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MexayHapoaHasa opraHm3auusa rpaxxgaHcKon aBmaumm
(UKAO)

UKAO - cneumanusmpoBaHHoe yupexgeHne OOH, cosgaHHoe B 1944 roay
YctaB - KOHBEHUMA O MeXOyHapo4HOW rpaxgaHCcKon aBmaumnm
CocTtaB - 190 rocygapcts asnstoTca YreHamu MKAO

Opranbl ynpaBneHus - Accambnes MKAO (pas B 3 roga)
- CoBeT UIKAO (perynspHo, 36 rocygapcTs, B T.4. PO)
Komutetr MKAO no 3awuTte okpyxatoLleun cpeabl oT Bo3gencremda asmaunm (CAEP)
(pas B 3 roga, 22 uneHa nNo ogHOMY OT rocyAapcTBa C NPaBoM rofoca, B T.4. oT P®, 12 HabnogaTenein)
PykoBogsawas rpynna (SG)
(pa3 B rog, 22 yneHa no ogHoOMy OT rocyAapcTsa, B T.4. oT PO)

CtaHaapTbl NO 3KONOrMmn

- ToM | «ABrnaumoHHbin Wwym» MNpunoxeHna 16 «Okpyxatowasa cpega»

- Tom Il «OMucecus BpeaHbix BewectBy [NpunoxeHns 16 « Okpyxarowasn cpega»
K KOHBEHLMN O MeXayHapOo4HOM rpaXKgaHCKOW aBmaummn
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Co3gaHne HOBbIX TEXHOIOMMW ANt CHUKEHUS LHYyMa

LLlym cTpym (aKTUBHBIN 1 aganTUBHbIN NOAXOAbI)

YucneHHoe mogenupoBaHue
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ONTUMMU3aLMA 3BYKOMOrMoLatoLmx KOHCTpykumii  LyM obTekaHusa nnaHepa




O6HapyXeHHble MeXaHN3Mbl U3JTy4YEHUA 3BYKA B
TYPOYNEHTHbIX CTPYSAX

— \

KpynHomacitabHble CTPYKTYPhI B CJI0€ CMEIIEHUS, KpynHomacLtabHble CTPYKTYpbl, HOBbIE
W3BECTHBIE MEXaHU3MbI U3ITYUCHUS MeXaHU3M N3nyvyeHnsa
BbICOKOCKOPOCTHbIE CTPYMW, HN3KOCKOPOCTHbIE CTPYU

BOJIHbI HeyCTOIZH MBOCTU

Il QN

cnvsiHMe || B3auMmomencTeme cobcTBEHHbIE KorebaHus
aapa BUXpA

MepBasi 1 rnaBHas npobrnema aspoakyCTUKM — KaKoW (PU3NYECKUA MeXaHM3M (MexaHU3Mbl)
yrnpaBnsieT WymoobpaszoBaHMeM B TypOYMNeHTHbIX MOTOKax. VIMEHHO KOHKPETHbIN MeXaHW3Mm
N3Ny4eHUss M ero [OoCToBepHasi wuaeHTUdukaums HeobxoauMbl Ons PasBUTMS METOOO0B
yrpaBneHns LWyMoM, pas3BUTUS YNCIIEHHbIX METOOB pacyeTa Lyma, a 3Ha4YuT 1 AN co3aaHus

HOBbIX MPOPbIBHbIX TEXHOJIOMMN.



Vortex rings in the excited jet

(stroboscope movie)

{=2488 Hz

V ~120-240 m/s
Re~3-10°-5-10°



J103ByKOBas CTpys

f=0Hz
v=160 m/s




Turbulent vortex ring (photo)
(Re>1000)
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Vortex ring eigen oscillations ~ Kopiev&Chemyshev 1996

Common form of eigen oscillations & (r, t) = (G, w)exp(in@ —1 a)t)

Bessel (radiating) modes
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Spectrum of 3D vortex ring oscillations
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Crow approach for Ligththill equation

2 2
6_ —c*Als = o 0 ViV, v — incompressible velocity
ot " ox,0x, field,

Q — vorticity
Sound field
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Spectrum of 3D vortex ring oscillations

