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Numerical analysis of sound transmission loss of glass pane
Study on modeling of edge support system of plate vibration field
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Eh’
EE?j (2.39)

EB<E M, M, M, M IZUTOLDICRT I ENTED,

2 2 2 2
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’ dy ox

(2.40)

yENCEATREIE DY DF—A L FOFBEVWEEZD L, KANELND,
(M, +dM Jdy (M +dM  Jdx—(Q, +dQ, dxdy — M .dy + M dx=0
oM, oM,
T dy
[FIERIC x S EAT Rl E DV DF— AL FOFIAVEBZZ DL & RABHLND,
aQ,=&My+aM5 (2.42)
Y dy ox

T2, WG ENCEL IS0 EVWEEZD ERANRE LN D,

(2.41)
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9 _ ol 8(7‘2/ +F=0 (2.43)

RiEEIBORE S EX DB
X (241,42) Lo (243) Ikl TcERIND,
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WOWNEE L ZZES 5 EROMNTIRE G ERAIUL T ORISR 5,
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DV4W(r,t)+pphp > =F(r,1) (2.45)
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2 2 2 2 4 4 4 E (1+ jn)h’
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ox*  ody® \ox* oy’ ox* ox’dy> oy’ 12(1-v?)

DT, 7,0 ROBEIREL.

T T, IREVERL AN DHRFIIRENEZ LTV EIRET D &L RN E LN D,
DV*w(r)- p h@’w(r)= f(r) (2.46)

HL., Wt)=wke™ . F(rt)=f(r)e™™.

232 WRIEENBOBREH (17]

SCHK [17] &b S ICHIEBIE OBEREMHFICHONWTIRNS, ARIROBERSEME LTiE, [H
TESCHRF Bl SR 2 kA 72 b OB 2 HAVD D ARAFZE TILLISO 140 K TVIIS A 1416: 2000
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2RI LV EE SN TOAHCRERBIZ48E L, BER B ComIMNEN w o OBE 5 4l &

> 71 M
=
= o
Fig.2.5: Displacement and shear force. Fig.2.6: rotational angle and moment.
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HZELEMTHL, LLEXD, i BC ICIFHME S Y720 (2.50) OB AW 153,
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2M,) ODEFKIIPERT 5,

M, MgH(aM,/ dy)

C \ B
Y )Y ) ) )y YA)[A)
AR EYEYAIVAIVL),
M,

xy
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%

Fig.2.7: Distributions of moment on boundary.
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X (247,52) L 0BERSEKME
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ERFTENTES,
26 LVE—AL RO HNEFKRANTEREIND,
M=-Z7,0 (2.54)
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on,>  dl,
X (2.54,55) L0 BERSEMHIE
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txrIns,
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EXRAEH L NFEREH

Bt 2 A7 PREESRI 0 EI L CHi 2R . WIBBZ AT S, 22Tl 4 SDOTEAHIA
MENEN3 BAHEZAT L 2 AHEORFEERERZNN S, Hid n CTOE%Z a, &
T 5. SAEMIE, 2 FROEM w,. x#EDY OREEA 6, . ylliEby OEEEA 6
D 3OO N5, EiEMAIE X 2.8 DX ITERT D, %EﬁﬁWUiuTmio Z a,

R
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0, (ow/ax),

WRERNOBSHEHEENEZ T LD LU TOLYICREND,
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Fig. 2.8: Illustration of rotational angle. Fig. 2.9: Illustration of a coordinate of

Element node.

BWENOD z FEM =B 35 2EA08 LTI 2.59) #HWS,

W= +ax+ oy +axt Foxy+ oy +oLx Faxty oy’ o,y +a, X’y +a,xy’ ={P} {a}

(2.59)

ZZITP, o BUTOLBY THD,
Pi=(l, x y x, x, y, 2 Xy xn oy, 2y o) (2.60)
o=l @ o a o o @ o a a, @, a,} (2.61)

EHAFAIILU T O & S icksvd,
0. =—a, — ax —20,y —20,x" = 2a,xy =3¢,y — &, X’ —3,xy"
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10 @, ECORERA K 5 1= | 4% O JEREAE & 48 A 2 A LT R %
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MU ZRAERT P EYRBTE S,

a’=Ca (2.62)
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I THERAND 2z FAEMEZUTOLIICRT I ENTE D,
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D TR B S VT BEEREI IR 2 HE T D £ (2.66,67) TEHENLD.
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w
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X
A
infinite rigid baffle

incident plane wave

0< p<90°

Fig. 3.1: Geometry of a three-dimensional Fig. 3.2: Schematic of a discrete
sound transmission model. direction model for random incidence.

