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Equivalent modeling for vibroacoustic analysis of diffuse acoustic excitation
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Abstract

In space engineering application, diffuse acoustic field is one of the critical design consideration of spacecraft structure.
Diffuse acoustic field has equal probability of mutually uncorrelated plane waves from all incident angles over a half-space.
Some prediction methods for vibroacoustic response have been developed based on the assumption that the diffuse acoustic
excitation can be regarded as a uniformly distributed delta correlated excitation (rain-on-the-roof excitation). This is because a
normalized cross-correlation in diffuse acoustic excitation, which is expressed by a sinc function, may be written simply by
delta function. In previous researches, it has been assumed that a sinc function can be described by separation of variables,
while the application of an exact formula to a simplified normalized cross-correlation in diffuse acoustic excitation has never
been discussed, despite its necessity. This paper provides the exact analytical method for a structure subjected to diffuse
acoustic excitation applying uniformly distributed delta correlated excitation, based on joint acceptance theory. The method is
applied to diffuse acoustic excitation of a flat panel for which several boundary conditions are assumed, so that the results can
be compared with those of direct calculation in the diffuse acoustic field, to validate the method for structural designing.

Key words : Random vibration, Sound and acoustics, Space engineering, Spectrum analysis, Structural design, Joint
acceptance, Diffuse acoustic field
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SRR OSSR E ORI A8 X, g s i L Caaq o o T AR ECL E TR —8dp 2 &
%7~ L7= (Ichchou, et al., 2009). X512, Rochambeau % (%, Ichchou & OITRUARIZ TR =R 4 H L ¢k
TV ARBEIR & IEBCE IR S D REEIRENG S O AR 24822 U, MENTAR & ol U CHh R & s & it
BlzBWTEL —E+ 52 L% L7- (Rochambeau, etal.,2011). L22L, JeATHFZRICRBWTCIL, TRECEHICE
T BIHES DOIERUE Y 0 A AT SV OEERE W, —RET VA FBINE & IEEETEIMRIC B 1) D SR E)
JEE DML AROEHIZ BT 2RI TN TE O T, R & B BEDO BRIZ OV TIEER S TR0,
Z T, AT, EBESICRT AIRIOIER Ly v A AT MV ORERE VT, —ET VA FEEN
RO AN X D IEBE SRR O REEHREN & OWRI i 238 H U, 1ERIRE STV o TR ) o 1ESUE 2
0 AANY MVORRER & BEO BRI L D EIERESE O IZ OV CREIE L, JEBCE S IR O S8R
BHRATIC T B —kkT L X FEBIIME O R IC DWW CHIfEIC 9 5.
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Fig. 1 Flat Panel in Acoustic Field
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hiic Y5 (Diffuse Acoustic Field, DAF) 33T & & TR E /ST — A7 PAS, (x, @) = Sp(@) & H L,
JEBE ST DRI DOERUL 7 B AART B ACPAF (x,x, w)iF, 30 (5) (27" F sinc BI#IC TR T Z LN TE,
i b 2 SR O FEEEX — x| \ICDKIFT D (Morrow, 1971). 728, sinc(0)IE[Al— OB Z EM L, fHik1
LRs.
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14 (J ) ) k0|X|_X|
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ZIT, klTEBHOWEI (= w/cy), colIZERTOEETHS. X (1), X 5) L0, WEESIEESZ T HHE
EHEOTaAf L vT 7T H LRI 6) IRTEERICEYRDENS.

7/

JPAF () = —f f o, (x)sinc(ky|x' — x|) @, (x)dxdx' (6)
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1 DRI 2 2 ORI OB T V2 BIBCRILTE 5 Z &b, A Tld—4k7 L # FHBIIIRE (Uniformly
Distributed Delta correlated excitation, UDD) & FEUY, Z OMMWES1 % —#7 /L X FHBAT) L RESS. —#kT V2 FHES 1 D
EHEZ v A2 FACPP(xx, w)iE, N (7) TRSND. £, ORI, WRSERIZES 6 &
LTCTW5AZ EH D, Rain Onthe Roof IR & & FRENL 5.
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ﬁ7&/x@@ﬁ&ﬂi,%ﬁfﬁ B DR 8x = X' DS @A#%¢n1i< FEOFHEIT 1 BRI & 7
n, X @), 9 ICTEFTENTXS. 2B, X B) ORERICEWTL, AZEOEEELZE L, — NE
A3 (10) Z v 7= (Fahy, 1985) . 72, K ITRTVa A v N7 78S 2 A0 7 8 AE— Rl ),s(w)lE
E— ROBERMELY 0 725,
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2 -4 PEREHENIRS & U—4%7 /L5 BENRIZE 1T 5B EREIG &0 LB

