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2, $EMBBIRICECTH ) LEERICEA 370, FEM RN, ML, &Skl Kaz
MEBSRBEARAIRICHE>TED, avEa—¥y =20y oL =y a3 v biiH L2 oF R ED
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1.1.1 FEBEEKRFHRICET S JIS - ISO BIEICOVWTDOESR

W MERE DB DOHIM & LTI, 1960 412 ISO/R 140 & LT, IRMEEYE, 22X EmiTEE B,
EEECOMETEDPHESNTOPBIRE)TH S, 2D E FIE R (Recommendation) DD, HELEH
ETLD%A> 703, 1978 12 ISO140 & L TIEABUE & o7, T ) BEREMEEICEL T, &
WNZISO/R & L CH LN ZBEn 5, EAMZ 50m? DL e T3 k) cEvsnTns, 1, fF
TOMFMREZELTED, FLEBFEORMEL L CHHEEOHESEOERFMEME, BIRPEYTH
ZEVHEIADSIDENT VS, £/, TRIIZNIZOVT TZoEZHZ2HICHLEDTHLL L,
2 DODHRBEE DR OBER 2EREAIC R 2D EF L L, ZDDIZEE L5 50 m3 FREOENEYS T
HHEVH) LIRS EIRRTWED 2, STN6DEZ KD, il ISO B ICHERL L 72 225 Wi AR
OYPE T, W EBEEICE L 2EHROBREEZH WL ZEPEEALETH S, &EB, 2010 i
DRI FFRERR S 4, 2253 BT BE O SR M E R I B 3 2 Blkg 13 TSO 14140 > — X E > T 5,

—J7, HATIF 1968 fELIFE, 1960 FEICHE SN ISO/R 2 RESE, JISHKETZ L ELTHK
AANED S [3], 1975 FFICHRANC JIS A1416 (FEBR=I1TF T 2 GEEEEH o 2258 MWk BE O | 7E /715)
DHUE S NI, oW, BEFL, FHOMBIERELL T 100 m?® BLEEED 541, 2000 4EIC 50 m3
P EoiBRE % 1SO L34 L7 Type THBRE & LTS 2 £C, ISO oA NR VLI LIC
Bote, BB, BECEOTHMEL Eo—RNZESERE2 R THELE L CHEEREAZIET 2
AHiciE, FEHTE LT Type THBREZH W3 2L Lo T3, Type 1 iBRE % v 72 2255 E Wi Ak
ZHUET L, FRPEREECTONDG 2 L%, FRMBORMM? 10% M ERZ>T0E I LR
fERIN TS,

LALADs, 2hod Type [iBRE & Type NHBAE & DR R 2 EBEHE L 20135 E D% %
Vo Bl Z X LHEZAE R — F EEEC O W CHEIICHIRIIR 2T 7235 2 [4], 7, 2o oilli
SN OGBS B IS B 2 Bt b % < e ds, SRBREEEE 23 iR EE PN 12 D o CRBRIVIC I L
7B123H % [5],

1.1.2 EFELANIE - BEZEBEKXRICEAYT SEIENR

HEMERE D D THh 2 EE R OME T IEIC O TOZEIRE {, FEMEORHBM» ofitlF o<
w5, 1910 4RI W. C. Sabine 23BEICHAHE 55 COFRE, WeE PLaR 2 v ORI HE O FERERY
H9E % Riverbank Laboratories 12 TfT> T/ 2 &%, P. E. Sabine O NICLTED, 6D
FERR 2R ICAB L T 5 [6, 7)o #Hlll 2 BRIV 2 AT 217> 72 D13 E. Buckingham T, #IZ8E
JIS, ISO THIE SN T 2 FHEE TOZEBHI DA LA ZE 7 [8], V. L. Chrysler 52372 T 75
B, 50 m?® MEQHEAGERETTObN TV, BMEHFEBO O ERTH 5 A Y- —% 1.5 m BE
DL THEL S, PHEEL NVIGREPEE Z L 5 7% EOWRED T ST Wi (9], FEiEEAGHIoR
HIIC B W T, BEORBEDFEBEADHEICEHKR ZEWVWTE D, BROMEZEHEBIOFHIIED > 7
EEZOND, IO RO ISO DIEEDIKICH 2EZ L LTND AT 3 ARESH 5,
7z, A. London IZ & % FEERCEEMTEE TIE— MR EHEL RNV RS R WHDBHS IR >TE D, ##iF
ZHEBEME BRI OEEL NV EFHIIT 2 2 Lick> Tzl k9 & L7 [10], %D 1955 4E(C
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Waterhouse 2MABE EIZ B W T HBEHNLfF TIEEZE L 2L X —FE I35 % % £ 9% Waterhouse XI5
ZHERICE N TV [11], 20 & 9 B E IS BV 2 ZEE KRG, BERDIHXFEMm IS L
B0, BHNOVHEEL NV 2RO WEER, BERESE S &0 iHlNSNE L 4k 25,

¥z, HIEBEIHES TZDOTFHREICOWTOWMED ZINTED, < 1: A. London 23R Hi gk
D7 VY LAGTEBEIICET 28z R L [12], 20, E. C. Sewell 23MERA N7 VICHLD £11F 5
NEARRRKOBBBPRICOVTHGRZ R L (13, o, RAEOE—-—FOAZHZREL 05, —
J, BEOE—FZbFET 58 E L TE, A.J. Pretlove ® R. W. Guy 5 25 E D —HIZHAHLD £
o N0 2R L TED [14, 15], ZDH&, L. Gagliardini 5% T. Bravo 56232 DDk &
Z ORNZHLY (1) s M Ic DT OMGERZ R LT\ 5 [16, 17], Kropp & 1%, (K& 22 M8 478
IZOWTE— PR Z W TEZEL, EOE— FEENNIVEFHICEVWTEDE-—Fvy F v 7%
HIRMLEIC K D E— FORESFMEVED 5 2 L CHEERIED S 2 LR L Tw5 (18], 7, Ml
XY 67— FEGOEA MBI O W T, Sakuma & DEGMEMNT 21TV RO 726H3H 5 [19],
—7, PREMEE AL e AR S OB RNIE X, 1960 FRIEUTIIBEIC W o fThb i Tw
% [20, 21], HATS 1957 I/ MABL AR T I R R 1 5 3R e F O RS TR SE D R S - o
ICHEE, 1960 4F 122250 E M RE N E ] O R B E 58 R L 72, S5 ORI H 72 D kS D34S
LIRS T 2t 217> T3 [22, 23], N6 ZIFU S & L TRICEBERSRICH 2 2BREED
WEIZOWTIE, BRA RTEZHOTIIERThbITw3, #lZ1E, E. Toyoda & 1 %Rk B C &
DIFRBEWGRICHEZ DB OV THEMBTEL S 2L —va vtk TRITZToTw3 [24], &5
12, FRERRFROME TORBERFEEMEICOWT, Hasan 5 WA REFETIC X o THAEMBHTIRIC BT
LT3 [25], ¥AEAREEZOHTIEH 2%, D. T. Bradley 5%, LA & BRI I B o 75 2%
BT R 2 BIRIFEERIC X > TfT> T\ 3 [26], 2416 O RAIEICBIT 261%805% 5 — 15T,
BB OBAMEMRNT T, FHS2 2 v 7 ) — PEEZ NRICHREEMTIC X 2 HIEOBE % T 7
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5, INS6DFEIFENFEREOHIRICREEZEVTED, BRRDIEBEIOMEINEBBRICE Z 5
HITOWTHFZE L 7413 % < 2\,
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kb s 2 vl & L 2 B EIRENER 2 T > T 2% K o 208, IREERESE» /O
DHPEMEDED & I BBz R L I DI OV TORGRN, FMERITINREZR I NnETHITRVLD
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AT, FRFEFREIEEDOMIC O TS B EMPEEATR TR 2 A I B a s Tunn, £,
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T, MRS, B BEIYL R O WEE O BB RT Pk OBl 2 17 - 72 kT, R o HiliC

DWTHNS, 7, KX DORELIZDOWTRY,

BOETIE, AWMEOREE L 7 2 58 - BIREISAENT O A RERT R IC DWW TR 2, H—fiTid
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SR OE — FRBGGICHED ZHEZ O EROEHE L NLVEDOBRZHE L, E-EoFE IIov
THEET 5, HEMHiTlE, BHEARITTOFEZEBEEOBEEICOWTRR, HPUicI3 8 =Moo Fik
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1.4 FHHEMK - 70730 78E- 94779 9

1.4 {ERTE# - OS5IV JEE- 21477V

FPREBRICO WTIERHCHI D D722 WER D, Table 1.1 Db D Z{#HHAL T3, fifF#EX Fortran 2003,
intel #8234 7 (fort) KW'74 777 1Y (MKL Library) ZHW T3, 7z, HEEE A
DEFTHI-FTARERATH T R D K iR 12 OpenMP WL SNz b DE VTV 3,

7L, BBBEOE L EOHEAN VNS WLEIZOWTIE, U —F PCZHEML 7, k%
Table 1.2 1279, Z OROMEHEEEIX, Fortran 2003 H L { & MATLAB <, Fortran 2003 % {fif 3
2 8540% intel ##lo a v o34 5 (ifort) KUX7 4 77 Y (MKL Library) ZH\Ww T3,

E7e, ARERETNVOMEELTIE, Ay affily 7 b7 =7 Gmsh[29] 2] L Tw 3,

Table 1.1: CPU and RAM specification of the machine used in this thesis for high cost computation

CPU- Intel Xeon E5-4610 Equipped 4 CPUs
. (6 core / 2.4 GHz / 15 MB / QPI7.2GT / 95 W) Total 24 cores, 48 threads
16GB 8 slot / 1CPU
Memory:
(DDR3-1333 ECC Registered 2 Rank) Total 512GB

Table 1.2: CPU and RAM specification of the machine used in this thesis for low cost computation

CPU-: Intel Core i5-4288U Equipped 1 CPU
' (2 core / 2.6 GHz / 3 MB / 28 W) Total 2 cores, 4 threads
8GB 1 slot / 1CPU
Memory:

(DDR3L) Total 8GB
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8, IREGOFPHMFEEINE TICEE C DA fTTbNTE D, —MRICEETE D SESMIT FIE I35
D W 2 Ml U 72 R E E Tk &5, IRES O R 5B D CIREE ZA I TR R &
nas,

BATE BN TR, B, SikicfESI NG, Hido@ ), FEPROHEL, BT & & O Eiy
MEZ WG L, RPN DOATHEREDZF VX —DEilIn s EREL, T3V F—DXIL TP
ZaHT250TH 5, BN 2 EIGELN T & HAGHE 2 2 F SR 2 C AR D %
WA, GFHERROZYECEEEICOVLTRTIICBIRT 20 EBH 5, 2D 75, KEIEEANFIE
1%, EEO G FEEEROBIMIE> THY SN S k) Itk > FiET, HFESWTIIARZESIE,
ARRERE, HRERED 3 FEPELFIELE LUACHv T 5, FICHRAESSE R ESEIC
B 205 2 BT 5 75T H 3 REEEA 25075 (Finite Differential Time Domain Method:
FDTD #) & LTHw 6N, ko 2 DD FRIZNRBISK OB E S 5 T v o a3, 5
FEFRE I PEGHERNT S T H 5,

ARFCTlE, IRBE 2 AR 2 BAEMNT Fik & U CRITH BRERE T O RS AT 2 v Twv 523,
ZOMHEE LU TOHEEBZET NS,

o EFIROMNT 1T 720, WHINHE QPR K E  ZhFEANTFRILEY chvwEEions
P2

FDTD &R, fhifi 7 EEEOFR T OB ES ThH b 2 &

PRI R BB 20 35 S RNT 2 AE § 5 7200, BATHI & 75 2 BER R R GG EIR O 8 o L7 T
hoHrTt

IR D FRATIC R LT, B2 & D BRI OEADE S TH 5 2 &

HE - IREZAEOL OMBEICEATEETH D, 2o OMERIHENES THD I L

72721, AW CIRHIARZER D Hi— D350 & 75 2 TR T &2 TS 2 WD H % 7= &, % ki
PSR [30] & BIREREDRAIHESGIRIROBIN 2 5 3RO AR TH 2 2 LRI 223, BK
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IR Ch B, £/, M ETEITA L) BFIELELORBZH IR DBAIfTONTHE Z LI
HELZTUIR S 20,

ARETIE, AR THOWAAREZERICOWTZOHEGRICO VT 2.5 fix TR, 2.6 fiCidaRE
FIEICBIARA N 7oA (BUH) 2 OWTAIFETHOL - TEICOWTIRR S,

212 BRABEREHDOHDOEREIR
22 TClE, BREHEFOERICHEL EHEPLHIE R EICon TR g,

WEERT & ZEMAICET 2EET AWM CREFREBICE T 25Y - REGOMHETH), 0
I, IR 13 —HE L Texp(jwt) 2B T2 L L L7,
AT =¥ BIINT ALK ERT bl A(Ay, Ay, A,) DX EH SO THE L2 ZNZNLUT O X

HIizEL 5 5 5
B B B
gradB=VDB = %ex + a—yey + s
0A 0A, 0A,

de;:V-A;:éh + ay4—az (2.2)

e, (2.1)

2L, ex,ey, e, 3ZNTNxyz WIHADHEMXZ FLTH B,

WHEEEE 555 0D TRYIS N BN D IC BT 27 MU A I2BWLT, BUFOFHGEMAR D 7,
/ divAdV = ¢ A -ndS (2.3)
D oD

72720, nidBEFUCB I A S EAIAR Y PV THh D, HHEHOEKT S L 251, EENICET
LI E L OANIESHIC B T 2B OANCEL W, Ev») T ETH 2,
FHEHIZEWT A =¢Vy LB L, Green DFEHERXIIKKXD L I 12T 5,

/ (grade - gradep 4+ pV2ep)dV = ¢8—¢ds (2.4)
D ap  On

22T 2 BHIRICB Y BRI AR T, 5, FRICHEBERICEVT A =¢VY — Ve &
B L, Green O EENIIRAD L ) 122 1F 5,

2 26\dV — oy _ ,0¢
vt vy = § (50 -w3l)as (25



)
o
il
N
=
=
p—
w

22 FiGET
221 BHOEREAEN
T RAE DR 22 T UEAMEMET B0, LU ke ) 5B ONEE) 5 R SR 370,

Op

% —rdivv (2.6)
ov
P o gradp (2.7)

72120, pEE, viRIFEERY FL, pSEMER, pBREETh S, kD, HEICBEIL T
ToE TR 7o,

2 1 32]9

X

ot el e =[5 TRENS,
2T, WAHRBIZUET 2 &, WifTio Helmboltz HFADUT O £ 5 1<H 5,

Vi +kp=0 (2.9)

222 BEHEOREAFN

SRR DR 5\ OB P v SRR Eq. (2.7) £ DT 512013 3,
L (gradp) (2.10)
V=———— .
joop P
DR, B PV r HAANOR FHEIZRD L I IcEI NS,

Rigid I"

‘’Admitance
Y
Vibrated 'Y I

Fig. 2.1: Analytical model for acoustic field.
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Uy =V T

1
= ———(gradp) - T
jwp

1 Jp

EHOERCIRAEMNDIED 2o b D & L, FEEEOEY & OXE S8R T IS THIBESS T, 7
FIy gy AERTY REER TV 0 3EEEZRT 2, &4 OBFCIEEIRE i & L85 o K158
JE v, BT OAZ - THDET B,

—vf (on TV)
Un = /Bp (OI] FY)
0 (on I'M)

2L, ot NI E R RIRENEEE, Bk E T NI v ATHh S, Tk, BIREICES
2 G DIERITEEE IS DWW THE L DERFMFIILU T D & 9 12T 5,

jwpvt (on I')
—jkBup (onTY) (2.12)
0 (on I'M)

o _
on

Lo FIEBAAEE T P2y v RATH B,

223 HTEIE

WSS C CCIREAMNSEALICHEDE, AR AZ2HEAICLILT 5, Eq. (2.9) ICHEABEK
op 2L, FHBNHEAETHEIT 2,

/ op(V2p + k*p)dV =0 (2.13)
Q

ERFEIEHIZ, Green DFEEHERXZEH L TRXO X I ICEHTE 5,

/5pV2pdV: —/(grad5p-gradp)dv+/(5p8pdS (2.14)
Q Q r = on

Eq. (2.14) Z Eq. (2.13) IZfRAT 2 LT D & 9 K9P0 T RAB TSN 5,

/(gradép - gradp)dV — /<;2/ oppdV — / 5p@d5 =0 (2.15)
Q Q r on

X510 ERAFSEICE AN Eq. (2.12) 2HAT 2 &, JEEREEHIC OV T T ORI RRAI D

N

YASN

/(gradép - gradp)dV — kz/ oppdV + jkBy oppdS — jwpo/ dpvfdS =0 (2.16)
(9] Q Ty

I'y



2.2 HENT 15

BESARROBBIL 22 Tld Eq.(2.16) KA 7 —F ViExwH L, BENICRE 2 e TE 3B
ZIET 2z nd, Motz NHoBERICHE L, FEENICOWT Eq. (2.16) Z3Hifi L, SRS
HKTZDOHELEROGDODE LI LEEZ D, 22T, HHURNOEEMTHE p FEEHAICE T 5H
pi EINFRBIE N, 2 TR GEMT %,

p=>Y N (2.17)

ZITINY, {pe} BBRZ P AERRAD & ICEET B,
{N} = {N1, N2, N3, ..., Ns} (2.18)
{pe} = {p1, 02,3, -, pr}" (2.19)

Inszfvs e, Eq (217) EXRAD KXY FALONETE L TR ENTE %,

p={N}-{p} (2.20)

IolT, B —F VIETIIEABEL op DNz BRI L H—Ic L 5,

op = {N} - {0p.} (2.21)
DL EDBIRZ M, Eq. (2.16) 28 EENICB T2~ R Y v 7 2R E LTRTBRZTITRT,

BEXRTRNUYIROBH £7, $28FE e 20T Eq. (2.16) DF—HIZ

Qe Q. i j
ON; ON; ON; ON;
:/Qc (Z o7 5]%‘; 3$]pj+zi: ay 5pizj:8y]pj+zi:

%

ON, ON;
5, o Z aﬂ) v

— (5p.)7 / B2]7 BV {p.}

e

= {0p.} T [K2]{p.} (2.22)

