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In this paper, the Energy Flow Finite Element Analysis (EFFEA) was performed to predict the acoustic and vibrational responses
of complicated plate structures considering improved Fluid—Structure Interaction (FSI), For this, a new power transfer relationship
was derived at the area junction where two different fluids are in contact on both sides of the plate, In order to increase the
reliability of EFFEA of complicated plate structures immersed in a high—density fluid, the corrected flexural wavenumber and
group Vvelocity considering fluid—oading effect were derived, As the specific acoustic impedance of the fluid in contact with the

plate increases, the flexural wavenumber of the plate increases, As a result, the flexural group velocity is reduced, and the

spatial damping effect of the flexural energy density is increased, Additionally, for the EFFEA of arbitary—shaped built—u

structures, the energy flow finite element formulation for the acoustic tetrahedral element was newly performed, Finally, for

validation of the derived theory and developed software, numerical applications of complicated plate structures submerged in

Seawater or air were successfully performed,

Keywords : Energy Flow Analysis(EFA, O|L{X|SZ35HAIR), Energy Flow Finite Element Analysis(EFFEA, O|HX|ISES IR AslAd
Fluid—Structure Interaction(FSI, S22 A). Fluid loading effect(Tl4=g 1), Corrected flexural wavenumber( 28! el

R g

o
=
—:Awfe ASSEEDt offzt A2SOILE WAKS

ot Al S SR
53 Sof 7|&0| erEsiD 317 2 obFof st AR 7} ofIE5e = U= FRIHAM 7|Holl= kol w2t chsh shAH
=olstol| il Mubo|L} AFERF, BHRU|QF ZHS £LA|A 0| 851 Uct XMFoe tidolM 2= EM1| 24 phase)
& (transportation system)2| AlL{A %(mtenor noise) 2! A} £ 1efe 7 U= Wefsh(displacement solution)oll 7|Eter S
A2(radiated noise) M=ol Cha ZQAMo| i S7kstD QU ol Feteisl A (traditional finite element analysis, FEA)OI
o, E3| DA Bxoz HxEs siMe| HRols M= Lt AA 2250 A# (traditional boundary element analysis, BEA)
ot AF™Mol HAptME 2t A0 FZUAZ2(underwater of F2 MEg1 1, DFue tiHofME 03] 7| S5M
radiated noise, URN) A50| 0f Z=esict waid 23 A o| ==t Bt oAl &84 Etg flsl ofldXl(energy) 7|
Aol M= MAH =7 CHRE| 2235 £ Q= ARM 9= s go| E24|Mof|LX[5HA{H(statistical energy analysis, SEA)Z} of]

Received : 27 November 2022 | Revised : 21 December 2022 | Accepted : 28 December 2022
1 Corresponding author : Young—Ho Park, parkyh@changwon,ac kr



.Hiod

fol

ojoh

x| 5Esl A (energy flow analysis, EFA)O| &= Uct
0| Bioll= AIAEIS| SEMof| XMFike: SMI} nFole SM0|
EME S5O oM AEM =2 o ES 2l 7etes
Mot SAX|LXGHAMC| EEE 0|88t 2R REleA-&
HHofLAX[3HA7 [ (hybrid FEA-SEA technique)O| H|ok=|Sict
(Langley, 1999).

deMo 2 Nl HYolA 288 £ Qs SMVE F
SAXolHXISHAMH (Lyon and Dejong, | 7F& 2
2 Clesst dlelollA] 285D 2lott ¢

oL —d

NS

2= (power balance equation)S Z1 =
(finite element technique)S Ak&et 4= ict w2t siM =
MM pMol| M O|2X xI0|2 Qlel MFI CHdollA ChSt
ASsiA FHoz MME 7|E REle4zds AFEHo=z
25t O sI7| A1, HEAIAE (subsystem)2 Bl SE

2 20 USB R SIRAIAH LR ZR8A SEME efE
2= giCh= THAO| RUck Ol F5sP7| fIst thete = HekE of
LX|SE5AH (Belov at al., 1977)2 YXME o|2ePHAl(heat

conduction typed differential equation) SEf2| offLAX|X|ul eb&

L

>o0x mer by

&
Al(energy governing equation)S Z¢ U FEERAT|H (Cho,
1993)0|Lt HAALAT |/ (Lee at al., 2003)2F 22 X547 |
He 285101, 7|E REATHO(L; MA EH(CAD drawing)
of XA ggo| golstr S@rzrEel dsis IR A