RN ST
A@:%%,@:@—%%@,@:Lz~,m) (3.1)
A%:i(,);, %=(1—3A%, (i=12,--.N}) (3.2)
AL, Ny=[L15N,sing,].
YN
A%=%§,%=@—%%%,Q=Lzu,m) (3.3)
A@jz%, U:(j—%]mpv, (=12, ,N) (3.4)

AL, N, =[n, sinaj].

322 FEBELEHEK

WHRENS & S o p U (2.96) TEEIND, ZHEEMEAICHE Z 22k,
WM EERICBIT D8RP AN ZHE T2 2 &N T 5, MG EEmE O ST EITES
NI-Ei BN S RAUC L VR SN D,
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Table 3.1: Parametric properties of glass plates.

x-width a [m] thickness /1, [mm] damping 77
0.9, 1.215 5,10,20 0.002, 0.01, 0.05
P =2w p,Gw, (3.5)

fHL. P: HMBEREDOETENT ML
> T, D ASZ R T ROEE S I & ik A bR K W RS D,

7(6.9) =L 1m(p'Sw;) (3.6)
abcos@

AL, S: EWREITH : S,=6,S,, S.: WHRHH

AEEI . EHASERERIIART AL 2B T E2BE L TRAUCIVREHEIND,

Ng Np
TL=-10log,| AY. > w,7(6,.¢,) 3.7)

i=1j=1

AL, w,=sin6,cosd,Ab,Ap, 1/A=§j§“‘“sin9cosed9\ Olim: FHAS (0lim=78°) - 7

VA BAE (61im=907).

323 BFrxg

FRATRI BT BB T 7 A O SRR EE SR &tk & Uie, £70. BWPEMEI3E E
2500 [kg/m’], ¥ > 7% 7.5%10" [N/m*], W7 Vb 022 & L, D y FilEE% b=09
m] LEEL, xHAKRS a [m]. HBE h, [mm], BEEK 7 -, 2K 3.1 0@ ELS
Wiz, 24 T U ARFE RIS IHUE S [mm]TlE 2327 [Hz], 10 [mm] TlX 1164 [Hz],
20 [mm] TiZ 581 [Hz] T D, ZHRDENIMATEIE IR D 1/6 PLTIZR5 L)1k
LT, EREHEWOAREIITHONTE 3.2 ICHEROTAIIE & T30 BER 2 =4,

Table 3.2: Properties of the discrete direction model (random incidence).

AG; [deg] total direction number
3 586
6 151
15 25
30 7
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Fig. 3.3: Difference between field incidence Fig. 3.4: Effect of the incidence angle
transmission loss and random incidence step A@;; to random incidence transmission

transmission loss (a = 0.9, h, = 10, 77, = 0.002 loss (a =0.9, h, =10, 17, = 0.002).
A; =3).

324 RRLEEE
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3.3 MRiTRAKBMICET SiRE
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Fig. 3.5: 1/3-oct-band transmission loss calculated from the values at 1/6, 1/12, 1/24, 1/48 and 1/96

oct-band center frequencies (a = 0.9 [m]).
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Fig. 3.6: 1/3-oct-band transmission loss calculated from the values at 1/6, 1/12, 1/24, 1/48 and 1/96

oct-band center frequencies (a = 1.215 [m], h, = 10 [mm]).
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Fig. 4.1 Numerical model of edge support system.
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Fig. 4.2 Numerical model of edge support system.
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Fig.4.3 Illustration of the continuum model.
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Table 4.1 An outline of the spring model and continuum model.
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Fig.4.4: Incidence characteristic of the the Fig.4.5: Incidence characteristic of the the
impedance when the abosorption coefficient maximum value of abosorption coefficient

is the maximum.
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Table 4.2  Seal's properties measured by Yamaguchi [22, 23].

Yo 7R [N/m?] [EENGY.d
ISO /35 3x107 ~ 108 0.6 ~ 0.8
D=
At 4 %107 0.04 ~ 0.07
B 108 ~ 2 x10® 0.03 ~ 0.07
C #t 108 ~ 2 x10® 0.05 ~ 0.07
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Fig.4.6: Shematic representation of glass Fig.4.7 Shematic representation of glass
mounting using putty. mounting using silicone.
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Table 3 Properties of seal.

