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Quadrupole source term corrections based on correlation functions

for Ffowces Williams and Hawkings integrals
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Abstract: The quadrupole source term in the Ffowcs Williams and Hawkings (FW-H)
integrals usually causes spurious contributions to the far field sound. The spurious contributions
are contributed by the convection of the Lighthill stress tensor crossing the FW-H integral surface
when the integral domain cannot include all the quadrupole sources. We proposed a quadrupole
source term correction model within the frequency domain to correct the errors associated with
the convection of Lighthill stress tensor. Based on Taylor’s hypothesis, the proposed model uses
the correlation functions of the Lighthill stress tensor to compute the convection velocity.
Compared with the using of uniform upstream velocity as the convection velocity, the proposed
model has the advantages of taking account for the non-uniform distribution of the convection
velocity. We validate the proposed model by computing the far-field sound generated by the two-
dimensional convecting vortex and the flows around a circular cylinder. The proposed model
significantly improves the directivity of the far field sound generated by the flows around the
circular cylinder.

Keywords: flow noise; FW-H integral; quadrupole sound source; Taylor’s hypothesis;

correlation function; Lighthill stress tensor; aeroacoustics

:2020-08-14; :2020-09-26

: (11988102) f (91752118,91952301)
(1996, s , : . E-mail: zhouzhiteng18@mails.ucas.ac.cn
*(1982-), s s s : . E-mail: wangsz@Inm.imech.ac.cn

: s s . . FW-H [Jl. , 2020, 38(6): 1129-1135.
doi: 10.7638/kqdlxxb-2020.0141 ZHOU Z T, WANG H P, WANG S Z, et al. Quadrupole source term corrections based on
correlation functions for Ffowes Williams and Hawkings integrals[ J]. Acta Aerodynamica Sinica, 2020, 38(6): 1129-1135.



1130 38
0 ,Wang [ Curle
, Lighthill
. Ffowcs Williams and
Hawkings (FW-H) o .
o ,FW-H
[2-3] . [4-5] . . Wang [11]
Lo . , Lighthill
[71 s R
o Lighthill
FW-H . . Nitzkorski "
Lighthill , Wang [V FW-H ,
( FW-H ) Lighthill
, . FW-H FW-H )
( ) . o
( FW-H ), FW-H , Lighthill
) \ o FW-H
. Lockard ¢
, FW-H o
Lighthill . )
, Lighthill s
o Lighthill ,
. ) . ,Lockard " Wang [V
Lighthill . Lighthill
Lighthill FW-H , :
el . Lighthill
, Lighthill o
s s FW-H
, Lockard %
ot Yao o M 0.3 . Nitzkorski "
, , FW-H
. Tomoaki Ikeda " . Nitzkorski % ,
0.2, 1% 10, 2° Lighthill :
NACA0012 , , Lighthill ,
FW-H ,
) 1 FW-H
Shur [ , 2 FW-H
Lighthill . ,Nitzkorski ,



