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Kykoe B.T., Kpacnoe M.M., Kpumckuui b.B., Hoeukoea H./l., @eodopumosa O.b.,
Apncm E.A., I'pocc U.H., Munexun IO.M., Cadosnuuuii /I.H., IlIkypun A.H.

YucaeHHoe MOJeTHPOBaHHE TEPMOra30AUHAMUYECKHUX MPOLECCOB B MOIEIbHBIX
PATT ¢ momomb0 TpeXMepHOIo nNapajlieJibHOIro Koaa

N3no0xeHa MeToauKa pacdyeTOB HECTALMOHAPHBIX TEPMOTra30qUHAMUYECKUX
MPOLIECCOB B MOJECIBHBIX KaMmepax TBEPAOTOIUIMBHBIX PAKETHBIX JIBUTraTEICH
(PATT). TpexmepHast MmaTeMaTHdecKasi MOJIeSIb TUHAMUKH TEIUIOMPOBOIHON BSI3KOM
MHOT'OKOMITOHEHTHOM T'a30BOM CMECH MPEJICTABISIET COOOH PACHIMPEHHYIO CUCTEMY
ypaBHeHui HaBbe-Ctokca ¢ poOaBieHueM ypaBHeHHH AUGEGYy3UH KOMIIOHEHTOB.
BrruncnurenbHas MoOJeb U KOMIIBIOTEPHBIM KOJI OCHOBaHbI Ha pa3paOOTaHHOMU
OPUTMHAJIbHOM MATEMAaTUYECKOM METOJAMKE, COYETAIOIIEN JOCTOMHCTBA METOJA
pacuieruieHust Mo (pU3MYecKuM mpoleccaM, podacTHOCTh cxembl ['ogyHOBa pacuera
KOHBEKTUBHOTO dTana 1 3PGEeKTUBHOCTh SBHO-UTEPAITMOHHON YEOBIIIEBCKOM CXEMBI
pacuera nuddysmonHoro srtama. Kong Hanmmcan Ha s3pike C++ M HUCMONB3YET
THOpUIHYI0  TPEXYPOBHEBYIO  MApaUICIbHYIO  CTPYKTYpPY,  BKIIFOYAIOIIYIO
ucnonb3oBanue TexHoiorut MPI, OpenMP u CUDA. PaborocnocoOHOCTb
CO3JIAHHOT'0 MMAPAJUICIIBHOTO IPOIPAMMHOIO KOMIUIEKCA NPOJAEMOHCTPUpPOBAHA Ha
[IpUMEpPaAX PELIEHUS] MOJAEIBHBIX 3a7a4.

Kniouegvie cnosa: uiciieHHOE MOJENMpOBaHue, ypaBHeHHs HaBbe-CTokca, razoBas

CMEChb, MOACIIb TBEPAOTOINNIMBHOI'O ABHUIaTCIIA

Zhukov V.T., Krasnov M.M., Kritskiy B.V., Novikova N.D., Feodoritova O.B.,
Arnst E.A., Gross I.N., MilekhinYu.M., Sadovnichii D.N., Shkurin A.I.

Numerical simulation of thermo-gasdynamic processes in model solid propellant
rocket engines using a three-dimensional parallel code

An approach for calculating non-stationary thermo-gasdynamic processes in
model chambers of solid rocket engines is described. A three-dimensional
mathematical model of viscous multicomponent gas mixture is an extended system of
Navier-Stokes equations with the component diffusion equations. The computational
model and the computer code are based on the developed original mathematical
methodology that combines the advantages of splitting method by physical processes,
robustness of Godunov's scheme for the convective stage and efficiency of explicit
iterative Chebyshev’s scheme for diffusion stage. The code is written in C++ and
uses a hybrid three-level parallel structure, including the use of MPI, OpenMP and
CUDA technologies.

Keywords: numerical simulation, Navier-Stokes equations, gas mixture, solid-

propellant rocket engines



1. BBenenue

Pa3BuTHE CynepKOMIIBIOTEPHBIX TEXHOJIOTMHA C TEPEXOJOM K aIropuTMam
MapajuieIbHbIX BBIYACIECHUN MO3BOJISIET MOTYYUTh B MPUEMIIEMOE BPEMS YHCIIEHHBIE
pELIEHNs], CpaBHUMBIE II0 JOCTOBEPHOCTH C pe3yJbTaTaMU OKCIEPUMEHTOB.
Pa3paboTka METOIOB NPSIMOrO YHUCIEHHOTO MOJEIMPOBAHUS Ta30AMHAMUYECKUX
TEUCHUU B KaHallaX CIOKHOM (OopMbI MMeeT OOJBIION KaK TEOPETUYECKHIl, TaK U
npakTuYeckuii uatepec [1-5].

JIns MonenMpoBaHHs BHYTPUKAMEPHBIX IMPOLECCOB B MOJEIBHBIX KaMepax
TBEPAOTOIUIMBHBIX pakeTHbIX jauratenet (PIATT) mnepcrnekTUBHBIMHU SBIISIOTCS
MOJENN, OCHOBAHHBIE HA pEUICHUM 3a7a4 JUHAMUKA BS3KUX TEYEHHU C
MCIIOJIb30BAaHUEM TOJIHOM cucTeMbl ypaBHeHU HaBbe—CTOKCa ¢ yUETOM M3MEHEHHUS
XUMHUYECKOTO COCTaBa IPOAYKTOB CTOpPaHUs IpPU HX NPOJABHKEHHUU [0 Kamepe
CrOpaHHs M COIJIOBOMY OJIOKy, C Yy4Ye€TOM TMPOIECCOB TEIUIONEepeHoca U
MHOTO()a3HOCTH pearupyromero Mnoroka, a TakKe C HCIOJIb30BAaHUEM pPAa3INYHbIX
MoJiesiel TypOyIeHTHOCTH.

[Ilupokoe NpUMEHEHUE CYNEPKOMIBIOTEPHBIX TEXHOJIOIMU I TPEXMEPHOIO
MOJEJIMPOBAHUS C HMHUTALMEH YCIOBUM pabOThl JBUraTENbHBIX YCTAHOBOK C
pealbHbIMU TPAaHUYHBIMH  YCIOBUSIMH  TO3BOJIIET MPOBOAUTH  BUPTYaAIbHOE
MOJIETUPOBAHUE pabOYMX MPOLECCOB BMECTO JIOCTATOYHO  JIOPOTOCTOSIIUX
JKCIepuMeHTOB [6—9]. B mepcnekTuBe IOCTHXKUMOM SBJISETCS 1€Jb CO3JdaHUs
UM(POBBIX TBOMHUKOB CJIOXHBIX JIBUTATEIbHBIX YCTAHOBOK, YTO MO3BOJUT CHU3UTH
TEXHUYECKHUE PUCKU pa3pabOTKM HOBBIX CHCTEM M MOBBICUTH WH(OPMATHUBHOCTb
IIPOBEJICHUSI DKCIIEPUMEHTAIbHBIX UCCIIEIOBAHUM.

