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OBIIAA XAPAKTEPUCTHKA PABOTbBI

AKTyanabHOCTh padoThl. PaboTa moOCBsIEeHa W3Y4YEHHIO IPOIECCOB
TEIUTOU3NIECKOTO u THUAPOANHAMHIYECKOTO B3aNMOJIEHCTBUS
BBICOKOTEMIIEPATYPHBIX PACIUIABOB C BOJNOW, TNPUMEHUTEIHLHO K IpodieMe
MapOBBIX B3PHIBOB. BayKHOCTH M3yUeHHS SABJICHUN TAKOTO THIIA OCOOEHHO BBICOKA
B CBI3M C TnpoOneMoil obOecrieueHus 0E30MaCHOCTH SACPHBIX PEaKTOPOB
B aTOMHOM 3HepreTuke. IIpu TsKenbIX aBapusaX C IUIABICHHEM aKTUBHON 30HBI
OMACHOCTh  NIPEACTABISIET  KOHTAKT  BBICOKOTEMIIEPAaTypHOrO  pacIuiaBa
C TeIuloHOCHTeNeM (BOJOW), BBI3BIBAIOIIMK PE3KOE BCKHUIIAHHUE  BOJBI
W pacmpocTpaHeHHWe B3PHIBHBIX BOIH, CIIOCOOHBIX HApYIINTh IIEIOCTHOCTD
KOpITyca peaKkTopa, HapyUIUTh TePMETUYHOCTh KOHTEHHMEHTa, a B KOHEYHOM
UTOTE — TTOBJIEYB 32 COOO0I BBIXOJ] PAIMOAKTHBHOCTH B OKPYKAIOIIYIO CPEIY.

BrInonHeHHBIE B UCCEPTALIMOHHOW paboTe HCCIEAOBAaHUS aKTyalbHbI
C TOYKH 3peHHs obecriedeHus] 0e30MacHOCTH KaK IITUPOKO IKCILIYaTHPYEMBIX
U TpoekTHpyeMblx B Poccum  Bomo-BOAAHBIX — peakropoB  BBOP
(BHYTPHKOPITYCHOE ¥ BHEKOPITYCHOE B3aMMOJEHCTBHE pacIiaBa aKTHBHOM 30HBI
C BOAOH), TaKk W JUIS WHHOBAallMOHHBIX PEaKTOPOB Ha OBICTPBIX HEUTPOHAX
C TSHKETIOMETAITMYECKUM TEIUIOHOCHUTENEM (aBapyy C Pa3phIBOM TEIUIOOOMEHHOM
TPYOKH IaporeHepaTopa ¢ BHIXOJIOM BOJIBI B PacIljiaB CBHHIIA).

B Poccun HCCIEI0OBaHUS MHOTO0()a3HOTO B3aUMOZECUCTBUS
BBICOKOTEMITEPATYPHBIX ~ PacIIaBOB C  KHJIKOCTSAMH, OBICTPBIX  (ha30BBIX
MEPEX0JIOB U TEIUIOTUAPABINKN KHUJIKOMETAIIIMYECKUX TEIUIOHOCUTENeH BeyTCs
B UT CO PAH, MBPAD PAH, OUBT PAH, UIIMex PAH, I'HI PO-®3U,
HUKUDT, OKBM wum. W. U. AdpuxantoBa, HUY MDOU. 3a pybdexom
3HAUYNTENBHBIA 00beM HcciienoBanuid BeimonHseTcs Bo @panmmu (CEA, ASNR),
Uramun (ENEA), Hlsermu (KTH), Cnoenun (JSI), Pecmybnuke Kopes
(KAERI), SAmonnu (JAEA), nayunbix nearpax n yausepcurerax CIIA u Kuras.
B sTux opranuzanusx BeayTcs SKCIEPUMEHTAIbHBIE U paCUETHBIE UCCIeI0BaHUS,
CO3JIAI0TCS CIIEIHATN3NPOBAHHbBIE YCTAHOBKHU M ITPOrPaMMHbIE KOMILIEKCHI.

3HAYMTENbHBIH BKIAJ B pa3BUTHE TEOPHUH MHOTO(a3HBIX TEYSHHUH
M HCCIEJOBaHHE  MPOIECCOB  MEX(a3HOTO  B3aUMOAEUCTBUS  BHECIH
X.A.Paxmarynun, P.U.Hurmarynun, C.C.Kyrarenanze, B.E.Hakopskos,
C.B. Anekceenxo, A.W. Jleontses, /1. A.Jladynuos, b.I.Ilokycaes, B.B. fros,
M. Ishii, G.B.Wallis, G.F.Hewitt, C.E.Brennen, N.Zuber, W.M. Rohsenow
U IpyTHe U3BECTHHIE YUEHBIE.

HccrnenoBanmio  B3aWMOAEWCTBUS  BBICOKOTEMITEPATYPHBIX  PacIJIaBOB
C XKHUJIKHMHU TEIUIOHOCUTEISIMHU, TPOLECCOB ()ParMEHTAIMM M TepEeMEIUBaAHHS
pacmiaBa C JKHIKOCTBIO, Pa3BUTHS MApPOBBIX B3PHIBOB MOCBSAIIEHB PaOOTHI
M. L. Corradini, H.K.Fauske, S.J.Board, T.G.Theofanous, G.Berthoud,
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D.F.Fletcher, D.Magallon, R.Meignen, T.N.Dinh, P.Kudinov, B.R.Sehgal,
OTE€UYECTBEHHBIX HCCaeaoBaTeaeu 10. A. 3eifrapuuxka, 1O. I1. UBoukuHa,
O. A.CunxkeBnua, JI. A. JlomOpoBckoro, }O.H. 3aropynsko, B.U. Menuxosa,
0. . Menuxoga, C. E. flxyma, H. A. IlpubaryprHa u MHOTHUX JPYTHUX.

OKCTIEpUMEHTATBHOE U3YyUYCHHE BO3HUKAIONIUX IIPH  B3aUMOJCHCTBUHU

BBICOKOTEMITEPATYPHBIX PACILIABOB C BOMOW MHOTO(A3HBIX TEUYCHHUH SBISETCS
CIIOXKHBIM M JIOPOTOCTOSIINM, a MHOTHE XapaKTEePUCTUKH MPOTEKAIOIINX
MPOIECCOB HE MOANAIOTCS MPSIMOMY H3MEPEHHIO B OIBITaXx. [[03TOMY BBICOKYIO
AKTYaJbHOCTb, 2 TAKXKE BaXKHENIIee (YHIAMEHTAILHOE U MPUKIIATHOC 3HAYCHHE
AMEET pPa3BUTHEC W NPUMCHEHHWE METOIOB YHCICHHOTO MOICIHPOBAHUS TaKUX
B3aMMOJICHCTBUM, COCTABIISAIONICE OCHOBHOE COJICPKAHUE TAHHOH paboTHI.
Henabro auccepTannoOHHOW pPa0OTHI SBISETCS Pa3sBUTHE M NPUMEHEHHE
METOJIOB YMCIIEHHOTO MOJICIIUPOBAHUS [ UCCIIEOBAHUS MHOTO(a3HBIX TEUCHHUH
P B3aWMOJACWCTBHHM  BBICOKOTEMIICPATYpPHBIX  PacIUIaBOB € BOJIOH,
COINPOBOXAAOMMXCS  (Pa3oBBIMH  TIepexofaMHu, pa3BUTHEM  MeX(]pa3HbIX
HeycTounBOCTeH, nedopmanueit u pparMeHTaIMel rpanuIl pa3aena ¢as.

J1s nocTHXKEHMS TOCTaBIEHHOH [IEIH PEIIeHBI CIeNyOIINe 3adaquu:

l. AHanu3  COBpEMEHHBIX  JKCHEPUMEHTAJIBHBIX W  YHCICHHBIX
WCCIIEIOBAHNH, MTOCBSIIEHHBIX H3YYSHUIO KaK JOKaJbHBIX MEXaHHU3MOB,
TaK W KPYINHOMACIUITAOHBIX  HMHTETPAIBHBIX  XapaKTEPUCTHK
B3aMMOJICHCTBYSI BEICOKOTEMIIEPATYPHBIX PACIUIABOB C BOMOM.

2. Pa3paboTka u peanu3anus MaTeMaTHYECKOW MOJAEIH MHOTO(a3HOTO
B3aMMOZICHCTBHSI C yIeTOM (Pa30BBIX MEPEXOMOB U CKUMAEMOCTH CPE
JUIS  ONHMCAHWS TEIUIOBBIX W THJPOJAWHAMHYECKUX  IPOLIECCOB
B3aMMOJICHCTBHUS PacIlIaBa C OXJIAUTEIIEM.

3. IlpoBeneHre TpeXMEPHBIX YHWCIEHHBIX PAacyeTOB JIOKaJIHM30BAaHHOTO
BBICOKOMHTCHCHBHOTO MEK(})a3HOTO B3aUMOJCHCTBUSL TMPH IAPOBOM
B3phIBE OAMHOYHOW KaIlIM pacillaBa, HWHUIIUMPOBAHHOTO BHEITHUM
UMITYJIECOM JaBIICHUS.

4. WccnenoBaHue KPyIHOMACIITAOHON MWHAMUKH MHOTO(A3HBIX TEUCHUN
MyTEeM MPOBECHUS TPEXMEPHBIX YUCICHHBIX PACUETOB B3aUMOJICHCTBUS
UMITYJIbCHOW U HENPEPBIBHOM CTPYH BOABI C paCIIaBOM.

5. AHamu3 pomm  (azoBoro mnepexona, Mex(asHbIX HEyCTOMYUBOCTEH
U (parMeHTAIMU TpaHUI] pazneida B (GOPMHPOBAHWU U PAa3BUTHH
CJIOXKHOW CTPYKTYpPbl MHOTO()a3HOTO TEUCHHSL.

6. Bammpanus MTOJTy9IEeHHBIX pe3yaBTaTOB Ha M3BECTHBIX
AKCTIEPUMEHTATBHBIX JIAHHBIX, BKITIOYAIOIIAs KaueCTBEHHOE
COTIOCTABJICHUE CTPYKTYyphl TEUEHUS W KOJMYECTBEHHOE CPaBHEHUC
OCHOBHBIX HHTETPAILHBIX XapaKTEePUCTHK B3aMMOJICHCTBHSI.
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Hay4ynast HoBH3HA:

1. Pa3paboraHa m peann3oBaHa MaTeMaTHYeCKas MOZIETb MHOTo(a3zHOTO
B3aMMOJICHCTBHS NP TEUSHHSX C HaaudueM (a3oBOro mepexoia Jyis
C)KMMAaeMBIX JKHJKOCTEH, OTCYTCTByIOIIas B CTaHIApTHOM Habope
mozeneir OpenFOAM.

2. BrmepBble paccMOTpEHBI TpeXMEepHble INOCTaHOBKM KIIFOUEBBIX 3ajad
O  B3aUMOJCICTBUM pacIUlaBOB € BOJOM U HUCHOIB3YHOTCS
MHOTOYPOBHEBBIE AJaNTHBHBIE pAcUeTHbIE CETKH AN 334ad TaKoro
TUIA.

3. B 3ajmauax ¢ mapoBBIM B3pBIBOM OAMHOYHBIX Kallelb paciliaBa BIIEPBBIC
paccMOTpeH Tmporecc (parMeHTAIlMH HEMOIBIKHOW W JIBIKYIIEHCS
KaleJdb paciijiaBa B HEAOTPETOM BOAE MOJ JCHCTBHEM HMITyJIbCa
JIABJICHHUS.

