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Acoustic Guided Wave Inspection for Water Generated in
Flow Field Plate of PEM Fuel Cells

Student: Yu-Tai Wang Advisor: Dr. Ching-Chung Yin

Department of Mechanical Engineering

National Chiao Tung University

ABSTRACT

The operating performance of proton.exchange membrane fuel cells
(PEMFC) depends on the water production inside the cells. In this study, array
piezoelectric ceramic transducers were surface adhered to flow field plate
mockups made of aluminum alloy and used to-generate and detect guided
acoustic waves propagating along the flow channels. In-situ inspection of
water distribution in PEM fuel cells is'feasible by the presented method. The
phase velocities for guided acoustic waves and their corresponding mode
shapes were determined using finite element analysis (FEA). Besides the Aq
and Sy modes, several additional bending modes caused by transverse
vibrations of the stiffeners in flow field plate were found in the lower
frequency range.

In experiment, the acoustic wave signals were detected by two
piezoelectric array sensors and laser Doppler interferometer for various
amounts of water production. The fact of directly propagating guided waves
interfered with multiply reflected echoes results in deviation of both measured
and numerically predicted phase velocities of guided acoustic waves. The

insertion loss between transmitted and received piezoelectric arrays was



measured as a function of the quantity of water production. The results
indicate that the attenuation of guided acoustic wave increases as the water
content increases. The insertion loss is a significant index for monitoring

water production in the flow field plate of PEM fuel cells.

Keywords: PEM fuel cell, water production, guided acoustic wave, array

sensor
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¢ Bifadpad Rk BAE S AT R o ¥ = X L BEREAS T )

TR AER Y P ¥ o ¥ S
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% ik & ek
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‘%:::g: /’pm’]’é’ ’H

AT A RT R FI AT PZT-4 ZRRET O B R IE 5 Shig 4 B

BEE R E 0B ETHR ER BTk £ 7 R T

éﬁ%ﬁ’iﬁmﬁ@@ﬁﬁ&@ﬁ%’iéﬁiﬁﬁ%ﬁ&ﬁ%ﬁf
R AEAT T AR 0 2 S L 2 AR ARt o

21 BREH#
211 BT 2l

BT T B i R T (piezoelectricity) B - fA S A & R a0 3 4P
4 I % o R T s (piezoelectric effect)end 4 £ F 5 KN RS in
FARPI P X P ORIF LTI T pME o

Ttk e 70 & RRT rrf(direct piezoelectric effect)rs 2 i & 7 7%

J&(converse piezoelectric-effect) » 12 B & 41 4L G 178 P B2 1k f B pF >
AEAAT D RTEGBRACORIL e Ljg - it 2w B R G w 2L
BT 4oR 214977 > FHRPRBA AR IHFEFE > BRI G
KA B HAEL B <SRBT 5 B IR L
iRl A2 R MR F BRI MM BRI T R
WRBE AR RERA RRIEE o G NTHENRT MR
o ind SRR PR A, g F T H R LA ¥ § ot - TH S
wARE P RTLHF DR e G2 E e [ FERIE TR H
PN, ¥~ TRFF AL FYPRF - 2RI THA F
RETHFPEREA L 5 @RI FH I FIRIREE
(piezoelectric actuator) T 1] * M fEsc g ® = » IR T HBFFEE -

F_&
W



212 BT HH ey

EFBRLABOMME AR T A LT ~F 0 % - %5 H & Agsingle
crystalline)> |4 7 & ~ B 4L B~ % F F ~4Lpk4z(lithium niobate> LiNbO;) ~
4 p4 42(lithium tantalate - LiTaO3g)% - % = # 5 & 53 (thin film) » 514
F Y 8(Z.0) F “4EAINE - 5 =85 3 4 F B & 4 (polymer) » b4e
PVDF % - % w #f 5 M 3 (ceramics) > b4 : 45 it 42 (BaTiOs) ~ 42 4% ik 4~ (lead
zirconate titanate > PZT) % - % T #f 5 48 & #1#L(composite materials) > &4

AFC(active fiber composites) % -

LRRTMAFG B DlAcH R E SR REE > Y
FIEg - 7 e ke 88 2 & (crystal growth)Boks » i > a0 B8 F
FERINGFAREA PR B R bdc ! R P BAR
o FWHEI MO UGFTRERHT I FDEZTEREEAL TR