Pa3paboTka yHUBEpCAIbHBIX KOMIBIOTEPHBIX BBIYUCIUTEIBHBIX IaKETOB
npukinaaabix nporpamMm ANSYSFLUENT, JIOI'OC [10, 11] u ap. mo3BonasieT
3¢ (PEeKTUBHO peliaTh MHOTHE MPUKIATHBIE MPOOJIeMbl MOJEIUPOBAHUS TCUCHHM, B
TOM YHCJIE B PAKETHBIX JIBUIaTesX, OJHAKO YHUBEPCAJIbHBIE KOJBI HE MOIYT B
IIOJIHOM Mepe MPUMEHATHCS Uil PElIEHUs 3aJad B MHOIOCBSI3HBIX PAacCUYETHBIX
00JIaCTSAX MPU CIOKHBIX TPAHUYHBIX YCIOBHUSAX. [[03TOMY aKTyalbHBI MCCIIEIOBAHUSA
[0 CO3JAHHUI0 HOBBIX AJTOPUTMOB PELICHUS HECTAlMOHAPHBIX ypaBHeHHU HaBbe-
Crokca ¢ rpaHUYHBIMU YCJIOBUSIMU, UMUTHUPYIOIIMMH MPOLECCHI TOPEHUS TBEPAOIO
toruBa. Llenbs naHHON pabOTHI COCTOUT B U3JIOKEHUU METOAMKU MOJEIMPOBAHMS
TPEXMEPHOTO TEYEHHsI IPOAYKTOB CrOpAaHMs, B TEPCIEKTUBE MO3BOJISIOLIEH
[IEpECTPAaNBaTh PACUETHBIE CETKH IIPU M3MEHEHUHM I'€OMETPUU KaHajla 1o KOTOPOMY
IIPOUCXOIUT UCTEYEHHUE TTOTOKA.
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B kauectBe 6a30B0il B pabOTE MCHOJB3YETCS METOOJOTHUSI MAaTEeMaTHYECKOTO
CYHEPKOMITBIOTEPHOTO  MOJCIIMPOBAHUS MHOTOMEPHBIX TEYEHUW pearupyrouen
cMecu Ha ocHoBe 1nporpammHoro  komiuiekca  NOISEtte-MCFL.  Oror
KOMIIBIOTEPHBIM  KOJ MpeJHa3HAYeH ISl pacuera TepMOra3oJMHAMUYECKHUX
MHOTOKOMITOHEHTHBIX TIPOIIECCOB M O0OeCcTeunBacT MOJACIMPOBAHUE TEUCHUU Ha
TpeXMepHBIX pacueTHBIX ceTkax ¢ umcaoM ~10° sueex. OCHOBY peanm3aliiu
COCTABJISIIOT OPUTMHAJIBHBIE aBTOPCKHE anropuTMmel [cM. 12-18]. IIporpammusie
MOJIYJIM KOMIUJIEKCa 00J1a/1al0T BBICOKOM MacIITadMpyeMOCTbIO Ha CETKAX C YUCIOM
staeex 10°—10° i ¢ fecsiTKaMH XMMHYECKMX KOMIIOHEHTOB. PacueTsl MPOBOMSTCS Ha
TMOPUIHOM  BBIYUCIUTEIBHOM  KJacTepe C  MPOU3BOJUTEIBHOCTHIO  CBBIIIE
300 Tepadonc ¢ pacnapajUieTMBaHMEM HAa MaKpOYpPOBHE C MPUMEHEHHEM
texHonmornit MPI u OpenMP, a takxke ¢ pacnapaieTMBaHHEeM Ha Tpa@UIECKOM

MOJICUCTEME KaXKJOTO Yy37a BBIYMCIUTENIBHOTO KiIacTepa C MOMOIIBIO TEXHOJOTHH
NvidiaCUDA.

2. MatemaTnueckas MOA€CJIb TCUHCHUSA

MHOTOKOMIIOHEHTHOM CMeCH

B nanHOil paboTe Maremartmueckass MOJENb JCTANBHO HE OOCYXHaeTcs, HO
dbopmynupyeTcs Il TOJTHOTHI NpeAcTaBiaeHus. [1o CIIoNHON cpenoii MOHUMAETCS
MHOTOKOMIIOHEHTHAsl CMECh HUJICAUTbHBIX XMMHYECKUA PEArupyIOlINX ra3oB ¢ y4€TOM
BSI3KOCTH, TEIUJIONPOBOMHOCTH W MudPy3un KOMIMOHEHTOB. J[Js METOAMYECKUX H
MPUOJIMKEHHBIX PACYETOB MCMOJB3YIOTCS JIBE YIPOILECHHBIE MOJEIN CMECU: MOJIENb
COBEPILIEHHOT'0 Ta3a ¢ 3aJaHHbIM IOKa3aTeleM aauadaThl U MOJENIb COBEPIICHHOIO
rasa ¢ yactuuaMu merauia. MoJenb OCHOBaHAa Ha cUCTeMe ypaBHeHuU Habbe-
Crtokca ¢ BBeJIEHHEM JIOTIOJIHUTEIBHBIX YWICHOB M ypaBHEHUM s y4eta auddy3un
XUMUYECKUX KOMITIOHEHTOB [13-17, 19-26]. YpaBHEeHHs HEPA3pPBIBHOCTH, COXPAHEHHUS
HMMITYJIbCA U SHEPTUU UMEIOT COOTBETCTBEHHO BU]L

L4 (pir) =0,
000 v (i) =vp+ V-, M
oE

EJFV.((Eer)ﬁ):V-(T-ﬁ ) =V-G-V-J.

31echli — BEKTOP CKOPOCTH TEYEHHMS CMECH ra30B, €70 KOMIIOHEHTBI U, U,, Us; P —
IUIOTHOCTB, E = p(e + O.5u2) — IOJIHAs DHEPIUs, e — yJIelbHasd BHYTPEHHASA DHEPIUs

(eIMHHIIBI MACChI), u — MOAYJIb BEKTOpa CKOPOCTH, p — NIABJICHUE CMECH, T — TCH30D
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BSI3KMX HaIpPsDKEHWUH, ¢ W J — BEKTOPHI INIOTHOCTH TEIUIOBOTO W IU(D(PY3HOHHOTO

IIOTOKOB COOTBCTCTBCHHO.
TCHSOp BA3KHUX HaHpH)KCHI/Iﬁ T W BCKTOP INNIOTHOCTH TCILIOBOI'O ITOTOKA q

HMCIOT COOTBCTCTBCHHO BU]
I ,
T=p| Vi +[Vii] —SIVei) §=—xVT, (2)

snece U=W7T) wu «k=xk(T)—x03bOOUIHEHTH] MOJCKYISIPHOH BSI3KOCTH |

TEIUIONIPOBOAHOCTH CMECH Ia30B COOTBETCTBEHHO, | — enqnHn4YHas 3 x 3 maTpuua.
Mpbl OrpaHUYMMCSl YY4E€TOM TOJIbKO KOHLIEHTpPALMOHHOW nuddy3un: Kaxabli

KOMIIOHEHT, T.€. XMMHYECKM OJHOPOJHOE BEIIECTBO CMECH, JBHXKETCA B

HalpaBJICHUM MCHbLICH KOHUeHTpaumu. st cmecn u3 N, >1 KOMIIOHEHTOB ¢

MaCCOBBIMHN O0OJIIMU Ym, mzl,...,qu YpaBHCHUA ICPEHOCA KOMIIOHCHTOB HMMCIOT

BU]T

o(pY,,) . .

a—t’”+V-(pYu)=V-Jm+oom, (3)
rae ¢, — IPUTOK KOMIIOHEHTA m 3a CYET XMMUYECKHUX PEeaKIui (MaccoBas CKOPOCTh
IPOU3BOJICTBA BEIIECTBA).

B ypaBHenusix (3) Bekrop J, MIOTHOCTH JU(P(PY3UOHHOIO MOTOKA KOMIOHEHTA

m ompenensercs u3 3akona ®uka [19]: J =-pD, VY

m?

rae D — Kod(pOULHUEHT
muddy3un komnonenta m . Bxogsumii B (1) (B mpaByto 4acTh ypaBHEHUS! SHEPTUN)

BeKTOp J :th J, ob0ycinoBieH auddysuel KOMIOHEHTOB CMeECH, 34eChb /i, —

SHTAIBIUIHBIE (PYHKIIMA KOMIIOHEHTOB, cM. [19]. 31mech W HUXKE CyMMHUPOBaHHE
BeJIeTCA 10 UHACKCY m =1,....,N_ , HyMepyIoIeMy KOMIIOHEHTbI CMECH.

