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UnWag..y

MoTuBauusa padorbli

[Mpn akcnepuMeHTanbHOM OTpPaboTke BbICOKOCKOPOCTHbIX B3 0O6bIMHO He mMoaenupytoTcs
peancHble ycnoBusi noneta. [lpexage Bcero, No Temnepatype: B 3KCNEPUMEHTE
Temnepatypa OOblMHO HWke. B 3Tom cnyyae TennoemkocTb Bosgyxa C, Onuska K
NOCTOSIHHOW. B peanbHbIX ycrnoBusix Temrnepatypa 3HayYuTeNlbHO BblWe, U CUINbHeEe
NPOSABNSETCS 3aBUCUMMOCTb TEMNMOEMKOCTU OT TemnepaTypbl, NepeMeHHbIM CTaHOBWUTCS
nokasartenb agnabartbl y, a 9TO B CBOK O4Yepedb BIIMAET Ha Yriibl CKAYKOB YMIOTHEHUS U
WHTEHCUBHOCTbL TOPMOXEHMUA MOTOKA B HUX W, KaK CreacTBUE YPOBEHb U CreKTpasibHble
CBOMWCTBA nynbcaunn gasneHus. PacyeTbl Takke 4acTo NpoBOAATCA MNP NOCTOSAHHOWN .

Llenb paboTbl

B HacTosiwen paboTe 6bIIO uccnegoBaHO BNUSIHUE OPOCCENUPOBAHUS N NEepeMeHHOWM
TennoemMkocTv C, Ha OCODEHHOCTM TeYeHusi, ypOBEHb W CheKTpasnbHble CBOWCTBA
nynbcaunn OasBrfieHUs B KaHarne msondaropa B3 ¢ npsmMoyronbHbIM NonepevyHbiM cedyeHnem
[1] npu TemnepaTtype Haberatowero notoka T=217K, KkoTopasi COOTBETCTBOBasia pearibHbIM
yCrnoBusiM nosneta n Obina Bbllwe, Yem B akcnepumeHTe [1]: T=102K.

1. Li Z., Gao W., Jiang H., Yang J. Unsteady Behaviors of a Hypersonic Inlet Caused by Throttling in
Shock Tunnel // AIAA J. 2013. V. 51, Ne 10. P. 2485- 2492.



LING..F TeomeTtpusa B3, pacueTHasa ceTka, peXXUMHble

O6bwwun Bua reometpun B3 npun pacyetax

PacueTHas ceTka cogepana
3.32x106 queek

3.75 xmh 3 4.25

dparmMeHT CeTKM OKOo BXOAa B U30NSATOP

napameTpbl

B pacuetax Obinu ncnonb3oBaHbl reOMeTpUst Moaenmu
B3 n gaHHble akcnepumMeHTa 13 ctatbu: Li Z., Gao W.,
Jiang H., Yang J. Unsteady Behaviors of a Hypersonic
Inlet Caused by Throttling in Shock Tunnel // AIAA J.
2013.V. 51, Ne 10. P. 2485- 2492.

3aBUCUMOCTb TEMMOEMKOCTN OT TeMnepaTypbl
annpokcmMmupoBanack cteneHHbiMu nonnHomamu JANAF.
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Ha Bxoge uucno M, cratuyeckoe fasneHve
Haberawowero notoka W Ha BbiIXoge W3
N3onAaTopa COOTBETCTBOBANN 3KCMEPUMEHTY,
HO TemnepaTypa Haberatowero notoka 6bina
Bbile T,,=217K (B akcnepumeHTe T ,=102K)
Re=3.12x10°.

BbicoTa ApocceribHou BCTaBKU TR
nameHsnace or 0 go 0.7H (H - BbicoTa
KaHara nsonsropa).



UANg..V OcHoBHbIe anemeHTbl RANS/ILES-meToaa
(Jlmb6umoe .A., TBT, 2012, T.50, Ne2):

« Okono crteHok: URANS c¢ wmopgenbto TypbyneHtHoctn CnanapTa-
Annmapaca.

 Bpanu ot Hux: LES c HesaBHON SGS-mopenbto (ILES ). cxeMHasa BA3KOCTb
BbIMOJTHAET OYHKLUNM NOACETOYHON BA3KOCTN.

 MeTtog Poy ¢ yMeHbLIEeHHON CXEMHOWN BA3KOCTbLIO:

y firaro = 72lf(aD)+1(qr)] = “2Al(Ar — au).

