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AnHoTtanus. IIpencrasiieHs! pe3yabTaThl METOANYECKOIO UCCIIEJOBAaHNS, HAIPABICHHOTO Ha
TECTUPOBAaHHE BO3MOXHOCTEH CBOOOAHO pacnpocTpansemoro makera OpenFOAM mo
MIOCTPOCHHUIO PACUETHOH CXEMBI ULl MOAEINPOBAHNS JUHAMUKY THAPABINUECKUIX arperaToB C
MOMOIIBIO METOZa KOHTPOJIBHOTO O00BEMa M MOABMKHBIX CETOK. PaccMOTpeHBI BEIOOD
HanOoJiee TIONXOMIIMX TEXHOJIOTHMH JMHAMHYECKHX CKOJNB3SIIUX CETOK; HOCTPOCHHE
pacueTHOM cXeMbl M compsbKeHHOM 3amaun FSI o B3auMoneicTBUM IOJBHIKHOIO
PETYINPYIOIIEro 1eMeHTa (30JI0THHKA) C TeYeHHeM pabodel )KUIKOCTH; PacueT epexoaHOro
peXuMa JIBHXKEHHS 30JI0THHUKA JUId IPOTOTUIIA CTAOMIIN3aTOPa Pacxo/ia HOBOW KOHCTPYKIIMH;
aHaJIM3 HeCTallMOHAPHBIX TEUEHUI BO BHYTPEHHEH MOJIOCTH arperara; aHajau3 yCTOHUYUBOCTH
U NPOU3BOAMUTENBHOCTH cyera. Ha mpumepe ynpolEeHHOH OCECMMMETPUYHOM MOAEIH
cTabunusaTopa pacxofa HEC)KHMAaeMOH Cpelbl OMHCaHbl OCHOBHBIE 3Tambl MOATOTOBKH
pacdeTHON CXeMbl IJIsI MOIEIHPOBAHMS 3aadd 00 YCTaHOBJICHHUH 30JIOTHHKA B IOJOXKCHHUE
paBHOBecHsl TOJ AEHCTBHEM THAPOANHAMHYECKONH CHIBI W CHIBl PEAKIUU IPY>KHUHBL
[TpuBenens! pe3yabTaThl MPEABAPUTEIHFHOTO CTAIOHAPHOTO pacyera MpH (PUKCHPOBAHHOM
30JIOTHHKE, KOTOPBIE UCIIOIB30BAINCH B KaUeCTBE HAUaILHOTO ycsoBus. [logpoOHO onmcans
METOAbI peaTu3aliy ABHKECHUS CETKHU, OTCIICKUBAIOIIEH IBIKCHHE 30JI0THUKA M TEXHOJIOTUS
ckonp3amux cetok GGI, koropas HcCHONb30BaNach ISl MOJCIUPOBAHUS IIEPEKPBITUS
orBepctus. IlpuBeneHsl pe3ynbTaThl pacueTa NEPEeXOJHOTO PEXUMa: IO CKOpOCTed H
JaBJeHus1, rpaguku 0OOOLICHHBIX CHII, JEUCTBYIOIINX Ha 30JOTHHK, I'padHK MepeMelieHui
30JI0THAKA OT BPEMEHH. PacdueTsl mMokas3anu MEeXaHW3M BO3HHKHOBEHHS HECTallMOHAPHBIX
CTPYWHBIX ¥ BHXPEBBIX TEUCHHH B NPOTOYHOH wuacTH crabmmuzaropa. I[IpoBemeHHOE
METOJMYECKOE HCCIIE0BAaHHUE I03BOJISIET CIENaTh BBHIBOA O TOM, YTO IAKET C OTKPBITHIM
ncxomusiM kogoM OpenFOAM B Bepcuu extend MoxeT OBITH YCIEIIHO HCIONB30BaH B
KayecTBe  albTEPHATHBBI ~ KOMMEPYECKMM  IIaKeTaM  IPOTrpaMM  BBIYHUCIHTEIILHOW
rugpoauHamMuki (CFD), NMOCKOJNBKY B HEM HMMEIOTCS BCE HEOOXOAMMBIE CpEICTBa IS
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1. BeedeHue

Jns Hambonee NONHOTO YIOBIETBOPEHMS CIELHAIBHBIM 3KCIUTyaTallMOHHBIM
TpeOOBaHUSAM TIPH CO3JAHUHM HOBBIX AarperatoB THAPABIMYECKOW aBTOMATHKHU
AIPOKOCMHUYECKON TEXHUKH BaXXKHO MPOBEACHHUE MATEMAaTHIECKOTO MOJCITUPOBAHHS
peXUMOB UX paboThl. B wacTHOCTH, ISt 00ecTIedeHNs] CHHXPOHHOCTH BBITIOTHEHUS
omnepaluii MCHOJIHUTEIbHBIMA OpraHaMHM Ba)XHOW 3a/Jaueld sBIJISIETCS pacyer
nmapaMeTpoB TMPOIECCOB, TNpOTeKarommx B cradminsaropax pacxoma (CP)
30JI0THUKOBOTO THIIA. JJaHHBIE arperarsl, 3a CUeT MaJIbIX MEPEMEIICHNI 30JI0THHKA,
JIOJDKHBI TOJIEPIKUBATH C 33aHHOM TOYHOCTBIO pacxon padoueit xuiakoctu (PXK)
npu 3HaunTenbHbIX (Oonmee 10 MIla) nepemanax AaBieHHS MEXAYy BXOIOM H
BbIXOZOM. I[Ipy 3TOM B NpPOTOYHON YacCTH PEryJUPYEMBIX CEYEHUM BO3HUKAIOT
THPOJIMHAMHYECKHE CUIIBI, BBI3BIBAIOIINE 3aKJIMHUBAHNE 30JIOTHUKA, YTO UCKaXKaeT
pacxonHo-nepenannyroo xapakrepuctuky CP. JlBmwxenue PXK 3pecy sBasercs
CYIIECTBEHHO HECTAIMOHAPHBIM W3-3a UYEr0 NpPUMEHEHHE TPUOIIKEHHBIX
AHATUTHYECKNX MOJIENIe THAPOAWHAMHYECKOTO HATPYKCHHS 30JIOTHHKA [T
BEIOOpa TPOEKTHBIX IMapaMeTpoB KOHCTpyKumd CP He mo3BoigeT MOIydYuTh
YIOBIETBOPUTEIHHOTO COTIACOBAHMS C TaHHBIMH SKCIIEPUMEHTOB [ 1].

