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SPL Spectrum Smoothing of Laminated Composite Panel Sound Radiator

Student : Chen-Lung Su Advior : Tai-Yan Kam

Department of Mechanical Engineering

National Chiao Tung University

Abstract

This thesis is focused on the vibration characteristics and the performance
of sound pressure level(SPL) of Jaminated composite panels. The main purpose
Is to smooth SPL curves by-using the .different material compositions and
boundary conditions. The finite element.code ANSYS is used to determine the
vibration responses of the plates. The sound pressure generated by the plate is
computed using the first Rayleigh integral. Experiments are performed to
measure the sound pressure generated by a number of plates. Comparing
experiment results with theoretical preditions , we study how SPL curves vary.
Then we can find out the influence of each design parameter on sound pressure
responses of loudspeakers. By summarizing the results , we can improve the
design of the radiating panel.

PC plastics and carbon composites are used to construct the transparent
radiating panels supported by elastic suspensions and composite beams. The
radiating panels together with actuators , suspensions , composite beams and
panels are used to make speakers which are then tested to study the sound

pressure responses of the speakers. After verifying the theoretical analysis by



comparing with experiment results , we further use the finite element method to
simulate SPL curves of the speakers. Observing the vibrating shapes , we can
find out which factor causes the SPL curves to have pits and peaks . Based on
this , we can design the structures and improve the performance of their sound

pressure responses.
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[C]=a[M] +B[K] (3.18)

P s sz #2750 5
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[MI{X} +[C]{X} + [K]{X} = {F}sinat (3.19)
d F ik > #[M] -~ [K] > [CliT4 &~ Aum > T

[¥]' [MI[¥]= m

T

[P [KI[¥]= k (3.20)

T

[P [CI[Y]= c,

SEIL R PR L AR R R S 2 e G 3-1 B e ¥ 4 {xI=[P]{X}
F1 (3.19)7 2 @ &

[m, 1{x} +[c, 1{x} + [k, J{x} =[¥T{F}sin ot (3.21)
e
X, :F—r( 1-F i 2. J (3.22)
k, ((1-B*)" +Q2cp)’ (1 B*)* +(2cp)’

mB=ao, o

32 BR¥
R N e ] FI R K ] 2 P EEARE ﬁg] N

B F Mo RS BIEEI A FERCREG LA wh

4=

v BIEALSITE G T PR @g?mrzﬁﬁi@;:‘ N ,@?]/\;431&:;
SRk A

#Eéﬁl}ﬁ’r‘ﬁ@?jr‘] 2 4Q% SQ"E:A\V”'J%T])\E%”?@EIJ

14



% 2V %2 283V o

3-2-1 R
Y SOGEES T Y P

P (r,t)= _2—;:)*“‘2(A(Xi,yi)xcos(9i —kri))A—iS (3.23)
B PLRRIBERGFIERr AT R p. 25 F RAE U ()b
i e ~F2ZER ] AXLY ) REE R G L F 2R S
Jo @B RAE S > 0, AT F AR E o 5 ERIB2 IR
B9 4 G~ % ASZ §EAE > 4of] 3-2 77 0 k é;ﬁtﬁx(O/) =1
AR @ ¥ BRI B che BEA L (decibe)fi B & dB
A I - BHER R (logscale) > HEHER R L& R FLEF
GHERAEY 22 B AL §

B A D PR R
#- i+ 1 (Sound Pressure Level)

SPL =20log(——— ‘ —) (dB)

(3.24)
ref
PrmsF-" T pjBEER 2 a2 9 E L

1 o1 ) 1/2
Rm{?hﬁmwm}

R 453 EP, =2%x10"pa

(3.25)