« [na npegpacnagHbix napaMeTpoB (, U (g Ha rpaHsx s4eek ucronb3oBaHa
COXpaHsiloLLlas MOHOTOHOCTb cxeMa 9-ro nopsigka (B obnacTtsix rnagkoro
peweHuns) MP-9 (A. Suresh, H.T. Huynh, JCP 1997, V.136).

 [paHu4yHbIE  YyCrOBMA. Ha  BXOOHbIX  CBEPX3BYKOBbIX  rpaHuuax
3adpMKCcnpoBaHbl NapamMeTpbl MOTOKa, Ha CTeHKe — QYHKUUS CTeHKn /
npununaHne, Ha BbIXOOHbIX — CTaTU4eckoe AaBfieHne (O03BYK) UM CHOC
napamMeTpoB N3HYTPU pacyHeTHOM obnacTn (CBEPX3BYK) .

* HedaBHasa cxema nHterpupoBaHus no spemeHu (dual time stepping).

 [lepexog Kk ILES pgocrturaetcss mM3aMeHeHuem mopdenn TypOyneHTHOCTMW:
MoamndmumpyeTtca pacctosHue d 0o CTeHKM B OUCCUMATUBHOM CrnaraemMmom
MCTOYHUKOrO YreHa ypaBHeHNa Moaenu TypOyneHTHOCTH.



LINAZ.". PMoandmumnpoBaHHbiin BapuaHT RANS/ILES meTtoaa

(JTrobnmos [.A., HectHbix A.O. NccnepgoBanne RANS/ILES meTtogoom TeyeHus B
BbICOKOCKOPOCTHOM BO3yX03ab0OpHMKE CMELLAHHOMo CXXaTua Ha pasfnYHbIX pexnmax
pabotbl // TBT. 2018. Ne4)

PacctosaHue d, s onpenensderca crnegyowmm obpasom:
d, gs= max(d,,d), rge:

d,=d, npn d<C, A, .,

d,=10°H, npu d>C,A, ., (1)
dg= dfy, npu 42f g

df=10°H, npw f<f, .. (2)

H — xapakTepHasa BennymHa, K KOTOpon OTHeCeHbI BCe pasmepbl.
BbipaxeHne ona fy, B (2) MMeeT CTpPYKTypy aHanoruyHyio MUCrnorb3oBaHHOW B
meTtoge IDDES [1]:
fg=max(fy; fp)(1+f ¥) (3)

B BbipaxkeHun ana f; dpyHkumm f, fon ¥ Takne xe, kak u B metone IDDES. B
dopmyne (3) pyHkuma f,, onpeneneHa cnegyowmm odbpasom:

fa=th((Cyif 4)°) (4)
B BbipaxeHusax (1), (2) n (4) sBenuunHbl C,, Cy, 1 fyi, noadbupanuncek Ha ocHoBe
TeCTOBbIX pacyeToB. . OKOHYaTemNbHbIe 3Ha4YeHNA 3TUX NapamMeTpPoB
paBHANUCb cooTBeTcTBEHHO: 1.0, 8.0 1 102 . [dpyrne dyHKUMN, BXogsLLMe B

(3) n (4), coBnagatoT ¢ aHanornyHolMu B metoge IDDES [1]:

1. Shur M.L., Spalart P.R., Strelets M.K., Travin A.K. A hybrid RANS-LES approach with delayed-DES and wall-modeled 5
LES capabilities // Int. J. Heat Fluid Flow. 2008. V. 29. P. 1638-1649.



LING.F MNonsa teyeHunsa n TypodyneHtHocTn B B3 npu TR=0

MrHoBeHHaa cTaTtuyeckas Tem rneparypa
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Hanbonbluee BnusiHue nepemerHoi C, 6bino npu
ManbiX TR Ha pexumax, korga B3 3anyweH, n
TOPMOXEHME MNOTOKa B KaHane u3ondaropa npomcxoaut
B CMCTEME KOCbIX CKa4KOoB yrnrnoTHeHud. B crnyyae
C,=var MeHsieTca CTpyKTypa Te4eHus B kaHane
N30MATOpa, a MakCcMMarnbHasa TeMneparypa HUxe, Yem
B CNny4ae C NOCTOSIHHOM TEMNSI0eMKOCTU. B cnyvae
Cp=var 6biCTpee TOpMOXXEHME NOTOKA, HET OTPbLIBHOM
30Hbl Ha BXxofe B nsondatop (ceepxy). lNukosble

3Ha4YeHNA TeMnepaTtypbl B KaHaJ1€ N305ATopa MEeHbLLE.