AEITIE, YVaAr N7 7T H U RERNT, EHEESEIRER X087V 2 AHBIIRIZ 35 1T 2 S IR Eh G
BRHET . AT, ISR R Z SRE TV E LTER VTR AN T A—2 2T, £
BB FbVaA v v 7 rv7 20 2%K(6), 8) 1L WHEM L, #iET— FRICHET 5. BA AR w,, &
T FEROm T, X (11), (12) (R R M SRR O— M 22 TR L v kDD, 2 2T, DI
BIE, Ly, Ly3FAROD SADORE, Wy & @mald, TOEHNxTTIAMIR, yI7RnROEA AR & & — FRIR
THD. WMPBEHMEEFERICHT D, SIHRICBT2VaA v 8T 7274 U A0HEKREAZX 2 (a) 17T
£72, K2 (@) OFERZANT, jRAF LjUPD DEIA Z R LTS R2 2 (b) (TR

Table1 Parameters used for analysis

Parameters Symbol Value Parameters Symbol Value
Area A 1.0x0.7 m Structural Density Ds 2.68x10° kg/m®
Mass M 18.76 kg Sonic speed Co 340 m/s
Material - Aluminium Air density Da 1.21
Thickness t 0.01m Element length - 0.02m
Poisson’s ratio v 0.33 Mode number - 36 (20-2000Hz)
Young’s modulus E 7.06x10" Pa Boundary condition - Simple support

o= [+ ()
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2 . (/mmnx\ . [nmy
Prn(x,y) = —sin I sin _L (12)
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(@) Joint acceptance for j2AF and jUPP (b) Ratio of Joint Acceptance (j2AF /jUPD)

Fig. 2 The figure (a) shows the comparison of joint acceptance for diffuse acoustic excitation (DAF) and uniformly distributed
delta correlated excitation (UDD) are plotted with the dashed line-closed circle (blue) and solid line-open circle (red). In
UDD, the joint acceptance is uniform values, regardless of structural modes. On the other hand, in DAF, it is a different
values depending on the modes. The figure (b) shows the ratio of joint acceptance between DAF and UDD.

2 @ X0, —BEFALEZMEIMED Y a A v T 7 Z AL, EEE— NIKS TR xE->Z &
WXL, EBESIMRO Y a Ay N7 772 AL, HEE— K-S TR D Z &0 00b. Tkhbb, —
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ZOMNIERE (IBIRMEZ RS NT A —F) 28N LT, —ER7T V2 HBINHROE NI & 2 IEH0E SRR O
ERECEFRIEZ IS T 5 Z L2 AL LTV D,

JRAF (@) = o jUPP (@) (13)

3. —HTISHBEMROBAICK SILBEFBEMEOD a4/ > b T I TH O ADEE

31 BEkFE (EBOMIC &L 50K

G ORBERE O 2 SR OB ML ax —x=@' —x,y —y) = ((, x) LT 5. IEEEHIZBT IR
NOERL7 a0 ZAART MV TH B sinc BB EFBECTE 5 LIET 2 &, ERfb7 v x 27 b uidi(14)
LB,

sin(ko|x' —x
CI?AF(X,X',(U): 1 ( le D

kolx' — x| (14)
. sin(koQ) sin (ko)
T ko¢ kox

Ichchou 5%, X (14) ZHWT, EMEDY a A > " T 787 % ZAORGRMEEZFKT /37 A—Fa (Ichchou &
I% Z 4% equivalent excitation function & FEA TN %) Z 3R, R (15) IRl A #2242 L 7= (Ichchou, et al., 2009) .

2
T

(@) = 15 (@) (15)
0

X512, Rochambeau 53, sinc BN EECE 5 L4 5K (14) DIEZFIHEE L, X (15) ol H
B N0, 0q B Y AT, X (16) (TR dnTfiE 2222 L7= (Rochambeay, etal., 2011). =X (16) #H\\% =
& THEEE S EERE (LI, a4 v T o RAEEELLE) 2BV T, FRITAR & g L BV T8
5EENTNS

2

s
j?l”)rAF ((‘)) = F O-radj#]rDD ((‘)) (16)
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UL, IEEESHIZB T IR/ OIERIL Y v A AT VOB E AW, —8 7V X FHEINE & Iis 5

IR 331 2 A IR E OWHIAF OE BT 2813 ThN TR 53, BB H B R O BIRIC
DWW T SAVTWRVY, 22T, IEHEHICRT 2 IR OIERUEL 7 B A A7 F T2, sinc B D

IEH0558E (Separation of varlables) L (Exact formula) 12 K 2FHRFERO 3oc 7 vy &K 3ITRT.