=3

0

(local design)E 12{& 4

Hol| 2} of| X S EFER A5 A (energy flow finite element
analysis, EFFEA)Z} OL4X|SEAA A6 A{ ™ (energy flow
boundary element analysis, EFBEA)SZ F2& == ?JC} SHX|
ot 7|1= 4752 8MA| 24 (hexahedron element)oll CHEF o
ToF =] Qlolo| Ako| ALY S oS0l $HAH7F AL
st 22 LIt &2 FA(heavy fluid)oll H= Al mElnle|
MuEM WS J2{olx| AL (Kim, 2007) F71EZEDt
(added mass effect)} BrAREAl(radiation loss)S2 12 £
E3ct (Kwon, 2009).

DIk Cidol|M sirofl FE elelof Eas TRl =R
Z=9| MEM = E 27 AHXIEEE o Ssp|
FA =AM (Fluid-Structure Interaction, FSI) &2 gidst
sA7[Re| ito| E4=molct

OlH oA7ofM = DTk CHdolAM Qlolo| SAle| Salm

O

z2o| duaznt TSSHE 52 2ok

ol

(tetrahecron) Ale] S8 ILIXIEEREIRAE HABBIICE =
3 2ioiol] M2 I giojel RAlol HAE TEe| My F2 7
SOILIX| 052 2lsh S FETIE Defet Zalnlel 2% of

. A

HAIHESEEE AEH RSICh ooz FAl7= oY Al

H EES 2ol "oz o= SEs7ioiM SEolM T}
QUAEH 29 TS T A HIZ(power transmission and reflection
coefficients) T2t HEOIM ZIQI7F UAIE B mieFofEA}

AHE ME RESIICL DRZioE HEPREB| RHTE o

METIS T2f3) olL{R|SE RIS FUHICH

2. TZ/SE Ade et

ofLX|2ERFetea Halst

Fig. 12t Zo| S&e4et FxeA7t MAEE Mz (area
junction)oll CHet ImEMERHAd(wave transmission analysis)Ol
RTECE A ( 2 ZZt 7Al10lM 02 HEo| Ak
=22 YAEHp)2t 6,2 Hiitshs 22 B HKp,), GEe| et
()& 2o{Fct

N
<

_ Aej(Wt7k11,75 7""1‘,?1) (1)

b =
p, = Bej(“’t +hy,a— 1"’1;,?/) (2)
5 -7 ej(wf, — ls:‘/y) (3)

0{7|IM w= THEe| ZFrml(angular frequency, rad/s)OlL kiy
=k;cos6:2t kiy=kisind2 S| Tk=(wavenumber, rad/m)e| Zt
Ztx, yatsk MBS LIEKICE A B, L2 ZiZt STle| A}, gt
Al " Zelnle] 54 A5 (complex coefficients) 2, ZAAH™
sk = o &of 2fsh ki,=k,0lct.

A oiE1 & "HE EHolM SHp)zh oiE LREE
(particle velocity, v) 7te| 2AIME 7] 2fsH A
S2l(Euler formula)2 0185t &l (5

-

Afole] gAlAE RES 5= ot

ov _ Bl
p ot ox

=0
B= A~ jup, 3¢ (5)
1z

0{7|M p@t pr2 212t Al U (kg/m’)2t FAl12] LEO0IH viE
joEo|C

A o220l Al (6)22 FEod=l Frbiltransmitted wave)
2H(p)2l T7I(C)2t Al EH(x=0) LAt T2 B2|E)2t A (4)
£ oI35t A (7)0] FEct

P = Cej(u)t — ko, — ko) (6)

