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Study on the propagation and radiation of low-frequency noise

from household equipment.
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LEL K DYERPRAEN TS,

U URIRIZREMAE — bR Y THGHRIC LD HEFEFDBBHAEMLTE 2, REAL — MRy THHGHRD
PBUREE & U CERBUC RN U 72 AR (40~60Hz) & Z DGR D ERD TH I ENEBT 5, %
NI, HESIIZR S R o 2 BEO R E X DEREIC X 2MELIHEEL TWD,

HAMMZERTESTIE IREHE — MRy TiRGaHROBEICET K2 2%EL, REHE— b
Ry TGl BT REREDFERBIIODVWTIHEZTo 72, TOME, HMATEREICL > TIHEE LN
WS ERT 256052 Z EAVHIAL, -EBOREEHOEHZMITEE, b— bRy THEGHRD
BT ALER S EE T RT 2 TCHEINDIGENDH L I L BMERTE 2,

U U BARII 2R IS DAZHR A 7 = X LR TE T 6, MEARSOEEER - (ERIH5 3% <
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Fig. 1.1: The Number of complaints about low freaquency.

AN O ARSI AN 21X H 5 £ DD —f%IZ 20~20,000 Hz TH 5, KEHEZ &1 100Hz AFDOEDZ
LEEWV, mTHAMOTEIELT L N5 20Hz RO HE BN G L E 5, JOMENEICET S
B ZEHNO MYy 7 2% FU0Z Table 1.1 12 £ & 7z, 7z, 1989 4E LA DK H IR Z (2 ALK 3 5 i
BOHM % [25]) OFET — X 25512 Fig. 1.1 IZ/EK L 7=.

HATZ D& S ORIEDNFEAE L -01% 1960 (BBH135) FERBFESbNT WD, YHHX T
DRBOBRBEADD /2D L Vo 2k AN S, T4 —YILREECELJEMED» S FAET KNS
(Y 13 LA B R 2 SR B L IR IEN ) 12k B E D L HHAL 72, BREST Tl 1976 Eh S (KA I 0 FEREF#
ZRBL TS, SHEHEUIE 2 2EICEIMER TH 5, YROERFERIT LY - FEBITREIN
T RBBEER R S5 DH D% L, MEL UTIE 20 Hz AT OBEENEF I L 2BEDON D S HEDOEHENS
{ZEHDTWz, T - HELITB T 2 RIS ORI SR IE A — 77— % d S FE A T K D i - [
IEXT SR DAFZE T3, 1980 4EEE F TIZ B ABULIRA U 7=,

EAETIHEEEE~OMLOGEE O PREOESMERA EFICELD, DEICKRIEEIAHELTWS,
EAEDERE R L U CTHIMERICSH 5 55 D — D0 —fEEE I K U T\ B /INERE 2 AN 22 R0 5 iz
it — bRy TGRSO ERMRIRTDH D, TNSITHEBIEL AV RERKSE TH 5D, DOER
BHEMBALUTHET 25085 <, BRI AERE) U RS 2RI - TR WE D EIFIZ 78
BB, 72, ZEGFDPBEFRICERIE, RESINZEPBERO AHEZANWTWEE, HEY;
OB D TRV EDBZ VN, ZOLIREREDE 1L, BRGNS b2l cHHE T 2 A
b, TDOLSRBEMRICL, HAREER TS TIHEEHMEROIKGE - b2 AP
AT, TEEMIEZ2Z X -REHE — bR Y THREGEOIEM T A1 KTy 7] [26] 25K T 52FDHL
DA TTHONT VWS,

F7-EREET (M) 2000 4R MEE RS ORE HIEICBET 2 =270 [21] %, 2002 2 IER RS
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LZRE] 2L TWED, ZOZREL T THEBERFE SN GEIFEL TE Y, R
DHEN, 2007 FIZIE TR D BREMKE ] [24] ZRER L, BREAWEENZEH 2R L TW5,

72 2000 FEHA o B FEEMRR D 5 FET SEABEE O HABE ML TWD, 20 &5 2[H#EIX
AN FEDHERTH 2 I — 0y NFEETEHRICEELTE Y, 1874 2 OREEFOTBIN TG
HLITHONTETWDE, — /5, HRENIZEWTIE, ZOXD LRI EMOEEFMEIZN U THEDE Z
AR IEIER T A R T A VPRI N B ITIEE > TWIRW,

Table 1.1: Movements related to low-frequency noise.

1970 ELH~ | FAVE TR e ¥ T A

1976 4 BREGT, RS2 SR B SRR A 2 B A
1984 4 BREDT, (R SIREREM R 2 AR

1985 4:tH TS5 DO KB - HER A o R B RS, HiE R

1993 4% HTERAR D EE AT & 0 R JE e T A

1994 4 BREGT, AR IZBIY 2 F A & A

1995 4 ISO-7196, fKJ&E & O AR EAR M (G Rtk B

2000 4 BREGT, MEEBE ORMELGIRICET v =a 7V Ak

2002 4 BRIEAE, RSB SR HIE ) AR

2002 fEEH ~ | GEBEDOMES - ES - MERSE OB S DR L AV ORE R E I L B E IR

2004 4 BREA, MEEBEGEHENSOTFLIE] Ak
2007 4 BRIGA, TE<ohMERKRE] A%

2007 4ELH ~ | BRI FEEREER 2 © DR RS w23 T A
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B0 35 D 6 2l & 6 REHE R D F AU A DA T IR S,

(1) “FAROIRE) : K OIRES S\, HEEEME, W\ o KE LDKGR

(2) SIRONRENZ X235 D @ BLEME, BH2ER Y 7 OEMIZIRIC X 2 A HEH)

(3) SARDOIEEHIRIZ LD H D « RAELEEFEOROERLHP S AT LDV =Y V7, IRERGES
(4)  ZERORL R, BBIZE 5D @ Rk, PE b 2RIV TOEE T DN EHZEAE

RJE e FEP R LT DR H BB DELTIZRT, D55, REOKEMIZOWTIE, EHZKE)
R TRBLNGE ISR R E P RET 2BNED 5 e PHmESINT NS,

KRR, HENTERERE, T — YU, BER VT, AE, IRES AW, Yy hIvYy, HA
Z—tr, N)ATR—, BTV A, Bk, HATYYY, K, EEGRE

1.1.3 BRERZICEY 2EE - HE
ERBGOEERIRE HNEE (1) L0FIEbIFE (2) 02218535,

(1) Wi

PIRRG B I NI IZE 2 AR W AMERIE S D E R 2 b D AP EY 2 RS Y TCLESBHRTH S, B
WHINZIZF R BEOREAN A XA RT 2D, BUNBHTLI L Vo2l 8B FoNns, EHOICLD i
HIZ20Hz A FOAEBCTCADOKEMEI D /NS WEFELVRVTOREDEBROIGERHI LIS Z
EDGDoTWS [9], BEAETIE, ERBICBVWT ISHEOHEIZOWT, RO HRDLEEL )L
ZHRELTWS [19], ERfERIZES L, NPT WHEETS5Hz: 70dB, 10Hz: 73dB, 20 Hz : 80 dB
HIZOMODNTZDERDT NS, £/, HEOIFRERT 2B EORME & MIE T 2 IR Z > L CH
BROMIE 2T\, fH % DBEIZDOWT 72D EHED L5 EL L& JIE L 72 [10],

(2) DEIZEDb B HE

DETIR AR, DHENEE L LM ED 2 DI KM I NS, OBHEE, RHX K % &
U3, GANVOWVWSTBLE-HETHL, AMNEEL, HECHEG TS, MBIRLES G &
CTHEORETHD, DEIBRIHEIIOVTIE, MAZEIZL > TRIENEETZ L RVIEKE B
b, TDD, KLNVDEDTH->TH, EHIFHIZL > TRHIEALHEIZ R > TWDE Z EDE,

B JE e 5 OBE R RIE Y, BRSO WTIHMEAAENKE L, FHICT IG5 L\, BREEE T
TEDFZENT T, MERKRSHENICOFFI & E] [23] 2FHTL, VANLVEREODRWEE S N7z,
Mz h 5 FET 2 EEWREAKEE 2R UT, HRORKMEE R EIZL 200G, HLZOSIE
i UCYIsg o3 2 20806, DEIRZEBICET 22 RENRINTWS,
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1.1.4 EREKEO/IENR

— BRI B NT, B RS RIC” HER, T BIRT,T ZERT L3 DI THEAE R o N,
BAKSIZBWTEHAKRTH D, TOEOITIFERMIIEWT, MEKSICE WS 84, 5,
BEDAN=ZXL) ZIEULHEL, BULEREZET ZEAEETH S, BAOBARESFEICLSE
AMEIRIZ R % BAF T HEHE % Fig. 1.2 10T, FHCEREESMEIZE L T, ” SIR7 1281 25K
ﬂ%bi‘ﬁh/u WZED SN, EZIRT,” ZERT TOVWTOREIE+HIZINTWERL, -2 sizsT