6 FW-H 1131
, 4 . Lockard M7
1 FW-H F{q(t)}:q(w):Ji’q(t)cxp(—iwt)dt
1
FW-H F ' glw)) = q@t) = 27J q(w)explivt)dw  (5)
T
2?9
(aﬁ ¢ S an ) CH (e = (5), FW-H ,
, ¢ ¢
d? J — —MM; — — 2iM, .
(T,H(f)) — L@y (=& vy, Mk S ay, R
dz;dz; dz; dt ”
(D (H(felo' (ysw)) = RN (T,,(y,cu)H(f>)+
. (F: (y,0)8 () —iwQ(ysw)d(f) (6)
Q=C(o,v; +pCu, —v,)n, ‘7%
~ k:w/c'(, ’Mi:Ui/Ca °
F,=(u;(u; —v;) +P;)n, ) ) |
T, =puiu; P, — . /80’ (2 2/ .
ouitt, P , , H(f)elo (xvw) =1+ +1, +1q (7
; p'=o—p, P 1
T~ L ’
D PurporCosD .
N . 7 FW-H S
; (o) =—|  wQ(yw)Glrsy)ds
f=0 i s H(f) =0
Heaviside , 1, II’(x’w):i\[, Fi(va)wds (8)
0. T, Lighthill , P,=(p—p.,)0, /o oy
- .y o
TijsTij o u;
»U; FW-H ,
" 2°G 3
. 1Q<x,w>:—J T, (yea) 285 gy ()
) ) = dy:dy;
) , Lighthill ’
ouiu . (1) ’ 2 FW_H
FW-H . Lockard™™
FW-H
0 - ¢ FW-H Lighthill
v . €D .
| ; | | Lighthill
72 72 (’)2 ) (f)Z , ) )
+UU +2U, —c? YH (e , Lighthill FW-H ,
dyidy; dy;dt dy:idy: ‘
e . Lockard M
(’)y dy, (T”H(f))i C 9
Ly, =z, +U, FW-H - I PG
y Z+ t Z—J )le(y,w) /( (x; y))dS
U, Vi - Je e i dyidy;
o ) Wang MV (10)
Lockard % , v, . U. Lighthill
’ U:(UI 9090)0 9 FW_H
- D) ) (10)
Q: — (,U,'+ ( ,'TLU;) i
e PR In ) . Lighthill
F,=[p,UU, +p'8; +oCu, —U)u; +U;)]n, FW-H
Ty =puu; (4) AT, (y.1) AT, (ys1)
2 IALALEANTNS YOV AL L (1D
u,; uj‘ ;)f 7y1
(10)



38

1132
U.. Lockard % [19],
° Tr l’éz'y 9U1 o
FW-H s
U.=Ayi/z, 14
FW-H . Lockard
; 3
Lighthill :
3.1
’ FW-H
° [16.20-21] 2 3 )
FW-H . ’
U.  Lighthill |
1 ) v
: p:7[1—agexp(1—r2)]ﬁ
R, ()=
ay \T B p oL
g p=C
Thm ?J T{j (y“yg af)Tl’]‘ (yl +Ay19yg af+f)df p”
—-00 0 2
(12 u=M—a,a,y,exp((1—7r")/2)
v=aea,(y, —Mt)exp((1—7+r")/2) (15)
s Ty (yisyest)  Ty(yi+Ayisyest+1)
9Pn 5Y ’ 1. 4;
9Ay1
V1Y2 sM iy
LT U. : 1
’ U( ° ) 2 2
ay=1, a,=1/CQCn), a,=(y—1Datai/2,
' | ‘ r’ =y, —Mt)* + yj} (16)
, Lighthill U, ‘ ’
(15)  (16) ,
[14] ,
o 3.2
2.5D, 0.1D,
o (12)
R 1 N 2
R Ty (jA/) = ﬁ 2 Tz_/ (y1sy24iA) Fig.2 Initial distribution of the pressure
ot , L, of the 2-D covecting vortex
T;j(yl+Ay1,yz,iA +]A ) (13)
A .N
1 3 t=25
Fig.1 Schematics of the quadrupole source term Fig.3 Distribution of the pressure the

correction model

2-D convecting vortex at t =25



6 FW-H 1133
L. o p. Lighthill 3.2
IT;; (y.t AT, (y.t o
IT; o) 9T ) (17) ) N
dt dy, 2] pwW-H [o] [23]
: FW-H ,
’ Vi Y2 [—5L,5L 7, i JInoue 2%
[—5L,5L], 3 . 0.2 , 150
t=25, FWw- .
H b b o
FW-H o Inoue * )
(10 (14) Lighthill FW-H .
’ 4 o ’ Navier-Stokes
FW-H (I:+1) .
O ’ 5 b b D b
FW-H U, . 150,
’ ’ Vi Y2 °
. . [—10D,15D],[ —12D,12D ],
10 ) n » n=3 ( 0.01D,
Lockard % n ) 0. 001D/U,, FW-H s
Lighthill y,=—D y,=+2D,
FW-H o 0.027D /U,
y1:4.5D‘y1:2.5D9 0. 2 ’
(0D, 100D) ) Inoue
[22] s 6
b T/) 9
FW-H ,
(a) Observer (—100.,0)
5
FW-H
Fig.5 Schematics of the FW-H integral surface
for the flows around a circular cylinder
(b) Observer (100,0)
4 0.2 ,FW-H I, 7
FW-H
Fig.4 Comparison of the quadrupole corrections with the ’ ‘ ap ‘
FW-H errors for the 2-D convecting vortex Inoue L2l , 7



