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Abstract: This experiment systematically studied the vibration standing waves of one-dimensional and two-dimensional elastic
bodies, divided into two core parts: LX1 one-dimensional vibration standing wave and LX2 two-dimensional circular thin plate
vibration standing wave. In the LX1 part, experiments on transverse vibration of elastic rope, small vibration of stainless steel
thin metal strip and vibration of fine steel wire ring were completed. Key parameters such as wave velocity of string vibration
and Young’s modulus of metal materials were measured and compared with theoretical values. The experimental measured wave
velocity of string vibration is (25.78 £ 0.04) m/s with a relative error of 2.68%; the average Young’s modulus of stainless steel
thin metal strip is 173.9 GPa, with a deviation of about 10.8% from the theoretical value; the average Young’s modulus of fine steel
wire ring is 175 GPa. The experimental results verify the correctness of one-dimensional vibration theory. In the LX2 part, Chladni
patterns of 5 different vibration modes were observed. The eigenvalue k, nodal line positions and standing wave distribution maps
were calculated by numerical simulation and compared with experimental results. The experimental measured average constant
¢ of brass plate is 1.07 m? /s, and the Young’s modulus is 104.5 GPa, which is within the standard range of copper; the average
relative error of nodal line position measurement is about 3.0%, and the average relative error between experimental and theoret-
ical values of radial wave velocity is about 3.8%. The experimental results fully verify the free vibration theory of circular thin
plates and Chladni’s law, master the basic methods of vibration experiments and numerical simulation technology, and achieve the
experimental objectives.
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9 933 27.67 25.81
10 103.3 24.90 25.72
11 113.7 22.64 25.74
12 1241  20.75 25.75
13 1344 19.15 25.74
14 1447 17.79 25.74
15 155.1 16.60 25.75

6.1.1:FRITE
TUFRA TS T SR SR T 3 I S b 22, FO T 391 N
Gezp = 25.78m + s~ 9)

PR ZE N
0=004me+s"" (10)

DU BAN T foe & AT 45 R

Geap = (25.78 £0.04)m * 5" (11)
X2
_ |Qexp — Qthe | 25.78 — 26.49 _ o
T e | ’ 26.49 =268%  (12)

AT, SERIAS ) S B S B, bRAEZERUN, S
AR

6.1.21RENH

ARSI, BARGIR HEIRF AW &, (HIHRZERIR
VREVFZATRENE, 2 0HT, RZEFREASKIEIN T

L BT AT TR E R SIRE, H
T B 487 5K 7 T REAAE U e sl iRt
HAFAE W2 5

2. KREEMERE: HWNERINESR FRER, mT4aTr
A H, HESraiE, SRR KiHEmAE
W



LX —%E 5 “ RN GEPCERE
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3. BURIMEIRE : JRBNIRBN S IR R A7 — E NG
B, EIEARANR B I AR SR, ] REA7E fik
M ZE 5

4. AR . SEIG b 4T AR IE R AR IR /DN,
SEPRARANAFAE — %€ FIARZAE RS, 5 B AR BAF 7E (i
ZEs

5. ZRPHAIIRE : 98T PRI R A2 B S AR
M, ZWFER D RER, SRR/ N T PR E .

6.2 NMEWEE R KF/MRINLWER
B REAMRE I (SRR + BT &

H, ZRMELSRINES
R 5 AEA P R A
| 1 2 30 P
HE M(g) 23.53 2349 2351 2351
PN =2 & i P B AR R, B DA Sf i P L
H
M 2351
=3 =3 g~ 78.37g

ZIEBMNETH—BE&BA XS dEREKEMNE
PRI S 1~6), ML R INE 7RG

*® 6: AEM RIS KL

e 5 E2T S I R PR PO PO P
KE l/em  ]7.95 12.81 8.35 11.91 9.45 10.79
JEFE d/mm 0.50 0.50 0.50
B b/mm 8.00 8.00 8.00
JFE mlg  |3.00 4.84 323 4.61 3.66 4.18
B p/kg'm 7530
AR S/mm? 4.00 4.00 4.00
R E I/mm*|  0.083 0.083 0.083

SHITEIRA  ARRIE 3 &BBHAHHER
R, BHEW NNRE, 3 %&&RA B KM, HE2HT
AR UL R =66 R h R, S BRI A K ES
ZE5, R REFAE HAH AR R

-H1%ERA: L+l

-H2%&EEA: L

-HWIFKERA: I3+l

. BREEERATHIRE:

My  235lg
Mk = 737 T T3

~ 7.837¢g

2. BEFRERRBHUKE:

Ly =11 +16 =7.95+12.81 = 20.76 cm
Ly =1s+15 =8.35+11.91 = 20.26 cm
Lz =13+4+14 =9.454+10.79 = 20.24cm
Ly =Li+ La+ Lz =61.26cm

3. BERERE: 1% FEm A NI B oy e B

li

mi; = X My
Lymemn
4
7.95 12.81
= . ~ 3. = ——XT. ~ 4.84
my, 2076 x7.837~3.00g, my, 2076 xX7.837 84¢g
4, HEE@R: FHEAmAR

S=b-d=2800mm x 0.50mm = 4.00 mm?>

5. BEEEERE: JEEIN A

_bd®  8.00 x (0.50)°

o 4
1= B B ~ 0.083 mm

6. FEEEVTE: O REMLSARITE

“ 23.51¢g
Vi

_ N 3
" 61.26cm x 0.8cm x 0.05¢cm 7530 kg/m

p:

