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OBIIAA XAPAKTEPUCTHUKA PABOTbBI

AKTyaJIbHOCTH  TeMbl auccepramuu. CTpEeMUTEIBHOE  pa3BUTHUE
MATCMaTU4ICCKOIro MOACIIMPOBAHUSA, MATCMATHUYCCKUX MCETOAOB B HAYYHBIX
HCCIICAOBAHUAX, MCTOOOB YHCIICHHOI'O PCHICHUA CJIIOKHBIX 3a/lda4 B PA3JIMYHBIX
o0yacTax HAaYKW W TCXHHUKH OIIPCACIICT aAKTyaJIbHOCTb I[aHHOﬁ TEMATUKN U
PEACTaBISAIOT COO0M 0uH U3 3P HEKTUBHBIX METOJI0OB HAYYHBIX UCCIICIOBAHMIA.

BrruuciaurenbHas rHApOJHMHaAMHKa IIOJIYYHJIa 6BICTpOC Pa3BUTHC 3a
MOCIICAHNE HECKOJBKO ACCITUIICTHI, U MPOOIEMBbI, KOTOPHIE MOTYT OBITh PEIICHBI
c eé IIOMOIIBIO, BAPBUPYIOTCA OT IIPOCTBIX JIAMHHAPHBIX IIOTOKOB OO OYCHDb
CJIIOXKHBIX MHOFO(i)aSHLIX IIOTOKOB, BKJIIOYass TEILUI00OMEH. Mmuorue nu3
CymCCTBYIOIIMX IMMPOIPaMMHBIX ITaKCTOB BBEIUHUCIIATEILHON rHaApOaAHaAMHUKaA
O6T>GIII/IHCHBI C CUCTCMAaMH aBTOMATHYCCKOI'O IIPOCKTUPOBAHUA JIA YIIPOIICHUA U
YACLIEBJIEHUs TIpolecca MpoekTupoBanus. [Io Mepe TOro kKak BBIYMCIUTEIbHAS
rmapoaAnHaMuKa CTAHOBUTCA HMHIKXCHCPHBIM HHCTPYMCHTOM, €TI0 TOYHOCTb
CTAHOBUTCS Bce 0oJjiee Ba)KHOM, YTO MPUBOJUT K HEOOXOAUMOCTH HAJEKHOIO
METO/] OIIEHKH U KOHTPOJISI TOUHOCTHU (OIIMOKHU), YEM ONPEACIISIETCS aKTyaIbHOCTh
TCMBI TUCCCPTALINH.

MeTOI[BI MAaTeMaTUYICCKOro MOACINPOBAHUA U BOIIPOCHI U3YUYCHUA TOUYHOCTHU
MOACIIUPOBAHUA TOI'O UJIKM HHOI'O PCAJIBHOTI'O (1)H3I/I‘{€CKOFO Imponccca paCCMOTPCHBI
B paborax [L. F. Richardson The Approximate Arithmetical Solution by Finite
Differences of Physical Problems Involving Differential Equations with an
Application to the Stress in a Masonry Dam. Philosophical Transactions of the
Royal Society of London. Series A, 210, 307-357], [H. H. Anenxo O6 sxonomuunbix
HesIBHbIX cxemax (memoo Opoouwix waeos) / H. H. Anenxo // [Joknaowr Axademuu
nayk CCCP. - 1960. - T.134, N 5. - C.1034-1036. - bubauoep.: ¢.1036], [A. A.
Camapckuii ~ Mamemamuyeckoe — moOenupogauvue U GbIYUCIUMENbHBIU
okcnepumenm. Becmuux AH CCCP, 1979, Ne5, c. 38-49], [Patankar S. V. A
Calculation Procedure for Two Dimensional Elliptic Situations. Numerical Heat
Transfer. —1981. —Vol. 4. — P. 409-425], [Peric M. A. A Finite Volume Method for
the Prediction of Three-dimensional Fluid Flow in Complex Ducts. PhD Thesis. —
London: Imperial College, 1985. — 394 p.] ap.

CB13b TEMBbI AUCCepTAlINA C INPHOPUTECTHBIMHA HAay4YHbIMH
HANPABJIEHUSIMH, KPYNHbIMH HAyYHbIMH mNporpaMMamMu (MpoeKTamMu) U
OCHOBHBIMH HAYIHO-UCCJIE€A0BATCIbCKUMHA paﬁoTaMn, IMPOBOJIUMBbIMHA
Oﬁpa?.OBaTe.]IbeIMI/I H HAYYHBIMH YYPCKACHUAMMU. Onpez[enéHHa;I HqacCTb
pa6OTBI BBITIOJIHEHA B paMKax HAay4YHO-HCCJICA0BATCIILCKOTO IIPOCKTa
«MareMmaTudeckoe u KOMIIBIOTCPHOC MOJCINPOBAHUC, IIPOrHO3UPOBAHUC U
BHU3YyaJIn3alus HOCJIGI[CTBI/Iﬁ prrIHOMaCHITa6HI>IX Ir'maApOIMHAMUIYCCKHUX
KatacTpo(d aHTPONOreHHOro xapakrepa (Ha mpuMepe IUIOTHH HapbsiHCKOTO



Kackaza)», (puHancupyemMoro 3a cyeT MuHucTepcTBa 00pa3OBaHMS W HayKd
Keipreisckoit Pecriyomuku 3a 2019-2021 rr.

Lenb uccaenoBanus 3aKJIH0YaeTcsl B BHIOOPE MOJENIM U Pa3BUTHE METOAA
MOJICJIMPOBAHUS TEUECHUN HECKUMAEMOM KUIKOCTH U ra3a B paMKax OecIIaTHOro
npuknagHoro nakera OpenFOAM Ha npumepe YHCIEHHBIX PACYeTOB BO3MOKHOTO
HaBOJHEHUS B noitme peku Hapoin BOm3u nocénka amanasi-Cait, Keipreizcras.

JIJIS1 TOCTHKEHH Sl IOCTABJICHHOM LeJIM PelIaJuch CJIeyIoIue 3a1a4un:

1. Bepudukanus wncnonb30BaHHOTO OTKpeIToro makera OpenFOAMY,
yCTaHOBJICHHOTO B omeparonHoit cucteme Ubuntu 20.04 LTS Ha pa3nuuHbIx
3aJ1ayax BbIYMCIUTEIBHON THAPOIUHAMUKY.

2. TlocTtpoenune MeToa, CIOCOOHOTO CHU3UTH OMIMOKY TUCKPETH3AIINN HIKE
TpeOyeMoro ypoBHsA 0€3 Kakoro-im0Oo BMELIATENbCTBA IOJIB30BATENS U C
HaWMEHBIIEH BBIUYNCIUTEIILHON HATPY3KOH 3a CUET CO3/IaHUS ONTUMAIBHON CETKH
JUISl JAHHOM 3a/1aui.

3. Cosnanue TpEXMEPHON pacyeTHON CeTKHM ¢ moMolbio shappyHexMesh
JUISL 3a/1a4 BO3MOKHOT'O 3aTOIUICHUsI pPEalbHOW MECTHOCTH MOWMBI peku Hapwin
okouio nocénka [Mlamanaei-Caid.

4. YwuciieHHOE MOJIETUPOBAHNE BO3MOKHOTO 3aTOIIEHHSI MECTHOCTH BOJIM3U
nocénka [lamannaei-Cait, Keipreizcras.

Hay4nasi HOBU3HA MOJIyYEeHHBIX Pe3yJbTATOB.

1. TIpoBenena Bepudpukanus maketa OpenFOAM7 Ha pa3nIuyHBIX 337a4ax
BBIYUCIIUTENbHON ruapoguHaMuki. OOHapyKeHO, 4YTO TMpU JaMHUHAPHOM
OOTEKaHUM KPYIJIOro LMWJIMHAPA HCHOJb30BAHHBIE CXEMbl BTOPOTO U TPETHETO
nopsiagka TouHocty no uncity Crpyxans patot 3Hauenue 0.172, uro cornacyercs ¢
AKCHEPUMEHTAJIbHBIMA W YHWCICHHBIMH JAHHBIMU C TOYHOCTBIO 4.2%. CxeMbl
neporo mopsaka TouHoctH MinmodV u upwind naror Ha 8.4% wm 14%
3aHM)KECHHBIE 3HaueHus yncna CTpyxaysi COOTBETCTBEHHO.

2. Pazpabotan MeTOA OILEHKA OCTaTOYHOW TOTPEIIHOCTH Ha TpaHu
KOHTPOJILHOTO OOBbeMa JUisi TEYEHUsT B KaHAJe C KaBEpHOM, IMO3BOJIAIOIIMIA
OLICHUBATh MOTPEIIHOCTh MYTEM CPaBHEHUS! 3HAUEHUM, SKCTPANOJUPOBAHHBIX HA
rpaib U3 coceaHux y3noB. [locTpoeHa aBTomaTthueckas Mpoleaypa aJanTaiuu
CEeTKA B 00JacTSIX C OONBIIMMHU TpaAUEHTaAMHU JaBJICHUS M CKOPOCTH, IMyTEeM
MOBTOPHOT'O OMNPEIENICHUs A4YeeK, Pa3ACNAIoOIUX TpaHb C OOJBUIONW OIIMOKOM,
pa3zieseHueM uX MapaieabHO TPaHu.

