
B/ Sinasin E +
= prRY sinzz

+2co0s 3, (sin(a+ B,) cos’ B?+\\//—Rj

Benuuunbt B’ u [, onpenenens! Boie.
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Abstract

A method of analysis of arbitrary 3D motion of a self-propelled guided supercavitating vehicle has been devel-
oped. It consists in computer simulation of this motion, plotting the motion paths, and calculating the radii of turning
circles. Both course and depth maneuvering the supercavitating vehicle is considered. The comparative analysis of effi-
ciency of applying three control strategies for the maneuvering the supercavitating vehicle is given: the rotary disk cav-
itator having two degrees of freedom, the vectoring thrust, and the hydrodynamic cavity-piercing rudders (fins). Effect
of the body mass center position on the supercavitating body dynamics is investigated. Estimations of efficiency of the
cavity-piercing rudder application for both the supercavitating vehicle depth and course maneuvering are given. A
problem on optimal position of rudders on the supercavitating vehicle is investigated.

Nomenclature
X, Y,z are the vehicle mass center coordinates

F is the force

I, v I, are the moments of inertia about aces

L is the vehicle length

M is the vehicle mass

M is the moment

V s the velocity

o is the angle of attack

£ is the sliding angle

dy,d, are the angles of the cavitator inclination
dy,d, are the angles of the thrust vector deflestion

O+,04, are the angles of the fin deflection

@ is the angular velocity

@ is the roll angle

@ is the yaw angle

w is the pitch angle

o is the cavitation number

X is the trajectory course angle

U is the trajectory depth angle

I ntroduction

A problem of control and maneuverability of the
high-speed supercavitating vehicles (HSSV) remains
currently actual. Last years a lot of papers were devot-
ed to this problem (see for example [1-7]). Our works
[8-12] give a description of the approximation mathe-
matical model of motion of supercavitation bodies,
which is based on the G.V.Logvinovich’s principle of
independence of expansion of unsteady supercavity
[13]. Basing on this mathematical model, we developed
methods of numerical calculation and computer simu-
lation of arbitrary 3D motion of self-propelled guided
HSSV. Partial cases of the HSSV motion — longitudi-
nal and lateral motion were investigated, and problems
on stability and stabilization of the longitudinal motion
and problem on course maneuverability of HSSV were
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considered in works [8, 9]. In this case control of the
HSSV motion by the cavitator inclination ( -control)
and by deflecting the propulsor thrust vector (7-
control) was considered.

This paper gives comparative analysis of the ma-
neuverability of self-propelled HSSV (see Fig. 1) at the
o -control and 7 -control, and also with the help of

hydrodynamic cavity-piercing rudders (f-control).

Figure 1 - Scheme of a guided self-propelled HSSV

All calculations below were performed with the
SC_Vehicle software (the last version of the
SC_Design software [14]).

1. Mathematical M odel

During elaborating the mathematical model of ar-
bitrary motion of the HSSV one accepts the main as-
sumptions:

1) body has a shape of a slender body of revolu-
tion;

2) the cavitator is a disk with diameter D, ;

3) transversal sections of the unsteady cavity
maintains a circular shape during motion;

4) a time dependence of all acting forces is sup-
posed to e quasistationary.

The mathematical model of the 3D motion of the
HSSV includes:

- a complete set of equations of 3D dynamics of
axisymmetric solid body in the body coordinate system
OX; Y17y

- an equation of expansion of the unsteady su-
percavity section [15] and relations for bending the
cavity axis at presence of the cavitator inclination, the



fin deflection, and under the influence of the gravity in
the flow coordinate system Ox, Y,z ;

- relations for calculation of components of the
force on the cavitator F,, the force on the fins F;,

and the planing force IfS and their moments in the

body coordinate system.

This mathematical model based on the principle
of independence of expansion of supercavity sections
takes into consideration main features of the unsteady
supercavitating motion in natural way -- the “cavity
memory” and lagging response of the cavity to pertur-
bations. The known E.V.Paryshev’s formulae [16] are
applied to calculate transversal components of the
planning force in the case of 3D body motion in the
cavity. All the equations and calculated formulae of
this mathematical model are given in our works [8-11].

2. Calculation M odel

The main parameters of the HSSV calculation
model and the starting motion parameters are given in
Table 1 and Table 2. The symbols and dimensions in

tables are: L is the vehicle length (m); D, is the max-
imal hull diameter (mm); D, is the cavitator diameter
(mm); m is the vehicle mass (kg); X, =X./L is the
distance from the cavitator to the vehicle mass center;
I, =1, and |, are the moments of inertia relatively
to axes of the body coordinate system Oz;, Oy, and
Ox, , respectively (kg-m?); V, is the starting velocity
(m/s); H, is the starting depth (m); o is the cavita-
tion number; Fr=V,/,/gD, is the Froude number;

F, is the complete drag (KN); L, is the cavity length

(m). The sketch of the calculation model is shown in
Fig. 2.

Table 1 - Main parameters of the calculation model

L Db Dn M Y(; I z IX
5 340 70 600 0.6 900 8
Table 2 - Starting parameters
of the calculation model motion
Vo Ho o Fr F, L.
120 5 0.02 144.8 23.05 6.55

One supposes during calculation of the HSSV
dynamics that when t < 0, it moves horizontally on the

depth H, with the constant velocity V, under the
fixed propulsor thrust F in the regime of natural or

artificial supercavitation. When t > 0, the control of
the HSSV motion is realized by means of ¢ -control,
n -control and/or f-control.

The most part of time the HSSV moves planning
by its transom along the lower cavity wall for compen-
sating the vehicle weight. In this case the HSSV must
be balanced, i.e. a sum of all the forces acting and also
a sum of their moments relatively to the mass center
must be equal to zero. From here balanced magnitudes
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of the pitch angle 1//*, the cavitator inclination angle

5;, and the propulsion vector deflection 77: are ob-

tained (see [9]). Table 3 gives the balanced magnitudes
of the angles  and &, calculated for the model when

n, =0 for a number of the mass center locations X .

312
P
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Figure 2 - Sketch of the HSSV calculation model

Table 3 - Balanced angles y and &, (degrees)

X; 0.3 0.4 0.5 0.6 0.7
v 0.3956 0.3807 0.3659 0.3515 0.3371
5 ~10.290 -8.765 -7.264 -5.782 -4.289

As is known, the longitudinal motion of the bal-
anced HSSV is unstable. As it is shown in [8], the
HSSV has fundamental frequencies of angular oscilla-
tion depending non-linearly on the mass center position
X.. In this case the ¢ -control and/or 7 -control may
ensure automatic stabilization of the HSSV motion “on
the average” and its depth maneuvering.

The efficiency of course and depth maneuvering
of the HSSV is characterized by the path angles
=y —a and y =@ — [, by the speeds of their vari-
ation:

@

where s is the arc coordinate along the path of the
HSSV mass center, and also by values of the radii of
turning circle R, =ds/d? and Ry, =ds/dy .

19=V(s)d—19, ;g=V(s)d—Z,
ds ds

3. Dynamics Of Hssv At § -Control
And 77 -Control

Results of calculation of the 3D maneuvering of
the HSSV model when &, =-5.223%, 6, = 3°are giv-

en in Figs. 3-6.

After short transient part the model moves per-
forming nonlinear spatial oscillation within the un-
steady cavity. The phase-plane portrait (f) is shown

in Fig 3. Trajectories of a center of the model transom
section (curve 1) and a center of the respective cavity
section (curve 2) in the flow coordinate system are
plotted in Fig. 4. As one can see, the oscillations of the
model and cavity in the flow coordinate system may be
considered as steady, and the cavity oscillation ampli-
tude exceeds the model oscillation amplitude.

Since the HSSV motion is usually accompanied
by angular oscillation, then one accepts as the maneu-
verability characteristics average magnitudes of angles
of the trajectory of the vehicle mass center ¢, and



ZXm » and the speeds of their variation — angular veloci-
ties of turning &, and #,. Then the radius of the

HSSV turning circle on course is equal to
Ry (s)=ds/dyy.
Ct:u
0.5
|'_'I-
_[:I.n_ /
01 6 w1 tE o0a oe 15 #°

Figure 3 - Phase-plane portrait o(f)
at 3D maneuvering of the HSSV
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Figure 4 - Trajectories of the transom section center
(curve 1) and the cavity section center (curve 2)

=l

Figure 5 - Path configurations of the HSSV model
at 3D maneuvering:

Fig. 5 shows the 3D path configurations of the
HSSV model in the fixed coordinate system Oxyz . The

calculation parameters are: distance S = 400; &, =
-5% curve 1 - 5, =5%curve 2 - , =10 curve 3 -
o, = 15° Table 4 gives corresponding magnitudes of
the angular velocity of turning #,, (°/c), the radius of
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turning circle ﬁw =Ry /L, and the depth deviation of
the model mass center y = y/L at the distance end.

Table 4 - Motion parameters at the end of distance
for the path configurations in Fig. 5

d, 2° 5° 10° 15°

Im -1.705 -5190 -9.567 -13.451
ﬁty 815.31 248.12 140.31  104.65
y -27.507 -18.057 -8.725 -4.099

G 100 300 i

200
Figure 6 - History of 3D motion of the HSSV
at ¢ -control

As one can see, with increasing the angle 6, not

only the angular velocity of course-turning of the
HSSV increases, but the depth deviation of its trajecto-
ry decreases. The 3D effects in the HSSV motion are
developed in this interaction of the longitudinal and
lateral motion components. When course-turning the
model transom oscillates near the left or right cavity
wall. With increasing the angle &, the maximal im-

mersion of the model transom in the cavity wall h in-
creases as well, and this leads to increasing the friction
drag Fg, and, as a result, to decreasing the motion ve-

locity, and also to damping the model and cavity oscil-
lations (see Fig. 6, there t =tV, /L is the dimension-

less time).
It was shown in [8-10] that 77 —control as the J —

control may be applied for the HSSV depth stabiliza-
tion and depth maneuvering. However, 7—control is

ineffective for the HSSV course maneuvering (as
G.V.Logvinovich said: “It is impossible to guide of
HSSV by a transom”).

4. Evaluation Of The Hssv Fin Action

As the calculation showed, possibilities of the J -
control of the HSSV motion on course have restrictions
in values of reachable radii of turning circles [11]. One
considers a possibility of application of traditional hy-
drodynamic surfaces — cavity-piercing rudders (the f-
control) for this purpose.

Action of the hydrodynamic rudders as control
performances of the HSSV motion has a number of
specific peculiarities (see for example [17, 18]), which
are insufficiently investigated at present. In particular,



a problem on optimal disposition of rudders along the
HSSV hull was not considered.

We consider an effect of action of the hydrody-
namic rudders when the HSSV maneuvers separately
on course and depth in simplified formulation using the
mathematical models of the longitudinal motion and
the lateral mation [8, 9]. A pair of the symmetric hori-
zontal rudders creating the lift force F¢, (see Fig. 7, a)

serves for depth maneuvering in the longitudinal mo-
tion. A pair of the symmetric vertical rudders creating
the lateral force F; (see Fig. 7, b) serves for course

maneuvering in the lateral motion.
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Fig. 7. Scheme of location of horizontal (a)
and vertical (b) rudders on the HSSV hull

One uses concept of the rudder efficiency €; [2]

determining the value of the lateral forces created by
the rudders relative to the cavitator efficiency at the
same deflection angle:

2 2
_pV
ny—_

\V
SnetCnlin, Fy :pTSneanafV! 2

S,=xD2/4 is the cavitator area;
¢, =0.82(1+0) is the drag coefficient of cavitator;

where

o, and o, are the effective angles of attack of hori-
zontal and vertical rudders, respectively.

Then working each pair of the rudders may be es-
tablish by the three parameters: e;, dg, or Jy, is the

angle of turning the rudders relatively to the vehicle
longitudinal plane, X, or X;, is the distance from the

cavitator to the application point of the lateral force
created by the rudders. The effective angles of attack of
the horizontal and vertical rudders are equal to:
Vy @, (X —Xc)

=a+38p ——~ 3

O =0+ 0q, V+ Vv (3)
V, oO,(Xq —Xc)

R

The corresponding moments relatively to the ve-
hicle mass center are equal to

Mg =-Fy(Xm —Xc), Mg =Fg(Xy —Xc). (5)
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The rudder drag force F; is not taken into ac-
count in this approach, i.e. we consider that it is com-
pensated by increasing the propulsor thrust F,.. We
accept in all the calculation below that €, =0.5.

The calculations have shown that for the lateral
motion the dependence y,,(s) is practically linear, i.e.
¥m =const . Fig. 8 shows a dependence of the angular
velocity of turning on course #,, on the angle of rota-
tion of the vertical rudders J5, . It was calculated for a
series of positions of the vertical rudders Xy, = x5 /L.

As one can see, disposition of the rudders at the frontal
vehicle part, where they operate similarly to the & -
control, is the most effective. The transom disposition
of the rudders, where they operate similarly to the #-
control, is the least effective.

i|“-cﬂ3f
Bl

, T3
0 4 8 12 16

ES’F,O

Figure 8 - Influence of deflection angle
of vertical rudders
onto the angular velocity of turning on course

Fig. 9 shows the graphs of dependence of the an-
gular velocity of turning on course #,, on the position

of the vertical rudders Xy, . This dependence is calcu-
lated when &5, = 15° for a series of the mass center

position X.. One can see from here that the mass cen-

ter displacement to the transom is efficiently from
point of view of the vehicle course controllability.

0 0.2 0.4 0.6 0.8 Xy

Figure 9 - Influence of vertical rudder position
on the angular velocity of turning on course



It is of interest that for any values of X_ there is
near the transom the “neutral” position of the vertical
rudders x?\,, for which rotating the rudders on any an-

gle J4, does not lead to turning the HSSV. After pass-

ing through the value X7, a direction of turning the

HSSV is changed. This means that the traditional tail
position of rudders is unacceptable in this case.

As opposed to the course maneuvering a possibil-
ity of depth maneuvering the HSSV s restricted owing
to the water free surface presence and the hydrostatic
pressure increasing with the depth, which is a cause of
decreasing the cavity dimensions. The last effect may
be compensated in some limits by increasing the cavity
pressure by means of gas-blowing. We consider here
for simplicity that o = const when varying the HSSV
motion depth.

The calculations have shown that for the longitu-
dinal motion the dependence &, (s) also becomes lin-

ear after short transient part, i.e. 2%, = const. The same

dependencies as in Fig. 8 and Fig. 9 for the case of the
depth maneuvering of the HSSV are shown in Fig. 10
and Fig. 11. As one can see, the corresponding graphs
for course and depth maneuvering are identical. A dif-
ference of these cases consists in that the force on the
inclined cavitator makes a certain contribution in the f-
control of the HSSV at the depth maneuvering.

Vet | .
B I

¥
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0 4 8 12 16 Byl

Figure 10 - Influence of angle of deflection
of the horizontal rudders on the angular velocity
of turning on depth

0 0.2 0.4 0.6 0.8 Xin

Figure 11 - Influence of the horizontal rudder position
on the angular velocity of turning on depth

147

Table 5 - Motion parameters at the end of distance
for the path configurations in Fig. 12

Iy 0° -5° -10° -15°
Imle 0 -1.634 -3.271 -7.030
Ry, km 0o 4.216 2.101 0.940

H,m 86.03 72.29 69.30 56.23

The described simplified approach allows the ar-
bitrary 3D maneuvering of the HSSV to be simulated at
simultaneous action of the vertical and horizontal rud-
ders. Fig. 12 shows examples of calculation of the 3D
path configurations of the HSSV in the fixed coordi-
nate system Oxyz. The calculation parameters are:

distance S =4 km; X, = 0.6; X, = Xy, =0.4; 04, =
-1% curve 1 - &y, =-5%curve 2 - J;, =-10% curve 3
- 0y, =-15° Table 5 gives corresponding magnitudes

of the angular velocity of turning %, radius of turn-
y» and the depth H attained by
the vehicle at the end of distance.

ing circle on course R

e SR o 4
X B0 ppg 2

Figure 12 - Path configurations at the HSSV
3D maneuvering by f-control

As it seen, when the angle &5, increases for fixed
Jq, the angular velocity of course turning the HSSV is

increased and the path deflection on the depth is de-
creased as well. The 3D effects at the HSSV maneuver-
ing with the help of the hydrodynamic rudders show up
in this interaction of the longitudinal and lateral com-
ponents of the motion.

5. Computing The Real Cavity-Piercing

Rudders Of HSSV

The simplified analysis of the effect of action of
the hydrodynamic cavity-piercing fins (rudders) when
the HSSV is maneuvering separately on depth and
course is given above. In this case the lateral forces
Fr and Fy, created by the rudders were considered

to be given.
In practice, usually a shape and configuration of
rudders are given, and the lateral forces Fy and Fy,

should be determined. The hydrodynamic drag of the
rudders F; should be additionally taken into consid-

eration. At the fixed propulsor thrust it leads to de-



creasing the HSSV velocity and, hence, to decreasing
the cavity dimensions. Then for decreasing losses, it is
advisable to slide the rudders out only for a short time
necessary for the maneuver.

In the case of the HSSV, the cavity-piercing fins
and rudders will be flown in the supercavitation regime
(see Fig. 13). In this case efficiency of these controllers
is dramatically decreased in comparison with the case
of the non-cavitation flow over rudders. In addition,
when varying the effective angle of attack of the rud-
ders ¢ , the stepwise variation of the lateral force may

occur, and this is accompanied by the hysteresis effect
(see [17]).

Figure 13 - Testing the model
with the cavity-piercing rudder

As was shown above, the nose location of the
rudders on the vehicle hull is the most effective. How-
ever, in this case the flow distortion caused by the rud-
ders will lead to additional bending the cavity axis,

and, as a result, the force F; and also the gas loss rate

Q'Out (in the case of a ventilated cavity) may be

changed.

The additional effect may be caused by increas-
ing the gas loss from the main cavity due to additional
loss from “small” cavities formed past the rudders that
leads to decreasing the cavity dimensions.

Taking all these effects into account is possible
only in total computer simulation of 3D motion of the
HSSV guided by the hydrodynamic rudders. Descrip-
tion of the method of calculating the hydrodynamic
characteristics of hydrodynamic rudders of the HSSV
with taking into account their interaction with the main
supercavity is given below.

As above we will consider a pair of symmetric
horizontal rudders creating summary lift force Fg and

summary moment M, , and a pair of symmetric verti-

zy
cal rudders creating summary lateral force F;, and
summary moment M, (see Fig. 7). We will consider

that the HSSV rudders have a rectilinear shape and a

wedge cross-sectional shape. A scheme of the hydro-

dynamic cavity-piercing rudder is shown in Fig. 14.
The scheme has the following symbols: S; , c; ,

h; are respectively area, chord and span of the wetted
part of the rudder; S, is the wedge half-angle in the
rudder cross-section; o7, is the angle of deflection of
the rudder relatively to the axis Oy, ; ay, is the effec-

tive angle of attack of the rudder. Axes of the flow sys-
tem of coordinates Ox,Y,z, and the body coordinate

system Ox, y,z; are shown in the scheme as well.
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Figure 14 - Scheme of the cavity-piercing rudder
of HSSV: a — side view; b — cross-section

In the case of unsteady cavity the wetted surface
area of the rudders S; and, hence, the components of

the force Iff and corresponding moments will be the

time functions. Moreover, the values of the transversal
force on the rudders of one pair may be distinguished
at each time instant, that leads to appearance of the
axial moment M, .

Note that working the cavity-piercing fins and
rudders was studied theoretically and experimentally
[17, 19]. Also one notes the last time publications of
other authors concerning to experimental research of
hydrodynamic characteristics of the HSSV rudders
[20, 21].

As it was shown in [17], a type of the cavitation
flow over the rudder with a wedge-shaped cross-
section depends on the angle of attack. When the angle

of attack is small |af | < fB;, in the rudder cross-
section one has the base-cavitating wedge (see Fig. 15,
a). If |af | > f3;, then the rudder is flown in the super-

cavitation flow regime with the cavity separation from
the frontal edge (supercavitgation flow over the plate,
see Fig. 15, b). When passing through the critical val-

ues of the angle of attack |af | = f3; , the abrupt chang-

ing both the lateral force and the drag of the rudder
occurs. Fig. 15 has the following symbols: c; is the

chord length; | is the cavity length; S is the wedge
half-angle; ¢ is the angle of attack.
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Figure 15 - Schemes of cavitation flow over wedge (a)
and over plate (b)

We consider that the “small” cavities over the
rudders have the same magnitude of the cavitation
number o as the main cavity. We have from the
known exact solution of the linear problems for the
symmetric base-cavitating wedge [22] and for the su-
percavitating plate [23], respectively

2 2
L:1+7(’B_fJ ,L:1+4(a—fj . (6)

Cs o Cy o
Influence of angularity of the flow formed past
the rudders flown under the angle of attack may be
theoretically estimated by the theorem of momentum
[13] (as past the inclined cavitator).
The transverse forces Fg and Fy, on the hori-

zontal and vertical rudders, which are deflected from
the mainstream, lead to the cavity axis deformation.
According to the theorem of momentum, the impulse
of the transverse force on the cavitator must correspond
to change of the momentum in the wake that is the
same by magnitude and opposite by direction. This
means that if the force on the horizontal rudder Fy, is

directed to up, then the cavity axis must be deflected to
down and vise versa. Similarly to this, if the force on
the vertical rudder F;, is directed to right, then the

cavity axis must be deflected to left and vise versa.
Applying the theorem of momentum allows us to
estimate easily the cavity axis bend:

hfy(x):_ny(x_xfh)

, X> X, 7
ﬂ'pVZRCZ fh ()

Feq,(X—Xg)
hfZ(X):_W' X> Xy (8)
Cc

where xg and Xy, are distances from the cavitator to
the point of application of the lateral force created by
the horizontal and vertical rudders, respectively; R, is

the cavity mid-section radius.
The hydrodynamic rudders of the HSSV repre-
sent supercavitating wings with small aspect ratio hav-
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ing a slender wedge cross-section shape (see Fig. 14).
In practice, experimental data are used to determine the
drag and lateral forces on the rudders. During last time
for this purpose one begins to use the data bases ob-
tained beforehand by means of calculation of corre-
sponding flows by the CFD methods. However, taking
the high flow velocities and small angles of attack into
consideration, the well known methods of the linear
theory of supercavitating underwater hydrofoils
[22-24] may be used for approximation calculation of
forces on the HSSV rudders. Interference with the hull
is absent for the HSSV cavity-piercing rudders. There-
fore, they may be approximately considered as isolated
rectilinear wings with small aspect ratio. Points of ap-
plication of the forces are considered to be given.
Coefficients of components of the force acting on
the rudders from the fluid are determined by formulae:

Fy = StCp - %)

The cavitation drag coefficient for the symmetric
base-cavitating wedge (see Fig. 15, a) is equal to [22]
8?1
= ZFXZ =L_ (10)
pvm 7[(' - Cf )
The lateral force coefficient of the rudder with
wedge-shaped cross-section, which is flown under the
small angle of attack «; according to Fig. 15, a, will

fx

be close to the coefficient of the lift force of a fully
wetted plate with small aspect ratio [24]

ny :%afﬂf (11)

The total drag suffered by the rudder is equal to a
sum of the cavitation drag and the friction drag:

_pv°

Y
fo _T f [Cfx +20f (Rew)]' ReW =7, (12)

where c; is the viscous drag coefficient [25]; Re is

the Reynolds number. The lift and drag force coeffi-
cients for the rudder flown under the small angle of
attack «; according to scheme Fig. 15, b are calculat-

ed by formulae for the supercavitating plates with
small aspect ratio [24]:

ny:%afif, Cfx=%0($/7.f (13)

The effective angles of attack for the horizontal
rudder and the vertical rudder are calculated by the
formulae (3), (4). Coefficients of moments of the lat-
eral forces created by the horizontal and vertical rud-
ders relatively the vehicle mass center are determined
by relations:

Cfz = —Cy (Xth =Xc) Cmiy =—Cr (Xpy =Xc) - (14)

In the case if the lateral forces on the rudders of
each pair are distinguished, then an axial moment M ¢,

arises. Its coefficient is equal to
Coix = C2Y w2 —Ca Y matCry2Z 2 —CraZ ey (15)



where Z a1, Zmos Y1, Yiag are distances from point
of application of forces F 4y, Fy, Fray Fag re-

spectively to the hull axis. Indexes 1 and 2 are related
to the lower and upper vertical rudders, and also to the
left and right horizontal rudders, respectively.

