3KCI'IEPMMEHT
B ASPOAKYCTUKE

YucneHHoe nccneposaHue pa3BUTUA BO3SMYLLLEHUMA,
reHepupyembliX 3/IeMeHTaMM LLEePOXOBaTOCTH,
Npu cBepX3BYKOBOM 06TeKaHUU 3aTYNJAEHHOrO

KOHYCa

A.H. Kyapsasues, [1.B. XOTAHOBCKNI

NHCTUTYT TEOPETUYECKOW M NPUKIAAHON MEXAHUKN
MTITIM um. C.A. XpnctnaHosmda CO PAH
~ ==
- Hosocnbumpck




YucneHHoe nccnegoBaHme pa3BUTUA BO3N\yLLI,eHMlZ, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

MoTusaumna

Mepexon K TYpOYyNeHTHOCTN B NOrPaHNYHOM C/10€ Ha MOBEPXHOCTU
CBEPX3BYKOBOrro /IeTaTeIbHOro annaparta NnpmMBoAUT K 3HaUUTENIbHOMY
YBE/INYEHUIO TPEHUA U TEMNOBbLIX NOTOKOB, YMEHbLUEHUIO 30 PEKTUBHOCTH
MCNO/Ib30BaHUA CUI0BOM YCTAaHOBKMU N CUCTEM YNPABAEHMUS.

OaHUM U3 Hanbonee BaXKHbIX (I)aKTOpOB, BANAKOWNX Ha BOSHUKHOBEHUNE U
pa3BUTnNE Typ6y1'IeHTHOCTM B NOrpaHN4YHOM CJ/10€, AB/IAETCA
LLHepOXOoBaTOCTb MOBEPXHOCTU Z1ETATE/IbHOIO arnaparta.

[pyn CBEPX3BYKOBbIX N M’MNEP3BYKOBbIX CKOPOCTAX NOJIETa LEPOXOBATOCTb
MOXET N1erKO UHULIMMPOBATb NAMUHAPHO-TYPOYNEHTHbIM nepexoa, v
YBE/INYNTb TENNOBbIE HAarpy3KM Ha annapaT A0 KPUTUYECKOTo YPOBHA.

HITM NHCTUTYT TEOpEeTMYECKOMN N NPUKNALHON MEXAHMKM MM. XpucTmaHosmnya CO PAH



YucneHHoe nccnegoBaHme pa3BUTUA BO3MyLLI,eHMlZ, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

[lpeablaylime nccaenoBaHumA

JKCNnepMMeHTaNbHble PabOoThI:
— Wheaton and Schneider, AIAA J. 50, 2012.
— Pab6otbl rpynnbl A.A. MacnoBa, NpoA0/IKaoWMINCA NPOEKT.

YucneHHble paboTbl MO pacnpeesieHHOM LepoXoBaTOCTH:
— Balakumar et al., Heckonbko nybanKaum, B OCHOBHOM ABYMEPHbIE PacyeThl.
— Egorov, Novikov, Fedorov, AIAA 2010-1245.
— Choudhari et al. AIAA 2013-0081.
— Kurz and M.J. Kloker, J. Fluid Mech 796, 2016.

HITM NHCTUTYT TEOpEeTMYECKOMN N NPUKNALHON MEXAHMKM MM. XpucTmaHosmnya CO PAH



YucneHHoe nccnegoBaHme pa3BUTUA BO3N\yLLI,eHMlZ, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

YncneHHbI noaxon

PacueTHbin Koa CFS3D ans pelweHusa cxXMmaemblix ypaBHeEHMN HaBbe-
CToKca:

KoHeyHopa3HoCTHble WENO-5 wunanm TVD-4 cxembl CKBO3HOro cyeta AnA
BblYUC/IEHNA KOHBEKTUBHbIX MOTOKOB

AI'II'IpOKCMMaLI,VIFI ,D,M(I)d)y3MOHHbIX NOTOKOB UEHTPaA/IbHbIMN PA3HOCTAMUA 2-0oro
nnn 4-oro nopAAaKa

MHTerpupoBaHMe No BpemeHU C nomouwbito cxembl PyHre-KytTtbi-Tnnna 4-ro
nopAaakKa

MPI napannenunsauma

PacyeTHbi Koa HYyCFS — Bepcma CFS3D ana rmbpuaHbix
CynepKomMnbloTepos

Nvidia CUDA ana GPU napannenm3ama
OpenMP HUTK B Npeaenax BbIMUCANTENBHOTO y3/1a
MPI KOMMYHUKaUMKN mexay y3namum

