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NEW METHOD FOR THE COUPLED STRUCTURE-ACOUSTIC SYSTEM

For the coupled structure-acoustic system, the matrix equation is asymmetric. MacNeal
proposed a method to expend the matrix twice size to solve the problem. But some problems
occur, when using this method: increasing of computation time an illness, difficulties to get the
sensitivity etc. The proposed new method will solve these problems.

Matrix equation of Lemma 1:
Coupled structure- acoustic The right, left eigenproblem often has the

Real eigenvalues and eigenvectors
M. o " K. K |(u. F
58 \ + 55 Sd 5 — 5 Lemma 2:
|:Mm Mfm ]{ u, } 0 Kaa {u” } {E: }
o The left eigenvectors can be induced by
The right ei t
Establish the new formula of mode & Isht elgenvectors
Superposition technique by right
and left eigenvectors

|:> P = {Q:: , ll—ibr} (for A, = 0)
5,— is the left eigen vector and ¢ = {Q},, . q>,,,}
Lemma 4: @ Lemma 3:
The orthogonal condition using only right
eigenvectors
0, K0, +0, K 0.+ %‘4)’ K..0,=0

JTI an).sj + 1f(¢jr Musq)ﬁj + cp:f Mmi¢f.lj ) = 0 (f()f t :’t .])

The normalization to mass using only
Right eigenvector

(b:r Ms.tq)sz' + }1'_((1);: M a.sq).ci + q)::: Maaq)fu' )= 1
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Sm(w)x = f 3)
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(Sm+ oSm) x=f (5)
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F;= (—w?8M + 8K)d (6)
H(6)DF, (7)) IKRA LT, MERY Mo, 2EH

b = (—w* (M + 6M) + (K + 6K)) (I — MddT)F; (7)
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x1 T—X1OEEER#ENTEE

No. FEM(Hz) CPM(Hz) Diff(%) MAC
1 21.152 21.208 0.265 1.00
2 21.658 21.667 0.038 1.00
3 22.593 22.593 0.000 1.00
25.216 25.220 0.013 1.00

26.670 26.677 0.027 1.00

6 27.543 27.543 0.002 1.00
7 28.334 28.336 0.006 1.00
8 29.538 29.537 0.003 1.00
9 31.283 31.283 0.001 1.00
10 32.643 32.641 0.007 1.00
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K2 T—R2OEFBIRBAERGR

No. FEM(Hz) CPM(Hz) Diff.(%) MAC
1 20.78 20.77 0.05 1.00
2 22.45 22.44 0.05 1.00
3 23.17 23.16 0.05 1.00
4 24.26 24.25 0.05 1.00
5 27.75 27.74 0.05 1.00
o 28.09 28.08 0.05 1.00
7 28.83 28.75 0.28 1.00
8 29.84 29.82 0.05 1.00
9 31.81 31.79 0.05 1.00
10 32.49 32.47 0.05 1.00
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(a) Q@ =17 Hz
Modes Mode Mode This paper This paper
n displacement acceleration w,=10Hz w,= 15Hz
6 70.343 76.561 717.568 79.371
9 80.805 80.637 80.650 80.676
12 80.989 80.705 80.701] 80.697
20 80.877 80.688 80.690 80.692
70 80.694 80.694 80.694 80.694
(b) © = 20 Hz
Modes Mode Mode This paper This paper
n displacement acceleration w. =10 Hz w, = 15H2
6 63.235 73.790 75.147 T7.458
9 83.344 83.219 83.229 83.248
12 83.520 83.309 83.306 83.302
20 83.430 83.290 83.291 83.293
70 83.297 8§3.297 83.297 83.297
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(a) Q = 82 Hz
Modes Mode Mode This paper This paper
m-n displacement acceleration w. =80 Hz w, = 85Hz
30-36 75.030 72.921 76.022 76.051
28-36 75.035 72.931 76.021 76.052
20-36 75.116 73.382 76.028 76.048
1-36 75.481 75.781 76.011 76.072
1-70 76.033 76.033 76.033 76.033

(b) Q = 86 Hz
Modes Mode Mode This paper This paper
m-n displacement acceleration w. =80 Hz w, = 85Hz
30-36 88.617 88.216 88.834 88.840
28-36 88.617 88.217 88.833 88.840
20-36 88.635 88.297 88.836 88.840
1-36 88.706 88.773 88.825 88.839
1-70 88.842 88.842 88.842 88.842
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Fig. 1-2 The former analysis method for coupled structural-acoustic system