Thus, the calculation for each step is performed
in the following order:

1) the aspect ratio 4; and the wetted area S; of

each of the rudders are calculated,;
2) the effective angles of attack «; for each of

the rudders are calculated by formulae (3) or (4);

3) the type of flow over each of the rudders (the
base-cavitating wedge or the supercavitating plate) is
determined,

4) the coefficients of forces for each of the rud-
ders are calculated by formulae (10), (11), or (13);

5) coefficients of the moments relatively the ve-
hicle mass center are calculated by formulae (14) and
(15) for each of rudders;

6) the cavity axis bending caused by the rudders
is calculated by formulae (7) and (8).

In this case the cavity shape, the vehicle hull po-
sition and values of the velocities are used from the
previous calculation step.

The described algorithm of calculation of the ef-
fect of action of the hydrodynamic rudders has been
applied in computer simulation of the 3D dynamics of
the HSSV with the SC_Vehicle software. During these
calculations the same HSSV model and the same start-
ing motion parameters as above were used.

All the rudders have the same dimensions
100x150 mm. The vertical and horizontal rudders are
mounted on the distance respectively 2.3 m and 3.3 m
from the cavitator.

Fig. 16, a shows a history of the area Sy, , the ef-

fective angle of attack o, of one of the vertical rud-
ders, and also the cavity length past the rudder I, at
3D motion of the HSSV. The calculation parameters
are: X,= 06; p,=3° 6,=0°; J,=-4.389°;
O =2°; d4 =-1°. The vertical parts of line in the
graph I, (t) correspond to changing the flow regime

over the rudder. For comparison Fig. 16, b shows histo-
ry of the pitch angle w and the yaw angle ¢ for the

same time interval. All the parameters in the graphs are
dimensionless, the angles are in radians.

The calculation have shown that all the conclu-
sions obtained above concerning to maneuvering of the
HSSV controlled by the rudders remain valid for this
mathematical model. The most essential difference
consists in taking into account the rudder drag, which
may by considerable for high motion velocities. If the
propulsor thrust F,. is fixed and calculated for the

balanced HSSV without rudders, then activation (i.e.
sliding out) of rudders leads to decreasing the vehicle
velocity and, hence, to decreasing the cavity dimen-
sions down to the ring water wetting the vehicle tail.
After this the vehicle will be flown in the partial cavita-
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tion regime, and its hydrodynamic drag considerably
rises.

|::|_‘]
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Figure 16 - History of the HSSV
and vertical rudder parameters

For example, for calculation in Fig. 16 the fixed
propulsor thrust identical to the drag of the balanced
vehicle without rudders is equal to 21.65 KN, and the
total drag of the four rudders is equal in average 1.14
KH, i.e. 5% of the total drag. In this case ring wetting
the vehicle tail occurs after 41 s after the rudder activa-
tion. The time intervals T and the distances S passed
by the vehicle until the instant of ring wetting for a
number of the deflection angle of the vertical rudders
oy, aregivenin Table 6.

Table 6 - Time intervals and range
until the ring wetting the vehicle tail

5fv 20 30 40 50 60
T 4148 2887 2295 17.56 2.64
S 4838 3362 2667 2.044 0.308

This abrupt decreasing of T and S is explained by
that the angular velocity of turning the vehicle, the
transom immersion depth and an area of the vehicle
hull wetted part are increased with increasing J;, . This

leads to the friction drag increasing and, as a result, to
the motion velocity reduction and to decreasing the
cavity dimensions.

Thus, to continue the HSSV motion in the super-
cavitation flow regime during maneuvering by the f-
control we must compensate the additional drag. For
this purpose the following two methods may be used:



1) ensuring the propulsor thrust reserve to com-
pensate the drag of the rudder and the hull part wetted
during the maneuvering;

2) using the gas supply into a cavity during ma-
neuvering to compensate decreasing the cavity dimen-
sions.

Fig. 17 shows the path configurations at the
HSSV course maneuvering, which are calculated ac-
cording to the mathematical model of the lateral mo-
tion, for a number of magnitudes of the rotation angle
of the vertical rudders Jy, . In this case one considered
that the vehicle velocity is constant. The calculation
parameters are the same as in Fig. 16, the full distance
is equal to 2 km. Respective magnitudes of the angular
velocity of turning 7, and the radius of turning circle

on course Ry, at the distance end are given in Table 7.

. I X
Figure 17 - Path configurations at the HSSV course
maneuvering by f-control

1) )

Table 7 - The motion parameters at the end of distance
for the path configurations in Fig. 17

Sa 10 3 5 10°
Fm -4.644 -5480 -9.080 -17.847
Rty 1.481 1.255 0.757 0.385

Comparison with [10] shows that the f-control is
as effective for the HSSV maneuvering as the ¢ -
control at the condition of compensation of the addi-
tional drag.

Conclusions

1. The approximating method of calculation and
computer simulation of the unsteady supercavitation
flows basing on the G.V.Logvinovich's principle of
independence of supercavity section expansion is effec-
tive and useful one for investigation of problems on the
HSSV dynamics.

2. The computer simulation shows the cardinal
distinction of the controllability mechanisms for tradi-
tional ships and for the HSSV. In the first case, the
transom position of the rudder is optimal for course
maneuvering. Its deviation causes the moment turning
the vehicle hull, and the transversal force arising on the
hull causes the motion path deflection, i.e. turning the
vehicle. In this case the angle of the transom rudder
deflection and the angle of turning the vehicle have
opposite signs. In the case of the HSSV, on the contra-
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ry, the transom position of the rudders is ineffective.
The HSSV path deflection is caused by the transversal
forces arising directly on the rudders. In this case signs
of the angle of the rudder deflection and the angle of
turning the vehicle coincide independently on that the
rudders are located in front of or past the vehicle mass
center.

3. Control of the HSSV motion by the the f-
control is effective like o -control for maneuvering the
HSSV on both the course and on the depth. However,
the HSSV maneuvering by the f-control is connected
with considerable increasing the drag. The character of
flow over cavity-piercing rudders may be uncertain
owing to oscillatory behavior of an unsteady cavity
during the HSSV motion.

4. The frontal location of the hydrodynamic rud-
ders is the most effective for course maneuvering of the
HSSV (just as the o -control). When the rudders are
displaced to the transom, their efficiency is reduced.
The traditional tail location of the rudders is unac-
ceptable.

5. When the HSSV maneuvering on depth and
course, its mass center position is of great importance.
Displacement of the HSSV mass center to the transom
leads to improvement of its controllability by means of
the hydrodynamic rudders (the f-control) both on the
course and the depth. The same conclusion was ob-
tained for control by the cavitator inclination (the o -
control) and deflection of the propulsor thrust vector
(the 77 -control).

6. The 3D effects when maneuvering of the guid-
ed HSSV appear in mutual influence of the longitudi-
nal and lateral components of the motion and also in
damping the oscillations of the vehicle and cavity with
increasing the motion depth.
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NCCIEJOBAHUE ITUHAMNYECKHUX KAYECTB ITOBPEXJIEHHOI'O KOPABJIA
B YCJIOBUAX MOPCKOI'O BOJIHEHUA

lay6 IL.A.

HUMU kopabnectpoenus u Boopysxenuss BM®, BYHI] BM® «BoeHnHo-MOpcKas akaieMusi»

vunc-vmf-3fil@mil.ru

OI[HI/IM U3 BAXKXHBIX J3JICMCHTOB )KI/IByT{eCTI/I cy;:[Ha
SIBJIICTCSL HETIOTOIUIICMOCTh, KOTOPAs B HACTOSIIIEE BPEMsI
TPH TPOCKTHPOBAHUK UCCIICAYETCS W OI[CHUBACTCSI YHUCTO
cratnyeckd. [Ipy 3TOM TPUHUMAETCS, YTO MOABHKHOCTH
JKHUIAKOCTH, UMEIOIICH CBOOOTHYIO TOBEPXHOCTB, TPUBO-
JIAT JIAIIb K YMEHBIICHIIO OCTOMYMBOCTH. OITHAKO TIpaK-
THYECKH, KaK TPABUIIO, TOBPEXKICHHBIA Kopabib Oymer
HAXOJMThCS HE Ha CIIOKOMHOW BOJIE, KaK 3TO TPHUHITO B
pacyerax HEMOTOILIIEMOCTH, & B YCIIOBUSIX MOPCKOTO BOJI-
HEHHSI, KOTOPOE MPUBEJIET €r0 U KHIKOCTb, 3aIOJHSIOLITYO
OTCEKH, B JIBIKEHHE.

JlnHAMpYecKast OLIEHKA HEMOTOILIIEMOCTH TIO3BOJIAT
pacyeTHBIMH METOJaMH MOJIYYUTh OoJiee JIOCTOBEPHBIC
PE3yJIbTaThI MOBEACHHUS MTOBPSKICHHOTO KOpadJis, Cy/IHa B
MOpE M BHECTH YTOYHCHHE B OIPE/ICIICHUC BEJIMINHBI CKO-
POCTH BETpa, KOTOPYIO OH BBLICPIKHBACT.

OreHKa TOBEACHUS TIOBPEKICHHOTO KOpaOis B
YCIIOBUSIX MOPCKOTO BOJTHEHHSI TICPEKITKACTCS C 3a1adaMU
0 JIBIDKCHHH TBEPJIOTO Tejla, MOJOCTH KOTOPOro 3aroJHe-
HBI JKHIKOCTEIO.

INocnexrei mpobiaeme MOCBAIIIEH psit paboT U MOHO-
rpaduit.

B o01mieM Brz€e 3a1aua O JBIKEHHMH TeENa C TIOIOCTS-
MH, TOJHOCTBIO 3allOJHEHHBIMU KUAKOCTBIO, ObLIa eIle
copmysmposana Ctokcom, K. Hetimanom, JlamGom. B
cBoeit kimaccuueckoit padote H.E. XKykoeckwit /1/ mokazan,
YTO TBEPJIOE TEJO C KUIKOCTHEO MOXKHO 3aMEHUThH SKBHBA-
JICHTHBIM TBEPIBIM TEJIOM, OITUCAB €ro JIBIKCHUS YpaBHE-
HUSIMH JTAHAMHUKA OOBIYHOT'O TBEPJIOTO Tea.

B ciyuae, xorma 3amoiHSIONAS OTCEKH YKUIKOCTh
HMeeT CBOOO/IHYIO TOBEPXHOCTb, TIOHSTHE 00 SKBUBAICHT-
HOM TBEPIOM TeJie OKa3bIBaeTCsl HENpuemiaeMbiM. B aToM
CIlydae TeJo C UJIKUM 3arOHEHHEM TOJIOCTEH SIBIISeTCS
JIMHAMHUYCCKON CHCTEMON ¢ OCCKOHEYHBIM YKCJIOM CTeTle-
Heli CBOOO/IBL

BaXHBIM MPUKIIAIHEIM BOIPOCOM SIBJISCTCS HCCIIC-
JIOBaHKE TUHAMHYECKHUX CBOWCTB CY/IHA, OTCEKH KOTOPOTO
YACTHYHO 3aOJTHEHBI )KUIKOCTBIO. DTOT BOMPOC PACCMOT-
PCH B OYCHb HEMHOTMX PadO0Tax, HAMOOJIECe HHTEPECHBIMU
U3 KOTOphIX sBystoTest padoret H.H. Mowceesa /3/, /4/,
H.51. Mansuesa /2/, /7/ n HH. Paxmanuna /5/.

HccnenoBanuio Kayku Cy[HA C KUAKUMH TPy3aMd
Ha PETyJISIPHOM BOJIHEHUH MOCBSAIIEHBI paboThI /4/, /5/.

B pabore H.H. PaxmanuHa B oTmame ot paboThI
H.H. MouceeBa y4uTHIBacTCsl BIMSHUE LUKIMYECKOTO
JIBWOKCHUSI Cy/IHA HA OTHOCHTEIIbHBIC KOJNEOAHUsI «BHYT-
PEHHE» KHUIKOCTH.

PaGota /5/ sBnsieTcs mocneaHel ¥ Haubosee MOIHOM
B 00JIACTH JMHAMUKH CyJHA C KUIKHUMH Tpy3amu, 0a3u-
pYIOILICHCS Ha pe3yibTaraX, JOCTHTHYTHIX COBPEMEHHOM
JIMHEHOW Teopuel IBIDKEHUSI TBEPABIX TNl C KUAKUM
3aTI0JTHCHUEM, UMEIOIIX CBOOOTHBIC TIOBEPXHOCTH.
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OpHako uMeeMble pelIeHHs] B CYIIECTBYIONIUX pa-
00Tax MOryT ObITh NPUMEHEHBI B pacyere Ka4ykd IOBpe-
KJEHHOTO KOpalJIsi, Cy/iHa JIMIIb B ONPEAETICHHBIX CITy4a-
SIX TIO CJIC/TYFOIIUM OCHOBHBIM IIPUYHHAM:

- BO BCEX IMEPEUUCIICHHBIX pad0Tax pacCMaTpHBAIOT-
Csl TOJIBKO CHMMETPHYHBIC KOJICOaHUS TeJl, IMEIOIINX TI0-
JIOCTH, 3aITOTHEHHBIE YKUIKOCTHO.

IIpu 5TOM cUMMETpHST IMEET MeCTO, Kak ISt (POPMBI
TeNa, TaK 1 11 (GOPMBI KHAAKOCTH.

OnHako MOBPEXICHHBIN KOpalik, Kak mpaBmio, Oy-
JIET COBEpIIaTh HECUMMETPHUHBIE KONEOaHWS B CHITY
HQJIMYMS HAYAILHOTO yIVIa KPEHa, BBI3BAHHOIO JIMOO
HECUMMETPUYHBIM 3aTOIUICHHEM, JIMOO OTpHUIIATEIbHON
HayaJIbHON OCTOMYMBOCTHIO;

- 3a71a4a O TMHAMUYECKHUX CBOWCTBAX KOpaldJsi ¢ OT-
CCKaMH, 3aITOTHCHHBIMY KUIKOCTBIO, PEIIacTCs B TIPE/IIIO-
JIOXKCHUH, YTO BOCCTAHABIIMBAFOIIMI MOMEHT €TI0 JIMHCHHO
3aBHCHT OT yria KpeHa. OIHAKO 3TO JOIMyIICHUE TeM
OOTIBIIIe OTIIMYACTCS OT JCHCTBUTENHHOCTH, YeM CHITbHEe
TIOBPEXICHIE KOpaOIts, 0COOCHHO MpH HAMYHUH (PUIIBTPa-
I[IUOHHOM BOJIBI,

- B IMHAMHAKE KOPAOJIA C TTOJIOCTAMH, 3aITOTHEHHBIMA
JKUJIKOCTBIO, pacCMaTpHBAIOTCS JiMIIb oTceku |l karero-
pHH, B TO BpeMs KaK JUIsI TOBPEXKICHHOIO KOpaoyst Hanbo-
Jiee XapakTepHbIM sABisitoTcsa oTceku |l kareropmu, cood-
IIIEHHBIC C 3a00PTHOI BOJION;

- TIPU PEIICHHUH 33134 O KOJICOAHUH JKUIKOCTH B OT-
CeKaxX He TPUHUMACTCS BO BHUMAHHWE, YTO TP IIHPOKKX
OTCEKaxX M Mol TityOuHe 3aToruieHust ((ribTpaioHHas
BO/1a) OyJIeT UMETh MECTO OrOJICHHE MATYObl U 3aIMBAHUE
TIO/IBOJIOKA, T.€. IMEET MECTO HENTMHEHHOCTh B KOJIeOaHNH
CcaMoOM JKUIKOCTH,

- oTcek mmoOoro Kopalisl, CyJHAa WMEET BIIOJIHE
OTpeIeNiCHHOE HaChIeHHe (MEXaHU3Mbl, 000PYIOBaHHE
T.J1.), KOTOpoe Oy/eT OKa3bIBaTh BIMSHHE HA JUHAMHYC-
CKHE CBOWCTBA YKHUJIKOCTH, KOJIEOIIOIEHCS! BHYTPH OTCEKa.
D10 BIMsSHAC KOIDPUIMEHTOB MPOHUIIACMOCTH Ha JUHA-
MHYECKHE CBOMCTBA CyIHA C SKUIKMMH IPy3aMH HHKOT/IA
HE YYUTHIBAIOCH.

B pabore /6/ nemaercs olieHKa BBILIEIEPEUHCIIEHHBIX
pO0JIEM C TICNBIO J]aTh PEKOMEHIAIMH JUTs pacyeTa JIUHA-
MHYECKOH HETOTOIUIICMOCTH KOpallii B Tpoliecce ero
MIPOCKTHPOBAHUSL.

IIpu BeBONE M hepeHIINAIBHBIX YPaBHEHHH JIBH-
YKEHHST TIOBPEKICHHOTO KOpaOIs, PacIioIOKEHHOTO JIaroM
K BOJIHE, IIPUHIMAJIFCh OCHOBHBIE JIOIYILCHHS, TIPUHATEHIC
B HEIMHEHWHOW KayKe HEMOBPEKIESHHOTO KOpaOisd, a B
OMpE/ICTICHNAH JBIKCHHS KHUAKOCTH B OTCEKAX CUHTAIOCh,
YTO JKHIKOCTb HjlealibHa U oOJiaaeT noteHumaioM. Orce-
KH, COICPXKaIlle «BHYTPCHHIOI» JKHUIKOCTh, UMCIOT IIpsi-
MOYTOJIBHYFO (hopMy. [Ipu peleHrn JaHHOM 3aa4uu Mpu-
HATA CIe/yIoIast pacueTHas cxema (puc. 1).
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Pucynok 1 - Cuctema koopiuHaT
0YZ — abcomntoTHas cucrema koopauHar: GYZ — HEeM3MEHHO OPUEHTHPOBAHHAS CUCTEMa OTHOCHTENILHO KOpaoJis,
cBs3aHHas ¢ HUM; On{y — moABIKHAs cucTeMa KOOPANWHAT, PAacToNokKeHHas B IIEHTPE CHMMETPUH HEBO3MYIIEHHOM
MOBEPXHOCTH «BHYTPEHHEN» JKHIKOCTH

JuddepenunansHoe ypaBHeHHE IBWXKEHHS I10-
BPEXIECHHOTO KOPaOisl, pacrojOKEHHOTO JIarOM K
BOJIHE, C HAYaJIbHBIM YTJIOM KpeHa 6 TIpH HEeNMHEHHOH
JrarpaMMe OCTOWYHBOCTH MOXET OBITh NMPEJCTaBICHO
B BHUJE!

(M +2’22)Y“g + Nan _pZﬁmqm =

m=1
=(M + 4y, )&, 0°r,sinot— N, &, or, cost,
(M +43,)Z, +N,Z, +7,5Z, =
= (708 —ﬂgsazkgro cosat,
(9,43, +2,)6+2N,6+

+DI(6)-p3 8,6, — 93, Gy COSHy =
m=1

= (Dh, = 4,,0° )aeoao sinot+2N,®,0a, cosot + ¢,

G, — 4,9(cos @, —sin 6,0)a, + ,4Y, —
_ﬂlﬂltg 902g =0

G, — A,9(cos@—sing,0)q,, + 5, 4,6 +
+ B Yy = 6nAnt96,Z, =0 @

OyHKIMKA BpeMEHH (n(t) mpenacTaBisoT coOor
ko3 urmentsr psaga Oypbe MpH Pa3loKCHUH YpaB-
HEHHMs1 CBOOOTHOH MTOBEPXHOCTH
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{nt)=2a,Up, (7, -m96,) @
m=0

Croco6rr ompezenenns Jn(t), a Takxke xKoddhu-
IUEHTOB Ry, ¥ Oy mambl B paborax [1, 5, 9]. TTomyuen-
Has cucreMa guddepeHManbHpX  ypaBHeHuit (1)
NPECTABISAET COOOI0 CUCTEMY € GECKOHEUHBIM YHUCIOM
cTerneHel cBo6OABL. ITO 03HAYAET, YTO MOBPEKAECHHBIN
KOpabih, KaK TeNo, MOJOCTH KOTOPOTO YACTHYHO 3a-
MOJIHEHBI KUAKOCTBIO, 007a7aeT IMCKPETHBIM CIIEK-
TPOM YACTOT CBOOOMHBIX KojeOanmii. Paborer H.H.
Mouceesa[5, 6], H.H. Mansuesa [4], a Tarke npose-
JICHHBIE TEOPETHYECKHE W DKCIIEPUMEHTAIBHBIE HCCITE-
JIOBaHMsI, MOATBEPKAAIOT TOT (PaKT, YTO JOCTATOUHOM
JUTSL TIPAKTHKH CTETIEHBIO TOYHOCTH, MOXHO paccMmar-
pHBaTh MOBPEKACHHBIN KOpabiib, KaK CHCTEMY C WHC-
JIOM cTeneHed cBOOOIbI KOHEYHOTO U, BOOOIIIE TOBOPS,
JOCTATOYHO MAJIOro Mopsjaka. B omivduMe OT paHee
TIOJTY4YCHHBIX pemeHHﬁ, IIpYU HAJIMYMKU HAa4YaJIbHOT'O yTJjia
KpeHa 6y gacToTa COOCTBEHHBIX KOJCOAHHMH KHUIKOCTH
B OTCEKE 3aBMCHT OT aMIUTUTY bl KauKu 6.

n2 =-A4_g(cosg, —sing,0)=

m

— i ®)
=n, (cos @, —sin6,6)

2 .
rae N, - gacrora COOCTBEHHBIX KOJEeOaHUH KUIKOCTH

B OTCEKE MPHU OTCYTCTBUH HAYAJIBHOTO yTJa KPeHa.