A
Jlist cmecu ra3oB KOA((PUITMEHTHI BSI3KOCTH, TETUIOMPOBOIHOCTH U 1D Py3un
BBIUUCIISIOTCSL 110 HEKOTOPHIM KOMOMHATOpPHBIM (opmyiam. B obmem ciaydae stu
KO3 (UIUEHTHI SBISIOTCA TEH30paMU, HO B JIaHHOM paboTe MBI IOJIaraeM, YTo OHH
ABIISIOTCS CKAJIPHBIMU (DYHKIIUSIMU TEMIIEPATYPHI.
Bripaxkenue nist moaHOU SHEpTUH £ CMecH MOJKHO 3alucaTh B BUJIE

2 2
u u
E=e+Zl=p-L %
p 2
31ech i — SHTaNbIUS CMECH, OHA BBIPAXKAETCS Yepe3 SHTAIbIUNHbIE QYHKIUH /1,
OTJEJIbHBIX KOMIIOHEHTOB CJIEYIOIIUMHU (OopMyIamMHu:
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T
h=>hY,. h,=h,+5M=[C,,(0)d0+Ah),
T

m

0
rae C,, — TEIIOEMKOCTh KOMIIOHEHTa m UpPU TIOCTOSHHOM JaBICHUH, K, —
SHTANIBINS KOMIIOHEHTA, AA) — SHTANbIUsA, Tpebyemas i1 0Opa3oBaHUs €IUHMIIBI
Macchl KOMIIOHEHTa m IIpH peepeHcHoN Oe3pazmepHoii Temneparype (7, =1).
Cuctema ypaBHenuit (1) — (3) JOmOJIHSIETCS ypaBHEHHEM COCTOSIHUSI CMECH
UJCANbHBIX HECOBEPIICHHBIX Ta30B. YPaBHEHUE COCTOSHUS I KaXIO0ro
KOMITIOHEHTam UMEET BUJ

T
Py=P.R,T, ¢,=| ¢, ,dT, R,=R/W.

3necep, =pY,, R — yHuBepcaibHas ra3osas NOCTOSHHas, W — MojspHas Mmacca
-1 -1

CMECH, KOTOpasi OMNpENeNIeTCd U3 COOTHOIIEHUs W =ZYme , a4 TEPEMEHHbIC

W, e, ¢.,,=¢ () ecTb COOTBETCTBCHHO MOJISIPHAsi Macca KOMIIOHCHTa m , €T0

BHYTPCHHSIS SHEPTHSI M yIeJIbHAS TEIUIOEMKOCTh (€IMHUIIBI MacChl) TIPH TMTOCTOSTHHOM
o0BeMe.
Tepmudeckoe ypaBHEHHUE COCTOSIHIE CMECH MOXKET OBITh 3aliCaHo B BUJIC

P=pT R, Ry =RYY,/W,. (4)

CnpaseiMBbl COOTHOLIEHUS P = me , e= Z e, Y ,c = ZCV’ Y, - 1lomumo

V', mix
(4) MBI HCIONB3yeM KajJopudeckoe ypaBHeHHE cocTossHus e=e(T), KoTopoe

MPEACTABISACTCA IIOJMHOMOM IISITOM creneHu. [lo WM3BECTHOM MEPEMEHHOM e
TeMriepatypa I omnpenensieTcsi ¢ MTOMOUIbI0 OOpaIIeHHs] TOTO YPaBHEHUS! COCTOSIHUS
UTEPALMOHHBIM MeTo10M HbroTOHA.

JUist onucanusa TypOyJieHTHOCTH ucnogbedyercs SST-monens Menrtopa [27],
BKJTFOYAromasi JBa Iu(PEepeHINAIbHBIX YPAaBHEHHS MJIS TPAHCIOPTA YISIHHOM
KHHETHYECKOW SHEPTUM TYpOYJICHTHOCTH k W yIETbHON CKOPOCTH JIHCCHITAINH
TypOYJICHTHON SHEPTUH . ITa MOJENIh XOPOIIIO N3BECTHA U OMKMCAHA B JIUTEpATypeE.
Brnusgaue MenpyallliuxX CTPYKTYp Ha  KPYIHBIE CTPYKTYpPbl  YUYHUTHIBAETCS
momubukanueir kodpdunuento pu=W7) u k=«(T), k¥ HAM JTOOABIAIOTCS

TypOyJICHTHBIE COCTABISIOLIHE.
OTmeTHM, 4YTO CHCTEeMa YpaBHEHUN KOHBEKUUHU-IU(DPYy3uH KOMIIOHEHTOB
SBIISICTCS TIEPEONPEACTICHHOM, TaK KaK CIPaBeJIMBbI COOTHOLICHHUS

Y, =1, >J,=0, Ya,=0,
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IMPHUYCM IICPBLIC BAa TOXIACCTBA ABJIAIOTCA CICACTBHUEM OHpC,Z[CJICHI/Iﬁ JJIs1 MacCOBOM
IIJIOTHOCTHU H FHHPOHHH&MH‘IﬁCKOﬁ CKOPOCTHU CMCCH, a4 TPETBC COOTHOIICHUC — I3TO
CICACTBHUEC 3aKOHa COXpaHCHHSA MACCbl B XHUMHWUYCCKHUX PCAKIHAX. B peain3anuu
KOMIIBIOTCPHOTO KOJa 3TU COOTHOHICHHA HCIOJB3YIOTCA JIA JOIIOJIHUTCIBHOI'O
KOHTPOJIA TOYHOCTH.

3. Komnbsrorepuslii kom MCFL

JIisi mpoBeeHNs YMCJIEHHBIX SKCIIEPUMEHTOB MCIOJIb30BAJNICA MPOTPAMMHBIN
KOMILJIEKC NOISEtte-MCFL, peIHa3HAYECHHBIN TS MO/ICJIUPOBAHUS
MHOTOKOMIIOHEHTHBIX, BSI3KHUX, TEIJIOMPOBOJAHBIX TEUEHUH B COOTBETCTBUU C
pazznenoM 2. 3aMeTUM, YTO ATOT KOJ MO3BOJIIET pellaTh 3aJaud COMPSKEHHOTO
TEIJI000MEeHa ra30BOM CMECH M TBEPAOTO TeJla, UCTIOIb3Ysl OPUTHHAIBHYIO METOTUKY
Ha ocHOBe MHorouwieHoB YeoOsimeBa [14-16]. Konx NOISEtte-MCFL npencrasnsier
coboit HOBoe (yHKIMOHATRHOE pa3zBuTHe kKojga NOISEtte UTIM um. M.B. Kennpimia
PAH u nacnenyeT ero 6a30Bbie BO3MOKHOCTH.

Uccnenosarenbckuit  koj NOISEtte oObenunsier Ha oOmel miatdopme
CBEepXMacIlITadupyeMble Tapauie/IbHbIe aJITOPUTMBI M T€TEPOTCHHbIE BBIUYHCICHUS
JUISL BUXPE-pa3peliaroIiero MoASIUPOBaHUs 3a/1ad THAPOAUHAMUKH, adpOAMHAMUKHU
U a’POAKyCTHUKH, BKJIIOYACT B CE€Osl UYUCICHHBIE METOAMKUA PEIICHUS CHUCTEM
ypaBHeHuil Ditniepa nu HaBbe-Crokca i cxxumaemMsix cpen [28-30].

