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OBILIAA XAPAKTEPUCTUKA PABOTbBI

AKTyaJbHOCTH MpoOaeMbl. Pacuer mnapaMeTpoB pacHpOCTpAaHEHHBIX Ha
IPAKTUKE TEUYEHUM, KaK TEUEHUs B KaMepax CropaHus U B COIUIAX PEAKTUBHBIX
pakeTHBIX JBUTATeNel, B COIUIAX pPACHbLIMBAIOLUIMX YCTPONCTB, YCTaHOBOK JUIs
pe3aHusi BBICOKOCKOPOCTHOM JKMIKOCTHOM WM a0pa3suBHO-KUIKOCTHOM CTpyell u
TOMY MOJOOHBIX, SIBJIIETCA BAXKHOM MHKEHEPHOM 3a/1a4yeil.

[IponyKThl cropaHus METaJUIM3UPOBAHHBIX TOIUIMB B KamMepe W B COILIE
COCTOSAAT W3 CMECH Ta30B U KOHJEHCHPOBAaHHBIX 4YacTUL[ MajblX pa3MepoB. B
TUAPABINYECKUX YCUJIMTENSIX MOIIHOCTH CTPYWHOIO THIA B MOTOK J00AaBISIOT
TBEpAbIE YACTHLI, KBApLEBOrO IECKa WM IeCKa TIpaHara [Js YBEIHMYCHHS
HYHEPreTUYECKUX XAPAKTEPUCTUK CTPYH B COILIE.

[TonoOHble TeueHus: B OOIIEM CIy4yae MMEIOT CIOKHYI CTPYKTYpY, SIBISACH
TypOYJEHTHBIMU  HECTAIMOHAPHBIMM  MHOTO(a3HBIMH  OCECUMMETPUYHBIMU
TEYEHUSIMU BA3KOI'O TEIUIONPOBOIAIIEIO T'a3a C yAapHBIMU BOJIHAMHM, U BO MHOTHX
ClIly4asix MpU MOAEIMPOBAHUM ITUX TEUYEHUN MOXKHO JTOBOJIbCTBOBATHCS YIPOIICHHON
OJTHOMEpPHOW CTallMOHApHOW cXxeMOM ABYX(a3HOrO TEUEHUs CMECU HJIEaJIBbHOrO rasa
Y TBEPJBIX YaCTHULI.

B cBa3u ¢ 3tuM oO0yciaBiMBaeTcs pacTyllMid HHTEpeC K CpelcTBaM
MaTEMaTUYECKOr0 MOJEIMPOBAHUS TEUYEHHM >KUIKOCTEH M ra3oB C MPUMEHEHUEM
COBPEMEHHBIX  MPUKIATHBIX  NAKETOB  BBIYMCIUTEIBHON  TUAPOAMHAMUKH,
MO3BOJISIOIIMX MPOTHO3UPOBATh XapaKTEPUCTHUKKA TEUEHUWA M IMapaMeTpbl padoThl
YCTPOMCTB Ha CTaAUM WX HIPOECKTUPOBAHHUS, 10 H3TOTOBJICHHS B METAIE, YTO
OOBSCHSAET AKTYAJbHOCTH UCCJIEI0BAHMS.

CBsi3b TeMbl JUCCEPTANMH € HAYYHBIMH NPOrpPpaMMaMHU UM OCHOBHBIMH
HAy4YHO-HMCCJIeI0BaTeIbcKUMH padoramu. JluccepraunoHHass paborta sBiseTCS
VHULMATUBHBIM Hay4YHBIM HCCJIETOBAHUEM.

Heab u 3apauu ucciaegoBanusa: Llenb ncciaenoBaHusi COCTOUT B pa3paboOTKe
MaTeMaTHYECKUX Mojeliel NBYyX(a3HOro TeueHUsi CMECHU Ta3a U TBEPAbIX YaCTHUIl C
NIOBEPXHOCTSIMUA pa3pplBa THUNA TIEJIEHBl B COIUIE, TEYEHUs ra3a B KaHaje
NEPEMEHHOTO Ce4YeHHsI ¢ TNepOpUPOBAHHON MEPErOPOAKOW M B HUCCIEJOBAHUU
BO3MOYKHOCTEMN YMCIEHHOTO MOJIEITUPOBAHMS CIIOKHBIX Ia30JMHAMUYECKHUX SBICHHUM
B COIUIAX THAPOTEXHUYECKHX ammaparoB, oOecnedyuBaromux 3PQGEeKTUBHOCTD
MPUMEHEHUS CTPYH BBICOKOTO JAaBJICHUS.

3anayu AuccepTaluOHHON paboThI:

- MPOBECTH 0030p CYIIECTBYIOIIMX TMOJAXOJ0B K MaTeMaTUYECKOMY
MOJICJIMPOBAHUIO JIBYX(pa3HOTO TE€TEPOr€HHOTO TEYEHUsI CMECH Ta3a W TBEPJbIX
YacTHI] B MPUCTEHOYHBIX 00JIACTAX COIUIA M TEUEHHUS MICATBHOTO raza B 00JaCTAX C
nepGoprupoBaHHBIMU NIEPETOPOIKAMH;

- pa3paboTaTh MaTeMaTHYECKHE MOJEIH JByX(a3HOro TEUEHHs] CMECHU Tas3a U
TBEPABIX YACTUL[ C IOBEPXHOCTSAMM pa3pbiBa THIIA NEJIEHBI B COILIE M TEYEHUS
UJCaNbHOTO Ta3a B KaHaje TIEPEMEHHOro CceyeHus ¢ nepPoprUpoBaHHON
MEPETOPOJIKOK;



- TMPOBECTH YMCICHHBIM pacyeT 3a/1auu O ABYX(a3HOM TEUCHWU CMECH Ta3a |
TBEPJBIX YACTHUIL[ C IMOBEPXHOCTSMM pa3pbiBa THUIIA MEJEHBI B COIUIE M 33Jaud O
TEUEHUU HACAIBHOIO ra3a B KaHaje MEPEeMEHHOro ceueHus ¢ mnephopupoBaHHOM
MEPETOPOJKON B KBa3MOJHOMEPHOM JIBYXCIIOMHOM ITOCTAHOBKE.

- TPOBECTH PACUCTHBIC HCCIEIOBAHMS NPOLIECCOB TEUYEHHUS ra3a B KaHallax
NEPEMEHHOr0 CEUYEeHUs B cpefie porpaMmHo-pacyeTHoro komrmiekca ANSY'S Fluent.

Hay4unas HOBHM3HA MOJIyYeHHBbIX pe3yJbTATOB. Pa3zpaboTansl
MaTeMaTUYECKUE MOJICTU JIBYXKUJKOCTHOTO TE€UCHHSI CMECH ra3a U TBEPJbIX YaCTHI]
C TMOBEPXHOCTHIO pa3pblBa THUMNA IIE€JEHbl B COIUIE W CTAlMOHAPHOTO TEUYECHUSA
UJCaNbHOTO Ta3a B KaHaje IIEPEeMEHHOr0 CceueHuss ¢ nepPopHUpoOBaHHON
neperopogkod. B o0eumx  3amawax — mpolecc  TEUEHHS  MOJEIUPYETCS
KBa3UOJJHOMEPHOU, ABYCIOWHOU MOJIEIIBIO.

1. BeiBesieHbl ypaBHEHHSI W YCJIOBHS, YIPABISIONINE (HOPMUPOBAHHEM,
JBH>)KCHUEM M CXOJIOM MEJNEHBl CO CTEHKH COIUIA, W BBISBICHBI PA3JIUYHBIC THIIbI
CXOJla TMEJICH U JAIbHENIIEH WX HBOJIOLMH. BBINOTHEHBI pacyeThl TEUCHHS CMECH
ra3a 1 TBEPbIX YACTUI] C MIEJIEHON B OCECUMMETPUYHOM coruie JlaBas.

2. ChopmynupoBaHbl T'paHUYHBIE COOTHOIICHHUS Ha IMOBEPXHOCTU pa3pbiBa
(meperopoike) W TOAPOOHO U3y4YeHA JIOKAJIbHAs CTPYKTypa TEUeHHUs] Tas3a B
OKPECTHOCTU Tmeperopoaku. OmnpeneneHbl mapaMmeTphbl raza B nepopupoBaHHOU
neperopogke. JlokazaHo, 49TOo  ompenensionM  (aKTOpoM  BO3JEHCTBHS
nephOopupoOBaHHON NEPEropoJKM HAa TOTOK, SIBISETCS CTENEHb MPOHUIIAEMOCTH
MIEPETOPOJKH.

3. Paccmorpennbie mpumepsr B ANSYS Fluent 15.0. moarBepkmaroT
3 PeKTUBHOCT, pa3pabOTaHHBIX MoOJieNied. YCTaHOBJIEHO, 4YTO YBEJIUYCHUE
00bEMHOM J0JIM TBEPABIX YACTUI] B CMECH M PabOUvero JaBJICHUS HA BXOJI€ IPUBOIUT
K YBEJIMYCHHUIO KacaTeJIbHOTO HANPSOKEHUST Ha CTEHKW KaHana, ObICTpoOMY
pa3pylIEHUIO CTEHOK MU K M3HOCYy comuia. [lodtn Bech HMMMYJbC OCaKICHHBIX
KOHJICHCUPOBAHHBIX YaCTHI] YHUYTOKAETCSI TPEHUEM, U BKJIAJl B UMITYJIbC CMECH OT
JBUKEHUS MTPUCTEHOYHOTO CJI0SI TBEP/IBIX YaCTHI] MPEHEOPEKUMO MaJl.

JlocToBepHOCTH MeToa. KomnrerotepHoe MOJEINPOBAHUE u
BBIYMCIIUTEIBHBIE 3KCIIEPUMEHTBHI MPOBOAWIOCH B mporpaMMHOM nakete ANSYS
Fluent, a pe3ynbTaTbl MOAEIUPOBAHUSI BIOJHE YAOBIECTBOPUTEIBHOIO COBMAIU C
TEOPETUYECKUMU U FKCIEPUMEHTAIbHBIMU JAHHBIMH, IPUBEACHHBIMU B JINTEPATYPE.