Kak moxa3zanu TeopeTHdecKue pacueThl, 0 CTa-
THYECKOTO yria KpeHa 6y < 5° BIHSHHEM ero Ha 4acTo-
Ty COOCTBEHHBIX KOJEOaHWI XKUAKOCTH B OTCEKE Np
MOXHO ITpeHe0peyb.



Henuneiinpiii unen DI () B cucreme (1) 3amens-
eT co0OH JIMHEWHBIC YICHBI

Dh6~7>. Ba0~ 16, ba
m=1 m=1

YTO SBISETCS 3HAYMTEIBHBIM YTOYHEHHEM B Kauke
TTOBPEKICHHOTO KOPaOIIs.

DI (#) — ects auarpamma CTaTHYECKO# OCTOWYH-
BOCTH, YUUTHIBAOIIAS IPH HAKPEHEHHUSX BIHSIHUSL:

- KOH(UTYpAIUK 3aTOIUICHHOTO OTCEKa,;

- OroJieHHs Many0 W 3aJHBaHUs TOIBOJNOKA MPU
OONbUINX HAKPECHEHHSX;

- 00BO/IBI MOBPEXKICHHOTO KOPaOIs;

- - KoJIeOaHHs «BHYTPEHHEH )KUIKOCTH.

YauTeIBasi, 4To Ui HPOSKTUPYEMOro Kopabiis g
HE NTOJDKHO TIPEBEHIMIATH 10-120, a TaKkKe MPHUHATHIC B
pabote nomymienus, cuctema (1) Moxer ObITH CpaBHH-
TENIBHO YIPOIIEHA MPU ydYeTe TOJNBKO TapMOHUKH OC-
HOBHOT'O TOHA.

B npanpHeitmeM Oynem uccienoBaTh JIMIIb OOp-
TOBBIC KOJICOAHHS TIOBPEKICHHOTO KOPadIsl, pacmoio-
eHHoro yarom K BosHe. Torma cucrema (1) moxer
OBITh MIPE/ICTABIICHA B BU/IC!

(J,+J, +A,)6+2N,6+DI(0)=

= p(ql - gﬁ1q1)+ (th —/14402)%90{0 Sln Gt+
+ 2N ,&,00,c0s ot + L

0y — 490 = —6,46 5)
B nanHO# cucteMe yuTeHO BIMSHUE BIMBIIEHCA
BOJIBI, KAK HAa MHEPIMOHHBIC W CTAaTHYECKHE XapakTe-
PUCTHUKH Halleil JUHAMUYECKON CHCTeMBbl (IIEPBBIA,
TPETHl YIeHBl YpaBHEHUs), TAK W Ha W3MEHEHHE BO3-
MYIIEHHOTO MOMeHTa (MATBIA UWieH YpaBHEHHs), a
TAKXK€ YUUTHIBACTCS JOTIOJHUTENBHBIN BO3MYILAFOIIIIH
MOMEHT OT BOJHOBOT'O JIBMXKCHUS «BHYTPEHHEN» JKU/I-
KOCTH (IETBEPTHIil WICH yPABHCHHUS).
Jliist pubIMKEeHHOro pemenust cucteMsl (5) mc-
HOJIB3YEeTCs METOJA T'apMOHHUYECKOW JIMHeapu3aluy.
[Tpu 3TOM pernieHune uieTcs B BUIE:

0=6,+6"=6,+8_sin[(ot+¢)+ f]
g, =Q;sin(at +¢) ©

IT'ne Oy, 0" mocTosHHAA M KoNeGaTebHAas COCTaB-
JISIFOLIME JaHHOTO PELICHHs] COOTBETCTBEHHO.

Torna cucrema (5) ¢ yuerom (6), mocine aeneHust
ypaBHEHUS] Ha KOI(QQHUIMEHT NpH MEPBOM YIICHE, 3a-
THIIETCS:

6+2v, 6+ DI(6) +

o407 p
(n; —o%)

4)

+(poo’+yp) 7

=Hsin(ot+ &)+ L,
lapMonunueckasi TuHeapu3alus HETUHEHHON ua-
ctu ¢ yuetoM pemienust (6) MOKeT ObITh TPeCTaBIeHA
B BHJIE:

1(0)=lg+], 6 (8)

1 2
e le= — j | (G0, + 6 Sing)de
2r
1 2 . -
l,=——| 1(6,+8,sinp)singdp (9
76, o

KOX((PUIMEHTH TAPMOHUYECKOH JIMHEapu3aIuu. Y du-
ToiBast (6) u (8), a Takxke TO, 4TO Gy, Oy U 0 B IEPEXO-
HOM PEXHME MOTYT PacCMaTpPHBAThCA KaK MEUICHHO
M3MEHSIONINECS] BEMYNHBI B TEYCHHUE OJHOTO TEPHO-
na, ypaBHeHue (7) MOXKeT ObITh pa3feieHO HEeIHHEH-
HBIM 00pa30M Ha J[Ba YpaBHEHHUS COOTBETCTBEHHO IUIS
MOCTOSIHHOM COCTaBJISIONIEH M JI1 KOJIEOATEIBHBIX
COCTaBJISAIOIIUX.

BIO :L_O

(p2 + 2V9p)+

-, - _\oAo?
1
sin
sing ,
o

¢ +Dl g =0 (10

H
—— cosff—
g | 0B

m

Inst pemenns cucrema (10) mpuBoauTes k Goee
yAOOHOMY BHUY:

_(Blm —0'2)+

=HI"" ()

— — ) 640’
* (P510'2 +7p, )%"’
n’-o

+i2v,0

IIpennaraercs rpadudeckuii crocod penieHus
cucrembl (11) Ha KOMIUIEKCHOM TTIOCKOCTH. [TosTydeHsl
TAK)Ke AHAIUTHYECKUE BBIPAKEHHS IS aMIUTHTY b1
Ka4yku ¥ (pazoBoro capura:

3 \/<Bhf —2440')2 +4V62,O'2
\/(kz —0?) +4ic?

2v,0
—aI’Ctg k2—92

B

I7ie. BBIpOKEHHE C YepTOil ecTh KOA(PQUIHEHTHI
ypaBHenus (7), OTHECEHHBIE K MOMEHTY MHEPIUH KO-
pabIsi ¢ y4eToOM BIHMSHUS KHUAKOCTH

(Je+ Jye + Aaa)

12)

8,A,0°
2

=Dl +(pc?d, + yB,) o W)

1

U3 eeipaxenuit (9), (11), (12) BumHO, 4TO mMpH
pacdere aMIUTHTYAbl KaYKH IMOBPEXKICHHOTO KOpadis
B HEJIWHCHHOW MOCTAaHOBKE, NMPH HECHMMETPHYHBIX
KoJIeOaHUAX, BEIMUYMHA CTATHYECKOTO0 OTKIOHEHHUS OT
PaBHOBECHOTO MOJIOKEHHSI, OTHOCUTEIHHO KOTOPOTO
MPOUCXOIAT KoeOaHUs KopaOis, 3aBHCHT Kak OT
KPEHSIIEro, IMOCTOSHHO ACHCTBYIOIIEr0 MOMEHTA, TaK
H OT aMIUIATYAbl M YaCTOTHl BO3MYIIAIOIICH CHJIBI.
3aBUCHUMOCTh aMIUTUTYIbl U YaCTOTHI BBIHYXKICHHBIX
KOJIcOaHUH OT BEJIMYMHBI CMEIICHHS I[CHTpa Kojeba-
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HUM XapaKTepHO UMEHHO JJi HeJIMHEHHBIX cucteM. B
OTJIMYKME OT JMHECHHOM NMOCTAHOBKM JAaHHOM 3aJauH,
JTUHAMHUYECKOE OTKJIOHEHHE OT IOJIOKEHHSI paBHOBE-
CHUs HE PAaBHO Ha4YaJIbHOMY CTaTHYECKOMY YIJIy KpeHa
MOBPEKICHHOTO Kopabisa. Tak, Hampumep, mpu pac-
YeTe HECHMMETPHUYHBIX KONeOaHWH CyIoHA, aBapHii-
HBIM YroJl KpeHa KOTOPOTO COCTaBJISI 12° yroi, oT-
HOCHUTEIHHO KOTOPOTO coBepIianach OOpToBas Kadyka,
paBHsICS 9,5°

Hcnonb3ys BbIpakeHUs W 3ajaBasi gUarpaMMmy
CTaTU4ECKOW OCTOMYHUBOCTH B BUJIE€ CTEIIEHHOIO psia

(49) ZC2|—162I_1

OB TIOJTYYCHBI l'lpI/I6J'II/I)KeHHBIe BBIPOKCHUS IS
KO3 HUIIMEHTOB TapMOHUYECKON JuHeapu3anuu |y u
I Amst 1r0GOTO BHIA JHATPaMMBI OCTOHYHBOCTH, KakK
MPU CUMMETPHYHBIX, TAK 1 HECUMMETPHUYHBIX KOJIe-
OaHMsIX.

[Mocnenuuit wien Beipaxenus (13) yduTbIBaeT
JIOTIOJTHUTENBHBI BO3MYIIAIOMIMHA MOMEHT OT BOJIHO-
BOTO ABWXXEHUs XHIKOCTH B oTceke. Kak mokazanm
MIPAaKTHYECKHE PAcUCThl, TPH CPABHUTENBHO HEOOIb-
IIMX TOBPEXKACHUAX, KOT/Ia YaCTOTa COOCTBEHHBIX KO-
ne0aHni KUIKOCTH «Np» CPaBHUTEIBHO JajeKa OT
YaCTOTHl BO3MYIIAMOLIECH CHIIBI €%, BEIMUUHOM 3TOTO
YJIeHa MOYKHO IIpeHeOpeys.

Torga, Kak 3TO NPUHATO B HENMHEWHOH Teopuu
Ka4KH, 4aCTOTa COOCTBEHHBIX KOJICOaHHMI MOBPEXKJICH-
HOTO KOpaOJIsl OmpenensieTcsi TOJNbKO BUIOM JHarpam-
MBI CTaTHUECKOM OCTOIUMBOCTH, U  BBIPAXKCHHE

(14)

=y 2
D|m 3amensgerca Ha Ny, KaKk KBagpar 4acTOThl cO0-

CTBEHHBIX KOJICOaHUH.
Jlns ompeneneHust mepuoia COOCTBEHHBIX KOJie-

0aHUN TOBPEKIACHHOTO KOpaOJisi MpeJJiaracTcsi Hc-

M0JI30BATh BHIPAYKEHUSI:

MIPH CUMMETPHYHBIX KOJICOAHUSX

103
vh h-7(;6,)
15
SPY )
h-z(-86
(4 )
1 1
15 +\/9 4.)
h-z(2g,) Von"n
16 |
IpU HECUMMCTPUYIHBIX KOJ'IC6aHI/I$IX
T=232(6,- a)z + ()

r

I'me dyakumm 7 u W onpenenstorcs, Kak opIuHa-
THI JUArpaMMbl JHHAMHYECKOW OCTOHYHMBOCTH, WA
IUIOMIAN AUArPaMMBl CTATHICCKOH OCTOHYUBOCTH IS

+(6, e)z

+i=0

3aJaHHbIX aMIUIMTY 1 Ka4YKU tgm, YMHOKCHHBIC Ha D .
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[onyuenusie Boipaxkenus (15) u (16) moryt wmc-
MOJIb30BATHCS TIPU JIFOOOM BHUJE JWATPAMMBI OCTOWYH-
BOCTH KaK JUIS TIOJIOXKHUTEIEHOM, TaK ¥ OTPHIATEIEHON
MONEePEYHON Ha4aJIbHOW OCTOMYMBOCTH.

3akaouyenue

1. Ucmonb3ys MeTO] rapMOHMYECKOH JTMHEeapu-
3allM4 B PEIICHUM COCTABJIECHHOH CHCTEMbl HEJIMHEH-
HBIX JU(QQepeHInanbHbIX YPaBHEHHN JBHKEHHUS T10-
BPEXKJICHHOTO KOPaOJIsi ¢ OTCEKaMHU, YaCTUIHO 3aIl0JI-
HEHHBIX JKHJKOCTBIO, PACIOJIOKCHHOIO JIaroM K
BOJIHE, MOJIYYCHBI pacueTHbIC (GOPMYIIbI IS Ompee-
JICHUS] TTApaMEeTPOB KAYKH IOBPEKICHHOTO KOPaOIs,
KaKk CHMMETPUYHBIX, TAK U HECUMMETPUYHBIX KOJIC-
OaHui.

2. [TomydeHHbIe JaHHBIC TTO YKCIIEPUMEHTAM T103-
BOJIWUTA BBISBUTH YCIIOBHSA, TIPU KOTOPBIX HEOOXOIUMO
VUYUTBIBATh KaTETOPHUIO OTceKa (COOOIIeHHe OTceKa ¢
3a00PTHOM BOJIOM), a TaKKe BIUSAHUE KO3(D(HUIMEHTOB
MIPOHHUIIAEMOCTH B PAaCUETHOH CXeM€ IO OIPEAEICHUI0
aMIUTUTY/IBI KaYKH TOBPEXKIEHHOTO KOPaOJIs.

Hannuune coobienus otceka ¢ 3a00pTHOM BOAOH
(orcek Il xareropuu) BeAeT K 3HAYUTETLHOMY yBEIH-
YCHHIO aMIUTUTYABl Ka4KH MOBPEXKICHHOTO KOPaos,
eCId OH HaxXOJUTCS B JIOPE30HAHCHOH 30HC H K
YMCHBIICHAIO aMIDTHTYIbI KaYKH, €CIIM OH HAXOIUTCS
B 3apE30HAHCHOI 30HE.

Ipu otHOWeHNH, Hanpumep ofn = 1,5, ammuTy-
Jla BBIHYXICHHBIX KOJeOaHuil yBemuuuBaercs (mpu
OTHOCHTENBHOM iomaau mpobounsr 30 %) Ha 20-22
% 1o cpaBHeHHIO ¢ oTcexoM || kaTeropum.

IIpu pacmonoxeHnun NMPOOOMHBI HA IPOTHUBOIIO-
JIO)KHOM OOpTy MO OTHOUIECHHWIO K HAMpPaBICHHUIO Oera
BOJIH, aMINUIUTYJla Ka4K1 MMOBPEKIACHHOTO Kopa6n51 HE-
CKONBKO yMmeHbiiaercs (15-18%), uro mMoxer ObITh
YUYTCHO Ha NPAKTHUKE. Pacuer Hago BECTU Ha HaAUXY/-
I CITy4ail TIpu PacroioKeHUH MPOOOUHBI Ha OOpPTY,
00paIIeHHOMY K HaIlPaBICHUIO Oera BOJH.

3. YMenbuienue ko3¢ ¢pUnneHTa NpoHUIaeMOCTH
MPUBOANUT K YMEHBIICHUIO aMIDIATYIbl KaYKH IOBpE-
XKIeHHOTO Kopabms. [Ipm 3TOM yMEHBIIEHHE TeM HH-
TEHCHBHEE, 4YeM OJIMKe HaXOOUTCA TOBPEKICHHBIN
Kopabib K 005acTu pe3oHaHca. B obmacty najgexoit ot
pesonanca o/n = 2 - 2,5 i 60abIux K03 PHUIHEHTOB
nponumnaemoctd 0,90-0,95 BronHe 4OCTATOYHO YUHTHI-
BaTh UX BIUSHUE TOJIBKO B CTATHKE.

4. Hanuune cBOOOJHON MOBEPXHOCTH BOJBI B
OTCEKaX BTOPOM KaTErOpUHM YMEHBIIAECT aMIUIATYAY
KaukH, €CIIM CYIHO HaXOJHUTCS 3a PE30HAHCHOHN 30-
HoW. K TakuM cynam oTHOcsTCS cyna OOJiBIIOrO BO-
JIOM3MEIICHUSI C TIEPUOIOM COOCTBEHHBIX KOJeOaHUMI
9-11 cek. Cyna Manoro BOJOM3MEILICHHS C MEPHOJIOM
COOCTBEHHBIX KojieOaHui 5-8 cek., Haxomdmuecs B
JIOPE30HAHCHOM 30HE, MNPHU YacTOTE BO3MYILAIOLIEH
CHIIBI, ONM3KOM K 4acToTe COOCTBEHHBIX KOJIEOAHMIT
BOIBI B OTCEKE, MOTYT IOABEPTaThCS pacKadMBaHHIIO
«BHYTpPEHHEN» BOJIOM.

5. TeopeTndeckrue W HKCIEPUMEHTAJIBHBIE HC-
CIAe/0BaHUS TMOKa3ajld, YTO IPHU aBaAPUUHOM KpeHE
0 5 rpaaycoB BIMSHHEM €ro Ha MapaMeTpbl KauKu
KaK TOBPEXKJCHHOTO, TaK M HEMOBPEKJICHHOTO KO-
pabiisi, MOKHO TPAKTHYCCKH HpeHeOpedyb. OqHAKO
MPU JaTbHEHIIEM €T0 YBETUYSHUU PE3KO U3MCHSIIOT-



Cs THUIPOJUHAMUYCCKHE XaPAKTCPUCTHKU OOPTOBOI
kayku. [Ipu 3TOM, ¢ yd4eTOM HEIMHEHHOCTH Jua-
rpaMMbl CTAaTMYECKOH OCTONYMBOCTH CyMMapHas
aMIUTUTy1a Ka4ky OyAeT Bceraa OOJNbIne TOM aMILIH-
TYABI, KOTOpas MOTydaeTcs MPOCTHIM CYMMHPOBAHHU-
€M aBapuUHHOTO yTia KpeHa, IPH KOTOPOM MPOUCXO-
IUT Kagka Kopabiis, ¢ yriioM KaykKd MpH OTCYTCTBUHU
TaKOBOI'O IIPU OJHOW M TOH K€ BO3MYLIAIOLIEH CHUJIE.
Bospmras amrmmmTyna OOpTOBOM KAadKW TMPH CHUIBHO
CABUHYTOM K MakKCHMyMY JHAarpamMMbl CTATHYECKOM
IMMOJIOKCHUHN PaBHOBCCHA CyJHa BECbMa OIMAaCHbI, TaK
KaK CyJHO MOET ONPOKHUHYTHCS, €ClIU €ro KypC He
OyIeT U3MCHEH.

6. IIpu nelictBum Ha KOpadIb BO3MYMIAIOIIUX
CHJI MEepUOJ KOTOPHIX Maj 10 CPaBHEHUIO C IEpPHUO-
JIOM KoyieOaHusl «BHYTpEHHEW» XKUIAKOCTH, Ha MpakK-
THKE MOXHO IpeHeOpedp ee KoieOaHueM BHYTPH
OTCeKa.

P.S. Boavwyro 6aazodaprocmev  8bipaxicaro
Hayunomy compyounuxy HHU kopabrecmpoenus u
goopyacenuss BM® Mockoexunoti C.B. 3a okazam-
HYI0 HOMOWb 8 COCMAGIEHUU U OPOpMIAeHUU OAHHOU
cmambi.
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MOJAEJIMPOBAHUE CXOJA BUXPEBBIX CJIEJOB C KOHTYPA
B HECTAIIMOHAPHOM IIOTOKE
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Owmckwuii punmnan uncturyta Mmatematuku CO PAH

644043, r. Omck, yn. [leBmosa, 13
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AHHOTALMA
Paccmompena niockas nenuneunas HA4AIbHO-KPAEAs 3a0a¥d O HECMAYUOHAPHOM OMPBLIGHOM 0OMeKaHuu
KOHMYpa udeanvhou Hecocumaemou scuokocmoio. C KOHMypa cxooam euxpegvie cieovl, 00YCI061eHHblE UBMEHEHU-
eM YUPKYISYUU CKOPOCMU BOKPY2 He20 ¢ meveHuem epemenu. /s bonee noaHo20 MOO0eauposanus cxo0d UXpesvix
C1e008 ¢ KOHMYPA NPeONONHCEeHbl HETUHEUHbIE COOMHOWEHUSL 8 MOYKAX CX00d. DMy COOMHOUEHUS. NOTYYEeHbL U3 mpe-
008aHUs OOHOBPEMEHHO20 BbLINOIHEHUS 8 MOYKAX CX00d 2PAHUYHBIX YCI08UU HA KOHmMYpe U 6 ciede. HIx npumenenue
n036075em Onpeodesims CMpPYKmypy 6UXpesozo ciedd 6 Maioll OKpeCmHOCmU KaxcOol mouku cxoda. Ilpusedenvl

npumepul paciema.

