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CoaeprkaHue

* BBeaeHne n moTuBauuA.
* [locTaHOBKa 3a4auun.

*  YucneHHble meToAMNKUN.

* Pe3ynbrarthbl:

IMHENHaA Teopua YCTOMYUBOCTY;

npamoe 4ucieHHoe mogennpoBaHue nepexoaHoro norpaHNYHOro CaoA Ha N/10CKOM Nna1actnHe,
BIMSAHNE HAYaA/IbHOM aMninTygbl BO3MVIJ.I,€HI/IIZ,'

MOAeNNpPOBaHNE B3aMMOAENCTBME KOCOro NafatoLero CKayka ¢ nepexoaHbiM NOrpaHUYHbIM C0em
npu Bo36yKAeHNM BO BXOAHOM CEYEHUN BONH IMHENHOMN TEOPUU;

mogennpoBaHue B3aMMO,D,EI\/‘ICTBI/Ie KOCOrlo nagarwwero CKkadyka C nepexoaHbim NorpaHN4YHbIM Ca10emM
NPU HaIM4YNUN HA NN1aCTUHE O,D,MHO‘-IHOIZ LepoxXoBaTOCTH.

mogenmnpoBaHue oTpbliIBHOINO NOrpaHUYHOro C/10A4 Ha pamne CKaTtunAa C pa3/IMt4HbIMU BO3MYLLEHNAMMN.
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BBeneHne n motmBaumA

 B3aumopencTBue yaapHOM BOJIHbI C NOorpaHnU4YHbiM cnoem (SWBLI) — cnoxkHoe
ABNEHUE, MPONCXOAALLEE B TEBYEHUAX OKONO Pa3/IMYHbIX YaCcTeW TPAHC3BYKOBbIX U
CBEPX3BYKOBbIX JieTaTe/IbHbIX annapaTos, /IONATOK KOMMNPECCOPOB N 3/1IEMEHTOB
BO3ayxo3abopHukos BP/1.

* bonblon nHTEepec BbI3bIBAOT HECTALLMOHAPHbIE ABNEHUA, conpoBoxKaatowme SWBLI u
npuBoAALLME K 3HAYMUTENbHbIM HU3KOYACTOTHbLIM NY/IbCALMAM OTPbIBHOM 30HbI
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[locTaHOBKA 3a4a4MU
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Cxema Bbl4UCAUTENIbHOM 06/1aCTM NPU MOAENNPOBAHUMN
MNOrPaHMYHOro C/108 Ha NIACTUHE
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HYnucneHHble meToaANKHU

Kopg CFS3D ana peweHns CXUMMaemMbix HeCTaLMOHAPHbIX ypaBHEeHMN HaBbe—CTOKCa:

— KOHeYyHo-pa3HocTHaa WENO-5 cxema ana BbliMCIEHUA KOHBEKTUBHbLIX MOTOKOB NN
MUSCL TVD cxema 4-ro nopagka;

— UeHTpanbHaAa gnckpetnsauna andpPpy3noHHbIX YNEHOB;

— ABHaA cxema PyHre—KyTTbl 2-ro n 4-ro nopAaKoB 419 MHTErpmpoBaHMA NO BPpeMeHU;
— pacnapannennanmne MPl yepe3 gekomno3snumio pacyeTHom obnactu.

Koa HyCFS — HoBbIM KOA, Ana rubpuaHbIX CYynepKoOMMNbOTEPOB:

— pacnapannennsanune Nvidia CUDA ana ncnonob3oBanuna GPU;

— HUTOYHaA napannenmndaumnsa OpenMP B npeaenax obwen namaTn y3na;

— coobuweHna MPI mexay y3namu.
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BbiumncnmntenoHas obnactb u rPaHMM4Hblie YCZTIOBUA

[PaHWYHbIe yCnoBUA:
— aBTOMOZE/IbHble NPOGUAN NOrPAHNYHOTO C/I0A HA BXOLHOM rpaHuLie;

— Ana BO3OYXAEHMA HEeYyCTOMYMBOCTM Ha aBTOMOZAE/IbHbLIN NPOPU/Ib HaKNaablBalOTCA
BO3MYLUEHMA 33aHHOW amMnauTyabl B BUAE COOCTBEHHbLIX PYHKUUN NUHENHOM
Teopuu;

— MSATKMEe HeoTpaXKatoLlme yC/10BUA Ha BbIXOAHOM N BEPXHEN FPaHULE;
— nepuoanyeckme ycaoBus no pasmaxy;

— MOBEPXHOCTb MNJIACTUHDbI: YCNOBMA MPUAUNAHUA, HYNEBOW TrPAJUEHT [AaBAeHusA,
3aflaHHaA Temnepartypa CTeHKnN T, ;

— Ha 4aCTU BepXHEM rpaHuubl 3a[4a0TCA YCAO0BMA 3@ KOCbIM CKAYKOM C 3a4aHHbIM
YINIOM;

— OAMHOYHAA LWEePOXOBATOCTb HA NOBEPXHOCTU NNACTUHDI.

