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Study on a measurement method for oblique-incidence
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1.1 HREBE=R

SR 35 1) B B AR E B LI T BV U, MR oM - 5 B BIIS U7 EEsRE
BRDBND, BlZIE, 2P — MR- A TIHEERBEXZL > TEOENSE 5252 EMRDOEND
B, ERBETIIEOHRELMET 2720, BEEMIOIMLERD S, £z, MEERSORBEDOL N
BT, B2 EEXRPALETHY, KFEEHOTI2OOREXNREMLETHL, DK
RSO BN D FEMERRIY, MREMOMEE - FHEMICE > TRES BARD70H, TRECHE L2
B - BRE B ILF B AT O LER D D,

FEMEREO TR TIX, AVDIMEIOEMIEEROT — 2 BDUERAIRTH D, T OMMIERED 1 DIk
RKNDDH, ZOREFEROML, —MEOICERECTOMET —ZBHCLNDR, HET —ZITITBENE
LHBARDE, EOMERETHHIEEO THRGEC R, FBR - BHYILHEO S X2 o%
Nh, LMo, Wl HEskst - BEbLdtla1T 5 729018, EffE/RT — & KO OBAHED A 3
BT R T %,

111 REROER

WERET, HOEICHFEPAS L& X, AR L= LT STz e F—0D
#HETH D, Fig. 1.1(@) IZr-T LI, A= V¥ —E, - K= NVF— E, « BT LX— E, - #f

Boundary
; W ;
Incident energy E, |
——————> | Transmitted energy 3
1 N 1
Reflected : E ’ g ’
eflected ener. '
v Energ}ll loss Normal incidence Oblique incidence Random incidence
(2) (b)

Fig. 1.1: (a) Relation between sound incidence, reflection, absorption and transmission. (b) Difference of

sound incidence condition.



BN TR SN D =R VX — B D, BFER a3,

E,-E. E+FE
o=t = lEit (1.1)
tkshsd, Eq (1.1) 6, BT R X —bENT TRINEND TR LF— bW FLEZXTNDH L
WML, DT, WEROT X THRARYIZRIN SNz R LF—TIERW I SITERNPLETH D,
BIZIE, BWEREIREE =1 ThHoH, FARICERE=1Tbbd,

W HRIIMEHE A OB T <, ASSRM - WHROFKM - FEEIC K > TET 2720, WERERT
BRIXZ D&M EZHR L2 TIUT R B 720, FOARNSEMHE, Fig. 1L.1(b) IZRT X 212, TEAS - ROA
G T FLAFO 3 FZMEZZBND, Jolk LIE BRI OBRIZIE, 70 % DAFRERNIL b
TW5, — 5T, EETCHFREOW TR, m—/L7 8 TOPMKKE TR LD r—2TiE, A
FEnRdLRETRARTHD, ZOLI REAMAFNEERELMND Z L TR EMZR TN RIAE
s,

1.1.2 RERPEERICET 5 TERBE

BIEWE S R EEIC BT 5 T2EHR 1T, JIS A 1405-1, 2[24, 25], JIS A 1409[26] @ 3 FEEEHIE ST
%, TNEH, 1SO 10534-1, 2[21, 22], ISO 354[23] ZHEIZHIESN TN D

JIS A 1405 13T E AR FRREEICET 2 TERK CTH Y, FBE 2 AV ZREEN, EERE &
(REEREGED 2 FEME SN TW5D, EIEIREIE (IS A 1405-1) 1%, HEE OB 2% E L, fthi
DD H—TERE A A S, FEENTRAE LICEERE ORKIRIE & f/MBIEO L & W& 2 F i
Do ZOFETIE, BEEEILICRERLENT o720, WEICHRHAZHET 5,

— 7, fEiEREKE JIS A 1405-2) 1%, EERIE S ITENT U F L) A4 X ERESE, 2 OONMETH
JEZRET D, 2 RIEOBREREEZRDD Z & T, AHEEKHNEE L, SERFEIEEZE L,
WEREZRDD, ZOFETHE, FUvFAIARXERNTWDHTZ®, —ETIEMHIERORENRTRETH D,

JIS A 1409 137 > & 2 ASH0 a%@m&_%?él¥ﬁﬁﬁkb,%g%&ﬁﬁﬂéﬁ%ﬁﬁﬁ%%w
THEEITH, TDID, ZOFEERERE LD, 2O ETHE SIS R e fro B EERS
REMES, REERT, REEICBW CHRBRE TR ORERHZE L, TOMENOWEREHEET
B ZOFETIE, FEELVIRIRHENSLERZ &, RN KEELEICRD Z &b, BIEIXFF
BIZeHEBATITON D, £z, HBEMR LTINS OREHTBEGIC LY, WERZERFHE L TL %
e BERFTOBIZIZFDZ LICHETHIVERD D,

—%, RASREROREIEICET 2 TEBUSIIFE LRV, Z070), RAFRE RO EEICET
HRFZEIIRE 2 Bt STV DD, EWRICE > TWODRIEIEITRLS, T—X OEfFH ST Ruy,



12 BEERZE 3

1.2 BIEHR
BIFICH A B ST AU B SR R T

o YHHESL TIT 2 5 TFIE

— MBSEZ MW EREE 2RI D FHI T4 [17]

— TSP {575 % M\ 2 47 2 5HA 1% [4]

— ZEH 7 — U AR U & SO & oy S 2 BHIITRIE (18]
o HIEO “RITEHWICEIT % E— FTIZE D < FHIIFE [19]

oI, MBEEZHWTEESZHET 2 FEEREL TV [17], 16k, BEHEEFOHEEITIEE Lok
TETIT - T ey, AR OFHAOWE THERICEEE DIEEZIT O HIEZREL WD, Z0
FETIE, E#ETEHERTH LT THEETOANPHEESIND,

AR 6%, TSPEHEZHWTKAEZME T2 HEZIRE L T 5 [4], TSP(Time stretched pulse) &
%, BB EAEIX LSV R & B IETHL, A VSV AR TR S IEIX L E R Th D, ZOfFFE AN
TA VSNV AIRE E RO D 51E%, TSP X1 Swept-Sine 1 & M5, Z O FHEE A, REERIZE N
TAHAEFANELL 2D I IICERA =~ 7R 2EEL, REOFEICLD 2 &M
BIFLA -V AIRE LT 5, FHILIZA VOV RISED D, REIOGEIZI T D SRR & i
FRUIVHL, 2060 RAF - IV WERZEHT 5, AC—I0 D OEHR & K 2 5
BEXE L7201, A=~ A 7R3+ 0EL IRETINEND D,

AL, ZEM 77—V = BHia W THEES LN EZ 08T 2 FIEEZREL TWD (18], ZOHIE,
FIREWEMEL O < ICE X, PRI LTz 2 DOFER COBEGFIENMAZMET 5, HFoh
BHRELE 7 — U WIS X o TP SR oM L, 220 ER RIS 3 1 2 Wi am 256 L
T, MEERE CTOARS & Oy 2 0BEL, WEREH T 2,

T2 ETOFHITFEDL, FEEELIINDIHINREENLETH D, £, RESELFEKIS, ME
SEB DO EPTBRROEEIC L - T, WEDOLZEMNBREEIND,

—FHEFRDIE, EEOZRITEELGNICBIT 5E— RFTICES S FHITEEZREL T D [19], 20
FHEZ, B0 ZRTZEMICENT, 2 >OREREIZER T 5L A EEBREZ1TY, T— FEITICLY,
T8 AEERI O, A RKESEOERFTEREZ BRI L, WERELREHT 2 FETH D, toJiiE
LY, FEHBAZEMTORHITIERWZ, PEES LS KRRl 2 RITNER, £72, MEHRET O
EHTHR OB Z T 20T, WREREEZR2FHR SRS D, LL, TOHIEOEMEMHITIC LD
BEHISNTWD R, RMIZE T DMAEN A+ Th D B RITIFTE > TV,



1.3 ®BIZREW

R U7z & 9 IR AR S RORIEEITFE A Rt ST DR, ERIZE -S> TWHHIEEIZRLS, T—
HHEMF STV, FZT, FTLWRIAREERAEEE LT, BEO _REEHNICBITHE—F
FENTIC LD S BRI FIEDO R D T2 DFRIEL AT LA ZAEE LT, AHFFETIE,

o RI AT LA THKMERBEMOMEEITH & & b, ERKEEIZHIT SRR FM OB 217
WV, FNHORRALETHZ E TRV AT LAOZYMARBIFT D Z &
o FFENTELRMEOBIEEITY, EAICHEIT =R AT AOREEL BT 52 &

ZHWET D,

RS RMEENHESL TEE, WEMORARBREROT =2 B3RS, Thelns &
T, b L7z ko7, BEENS —EHMIIETTLHX9 7%, @R O EBEDOWERRS, R—7ET
DY ERED T2 LV IEREIATA D Z PR RIAEND, £, RARHREROT —F ) bHEHY
2T o E DR EREZENT 52 & T, RESETHREIN TV D EBENROZEL R Lz, WEH
HIEDZ o Z AR ERPFEHTE, LVEREERNTEICRS EEZIOND, TOMIZEH, #
AHRFOWE A T3 = X LRSS, SEMBBEA~ORBIC L ORNR D LEZ TS,