A B A S M A S P ER A At R RT Sk
IRFER-
B 2 8RR T R M (piezoelectric activity)®% T mificdk 0 ¥ E = T A
o BLEREF BERAFIREF M- ARBERY TR
BRIEM I LA THRARE A FREFERTAF EHF MR
70 blde D PZT cofg it 37 5 3KVImm = % -

I

i it T H H4cPVDF 28 pE2o & i % 3% 8 i AMV/mm -

a4

B0 LB B ERT BRI R R F PR T o 8 RT
iAo LG RRAGRFEE PRIMEFE L ERFTRL KT
‘JE&%@%E?%?;’T GWAxEeak AL LRTHEARY o



213 BT AES 25
BREMH AL I REES & T 5T o H A48 425¢ (constitutive)
i ¥% IEEE Standard on Piezoelectricity[14]F % 7+ 5
T=c5S—e'E (2.1)
D=eS+¢°E (2.2)
He s T SAuL s 2 %t ed, CLATTHT BT R E
*e ('matrix of elastic stiffness ) - e ¥ /& 7 # #i+E*L (matrix of piezoelectric
constants ) » e' % /& ¥ # Bt chdg ¥ 4B (transpose matrix) > D £_% i+
HedEt  EXTHEL & L HREEET 4T ¥ #ee L (matrix
of dielectric constants) -
AT Y 2 RTM AR EZPITA L3 H e E e fiaiid s K
WHAR T o T {730 X e e H i Ty T e S A T

SH| S R B G

C, C, C;-0 0 0
C, ¢, C;, 0.0 O
cE = Cas Ci G 0 707TTTO (2.3)
c o o ¢, 0 O
o o o o0 ¢C, ©0
0 0 0 0 0 Cg

LR g S LA

0 0 0 0 e O
e={0 0 0 e 0 0 (2.4)
€1 €y €3 0 0 O

S S50l a

g 0
£=/0 & O (2.5)
0 0 &



T PZT-4 mﬂ'\ﬁ“_ 22005

T Chp Cp Gz 0 0 0 O 0 &5 S
T, C, C; Cs 0 O 0 O 0 —es5| S,
T; Cs C3 C3 0 0O O O 0 —ey5| S;
T, O 0 0 Cy O O O -e5 0 |S,
Ts|1=l0 0 0 0 Cy 0O —g5 O 0 || S (2.6)
Te 0 0 0 0 0 Ci O 0 0 || Sg
D, 0O 0 O O e 0 g O 0 || g
D, 0O 0 O e O O O g 0 |E

2.2 F A FHE A
EE EN BRI SRR AR B ACE T 47 5
[M]{x(1)} +[K]{x(1)} =0 (2.72)
[K]{u} = " [M]{u} (2.7b)
R of AP R R U] RS 8 P g £

A

LR B T S B B AN B T B 5
ERESNQRTNFEE

[K]{u}, = of [M]{u}, 28)

[K]{u}; =@ [M]{u}, (29)
Wt A R EEa LR R {u) 2 {ul T

(T [Ku}, = of fu)] M) u}, 210

{u} [K]{u}, =of {u}; [M]{u}, (2.11)

IR 4 & QI E - 4 K] < [M] 5 HHfREL -
(AIBIC) =[AT [ [C] - tcinis e v @

9



(0 - {u}] [M]{u}, =0 2.12)

{u}j[M]{u}, =0 (i=1]) (2.13)
£ #(2.13)% » (2.10)7 &
{u} [K]{u}, =0 (i=]) (2.14)

dNQ2IEAERA B FHLES B o HTEEL[M]E T 1 25 (2.14)

LA EA R RHE R HREEL[KIEF I e T Fis
by

Wl [KJ{u}. =ki 1=12,3-n (2.16)
B oM B 2 B e B AT B

[U]=[{u}, {u, ulg - {uf, ] (2.17)
(2.15)22 (2.16)¥ 2 B %

(U] [M][U]=[Mm] (2.18)