Lz, 22T, [BY KO [K2 BERZNERT Y v 2R, HlltEw MYy 2 2 LS, MToX
IICERIND,

oo R
B2 = |G & f’(;gf] (2.23)
6N1 8N2 aNI
0z oz Oz
[K3] = / B2 [B?]dV (2.24)
Qe

iV T, Eq. (2.16) 28 HHICE T 2 B HIZ
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Z;&mﬂVLée(Z:Nﬁm>.(§:Am%)dv

— (3pe}” / (N}T{N}dV {p.}
Qe
= {op.} " [M2]{p.} (2.25)

A%, 2OT, M2 EMEY R Y v 22 EER, DTO XS ICERSND,

M2) = / (N}T{N}dv (2.26)

KIZ, Eq. (2.16) FZIHIZA v E—F Vv AR T 2HTH D,

Bo /F ompds = /F e (Z Niapi> - (Zj: ijj> a5

— (6D} fo / (N}T{N}dS{p.}
= {5Pe}T[C?]{Pe} (2.27)

LHEED, TIT, [CA RIS Y v 2 A LIEEH, UTOk) ICERSNS,

C2] = fo / (N}T{N}dS (2.28)

R ICEVUEIZIREIE U T 20 TH D, WS, e EoZMPHEIC L hiddans
RENG L DERGEE2 RTHTH S5, 2 2 TE—ERE o([,) THE) SN IR EZEZ 5, O, FM
THIZE T 20T

/ 5pvfd5’:/ (ZNidpi)dSv(Fe)
Fe Fe 1

::{5p5}7‘j/ (N}To(I'.)dS
e

= {6p.}T{Q2}v(T) (2.29)
LB, TIT, A7 {QA) RUMFO K EE SN,

Q) = / (N}Tds (2.30)

IREN & OMBRTEIC B T 2 HMWHIGEA~ MY v 7 2 [Q) £ LTRI NS, SHEBEHEREICE T3
WE2 Py 72324 HIICBVWTEEDTRTIELET S,

KX Tl Eq. (2.24),(2.26),(2.28),(2.30) 3EMER T IC & 0 Fli§ %, BB 7 OFFM 12 13 Guess—
Legendre 8677 % 272,
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23 BRSSO ERERBEITER
231 ERIREISOERAER

WHED»OEHFINT, Laeh kb 2 REIMMEMT 2 K, BROMUNBY TR X 21800 L EE 1D
BRI STIENCEE T 2890 AV o LT O BIRE AN G o 5,
0y,
e T f.=0 (2.31)
72720, T, pm, fry um 13 Z NI BRI MOBRO B FE, HOLRERS D i<b 2707, WsEN
Thd, £z, Vy BEENOF 77 ThH D, HEExy FRINTERINGGE V2 B TO L ) IcEK
ns,

Tvilum — Pm

0? ok
Vi = @ + 87@/2 (2'32)

CCCHiRBI 2 RET 5 &, ERIREBICE T 2 BREIG O FEEG AT D L 5127 5,

TV um + pmw?um + f, =0 (2.33)

Admittance

Fixed Edge

Free Edge

Fig. 2.2: Boundary conditions and domain notation for membrane vibration field.

232 R

Eq. (2.33) 13~ RIuZMIC & F 5 Helmholtz 52 & EfiiTH 2, fE> T, HIREEMITICET 2E
MU OB THEZICK T 2@ ML LT 2% v, 1E-C, U TRERZEIT 270, HEzZ
WY B 2 bR & AL OFEM I3 AN 2,

BEHIPAEXOBEHL Eq.(2.33) OMBZIRBIRAN LA ou™ 28, @FEEPoET L7 T
i z#E2 5,
/ (Tou™V2 U + pmw?Su™u™ + Su™ f,)dS = 0 (2.34)
N



18 92 H AIRERIEIC X 2 HEHRE) AT

EFE—THIC R ITH N T Green O —HEXZ#H L, Y 2 L D0 R 0E )
nz,

/Tvméum - Vmu™dS — / pmwdumu™dS
r r

~ / sun fds — 7 [ sum 2 ar = o (2.35)
T

ar on

WESSEROBEIL 2 Cld Eq. (2.35) 1047 — % Y E2 M L, AR C HSHIK 3 R4
W3 2 e T, Gz NEOERICHHL, #EHKIOLT Bq. (2.35) 2L, HRAETZ0
WHBEERADE2FEEZD, 20T, &2 EHRNOMEESCIINEN w, 2 BRI H T 2l ol
LRI N, % O TR SRR 5.

u™ =y N
= [N"]{u™} (2.36)
72721, [N™] = [Ny, Na, Ns,...,N7J, {un} = {u™t,um2 o™ o™} LEERT S, S50, &
7 — % VIETIRRBEA ou™ Z2EATRIR E R —ICE D ITD X ) ICER S,
Su™ = [N™]{6u™} (2.37)
P EOBIGE M, Eq. (2.35) 2 8EHENICET 2 MY v 7 AR E LTETBREZ L TIORT,

BMEZTNUYIIOEH BEUDIC, H28EHelcowT Eq (2.35) OFf—H, H IHIUTO LS
IZRIN%,

Te T, r -

— (Gum)T / BT [B™]dS {ur)

= {oug}" [K™{ug"} (2.38)

/ 5umumd5:/ <2Ni5umi> (ZNiumi> dsS
Te Te i i

— (Jum)T / N7 [N™]dS {u?}

— {ou)T (M) {u2} (2:39)
IIT, EBAYEY vy 7 A [BY], EEMIMEFY vy 7R [KD], BEEEFY v 72 [MP] 2202
NUATDEH)ITERL 72,
0
B = | | . k2= [ BeEas (M= [ NTTNTGS (a0
Te e

0y
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BT, HBHEKICOWTEq. (2.35) DHE_IHZERZ S, ZITIHL2EENTEDMIRS f2 238
EINDEMEEHEZD, ZOR, Eq. (2.35) 5 =X

/ su™ f,dS = {ou}” / [IN"1"dS{fs}
IT'e N
= {6ul}TQI{ 5} (2.41)

IT, BEREACIY v 7R QP EUTO L) ICERL 7,
Q) = / IN™17ds (2.42)
e

BBIC, H2BRERICOVT Eq. (2.35) OHVIIEZE 2 5, BRENGICE W TR b il 2 B RS 13
B, ROHBETH Hh 2 ZNEER EicBw»Tu™ =0 (on OIFX), KON 0u™/0n =0 (on OI'FY)
Ik hERIND, o OBEREMATIE Eq. (2.35) DFEMIED 0 L25Z LIZHS»TH D,

E7, Y ERRRIC, BRBISIESIC I TN OERIT & 2O LT N R /A
HERETZ2HT, f vE—F Y RERENZ2EET L LDTE 3,

ou™
_ _ ;pmpgm,m 2.4
5 = Ik (2.43)

22T, BN RBREGOEA T F Iy ¥ YA BB =1/\/pul TIEBULL ZERT1A7 K2 v & v A,
E™ 3 BERENS OB TH 5, DI, Eq. (2.35) HMEHIEL T O L 9 IckIn s,

s P g = ik [ sumymdr
or on or
k)T (ﬁ;“ / [NmmNm]dL) {ur'}
or
= —jk™{5ul }T[C]{ul} (2.44)

22T, BERBECIY Y 7 A[CV] ZUTOX)ICERL .,

) = g /8 NN (2.45)



20 92 8 GIREEREIC X 2 EERE) T

2.4 BEREERNCROED KL

R B W TIIREN 2R b ) v 7 220N T 5 7 DI B O #2179, Kiiclx, Auf
e CH 3 F B BREIG R 21T 729012, ZNFN0Lo5EAEs 2R3, b FEEE
BB 2HZRLTWw5,

=15

piﬂ (/ (Vép - Vp)dV — k:2/ 5ppdV) — /5pd5'—0 (2.157)

=1,
WiRIRES

T/ Vmou™ - Vi u™dS — pmw? / oumu™dS
r r
a m

— / ou™ f,dS -T ou m—dL =0 (2.357)
r ar on

=In

Fig. 2.3: The notation on the acoustic membrane coupling probrem.

By & ERENS OB TR LU T O X 9 A -S40 S ONERR T 160 A - IR B 2 7. D s e S 3 ik 7
ST T 2w,

f-=%p (2.46)
1 op m
o o =4u (2.47)

DI, B BT R 2 R s e L, B *mxfoiiﬁmﬁ%—ﬂﬁﬁﬁﬂ%@ﬁiﬁ IR, R
DF G- BRI EK TR AR S 2T 2, 2 2 CIRFHICRT 205 IS N E L, 35
B DRI L RE DAV IIEZ BT 5 2 & %&%z%o ZL DI, Eq. (2.157) % =HIC Eq. (2.47)
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ZRAL, RERICOVTRMZ L2 LU TD X ) ICERTHBHKS,

1 dp
I=—; =
e > /rs Op —dS

ec'P

::I:Z/FpépwdS

ecI'P

=+ 3 {ope)” [ (NYTIN"IaS )

ecI'P

=+ 3 (P} TIQ™] (e}

ecI'P
= +{op}" [Q*™{w} (2.48)
CHB, T CTEEEET Y v 2 A QW] AEAT Y v 2 A [QU] 1k FRTERI NS,

Q)= [ (NYTINTas (2.49)
Q™) = > Q™) (2.50)
ee'™M

Eq. (2.46) % Eq. (2.35") HEIHICRA L BERISOWTIRMZ L2 EUTO L) IckI s,

Im=Y_ /F Swf,dS

ecI'M

=+ Z /Fl?éwpdS

ecI'M

=+ ) {ow.}” /F ANTYH{N}AS{p.}

ecI'M

=+ > {ow}T[QP){p.}

ecI'M
— =+ {ow)T[Q™ (p) (251)
A Y v 22 [QUa], AfkEAT Y v 2% [QUa] I FATER SN S,

Q)= [ IN"TNjas (252
Q™= > Q™ (2.53)
ecI'™

Fig.2.3 IZ$ X 9 2 1-BREIS- 515 2 OHRR O~ Y v 7 2RI T O X 5 1cF T 5,

A% [Qum] (o] T ({p'} —jfu[czaw{vfl}
Qe [Am Q]| fue b= d Sy (2.54)
o Qe A ] | {p?)

Qv
7721, [A%] = 13 ([K®) - w?[M®] + jk[C®)), [A™] = [K™] —w?[M™], %74 [A™] = —w?M™] T
B3, £7, [QM], QM) U T DI IKEA 5N,

Q)= [ NI, Q= 3 (@) (255)

ecI'M
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Q)= [ INTTNYas. @ = 3 Q) (2.56)

ecI'M
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25 ERWED DM

I TCIRE RIS TR RIS N, I TR, ZhE Bl E T, AREEE,
BERERIBICB O TIEBPRIMEETH 5208, BUEETZH TR0 2BETH>THZD
MEIZFERRICEBI NS 70, 22Tk, MAE, NHE—-XERIIOVTOAREENICERET 5,

251 WEFERKEZDOHDE

N ER
WPSESE Fig.2.4 18T X910, 3 K07 LUk % R iy T 5 - L £2 5, COR, (T
KD VIR O S22 RHERE (2, y, 2) (KRR DB (¢, ) % B TRRD & 5 1 £ THITE 3,

4 4 4
=1 =1 i=1
7220, (wi,yi,2) (i BHOHSOMERE, N;j(&n) 13 i ZHOHROWNHEKTH YU TD X ) Ik
INns,

Nifen) = 11— €)1 )

No(&,m) = 401 +6)(1— )

Nyfe,n) = 1 +6)(1+)

Nafe,m) = (1)1 +7)

(2.58)

Fig. 2.4: Schematic of quadrangle interpolation function.

WAEEROMAT Y Lo WIS R O TR S NT O 5, HI % TR L SRl b
Y v 7 ADFIFUC I, WIFEEO 2 ERER COEMBMOME 2, 2, 2 25T 2088555, L
L, COMBBATTRTT 5 2 LRAZANITH Y, HREHEED 7025 A2 ET 2 BIBT L
SARIITH 2 LIRS A, T T NTBIND A A EEER 2R & SRR © 0 2R
WA RGN 5 k%2 BT 2,
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BHBIB ORI ICBET 5T = 4 Y L—L X D UM OBIRDER D 32D,

ON; _ ON; 0z  ON,; 0y
o8 Ox 06 Oy O¢
ON; _ ON; 0z ON, 0y
on  Ox On Oy On
EXz=bY vy 2 2ATET L, UTOX)ICECHITE S,

) o o€
aﬁ; = Qé ag 55
on on  On
ON,
=3¢ &% (2.59)
p)
> T, WNIFBIB D 2 EERR TO MR UL T O L ) ICRTHEITE 2,
g% b= gﬁ (2.60)
0
2T, [J) BEEABICBT 2 a eI Th DU TD L) ICELI NS,
_@ 8y
_|oe o¢
=55 o
LOn %
4
Z aé- yZ
D SEAH
Li=1 =1 877
TON1  ONa ON3z ONy7 |21 w1
_| o ) ) ) T2 Yo
= |68, N, N, oM, Zs Us (2.61)
on On  On  Ond x4 ya

VL EDBRD S, WfBED RFTEEER COMmBIME I OFH R OB L D, WIFREH D 2RSSR TO
oz B 2 HEETH 5,

ONy (€, 1 ON1 (¢, 1

e Jamn D Caog

ONy (€, 1 ONs (&, 1

L R

ONs(E,m) 1 ON3(&m) 1 (262
=0+ oy~ alto

ONy(&m) 1 ONy(&m) 1

pe =gt =00
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AERER
WPGEESE Fig.2.5 18T £ 910, 3 K0% M LoATIRE RT3 2 L £2 5, O, (T
B ANTHRKIRO MRS (2, y, 2) (XDFFZER OB (¢,7,¢) ZHOTRAD & 5 1 £THITE 3,

(e 9]

8
r =Y Ni(&n,Q)wi, y—ZN (&, )i, Z i(&,m,¢)2 (2.63)
i=1

7R, (2,vi,2) 131 BHOEH R OBERE, N;(&n) 131 BHHOH M ONMHBEBKTH YU T LI IcFE
INns,

Ni(E,.0) = L — (1 —n)(1- )
Na(€,1,¢) = 1<1+5>< N —0)
Ny(€,,€) = 1<1+§>< Fn)(1-0)
Na(€.m.C) = ;< L=+ -0

No(€m.C) = {1~ 1L —m)(1+)
No(€,,€) = 1<1+5><1— M1+ Q)
Nr(€,n,¢) = 1(1+£)(1+77)(1+C)
Ne(&n,0) = ;< —O 41+

(2.64)

Fig. 2.5: Schematic of hexahedron interpolation function.

BABRROMAT 2 TN D 2R T o2 RIFHE & RATEER T O 22 MR E 2
XGOS 2Tk HAT 5, GREBRDREIIET 2F 24 Y V=0 XD BT DBHRDIR Y 520,
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ON;

23

ON;

on

ON;
ac ~

ON; Oz
ox O¢
ON; Ox
ox 8717
ON; Oz
ox dC

ON; Oy
dy ¢
ON; Oy
dy On
dy ¢

ON; 0z
9z O
ON; 0z
0z 8777
ON; 0z
dz ¢

ERXZ~= by 72 TETE, MTOX)ICEHSHNTE S,

ON;
o,
o

a¢

€T, WIRBE D 2R COZERFEMTIZLLIT O L ) ICRTHPTE 5,

ON;

5%,
o,

0z

=)

dy 0z

o6 0
af, a§

on 0
T

¢ ¢
ON;

5%,
ol

0z

0

ON;

5%,

9
oN,

0z

0

0

0
0

N;
iy

N

a¢

(2.65)

(2.66)
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ZIT, [J) BEEABICBIT 2 v a el Th D U TD L) ICEEI NS,
0§ 0¢ (’95
9] = dr Oy

“lon on a
o1 oy 0
LO¢ O¢ 3C
. . )

aNi aNl
; gg " Z agy’ Z; o¢ !
8 8
ON; ON; ON;

N 1=1 877 " ; 8?7 v 1=1 877 “
8 8
_; Tcxz ; Tcyz ; ngz_
TON1 ON, ONg T
98 oE oe | |t oA
8[61 8[62 8]68 T2 Y2 22

=\ o B L (2.67)
81;71 8132 a 8 . .
/. T e — rg Ys =g
| OC oC oC |

DL EDBRD S, MBI D RATEEER ORI ME I OFH R OB L D, WIFREK D2 EHERRTO
iz St 3 2 H R TH 2,

PEn0_ fa-ma-g RO
PO Li-pa-g RO
PO Jaana-g RO
5N4(8£én74) _ —é(l (=0 3N4§7;777<) _
8N5((9£§n Q) ;(1 40 3Ns§nn 6)
5‘N6(a££77 ) ;(1 )+ 0) 8N6(8£ 1, 6)
8N7(a££?7 ¢) ;(1+ D+ 0) 3N7§ :,6)
&“gj“”——;1+mu+<>%;”o

2.5.2 Gauss-Legendre TEDIC &K 2 HED - KBS

Gauss-Legendre FE7MCDWT

1
=1+ -

Llacoa-o

3
: )

- liveu-o

8(

1
S1-90-0)
1

= —21-90+0)

= L1+ O1+0)

1
= (1461 +0)

1
S1-90+0)

DFHH

ON1(&,n

9)
6)
6)

on

ON, (5

a¢
N3 (&, m
a¢

Na(&,n,6)

a¢

ONs5(&,m,¢)

a¢

ONs(&,1,()

a¢

ON7(&,1m,()

a¢

ONs(&,1,¢)

a¢

_ 1
——51-90-0)

- L0+

— L1+

— 190
1
- 4
1

— 190 )

— L1+

— -9t
(2.68)

1=&)(1 —n)

Gauss-Legendre BT 3 BUEE 7 EDO —D>TH D, B2 RNOIEATEH 2 FETH 5., Gauss-

Legendre #57 Cld € € [—1,1]
NZ DRI

WIERL S L IX I

BRSO L, BOKERNIC
T%E&uhﬁﬁxéh EREDBI f(z) DR ED T D & 5 ARATRT - LA TE 2,

BT 2 FHMA & K



28 92 8 GIREEREIC X 2 EERE) T

/_ Q) = 3 FEw, (2.69)

F7, EEOMAKEIC O W TIREELIZT Y, BoXEZ o e [-1,1] KIEBLT 2 2 L °kdH

WTE 5,
a a—b 1
| f@de =152 [ rateas
_a— b (

(2.70)

oI, ZXOULT 22 EHAETH D, EEOVLIEHBICN§ 21D, MOERE O/
XL ABETICOCTU D L) ITET 5,

//fwydwdy—/ / F((€m), y(&, )|\ dgds

—sz (&, 1), y(&ir i) I | wiw; (2.71)