IHocranoBka 3a1a4M u eé pelieHue

PaccmoTpuM mimockoe HecTamMoHapHOE OO0TeKa-
HUE KOHTypa HJCIbHON HECKUMAEMOW IKHUAKOCTBIO.
KonTyp MOXeT OBITh Pa30MKHYTHIM HIIH 3aMKHYTHIM. B
ofmemM ciydae ¢ KOHTypa CXOJST BHUXPEBBIC CIIEIbI,
00yCJIOBJICHHBIC HM3MEHECHHEM IIMPKYJSIMA CKOPOCTH
BOKpPYI' HEIrO0 C TE€YEHMEM BpeMeHU. B Teopum kpbuia
TAaKHEC CJICObI Monennpy}oTca JIMHUSIMU TAaHT'€HIIUAJIbBHO-
ro pa3pblBa, MpHU MEPEXO0Jie Yepe3 KOTOphIe OCTaITCA
HETpEePbIBHBIMU THAPOJINHAMUYECKOE ABJICHUE U HOP-
MajibHasl COCTaBJISIOLIAsl CKOPOCTH, TOrJa Kak Kaca-
TEJNBbHAST COCTABIIAIONIAs CKOPOCTH TEPIHT pa3pbiB. Te-
YeHHE JKUAKOCTH BHE KOHTYpa W BUXPEBBIX CIIEIOB II0-
JaraeM NOTEHIHANbHBEIM. HadanpHO-KpaeByro 3amady
(bopmyHpyeM IS KOMIIJIEKCHOM CKOPOCTH

V(z,t) =vy (X, y,t) —ivy (X, y,t) B Kommiexcroii
miockoetn Z=X+1Y.

IIpomecc cxoma BHXpeBOro ciieAa C KOHTypa
oTpesieNnseTcsl CIeIyIoIMMH OCHOBHBIMH IapamMeTpa-
MU TOJO0KEHHEM TOYKH CXOJa Ha KOHTYpe, HHTCHCUB-
HOCTBIO CXOJISIIETO BHUXPEBOTO CleJa, BEJINYMHOM U
HaIpaBICHUEM BEKTOpa CKOPOCTU CXOJa BUXpPEH ¢ KOH-
Typa.

[MomoxxeHne TOYKH CXOJ]a W3BECTHO IPH CXOJIE
cllefla ¢ OCTPHIX U YTIIOBBIX KPOMOK, a TIPH CXOJIe Clena
C TJIaKOTO yYacTKa KOHTYpa OMPEAeisieTCs] HEKOTOPHI-
MH JOTOJHATEILHBIMH yCITOBUSIMA [1].

CyMMapHasi H”HTEHCHUBHOCTh CBOOOJHBIX BUXPEH,
CXOMALINX C KOHTypa, ompexaensercs Teopemoil Kens-
BUHA O COXPaHEHHHU LUPKYJSILIUU CKOPOCTH MO JH000MY
3aMKHYTOMY KOHTYpPY, COCTOSIEMY U3 OJHUX U Te€X XkKe
YaCTUI] JKUAKOCTH.

[Tpn oOTekaHNM MOJBMKHOTO KOHTYpPa BEKTOpP OT-
HOCHTEJIBHOW CKOPOCTH >KMJKOCTH B TOYKE CXOJa BHX-
peBoro ciena AODKSH OBITH HANpPaBJICH IO OJHON U3
KacaTelbHBIX K KOHTYPY, TaK KaK TOJIBKO B 3TOM CITydae
WHTCHCHBHOCTh BUXPEBOTO CJe/la MOXET OBITh OTIIMYHA
ot Hyis1. lHaue BUXpeBoii cien He 00pa3yeTcs.

[lepeuncieHHple BEIMIE YCIOBUS COOJOIAIOTCH,
KaK MPaBHIIO, B TEOPETHUECKUX HCCIIETOBAHUIX, IIPOBO-
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JVMBIX B paMKax HETMHEHHOHW Teopuu Kpbuia. Ho stnx
YCIIOBHUI OKa3bIBa€TCS HEAOCTATOUHO JUIS ONPEACICHHS
WHTEHCHBHOCTH CXOASAIINX BUXPEH U CKOPOCTU HX CXO-
J1a, 0COOEHHO B ClTydae cxoja JIBYyX M 0ojiee BUXPEBBIX
cienoB. HemocTtaTouHo 3THX YCIOBUM W ISl pEILICHUS
3agaun Ko, ompezaensioniell 3apoxkIeHne U 3BOIIIO-
U0 BUXPEBLIX CJICA0B B HaYaJIbHBIC MOMCHTBLI BpEME-
HH. HJ’IX peuieHuA 3TUX 3adad HYKXHbI JOIMOJTHUTCIIbHBIC
YCIIOBUSI B TOYKAX CXO/la BUXPEBBIX CIIETOB C KOHTYpA.
Kaxnast Touka cxoa MpuHaUIS)KUT Kak KOHTYPY, TaK
BuxpeBomy cieny. [Ipu moaxozae x 3Tol TOUke co CTO-
POHBI KOHTYpPa B HEH JOJDKHBI BBITIOTHATHCS TPAHUIHBIC
YCIIOBUSI HAa KOHTYPE, a IPH MOJX0JE CO CTOPOHBI cieaa
— IrpaHUYHbIE YCIOBHA B Toukax ciena. [lostomy B Ka-
YEeCTBE JOMOJIHHUTENIBHBIX YCIOBUH I€Iec000pa3Ho Mo-
TpeOOBaTh BBIMOJIHEHUS! B TOYKAaX CXOJa COOTBETCTBY-
IOIUX IPAaHUYHBIX YCIIOBUH B CIE/le U HAa KOHType. Pac-
CMOTPHM, HalpHMep, CXOJ cjea C yrJIOBOH KPOMKH
KoHTypa. [IycTh crien cxomut ¢ BepxHeit rpanu (puc. 1).

L

S~

~2 +
z*j

L w j
PI/ICYHOK 1- CXO,Z[ BHUXPEBOro cjica C KpOMKH KOHTypa

Ha koutype L MO/IKHO BBINONHATHCS YCIOBUE
HENPOTEKAaHUS JKUAKOCTH, a HAa KOHTYpPE BUXPEBOIO

ciena LWJ- YCIIOBHSI HENPEPHIBHOCTH JaBICHUS U
HOPMAaJIBHOW COCTaBJIAIOUIEH CKOPOCTH >KUIKOCTH NPH
nepexoJe 4epes Cle:

v-n=U-n, (x,y)e L;

p,=p_,vi-n=v_-n(xy)ely. @)



3necs V — ckopocth xuakoctd, U — ckopocts
nepemelenns Koutypa, N — nopmams k L u Ly, P
— TUAPOTMHAMHYECKOE JaBjeHue. M3 rpaHHYHbIX YCITO-
Buif (1) cremyeT, 4TO B TOYKAxX CXO/a BUXPEBBIX CIIEIOB
HOpMaJbHbIe KOMIIOHEHTBI CKOPOCTH KOHTYpa M BHXpe-

BOTO cjefa COBMagaroT. JTo mo3BossgeT unrterpan Ko-
mm-Jlarpasmka B TOYKe cxXoja 3amucars B Buie [2]:

S0 - 70y Ow; ©)|
j=1...N,,.

rie ['j(t) — mapxymsmms ckopocTn BOKpYT paceMarph-

Py —p_-=-p (2)

Baemoro Buxpesoro ciema Ly, 7y (t),w;(t) — un-

TEHCHBHOCTh M CKOPOCTb CXOJa BHXPEBOIO Cliena ¢
koHTYpa, N, — 4HCI0 BUXPEBBIX CICHOB.
OnHoBpeMeHHOE BhITIONHEHHE ycnoBuit (1) ¢ yde-
toM uHTerpaia Komm-Jlarpamka (2) B Toukax cxonma
MPUBOJIUT K HETMHEHHBIM COOTHOLICHUAM [2]:

d

arj (1) =7 OW; (1), 1=1...Ny. ()

K cootHorrenusim (3) crnenyer 100aBUTh yCIOBHUE
HENPEPHIBHOCTH BUXPEBOTO CIIOSI, MOICIHPYOIIETO
KOHTYp U BUXPEBOH cliell, B TOUKE CXO/a:

7(S*j't)=7Wj(O’t)' jzl,...,NW, (4)
rac S*J — AYyroBas KOOpAWHATa TOYKHU CXO04a BUXPEBOT'O

cnena, ¥(Sxj,t) — MHTEHCHBHOCTH BUXpEBOTO CIOS Ha

KOHTYpE.

OTMeTuM, 4TO B TOYKaX BHXPEBOTO cliela yclo-
BUE HENPEPHIBHOCTU [ABJICHUS BBIMOJHIETCS 33 CYET
IBYX (haKTOpOB: CBOOOTHOTO NEpEeMEIICHHs BHXpEH
BMECTE C JKHJKOCTbIO M HE3aBHCHMOCTBIO OT BPEMEHH
CYMMAapHOH LUPKYJSIIMA CKOPOCTH JIIOOOTO 3JIeMEHTa
Cclle/1a, COCTOSIIET0 U3 OTHUX M TeX )K€ JacTull. B Touke
CXOa ciiefia HEeNpepbIBHOCTh NaBJCHHS IOCTUTACTCS
uHbIM myTeM. [Ipu cxome BHXpel ¢ KOHTypa OHH mepe-
MEIIAITCs OTHOCHTEIBHO TOYKH CXOJa CO CKOPOCTBIO

W, TIOTIONHAS ClIen LWJ- Ha BENMIMHY [}y W J-d'[ 3a

Bpems dt .
VYenoBust (3), (4) MO3BOJSIIOT CBsI3aTh pEILICHUE
KpaeBoil 3a/aud Ha KOHTYpe C HWHTEHCHBHOCTBIO

v (0,t) Buxpeii, cxoasmux B cie.

B cootBercteue ¢ (3) Teopemy KemsBuma o co-
XPaHEHHH [UPKYJSIHNA CKOPOCTH MO 3aMKHYTOMY XKHJI-
KOMY KOHTYPY MOXHO 3aIliCaTh B BUJIE:

d 3
o T+ > T) =
=1
; " 5)
= T+ 2 7% Ow; =0,
j=1

rae I'(t) — uupxyssauus ckopoct BOKpYyr KonTypa L.

U3 (5) crnemyert, 4TO U3MEHEHHE LUPKYJISIIUAN CKO-
poctu I'(t) xommencmpyercs cxomoM BHXpell ¢ KOHTY-

pa B BHXPEBBIE CIIEABI LWJ- . B ciygae cxoma omHoro

BHXPEBOTO ciieia TeopeMa KenpBuHa mpuHIMaeT BULI!
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dr

- =—v W
at Yw

Dopmyna (6) u3BectHa [3].

Paccmorpum mpumenenue ycnoBuit (3), (4) mis
OIpEeIENeHUsT CTPYKTYPbl BHXPEBOrO Ciefa B MAIOi
OKpPECTHOCTH TOYKM CXoAa. B HenuHelHOHW Teopuu
KpbUIa BUXPEBOHM Clie]] MOLEIUPYETCS CUCTEMOM CBO-
OO/HBIX MHCKPETHBIX BUXPEH, CXOMIMIMX C KOHTYpa 3a

Bpemst At =t, —t,_;,n=1.... FuTeHCHBHOCTD KaX-

(6)

JIOTO TaKOT'0 BUXPSI HE MEHSIETCS C TEYCHHEM BPEMEHH, a
CaMH BHXPU JBHKYTCS CBOOOIHO BMECTE C JKHUIAKOCTHIO.
[Ipu 3TOM HE0OXOAUMO 3HATH KOOPAWHATHI JUCKPETHO-
TO BHXPS, KOTOPBIH CXOIUT C KOHTYpa B pacCMaTpHBae-
MBI MOMEHT BpEeMEHH. ODTH KOOPAWHATHI JIOJKHEI
ONpEAENAThCA PELIEHUEM HEIMHEeHHoN 3amaun Koy,
CTpOTO€ pEelIeHHe KOTOPOU J0 CHX TOp HE IMOIY4YeHO.
IToaTOMYy B M3BECTHBIX ANTOPUTMAX pacueTa BUXPEBBIX
CJIEIOB TIOJIOKEHUE TUCKPETHBIX BUXpEH, Hemocpen-
CTBEHHO CXOJSIIIUX C KOHTYpa, 3aaeTCsi OOBIYHO anpu-
OpHO 0e3 BHIMOJHEHHUS ycnoBuii (3).

YmnceHHBIH IKCIIEPUMEHT

ABTOpaM CTaThbM yAaJIoCh pa3paboTaTh alrOpuTM
peuienus HenuHenHon 3aaaun Komm ¢ yuetom ycnoBuit
(3), (4) [4]. Bouto oOHapyKeHO, YTO paccMaTpuBaeMas
HeanHelHad 3axada Komm nMeer OECKOHEYHOE MHOXKE-
CTBO pEIICHUH, YJOBIETBOPSIONIMX BCEM YCIOBHUIM
HUCXOJHOM HavyallbHO-KpaeBoM 3anauu. Ilpumep pacuera
BO3MOXHBIX TIOJIOKEHHH CBOOOIHOTO JMCKPETHOTO
BUXPS, CXOZSIIETO C IUIACTUHKM B TEPBBIH MOMEHT

Bpemenu {; mocie e€ crapra, MpUBENEH Ha PUCYHKE 2.

Vron Hakiona miactuakd @ =90° .
3necy O i ,09 j - 6e3pasmepHbie BeNMIHHBI, OMpe-

JICTSIIONINE  KOMIUICKCHBIE KOOPAWHATHI  COILIEJIIIETO
JVCKPETHOTO BUXPS B CHCTEME KOOPIMHAT, CBSI3aHHOM C

KpOMKO#i TutacTuHKM. 3amernm, uto st Oy <Op
MMEIOTCS [IBa 3HAYeHus O, jo a s Beex o i >0 —
pemenuit He cymiectyer. Bemmunne Opj =0 coot-

BETCTBYET O/IHO 3HAYEHHE Oyx. VIMEHHO 3TO pelnenue

3agaun Komm nenecooOpa3HoO BBIOMpaTh B KadyecTBe
KOOPJMHAT JUCKPETHOTO BHXPSl, CXOMSIIEr0 C KOHTypa

B BUXPEBOI ciex B MOMeHT BpeMeHHu t; . Ha pucynke 2

9TO peureHne 0003HAYEHO TOUKOIA.

Hmxe mpeacTaBieHbl pe3ynbTaThl PacdeToB IO
amroputmy [4] (manee, Anroput™ 1) u, mast cpaBHe-
HUS, 110 aIropuTMy (naiee, AJIroput™ 2), B KOTOPOM
HE YYHWTBIBACTCSA COOTHOIIEHHE (3) W KOOPIMHATHI
HEIIOCPEICTBEHHO CXOISALIMX JIHUCKPETHBIX BHUXpEH
3aJ1a10TCS alPUOPHO (B JaHHOM CIIyYae IUCKPETHBIN
BUXDb PACIIONAraeTcs M0 KacaTeNbHOM K IUIACTHHKE).
PacyeTsl NpOBOJISTCS JUIS IUIACTUHKH, YCTAHOBICHHOM

nox yrimom 6 =60°, 114 0gHOTO M TOTO e MOMEHTA
BPEMEHU.



| |
0,1 0,2 015

Pucynok 2 - MHoxecTBO pemiennii 3agaun Komu

Ha pucynkax 3-4 mokaszaHbl MoJ0XeHHs cBOOOJ-
HBIX TUCKPETHBIX BUXpeH B ciiene. M3 rpagukoB BUIHO,
4TO0 (POPMBI BHXPEBBIX CJIEJOB, OINPEAEIeHHbIE IO AJl-
roput™am 1 1 2, IpaKTUYECKH COBIAJIAIOT.

Yi12-

B
voo
—_—
0 )
—~ '
A 1.00 X
04

Pucynox 3 - Pacuer ¢popMbI BUXPEBBIX CIIETOB
o Anroputrmy 1.

Ha pucynkax 5-6 oro0OpakeHO M3MEHEHUE CKOpPO-
ctu cxoxa Wi, j =12, B 3aBHCHMOCTH OT BpPEMEHH.

Hudpamu 1 u 2 obo3HaueHb! rpadyKH, MOIYUECHHBIE
mpu pacuere o AnroputMaM 1 M 2 COOTBETCTBEHHO.
IIpuBeneHHbIE pe3yabTaThl MOKA3BIBAIOT, YTO CKOPOCTHU
cxoja, paccunTaHHble o Anroputmam 1 m 2, paznuy-
Hbl. OCOOEHHO CYIIECTBEHHO 3TO Pa3IN4Ke MPOSIBISLET-
csl Ha KpoMKe A. 3aMeTHM IpU 3TOM, YTO IO AJTOpHT-
My 2 B Ha4aJIbHbIC MOMEHTHI BPEMECHH ITOIY4EHBI OTPH-
LaTeIbHBIE CKOPOCTH CXO0Jd. JTO MPOTUBOPEUHT MpeEs-
MOJIOXKEHUIO O HAlWYUHM CXOJa BHXPEBOTO Clelna C
KPOMKH A U HE COOTBETCTBYET (PM3MYECKOW KapTHUHE
tedeHus. Ha kpomke B HabmoaeM MEHbIIEE pa3indue.

160

0 3

A W 100 X

04
PucyHok 4 - Pacuet OopMBI BUXPEBBIX CIIE/IOB
Mo AJropuT™my 2.

w -

1
1,0 -
0
-0,5-
Pucynox 5 - CKopocTh €x0/1a BUXPEBOTO clieia
C KpOMKH A.
w —
15
D T T 1

¢

Pucynox 6 - CkopocTb cxo/1a BUXpPEBOro cliesia
¢ kpomku B.



Pacuets! Juist ApYryUX yI0B HaKJIOHA IJIACTHHKHU K
ocu OX Imokasaiu, 4To MpPU €ro YMEHBIICHUU pa3iinuue
CKOpOCTell B KpoMKe A yBEIMYUBAeTCs, a B KpoMke B —
YMEHBIIAETCS.

y‘u’_

8,0 -

I

PucyHok 7 - IHTEHCHBHOCTDh BUXPEBOTO Cliea
B KpoMKe A.

)

Pucynok 8 - IHTeHCUBHOCTh BUXPEBOTO ClIe/a
B Kpomke B.
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I'padukn Ha pucyHkax 7-8 mpeicraBisiloT cO00ii
U3MEHEHUE [0 BPEMEHM 3HAYEHUN HWHTEHCUBHOCTEH

7uj (0,t) BHXpeBOrO Ci105 B TOUKAX CXOMA.

Cpasuenue 3nauenmii nurencusroctert 7, (0,t)

paccuMTaHHBIX 110 Anroput™am 1 u 2, IpUBOAUT K aHa-
JIOTUYHBIM BbIBOJAM. MIMeHHO, pa3znuuue BeNWYUH HH-
TEHCUBHOCTEH B KpPOMKE A 3HAUUTENIBHO, TOIJa Kak B
KpoMke B maio.

TeHneHIMs yBENUUCHHS pa3sIMdus 3HAUYCHWH WH-

TEHCUBHOCTEN : O,t B KpOMKe A C YMEHBIIEHHEM
wj p y

yTia HAKJIOHA IDIACTUHKY K ocu OX coxpaHseTcs.

PesynbraThl 3KCIEpIMEHTa TIOKA3ajH, YTO BEIOOP
KOOpAWHAT CBOOOAHBIX AHWCKPETHBIX BHUXpEH, HEMo-
CPEICTBEHHO CXOJSIINX C KOHTYpPa, MOKET CYIIECTBEH-
HO BIMATh Ha THIPOAWHAMHYECKHE XapaKTEPUCTHKU
TEUYCHHsI KHUJIKOCTH B OKPECTHOCTH TOYEK CXOJla BHXpe-
BBIX CJICJIOB.
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Abstract
The unsteady nonisothermal bubble flow past of the circular cylinder to the moderate Reynolds number using the
model of interpenetrating and interacting continua investigated numerically. The influence of the concentration of the
dispersed phase on the hydrodynamics and heat transfer characteristics of the body are studied. Some features of the

processes are determined.

Nomenclature
a  Bubble radius
Co Average drag coefficient

Cn. Pressure drag coefficient
c,, Heatcapacity of the water

AC_  Lift coefficient amplitude
Cylinder diameter

Horizontal components of the drag
Vertical components of the drag
Unit tensor

Longitudinal coordinate

Normal
Nu:  Average Nusselt number
p, Operating pressure

p, Pressure

Pr,  Prandtl number of the fluid

Pr,  Prandtl number of the wall

R Cylinder radius

R, Averaged interaction force between phases

Re, Reynolds number

Stk Stokes number
Fluid temperature

TO

T, Wall temperature

V  Volume

W  Velocity

We  Weber number

x0x,  Coordinate system

a, Volume concentration of the dispersed phase

S, Mass concentration of the dispersed phase

. Local convective heat transfer coefficient of the
mixture
o,  Volume concentration of the continuous phase

a, Volume concentration of the dispersed phase
4 Thermal conductivity

(  Dynamic viscosity coefficient

p,  Fluid mass density

0, Average density of the continuous phase

o Surface tension
7 Time
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Introduction

The increased interest of researchers to the me-
chanics problems of the bubble flow due to their wide-
spread in nature and technology.

The particles presence in the stream with a rela-
tively small volume concentration, but with the densi-
ty of material of the particles significantly higher den-
sity of the continuous phase, the essentially influence
on the streamlined bodies heat transfer and the hydro-
dynamic characteristics [1-5]. The heat transfer and
the hydrodynamic drag increases, the amplitude of the
lift force decreases with increases of the particle mass
concentration. Increasing the number of Stokes leads
to the fact that the heat transfer, the cylinder drag co-
efficient tend to their values, which are observed in
case non-isothermal homogeneous flow past of the
cylinder.

Most of the experimental and numerical studies
performed for case the flow in the channels of various
shapes when the particle density is much less than the
continuous phase density and the volume concentra-
tion is high [6-8]. The papers where bubble flow past
of the bluff bodies are studied a little. The two-phase
flow (water-air) around an airfoil NACA studied in
[9]. The flow rate of up to 10 m/s, and the volume
concentration of the dispersed phase 0.12. The basic
characteristics of the flow, such as the velocity field,
turbulence intensity, gas content are estimated. Estab-
lished that the bubbles are redistributed in the flow,
moving from the high to the low pressure area. This
redistribution of bubbles near the streamlined bodies
is seen as a key point to understand the features of the
hydrodynamic behavior profiles in two-phase flow.
The results of numerical calculations of the bubble
flow past of the circular cylinder used k—¢& turbu-
lence model presented in [10]. They established that
an increase in the volume concentration of bubbles
increases the frequency of vortex shedding from the
surface of the cylinder and the amplitude of the lift
force.

Problem Statement

For the mathematical description of the fluid with
bubbles chosen model of interpenetrating and interact-
ing continua. Terms of the joint motion phases are set.



