creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Extended study on energy flow analysis for ship cabin noise

in the medium-to-high frequency ranges

20224 24
A& gt



e R P EEREL!
NIA 5B H e AT

Extended study on energy flow analysis for ship
cabin noise in the medium-to-high frequency ranges

XN,

=55 F 4 2

o] EEL FHUA SR oE AEY
20223 2¢

20223 1€
94 =43 (1)
2993 F 48 (21)
CHEEC R (D)

(%
dg
B
Jo
A
>




mr
N

s

A A

A3 Aol ouix B Ea e

S814e

154

o

8 W GAean st

&

17] 2ol

<
T

—=
1o

il

_
o

J 490 Z}A o] o},

O =]
¥ °

T2E &

é}

T

f:,—l_

5]

27 9]
A

e
=

NUA s FHH 2D} Tr=A

i
4

a4 A

elat

AL

ojn

olp
_EH

ol sts om,

=%

Al

=i
=

.......



3719 FSAE olFold tETE £87] A4 A AA oUX
1ae 95t AUAEEAMPI  ZBAA R

(hypersingular integral)< =Z3t3th 24 =% dUAsEEF=Ed H

f
\

M
re
I
Hd
)
Oft

ZHIAAEA S o]&ste] Adubg WAHE(ned duct) LFdMHS
FPstAoH, AS @3 ¥aE Foko siddAxE SYsid. gdHE

YAEHES s das F3lo 7S dF & 5 A" HYe s
a5ds F8HEe =St =P E(splitter) 45719k o] ExHEE
FEE e 47 e feto, ftasId A s FHAHY
3 2A(FE-EFA hybrid modeDg AAstGow, Adkg ~FH
ag7le A 2 AZHIY HnE B 4SS FIEET HE5E
53l APd fdael FALuEES olgdte] 2FYH 23719

Zz0l: HAAE, oUAEEHNY, FeA, HVAC A=d 28,

5 24,

oX

A7)

8} W 2014-21824



A Bttt sttt ettt ettt bbbt e 1
LL AT Z Ui sssesssesss st ssss st sssssssssssssssssnnes 1
L2 TETA oottt sttt sttt 5
NAREZHAHLY] THLR oottt ssssssss st s s sassssssns 7
2.1, A EBF A ...t eeseesese e s eenesesseenenns 7
211 AMIAZEIMNAHEY BT A cececiireceieeeireeeiseeesseesssseessens 7
212, HHY AR ZEINAE ...ooreecreenirenisnenisenssenssensaeeens 10
213 339 WAL tE AURAZENAE 15
214 3R SFFLA AT AUAZTENHY oo 19
FeA 2F AMURNESHHEG Moo eneens 28
31 FEA S AMURREHA Y .. 28
3LL SR AG BAIY ot ss e 29
312, OIUR S A .o 36



313, SRR Ao saasiens 39

32. F5A 2% AMUAZTEHAHY A 41
321 F5A % AUAZENTE HAF s 41
322. AUABEAHE °)&F F& TRE Y. 46
323, JFSTEE AAY 9E HHAH EX s 50
A HVAC A87] S st sssssssssssesssssssssssssens 75
41, A T B sttt sens 75
411 A8 HVAC A2B B4 eeeeeenseesstesseesssesssaennens 75
412. HVAC &£87] AFA B4 eeeeeeeeneeeesseesssssssessssnnens 83
42. ANUAZENAEE ol 8F 23] A, 88
421 TOIGAEE AT ZDAAFEH .., 88
422. A &57] AE A FE-EFA 718 98
43. Zuhg HVAC £57] e B8 £33 MY, 114
431 U8 YWAYE(ined duchESA...coveeiiiereeeeeenens 114
432, %< 183 0¥ WY Elned duch.....o.oeeveeeevieeiinnnn 123
4.33. 2"IY AL7|(splitter silencer) &S84 .....ooveveviviririnnen. 134



A4, 818 HVAC ZL7] A e eeeeeees e eseeeeesesesseen 140

441 A8 HVAC £37] A% FAY s 140
442, 998 HVAC £27] HAFHI}...crcrercccrneneeenenne 144
AUAEEH Y S o] &F AL LMY 165
5L A A B A st nens 165
511 AAEESTE E Bt seeeeeeenens 165
5.1.2 AAESINA TR ccoerrrrreneeeeeeeeeeeenens 166
5.2. Direct Acoustic Energy Flow Analysis (DAEFA)........cccccoeveveveeeereeerenene. 167
5.2.1 BB TIE .ttt 167
5.2.2 A TIE Bt 170
523. AASF AFE AT AAFEY EF 171
5.3. DAEFAE o] 83t AA &SN e 175
5.3.1 AAES AT Z AT rrrnnssseneseseseseeseeseenens 175
ZE L T AT ettt sttt ettt sesas 187
8.1, B sttt sttt a et ent et a e s 187
6.2, T T T ottt sttt sttt ettt saaes 189



Vi

3 A=t ot w



I¥ I3

Figure 1 Loss factors for sound absorbing materials. .............cccoocviiinininciics 53
Figure 2 Wavenumbers of energy flow model for sound absorbing materials.............c.c......... 54
Figure 3 Rectangular model for sound absorbing materials ..o, 55

Figure 4 Field points for investigation of energy density and intensity distributions: (a) mid-

cross section and (b) CENLEMTINE. ..o 56

Figure 5 FE mesh model for numerical analyses..........cocovvrrrrrnnnnc e, 57

Figure 6 Comparisons of energy density distributions on centerline for FEM and EFA results

when Ry = 20 kPas/m?: (a) f =250 Hz and (b) f =500 Hz..........cccccouvvvirumriernnnee. 58

Figure 7 Comparisons of intensity distributions on centerline for FEM and EFA results

R = 20 kPas/m?: (a) f= 250 Hz, (b) =500 Hz.......cccoovmrrrvrmrrriiircrncrncnen. 59

Figure 8 Comparisons of energy density distributions on centerline for FEM and EFA results

when Ry = 100 kPas/m?: (a) f=250 Hz and (b) f =500 Hz........c..ccoovvrvrrrrrirnneee. 60

Figure 9 Comparisons of intensity distributions on centerline for FEM and EFA results when

R; = 100 kPas/m?: () £ = 250 Hzand (b) £ = 500 HZ ...c.co.oorsvrororoososocso 61

Vil



Figure 10 Geometry and mesh model for noise analysis of a sound absorbing structure: (a)

geometry model and (b) mesh Model ..o 62
Figure 11 Convergence test for EFA @NAIYSIS ..o 63
Figure 12 Comparison of insertion 10Ss for eNCIOSUIE ...........covvrrrrrrsreee s 64
Figure 13 Types of sound absorbing SErUCIUIES............c.oveinieincece s 65
Figure 14 Planes for energy distribution and flOW ..o, 66

Figure 15 Energy density levels for three types of sound absorbing structures (dB Ref.

SO ) DO 67

Figure 16 Energy flow for three types of sound absorbing StruCtUres ...........c.cocovvvvrrrinene. 68

Figure 17 Details of energy flow according to sound absorbing structures attached to: (a)

ceiling vs bottom and (b) Ceiling VS SIAES.........covvviiiiiiiiiiiiieeeeeeee 69

Figure 18 Geometry and mesh model for noise analysis of a large room: (a) geometry model

and (b) MESh MOGEN ........cviiiiii s 70

Figure 19 Energy density and flow distributions for a large room: (a) energy density and flow

on Sec. 1 and (b) energy density and flow 0N SEC. 2........ccoovvviriviriiininnnnnniine 71

Figure 20 Energy density attenuation at 2000 and 5000 HzZ ...........cccovvvvnnnnnnnrsssr, 72

Figure 21 HVAC noise contribution for ship Cabin.............ccccovrvvieiinirccinnneeceseeees e 79
viii



Figure 22 Ship quality grading Standards..............cocorrrrrnrrrssssss e 80

Figure 23 Offshore-plant HVAC noise and material regulation standards of NORSOK

R F2 1010 P (0 TR 81

Figure 24 Cabin noise measurement values and performance of HVAC silencers mainly used in

] 0110) 77 Lo (TSRS 82
Figure 25 Vibration and noise analysis technique according to frequency band....................... 86
Figure 26 Necessary researches for silencer analysis using EFA ..., 87
Figure 27 Discontinuity problem for multi-domain EFBEM .............cccccoonvniinnnncinicnseenen, 97
Figure 28 ASHRAE guide for regenerated noise of the splitter silencer............ccccoevvvvniene. 111
Figure 29 Splitter silencer geometry for theoretical analysis...........cccccoveivrieicieiccncinsce, 112
Figure 30 Overview of splitter silencer for EFA @nalysis ...........cccccovveieveinneisieisieseieseees 113
Figure 31 Silencer plane MOdel..........ccocvieiieiiecece e 117
Figure 32 Boundary conditions for silencer analysis............ccocoeeoinniiiennnsienneceeiee 118
Figure 33 Energy density(a) and energy transfer path(b) for the silencers...........cccccovvrene. 120

Figure 34 Comparison of multi-domain EFBEM and measurement results for the silencer with

0.2 m width (air + mineral WOOI)..........coviiiiniicese e 121

Figure 35 Comparison of multi-domain EFBEM and measurement results for the silencer with

iX



0.3 m width (air + mineral WOOI)..........cooieiinirieee e 121

Figure 36 Comparison of multi-domain EFBEM and measurement results for the silencer with