1 1 1
/ / [ (o) dudyaz - / 1 / 1 / (€m0 9(6m.C). (6.7 ) | dedndC

= F@(Gongy Ge)yy(Gin g Gk, 2(Sis s G)) T fwiwswy,— (2.72)
i i k

L, I RIEEERIC X 2 Y 2 AHOTAROMETH 5,
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26 BREZREWNICHITZRANTOECITOMLEICDWNT

Hifili ¥ COBGMICHE > TP R R 2 2 &0, BEEMAICBIT 2 RAERKE 2, Wb, HEER
TIEHEI AT, BUREIEE ISR AR E S, Lo LA s, EFReEBKL EOREICE L
TEHEEHAICBI2H5EA v Ty T4 28, S5ICHIMOMIT 25 L ONRAZEBRT 235
BN —%RA 70w R LCHBT 208N H 5, KHiTlE, R THEZKRA 70 & 20
DVTZDMHERNS, B, KT 2 RILREEER (v, y) KRDFERR (€,1) 2V TGRS
DS, AREEERDS 1 RIGKR 3 RKIGTH > T h FROUBNTZ 2,

26.1 EEROBREZROELE

WZHToTIZDRZELEZDOHI N OV ED O NFZ2IT 9 BERH 5, Bl Z IXFEFEBEEZETIILLT O X
INCHFFZED 7=,

pr=>_ Nil&,n,)pi (2.177)
= {N} - {pe} (2.20)
A EER OB TGN H 7> Td i) BinigE GHiinz&83EE) & i) IRBEBOME (2 OFHiH O

HARBERE) ZRET 2 2 LRI 2, dHliRz GOERORRKIE, R TV T 2 5oWNIPHE 7
NI XLFHIR S HS LT 2 O CTEHMNIZEIE T 2, TRIRBIBOME 2 RE T 2 13T R 2 & T
WHROWRE, Tl (2., y.) 1K 2 2 OERNOJGHTEER TO B (&, n,) ZIRET 256D H
%, 22T, 7AVNTIRX Yy 7 HROYEIZTPIRBEE E NHBEIEIRI U TH 2 DT, UM DTiERS
5 (&) RO EHHES,

o =) Ni(&r,mr)zi

(2.73)
Yr = Z Ni(&rynr )y

VUi R FiSE 72 £ ORI TBIRBEE N T, Eq. (2.73) 22 SMHTINIC (&, n) 2RO D 2 LIRS T
b DD, B—RLEREE TN 2N T L SRR I L 13 6w, 20 X)) BEAILE,

Y
A

Yr \x- - _1_6_

Ly

global coordinate local coordinate

Fig. 2.6: Schematic of conversion between a global coordinate and a local coordinate
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DATNIZiAR % X 9 1T Newton 1 & O BUEIICE T 2 7703 & 0 21322 TH 5, Eq. (2.73) =
729 (&,m) ZKD B T LIS,

fi(&m) = ZNz‘(&n)fm — Ty
' (2.74)

IZ2WT, f1(&,m), fo(§m) BT 0 EHD XD % (§,n) Z2KO2 Z L LFAfETH S, Newton 2w
% &, WY RHIME (Lo, n0) ZEREL, AT OHERAZKEWIZEAT (&,n,) 2KDB I LTk D,

(1) o
£n+1 . gn _ _1 fl Snann . 85 87’]
{nn+1}'_ {nn} ) {jéG&Jnn)}’ = 0f2 0fs (275)
o0& On
6N1 8N2 aNn 1 U1
— - e,y
1" = £€ g& £@ f f (2.76)
(9777 8777 o on Ty Yn

262 HRONTRE - BE2A4VT7VYT74DEHE

HPIHOFMIC X D, HiSMETOYRESRENL, EENEEOMETOYHEZNL TR 2%
DBTE D, 2T, AHTIIERFELS LWL SHiR TCOR FHRERNEES v T T4 25
9 2 PlHZ BARICIEN 2,

B TREICOWT F9, MAEERHMTOXL koo,

v=———gradp (2.77)
Jwpo
;of,%ﬁﬁﬁﬁwﬁ?ﬁﬁ%ibétmmu,%ﬁﬁﬁ@@ggﬁggﬂgp%ﬁbmﬁﬁwzk
T oy

1272 %, b Bl ik

Op dr dy] ' [ON, ON, ON,,

or\ _ 1 oe o¢ T T T

O |0z Oy ON1  ON, ON, P12 Pn] (2.78)

9y o on o ap oy

ZZNZNOHRAE r; I8 W CEHIi LT, RN AEinfE s L RS ERToRN I N iEz g7
Z2ETIUT LV, L Lo, RICHBREERZEZE OB H CROMOBEN LS DL
DHIGNT WS, Ko TN OFNECTHiRAE D & HEMHE 2 80 o2 S HE T 2 HEDSKENR W &
DHIS N T3S,

1. B R COEEBEL 2 R
2. M KOG LD & i 5 0 S EAHEE 2 S
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3. ZDffik G 2 2ERTHEMEL L2 KD Z 2 LIS EEE L 25

COFMIHE > 7 Hi R OBFEFEEORMFIIIL TR LB TH S, £7, Eq.(2.78) 12Xk H

ﬁﬁfh&,~@M@%E@§%ﬁmL,%mg&mﬂﬁfﬁfluﬁmﬁﬂaeaﬁﬁoégm
SHWOTIENUER, 558 7y, ra. vy CorriEpe 200 02 L O0N) g s g
RES 2 &, BTN E TCOFEMBEE U TORRTRINS,
ape) Ap(ri
fgiﬁ) ::j£:4Aa(§j)f;;:) (2.79)
BRI TO Eq. (2.79) 2175 0°£T &,
Ip(&1) ) (Op(r1)
O Ni(&1) DNa(&) Ny (&) o
op(&2) Ni(&2) N2(&2) Ny (&2) Op(r2)
Oz = : : : Ox (2.80)
8}?(54) Ni(&nm) N2(nr) Ny (&) ap(;ﬂN)
ox \ Oz
kb, HiSETOFTEMEER EX 2B T T LIk sn s,
( 9p(r1) ( Op(&1)
Oz Ni(&)  Na(€) Ny(en)] | L0z
WD | [ Mi&) Mal&) - Nule) | | &)
Ox = : : : ox (2.81)
Op(‘rN) Ni(§nr) N2(&wm) Ny (&) ap('EM)
oxr / oz

7oL, BEEMABN EEORE M AT LHREKTIE R, FEThRWEE, BT 2EET 5
CLICXDEIRMETOMZ RO 25, VI Z LR EE2 RO L 7-DITIE N < M (RhAER) Th2
DENH 2, £, TOLIICLUTRDEDH 2HAMEIE, HHzET 2 N0%8E, BN 2MEE 5L
(B EIERS v, 207D, RENIZH ZHiRMEIX, 2EEPHEHEINMELZETEIEICES
T%mttotﬁ,ﬁ%ﬂtfgztowf%ﬁﬁmﬁ®%$ﬁfgéo

BEEAVTYITAICDNWT
INs,

BEA VT vy T4 TIREEp, FTEE e ZHWTUTO X ) ITER

1 1
sz*zf *
gD U= P
7L, () BEFAEEE®R TS, B Ty T4, ZOEBET VT4 TEBEA VT v
T4, BEHEZVT T4 THEL VT T 4 EWERD, KF L TIEEICH ) O wIR Y BHICHEEA T

VT4 T EESBR T VT4 TEEA VT Uy T 4 RIETLICT S, OFD,

(2.82)

1 1
I= §Re[p*v] = iRe[pv*] (2.83)

ZETIEET S, MEOEwmD» S, HIATOHEEA VT VT 413, HidTOFERORFEEL D HE
HTE2 2 LIBHSNTH S,
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263 HZEBTZIHFENT—DEHRE
b il S 2T B, HEAT—ZUTFOk S CERSNS,
W= /S I-nds (2.84)
:/IndS (2.85)
S

u%@Lbﬁmﬁfﬁfi Bz N HoERICTEL, EEFEREAETORT 2 H#i < HHRIC
LVCFEZ[:&E L?’L* rm\ﬂ]k L‘fﬁ‘r‘l:ﬁﬁ‘a‘%o

N
W= W, (2.86)

KUFELEBT 25887 — W, 132 Eq. (2.85) 205

Wi = ( /F i{N}dS) (I} (2.87)

LEtE N, 2L, {1} 3D 2R i OBTRTOEEA V7T 4 2RI P LTH S,
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112 HTlRZ X 91, EEERO PN T 2K 2o fTbTE D, B O L il
IR KE ROBM OFBIBR» SR F > 72 [32] 25, MEOE— FOMEZERT 2 -0 IcBEL
TOWEPTHN 33], IHLICEDE—F2LEEL LT T3 [14, 16, 34, 35, BlZIE, A.
Osipov 5 1%, TN OHERFELOEREFHTOEHICOWTT —ARAY 7 4 2l L THIERE L Tw 3
[35]e L L Z&nds, BHGRHMEMEIC % 2 IS DNl 2 B OBk L L T, L Vo4
ERBHEFIRICE->TE D, EO®— FE2EE L HEHTRMEOPERLTREONE R E2BIcado R
ELTRTIEDRTETLR,

Z ZOARfITIE, BMEDAZEFRER T 2 BMEE L OV EZBERIICREET 2, MO
B~ EORERERT 10, BHNAETVOMEEE R E2BNT5 2T, Lhfiigaikc
RIZzilAr s, $INSDBMEITOVTEET 5, Z0BEJHEPLHEHAREICE T 2 BHEEL
~OVFEDZEBZ OV TR R OBHERRTINC 7 — AR Y T4 %4796

3.2 EBENICEDIDCEEFTELANIEICET ZIEKIEE

321 EABICRITZER

WA BA R 2 DORDOFEL NVEEEZ 51, BOEGRBEERE ) ROER TR, SR Ko
FEJNC 7D, WS —REICIREI T 2 L £ 2 o5, AT, SEORMEEA T — PR T O
B COERL VR ENEHRZCICERLL, 20N BET 2,

BER Fig 3.1 DkIHIC200E L ZDRICHENESHAINTOS LT 2, ARSI ZHEEL,

AIREE 2 w, FEDIENZAIRIEZ Apr, Apy, HREIEOZRIEZ «, WX OHHEEZ 20z
Ssm &%, £z, L EMED MBI R N7 VI 1) S 7B BT EA G, ORI R
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Py + Apy Py + Aps
i+ AWV, Vo + AV,
S
I
.Q Limp membrane
Src. room Rec. room

Fig. 3.1: Plan view of limp membrane between two rooms

DA 2 FEAM ZERE L RO E m’ 2 TD & 5 ITRkD %,

1672 o
o — dm Tt 35 P (attached in infinite baffle) (3.1)
m+2p (infinite specimen)
£7, HEREOEE LD,
—m/w?r = Ap; — Apy (3.2)

E ARSI 5 Z L2 RET S &,

PoVy = (Py+ Ap1) (Vi + Q(w) + Sz)” (3.3)
PyVy = (Py+ Aps)(Va — Sx)?

IITC Q) BEFRETHZ, £7, HBHELLE D = 10log, |Ap1/Aps|? Z5tH T2, Apy, Aps
DEEHET 27201213 (3.2) KU (3.4) Z2HvenR X<,
Apy — AP2>7

2

mw

P()VVQ7 = (P[) + Apg) (‘/2 + S

_nAp; — A
~ (PO —|—Ap2) <V,2»y +’)/S‘/2(7 UW)

(v—1) Ap1 — Aps

~ PyVy + ApyVy + ySPyV, — (3.5)

7272 L Eq. (3.5) OF K268 _RITnDFEOMEE Vo ICHENEEBEIEE) ¢ 2 2 LI X 2 5Lk
B th s b, FEoAX» o E NI NED 2 XA =¥ =% HEHT 20021707, ZOXEZEBT
% & ke,

Apr POVQ(W_l)’yS —m/'w?Vy)

APQ PO‘/Q(’Y_I)"}/S

m'w?Vsy
=1- .
NS (3.6)

PRoNS, Ko THENEGEPMTOMEDFHEL X)L Dpg &

2
m'w?Vsy

’}/P()S

Apy 2
——1| =10Io
Aps 210

Dpg = 10log, 1—
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b, 2ORXRED, LNLE Dpg 3 FHFRMOME DO, IRKOZEZMOIRICIIE S w2 &

Vo, £
1 [yRS
frs = 5y 0 (38)

L% WEEK fore T Dps BEADBRAICHBL, /7 f=0,V2fps TD=0%,%%, 5T fps < f
ThIUL, ENHITE O TIE L RV7E Dpg (L HEEONBU BT 25, 2 DS & 2
ZIERHOZNL D 2/5KEL, 14279 —7mIC12dB¥MT % (Fig. 3.2 /),

WALURDZYMEREE Table 3.1 & m = 4 kg/m? DZEMETDL RV Dpg % Fig. 3.2 IR T, 727
L, #H1H Q = 1/(jw)? TH %, Newton £ & 2HIF Eqs. (3.2) ~ (3.4) % Apy, Aps KUz 2%
e L7 3R & U CBIEMICESE TR Z RN b DTHh 5, ERTFHE, Newton HICk 3
FIFIFEA LBV L6, Table 3.1 DERMAFTIHEMFIEIIZYTH L LFR 5,

Table 3.1: Physical properties for numerical and theoretical analysis

Property Name Value
Atmospheric pressure Py [Pa] | 1.0133 x 10°
Src. room volume Vi [m?] | 222.20
Rec. room volume Vo [m3] | 198.77
Area of non-tensile membrane S [m?] | 10.046
Heat capacity ratio 7 1.4023

40

fore| | [V2fpre ////

. pt
/

N
\

Newton method
— — Approximate equation
1 8 16 315 63
Frequency [Hz]

Difference of sound pressure level [dB]

-30

Fig. 3.2: Difference of SPL calculated by Newton method and approximate equation
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322 1RXRTE—RFICEITZDER

22T, 3XILE— FEANOIRZHIE L LT, Z O] rIREN: 2 Bk § 2 72 0 ISlIc XY & 7
1 ROGEEE COEMELL VI 2 BRIV 217> 70, % B ARHDE AL TR HIE e/« 1%
—IWDOBII 2 R EEMET B, Ko, MR S B—HRINKRT 2 AL, MEREHETZAHET S,

cosw't LxQ 0
o€ 1
B
T i i )xl
0 € LA T
: : : —
L

Fig. 3.3: Modal rooms partitioned by a limp membrane

BERXt Figure 3.3 DX I ICREE Ly, Lys D 200D 1 RILHEE OMICHEE m OMEBHH, 2o
HEENZ v =20 (0> 20 > Ly1) ODMETHIREIE O CTHREREI S 2 2L 2E R 5, BEOLEMDE
% py(21)(0 < aq < Lyp) DX )RR 21 T, HGRIOEEZ pa(22)(0 < 2o < L) DX ) IT 29
fhc&RL, z1Hhe o filomE 2N 2, £, 2FERR 2 28AL, 2FFEEz2 Q, Z208E%
P(z) £ 5 5.

9, HHIRBEZ KD 2, ZOK, 21 =020 =0 DEREZHLD, p,p 32T

p1 = Acoskxy, py= Bcoskxs (3.9)
Ehb, InoxHwa e, HElEo#EE) LD

Jwmv = p1(Lz1) — pa(La2)
= AcoskLy,1 — BcoskLys (3.10)

SO, R f-#EE & I o SE B E D IED TN LTl & D

jwpov = kAsin kL, (3.11)
—jwpov = kBsin kLo (3.12)

PEoE, e k) v ZHEELT,

AcoskL,1 — BcoskL,o = pﬂkA sin kL1
0

AcoskLyy — BeoskLys = —~kBsinkLys
Po

(coskL,1 — ™ J; sin kLy1)A — (coskL,2)B =0
po (3.13)

(coskL;1)A — (coskLyo — ™ ksin kL.2)B =0
Po
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L%,
5T A, B ZHETNI,

(cos kL1 — Ek: sin kal) (cos kLo — Ek: sin kLm2> =cos kL 1 coskL o
Po Po

mk

—coskLyisinkL,s —sinkLg; coskLyo + (
Po

> sin k?LIl sin ]Cng =0

k
sink(Lyy + Lyo) = <m> sin kL1 sin kLo
Po

cot kL1 + cot kLo = m—k (sinkLyz; # 0 AsinkL,s # 0)

Po
(3.14)
Ehr 5,
%72, A, B OBRMEIZOWTIE,
coskLz1 —mk/pgsinkL, A (coskLys £ 0)
cos kLo
B = cos kL (3.15)
xl .
A kLgo — mk kL,
coskLyo —mk/posin kL, (cos 2 = mk/posin 27 0)

=TA

DY D, %8, X (3.14) kD, coskLys # 05D coskLyy — mk/posinkL,o # 0 OFRfE, H—X
AR E %5, X (B.14) ZiEAT kEZ/NhI0bDLMHIC k, &T1UL, 2% Eq. (3.15) I
RATNZ, B, =T,A, £BF5ZLt»s, HHIEHIREZ

pi(z1) = Z A,, cos k,x1
n=0

p2(2) = Z T A, cos kn,xo
n=0

o 2 efRBEERRICEHL T,

pi(z) = Z A, cos knx
n=0

. (3.16)
pa(z) = Z T, A, cosky(x— L)

n=0

E 5,
RISHRTIRE 2 KD 5, 22T, BHROZZOHIIAD 6(x — 29) TRINDEHDIZOVTDHREZR
%, XBCAREAUCBUT DA € — FBIE vy, (2) 2221 THBEHRCHET T 2,

cos k,,x (0<z<Lgu)
v () = (3.17)

Tpcoskp(x —L) (Ly <z <L)
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/Q <828];’C(2:L‘) T k:QP(:E)> Vg (2)dz = / 8(x — 20)vm (z)da

L 2
p1> coskmazdx+/ <8ap2 +k2p2>T cos kp,(z — L da:_/ d(x — x0)vm(z)dx
L1 z?