4. B pacuerax yCTaHOBIEHO OOpa30BaHHWE KyMYISTHBHBIX BOSHBIX
MHUKpPOCTpPYH, paHee HE paccMaTpUBAEMbIX IPH aHAIN3E MEXAHU3MOB
B3pPBIBHOH (pparMeHTanny Karejb pacijiaBa B BOJE.

5. Jlns 3a7a4 ¢ UCTEYEHUEM BOABI B PACIUIaB MPHU Pa3iIUYHBIX YCIOBHSIX
MONy4eHbl HOBBIE NaHHbIE O (OPMHUPOBAHWU MHOTO(A3HOW CMecH
«BOla — Tap — pacIiulaB» M YCTAHOBIEHBI KOJIMYECTBEHHBIC
XapakTepUCTHKH  Tpexda3zHoW  oOmacTH AN TOCIEXyIOIIEro
HCCIIEN0OBaHUA BO3MOKHOUM B3PBIBHOM CTaauU.

6. BnepBble HCMOJB30BaH IOJXOJ, OCHOBAaHHBIH HAa COBMECTHOM
npuMeHeHUH  TpexmepHoro  VOF-mopenupoBaHus,  aJanTHBHON
pacyeTHOM CETKM M MOJENIN BCKUIAHMS, I1O3BOJIMBIIMN IOJYy4YUTh
HauOollee  JOCTOBEPHBIE  PE3yJNbTaThl  MOJICIHUPOBAHHUS  3aja4yd
B3aUMOJICICTBUS CTPYH BOJIBI C PACIIaBOM.

IIpakTnyeckas 3HAYMMOCTb. [IpencraBneHHbIe pe3yabTaThbl
MCCIIeIOBaHU MHOTO(a3HBIX TEUCHUH MPHU B3aUMOAEHCTBUH PACIUIaBOB C BOJIOM
(GopMHPYIOT Hay4YHYI0 OCHOBY /IS JallbHEHIIEro pa3BUTHS  MoJenen
MHOT0o()a3HOTO B3aMMOJECHCTBHS W WX NPUMEHEHHs B 33jJadax O€30IMacHOCTH
SIIEPHO-DPHEPIeTUYECKUX YCTAaHOBOK. [lomydeHHBlE pe3ynbTaTbl CMOTYT HaWTH
[IPAKTUYECKOE IIPUMEHEHUE B AaTOMHOM 3HEPreTUKE IPU CO3NAHHU CUCTEM
0e30MacHOCTH aTOMHBIX CTaHIWK, MO3BOJSIONIUX YCTPAHUTh WIH CBECTH
K MUHUMYMY OIaCHOCTH TSKETIBIX 3alIPOEKTHBIX aBapui C IUIaBJIEHNEM aKTHBHOU
30HBI. Pa3BuThle TOAXOABI W BBIYHCIUTENBHBIE MOJENH MOTYT HaWTH
MpaKTHUYEeCKOe MPUMEHEHHE MJisl aHajau3a JpPYruX SBICHUH TEXHOT€HHOTO
W TpUpOmHOTO THma (aBapud B METAIYPTUYECKOM IPOMBIIIICHHOCTH,
MOJIBO/THBIE N3BEPIKEHUS BYJIKAHOB, TEXHOJIOTHH CTPYHHOH 1eqaTH).



Hayuynble wucciaenqoBaHusi, BOLIEANINE B IUCCEPTAMOHHYIO paloTy,
BBIMOJIHSAINCE B paMkax mpoektoB PH® Nel8-19-00289 u Ne21-19-00709,
a Take B pamkax loczagannsg UIIMex PAH Ne 124012500440-9.

MeTomoiorusi M MeTOObl HcCJIelOBaHUsl. YMCIEHHBIE PacyeThl
THJIPOANHAMHUYECKUX M TETJIOBBIX SBJICHHNA, COMPOBOXKIAIONINX B3aUMOIECHCTBHE
BOJIbI C PACIIaBOM, IIPOBEAEHBI P OMOIIY IPOrPAaMMHOIO NTAKETa C OTKPBITHIM
kogoM OpenFOAM. [list omucaHust Tpex(a3HbIX CHUCTEM «BOJAa — Map —
pactutaBy ucnonb3yercs moaenb VOF (Volume of Fluid), B koTopoii BBOTUTCS
3 PeKTUBHASL KUIKOCTb, CBOMCTBA KOTOPOH 3aBUCAT OT OOBEMHBIX AOJNEH (a3.
Brei6op Meroma o0ycnoBJIeH €ro MIMPOKWM HCIHOJIb30BaHHUEM IPHUMEHUTEIEHO
K  mpobimemMaM  MHOro)asHBIX  B3aUMOICHCTBHH, B  TOM  YHCIE
W BBICOKOTEMIIEPATypHBIX pacIUlaBOB C Bofol. lcmomb3yercs aBTOPCKHIA
pacueTHbIil Moaynb fciFoam, B KOTOpOM peann3oBaHa MOJENIb CKUMAEMOM Cpebl
¢ (a30BBIMH TIEpEXOAaMH, OTCYTCTBYIOIIAas B CTaHAAPTHOM Habope Mojenen
OpenFOAM. Pazpaborannas Moaenb Bepu(pUIMPOBaHa Ha TECTOBBIX 3a1adax.

IIpu pemeHun paccMaTpuBaeMBIX 3a7a4 I[IUPOKO HCIOIH30BaNIaACh
Bo3MOXKHOCTh OpenFOAM  BBINONHATH pacdyeTbl Ha MHOTOMPOLIECCOPHBIX
BBICOKOITPOM3BOAUTENBHBIX BBIYMCIUTEIBHBIX CHUCTEMax C pacHpeaerIeHHOM
naMaTeio. lIpuMeHsUI0Ch MHOIOYpOBHEBOE aJaNTHBHOE H3MENBYEHHE CETKH,
o0ecreynBaoNiee JIOKAIbHOE IIOBBIIMIEHHE IPOCTPAHCTBEHHOTO pa3pelleHus
B 001aCTSIX HHTEHCHBHOTO MeX(a3HOTO B3aMMONEHCTBHSA, A1 Oosiee AeTaIbHOTO
OITMCAaHUSI MEJIKOMACIITAOHBIX 3JIEMEHTOB TCUCHHUS, BKIIOYAs KalljiH, ITy3BIPbKH
n neopmupyromuecs: Mexx(azHbIe TPAHHIIBL.

Banupanust ~ pe3ynbTaToB  pacdueToB  BKIIOYala — KauyeCTBEHHOE
COIIOCTABJICHHE BBISIBICHHBIX 3aKOHOMEPHOCTEH C 3KCIIEPHUMEHTAIbHBIMU
HaOMIONEHUAMH W KOJIMYECTBEHHOE CpaBHEHHE KIIOUYEBBIX MapaMeTpoB,
OTIPEIENIAIONINX XapaKTep MHOT0(a3HOro B3aMOJIEHCTBHUSI.

OcHOBHBbIE N0J10}KeHHUS], BBIHOCHMbIE HA 3aLIUTY:

1. Marematnueckass MoJenb [UId pacueTa MHOTO(asHbIX TEUEHUH

¢ Hanu4ueM (pa3oBoOro nepexona il CKMMAEMBbIX JKUAKOCTEH.

2. Pe3ynbrarel TpEXMEpPHBIX pacyeToB B3aMMOJCHCTBUS Kallelb pacIulaBa
C BOZIOH, BaJIMTUPOBAHHBIEC HA SKCIIEPUMEHTAIFHBIX TAHHBIX.

3. MexaHu3mbl (hparMeHTaluK Kamesb paciulaBa B BOAE, UX OTIMYMS IS
CIy4aeB  CHMMETPHYHOTO  CXJIOTIBIBAHWS  MApPOBOW  IIJICHKH
¥ aCUMMETPUYHOTO KOJUIAICca MapoBOro My3bIpsl.

4. Pe3ynbTaThl MOACTUPOBAHHS B3aUMOACHUCTBHUS WMIYJIIbCHOW CTPYHKH
BOZBI C PACIUIaBOM, BOCHPOM3BOISIIME OCHOBHBIE CTaJuM Ipolecca,
MIOATBEP KICHHbIE SKCIIEPUMEHTAIHHBIMH JaHHBIMH.



5. 3aKOHOMEPHOCTH 3BOJIFOLMH MHOTO(A3HOTO TEUEHUS, OTYICHHBIEC TIPH
MOZETMPOBAaHUM  B3aWMOJACHCTBUSl  HEMPEPBIBHOW  CTPYH  BOJBI
C pacIyIaBOM TSDKEJIOTO METaJlIa, CONNACYIONIHECs ¢ IKCIIEPAMEHTaMH.

JlocTOBEpPHOCTh PE3yNIbTaTOB JUCCEPTALMK HOATBEPKAAeTCS (PU3NIECKON

000OCHOBAaHHOCTBIO ~ IOCTAaHOBOK  3ajJa4, IPUMEHEHHEM  COBPEMEHHBIX
TEOPETUYECKUX MOAXOJO0B U MaTeMaTHYECKUX MOAENeH B 001acTH MHOTO(a3HBIX
TeUeHHUH, BepupHUKanMel HCIOIb3YEeMbIX YHCIEHHBIX METOJIOB Ha CTaHIapTHBIX
TECTOBBIX 3aJla4ax, BAJMIANKEHl IOIy4YeHHBIX KaYeCTBEHHBIX U KOJIMUECTBEHHBIX
pe3yNbTaTOB Ha M3BECTHBIX 3KCIEPUMEHTAIBHBIX JaHHBIX, COMOCTaBIEHHEM
PE3yNbTaToB C JAHHBIMH, TIOIYYEHHBIMHU IPU TIOMOIIIH JPYTUX YHCIICHHBIX KO/IOB,
anpo0anuei oJI0KEeHUH padOThl HA MHOTOYUCIICHHBIX KOH(PEPEHLIUIX.

Anpobanusi pa6oTbl. Pe3ynsraTel HACTOSIIEH paOOTHI JOKIIAIBIBAIINCH

JUYHO ABTOPOM M OOCY)KHaNuCh Ha  NPOQUIBHBIX  BCEPOCCHMCKUX
1 MEKIyHapOIHBIX KOH(EpEeHIUAX:

1. VI Bcepoccuiickast HayyHas KOH(EpPEHLHs C 3JIEMEHTaMM ILIKOJBI
MonoApIx yueHbIX «Temmodusuka u ¢uuUeckas THAPOTUHAMUKA»
(CeBacromonb, 22-29 aBrycra 2021 1),

2. 12-3 MexayHapoHas KOHpepeHIUI—IIKOTIa MOJIOABIX YUEHBIX «BOTHBI
¥ BUXPH B CIOXHBIX cpenax» (Mocksa, 1-3 nexadbps 2021 1),

3. Bcepoccuiickast HaydHO-TexHH4Yeckas KoHpepeHmms «CryneHuecKas
Hay4Has BecHa» (Mocksa, 1-30 ampens 2022 1),

4. XXXIII Beepoccuiickas mkona-ceMuHap «BomHoBbie siBneHus: pusnka
n npumenenms» uM. A.Il.  CyxopykoBa  («BomHBI-2022»)
(KpacHoBui0Bo, MockoBckast o0macth, 5—10 urons 2022 1),

5. Bcepoccuiickas KoHQEepeHIH ¢ MeXTyHAPOAHBIM ydacTreM « XXX VIII
Cubupckuii  Termodpusnyeckuii  cemuHap» (HoocmOupck, 29-31
asrycra 2022 r.),

6. 13-1 MexmayHapoaHas KOH(EepEHITHA—IITKOIa MOJIOABIX YICHBIX «BOoJHbI
W BUXPH B CIOXKHBIX cpenax» (Mocksa, 30 HostOps—2 nexabps 2022 1),

7. XIII Becepoccuiickuii cbe3 o TEOPETUUECKOH U MPUKIIAIHON MEXaHUKE
(Cankr-IletepOypr, 21-25 aBrycra 2023 1),

8. 14-1 MexayHnapoaHasi KOHGEPESHIUSI—IITKOJIA MOJIONIBIX YUCHBIX «BOIHBI
U BUXPH B CIOXKHBIX cpenax» (Mocksa, 28 HostOps—1 nexabps 2023 1),

9. 51-1 mkoma-koH(peEpeHIUs «AKTyadbHBIE TPOOIEMBI MEXaHHUKID)
(Benukuit Hosropon, 19-21 utons 2024 r.),

10. IX Bcepoccuiickass HayyHass KOH(EpEHIHS C D3JIEMEHTaMH IIKOJIBI
MojonelX y4yeHblX «Temnopusuka M (usmUeckas THAPOAMHAMMKA)
(Coun, 8-15 cents6ps 2024 1),



11. II Bcepoccuiickuii KOHIpecc ¢ MEXIYHapoJIHbIM ydacthem «Pycckuit
ukenep» (Mockaa, 30 oktsa6psi—1 HosOps 2024 1),

12. Bcepoccuiickast koH(MEpeHIUS ¢ MeXAyHapomHbIM ydacThHeMm «XLI
Cubupckuii  terumoduszuuyeckuid  cemunap» (HoBocubupck, 7-10
okTa6ps 2025 1),

13. 16-1 MexmyHapomHasi KOH(pEPEHIIHI—IIIKOJIa MOJIOJBIX YYSHBIX « BONHEI
Y BUXPH B CIIOKHBIX cpenax» (Mocksa, 2—5 nexabps 2025 ).

