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A quadrupole correction model to suppress spurious sound
with moving permeable integral surfaces
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Abstract: Ffowcs Williams— Hawkings (FW-H) equation is the extension of the Lighthill’s
acoustic analogy equation for sound prediction with moving boundaries. However, the spurious
sound often arises from vortex structures crossing through permeable FW-H surfaces. This work
aims to approximate the contribution of the vortex structures to far-field sound using the
Lighthill stress tensor flux and subtract the resulting spurious sound. Based on the frequency-
domain Lighthill stress tensor quadrupole correction model, a quadrupole correction model is
proposed to account for the effect of a moving integral surface on the spurious sound. Based on
the frozen flow assumption and far-field approximation of the FW-H equation’s Green’s function,
the proposed model incorporates the FW—H surface’s velocity into the integrand of the quadru-
pole correction model by solving an algebraic equation of the quadrupole volume integral term.
The proposed model is validated by the far-field sound prediction of flows over a circular cylinder
and a convecting vortex.
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Fig. 2 Comparison of far-field sound predicted by using formulations
with and without quadrupole correction model

2(0) JE7R 1R DU B - 3 B R A5 2 ) AN [F]
H T A 3 T g ik sl R SR A R T AN A D
FATRI I IS ks — B B iR e s 1
T, 5 K A AUl 4 SR R R o 3K AR SR

B % 41 ) 38 37 W 7S 45 SR FW-H AR 23 1A B
WA, I A HL S P B AR B A R . TR A
9 [58 KE: S i 5451 56 U 45 SR W] 2 ) SCHiR [32]
3.2 Xfitim

YRS UL R T A W T R R — AR T
W)z P T G A T A A e g P, TR
W= A S ps B FE p FHRE ) (w, 0) 1 R B

1 v
p=—[1 —agexp (1 —7r?)]T
14

_<p>1/y
p=|-—=
Po

u= U1 — apa1y2exp [(1 — 7"2) /2]

v = agay (y, — Ma, t)exp [(1 —1r?) /2]

7“2 = (y1 - Ma,mlt)Q + y; (37)
;H\: EP ’ tﬁéﬂ?lﬁzu, (yl, yg) j"j% [‘ETJ EF' —‘){—i (yl, y2)§'] YI%
O (Ma.t, 0)fIEEE o REL ags ar ag 735 9:

ap =1, a;=1/(2n), ay = (y — 1)aja?/2 (38)

TRy = 1.4, py NERRBINIE . USHK
FE L IRIE [ T ¢ S5 pf 20 (37D o i T A A B
HEBAT RN, B 34 W T B AR R T RN
T i s 1324 . B EIE L, R R IE &
TRy, B r= )L ko R, hao36)
At T AR U R 38 X 32 37 MR 75 (1 it R S 5 2K (140 A
(150 28 HFR) 50 TR A 4 5 350 i ik 22 A1 ) 1 A+
NGRS RN

0.72
1/y
0.70 | o
0
= hn

0.68 |
0.66 ' ' ' '

0 20 40 60 80 100

-
B3 Z#HMNRRBENSHRLRRENTEER
Fig. 3 Diagram of the pressure distribution of a convecting vortex
AR 360, B T W B 4 fT R [ e B
FW-H B3 . AW IET . K8 105, Fid
frF R AL AR T B2 s AZ TR R 0,058 0 e 3
ik, AT DU % 3 AR o, 0 FW —H I )30 K



1

Ly € U 53 THI B AIE S B e R AIE 2 5 3 o, =
(V2/2) 00t Lewiy Moy = (V2/2) @100 Lywn /oo

Bl 5~7 25 T TE SRR S AR 4L 0.15 0.3. 0.5 T Al
FI 2 (36) 75 21 (1 DY A+ 350 5 R 30 (14) R (15) 75 £

10
Upor = \72(9\«”1/1'\\”
5
S 0
Lywn
-5
710 1 1
—20 -5 0 5

10

P—D
—0.004
—0.008
—0.012
—0.016
—-0.020
—0.024
—0.028
—0.032

B4 Z#HFFRRES FW-H ROENERIEFHREE
Fig. 4 Diagram of position and motion of the FW-H surface

JHEREEE: S0 H1E ) n] 5 0F R R M 7S G DO A 718 IR T 7
1.0
Pt Ph
Ly
0.5t Fo
a
SO
[
-0.5
_1.0 1 1
800 850 900 950
¢
(a) (1000L, 0)
1.5
Py + o
1.0 )
L 05Ff
=)
=
5 ok
-0.5 F
_10 1 1
1450 1500 1550 1600