YR E, [N/m’] 10°, 107, 108
R 7, 0.1,0.51.0
B p, [ke/m’] 1000, 2000
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Fig.4.8: Incidence angle dependence of the absorption coefficient of the edge (seal: E; = 107 [N/m?],
=0.5).
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T, TR model
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Fig. 4.9: Frequency characteristics of the normal-incidence absorption coefficients of the edge

support models.
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Fig. 4.10: Frequency characteristics of the random-incidence absorption coefficients of the edge

support models.
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TR, TRM model
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Fig. 4.11: Frequency characteristics of the normal-incidence absorption coefficients of the edge

support models.
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Fig. 4.12: Frequency characteristics of the random-incidence absorption coefficients of the edge

support models.
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TRM, TcRM model
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Fig. 4.13: Frequency characteristics of the normal-incidence absorption coefficients of the edge

support models.

48



¥4 E OO EEE O = )L X —HRICES T A R

e
%

o
=N

e
=~

Absorption coefficient

o
(&)

=]

—

e
00

e
o

e
~

o
)

Absorption coefficient

(=]

—

-~

Absorption coefficient

100 " 1000 5000 100 1000 5000 100 1000 5000
Frequency [Hz] Frequency [Hz] Frequency [Hz]
p, =2000 [kg/m’] ——— 1, =0.1 (TRM) 1, =0.5(TRM)__ 1, =1.0(TRM)
p, = 1000 [kg/m’] ——— N, = 0.1(TRM) ——— n_=05(TRM)——— n_=1.0(TRM)
p, = 1000 [kg/m?] - 1,= 0.1 (TRM) - 1,= 0.5 (TRM) oo n,= 1.0 (TRM)

Fig. 4.14: Frequency characteristics of the random-incidence absorption coefficients of the edge

support models.
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Fig. 4.16: Impedance of the TRM model (seal: p, = 1000 [kg/m"’]).
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Fig. 4.17: Impedance of the TRM model (seal: p, = 2000 [kg/m"]).
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Fig. 4.18: Impedance of the T.RM model (seal: p, = 1000 [kg/m’]).
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Fig. 4.19: Impedance of the T.RM model (seal: p, = 2000 [kg/m’]).
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Fig. 4.20: Calculated results of boundary absorption coefficients from total loss factors.
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Fig. 5.1: Difference of 1/3-oct-band transmission loss caused by neglecting rotational springs

(glass: 0.9 x 0.9 [m?], A, = 10 [mm]).
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Fig. 5.2: Difference between 1/3-oct-band transmission loss with the spring model and that with the

continuum model (glass: 0.9 x 0.9 [mz], seal: E, = 10° [N/mz]).
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Fig. 5.3: Difference between 1/3-oct-band transmission loss with the spring model and that with the

continuum model (glass: 0.9 x 0.9 [mz], h, =5 [mm], seal: E, = 107 [N/mz]).
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Fig. 5.4: Difference between 1/3-oct-band transmission loss with the spring model and that with the

continuum model (glass: 1.25 x 1.5 [mz], seal: E, = 10° [N/mz]).
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Fig. 5.5: Difference between 1/3-oct-band transmission loss with the spring model and that with the

continuum model (glass: 1.25 x 1.5 [mz], h, =5 [mm], seal: E, = 10’ [N/mz]).
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Fig. 5.6: Comparison of calculated values of 1/3-oct-bands transmission loss and theoretical ones

(Glass: 0.9 x 0.9 [m?]).
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Fig. 5.7: Frequency characteristics of the random-incidence transmission loss (Glass: 0.9 x 0.9 [m’]).
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Fig. 5.8: Comparison of calculated values of 1/3-oct-bands transmission loss and theoretical ones

(Glass: 0.9 x 0.9 [m?], Seal: p, = 1000 [kg/m’]).
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Fig. 5.9: Frequency characteristics of the random-incidence transmission loss (Glass: 0.9 x 0.9 [m?],

Seal: p, = 1000 [kg/m’]).
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Fig. 5.10: Comparison of calculated values of 1/3-oct-bands transmission loss and theoretical ones

(Glass: 1.25 x 1.5 [m?)).
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Fig. 5.11: Frequency characteristics of the random-incidence transmission loss (Glass: 1.25 x 1.5

[m’]).
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Continuum model
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Fig. 5.12: Comparison of calculated values of 1/3-oct-bands transmission loss and theoretical ones

(Glass: 1.25 x 1.5 [m’], Seal: p, = 1000 [kg/m’]).
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Fig. 513: Frequency characteristics of the random-incidence transmission loss (Glass: 1.25 x 1.5

[m?], Seal: p, = 1000 [kg/m’]).
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Fig. 5.14 Schematic representation of typical glass Fig. 5.15 Schematic representation of glass

mounting used for laboratory test method. mounting using silicone caulking.
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Table 5.1 Transmission loss prescribed by JIS A 1416.