PesynbTarsl paboThl 0TMEYEHBI HATPAJAMH HA HAYYHBIX KOHKYpCaX:

1. [oGenurens KOHKypca JIy4YIIMX HayYHBIX Pa0dOT MOJOABIX YYEHBIX
UITMex PAH — noompurensHas npemusi. Mocksa, 2022 roj.

2. TloGenurens VIII Bcepoccuiickoro KOHKypca
HAy9IHO-UCCIICOBATEIbCKUX pPaboT CTyAeHTOB W acmmpaHToB — III
Mmecto. Open, 2023 rox.

3. Ilobeaurenp KOHKypca Iy4IIMX HAy9YHBIX pabOT MOJOABIX YYEHBIX
NITIMex PAH — III mecto. Mocksa, 2023 rop.

4. IloGemutens CEKLIMH Ha Bcepoccuiickoit KOoH(epeHIINH
¢ MexayHapomHbiM ydactheM «XLI Cubupckuit Termnoduzndeckuit
CEeMHHAap», KOHKYpC CPEAr MOJIOABIX Y4eHbIX O0e3 crtermenHu — II mecro.
Hosocubupck, 2025 ro.

B 2024 rony comckarens ynoctoeH crunenanu IIpesuaenra Poccuiickoit
denepanuy Ui aCIAPAHTOB U aIBIOHKTOB, IPOBOJAIINX HAy4YHbIE UCCIEIOBAHUS
B paMKax peaju3alid IPUOPUTETOB HAyYHO-TEXHOJOTMYECKOTO Pa3BUTHS
Poccuiickoit @enepariuu.

JluuHblid BKJIag. ABTOp BHEC CyLICCTBEHHBIH BKJal B pa3paldOTKy
MaTeMaTH4ecKoil Mofenn MHOTO(Aa3HBIX TEeUeHHH ¢ HaiudueM (a3oBoTo
nepexofa ISl CKUMAEeMbIX JKHMIKOCTEH, CO3AaHHYIO COBMECTHO C Hay4HBIM
pyxoBonutenem C.E. SIkymiem, n ee peann3aniio B BHIE PACYETHOTO MO
B nporpammHoM nakere OpenFOAM, ocymiecTBisul OTHanKy M TECTHPOBAaHHE
MOJIYJISA, TPOBOMII BepH(PHUKALMOHHBIE W BaJIMAAMOHHBIE pacyeThl. [locTaHOBKa
3aJa4 UccienoBaHuil [1—S5] BeINONIHEHA IPH HETOCPEACTBEHHOM Y4acTHH aBTOpa
comectHO ¢ O.HW.MenuxoBeiM u B. . MenuxoBeIM, a IOCTaHOBKa 3ajad,
IpencTaBiaeHHBIX B paborax [6; 7] — coBmecTHO ¢ C. E. fIkymem. Couckarenem
JIUYHO TIPOBEJEHBI BCE BOLIEAIINE B IUCCEPTALMIO TPEXMEPHBIE pPaCUEThI
[IOCTaBJICHHBIX 3a1a4 [1-8], UCCIEIOBaHbI JIOKaIU30BAHHBIE
BBICOKOMHTCHCHUBHBIE MTPOLIECChl MEX(a3HOTO B3aUMOICHCTBHSA [6; 7] COBMECTHO
¢ C.E.Sfkymem, mnpoaHanM3WpOBaHBI 3aKOHOMEPHOCTH  (HOPMHUpPOBAHHUS
W pa3BUTHS KPYMHOMACIITAOHBIX CTPYKTYp MHOrodasHeix TeueHuid [1—5; 8]
copMectHO ¢ O.U.MemmxoBeiM u B.U. MennxoBblM, JIHYHO TIpOBEICHA
BHU3yalu3alsl BCEX pE3ylbTaroB. ABTOpOM  IIPOM3BEICHO  CpaBHEHHE
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Ka4eCTBCHHBIX U KOJUYCCTBECHHBIX PE3YAbTaTOB B3aUMOJIEHCTBUS C M3BECTHBIMHU
JKCIIEpUMEHTANIbHBIMU JaHHbIMU [1—3; 6; 8]. Kpome »sToro, aBTOp BHEC
CYIICCTBEHHBIN BKJIaJl B TIOATOTOBKY U MPEACTABICHUE MyOIMKAIUN 1 JJOKIAI0B.

yonukamuu. OCHOBHBIC PE3YABTATHI IO TEME UCCEPTAIIUU H3JIOKCHBI
B 17 neyaTHbIX U3OAHUSX, U3 HUX 4 CTaThU B PELICH3UPYEMBIX HAYUHBIX U3IaHUSAX,
Bxomsmux B mepedeHb BAK u ummerommux kareropmio K1 [1—-3; 6] , 4—
B MEXIyHApOIHBIX HAyYHBIX JKypHaJlaX, HHAEKCUpyeMbIX Scopus [4; 5; 7; 8],9 —
B COOpHHUKaX TPYJA0B KOH(pEPEHIIHil.

Crpykrypa U 00bem auccepraumu. Juccepranusi COCTOUT U3 BBEIACHUS,
4eThIpex TaB W 3akmroueHus. [lomHbii 00beM muccepranuu coctabiseT 143
CTpaHMIIBI, BKITIOUas 52 pucyHka u 7 Tadomur. CIIUCOK JIUTEPaTyPhI COMEPKUT 167
HauMEHOBaHUMU.

COAEPXKXAHUE PABOTHBI

Bo BBeaenmm 00OCHOBaHa AaKTyalbHOCTh HCCIECIOBAaHWH, MPOBOJUMBIX
B JHMCCEPTAIIMOHHON paboTe; chopMmynrpoBana 1eNb padOTHI, IS JAOCTHKCHUS
KOTOpOH IOCTaBJIEHBI COOTBETCTBYIOLIUE 3a7auM; M3JIOKEHA HayyHas HOBH3HA
W TpaKkTHYecKas 3HAYMMOCTb TMOJYYEHHBIX pE3yJAbTaTOB; OIHCAHBI METOJBI
uccie0BaHNH]; C(OPMYINPOBAHEI OCHOBHBIE ITOJIOKEHHU S, BBIHOCHUMBIE HA 3aILUTY,
OTpa’keH JIMYHBINA BKJIaJ aBTOpa B BHIMIOJIHEHHE paOOTHI.

B nepgoii ri1aBe nposeneH 0630p COBPEMEHHOTO COCTOSHUS UCCIICA0BAHUM
B3aUMOJCHUCTBYS paciulaBa ¢ BoJoW. 1Ioka3zaHo, 4TO HapsiLy €O 3HAYUTEIIBHBIM
00bEMOM  BKCIICPUMEHTAIbHBIX JAHHBIX CYIIECTBYeT LIMPOKUIl CIEKTp
MOJAXOAOB K YHCIEHHOMY MOJEIHPOBAHUIO TaKUX IpoueccoB. OCHOBHBIMU
SBIISIOTCSI MHOTOXKHIKOCTHBIE MOJENH, OpPWEHTHPOBAaHHBIE Ha OIMCAHHE
MHTErpaJbHON ITUHAMUKHA MHOTO(a3HBIX CHUCTEM, M METOIBl C Pa3pelicHuEM
Mexdazaoit moBepxHocTH, npexne Bcero VOF, mozBonsiomme aeTanbHO
uccienosare aedopmanuio rpaHul (a3, oOpa3oBaHHE NapoOBBIX 00BEMOB
1 (pparMeHTaInIo pacIiiaBa.

HecMmotrpss Ha pa3BuTHE 3THX MOAXOAOB, YHUCIO ABYX- M TPEXMEPHBIX
pacyeToB B3aMMOJCIHCTBHSA BOABI C TSDKEIBIMH DPACIUIaBaMH, YYHTHIBAIOIINX
¢a30BEIi Hepexol W JAETaJbHYI AWHAMUKY MeX(asHBIX TIpaHML, OCTaeTcs
OTpaHWYEHHBIM, a puMeHeHne VOF-nonxona npeacTaBieHo JUIIb OTAETbHBIMU
pabotamu. B TO jxe BpeMs HaKOIJICHHas 3KCIEpHMEHTalbHas Oa3a cO3maeT
HEoOXoAMMBIE BO3MOKHOCTH JJisl BajMaluMd Takux Mozeneid. Iloatomy
JanbHeiIee pa3BUTHe Tpex(asHbIX Mojenell ¢ paspemeHueM Mex(pasHbIX
TpaHUI] U MX BaJUAAaLUsA HAa AKCIEPUMEHTAIbHBIX JaHHBIX MHPEACTaBISAIOTCA
BRXHBIM M aKTyaJbHBIM HAaIllpaBJICHHEM HCCIEOBAaHUI B3aWMOIECHCTBUS BOJIBI
C BBICOKOTEMIIEPATYPHBIMH PacIIaBaMu.



Bo BrOpoii miaBe ommcaHa MmareMaTMdecKas MOJENb MHOTO(a3HOTO
B3auMoJieiicTBuA. [y peleHus JaHHOTO Kilacca 3ajad pa3paboTaH pacyeTHBIH
monyns fciFoam, ocHoBamubii Ha VOF-mmomxome © mpenHa3HAYCHHBIN
JUIE MOJEIUPOBaHHUS CXXHUMAaeMBIX MHOTO(a3HbIX TEYEHWH C HWHTEHCHBHBIM
Mex(ha3HBIM TEIUIO- U MaccooOMeHoM. B momyne peann3oBana Moaens (ha3oBoro
mepexoqa BoJa — Map, B KOTOPOH CKOPOCTh HCIApEHUs OIpeneisieTcs Ha
OCHOBE JIOKaJbHOTO TEIJIOBOTrO OanlaHca M He TpeOyeT 3ajaHusd 3MITMPUYECKUX
koo durmentoB. s  YMCIEHHOW peanHu3alid MaTeMaTHYeCKOW MOeIH
UCIIONB3YeTC METOA KOHEYHBIX 00beMoB. [lepeHoc oObeMHBIX nonei ¢as3
OCyLIeCTBIIsSIETCsl ¢ ucnoap3oBaHueM TVD-cxemsl u  anroputma MULES.
Jiss yMEHBIICHUs YHCICHHOTO Pa3MbITHS MEXK(a3HBIX TPAHHI[ HCIOIB3YETCS
JIOTIOJTHUTENBHBIN CKUMaromnid wiedH. CBA3b TOJIed JaBJIEHUS W CKOPOCTH
obecnieunBaercss amroputmom PISO, a BpemMeHHOH IIar aBTOMAaTHYECKU
M3MEHSeTCS C Yy4YeToM OrpaHHuYeHHs MakcHMMaibHOTo umncna Kypanra
Comax = 0.5.