@ HNHCTHTYT TEOpETUYECKON U IPUKIIAJHON MexaHuKku uM. Xpuctrnanosnua CO PAH 4
-



YucneHHoe nccnegoBaHme pa3BUTUA BO3N\yLLI,eHMlZ, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

[locTaHOBKa 3a4a4u

Mopgenupyetcsa BNUAHME OQMHOYHOW N pacnpeneneHHon LWepoxoBaToCcTh Ha
cpefHee TedeHne 1 reHepaunio BO3MYLLEHNN B CBEPX3BYKOBOM
NorpaHNYHOM Ha cpepunyeckun 3aTyrnyieHHOM KoHyce. [MapamMeTpbl TeYeHUs K
reoMeTpusa Modernv COOTBETCTBYIOT aKkcnepumeHTam Bountin et al.
Thermophysics and Aeromechanics 23, 629-638 (2016).

Mogenb npeacraBnseT cobon KpyroBOW KOHYC C Noslyyrnom pacTteopa 7° u
3aTynneHHoM no cdepe Hocnkom pagnycom R = 2 mm. [InnvHa KoHyca

225 R. MNapameTtpbl TedeHns M = 5.95, T, = 412.9 K, Re, = 37.8:108 m,
COOTBETCTBYOLLEee yncno PenHornbaca no paguycy 3aTynieHud

Re = 75.6:103. Temnepatypa noBepxHocTn mogenu T,, = 293 K.

Ha nepBom aTane B 0cECUMMMETPUYHOI NMOCTAaHOBKE NMPOBOAUTCSA pacyeT

CTaLMOHAPHOro OCHOBHOMO TEYEHUsI BOKPYr 3aTYNIEHHOro KOHyca C rnaaKkowu
MOBEPXHOCTHIO.

HITM NHCTUTYT TeOpeTUYeCcKon U NPUKAALHON MeXaHUKN nM. XpuctnaHosuya CO PAH



YucneHHoe nccnegoBaHme Pa3BuUTUA BO3MyLLI,EHMl‘;1, reHepunpyembix an1emeHTaMn WePOXOBATOCTU...

OcecMmMMeTprUyHOEe OCHOBHOE TeYeHMe
M=595a=7°

Yir

12

10

J

M: 0.05 0.3 0.55 0.8 1.05 1.3 1.55 1.8 2.05 2.3 255 2.8 3.05 3.3 3.55 3.8 4.05 4.3 455 48 505 5.3 555 58

20
X/r

[Mone uncna Maxa

@ UHCTUTYT TeOpeTUYECKON N NPUKNALAHON MeXaHUKN nmMm. XpuctmaHosmda CO PAH 6




YucneHHoe nccnegoBaHme pa3BUTUA BO3N\yLLI,eHMlZ, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

[locTaHOBKa 3a4a4u

[MpsiMoe YncneHHoe MOAENNPOBaHME BbINOMHAETCHA B TPEXMEPHOWN pacyeTHoWM
obnacTu, nony4atollencss NOBOPOTOM BOKPYF OCU KOHyca ABYMEPHOro
YeTbIpexyrorbHUKa, Ybst HUXKHSS rpaHuLa coBnagaeT ¢ obpasytollienn KoHyca, a
BEPXHSAS NEXUT B 30HE FPaANEHTHOro TeYEHUS 3a rofloBHOM yapHOW BOMHOWM,
NPOXOASALLEN HaMHOrO Bbille rpaHuLIbl MOrpPaHUYHOro Cros.

PacTtBop BblYUCINTENBHOM 00f1acTu B a3auMyTanbHOM HarnpaBfi€HUM COCTaBNAN
ot 15° po 30°.

Ha 6okoBbIx rpaHnuax HaknagbiBasiuCb nepmnognveckmne rpaHn4YHble yCrioBusl.

B TpexmepHbIX pacyeTax NCnonb30Banucb CETKMN, HacYUTbIBaKoLmMe 00
2304%x200%x160 = 73.7 MITH a4eekK.

B pacydeTtax Ha UeHTparnbHbIX NpoLeccopax ucnosib3osanoch 4o 96
BbIYUCITNTESNBbHbIX A4ep.