HHEARHEE (7530kg/m®) 5 RN L% B
(7854 kg/m®) FIARXTIRZEUN 4.1%, 1ESL56 1R % RVt
P, SRR AR S A LA S E0 0 R 4 TR AR T 5

SCOGME W 6 FhANEI K AR 4 B 4K 4 4
XA LRI (n = 1) G2 AR (n =
2) B AOSEARITR £, HEor MU K R IR (n=2,n
=1 BT S) FrEen B Ak bs, Fra%uR 7 is

R T AR S K

‘ ll l2 13 l4 15 lG

f1/Hz 763 54.0 46.0 31.8 272 222
f2/Hz 461.4 355.3 284.3 220.3 185.6 153.4
n=2 W E/cm| 580 6.75 745 845 920 9.90

T2 488 v S0 ik Ao P AR ME S A 2 1, M50 R 4135
SRR, BACRERE R, WE9pR
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— ‘-\J:L#m —
ot ] = 32553, 2%
AR T R

(b) n=2

(a)n=1

Kl 9: — s IRsh seie i

ZJE I 2 DAEIE B A (15,06 PR
MR MEER] n =3 L), R RA LA FIIRPE (n =
3) I EIFEIRAR f, I IR TR (L B AR,

8 n=3 JARMF P E

|l

f3/Hz 525.6 454.6
WA 1A E/em| 4.15  6.25
W 2 i E/em| 10.6 11.2

6.2.1 MMA FBip KR

BRI A MMA SRfE b HIARI AT LA Kl A
AR VAT 17 P DA SR A, ISR Ak R 2 B R I T

1+cos(x) cosh(x)

400000

200000

-200000

P 10z 7 3RAIRSR At R 2 P

HER AT LR, A TE57 2, A 1sEie+ R 2
THIUME. TATTHSHL AT 6 DAL ki:

0.,1.8751,1.8751,4.69409, —1.8751, 7.85476

LR E S M G G2
R 9: HR X RLIIEIR kil

n knl

1 1.8751
2 4.6941
3 7.8548

FRGE AR TTHSE, AR 2 A BT A B R 10
R 10: B BT E

O T [ KB (em) n=2 BB (em) n=3 FARPETT (cm)

ly 7.95 6.23 -
la 8.35 6.54 -
l3 9.45 7.40 -
ly 10.79 8.45 -
ls 11.91 9.33 6.00, 10.33
lg 12.81 10.04 6.45,11.11

T BAREORE PO, LIRS — B0 n=1 BRI,
n=3 BRSO LA 15 M 16 BEAT T iHE

R, FATUL I NBIER RS UETHAN n = 1,n =
2,n = 3 WEIEE I R, 2T BAAasdE, 7£E
AR 1, CAERIOhS

B 11l fEn=1,n=2n=31HNTMRE#EFHLREEE

6.2.2 HRBREIHE

AR S5 P b & 8 AT /MRS R B HE T, JLAR
RRLUF R R: oS
4,2 2
K =an by (13)
Hot k= Enb, kol NHRFAETTF2 cosh(kl) cos(kl) = —1 ({55
n NAMEE (2i#T Mathematica RFE/S 21D .
¥ k= EnL ARNI(13), BT BRI AR

y — g8t S

(14)

ARNAR LI A3 388 FF S 4

- B F p = 7530 kg/m®

BRI S = b-d = 8.00mm x 0.50mm = 4.00 X
107% m?

B T = 2 ~8.33 x 107 m?

AR 25

268

Am T~ 4.57 x 10*° Pa = 4.57 GPa

PR AR S 56 v g RS R f faT A TH E A 50 :

f2l4
@2 (k1)

Y = 4.57- (¥hi: GPa) (15)
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R T EATE & 8 B A i IR, 45 R
FKATR.

R BERAHREET SR (DRI

it |Yn,1/GPa Y, 2/GPa Y, 3/GPa “F-4{H /GPa

I, | 1786 192.3 - 185.5
Iy | 172.4 188.7 - 180.6
Is | 1659 179.2 - 172.6
I, | 161.3 174.5 - 167.9
Is | 1587 170.1 182.4 170.4
le | 1542 166.8 178.9 166.6

SAREIME 173.9

E: Y, o FORMR n AR 0 R KRG KB

& R iR BR 5 RRMEE RN KT HE AN
173.9 GPa, 5AGMILLIY (193~195 GPa) [N IRZEL)
H10.8%. iR FERIFETHENEN R R E RSN
B 7530 kg/m® LWEISH KL 4.1%) « A B MR
% B 7854 kg/m® BHAT 5T, Bk T-HME K 214 181.5 GPa,
LS PN E NSl

REDH AUSEIMIR R E AR R G R R R
GINS ATV
1 R&GtRE (FERPED

| ZEMNERFRE: ALBNBWEEFHEN
7530 kg/m®, LEAEEMbRIER AR 4.1%. X BT
&R A T B AR R, S
TR H R BE /), BRI S IR S v S 45 R R 4
PEAR A .

2. BERBFRFMHRE: LR P &) 7 1 E i F AR
M SCA T, AFERUNRREEIAGLR, SRR
P S ERBRAFAE N 22, 0 SRR 7 A — e R
M o

3. JUAISEBONEIRE )% ) (5 FEAN T8 I & A R
Jred s A bR R R, AEAEZT 0.01 mm HIPI R %
HI T IR 5 S RE (107 B b, T8 PR 00 O /)
RERPIIRNBKRINEE RIRE

2. BEMLIRZE
1. EIRMEBHINRZE: &8 F FIILRIGRN T2, XL

T N HR AR W PR fe K B, S BUZN & 17
7E +1~3 Hz H1iR 2.