JlomonHUTENbHON  O0COOEHHOCTBIO  MOAYNIS  SBISIETCS  NIPUMEHEHHE
aIaNTUBHBIX JMHAMUYECKH TEpecTpanBaeMbIX ceTOK. JIoKalbHOE W3MENFYeHHe
s4eeKk B 00nacTu MexX(azHBIX TPAHMI MO3BOJSET MOBBICUTH MPOCTPAHCTBEHHOE
paspemieHne npy OMMCaHUH Karelb, CTPYH U JPYTUX MEITKOMACIITa0HBIX CTPYKTYP
0e3 paBHOMEPHOT'O yBEIHYCHUS YHCiIa TUEeK BO Bcel pacdeTHOH 00macTH.

Maremarndeckass Mofenb BepudunupoBana Ha 3amadax Credana
U TUICHOYHOTO KHIICHHUS, YTO MOATBEPAMJIO KOPPEKTHOCTH OMHUCAaHUS (Pa3oBOro
mepexoJa W BO3MOXHOCTh €€ IPHMEHEHHs K pacueTaM B3aMMOICHCTBHS
BBICOKOTEMITEPATYPHBIX PACILIABOB C BOMIOM.

B Tperbeii IaBe NpeACTaBICHBI pPE3yAbTAaTHl YHCICHHBIX PAcueTOB
MapoBOTO B3pbIBA OJWHOYHON KaIUIM paciuiaBa B BOZAE, WHHIMUPOBAHHOTO
BHEIIHMM HMITYJIbCOM JIaBJIEHUS MPH NapaMeTpax, ONMMCaHHBIX B pa3nene 3.1.

B paznene 3.2 paccMoTpena parMeHTaus HeTTOABMKHOM KAl pacIiiaBa.
st MonmenwpoBaHUS HAYAIbHBIX BO3MYIIEHUN TpaHUIBl pas3neia Boaa —
map Ha HeH 3ajaBaiuCch Manble BO3MYIIeHHS B (opme momychepraeckux
BbICTyNOB panumycoMm 0.3 MM, BBIIYKIBIX B cTopoHy Kamiau. Ha puc. 1
[I0Ka3aHO B3aMMOJEHUCTBHE paciylaBa C BOJOM JUIsi OAHOIO M3 PAaCUETHBIX
BapuaHToB. [[0BepXHOCTH paciuiaBa u rpaHulla paszelna map — BoAa IpeacTaBIeHb
M30TIOBEPXHOCTSIMH OOBEMHBIX JOJNEH PacIuiaBa v, H Mapa ¢, MOCTPOCHHBIMH
rpu 3HaueHuu 0.2.

BricTpoe moBkIIIeHNE 1aBICHNS Ha BHEITHUX IPAaHHUIIAX PacYeTHON 00acTu
MPUBOIUT K TPAKTHYECKA MTHOBEHHOMY pACHpPOCTPAHEHUIO ITOBBINIEHHOTO
JIABJICHUS B BOJIE M CXJIOIIBIBAHUIO MAPOBOW IJICHKH BCIIEACTBHE CXKATHUS Ta30BOM
¢a3pl M KOHICHCAIMM Ha TpaHWIEe pa3ziena Boia — map. s mepBoHaYabHO
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a) 0) B)
Puc. 1 — IToBepXHOCTH KaIuM paciiaBa U MapoBOro My3bIps B MOMEHTHI BpEMEHH
10 mkc (a), 40 mxc (6), m 800 Mxc (B).

HETIOJBIKHOM KalljIu paciuiaBa Te4eHHe OJM3K0 K chepruiaecKu-CUMMETPHYHOMY.
OpHako BCIIEACTBHE HANIWYMS HAyaJbHBIX BO3MYIUEHMH TIpaHHMLBl pa3aena
BOJIa — Map MEPBBIN yAap BOIBI O IOBEPXHOCTD paciliaBa MPOUCXOAUT JIOKAJIBHO,
a HE ONHOBPEMEHHO IO BCEH MOBEPXHOCTH Kamiy. CXJIONbIBAHWE MapOBOH
TUIeHKH (puc. la) mpuUBOAMT K OOpa30BaHHIO JOKAIBHBIX 0OIACTEd MPSMOTO
KOHTaKTa pacijiaBa C BOJOH, COMpPOBOXKIAEMOTO TMOBBINICHUEM JaBJICHUS,
BCKMIIAHUEM BOABI W TMOCIEOYIOUIMM YBEJIMYEHHEM TOJIIUHBI MapOBOM
TUICHKH. Bo3MyllleHHe TOBEpXHOCTH paciulaBa IpU yAape BOIBI BBI3BIBACT
00pa3oBaHHE MEPBUYHBIX BCIUIECKOB B (hopMe ManbIX CTpPyeK, KOTOPBIE 3aTeM
(dbparMeHTHUpPYIOTCS Ha Oojee Menkuwe Karmumd. [lapoBoit my3sIph JOCTHTAaeT
MaKCUMaJIbHOTO pa3mepa B MOoMeHT ¢ = 40 Mkc (puc. 10), mocie 4ero npoucxoauT
€ro BTOpMYHOE cxJonbiBaHue. Ha 3Toil craguu Boma B3aMMOJIEHCTBYET HE
TOJIBKO C OCHOBHOM HMOBEPXHOCTBIO pacijiaBa, HO U C MEPBUYHBIMU BCILIECKAMU
U MEIKUMH (parMeHTaMHu. YKe MOcje MEpBOro KOIeOaHUs MapoBOTO ITy3BIPS
MOBEPXHOCTh pacIllaBa yTPauMBaeT PETYIAPHOCTh M TPEACTaBIsIET COOOM
COBOKYITHOCTh CTOXAaCTHUECKHX CTPYEK M MEJKHX Karesiek. Ha mo3nneidt cramuu
B3auMojieiicTBUS (prc. 1B) XOPOIIIO BHHBI MHOTOYHCIICHHBIE BCIUIECKU PACILiaBa
Y MEJKHE (parMeHTUPOBAHHbIE YaCTHLIBL.

BEINOTHEHO Ka4eCTBEHHOE U KOJHYSCTBEHHOE COTIOCTABIICHUE YHUCICHHBIX
pe3ynsraroB ¢ dkcnepuMeHTanbHbIMH naHHbIMU  (CiccarelliJ., FrostD.L.,
1994). CpaBHenue ¢opM MApOBOTO IIy3bIpS ITOKA3bIBAET, YTO YHCIEHHOE
MOZAEIMPOBAaHUE  KOPPEKTHO  BOCIIPOM3BOAMT  OCHOBHBIE  OCOOECHHOCTH
(dparmMeHTalMM KalUld paciulaBa TIOCJE CXJIONBIBAHUS MApOBOTO  ITY3BIPS,
BBIJIEJICHHBIC B OKCTIEPUMEHTE: 00pa30BaHUe MEJIKUX CTPYEK U KalleJeK pacIulaBa,
coXpaHeHHe He(pparMEeHTUPOBAHHOTO IIEHTpalbHOrO siapa Kamin. OleHka
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W3MEHEHHs DPa3MEpOB KaIUIM pacijlaBa B pacyeTe IoKas3aja, YTO K MOMEHTY
Bpemenu t = 400 mMkc pparmenTupyercst okoso 20 % ee nepBoHAYAIBLHON MACCHI.
Ha puc. 2 npencraBieHsl

6 pacdeTHbIe 3aBHCHMOCTH

o] OTHOIICHHUS  JIHUaMeTpa  Iy3BIps

5 ) Dy x HadaJdbHOMY JTUAMETPY Karliu

W :° - pacmmaBa Dy OT BpeMeHH, a TaKkxke

% ¥ i S of n ', - IKCIEPUMEHTAIILHBIE JTaHHBIE

o _/{2°°°°° e S v (CiccarelliJ., FrostD.L., 1994).

_:;o °d'}f =" ,% Buaumblii  aMamMeTp  IapoBOIO

2 M \ ) Mmy3bIpst B pacdyerax OINpeaeliscs

| ’ ’ KaK €ro MAaKCHUMAaJIbHbIM JIMHEWHBIN

0 03 ‘) - b ? pasmep. Ha puc. 2 taxxe npuseneH

Puc. 2 — U3sMmeHeHue OTHOIIEHHS OKBHBAJICHTHBIA IHaMETP IMapoOBOTO

auamMeTpa  Iy3slps K HavajgbHOMy IIY3BIPA, paccUMTaHHBIN 1o
JqUaMeTpy Kalmm:  dKcrepuMeHT ([); TEKyuiemy oObemy mapa V.

BU3yaJIbHAas OLEHKAa II0 pacyeTy (2), OTYeTIMBO BHAHBI KOJIEOAHMS

pacuet uepes 06beM mapoBoii (asel (3).  TMY3bIps ¢ meproxoM okoio 1.2 mc,

YTO  3HAYUTEIBHO  TPEBHIIAET
JUTATEIBHOCTh WHHUIMHUPYIONIETO WMITYJIbca JaBicHUs, paBHylo 20 MKC.
CrnenoBarensHO, KoneOaHUS OOYyCIOBICHBI CBA3aHHBIMHM THIPOIUHAMHYECKUMHU
W TEIUTOBBIMHU TPOLIECCAMH, HHUIIUMPOBAHHBIMU BHEITHUM UMITYJIbCOM.

ComocraBieHue pe3ylbTaToB Ha pHUC. 2 TIOKa3blBAaeT COIIACOBAHHUE
IKCTIEPUMEHTAIBHBIX (TOUYKM /) WM YMCIEHHBIX (TOYKH 2) JAHHBIX B TEUEHHE
nepBoro kojebaHusi maposoro my3eps. llepuon konebGaHuil BOCTIPOM3BOAUTCS
JOCTaTOYHO XOPOIIO, OAHAKO pacyeT 3aBhIIIACT aMILTHTYy IEPBOTO PaCHINPEHUs
y3bIpsi mpuMepHO Ha 20 % 1 3aHMKaeT CKOPOCTh €ro MOCIEAYIOIIETO POCTa.

B pazgene 3.3 paccMoTpeHa GparMeHTalus ABHXKYIIEHCS KAl paciijiaBa.
Ha puc. 3 nnsg omHOro M3 pPacyeTHBIX BAPHAHTOB B IUIOCKOCTU CHUMMETPUH
MOKa3aHbl MOJIsl OOBEMHBIX A0JIeH (a3 U CKOPOCTH, XapaKTEPU3YIOLINE Pa3BUTHE
B3auMOZecTBUA. Pacuer mpoBOAUTCA B CHCTEME OTCUETa, B KOTOpPOH Karuis
HETIOJBM)KHA, a TOTOK BOJBI HAIIPaBJICH BBEPX (CTpelika Ha puc. 3a). [lomyueHHbIe
pe3yabTaThl MOKA3bIBAIOT, YTO MEXaHWU3M (QparMeHTAlMd JBUKYIIEHCS Karuih
CYILECTBEHHO OTIMYACTCS OT CHEepUUECKU-CUMMETPUYHOTO CIy4dasl.

