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[nsa 3pilicHeHHs MporpamMHMX MepeMmillieHb y NPOCTOPi KOCMiYHi CTyMeHi pigvHHMX pakeT-HociiB (PH)
OCHALLYIOTbCA MapLLOBUMK ABUryHaMy 6araTopa3oBoro BK/HOUeHHA. Mif Yac NoAbOTy KOCMIYHOIO CTYMeHs
nicns 3ynuHKY Moro MapLLOBOro ABUMyHa pifike NainBo y 6akax B yMOBaxX MiKporpasiTauii no iHepuii nepemitly-
€TbCS Bropy, MakCMMabHO BiAAansounch Bif 3a6ipHOro MpMCTPOLO, L0 CTBOPHOE MOTEHLiiHY MOXMBICTb NPO-
HUKHEHHS ra3y HaffyBy Ha BXifl y ABUFYH B KifbKOCTSAX, HENPUMYCTUMMX [/19 NOBTOPHOTO 3amycKy ABUryHa. Y
3B'A3KY 3 LM BU3HAYEHHS napameTpiB pyxXy piavHu B NaMBHUX 6akax B yMOBax MiKporpasiTalii € akTyanbHO
3a/jayeto, fiKa BUMarae CBOro BMPILLEHHS MPU NPOEKTYBaHHI PiAVHHMX PaKeTHUX ABUTYHIB. Y faHiii po6oTi pos-
po6/1eHo MeTOAVKY AN TEOPETUYHOIO BU3HAYEHHS NapameTpiB pyXy rpaHuLi po3ainy cepefoBuLL, «ra3 — piguHa»
Y MOPOXHUHAX Na/IMBHUX 6aKiB Cy4aCHUX KOCMIYHUX CTYNeHiB piAuHHKUX PH B ymoBax mikporpasiTtauii (8 nepi-
0f MXX 3anyCKOM i 3yNWHKOIO TX MapLUOBUX [BWIYHIB) i3 ypaxyBaHHAM KOHCTPYKTUBHMUX OCOBGNMBOCTEN BHYTPI-
LLIHBO6AKOBUX 3aC06iB 3a6e3neyeHHs CYLiNbHOCTI PiAKUX KOMMOHEHTIB nanvea. MeToanKy 3aCHOBaHO Ha BUKO-
pUCTaHHI MeTofy CKiHYEHHUX eNeMeHTiB, METOAY 06'eMY PigWHM i CydacHWX KOMM'OTEPHUX 3ac06iB CKiHYEHHO-
enemeHTHoro aHanisy (CAE-cuctem). MeToauka [03BO/ISIE BU3HAYATM Ha MacKBHIA YaCTWUHI NOMbOTY KOCMiYHOT
PH napameTpm pyxy i hopmu BifbHOI NOBEpPXHi PiAMHU B 6akax, MapameTpu BiflbHUX Fa30BMX BK/KOYEHb, L0
chopmMyBaiUCb B PiAUHI, ePEKTUBHICTb BHYTPILUHLO6AKOBMX 3aC06iB 3a6€3neueHHs CyLiNbHOCTI KOMMOHEHTIB
nannBea Npy «LWTaTHOMY» (hYHKLiOHYBaHHi ABUIYHHOT YCTaHOBKN KOCMIYHOFO CTYMeHs.

CTOCOBHO [10 YMOB PyXy eKCMepyMeHTaNbHOro 3paska MaiMBHOrO 6aka 3 PifiVHOI B «KWMAKOBIN BeXi», L0
BITBOPIOE fABMLLE MIKpOrpaBiTaLii, BMKOHAHO YMC/IOBE MOAEMIOBAHHSA PYXY PiAWHW B LMAiHAPUYHOMY Gaui 3
ypaxyBaHHsAM Aedopmallii 1T BifibHOI NoBepxHi. OTpuUMaHi B pe3ynbTaTi MOAENOBaHHA 3Ha4YeHHsi MapameTpis
PYXY PiAVHU | MeXi po3giny cepefioBuLL, «ra3 — PiUHA» Y3romKYTbCS 3 EKCNEPUMEHTAIbHAMMN AaHUMU.

BunKopucTaHHS po3po6/eHOro METOANYHOTO 3abe3neyeHHs [03BONMNTL CKOPOTUTW OBCAT eKCrnepuMeHTa b-
HOFO BifnpaLoBaHHA HOBUX Ta MOJEPHI30BaHNX KOCMIYHMX CTyneHis PH.

[ns ocyLLecTBNEHUS NMPOTPaMMHbIX MePeMELLEHN A B NPOCTPAHCTBE KOCMUYECKME CTYMEHU YXUAKOCTHbIX
pakeT-HocuTenelt (PH) ocHalaoTCs MapLUeBbIMU ABUTaTeNsMM MHOFOKPATHOTO BKNtOYeHUs. Bo Bpems noneta
KOCMMYECKOIA CTYMeHW Mocne oCcTaHOBa ee MapLUeBOro ABUraTens XWAKOe TOMIMBO B Gake B YCNIOBUAX MUKPO-
rpaBuTaLUymM No MHEPLMK NepeMeLLaeTcs BBEPX, MaKCMMaibHO OTAanssch OT 3a60pHOr0 YCTPOIACTBA, YTO CO3aaeT
MOTEHLMaNbHYHO BO3MOXHOCTb NPOHWKHOBEHWS rasa HafdyBa Ha BXOZ B ABUraTesb B KONMYECTBAX, HEAOMYCTU-
MbIX [/ MOBTOPHOrO 3anycka ABuratens. B cBA3W C 3TUM onpefeneHne NapameTpoB ABMXKEHUS XMAKOCTU B
TOM/MBHBLIX 6aKax B YCNOBMAX MUKPOrpaBUTaLMN SBNSETCH aKTyanbHOI 3afadeil, TpebytoLuei CBOEro pelleHus
Mpu NPOEKTUPOBAHUM XUAKOCTHBIX PaKeTHbIX [ABUraTebHbIX YCTaHOBOK. B HacTosiweil pa6oTe paspaGoTaHa
MeToAMKa ANs TEOPETUHECKOTO ONPeLeneHNs NapaMeTPOB ABMXKEHMS TPaHULbl pasaena cpef «ras —KUAKOCTb» B
MOMOCTAX TOM/IMBHBIX GAKOB COBPEMEHHbBIX KOCMUYECKUX CTYMEHeR XKMAKOCTHbIX PH B YCNOBUSAX MUKPOTpaBy-
Tauuu (B Meprog Mexay 3amyckoM 1 OCTaHOBOM MX MapLLEBbLIX ABUraTesiei) ¢ y4eTOM KOHCTPYKTUBHBIX OCOGEH-
HOCTeiA BHYTPMOAKOBbIX YCTPOCTB 06ecneyeHmnst CNIOLWHOCTY XNAKUX KOMIMOHEHTOB TonMea. MeToamKa ocHo-
BaHa Ha MCMo/b30BaHNM METOfa KOHEUYHbIX 3/1EMEHTOB, METOfA 06beMA XUAKOCTW 1 COBPEMEHHbIX KOMMbIOTEP-
HbIX CPEACTB KOHEYHO-3N1eMeHTHOro aHanu3a (CAE—cuctem). OHa No3BoAsieT ONpeaensiTb Ha NacCUBHOM Y4acTKe
nosneta KocmMuyeckoli PH napameTpbl ABMXEHWS 1 (hopMbl CBOOGOAHOI NMOBEPXHOCTYU XWUAKOCTU B 6ake, napameT-
Pbl (hOPMMPYIOLLMXCS CBOBOAHbIX a30BbiX BKIOUYEHUI, 3((eKTUBHOCTL BHYTPUGAKOBbLIX CPEACTB 06ecneveHms
CMOWHOCTU KOMMOHEHTOB TOMAMBA MPY «LITATHOM» (PYHKLIMOHMPOBAHWNM ABWUraTeNlbHON YCTaHOBKM KOCMUYe-
CKOWA CTYneHu.