[Ipu uncierHOM MonenupoBanun TedeHus: PXK B perymstopax MeTogoM KOHEIHOTO
o0beMa B  COBPEMEHHBIX IPOTPAMMHBIX  KOMIDIEKCAX  BBIYHACIHTEIBHOM
ruapoanHaMukn  (CFD) momBMKHOCTBIO 30J0THHMKA YacTO TpPEHEOperaroT st
YMEHBIICHUS BEIYUCIUTEIBHBIX 3aTpaT [2, 3]. OxHako, 4TOOBI B YCIOBHAX OOJBIINX
MepenajioB  AaBJ€HWS B TOJNHOM Mepe NPOAHAIM3WPOBATh  HETUHEHHOE
HECTallMOHAPHOE  Harpy)XeHWe  30J0THUKA, HEOOXOOMMO  paccMaTpuBaTh
CONPSDKEHHYIO 33/1a4y €ro JBW)KEHHs MPHU B3aWMOIEHUCTBUU C MOTOKOM CpElbl BO
BHYTpeHHe# rojoctu arperara — T.H. 3aga4y FSI (Fluid-Structure Interaction).
IMonuouennoe FSI-monmenuposanue pabotst CP B mporpammax CFD TpebOyer
MOCTPOCHMS PACUETHBIX CXEM C HCIIOJIb30BaHHEM MOJBIXKHON (IIepecTpauBaeMoil)
CETKH, ONMCHIBAIOILIEH TaKue OCOOCHHOCTH pabOThl THIPABINYECKOrO arperara Kak
MEPEeKPHITHE OTBEPCTHUH M 3a30pOB, PE3KOE H3MEHEHHE OOBEMOB BHYTPEHHHX
MOJIOCTEH IIpU TEpeMELICHUsX 30JI0THHKa. Hambosee mnpHcrnocoONCHHBIMU IS
paboThI C MOAOOHBIMH CIIOKHBIMH PAaCUETHBIMH CXEMaMHU SIBJISIOTCS] yHUBEpPCAJIbHBIC
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kommepueckue mporpammbl CFD, B uactHoctn, Fluent m CFX, Bxomsmime B
komiiekc ANSYS [4, 5]. OnHako BBICOKasi CTOMMOCTb BIAJCHUS IAKETOM,
3aKpPBITOCTh UCXOJHOTO KOJa U OTpaHUYCHHS KOMMEPUECKOH JIULEH3UH, KOTOPhIE HE
3aIUINAIOT MPOMBIIUICHHBIE MPEANPUATHS OT BO3MOXKHBIX CAHKIIHMHA CO CTOPOHBI
WHOCTPAaHHBIX TMpaBooOIajgaTeneil, MENaroT 3aJady IIOMCKa aJbTePHATUBHBIX
MIPOTPAMMHBIX CPEACTB C OTKPHITHIM UCXOJHBIM KOJIOM 0€3yCIOBHO aKTyaJIbHOM.

B Hacrosmee BpeMst cpein MporpamMm ¢ OTKPBITBIM HCXOIHBIM KOJIOM HanOOIBITUMHI
BO3MOKHOCTSIMH TI0 PacyeTy IOJIeH pa3INdHONW MPHUPOIHI METOAOM KOHTPOIBHOTO
obbema oOmamaer maker OpenFOAM, KOTOpPBIM NPENOCTABISIET IOJIL30BATEIIO
00JIBbIIIYI0 CBOOOTY, MO3BOJISISI MOAU(DUIIMPOBATH CYLIECTBYIOIIUE U PEaM30BbIBATH
HOBBIE YHCJICHHBIE MOJIENIN C UCIIOJIb30BAHUEM OOIIMPHOI OMOIMOTEKH AITOPUTMOB
[6]. Ho yHHMBepcaIbHOCTh TaHHOTO IMaKeTa M MOJHBIA JOCTYII KO BCEM HACTpOiKam
UMeeT B KauecTBe IM000YHOro 3(p(eKTa CI0KHOCTh IOCTPOSHUS M HACTPOHKH
pacyeTHbIX cxeM. [ 0TpaboTKH M OTJAJKU TEXHOJOTUI paboThl C MOJABHIKHBIMU
neopMHUpyeMbIMU M CKOJIB3SIIMMU CETKAaMU B JaHHOW paboTe paccMaTpuBaeTcs
TectoBas Moaenb CP, ocHOBaHHas Ha HOBOM KOHCTPYKLUHU 30JIOTHHKA,
oOecrieunBaromed BBHICOKYIO TOYHOCTH yrpasieHust pacxogom PXK B mmpoxom
Jrara3oHe N3MEHCHHI TIeperaioB JaBlieHus Ha peryisitope (ot 5 go 35 Mlla) [7].
Ceuenue reomerpuueckod mozenu npororuna CP mokasano Ha puc. 1. Arperar
COCTOUT M3 Pa3be€MHOI0 KOpIyca CO INTyLepaMH BXOAAa M BBIXOJA, THIB3BI C
OTBEPCTHAMHU 30JIOTHHKOBOTO JIPOCCENS, YCTAHOBIEHHOW B KOpITyCe, a TakXkKe W3
pa3MeIeHHOTO B THIIB3€ MOAIPYKHHEHHOTO 30JI0THHKA, KOTOPHIA BHIONHEH B
(dopmMe cTakaHa ¢ AByMsl CKOJIB3SIIMMH ONOpaMHu Ha KoHUax. OmHa U3 onop MMeeT
OCTPYIO KPOMKY, KOTOpasi HEPEKPHIBACT MPOXOAHBIE CEYCHUS OTBEPCTUH B THIIB3€E KaK
MMOKa3aHo Ha pHC. 2.

1 2 4

| l
— B |h Ih lh 'h "h |h I \ lh ‘l. --

" M-=const

Puc. 1. Hcenedyemwiti cmabunuzamop pacxooa 3010mHuko8o2o muna. 1 —wmyyep 6xooa,
2 — 3010mHuuk, 3 — Hanpagnsiowull wimugm, 4 — npyscuna, 5 — onopa npydicutsl, 6 — wmyyep
gvixo0a, 7 — 2unv3a

Fig. 1. The studied flow rate regulator valve prototype: 1 — inlet fitting, 2 — plunger, 3 — pin,
4 — spring, 5 — adjustment washer, 6 — outlet fitting, 7 — cylinder
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Puc. 2. Veenuuennas 30na ¢ omeepcmuem 30J10MHUKOBO20 OPOCCEs
Fig. 2. Scaled-up zone with the piston throttle hole

KounbrieBoit kaHan, o0O0Opa3oBaHHBI BHYTPEHHEH IOBEPXHOCTHIO THIIB3bI U
ITOBEPXHOCTBHIO 30JIOTHHUKA MEXIY OIIOPaMH, COOOIIEH C BHYTPEHHEH II0IOCTBIO
30JI0THHKA CUCTeMOM oTBepcTuil. YacTh OTBEpCTHH pacHOI0XkKEHA HAIpOTHB
OTBEPCTHH 30JIOTHUKOBOTO JPOCCENSl U CHOCOOCTBYET B3aMMHOW KOMIIEHCALIUH
sHeprun uctekarmux ctpyi PXK. Hampapnstommii mTudT CayXuT IS TOYHOTO
MO3ULMOHUPOBAHUS OTBEPCTUN B THJIb3€ HAIIPOTUB OTBEPCTUM B 30JI0THUKE. [[pyrue
OTBEPCTHS NPEAHA3HAYCHBI JIS1 yMEHBIICHHS BO3ACHCTBHUS Ha 30JI0THHUK paldaIbHON
COCTaBJISIIOLICH THAPOJMHAMUYECKON CHIBI IyTEM CHIDKEHHMS INepenaja AaBICHUS
MEXIy €ro BHYTPEHHEH IIOJIOCTBIO M KOIBIIEBBIM KaHaJIoOM. TakuM o0Opaszom,
300THUK CP pasrpykaercs OT HEpaBHOMEPHOIO pacHpeiesieHHs [aBIEeHUS Ha
LIINHAPHUECKUX MTOBEPXHOCTAX 30JI0THUKA, BOSHUKAIOIIUX M3-3a HECTAI[MOHAPHBIX
a¢pdpexroB Teyenuss PIK. BriHeceHMe MpYXUHBI M3 30HBI PETYJIHMPOBAHUS
JIOTIOJTHUTETIBHO CHIDKAET HE)KeJaTeNnbHOe BO3MYIIAIOIIEE JeiicTBue
TUAPOAUHAMUAYECKUX cui [7].