0.4 m width (air + mineral WOOI)..........covieiineeee e 122

Figure 37 Comparison of multi-domain EFBEM and measurement results for the silencer with

0.5 m width (Air + mineral WOOI) ........cccooeiiririeiiinseeseie e 122
Figure 38 Limitation of existing empirical formula............ccccovveiinrniiinnneieeee, 125
Figure 39 Analysis procedure for large silencers with mean flow............cccocovvvinniinne, 126
Figure 40 Coupled(flow and acoustic) analysis for large silencers with mean flow ............... 127
Figure 41 Settings for flow analysSiS..........coo i 128
Figure 42 Setting for aCOUSEIC @NalYSIS.........cccceivieivieiieircesee s 129
Figure 43 Multi-mode effects for SIENCE ..o 130
Figure 44 Geometry model for MEasUremMENtS..........cocvevreiireesiereeesce e 131
Figure 45 Silencer properties for VErifiCation ... 132
Figure 46 Comparison of experimental and analysis reSUltS ............covvvvrrnnssnssssn, 133
Figure 47 splitter silencer geometry for ShipS.........cocovvrirrrnr e, 136
Figure 48 2D FE analysis results for splitter silencer according to frequecnies...................... 138

X =
A 8-t



Figure 49 Comprison of measurement, 3D FEM and EFAresults ... 139

Figure 50 Estimation of IL value up to 2 m range (Thickness 0.025 m for Rec.) ................... 147
Figure 51 Estimation of IL value up to 2 m range (Thickness 0.05 m for Rec.) ..........c.co...... 148
Figure 52 Estimation of IL value up to 2 m range (Thickness 0.025 m for Cir.).........c........... 149
Figure 53 Estimation of IL value up to 2 m range (Thickness 0.05 m for Cir.)...........ccvevuneen. 150
Figure 54 Procedurefor empirical formula derivation ............cccccceeoviiincincisesecesceseees 155
Figure 55 Analysis cases for empirical formula derivation..............cccccoveireisieiscencieseeene, 156
Figure 56 Acoustic characteristics of large silencers with mean flow ..., 157
Figure 57 Definitions of variables for empirical formulation..............coccoevvicinniiccnnene. 158
Figure 58 Comparison of analysis and empirical formula results.............cccocovvvvvvnrnnne, 159
Figure 59 Examples of splitter silencer optimization............c.cocovvvrrnnnnnrrs, 162
Figure 60 Optimiation results according to freQUENCIES ...........ovvrvrrrrnrr s, 163
Figure 61 Quantitative analysis results through optimization.............c.cccovreieinnciennsicennen. 164
Figure 62 Geometry for derivation of total energy fields ............ccooviiiiniiiinnice, 178
Figure 63 Measurement position for ship cabin NOISE ..........ccveeiiririiieinree e 179
Figure 64 Settings of measurements for ship cabin NOISE...........ccccovviiiiinnriece 180
Xi



Figure 65 Flow noise analysis model for the HAVC diffuser (a) Analysis model for CFD, (b)

Instantaneous VelocCity distribUtioN ... 182
Figure 66 Sound power radiated from HVAC diffuser ..., 183
Figure 67 Sound directivity for HVAC diffuser..........cccovieiiinrciinrscieseenseeeseeenn 184

Figure 68 Numerical settings for ship cabin noise analysis (a) Elements of the ship cabin, (b)

Absorption coefficients for the elements...........cccvveiiiiinnicccs 185

Figure 69 Comparison between DAEFA and measurement results of ship cabin noise.......... 186

Figure 70 Reduced noise control performance due to application of eco-friendly materials.. 190

Xii



Table 1 Mesh discretization criterion and NUMDETS ... 74
Table 2 Noise standard for off-shore plant cabin ............cccoeovveiierceicc e 78
Table 3 Recent esearches for interior NOISE anlaysiS........cccevvverreiireiesiencieree e 110
Table 4 Parameters for the experiment and analysiS.........c.cccveivveiinieienienciesseresee s 119
Table 5 Spillter silencer properties for verification...........c.cccocevveiiiei s 137
Table 6 IL value up to 2 m range (Thickness 0.025 M for REC.)......ccccovrvverivrinsnicirecens 151
Table 7 IL value up to 2 m range (Thickness 0.05 M for REC.).........coovvvvrrnnnrnsrsn, 152
Table 8 IL value up to 2 m range (Thickness 0.025 m for Cir.). ..., 153
Table 9 IL value up to 2 m range (Thickness 0.05 M for Cir). ..., 154
Table 10 Settings for splitter silencer Optimization.............ccoveierricinnrcieieeeees 160
Table 11 Fixed variable for splitter silencer optimization............cccoeevevvieinnscicinseee 161
Table 12 Solver settings for the CFD ... s 181
xiii



1. A&

11 a7 2 W&

HT Auk @3 Al e A gigk 2F TUE ISk,
ZgAlelel gk A4l FrlekAdth Adte] A @ 7 =
st A7 &aFol =22 F AeEE S g FHFUY A
dgFe mFE £ Atk o] Uske]  IMO(International  Maritime

Organization)oll A&  A¥ke] FRFe we} HdAdA &5 7]&S Res
MSC.337(91)= B3t A, Hol 55 dBA)S] w9 dAd 7&S
AN o]y AT 2gVIEE TFHSr] HAdlAe AA =27
GAFE AAoA EAstE LS dig dS5S 5§ E40] Fasit
Ad F8 259 Y, 5F, 37 ZIARIE o] Foix wilf A =HIQ

HVAC(Heating, Ventilating and Air-Conditioning) Al2®S 53] HAEH+=

(-

280tk HVAC Al2El 4282 woe Ea A4 yrz Agznow
2

AeE7] Weol 718 2 ZzddA E Eoixl Adde] g

of
oot

S mXY. ABS(American Bureau of Shipping)oll A= A¥} 2

I

(

i

AEA WA= a25d B A A2 wE A

ABYL slEshn dEH, HVAC &%e A A s HaHe
GFL 7AE NS FAT + U



agdSde Fa 9 FRE A7) wE g dArIEEel

(o

AHEETL Qlth R HVAC Al2®El AgsiddAe 5UA A
g Ael  HE FAAHA WHoRE  Aklele #asH
AA8 Aol dE  AMgHoigith siARE O FERE OH
T - ATl st M FRE ATl wEY EAAGY
AAZA st wzskA Wsts BEAAo] EAEY, E3dor &
[47F F43% F74E we Az vlgo] s @ol EA4 "thUus.
navy et al., 2005, Ichochou et al.,1996). ¥ AGollA thFojd Aulg of g
5

HVAC A2’ 223148 9islA 712 ol opd Alze Hawe

i)

4718 ol Wasit,

AAZEA WY FERE 2S4S F994e FAFAUASNAH
(Statistical Energy Anlaysis)©] % - 22 &14S s E8 &85 Aot
FARA|ANAHE LS FEREANA HEVeE EFAS 9 EAS

Babgoleks Al §¢ 8 A% oUA7t eluXAY AgHEn

ol el I3 WIE & ¢ flem Y Axel AR

S



o] glo] ko o] F oUx &34 (Energy Flow Analysis)©]

AEA Atk oA EFe A

2 3f9) X AgwA} oALABAS

L
—

l

Fod Do AR A eE A S 7oz

%35

2 % glon] oA

shotg

A7 =7HA

ol
L

}TH(Bitsie, 1996, Kwon, 2011).

S

% #8

g o H

T
T

Bl

Ao 34

P
T

)
R

3]

AF7HA 18] A5 &

2ol

stov, &se7|et

285 o

ol

AbZg A

i}

ojp

1|

o

—_—
o

T

KO

oA Z| 2| v 18-

SEREET RS

L
)

A

8% %

|
)

3 44 ol

SH= F5A

Jo

bt o

S

oA o

i
Nd

=7

7 A ol A1 9

Ay

A ol A

=
LN

b UA B EAA L&A 0] 7R AR

3
il

(Hypersingular integral)ol] Tt



2~ 2] E{(splitter)

7

7Esk ATt

o
=

3= 9l (FE-EFA hybrid)

e
T

I NEBB(National Environmental

3

ZM 404 HVAC A

Balancig Bureau)©ll 4]

L —
|

5

gl

AES P

HVAC

A7

TEER o] FolA]

E

HVAC A

il

=

X
ojn

np

AHG, GFAet Aol

[e]
e HE

9

Eal

HVAC A

k!

oM ¥ FHES 7P tSaarinen et al., 2016).

