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. KO3 QUIHeHT 00bEMHOTO CY)KEHUST KUKOCTH 3a CUET CONMEHOCTH, --
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— ynono Mvuara, --
ScC
MKO — MeTop Koneuroro O6béma
MCD — Metog CrieKTpabHbIX JlIeMeHTOB

AnnoTtanusa. TIpoBesieHO TIpsSIMOe YKC/IEHHOE MOje/TMpOBaHHe ()OPMHUPOBaHWS aTTPaKTOpa
BHYTPEHHHX T'DaBUTALMOHHBIX BOJH B CTPATU(HLIMPOBAHHOM JKHUAKOCTU C TOMOILBIO JBYX
YUCJ/IEeHHbIX aJITOPUTMOB. MaremaTrueckas IIOCTAHOBKaA 3a/layn COOTBETCTBYeT
9KCTIePUMEHTaM 110 BO30Y)K/IeHHUI0 BHYTPEHHHUX BOJIH Uepe3 BePTHKA/IbHbIN BOTHOMPOLYKTOD
B TpanelienfialbHOM KOHTeliHepe ¢ pacTBOpoM cosu. [Toka3aHo, YTo JByMepHbIe UMC/IeHHbIe
pacyeTbl XOpOLIO BOCIIPOU3BOLAT SKCIIEpUMEHTa/IbHbI€ [aHHbIe TIpU Yy4dyeTe H3MeHeHUd
JIMHEWHOTO TpO(QM/si COMEeHOCTH y CBOOOAHON TMOBEPXHOCTH. IIpU 3TOM aMIUIUTYAA
KosebaHMI B UMC/IEHHBIX pacueTax yBeJWdeHa 3a CYeT MOTepb SHepPrvd BOJHOIPOAYKTOpPA B
TpexMepHOM KoHTeiiHepe. HecmoTpsi Ha TO, uTO OOLMH BHJ aTTPaKTOpa XOPOLIO
BOCIIPOM3BOAUTCA KaK METOAOM CIIeKTPa/JbHbIX 3/IEMEHTOB, TaK W METOAOM KOHEUHBIX
00BeMOB, B TIPOQUISAX CKOPOCTEH WMMEIOTCSI OT/IMYUs y JIeBOW rpaHUIbL. JTo Tpelyer
,qaaneﬁLuero Hcc/1ef0BaHus, TIOCKOJIBKY TakKhe OT/JIWYMS MOTYT B/IMATH Ha HEHHHeﬁHy}O
JVHAMUKY BOJIH IIPH Pa3BUTHH HEYCTOWYHBOCTEH.

KrrwueBsble cioBa: dTTPAKTOp, WHEPLIMOHHbIE BOJIHBI, T'PABUTALIMOHHbLIE BOJIHBI, IIpSAMOe
YUC/IEeHHOe MOJe/IMpOBaHue.

1. BeeodeHue

BHyTpeHHUe TpaBUTALMOHHbIE BOJHBI B OFHOPOAHO CTPAaTM(ULIMPOBAHHOM
JKUIKOCTU TIPY TOCTOSIHHOW YacTOTe IUIAaBYYeCTH MOTYT PacHpOCTPAHSTHCS TIO[
(DMKCHUPOBAaHHBIM YITIOM K BepTHKa/ld, KOTODBIA OIpeZesnsieTcs TOJBKO YacTOTOM
BbIHYKJawoeit cunbl [1]. IIpy Hamuuuyd HaKJIOHEHHOW CTEHKU BOJIHBI MOTYT
(hOKyCHpOBaTbCsl U 3TO MPUBOJAUT K 00pa3oBaHUIO OIpeie/IéHHbIX MyTel, KOTopble
OIpe/ie/ISIIOTCA  JIMIIb  YacTOTOM. OTH INyTH OblIM  Ha3BaHbl  BOJHOBBIMU
arrpakropamu. HeoOXxofguMO OTMeTHTb, UYTO K arTpakropam B (ha3oBoM
MPOCTPAaHCTBE M3 TEOPUM [JWHAMUYECKUX CHUCTEM [JaHHOe TIOHSTHE TIPSIMOro
OTHOLIEHUSI He ¥MeeT. [lepBble 3KCIIepUMeHTHI, TTOATBeP)K/JAfoLIHe CyL|eCTBOBaHe
TIpe/iCKa3aHHBIX PaHee BOJIHOBBIX aTTPakTopoB omucadbl B [1]. CymjecrBoBaHue
MOZOOHBIX aTTPAaKTOPOB M aHa/lM3 WX CTPYKTYPbl, YCTOWYHMBOCTH W JIUHAMUKU
Ba)KHbIM [|/Isl IOHMMaHUsI TIPOLIECCOB MepeMeIBaHKs B MOPSIX M 03épaX, a TakKe
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JUI aHanu3a KojiebaHWI BO BpAIAOIIMXCS CHUCTEMAX, TaKMX KAk $IPO 3eMJiH,
TTOCKOJIbKY MHEPLIMOHHbIE BOTHBI TaKKe MOT'YT PacrlpoCTPaHAThLCS 110 aTTPaKTOPaM.
YcroiiuMBo  CTpaTU(ULIMPOBAHHOE COCTOSIHME J>KMJKOCTH 00/1afiaeT 4acToOTOM
T7IaByuecTd, WM vactotod bpeHTta-Bsiicsinisi, KoTopasi XapakTepusyeT Maible
KomebaHusi CMEIIEHHOTO W3 HWCXOJHOTO COCTOSIHUSL  3JIEMEHTA  JKU/IKOCTH.
BosmyliieHrs MCXOJHOTO COCTOSIHUSI C TOCTOSIHHOW 4acTOTOM, MeHbIllell 4acTOThbI
TI7IaByuecTd, TPHUBOAAT K BHYTPEHHUM BO/JHaM, paclpOCTPAHSIOLUMMCS BJOJIb
MIPSMBIX JIMHUH (B TIPUOMV)KEHUH TIOCTOSIHHOM YacCTOTHI T71aBy4yecTH). Jlyuun MoryT
OTpaXkaTbCsl OT TIOBEPXHOCTeH, MPH 3TOM I0C/Te OTPaKeHWs Jy4d TI0 TIpeKHeMy
PachpoCTPaHsIIOTCSl TIOf, YIVIOM, PaBHBIM I10 MOZY/IIO apKKOCHHYCY OTHOLIEHWS
BBIHY)K/JJAIOI[edl Y4aCTOThI M YacTOTHI IJIaBy4YeCTH. 3a CUéT TAaKoro OT/IWYMS B
XapakTepe OTPaKeHWsI CTAHOBUTCSI BO3MOKHOW (DOKYyCHPOBKa BHYTPEHHHX BOJIH B
3aMKHYTOM 007acTd TIpH OMNpeJesieHHOW TeOMeTpHH. 3aMKHyTble TIyTH,
BO3HUKAWI[Me B pe3yibTare (POKYCHPDOBKM, ObLIM Ha3BaHbl BOJHOBBIMHU
arrpaktopamu [1]. B wuactHoctu, B paborte [1] ObLIO TMOKa3aHO, YTO TaKas
(hoKyCHpOBKa BO3MOXKHA, €CJTH OfJHA U3 CTEHOK 00/1aCTH HAK/IOHEHA TI0 OTHOLLEHUIO
K BepTUKamu. Takke npu ¢OpMHUPOBaHUU aTTPaKTOpa B PeabHbIX YCJIOBUSX UTPaeT
posb 6anaHc GOKYCUPOBKU U BA3KOCTH [6]. AHanmM3 [ByMEPHOTO OKOJIOKPUTUYHOTO
OTpaKeHHsT  C/1abOHEe/MMHENHHbIX  BHYTPEHHHMX  TIDaBUTAL[MOHHBIX BOJMH  OT
HaKJIOHEHHOW TPAaHULIbI B OIHOPOJHOCTPaTU(PUILIMPOBAaHHOM >XKHUAKOCTH TIPHBEJIEH B
[2,5]. To cymiecTBy BO/HOBBIE aTTPAKTOPhI SIB/SIFOTCS IByMEPHBIMH, UTO TIOKa3aHO
KakK TeopeTHUeCKH, Tak U 3KCTlepuMeHTanbHo [1-5].