3. IlpemymoxkeH MeTOA  aBTOMATHYECKOTO TOCTPOSHUA  TpEXMEpHOU
pacyeTHOM CeTKW IS 3a7ad OOTEKaHMsI MOJENU 3[aHUs U PEeaIbHOM MECTHOCTH
noiiMbl pekn HapweiH okono mnocénka I[lamangei-Cail. DTOT MeTOJ MO3BOJISIET
3¢ (HEeKTUBHO MPOBOAUTH YHCIEHHOE MOJAEIUPOBAHUE BO3MOKHOTO HABOJIHEHUS,
COCTAaBUTh KapTy 3aTOIJIEHUS! ’TOW MECTHOCTH.



4. TlpoBeaéH pacyeT BO3MOXKHOTO HaBOAHEHHUs BOu3M nocénka [lamanapi-
Cait, Keipreizctan. OOHapyKeHO, 4TO JJi TPEX pa3IMUHbIX 3HAYCHUN HAYaJIbHOU
BBICOTHI BOAHOTO cTos10a Ho= 5M, 10M 1 15M mutomaam 3aTONIEHUSI UMEET pa3HbIe
3HAQYEHUsI - C POCTOM HA4yaJbHOM BBICOTHI pACTET IUIOMIAAb 3aTOIUICHUSA B
3aBUCHUMOCTH OT TOIIOJIOTUY MECTHOCTH.

IIpakTnyeckasi 3HAYMMOCTH MOJYYEHHBIX Pe3yJbTaToOB. Pe3ynbTarhl
JTaHHBIM paOOThl BHOCST OMNpENEICHHBIM BKJIAJ B METOJl MaTeMaTHYE€CKOTro
MOJIETTUPOBaHUSl TypOyJeHTHbIX TeueHH. Ocobo cieayeT MNOTYEPKHYThH
BepU(PUKAIMIO UCII0JIB30BAHHOTO OTKpBITOro nakera OpenFOAMY Ha pa3nuaHbIX
3a1avax BBIYUCIIUTEILHON TUAPOJINHAMUKY, pa3BuTHE JI€TaJIbHOTO
JOKYMEHTUPOBAHHUS MaKkeTa. Takke MOKHO UX UCIIOJIb30BaTh B YUEOHOM IpoILIecCe
B KayecTBE CIIELKypca sl CTYACHTOB CTApIIMX KYypCOB, MarucCTpaHTOB U
aCIIMPaHTOB

OCHOBHBIE I0JI0KEHHSI JUCCEPTALMH, BBIHOCHUMbIE HA 3a1INUTY.

1. PesynwraTsl Bepudukamu nakera OpenFOAM7 Ha pa3nuYHBIX 33a7a4ax
BBIYMCIUTEILHON TUAPOIMHAMUKH.

2. MeTon OIIGHKM OCTaTOYHOW TMOTPEIIHOCTA Ha TpaHU KOHTPOJIBHOTO
oO0beMa JUIsi TEYEHHS B KaHajl€ C KaBEpPHOW, TMO3BOJISIOMIMM OLEHUBATH
MNOTPEIIHOCTh MYTEM CPAaBHEHUS 3HAYCHHI, SKCTPANOJHUPOBAHHBIX HA TPaHb W3
COCEIHHX y3J0B. OJTOT METOJ II03BOJSET OCYHIECTBUTH aBTOMATHYECKYIO
MPOINEAYPY aanTallii CETKH B 00JIaCTAX ¢ OOJIBIIMMU TPaJUEHTAMU JIaBJICHUS U
CKOpPOCTH, IIyT€M IIOBTOPHOI'O OIIPEIEICHU SYEEeK, Pa3LCIIOINUX IpaHb C
00JBIION OMIMOKOM, pa3IeIeHUEM UX MMapalIeIbHO TPaHHU.

3. Meroa aBTOMaTU4ECKOTO MOCTPOCHUS TPEXMEPHON PACUETHOMN CETKHU IS
3aady OOTEKaHWs] MOJENU 3JaHWs M PEaTbHOM MECTHOCTH BOJU3M TOCENKa
[MTamanaer-Caii.

4. Pe3ynbTaTbhl MOJEIMPOBAHMS BO3MOXKHOTO HABOJHEHHS B TOCEJIKE
[[Tamanaei-Caii, Keipreizcran

JIMuHBIM BKJIAJ cOUCKarTeJs. Jlucceprauusi SBISAETCA Pe3yIbTaTOM
CaMOCTOSITENIbHBIX UCCIICIOBAHUI, BHIMOJIHEHHBIX aBTOPOM. JIMUHBIN BKJIa]l aBTOpA
COCTOMT B IIOCTAHOBKE M OIpEAEICHUH Ueau paboThl, BHIOOPE METO/I0B
JOCTUKEHUS TOCTAaBJICHHOW €M, MPOBEICHUH HWCCIEIOBaHMUM, aHalu3e
MOJIYYEHHBIX PE3yJIbTaTOB U (HOPMYITUPOBKE BHIBOJOB, ITyOJIUKAITUU CTATEH.

AnpoOauuss  pe3yJbTaToB HcciaegoBanuid. IlomydeHHsle B Xxoze
BBITIOJIHEHUS JTAaHHOW JAMCCEPTANMOHHON paOOThl PE3yNbTaThl JOKJIAABIBAIMCH HA
CJIEIYIOLIUX MEXIYHAPOIHBIX, PECIYOIMKAHCKIX KOHPEPEHLINUIX U CEMUHApax:

— Il International Conference on Advanced Technologies in Materials
Science, Mechanical and Automation Engineering: MIP: Engineering-111 — 2021.
MS ID: AIPCP21-AR-MIP2021-00309. 29-30 April 2021, Krasnoyarsk, Russia.



— 5th International Conference on Advances in Natural and Applied
Sciences-ICANAS-2021, Ibrahim Chechen University, Turkey, Agri, 21-23
September 2021.

— Mexnynaponnas — HayuyHas ~— KoH(epenuus — «MHopmarmoHnHbie
TEXHOJIOTUH M MaTEMaTUYECKOE MOJCIHPOBAHUE B HAYKE U T'OPHO-TEXHUYECKOM
oOpa3oBaHuM», nocesuieHHON 80-ietuio akagemuka HarmoHanbHON akajgeMuM
HayK, JOKTopa (¢u3MKO-MaTeMaTHueckux Hayk JKaiiHakoBa AwmaHOeka
KBIpreI3ckuii rocy1apCTBEHHBIM YHUBEPCUTET I€0JIOTMH, TOPHOTO A€JIa U OCBOCHHUS
IPUPOAHBIX PECYPCOB MMEHH akanemuka Y. Acananuesa, Keipreizcran, bunikek,
06-08 oxTsa6pst 2021r.

— MexnayHaponHas Hay4HO-TIPaKTUYECKasl KOH(epeHus
«MHpOpMALIMOHHBIE TEXHOJOTMH B HAyYHO-TEXHHMYECKOM U 00pa30oBaTEIbHOM
IpOCTpaHCTBE», KBIPrbI3CKUi TOCYAapCTBEHHBIM YHUBEPCUTET CTPOMUTEINIHCTBA,
TpaHcnopta u apxutektypsl uM H. McanoBa, Keipreizcran, buiikek, 29 okta0ps
2021 r.

— MexnayHapoaHas Hay4HO-TeXHUYecKast KoHpepeHus « MHTerpaiioHHbIe
OpOLECChl B HAYYHO-TEXHMYECKOM U  00pa30oBaTEIIbHOM IPOCTPAHCTBEY,
nocBsillleHHass  65-nmetHemy — 100mner0  KbIpreI3ckoro  rocyaapcTBEHHOTO
TeXHU4YecKoro ynusepcurera um. M. PazzakoBa, bumkek, 18-19 centsaops 2019
roja.

— XV  Mexnynapoanas Asuarckoin Illkoma-cemunap  «IIpobGiembl
ONTHUMM3ALUN CIOXKHBIX CUCTEM». MHCTUTYT BBIYMCIUTENBHOW MAaTEMaTHUKUA H
marematnyeckod reopusuku CO PAH  (Poccus, r. HoBocuOupck),
HoBocubupckuii rocygapcrBennbiii yHuBepcuteT (Poccus, r. HoBocuOupck),
NuctutyT WHPOPMALMOHHBIX Y BBIYMCIUTENBHBIX TexHomornii MOH PK
(PecnyOnuka Kazaxcran, r. Anmatsl) npu nogaepxke Cubupckoit Poccuiickoi
cekuun R8 IEEE (Poccus, r. HoBocubupck), Unctutyr marematuku HAH KP
(Kuprusus, r. bumkek). Akagemropoaok, HoBocubupck, Poccust, 26-30 aBrycra,
2019.