2
P+ P
1t e
T
= 0F
=
-1t
_2 1 I
900 1000 1100 1200
t
(a) (1000L, 0)
2
P+ Ph
1L 71’1’)
2 of
=
-1}
72 1 1
1200 1300 1400

t
(b) (~1000L, 0)

B 5 ERDHE 0.1 HMXmRESIF, MRFIERESERTFI.E

WF Iz FE 3 b

Fig. 5 Comparison between the negative quadrupole correction
model and the summary of the monopole and dipole terms at
the freestream Mach number 0.1

t
(b) (~1000L, 0)

B 6 RitSHHE 0.3 MxiRES R, MWiRFIIHERESBRTFHIE
WFLZ FETEE
Fig. 6 Comparison between the negative quadrupole correction
model and the summary of the monopole and dipole terms at
the freestream Mach number 0.3

{1y B AW - TR A8 A% 1 T2 AR 6 b o AR 43 T e Bl )
REAE I 755 505 SR B A B DR 4 — B0 1 3 W Rk
FE 0 L bR U PE RS 5 A 1000L Ab o i Bl 5~7 T
DL, FEAS R RIE 5 A E T, DU AR 10 5 48 A - T F B
B T3 2 R0 B AH OB, A5 6 o A I TE J2T 37 i S
FEON O g . Xl R 2 (36) Ae 6 #E i Al 1
TR S W s DY R ) T R, AR SRR

0.6

P+ Pb
0.4 )
—Pq

0.2

O -

p'/107

.6 I I I
700 720 740 760 780
t

(a) (1000L, 0)



8 D A A R http://www.syltlx.com
15 4
P+ b P+ b
Loy P 2| Py
. 05 -
= = ot
2 ol =
-2 L
705 L
-1.0 1 1 1 —4 L L
2020 2040 2060 2080 2100 50 100 . 150 200
t
(b) (-1000L, 0) (a) (40L, 0)
B7 SRADHE 05 MMFREEIH, MRTFIEESS SRTIL & s
WFIZ FHIXTEE P+ Ph
Fig. 7 Comparison between the negative quadrupole correction -l
model and the summary of the monopole and dipole terms at
the freestream Mach number 0.5 4
DU 3 T R T R T RO IS B, S T 2
=Y
IE T 9328 47 68 75 0 TE 445 3R |
8 A 9 25t 7 MW A 3% 7E BRI R 20L AN
40L Kb & T3 Bk Bt 5 25 3 ORI 5 ## %8 0.3), #17
4 100 150 200 250
P+ P t
(b) (-40L, 0)
2k _p('z
B9 RitDHE 0.3 MXTRESIF, WRFIHERESBRTFH.E
. RFTMZ AT
3 0Fr Fig.9 Comparison between the negative quadrupole correction
= model and the summary of the monopole and dipole terms at
the freestream Mach number 0.3
-2
TH] e 20y PR A5 AIE 5 0 50 5 R S A B IR 35— B &l 8
A m = o AL 72 20L Ak, T ORI A DU A - TR S S
( )(t &0 R T A AR T A i 22 K, T 3 R )
a) (20L, O
b ZER/IN s AE AOL &b, IR AR DU AR 5 SR S B S
P+ b AT I AR AR T T A 22 UK, (HAHEE 20L A4
1l FIT /AN 5 T UL I RSP R 22 A EG T 201 AL B
or R R 3E — 2 g/ o HE I O 22 1) JL IR T e O - A T R
2 WAL HE S R eR, A T I A AL T 7 U X A
= NS N .
ol AR AR B, T P T SR FC R PR O X B . X AR
B BT i H B A5 1Y 2 A 0 e g W s R ST
B S R VR ) 43 B W] 22 SCHR [24].
76 1 1
50 100 150 200 s
t 4 .Q_E 'l«/k\,
(b) (-20L, 0)

E 8 RitS#HEl 0.3 MXAESIF, WiRFIHERESARTFHIE
WF T FEIXTEE
Fig. 8 Comparison between the negative quadrupole correction
model and the summary of the monopole and dipole terms at
the freestream Mach number 0.3

B FW-H AR 7 w22 DU A 1 75 R IR Sk
F9 R A MR 7 i L, AR SCAE USTT IEHE SR AL T Y
Bl AR HE T, R DU AR T ol R R
BB ANEE T FW-H B0 h o A SCHT R