1.4 G SCHERL 5

1.4 HIOHA

B 1 ETIE, FREOE R, WERNEIECET 2 TENE, BEOBEMEIC O W THIBLIL, AiFED
HiVZ £ & o,

2 BECIE, WEROHBRMITIEIC DWW TR D, SRR EMITE L TiE, WERERE T /12D
Tﬁﬁm%ﬁot% , BREEET WS N IEE IR~ S, R EHICB L TiE, Ry o
DFATEEET MCOWTERLEIT o T21%I1C, FFEET L O EZIT- 7,

%3 ETI, %W%%/A—%%wtﬂA%%%iﬂmﬁ@/xTA®%%_owffmé £— NfiF
Frifm, WES AT AOWELIRRTH%IC, ERFIEORGNEITo72, £, MERFEEZELIELZ L

T, WET —F OFEEBERIZOWTIRGEETT 2 721212, WET — X OO TEORE 21T -7,

B4 ETIE, BT v =2 HWAE S AR B OFHARE R Z R L, 52 Bl T ER
3T 28 FEEEM OBGRE & Ok AT H 2 & CRET — X ORY M EMEEL, HAF v o N\—C &
DRGSR E RBREEOFERAEEELET D,

55 ETIE, AMFRICBONTHEONICEREZEE L, S%ORELIE~5,
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R EEDIE

21 ZHERREH
211 REREETIL

ZIVEMEHT, B & T ORI OZERN DR SN TV D, MEOZERZE Ml 2 @iz 0y
T, KPERPEME ORI LV RENEC D, ZOBREOMRITEARBUIKFIEEZ D, FTEENOEHE
ARV & UCHEME - BT A =X OIEMZEET 5 2 LICL VR b b, O E R MEHRE
PR OB O FRIE T MOV TITREA BRI TV D, AKEHTE, b0 TFHET VLT
ETNHITHNWOND /T A= 2T 5,

SHEMERIYESE
LUFIC S ALUBEM NER O ZE B ORE R 2 RSB R 2 7n T,

o ZiLJE (Porosity : ¢[]) : ZALEM EIRD HT OEFEIZKITT 5 NI EXORBOLTH D, ZILE
T EE TR T DM OMEEE ps, ZHEMOEEE pp £V, ¢o=1—py/ps LEEIND,

o KPEE (Tortuosity : oo []) : HEIEET B IT HLHEEDHE LT T A—FTHY, FEDO

EEMEZ R T, ZHEMBNEICE T 2 A0 OBED ER 2R,

o FitEHFIESR (Vistous Characteristic Length : A [m]) : W E O mFHUZ BT 552 KT 720
Johnson HIZEVEAINTZNRT A =X TH D [2], MALNERZ FEEREIERAL LD & 2ITAET
Do k0, A=2[,02dV/ [ 03dS & LCERSNS, 7L, Q IEMILATOME, L 2l
\ZF T DREH 2R, ZFUEWNE TIER/NORMALANER L TR Y, RERFIER 1322 ORI E
YA X LTS,

o E\FFME R (Thermal Characteristic Length : A [m]) : R AERBMEREO R ERIZHIT 2 Z¥ B4 KT
7= % Champoux HIZLVBAINTNRT XA —ZTh D [9], ZLAEM ONRFERBENO LKA &,
BROREHEOLE LTAN =2 [ dV/ [LdS DX ICERSND, PERMERITZ LB N7
BROKREWERI DY A XIZFEHE L TV 5,

o IiiALHHL (Flow Resistivity : o [Ns/m?]) : #IfLICFEAL 25 2252 BT A, HUTR S 4720122105
B RS, MARBUTFENEEOERFEICR T 2 52BICBEEL T\ 5,



8 B2 % WEEOTRBAIE

o PR %3 (Thermal Permeability : k) [m?]) : kilk & BUEORELINEE BB L, Lafarge 52k VA
SNTERTA=EThH D [1], BIRERNORMMEIRIZI T D Darcy DER] & M 72 LR DE © 41,
BRI R ORF I BT 2 FBCH L T 5,

Miki model
Miki model 1%, &% NEES S O SN EIIE 4 312, flix O FLUEM O FZRNE) SRER SN RBET
)L TH D [10][11], Miki IZFRIVERET, ZEBRR, HREEENS, FEA =2 R, K OMBIRESD

—0.632 —0.632
Zp = POVE=D 1y | o7 <f> —0.107j (f) ] 2.1)

¢ Oe Oe

we/a f —0.618 f —0.618
=Y [0.160 <J> +3j (1 +0.109 <J> )] 2.2)

EREDERLTWD, 22 L, oo IXEDNRTENAEILE LT oo = ¢o/a, EER LT, £,
Miki model @3 & 72 5 7= Delany-Bazley model DIEIEET /LT 573, Delany-Bazley model (231 T,
0.01 < f/o < 10 % FAHELEEIPA & LT\ 523, Miki model TiE, 0.01 < f/o 28T % Delany-Bazley
model IZR OGN DIEEFHMTORESITRONABRNE LTWDR, ZSHIZOWTEHOBREES TR
ZLICEREBLETH D,

Johnson-Champoux-Allard-Lafarge model
Johnson-Champoux-Allard-Lafarge model |38 3= RFEHMER, FATEE O FERMIZ BT 218 H, &E

DOWHTZEE D GRS N LHRRETT LV TH D, Jonson HITHMERERE A 28 AL, EEEOEE
W, IREROEHTRHENENEN
1/2
ﬁf:poaoo<1+2(.n ) ),w—>oo (2.3)
A\ jwpo
ﬁfzqﬁ,w%O 2.4)
Jqw

EEIFDHZ EAERLEZ [2], Johnson & iE Eq. (2.3)(2.4) OWir#) 2 /x4 BT L LT, EhE
JE %

~ P00 U¢ . 4"70500/)0
= 1 1 2.5
=% <+jwaoopo ”“¢2A2o2> )

ELTHXT 2],
— Champoux & (TERIRFER A 238 AL, (REEHMERO S S BT T Dl FEDs,

-1

_ 1/2
- _ B 20 U( " ) ],w%u> (2.6)

K¢ = 5

EETFDHZEERLEO] HEL, B2IX7 7 METHD, £, Lafarge HITENZER k) 2 HA
L, EHEEICB T 5 MirE T,

A jwB?po

= 7P .
¢

(v — 1) pokoB?

—1
= ] w0 Q2.7)



21 BB 9

EEFDHZEERLI (1], Eq. (2.6)(2.7) O#fiir=®E) % % & L, Johnson-Champoux-Allard-Lafarge model
(\ZH 1T D EF IR,

~ P,
Kfz%o y—(y=1) 2.8)

17—
ne . 4poky B2
1+ ——F—F—4/1 —_—
+ﬂwwﬁp¢_mwn&N2

LEIND, EEARMEEICRBOTRRBRIT k) = oA?/8 L RSN, ZHICL VAR ERE B X
AT R

—1 -

y—=(v-1) (2.9)

817 ) pOA/232
1+ ——F——4/1
+ Jjwpo\'?B? \/ oW 16n

7357341 % (Johnson-Champoux-Allard model), —#%IZEZE R ITFHANAE S TIX72RV, BURERITL
B DIRR & 72 D AN B 2 2%, ZALEMBHI B W TITRMEREE A XM TH D 2 &b, Kifli
AU E—F AL, WERO T _EiX Johnson-Champoux-Allard model I33EH L+ 7ekEETH D & X
W5 (3],

Kato model

Kato model [ZH % &7 VA LI, Xy B ABEEBEOUIE, FEEBRIZHES S RT A —=ZHEEA - BRI
BT 2 IEEZ M2 7B RBET L Th S [14][15), Kato SENEE, HEAEMMERZ=ICET 26 1E
T 84, 8¢ IR,

__ Poliog 81 - pol\?
= 1 1 — Sy 2.10
P 5 + Twpyh? + jw 1oy ° ] (2.10)
171
=~ _ 1R 8n _ polZ% B2
K= — —(v=1 [1+ ——F5—=51/1 —— — s, 2.11
=7 y—=(y=1 |1+ oA I \/ + jw T2n s (2.11)

LEEL TV, Eq 100211 0BT, £, A Ay oo, Su, 5 HFOMEY 52 HH5E LT
B, BMORERIZZ QRN DT, Wi, WEELY,

/ _ D(ps —pv)
theory — 2Pb

O EIICHEERIICE T 5 Z LRk, 72720, FEEOBWRERITMHER L2 g9 5 Z Lk B
ML VNS o TNDHEEZXDLND Z &G, HiERE x #5E L7

A — D(ps — pv) (2.13)