[T [K][U]=[x] 219
# ¢ [M]=diag| my mp, - my, | [K]=diag|ky Kpy - Kpn | o i
LRTEERBELy i W el g A ftied v h&4gLa
}&ﬁﬁé%m@’ﬁﬁéﬁﬁﬁ&%i’%&ﬁﬁi%ﬁ@ﬂ@ﬁﬁ

v

Lﬁ; ’ ',-: J Rl ﬁio\‘ﬂ "‘t’éj

M{g}+K{q} =0 (2.20)

(=[] (¥ oo

10



gL 2 A o erE 2 Rl 221 v R-H R G R A g

& kb2 fEo g G AECRF B & wr fL2 G R 42 (modal
superposition) - #-ik A 7 EIRHE P KE RT3 FE 2 - > A HE P I FRH
B dRE 0 F - BIRE AR EER S BN S L - 882
EhA ARt 0 2 A REHE R A A ER VRS SR E

E'J;év ZFJ ’ l/g T\]d ﬁA 1\—» ;}‘ m;\fh %E“\A o

23 En BT hiEmdinid B

FRhOpBLDLHE P T EAaand 2 pd BR ool FEZ A
B> e Rk € (AR I F2FEn 2hR D w8 5
FF Qe in F T BT By dtdr 57w 7 FARE O & GRAT e
BB E G A iR RO SR GRS EAT d T P T LG pd
Fheadod > Bt AL LR B REES

T.=T,=0 y=1h o —o0 < X< (2.22)
Bk B =% 5 O dc(potential function) 3

D(x,y) = F(y)e™ (2.23a)

¥(x,y)=G(y)e"™ (2.23b)
e koA ke F(y) ~G(y) 5 # Lanlic > d » L 82

(separation of variables);% &_

TEO) iy =c @.243)
dZGEy) 172G (y) =0 (2.24b)
dy

Hop=k>—ki - ¥ ®n ~n, 5 E- Sd(single value function) » %

Re(77,) >0 (2.25)

11



BT4Ep R (-h<y<h)p - (2.23a)%7(2.23b) 5% i % 5

F(y) = Asinh(7,y) + Bcosh(z,y) (2.26a)

G(y) =Csinh(r,y) + Dcosh(7,y) (2.26b)
HY A~B~C - ~D:## Pi=$aw3dy i i

@(x, y) =[ Asinh(r,y) + Bcosh(r,y) |e™ (2.27a)

¥ (x,y) =[Csinh(r,y) + Dcosh(r,y)]e"™ (2.27b)

Flp s A 27 &7 &
= p(2D,, +2¥ , +k;\¥) (2.28a)
T, =ul -0, +K®)+2¥, | (2.28b)
4 Q22)E x TNk~ A~C~D s 74T

2ikn, cosh(r,h) —(2k* —k?)cash(z,h) | [ A
+(2k2 —k2)sinh(h)~ E2ikn, sinh(,h)

(2.29)
| z2iknsinh(mh) = #(@kE —kZ)sinh(phy] [B] _
(2k* —kZ)cosh(,h) 2ik, cosh(n,h)
EB=C=0 (227) % & $idr ik > _#4/(229)7 @
2ik, cosh(,h) —(2k? —kZ)cosh(m,h) |[ A o (2.30)
+(2k? —k?)sinh(h)  +2ikm,sinh(p,h)  ||D] |
F2 0 % A=D=0 Rl & & HHHF R > T
s2ikn,sinh(zh)  #(2k* ~k})sinh(p,) |[B] _ .31
(2k2 —kZ)cosh(mh)  2ikn,cosh(m,h)  ||C |
$B=C=0}§a,7 » = HH7 BX %
U (x, y) =[ikAsinh(r,y) — 7,Dsinh(z,y)]e™ (2.323)
V (%, y) =[n,Acosh(z,y) +ikD cosh(7,y)]e™ (2.32b)

d (2.30)1-(2.31) 75 24 % fRenif it ¥ (B i 4250
(2k?* —k?2)?sinh(7,h) cosh(z,h) — 4k 1, cosh(r,h)sinh(77,h) =0 (2.33)

