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HWE RABREZMERRBIEERTES Navier-Stokes 7712, XTI - 8% / WRAL
FHREENFHHET T EEBEEL. FABR T E - BT RASEWE RINRR B, ¥
¥ - BIRKIH A RARN SR BT T X H, R4S HUASR A B, 7EMLEERE ERUR
AEREWB - TRTR, S HARRERERD T K AR5,

XA SFAE, RETH, RREMER, JOEBR, TESR
51 8

BRSSO EERR - EENEERE, BEN—RAASShEERBEETMEX, W
BHIHL, B AT, KRV AR, BT A E B R 7 15 g i R B Tk,
PRSI AP BB mMERSsIEN T/EHRSEEN, RANRBIENBTERA ITH
MBETERERSIELE LIFEHR, JWNASHE - WHEEREARTS, BBt
W - WTIROUH, E¥EOHTTRBOBR .

Hollingsworth & Richards(®) (1955) FIFSU AR, B T 8EE P RN miRHFHE
B A B 0, WERENR - Bk T — B IREHE M AMERB K B A, J-BBREM
RS 77 RT3/, BiJS, Hollingworth & Richards!®l (1956) 3@ £t 4 A P e R B 3E
BN ERX XA, AR MK TFHR.  Dosanjh & Weeks!” (1965) F LR A
F11 Mach-Zehnder Fi{%, 1853 325 W 4 75 3k 06 J 1e) F h 23, iE32 T Hollingworth & Richards
(5%,  Ellzey et al.¥ (1995) A5 Euler 78RBS MU - SIRMMEAA, KRBT ¥
FREFIRRE W, HH B R RN DR, WSS e ILIE R, Bk - iR
HEAERNEESHAA LR TERNAEY. Inoue & Hattoril® (1999) i@tk ## Navier-Stokes
B, W TEE - 2R/ RTHAEY, BT HRANFHSIEEMERS R

SR, HESEhAE% (CAA-Computational Aeroacoustics) H 2% RRAVBH Y A% W B I RE
HTHE, AR EE 3 HRE RGN HT T AROBR. Hh, 1% Lele KEHE
434558 (1] Tam & Webb [ {R € E# X (DRP-Dispersion-Relation-Preserving)'!) f{k L BB E
st M g B a0, BBusRERNARELS N LEREIET B, k¥
ETHREL RENEZNRS. mARGEERMEARBHE N EERMHAZROME R, #id
Fourier 2} fi i 0 # R, HFREMNERVHERHEEEERFEBRR. KXHXAY 5
Brim R ESR R, BT EARRNSEEMEEIN, Sl THEERMER, 74 RME Ik
YIRS, MmitEREt, SRR RN RN . A RX T R T
W, BEETS IR (13].
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ASCE T kK Navier-Stokes 2 I H B BB, FHATIR T WK - IR / IR
HEEFAKRSIEH, BERENEBOEMMMME. REMENRRIR, FEIHLTLYs
BB AL B EONUE. ORI - IR TR, JREE— R RER DA, B AR
ik 1 BRHEER B BT, REEERBBCYE RO - SR TH.

1 MERHZE

1.1 fa%l51E
BAAGR TR RS Bk M ESS Navier-Stokes B4
U OE OF 1 (8E,  OF,
E+$+@—E(m+aﬁ
ERARFEEIN _

= . 37 . = =2 . .
P~ Poor U,V — Uooy €D~ PooUoot :r,y—R,

(1)

t—R/Uo; T—Too; H—Pooi K= PooCo

EiF = REGBRE, T oo REKRM, B EBBBEER, F. SEME T BHX, RHEE
224% (Sutherland) A IHH.
1.2 EHEBMLFRE

PR MR RINZ Van Leer KERSH 1 5XRA 5 Brill REBRRAEH, WaFR%
A AE AR, KORAEA 3 PR EBRKR, AR AKA 3 A 2 BrE X Bl EE o
K. BHETRA 6 xR EBRAEY, YhRALMNERASEN, KAFAER 4 BXRER
¥, HRARA 3 URER. BgE5EAS IR (15

