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Energy flow analysis(EFA) is a representative method that can predict the statistical energetics of structures at high frequencies,
Generally, as the frequency increases, the shear distortion and rotatory inertia effects in the out—of—plane motion of beams or
plates become important, Therefore, to predict the out—of—plane energetics of coupled structures in the high frequency range,
the energy flow analyses of Timoshenko beam and Mindlin plate are required, Unlike the energy flow model of Kirchhoff plate,
the energy flow model of Mindlin plate is composed of three kinds of energy governing equations(out—of—plane shear wave,
bending dominant flexural wave, and shear dominant flexural wave), This paper performed the energy flow finite element
analysis(EFFEA) of coplanar coupled Mindlin plates, For EFFEA of coplanar coupled Mindlin plates, the energy flow finite element
formulation of out—of—plane energetics in the Mindlin plate was performed, The general EFFEA program was implemented by
MATLAB® language, For the verification of EFFEA of Mindlin plate, the various numerical applications were done successfully,

Keywords : Energy flow analysis(EFA, OllLiX|SE5A%), Mindiin plate theory(MPT, Mindin & 02), Erergy flow finite element
analysis(EFFEA, O|X|ZEREIQAEHA), Inertia rotatory effect(Z|MZAED}, Shear distortion effect(FcHHE D),
Wave transmission analysis(WTA, ZIFEXMEBHA), High frequencies(F1ls= CH), Statistical energy analysis(SEA, S|
Zof| LK [5HA{ )

1.2 ZlS(longitudinal vibration) % H|E&ZIS(torsional vibration),

Euer H(beam)2t Kirchhoff EHplate)el =& ZlS(flexural
vibration) CHet YT SFEAl SHEQ| of| X |X]ul LR Al0| FEE|
ch (Wohlever & Bermhard, 1992; Bouthier & Bernhard,
1995). 1 O|0fl= TR0l CHEH of| X[ X[uiEFE A FEiEt
o2} oM Tx=E9| XS ElAS sl 2 FEe4A 719
TI=MESHA(WTA, wave transmission analysis) Tt Clkst 722

of|L4X| S E6HARY(EFA, Energy flow analysis)2 = S
ol FH ghHo| N alr oM 2=E9| FlsAas S oS
off geldel 7oz oIX|=|T Qe ALEo|A SHEAIAR Lo

TR MRM2IE & 4 AL SHFAIAE Ho| dhiHof iz}

siMZnpE Latdo| B=s 2 £ Qs SAHEO|UX A 47} oAM=l H0| st ofL{x|5E5A0| 2T Qct

(SEA, Statistical energy analysis)2| tHHe Helkst £ U= i (Cho, 1993; Park, 2013; Seo, et al., 2002).

Sle2 Al 2E s 7IHolck 5k Yeisol =pizgol ofLx|ESsME Yl 7] RE
olLX|SEHMHE =] Belov 52 F==2| ZS0l|LX|7} 2 JAXQA  o|UX|X[HiEFE Al SEIRATH(FEM, finite

Hol|HXIME SE2cin JFHs10 HMot=QT (Belov, et al., glement method)Zt ZHLAT[H(BEM, boundary element

1977), 21 0l o] ei7Sol| ofsh 7He 7|2Xel FxEeLol & method) Z+2 =%|7|H(numerical technique)2 X&3to1 2le|

SHmembrane)2| & ZlS(out-of-plane vibration), ={(rod)2| & o| sAlo| BEIIx20|| LSt oK SEHMS JIssH & %=
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A= K| EERSIAGHM(EFFEA, energy flow finite
element  analysis)Zt O|{X|SEAHLA5HA(EFBEA, energy
flow boundary element analysis)0| 937=|2 Ut (Cho, 1993;
Lee, 2006).

Z|Zoll& DFake tfode] Fx 40| Me|FI=(out-of-plane
vibration)oilM ERX = s|M e & TKinertia rotatory effect)
o MekHsi S 1l{(shear distortion effect)Z HH35IT AT IR
o Aliglo] ekMol SEfe] AF o|X|SEsliMHS etdst
20X} Timoshenko E2F Mindlin Hol|e| He|XIE Tzl tist o
LX|sE51A 2EO| JHE=(2{Ct (Park & Hong, 2006a; 2006b;
2008). E5t AMTEEZ SRS 2l Parke2 S2LZHAO|A
AME Mindin BEESS| oX|SSsMo| E=RACt
(Park, 2015).