1134 38

75[1+Mcos(0) 1D, M !
, M=0.2, 0 Table 1 Angles of the maximum pressure fluctuations
y Inoue  [22 U, = Ax/z, U.=U, U. =0
1 o
). 101.5° 100.0° 92.0° 120.0°
Inoue [ . -
Inoue 22]
b
. 4
FW-H o
FW-H
FW-H s FW-H
b
b
DNS 1 ’
. ° Lighthill .
Inoue ¥ . .
’ Lighthill
101.5°, 120.0°,
b
92.0° . .
’ Lighthill s
b
100. 0° 2° .
’ o ’ FW-H
120 )
31%.,
’
’ 12%. FW-H
’ AT FW-H
b
b
[16] _
° b
[1] FFOWCS WILLIAMS ] E, HAWKINGS D L. Sound
generation by turbulence and surfaces in arbitrary motion[]].
Philosophical Transactions of the Royal Society of London
Series A, Mathematical and Physical Sciences, 1969, 264
(1151) . 321-342.
DOT:10.1098/rsta.1969.0031
[2] . . CFD [l
6 0.2 , (0D,100D) . 2009, 27(3): 314-319.
Inoue DUAN G Z, CHEN P J. Research of helicopter rotor aeroacous-

tic noise based on CFD technics[J]. Acta Aerodynamica Sinica.,
2009, 27(3): 314-319.(in Chinese)
DOI:10.3969/5.issn.0258 — 1825.2009.03.009

[3] , , .

L. » 2019, 37(6): 893-900.

HE XI, SHI Y J, XU G H. Control mechanism of the thickness
noise based on sound pressure cancellation [ ] ]. Acta
Aerodynamica Sinica, 2019, 37(6): 893-900.(in Chinese)
DOI1:10.7638/kqdlxxb—2018.0049

47 . . LES
(1. , 2016, 34(4) . 448-455.
LU Q H, CHEN B. Analysis ofaeroacoustics characteristics of
high lift device using LES method [ J]. Acta Aerodynamica

Fig.6 Pressure fluctuations at (0D ,100D ) computed with
different distances from the FW-H integral surface (M =0.2)

7 , Sinica, 2016, 34(4); 448-455.(in Chinese)
DOI:10.7638/kqdlxxb—2014.0140
Fig.7 Directivity of the sound generated (5] R . s

by the flows around a circular cylinder 0Jl. , 2012, 30(3): 388-393.



6 FW-H 1135
LIU Z R, WANG F X, SONG W B, et al. Farfield Technology, 2020, 96 105544,
aeroacoustic analysis for slat of a two-dimensional high-lift DOT:10.1016/j.ast.2019.105544
configuration[ J]. Acta Aerodynamica Sinica, 2012, 30 (3): [15] SHUR M L, SPALART P R, STRELETS M K, et al. Towards
388-393.(in Chinese) the prediction of noise from jet engines[ ]J]. International Journal
DOI1:10.3969/j.issn.0258 —1825.2012.03.018 of Heat and Fluid Flow, 2003, 24(4); 551-561.

[6] WANG L, MOCKETT C, KNACKE T, et al. Detached-eddy DOT:10.1016/s0142—727x(03)00049—3
simulation of landing-gear noise[ C]//Proc of the 19th AIAA/ [16] LOCKARD D, CASPER ]. Permeable surface corrections for
CEAS Aeroacoustics Conference, Berlin, Germany. Reston, ffowces williams and hawkings integrals[ C]//Proc of the 11th
Virginia: ATAA, 2013. ATAA/CEAS Aeroacoustics Conference, Monterey, California.

[7] (NNW) 0. Reston, Virigina: AIAA, 2005.