[MToMMMO TeOpeTMUYeCKUX W 3KCIepUMEeHTalbHBIX HCC/Ie0BAHUN  BOJHOBBIX
aTTPaKTOpOB, TpPeANPUHUMANMCh TIOMBITKA U WX UYHC/IEHHOTO WCCIeJOBaHUs: B
pabote [4] c moOMOIIBIO MTPOrPaMMHOr0O Kofa o0ieli mogend LupKy/asiuu (MIT
general circulation model), wucrmonb3ylOIIEl MeTOJ, KOHEUHOro 00BEMa,
WCCIeZIOBA/INCh BOJHOBBIE aTTPAKTOpPhl, BO3HHKAIOIIWE TIPU T'apMOHHYECKOM
BepPTHKAJIBHOM KojiebaHuu Bceit obmactu. [IpoBesieHO cpaBHeHHE C 3KCIIePUMEHTOM
[JIs1 yCTOMUMBOTO arTpakropa. VI3BeCTHO, UTO MeTOZbI KOHEUHOro obbéma obasjaroT
COOCTBEHHOV UMC/IEHHOW BA3KOCTBIO U MX MIPUMEHEHHUE /IS aHa/Iu3a YCTOMUUBOCTH
CU/TbHO HEJIMHEHHBIX PEXUMOB Ha OOJBIINX BpeMeHaX TPeOyeT OCTOPOKHOCTH.
ITomumo, 3TOTO, B [4] UNC/IeHHbIe HCCIe0BaHuUs TIPOBOAWMNCE AJis umrcia Imuara
100, a nHe 770, KaK B DSKCIIepUMEHTe, H3-3a HEBO3MOKHOCTU pa3pellleHust
mddy3roHHBIX MaciTaboB, a Ha HIDKHEH W TPaBON CTEHKE CTaBU/IOChH YCIOBHe
MIPOCKa/Ib3bIBAHMST BMECTO TIPU/IHIMaHus. TakuM o0pa3oM uuc/ieHHas Mofenb He
BIIOJIHE COOTBETCTBOBaja JKCIlepUMeHTy. TeM He MeHee, TIpH OIpeZerEéHHbBIX
rapaMeTpax y/aJoCh BOCIPOM3BECTH OOIui BHJ arTpaktopa. B paborax [10,11]
aBTOpaMH{ TIPOBeJeHbl TIpe/BapUTe/bHBIE PACUeThl METOZOM  CIIeKTPalbHBIX
anemeHToB (MCD).

B pabore [7] g/t cMeXxHOW 3ajaud [jisi WHEPLMOHHBIX BOIH B MPSMOYTO/LHOMN
reOMeTpyY TIPOBEJIeHO TIpsSIMOe  UKC/eHHOe MOZeMpPOBaHHe  aTTPaKTOpPOB
BpaIlaloIleiics JKUAKOCTH CITeKTpasbHBIM ~ MeTofoM. CreKTpajabHbIA — MeTof
MO3BO/ISIET C BBICOKOM TOYHOCTBE) PACCUUTHIBATh HEJMHEMHbIE DEXUMBI U
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MIPE/ITIOUTUTEIEH [0 CPAaBHEHUIO C KOHEYHO OOBEMHBIM [JI1  MCC/Ie[OBaHUS
HEeJTMHEeNHBIX PEeXUMOB, HO ero NpUMeHeHHe B HENpSIMOYTOJbHONW TeOMeTpUM C
Pa3HOPO/HBIMY I'PAHUYHBIMU YCIOBUSMH 3aTPYJHEHO.

Takum 00pa3om, MpU TIPOBEIEHWM W TUIAHUPOBAHUM PACUYETHBIX HCC/Ie0BaHUN
TeueHWH MoA0OHOT0 Pojla MbI CTAJIKMBAaEMCsI CO CIeAYIOIeH AUIeMMO:

e b0  WCMOMB30BaTh  METOJ ~ KOHEYHOr0  00bEMa,  OCHOBHBIMHU
TIperMy1[eCTBaMH KOTOPOIO SIB/SIFOTCS MPOCTOTa peanu3aliii pacyéTHoU
MO/JIeJI1 M YCTOMYMBOCTb, HO TIPYM 3TOM BHECTH B pe3y/bTaThl pacuéToB
OIIMOKY, CBSI3aHHYIO C BLICOKOM UMC/IeHHO Auddy3ueii caMoro MeTo/ia;

e mbo WCHO/MBb30BaTb MeTOJ, CIeKTPaJbHBIX  3/eMEHTOB, IOpPSJOK
annpoKcUMalliyd KOTOporo HaMHoro Beie, yeM B MKO (2-oi1 mopsiiok),
TIPH 3TOM TOTEPSIB TUOKOCTh M MPOCTOTY CO3/IaHUST PACUETHBIX MOZIEJIEH.

B 3ToM c/lyyae XOpOIIMM pellieHHeM MOXKET OBITb TeCTHPOBaHHe 060MX METO/OB Ha
MIPOCTOM TreoMeTpUr 00/1aCTH MOJETUPOBAHUS C LIe/bI0 BBISB/IEHUS] XapaKTepPHBIX
pazmunii Mexxiy MKO u MCD. A B cefyromux pacuéTHBIX HCCIeZ0BaHUSIX
ucronb3oBate MKO 1 HakoIUIeHHBIH OMBIT [JI MAHMMH3alliM ero Hefl0CTaTKOB,
WHBIMH C(JIOBaMA — uKcaeHHOW auddy3urd. B kKauecTBe TakuxX 3ajauy MOTYT
WICTI0/Ib30BaThCsl SKCIepUMeHTalbHble MCCIef0BaHUs, CXO)KHe C OMMChIBaeMbIMU B
paborax [3,7]. dddexkruBHoe mnpumeHeHne MKO K 3asauam pacripoCTpaHeHUs
BHYTPEHHHX BOJIH Majioll aMIUIMTYAbl U [BWKEHUs! Tel B CTpaTU(UILIMPOBAHHbBIX
cpenax ObLI0 peann3oBaHo B [13].

Jlpyroil MpUHIMNUANBHON C/I0KHOCTBIO, HallpuMep Kak B ciyuae [3,7], sBnseTcs
COMoOCTaB/IeHHe C 5KCIIepUMeHTOM pPacyéTHBIX JIaHHBIX. JTO CBSI3aHO C HEKOTOPOU
Heornpe/e/leHHOCTbI0 MOCTAaHOBKU TPaHWUHBIX U HaualbHBIX YCJIOBUM, 3aJjaHueM
(u3MUeCcKMX KOHCTAaHT — HanpuMep, YacTOThl TIAByueCTH, pacrpe/eseHus
TJIOTHOCTH B Haua/IbHBIN MOMEHT BpeMeHH, urciia [IIMusTa, aMriTyas! KojeGaHus
TIOBEPXHOCTH MICC/IelyeMOro MPOCTPAHCTBA U T. 1. bosee Toro, Mpy MHTEpIpeTanyu
Pa3IMUHBIX DPEXUMOB TEUEHHs] C TIOMOIIBIO PACUéTHOTO aHamu3a HeoOXOAUMO
Ha/lMune KpPUTepHeB, IT0Ka3bIBAIOIIMX TPAHULBl 3TUX DPEXUMOB. [loMCcK Takmx
KDUTEPHEB C TMIOMOLIBI0 UMC/IEHHOTO MOZEMUPOBAHUS CBsi3aH C 00paboTKOM
OOJIbIIIOro KOIMUEeCTBA JAaHHBIX.