1

Jo) T S A0 32 2y T 32 07 R AR 1 DU AR T2 IE R 9

T T R A B T o R R A A R B 45 A
K A VS50 E B0  A SO R BEAT TR, &6
KRB Z B R AER 2 1L T DR 7 P IR R &
izzh FW-H ) [fi Bt 3 B R G 1716 75

i BE R, AEARSC AR A, DURR 7 P A X
Uit 7 AL AR ARy T R A A S A RS,
VU B8~ 7 0 01 e 3 A 5t ) E A SR T, TR
N FW-H B0 0 5 BUE S R IX, DL G 3 e 2
DX J3E 5 450 DY A P 5N I T . 5 A
I 5 R VE 2 W A e e U A e R A R A R
FERE TOUT, DYAR 538 B A A (5N (360 ) AT BEAF £
Gy BEZ 0 (G L, A T 2K (34) Fir S 43% 1 I ] AR 43 T
T RE 6 8t T 2 3 =y R 1k

Bigt: ASCHES TIESR B E R A RRH % & CGERE R 2
L ITH , 4a'5 11988102; KW A UF I E S K H , 45
92252203) 37 ¥, Fr bL B .

SE W

[1] JI J C, WANG C, WANG L A, et al. A recursive approach

for aeroacoustic phased array measurements in wind
tunnels[J]. The Journal of the Acoustical Society of America,
2021, 150(1): 417-427.
doi: 10.1121/10.0005543

[2] LYU B, AZARPEYVAND M, SINAYOKO S. Prediction of
noise from serrated trailing edges[J]. Journal of Fluid
Mechanics, 2016, 793: 556-588.
doi: 10.1017/jfm.2016.132

[3] TIAN H P, LYU B S. Prediction of broadband noise from
rotating blade elements with serrated trailing edges[J].
Physics of Fluids, 2022, 34(8): 085109.
doi: 10.1063/5.0094423

[4] SUN X F, JIANG Y S, LIANG A, et al. An immersed
boundary computational model for acoustic scattering
problems with complex geometries[J]. The Journal of the
Acoustical Society of America, 2012, 132(5): 3190-3199.
doi: 10.1121/1.4757747

[5] LI H, LUO Y, ZHANG S H. Assessment of upwind/
symmetric WENO schemes for direct numerical simulation
of screech tone in supersonic jet[J]. Journal of Scientific
Computing, 2021, 87(1): 1-39.
doi: 10.1007/s10915-020-01407-6

[6] FFOWCS WILLIAMS J E, HAWKINGS D L. Sound
generation by turbulence and surfaces in arbitrary motion[J].
Philosophical Transactions of the Royal Society of London

A, Mathematical 1969,
264(1151): 321-342.
doi: 10.1098 /rsta.1969.0031

[7] TAY W B, LU Z B, RAMESH S S, et al. Numerical

simulations of serrated propellers to reduce noise[M]//

Series and Physical Sciences,

PANDA D K. Supercomputing Frontiers. Cham: Springer
International Publishing, 2020: 87-103.
doi: 10.1007/978-3-030-48842-0_6

[8] SHUR M L, SPALART P R, STRELETS M K. Noise

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

prediction for increasingly complex jets. part I: methods and
tests[J]. International Journal of Aeroacoustics, 2005, 4(3):
213-245.

doi: 10.1260/1475472054771376

RICHARDS S K, CHEN X X, HUANG X,

Computation of fan noise radiation through an engine

et al.

exhaust geometry with flow[J]. International Journal of
Aeroacoustics, 2007, 6(3): 223-241.

doi: 10.1260/147547207782419534

ZHANG Y F, CHEN H X, WANG K, et al. Aeroacoustic
prediction of a multi-element airfoil using wall-modeled
large-eddy simulation[J]. AIAA Journal, 2017, 55(12):
4219-4233.

doi: 10.2514/1.j055853

GAO J H, LI X D. Numerical simulation of the noise from a
subsonic jet in static and flight conditions[C]//Proc of the
Proceedings of the 25th AIAA/CEAS Aeroacoustics
Conference. 2019: ATAA2019-2666.

doi: 10.2514/6.2019-2666

ZHANG P K, LIU Y, LI Z Y, et al. Numerical study on
reducing aerodynamic drag and noise of circular cylinders
with non-uniform porous coatings[J]. Aerospace Science and
Technology, 2020, 107: 106308.