JE ¥ (Hz) B F I J(dB)
1600 31.3
2000 35.6
2500 39.2
3150 42.9

OMEE 2 0HE) 77 AHEMHREBR O KON T ABEH AT O [2. 7T ARFEEH /S
THZHESND FiE (M 5.14) (ko7 FEEEOBSG I Y ary—Y 7210
PR & LIBEEIFENRHN SN DT, ¥ 515 [Z7RT L 212, FBRETHNOND ST
DOV 7T v TMZENLTC, 1B S[mm] JES 3~5[mm] OV arv—U T
AR 2EICE0 ) BIGORY 1T 28 L@ A X D EEIT- 7,
$W¥ﬂirv&w@Mﬁ&@%@ﬁﬁ®ﬂ*’i M 5 ROBEESZERZRIT,
%2 6 EITOFIRNLEIZIT D& OWIEFIEE R CHIE Lz 6 ETicis T 2Eo
%IZE@m%ﬁm¥ﬁ#5_& k0 FoRBOEFEFZRBLEOME LTRD,

542 HRLEEE

[45.6,5.8,5.10, 5.12 |2/~ L 72 5 25% 8 5 0 FHRfE & SCHkF2MME % < 5.16, 5.17, 5.18, 5.19
IR, R BHEEGHAT T LSBT — M OBEEE 2000 kgm’] & LIZSGAOFH
il & SCik =Ml A X 5.20, 5.21, 5.22, 5.23 (2R 7,

JIS A 1416: 2000 IZHE S TLS/ITIY IR OESEEE & DB

WHOIC JIS ITHLE STV AT T RO EMERE & O ik 21T 9, JIS Al4le6:
2000 TiE MMt 2 (BE) 7 AWEHREREA LA T AEEM AT L LT, H
T AT CTH AT B o E EREIC W TR ST D B, BIERGE~HE 1.23x
1.48 [m*], HJE 10.020.3 [mm] O Y —Z GIKITVESH T 2T, WVEEIZHE 2500 [kg/m’),
YU E=7x10" [MPA] =7 x 10'° [N/m*], 713 H 08330 1600 ~ 3150 [Hz] @ 1/3 A
7 B2 —T N REIZATV, ZOREREFENE 5.1 (R TEMEO 2.0 dB OFPHIZA B 72T
ENTF RN E LTV D,
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Fig. 5.16: Comparison of measured and calculated values of 1/3-oct-bands transmission loss

(calculated values: Glass size = 0.9 x 0.9 [mz], measured values: Glass size = 0.93 x 0.93 [mz]).
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Fig. 5.17: Comparison of measured and calculated values of 1/3-oct-bands transmission loss

(calculated values: glass size = 0.9 x 0.9 [m2], ps = 1000 [kg/m3], measured values: glass size = 0.93

x 0.93 [m?)).
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Fig. 5.18: Comparison of measured and calculated values of 1/3-oct-bands transmission loss (Glass:

1.25 x 1.5 [m?)).
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Fig. 5.19: Comparison of measured and calculated values of 1/3-oct-bands transmission loss (Glass:

1.25 x 1.5 [m’], Seal: p, = 1000 [kg/m’]).
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Continuum model

f=5 [mm)] 7= 10 [mm) f,=15 [mm]
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Fig. 5.20: Comparison of measured and calculated values of 1/3-oct-bands transmission loss

(calculated values: glass size = 0.9 x 0.9 [mz], E= 10° [N/mz], ps = 2000 [kg/m3], measured values:
glass size = 0.93 x 0.93 [m’]).
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Fig. 5.21: Comparison of measured and calculated values of 1/3-oct-bands transmission loss

(calculated values: glass size = 0.9 x 0.9 [mz], hy, =5 [mm], E = 10’ [N/mz], ps = 2000 [kg/m3],

measured values: glass size = 0.93 x 0.93 [mz]).
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=5 [mm] h= 10 [mm] h=15 [mm]
50
E, = 16 [N/m?] i" i“ /

g 10 L
W
2 30 /
s ///ﬁr‘ 4 \t:;/
z 208 6 mm
E
g
& 10

0 T ‘ —

100 1000 5000 100 1000 5000 100 1000 5000
Frequency [Hz] Frequency [Hz] Frequency [Hz]
ns=0.1 Ns=0.5 ns= 1.0
—a— Putty Silicone

Fig. 5.22: Comparison of measured and calculated values of 1/3-oct-bands transmission loss (Glass:

1.25 x 1.5 [m’], Seal: £, = 10° [N/m], p, = 2000 [kg/m"]).

