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CoaepxaHue

« MoTuBauua n Luenu nccrnegoBaHus

» KpaTkoe onncaHue 3kcnepmmMeHTa 1N pacyeTHbIX NOAX00B
* Pe3ynbrathbl pacyeToB

« CpaBHEHMNE pacyeTa C 3KCNEPUMEHTOM

* OCHOBHbIE BbIBOAbI



MoTtTuBauusa v uenu uccneaoBaHus



* [1pn BbIBOOE paKeTbl KOCMUYECKOTO Ha3HAYEHUA Ha OPOUTY anemeHTbl ee
KOHCTPYKLMM, B TOM YKMCIle BO3BpaLllaeMbli annapart (BA), noaBepratoTcs
BO34ENCTBUIO MIHTEHCUBHbLIX HECTALMOHAPHbIX adp0aKyCTUYECKNX
BO34ENCTBUN CO CTOPOHbLI TYpOYNeHTHOro BO34YyLHOro NoToka

PBAC ..
] l [ i [ BA
N VAP

Conna OFA - Conna PLITéO

Otagensembin rosioBHoun 6nok (Ol'B)

« 3HAUMTESbHbLIW BKIad B 9TU Harpy3ku BHOCUT TYpPOYneHTHbIN creq 3a
consiamu ocHoBHoOro paketHoro asuratens (OPL) n pakeTHoro gsuratens
aKcTpeHHoro otaeneHuns (POS0) bnoka aBapunHoro crnaceHuns (PBAC)

r(m)

1< y (m) QLU
18 —

50.00
41.12
33.81
27.81
22.87
18.80
15.46
12.72
10.46
8.60
7.07
581
4.78
3.93
3.23
266
2.19
1.80
148
1.22
1.00

T T T T T T b
9 10 1 12 13 14 x(m) 100

CTpykTypa TypbyneHTHOro cnega 3a connavmu PBAC



* B cBA3KM c 3TMM HageXXHoe pacyeTHOoe onpeaeneHme amnnuTyabl U
YACTOTHbLIX XapaKTePUCTUK 3TUX BO3OAENCTBUN ABMAETCA OQHOU U3
BaXKHbIX 3a4ay, BO3HMKAKOLWMX NPpn MPOEKTUPOBAHUN MNNOTUPYEMbIX
TPaAHCMOPTHLIX KOCMUYECKU Kopabneun

» Ee pewleHne Ha ocHoBe 3KOHOMWYHbIX nonyamnupuyecknx RANS
mMoaenen B NpuHUUNne HEBO3MOXHO, U TPeByeT nNpuMeHeHns
NCKIIOYNTENBHO PECYpPCOEMKNX BUXPe-paspeLuaronx Nnogxonos K
OnMMcaHnio TypoOyreHTHOCTU

« [1ns Banngaunm n yCoBEPLLEHCTBOBAHUS TakMUX NOAX0A40B HEODXOANUMO
NpoBEeAEHME COrnacoBaHHbIX MeXay cobon aKcnepuMeHTanbHbIX U
pacyeTHbIX UccriegoBaHUn

* B HacToswen pabote Takoe KOMIMIIEKCHOE UCCcriegoBaHMe BbIMOTHEHO Ha
npuMepe TpaHC3BYKOBOro obtekaHua mogenu conna PBAC

> KoHun4yeckoe Teno ¢ Nnocknm AOHHbIM CPe30oM



OnucaHue 3KcnepuMeHTa



JKCnepumMmeHTanbHaa moaenb

KOHyC C NNOCKMM OAOHHbIM CPe30M, YCTaHOBIIEHHbIU Ha BbIXoAe
n3 conna ButowmHckoro

OKCNePUMEHTbI NPOBOAUNUCH B
CTPYMHOM Mopyrne
aspoanHamMmnyeckon Tpyobl T-326
NTIIM CO PAH




JKcnepuMeHTanbHoe 06opyaoBaHue U

N3mepsemble XxapaKTepUCTUKU NOTOKa
§ norok

. \amepeHune nonHoro gaBneHus
Tpyokon Nuto (d=0.8mm)

. NamepeHune nynbcauunm nonHoro
naBrneHuns aatdynkamm n30bITOYHOro
nasneHna Kulite XB-16-062-5G

anameTtpom 1,7 Mm

: B|/|3yan|/|3au,14;| Te4eHUNA TeEHEBbLIM
MeToaomMm U MeETOAO0M J1a3epPHOro Ho>Ka