MpUMEHNTENBHO K YCNOBUSIM ABUXKEHUS 3KCMEPUMEHTAIbHOTO 06pasLa TOMIMBHOMO 6aka C XWUAKOCTbO B
«BpOCKOBOI GallHe», BOCMPOU3BOASLLEA SIBNieHMe MUKPOrpaBMTaLMK, BbINMOMHEHO YWUCNEHHOE MOAENMPOBaHNMe
[BVDKEHVS XMAKOCTY B LWIMHAPUYECKOM bake ¢ yueToM AedhopmMaLyn ee CBOGOAHON NOBEPXHOCTU. MonyyeHHble
B pesy/ibTaTe MOAeNMPOBaHNS 3HaUeHUs NapamMeTPOB BVXKEHUS XKMAKOCTY U FpaHULbl pasaena Cpes «ras — Xua-
KOCTb» COF/IacytoTCs C IKCMEPUMEHTANbHLIMU JaHHbIMM.

Mcnonb3oBaHue pa3paboTaHHOrO METOAMYECKOro 0GECreyeHMs NMO3BOMMT COKPaTUTL 06beM IKCNepuMeH-
TanbHOI 0TPabOTKM HOBbIX 1 MOAEPHU3MPYEMbIX KOCMUYECKMX CTyneHeli PH.

To execute program motions, the space stages of liquid-propellant launch vehicles are equipped with re-
startable propulsion engines. On the shutdown of the propulsion engine of a space stage, the liquid propellant in
the tank in microgravity conditions moves by inertia upwards as far as possible away from the intake. This results
in the potential possibility of the pressurizing gas penetrating into the engine inlet in quantities that make an en-
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gine restart impossible. Because of this, motion parameter determination for a liquid moving in propellant tanks
in microgravity conditions is a topical problem to be solved in the designing of liquid-propellant rocket engines.
This paper presents a technique for the calculation of the parameters of motion of the gas-liquid interface in the
propellant tanks of modern liquid-propellant launch vehicle space stages in microgravity conditions (between a
start and a shutdown of their propulsion engines) taking into account the design features of in-tank propellant
management devices. The technique is based on the use of the finite-element method, the volume-of-fluid method,
and modern finite-element CAE systems. It allows one to determine the parameters of motion and the shape of the
free liquid surface in the tank, the parameters of free gas inclusions formed in the liquid, and the efficiency of the
in-tank propellant management devices in the passive portion of the launch vehicle flight for the normal operation
of the propulsion system.

For the conditions of motion of a prototype propellant tank with a liquid in a drop tower, which simulates
microgravity, the motion of a liquid in a cylindrical tank was simulated numerically accounting for the deforma-
tion of its free surface. The computed motion parameters of the liquid and the gas—liquid interface agree with the
experimental data.

The technique developed will allow one to reduce the extent of testing of newly developed and upgraded
launch vehicle space stages.

KntoueBble C/oBa: >XWMAKOCTHOW pakeTHbIA ABuraTeNb, TOMMBHLIA 6ak,
BHYTpPMOaKOBble CPeACTBa 06ecneyeHnss CNAOLWHOCTY KOMMOHEHTOB >KWAKOro
TONNMBa, MMKpOrpasMTaumus, hopMa CBOGOAHON MOBEPXHOCTW >KMAKOCTHW, Na-
paMeTpbl Fa3oBbIX BKIUYEHUIA B XKMAKOCTb, «OPOCKOBas» BGalLHS, YNCNEHHOE MO-
[EeNMpoBaHNe, MeTO[ KOHEYHbIX 3/EMEHT OB

BBeseHne. MapLueBble [Burate/ibHble YCTAHOBKM KOCMUYECKUX CTYrNeHew
pakeT-HocuTenein (PH) pomkHbl 06ecneyvsatb NpPoOBeeHWe B YCI0BUMAX MUKPO-
rpaBuTaLyM HECKO/bKMX 3aryCKOB — OCTAHOBOB >XUKOCTHbIX PakeTHbIX ABUrarte-
neii OKPL), HeOOXOAMMBIX 18 OCYLLECTBEHWUS MPOrpaMMHbIX NepPeMeLLeHnin 1
KOHTPO/IA opueHTaumm PH B kocMmyeckom npocTpaHcTse [1]. Bo Bpems kocMmuye-
cKkoro noneta PH nocne octaHOBa MapLLEBOro ABUraTens XnLKoe TOMMBo B Hake
Mo MHepLuW nepemeLLaeTcs BBEpX, MaKCUMasbHO OTAANIAACh OT 3a60pPHOro YyCT-
pONCTBa, KOTOPOE, Kak MpaBW/o, PacrofioXeHO BON3N HUDKHEro AHula 6aka.
BcnefcTBMe 3TOro BO3HMKAET OMACcHOCTb MOMafiaHus rasa Hagaysa Ha BXO[ B [1BU-
ratesib Npy NOBTOPHOM 3anycke XXP/. [ns HafeXXHON peasm3aumm noBTOPHOIO
3anycka fBurarensi He06X04UMO aKKyMy/MpoBaTb BO BHYTPMOGAKOBbLIX YCTPOWCT-
Bax HEKOTOPYH MaccCy >XMAKOro TOM/MBa, AOCTAaTOUHYHO A5 NPOBeLeHMs 3anycka
[aXe B Tex Cny4asx, Korga CyMMapHblii BEKTOP CW/1, [eNCTBYIOLLMX Ha XuaKoe
TOMN/MBO, UMEET Harpas/ieHWe, NMPOTUBOMONOXHOe HaNpPaBNeHNIO ABVXEHUS XNA-
KOCTW OT 6aKa K BXOLy B ABUraTe/ib.

TonnmeHble 6aKy KOCMUYECKOM CTyneHn PH npeAcTaBnsoT co60i eMKOCTH
C/IOXHOM MPOCTPAHCTBEHHOW KOH(MUIypauum ¢ TOHKUMU U TNagKUMU CTEHKaMK,
Haxofswmecs nof AasneHneM rasa Haggysa (Hanp., [1, 2, 3]). CnoxHbIi 1 He-
MpeAcKasyeMblil XapakTep ABWKEHUS XWAKOro TOMAMBa B TOM/MBHbIX 6Gakax B
YC/MIOBMAX MUKPOrpaBuTaLyn OnpeenseT MoBbllUeHHbI YpoBeHb TpeboBaHU K
KOHCTPYKTVBHOMY WCMO/IHEHWIO U (DYHKLMOHAIbHBIM XapakTepucTukam BHYTPU-
6aKoBbIX YCTPOICTB 06ecneyeHns CnaOLHOCTA KOMMOHEHTOB TOM/MBa (Kak npa-
BW/0, B KaYeCTBe TakuUX YCTPOWCTB MCMO/b3YHOTCA XOPOLIO 3apeKOMeH/0BaBLLMe
cebs KanuNsipHble HaKONWUTEeNW U ceTyaTble asopasgenuTenu [2, 4, 5]). UTobbl
UCK/TIOUUTL BO3MOXHOCTb MOMafaHus rasa B ABUratefib npy ero noBTOPHbIX 3a-
rnyckax BO Bpems roneta KOCMUYECKON cTyneHn PH, Heo6xo4umo Ha 3Tane npo-
eKTUPOBaHWA [BUraTe/IbHOW YCTAHOBKM CTYMEeHW WCCNefoBaTh MoBeAeHWe AuHa-
MWUYECKOW CUCTEMbI «ra3 — XWAKOCTb», OMUCHIBAIOLLEN ABVXEHWE >XUAKOCTU U
rasa B 6ake B yCNoBMAX MUKpOrpasuTaumu. Mpoweccsl, NpoTeKaroLime B 3TON Aun-
HaMWYECKOW cuUCTeME, ABNAKOTCA NPeLMETOM PasHOCTOPOHHErO 3KCNepUMEHTa  b-
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HOr0 N TEOPETMYECKOr0 M3YYeHUs, KOTOPOMY MOCBALLEHbI MHOrOYMCNEHHble Ny6-
nukaumm [2, 3, 6, 7, 8, 9].