A (diffuser)e] 7% A=

ol AA =] stEol 9= HVAC Y+

3

il

—_
o

p——



9ete]  7)8+-23F3(geometrical  acoustics) @S ALt TE o]
EEH S AA AHAA ASE A 4 vaE

¥ BAL FANG:

Y
ofN
ol
ok
e
o
)
o
>
il
o
Ll
do
o
v

I

=R gew} o] TAH Y. 2gelAE B =RA F=
A =@ Uz eld ANt @A7A ATEo]
A EEA e SAol deld AR, s SRAd FEE

B a8 Az el ik duAEEA e A e FEAA

HVAC £87] 4% 5% A% AUAESHNEL ol §F HHude



3}7]

3

YA & & (hypersingular integral)ol] T

He ol&

A1
]

g AWEY. oA 553

3

E
=

st

51;]

ko

9]

J|

1

_
o

file)

(FE-EFA hybrid)

o
AL

=
=

R

3]

il

o

AAIQ

shof

°]&

=

3

ZhA ol



2. A BEHAE AR
2.1. JdUAEZEHNAY
211 ANUAZESHe AFA

AR EFHAHS Belov (1977)e & A77F AIRESISH,
1

Nefske (1989)= oUAEEaNdHo] HFHAAHS HE3k]  Euler-

filo

Bernoulliz. ] Zl&3)4]

Agshe By B AHERE AUASEAMPINE FESTh

33k ch Wohlever (1992)=  =%3}7}7 o]

13+ F2E9 oA ZEXu A4 o ZXE Bouthier (1995)= Hraka
Kirchhoffd 2] o= A4S FEsttt =3 Aug2

= 12 FEE oY AZFAEAA T Zo] At FoE oA

(1993)= EFTxES] F H4e 8 oy

< AEAZ AdUAEERFT SAHES AHSIGT W F

AU ZRE FEHE FYFEH WAAFE o]&dte] A4 84 I
535 TE Parka} Hong (2001) 9] E®lE3H4(potential functions)E
o] &3l HHAe] Futeol Futel e WY I(in-plane wave)e] ANUREE

A A e FESIR e, o] Ao r AH B AUAEFHA

~



S 33U TE Seo9t Hong (2003)2 H-FH ko] AAXHo|A e T3 H

FAE = RN ERE 2 A4 BANS o]&ste] E-Ed AA

AqA dEside AT dUAZEHAE 7IHke] WA ==
NEstl o, Park (2006)= cIUAZFHAH kel ZFsfH A =6l

FRAS Ho7Igde) 71E AeZEado] f3e4ARdS JqUAEE

(model converton)E  TA3PTE °o]EY  (2006)S AUAEEHAHE

Ao FxBY WAL 8 AHASS ANT F de Axwe

o

T3 Park (2007)2 FA A ol A3l AR o] 44 =4 A5 (Coupling Loss

Facto)s oA &E3NdHe]  AAl  AHE3tH A Al=H]

AF£SE AT F 9= £GP AUASENAY (Hybrid Energy Flow
Anlysis)& NEstiTh E=E BETEBel 8 4 98 APLUALT

b

gE AF84E AEA AEot EFF AUASET LA (Hybrid

Power Flow Finite Element Method)E ZA703F9t BE-S (20092

aFurtg o] A3 7253 e fdl AUATEHAHES o] &3
=

S PIF AP AzEe TH SGTh AUAEESAAY



o

R

3
S|
=]

o oy

=
L
| KelKe]
= =2

o

PN
T

o] weor e A%

o] AANA 7]
Al A2

o

9

x|

a}o]]
HoFEg, Kim3 Hong (2011)

&
AqUAZE4A e ol&st] 1Y
o]

-
T

T

]
5

ul

]o
o
T

-

o]

?_]__

L

T

o] 7k
%

]

[e)
Q

T

T

=]
[e)

T

)
w714

o

x|

.
E

Han¥} Hong (2012)

Hardy (2009)
Ittt Kwon3} Hong (2011)

Fdst o, Fae| AAAM qhets

Az F3 4ol wls]

ol A

(<

oy
q__mo
To

WAL A 5,

’

K

o

Han
5]

(9]

e A
AR YA EE

274

L

)

AR5

23 ol

A

2% dUuAAEEER T

=

=
=
=

5

[e)

T

32

8

H

}
o] oA

=
L

£ A0
)

[e)

L.

SIEEAR
(2013)
3, 23 Rme) X

5

o}



TZ2E AFHM o= F&sH A2 + Utk MR ES} 22 FERES
g Ho] FxE Aol wHE =] wEd, o2 i A=
AAAgdasts FAY 4 §lth Han (2014)2 B9 Hdddg a39&5

1123 Rayleigh-Love 53 Rayleigh-Bishop % w3l A o= &E ]l

212, BEe AUAZFIHNY

]+ph pve =Fo(xX—=%,)3(y - Vo) (2.1)

7N wie WEe] FIWE W9, D, =EQ+ jnh'/20—v) = EAA,
Ex 9E, nt &8s, he B 57, v Zol<EH|(Poisson” s ratio), F=
Faol 7hliA= el 718 YEHIM (xo,y0) © HOl 7HIAI= fAE

YElH p= Bde] dolth 4 (21)9 LdHtsli< 4 (2.2)3 2t

10



w=(Ae ¥+ Be® +Ce™ + D JAe™ +B,e +Ce™™ + DY B (22)

A7A ke = BT x WY

BRI g ke A (23)3 2

%)

F k= BUT y B otk

2 1/4
k=K +k2 =(”g“’ ] 2.3)

ool AZAAS M« DS AEFA FYke HFEE ol

o] ZAEl .

£

kyol 3550l e,

11



Bae  wWeldE  WAGHEN  2AYYReE  FAUL:

sHstAT. Wb x, y W&o dAGAETS ¥t BHe w5

W= (Aie*"kx +Be™ XAZe*jky +B,el )ej“‘ (2.6)
Bae xREouA 9 FAUAZREH HHEe AIRF P

D|(0°w o*w" o*w o*w” o*w o*w”
<e> = 2 7|t 2 > | TV
4| Ox° OX oy® oy ox~ oy
ow |, phowaw’
OX0y Oxdy

@2.7)

2(1_V)( 4 ot ot

SIEIANE &= Hol| 7l A= FYS oujstez Hiol x y Wake] Azt 3
78 ABRIAE = 4 (2.8-2.9)7 2.

12



1 ow  ow Yow) (ow  oAw) otw )
(1), ==DRe|| T +v——s | = | | SF5 +v s
2 OX oxoy*“ )\ ot OX oy~ )\ oxot 28)

1, - Lo (2., Suyour (o, ow) o)
yo2 oy®  oxPoy \ at oy?  ox2 )\ ayét 29)

P UAF HYHE UgdE 2 2602 2 (27-29)°] WYt

At Al Fod W duAd=e} AdAEE de o

(e)= % D(KZ +k3f ﬂAIZIAQIZe‘Z(k““k“” +[B| A, [ ekt

" |A1|2|BZ|2 e—Z(kxzx—kyzy) n |Bl|2|BZ|ZeZ(kx2X+ky2y)

(2.10)

<|'>x = Daok (k2 + k;)h Al A2|Ze—2<kxzx+kyzv) _BFIAS o2lxk,29)

(2.11)
i |Al|2 | B2 |2 e_z(kxzx_kyzy) _ |Bl|2 | 82 |2 eZ(kx2x+kyzy)]

13



(1), = Dk, + G AL e 2 < B, e

2 —2 w2 X! kzy 2 2 Ky X+k 2y) (212)
_|Af[B, e ) g, ettt ]

4 (210212)0 25 B3e] A2 FFA UARES A B

AE t=3 22 duAdEdA s oz yepd <

(N=(1) +(T) =="2v(e) .13)

A7 ¢, —2eDiph)* = BBl A= FUse] qUANLLEE

LHERH T

Wohlever (1992)« AR AU o] skl stE 4] (2.14)3 o] YERAUT

®=—m+n —1I1

dX dX in diss (214)

ANA & AAARW AL IS e gy S AAAA
el A 245 oh9E et AAAEE s Azt whe oy
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N

1R=0) WatEe gly] de oed 22

.

A=)
do
ol
ol
r o
a
1>
flo
ne
flo
ol

s

(2.15)

Cremer (1988)= &AE & 9 E ofefel 2 B AAB/AA S ]85t
ZHsHA

1_[diss = 77Q’<e> (2.16)

,ﬁ
e
o
9
)
et
“
P

2] (2.13,2.15-2.16)2H-E 2] 217)% 22 B9 I0d

sEANYAS 9 & At

— L +nole) =11, (2.17)

213, 3R WAREE R AR EEH A

33 FFIAA Fobol tidk AN S A (2183 2

A5E 242 (Helmoltz equation) ©. 2 UEFE 4 Ut}
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Vip+kip=0

(2.18)

A7 pE S¥elAL kv otk 4 (218)s THEHAZIAEZ YW
O3 2
d’p 2dp .
+=—+k’p=0 2.19
dr®  rdr P (2.19)
A7 r & AFHOERHY Aoty WAALSS FIEAlA AATLE
At & F Jerg SUCEREH HAHWE F4ve 18E T
Ao, o] A 2 (2199 YRlsiE the Zrh
p= ée’“ (2.20)
3 Ay £x9 AAA S UEHE Euler A& A 83 4 (2.21)3
2ol Mo £55 7 F Uk
uziﬁp(r):_'ilﬂzkre—iﬁr (2.21)
po  or po I
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A7NA r& AU

AR E T

=]
T

Bel Agloln ke Bassza ggwn ol

—l1_;in
k = k(l j 2) (2.22)