12



D _ (2K —k;)sinh(zh) (2.34)
A~ 2ikn,sinh(z,h) |

d (2.32)-(234) 5 T 1B I T LA ok 7 5 o Bk 3 (2.38)2h %
332 7 Egtfé‘% %

tanh(r,h)  (2k® —K2)’

=1 (2.35)
tanh(m,h)  4knpp,

(2.35) 7 A #ck 22 4p ik B C e A% S fie(transcendental equation) H ¢ ¢ ¥ d

K :Qgi;’i o % (2.33)£2(2.35) 5 £ = A 47> A25¢ (dispersion equation) e
C

¥ A=D=025T > =BT BER
U (x, y) =[ikBcosh(r,y) — 1€ cosh(z,y)]e™ (2.36a)
V (X, y) =[n,Bsinh(r,y)+iKCsinh(z,y)]e™ (2.36b)
B L E B AT X fh o Y(236)F 5 2R R T eeR

tanh(m;h)  (2k? —k2)>?

= (2.37)
tanh(,h)  4k‘nn,

% (2.36)%2(2.37) 5% 7 fi & AEAT S AR o

RIphE AT T g R AR A G F HR S
Fd B A doBl 2.2 W~ A5 Helhid (flexural waves) » 184 fE 5 w1
i (extensional waves) o kil i FAF 5 L £ chdo e @ RIRE R &
52w ek JRHC;N 0 F g 2 Ak B AE AT s (dispersion curve) o d #f

oW RehA 5 o T i AR R B E B o

13



2.4 FAE 2 AL AR
2.4.1 ¥4 R IT
T RENE MU BER AL RS LT H RSN U

(strain energy) ~ #= it T (Kinetic energy) 14 4B* A5 5% & W] 4 71 4T :

U= % jvoITHde . % j { j s"csdxdydz (2.38a)
T= % [ upudv = % j { j aH puidxdydz (2.38b)

BY S R®EvE o U: #e EHER ORMKS > CLHREEEL
p & — 3x3e¥t & 2L (diagonal matrix) » & A sE M BE G e R o+ EH
# 5+ Hermitian 4&"€ > % £ & &= #& ¥ (conjugate tranpose) » % 4 # k| |+ 4E "L
CeapaweLp i s FEBAEL BIE A &2 85 38 5 & 2 (positive
definite) - %) B3 st 9 p S dig(Lagrangian function) L 4 7 4r

LI

L=T-U :%IJI(UHpU—SHCS)dXdydz (2.39)

XYz

M * % 5% # 32 (Hamilton’s principle) » #-3= 2% p & Bt P P & 2 -

5 j Ldt=0 (2.40)

TEHERYFEA 2 FE AR o
242 gt AR A A

w(239)5 ¢ o F A LR EGE > BMAIFEA P RY P S
Hrafi s & L1 5 U F 3 P TR B EA R g e
BBl Ak AAP ERBACHE TS AR FBEBE NI EOT
e

14



TRAANEL Y2 F G S I 2hhnE b o F LB R G Bl

LRGBS B UBRK G

Ul [ux(Xx,y)
u=1{u, r=4u,(x,y)re* (2.41)
U | (U (xy)

Heeli i@ S > k 5k fi(wave number) 0 j 5 V-1 o

B A FPAMELBNEH e B EBEH BN FE SR T AT

u, = (Nyu2 + Nou?2 + Nau® + Nyusd)e (2.423)

Uy = (Nquy + NouZ + Ngu? + N,uy el (2.42b)
_ 1 2 3 4y, jkz

u, = J(Nju; + Nous + Ngu, + Nyu;)e (2.42c)

Beu,~uy~u, s F Bl RIATREAE BT @R S A2 o U, F %

FAFHC | o E#H2.42) 4 A AELAL G B g

u=Nd (2.43)
H 9

u=[u, u, uZ]T (2.443)

N=[N; N, Ny N,] (2.44a)
N, 0 0 .