— PecnyOnukanckas HaydHO-TIpakTHyeckas KoHdpepeHuus «Duszuko-
TEXHUYECKUE MpoOJeMbl B 00pa3oBaHUM M Hayke», OUICKUN TEeXHOJOTUYECKHM
yHuBepcuteT uMeHu M. M. Anpinesa, Our, Keipreizcran, 18-19 mas 2018 roaa.

—  XIV Mexnynapognas Aswuarckas [llkoma-cemunap «IIpo6Giembr
ONTUMHU3ALMUA  CIOXKHBIX  cucTteM». MHCTUTYT  MHPOPMAlMOHHBIX |
BbrunciuTenbHbiX TexHogorud MOH PK (Pecnybnuka Kazaxcran, r. AnmMarsl),
NHCTUTYT BBIYUCIUTENIbHON MaTeMaTUKU U MaTemaTuueckoil reopusznku CO PAH
(Poccus, . HoBocubupck), HoBocuOupckuii TocyaapCTBEHHBIA YHUBEPCUTET
(Poccus, r. Hoocubupck), Mucturytr marematuku HAH KP (Ksipreizckas
PecnyOnuka, . bumikek), MHCTUTYT aBTOMaTUKK 1 HHPOPMAITMOHHBIX TEXHOJIOTHIA



HAH KP (Ksipresckas Pecnybmuka, r. bumikek). mancuonat «Otens EBpazusy»,
Uccwik-Kynb, Keipreizckas Pecry6nuka, 20 urons - 31 urons 2018 1.

IMosiHOTA OTpakeHHUs Pe3yabTATOB TUCCEPTAIUN B MMyOTHKAIUSX.

OcHOBHBIE PE3yNbTaThl UCCIICJOBAHMI OMyOIUKOBAHBI B 16 HayUYHBIX CTaThSIX
1 6 aBTOPCKHX CBUICTEILCTBAX, B TOM UHCIIC B HAYYHBIX KypHAJIaX 3a MpeieamMmu
Ksipreizckoit Pecriy6nnku, koTopbie BXOAsT B 0a3bl nanHbix Scopus (3), PUHII (2).

CTpykrypa u 00beM aucceprauuu. Juccepranys COCTOUT U3 BBEACHUSA, 3
IJ1aB, 3aKiaoueHus, oudmmorpadun. Pabora conepxut 148 ctpanuiisl Tekcta, 46
PHUCYHKOB, 4 Tabnun u 118 6ubnuorpapuueckux CChIIOK.

OCHOBHOE COJEPXAHUE JUCCEPTALIUUA

Bo BBemeHuMm O000OCHOBaHa akTyaJlbHOCTb TEMbI, C(HOPMYIHPOBAHBI
[IOCTAaHOBKAa HCCIIEAyeMOH mpoOjembl, LEeId M 3aJadd  HCCIEeI0BaHUS,
IpECTaBICHbl HayuyHas HOBHM3HA W MpPAaKTUYECKas 3HAUMMOCTh padboTel. KpaTko
ONMCaHbI CTPYKTYpa U OCHOBHOE COJIEPKAHUE TUCCEPTALMU IO IIIaBaM.

B nepsoii rnaBe «O030p nuTEpaTyph» MPOBEAECH 0030p JIUTEPATyphl IO
TEMaTUKe JMCCEPTAlMOHHON paboThl. PaccMOTpeHbl METOIbl MOJEITUPOBAHHE
TypOyJIEHTHBIX JABYX(}a3HbIi TEUEHHUW C OINPEAECICHHEM CBOOOIHOW TIpaHULBI
pazzena Mexay dazamu.

BouiBoabl mo mepBoii riaaBe: O030p JauTepaTypbl MOKaszaa, 4TO MOICITH
TypOyJIeHTHOCTH ¢ JABYMs Jud@epeHunalbHbIMU  YPaBHEHUSAMH  SIBJISIOTCS
HauOojiee  MPEACTABUTENBHOW  Tpynmnoil  nuddepeHnuanbHbIXx — Mojenel
MOJICIMPOBAaHUST TYpPOYJIEHTHOCTH, KOTOpPbIE OCHOBaHbl Ha MCHOJIb30BAaHUU
rumnore3bl byccnHecka, 1o KOTopou HanpsikeHus: PelHoIbICca MPONOPLIHOHAIBHBI
K03 puimeHTy TypOyJIeHTHON BSI3KOCTH U TEH30pY CKOpoCcTel AedopMariii.

Bo BTOpoii riaBe «MeTogonoruss W METOABI HWCCIICOBAHHWMY» OIHMCAaHA
npoleaypa TUCKPETH3AIM METOJIOM KOHEYHOTO O0bheMa Ha MpuMepe OOIIero
ypaBHEHUS TiepeHoca 0000IIEHHON TEPEMEHHON .

OO0beKkTOM HCCIENOBaHUSA  SIBIIICTCA  4YMCIEHHOE PELIEHUE CHCTEM
CTAallMOHAPHBIX M HecTalMOHAapHBIX ypaBHeHWil HaBbe-CTokca B makeTte
OpenFOAMY.

IIpeaMerom nccrnenoBaHusl SBIAIOTCS METOMbI AUCKPETH3ALUU YpPaBHEHUUN
Habe —CToKCca MeTO10M KOHTPOIbHBIX 00beMOB ntakeTa OpenFOAMY.

OcCHOBHbIE YpaBHEHUS MEXaHUKH >KMJIKOCTH TaK Ha3bIBa€MbIE€ YpPaBHEHMUS
Hagbe-CToxkca npeAcTaBisitoT co00i HA00p ypaBHEHU B YACTHBIX MTPOU3BOIAHBIX,
kotopeie rnacar [Jlanmay JI. ., Jludbum E. M., 1986, Jlowmsackuii J1. T'., 2003]:

YpaBHEHHE HENPEPBIBHOCTHU:

ap | A(pUy _
6t+ ax; 0 (1)

YpaBHEHUE MTEpeHOCca UMITYIIbCA:



d(pUy) | 9(pUU)) 00ij
=pg;: + —2 2
ac T ox; git ox;j (2)
rac p — IINIOTHOCTb XHJIKOCTH, Ui, gi —, COCTaBJAOIIass BCKTOpa CKOPOCTH H

YCKOPEHHE CHUJIbI TSUKECTH B HAIPABJICHUH KOOPAMHATHI X;, & 0;j —TEH30D BA3KUX
HAIPSHKCHUM.

Jluckperusanusi 3TOr0 yYpaBHEHHMs] METOJIOM KOHTPOJBHOrO o0bema
BBITIOJIHEHA ISl KAXKI0T0 YWiIeHA B OTACIBHOCTU U ONPE/IEICHbl BOSHUKAIOIINE TTPH
ATOM PE3YIbTUPYIOIINE OITUOKU TUCKPETU3AINH.

Takke ke MpeacTaBlIeH OOIUN alropuT™M pelieHus ypaBHeHuii Hasbe-
Crokca B paMkax oTKpeIToro rmakera OpenFOAMY.

BoeiBoabsl mo BTOpoil riaaBe: IlociegoBaTenbHO PacCMOTPEHBI METOJIbI
JUCKPETU3AIMN  KaXJOr0 4YJ€HAa B OCHOBHBIX YPaBHCHUSIX [JIi TEUCHUI
HECKUMAEMON O KMIKOCTM W ra3a. llpuBeneHsl crmocoObl JIMHEAPU3ALMH
HeJIMHENHBIX uieHoB. Pacemotpenst nponeaypsl SIMPLE u PISO st uncnennoro
pelIeHUs CBA3aHHBIX Yepe3 JaBJICHUE HEIMHEWHBIX YpaBHEHUN. JlaHbI cBeeHUS O
COBPEMEHHBIX nmakerax MIPUKITATHBIX porpamMmm BBIYHCIIUTEILHON
TUAPOJAMHAMUKY, PACCMOTPEHA CTPYKTYpa Hcoib30oBaHHOTro maketa OpenFOAM,
MPUBEICHBI METO/IbI MPE-MPOLIECCUHTA U MOCT-IPOLECCUHTA

B Ttperbeii rnaBe «YUucieHHoe MOJENIMPOBAHWE JIAMUHAPHBIX U
TypOyJICHTHBIX ~ TEYEHHWI» TMPEICTAaBICHbl  PE3YJNbTaThl MaTEMaTHYECKOTO
MOJICIUPOBAHUSL  CJIOKHBIX  TUJAPOJAMHAMUYECKUX  SBJICHUH HA  OCHOBE
HECTAllMOHAPHBIX TpPEXMEpPHBIX YypaBHeHUN Habe-CTOKCa, ONUCHIBAIOIINX
JTUHAMUKY JIAMHHAPHBIX U TYpOYJICHTHBIX TEUEHUU B paMKaxX IMakeTa MporpamMm
OpenFOAM.