T 21— x)
&R INDENBFER Alg 25, 72720, BftmficB L T,

2 —1
5.45 x 107°
x=1-— {1 + (A’ ) ] (2.14)
theory

2.12)



10 52 ' WE RO Hm AT

EREINDFERALIREL T D, Allard 13 FITEWTEMEAEATEHT 350 TRl DT 1A% LIRS E M)

TBHEA, PR R &R ER D
A=ANg/2 (2.15)

DR TRED Z L EZRLTND [3], £72, HEE ax ITDOWNT

1.5
45 x 1075
G 210

theory

ERENDERKEZRL TS, MIEHE s,, 8 12OV TH

_onlps—pp) (11
T JwpopbAig <A Aéff) @17
T2n(ps —ps) (1 1 \]Y*
_ 2 2.1
e I:SWPOPbA/eff A A/eff @19
EREINDERXETRLTND,

F 72, Kato IZHFHEMELO THIET L E L CHRE IR, BIaME~Om ik > TH Rt & T -
TW5 [15], — B2 IaM Bt O%E, EEITE L ERZNDHEE L 720, BANEMEICA Y MA 2ZEMm
BB END, BABRBERECTT R COBAENRFE—EREL, BAMOBELOmEE BHT L,
YA OEFEV LR A, B D, 0D,

V= éw;” (2.19)
A =nD? (2.20)
LEFRIND, Lo TEWFRERIL, EFD,
vV D
r_of _ ¢
A=27== (2.21)

EREIND, T, EEE ax IZOWTH, #fEME L B> TRV, BIMEL & DM BT, H#
ALK D & 912700, MHEM L T 5 L RE L L 5, £D7®, Eq. (2.16) ZHMMATE 22w,
L2L, ERBELZHGRNICRDD ZEEIRETHY, EEERNOH/LIZEBEHLNI b, BURTIE
TEEAFNREROERBEIS LT 4 v T 4 T TRDFIED R TH D,



2.1 ZAUERE A 11

2.1.2 RIBHETIVICED BEIH

SHEMABOFTERHE

AIEA&ET L TIE, MBS 2 EDMEMR LW EGEL TWD, ZD7s, MEHHROZERE 5 D
{CHRRHE TR O B BRHENIRE 2,

LUFICZAVEM BN O T8 2 2 T OBRIE L & HITRT,

o Mo > ' — % 2 (Characteristic impedance : Z¢ [N - s/m?))
Zy = pece =\ Kepr (2.22)

o {=iifE %L (Propagation constant : ¢ [rad/m))

- LW g .
Ve =J= = gk = jw o (2.23)
Ct K

o HF I E (Complex effective density : pr [kg/m3])

Z Zik
e = —j o - A 224)
w w
o BFERRMMES (Complex bulk modulus : K [N/m?))
N Z Z
Kp = peé? = jw=t = w2t (2.25)
Y k¢
o FEWNHEFENIFHHE (Effective complex phase velocity : ¢¢ [m/s])
G=jo =2 2t (2.26)
Y ks P
o B H (Complex wave number : k¢ [rad,/m])
=W . Pt
ke=— = —jy=w/ o 2.27
£= 7 el I (2.27)

R FEREE L R RIT, 2.1 W ORLZERMITIC Lo TR S, 202 20ENLZ
DDESHED Z L3 KD,

F {751

F 751 R REE 0 T FE L KL & 0 B & R 5 BRI CORISEEATC b 5. FATHIORR
L L, MO FATHI &« DEBORMART A bNE, ZOZLICEY, BIRRESERHES 2
BB, TLENO FFFIEERIEL THL 2 L0 8D, SAEOMAEDET OV TRIED FATFIIES)
CBBNG, UTICHAREOZ LN L EXBO F 151577,




12 552 5 WSRO AR IA

FPLILEM D F 174 Fporous (B

cosh(qd)  Zy, sinh(qd)
Foorous = sinh(qd)
Zom
cos(jqd)  —jZm sin(jqd)

cos(qd)

T (2.28)
M cos(jqd)
Zm,
Lz BID [20], 72721, cosh(x) = cos(jz),sinh(z) = —jsin(jz) TH D, £7z,
_ g sin 0
q:vf\/l—(‘7 —)?
gl
= jy\/ k% — k2sin? 6 (2.29)
Zm _ Ve Zs
q
7 ke (2.30)
JE2 — k2sin? 0
TH o,
WIZZEKJE D F AT
cos(kLcos)  jZppsin(kL cos®)
alr = (231)
jsin(kL cos 6) sin( kL cos 0) cos(kL cos )
EHEZBID [20], 72720, LITEXBEE, Zog 13 o HNbRHRZROREA B —F U AT, 2280

%‘:};ﬂ_“ pO’ %:‘E Co 75)% ZOG = p000/0089 "C“%éo

BEFE
ZIT, WEMEBEERRDEE Din, Dout> BT Ui, Uour & ERD FATHI F O BRI

{pm} {pout} (2.32)
Uout

L%, Fle, MBOREA L E—F R Z FRBREOFE LR EEND,

7, = Pin (2.33)

Uin
FTIND, £z, PBARHBOEREELS R r 1ZRHA o E—F AL ZBLRORMEA v E—F A

Zo(= POCO) no,
Z.cosl — Zy

=z = 2.34
Z.cos + Zy ( )



2.1 ZAUERE A 13
ERIN, PAFBFORER o 13,
Z,cosb — Zo |?
=1 —|pP=1— |22 20 _
ap =1—r| ’ZCCOSG—FZO (2.35)
ERIND, SFV, REREOFLE LR FHERD D Z ENHENE, WEREZFEHTE S,
T, AR L Lea, RSN EY e =0 725, Ko T, Eq.(232) £V,
A B
F = LEL L,
C D
Pin = Apout (2.36)
Uin = Cpout (237)
L, RiiA E—X AT Eq. (2.33) &V,
A
Lo = — 2.38
c (2.38)
L2 %, MIBEEAESRMOYE, R FITINEL F = Fyorous £ 722D T, Eq. (2.28) £V,
A = cos(jqd) (2.39)
o - —Isin(jgd) (2.40)
Zm
ThY, KA re—F AT,
—jsin(jqd)
= —jZ—= ke cot (d\/%g — k2 sin? 9> (2.41)
\/ k? — k2sin® 0
LGxbN5,
BHREREA D OFRMETIE, RIEFIT(F = Fyorous - Fair) 1%, Eq. (2.28)(2.31) XY,
cos(jqd) — i Zm sin(jqd) cos(kLcosO)  jZygsin(kL cos)
F=| _ivutind . (2.42)
J 8131(3(1 ) cos(jqd) jsin(kL cos ) cos(kL cosh)
Zm ZOB
A = cos(jqd) cos(kL cos ) + Zm s1n(]qd)Zsm(k:L cosd) (2.43)
06
B = jZy cos(jqd) sin(kL cos 0) — jZ, sin(jqd) cos(kL cos 6) (2.44)
o J sm(]qd)Ncos(kL cos ) L cos(jqd) sin(kL cos 0) (2.45)
Zm Zoo
D= Zo Sln(]qd)f'm(kL cos 6) + cos(jqd) cos(kL cos 0) (2.46)

Zm



14 F2H REEOIRARITIE

Eled, £oT, BREJEBAOLEOREA v = AT,

Zm sin(jqd) sin(kL cos 0)

cos(jqd) cos(kL cos ) +

— Z09
¢ —jsin(jqd) cos(kL cos ) N jcos(jqd) sin(kL cos 0)
Zm Zog

 §Z0Zp, cos(jqd) cos(kL cos 0) + jZy, sin(jigd) sin(kL cos 0) cos 0

Zo sin(jqd) cos(kL cos 0) — Zy, cos(jqd) sin(kL cos ) cos 6
LHEzbND,

(2.47)
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2.2 HISHRBLEHM

IS ETUR TR DY A B = X 0, Fig. 2.1(a) IR T K 57, LADEESLILO T v DTS IT 5 K
PEREIZ K o TREROREME & BRI LD 20 L X =N+ 5, ZOEZXTFIT 21 HiTH Lz, Z4UH
MEIOWE A=A LERUETHD, £72, Fig. 2.1(0) ITR-T LI, HDOEEE Ty 7 in & E &,
BTREREZ AR L LIEAR ZARNEREN D (FE), Z OIEEEAEIC S TR I L <IRES
D7, WENRE S RYWERPRE 2D,

H Effective densit<

Correction length S Spring

\ Inner viscous effects

Surface viscous effects

(a) (b)

Fig. 2.1: Physical phenomena involved in a perforated plate.