B mnpouecce paboThl npu M3MEHEHWM Iepernaja JaBlIeHHs Ha arperare 30JI0THHK
MEPEMEIIAETCS U U3MEHSET pa3Mep MPOXOAHOTO CEUEHUSI OTBEPCTHI 30J0THUKOBOTO
npoccenst (puc. 2), TeM CaMbIM COXpaHss IIOCTOSHHOM BEJIMYMHY pacxoia.
Hanpumep, mnpu yMeHbIIEHMM [JaBJIEHUS Ha BXOAE pacxXoJ YMEHBIIAETCs
OTHOCHTENBHO TpeOyemoro 3HaueHns1. COOTBETCTBEHHO, THAPOANHAMUYECKAs CHIIa,
JEeWCTBYIOIIAs HAa 30JI0THHUK, YMEHBILIAETCS, a CHJIa YIPYTOCTH MOPKATOH MPY>KUHBI
MIPEBOCXOANT THUAPOANHAMHYECKYIO CHIYy B JaHHOM IOJOXXKEHHH, W 30JIOTHHUK
CMelIaeTcs BIEBO, IPHOTKPBIBAsI OTBEPCTHE APOCcCes (pasKuMasi IPYKUHY ) 10 TOTO
MOMEHTA, [10Ka He OyZeT JOCTHIHYTO HOBOE IOJIOKEHNE PAaBHOBECHS.

PesynbraTsl sKcnepuMeHTaNBHBIX HcchnenoBaHuid CP mokasamm, 4To ONMHCAaHHYFO
KOHCTPYKIIMIO BO3MOXKHO NPUMEHATH B IIMPOKOM JHAaNa30HE MEPEnaoB JaBICHNU,
OJJHAKO OTKJIOHEHHE BEJIMYMHBI MAacCOBOTO pPacxoja OT HOMMHAla MpPEBBIIIAET
3amaHHOe moje gomycka [1]. CHmkeHHe cTaTU3Ma XapaKTEPUCTUKH MacCOBOTO
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pacxona BO3MOXKHO ITyTE€M BbIOOpa HawIydlled reoMEeTpUH 30JIOTHHUKA, IS 4ero
TpebyeTcs MpoBeIeHNE YHCIEHHOTO MOJIEIIMPOBaHUs pexxuma padbotsl CP.

Ienpto  paboOTBI  SBJISETCS ~ TECTUPOBAHHE  BO3MOXKHOCTEH  CBOOOJHO
pacnpoctpansemoro nakera OpenFOAM 1o NOCTPOEHUIO PAacUETHOW CXEMBI AJIs
MOJISIMPOBAaHMsl AMHAMUKM crabwin3aTopa pacxoja C IIOMOLIbI0 MeETona
KOHTPOJIFHOr0 00beMa M TIOJBIKHBIX CETOK. B KadecTBe OCHOBHBIX 3aj1ad ObUTH
OIIpEZIeTICHBI: BBIOOp Hambonee TOAXOAAMIMX TEXHONOTHH JHHAMHYECKHX
CKOJIB3AMINX CETOK [8]; MOCTpOCHNE PacYeTHONW CXEMBI ISl CONPSKEHHONW TECTOBOM
3amaun FSI; pacdeT mepexogHOTO pesKuMa ABIKEHHS 30JI0THUKA T mpototuma CP;
aHaIM3 HECTAallMOHAPHBIX TEUCHHWI BO BHYTPEHHEH MOJOCTH arperaTta; aHalu3
YCTOWYHMBOCTH U IIPOU3BOAUTEIHHOCTH CUETA.

2. MlocmaHoeka 3aday4yu u Memod peuleHusi

st yckopeHus: METOIMYECKUX PAacyETOB C IOJBUKHOM CETKOM 3a7aya YUCIEHHOTO
MOJEIMPOBaHNs HEepeXoAHOro pexuma paborsl CP paccmarpuBaeTcs ¢ y4eToM
crenyronmx pomymeHuit: PXK cumrtaercs HeckmMaeMoW BS3KOH cpemoil, a ee
TEUYEHHUE CUMUTACTCS JaMUHAPHBIM. TertoBbie 3P(EKTh HE pacCMaTPUBAIOTCA. YUeT
C)KHUMAEMOCTH U TYpOYJICHTHOCTH TEUCHUS KUAKOCTH, a TAKXKE TEIUIOBBIX APPEKTOB
MOXeT ObITh BbINoNHEH cpeactBamu OpenFOAM B panbHeinieM.

C 1enpio 0TPabOTKH METOJIUKH MOCTPOSHMSI PACUETHOW CXEMBI CO CKOJIB3SLIMMH
cerkamu Mojenb CP Obuta ympolieHa 0 OCeCHMMETPUYHOM. UeThlpe OTBepCTHS
30JIOTHUKOBOTO JIPOCCENISI TIPH 3TOM (haKTUHECKH 3aMEHEHBI KOJIBLEBBIM KaHAJIOM.
Taxoke KOJbLEBBIMH KaHaJIaMU 3aMEHEHBI OTBEPCTHS B 30JI0THHKE. TakuM 00pa3om,
30JIOTHHK SIBJISIETCSl B aHHOM cxeMe Ha0OpOM M3 YETBIPEX TEJ, ABIKYIIUXCS Kak
eINHOEe IeNoe. B cHily clienaHHOro JOMyIIeHUs B 00JacTH TEUCHHUS IITH(PT ObLI
3aMEHEH HEIOJBIKHOM c(hepoi M M3 PacCMOTPEHUS MCKIIOUCHBI T€OMETPUIECKast
MOJIENb NPY>KUHBI, KAHABKK JA0OMPHHTHBIX YIUIOTHEHUH OIOp 30JI0THHKA, a TaKKe
3a30pbl MEXIY 30JI0THUKOM H THIB30H. CUMTAaeTCs, Y4TO 30JIOTHHUK HUMEET OIHY
MOCTYIATENIbHYIO CTEeHb CBOOOJBI BOJb MPOAOJBHOI ocu arperara. JleiicrBue
NIPY>KUHBl HA 30JIOTHUK 3aMEHEHO JMHEWHOHN BS3KOYIPYIOM BOCCTaHABIMBAIOLIEH
cuitoif. Takue ynpomeHns HCKaKaloT peaibHylo kKapTuHy Tedenus PXK B CP, oqHako
COXPaHSIOT BCE OCHOBHbIE OCOOCHHOCTH PACYETHOW CXEMbl, KOTOPBIE IOJIKHBI
YUYHUTBIBATHCA IIPU TOCTPOCHUU HOI[BH)I(HOPI CCTKH, JaBas BO3BMOXHOCTb IMPOBOJUTH
METOJUUYECKUE PACUETHhI C MAJIBIMU 3aTpPaTaMH PECYPCOB.