(5
/ ( ) (ZA cos k g:) cos knxdz

n=0
L 82 o0 L
- 2 _ . _ _
+/ <8$2 tk > (7;) Ty Ar, cos kn(x L)) T cos by (z — L)dx /O 6(z — xo)vm(z)dx

Ly ©©
/ Z (—ki =+ k2) A,, cos k,,x cos k,xdr
0

n=0

/ Z (—k2 + k) T, T, Ay cos by (x — L) €08 kpy (z — L)dz = v, (0)

12 n=0
0<z9< Ly THB®, vy,(xg) =coskyzg TH D,

[ee]

Lacl Lw2
Z (k2 — ki) A, (/ cos k,x cos ky,xdx + T, Ty, / cos kn(x — L) coskp,(x — L)dx | = cos kn,zo
n=0 0 0

(3.18)
22T, BB vy, (2) 13055 L ORI T TIUIIERLRT 2720, n=m DRFOAEIIEXD,

La:l L.172
(k:2 — k:?n) A, (/ cos? k,,xdr + Tﬁb/ cos? ko (x — L)dm) = cos k;,Zo
0 0

L
>> = cos k., xo
2

1 1
m COS kaEO (319)

(k* — k2,) A, (1 sin 2k, L

1
1 m 5 ol < sin 2k, L

4k,
Ay =

Eh, L,

I, = (41{% sin 2k, L 5 - <4k'm sin 2k,, L 5 >> (3.20)
TH2, TDEHITA, RO SNUR, BHIREDOEHME LT, HEpr,p &

e o]

1 1
p1 = ZO 7@ 2T, cos kyxg cos kpx
" (3.21)
1
ET cosk o oS ky (x — L)

ERDDHILENTES,
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Wi, OFNAZES 3, k=00K (3.14) 2ilidTD Tk =0ThH3, I6ICm=00D&t &K
(3.14) 1%

sink(Ly1 + Ly2) =0
e =

nmw
—_ 3.22
(Lml +Lm2) ( )
&, HELPZVIROEAEE—-FFEFALICR S,
WZo<gmdblllFo<gwnt &,
sinkL 1 sinkL,o ~0
f . PTam
P Lzl ’ Lz2

&, HFEICKoTHRToNK 2 DOV L B EOEAE— FICHuaEd 5 L PEI NS,

(3.23)

Wi, ORERE Eq. (3.14) 2RO TEE T T,

k
sink(Loy + Loa) — 2 sinkLyy sinkLys = 0
Po

k
sinkLgi coskL,o + coskLyysinkLy,o = me sinkL,qsinkLgo
Po

k
cot kL1 + cot kLys = = (sinkLgy # 0 AsinkLys # 0) (3.24)
Po

%8, sinkL,i,sinkLyy DEL S0 0D E &, EAXZWM2T b IZFEAEL R VD, sinkL,, =
sinkL, = 0 DI, Eq. (3.24) W7 $TOT, Iz d k, 3D 1>TH 2,
sinkLy # 0AsinkLgo # 0 DK Eq. (3.24) 2727 k 1%

mk (3.25)
Y = —
Po

{y1 = cotkLz1 + cot kLo

DR TH 5,

CORXRMDOE#FHZHIET 2720, YT—AAY T4 %2479, Lyy = 3 mLyp = 4 m ODROD
cot kL1, cot kLo KON Z DMI% Fig. 3.4(a) IR T, cotkLy + cot kLo 1, FHMIEHE O ERK
BT BRI, RT 22 EDb b, $, YO ORMT 2 k= 31/Ly = 47/Lys 75 £ TR
sinkLyy =sinkL, =0&,%5DT, ZD L)%k, b Eq. (3.14) 27T

iquQQ&%?ﬁvFLk%@%,Eg&qmmﬁ?ok%tﬂimﬁkgmﬁa,&L@%)
B 72T ko IZBEEEOMLTH D E AR LT ky g = pT/Lay1,qn /Ly 1D T EDDRPD, T
WOV E FIEL %\ 7, ky WINSD Ky, , DRICH 2 Z b2 h, BlERBFEZH V2 2
EWBTES,

KL TR, ky ORMICIRAZEEL 2l 7o, PRAEEFBIZHER f(x) = 012N LT [a,b] DHEIPHIC
fEn3dp 5 2 E3OD o T EE6G, IO 2 K2l EM L E DZRER Ll & L, TNz
DIRL TRITED T 2 FETH 5, Bl ZIXWIHDHGA [a,b] IS U THi 72 &liisd ¢ Z XA TRD 5,

f(a)

e=atle=b) i

(3.26)
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40

L, fa)f(c) >0 THIUS c ZHBHMa EL, 2 TRVAESIE c ZH AWM b & LERD K

f‘\-

L

(a) cot kLg1,cot kLga, and cot kLy1 + cot kLgo

m=4

m=2
7

(b) y1 and y2 of Eq. (3.25)

Fig. 3.4: k,, which satisfy Eq. (3.24)
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v
ma = ps(0) — p,-(0)
/
cosw't _ BL — 871 Opr ov
da ”Uar\/*%ro—m&
Semi-theoretical ‘ v - ‘
"
m— = ps(0)
cosw't ot
_ O O _ Ol O
9z |, Odt\ = 05t
v
‘ -
’ m— = p,(0)
cosw't o ot o, , o
. . _ 9Ps _ 0 = po—
Semi-theoretical oz |,_, U\ l oz ot
(Isolated rooms
approximation) ‘ ‘ = . = % ‘

Fig. 3.5: Schematic of the approximated model of modal rooms partitioned by a limp membrane

BEEOELERE D EOMERT, MK OMEDE — K28k L 2@z 85T 2 H25RETh 525, iR
DM D, 2D OEEE MO THREL Gz ko5 L2E 25, Fig. 35T, Z0OK
K2R T, B2 BT 2BBICEZORKID L) I 29FZ 6N 503 Km X TlE, Fig. 3.5 &
BIOR T2 TOHEKEZ T L €TI0V THRS,
Figure 3.5 it D X 5 IC AR D A% 5 2 7 ASHIIE IS X 0, JEREAERE) U, Z {38 o ik H)
EMRDETEETNVEEZ D, ZORDEERGM,

(20— om
ot = ox e—L.:
ov
ma :pl(Lzl) _pQ(Lzl) (3-27)
Ov_ _ Op
P =7 o w=Lo
"5
0o _9m
ox e=L,,
ov
— =pi(L, 3.28
mat pl( 1) ( )
v _ _ Ips
o = x|,
~NIERIZ S,

Z DD ASHA O X e 25 D F 845 % & 2. 72 L & DFIE

1
Ry ;—p cos kpx cos kpx (3.29)
- D xl

p1 =

M8

Il
=)

p

LEMT A EiIck D, — 7, BB

g

2z =L COBREMLD,

po(x) = Beosk(x — L) (3.30)
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ICBHY Bta

L8 x = Ly DERSEME

4 Op2
P (L) = 22
mpl( ) ox

r=Lgz1

s, £9, AU

Op1

ox

. 833 (Z 2 l<:2 L—lcosk pZo cos k 3:)

Z k:2 k:2 L cos k,xq cos ky L1

I:Lwl

E b, it

&
=

9p2

o = kBsinkL,s

I:Lwl

b, B BIEINoD&EMAELD

Po
k kpL,
m k sin kLmQ Z k2 kg L COS Ky, COS 1

B:

LB, AT py 13

P2~ — k:skaxg (Z ey L cos kpxo cos k LI1> cosk(z — L)

Ll s Licx b,

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)



3.2 BT IC D CCEMIEE L V2B T 5 B R 43

B 2SR ASIIEEE DD S W 25U RE IR Z BLE L 720 AR5 6 W 2 5P L7 35
T (p?) #Rkd 2, T TO LI ICEHETE S,

9 1 Lz:l 1 Lwl
(p1) = / / p1(x;x0) - pi (25 20)daodr (3.36)
Lwl 0 La:l 0

Eq. (3.21) Tk 7 p; % Eq. (3.36) I2fRA L CEHET 3 &,

1 Lz L1 o0 2
— L2/ / Z —cosknmo coskpx | dxodx

1 1 /‘Lzl Ly
cos kn,xo cos k., xodxo / cos knxo cos kp,xodx
L2 Z Z kgn) LI, 0 0

nOmO

2
1 L’Cl
L2 Z Z (&2 = k2 2 —i2) 1, I </ cos ky,x cos kmxda:> (3.37)

n=0 m=0

b, TITOHEDETD BBES cosk,z 12005 Ly DETTIRERLRWAD, n,m DET
DT ZREZEHR L 2Tk s kv, 22T (p?2) 22BN TFEEZ T, T2, Ok

2
2 1 Par o plar (& 1 €p
(py) ~ Z ——————cosk,rgcosk,x | drodx

L3 Jo 0 = (k? — k2) Laa
1 i i 1 1 €€ /LI1 L
= — LA cos kpxg cos k:p:vod:no/ cos kyx cos k,xdx
Lg2cl p=0 p=0 (kQ - kz%) (kQ - k%) Lfcl 0 0

(3.38)
C 2T, ERIL ZBEES cos kpx IRTERLT 5 DT, p=p DHDADIKRD

pl = 2 Z( kQ) L21 62

g

1 0o 2
= 3y <k2 = k2) (3.39)
zl p— D

LI,
I EAED 5 60 2 5 MR A RLE L 2B Baio & 60 2 5oV L REE (p2) %K
BB, SHENMTO XS T E 3,

) 1 fleo1 e
(2) = / / pa(x; 20) - (@ o) doda: (3.40)
Lac2 0 La:l 0

Eq. (3.21) TR® 7% py % Eq. (3.40) IZRAL TR T2 &,

22 z1 OO T 2
(p3) = L / / k2) 2 coskpxgcoskpr | drodz
:El x2
1 T.T,, /Lm /Lzz
cos k,xo cos k,xodx cos k,x cos k,xdx
:z:chz:Z nZO'mZ kgn) InIm 0 0 0 0 0

(3.41)
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n=mDHE, n#m DHEIITIT S,

1 o0 o0

1 1

) T, T, z1 Lo
= — cos k,x cos k,,xdx / cos k,x cos k,,xdx
W) =TT nZOm_O (k2 —k2) (K2 — k2, I, / 0
0o © 1 T, T, Ly Lyo
Z Z 5 / cos k,,x cos k,xdx / cos k,,x cos k,,xdx
wle2 n—0 m*O k - km) InIm 0 0

Z T,

Lzl La:2 0 n # m)

/ cos kn,x cos ky,dx + T, T, / cos k,, cos k,xdr =
0 0 I, (n=m)

L:El
Lo — / cos k,x cos k,,dx (n #m)
TTm / cos ky, cos kpxdr = 0
0

Lz
I, — / cos knx cos ky,dr (n=m)
0

THLEIEERFIHLCEREEE TS L,

2 2 = 1 1 1 Lz 2
(p3) = zleQ ;:0 Z K2 — k2) (k2 — k2,) ol </o cos ky,x cos kmxdx>
L vy 1 1 b Lax
LlexQ Y;) Z 12 Tnl /0 cos ky,x cos k,,xdx (In — /0 cos ky,x cos kmmdx>
n=
g 1 1 Lot 2
:Ele2 nz% Z K2 —k2) I,1,, (/0 cos kyx cos k:mxd;p>
- noo 1 1 Lo
x1L$2 nz;) mz_:o k?n) E /() COS kn:c CcOS kmxdx
n=m
1 &« 1 1 1 Lax 2
" Ly Lo nzomzo (k2 — k2) (k2 — k2)) I, (/o cos ky,x cos k:mxdx>

2

1 > i 1 1 1 Ly
T kna cos kmad
Tl 2o 2 TP 13 (F ~ ) ol </o €O Tn O3 Bt ”“’)
1 > ]_ 2 1 Lo;l 9
—— ) = ko ad

- (5 21/%1 * yads — 7 (02) (3.42)
= LmleQ e k2 _ k’r% In 0 COS nx X Lm2 p]_ .

L2 %,
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45
FRRIC (p2) ZHEBIT 2 2 L2 E 2 5, Bq. (3.35) DUEBLL 7 py % Bq. (3.40) ICRAT 2 2 EI2k D

mLﬂ/ / (mk&nkLmQ) (Z K2 — k2L cos o cos L‘”l)

( o k2 L— cos k,xq cos kam) dxdxg

2T, BEEJS coskyr 13

<p2

(3.43)
HAET 5 DT, A&

1 p 1 21

2 0

~ — 2kL
(p2) Ly1Lyo <m k sin kLﬂ) (4k sin

&5,

) (S(ets) 1) e

BEEOFHIZTELANILEICDOWT ZHFOFEHEFEL XLE DI TO XL IIIRKDZ I ENTES

D = 1010g, <§§§>

2
1 1 L
=10 10g10 (L2 Z Z k: — k2 ) I I </O cos k, cos kmxdaj> )
n=0m= O m/ Snam

1 T,T.
— 101log 10 ( i Z Z

(k2 —k2,) I.1,

L:zl LzQ
/ cos k,x cos k,,xdx / cos k,x cos k,,xdx
0 0

CHUIBERIVICIIEE CH 5728, MIRMOMZ &L, 4k, AHE TOVFE E/ELICHEHT2EE LD
CNZERINICRD 5 2 LDITE 5,

D = 101og,, (g;)

1 & 1\’
~ ]-OIOglO Til Z (M)
p=0

(3.45)

— 101 L (o 1 (L ok, + Lo i k' & (3.46)
O80T Loy \mksinkLy,, ) \4k" 2 K2 — k2 '

p=0
X5 kDBHTIcRE N E &I,

1 & 1 \? 1 oo 1 ? Ly [ ko \? 2
_1Olog10L92ﬂpz;)<k2_ k%) —1010g10 LoiLoo (mk:sink:Lm) 9 ;(k‘z—k‘g

(3.47)
mw >
= 10log;, () sin? kLo
poC

(3.48)
LEpE NS,
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BZEMEDORIE 2T, KEMTFHEOZYELZBEET 5, Table 3.2 ICEWT, HEBEDOKE m =
4,32 kg/m? DEAFTDLN)V#E D % Eqgs. (3.45),(3.46) DZNEF N 5RKDEbDE, FEM IZ X 35
ERNTIC X > CEMEL L 72, FEM IC & 2 P “REEORIN L, 342HTHRRS, =k, MEHTEEE
11~ 1000 Hz £ &L, f#NTRBEER 55 Hz £ CTi1% 0.2 Hz ZA, ZHLIEIE 1/192 4 7 % —7 O
DAWEEIE & LT, 5% Fig. 3.6 IR T, FERICIZMTO X S IR SN TSI L 2EH%ICE
F 2L VEEPDOR Dpg, BEAFOEH R ML 2HLQTHERL T3,

2
(m + 2pg)w?Va
Dpg =101 B | 3.49
PS 0810 < ~PoS ( )
2
mw

ML =101 14+ — 3.50
0810 ( + 2/)06) (3.50)

72720, Py l3ERIERSE, v 3RR[OHEZRT, 1 RuiTTd 056, S=1,Vo= L, LT 5,
m=4,32kg/m? DEDL 5DEMAETY, B LEMRIIEABEEIR TR L CHIELTW S, L RLEDER
INETR B DL, HENSECO LIRS, KOERHMOEEEDOMAE— FOMBERD L ETH 5, %
7z, m = 32 kg/m? OF&MATIE, WK 1 ROFEEHOZEE O A€ — FOREHRAMAETH FEM
S L IFEERBERE E NS L T0 b 2 305, £, LRLVED BIGOERIE, EEANOE R
HEDbELZ6dABIFEFE, Ut Eq. (3.48) OIREIE % M4 L 72 E Eq. (3.50) O B EGL M
TORD

2 2
mw mw

D ~ 101 — | =101 — 6 ~ ML + 6 3.51

0g10 <poc> 0810 <2poc> + + ( )

ERBIEERIBELTVS,

BEINSDOREIZ, EMOLVERTMIT 2 &) TR H B REREEDSE T U EEE I B
WTHHEBRBENT 2179 2L R A AROBERDOATHI RMEEEZHRTEL I LA2TRB LTS, ML
DWET & D, KESCTRET L7 1 XG5 TO MR Z B A 72 B & H L 0L 22 O Bl 0 2 4 V3 ERR X
ni,

Table 3.2: Analysis condition for validation of 1D modal theory

Property Name Values
Inc. tube length L,y [m] 3
Trans. tube length L, [m)] 4
Speed of sound ¢ [m/s] 343
Air density pg [kg/m3] | 1.21
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Fig. 3.6: Difference of the mean squared sound pressure level
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3.2.3 3RXRTE—NFICHTZDER

Fig. 3.7: 3-dimensional modal rooms partitioned by a limp membrane

IXRILE— FFITB VT, 1 RGO EIIRT 22 L23C& 5, Z I CIREEZEIT 27 0AEF
DOV TIEEL, #ROAZGT, 7721, Fig. 3.7 DL ) KEARBEICBL Ty Mok % L, 2l
DEX% L, L, MEICBOWTHUMEE T3, v,z BiICEE B2 TH & 3 72 o851k
TRINS,

ol o =0 (3.52)
ay y=0 ay y=Ly
ol _ 0, op =0 (3.53)
az z=0 8y z=L,

9, 3RILTOEMGFTEL_VE D IIXRD L HIckxNn3,

Lzl / 2
(fo cos k;z cos k:lxda:> 1

(k24 K K2 R = (82 R h2,) ) T

x,l’

( <f0L”“ cos k;x cos k{mdw) <f0 “2 cos kyx cos k{:ml:c) Ty

— (B2, + kg + k?,n)} {k‘2 (k2 )+ k2, + kg’n)} oLy
(3.54)

1 o o) o0 o0
- 3305 |

R S DS

=0 m=0n=01"=0

|
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=72 L,
w/
k= 3.55
d (3.55)
k
80 Ky g (Lot + Laz) — 2L in ky Lyy sinkLys = 0,
Po
km [ .
sin ks (Lot + Laz) — 2 sin kyy Loy sinkLys = 0,
Po
mT nim
by = 0 =T 3.56
Y, Ly s Lz ( )

Th s, Eq. (3.54) ZMMEHENZEA, FLEIENFELEMECTH D, I 61T kL, ky ZBICERT 2
CEDVHEETH B, —H, WREZEHL Z-TETHIUIL NLE D IR X ) IR En S,

D:lm%m<g;>

2
1 S SIe cle o) 1
~ 10log;, vz Z Z Z <k2 — (kil + k%m + kgn))

1 =0 m=0n=0

co o0 o0 2
1 Po 1 >
—101lo —_ — -
B10 ViV Z Z Z <m kx,mn S111 km,anwQ

=0 m=0n=0

2
1 . La;Q 1 €]
Qk"ﬂ Wlan A .
<4kz,mn sin 2k, 9+ 5 ) <k2 — (k?gl n kf,,m T k,gn)> Tt (3.57)

