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Fig. 4.1: The analysis model in this chapter
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4.1 fEFETIL

Fig4.l IZRTEFATIE, —BN2ERERE (BEM) I X M4 L ISR ERERERE
(DC-BEM) R X BTDOELL LB X bNBY, TNEFRITOVWTUTICRAT S, ok, &
REFEICLAFEMCBOTIEARZERLAHEE 7540, TORMEICHEL TESEGREEZR
WTHERET 5,
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Fig. 4.2: The analysis model for boundary element method as one domain

B, T RbbASEROALEZ, 2TOEBRENA VE—F U ABERTHREINDE
ExEZD, *ERTEHORHAEICES LTEILEMERRE SN TV A RRICERELERT
3¢, Figd2 DL ) ICHBZERNIZZSILEVEOBBRLE X FREEMZFNTWEIET IV ER
B, ZDLE, AEROEREZp, TOEKE D, $BFSEril, NACHIKRDA v E—
FURAERE Sy, BREERDAVE—F L 2ABRE S, LTHL, ZOBEOZERTILBITSHE
£ p(r) % 37 Helmholtz-Huygens % F ERIT,

c(ep(r) = aoir) = [, {ptr) 2= - gfrs, ) I s

// { 6q(rs, )—Q(rs,r)ag( )}dS( 5 (41)

ZIT, rg iXMAME S LOEEDA, p(rs) ;:Vco),e:z rs KBFLEFE, dS(rs) iRRrs TD
WONERIT, o(r) X (218) RTREND, £, ng IBAMEEREM <27 M THY, o(p,1)
,q(rs, D) ITENFNKRD K TR D,

e_jklp_r’ e_jklp,_rl

alp.r) = +

) = p=e ¥ T 1] )
e_jklrs_rl '

q(rs,r) = yr ]

ET, A E—F L RER S, Sy DEREMHIT (219 RTEXONBD, Sy idlRRDT, &
rsiCBiT2 ) —<vVEBT RI v F U ALIT0ERD, LB T,

Op(rs) | O for rs€ Sy
ong —jkB(rs)p(rs) for rs€ S

(4.3)
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Wwziz, (4.1) RiT,
)= ator) = [, ptrs) 252 astes

/ / { ) + jkB(rs)p(rs)a(rs, r)} dS(rs) (4.4)

D (44) K& 221 L RRRICZARREERICHERIEL, TL10HBONEI—KFER
IR D LI Lo THR S| LOEE p(rs) BRDOND, BB, ) —vAEE7 FIv ¥Rk
Blrs) L, 3228 TERLIFEA L E—F U R Z, LIEBMER Y £V, kKR TEXBND / —
T VHEEAS L E—F VR Zo hbRHOND (63],

Zy = Zp coth(yd) (4.5)

I, dRZIBEMBORETHY, FBEIZBOTRVEDI /TR —/VOEEE 50mm T
b5,

412 EEBEEERRERKICHTIENETIL

T, EMESEERERE (DC-BEM) # AWV T Figd.l TREINDFEITET MICHT 5
EX(LEEZ D, ZOBACLEBEXERT M, Figd.d DX 3 ITAREEE Qp, WEREK
Q &95, SRR Qo IRBE—EEROBE LRI, BRZERNICSILEMBOSERLE X
WEERBOTNDEFALERS, L, BERIRFEREER Sov L7220, BITHAOEZ
A E—FVAER Soim TH D, £, NEER QT RE0S 72— b ¥EHERMOR
RRHEICE LTV A0, Q) & FRCEEELERT 5 LATE D, O LB SHERES,
Qp LT AR TEEER S1ve BLUBIBICEENANEE A L E—F Y RER S £ T 5,

IOLE, REROERBE p, TOEBKE P, TLEFRErLTHL, JOHBEDOE ERr
2B BF/E p(r) %7 Helmholtz—Huygens B85 H 843, (2.35), (2.52)X»b Qo & QI
BOTERTRERD & 5 ILRKES,

//O.m{ s) BQ(rso,r) q(rso,r)gg(—;g"—)}dS(rso) (4.6)