MaremaTtuueckast 3ana4a FSI BkitouaeT nee nonzanaun: nuHamuky PXK u qunamuku
30JI0THMKA. 3amada auHamuku PXK Brimowaer ypaBHEHHME HEpaspbIBHOCTH |
YpaBHEHHE  COXpaHEHHMs HMIYJIbCa  HEC)KMMAeMOM  CpeAbl, 3allCaHHbIE
OTHOCUTEIIBHO HEU3BECTHBIX MOJEH CKOpPOCTe U MAaBIE€HUS C TPaHUYHBIMH H
HAYaJgbHBIMM  YCIOBUSIMH, PAcCMOTPEHHBIMH HMXke. JlMHaAMHKa 30J0THHKA
OITMCHIBAETCSI YPABHEHWEM €ro MalblX KOJe0aHWH C yd4eToM JIMHEHHOTO
JneMripupoBaHUs U ACWCTBUS HECTAIIMOHAPHOHN ITO3UIIMOHHON CHIIBI, BBIYHCISAEMOI
ITyTeM MHTETPUpPOBaHUs pactpenenenus nasierns PXK mo noBepxHOCTH 30710THHKA
U TPOELHUPOBAaHMS IMOIYYEHHOM CHIIBI Ha MPOJONBHYI0 och arperara. Hymesoe
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HavyallbHOE TOJIOKEHHE 30JIOTHHKAa BBIOPAHO TakMUM o00pa3oM, YTO OTBEPCTHE
30JIOTHUKOBOTO JIPOCCEJIsl YaCTUYHO IMepeKpbITo. HavanabpHas CKOPOCTh 30J0THHKA
TIPHUHSTA HYJIEBOH.

YucneHHOE MOJEIMPOBAHUE IPOM3BOAUTCS METOJIOM KOHTPOJBHOTO o0ObeMa B
nakere OpenFOAM-extend-3.2 [6]. Ha »srame mnpenpoueccuHra mpoBOIMTCS
TeHepalys CeTKH, 3aJJaHie TPAHUYHBIX YCIIOBUI M TapaMeTPOB pacyeTa, IoJIydyeHne
HaYaJIbHBIX YCIOBHH JUIS INHAMUYECKOTO pacyera.

Pacuer mepexoqHOro pexuma MpPOM3BOAUTCS B TEUEHHE 33JIaHHOTO IPOMEXYTKa
BpPEMEHH TIPH U3BECTHOM IIOCTOSIHHOM Iepernajie AaBieHus. [Ipiu 35ToM 30JI0THHK B
MpoILlecCe IBIKECHUSI TEPEXOJUT OT HayaJbHOTO IMOJOXKEHHS B IIOJIOKCHUE
paBHOBecHus, OOYCIIOBJIEHHOE pPaBEHCTBOM T'HMIPOJUHAMHYECKOH CHIIBI U CHJIBI
YIPYrocTd TpYyXWHB. Ha 3Tame mocTHpoleccHHra HCCIERYIOTCSl IapaMeTphbl
JIBUKEHUS 30JI0THHKA U TeueHus POK.

2.1 NogroToBKa pac4eTHON CETKMU

B makere OpenFOAM s paGoTHl ¢ TMHAMHYECKOW CETKOM MMEETCS HECKOIBKO
kmaccoB. O6wekT knacca dynamicTopoFvMesh mo3BonsieT M3MEHATH TOIOJIOTHIO
CEeTKH IpH OONBIINX AeopManmax MeTogoM mesquiteMotionSolver (aHamor MmeTona
remeshing B ANSYS). Pomurensckuit kmacc dynamicFvMesh, mno3Bosser
MPOU3BOUTH JI00aBIICHNE U yAaleHHe cIoeB ceTku MeTooM layerAdditionRemoval
(anamor mertoma layering B ANSYS), a rawke nedopMalyio CETKH METOAO0M
displacementLaplacian (anamor merona mesh smoothing 8 ANSYS). Jlns onucanus
nepeMerIeHH 30JI0THIKA HCII0JIb30BaH MOCIIEIHNI U3 yKa3aHHBIX MeTo10B. OHAKO
U3-3a CHJILHOTO BBIPOKACHHS SIUEEK MPSMOE UCII0JIb30BaHKE 1e(hOPMUPYEMON CETKH
B 30HE MEPEKPBITHS OTBEPCTHUsI 30JI0THUKOBOT'O APOCCENsi HEBO3MOXKHO. Perennem
9TOi TpOoOJEeMBbI CTajo paslelieHHe pacyeTHOH obiacTh Ha ABE MOmoOIacTH —
HEMOJBIKHYIO (005acTh TEYeHHs MEXAy IITYLHepOM BXOAa M THIB30H) H
MOJBIDKHYO (00JIACTH TEUSHHUS BO BHYTPEHHEH MMOJIOCTH 30JI0THUKA, BHYTPH I'HJIb3bI
¥ B BBIXOJHOM MITYLIEPE), — B3aUMOJICUCTBYIOIMX B 30HE OTBEPCTHUS C MOMOIIBIO
ckomp3smiero naTepdeiica. Xots 00vekT kiaacca dynamicFvMesh nmeer BctpoeHHBIE
unrepdeiice s ckonb3siux cetok slidinglnterface u attachDetach of boundaries,
B JAHHOM pacueTHOW cxeMe ObUI HCIOJb30BaH 0000meHHbINH uHTEpdeiic GGI,
ONMCAHHBIN HUXKE.

IToarotoBka cetkn B OpenFOAM npou3BOIUTCS B HECKOJIBKO ITANOB, Kak MOKa3aHO
Ha puc. 3. Ha nepBoM 3Tare Jisi Kax/J10ro U3 JTOMEHOB IO OTAEIbHOCTHU ITPU TOMOIIH
yruut blockMesh u snappyHexMesh ctponTcs mpocTpaHcTBEHHas pacueTHas CETKa
C UCIOJIb30BaHHEM (DOHOBOM OJIOUHOM CETKH PacueTHOH 00JaCTH U DIEKTPOHHOM
TEOMETPUYECKON MojieNin o0TekaeMoro Tena B ¢opmare crepeosutorpadun (*.stl).
Jnsi MOBBIICHUSI KavyecTBAa CETKH B OOJNIACTH CO CIOXHOH (DOPMOH TrpaHHUIIBI
ucnojnp3yercs  yrwiuta  surfaceFeatureExtract,  mo3Bossiromiass — BBIICTHTD
0COOCHHOCTH TpaHMLBI B OTHENbHBIA (aiin. Ha BTOpoM 3Tame mpou3BOAMTCS
00bEMHEHNE PACUETHBIX JOMCHOB B OJIMH C MOMOIIBI0 YTHINTHI mergeMeshes. J{ist
MOJYYEHHUs] CETKH OCECHMMETPUYHON 3aJauydl Ha TPEThEM ITane MPOBOJUTCS
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BpallleHHEe NepeiHel FPaHu TPEXMEPHOH CTEKU BOKPYT IPOJOJIBHON OCH arperaTta Ha
I', B pe3ybTaTe 4ero Moyy4aeTcsi CeTKa B BUE CEKTOPA LWJINHIPA TOJIIINHON B OJJHY
sTYeHKy, Kak IoKa3aHo Ha puc. 4. Ha uerBeproM mare npu nomouy yTwinT autoPatch
u createPatch ceTka pazouBaeTcs Ha yJacTKH AJIsl 3aJaHUS TPAaHUYHBIX yCIOBHUH.