A7IA n= e ZAAroIH. s A SE2RY ARE Fvd

AR L=} JHAEE 7 AT

1 * 1 * |A|2 Tk
=— [ N E— 1
<e> 4[,OUU + gz pp } > 2r2 (S +

2
L
2(kr)° 2kr 8

_l *)_ |A|2 —nkr
(1) = Relpui)= Cve (224
74 pr dAe] AEelA ¢, & vlel oluAHT

ARAF7E 2 (n« 1), BAFGHo] T Aol HlE] ASUSEFE
g 9ojx Je= A(kr > 1), A (223)2> 3 o] 24k "o

)= 5 e

= 2.25

2] (2.24-2.25)2RE] 2] (2.26)F o] 33t

= s
=2

A SFFUAA S

of JAHAEI Y] BAE UBh= WA AE

AN <

17



<w=_ﬁiﬁﬁﬁ+3@ﬂ (2.26)

w
Ny
(o
dlo
ot
o
N
=2
)
b
>

| @19 AABFBANS fase, SIFID
NA Lqto] 9 LEoUxe TEHANUAI} =Ud7] wEo] 2

(2.16)2] FHRABAANE AT & Aok A (21521622600 =

z
)

33 EFFLoNA Y] FFANAEE gk AR B EA G =

o) 1:]_

o =
=g

+

_ﬁ[i@Jrﬂ@JrE(e)] +nole)=TI, (227)

=- e (2.28)
2
Amc,r
H=— n ; ~e7 (2.29)
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214, 32AY SFF Ui VR EEHNAY

o
A4 El (steady-state) @] AU FIHe FHS o]RE AA EI U9
o) d(medium)oll A o= EHo] ATt JFAEHE, S FZFolA

Sl gk Auigale 4 (2.30)% Zrt

0 10%p
2y = 2 2.30
(1+Tat)‘7 P =22 (2:30)

A7 pe +9S drlEta, ce WA 3o £EF VMY &
A3}A) ZHrelaxation time)S YERATEH of® FH A o] U= 3F FItol
QRERH AF& FAY WH2HL S99 ¥spt dstdE SFE
o] o] Wto] FA| tgeHA Xt FIFEE olF WAL ARt

A o] WAystet o8 @Al BT,

[

groF ¢to] Fu

(2.31)¢} 22 FH

F7F w9l %3}-$F(harmonic motion)S FTHA 2
S

Hc},

FH

p(x,y,z,t) = P(x,y,2)e/*" (2.31)
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2} (Helmoltz

(2.32)3 #o]

Al
-l

KX
T

FE =

equation) 2]

(2.32)

(V2+ k)P =0

Bl

S uepiE, 4 (233)9 2ol

I}4=(wavenumber)

-
T

A7k

(2.33)

)

L
2

w

k=—

(1—j

c

prse
ojn

i+
w

3

o7 gAY o)

&}

& o] 7+ A4 (loss factor) 7 &

(2.34)9} 2t

(2.34)

n=uwt

L —
)

2boll A T4 K

3L
o

o

i
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ka® =k’ + ky? + k,° (2.35)

o714 Jho) ZF QaE 4 (2.36-2.37)F 2ol BET 4

N N
kx_kx0(1—]2),ky ky0(1—]§), kZ—kZO(l—]E) (2.36)
2 2 2
(D) =ko" =kxo" + kyo" + kg (2.37)
kA, | w1z} A (Cartesian  coordinate system)ol|A] AEE 22 WA
(2.32)9] LurelE oa3 o] HWueol FHE A, Au =%

SRkl A 2 oA A A& FEsh= HA AN FE&sHAl AT

p= (Axe_jkxx + Bxejkxx) . (Aye_jkyy + Byejkyy)

_ _ (2.38)
- (A e~ I*2% + B,el¥z7)
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2884 A% PARE HgEsE e duAAMYE fEd 2
TAZF = A et

o8 wdolA Az HEE oA

energy)2t 91X o] A (potential energy)®] T = 4] (2.39)F 2

ATH.

1
(e) = —Re(pV V*+p—pp

oJ7]1M Ve uide ¢z

A
g

ot
L

1
<L, >= ERe(pVx*),

1
<lI, >= ERe(pVZ*)

22

2% (particle velocity) € o]l

)

2] (2.41)% 2th

1 *
<I,>= ERe(pVy ),

x9g

5ol L ] (kinetic

<
T

(2.39)

2 (2.36)3% 2ol

H 5% W42 (linearized momentum equation) & 2 F-E] -5t Xt}

(2.40)

(2.41)



1,

BEE

=
=

(complex conjugate)

A~
B

L0
A

L
) By

*

24

_0'4
e g

SH
ofe)

3

Gl

oF

=y
he
B

Mﬂ
e

u

T4 =(group  velocity)2} o4 %]

SEEE

]

A
al

234

34 (2.38)°l1 A <]

_(H

Gl

INEete] BAE FE35H7]

A

2] (2.39) T

s

(2409 AEEE oA "ol o

ol
]

el

717} old,

£y

3

2

t

meba A

o
N
ol

jd

e
I~

Ho

(2.42)

< e>dzdydx

Z+7T/kzo

J

—T/Kz0

fx+n'/kx0 fy+n'/ky0
x—T/Kxo “¥Y—T/kyo

kxO kyO kzO
83
kxokyokzo

(2.43)

<I> dzdydx

z+1 /K40

J

—T/Kz0

Jx+71:/kxo jy+n:/ky0
xX—=T/Kxo y_n'/kyo

8m3

>=

& AuA ”"=e}

KX
1=

)

BE A

w4 )

|

o

W)

e oux a2

S

A

il
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FrHon gasAL /s GEW W Bk 4 (429 2%z
o]

2
1 (el + Ry |+ 1k,17) 1
<e>= ZRB{( o%p + o2

X (lelzlAy|2|AZ|2e—2n(kx0x+ky0y+kzoz) + |Ax|2|Ay|2lBZ|2e—2n(k,x0x+ky0y—kzoz)

14, 12|B, |7 |B, [2e 721 eoxhyor—keo®) 4 |B[2|A, ||, 272 T xox ey o)

+|Ax|2|By|2|BZ|Ze_2’7(kx0x_ky°y_kzoz) + |Bx|2|Ay|2|BZ|Ze—27](—kxox+ky0y—kzoz)
+|Bx|2|By|2|AZ|Ze—271(—kx0x_kyOY+kzoz) + |Bx|2|By|2|BZ|2e—zﬂ(—kxox_kyoy—kzoz)))}

(2.44)

A
il
rlo

T A (243)9] AR B 33 BeE 5F JAdAIES 7 4 A

2](2.45-2.47)3} 2t}

= 1 k.,
<lI,>= ERe{(

)

w?p
2 2
X (lelzlAy| |AZIze—Zn(kx0x+ky0y+kzoz) + |Ax|2|Ay| |BZ|26—27](kx0x+ky0y—kzoz)

+14,|? |By|2 |B,|2e~2ntkxox~kyoy—kz02) _ |B |2|4A,, |2 |A,,|2e 2N (lexox+yoy+kzoz)
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2 2
+|Ax|2|By| |B,|2e 21 (kxox—kyoy—kzoz) _ |Bx|2|Ay| |B,|?e 21 (=kxox+kyoy—kz07)

2 2
—|Bx|2|By| |A,|2e 21 (-kxox=kyoy+kzoz) _ |Bx|2|By| | B,|%e 21 (“kxox—kyoy—kz07)))}

(2.45)

=_ 1 k,
<I,>= —Re{(wzp)

x (lelzlAy|2|AZ|Ze—27l(kx0x+kyOY+kzoz) + |Ax|2|Ay|2|BZ|Ze—271(kx0x+ky0y—kzoz)
_|Ax|2|By|2|BZ|ze—27](kx0x—ky0y—kzoz) + |Bx|2|Ay|2|AZ|ze—277(—kxox+ky0y+kzoz)
_|Ax|2|By|2|BZ|ze—217(kx0x—ky0y—kzoz) + |Bx|2|Ay|2|BZ|Ze—27](—kxox+ky0y—kzoz)

2 2
_lelley| |A,|?2e~21(~kxox—kyoy+kzoz) _ |Bx|2|By| |B,|%e 21 (“kxox—kyoy=kz07)))}

(2.46)

= 1 k,
<lIl,>= —Re{(wzp)

2
x (|Ax|2|Ay|2|AZ|Ze—2n(kxox+kyoy+kzoz) - |Ax|2|Ay|2|BZ|Ze—277(kx0x+ky0y—kzoz)
Yk |By|2 |B,|2e~21(kxox~kyoy=kz02) 4 |B, |2 |Ay|2 |4, |2e~2n(—kxoX+kyoy+kzo2)
_|Ax|2|By|2 |BZIze—zn(kxox—kyoy—kzoz) _ |Bx|2|Ay|2lBZlze—zn(—kxox+ky0y—kzoz)

+|B,|? |By|2 |A,|2e 21 kxox—lyoy+kzo?) _ |B |2 |By|2 |B,|2e 2N (~kxox—kyoy=kzo2))}
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vk 4 442 BHE Aol & olUiA Wxel B TAHS M xf
I}

thal] SHH wEste] A (245-247)F BlwstE A (248)9F Z2 BAE
ds F I

—?+—j+—k)<e‘> (2.48)

ol gk AvA de A4 84 mide] 3Eol

°

o
AqUA dE AN rR7IAZ A B 3 Bt & JAdAEIY

2
)