IlepBasi TecroBast 3amaya. OQOrexkanue xosama. Llempro 3TOM 3amaum
aBisgercs: npoepka Bxomaumx B OpenFOAM7Y mopeneil TypOyJIe€HTHOCTH st
3a/1a4 00TEKaHUs BOJIHBIM MTOTOKOM IPETSTCTBUSI HEPOBHOTO penbeda. ['eomeTpust
nepBoil 3a1aun npuBeneHa Ha pucyHke 3.1. [loTok Boabl mocTynaeT B KaHaJ CJeBa,
a BBIXOJUT CIpaBa U COOTBETCTBYET dKCIIEpUMeHTabHOM padoTe [Almeida G. P.,
D. F. G. Durao and M. V. Heitor, 1993]. Bricora kanamna coctasisiiza H = 170 MM,
a MakCUMaJIbHas BHICOTA U JUIMHA XoJMa cocTaBisui h = 28 mm 1 2R = 108 mMm
COOTBETCTBEHHO. Pabodeil KUAKOCTBIO SIBISETCS BOJA C KHHEMAaTHYECKOU
BA3KOCTBIO V = 1x10° M%/c. Uncno PeiiHOMBACA, pACCUMTAHHOE YEpPE3 CPEIHION0

ckopocTh Uy =2.147 m/c u h Obu1O paBHO Re = U%h =60 116.
Vi
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X
Pucynok 3.1 - I'eoMeTprs OIMHOYHOTO XOJIMa U OCU KOOPAUHAT

[TapameTpsbl IprMeHseMbIX MOJIeNiel TypOYJIeHTHOCTH NpUBeAeHbI B Tabuile 3.1.




Tabmuna 3.1 - Koaddunuents k-e-monenu TypOyiaeHTHOCTH

k-e-Moenpb Cy Cie | Coe | 0% | 0O
1 | Cranmapr 009 | 144 |19 | 10 | 13
2 | Realizable 009 | 144 | 19 | 10 | 1.2
3 |RNG 0.033 | 1176|192 | 1.0 | 1.3
4 | Mouun-O0yxoB 0.033 | 1176|192 | 1.0 | 1.3
5 | ATMocdepHbIi TOrpaHUYHbBIN CIOU 0.0256 | 1.13 | 19 | 0.74 | 1.3

Ha pucynke 3.2 mnpuBeneHO MoJjie MOAYJISl CKOPOCTH W Ha pUCYHKe 3.3
MpUBECHA KHHETUIECKAs YHEPTUS TYpOYIICHTHOCTH JUTsl CTaHAapTHOU k-g-Momenn
TypOyJeHTHOCTU. BuaHO, 4TO mepes X0IMOM MPOUCXOAUTH TOPMOKEHHUE MMOTOKA,
Mo Mepe MpUOMKEHUST K BEPIIMHE XOJIMa CKOPOCTh BO3PACTaeT, a 32 XOJIMOM
CIUPKYJISIUOHHAS 30HA.

S

HUMEETCS P

Pucynok 3.2 - [lone ckopoctu B Pucynok 3.3 - [lone kuHeTHUeCKOU

MOIBETPEHHON 00JIaCTH X0JIMa OHEPTUU TypOYJIEHTHOCTH B
MOJIBETPEHHON 00JIaCTH X0JIMa

Ha crnemyromux pucyHKax TPUBEACHO CpPaBHCHWE YHCIICHHBIX 3HAYCHUI
MPOJIOJIBHON CKOPOCTH (PUCYHOK 3.4) M KUHETHYECKOW dHEPTUU TYpPOYJIECHTHOCTH
(pucyHok 3.5) B ceueHuu X = 90MM ¢ COOTBETCTBYIOIIUMH HKCIIEPUMEHTATIbHBIMU
JTAHHBIMH.
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u/Ugy k/U02
Pucynok 3.4 - IIpodunn Pucynox 3.5 - [lpoduns sHeprun
MPOJIOJTBHON CKOPOCTH TypOyJIEHTHOCTHU

[IpononpHast CKOPOCTH MpeCcTaBieHa B equHunax Uy, KHHeTHYeCKas SHEPT s
TypOyJIEHTHOCTH paslelicHa Ha BeiduumHy UZ, a momepedHas KOOpAMHATA
paszzaencHa Ha BennuuHy h. U3 pucyHkoB 3.4-3.5 BHIHO, YTO MOIYYECHO HAWITyUIIIEe
COBMNAJCHHUE C SKCIEPUMEHTAIbHBIMU AaHHBIMU JJ1s1 Mojiesn MonnHa-O0yxoBa.

Bropas TtecroBasi 3agaua. TeyeHue B kaHajie ¢ KaBepHoil. B gaHHOI
TECTOBOM 3aJjaye pacCMaTPUBAETCS JIBYMEPHOE JIAMHUHAPHOE TEUCHHE B KaHAJE C



OKpYTJICHHBIMU KpasiMH KaBEPHOH, pPaCIOJOKEHHOW B HIDKHEW CTCHKE KaHaa
(cMOTpHTE PUCYHOK 3.6).

Iapabomriecsant npo diub CKOPOCTI

/

i v :
Crenxa Cremka
LT
OM

Cremma

(=]

b

Ln

T
Brxon

2H 4H SH

Pucynok 3.6 - 'eomeTpus 3agauu, cucteMa KOOpJIMHAT U TPAHUYHBIEC YCIOBUS

[lenapto BbIOOpa JaHHOM 3amauu SIBISIETCS M3YyYEHHUE METOJla aJalTUBHOTO
U3MEIBYEHUS PaCUETHOM ceTKU. [Ipu 3TOM HUCIONIb3yEeTCS BHECEHHBI HAMU METO/
OIICHKH MOTPENTHOCTH Ha TPaHU KOHTPOJIBHOTO 00BheMa.

Pe3ynbTaThl YUCIEHHBIX PE3YJIbTaTOB HA OKOHYATEIIbHOW PACYETHOM CETKE U3
3257 sdeex mpuUBEIECHBI Ha PUCYHOK 3.8a0. MakcuMallbHOE 3HaY€HUE MOAYJIsS
ckopoctd paBHO 1.48 M/c. CKOpOoCTh HOpPMaJIM30BaHAa Ha BEJIUYHMHY CpeIHEn
CKOPOCTH Ha BXOJIE.

Kak BugHO 13 pucyHka 3.8a, OCHOBHOM MOTOK HampasJeH B0Jb ocu OX U B
HampaBlIieHUM BAOJb ocu Oy HU3MEHEHHWE CKOPOCTH MPOUCXOAUTH MO
napaboJIMuecKoMy 3aKoHy. BOIM3u mpaBoro BEpXHEro yriia KaBepHbI 00pa3yeTcs
TOYKa TOPMOKEHHS, B KOTOPOl 00pa3yroTcsi OONbIIME TpagUeHThl CKOPOCTU M
JIaBJICHHSI.

0.0 0.37 0.74 1.11 1.48

Pucynoxk 3.8 - ITosie BekTopa ckopocTu (a) ¥ u30auHuH (0) MOTYJIsl CKOPOCTH

B camoii kaBepHe 00pa3yercs BUXpPb, KOTOPBIM HIET IO IMOTOKY BHU3
napauieTbHO OCHOBHOMY TIOTOKY B KaHaJle, MOCJIe TOYKA TOPMOKEHUS, HIIET BHU3.
Jlanee mocTturas HIKHEW TOYKM KaBEPHBI, TOBOPAYMBAECTCS HAJIEBO, UACT MIPOTUB
OCHOBHOTO MOTOKa. JlocTHras jeBoi CTEHKM KaBEpHBI, 3TOT BUXPbh JajbIlle UICT
BBEpPX IO TPaBOH CTEHKE, M OKOJIO JIEBOTO BEPXHEro yrijia MPUCOCTUHSETCS K
OCHOBHOMY TOTOKY. ['paJlMu€HThI CKOPOCTH M JIaBICHHS B ATOW OOJIACTH OKOJIO
JIEBOTO BEPXHEr0 YIJla KaBepHBI SBJSIOTCS OOJee YMEPEHHBIMH MO CPABHEHMIO
IPaBbIM BEPXHUM YIJIOM KaBEPHBI.