7272 L,
W'
k=— 3.58
’ (3.59)
I mm nmw
kw: akmzi’kznzi .
kac,mn = \/k2 - (kim + kz,n) (360)

TH2, B8, kyy FFFEEARD 2 WOBEL, by nn EZEBEHKD 2 @IOPETH 2, Eq. (3.60) X
D kg omn IIE TNy £V P REEDEIRICAS 2 LIk %, 3XMESICEWVWTIE, Eq. (3.57) Y Lo
HERETERL DD, ky BHICRTE, ZHEEREATHLE VI XYy F23H 5,

BEZYMORIE 2 2T, AMEROZYEZMGET 5, Table 3.3 DEHTSEMAICE VT, 1 RICTOMG
EABRICE REED B m = 4,32 kg/m? DEMETDL NV D % Eqgs. (3.54),(3.57) D2 Zhd 5K
BHizbD L, FEM I X 2BEMRITIC L > IR LA b2 L 72, &8, MITREEE 1 ~ 1000 Hz
EFTE L, MNTRPENE 55 Hz £ T3 0.2 Hz 2 &, Z0DIREE 1/192 & 7 & — 7 ool i svE L L
7oo 72721 FEM IC X 2 TR IEBU F TR AR O AT 125 Hz O AEE 1/3 4 7 % — 730 F LR
B ETE L, Ki%% Fig. 3.8 107 F, fRICIFLAT D L ) IcRI N2 E GG X 2 MBI BT
5L RVEEMDR Dpg, 7 v L A OMBRE R ML, (3.4.1 HICHR) 2HEAQTERL TS,
m=4,32kg/m? DEL S DEMETH, B L mE m = 32 kg/m? TiX 10 Hz DLETHIGL T
223, m=4kg/m? Tl 125 Hz F TIEIMIEL T IRTRRLNTORNI Wi E LS, 24, M\
BN IR EROMEEDOFRERIRE L 2D, ERBRD Ll EBEREEZ NS, &
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Table 3.3: Analysis condition for validation of 3D modal theory

Property Name

Inc. room depth

Trans. room depth

Room width
Room height
Speed of sound
Air density

Values
Ly [m] 5.12
Lo [m] 4.6
L, [m] 4.12
L, [m] 3.0
¢ [m/s 343
po [kg/m3] | 1.21
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Fig. 3.8: Difference of the mean squared sound pressure level on 3D modal rooms
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¥, INo6x 1/3F 75— 7L MR %E Fig. 3.9 1R, B, PP, FEM I X
2 EDfERD 63 Hz fll ¥ TOHIKINE — FEENI W E ZATEERL NVEDOFHG S B4 51
F2S R S 41553, 125 Hz ML EOHAS TR LE L R P R o s, 72 m = 32kg/m? CTlXIEmfE
EERRDEZRA L AB £iiTh b, KSHBLTWE I LRSIk, 0o 0MEHAIF 300 Hz 4
L TIE ML (IED N B 2 232 NWUUUT O FEEHAE TIE, MLy &0 bEWETHE T 2,

—77, m = 4kg/m? T 300 Hz FLEE & CREGRME L X RUMEASIG L TE &3, QIO Ji MR fE & 72 2 f#
M2SE 6N, Tt 1 R & D AR, F PR IC X 2 5Hl 2 i L < b, m = 32kg/m?
DG E1E ML (ST 28813872 1), MLo IR L & DR ICHINE 3 2 FHA23 5 S ke,
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Fig. 3.9: Band synthesis of the difference of the mean squared sound pressure level on 3D modal

rooms
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324 ENENEBILANIVEICEZZHE

Hif £ COMZHOTEABEICB L TENEPERL NVEICEZ 2B OLTERT S, il
HoWatk b, 24 L RO MEEL 32 kg/m? DL E, ZE~Fikd Table 3.3 TRTEIM EThin
', 31.5 Hz ML EOHAETH TR 2 T 2 FIEK D D L B A 5, AT TIE, EEOME L
32 kg/m? OEAIC, BSNEPERPEEEL RVEICE 2 3 BICO VT, Eq. (3.57) £ D ERL L
FEEHEL, T—ARY T4 BITWEZEL 1,

WFERGE ZENEoZicovnTiE, HEOmBEZ ~EICl, FHED L RZEZ0RTE 22
b (¥ —r1,2), OB EZl I, BRELXEFEORTEEL ~EL LD (¥ —v
3), MHPIICENEZZNE b D (NF—v 4) DAY —VZENT L7, Table 34 IZZNZND
By — v TOEARNRD~N %, Fig. 3.10 I8 37 — v TOEMOBEAXZRT, $7Z2 0B lXK
1, Table 3.3 12X LT, WOEZ% 1.0, 1.25, 1.5, 2.0f5& L7z, 8% —> 34 TIRFEEOEIFKIZZ
Nl ke s,

Table 3.4: Patterns of the case study

Ly1 Ly Ly, L,
pattern 1 | O - - =
pattern 2 | — o - -
pattern 3 | — - O O
patterm4 | O O O O

Pattern 3 Pattern 4

Fig. 3.10: Schematic of pattern of the case study
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WEFER  MHTESHR % Fig. 3.11 127”9, 7, Fig. 3.11(a) DHFREORITE R LIy - 1
DELTIEZNENDL RVEICBOTE =7 T4 v 7OEBEHIES L, BB § 5 2885
REAKRTH 2 T EWRBRI N, FLZNETNOLEDOAED 4 dB A & AN S v, T 3.2.2
HTHRARZ2 K )ICEBF L RVED T 4 v 7OREEIIREEOWEA € — FEBEBIC 3T 570, E—
7 DRFEBIEERZIIIK S T, 20RO FREOTELEZ TOEHPEML Lo o7 d D LHEHEX
ns,

Fig. 3.11(b) DZEREDWITE 2 ZLI 789 — > 2 TlE, 125 Hz DL EOhFBICE L TIE 8y —
v 1 LHBE, 2NZNOEFHRIVNS o7, — 2NN ORBEECIE, ZEE DA FBEBD Rk
7T 4 v 7OMERTN, FIZ 63 Hz DUTOMEEHICE W TIRA 8 dB BREDAENEL 2 2 L3
05,

Fig. 3.11(c)(d) TiF, HWROMBEAZILL T %, Z D7 OEIEDHBAK Z W ITHER L LAV
S AP RS N, LEL, EBRELOBEENTH S

Ly — Ly = R —10log,, S/A (3.61)

0, BV OVEFARAREO LD dB #1555/ 22133 Th 5, —HABIRERTIEED 6 D%
b AR D Z IR K 4 55 205, BV RVEICEZ 288136 dB X /v, ZHUEZOED
E—FRXOHELZMIZITC0E I LIckdEEZ6NS, £, (d) TRER2EZHLNICE LS T
VBT, BELD L AL EDSFEIREENI N LTI LS5 7 L ko Tw B,

BB, RENTCIIFFEBIE Table 1.2 Db D%, 7077 3 v 7 ZiEd MATLAB %2 L 7253, @7
R 15 FORLEE & JRH ST, — TR T 2 Eq. 3.54 IZFAREDBRYE T 30 0 R, 3.4.2HTHABT
ZHBEZBICB O CHY /G E2 R T 2 5751, Table 1.1 @51 5HEEEZ VT 250 Hz £TOD
fRFTIC 1 HY 222720, KT FEZEE 2 2 FOETIXERITH S, —77, HEEDE S DLl
TETEHT, FRAREREZEMITTRZE T VITIIER R W EOREDLH %,
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Fig. 3.11: Comparison of mean sound pressure level among room shape and volume
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3.3 HERTTORHR DR E
331 FHMXFEEDOEHTE

IRBGE S R & IR 2 T T 2 B3, ZEEOEMRE RN A 238 TH 5, HHIZH LTI,

A FZZEE MO FRER I Ty 2 T
KV,

A
DOFEMT S, BE, KIZER Vo IZEREOWRIETH 5, KiSCTI, BUEMNT XN E IS BT
ZRHLCO L7, HE Ty 2Rk 2 E3WHECTH L, 20, RBEOEBELZEBRS,
iM% Tk & LT, BUEMHTICE W THEER OB IC 5 2 Tw 2T AEE 7 F 25 v X
B, 26RO 2 FEZRRNS, £9, HERAAMEE? Py v AR EERTMHEEA v E—F U R
Z, & DBRIZ

Teo = (3.62)

1 Zn,

L 3.63

Bn PocC ( )
Ty Tn FEEL V=YV ADFELELTH 5,

NS zMBTI v LAANRERZ RO S &,

/2 Ty, cos? @ sin @
r= = do 3.64
“ /0 (rp cos@ +1)2 + x2 cos? 0 (3:64)

LB, AW TIE, 7V LA ARFBERHYDOEE vy 7y v Ar, DREHZ 5720, x, X
0CTHsb, ZOKa, X

8 <r% +2r, — 2(r,, + 1) log |7, + 1|>

R T (rn + 1)

(3.65)

b, IhEHGIUE, ZEEOSAMR S A 32 EEOREMRE S, 20T, A= Sa, LilHE
INs,

FBRICBERIC 7 v 7 A AH L T2 RIUSEVLHEGOHAICE, M EOFIRIZZYTH 223, EEITIE
SV ARG L3RS B EEZONS, 20RO, BiEEEZHWT AZBERT2IL2E2 3,
FPEBICZE B ICERERIIEH O A E— 2 —%EET 2 0 LRI, Z3FEICFIRIE T 2 T
2792 Ex2E 2% (Fig. 3.12 £X), O, ZEBEHTRINI N FE A7 —L, ZEEDOI R
¥ — 5 L ORMR BTSSR LD,

FEs)cA
Wabs = < 24>
4Wabs
A= 3.66
<E2>C ( )
E#ET D, 7L, Was, (Bp) 32N ZNZE LB TN S N HEARY —, ZHEDFH T2 X —

BMETH D, BE, (By) OBRHFEICOWLTIERIHTENRS, Eq. (3.62) DL LT, Eq. (3.66) %
w2 2 LT, ZEZOFMREH A 2K 2HBWHETH L, L LEDS, KFIETIE Waps, (F2)
EEIROBLEICKE CIRFEL, 7 PHEEL RV D 28T 2880 W, (Ea) 23887 % & \» 5 [
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bbb, 20, KL TIERERICHFRICET 200 D ICHPFEEEL VEZGHIT 2B & FH L
DL SR 2 BUE L 2B D Was, (E2) 2 6 FHliR & IR A 23ko 2 FiEz v (Fig. 3.12 flK).
5B, 0L RERRGEEEOSEEZ S A I SR CRIN S N B EE T — W
ERLZ B 2 TR NT — Wipans DY L K, UTD KD BALTEHARETH 5 7, BHERAVICIZIRE
S PRHRYC X B BEMIBK Ry A VT vy T 4 KICk 3E®IBK Ry 0B EERA—OTEE Lo
TWw3 I Eithk3,

S

E S

=R (3.67)

FEEEOFHIICE WTH, DX BEMRFEEOREAEDAIC L 2:EBIELDERIIEL I 2, 2
D7z, S/N HOMERPHMEZ & DOWIE DS I FEORMEIZEL I 2 b0, ERPEEREEL NLVER G
19 2 B & [ U AZIE IS IR % BLiE L 7 B BRI 2 JE 2 /508 & D RS EE O @ »iEB ik o B I B
2R D B,

Rec. room Rec. room Src. room

Es

Es

—source point

source points -~

Fig. 3.12: Schematic for the calculation of A
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332 BEBBRAROELITEA

BEEFEIRIFT—BEEZDEY HMEHMG cOTEERBILOEHRIZUTO LI ICEHRINS,
9, METOIRINF—FZ2EZLLE, TRALF—NF 205N,

dE; _Echl _ FEicSt n EsceSt

Vi =
ar 4 4 .t (3.68)
Ve dE1 . _EQCAQ . EQCST + ElcST )
at 4 4 4
L%%, SITINSDORAEDERREEEZS, UL =2 =0 THEDT, 7%
Ey Ay
T = ——
(E, — E3)S
E2A2
~ 3.69
E.S (3.69)

ERDDLENTE S, BB E, > Ey, THEIENSL WD, INZAHLE, FEZEEBEL R 21 2L
X—E®REr ZHOTUTDXIICERT S,

S

S

%8, BERNOVEEL )X —FE I FEELKREE ICB WL, ERNEEORT Yy LR ¥—
wHOETRIcE kDo N2,

(PP
(B) = Do (3.71)

72720, (s B3FERMEE LT, ZDX KD JIS A 1416[36], OISO 10140-2[37] TIEFHEHEL L
L1, Ly DE>GHEBERZUTOALDRDZILEL TS,

S

—77, EROEBIIE T FEE L AN X —HEREAELEDOR T ¥ > v VT 5L ¥ — LKL 18

Eo## = 2 L ¥ —DflE LT ) )
<E> <prms> + p0|<urms>| (373)

© 2poc? 2

Lk, HEHICBWTZ, RFHELZRD 2 FEE L CHEEEED SRIBT 2552 pu v —%H
W5 EDREALEI T WS [38], KER SICEHEND 570 ZOFEIC L D EEEKEFEE L
7BE% < v [39], L L3S, oK) ICHIEERFHEN 2 6 P 2 )L F—8E2 R L 7%
B, o 3BBERICHEINEL I 20 E) DIV TRBEHORMAH 5, 2 OBEHEI IR
BWTHBT 5,
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BEBERO/NY RMEOER FEBEED 1/3 475 — 7Ny FEOGRIZY 7> T, JAAR ., 4 X%
JA72 ISO RO FEM 2 it 2 2 L 2 FMRICE &, LT X ) BFHETREINT 2 2 LItk 5,

L AZERTOHFEIXN X —HED Y P

2. FEDRZFROFEI XX —HEVY

3. 2 26 HIREOVEE L OV X —FE%E MOEREA 2 B

4. FRAZBICOWTZ 2L X —B@E DOV 2170, RN REBEKZ B

7%, JIS A 1416 I2B W TIE, FEOFIE 4 oo, FHEEOEEEIDOEMEYE L s> TWw3,
—75C, Inoue & [40] ZMI N7 )V EOBHENERICERIE L 72 EEM RO GEEBIHRBT 2179 ICd 7
D, N7V EZHZERE LZETVAMEL, DT L) 2FHHEZEHERZE B L TWw5,

1. TR IR 2 A S

2. RABNBER 2 BT A A ST — - 2y FE#E AT — X )R

3. Paris O3 X D #EHASZEEHR 2 H

4. BB DR BB 2 N B L, N PEEREEASEEER 2 S

COFHETIE, BRPROERRZ RO LIS, Ny PP L ERREAZEELTEY), ko
SHFRRERICB Y 2 ERBARAELZEZ2 L, UTOX)RTFIHE L2,

L BEOZFNDOFEL VX —HETH

2. 125 BHIGOVIEE T 2L X —HER, ROEBHRZHH

3. HRMEIC DL TR X —ZBlROVI 2170, BB coBBHRE FH
4. BRBBTO RN X —BEFEO T ET e, RMENLEBIARZ FH

AL CIIBBEE BREELORBIC ERE2BWT W30, FIFEOFIRICX 2L o FICEET 2
EIZT 5, LLiDs, TN6DEBEDREEL 201200 TIRBNORMEH Z LEZ NS T
O, FBMEETRINSDEICOVTHMNG, /o, W TOEBBIRIICO VTR Z1T ) B
X, BEDFEIP RO TS,
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3.4 BEREEELUCHOMVENEBIBEXRICKIETHE

HEGRARNTCIE, HIRZ BT — PG L V2O Wi L 7228, FEEEROFEEREHIEICB »
T, EAREREEICOLTORBB R A 2y P2 WD, FRAOMEZFEECNSLTRT
7% £ O W/ N DM OMERBHIE 2T 720 [31] 2 E LT, MEOBRRREIAE L > T3 Z
L7, L L ads o il RHA R AR ENLE 23S & 1 2 BB KI5 2 % 52D W T BERRNT 3
WiH<Td 270, BEGENTTOMMNBIATH 5, LATWZE L L TIE, Kropp 6 [18] E—FE LT
DHREZRA TN S, KT, HEOEMBEREREZNRE LT, SIRIBEOFEFERIEIE I O % fE >
Sal—yavEiTe, RHE, BHOAEOREIC D W CRRIME O IR 2 288 % U2 L 72,

3.4.1 MMM

WEREZEETIL BUEMENTE TV L L 72 F2ERE SIS AT BOE N B A B BT e &~ & — DM
THHEEDHEFHTH Y, JIS A 1416 @ Type MERE=ICHERLL T2, RFEBEEZWRIC FEM I2 X 3
EH TN 24T 5 o FERAWEUZ 1/3 4 7 % — 732 R 31.5 ~ 500Hz il & 5, [l i i 4 e
N CTOMNTRIEENE, & 1/1924 78— 7Ny FHRLEERE T 5, 72721, REHTE— FEEI+5
INE WA EAIRTH % 63 Hz H8D TIREMETH 2 56 Hz AT TIEAIZIC 0.2 Hz HOaHT e L
7o FEBRERCREIOHILE Table 3.5 12, B ENHIRE Fig. 3.13 1R d, BRI L LEZHET 3
BRI 7 B IRALE D FERE %2 Table 3.6 189,

Table 3.5: Specification of the laboratory

Source room Volume [m?] 64.0
Receiving room Volume [m 58.0

’]
Surface arealm?] 78.84

Table 3.6: Coordinate of source points

Source number Coordinate
S1 (1.2, 0.7, 2.0)
S2 (1.7, 2.35, 1.3)
S3 (0.7, 2.7, 1.45)
S4 (1.4, 3.45, 1.9)

Fig. 3.13: Geometry of the laboratory
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B, FEYOTI - ZEEIIEEEE, OGS M PEEGRE S T30, EFICB LTIk Z 0%
MIPETR DG 2 BRI VW EE X, BMAIBIRIC OV TIRBEL Cwkv, &k, kbS5
FUZIZERRE O RBER I O FHMEIC T E, 1/1 42 % — 73y P Table 3.7 12T 7 v 5" L A%
TEHYDOWFE a5 5 v A% Eq. (3.65) 652 % 2 L CREMOMBEE G 27, 7z, BRI
D=y > 2 IOV THEEL T,