. MamepeHune ckopoctn metogom PIV



YucneHHoe mogenupoBaHue



[Noaxoa K MoaenuMpoBaHUIKO TYPOYNeHTHOCTU

« MeToa mogenupoBaHnst oTcoeanHeHHbIX Buxpen (DES) Ha 6a3e SA
RANS mogenn B codetaHun ¢ AByMSA onpeneneHnsamMm NMHENHOro
NOOCETOYHOro MaCUJTa6a

» Macwrab A, max |l, =l , 1,=n_xr,
\/_ 3 n,m=18
— YunTbiBaET aHM30TPOMNMIO siYeek 1 2D xapakTep TeYEHUsi Ha HauanbHOM
y4aCTKe CIosi CMELLEHUS]

— [lo3Bonser MMUTUPOBATDb IKCNMepuMMeHTbl C TOJICTbIM NOrpaHN4YHbIM
cnoeM Ha BbiXxoge u3 conna

> Macwtab Ag A=A, F¢n

— IMnupudeckan dpyHkumsa k., obecneynBaet JOMNOMHUTENbHOE (He
CBA3aHHOE C 0COBEHHOCTAMM UCMOSIb3YEMOU CETKN) CHUXKEHUE
TYpOyneHTHOM BA3KOCTU Ha HavarbHbIX y4aCTKaxX CII0eB CMELLEHNS N YCKOPSET
pa3Butme HeyctondmsocTtu KenbBuHa-lenbmronsua (KH) B cnoe cmelleHns

— lMo3Bonser MMUTUPOBATb 3IKCNMepnMeHTbl C TOHKUM NOorpaHnN4YHbIM
cnnoeM Ha Bbixoage u3 conlia npum goCtato4yHO BbICOKOM 4HuUucre Re



PacuyeTHble CeTKu
- MHOroGnoyHsle (c nepekpbiBalOWMMUCA BIIOKaMmn) CETKU

1 i “J‘ | l

gl =
0.01 0.015 0.02 0.0

X, m

i
0.035

HE Ly R g L B
.015  0.02 0.025 0.03 0.035 O.
X, m

[pybas ceTka: Menkas ceTka:
503x170x361 = ~20M y3noB 605x180x505 = ~40M y3rnos

» Pacuethbl npoBoannuck ¢ nomollbto CFD koga NTS (“Numerical Turbulence
Simulation”) nab6. “BelancnntensHasa asapoakyctuka n TypoyrneHtHocts” CI16MMTY



Pe3ynbraTthl pacyeToB
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* CunbHaga YyBCTBUTENLHOCTL pelleHnsi (0CODEHHO ASTMHbI 30HbI OOPAaTHbLIX
TOKOB 3a JOHHbLIM CPe30M KOHyca)

» TunndHasa cutyauma npu mncnonb3oBaHn RANS ons pacyeTta OTPbIBHbIX TEYEHUM



DES: MrHoBeHHbIe nona Yyucna Maxa vm
MoAayna 3aBUXPEHHOCTU

0 70 20 30 40 50  x/Rc

» O6e Bepcun DES npeackasbiBaloT B LIENOM aHaNOrMYHble KapTUHbI
TEUYEHUA U CTPYKTYPY TYPOYyNEeHTHOCTH



DES: MrHoBeHHbIe Nonsa NnoAceTouMHOM
BA3KOCTU U MOAYyNA 3aBUXPEHHOCTU Ha
Ha4YanbHOM y4acTKe Crios cMeLlleHuUs

ASLA

N L L , L ‘ , I
3 ] -1 0 1 2 x/Re

« OgHako, ncnornb3oBaHme macwTaba Ag) o NPMBOANUT K YMEHbLLEHUIO
NoaCETOYHOWN BA3KOCTM B Ha4aribHOW 00nacTu Crosd CMEeLLEHUS U, Kak
cnencTeue, K CyLeCTBEHHOMY YCKOPEHMIO OPpMNPOBAHNSA PasBUTOM
TYpOYNEeHTHOCTU B CII0€ CMELLEHUS



DES: lNona KNHeTU4eCKON IHEepPrum TypoyneHTHOCTH
U cpeAHeKBagpaTU4HbIX NyfibCcauun NOMTHONO AaBrieHUs

ASLA

e XOpoLlo BUAHa 3agepxka popMnpoBaHuim pasBnuton TypobyneHTHOCTA B
crioe CMeLLeHWs CTPYM NPy UCMOoNb30BaHMM MacluTaba A w