TE R 7 BE ARSI I S 2T 78 5 TV R,

"iﬁﬁ,”hW%i”Q%T”:BH%%%@MW%KomT,MK%%Téo

ERRICEITBHRE

HIROFEGE 2 EBESE D 720121, BEWMEIC X 258H0100 ORI (AHO [A#E, HRE)S 2 VWO iRE), 7
VNG v AT K B REI R IRENTEIR U 72 & D), EIOIN (7L A DR FE AR E) & RIS S
& O 7otkE, BLEANDOZLHE), HLIRHBHKO L, BURHRIER O, WEEHE, FESERORES, &40
BIZ G o 72 HEB L 5D, ZIRIGRIEZ 7 S RITHESSHIFA, BEMARISETY 78—y —0
WEND B, HEdeid, WRETH S, LIREIHEES, Y RSV FRINEER, 727« 7HEH. &
NHVWONS, EHE DT DHE IS RIE S ERA K WS N DAY, ARJEKRE 1T U TR ok
KHPNS L, FIRPDR, FIREZEHATIHET 70—y vy —084, BREAIND X > THMEE RS
HEVEZFINRNOT, WEEZZRL, HLIGZEGIET 5 L5 RS ANN— 25T 5,

Noise source} nEnsm ” Propagation} EEEER N Reception

= Size of sound source = Topography = Window system
= Sound power level = Building arrangement - Type of grass, sash
= Frequency characteristics = Back ground noise = Buliding structure
= Directivity characteristics = Fence around the house - Wooden
= Temporal characteristic - Reflection - Reinforced-Concrete
- Stationarity sound - Diffraction = Air tightness
- Intermittency sound = Meteorological conditions - Gap around window
- Impact sound - Ground surface - Ventilation opening
- Wind effect = Dimension of house
= Attenuation in distance - Natural frequency

Fig. 1.2: Elemets affected low-frequency sound insulation performance.
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B EHBRICE T DR

ERICB I 2K E UTid, P, B, Brtkof M, EEHRESE R 5N 5, EEEGICEL Tk
ENEL, SHOWEBNREEORE LD, - BEFOEGIRELI VP TCERVESbOTY
%, 7z, EEBEOHFMBEICOWTIE, WHINIZIZEHTH 2720, MEROSBE IR0
X6 dBIET 24, HIRMIBINP QRN & 2 BEHEORE IO TNV, —/5T, EEKSTO
FEAEPFIE—RIHEDR R E R DONL L, FIFEHEIIE W CIXIEMRE? N2 THL 2 VWSS D
%\, AW TIIIRP FEDOAE TORIMERDOEEDEEEZHK L T 5,

B EZRICETEHE

ZERIIBIAREE LT, MEOFEERL, BATA -V VORBEDORNENEZ SNS, kb,
— I AR DEEVERE B ARSE I & B L TR T E v, BAKEOESICE W T, BESET
HowosnaE&A & MIERI»S 5,
BEA RO EEEREL RIAB] 3% O E —E & T NIEROTEEE mkg/m?] HRKEVIFE
KEL D, AJIA 01282 FEBIAL Ry OEE% Eq.(1.1) 12377, ZOERANT & 205 &OHEE
13 20 ~ 100 Hz D38 O FEBGEF B ORFR S 1IN U TEH I NS Z L%\,

0 2
l@:ﬂﬂb&0<1+<wmaﬂ >> (1.1)
2pgc

ZZT, polkg/md] IFZELKDEE, c[m/s| ZFHETH B,

BRI AERSEROEEBRIZOWT, 1 IROEA L fo AN O EERIEIZ B W TR, SERO MM
DHIZ & D LR T NDHEA D 5, FRORIMEIZ LD, B@EBEOMEARE 2 Z & ZMIERI & Vv, AS
i1 0 1281 5B EER Ry OHIMERIX Eq.(1.2) THRE 5,

Ly, €OS 0 2
=101 1 1.2
R9 0 Oglo < + 2/)06 > ( )
ZZTC, Zp FFRDA Y E—X YV ATH D, TBIT, Z, 1T Eq(l.3) TRIN5,
K .
Zm = —(n—17) (1.3)
w

T, nIROWEEL, KIN/m3] XEMEETHh 5, 4 08ME OB ICBWT, Sk
K ¥ Eq.(14) THEX 5,

Et3r4 1 1)?
K:12(1—y2)<a2+b2> 14
22T, EIN/m2 1i3Y v 7, ¢ m] EHE, v 13K T VY VI, a,b[m] EERONETH B, Eq.(1.3),(1.4)
X0, NEEEDR, B RO RO EE A OEMIEL Ry 1% BEq.(1.5) TXRI N5,

2
jEt3 4 1 1\’
=101 l-———— | 5+ = 1.5
fto = 10log { 24wpoc(l — v?) \ a? + b2 (15
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1.2 BAEOCEHEFHRA

BANAR AP 5 1233 2 RE DS VERBICBE S 5 BEERFZE, WEITOWTHHT 5, BETASKRER
iE, ARG FERAEDORE 59 FIZB\WT, RENATEHEL NVEHEL, KEMER, BHEH
WCAAEEL NV EZFE LTV [20], 5 Hz L FOFEFEEFHBIZBWTIE, REMECEOREEIC X
DZERRZERD SNT, 5SHz M EOFRRBURFRIZ O WTIX, FREEO EF L IICNAAEE L L%
W ERT DA D > 7z, HEHERELZAERRBIZHEAS, RCED &S REEEDORED G H1ESEIE
WE WS EMMRHRIIESNZEDD, FERBIZBEWTHIRE XEOMERR, FEOEYOEE, K
B DFEFEDOMDAHEREERIZ L BB DWTIEIH S TR > TWRL,

T S IIEE WS A LEE BT U [6], ML S O ORED WL KRB BT, BHREKE
EHWE 7 4 =V REBET> TV [T, REOBOFAXEORINVENSHIIHEEZ RIZT I L%
RLUTW5, 10 Hz MEDABEBEREBIZ B W TREORNE L IRF L, RENIZFEIE®BL P T VWL
iz Z 2 RLTWS, — AT, BOEARSVPEBEDADERKTIRET 5D0, HWVIEREHNDES
B L THET BIS IR > TWARY, £, KENTERTOFIEL NV0A6 2 JIE U 725
B, 20 Hz YL EOFEFEBUSFE CIIRBNIZOGDEL, KEBMIZE T 23S EIZ D W TERZ LS 4
TR BRRTNWD, KEEFEOBRADORE RIZEWTIX, 25 Hz AhED RIS THED & KE B AL
hod, BAOZEL XU ERATHMEMICHD I L E2RUTVS [8], BEEMEDE X, KEMML AR
V25 AR IR O ME S MERE D FEM R & L CHWTE b, Y 32 BA DG L )L O HIERLE D%
ExZITD L TESHELRBMATH 5,

F 72, Doi IZ5KE DMK A O KE DEEVEREIZ R THEBIZ OV TH R Z2T> T3
2], WIETI, BHBERRICHRES N N T OBUNER® R 7 EHE 7 — 7 TRET 52 LI2 X &k
DEEIZDOWTHE LTV, KR 10 Hz AR OHIKIZ BT, FKIERIZENE L, QBN IS
Nz, — /AT, NTE2BUNIBRT2Z22T, FT7TZ2BHUTOARELD ERENOFEL RILIME
TT2E5BMERE RSN, EOXIBRERITERNT 20 EAFHBETH 5, 10 Hz PAN O 7RI
2B B REOL[REMEDES MR RITTREIIOWT, HERMIZERZLTWS [3].