Al=eF oldA 22 Flj(gradient)el] B 3ot

93 &-2(sound source)ell o8l 23 mAE JdPHE FY= wjF Y
Aol o3t &4 AT wAR dIHE T For e
T Atk BAFEHE THEEE % wiEdA CduyA HE WA
FHsk= A(215)2 AW FF 33 &5 EAlNAE A3 BTt
g, el o3 EA S UEE Mg o AA F YA
dzole] #AE wsteior dot 2 (216)F 22 HElo oA &4

BANE Ags] AL £F UAS AN AUAL FDsol
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X U WEE M2 FITFS L 5 Ak w4 (249)7 o]

qAA EL BAE 1HE 5 A

< Mgiss >=Nw < € > (2.49)

A= oA B WHS Yehlls 4 (2150 oA A2 #A4R1 4
(48)3% oA &d BARL 4 (249)S HEdHE HA SF oAUA

MEE 7R WER st 23 Wl $HAL A (250)9 2ol fET 5

2

C
——Vl<e> <e>=m; 2.50
on e>+wun<e Tin (2.50)

AU SFEeIHe U AuEEA (2500 22 A S
T4 5 (group speed)e] AW OE ®B 139 B FREO|Y 23Y HB
T2EY U ALY U FHE FHIT 2 (2505 2
(2.38)°] HElE & 7HE3tR7] il HHik(plane wave)oll TH3)ARE

e, ol BAerdsts Ad os) Al 28 sAd thalA 4
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& 7 = (thermal

7 Ad (viscosity) 2+

A 7
Age

=
=]

kX

gte]

A el A

o
i=1

|a

31 F=A % AR AEEE A

3. F&A &% dvA

conductivity)2} Z2

.......

o - = B E )
S 3 3 T R
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W AR e
Ao g ~
o2 [
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E._ i X w o 3
°oE g %
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g ° — <N R
s N ) ojn i)
= TR XA mm
S M_m W = g K
2 A o W 3
T M
M_._A\IL X X0 _EH ,m_ﬂ Oﬁa
op  EK uf T
TR =gy M
(E U T X X X
I S
e NG T R



MiA Hg A4

3.1.1.

s
ojn
o
)

KO

X

ol
<

7} w ¢l Z3}--5(harmonic

o
=

motion)

| (Helmoltz equation)e] FEf = JERITH

SEE RS R

gt 2ol

(3.3)

V2p + ka?p =0

FEZlA

S 3
i=3

2]

s

k. 3%

BE

S
=

(acoustic  pressure)

© o}
= H

A7 p =

q

(3.4)

ke +ky? + k)

kA2 =

b
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ky = kxo(lzm _jiéAZ); ky = kyO(EAl _leAZ)’

o (35)
k, = kzO(kAl _jkAZ)
()% = ko® = kxo” +kyo® + ko (3.6)
2] w #} 3 A (Cartesian coordinate system)ol| A 2] (3.3)2] YWiE th23 2ol
FHote] FeE JPASHE o o] yehd 4 QUth
p = (Aye /% + B elka¥) - (A e™/%9Y + B e/*Y)
(3.7

- (A e %% + B,elka?)

23 mjAoA A HE oyA] "MEE 5ol A (kinetic energy)<}

)X ol 4 A (potential energy)&] To 2 th23 Zo] TAT 4 ¢k

1 - o 1
<e>,= ZRe (pAV -Vt + PR pp*) (3.8)
. w
= Re(ky) (3.9)
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7ol thake] A EE W4 LERpT, p, st ¢,
B A% o 94 Ui 7

=
-

B
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<

714

o)z of

1
|

g]

]
AAF 4 X (particle velocity) ] E{ ]

HoZ X%

X
_fo_l

i

™

Fof Xt

J|

(linearized momemtum equation) &2 5-E -

(3.10)
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(B.7)lA

Al
a

R

=371

=
=

ISR

U=

ol Ui <) 9

o
=1

ko

9]

]

o}
H

A

SEE R

o]

2 T459 Atk

= =
=

-
T—

I

(e}

H

o

il

Z717F ofHh

WA=

A

3

2

t

mepA A

__01_
N
el

I

e
~

Ho

(3.12)

< e>dzdydx

Z+7T/kzo

J

—T/Kz0

fx+n'/kx0 fy+n'/ky0
xX—T/kxo YY—T/Kyo

kxO kyO kzO
83

&= of
3 i
e L
X
iy
T
o]
N o_u
o
. o
Tt [
X
2V o W
S
ET rH
% ] e
s R
> 2
< ¥ Mo
E S
+ E
> "_v, =K
£ o N
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E S
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fx A
o N
kZ
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~ |0 11—
m ~
—~
Il MVM
N )
11—t
Vv T
N
T

2ol

(3.12) ¢ (3.13)olAI%}
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Q1EN A Efo] T},

=9 @A "Hok 4 (312)¢] AHE
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B
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1 k|2 + |ky | + [k, 2 1
= Re{(( i |y| i )+

4 wpa paca®

X (lelz|Ay|2|Azlze—2(kx2x+ky2y+kzzz) + |Ax|2|Ay|2|BZ|26—2(kx2x+ky2y—kzzz)
+|Ax|2|By|2|BZ|Ze—2(kx2X—ky2y_kzzz) + |Bx|2|Ay|2|Az|Ze—2(—kxzx+ky2y+kzzz)
14,12 |B, |*|B, 2o 70 hyay—keat) 4 |B 2| A, |7 |B, 2o 72 oax thyay hea®)

2 2
+|Bx|2 |By| |AZ|ze—2(—kx2x—ky2y+kzzz) + |Bx|2 |By| |BZ|Ze—2(—kx2x—ky2y—kzzz))}

(3.14)
TS 2] (313)2] Al 2 I3 HAEH SIRJAPAE Y 4 g MEES

Au)
dlo

3} 2,

Ky

pPaw

_ 1
<I,>= ERE{( )

2 2
X (le|2|Ay| |Azlze—2(kxzx+kyzy+kzzz) + |Ax|2|Ay| |leze—2(kx2x+ky2y—kzzz)

2 2
+|Ax|2|By| |AZ|26_2(kx2x_ky2y+kzzz) _ |Bx|2|Ay| |AZ|2e—2(—kx2x+ky2y+kzzz)
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+ |Ax|2 |By|2 Ileze—Z(kxzx—kyzy—kzzz) _ |Bx|2 |Ay|2 |BZ|Ze—2(—kx2x+ky2y—kzzz)
_|Bx|2|By|2lAZ|ze—2(—kx2x—ky2y+kzzz) _ |Bx|2|By|2|BZ|ze—2(—kx2x—ky2y—kzgz)}

(3.15)

k
_3’)
Paw

<I,>= %Re{(
X (|Ax|2|Ay|2|Az|26_2(kxzx+ky2y+kzzz) + |Ax|2|Ay|2lelze—z(kx2x+ky2y—kzzz)
_|Ax|2|By|2lAzlze—z(kxzx—ky2y+kzzz) + |Bx|2|Ay|2lAz|2e—2(—kx2x+ky2y+kzzz)
14,7 By | |B, |72 erx oy —keat) 4 | B, 2| Ay || B2 xax 2y haa)

_IBx |2 |By|2 |AZ|ze_2(_k"2x_ky2y+kzzz) _ |Bx|2 |By|2 |BZ|Ze—2(—kx2x—ky2y—kzzz)}

(3.16)

1k,
<lI,>= ER@{( )

X (lelz|Ay|2|Azlze—2(kx2x+ky2y+kzzz) _ |Ax|2|Ay|2lelze—z(kx2x+ky2y—kzzz)
+|Ax|2|By|2IAzlze—Z(kxzx—kyzyHcZzz) + |Bx|2|Ay|2|Az|26_2(_k"2x+ky2y+kzzz)

2 2
_ |Ax|2 |By| |leze—2(kx2x—ky2y—kzzz) _ |Bx|2 |Ay| |BZ|Ze—2(—kx2x+ky2y—kzzz)
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2 2
+|Bx|2 |By| IAZ|Ze—2(—kx2x—ky2y+kzzz) _ |Bx|2 |By| |BZ|Ze—2(—kx2x—ky2y—kzzz)

(3.17)

2 UAYE 2] (3.14)2 x,yot zol tis] ZHzt m i3 2 E5S 2 (3.14-

1%

3175 Mt ted 2E 5% JAUAEES JAdAIE #AE HH

ot
k)
it
K
ok

T o Atk

—?+—j+—k><é> (3.18)

T4 (318) © HHAFE o1& AdUAZE

Ueh® ohe o] ®d @ 4 ok

o
i)
Lo
e
l-']I
)
r o
odlt
ful
]

S 2,00, 9 aq) _
T>= — Il ST 3.19
<I> wnA(axl+6y]+azk <eée> (3.19)
2k
Na == (3.20)
ka1
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olp
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(32001 UrERdukel 7ol
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A
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EIERY

3.1.2.