DR _ sin(y/x? + y?)
P [x% + y2

CDAF _ sin(x) sin(y)
P X y
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(a) Separation of variables (b)Exact formula

Fig. 3 The figure (a) shows the cross spectrum in diffuse acoustic excitation based on separation of variables of sinc function. The
figure (b) shows the results based on exact formula of sinc function. This results shows that the approximate assumption is
good agreement with on the axis and the near field from origin of the coordinate axis.
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BTh Dko|x — x| (FH & s 2 S OMMEOR) OEIC X0 IFPERERNEET 5. 32 @i T, s
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A2 NT 78T E L AOWITREZE] L, Rochambeau & DHERTFIED TR 2 3 Hl4 5 .

3:2 EREIRARZRRY FMLOBERXZRWNV=CaA Y 7972 o A0OBEREOEH
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%, &5 BB NHRREE & BRI A AT 5 7 — U =S L RIRRIS, BRI O BIEL S (x) A EZE M o B
BE (K) (22549 5 il 5525 #5 - (Wavenumber transform) @ BIFRAIE (17), (18) TEFIND (Fahy, 1985). Af
TIPS EZEE LT, 2k 2ARlHEZE 2 5.
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sm(kor) d
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/f f |77 (K) |2 dk, dk > UPD () (35)

JRAF (@) =

2
W<IJQ¢J%()'J1—akvmy
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R, TERFE L OFTREEE O HEZAT o

3:3 SaAfA VTP ETERUADELBEDEN
AECIE, FEIC K 2GRS &, SRR X 258 oM EZ AV, X (35 I TUREnNzZE—FR
RO B % & e, *%Twﬁm%m&k#ﬁﬁ%m% BIFTAaA Ly NT 787 E 2 ZADOBSRROM S

kB2 5. 22T, B(K)%Z PG OWBEAEX 235 1T 2 R ) S 7= s Ry ww®&ﬁ7@&¢5&
2N TV EEFOMAEIEIC BT B E B R &miﬁ(%)lﬁﬁkﬁé(amwAmeWL BT

BRI AU — KT — Pl o LTERT L, X 36) 21TR L 5.

This document is provided by JAXA.



Kk 2
- pco” 50| O,
lkl<ko /T — (1Kl /ko)?

|77 (k) |?
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Prag = pcoaradA(V(X)>2

o 37
= PCoGraad ) (7 GOV 37)
r=1

T =~ f v dx (38)
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TEHCESINRICB T 5 a A v NT 727 % 2 Ao T, fEKTFETH D Rochambeau B OFHITAE (X (16))
DIEERGEZAT 2 72D, AROEHTFE X 43), LIT, #EFIE) LIkFEOMAER (Eror) 2 (44)

VR T UUE (dB) (ZTRO-. ZORER, WERTFIEIIEREEHICB T 2RO ES L o A A7 ML
DAL AW RETE L R L, SHET— RIS UK 1dB (25%) FREE O A M e S IRENGE T & 72
HZERbhote. ZOMERT, TEUETH BRI EORBEIC L D THET 5720, FHRRGHORE~
— VO ET O BICIXEEDNLE TH D, 4T TIE, EBWHEED ORGHIBT 2RETEOAIMEE GRS
BTz, B UM iR 2 S OB RGA % 5 2 72 VAR E O B BIREMAT IZE A L, MRATHE & O AT 5.

7'[2 iUDD m iUDD
Error[dB]=10log Fo—rad]rr (w)/Fo_rad]rr ()
0 0
(44)
=10log (%) = ~1[dB]
4