s =5 [mm]
_ T |E=10[Nm] {
2 40
2
= 307
2
2 201
= 20
172}
g 10
= —— Put
0 Silicone
100 1000 5000
Frequency [Hz]

Fig. 5.23: Comparison of measured and calculated values of 1/3-oct-bands transmission loss (Glass:

1.25 x 1.5 [m?], hy = 5 [mm], seal: £ = 10" [N/m’], p, = 2000 [kg/m"]).
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Fig. 5.24: Effect of the size on the random incidence transmission loss (Glass: i, = 5 [mm], seal: p;
= 2000 [kg/m’)).
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Fig. 5.25: Effect of the size on the random incidence transmission loss (Glass: &, = 10 [mm], seal: p;

= 2000 [kg/m’)).
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Fig. 5.26: Effect of the size on the random incidence transmission loss (Glass: &, = 15 [mm], seal: p;

= 1000 [kg/m’)).
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coincidence frequency for the oblique incidence f (8= 45) = 2320 [Hz] (¢= 0, glass size = 0.9 x 0.9
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Numerical analysis of sound transmission loss of glass pane:

Study on modeling of the edge support system in plate vibration fields.
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Fig. 1 : Numerical model of edge support system.
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infinite rigid baffle

incident plane wave
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Fig.5: Geometry of a three-dimensional sound transmission
model.
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Table 1 Properties of glass plate.

0.9 x 0.9, 1.25 x 1.5 [m?]; t = 5, 10 [mm];
E = 7.5x10% [N/m?]; p = 2500 [kg/m®];
v=0.22; n =0.002

Table 2 Properties of seal.

d=15[mm]; h=5[mm];
E, = 105 10" [N/m?]; 7= 0.1, 0.5, 1.0;
1 = 1000, 2000 [kg/m?]
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Figure 1: Geometry of a three-dimensional sound
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Table 1: Parametric properties of glass plates.

x-width a [m]
09,1215

thickness t [m]
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m 1% 2320 Hz, 0.01 m i 1160 Hz, 0.02 m Tl 580
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Table 2: Properties of the discrete direction model (random

incidence).
AG; [deg] total direction number
3 586
6 120
15 25
30 7
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Figure 3: Difference between field incidence transmission
loss and random incidence transmission loss (a= 0.9, t=

0.01, 7=0002, A =3).
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Figure 4: Effect of the incidence angle step A to

random incidence transmission loss (@ = 0.9, t=0.01, =

0.002).
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Figure 5: 1/3-oct-band transmission loss calculated from the
values at 1/6, 1/12, 1/24, 1/48 and 1/96 oct-band center
frequencies (a=0.9,t=0.01, 7=0. 002).
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Figure 6 : 1/3-oct-band transmission loss calculated from
the values at 1/6, 1/12, 1/24, 1/48 and 1/96 oct-band
center frequencies (a=0.9,t=0.01, 7=0.01).
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Figure 7 : 1/3-oct-band transmission loss calculated from
the values at 1/6, 1/12, 1/24, 1/48 and 1/96 oct-band center
frequencies (a=0.9,t=0.01, 7=0.05).
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Figure 8 : 1/3-oct-band transmission loss calculated from the
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Figure 9: 1/3-oct-band transmission loss calculated from the
values at 1/6, 1/12, 1/24, 1/48 and 1/96 oct-band center
frequencies (a=0.9,t=0.02, 7=0. 002).
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Figure 11: 1/3-oct-band transmission loss calculated from the
values at 1/6, 1/12, 1/24, 1/48 and 1/96 oct-band center
frequencies (a=1.215, t=0.01, 7=0.002).
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Figure 12: 1/3-oct-band transmission loss calculated from the
values at 1/6, 1/12, 1/24, 1/48 and 1/96 oct-band center
frequencies (a=1.215, t=0.01, 7=0.01).
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Figure 13: Distributions of vibration displacement magnitude of
the plate of 10 mm thickness at the coincidence frequency for the
oblique incidence f (6 =45) = 2320 [Hz]. Map (a): ¢ =0 ,
map (b): ¢ =45, and map (c): ¢ =60, where the arrows denote

Figure 14: Distributions of vibration displacement magnitude of
the plate of 10 mm thickness at the coincidence frequency for the
oblique incidence f (6 =60) = 1546 [Hz]. Map (a): ¢ =0 ,
map (b): ¢ =45, and map (c): ¢ =60 , where the arrows denote

the direction of travel.
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Fig. 3: 1/3-oct-band transmission loss calculated from the values at
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Numerical Analysis of Sound Transmission Loss of Glass Pane
- On the Treatment of Edge Damping -
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ABSTRACT