IIpakTnyeckasi 3HAYMMOCThL TMOJY4YeHHBIX Pe3yJbTaToB. Pa3zpaboTaHHbIe
MOJIEIM TO3BOJISIOT YCHENTHO U3YyYUTh JIBYX(a3HbIe TEUCHHUS B COIUIAX, PEIICHUE
3a/laud O TEYEHUWH Tra3a B KaHajle ¢ MNepPopupOBaHHON MEPEropoKON HMEET
CaMOCTOSITENIbHBIN TMPAKTUYECKUI HHTEPEC, TaK KaK OJHUM K3 BAXKHBIX CBOWMCTB
nepopupoBaHHBIX MeperopoIoK SIBJISIETCS CBOMCTBO BbIpAaBHUBAHUS
HEPABHOBECHOCTEH CBEPX3BYKOBOTO TIOTOKA, TaIllEHWS IIYMOBBIX BHUOpaIui,
yAapHbIX BOJH. IlpeayiokeHHblEe MpPUEMbl W METOJbl MOTYT HPUMEHSTHCA MpHU
YUCJICHHOM MOJCIUPOBAHUN IMIMPOKOTO Kpyra 3ajiad Ta30BOM JUHAMUKH JTMOO Kak
WHCTPYMEHT pEIIeHUs, TUOO0 NJisi YIY4IICHHS KadecTBa PEIICHUS W TOBBIIICHUS
OBICTPOJIEHCTBUSI PEATU3YIONINX €ro anropuTMoB. Ho U cOOCTBEHHO MOITydYEHHBIE
pe3yabTaThl pEIICHHS] Ha OCHOBE IMPEUIOKEHHBIX MOJEIE U alrOpUTMOB,

4



NPEACTABICHHBIX B JUCCEpTAllMd 3a]ad, HMEIOT CaMOCTOSTENIbHYI0 Hay4dHYIO

LEHHOCTb.

OCHOBHBIE I0JI0KEHH S JUCCEPTALMH, BBIHOCHUMbIE HA 3aLNUTY.

1. Pa3paboTaHHble MaTeMaTHUYECKHE MOJIETH ABYXXKUIKOCTHOTO TEYEHHS CMECHU
raa M TBEPAbIX YACTHIl C MOBEPXHOCTHIO pa3pblBa TUNA IIEJIEHBI B COIUIE U
CTAallMOHAPHOTO TEYEHHSI MACAIBHOTO Ta3a B KaHalle MEPEMEHHOTO CEYEHUs C
nepdopupOBaHHOMN MEPErOPOAKON B KBA3UOJHOMEPHOM ABYCIOMHOM MOCTAHOBKE:
- TOJy4YCHHBbIE YpaBHEHHs W YCJIOBHSA, OIpeaensionme (HopMupoBaHHE,

JBWKEHUE U CXOJI MEJIEHBI C Tela, TakKe 00pa30BaHUs U OTPhIBA IIHYPOB C
IMOBEPXHOCTEH;

- TIOJIyYCHHBIE COOTHOLICHMS, Ui ra3a Ha IeJIeHe Kak O THIE  pa3phbiBa,
BO3HHMKAIOIIEM B IBYX)KHJIKOCTHOM MOJEIHU B PE3yJIbTATE NIEPECCUCHUS TPACKTOPUI
YaCTHUII;

- [OJY4YEHHbIE ypaBHEHHWs, [ TEYEHUs [JBYX CIIOEB W  BIHSHUSA
nepdoprpoBaHHONW NEPETOPOJKM Ha MapaMeTpbl TEYEHHUs ra3a B HEl U B
LEJIOM;

- TIOJIyYCHHBIC COOTHOLIEHUWS JUIS Pa3jIUYHBIX PEKHMOB IIEPETEKaHUs Trasa
yepe3 nepopanuio B OKPECTHOCTH IEPETOPOIKH.

2. llomyuyeHHble pe3yabTaThl KOMITBIOTEPHOTO MOJCIUPOBAHUS, W PACUETHOTO
uccnenoBanust B ANSYS Fluent 15.0 npormecca ucredeHuss 0CeCUMMETPUIHOM
TypOyJeHTHOM cTpyH U3 coria JlaBasi.

3. TlomyuyeHHble pE3ynbTaThl PACYETHOTO WCCIECAOBAHUS I KOMITBIOTEPHOTO
MOJICJIMPOBAHUS ABYX(PA3HOTO TEUEHMS] CMECHU Ta3a U TBEPHBIX YACTHUIl B KaHaJe
nepemeHHoro ceueHuss B ANSY'S Fluent 15.0.

JInunbld BKJaAd couckartes. [loctaHoBka 1iejieM W 3a7ad MCCIICIOBAHUU
OCYILIECTBIISIACh HAYUYHBIM PYKOBOJUTENEM, A.(].-M.H., mpodeccopom CynaiiMaHOBON
CM. u aBtopom coBMecTHO. Pa3paboTka d>(PQPEKTUBHBIX BBIYUCIUTEIBHBIX
QITOPUTMOB, TPUIOAHBIX JUISl KOMIIBIOTEPHOIO MOJCIMPOBAHUS M PacyeToB
napaMeTpoB TEUEHHs Ta3a B Cpele MporpamMHO-pacdeTHOro komruiekca ANSYS
Fluent, a Taxke caM BBIYMCIUTEIBHBIA SKCIIEPUMEHT U €ro 00pabOoTKa MPOBEICHBI
aBTOPOM JIMYHO.

AnpoOauus pe3yabTaToB Aucceprauuu. OCHOBHBIE pE3yJIbTaThl JAHHOMN
paboTel nonoxeHsl: Ha VI MexayHapoaHoil HayuHoU KoH(epeHuun «IIpoyHocTs U
paspyllieHue matepuanoB U KoHCTpykumit» (Poccusa, r. OpenOypr, 2010r.); Ha
MexayHaponHOH  HaydyHO-TIpakTU4yeckoil  koHdepeHuun  «MHPopMannoHHbIE
TEXHOJIOTUM B OOpa3oBaHUU: COCTOSHHE, MNpoOsiembl W mepcnekTuBbl (buikexk,
2011r.); Ha MexayHapoaHoOu HAYYHO-TIPAKTUYECKOU KOH(DepeHIun
«H(popmallMOHHBIE TEXHOJIOTUU B A3HUH: COCTOSIHUE, MPOOJIEMbl U TNEPCIEKTHUBBI
ITRA-2014» (bumkek, 2014r.); Ha MexIyHapoJHOW Hay4YHO-TEXHUYECKOU
koHpepenuun «Hayka, oOpa3oBaHue, WHHOBALIMU: MPUOPUTETHBIE HaIPABICHUS
pa3BUTHUS», MOCBAMIEHHON 60-meTHeMy r0oOmiIer0 KbIpreI3ckoro rocyaapcTBEHHOTO
TexHuueckoro ynuBepcutrera uM. WM. PazzakoBa (bumkek, 2014r.); Ha Tpetbeit
BCEPOCCHUICKON HAyYHO-TEXHHUUECKOW KOH(PEPEHIIMH C MEXIYHAPOIHBIM y4aCTHEM
«Texnonornueckoe obOecrneueHWe PEMOHTA U TMOBBIIIEHUE JUHAMUYECKHX KayecTB
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YKEJIE3HOIOPOKHOTO  MoJBHKHOTO coctaBay (Poccus, r. Owmck, 2015r.), Ha
MexayHaponHol Hay4dyHOW KoHbepeHIMH «MeXaHWKa TBEPIbIX, JKUJIKUX U
razoo0pasHbIX cpeqy, nocsiieHHon 80-jetuto mnpodeccopa SxoBa HcaakoBuua
Pynaesa (bumkek, 2016r.).

IHonHoTa oTpamkeHusi pe3yabTATOB auccepranuu B nyOamkamusax. [lo
COJICP)KaHUIO HACTOSIIEH JuccepTranuu  omyOnukoBaHo 10 Hay4HbIX cTaTel.

OcHOBHBIE pe3yNbTaThl AUCCEPTALMU OIMYyOJIUKOBAHBI B *KypHaiax: "BecTHUK
KI'VCTA" (2 cratbm), "UzBectus KI'TY" (1 crates), "Bectnuk KPCY" (1 craths),
"CoBpeMeHHbIE MPOOJIEMbl MEXAHUKHU CIUIOIHBIX cpe’ MHCTUTyTa reOMEXaHUKU U
ocBoenus HeAp HAH KP (1 crates), Kazaxckux HaydHbIX )KypHanax HanmonanbHOU
Axanemun Hayk PecnyOnuku Kazaxcran "Jlokmanel", "BectHuk" (2 craTbn),
Pocculickux Hay4HbIX XypHaiax OMCKOTrO rocyJapCTBEHHOIO YHHUBEPCHUTETA MyTEl
coobmienusi, OpeHOyprckoro ToCyJapCTBEHHOTO YHHBEpCUTETa W MOpPAOBCKOTO
rocyaapctBeHHoro ynusepcurera uM. H. I1. Orapésa (3 cratbn).

Crpykrypa u o0bem auccepranuu. /uccepranmonHas paboTra COCTOUT U3
BBEJICHMS, YETBIPEX TIJIaB, BBIBOJOB, IPAKTUYECKUX PEKOMEHJALUK, CIHCKa
UCIIOJIb30BAHHOM  JHUTepaTtypsl u  mOpujiokenus. Pabora  comepxkur 187
MAaIIMHONUCHBIX CTPAaHUI[ OCHOBHOTO TEKCTa, 37 PHUCYHKOB, 1 Tabmuiy. Cnucok
HUTHPYEMOH JTUTEpaTypbl 84 HAUMEHOBAHUS, U3 HUX COOCTBEHHBIX ImyOnukanuii 10.

ABTOp BBIpaKaeT TIIyOOKYyI0 NPU3HATEIBHOCTh HAYYHOMY pPYKOBOAMTEIIO
JTOKTOpY  (pu3mKo-mareMaTudeckux Hayk, mpodeccopy Cpere MykamoBHe
CynaiiMmaHOBOM 3a BHUMaHUE W LEHHBIE YKa3aHUs, MOJIyYCHHbIC MPHU BBINOJIHEHUU
JIMCCEPTALIMOHHON PaOOTHI.

OCHOBHOE COAEP XAHUE JUCCEPTALIMHU

Bo BBemeHum  gaercs  OOOCHOBaHHME  aKTyalbHOCTH  MPOOJIEMBI,
chOpMYIUPOBAaHBI IIEIM W 3aJa4dl HWCCIICIOBAHUS, HaydyHas HOBU3HA IOJTYYCHHBIH
pe3yNbTaTOB, TpPAKTUYECKas IIEHHOCTh TIOJYYCHHBIX PE3yIbTaTOB, OIPEACIICHBI
OCHOBHBIC TTOJI0KEHNE, BRIHOCUMBIC Ha 3aIlIUTY, JMYHBINA BKJIaJ COMCKATEINS, a TAKKe
CTPYKTypa U 00beM JHUCCEPTAIMOHHON paboThl. [IpHuBeIeH CIMCOK OMyOJIMKOBAHHBIX
paboT Mo TeMe AUCCEPTAIUU U alpoOaIu OCHOBHBIX PE3YJIbTaTOB.

B mnepBoil riaBe caenaH JIMTEPATYpHBIM 0030p W aHAIM3 MPOOIEMBI
nBYyX(a3HBIX TEYCHUH JKUIKOCTH W Ta3a. OmHMCaHbl CYIIECTBYIONIUE TMOIXOIbI K
PEIICHHIO ATHX 3a]1ay.

Bo BTOpOIi r1aBe B pazzaene 2.1. nano 060cHOBaHME JalbHENIIIEH pa3paboTKe
npoOemMbl IBYX(a3HbIX TEUEHUW CMECH Taza M TBEpIbIX dYacTull. OmpeneneHsl
OOBEKT U MPEIMET MCCICIOBAHUS, TaHO 0OOCHOBAHKE BHIOOPY MOAXOJ0B U METOIOB
WCCJICIOBAHMSI B 3TOM HaIIPaBJICHUHU.