LR %, HE RE  d, ¥ r) LIRET S, Allard 513, Biot NT7 A =X ZHMT 5L, o7
SZRHBEROMILOSE, REIERER A, BWORER A%, HAREEL —BT2 A=A =r) &RLTEE
3l F7=, WAEHL o 1%, FEEALE ¢ 22D,

o= ;;72 (2.48)

EETHERLE, 2L, n 3EXOMERTHD, 22T, MADES, Bk HERIRER 2 1
WTED LT 5L, Fig. 2.1(a) D A DA Y E—F U A Za 13, KPR OMEMED BN LR85,
WEPRIELD +lc REne &,

Za = jwped + ¢Zp (2.49)
LHZ6ND, ZplilBEDA v E—X A ThDH, £7-, Fig. 2.1(a) D A BT HREA v E—H
2F Za=Za )b 52 B
_ Jwped
9
ERIND, ZIZT, p IRy ITHMOENEETHD, LoT, Xy VEOFENEELZENT 52 LT,
Za DEHTE S,

Za

+Zp (2.50)

221 RYIUDEDNEEETIL
Allard 1%, ZALEM OWNTIKD IZNEE (Eq. (2.5)) LIAEE, v 7 O FEHEE %,

4
5t = POC%o <1_|_ op 1+ 7704ooP0> 2.51)

¢ Jwaiss po A2
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Rl

EG AT 3]s 1220, ao FERBETH D,
F7z, Allard 513 50E FZE OIRFBIZ IS 1T 2 WL RrrEDs,

_ 2050M 0P
e = Qloopo | 1 — = 2.52
pe = po< +—UA2¢> I (2.52)

LEFH DL EFELE (3],
Yo, IEEMICBT AR A v E—F A Zu 12 Eq (2.50)2.52) L1,
_ j9Po Qoo
ZA_J¢mM(L%4)+m+ZB 2.53)
LEZBD, TIT, BEVT AL AEEHTE 5720, Z4 = od+ Zp EBND, AL
MR HHTIETH D,
F72, Allard ST FERNE O S I61T 2 W EEDS,
5

_ d .
Pe = Uoo 0 <1 + A) - jaOOPOK (2.54)

LEFLHZEETFLEBL, 22T, SITEMEREOESAZFRELTEY,

5= 20 (2.55)
Pow

LhEzxbhD, 61, A=r THDHDT, ZNb%x Eq. 2.54) ITRAT DL,

- 2 . 2
Pe = Qoo PO <1 + Rs) — JQc0 0 R, (2.56)
PowT Powr

EHZbND, 12720, Ry IIREOEHIAZRL TEY, R, = %\/27700/)0 LHEZb6NnD,
22, W OFLICIEBE D IE AN SN D Fig. 2.1(b), ZOREIIRKEICE £, MEE% &
e R

2¢ee
o =14 = 2.57)
LEEND,
LT, BWEKICHT B REA v E— X2 A Zy 1 Eq. (2.50)(2.56)(2.57) L1,
Za—2 (Lot Bl 0w o gy o (Do) By 4, (2.58)
r r) ¢ ¢ r r) ¢

L5265, 2L, Zp FEXEOREA L E—X U A 2R LTEY, Eq. (231) LY,

Zog cos(kL cos )
I = 2.59
B jsin(kL cos0) (2.59)
_ —jZycot(kL cos ) (2.60)
B cos 0 '

thHZBN%,
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222 BEETIOLE

Allard Ingard model
Allard 1%, Eq. (2.58) Oo#FiHE (2(d/r + 2¢/r)Rs/d) B W T e =r &L, VT 7 X AW
(j(2d)r +4ee/r)Rs/¢) ZEEHTE H L L, Kifif v E—H X%

o (d Rs | jpow
ZA_2<T+2> p + 5 (2ec +d) + Zp (2.61)
LHz7 3], £, WIEE co & Vo < 0.4 OFIPHT,
o = 0.48\/Apert (1 — 1.141/9) (2.62)

5 Z27,

Beranek Ingard’s model

Beranek 5%, Eq. (2.58) OIHIEL VT 7 XV ATHIZBW g, =1 & L, REA L E—F L 2%

_o(9 o) fts  Jrow (4 o) Bt
ZA_2<7~+2) ¢+ 5 (25e+d)+2]<r+2) ¢+ZB (2.63)
EHz- (5], £72, WiERE e &
e = 0.48\/Apert(1 — 1.141/6 + 0.47+/¢3) (2.64)
&bz,
Atalla Sgard model

Atalla 51X, Eq. 258) DU 77 X U AHEWHECELH L L, REA VE—F U A%

Ry jpow

Za=2(d+ 2e) % +7g (2ec +d) + Zp (2.65)
EH 276, 72, #iER . &
e = e0(1 —1.141/9) (2.66)

LRI, L, g = 8/(3) Tho,

F7-, HEEEEICE LT,
At (2.67)
250 + d 250 + d)V::av ‘
L5 27,

—5C, Panton 5% L < w\ O, HBEHRBEOXEMIET ILERHD L L,

_ 670 Aperf
I= o \/(25e + d)Veay + (L?Apers/3) (2.68)
LRI [T
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lrh-3:r:1:

=1

SERF v UN—Z AV -RASTRE A
EEDIBE

3.1 BIEER/DIBE
3.1.1 ZxRFxZEMIZH TS Helmholtz AKX D —A%fE

D 2 IITZEMIZEB 1T % Helmholtz HERIT

>p(z,y) N >p(z,y)
0z2 0y?
ERIND, 2T, pIEEE, BIIEETH D, Eq. 3.1) O—ffiRE RO D 12D B BEEE VD
BROTHHETIE p(z,y) = X(2)  Y(y) ERSND EET D, DL & Eq. 3.1)13,

+ k*p(z,y) =0 3.1)

0%X (z) %Y (y)
0z2 ) Oy?

LAh, WhNE X(2)Y(y) TEHS L,

X(z) + kX (2)Y(y) =0 (3.2)

1 82X(m)+ 1 0%*Y(y)

2 __
X(z) Ox? Y(y) 0y? AT =0 (3.3)

L%, ZZTEq (33) %

1 9*°X(z) 2

X(z) 022 +k,=0 (3.4)
1 62Y(y) 2 _

V) oy +k, =0 (3.5)

DESCZOORCHHET D, 12720, B> =k} + k) ThD, Zihbid 1 KILO Helmholtz JifEsl L 5
MichHorZent, X(2),Y(y) 22T, TRENO—KiRIX

AT exp(—jkyx) + A” exp(jk.7) (3.6)
Y(y) = BT exp(—jkyy) + B~ exp(jkyy) 3.7)

~
—~
&

|
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tERIND, £oT, 2WZEMIZET 5 Helmholtz 72D — R,

p(z,y) = X(2)Y(y)
= (A" exp(—jk.x) + A~ exp(jk.z)) (B exp(—jkyy) + B~ exp(jkyy)) (3.8)

LxRIND,

3.1.2 BAFHDEA

x W OWEEE AR TH D LBUET D &, BEROIEMRT M ORFIEEIL0 & 725, DEVEREMEL L

T, z2=0Wontx
op(z,y)
ox

WE N5, 2L, Wika TROETHD, %72, Eq. 3.8) KV W% o HHTHI T L,

=0 3.9

op(z,y) _ 0X(z)
or Oz Y)

= (_jkacA+ eXp(_jkxx) + gk A” exp(jkxa:))Y(y) (3.10)

LB, ZZTx=00K, Eq.(3.9)3.10) L v,

ap(a(;, Y) (kAT 4 jhe ATV (y) = 0 3.11)
LMD, koT, At =A" LD, —J, x =W OF, [FfKIC Eq. (3.9)(3.10) LY,
Op(W,y)

= (_jka: exp(_jk:vW) + ]kz exp(]ka))Y(y)

= jka A(= exp(—jke W) + exp(jk.W))Y (y)
= 2k, Asin(k, W)Y (y) =0 (3.12)

ox

LB, koT, ky =k = "W” REREND, 7270, nlE0L oK THD, 22T, D nlco
WT ORI,
p(@,y) = 2Acos(kpz) (B exp(—jkyy) + B~ exp(jkyy))
= 2AB™ exp(—jkyy) cos(kijx) + 2AB™ exp(jkyy) cos(kjx)
= ay, exp(—jk,y) cos(kyx) + by exp(jkyy) cos(k; r) (3.13)

LD, TNHHHEH n TOMIL, —KRIETHIIBITS 2 FAOnKRE—RTHD, 22T, —#xfiE
ITEE n 2OV TORIITEIN,

p(z,y) = Z an exp(—jk,y) cos(kyw) + Z by, exp(jk;‘y) cos(kpx)

n=0 n=0
= Z[an exp(—jkyy) + by exp(jk, y)] - cos(kz ) (3.14)
n=0

thHzZBN%,
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3183 IJ7xvtEr LR
ZIT, kL ky ICOWTERERD D, ZNbITThLh,

nm
K=

T
LERIND, n BRELARBICONT, kP ZRIL, H2%Em U ETIRE <P L7V, k7 iE

k= /K2 — (kp)? (3.15)

k= g/ (k)2 — k2 (3.16)