Quantities describing the interfacial interaction deter-
mined. Each phase is part of the mixture.
When writing the averaged equations of motion of het-
erogeneous mixtures used spatial averaging. Addition-
ally, the following assumptions are made [11]. Size of
bubbles are much larger than the distance between the
molecules, but is much smaller than the diameter of the
streamlined cylinder. Monodisperse mixture, dispersed
phase in each elementary macrovolume present in the
form of spherical inclusions of the same radius a. Rel-
atively, the formation of new bubbles, their fragmenta-
tion, clumping (coagulation), the deformation does not

occur, the Weber number We = 2ap,w?/o <1 (p, —

average density of the continuous medium, w is the
characteristic velocity of the flow, ¢ - surface ten-
sion). It is believed that the bubbles do not rotates, do
not bounce off the surface of the body, there are no
phase transitions, viscosity and thermal conductivity
are not manifested in the macroscopic transport of
momentum and energy, are observed only in the pro-
cess of interfacial interaction.

It is assumed that the bubbles entrained fluid, so
the velocity of the carrier medium and the dispersed
phase are close, when assessing the effect of interfacial
interaction of the added mass is not taken into account,
are not considered as the strength of gravity, lift. In
addition, the movement of the mixture is assumed lam-
inar, and the chaotic behavior of the bubbles is negligi-
ble, pulsating momentum transfer in the absence of
external destabilizing factors is small [11].

In the calculations the carrier phase is water, the
dispersed phase is the air bubbles. It is assumed that the
density p,, coefficient of dynamic viscosity g, ther-

mal conductivity A, specific heat water c, relevant

characteristics of the air depends on the temperature
linearly in a selected range of change; characteristic
velocity of the mixture is about 0.001+0.0001 m/c.
Relatively, the low Mach number, compressibility of
the environment is negligible. It should be noted that
according to the existing map of flow regimes [6, 11],
for these media and their parameters will be bubbly
flow regime.

Further, as the computational domain is selected
rectangle 10 m long, 4 m wide, which at a distance of
2 m on the inlet section and the same distance from the
lateral boundaries the cylinder with radius R =0.1 m is
placed. This area is covered by a grid of triangular ele-
ments are condensed to the body surface. On the surface
of the body is 200 nodes, the total number grid nodes 32
thousand, 64 thousand triangular elements. The coordi-
nate system origin x0x, located in the center of the
cylinder, axis Ox, directed along the free stream.

Governing equations. Taking into account that
the media are incompressible, mass exchange between

the phases does not occur, the mass conservation equa-
tion can be written as [11]:

%(O‘ipi)‘*'\?i'v(c’ipi):o' i=12; o))
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where 7 is the time, V:Ti+]i, Vi=V,i+V, ]
X, dX,

is the velocity vector i phase; ¢, o, is the volume

concentration of the continuous and dispersed phases
(e +a, =1);

%(0{2)+92-V(0{2):0. o)

The momentum equation for i phase in the ab-
sence of gravitational forces can be written as
i(oaipi\q/i)ﬂ*/i V(apvi)=-aVp,+V-TI,+Ri. (3)
a7

Here, p, - average pressure i phase;

I, =i (Wi +(Vv )T )Jroci (O‘i —%yijVQil — stress

tensor in the i phase; 4, o; — shear and volume vis-

. . R G S
cosity; | — unit tensor; R; —TJ}/(VZ_Vl)dV -
averaged interaction force between phases, V - vol-

R
ume, y=a,p, 1 /8, 8=2p,a* 9, , f =%,

.- 24(1+0.15Rey,™ )/Reﬂ, Re,, <1000

> 0.44, Re,, >1000

2pl ‘gz —01‘ a
Re,, =———— — Reynolds number of the
relative motion of the phases.

Equation of heat transfer in the continuous and
dispersed phases

%(picpi-ri )+\7i 'V(picpiTi ) =V-(AVT)+Q ., (4)

1)
where Q, =%I47za2a2,821 (T,-T,)dV, S, is the
\

heat transfer coefficient between the continuous and
dispersed phases [11].
Governing equations  (1)—(4)
boundary and initial conditions.
The input section, perpendicular to the axis 0x,,

lets: v, =v,, =w, v, =V, =0; operating pressure
P, =0.1 MPa; temperature of the carrier and the dis-
persed phase is the equal: T, =T, =T, = const ; concen-
tration o, = o, =const .

At the exit of the computational domain, we use
the following boundary conditions:
%:%:%:£:0 (i=12), e,
ox, ox I IX X,
which means that the alignment of the output as the
hydrodynamic and thermal characteristics.

The condition on the side boundaries can be writ-

ten in the form:
Ny _9pi _ Ty

%520, v,=0 (i=12),
ox, X, 0x, 2 =0 )

complemented

o,
ox,

=0.




It is believed that on the surface of the cylinder
realized slip condition of the continuous and dispersed

phases v, =v, =0; there is a ideal thermal contact:
T, =T, =T,. Heat flux is

4 =4 aTi/an =ai*(Tw _Ti*) (i=12),
where n — outward normal to the surface of the cylin-
der, T — temperature i phase away from the cylinder

(average mass temperature), o; - required local con-
vective heat transfer coefficient.

In the initial time moment 7 =0 the liquid begins
to move instantaneous, v,=w, Vv, =0, p=p,,
T=T,, o, =0,.

The integration of the corresponding equations
(1) - (4) is performed using program complex Fluent
(license KSTU). The implicit solver of second order
accuracy selected. The pressure correction procedure of
SIMPLE is used. The convergence criterion for all pa-
rameters equals 107, the maximum number of itera-
tions at each time step 40.

Numerical Simulation Results

Test

Previously flow and heat transfer of the circular
cylinder of the homogeneous fluid (water) is consid-

ered for Reynolds Re, =100, when w=5-10"" mi/c;
T,=293 K, T,=343K. It is shown that the time-

averaged drag coefficient Cp=1.28, the amplitude of
the lift coefficient acting on the cylinder by the fluid,
AC, =0.395, Prandtl number of the fluid Pr, =6.99,

wall Pr,=2.89, average Nusselt number Nur =13.42.

The results are good agreement with numerical and
experimental data of other authors [1,2,12]. In particu-
lar, the according to the experimental dependence [13]

Nur =0.52Re® Pro¥ (Pr, /Pr, )",
with calculated values Pr,, Pr, average Nusselt num-

ber Nur =13.315.

Calculation results
In the following calculations, the values T,, T,

remain the same as when testing. Volume concentra-
tion of the dispersed phase at the inlet to the computa-
tional domain ¢, varies from 0.1 to 0.5.

Reynolds number of the mixture Re, _ WD

0
determined by the velocity w, the effective density of
the mixture at the inlet of the computational domain
po=(1-ay)p,+,p,, effective dynamic viscosity

Uy =, (1+ ) [11]. Note that Reynolds number in
this case is a function of the concentration, i.e.,
Re, =Re, (&) .

The velocity is fixed during the numerical exper-
iments w =0.0005 m/c. The corresponding values of

the volume concentration ¢,, Reynolds number are
shown in table 1. It can be seen that as the concentra-

tion of the dispersed phase Reynolds number Re, de-

creases. The mass concentration of the air on the inlet
£, not exceed 0.0012.

Table 1 - Volume concentration ¢,
Reynolds number Re,

a, 00 | 01|02|03|04]05

Re, | 100.0 | 81.7 | 66.6 | 53.8 | 42.8 | 33.3
d;wp, :

Stokes number Stk = , determined by the
18u,D

parameters of water and air at the inlet to the computa-
tional domain, the diameter of the cylinder D =0.2 m,
diameter bubbles d,=2a changing d, from

5.10* m to 5-10° m varies 4.1.10°+4.24-10°° . It
is very small value. As a result of these calculations
and the input parameters is established that the heated
water is localized near the surface of the cylinder, in
the vortex structures coming down from it, the volume
concentration of the dispersed phase increases near the
body.

Volume concentration of water in this area in ac-
cordance with the dependent oy +¢«, =1, conversely,

decreases. The dispersed phase is concentrated in the
low-pressure area, center of the vortex.

It is also interesting the change in concentration
of the dispersed phase along the surface of the cylinder.
The Figure 1 show, that the concentration of the dis-
persed phase increases sharply in a neighborhood of
the stagnation point of the body (1=0.0 m), near the
regions of the vortex shedding from the surface of the
cylinder (1=0.195 m).

@, @, F= 3 ===

0.65 )

0.6f—

0351

A<=

0.35F

e — -
0. 0.2 I m
Figure 1 - Changing the volume concentration

of phase along the surface of the cylinder
(,=0.5, d,=0.005 m):
o, —volume concentration of the continuous phase
(full line);
a, —volume concentration of the dispersed phase
(dotted line);
| — longitudinal coordinate

FITILL L
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0
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The local convective heat transfer coefficient
of the mixture ¢, reaches maximum on the wind-
ward side of the cylinder (Figure 2). Interesting that
minimum value «;, observed on the surface of the
body, the downstream than the jump concentration
of the dispersed phase. However, the sharp increase
in the concentration of the dispersed phase near the
stagnation point past a cylinder (1 =0.0 m), the sepa-
ration point of the flow (1=0.195m) reduces the
heat transfer coefficient. This is clearly seen on the
Figure 2.

u;,. WAmM'K)

T0

&

0.5

o ol 0.2

I, m
Figure 2 - Convective heat transfer coefficient
on the surface of the cylinder

Further the integral characteristics of the process-
es studies. Increasing the concentration of the dispersed
phase leads to the fact that heat transfer from a heated
cylinder liquid bubble worsens, average convective

heat transfer coefficient 5{; (Figure 3), average
Nusselt number  Nu = o D/((l—ozo)ﬂ1 +ah,)
(Figure 4) decreases linearly

o =t —45¢,, Nuo = Nut —1.50,,

where o and Nu; are the average heat transfer coef-

ficient and the average Nusselt number in case the ho-
mogeneous  flow  past of the  cylinder

(o =44.1 W/(m2K), Nur =13.315).
Values Co, AC,_ , respectively, the average coef-

ficient of drag, the amplitude of the lift coefficient of
the unit length cylinder streamlined bubble liquid is
calculated using the relations:

= _ El +Ez _ G1 + G2
" 05pwD’ " 05p,wD’
where Fi, F2 is the time average horizontal compo-

nents of the drag acting on the body of the continuous
and the dispersed phase; G,, G, is the vertical compo-

nents of these forces.
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Figure 3 - Mean convective heat transfer coefficient
of the cylinder on the concentration «,

miz.\ T
13,25}

13

1275

12.5

12,25

0 0.1 0.2 03 0.4 ¥,
Figure 4 - Dependence of the average Nusselt number

of the cylinder on the concentration ¢,

Found that when considering laminar flow mix-
ture when the volume concentration of the dispersed
phase at the inlet to the computational domain ¢,

changes from 0.0 to 0.5, Strouhal number increases by
only 1.6%. Whereas in the turbulent regime and change
o, from 0.02 to 0.05 increases by 5.4% [10].

As the volume concentration ¢, average drag
coefficient of the cylinder Co changes little, however,
the time-averaged longitudinal component of the drag
F=F.+F, decreases from 320-10°N to
1.59-10° N changing «, from 0.0to 0.5.

In contrast to the full-scale experiment, the nu-
merical calculation to determine separately the average

drag coefficients of the cylinders Co1, Co2, due to the

continuous and dispersed phases, as well as to estimate
the average drag coefficients of pressure and friction:

= Epi Efi
pi = 2 ’ fi = 2 ]
0.5p,w°D 0.5p,w°D
where Fui, Fn — averaged over the time projection on
the axis Ox, the resulting pressure, friction forces act-
ing on the surface of the cylinder by i phase.

i=12;



From the results of the calculations, it follows
that an increase in the volume concentration of the dis-
persed phase ¢, average drag coefficient of the cylin-

der Co1 decreases linearly,
6[)1 = EDf —1.070(o ,

where Cor is drag coefficient of the cylinder in
the homogeneous flow. The change Coi is mainly due
to the drag coefficient of pressure C 1. The coefficient

Cr decreased insignificantly on 1+2%.

The second component of the drag coefficient of
the cylinder Co2, on the contrary, increases with in-
creasing volume concentration ¢,. The result is that,

as mentioned above, the drag coefficient Co changing
a, in this range remains almost constant.

Conclusions

In case the laminar nonisothermal bubble flow
past of the circular cylinder the heated water is local-
ized in the vortex structures, coming down from the sur-
face of the cylinder, the volume concentration of the
dispersed phase along the surface varies greatly, greatly
increases near the regions of vortex shedding and the
stagnation point of the body. So that the heat transfer in
these areas is deteriorating. The coefficient of drag force
of the cylinder due to the continuous phase is reduced
and dispersed — increases with the volume concentration
of the dispersed phase at the inlet of the computational
domain. As a result, the total drag coefficient varies only
slightly, while the average time for the horizontal com-
ponent of the force of resistance is reduced significantly,
the amplitude of the lift force increases.

Heated cylinder heat transfer to the flow is dete-
riorating as the volume concentration of the dispersed
phase. And the change of the average coefficient of
convective heat transfer of the cylinder, the Nusselt
number as a function of the concentration of the dis-
persed phase is near to linear.

Thus, in this case, changing the volume concen-
tration of the dispersed phase to the cylinder from 0.0
to 0.5 it is possible to reduce flow resistance is almost
2 times, reduce heat loss by 49.0%.
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AHHOTAINSA
Pacemompenvt cnocobvl nocmpoenust RPUOIUNCEHHBIX MAMEMAMUYECKUX Mooerell npoyeccos (Ha npumepe siex-
MPOXUMUYECKO20 POPMOOOPAZ08AHUSL) C NOMOUBIO YUCIEHHO-AHAIUMUYECKO20 PEUEeHUsl KDAEBbIX 3a0ay U NOCIeOYIo-
we2o nOCMpoeHUst UHMEPNONAYUOHHBIX 3AGUCUMOCTEL HA OCHOBE NOJYYEHHbIX YUCTIeHHbIX pe3yibmamos. Ilpednooice-
Hbl npuembl, NO3OJsIOUUE NOCMPOEHUE MAKUX 3A6UCUMOCTEN 8 YCIIOBUSAX HENOIHOMbL UCXOOHBIX OAHHBIX U CHOCOObL

OYEHKU Ux nocpeutHocmu.

Brenenne

Heo0xoanMOCTh  ITOCTPOCHUSI MaTeMaTHYECKHX
MOJeIeil, OCHOBaHHBIX Ha aHANM3e U 00paboTKe NaHHBIX,
NONYYCHHBIX IYTEM YHCICHHOIO PEIIeHUS CIOXHBIX
3a1a4, OOBSCHACTCS, BO-NIEPBBIX, MOIYYEHHEM BO3MOXK-
HOCTHU NIPAaKTHYECKOTO HCIIOIB30BAHUS PE3YIIBTATOB, BO-
BTOPBIX, MO3BOJISIET pa3paboTaTh 0a3y JaHHBIX IJIS pe-
nieHus: 6osiee o0mMUX 3a1a4 MojenupoBaHus. OgHUM U3
METOAOB ITOCTPOCHHUA TAKUX Moz[eneﬁ, ABJIACTCA UHTEP-
nossinusi. OfiHaKo JTa 3ajada BO MHOTHX CITy4asx sIBJIs-
€TCsl HEKOPPEKTHOM, U B psilie cllydaeB HeoOXoauMa pas-
paboTka crenuanbHbIX METO/I0B U MPUEMOB ITOCTPOCHHS
1 BepH(pUKAIMN HHTEPIIOISIIMOHHBIX MOJIEIIEH.

B paboTe paccMOTpEeHO MOJIETHPOBaHHE MIPOLIECCOB
pa3MepHOii TeKTpoxuMuueckoi oopabotku (9XO0) [1],
KOTOPOE IIPH JOMYIICHUH 00 OIXHOPOIHOCTH JJIEKTPOIIH-
Ta CBOAATCA K perennio 3a1au Xene-1oy [2].

IIpu nccnenoBannu GpopmMooOpazoBaHUS aHOIHOU
NOBEPXHOCTH B TIPOILECCE JIIEKTPOXMMHUYECKOTO pac-
TBOPCHUA HCO6XO,E[I/IMO YUYUTBIBATH HEPABHOMCPHOCTH
3a30pOB B MEXJJIEKTPOJHOM MPOCTPAHCTBE, YTO TPeOy-
€T IPUMEHEHUS CIOXHBIX YUCICHHBIX METOJOB M aJro-
PHTMOB.

1. IMocTaHOBKA CTAIIMOHAPHOM

M NpeAebHO-CTAIIMOHAPHOM 3a1a4.

IIpocTreiimme npuMepbl

PaccmoTpuM B kadecTBe mpumepa MpOCTEHIIyIO
3agayy 9XO c miockonapamiensHsiM MOIT u DU, nBu-
KYIIMMCS BEPTHKAIBHO BHH3 CO CKOPOCTBIO Ve (puc. 1).
VYron mexay HopMmanbio K OV U HanpaBiIeHUEM JIBHKE-
Hus DU paBer O. Tekyiee pacCTOSHIE MEXKAY AIIEKTPO-
namu pasro S(t,0).

JlomycTnM, K 3JEKTPOAaM IOJKITIOYECHO HarpsKe-
are U(t) B BHae MPSIMOYTONBHBIX UMITYJIBCOB C aMILTH-
TyaHbIM 3HadeHueM U. Toraa HampsHKeHHOCTh BO BpeMs

U
umIynsca papia E=E = 35 rae U — pa3HOCTh MOTEH-

LIMAJIOB MEXIy aHOJIOM M KaToJOoM (C y4eToM Pa3sHOCTH
HOTEHIMAJIOB B JBOMHOM CJIO€ BOJM3M aHOMA M KaToja
[2]), S — BenmmumHa 3a30pa.
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IIpu 1OCTATOYHO KOPOTKHX HMITYJIbCAX MOYKHO
npeHeOpeds M3MEHEHHEM 3a30pa 3a BpeMsl HUMITYJIbCA.
Torna cornacHo 3akony Dapanes [2]

U
Vecm =k gno '

T At cos

Pucynok 1 — ITnockonapamnensanoe MOIT

CKOpOCTh W3MEHEHUsI PACCTOSHUS MEXIY OJIIeK-
TPOJaMH ONpelelsieTcss PasHOCTBI0 MEXTY CKOPOCTBIO
NIEKTPOXMMHYECKOTO PACTBOPEHUS M HOPMAIBHOH K
aHOJly CKOPOCTBIO IBrkeHus DU

(:j—f:k%no—vet cos Y. (1)

B cayuae craumonapHoro mporecca (dS/dt= 0)
paccTosiHHe MEXAY 3JICKTPOAaMH OyIeT ONpeaeNsThCs
NPH PEIICHUH YpaBHEHHS

u 1
Sy =kKng———
V, cosd
rae Sgt — BeMYMHA CTalMOHApHOTO 3a30pa mpu ¥=0.

DTO COOTHOIICHHE B JIUTEPAType MPUHATO Hasbl-
BaTh «KOCHHYCHBIM IPHOIIDKEHHEM» NPH PEIICHHH 3a-
nad popmMoodpazoBaHusl KPUBOJIUHEHHBIM DU,

IIpu pewenuu 3a1a4 B TOYHOM HEJIMHEHHOM 1OCTa-
HOBKE KpaeBoe YycioBue craionapaoctd (dS/dt =0)
perrerns (1) nprobpetaer Bu [2]

Sy
cosv

@)



Vet ,

kn,

rne E — BekTop HanmpspKeHHOCTH B Toukax oOpabaThiBac-
MOH MOBEPXHOCTH; Eq — MOIYJIb HANPSDKEHHOCTH B TOY-
kax, e 9=0.

Jnst pelieHns CTalMOHAPHBIX 33734 yao0Hee MpH-
MEHHUTH MeTOA rojorpada, T.e. pacCCMOTpPETh 00JacTh Ha
IUIOCKOCTH rogorpada HanpspKeHHOCTH
- =l

dz ’
rae 6 — yroja MexAy BEKTOPOM HANPSIKCHHOCTH M
ocbio X. JJIst 3TOrO ycinoBHe CTAlMOHAPHOCTH CIENyeT
BUJOU3MEHHTh, HCIOJB3Ys CBs3b BEJIMYUH YIJIOB
0=0-m/2. Torna ycnoBue CTaMOHAPHOCTH TPUMET

|E| = E,cos®, E,=

E

BUJT
VE

- 3)
kn,
Pemenne ypasHenus (1) ¢ HayadbHBIM YCIOBHEM

S(0,9) = Spp MOXKET OBITH MONYYECHO B AHATHTHYCCKOM
BUIE

|E|=—E,sin®, E,=

S(t,9)-Sps Vot V, cos” 9,
S(t’ﬁ)_sﬁ e Sy =g Sy =e Syt
Stm - Sa
[Ipu t—e0

Sop=Sy Ve COS” 0,
S(t,9) =S, +(Spy =S, ) > e
Takum 00pa3oM, CTallMOHAPHBIA MPOIIECC YCTaHAB-

JMBAETCS 110 SKCIIOHCHIMAILHOMY 3aKOHY € ' ¢ meKpe-
\Y) kn.,U
MEHTOM 1 - —c0s% ¥ = n—ozcos2 9.

st st
IIpu pewenuu 3a1a4 B TOUHOM HEJIMHEHHOM 1OCTa-
HOBKE KPaeBOE€ YCIIOBHE NPEIEIBHOIO PEXHMMa PAaCTBO-

peHUA UMECT BUJ

4)

rac E- BCKTOP HANPAKCHHOCTU B TOUKAX 06pa6aT},1Bae-
Mot TOBECPXHOCTH.

E-d-e,

[Ipu momemxuOM DU 1M S(t)>£ pacTBOpeHUs
1

HE TIPOMCXOJINT, U 3a30p, cornacHo (1), yMeHbIaeTcst co

ds
CKopocThl0 —— =-V,,C0S¥. 3a KOHEYHOE BpeMs
dt et
Sy —kU/
t = —>——== ycraHaBNHMBaeTCs He 3aBUCAIICE OT yria
V, cos%

¥ 3Hauenue 3asopa KU/ j, .

PaccMOTpHM Telephb YIPOLIEHHOE PEIEHHE 3a1a41
nipu o6paboTke kpyriasiv DU paguyca R (puc. 2).