B Hacrosiee Bpemsi miig pacdyeTa TEUEHHMM cMecu rasza (AKUIKOCTH) C
TBEPABIMH HMHOPOJHBIMH YacCTHUIIAMH B COINIaX B paMKax JIBYX)KHIKOCTHOM
(IBYXCKOPOCTHOM W JBYXTEMIIEpATypHOM) MOJIENIM CIUIOIIHOM Cpelbl IIHPOKO
UCIIOJIb3YeTCsl OJHOMEpHOe npubmmxeHue. Jns aByxdasHbIX HEpaBHOBECHBIX
TEUCHUN W3-3a OTCTABaHUS WHOPOAHBIX (KMIKUX WIJIM TBEPJbIX) YACTHI] OT rasa

BOJIM3M CTEHKH (OKOJIO TOPJIOBHMHBI) TpPaHC- W CBEPX3BYKOBOW 4YacTel coruia
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oOpasyercs cioif, cBoOOAHBIX OT yacTHil. [lapaMeTpsl ra3a B sijpe MOTOKa U B CJI0OE
CBOOOJTHOM OT YacTHI], CUJIbHO Pa3IMYalOTCsl, YTO JJIsl TAKUX TCUCHHUM YBEJIMYMBAET
MOTPENIHOCTH  OJHOMEPHOTO MpUOIKeHHs. BO3MOXHBIM MyTh HCHpPABICHUS
MOJ00HOTO YXYJIIEHUS OAHOMEPHOTO NPHUONIMKEHUS — MPUMEHEHUE ABYCIONHON
KBa3UOJHOMEPHOM MOJieNu ABYX()a3HOTO TEUCHHUS B CBEPX3BYKOBOM YaCTH COIIA.

B pasmene 2.2. npoanammsupoBaHbl Bo3MOXHOCTH ANSYS Fluent s
KOMIIBIOTEPHOT'O MOJIEJIMPOBAHMS MTPOLIECCOB TEUEHHUS T'a3a B KaHaJax MEPEMEHHOIO
ceyeHusa. OnucaHbl TEXHOJOTUU YHUCICHHOTO MOJICTMPOBAHUS TUAPOIUHAMUYECKHUX
IIPOLIECCOB, PACCMOTPEHBI OCHOBHBIE MAaTEMATHUYECKNE MOJEIN, OCHOBHBIE TTOAXObI
K JUCKPETU3allMl YPAaBHCHUN MATEMATHYECKOW MOAEIN W AJTOPUTMBI YHCIEHHOTO
pellieHusl ypaBHEHUI MaTeMaTH4eCKOW MOJIeNH, KOTOpble OYyAyT MpEeICTaBICHBI B
MOCJEAYIOIIUX II1aBaX.

Tperbss rjlaBa TMOCBAIIEHA MAaTeMaTHYECKOMY MOJEIMPOBAHUIO OJIHO-
NBYX(a3HbIX TEUCHUU HACAIBHOIO Ta3a U CMECH ra3a M TBEpJbIX YACTHUIl B KaHAJe
nepemMeHHoro ceueHus. B pasgene 3.1. B paMkax ABYXKUAKOCTHOM MOJEIU C
JUCHEPrUpOBaHHON (pa30l — CIUIOIIHON cpenodt 0e3 COOCTBEHHOTO JaBJICHMS —
pa3paboTaHa MaTeMaThyeckas MOJEJIb TEUEHUSI CMECH ra3a U TBEpAbIX YacCTHIl C
pa3pblBaMU THUIA MEJIEHbl U IMIHYpOB. lleneHaMu mpeasioxEeHO ONHCHIBAaTh TOHKHUE
MPUTPAHUYHBIC CJIOM TBEPJBIX YaCTHI], 0Opa3yloIIHecs Y CTEHOK W JABUXKYIIUECA
BJI0JIb HUX. OTMEYeHa BO3MOXXKHOCTb OTpbIBAa MEJEHBI CO CTEHKHM U OOpa30OBaHUE
IIHYpOB HA TMEPECCUCHUSIX JIMHUM TOKa TIEeNeH. DBbIBEIEHBI ypaBHEHMS,
ONpeIEIAIONINE IBU)KEHUE TIEJIEH U IIHYPOB B CTAlMOHAPHOM citydae. VccienoBansl
pa3nuYHbIe BO3MOKHOCTH CXOJa TIEJIEH CO CTEHKH, a TaKKe 00pa3oBaHUs U OTPbHIBA
ITHYPOB.

Pa3paboTanHas Moi€nb MO3BOJISET YCIEIIHO U3YyUYUTh JBYX(a3HbIE TEUECHHUS B
corax. IleneHa B TakuMxX TEYEHUSAX BO3HUKAET H3-3a WHEPLUMOHHOIO BBINAJECHUSA
TBEPJBIX YACTUIl B CYXHUBawIlecs yactu cormia. OrtopBaBmiasics B 00JacTH
TOPJIOBHHBI TIEJICHA pa3feisieT NByXxda3Hyto 00acTh OT 0bsacTyu ynctoro rasza. [lpu
TEUEHUH B KaHaJe MEPEMEHHOI0 CEYEHUS MAKCHUMYM IUIOTHOCTH YACTHI] CIIEIYET
OKHMJIATh Y €r0 CTEHKH.

B paznene 3.2 B kBa3nOJHOMEPHOM IBYXCIOMHOM ITOCTAHOBKE PEIlIeHa 3aaya
O TEYCHHUH HJICAJTLHOTO Ta3a B KaHaJe MEPEeMEHHOTO ceueHus ¢ nep(opupoBaHHON
MEePEropoIKON, KOTOpass HEoOXOoauMa i TOJHOTHI TOCTPOSHUS U H3JI0KEHUS
MOJENH TEYEHUS ra3a U TBEPABIX YACTHUL B KaHAJIE IEPEMEHHOIO CEUCHHS.

PaccmoTpeHo TedueHME WaeanbHOro rasa B COIUIE, IUIOIAAb ITONEPEYHOTO
ceyeHus koToporo F-u3BecTHas (QyHKUMS TPOAOIBLHOM  KOOPAWHATHI X,
OTCUMTHIBAEMON BIOJbL OCH KaHaja, C nepPopupoBaHHONW MEPETOPOKOM
KBa3MOJHOMEPHOM  JBYXCIIOMHOW  1mocra”HoBke. Ileperoponky  mopenupyem
MIOBEPXHOCTBIO pPa3pbiBa MJI MapamMeTpoB rasza. [ paHWuYHbIE YCIOBHS Ha TaKON
MOBEPXHOCTH TMOJYYUM C NPUBJICYECHUEM JOMOJHUTEIbHBIX MPEANOI0KEHU B
paMKax MoJieJieid, B KOTOPBIX TJIABHOE BHUMAHHE YJIEJIEHO Pa3pbIBOM OPUCTOCTH.

[Tomectum mephOpUPOBAHHYIO TEPETOPOJKY B COIUIE, KAk IMOKa3aHO Ha
pucyHnke 1. 3ameTuM, 4TO B OCECUMMETPUYHOM CIIy4ae, P - AaBJIEHUE, O - NIOTHOCTb,
e — yzeJIbHAas BHYTPEHHSS JHEpTus, | — 3HTanbNus ra3a. [leperoponka nmeer Gpopmy
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oOpaTHOrO KOHYCa, MPHWYEM BEpIIMHA KOHYCa JICKUT HAa OCH B PaCIIUPSIOIICHCS
yacTu coruia. OCh X COBMAJAET C HAMpaBJICHUEM HAOEralollero MmoToka U ¢ OCIMHU
CUMMETPUM KOHyCa M COIUIa, OChb Yy €W mneprneHaukyiaspHa. Hawano koopauHar
pacIoyoKuM B IJIOCKOCTH, T/ie IIpUKacatoTcs ABa tena. Ilycth U - X- KOMIIOHEHTa
CKOPOCTH NOTOKA y/IeJIbHAS DHTAJBIINS, & — CKOPOCTh 3BYKa, IPUYEM

e=e(p,p), i=i(p,p)=e+plp, a=a(p,p), (1)

rae GyHKIWU, CTOSIIME CIIpaBa, U3BECTHHI. [[J1s1 COBEPIIEHHOTO raza ¢ moka3aTeyieM
12

amacam : €=P/IE-Dpl, i1=sp/l(k-1p], a=(xp/p)""

-~

¥

Puc. 1. PacnionioxeHue neperopojiku B coruie

’
[peamonoxum, uro s () <1, roe Vs (x). ypaBHEeHUs1 oOpazyroien
neperopoaku. Pacnpenenenue napaMeTpoB JUIsl HUKHETO CJIOA, T.€. JJIsl TEUEHUs 10
MIEPErOPOJKH YIOBIETBOPSAIOT YPABHEHUSM:

du _ 1 (1+V)y59m+uﬁ .

dx F(M?-1) D dx |

dP u dF

S — ] 4 —

T [( Sy, + pu dx}
d 1dP
£ (2)
dx a°dx

3necy 9m- pacxoj raza yepe3 nepdopuUpOBaHHYIO MEPEropoaky, M- 4ucio
Maxa.

BBenem oTMeudeHHBIE UYepTON BBEpPXy TMEpEMEHHBbIC i O0O3HAYCHHS
COOTBETCTBYIOIIUX MapaMETPOB [Jisi BEPXHEro cios. BenmnunHaMu ¢ MHIEKCOM m
0003HaYUM COOTBETCTBYIOIIME MapaMeTphl Ta3za B NepPOpUPOBAHHON MEPETOPOIKE.
Toraa, cucrema ypaBHEHUM, ONKMCHIBAIONIAsA TEUYECHUE 32 NIEPETOPOAKOM MMEET BU:

du u — — du
— = 1 v 1 Mz S—S —__—;
& ﬁF(Mz_l)[< V)Y, L+ M + p,(5-S,)) - pU dx}
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dP u = dF

— = = = 1 Y 2_ 0. S—S —__2—, 3

| Crve. e A G-s) i | @
K—-1_

p=Q,/UF; p,=0pleS=-"""p; S=Plp*
K - SHTpONHUITHAS QYHKIIHS,

Qo- pacxon raza B HaUaNLHOM CEUEHMH. B BBIMMCAHHBIX ypaBHeHMAX v=0 u 1 mus

IUIOCKOTO M OCECUMMETPUYHOI'O CITy4aeB, COOTBETCTBEHHO.