2. KENBIRE: HANERNESRE R KEN, 77
£ 0.1 mm FEEGRZE. BT HREESKAERURK
TTREEE, A R B 5 22 0f 45 SR A ALK

3. FREEIRENT A ScBid B b SL  BO MR B A
BN gox SR A OHREN I A T SRR R R
.

6.3 MNL & RENMRILWER
BRI S, SRR R g 12

R 12: PR EE N E A

B gE| 1 2 3
HE Mg 9.13 9.14 934

A
9.20

BB TR SN
L =77.8cm
PR A 2 I RA AR N
D = 24.4cm
RS A AR

D

R= 5 = 12.2cm

I s 0 12 (R BR AT B
d = 1mm

RS EY| p
r=— =0.5mm

2
DU S ey SR L B A e A0

(16)

K= g = 0.25mm

|

IR N
= 15.06g/cm®

M
= 1
P=_37 an

WAE R TR WK AKX N = 4nR/n = 2nD/n, 4iENE
FSEIRIR, TR R RS S R IR 137

13 LRI IR ) SR 45 R

W n f/Hz Xem #IRIEE Y /GPa
2 7.3 153.31 112.3
3 204 102.21 173.3
4 27.0  76.66 96.1
5 75.6 6132 308.5
6 83.6 51.10 182.7
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Segs I AR TR SN S (3~6) B 12T [ e 4 B 45 R
Y = (175 4+ 82) GPa 22)

HT200 4H4M 22 (114 IRIRE S5 H 2N 135 GPa, ARS25
M THE S S AR ZEN:

? — Y;ef
Yref

e:’ 135

_ ’ 174.6 — 135‘ ~293%  (23)
6.3.21REDH

AR S T 5 AR TR ZE RO, HLEhE B o
W, EERZEWR:

1. RENERFIRE: WERHNEEN £5EEH FEE
FE, PEREMEMEMA (L 9.20g, HIRHL
4.8g), BRI (15.06 gem?) T KT
N HAE R (7.85 glem?d). I T-9 KB 525 BUIE
L, IX—RG0iR 2 HE S EBUTE 4150 104 B R -5
LR RGN KL 92%. HBIEREMERZE, T8
MR 208 91 GPa, KI5 ZERE L,
T 1 Al DR 250 ) B R AR AR K

K12 — 4R RED LI I

6.3.1 FIRKEBEEITHE }
2. BlE SR FEE SN [F5F i [ 5 AR T

AR S0 S R 5, AN 2 B R A B L 24 SCEAR 0 R 5 A 0, AN T A B R
AR \ FE o [ SRS T AR, RucE RS RS
Y:ﬁ.£3¢§ (18) IR, R R A RS, AR X R E B
g (n=2,3) MEWEARLE. JAN, B A0 5

A= ARG = fI T = N R, B B th 2 0 S 8 2 A AN T R B
y = 26 RYp [ (o) 3 HEIRSAEFIEMETEIRE: WG 0RIELD,
reont HZIRBREA LIS B, SEIRIG RN T4,
SR TP ——— 3 At A BE VR 0 7 4R R K o . S L e
ARSER SRR S LGRS (R LA I Ao, 3 — i
2567 RD _ 4y o b FAAEBOR I AR, BRI (7T e i B0 T3

72 ' AR £2~5 Hzo

P ASRBG b FAL RO B FAT 51 20505 4. BEORIEOVIRIRE AR IR, X

12 BB EE (n =2,4), HTERBIIFRME, SHB
Y =333 75 GPa B A R AR, i B R A8 A T
B, RSz n =2 fln = 4 MERHHIE (7.3 Hz M
SCIALERR 431300 5 SRR 1M G R e A 27.0 Hz) W B AwAR, 1R T 882 IR T B/ LR AR,
oy KPR 0 LR T 545 3 A 20
BOKIRFEIRAIR X PALER (0% ol 5 AL g

v _ 123+173.3+96.1+ 3085+ 1827 _ . .

° (20)

T RE AR U2 5. HEERNEIRE: NAHmMERARD (41 mm),
A5 FH R eI sk A I = I 25 2 P AE KR 22« TR IR
S (vi—v) I ST R 7 U L, B G TR 1 i

oy =\ T 5o ~823Gha @n SR R R R IR 2



LX —%E 5 “ RN GEPCERE 14

6. MR EIMESABRRLFI: AN 2L F] REA7AEM AN
SIEN R AR F), B SL P R 5 25 (1A
FERZ -

6.4 B ERLIRFHEEFRELY oo BIEER
BY. HIRKIE u,,, THHEER

B T Y & R R B IS H08: 18 o =
0.5mm, WREELRN p =

12cm, ¥EE h =
8.50x10%kg/m?, FALL s = 0.324.
AL AR 253 50l o B

* m=0 n=4
* m=7 n=3
* m=4 n=5
* m=5 n=5
* m=6 n=7

HRFEE k
g

e m=0 n=4 k=1.04203

Y

L1.oaz,n |

13: m=0, n=4 I k {&

* m=7 n=3 k=1.61129

Y

05 1. 15 20 2.5

Kl 14: m=7, n=3 I} k {8

* m=4 n=5 k=1.80305

Kl 15: m=4, n=5 i} k 8

* m=5 n=5 k=1.92158

Y

0.5 1.0 1.5 2.0 .5

K 16: m=5, n=5 I} k {8

* m=6 n=7 k=2.57184

Kl 17: m=6, n=7 i k &

HAVIR A PR AL S IR 45 R ZHOF HA A

c= %f (24)
AT DU SR B B B e B, X HEORSPYy, FEEAI R A
R
Umn = 207/ F frun (25)
TC
F= %02 (26)