blockMesh snappyHexMesh
+ —v] + -
StaticDom.stl surfaceFeatureExtract autoPatch
J—’} mergeMeshes }—»i extrudeMesh %- +
blockMesh snappyHexMesh k createPatch
+ - +
DynamicDom.stl surfaceFeatureExtract

Puc. 3. Omanwi coz0anus pacyemnoii cemxu ¢ OpenFOAM
Fig. 3. OpenFOAM mesh creation pipeline

IlomyueHnas ceTka, MOKa3aHHas Ha pHUC. 4, MMECT YETHIPE YPOBHS CTYLICHUS
OTHOCHTENBbHO 0a30Boil. Jlyuime Bcero paspemieHa 00JAacCTb BOKPYI OTBEPCTHS
30JIOTHHUKOBOTO JIpoccens M BOJM3M IOBEPXHOCTH OOTekaeMoro Ttena. bomee
KPYIIHbIE SYEHKH HaXOJTCsS BO BHYTPEHHEW mosiocTH 3osoTHHKA. Camasi rpy0as
CeTKa - B 30HaX, IIe OTCYTCTBYIOT HOJABI)KHBIE JJIEMEHTBI: B MOJIOCTSX IITyLEpa
BXO/1a ¥ BBIXO/1a M B 30HE PACHOJIOKEHHS TIPYKUHBI.

HenozBuXHbIN A0MeH

MoABUYHBLIA AOMEH
Dynamic domain

Static domain

]

10

Puc. 4. [leyxmepnas pacuemnas cemxa ocecummempuiHou 3a0aiu

Fig. 4. 2-dimensional axisymmetric mesh
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2.2 NoagroToBKa HaYanbHbIX YCNOBUMA

s momydeHus HavaJdbHBIX MOl nmaBieHus u ckopoctu PXX mepen pacuerom
MEPEXOJHOTO PEKMMa BBIIOJIHSIETCS CTAallMOHAPHBI pacdeT C HEMOIBUKHBIM
30JI0THUKOM B 33/IaHHOM Ha4yaJIbHOM MOJI0XeHuu. [Ipu 3ToM B KauecTBe rpaHUYHBIX
YCIIOBUII Ha BCeX MOBEPXHOCTSIX KPOME BXO/la, BHIXOJIa U OOKOBBIX I'paHei 3allaHo
YCIIOBUE KECTKOM HEeNpOoHWIaeMoi cTeHku (mist nasienust — zeroGradient, aus
CKOPOCTH — HyJIeBOe 3HaueHue). {i1st OOKOBBIX rpaHel 3aJ1aHO YCIOBUE IIMKIMYECKOH
cummerpun (wedge). Ha Bxone B CP 3amano nomnoe nasnenue 22,6 Mlla, a Ha
BbIXoJie — atMocdeproe nasnenue (0,1 MIIa). Takum oOpa3om nepemnaj 1aBiIeHHs HA
arperate cocrasmit 22,5 MIla.

Boluncnenuss mpoBoAATCS B JIAMHUHApPHOM IOCTAaHOBKE C TIOMOIIBIO pelIaTens
simpleFoam nuist Hec:xumaemoro tedenus, nernospssyromniero anroputM SIMPLE [9].
TMapameTtpsl PXK COOTBETCTBYIOT aBMAMOHHOMY MAcily € INIOTHOCTBIO 860 Kr/M> u
KUHEMaruueckoll Bsskocthio 21,5-10° m?%/c. Tlpumep pacnpemenenuii Momyss
CKOPOCTH W [aBJICHMS IIPEACTaBICH Ha pHc. 5. BUIHO, 4TO B TEUCHWH BOIH3H
OTBEPCTHS 30JI0THUKOBOTO JAPOCCEISI UMEIOT MECTO CTPYHHBIE S PEKTHI.

U Magnitude, m/s

0.000e+00 52.46 104.2 157.4 2.098e+02
_‘IIIH ‘\III\I\‘J.L

P, MPa
0.0 3.7 10 16.3 22.6

NENERENEN H\m\i'\H

Puc. 5. llonyuennvle noas dasnenuii (cHuzy) u ckopocmeti (Céepxy) npu cmayuoOHApHOM
pacueme. 3eieHbiM Y8emom GblOeieHbl NOBEPXHOCIU 30I0MHUKA, NO KOMOPbIM
UHMEZPUPOBANACH 2UOPOOUHAMUUECKASL CULA

Fig. 5. Pressure (bottom) and velocity (top) fields at steady-state solution. Green lines —
plunger surfaces where hydrodynamic force was calculated

I'paduk mpoekunu Ha NPOJOIBHYIO OCh CYMMAapHOW T'MIPOJMHAMHYECKOW CHIIBI,
JeHCTBYyIOIIEN Ha 30JI0THUK, NPUBEACHHBIA Ha PUC. 6, MOKA3bIBAET, UYTO HAIUYUE
CTpyH HapymaeT MOHOTOHHYHK)  CXOAMMOCTb  CTAallMOHAPHOTO  PELICHHUS:
TUAPOAVHAMUYECKAsl CHJa IyJbCHPYEeT C MEPUOAOM OKOJIO 55 wurepanuii, 4ro
3aTpyIHSET NOTyYeHNEe HaYalbHBIX YCIOBHH. B kKaduecTBe CTAllMOHAPHOTO pEIIeHUS
MIPUHUMAJINCH OCPEIHEHHbIE 10 HECKOJIBKUM IIEPHOJIaM 3HAUCHHUS PACCUUTHIBAEMBIX
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noseld. Ha ocHOBe cpeaHero 3Ha4eHUs! THAPOANHAMUYECKON CHIIBI OBII MpOBEIeH
aHaIU3 CETOYHOM CXOJUMOCTH, Pe3yJbTaThl KOTOPOro MoKa3aHbl Ha puc. 7. B
pe3yibrare aHanu3a Obuta BelOpana cetka u3 138 000 sueex, Ha KOTOpoil B
JaNbHEUIIEM POBOIMINCH PACUEThl HECTAMOHAPHOM 3a1auH.
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Hydrodynamic force, N
MMapoguHammnyeckas cuna, H

=
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Puc. 6. I'paghux 2uopoounamuueckoii cunvt, oelicmgyiowel Ha 30J10MHUK

Fig. 6. Plunger hydrodynamic force
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Puc. 7. I'paghux cxooumocmu 3uauenuss 2uOPOOUHAMUYECKOU CUTBL NO CeMKe
Fig. 7. Mesh convergence

2.3 NoaroToBkKa rpaHNYHbLIX YCIOBUMN

Pacuer mnepexogHOro pexumMa MPOU3BOAUTCS C IOMOLIBIO HECTALMOHAPHOIO
pematenss  pimpleDyMFoam s Hec)kMMaeMOro TEYEHHS, HCIIONB3YIOIIEro
rubpunabii anroputM PISO-SIMPLE u Bo3MoxHOCTH nBmkeHHs ceTku [10]. Ha
KOKIOM IIare 1o BpeMeHH aenaercs okomo 20 urepanuii mo maBieHWio u 1-2
uTepanuu Mo ckopocTu. OCHOBHBIE TPYIHOCTH IIPU MOCTPOESHHH PACUETHOM CXEMBbI
3aJjaul CBSA3aHBl C 3aJaHUEM TIPAaHUYHBIX YCJIOBHH Ha MOABHMKHOM 30JIOTHHKE C
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YUETOM JEUCTBHSI CYMMAapHOW THAPOAMHAMUYECKON CHIIBI, @ TAK)KE MOAEIMPOBaHNE
MEPEKPBITUSI OTBEPCTHS 30JI0THUKOBOTO JAPOCCEIISL.