DES: OcpenHeHHbIe Nosns CKOPOCTU U NONMHOro
AaBneHus

ASLA

25 30 y/Re3

25 30 y/Rc3%

« OTO NMPUBOAMUT K HEKOTOPOMY Pasnunynio Mexay pesyrnsrataMmu
OByx Bepcun DES kak B crioe cmelleHunsa cTpyu, Tak U B cnefe 3a

KOHYCOM



BnusHue
N3Menb4YeHUs1 CeTku
Ha pe3ynbTaThl pac4yeToB



MrHoBeHHbIe nons 3dBUXPEHHOCTUN N BA3KOCTU

[pybas ceTka

Menkasa ceTka

* Iamenb4yeHne ceTkn obecneumBaeT paspellueHue bornee
MENKMUX BUXPEBBLIX CTPYKTYP U NPUBOANT K CHUXKEHUIO

NoACETOYHOU BA3KOCTU

» ApnekBaTtHas ans LES peakuunsa Ha namenb4eHmne ceTku
— DES dpyHKUMoHMpyeT B pexunme LES



...V’RC
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Mons cpegHen CKOPOCTU U NOMHOro AaBleHus

[pybasi ceTka Menkas ceTka

10 15 20 25 30 y/Re3D

* BnnsiHne namens4eHns CETKM Ha ocpeHEHHble napamMmeTpsbl
NOTOKa NpPeHebpeXnmo mano

» [1pakTnyeckn CeToO4YHO-HE3aBMCUMOE peLLleHne

)

—~




Pacnpep,eneHml NMNOJIHOIO U CTaTU4YEeCKOro AaBrneHus
N CKOPOCTU BAOJIb OCU Clnefa 3a KOHYCOM

/
pﬁ% I p./p,. fine grid
| —— p/p,, fine grid /
1.4 L----pP/p,, coarse grid _EL?E_
| ----p/p,, coarse grid —
12| P
08 [~
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ufu, |
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0.2} N\ /
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CnnoLluHble KpUBbIE — MENKas CETKA; LUTPUXOBbIE KpUBbIe — rpybas ceTka



NMpodcdunu nonHoro AaBneHusA

x/R,=0.17 x/R,=3.08
‘1.6i [ ‘ 1.6i [ 1 ( \
14} 1.4}
g, < \
o 12 S12f
Y \ I
 ——fine grid'~—== [
08r----coarse grid 0.8
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CnnouwHble KpuBbl€ — MEJIKaA CETKa, WUTPUXOBbIE KPUBbIE — rpy6a;| CeTKa
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D A N O N B O

Mons KNHEeTUYECKOW IHEePrMu TYpOYyNeHTHOCTU U
cpeAHeKBaApaTUYHbIX NyNbCcauvMi NONMHOro AaBneHus

Menkaga ceTka

[pybas ceTka

5 5 10 15 20 25 30 Re3B Ll 0%

0 5 10 15 20 25 30 y/Rc35 poto

175 |
170 f
165 |
160 |
155 |
150
Mo E ___x/Rc = 2.08, fine grid
1oE - --- '.”R.c = |2.08|, coarse griq

rms(p,), dB

L S - - J B -

« BnusiHne namenb4eHnst CeTKM Ha
NynbCaLlNOHHbIE NapameTpbl
NOTOKa TakXKe HecyLLeCTBEHHO



CpaBHeHUe pe3ynbTaToB pac4yeTa
C 3KCMNEePUMEHTOM



LLinupeH - KapTuHa

OKCNEPUMEHT

Pacuet ASLA

PacyeTt A W

o

=
X/

« Macwrtab A (» NO3BOSISAET JIyHLUE BOCMPOMN3BECTUN IBOSIOLIMIO CIOSA CMELLEHMSA CTPyW
Ha Ha4anbHOM y4YacTke, HabngaemMyo B 3KCNepumMeHTe



AHnMauuu nonsa TemnepaTypbl

110
108
1.07
1.05
1.04
1.02
1.01
L]
098
096
095
094
0oz
5 0o
-| 0so
088
086
064
083
081
0.60

ASLA

1.10
108
1.07
1.05
1.04
1.02
1.01
099
098
096
0.95
084
poz2
= 091
—| 089
0.88
086
0.684
083