Jlinst onpenesieHuss BENMYUHBI 3a30pa MOMHO HC-
MoJIb30BaTh (GopMyay (3), TOABKO NMPH HCKPHBICHHOM
31/1 MOOYJIb HAIPAXKCHHOCTU HECJIB3s CUUTATh PABHBIM

]
g . I[J'IH OIPEACICHU HAIIPAKECHHOCTU BOCIIOJIB3YCMCS

MOJICTIbIO  IMJIMHJIPUYECKOTO KOHIeHcaTopa». [loreH-
[HaJI TOYSYHOTO HCTOUYHUKA PABEH

¢@=NInp+const,

rac N — HUHTEHCHBHOCTH UCTOYHHKA,; P — PpaCCTOAHUEC OT
HUCTOYHHUKA OO0 TOYKH, IAC IMPOU3ZBOAUTCA HU3MCPCHUC.

168

Torga, MOCKOJNBKY Pa3HOCTh MOTEHIMAIIOB MEXIY aHO-
JIOM ¥ KatojaoM paBHa U, To

U:Nmm+$—NmR=Nm@+%)

Ny

ecm

Pucynoxk 2 — O6paboTka uckpuBiIeHHBIM D1

Haﬂpﬂ)KeHHOCTb OT TOYECYHOI'O HCTOYHHMKA Ha aHOI€
N U
-2

Pa (R+S)In(1+2] |

[MoacTasisist 3T0 BeIpakeHue B (3), momydum
U

EJR+$m@+2j

®)

=c0sV.

. . U
BBopst HEKOTOPBIIT XapakTepHblid pasmep | = N "
0

. R
neperas Kk Oe3pasMEepHBIM BeJIMYMHAM I =|—,

MOJyYUM ypaBHEHUE
1

(1+EJIn(1+§J =

r r rcosv

Wm(l'i‘ijlﬂ(lﬁ'ij = 1
r r

r.l
rae r'=rcosd, s'=scosv.
Pemast 370 TpaHCHEHACHTHOE ypaBHEHHE YHCIICH-
MOXHO  TMOJNYYHTh  (YHKIHH s' (r') u

s(,r)=s'(r cosﬂ)/ C0S¥, MO3BOJIAIOIIUE MPUONMKEHHO

MONYyYUTh 3HAYCHUS 3a30pa, KOTOpPBIE MOTYT OBITh HC-
MOJIb30BAHBI HA MPAKTUKE AJIs onpeaeneHus popmbl DU
mo 3amaHHoW (opme meramu. OmHAKO cleayeT HaHTH
00J1acTh, IJIe X BO3MOXHO HCIIOJIB30BaTh C TIPHEMIIEMO
HOTPEIIHOCTbI0, CPABHUB C PELIEHUEM HEIUHEHHOU 3a-
JIau¥ U JIOTIOJHUB Pe3yJIbTaTaMH 3THUX PEIICHHH.

Jnst mpuOIKEHHOTO PeIleHHs 3a/1a4u B ITPeaesb-
HOIl mocTaHoBKe HeoOxoaumo monctaButh (5) B (4) H,

(6)

HO,

BBelsl Oe3pa3MepHbIE BEIMYMHBI [=—, S= |

pu

| = v , IOJIyYUM ypaBHEHHE
1

[l+§jln(1+i)= (7
r r) r

Taxum 06p2130M, B NPCACIIbHOM PCHICHWU BCIINYH-
Ha 3a30pa HE 3aBUCUT OT 0.

2. YncJieHHO-aHAJINTHYECKOE PellieHue 3a1a49u
CTAIMOHAPHOM J1eKTPOXHUMHUYECKOil 00padboTKH
MI0CKUM DU ¢ MOJyKpYIJIBIM BBICTYIIOM
PaccMmoTpuM cranmoHapHY0 3aaa4y 00 00paboTke
TONYKPYTIIBIM  JiekTpoa-uacTpymerntom (OU) AFGB',



KOTOPBIN JBHIKETCSI BEPTUKAILHO BHU3 CO CKOPOCTBIO Vi
(puc. 3). O6pabatriBaemas mosepxHocts AMDNB mpu-
obperaeT cranuoHapHyo ¢opmy. [lonoOHbIe 3amaun c
JIPYTUMH YCIOBHSAMH Ha HEM3BECTHOM TpaHHIE paccMaT-
puBaiuch panee [1].

Jnst perieHuss Takux 3aj1ad ymoOHee NPUMEHHTH
MeToJ Trogorpada, T.e. paCCMOTPETh 00JIACTH Ha TUTOCKO-

ctu roporpacda HampshkeHHocTH E = (:j_VZV = |E|e"i9, rae 0
— YroJI MKy BEKTOPOM HANPSHKEHHOCTH H OCBIO X.

[Ipy 3TOM yCJOBHE CTallHOHAPHOCTH — 3TO €CTh
ypaBHEHHE NaHHOW OKPYXXHOCTH, M C YYETOM TOYEK Iie-
perunba, TpaHHWIA, COOTBETCTBYIOMmas 0OpabaThIBaeMOit
MIOBEPXHOCTH, OTOOpa)kaeTcs Ha pa3pes MO Iyre OKpyx-
HocTH. Ha rOpH30HTaIBHBIX YacTsSX Yroi paBeH —T/2 —

9TO BEpTHKaJbHBIE YYaCTKH Ha IUIOCKOCTH Toxorpada.
Ecmm dopmy rparumsr FCG Ha mmockocté romorpada
3a1aTh B BUJIE OKPY)KHOCTH, TO (pOopMa TpaHHMI] Ha IJIOC-

koctu E wu3BectHa, u cornacHo Teopeme Pumana, MOX-
HO, 33J]aB COOTBETCTBHE TPEX TOYEK HA IPaHUIIC, HANTH

eIMHCTBEHHOE KOH(OopMHOE oToOpakeHne E Ha kakyro-
HUOYIb TMapaMeTPUYEcKyl0 IUIOCKOCTh, HalpHMep, Ha
nonykousio § (puc. 4).
®dopma 067acTH Ha TUIOCKOCTH KOMIUIEKCHOTO I0-
TeHLMasa Juisl J1I000i (OpPMBI BHICTYIIAa HA TUIOCKOM Ka-
TOJIC OTIPEAEISIETCS yCIOBHIMHU
—-U, mna A'B',
ReW =
0, Ha AB.

B cBsi3u ¢ aTuMu ycnoBusimu Ha 1wiockocta W 06-
JacTh IpeacTaBiseT codoi momnocy [3].

TakuM 00pa3oM, NPU PELICHAH 337129 METOIOM FOJI0-
rpada HEOOXOMUMO HAWTH J1Ba KOH(POPMHBIX OTOOPaKEHHUS

E(C) u W(C) . Torma otoOpakeHIe Ha (PU3MYECKYIO TIIOC-
KOCTb IOJTy4aeTCsl HHTET PUPOBAHNEM BBIPAKSHHU

- W ).
E(¢) dg

Ecnu dopma rpanunsr FCG Ha miIockocTH To-
norpada 3ajaHa B BUJAC OKPYKHOCTH, TO MOJydacTCs
3a7a4a 00pabOTKM HEKUM KPUBOJIUHEIHBIM DU, U 3Ta
3a7jadya HWMEET AaHaJUTHYECKOEC pEeIICHHE, KOTOpoe
MMOJYyYCHO HIKE W HUCIOIB30BAJOCh B KAadeCTBE Te-
CTOBOTO.

AcumriToTidecKasi BEIMYMHA 3a30pa S HM3BECTHA.
HampspxeHHOCTD Ha OSCKOHEYHOCTH CIleBa M CIIpaBa paBHA
Eo=U/S, rme U — pasHOCTH TOTEHIMAIOB MEXIY aHOIOM
(obpabatpiBaeMOii TOBEPXHOCTHIO) U KatogoM (D).

Ha mnockoctu  romorpada  HampsyKEHHOCTH

E= ?j_VZV obpasom rpanuisl DU (puc. 4) siBrsieTcss HEKO-

Topast KpuBasi (OpH STOM Ha (HU3UYECKOH IUIOCKOCTH
¢dopma rpanuiel DU GymeT mpeAcTaBisTh KPyT). AHOLY,
coracHo (3), COOTBETCTBYET pa3pe3 MO Jyre OKPYKHO-
ctu pamuyca Eo/2. B kagectBe mapamerprueckoi obia-
cru { BoiGepem monykonsio (puc. 4,6). C ucmnons3osa-
Huem MetogoB TOKIT (koHGOPMHBIX OTOOpaKCHHI)
3amayva Obuia penreHa u auddepeHnnan nojayyeH B BUae

(v B
e " p?

z Cn(pmem-prg )
= +
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(2m-1)/2

f
C p

—(2m-1)/2 C(m—l) _

Y
( (2m-1)2 p—(Zm—l)/Z)X

x(p plm 2 g ®)

rne Cp, — Heu3BeCTHbIE JIeHCTBUTENbHBIE KO DHUIINEHTHI
psana Jlopana.
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Pucynox 3

a — Gu3nyecKas mIoCKOCTh;
0 — IIOCKOCTh KOMIUIEKCHOT'O IIOTEHIHaIa

D
-P

G
1

| BV

0 P v
Pucynox 4 — ITimockocT:

a — rogorpada HapsHKEHHOCTH;

6 — mapaMeTpHIECKOro MepeMeHHoro &

Koundopmuoe orobpaxenue Z({) naxomures ¢ 1mo-
MOLIBIO YUCJIEHHOIO MHTETPUPOBAHUA  IIOJYYEHHOIO
BBILIE BBIPAKEHUS.

3aj1aua pemaeTcs YUCIEHHO METOJOM KOJIIOKAIUIA.

B cymme ZCM(Cm -p

HSACTCA KOHCYHOE€ 4YHCIO N CJlaraéMblX, a YpPaBHEHHUC
)

TOYEK rpanmiml oonactn {=e"", 6,

sz’m), KaK ObUIO CKA3aHO, COXpa-

2

r

, = R/ S BHINONHAETCS B KOHEYHOM YHCIIC

=nm/n,m=0,...,n



[omydaemass TakuM o00pa3oM cuUCTeMa HEJIUHEHHBIX
ypaBHEHHMH pemaercsi OTHOCHTEeNbHO mapameTpoB Cp
(m < n), p Mmeronom HploTOHA € peryInpoBaHueM Iuara.
®opMBI CTallIOHAPHON MOBEPXHOCTH IJIS pa3iauy-
HBIX pajiycoB ' M MX 00pa3bl Ha MIOCKOCTH rojorpada
—

MMOKa3aHbI Ha puc. 5, 6.
r U/l'_lu

2 4 L]

R —
77
D4

4

53,7

-

)

it

uw

L1

1z

oy
ar a7

BE na
Pucynok 5 — ®opma MOII 1 rutockoctu rogorpada

npu R/S=10

Ha puc. 7 mokazaHbl pe3yJIbTaThl OLECHKH OTIHYHS
(GOpMBI OT OKPY)KHOCTH M TOTPEIIHOCTH BBIYHCICHUS
60koBoTrO 3a30pa (mast ¥=80°).

Jl71s OLIEHKM OTHOCHUTENBHOM MOrPEIIHOCTH 3HAUEHUI
MapaMeTpoB NMPHUMEHsETCS (DIIBTPALHs ITOCIIEI0BATEIILHO-
CTH BBIYMCIICHHBIX 3HaUEHHIT TOPLIEBOTO 3a30pa S, st N=5;
6; 7; ... 60 (xpuBas 0) u pesymnbrarel 1-it-3-it QrbTparmm
otoit 3aBucumoctr (kpuBbie 1-3). TONCTBIMU JIMHUSAMH Ha
puc. 8 0603HaUCHBI Pe3y IbTATHI MOMAPHOTO BEIMUTAHHS [5],
TOHKHMH — PE3YJIBTATHI CPABHEHHMSI C BBIOPAHHBIM 3HAYCHH-
eM 3TalloHa. B pe3ynbTaTe mony4eHbl STAIOHHbIC 3HAYCHHS
0.9257193873411 mst r=5 u 0.985266909430 mmst r=32. B
pe3ysibTaTe OLEHKH IMOTPEIIHOCTH ATajOHa MONyYaroTCs
BemumHb Menee 1073-1072,

OTMETHM, YTO 3aBUCHMOCTh MOTPEIIHOCTH OT YHC-
Jla TOYEK KOJUIOKALMH N MpelcTaBisieTcss CyMMOM MOKa-
3aTeNbHBIX QYHKITUH

7, =7+CY) +CYh +...+c ¥l +A(n),
nostomy B Qopmyne duistparmu [4] Bmecro QY wc-
TOJIb3YETCS }{1.

Ha puc. 9 mokaszaHbl pe3ynbTaThl YTOYHCHHS H
OIICHKH MOTPEHIHOCTA CyMMHpOBanus psiaa B (8). 3Haue-
HUSI TapaMeTpa P cooTBeTcTBYIOT =32 u Oonee. BuaHo,
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YTO TOYHOCTH MOpsiaka 14 3Havammx nupp MOXKeET OBITh
nJocturayTta npu n=75+150.

/
=

1%

b = v

[ B} 2 24 a8 | it

Pucynoxk 6 — ®opma MOII u niockoctu roporpada
npu R/S=5
-lgd

4

G5 n

2

0 i i !

5 26 45 65 a5 n

6
Pucynox 7 — OrnieHKa MOTPENTHOCTH s [=32:
a — ommane Gpopmbel DU 0T OKpYKHOCTH;
6 — 3a3opa i1 9=80°



15 x »B 45 a3
Pucynok 8 — OrieHka NOrpEIIHOCTH TapaMeTpa S, (r) .

H

a— 1 r=5; 6 — qa r=32

Benuuuny TOpPIEBOrO 3a30pa CleAyeT CPAaBHUTH CO
3HauenneM S,(r), momydeHHsIM u3 MogenH (6) «IHIHH-
JPUYECKOTO KOHAeHcaTopa» (cM. Tabi. 1).

Ha puc. 10, a ¢ momomipi0 GpUabTpanMy ¢ HCIIOJb-
30BaHueM (GopmyJbl HaBunta [5] monyduena omenka pas-
socti 1—5_(r). Onenka nmokassiBaer, 4To MIABHBI YICH

Pa3HOCTH MMEET MOpAAOK ~ I ', AHATIOTHYHO MOMydYeHa
ouenka passoctu S, (r)—s,(r) (10,6), koTopas mokassi-

BAET, 4TO 3Ta Pa3sHOCTh UMeET MOPSIOK ~ I,
PaccMoTpuM  3aBHCHMOCTH  BEJIMYHMH  3a30pOB
s(f}, r) oT yraa U MeXIy Jyd4oM, HCXOISIINM U3 IIEHTpa
HOJTyKpyTJIol yacTi DU 1 mpoxoaaImuM depe3 TOUKy Ha
00pabaThIBaEMON MOBEPXHOCTH C BEPTUKAIBIO MPU pa3-
JIMYHBIX I, KOTOPBIE ONPEAEISIIOTCS 10 HabOopy AMCKPET-
wpix  smauennii  (X(0,) y(6,)) mo  dopmymam

v=-arctg(x(c, )/y(0,)),  s=4x*(o,)-y*(o,)-r.
Ha pmc. 11 mnpuBenmeHsl TpadWKd 3aBHCUMOCTEH
fl(ﬁ,r)zs(ﬁ,r)/so -1 gna r=2, 4, 8, ..., 28 (3HaueHUs
O nmaHsl B rpajycax).

[TpoBeneM CpaBHEHHE IMONYYEHHBIX IPH PEIICHHN
3a/1a4¥l YMCJICHHBIX JAHHBIX C PE3yJIbTaTAMH KKOCHHYC-
HOro npuomKkeHus» (KpuBas oo, cM. puc. 11). CoriacHo
pe3yJbTaTaM HCCIeNOBaHHM, KOCHHYCHOE MpUOIIIKe-
HHE» TI03BOJISET ONPEICIUTh 3HAYCHHE 3a30pa C OTHOCH-
TeNbHOI morpemHocThio okoio 10% s r>28 u 6<50°
(oxos0 20% s 6<60°). s Gostee TOYHOTO OMMpeere-
HHS 3330pa Jajiee MPOBOJHUTCS [TOCTPOCHHE YHCICHHON
Moeni popMoOOpa30BaHuUs 3a30pa Ha OCHOBE MOJTYYCH-
HBIX JTAHHBIX.
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Pucynok 9 — OneHka OrpenHoCTH BEIYUCICHUS CYMM
B (8): a — msa p=0.9; 6 — nus1 p=0.95

Tabmuma 1

Sr

So

S$i—So

1-s,

0.8078164543

0.7632228344

4.5.10"

1.9-10"

0.8601409194

0.8430598718

1.7-102

1.4-101

0.8922111941

0.8815708957

1.1.10%

1.1.101

0.9121523121

0.9046450027

7.5-10°

8.8-10

0.9257193873

0.9201032282

5.6-10°

7.4-107

0.9355793095

0.9312101304

4.410°

6.4-107

0.9430872656

0.9395871834

3.510°

5.7-10°

0.9490044633

0.9461354936

2.9.10°

5.1.10°

OO (N|O(O|DR|WIN|F (=

0.9537929925

0.9513973418

2.4.10°

4.6-10

[EnN
o

0.9577504564

0.9557191877

2.0-10°

4.2:10

[EnN
-

0.9610775889

0.9593329827

1.7:10°

3.9:102

[N
N

0.9639149067

0.9623999797

1510°

3.6:102

[N
w

0.9663638223

0.9650358176

1.3.10°

3.4-10%

[N
SN

0.9684994214

0.9673256143

1.2:10°°

3.2.10%

[ERN
2]

0.9703785198

0.9693334294

1.0-10°®

3.0-102

[ERN
»

0.9720449226

0.9711084064

9.4-10*

2.8-107

[ERN
~

0.9735329591

0.9726888813

8.4-10*

2.6-107

0.9748699224

[ERN
(o]

0.9741052018

7.6-10*

2.5.10°

[EEN
©

0.9760777892

0.9753817078

7.0-10*

2.4-107

N
o

0.9771744578

0.9765381490

6.4-10™

2.3:102

3. UncieHHO-aHAJUTHYECKOE PeLlIeHHe 3a1a4H

0 NpeeJbHOI YIeKTPOXuMHIYecKkoi 06padoTke

miaockuM DU ¢ MOyKPYribiM BBICTYIOM

AnanoruyHo OblIa pelleHa 3ajady O npeelbHON
00paboTKEe MONYKPYIJIBIM 3JICKTPOJ- HHCTPYMECHTOM
(BU) AFGB’, koTOpHIil ABMKXETCS BEPTUKAIBHO BHH3
co ckopocThio V. OOpabaTbiBacMas MOBEPXHOCTH



AMDNB mnpuobperaer npenenbHyIO (|E|: E,) dopmy.

AcuMOTOTHYECKAs] BEIMYMHA 3a30pa S H3BECTHA.
HamnpsbkeHHOCTh Ha GECKOHEYHOCTH ClieBa M CIIpaBa
pasua Eo=U/S.

-lgd
[

T

[

6 0 Bz 04 0 [iF] 12 lgr 14

Pucynok 10 — OrneHku:
a —pasnoctn 1-s_(r); 6 — pasHoctn s, (r) =S, (r)

O6pa3zer MOII Ha (u3HIecKoil MIOCKOCTH M TIIOC-
KOCTH KOMIUICKCHOTO IIOTEHIMala AHaJOTHYHBI IOJY-
YEeHHBIM B TIpebIayIIeit 3amaue (puc. 3).

O6pazom MDOII Ha muockoctu rojorpada Hamps-

= dw
’KeHHocTH E =E SIBJISIETCSL HEKOoTopas ¢urypa (puc.

12,a) ¢ paspesoM IO Iyre OKpY:KHOCTH pammyca E; c
LEHTPOM B Hayaje KOOPAMHAT. DTO CIEAyeT U3 yCIOBHS
[E|=E, (4).

B kauecTBe mapamerpuyeckoii obnactu { BeibepeM
nmoJykoabio (puc. 12,6). Torma

(&) -
Cg 1) {; m(pmcm_pmcm)}x
(

x(p- (2m 1/2Cm1 p(Zm 1/2C ))dC

rae Cp, — Hem3BecTHBIE K03 PUIIMEHTEI.
3ajaya peraeTcs YUCIACHHO METOJIOM KOJUIOKAIui
AHAJIOTMYHO TpebIayILeit 3a1ay4e.
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Pucynoxk 12 — ITnockocTu:
a — ronorpada HanpsHKEHHOCTH;
6— TIapaMeTPUYECKOTO TIEPEMEHHOTO

®opMbI IpeAeTHHON MTOBEPXHOCTH U WX 00pa3bl Ha
IUIOCKOCTH Toorpada sl pa3IMdHbIX PaJuycoB I IIOKa-
3aHbl Ha puc. 13, 14.

e

Pucynok 13 — ®opma MOII u mockoctu rogorpada
npu R/S=2



Pucynox 14 — ®opma MIII u mrockoctu romorpada
mpu R/S=5

Jl71s1 OLIEHKH OTHOCHUTENHHOM MOTPENIHOCTH 3Haue-
HUI TapaMeTpoB MpHUMEHSETCS MeTo]| (QUIIbTpauuu Io-
CJICJIOBATEIILHOCTH YHUCIICHHBIX JAaHHBIX, IOJyYCHHBIX
st N=5; 6; 7; ... 40. B xauecTBe XapakTepHOTo mapa-
METpa pacCMOTPEH TOPIIEBOH 3a30p S;. TOJICTHIMU JIMHU-
sMu Ha puc. 15 0003HAYCHHI pPE3yNBTaTHl MOMAPHOTO
BbIUMTaHHs [5], TOHKUMH — PE3yJbTaThl CPABHEHHS C
BEIOpaHHBIM 3HAYCHHEM 3TaNoOHa. B pe3yibrare BEIOOpa
stanona noxyuens! 3HadeHns 0.920104755357 s r=5 u
0.955719187675 nns r=10. B pe3ysibraTe OICHKH I10-
TPEIIHOCTH 3TaJ0HA MMOJTyYarOTCs BETHYHHBI Topsiaka 107
B (puc. 15).
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Pucynox 15 — OueHka nmorpemHocTy napamerpa S;:
a— s r=5; 6 — s r=10

BenmnuuHy TOpIeBOro 3a3opa CiaeayeT CpaBHATE CO
3HAYECHUEM So(r), MOJTYYEHHBIM 13 Mojenu (7) «IHITHH-

JPUYECKOro KOHIeHcaTopay (CM. Tabi. 2).
Ha puc. 16,a npencrasieHa 3aBucumMocts — Ig S(r),

rae &(r)=

2-i ¢unsTpanuu 310 3aBucuMoctd (kpuBbie 1 u 2). U3

s.(r)- So(rx (kpuBast 0) u pesynbrarsl 1-it u

pHCYHKa BUJHO, YTO 3aBHCUMOCTH IPUONIDKAeTca K JIU-
HeitHoi, T.e. pasnocts S, (r)—s,(r) npuGmmkenno npe-

CTaBIISIETCSI SKCIIOHEHIINATBHOM (pyHKITHEH Ce™.
Jlitst onpe/ieNieHust apamMeTpa A HCIIOJIb3yeTCsl pas-

HOCTHasl bopmya
_ “Mr+l) _ ~p—Ar
‘= f(r+1) f(r): Ce i ge _1-¢". orcioma
f(r+1) Ce ™M
A=In(l-k). TIyrem Quuostpammu mapamerpa K

(puc. 16,6) momyueno 3uauenne A=2.460 u oreHKa Io-

rpermHocTH 3Toro 3Hauenus (oxomo 107%).