HITM NHCTUTYT TEOpEeTMYECKOMN N NPUKNALHON MEXAHMKM MM. XpucTmaHosmnya CO PAH 7



YucneHHoe nccnegoBaHme pa3BUTUA BO3MVLLI,€HMVI, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

BbluncantenbHble 06n1acTn 419 0CECMMMETPUYHOTO U
IBYMepPHOro pacyeTa

3D domain

-
—
-
-
-
-

N30onmHmum yncna Maxa B 0CECUMMETPUYHOM N TPEXMEPHOM pacyeTax

@ NHCTUTYT TeOpeTUYECKON N NPUKNALHON MEeXaHUKN UM. XpuctmaHosmya CO PAH



YucneHHoe nccnegoBaHme pa3BUTUA BO3MyLLI,eHMlZ, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

[loBEepXHOCTHAA WepoXoBaTOCTb

I EEEREEERER h=H(cos(0.57r /R))

Height: 0.5 1 1.5 2 25 3 35 4 45 555 6 65 7 75 8 85

Cniy4yanHoe
pacrnpegeneHve

O<H<10d
O0<R<1006

Re, =U,h/v, =40..500

@ WNHCTUTYT TEOpeTHUYECKON U IPUKIIAJHOW MeXaHukH uM. Xpuctuanosnua CO PAH 9



W: -02 -015 01 0.1 0.15 0.2

Pa3BuTME BO3MYLLLEHUNIN, NHAYLNPOBAHHbIX
pacnpenesneHHoM LepoxoBaToCTbo, B
CBEPX3BYKOBOM MOTPaHMYHOM C/10€

npun yncne Maxa M = 2

I3onoBepXxHOCTU TpaHCcBepcanbHOM
KOMMOHEHTbI CKOPOCTU

10



YucneHHoe nccnegoBaHme Pa3BuUTUA BO3My|J.I,eHMl\;1, reHepunpyembix an1emeHTaMn WePOXOBATOCTU...

Pacnpe,u,eneHHaﬂ LepOoXoBaTOCTb B6/113M 3aTynJa1eHHoOro HOC1Ka

[ToBEPXHOCTb KOHYyCa
C pacnpegeneHHomn
LLIEPOXOBATOCTbIO

M: 02040608 1 1.21.4

N3onoBepxHOCTH
ymucna Maxa

ém_{ NHCTUTYT TeOpeTUYEeCcKoM U NPUKNALHON MEXaHUKN UM. XpuctmaHosmya CO PAH 11



YucneHHoe nccnegoBaHme Pa3BuUTUA BO3MVLLI,EHMV1, reHepunpyembix an1emeHTaMn WePOXOBATOCTU...

‘ M: 01030507091.113151.71.921232527293.1 M: 04 008070911 1B 1N 20 23 25 2 2d 31 a0

1
0
4

2¢ NN | N | | .
M:|0.1030507091113151.71921232527293133353.739

24 M: 0.1030507091113151.71.821232527293.13335

L L L L L 1
i . " L 1 i I I L L
0.6 -0.4 -0.2 0 0.2 0.4 06 ’ - : %
r4

X = 6R | x =8R

[Mons yncna Maxa B nonepeyHbIX CeYEHUAX

@f NHCTUTYT TeOpeTUYeCKOUN U NPUKAALHON MexaHUKK nm. XpuctnaHosmya CO PAH 12



YucneHHoe nccnegoBaHme pa3BUTUA BO3MyLLI,eHMl>'I, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

O,EI,MHO‘-IHbIVI /1IEMEHT WEepPOXOBATOCTU HA bonbLom PaCCTOAHUN
OT HOCUKa BMeCTe C B,ﬂ,yBOM/OTCOCON\ BBEPX MO NMNOTORY

Yacrora nepuoanyeckoro aysa/orcoca v- = 400 kI'1[, 4TO B COOTBETCTBUU C JAHHBIMU
IIPEBAPUTEIHLHO BBIITOIHEHHOIO JIMHEWHOIO aHaJIn3a YCTOMYNBOCTH OJIM3KO K OCHOBHOM
4acTOTE BO3MYIIEHUI BTOPOM MOJABI IPU JJAHHOM 3HAYEHHUH MPOJ0JILHOM KOOPIMHATHI.

241

22

1.8 -

161~ i

T I 1 & = 11
75 80 85 90 95

x/R

3onoBepxHOCTb Q-Kputepus [Mynbcaumn gaBneHns Ha NOBEPXHOCTU

@ NHCTUTYT TeOpeTUYeCcKon U NPUKAALHON MeXaHUKN nM. XpuctnaHosuya CO PAH 13



YucneHHoe nccnegoBaHme pa3BUTUA BO3MyLLIIEHMl>'I, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

Pacnpe,u,eneHHaﬂ LHepoxXoBaTOCTb HA bonbLom PACCTOAHUUN OT
HOCUKa BMeCTe C B,EIIVBOM/OTCOCOM BBEPX MO NMNOTORY

LI DL DL BLBUBUELE DLLOLELE DLBUELEE R

75 80 85 90 95
x/R
N3onoBepxHOCTbL Q-Kputepud [Tynbcaunu gaBrneHna Ha NoBepxXHOCTU

@ NHCTUTYT TeOpeTUYeCcKon U NPUKAALHON MeXaHUKN nM. XpuctnaHosuya CO PAH 14



YucneHHoe nccnegoBaHme Pa3BuUTUA BO3MyLI.I,eHMl\;1, reHepnpyembix anemeHTaMu WepoxoBaToCTH...

