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CBepx3BykoBon B3 nHTerpupoBaHHbIin ¢ kopnycom JIA M, =2:
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PacuyeT Te4yeHUss 1 napamMmeTpoB TYpOYNEeHTHOCTN B KaHane A03BYKOBOIro MHTErPUPOBaHHOIO
C NnaHepom BO3aQyxo3abopHMKa U uccnenoBaHusa cpeacTB ynpasneHusa tedyeHuem (HIRIC)

O61wmit Bua reometpun (NASA TP 2005-13766) Yy WHTErpMPOBaHHbLIX C NNaHepom NA Ha BXone B3 ToncTtbin
e e norpaHuYHbIA CrIon. ATO NPUBOAUT K 6ONbLLLION HEPaBHOMEPHOCTH,

. KaK TedyeHuss B camom B3, Tak n Ha BbiIxoae 13 Hero.
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Mpu nonoxeHuun wenen nepeq B3
CHWXaeTCs HepaBHOMEPHOCTb B
pacnpegeneHnn napamMeTpoB Ha
Bbixoae n3 B3




BnunaHue nmutatopa nnaHepa Ha TedyeHue B B3 (HIRIC)

Mpu M,=1.8 Ha BxogHOW rpaHu1Lie pac4yeTHOM
obnactu ctatnyeckoe p.=30kMa, T,=182K,
Re=1.09%10°. Ona M,=2 — p.,=25kMa, T,=167K u
Re=1.14x106. Yncno siueek ceTkn 4.4x106.

[poccenvposaHue obecneymsanocbk n3aMmeHeHeM nnowaau roprna F.z conna JlaBans Ha Bbixoge 13 B3

N3onunpoBaHHbIi B3 B3 ¢ umutatopom nnaHepa
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PO TI

BnunaHue nmutatopa nnaHepa Ha TedyeHue B B3 (HIRIC)

N3onnpoBaHHbIn B3
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BnusiHne apoccenupoBaHus Ha TeYeHUe B rmnep3ByKOBOM BO3AyX03abopHUKe
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Pressure transducers, CH4 C C lel
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Ha Bxope M,=5.9, P.,,=892MNa, T,,,=102K, Ha
Bbixoae u3 nsonsatopa P, ,=5%x10%MNa, Re=3.12x10°.
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3aBUCUMOCTb OT BPEMEHU CTaTUYECKOro AaBrieHMUA B TOYKe
CH10 npu TR=0.3: 1 —3akcn., 2 — pacyet HIRIC, B3-2015, 3 -

pacueT Ha ceTke 5.6x10° aueek ¢ nomowbo LES (Sun P.Z., Shi
H.T., Lu X.Y. Numerical investigation of the unsteady behavior of a

hypersonic inlet under throttling // 2015. Proc. Eng. V.126. P.179 — 183.)
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.U,pocceanaﬂ XapakTepuctuka " aHmmMmaumnsAa MrHOBeHHbIX nonew CKOpPOCTHU NpUu pa3HOM
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NpumeHeHne CUHTETUYECKUX CTPYM ANA YNydlleHUAa Te4YeHUA B criegax 3a
nunoHamum (DORIS)

Bxoa: P;,'=341.8KMMa, T,,'=1123K. Bbixoa: p,= 328.1KMNa. Re=3.55%10°, y=1.33, H,, /H;,=1.5,
ceTka 6.4x10°8 ayeek
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NMpuMeHeHMe CUHTETUYECKUX CTPYM ANA YNydLleHUs1 XapaKTepUCTUK TeYEeHUSA B
Anddysope ¢ HepaBHOMEPHOCTLIO NOSIHOro AaBfieHMs Ha Bxode (MMuTauus cnegos oT
ronaTtoK cnpsamnsowero annapara) (DORIS)