- A5

B R R E R I RS R L

'gg)fgx“ib' ;‘f‘l{ ’ ‘/\ 7;
(4B) * H o & peiRAE - o

3-2-2 Bmv Mgy
BRA LT E 32N E RE A R AR ETIT 31 &
AAE R IR T RE R AR T > Ah e ¢ F R KR
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" ANSYS 3 T2 #8447 > #0317 L4cB 3-3 5 Tt N agk
shell 99 &4 ~ % > H G285 4o B 3-4 > SR :E 2 47 4 R AP 2
combin 14 s 143EF ~ % {o mass 21 2~ & 3t 5 &K ’L%]/\—T"EF
i Sl Ty AR E <l R B P RBEFTERFER
Brp 2B AR FHTER o] AT BB E RS
G T S cHR A 45 0 5] 12800 HZ 45 5 85 » 2 ¢ 0 3 1000 Hz
A% 100 B F £ 0 T E 10~ 20 ~ 30---1000 Hz 2 47 5 558 > 1000
2 12800 R4 5 236 ®E o KBS R 0 TG S ERIRG 2 4
&4 2+ o2 fortran 35 3 #4(3.23) ~ B24)F AL 1+ - 87 ~ ANSYS 4 44
% 03 A4S RE SPL i@ > £ (& ¥ 14 Origin 4858 W@ -
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y
=1
.1
M
W
P E
x
b
mf
A
i
hny

£

PEBLOOEHEU TS R F AT RER L HEHA

weE

P T TR Rk

4-1 T G 3P BB (T
4-1-1 Jrde T4 2 1%
® A PC @i,gaﬁﬁwr“f :

(D Fm LA B P BRdAF E R RM X a3 2T v R
12~14 |- p&

Q)iEFEFFA T ITTHEEH2Z )~ ARk T BETT
@“EJHH °

Q) adhtr F R A REHPHEFEHF Bl 4-1 2RHEZ £
B E AR B 420 AR TR R M G2 R AR
AR TR RITAIAE & AR S AR R AR 4-3 Ton o

DFEBZHE > BB EFET A RA FERIEZEE
e R ar

(5)17 M-Bond 200 KIT %% |- & 82 PC % {2 F T & o

4-1-2 BUERFAFHRBA X K2 GiF
A Jrdedr chf SR RE[6] 2 AF M RRRF L K G KA B
Fd e RgaREYx> Bk i £ 8emo L 4mm [R5 & £ iE
Yo@l 4-4 » B2 200°C S8 B % 400psi 22 B4 #UR 15 4y 0 T E
R il (T AR
(D)R-HCE % b sl 2 St > B0l 2 03] & ¥ 8 T S0
218 > B T F AR HE o
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QT F 422 BFe vk [ RE R RER RN
PSRBT RFE G RTIBZBER o
G)FHE R RE 200°C > #FRBE 4 A 1 400psi » Kje 5y B 3
b TR 2 R 1S A B
A#FBR22 BEFPHRE AL L - H iz o
MR AFZ BT B 5 ik 41 9 A & R K AR 0 e
BB W PR AR E T 0 A o] 4-5 ¢

4-1-3 § - Behi 3

RN S SRS £ IEE Y RN E T TN
BAEFLRET - S FOMUEFE Y B %3 BRRtRe g b
PARGIRE s t e JE AR i g 0 hpRERY
B KA § R B Ao R4 -

4-2 R %R

FREMRERR ERIPM TR RS R MR ER LN (R
Hp)edER AR e N Ch ek S N i BRAPM T %R AL R
BROBERAL P pEEAE RSAdERTHY S50 45

4-2-1 HH85%

P ERELSD A A2 HT-9102 7 % B PR F] 1L 8 5 4 (4o
BA4DERPCEBFL Y thlc- FHRFZ et B2 EF ¥
B PREGABRTHRAB TR BE FLEAEBI TN d T
ﬁi;‘]ﬂi;ﬁ};%? P P REE G - e £ ~(loadcell) > A B i 20kg 2 200kg
FEA O R HAEARRE 2 FEA BRI EE A
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#eoom 1 200kg 2 € AR RIF LR 2 PCH X Tl e