[TonoxeHHs: TOABMXKHBIX M HETIOJBYKHBIX TPaHHIl TEYEHHs MOKa3aHbl Ha pHC. 8, a
OIMCaHUE COOTBETCTBYIOIIMX MM I'PaHUYHbBIX YCIIOBHH MpezcTaBiieHo B Tadu. 1. J{is
TEUEHHs] HECO)KUMAEMOH JKHUAKOCTH 3HA4YEHHE JaBJICHHs 3aJlaeTCsl OTHECEHHBIM K
IUIOTHOCTH — KMHeMaTnieckoe napieHue. Ha ywactke channel inlet, roe BxomHas
CKOPOCTh TOTOKa HEW3BECTHa, a M3BECTHO TOJIKO 3HAUEHHWE MaBJICHHS, 33/aHa
KOMOMHAIMsI TPaHUYHBIX ycsioBHH totalPressure u pressurelnletVelocity. B kauectse
napaMerpa ycioBus totalPressure 3amaercs 3HaueHHE IIOJHOIO JABJICHUSL.
I'panmunsie  ycmoBust  pressurelnletVelocity wu  pressurelnletOutletVelocity
MpeHa3HAYeHBl ISl BXOIHBIX/BBIXOIHBIX OTBEPCTHH, T€ ONPENCNICHO 3HAuCHHUE
napnenusi. Ycnoue movingWallVelocity 3amaer ycioBue mNpuiIMmaHus Ha
JIBUXKYILEHCS CTEHKE.

channel_wall, cylinder_fixed_wall  channel_outlet  plunger_moving_wall cylinder_slip_wall
plunger_side, cylinder_finger / /

plunger_inlet cylinder_outlet

channel_inlet <

Puc. 8. Cxema ucnonv3yemvix HA36aHUll Y4ACMKO8 SPAHUYHBIX NOBEPXHOCMEN NpU pacyeme.
Fig. 8. The scheme of using names of boundary surfaces patches.

Tabn. 1. 3a0anue epanuunvix ycaosuti OpenFOAM

Table 1. Boundary conditions in OpenFOAM

HasBanue yvactka Tun P U pointDisplacement
channel_inlet patch totalPressure pressurelnletVelocity fixedValue
(26227) 000)
channel outlet ggi ggi ggi fixedValue
000)
plunger inlet ggi ggi ggi; slip
plunger moving_wall wall zeroGradient movingWallVelocity sixDoFRigidBody
000)
cylinder_slip_wall wall zeroGradient fixedValue slip
000)
channel wall, wall zeroGradient fixedValue fixedValue
cylinder_fixed_wall, 000) 000)
plunger side,
cylinder finger
cylinder_outlet patch fixedValue pressurelnletOutletVel fixedValue
(1163) ocity; (000)
sidel, side 2 wedge wedge wedge wedge

B pacuerHoif cxeMe  OTCIEXKHMBaHME [OJIBMXKHBIX  TPaHHIl  30JOTHHKA
(plunger moving_wall Ha puc. 8) peaJM3oBaHO C TOMOIIBI O00BEKTa Kiacca
dynamicFvMesh [11, 12]. IlepecTpoeHue CeTKHd IPOM3BOIUTCA HA OCHOBAHHHU
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NepeMelieHlsl TPAaHUYHBIX IIOBEPXHOCTEH MOIBIXKHBIX Teld. Mozens pacyera
nepemenieHus y3inoB cetku displacementLaplacian mmpoxo npuMensieTcs s 3a1a4d
FSI B OpenFOAM, nockonbKy OHa HE U3MEHsIET TOMOJIOTUi0 ceTku. OIHaKo mpu
OOJIBIINX TIEPEMEIICHUAX TeIa BO3MOKHA TIOTEPs KAYECTBA CETKU M BBIPOKACHHE €
staeek [13]. Ucnons3yemas monens nud¢ysun — directional. Benmuanaa cMerieHus
Y3JI0B CETKH PACCUUTHIBACTCS HA OCHOBAaHMH pelIeHus ypaBHeHus Jlamaca.

v-(yvd,) =0

rue &m — BEKTOp IepeMelIeHHst Y3JI0B, M; Y — Koa(duuueHT «auddy3un» y3ios
ceTkd mpu JBiKeHWH. CMelleHHe TpaHMIl MPOHM3BOAUTCS C HCIOJIB30BAHUEM
o0bekTa Kinacca sixDoFRigidBodyDisplacement (BukeHue rpaHuil Kak abCOIFOTHO
JKECTKOTO Tella) C YYEeTOM pa3iIMuHbIX MEXaHM4YEeCKHX CBs3ed, a Takke
MOBEPXHOCTHBIX THIPOANMHAMHUYECKUX cui [14].

VY4acToK CeTKH, Ha KOTOPOM MPOMCXOAUT HEPEKPBITHE OTBEPCTHS NMPH JBIKEHUU
30JI0THHKa, Mozenupyercst B Bepcun OpenFOAM-extend ¢ OMOIIBIO TEXHOJIOTUU
Generalized Grid Interface (GGI) [8, 15]. GGI mo3BoisieT ycTaHOBUTH CBSI3b MEKTY
JIBYMSI CMEKHBIMH 00JIaCTSIMH CETKH, STYEHKH KOTOPBIX HE COBIA/IAIOT Ha TPaHUIIE, B
TOM 4YHCJI€ W JUIA CETOK B 30HE OTBEPCTHS, I/Ie OJHA O0JacTh CETKH SIBIISIETCS
HETO/IBU)KHOM, a Ipyrast — MOABMKHOW (HETIOBMIKHASL U [IOJIBHIKHAS 1TOI00JIACTH Ha
puc 4), ckomp3smei mo rpaHune mnepBoi. COmpsHKEHHE MEXAY MOBEPXHOCTIMHU
channel outlet u plunger inlet B 30He KoHTakTa (puc. 8) ompernensercs HabopoM
MEePEKPHIBAOIINXCS (TJe TMPOTEKaeT MOTOK) W HEeNepeKphIBarommxcs (Tae 3aJIaHo
YCIIOBHE CTEHKH) sT€eK KaK MOKa3aHo Ha puc. 9.