2 =22 IFI tdoilM SgxEe| asoUX| olE
Matdg £0)7] 2l Mindlin Te| He|Zlsol thst ol {x|E52
FoeasiAo] SHERICn] 015 2f6l olX|X|H EF Aol &

¥
BIRAT|HS Telsjof MABISL REIRATAISA Zfe of

2. Mindlin Ete| of|HX|SE2H

Park (2008)2 Mindiin ZEEa} Timoshenko H2o| Me|Z

oisl) DT tiodo|M Q8 s|MaA Fale} Mokisls

Bider = e LHOl Hefo| ofHX|SEREE RSl

(Park & Hong, 2008). Al (1)2 Mindlin Bt| of| L X|X[ef £¥
2 LiEfiCt

¥

o
b
iy

Io
ol

3 30
z 11

4

0

nw \ ox
(m = OPSW, BDFW,SDFW)

2
Com [ 0 ) B
( 2+ 8y2)<em>+nw<em>ﬂm.m (1)

0{7|M, OPSW, BDFW, SDFW= ZHZh MIFcHIHOPSW,
out-of-plane shear wave), =Z&FMETKBDFW, bending
dominant flexural wave), MEFRMIZITHSDFW, shear dominant
flexural wave)E 2|05t n= O[FTFERZAAT, o= 7RI 2t
T, <e>;, [l 2t ¢g = ZH Ts2| AlZZH W of|HX|2E,
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017|M, D=En’/12/(1-v')= =&lZ4 (flexural rigidity), EE B
A, GE MEHAE, vE ZoksH|, 1= B THZHE k= o
CHE M| 4(shear correction factor), he ZHEe| FH0[0] k; k.
2} ks ZH2+H OPSW, BDFW, SDFWe| Ik=(wavenumber)2 C}
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3.1 Mindin Ee| oLix|5E2He| Faie4 HAs}

Mindlin 2| of{X|EEREIe4sME 2l A (1)oll 7158
oHe XEglch A7l (Galerkin method)Zt RN
(divergence theorem)& 0] 25101 of| LX|X[EEHAIS 2
Elfi(weak form)Z LERHM CST} 20| F3E 5= Ut
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(weight function)2 ZARHS| 71X &=(base function) 2 FA =
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function)0| ARSEICE
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|LX| SE(boundary energy flux)=
AMTZ=E2| AZF (junction)ollA ofLX|Z T
toflL{X| 5 S (energy flow), = Tk (power) 7t ¢
ol P==20lM EMote Its Alole| meH
H(power transfer relationship) £ 02310 ZaisH{o} of| %]
Fee4asiMo| 7FsSict (Cho, 1993).
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047|M, O, B, S&= 22t OPSW, BDFW, SDFWE LIERHCE
2L FARGAOIM XU EE SIL0(X[2t TS ER
AH£0|22 1ks Ziof HElo| LSt S WA IME
Mindin HollAe| mts #igke EAMEHdiffuse field)olAe] T
E kAR (power transmission and reflection coefficients)S

o8¢t utse| mTEAZE Eoigh = ch

{¢"t=1PHq} (17)

[P]= (18)
Yooi1 Tooz1 *** Toon1 VBo11 TBO21 *** TBOR1 Vso11 Tsor1 *** Tson1
Toor2 Yooz "+ Toon2 TBO12 YBO22 *** TBON2 TSO12 VS022*** TSON2
Tooin Toozn " Y00 TBOI TBO2R *** VBOw VSO TSO2R " ** VSOnn
Yomi Tom *** Topn Va1 Tep1 *** Tpnl Vspi1 Tsma ** Tspnl
Topi2 Yop2 " Ton2 Tep12 VBR22 " TpBn2 Tspi2 Vsp2 " TSBn2
ToBin Tosn *** YoBan TBBIn TB2n *** VBBan TSBIn TSB2n " VSBan
Yosi1 Tos21 == Tosn1 VBsi1 TBs21 *** TBsn1 Vssi1 Tss21 = Tssn1
Tosi2 Yos22 *** Tosn2 TBs12 YB22 *** TBsn2 Tss12 V522 Tssn2
L Tosin Toson *** Yosnn TBSin TBS2n *** VBShn TSSin TSS2n " VSSin

O17|M, v 2F T2 224 itHM] HHoM mE mks0| M
ool ng mlsoZ #ist Alof IiIEAAIa=et mie| FabA|g=0|Ct,
Ol= Parko| S™oHA0|AS] Mindlin & FxE0iAe| TEH
S5l Mol A TESIICH (Park, 2013).

047|M, g 2 nHH BEOIM m R s ZEEE 9
olgtct.

Fig. 12 & AM= 4256 of|X| S EREERA(EFFE, Energy
flow finite element)E H0{ECt AUHFEOl H95) 7|EF Fotea

|
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{gt=1{q"}-1{q} 1)

{e}={eH+{e} (22)

1 4 5 8
6(11> 6511) 6(12) ef)
element 1 BCT BC2  element 2
) o o2 1o
2 3 6 7

Fig. 1 Two 4-node quadrilateral EFFE elements
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sll= odM=l mmo| of| L{X|X|H B Al | M5l (exact solution) 2t

—o o

Bl HEFICE
ZZe 25t sijAl IH2 Fig. 22 22 SUHmAllA oM
=l £ 749 I Mindin HEE MYSIICE F el gille 2F

Levy—type2| & 3H% Olgéfo“EF 7IEn gl HARE

J|Z=o2 Al JHe| geioz LE=oAICt (Park, 2015).