doi: 10.1016/j.ast.2020.106308

LOCKARD D P. An efficient, two-dimensional implementa-
tion of the Ffowcs Williams and Hawkings equation[J].
Journal of Sound and Vibration, 2000, 229(4): 897-911.

doi: 10.1006/jsvi.1999.2522

BOZORGI A, SIOZOS-ROUSOULIS L, AHMAD NOURBA-
KHSH S, et al. A two-dimensional solution of the FW-H
equation for rectilinear motion of sources[J]. Journal of
Sound and Vibration, 2017, 388: 216-229.

doi: 10.1016/j.jsv.2016.10.035

SHUR M L, SPALART P R, STRELETS M K. Noise
prediction for increasingly complex jets. part II:
applications[J]. International Journal of Aeroacoustics, 2005,
4(3): 247-266.

doi: 10.1260/1475472054771385

ZHONG S Y, ZHANG X. A sound extrapolation method for
aeroacoustics far-field prediction in presence of vortical
waves[J]. Journal of Fluid Mechanics, 2017, 820: 424-450.
doi: 10.1017/jfm.2017.219

ZHONG S Y, ZHANG X. A generalized sound extrapolation
method for turbulent flows[J]. Proceedings of the Royal
Society A: Mathematical, Physical and Engineering Sciences,
2018, 474(2210): 20170614.

doi: 10.1098 /rspa.2017.0614

ZHONG S Y, ZHANG X. On the frequency domain
formulation of the
method[J].
America, 2018, 144(1): 24-31.

doi: 10.1121/1.5044515

WANG M, LELE S K, MOIN P. Computation of
quadrupole noise using acoustic analogy[J]. AIAA Journal,
1996, 34(11): 2247-2254.

doi: 10.2514/3.13387

NITZKORSKI Z, MAHESH K. A dynamic end cap
technique for sound computation using the Ffowcs Williams
and Hawkings equations[J]. Physics of Fluids, 2014, 26(11):
115101.

generalized sound extrapolation

The Journal of the Acoustical Society of



10

Ay
%W

pd

T % http://www.syltlx.com

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

[32]

doi: 10.1063/1.4900876

LOCKARD D, CASPER J. Permeable surface corrections
for Ffowcs Williams and Hawkings integrals[C]//Proc of the
Proceedings of the 11th AIAA/CEAS Aeroacoustics
Conference. 2005.

doi: 10.2514/6.2005-2995

ZHOU Z T, WANG H P, WANG S Z, et al. Lighthill stress
flux model for Ffowcs Williams— Hawkings integrals in
frequency domain[J]. AIAA Journal, 2021, 59(11): 4809
-4814.

doi: 10.2514/1.5060070

ZHOU Z T, WANG H P, WANG S Z. Simplified permeable
surface correction for frequency-domain Ffowcs Williams
and Hawkings Theoretical and Applied
Mechanics Letters, 2021, 11(4): 100259.

doi: 10.1016/j.taml.2021.100259

ZHOU Z T, ZANG Z Y, WANG H P, et al. Farfield

approximations to the derivatives of Green’s function for the

integrals[J].

Ffowcs Williams and Hawkings equation[J]. Advances in
Aerodynamics, 2022, 4(1): 1-23.

doi: 10.1186/s42774-022-00109-x

NAJAFI-YAZDI A, BRES G A, MONGEAU L. An acoustic
analogy formulation for moving sources in uniformly moving
media[J]. Proceedings of the Royal Society A:Mathematical,
Physical 2011, 467(2125):
144-165.

doi: 10.1098 /rspa.2010.0172

IKEDA T, ENOMOTO S, YAMAMOTO K, et al
Quadrupole corrections for the permeable-surface Ffowcs
Williams-Hawkings equation[J]. AIAA Journal, 2017, 55(7):
2307-2320.

doi: 10.2514/1.j055328

IKEDA T, ENOMOTO S, YAMAMOTO K, et al
the
equation using permeable control surface[C]//Proc of the
Proceedings of the 18th AIAA/CEAS Aeroacoustics
Conference (33rd ATAA Aeroacoustics Conference). 2012.
doi: 10.2514/6.2012-2069