BBIXOOM U3 TIONOXKEHHS] MOXKeT OBITb HCIIONb30BaHHE CIIeLHaIbHBIX METOZOB
00paboTKU JaHHBIX, TaKuX Kak POD, SVD u mp., KOTOpbIe MO3BOJISIIOT BBIYHC/IUTD
coOcTBeHHBIE BeKTOpa M 3HAUeHHs] [JUHAMHUYeCKOW CHUCTeMbl U B JalbHeHlIeMm,
MOHU3UB Pa3MepHOCTh, MCIIO/b30BaTh TH Pe3Y/bTaThl [jisl MOMCKa HeoOXOAUMOro
pelieHus..

C yuéToM yKa3aHHBIX BbIIIe BLI30BOB, HCC/IE[OBaHKE Lie/iec00Opa3sHO MPOBOAUTE B
CleflytoleM Topsifike:

1) Amnanmu3 yCIOBHM 3KCIIeDUMEHTANBHOTO CTeHJa A/ TI0C/IeIyIOIIero
YKC/IEHHOTO MOZe/TMPOBaHus;

2) Beibop MaTemMaTHueCKoU Mogieny;
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3) Tlouck npUOMWKEHWH W YOPOLIEHWM  MaTeMaTHM4Yeckod  MOJErH,
chopMynUpOBaHHOM B 1I. 2) /ISl peanr3aliii YHUC/IeHHON MoJieny;

4) Peanu3zauys UWCIeHHONW MOJeMd TeueHWs MeTOJOM KOHeYHOro obObéma
(MKO) u meToaoM crieKTpaabHbIX 37ieMeHToB (MC3);

5) CpaBuenre MKO u MCD3 jij11 BBIOpaHHBIX PACUETHBIX C/TyUaeB;

6) WccnepmoBaHue [UHAMHUYECKAX XapaKTePUCTUK Mogesield BbIOpaHHBIX
PE&KUMOB MaTPUYHBIMHA METOJAMH ;

7) OO00OLEHHBIN aHa/H3 TIOMYYEeHHBIX Pe3Y/IBTATOB.

2. Pusuyeckas nocmaHoska 3adayu u eé mMamemamu4yecKoe
onucaHue

PaccmarprBaeTcs AByMepHOe TeueHHWe OfHO(a3HOW HeCKUMaeMOW — BSI3KOM
JKUJJKOCT — pacTBopa COMM B TIONe CHIBI TsDKeCTH. B 3aMKHyTOM 00BéMe
JKUAKOCTA C 3aJaHHOM CTpaTtudUKaliell B Haya/JbHBIA MOMEHT BpEMEHH, B
JIBIDKEHHe TIPUBOJUTCS OfHA W3 BePTUKAlbHBIX CTEHOK (T1paBasi) — cM. puc. 1-3.
BepTuKkanbHasi CTeHKa «CjeBa» ABWKETCS B TOPWU30HTAIHHOM HarpaB/IeHUU T10

3a/IaHHOMY 3aKOHY, CTEHKM CHH3y W CIpaBa — HETOJBIKHBI, TOPU30HTa/bHAs
rpaHulla CBepXy — T[IOBEPXHOCTb pa3fena, Ha KOTOPOW 3afaéTcsi yC/IoBHe
«TIPOCKAJTb3BIBAHMST».

PacTBOp Cco/Mu 3aK/HOUEH B TpareleuganbHol obsacty, puc. 1. Tlepesn Hauamom
9KCIIepUMeHTa CO3aéTCsi BepTUKabHasl CTpaTh(UKaLVs COJH C 3aZJlaHHON YacTOTOM
riaBydectd. Ha HmwkHeli 1 OOKOBBIX TMOBEPXHOCTSIX CTaBUTCS —YC/IOBHE
npwinnaHus. Bo3HuKawle B XOofle 3KCIIepUMeHTa BHYTPeHHHE BOJIHbBI
NIpaKTU4YeCKHd He B/WSIOT Ha (JOPMYy NOBEPXHOCTH, M103TOMY Ha BepxXHel rpaHulie
CTaBUTCS YCIOBUSI OTCYTCTBUSI KacaTe/bHbIX HarpsDKeHUH.
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PucyHok 1. IIpuHyunuanbHasi cxema 5KCnepuMeHmaabHoll ycmaHoeKku. 2KupHbIM nyHKMupom
nokazaia obnacms MoOeAUpo8aHust
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PucyHok 2. TTpuHyunuanbHas cxema pacuémHoil obnacmu u pusuueckux HeWHUX 2paHuy
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PucyHok 3. Cxema «8b18600a» amnauniyobl cMeujeHus /1e6oli 6epmuKaabHOLU CMeHKU HA
MAKCUMANbHOE 3HaYeHUe.

[ns  onMcaHuss pacuéTHOW MOfileld MCIOMb3yIOTCS  CAeAyHoljie ypaBHEHUS
COXpaHeHHsI:

ypaBHeHHe COXpaHeHUs! MacChl

op
rr"r+T pl =0 (1)

YpaBHEHNE COXpaHEHI/IH HMITYJ/IbCa

cplU
ot

+"\T F]L’@U ~-V-o=-Vp+pg 2

ypaBHeHMe MepeHoca MacChl pacTBOPEHHOMN CO/H
f
F‘+‘F p.U|=V-D Vp, 3)

Craraemoe B TIpaBOil UacTW ypaBHeHUs (3) 1o3BossieT yuecTb Audys3roHHbIE

3(¢exTrl, KOTOpbIe MOTYT BO3HMKATh Ha [IUTE/IBHBIX BpeMeHax MO/e/TMPOBaHMSsI.

[ns yuyéra BAUSHUS MacCcOBOW KOHLIEHTpaLuU pacTBOPEHHOW COMM  Ha
5

TJIOTHOCTD XXKUAKOCTH MCIT0/Ib3yeTCs BhIpayKeHUe:
Py [dpl, \
pls]=p,+|—|l5— 5] 4)
' a5 '
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I'me s — maccoBasi KOHL|eHTPaLKs CONMEHOCTH XKUAKOCTH — OTHOILIEHHe MaCcChl COJH
B 37IeMeHTapHOM 00bEMe K 00111elf Macce cpefipl.

)KI/I,E[KOCTL saBiseTcss HblOTOHOBCKOI 1 KacareIbHbIe HarpspKeHUs a TIOAUMHAOTCA

JIMHEMTHOMY 3aKOHY:

o=p VUV (5)

3. OnucaHue pacyemHoli Mmooesu

V3MeHeHre IJIOTHOCTU CpeAbl B 3KCIIEPUMEHTe TIPOUCXOAUT TOJBKO 3a CUET
V3MeHeHUs] KOHLIeHTpalu conéHocTu. [lo3ToMy OTHOCUTeNlBHOE U3MeHeHue
TIJIOTHOCTU B CJIOe TIpU [BW)KEHWU pacTBopa Majo. Kpome srtoro, TeueHue vMeeT
KosiebareIbHbIX XapakTep Majloi aMIUTUTY/bl, TO [ie/laeT OTHOCUTE/IbHOe U3MeHEeHHe
IJIOTHOCTU TIPY TlepeMelljeHHHd YaCTULIbl KUAKOCTU elé MeHblle. IlosTomy B
J@HHOM JKCIIeDUMeHTe MMEIOTCS BCe IIPeATIOCBUIKM Il MCIO/Ib30BaHUS
npubmokenuss bByccuHecka. [lomaras, uTO W3MEHEHHs TUIOTHOCTA 3a CUéT
COMEHOCTH MaJibl, MOXKHO BOCIIOJIb30BaThCs MpUb/MKkeHneM Byccunecka. B 3Tom
C/lydae MOXKHO:

a) peHeOpeub M3MeHeHUsIMH TJIOTHOCTH B YPaBHEHHH Hepa3pbIBHOCTH (1);

0) npeHeOpeub U3MeHEeHUsSIMH TVIOTHOCTH B JIEBOM YacTu GanaHca uMiysbca (2).