2
Oszgﬁg (7)

017|M komkocos0:2} koy=kosinBe SIFR| Ti(ky)2l 242t x, y
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Fig. 1 Wave transmission analysis of semi infinite air-
plate—air area junction
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0f7|M Dy HHe| ZalZtM(flexible rigidity)0l 1! ps 2F hE &
mo| dzet FHolH, p= FAl oHER10IA 4 (1), (2)2] pet

pll B2 oolstl p'= 7Al oiE20IM Fotot pE 2lnlEich
A (1)~(7)2 0l3310{ 2} mso| AFE st Aol T

B QA DIEIS Tfet TASTHMPSE T3 4 (9)~(11)
Z

Icosb,

TaalZ B [mccosei (9)
A
plate

T~ T cosh, (10)
I

rYaall = [ (11)

mne

07| Taaro= SSOHE 101M 229| TQIFIATE 2lolotl
T SH0IM E Zelutz BRI FIT, vuns S
10M 129 miQIEkAPAE ololsid, Zt QIBIAIE|(intensity,
Wm)e & (12)~(15)2 E8E 5= UCh

1 |14|2 klr
"2 pig 6{ ky 12
o 1 |B|2 klx
T2 P16 e{ ky 13
_ 1 |C’|2 k21‘
2 Pty e{ ky 4
Lie =D, K w| L|? (15)
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(c) Power reflection coefficients(vaai1)
Fig. 2 Wave transmission analysis of semi infinite fluid—
plate—fluid area junction(acoustic excitation)
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Fig. 22 ZTh a4 Zik= 28 TRBAAIS (L) 7 71 2
22 714 TR AL ThT| BhAl|n] o sl SEeZ 9|
-“'}‘T-I }‘71|T(Taa12)t T'”'l"l—j}' anoljéloﬂ [El-E}' 7&l'ol'xli AO =13

5 Mo
J

olgh == c} FAloIM FH22e| Ful= STl w2 TF
IAI7 | Zolk|H 248 FxpiAl(tfransmission loss, TL)2 2HH
=2

HzIcke olojo|oz TLo| Fatol e Yyixel SN &
lefokm QUCk. oS TISMEehA 2ROl M THSe| Teks
SED| 0l vk gEoRol S35,

02
A (vaa11) £ 0= HES Hol= HE &l
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Z28 HEA nsTEs

FAl/AE MM S Salf SAlol AlliA~Sal Wie| X
B olE2 flsiME Fig. 3olAel 2ol = JRRIe| B
X 2o EMEElM T ali=|ofof Sict 2 AdTFolM =
HE 7Al Y 49 st (Bitsie, 1996)2 HIARRRA
(uncorrelated) ! L& FAl = ZEZ MEA 2HSIUCE

FH dEe gl SEeE MEE miele A (17)2
Fae 5 ATk
H{L(x}usti(t = Htr(ms 1 + Htr(ms 2
=/(n,.ad,lweh)dS’Jr/(n,.ad,Zweh)dS (17)
S S

O7|M Mg 12 nagos 22 S8 SZH 229 HIAREA S
(radiation loss factor)0|1! e= HEC| =&l of|L4X|2 E(flexural
energy density)0|Ct.

oll4x|=& 2] (principle of energy superposition)ol| 2fa H
moflA QIEIAE|E Akt QIEIAE| (g2t RAAF QARIAIE| (i) 2l
goz EHEICh

/5 (eyre)ds= /S (7, = n)ds+ /b (7,0 + m)dS (18)

-

S (apeyis= (145, f (3. - w)as (19

s

scat

Toemds= —2 (e e
/9(11'710 * n)dS_ (1+’Yppff) [9( 9f )dS (20)

Transmitted power (Fluid1)

Incident power

ttered powe‘r‘

Transmitted power (Fluid2)

Fig. 3 Power transfer relationship from structure to
acoustic

7IM cy= BE Zelue| oUXIHEET0l0] HHolA Lt
OF U (yp) = M2F QIRIAEIL QAL QIBIAIE[2 H]

2 EHE = ok

A (17)34 A/ (20)2 O|83ie ol SBI7H 220 Tt

ATt GEo R LU= A (21)~(23)2t 2o| &
o{ZIct,
r 2(ﬂpaﬂ Uvadl) (21)
pafl 1+ﬁ aﬂUrad1+ﬁpaf20rad2
r 2(6[)(1/2 Ur(zd 2) (22)
pu/? 1+ﬁ aflo-md1+ﬁpaf20-md2
liﬁ aﬂgrad 1 7ﬁ af2 md?
Vontr = 3 3 (23)