LA, ZOWE, BE m BT AR,

p(x,y) = (am exp(—jky"y) + by exp(jk;'y)) - cos(ky'x)
= (am exp(ky"y) + by exp(—k,"y)) - cos(ky'x) (3.17)

L%, ZI2T, kM= /(k1)?2 —k2 TH D, Eq. 317 1y FRICOW TR X 5 %82 T 5,
SFV, y FENITEEIN RSN FEE LN E 2 BT 5, 20X 2lEEk LA VWEIZZ T 7
KXty MEEMETI, ZOREm OF— NIFEERE— RIS, AR THRE T 2R ASK
FRIIFRME — OB MEFIA LT, Z0OE— NEADOAFNAEICE T 2% FELHEINT 2 HET
bo, T, =T 7 Xy vy MEIIZASADOELEPFIE LRV, RIARRE RGNV T
FIRAARRRRERTH D, 72ZL, TNOOHITEESMIZEE L TEY, Gifte— FoERGDOEZT
TEBOEGOMME LN DT TR LICEENLETH D,

3.1.4 RIEOFEH

Eq. (3.13) BNETHGilt— FOMEMEKZ Fig. 3.1 lIRT, HEMHKE— RiE, o @ A7
BUFDAAAEALD T B nw & 722 FNAsHT 5 P 2R L T\WbD, 22T, Eq. 3.13) @ ay, b, 13%

o' &’

kL =2n/2W) = n/W k2 =2m/W"
Oth order mode 1th order mode 2th order mode

Fig. 3.1: Geometrical interpretation of the propagation modes.
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NENBIsRT— FIZBT 2 P OET - RIBEORIEZR L TVD, 2FV, BT — FD a,,b,
EROLZLENTENUL, a2 DI & THEMRTMICBIT D ERERD D ZENTE, WEREHEH

THILNTE D, BT — NITHIET 2 AHA 6, FAFRER ag, 1FZNLLH,

EERIND,
Eq. 3.13) OWBAIZRE m OF— FomaR L, HOWHIZHIz> TS T 5 &

w
| v costhra)ds
0

1%% [e ]
= /0 {Z[an exp(—jkyy) + by exp(jk, y)] cos(k; x) cos(k;”x)} dz

n=0

00 w
= Z {[an exp(—jkyy) + by exp(jk,y)] /0 cos(kyx) cos(k;f‘x)dx}

n=0
Lhs,
ZIZT, FIOBSEICONWTERLZIED D, AUORESE

=
[ ettt = [ feon (S5 o (0 507) Vi

LD, nym & O LLEOEE L L2, Eq. 3.21) 252 %, XL OHIT, n#m DR,
1 v (n+m)m (n—m)m
2/0 {COS (Wm> + cos <Wx> } dx

[ () e (),

0

L%, FHONTn=m>0 DOk,
1 W 2
2/0 {cosgfm—{—l}dx:

L%, WmKRIZn =m =0 Dk,
L%, £oT, HOOHDEI,

0
v W
/ cos(klx) cos(kl'z)dx = > (m=n=>0)
0
w

(3.18)

(3.19)

(3.20)

3.21)

(3.22)

(3.23)

(3.24)

(3.25)
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L%, ZOMEB=ZABEOERELMHIND, ZOWEZMMT 5 L, Eq. (3.20) 044,

0o w
Z {[an exp(—jkyy) + by exp(jk,y)] / cos(klx) cos(kgl:c)dx}
n=0 0
W k" b Kk 3.26
= ;{aneXp(—J vy) + bn exp(jkyy) } (3.26)
LD, 2L, €nlEm=00tZ1, m#AZ0ODELX2THD, L-T, Eq. (3.26) I,
P (Y) = am exp(—jk;'y) + bm exp(jky,'y) (3.27)
LETF D, 72720, p,,(y) I,
w
w
| ey eostizade = 25,
0 m
. w
& Bl = 7 [ play)cos(ia)da (328)
W Jo
ThY, HHHEWHEHDOLSGFHINC X 2B EZFHEL TWo, Z2°C, 25082 EKRH v,y &
W%, Eq (327) L0,
> —jky Y1 gk y1
Pl _ [0 ] fa, 520)
pm(y2) e Mty vz ety V2 bm
LEFZLRTED, Eq (3.29) & ap, by ICOWTHES &,
" 1 gk y2 _odky -
i Q— S A R m (1) (3.30)
b 27 smk;”Ay —e IRy Y2 TRy Y Do (Y2)

L72Y, KT RO - RIBROBERIELFHT 5 - LT 5,

3.1.5 RABFEDI &

Eq. (3.28) 12" X 918, AFIETIIZAFHINC X 2FEMEAZ TG L T\ 5, B XEIT z HmobEit
H EAERRERETH Y, BERAELETIIVTOE— REEICRDT7-0, HBRFENRRE LD, &Y
EOEHEEICRE e B2 KIEFT, LaL, FERTEERE LIcZERaRETE 0w, 5Eitm k-
DFEZAT SO IFIETERT 20 ER’H 5,

ARFETIE, BEREGD 2 8 (2 = x1,22), ROHIBER (2 = z0) (2B DR 0 &9 K2
W, K 29 £ @ S 2o IZBWTHEEN ZRBEBMICELT 52 L2 RKE LER LOFELIMNTT L, X
Ml xg < xS ao IZBITDHEE p() 13,

p(z) = c12® + cax + 3 (3.31)
8];(;) =2c1x + ¢o (3.32)

EEIND, x=x1, 00 ODFEE p(x1),plas) &, x =2 BT DIRLFHE O &\ FEhED,

200 1 0 c1 0
23w 1| S cop =4 plar) (3.33)
x5 wy 1] (e p(a2
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&l/\5’\7 [N yxﬁ%@iﬁﬁ%ﬁ‘%héo Eq (333) % C1,C2,C3 &ZOM’C@?< &,

1 1
C1 1 1 :z22—x1 1:2;11 0
— T X
= m a2 e p(x1) (3.34)
:B2 J:l :BO xz(mg—Qmo) 11(316'1—22?0)
c Tok — p(z2)
3 251 Ta—T1 To—T1 2

BELND, 22T, ry=x0+A, 20 =20+ A THDHZLEZEETHE Eq. (3.34) 15,

1 L 1
C1 1 Az Az 0
¢ ¢ =3x 3Az + g Zro — 250 p(z1) (3.35)
€3 (zo + Ax)(xo + 2Ax) 4(A9227m(2’ — (A’”I;’”(ZJ p(z2)

LB, wg DBEEE plry = c3 ThHZ Lhb, Eq (335) LY,

4 1

p(0) = 3p(x1) - gp(m) (3.36)

NELI, BREOFEMMETE 5,
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3.2 BIESRTLOEE
3.2.1 EBHHE - %

%atfﬂzénf:?ﬁﬁ'l%»«y/<~@ﬁ¢a%-wm» Fig. 3.2 |2, $EOFEA Fig. 3.3 (057, MEHIERES
FTI, MERREESSET 2 UL TH D, F o S—OWNHIIE 1.3 [m], B4TE 0.5 ~ 0.6[m], &
0.05[m] T 5. Eiﬁ’a‘ ICBI LTI, BUBHEBED ATBIAIC 725 T30, ek 0.1 [m] O BUEHE $ TG AT
HTh D, WEUE 0.1[m] L FChiug, SHELEE LD LAETHS,

| | | | | | | | | L\
I I I I I I I I I
1 2 3 4 5 6 7 8 9 10
10 sre. positions are abailable
>}
Il
4x =0.02 [m] 4mlc unit =)
s 7 64 rec. points per line > _§
3 = = =
R 0 B % I
CaAwoooo coodoooofooodeoooooodcooofooodoodpoooooooooogooodoodoooqf |— |
S
I )
S =3
< {lpoogooodoooooodfooodoodooodoooofooodooofooodoooofooodoooooodoood o
g
=) Material ]
=
=
T ; w + w w &
W =1.3 [m] .
b Movable backing

Fig. 3.2: A geometrical specification of the proto-type chamber.

Fig. 3.3: The proto-type chamber.
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A B — I TR R B AL E O BCHANZ IR 10 #» T BB A RE Th D, TDOWNT I 1 7 FriciRE
L, @ L TWRUVMIEIXY I —=2=y FaRET 5 (Fig. 3.4),

Fig. 3.4: The speaker and dummy unit.

~A 70T x I EHERE (iR T) 5 0.15,0.23 [m] ORIERIEICHET S, HIERE Y70 64 4,
FH128 ROLREHNAETT 9, ~A 7 07 4 » ORENE O EMEIEOHER, 1 OBBMEOHRDZD, 4K
leybo~vAfr7a7rra=y M X I—2=v |k (Fig. 3.5) ZHEWmIZRET 5, FHHOERIZIX
~ArnuTZrra=y e FI—a=y MEANRIZRPOEHIEZITY, v~ A7 n 74+ 020%, TL—=
A 7 17 4 (40PL, GRAS Sound & Vibration) Zff ] L 7= (Fig. 3.6). ~A 7 v 7 + »[kEi% 0.02 [m],
T W i T B0 0.08 [m] CRLET 5.