= HEelA A

ol

22

(3.21)

K
—T'VT'

To

Zfl-')ijz +

Tgiss

U

I o] &

o
1=

!

st 4 (3.21)

BHgz 73

S o
T =

F2A ol
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o o= ()
Ly K ot (3.22)

A7y FLA et v, = 54 Aol vde e,
At BEoRRH (B2E w?(p)e FE wippc <I>9 Zol B @
S, <I>& Fspgol dist] HwE 2 AWAEES et

JZRE ofUA it e gol EA T & Utk

Taiss = 20, < I:> (3.23)
w38, u 4 y—1
- _ < = — 3.24
et = o5 Oct 20(3+ Pr) (3:24)

714 Pre pcy/k®E ZZ-ES(prandtl number)E WERATH

21 (3.24) ayol ZFE WHTES 3719 =3 22 wjEdd A=

A odvAe A77b vl =27 "HEel &AsdoE2RE Eold

BAACNA AR QIR Sdke] FFS FAY F v &
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(3.25)

Oe—ZkAZX

I=1,_

]

o
=]

= o

A A

2~
T

1

=
T

h

# oA n

B vkl o

L
T—

5t

Zl

g xEew

=

(3.26)

= —Tgiss

da<lI>

dx

= syl o

A o] Azt

S

ol
H v

s

S [EEEYS oY R

o

ol
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(3.27)

2kyy <1 >

~

Taiss
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2 AUAAMEAY £2S ML S @2ndH 2%
JNAEAFE JUARER FHS P B2 Pgoz WYsE

<I>=c,<é&>= <e>
CGA<E>=p o~ <e (3.28)

oepA FaAfel tieh ouA| kAL UAI" =] tisted T3 o]

TMgiss = WNa < € > (3.29)

3.13. AAA g4

9 H S-(sound source)oll o8 =& MAE AHE = FY= mjA ]
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Uehdth drbdo g ASAdE fEd AMEEHE F2A19 fEAEE
M= 2 x103Pa-s/m?H3E 2 x10° Pa-s/m?7kA 9 WS 7130 19
T2 3204 F5A TR wWE Aod HAHATE JEpdATh
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H
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Uepdukel Zo]l F5AY TR 2 Fugol & AT e g
T4 (33204 AeojH duAEFEHe] Ttk
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Wha (3.33)
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A7NA mp e A2 T3], §& U PEKDirac delta)) S YEATE EE
A7} 7+ (sound hard walls) .2 o] FoH & u], AAZRE Zyris
37F it 7S 5 Aok wEbA o| XA g 2 Ql 4 (3.33)9]
M= BZF WMF x, vyt zoll W3k FAFQ] &<=(cosine function)S AF&-3}<d

U= Zo] Feldgs duHz 2d & < Ao

_ SRR nmx mny lnz
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Ly L L,
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1878 mErF AT, ol FaaolM AFA e ARE JuE
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371%F FAE o]Fofz gdgsA S st AAHEAE
o] &3t ANYREF3NA o] = AT} (Cho, 1993, Bitsie, 1996). 2] (3.32)=

AAAEY Fe2 BARA et 2ol ekl & ok
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= —— exp(— 3.44
G yy— exp(—kr) (3.44)

A71M ¥ = olatdtd AARRE WE ddFe= FEhke AAMH

Sol gYuE agdd 9AXE

=

(position vector)E UERW, 7 =
Uepdth 3719k A AAdA EAstE AUAEE BAKEAE
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U1 = [id — P][Id + P]71[C] (3.45)

FHAT, dv @93 ES Yepdt. SPFHTES g2y FeAdE s
Delany<}Bazley= @ (Delany and Bazley, 1970)o] &3l =% SIS
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Frequency (Hz)

Figure 1 Loss factors for sound absorbing materials.
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Figure 2 Wavenumbers of energy flow model for sound absorbing materials.
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Figure 3 Rectangular model for sound absorbing materials.
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Figure 4 Field points for investigation of energy density and

intensity distributions: (a) mid-cross section and (b) centerline.
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Figure 6 Comparisons of energy density distributions on centerline for FEM and EFA

resultswhen Ry = 20 kPas/m?: (a) f = 250 Hz and (b) f =500 Hz.
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Figure 7 Comparisons of intensity distributions on centerline for FEM and EFA results

R; = 20 kPas/m?: (a) f = 250 Hz, (b) f = 500 Hz.
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Figure 8 Comparisons of energy density distributions on centerline for FEM and EFA

results when Ry = 100 kPas/m?: (a) f = 250 Hz and (b) f =500 Hz.
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Figure 9 Comparisons of intensity distributions on centerline for FEM and EFA results

when Ry = 100 kPas/m?: (a) f = 250 Hzand (b) f = 500 Hz.
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Figure 10 Geometry and mesh model for noise analysis of a sound absorbing structure: (a)

geometry model and (b) mesh model.
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Figure 11 Convergence test for EFA analysis.
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Figure 12 Comparison of insertion loss for enclosure.
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Figure 13 Types of sound absorbing structures.
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Sec. 1(z=0.4 m)

Figure 14 Planes for energy distribution and flow.

66
B



z(m)

(A) Model (B) Model

84 0.7
83.5
£
2 W
825
82
o
o 0.3 0.6
x (m)
2
0.4
x(m)

(C) Model

83 0.7)
825
82 -

E
815 03
81
80.5
80 ° -3 .

o 0.3 0.6 0.9 1.25
x (m)

1.35

85
84
8 ~ 0.8
82 E

N
81 0.4
80
5 g Sec. 2

125

0 0.4 0.8 1.25
x (m)

Figure 15 Energy density levels for three types of sound absorbing structures

(dB Ref. 10712 J/m3).
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Figure 16 Energy flow for three types of sound absorbing structures.
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Figure 17 Details of energy flow according to sound absorbing structures attached to: (a)

ceiling vs bottom and (b) ceiling vs sides.
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Figure 18 Geometry and mesh model for noise analysis of a large room: (a) geometry

model and (b) mesh model.
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Figure 19 Energy density and flow distributions for a large room: (a) energy density and

flow on Sec. 1 and (b) energy density and flow on Sec. 2.

71

LTI

g

2 A



o

[
(3]
T

Energy density attenuation (dB)
o >

N
(=3

!

""" 1000 Hz
—5000 Hz

0.15

4

Position (m)

6

Figure 20 Energy density attenuation at 1000 and 5000 Hz.
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Table 1 Mesh discretization criterion and numbers.

Case number Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5 Mesh 6
Criterion A,/1 A,/2 Ay/3 L Ay/5 A,/6
Length (m) 0.17 0.085 0.056 0.042 0.034 0.028
Number of mesh 544 2142 4900 8876 13600 19836
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Table 2 Noise standard for off-shore plant cabin.

Fada7# Sleeping | Meeting | Offices | Communication | Dining | Toilets
UK-HSE (83=) 45dB(A) | 45dB(A) | 55dB(A) 45dB(A) 55dB(A) | 60dB(A)
NORSOK (:=290]) 40dB(A) | 45dB(A) | 45dB(A) 50dB(A) 55dB(A) | 60dB(A)
E4] : HSE Offshore “Operations Notice 62- Goals for the provision ?r & norsok
of accommodation on offshore installation” HSEW

NORSOK standard “C-001 Living quarter area”
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Figure 21 HVAC noise contribution for ship cabin.
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Figure 22 Ship quality grading standards.
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Combination of insulation classes

<Mineral wool> <Cellular glass>
h

HVAC noise standard R\
Gymna- | Dinning

foom Cabins | Offices | Kitchen HEEing o
description rooms | sium Room
NOISE HVAC | 35dB(A) | 40dB(A) | 55dB(A) | 40dB(A) | 45dB(A) | 50dB(A) | - Fire proofing (5) combined with Heat conservation (1)
and or Acoustic insulation (6, 7& 8)
- &4 : NORSOK standard “Design principles working envir - - ic in 6, 7&8) ined with Heat
conservation (1) or Personnel protection (3)
- A i ion (6, 7 & 8) combined with cold service

insulation (2, 4 and 9)
- ZA{ : NORSOK standard “Piping and equipment insulation”

Figure 23 Offshore-plant HVAC noise and material regulation standards of NORSOK

standards.
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Figure 25 Vibration and noise analysis technique according to frequency band.

86

A& gk



® EFA ASdlM ERIIE

= WAL SO A
(1997~2005, 3XH AP Y| +FYALBHY AT, JYAHATL)

|
|
|
|
|

EF) I

<HMZED

A Al
- SeRng ypeysy  ETAUEVS AR
(2002~2011, M2 S8olY M 7|5, I

= S
<SYAAE|SE>

<GHM=ED

- SR I
(2013~2015, S{Y EUE MY HAE 2T
CHE Y AUAZHA 718 Y, S=RAFMEY

— |

-

37|

Madium 1t &l

GHM2E>
\ SBolxIEE>

® EFAE 0|28t HVAC 37| sy

- SHBYL NS A 5

QIE 287| 22>

= ZASHM EHSEH
= Yol

- EFA+BEM==2{0f| ZEEHAKX|H & (Hypersingular integral) =&

[ fe@rin -Teop)as
o

X| % 7| =2 (EFA+BEM)

M2 84 237] A

U

. ->

¥

0 forfE€ M+,

—e(f) forie q,
* ~0se(®) forée ry

Hypersingular integral

fl § (e~ i) ds + J: g {eCoFs = 100Gy} ds

3 4; 1
+f, {e(x)‘(a R =TG4~ 00~ (3

1
?)Fn]ds =‘

e~

for§ €0
0.5e(§) for§ € [yand Ty
20 1

1
e Gatg foreen

J

Figure 26 Necessary researches for silencer analysis using EFA.
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A7VM, z, = FLASh WsNUE perforated panelo] ThE ST E
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Domain Q, Domain{)p

ed = eB

Interface

Figure 27 Discontinuity problem for multi-domain EFBEM.
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=L +L+z°o1t 4 422+ 2 99 AP A o tistdq 715

Zked 4= e Z(weighted residual form) 0.2 t}&-3} Zo] & o $9th

[ f [VNIVN, — k,*NIVN,|dxdylp, = f NIVp, - n,dS, (4.26)
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(I )13=ifpv “dS = Z Ay~ e (4.42)
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Table 3 Recent esearches for interior noise anlaysis.