Ni=| 0 N; 0 [el ’Ni(‘fiﬂ)zz(1+§§i)(1+7777i) (2.442)
0 0 |N.

d=[d, d, dy d,J «d=[ul uj u] (2.44a)

NipREaogked diggerSfed N ZEFRAERSTp RALE
pFES B 1=1-2-345 2 2F B 23 frm 2 2 EAEE p RITE
phitBl 0 L E A Sk T S

UIZNi(f,U)Ui VIZNi(QE:U)Vi (2.45)

15



X:ZNi(f,U)Xi y:ZNi(f:U)Yi
=) i=1

S e BESAA S
S=Bd
B:[Bl BZ B3 B4]

(ON;/ox 0 0 ]
0  oN;/dy 0
0 0 kN,
Bi =

ejkz
0 JKN; - j(oN;/oy)
JKN; 0 j(ON; /ox)
(0N, /oy N, /ox 0

2.4.3 HFc> AR

(2.46)

(2.47a)
(2.47b)

(2.47c)

#(2ANNH = A2 E R EPEAU RS SE NS HE 7 N

B (2.38)58 7 5 R 2

‘fr" S W] & o el

U :%Zu!dHBHCdexdydz=%Z!deddz

2
Xyz

T =%ZIIJdHNHdedXdde :lz.zfd'*mddz

L=T-U :%Zj(d*‘md—d“kd)dz
R
m:”NHdexdy
Xy

k:jjB“Cdedy
Xy

3
g

16

L BRAU S BRT 2R Skl ik

(2.484)

(2.48b)

(2.48¢c)

(2.49a)

(2.49D)

~ % 7 & 48 (mass matrix)- K 3 =~ % k| A 4& "L (stiffness matrix) -



#-(2.48) 7% 5~ (2.40)5% > BT 15
Rl .., .
5y j {E j @"md —ded)dz}dt =0 (2.50)
t z
50 EFRAEY KT

%Z [ {Téd“mddt +Td“m5ddt —T&d“kddt —Td”kéddt}dz 0

z tl tl tl tl

(2.51)
£ 1% =4 F 4 (integration by part) » #-(2.51)5% & B {7

%Z!{éd“md

t ty t
? — [ sd"mddt + d"mad|? - [ d"maddt - [ 5d"kddt
' ty ' 4]

4]

ty
_ j dedddt}dz -0 (2.52)

51

¥R Ao, s odT =5d =06t T4 1E 2 BT (2.52) 58 & 4 0 5d”

Ffeod > ¥
1 n2o - “
52 5d j (md + kd)dt + j (@d"m-+d"Kk)dtsd t =0 (2.53)
t f
T MAIBE A 2 FR RN T AT AT
> {md+kd}=0 (2.54)
Z{d“mmHk}:o (2.55)

P mirk 3§ SRR > & (2.54) 2 (2.55)7 N5 % o BdRTis ha F 4B
Woie & o2 > B aetE(global matrix) o v OB (E A Bk SLemi@ B 2 475N o
KD+MD=0 (2.56)
EEGEH LG EHFF e *D=De » D=-0’De’™* » 5 & »
(256)5% » iz Bk B AT oM A2 M F S st
(K-0*M)D=0 (2.57)

17



(2.57)5% & HpciE 1Y AE

det[K—wZM] -0
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$Z R B HRA T

AZFALANSH - WA 4T E E LI ANSYS & 7k
EHCHE G AP FR DT BTG mf/?‘“ CECR R ) AN
~ 45 (modal analysis) > #f2# g @W4r & £ A2 St F ik tp i &
AT R o F WA NFRFT A FLI A EE Y A FEKP 2P
Bom 3 ede 2k 0332 5 r g WA S d BRI R

3.1 ## ke Rl

BEARAE L Eng e i i - ¥ L2484 & T-60610 57 A
BEAITERYFE ENEF SR M i JIF 2RI R ZE RS
AT AR SIEF R ET F IR LT 2 R ke

AU PR AT REEEERE 2 Wfﬁéikd
%ﬁ P EEEL £ EFE SRR p s 27305 kg/m® o FE R w
(pulse-echo method)¥t+48 & & i im0 > B ¢ St 1 B
4 & 4% £ (Panametrics 5SMHz V543)i& = £ 7p] > #£ 8 % & % 6.35mm> ¥

lf"\ﬂ

.m\y

#EF 5 B MHz > # ok kid Pl e * 1 4 L 45 28 (Panametrics V221BA) i (7 &
Bl HEETRE S 635mm ¢ ow4Es % 10 MHz -