PacnpeneneHHas LWepoxXoBaTOCTb Ha 60/1IbLLOM PacCTOAHUN OT
HOCMKa BMecTe C BAYBOM/OTCOCOM BBEPX MO MOTOKY

Psi: 90 99 108 117 126 135 144 153 162 171 180

HanpaBneHme Te4eHUAd y noBepxHOCTN KOHYCa

ém_( NHCTUTYT TeOpeTUYEeCcKoM U NPUKNALHON MEXaHUKN UM. XpuctmaHosmya CO PAH

15



YucneHHoe nccnegoBaHme pa3BUTUA BO3MyLLI,eHMl\/’I, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

PaCI'Ipe,LI,EIIEHHaFI LHepoxXoBaTOCTb HA bonbLom PACCTOAHUUN OT
HOCUKa BMeCTe C B,EI,yBOM/OTCOCOM BBEPX MO NMNOTORY

. BN | 29[ T

Cf: 5.00E-04 1.05E-03 1.60E-03 2.15E-03 2.70E-03 3.25E-03 3.80E-03 4.35E-03 4.90%03 545E-03 6.00E-03

70 75 80 85 90 95

PacnpeneneHue koapdpuumeHTa TpeHUs Ha NOBEPXHOCTM KOHYca

@ NHCTUTYT TeOpeTUYeCcKon U NPUKAALHON MeXaHUKN nM. XpuctnaHosuya CO PAH 16




YucneHHoe nccnegoBaHme Pa3BuUTUA BO3MyLI.I,eHMl\;1, reHepnpyembix anemeHTaMu WepoxoBaToCTH...

Pacnpe,a,eneHHaﬂ LHepoxXoBaTOCTb HA bonbLIOM PACCTOAHUUN OT
HOCUKa BMeECTE C B,LI,YBOM/OTCOCOM BBEPX MO NMNOTORY

‘~MS!: -1.0E-03 -8.0E-04 -6.0E-04 -4.0E-04 -2.0E-04 0.0E+00 2.0E-04 4.0E-04 6.0E-04 B.0E-04 1.0E-03

70 — 75 80 —8s 90 %5

Pacnpep,eneHme yucna CtaHToHa Ha NOBEPXHOCTU KOHYCa

ém_( NHCTUTYT TeOpeTUYEeCcKoM U NPUKNALHON MEXaHUKN UM. XpuctmaHosmya CO PAH 17




YucneHHoe nccnegoBaHme pa3BUTUA BO3MVLLI,EHMVI, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

[pynna B3aMMOAeNCTBYOLLMX 3/IEMEHTOB LLEPOXOBATOCTH

1

y/R

105

10

! .

i _ M: 051 152253354455

- WEOOD~NDWOW O

70 71 72
x/R

Ilone uucia Maxa ¥ JJUHUHU TOKA B

JlaBineHue Ha MOBEPXHOCTH KOHYyCa
ceyeHuu ¢ = 0

@ NHCTUTYT TeOpeTUYECKON N NPUKNALHON MEeXaHUKN UM. XpuctmaHosmya CO PAH 18



YucneHHoe nccnegoBaHme Pa3BuUTUA BO3MyLI.I,eHMl\;1, reHepnpyembix anemeHTaMu WepoxoBaToCTH...

[pynna B3aMMOAEeNCTBYIOLLMX 3/1€EMEHTOB LLEPOXOBATOCTH

u

Psi: 90 100 110 120 130 140 150 160 170 180

HanpaBneHme Te4eHUA y NnoBepxXxHOCTN KOHYCa

é}lm_{ NHCTUTYT TeOpeTUYEeCcKoM U NPUKNALHON MEXaHUKN UM. XpuctmaHosmya CO PAH
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YucneHHoe nccnegoBaHme Pa3BuUTUA BO3MyLLI,EHMl‘;1, reHepunpyembix an1emeHTaMn WePOXOBATOCTU...