(ﬁﬁr&ﬁ@@ﬁﬁﬁ%ﬁ

)

w2 EEAERIML O (&,
EEERYML ¢ pLBELAhB,

: 5’,"- ¢E;,i_—¢£}(for A;#0)

‘—t—'ﬁ
s: \BERDFBAF,
aFHERDBRAF

or=| om0

/

SEERARDERER
¢51Kss¢s,+¢s1Ksa%d«pmfcuqafo

dsi Mss Os; +—)3_4¢31M.s¢5j +02iMaz0aj)=0 (for ij)

w4 EEBERIMNL 6 DBEETIIZKZEREEE
O Mee ¢si+—;—(¢ZM.,¢si+¢ZM..¢.i)=1

BE—EBZEMRRNDIDDANE




an B2 D EBA(1/2)
O FEEH A NETRVLIFS !

5f=x[¢5;, —/‘1-:(,5;,.] ..........
OEHEALVBTHILIHS .
dT=x{0, 5.} (for ¢ai#0)
¢T=x{d%, (Koa Mashsi)’} (for ¢ai=0)
dT(K—AM)=0
bsi(Kss— AiMss) — $aiMas =0
bai( Kaa — AiMaa) + Ai5: Ksa =0



fan B2 D EBA(2/2)

RELT. Kes, Mss, Koo, Maa oxttitie.
4
KS{I _— MJS 75\6 ¢srz‘(Kss_/‘:‘Mss)_¢giMas=0
¢gi(Kaa - lir‘Maa) +/1:'¢;:‘Ksa =)

(Kss — /{zMss) Qf’s:‘ + Ksaﬁba:‘ =0 \ J
(Kﬂd __ /IfMaa)(éa:‘ _ /L'Mas¢s£ — 0

~N

“hix. (K—AM)éd=0 oEmEtic—%
-,

— 1

éi=x [ﬁh —A-;qs;,] MRS B,



R ERXE
(K—AM)p,=0 (1)

dIKp,=0and ¢/ Mp,=0 (for i=))
¢3M¢f:1 (2)

H(D)EQR) ZHETERTHN I &,

—AiMe,;+ (K —AM) ;= —(K'—A:M') ¢,

BIM= — 5 $IM' 8,
K — AM)=0 EFRTHL,
Ai=Ej; Ej;= JT(K’—/L'M’)%




i, EHE—FREIAERT—ELEo =DM

EHIEFER
(K-2iM)g =0 (1)
K: BE<r)voX M: BEIKIYIR
A =i BEEEHE 4 =i BEESE—F
(D) =W
(K=ZM —AM W +(K—AM)g =0 @
A | BEEEERE 4. | FEEEETRRE

XQ)DELIEZA £ 5&
i = (K= 2M)CA) = ¢ *¥5T

X ) DEND S EBITEHE
i - dKg 3
M4 |
K' = mitE M -HEBmE
F-f-BIClE, E—REaRGEE R HY




TR IDNDAEHNIRE

E H:E I\IL.\J
A;¢;=1b;
Aj=

K—AM, bi=(AM—-K +AM')¢;

RHEIDDHEHNIRE
1 Fox bMDAE

¢;=

E;’j:

é ¢i C?J

0 — —1
Y /11_/1_;

E:’j fOI' Z :!:j.

(K —AM')¢;

?f— % ¢IM’¢I



2 NelsonD k%
JjXJ9= 5;'

A, B RBITINA OBRIFEELT
NETHEXREZITBEEMZ kK ZFEORAEELIZLETHIT b, (&

S b DKkBOHOEREZICLEAIML, BEKE @ DEFHERKD
BADEE,

=X+ C;p;, &L, Aidi= bi* IzALT.C; 2EDHS,
1 , . e
Ci=—¢;f MX?—7¢}M b, BELBENEOND,

Nelson M) A% IEMSC/NASTRAN ZEIZFAESh TLVA,
ZLDEIBENTRILDREZTROBHIZITIERE,



3 WangDHEE—4F )L

b= X} +2¢.C} o =1 p
= i /1;'_/1_;‘ ij

A 1
Y /11' /{j“/‘i

1 _ 0

Eij (fOI' Z. #]) Y i

ﬁ%_:%a):e_ \\Egigii
(K—-AM)¢5=b;
=X+ 2 $:Cy (K —uM)X,=b,



ME—ENE—FREEX2

_A—p 1 L 4
Co= = A=Ak (for i)
RQ)ZERILEHRQ) ITRATNIL.
]
i=—dTMXi—=oIM b (. A
2 PTMp,= 2¢IM b; W