4. FBHOERFHEEA-FIRBEIC K SHEFEOFMEREE

AEICI, —BR2 PG Z R E LT, T VX HEBINRE O L D IEECS I IRICBIT 5V a 4 >~ b
TR AOfSR (X 43), BETIL), WEEECOE— NEREZ GURMERMTIC I VEEEZITHI V2
A T e 7E o 20RFER L (6), HiERE) B XU, Rochambeau b Ot X (16), WEkFiE) %
WAL, FHERBREZETS. B, AEBROMK TR, EROEREEZ2 52 TE— NEREE(LS S
WHEEET N AR E LT, = FERELBELEPICY a A v 8T 787 ¥ ZAOMNTEE RO HIRBETIED
OGRS KOV AR 2 eI T 5. RE TG e T2 FEEEIL 24 Fi L [A— & L, EHE4E 23 A
—DFMTH 5 SSSS (MWL HAISFF), CCCC (MWL EN), BERSEIEARIET 2 SCSC (HifiSchs & [HE bk D
IRAE, BLANS, KON C) @ IFHDERKIMK LEAEET 21T, YaAfr 77 e 72 o 20k N %
1Tol=. 22T, BRSO EIE, HMEHE (Simplesupport) % S, [E7EHE (Clamped) % C & L7-. f#tTH
OREEFE T IV OVERR, BRSO, [EAEMHTIZ MSC Software #1:¢> Patran/MSC Nastran % v 7=, 7233,
WS T LV OEFRIIIL > = /LVEEH (CQuadd) & L, MEHTEIEE D FIRIZTFHHE ORI L by
2kHz L3 5. fiEdT B ERRITPARREE DO 2 A 2T v AR ORET AV TIX 1UT2H2) LLETH Y, fHEiED
HTH R L 0 FRENEWZD, BERFEET LVOEEY A X, K (44) TREINDEROMITHEREL XLV b
FANEL 72D L D0 20mm DEHELE L.

(44)

RERFIECELDVaA v N7 78T Z 0 ADFRITNEE & 70 5 TN 0,00 (T, BRI L DB
FRNETLHREDT, FHEBRZE THEA SN T 5 (45) OIEZ Wz (Mark, 1989) . f i3 FkdD =1
YUT VAR TH D, AL T o AR EO AR IS O IR S ERE LD b RERY
HREIRENC 0 BRI 1T 2 2RO RE L D Z L b, FEERNHT 2 (g = 1. —77,
AA T RJEBEELL T OB TIEIME O MIT RS EFRE LD b <20, MIEREIZBIT 5 2ERDK
AL AECITL <, MIERENC K DU BB NS <% (0700 <1). K4 @ 205 (0) 1T, FIHREMIC
BT LERMRERT.

_{ (/0P (F<f)
Orad = { 1 (f > fc) (45)

B4 (a) 725 (c) ORIV, BEFiE U 43)) 1%, 500Hz UL EomEEics T, By X (6))
EHE L TR TRFEFR L 7o T D, IS, BERSMTKD T, aA o7 v ARBRELLETi, fiHk

This document is provided by JAXA.



BB T 5 EEMESME G (3L) M0 rh, K (45) 12861 5 B H 0, qq = 1OITRIGMED ALY ST
DT e, BEFE (KX 43) HERS G (6) @H/&éﬁz@m:i< —HLTCWD EHEERsnD. Fiz,
500Hz VL Evo oA o F o ZEELL T OEEIC BT, ERTOMENRRL 72512060 (SSSS—SCSC
—CCCC), JaWEE N L < —Ed A EH 5. 500Hz LA T ORI IV THRETFE & BUERE Y D8N
RELRDFEGITOWVTUE, ERSFMORBIIZIF 20 E WO RED FIZERIAE LTHWE (45) oF 8K
FENROIPREENER L Tnbd EEX NS, —F, WEkFE & 16) 1%, HiEfEs X (6) Ll T
JEAREME AT B L TV AR, EOBERSFICBN TS, KA TR E 722 BIEDEAE L, G oT-H
FER LR DATREMEN S D Z E B D.

1.0x10?

1.0x10?

s - Equation (6) c | --+--Equation (6)
— -<--Equation (16) S -<--Equation (16)
S cgﬁgi‘?oryn S —Equation (43) _C Condition |C —=—Equation (43)
S 1 C
1.0x 1072 i 1.0x 1072 E
= i :.;" et MR ) R : :‘:(,:gé:,,,ﬁ L = SR T ;. % f s -:?'33'}‘;&,
10x10° st Pius e 10x10% .
: s S el
1.0x10* 1.0x104
0 500 1000 fc 1500 2000 0 500 1000 fc 1500 2000
Frequency[Hz] Frequency[Hz]
(a) SSSS (b) cCCC
-1
1010 c --+--Equation (6)
S Ry -<--Equation (16)
- Condition |9 —=—Equation (43)
; C
1.0x 102
g
= SRR A - :;'; \";‘,_:‘ 2 \"::.:':;E:“‘v o
1.0x 103 ¥ ¥ Tre i o
: g G
1.0x 104
0 500 1000 f c 1500 2000
Frequency[Hz]
(c) SCSC

Fig.4  The figure shows the comparison of joint acceptance for diffuse acoustic excitation by equation (6), equation (16) and
equation (43) are plotted with the dashed line-closed circle (black), dashed line-open circle (red) and solid line-open circle

(blue), respectively. The equation (43) is found to provide good agreement with equation (6) for frequency ranges above the
coincidence frequency.