[pynna B3anmMOOeNCTBYIOLLMX 311IEMEHTOB LLEPOX0OBATOCTU. Q-KpUTepnn

@ UHCTUTYT TeOpeTUYECKON N NPUKNALAHON MeXaHUKN nmMm. XpuctmaHosmda CO PAH

20



YucneHHoe nccnegoBaHme pa3BUTUA BO3MVLLI,€HI/1VI, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

[pynna B3aMMOAeNCTBYIOLLNX 3/IEMEHTOB LUEPOXOBATOCTH

L D DT | M

Cf: 5.00E-04 9.50E-04 1.40E-03 1.85E-03 2.30E-03 2.75E-03 3.20E-03 3.65E-03 4.10E-03 4.55E-03 5.00E-03

70 75 80 as 90 95

PacnpeneneHue koapdpuumeHTa TpeHUs Ha NOBEPXHOCTM KOHYca

@ NHCTUTYT TeOpeTUYECKON N NPUKNALHON MEeXaHUKN UM. XpuctmaHosmya CO PAH 21




YucneHHoe nccnegoBaHme Pa3BuUTUA BO3MyLI.I,eHMl\;1, reHepnpyembix anemeHTaMu WepoxoBaToCTH...

prnna B33MMO,£I,€I‘;ICTBVI-OLLI,I/IX /1IEMEHTOB WWEPOXOBATOCTU

‘ St: -1.0E-03 -8.0E-04 -6.0E-04 -4.0E-04 -2.0E-04 0.0E+00 2.0E-04 4.0E-04 6.0E-04 B.0E-04 1.0E-03

70 75 80 85 90 95

Pacnpep,eneHme yucna CtaHToHa Ha NOBEPXHOCTU KOHYCa

ém_( NHCTUTYT TeOpeTUYEeCcKoM U NPUKNALHON MEXaHUKN UM. XpuctmaHosmya CO PAH
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YucneHHoe nccnegoBaHme pa3BUTUA BO3MyLLI,eHMl>'I, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

[pynna B3aMMOAENCTBYOLMX 3/IEMEHTOB LLEPOXOBATOCTU

0.0018 0.00035 -
0.0003 |-
0.0016 !
0.00025 —
0.0014 |
w B
[5) 0.0002 -
0.0012
0.00015 |
0.001 i
0.0001 |-

0.0008,5~——— 5E_0575_3||||8I0| 55" R —

X/R X/R
OcpefHeHHbIN KO PULINEHT TPEHMS OcpenHeHHoe uncrno CTaHToHa

@ NHCTUTYT TeOpeTUYeCcKon U NPUKAALHON MeXaHUKN nM. XpuctnaHosuya CO PAH
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YucneHHoe nccnegoBaHme pa3BUTUA BO3N\yLLI,eHMlZ, reHepunpyembiX saN1€EMEHTAMMU LUEPOXOBATOCTMU...

BbiBOAbI N 3aKNtO4YEHUA

BanaHne noBepxXHOCTHOWM LLEPOXOBATOCTM Ha CpeaHee TeYeHne U
reHepaumo HeyCTOMYMBbIX BO3SMYLLEHNIN B CBEPX3BYKOBOM MOrPaHUYHOM
C/10€ Ha 3aTyn/JIeHHOM KOoHyce npu ymncae Maxa 5.95 66110 n3yyeHo ¢
NOMOLLLIO NPAMOro YNC/IEHHOIO MOAEeNNPOBaHUA.

PaCCN\OTpeH Hbl€ CZIy4aln BKAKOYaA/IN

CNy4aliHO pacnpeesieHHyo LWepoxoBaToCTb,
OZIMHOYHbIN 3N1EMEHT LIepOXoBaTOCTW,
MOBEPXHOCTHYIO LLIEPOXOBATOCTb + Nepuoanveckuin Bays/oTcoc,

B33I/IMO,£I,€I7ICTBI/I€ rpynnbl 371EMEHTOB LLEPOXOBATOCTN.

Habntoaaswmninca nammHapHoO-TypbyneHTHbIN nepexos 6bia cBA3aH C
0b6pa3oBaHMEM MHTEHCUBHbIX NPOAO0/IbHbIX BUXPEN BHU3 MO NOTOKY OT
3/1€EMEHTOB LLEPOXOBATOCTU, POCTY Ny/ibCaLUIA Te4eHUA B 0b6nacTaXx,
3aHATbIX 3TUMMU BUXPAMM U B3aMMOAENCTBUIO BUXPEN, NOPOXKAEHHbIX
Pa3/INYHbIMWN INEMEHTAMM LLIEPOXOBATOCTM.

@ HNHCTHTYT TEOpETUYECKON U IPUKIIAJHON MexaHuKku uM. Xpuctrnanosnua CO PAH
-
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