Silencer SENAM
AdH
Method oHAHHY type Max. length Max. frequency Jp=oiE
FEM [1] | Full3D Lagging 0.1m 2.5 kHz o
BEM [2] | Full 3D Lagging 0.684m 8 kHz o
Mode .
- Orthogonality® .
mat[c::;;mg olgs B =5 Lagging 0.6 m 4 kHz X
Point . 4m 4 kHz
collocation f%;"aly;'&#ia Baffle 1.2m 8 kHz X
[4~6] PEE 0.8m 10 kHz

111 B. Nennig et al, A displacement-pressure finite element formulation for analyzing the sound transmissicn in ducted shear flows with finite poreelastic lining, The Journal of the Acoustical Society of America, 2011

121 TW. Wu et al, Impedance-to-scattering matrix methad for large silencer analysis using direct callocation, Engineering Analysis with Boundary Elements, 2016

3] JB. Lawrie and R Kirby, Mode-matching without root-finding: Application to a dissipative silencer, The Journal of the Acoustical Society of America, 2006

[4] J8. Lawrie and R. Kirby, A paint collocation approach te medelling large dissipative silencers, Journal of Sound and Vibration, 2005

[5] R Kirby et |, On the scoustic performance of rectangular splitter silencers in the presence of mean flow, Journal of Sound and Vibration, 2014

161 R. Kirby et al. Reducing low frequancy tonal noise in large ducts using a hybrid reactive-dissipative silencer, Applied Acoustics, 2018
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» Regenerated noise (ASHRAE guide)

“Regenerated noise can be created by
transition pieces, bends, dampers, grilles
and diffusers. Regenerated noise can be
avoided by limiting the air velocities
within the duct system.”

NRor NC

sesan o
- : =4

I Main Branch Final run-outs 2 > G

45 35 2.0 "_

5.0 4.5 25

6.5 55 3.25

75 6.0 4.0 .
n 00 0 <o L > 3 to 4 duct diameters

[Guideline for minimizing
regenerated noise] )

k[Noise design requirement]

Figure 28 ASHRAE guide for regenerated noise of the splitter silencer.

111

A B LT



Plane A g Plane B
1 5 :
[ / |
Inlet | / \ I Outlet
I')‘;Ll‘:t | | Dnuct
1
| |
0 Qg
A \ 0 |
t N f
i .‘. Perforate \ 5 o

Fig. 3. Geometry of hybrid silencer.

Figure 29 Splitter silencer geometry for theoretical analysis.
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Figure 30 Overview of splitter silencer for EFA analysis.
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43. A¥rE HVAC £<7] o e 428314

431. ¥ WAYE(lined duct)4-2-3]4

ad 3le ¥ WAHAHE &4

iu)

de UEY. F5A

Wil A ST qx] ZHAE ZAl(viscousity) &7 =(thermal conductivity)

)

Ao 2 HE WA, ol#d EHELS F5A1Y =4#9 perforated
ATAA FoAY EAEE

=
wgstel 487l AAS Ayl sl S¥SAYNUA

pi)

Aol 28 23 EAXE Delany ¢} Bazley(Delany and Bazley, 1970)

Edzry =Fsith A7olM AHE" rock woololl thRE &S

pf —0.547 [ ,Df —-0.533
Z=pc|1+0132(= +i[-0159(—= (4.49)
Ry Ry
—0.707 [ —-0.59
k =ky|1+0.0858 oS +i|-0.1749 24 (4.50)
Ry Ry
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i Absorption material

Perforated panel

Figure 31 Silencer plane model.
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a=1
choic condition)

Intensity input NGRS -
=1 W/m?

(a) Duct with silencer

Intensity input__

=1 W/m? a=1

(Anechoic condition)

(b) Duct without silencer

Figure 32 Boundary conditions for silencer analysis.
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Table 4 Parameters for the experiment and analysis.

Parameters

kind Mineral wool
] ~ Flow

Absorption material 2000 pa - s/m?
resistivity
Thickness 0.1m
Thickness 0.0016 m

Perforated panel Porosity 0.24 %

Hole diameter 0.003 m
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Figure 34 Comparison of multi-domain EFBEM and measurement results for the silencer

with 0.2 m width (air + mineral wool).
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Figure 35 Comparison of multi-domain EFBEM and measurement results for the silencer

with 0.3 m width (air + mineral wool).
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Figure 36 Comparison of multi-domain EFBEM and measurement results for the silencer

with 0.4 m width (air + mineral wool).
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Figure 37 Comparison of multi-domain EFBEM and measurement results for the silencer

with 0.5 m width (Air + mineral wool).
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Transmission Loss (dB)
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_| Existing empirical formula

TLyg = TLo(f — Ma) * [1 — Ma)?
0.1 m (D) 0.5 m (D)

——Analysis
- - -Existing empirical

Flow : 0.12 Ma

102 10° 10? 10°
Frequency (Hz) Frequency (Hz)

Figure 38 Limitation of existing empirical formula.
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» Major factors of silencer analysis

= Large silencer = Silencer for ship
- Multi-mode analysis > Coupled[flow + acoustic] analysis

Multi-mode analysis

11 Soun; &

— Flo&t ,@ '

‘ + |
(0,0) mode 1,0) mode i . Flow noise

in silencer

i‘ (0,1) mode + - =
1 er
g e
2% \performance prediction
g P
E 10 i B Al
E ~—&—Plane wave input 4 z
- 5 —&— Multi-mode input / A | |
0 50 1000 1500 2000 X
Frequency (Hz) ® reauenertin -

Figure 39 Analysis procedure for large silencers with mean flow.
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» Coupled(flow+acoustic) analysis

{

Flow analysis
Computational Fluid Dynamics)

Flow analysis mesh

Mean background flow
po(pressure)

ug (velocity)

<Flow field for silencer>

Acoustic analysis
(Finite Element Method)

Acoustic analysis mesh

{Silencer performance>

Figure 40 Coupled(flow and acoustic) analysis for large silencers with mean flow.

127

Rk R



= Flow

(Rigid body)

Velocity,
inlet

~

Pressure
outlet

Walls —

CFD solver model

Turbulence model Type

Reynolds Averaged
Navier Stokes (RANS)

Turbulence model

k-w SST

Compressibility

Compressible flow(Ma<0.3)

Figure 41 Settings for flow analysis.
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= Acoustic - PML : Perfect Matched Layer
Walls
Background (Rigid body—)‘_\>
Acoustic field  / ____-=&
(Incident wave) 3

PML

PML (No reflection)

(No reflection)

-

-
-

3

Silencer
Total Impedance
Ztotal = Zp — jZpcot(kpd)
Perforated plate Empirical formula

* z, : Perforate Impedance

Porous material Empirical formulal.
* ky : propagation coefficient

* 73, : Impedance
* d (r, —ny): thickness

Figure 42 Setting for acoustic analysis.
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- Acoustic field in Circular duct

plx,r,0) = Z ApinPn (1) 0)efkex

n=0

1 . i’
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(Incident wave) 5
PML £ 4
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Figure 43 Multi-mode effects for silencers.
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<Circular silencer>

Figure 44 Geometry model for measurements.
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Perforated

screen

Thickness

1 [mm]

Hole diameter

3.5 [mm]

Open area
porosity

26.3 [%]

Porous material

Material E glass
Flow 30716
resistivity | [MKS R/m]
Porosity 0.952
Tortuosity 5.49

Figure 45 Silencer properties for verification.
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Figure 46 Comparison of experimental and analysis results.
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Figure 47 Splitter silencer geometry for ships.
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Table 5 Spillter silencer properties for verification.

Silencer 37| E=2=5 | Perforated panel
Flow Hole =
a b S L resistivity e3F/ | 58 A
0.9m | 1m 0.1m 1m 2,000 Ns/m* 2 mm 0.2 3 mm
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2000 Hz

Figure 48 2D FE analysis results for splitter silencer according to frequecnies.
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Figure 49 Comprison of measurement, 3D FEM and EFA results.