F 7o, AWFFEICEET B BEERE L UCTREAR, INES IEREIHEIZHRES N EE» S FET 5 EH
MR ARE I G 2 6 R e LT, AREFRERIKIC L 2 5B IRENE LM & i R 2 AWz Ell 27> Tw5
[13][14][15][16][17], FE T ERIZH T DR EHIEOEEERICEADERE LT, (1) BOHE -
Wi (2) AEEOEE (3) MUNBRE (4) RTZEM (5) MAO»5DENEHICE R 8 E2ER
LTWb, TOHT,” SIRME" ORE2BE LT, SRMEZKEBEOFEIZN LU TRD AR (K
BOMIZIFE) THET 52T, KRENTHEEMREN &S R o7z, MAKBEBIZE W TIEEENEL,
BEEBERD A AREED NS VEDEEZ 5ND, —T, ROFHDSFEB AL L8546 TEER 4
M&OEEOFHEBANES 25720, ZOMBIZRLEERL TS, UL, BB 238
HLTELT, EHROMEDOHEIZL <XV,
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1.3 MROEH

DED LS BBEFEN» S, EMRONERIC L DEHRHKOMRAIEZ <R\, £ D7D AR TIRIREILE
DOHEW (REEFHZRMREIRE) DS U 2 EHNMEARZ 2R E U, ERROREIZ & 2 BIMEMBISR
DIEZEIT, FHIT 220K LHA %252 Z L 2HWT 5,

Wge e Ui, AREREZHAWERTHMITIC LD, FREEMHBRMBERD S OB B KO
BAMBI BT DR 21T 5. ARIFET MEHTOHEZUA RO &L 5 IZ#ET 5,

o HMuitIZ B9 D IRGET
o [FIZRES & M

X7z, TOMTHELFELBETLR, UTNOHHIZERT 5,

o HKESR D 5 X S/ E 0
o HNEED O DL IR FREE D o8
o TR & AMEIR DB B DR

IhSDE - ZEAMEZ- LT, REAKRSICLAYHBELZEEL, EBATOBENEKIZETS
MR OEG%2 HE Y § 5, MEMICIE, KEKS %2 FBET 28R & AMETROBE Y] 22 BlE x>, X HN 72
EXNRDBFBANDFRENRIAETNG,

1.4 X DK

PURIZEm X DR % R T,

B1ETIE, MREOERE LT, [MEEEICEL L - 22, MERSMHEOHMIZOWT, IhE
TORITHZEZDOWT R L LD LT, AFZEDALEMN T KOCHIZDOWTIHRRS,

H2ETIE, PHATL U TEBOEBIIBITAREH L — MRy TG OREREIZ DO WTIRA
%, IR — MRy TRGEROIETHA KTy 71 [26] 1IZ5d# L TV A I TG O#EE R 1 > b
WWEHL, EBOMEBIZTEREZITS,

553 BT, (KA EIRICE T B REDOBUEMNTE TV ORBEIZDONWTIRAR S, FUE T B8 1S HIC
DVWTHAR, RIFETIV - FIRET N ERT, MEROHEL LT, OGS - [@IEED S ORI,
ZLUTCHREMOMEICHETI2HELZBIRT S, TBAOFEL U THMERE OBGRE B X RS
EBIZL, BIRFmANOREEERT D,

FABRTIIEOSNMAZEBHL, SBOEEE2ERS,
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REFAE— MRY THHGHRORERIEIC
BY % FlimsiE

21 [FULOIC

ARETIX, EROAEIPZESINTVEIREM L — MRy THREEOHERN 2 HERT 5, k26 £
WCHBEITY [RKEHE — MR Y TiEHE» 5 4 U 28l - IREIEFIZ & 0 RHRE O EOMERBFE
U7z DHEZR] [28) LFRL, #&EZTo72, TORTELE LOBLK LHEL L THIERTNT R
A== UT IREME — MRy TRGEOEMITH A KTy 7] [26] TOWTORREDT ¥ 77—
NHEE1T 572 Fig2.l, BXERVELK THELETIIN 2%, THERPNTAA—H—TIEH 3 #H&
YRPAFITHD EHIHL, FEEOFERNIHEMTR LT ZePBEI NS,

ZFITEEBIEL U TEBROZRBERREZ A R 7y 21280 2R IGHTOREEHIHE L THEL
Tzo I OIHMEROEECRZE L ORI GOBR L2 L2 bR 5,

B EERR BANGAT T v 7% B
BENR sy | 777 EEH Ao>TWBh HART VoD
EIP=%-~4 % M>TW3B M5 H L FAIE
BREE . .
(OERTR) 6,812 395 238 60.3 % 46 190 19.3 %
THIES 1,414 306 93 304 % 28 65 30.1 %
(@)

Fig. 2.1: Recognition rate of guidebook from installment point of heatpump.
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2.2 HEHE

221 wRib

HRIIRHE L — b A TRBRERIEL TO S FRETREL T 5, TOHRT, REML—MRY 7]
BB D K23 2000 £EBARE T H 5 72, T DORlIZ B H I 2000 4EBART & 2000 4FLARE 2 FHFE < 4172
STV THE AT 5. RGBT S HULT, Table2.1 1XRT,

FFIZ 2000 FEDARRICRAFE S N7z Mgz B L T, N ARX = —BIZHEI N TV A EEHF 2 I E#E
U7z, 2000 fEDARTIZBAFE & Nz tiidild, FITAEEPEE U BRI WA TREE 2 T EE U 7z,

Table 2.1: Summary of investigation area.

Investigation area || Developing age | Number of house
A 1985~ 193
B 2010~ 133
C 2010~ 73
D 2010~ 25
E 2010~ 59

Wi E  this A
1985 FE LA SBFEDIR E - 7=, HEHMEWFRTHEBRTH S, sHEMICEFEI N TH 57
O, EROLSIZEENELEL, L TEHEELTWAHIETH 5,

Wi - Hhis B
2007 IR L KB 3 vy VU 72 —)LIZEHET 2010 LD SN E - 72, HERH L W
FRETEERTH D, Ml A ITHARS & BMiERE A  JERBEHIGNIA 25 L5 IZ&FHLTW5,

Wi - g C

2010 FEDABRICHAFE S N2 LLIRIET L WS T H B, 2 ZIFNT A A —H— 10 #hi K D S T 7z KH
DEFEEMTH D (296 HH), L IFA—NVEMEETHU & 5 REGHOETIXZBAFMAL, IMERIE
HE VAT ECHESZBEA ORICH T CHBMiZ 2T, AESLORWHIKRTH 5,

WIS « i D
2010 FELABRICBEFR S N7 HIRAH UL WIS T H 5, Z ZIdHg C IZHARNT A X = — 1 #£ D AIZHH
FEInnBEEEHTH L (226 iHH), 2EELVPA-VEMEETDH S,
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Wi E : Hhig E
2010 ELABRIZBIFE S N2 LLIRIUET L WHIBK CTH 0, BRABRFETHEEVLFMEL TWS, 2 OHURIZK
PR BEDOBMMEIRIZ 2 ANT WA TH B Z &AW TH 5,

2.2.2 FAAERBODIRE

[KEHE — MRy TREGEOIEMIT T KTy 7] [26] TIRHIEMNITGROBERS Vb2 KEL 3D
AT TRENPHENT WS, D3 HEZ U TIZRT,

o BEB L UBHET 5 TIEFATRROEE DML 5
o bL— bRy TaZy FDILITERIK FEEEFEDE DEA D DI EREEZ & 5
e bt— bRV TaZy FOFFIZMIAR—-A %S, BEPRTERKPLRVEIIZTRT S

1 O i
%ail
swﬁ! /'
BUhEE AR
& ]
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Fig. 2.2: Example of measures.

ZOEIITHPEINTED, Fig22 DX ITHKE - HF - MORMPMEFBRZEBL TV 5,
ZZTEHEDOPHHETIIUTOHEAIZODWTHET 5,

(1) e—hrRy7a=vy hORE : BEAMS L < IEERANIZEEEL TWS D0

Q) MMEBROMMBG : e — bRy T 2=y N ORI S AMES £ TOREE - o/

(3) FEE OBfR : e — bRV 2=y bORIE - FHAFIEET 55 OfIh (HhEE - &)
4) BiFrofBE: e— bRy T2y b2 SEEA X TOREE

PAED 4 HHZ A U7, AR B 23R,



16 2w FEME— bR TRGROBESREICE S 5 P

2.3 HEFR
2.3.1 RERE— MRV TIRGEORERR

W EEIS

FKEF L — bRy THRGHROBREEEORER%E Fig23 1Imd, HIRKOEEEH % Table2.2 1I25RT, &
T, AHENFHIBOFTREMA L — MR Y THGHRI/IZEINTVEEEIX 38 A 144 FeloT
W5, ZFHIKTRER — bRy TRIGHROBERIIH 2 25, Husk A 1B U TIZBIFERHAY 1985 4EUH
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ENLGFEL, T2 TREHTARGEITHE — L T\ 72720 IR WEIZ 72 5 72,

Table 2.2: Summary of heat pump.