Fig. 3.5: The microphone unit and dummy unit.

Fig. 3.6: The array microphone.
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3.22 BAEVATL

KRy AT L TR % Table 3.1, JIE S AT LD R MM % Fig. 3.7 1277,
BER

55 D4R, BE L HIZ Matlab TIT - 72, DA #2134 > % — 7 = A X (Fireface 800) %z V>, /%
T —7 7 (2705MX) THIR L= b DE F ¥ U NN— IR E SN A — I ML HAET D,

8ARKDT L—~A a7 4> (40PL) CTHIELT=T —H %, ~4 277 7 (MM ICP Pro) CHilig L 7=%,
AD Z#aZ A 4 —7 = A AT{T\, Matlab ECiEgkd 2, 77— D7 7 A VBRUL, 5% Matlab T
1792 %EZBL mat 7 7 A LV TIRIET D,

Table 3.1: Equipment list of measuring system with chamber.

Equipments Product name Manufactures Notes
Array microphone 40PL GRAS sound & vibration x8
Microphone amplifier =~ MM ICP Pro Easy Measure
Speaker NSW2-326-8A AURA SOUND
Power amplifier 2705MX BOSE
Audio interface Fireface 800 RME
Personal computer MacBook pro Apple
Software Matlab MathWorks

Speaker(NSW2-326-8A)

@

I
Power amp. (2705MX)

Array mic.(40PL) | | | | | | | Audio interface (Fire Face 800) PC (Macbook Pro)

Matlab

Chamber

Mic. amp. (MM ICP Pro)

Fig. 3.7: System diagram.
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3.2.3 BIEFIRERIKE

ARFETHE, Bq G19) LW RELMIE - HRBOMBRORFENGHND, Fig. 3812, AVAT
L CHEFREZR AL - IEBORREZRT, 77 7O EOBRORICIRERZGEONDZ L LD, D
F0, LR - AEOBEBRORMARFNERERZGELNLDT TIERWI LIZEENKLETH D,

AFETIEZRTESEREL TWDHTD, Fx o AN—NRZReES & A5 BRREEE fuim 2
FIEL,

Jutim = co/2H (3.37)
L X o THESND, KU AT AT, H=0.05[m] TH5HOT, ¥ 3400 [Hz] LA T A3 HIE R G835k &
%, £72, Bq. 3.30) £V, k' Ay = 7D, A y R & e R RS o5
B, R —HICEE bR WFERERE SN FEET D, KT — FOREE I /713,

2
F= 3G+ (3)
L > THEZBND, AVATATIE, Ay =0.08[m] THY, ZOBRAORRIEEI% Fig. 3.8 IZEAL
TRLTWS,

BT OBENS BbREFRRAE R EZ X 5, £7T, KVAT LATIRHEEINIZA 7L R RE
Z, FFTIC X WEBZEEEZHHT D, 20w, FFT 22752258258, ~( 77+ g
DRI YS T5 £ TREATRETH D, ~A 717+ CHFEN 0.02[m] TH D70, HE 0.4[m], A
BJEW 0K 8.5 [kHz) FTCHUERRETH D, Fiz, WEINTER G ELEERE S CUET 5720, 13
EbYORESE 8 L EX DL, E 0.16[m], AIEEEEH 2.1 [kHz] £ CHRETETH 5,

Upper limit freq. : 3400 Hz

oot b 10h 30
80 27
2
70 |
21
— 60|
2 18
o0
S 40 &
E 12
B .
20 p
10 3
0 i i i & i i i i i il i i 0
125 250 500 1000 2000

Frequency [Hz] Singular freq.

Fig. 3.8: Relation between frequency and incidence angle in the chamber.
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3.3 XERGE
3.3.1 FEFIE

AR AT KT, A7 OVAIREZREL, FRTIZX » THAREBROERSIEE2EHT 5, WEDOKY)
2, 8RO~ A 7IZOWT, EUHIFTA oV AREZRIEL, ~A 7 ODKIEZIT 9, BIEEDFEMIC
DWW, 333 HTHRRD, WEEITo12t8, — &M (EAELLTHAN)ICvA 7 2=y NERET D,
MEMANZ 1 ~ 4, AE—=HHIC 5 ~ 8 F ¥ L RILD~A 7 iRkiET 5D, o=y FNT, —FBLEITR/N,
—FLHIZHRROBIEDOT ¥ AT D KO RIEFE T~ A 7 ZRET D, BUEDZ= > FDGFTORIEN
o, o=y F & ANVEZ, 16 » THIEZTT .

HIE DI I K2 OFTERsIE, 1 NTIT O &FH45 HREE, 2 N TIT9 &t 20 nRETH 5,

3.3.2 BEESDIRE

AR AT AT, HERESE LT Log-SS(Pink TSP) 552 W5, £ 2T, Wik REIMFEREKIC
BIL COMBIEITo 7, METEIT - 72 RE (n) « RIHME R (V) O A H+F % Table 3.2 (2787,
GW32K25mm D55 %6, SAGHLEORE N INEREAFNEEE L, DHLEDEOELHEE %
FEE L DA%, Fig. 3.9 1277, COMAEDE L RERETR NN oTc, 72721, FrEJEH
WHERZERMEIIRLS . £, W - FHMERREHENSETY, KEROBAPBHMEIND Z & 1X
hhote, £oT, Wk - RENEEESREREICHEE 52 20nWeBEx bhd,

Table 3.2: Combination of dimension of TSP and Number of synchronized summention.

n || 16|17 | 17 | 17 | 18

N 8] 2] 4] 8] 2

0.02 1/

[ — 0.1
nl6 N8
=% m7 N2 0.09
£08 || nl7N4 0.08 |-
8 nl7 N8
5 07 [ n1gN2 0.07 1|
Q
2 06 1z006 |
205 1 20051
3 5
g 0.4 0.04 |
203} 0.03 |
o
£ 02|
=]
Z

0.01 1151 LKA 14
{ |

o = i
:

(=] (=] j=]
o
——
L
—=

I I I I I I I I 0 W T v AN
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Fig. 3.29: Oblique incidence absorption coefficients estimated from two different curve fitting procedures.

352 S UHLAFRERMETEDRE

LI2 TR~ L 91S, FERFOBRICAWON LW ERITT F IAHRERTHD, Lrl, 7
2 DANIRERORTEE T o 2B EIETIE, RIS L > TRERLZ@REFHME L TLEY, MEA
KOREFRLZPEST 20IRETH D, €T, KVAT LA THESNIERAFRE L2 AT, HEHH
(2T v DAFIRE R (WEHRER) 2HEET D ke R L,



44 B3 T v N — & FOTE RS W SR E R DRSS

Paris DR ETER R

Fig. 330 12”7 L 912, MEIREOREL AS, WOEREMA 0 27T M AS 6 FEE r OfLE
ZHDWINEFREE AV &35, ENICTARIZOALIETOT RNV —EE Enb, dVICEENL =RV
X—ILEAV &5, 2095, ASITART L =R AX—1E, dV 226 AS BT SIARAOFITE £
HIZRNLFXF—THDHDT,

EdV AS cos 6

472
EB, 1 BEIC AS AT 52T XX — E; X, AS ZH0IC U728 c(F3) OHEREN D3~
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Fig. 3.30: Incidence to material in diffusional field.
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Fig. 3.31: Random incidence absorption coefficient estimated from the measured values.
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Fig. 4.1: Measurement condition.
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4.2(b)), =R FERRHERS B O R AR (Fig. 4.2(c)) ICOWTHIE 21T~ 7= (Fig. 4.3), Wbk s L
T, 2.1 HiTib~7= Kato model % C, MR FmIci T 2BmEE R Le, 77 A0 —/L L ERK
BERICB LT, iR Es BEANRETELZARICED 7 4 v T AV I THEE LT, UL X 27— LI
LT, EARERBELZRBEANKERLARICL D7 v T 0 V7 THEE LTz, F72, AT X
HEERAE [16] Z BT HBEIE, Yo 75 - HIAREL - AT Y U HIZOW T G TEEASE R A BEIC X
57497 4T THE LT,

F72, KO EFHEE LTHWOND U 972 OV THIIEEITo7T2, 72725L, U d7mAllo
WTWE, BERREO R HII T > TW RN, JIEEOHDIRTH 5,

@Uf

Fig. 4.2: Porous materials taken with macro lens.