C uenplo onpezeneHus: napaMeTpoB rasa B nep(opupoBaHHOM MEPETOPOJIKE,
c(opMyIUPOBAHbI TPAHUYHBIE COOTHOILIEHUSI HA TIOBEPXHOCTH pa3pbiBa U MOJIPOOHO
U3yd4eHa  JIOKaJlbHas CTPYKTypa TEYEHHs ra3a B OKPECTHOCTH MEPETOPOJKH.
OCHOBHBIE TPAaHUYHBIEC YCIOBUS Ha pa3pbhiBe UMEIOT BH/I:

OcHOBHBIE TPaHUYHBIEC YCIOBUS HA pa3pbhIBE UMEIOT BHI:

[pu]=0; [214+V]=0; [P+pu']==X; [pw]==Y; [puw]=-Z (4)

3nech, Kak W MO TpexHeMy P — naBieHWe, p - IIOTHOCTh, |- ymenbHas
suransmus, V' V' W T HopMmanbHas 1 nomepedHble KOMIOHEHTBI BEKTOpa CKopocTH V,
N A RN Y .
V= +vi+o' y [pl=0 -0 [lapameTpaM TMOTOKa CII€BA OT MEPErOPOJIKHU
NPUIMCAH HMHAGKC  MHHYC, CIIpaBa — IUTIOC, 4@ BEIWYMHAMH, CPEJHHM IO
MHHMMAJIbHBIM CEUEHHs MPOXONANIMX OTBEPCTHI IIEperopoakn — wuHaekc M-
X, Y, Z-

KOMIIOHEHTHI CWIbl F, nefcTByrOLIEH CO CTOPOHBI MOTOKA Ha €AMHHUILY
wiomaa rneperopoaku. Ilpm paccMOTpeHMM TEYeHUS B LEJIOM  TOJIIMHOW
NEPEropoIKM M XapaKTepHbIM JIMHEHHBIM pa3MmepaM mneppopauuud  d MOXKHO
npeHeopeyb.

Hapsiny ¢ OCHOBHBIMH COOTHOIIECHUSIMU (4) HEOOXOAMMBI JTOTIOJHUTEIbHBIC
BbIpaKEeHUs AJid F, KOTOpbIEe CBSI3aHbI CO CTPYKTYPOH JIOKAJIBHOTO TEUEHHUS 4Yepes
nepdoparnuio.

B cnywae  rycTeiX” mEperopomoK, JJIMHA KAaHAJIOB KOTOPBIX BEJMKa IIO
CPABHEHUIO C UX MOMEPEYHBIMU Pa3MepaMu, MOKHO ITPUHATH PABEHCTBA:

vV,=v,=0, w_, =w,=0. (5)

Ot YCJIOBHA MOHO HMCIIOJIB30BATh AJIA OIIPCACICHUA Yul

Cunraercsi, 4T0 BMECTO 3afanust X Mpolle U yaoOHee MOCTYIUPOBATh Ty MM
MHYIO CXEMY IIEPETEKAHUs Ta3a yepes3 neperopoaky. Ilpu 103ByKoBOM MOTOKE ciieBa
OT IIEpEeropoJKH, IIO/pKAaTUE Ta3a, CONPOBOXKIAIOLIEE MaJACHUEM JaBIICHHUS,
IIPOUCXOIUT U303HTPOIINYECKH T.€.

S_ == Sm' (6)

3mecs S — yaenpHas SHTponHs WM Jitobas ee ¢pyHkius. Papencrsa (4), (5)
BMecTe ¢ (6) ¥ OTHOIIECHUSIMU:



fou =pu, 2l _+u:=21 +V*. (7)

U YPaBHEHUSIMHU COCTOSTHUSA 1=1(P.p) y S= s(P.p) IPEACTABISIIOT CUCTEMY
YCJIOBHUH, CBA3BIBAIOIIMX ITAPAMETPAMHU CJIEBA OT MEPETOPOJIKH U B €€ MUHUMAJIbHOM

f=> 1y -
CCUYCHMH, T/IC m CTENEHb MoKaTus nepdopanuu.

Ha pexume PIl, B kotopoit M, <1, ucnome3yercsa H3BECTHas CXeMa
OTpbIBHOTO HcTeueHus (yaap boppma), korma Ha meperopojaky crpaBa JEHCTBYET

IOCTOSTHHOE JJaBJICHUE P=PF. Ha 3aJJaHHOM 3Tale MNPEeoJaraercs, 4YTo KaHajbl
nepdopaly B HalpaBiICHUM TEUEHHs JINOO CYKAIOTCs, TUOO MMEIOT MOCTOSHHBIE
HOTIEPEYHBIE CEUCHUSI.

Tpetbe ypaBHeHus (4) Ha pexxume Pl npunumaet Buj

P+pu=P +fp U’ (8)

Ha manmHOM pexume mapameTpbl, Bxomsmme B (4)—(8), HaxomsTcs
OJIHOBPEMEHHO C pelIeHUEM BCel 3a/lauu O pacmnajie pa3phiBa.

B o0eux 3amavax TeyeHUs MOJAEIUPYIOTCS KBa3UOAHOMEPHOMU, JBYXCIOWHOMN
MOJICNIbIO TEUEHUS JIBYX)KHJIKOCTHOM CMECH W TEYEHHUS WJACAIIbHOTO rasa, TJie
TpaHULIC pas3fena CJI0oeB CIY)XKHT B IEepBOM 3ajade IiejieHa, a B Jpyrou
nepdopupoBanHas Tneperopoaka. Ileperopojaka, Kak U TMeJeHa, MOJEIUPYETCs
MOBEPXHOCTHIO TUAPOJMHAMUYECKOTO pa3pbiBa I [apaMeTpoB Trasza Mpu
MPEANOJIOKEHUH CTallMOHAPHOCTH, TIepeTeKaHus raza uepe3 Hee. [IpuBoasrcs
OCHOBHBIC COOTHOIIICHHS Ha pa3pbiBax MPH Pa3IUYHBIX PeKUMax meperekanus. [lpu
KaueCTBEHHOM HCCIICIOBAHUN CHCTEMBI YPaBHCHHH ABYX IOTOKOB, pa3lIelICHHBIX
pa3phIBOM, OIpPEAENIEHbl BUIbI 0COOBIX ToueK. OCYIIECTBIEH TMEpexo] 4epes
3BYKOBBIC TOYKH, KOTOPBIE ABISIOTCS cemamu. OnpeneneHsl OCHOBHBIE TTapaMeTphl,
XapaKTEPHU3YIOIINE TCUCHUS B CIIOSX.

[Ipu m03BYKOBOM pEKHME TEPETCKaHHWs, COOTHOIIEHWS Ha pa3pbhiBax: U B
nejgeHe, WU B TMEPEropoJIKe TOJYyYEeHbl C WCIOJIB30BAHUEM MPEIINOJIOKEHUS O
COXpaHEHUHW HHTPOIUU TPU BTEKAHWUHU Ta3a B MOPUCTYIO Cpeay, U cXembl 'ymap
bopna" npu BeITeKaHUM U3 HEE.

BrlmonHeHHBIC YHCIICHHBIE PACUeThl MOKAa3bIBAIOT, YTO HM3MEHEHUE CTENEHU
MPOHUIIAEMOCTH  MEep(POPUPOBAHHON  MEPETOPOAKHM  MPUBOJUT K  3aMETHOU
MepeCcCTpOKe TeUEHHs ra3a B 00JIaCTU B LIEJIOM.

B paznene 3.3. B kauecTBe JIEMOHCTpAIMK pa3pabOTaHHON MoOjenu B pabore
paccMOTpeHa 3a/1aya o IByX(a3HOM TEYEHUU CMECH T'a3a U TBEP/AbIX YAaCTHUIl B KaHAJE
MEPEMEHHOTO CEUEHHS C pa3pblBaMH THUIIA TICJIICHBI, B KBa3HOJHOMEPHOU
JBYXCJIOWHOW IIOCTAHOBKE.

[Tonb3ysICh TPAMOYTOJIBHOW WM LUJIMHIAPUYECKOW CHUCTEMaMH KOOPJHMHAT,
HAYaJi0 KOOPIWHAT TIOMECTUM B TUIOCKOCTH, TJI€ MPUCTCHOYHAS TeJieHa OTPHIBACTCS
CO CTEHKH, OCh X HAmpaBUM CJI€Ba HANpPaBO B CTOPOHY TEUYCHHs MO OCH WU TIO
MJIOCKOCTH CUMMETPHH, a OCh Y — IEPIICHIUKYIISIPHO OCH X.
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B pamkax IBYX:KMAKOCTHOM MOJENIM, NPUMEHUTENBHO K JAaHHOW 3ajaye
CUCTEMA YPABHEHUI UMEET BUJ:

2 2

u u
e+7+W e, + 25 = const,

pudu+ puWdu, +dP =0, 9)
du, — o' ] , ﬂz(pqu,qu:const
dx u dx u

S S

U — X -KOMIIOHEHTa CKOpPOCTH MOTOKa, P— nmasmenme, T — temneparypa, £ —

IJIOTHOCTB, € — yJICIIbHAs1 BHYTPCHHAA dHEPIrUs rasa, F(X)— momanab IMoIICpCcYHOro
CCUCHM COIlIa, W — oTtHOIICHUE PacxoaoB YaCTUIl U rasa. HapaMeTpLI C UHJCKCOM S
IMPHUITKCaHbl COOTBCTCTBYIOINUM BCIMYHWHAM IJIA YaCTHII.

ypaBHeHI/IH COCTOAHUA UMCIOT BHU.:

e=e(P,T), p=p(P,T),e =e(T), (10)

f q
(1)YHKI_[I/II/I, CTOJAIIIUEC cnpaBa HU3BCCTHBI, (0 nu ¢ SIBIIAKOTCA U3BCCTHBIMU (I)YHKHI/I}IMI/I
TEPMOAMHAMHUYECKUX MTAPAMETPOB U MOAYJISI OTHOCUTENBHON CKOPOCTH u- uS, HO HE

WX MIPOU3BOTHBIX.

OtmetnM, 4dYTO cucTemMa ypaBHeHuWH (9) BbIONHAETCS B o0dacTu
HENPEPBIBHOCTH, T.€. BHE MEJICHBI.

JUia  pemeHuss 3aJayd B II€JIOM, IPUHUMAEM JIBYXCIOHHYIO MOJIEb,
IpelyCcMaTPUBAIOLIYIO pa3fielieHue MOToKa Ha JIByX(a3Hyto 00JacTh TEUEHHUS U Ha
00J1acTh TeUEHUs MPUCTEHOYHOIO CJI0SI YMUCTOro rasa. 37iech IpaHulleil pa3zaena IByX
CJIOEB CITY’KUT CBOOOJHAs IE€JIeHa, COUIe/Iasi CO CTEHKU COIUIA, MPUYEM IOJIOKEHUE
ee 3apaHee HEM3BECTHO.

BBenem oTMeueHHbIE UepTOW BBEpPXy IepeMEHHble i 00O03HA4YEHHUs
COOTBETCTBYIOIIUX MapaMeTPOB JIJIs CJI0Sl YUCTOTO raza. Bennunaamu ¢ HHIEKCOM m
COOTBETCTBYIOIIIME TapaMeTphl ra3a B nejeHe. CucTeMa ypaBHEHHA, OMHCHIBAIOIIAS
pas3enbHOe TeUeHUE ABYXKUAKOCTHOM CMECH M YHCTOTO Ta3a MOKHO MPECTaBUTH B
BUJIC:

dpouF v
/; = —(1+V)y! (X)9,,,
X
2 2
d(pu F+(I;F+psus B pE— vy (g,
X
douFS v
P2 (14 V)Y (X)g, S,
dx (i
P _ 1+vyig, D= g Loa]
dx dx .