139

- A2ty



4.4, A¥rE HVAC 4£&7] AA

rfe
o
2
2
rir
82
X
2
=
ofo
<
>
(@)
=
o
)
(m
He,
[>
i)
AC)
An)
B
o
N
2

sto] AAW ANAAE MPOR &A%Y WAE AT AT FY

o
HAAd. 9A WHAHES disis= AERE HVACH 87’ d%

44.1. A¥hg HVAC &87] A% F34
A iy daE wgo s sto] A tid WRAHE g

A1 (insertion loss, IL) #4242 =&8Ath 24712 F747F 0.025 m,
0.050 m <! 74| tis}ed, 1000 Hz ©]3} 1 Octave band center frequency©ll
tiste] 1% 50-539F o] ALY FAHA S =T Fukrol wek
EA A7A ids FdsFen O AAE v e R FAHAS et

o] =&3lt)

140



IL 342 (Rec. F7| 0.025m)

ILe3,125Hz = 0 (X = 1.4 mO[% %'[[H) (4.52)
ILysop, = 0.96X2 — 3.6X + 3.69 (4.53)
ILggop, = 1.7X2 — 6.75X + 8.68 (4.54)

IL1po0s, = 3.8X2 — 15.11X + 18.23 (4.55)

[ X= Rectangular Silencer®] 712, MZ 3]

IL =32 (Rec. 7] 0.050 m)

IL63,125Hz = 0 (X = 1.4mO0| % %[[H) (4.56)

ILysopy = 2.2X2 — 8.11X + 8.09 (4.57)
ILsoopy = 3:42X2 — 13.1X + 17.46 (4.58)
ILyio00p, = 3.8X2 — 15.11X + 18.23 (4.59)

[ X== Rectangular Silencer®] 7}, A& %]

IL 3%2] (Cir. 57 0.025m)

ILe3,125H7 = 0 (X =1.4mO[¢ Oe'[[H) (4.60)
ILsoor, = 0.18X2 — 3.21X + 5.78 (4.62)
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L1000z = 2.49X2 — 9.92X + 9.92

[ X+ Circular Silencere] =|&]

® IL A2 (Cir. ¥7 0.050 m)

(4.63)

ILes = 0 (X = 1.4 mO| & ) (4.64)
ILi,5 = 0.17X? — 2.61X + 4.83 (4.65)
ILysonz = 0.76X% — 3.08X + 3.06 (4.66)
ILsgonz = —1.22X%2 — 1.23X + 7.67 (4.67)
IL1goonz = 2.49X% — 9.92X +9.92 (4.68)

[ X= Circular Silencer®] A £]
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25

i = 0_025 m w — 250Hz IL % 22t

> © NEBB+3l 4 gt
20 - o [ ——500Hz IL =X gt

H o NEBB+dl &gt
——1KHz IL £33t

o NEBB+3ll &gt

IL [dB]

5..

- 5.0
0.96X“ -3.6X + 3.
2]
: . o o o

g .
0 0.5 1 15 2
Width [m]

Figure 50 Estimation of IL value up to 2 m range (Thickness 0.025 m for Rec.).
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25 T T
——250Hz IL F& gt

W © NEBB+H 4 gt
20 t30.050 m - 500Hz IL ZH2 |-
© NEBB+3H 4 gt
1KHz IL =3 gt
© NEBB+0H 4 gt

IL [dB]
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Width [m]

Figure 51 Estimation of IL value up to 2 m range (Thickness 0.05 m for Rec.).
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Figure 52 Estimation of IL value up to 2 m range (Thickness 0.025 m for Cir.).
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Figure 53 Estimation of IL value up to 2 m range (Thickness 0.05 m for Cir.).
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Table 6 IL value up to 2 m range (Thickness 0.025 m for Rec.).

9l dB
XIZ [m] M 0.025 [m]
250 Hz 500 Hz 1000 Hz
1.6 0.53 2.18 3.78
1.8 0.39 1.99 3.34
2.0 0.32 1.93 3.21

151




Table 7 IL value up to 2 m range (Thickness 0.05 m for Rec.).

9l dB
S S 0.050 [m]
250 Hz 500 Hz 1000 Hz
1.6 0.75 5.26 3.78
1.8 0.62 4.96 3.34
2.0 0.67 4.94 3.21
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Table 8 IL value up to 2 m range (Thickness 0.025 m for Cir.).

9] dB
£ 0.025 [m]
XIS [m]
250 Hz 500 Hz 1000 Hz
1.6 0.26 1.10 0.42
1.8 0.19 0.59 0.13
2.0 0.20 0.08 0.04
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Table 9 IL value up to 2 m range (Thickness 0.05 m for Cir.).

9] dB
£ 0.050 [m]
XIS [m]
125 Hz 250 Hz 500 Hz | 1000 Hz
1.6 0.08 1.09 2.58 0.42
1.8 0 0.68 1.50 0.13
2.0 0 0.29 0.33 0.04
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Silencer analysis

For various sizes
flow velocities

Characteristic derivation

Data arrangement
according to variables

For large silencer
with air flow

Transmission Loss (dB)
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25
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Figure 54 Procedurefor empirical formula derivation.
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= Analysis cases
- Type : Circular

- Frequency : 63 Hz~2 KHz

- Sizes(Diameter) : 0.1 m~ 0.5 m

- Flow velocities : 0~0.12 Ma

- Absorption material

Perforated screen

Thickness 1 [mm]

Hole diameter | 3 [mm]

Open area 30 (%]
porosity

Porous material

Material Mineral
wool
Flow 30000

resistivity [MKS R/m]

Figure 55 Analysis cases for empirical formula derivation.
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Figure 56 Acoustic characteristics of large silencers with mean flow.
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Figure 57 Definitions of variables for empirical formulation.

158



Transmission Loss (dB)
8 8 8 8 8

-
o

o

»N
a

——Ma=0
——Ma=0.04
- Ma=0.08
——Ma=0.12
- = =Ma=0.04
- ~Ma=0.08
- = ~Ma=0.12

Transmission Loss (dB)

102

Frequency (Hz)

[
S

o

-
=

o

o

o
N

-
=

Transmission Loss (dB)

Frequency (Hz)

Figure 58 Comparison of analysis and empirical formula results.
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Table 10 Settings for splitter silencer optimization.

Splitter 227 &= §}

i Y -
> 0¥ X e 1

11

e rg rg o

S T

Transmission Loss(dB)
Open area ration(OAR)
Baffle 70, =M
=X =&, Perforated panel, Silencer Z0|
ZFul4=, HVAC 37|
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Table 11 Fixed variable for splitter silencer optimization.

_ta/2 — Perforated panel
i$t2
a
L1 L2
<EAES
== Perforated panel Silencer
Flow Hole
resistivity k<] 238 | ¥ gol
2,000 Ns/m* | 2mm | 0.2 | 3mm 1m
AFHES
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Figure 59 Examples of splitter silencer optimization.
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Figure 60 Optimiation results according to frequencies.
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Figure 62 Geometry for derivation of total energy fields.
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Table 12 Solver settings for the CFD.

Flow solver

Star CCM+

Turbulence model

Detached Eddy simulation

(Spalart-Allmaras model)

Flow Unsteady incompressible
y+ 1-5
Time solver 2" order implicit
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Pressure outlet

(a) (b)

Velocity: Magnitude (m/s)
12.167 18.251

0.00023578 6.0637

Figure 65 Flow noise analysis model for the HAVC diffuser

(a) Analysis model for CFD, (b) Instantaneous velocity distribution.
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Figure 67 Sound directivity for HVAC diffuser.
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Abstract

Extended study on energy flow analysis for ship cabin noise
in the medium-to-high frequency ranges

Tae-Gyoung Kim

Naval Architecture& Ocean Engineering

The Graduate School

Seoul National University

Since energy flow analysis uses the space-time averaged energy density and
intensity, it is an analysis method suitable for vibration and noise analysis in the
medium-to-high frequency ranges, unlike the traditional analysis methods based on
displacement and pressure. Numerical analysis techniques such as the finite element
method and the boundary element method can be easily applied because the
governing equation of energy flow analysis has the form of a second-order partial
differential equation. Energy flow anlysis uses finite element method and boundary
element method to obtain the solution of the governing equation, and are effective in
the vibration analysis and noise analysis of complex structures, respectively.

In this paper, acoustic energy flow model for sound absorbing materials widely
used for cabin noise control is developed. Unlike existing acoustic energy flow
models for low-damping acoustic media (air and water), loss factors for high-damping
media are newly defined using the complex acoustic properties of sound absorbing
materials, and the energy governing equation is derived. The usefulness of application
and verification for sound-absorbing structures are confirmed by comparing the

developed acoustic energy flow analysis, finite element method, and measured values.
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A hypersingular integral of the energy flow governing equation is derived to solve
the boundary energy discontinuity problem in the analysis of a multi-layered silencer
composed of air and sound absorbing material. An acoustic energy flow model for
sound absorbing materials and hypersingular integral equation are used to analyze the
noise of lined ducts for ships, and the analysis procedure is established through
comparison with measured values. Through the established analysis procedure, the
noise performance estimation formulas for the previously unpredictable range are
derived. For the analysis of a silencer with a complex shape such as a splitter silencer,
a FE-EFA hybrid model of the finite element method and the energy flow analysis
method is presented. Validation and the design optimization of the splitter silencer are
performed, and the optimization procedure for splitter silencers is established using
the analysis procedure and genetic algorithm(GA).

A study is conducted for cabin noise analysis and design. We developed an energy
flow analysis that reflects direct field effects, which have not been considered in the
existing analysis model. We investigated the relationship between direct fields and the
reverberation fields on the boundary of an indoor space by applying the concept of
geometrical acoustics. Noise measurement is performed in the actual ship cabin, and
comparison with the predicted results is performed. A well-matched result is obtained
and verification is completed, and based on the established analysis procedure, design

studys are conducted to minimize cabin noise.

Keywords: Ship cabin noise, Energy flow analysis, HVAC system noise,

Noise analysis for silencers

Student number: 2014-21824
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