channel_outlet

faceSets
//‘\\

)
30Ha NepeKpLITHA
overlapping zone

plunger_inlet

Puc. 9. Ipunyun pabomur GGI
Fig. 9. GGI principle of work

Jnsi kaxI0ro BpPEMEHHOro Iiara 30Ha MEPEeKPbITHS pa30MBaeTcs Ha Y4YacTKU
(faceSets) MexIy mepecedeHUSIMH SYCEK JBYX CMEKHBIX JOMEHOB. Uepes aTu
YYACTKH MEPEIAr0TCs PACCUUTHIBAEMbBIC MMapaMeTphl MoToKa. J{JIs KaKIoro ydacTka
OILICHUBACTCSI €r0 BECOBOI KOA(P(PHUIIMEHT MO0 OTHOLICHUIO K COACPIKAIICH ero sUehKe
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B K@XKJIOM M3 CMEXHBIX JOMEHOB (30HbI inlet m outlet) u BBOAATCS yCIOBHS
COBMECTHOCTH:

n m
I _ 0-1 40 0 _ 150 41 .
Bl=D WG, ef = > Wi,
k=1 k=1
n m
werl=1, Y w0 =1,
k=1 k=1
S S
0-1 _ 201 . -0 _ 201 .
qu —S—OE[O,I], qu —5—16[0,1].
k k
rze ¢ — YUCIeHHBIN NOTOK; W, — Beca; i — HOMep siueiiku inlet; j — HOMep sUEHKU

outlet; m — uucio siueek inlet conpukacaromUXcs ¢ j-i SUEHKOM; 77 — YKCIIO siueeK
outlet conmpuKacaromumxcs ¢ i-if seiikoit; SY— muomanp k sueiiku 30m5 outlet; S, —
Iomans k staeiiku 30HbI inlet; Sp; — muomans 30HbI epeceyenus outlet u inlet.

3. Pesynbmamsi pac4yema

Pacuer mepexogHOro pekuMa MPOBOAWMIICA Ui Tepemana aasieHus 22,5 Mlla.
PaccmarpuBaincsi 30I0THHK Maccoi (C y4eTOM NpHUBENEHHOH MAacChl HPY>KUHBI)
0,046 xr. CBobojHasi 1ynMHA TpPYKHHBI BbIOpaHa paBHoit 0,060 M. Ilapamerpsr
BA3KOYNPYTOoN BOCCTAHABIMBAIOIIEH CHUJIBI, MOAETUPYIOLIEH MPYKUHY: KECTKOCTD —
400 H/m, xo3ddumment nemmduposanus - 40 H-c/m. CobctBeHHass dacToTa
KosieOaHMH JTaHHOW KoJjeOaTelbHO cUcTeMbl B Bakyyme (0e3 JaeMngupoBaHMs)
cocraBmia 14,8 I'u (nepuox xonebanuii 0,068 c). JIemnpupoBanue oOyciaaBIrBaeT
arnepHoIMuecKoe CBOOOJIHOE JBW)KEHHE 30JI0THHMKA B BakyyMmMe. B HauaibHBIHA
MOMEHT BPEMEHH 30JI0THHK PacIiojiOKeH TakK, YTO OTBEPCTHE JPOCCEINs MEPEKPHITO
Ha 30 % (0,0006 M), nuuHA IPYRKKUHBI TpH 3ToM paBHa — 0,035 M.

B pesynbrate pacuera ObUIM IOJy4€HBI KapTHHBI HECTAllMOHAPHOTO TEUYCHHUS, a
TaK)Ke XapaKTEPUCTHKU THIPOJIMHAMHYECKOT0 HarpyxeHus 3oigoTHuka. Ha puc. 10
MIPEICTaBICHBl 3aBHCHMOCTH OT BpPEMEHH IIePEMEIICHUH 30JI0THHKA, a TaKKe
0000IIEHHBIX THAPOIMHAMUIECKON U BOCCTAHABIMBAOIICH CHII, ACWCTBYIOINX Ha
30JIOTHHK. JIBM)KEHHWE  30JIOTHHKAa  BKJIIOYACT TEPeXOod B  IOJOXKECHUE
paBHOBeCHs - 3aTyxaromue Konebanus ¢ nepuogom okoso 0,0055 ¢ (gactora okoio
180 I'y) u BuOparmo BOJU3M MOJOKCHHS paBHOBeCHs ¢ repuoaom okoio 0.0025 ¢
(gacrota okoiio 400 I'11), BEI3BbIBaEMbIC HECTAIIMOHAPHOCTHIO TEUEHUS B IEPEKPHITOM
JIpoccerne. MakcuManbHOE CMeELIeHHe 3010THUKA cocTaBuiio 0,44 MM, IpU MIUpUHE
Bcero oTBepcTHs 2 MM. B MoMeHT okoHuanus pacyeta (0.016 ¢) oTBepcTue npoccerst
nepekpbiTo Ha 11 % (0,0002 M), a mumHa npyxuHsl coctaBiser 0,0346 mm. B
IpoIlecce MEepPEeKPHITUS. OTBEPCTHS CKOPOCTh B CTpye BO3pacTaeT, M OHa
MIPUTATUBAETCS K HAKJIOHHOM MOBEPXHOCTH 30JIOTHHKA KaK ITOKa3aHo Ha puc. 11.

Ha puc. 12 npencrasiieHbl XapakrepHble (ha3bl TEUEHUs], IIOKa3bIBAIONIIE H3MEHEHNE
MOJYJIsI CKOPOCTH B KOHIIE NEPEXOJHOTO PEeXMUMa 3a IEPHUOJl BPEMEHH IOpsIKa
0,001 c. Bugno, uTo BOJIM3M HAKJIOHHOM KPOMKH 30JIOTHHKAa CTPYHHOE TedeHHE
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9BOJIOLMOHHUPYET, HOPOXKIasi BAXPEBBIE CTPYKTYPHI B IPOTOYHOM YaCTH 30JI0THHKA.
OOHapyxeHHbIe CTpyiHbIE S(P(PEKTHl U BUXPEBBIC TEUEHHUS MOTYT BO3HHUKATh U IPH
IIPOCTPAHCTBEHHOM TEYEHHH B IIPOTOYHOM YacTH PEaJIbHOTO arperara, NpUBOIS K
CYIIECTBEHHBIM U3MEHEHUSIM PacIpeAeIeHHs JaBICHNS M0 TOBEPXHOCTH 30JI0THHKA,
BO3HMKHOBEHHIO AMCOanaHca painaabHON COCTABIAIONIEH THAPOINHAMIYECKIX CHII
W MOryT OBITh IPUYMHON pa3NIuuusl PpacCUETHBIX W IKCIIEPUMEHTAIBHBIX
xapakrepuctuk CP.
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Puc. 10. Pe3ynomamul pacuema nepexoOH020 pejicuma: a — nepemeujeHue 3010muuxa; b —
0000WeHHble cUbl, delicmeyrowue Ha 3010MmHUK: 1 — 2uopoounamuyeckas cuna, 2 —
680CCMAHABTUBAIOWAS CUNA
Fig. 10. Transient solution graphs: a — plunger displacement, b — forces applied on plunger:
1 — hydrodynamic forces, 2 — restoring force
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MepemelyeHne NAYHXEPA, MM
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Puc. 11. Ilone ckopocmeii 661u3u omeepcmus 30JJ0MHUKO8020 OPOCCeNs 8 HAYANbHbILL (a)
U KOHeuHblll MoMeHmul epemetu (b)

Fig. 11. Velocity field in zone of the piston throttle hole at initial (a) and final (b) time steps
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U Magnitude , mfs
0.000e+00 52.46 104.9 157.4 2.098e+02
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Puc. 12. Ilone ckopocmeii 6 3010mMHUKe 8 PA3HbIE MOMEHINbI BPEMEHU.
1-0.012¢,2-0.0122¢,3-0.0123¢,4-0.0126¢, 5—0.0127 ¢, 4—0.0129 c.