Investigation area || Number of house | Number of heat pump | Installation rate[%]
A 158 10 6
B 93 50 54
C 52 18 35
D 24 24 100
E 62 42 68
Total 389 144 37
»
|
c
0 |
c |
0% 20% 40% 60% 80% 100%
Binstallation rate GEISE% 10%% 35C% 55% 6/2/0

Fig. 2.3: Installation rate of heat pump hot water on household.
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OHouse side BRoad side

100%

80%

60%

40%

20%

0,
0% Tatal E D C
ORoad side 36 13 4 4
OHouse side 108 29 20 14

Fig. 2.4: Direction of heat pump unit.
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FKEMA L — bRy TRIGENEE S N TV HUIRD % < 1% 2000 FEARBARRIZ FHEIZBIFE S - #ilf T
HY, NTJAA=—FIZLDBEINTHORIUKE - BOEFDPEL FEMELTWS, ZOHETIE
b F BB EICRE T 2 EHIE T, AMETEMIE XY > TV A FENERTH 2720, D
BWMEMIZZR T2 BEZ6NE, TOHT, b= MRy Ta=y MTHED S AMER £ ORI L Tk
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_—2%

11%

87%
less than T m “1 m or more, less than 2 m
2 m or more, less than 3 m “3 m or more

[0)
2o /‘2%}

\

91%

less than 0.5 m
“0.5 m or more, less than T m

1 m or more

Fig. 2.5: Distance from heat pump unit to fence and height of fence.
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BWall  BOther than sweep window BSweep window BHeat pump

Private house

2F |

1F I |
Neighboring house

2F | |

0% 20% 40% 60% 80% 100%
2F 1F 2F 1F

OWall 72 36 87 80
OQ0ther than sweep window 26 23 17 15
OSweep window 19 32 0 1
OHeat pump 0 8 0 8

Fig. 2.6: Ralation between heat pump unit and window.
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Bless than 1T m B1 m or more, less than 2 m
B2 m or more, less than 3 m B3 m or more
| | | | | | |
A |
| | | | | |
B |
| | | | e e s
c |
| | | N s e e N
D |
| —F71 1 [ J—F—1
e |
/| T | [ —— [ | |
Tatal | | |
| | | | | | | | |

0%

10% 20% 30% 40%

50%

60% 70% 80% 90%  100%

Fig. 2.7: Distance from heat pump unit to neighboring house.
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DR ENA S RIETHEE 1 DT DMaI LT
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Fig.3.1 12”9 & S AR A3 D B 220 I AT BR DO RE & Z OB IR AP Z JHA R ES 1
TWARNZEET 5,

Indoor domain

[ Source )
e

Outdoor domain

Fig. 3.1: A house is assumed to be a box-shaped placed on the semi-free field. A stationary sound source

generating low-frequency noise is assumed to be equipment item placed closely to the house.
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exchanger sycle exchanger

«
3

Water supply

Expansion Valve

Heat pump unit

Fig. 3.2: Constitution of heat pump hot water supply machine for home use.
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mx8.0 mx6.0m O KE X & U7 (Fig.3.3).

Perfectly Matched Layer
L —

80m /v\ House model

T"/ Fence model
6.0 m Source 4\4
amt

- ﬁ&

Perspective

Perfectly Matched Layer
Outdoor domain
8.0m

1 .
House model Outdoor domain
8.0m

Source House model

Source Fence model
Z | 60m
)

| Fence model | 1
| X +—>
X

8.0m
Plan (xy) Plan (xz)

Fig. 3.3: A numerical model of a house. External acoustic field is trancated with Perfectly Matched
Layer(PML).



SR FH 5 Ak 6 i DI P85 AU e OV R AM i 2 B 3™ & B A

#
W
It

26

EBAFBDETIL

BANES D & S i 2 ST 5 2502, ANTIREE (PML:Perfectly Matched Layer) @\ Tl %
595, PMLIZSKEDN S 2.0 m BN FPIZERE L, HHHE e PML ORI OS5 E TR A
WK 512, PML OE X FHRIOFHRDEE npymr, 1331207, £/, BHHEBTIENEHA IRERTH
#IU 7z, B%eE - PML O, B OERE (ERE) 3RO RERE (140.3 Hz O
K245m) D18 UTOEIIZRD L5240 EL, BEFEEIX03m & U7,

i, ZEMOBEEBLIZ DWW T, Christophe Geuzaine & Jean-Francois Remacle 12 & > TRIF I /- AR
BRI BIT DAY Y affFAD 7Y =Y 7 b 27T 5 Gmsh 2V TITo 7=,

FRAT BB EK

FRATT IR AU 124 & 2 2 — TNy ROFULEREET 3.5Hz (13 A2 X — TN RD 4 Hz #IRD TR
FEWED 5 1403 Hz (173 2 X —T N2 KD 125 Hz #1KD ERERE) T2 L2, 72, 13
KO R—=TNY RRUREEEIZBNT, RS S TREEHRE COFEE 11342 2 =T NV R
DLARLELUTEHBLTWS,

HRETIV

HRIERER e — N Ry THRBHEO e — Ry 7a=y hOKRE X 2HHEE L 72 EG5EO — @A IREHE R
IZH->TWAa=y hE2FKBED—EAS 02 m EENAEIC =y b OIREH AYSE H Tl W 5 I 3%
BT 5, RHH T HROBHEEEZEX 5, ZOMMTETIVCTRIAET 2K EHE — bRy TiGHE» 5
BB EPFEL TV B RNZE-E L TWD (Fig.3.4),

BRETIL

EMR DSBS ED D UTHERITAZ WD 5, AFETIRZOHICEL Thlima> 2 —
NTay 2RERET S, 5122078y ZHIZEL TIX IS A 5406[31] THEINTWS CfEEH
M52 2M8ETS (Fig34d), 1 78y 2705FEX 039 mx0.15mx0.19m DRKESTHEINTSE
D, AWETIZZ ORIFEHIBE FARICFEET 23D T5, AETREICZOROFEICHL TEREIT
D, FMFREIZEL TIRE - THHT 5,

v\0‘.15 m
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Fig. 3.4: A numerical model of source and fence.
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Fig. 3.5: Schemematic diagram of the calculation of insertion loss before and after the fence : cross section
L

Cross section 11 Cross section 111

Fig. 3.6: A variety of cross section II, III.
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Fig. 3.7: Arrangements of fence on numerical model of a sound field around house.
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Fig. 3.8: Radiation efficiency of the source for a variety of arrangements of fence,” Type A,B,C,w/o fence” .
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Table 3.1: Natural frequencies of the fence (direction:y-axis).

Mode order

n=1 | n=2 | n=3 | n=4 n=5 n=1 | n=2 | n=3 | n=4 | n=5

Frequency [Hz] | 22.3 | 44.6 | 669 | 89.2 | 111.5 | 10.9 | 32.8 | 54.7 | 76.6 | 98.4

WMNOEAE— N EHGmEZ RS 2 L, MALWEKBEESTEY -2 - T1o v IDRE LTS, Z
X OIRHNOEFTHEDEA T — NEREIS S OB IR NP E(T 5 Z L b h b,

Type A IZB L THIEA AR (Fig.3.10) £ 0, 50Hz fhiEDE—2 - 571 v FE 2 IRE— F, 90 Hz fE£D
V—2 - T4 v 7TTIHARE-—RNIZHIELTWS, I5IZE—2 - T4y TEEIZFAIRTDOE—RNPED
TWbZeDWHERTE D, £ I CHFRAEMEDOMMZE (Fig.3.9) 2ERT 5 L, ZOMLREPEHTETIX
HIRE DG EMFNRZAL TVWBZ e bn b, TOEDEIRTOY =2 - T4 v THERI Nz DE
EZonbd, IHIXHEFMEIZE— FOMIZY 5 ITFELTWED, FHE— NI LEZE—
7 T4y TIRECUTOVARNY,

(a) Single frequency

_
n

phase shift

(e}
9}
T
i

i i i i i i i i i i i i i

0 4 5 63 8 1012516 20 2531540 50 63 80 10012
Frequency [Hz]

| — TypeA — TypeB —— TypeC  — w/o fence |

Fig. 3.9: Phase shift of sound source plane for a variety of arrangements of fence,”Type A, B, C, w/o fence”
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BEMITB I BWE LD 1/3 427X —TN> RO ABELN A 2B L7z (Fig3.11 - Fig.3.12 -
Fig.3.13), &ML HIZBAELGIIB W THAMEOLIITHEL TWE LS ICHZX S, Type A Tl
315 Hz fHEDBAID Y — 27 £ THEPDITHHFSIRLIEML TWD, MABELCELTEZOMEE T
WAZHEEVANVDEADPRSND, £ ORABPELAREIZE L THHRERARRICHIE L TEAEEGPZEL T
W5, Type B, CIZBIL CTHRBDMEMIZR>TH Y, HABEONHIZELTERL XS ROMITR >
TWbZeWbird, 272U Type C DS BN AIERMPGFEEL TWD 728, KEDOREIHRL FEL )L
DEFPREL B> TWVD,

b — MR THRGRO AR TH 5 40,80 HZ 125 H T 5 &, BEZIERIZH W T EREGH T
WERERNCHEARAETRTLTE Y, HABKIIBVWTHHEEMETEHFELVRVOETRRE SNz, L,
40 Hz #38 CIXIRIER AR B W CHREEA BN I EFEL VD ER L TWS, TD72H, THBEDOR
o o MBS HIEZAT B0, SEKIZHEES RO T S BT & AL EI3RIEB X N,
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Fig. 3.10: Distributions of sound pressure level on the ground for TypeA ,TypeB and TypeC (d=2.0 [m],
h=1.63 [m]).
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Fig. 3.11: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types A with d
=2.0 [m], h=1.63 [m].
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Fig. 3.12: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types B with d

=2.0 [m], h=1.63 [m].
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Fig. 3.13: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types C with d
=2.0 [m], h=1.63 [m].
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ITHhb, TDH, ZOFETRY > TET 2MH 2175, PWOZM L Table3.2 IZR T, MHFET I
X Fig.3.14 1Z/RT, HOBEIZBE L TIX Type A & Type B @ 2 & %2175,

Table 3.2: Condition of fence.