: , 2020( ). DOI:10.2514/6.2005—2995
CHEN J Q. Advances in the key technologies of Chinese National [17] LOCKARD D P. An efficient, two-dimensional implementation
Numerical Windtunnel project [ J]. Scientia Sinica Technologica , of the ffowes williams and hawkings equation[ J]. Journal of
2020(online). (in Chinese) Sound and Vibration, 2000, 229(4) . 897-911.
DOI: 10.1360/SST—2020—0334 DOIT:10.1006/jsvi.1999.2522

[8] IKEDA T, ENOMOTO S, YAMAMOTO K, et al. On the [18] LOCKARD D. A comparison of ffowes williams-hawkings solvers
modification of the ffowcs williams-hawkings integration for jet noise for airframe noise applications[ C]//Proc of the 8th AIAA/CEAS
prediction [ CJ//Proc of the 19th AIAA/CEAS Aeroacoustics Aeroacoustics Conference & Exhibit, Breckenridge, Colorado.
Conference, Berlin, Germany. Reston, Virginia: AIAA, 2013. Reston, Virigina: ATAA, 2002.

DOI1:10.2514/6.2013—2277 DOI1:10.2514/6.2002— 2580

[9] NITZKORSKI Z, MAHESH K. A dynamic end cap technique for [19] ZHANG W B, WANG C, WANG Y L. Parameter selection in
sound computation using the Ffowces Williams and Hawkings cross-correlation-based velocimetry using circular electrostatic
equations[ J |. Physics of Fluids, 2014, 26(11); 115101. sensors [ ] |. IEEE Transactions on Instrumentation and
DOT:10.1063/1.4900876 Measurement, 2010, 59(5);: 1268-1275.

[10] IKEDA T, ENOMOTO S, YAMAMOTO K, et al. Quadrupole DOI; 10.1109/TIM.2010.2040901
effects in the ffowes williams-hawkings equation using permeable [20] CHEUNG L, LELE S. Evaluation of far-field sound with open
control surface[ C]//Proc of the 18th AIAA/CEAS Aeroacoustics surface corrections to lighthill’s equation [ C]//Proc of the 12th
Conference (33rd AIAA Aeroacoustics Conference), Colorado AIAA/CEAS Aeroacoustics Conference (27th AIAA Aeroacoustics
Springs, CO. Reston. Virigina: AIAA, 2012. Conference ), Cambridge, Massachusetts. Reston, Virigina:
DOI1:10.2514/6.2012—2069 ATAA, 2006.

[11] WANG M, LELE S K, MOIN P. Computation of quadrupole DOI:10.2514/6.2006 —2488
noise using acoustic analogy[J]. ATAA Journal, 1996, 34(11): [21] IKEDA T, ENOMOTO S, YAMAMOTO K, et al. Quadrupole
2247-2254. corrections for the permeable-surface Ffowces Williams-Hawkings
DOI:10.2514/3.13387 equation[J]. ATAA Journal, 2017, 55(7): 2307-2320.

[12] RAHIER G, HUET M, PRIEUR ]. Additional terms for the [22] INOUE O, HATAKEYAMA N. Sound generation by a two-
use of Ffowes Williams and Hawkings surface integrals in dimensional circular cylinder in a uniform flow[]J]. Journal of
turbulent flows[J]. Computers &. Fluids, 2015, 120 158-172. Fluid Mechanics, 2002, 471;: 285-314.
DOT1:10.1016/j.compfluid.2015.07.014 DOI:10.1017/s0022112002002124

[13] YAO H D, DAVIDSON L, ERIKSSON L E. Noise radiated by [23] GLOERFELT X, PEROT F. BAILLY C. et al. Flow-induced
low-Reynolds number flows past a hemisphere at Ma =0.3[]J]. cylinder noise formulated as a diffraction problem for low Mach
Physics of Fluids, 2017, 29(7);: 076102. numbers[ ] ]. Journal of Sound and Vibration, 2005, 287(1-2)
DO1:10.1063/1.4994592[ LinkOut ] 129-151.

[14] MAO Y J. HU Z W. Analysis of spurious sound due to vortical DOIT:10.1016/5.jsv.2004.10.047

flow through permeable surfaces[]J]. Aerospace Science and