R S 56 B BAT T AT LAAF B LR 45 R
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15

R 14 ZHETEREARB) I 45 R

£ 15 ZHERBIIRBETLER (n=0,n=2

m n kfem™' f/KHz ¢/m?-s7! w/m-s™t PHEFT SL{E/em  FERME/em  HXRZE
0 4 1.04203 1.8308 1.06 110.4 1 2.242 2.30786 2.9%
7 3 161129 43169  1.04 168.4 2 5329 5.20675 0.6%
4 5 1.80305 5.7848 1.12 201.6 3 8.572 8.32044 3.0%
5 5 192158 63054  1.07 206.2 4 11.355 11.044 2.8%
6 7 257184 11.165 1.06 272.8
6 PR3 -0 3o e 4 P
AR, TR SR
6x107 L
. 1.06 +1.04 +1.12+1.07+ 1.06 _ 1.O7m2 ) s_l

5
o R HFRATTAT BLAI 7 AR ) i 5 A A5 51

o 1
Y:3c2p 2

(27)
RABH p = 8.50x10°kg/m®,s = 0.324,h = 0.5x10™ > m,
TS

1—0.3242

_ 2 3
Y =3 x (1.07)" x 8.50 x 10” x (0.5 x 10-7)2

~ 104.5 GPa

ZAEAE A A R R AR AEVEE (100~130 GPa) A, W] LK
B RCR A -

6.5 mhife ER NN S EEIAXTEE

IG AT IR LR 50 B, 5 A R4S S5 E
AT B 25 R B 7 AT LR, S Lhig A B R
for B A ARG 3B
1.m=0,n=4L%ER

of L PR S 6 25 S5 B AU L% bR A0 R TR

7/

(2) LI SAT ]

K 18 4RI A AR SEIR AR (m=0,n=4)

X L PRI AR B SR ZE G U R R R

4x107

2x107

—2x107

B 19: BfE it S gE A

2.m="7,n=23LWHER
Xt 7 A S 6 4 S5 MU A B B TR

(b) HE RS R

(a) SER S
K 20: Z4EF R FEIRTIGER (m=T7,n=3)

XL PR T AR B AR ZE G U0 R R R

F6: LR EIRBEVTER (m=7,n=3)

BT SilfE/em  FRME/em  HEXRZE

1 6.904 6.88043 0.3%
2 9.199 9.19839 0.0%
3 11.100 11.3497 2.2%

A8 FHARRD 3 TS R (R rh 45 3 SE 0 B R
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2x10'8}
1x10"8 /
2 4 6 8 v 12

P 21 e TR AR A

—1x1018 L

_2x 1018 L

3x 1018 L

3. m=4,n=>5LNLER
o IV 14 SE 56 4 TR 5 5B ASS UL Bt Bl 2 BT |

/)

U

N

(b) FERULE AR

(2) LRI

B 22: “HEBR BRI LR (m =4,n =5)

KRR R BE SR ZE ST U T R FTR:
17 ZHERBIRETER (n=4,n=5)

MreEs
A\

010 005 0.00 005 010

BT SGllfE/em  EASME/em  HHXFRZE

1 4.445 4.20861 5.6%
2 6.484 6.13666 5.7%
3 8.153 7.97124 2.3%
4 9.991 9.77009 2.3%
5 11.459 11.5509 0.8%

i PR3 TS R B R A B SRS N T

AW
VY,

23: HUE TR A

151020

2
A 102 -

—2x10%0

4. m =5,n =5 LIGLER

XTI ) ST 56 45 R 55 H (AR DL BO0S L R s «

(b) F{ERULE A

(2) LB A

K 24: “HERIAEILIREIGA R (m =5,n =5)

X R AR BB SR ZE G W R R TR

F N8 R IIRETIER (m=5,n=5)

WHRFS  SLillfE/om  Big H/om  AXHRZE

1 4.417 4.56472 3.2%
2 6.427 6.42107 0.1%
3 8.026 8.17045 1.8%
4 9.459 9.87736 4.2%
5 11.141 11.5623 3.6%

i FACHE 3 TS PR R A2 P A5 2 S R

4x1021H

2x 1021

21021 -

—ax 10?1

-6x 10211

K 25: BUE TR

5.m=06,n="7SLILER

XTI ST 6 45 -5 E AR ADL BOS LE dn R s -



LX — 45 YRSV PR 17

T\
1))

o5t ,’ \\\\ |
ij/”"'.‘.

N
.

\ ]
- ’::\““\

W2y
“o. oﬁj \\\\\ J

010+

Z /””'0:
TS
A\

(b) FufERLLE R

(a) SEHRSAH

K 26: —4EH B HEIRLIEER (m=6,n=17)

Xof N2 R AR BUE SR ZE G R R PR

FK19: R IIRBETER (n=6,n="7)
WHFES  LE/cm  HiS{E/cm AN REZE

1 4.507 3.86342 16.7%
2 5.474 5.28388 3.6%
3 6.741 6.61154 2.0%
4 7.895 7.90126 0.1%
5 9.154 9.1709 0.2%
6 10.108 10.4284 3.1%
7 11.296 11.6779 3.3%