<eﬂL> = Z E’LHB( )COS( ’Hy) <k71, = nw/L{/) (25)

n=0

—i+ i;) <e7n, >i (26)

{
ox; oy

0{7|M, m2 Ttz2| ZFE OPSW, BDFW, SDFWE 2lolst

£ ool goig Liepdct

Fo(z—x0)0(y —y,)exp (jwt)

I %
LxZ
|
L$
T, ! _> 1’2
a

Al (25)E of|HX|X[elEF ARl Al (1)of| TSl Chsnt 242
Ng 22 4+ 9}
B (z,)= m@(HEM(J (27)
= A} Pexp(— Az )+ A, Pexp(A)

7N, AL =K+ (mw/c,,0) 0l
Al (27)0lM2t Zo| 2+ mHsoll sl Bt HAolM F THe| ol

7+ 0| 2ol & 18712 o|X|$7 ERFct

BAZUCRE thke XX ZA= mel7t 00[H, 7H‘_|7.‘:*01|
Me oUX[Z = ¢d50]| 1 717l melE =Eksh mielof ol
710 Foi=|n, ZAAplME 2t "o Exfste Tisziel u|5
Bgks 1245k mjelpifx40| X Elck

Mindiin o] HeIRIS|HX| oZ2 2IE LRIz ERFEIR
A z27i9e 7|Z& Kirchhoff Eo| of| x| S 23D
Sie| Fakeol| met AAREIF ZRRRIch Mindin Be| B<ols
UAFINw, = VEGh/p)E 7|F22 AAFIIHCt
2 JRIF TS tiejollAls YollA] oiZEH OPSW, BDFW, SDFW
of me UX|Y=E 2F Uefsiolsty UAIFIEDH B2
FIk CollAl= BDFWOIl 2/8H of XL 3k gdEIct,

T

Ceri+<ery+<er; (w=w,)

<€>mml = {<€>2 (u)<wc) (28)

07|41 1,2,3 MXh= Zt2+ OPSW, BDFW, SDFWE 2lo|sict.
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EFFEA energy density of Mindlin plate

Energy Density{dB)

(a) Energy flow finite element analysis

EF A energy density of Mindlin plate

104~
1024

100~

Energy Density(dB)

(b) Energy flow analysis
Fig. 3 Comparison between EFFEA and EFA of
coplanar coupled Mindlin plate (1000Hz, n
=0.1)

T G| MES steel(p = 7800kg/m®, E=210GPy
v=0.28)0|0{ Zt G| R L, XL,y XL, =1mX
1m X 1mo|2 FHE 282+ 0.02met 0.04mE ik 2+ Zmo|
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EFFEA energy density of Mindlin plate
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(a) Energy flow finite element analysis

EF A energy density of Mindlin plate
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(b) Energy flow analysis
Fig. 4 Comparison between EFFEA and EFA of
coplanar coupled Mindlin plate (1000Hz, n
=0.01)

Fig. 55 7RIFul7t 200kH2 &+ Fie| AT ule2ot
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Energy Density(dB)

(a) Energy flow finite element analysis
EFA energy density of Mindlin plate
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(b) Energy flow analysis
Fig.5 Comparison between EFFEA and EFA of
coplanar coupled Mindlin plate (200kHz, n
=0.01)
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Fig. 6 Comparison between EFFEA(mesh size
50mm) and EFA of coplanar coupled Mindlin

plate (y=Ly/2)
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Comparison between EFA and EFFEA of Mindlin plate (y=Ly/2)
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energy density(dB)
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(a) 1000Hz, n=0.1
Comparison between EFA and EFFEA of Mindlin plate (y=Ly/2)
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(b) 200kHz, 1=0.01

Fig. 7 Comparison between EFFEA(mesh size =
25mm) and EFA of coplanar coupled Mindlin
plate (y=Ly/2)

Table 12 2t silA Z-?ol| 7REEHolA o 4X| S FslAa 2t o

HX|EEReteaolMolie| 24 B|WE 2{ECE oM MU
I

Table 1 Relative error between EFFEA and EFA at
excitation point according to mesh size

Numerical case Mesn Elements Relative error
size (EFFEA-EFA)/EFA*100

1000Hz, n=0.1 | 50mm 800 0.58%

1000Hz, n=0.01| 50mm 800 0.009%

200kHz, n=0.01| 50mm | 800 1.71%

1000Hz, n=0.1 | 25mm | 3200 0.35%
200kHz, n=0.01| 25mm | 3200 0.98%
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