Table 3.7: Random-incidence absorption coefficient of the reflective boundary

Cencter freq. [Hz] 125 & below 250 500
Absorption coef. [ ] 0.081 0.074  0.070

B R ORI 2 REE 2V, SRR RETOMITIRED 1/8 ITT L2 k) BEESEL
oo 8, HEOMEND O, BN Z 250 Hz LT & 20 FotFsic o L, f@hroffifld 3
Xy aZBHLI, BHTETVOEMBES%Z Table 3.8 IZR”T,

Table 3.8: Degree of freedom for the models

Sorce room  Receiving room limp membrane  total
~ 250[Hz] 16120 14134 781 31035
250[Hz] ~ 109161 78248 3005 190414

BERHCET 28H RN 4, 32 kg/m? D 2 S CRIT 21T > 720 alRHF 4 X - GRiE AL 1B
T B 5&MER Fig. 3.14 1SR T, B A4 XicowTid, (a) FEEELTEE (12.6 m?), (b) FEEEDHIE
@mmenéﬁﬁﬁﬁﬂaamﬁxﬁﬁag%%@@%%M%ﬁﬁt%&ﬁ%ﬁﬂuom)@3 Ffr L
L7ze EHITEMA (o) iKW TIRBREIC BT 2 B OMEE (c-1)~(c-3) D 3 Sl Tt %17

%

4.12

3.0

Specimen
(Limp membrane)

(a) Whole = (b) Large o

(c-1) Small (center) (c-2) Small (corner) (c-3) Small (edge)

Fig. 3.14: Specification of the specimens
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WA SEUCBE T %8 AHioME T, BBHEELZ KD 2BEOBERNTH L 2L X —FEOHE T T,
Fig. 3.15 TR JIS A 1416 12 F 2 5Hi R2Z N O ROV 202 & kR 7o, Gl G2 N O %1
MIFEEFEALED S 1.0 m, BER25 0.7 m M BN 23BN E VT, 0.7 m FROEZE T LIc#
EL 7T,

F 7z, BHL RVEICOOTOMR TR, LRloicEBREOFHIITHY 515 %5 A 10 K (Table 3.9)
&, BrRZERRICEVT, 0.7 m BFETRE L 25 (Fig. 3.16) b&be THiKEZfT-> 7,

Table 3.9: Coordinate of practical receiving points for the source and the receiving room

Source room Coordinate Receiving room Coordinate
R1 (3.87, 1.20, 1.0) R1 (6.17, 1.20, 1.20)
R2 (3.17, 1.60, 1.38) R2 (6.87, 1.55, 1.70)
R3 (3.22., 2.15, 1.80) R3 (7.62, 0.90, 1.10)
R4 (4.17, 2.70, 1.20) R4 (7.27, 2.6, 1.60)
R5 (2.97.1, 3.30, 1.56) R5 (6.52, 3.30, 1.37)

Src. points

Fig. 3.15: Receiving points for the source and the receiving room (except for close to src. points or

room surface)
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Fig. 3.16: Receiving points for the source and the receiving room (all of the rooms)

BZEEICOWVWT ZEEE LT, MRKEEARNINY 2 7 v 7 A AMER (ML), KOHRIRE
AV D ST AR I & Bl 2 i L 72 H 8 (MLp) 2HH L7, Zho iK% Fig. 3.17 1<
R,

£, MLy BRMERKEMOEREEDN D -7 & ZOBBHLOMHGETH D, RAFEEN 7 % Paris
DRICE DG L 727 v & L AFERE» RO SN2,

wmecosf]
= |1 .74
To [ + oo ] (3.74)
fw/z Ty cos @ sin 6d6
7‘7,, g O 7r/2 (375)
Jo ' cos Osin Bdb
1

T

—75, ARNEOERBEOL A IEME KM D Z 4 & i UBERRIEMET L, KT ORI AL
&> THZILT 5, HIRIEBEHRIO A EBERIRICOWTEZ 270, T ASPEEZUTO X
ICHZ B,

pi(r) = exp|—jk(cos ¢ sin Oz + sin ¢ cos Oy)] (3.77)

BT EDEE I H 2RISR T 2 RS T RA» S T L) It A6 5,

plry) = 2o [ o (ry) S2IT = Tl g, (3.78)
T

drlry — 7yl

2L, of IFHEN R E SRR R CH 2, i, B LOTEA v Ty T4 2T L
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Random incidence of plane waves Random incidence of plane waves
% Y % % \ 4 %
— ————
Specimen Specimen
(a) ML (b) MLp
Fig. 3.17: Schematic for ML, and MLg
T N7 — 1, BT 5,
II; = 1Re [p(r) Jo*tds, ]
tT 9
1 k
= —Re 2]w,00// exp —kry = Tq”v*dequp
A|r, — 74|
cos? exp Jk’Tp rql] .
= R 25k dS,dS
i s
2 9 ik
_ CoS Re [QJkQ// D Z eXp —J ’Tp HT:Op:dSqup]
2ppc AT, — 7y
29 jk
_ g 08 “Re [2jk0 / / pi(rg) SRR = ’"‘I”T;p;dsqup] (3.79)
Ar|ry — 74

TlE, EWHED S
iﬁgg‘Tr J:D’ Pt =

- >
— -

1 6 AN 2 B L Tw» 3 2 RERTEIE p,
Top; ERINDZERREL T3, IKIE 1 Pa OFHIED AG 87 — 11, 1ZXAT

DIMEFROR IR DA 5 0

HzZons, Seosd
coS
i = 3.80
Spuc (3.80)
RGN RY A ZIEZ{T > 72 2 2L X —BEE KXY, MLp XX cfEoi s,
Ht
Tf =
eXp jk‘?‘p T'q” * sk
= 7, cos ORe 2jk0 10Z T3 p;dS,dS,
Arlry — 74|
= T1,cosbopr (3.81)
1
Tfr
/2 . -
0 sin 8d0
= 10log;, | #0120 (3.82)
Jo ! ” cosBsinBdb
ek, MOHEIZRMFNBNRICE 2H8IEH o TH Y, AR TIIEMERETICLDETRL TV
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342 BREXRECEITZFH_FFEOEH

FEMCIE, IEECE SR I D O RG R FifR L L, EEEAMOBE» S, BREEL L
7203 3 DG - 5 B ORZE N T L, £7-20 5 bEETHE 28T 2 EAHE SN TV 3,
— /I TE— FHEwRICE W TIE, P REEEOMGRICED CFHliRHETH D, HllfiicowTdbIins
DA & L U 72 BSEIC7% 5 L Z 65, HEIT oV /EFIEIC O TIRBICEEEZ R L
7S, HIREEMRNT T O BT R I > W TAE IR 3,

FHREEOERZ LD TEL,

V// / (rs7’) - p*(r; ") dV AV’

V“/ /1M91"TNdVdV/ (3.83)

LEt oo A% E E OB ML T2 LB 5, BENOMTE A TOFE FHEIZ,
WIS Z T T Xy isaMlEnsg EIRET %,

p* = {(NH{[p}[} (3.84)

BRI, HHEZEEZEEZEAFT 20 TIERL, EEAETOEELZ RO ZN%2 T 2 FEHEYITH
20, MEOZBENE LA HZDIZ, BENTEE _FEPIRKRELLEHTIRTHD, +oIhSEHE
DEE LTV AEARBEE FMEZVLDEEZL NS, H 2 FHMETOZEHER O T L H
X7 L%

btros )l
P\Tiy5T
{Ip(")*} = : (3.85)
i)
L9 5L, ZEHERTORMARIUTOL ) IcKRIN S,
1 1
5 [t = 5 ([ asvar) ey (380
Q. Q.
Eq. (3.85) OFIRY MV EZERARERT R ) v 7 AL LEbDEELD,
[IpI”] = [ {Ip}) P} {Ip(x), 2} - {Ip(r}, )12} ] (3.87)
Inzvs L, EEIICED AT L) IcEdk T 5,
2 11 2 / g
o) =y ([ v eP]) - (] ovpav (389
Q, Qs

FERDFIHETIE, Eq. (3.87) DX %~ bV vy 7 A GEE LTHERT 22 L%, XEVAEROE
R SEYI TRV, B RIS RE RO ZT5-R 7 PR CHEIT L TR R E R
7 I ML, BRAEICEHIRFIR OB 2 X7 P LATHIRE TR T2 2 L L LT,
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343 EREER

WA ERBERICEET a5t AR THHTRRE L Tw2 Type TEEBRE TS DSHEEEIC 72 ST
270, BHRAEEPHOCEATOENGTEOE - 25 2BERZ N LEZONDH, ABETT
BRE U 7 R b O 2 M 2 R T 5 72 0, RO SMEDY (a)Whole Tdh 2 FefFic BT, TR
% 1/24,1/48,1/96, 1/192 & 7 4 — 73 PR ABE L L BEOEBEK % Fig. 3.18 1T ¥, 7,
B DI E m = 32 kg/m? DEMTD 1/192 4 7 5 — 7Ny Fic & iz I L L @R 0%
Fig. 3.19 IZ/” T, AfEHRTIE, MEBIRIELZE LTw L, HAHEICIERT 2235 > 72, KR
1/96 47 % =78y L 1/192 4 7 % — 78 FDZ#1E 1 dB Al £ IEHEIT/N S v, RETIE1/192 &
78 =7y FHRLAEBOBIT 21> T35, 1/96 47 5 — 73y FORHT© b 40 Ik R < fif
MEETh 2 EHEZ LN D,

40 N ‘ ‘ 3
Area density
32 kg/m? ]
7 /\
35 JA A i
[\ I
[ [
2 s/ \‘\ |
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o2 ! b
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= \ o \ / |
15 \ / d
\ /
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\\\ //
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./ I/
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‘ 1/3 oct. from !
ML; - P 5 |
\ -/ ,/ T
5 i —o—1/12 oct. \‘ |
\ - —o—1/24 oct. —o—1/12 oct. I
e l “
=7 1/48 oct. —o—1/24 oct. |
T —o—1/96 oct. 1/48 oct. T
0 | Tl . L I -3 | | . .
315 63 125 250 500 315 63 125 250 500
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Fig. 3.18: Effects of frequency resolution when Fig. 3.19: Delta transmission loss for various in-
averaging into 1/3 octave-band transmission loss tervals for analysis frequency based on 1/192 oct.

interval value
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BEBAFTELANILECET 28 HEHRECTOREMEEL NLEICOVTERT 570, ilbEito
(a)Whole % MR, ARMOFHE M - ZEMH» SBT3 RESEE TV CTOFEL VAR VEREHR
B 2P T/EEEL S RO IFIEL VAR IR T 5, WL Z2FHEIETO#E) Th Y, HEHNIC
() NOWFi%E w25,

o JA2HEX DV HFIE A FWA - ZH MBI L COEEE L V22 RH (B 5T

o FA I Table 3.6 IC/8 ¢ 4 /i, 2235513 Table 3.9 1T/ T4 5 5 & 03l (4 5-5 &5 31H)

o FIRAIZ Table 3.6 IS/RT 4 /i, Sl Fig. 3.15 (SR TEEHE - FHOLFH 2R %527 v FiF
fili (4 55-7"V v FEHii 1)

o FHAIE Table 3.6 2T 4 &, sl Fig. 3.16 ISR TERMERDL 7Y v Nl (4 5-2
U v R 2)

BB COEEE L NVEER Fig. 3.20, 20D 1/3 47 % —7HHfli% Fig. 3.21 ITR° 7, =%,
321HTRLIENGIIB T 2 EEL NVEDOH RN Dps ZHOQTERL T3, 7, Wi
BHEELVERFTEAMOHS 1, 1/3 4275 =730 Fod 250 Hz ERFEESE Tofffre Lz, HE
TIGEERDE D 320 30 Hz DU OB VW TlE, EDFHiFIEICE VTS Dpg IIEIF—H L Tw3 2
LD 6N, 2L, EORIEE T, BRI X B LV E HRROER M - 25 R 6 HH
T2 FETLRVEDEFHOEIIMARKTH 2 LEZ N,

1/3 4278 =73y FCOFHIiORRIZ, ZNZNOFHEDAED 63 Hz ML LD TIERATS 3 dB
FREE EMRICIERE S RV ET 2%, ZOHFTIE, 4 55 REHiiDRD L _LEZ K E (i L Twab 2
EDROD D, 48-7V Y FIHICOWTIE 2 DO HETIELEA L ED VI LD 5, —BRICIEEE
BB W TIFEEEDLEDOSF L NS ER$ % Z & Waterhouse RIEDIHI S 10T\ 503, KEITEM T
ZDOMENRFRE - ZEREL L HIRIEFAMICA-> TV R D EEZI NS, —T, BEIHIiIC X 2 K5%E
X, ZRUANDTIEICHN, 63 Hz #HBU ETLRUVENNIL BEoTwBE I b5, THIEEY

ns,
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Fig. 3.20: Difference of the mean squared sound pressure level evaluated by various rec. and src.

points position
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Fig. 3.21: Band synthesis of the difference of the mean squared sound pressure level evaluated by

various rec. and src. points position
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BEREEICDOWT GRHEREIC L 218285 T 2720, & (a),(b) KO (c-1) DFE#EBEI O E T
B Fig. 3.22 10 THIE T 2, SBEEAN S WIZE, BHEBENIKES 2aARR N, ORI
MLp LB T B EBOD, E2AT, KEMEDORBERIINT 2HRE2EZ %52 LT, HHT 2L
Sz RSS2 B2 5 2 LR S, HREREELZ O LX) ICHLEE, (a),(b) T2 W TLEEE L
FIFREI ORI S NS 2 L2, BBEKREREORME (MLy) 108 22 W#ENIEZ 1D, Ly
LAadds, MHHEHIE MLy £ D & ML (ICHBET 2 IS H D, RO GRMEIC X 2 BB O T IX
HARE L TREVLD EHERINS,

F72, OH S IIHTIFEICE O IR ISR B CREAS R 2SS T 2 2 L 2L Tv 3 [41],
COWIETIE, 4.82 % 3.49 x 2.53 m DTN 217> T %753, 100 Hz fHEE TAHATMOE -2
FA4y THHEEICHN TS, FEEICB T2 20 &9 2BEKRPIEEBREN T v ¥ 5 AFHEICK LT ER
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Fig. 3.22: Comparison among specimen sizes
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BERERBMAEICDOWVWT DA OB EMEIC X 2802 BET 270, & (c-1) 256 (c-3)
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Fig. 3.23: Comparison among specimen position
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— M H R O GUR T, FEBR AR IFIREEE O ICE CRAFET 2 2 LA S NT
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B BECERATRLTVRS, 206D TIE, FHENICHRE - FBEIN Ty, RE
FAEIC & o TSN A CBREI S 1 %, (c-1),(c-3) DM TIEBRIRRERICH L Ty HAD 1 RE—F
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Fig. 3.24: Comparison among specimen sizes (single frequency)
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Fig. 3.25: Distribution of sound pressure level and phase in 50.0 [Hz]
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Fig. 3.26: Distribution of sound pressure level and phase in 60.5 [Hz]
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nE, EYOZEEITIIIEERPERRE I TV 32, KFIcB L TidZz oI nweH
A2 BAERAT IS B W TR O W TIEER L Twuiwvy, REHMUAA OB RICIE S v 4 A AFRE R
001 HYDFHERa v 52 & v A% Eq. (3.65) & V5 A7, ilkhE, MR E LR &g %
4,8,16,32 kg/m? D 4 TN 21T 7, sARHIUSAZIE N, Fig. 4.1 AKNCR @D, BN A D
=y ¥ x B FHEMN L LT EMOBEI D 1:2 LaBhEE L,

Table 4.1: Specification of the laboratory

Source room  Volume [m?3] 197.94
Receiving room  Volume [m?®]  225.29
Apperture Width [m] 3.68

Height [m] 2.73
Area [m?] 10.05

0.7
0467 0.233
I —

(-6.231 5.071,-4.746)
(-3.888 5.417,-6.313) 2434.1,-0.3 (3.689,5.3,0.350) /
\ (5.355,4.42, 4.424)

| (-3.637,5.3,0.350)

(-2.994, 5.161, -5.156)

(2.257, 4,6,321)
Limp membran
(-3.132]4.100, -0.350) (2,946,425, 5.253) | Limp me brane
—
y
(6231, 0, -4.746) z[ z 273
\ N z
(3.097, 0, -6.841) (4.243, 0, -0.35) - unit: [m]
(3.689. 0, 0.35) (3:355,[0.4.424)
. (2.257,0,6,321) /
Sre.1
(-2.994, 0, -5.703) 3.68

(3641,0.035) 56370, 035) (-2.946. 0, 5.253)
(-0.14,0.45,-0.35)

Fig. 4.1: Geometry of the laboratory and limp membrane

Table 4.2: Coordinate of source points

Source number Coordinate
Sre. 1 (-2.323, 0.7, 4.661)
Src. 2 (2.405, 0.7, 5.578)

Src. 3 (4.492, 0.7, 5.578)
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B S REOREMAT & FRE, F R OERE A BRIE 2 REEE A, SRR T BTIE O
1/8 AN e 2 X9 HENEIL 7, 250 Hz AT CREHI L 2 HAREFEE T V% Fig. 4.2 I8, &, it
HoRD 0, BHTRME%E 125 Hz LT, 250 Hz BLF & 2Bl ko 3 >ofgica#lL, e
T2 Ay aZ2ZBH L7, 2L, =y zONBIROEREIPBIBE L TERETO XA vy v altBW»T
fimtbEZ2E— & L, hre s Lo BlES% Table 4.3 12”7, ¥7-, sHEREEIZ, 250 Hz ML Eo
ROHHEBDS WAy > 2T 1 FEEH D RK20 DERETH- T,

Table 4.3: Degree of freedom for the models

Sorce room  Receiving room limp membrane total
~ 125 [Hz] 63,076 65,636 999 129,711
~ 250 [Hz] 272,991 283,017 999 557,007
250 [Hz] ~ 894,712 951,997 999 1,847,708

S
SRRTEN AT
AVAVAVAVAVAVAﬂsﬁm A

SRS AV
SIS 1>:$I¢X¢V

(SISO
NS

SRR
N7
NS =
LR

A= SOR

SO

A

v&

% ?
e/
NS & g1

i,u?