BBeném crenytolye BeJIAUMHBI:
[Tbe3oMeTpUUeCcKoe JjaBeHue

p=p-pgT
KosdduipieHT 00bEMHOTO Cy>KEHUSsI KUJKOCTH 3a CUET COMEHOCTU
_1jov) _ llrp}
b.===31=7pl3 |

Kunemarnueckasi IJIOTHOCTb Cpeibl .
Px=P'Po

Torga cucteMa ypaBHenuid (1)-(4) MoXkeT ObITh MepernucaHa B BUJe:

V-U=0 (6)
Yo il o) v (o (9))) - b Dy (7)
dtp )

5 el WV

— 4+ Vsl = —

A Vs \v chs (8)
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KunemaTtnueckast TIJIOTHOCTDb , BBIUHC/ISETCA KaK . B
Ha p,=1-p.ls—s,)

AAHHOM HCC/IeJOBaHHWM TPDUHHUMAeTCd, UTO BeJIMYMHA . , TakKXKe KadK H

KMHeMaTHyeckas BS3KOCTh M uucao IIMujTa CYMTAIOTCA 3aJaHHBIMU [is

Ka)K/IOTO PaCuéTHOTO CTyuast M He MEHSIOTCS.

4. YucneHHasi ModeJib C UCNOJ/Ib30BaHUEM Memooda KOHEe4YHO20
ob6bema

[ns  unc/ieHHOM  peanu3allddl  MareMaTHuecKoW  MOZe/d,  OMHMChIBaeMOM
ypaBHeHusiMu (6)-(8) ucnosnb3yeTcss MeTos, KOHEUHOro 00bEéMa BTOPOrO MOpsAKa
TOYHOCTHU TI0 BPeMEHHU U TPOCTPAHCTBY M CXeMa C paclieryieHheM IepeMeHHbIX
(anroput™ PISO). Vcnonb3oBaHue MeToZa KOHEUHOTO 00bEMa Mpe/rosaraeT, uTo
OasaHCHBIe COOTHOLIEeHUsT UMITy/ibca (7), Maccel comu (8) u 06béMa cucremsl (6)
JIOIDKHBI OBITH COPMY/TMPOBaHbI B UHTETPA/IbHOM BU/IE.

IMockonbKy 0anaHCHBIE COOTHOLIEHUS] COCTAaB/EHbI JJIsi TIOAIBM)KHON KOHTDPOJIBHOM
Macchbl, HeOOXOJMMO BBITIONIHUTL TIEpexof; K KOHTPOJIbHOMY 00BéMy. s 3TOrO
WCTI0Nb3yeTCsl TpaHCIIOpTHast TeopeMa PeliHonbjca (TeopeMa AvddepeHLpoBaHUS

MHTerpasa 1o rnepeMeHHOMY 00bEMY) - [71sI 000 SKCTEHCUBHON BeTUUMHBI p

XapaKTepu3yeMoi WHTEeHCUBHON BeJIMUMHOU W cofiepKaltieiicss B KOHTPOJIbHOU
|

Macce , [JBIDKYIIEHCS CO CKOPOCTbIO _ , W3MEHEHHe MOXKeT ObITh

CM(t) U,
BBIUMC/IEHO KdK CyMMa HW3MeHeHUs p B COAEP)KHMEﬁCH B TIOABM)XKHOM O6’LéMe

~, OXBATbIBAIOLIIEM KOHTDPOJIBHYIO Maccy ~ B MOMEHT BpeMeHU
CVir) CMt) f
IUIFOC OTHOCUTE/IbHBbIA IIOTOK 3TOM BeIUYMHBI L. . L

Wwu ds =y, —u,|ds
yepe3 TpaHMLbl KOHTDO/IBHOTO 00BEMa MY €ro JBWKEHHH OTHOCHTe/ILHO
KOHTPO/ILHOM MacchI:

av d d r r
— =pyv | v [ d as( x ) (9)
e dt oy dt o0 sov(e)

Wy, miepernucap MepBOEe CJ/laraeMoe IMpaBoOil YacTh C YUYETOM JBYDKEHHUS TDaHUI]
KOHTPOJILHOTO 00béMa

U,
vy d dpy r ror
L | kv ") o f as(" ) (10)
dt o dt o () ot e

B coorBerctBuu ¢ (9) uau (10) BO3MOXKHO AiBa MOAXOAA:
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1

2)

[TonOXUTh KOHTPOJIbHBEIM 0OBEM IOCTOSIHHBIM B IPOCTPAHCTBe (METOZ
Oiinepa) - _ . Orot nogxoy, ynobeH numbo Jjis ciydaes, B KOTOPBIX
) b =

MO>)KHO JMOO BBIIEIUTb TPAaHULBl TIPDUTOKA M OTTOKA  BellecTBa C
W3BECTHBIMM Ha TDaHULe TapameTpaMu (MMITy/bC, SHEpPrus U ApYyrue),
b0 >Ke [JIs TeX CydaeB, KOTZA CKOPOCTH Cpedbl (KOHTPOIBbHOM MacChl)
HarpaeJ/ieHa 0 KacaTe/bHOU K ITOBePXHOCTH KOHTPOIBLHOTO 00béMa.

B Tex e c/lydasix, KOria CKOPOCTh JIBM)KEHHSI KOHTPOJIBHOW MacChl MOYKET
ObITH  HarpaB/ieHa HOPMajJbHO TI0 OTHOLIEHHWIO K TOBEPXHOCTH
KOHTPOJILHOTO 00BEMa, HO TPU 3TOM HEBO3MOXKHO BBIZENUTH BBIAENIUTH
MOBEPXHOCTH C M3BECTHBIMU IapaMeTpaMH CpeZibl Ha TPaHULe CHCTEMBE,
1jeIecoo0pa3sHO  TIPUHATH ~ MOBEPXHOCTb  KOHTPOJBHOTO  0OBEMa
JBIDKYILLeHCsS BMeCTe C IOBEPXHOCTBIO CHCTEMB! (COBMELEHHbIN MOAXOZ
Jlarpanxa-Jiinepa).

B cooTBeTcTBMM C (U3NUECKOH TIOCTAaHOBKOW 3aJauu, B JaHHOW pabore
WCIIO/b3YeTCsl BTOPOM TOAXO[, TOCKOJBKY JieBas CTeHKa HCciefyemMoro obbéma
JIBIDKETCST B HODMajbHOM HaripaB/ieHMd. B 3Tom ciyuae ypaBHeHus (6)-(8)
nipuBogaTcs K Buay (11)-(13):

J- [:Fd'd_,'s =10 (11)
di | U.dv+ [ U,(0,d5)=
rr.ll-: '-r.ll-:
j 7)) de : » (12)
f vV I’_,.'d+lj":"' I’_J.fd]r )-dS— J" I;_,*"jﬁ'i:]p_,.ds
d ’ i 15) RV, Py
Er.;[: 5d‘r‘+.-rrl;: s(U,-dS) = I | é‘_cl'fs.ds_, 13)

- s
ECY

5. [lpoyedypa UUC/IEHHO20 UHMe2pPUPOBaHUS ypasHeHul
Mamemamuy4eckol Mmodesu

B cooTBeTCTBHMM C BLIOpaHHBIM YHC/IEHHBIM METOZOM, ObUT peau30BaH alirOpUTM
VHTerprpoBaHus ypaBHeHuH (11)-(13). Ha ka>kzom 1mare 110 BpeMeHH BBITIO/THSIIIChH
Ceflytolye 1eCTBHS:

1)
2)
3)
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BbIurc/ieHre HOBOTO TIOJIOKEHUsT TPAHUIL] PACUETHOM 06/1acTH, 0OHOB/IEHNE
TeOMeTPUN CEeTOUHBIX JIMHUH

IIporHo3 1osisi COMEHOCTA TI0 WMEIOIIUMCS TI0/IIM OOBEMHBIX TTOTOKOB
(TT0/TI0 CKOPOCTH C TIPEIBIAYITETO TI1ara)

OO6HOB/IEHHE T10/I KUHEMaTU4eCKOU IJIOTHOCTHU
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4) TIporHo3 1oJisi CKOPOCTH >KUAKOCTU

5) Permenvie ypaBHeHUs [ JaBIeHUs

6) OO6HOBMeHHe MO/ 0OBbEMHBIX TOTOKOB, 0OHOBJIEHHE TIOJIST CKOPOCTH

7) OOGHOB/EHVE IT0JIST COJIEHOCTH B COOTBETCTBHY C HOBBIM IT0JIEM CKOPOCTH
8) Ilepexon K HOBOMY LlIary 1o BpeMeHH!