B Tabnuma 3.2. npuBeneHsl cBeAeHUS 0 KO PUITMEHTE MOTEPH JaBICHUS KaK
JUISL TIOCTOSIHHOTO CTYILIEHUSI PACYETHON CETKH, TaK U JUIS aJJallTUBHON CETKHU.
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Tabmuna 3.2 - Koaddunuent norepu naBaeHus

ATanTUBHOE CTYIICHUE Cry1ieHue ¢ TOCTOSHHBIM 11aromM
Yucio sueex Cy Yucio sueek Gy
36 1.241 172 1.438
144 1.351 1548 1.502
496 1.468 13932 1.518
1541 1.508 125388 1.52
2734 1.518 501552 1.52
3044 1.518
3227 1.518
3457 1.518

Kax cnenyer u3 tabmuibl 3.2, 6iarogaps aganTUBHOMY METOAY CTYIICHHS
pacueTHOM CEeTKM Iepemnaja JAaBleHUs OBICTPO JOCTHUTAaeT CBOEr0 KOHEYHOTO
3HaueHus. KoappuuueHT norepu AaBiieHUs HE MEHSIETCA B TEUEHHUE MOCIEIHUX
YEThIpEX LMUKJIOB CTYLIEHHUS, YTO II03BOJIAECT IPEANOJIOXKHUTh, YTO OCTaBLIMECS
IpaHu C MpeArnoyjiaraeMold MOTPEIIHOCThIO, BbIIIE TpeOyeMON He BIUSIOT Ha
rJI00aNbHYI0 TOYHOCTh NOJIA JaBiieHusA. [lajeHne naBiieHus Ha OKOHYATEIbHOM
aJanTUPOBAHHOM CETKE XOpoIo coriacyercst (rmorpemnocts 0.2%) ¢ ucxoaHbIM
MaJ€HUeM JaBJEHUS. OJTO O3HA4YaeT, 4YTO aJaNTUBHOE CryLIEHUE CIIOCOOHO
00€CreynTh TOYHBIE PEHIEHUS C SKOHOMHEHW Ha KOJIMYECTBE SUYEEK pacyETHOU
CETKH, MOCKOJIbKY KOHEYHAasl aJanTUpOBaHHas ceTka colepkuT 0.65% ot umucna
A4YEEK B CIIy4ae CTYIICHHS paCYETHOM CETKH C MOCTOSHHBIM I11aroM.

Tperbs TecToBasi 3a1a4a. JIaMuHapHoe 00TeKaHUE KPYIJIOro HUJIMHAPA.
Ilenpro »TOM 3amauu  SBISETCS MW3YYEHUE TOYHOCTH PA3JIMYHBIX METOOB
JUCKPETU3allM KOHBEKTMBHOIO 4JieHa B cucTeMy ypaBHeHuN HaBbe-CTokca.
PaccmarpuBaetrcsi 1ByMepHOE TEUEHHE CJI€BAa HANpPaBO C LUJIUMHIPOM pajguyca
R=1M, momenieHHbIM B HEC)KUMaeMylo cpery. CKOpocTh HaOeraromero rnoToka
paBHa 1 wm/c. ['eomeTrpusi paccmaTpuBaeMOil 3ajaud M TPAHUYHBIE YCIOBHS
nokazanbl pucynke 3.18. Hayano koopauHAT pacrnojiokeHO B F€OMETPUUYECKOM
LEHTpPE LMJIMHIPA.

VoaoBHe cROMB#EHHA
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1
[ ¥eroBue crommmennn

-

2IR 40R
Pucynok 3.18 - ['eomeTpus 3aaa4u 1 rpaHUYHBIE YCIIOBHS
Tunu4Has TPAMOYTOJIbHAS CETKa, HWCIOJb3yeMas JJId MOJCITUPOBAHHUS
cozmana ¢ nomoreio yrumutel blockMesh makera OpenFOAM7 mpuBeneHa Ha
pucyHke 3.19.
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Pucynok 3.19 - PacueTHast ceTka (cieBa) U CTYIIEHHUE CETKH OKOJIO
HUWIMHIpa (crpaBa)
CBeneHusi MeTofax IUCKPETU3AlMM CUCTEM ypaBHeHHU (1) mpuBeneHbl B
tabmure 3.3.

Ta6J'II/II_Ia 3.3 - Hcnoib30BaHHBIC CXEMBI AUCKPCTU3AlIHU

Crnaraemoe Cxema [TopsiIOK TOUHOCTH CXEMBI

[Tpon3BoaHAas IO BpeMEHH CrankNicolson 0.5 [1epBrrit/Bropoii
I'pagueHT Gauss linear Bropoii
KoHuBekius Upwind, MinmodV [TepBbIii
GammaV 1.0, vanLeerV Bropoit
limitedLinearV 1 Bropoii
linearUpwindlimitedV Bropoii

SuperBeeV,QUICKV Bropoii/Tpernii
Juddysust Gauss linear corrected Bropoii
WuaTepnionsius Linear Bropoii

B rtabnuuma 3.4 npuBeneHbl JaHHbIE MO YHWCIEHHBIM pe3yjbTaTaM BCeX
MCIIOJIb30BAHHBIX CXEM JIMCKPETHU3allMM KOHBEKTUBHOIO ujeHa B ypaBHeHUU (1).
[Io BpeMeHn BbluMciaeHHd 10 MoMeHTa BpemeHn t=500c camMol 3KOHOMWYHOMN
OKazajiach cxema Upwind, a B citydae ucrosb3oBanus cxembl GammaV 1.0 Bpems
BBIYUCJICHUN ObLIO MakCUMAaJIbHBIM, Topsiaka 1713.18 c.

Tabnuna 3.4 - Pe3ynbTaThl YUCIEHHBIX PacyeTOB

Cxema Gamma | Limited | Linear | QUIC van | Super | Minmo | upwin

V 1.0 | LinearV | Upwind KV LeerV | BeeV | dV d

1 limited

Bpewms 1713.18 | 1015.18 | 1097.75 | 1030.96 | 1501.3 | 1024. | 1404.5 | 858.82
BBIUHCIICH 4 84 9
Hii, ¢
Yucno 0.172 0.172 0.172 0.172 0.172 0.172 | 0.156 0.141
Crpyxains
YacrorTa, 0.086 0.086 0.086 0.086 0.086 0.086 | 0.078 0.070
I

Uucno Crpyxans paBHo 0.172 st BceX HCHONB30BAHHBIX CXEM BTOPOIO
HOpsZIKa TOYHOCTH. DTOT PE3YJbTAT XOPOLIO COIIACYETCs C IKCIEPUMEHTAIbHBIM
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(0.164) u uucnennsiM (0.165) 3HAYEHUSIMHU, TOJTYYEHHBIMH COOTBETCTBEHHO B
[Tritton, D.J. 1959r.] u [Qu, L., Norberg, C., Davidson, L., Peng, S., Wang,
F 2013r.] ¢ TounocThio 4.2%. Cxema MinmodV naet Ha 8.4%, a cxema upwind Ha
14% 3anwxkeHHble 3HadeHUs yncia Ctpyxans. Takoe moBemeHue cxembl Uupwind
BEPOSITHO CBsI3aHO ¢ yuciieHHow nuddysueii [Ferziger J. H., Peric M. 2002].

YerBeprass TecroBas 3anada. O0rexkaHue Mojaeau 3MaHus - KyOa. B
KauecTBE CIIENYIOIEH TECTOBOM 3aJaud BHIOPAHO MOJECIMPOBAHUE OOTEKAHUS
Ky0a, pAacmoJIO)KEHHOTO B IIEHTPE TPEXMEPHON a’poJMHAMUYECKON TPyObI
IPSAMOYTOJLHOTO ceueHus. 3ajada B3saTa u3 6a3bl qanHeix ERCOFTAC, case 41 u
COOTBETCTBYET JKCIIEpUMEHTaNIbHOW pabore [Martinuzzi, Tropea, 1993]. Ky0,
MOHTHPOBAHHBIN B IIEHTP HIKHEM CTEHKH KaHaja ¢ pazmepoM 390 X 60 X Scm
ABJsieTCA Mozienblo 31anus. KyOo ¢ nuHeliHbIM pazMepom H = 2.5 cu pacnonoxex
Ha paccTosHur 3H oT BXoja kaHana. Yucno PeliHonbica, paccunTaHHOE depes
BbicoTy KyOa paBHo 80000. [IpunsTas cuctemMa KOOpAWHAT U TPAaHUYHBIE YCIOBUS
nokaszanbl Ha pucyHke 3.31. Hauano koopJauHaAT pacroyioKeHO B HUIXKHEH TpaHH
HaBETPEHHOU CTOPOHBI KyOa.

Ilenpto »TOM 3amadd  SBISETCS IPOBEPKHM aBTOMATHYECKOTO METOJa
MOCTPOCHUSI  TPEXMEPHOM  pacyeTHOW CETKM TMPU  TOMOUIM  YTHUIIUTHI
snappyHexMesh makera OpenFOAMY. [TocneayromieM, 3TOT METO MTOCTPOCHUS
pacyeTHON CEeTKH MPUMEHSETCS B CICAYIONIEeH 3a7aue MOJCIMPOBaHUS MpoIiecca
HaBOJHEHUs B noitme pexu Hapoin, 65m3u [lamanasi-Caid.

