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Introduction to the Computational AeroAcoustics and Its Applications

This paper presents a review of the methodology, problems and progress in computational
aeroacoustics{(CAA). The nature, characteristics, and objectives of aeroacoustics problems are quite
different from the commonly encountered CFD problems. In this paper, computational methods that are
designed especially for CAA applications are introduced. The potential offered by CAA, the numerical
issues which need to be given careful attention, and some of the recent progress in solving aeroacoustic

problem are discussed
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a2y, AFHY 54 2, THSHFGH ANFAGHCFD) Ad2A §F a8a 28"
FRHY 7Y ‘:°ﬂ 459 A A+F 8283 Computational Aeroacoustics, CAA)Z= 7Z8e &7
g 478 olgdte HEol HEdA HAh AATYSIHE 5 43}] AdE 3
fFEd-S8%e 4578 APRAEE A2 fFod o 2AE &4 A dd 4
T 2 FFd 9% YA FEHY FERALE A 1Y, 2ASFFEHRE @ FHS o
o] ofd Ak FFoAM F=2 FAE A st

CAAd HFo L3te WUEL A F7HA £ 752 Ud + dvh AAE MY3ld Euler W
44E °]%3P°1 FolX FEBAAY SFZE AMdsteE Wloltt. F AR vAE {FHH
£ Yz o)&des WY o2 Euler\} Navier-Stokes®WAA& 71 Qo] AL&3l= AHolth A¥ g
€ Euler3A4& ol &stt ¥ F45 9499 Helmholtz¥ B A& ol&3te AXT #FEH
g z3sy) H—r"i, HAY f59Addgug Azte] A X%, 3% F5F& AugAy
A e enz WA F5-2% F3AES dAAsde o8 el Ut uiz o)
elg Aol vy FELPAE ol 83te F3o] drh
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A7IA, o, pE &% D= FYoth. Wave Eq. & p7t 4AT FA5A A9l sl &5
Z+2 Helmholtz Eq. & 29¢ 4 th

(v2+E)p=0 ()

A7, p=pw)e’olY kyE wave numberZ kja= w7t AHF. YA Helmholtz
Integral Eq.& o233 2t}
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Ewe e pst %ﬁ% o+ Kirchhoff Eq.©] ®th.
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sd 2Hoz os 75stA st °]&<2 Lighthilllllel o
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ol 8k uHA A ¢l Lighthill’s Eq.& ¥oiWth
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Ty= 33 Wi+ (r= o)

Tie Lightﬁillg} stress tensoro]th. Lighthill A& oAl AAWol Aot ZF4z &FAR
Ffowcs Williams and Hawkings Eq.[2]12 o&3 2o

| a9’ Ty 1 9 ]
07 “4ald oxdx; fvm)[ A1—Ma ]d§ 4ncd 0%; sun[ r(l M) as(t)

1 3 0oa 1 a2 poViV; ©
0%; 0
4nci 0Ox; fv,(t.,)[ HK1—Mp ]d§+ 4nc 9x:9x; fv,(to)[ A1—M,) ]dt

T fio o0a;, ooViVi= 7}2} stress tensor, surface force, 7F& =0l Hl 3= dipole sourced]
=7, quadrupole source®] 271& €vlsiel, 7, My e BEA7RAG A, Angoze vt
348 oujgit. olzd ol&FH Sy WL oMo FEF =72 AMEEO AW,
$Ed o8 Ag9e FAFS WA opopsE ojEEol UL, A Fo W] oE&seof 3
o 23 P4 daiME R TV EAI Aok

23 ANFHIIFE

2.3.1. AuptA 4

Hoode FAFEST 750 A 28 #7 AYstele 274, AFES S A 7Y
g2 AAZHE&HSHCAA, computational aeroacoustics)gte A2 Eok7t ARG ANTE
ge FEAT %3}7‘“’ Aujste HANE AR Adste $EBleRA 54 93 ‘%3
29 AAd A 2 §%o @ SZAY A FEFHEL 2ol nABE AW
© 2% Euler ¥ o—] Navxer Stokes A4, = 1 ¥¥ dyz aF 24y Fol Ut -’341
dE BEEe $A79e Bgd Yol FEAFY FHAFI HEE SHE Navier-Stokes
© e slAgol Aatstes A £ EAY (DNS, Direct Numerical Simulation)[4},[5]c] &3]
2gojA 3 QlE Agolth. 339 Navier-Stokes Eq.& &3 Zth
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ANTESFLS TN AL N 2 d4=9yd nxpe] Z4AM4(truncation order)E &
Aeg 7YYL €22 g o FH AEY FAA dEAHEI He] OHOC(Optimized
High-Order Compact) Schemel6],[7]°1t}. 7 points stencil& 7]14¥to 2% Pade & t}&3 2t}