A A3 T 55 PR R P A5 3 S B 0 T

4x1028

2x1028 -

2% 108 -

—ax10%8

x 1028 |

K 27: BUE TR RS A

RO ARLIRIWINE] 5 FhA R R SR K 78
W e T, S EEREIGS BT 7RG b, BARSRIG S,
RUR:

1. FREES SRS EYE A LT SR seib E
S5HEAEMEERETHRE. SRS L mE—
o LIIEMER T ARR m GREPREEEO 1 n (B
WFHO SRR B AR SERAE , 3R T R EAR iRz
V) IR, UE W T S50 28 B Bl ORI A A
W

2. PN B I R R AR R AT S LR R 2
ES A

PRI R ZE 2.3%
PR Z 0.8%
SERIFHXT IR ZE 3.3%
SFEFERNRZE 2.6%

-m=06,n="7 FHHRE 4.1%

BB IRZE LN 3.0%, 40K 2 Hoi 5 R i
FEEHITE 5% LA . $F0R m = 7T,n = 3 LI T 2 N
TS S ER A LT e A A, SR T S a6l & 5k
ArREME.

3. RZESIN R A I B R ], BT R R
2 SR B BB TIAN DG

- [ A O KIRF P T IR E TR K, m=6,n="7
HIZE 1 A0 TiRZETS 16.7%

- B X TTRE RN, ZHATE 1% UL

- PR X R A B, EAMRERTE 4%
PAPY

-m=0,n=4:
-m="Tn=3:
-m=4,n=>5:

-m=2>5,n=>5:

REDHT AR M T BRI A
L AL R 22 O X 1T 4R T, AR
WURMERER; SCIR IR T B I AL s 2B R A TR
2. RGERZE: BSSHEIFIEEA A bl s, bRk
RONASEIGEMAPE I L s e e AR A S iR 3 A3
3.0 BRI TIRZEE: Tl U B R,
RIERA B WL, SR BN
4. MRIZHORZE: LT IR IR IR LR
HEME, SRR BN E S

6.6 SHIREIEITE SIRISEXTEL

R ST D B, A2 ) YR P S0 T L R S R
PRI, ~3N:

’
Upn = >\mn . fmn

Hrp AR PR N S TAHSBIAN B TR0 5 2 A2 i BE RS O 7
B, Bl A = 2d, d J9AHABBET A BER P FIA &L
DU P AR SEIME, TR B SIROR, JIF 5B (E AT
Xt

R~ m=0,n=4 PIEEIZIE: r =2.242cm,
ro =5.329cm, r3 =8.572cm, 74 = 11.355cm AHEFIFIFE:

dl =79 —7T1 = 3.087cm, d2 =T33 — T2 = 3.243 cm

dz =14 — 73 = 2.783 cm
S} Ep

J— di+da+ds  3.087+3.243 + 2.783

3 3 =~ 3.038 cm
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Pt
A =2d=6.076cm = 0.06076 m

SR IE «
v =X\ f=0.06076 x 1830.8 ~ 111.2m/s

PRSI E w = 110.4 m/s, HRHRZE:

/

U —u 111.2 - 110.4

110.4

6=

x 100% = ‘ ’ x 100% =~ 0.7%

6.6.1 FRMLLER CEE D
e — GRS BT RS R
F 20: F AP E S S LA T

m n wm-s~' u/m-s7! FNHRZE
0 4 110.4 111.2 0.7%
7 3 168.4 181.1 7.5%
4 5 201.6 203.0 0.7%
5 5 206.2 212.0 2.8%
6 7 272.8 252.8 7.3%

RS 1 BECRE, BRNE RS SR E A
R, PEIMAHRZELN 3.8%, Wi T EI R A hik
SHEL 8 H A U IR

2.m=0,n=4Mm=4n=>5 THEMMTIEEN
7 0.7%, Ut BX PR IR AN AR T B I A R e, s
LRy T

3. m = T7n =38 m = 6n = 7 LLKIE
ZEMR, FE G R X PR B RN O
m = 6,n = 7 KPFBAEIEEAY 1.13em) , MLFEM & KA X
PR ZEHE R RIS AR S T I8 1 SN, i — P R
TIMEREE .

4, LRGP EREAEE THRME (BRrm=6n="74M,
TR T SERRA R A IS B 0 v T AR A, 3 350 A
Ko

7 5t

AL R T — 45 YRR RSN I R
IR HES: RN E SBUERAE LS G002, AT
WET RSB IIER M, B TR T € K525 H 1.

15 LX1 —4EHRsh SR See o, RO 7 s tkan, A
AN 4 S AN AR 22 R PR ) AR BRI, IR T OH
s I B A% 0 S 4. AR REIR BN SR 50 v, WIS O
(25.78 £ 0.04) m/s, HHEIREMFHXTRZN N 2.68%, K
B T 52 IRBNPCE G 7K I PR ARE e 5% T AR
R PR B o ANTRANTEG B 2% /MRS SR 50, W15 4 P AL

FFIME N 173.9 GPa, SAFEMNIRAEIE (193 195 GPa) 1w
Z2110.8%, ¥R 2 T BLRYF T 25 15 DI 1K) R G0 1% 22 A 5 v
AEFRARE Y ID AR . AN RS S A, A5 TR AR
HPBIME N 175 GPa, BRAFTE—E sitt, TEE&mTHE
TERAEIR T A R AU R R R ERE . AT,
—HEIRBN LIS R SISV R, IE T — 4 sh oy fE A
AAEHREN I