Height of fence(h) [m] 1.06,1.63,2.2
Setback distance from side-boundary(d) [m] 2.0
Indoor domain Indoor domain

Fence model Fence model

House model House Imodel

Outdoor domain

| Type A | | Type B

Fig. 3.14: Arrangements of fence on numerical model of a sound field around house : Type A, B.
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% Fig.3.16 IR,

ol (a) Single frequency (Type A) | |1 (b) 1/3 oct. band (Type A)

Radiation Efficiency (10 log;o0..q) [dB]

Radiation Efficiency (10 log,,0..q) [dB]

-40 :

4 563 8 1012516 20 2531.540 50 63 80100125 4 5 63 8 1012.516 20 2531.540 50 63 80 100125
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| — d=20h=106[m] — d=20h=1.63[m] — d=2.0h=220[m] — w/o fence |

Fig. 3.15: Radiation efficiency of the source calculated for each condition of fence (height; 1.06m, 1.63m,
2.2m).
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Sound Pressure Level [dB]

Fig. 3.16: Distributions of sound pressure level on the ground for TypeA,’a variety of height”.
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Fig. 3.17: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types A with d

=2.0[m], h=1.06 [m].



B3 EE GREE T RO B O KA RO B O AM R B 9 % R AiE AT

42
4Hz
8 /
EAIE]
%4
5}
T ) 5
0 -5 0 10

5
Distance [m]

8Hz

Height [m]
s (=)} oo
N

)

Tﬁ 2

(=]

= 0 5 10
Distance [m]

16Hz

o

Height [m]
-‘b N

)

(=]

s 0 5 10
Distance [m]

31Hz
NN ©
Ok
B4
L R S—
o1, /
0

5
Distance [m]

63Hz
8 : :
=6 \\—6 K /\/\
24
z, 2
0= 0 10

Height [m]

Distance [m]

5Hz
8 [
ERE
§04
5]
T R
0 =5 0 10

5
Distance [m]

10Hz

Height [m]
s o »
[

I

(=]

=5 0 5 10
Distance [m]

20Hz

o

Height [m]
s o

Distance [m]

39Hz

=

Height [m]
s o

)

(=}

5
Distance [m]

79Hz

Height [m]

=5 0 5 10
Distance [m]

Insertion loss [dB]
0 10 20

6Hz
8 [
ERIE
@4
3
T 5
0 =5 0 5 10
Distance [m]
8 [
ESPF
@4
3
T2
0

=5 0 5
Distance [m]

25Hz

Height [m]

Il
-5 0 5 10
Distance [m]

50Hz

Height [m]

5
Distance [m]

99Hz

Height [m]

5
Distance [m]

Fig. 3.18: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types A with d

=2.0[m], h=2.2 [m].
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Fig. 3.19: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types B with d

=2.0 [m], h = 1.06 [m].
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Fig. 3.20: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types B with d
=2.0[m], h=2.2 [m].
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Table 3.3: Condition of fence.

Height of fence(h) [m]

1.63

Setback distance from side-boundary(d) [m]

1.0, 2.0

Setback distance from site boundary

Indoor domain

Indoor domain

Fence model

Outdoor domain

| Type A | |

Type B

Fig. 3.21: Arrangements of fence on numerical model of a sound field around house : Type A, B.
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Fig. 3.22: Radiation efficiency of the source calculated for each condition of fence, (setback distance from

side-boundary,: 1m, 2m).
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Fig. 3.23: Distributions of sound pressure level on the ground for TypeA (d = 1m).
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Fig. 3.24: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types A with d

=1.0 [m], h=1.63 [m].



3.2 HEHHCET MG 49
5Hz 6Hz
8 T 8 8
29 [ 29 [ 29 L
%4’ 2 L4 §04 -2 L4 %4 2 L4
2, 2, 2,
0 -5 5 10 0 -5 0 5 10 0 -5 0 5 10
Distance [m] Distance [m] Distance [m]
10Hz 12Hz
8 8 8
2 [ 29 [ 29 [
%4 r2 g §b4 2 [y %4 r2 Lg
:".1) 2t :".1) 2 \ 5’.‘) 21
0 -5 5 10 0 -5 0 10 0 -5 0 5 10
Distance [m] Distance [m] Distance [m]
16Hz 20Hz 25Hz
8 8 8
= 6f —=6r0 =6
EN E7 Y El s
4 b » RS “ cAN
-5 ‘5 5
T2 T2 i T2
0 -5 5 10 0 =5 10 0 -5 10

=)

Distance [m]

Height [m]
I R e

8

0 5
Distance [m]

Height [m]

S D~

125Hz

=3}

Height [m]
EN-

)

Fig. 3.25

Distance [m]

=1.0 [m], h=1.63 [m].

Height [m]

5
Distance [m]

39Hz

5
Distance [m]

79Hz

Height [m]
& O

1)

s

5
Distance [m]

Insertion loss [dB]
0 10

Height [m]

Height [m]

)

0

-5

5
Distance [m]

50Hz

5
Distance [m]

99Hz

10

: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types B with d



50 B3 EE GREE T RO B O KA RO B O AM R B 9 % R AiE AT

3.2.4 MROE

FRAT SR DERE

BIHE D FORERE S, £ U THEED © OERRIEHE D 2012 K 2RO LI D 5 A, EITHO
EFHAOBEAEE—NIZERLTWS Z LRSI Nz, RETIZET LI (y#l) OFE2EESE, B
L2 EEEFHLSMAT 5, WOLRMEL LU TIE Table3 4 1IZRT & 512, @S AL AEED S OFIB
ERTIEH & FRRIZ 2 5efb & 3 . & SICHIE%E 4.0 [m] & 8.0 [m] @ 2 FRfFIZFHE L7z, WOEEIZ DWW
TIX Fig.3.26 1233 X512 Type A & Type B D 2 5&:ff:%47 5,

Table 3.4: Condition of fence.

Height of fence(h) [m] 1.06,1.63,2.2
Setback distance from side-boundary(d) [m] 1.0,2.0
Width of fence(w) [m] 4.0,8.0
Indoor domain Indoor domain

House model
: ¢

Fence model House Imode.I/ Fence model

Outdoor domain Outdoor domain

| Type A | | TypeB |

Fig. 3.26: Arrangements of fence on numerical model of a sound field around house : Type A, B.
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Fig. 3.27: Radiation efficiency of the source calculated for each condition of fence, (width: 4m)..

Table 3.5: Natural frequencies of the fence (direction:y-axis; 4m, 8m).

Mode order (Type A/B)

w =4.0 [m] w = 8.0 [m]

n=1 | n=2 n=3 n=1 | n=2 | n=3 | n=4 n=5

Frequency [Hz] | 46.4 | 92.8 | 139.2 | 22.3 | 44.6 | 66.9 | 89.2 | 111.5
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Fig. 3.28: Distributions of sound pressure level on the ground for TypeA (h = 1.63m, d =2m, w = 4m).
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Fig. 3.29: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types A with w

=4.0 [m]; x-z plane..
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Fig. 3.30: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types A with w

= 8.0 [m]; x-y plane.
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Fig. 3.31: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types A with w
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Z Z - _
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X X
| Type Al | . Type BT |
Fence model Fence model
Z Z
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X X
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Fig. 3.32: Arangements of fence on numerical model of a sound field around house : Type A1/2, B1/2.
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Fig. 3.33: Radiation efficiency of the source calculated for each condition of fence, (Type A1/2).
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Fig. 3.34: Radiation efficiency of the source calculated for each condition of fence, (Type B1/2).
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Fig. 3.35: Distributions of sound pressure level on the ground for TypeA2.
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Fig. 3.36: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types A2 with d
=2.0[m], h=1.63 [m].
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Fig. 3.37: Distributions of insertion loss on the three cross sections in 1/3 octave bands, for Types B2 with d

=2.0 [m], h=1.63 [m].
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Fig. 3.38: Numerical model of a sound field around house.
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Fig. 3.39: Radiation efficiency of the source for a variety of arrangements of house.
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Table 3.6: Natural frequencies of the distance from neighboring house,(2m, 4m).