B pa6oTtax [3, 6] 6bI110 UccneaoBaHO BAWSHWE YCNOBUIA MOMETa KOCMUYECKON
cTyneHn PH Ha pa3suTue KonebaHuii XXMLKOro Tonmea B 6akax 1 paboTocnocob-
HOCTb YCTPOWCTB 06ecrneyeHns CnIOLHOCTA KOMMOHEHTOB TOMMBA Ha pas/ny-
HbIX 3Tanax noseta KOCMUYECKOI cTyneHn PH B Tex ciyyasx, Korja ypoBeHb 3a-
NONHEHMS 6aKOB BbiLLIE YPOBHS YCTAaHOBKM CeTYaTbIX (ha3opasfeninuTenei.

B pa6oTe [7] npumeHUTENbHO K ycnoBusam noneta PH CZ-3A npoBefeHo yunc-
NEeHHOe MOZeNMpoBaHune ABVXEHUSA XNAKOro TOMNAnea B 6ake roproyvero ee Kocmu-
YECKOM CTYMEeHW W UCCNefOBaHO BAWSHME HeyCToWuMBOCTM Panes—Teinopa Ha
OVNHAMVKY >XMAKOCTM B 6ake. PacCMOTpeH MpOLECC NepeopueHTauun >XULKOro
TOn/MBa B 06beMe 6aka Ana ABYX Cly4vaeB: KOrAa nepBoHayvaibHO rpaHuLa passe-
na Cpef «ras — XWUAKOCTb» MpeAcTaBseT cob0l NIOCKYH NMOBEPXHOCTb U KOraa
3Ta NOBEPXHOCTb ABNAETCS U30MHYTOM. [oKa3aHo, YTo 3TW ABa pasHbIX HaYaIbHbIX
YCNoBUA AN TPpaHnLbl pasgena cpej «ras — XXUAKOCTb» B 6ake NPUBOLAT K peanun-
3aUMm BYX pPasHbIX PEXMMOB TEYEHWUS XXMUAKOCTK.

B pa6ote [8] npoaHann3npoBaHbl pe3ynbTaTbl NONETa BePXHe cTyneHn Ari-
ane 5 c gBuratesieMm Ha KpMOreHHOM Torn/vMBe. B pamkax npoBefeHHOro aHam3a
66111 NOAPOBHO M3yYeHbl AaHHbIe NoJeTa C LeNibio UCCNef0BaHUA BANAHUA pas-
NNYHBIX (PAKTOPOB (BKNHOYAsA TEPMOAMHAMUYECKWNE) HA MOBELEHME XUAKOro TOM-
NnvBa BO BpeMms nosneta. MNMokasaHua fATYMKOB Pas/IMYHOro TUMa, YCTaHOB/IEHHBIX
BHYTpY 6aKOB C TOM/IMBOM, MO3BOJIU/N CONOCTAaBUTL IKCMEPUMEHTA/IbHbLIE JaHHbIE
0 MOMOXeHUW ToNAnBa B 6aKkax v pe3ynbTaTbl TEOPETUYECKMX WUCCeA0BaHNIA, MO-
NyyeHHble ¢ ucnonb3oBaHnem CFD metoga (FLOW-3D), a TakXe C NOMOLLbGHO
COGCTBEHHOr0 NPOrpPamMmmMHOro obecneyeHns, NpeaHa3HauYeHHOro 4/ OLEHKN Tep-
MOZMHaMNYeCKOro COCTOAHMSA TOMNJIMBA.

B pa6oTte [9] nccnefoBaHO MOBEAEHME XKMAKOIO TOMAMBA WM €ro CBOOGOAHOM
MOBEPXHOCTM B YCMIOBUAX MOHWXXEHHON U NPaKTUYECKW HYNEBOW CUJTbl TSHKECTH.
[N OUEeHKN LUHAMWYeCKOro NoBeAeHWS >XXMAKOro Tonamea 6blia MocTpoeHa Mo-
Jenb TONAMBHOrO 6aka cepBMCHOro mogyns Orion, KOTOpbIA BK/OYan B Cebs
BHYTpubaKoBble ycTpolicTBa (B aHrNUIACKOW TepmuHonorum — PMD) n namepute-
Ay Maccbl. [ns NpOBEpKM YMCMEHHbIX MOAENeR AMHaMUKM TonavBa B 6akax uc-
M0/Ib30Ba/INCb MOJSIETHbIE AaHHblE U AaHHbIe HA3eMHbIX 3KCMEPUMEHTOB. Ha OCHO-
Be paspaboTaHHbIX Mofeneli Obln onpegeneHbl KOHMUIypaLmm XXnaKoro Toninea
B YC/IOBUAX MUKPOrpasuTauum (Npy pasHol CTENeHN 3anosiHeHns 6aka) 1 oLeHe-
HO BPeMs OCXKAEHWS TOM/IMBA MPY Pa3/INYHbIX CTbIKOBOYHbIX MaHeBpax.

HecMOTps Ha JOCTUTHYTLIA NPOrpecc B M3yYeHUW AVHAMUKM Fa30KUAKOCT-
HbIX cpef, B 6akax PH, ocTaeTcs psf HepelleHHbIX 3a4ay, akTya/lbHbIX NPy NPoeK-
TUPOBaHMN KOCMUYECKMX CTyneHeli PH. B 4aCcTHOCTM, B HAcTOsLLEee BPeMs OTCYT-
CTBYET MeTOAUYECKOe O0b6ecreyeHne, MO3BOMAOLLEE MOMYYUTb KOMIMYECTBEHHbIE
OLEHKM COAepXKaHusi CBOOOAHOrO rasa B XXWAKOM TOM/IMBE Ha BXOLe B 3a60pHOe
YCTPOINCTBO 6akoB nepef, 3anyckom Mapiesoro XXP/L. Takue oueHKM Heobxogu-
Mbl 415 onpeeneHns paboTocrnoco6HOCTY BHYTPUOGAKOBbLIX YCTPOCTB obecneve-
HWS CNJIOLIHOCTU KOMMOHEHTOB TonvBa. CneayeTt NofYepKHYTh, YTO BO3MOXHO-
CTU 3KCMepUMeHTa/IbHON OTPaboTKM BHYTPUOAKOBbIX MPOLLECCOB, TpebytoLLei
BOCMPOM3BEAEHUA YC/IOBUM MUKPOrpaBMTaLMK, OrpaHnYeHbl MCMO/b30BaHNEM
cneymanbHbIX «6POCKOBbIX GalleH» [4, 7].

Llenbto HacTosLel cTaTbh ABMSETCA pa3paboTka METOAMKU YMCIEHHOTO MC-
CNefloBaHNSA [ABVXKEHWUSA KOMMOHEHTOB TOM/IMBA B OCECMMETPUYHOM Hake KOCMU-
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YecKoil cTyneHn PH B ycroBusiXx MKpOrpaBuTaLym (B nepuog oT MOMEHTa ocTa-
HOBa MapLUeBoro YXPJ, KOCMUYECKOli CTyMeHW [0 MOMeHTa Mofjayn KoMaHzbl Ha
3anyck) 1 TeOPeTNYECKOr0 ONpeeNeHNs NapaMeTpOB ABWKEHNS FpaHunLbl pasaena
cpef «Ta3 — XUAKOCTb» B 6aKe.

MogenvpoBaHue ABMXEHMA XNLKUX KOMNOHEHTOB Ton/iMBa B 6akax re-
pef NOBTOPHbIMKM 3anyckamun MapLuesoro XXP/ B ycnoBrsx Masioin rpaBuTta-
unn. JBXeHVE XMAKNX KOMMNOHEHTOB TOM/MBA B 6akax KOCMUYECKUX CTyMNeHel
PH Ha naccvBHbIX y4yacTKax nosieta B YC/IOBUAX NPaKTUYeCKOW HEBECOMOCTU Xa-
paKTepU3yHTCA NPeBapPOBaHEM CNabbIX MEXMONEKYNAPHBIX CU U CYLLECTBEH-
HO OT/INYAETCA OT UX ABVKEHWS HA aKTUBHOM Y4acTkKe noseta (B CU/bHbIX rpaBu-
TalUMOHHbIX Nonsx). Kpome TOro, CyLLeCTBEHHOE BAMsHME Ha XapakTep npoTe-
KatoLmx B 6aKkax ruapoguHaMMyecKmX npoLeccoB OKasbIBatOT CU/OBbIE BO3LEACT-
BUSA, 00yCNOBNEHHble paboTol ABuUraTeneil CMCTeMbl YNPaBNeHNA OpUeHTaLvein n
crabunuzaymm ctyneHn [1]. YkasaHHble (hakTopbl ONpesenstoT rmapognHaMmye-
CKYH0 «06CTaHOBKY» B 6aKe Ha yyacTKax naccvBHoro noneta PH.