7E LX2 4t BT MR IR St , I T 5
AT (m,n) B TREEE, B seisein B S5 5l
R EIFE B TR AR LS B — 5 i 2l
RIGAIAE AR, 33 7 S AEIRBR by b B H
R T ER ¢ = 1.07m? /s, BEREEN 104.5GPa,
Kb T4 ARG BBl (100 130 GPa) P 345 o B & ~F 1
AHITRZE LN 3.0%, 43 [R) Y S 04 5 BRI (B 1K~ B0 AH o
RELIN 3.8%, SLIKEIE RIT. RENAG 2L BAE: H
B O X BATIRELBE R (K 16.7%), HIEIX IR
Zi/ (ZH<1%), WHEXBREWRS B, ZEEMT
HHOL BT B A L U T T BN AR I R 2 . IR g RIS
iE T R HEAR A RS FRISA ve b Je i, AR B T SR A
TTEAE RSB FL A A B

AR SEBG AR T X HR30 -5 5k B A TR (I B, I 4R
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RIRZRIRA SO T 17, N R S RN RSB 742
®"T 5%,

8 EEM
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BIRn 2: Aft4MiNL € BRI R E R —KE
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Nz ,
r_ n
fn_ (Tl+1> fn
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ISRvA: VN ETE SIS ENEIA I CER A ON I ER S E S
S BATHHE, R

1 BRI GBI T AR AR E 42— 5 fE
i YRS SRR (A PR
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4. SERRFIMR: X TIKVBUR . KR IITL, IR
RIS AR TR BN KERKZ, BhaT
BrpcE M EE K, MXIRZEAIL 5% BLE.

2. XK 2 (AEIWEER KRR S

1. BFEHIAERS: E) 2 TR 1 i 2 AN
FES . B i LT AL

2. BRI B &4 & I R 14y
A ARG R AN TR K 14 4
B4, XPALT] Z8E; (HXT K BT 20em 4
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WIFEECR, H 7 51EMFS A OO LR, Xbsk
g R o e 4 n] LLBIg AN

8.2 LX2 B8

[BIRR 1: AT EH AR ABGERMTS ?
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PR AT B SR BRI S A B, BN DS, W
B AR 2E o X rpol XIS SR i 1, MR b E )y
TERENS IR BUL A, BERENERE.

2. RENATMUEARFR: HHOEZ EEHRIRIL (LDV)
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3. SERREMAL: OSSR RIS SRR
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&
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(1]

PR BUEWB T (B B)M]. b mSEE W
AL, 1978: 149-151, 166-168, 291-292, 364-365, 373-
374.

(2]

[12]

[13]

[14]

REW, WER. BB M. B JERUREE
fitAt:, 2024: 227-229.
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Rayleigh L. The Theory of Sound (Vol. I) (2nd Ed. revised
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[21] FBmeis. BER KPR ES LN A M]. K& HHR%E LabelStyle -> Directive[Black, Bold],
AR WAL, 1990: 10-12. 8 Epilog -> {PointSize[0.02], Red, Point[{1.8751, 0}],
9 Point[{4.6941, 0}], Point[{7.8548, 0}], —
LA e y N 5 ~Point [{10.9955, 0}],
[22] #RZ%. $ET)% (FAHM]. dbat NR#H ditt, | Point[{14.1372, 0}], Point[{17.2788, 0}},
1981: 1-3, 140-142, 145-152. 1 ClippingStyle -> Automatic]
12
13 (xH
W A: SR TRRIARIR ¢ v
15 Table[x /. FindRoot[Cosh[x] Cos[x] == -1, {x, n}], {n, —
0, 20, 1} //
16 DeleteDuplicates;
9 17 Print ["A/61 A{E(EkL: ", klValues[[1 ;; 61]]
i 3 § 18
72 &S g 19 )
sdX e 20
s - 21 )
£ L3 oS \\1 22 (€1 P
BT v 23 i i
4 ?jf z: 24 calculateV:Lbration[kl_, 1., n] :=
Te 25T 45 25 Module[{k, B, A, f, a, b, nodes, candidates, —
'°§ o oF <validNodes}, k = k1/1;
e 26 B = (Sin[k 1] - Sinh[k 11)/(Cos[k 1] + Cosh[k 11);
%;: 27 A=1;
28 f[x_] := A (Cosh[k x] - Cos[k x]) + B (Sinh[k x] - <
[ 28: LX1 %4 T IS 3% | Y
30 ZMIRID B PRI
31 plot = Plot[{f[x]}, {x, a, b},
o o 32 AxesStyle -> Directive[Black, Thick, Arrowheads[0.04]],
H"‘WW‘W‘W‘ g 33 PlotStyle —i {Blue, Thick}, AxesLabel -> {"x/cm", <
St "X RIE"},
(o= Wn-ﬂm.ﬁw 34 LabelStyle -> Directive[Black, Bold, FontSize -> 12],
35 PlotRange -> All, ImageSize -> 400,
36 Epilog -> {PointSize[0.02], Red,
£ : 37 Table [Point [{Table[
}ﬁ#lfm] #F r/f;‘;y ;f:’}” 7/‘% 38 x /. FindRoot[f[x], {x, i, i + 0.2},
39 Method -> "Secant"]l, {i, a + 0.1, b - 0.1, 0.2} [[i]l],
40 0}1, {i, 1, IntegerPart[(b - a - 0.2)/0.2] + 1}1},
41 CllpplngStyle -> Automatlc]
42 (1. EAFK(0.2em)# R AT A
43 candidates =
44 Table[Check[
45 x /. FindRoot[f[x], {x, i, i + 0.2}, Method -> "Secant"],
46 Nulll, {1,a+01 b - 0.1, 0.2}];
47 (*2. 1 1R B AR *)
48 validNodes =
49 Select[candidates,
50 NumberQ[#] && Abs[f[#]] < 1*x"-6 && 0.1 < # <1 - 0.1 &];
51 (*3. A% (4 £0.01cm) 3F
52 nodes = DeleteDuplicates[Round[validNodes, 0.0001]];
53 nodes = Sort[nodes];
54 Return[{plot, nodes}]]
Bl 29: LX2 244 RIS R R -
56 (* )
57 F=#a: it Z
s .\ 58 )
Bﬁi B: ﬂg{kag 59 f: 64148 K JE (cm)*)
60 lengths {7.95, 8.35, 9.45, 10.79, 11.91, 12.81};
61 labels = {"11", "12", "13", "14", "15", "16"};
2
LiStiIlg L: %EK%*}E@J@‘L@%”ﬁ{ﬁEE}I 23 (€ : n=1\[RightArrow]kl1,
1 (%% 64 n=2\ [RightArrow]k12,n=3\ [RightArrow]lk13x*)
5 Cosh [x] Cos[x] 65 k11 = 1.8751; (¥n=1%)
3 ( ke AE 7 A2 q 4, 6/ AR B i1 B %) 66 k12 = 4.6941; (*n=2%)
4 Plot[{Coshlx] Cos[x] + 1}, {x, -0.5, 20}, 67 k13 = 7.8548; (xn=3%)
5 AxesStyle -> Directive[Black, Thick, Arrowheads[0.04]], 68
6 PlotStyle -> {Blue, Thick}, AxesLabel -> {x, Cosh[x] < 69 G - fif %)
70 results = {};