0

for ey
(r)p(r) = // { rill, r) qp(rsl,r)%ﬁ‘—)} dS(rs,)
//51 . { ::1’ r) QP(TSI,P)%Q} dS(rs,) (4.7)

for re



66

FBAE HERSRKECHEVLILEME

Qutside domain: Qg

Point source: p
[~

Particle velocity boundary: Sg.ve
Op(rsy) -
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Fig. 4.3: The analysis model for boundary element method as coupled domains
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ZIT, rg, (3FAME S; (1 =0orl) EOEED S, p(rs,) iTEDHrs, (1 =00rl) 2B 5 FE,
dS(rs,) H rs, (i = Oor 1) TOBNERET, ofr) it (218) X THENB, 7, ng, (i = Oorl)
L ENEROESD b RIS X EREM S FATHY, ¢(b,1), a(tsy 1), 4p(rs,. 1) KERE
RO K ST 5,
e—iklp=r|  g=jklp’~r|

x) = , 0
w@r) = e Ty TSP

( ) e"jklrSQ"rl Q (4 8)
qirg,,r = —_—— reil -
o’ 4n|rgy — x|’
e-jkp|l'sl—l‘| Q
r r) = ————— re
qp( 511 ) 4ﬂ_|r51 _ rl L] 1

7RE, ky RIS Q) ROBIRER Y D D LTk 0T (254) RTRSNAMRELTH
B, L, TOYR3I22HTERELES TRV —AOBBERTH S,

&T, &2 DEREML (2.36), (255) RTRENBD, Sojm: Siim (TAKAZDOT, ThZh
DERLIZBIT B/ —< AL EBT FIy FUARIT0 LR D, LEKST,

Bu(rs ) -
optrs) _ { ulEsn) - jpeues,) (s, € Sowe s
S0 0 (rso c SO,im)
oulrs) .
3]67(r51) - { —p—# = —?kpru(rgl) (1‘51 € Sl,Ve) (4‘10)
n
5 0 (rs, € S1,im)

I, pRERDOEE, cREXPOFTETHY, 2, 133228 TERLILS TRV LD
AL E—F U AThHD, BRI, (4.6), @ntm%n%namxob 5,
c(r)ptr) = atpr) - [ { T%0:0) 4 jhpu(rsy)alrs ) dS(rss)
ns

0

// p(rs “m” dS(rs,) for e (4.11)

ctwp) = = [ {otrs) 27T s jhyZyutrs aples, ) | dS(es,)

1

- // p(rsl)MdS(rgl) for reM (4.12)
Siim . ons,

IO (4.11), (4.12) K& 222 H L ARICZATRTEERICHEILL, R FHEERER Sowe &
Sy KBV THE S ETHONIET—RFBALM 2Ltk v, BR Sove LOFE p(rs,)
EHRIFEE u(rs,) BROHNI B,
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4.2 BRERZCLIPALBEEQHET

AETIE, BETOERASFCEIEREEEL ) —v A LEBT FI v F v AEE 25—
MRERERE (BEM) &, 75 20 —/LINE b ARG & + 5 it SR RE R (DC-BEM)
K> TEBONBHARRERICOVTEX S, MFORNERE LS T AT —ADOHE L, x L,
(X, 05m X 0.5m & 1.0m X 1.0m @ 2EEOEFFEL L,

421 BRREREICEITLHIFZEDEL

0.5m X 0.5m D77 AT —LVOHARREROHERLZRE LT, FigddiZBEM 2B TH-
b?D, Fig4.5iZ DC-BEM X AW bD %Y, £72, 1.0m X 1.0m D 5 27— LD AHK
FROHERREL LT, Figd6iZBEM #AVWTHEEZbLD, Figd7iZ DC-BEM WL 0%
R,