Bxoa: P;,/=100000Ma, T,,,’=300K. Bbixoa: p,= 95000 lNa.
MorpaHunyHbIn cnow h/H,,=4.9x10-3y=1.4, HepaBHOMEpPHOCTb
nonHoro gasneHuns Ha sxoae 0.914P,*.
PacnpeneneHne napamMeTpoB TEYEHUS MO BbLICOTE
BbIXOOHOMo ceveHna audpdysopa
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YnpaBneHue Te4eHneM B KaBepHe M219 ¢ nomMoubio cuHTeTudeckmnx ctpym (HIRIC) M,=0.85

2.6x10% qyeek

(B kKaBepHe - 3.4x10°)

M=0.85/1.5
T=300K

P=0.1MTlla,

Re=1.4x106/2.4x10°

2000y, 100 m/c
L/D=5

L — AnvHa KaBepHbI

D — rmy6unHa kaBepHbl
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YnpaBneHue TeyeHneM B KaBepHe M219 ¢ nomouibio cuHTeTUnYeckux ctpym (HIRIC) My=1.5

g, m/s 50 100
f Hz 100 200 300 100 200 300 1000
- 1 2 3 4 5 6 7 8 - nepej, KaBepHOM
a"rl'oan S 9 10 11 12 13 14 15 | - Ha nepegHeit cTeHke
: 16 17 18 19 20 21 22 | -Ha3apHeii cTeHke
PacnpeneneHune nynbcaLvii 4aBneHns Ha PacnpefeneHve nynbcaLuin JaBnenns Ha
HMXXHEWN CTEHKe 3aQHEN CTeHkKe
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1 — BapuaHT 6e3 cTpyn 2 — BapuaHT Ne6, 3 - BapmaHT Ne22, 4 - apmaHT Ne14.

MrHOBEHHbIE NONS AaBneHusa ans pa3JyIn4HbIX BapnaHTOB CUHTETUYECKNX CprVI




BnnsHue ycrnoBumn UCTe4eHUA HAa OCOOEHHOCTU TeYEeHUA B NPAMOYrofibHOU CTpye
(HIRIC)

Conno 6e3 akpaHa (KoHd. 1) Conno ¢ aKkpaHOM (KOH. 2)
3 ) AL

R F
68| _|__ _.1.0.21.19.19 ......... -1938 1

Clean Nozzle

156 "

R B = 12.76

leomeTpumn conna: P. Behrouzi, McGuirk Underexpanded Jet Development from a Rectangular
Nozzle with Aft-Deck // AIAA J., 2015, DOI: 10.2514/1.J053376

Conno ¢ «topuom» (KOH®. 3) PexnmHble napamMeTpbl

Ty K 300 600
Py, Na 350000

= M, 1.467

z U, mlc | 425.84 | 602.23

Rex10°| 1.142 0.466

PacueTHble ceTkun (7.1-7.8)%10°

Mop,ynb rpagueHTa nJOTHOCTU



BnnsaHue ycnoBumn ucteyeHmns Ha acpd ekt «nepeBopoTa ocen» NPSAMoOyroribHoun
CTpym
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MexaHn3m reHepauum wyma B 403BYKOBbIX cTpysx (HIRIC)
NI A - MW3BecTHO, 4YTO B CpeaHeil yacTM Cnos

Pav-Pinf)/Pj: -0.03 -0.02 -0.01 0 0.01 0.02 0.03 CMelleHna UnMeeTcAa paspexeHue, cCcpeaHAn
BenuM4yuHa Kotoporo 3-4% OT CKOPOCTHOro
Hanopa CTpPyMW. COrfacHo TayHceHAy OHO
00yCcnoBneHo NynbCauMOHHbIM ABUXEHUEM.

« OpHako, B MrHOBeHHOM norfie cTaTU4YecKoro
OaBleHusl CyLecTBYKOT 06nacTu NoBbIWEHHOro
OaBrieHus.

* JlnHnn TOKa BHelWwHen cpeabl ornbaroT obnacTu
NOBbLIWEHHOro AaBfieHMA U 3aKaHYuBalOTCH B
o6nacTaAX NOHMKEHHOro AaBieHUs.

* OTBeTCTBEHHbIM 3a BOBJIeYeHUe BHeLUHen

cpenbl B CTPYHO ABMSIETCA pa3pexeHue, Kotopoe
BO3HUKAET B «TYPOYNEHTHOMN XXUAKOCTUY.