Radiating modes
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Sound radiation directivity for separate modes
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Transformation of mode azimuthal directivity after averaging

Relative contribution of
azimuthal harmonics
for vortex ring
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Aeroacoustics experiment



Experimental investigations of vortex ring noise in

anechoic chamber of TsAGI

R

—_— =

Zaitsev&Kopiev 1990



Experimental investigations of vortex ring noise in
anechoic chamber of TsAGI




Averaged spectra:

a) vortex ring; b) without ring

P, mPa
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The peak frequency drift as a ring moves

1056 Hz

Measurements of ring velocity
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Comparison of the theory with experiment
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distribution in the core

Experiments with turbulent vortex
rings (Re>>1)

Radiation theory for the Vorte\&\

ring with the simplest vorticity

Coincidence!?

N

KakoBa npuyunHa nosiBneHus u
WHTeHCUMKaumMm BO3MyLLUEeHUN B
BUxpe?

OTKyaa Takasi BbiCOKasi 4OOPOTHOCTb
3TOM KonebaTternbHOU CUCTEMbI?



Unsteady disturbance generation in a vortex ring
and turbulence appearance near the core

(multiple instability of eigen-modes)



Vortex ring with small vorticity in vicinity of the core




Effect of monotonically decreasing vorticity on oscillation properties
Instability of oscillating contour in circulating flow of ideal fluid (Kopiev&Chernyshev, 2000)

d*A 1 d4 (mz me,
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! dp® pdp | p p(mUo—w)J

A‘pzl = E.>0(VM —w/m), A‘p:w =0

Solution near critical layer /P - mU (pc) =

A=, —aofm)é 1+ 00 )+ @ tnx x+ O(2 |+ 4, v+ x|

a=2(p.)/ pYy(p.)

Balance of energy

Energy flux through the contour p = const AT =dE / dt S AJ

J= 1”Re (p+p2 Vov"’) Re(vp)pdqo: ﬂ,j Re(a)v”*v“’)

The energy flux value J and energy E for a weakly vortical
s , flow can be expressed through component of the velocity,
Pc=Po+ IW O(OL ) found from the solution of a more simple problem with
potential streamlining

Increment for n=1:
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Unsteady disturbance generation in a vortex ring and
turbulence dappearance near the core (multiple instability of eigen modes)

Disturbance energy and Arnold theorems
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running bessel mode (1.2 )
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Turbulent vortex ring

Evolution of laminar core and turbulent envelope

Small-scale turbulence
near laminar core

Laminar core




Possible mechanisms of sound radiation

by unsteady vorticity in the wake (a); by turbulent fluctuations in the “envelope' (b);
by vortex core modes (¢).
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Large-scale and small-scale turbulence
iInteraction in triple decomposition



LS and SS disturbances

Large-scale part of Small-scale part of
eigen-disturbance number of disturbances
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Small-scale part of
eigen-disturbance

<
<

v



LS and SS disturbances

Large-scale part of
eigen-disturbance

|

Small-scale part of
eigen-disturbance

Small-scale part of
number of disturbances

Role of SS:
pumping of LS
disturbances

|:‘> and then
dissipation
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Mprmep cBs3n TypOYyNEeHTHOCTb-LLUYM B BUXPEBOM KOMbLE AEMOHCTPUPYET
HanM4yne cepbe3HblX BOMPOCOB B TPAAULIMOHHLIX NOAXOAAX K 3a4a4ye
aspoaMHaAMNYECKON FreHepauumy Wwyma TypOyneHTHOCTbIO

COBOKYIIHOCTB
BCEX BO3MYIIECHUI

/1371y4aromus

Buxpesoe BO3MYIICHUS

KOJIBIIO

i i
" NN
Y )
| 0 o
44 Y ¥
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A 4
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TypOynenTHas
CTPYKTypa

TpaIMIIMOHHBIN MTOIX0 — MOJACIUPOBAHUE
WUJIM U3MEPEHME MTapaMeTpOB TypOYJIEHTHOCTH
Y MOJICTAHOBKA B MHTErpa Jlantxuina