(D#-PCEBHTF S F < P 2EH o

Q)% TLHRB2 FH(UcF %> 2 B oER -~ BEIEE)

Gy v &3t A B b o pads KRB 4P W 5% 0 4oF] 4-8 -

DHF®H St is o BT ﬁ%lﬂ%iﬁéi FHFTHRETE
Feitig W4 M Origins 4 164 -2 B - REH < ko

(=) BAFE R FEF ¥ #2L PR

()P~ 8cm x 8cm ® 3 % B T (F Z%iEA27 %7, BB EFRT
ARPE e BT F IR L R RR TR R R

Q% TRB2 $Hc(IrF > Mo RE B IEER) o

(3)H2s 4 5 12 4 BT ¢ LR AR - o b R B R
MEidsk o Ao 4-90

OF Rl BT FE 2 BB TALAE
BB Origns Gl imE- - F R FEHE-ER2ZE
¥ A

4-2-2 BRAPME R S
A% r2 MLSSA BBHE3# k(3o F) 4-10) 17 B/& 4p B £ iR - MLSSA
TR TR BER AL kAL E ER I LPRBEP AR - B
JRHAE F 2 3 Bl B 1 2 A th #ic(Rub-index) - 32 5 L &R R
AP R DI FEAE KB T BT N RO R e W 0 e
WiRE P L0 BRIY - BIRREE S 1 3 wmEcdpt e 7 5]k
e S Bi[7] A IO B BT TR R SLenp SREES A o d b F FER

BRFC ik of =%
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HRACH 4-11 #07 » FHRALS AT
(W#FEFATEFTERIFEL > FL b LRSS
Lo JEH - R o
(2)if F AUEL > BRI K TR B R TR o
(et T 73 JIEL > T (B A 2. BRE -

4-2-3 5 TR %
K $%?%’Bwﬂmmﬁﬁ»ﬁw%@4nw TP BE
Bz p RSB R Gl HRID L G ohd RiplH R @] L

PR RS

.L;@

FTHREAE O B¢ i TS A LR RIE S
B e o U e BB ﬁ*] BB IR BER o T SRE
RIS fE 0 R A B FTIREATE L KV R L %
A FIP pr i e i FE TR R THF AR EE L AT 32

RN R SR N S5 St R SRR RS e <
A e JE e e E Tt 0 2T SRR R TR AL AR
Flpt A2 UG ERERER P CFA B ERREL AT F
BPREA 0 BT SR R 0 A B RiEROEAT T T IR

ar}

Bocnig B0 LRHBES LB @R BB M AR FREX

~|

YoBl 4-13 #77 > B AR F 4o
(¥4 B F L F - B 2 F hiplid R R 0 2 )
g o B RLRRBELI e
(2)#- PULSE ~ #7 R cPTRK T2 = (4o - BRI R ~ 347 A -
ngg?—s 52) °
Qs 5uis > AR S NEEE RIRGFOR > g AR A 4T R

+ 8 47 3 T %8 (Frequency Domain) ¥ e7f 3§ o
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(4)55 O R L & gm0 3 B B SRS R T
(5)#-F sfiplid RFHEH L LpIB > T ELAHFQ)I @) -

(6)T 328 RIT S HclE » T 5 AP HEE f g A o

4-3 ANSYS A& 5 Sdkcid- 2

A2 FE RS RO Y R LR B ARSI ERT
PRAA T 0 d ANSYS ff ik iR A 47 LB H R o R o 1Y
ANSYS I Faehia 45 0 i {8 F & D BB ¥ WA LT 0 R A 1T 6
FRYFEBRFROF H 085 ndE1dd 5 &L 0 FlP o it
T_ANSYS £ 4797 % 2. Sdc 0 » Brpfigani iz > 29 & Ju4
B2 G R F R -2 A Sl O IRE TR Y A & HE
PC 9 ¢ v (TR 2 5 it de Wadse £17 > B % 4o ik 4-1 9757 >
AR 1 22 A R AR I Ok T R sk R 0 Aok 42
4-3> ¢ RAF2 S ¥ ot WM o S[12130 K 0 B RIL G MR