Mone ocpeaiHeEHHOIo cCtatn4ecKkoro gaBrneHus
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0.5 1 15 2 2.5 3
X/D
Mone MrHOBEHHOIO CTAaTMYECKOro AaBneHus M30M0BEPXHOCTE MIHOBEHHOTO 3HAYeHMS

crartmyeckoro aaenexus P = P,.,,-0.03pU?/2



MexaHn3m reHepauum wyma B 403BYKOBbIX cTpysx (HIRIC)
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[Tone MrHoBeHHOro ctaTn4yeckoro
JaBrexHus

30Hbl MOHWXKXEHHOro faBfeHns NMeKT
CXOLHYI CTPYKTYpPY, @ UX NPOAOSIbHbLIN
pasMep JIMHEWHO YyBenuyMBaeTcs C
yBENMUYEHNEM pPacCTosaHMA OT cpesa
conna no 3akoHy Y=0.385X.

HakannmBas MrHOBEHHble 3HayeHus
AaBneHns B MPOLAOSIbHOM CeYeHun,

BO3MOXHO, NCNosb3y4 Blro,
BM3yanunampoBaTb pacnpocTpaHeHune
dasbl N3nyvYeHus lwyma ans

BbIOpaHHOW 4acToThl.

AHMauma nonsa asbl N3NyYeHus wyma
Ha 4YacTtoTte Sh=1



B3aumHoe BnusiHMe napbl Hepac4yeTHbIX cBepx3BYyKOBbIX cTpyu (HIRIC)

PacueTHble ceTku (4-17)%106,
Pexumbl nctedenus: e = 4 (M;=1.56), T, = 300K, 600K, 1050K, T, = 300K, Re=2.4x10°, 1.5x10°, 0.866x10°

Cxema pacronoXeHus conen MrHoBeHHOe none 4ucrna Maxa
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B3aumogencrteume napbl CTPyu: napamMmeTpbl TeHEHUSA U TYPOYNEHTHOCTH

12919 25 1u'/U,, % a3
1 | Uav/Uj: 0 0.2 04 06 08 1
1 MAANAL 20
0.8 - 15 -
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YPOBEHb wymMma B onunxHem none CTpYﬁ: ABe CTPyun VS oaHa

165 10ASPL, ob

Y/De

= cual jet, plane XZ
= = = =dual jet, plane XY
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YpoBeHb Lyma BOOMb YEPHOW NUHUK

SPL,dB: 120 130 140 150 160 170 180

g = 10 15 20

X/De
[Mone ypoBHS Wyma ans napbl CTPyW B [Mone ypoBHSA WymMa and napbl CTpyW B

nrnockoctn XY MIIOCKOCTU XZ



B3anmopaencTBme HepacyeTHbIX CBEPX3BYKOBbIX CTPYWU C ra300TOOMHMKOM. BrnusHue
ckopoctu Betpa (HIRIC)

PacueTHble ceTkun: 6.3M, 8.5M

PeXumbl nctevyeHms:
e = 4 (M=1.56), T, = 300K, 600K, 1050K,
T, = 300K,

Re=2.4x106, 1.5x10°, 0.866x%10°
CkopocTb BeTpa: U,=0, 12 m/s, 20m/s
[MonoxxeHne rasooTdbomHUKa:
X;50/De=5,15

Cxema pacnosioxxeHus corna, NoBepPXHOCTU
aspogpoma 1 rasooTbonHuka

[eomeTpus conna n pexxmmMHble napamMmeTpbl B3ATbl N3 paboT:
* LiuJ., Corrigan A., Kailasanath K., Ramammurti R., Heeb N., Munday D., Gutmark E., Impact of Deck
and Jet Blast Deflector on the Flow and Acoustic Properties of Imperfectly Expanded Supersonic Jets //

AIAA P. 2013. Ne323.
« Kuizhi Y., Liangliang C., Hu L., Yunliang W. Analysis of jet blast impact of embarked aircraft on deck

takeoff zone. // Aerospace Science and Technology. 2015. V. 45. P. 60-66.