Ilpn peanu3ayuy 4YWCJIEHHOW MoOJend NPUMEHSUIUCh CJIeAyIolLie YKMC/IeHHbIe
«TPIOKU»:

1) Yuér HebasaHCa MMIY/ILCA HA MEPBOM IIIare 1o BpeMeHH

ITockonbKy B HayalbHbIE MOMEHT BpEMEHH JKUJKOCTb IIPeAIosiaraeTcs
HaXOZSAIIENCS B COCTOSIHUM TIOKOsI, HeOOXOJUMO BBITIO/THEHHE CIIEAYIOIIETO YCIOBUS

(cMm. (12)):

| £-+GFpds=0

310 ycnoBUe MOXHO obecrieuuTb [JByMsi criocobamu: MO0 HaWTU Takoe
pacripefiesieHie IbE30METPUYECKOTO [AB/EHHUs], KOTOPOe B HAyalbHBI MOMEHT
BpeMeHH OyieT KOMIIEHCHPOBaTh CTONO JKUAKOCTH, JIMOO >Ke BBIYeCTh 3TOT CTONIO
riepe/| HauaJoM MHTerpPUPOBaHUsL:

| E+GFlpds— [ (gF(t=0))p,(t=0]dS

SCV{t SOV

BTOpOﬁ criocob aBasgeTcs npeAariouTUTe/IbHBIM C TOUKU 3peHUA YITPOLLUEeHUA 3aJaHuA
TPaHUYHBIX yCJ'IOBPIﬁ,

2) YuéT rpajyeHTa CoJI6HOCTH B YDABHEHHUH JI/iA JaBJIeHUA

Urobbl TOMyYNTb ypaBHEHWEe [l JIaB/IeHWsl, BOCIIO/Mb3YeMCsl U3BEeCTHOU
npouenypori PISO, mnpencraBuB ypaBHeHMe coxpaHeHMs ummyiabca  (12) B
MOTYJUCKPETHOM BH/Jie
r r P rr rr
viav -H(U)) = - j vV—dv - j gxipV g rxd= 0)pv{= olv

o) P (o)

0

l",qe A— BKJ/Ia/Zl B AWArOHAJ/Ib JIMHEAPU30BAHHOI'O YPABHEHHA COXPaHEHWA UMITY/IbCa
H— CyMMa BKJ/1aZlOB OT HeIMAarOHa/IbHBIX 3JIEMEHTOB U NICTOYHUKOB

ITepefizs K cpeHEeMHTerpabHBIM 3HAYeHUSIM M COKPaTHB Ha 00BEM V, TIo/TyJaeM:
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G- (H(O) VE-) 57V p,—57(t=0)Vp,(t=0)
v A A A

ITocne WMHTepnonALMM Ha TPaHU fueeK U CKaJSIPHOTO YMHOXKEHUSl Ha IIOLafu
rpaHeli, omy4yaeM BbIpa>keHHe /7151 0ObEMHBIX TIOTOKOB BelljeCTBa:

o |

- 7 P L o , , ,
. HIU,) Tﬁ g TVp,—grit=0]Vp,lt=0) g
A A A P

IIpeacraBuB ypaBHeHMe Hepa3phiBHOCTU (11) B AMCKPETHOM BHje uepe3 TOTOKU
- _.To/siydyaeM ypaBHeHHe [Jid JaBJI€HHA:B
P, = | L'L--',"S'

| |
5

A I

| '
- P
y |' H(U,)) {(§7Vp,—g7(t=0)Vp,(t=0) -| 5 Z| vﬁ
il A P ra A
U3 pellieHys1 ypaBHEHUs /1S AaB/eHUs TIOTyYaeM BeJIMUMHY MOTMPaBKU K 0ObEMHBIM
MOTOKaM, HeoOXOAWMYIO [/ii TOYHOTO BBLIMIOJHEHUsI YpaBHEHUs] Hepa3phIBHOCTH
(11). IlonyuuBliasgcs cxeMa IpeAriosaraeT XpaHeHHe IOJISI CKOPOCTH B LIeHTpax
KOHTDOJIbHBIX OOBEMOB U TOTOKOB, 00eCTIeUMBAIOIMX KOHCEPBATUBHOCTH — B
L|eHTpax rpaHeil.

3 aHMYHOe VC/I0BHE /IS JAaB/JIeHHs Ha BHEIIHUX rpaHMIAX PacYéTHOH

o0acTu

Ha rpanunax pacuétHoil 06macTy, B KOTOPBIX CKOPOCTh CPeZbl 3aJjaHa TIOCTOSIHHOM
(B JaHHOM CiTyyae — CTeHKa), CJlefjyeT 3aflaTb Takoe IPAHMYHOe YC/I0BUe, KOTOpoe
o0ecrnieunT Hy/IeBYIO KOPPEKLMIO K [TOTOKaM BelljecTBa

*

| £+ FlpdS— [ (g-7(t=0))p,(t=0)dS =0

SCW ' [ T

4! ABI/DKEHI/IE CEeTOYHBIX JIMHUKI

K Mozenu TeueHWsi B HEMOABV)KHOW pacuéTHON 06sacTu 00aBiseTcs ABVDKEHHe
PacyETHOM CETKM Ha KayKZOM Ilare repey; pelieHreM ypaBHeHHs AJisi conéHocty. Ha
miare pellleHWs ypaBHEHUS [/ [aBjeHWs HaXOASTCS HOBble  TOTOKH,
COOTBETCTBYIOLLHe JABHKEHUIO JIeBOW BepTHUKA/IbHOM CETKU.
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[nst yuérta medopManiii pacyéTHOM 00/1aCTH B KaXK/IbIii MOMEHT BPEMEHU pellaeTcs
ypaBHeHHe Jlariaca Jjjisi CMellleH1i rpaHeli pacuéTHoi obmacTu:

j Vr,V-u,dv=0 (14)

6. OnucaHue pac4yémHou ob6s1acmu u 2paHU4HbIX yc08uli

Ipu pa3paboTke pacuyéTHOM MofeIM U pPacUETHOM 06sacTH (TIOCTAHOBKE 3a/1auk)
Mpec/iefoBasach 1ielb  MAaKCUMaJbHO BO3MO)KHOTO COOTBETCTBHUSI  yCJIOBUSIM
¢usnueckoro skcrniepumeHTta (cM. puc. 1). Ha pucyHke 1 mpefcTapieHa cxeMa
9KCIIePUMEHTATbHOM YCTaHOBKH, Ha PUCYHKe 2 — COOTBETCTBYIOIIas eli pacuéTHast
o6nacte. TIpyUHSATO, UTO MOBEPXHOCTH pasziena (a3 MOXKHO CUMTATh HElPOHUIAeMOH
CTEHKOH, Ha KOTOPOW peanr3yeTcsi YCJIOBHE TPOCKANb3bIBAaHUSI CKODOCTU CpPEAbI.
ITpaBasi OOKOBast M HYDKHSSI CTEHKU HEMPOHUIIAeMbI M HEITOJIBIDKHEI, JieBast OOKOBast
CTeHKa JBW)KeTCS TI0 CHHYCOMA/IbHOMY 3aKOHY (CM. puc. 2).