: " 081
0 ; 01 015 02 080

0.02

« HarnsaHo MNnloCTpUpyoT pasnuyne 3BOMOLMK CTPYKTYPbl TYpOYNneHTHOCTH
Ha HayanbHOM y4acTKe CMNos CMELLEHUS CTPYU



iof e WU3m. Tpybkon lNuto 15l
30Ha emesees S esseteca st s i 30Ha
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Pacnpe.qeneva AaBJIEHNA TOPMOXEeHUA U

cTaTU4eCcKoro AaBrneHus BAONb OCU cnepa
ASLA Aa)

0 2 4 B 8 10 12 14 16 x/R 0 2 4 6 8 10 12 14 16 x/R
c

u/u,
0.8
06 30Ha
04| PEUUPK. —A,
0.2 —
0 Y ASLA
0.2
04
0 2 4 6 8 10 12 14 16 xR,

Pacnpep,eneHme CKOPOCTU BAOOJIb OCK Crieda 3a AOHHbIM CPEe30M KOHYCa

* B 30He peumpkynsaumm (npu x/R. < ~4.0), rae Tpyoka NuTo daktnyeckn namepser
cTaTuyeckoe aBrieHue, ¢ pesyrnsrataMy N3MepeHnin coBnagaroT pacHeTHbIe
pacnpegeneHna ctaTU4eckoro, a gasee BHU3 rno noTOKY — MOSHOro AaBrieHnd

* B uenowm, pesynsratel DES ¢ ucnons3osannem macwrtaba A, nydwe
COINacyrTCsA C USMEPEHNAMU, YeM pesyrnbTaTbl C UCMOoNb3oBaHnem mMaclutaba Aga



NMpodcdunu nonHoro AaBneHusA

SR R B R § ViR 54 20 z 4 éy/R 6 4 2 0 2 4 byR 5 4 2 0 2z 4 ByR

* TO )X€ OTHOCUTCA K I'IpOCbVIJ'IFlM NONMHOINo AaBJieHNA B Pa3iinyHbIX NMornepeyHbIX
cevyeHundax cJjiega 3a KOHyCOM

» PaccornacoBaHne ¢ U3aMepeHUsiMnU BHYTPU 30HbI PELIMPKYINSALUMN NPy
MCNOoNb30BaHUM 000X MacLUTaboB, KaK y»ke OTMe4Yanoch, CBA3aHO C TEM, YTO
B 3TOW obnactun Tpybka NMTo 3MepseT CTaTU4Yeckoe, a He NOoMnHoe AaBreHune



NMpodunu nynscaumm NnonHoOro gaBneHus
ASLA

x/Rc=1.08
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30Ha peuunpKynsauum 30Ha peumnpKynaumm

* AHanoruyHas cutyaums UMeeT MecTo U ansa npodunen cpegHeksagpaTUYHbIX
nynbcaunm NONHOro AaBneHns B pasfnyHbIX Ce4eHnAX crega



3akn4vyeHue

* [lpoBeAeHO KOMMMNEKCHOE pac4YETHO-3KCNEPUMEHTaNbHOE UccrnegoBaHme
TpaHc3BykoBoro (M=0.85) o6TekaHusa mogenu conna pakeTHoro 6noka
aBapuUMHOro cnaceHna (KOHyC ¢ NSI0CKUM OOHHbIM CPe30M)

* [TokaszaHo, 4YTO Npu YyCroBUSAX IKCMEPUMEHTA UCMOSIb3yEMbIN B pacyeTax
Buxpepaspeluarowmm rmopuaHein RANS-LES nogxon Kk MmogenupoBaHuto
TypbyneHTHOCTU (MogenupoBaHue OTcoeanHeHHbIX Buxpen - DES) B
COYETaHWUU C NMMHENHBIM NOACETOYHBIM MacwTabom A obecneuvBaeT

BbICOKYIO TOYHOCTb NpeackasaHust OCpeAHEHHbIX U NYNbCaLMOHHbIX
napamMeTpoB NOTOKa

* [NoaTBEpPXAEHO, YTO NP Ucnonb3oBaHu DES B coueTaHnn C NMUHENHbBIM
nogceTo4HbIM Maclutabom A ¢; , B pacyeTe peanusyeTcs ObICTpbIi
nepexop K pa3BUTON TpEXMEPHOW TYPOYNEeHTHOCTM Kak B CNOE CMELLIEHUS
CTPYW, UCTEKaloLLIEN U3 conna, Tak U B CNOe CMELLIEHNS, CXOOSLLEM C

3alHEW KPOMKM KOHYyCa

» [laHHbIX cueHapui No-BMOUMOMY SBMAETCSH XapakTepHbIM A4
NOMEeTHbIX YCITOBUA



Cnacubo 3a sHUMaHue!