Bxpatiie, MeToa MOCTpOEHUS pacueTHON CETKHU 3aKIF0UACTCS B CIICIYIOIIEM.
CHauana HEOOXOJIMMO TMOJTOTOBUTH (Dailyl, comepk aluii MOBEpXHOCTh KyOa B
dopmarte stl, B ASCII Buze u pacronoxuts e€ B mamnke /constant/triSurface. Jlanee
nojroTaBauBacTcs mporpamma SnappyHexMeshDict wa s3pike C++, 3atem
IIOMEIIAETCA B IanKy System.

a) Bua choxy G) Bt co croponst nxata
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Pucynox 3.31 - 'eomeTpus 3a1auu U TpaHUYHBIE YCIOBUS
Janee coznannas yrumutoi blockMesh rekcasapanbhas hoHoBas ceTka npu
nomoiny  yruautu  SnappyHexMesh OpenFOAM Ha ocHOBe MNPOrpaMMbI
snappyHexMeshDict npeoOpa3yercsi B TpEXMEPHYIO pacdeTHYIO ceTky. [leranu

U3MEIbYCHUS PACUETHOM CEeTKH BOJIM3U KyOa MpuBeAeHBI HA pUcyHke 3.32.

w
w
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Pucynok 3.32 - [IpeaBaputenbHast paBHOMEpHas (ClieBa) U U3MENIbUYEHHAS
OKOHYaTelbHas (CIpaBa) ceTka
[Tone Momynst ckopocTu mnpuBeaeHo Ha pucyHke 3.33, a Ha pucyHke 3.34
MOKa3aHbl ~ W30JIMHUKM ~ MOAYJS  CKOPOCTH, T/I€  OTYETIMBO  BHJIHBI
PELUPKYJIISIUOHHBIE 30HbI Iepesl KyOoM (HaBeTpeHHasi CTOpoHa) HaJ KyOoM U 3a
KyOOM (ITOABETPEHHAS] CTOPOHA).

Pucynok 3.34 - M30auHuu MOyJisl CKOPOCTH

CpaBHEHHME  YHUCJIEHHBIX  pe3yslbTaroB  (CIUIOLIHAS ~ JIMHUSI)  CO
COOTBETCTBYIOIIMMH IKCIIEPUMEHTATHHBIMU JTAHHBIMU (MapKepbl) TIO MPOT0THHOM
ckopoctu Uy mpuBenensl Ha pucyHke 3.35. COOTBETCTBHE MEXKIY UYHCICHHBIMU
JAHHBIMU M OSKCIEPUMEHTOM CJEAyeT NPHU3HATH YJIOBIETBOPUTEIbHBIM. ITO
CBUJICTEIILCTBYET 00 aJeKBATHOCTH METOJa TOCTPOCHUS HECTPYKTUPOBAHHOU
pacUeTHOM CETKH.
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Pucynoxk 3.35 - [lonepeunsie nmpoduiau npooibHON CKOPOCTH

IIaTass TecroBasi 3amxa4ya. UmcjeHHOEe MOJEJHPOBAHME HABOAHCHUS B
noitme peku Hapbin BO1m3u nmocenka Hlamanasi-Cail. PaccmarpuBaercs 3anaya
BO3MO>KHOT'O HaBOJIHEHUs B noitme peku Hapwin oxoino lamannei-Cait (cMoTpuTe
pucyHok 3.36).

Pucynox 3.36 - CiyTHHKOBOE M300paskeHue peibeda (cieBa) u kapra
MECTHOCTH (CTIpaBa)

Cerka ctpourcs Ha ocuHoBe DEM data w3 US Geology Survey,
npeoOpa3oBaHHOM B mociieayromieM B TekcToBblit ASII daiin ctepeorpaduueckoro
dopmara Stl. Yruaura snappyHexMesh makera OpenFOAM wucnosb3oBaHa st
reHepanuu TpéxMepHoi cetku. Co3lanHas TakuM o0pa3oM TpEXMEPHAs pacuETHAS
cetka pasmepom 10 000 M X 6 000M X 500M motimel  pexku  Hapbein  BOIM3H
nocénka ropozackoro tumna [lamanasi-Cait npuBeneHa Ha pucyHke 3.37. Pacuetnas
cetka coctouT u3 1 387 149 rekcasnpos, 151 npusmer u 187470 monusapos, a
o011ee Yrciio KOHTPOJIBHBIX 00bEMOB paBHo 1 574 770.
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Pucynoxk 3.37 - TpéxmepHast pacueTHasi ceTka moimel peku Hapbia

Oomiee BpeMs pacueTa Ha KoMIbroTepe ¢ mporieccopom Intel ® Core i5-8250U
c yacrotoit 1.60 I'T m ycraHoBiIeHHON onepaTtuBHOW namMAThio 8 I'b cocTaBuio
183 373c, wim okoso 51 gac. BepTrukanbHasi KOOpJIUHATHASI OCh OTCUUTHIBAETCSI OT
JHa pexu Hapepin.

Pacnpenenenne o0bEeMHOW [OJM BOJAbI B pa3Hble MOMEHTHI BPEMEHHU
MoKa3aHbl Ha cienayronux pucyHke 3.38. PacueTsl ObuIM MpOBENEHBI I TPEX
Pa3IMYHBIX HAYaJIbHBIX BBICOT BOJAHOTO cTo0a Ho= SMm, 10M u 15m. Buano, uro
YeM BBIIIE 3Ta HayajbHasl, TEM OOJIbIIIE TJIOIIAIA MOKPHIBAET BOJIHA 3aTOIJICHUS.

3a Bpems okoio 300c uian 5 MUH QPOHT BOJHBI HABOJHEHUS TTPOXOJIUT BHU3
no pyciy pexku Hapeia paccrosaue 6000 m (cmotpute pucyHok 3.38B). B ipu aTom
HE YUYHUTHIBAETCS B3aMMOJICHCTBUE MOTOKA BOJBI C PACTUTEILHOCTBIO PycCila PEKU U
Pa3IMYHBIMU CTPOCHUSIMU, KOTOPHIE 3aMETHO U3MEHSIOT OOIIYI0 KapTUHY T€UCHUS,
MPUBO/IS K YBEJIMYECHUIO 30HBI 3aTOTICHUSI.

Pucynok 3.38 - PazBuTue BOJIHBI NpOpPBIBA ISl pA3HOM BBICOTHI BOJHOTO
crosnba
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3nmece  HE0OXoAMMO  0co00  OTMETHTh, YTO H3—3a  OrPAaHUYECHHOCTH
BBIYHUCITUTENFHBIX BO3MOKHOCTEH MMEIOIIErocs KOMITBIOTEpa, pa3Mep pacueTHOM
CETKH ObLIT BRIOpaH OTHOCUTENBHO OonbpImM. [103TOMY, IpuBEACHHBIE PE3YIbTATHI
pacdera cleayeT Mpu3HaTh, KaK OIICHOYHBIE, KOTOpPBIe TPEOYIOT BepudHKaIuy Ha
O0ojee  MENKOW CEeTKe C  HWCIOJB30BAaHHEM  BBICOKOIPOW3BOAUTEIHHBIX
BBIUMCIIUTEIHHBIX CHCTEM.
Jlamee pacMMOTpEH Cilydail HaBOJHCHHsI Ha 3TOH MECTHOCTH, JOTIOJTHEHHOU C
MOJIETISIMH BOCbMHU JIOMOB.
B sToM cnyyae o01iee YMCIIO BEIYMCIUTENBHBIX siueek paBHO 2 062 935, u3
Hux 1786 565 rexcadapos, 11 819 mpusmel, 262 740 momusapoB u 1 811
TeTpa’apoB. O0Iee BpeMs pacdera Ha KoMibtotepe ¢ mporeccopoM Intel ® Core
15-8250U ¢ yactotoii 1.60 I'T'i 1 ycTaHOBJIeHHOW omnepaTuBHON mamsaThio 8 I'b
coctaBmio 369 628c¢, mim okoiio 103 gaca.

tLe alpha.water t,c alpha.water
o : ol 1
100 300

‘‘‘‘‘

Pucynox 3.40 - DBouto111s1 BOJIHBI IPOPBIBA JIJIs1 HAYAJIBHOW BBICOTHI BOJHOTO
cron6a H=15m.

B niensix 5KoHOMHUM BEIYUCIUTEILHOTO BPEMEHH, pa3Mep pacueTHOM 00acTu
YMEHBIIIEH TPUMEPHO B 3 pasa Mo CPABHEHHIO C MEPBHIM ClydaeM U ObUI paBeH
3000M>x7000M*500Mm.

BeiBoabl M0 Tperbeil riaBe: PacCMOTpPEHBI HECKOJIBKO TECTOBBIX 3aJad
MO3BOJIAIONIUX MPOBOJIUTH Bepudukaiuio BeiOpanHoro nakera OpenFOAMT7 nHa
Pa3JIMYHBIX 3a7a4aX BBIYMCIUTEIBHON TMAPOIMHAMUKU. PaCCMOTPEHBI U pEIICHbI
Bce 4 3amaun KOTOpbie CHOPMYITUPOBAHBI JJI JOCTUKEHUS TTOCTABICHHOMN IEH
JUCCEPTALIMOHHON paOOTHI.