[IpocTpancTBeHHast  JguCKpeTw3anus  BbimonHsiercs Ha 2D wim 3D
HECTPYKTYPUPOBAHHBIX THOPUAHBIX ceTKax. B ciyuae 2D B kayecTBe CETOYHBIX
AJIEMEHTOB JOMYCKAIOTCSl TPEYTOJbHUKH W YEThIPEXYTrOAbHUKHU, B 3D — TeTpasapsl,
TPEYTOJbHbIC MPU3MBI, YETHIPEXYTOJIbHBIE TUpPaMUIbl U Tekcadapbl. Ha ceTke
3alUChIBACTCS KOHEUYHO-OOBbEMHAsi CXeMa C OIpEIeSICHUEM KOHCEPBATHBHBIX
MEePEMEHHBIX B y3JIaX CETKU. SUelKr WHTErpUpOBAHUSA TMPEACTABISIOT COOOM
TyalbHbIE OOBEMBI, ACCOIMUPOBAHHBIC C Y3JIaMU TE€OMETPUYECKOM CeTKH. Takas
TUCKPETU3ALIMS HA3bIBAETCS YACTO Y3JIOBOU HIIM BEPIIMHHO-IIEHTPUPOBAHHOIA.

[Tporpammusiit kox NOISEtte (1 MCFL kak ero (yHKIMOHaATIbHOE pa3BUTHE)
peanu3yeT CMEIIaHHBIM METOJ anmpOKCUMAalluKM, a UMEHHO: WICHbl KOHBEKTHBHOIO
MepeHoca arnmpoOKCUMHUPYIOTCS C UCIOJIb30BAaHUEM METOJa KOHEUYHBIX O0BEMOB.
Huddy3nonHass yacTb ypaBHEHHH amNpOKCUMHPYETCS Ha OCHOBE KOHEUHO-
AJIEMEHTHOTO BOCIIOJIHEHUSI BO BCIOMOTATENBHBIX TETPadJpax C HCIOJIb30BAHUEM
TUHEHHBIX PUHUTHBIX QYHKIUNA. DTa TUCKpeTU3aIus 00ecreurnBaeT BTOPOil MOPSI0K
anmpoKCUMAIMK 10 TPOCTPAHCTBY M HUMEET MHOro OOIEro ¢ KIACCUYECKUM
MerogoMm Pl-T'anepkuna. Hanpumep, tTpexMmepHbiii omneparop Jlammaca s
ne(OpMUPOBAHHBIX IIECTUTPAHHBIX CETOK aNMpPOKCUMUPYETCS Ha 27-TOUYEYHOM



maoJIoHe (JJ1s1 almpOKCUMAIIUK JI0CTaTOYHO 7-TOYEHOTo 11a0JI0Ha), KaK U B METO/JIe
[anepkrHa, HO B OTJAMYME OT HEro HAa JIEKAPTOBOM CETKE IMpEeBpallacTcs B
7-TOUEUHYIO JUCKpeTu3anuio, cm. [30]

JIyist anmpokcuMarni KOHBEKTUBHBIX YJICHOB MCTOJB3yeTcs cxema ['omyHoBa C
pacueToM TMOTOKOB Ha OCHOBE TOYHOrO peunieHus 3anaud Pumana s
MHOTOKOMIIOHEHTHOU cMecH [13]. Jlyisi uHTerpupoBaHus 10 BPEMEHU NMPUMEHSIETCS
crieruaibHasl SBHO-UTEpAIlMOHHAS YEOBIIIEBCKAs CXeMa, MO3BOJISIONIAst BECTH pacyeT
c runepOosmyeckuM orpannuenueM yncna Kypanra t~ A[12].

Kon NOISEtte-MCFL npomien TecTupoBaHUe Ha HaOOpE TUIIMYHBIX TECTOBBIX
3a/1a4, OMMCaHUE KOTOPBIX MOKHO HalTh B paborax [12-17]. Kox HamucaH Ha s3bIKe

C++, peasn3oBaH B NapajUleIbHOM BapuaHte B nporpaMMmHoi cpene LINUX Ha
kiactepax K-100, K-60 UTIM um. M.B. Kenapima PAH.

4. BpruucJjureJbHas MOCTAaHOBKA 3adavumn

[lenpto pacyeTHBIX HCCIECIOBAHMI SBISETCS JNEMOHCTPAIUS BO3MOXKHOCTEMN
MaTE€MaTUYeCKOro MOJICJIMPOBAHMUS B JAHHOM MpEeJAMETHOM 00JacTH, OlEHKa
MIEPCIIEKTUB MCIOJIb30BAHUS HOBBIX CYIEPKOMIIBIOTEPHBIX apXUTEKTYp, a TAKKE
M3yYECHHE OCHOBHBIX 3aKOHOMEPHOCTEW Tra30JMHAMUYECKUX TEUYEHUN B YCJIOBUSAX,
MIPEACTABIISIIONIUX HHTEPEC IS IPUIIOKEHU .

JUis mpoBeleHHs NEPBOW CEpPUHM PAaCUETOB PACCMOTPEHA OCECUMMETpPUYHAs
MOJieTb — (PUTypa BpaLEHUS C AIEMEHTaMH pa3inyHoi reomeTpudeckoit popmel. Ha
puc. 1 mpexacraBiena 3D cxema 3TOM MOJEIU, Ha PHUC.2 TOKa3aHO €€ OCEBOE
CEUYECHUE.

/
W

Puc. 1. Mogensb 1. 3D pekoHCTpyKIUS



Puc. 2. OceBoe ceuenne Monaenu 1

Bce pacuersl nmpoBOAMIMCH B IPEAIOI0KEHUHM MHOTOKOMIIOHEHTHOW BA3KOM
TEIJIONPOBOAHONW Cpelbl, B KOTOPOM pEaKIMU MEX]y KOMIOHEHTAMH HAa JaHHOM
sTanie pabOTHl MBI HE YYHTbIBaeM. PaccMmarpuBaemasi cpela COCTOMT M3 JIBYX
ycioBHbIX KOMNOHEHTOB C-1 m C-2, TepMOIMHAMHYECKHE MapaMeTpbl KOTOPBIX
(MonekynApHbBIE Bec W, TEIUIOEMKOCTb IPU IOCTOSIHHOM JABICHUM  Cp,

JUHAMHUYECKasl BS3KOCTh W, kodbdumument mguddysuu D, kodhdUIMEHT
TETUIONPOBOAHOCTH A ) U3BECTHBL.
Tor ¢akr, yTo Mozenbs 001a1a€T OCEBOM CUMMETpHUEH, MO3BOJISET UCTIOIb30BATh

B KAaueCTBE pAacueTHOW O0OJIaCTH CEKTOp, BOOOIE TOBOPs, MPOU3BOJILHOTO YIJa
pacTBopa. MBI npoBOAMIM pacyeTsl Ha nojoBuHe Mmojenu (puc.3). Ha puc. 3
pacueTHasi 00J1acTh BBIJIEJIEHA CUHUM LIBETOM. Takoil BBIOOp yrIjla pacTBOpa CEKTopa
B OOJIBILION CTENEHU CBA3aH C JKEJIAHUEM IOCTPOUTH B OKPECTHOCTH OCH CUMMETPHUHU
CETKYy, COCTOSALIYI0 M3 KyOmueckux sjeMeHTOB. CeTka B MOMNEPEYHOM CEUYCHUU
MOKa3aHa HUXKE B pasgene d.

Ha BXxomHOW NMpOHHUIIAEMOM I'PaHULE UMUTHUPYETCS MPOLECC T'OPEHUSA TBEPAOIO
TOIUIMBA M 3aJal0TCS TPAaHUYHBIE YCJIOBUS IIOCTOSHCTBA MAacCOBOIO pPacxoja,
SHTANBIIUU W HAMpaBJIEHUS BEKTOpa CKOPOCTU MO HOpPMalIM K moBepxHocTH. Ha
TBEPJBIX HENPOHUIIAEMBIX CTEHKaX PEAIM3yIOTCS YCIOBUSA MPWIMIAHUS, HA OCH
CUMMETPHUH CTaBATCA YCJIOBHS cuMMeTpuu. Ha cpese comiia, sSBIsIOIIEMCS] BEIXOHOM
rpaHulel, HCIONb3yeTCS YCJIOBHE CBEPX3BYKOBOTO MCTEUYEHHs Ta3a B 00JacTh C
HU3KUM JABJICHUEM.