INHERDE, 6§ =0°15%30° Tit, AHAICLIHAHBETROENZIZLALRLN
B, LA, 0 = 45° LETRARAPERL RDCONTHARBEROM/MARE 121,
=75 TIX1E2REBIBI BB, IHiT, MBLEITIRTHEEEROREENHIRE
BTHDDIC, AHAIBES RBICONAEFE»S REBREERMN cos 0 I LR o T EL
20, TOBRARNT—BBOTHEDTHDEELLND, WAIZ, KRATITHTIHAH
BERDEEREND, TOAFNRT~ZHBTH B0, HAIIARA 0 BEL 2BI2>hTH
AHREROESPERT D, X6, REBEEORTEHCEMENCATT B TORT—
EARNRT—LHELTODIDIIRL, BEART—NENELKIBICEX, TROXICHARRS
BOER1EBLS LD = L, AREMOREMEENEETS - Lick - T, ThNES
~RIETEEDREOREE S TREFAT—IIMNTHI LTS, EDRED, FFTAT—LD
RESHBEBINENIELHY, TNOORBRELLZTTWAILBBERY 1ULLT
SEETHLEEXOGND,

RIZAREETHD I LIZL>TEL ZEHEMRIZTOWVT, BEM & DC-BEM A ¥ OREIE 2
DIEBTELONZAET IO, BERXERICETIHANRER LML LTFRT, Figd.8
15 0.5m X 0.5m D5 A 7 —/WZx T B ERABREFHFIEOGEME & ERAGBROELEA
HAZTLIRT, £72, FigddilTHE LM X 1.0m DY 5 AT —ZBiT A ERERERFE
DHAME L ERKRABOELEARA T LICTT, B, EBRAKEHEDO S T2 v—izxtt 54
ARBRER ap 13, TOERREIRBOTHAIERZREL, ) —vAHETBS L EP—F R Z,
ZA5RALVRDB L, kKX TEZLND [64].

Zocosf — pe 2

4.13
Zgcos8 + pc ( )

aozl_
III, pREROBE, cRERPOFTETH D,

EHbb, §=0°,15°30° CIXARLBRTEEEIRVE S — RN LERERE L HEIRESEE
AREREOEIZEVZREONT, EHERARTEREICHLTLEROOBICKE AN
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WA D, RIELINLDARAIZENT, IkHz fHETEDRIZBNTHRERN 1L EERL
T3, THREAEHROEETHS LB, &51T, 45° UL THERKERICHT S
BAFBRERIVLERERETHLEOFNBKREL, AHEPREVIBRREERETHZ LK
HLTWBEEXTEIWEEDbND, Lo T, FRAEFEDN S Z AV —MZRBITHHAFRERIC
AT, EHOOBRERELADLTFRETHS LELLNE, LiL, ARHANES 25 &
BEM & DC-BEM & ZNENTHOLNTZHARREROEDENKEL L>TW S, Thid, &
BEEEE LTRIEBAICE K BARZERMEZR LTV DT TRERRWVA, 6 = 75° TIEBiR
IBEOCERN/ELTEY, FEHERRL LTEZEORBETHI LIFEVEY, TOFEEL
T, AFAMEL RS, TRbLEEFANSDAENKEL BRRBIZONZOOFEIZLDHE
ROEBLERDZ LD, BAEADRECBABELTND I EHBELLOND, —iXAYNC, R
BEREREIZEIT AE S 50mm BE L HBEHEW T2y — VR biIERFERAERELTHEL
RzROEVDRBZERHBH[65], ZOBAD LI ITHERITEOCARA KT I HR@HED
REBEEROPMAHREREZFRATIHERLTREEZETDILEVZDITHAS I,

4.2.2 EEMRIZONT

DC-BEM IASEK MR E T2, TOROEFREN BEM ITH~THEX, #EX—
KEFBRADTENEEIIRELS D, WRIZ, VIRV NLOEEBKELS LD L, EOTEMN
A2 ADERATY LD bRESARY, HEFRFRBIIARZ LA LELETHS, £IT,
HABREFTRKELARTEMEMT IR E T 5729, BEM # BV THEHEZITV, MAHK
FERIIATIEEDRICOVTHET D,