St 5#2 (1) BA Jameson et al.l1% R HH) 4 25 4 BrHEEE Runge-Kutta J5EEHEHRM. 8

oy HRBUFEARLH:, = HE LWL RBCER AL, Tk QBCERIHLR %4
8U OQEt OF

ot " oe "oy

1.3 W&
EFEMB - WA IR ORET ST, ACBREGRE M TEFEI A (Taylor #)

PIRBE : wo(r) = eV, (BEIEME : v =0

[}

ﬂi_tﬁfiﬁit‘#, ﬁi%%ﬁﬁ M'v EX%J Mv = u9max/cooa iZ.E UQ max %i% B‘J%kﬁ]lﬁjg& (Xﬂ-
MF r=1).
BRSMBRTHA G L R SlX R, B BAAXNERAE X, RHHHEENMER S

i) 1/(y-1)

v/(v-1)
2]

o) = o) = [1- Tz

%ﬂéﬁiﬁiﬁﬁ?&i, 7%ME@E@@#?§&?&- ﬁ-glziﬁ%j%ﬁ% (mup <z S Tdown: Ybot S
¥ < Yop), MEEET = = 0 &b, RAB MK, EFATED, BRIEDMEDRN, HHEN
(-5 <z <17, —12 <y < 12), MEEAN € x 1 = 549 x 509, PIHEBEEL Azmin = 0.0045,
AZmax = 0.02, Aymin = 0.01, Aymax = 0.22.
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Table 1 Parameter of computation

Moo M, Re Drection of vortex
single vortex 1.29 0.39 500 anticlockwise
single vortex 1.06 025 500 anticlockwise
clockowise for upper vortex
double vortex (model A} 120 0.25 500 anticlockwise for lower vortex
double vortex (model B) 1.20 0.25 500 anticlockwise for upper vortex

clockwise for lower vortex

FH, Mo =129, M, =0.39 FIICHR [7] HSLB &4 —B, HE Re HUY 500. t = 0 W%

Y VA= 7
HiR: z=-20, y=

0;

2 MK - BIRTHAYHE R

2.1 #iE - RHEETIKELDIE

Mim: z=-2.0, y==2.0

B 1A Mo =1.29, M, = 0.39 &M - WEMNBIREAERE, FHEEGIHAHEE Ap
HISELHE, S8+ AREREK (Ap > 0), LA — REWKEK (Ap < 0). FHEEH
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XH ps AWEET
10k t=5.5
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B 1 mES Ap MRt RIOBAEE, Moo =129, M, =039
Fig.1 Time-development of the pressure field Ap, Moo = 1.29, M, = 0.39

YA E AR, B EREBSE MBS R b BT iR
BRI, b2 T A R DX 1) S 3 DX RN A wn — wo, TGN v + o, AP
up ABRTEAE,  wo ATRSBMIRERE. ERRAEERR, FREE BB EUROAH
ORAERE, y> 0 LKME R WS, Ty <0 ArBMEm TS . RN, #BEUsI
P—MEHEXF— Mk X, SEEERE - PRE, RWOMMEES, BEARBHREA, e
TEETTIRR Z A SR — AN RARS, T F T ERXZ AR A — AKX, PRS- ik
R A IR 1(a) HeRIVB B, X — RIERMLE R T 0I5 A B 07 A A B RG
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PR TR L B 1(a) B, WMUHEBMRBEANGE, HNE y HRSEENBE. XHEERE
BB SBUR H BB K. BTSRRI [ A RS, BEE N ES - BEXE
XEFEBBEHEHE, X—BANIBEEZFRKSE, RN HTRESEFFHE, EX ¥k
KB EREAD, BEBTTHREERKEAR. WE 1(b) sl LLE 25X Eeaz k.

2.2 FEMEQIEARS S

B 2 ALLRLA B, B e=-45° Jik, RARNZIFEE Ap #if2m r 89557, AEHE
AES, A9 B ks bR i B KR v mSMERR, FEERNE r s
IR TEERLSRE. X HE 2(a) M (b) ATAHR, FEEARBEMEMEE Mo THM.
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(a) Moo = 1.05, My = 0.25 (b) Moo = 1.29, M, = 0.39

2 REMZAE Ap WRHAH, = —45°
Fig.2 Radial distributions of the sound pressure Ap at different time, ¢ = —45°

. 2.3 MEXRERR Euler iHHERKR L

FEASOHE, t=18.5 BRZIX N TLW, AT S ERPEELA 11, I EiROB3), EE2
AR JRSE TR SR, B ARFE A MAR R BEARZ, Rt Hy KA (-5 <z <21, -12<y <12).
B 3 At HLUERAFLRIERA KX L. BERHED TRENEY, BXRHREFE

= 0.009

10 ! 0.008
0.006
2 0.004
0.002
S8 0.001
0.001
0.003
0.005
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0.008
1.010

e A
acoustic wave

(a) i+HER 0p/0y SUEHE (b) LWL A
Moo =1,29, M, = 0.39, t = 13.5 t = 80 us (3CAR [7] H 2(b))
(a) Computational schlieren picture obtained (b) Experimental schlieren picture
from 8p/8y, Moo = 1.29, M, =0.39,t = 13.5 t = 80 us (from Ref. (7] Fig.2(b))