BbluncnutenoHasa obnactob: L, = 4000 6, L, =826,L,=12056.

CTpYKTYpUPOBaHHanA CeTKa N = 2304, N =300, N,=96, (75 mnH.).

BblunMcneHma npoBoaATCA Ha 64 Aapax LI,I'Iy Kogom CFS3D mnnun 8 sugeokaprtax Nvidia
kogom HyCFS.
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JTaMMHapPHbIN NOrpaHnYHbIN cioW. NMpoduam Bo BXOAHOM CEYEHUM
M = 1,45, Reg, = 700, Re,,= 0,49-10°, T, / T..=1,356. (84, =5,7 ).
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JINHENHaA TeopmA YCTONYNBOCTU AN TPEXMEPHbIX BO3MYLLLEEHUN.
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BansaHMe HaYyanbHOM aMNANTYAbl BO3MYLLEHUN.
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o Ty

[TorpaHU4YHbIN CNOMN HA NNACTUHE Be3 CKayKa.
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Y

M=1,45, Re=700, Rex0 = 0,49-106, -

[Mepexon K TypbyneHTHOCTU Ha NJIOCKOWM NACTUHE be3 cKayvKa.

[NoBepxHOCTb Q Kputepma

'w/Te=1,356, A0 = 0,01
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R o

B3anmogencTeme co CKa4Kom OT KIMHA € yrnom 3°, yron CKaykKa 43,7°.
M = 1,45, Re = 700, Re,, = 0,49-10°, T,/ T..= 1,356, A, = 0,001
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PacnpeseneHune no noBepxHOCTM OCpPeAHEHHOTO C;
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YucneHHoe moaennpoBaHme Te4HeHmAa B NOrpaHN4YHOM Cnoe Npm Haimvymnun
O,ﬂ,MHOHHOVI LHepoXoBaTOCTU Ha NOBEPXHOCTU NNACTUHDI

BO3MYLLI,€HMFI BO BXOAHOM Ce4yeHUU
He BBOAOATCA.

Ha HeKoTopoMm paccTosiHUK OT
BXOZHOM rpaHuLbl

pasmMeLlL,aeTca OANHOYHbIM 3N1eMeHT
LLIePOXOBATOCTU B BUAE

rae r — PacCcTosiHMeE OT LEeHTPa
3/1eMeHTa B NJI0CKocTu (X, z).

BoicoTta h n paguyc R anemeHTa
BapbupyoTcA.
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SWBLI n namnHapHO-TYypbyneHTHbIN Nepexos B NOrpaHMYHOM C/10€ Ha

Nna1actnmHe C OAUHOYHbIM 3/1eMEHTOM LLEPOXOBATOCTU

M = 1,45, Re = 700, Tenn10M30/IMpOBAaHHAA CTEHKQ,
3/IeMEHT WepoxoBaTocTu BbicoTon h/6,= 4 pacnonaraetca npu x/6, = 850

y/6,
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MogenunpyeTca TeyeHne Hag pamnol cxaTtma ¢ yriom 5,5°. M = 5,373, Re = 5,67-10%, Re;=17,93 -10°m1, T, = 74,2 K, T, = 300 K.
Ha Bxoge Bo3byx»aanmce asymepHas (x=0) BoaHa BTOpoit moabl U TpexmepHas (x=t66°) BoaHa NepsBo MOAbl BO3SMYLLLEHWNI
NIMHEeNHOoM yctonumnsoctu. MNpu famMrMHapHOM TeYeHUM nepes, PaMmnoi CxKaTMa NPOMUCXOANT OTPbIB NOTOKA € 0bpa3oBaHMEM
pPeLnpKYyNALMOHHOM 30HbI. [poBeaeHo nccieaosaHmne BANAHUA BO3MYLLLEHHOIO COCTOAHMA Ha BXOA4HOW rpaHuLe Ha
BO36Yy»KAeHMe Hanbonee onacHbIX HEYCTOMYMBbLIX BO3MYLLLEEHWIA NOrPaHUYHOrO CN0A, UX Aa/IbHENLLYIO 3BONOLUMIO U peanunsaumio

NaMUHaPHO-TYPOYNEeHTHOro nepexoaa.
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g Ty

C nomouybto NPAMOro YNcCaeHHoro mogeainpoBaHmMAa noayy4yeHbl AaHHblIe MO MTHOBEHHbBIM U
ycpeagHEHHbIM 3Ha4YEHUNAM TENMN/T0BbIX MOTOKOB U NOBEPXHOCTHOIO TPEHUA B
nepexoaHom NOrpaHNMYHOM C/10€ Ha pamMrie CHAaTUA.
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[MpoBeneHO nccnegoBaHmMe BANAHUA LLEPOXOBATOCTU NOBEPXHOCTU HA
XapPaKTEePUCTUKM NOTPAHNYHOIO C/Z1I0A HA pamne CXaTuA.