1+ﬂ aﬂarad 1 +6paf20-md2

o:ileﬁ 0rad,1]"|' OradzE 7—||-7—|'- %goh _g_?_l'1,2§9| tcl>I'A|'§%
(radiation  efficiency)olnd,  S&kli|HA  H(acoustic
impedance ratio, B)= & (24), (25)2F £l

Bpafl = plcl/pscgf (24)
ﬂpaf‘Z = p2c2/pscgf (25)

271(c,=343 m/s, ps=1.205 ka/m’)2} S15(Cees=1500 mV/s,
psea=1024.7 kg/m®) 2 T35 H(E=2.1x10"'Pa, p=7800 kg/m’, v
=0.28) i4ﬂ+(1 mX1mx0.01m) 22oilA HEo2HE Zslup|
olAfet A2 TIEMER|MO| $alE|Qict ERfa eSS ATy =

= o—l_
& Aol 39 27{EyRI) s A 8E Koz
olst &11Z T2{Et 4 D BE Fak: ChlolA] 2 #A'

ne

7| 2fall Leppington| Al ARESICE (Leppington, 1996).
Fig. 4(a)= et Hiu}t Tt oM S7(2f sir2e| 8 F§
22 2oiF=d el dAF |—|—(23kHz)" 3719 UAFIt
£(1.2kHz) 2t =7| i 2of| S| AT IS ofzholl M= 37|
29| YrlEgo| =t 4 (21), ( 2)E Esll 10kHz OlLfollAME

107 ¢

Power Coefficient

—o—sigma finite air

i — & —sigma finite sea

104 ‘ . ‘ . ‘ . ‘ .
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Frequency(Hz) %104
(a) radiation efficiencies from plate to fluid
Fig. 4 Wave transmission analysis of fluid—plate—fluid area

junction(plate excitation)
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(c) power reflection coefficients from plate to plate and
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Fig. 4 Continued

= 37| SEECt sl SEe=Z o Ho|
—’F ?UC P EESHFig. 4(c)ollM mhe| &=
S FolEARAIg=e| &o] 10| ==

2.3 HriE vt pEE
=T o HXIHEEE

APMOZ ofj=pot 22 UL F2 RAVE HrelH WADE
& okl AT ofgfolM FUEERME Qlsf FE=C
Zl

SEA0| FZ AefLt Z7| BollMet I ZeiRict SRR
7|E ATolME 2 st FxE0| FZElulel g #isfet of

| 2 of| XM= E (energy transfer velocity, m/s)2| BistE
Jeqsix l oRlC} (Kim, 2007; Kwon, 2009; Kwon et al., 2012).

2 ATOME B0t 22 DU KAl(heavy flid)7t FA:
) 2§-‘?—01|_'.:_ TENE ofuix|ZSsAlel AlziMS FO0I7| 9]
3 2lole] RAZ USES Aol HHel FzTel ofuixiH

=

=
Z71xl(wave xutathﬂ)% Hh= %'KI*?_J %EFP—I 2SUHAT 2
A2l 25 Al helmholtz equation)2 ck2z}b Zict,

=

a'u 8%u (wt — ke
Dga—¢+psh?:feﬂ( =) (26)
2 2
—2’2’+—8 +ip=0 (27)
zt oy

071M u= HEe| PAHR|(m), k= 7RIS Tirad/m)ol
ot f£ 7K mse| F7(0|0 ke SHte| uio|ct,

A (27)9 AIFT ofzhollM SR TSaHE A (3)o 2Y
2i34l2 0|85l cf3ut 2ol F8ie + Uck

p(0,y,t)=

017|M v SEJAXETO| T7|(m/s), po= STufElel UT
olch

Al (26)0l 2Zloll oI5t FAIGEE Al (28)2 M251H cl2t
Zct

8t 82 ot
Ds—?+psh—g:fe](wt w) +p1(07y,t)_])2(0»y7f) (29)
oy ot
Al (29)0lM =01} HE FAHIEES UF RATCZE st
F A2 M2 S2X(uncorrelated)0[2f 7
o} 22 2A|(dispersion relation)2 Y2 = Uk