GiE T HE B Rl o AR S SR R PR R TR e
B 315w > BRS w5 Xgho T 700 > vl 5 Xoho £8 jigg >
w Al e Xofh e HERIFYJI* 2mm B2 R T LG B7F,
B RN R4 I ERE X3P w2 v S ER[I4cR 3.2
AME o BEF* LG T ps B4 wt B R T 4 IR ER X 8 X
w2 Wk B R AeB 33 LB 3407 0d AL £ L B MR

\91

\-"":l}:‘—xl"’hi X21? B 2w g %%{#E}‘E’;ﬁﬂﬁﬂ,ﬁ ML PERF A2 AR
FUEERA LG B RIS EHER o d U EERE D4RL £

19



F A2 gk CL b 6.37 mmius o # ki Cs 5 3.165mmius » £ k5o

3c? —4¢?
E = pef (=) 31)
L~ %S
—2¢?
2(ci —cs)
BERFIZBRp BRI ABFC 2T R AE Csir 7 EHN

E = 73.077 GPa » ;?“’*%’ML v i 0336 Mt F ke RIEFEE & ik
L BEAT R 2 kP
Qﬁﬂ’%@%ﬁ%%%?i&%’ﬂﬁaﬁﬁﬁ02mm’fﬁﬁ
Pzdac e DB mRE RK SR e 3 e 1 (transversely
isotropic) » # #-H 4L x BFAT A 310 Rg A ¢ T BibS 2 Mk Bl

E,

T A H15] 3 BBy o =1is 1B =G G =
23

|j£'f ’i’r’ff X <§§:7 e e B odra R ANSYS ,g;}*&pﬂ;hﬁ_rﬁ_ﬁmﬁ 1

L i

32 L EinE Bk dpE B Y
7Y Z 2 A ANSYS (a2 45 42 B 4 & & 5 W Al

e

(pre-processor) ~ - f%(solver) % {3 2 (post-processor) = B ¥R > o o fd2 30
AE AP TR BB ERERE AT RS AN
LA AS LA F A2 B A 2mme i W ER05 mms §A 1 mm
£ 5 25 mEUNEE 2 onig A AT BCR] 2 R-H e 4R 1t (mesh) 0 4E & &R R D
~ %Al ik * SOLID18S ~% » p~% 5 8 agz e~} > & Bagk

11\1.

v

EF XSy~ zZ B emigpd B SRS FI0GE S e R BR G

AL - BE RS EFRA AL E R 0 B R A SGE R
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N

TR IRA LS I AT (A niE 4B 3522 B 36 Lk £ A=51lmm 2 ]
=10 mm it 2 L F oAl F AL L R 5 51 mm
pFo H & Bl 5 67165 B~ ~ A B ® 5 50800 B 5§ A 4T HCA 4 £
B i 10mmps > 8 & gher A% i B 5 31501 22 26880 B o if R iE

BEmk b o MR A REEOX sy 2= P e pd RRGF

BRig R i 1S R G b 9T AP R & Bhendg- % dic(field variables)x
SHE S TR EARTEAHREOETRALE S 2 B TARE o gt

FILE 2 AR T AR E R AT 0 REFBRREG U F A7
oAk BB 2 S AR o B RJER MR E e 4T T (TER R
FHA " T e

AU R A 73 B AT R dRAELF f, 2T R hgie R R (TR L)
thik #f & B chipid Bo o AR RO LRI S f BB 0 T L
Far s &g B Srinag BATRTY S Fl 0§ AR A T E
Kok BROEEFAL A ZE L A* G £ B 10mm 3] 60 mm 4 37 0
Al RfE > T ARBEDE AR LR > PEREL T F4FELE SRR
S e BCR O B 37 T BB T FONME S SR g
ok B2 ApiE R BCE f2 o B 3.8-3.13 1 G kK A=51mm A
HEE AR > FARAE A=10mm I A=51mmz F & L& R D
Bof 2 S Pt ¥ g B LR @ BT S A 4T ehsL
vk R RAR] 0 Pl AR 0 F 2 B RAR < B
T AP BT MrAR T R