Fig. 12. Velocity field at time moments: 1 —0.012s, 2—0.0122 5,3 - 0.0123 s, 4—0.0126 s,
5-0.01275,4-0.0129 s.

Jns penieHust cUCTEMBbl YpaBHEHWH Al maBieHus npumensercs meroq GAMG
(Geometric agglomerated algebraic multigrid solver). Jlns craoaxuBaHuA
ncnons3yercss Mmerox [aycca — 3edmens (mpeacrTaXuBalONIMX HUTEpanuii He
JIEJIaI0Ch, TOCTCTIIAXKUBAIOIINX UTeparui — 2). CucremMa ypaBHEHHHN 711 IPOTHO30B
ckopocrteii peraercs metogom BiCGStab (Biconjugate gradient stabilized method) ¢
npenoOycnasnuBateneM, ocHoBaHHbIM Ha DiLU-daxropuzauun. HWrepauuu
BBINOJIHAIACE 10 JOCTIKeHust Toudoctd 107, Illar mo BpeMeHu BEIGHpANCS
aBTOMATHUECKH U3 YCIOBHS COmax < 2. XapakTepHas BeJIMYHMHA IIara 1o BpeMeHH —
107 c. Bpems pacueTa IEpexOAHOro pexuMa mmMrenabHocThio 0,016 ¢ cocTaBmio
1284 ma 1 sape (Intel(R) Xeon(R) CPU X5670, 2.93GHz). dna mpoBeneHus
pacyeToB OBUI MCIIOJIB30BaH OTKPHITHIN 00naunblid cepuc UNIHUB paspabotkn
UCIT PAH [16].

4. 3aknroyeHue

[Iponenannas pabora MO3BONSET CAEIATH BBHIBOA O TOM, YTO MAKET C OTKPBITHIM
ucxogabiM komoMm OpenFOAM B Bepcun extend MoOXeT OBITH HCHOJB30BAH B
KayecTBE aJbTEePHATHBBI KOMMEPUYECKUM IAKeTaM IPOrPaMM BBIYHCIUTENBHOMN
rugporuHamukn  (CFD) nanst pacdera mepexomHBIX pEXHMOB B arperarax
THAPaBIMYECKOl aBTOMAaTHUKH. B maHHOM makeTe HMEIOTCS Bce HEOOXOIHUMBIE
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. ANSYS CFX:

CpeICTBa IS TIOCTPOCHHSI PACYCTHBIX CXEM C JeQOPMHUPYEMBIMH CETKAMH,
ONKCHIBAIOIIMMU JABW)KEHUE 30JI0THUKOB U MEPEKPHITUE OTBEPCTUH 30JIOTHUKOBBIX
npocceneir. [TomoOHBIE pacdeTHBIE CXEMBI TaKXKE MOXKHO WCIIONB30BaTh IPH
MomenmupoBanurn B OpenFOAM  nBuraTteneif  BHYTPEHHETO  CTOpaHUS,
THIPABIUYECKUX APOCCENEH U IPYTHX AJIEMEHTOB ITHEBMOTHAPOCUCTEM, UMEIOIINX
B KOHCTPYKIIUH ITOABIDKHBIE SJIEMEHTHI: TIOPIITHH, KJIalaHbl | IIp.

Pacuersr MOIenpHON 3amaud MMOKA3ald, YTO HAJIW4YHE CTPYH BOJHM3M HAKIOHHOM
KPOMKH 30JIOTHHKA HApyIIaeT MOHOTOHHYIO CXOIUMOCTh CTAIIHOHAPHOTO PEIICHUS
MIpY BBIYMCIICHNM HAYalbHBIX YCJIOBHH W CYIIECTBEHHO BJIHSECT HAa IHHAMUKY
JIBIDKEHHS 30JI0OTHUKA. B 11eT0M MOYKHO clieaTh BBIBOJI, UTO TEXHOJIOTHS IIOCTPOSHUS
pacyeTHOM CXEMBI YCIIEIIHO OTJaKe€Ha B JBYMEPHOW IIOCTAHOBKE M TOTOBA K

IepeHocy Ha TpexXMepHbIi ciydail. JlanpHelimas paboTta mpexmonaraeT
MOJTHOIICHHOE  MOJIENMpOBaHHE peanbHON koHCTpykimu CP B ycnoBusx,
NpUOTIKEHHBIX K  OKCIIEpUMEHTallbHOMY uccienoBanuio [1].  CpaBHeHue

pe3yJIbTaTOB pacyera ¢ SKCICPUMEHTOM IMO3BOJMT IMPOU3BECTH BepUDUKAIIUIO
pacyeTHOMN CXEMbI M UCIIOJIb30BaTh €€ B NajbHEHIIEeM 1151 ONTUMU3ALUN BHYTPEHHEN
reomeTpun CP C 1eNbI0 YMEHBILIEHUS CTaTU3Ma €ro pacXoAHON XapaKTePUCTUKH.
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Numerical simulation of the flow rate regulator valve using
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Federal state budgetary institution of higher professional education «Bauman
Moscow State Technical University (National research university of technology) »,
ul. Baumanskaya 2-ya, 5/1, Moscow, 105005, Russia

Abstract. The results of methodical investigation, aimed on testing of the performances of free
opensource CFD toolbox OpenFOAM in the field of simulation of hydraulic units’ dynamics
using Finite Volume Method and dynamic meshes are presented. The following key features
are reviewed: the choice of appropriate algorithms managing dynamic sliding meshes; design
of the model case for the FSI-problem of interaction between a moving regulating element
(plunger) and power fluid; plunger dynamics simulation for the prototype of the flow rate
regulator of new design; transient analysis of regulator’s internal flow; analysis of stability and
computational efficiency. As the example simplified axisymmetric regulator model with
incompressible power fluid is considered. The main steps of model case preparation are
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described. The model case is designed to simulate the problem of plunger equilibration under
hydrodynamic forces and spring reaction. Results are given also for a preliminary steady-state
simulation with fixed plunger, they have been used as initial conditions. Detailed description
is given for the methods of mesh motion simulation, which follows plunger, as well as
technology of sliding meshes (GGI), used for the piston throttle hole overlapping. Results are
given for transient simulation: velocity, pressure fields, forces graphs, acting on the plunger,
its displacement over time. The mechanism of jet streams and vertical flows creation in
regulator’s flow channel is described. Methodical investigation, held in this paper, confirms
that OpenFOAM in the “extend” version can be successfully used as an alternative for
commercial CFD codes, as it contains all necessary tools to create and simulate cases
incorporating dynamic meshes. It provides means for simulation of transient problems of
hydraulic units which have moving parts.

Keywords: CFD; numerical simulation; OpenFOAM; open source CFD codes; flow rate
regulator.
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