ZHOU Z T, WANG H P, ZANG Z Y, et al. A frequency-

domain formulation for predicting multi-frequency noise

and Engineering Sciences,

Quadrupole effects in Ffowcs Williams-Hawkings

generated by flows with periodically moving boundaries[J].
Journal of Theoretical and Computational Acoustics, 2023,
31(1): 2350001.

doi: 10.1142/s2591728523500019
BRENTNER K S. Numerical
integrals with examples for rotor noise prediction[J]. ATAA
Journal, 1997, 35(4): 625-630.

doi: 10.2514/3.13558

INOUE O, HATAKEYAMA N. Sound generation by a two-
dimensional circular cylinder in a uniform flow[J]. Journal of
Fluid Mechanics, 2002, 471: 285-314.

doi: 10.1017/s0022112002002124

GLOERFELT X, PEROT F, BAILLY C, et al. Flow-

induced cylinder noise formulated as a diffraction problem

algorithms for acoustic

for low Mach numbers[J]. Journal of Sound and Vibration,
2005, 287(1-2): 129-151.

doi: 10.1016/j.jsv.2004.10.047

JEHE, EICF, ELA, & T RBGEE K FW-HAR S UK T
B IERAY[). imﬂﬁ?ﬁz—é?& 2020, 38(6): 1129-1135.
ZHOU Z T, WANG H P, WANG S 7Z, et al. Quadrupole

source term corrections based on correlation functions for
Ffowces Williams and Hawkings integrals[J]. Acta Aerodyna-
mica Sinica, 2020, 38(6): 1129-1135.

(i i T A TE)D

Mik: ZHMNRFIEEZRE

FEAS PR SR, BATTIE I 5 He A% AR R K, 45 Hh 5
B YR TREIERMK =4, 55l =

7 5 25 R A% AR R 2
1
Gsp (z,y,0) = In dexp [(”3D (16"/00:8 )]
ap = Ma(z, —y) —d
d= ¢ )+ B ye)® + F(ws—)* (AL
I FH = o A 3k A% AR BRI I 3 i, B T S TR
ST LS N
0%Gsp (z,y, ®) N 0935 0951
Oy 0y, (COﬂ) 0y, 0y, Dy, © @)
o =Max, — May, —d (A2)

e A% WK R K — B i 3 BAR AN 2K (18D, AT LA 3

7y (2, @) = Csp ji L: T, H
exp [—iw (t — ¢3D/coﬁ2)]dtdy

1
Csp = —
3D 47[

1
Ajjsp = (d)

KT I W HEAT 7 B R 5y, 45 21
1 90[T,H(f)]

= - Can j ot
exp [—iw (t — ¢3D/cgﬂ )| dtdy
5RRCGORIHES —5, LTk
Pq (T, ) = Pous (T, @) + Poug (T, @)
Coﬁ2
CSD
(U : V¢3D)]

(v-n)T;;Aijsp

f)AijSD

0 ?3p 0 ?3p

(A3
0y; 0y;

AijSD
(AD

Pq (@,

e
r

exp [—iw (t—o,, /c,p°)]dSdt
Coﬁ2

OSD
[Coﬁz -(U- V(pBD):l

U n Tz]Az]C’)D

ﬁQMs (x,0) =

ﬁ/QMQ (x,0) = —

I

exp [—iw (t—o,, /c,p°)]dSdt
o Bt AR 4t — P g T

(A5

A R 5%



ER JEIESE: IS 3) ] 23 T R R R A B D AR 18 IR A 11

Zhou % TAE, % &K (10) Frm 48 &4k, 155

ﬁé (@) = Loﬁﬂ - E;f v¢3D)]
i o0 1
20l ) T, U

A, jspexp(—imt, )dSdt,

d {[d — Ma(z, — y1)] /co,b’z}
dt,

KD R EIZ ) v B I 1 ) = 4E DUl 1B IR AL,

MatlgD = (A6)

EE®IT:

BEEC1996—), B, IR hm A, 1 LHF R
Ao WFFETT IR T A o S Mok JL R
PE X AL VUK 04 % 15 5 o [ R} 22 B 15 0F 7
JELR P 724 1B 5K A 80 E.(100190)

E-mail: zhouzhiteng18@mails.ucas.ac.cn

(. Fh A1)



	0 引　言
	1 FW–H方程的频域形式
	2 FW–H方程的解
	2.1 单极子项和偶极子项
	2.2 四极子修正模型

	3 结果与讨论
	3.1 低雷诺数圆柱绕流
	3.2 对流涡

	4 结　论
	参考文献