Fig.4.10, Fig.4.11{Z 0.5m X 0.5m, 1.0m X 1.0m, 1.5m X 1.5m, 2.0m X 2.0m, 2.5m X 2.5m
OSEEOTETHD T AT—LDARA = 0°15° 30°,45°,60°, 75° kP32 ERENDOF
AFERELETT,

Fig.4.10 DA 6 = 0°,15°,30° T, RE@HIZLDZMARBEFROENNIIZEAER LN
BV, &AM, AFA O =45°,60°75° Z T FigdlliCBEBT L, ARHANERIRSIZL
TR THBNREOEENE LI RIBENDI I EBND, § =T KE->TH, HLREEH
M/NEV0.5m X 0.5m DEFAIT 500Hz FHEICETIHAFHREFREOL—I N6 XBA TV D, &
f=, BbRE2225m X 2.5m OBAITHBVTH 25U EOEETFLTEY, RifioERKEHE L
OPRAHREROHBRITLEDETELS L, BCARABREVESCIERORESATLE
[REMBICHTARAHRERLANVEIRETHDLLEVZD,
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’ \
. B ’ Ry
° 3t 4 :
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0 e i R D
63 125 250 500 1k
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Fig. 4.4: Oblique incident absorption coefficient calculated by BEM for glass wool (the dimen-
sion: 0.5mx0.5m)

Oideg] l_; L] L) L] T L] L) T T
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o___.e.\ -
4t ’ ; -
~ o/ .\o\ -
3 ’ \
3t ]
9’, -
2t ; B ]
1+ ,.‘dl ,."'/‘,.& ........ > EETTOT Q--.... -'t"
0 il R g i = J

63 125 250 500 1k
1/3 octave band center frequency [Hz]

Fig. 4.5: Oblique incident absorption coefficient calculated by DC-BEM for glass wool (the
dimension: 0.5mx0.5m)
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Oideg]I L] 3 L] Ll T ¥ ) 1
6 15/deg] - o
| 30[deg} --=-- ]
45[deg] PR Yoo
5 60[deg] —-=-— .
75[deg] --e--
R 6. A
J ~-q
4 ™ / '\ -
’ N
=3 B 4 ‘N E
o\
g 3F /G N 1
1 _/' \'s 4
/ ‘\.
2F / ~
! 4 e, ]
1} '
5 _,.d.'/’ .......
0 o e ert- &

63 125 250 500 1k
1/3 octave band center frequency [Hz]

Fig. 4.6: Oblique incident absorption coefficient calculated by BEM for glass wool (the dimen-
sion: 1.0mx1.0m) :

Oldegq] ——
6F 15[deg] ——r—- 7
| 30[deg] --=-- ]
45[deg] ..... 2
5} 60[deg] ~—-=-~ .
75(deg} --o-- 1

63 125 250 500 1k
1/3 octave band center frequency [Hz]

Fig. 4.7: Oblique incident absorption coefficient calculated by DC-BEM for glass wool (the

dimension: 1.0mx1.0m)
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Fig. 4.8: Comparison of oblique incident absorption coefficient (8 = 0°,15°,30°,45°,60°, 75°)
calculated by for infinite area, BEM and DC-BEM for glass wool (the dimension: 0.5mx0.5m)
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1F
0 s
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Fig. 4.9: Comparison of oblique incident absorption coefficient (¢ = 0°,15°,30°,45°,60°,75°)
calculated by for infinite area, BEM and DC-BEM for glass wool (the dimension: 1.0mx1.0m)
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Fig. 4.10: Comparison of oblique incident absorption coefficient (8 = 0°,15°,30°) for the di-
mensions 0.5m X 0.5m, 1.0m X 1.0m, 1.5m X 1.5m, 2.0m X 2.0m and 2.5m X 2.5m of glass

wool patches
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AR OEm T r 1 r Y T T T
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Fig. 4.11: Comparison of oblique incident absorption coefficient (§ = 45°,60°,75°) for the
dimensions 0.5m X 0.5m, 1.0m X 1.0m, 1.5m X 1.5m, 2.0m X 2.0m and 2.5m X 2.5m of glass
wool patches
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43 FEASREEL BEEEREE

A28 T, ZHODFREIZLABREFZEZAVEHAFREROHEL T4, REITIX
BEECLS>THSARBERSHEL, BRERERTRLDOEBEAMLZ2EET S,

431 RBRETZIVNTEOUTAEZELHH
BIECHAWEBERL, ANKEERIFNEERRBICB T 2REED-102 THD, 0K
BEDHETE Table 4.1 IZ7RT,

Table 4.1: The specifications of the reverberation room
Volume 197.23m?