3AK/TIOYEHHE

OcHOBHBIE PE3yJBTATHl W BBIBOJBI JUCCEPTAIMOHHOW pPabOTHI COCTOST B
CJICTYIOIIUX MOMEHTAX:

1. TIpoBenena Bepudukanus nakera OpenFOAMY Ha pa3nuuHBIX 3a7adax
BBIYUCIUTENbHON TuapoauHaMuki. OOHApyKeHO, YTO TpHU JaAMUHAPHOM
O0TEeKaHWU KPYTJIOTO IWIIMHIpPA HCIOJIb30BaHHBIE CXEMBI TPETHErO0 W BTOPOTO
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nopsiaAka TouHocty no uncity Crpyxans narot 3HadeHue 0.172, uro cornacyercs ¢
DKCIEPUMEHTAJIbHBIMA W YHCICHHBIMH JAHHBIMHA C TOYHOCTBIO 4.2%. Cxembl
nepBoro mopsaka MinmodV u upwind maror Ha 8.4% wm 14% 3aHMKCHHBIC
3HaueHus yucia CTpyxaisi COOTBETCTBEHHO.

2. Pa3pabotan MeTOm OIEHKM OCTAaTOYHOW TIOTPEIIHOCTH Ha TpPaHU
KOHTPOJILHOTO oOObeMa JUisi TEYEHUsT B KaHalle C KaBEpHOM, IMO3BOJIAIONIMMA
OLICHUBATh MOTPEIIHOCTh MYTEM CPAaBHEHUS 3HAUEHUM, SKCTPANOJUPOBAHHBIX HA
rpaHb U3 coceqHux y3JoB. [locTpoeHa aBTOMaTHuecKkasi Ipoleaypa aJanTaiuu
CEeTKA B 00JACTSIX C OOJBIIMMHU TpaJHEHTaAMH JABJIEHUS W CKOPOCTU, MyTEeM
MOBTOPHOTO OMNpPEACICHUS SIUECK, Pa3ACNAIoNUUX T'paHb C OOJBIION OMIMUOKOM,
pa3ziesieHeM UX MapajijieIbHO TPaHHU.

3. IlpemyoxkeH MeTOA  aBTOMATHYECKOTO IOCTPOEHUA  TpEXMEpHOU
pacyeTHOM CEeTKU JJiA 3a/ady OOTEKaHUS MOJEIM 3[aHUSl U PealbHONM MECTHOCTH
noiiMbl pekn HappiH okono mnocénka I[lamangei-Cail. DTOT METOZ IMO3BOJISIET
3 PEKTUBHO TPOBOJAUTH YUCJICHHOE MOJACIMPOBAHUE BO3MOKHOTO HABOJHEHMS,
COCTaBUTh KapTy 3aTOIJICHUS 3TOH MECTHOCTH.

4. TlpoBencH pacuetr BO3MOKHOTO HaBOJAHEHHs BOIM3U nocénka [llamanapi-
Cait, Koipreizctan. OOHapy eHO, YTO A TPEX PA3IUYHBIX HAYAIbHBIX BBICOT
BOAHOTO cToJI0a Ho=5M, 10M 1 15M mutonaam 3aTOIeHUsI UMEET pa3HbIe 3HAUCHUS
- C POCTOM HayaJdbHOM BBICOTHI PACTET IUIONIAAb 3aTOILUICHUS B 3aBUCHMOCTH OT
TOIOJIOTUHA MECTHOCTH.
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05.13.16 - MU W3WJIA66J10PA6 ICENTO0 TEeXHUKAIAPBIH, MATEMATHKAJIBIK
MOJIEJII06HY KAHA MATEMATHKAJIBIK METOMIOPAY KOJIOHYY afuCTHUIH 0OHOHYA
(pu3uka-MaTeMaTHKa WIMMICPHUHUH KAHAWAATHI WIMMHA Japa’kacblH aJyy
yuyH Kaamypszaesa Anuna TambOaeBHanblH «KOHTpOIAYK KeJ6eMIep
BIKMACBIHBIH  3CENTO0 KaTAJBIKTAPbIH AHAJIU3100» aTTyy TeMaAarbl
JAUCCePTALUSIBIK HINHHUH

PE3IOMECH

AYKBIY €0310p: TYpOyJEHTTYYIYK, JAUCKPETH3ALMAIO0, KOHTPOJIAYK KejaeM
BIKMAChl, UHTEpHOJAIHs bikMaapbl, OpenFOAMY.

M3uinnee odbekTrcu. HaBhe-CTOKCTYH CTallMOHAPABIK jKaHA CTAIlMOHAP]IBIK
amec Ternemenepuana OpenFOAMY makeTuHaeTH CaHbIK YCUUMH.

M3unneenyn mnpeameru. OpenFOAMT7 makeTHHUH KOHTPOJIIYK KOJIOMIep
BIKMACBhIH KOJJOHYy MeHeH HaBbe-CTOKC TEHAEMENEpUH JUCKPETU3ALMSIIOO
BIKMaJIapHI.

M3uaneenyn makcarbl. Koipreizctanapin [lamanaei-Caii alibuibiHA JKaKbIH
xepaern HapblH HapbIsCHIHBIH JKallbUIMACBIHAA MYMKYH OO0JIO TypraH cyy
TaIlIKbIHBIHBIH CAHJBIK ACENTOOJIOPYHYH MUCAJIBIHIA, KbICHIIOAraH CYHOKTYKTYH
’aHa ra3ablH arbIMIapeiHbIH  OpenFOAM?7  akpIChl3 KOJAOHMO NaKETHHUH
aJKareiHAa MOJICJIMH TaAHI000 JKaHa aHbl MOJIETI06 bIKMACBIH OHYKTYYPYY.

Usznnnee BIKMACHI. OpenFOAM7 MMaKETUHIETU JCEITOO
TUIPOIMHAMUKACHIHBIH MaCeJIeIEPUH MaTEMaTUKAIIBIK MOJIENIO0.

AJIBIHTAH HATBIHKAJIAP KAHA AJIAPAbIH KAHbLIbITbI:

1. OpenFOAM7 mnakeTWHUH TEKIIEPYY 3CENToe THIPOAUHAMUKACHIHBIH ap
KaHJail Macesnenepy OOrOHYA >KYPry3yiay. Terepexk WIMHIAPIUH ailaHaChIHIArbI
JAMUHAPJIBIK arbIMa, KOJJIOHYJTAH YYYHYY KaHa SKMHYM TAKTBIKTarbl cxemaiap
Crpyxan canbl Oortonua 0.172 maaHucuH Oepepu aHBIKTANJIbI, OLIOHIION 5Jie
AKCIIEPUMEHTAJIIIBIK >KaHa CaHJbIK MaanbiMarTapra 4.2% TaKThIKTa Jall KeJleT.
Crpyxai canbiHbl O0r0HuYa OupuHun TapTuntern MinmodV »xana upwind cxemanapbl
Tuemenyy Typae 8.4% u 14% TakThIkTa TOMOHAOTYITOH MAAaHUCHH OEPHILIET.

2. Kagepnachbl 0ap xaHaimarel arbiM YU4yH KOHTPOJIIYK KOJOMIYH OCTHHIETH
KaJIIbIK KaTaHbl 0aaJ100 BIKMAChl UIITENUIT YbIKThL. BachIMIBIH KaHa bUIIaMIBIKTHIH
YOH TPaJHEeHTTepu Oap aliMakTapja TOPUYOHY bUIAWBIKTAIITHIPYYHYH aBTOMATTBHIK
nporeaypackl 0€TTH YOH Kara MEHEH OOyl TypraH TOpYOJOpAY OeTKe Mapajuies
OeJyy KOy MEHEH Kaipa Ty3YJIeT.

3. Ilamanger-Caii  albUIBIHBIH  JKaHbIHAArel  HapblH ~ mapbIsChIHBIH
YKAMBUIMACBIHBIH PeaJlyy asHTBIHBIH KaHa UMapaTThIH MOJICIIMHUH aliJIaHACHIH IATbI
arbIMJbIH Macesesiepy YUYH Y4 ©T46eMIYY ICENTeedy TOPUOHY aBTOMATTHIK TYP.e
TY3YY BIKMacChl CYHYIITAJIIbI. Byl bIkKMa yIirys skep/ie MyMKYH OOJITOH Cyy KallTOOHY
HaATBIDKATYy CaHABIK MOJACIACIITUPYYT®, CYy KalTOOHYH KapTachlH TY3YYT©
MYMKYHJIYK OeperT.

4. [amanap-Cail ailbUIbIHA KaKbIH JKEpJIe MYMKYH OOJIyydy cell KanTOOHY
acenToe Kypry3yiaay. Cyy MaMbIuachIHBIH OallITankbl OMHUKTUTUHWH Y4 TYpAYyY Ho
= 5™, 10m xana 15M maaHwIepu ydyH cel KanToo asHTHI ap KaHAal MaaHWre 33
AKEHIUTU OalKaJiJibl — OalTanKbl OMMMKTUKTAH OCYIIY MEHEH CYyy KalToO asHTbI
aliMaKTBIH TOTIOJIOTHUSACHIHA Kapalia KeOeeT.