CrnenyroumM BaXKHBIM — TIPEITIOJIOKEHUEM  SIB/ISIETCS  XapaKTep BbIXOZA HA
YCTAHOBUBILIUICS PEXUM KOJIeOAaHUM BEPTHUKAJbHOM CTEHKM — KaK CJeIyeT W3
pUCYHKa 3, BeCbMa BEPOSITHO, UTO MaKCMMajlbHasi aMIUTUTY/1a KoylebaHuii CTeHKU Ha
Haua/IbHBIX 3Tarax mnporecca (1o 200 cekyH) n3MeHsu1ach ot 0 10 HOMUHA/TLHOTO
3HaueHws. IloATBepAWTL 3TO TIPEATIONOKEHHEe Ha OCHOBE SKCIepHUMeHTaTbHBIX
HEBO3MOXKHO, TIOCKOJIbKY [aTUMK{A YCKOPEHWs Ha CTeHKe OTCYTCTBOBA/IH.
KoCBeHHBIM TMOATBEPXKIEHUEM MOXXET ObITh CPaBHEHHE PEXHUMOB C MOCTEeHHbIM
BBIX0/IOM Ha HOMUHA/TbHYIO aMIUIUTY/ly U MTHOBEHHBIM MPUIOXKEHUEM CMEIeHHUH B
HY/IEBO MOMEHT BpeMeHU. B COOTBETCTBMM C 3THM, B pacyéTax aMIUIUTYAa
KoebaHuii CTeHKU U3MeHsiach oT () [0 HOMMHA/IBHOTO 3HAUeHHs! TI0 CTYTeHUYaToMy
3aKOHY, TIOKa3aHHOMY Ha pucyHKe 3. JlaHHBINA 3aKOH ObUT TMOZOOpPaH Ha OCHOBE
JKCIIEPUMEHTANIbHBIX [JaHHBIX O [JWHAMUKE TOPWU30HTA/NBHOM COCTaB/SIOLILEH
CKOPOCTH B TOUKe 0TOOpa (CM. puc. 4).
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i l o
L

Puc. 4 DkcnepumeHmanbHble OaHHbIX 0 OUHAMUKE 20pU30HMAbHOL cocmasasiowjeli
cKopocmu 8 mouke ombopa, no 20puU30HMaAnU ONMJI0iceHbl Nepuodbl KonebaHuli 1eeoil
CMeHKU.

[anee, HecMOTpsi Ha [JByMEpHOCTb TeueHHs, OOHApy)XeHHYIO B SKCIIepUMEHTe,
WICTI0/Ib30BaHKe IByMepHOM MOZiesl MOXKeT Takyke BHOCUTD CyIlleCTBEHHbIM BK/as, B
pasnyure MeX[y HaTypHBIM CTEHZOM U pacuéTHOi Mofesnblo. B naHHO# paborte, C
L|eJIbI0  COKpAIlleH!sl BBIUMC/IUTENLHOTO BpeMeHH, ObIIO pelleHO HCIO/Ib30BaTh
JByMepHOe TIpub/keHre. B nanpHeiieM 3TOT pe3y/abTaT MOXKeT ObITh YTOUHEH.

FpaHn4Hble U Ha4YasibHble YCJIOBUSA

IpaHuuHbIe W Haua/JbHBIE YCIOBHS 3a/laBa/IMCb B COOTBETCTBUU C IOCTAHOBKOM
3ajiauu.

IIbesomerpuueckoe JlaBienue:

Ha neBoif, HWKHEN W TMpaBOl CTeHKaX U BepXHeM CTeHKaX — YCIOBUe
HelpoHUL[aeMOCTH.

CkopocTh:

Ha neBoii, HWKHell 1 BepxHell CTeHKax — YCJIOBHe NpuaunaHus. Ha BepxHell —
yCJIOBYe MTPOCKAa/Ib3bIBAHUS.

Co/1éHOoCTB:
Ha Bcex cTeHKax ycI0BHe HeTlpoTeKaHUs (Hy/1eBO rpajueHT)
CKOpOCTh CMeLeHUsI PacuéTHOI o0/1acTu:

Ha JIeBOM BepPTUKAAbHON CTeHKe — TiepeMeHHOe 3HaueHHe TOpPU30HTaIbHOMU
COCTaBJISIOLeH B COOTBETCTBUM C 3a[JAHHBIM 3aKOHOM:
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’

U,lv,t)J=acos(mv/H](—w|sin{w,t)

Ha MTpaBO¥ BepTHUKA/IBHOM CTeHKe — MMOCTOSTHHOe HyJIeBOe 3HaueHHe
Ha BepxXHell U HIKHell — Hy/ieBol TpajueHT

HauanbHble ycaosus

CKopocTh — >KU/IKOCTb HaXOJUTCS B [TOKOe (BCe KOMIOHeHTb! paBHbI 0)
ITbe3oMeTpHUYecKoe fJaB/ieHHe — C/I0U XUJKOCTH HaxOAATCS B paBHOBECHMU —
PaBHO /laB/IeHUIO Ha BepXHell rpaHulle

CKOpOCTh CMeIleHHsI CeTOYHBIX JIMHMII — BCe KOMIIOHEHTBI MO/ CKOPOCTH
CMellleHusI paBHbI HY/IIO

Co/1éHOCTh — pacripefiesieHa 10 3aJaHHOMY JIMHeMHOMY 3aKoHY oT SO Ha BepxHel
TpaHuIie /10 MaKCHMaJTbHOTO 3HaUeHMsI Ha HIWKHEH rpaHuLie

I'-:.'S__.1 _ 1 r_El;]

Nlg=—P = —
g [ 0z Pa iz

*s

Bmecro abcomoTHON COMEHOCTH  BOCIIONB3YEMCsl OTHOCHUTE/IbHOM, KoTopast
MeHsieTcsl OT JIMHelHO oT 0 (BepxHsig rpaHuLia) o 1 (HWKHSS FpaHuLia).

3a[aBIINCh TUVIOTHOCTBIO JKMAKOCTH Ha BepxHel IJIOCKOCTH, cKakeM 1000kr/m3,
BBIUMCJ/IIEM IIJIOTHOCTb Ha HIKHEeM TIOBEpXHOCTU. BrluuciaseM 3HayeHue
ko3¢ dureHTa :
I
N =1.059 pag/c
g=9.81
= 1000

COOTBETCTByI-OH.[I/II‘/JI TpafneHT IVIOTHOCTU .
poN°/g=114.32018

Ar=0.3
Ap=34.296
B=—2P 1 34506x107
! .'15__-1 F]"I

Yrnosast yacrora 0.623 pag/c

Awmrutyzna xonebanmii 0.15cm (1.5Mm). Kak mokasamu fanbHeHIve pacuéTHbIe
uccesoBanus, BenuurHa 0.15cMm ciikom Gosbiiiasi 4Jisi OTydeHusl yCTOMYUBOTo
arrpaktopa Ha mpoMexxyTke BpemeHu 0-1500c, O3TOMy pacyéTHbIM MyTéM Oblia
nozpobpana ammtyga 0.105cm

IMonoxxeHue Touku oTOOpa (OT HYDKHETO J1eBOro yra): +28.2cm, +20cm
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7. OnucaHue pacyemHol Mooesiu MemooOOM CNeKmMpasibHbIX
3/1eMeHMoB8.