PelueHWe 3aa4m onpesenieHns napaMeTpoB ABWKEHUSA rpaHnLbl pasaena cpes
«ra3 — XUAKOCTb» B 6aKe C XXMAKOCTbIO, HaXOAALLECs NoJL AaBNeHWEM rasa Haj-
AyBa, METO4AMUN MaTEMATUYECKOro MOZLEIMPOBaHUA NpeanonaraeT onpesesieHHyo
CTeneHb NOMHOTbI OMUCaHWS AUHAMUYECKMX MpoLeccoB B Gake. Tpe6oBaHUA Me-
TOAWKW, pa3paboTaHHON 15 PeLleHWs 3TOW 3afayn, COCTOAT B TOM, YTO MpU MO-
[E/MPOBaHNN ABVKEHUS XUAKMX KOMMNOHEHTOB TOMAMBA B 6akax nepes noBTOp-
HbIMW 3anyckamn MapLueBoro XXPJ, B yCn0BMSIX Masioil rpaBuTaLym Heobxoanmo
YUnTbIBaTb CregytoLye hakTopsb:

— CUNbl NOBEPXHOCTHOIO HaTsHXKeHMa 1 gedopmaumio CBO60LHON NMOBEPXHO-
CTN XXWUAKOCTU B Gake;

— afire3mnio XXMAKOro TOMMBa Ha CTeHKe 6aKa,;

— Hanume BHYTPMOAKOBBIX YCTPOMCTB 06ecrneveHns CraOLLHOCTY XMUAKOCTH
M X KOHCTPYKTUBHbIE 0COBEHHOCTY;

— Typ6YNEHTHOCTb peXKMa TeYeHUs XXUAKOCTU B bake.

[na noctpoeHns maTemaTUyecKoi MOAEeNM, OMNWCLIBAIOLLENA [ABUXKEHUE He-
CXKMMaEMOi XXMAKOCTU B 6ake C y4eToM gedopMmauym ee CBOGOLHOW NOBEPXHOCTH,
MCNONb30BA/ICH METOL KOHEYHbIX 3/1eMEHTOB, MeTod o6bema xugkoctn (VOF)
[10] n coBpemMeHHble KOMMbIOTEPHbIE CPEACTBA KOHEYHO-3/1EMEHTHOrO aHain3a
(CAE—-cucTembl) [11]. Mpu 3TOM [ABWMXKEHME TPaHULbl Cpef «KUAKOCTb — ras» C
YUYETOM CW NOBEPXHOCTHOIO HATSHKEHMS XMAKOCTY OMNUCLIB/IOCH C MCMONb30Ba-
HMEM MeToAa HenpepbIBHON MOBEPXHOCTHOM cuibl — CSF-meToga [10].

B HacTosiLeli paboTe B kayecTBe 06bekTa MOAENIMPOBAHUA paccMaTpyBaICs
0CECMMMETPUYHBIV TOM/IMBHBIN 6aK C XXMAKOCTbO. PaspaboTaHHas MofeNb, Onu-
CblBalOLLas HeCTauMoOHapHOe TeYeHUe HEC)KMMAEMOM XKUAKOCTU C Aethopmupye-
MOV CBOOOAHOI MOBEPXHOCTLIO B paccMaTpuBaeMoM 6Gake, BK/IKOYasia ypaBHEHUS
Hepa3pbIBHOCTW, MOMEHTA KO/IMYECTBA ABWXKEHUS W YPaBHEHWUS ABWXEHUSA CBO-
604HOI MOBEPXHOCTMN XMAKOCTW, 3anucaHHble OTHOCUTENbHO (yHKumum C [10],
KOTOpas XapaKTepusyeT [O0MH XUAKOCTM B pPacyeTHOM 06beMe KOHEYHOro 3ne-
MeHTa B KOHEYHO-3/IEMEHTHON Moenu 6aka C XXUAKOCTbI. ITU ypaBHEHUS B 06-
LLieM BMAE 3anuCbIBAKOTCA CNEAYHOLLMM 06pa3oMm:

— YPaBHEHWE Hepa3pbIBHOCTH

VvV =0, 1)

— YpPaBHEHWE KOJINHECTBA ABMXEHNA XNAKOCTHU
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%(pva(v-vw — VP4V +F, +pa,, @

— YpaBHeHWe ABUKEHUS CBOGOAHOI NOBEPXHOCTY XNAKOCTU

L v.vc=o, 3)
ot

roe Vo — onepatop MamunbToHa; V — CKOPOCTb [ABVXKEHUS XUAKOCTU; P, p, W,
F, — COOTBETCTBEHHO AaBNeHWe, NA0THOCTb, BA3KOCTb M CMIa NOBEPXHOCTHOIO
HaTSHKEHWS XMAKOCTW; a, — MPOL0NbHOE YCKOPEHVe KOCMUYECKOI CTyneHn PH.

®yHkuna C B ypaBHeHUW (3) MOXET MPUHUMATL ClefyloLime 3HaYeHUs:
C=0 - npu OTCYTCTBUM XMWAKOTO 3amno/IHeHNA B 0O6bEME KOHEYHOrO 3/IeMeHTa,
C =1 - npu NosHOM 3anosiHeHnn ero obbema XmakocToto, 0<C <1 — ana npo-
MEXYTOUHbIX COCTOSHWIA.

B koHTekcTe VOF — n CSF-mMeTof0B crna NoBepXHOCTHOIO HaTSXKEHWUS XKna-
KoCTn F ornpefensercs BblipakeHneMm

F, =okvC, )

roe k — cpefHss KpuBM3Ha MOBEPXHOCTM pasfena Cpef «KUAKOCTb — ras» B pac-
YETHOW TOYKe; ¢ — KO3(MMULMEHT MOBEPXHOCTHOrO HaTSAXXEHWs, onpefensemblii
9KCMEPUMEHTaTbHO [/19 KOHKPETHON Mapbl «KUAKOCTb — TBEPL0e Teso».

Mpn MOAENMPOBAHUW LBVXXEHWUSA XKUAKOCTU MO rpaHuLe pasfena Cpef, «kKug-
KOCTb — ra3 — TBepJoe Te/o» KpMBK3Ha CBOBOLHON MOBEPXHOCTYU XUAKOCTH BOIMN-
31 CTeHKM bGaka ornpefenianacb C y4eTOM aAre3nm XUAKOCTU Ha CTeHKax baka. [ns
3TOro0 3afaBasioCb [OMO/IHUTENbHOE rPaHNYHOE YCNOBKE, KOTOPOe 6bI10 NOMYyHeHO
C WCMOMb30BaHNEM 3KCNEPUMEHTa/IbHBIX 3HAYEHWIA KpaeBOro yrna cMayvBaHus
[12, 13]. OTMeTMM, YTO 3TO YC/I0BME U3MEHAETCA C TEYEHVIEM BPEMEHW B COOTBET-
CTBUW C U3MEHEHMEM MONOXKEHUSA IPaHNLbI pasfena cpeg.

Mpn OPMMPOBAHMN FPAHNYHOIO YCNOBUA MONaranocb, YT0 HOPMaab M K Mo-
BEPXHOCTY XMAKOCTU Ha rpaHuLe pasfena cpes «KUAKOCTb — ra3 — CTeHKa 6aka»
ornpefenseTca cOOTHOLeHeM [13]:

A = f,, cosOy, + &y sindy, (5)

roe O, — KpaeBol Yron cMauvBaHus, OMpefensiemMblii 3KCMepUMEHTaIbHO AN

KOHKPETHOI Napbl «KMAKOCTb — TBEPAOE TeNO CTEHKW 6aka»; Ay W ty — egnHny-

Hble BEKTOpbI, HaNpaB/eHHbIe MO HOPMa/M 1 Mo KacaTeNbHOI K CTEHKE COOTBETCT-
BEHHO.