Mode order

L=20 L=40

n=1 n=2 | n=1 | n=2 n=3

Frequency [Hz] | 85.9 | 171.7 | 429 | 85.9 | 128.8
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Table 3.7: Condition of fence.

Height of fence(h) [m] 1.06,1.63,2.2

Setback distance from side-boundary(d) [m] 1.0,2.0

A

House model

Z

Fig. 3.40: Arrangements of fence on numerical model of a sound field around house.
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Fig. 3.41: Radiation efficiency of the source for a variety of arrangements of fence, ” TypeA, B ,C, w/o
fence”.
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Fig. 3.42: Radiation efficiency of the source for a variety of arrangements of fence, (a variety of height).
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Fig. 3.43: Distributions of sound pressure level on the ground for neighboring house with fence.



3.4 BEATH A DR E G 67

3.4 BEFEANDREIRE
3.41 FfRITHE

RIEIIZ B W CTREE AR O R ET 2 EAR ST ENRE U-BIMEID A h =X L% MGt L7z, U
DUSEBANDEEHE Y U TAMERS 2 RET LI THAICEA2HE IS NITR>T0WaREY, 0D
ORI TIEBEFAMFEET ZRIICENT, e— bRy Ta=y MEROBFAHADEEZRHFT 5, A
HiTld (1) BEF 08 (2) IMERORE L METT 5,

R R MM DERTE
() BEFoRE

B A2 RET DI TOMELHEERT 5720, Figl3.44 O X5 ICHMERIIGFEAEET, piELAKORE X
(8.0mx8.0mx6.0m) DRE% 2 #fxfH 3 AAE L, MEEEMEEE ULTEFNMELZ, FHIZDOWTHMA
FRIZKEA e — MRy THEBEO — MRy 722y FOKRE X 2B L 72 E 5K (0.3 mx0.8 mx0.7 m)
ZETIVELL, REOEmA”S 0.2 m #EN/ZALEICHEL 72, ZOFFIZDOWTIE 1 H 2R 5K
RIRENEE 1 m/s 25272, XS CBARNE (L) & 2m & 4m @ 2 128 E Ul 247 - 7=,

House

(Nei ghboring house)

(Distance from neighboring house

Fig. 3.44: Numerical model of a sound field around house.
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(2) SMEROFEE
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Table 3.8: Condition of fence.

Height of fence(h) [m] 1.06,1.63,2.2

Setback distance from side-boundary(d) [m] 1.0,2.0

~
/—CArrangement of fence ) ~
Source Source Source Source
[=f
[ SMBRBL [ TypeA | [ TypeB | Type C_ |
- J

Fig. 3.45: Arrangements of fence on numerical model of a sound field around house and neighboring house.
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!
—
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Fig. 3.46: Schemematic diagram of the calculation of insertion loss before and after the neighboring house :

Cross section.
(1) RO E (BE/ & X /AEED & DRI

BEFAZREINTVIRBEICBVT, MERBHEINTVWARMAETORFAE (Fig.3.47 (281} 5 HH
(72)) DEEVNVE Ly ¢ & U, SMERPFRE SN TORWERMAETORESHE (Fig3.47 (2B 5 HMH
(F)) DEFEV NV Lyjor &UT, TOEDEZMO TS S0 Ly, Lyjos (CPWTIEEEIRIZEIT S
HEV VDI R F -G T 5,

( w/fence ) N _( w/ofence ) N

House
N

Fig. 3.47: Schemematic diagram of the calculation of insertion loss before and after the fence : cross section.
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3.42 METHER

(1) BiF O E
Fig.3.48 IZB A RERTR DRI 2R . M, HFEMEIIHY TS +6 dB Oz HFlT 5.

f S A A A
1/3 oct. band S T

20r

SPL Difference [dB]

Qs
4 563 8 1012516 20 2531540 50 63 80 100125
Frequency [Hz]

—eo— w/ neighbor(L=2.0) —e— w/ neighbor(L.=4.0)

Fig. 3.48: Average sound pressure level difference of the neighborhood front surface for a variety of arrange-

ment of house.
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(2) AEREDEE
Fig.3.49 2B P ~ D AMESR R ERT R DFER %2R T,
1/3 oct. band T
0f |
= *
E 5
810 |
=
5
B -
=
A
—
[l
v -5 |
-10 |

~15-—
4 563 8 1012516 20 2531.540 50 63 80 100125
Frequency [Hz]

—o— TypeA —o— TypeB —o— TypeC

Fig. 3.49: Average sound pressure level difference of the neighborhood front surface for a variety of arrange-

ment of and fence.
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Fig. A.l: Analytical model for acoustic field.
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TE O, QD 1L, EqA2D) BZENTNIRD LS IBF6NE LT 5,

T r T 4
op1 ) kh kb k%s kh b1
1 1 1 1
OO T S S LT B A31)
dp3 k3 k3o k3z k3s p3
L 0P4 _kzh k’iQ ki?, /@h_ b4 )
( T 2 2 2 1
op3 Ky kia kis kiy p3
1) k2, k2, k2, k2
{5p5}T[Kg]{pg} _ P4 31 32 33 ;4 P4 (A.32)
ops k31 k3o k33 K3y Ps
Wy _kil 1@%2 ki?, %4_ Pe

LHEIEHEERZ NV {p} % {p} = {p1,po, D3, pas s, pe} ZFIVB &, EIZRLE 2 RIZZATARR
YAfETH %,

| %) Fl P4 rz Pe
v [y vy
Q, Q,
P1 P3 Ps

Fig. A.2: A model case for the assembly step in FEM.
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T - _
op1 kiy klo ki kiy 0 0| [m )
op2 ki kya kyg ka0 0 [po
1) kLo kL Kl kKl 0 O
{(5p}T[K/1a]{p} _ P3 ?1 ?iz ?3 ?4 ps3 (A.33)
0pa kiy kig ki kg 0 0 |pa
ops 0 0 0 0O 0 O s
dps | 0 0 0 0 0 0] Lps
4 T r T 4 \
op1 0 0 O 0 0 0 P1
Op2 0 0 O 0 0 0 P2
1) 0 0 k2 k2, k3. k2
dp4 0 0 k3 k3o Fkig ki P4
ops 0 0 k§1 k%z k:%s k32)4 Ps
dpe 00 k21 1@%2 kis %4_ Pe
LA EDRERNS, HEEEOEL ZUTFTDLIIZT N Y AR TERITENTE B,
/ Viép - VpdV = Vép - VpdV + Viép - VpdV
Q Q1 Qo
= {6p} T K3{pe} + {op2} [K5{p?}
= {6p} K {p} + {op}" [K3|{p}
= {6p}" ([K?] + [K5)){p}
T - -
op1 kh kb k%?, k%4 0 0 (Pl
dp2 k%l %2 k%?, k%4 0 0 p2
_ dps ki, K3y kiz+ ki ki, + kL, ki k| ) ps
0p4 kiv kiy kis+k3, kis+k3y k3s k3| |pa
dps 0 0 k§1 k:%z k§3 k§4 b5
dpe L 0 0 kil k’iz 1@%3 ]@%4_ DPe
= {op}"[K*|{p} (A.35)

IOk, WARMEY Y v 2 A K3, [KS] &0, @RI Y v 22 K] 25T 258121,
ZNZENDOEHDY MY v 7 ATBWTHIE T SHIAUINIET 0 2 E T T L WHERD D5,
WIZ, EHETY,TYITHL, EqQA28) BRENZTNIRD LS IZ/ROND LT 5,

T 1
{ope}{QT}u(TY) = {ﬁp 2} {qi}vm) (A.36)
P4 a2
0pa ' 4
{5p§}T{Q?}v(F§)={5 } {Q}U(FE) (A.37)
Pe a3

SEEEERY ML {p) #AWVS L, EITRLE2 REFZNZNRA L FAETH 3,
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(5])1 0 )
op2 Q%
T /a v 5]73 0 v
{op} {Q7}o(IY) = L ¢ o@y) (A.38)
dp4 qs
5p5 ()
5p6 0
\T
(5]?1 0
5}?2 0
T ra v 6p3 0 v
{op} {QP () = 5 ¢ v(T'3) (A.39)
0p4 a1
6])5 0
5p6 ) \qg

U EOBBE»S, REEASHRTOESZULTOEISICT M)y I AR TRIHENTE S,
spvfds = opvtdS + opvtdsS
v ry ry
= {op:}T{QT}o(TY) + {6p2}{Q5}u(I'})
= {op}" ({QF}v(IY) + {Q5}u(Ty))
= {op}T{Q}}, {Q5 1 {u(TY), v(T5)}"

T - .