VR 103BOJIIET MO3BOISAET MPOCHEANUTh BECH MYTh OT 3aPOKICHUS HECTAMOHAPHBIX
BO3MYIIEHUN M TypOYJIEHTHOCTH JO MEXaHW3Ma H3JIy4YEeHUs IIyMa OTIEJIbHBIMU
BO3MYILICHUSIMU BUXPS;

VR — ¢usmyeckuii 00BEKT, I KOTOPOro CAyYaWHBIM IIYyM Te€HEpUpyeTcs
OCCKOHEUYHBIM YHCJIOM MOJI C OJIM3KMMHU YaCTOTaMH, UMEIOIIMMHU TOUKY CTYIICHUS,;

SS TypOyneHTHOCTh B aTMOochepe VR coOTBETCTBYyeT BO3MYIIEHUSAM B KPUTUYECKUX
CJIOSIX BOKPYT $JIpa, 3aMOJHSIOMMNX BCIO atMochepy VR;

Poab SS B 0asance Bo3MylieHnil — HaKauyka LS kosed0anmii;

Takum obpazom:

lyMm paxe OQHOrO BUXPSA MPEACTABISET COOOW CIIOKHBIM CIyYallHBIA MPOLIECC CO
BIIOJIHE OIPEJICICHHBIMA OCOOEHHOCTSIMH, KOTOpPBIE MOTYT OBITh IIPOBEPEHBI
DKCIIEPUMEHTAIIBHO U MIPEICKA3aHbl TEOPETUUYECKHU.

Ecian coOCTBeHHBIM IIYM KPYNHBIX BHXpPed BaXKeH B CyMMAapHOM OaJjiaHce
MEXAHU3MOB, ONpeAeJadIUX IIyM CTPYH, TO YHCICHHOE MOCJUPOBAHUE,
HCIOJIb3YIOIIee TNPUHATHIC JTUCCUNATHBHBIC CXE€Mbl 3aMbIKAHUA He OyAyT
NMPEACKA3bIBATh IIYM TAKON CTPYHM KOPPEKTHO U Tpedyercs oOmpeaeeHHAas:
MOaU(pUKAUSA CYIIECTBYIOIIMX MOAX010B.



LLIym oTpbIBHOro o6tekaHus



ObTekaHue TBeEPAbIX TEN




Broadband dipole noise measurements (low frequencies).

Experimental setup,
D=4cm,

d,=3mm
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Displacement of the dipole source far downstream
Two modes (n=0) and (n=1) for rod diameter 3mm (with deleted the pure jet noise)
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4 p =

Analysis of multipole shift near the curved
surface in long wave approximation

Curle’s equation

2 2
Co X

: 1 8° 10 ’ .
L zj[Tjk]d3y+ £ atj[P]5jkd5k= : a l

X Ot CoX X

M? <<1

source location




Why the dipole shifts?

Curle’s equation

_ X% 197 s X 10 Cxx 18 . x, 1[dF()
e L L e e Tl L 7

1 (x0)= f(0)+x,-f'(0)+...

dipole + quadrupole = shifted dipole



Incompressible sources: shift of the coordinate system

Q)ZZ dr
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Why the dipole shifts?

Reflected dipole

dy—d,=Ad Quadrupole source

1 (x0)= f(0)+x,-f'(0)+...

dipole + quadrupole = shifted dipole



OKcnepuMeHTanbHble JaHHble, AEMOHCTPUPYIOLLIME CHUXKEHME
LLyMa 3a CYEeT UCMOSIb30BaHNSA HOBOW KOHLEMLINK
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[ MaBHLIN BONPOC — KakoBa CTPYKTypa MCTOYHMKA 3BYKa B
3afade OTPbIBHOrO 00TEKaHNSA LmMnnHapa.