CooTHoweHue (5) MCMOoNb30Basoch A1 ONPefeneHNs NOKanbHON KPUBU3HBI
MOBEPXHOCTV U KOPPEKTVPOBKM CUMbl MOBEPXHOCTHOTO HATSHXKEHUS B 30HE KOH-
TakTa.

MogennposaHue ABMXEHUA XUAKUX KOMIMOHEHTOB TOM/MBA B Karwf-
NAPHbIX HAKONUTENSAX U (hasopasfennTensx ToNIMBHbIX 6akoB. KanunnapHole
CUCTEMbI 06ecreveHns CnIOLWHOCTM 6aKoB KOCMUYECKMX CTyneHei PH aBnstoTca
OAHWM M3 Hanbonee pacrnpocTpaHeHHbIX TUMOB CUCTEM 06ecneyveHns CrIoWHOCTY
[2, 5, 14]. Ha puc. 1 npeacTaBneHO CXeMaTUYeCcKoe M306paKeHe TUMUYHOM CuC-
TeMbl 06ecrneyveHns CrIoWHOCTY B TONIMBHOM 6ake [14]: 1 — ceTuaTblil 3KpaH; 2 —
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CTeHKa 6aKa; 3 — COTOBbI KanuNspHbI HAKOMUTENb; 4 — XWAKOe TOMNBO; 5 —
3a60pHOE YCTPOIACTBO.

MogenvpoBaHue KanunispHbIX SBNEHUIA U ABUKEHWS XKNAKOCTU B Kanunnsp-
HOM HaKomnuTeNe NPOBOAUIOCL C YYETOM afre3vm XIUAKOCTA B aeMeHTax Kanu-
NSPHOTO HAaKOMMTeNs. [ONONHMTENbHOE FPaHNYHOE YCNOBUE A/1s ero 3/IEMEHTOB
(hopMMPOBaNoCh Tak Xe, KaK v NPy MOAENMPOBAHIN ABVKEHWS XIAKOCTY MO rpa-
HULE pasgena Cpef «KWAKOCTb — ra3 — TBEepPAoe Teno», Npu 3TOM KPaeBoii yron
CMauuBaH1s ONpeaensncs SKCNePUMEHTAIbHO A1 KOHKPETHOW Napbl «KWUAKOCTb
— CTEHKM KanunaspHOro HaKoMmWUTeNs», a HOpMasib K MOBEPXHOCTM B 37IEMEHTaX
KanunaspHoOro HakonuTens onpeaensnach cooTHoweHveM (5).

A} 3 A-A

Pnc. 1

Mpy MaTemMaTUYeCKOM MOZENMPOBAHNN ABVKEHUS XIAKOCTN B Gake Ans ane-
MEHTOB «/IByMepHasi XXWAKOCTb», UCTO/b3YEMbIX MPY OMUCAHUN [ABUXKEHUS KOM-
MOHEHTA TOM/IMBA B KanUNNSPHbIX HAKOMWTENsX, B MOACETOYHOM MPOCTPaHCTBE
6aKa 1 B MPOTOYHOI YacTh 3a60PHOT0 YCTPOIACTBA, BBOAWINCH KOA(PULMEHTbI K
NOKa/bHbIX NOTEPb [aBNEHMUs, KOTOPbIE ONPeaensNCh BblpaXKeHUEM:

K= €2PA| , ©6)

roe AP — notepu AaBneHuns XWAKoCTW B Uccnesyemoil obnactu Tedenus; Vo —
YCTAHOBMBLLAACA CKOPOCTb [ABVXKEHMWS XXUAKOCTU; Al — AJIMHA MYTW XUAKOCTU
BLO/Ib /IMHWMN TOKA, HA KOTOPOM AENCTBYET CUa CONPOTUBIIEHNA ABVKEHUIO XUN-
KOCTW.

JNlokanbHble noTepu gaeneHuss AP B KanuansapHbIX HaKOMUTENAX OMpenens-
NINCb COOTHOLLUEHMAMMW, CBA3LIBAIOLLMMUN 3HAYEHUS CUJIbl CONPOTUBEHUS LBUXE-
HWA XXUAKOCTN Fropy B A4eiike HaKoNUTENs 1 nnowaan sueinkn S [15, 16]:

AP = Fropu!S . (7)

Cuna conpoTWB/IEHNS ABMKEHUIO >XMAKOCTM B KanWINSPHOM HakonuTesne
paccumTbiBasach no popmyne [15, 17]

Fropu =« -4 —V -IT , (8)

roe I1— nepuMeTp sueiikn HaKOMUTENS; a. — SMMUPUYECKUIA KOIPDULMEHT
(a. =0,182).
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JloKanbHble NOTepu JaBNEHMA Ha CETKe CETOYHOro q)a3opa3,qenv|Tenﬂ onpege-
NiANnCb KOS(*)(*)VILWIGHTOM & TnApaBINYECKOTO COMPOTUBNEHUA CETKW, 3HAYeHue

KOTOPOro 6bI/10 MO/TyHeHO 3KCNepuMeHTabHO [18, 19]:
E=o+B/Re, 9)

rae o, B — 3HaueHns IMNMPUYECKUX KOID(MLMEHTOB; Re — umcno PeiiHonbaca.

YKasaHHble Bblle CU/bl CONPOTUBEHNUS U MOTEPU AaBNeHUA pacrpegeneHbl
no o6beMaM NPOTOYHOW YaCTW KanuanspHbIX HAKOMWUTENER 1 B 3fieMeHTax CeTou-
HOro (hasopasgennTens, NOACETOYHOrO MPOCTPAHCTBA M 3a60PHbIX YCTPOWCTB He-
paBHOMepHO. BcreAcTBMe 3TOr0 Mpuw ABYXKEHWUM XXUAKOrO TOMAMBA BO BHYTpMOa-
KOBOM MpOCTpaHCTBe BO6/M3M 3a60PHOr0 YCTPOICTBA (HOPMUPYIOTCA HEOAHOPOL-
Hble MOMA CKOpPOCTe 1 faBneHuid. Ipu OTHOCUTENbHO MaslbiX MAacCOBbIX CUax
HepaBHOMEPHOCTb pacnpefeneHns NoKaabHbIX NOTepb AaBeHNUS U CKOPOCTU ABU-
YKEHWS XKNAKOr0 TONMBA HA y4acTKe OT rpaHuLbl pasgena cpes «ras — XXuaKocTb»
[0 BbIX0Aa M3 6aka CnocobCTBYET «MpopbIBY» rasa HafAyBa Ha BXOJ B MapLUEBbIl
XXPJ, npm 3anycke [16].

Kpome TOro, CyuiecTBeHHbIM (PaKTOPOM, BIMAIOLLMM Ha XapaKTep ABVKEHUS
rpaHuLbl pasgena cpef «ras — XWUAKOCTb» B 6ake KOCMWUYECKOW cTyneHn PH, saB-
NAETCH KOH(Urypauus BHYTPUO6aKOBOrO MPOCTPAHCTBA M KOHCTPYKTUBHbIE Mapa-
METPbI KanuaspHbIX HAKONUTENEN 1 CETOYHbIX (hazopasfenuTenen.

OnpegeneHne HavaslbHbIX U FPaHUYHbIX YC/10BUIA, BbIGOP MeToAa peLue-
HUA. MMpy MOAENNPOBAHMN ABVXKEHWSA XUAKOCTU B Bake B YC/TOBMAX MUKPOTpaBu-
TauMm HeobXoAMMO 3a4aThb CNefyroLLmMe HavalbHble YC/TOBUS:

— 06nacTy nokanmsaumMm n 06bEMBI XMAKOCTU U rasa B Nosoctn 6aka B Ha-
Ya/lbHbI MOMEHT BPEMEHM;

— BE/IMYMHY AaBfeHns HagdyBa 6aka 1M LUMHAMWUYECKOW COCTaBnstoLLei, 06y-
CNOB/IEHHON AENCTBEM YCKOPEHMS KOCMUYECKOi CTyneHn PH npu nonete.