Tabnuua 2

r S, So S:-So
1 | 0.793679296009 | 0.763222834352 | 3.0-10°%
2 | 0.845528903333 | 0.843059871766 | 2.5-10°°
3 | 0.881780307091 | 0.881570895679 | 2.1-107%
4 | 0.904662878881 | 0.904645002705 | 1.8-10*
5 | 0.920104755356 | 0.920103228161 | 1.5.10
6 | 0.931210260816 | 0.931210130403 | 1.3-107"
7 | 0.939587194522 | 0.939587183394 | 1.1.10%
8 | 0.946135494530 | 0.946135493581 | 9.5.10™%°
9 | 0.951397341895 | 0.951397341815 | 8.1.10™
10 | 0.955719187675 | 0.955719187668 | 6.8-10™2

Ha puwc. 17 nmpencraBieHbl — 3aBHCUMOCTH

f,(x)=s(8,r)/s,(r)-1.
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Pucynok 16

a — onpesienienue Bua 3aBucHMocTH S, (F)— Sy ;
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6 — OLICHKA [OTPEUIHOCTH T1apaMerpa A
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Pucynoxk 17 — 3asucumoctn f,(x) = s(d, I‘)/S0 (r)-1

4. ITocTpoeHune NpUGIMKEHHOI

HHTEPNOJISIMOHHOI MoIeTn

YucneHHble JJaHHBIC, MOJYYEHHbBIC NPU PEIICHUU
3aJja4il CTaloHapHOro (GopmMooOpazoBaHus, ObLIM WC-
0JIb30BaHbI B KAYECTBE MCXOAHOTO Habopa AaHHBIX JUIs
MTOCTPOCHISI MHTEPIOISIIIMOHHON MoJien popMooOpa3o-
BaHMA 3a30pa Mexay O u oOpabaTeiBaeMOil TOBEPXHO-
CTBIO B 3aBUCHMOCTH OT paanyca KpuBu3HbI DU n yrma
HakJoHa. B kauectBe 0a30BOil MpHOMIMKEHHON MomenH
L[ENIECO00pPa3HO HCIOJIB30BATh MOJIENb  IMIHHAPHUC-
CKOT'0 KOH/IEHCATOPa», YTO MPUBOAUT K 3aBUCHMOCTH

f,(0,r)= s(ﬂ’r)cosﬂ—l.

5(r)
3uauenus pasHocteir f,(0,r), Kak BUAHO W3 pHC.

2, C yBEJIMYCHUEM I YMEHBINAOTCS MO abCONIOTHOM Be-
nuurHe (32 MCKIIOYeHHeM O0JIaCTH 3HaueHHi &, Om3-
kux k 90°). ns npuOImKeHHONW OLEHKU MpenebHON
(mpu F—>e0) 3aBHCUMOCTH MPUMEHUM (GuibTpanuio [5] ¢
ucnosp3oBanueM Gopmynsr Hapuina (na puc. 18 mpuse-
JIeHBI orleHKH st ¢ =50° u ¢ =60°, morpemHocT! JaHbI
B a0CONIOTHBIX SIMHHIIAX).

Kak mokazanu pe3ynbTaThl 3THX OLEHOK, MPOBE-
JICHHBIX JJIS KaXIoro 3HadeHus yra (puc. 19), Benuuu-
Ha pasHoctu f,(0,r) mpuGmDKaeTCs K HyJIO IpPH BO3-

pacTaHuu Py KakI0M QUKCHPOBAaHHOM © (TaK Kak B
pe3yJbTaTe OILIEHOK He 00HApY)KHBAIOTCS 3HAUEHUs, Tpe-
BBIIIAIOIIHE [OTPEIIHOCT BEIYUCIICHNS).

Tem cambIM, IpUMEM, YTO IPU YBEIUYEHUU I 3aBU-
cumoct  f,(9,r) npuGmmkaloTcs K cKaukooGpasHOI

¢byukuun (cm. puc. 18, a)
0, Y<90°,
-1 ©=90"

Torga OTCYTCTBYIOIIUE JaHHbIE i r>32 u mpo-
MEXYTOYHBIX 3HAYEHHUN I MOXHO MOJYYUTh C TIOMOIIBIO
HHTEPIIOJSIIUU. B CBSI3HM CO CIIOKHOCTHIO HHTEPIIONUPY-
€MOi1 3aBUCUMOCTH, OIICHKA MOTPELIHOCTH TPEJICTABISET
0c00yI0 BaKHOCTB.

IIJ'IH OLICHKU MOrpCHTHOCTU MHTCPHOIAIIUN UCTIOJIb-
3y€eTCA YBCIMYCHHUE CTCICHU HHTCPIIOJIALMOHHOIO aj-
reOpanyeckoro MHOTOYICHA, BapHalus Habopa HCXO[I-
HBIX JIaHHBIX (Yepe3 OJHO MIIM HECKOJIBKO 3HAueHHi Ij),
UHTEPIOJSIIAS K10 HAKJIOHHOM»  BJOJNb  JIy4a

% -1,
ﬁO fO

f, (ﬁ' °°) =

(puc. 20, a), WcroaB30BaHUE Pa3HBIX Ta-
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pamerpoB uuTepriomsnuu (1/r, ]/ Jr ). 3unavenns f,O
I KOKAOTO 3HAYEHHUS [j MOJIydaloTCsl C HOMOIIBIO HH-
TEPIOJSIIUKA 3aBUCHMOCTEH IO JHMCKPETHBIM Habopam
fy, ¥ WIA COOTBETCTBYIOMIETO I} M YHCIEHHOTO MOMCKA
TOYKH IIEPECEUCHHs] MEXIY JIydOM M KPHBOIi, 3amaBac-

MOt HUHTECPIOIATNOHHBIM MHOTOYJICHOM.
£

. k1]
10
Bl

Pucynok 18 - 3aBucumocts f, (19, r)

=T

o4 08 1

Pucynox 19 - Ouenka npeaenpHBIX TpH [—>eo
3HA4YeHUH mapaMeTpoB: a — ¢ =50°; 6 — ¢ =60°



HexoTopble pe3ynbTaThl HHTEPIIOSIMN TPEICTaB-
neHsl Ha puc. 20, 21.

4

-2

aa T ¥ T
an

Pucynoxk 20 - Pe3ynbTaTbl HHTEPIOJSIINN:
@ — <110 HAKJIOHHOW»; 6 — pH pasHbIX I' U1 o, =80°

Ha puc. 20,6 nokazaHbl pe3ysibTaThl HHTEPIOJSIIUT
10 TapameTpy ]/«/F st §,=80°. IlpaBee myHKTUpPHON

OPsAMOM PACIONIOKEeHBI 3aJaHHBIC TOYKH, JieBee (Kpome
HYJIs1) — MOJY4YCHHBIE C MOMOIIBIO HHTepmnoisuuu. Ha
PHCYHKE COBMEIICHBI Ipa(MKH, MTOJIyIECHHBIEC IO MOTHOH
0ase M 1o pa3pexeHHOH (4epe3 oHy TOuKy). PasHuna He
npessimaer 107,

T e T

I,

-1.0

0
Pucynok 21 - CpaBHeHHE pe3yJIbTaTOB HHTEPIOISIINN
qutst r=100 u r=1000, nony4eHHbIX:

a — 10 TIOJTHOM U paspexenHoi 6aze; 6 — npu f0=—10 u oo
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Ha puc. 21 moka3aHbl HHTEPIIOIUPOBAHHBIC 3aBU-
cumocty it r=100 u r=1000 BMecTe ¢ OLIEHKAMU II10-
TPEIIHOCTEH WHTEPHOJISINY, MOTYYCHHON IyTeM CpaB-
HEHHs TIOJIMHOMOB C BO3pacTarolneil crenenpio. Ha puc.
21,a coBmemnieHbl TpaduKH, MOIYYCHHBIC 1O TOJHOH H
paspexeHHoi 0Oaze, Ha puc. 21,6 — IS HHTEPIIOISAIIH
npu f;=—10 u oo. IIpuMeHSs MHTEPHIOIALUIO KIIO
HAKJIOHHOWY», HEOOXOANMO YYUTHIBATH, YTO WHTEPIIOJIH-
pyemas (QyHKIMS HMEET OCOOEHHOCTH IO HEPEMEHHOM

U mpu ¥ — 90°. DT0 OorpaHMYHMBAET BO3MOXHOCThH Ba-
pHalKK  MapaMeTpoM f,

fo <-10, Tak Kak MHaYe BO3HHUKACT MOMOIHHUTENBHAS

HaKJIOHa 3HAYCHUAMU

MOTPEUIHOCTE (CM. puc. 21,6).
TeMm cambIM, COTJIACHO OLICHKaM, pa3paboTaHHas MOJCIb
103BOJISIET ONPEIETHTh 3aBHCHMOCTh S(1, ) ¢ morpern-

HOCTEIO0 0K0J10 1% g 0 <9 <85°.

5. TecTupoBanue npuoJIHKeHHOMH
UHTEPNOJISHOHHOI MOJeJIH ¢ TOMOIIBIO
AAHHBIX 321a4M NpeleJIbHOI 06padoTKH
3aBHCHUMOCTH 3a30pa OT yIja B 3TOM Cllydae ymo0-
NPE/ICTaBUTD B BUJIE pa3HoCTH

s(9,r)

5(r)
PHCYHKa BHJ KPHBBIX KaUECTBEHHO COBIIAJIACT C TEM, 4TO
MBI UMEIU TIPH pacdeTe CTalroHapHOro (GopMoodpaso-
Bauus (puc. 18).

4

HO

f,(0,r)= —1|cos® (puc. 22). Kak BugHO u3

s

0%

a4

az

ag

o .
Pucynok 22 - 3aBucumoctu f, (ﬂ, r)

[ockonpKy mpHu mpeaensHOM (HopMooOpa3oBaHUU
pa3HOCTh S (r)— Sy (I’) NPUOJIMKEHHO TIPENICTABISETCS

9KCTIIOHEHIMAIBbHON (YHKIMEH, B KauecTBE IMapamerpa

(aprymeHTa) HHTEpHOIALMH CIEAyeT BbIOpaTh €

(puc. 23). IlpuBeeHHBIC KPUBbBIE MOKA3bIBAIOT, UTO MPH
pa3pexeHnn 0a3bl JaHHBIX OTIMYHE Pe3yNbTaToB Oojee
3HAYUTEIbHO, YeM Ha puc. 20,6, OJHAKO MPOSIBIACTCS
npu yrinax, 6onsmmx 80°.

Ha puc. 24 nokazaHbl MHTEPIOIUPOBAHHbIE 3aBH-
cuMocTtH uist =12 u r=15 BMecTe ¢ OlleHKaMH TOTpemI-
HOCTEH WHTEPIIOJSIIUY, MOTYYEHHOH IyTeM CpaBHEHMS
TTOJIMHOMOB C BO3PACTAIOIIEH CTETEHBIO.

Ha puc. 24,a coBmemensl rpadyky, MOIyYeHHBIC
10 TIOJTHOHM U pa3pexeHHou 0ase, Ha puc. 24,6 — A UH-
teprionsiun TipH f;=—10 u o, Tem cambiM, paspaboTan-
Has MOZENb TO3BOJSICT OINpPEACNUTh 3aBHCHMOCTB



S(ﬁ,r) JUIS  TIpefeabHOro (opMooOpaszoBaHus IS

0<19<84° ¢ morpemrHOCTHIO OKOIIO 1%.
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PucyHoxk 23 - Pe3ynbTaTsl HHTEPIOJSIMN TIPH Pa3HBIX I

oo 15 20

OTMeTHM, YTO AaHHAs 3ajJadya SBIsJIAaCh TECTOBOM
(B oTIHMUKE OT CTAMOHAPHOI), B TOM CMBICIIE, YTO Orpa-
HUYCHUE 3HAYCHUN paJlyca, MCIIOIB30BAaHHBIX IS MPO-
BeZleHUsI nHTepIossinuy, ynciom 10 He siBisieTcs cyiie-
CTBEHHBIM. TeM caMbIM, TOIy4YeHHBIC NPHONMKCHHBIC
pacyeTsl U OIEHKH MOTYT OBITH MPOBEPEHBI CPaBHEHHEM
C pe3yJbTaTaMu MPSIMOTO YUCIIEHHOTO PEIICHHS 3a/1a4H.
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PucyHok 24 - CpaBHeHHE pe3yJIbTaTOB MHTEPIIOJSIIUN
Juist =12 u r=15, nony4eHHbIX:
a — 10 TIOJTHOM | pa3pexeHHoi 6aze; 6 — npu f;=10 u o

U3 cpaBHenus (puc. 25) cnenyer, uto npu r=12 pe-
3yJIBTaThl MHTEPIOIALUN U YHCICHHOTO PEHICHHS COB-
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nagarT ¢ TouHocteo o 107, mma r=15 no 1072 Ipu
yBenuueHnu I 3HadeHust f(O) craHoBATCS ManbIMH ©
BXOJIAT B Anana3oH 1%.
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Pucynok 25 - CpaBHeHHE pe3yIbTaTOB HHTESPIOISIIIAN
C pe3yJbTaTaM{ YHCJICHHOTO PEIICHUS
(«T» — TOYHBIE 3HAYEHUS,

«ID» — TIOJIyYEHBI TI0 TIOTHOH Oase,
«p» — [0 Pa3peKEHHOI)

BrIiBOBI

PesynbraThl nccaenoBaHuii U pa3pabOTaHHbIH CITO-
co0 mocTpoeHnst Mozenel mporeccoB GpopMoobpazoBa-
HUSI TIO3BOJIMJIM CO37aTh 0a3y JaHHBIX M HPOrpaMMHBIC
MOJIYJIH JUIs pacyeTa (C OLEHKOH IOrpenIHOCTH) 3aBHUCH-
MOCTEH 3a30pa OT yIila HakJIoHa ydacTtka O u ero kpu-
BU3HBI, KOTOPBIE MOTYT OBITh MCIONB30BAHbI JUIS MPAK-
TUYECKHX LIETEH.

INomy4eHHbIE pe3ynbTaThl MO3BOMIAIOT PACCMOTPETh
3a30p Kak (YHKIHIO CIEIYIOUIMX TapaMeTpOB: paauaiib-
HOTO yIJia HaKJIOHA, OTHOIICHHS pajuyca K XapakTepHO-
My pa3Mepy. Tem caMbIM NPHOJIMIKEHHO 10 (opMe aeTa-
JI MOYKHO TIOCTPOUTH (opmy DU,
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Manue YOeieHo paHutHbIM 3a0a4am 015 NAACHMUHOK C 3A0eNAHHbIMU U ONepMbIMU Kpasmu. B smux cayuasx 3adauy
MOJICHO c8ecmiul K Kpaesoll 3adaue 01 NOJUSAPMOHULECKO20 YPAGHEHUs GblCUle20 NOPAOKA, YMO NO360a5Aem npume-
HUmMb K ee pewenuto paspabomannviii panee A.I". Tepenmvesvlm u agmopom aneopumm peulenusi Kpaeguix 3a0ai 01
nonueapmonudeckux gyukyuil. Ha xonkpemmwix npumepax ¢ npumenenuem KOMIbIOMEPHO20 MOOTUPOBAHUA NOKA3AHA

Xopoutas mo4Hocnov nped/lo:ucel-u-tozo Memood.

Brenenne

ToHKOM MIACTUHKON Ha3bIBa€TCA NpU3MaTHYe-
CKOE TeJo, BBICOTa KOTOPOro (TOJIIMHA TUIACTHHKH)
Majia 10 CpaBHEHHIO C JIpyTUMH ee pasmepamu. [le-
(hopMaIy IIACTHHKY TaKKe CUUTAIOTCS MAJBIMH, T.C.
MpOTHOBI TUIACTUHKH MAJIbl B CPAaBHEHUH C €€ TOJIIHU-
HOW. Teopwst TOHKMX IUTACTHHOK C MaJbIMH IpOruda-
MH, KaK u3BecTHO (cM., Hanpumep, [1]), 6asupyercst Ha
Tpex AOMYIIEHMSX, Ha3bIBaeMbIX rumnore3amu Kupxro-
(a: runoTesa NpsAMBIX HOpMalel, rumore3a 00 OTCyT-
CTBUU HABJICHUA MCKAY CJIOSIMU IUIACTUHBI U TUIIOTE3a
0 HeJle)OPMHUPYEMOCTH CPETUHHOMN IIIOCKOCTH.

Haubonee monHo kiaccuueckas Teopus H3ruda
TOHKHX IUIACTHHOK u3jokeHa B MoHorpadum C.IL
Tumomenko u C. BoiiHoBckoro-Kpurep (cm. [2]). B
3TOH W B psAze APYruX paboT MOIydeHbl TOYHBIE pele-
HUS JUII HEKOTOPBIX 00acTell 4acTHOTO BHJA, B OC-
HOBHOM JUTS IPSIMOYTOJIBHBIX M KPYTJIBIX IUIACTUHOK. B
ciyyae ke obyacteil ciI0XHOW (HOPMBI HE3aMEHHUMBIM
OCTacTCA MPUMEHCHUC YHCIICHHBIX MCTO/I0B. Hpo6ne-
Ma OIpeJeNieHus] XapaKTEPUCTUK HAINpPsHKEHHOTO COo-
CTOSIHMS TUTACTHHKY NPUBOAUT K KpacBoO# 3amaue s
HEOJHOPOJHOTO OUTapMOHUYECKOTO ypaBHEHHS, KOTO-
poe B pAIE CIydaeB MOXKHO CBECTH K OJHOPOIHOMY
MOJIMTAPMOHNYECKOMY YPaBHEHHIO BBICIIETO IOPSIKA.
B Hacrosmie#t paboTe YHCICHHBIA aTOPUTM, pa3pado-
TaHHbIM A.I'. TepeHTbEBbIM U aBTOPOM ISl PELICHMS
KpaeBbIX 3a7ad JJIsl MOJIMIAPMOHUYECKOTO YPaBHEHUS
(cm. [3]), mpumensieTcst K pelIeHu o 3a1a4 U3ruba ToH-
KHUX IIJIACTUHOK.

1. JTuddepenunaibHoe ypaBHeHHE

U3ruda TOHKOM NMJIACTUHKH

Kak y>xe oTMedanocs, BHyTpH TOHKOH INTACTHHKA
HUMECTCA TaK Ha3bIBacMas HeﬁTpaﬂBHaﬂ IINIOCKOCTBh, Ha
KOTOPOH OTCYTCTBYIOT aedopMmanuu. OTa IUIOCKOCTh
pacrojioKeHa Mo CepeiiHe TOMIUHBI N TmacTuHkH, a
[0 JBYM €¢ CTOpoHaMm aedopMariii MMEIOT MPOTHBO-
MOJIOKHBIE 3HAKW. PacmnoiouMm IUIACTUHKY B TaKoOM
CHUCTeME KOOpIWHAT, YTOOBI CPEOUHHAS IUIOCKOCTh
COBMajana ¢ miockoctbio Z=0 (cM. pucyHOK 1).
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Pucynox 1

B cuiny rumore3 Kupxroda, cmemieHus To4Yek
CpeHHHHOﬁ IIJIOCKOCTU BJIOJIb ocel X © y MO>XKHO
CUHUTATh paBHI)IMI/I HyHIO, H03TOMy BeKTOp CMCILICHUA
ATUX TOUEK UMEET BU.

0 0 [6)
u?=0, u®=0 u”=w(xy).

Belpaxkennst mis HanpsbkeHnd u o aedopmanuii
IpH U3rude MIaCTHHKU UMEIOT BuJ (cM. [4]):

o E (%, o
*1-v?lo oy? )
E 0°w
YT 1y oxoy
ooo1-vPloy?  oxt

D)

. __282w __d'w
. o’ oxdy '
o*w
€W=—Za—y2, gxz=gyz= A
*w 9*w) v
gzz =Z 2 + 2 T
ox:  dy° J1-v

rne E—wmonmyne ympyroctu (Moxmyip lOwnra), v —xo-
a¢¢unment Ilyaccona.

Kak BumHo u3 (1), Bce KOMIOHEHTBI TEH30POB
HampspkeHUH u  nedopManuil BeIpaXkaloTcs dYepes
onHy yHKmMIO W(X,Y), KOTOpas Ha3bIBaeTCs



@ynryuetl npoeubos. Takum 00pa3oM, pericHHE 3a-
gayu I/I3FI/163 IIJIACTUHKHU CBOAUTCA K HAXOXICHHUIO B
obnactu T, 3aHATON CPEAMHHOW IJIOCKOCTHIO ILjIa-

cruHky, QyHKuuE mporu6oB W(X,y). Ora dyHK-
Oy, KaK U3BECTHO M3 TEOPUM M3THOA IUIACTHHOK,

YAOBIETBOpSET AU(PPEepeHIHAIBHOMY YPaBHEHHIO
YETBEPTOTO MOPSAKA!

Aw=3 )
D
0° 97
rie A=_—+—;—oneparop Jlamnaca, (- aeicTBy-
ox°  ay
omasa Ha IUIaCTUHKY BHCIIHAA CHUJIA, OTHECECHHasA K
Eh®

/IMHALE IUIOWANK ee MOBepXHOCTH, D =——"1'-
12(1-v?)
[MJIMHIPUYECKast )KECTKOCTh TIIaCTHHKH.
VYpaBHeHue (2) Ha3bIBaeTCs ypasHeHuem uzeuba
moHKou naacmunku, iu ypasaeHnem Codn Kepmes.