Puc. 3a cooTBeTcTByeT MOMEHTY OKOHYaHHs BO3ICHCTBHUS HMITYIbCA,
[ocjae KOTOPOIO [aBJICHHE OKPY)KAIOIIEH Cpenbl OCTAaeTCsl MOCTOSHHBIM Ha
NPOTSHKEHUM BCETO JalbHEWIIero pacdera. 3a BpeMsl JCHCTBUS HMITyJbca
TOHKasl MapoBas IUIEHKa C THUIOBOM CTOPOHBI KalllM CXJIOIBIBAETCS, TOIAA
KaKk ¢ KOPMOBOI CTOpPOHBI BOJa YCIIEBAET YCKOPHUTHCS, HO eIlle HE TOCTUraeT
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Puc. 3 — B3aumoneiicTBre BoabI C IBIXKYIIecs Karie paciuasa: a) t = 0.02 mc;
0)t = 0.4wmc; B)t = 0.9 mc.

MOBEPXHOCTH paciuiaBa. [103ToOMy BCKUIIaHHWE BOJbI U PA3BUTHE MAapOBOM TJICHKU
Ha TMepeHel W 3a/JHel CTOPOHAX KAIUTH MPOMCXOAAT HECHHXPOHHO (puc. 30),
YTO MPHUBOAUT K (POPMHUPOBAHUIO BBITSHYTOTO MApOBOTO MMY3BIPs, KOTOPHIH
CXJIOTIBIBAETCSI B PAJUANbHOM HANpaBlIeHUU, (HOPMHUPYsS TOTOK BOIABI K OCH
CUMMCTpPUH. CTONKHOBEHHE IMOTOKOB IIPUBOAUT K O6pa30BaHI/IIO JABYX MOIIHBIX
OCEBBIX BOJSHBIX CTpPYyW, HANPABICHHBIX COOTBETCTBEHHO BBEPX W BHU3. JTH
CTPYH XOPOIIIO BUHBI Ha PUC. 3B, UX OCEBasi CKOPOCTh 3HAYUTEIILHO IPEBBIIIACT
CKOPOCTh Ha4aJbHOTO OOTEKaHWs Karuii. HampaBlieHHass BHH3 oceBas BOJSHAS
CTpyd yHaapsieT 1O IMOBEPXHOCTH KaIUld paciijlaBa M MpoOMBaeT ee, MPOHHKAs
B pacIUIaB BIOJbh OCH U BBI3BIBAS OBICTPYIO JehOpMAaITiio 1 hparMeHTAITIIO KaTlIH.

6 Ha puc. 4  mnokasaHo
3HUKHOBEHME —min V, N3MCHCHHUC SKCTPEMAJIbHBIX
MYNATUBHOWM ——max V, o o
40 bR “ —minV, 3HAYECHUU panuaabHOH Ur
—— maxV,

U BEpPTUKAJIbHOM v, CKOpOCTel

g‘& Boapl. Ha HavanpHOH  cTamgun
?

V, m/s
o

TEYCHHE HMMEET IPEUMYLIECTBEHHO
pajuanbHBI XapakTep, TOrAa Kak
Kt ~ 8.9 Mc HabIrogaeTcst pe3Kuit

Bo3HMKHOBEHWE]

-40 .
_ HauanbHoe —rkymyraTueHo/ | POCT BEPTUKAJIBHOM CKOPOCTH J10
™ cxnonbiBaHue CTpyiikn .
-608.0 5 i 55 Uz N 40-50 m/c, COOTBETCTBYOIUI
' T tms " (OpPMHPOBAHUIO KyMYJIATHBHBIX

Puc. 4 — U3menenue BEPTHKAIBHOM crpyi (cM. puc. 3B).
U PalnajIbHONU CKOPOCTH BOJBI. Bormee mompobGHO Tpomecc
B3aUMOZICHCTBUS MpeNCTaBICH
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Ha puC. 5, Toe Ui pacueTa MpU CKOpocTH kKamm vy = (0.5 M/C mokaszaHbl
TpEeXMEpHbIE H300paKEHHUS MOBEPXHOCTH paciijiaBa U (GOPMBI ITAPOBOTO IMY3bIPSI.
[Mocne ynapa oceBoit BOISHOM CTpyH B Karule HAUUHAET (HOPMHUPOBATHCS KaBEpHA;
3TOT MPOLECC CONMPOBOXKIAETCS (parMeHTalMe paciyiaBa Ha MEJIKUE YacTHUIIbL.
3areM cTpys TMOJHOCTBIO NPOOHMBAET KAIUIO, B pe3yibrare 4ero oOpasyercs
TOHKas IUJIMHAPHUYECKast 000JI04Ka paciulaBa, KOTOpas CO BPEMEHEM IOJHOCTHIO
paspyLaeTcst Ha MeJIKOAUCIIEPCHBIC ()parMeHThl (pHC. SB).

Puc. 5 — IloBepxHOCTH KaIuu paciiaBa U MapoBOTO IMy3bIpsi B MOMEHTBI BpEMEHH
1 Mmc (a), 4 mc (6) u 8 Mc (B). HayanbHast ckopocth Karum vg = 0.5 m/c.

W3meHeHne HayaabHOM CKOPOCTH KAl NMPHUBOAMIO K (HOPMUPOBAHUIO
3a HeH KyMYJIATHBHBIX CTPYH C pa3iMYHbIMH MaKCHUMAaJIbHBIMH OCEBBIMH
CKOPOCTAMH. DTO 0OYCIIOBIEHO (OPMOH HapoBOTO Iy3bIpS 3a JBHKYIIEHCS
Kariel paciiaBa: ¢ YBEIWYEHHEM CKOPOCTH KallIH ITy3bIpb CTAHOBUTCS TOHbIIE
U CHJIbHEE BBITATHBACTCS, YTO MPUBOJHUT K 0OJIee HHTEHCHBHOMY CXJIOIIBIBAHUIO
1 00pa30BaHUIO KyMYJIATUBHOM CTpyH ¢ Oonblied ckopocTbio. B 3aBucuMocTH
OT Ha4YaJbHON CKOPOCTH KaIUM KyMYJISATHBHAs CTPYS MOXKET JIHOO ITOJHOCTBIO
npoOuTh ee ¢ 0Opa3oBaHueM LMIMHAPHUECKON 000JI0UKH, 1100 1ehOpMUPOBATH
B IOITyC(hepHIECKyr0 000JI0UKY 6€3 CKBO3HOTO MPOHUKHOBEHHUS.
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Ha puc. 6 mnpuBeneHsl

e 81“”"/1/ : 3aBUCUMOCTHU OTHOCUTENBHOU
g = 0.5 s
Al IJIOLIAAN TIOBEPXHOCTH PacIUIaBa OT
// BpPEMEHH ISl BAPUAHTOB, B KOTOPBIX
K KalljIsi [EePBOHAYAIBHO JBUTAJIACH
- OTHOCHUTENIBHO BOABI, a TaKXke Ui
2 BapuaHTa C HEINOJABMIKHOM Karuiel
N pacrmiaBa B MOKOSIIEHcA BOJE.

L — s 2 25 3 Haubonpmras IUIOIIAh
t, ms . ITTOBCPXHOCTH ITOJIYyUYCHA B BAPHUAHTC

Puc. 6 — l3MeHeHHEe OTHOCHTENHHOMN N
C MaKCHUMAaJIbHOW CKOPOCTBIO KaIlIH

IUIOINAAN TIOBEPXHOCTH pacIuiaBa BO
BCJIEACTBHE Oojiee HHTEHCHBHOIO
BpPEMEHHU.

NpoOleHusl paclijaBa Ha MEJKUE
(dbparMeHTEL. YXe Ha HAYAILHOH
cTaauu (pOPMHUPOBAHUS IMOJOCTH, MpUMepHO uepe3 0.8 Mc mocie Bo3nedcTBHS
WMIIyJIbCa JaBlIEHHs, IUION[anb TIOBEPXHOCTH pacIiulaBa B BapHaHTax Co
ckopoctsimu vy = 0.3 M/c u vg = (.5 M/C CYIIECTBEHHO OTIMYAETCS OT
COOTBETCTBYIOILIETO 3HAYCHHUS [T KAk cO cKOpocThio vy = 0.15 m/c. ImenHO
B 3TOT MOMEHT BOJIsSTHAsI CTPYs yJapseT Mo MOBEPXHOCTH KaIUIA M 3aTeM IITyOOKO
MIPOHMKAET B pacijiaB (CM. puc. 3); B 3TO ke BpeMs JOCTUTAIOTCS MaKCHMAalbHbIE
OCEBBIE CKOPOCTH.

VYcraHOBIIEHO, 4YTO TIpH  CHEPUUSCKU-CUMMETPUYHOM  CXJIONBIBAHUU
IUIOLIAa/1b IOBEPXHOCTU BO3pACTAECT MEUICHHEE, YEM B BAPUAHTAX C ABMKYLICHCS
Karlell. Bceruiecku CKOpPOCTH pocTa IUIOIAAM IOBEPXHOCTH OOYCIIOBIIEHBI
yaapamMu Bofbl Mo paciuiaBy. ClemoBaresnbHO, B JaHHOM Cilydae HW3MEHEHHE
IUIOINAHN MOBEPXHOCTH pacljaBa CyLIIECTBEHHO 3aBHCHUT OT IapaMeTPOB BOJIHBI
JIaBJICHUSI, THUIIMUPYIOIEH B3aUMO/ICHCTBHE.

AHanmu3 pe3ylbTaTOB IIOKA3bIBAET, YTO XapakKTep B3aUMOJCHCTBUS
ompenensercs HE TOJBKO TIapaMeTpaMyd BHEIIHEro BO3JCHCTBHA, HO
U KOH}Hrypalmeld TapoBOr0 TMy3bIps K MOMEHTY €ro CXJIOTIBIBaHMS.
®opMa M cTENeHb aCUMMETPHUM TAapoBOM 0ONacTH BIUSAIOT Ha HalpaBlieHHE
Y UHTEHCUBHOCTb CXOJSIINXCS IOTOKOB BOJBI U, KaK CIEICTBUE, HA BO3MOKHOCTh
00pa3zoBaHusl KyMYJIATHBHBIX cTpyi. [loaTomy naxke mpu ONM3KHX Hapamerpax
WUMIIyJIbCa JaBIEHHs] MOTYT HaONIONaThCs 3aMeTHBIE pa3nuius B Aedopmarn
U Tmocienyromeil pparMeHTay Karum paciuiaBa. s oneHnku storo s¢dexra
B pazneine 3.4 paccMOTpeH BapHaHT C H3HAYaJbHO ACUMMETPUYHOM Karuien
paciuiaBa co c(epuIecKoil BHIEMKOH.

Ha puc. 7 noka3zaHo pa3BUTHE TE€UEHHS IJis JAaHHOW MOCTAHOBKU B BUJIE
pacrmpeneneHus o0beMHBIX Jojei (a3 B miockoctd cummerpun. [Ipu mepBom
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CXJIONBIBAaHUH TIApOBOH oOmacTé (opMHUpYyeTCs HampaBleHHAas BHYTPh Kaluld
KyMyJISITUBHasE CTPysl BONBI, KOTOpas IIPOHHUKAeT B paciulaB U o0pasyer
BBITAHYTYIO TOJNOCTh. llocie mocienyromero pacmuypeHds W TOBTOPHOTO
CXJIOTIBIBAHUSI TApOBOTO Iy3bIPsI BO3HHUKAET BTOpas KyMYJISTHBHas CTpys,
ycunuBaromas JaedopManuio U BBEITSDKeHME monocTd. IlocnmemoBarenbHoe
BO3/ICHICTBHE [IByX CTPYH MPHUBOMUT K CKBO3HOMY IPOOHMTHIO KaIUIA, 4TO
MOATBEPXKIIACT CYIIECTBEHHOE BIMSHUE MCXOAHOW (OPMBI MapoBoro oobema Ha
XapaxTep (parMeHTaIny pacIuiaBa.

a) 0)

Puc. 7 — ®opmsl Kammu pacriiaBa (IByMEpHBIE CEYEHHS) B MOMEHTHI BPEMEHHU:
a)t =0.2mc;06)t = 0.5Mc; B) t = 2 mc.