Ilpy omMcaHWW pacyeTHOW MOJENU C WCIIONb30BaHHEM MeTOZa CIIEKTPalbHbIX
snemeHTOB [9,12] ynmobHee monb3oBarbes AuddepeHLnanbHON (GOPMON 3aKOHOB

COXpaHeHHs. YPaBHEHHsI COXPaHeHUsT UMITy/bca U AU dy3ur comu B IPUOIMKEHUN
ByccuHecKa npeCcTap/sioTCs B BUTE:

ov
— +0"V,T ) = v + VAV + sG (15)
ot Pm

% +0vFVis | = MAs, (16)

div(v) =0 (17)

ITocKo/BbKY /1eBas IPaHuLia COBEpIIAeT rapMOHUUeCKKe KoeGaHus BU/a
xp(0,y,t) = a cos(my/H) cos(wot),

rpaHWYHbIE YC/IOBUA B CU/TY Md/IOCTHU aMIVIUTYAbl MOXXHO 3allMCdTb

u(0,y,t) = awp cos(my/H) sin(wgt), v = 0

Ocra/bHBIe TTApaMeTPbl AHAJIOTHYHBI TApaMeTpaM TIPH OTMCAHUK UMCIeHHON
MOJIeId METO/IOM KOHEUHOro obbeMa. CrieKTpabHO-3/IEMEHTHBIN MOZX0/] COUeTaeT
CBOMCTBa KOHEUHO-3/IEMEHTHOTO M CIEeKTPaJbHOTO MeTof0B. PacueTHast 06/acTh
pa3buBaeTCst Ha 3JIEMEHTHI, B KOTOPBIX YPaBHEHUsSI COXPAHEHUsT [UCKPETU3HUPYIOTCS
C TIOMOIIBIO BAapUAIMOHHOTO ITOZIX0fIa, M0 CYTU SIBJSIOMIAMCS [ ajlepKUHCKUAM
MeTtozoM. [IJist pa3HOPOJHBIX FPAHUYHBIX YC/IOBHH yI0OHO MCIO/b30BaTh OAa3HCHbBIE
¢yHkuun Jle)kaHapa Mpy MPOCTPAHCTBEHHOW —JMCKPETH3aL[MK 3/1eMeHTOB I'ayca-
Jlobarto [9,12].

IIpu pacueTax MeTOJOM CIIEKTPA/bHBIX 3/IEMEHTOB BHM3yalbHO MPO(UIL CKOPOCTH
aHajIorMueH MpoGUIII0 CKOPOCTH, TIOyUYEHHOMY METOAOM KOHEUHOTO 00heMa:
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valacity magnitude

0.6

l04

802

a=0.15¢m, N = 1.059ras/s,wy = 0.623rad/s

PucyHok 5. ITone moOy/st ckopocmu pacyemos ¢ NOMOWbI0 Memood CneKmpabHbIX
3/1eMeHmMos

B sKcnepyMeHTabHON YCTaHOBKE TPYAHO J0OUTHCS WiealbHON CTpaTUUKALUU Y
BepxHell TPaHULIbI ¥ BOJHBI B OCHOBHOM OTPA)KalOTCSl OT JIMHWM, PacIiojIO>KeHHOU
HIKe CBOOOZHOM MOBEPXHOCTH. YUeT 3TOr0 OOCTOATENbCTBA TMPU UHCIEHHOM
pacueTe TIPUBOZAUT K COBMazieHUO (OpPMbI arTpakTopa B SKCIIePUMeHTe U pacyeTe.
Hwke nokaszaHa opma arTpakTopa Ipy U3MeHeHUU BbICOTHI KOHTelHepa ¢ 30 cM Ha
28 cM U BpeMeHHas 3aBUCHMOCTb TOPU30HTa/IbHON KOMITIOHEHTBI CKOPOCTU Ha Jyue
aTTpakropa

20 it [
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140
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PucyHok 6. ITone modynst ckopocmu U 3HaueHue 20pU30HMAbHOU cocmassoweli ckopocmu

8 mouke
x=28.2cm ,y=20cm.
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PucyHok 7. DKkcnepumeHmanbHoe pachpedenenue nois Modyas CKOpoCMu, NOAyYeHHOe
aemopamu [3] (cnesa) u coomeemcmayroujee konebaHue 20pU3OHMANLHOL KOMNOHEHMbI
ckopocmu e mouke  X=28.2cm, y=20cMm (cnpasa). ITo 2opusoHmanu omaosicenb
nepuoObl 8bIHYHCOEHHbIX KonebaHuil.

8. Pesynibmambl mecmuposaHusi Modeseli

B cooTBeTCTBUHM C MOCTaB/IEHHOM 3a/laueii BBITOJTHEHO TEeCTHUPOBAaHHE DPaCuETHOMU
MOZIe/I C WCTIO/Ib30BaHMEM MeToZla KOHEYHOro oObéMa M MeTofa CIeKTpPalbHbIX
sneMeHTOB. CITUCOK PEXMMOB TOKa3aH B Tabmuie 1. [luHaMuUKa TOpPHU30HTAIbHOM
CKOPOCTH Kak Haubormee T[OKasaTejbHBIA IapamMeTp A CpaBHeHHs C
3KCIleprMeHTOM [yt  6a30BOro ciayyass TIOKa3aHa Ha pHC. 8, pe3y/bTaThl
TeCTUPOBAHUSI CETOUHON cxofuMocTh — Ha puc. 9 u 10. Ha puc. 11 noka3aHo
TNIOBeJleHVe arTpakTopa (TOPU30HTaAbHON CKOPOCTH XXUAKOCTY B BIOPaHHOW TOUKeE)

Oe3 yuéra ycioBuid skcnepuMeHta. Ha pucyHkax 12-13 — pacrnipezneneHue
BEepPTUKa/JIbHOM U COOTBETCTBEHHO T'OPU30HTA/bHOM KOMITIOHEHTBI CKOPOCTU B[OJIb
i X=28.2cMm, Ha puc. 14-15 — mone mopyns ckopoctd. Ha pucynke 16

TOKa3aHbl TOUKW BPEMEHHU, [JI1 KOTOPBIX BBIMOMHANIOCH cpaBHAocb MKO n MCD.
Pesyneratel cpaBHeHuss MKO u MCDO npepcrasnens! Ha puc. 17. Ha puc. 18
TOKa3aHO W3MEeHeHWe TIOJiI TOPU30HTAJbHOW KOMIIOHEHTHI CKODOCTH CpPelbl BO
BpeMeHU B COOTBETCTBUU C puc. 12-13.

Tabauya 1. Cnucok pedxcumog 0451 Kpocc-mecmupoearust MKO u MC3

NeNe OmnucaHue

1 Ba3oBrbiii pacuéTHbIM cilyuail (COOTBETCTBYeT OMMCAHUIO B paszesne ),

ceTka 225x150

Kak cnyuaii Nel, Ho ¢ ceTkoit 450x300

Kak cyuaii Ne2, Ho ¢ m1arom 1o Bpemenu 2.5E-3

Kaxk ciyuait Ne3, Ho ¢ cetkoit 900x600

|~ |[W(N

Kak ciyuaii Nel, Ho ¢ oTpuuarenbHoi ammuTyaoi (-0.105¢m)

[nst aTOrOo cyuasi BBIBOAUTCS pacripefiesieHHe TOPH30HTaIbHOU U

BEPTHKa/IbHOW KOMITOHEHT CKOPOCTH Ha JMHUK y=20CM OT HIKHEro
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Kpasi
6 Kak cnyuaii Nel, Ho ¢ noctosgHHOU ammutyzoi (0.105cm)
7 Kak ciyuaii Nel, Ho ¢ mocTosiHHOUM aMriiuTygou (-0.105cm)

Bce paC‘—IéTbl INpoOBOAW/INCH C MUCIIO/Ib30BaHHEM BBIUMC/IUTE/IbHBIX MOI.L[HOCTEI‘/JI

knactepa nardopmel  UniHUB  UCIT  PAH
CyTepKoMITbioTepa JIOMOHOCOB.

Pabouas o6nacte

(http://www.unihub.ru)

u

Cnyvan 1

0.003+

0.002;

v ]
= 0.0017_
S ]
o

'0.001;

0.00}7

T
'] le+03
Bpewms, ¢

C6. ceHT. 13 18:09:40 2014

PucyHok 8. /Junamuka eopuzoHmanbHoli cocmaenstowjeli ckopocmu 8 mouke (28.2, 20) ons

6a308020 cayuas (cayuatii 1)

Pabouas obnacts

0.003—

mm‘nmr‘rnmrﬂﬁ_nlu.“ﬁ

|
*_Hw‘l‘: | I

Vol il |‘ I ' ‘l-l
i Ll | ‘
| | ‘\I‘I\“
| Il

0.002—

“M‘\.‘

Oom"‘\\wl\

oo |\\|\I\“|‘
P

Uh, M/c

0l vl
0005 | “|||M ‘- “‘ “‘
Lk il

haIRI
0002 | Uy

LUHL-LL

f\“."w
ST
‘\\\‘l“

[

T
400
C6. cenT. 13 18:09:40 2014 Bpems, ¢

T
500

PucyHok 9. CpagHeHue OuHaMUKU 20pU30HMAanbHoOll cocmasnsiioujell ckopocmu cpeobi 8
mouke (28.2, 20) 015 mpéx paznuuHbix cemouHbix paspeweHull (225x150, 450x300,

900x600), epemsa ¢ 200c no 600c
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Paboyas o6nacTk

cn
Cnyual
Crysai 4
0.003—

0.002—

0.001~ 1 \ 1 | i \ \l | |
10 | \ 1
1 i -

Uh, m/c

-0.00:

-0.00:

.