Kpome Toro, npu onvcaHum OBYXEHUA KULKOCTU BAO/b CTEHOK 6aKoB BBO-
[ATCA rpaHUYHbIE YC/IOBMSA, NO3BONAIOLLME YYECTb:

— Ha/simume (MK OTCYTCTBUE) CKOJIBXKEHUS XKULKOCTH;

— HEeMNpPOHNLLaeMOCTb CTEHOK 6akKa;

— BO3MOXHble fethopMaLMm CTEHOK 6aKa (C Y4ETOM X YKECTKOCTH).

[ns onpegeneHns napaMeTpoB ABUXKEHUS XUAKOrO TOMMBA B 6akax KOCMU-
4ecKol cTyneHn PH Ha naccuBHbIX yyacTKax noneta PH Bbi6paH MHOrOCETOUHbIV
AMG wmeTog [20], KOTOpbIiA, Kak cnesyeT U3 MTepaTypHbIX MCTOYHUKOB, ABNSETCS
Hanbonee ahheKTUBHLIM A5 PaCHETOB HECTaLMOHAPHBIX TEYEHWUI HEC)KMMAEMO
XXMAKOCTY € fedhopMupyemoli CBOGOAHOM MOBEPXHOCTLI0. TOT METOA OCHOBaH Ha
PELUEHNN CUCTEMbI JIMHEWHbIX anrebpanyecknx YpaBHEHWIA C WCMO/b30BaHVEM
NoC/ef0BaTeIbHOCTU YMEHbLLAKOLLMXCA CETOK 1 OMepaTtopoB nepexofa OT Of4HOA
CETKM K Apyroii. OH BK/IKOYaET B Ce65 UMCNEHHYIO NpoLesypy KOppeKuuu gasne-
HWA, CTaH4apTHYIO K —& Mogenb TypOYNeHTHbIX TEeYEHWIn U CerpermpoBaHHbIii
IropuUTM NS KOPPeKuUn AaBneHns, npuHagnexatimin K obiemy Knaccy npoek-
LUMOHHBIX MeTofoB [21]. docTtomHCTBOM AMG MeTofa AB/ISETCA BO3MOXHOCTb €ro
MCNOMb30BaHNA AaXKe Ha HeperynsapHbIX CeTKax.

MHoroceTouHbli AMG MeTOoZ NPUMEHSETCA A1 KOHEYHO-3/1EMEHTHBLIX MO-
Jeneid. B pa3paboTaHHO METOAMKE OnpefeNieHns napameTpoB ABMKEHUS XKNLKO-
ro Tonnvea B 6ake /19 NOCTPOEHUS KOHEUYHO-3/IEMEHTHON MoAenn 6aka C XngKo-
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CTbHO NpefycmaTpuBaeTca ucrnonb3oBaHne VOF metoga. Mpu 3ToM B MeTOAMKe
MOXXHO BbIAENNTb CNeaytoLLMe 3Tanbl:

— pasaeneHvie cpefbl Ha AUCKPETHbIE 06bEMbI C UCMOMb30BaHNEM BbIYMCN-
TEbHOM CEeTKY;

— (hOPMUPOBAHNE CUCTEMbI YPaBHEHWIA, OMUCHIBAIOLLMX ABVMIKEHWE XXMAKOCT
B K&XXJ0M U3 YKa3aHHbIX JUCKPETHbIX 06bEMOB;

— WHTErpupoBaHne ypaBHeHUIA NO OTAENbHLIM 06bEMaM ¥ NOCTPOEHWE anre6-
panyeckmnx ypaBHEHUI A OTHOCUTENBHO AMCKPETHBLIX NepemMeHHbIX (CKOpOCTK, AaB-
NeHve, TeMnepatypa);

— NIHeapu3aUMs 1 peLleHne NoNyYeHHON CUCTEMbI NIMHENHBIX YPaBHEHWIA.

— onpefeneHne 1 aHaM3 NapaMeTPOB ABMKEHUS XXMAKOCTY B Oake.

Mpumep pacyeTa napameTpoB ABMXKEHWUS XXULKOrO ToMnamMBa B TOM/IMB-
HOM 6ake B YC/I0BMSIX MUKPOrpaBuTaLnmn, BOCMPOMU3BOANMbIX B «6POCKOBOA
GaLuHe». Mpn aKCnepMMeHTaIbHOM UCCNe0BaHUN OBUKEHUS XNAKOCTU B Bakax
KOCMUYeCKMX cTyneHeli PH B yC0oBMAX Manoli rpaButaLmm LUMPOKO UCMONb3YHOT-
€A BO3MOXXHOCTMW, NpefoCTaBnsieMble N1abopaToOpHbIMU KOMM/IEKCAMX TaK Hasbl-
BaeMbIX «OPOCKOBbIX 6aLleH» [9, 22, 23].

[na Bepudrkaummn paspaboTaHHON METOAMKM 6bIIN MCNONb30BaHbI pesybTa-
Tbl 3KCNEPUMEHTA/IbHOIO0 UCCNEA0BaHNS ABVKEHUA XMUAKOCTM B MOAENIbHOM 6ake
npv ero nageHnn B «6pOCKOBOI GallHe», MpMBeAeHHbIE B paboTax [9, 22]. B kaue-
CTBE MCMbITaTeNbHOro 6aKa B aKCMepUMeHTe MCNOMb30BAICA LIUIMHAPUYECKINIA Bak
3 aKpUNOBOro NIACTUKA, UMEIOLLMIA CPEPUUECKOE BEPXHEE AHWLLE W «MepeBepHY-
TOe» C(PepMUecKoe HUKHee AHULLe. BHyTpmbakoBble YCTpOWCTBa Ans obecneye-
HWSA CNJIOLLHOCTU B UCNbITaTe/IbHble 6aKy He YCTaHaBNMBA/IUCh.

Ha puc. 2 npefcTaBneHa pacyeTHas CXema BepTUKa/IbHO PacroOXeHHOro
umnuHapuyeckoro 6aka. 3gecb H —BbicoTa 3anmBkmM xugkoctn (H = 11,015 cwm);

L, R — AnvHa v pagnyc UMAMHAPUYECKon 060104kM Gaka

/\ (L =16,3 cm; R =5,5¢cm; R1=5,782 cm). B Kauyectse Mo-
- |- [ENbHOM  KMAKOCTU  MPUMeHsnach Xuakocts FC-78,

M- F; _|  wumetowas KoapULMEHT MOBEPXHOCTHOIO HATSHXKEHMS
W 6 =13,2*10° H/M, nnoTHocTb p =1720 Kr/M®, BA3KOCTb

L S B 1=8,2*10"° kr/m c. Temnepatypa B 6ake noiaranack no-
vl- - -| = 7| cTosHHOI 1 paBHoi 20°C. Jedopmauus cTeHOK Gaka He

- yunTbIBaNach. YCKOpeHne 6aka a, B «OPOCKOBON Galu-

\ /‘7‘\ He» OblNI0 HanpaBIeHO BLO/Mb NPOAO/LHON OcK H6aka — OT
R1

BEPXHEro AHuWa K 3a60pHOMY YCTPOMCTBY, HaxoAsLue-
MYCSl B HVXKHER YacTu 6aka, a ero 3Ha4yeHue cocTasnsno,
Puc. 2 COrMacHO 3KCrnepuMeHTabHbIM faHHbIM, 0,31 M/c? .
YncneHHoe MOLENMPOBaHME ABVXEHUSA YKULKOCTU B
bake ¢ y4yeTom gethopmauuy CBOGOLHON NOBEPXHOCTY XXMAKOCTU BbIMO/HSANOCH B
CAE-cucteme (ANSYS) c¢ nomowpbto cpeacte FLOTRAN CFD un ANSYS
FLUENT [11].