S
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d(pU’F+PF) __, dT, ,T-T

= PF’, — 5 = —S’
dx dx 4 u,
——TrC 1+v
9PUES _ (1 1 vy ()9S, p, = O 2ts).
dx Y, ug

puyeM ys(X) "~ ypaBHEHHUE MOJIOKEHUS CBOOOIHOM TeneHbl, V=0 u 1 B IJIOCKOM H

OCECUMMETPUYHOM CJIydasXx COOTBETCTBEHHO, I - pacxoj rasa 4epes IejeHy, o -
OHTpONUUHAS (DYHKITHS.

[Tokazano, kak cole/iias nejieHa cCoOMpaeT YacTUIlbl, OTIETSAA 00JaCTH CMECH
¥ YUCTOTO Ta3a M Kak Obl GUIBTPYS CMeCh. B MOAENAX ¢ MOTIOMIAOIIMME CTEHKAMH,
IJIe 4acCTUIBI MPEKpallaloT CBOE CYIIECTBOBaHUE, T€ K€ O00JacTH pa3leNstoTCs
TaHTCHIIMAIBHBIMU ~ pa3pblBaMHM  CIUIOIIHOM  CpeIbl 4YacTHIl, dYepe3 KOTOphIe
MepeTeKkaeT 4YMCThid ra3. OTMedeHa, Korja mpv TEYEHUM B COIUIE OTOPBaBIIASICS
nejieHa Ju00 BHOBB I0I1aJIaeT HAa CTEHKY, IN0O0 "IHYypyeTcs" y OCH.

B cnydae, xorna cBoOogHas meneHa MIHYPYeTCsl Y OCH, YaCTUIIBI HE BBIMAIAOT
B IIHYp H3-3a €ro HYJEBOW TOJIIMHBI W B3aUMOJICHCTBUE IIIHypa C Ta30oM U
yacTUIIaMU HecylecTBeHHO (puc.2). CrenoBaTeiabHO, IIHYp JABUXKETCS IO
MPSIMOJIMHEWHOW TPACKTOPUHM, KOTOpash COBHAAAET C OCbO MU MMEET MOCTOSIHHBIC
napaMeTphbl, ONpeIesieMble CIECTYIOIUMHU COOTHOIIEHUSIMU:

p'U' =27ypZU7 =const+O(y?), p° ~ 1,
y
p'U'U' =27yp7 (U7)? cos B = const+O(y?), (12)
p'U'E' =27yp UZE? = const+ O(y?),
B YTOJI MEXy CBOOOJIHOM TTeJIEHOM U OCBIO X.
AY ps

Puc.2. ITonoxenune cBOOOIHOM MEJIEHBI

Pacnipenenenust CKOpoCTeil MeNeHbl, YacTHI[ W Ta3a MO OCH IOKa3aHbl Ha
pucyHke 3. 371eCh CIUIONIHAs KPUBasi COOTBETCTBYET PacIpeiesIeHUI0 CKOPOCTH Ta3a,
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HITPUXOBAsE - CKOPOCTH YacCTHUL, & IITPUX-MIYHKTUPHAs - CKOPOCTHU IeyeHbl. M3-3a
B3aMMOJEMCTBHSI C Ta30M CKOPOCTb IEJIEHbI YMEHBIIAETCA B Hayalle, IOCKOJIbKY Ia3
TOPMO3UT €€, a 3aTEM YBEIUUMUBAETCA, T.€. a3 YBIEKAET €€ 3a COOOM.

3aMeTuM, 4YTO NPOHUIAEMOCTH IEJEHbl B JAHHOM CIlIydyae IOCTOSIHHAas |

m, =1 =081+091 p, pUCYHKe 4 TOKa3aHO pachpeesieHne CKOpOCTel rasa Ha
HIDKHEM (CIUIONTHAS ) ¥ Ha BEPXHEM (ILITPUXOBAsI) CIOSX rasa.

ug, u,u? wu Uy, T
////

/
[
(4
17/ X
L

Puc.3. Pacnipenienienne ckopocteii Puc.4. Pacnpenenenue ckopocTeil Ha
ra3a, 9aCTHll, IICJICHBI HKHEM U BEPXHEM CJIOSIX

OTMeTHM, 4TO IMOJIyYEHHBIE PELICHUS PEalu3yloTcs B MOYTH 3aMOPOKEHHOM
pexuMe TeueHUs ABYX(a3HOro MOTOKa, KOTJa B3aMMOCHCTBHE Ta3a C TBEPIbIMU
YacTUIIAMHU HE3HAYUTENBHO.

B wurtore u4ucieHHOro MOAENMPOBaHUS pa3paboTaHa  KOMIbIOTEpHas
nporpaMma, peagu3yromias pacueT 3aJaud OJHOMEPHOIo TEYEHUS WCaIbHOTO ra3a B
KaHaJie TMEePEeMEHHOTO CEUeHUs, C IENbI0 JO0KA3aTelIbCTBA KOPPEKTHOCTH METOMa
BeruuciieHus. [Iporpamma paspaboraHa B cpene mnporpammupoBanus Microsoft
Visual Studio 2010 ¢ mnpuMeHeHHEM sI3bIKa OOBEKTHO-OPHEHTHUPOBAHHOTO
nporpammupoBanus C# (puc.S).

Cucremy muddepeHuaibaeix ypaBHeHui (11), omuchIBarOmmMX OJHOMEPHOE
TE€UYEHHE UJICATBHOTO Ta3a B coruie JlaBans pemiaem ¢ mpuMeHEHHEM TPUOIKEHHOTO
Merona Pynre-Kyrra 4-ro nopsiika TOYHOCTH.

KommbroTrepHass mporpamMmbl  00JiajlaeéT HWHTYUTHUBHBIM UHTEpdeiicoM U
MOHSTHA B UCIOJIb30BAaHUU, (DYHKIIMOHAN MPOTPAMMBI PEAIM3yeT aJIrOpPUTM METO/a
Pynre-KyTra u mo3BojisieT moay4duTh pe3ybTaThl BEIUUCIUTEIBHBIX 9KCIIEPUMEHTOB
C OTHOCHTEIbHOI morpemHocTsio £€=10° B TaGmmuHoM BHe U B BHAe rpaduKoB
pacnpenenenus GU3NIECKUX MapaMeTpoOB TEUCHHUS ra3a B KaHAJE.

Sy e e [ o o Dt 8 pasrae curen

Havankime nae

Puc.5. Tabnuna pe3ynbTaToB pacyeTa
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HpeI[CTaBJIeHI/Ie WJIM BU3yAJIM3allUH PC3YJIbTATOB BbIYUCIICHUA B BHIC
Fpa(I)I/IKOB IIO3BOJIAOT OLCHUTH (i)I/ISI/I‘IeCKI/IC nmapaMeTpsnl MMpouecca TCUCHHA raida u
YCTAaHOBHUTB €T0 3aKOHOMCPHOCTHU, KaK BUJIHO Ha pHC6

Panpeiue e 5 A (253 B 2 e

AARREEERRN)

]

Py e i 112 ean 0w o

Puc. 6. I'paduku pacripeneneHus mapaMeTpoB I'a3a B OJHOM OKHE

B derBeproM Try1aBe IPEACTABICHBl  PE3YJbTAaThl  BBIYMCINUTEIBHBIX
IKCIICPUMEHTOB B TpukiaamHoMm mporpammaoM makere ANSYS Fluent 15.0 ¢
npumenenneM CFD-Merona u cpescTB KOMIIBIOTEPHOTO MOJAETUPOBAHUS TPOIIECCOB
TE€UYEHUS ra3a B KaHAJIC IEPEMEHHOTO CEUEHHUS.

B paznene 4.1. peiieHa 3aiada uctedeHus TypOYJIECHTHOM OCECUMMETPUYHOMN
CTpyd M3 COIUIa B JABYMEPHOW NOCTaHOBKE. Pacu€THas oOnacTb MU caMO TEYEHHE
ABJIAIOTCS CUMMETPUYHBIMHM, TaKUM O0Opa3oM, paccMaTpuUBaeM 3ajiadyy B IOJOBHHE
obmactu (puc.7). Jnsg co3maHus CETOUYHOW MOJETH 33JAr0TCs IapaMeTphl CETKH,
IPOU3BOJAUTCS €€ IMpoBepka M MaciutabupoBaHue. lcnonsdyem aBymepHBbIE
YETBIPEXYTOJbHBIE 3JIEMEHTbI, KOTOpPbIE TMO3BOJSIOT PACCUUTATh TYpOYJIECHTHOE
TEUEHUE BS3KOM CXKMMaeMoW >KUAKOCTH. PacueTHas oOnacTh pa3OuBaeTcs Ha
AJIEMEHTHI, paclpe/ieIeHHbIE HEPaBHOMEPHO, BOJIM3U OCHM CUMMETPUU BO3JIE COILIa,
Ha OCHOBHOM Y4YaCTKE JBUXEHHS CTPYU W BIOJb CTEHKH, Iie OOJIblIEe IpaJueHThI
napaMeTpoB TEUEHUS, DJIEMEHThl pPACIOJOKEHbl TyCTO U HUMEIT HeOOoJbIINe
pa3mepbl. Ha ocTanbHBIX yyacTKax, TJI€ TPaJUEHThl MaJlbl, 3JIEMEHTHI PACIOJIOKEHBI
pexxe U uMerT Oosbliue pasmepsl. [lpu 3amaHunu mapameTpoB pacueTHOM 00nacTH
notpedoBanock 21205 snemenToB. i mosiydeHHs pe3ynbTaTOB JOCTATOYHOU
TO4YHOCTH, pacder mnorpedoBan 40000 wrepauuii U anwiacs OKono 12 dyacos.
Hcnonp3oBanack cieayromas KoH(UTypaluss KomibioTepa: mpormeccop - Intel ®
Core (TM) i3-2350 CPU, TakrtoBas wactrota sipa 2,30 I'T'm (nmpu cranmaptHOU
yactore 2,30 I'T'm); Tum mpoiieccopa — yeThIpexsifiepHbIi; oniepatuBHas mamsth 4 6.