2. I'pannvHbIe yCJIOBUSA

I'paHWYHBIE YCIOBHS IS ypaBHEHUs (2) 3aImCHI-
BAIOTCS B 3aBHCHMOCTH OT CII0C00a 3aKPEIUICHUS Kpast
IUIACTUHKH ¥ B MAareMaTH4ecKol nx (OpMyIHPOBKE
OPUHUMAIOT CIeyronmi Bu (M. [5]):

|. Kpaii nriacmunxu 3adenan. B atom ciyuae Ha
rpanuiie 06acté T JIOJKHBI BBIONHSITHCS YCIOBHSI

ow ®)

aday o}
roe N= (nx, ny)— BHEILHSIST HOPMaIlb K TpaHuie o0a-

an
ctu dT .

Il. Kpaii naacmunxu onépm. Torma rpaHu4dHbIC
YCIIOBHSI UMCIOT BUI;

w=0,

w=0,
2 2 2
VAW+(1—V){8 \;vnf+28—wnxny+a ‘Q’nj}=o. “)
ox oxoy ay

I1l. Kpau nnacmunxu céo600en. B aToM ciydae
TpaHUYHbIC YCIOBHS 3AMUIIYTCS B BHIC:

2 2
VAW+ (1-v) a\gvanr a—Wan +a\£vn2 =0,
X oxagy © 7 oy* "’
AW d|(d°w 9w
Na ( - )_ 7 507 |y T
on al [\ gy ox

o’w
+axay(nf—n§)}=0,

0
rnie E o3HavaeT nuddepeHnrpoBanue 1Mo Hampase-

HHIO KacaTejbHOM K rpaHmie objactd JT , Hampas-
JICHHOH B CTOPOHY MOJOXHUTEIEHOTO 00X0/a.

MexaHuuecKUid CMBIC 3THX YCJIOBHM MOXHO
HaWTH, HATIpuMep, B [6].

3. UHTerpanpHblie COOTHOLIEHHS

B mactosmieii pabote OyayT moapoOHO paccMoOT-
pensl 3amaun | u |, MOCKOIBKY B 3THX CIydasx BO3-
MO’KEH TIepeX0/T OT TpaHuYHbIX ycrmoswii (3), (4) k rpa-
HUYHBIM YCJIOBHSIM ISl CHCTEMbI HHTETPAIBHBIX ypaB-
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HEHMH, KoTopas nomydeHa A.I'. TepeHThEeBEIM U aBTO-

pom B [3] u3 unTerpansHoit hopmynsr I'puna;
n-j-1

eu; (R)= Y _[(th(P)Gk(P!F%)—

k=0 gt

(P)H.(P,R))ds(P),
(i=0,n-1.

rae U, = U— nojaurapMoHudeckas (GyHKIHMA N-To Imo-

-u ()

j+k

psnka,

Jou
u =A*u, v, = —%
k k an
2k k
Gk =i% Ini‘f‘Z:l s szai,
2 4°(k!) r &=m on

riae I — paccrosHue Mexay Toukamu P u By, P—ne-
peMeHHas Todka HHTerpupoBaHus, P, — dukcupopan-
Hasl TOYKa BHYTPHU 00JIaCTH WM Ha €€ TPpaHHILE,

0.5, Re dT,

E =
1L RPeT.
Ecnu cuna, neiicTByromias Ha €AUHULYY IUIOLIAAN

TOHKOHM IUIACTUHKH, (] SIBISETCS MOJUTapMOHHYECKOU

byHakuped nopsiaka N—2 (HampuMmep, MHOTOWICHOM
HEKOTOpOil CTereHu), To U3 ypaBHeHus (2) ciemyer,
4TO0 W— HOJIUrapMOHUYecKast PyHKIHs N -TO MOPSIKa,
T.e. ynosierBopsier ypaBHenuto A"w=0. B yactHo-
CTH, €CIIH (— KOHCTaHTa, TO ()YHKLHS IPOrudoB ymo-
BJICTBOPSICT TMOJIMTAPMOHHYECKOMY YPaBHCHHIO TPEThb-
ero MmopsijKa, W WHTerpalibHble COOTHOMmEHHs (5) ast
Hee 3aMUIIyTCs B BHIC:

ow
ew(R) = [— G
0 aj; an 0
OA*W
oan

[aaﬂvGo —AwH, +
n

0AW
—WH. +—/—/—G —
Wo+anG1

—AWH, + G, - A*wH 2} ds,

(6)

eaw(R)= |

aT

2
+ oA WG1 —Aszl}ds,

on

0A*W
A*w(P) =

ITpu sTom mocrneanee ypaBueHue B (6) obpaina-
€TCS B TOKIECTBO M MOKET OBITH OTOPOIIIEHO.

G, —Aszo} ds.

4. Pemienue 3axaum |
B cimyuae 3amenaHHOTO Kpasi JODKHBI BBIMOJN-
HATBCs Tpanmunbie ycinosus (3). Kpome Toro, ecnm
OA*w
on
IUIst 3a1auu | npuHUMaeT BUL:

ew(R) = J[aﬂle—Ale—%Hz}ds,
aT

0 — KOHCTaHTa, TO =0, noaromy cucrema (6)

on

[%A:VGO—AWHO—% Hl}ds

(7)
eAW(R) = J

ot

Kak 6buto mokaszano B [3], cucreMa WHTETpab-

HBIX ypaBHeHuit (5) MO3BOSIET MOCTPOUTH ANTOPUTM



peLIeHus TOJUTrapMOHIYECKOTO ypaBHEHHS Ha OCHOBE
METO/a IpaHUYHbBIX dneMeHToB (cM. [7], [8]), cyTh Ko-
TOPOTO COCTOMT B anmpoOKCHMAaluHl I'PaHULbl 00JacTh
cucTeMol KoHeyHoro umciaa N JOCTaTOYHO MajbIX
9JIEMEHTOB W B aIlIPOKCHUMALMU PacCMaTPUBAEMBIX
(GYHKIMH Ha KaxJIoM ajieMeHTe. Toraa cucrema pa-
BeHCTB (7) MOXeT OBITH CBEJCHA K CHCTEME JIMHEH-
HBIX YpaBHEHHWH OTHOCHTENHHO 3HauYeHUH (QYHKINH B
KOHTPOJIbHBIX TOYKAax M TIPEJICTaBlIeHa B MAaTPUYHOMN

¢bopme

_9 0

eE+A©® —BO\(u® D (8)
® o |lyo |~ '
A -B \Y 9 A®
D

rne E — enuandnas matpuia, u® ve — BEKTOp-
CTOJIOIBI, KOMIOHEHTAMH KOTOPBIX SIBJISIOTCS 3HAUe-
. 0AW
HUS. B KOHTPOJBHBIX TOYKAax (YHKIUA AW u 8_
n

coorBerctenno, A%, B® — MATPUIIBI, AJIEMEHTHI

KOTOPBIX BBIYHUCISIOTCS HHTETPHPOBAHHEM COOTBET-
CTBYIOIINX (DYHKIIUH 10 TPaHUYHBIM 3JIEMEHTaM:

A = _[ H (P.R)ds, B = JGk (P.R)ds,
rJ rJ

(i.i=LN, k=0,2).

Cucrema ypasuenuit (8) mpemcrasiser coboi
cucremy 2N JHMHEHHBIX anreOpanvecKux ypaBHEHUM
oTHOCHTENEHO 2N HEU3BECTHBIX KOMITOHEHT BEKTOD-
cronbuos U u V@,

Boo6ire, cucrema wHTErpanbHbIx ypaBHeHui (5)
MOJET OBITh aHAJIOTUYHO CcBeneHa kK cucreme 2N Ju-

HEHHBIX aJ'II'C6paI/I‘IeCKI/IX ypaBHeHI/Ifl OTHOCHUTCIIBHO

. N JAW
2N Hem3BeCTHBIX 3HAYCHWH (QYHKOIUH AW W ——,

on

€Clii (| SBJISIETCSI MOJIMrapMOHMYECKO# QyHKIMeHt Jio-
6oro nopsaka. B aTom ciyyae 3HaueHust Bcex (yHK-

i U, Vv, (k:Z,n) MOTYT OBITh OTpEJIeNIeHbl U3

ypaBHenus Codu XKepmen, a pyHkuu U, u V,, B cH-

Ny TpaHW4YHBIX ycioBuil (3), oOpamaroTcs B HyJdb Ha
rpaHuie ooyacTy.

5. Pemienue 3agaun ||

Paccmorpum Teneph 3amady |l (kpail macTHHBI
omept). Eciu mepeiiTn K MPOM3BOMHBIM MO Hampase-
HUSAM HOpMaJd N U KacatenbHOW |, TO BTOpOE rpa-
HUYHOE ycIoBHeE (4) ynpomaeTcss 1 IPUHUMAET BUJI

*°wW  da ow
AW—(l—V) —2+—— :0, (9)
ol adl on
T/Ie ¢ — yToJ, COCTaBICHHBI HOPMAaIbI0 N C MOJOXKH-
TENBEHBIM HampasieHueM ocu OX .

Ho mockonsky W =0 Ha rpaxuiie obnactd, T0 Ha

Beeil rpaHuIe paBHBI HYIIO U IPOU3BOAHBIE OW/dl 1

0?w/0l? . Torma w3 pasectBa (9) JNErko BHIPA3HTH

TpaHUYHOC  3HAYCHUC HOpMaHLHOI;'I HpOI/ISBOHHOﬁ
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¢ynkun nporuba yepe3 AW, M OKOHYATEIBHO Ipa-

HUYHBIE ycnoBus 3axa4n || mpeobpasyrores k BUAY:

w=0,
aw_ 1 Aw (10)
on  da/oll-v’
NurerpanbHbie cooTHOMmCHNS (6) MPUMYT BHIT:
G
EW= J aA—WG1+AW 1 -H, —&H2 ds,
5| on 1-v o D

(11)

eAW= j[aA—WGO —AwH, -3 Hl}ds,
5L oon D

U TIOCJI€ AUCKPETU3ALUHN STHX COOTHOLIEHUH MOIy4YUM
OKOHYATEJIbHO CHCTEMY JIMHEHHBIX anreOpandecKux
YpaBHEHH, MaTPUIHOE MPEJCTaBICHHE KOTOPOH

EE+AC BO) L NC
= , (12
A(l)_ﬁB —B® [l v® _EA(Z) (12)
D

rne B —wmarpuma, sieMeHTBl KOTOPOI BBIYHCISIFOTCS
1o popMyiam:

1 .
B.=|—=G,(P,RP)ds, i,j=1N,
g FJ gy (PRI b
a BCe OCTaJIbHbIe 0003HAYCHUS MAaTPHIL TAKKE XKe, KaK B
cucteme (8).

U3 cucremsl (12) MOTyT OBITH HalICHBI TPAHHY-

. JAW
HbIC 3HAYCHUS (QYHKIWMA AW U a—, a jaiee, 3Has
n

UX, MOXKHO OIIPEAEIUTH C TOMOLIBIO IIEPBOTO PaBeH-
crBa (11) 3HaueHWe MCKOMOW (YHKIHH TPOTHOOB B
000 TOYKE MIACTHHKU.

Taxxe CICAYET OTMETUTH, YTO, KaK U B ClIydac
3a/IeIAaHHOTO Kpas riacthHkH (3agaua l), cucrema wH-
TerpanbHbIX ypaBHeHuid (11) mMokeT OBITH CBelCHa K
cucreme 2N JMHEHHBIX anreOpanvyecKkux ypaBHEHUH
oTHOCHTENbHO 2N HEM3BECTHBIX 3HAUCHHWH (YHKIHN

JAW .
AW nu a—, cClin q SABIIACTCA HOJ'II/IFapMOHI/I‘ICCKOI/I
n

¢yHKIHER MF000T0 TOpAAKa, B YACTHOCTH, €CIH (

SABISICTCA MHOI'OYJICHOM HeKOTOpOﬁ CTCIICHHU.

6. UucioBbIe MPpUMeEPHI

Ilpumep 1. Paccmotpum 3anauy | muist anroMuHu-
€BOIl JIUTMNITHYESCKON ITACTUHKYU C TONyocsaMu & =1 M,
b =0.75m tonumusr h =0.02 M, pacmosoxeHHo# ro-
pusoHTaNBHO B moiie TshkecTH (= pgh). TouHoe pe-

[IeHne 3Toi 3amaun u3BectHO (cM. [2]), u byHKUMS
OpOruOOB UMEET BH/L:
we @ ey
8D(3a’ +3b* +16a’h?)|  a* b
3Hast ATO PeIICHHE, MOXKHO ONPENCIHUTh TOUHEIC

. 0AW
AHAJIUTUYCCKUEC 3HAUYCHUA I (byHKIII/II/I AW n ——

on
Ha rpaHMIle 00JaCTd M CPaBHHUTb HX C IOJYYEHHBIMU
uyncinenHo. Ha pucynke 2 (a) mokasaHbl TPaHUYHBIC
3HaueHus QyHKIuH AW, Ha pucyHke 2 (0) — rpaHuY-




JAW
HBbIC 3HAYCHU S (1)yHKIlI/II/I a— . CINIOIIHBIMU JIMHUIMU
n

n300pakeHBl TOYHBIE Tpaduku STHX (QYHKIHH, TOUKA-
MH — 3HQUCHUs, NOJyYCHHBIC YUCICHHO NPH YHCIe
rpaHngHBIX 31eMeHToB N =60.

] O []

w| r.\' / \‘.
Y ————re :-:’.__ﬁ_, i

Pucynoxk 2

Ilpumep 2. OcHOBHOE INPEHMYILECTBO IpeyIO-
JKEHHOTO YHCJICHHOTO aJTOPUTMa COCTOUT B TOM, YTO
€ro MOXHO HPUMEHSTh A objacTedl IMpOU3BOJIBHOM
¢opmbl. B wacTHOCTH, Ha pHCyHKE 3 IpEACTaBIICHEI
pe3ysbTarhl perieHus 3anauu | s nmiacTuHKU B Gop-
Me 00JlacTH, OrpaHHuYeHHOW JeMHHCKaTol byra. DOra
KpUBas 3a1a€TCs ypaBHEHHEM

(Xz+y2)2 = a?x? +b%y?
rae a u b— HeKoTopbIe MapaMeTphl.

JIyiss OmpenesIeHHOCTH CHOBA CYMTAEM, YTO 3TO
ATIOMUHHUCBAs TUIACTHHKA, PACIIOJOKCHHAs TOPH30H-
TaJIbHO B IOJIC TSHKECTH, a MapaMeTphl JCMHUCKATHI
byra: a=1, b=0.6. YUucno 31eMeHTOB Ha TpaHHIE
oomactu N = 60 . 3Has rpaHnuHbIC 3HaYCHHUS (DYHK-

. JAW .
uud AW u o MOJKHO C TIOMOIIBIO TIEPBOH PopMmy-
n

161 (7) OmpeeNnuTh 3HaUeHNne caMoil PyHKIMH mporuba
B JIF000#1 TOUKE IJIACTUHKH.

& & - LI
] - o - w
L] L] 1) L]
) L) L = *
" 5 & &
™z “ - - o
n fi L] L
W ¥ & s
B el - = "
zw3 ¥ rmw e ® o -
. 4] L] o ]
3 wir
w w
i > a = Tz
21 a @ - . =
“"1: ] " . ¥
=T
] g " v L]
L . " M "
b-'li . . -.- .
il w3 L T Mg
=13 T G [t} = [ e
L]
Pucynox 3
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Ipumep 3. TlpuBeneM Temnephb pe3yabTaThl pele-
uust 3agaun |l (kpas omeptsi) Ui KPYIJIOH MITACTHHKA
pamryca R w TommuHbl h, pacmonoXeHHOW TOpHU30H-
TanbHO B Tone TsokectH (g = pgh ). ToyHoe pemieHue
9TOM 3a7a4M MOXKHO HalTh aHamutudecku (cm. [4]), u
¢byHKIHSA TpOrnOOB MMEET BHU:

1-v? 5+v
W=3pg S (RZ_XZ_yZ) _RZ_XZ_yZ ,
16h°E 1+v

rae p,V, E—mnoraocts, xko3dduiment IlyaccoHa u

Moayib FOHra MaTtepuana miacTHHKHA COOTBETCTBEHHO,
0 — YCKOpEeHHE CBOOO/IHOTO TaIeHHS.

3Has 310 peHICHUC, MOKHO ONPCACINTb TOYHBIC

. 0AW
AHAJIMTUYCCKHUEC 3HAYCHUS IJIA (1)yHKLII/II/I AW n ——

an
Ha TpaHulle obnactu. OHU OYIyT SBISATHCS KOHCTaH-
TaMHU Ha Bcell okpyxHocTu. B tabmune 1 mpencrasie-
HO CpaBHEHHUE YHCJICHHBIX U aHAUIUTUYECKUX Pe3yJibTa-
TOB JUIS TPaHUYHBIX 3HAUCHUH QYHKIMH AW IS 1ia-
CTHHOK W3 Pa3JIYHBIX MAaTEPHaJOB U C Pa3IHIHBIM
OTHOUICHHEM TOJILIUHBI IUIACTUHKH K €€ pajuycy.

AHaJIOTHYHBIE Pe3yJIbTaThl IS

MPEJCTaBIEHbI B

Tabume 2.

Ta6muna 1 - Tpannanble 3Hauenns GyHkman Aw-10°

MaTeDHA h/R TouHoe MI'D
p smaueane (N =40)

S— 0.09 8,0233 8,0233

0.05 8,0232 8,0228

— 0.08 6,5376 6,5361
0.04 26,1503 26,1507

J— 0.07 60,975 60,968
0.03 331,972 331,966
- 0.06 16,7731 16,7731
0.02 150,958 150,958

AW
Tabnuna 2 - ['panuuHble 3HaUYeHHUS HYHKIHN aa— -10*
n

h/R Tounoe MI'D

Marepual sgauenne (N =40)

S 0.09 0,3049 0,3048

0.05 0,2033 0,2032

— 0.08 0,7869 0,7859

0.04 3,1477 3,1496

J— 0.07 5,9281 5,9280

0.03 32,2751 32,2751

- 0.06 2,3587 2,3586

0.02 21,2285 21,2277

Ipumep 4. B [2] nonyueHo aHAIUTHYECKOE pe-
IIeHne 3a1aqu 00 M3rube KPyriioW IIaCTHHKH, KOoTaa
mpaBasg 4actb ypaBHeHHsT Codu Kepmen sBusercs

- . pX
JIMHEeHOH (yHKuuel, a uMeHHo (=-—, rae R—pa-

Jquyc mIacTHHKU. Kak oTMmeuanoch BbIIIE, B 3TOM CIIy-
yae ypaBHEHHE HM3rn0a IJIACTHHKA MOKHO CBECTH K
OJTHOPOIHOMY TIOJIMTAPMOHHYECKOMY YPaBHEHHUIO Tpe-
TBETO TOpAAKa M HAWTH IO 3aJaHHBIM T'PaHWYHBIM



YCJIOBHSIM €r0 pellieHHe C IIOMOIIbI0 METo/ia rpa-
HUYHBIX JIEMEHTOB.

B pamkax 3TOro mnpumepa OrpaHuuMMcs pac-
cmotpenuneM 3a1aun ||. TouHoe pemnrenue 3Toi 3amauu
HUMEET BHI!

pX > 2 N[ l+V o o o
w=———(R*=X*— RE-x*—y* |,
192DR( y )[3+V yj

OTKyZIa
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Torga MOXHO CpaBHUTHb T'paHUYHbIE 3HAYEHUS HTOU
(yHKIMY, HAWACHHBIC aHATTUTUIECKH U YUCIICHHO.

Ha pucynke 4 mokazaHa 3aBUCHMOCTh TpaHUY-
HBIX 3HAUCHUHA (PYHKIMH AW OT HOPMHPOBAHHOW Iy-
TOBOW KOOPAMHATBHI JJsl aJIOMUHUEBON IUIACTUHKHU
paguyca R=1m, Tommmusr h=0.02M; kpome TOTO,
3[€Ch UIA  OTIPEEICHHOCTH TIOIO0KEHO p=1i A

CrutonHasi JMHUS COOTBETCTBYET TOYHOMY aHAIUTH-
YECKOMY PEIICHHIO, TOYKH — 3HAUEHHSIM, TT0JTy4YEHHBIM
yucineHHo nmpu N =60.
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A.I'. TepeHTbEeBBIM U aBTOPOM, MO3BOJSAET HANTH
pelieHne 3a1a4 u3ruba TOHKUX TUIACTUHOK B Cllyda-
SIX KECTKO 3aJIelIaHHOTO M omeproro kpas. Ocoboe
BHUMAaHUE YJEIE€HO NEepPeXoay OT KpPaeBBIX YCIOBUM
3a1a4 n3ruba TOHKOW IUIACTHHKU K KPAaeBBIM YyCIIO-
BHUSM JUIS CHCTEMBI HOJUTapMOHUYECKUX (YHKITHIH,
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YTO TO3BOJISIET NPUMEHHUTHh YHCICHHBIH alropuTM,
paszpabortanubiii A.I'. TepeHTbEBBHIM U aBTOPOM IS
pelIeHns] KpaeBbIX 3a7ad sl MOJIMTapMOHHYECKOTO
ypaBHEeHHS. M3 mpuMepoB BHJHO, YTO HAOMIONAETCS
XOpoIllee COBMAJEHHUE YHCICHHBIX pPE3yJIbTaTOB H
AHAINTHYECKUX NaHHBIX, YTO CBHUAETEIHCTBYET 00
3¢ dexTuBHOCTH pa3pabOTaHHOTO YUCICHHOTO aJTo-
putMa. OH MOXET HCIOJIb30BATHCS [UISI PEIICHUS
3aga4 n3ruba TOHKHUX IIACTUHOK HpOI/ISBOHBHOf/'I
¢dbopmbl. OOOCHOBaHHE METOAA CJIEAyeT U3 HHTE-
rpanbHOi hopmyel ['puHa u paccmotpeno B [3].

Asmop  svipasicaem  061a200apHOCMb  C80EMY
HAYYHOMY PYKOBOOUMENo — 3ACIYHCEHHOMY Oesmenio
Hayk P®, doxmopy usuxo-mamemamuyeckux Hayx,
npogeccopy A.I'. Tepenmvegy 3a NOCMAHOBKY 3a0a4 u
oKa3zamnHoe HUMAHUe.
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