PucyHkun 3, 4 nnniocTpupyroT MPOLECC ABUXKEHWSA XUAKOro TOMN/MBa B 1UCC/e-
AyemMom 6ake B YC/IOBMSIX MUKPOrpaBuTaLun, co3faBaeMblX B «6POCKOBOM» GaLu-
He. Ha puc. 3 mnokasaHbl pesy/bTarbl YMC/IEHHOIO MOAENMPOBaHUs, Ha puc. 4 —
(hoTorpauyeckme n306paXKeHUs rpaHnL, Cpes «ra3 — XXUAKOCTb» B 6Gake, Mosny-
UeHHble B pesy/sibTaTe aKcnepumeHTa. O61acTu, 3aHMMaeMble XUAKOCTbIO U rasoM,
0603HayeHb! uudpammn 1 1 2 COOTBETCTBEHHO.
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[ns BbINOMHEHWS aHaNIM3a ABVXKEHWUSA XXUAKOrO TOMvBa B 6ake B YCOBUAX
MWKPOrpaBMTaLMmn paccMaTpuBaCs PsL KIKOUEBbLIX COBLITWIA, XapaKTepusyoLLmx
3TOT npouecc: cobbiTve T 0 — B pe3ynbTaTe OCTaHOBa ABUraTens BCA XWUAKOCTb
noAHsNach K BepXHeMy AHMWY 6aka (puc. 3, a), 4, a)); cobbiTe T 1 — XMUAKOCTb
[OCTUINa HUWXKHero gHuwa 6aka (puc. 3, 6), 4, 6)); T 2 — Havyano hopmMupoBaHus
«rensepa» (puc. 3,B), 4B)); T3 — «reinsep» [JOCTUI BEPXHEro AHUWA 6Gaka
(puc. 3, 1), 4,1)); T 4 — BepxHee fHULLE 6aKa NONHOCTbIO OYMLLEHO OT XMAKOCTK
(puc. 3, o), 4, ). i3 nprBeieHHbIX PUCYHKOB BUAHO, YTO pe3ynbTaTbl MOLEIMPO-
BaHWA KaYeCTBEHHO COr/IacytoTCs C pe3y/ibTaTaMy 3KCNepUMeHTa.

MpefnoXxeHHas MeTOAMKa MO3BONSET Ha OCHOBE MaTemMaTW4ecKOon mopnenw
(1) — (9) onpefennTb BPEMS OCKAEHUA XUAKOTO TOMN/NBA Ha HUXHee AHULLe Ga-
Ka — MPOMEeXYTOK BPEMEHWN OT MOMEHTA, KOrAa BCA XNAKOCTb HAXOAMNach Y BepX-
Hero gHuwa 6aka (pwc. 3, a)), 40 MOMEeHTa, KOrfa >XWAKOCTb, OMYyCKasaCh K HMX-
HeMy AHuULWLY 6aka, NOMHOCTHI0 MOKpPbINa 3ab0pHOe YCTPOINCTBO Gaka (puc. 3, B)).
CornacHo pesynbTatam UWUC/IEHHOTO MOZAENMPOBAHMSA, Havaso (OpPMUPOBaHUSA
«reisepa» (puc. 3, B), 4 B)) COOTBETCTBYeT MOMEHTY BpeMeHu t = 1,9 ¢ n xapak-
TepU3yeTcs TeM, YTO HUXKHEE AHULLE Y)Ke NOMHOCTHI0 NOKPbITO XNAKOCTbIO.

C NOMOLLbIO NPeANOXEHHON METOAMKNA MOXHO ONpese/inTb CyMMapHble 00b-
eMbl ra3oBbIX BK/HOUYEHWI B pas/IMYHbIX 4acTax Gaka, B TOM 4ucC/e, B MOOCTY,
npuneratoLlel K BXogy B 3a00pHOe YCTPOWCTBO. B 4acTHOCTW, pe3ynbTaTbl pacye-
Ta B pacCMaTpvBaeMoM C/lyyae Mokasasiv, YTO KOorja BepxHee AHuLe 6aka nosHo-
CTbO OYMLLEHO OT XMAKOCTK (cobbiTue T 4, puc. 3, f), 4, ), CyMMapHbIi 06beM
rasoBbIX My3blpelt B XXMAKOCTU, PACMONOXKEHHON B HUXKHEN YacTh 6aka (0T HMX-
Hero AHuLA 0 BbICOThI 8,9 cM) cocTasnseT 0,0706 cm®,

C ncnosib3oBaHMEM 3TOM METOLMKW PaccuMTaHO pacrpefeneHne pasHoCcTu
[ABNeHMIA XuaKkoro Tonmea P B Gake W faBneHus Hadgysa rasa B,,, no npo-

[0NbHOMY CeyeHMto H6aka. PesynbTaTbl pacyeToB pacrpefefieHns yKasaHHON pas-
HOCTU faBneHnin P —P,,, Ans cobbimuii T 0 v T 1 npeAcTaBneHsl Ha puc. 5, a Ans

cobbITMn T 2, T3 n T 4 — Ha puc. 6. Ha 3TuX >Xe puCyHKax crnpasa NokasaHo pac-
npeAeneHne XnLKOCTW 1 ra3a BO BHYTPMOAKOBOM MPOCTPaHCTBE B MOMEHTbI Bpe-
MEHM, COOTBETCTBYHOLLME PacCMaTPUBAEMbIM COBLITUSIM.

3 pucyHKOB BUAHO, YTO Koraa 60/bLuas 4acTb XXMAKOCTY HAXOAUTCA B BEPX-
Heil yacTn 6aka (cobbiTms T O, T 1, T 2), TO N0 Mepe OTAaNEHNs OT CBOOGOAHOM
MOBEPXHOCTW >KMAKOCTM B HanpaBfieHUM BEPXHEro AHuwa 6aka BennyMHa
P — Py YMeHbLiaeTes (puc. 5, @), 6) u puc. 6, a)). Koraa 60n1bLIas 4acTb XUAKO-

CTV HaxoAuTCS B HKHEN YacTu 6aka (cobbitus T 3 1 T 4), To BenmunHa P —R,,,

YBENINUMBAETCA B Hamnpas/ieHnn OT CBOOOAHOW MOBEPXHOCTU L0 HVDKHEr0 AHWLLA
6aka (puc. 6, 6), B)).
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Puc. 3

£)

Puc. 4
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P—Pyaq Ma

0,0
-7,98
-15,96 |
| -23,94
-31,92
. -39,90
-47,88 .
-55,86
-63,84
71,82
-79,80
P_PHa‘q, |_|8.
19,0
10,10
12 |
| -7,70
-16,6
. -25,50
-34.4
-43,30
52,2
-61,10

Puc. 5

Korga Bcs XMNAKOCTb Haxogutcs BeepXy (cobbiTve T 0), Ha HWXKHEM AHULLE
baka BesMumHa P —B,,, NPaKTUYECKN paBHA HYJIKO, @ B XXUAKOCTU, MpU/eratoLLeli
K BepxHemy aHuly, P —R,,, <0 (puc. 5, a)).

Puc 5, 6) cooTBeTCTBYET CO6bITUIO T 1 (NPMOBLITUIO XUAKOCTA K HUDKHEMY
AHVLY 6aka). Mpu 3TOM Ha HUXKHEM AHWLLe 6aKa OCTaeTCs ra3oBas MOAOCTb 3Ha-
YMTENbHOrO 06beMa, 1 B 3TOW NONOCTU Pa3HOCTb AaBneHnid P —R,,, >0. 370 03-

HavaeT, YTo NOA Ae/CTBMEM [aBNeHUA XUAKOCTY ra3oBas NonocTb CKUMaeTcs. Ha
BEpXHEM [HULLE Gaka, KaK 1 Ha puc. 5, a), BeNnumHa P — Pian <0, TO eCTb Xua-

KOCTb «pacTArvBaeTcs» 1 NafaeT noj AeicTBreM NPOAOIbHOrO YCKOPEHMS KOHCT-
PyKLUMK 6aka a, , HanpaB/eHOr 0 BHY3.