3a pabouee Teno BwIOMpaeM xuAKOCTh (fluid) - Mozensp Bsi3kOro Trasa c
TIOCTOSTHHBIM KO3((QHUIIMEHTOM TEIUIOEMKOCTH IPH NOCTOSHHOM napieHun C, — Air
Ideal Gas (constant Cp). lunamudeckast BSI3KOCTh NMogUHHsAETCS 3aKkoHy CasepreHna
(TemneparypHasi 3aBUCUMOCTh). ['paHWYHBIE YCIIOBUS ONPEAEIIAEM B COOTBETCTBUU
CO CXEMOM pacueTHOU 00J1acTu, TPUBEACHHOM HA PUC.8:
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Ha BXOjie B COIUIO OIpeessieM: MONHOe qaBieHue (pressure-inlet) P = 2.5-10°
[Ta; mapamerpsl TypOymentHocTtd - Turbulent Intensity=1.5%,Turbulent Length
Scale= 10 mm; Temnepatypa T = 287 K.

Ha BpIXoze pacueTHO# 00JacTH 3a7aeM: MOJHOE JnaBicHue (pressure-outlet) P
= 1.008-10° Ia; Temmeparypa T = 294 K; mapamerps! TypOyJICHTHOCTH TAKHE K€ KaK
Ha Bxoze. Ha crenkax (wall): temneparypa T =287 K.

)
B
0,000 0,050 0,100 (mm) B
0025 0075 ’
Puc.7. Cerounas Mozenb Puc.8. ['panuist

[IpoBeneHo pacueTHOE HCCIEIOBAaHUE MPOIEcca HCTEUYEHUs TypOYJIEHTHOM
ctpyu u3 comra JlaBans u  TectupoBaHue K-g¢ - Momenu TypOyJICHTHOCTH,
IPUMEHSIEMOH JIJIsl MOJICTIMPOBAHMUS TCUECHHUI BOIHM3H CTCHOK KaHaa. (puc.9).

O NNWRBOG G-~

O A S B, S sk X s K S
w00
NOPROONOAN2~WO O =0 &~

Contours of Mach Number ANSYS Fluent 15.0

Puc.9. I1osie yncen Maxa

[IpruMeHeH MeTOJ KOHEUHBIX AJIEMEHTOB BBICOKOTO IOPSAKA TOYHOCTH JIS
YUCJIEHHOTO MOJICIIMPOBAHMS TYpOYJICHTHOIO MCTECUCHHUS OCECHMMETPUYHON CTpyH
U3 colia. BBISIBIEHO, YTO KAa4eCTBO CETOYHOM MOJIETH CYIIECTBEHHO BIMSET HA
pe3yIbTaThl BEIYUCIUTEILHOTO YKCITIEPUMEHTA.

B paznene 4.2. pemena 3amada IByx(}a3zHOro TEUEHUS] CMECU >KUJKOCTH M
TBEPABIX YACTHI[ IOJ JaBlicHHeM B comioBoM Hacaake (puc.10), ¢ 1enbo
ompeneacHusT (PU3NYSCKUX 3aKOHOMEPHOCTEH TIpollecca TEUCHHUS | BIUSHUSA
BXOJHOTO JIaBJICHUS U OOBEMHOIO COJEpKaHHS TBEpJOH (a3bl B CMECH Ha HU3HOC
coruia. PacueTHast o6nacTh 3amaun n3obpaxena Ha puc.11.
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CwmecurenbHas  dokycupyroas Tpyoka
Crpys Bojsr  KaMeDa (kosTMAaTOD)

NN

SN
Tpaexropust nBUKCHHS BzaumopeiictBue ¢
TBEPABIX YaCTUL] doxycupyromei
TpyOKOH

Puc.10. IIporecc cMemmBaHus TBEPABIX YACTHUI] CO CTPYEH BOJBI

YuciieHHOE MOJENMPOBAHUE TEUYEHHUS] NPOBOJWIOCH C HCIOJIb30BAaHUEM
MHOTO(Ma3HOM Mojenu Oinepa. s cTalMOHApHOTO HEC)KMMAEMOT0 MOTOKa
pematorcs auddepeHiaibHble YpaBHEHUS B YACTHBIX MPOU3BOJIHBIX COXPAHEHUS
MacChl, PaCCUUTHIBAIOIINE OOBEMHYIO JIOTI0 KaX0i (ha3bl U KOJIUYECTBA JIBHXKCHHUS,
chopMyIMpOBaHHbBIE JJI KaXI0M U3 IBYX (a3.

4MM| 17 MM |

| &4 MM |
1,3 Mmm

Puc. 11. Pa3mepsl pacueTHol 001acTH

[Ipu yncieHHOM MOJETUPOBAHUHM CMECH Ta3a M TBEPIBIX YACTHI[ 33/1a€M JIBE
da3pl, e Boja paccMaTpuBaeTcs Kak Hecymas dasza — xuakas ¢aza |, a mecok
rpaHara Kak TBepJible YacThIlbl — TBepas (asza II. BxomHbie mapameTpbl MaTepraios
nByX (ha3, ucmosib3yeMble B aHAU3€, IPUBECHBI B Ta0uIe 1.

Tabnuua 1.- Bxognsie mapameTpsl MaTEpHAJIOB JIsl MOJICTUPOBAHUS

No [TapameTpsl 3HaueHUe

1 | O6bemHas 10 TBEPABIX YaCTHII 5%, 10%, 15

2 | [InotHocts | da3sl — xuakas dasa 998 2kr/m°

3 | [ImotHOCTH Il ha3er — TBepaas dasza (mecok rpaHara) 2300 xr/m°

4 | Bszkocts | dhazs 0,001003 kr/(m.c)
5 | Bsskocts 11 dazbr 1,7894e-05 xr/(Mm.c)
6 | Pazmep wactuipi 0.1 Mmm
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PesynbraThl SKcniepuMeHTa, moiydeHHble B padore G. Hu, W.Zhu, T.Yu J.
Yuan, UcIronb30BaIuCh IS TTOATBEPIKICHHS aJcKBATHOCTH HACTOSIICH YHMCICHHOM
MOIEJIH.

I'paduk pacmpeneiacHuss CKOPOCTH KHIKOH (a3bl (prc.12), moydeHHbIH Ipu
YHCJIICHHOM MOJICTUPOBAHUH OBLI COMOCTaBIICH ¢ TpaduKoM, YKa3aHHOM B pabore G.
Hu, W.Zhu, T.Yu J. Yuan, kak mokazano Ha pucyHke 13. OUeBHIHO, YTO MEXKIY
JIBYMSI MOJCIISIMH CYIIECTBYET COTJIACOBAHHOCTh OTHOCHUTEIBHO PpaCIpEACIICHHS
CKOpOCTEM.

s 2760402
250 / *2.500+02
22 ] { @ 2256402
200 / S 2016702 4
’5 1756402
(VAL S B | B 1500002 -
& 125
@ aﬁ?éﬁ g 1260002 4
74 ,.f“‘ %‘ 1.006+02
/ S 7.51e+01 5
50 / —
> 50w &
;

o 3 & 8 10 13 15 1 20 2
Position (mm) 2506401

0 0.0020.004 0908 0.008 0.01 0.0120.014 0,018 0.018
Length of nozzle (m)

Velocity Magnitude (phase-1) Mar 30, 2018
ANSYS Fluent 15.0 (ax, dp. pbns, eulerian, rke)

Puc. 13. Pactipenenenne ckopocTu

Puc. 12. Pacnipeenenue cKopocTH .
oA P KUAKoH ¢asbl u3 padbotel G. HU u ap.

BJOJIb COILJIa

IIpoBeneHo pacueTHOE HCCIENOBAaHUE MpoLEcca IBYX(Da3HOTO TEUEHHsI CMECH
raza u TBEPJbIX YaCTHUI] B KaHAJIe IEPEMEHHOTO CCUCHHUS U TeCTHpOBaHue K-& MoJienu
JUTSL MOJIETTUPOBAHMS TYPOYJIE€HTHOCTH T€UEHUSI.

BbIBIIEHBI 3aKOHOMEPHOCTH BIIMAHHS padoOyero JaBJCHUS Ha BXOJE U

00beMHOW 707K TBepAoW (ha3bl Ha KacaTelbHOE HaIpsDKCHHWE Ha CTCHKH KaHalla
(puc.14).

60000.00
50000.00 —|
40000.00 —

Wall 30000.00 |
Shear )
Stress 1

(phase-2) 20000.00 g

40 Mpa
(pascal

10000.00 23MEa

. 10 MPa
5§ MPa

0.00 T T T T T T T T ]
0.000 0.003 0.005 0.007 0.010 0.013 0.015 0.018 0.020 0.022

Position (m)

Puc. 14. 3aBucuMOCTb BXOJHOI'O AaBJICHWA W KaCaTCJIbHOT'O HAIIPSAKCHUS

VY CTaHOBJIEHO, YTO Ui JIIOOOTO 3aaHHOTO BXOJHOTO pPaboOdYero IaBiICHHS
KacaTeIbHOE HANpsHKEHWE Ha CTCHKHM KaHajla HaYyMHaeT YBEJIMYUBAThCS B
CXOIAIICHCS CEKIIMU COIUIa M JOCTUIaeT MUKa BOJIM3M KPUTHYECKOTO Y4acTKa, YTO
CBSI3aHO C BHE3allHBIM M3MEHEHHEM TpaJWeHTa CKOPOCTH, COOTBETCTBYIOIIETO
WU3MEHCHHMIO TUIOIIA N B KPUTHUECKOM CeueHnH KaHaja (puclb.).
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45000 —
40000 i i
35000 — i
30000 ] 1

25000 — : P S
Wall 1 i
Shear 20000 - i !
Stress 1 ifsh !
(phase—2g 15000 ik i
(pascal 1 : Bt 1

10000 | il ; &

5000 —

0 3 5 8 10 13 15 18 20 23
Position (mm)

Puc.15. 3aBucumMocTh OOBEMHOMN JTOJTM TBEPABIX YACTHUIL B CMECH U
KacaTeIbHOTO HaIPSHKCHUS

VYCcTaHOBNIEHO, YTO YBEIUYEHHE OOBEMHOW IOJU TBEPIBIX YACTHUI] B CMECU
IPUBOJNUT K YBEIUYEHUIO KacaTeIbHOTO HANPSKEHUS HA CTEHKU KaHaja, ObICTpOMY
pa3pylICHUI0 CTEHOK M K H3HOCYy cormuia. [lodT Bech MMIYJbC OCaXIECHHBIX
KOHJIEHCUPOBAHHBIX YACTHI] YHUUYTOKAETCS TPEHUEM, U BKJIAJ B UMITYJIbC CMECU OT
JBUKEHUS TPUCTEHOYHOT'O CJI0S TBEP/IbIX YaCTHI] MPEHEOPEKUMO MaJl.

[IpumMeHeH  MeTOJ  KOHTPOJIbHBIX  OOBEMOB i1  KOMIIBIOTEPHOTO
MOJICJIMPOBAHUS JABYX(PA3HOTO TEUEHHsS] CMECH ra3a W TBEPABIX YACTUI[ B KaHaye
NIEPEMEHHOTO CEUYCHHSI.