ZT, BERFMOREEEET D20, X (6), 8) BLUN 43) »ofFbhd, E— FMEREZHW-EE
ﬁﬂlﬁﬁxbﬁs@ﬁﬁit (N (46)) Ll (U (45)) DEBERIRZ[X 512

2.2
kom

Oraq = f f @, (Osinckolx' — x1) @y (x)dxdx (46)
A/

D, 500Hz LUF DM CIE, FERSAFIK S T FEBS DR OITRIREN K E {, BEFEDOEE~D
E”i“ﬁ)jt%b\: ENEL D, Fiz, 500Hz LA EDDaA o7 v RPN T OB BV TIE, BT
DFIEATRS 22 DIZHE, FITRIZ KD B Lo EE 2 (N 46)) Lzl GU (45)) DRENEL< 2%
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e, VaAr "7 e T A URZONTE, BEFE G @3) »HUERES K (6) X —HmLTWDH D
ERGD. EBIT, aA T RAERERBLL EICBWTE, #EOMRE— FONEE AR S DT Y,
BHERASME B E *i“ﬁﬁz%ﬁz; WIXD D&, SRR E OFRRZE S DI, BRI —ET 5 Z L3
%. 728, 500Hz VI EAERENC 31T 5 58S O edge T— RTINS FEHE ThHH L EZ BN (KRETFL

THXaA o7 v AREWE D 45373 586Hz) ,  Mark OITElE = A o o7 o A S ELL T2 3 5 B8, @A
TEROFIMHEAEIZ 72 0 155 L HEZE S LD (Fahy, 1985).

1.0

> A~
[&]
c
(]
=
2
Tﬂ +.+..SSSS
p . --8CSC
L.% 1.0x10 ——CCCC
.8 —Equation(45)
©
©
o /

)

10x102 ¢
0 500 1000 fe 1500 2000

Frequency[Hz]

Fig.5  The figure shows the comparison of radiation efficiency for rectangular plate by equation (45) and equation (46) are plotted
with solid line (black) and the other, the equation (46) is calculated with three boundary conditions (SSSS, SCSC, CCCC)
are plotted with dashed line-closed circle (black), dashed line-open circle (red) and dashed line-closed circle (blue). The
equation (46) (SSSS) is found to provide good agreement with equation (46) for frequency ranges above 500Hz.

LLEDS, MEFETH D, —kkT Vv ZARBIMROE I X 2 IEBE SR O a (o b7 772 o2 (R

(43)) 13, BERRMHUKD T, MED 2 A 7 o AL, EIZB W TR EMOFHEA ATRETH Y, SR
R4 Mark @iﬁ{lffﬁzé & THRINTFET D ZEBARETH D Z L b, FARET /M TRBLATREZR
PSS OBRFHI B W THE RS FETH D LWV A D.

5. # i
AREE, —HT L S ARBIIIR D I K 2 YEBE SR DR EIREN S A G RAIC BT D & T o 72, AW
n@ﬁ%&bfﬁ ZUTOEY E£LD5.

(1) PSR Z BT AL LR VAR Y a A b T 7 FE A (EISEDO LS E) &
RL, —ERT VA FEBIIMR Clact S B ARt O S E — R3S —Ichit &b 2 Lokt L, JEBas SR
TITREERFEICK - T, MRS T W U T 4 h Ll — ROLNEFICHEE S D Z LR L.

(@ YaAry "NT T H U AOWEHERBEIEZ AT, EER SN T\ Reh o7z, JEBESRICET 2 MESD
DOEHULT v AR MLVOEEERIC LD, TEHEEHIME & 87 v 2 EINRIC B 1 2SRRI o
FRAZHERANEH Lz, S 612, ZoMRRICEEBSCET 2@ L, YaAr N7 77 »
U ADMIIE A B L, PERTIRIERAN 2 THRER E 25 2 2R Uiz, Afs CEOWME, ek
DOWNBIEG T2, —kEF V2N OERL Y B 2 2T MAOIE VT, TSR A EEDS
BETE N ARER SN TH D.

(3) —KET VA MBIIMR DO I L D IEEE SRR DY a A > b T 7 v 7 X o ADOMITiR A, B4 (SSSS,
CCCC, SCSC) % 5 % 7= AikErE D HEIRERITICHA L, BB & s U7-fE R, BRI ST,
WD aA o7 o AERELL B2 W TSR AR L TR0, hOoRefMoTHFERE D Z
EMD, MBRE LTSS I LA RHEXTH D Z 2R L.
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