M3onoBepxHocTb T=350K ana ocpeAgHeHHOM TeMnepaTypbl NPU pasfIMYHON CKOPOCTU BeTpa U
NOJI0XXEeHUAX rasooTbonHUKa AnNA oAHOWU M Ans napbl cTpyn ¢ T,;=1050K

u,=0 U,=20m/s u,~=0 U,=20m/s

A
v

OpHa cTtpys
Uw 3aMeTHO BJIUsdeT Ha TedYeHUue Ha nepmbepuu CTPyU: N3AMeHseTCA (bopma rpaHunubl 30HbI 6e3onacHocTM No
TeMmnepartype. BugHo cunbHoe TpaHCBepcalibHOe pacTeKaHne CTPpyn Ha NoBepxXHOCTU aspoapomMa nepes

razoo6ounHukom npu U, =0. NMpn yBenmyeHMn CKOpPOCTU BeTpa 3TU OHOKOBbIE «KPbINbA» 3arndéaroTcs B NOMOXUTENIbHOM

HanpaBlieHnn ocu X, a WpHa Ux HeCKOJ1IbKO YMEHbLUAeTCA.

0

+

< [Be cTpyun >
Ana X,;,/D.=5 npaHcBepcanbHOe pacTekaHue 3a cuyeT pacTeKaHus OT LleHTpa ra3o0TO0NHMKaA B CTOPOHLI NopA
OKOJO CTEHKM HaYMHaeTcsA NpakTU4Yecku cpasy BO3[eMCTBMEM BeTpa LUMpPUHA 30HbI 6e3onacHOCTU Bo3pacTaeT npu

OT cpesa conna. yBenu4yeHuu U,. Ho pacTtekaHue oKorno ra3ooT60oMHUKa MeHbLue.



BnusHue U, Ha pa3mMepbl 30HbI 6€30MacHOCTU NO NynbCcauuaM AaBneHus Ans
napbl CTPyuU 1 OOHOU CTpyM

U=20m/s U=12m/s

A

OpHa cTpyA >

[nsa napbl ctpyn U, MeHbLUe BNUSeT Ha oopMy 30HbI Be3onacHoCcTH



BnusHue X,;p 1 U, Ha WUMPUHY U NOJSIOXKeHWe NPaBoOM rpaHuLbl 30H 6e3onacHoOCTU Ans

no Temneparype

B/(2D,)
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0 4 8 12 U,, m/s 46

OpHa cTpys
-@- XJBD/De=5
-@- XuBD/De=15

[OBe cTpyu
- XuBD/De=5
- XyBD/De=15

OLHOW CTPYMU U Napbl CTPYM:

no nynbCaunamM gaBlieHUA
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[na ogHov 1 napsbl cTpyn BnvgaHue U, Ha pa3mepbl 30H 6e30nacHOCTH

O0ns BapuaHTa ¢ X,5p/D.=15 pasHoHanpaBneHo. Hanbonbluee BNUsiHAE CKOPOCTb BETPaA OKa3biBaeT

Ha LUMPUHY 30HbI 6e30MacHOCTM Mo TeMnepaType.



YpoBeHb LWWyMma B AlanibHeM none cBo6OAHbIX CTPYA U a3pOAPOMHbIX CTPYM C
ra3sooT60MHMKOM Ha paccTtosiHum 49D,

[MpucTeHo4Has cTpys C
ra300TOONHMKOM

CBobogHasa cTpys

T,=300K

T,=600K

OASPL, dB: 118 120 122 124 126 128 130 132 134 136 | OASPL,dB: 118 120 122 124 126 128 130 132 134 136



BnusHune razootbonHMKa Ha o6LKUK ypOBEHb LWyMa B AaribHEM Mone CTpyun
Ha paccTosiHuu 49D,