Taxkum 00Opa3om, moiydeHHBIE B IVIaBe 3 pe3ynbTaThl PacKphIBaIOT POJIb
00pa3oBaHMs KyMYJISITUBHBIX BOJSTHBIX MUKPOCTPYH KaK OJJHOTO U3 MEXaHU3MOB,
CIOCOOCTBYIOIIMX pa3BUTHIO HEYCTOMYMBOCTEW M ()parMeHTaluu paciiiasa,
KOTOPBII paHee MPaKTUUECKU HE pacCMaTpUBAJICS IPHU aHAJIU3€ [IAPOBOI0O B3phIBA
OJMHOYHOM KaIljIH.

B rmnaBe 4 mpencraBieHbl pe3yabTaTbl YHUCJICHHOTO MOIEIMPOBAHUS
B3aUMOJCICTBUS MMILYJIbCHOM M HEIPEPBIBHOM CTPYyH BOABI C pPacILUIaBOM.
B paznene 4.1 paccMoTpeHO BO3AEMCTBHE HMMITYIBCHOM CTPYyH Ha paciuiaB
U MPOBEICHO COMOCTAaBICHHE C KCHepUMEHTaIbHbBIMU HaHHbIMHU (Yakush S.E.,
Chashechkin Y. D. et al., 2021). Ha puc. 8 a5t 0AHOTO U3 BAPHAHTOB IPEICTABICHBI
(hopMBI TOBEPXHOCTEH BOJIBI M PACIIIIABA B ITOCIIEAOBATEIbHBIE MOMEHTHI BPEMEHH.
Buaumeie moBepxHOCTH (pa3 MpeACTaBICHBI H30ITOBEPXHOCTSIMA OOBEMHBIX JIOJIEH
o, =0.1ua, =0.1.

Crpyst JocTUTaeT MOBEpXHOCTH PacIulaBa M pacTeKaeTcs 1o Hel, hopMupys
TOHKHH paanaibHBIA ciioi (puc. 8a). [lox aeiicTBHeM cTpyH 00pa3yeTcst KaBepHa
C KOPOHOOOpPAa3HBIM BCIUICCKOM, KOTOpas IO Mepe YIIyOJeHHUs IOCTUTAeT THA
OacceifHa 1 MproOpeTaeT MPaKTHIECKH MITHHAPHIECKyTo hopMmy (puc. 80). [Tocie
ocnabneHnsl BO3ACHCTBUS CTPYH KaBepHa CXJIOMBIBACTCS, (OPMHUPYST BTOPUUHBIN
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a) 6) B)

Puc. 8 — H3omoBepxHOCTH OOBEMHBIX IOJEH paciuiaBa W BOJBI B MOMEHTHI
BpemeHu: a) t = 4 mc; 0) t = 40 mc; B) t = 150 Mc (TOIBKO M30MOBEPXHOCTH
pacruiaBa).

BCIUICCK B BUJI€ TOHKOH IIEHTPAJILHON CTPYyH paciuiaBa (pHc. 8B), BBICOTa KOTOPOH
3HAUUTENFHO MPEBBIIACT IEPBUYHBIN BCIIECK.

ComnocraBieHne 4UCIEeHHbIX (HOPM CTPYH C UX BUAUMBIMH MIHOBEHHBIMU
KOHTYpaMH, 3apeTHCTPHUPOBAHHBIMU B IKCIIEPUMEHTaX, MPOBOAMUIIOCH HA OCHOBE
TpeX BapHaHTOB, Pa3IMYAIONINXCA HAYaIbHON CKOPOCTHIO M TEOMETPHEH CTPYH.
J1151 HEKOTOPBIX MOMEHTOB BPEMEHH HaOMI0AaeTCs JOCTATOYHO XOPOLIEe COIIacue
0 BBICOTE IEHTPAIBHOHN CTpyH (prc. 90), TOrAa Kak B IPYTHX CIydasX pasIndus
cymecTBeHHB (puc. 9a u puc. 9B). B 1menom pacueTHble CTpyd paciiaBa
OKa3bIBAIOTCS OoJiee TOHKMMH, YeM HaONIOMAONINecs B JKCIIEPUMEHTax, 4YTo
0COOEHHO OTYETIMBO BUAHO Ha pUC. 9B B MOMEHT BpeMeHu 94 mc. PacuerHas
MaKCHMaJbHas BbICOTA MTObEMa BCIIECKOB OJIM3Ka K CPEAHEMY 3HAYEHHUIO BBICOT
9KCIIEPUMEHTAIBHO HAONMIOAAaBIINXCS (ParMeHTOB; MOMEHT MAaKCHMaJbHOTO
MOJbeMa TaKKe KOPPEIUPYET CO CPEAHUM 3HAYEHHUEM COOTBETCTBYIOLINX BPEMEH.

3agada O BCIUIECKE pacIlaBa MpH ygape CTPyd BOIbl HMEET
HETIOCPEICTBEHHOE OTHOLICHHWE K (OPMUPOBAHUIO 30HBI IPEABAPUTEIHHOTO
MepeMelMBaHisl TPH  CTPATH(UIIMPOBAHHBIX MApPOBBIX B3phIBaX. B cBs3m
C O9TUM BaXXHO OMNpPEICIUTh MEXaHU3Mbl (OPMHUPOBaHMS HANPABICHHOTO
BBEpPX TEUYCHHS pacIllaBa MOCIE CXJIONBIBAHWA KaBEPHBI M OICHWUTH BIUSHHE
Pa3NUyUHBIX MapaMeTpoB 3anayu. [y 3Toro Oblia BBIIOJIHEHA CEpUsl PACUETOB,
MIPUBEICHHBIX B Ta0M. 1.

B Tab:n. 1 npuBeneHs! XapaKTEePUCTUKH MOIY4YEHHBIX BCIIECKOB: 11 U 1] —
BBICOTa MEPBUYHOTO (KOPOHOOOPA3HOIo) BCIUIECKA M MOMEHT €€ JTOCTHKEHHS;
ha ¥ t9 — aHaJIOTMYHBIC XapPaKTEPUCTHKU BTOPHUYHOIO BCIUIECKa (LEHTPAIbHON
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Puc. 9 — PacueTHble U 3KCIEPUMEHTAILHBIE BUIUMBIC KOHTYPBI IEHTPAIBHOM
ctpyu: a) V1 (J3); 6) V2 (J4); B) V3 (J5).

crpyn); R, m H, — MakcumanbHble paguyc U ITyOuHa KaBepHbBI; {, — MOMEHT
JOCTH)KEHUSI MAKCHMAIIbHOW TITyOHHBI.

BnusHue CKOPOCTM M TE€OMETPUM CTPYH BOXBl IPOaHAIU3UPOBAHO
B BapuaHTax P1-P5 mpu mocTosHHOM HaYaJbHOM BEPTHKAIBFHOM HMITYJIbCE
cTpyd. Ilpm OOMHAKOBBIX HHTETpalNbHBIX IApaMeTpax XapakTep BCIUIECKA
CYIIIECTBEHHO 3aBHUCHUT OT COOTHOIIEHHSI MacChl BOJBI U CKOPOCTH: HaMMEHBIIINE
BCIUieCkH (OpMHUPYIOTCS B BapuaHTe P2 ¢ OosbInei Maccoi BOIBI M MEHBIICH
CKOPOCTBhIO, a HamOoyiee BBICOKHE — B Bapuante P3 Juis MajioMacCHBHOU
BBICOKOCKOPOCTHOM cTpyH. [lJIs1 BCceX BApPHAHTOB BTOPHYHBIN BCIIECK OKA3BIBACTCS
Oosee BBIPaKCHHBIM, YeM ITePBHYHBIH.

B Bapuanrax P1-P5 Ttemmneparypa M IUIOTHOCTH paciulaBa COCTABIISIN
573 K u 9720 xr/m>. Jlns uccienoBaHus WX BiusHUA Bapuathl T4 u TS
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Tabmuma 1 — PacueTHple BapHaHTBI MMApPaMETPUYECKOTO HCCIIEAOBAHHA
B3aHMOJEICTBUS UMITYJILCHOM CTPYH BOABI C PACILIABOM

Bap. Vo, | Vws T0, 20, h1, t1, ha, to, R., | H, te,
MI | M/C | MM | MM | MM | MC | MM | MC | MM | MM | MC
P1 1 6 4 20 | 10.8| 30 | 23 | 136 | 18 |12.7| 48
P2 1.5 4 46 | 23 | 83 | 20 19 | 130 | 17.6 | 10.9 | 48
P3 | 03 | 20 | 2.7 | 134|156 | 32 |442| 142 | 204|139 | 50

P4 | 15 4 4 30 | 10.5| 28 |25.7| 140 | 17.8|11.9| 52
P5 | 03 | 20 4 6 | 142 | 48 332|142 | 174|122 | 50
T4 | 1.5 4 4 30 | 10.1 | 36 |28.2| 144 | 182 | 11.7 | 50
T5 | 0.3 | 20 4 6 |122| 22 | 30 | 138 (179|124 | 48
R4 | 1.5 4 4 30 | 132 36 | 44 | 140 |21.5| 14 | 58
RS | 03 | 20 4 6 | 153 20 | 52 | 142 | 23 14 | 56

paccuuThIBaIUCh MpH MoBBIMIEHHOM no 1273 K rtemneparype, a R4 u RS
— npu ymensmenHo# g0 5000 kr/M® TNOTHOCTH pacruiaBa. IloBbimeHHe
TEeMIeparypbl OKa3bIBACT JIUIIL HE3HAUYUTEIHHOC BIUSHHE HA XapaKTCPUCTHKH
BCIUIECKOB. YMEHBIIIEHHE IUIOTHOCTH, HANpOTHB, MPHBOIUT K YBEIWYCHHUIO
BBICOTHI IEpPBUYHOTO Beruiecka Ha 10-30 %, a nienTpanbHoii ctpyu — Ha 6070 %.

Takum o0pa3oM, Aake NpU 3HAYUTENFHOM MPEBBINIEHUH IUIOTHOCTH
paciaBa HaJ IUIOTHOCTBIO  BOJABI  CXJIOTIBIBAHME KaBEPHBI  HPUBOIUT
K (QOpPMHUpPOBAaHHIO IIEHTPAILHOH CTPYH M TMOIABEMY paciulaBa Ha HECKOJIBKO
CaHTHMEeTPOB. VIHTEHCHBHOCTD BCITIECKA OIPEEIISIETCS HE TONBKO TTapaMeTpamMu
BOJSIHOM CTPYH, HO TaKkke (popMoii KaBepHBI M INIOTHOCTBIO paciljiaBa, YToO BaXKHO
TIPH OIIEHKE YCIOBHUI (pOpMUPOBAHHS 30HBI PEIBAPUTEIHHOTO NIEPEMEITNBAHMSL.

B pasnmene 4.2 mpencraBieHbl pe3ynbTaThl YMCIEHHOTO MOAETHPOBAHUS
B3aMMOJICHCTBHS HEMPEPBIBHOM CTPYH BOABI CO CBHHIIOBO-BUCMYTOBBIM
sBrekTHyeckuM pacmaBoM (LBE) B ycnoBusix skcnepumenta (SibamotoY.,
et al., 2002) mpu cKOpOCTH HCTEUCHHSI BOIBI B narnaszoHe 4.7—6.2 m/c.