B 3 HHLERMERES

Fig.3 Comparison of computational result and experimental picture
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FEWRB LA SN, MEETHEAR B TR AN RS S, B 4 AASOHRE TR RS
JE (2 — p1)/ps FNSCHR (7] SEHAH LA R SCHR (8] Euler JHELRIN WL =Fra RIGEHYF, RAE
AILHRAE ¢ = 0° ~ 90° Z R G KI 45 RAPAE— R IR, X VT HER BT 3CHK [7] A EIIEIR A
SRR, A SCRT F R R BAR K Taylor i

0.020 3
0.016 F numerical result
0.06 +  experiment(7] 0.012F
L e Euler result(®]
0.04F & present N-S result 0.008 -
s :
= 0.02pF Q
I&. 4 0.004 [
N
S o00f
—0.02 |
b
P B S [ | 0
—180 —90 0 90 180 12
14 r
4 Eﬂiﬁﬂﬁﬂﬁfﬁ?ﬂ‘th, Moo =1.29, M, = 0.39, B 5 AEEME Apmax BEEEE ~ E‘Jﬁmy
t=135 Moo = 1.29, M, = 0.39
Fig.4 Comparison of circumferential sound pressure Fig.5 Decay of the peak sound pressure Apmax with
distributions, Mo, = 1.29, M, = 0.39, ¢t = 13.5 distance r, Mo, = 1.29, M, = 0.39

2.4 EIFEETRME

Landau & Lifshitz(" JA 4 7E Z 24 Mfisheh, i K MTERA /2 R LSRR, B 5 Rmxt
BOBARES BRI APmax AHXT T r AL, B BABRARA r~Y/2 F r—4/° BLL,
SRR S S AR R RBERE. TTUES, HEAIMANMREET rv° 1l
2, XU Ap BREAR, KB r5 RHRR. XERFEANAXRATEXIAR, JER
PR E, FUERE T, EHAE. WEX XK, A2 E MR - BRI
K, BHFABESHEH, SBEEREEAEANR TR

3 WK - Wi T HERMITIE

TEBBE - WHTHEAF, W Mo = 1.2, M, = 0.25, Re = 500, HRHER e T AR, 5
A A, B WK (S 1).

B 6(a)~ K 6(b) A A REN 2B - I FR LR Ap EHL, ERBUS K
FEAERIERE R, M - WTRRRERE, b FTYESAETESAX, SRRSO
WRTERR, BELARL A OEEFBIMERE. BEEEN SR EBKK, BXNT KA
Ve BEE WA R T HEEDS), AR R 6P, 2RI L 2, 3 R R ZIRFE .
=W

EHTRIER AR A AR, B B KRGRIBAR THERX A KRR & 7(a)-(d)
AR B AR 208 - ST Ap %EZ. B 7(a) BoR, X005 B AR E
B, BUR v =00 EE4X, EY LTRNMERKEK, SR A KK ERXIEY
M. BEE TG, EFRDMEKRRA G- NN EREX, St 4sTERNRRY, %23
SURIEFIE SRR, W m TSR XS, mE 7(b) Frn. BTk - BRSNS EE,
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[y TFRHIE SRR, MW, BRI P R KA A LR

B 6 AR Ap MR RRMELLRE X A)
Fig.6 Time-development of the pressure field Ap (mode A)

B 7 AEE Ap BEIR TR RKBWALERE (B B)
Fig.7 Time-development of the pressure field Ap (mode B)
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NUMERICAL STUDY ON SOUND GENERATED BY
SHOCK-VORTEX INTERACTIONS

Hu Guoqing Fu Dexun Ma Yanwen*
(LNM, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100080, China)
* (LHD, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100080, China)

Abstract By using the direct numerical simulation, two-dimensional flows produced by the
interactions between a shock and a single vortex or a pair of vortices are studied. The fully com-
pressible Navier-Stokes equations are solved by fifth-order accurate upwind compact scheme for
spatial derivatives together with the fourth-order accurate Runge-Kutta scheme for time integra-
tion. A series of time-dependent numerical simulation results are presented. The effects of the
strengths of shock and vortices on the flow fields are examined. The characteristics of near-field
sound generated by the interactions are underscored.

The deformation of the shock structure is analyzed. Within the interaction region, pressure
gradient in the direction parallel to the shock is created and then promotes the generation of
secondary reflected shock. The generation of acoustic is associated with the deformation of the
shock structure. For the case of a single vortex, two kinds of acoustic waves are observed: precursor
and second sound. Both of them are of quadrupolar nature. The circumferential distribution of
sound pressure is compared to other results. It is shown that present result from Navier-Stokes
equation is in good agreement with corresponding experimental result and Euler solution. It is
also found that the decay of the sound pressure is inversely proportional to 74/ in the near-field.
For the case of pair of vortices, the flow field and sound generated by the interactions differs

significantly depending on the rotational direction of vortices.

Key words aeroacoustics, shock-vortex interaction, numerical simulation, compact difference

scheme, compressible flow
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