4 imp membrane

Receiving room

Source room

Fig. 4.2: The finite element model of the laboratory and specimen
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WA REICRE T 258 Ao T, EBHEKZ RO 2BOENFY I 2L X —FEOBENTIE,
3.4 fiii & kR Fig. 4.3 TRT JIS A 1416 1B 1T 2 i A R2EB N O T RO 6 ko 5 56 &,
Table 4.4 O EEHED FEBERDO FERE CHHIiMZE & L THO SN T2 5 HTOFED 2@ ) a2
2o A R OG- IZ A F IR ED S 1.0 m, BER2S 0.7 m DL EEENZERNICE VLT, 0.7
m [HRE DIEAHE T FIERE L 72,

Rec. points

Fig. 4.3: Grid receiving points for the source and the receiving room

Table 4.4: Coordinate of practical receiving points for the source and the receiving room

Source room Coordinate Receiving room Coordinate
R1 (-1.641, 1.500 , 1.855) R1 -1.795,1.000, -2.361)
R2 (-0.122, 1.500, 3.835) R2 0.267, 1.500, -4.351)
R3 0.883, 1.000, 2.391 )

(
(
( ) R3 (0.216, 1.500, -2.556
R4 (2.392, 1.500, 1.873) R4 (13.257, 1.500, -2.317)
R5 (1.901, 1.500, 3.856) R5 (2.368, 1.500, -3.787)
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BEZEICDOVWT 2EfEL LT, 3.4.1 HORARZEBREEGEENC N T 2 7 v 4 2 ABE R (ML),
T OV PRI AR S W 2RI & 2 E 2 i L 2B B (MLp) oBFEICz, Esic=y e

DWBEREET 2O TOETIVEMER, FHELKET- 7%,

3.3.2 HTfili /- X 9 1g, FH S [40] 1ZEAD H 2 MKW N 7 Vb OB ISR 2 BRET 5 € T
X0 =y o IPHIEDR T v & LA L ROZEEEEZ BT L Tw» 5, REERERETE, 3B
DIVIAAFEREET LI LEZHBEL TR LLEZ 6N, ZOETIVIE, EEIC=y T Vs
LAH L ZBR MG ASHEBERPEHTE 27-0, RETFIVOFHREMEZ HKiE L LTV, MTFID
EFNAEEE EN70ETIL (Bafle model) EFEFRL, AL TIZETNVOMBEDAZFHHT 2,

Figure. 4.4 l2N7 VETNVOMEK 2R T, SMBLOT=y > = NEOESIC FEM, = v > = &S
I BEM Z#H L, N7 VERIOBREER ETHiaL Twd, A MMD 21 225 6 2345 o
AR % 52, ST 2R AGHE @R ZEH L, Paris DR X D 7 v ¥ LA ASEERZHEHIL,
FmniEsE L 7,

9, RIARRERIZ AR ST — Wine KOFEB ST — Witans 225K D 5, AHST — 1 Wiy (THIR
S D ~DEMAIAGT 7 — L LT, XATRIND,

kZpoc

Winc(0) = S cos (4.1)

—J7, v FBEART—EINRNTINVREDT VT4 74 v TV T 4 2B T52 EcREINS,

Werans (0, 6) — / 1dS, I, — —%Re o] (4.2)
T

oz o TR ASNEEFIIRATEI NS,
Wirans
Wine
BEIOROREHAEI Y=y ¥ 2 S FHIROREREE TV LR E L7, BN RO B E JRE
EHE TV TOBBHR DNV FIEGKRITEICED 63, N7V E T OBEBEI DN Pl H— R
TOBEHBEREZ B L 72BNy FEKE T2 HEZ -7, BERETVICEVLTIE=y > 2 DI N
70 cm BRETH 2 Z EH 6 400 Hz BEDOHKETHIUL= v ¥ = NTIEE— P2 U 8N <k
BIZEB2WLwE—7 T4y ZI3ECEVWEEZONSE, £oT, EL56DNY FERFTIETOHRERICIE
MEOBELCRWEEZOND, £, REOHM L DA 1/24 47 7 =7V FiFEE LTz,
ZIT, N7NVETNVDOZYEZMERT 2720, N7ILETIVICEWTHIOMOMAZ % { L 754
&, BIRY A AHIEOE A MLy Q21T . WHTREEIZ 63 ~ 500 Hz & L7z, 772U, KRBT
v 7n 277 sk, BEIREEO FEM & %8 BEM Z HEEHE I 2 2 I3 TE Rk, B
MAHEE A EROEMEE L CTERNEOMmZNEN 1 em & U750 L T 2, AT A B
T ZOMAIZ K BB NI WEEZ NS, RMOEEED 4,8,16,32 kg/m? D50 ks H
% Fig. 4.5 177, MiFDEE, 02dB AL IZIF-HL T3 L8010, N7ILETIVTOMH
DEBEDRI NI,

7(0,9) = (4.3)
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Semi-infinite air space

\\\\ Plane wave
Air-space
Limp membrane niche
depth
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Semi-infinite air space

BEM
Fig. 4.4: Schematic of the baffle model
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Fig. 4.5: Difference of transmission loss by baffle model of flush condition and MLg
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422 WHEREER

WETEREERICL2EE MITNRO Type [ iBRE L, EARE/NS  AEEGEHRTOE— 7
F a4y T, BT REBERE R S EITIE 1/3 4 7 5 — 7Ny Rtz ST 2 BR o T A o
IIRREDTER I E R E T LB R I NG, 22T, MEHIZE 4,32 kg/m? (BT, fENTREM
Bz 1712, 1/24, 1/48,1/96 & 7 8 — 73y FHL BB E L 7BEOZEBIEK ORI 2 i § %,
Figure. 4.6 Tl&, 3.3.2 H Tl 2 FHOERHL DN FERITEZ KT (a),(b) IR LT3,
B REE DB, £ o DFIRICE VT 125 Hz LU FOEAESHISIcB W TREL, €—F
DD RS RSN R 2 HAN RSN S, SfFEED ERCHE S IR 0 Z B E ) 13
RITREEDS LT 2 LEBHROIET LIRS 2 23 2 2 2% X > Tid 2 o k) A S
T, EHLEBHEZRL TV E0b0 5, i, HEEICL > THREBRIC X 2HEmER%s 2L
DRENT, DEOAITIX 1/96 42— 7y FiE» 5B L7 1/3 42 5 — 71y FiizRAT %
ZEE LD, 125 Hz BUF ARSI D W TR 243 T ilEE S b 5,

40 “ - . 40
Area density Area density
32 kg/m? 32 kg/m?
s
35 N~

30

[
93

20

Transmission Loss [dB]

w

Transmission Loss [dB]

4 kg/m? 4 kg/m?
10
L ML; | -~ g 1/3 oct. from L -7 - 1/3 oct. from
- 4 e . —_— >
-7 —o—1/12 oct MLy -7 ——1/12 oct.
> - ] i - —o—1/24 oct. |
- —a—1/24 oct. ’ oct.
_/"/ 1/48 oct. - 1/48 oct.
L-=" ML 5—1/96 oct. - ML.. —o—1/96 oct.
0 | | il - . | | 0 ! ! - L | |
315 63 125 250 500 315 63 125 250 500
Frequency [Hz] Frequency [Hz]

(a) Transmission loss calculation based on ISO  (b) Transmission loss calculation by single frequency

Fig. 4.6: Effects of frequency resolution when averaging into 1/3 octave-band transmission loss for
4, 32 [kg/m?]
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BENSEEAMDEICE T EERMBEELNILE FEPERERICE VT, %@Wﬁ@@%%#%% et}
i % o 7 BEERRAT 13 FE 12 E%T%5ﬁ§321ﬁﬁrLfFﬁ%@r THEL N)LEO B
E%%;ﬁgﬁﬁ&ﬂ&@%%o__ffﬁ%ﬁﬁfwf%ﬁfﬁrv«w% DU T B awﬁﬁ%w
Y5, MBENZNZN4,8,16,32 kg/m? DFATOREERMETORMEEL VAEZFEHL b
D% Fig. 47120, REMHEITE VTR, RRDEAHPEIL 20 Hz FRETH D, Z0LUT O REEGT
icB W, L VEZEREE XL Twd, EISERIEAEIPREERED X ) 2ERD

H M2 b D TH > TH LD D 2 E MR I L7z,
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Fig. 4.7: Difference of sound pressure level

~ﬁ@ 20D EO MBI C I EREOEARABERICB W TKRELR T« v 7RBME N, £—F

DHBELBSZIT TS I LRI NG, £, FFRMEIC K > TiX 20 Hz fhHE (KR KO
%HZHLu%WTﬁﬁ(%ﬁ%FVNW%#LﬂLTwéikﬁ%%éhkowﬁHzKOwTﬁﬂﬁ
7> & A 72 FIRE DO E R ORI A6 % Fig. 4.8 128 T, Sre.2,3 122w TR o ikiosi2IZF A ©
WE) X5 2 EDMERTE 25, Sre.l TIE, BB OGESAHCHEI SN Tw2, 2070, Ak
DZHEEANDBENEIVNZ L D, BEFEEL_LVERER LTV R b0 LHElX 2, EBIC, HH
EFRUEZITH 2 0.7 m TCOFERONAMSA%Z Fig. 4.8 1R T2, Src.l TIEZEEDFEL LV
Xl oTw3, HFRMEICX>THIEINTVLEE—FR®RL 3 ETPHRIN, Z20koikhassifii
THHEIXNS L) hBFESHICE->TwEbDEEI NS,
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Relative SPL [dB] Phase [rad.]

. . I =
<> - T

10dB

Src. 1

Src. 2

Src. 3

Fig. 4.8: Distribution of sound pressure level and phase in 19.1 [Hz]
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Fig. 4.9: Plan distribution of sound pressure level and phase in 19.1 [Hz]
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BEZEFEOEBRE@E Figure. 4.10 ICERHT % EE 4,32 kg/m? 12 8 ) 2 535 7 w15 D 3215 5 0 %A
WIS A %2 Eq. (3.66) ISk > TRIMLZA#ER%E 1/3 4278 —7 23 FfED dB £RICk > TRd, &
E Eq. (3.66) 1 (Ey) 2 BED A SHINT 2751k, ROHE - KA#ED» o BT 3 k2 2hzn
Fig. 4.10(a),(b) € LTRL T 5%, &k, EAFMAETIEIEERA v -V AEMHZ T V8 5 AFHE
KOOI HYEEZ TS0, ARERTDO A DHMSHEDS FMICRL TWw 5,

SRS AR 1%, 125 Hz HA8IC B\ T, S S OGURHAI A FE IS LTk 0.5 dB FREED 234 U T
WEHLOD, MRINGICEDERRVESZAS, B8, 7V L AHKER 0.01 H2Y DA%k ik
EIFRFIC 63 Hz DL T eI BHAE S & 2R3 U T 2 08 2 U RIS 5 T AWM 7 v ¥ o A
B d®az Lt T 2 EEz6ND, £, 31.5 Hz WU O TR, VX —KEDHE
HMAEDEIC L > T, HEPPERL 232N, EOFISTIEMEFEDAERIL 1 dB RilDETH S I LH 6
MFIC & 5 22X —HEOARILEFEEBARZ BT 2080 E W TUIEEWNI W I LR X
Nns,

5
) —
g g
= =
~ =
S °
o b
=2 2
S S
= =
0
Area density
—6— 32 [kg/m?]
—o— 4 [kg/m?]
-1 L -1
8 16 315 63 125 250 500 8 16 315 63 125 250 500
Frequency [Hz] Frequency [Hz]

(a) Calculated by mean square sound pressure (b) Calculated by mean square sound pressure and

particle velocity

Fig. 4.10: Equivalent absorption area A
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B R - EFEH IV —BEEZEOFHEEICKLZHE RERREZFICBLTUL, &5 HMLE
D% b > TEO P ZXIN X —HELZEH N T2 L) JISIKEDSNTED, —MRICS HEHWwEZ

EDL OO BRI T 2 L TR DBED L WEM 2L X —HEORINSTE 3 RENE Z S
5, £, BRPFHZ VX —FERZIIOVTUE, —RISHEHGEEL XVEZ WS 2 EB% 03, 3.3.2
i Gl Rz X ) ICZ RN X —HEL VA2 FHER R HEED S BT 2 T, STk W BEOR
VRIS 22 2 A REMEDS D B, T TINSIKDWTHET %70, FHlisEic 2w TiE, HBTmory
o3RO DGE L, EEOEBETIHEMELE L THWSNTWS 5 liTo o 258D, £/, S
FOVX —FERAOFHIE, FEOARD SEMT 251k, ROEE - K-#E» o BT 2 5E0 238D
DILAG DY 4 FHOFERE Fig. 411 1787, BEHIFHFDEVEZ ZNZFN m, 5T, HEDEVEZN
Z1 p, pu LKL LIXAT 5,

4 DD FEIF,160 Hz G ETIE N7 VETUAWHEL, ZNZNDEIE 2 dB KW TdHh D IZIFFE L
MREZRLTVWEEFAS, £oT, THOARCIZEHTO OB BEIEONTVELEEZONDS,
—77 125 Hz UF OIS B W TUE, Ep 5 Ofl, b 3 DO Tk & HRPPLERIIK & WHRAE
T2, £7 Epurms Epurs DEICHAR, Ep iy Epys DEDSTHRE I L6, BH - KF8E»S L
FNX—HJER KD 2P, KELGHEDAPAEL 285612 & D D OFHiS B cLE L il
5% I LI NG,
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w
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Fig. 4.11: Effects of evaluation procedures for determining the average acoustic energy density levels
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BEBEIDO/NY NEFRERVAZEDORE BBERLO NV FERE, ROHEHEEOHEIC OV THEE
T 2720, WEHI%EZ 4,8,16,32 kg/m? & LTI 21T - 7258 % Fig. 4.12 IZR 7,

9, NV FEBIEDEIZOWTIE, 160 Hz DL Eoafsic B\ i, @EBiERO NNy FABIED 21X
NI, EBLSHENT7IVETIVITHHLL T35 2 LRI N/, —77 100 Hz DL T DIz BT,
H—JH WD &k 5 FED ST 1SO IO BT X D Z@BEEBL LR kafmnionr,
72U, 125 Hz #8ic B\ TREE DK Z WM TR 2 DAL L TWw5, %28, 125 Hz INDR
W CIIERESE BREETE T VOERERICIRELRETPELTRE I b E— FEOMELMZ
dTwesdbntEzoND,

LISV T, M EDHEEDOFEMEICE W TS PR LTI ERINCE U GERIBRIE S &
ZIEMDIR S Nz, HHEEL/DNZBEMAICE WL TIE 10 dB & ) /S WiEiiEk %2 RE =T 7 )L citil
THIENTETCEST, N7LETNEDEMPR SN, ZIUFIEFIHEEOER M %20, K
HZEEDREHC B THRERL NV EPELTE D, BRERPERET 2D0EEZ NG,

%7, Fig. 41312, N7 VETFNEREZE TN EDEZRT, ZOMAICHEEICE L TREEZIZ
1F7 <, BB S THRO RBEREZ R L, 70 BoEMEEIZIEIFEFTICHA L 250 Hz DL -
DRFEBICEOTIEANZLET IV EDEIMNZIZ 0 ABICPEEL TV 5 Z EWREI Nk, JIS IZBWTI,
PRECE DI D IO D1 400 Hz Bk, 27 b 100 Hz L EEHEINTED, KERON7LVET
WANDOIHRPLUZZNEFIEL TR EEZ 65,
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Fig. 4.12: Effects of evaluation procedures for Fig. 4.13: Difference between the baffle model
determining the average acoustic energy den- and the reverberation model

sity levels
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Fig. 4.14: Plan view of default and no niche conditions
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Fig. 4.15: Effect of niche on the transmission loss
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Fig. 4.16: Delta transmission loss by niche effect between baffle model and reverberation room model
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Fig. 4.17: Plan view of default and symmetry conditions
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Fig. 4.18: Effect of room symmetry on the transmission loss
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Fig. 4.19: Acoustic energy density level of default and symmetry conditions in m = 4 [kg/m?]
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Fig. 4.20: Acoustic energy density level of default and symmetry conditions in m = 32 [kg/m?]
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Table 4.5: Random incidence absorption coefficient of the each conditions

Src. room Rec. room

Default condition 0.01 0.01

Rec. absorption condition 1 0.01 0.05

Rec. absorption condition 2 0.01 0.20
Reverberation-anechoic room model 0.01 —

Src. absorption condition 0.20 0.01

%8, SIRALE M R ORI ARG & L, MBEICBI L TE, 4,32 kg/m? O 2 50T
Wiz fT-o 70, BTSN 1/96 & 7 7 — 78y PR AR E L, FEHEEI R L —FEL L%
DFHli & U THE - RFEED» S RD 727 v FL I TOFEEEZ w3,
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Fig. 4.21: Plan view of reverberation-anechoic room model
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Fig. 4.22: Effects of frequency resolution when averaging into 1/3 octave-band transmission loss in

room absorption conditions
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Table 4.6: Schroeder frequency in each conditions

Src. room [Hz] Rec. room [Hz]

Default condition 553 531

Rec. room absorption condition 1 553 237
Rec. room absorption condition 2 553 119
Reverberation-anechoic room model 553 —
Src. absorption condition 124 531

40 T T T 7T

Default condition
(a=0.01) Area density
Rec. room absorp- 32 kg/m?
35 L tion condition 1 (a = 0.05) 4
|__absorption condition
2(a=0.20)

r—Reverbaration-
anechoic room model

Transmission Loss [dB]

P —O— Baffle model

0 L L L L L L L
315 63 125 250 500

Frequency [Hz]

Fig. 4.23: Effect of absorption in receiving room on the transmission loss
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Fig. 4.24: Effect of absorption in source room on the transmission loss
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Fig. 4.25: Distribution of sound pressure level in 160.9 [Hz]
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Fig. 4.26: Sound energy density level of default and some absorption conditions in m = 4 [kg/m?]
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Fig. 4.27: Sound energy density level of default and some absorption conditions in m = 32 [kg/m?]
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Fig. 2: Effects of absorption and shape conditions of the receiving room.
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Table 1: Random-incidence absorption coefficient of
the reflective boundary
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Abstract

The total loss factor measurement by the reverberation method is often performed to estimate the boundary
conditions of vibration fields of plate-like structures. In order to clarify how measured values involve discrep-
ancies from the true values, this paper presents a numerical model that simulates the reverberation method to
determine the loss factor in a bending vibration system of a glass plate supported with an elastic material. As a
reference, the total loss factor of a finite plate system is theoretically calculated based on the diffuse vibration
field assumption, where the random-incidence vibration absorption coefficient on the support edge is given for
the semi-infinite plate terminated by the mechanical and moment impedances. Subsequently, the finite element
analysis is performed for a rectangular plate with the impedance boundary, and impulse responses are calcu-
lated with different arrangements of excitation and receiving points. Comparing the theoretical and numerical
results, the validity of the measurement procedures is generally confirmed, however, it is demonstrated that the
measured loss factors tend to become slightly higher than theoretical ones. Additionally, measured results on
real window systems are discussed briefly.