AL R A - T e

RRDIGZFEIZIX. ¢; MX.=0 b= X + 2 ¢, CU (2)
© DEICE-T. ERDFEITERIE, -
Ou—>-o0ow X,-20 &

1 .
i /1 /I EIJ=C?_; (fOI' 2*})

Fox &IZIR{E




#R— KD

o u=Ai « Ci(i¥Jj) =0

¢;=X,+ C;9,=X;+ C;d;@Nelson DA EIZTIRIE
=X+ 2 6.Co (K—uM)X;=b, KX}=b,

® =0 Xj‘in‘(‘.’_&D,

A1
C:‘j“*" /L' /Ij_/lf

@o\Wang DHREE—H LIEITRAE

E;=Cl (for i#))




nA%ﬁfF*ﬁ-

| ROBASIMLOBECHL | RE—FAERSNIIBE , Fox ED
BRHBEE o0 =|d,Cyll ETNIE BE—BEOERBER.

€y u

/1 — U
LUREEH, AT #‘<1 EEAIE, Fox k&Y IS0,

0 .%‘sz)%—l%\émﬁéhéiaé (A >4)
— 00 < pu< %(A,-H_,-)

O BEROE—RHBERESNBHE (A, <A))
%—(/I,-+AJ)< pu< + o



IRE BT (Wang DRETE—F ILiEEDLLE)

| ROBEENILOBEITHL | RE—FAEIRENIIHE . Fox HD
BHBEE 0% =|:Cyll ETHIE WangDBEE—F UKD

fExtEREX, , 0
€ij — (/L//{!) €ij

1 — ;"
,{J — z < T Ziml-td, FE—EDRE(EIWang KU/
! H

tHL

O ERODE—FHIEREINDIES (A, >A;)
2A:iA;

/11' +/1J

O EXDE—RHEBIAEE (A:<A)
/L‘ + /]j

0< u<

— oo < u< A; or < pu< 400



BEEmMmEnNnDRDLA

| ROBEERINLOBREDEHERE §F LT5L.
mRLUTEN RUEDE—FEBRLIZESDETERE,

4 Ai—p 1 AN
, , , Co="5 E; (fori+j)
6’12”@*"@"/" ,-*l ""“”’1«""’_‘_‘1
0 _ .
- . . Ch= = Ev )
€;,— " :Z-l QS:'CU + ,-=§:+1¢)fo""/" é;*llg Q}"F ef
m-—1 N
e =) 2 #:Cll/lg5*|. ef'= Ill,zg_lcé:-Czull/llqb}*I
N /1_ /{_
H__ S H oo g z j M |
=13 FEC M= | L s,

8;=max {Sr:1; k=n+1, -, N}
sta=l 3 a.Col/lg

r=n+1



EEmMENDRDA
Sk, | i+l &kHD Kk RETHDE—REEBELIEDOFox SO EDEE

Sh.i <S}f+1(f0r k=n+1, N)

8,= SN\ NRLULEDERE—FEEIELIZEEDFoX DA EDIEE
HRBEE 5, ETHE KRB,

Aner Z p+ Buldi—ul @ Bu=208:/0xn

: Fox DAEDEEDEE, FIZ X, —HEEZLEIF-0
5E 48H =10
RQ)IZEYEBITIZHAWAE—FDHREXE S n kDo B,

BHRICIERDE—FEBRIZDOULNTIE
Ama<p—BilAi—ul 3




Sl ¢
=y
)

e ‘ = .
™~ ._,- R, #R/E:0.4cm

- 0 oo -
ST “ o 5K 08
150em [y 7| ST - ’ "l ST ILERH 06
= | " ot ” ' FIOET RS 125
q lh — - 1 vuorERY 6

160cm
RE LM LROWE

SAR1: EfROPILDROES AR
S R2: EAROFLFROESN R

~ 8

EE—BI5EM T,
BERIIET BB RICITTDE—5F ILEELEH




&1 SRE—

— R

=]

( Exact Solution= 10.401 )

KOEBRIZRET 5
BERIRIIVREDFEE LB

(fl = 8.604 9 HZ)
SRR 1DORRE

m=]