PaccmoTpeHa perynsipHaa nepmoauyeckasn u clydyamHo-pacnpeaeneHHas
LLEepPOXOBAaTOCTU. Pasamep 3n1eMeHTOB LWEepPOXoBaToCTM h BapbupyeTtca ot
h=26p0 h=106, rae 6 - 6n1a3nycoBcKasa TONLWMHA NOTPAHNYHOIO C/10A BO
BXOAHOM ceveHmn. 2= 13,5 6.

MopenupyeTtca TeueHme Ha pamne cKatua ¢ yriom 5,5°. NMapameTpbl TeyeHus
COOTBETCTBYIOT 3KCNepumeHTy [1] ana nepeaHen yactn annapata Hyper-X:

M = 5,373, Re =5,67-105, Re;=17,93 -10°m, T, = 74,2 K, T,, = 300 K.

B namnMHapHOM Te4YeHUM Nnepes Pamnomn CKaTnA NPONCXOAUT OTPbIB MOTOKA C

obpa3oBaHMeEM PeLUNPKYNALNOHHOMN 30HbDI.
[1] Berry et al., DiFulvio, Kowalkowski. Forced Boundary Layer Transition on X-43
(Hyper-X) in NASA LaRC 20-Inch Mach 6 Air Tunnel. NASA TM-2000-210316, Aug. 2000.
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PerynspHas WwepoxoBaToOCTb C MAaKCMMa/IbHbIM PacCMOTPEHHbIM pasamepom h = 10 & oKa3sbiBaeT 3HaYUTENIbHOE
BO3MyLLAloLLEee AENCTBUE HA TEYEHME, YTO NPMBOAMT K TAMUHAPHO-TYPOYNEHTHOMY Nepexoay Ha pammne cxKaTus.
[Mpy MCNONBb30BAHMM CNYYAMHOM LIEPOXOBATOCTU C hmax = 56 B TeUeHMM HabAOAaeTCA HAYaN0 NAMUHAPHO-
TYypbyneHTHOro nepexoaa B61M3K1 BbIXOAHOW rpaHuLbl obnactu.
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MoBepxHOCTb Q-KpUTEPUA U YPOBHU NJAOTHOCTH MoBepxHOCTb Q-KpPUTEPUA U YPOBHU MNAOTHOCTH
NPU NCMONb30BAaHUN PETYIAPHOM LLEPOXOBATOCTH NPU NCNONb30BAaHUWN CYYaNHO-pacnpeaeieHHOM
c pasamepom h=106 LLEPOXOBATOCTM C MAaKCMMabHbIM pa3amepom h =56
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g Ty

C nomoLLbto MPAMOTo YNCNEHHOTO MOAENMPOBAHUA MOJIyYEHbI pacnpeaeneHus

MOBEPXHOCTHOIO TPEHMUS M TENI0BbIX MOTOKOB B NepexogHOM NOrpaHMYHOM C/I0e Ha pamMne CxKaTus,
KOTOpPble MOKa3bIBalOT CYLLECTBEHHOE BAMAHNE MapaMeTPOB LIEepPOXOBaTOCTH

Ha pa3mep U NONOXKEHNE OTPbIBHOM 30HbI.
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VI Poccuiickas koHdpepeHums BbIYUCITTIUTEbHbIN 3KCMEPUMEHT B A3SPOAKYCTUKE U ASPOANHAMUKE

BbiBOAbI

m C MomoLIbio NPAMOro YAC/IEHHOTO MOAENNPOBaHMA NUCCieyeTca BAnAHNE Haberatouimx
BO3MYLLEHWNI NOrPaHNYHOrO CN0A Ha AMHAMMUKY B3aUMOAENCTBUA YAAPHOM BO/HbI C
norpaHn4YHbim cnoem (SWBLI).