In order to simulate sound insulation performance of window systems, a numerical model
for vibro-acoustic analysisis tested considering the support condition of glazing edges. In
the model, a glass pane is mounted in an infinite rigid baffle, and a plane acoustic wave is
incident upon one side of the pane. A structural FEM is used for the glass pane based on the
classical thin plate theory, while the acoustic BEM is used for the incident and the transmitted
sound fields. For simulating arealistic support condition of putty, two kinds of springs, shear
spring and rotational spring, are given to the edges with certain damping factors, respectively.
A numerical study isdoneto investigate the influence of the support condition on the random-
incidence sound reduction index, where the complex constants of the two springs are
systematically changed for glass panes of various sizes and thicknesses. Furthermore, the
support condition is theoretically discussed by formulating the characteristics of energy
absorption on the edge in the bending wave field.

1 INTRODUCTION

In the previous study [1, 2], anumerical method of vibro-acoustic coupling analysis, using
structural FEM - acoustic BEM, had been applied to prediciton of sound insulation performance
of glass panes. At the time, due to the limitation of computational cost, random-incidence
transmission loss could be calculated for a glass pane of about 1 m? up to about 1 kHz, while
nowadays calculation in the full frequency range is almost practicable.

However, there remains an important problem how to deal with support condition of glazing
edgeswhich strongly affects sound transmission |oss. Some measurement results on edge damping
has been reported in [3, 4], where the boundary absorption coefficients for a peripheral length
were estimated from the total loss factors of a variety of glass panes with putty and silicone
mounting. One way isto simulate the measured boundary absorption coefficient by giving some
boundary condition empirically, and another is to simulate the realistic behavior of elastic
mounting with some numerical model.

In this paper, a simplified boundary condtion for glazing edges is introduced in the above
numerical method, where two kinds of equivalent springs for shear and for rotation are given in
relation to the complex Young's modulus of a sealing material. A numerical study is done to

2 Email address: sakuma@k.u-tokyo.ac.jp



investigate the influence of the support condition on the random-incidence sound reduction
index, where the complex constants of the two springs are systematically changed for glass
panes of various sizes and thicknesses. Furthermore, the support condition is theoretically
discussed by formulating the characteristics of energy absorption on the edge in the bending
wave field.

2 MODELING OF GLAZING EDGE SUPPORT

A lumped spring model is considered to simulate the support condition of glass panes. This
simple model gives the boundary condition of bending wave field, which isfinally reflected as
the bounday stiffness matrices in the structural FEM analysis.

2.1 Lumped Spring Model

Asshown in Figure 1, alumped spring model that is equivalent to the elastic behavior of a
sealing meterial isintroduced for glazing edge support. In the model, it is assumed that a shear
spring and a rotational spring respectively react against the displacement and the slope of the
glass pane on the edge, and edge damping results from the internal damping of the springs. The
constants of the two kinds of springs are given by

shear stiffness: k, = 2E(1;:J775)d (D
3
rotational stiffness; k. —E(lng]nS)d, 2

where E, isthe Young’'s modulus, n, isthelossfactor, d and h are the depth and the thickness
of the sealing material, respectively. In the following, the size of sealingisfixed at d = 15 [mm]
and h=5[mm] according to SO 140-3 [5].

Based on the classical thin plate theory, the boundary condition of bending wave field is
expressed by the following two equations:

- p.0 (9w, o'W
shear force balance: D5 (an2 alz) —kw, (3
R oW
moment balance: D(n+ |2) k'"an 4

where w is the displacement of aplate, d/on and d/dl are normal and tangential derivative on
the boundary, respectively, the bending stiffness D = E(1+jn)t¥12(1-v?) (E: Young's modulus,
v: Poisson’sratio, n: lossfactor, t: thickness of the plate).

d
__seali__ _________ h 1
plate t A } ”””
:{ 7’”'

Figure 1: Numerical model of the edge support system.



2.2 Discretization of a Plate Vibration Field

A structural FEM is applied to the vibration field of a thin plate, using ACM quadrangle
elements. Considering the boundary condition in Equations (3) and (4), the following discrete
linear system can be obtained.

0

[
([K]+[Kq]+[Km]—w2[M])\ 0x/ =[QKAp;, ©)
y

where {w}, {6,} and {6,} are the vectors of displacement and of x, y-directional slopes,
respectively, {Ap} isthe vector of sound pressure difference between the two sides. [K], [M]
and [Q] are the elastance, the inertance and the conformation matrices for the plate [1]. In
addition, [K,| and [K,] arethe boundary stiffness matrices for shear and for rotational springs,

respectively.