OTBET Ha 9TOT BONPOC MOXET AaTb NoapobHOE YNCreHHOE
MoJennupoBaHmne OTPbIBHOMN 30Hb



IIpuBeaeHHBIE TPHUMEPHI NOKA3bIBAIOT, YTO OCHOBHAS
npo0IeMa a3pOaKyCTUKH — HEJJOCTATOYHO MOJIHOE MOHUMAaHUE
OCHOBHBIX MEXaHU3MOB a’POJIMHAMUYECKON Ir€HEepalliy IIyMa
TypOYJIEHTHOCTBIO.

[ToaTOMy T1pH pa3zpab®OTKE BEIYUCIUTEIILHBIX IIPOrpaMM
HEOOXOAMMO 3aKJIaJbIBaTh UCXOJHO HAaN0O0JIEEC 3HAUYNMBIEC
(U3NYECKUE MOACTH adPOJUHAMUYECKON I'e€HEPAIIH;

[ 1aBHBIM SABJISIETCS BOIPOC HE O JONYCTUMOU TOYHOCTHU C
«MHKEHEPHOI» TOYKHU 3PEHMS, 2 O TOYHOCTH MOJICIUPOBAHUSI
TOHKHUX 3P PEKTOB, ONPEACIAIONMX IITyMOOOpPa30BaHUE B TON
I UHOU 3ajade.



UncneHHoe mogennpoBaHMe UCTOYHUKOB
lyMa TypOYyneHTHbIX NOTOKOB
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Applications: ILES of compressible flows
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Applications: ILES of compressible flows

ILES of a round jet interacting with a cylinder: the study of noise sources in the wake

e Case definition

*M= 0.206
* Re = 14000 (based on the diameter of the cylinder)

Experimental part of the study is being performed by TSAGI

Investigations are focused on the aerodynamic noise reduction

1400 control points are placed behind the cylinder

" . View of the flow
Position of control points (iso-surfaces of velocity module)



Applications: ILES of compressible flows

Snapshots at 12% resolution

Top view Side view

Velocity
module

|
e

Vorticity




JEAN jet experiment (M=0.75, Re=10°)

Grid= 3.8 10° cells, N cores =500, Calc. time =24 hrs

Grid with a radial refinement on the lip line No refinement

Instantaneous
vorticity field

Effect of the delayed jet transition caused by an
increased thickness of the early shear layer



FWH validation for a pulsating monopole sphere and
the far-field noise prediction for the JEAN experiment

JEAN experiment vs FWH calc.

300

90°




CABARET calculation on a grid with refinement in
the radial and axial direction

Grid=7.8 105, N cores=512, Calc. time=36 hrs

Instantaneous
acoustic pressure
(+/-103P)

and vorticity field




Comparison with experiment

B Experiment

1,2 - - —-reference LES (Smagorinski sgs), 20MC

---+--CABARET (MILES), 3.6MC, uniform grid

--%x-- CABARET (MILES), 3.6MC, with grid
refinementin r

CABARET(MILES), with grid refinementin
rand x, 7.8MC
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Need to have a high-resolution algorithm and a fine grid to correctly capture the early
shear layer development effects of a high Reynolds number jet !



CTpysa B CNyTHOM MNOTOKe

N3yyeHne BNUAHNA WIyMa CTPYM Ha LUYM B CanoHe
Ha peXnme KpeMcepcKoro nosnera:

*MopgenupoBaHue onmxkHero nons ¢ nomowbio CABARET/RANS

MeTton ®B-X ¢ yyeTOM cpeaHero notoka ans MogenmpoBaHug >
KOppensauMoHHbIX PYHKLUN Ha KOHTPOMNbHOU goro3ensaxe

*B3anmopgencrteume ¢ npomblwnieHHocTbo - OAO «ABnagBuraTenby»
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Effect of the external nozzle geometry on the jet
development in flight conditions: straight nozzle

* Grid=18 10°, N cores =992, Calc. time=36

Instantaneous acoustic
pressure (+/- 5104 P_)
and Mach number

A very
regular/organised
shock-cell structure is
formed




Effect of the external nozzle geometry on the jet
development in flight conditions: conical nozzle

e Grid=18 10° N cores =992, Calc. time=36 hrs

Instantaneous acoustic
pressure (+/-510%P_)
and Mach number

The shock-cell structure
has become much more
\ 3D leading to a much

less organised noise
field




3ajada o LymMme CTpym

MuHuManbHbIn war ceTkn dx . ~10-2D~0.5mMm

Ob6bem pacyeTHom obnactn V~5*104 D3

[‘paHuua
pacyeTHoOM

obnacTtu /
[ ]