Keywords: Thin plate, Finite element method, Loss factor

1 INTRODUCTION

Understanding vibro-acoustical behaviors of plate-like structures are of great interest in many fields of noise
control engineering. Regarding the acoustic radiation from a rectangular plate, Berry ef al. have made a signifi-
cant remark that the radiation mechanism strongly depends on the boundary condition of the plate [1]. Another
important aspect is that energy loss occurs in the reflection of bending waves at the elastic supported edges,
which reduces the radiation from modal vibrations of the plate [2]. These are why modeling of the elastic
boundary support is crucial for simulating accurate sound transmission loss of plate-like structures.

The elastic boundary support has been usually modeled with mechanical and moment impedances, but it is not
yet well established how to determine the impedances. Several papers have dedicated to investigate the effect
of translational and rotational restraint on natural frequencies of finite plates (e.g.[3]), where the analysis was
performed with assuming lumped constants of stiffness, inertance and resistance for the impedance boundary
condition. However, it is not clear to what extent this lumped model is applicable. Besides, input parameters
of the boundary impedances are often experimentally determined by excitation tests. The total loss factor (TLF)
measurement by reverberation method is one of the most common measurement [4]. However, the measured
value has not been investigated in terms of the discrepancy from the theoretical value.

Focusing on a thin plate supported by an elastic material with a rectangular cross section, this paper is dedicated
to improve the usability of the impedance boundary modeling. In Sect. 2, the random-incidence vibration
absorption coefficient on the support edge is theoretically formed under the semi-infinite plate terminated by the
equivalent mechanical and moment impedances. Subsequently, in Sect. 3, finite element analysis is performed
on the impedance model and a precise support material model in order to clarify the reliable condition of the
impedance boundary modeling. Finally, the numerical and experimental measurement of the total loss factor is
conducted in Sect. 4 and Sect. 5.




2 THEORICAL ANALYSIS

2.1 Governing Equation

A flat plate is assumed to lie on the x —y plane of the Cartesian coordinate. e/®' is assumed as the time
convention throughout this paper. The time-harmonic equation of the Kirchhoff-Love thin plate vibration theory
is given as

dfy  9dfy

ax "oy M

BV*V?w — pp@*w = f; +2

where V? is the Laplace operator, w is the out-of-plane displacement, B and pp are the flexural rigidity and the
area density of the plate. B is given by B = Eptg/[IZ(l — u?)], where E,, 1 and 1, are the Young’s modulus,
the Poisson’s ratio and the thickness of the plate, respectively. fy, f, and f; are the external stress acting on
the plate surface in each direction. z is the signed distance from the mid-plane of the plate, which is 7,/2 on
the upper face and —7,/2 on the bottom face, respectively. The relation between the bending-torsional moments
and the displacement is described as follows.
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where « and B take x or y. &, p is the component of the unit tensor. Throughout this paper, the internal loss
factor of the plate, 7, is set as zero in order to focus on the effect of the edge damping.

2.2 Impedance boundary conditions

As Eq. (1) is the partial differential equation of fourth order, two conditions should be defined at a boundary:
one is for translational motion and the other is for rotational motion. Assuming the local reactive boundary,
these conditions can be generally described by using the mechanical and moment impedances, Zg and Zy, as
follows.

0= on N ds

~ oM, oM, d
( . ) = —joZqw. My = joZys, 3)
on
where Q M,, and M, are the effective shear force, normal and torsional moments along the boundary, respec-
tively. d/dn and d/ds are the normal and tangential directional derivative along the boundary, respectively.

2.3 Oblique-incidence reflection coefficient

As depicted in Fig. 1, let us consider a situation where the plane propagative bending wave impinges to the
boundary of x =0 at an incidence angle of 6. In this semi-near field, general solution of the Eq. (1) is given

(a) translational motion (b) rotational motion

e ——
4 _{ Evanescent
’ Regressive

Progressive

Impedance Boundary

— —
e —— ds/2 ds/2 ds/2 ds/2

Figure 2. Assumed deformations of a rectangular sup-
port material for (a) translational and (b) rotational
motions.

Figure 1. Problem setting for the analysis of the plate
bending wave reflection from the impedance boundary
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as [5]

W(X,y) — (A+e—j(l)kgxx +A—eja)k3x)€ +C+e—wk3xx)e—jk3yy, (4)
where kpy = kpcos @, kg, = kgsin® and kg, = kp(1 +sin29)1/2. kp is the bending wave number on the plate
defined as kp = @'/?(B/p,)'/*. Substituting Egs. (2) and (4) into the former or latter equation of Eq. (3), the
following relations are obtained.

(Y-B+ —29)AT = (v-Bs +2¢)A” = (j¥4B-+29)CT = 0, (5)

(B~ —zmY-)AT + (B-+zmy-)A” — (By + jam¥)CT = 0, ©)
where zq,zm are the normalized mechanical impedance and moment impedance defined as zq = @Zq/ (k%B),zm =

®Zy/(kpB), respectively. And the following values are introduced, B+ = 14 (1 —v)sin20 and yx = (1 £+
sin29)'/ 2. Combining Egs.(5) and (6), the oblique-incidence reflection coefficient is obtained as

(0) _ A; — Y*ﬁi - 2Z+,}/*Zqu - J7+ (BE +Zqu - ZY*Zm) (7)
Aty B2 4 2zq + V-zqzm + jYV4 (B2 + Zq7m +2Y-2m)

Furthermore, oblique-incidence vibration absorption coefficient is given as a(6) =1—|r(8)/>.

2.4 Equivalent impedances of a rectangular elastic support material

Let us consider deformations of a rectangular elastic support material as depicted in Fig. 2. The three-
dimensional displacements of the support material are continuous to those of the plate on the joining face
and fixed at the opposite face. Furthermore, the other faces are under the free support. In order to derive the
impedances in the closed form, the following assumptions are introduced:

1. only the one-dimensional longitudinal vibration is excited in the thickness direction of the support mate-
rial,

2. the translational out-of-plane displacement and the rotational slope of the plate are uniform over the sup-
porting depth.

The validity of the first assumptions is numerically investigated in Sect. 3. The second assumption is consid-
ered to be valid when the bending wavelength is sufficiently larger than the supporting depth. Under the first
assumption, the longitudinal modal stress in the support material of the lower side is expressed as

0.(1.2) = i Ean(2) S ®)
where w(x) is the displacement on the joining face. The second assumption states that the displacement is
w(x) = wp + Bpx with the constant translational displacement wq and the constant rotational slope 6y. hs is the
thickness of the support material, k; is the wave number of the longitudinal wave in the support material, and
E is the complex Young’s modulus defined as E, = Es(1+ jns) with the loss factor ns. For the translational
motion, the force on the joining face, z = hs, is obtained by integrating o (x,hs) over the supporting depth ds,
whereas for the rotational motion, the moment on the joining face is obtained by integrating o (x,hs) X x over
the supporting depth. Considering the reaction forces of the support materials on both sides, the mechanical
and moment impedance are obtained as follows.

2 4 75 0:(x,h)dx 2p.é1ds 2 Y 75 0-(x, h)xdlx pad

jowo " jtan(oh/é) M I ~ 6jtan(wh/¢1)

Zq €))
where ¢ is the speed of longitudinal wave defined as & = (E;/ps)'/?and p; is the material density of the
support material. Under the preceding assumptions, Eq. (9) is equivalent mechanical and moment impedance of
the rectangular elastic support material.



model (I) : Precise Model
(3-Dimensional Elastic Material Model)

F‘mid o el hs Table 1. Physical properties of the plate and supporting material.
V= o—o—o—s et
R N i P o P 2%
Amm XaXs Xo o d,-/ZM property plate (glass) support (putty)
et L €—100 mm—> X — 6
Ty 00mm e > 505,“ . Young’s modulus [N/m?] E,=17.5x% 1010 Es 1 (}flxoéo ’
: L ] .
¢.J{ el s %‘,1@ Poisson’s Ratio [] v=0.22 N/A
Forced T, Loss Factor Np=20 ns=0.5
model (II) : Impedance Boundary Model Material Density [kg/m3] Py /tp =2,500 ps = 1,000
Thickness [m] 1, =0.01 hs = 0.005
Figure 3. Problem settings and domain no- Depth [m] N/A ds =0.015

tation for calculating mechanical and mo-
ment impedances.

3 NUMERICAL INVESTIGATION

This section discusses the validity of the mechanical and moment impedances given in the previous section
through the finite element analysis (FEA). Figure 3 shows the problem setting and the domain notation in this
section. The boundary condition of the plate and the elastic material is free support unless otherwise indicated.
The physical properties for the calculation are listed in Table 1.

3.1 Analysis procedure of normal-incidence vibration indicators
The bending vibration field becomes one-dimensional in the strip plate, which is described as

w(x) =ATe KT 4 AT M8 O hBY 4 O he (10)

By observing the displacements at four points, x; to x4, the following matrix equation can be set according to
Eq. (10).

e—JkBx1  ojkpx1  p—kpxi  kpxi At w(xp)
e~ JkBxa  oikpx2  p—kpxy o kpxa A | Jwxn) 1
e~ JkBx3  ojkpx3  po—kpxy  kpx3 Ct( Ywxs) (1D
e~ JkBxa  ojkpxs  p—kpxa kpxs C™ w(x 4)

Then, the unknown amplitudes of propagative and evanescent waves, {A*,A~,C* ,C~}7, are obtained by solving
the above equation. It was confirmed by a preliminary study that the theoretical impedances best approximate
those of the precise model (I) just at the middle point of the joining depth: the middle point is set as x =0
as depicted in Fig. 5. Then, normalized mechanical and moment impedances at x = 0 and normal-incidence
vibration absorption coefficient are calculated as follows:

, At —AjCjc At —A-—CC g

1T AT A O C MT AT A Ot +jC

Z

3.2 Results and discussions

FEA for the model (I) is performed under shear limp and elastic conditions for the support material. The
former condition corresponds to the presented impedance model, and the shear stress is neglected in the FEA.
The default physical properties are the same as those investigated in the previous section. Calculation is done
at the 1/12 octave center frequency from 16 to 4,000 Hz. The wavelength of the bending wave on the plate at
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Figure 4. Ratio of the absolute mechanical (moment) impedance of the model (I) to that of the theoretical
model. The Young’s moduli of the support material are (a) 10° and (b) 108.

4,000 Hz is 0.16 m, and enough larger than ds. Then, the second assumption stated in Sect. 2.4 is acceptable
in this point.

Figure 4 shows calculation results: ratio of the absolute impedance of the model (II) to that of the model
(D. For the shear limp condition, the theoretical model presented in Sect. 2 well approximates the mechanical
and moment impedances around and below fy, the translational mass-spring resonance frequency. Above fq,
the support material can no longer be considered as a lumped constant system, which causes the pronounced
discrepancy. Regarding the shear elastic model, the mechanical impedance is almost the same as those of
the shear limp model. However, the moment impedance is underestimated in the entire frequency range by
neglecting the shear stress of the support material. In particular, the ratio is constant below fy. Note that these
tendencies are also observed when changing plate thickness and the support material thickness and depth.

4 NUMERICAL MODELING OF A TOTAL LOSS FACTOR MEASUREMENT

The TLF measurement by the reverberation method is often performed to get or to estimate input values for
theoretical or numerical calculations. However, it is not clear how measured values involve discrepancies from
the theoretical values for the diffuse field, which increases the uncertainty of subsequent calculations. In this
section, the TLF measurement is numerically modeled to understand the behavior of measured values. This
practical information is valuable for experimental verification of the proposed impedance model in future work.

4.1 Theoretical foundation
When the 60 dB decay time, Ty, is measured, a total loss factor 7, is obtained as

61n10

— 12
ol 12)

Nior =

because of the definition, ¥ = 1,,;®, where 7y is the exponential decay rate.

In the two-dimensional diffuse vibration field, the mean-free path is given as 7S/l;,, with the plate area S and
the total perimeter length /,,;. Then the exponential decay rate, ypr, is defined by Ypr = colior @/ TS, Where
cg is the group velocity of the bending wave defined as ¢, = dw/dkp, and o, is the vibration absorption
coefficient for 2-D random-incidence. Based on these equations, the total loss factor in the diffuse vibration
field is theoretically given as

Cg Lot O

TS (13)

Nior =
4.2 Numerical analysis conditions

Following the reference [6], calculation arrangement is set as illustrated in Fig. 5. In the FEA, all perimeters
are set as impedance boundaries because this measurement is usually performed for specimens in normal service
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Figure 5. A default geometry for the Figure 6. Loss factors calculated for the plate with different sizes and
calculation of the total loss factor. the same aspect ratio. The Young’s moduli of the support material are
(a) 10° and (b) 108.

condition. The impedance values are given by Eq. (9). Calculation is executed in 0.5 Hz intervals from O to
2000 Hz. Subsequently, the transfer function of the acceleration response is converted to the transient response
by the inverse Fourier transform. The reverberation time, Ty, is determined by the least square regression of the
energy decay curve obtained by the backward integration of the filtered transient response. The total loss factor
is determined by Eq. (12) and the 5-point-average of Tgy. It is well known that the reverberation of the band-
pass filter (BPF) itself affects the reverberation time (RT) of the filtered response. In order to approximately
equalize the cut-off characteristics among the different bands, the order of the 1/3-octave band FIR filter of the
center frequency f. is set as N x 2¥, where N is the order at 1 kHz and M is calculated by

M = [log,(1000/£.) +0.5],

and in this case, N = 64 is appropriate by a preliminary study.

4.3 Results and discussions

4.3.1 Effect of the plate size

It is obvious from Eq. (13) that TLF of a vibration system depends on the area and the total perimeter length.
The TLF are calculated for three sizes of the plates: 40 % smaller and larger plates than the default size.
Figure 6 compares calculated results with the theoretical values for the diffuse vibration field. The calculated
results appear to capture the frequency trends of the theoretical values. Furthermore, TLFs for the smaller plate
fluctuate more than those for larger plates do. However, the calculated values are two to four times larger
than the theoretical values in the entire frequency range. In general, the measurement of the sound absorption
coefficient by reverberation room method involves two main error factors that cause the discrepancy from the
theoretical value under the diffuse field assumption. One is the lack of the diffusivity, which usually appears
as the underestimation of the sound absorption coefficient. The other is the diffraction at the edge of the
finite specimen, which usually appears as the overestimation of the sound absorption coefficient. Similarly, the
TLF measurement on the rectangular plate involves the non-diffuseness and the diffraction effects, and the latter
seems to be predominant. Although all perimeters are impedance boundaries in the present study, the diffraction
effect is considered to occur at the plate’s corners.

4.3.2 Effect of the support material’s properties

Figure 7(a) shows the calculated TLF with changing the support material’s loss factor and fixing the Young’s
modulus to 1.0 x 10° N/m?. Figure 7(b) shows the calculated TLF with changing the Young’s modulus of
the support material and fixing the loss factor to 0.5. As discussed in the above, the discrepancy between
calculated and theoretical values appears to be large around the mass-spring resonance frequency at which the
TLF becomes high. Inverse estimation of the support material’s physical parameters or equivalent resistance,
stiffness and inertance constants is often performed in order to obtain the input parameters for theoretical and
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Figure 9. Measured Loss factors on individual excitation
and receiving points

numerical calculations [7]. However, from the above observations, the support material’s damping parameter
such as the loss factor and equivalent resistance constant can be overestimated.

S EXPERIMENTAL MEASUREMENT OF THE TOTAL LOSS FACTOR

In the previous sections, it is clarified how different the measured value is from the theoretical one. Following
that, this section reports the results of TLF measurement of a real window system.

5.1 Measurement conditions

Figure 8 and Table 2 demonstrate the set-up of the measurement. We arranged double pane windows for certain
reasons, although the glass plate with supporting putty is investigated assuming a single pane window in the
previous section. Also, the physical property of the windows is not clear as the reason for the difficulty of
measurement. Therefore, the purpose of this section is following the tendency of measured values. In this
measurement, two excitation points and five receiving points are set, and each measurement is repeated three
times. The windows are excited by dropping a steel ball of 20 mm diameter 100 mm above the window, and
this vibration is measured by an acceleration pickup at five receiving points. Finally, the total loss factor of
windows is determined by measured Tyy by averaging the measurements of 30 times and Eq. (12). Note that
the taps of the FIR filter are set as 128 x 2™ by preliminary analysis. Measurement is analyzed at the 1/3 octave
bands from 100 to 5000 Hz.



5.2 results and discussions

Figure 9 shows measured TLF by individual measurement and its averaging value. Results on same excitation
and receiving points are illustrated by the same color. While the measured values of TLF at the same condition
are very close in the entire frequency range, the ones on different conditions vary widely in low frequencies.
However, estimating the equivalent impedance can be enable based on this result, and it can lead to accurate
simulation of the sound transmission loss.

6 CONCLUSION

In this paper, mechanical and moment impedances of a rectangular supporting elastic material were derived
in closed form with the some assumptions. Theoretical analysis was provided to investigate the behaviors of
bending wave absorption at the impedance boundary. Incidence angle dependency of the vibration absorption
coefficient was confirmed to be weak until about 60-degree-incidence. The proposed impedances were compared
with those of the precise support material model by the finite element analysis. This study confirmed that
the presented mechanical impedance agreed well with the precise model around and below the translational
mass-spring resonance frequency. On the other hand, the presented moment impedance was underestimated
in entire frequency range due to neglecting the shear reaction of the support material. Furthermore, above
the translational mass-spring resonance frequency, the support material can no longer be replaced as a lumped
constant system. Thus the impedance boundary model does not sufficiently simulate the behavior of the precise
model in particular at high frequencies.

Numerical modeling of the loss factor measurement was performed in order to investigate the difference between
the theoretical and measured values. Compared with the theoretical TLF under the diffuse field assumption, the
calculated values were overestimated due to the diffraction effect and the self-reverberation of the band pass
filter. This tendency should be kept in mind when conducting inverse estimation of the support material’s
physical parameters or equivalent resistance, stiffness and inertance constants.

Finally, experimental measurement is executed. Although this condition widely differs from numerical measure-
ment in Sect 4, the result implies the numerical measurement corresponds to the experimental ones.
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