\\\Xr

34

ik L F e R B8 scde il (effective flexural modulus)
Ef 5 ¢

N/2

Z(E ) (2 -177.) 4.1)
h 3 Renh B oz 5 A WA HER  Ta4cB 2-1 F Rl k (4.1)

NEFH L

N/2

Z(E );3j*=3j+1) (4.2)
A2 E e Kk @ ITRA L L=22mm + % b=10mm + 5 h=0.4mm >
PN T R ARET (42)3 0 A AR A RS PR p
W2 T B 5 Waa=PL/3Ed > 2 ¢ I=bh’/12 5 & fff 14e > HEF

el

Fok=3EU/ L 28 P E R P B h2 v fded 430 d BT
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WHEFREH > L RFE ARG R w4 DAARA D
i o R R ERG - o R st E R RER > RA 2
2 APEHEMSE A 1T BRI Bm T R £ E o

P E KSR S Y BBk SLanrL R Tl 1T SRl R
A g B 5 B4R FAT s 0 ¢ Bandwidth Method[13] & % 3= 47 & p&
BT R R RS DI Gl § o [ R B [CT R G
d FREELME B EELKREEL A > 4o(d3)N 917

[C]=a[m]+ glK] (4.3)
A8 q ~ Behl hdr(4.4)50

o ﬂa)i
L= —t — 4.4
b=t (44)
@ik AR TR G RRE Y R0 B e op R

FER Glic 2448 E Kda > B0 ANSYS A4t~ B
T ESRIER o 2R 0 F B TR SR SRR S F] e B (4.4)
Pz BAE S o MR ANSYS A e R SIS AR T R RS

VIR A ATV Y RGRmadh o 2ttt F R TIF LR ik s £
BT B IR A8 RRBIRSES 2R T

BA B o Rk v oM B R BEeB A s B i £ 3R

P
ERaY

g

i
fog

Bk ehA b 3 BEFABTIPE - K> T0H@E

A AT 2 PR E A E T 13.6mms 7L 403 BlE e e
Yo 4-14 > BiEdE B F - TP £ > d MLSSA £ 8k 7
BRpIR BT > BRI SAoR 4150 @ £ Sl A0k 44
Mgk B AR 4 R TR G

F=IBL (4.5)
Fijgede 4 (N) Bim#+ | (Tesla) 1:3in+ ] (A) L:%EEM)>
BL ¥ # #¢ MLSSA % #cp 2 ¥ » 4o 4-15 BL=1.01 > 73 B¢
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Y% 4Q) o @?J)x TRE 2V Foi s 0.5A 0 Fpt e 4 5 0.505N ° £x
PP £ 30 © TP 2 ANSYS A 7 HE -
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S 12emx8cm BAP w0 2w HLTFIR2o00EE o F
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BB E AR T GO T AL 22 v B f 273 e FA 005 0 b
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[m"-14] AuatoepectnonFignsl 7) - Tnpwt

1k 12k 14k

Peak 128Hz

4.00E-015—-
3.50E-015—-
3.00E-015—-
2.50E-015—-

2.00E-015

Amplitude

1.50E-015
1.00E-015 H
5.00E-016

0.00E+000 —

T T T T T T T T 1
80 100 120 140 160 180

f=116.84Hz £,=131.44 Hz
E=( £-1)/( £+ £, )=5.88%
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Peak 160Hz
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1.50E-016 4
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1.00E-016 —
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T T
140 145
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1.20E-016
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T
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T
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T
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Peak 376Hz
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3.00E-017

Amplitude

2.00E-017

1.00E-017

0.00E+000
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£,=4709.68Hz £,=5268.50Hz
E=( £-1)/( £+ £ )=5.6%
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d E=a/2Q B2 A Wk 128Hz 2 1144Hz 3 H fe o (e = £47