F-Method W-Method New Method New Method

n= (u=-x) (g=00) us = 8.0Hz uy = 8.5Hz
1 0.80335 3.6273 7.7105 3.7592
3 3.4602 10.263 10.378 10.397
6 9.9755 10.388 10.400 10.401
15 10.020 10.390 10.400 10.401
36 10.424 10.401 10.401 10.401
47 10.409 10.401 10.401 10.401
( Exact Solution= -0.36969 ) E_ﬁ I &5 ZG)E_Y\'FE_
m=1 F-Method W-Method New Method New Method
n= (u=-00) (u=0.0) ur = 8.0Hz uy = 8.5Hz
)| 0.17546 -0.23803 -0.34424 -0.36459
3 0.14771 -0.25931 -0.35279 -0.36664
6 -0.44838 -0.37093 -0.36987 -0.36972
15 -0.44653 -0.37086 -0.36985 -0.36972
36 -0.39899 -0.36982 -0.36971 -0.36970
47 -0.36700 -0.36969 -0.36969 -0.36969




x2 BREERE—FOARIZEAT S
0REENIFIVEAEDIBELLE: (f2a=77.734 Hz)

( Exact Solution= —15.447 ) SRl R 1 DRRE

n=53 F-Method W-Method New Method New Method
m= (u=-00) (u=0.0) py = 80Hz2 pug = T8Hz
29 0.81901 15.399 -11.353 -14.834
27 -14.689 -3.2964 -15.349 -15.434
20 -15.216 -4.0473 -15.431 -15.445
9 -15.303 -4.3019 -15.438 -15.446
2 -15.371 -8.9655 -15.442 -15.446
1 -15.450 -15.447 -15.447 -15.447
( Exact Solution= 0.79797 ) SRR 20 RXE
n=53 F-Method W-Method New Method New Method
m= {(g=-00) (u=0.0) py = 80Hz ps = T8Hz
29 -0.12418 0.80707 0.48459 0.74909
27 0.14977 2.7622 0.90246 0.81182
20 0.7664 1.6329 0.798 14 0.79799
9 0.76478 1.6280 0.79800 0.79797
2 0.78295 2.2120 0.79805 0.79810
1 0.76560 0.79641 0.79807 0.73798
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( Exact Solution= 0.4810 )

|

m=1 py=-00 py=00 uy=920Hz yx;=09.27Hz
n—
3 0.5474 0.5054 0.4817 0.4810
8 0.4729 0.4762 0.4810 0.4810
22 0.5117 0.4813 0.4810 0.4810
34 0.5014 0.4811 0.4810 0.4810
70 0.4810 0.4810 0.4810 0.4810
Bz LE R3320 E
( Exact Solution= 9.208F - 7))
m=1 puy=-00 py=00 pu;=920Hz p;=9.27Hz
n=
3 2.216E-7 8.037E-7 9.186E-7 9.205E-7
8 2.293E-7 T7.982E-7 9.183E-7 9.205E-7
22 9.860E-7T 9.244E-7 9.209E-7 9.208E-7
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/MU +Ku=1f (1) M.  :mass matrix of structure \
where K . . stiffness matrix of structure
-
K ss K'sa M, ° inertance matrix of the sound field
K= . :
0 K K .5 : elastance matrix of the sound field
aa -~
) M
Ms 0 a5 . matrices relative to the coupling conditions
M = K sa
Mas Maa
Here
ut _ { ut ut } u : displacement of structure
- ’'s a
u_ : sound pressure level
ft _ { ft ft } fs : excitation vector on structure
- |7 s a
f : force vector, represents interior acoustic sources
d
“g” : denoting the structural field system
“a” : denoting the sound field system
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Displacement vector{u} with respect to physical coordinate system
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Z Z . approximated by Eq.(3)
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(=3 oy s LMLy 5 ()

1 o’ + 2§00, - o n+1 o’ + 2iE00, - 0
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Table 1 shows the number of degrees of freedom

Fig.2 shows the FEM model

Fig.3 shows the frequency response function

Table 2 shows the comparison of CPU time
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Table 2. Comparison of CPU time

CPU time (sec) Proposed SuperElement
method (NASTRAN)

Generation of the coeficient matrices 8 8

With respect to physical coordinate

Reduction of Degree of freedom of all 141 89

structural components using CMS

Eigenvalue analysis of (reduced ) structure 301 1044

Solving (reduced) equation and recovering 34 52

data

Total 484 1193

Acoustic:
728 nodes
557 elements

(a) Sound pressure distribution

> Structure: Fig. 4 Finite element mesh
3638 nodes ) . .
5391 elements and sound pressure distribution

(a) FEM Model in the vehicle cabin (f=100Hz)
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