Konnonyy wueiipecy: UmtuH Hatblibkamapsl TypOyJIeHTTYY arbIMAapabl
MaTeMaTUKaJIbIK MOJEJIO0 BIKMAchlHA O€NTiTyy Oup CcalbiM KOIIOT. DCEnToo
TUJIPOJIMHAMUKACHIHBIH ap KaHJai macenesnepu 6oroH4a koiaaonyirad OpenFOAMY7
aubIK TIAKETUH TEKIIEPYYHY, NAKETTH UMHE-)KUOMHE YEHHH JOKYMEHTTEIITUPYYHY
OHYKTYPYYHY ©3rede 0aca OCITHiIoe Kepek.
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PE3IOME
auccepranuu  Kanmyps3aeBoit AHunbl TambaeBHbI Ha Temy: «AHAJIM3
BBIYHMCJIUTEJbHBIX MOrPelIHOCTel MeT0Ja KOHTPOJBHBIX 00bEMOB» Ha
COMCKAHHE YYEHOH CTeNeHH KaHIMAaTa (PU3MKO-MATEeMATHYECKHMX HAYK IO
cnequajgbHoct  05.13.16 - IlpuMeHeHuHe BBIYMCIMTEIbHON TEXHHMKH,
MaTeMaTH4eCKOro MOJAeJMPOBAHUA U MATEMATHYECKUX METOJ0B B HAYyYHBIX
HCCJIEI0BAHUAX

KuroueBblie cioBa: TypOyJIE€HTHOCTh, AUCKPETH3AIMS, METO KOHTPOJIbHBIX
00bEMOB, MeToAbl uHTepMosiuu, OpenFOAMY.

OO0bekT HcciaenoBanusi. YnCIeHHOE pPEIICHHE CUCTEM CTAalMOHAPHBIX U
HecTanmoHapHbIX ypaBHeHu HaBbe-Ctokca B makere OpenFOAMY.

Ipeamer wucciaegoBanusi. MeTonpl IUCKpeTH3anuu ypaBHeHHM HaBbe-
CTtokca METOZIOM KOHTPOJIBHBIX 00BEMOB TTakeTa OpenFOAMY.

Hean uccaenoBanusi. BoiOop Momenn U pa3BUTHE METOJA MOJEIUPOBAHUS
TEYEHUN HEC)KUMAEMOW KUAKOCTH U Tra3a B paMKax OECIIaTHOrO MPUKIIATHOTO
nakera OpenFOAMY Ha npuMepe YUCIEHHBIX PACU€TOB BOZMOXKHOTO HABOIHEHHUSI
B noitme pexu Hapoin BOm3u nocénka [llamanasi-Cait, KeipreizcraH.

Merox  ucciaenoBanms. MareMaTHuecKoe — MOJEIUMPOBAHHME  3a/ay
BBIYUCIIUTEILHOMN THApoAMHAMUKY B makeTe OpenFOAMY.

IHonyyeHHbIe pe3yJabTaThl U MX HOBH3HA:

1. TIpoBenena Bepudukanus maketa OpenFOAM7 Ha pa3nuyHBIX 337adax
BBIYUCIUTEILHON ruapoauHaMuku. OOHapy>KeHO, YTO TMpU JAMUHAPHOM
00TE€KaHUM KPYTJIOro LHMJIMHIpPA HMCIOJb30BaHHBIE CXEMbI TPETHETO U BTOPOIO
MopsiiKa TOYHOCTH 10 ynciny Ctpyxanda aatot 3Hadenue 0.172, uro cornmacyercs ¢
AKCIEPUMEHTAIbHBIMA W YHCICHHBIMU JAHHBIMH C TOYHOCTHIO 4.2%. CxeMbl
nepBoro mopsaka MinmodV u upwind pator Ha 8.4% wu 14% 3aHWKCHHBIC
3HavyeHus yncia CTpyxayisi COOTBETCTBEHHO.

2. Pazpabotan MeToa OLIGHKHM OCTaTOYHOM TIOTPEIIHOCTH Ha TPaHH
KOHTPOJBHOTO 00BbeMa JyUIsi Te4YeHus B KaHaie ¢ kaBepHou. Iloctpoena
aBTOMAaTUYeCcKas TMpoIeypa aJanTalid CeTKU B 00JIacTAX C OOJIBIIUMH
IpaJlM€HTaMU JABJIEHUS U CKOPOCTH, ITyTEM IMOBTOPHOIO OIpPEAENICHUs SueeK,
pa3lENAIOIMX I'paHb ¢ OOJIBIION OMIMOKOW, Pa3eIeHHEM UX NMapayieIbHO TPaHH.

3. IlpenmokeH METOA  aBTOMATHYECKOTO  IOCTPOCHHUS  TPEXMEPHOU
pacyeTHOM CEeTKHM IS 3a7a4 OOTEKaHMsI MOJENU 3[aHUs U peajbHON MECTHOCTH
noiiMbl pekn HapbeiH okono mocénka I[llamanaei-Cail. ITOT METOJ MO3BOJISIET
3¢ (PEKTUBHO TTPOBOIUTH YUCICHHOE MOJACIUPOBAHUE BO3MOXKHOTO HABOJIHCHWS,
COCTAaBUTh KapTy 3aTOIUIEHUS 3TOM MECTHOCTH.

4. TlpoBenéH pacdet BO3MOXHOTO HaBOAHEHHS BOIM3U mocénka [llamanmpi-
Cait, Keipreizctan. OOHapyKeHO, YTO JJi TPEX pa3IMYHbIX 3HAYEHUN HAYaJIbHOU
BBICOTHI BOJHOTO cTosI0a Ho= 5M, 10M 1 15M mutoimaay 3aTOMICHUS] UMEET pa3HbIe
3HAQYEHUsI - C POCTOM HayajJbHOM BBICOTHI pACTET IUIONIAAb 3aTOIJICHUS B
3aBUCUMOCTH OT TOTOJIOTUU MECTHOCTH

ObsacTb npuMeHeHus: Pe3ynbTaThl JaHHBIM paOOTHI BHOCST ONPEIeIEHHBIH
BKJIAJl B METO/I MAaTEMATHIECKOTO MOJICTUPOBAHUS TYpOYIEeHTHBIX TeueHuid. Oco6o
clenyeT NOAYEPKHYTh BepU(PHUKAIMIO MCIOJIb30BAHHOTO OTKPBITOTO MaKeTa
OpenFOAM Ha pa3nuuHbIX 33a4ax BRIYUCIUTEIBHON THIPOJUHAMUKY, PA3BUTHE
JE€TaIbHOIO JOKYMEHTUPOBAHUS MAKETA.
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RESUME
of the dissertation of Kalmurzayeva Anipa Tashbaevna on the topic: ""Analysis
of computational errors of the control volume method™ for the degree of
Candidate of Physical and Mathematical Sciences in specialty 05.13.16 -
Application of computer engineering, mathematical modeling and
mathematical methods in scientific research

Keywords: turbulence, discretization, control volume method, interpolation
methods, OpenFOAM?Y.

The object of the study. Numerical solution of systems of stationary and non-
stationary Navier-Stokes equations in the OpenFOAM?7 package.

The subject of the study. Methods of discretization of the Navier—Stokes
equations by the control volume method of the OpenFOAM?7 package.

The aim of the study. Selection of a model and development of a method for
modeling of incompressible fluid and gas flows within the framework of the free
OpenFOAMT applied package on the example of numerical simulations of possible
flooding in the floodplain of the Naryn River near the village of Shamaldy-Sai,
Kyrgyzstan.

The research method. Mathematical modeling of computational fluid
dynamics problems in the OpenFOAM?7 package.

The results obtained and their novelty:

1. Verification of the OpenFOAMY7 package was carried out on various
computational fluid dynamics problems. It was found that for laminar flow around
a round cylinder, the used schemes of the third and second order of accuracy in
terms of the Strouhal number give a value of 0.172, which is consistent with
experimental and numerical data with an accuracy of 4.2%. The first-order schemes
MinmodV and upwind give 8.4% and 14% underestimated values of the Strouhal
number, respectively.

2. A method has been developed for estimating the residual error on the edge
of the control volume for flow in a channel with a cavern. An automatic procedure
for adapting the grid in areas with large pressure and velocity gradients is
constructed by re-determining the cells separating the face with a large error by
dividing them parallel to the face.

3. A method of automatic construction of a three-dimensional computational
grid for the problems of flow around the building model and the real terrain of the
floodplain of the Naryn River near the village of Shamaldy-Sai is proposed. This
method makes it possible to effectively carry out numerical modeling of possible
flooding, to make a flooding area map.

4. A possible flood was calculated near the village of Shamaldy-Sali,
Kyrgyzstan. It was found that for three different initial heights of the water column
Ho = 5m, 10m and 15m, the flooding area has different values - with an increase in
the initial height, the flooding area increases depending on the topology of the
terrain

Scope of application: The results of this work make a certain contribution to
the method of mathematical modeling of turbulent flows. The verification of the
OpenFOAM package used for various computational fluid dynamics tasks, the
development of detailed documentation of the package should be emphasized.
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