<Cos[x] + 1},
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For[i = 1, i <= 6, i++, 1 = lengths[[i]];
label = labels[[il];

{plotl, nodesi} = calculateVibration[kll, <
—1, 11;

{plot2, nodes2} = calculateVibration[kl2, <
—1, 21;

If[i >= 5, {plot3, nodes3} = calculateVibration[kl3, <
1, 31;
results =
Append[results, {label, 1, plotl, nodesi, plot2,
<nodes2, plot3,

nodes3}],
results =
Append[results, {label, 1, plotl, nodesi, plot2,
~—nodes2, Null,

Null}ll;]

Print["=
Print["# e | —
—n=38 K F (cm) "]

For[i = 1, i <= 6, i++, label = results[[i, 1]];
1 = results[[i, 2]];

nodes2 = results[[i, 61];

nodes3 = results[[i, 8]1];

If[i >= 5,

Print[label, " | ", 1, " | ", nodes2[[1]], " | ", —
~nodes3[[1]], ", ",

nodes3[[2]]], Print[label, " | ", 1, " | ", —
~—nodes2[[1]1], " | -"11;]

If[! DirectoryQ["Sheet_Plots"], —
< CreateDirectory["Sheet_Plots"1];

Print["===== 1|

16Plotl = results[[6, 311;
16Plot2 = results[[6, 511;
16Plot3 = results[[6, 711;

combinedPlot =

GraphicsGrid[{{16Plot1, 16Plot2, 16Plot3}}, ImageSize
«—=> 1200,

Spacings -> {20, 10}];

Print["164
Show [combinedPlot]

Export["Sheet_Plots/16_n123_combined. jpg", combinedPlot,
ImageResolution -> 300];

For[i = 1, i <= 6, i++, label = results[[i, 1]];
plotl = results[[i, 31];
plot2 = results[[i, 511;

Export["Sheet_Plots/" <> label <> "_ni.jpg", plotl,

141
142
143

29

ImageResolution -> 300];

Export["Sheet_Plots/" <> label <> "_n2.jpg", plot2,
ImageResolution -> 300];

If[i >= 5, plot3 = results[[i, 71];
Export["Sheet_Plots/" <> label <> "_n3.jpg", plot3,
ImageResolution -> 300];];

*)

*)

*)
Print["E ", label, " HIETHMAE"1;]
Print["===== BT EHEEF > Sheet_Plots H

Listing 2: k TH& K& AF B vHE A

m = 6;
a = 12;
s = 0.324;
Xa := X a;

aall = x72 D[BesselJ[m, xal, {x, 2}] + s x
D[BesselJ[m, xal, {x, 1}] - s m"2 BesselJ[m, xal;
aa22 = x"2 D[Bessell[m, xal, {x, 2}] + s x
D[Bessell[m, xal, {x, 1}] - s m"2 BesselI[m, xal;
ball = x”3 D[BesselJ[m, xal, {x, 3}] +
x"2 D[BesselJ[m, xal, {x, 2}] - (x + m"2 (2 - s) x) D[
BesselJ[m, xal, {x, 1}] + (3 - s) m™2
BesselJ[m, xal;
ba22 = x73 D[Bessell[m, xal, {x, 3}] +
x"2 D[BesselIlm, xal, {x, 2}] - (x + m"2 (2 - s) x) D[
BessellI[m, xal, {x, 1}] + (3 - s) m™2
BesselI[m, xal;
flx_] := aall ba22 - aa22 ball
al = 0.1;
b = 3;
Plot[{f[x]}, {x, O, 3}, PlotRange -> 2,
AxesStyle -> Directive[Black, Thick, Arrowheads[0.041],
PlotStyle -> {Blue, Thick}, AxesLabel -> {x, Y},
LabelStyle -> Directive[Black, Bold],
Epilog -> {PointSize[0.02], Red,
Table[Point [{Table[
x /. FindRoot[f[x], {x, i, i + 0.1}, Method -> <
< "Secant"], {i,
al, b, 0.1}1[[i11, o}1, {i, 2,
IntegerPart[(b - al)/0.1] + 1}]}, ClippingStyle -> <
—>Automatic]
Table[x /. FindRoot[f([x], {x, i, i + 0.1}, Method ->
< "Secant"], {i,
al, b, 0.1}]