Puc.6, a) cooTBeTCTBYET COOLITUIO T 2 (Ha4aso (OpMUPOBaHUS «reinsepax»). B
3TOM C/lyyae rasosasi NnosioCTb pacrnosiaraeTca B cepeduHe 6aka v MogHUMaeTcs
BBEPX, @ Be/UuMHa P —P,,, B rasoBoi MOMOCTY MPaKTUYECKN paBHa Hynto. [ns

KUAKOCTW Ha HUKHEM AHWWEe P — P, >0 (KUAKOCTb CKMMAETCS), a Ha BepXHeM
AHUWE P —B,, <0 (KMAKOCTb «pacTArMBaeTCs» 1 NadaeT nod AeiicTevem npo-
[0NBHOr0 YCKOPEHUs KOHCTPYKLMM Gaka, HanpaBneHoro BHU3).

36



-5,82

-25,86

-45,90

B)

Puc.6
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Korga reiizep focturaeT BepxHero gHuula 6aka, rasosas nonocTb nogHuMa-
eTCA K BEPXHEMY [HMLLY, & NPAKTUYECKN BCHA XKUAKOCTb OMYCKAeTCA K HYXKHEMY
AHnuy (puc. 6, 6)). B aToM cnydae BenuunHa P — P, YBEMUMBAETCA B Hanpas-

NeHUN OT CBOBGOAHOW MOBEPXHOCTU XKUAKOCTU O HUXKHEro AHuwa 6aka, n Ha
HWKHEM AHWUWe P—P,, >0 (T.e. XUAKOCTb CXKMMAETCS Moj AeiiCTBMEM Npo-

[0/bHOTO YCKOPEHUsA KOHCTPYKLMK Gaka, HanpasneHoro BHK3), a [/ ra3oBoii no-
noctn P—-R,,, <0.

Ha puc. 7 cnesa npefcTaBneHo pacyeTHOe pacrnpefesneHne cKopocTei (v) B
y3M1ax KOHEYHbIX 3/1EMEHTOB >KW/KOro TON/nBa v rasa B 6ake rno ero NpoAo/1LHOMY
ceyeHuto ana cobblTma T 3 (npuxoga «rei3epa» K BepxHeMy AHuLy 6aka). Cnpa-
Ba NoKa3aHo pacnpefeneHne XX1LKOCTU 1 ra3a BO BHyTPMOaKOBOM MPOCTPAHCTBE B
MOMEHT BPEMEHW, COOTBETCTBYHOLLMIA COBbITUIO T 3.

v-102 m/c

0,0

1,7
3,4
51

6,8

a5 0

10,2

11,9

13,6

15,3

17,0

Puc. 7

Kak BMAHO M3 pUCYHKa, CKOPOCTU pacnpefenieHbl No NpoAo/ibHOMY CeYeHUo
6aka HepaBHOMEPHO, UYTO CBMAETENLCTBYET O NepeMeLIMBaHUM XMUAKOCTU W rasa
Hazaaysa. Mpy 3TOM NOTOK XXMAKOCTY NepemMeLLaeTcs BA0b NPOLO/LHON 0cKn 6aka
B €ro BEPXHIOK0 YacTb (BNneHune «reiisepa» [9]), 06TekaeT BepxHee AHWLLE, Aanee
[BVDKETCS BHU3 MO CTeHKaM 6aKa, NPUXOAUT K HUKHEMY LHWULLY, FAe y4acTByeT B
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npoLeccax NepemMeLLIMBaHNS XMUAKOCTW 1 rasa B HEMOCPeACTBEHHOW 6/130CTH OT
3a60pHOr0 YCTPOICTBA.

BbiBogbl. PaspaboTaHa METOMKA TEOPETUYECKOTO ONpefeNieHns napameTpoB
ABVDKEHWA TPaHULIbI pa3fena Cpef «ra3 — XWAKOCTb» B MOMOCTAX TOMAMBHbIX 6a-
KOB COBPEMEHHbIX KOCMUYECKUX CTYMNEHeN XMAKOCTHbIX PH B yCNoOBMAX MUKPO-
rpasuTaumy (B nepuog, Mexxay 3arnyckoM 1 0CTaHOBOM MX MapLUEeBbIX ABUraTeneid)
C YYETOM KOHCTPYKTVBHbIX 0COBEHHOCTEN BHYTPNOaKOBbLIX YCTPOWCTB 0becneye-
HUA CMN/IOLLUHOCTU XWUAKUX KOMMOHEHTOB TOMnAuBa. MeToAMKa OCHOBaHa Ha WC-
Monb30BaHNM METOLA KOHEYHbIX 3/1eMeHTOB, MeToAa obbema xuakoctv (VOF me-
TOfa), CTaHAApTHOW Kk —g& Mogenu TypOyneHTHbIX TeYeHWI, MHOrOCeTOYHOro
AMG meTOfa W COBPEMEHHbLIX KOMMbLIOTEPHbLIX CPeLCTB KOHEYHO-3/IEMEHTHOro
aHanusa (CAE-cuctem).

Pa3paboTaHHas MeTOAMKa M03BONAET ONpeseNsaTb Ha NacCMBHOM Y4acTKe ro-
neta KocMuyecko PH napameTpbl ABVXXEHWS XXMAKOCTU B H6ake (MepemMeLleHus,
CKOPOCTK, AaBneHns) 1 hopmbl ee CBOBOAHOW NOBEPXHOCTU, NapameTpbl (hopmu-
PYIOLLMXCA CBOOOAHBIX Ta30BbIX BK/IHOYEHWUA, 3((EKTUBHOCTb BHYTPMOAKOBbLIX
cpefcTs 06ecrneyveHns CrIOLLHOCTA KOMMNOHEHTOB TOM/IMBA NPU <LITATHOM» (YHK-
LIMOHMPOBaHWW [BUraTe/IbHON YCTaHOBKM KOCMUYECKOW CTYMNEHWN.

Pa3paboTaHHas MeTOA4MKa NpPOTECTUPOBaHA Ha MOLeNbHOM npumvepe. Mprme-
HUTE/IbHO K YC/IOBUAM [ABMXKEHUSA IKCNeprMeHTa/IbHOro obpasLa TonanBHoro 6aka
C XXWUAKOCTbIO B «OPOCKOBON HallHe», BOCNPOW3BOAALLEN AB/IEHNE MUKPOrpaBuTa-
LMK, BbLINOIHEHO YMC/IEHHOE MOLENMPOBaHME ABMKEHUS XWUAKMX KOMMNOHEHTOB
Ton/smBa C AehopMMpyeMoil NOBEPXHOCTLI0 B 6aKax KOCMUYECKON cTyrneHu PH.
OnpesieneHbl NapameTpbl ABKEHUSA XMAKOM0 Tonmea (CKOPOCTK, BENNYMHBI 4aB-
NeHWiA), TpaHuLbl pasgena CPefcTB «ra3 — XXMAKOCTb» Ha KNHYEBbIX 3Tanax npo-
Liecca nepeopueHTaLmMm XUAKOCTA BO BHYTP1O6aKOBOM MPOCTPAHCTBE, BPeMs oca-
XOEHUA XMAKOro TOMMBA Ha HWKHee [HWLLe 6aka U3 KPUTUYECKoro (KpawHero
BEPXHEr0) MONOXKEHMA N CYMMapHbIi 06bEM ra30BbIX BK/TIKOUYEHWI, HAXOAALLMXCS B
nosocTy 6aka y 3a60pHOro YCTPOCTBA.

Moka3aHo, YTO pe3ynbTaTbl YAC/IEHHOr0 MOAENMPOBaHNS COrNacyrTCa C 3KC-
NePUMEHTA/IbHbIMU JAHHbIMW.

TeopeTnyeckoe orpesenieHne NapameTpoB ABVXXEHWUSA TpaHuLbl pasgena cpes,
«ra3 — XXULKOCTb» B MOMIOCTAX TOM/IMBHbIX 6aKOB B YC/IOBUAX MUKPOrpaBMTaLmm
Ha OCHOBe pa3paboTaHHON METOAMKM MO3BOMIUT COKPaTUTb 06bEM 3KCMEPUMEH-
Ta/IbHOW OTPabOTKM MOLEPHM3NPYEMbIX M HOBbIX KOCMUYECKUX CTyneHel PH n
YMeHbLUWTbL 3aTpaThl Ha NPOBeeHMe 3TUX PaboT.
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