BF iataf iys Fivaf m+Bf na=c "f*g;f-a poloition g, ff*;;f“ )

H HolAM Taylor FF3/ME ol &3y Al+EL ¥|¥3d T, Fourier analysisE %3 94 24
s}, itk 2 ARE ALY F JAEE ATEL HHNFoEN 4 AT E BHY £ At AdY
AgE7t 3 SFdidn g#A e 0SOT(Optimized Sixth-Order Tridiagonal) Compact
Scheme®}, OFOP(Optimized Fourth-Order Pentadiagonal) Compact Scheme® A4+ t&3 2
1= 3

OSOT Compact Scheme OFOP Compact Scheme
a=10.408589269 2=0.59001082
A=0 £=10.09779792 ®
a=1.568098212 a=1.27967280
b=0.271657107 5=1.05119198
c=—0.02257678 ¢=0.04475268

A7ldA dF8 HAHEE AFSTHEY(OHOC)S B33 A4 #HEd olglgo] gong,
old ZAgE 1A FE:E Z3, n{FE2 FHHRE XFXY = = FVM(Finite Volume
Method)$l ENO(Essentially Non-Oscillatory) Scheme[8],[9]°] ®<& Z33& w3 itk ENO
Scheme e adaptive stencil& A& 2ZM, 1xe ABVEE zt3, v 23 A% glo] FA3H4E
&g £ o ooz A4 EA4Y F9 o X714 vl robustd A spH
a2y, smoothd BYAAE apaptive stencile]l 238 FEAE AHses 94T Qe==,
Casper and Meadows[10]7} AI¢t§ linear and nonlinear biasing stencil 71§ AM&38lE2H o
278 ZA4S HZ2Y 4 Ut} Harten-Yeelll]9] Flux Difference Splitting A8 ¢ Upwind-ENO
1YE HLatd, AN X3 §3FY (numerical flux term)S v Zo] EHE.

F:’+l/2.i=%[ Fii+ Firn i+ Riv1p0i 0. il Tivrr2) (9)

o] w, 0, ;& ol" Aoz Agst=1kd] we ENO Schemed 47t 2 €t

233. AAZA @ AFFAY

AAFE L A8 £X71YL v ALZHA HE FE F dojof ER, ALY AddE
FAH AL FRY 5 JE SAH)n AAAY AAZxHE oz o ANITHSES
S 93 7 daE AfER e SAA FARAL, AN oA o2 {FHE JE
el EFoez &ueE AHHE AY dYdstdFozy Ui FAH AJAEE AT &
AEE AU} | W. Kim & D. J. Lee[12]+ ATHTA A dutRFAZ SFFozH o
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watel EA4X] BAZ(Generalized Characterisitc Boundary Condition)& 2R3t £3
vortex”t ZAEE wAUZd e vEd dxbzl 2A4sA HEZ olF Ay gEMe
Poinsot and Lele[13]8] B A% & &3 Au, Exit-Zone 71W[14][15]& AH& & 4 Ut
A dggeEe 9% Q3848 (Artificial Dissipation)S 27239l 9X& FidA AAY
T A, FA% 2H £ JEE EYHoE JAFY 4 glojof & Mut o}yl contact
surface] 4= &S s Mo ot 7t Jalseor gt Tam[l6le] M8 B 8| A
=0t A4tE 98] 1A ASD(Artificial Selective Damping)E 22 354 A5 ZH
At} MYt s 7 A9 dojyx] &3, contact surfaced] W HIETE =g
Z49 ZANAM £XF -% qAEA £ GH S 7tA 2 gk Jamesonst Pulliam[17)
- e A% AAE FEE ANG 5 3, 43 ZAY +XF A5
EFHHog AASHAAY, AP i ZHsF 48t contact surfaced] AT HolAges
gidol 2ok J. W. Kim & D. J. Lee[l8]& © %714 71¥e #Hg sl nMidsel Medn
2% ARHNoZ LT 4 Ut ANAD(Adaptive Nonlinear Artificial Dissipatior )& A<+t 4
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3. AAFTHSFste &AM
31 71¥ 3 A g/