10

Puc. 3. Monens 1. Pacdetrnast 06;1acTh (BbIZICICHa CHHUM IIBETOM)

B TepMuHax KOMITBIOTEPHOTO KOJa MCIIOJIb30BaHbl YETHIPE THINA T'PAHUYHBIX
nopepxHocTted ¢ yciaoBHbiMU HazBanusimu INLET, WALL, OUTLET wu
SYMMETRY. Ha puc. 4 Tpu U3 HUX BBIACIEHBI pa3HbIMU LBeTaMU. [I0BEpXHOCTB,
uMmerommast Tunm WALL, cocTOUT U3 JIBYX HECBSI3HBIX 4acTel, 0003HAYCHHBIX KakK
PATCHI u PATCH3. I'panuia SYMMETRY He yka3zana Ha puc. 4. Ee onucanue u
PaCIIONIOKEHUE MOKHO HAUTU HUXKE.

INLET

OUTLET

PATCH2
PATCH3

PATCH PATCHA

Puc. 4. Mopens 1. IlocraHOBKa rpaHUYHBIX YCIOBUI
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Ha rpannunon nosepxnoctu INLET 3amanel Tpu ycioBus:

OP P
r, —=0, G=p.u, | —|, 5
0 o7 Ps Uy P (5)

total —

rue pg, U,, v, B, T, — 3agaHHple KOHCTaHTbl. C NaHHOW I'DaHUYHOM IOBEPXHOCTH

MMUTHUPYETCS. BAYB BBICOKODHTAJIBIIMMHOIO ra3a ¢ IOCTOSHHBIM pacxoaoMm G. I'a3
ABIISIETCS OAHO(A3HON CKUMAEMOM Cpeoid, TEPMOIMHAMUYECKHE CBOMCTBA KOTOPOI
COOTBETCTBYIOT paBHOBECHBIM IapaMeTpaM JIBYX(a3HOW cMecH MPOIYyKTOB CrOpaHuUs
MOJEJIBHOI'O CMECEBOI'0 TBEPAOrO TOIUIMBA. Y CIOBHSA (5) MO3BOJSAIOT ONPENEIUTh HA
rpaHuIe HEOOXOAUMbIE HaM 3HAYEHHs] CTaTUYeCKOW Temmneparypsl T,

' uie A CKOPOCTH
U no nHanpaBieHHIO BEKTOpa BHEIIHEM HOpManu K rpanune. Ilpm sToM MBI

OIMpaeMcs Ha CIEIYIONIYI0 CUCTEMY COOTHOIICHHIA:

v+1

T =T 1+TM2 pT

static

- P/R

mix 2

pU = G.

total static ’

CocraB cMmecu B HayalbHBIH MOMEHT BpPEMEHU 3aJlaeTcsl  yACJIbHBIMU
KoHLeHTpauusamu Y, =1, ¥, =0 komnonenTtoB C-1 u C-2 ¢ nokasarensimu aauadatsl

v=1.18, y=1.4 cCOOTBETCTBEHHO.

Tun rpannunoro ycnoBuss WALL omnpenensercsa ycioBUeM NpUIMIIAHUS:
_)

u, = 0 , AJI AaBJICHUA WU TEMIICPATYPhI 3aJlaHbl COOTHOIICHUA

9T _o, P _y,

on on

rac n — BHCHIHAA CAMHUYHAA HOPMAJb K I'PAHUILIC oOnactu. Takue ke COOTHOIICHUS
IMPUHATHI JJIA XUMHWYCCKHUX KOMIIOHCHTOB

Do, sy,

on on
['pannunas noBepxHoct SYMMETRY o0o3nauena Ha puc. 5 cepbiM IIBETOM.
Ha 5T0li mOBEpXHOCTH HOPMaJlbHAsi KOMIIOHEHTa CKOPOCTH paBHa Hymoo, u, =0 H

BBIIIOJIHCHEBI YCJIOBHA

9 _o, Py, My Ly

ap oY, 0y,
on on n on
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q

Puc. 5. Mopens 1. I'pannunas nosepxHocts SYMMETRY

Ha rpanune OUTLET BenuuuHbl NEPEHOCATCS W3 NPUTPAHUYHBIX Y3JIOB
pacyeTHOU 00J1acTH.
B HauvanbHBIA MOMEHT BPEMEHU MOJISI CKOPOCTEW W TEMIIEPATYPhI OJHOPOIHBI

U=0, T=T,,  tae T,

. . — 3aJlaHHas KoHcTaHTa. [lose nmaBneHus pasfeneHo Ha TpU
30HBI, B KaXJOW M3 KOTOPOH JaBJICHME HMEET CBOE COOCTBEHHOE ITOCTOSTHHOE
3HadyeHue. ['eoMeTpuio KaXx10i U3 30H MOKHO YBHJIETh Ha puc. 6: B 30He 1 naBieHue

paBHo 10, B 30He 2 — 0.05 1, HaKoHell, B 30HE 3 — 1 (HOpMUPOBAaHHbBIC 3HAUCHUSA).

ZONE 3

/

ZONE 1 ZONE 2

-

Puc. 6. HauanbHOe pacnpeieneHue 1aBIeHUs
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[Ipu 3TOM BCsl pacyeTHasi 00JacTh 3anoiHeHa KomMrnoHeHToM C-2, T.e. cocTaB
cMmecu caenyromuin: Y, =0, ¥, =1.

[Ipouenypa HHTErpUpOBaHHsS [0 BPEMEHM OCHOBAaHA HA pACIICIUIEHUU Ha
KOHBEKTHUBHBIN (Tunepbonnueckuil) u aup@y3uoHHbINA (mapaboaudyecKuil) 3Taribl,
IlepBelii W3  HUX  pEAIM30BaH  SBHOM  CXEMOM  TOLYHOBCKOIO  THIIA,
MOJIU(DUITUPOBAHHON JJII MHOTOKOMITIOHEHTHOro ciy4das. uddy3uoHnsii sTan
peaqu3oBaH  OPUTMHAIBHOM  SIBHO-UTEPAIlMOHHOM  YEOBIMIEBCKOW  CXEMOM.
TypOyneHTHOCTh Ha IaHHOM JTare He YYUThIBAJIACh.

S. Pe3yJ'lI)TaTI>I BBIMHC/IUTC/IBbHBIX OKCIICPUMCHTOB

TpexmepHast pacdeTHasi CETKa MOCTPOCHA C MOMOIIBI0 KOMMEPYECKOTO TaKeTa
noctpoeHus cetok PointWise (mmumensust Customer number: EU035). T'eomerpus
UCCIIEyeMOH  MOJAENU  JOCTaTOYHO TPOCTa, YTO  TO3BOJWJIO  IOCTPOUTH
pPE3yIbTUPYIOLIYI0  CETKy, COCTOAIIYH ®3  TapamienenunenoB. Ilpumep
MMOBEPXHOCTHOM CETKHA MOKHO YBUJIETh HA puC. 7 U 8.

il
il
il
il

Puc. 7. Mogens 1. IToBepxHocTHas ceTka. Busi co CTOpOHBI OCEBOT0O CEUECHUS

N N \
A bl ) “\\\\&\\\“\
AT (\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\“\\\\\\\\\\\\\\\“\\\\\\\\\\\\l\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\l\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\“\\\\\\\\\\\\ “\ “\\b\a\h\l‘&“ \\“ o

A i A il I “‘r“
i

1
"",'I'I'I','I‘,‘f"")'"““"}"H,'I"’!‘,' ”mllllllllllllll|IIIIIIIIIIIIIIHIIIIIIIHIH”lllllll”“IIIIIIIIII|Illllllll|lIIlllflIHHIHlllﬂmllllllmllll|IIIHIIIII|IIIHI|lIIIﬂlll"ﬂ"ﬂﬂl”lllllllllllllIIIIIIIIHI|||IIlllIIIIIIIlII}}“lllllllll“m‘l}}}ll}}ml||| il !lln!n”l ’ﬂ’l |H”};,
A i ; m,,i4"’5?{””5'//////////%5' I
A /