Surface area 257.23m?

Z DFEEEIT Figd.12, Fig4.131ZFRT L5141, BEFFEIGEVERREZ2->TEY, 900mm X
1,800mm DILEIRA B L2 RIET 21T v F AR Y TIFohTn3, BEMIX, FRE
BLLTMEZMEEEAOTA L REERBIEL, A /L AHSE [66] 12 & 0 BEMHR
ERRNLTEDHENORDI 67, ZOEREFRZRDIE '5’5: 12 5%, FT=ER, BLUT
REEzRELELE @7%@5#153%»‘:&:@ (4.14) X [5] iZEH Lﬂ%-’%‘iﬁ%%& B R ooy RO,

|4 1 1
= - = 4.14
o asscS(T2 {n) (4.14)

I, VIRBREBEOEH, clEE, SRREOEM T R EANZORECKT 3RS
EOBRERME, T 3R ZANREICBTIREZORERHTH D,

REL LB 5 AT —)v (FE 32kg/m®, JE & 50mm) 1%, Figd 14 i1RT & 312, BN
DEGFIZELET/PIAL23TEA%EE 3mm O7 7 YINIRTENE, ZOREHRTE 0.5m X
0.5m D & &3 Figd12 D & 5 IC 9 EREEMICEL, 1.0m X 1.0m D& ¥ L Figd.13D X >
W 4B RERE LTz, Fig4.12, Figd 13 IR TREOEE TIRENLThOREMPHEN TREEND
LOTRoTVAR, TRREVDOEBE T 5RY SHT 5720 ThHS,

432 HEHAFREERLBREZTEARTROLR

Fig.4.15 & Fig.4.16 12, —M R EFRE (BEM) & HUIRESMERERE (DC-BEM) o &
BREHARRETREBEREREREZTRT, Figd15i37 7 A y—D~HEMN 0.5m X 0.5m T
Fig.4.16 {2 1.0m X 1.0m Th 5,

EH 6 315Hz LT T DC-BEM IZ L » THONHHAHR TR DIZ ) B BEM IZ K D E
IV bEEbY, 400Hz AL TRZOBENFETZEENCHY, @HEONSWVIZIVEETH
B, i, BEBEERTREEBT S L, 200Hz AT T2 DC-BEM OfE & JWEAE RE 52,
315~500Hz DA TREZERTRIIFEFEOERAERENHEIV L TEbY, FRULETIX
WL 800Hz A L TR KEREEZRL TV D,
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, 800,

T
l 2000 6000 l

Fig. 4.12: The reverberation room and the positions of 9 glass wool patches (the dimension:
0.5m X 0.5m) on the floor

— chseool]
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. 1000 1470
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1Ny
f |
l 2000 l 6000 J

Fig. 4.13: The reverberation room and the positions of 4 glass wool patches (the dimension:
1.0m X 1.0m) on the floor
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Fig. 4.14: A glass wool patch (density: 32kg/m3, thickness 50mm) on the floor
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Fig. 4.15: Comparison of statistical incident absorption coefficient and the absorption coefficient
in a reverberation room for 9 glass wool patches (the dimension: 0.5m X 0.5m)
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Fig. 4.16: Comparison of statistical incident absorption coefficient and the absorption coefficient

in a reverberation room for 4 glass wool patches (the dimension: 1.0m X 1.0m)
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Fig. 4.17: Comparison of statistical incident absorption coefficient for the dimensions 0.5m X
0.5m, 1.0m X 1.0m, 1.5m X 1.5m, 2.0m X 2.0m and 2.5m X 2.5m of glass wool patches
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