YpoBeHb nyrnbcaunn aasneHnsa B N30NATOpe HUXE.

[MokasaTenb agnabaTbl y
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Manbie 3HauyeHus1 y HabniogaTcs B OCHOBHOM
B 30HE OTpbIBa Y HM)KHEWN CTEHKE OKOMo BXOOa B
N30NnATOp N B OKPECTHOCTUN BbIXOoAa, roe 3agaHo
BbICOKO€E CTaTn4yecKkoe aaBrneHne n nponcxoant
TOPMOXEeHNE NnoToKa.
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UM J CnekTpbl nynbcauun AaBreHUs B U3onsitope npu

TR=0

3aBUCUMOCTb OT BpeMeHU aaBJiIEHUA
Ha BerHeIZ CTeHKe KaHalla
N30514ATOPa B TOYKax pacnosjioxXeHnA

gatymkos CH4 n CH10
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Mpu C =var NMMKOBOE 3Ha4YeHMe B CreKTpe NynbcaLuii CUNbHee MEHSIETCA MO YacToTe No ANvHe
KaHana usonaTopa



UAWg..V [Mona TevyeHua m T_IYI;)?gJ;GHHTHOCTM B B3 npwu

MrHoBeHHaqa cTaTtuyeckag Tem nepartypa
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Mpu C,=var B n3onsaTope HapacTaeT bosiee TOMNCThIV NOrpaHUYHbIA CIOW. YPOBEHb NyNbcauni AaBMNEHNS HUXE,

4YeM Npu NOCTOSAHHOW TEMNSTOEMKOCTW.
[Mokasatenb agmuabartbl y

KapTI/IHa Ted4eHNA nepen Bxoaom B U3OJTIATOP

6nmMska K TOW, KoTopas Obina npu TR=O. 1.6 TR=0.2, Cp=var
OpHako B M30MATOpE TOPMOXEHME MoTokKa 1.4

npyu C,=var npoucxoanT MeHee MHTEHCMBHO. -_
3710 BMAHO B Touke CH10 (Ha cnegyoLlem >

cnamnge). 0.8




LINA.".F Cnektpbl nynbcauun AaBneHUsi B U30nsATOpe Npu
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npu pasHbeix YacTtotax. [na C,=var cnekTp bonee nonoruu.
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[Monsa TeyeHmna u TypoyneHTHOCTU B B3 npwm

TR=0.3H

MrHoBeHHaa cTaTtuyeckas Tem nepartypa
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Mpn pacyete c¢ Cy=const u B 3KCNEPUMEHTE
TOPMOXEHME MOTOKa MPOUCXOAUNO B  KOPOTKOM
nceBgockadke, U B BonbLEN YacTu nsonsaTopa OHO
6bino0 go3BykoBbIM. [lpyyem Temnepartypa noToka
NPaKkTU4YECKN He BIMsna Ha Xxapaktep TeyeHus. B

cny4yae nepemMeHHOM Yy  TOPMOXEHWe  MoToKa
OCYLLECTBIANOCL B  CUCTEME  KOCbIX  CKadKOB
YNSIOTHEHUS.  PasHbin - xapaktep  TOPMOXeHUd

onpeaenun pasnuyHbIA XxapakTep pacnpeneneHus no
ANVHE u3onsATopa TemnepaTtypbl U TypOyneHTHbIX
nynbcaLuin, U pasHble X MUKOBble 3HAYEHWS.
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KaHalnla n3on4dTtopa, rge redeHme HN3KOCKOPOCTHOE,