3.1.1. Circular Cylinder & &

Avtete FF o] circular cylinder® A¢ o @AsE 28-S Reynolds 0l wat g E4L
HAT[19] okF 2& Reynolds oA %59 separationo] BA3x &3, Reynolds $7F 5
oldel HY ¥ 9 fixed vortex7t LAEA ®h Reynolds 7 Aol ma. Fr|xoz
vortex?t Bolx U} staggered vortex sheet’7l FAHZ, B¢ AA AT FFI HAdso
separation point7} 2 F3Zol:, Age] FolErh Reynolds 71 #ego we} 45 =40
datetA Hx, A 2&E Z XolE EBolA Huh Fig. 13 22 O-type ARAE A}4351d,
Reynolds 4 400, inflow mach number 0.3¢! circular cylinder® #4399 t}.[20] Navier-Stokes
Eq.& A3zl f&, Fax&da A8 Pez OHOC Scheme$t 4th-order Runge-Kuttat
& AH&3EIR S, HHEe Ao nEEAe HALE AT vortex’t F WMAUINEE §517] 98 o
gt g Aol M o] EFA ZHAZAA, Exit-Zone 718 A28 9t} Fig. 19 pressure contourd) A}
ot 2] vortex?] B4 WAUEH 2g PAE ANz A AN $ YU Fig. 2=
Mol g &, A4 Ao, far-fieldl A 9 acoustic signalsg WERH RO Z M, analytic
o} 483 YA3A Fig. 32 A77F 2& % A9 AAgs Agst "ojFe wa dss v
Ed ¢gErists siAg Aolrh[20] H|¢EA Navier-Stokes Eq.& FEM(Finite Element

. Method)€ ©]-&3t 43Ut Streamline® 43 AlFdA B 5 %] F W Adgs} R
WA dddo A HAEE vortexE Aodle AL o waA, F A9 Adgeld Ag 4
ghol & 4§ T72 2 ZHE A4 = dm, 28 Ao HAaU 9= FHALS HAg 5
At

BET t7le &3l M TS AT, 285 AEMe
oF B A £5S TG o] d2E 2 BAA W) 3F, 37 Az
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22l 293 ol WESAA I A8 B4 A(19) AE 25 Lighthild $8 WA} &
gRoz Agad Hn olesd AS 28 £FL AE £59 850l HaAA U1, AE &=
8§48 WE A9A 29 350 FANAA Bol BeAA Uk Fig. 4% =& FPAY ¢

go] di7letw Qt olelg 159 £di3 4EAH AE 258 4T Aot ax-nf Y2 F
A3E& ¥a37] Y38t nonlinear stencil biasing 7188 A &% ENO scheme& AME3t¢it).
Pressure contours® X ¥ vortex ring &3 oAl shock wave’} A4 =3, mach wave?l A3
252 WAIES B 4 vk 283, vorticity contoursS 38 vortex roll-up 43S 7HA1EE
F Qo

3.1.3. Cavity 2L

8771 2 5479 A open cavityes FE5H 289 FA(resonance)ol & A3 dHumE&
WA ST} [21][22) Cavity® leading edgeoll Al shear layer®] E¢rA Aol WA vortexS B4
33, ©] vortexES §%< = AFdH o] cavity?] downstream edgest ¥R A cavityS wh
AUt Aedoz AgaA "o weM, AFdgoez A go] WAIHIT, leading edge] shear
layersl F718Q EAANE fusiA "o o g f5H &89 AL & &5 TANE
wol ojg FHSFF o AL3o A FTRE e fddo] Hr|E . Fig. 52 3
2FEA A Navier-Stokes Eq.& A2 EKR open cavityeld 24se #5373 259 32
g4 BAER far-fieldlAd 28 WAE 7HNZ Ao FAHY 7jgeEs OHOC
Scheme} 4th-order Runge-Kutta®d-& AH&38tglth. Cavityd] Eolol dig Zol9 H7t A
2}A, inflow mach number7t 7AZ o] WatA, 281 leading edgeol A 9] momentum thickness7}
73 wetA shear-flow model Al wake modeZ9| transitione] TAEE & + AN

X a1 §) A o] ©
321. &37 9 £59 HA
27l W@ AL VA WEE Ao A BRS 1 e WAt T A
Azt 2L FHE LT Fig 6& W 289 A8 2 LAY HAE olEEy] Asky
OHOC Schemeg At&3ted AR A7 &S #HAe 3L, Kirchhoff S A&t AAT
2gAe Fagu[23] 4 #H L &V £2L29L Tyler & Sofrin ZH[24]& o] &3H 1, <A
2 5% 2 2%FdE Euler A4S A L3