B pasnmene 4.3. B paMkax pealu3allud KOMIIETEHTHOCTHOIO MOAXoAa K
NOJIOTOBKE HHXEHEPOB JAaHO OOOCHOBAaHHME HEOOXOJUMOCTH NPUMEHEHUs
MaTEMaTUYECKOr0  MOJEIUPOBAHUS, UYMCIEHHBIX METOJOB  BBIUMCIMTEIBHOU
THAPOJMHAMHUKY, CUCTEM U TEXHOJOrud wuHxkeHepHbx pacuetoB, CAE/CAD —
TEXHOJIOTMM B OOy4eHMM CHEIHalbHbIX JaucuuIuMH. [IpeasiokeHa Mojnenb
dopMupyeMbIX  NpOo(ECCHOHATBHBIX  KOMIIETEHUMH  peUIeHHs  TEXHHMKO-
PKOHOMHUYECKMX 337a4 I[pU TOATOTOBKE CHEUUATMCTOB IO HHXKEHEPHBIM
HaIlpaBJ€HUsIM, B OCHOBY KOTOPOM TMOJIOKEHbl CIEAYIOIIME KOMIIETCHIIUU:
oOenpodeccroHanbHbIe KOMITIETEHLIUH, NpOoPHIBHO-OPUEHTUPOBAHHBIE
KOMIIETEHLIUM, KOMIIETCHIIMM BIAJIeHUd Oa30BbIMU TEXHOJOTUAMH, HCXOJSIINE
(pabouue) KOMIETEHIUH, JOTIOJHUTEIbHbIC KOMIIETEHIIUH.

B pasmene 4.4. npeniokeHbl TEXHOJIOTMM OOy4YEHUs: KeHC-MEeTOo.,
UMUTAIIMOHHOE MOJICJIMPOBAHUE, HCCIIENOBATENLCKUNA METOJ, KaK HeoOXOIuMbIe
coCTaBJsoLMe B (HOPMUPOBAHUM y4€OHOTO 3HAHUS, IO3HABATEIbLHON AESITEbHOCTU
U TPAKTUYECKUX HABBIKOB B PELICHUH TNPOOJIEMHO-OPUEHTUPOBAHHBIX 3a7ad IIo
TUCHMIUIMHAM «Bbrancnutenbubie MeTONbD, «MoearpoBaHUe CIOXKHBIX CHUCTEM,
«[InanupoBanue BBIUHCIUTEIHLHOTO HKCIIEPUMEHTaY, «BpruncnurenbHas
THJIpOIUHAMUKaY, « apora3oquHaMuKa» U Jpyrue.

Pa3pabotana MeToaMkKa pacyeTHOTO HCCIEJOBAaHUS W KOMIIBIOTEPHOTO
MOJICJIMPOBAHUSl CTALlMOHAPHOTO TEUEHHUs Ta3a B KaHaje IMEePEMEHHOI0 CEYEHMs,
KOTOpasi TO3BOJIUT MOCTPOUTH aJEKBaTHbIE MOJAEIU U TMOJYYUTh JOCTOBEPHBIC
pe3ynbTaThl IPU Uccien0BaHnu MoA00HbIX TeueHuil (Ilpunoxenune 3).
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OCHOBHBIE PE3YJIBTATHBI U BBIBO/IbI

1. Co3nanbl MaTeMaTHYECKHE MOJENN ABYXXKUJIKOCTHOTO TEUEHMsS] CMECH rasza u
TBEPJBIX YACTHUI[ C MOBEPXHOCTHIO pa3phbiBa THUIIA TEJIEHBI B COIUIC U TEUCHUS
UJCANbHOIO Ta3a B KaHajle IEPEMEHHOI0 Ce4YeHus ¢ nepPopupoBaHHON
MIEPETOPOIKON:

- TMpOBEACHA YMCICHHAs peaju3alus 3aJadyd O JBYXKUIAKOCTHOM TEUECHUU
CMECHU raza M TBEpJbIX YACTUL[ C NMOBEPXHOCTHIO Pa3pblBa THMA IEJIECHBI B
COIlJIe, OTMEYEHBI OCOOEGHHOCTH 33/a4uH, CBA3AHHBIE CO CXOIOM CO CTEHKHU
MPUCTEHOYHON TEJEHBI, 00pa3ylolleiicss M3-3a WHEPLUUOHHOTO BBIMNAJACHUS
TBEPJBIX YACTHI] B CY’KHUBAIOIIEICS YacTH COIIA.

- [pOBEACHA YHUCJIEHHas peaju3alus 3a4ayd O TEYEHUU HUJCAIBbHOIO raza B
KaHaJe TIePEeMEHHOr0 CedeHuss ¢ MepPOopUpOBaHHON MEPEropoaKoil,
oTpeJieieHbl MapaMeTpbl TEUEHHS JIBYX CJIOEB, BIUsSHUE NepdhOpUpOBAHHON
NEPETOPOJKHA Ha IapaMeTpbl TEUEHUS ra3a B HEM M B LIEJIOM. Y CTAaHOBJIEHO,
YTO  ONpenensioumM  (pakTopoM  BO3ACHCTBUS  nepdOpUPOBAHHOM
NEPETOPOJKH Ha MTOTOK, SIBJISIETCS CTENEHb IPOHULIAEMOCTH IIEPETOPOAKHU.

- paspaboTaHa mporpamma, MO3BOJIAIOIIAs TMPOBECTH pacueT 3ajadud 00
OJIHOMEPHOM TEYEHUHM HJICAIBHOTO ra3a B KaHaJe MEPEMEHHOIO CEYCHHs, C
LENBI0 JOKA3aTeIbCTBA KOPPEKTHOCTH METO1A BEIYUCIICHUS.

2. IlpoBeneHO KOMITBIOTEPHOE MOJETHPOBAHUE, W PACUETHOE HCCIECOBAHUE B
ANSYS Fluent 15.0 mporecca HCTEUEHHUS OCECUMMETPUYHOU TYpPOYJICHTHOM
ctpyu wu3 comna JlaBangs. B pacuere MONMy4eHO YAOBJIETBOPUTEIBHOE
BOCIIPOU3BEJEHUE YIAPHO-BOJHOBOM CTPYKTYpPhl TEUEHHSI, BBISIBICHO, YTO
KpyIHBIE BHUXpH, (POPMHUPYIOLIMECS B 30HE CMEIIECHUA TYpOYJIEHTHOW CTpyHU
NOPOXKAAIOT MyJbcUpyollee ToJie naBiieHus. CpeaHsis Mo BPEMEHU BEIMYMHA
JIaBJICHUS 3aBUCUT OT OTHOCUTENIBHOIO PACCTOSHUS MEXAy NapajuleIbHbIMU
OTpE3KaMU 3aMKHYTOTO KpPYIHOIO BHXpS, PACIOJOKEHHOIO B IONEPEYHOM
CEYEHHH CTPYH.

3. IIpoBeneHbl pacyeTHblE MCCIEAOBAHUS Ui KOMIIBIOTEPHOTO MOJEIMPOBAHMUS
NBYX(a3HOr0 TEYEHMs] CMECH Ta3a M TBEPJbIX YacTULl B KaHaJle MEPEMEHHOIO
ceuennst B ANSYS Fluent 15.0. YcraHoBieHO, 4TO yBEIUYCHHE 0OBEMHON JIOJIH
TBEPAbIX YACTUI] B CMECH U paboyero AaBJIEHUS Ha BXOJ€ MNPUBOAMUT K
YBEIMYECHHUIO KAcaTEeIbHOTO HaNpsDKEHUST Ha CTEHKW KaHaia, ObICTpOMY
pa3pylIeHHIO CTEHOK M K M3HOCY coruvia. I[louTn Bech MMMYJBC OCaXKJIEHHBIX
KOHJIEHCUPOBAHHBIX YAaCTULl YHUUTOXKAETCS TPEHUEM, U BKJIAJl B UMITYJIbC CMECH
OT JBUYKEHUS MPUCTEHOUHOTO CJI0S TBEP/bIX YACTHUI] IPEHEOPEKUMO MaJ.

4. PazpaboTaHa MeETOJMKA PACYETHOIO MCCIENOBAaHUA U  KOMIBIOTEPHOTO
MOJICJIMPOBAHUSl  CTAllMOHAPHOTO TEYEHUS HACAIbHOIO Tra3a B  KaHaie
NIEPEMEHHOI0 CEYEHMs, KOTOpasi IMO3BOJUT NOCTPOUTH AJACKBATHBIE MOJAEIN U
MOJIyYUTh JOCTOBEPHBIC PE3YJIbTAThI IPU UCCIIEIOBAHUH MTOAOOHBIX TEUCHHI.
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PE3IOME

duccepraumun  KapranoBoii Acenab J[iKymanoBHbl «MaTremMaTu4eckoe
MOJeJIMPOBAHUE NMPOLECCOB TEYCHHUS ra3a B KaHAJIAX NEPEMEHHOI0 CEYeHHs C
npumMmenennemM CAE-TexHOJIOTHI» HAa COMCKAHHME Y4YE€HOH CTeNmeHW KaHAMJAaTa
(pu3uKo-MaTeMaTHYECKUX HayK no CNEeNUAIBHOCTH: 05.13.18 —
MaremaTnyeckoe MOJEJIUPOBAHUE, 4YHCJIEHHbIe MeETOAbI M KOMILICKCHI
NporpamMm.

KuroueBble cioBa: MareMaTthyeckas MOJIE€Nb, TEYEHHs] Tas3a, TBEPHbIE
YacTHUIlbl, NBYX(a3HbIe TEUCHHWs, KBAa3HOJHOMEPHAs MOJACNb, MepdoprUpOBaHHAS
neperopojika, corwto, ANSY'S Fluent, yuciieHHbIe MEeTOIBI, TPOTpaMMa.

OO0beKkT M mpeaMeT HMCCaeAOBAHMsI: JBYX(a3Hble TEUEHUS CMECH rasa u
TBEP/BIX YaCTHUI] B KaHAJIC IEPEMEHHOTO CEUYEHHS U YUCIEHHOE MOJEIUPOBAHUE ITUX
MIPOLIECCOB, a TaK)Ke MPOBEJICHUE PACUETHBIX MCCIEIOBAaHUMN MOJOOHBIX TEUCHUU B
pacueTHO-niporpaMmmHoM komruiekce ANSY'S Fluent 15.0.

Heans nuccepranmuonHoii padoThl: pa3paboTka MaTeMaTUYECKHX Mojelei
NBYX(a3HOTO TEUEHHUsI CMECH Ta3a W TBEPJBIX YACTHUI[ C MOBEPXHOCTIMH pPa3pbiBa
TUAMA TIEJIEHbl B COIUIE, TEYEHUS Tra3a B KaHalle IEPEMEHHOIO CEYEHUs C
nephopUpOBAHHON MEPErOPOJKOM M B HCCIECIOBAHUU BO3MOXKHOCTEH YHCICHHOTO
MOICJIMPOBAHUS CJIOXHBIX ra30JJMHAMUYECKHUX SBJICHUHN B coriax
TUAPOTEXHUYECKUX anmnapaToB, oOecrnedynBaromuX 3P(HEKTUBHOCTh NPUMEHEHUS
CTpPYH BBICOKOTO JIABJICHUS.