Puc. 8. Mopnens 1. [loBepxHocTHas cetka. Bua co cropons! rpanunel INLET
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[Ipouienypa mnocTpoeHusi CETKM cieayroas. biIoYyHO-CTPYyKTypHUpPOBAaHHYIO
CeTKy, MOCTpPOCHHYI0 makeToMm Pointwise, 3amuceiBaeM B dopmate CGNS. lanee
cetky B dopmate CGNS c momompio yTuiauThl meshconvert (BcromorarenbHas
yrunuta naketa NOISEtte) mpeoOpasyem B cerounsiii popmar NOISEtte. Tak kak
0JIOUHO-CTPYKTYPUPOBAHHASI CETKA COCTOUT M3 HECKOJBKHX OJIOKOB, HEOOXOIUMO
yOpaTh BHYTPEHHHE TpPAHUIBI CTHIKOBKHM OJIOKOB W OOBEAMHUTH TPAHUIIBI C
UJCHTUYHBIMA UMEHAMHU, IPUHAAJICKAIME Pa3HBIM OJIOKaM, B OJHY TPaHUILy.

Jlnst BepuduUKaIMu pe3yibTaTOB YHMCIECHHBIX AKCIIEPUMEHTOB IOCTPOCHHBI 4
CETKH Ha TOJIOBHHE PAacYEeTHON 00JacTH M OJIHAa CEKTOpHAJIbHAs CeTKa C pa3MepoM
yraa pactBopa 30° (cM. puc.9). Uncio y3I0B U SYEEK IMOCTPOCHHBIX CETOK
npuUBeIeHbI B Ta0I. 1.

Puc. 9. Mogens 1. 3D Buj pacdetHoi obmact B ciydae cexropa (30°)
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B pacuerax Ha CEeKTOpHUAIIBHOW CETKE rpaHnyHas noBepxHocTb SYMMETRY
3ameHsulach Ha TpaHuuHyro mnoBepxHocTb PERIODIC. Ha pwuc. 10 mokazano
YCTPOMCTBO CETKM B Cllyyae MpuUMEHEHus KpaeBbix ycinoBud SYMMETRY
(puc. 10 a) u PERIODIC (puc. 10 6). KpacHoii nuHHel mnoka3zaHa (undeckas
IrPaHUlla BBIYMCIUTEIBHON 3aauu. S{UelKH, BBIXOASAIIME 34 €€ MPEIEIbl, SABISIOTCA
BUpTyaibHbIMUA. OHH HEOOXOJAMMBI JIi TPABHJIBHOW peaju3alii yKa3aHHBIX
KPA€BbIX YCIOBUMU.

Tabnuya 1
Pa3mepbl NOCTPOEHHBIX CETOK
O6o3HaueHue Yucno y3m0B Hucno siueex
Cetka 1x 114375 102320
Cetka 2x 838353 793344
Cetka 4x 6525025 6346752
Cetka 8x 23293497 22793216
Certxka (sector) 4486871 3732000

Puc. 10. Mogens 1. Cetka ¢ rpannyasiM yenoBuem a) SYMMETRY, 6) PERIODIC

Ha puc. 11 u 12 npuBeneHsl pe3yJbTaThl CXOJAUMOCTH YUCICHHBIX PEIICHUN Ha
MOCJIEIOBATEILHOCTH BBEJIEHHBIX CETOK. Jlnsi aHanmu3a BbeIOpaHbl ABE (YHKIIMH:
JaBjieHHe Ha ocu cummeTrpuu (puc. 11) u monyns ckopoctu (puc. 12) Ha MOMEHT
BpeMeHnu t = 0.1. AHanm3 rpaduKoOB MOKA3BIBAET, YTO CXOJAUMOCTD MPU U3METHYCHUH
CeTKM naocTuraercsi. Pe3ynpTaThl, MOJy4YeHHBbIE Ha caMOil MOAPOOHON ceTke 8X,
OPUTOJIHBl U1 BHU3yAIM3alMM W JAIbHEHIIErOo aHaimu3a. 34€Ch W HWKE IIpU
BU3YaJU3alMU Mbl YKa3bIBa€M JIaBJICHHE B HOPMUPOBAHHOM BH/IE.
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Puc. 12. Moaynb CKOpOCTH HA OCH CUMMETPUH ISl pa3HbIX CeTOK npu t = 0.1

Pe3ynbpTaThl, npeacTaBiIeHHbIE HWXKE, MOIYy4YeHbl Ha ceTke 8x. OmHOMEpHbIE
rpaduky, EMOHCTPUPYIOLIUE MOBEICHUE IaBJICHUSA, TEMIIEPATypbl U CKOPOCTH,
CHSATBI B 8 KOHTPOJIBHBIX TOYKAX, PACIIOJIIOKEHUE KOTOPBIX IPEACTABICHO Ha puc. 13.

Ha puc. 14, 15 nokasaHo nmosefeHue NaBlICHUS U TEMIIEPATypbl U CKOPOCTU B
[IPEANMCAHHBIX KOHTPOJIBHBIX TOUKAX.

20 4
*5
3e * 6

0 ~

Puc.13. PacnionoxeHrne KOHTPOJIbHBIX TOYEK
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KoHTponbHas Touka 1
KoHTponbHas Touka 2
70 KoHTponbHas Touka 3

60

50

40

30
/ =
20 4

Time

a) 1aBJICHUE B KOHTPOJIbHBIX TOYKaAX 1, 2, 3

0r KoHTponbHas Touka 4
KoHTponkHas Touka 5
60 KoHTponbHana To4ka 6
50
40 /
30 4
5
20+ 6
10 r ) T
D 1 1 1 1 ]
0 0.02 0.04 0.06 0.08 01
Time

0) maBieHrEe B KOHTPOJIBHBIX TOUKax 4, 5, 6

s r—— — — .
KoHTponkbHas Touka 7
---------- KoHTponbHana Touka 8
40
30

0.08 0.1

Time

B) JIaBJICHHE B KOHTPOJIbHBIX TOYKAX 7, 8

Puc. 14. JlaBneHne B KOHTPOJIbHBIX TOYKAX
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P —-

———o—— KoHTponkHas Touka 1
—————————— KoHTponkHana Touka 2
KoHTponkHasa Touka 3

Time
a) TeMIeparypa B KOHTPOJIbHBIX TOUKax 1, 2, 3

——o—— KoHTponbHas To4ka 4
15~  mmmmmeeees KoHTponbHas Touka 5
KoHTponkHas To4ka 6

10

Time
6) TeMnepaTypa B KOHTpOJIbHBIX TOUKax 4, 5, 6

15 KoHnTponbHas Touka 7
----------- KoHTponbHas Touka 8

Time
B) TEMIIEpaTypa B KOHTPOJbHBIX TOUKaX 7, 8

Puc.15. Temneparypa B KOHTPOJIBHBIX TOUKAX

Puc. 15 cBunerenscTByeT 0 BOSHUKHOBEHUH B TEYEHUH CMECH 3aCTOMHBIX 30H, B
KOTOPBIX HE MPOMCXOJUT HMHTEHCHUBHOTO CMEIICHHS HaudajJbHOTO COCTaBa rasa ¢
BBICOKOTEMIIEPATYPHBIM TIOTOKOM M3 KaHaja, B TOJY3aMKHYTBIX OO0JIacTX C
IPaHUYHBIMU YCJIOBHUSIMH NMPUJIMIIAHUS HA CTEHKaX (CM. TOukKy 4 Ha puc. 15 0).