Fig. 4.3: The measured porous materials.
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421 T3R7—)L

HEZHW 7 Z 27—V % Fig. 4.4 12, WPEE% Table 4.1 (ZR"7, 72721, ##ERE D 1>\ T
EAFREREBAHICLD 7 4 0T 4 7 TOREM, HBE o, BRIRER A/, RIERMER A, Hiih
HHL o 122\ T Kato model (2 X 2 HHETH 5,

WET A CHIBEREESUECTNEEIToTo, £, MEREKROBRBOEELHRT DD,
GW32K25mm (ZBI L T, & & 49,50,51 [mm] O 3 FAFMEZIT->7, £72, GW32K25mm (2B L T,
51 [mm| DR E T3, LA TRIET 2 OBNETH > 7272, 49,50 [mm] O 2 SF{AHIE 21T -
7o F72, GW32K50mm (2B LT, BR{EJ5 104 L & &AM & O 2 &FRE %17 > 72 (Fig. 4.4),

Table 4.1: Physical properties of glass wool.

t p 0] D s N A o
m] [kg/m®] [] [wm] [] [pm] [pm] [Ns/m]

0.025 32 0987 9.0 1.06 346 173 1.7 x 10%
0.05 32 0987 125 1.04 472 237 9.1 x10°

GW32K

GWI96K  0.025 96 0.96 80 1.06 60 121 1.0 x 10°

(a) Front facing (b) Side facing

Fig. 4.4: The measured glass wool.
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. GW32K B L CIxRlEH, GW96K (2B L CIXRIE# & Wik g 054 OB 04 5, 7272
L, GW96K OB OHA OB GHERHICA VWD HE SN/ 8T A—21F, E = 6.0 x 10°[N/m?],
n=04THY, R7TVHICELTIE, WLEICIVEESICERRSETFL2Z00, v=04& 17,
GW32K25mm DA, MEhE S OEWI L 52T LA LR LNT, HimE s BWOhsA ioins, —
7T, GWI96K25mm DI5E, MEHE S DEBEWNI L5 AP KRESEKN TN D, £z, FIE L & S 50 mm)]
DA OFAEZ i % &, HFiC 1000 [Hz] ATicB VT, BB OBERME S BOHER R 5h 5,
ZHuFmE 50 [mm] OB EA LM LiATe £ 9 ISRRE L7 72w, BIESRRMAICIE 2, FHIRE O
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WHNTZEEZ LD [13], —FH T, B 49 [mm] OBEH B LRI, FRIESOFEN D/
MolzlBZZ2 b5, BEELVRERENRKREL RS> TNDOIE, WAURHNKE WG EREOFET,
FPBENER & AR D 2 DD A r— v 0 B 7p 5 ZE[1T K Y #5415 Double porosity REEAAE L T %
HOLHERIND [8],

KRIZ GW32K50mm D56, IEfA & TRE L72Ga LT 25 &, MnE TRE L6, BRI
WERDBAD L TWD, ZhUE, 77 AT —ARRGHRMEITH D=0, & TRETLZLET, i
TURFLA NS 20, IBEENPAD LI DB 2 B,

MAFBEE

GW32K25mm D& & 49,50, 51 [mm] @ 3 S ORI AR5 RO F SR % Fig. 4.8, 4.9, 4.10 12,
GW32K50mm O IEH A X, B{A] X D 2 4O/ AFHRERORMFER % Fig. 4.11, 4.12 12, GW96K25mm
DE & 49,50 [mm]| O 3 FAFEORARE R OR KR4 Fig. 4.13, 4.14 \TR7, g s L CHIFHKO
Gt OBERIE A UL T 5, E£72, GWI6K25mm DO ME OGO EE It L7 b D%, Fig. 4.15,
4.16 1277,

GW32K25mm D54, BEAKOLE L FERIZ, MEHEISICR2EZTBLEAER LN o7, P
EE DORISTR S, ASAEREEZEERZ R L TWD,

GW32K50mm D354, MEFRE R & OV K 0 Wi BOMHEIIT AN R Oy, A EKE
PRI 7B 2 7R LTV 5, BRERIE & OXFI L, 25mm OE4 & RO Th -7,

GWI6K25mm D%, & 49 mm| D& L kT 2 &, @& 50 [mm] D56 T, ORMENREZE
Thod, ZNHEEANOEES EAFERIRBORELLEZ OND,

F£77, 3MELE B 1000 [Hz] LA 08 A TIE, S2 FNOERE L IEBI L T\ 5, ZHid, 3.4.5
HTIRAREF ¥ AN —EROIRBNEEL TWDH DL EX LI, MEHKFEOEB TIER2NEBZ 2 b
be S HIT, HIT 1000 [Hz] LA FOHIKIZIH T 70° MLl B0V THEGRME & OF T OTRMEN R Hhiz,
F v U R—IRBIOEELEZ LNDLD, GW TR GHRHMECTh 5723, BEREITESTME L E L TV D
7o, TOREDRNTERER Loz LB 2 b b,
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Normal-inc. Absorption Coefficient []

1
500 1000 2000 4000
Frequency [Hz]

Fig. 4.5: Normal incidence absorption coefficients measured for glass wool 32K with 25mm thickness with

three different heights.
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Fig. 4.6: Normal incidence absorption coefficients measured for glass wool 32K with 50mm thickness with

different orientation conditions.
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Fig. 4.7: Normal incidence absorption coefficients measured for glass wool 96K with 25mm thickness with
two different heights.
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Fig. 4.8: Oblique incidence absorption coefficients measured for glass wool 32K with 25mm thickness

49mm height in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.9: Oblique incidence absorption coefficients measured for glass wool 32K with 25mm thickness

50mm height in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.10: Oblique incidence absorption coefficients measured for glass wool 32K with 25mm thickness

51mm height in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.11: Oblique incidence absorption coefficients measured for glass wool 32K with 50mm thickness in

the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.12: Oblique incidence absorption coefficients measured for glass wool 32K with 50mm thickness

under side orientation condition in the 1/3 octave bands of 500 to 2000 Hz center frequency.



58 A ARNEM ORI

1 ———— o 1 o
— o S
209 f 1 ~
)
5 0.8 | 1
b=
Q
8 0.7 t j
< RN =
E06 ] \ o N £
= Pt e ] W N O
505. | &y b\ 3 g3
O ! =
o3 ] =
b
E‘ 02 1
—o° 0.1 2 @
0 R & =
, 2 =
209t 3 N 3
=
3 0.8 B .
Qo r 4
g X oe
oy AR :
s X =
gos e ¥ 1 :
s - \ 9 - a
0S5 L TR 05¢ 1HIE &
2 04 L 4 04+ T E‘
203} 1 03} 1 -
b
% 02 g 02+ g
,_OQ 01 L a 01 r @
0 - S o - =
1 T T T T — 1 - - —
= i )
209 | - B 0.9i.} 2 i I
(3 3 ©®we ==
2058 @ QOIS N 0.8 ’ ]
é 0.7 + 1 0.7 + 1 '-rj
I
§ 0.6 1 0.6 1 ..g
g r J 5 L | ; ¢}
£05 g 05 28
;%. 04 J 04} | .E.
203 ¢t ] 03t ] -
202t bt 02t
01 , ~ 01} =
o SJPY N S S N S S B B =
1 o 0 10 20 30 40 50 60 70 80 90
— » PN Incidence Angle [degree]
=09 e 1 A
lé 0.8 | [ ) Measurement
é 0.7 ] T R Theory (Upper freq.)
g 06 g _‘é’ Theory (Oct. band value)
5‘05 r . § % --------- Theory (Lowwer freq.)
204 | ] =
203t 1 -
I
% 02 r 4
8 0.1 + ]
ol . . S

0 10 20 30 40 50 60 70 80 90
Incidence Angle [degree]

Fig. 4.13: Oblique incidence absorption coefficients measured for glass wool 96K with 25mm thickness

49mm height in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.14: Oblique incidence absorption coefficients measured for glass wool 96K with 25mm thickness

50mm height in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.16: Oblique incidence absorption coefficients measured for glass wool 96K with 25mm thickness

50mm height in the 1/3 octave bands of 500 to 2000 Hz center frequency with theory value of elastic frame.
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Table 4.2: Physical properties of urethane foam.

t p 10) D, o« A A o
m]  [kg/m?] [} [um] [-] [mm] [pm] [Ns/m*]

UFF2  0.025 24 098 12 23 412 206 2.0 x 10*

UFF6  0.025 34 097 09 31 314 157 3.9 x 10*

Fig. 4.17: The measured urethane foam.
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Fig. 4.18: Normal incidence absorption coefficients measured for urethane foam 24K with 25mm thickness

with three different heights.
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Fig. 4.19: Normal incidence absorption coefficients measured for urethane foam 34K with 25mm thickness

with three different heights.
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Fig. 4.20: Oblique incidence absorption coefficients measured for urethane foam 24K with 25mm thickness

49mm height in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.21: Oblique incidence absorption coefficients measured for urethane foam 24K with 25mm thickness

50mm height in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.22: Oblique incidence absorption coefficients measured for urethane foam 24K with 25mm thickness

51mm height in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.23: Oblique incidence absorption coefficients measured for urethane foam 34K with 25mm thickness

49mm height in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.24: Oblique incidence absorption coefficients measured for urethane foam 34K with 25mm thickness

50mm height in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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51mm height in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Table 4.3: Physical properties of rockwool board.

t p 1) D, o A A o
m]  [kg/m’] [-1  [gm] [-] [um] [pm] [Ns/m?]