op1 0 0
dp2 Q% 0
) op3 0 0 v(TY)
C\ops | |d ¢ {U(TE)}
ops 0 0
dpe 10 43
= {op}"[Q{v"} (A.40)

2T, BREREEERY ML v} & (v} = {o(Y), 0T} LEHL =,
FIFRIZEY - BEY M)y 7200 TH@ER D 2EREDLES L, THOADIEHBRIZENT,
Eq.(A.15) &% bV v 7 2R TU T D & S icE LS FEAHK S,
{0p}" (([K?] — K*[M?] + jk[C?]) {p} — jwp[Q*{v'}) =0 (A.41)

ERD{0p} 12 & STMEFEORDITIE

(K] — k*[M?] + jk[C?]) {p} = jwp[Q*{v'} (A.42)

NERI N5,
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T4 L ICATEER

PBEDHiTld, bV w7 AIRTETI0 L [ I ERDESIZ, M)y I R[] ERHiHART B
MZEDRINDZ PR (R PV - MV IR - RTMVEE) B, BRI MY v oA ] & EHEiR
RZ MO ZRIER L FAEIZ 7325 & 5 ICBBRARKRSIC 0 D SN~ M) v I A THLHEEEKRT S
2295 (Eq(A33) KU (A34), {1 IZDWTHERAKTHY, X7 ML - R MVELFAEE 75 &
SO0 NRT 1 VT %FTD L RERT S (Eq(A38) KT (A39), 7272L, ZHFBADOERE LORRD
W= %D THEOOHBTHY, AREREOI—-NMULIZBWTZIDOAT Y T4 L 20 TN
EREHLTEL,
ZOE5BREETDHHT, AKOFIHTRET MY v 7 Z2HET 256, RRAD XS IZHSENT
&5,

K*] = K2 (A43)

ecq)
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A.3 PML(Perfectly Matched Layer) D #{EfZHTIEER
A3.1 PML EmARR

Bermudez & (& PML %Hig Qa (28517 % Helmholz R EZUTO LSRR LTWS [1],
1 0 1 Opa 1 0 1 Opa 1 0 1 Opa 9
—ZFA —ZrA A = A.44
%83«"<% 3w>+7y3y<'yy 8y>+%32<% 0z +Epa =0 (A4D
22T Y, Yy V2 & PML BN S T 2 HERBTH D, FEHEE,SEINDIFEHENRELS LD
SR B, WEEE 7,7, 7. BTRATEZ 5N 5,

1 (x < A)

V(@) = gy Ase<An
1 » (y < B)

Yy (y) = 14 k(Bj_y) (B<y< B (A.45)
1 ' (z<C)

72(2) = 1+7k(0;]_z) (C < z<CY)

Z7T, A B,C RO A*, B*,C* 1 PML Wi, PML AMBERD oy, 2 DEEEEZ RS, £/,
Eq.(A46) IZB\WT,

. ¢ i1 .

x(a:)—/o 'yw(s)dS—a:—i—k/A A*—st x € [A, AY)
y j BY 1

9(y) = / Yy(8)dS =y + k/ S ye [B, B¥) (A.46)
0 B -8

z(z)—/o Z(s)dS—x—i—k/C C*—st z€[C,CT)

R DIEREREBAT S, ZORE, FEIHT AW A R — &I,
9z _ o _19 9% _ 9_190 9% _ 9_196
or 0 v, 0z )’ oy Ty o) vy oy)’ 92 » 0% 7. 0z
(A47)

ERTZENTE, Eq.(A44) IEBA T D & 5 —M##Y7: Helmholtz 2R & Effif 2 RIcH MR 5N 5,

V2pa + k?pa =0 (A.48)
T AMEE T V, V2 I TR TE2 6N 5,

0 00,0, u_ O O &
22> o™ T ™ ~0i T o2 T 022

(
(
IS
Ny
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Perfectly Matched Layer

QF QA
Acoustic field domain PML domain
--------- . ['>»n ro
............... | T x Inner boundary Outer boundary
I NS ' x=4 x=A"
y=B y=B
Acoustic field domain z=C z=C"
(a) Perspective (b) Section

Fig. A.3: Analytical model for perfectly matched layer.

A.3.2 PML & EEMmEEOERFMG & PML RinDIRFAFKM

AFXTIE, Fig. A3 (@) DX, TV NEERD z,y, z IZEERE CHEI NS PML 25 5
D& L, PML SR GFEHEE L BRI 2B W T RO 23D LT 5,

pr=pa (onTh) (A.49)
pr ik Opa
on; vi On;

EREERTN, FEROK THEOHESEEKT 2, 22T, BT (0,5,k) & (z,y,2) ZEEEIC L
5HDL L, n; FHFEEED S E HROHEAIERR S MLV § fAESTHD, £72, PML INBEE
RTOIZBVWTIEMTOBRSM 2T T 5,

(A.50)

pa=0 (onT?) (A51)

A.3.3 ABREFRZEICK 5 PML OfE#T

PML 4855 ® Helmholtz AR D FF KL
I TIREAMMIEELAFCHDE, YA ZHERMT 5, Eq.((A.48)) IZE AR dps 2FL,
ISR 2K TS T 5,

/ Spa (WpA n ksz> av =0 (A.52)
Qa

ERE—IHIL, Green DHE—EERZEHAL, FTROLIIZEETE S,

SpaV3padV = —/ (Vopa - Vpa)dV + (5pAapAd§ (A.53)

Qa QA Ta an
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i Q, Q,

i Acoustic field domain | PML domain

P

i I Io

Inner boundary Outer boundary

» X

Fig. A.4: Perfectly matched layer in x-dimension with each domain’s unit vectors.

Eq.(A.53) % Eq.(A.52) 1L AT 2 &, MFD &S cBEROMA AR ESN S,

dS =0 (A.54)

/ (Féns-Tpa)a¥ <k [ spapaa?’ — [ s pa 20
QA QA 6

Eq.(A.54) O =THOBEF A HIZ DOWTIX, PML NEEEFR I'T & PML AEEER T 25 ET5 2, B
XD XS IzHKE 3,

Opa
9h

Opa
9h

Opa

o ds + 5pA dsS (A.55)

dS (SpA

5PA

9, PML NEREER T 12 DWW, PML fHI8, SFEMHESOZTNENOERBENEL, [, OME2E2 5, Z
ZTIHIE LT, FigAd D LS o ARIDRT DA EEZERTSHZ e U,
Opr

Ipa A
5o+ | opegras

Il +IQ = 5pA
I

A st [ ope 2P as

0
pAa NAx It aan
/5 Yy Opa RN i Opa A g (A.56)
It Yo ONAz I Yo ONAz
8 1 8 A ~5 N =
I 122V T, 9h = v o dS = 4,7.dS & Uz, I3 {220\ T, Eq.(A.49) OFEOMk5EM,
n n

(A.50) @iﬁﬁ*ﬁ:%ﬂﬁﬁb B ON T EERR T2 BB T D e, [+ 1, =0 &m0, HEHEEE
PML FHIR D BEF E TR 73 O L HARIER S NS HEZEKRLTWD
{Mqum5®®PML%%ﬁﬁFOuBiéﬁﬁ%ﬁﬁKOhf,&MAﬁ)ib,@AZOK@W
Opa
roé A
L%, £oT, Eq(A.54) ODBERFESEIZ0 &b, 22T, Eq. (A4 ITBIF288%=IZRL, %
Y3 FRDESICEES,

dS =0 (A.57)

/ (’yy'yz O0pa Opa el Odpa Opa el O0pa Opa

av —k* [ ¢ Yy YAV =0 (A58
Yo Ox Ox v Oy Oy v, 0z 82') /QpApAW kL ( )
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Ba AR DOBEE

ZZTIXEQAS8) IZH T —F VEE#AL, BUHEMICR Z W TERANERT @R ERT,
RIS 2 NEOBEFZIZHEIL, FEENIZDOWVWT Eq(AS8) 27Hli L, KSR TZOEEL2ERED
DI La2FRD, ZIT, HOHBERNDOMLEMTHIE pa FEREHIUTBT 24 pa; & NIFBEIE N, %
FAWTIRATIERLT 5,

p=)_ Nipai (A.59)
ZZT{N} {pac} %27 ML ERAD LS IZEHT 5,
{N} = {Ny, N2, N3, ..., Nr}

{pAe} — {pAlapA27pA37 .. 7pAI}T (A6O)

InsEHWS L, EqQAS) IFRAD LS IZRT MVOWEE LTERT I 2N TE S,
pa = {N} - {pac} (A.61)
X 51T, A7 —F VIETIIEMEK dpa ONHZREBRERE FH—I12& 5,

opa = {N} - {dpac} (A.62)