FHREEASR LG Z T ET AFER R FRARB S 0
P e A 0 @ ANSYS 7 & BAEnE BB L 4t L
PrAo TR FEAAEEG I RESHERSAFRR AT EY

B R st AT AR v g MO A AR i R AT e &
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T A A FTIRB AR Z IR A 0 2F 2 e 3140 B & 2 mme i W 505 mm -
TR Imm-%e £ R 15mm el - g A MR Rk S ES &
~ %Al * SOLID185 ~ % ¥ #-H it > s eLiicd 5 31501 &> ~

<

Z#cF L 26880 B o PP o BT iR e hMAEBR L AEIE
Pem PR R B E AR R PR R FRB AT o g T M
z i B G AR R & Beh SR BGK R P E
= w0 PR G AP RO F SR FRBET RSP E  BIE R
ZHA T e E R R APTRFAEZINA o gt b BT g
Fra R AP R BT 6 XTI L - R AR
brE - kER S 02 mm gl K HT agﬁ{.%ﬂii%ﬁﬁﬁﬁkﬁ% *
SOLID185 ~ % » H ¥ S8 /p G D0 i b = 2 FHAL Bt B 18 = e gy ~
ANSYS ¢ > H 773 e (wde Rl 305405 » & B#icE 5 67497 8o A ¥k
¥ % 58500 B » -8 F i b - BAREEEE A pER
4 ANSYS HZfi A 453+ B £-4=10 mm £} 1 =60 mm & JRHR 0 B
H

|l

TR

ik
N

X GERRE Y BT Ag SoBaik o 4o @) 3.16 2 B 3.17 % 4L £ A=15mm
— R AT RCA P A SoHCAL R R AR P A So HCRL e 7
HFEORFLERAARFB T EEEL AN EFEEREADAE SorE
M EPARE RATATY Mo [ 318 5 BRI T TSGR AN N S e
B2 Agr SoRCR L hApE BB R S TR L a1 A S ALK
Ld mMAI g FaE2 - AR 0.2mm EE A o T ILE IR R b 3k
- RRLATERE > Ag 8 Sy rls ki B € X TR
POt i b R OIRBAP TS 3 0 Sp AL L A iR £ PR A
FHP A R RE - R AP BB 0 R R 2
BUAPEVE P Bt il ¢ £ DI R A2 i e

R

=t

E/{% ) AO

mh

22



AP O RREAEE SRR > Sl B A AP P
B P B NE 2 P RG] e R RIRIS R 0 L Ao iR ek iF
RAAEILE R o HIRE R P BRI BRI E e g st %
PR ] o Fpt o F R R Rl - R AP B il g

\

LIRE

33 Ay WAZ AT
Je® ANSYS = it 'A% 247 f-3bik cns 4R HER iR A 2R
5 SR R Y 0§ F ¥ 5 2 R T 0 % AL PE g
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Through-plane Young’s modulus (MPa) E.=0.5

Poisson’s ratio in xy plane v12=0

Shear modulus in xy plane (MPa G1,=19.5
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241 2 P2 BEAFTERRE RISE S pE Rk

(first gated signals=10-40 us ~ second gated signals=40-80 ps)

KBRE®RE Frequency  Frequency Frequency
L,=40.31 mm (300kHz)  (350kHz) (400 kHz)
- Aty (us)
gFE:treS(tj (1800 thaie) 0.65 0.87 0.2
- Aty (s
signals (0° phase) 0.29 0.41 0.55
Aty (ps)
Second 0.98 0.43 0.58
gated (180° phase)
: Atg, (ps)
signals (0° phase) 0.49 0.12 0.26
KBRERE Frequency -~ Frequency  Frequency
L,=22.4 mm-> (300kHz)» (350 kHz) (400 kHz)
: Aty (ps)
First 0.59 0.66 0.83
gated (180° [zhaie)
- Aty usS
signals (0° phase) 0.2 0.28 0.24
Aty (ps)
Second 1.63 0.81 0.78
gated (180° pzha;e)
- Aty us
signals (0° phase) 0.32 0.35 0.28
kB EF®E  Frequency  Frequency  Frequency
L,=7.17mm  (300kHz)  (350kHz) (400 kHz)
- Aty (ps)
First o 0.23 0.67 0.74
gated (180 pzha;e)
- Atlz HS
signals (0° phase) 0.44 0.26 0.21
Aty (ps)
Second 1.64 0.81 0.78
gated (180° phase)
signals Aty (us) 0.34 0.35 0.29