m /cnonb3syloTca ABa pas/iMyHbIX NOAX0AA ANA reHepaunn Haberatoumx BO3myLLeHNI
NOrpaHMYHOro cnod. B nepsom noaxoae TpeXmepHble HEYCTONUYMNBbIE BO/THbI TEOPUU JIMHENHON
yctonumsocTtu (LST) HaknaablBalOTCA Ha aBTOMOAE/1bHbIN NPOGU/Ib NOrPaHNYHOrO €104 Ha
BXOAHOM rpaHuLe.

m [lapgatouwlan YAOapPHAaA BOJ/IHA NMNOpoOoXAaeT He6flaI'OI'IpMFITHbIM rPaagmneHT A4aBaeHUA U O6pa3OBaHMG
30Hbl OTPbIBa, YTO NPUBOAUT K YBENUHEHUIO nynbcau,mm B NOrPaHN4YHOM C/10€, X 6bICTpOMy
BXOXKAEHUIO B HEe/JIMHEUHbIN pexunum n, Kak cneacrsme, 1aMmMHaApPHO- Typ6y!'IEHTHOMy nepexoay.

m [lonoXeHne nammHapHo- Typ6yneHTHoro nepexoaa 3aBMCUT OT amnauTyabl A Haberatouiero
BO3MYLLEHMA N MOXET CyLWeCTBEHHO CMeLLaTbCA BBEPX N0 TeYeHMto BNAOTb A0 30HbI SWBLI ¢
yBennyeHunem A.

m Bo BTOpOMm noaxofie BO3MYLLEHWNA HA BXOLHOW rpaHuLe He HaKkNaAblBaloTcA. BmecTo 3Toro Ha
HEKOTOPOM PACCTOAHUM OT rPaHMLbl HA NOBEPXHOCTb NAACTUHbI NMOMELLAeTCA OANHOYHbIN
3/1€MEHT LUepOoXOoBaTOCTH.

m Buxpesble CTPYKTypbl B C/ie[e 33 3/1EMEHTOM LLIEPOXOBATOCTU NPEBPALLAOTCA B UHTEHCMBHbIE
NpoAoabHble BUXPU, B3aumoaeuncrtaytoime ¢ 3oHom SWBLI.
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BbiBOAbI

* [lpoBeaeHO moaennpoBaHUe TeYEHMA Ha, PaMnoun cxaTtua ¢ yrnom 5,5°. Yncno Maxa notoka
M = 5,373, uncno PeiHonbaca Re = 5,67-10°, Re;=17,93 -10° m"1, Temnepatypa notoka T, = 74,2
K, Temnepatypa cteHku T, = 300 K. Ha Bxoae Bo3byxaanucb asymepHas (x=0) BonHa BTopoMu
MoAbl U TpexmepHas (x=166°) BosiHa NnepBOM MoAbl BO3MYLLEHUIA TMHENHOW YCTOMYMBOCTW.
[Mpn N"aMMHAPHOM TEYEHUU Nepes PaMNOon CKATUA NPOUCXOAUT OTPbIB NOTOKa C 06pa3oBaHUEM
PEUMPKYNALMOHHOM 30HbI.

[poBeaeHOo nccnegoBaHUe BAUAHUA BO3MYLLLEHHOIO COCTOAHWA HA BXOAHOM rpaHuLe Ha
BO3bOyKaeHWe Hanbonee onacHbIX HEYCTOMYMUBbLIX BO3MYLLLEEHMIN NOFPAHUYHOIO CN0SA, UX
NaNbHENLYI0 3BONOLMIO U peann3aunio 1aMmMHapHO-TYpPOYyNeHTHOro nepexoaa.

[poBeaeHOo nccnegoBaHUE BAUAHUA LLIEPOXOBATOCTU NOBEPXHOCTM HA XapaKTEPUCTUKMU
NOrpaHUYHOro CNOA Ha pamne cxKaTuAa. PaccmoTpeHa perynapHaa nepuoanyeckasa u cayyaiHo-
pacnpeaesieHHan LWepoxoBaTOCTH.

PerynapHan WepoxoBaToCTb C MaKCMMa/IbHbIM PacCMOTPEHHbIM pa3dmepom h = 10 6 oKasbiBaeT
3HauyMTeNbHOE BO3MYyLLatoLlee AeNCTBME Ha TeYeHNE, YTO NPUBOAUT K TaMUHAPHO-
TYypPOyneHTHOMY nepexoay Ha pamne cKaTtua. Mpu ncnosb3oBaHWM CAYYaMHOM LLEPOXOBATOCTU C
hmax = 56 B Te4eHMKn HabntogaeTca HavyaNo NaMUHAPHO-TYPOyNeHTHOro nepexoaa B6,1mn3n
BbIXOZHOWM rpaHuLLbl obnacTu.
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Cnacubo 3a BHMMaHue!