JIOTIOJIHUM KapTUHY TpapuKOM CXOAMMOCTH JABJICHUS IO BPEMEHHM Ha OCHU
CUMMETpPHHU, KOTOPBIN MpeacTaBieH Ha puc. 16. 13 rpaduka BUIHO, YTO KO BpEMEHU
t=0.1 naByiieHue BIOJIb OCU CUMMETPUH YK€ MEHSIETCS He3HAUUTENbHO.
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70 - Time
60 0.10
L —F  0.09
§ —— 0.08
50 - - — 0.7
0.06
i —F—— 0.05
N A0 oo W ---------- 0.04
| 0.03
30 q e 0.02
-------------------------------------------------- X 0.01
20 | W e 0.00
0 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3

Puc. 16. JlaBnenne Ha OCU CUMMETPHUH B 32aBUCUMOCTH OT BPEMEHHU

[Ipoananu3upyemM JONOJIHUTENIBHO TIPOLIECC YCTAHOBJICHUS JAABICHHUS U
TEMIEPATyphbl 10 BPEMEHU BO BHYTpeHHeM oObeme monenu (puc. 17). Cam o6bem
yCpeIHEHUs MOKa3aH B BEPXHEH YaCTH PUCYHKA.

70 15

60}
50

10

40
30

20

10}

0 1 1 1 1 ol 1 1 ! 1
0 025 05 0.75 1 0 025 05 0.75 1

Time Time
a) 0)

Puc. 17. Cpennue 3HaueHMs a) JaBJIEHUS U 0) TeMIiepaTypbl B 3aBUCUMOCTU
OT BPEMEHHU

Msb1 BUguM, YTO BO BCEM BHYTPEHHEM OOBEME MaBJICHHE W TeMIleparypa
yCTaHaBIMBaIOTCS Ha Oosee mo3aHuil MoMmeHT BpemeHu ~(.5. Puc. 18 mokasbiBaeT
MPOILIECC PACIIPOCTPAHEHUSI KOMIIOHEHTA 1.



20

Puc. 18. ITone komnonenTa 1 B momenTsl Bpemenu t=0.01, t=0.05, t=0.1

N, Hakowner, Ha puc. 19 nokazaHo moJie MPOJ0JIBHON COCTABISIONIEH CKOPOCTH
Ha MOMEHT BpemeHu t = 0.1 u TuHuM ToKa.

‘ Time=0.10

W 400 33.2405 800 1600 2400

Puc. 19. ITone npononsHOM cocTaBisAmole ckopoctu, t = 0.1
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Bropas moxens (Moaenb 2) uMeeT oceCUMMETpUUYHYIO (hOpPMY, OJTHAKO €€ TEOMETPHS
Oojee cioXHas MO CPaBHEHHWIO C IMEpBOM Moxaenbio. Bungy Monpenu 2 mpencraBieH Ha

puc. 20.

Puc. 20. Mopens 2. 3D Buj (1moioBuHa 00J1aCTH)

BbruncnurenbHast MOCTaHOBKA 3a7aud OJM3Ka K YK€ ONMCAHHOM BBIIIE ITOCTAHOBKE
Monenn 1. TepMmoauHaMUYEeCKHME  XAPAKTEPUCTUKUM  paccMaTpUBAEMbIX  BEIIECTB,
ITIOCTAHOBKA KPAaEBBIX M HAYAJIBHBIX YCIOBHUM NMPAKTHUYECKU COBMIANACT C YKa3aHHBIMM IS
Mogenu 1. CxemMa HHTErpUpOBaHUS HE MEHsUIaCh IO CPAaBHEHUIO C MPEAbIIYyIIUM
BAPUAHTOM, PaBHO KaK ¥ TaKTUKa IIPOBEACHUS BBIYUCIUTEIBHOIO SKCIIEPUMEHTA.

JUie  mpoBeNeHUs PacyeTOB BBIACJIECHBI T€ JK€ YETBIPE TUIIA T'PAHUYHBIX
nosepxHocte — INLET, WALL, OUTLET u SYMMETRY. Ha puc. 21 cepbim netom
BbIIEJIEHbI TpaHUYHbIE TOBepXHOCTH TUNa WALL, a ronyObIM IBETOM — MOBEPXHOCTH THUIIA
INLET. I'panuusr — OUTLET u SYMMETRY Ha pucynke He o0603HayeHbl. Mx

PACIIOJIOKECHUC OIIPEACIIACTCA 110 aHAJIOTUHN C IPCABIAYIIUM ClIydacM nepBoﬁ MOACIIN.

Puc. 21. Mopens 2. I'pannunsie noBepxHoctu: INLET (romy6oii), WALL (cepsrit)
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[To nmoctpoeHHOW MOJeNM TeHepUpyercsi TpexMepHas TI'MOpuiHas TeTpadapaibHas
ceTka. Bce DocTpoeHMsT HAuMHAIOTCS C TPUAHTYJIMPOBAaHUS BCEX IIOBEPXHOCTEW,
UCIOJIb3yeMbIX B pacuere. Ha puc. 22 n 23 MOXHO BUIETh, KaK YCTPOEHA MOBEPXHOCTHAs
CeTKa — OHA MMEET CTyIIeHUs B 00JacTAX HM3JI0MOB NOBEPXHOCTH. Pazmep mocrpoeHHOU

ceTku coctasisieT 1019499 pacueTHbIX TOUEK.

Puc. 22. Mopens 2. [ToBepxHOCTHas ceTKa (BUJ] C BHEIIIHEH CTOPOHBI 00BEKTa)

(il ., r,

Puc. 23. Mopens 2. [ToBepxHOCTHasI ceTKa (BH/I CO CTOPOHBI TNIOCKOCTH CEUCHHS)

[IpencraBnennbie HUXE puc. 24-27 NEeMOHCTPUPYIOT Ha MOMEHT BpeMeHu t= 0.03
nonst pasneHust (puc. 24), temmepatypbl (puc. 25) maccoBoit monu C-1 (puc. 26) u

MPOI0JILHON KOMIIOHEHTHI CKOPOCTH C IMHUSIMU ToKa (puc. 27).



23

Time= 0.03

P 1 4 7 10 1.5

Puc. 24. Mopens 2. Ilone naBinenus, t = 0.03

Time=0.03

—ve

T 2 525 85 1175 15

Puc. 25. Mopens 2. Ilone temneparyp, t = 0.03

Time=0.03

v

C-1 o o025 05 ors 1

Puc. 26. Monens 2. ITone maccoBoii monu komnonenrta 1, t = 0.03
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Time= 0.03

w 0 400 1100 1800 2500

Puc. 27. Mopens 2. Ilone npo1oasHOM cocTaBisironien ckopoctu, t = 0.03

Pa3paboTannblil ra30MHAMUYECKUI TPOTPAMMHBIN KOMITJIEKC TIO3BOJISIET POBOJUTH
UCCJIeIOBaHUs MO0 MICHTU(UKAIIMN BUXPEBBIX CTPYKTYpP C MCHOJIb30BaHHEM Q-KpuUTepHs,
BBEJICHHOTO B pabore [31] m yacTo MpUMEHSIEMOro JUIsl BBIJEICHUSI 00JacTel, B KOTOPHIX
BUXpb JOMMHHMPYET HaJ BSI3KMM casurom. Jlig npumepa Ha puc. 28 1okaszaHa

M30MOBEPXHOCTH Q-Kputepus B popmMe TeMrneparypHoro mous ais Mogenu 1.