a Temnepartypa 6nm3ska K Temnepatype TOpMOXKEHMUS.10




UM 'CHEKprI nyabcauui gasneHua B usonarope npmu TR=0.3H

160
TR=0.3H, CH1(

— exp.
—— PG cold
— PG
——RG

R=034,cH4 - 3ABUCUMOCTb OT BPEMEHU [aBMeHus

— X

—chold Ha BEPXHEN CTEHKe KaHana 120

—=Re  N30JIATOPA B TOYKAX PaCnonoXXeHus
agatymkoB CH4 n CH10

Mpu C,=var cywecTBEHHO HMXKe YPOBEHb

80

40 IHMH‘!‘?‘:“ 1w I”'-#*mm .WHIHN!ILMI“Hﬂ

20

80

0 [ R R AaBreHus, Ho BornbLue nyrnbcaumm 0 ; . ; : .
10 20 30 tms 40 0 4 8 12 16 . ms 20
176 - 172 ;
OASPL, dB JoAsPL, dB AN
1 168
TR=0.3H, C.=const ] B
172 164
é/ \ 160 / | ™=03H,c
B =0.3H, C.=var
168 S 156
| 152 \ /d
164 . . . . 148 ‘ ; . .
4 6 8 10 NCH12 4 6 8 10 NCH 12
Mpn Cp=var B 6onbLlen Yyactn nsonatopa yposeHbo OASPL Ha BepXHEN CTEHKE 3HA4YNTENbHO HXe 0o 20ab
160 —————— m— 180
N ~ ]
a0 |SPL 1/3, dB Il f>y _\\\\ 160 SPL 1/3, dB il
| / N - I ™
S NR 140 T o i
20 / TR=0.3H, Cp=const | | ||[| |\ - : Nyl
| N -~ ©P 120 | fo TR=0.3H, C_=var N
100 CH4 = ™
| LN 100 CH4
=\ CH7 |
80 CH7
60 [ | 60 | Hz
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000

[nKoBbIE 3HAYEHMS NyNbCcaLUUi AaBnNeHns y aTYNKOB, PACMONIOXXEHHbIX ONnKe K BXoay B U30MNATOP, HUMKE
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MNpW KOTOPOI [OCTUraloTCA MakCUMyMbl Nynbcauuii, Boille y BapuaHTta ¢ C =var.



[Monsa TeyeHnAa u TypoyneHTHOCTU B B3 npwm
TR=0.4H

MrHoBeHHaa cTaTtuyeckas Tem nepartypa
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Y BapuaHTa ¢ C, =const, kaK 1 B 3KCNepUMeHTe,
HauynHaetcs nomnax B3. B cnyyae C,=var oH He
HabnogaeTcs. B atom cnyvyae B3 npaktnyecku
He3anyLeH. CyLecTBeHHO pa3Hoe pacnpeneneHne
Temnepatypsbl No anvHe B3 ona obonx BapmaHToB.
OTO CBSAA3AHO C TEM, YTO NpU Cp:var TOPMOXEHUE
NOTOKa OCYLLECTBNSETCA B NCEBAOCKAYKE, a B Cry4yae
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UM 5 ' CneKTtpbl nynbcaumm gasneHma B nsonartope npu TR=0.4H
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[MoMnaXkHbIN PeXMUM XapakTepusyeTcs BbICOKMM YPOBHEM MynbCaunn AaBneHnda noYTn no Bcen anuHe nsonaropa. Ero
NYKoBOE 3HayeHue Ha 74b Bbilwe, YeM y BapuaHta C,=var. B aTom cryyae nuk nynbcauui pacronoXxeH Okomno BXoaa B

n30n4TOop, rge nNponcxoamnT TOpMOXeHUE NMOTOKa B NceBOoOCKa4Ke. 180 -

200 ————— [SPL1/3,dB

|SPL 1/3, dB 160 il __‘____..._\ ]
160 = RIS 140 A - "\\\ N

| 1 / NN
120 / 120 ' N

4 [ A TR=0.4H, C,=var | | |[1}
80 ,ﬂ' TR=0.4H, C.=const 100

1 f, Hz 80 ”"5
40 ol

1000

10000

100000

10

100

1000

10000

100000

1 1 - .
Ha yactoTe nomnaxa (f=g00Fu,) HabngaeTca Nuk nynecauun gasneHus. Ans Cp:var 1/3 OKTaBHbI CNEKTP MMEET HEBOMNbLLON
NnoAbeM Ha BbICOKUX YacToTax, Bbl3BaHHbIVA TYpOYNEHTHbIM xapakTepoM TeveHus. MNMoxoxuit nuk Habntogaetcs n npu Cy=const. 3710
CBMAETENbCTBYET, YTO CNEKTParbHblE XapakTEPUCTUKKN, 0ByCnoBNeHHbIE TYpOyneHTHbIMK adhdekTamm B 06omx cnyyanx 6rnmsku.



UM 'CHEKprI nyabcauuin aasneHua B usonarope npm TR=0.5H
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Ansa C,=var SPL1/3 cnekTpa Ans pasHbixX AaT4MKOB YacToTa nvka nynbcaumnin HabnoaaeTcs npy pasHbix YacToTax.