0=88.96
p=8.68x10

% d 1144Hz % 4904Hz B3 = $-1¥

0=369.99
p=3.25%x10

% d 128Hz % 4904Hz B3 = $1¥

0=92.29
B=3.54x10"

45



%o4-1 HEF H

R PC % %
E, 147.503 GPa
0.664 GPa
E, 9.223 GPa
G, 6.8355 GPa .
YR
G, 1.123 GPa
Vi, 0.306
0.3
V,, 0.25
p 1428.23 (kg/m?) 800 (kg/m*)
t( thick) 0.13mm 0.2mm

F 42 ELjE R R ¥ B (N/m)

4 BRERKE 980.019 1026.5184 1023.0849
T35 8cm £ i k B 245.0 256.63 255.77
Tk & 252.47
Hr-ERK 31.56(N/m/cm)
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%43 HRAT % eI hEF ¥ Bk (N/m)

R B e FE%TH(A) | 2H(B) | #FL[B-AJ/A
- 2021.40
= 2181.50
2113.68 2215.04 4.80%
= 2115.72
r 2136.09
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% 4-4  MLSSA £ Bl T-S %8k

TS 3% R
Fs BEES - BEIRFF -
Re 3 BB R T o
Le 3 EZTR -
Res BRI LS S DT R
Sd FE A
Qms Mechanical Q -
Qes Eléctrical Q -
Qts Total Q -
Mms PIPBEFELG T F A R
Cms FHEELRIR o
BL FERBEBLEES 74 o =4 Tesla*m -
Rub-index 3 BlE BT 2 B itilk o
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%51 Z e HEEHFSER
FEEI ¥EE?2 ¥ER3
b © 12cm X 8 cm
FE 1 A H ~PCH % | 47+ ~ PC % %%
i & 0°/90°/0° 0°/0°/PC/0°/0° | 0°/0°/PC/0%/0°
T 0 8cm X 6cm  |9cm X 5cm
R N 0.64 g 0.6¢g 0.61 g
kL 038 ¢g 0.26g
BrE R 1 1 2
5 BZ 0.32.g 0.32 g 032g x 2
452 HEE2 103 110HZ #&
#g % (Hz) #-&(dB)
10 30.569033667706310
20 42.810136260312770
30 50.204591866093550
40 55.737652265963810
50 60.403725012059220
60 64.771706903862300
70 69.393744426564840
80 67.543161173149930
90 69.102076964296900
100 72.221242721655050
110 70.341389123739830
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Z e B ANSYS 4 {71k

FEE
£ PRHE FE R % #c a-~ BiE
112.5 Hz 5.05% @ =69.98
6112 Hz 5.5% £=2.82x10"°
FEE?2
+ AR K PR 4l a~ B | ANSYS 4 45 % &
128 Hz 5.88% o =88.96
] 0-1100 Hz
1144 Hz 3.74% B=8.68x10"
1144 Hz 3.74% @.=369.99
.| 1100-12800 Hz
4904 Hz 5.6% B=3.25x10
FEES3
HIEAE PR T4 i a -~ BiE | ANSYS A 45 & £
176 Hz 5.88% @ =102.89
) 0-1400 Hz
1424 Hz 1.61% 8=2.31x10"
1424 Hz 1.61% a=176.91
.| 1400-12800 Hz
5536 Hz 2.67% B=1.39x10"
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254 B F B

Material

type

E,(GPa)

E,(GPa)

G, (GPa)

v, (GPa)

I

Gr/Ep
T300/5208

181.0

10.3

7.17

0.28

I

E-glass/Ep
Scotchply 1002

38.6

8.27

4.14

0.26
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Breather ‘ # @ #\g

Steel Tool

Mylar

A4000

T1040
GRS
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B 4-7 HT-9102 T % 7 PR+ 25k 1
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@] 4-10 MLSSA #8847 2 %
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Bl 4-12 B&K Pulse #7 3% 4 7 %
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MLS5A 5P0 4WA #000608-4031-4036 for GESTION TAYCAN