Listing 3: 150 B 1H55 S AR BT SARHY

m=6
12
s = 0.324

Xr (= Xr

xa 1= x a
aall = BesselJ[m, xr]

aa22 = BesselI[m, xr]

ball = x°3 D[BesselJ[m, xal, {x, 3}] +

x~2 D[BesselJ[m, xal, {x, 2}] - (x + m™2 (2 - s) x) D[
BesselJ[m, xal, {x, 1}] + (3 - s) m"2 BesselJ[m, xal
ba22 = x”3 D[Bessell[m, xal, {x, 3}] +

x~2 D[BesselI[m, xal, {x, 2}] - (x + m™2 (2 - s) x) D[
Bessell[m, xal, {x, 1}] (3 - s) m"2 BesselI[m, xal

22
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26

n = ({{aall, aa22}, {ball, ba22}}) 28
f[x_, r_] := Evaluate[Det[n]] 29
hir_] = £[2.57184, r] 30
Plot[h[r], {r, 0, 12}]

FindRoot [h[r], {r, 3.8}]

FindRoot [h([r], {r, 5}]

FindRoot [h([r], {r, 7}]

FindRoot [h[r], {r, 9.16}]

FindRoot [h[r], {r, 10}]

FindRoot [h([r], {r, 3}]

FindRoot [h[r], {r, 12}]

4
5
6
Listing 4: ${8 #48L EIARFS (m=0) .
=0 9
=0.12 10
s = 0.324 11
Xr := X T 12
xa := X a 13
aall = BesselJ[m, xr] 14
aa22 = Bessell[m, xr] 15
ball = x°3 D[BesselJ[m, xal, {x, 3}] + 16
x"2 D[BesselJ[m, xal, {x, 2}] - (x + m"2 (2 - s) x) D[ 17
BesselJ[m, xal, {x, 1}] + (3 - s) m™2 18
BesselJ[m, xal 19
ba22 = x73 D[Bessell[m, xal, {x, 3}] + 20
x"2 D[Bessell[m, xal, {x, 2}] - (x + m"2 (2 - s) x) D[ 21
BesselI[m, xal, {x, 1}] + (3 - s) m™2 22
Bessell[m, xal 23
n = ({{aall, aa22}, {ball, ba22}}) 24
f[x_, r_] := Evaluate[Det[n]] 25
hir_] = £[104.203, r] 26
Z[r_, \[Thetal_] := hlrl; 27
ZxyABS[r_, \[Thetal_] := {r*Cos[\[Thetall, 28
r*Sin[\[Thetal]l, -Abs[Z[r, \[Thetalll};
dr = 0.12%0.005; d\[Theta] = 2*\[Pi]*0.005; 29
LstABS = 30
Flatten[Table[

ZxyABS[r, \[Thetall, {r, 0, 0.12, dr}, {\[Thetal, 0, — 31
—2%\[Pi], 3
d\[Thetal}], 11;

ListContourPlot[LstABS, Contours -> 12, ContourStyle <

<~-> None,

PlotRange -> Full, ColorFunction -> "GrayTones",
RegionFunction ->
Function[{x, y}, O \[LessSlantEquall x"2 + y~2 < 0.1272]]

Listing 5: #EBHE RIS (m#£0)

=6

= 0.12
s = 0.324
Xr :=XxXr
Xa := X a

aall = BesselJ[m, xr]

aa22 = BesselI[m, xr]

ball = x”3 D[BesselJ[m, xal, {x, 3}] +

x"2 D[BesselJ[m, xal, {x, 2}] - (x + m"2 (2 - s) x) D[

BesselJ[m, xal, {x, 1}] + (3 - s) m™2

BesselJ[m, xal

ba22 = x73 D[Bessell[m, xal, {x, 3}] +

x"2 D[BesselIlm, xal, {x, 2}] - (x + m"2 (2 - s) x) D[

Bessell[m, xal, {x, 1}] + (3 - s) m™2

Bessell[m, xal

n = ({{aall, aa22}, {ball, ba22}})

f[x_, r_] := Evaluate[Det[n]]

hir_] = £[257.184, r]

Z[r_, \[Thetal_] := hlrl;

ZxyABS[r_, \[Thetal ] := {r*Cos[\[Thetall,
r*Sin[\[Thetall, -Abs[Z[r, \[Thetalll};

ZIm_, r_, \[Thetal_] := Sin[m*\[Thetall*h[r];

ZxyABS[m_, r_, \[Thetal_] := {r*Cos[\[Thetall,
r*Sin[\[Thetall, -Abs[Z[m, r, \[Thetalll};

dr = 0.12%0.005; d\[Thetal = 2*\[Pi]*0.005;

LstABS =

Flatten[Table[

ZxyABS[m, r, \[Thetall, {r, 0, 0.12, dr}, {\[Thetal,
<0, 2*\[Pi],

d\[Thetal}], 11;

ListContourPlot [LstABS, Contours -> 20, ContourStyle <
<~ -> None,

PlotRange -> Full, ColorFunction -> "GrayTones",

RegionFunction ->

Function[{x, y}, O \[LessSlantEquall x"2 + y~2 < 0.1272]]
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