MeToabl HCCIEIOBAHUA: TEOPUS MEXAHUKHU CIUIOIMIHBIX CpEI, METOJIbI
BBIYUCITUTEILHON THAPOJUHAMUKY, IPUOTMKEHHBIE METOBI.

Anmaparypa: vHoytoyk Intel Core i3, ANSYS Fluent 15.0.

IMonydyeHnnble pe3yabTaTbl U MX HOBM3HAa: Pa3paboTaHbpl MaTeMaTHYECKHE
MOJEIN JIBYX)KUJIKOCTHOTO TEYEHUSI CMECH ra3a M TBEpJbIX YacTUIl B COIUIE U
CTAallMOHAPHOTO TEYEHMS] HUJECAJTBbHOIO ra3a B KaHalle IMEPEMEHHOTO CEYEHHUS C
nepOpupPOBaHHON TMEPETOPOJIKON B KBa3HOJHOMEPHOM IBYCIOMHOM ITOCTAHOBKE.
[TonyueHbl ypaBHEHUSI U COOTHOILICHHS PA3JIMYHBIX PEKUMOB TEUEHUS M BIIUSIHUS
MOBEPXHOCTEHN pa3pbiBa Ha MOTOK. [IpoBeEeHbI pacyeTHbIE UCCIEOBAaHMUS, TOTYYEHbI
pEe3yAbTaThl, HPUTOJHBIE 111 KOMIBIOTEPHOTO MOJEIUPOBAHUS MMAPAMETPOB OJHO- U
nByx(ha3HbIx TedeHuit raza B cpene ANSYS Fluent 15.0.

Hcnoan3oBanue pe3yJbTaroB HcciaeqoBaHusi: PaspaboTaHHble Monenu
TEUEHUM HUJICAJIbHOTO ra3a, MPEeJIOKEHHBIC MPUEMbl U METOJbI MOTYT MPUMEHSITHCS
IPU YUCJIEHHOM MOJEJIMPOBAHUU IIMPOKOTO Kpyra 3ajad ra3oBOMl JUHAMUKH JTMOO
KaK MHCTPYMEHT peIIeHUs, JU00 ISl yIy4IIeHUs KaueCTBa PEIICHUS U MOBBIIIECHUS
OBICTPOJICHCTBHSI PEATU3YIOLIUX €T0 aIrOPUTMOB.

Ob6nacTe npumeHeHusi: YHCIEHHBbIE aNrOPUTMblI U MOPOrPaAMMBI  MOTYT
MPUMEHSTHCA MNPH HUCCIEAOBAHWU CTPYH CBEPXBBICOKOTO JIaBJICHUSI B Pa3IMUYHBIX
THAPOTEXHUYECKNX MAaIllMHAX W TpH  OOyYeHHWH CTYJACHTOB HMHKEHEPHBIX
HaIlpaBJICHU TOATOTOBKH, HW3YyYAIOUIMX MEXAHHUKY >KHUJIKOCTH U raza u
BBIYUCIUTEIbHYIO TUIPOUHAMUKY .
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KapranoBa Acenb /l:xymaHoBHaHbIH «Kecuanmu e3repysiMe TYTYKTOpPAOry ras
arpiMAapbiHbIH - npoueccTtepuH  CAE-TexHOJIOrMSJIAPpbIH  KOJIIOHYY  MEHEH
MAaTeMaTHKAJbIK MO/1€J1]160) aereH TeMaJarbl, aJUCTUTH: 05.13.18
«MaTeMaTHKAJIBIK MOJ€J160, CAHABIK JCENTO6JIOP :KAaHA MPOrPaMMAaJIapAbIH
KOMILIEKCH» OOIHYA (PU3NMKA-MATEMATHKA WINMAECPUHUH KAHIMAATHI WINMHMI
JAapakachblH U3I€HHUII AJIyyTra ANUCCePTAIUSCBIHbIH

TAPXBIMAJIbI

AYKBIY €O310pP: MaTeMaTHKaJIbIK MOJIEb, Fa3/IblH arbIMbl, KaTyy Oeiykuesep,
9kH (azanyy arsiMaap, JIIPIUK OUp eadeMyy KOMyiyIl, nepdopanusiairad TOCMO,
coruto, ANSYS Fluent, cannpik MeToa10p, MporpaMma.

N3un106HYH 00bEKTH KaHA NpeAMeTH: KECWIHILM ©3repyiMe KaHajlgapnaa
ra3[plH jKaHa KaTyy Maiaa OenykueJepAyH d3ku (azagarbl arbiMIapbl >kaHa Oy
MPOIIECCTEPAN  CAHABIK JICENTOONIOPY, OMIOHAOW 3¢ ANSYS Fluent 15.0
IPOrpaMMaJIbIK KOMIUIEKCTE€ YILIyra OKIIOLI arbIMJIApJblH 3CENTee HU3WUJA06NepYH
KYPTy3Yy.

JuccepranMsyibIK HIITHH MakcaTbl: COIUIO-TYTYKTOry “meiieHa” TYpyHAery
y3yJiym Oerrepu MeHeH HKu ¢azagarbl ras jkaHa KaTyy Maiiga OesykuelepayH
OMpreNeliKeH arbIMbIHBIH, TEHIMKTEPH O0ap TOCMO OPHOTYJTAaH KECHJIHIIU ©3TepyIMe
TYTYKTOTY Ta3a Ta3JblH arbIMbIH MaTeMaTUKAJIBIK MOJCII00I0H >KaHa KOTOPKY
OacbIMIarbl CYIOKTYK arbIMblH KOJIJIOHYYHYH HAaThIDKQJIyyJyTyH KaMChI3Z004y
TUIPOTEXHUKAJIBIK ~alapaTTapAblH TYTYKTOPYHIOI'Y Taraajl TIa3 JUHAMUKACHIHBIH
KyOyJTyIITapblH CaHJIBIK 3CENTOO MYMKYHIYKTOPYH U3WIIO60H TypaT.

N3na1e6HYH MeTOOAOPY: Y3TYJITYKCY3 UYOHPOHYH MEXaHUKACBIHBIH TEOPUSCHI,
TUIPOJIMHAMUKAJIBIK  ACENTOONOPAYH METONIOPY, JKAKbIHAATBUITAH  3CENTeeJIop
METOIOPY .

Anmaparypa: HoytOyk Intel Core i3, ANSYS Fluent 15.0.

AJIBIHTaH KbIBIHTBIKTAP KaHA AJapAbIH KaHbLIBITbI: “IleneHa” TypyHuery
Y3y 6eT MEHEH Ta3 kaHa KaTyy Maiia OesyKueJepAyH apajalliMachbiHbIH OUpH
OMpHHE OTYILIKOH KM CYIOKTYK KaTapbl KaparaH COIUIOJOTY arbIMbIHBIH MOJEINN KaHa
TEUIMKTEPU Oap TOCMOCY MEHEH KECWIHMIIHM ©3repyiMe TYTYKTery HICaNJIbIK ra3JbIH
CTAIIMOHAPBIK arbIMBIHBIH MOJICTTU UIITENUI YbIKTHI. Byl 9ku Macene TeH IPIpiuK Oup
emyeMayy Koroaymira kapaamael. ANSYS Fluent 15.0. nporpamMmainbik KOMIUIEKCHH/IE
KECWJIMIIN ©3TepyjMe KaHaljapAa ra3/blH jKaHa KaTyy Maiija OelyKuelepAyH SKu
¢azanarsl arbIMBIHBIH 3CETITOOIIOPY KYPTY3YIIY.

N3ua1660HYH KOPYTYHAYJApblH KOJNJIOHYY: MmTenun 4YblKKaH KECHIIHININ
e3repyJiMe KaHanaapAarbl Ta3[plH JKaHa KaTyy OeiylykueyiepayH Odku (¢azaiyy
arbIMBIHBIH MOJIEJIJIEPU KaHA BIKMajap razgapAblH JUHAMUKACHIHBIH KEHUPH
KaMTBUITAaH ~ MaceJieJIepuH  CaHABIK  JKaKTaH  dbIrapyyla HMHCTPYMEHT, K€
YBIrapbUIBIIITAPIbI KAKIIBIPTYYHYH XKOJIIOPY KaTapbl KOJIJA0HYJICa OOJIOT.

Koanonyy tapmakrappi: CaHABIK aNTOpUTMICD >KaHa nporpaMmaiap ap
KaHIall THAPOTEXHUKAIBIK MalllMHAJIaparsl KOTOPKY OachIMAarbl — arbIMAapbl
U3WIO6]1® JKaHa CYIOKTYKTap[blH JKaHa Ta3JapAblH MEXaHUKACBIH, OCENTHUK
THAPOJAVMHAMMKAHBI ~ OKYIl  JKaTKaH, JaspJOOHYH  HWH)XXEHEpJUK  OarbITTapblHa
CTYJICHTTEPIU OKYTYyJa KOJIJJOHYJIAT.
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SUMMARY

The dissertation of Asel Dzhumanovna Kartanova “Mathematical
modeling of gas flow processes in variable cross-section channels with the use of
CAE-technologies” for the academic degree of candidate of physico-
mathematical sciences in the specialty: 05.13.18 - Mathematical modeling,
numerical methods and program complexes.

Keywords: mathematical model, gas flow, solid particles, two-phase flow,
quasi-one-dimensional model, perforated partition, nozzle, ANSYS Fluent, numerical
methods, program.

The object and subject of research: two-phase flows of a mixture of gas and
solid particles in a variable cross-section channel and numerical modeling of these
processes, as well as carrying out computational studies of similar flows in the

The purpose of dissertation: the development of mathematical models of
two-phase flow of a mixture of gas and solids with discontinuity surfaces such as
filament in a nozzle, gas flow in a variable cross-section channel with a perforated
partition and the study of the possibilities of numerical simulation of complex gas-
dynamic phenomena in nozzles of hydraulic devices, ensuring the efficiency of high
jets pressure.

Research methods: theory of mechanics of  continue, methods of
computational fluid dynamics, approximate methods.

Hardware: Intel Core i3 laptop, ANSYS Fluent 15.0.

The obtained results and novelty: Mathematical models of two-fluid flow of
a mixture of gas and solid particles in a nozzle and stationary flow of an ideal gas in a
variable cross-section channel with a perforated partition in a quasi-one-dimensional
two-layer formulation have been developed. Equations and relations are obtained for
various flow regimes and the effects of discontinuity surfaces on flow. Calculation
studies have been carried out, and results have been obtained that are suitable for
computer simulation of the parameters of one- and two-phase gas flows in the
ANSYS Fluent 15.0 medium.

Using the results of the research: The developed models of ideal gas flows,

the proposed techniques and methods can be used in numerical modeling of a wide
range of gas dynamics problems either as a solution tool or to improve the quality of
a solution and increase the speed of algorithms implementing it.
Scope: Numerical algorithms and programs can be used in the study of ultra-high
pressure jets in various hydraulic engineering machines and in teaching students of
engineering training courses that study the mechanics of fluid and gas and
computational fluid dynamics.
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