Ha puc. 10 mpeacraBieHbl MrHOBeHHbIE (OPMBI MOBEPXHOCTEH BOIBI
M paciulaBa, COOTBETCTBYIOILIME H30MOBEPXHOCTAM OOBEMHBIX HONEH oy =
0.5 1 oy, = 0.5. Yoap cTpyu BOABl NPHUBOAUT K OOpPa3OBaHHUIO KaBEPHBI
U OOpaTHOTO TEYECHHUS BOABI, COMPOBOXKIAIOMIETOCS Pa3BHUTHEM MeXK(a3HBIX
BO3MYIICHUH U OTPBIBOM Kariejib. Bckope kaBepHa cy:kaeTcs ¥ pa3elsieTcs Ha JBe
YacTH, JallbHEiIee CXJIONbIBAaHNE U MHTEHCUBHOE MCIIAPEHUE CONPOBOXKIAIOTCS
nedopMarreil TOBEpXHOCTH paciiiaBa M 00pa30BaHUEM MEJIKIX Karleb.

Ha puc. 11 noka3aHo pa3BUTHE TE€UEHHS B NJIOCKOCTH CHUMMETPHUU TZ.
Ha mavanpHOU cTagmm Qopmupyercs damieoOpasHas kaBepHa (puc. 11a), a Ha
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a) 0) B)
Puc. 10 — IToBepxHOCTH paciuiaBa u Bofsl: a) t* = 30; 6) t* = 105; B) t* = 185.

[IOBEPXHOCTHU CTPYU PA3BUBAETCS HEyCcTOMUMBOCTH KenbBuHa — Il'enbmrombua.
[Ipu nanpHeMIeM NOTPY)KEHUU BO3HUKAET MEPETSDKKA KABEPHBI U IPOUCXOIUT
pacman ctpyu Bombl (puc. 110). Ilocne mOCTHXKEHHMS MaKCUMAJbHOW TTyOHHBI
dbopmupyetcss aByx(dazHas mapoBOsSHAS 00JIACTh, Pa3BUBACTCS HEYCTOWIHBOE
KUIICHNE, KaBEpHA pacIIMpseTcs B HONepeyHoM HanpasieHun (puc. 118). Hanuuaue
Oosee nerkoi mapoBod (ha3pl TOJ CIIOEM BOABI CO3/MAET TAKXKE YCIOBHS JUIS
pa3ButTusa HeycToMunBOCTH Panes — Teitnopa.

a) 0) B)
Puc. 11 — MHoroda3zHoe B3auMOoJIeiCTBHE B INIOCKOCTH CUMMETpPUU T 2: a) t* =
45; 6) t* = 105; B) t* = 150.

Ha puc. 12 npencraBieHbl MTHOBEHHBIE BEKTOPHBIE IMOJIs Oe3pa3MepHOH
ckopoctu cpeapl (U) = |U|/vj. Ha nHauampHOW crTamuu oOpa3oBaHHs
KaBepHBbl HaOmonatoTcss oOpaTHbIE NMOTOKH BOABI, (OPMHUPYIOLIME COBMECTHO
C OCEBOH CTpyel BHUXPEBYIO PEIUPKYSIIHOHHYIO0 30HY (puc. 12a). Ilocme
00pa3oBaHMsl «IEPETSHKKI) CTPyS paspylLIaeTcs, KaBepHa pas3zienseTcs Ha ABe
gactu (puc. 126). Bo3HukaeT 3acToifHas 30Ha ¢ OTPAaHUYCHHBIM TTOCTYTUICHUEM
BOJIbI, UTO CIIOCOOCTBYET €€ MPOTrPeBy U HHTEHCUBHOMY IIapO0OPa30BaHUIO.
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Puc. 12 — Bekropnbele momnst Oe3pasMepHON CKOPOCTH MHOTO(asHOH cpenbl.
HamnosxeHs! KOHTYpHI CTPYH U paciniara. a) t* = 40, 6) t* = 100.

PaccMOTpeHBl OCHOBHBIE T'€OMETPHYECKHE XapaKTePHCTUKU DPa3BUTHUSA
KaBepHBI: Oe3pa3sMepHas IIyOMHa NPOHMKHOBeHMs H./D; n OTHOUIEHHE
IPOJIOJILHOTO | TTOMIEPEYHOT0 pa3MepoB KaBepHsl H./W..

I I
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Puc. 13 — CpaBHEeHHE OTHOCHUTEIHHOM
FJ'IYGI/IHI)I KaBCPHBI: OKCIICPUMCHT

1 YMCJICHHBIC pAaCUCThI.

Ha puc. 13  mnokasaHo
CpaBHEHHE 0e3pazMepHOi
[IyOMHBI ~ KaBEPHBI, IOIYyYCHHOMN
B pacyeTrax, C SKCIepUMEHTAILHBIMHU
JNAHHBIMH, a TakKXKe pe3ylbTaTaMu
pacueToB MHOTOXHU KO CTHBIMH
KogaMu MC3D u ACENA.
Takoe comocTaBieHHE TO3BOJIIET
MIPOBECTH Kpocc-BepuduKauio
pacdeTHBIX pe3yisraToB. J[ms Bcex
pacyeTHBIX KOMOB Ha HavYaTbHOU
CTaluu HaOIIONACTCS 3aBBIIICHUE
CKOPOCTH TIPOHUKHOBEHHS CTPYH
OTHOCHTEINIBHO SKCIIEPUMEHTA.
Bmectre ¢ Tem Bce Tpu Koma

KaueCTBEHHO BOCIPOU3BOISAT OCHOBHBIE OCOOCHHOCTH JMHAMUKHA KaBEPHBI
U MOMEHT JOCTHXKCHHUS MaKCHMMajbHOH miyOuHbl, t* = 100. Mcnonb3oBaHue
agantuBHOW cetkn B fciFoam oOecreunBaeTr Hawmmydiiee CcOIIacOBaHHE
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C JKCTIepUMeHTOM Tociie t* ~ 70 u Haubosee OIM3KOe 3HAYCHHE MaKCUMAallbHOU
[TyOWHBI KaBEPHBI.

®dopMupoBaHUEe KaBEPHBI OIIPEIEIIETCS IByMs OCHOBHBIMU MEXaHH3MaMHU:
THJIPOANHAMHYECKUM BO3JIEHCTBHEM CTPYH M MHTEHCHBHBIM HMCIIAPEHHUEM BOJBI.
Jns olleHKHM WX OTAETHHOTO BKIJIafia IMPOBEAEH JONONHUTENBHBIA pacder 0e3
WCTapeHus Ha (UKCUPOBAHHON CETKE W BBIIOJIHEHO COMOCTaBICHHE TpeX
pacyeTHBIX BapHaHTOB, ITO3BOJISAIONIEE OICHWTH BIHMAHME (Ha30BOrO Mepexoia
Y aJaNTUBHON CETKU Ha PAa3BUTHE KaBEPHBI.

3aBucumocts otHoweHust H./W,. or Bpemenu (puc. 14a) moka3sbiBaer,
YTO MPAKTHYECKU Ha MPOTSIKEHUU BCETO MPOIecca pacueTHasi IIMPUHA KaBEPHBI
OCTaeTCsI MEHBIIIE IKCTIEPUMEHTANBHOH. J[0 MOCTIKEHUS MAKCUMATHLHOU TITyOWHBI
otnowenue H./W, Bospacraet, nocie uero npu t* ~ 100 <+ 120 mpoucxomur
WHTEHCUBHOE TIOMEPEYHOE pacIIMpeHHe KaBepHbl MpH HE3HAYUTEIHHOM
W3MEHeHHH ee TIYyOMHBI, XOpOIIO comacyleecs ¢ SKcrnepuMeHToM. [lpu
pacdere 6e3 yuera ¢a3oBOro Imepexoia HM3MEHEHHE Oe3pa3MepHON TIIyOMHEI
H./Dj npakTH4ecKH COBII/aeT C Pe3y/IbTaTOM Ha TOif ke (PUKCUPOBAHHON CETKe
C YYeTOM BCKUIAHHS, 33 MCKIIOYCHUEM 3aKIIIOYHUTENBbHOrO 3tama (t* > 160),
rJe TyOWHa MPOHWKHOBEHUS OKa3bIBaeTcsa Ooubiie. B To jke Bpems OTHOIIEHHE
H./W,. B pacuere 6e3 (a3oBoro mepexoaa HaubGomee CylmeCTBEHHO OTIHYACTCS
OT IKCIIEPIMEHTAIBHOTO W CHCTEMAaTHYECKH 3aBBIIIAETCS, YTO CBHUIETEIHCTBYET
O MCHBIIICH IIMPHHE KaBEPHBI [0 CPABHEHUIO C DKCIIEPHUMEHTOM M pacueTaMu
C Y4€TOM BCKUIIAHHS.

XapaKTepuCTUKOH  TONEePEeYHOr0  pPa3BUTHUS ~ KaBEPHBI  SIBISIETCS
Oe3pasmepHas mupuHa kaBepusl W./D; (puc. 146). Jlo t* ~ 100 mus Bcex
pacueTHBIX BAPUAHTOB OHA COCTABIACT mpeumMymiectsenHo W,/ D; ~ 4-+-5.Tlocne
JOCTH)KEHUSI MaKCHMaJbHOM TIIyOWHBI KaBepHBI €€ IIONepeyHOe paclIupeHHe
ycuimuBaeTcsa: B pacuere Oe3 ¢asooro mepexoma W./D; nocrturaer 6 + 7,
a ¢ yuetoM (hazoBoro mepexona — ~ 12, mpuOIMKasch K SKCIEPUMEHTATBHOMY
3HauYeHUI0 ~ 16. Pacder Ha aJanTUBHOW CETKE JIydllle BOCIPOU3BOJIUT TaKXKe
HEMOHOTOHHOE M3MEeHeHHe MMpHUHbI Tpu t* ~ 40 <+ 80. Peskwuii poct W./D;
npu t* > 100 yka3pIBacT Ha ONPEACISIONIYIO POJIb BCKUITAHKS BOJBI HA TIO3/IHEH
CTaJINU B3aUMOJICHCTBUSL.

Ha puc. 15a moxasan o0beM BOABI B KaBepHE, OrpaHMYEHHOH ypOBHEM
HayaJIbHOW MOBEpXHOCTH paciiiaBa. LIITpuxoBast KpuBasi COOTBETCTBYET MTOTHOMY
yIAepKaHMIO TIOAAaBaeMOW BOABI; (AKTHMYECKH €€ YacTh YHOCHUTCS OOpaTHBIM
MTOTOKOM, a CXJIOTIFIBAHHE KaBEpPHBI OTPAHUYHMBAET IOCTYIUIECHHE B HWKHIOKO
obnactp. Pacuer Ha ananTHBHOM CeTKe 3HAYUTENBHO JIydIle Coracyercs
C DKCIIEPUMEHTOM, Torna Kak 0e3 AMR o0beM BOABI CYIIECTBEHHO 3aHIDKEH.
IMocne t* ~ 140 06beM BO/IBI YMEHBIIIACTCS BCICICTBHE MHTCHCUBHOTO BCKUATIAHUSI
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Puc. 14 — Bamsaue ¢azoBoro nepexoxa (PII) wa: a) oTHouIEeHHE pa3MepoB
KaBepHBI; 0) OTHOIIEHHE ITMPUHBI KaBEePHBI K HAYaJIbHOMY JTHAMETPY CTPYH.