Conno, D=5*102m - gnameTp

~30D

~50D




3agada o Lyme CTpym

MuHumManbHbIv war cetkn dx. . ~10?D~0.5mMm

O6bem pacyeTHom obnactmn V~5*104D3

[ina paBHOMepHOW CETKM C pa3MepoM A4Yenkn ~dx ..
nosnHoe 4mcro a4yeek 6yget N_~5%10"0

['paHuua
pacyeTHOW
obnactu

30D

~50D




3agada o Lyme CTpym

Ncnonb3oBaHune MHTEerpasibHbIX MeTo40oB pacyeTa WyMa B AalibHEM

none nossonseT obonTnck yncnom aueek N_~10%dx . 3~107
C XapakTepHbIM Lwarom no spemerun dt~CFL*dx . /c~10%c

[Tpun xxenaemom cnekTpanbHOM paspelleHnn xotda obl go Sh=f*D/U ~ 0.02-2
HeobxoanMo nony4uTb peanmsaunto gnuHon dT~ 0.1 c,
T.€. caenatb N,~5 10° Wwaros no BpeMeHu

['paHuua
pacyeTHOW
obnactu

~30D
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T i

~50D _




3agada o Lyme CTpym

cnonb3oBaHune UHTEerparibHbiXx METOAOB pacyeTa LWyMa B JaJibHEM

none nossonseT obonTnck yncnom aueek N_~10%dx . 3~107
C XapakTepHbIM warom no spemenmn dt~CFL*dx_ . /c~10%c

[Mpun xenaemom cnekTpanbHOM paspeLlieHun xotd obl o Sh=f*D/U ~ 0.02-2
HeobxoanmMo nony4uTb peanmsaunto gnuHon dT~ 0.1 c,
T.€. caenatb N,~5 10° Wwaros no BpemMeHu

Taknm obpa3om, xapakTepHoOe YMCno NpoLeccopo4vacoB AN OOHOro
pacyeTa bygeT nopsiaka

T*n__. ~N_*N>7 36001 ~109*7

npoti

7- BPEMS BbINOJTHEHMS LLara no BpemMeHu (B cek) Ha 1 a4yerky

Hanpumep, ona cxembl KABAPE 7 ~10MKc, T.€.

T*nnpou~10000 npoLieccopo4acoB Ha OOWH pacyeT



3agada o LymMme BUXPEBOro KonbLa
(MPUMEHUTESBHO K LLYMY CTPYN)

f=2488 Hz [na pacyeTta Wwyma BUXps B AanbHEM
none 4mcro siveek byget 6onblue,
MOCKONbKY MMeeTcAa ABa maclutaba
dx gna VR B ~10 pa3 meHbLUe
Nel~10*10

FEV % B
% 7 ¢
;j- ) — C xapaKTeprlm wiarom no BpeMeHI/I

dt~CFL*dx_ /c~10-5c

Hanpumep, ana cxembl KABAPE 7 ~10MKC, T.€.

T*nnpou~10000*103 NpoLeccopo4acoB Ha OAMH pacyeT



Heobxoaumo panbHeuwee B3auMMOAOENCTBUE  BbIYUCIIUTENEN,
9KCMEPUMEHTATOPOB W TEOPEeTUKOB B 3agade YyCTaHOBEHUA
MEXaHM3MOB LLIYMOODpa3oBaHUsl, TECTUPOBAHUA YUCIIEHHBIX CXEM
Ha YCTaAHOBJIEHHbIX MexaHu3Max W QOPMYynNMPOBKE HOBbIX
9KCMNEPUMEHTOB, MO3BONMAKOWMX MpoABUraTbCA B MNOHUMMaHUK
OCHOBHBbIX MPOLIECCOB, YNpaBnsloLWmx WyMmoobpa3zoBaHNEM.