322 wAL BRIY 28
By ¥ stdol Hule AL, ¢HAEE A8 7IME g2 L&} F¢H AW
o] A% 10071¢ A=Y ¢ L 7IAM U2 AF WEHAM LT £5E 24 d
‘o 2gt 1A B2 BEHE FAGA $AG7) 2AHY, 255 AETT dFAY $FES
23t wAURY dFAY 27 2 FF AYE 5& HEE 0T &5 s
+ o dFAN Fue] HAF 2FyH vEYE HAFeEH ¢{ E¥ <
Fig. 7¢ 2daf dFA 28718 T8 &% AT FAHY Ye= =
Zg14 o Ye] ¥wA2-2 OHOC Scheme 4th-Order Runge-Kutta® 2.2 Fo|3td .
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g2 F7188 9 Jiwel weta Ze bEgrt @S we ez AdsA g £ 24
g #¥8ly] gEA, FdA vAY ¢E4 Navier-Stokes Eq. & ©l£3d ENO Schemeo 2 &
Aol HZ3tATh[25] o9 BALE 93] ©dd AdAGe) ¥MBE e FAEZ & 9L, B3
AAAE olgstd FA2EY P FFol FUHA FAD B AFE T34 Fr149 F4
259 J2E9 7oz s oW #%c F7] ¥By} ‘?’:“él° ZH {5 EFAUAT}
geoz WHEo 43 A M X(pressure surge) BAe] LAHS & 4 gloh Fig. 89
pressure contourst A 3z A3 R GHEX L FuirAE 55 2% HAIE
Algt 3 Aolth E, @ EF 9L FU] HWEs 23 F dEAX AYE mr)Yd x-t GGl
A vetd Holth adeM 7177t taE Re dFEF2ZAN 4oz ANYS E 4 A3,
TR RE fFe] He] FRE AW 477 Felezte Zoln o dEde 4A #As =HA

i
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324 94A A&y

WS case? duct 59 scattering A2 LA oe THEEFEHQA L2848 Azt
ogdtt Fang Zdsisty, M2 FEsA F5348 As7 H3td vortex methodE AHEsl
I, A A ZEle Yo HAY AZZRE SUNIE A4 Y SIS AMR-stgT
Ty, SZFEAEE ARRFFLAAT AEE ¢ Jerz HEHadEg mEsr] 9y
Kirchhoff-Helmholtz BEM(Boundary-Element Method)[2618 AM&3tsith. Fig. 99 & 1@
H G A2 vortex YAEY] A2 Zlo #&3ts g9 ¥ME Yehlz, 0% gL W F9
9] pressure contours& YEMATH Fig. 102 9409 22 34 AFE Neisel27]19] 23X <} H)
watger. o) o, AP A (circle)} FAHo2 4@ SPL(rectangle)> BPF$} higher harmonics
AN A 2E e A P& AL F Aok ‘
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FHLYNY Y 2% AT B AT AYHRL Y= ANIFLePste] A7
SAE AT 194712 SRR o)z AR THLYYL }
Boksh @7 WAl FFLe3 BAYLE OFF Fopz FUHAT. A2, 4T BHFH
o §A e FEE SR B A4EA R
AelAe) #E-282 AT EF AF2s WG STt Be] 20m Yok ANTYL
Fahe wRLHE QAT WEoln, L AUAY SYHE T el mAY £A7Y,
MuAl AAZE Sol A4HY uoh AR AE BV98 AR B AT} o]F AT o
w3, @A N2E PHos AFR, FF7), AdPu) Solde FHLeL dBan ARyl 9
gol o #4091 Utk 2, 5L Addsie Yol we AXE WeE &,
1Me YUHY Y4 HEY W we AP YHUDE olHE Be A7 Ba
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Fig. 1. Grid mesh system for the computation of circular cylinder flow
and the pressure contours
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Fig. 2. Time-dependent signals of lift, drag coefficient and far-field pressures :
a. at the front end
b. at the upper end

¢. at the lower end of far-field boundary
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Fig. 3. Stramlines and lift coefficient signal of the FEM computation for twin cylinders.
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Fig. 5. Pressure contours near to open cavity at different two stage

Fig. 6. Sound radiation from aircraft engine (JT15D) inlet
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Fig. 7. Pressure contours for the radiation field
in the diffuser silencer of the boiler

vortex flows

Nondimensional time

iEhiwave

“air inlet

Fig. 8. Pressure contours in the engine
and time histories of the pressure fluctuation at the engine inlet
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Fig. 10. Comparison of the calculated and measured acoustic pressure