UANg..V BnvaHue gpoccenupoBaHUsa Ha pacnpeaeneHue
napamMeTpoB Te4eHUs U TYpOyneHTHOCTU BAOSb

BepxXHen CTeHKU KaHara nsonartopa
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Ans BapuaHTta ¢ C,=var nukoBble 3Ha4eHus Temnepatypbl Tw Ha npesbiwatoT 1400K. B cnyyae C,=const
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Co=const. C yBenu4yeHnem [pOCENMPOBaHMs 3Ta pasHuua
Bo3pacTaeT. [lMkoBble 3HA4YeHUs nynbcaunun [aBneHus rpu
TR=0.3H gocturatot 70%, a npn TR=0.4H - 260% Pst.
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C nomouwbto mogucmumposaHHoro RANS/ILES meTtoga npoaHanMsnpoBaHO BIIUAHUE OPOCCENMpPOBaHUS U
nepemeHHon Tennoemkoct C, (nokasatenb aguabatbl y meHsancs B npefenax 1.31-1.4) Ha TeuyeHve,
YPOBEHb W CNeKTparnbHble CBOMCTBA Mynbcauumn AaBfeHna B MOAEeSTbHOM BbICOKOCKOPOCTHOM B3.

YCTaHOBIEHO, YTO Npu  koadprumeHTe gpoccenuposanust TR=0 npu C =const Ha nepBOn TPeTu AJINHbI
nlonatopa yposeHb OASPL noytn noctoAaHHbIN OKono 16046, ana BapmaHTa C C,=var oH ymeHbLUaeTcA
no AnvHe nlonatopa B3 ao 15246, a nMKoBoe 3HaYeHUE B CNEKTPE Ny/ibCalui CUIbHEE MEHAETCA MO

ANIMHEe KaHana usonatopa. MNpu TR=0.2H TeyeHne nepen BXOAOM B M30NATOP GMM3KO K TOMY, KOTOpOEe
6bino npn TR=0. OagHako B M30NATOPE TOPMOXEHME NOTOKa npu Cp=var npomMcxoauT MeHee MHTEHCUBHO,
YpOBeHb MyribCaunn JaBrneHnsa HUxXe, YeM Npu NOCTOAHHOW TENTOEMKOCTH.

Ona TR=0.3H npu pacyete ¢ Cp,=const n B 3KCNepMMeHTEe TOPMOXEHME NOTOKa MPOUCXOANIO B KOPOTKOM
ncesAockadke, 1 B 6onbLUen YacTy U30nATopa OHO Bbino A03BykoBbIM. B criydae C,=var notok TopmMo3usics
B CUCTEME KOCbIX CKayKOB YNNOTHeHUA. PasHblii xapakTep TOPMOXEHWUA Oonpedenun pasHbii xapaktep
pacnpegeneHna no AnvHe u3onstopa TemnepaTtypbl U TypOymeHTHbIX MynbCauui, U KX pasnuyHbie
nukoBble 3HayeHus. [pu szvar B Gonbwen 4yactn msonatopa ypoBeHb OASPL Ha BepxHeW CTEHKe
3HauuTenbHO Hwxe o 20ab. lNukoBble 3HaYeHWA nynbcauun OaBreHus y AaT4YUKOB, PaACMOSIOKEHHbIX
Gnuxke K Bxogy B um3onsatop, HMxe go 20ab . 3to obycnoBneHo Tem, YTO AfNMHA CUCTEMbl CKa4ykoB B
nsonsatope Oonble npu C,=var. YactoTta, npu KOTOPON [JOCTUraKOTCA MakCMMyMbl MynbCauuid, Bbille Y
BapuaHTa ¢ C, =var.

Mpyv TR=0.4H B aKcnepumeHTe 1 B pacyeTe ¢ C,=const HauMHancs nomnax, Temneparypa cnabo snusna
Ha xapakTtep konebaHui. Mpu C =var Habniojancs Hesanyck B3. [Npu aToM YacToTa nMomnaxa pacrter ¢
pOCTOM TemnepaTtypbl Haberawowero notoka. NoMnaxHbIn peXxnM XapakKTepu3yeTcs BbICOKMM YPOBHEM
nynbcauun OaBrieHus NodTu Nno Bceu AnuHe usonatopa. Ero nukoBoe 3HayveHwe Ha 74b Bbliwe, 4Yem y
BapuaHTa C =var. B aTOM cryyae nuk nynbcalui pacronoXxeH OKoso BXoAa B M30NSATOp, rAe NpoucxoamT
TOPMOXEHKMEe NOTOoKa B NceBaoCKaykKe.



Cnacu6o 3a BHUMaHue!
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