Time=0.020

2 525 85 1175 15

Puc. 28. N3onoBepxHocTs Q-Kputepus,
OKpalleHHas 110 TeMIIepaType Ha pa3Hble MOMEHTHI BPEMEHH
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6. AcnieKThI MapaJIieJIbHON peajin3anuu

[Tapannensuas peamusamust komga NOISEtte-MCFL nacnmenyer rulpuaHyro
napajuielIbHyl0 CTPYKTypy mporpammHoro kommuiekca NOISEtte. 3Otor kop
ucnoJibdyer TexHojoruu MPI u OpenMP niist Mmozeneit ¢ pacupeaeeHHOW MaMsAThiO
1 0011el MaMAThI0 COOTBETCTBEHHO. MaciTabupyeMocTh KoJla TPOBEPEHA Ha CETKaX

B JmamasoHe umcna  y3moB  of 107 102x10°Ha  CyHEpKOMITBIOTEPHBIX
BeIYHCIIMTENBHBIX cucTeMax MIIM um. M.B. Kenngeima PAH, MeXBeIOMCTBEHHOTO
cynepkomibrotepHoro ueHrpa PAH, Ha cynepkomnerorepe «Jlomonoco» MI'Y um.
M.B.JlomoHocoBa. [Ipu BappbupoBaHMM 4YHCIa MPOLECCOPOB B auanazoHax 100—
10000 sinep apdpexTuBHOCTH cocTaBisieT npumepHo 90% ot uaeansHol [28, 29].

B KOHKpETHOM pacueTe Ha ceTke 8X ¢ umciaoM y3imoB 23 x10°Bpems
sbdexTuBHOCTH TpU uUcnoib3oBaHuM 28, 56, 112 mporeccopoB COCTaBISIET
npumepHo 95%. Ilpu ucnonwszoBanuu 448 sanep (16 y3moB mo 28 mporeccopoB)
BpeMs cueTa JTaHHOTO BapuaHTa cOoCTaBisuio mpumepHo 20 dacoB. Pacuer omgHOTrO

3
mrara 3aaumant rmopsijaka 8.4x107c.
3aMeTHM, YTO IS OILEHKH MAacIITaOHPyeMOCTH IapajuIeIbHOTO ajIropuTMa

UCTIONB3YyeTCsl TOoHsATHE 3(PdeKTUBHOCTH E :T/ ( p-Tp), rae T— BpeMsl cuera Ha
OZTHOM Iporieccope, 7, — Bpems c4eTa Ha p MpPOLeccopax.

Hns pabotel Ha rpaduueckux yckoputenax GPU mporpammusii kom MCFL
ucnonb3yet TexHosoruro CUDA, nmnst dero paspaboraHa crnernuanbHas OnOiamoTexa
(GYHKIIMOHABHOTO TpOorpaMMupoBaHus Ais sizbika CH++ [18], koTopas mo3Bossier
Bcio crenuduky BbrauciurensHoro ycrpoivictBa (CPU mmm CUDA) momecTuTsh
BHYTpb OMOJMOTEKM U CJENaTh IMOJb30BATEIBCKUA HCXOJIHBIA KOJ IMOJHOCTBHIO
1aT(GOPMOHE3aBUCUMBIM. DTa OMOIMOTEKa peain30BaHa B CTHIIE, OJIM3KOM K CTHJIIO
s3bika Haskell, Tak kak OH mpenacTaBisieTcs OJHUM M3 HauOoJiee MPOJBUHYTHIX
COBPEMEHHBIX (PYHKIIMOHAIBHBIX $3BIKOB MPOrPaMMHUPOBAHUS, OCHOBAaHHBIX Ha
COBPEMEHHOM  MaTeMaTH4eCKOM  Teopuu  (TEOpUM  KAaTErOpHii),  IIUPOKO
pacupoCTpaHEHHBIM M aKTUBHO  MOJJIEPKUBAEMBIM  MHPOBBIM  HAyYHBIM
coobmectBoM. JlanHasi 6uOIMOTEKa OKa3ajaach YJOOHBIM CPEIICTBOM I MEepeHOca
YyuCJIeHHbIX 3a7a4 Ha rpaduueckue yckoputenn CUDA. CerouHble BbIpaKEHUS
MOKHO CTPOUTh, KOMOMHUPYS CIOXKHBbIE (PYHKIIMU U3 MPOCTHIX, YTO SBIISIETCS TAKXKE
CUJIBHOM CTOPOHOM (DYHKIIMOHATBHOTO MPOrPaMMHUPOBAHHUS.

[Ipu ucnonb3oBaHUU TPapUUECKOTO YCKOPHUTENIS HAa OJHOM Y3JI€ JIOCTHTaeTcs
IIPUMEPHO JECATUKPATHOE YyCKOpeHue pacuera. I[lomHOCTBIO 3aleliCTBOBAHME
TE€TEPOreHHON CTPYKTYpPhl CYNEPKOMIbIOTEPOB ¢ napasuienudmMmoM MPI + OpenMP +
CUDA/OpenCL noka siBisieTcst mpoOIeMaTHIHBIM.
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7. 3akiroueHue

[IpenyioxkeH METo MATEMATUYECKOTO CYNEPKOMIBIOTEPHOTO MOAEIUPOBAHUS
TEUEHHW  MHOTOKOMIIOHEHTHOM  BBICOKOTEMIIEPAaTYpHOW Ta30BOM CMECH B
TpEeXMEpHON pacueTHOM 00JacTH C HUCIOJIb30BaHUEM pelleHus ypaBHeHuN HaBbe-
Crokca, BKiItovast ypaBHeHUs AU Y3l KOMIIOHEHTOB B MOTOKE, TPUMEHUTEIBHO K
YCIOBUSIM Pa3BUTHSI BHYTPUKAMEPHBIX MPOLECCOB B PAKETHBIX JBUTATEIAX.
[ToxazaHa BO3MOXKHOCTh peaM3aIlii U MPUMEHEHHS Pa3pab0TaHHOTO METO/a B BUJIC
napasuiesnbHoro kommbtorepHoro kojaa NOISEtte-MCFL, no3Bosifroniero npoBoauTh
MO/JICJIMPOBAHUE BSI3KUX, TEIUIONPOBOAHBIX TEUCHUM B KAHAJIAX CJIIOKHOU F€OMETPUH.
IIpoBeneHHble  pacueTbl  HECTAUMOHAPHBIX  Ta30JMHAMHYECKUX  IapaMETPOB
mozenbHoro PTT nokazanu:

— BaJUAHOCTb MPUHATON MOCTAHOBKM 3a7aud, (HOPMYIUPOBKUA TPAHUYHBIX U
HayaJbHBIX YCJIOBMA B  pacyeTHOWM oO0jacTh, B OCOOCHHOCTH YCJIOBHH,
ONPENCISAIOIIMX 3aKOH M3MEHEHUsS MacCOBOTO MOTOKAa BBICOKOTEMIIEPATYPHOU
ra3oBOI CMECH Ha 3aJ]aHHOW BXOJHOW IPaHMIIC pACYETHOU 00J1acTH;

— YCTOMYMBOCTb YHCIICHHOTO PEUICHHUS B YCIOBUSX CIIOXKHOW TE€OMETPUHU
TPAKTOB M CETOYHYK CXOAUMOCTb PE3yJbTAaTOB IIPU JIUCKPETH3ALMU PACUECTHOU
00J1acTH ceTKaMH, cojiepKaiuMu 10 20 MUJITTMOHOB KOHEUHO-00bEMHBIX 2JIEMEHTOB.

— BO3HUKHOBEHUE B TEUEHUH CMECHU 3aCTOMHBIX 30H, B KOTOPBIX HE MPOUCXOIUT
WHTEHCUBHOIO CMEIIEHHUS HAYaJIbHOI'O COCTaBa Tra3a C BBICOKOTEMIIEPATYPHBIM
MOTOKOM W3 KaHajla, B TIOJy3aMKHYTHIX OOJACTSIX C TPAHUYHBIMU YCIOBUSIMH
MPUJIUIIAHKS HA CTEHKAaX.

Beranciennss mpoBeACHBI C MOMOINBI0 THOPHAHOTO cynepkomibioTepa K-60,
YCTAHOBJIEHHOTO B Llentpe KOJIJIEKTUBHOI'O [10JIb30BAHUS HNIIM
nM. M.B. Kennpimra PAH.
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