pad 1, 201M Sxle| m-E 2fofst
—°—| UzE F F—HEF

;| |:1||:7|. h:O _I_I_i.”Xk).” S

Al (30)2 SHEshs kB 2R =
HEe| 23 =gl Tl(corrected flexural wavenumber, ko)
2 £ U1 0|5 0|83l ZElute| B o|HXIMEE T (cy ) E
ok Al (31)zf 2k

ow
9fe ™ ok
2
[4D§vl€3+ p plljs/g”’ ;Up?ﬁfs/z
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TR R () (k)

ST By TEne BY 8 oUANsEe A5
e i

Lt F=x[sHA S 2=oll st H=of US Feet st 3
2171 22t H=slf = 0.01 me| SHE 7R steel ol CHH
L3It HE-28H (Newton-Raphson method)2 0|23l
AR AL (30)0] 22 ol BN =8 meE Al A

(310l Helsh 23 olRNTATE ofS3IICt Fig. 5= B
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Fig. 5 Fluid loading effects in flexural wavenumber and
group velocity of immersed plate.
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Zanel 244 512 oSl sfisol &S BEe| NRRISSTet
Elo| i Alele| ZiErt DRFISSE= HolX|1 SEIT Zlofx|
Z1s TESI9ct o Zuiz RFE 2 o, 3N F
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of sie
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Hot v @gl T4t 21 Aelel 28
25 oLRNS T} RIS
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J>{rlr
[SIIN
= ook
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o ¥
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=4

3XI A B2t M22(acoustic point source)o| AS A
< ool cht of| x| X|B Al ch22p 2Tt (Cho, 1993).

2
C{I.
v eyt nade,)

Hm 06($_x0)6(y_y0)5(z_20) (32)

O{7|M, V= 3xkl 27iol| CEF 21Z2 MoK aplacian)o|od,
Cee 28 T}s2| of|HX|IMEEE(group speed, m/s), = =
2

AAI(internal loss factor), o= 7KKl SAIFa}

$(rad/s), <e>= SEONHRILZ(/m), 1T, .5 2L Seuke,
(Xo0,Y0,20)2 HSe 2IXIE 2lofsic}

MO Z oX|SEFTIAMO| REILAMAISIE 25l
Al (33)1} &2 H{2A (variational formulation)& 21! Galerkin
ZARELE olEsit (Park, 2019).

C2
22y vieyav+ [mowdeyav

ynw 1%

f mdeffw ne =V {e,)(dS=0 (33)

K] nw

Of7|A HIE| n2 A Vol ZAM Sof HREZoZo| 5| CiR|
HIEIS LIELN T, w= AlEE=r(trial function) 2 Lagrange A4
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Skr(shape function)& ARE310] ZAIEISICY
2 AF0Ms 7|E AFoIM ASHA il SEZ7Iat

FerRaslAl (Kim, 2007)8 & 4= AL siIS F=517| ¢
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Fig. 6 Validation of energy flow finite element analysis
using tetrahedron element (f=3000 Hz)
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(a) Structural flexural energy density level(ref 10-12 J/m?)
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(b) Structural in—plane energy density level(ref 10-12 J/m?)
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(d) Acoustic intensity level distribution
Fig. 9 Energy flow finite element analysis of complicated
plate structure in air(2000Hz)
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(c) Acoustic energy den3|ty level(ref 10-12 J/m°)

(d) Structural flexural energy density level distribution of

bottom and partition panels (ref 10-12 J/m?)
Fig. 10 Energy flow finite element analysis of complicated
plate structure immersed in seawater (2000 Hz)
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(e) Flexural intensity level distribution of bottom and partition
panels

Fig. 10 Continued
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Fig. 11 Complicated plate structure partially immersed in
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Fig. 12 Energy flow finite element analysis of complicated
plate structure partially immersed in seawater (2000 Hz)
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(e) Flexural intensity level distribution of bottom and partition
panels
Fig. 12 Continued
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