3 THEORETICAL CONSIDERATION ON THE EDGE SUPPORT MODEL

In order to clarify the damping effect in the lumped spring model, the relation of the springs
to energy absorption is theoretically discussed by formulating the characteristics of energy
absorption on the edge in the bending wave field.

3.1 Impedance of a Plate and of Edges
Regarding the shear spring and the rotation spring in the above model, the following two
kinds of impedance [6] are defined on the edge of a plate.

k
mechanical impedance: Z, = 3 = JaQ)W = J—;) (6)
k
moment impedance: Z,, = % = J'\a/)'—g = J—;) (7)

On the other hand, the characteristic impedances of abending wave propagating in one direction
are expressed as Z,, = Dky/w and Z,, = Dk,/w, respectively (k, =4/ pt/Dvw : wave length, p:
density of the plate) [7]. Finally, the impedance ratios of the springs to the bending wave have
the relationsthat z,= Z/Z, « 0 ** and z,= Z,/Z,, « & .

3.2 Energy Loss on Edges

Considering that a plane bending wave is normally incident on the infinitely long edge, the
solution is accordance with the theoretical one for a bending wave in a semi-infinite beam. The
one-dimensinal solution for the above boundary condition gives the amplitude ratio of incidence
wave to reflection wave as

I b (L (R LA 2 ©
© 1+(1-))z+ A+ )z, + 22,

provided that a near-field wave is excluded [7]. Here, the normal-incidence energy absorption
coefficient on the edgeis given by a,=1—|r,|*.

If theinfluence of therotational spring isnegligible, the normal-incidence absorption coefficient
issimply expressed by

_ 2Re(z)
-1+ ©

=

NS
where assuming z,, = 0. Regarding the shear stiffness in Equation (1), the impedance ratio is
written by z, = Z(n,—j). If the loss factor of the sealing material 7, isregarded as a constant,




the absorption coefficient takes a maximum value that
B = ol (10)
2(1 + 775) +775 -1

at afrequency satisfying z, = 1/,/ 2(1+7?) .

3.3 Case Study

Using the above theoretical formulations, the frequency characteristics of the normal-incidence
absorption coefficients are cal culated with changing the following properties:

- glass: t =5, 10, 20 [mm] (p = 2500 [kg/m?], E = 7.5x10"° [N/m?, v =0.22, n=0.002)

- seding: E,=10°, 10" [N/m7, n.=0.1,0.5, 1.0

t=10mm t=20mm
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Figure 2: Frequency characteristics of the normal-incidence absorption coefficients of the edge. The thick linesfor
the model with shear and rotational springs, the thin lines for the model with only shear springs.
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Figure 2 shows the results for the model with shear and rotational sorings, and also for another
model with only shear springs. In all cases, one distinctive peak can be seen, and the peak
frequency becomes higher as the glass pane is thinner, and as the sealing material is harder. The
peak valuefor n, = 0.5 reaches a = 0.9, while perfect absorption occursfor 1, = 1.0 asconfirmed
by Equation (9). Comparing the results for the two models, the influence of the rotational spring
can be seen only in the case with the glass 5 mm thick at low frquencies. Figure 3 shows the
imaginary values of impedance ratios of the shear and the rotational springs. Generally, the
values of the rotational spring are very small, which explains the above results. Regarding the
shear spring, it is seen that the frequencies at which z, = 0.5 correspond with the peak frequencies
for n,=1.0.

4 NUMERICAL ANALYSIS OF SOUND TRANSMISSION LOSS

A numerical study is done to investigate the influence of the properties in the lumed spring
model on the random-incidence sound reduction index, using amethod of vibro-acoustic coupling
analysis.

4.1 Numerical Model

Asshown in Figure 4, consider a sound transmission model where a plane wave in incident
upon aglass pane mounted in an infinite rigid baffle. Regarding the acoustic loading on the glass
pane, the following discrete system is obtained by using the acoustic BEM [1].

{Ap) =2{p,) +4w?pGl{w}, (11)

where {p,} isthevector of incidence sound pressure, p, istheair density, and G| istheinfluence
matrix determined by the boundary integral of Green’s functions. Coupling the above acoustic
system with the vibration system represented by Equation (5), the global system is composed as
follows:

(K] = [Kg] =[Kn] = @ M] = 40?0 G 0 O ]){ \éi} =2Q[{p,)- (12)

y

The distribution of displacement is obtained by solving the global system, and finally, the
transmitted energy can be calculated for the plane wave of a specific incidence angle. In the
following analysis, at every 1/24 octave band center frequency, the random-incidence sound
reduction index is calculated by statistical averaging over all incidence angles.