U EDBEfFEEHW, Eq.(AS8) Z2&EENIZE TS~ M) v 7 AR LTRL, BEWIZEE~ b
Vw7 A& Sl e LR ITRT,

BRI MN)Y I RDEH
9, HHEH e lZDOWT, Eq.(A58) DFE—IHIZ,

/“ %%3®A%A+%%0®A%A+%w8®A%A(W
o \ Yz Or Oz Yy Oy Oy v. 0z 0z

Ve - ox - ox Yy - 0z -

[ (s 0N, 0N, N 0N,y 0N, <O,
—/Qe ( ( opa PA) + v (; 3y opa j By pA) + ( pa P pa) | AV
~(6pac) | BTV (b )
Qe
={0pac}’ [KE™{pac} (A.63)

2T, [BPM] RO KPP IZTFO LS ITE#R LT,
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[ [7y7= ON1 YyY2 ON2 YyYz ONT |
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7= ON 7= ON: 7. ON
BPml) — Yav= ON1 Vaz ONe Y27= ONT (A64)
Vw 0y v Oy V' w9y
YaYy ON1 VaYy ON2 Yo Yy ONT
Vo 0z v, 0z v 0z |
[KP™] = / [BP™T [BP™ ]V (A.65)
Qe
FNT, Eq.(A.58) O IHIZ BT AR IHIT,
/Q SpAPAT YAV = /Q (" Nidpa 3 Njpa)dv
e m i ]
T N L / (N} {N}dV {pa.}
= {6pac} [ME™{pa.} (A.66)
22T, MPM EBIFO XS ICEHL =,
M) = .0 [ (N)T NV (A67)
Qe



90 ok A ABRERILO BB R

A4 EFRED O

ZIZTH, INETIZHF > TELHNIFEB N, 12OV TRhRR, ThzHWEBEESEE2ZRT, 22
TIX, AFETHEAL TWS ZAF IRER & PURER R ERIZOWT, BERIICHET S, 22Tk
Fig. A5 DE ST ICHEILE DT 3,

(a) 2nd triangle element (b) 2nd tetrahedron element

(6-node triangle) (10-node tetrahedron)

Fig. A.5: The shape of element with nodes.

A4l RBEEHEZOWMAIT

B =ARTXKER

H T8 EEAR

T 71V b FERESR (Fig.A.6(b)) TEARDIHR DD (x1,11), (22,y2), (x3,y3) LRDZMIZENT,
Ly, Ly, Ly TR ENBHEREEER (Fig.A.6(c) & T OBIUIIGE > T\ 5,

Tr = L1$1 + Lgxg + L3x3
y = Liy1 + Lays + L3ys (A.68)
1=L;+Ly+ L3

Ly, Ly, Ly &35 P(Ly, Ly, L) & SO —0h 5755 =l BEEABREOHMOLERLTW
%, F7z, HMMEERERATEERIZLTO XS LB TH 5,

Li=1-¢—n
Ly=¢ (A.69)
Ly=n



A4 BEEFED O 91

n L,=0
y‘\ (X ‘\ ,'
(x,, v, VY AL =1
3 3
P(L,L,L,)
< 1.=05
L=1
1 2\ 1 2 f ZL=0
> - > - 3
g (Xl,y]) (xzayz) (xpy])/l ‘- 1' ‘. /, ‘. (xpyz)
> L=0 L=05 L,=1
. 2 2
(a) Local coordinate system (b) Descartes coordinate system (c) Area coordinate system

Fig. A.6: The coodinate systems of triangle element.

RERE
BWRANORERE (z,y) FEAR_RERIIBWT, 1 HHOHRIZE T 2N N, ZAFIC& Stk
ha,
Ny = Li(20, — 1)
Ny = Ly(2L — 1)
N3 = L3(2L5 — 1
3= Ls(2Ls = 1) (A.70)
Ny = 4L, Ly
N5 = 4Lo L3
Ng = 4L3L,
NFREROH LT

M EONFBEBII AT EEEZ HWTRINT WS, FIfiE TR UZERERME~ NY v 7 Z0FEIZIE,
Wﬁ%ﬁ@@mﬁg%@@§%ﬁwam;;;;;1%%mﬁaﬁgﬁ@aou#b,:@@u%a%f
KRT BT L KB BN TH D ARERED T 155 b WSS 35T LRI H B & 1
S7VN T C TR A KSR T O IR I & R SR © O IR i & 51551 5 %
ek BT
RO BT 3 F x4 2 — L & D B FOBIRAH D 7,

ON; ON,dz _ON, dy

o0& ox 0¢ dy 0¢

ON; 0N, 0z 0N, dy

on Or On dy On

EXE MY w2 ARATRT L, UTFOXSIZHELHNTES,

(A.71)
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ON; @ @ ON;
o8 | |9¢ 0¢ Ox
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= [J] N, (A.72)
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o T, WNIHREHR D RMEER TOZEMRMD ZATD LS IZRTHILTE S,
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ON; = U] ON; (A73)
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T, [J] I FEEEHRIZET A Y I THOMUTOLIITERI NG,
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Li=1 =1
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ONy ONo ON3 0Ny ON; ONg T2 Y2
o 9 9 0E  og OE | |ws s e
8N1 8N2 8N3 @N4 aNg, 8N6 T4 Yy ’
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| T6 Y6

A EDBERA &, PHRBIE D R HERLR T ORI E R OHi O BEE L O, B O 2K EEERTO
Rz E S 2 HRARETH 5,
WHRBIE D [ T FEEE R T OMRMMEIZ DWT, EqATD) IZFRO XS IcFHEHZ, i EHOHRIZB Y
% NFRBEEN; DENZTNIZOWTHEET 5,

ON; 0L, dN; 0L, dN; 9Lz ON; ON; ON;
o6~ 8¢ 0L, ' ¢ 0L, = O¢ OLs 0L, 0l
on  On L, On OL,  On OLs OL;s 0L,
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8;5[2 =4l =1 (2]\: —0
88]\573 =0 88]:773 =4L3—1
68]\5]4 ALn — L) %]:;4 = —4L, (A.T5)
aﬁj\? s 68]\7;5 =4L,
88]?3 — 4L, fgﬁ ALy L)

B MEEZRER
R TREEAR

FHI b ERER (FlgA7(b)) T@Eﬁ:@]ﬁ)ﬁ@@%ﬁ’ (1’1, yl), (.CCQ, yg), (x?” yg), (1'4, y4) & 70 A DUTH AR
IZBWT, Ly, Ly, Ly, Ly TR E N A KBS (Fig.A.7(c)) & A FOMBEIRE R > T W5,

x = Lz + Loxg + L3xz + Laxy
y = Liy1 + Lay2 + L3ys + Laya

2= L1z + Lazy + L3z3 + Lyzy

1=Li+Ly+ L+ Ly

(A.76)

Ll,LQ,Lg,L4 = P(Ll,LQ,Lg,L4) 82%%75’6725@]@%(‘1%%@@%@%@%%@%%%b“Cb\
5, £z, RHEEERERBEERIUATOXS BB TH S,

(a) Local coordinate system

(b) Descartes coordinate system

Li=1-¢—n—¢

Lo —
o =¢& (A.77)
Lz =n
Ly=¢
Az 3 (02 3 (x, ¥ 2)

P(L,L,L,L)

4
(Xp Y0 2,)

4 (X47 y4s 24)

(G T zl)\% ;

(x17 y]» Zl) J2 (xz’yP Zz)

(c) Volume coordinate system

ig. A.7: The coodinate systems of tetrahedron element.
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R EZ2 RS 2 HIARETH S, WO R ERR TORMAMEIZDWT, Eq.(A79) X FXD
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on ~ On L, On OL,  On OLs = On 0Ly, 0L 0L,
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Gauss-Legendre 70 ZBUEM D ED =2 TH YV, MOEZBHM O TH S FILTH 5, Gauss-

Legendre 87 T
KZE DI

MTE 5,

X9 BRI

Tl € e [1,1] L ERLE KRz B
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Table 1 Conditions of fences.

Height of fence h=1.06,1.63,2.20 [m]

Distance from house d=1.0,2.0 [m]

Numerical analysis on the propagation of low-frequency noise

around a house —Effect of exterior fences.

Jumpei KADOTANI, Naohisa INOUE
and Tetsuya SAKUMA
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Fig. 1 Numerical model of a sound field around a house

" Numerical analysis of low-frequency noise propagation around a house — Influence of arrangement of
sound source and fences, by KADOTANI Jumpei, INOUE Naohisa and SAKUMA Tetsuya(Univ of
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Fig. 1 Numerical model of a sound field around house

Numerical analysis of low-frequency noise propagation from household equipment -Effect of exterior fence.
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Fig. 4 Distributions of insertion loss on the three cross sections in 1/3 octave bands,
for Types Al and A2 withd =2.0 [m],h=1.63 [m].
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