RB 0.009 325 089 7.0 359 76 38 5.1 x10°

I T T e
(a) Front facing (b) Front facing and tape airtightness (c) Back facing and tape airtightness

Fig. 4.26: The measured rockwool board.
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Fig. 4.27: Normal incidence absorption coefficients measured for rockwool board under three different

conditions.
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Fig. 4.28: Normal incidence absorption coefficients measured for rockwool board backed by air layers with

20mm under three different conditions.
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Fig. 4.29: Normal incidence absorption coefficients measured for rockwool board backed by air layers with

40mm under three different conditions.
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Fig. 4.30: Oblique incidence absorption coefficients measured for rockwool board in the 1/3 octave bands of

500 to 2000 Hz center frequency.
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Fig. 4.31: Oblique incidence absorption coefficients measured for rockwool board under tape airtightness

condition in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.32: Oblique incidence absorption coefficients measured for rockwool board under reverse side condi-

tion in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.33: Oblique incidence absorption coefficients measured for rockwool board backed by air layers with

20mm in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.34: Oblique incidence absorption coefficients measured for rockwool board under tape airtightness

condition backed by air layers with 20mm in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.35: Oblique incidence absorption coefficients measured for rockwool board under reverse side condi-

tion backed by air layers with 20mm in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.36: Oblique incidence absorption coefficients measured for rockwool board backed by air layers with

40mm in the 1/3 octave bands of 500 to 2000 Hz center frequency.



82 H4E BHEREHM ORI

—_

19¢
LOL

S o o S o o 9
N W A 2 o O
00S
0€9
[zH] Aouonbaxy

Oblique-inc. Absorption Coefficient []
<) =)
—_ W

196

S

—_

168 Shv

(441!

0.9

e e 9
o 9 »

0.5

S o o
NWwW A
Y6L
0001
[zH] Aouonbaiy

Oblique-inc. Absorption Coefficient []
o

168

(=]

—_

e o 9

9 » o
YIvT LOL
8Ll

I
=N

0.5

e o
TN
09¢1
L8ST
[zH] Aouonbai,g

o
[

Oblique-inc. Absorption Coefficient []

o
=

14841

(=3

30 40 50 60 70 80 90
Incidence Angle [degree]

—_

Syce TTIl
S
=
1]
S

4
o

o
%

[ ) Measurement

e
9

......... Theory (Upper freq.)
Theory (Oct. band value)
......... Theory (Lowwer freq.)

g
=N

S o 2
N A
000¢
[zH] Aouanbaig

o
=

Oblique-inc. Absorption Coefficient []
S
W

T8L1

(=)

0 10 20 30 40 50 60 70 80 90
Incidence Angle [degree]

Fig. 4.37: Oblique incidence absorption coefficients measured for rockwool board under tape airtightness

condition backed by air layers with 40mm in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.38: Oblique incidence absorption coefficients measured for rockwool board under reverse side condi-

tion backed by air layers with 40mm in the 1/3 octave bands of 500 to 2000 Hz center frequency.



84 545 SRS OFHH

424 LCwo5tf=A

BIEICHW = RS 2% Fig. 4.39 1287, U ) AT M d 5 7=, MHEEAT - |E W
D 2 GMECHIE %47 - 7= (Fig. 4.39).

(a) Horizontal (b) Vertical

Fig. 4.39: The measured carpet.

EEAHFREE

U 9 72 A DTS5 O B R 4 Fig. 4.40 [07 T,

WHET M OENC L DBITEE AL RONT, WML bIFEACRERDB NPT, E5E
HO D120, BB ZHE L CORVIREETHEZ1T o 72, REHE L OS50 RE AN ERORHER %
Fig. 441 127" 3, W2 &, 1L AR ZEEZ L T0DR, BEREEIC L - TiX 0.1 BEOW &R I35
HILTWD, £, BEMITEOIREIN A HIDD, WEERNMEWTZDT v o\ —OIRE) D 2% 2 P2
ICZFTWELDEEZ LD,

MAFHREER

U w 5 7o AV OFEHEFAT « TELFAID 2 FAFOMAFRE LR AR RE, T2 Fig. 442, 4432
Y, EEASOLE LRI, PUBHE L O Stk O RSB RO R R R % Fig. 4.44 (1277,

WHET I OE NN LD EIITIE L A LB BN -T2, BRAFFHETRERO LARRONG, Zh
i, BERASHTTIZB N T LY I A DREDO BN RELS RVEEREN LA LI b0 B2 NS, —
BT, WBHELOLMG L HET AL, P EE LTWAED, —HHICEBEANMITUY 5 7AW
ERERATDLEIIE A, Lnl, RBHELOSML KT 5 &, BEAFOGEE & RERICE R L -
TE 01 IFEWERIIFHNA TN D,



4.2 ZAUVERWREM ORERR

85

Normal-inc. Absorption Coefficient []

1 T T

vertical

0.9 | horizontal

0.8 J
0.7 + J
0.6 : : : : : J
05 : : : : : d

04 |

03 H
. WM
] (\v\
0 J
5 250 500

12

1
1000 2000 4000
Frequency [Hz]

Fig. 4.40: Normal incidence absorption coefficients measured for carpet under different conditions of fiber

direction.

Normal-inc. Absorption Coefficient []

Fig.

09 ~ 4

0.7 + 4

0.6 - : : : : : i
04 | 4

0.3 B
0.2 i
0.1 /\ B
o LM M, ‘ J\ ‘ Al

0 500

125 25 1000 2000 4000
Frequency [Hz]

4.41: Normal incidence absorption coefficients measured for none sample.



86 H4E BHEREHM ORI

—_

196
LOL

0.8 r 1

0.7 r 1

0.6 i

0.5 1
®

0.4 r

) 'lj“"} |

00S
0€9
[zH] Aouonbaxy

Oblique-inc. Absorption Coefficient []
© ©o ©o o o o o o o
— N L R Uy 9 >

196

S

168 Shv
=)

(441!

Oblique-inc. Absorption Coefficient [
© ©o ©o ©o o o o o o
— N W R LN 0 O =
X ] T T T T T T
L
o-/|,e
"
.
N
[ ]
BT ¢ 0 0 T BT 00 T s 00 e
6L
S« S e N e i o
— N W R LN 0
—
af®:»
[ X °
® o
L. e
0001
[zH] Aouonbaiy

T8LIL

0

] oo

0 : > 8. S o . . . 8 =

1 ; - 1 : _
= i )
'g 09 1 = 0971 1 N
508 ] 0.8
G
go7y ] 0.7t > -
206 | ] 0.6 o 2
2 — ~ g
£o0s5 | 1018 05} o 11123
204 ¢ 1 04r [ 4 & E
203t x ] 03¢ ' ] -
4
0209 p‘“" 1 02 ° 1
g 01’ o ‘Hm-o0 18 .w R B

ol B oL . ¥ W S N N =

1 : ; ; ; ; ; . . N 10 20 30 40 50 60 70 80 90
= R Incidence Angle [degree]
= 09 ] &
3 08
té : ‘ @® Measurement
é 0.7 L 3 _n
506 14,2
2 I | S
§‘05 S E
<c- 04 + . ] E
203+t ‘ 1 -
202 !
g~ ' |
5ol ' 1

0 10

20 30 40 50 60 70 80 90
Incidence Angle [degree]

Fig. 4.42: Oblique incidence absorption coefficients measured for carpet under fiber horizontal direction

condition in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.43: Oblique incidence absorption coefficients measured for carpet under fiber vertical direction con-

dition in the 1/3 octave bands of 500 to 2000 Hz center frequency.
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Fig. 4.45: The measured resonator.
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Table 4.4: Physical properties of perforated panel.

t r pitch ¢ airlayer fres
[mm] [mm] [mm] [-] [mm] [Hz]

PPA20 5 2.5 25 0.03 20 750

PPA40 5 25 25 0.03 40 520
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Fig. 4.47: Normal incidence absorption coefficients measured for perforated panel under different tape

airtightness condition backed by air layers with 20mm.
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Table 4.5: Physical properties of honeycomb resonator.

t T pitch 10} air layer  fres
[mm] [mm]| [mm] [-] [mm] [Hz]

HR 1 0.5 8 0.012 20 1015
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Fig. 4.57: The measured honeycomb resonator.
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Fig. 1 Normal incidence absorption coefficients measured for four different materials. (a)Urethane Foam and
Rockwool Board, (b)Perforated Panel and (¢) Honeycomb Resonator
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Fig. 2 Oblique incidence absorption coefficients measured for two different porous materials in the 1/3 octave
bands of 500, 1000, 2000 Hz center frequency. (a)Urethane Foam and (b)Rockwook Board
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Fig. 3 Oblique incidence absorption coefficients measured for two different resonator materials in the 1/3 octave
bands of 794, 1000, 1260 Hz center frequency. (a)Perforated Panel and (b)Honeycomb Resonator
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