X
A infinite rigid baffle

a plate incident plane wave
¢
z - | —% g
\ b
o) 0

Figure 4: Sound transmission model.



4.2 Results and Discussion

Random-incidence sound reduction indices are calculated for the glass panes of two different
sizes, asmall area 0.9 m x 0.9 m, and amedium area 1.2 m x 1.5 m. The thickness of the glass
panes, the Young's modulus and the loss factor of the sealing material are changed as givenin
Section 2.2. For the thicknesses of 5, 10 and 20 mm, the critical coincidence frequencies are
theoretically determined to be 2327, 1164 and 581 Hz, respectively.

Figures 5 and 6 show the single frequency reduction indices for the glass pane of the small
size, and the corresponding 1/3 octave band values, respectively. It is seen that, on the whole, the
influence of edge damping becomes greater above the critical coincidence frequencies, especially
for the harder sealing. Thistendency seemsto be consistent with the frequency characteristics of
absorption coefficients in Figure 2.

Figure 7 shows the results for the glass pale of the medium size with the thickness 10 mm. In
addition, comparable results for the small and the medium glass panes areillustrated in Figure 8.
The general tendency for the the medium sizeis similar to the above for the small size. However,
at low frequencies, smaller fluctiation is seen for the medium size due to higher density of
natural frequencies of vibration field. It isalso seen that, above the critical frequecy, the reduction
indicesfor the medium size are lower, which considered due to decreasing the total loss factor of
the glass pane, with the ratio of the edge length to the surface.

In an additional study, it was seen that, due to neglecting the rotational springs, changesin
sound reduction index appear at low frequencies for the harder sealing, but within 2 dB. This
result is also accordance with the theoretical consideration mentioned above, and suggesting
that asimple edge support model with only shear springs could be applied to thiskind of numerical
simulation.

5 CONCLUDING REMARKS

For numerical analysis of sound transmission of glass panes, a simple support model for
glazing edges was introduced, where two kinds of equivalent springs for shear and for rotation
are given in relation to the complex Young's modulus of a sealing material.

Through atheoretical consideration on the edge support model, the frequency characteristics
of energy absoprtion coefficient on the edge were clarified for the realistic glass panes and
sealing materials. It is also demonstrated that the influence of the rotational spinrg appears at
low frequeinces for thin glass panes and hard sealing material.

Finally, numerical analysis was performed to cal culate the random-incidence sound reduction
indicies for the glass panes of differenct sizes and thicknesses. Regarding the influence of the
edge damping, the tendncy generally corresponds with the above theoretical one on the boundary
absorption coeffient, and the dependence of the glass size was also observed. Furthermore, the
influence of the rotational springs on sound reduction index was considerably small, which
suggesting that a simple edge model with shear springs would be applicable.
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Figure 6: 1/3 octave band values of the random-incidence sound reduction index calculated for the glass panes of
the size 0.9 m x 0.9 m, and the thickness 5, 10 and 20 mm, converted from Figure 5.
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* Numerical analysis of sound transmission loss of glass pane - Energy loss by edge supports, by SAKUMA
Tetsuya, EGAWA Kenichi and YASUDA Yosuke (Univ. of Tokyo).
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Table 1 Properties of glass plate.

size: 0.9 x 0.9, 1.25 x 1.5 [m];
thickness: t = 5, 10 [mm]; p = 2500 [kg/m®]; v=0.22;
E = 7.5x10" [N/m?]; = 0.002

Table 2 Properties of seal.

d =15 [mm]; h =5 [mm];
ps = 1000, 2000 [kg/m®];
E, = 10° 10" [N/m’]; ,=0.1,0.5, 1.0
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" Numerical analysis of sound transmission loss of glass pane - Comparison of calculated, theoretical and
measured values, by EGAWA Kenichi, YASUDA Yosuke and SAKUMA Tetsuya (Univ. of Tokyo).
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Fig. 1: Difference of 1/3-oct-band transmission loss caused by
neglecting rotational springs (glass: 0.9 x 0.9 m? size, = 10 [mm]).
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Fig. 2: Difference between 1/3-oct-band transmission loss with
the spring model and that with the continuum model (glass:
0.9 x 0.9 m* size, r= 10 [mm], seal: E_ = 10° [N/m? ]).
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Fig. 3: Comparison of calculated values of 1/3-oct-band transmission loss and theoretical ones (seal: p, = 1000 [kg/m®] ).
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Fig. 4: Comparison of measured and calculated values of 1/3-oct-band transmission loss (seal: p, = 1000 [kg/m’]).
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