Y BBITECHEHHSI M3 KaBEPHBI, B TO BpeMs Kak JUIi pacuera 0e3 (azoBoro nepexona
MPOIOIDKAET BO3PACTaTh.

B pacuerax mnomyudeHsl 3HaueHUs o0ObeMa IAPOBOASHOW KaBEpHBHI,
npejcTaBiIeHHble Ha puc. 150 B Ge3pasMepHOM BHJE MyTEM HOPMHUPOBKH Ha
TEOPETHUYECKOE MpelesbHOEe 3HaYeHHE 00beMa KaBEpHBI, KOTOPOE AOCTUIACTCS
B MOMEHT BpeMmeHH t* ~ 80 1 Bcex pacueToB M JKcmepumenra. s Bcex
pacueTHBIX BapUaHTOB Jajnee HaOmomaercst Oosiee BBIPaXKEHHBIM pocT oObema
KaBEpHbI. TO TOBOPUT O CIOKHOM HECTALIMOHAPHOM PAa3BUTHUH KaBEpPHBI, KOTOPOE
3aTPyAHUTENIBHO OTHCATh YIPOIIEHHBIMHI MOJIEISIMHU.

ComocraBienne 00beMOB KaBEPHBI U BOJBI IIOKA3bIBAET, YTO B pacyere Oe3
(hazoBoro TEepexoaa mapoBas 00JacTh GOPMHUPYETCS] IPEUMYIIIECTBEHHO 3a CUET
3axBara rasa Haj pacmiasoM, a Ipd AMR c §a3oBbIM nepexoqoM — BCIIEACTBUE
ucnapenus Boasl. Ha ¢ukcupoBanHOi ceTke ¢ (ha30BBIM HEPEXOAOM IEHCTBYIOT
00a MexaHHU3Ma, YTO TIPUBOJNT K OOJbIIEMY 00beMy NTapOBOH (a3bl.

[lonmyuennole B 11aBe 4  pe3yibTarbl MOKa3bIBAIOT, dYTO  JUIA
a/ICKBaTHOTO BOCIIPOU3BEACHUS CIIOKHBIX MHOTO(A3HBIX TEUCHHH HEOOXOOUMBI
BBIUMCIINTENIbHBIE MOJIEIH, YUUThIBAIOIINE Kak (PU3MKy Mpoliecca, Tak U CBOICTBa
IPUMEHSAEMBIX alllIPOKCUMAaLUil U CeTOK. ATaNTUBHAS CETKa ITOBHIIIAET TOUHOCTh
OMMCaHusl MEeX(a3HbIX TPAHUI] U MEITKOMACIITAOHBIX HEYCTOWYMBOCTEH, a yder
(hazoBoro mepexona HEOOXOMUM ISl KOPPEKTHOTO BOCIIPOHM3BENEHUS CTPYKTYPHI
U IUHaMHUKH KaBepHbl. COBMECTHOE BIHSHUE O3THX (DaKTOpOB oOmpenesnsier
BO3MO)KHOCTH KOJIMYECTBEHHOTO OMHCAHMS B3aUMOAEHUCTBUS BOZABI C PACIUIABOM
1 GopMHPOBaHHS NOTEHIMAIBHO B3pBIBOOIACHOHM Tpex(a3HOH CMECH.
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Puc. 15 — Biousaue daszoporo nepexona (PI1) Ha: a) 00beM BOBI, comeprkameiics
B KaBepHe; 0) 6e3pa3mepHbI 00beM KaBEPHHBI.

B 3akmouennu kpatko OpMYITUPYIOTCS OCHOBHEIE BBIBOJIBI, TIOTYYCHHBIC
B JIUCCEPTALIUH.

OcHoOBHBIE Pe3yabTaThl JHUCCEPTAMOHHONW pPalOThI  3aKIIIOYAFOTCS
B CIENYIOLIEM:

1. Pa3paboraHa W peann3oBaHa MareMaTWdecKkas MOJeNb MHOTO(]a3HBIX
TeueHU ¢ (a3oBBIM IEepexooM B CXKHMMaeMbIX cpenax. Moaenb
Bepu(UIIpOBaHa HA TECTOBBIX 3a/1adaX, OHA MO3BOJISIET PACCUNTHIBATH
IPOLECChl  TEIUIOBOTO W TUAPOJUHAMUYECKOIO  B3aUMOJECHCTBUS
pactiiaBa ¢ oxJaguTeseM, KOTOpble He MOTYT OBITh afieKBaTHO OTFICAHBI
Ha OCHOBE CTaHAApTHHIX Moaenelt makera OpenFOAM.

2. llpoBeneHsl TpexXMepHBIE pacyeThl B3aMMOIECHCTBHSA c]epruuecKon
KaIlUIM paciiiaBa ¢ BOAOW, MHULMUPOBAHHOTO CXJIONBIBAHHUEM MapOBOi
TUIeHKH, pasgenstoniei (as3pl. [loBepXHOCTH paciuiaBa HCIIBITHIBACT
3HAYUTENbHbIE BO3MYILEHUS MPHU yAape BOAbI, BHI3BAHHOM BHE3AIHBIM
MOBBIIIEHUEM JIaBICHUS OKPYKAIOIIEH Cpeabl.

3. YcTaHOBIEHBI pa3Nu4usg B MeXaHH3Max (QparMeHTalud IJIs CIydaeB
CUMMETPHUYHOIO CXJIONBIBAHMS MAPOBOW IUIEHKM M ACHUMMETPUYHOIO
KoJularca mapoBoro my3bipsa. [lokazaHo, 4To B MOCIEIHEM Clydyae
(hopMHUpYIOTCS KyMYIISITUBHBIE BOASHBIE MHKPOCTPYH, KOTOpBIE paHee
HE YYWTHIBAINCH TPH aHAIN3€ MEXaHW3MOB B3PBIBHOHM (hparMeHTaINH
KaIlesab pacIuiaBa B BOJIE.

4. TIpoBelieHbI TpeXMEPHBIE pacueThl B3aUMOJICUCTBUS paciliaBa ¢ BOJIOH,
MHULUUPOBAHHOTO YAApOM CTPYHKHU Boabl. Bocnpon3BeaeHbl OCHOBHBIE
CTaJny Tporecca: 00pa3oBaHMUs KaBepHBI HA MOBEPXHOCTH >KUIKOCTH,
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BEHIIA C pA3JICTAOMIUMUCA KAIULIMH, U KyMYJISITUBHOW CTpPYHKH,
BO3HHKAFOIICH ITPH CXJIOMBIBAHUY KaBEPHEI. [10TydeHBI KOTHIeCTBCHHBIC
JaHHBIC O BIUSHUH [apaMeTPOB BOISHOM CTPYHKHU HA XapaKTEPUCTHUKU
BCIIECKA paciuiaBa (CKOPOCTh, BBICOTA IMMOABEMA).

5. TpexMepHbIe YHCICHHBIC UCCIICIOBAHUS B3aMO/ICHCTBHS HENPEPHIBHOM
CTPYH BOZBI C BRICOKOTEMIIEPATYPHBIM PACILIIABOM TIO3BOJIIIIH BEIICTUTH
OCHOBHBIC CTa/IMM Pa3BUTHA MMapOBOJSHONW KaBEPHBI: NPOHHKHOBEHHE
CTPyH B pacIjiaB C BBITECHEHHEM pacIllaBa M3 30HBI B3aUMOJAEHCTBUS,
Moclieiyloiee BCKUTIAHWE BONBI, paclIMpeHHe IapoBOi o00iacTw,
nepopmanuioo  Mex(asHbIX TpaHdl] W (HOpPMUpPOBAHUE CIOXKHOM
Tpex(}azHoil CTPYKTYpHI TEUESHHUSI.

6. IlomyueHusie PE3YABTATHI COOTBETCTBYIOT HU3BECTHBIM
SKCIIEPUMEHTAIBHEIM JTaHHBIM. J[s1 3agadyl O B3pBIBE OJUHOYHOU
KaIlIi pacijlaBa OTMEYAETCs] COIIACOBAHME YHUCJICHHBIX PE3yJIbTaToB
U DOKCICPUMCHTANBHBIX JaHHBIX, TIONYYCHHBIX IS KojeOaHWi
MapoBoro my3eipsi. JIOCTUTHYTO XOpoOIliee COBIAJCHUE PE3yJBTaTOB
C JKCIEpUMEHTOM I (HOPMBI KYMYJSTUBHOW CTPYH, BO3HUKAIOIICH
MpH ynape CTPYWKH BOABI IO paciiiaBy. PacueTsl BOCIPOU3BOIAT
OCHOBHBIE CTannu (HOPMUPOBAHUS KaBEPHBI U OCOOCHHOCTH CTPYKTYPHI
MHOTO(ha3HOH 00JIACTH NIPY B3aUMOICHCTBUH HETIPEPHIBHON CTPYH BOJIBI
C pacIIaBOM.

7. Pe3ynabrarbl HMCCIENOBAaHUNA TMOITBEPXKJAIOT BBICOKMNA TMOTEHIIMAT
merona VOF B coderaHuu ¢ aJanTUBHBIM H3MEITBYCHHEM CETOK
(AMR) s MomenupoBaHHSI CIOXHBIX MHOTO(A3HBIX TEUEHHH
¢ TerooOMeHOM u (ha30BbIMH Tiepexofamu. [loka3zaHO, YTO JaHHBIH
MTOJXOA TIO3BOJISIET AETAJbHO ONHCHIBATH SBOJIOIHIO TPAHMI[ paszieia
(a3, yuuThiBass HHTEHCUBHOE Mapoo0Opa3oBaHKe, pa3BUTHE MEXK(a3HbIX
HEYCTOHYHMBOCTEH, (parMeHTanuio >KUAKOCTEH W  (QOpMHpOBaHHE
Tpex(a3HOll CTPYKTYpbl TEUYEHHs, a TaKKe I[oNy4yaTh HaWIydllee
COTJIACOBAHME C DKCIEPUMEHTATBLHBIMU JAaHHBIMHU.

ABTOp BBIpaKaeT DIyOOKYI0 M HWCKPEHHIOK OlaroJapHOCTb HayYHOMY
pykoBomutenmto C.E. SIkymy 3a NOCTOSHHYI0 HAy4yHYH0O U METOIMUYECKYIO
MOJIEPIKKY, @ TAKXKE 32 IIEHHbIE 3HAHUS U BO3MOXKHOCTD IIEPEHATh HAyUHBIN OIBIT
B XoJie pabOTHI HAJL JicCepPTaINEi.

Asrop Onaromaput O.M. Menuxosa u B.J1. MenuxoBa 3a III0AOTBOpHBIE
00cyXIeHus TeTo()U3UKY ¥ TUAPOAMHAMUKN MHOTO()A3HBIX TEUYSHHIA, BO MHOTOM
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c(hopMHPOBABIINX HAYYIHYIO W METOAMYCCKYIO OCHOBY MCCIICIOBAHIS, a TAKKE 3a
MTOMOIIb B TIOCTAHOBKE 3371a4 U MHTEPIPETALUN PE3yIBTaTOB.
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Cusaxos Huxuma Cepeeesuu

MOJEJIMPOBAHUE MHOI'O®A3HbBIX TEUEHUH TTPU B3AVMOJIEVICTBUN
BBICOKOTEMIIEPATYPHBIX PACIIJIABOB C BOJOI

ABToped. 1uc. Ha COMCKAaHUE YUEHOH CTeNeH! KaH. (u3.-MaT. HayK

IMonmucano B neuats UIIMex PAH . . 2026 1. 3aka3 Ne
®opmar 60x90/16. Yen. new. 1. 1. Tupax 70 k3.
Ortnieyarano B Tunorpaduu [Hocrep-MI'Y
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