Measured Parameters QC Limits

Line Paramneter Ualue Units Nominal Min Max Result
1 RMSE-free 0.24 Ohns 0.24 Q.00 0.00
pid F= 135.26 Hz 135.26 Q.00 0.00
3 Re 3.52 Ohmsldcl 3.52 Q.00 0.00
4 Res 3.04 Ohns 3.04 Q.00 0.00
5 Qns 10.97 10.97 Q.00 0.00
b Qes 12.72 12.72 Q.00 0.00
? Qts 5.89 5.89 Q.00 0.00
8 L1 0.03 mH Q.03 Q.00 0.00
9 Lz 0.02 mH Q.02 Q.00 0.00
10 RZ Z .46 Ohns Z .46 Q.00 0.00
11 RMSE-1load 0.15 Ohns 0.15 Q.00 0.00
12 Uas (5d) 4.18 liters 4.18 Q.00 0.00
13 Mns 4.29 grams 4.29 0.00 0.00
14 Cns 323 FH-Newton 322.°77 Q.00 0.00
15 Bl 1.01 Tesla—M 1.01 Q.00 0.00
16 SPLref (8d) 65.5 dBI[O ohms]l ©65.46 Q.00 0.00
17 Rub—index 0.22 0.22 Q.00 0.00

Method: Mass-loaded (85.000 grams) fAirea (5d): 96.00 sq cn

DCER mode: Measure (—1.Z20 ohmns) QC file: CLOSED

LIB PARAMETERS: Go Calc Method DCR-mode Area Synth (C Export Z-ref Print dUmp
F1 for Help or ESC to exit ML53A: Parameters

Bl 4-15 jr i B -8R T Bl
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Bl 5-340 %% 3 B4R

TLaLHx

Fixed R

IIIII' T I IIIIII T I IIIIIII T I IIIIII| T
5.0 10.0 100.0 1000 .0 10000.0
log Frequency - Hz

max: 5.21934 x = 11Z2.065 (28), min: 4.32356 x = 100.058 (25):

B 5-43 % F 1 redi
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90 experiment
] —— ANSYS
85
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75
70
g 65
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55
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5000 Hz
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fixed

Impedance Magnitude - ohms (eq)
e R -

5.0 10.0

100.0 1000.0 10000.0

log Frequency - Hz

max -

7.21905 x =

126.074 (32), min: 5.24734 x = 136.078 (34);

FREQUENCY DOMAIN MEMU:

F1 for Help

Go View Reference Acquisition Setup Transfer Macro QC
Overlay Calculate Printer DOS Units Library Info Exit
MLS5A: Frequency Domain

Bl 5-11 45 8 38 2 PRl
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* experiment
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3377233 §

128 Hz

B 5-17 3 %% 2 128 Hz ¥ 160 Hz 4=/

LEEREEER

F AN R

440 Hz TrRTITe 520 Hz

L 3nLmIER
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5000 Hz

10000 Hz
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SPL(dB)

13.

i1z.

i12.

11.

11.

i0.

i0.

a2

fixed N

By T e - TR e

100 1000 10000

B 520 HEFLLGFER2ERT % R

Impedance Magnitude - ohms (eq)
R —— ?

T — T — T — T T
5.0 10.0 100.0 1000 .0 10000 .0

log Frequency - Hz

max: 11.3209 x = 172.099 (43), min: 9.19261 x = 184.106 (46);

FREQUENCY DOMAIN MENU: Go View Reference Acquizition Setup Transfer Macro QC

Overlay Calculate Printer DO3S Units Library Info Exit

F1 for Help ML35A: Frequency Domain

Bl 5-21 3 % F 3 124
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