135 _OASPL,dB 130 o
: T-=300K 1SPL,,; 30°,dB 1SPL,, 90°,dB
130 0 120 | —— 01 i
:x\g\ e 110 = 0 - .//\—--.__/ D=
125 DO Q Qo D 5 l \\\\\ | // —~—
: O 100 )0 { = AN
1 1 1 /7’ N
120 — 90 N0+ ’\7‘ N
: 80 —— - — 0 — ' —
115 ' | — 0.1 1 Sh 10 0.1 1 Sh 10
30 60 90 120 9 150
Y cTpym € ra3sooTt60MHMKOM COOKY noabeM
wyma Ha 2-3a6 npun 62120°. CBepxy noabemM
Ha 3-5aBb npu 6>60°. AsaumyTanbHas
HeogHopogHocTb 4-546 npwu 6=80°-110°.
140 OASPL,dB
; | | b 140 130
1 O O O3ken, [AIAA 2013-2199] ]
135 i :_'ES[Atl';A:(:‘;:“gg] 130 .SPL1I3 300,dB 120 _SPL1/3 goo,dB
ree jet, grid 4. T ] -
130 , 8.5M, c6ol 1 re /N -§
] jgg, ::m, cge::'(y 1 20 p %\\ 1 1 0 /L’— / &
125 — — 1/ 100 = =
120 ] e ST s N\ | 90l I\
5 —~———— 100 NI ]
s proama Nl iy e 011 sh
30 60 90 120 ¢ 150 0.1 1 Sh 10 '

Y cTpym € ra300TOOMHUKOM COOKY
yBenu4yeHue wyma, 1-1.56 npu 6240°.

Cepxy noabem wyma Ha 4-6a6 npu 6>90°.

A3umyTanbHas HeogHopoaHocTb 4-70b
npu 0=90°-150°.

Hanbonbwasn asammyTtanbHasa HeogHopoaHocTb npu 90°. NMpu T,=300K
noabeM Ha HU3KMX YacTtotax go 10ab, cnapg Ha Bbicokux o 7ab. Mpu

T,=600K 3ameTHOe BnusiHne TonbKo npu 6290°.
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UccnepoBaHue acpchekTtuBHoCTM paboTbl RANS/ILES-meTopa Ha
cynepkomnbiotepe (HIRIC)

——4 E5-2690-hyper, grid 10M ® -0- ®E5-2697v3, grid 10M
B——l E5-2690-hyper, grid 50M 4—et—=4 E5-2697v3-hyper, grid 10M
ideal B—E—l E5-2697Vv3-hyper, grid 50M
30 v ideal
|speedup e 30 v
25 » Ispeedup //{//,
20 — " 4 7 //
! / 20 =
15 - YL =
] 15 Sy
10 1 /e
] 10
5 i
1 5
0 #*~——— . - - . - . 1
0 4 8 12 16 20 24 28 32 0 ' ' ' ' ' ' '
nodes 0 4 8 12 16 20 24 28 32
MacwTabupyemocTtb Ha E5-2690 nodes
MacwTabupyemocTtb Ha E5-2697v3
6 speedup E5-2697v3 / E5-2690

P [TapameTpbl 3anyCcKOB:
>q/ CeTtka 10M — 121 6rok.
Cetka 50M — 605 65nokoB.
OpawuH y3en — 2 MPI npouecca.
[' — grid 10M ( [lna kaxgoro npouecca MCcnosb3oBanoch

- E—E— grid 50M no 16 nnu 28 OpenMP npoueccos.
0.8 - : : —
4 8 12 16 20 24
nodes 5
CpaBHeHue bbicTpoaencTemA




30
25

20
15
10

CpaBHeHMe maciTabupyemMocTU Ha TeCTOBOU M pearibHOU 3apa4un

|speedup

(A A~ real job

(S’ test job
e = jdeal
I !

8

12
nodes

16 20 24

AHnmauuma Q-kputepus

[MapameTpbl 3arnycKos:
TecTtoBas 3agadya — 10M, 121 Onok.
PeanbHaga 3agaya — 8.8M, ~800 6riokos.
OavH y3en — 2 MPI npouecca.

[nsa kaxgoro npouecca MCrnonb3oBanochb
no 16 OpenMP npoueccos.
ApxuTtekTypa y3nos: E5-2690.