(0° phase)
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242 7 F 3k # 8 ces RS & 580 KHZE20636 » 4F 4 2 % i 0 g (¥
L4 i 2 4R )

2 inif & ok E(uL) # > 4f % (dB)
0 0 -41.66
2 22 -41.39
4 44 -41.56
6 66 -41.63
8 88 -41.61

10 110 -42.51
12 132 -42.88
14 154 -43.56
16 176 -43.48
18 198 -43.66
20 220 -44.02
22 242 -44 .51
24 264 -45.21
25 275 -45.72

# 43 % 7 K& 8 sl 5 580 KHZz+2%4& ~ 4F 4 2 4% (Bt i 4
(4 4 4 55if 2 47 HF)

5 okini i R4 R8 R9 R13
(ié ]\,é NSk S Lo S L ST Ll &
e (dB) (dB) (dB) (dB)
0(0) -47.09 -41.66 -40.82 -475
4(44) -47.55 -41.56 -40.91 -47.89
10(110) -48 -42.51 -42.07 -48.66

25(275) -48.44 -45.72 -44 .22 -49.51
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% 44 7 ok R 2o b 580 KHZE2%46 ~ 3 4 2. 4% - 4
(P & & nif 2 48YF)

g R4 RS R9 R13
(L—) 4 A #® 44 # 44 # 44
H (dB) (dB) (dB) (dB)

0 -50.26 -44.68 -48.31 -51.78
20 -50.23 -44.76 -48.39 -51.9
40 -50.57 -44.92 -48.49 -52.16
60 -50.99 -45.1 -48.45 -52.3
80 -51.28 -45.55 -48.97 -52.68

100 -51.42 -46.49 -49.63 -53.15
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Bl 3.5 £ =51 mm .t Tod e 47 e 1 HEA)

F3.6 £ 2=10mm § 1A 44 5 g

55



wn
=
g4 *
E
£ ,
=
5} (¢
>
32, L/ -
k: A—
[(a )
C
b

0.1 0.2 0.3
Frequency(MHz)

Bl 3.7 484 & (35 B 2mm > Jiig iF A 0.5 mm)n gt 4pik B

f=12.565kHz
==l
3.624 7.248 10.872 14.496
1.812 5.436 9.06 12.684 16.308

B 3.8 %M@ 3.7 #7o1 ¥% — B AL B RAEATY RO L
A=51 mm s A 5 2 B )
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(b)

£ =18.501kHz

3.503 7.006 10.509 14.012
1751 5.254 8.757 12.26 15.763

Bl 3.9 2B 3.7 %77 & = B BEABRApE RAFFTY ST
A=51mm ¥ e A AE 5 E H0RL R

(©)

f =27.879%H;z

0 3.469 6.939 10.408 13.877
1.735 5.204 8.673 12.142 15.612

Bl 3.10 =B 3.7 o0 % = B FFA B A E RAT AT SO &
A=51 mm & I S 2 BOR )
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(d)

£ =40.132klEz

3.451 6.902 10.353 13.804
1.725 5.176 8.627 12.078 15.529

B 3.11 ik B 3.7 “ron B FR L HEA AP BOFACY ST L
A=51MM $H7 (0 A 3 2 R

f =54.815kiEz

3.425 6.851 10.276 13.702
1713 5.138 8.564 11.989 15.415

Bl 3.12 2B 3.7 #to0 % I B FFA B AP E BRAT AT SO &
A=51 mm $ i A HE 2 R R
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()

£ = 69.540kHz

0 3.571 7.141 10.712 14.282
1.785 5.356 8.926 12.497 16.068

Bl 3.13 % B 3.7 #77 %5 HF A BOA 40 RAR 4TS AT LK
A=51mm ¥ 3 A 48 F & B B

B 3.14 A& A=15mm 5 T~ % & 7R iR
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Angilent 33250A

Function Generator

@..D--- (@

ENI 325LA

Power Amplifier

Model 325LA RF Power Amplifier

\

Input 5008 Qugut
250kHz-150MHzZ
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