T T T T T T T 1
450 460 470 480 490 500 510 520 530 540 550

C6. ceHT. 13 18:09:40 2014 Bpewms, ¢

PucyHok 10. CpasHeHue OuHamuKu 20puU30HmManbHoOll cocmasasiowjeli ckopocmu cpeobl 8
mouke (28.2, 20) 015 mpéx paziuuHbix cemouHblx paspeweHull (225x150, 450x300,
900x600), s8pems ¢ 450c no 550c

Pabouas o6nacTe

Cny4an 7

o ]

<2

=

<

) o

T
0 le+03
C6. cenT. 13 18:33:35 2014 Bpems, ¢

PucyHok 11. [TJuHamuka 2opusoHmanbHoil cocmasasiowjeil ckopocmu 6 mouke (28.2, 20) oasn
cnyuas 7 (6e3 nocmeneHHO20 8b1800d CKOPOCMU O8UMCEHUSI NOOBUNCHOU CMeHKU)

Paboyas obnacTk

0.004
f0.003
f0.002

f0.001

CkopocTb, M/c

f-0.001

f-0.002

T
[ 01 0.2 03

C6. cent. 13 18:18:27 2014 PaccTosiHue oT CTeHKU cnesa, M

PucyHok 12. IIpoguab 2opu3oHmanbHoll U 8epmuKaabHoll ckopocmeli Ha AuHuU y=20cm 0451
Momenma 501.5¢ (Makcumym 20pu3oHmanbHOU CKopocmu)

136



Tpyzet UCIT PAH, Tom 26, Beim. 5, 2014 1.

Pabouan obnacTh

0,003
0.002-
0.001-

o 4

CKOpoCTb, M/C

—n.no}f
—0.0025
—n.no}i
—u.uoeé

-0.!

=
55

o

C6. cenT. 13 18:23:51 2014

T T T
0.1 02 03

PaccTosiHue oT neBon rpaHuLbl, M

Pucynok 13. Tpoguib 20puzoHmanbHol u 8epmukaabHoil ckopocmell Ha auHuu y=20cm 013

Momenma 506.5¢ (MUHUMYM 20pU30HMANLHOU CKOpOCMU)

U Magnitude

0.008244
fo.008
-0.006

0.004
0.002

1.655e-6

PucyHok 14. Busyaau3zayus MeHO8eHHO20 no/si Modyss ckopocmu momenma 501.5¢

PucyHok 15

(makcumym 20pu3oHmManbHOU cKopocmu)

U Magnitude
0.008244
f0.008
:0.006

0.004
0.002

1.655e-6

. Buszyanusayus MeHO8eHHO20 noast Modynsi ckopocmu momerma 506.5¢

(MUHUMYM 20pU30HMANBHOL CKOpOCMU)
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« Cnyvain 1 — cetka 225x150
« Cnyyain 2 — cetka 450x300

i  Cnyuait 4 — cetka 900x600—
e iEe e T =
o002] \ \
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Pucynok 16. CpagHeHue cemouHo20 paspeuleHust u cxemd 8bi6opa mouek 051 Kpocc-

mecmuposaruss MKO u MCD

Fopun3oHTasibHasA

CKOpOCTb

t=501.5c¢c t=506.5¢c

PucyHok 17. CpasHerue MKO u MCD 0151 paziuiHbIx MOMEHmMOo8 8peMeHU
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0,006 — Ux-500 Ux-500,5 Ux-501

= Ux-501,5 === Ux-502 Ux-502,5

0,004

0,002

-0,002

-0,004
-0,006

PucyHok 18. M3meHeHue noas ckopocmu npodo/bHOil ckopocmu cpedbl 8 3a8UCUMOCU Om
8pemeHuU

9. BbIBOObI

JlByMepHble uMC/IeHHble pacueTbl XOPOLIO BOCIPOU3BOASAT 3KCIepPHMeHTa/bHbIe
[aHHble TIpU y4eTe W3MeHeHUs JIMHEMHOro Ipogussi COo/MeHOCTH y CBOOOZHOM
noBepxHoCTH. [Tpy 9TOM amIuuTya konebaHuil B UMC/IEHHBIX pacyeTax yBe/JMdyeHa
3a CYyeT IOTepb SHEPIUM BOJIHOMIPOAYKTOpa B TpeXMepHOM KOHTeliHepe. Ilpu
TIPOBEZIEHNH JKCIIepUMeHTa MPeAIoarajoch Co3JaHue JIMHeHHOro mpoduss, HO
JOOUTbCS WJeanbHO JIMHEHHOW CTpaTMGUKALMd Yy BepXHEW TIpaHULbI He
TIpe/iCTaB/sieTCs] BO3MOXHBIM. [Ipy ydueTe wu3MeHeHus MpoQuis CONEHOCTH Y
BepxHell rpaHvipl ¢opma arTpakTopa B pacuyeTe U SKCIIeDUMEHTe COBIIafiaer.
HecmoTpst Ha TO, uTOo OOLM BHJ arTpaKkTOpa XOPOLIO BOCIIPOM3BOAWTCS Kak
METOZIOM CIIeKTpaJbHBIX 3/7eMEHTOB, Tak W METOlOM KOHEUHbIX 00beMOoB, B
npodu/Isx CKOPOCTeH WMEHTCS OT/IMYMsA Yy JIeBOM TpaHuWlbl. JTo Tpebyer
JaNbHelIlero MCCAe[oBaHUs, TMOCKONbKY Takue OTJIMUMS MOTYT BIMSATb Ha
HeJIMHeHYI0 JVMHaMUKY BOJIH TIPU Pa3BUTUH HeyCTOMUMBOCTeH.

B pacuérax uCrosib30BaiuCh BBIYUCIUTEIbHBIE MOIIHOCTU Tiatdopmbl UniHUB
UCII PAH (http://www.unihub.ru) u cymnepkommblOTepHbIX KiacTepoB MI'Y um.
M.B,JlomoHocoBa. PaboThl  BBIMOMHSUIMCH TP (DUHAHCOBOW  TMOJ/IEPIKKe
MuHuctepcTBa oOpasoBaHMss U Hayku Poccubickoit ®Pesepanyyl (YHUKabHBIHN
ugentudukarop cornaienus RFMEFI60714X0090) u rpanta PODU 15-01-06363.
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Direct numerical simulation of internal
gravity wave attractor in trapezoidal domain
with oscillating vertical wall
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Abstract. Direct numerical simulation of internal gravity waves focusing and developement
of a wave attractor was performed with the help of two different numerical approaches.
Mathematical formulation corresponds to experiments on exitations of inner waves in a
trapezoidal container with salt solutions through forced oscillations of the left boundary. It
was shown that numerical simulations reproduce the experiments after taking into account
ther imperfection of linear salinity profile near the upper boundary. The amplitudes of
resulting oscillations in both numerical simulations are increased as compared to the
experiments due to loss of energy of the 3D wave generator in the experiments. Despite the
fact that the general shape of the attractor is reproduced by both method, there are differences
in velocity profiles near the left boundary. This fact requires further investigations since this
discrepancy may in influence nonlinear dynamics of developing instabilities.

Keywords: attractor, internal waves, gravity waves, DNS, direct numerical simulation.
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