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Experiment DX1 DX2
Experiment on Choi’s Chaotic Circuits

Shangrun Lu!

1 School of Physics, Sun Yat-sen University, Guangzhou 510275, China

Abstract: A deterministic dynamical system has three common stable states, equilibrium, periodic oscil-
lation and quasi-periodic oscillation states. Chaotic oscillations are unstable but finite dynamical oscillations,
and in the study of chaotic phenomena, Chua’s chaotic circuit is a widely used experimental teaching circuit
that can produce a large number of phase diagrams of chaotic phenomena, which can be well observed. In this
paper, we first perform experiments and simulations of a basic Tsai chaotic circuit, which gives a large number
of phase diagrams, including straight lines, limit loops, double attractors, left and right single attractors, and
measures some of the resistance intervals, and gives some of the periodic phase diagrams. The phase diagrams
are clear and obvious. Finally, we first programmed the solution of the Lorenz chaotic system, observing the
relationship between the state of the chaotic system and its initial values and parameters, and then solved two
types of chaotic circuits, obtaining phase diagrams of straight lines, limit loops, double attractors and single
attractors. The experiments are successful.

Key words: Multisim simulation, Tsai chaotic circuits, Chaotic systems, Lorenz chaotic systems, MMA

numerical solution
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Experiments GX1 GX2
Fourier Optics and Optical Holography Experiments

Shangrun Lu!

1 School of Physics, Sun Yat-sen University, Guangzhou 510275, China

Abstract: Optics is an important branch of physics with a rich subject matter and a wide range of
applications; spatial filtering is an important application area of Fourier optics, a technique for manipulating
the distribution of spatial light fields to achieve effects such as image processing; holographic imaging is a
major direction of modern optical research, which opens up many new areas of optical research and enables
three-dimensional imaging problems that cannot be achieved with conventional light. In this paper, we first
carried out spatial filtering experiments, using a physical grating, a one-dimensional grating loaded in a spatial
light modulator to observe the Fourier surface, and a single directional filter using a slit; then observed the high
pass and low pass filtering of the word ”light” to verify the imaging details presented in the high frequency
information part; afterwards, by loading a two-dimensional Next, we carried out holography experiments,
starting with the computational holography part, where we used software to calculate the holograms and build
a reproduction optical path to achieve a good reproduction. The numerical reproduction was good, and we
finally used the reproduction light path to reproduce our recorded holograms again, i.e. to achieve two sets of
conventional holographic processes. The experiment was very successful.

Key words: Fourier optics, Spatial filtering, MATLAB numerical solution, Computational holography,
Digital holography
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4. ZIRBEBITH L EBRRKT A LR,
AR MATLAB 281 7 8 4 8 UL R By 4

B, HART
T 4 B AR

PO=imread ('550W.bmp ') ;%ix B A %

PO=imresize (PO, [1080,1920]) ;% ¥ A % i
# 211080x1920 % &

PO=double (PO (:,:,1));

[r,cl=size(P0) ;% 2l A i 7 # %

ef=0.5;% W E 4L LB A% F R

FPO=fftshift (£ft2(PO.*exp(1j.*rands(r
, c).*xpi.*xef)));%it B Eeb & ik

phi=angle (FPO) ;% 1T & 48 {1 4

H=mod (phi ,2*pi) ;% it 5 48 (L 5L H # 2 ¥ 4
#

Hi=round (H/max (H(:))*255) ;%% il & & [

CGH=exp (1j.%*H1/40.58) ;%% & #| 1F ik 4 42
a2 R E (EREWNTHMALLREO~2
pi, 40.58=255/2pi)

rP=ifft2 (CGH) ;7 vt 17 # [ E vf & 4% 7% 2| &

o7
figure;imshow (H1, [1);% T 7= 40 (€ it 7 /&
3 4 KB

figure;imshow (rP.*conj (rP)
,[0,0.000011) ;7% 2 7% 7 I A&

(a) B 1 28K (b) B 1 &)l

(c) BIH 2 25K (d) BIR 2 &5

2: W5 4R MATLAB $U{ERfFSE £

B4 ARG :

S
(a) Bl 1 (b) EH 2
1. iHHEEREEE
ZE R

lamda=532%10"(-6) ;% % i K

P=8%10"(-3);

num=800;

Pl=double(imread ("21305127
_Holo_1404_OriginalImage.bmp")) ;%
R E A

[X,Yl=size(P1) ;%% 2| F jr 09 o 9 %

a=[-Y/2:1:(Y-1) /2] ;%% L AT 7

b=[-X/2:1: (X-1) /21 ;% %= X A7 7|

A=axP; 7 %t 45 /b

B=b*P;7 % 4 /)

[XX,YY]=meshgrid (A,B);¥% 4 i X% # &

E=lamda*num/ (Y*P);

phi=exp (i*pi/(lamda*num)*(XX. 2+YY
LT2)) %% O T

P2=fftshift (ifft2(P1.xphi)) ;% 17 & #

P3=abs (P2) ;% | & /£

colormap (gray (256))% 1% & A F /i &

imagesc (a*E,b*E, P3)%1E &

set (gca, 'YDir', 'normal ') %Y % 4% 1 E &
#

set (gca, 'XDir', 'reverse' )% K XL 4F J 1A
LE B IE L3 F

title(strcat ('#0 ¥ & & ")) %% Htitle

48 MALTLAB ${& R i 45 5.
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B, FTRBEEAN aewp = (20.84 £ 0.42)m - 571, HMXHRZER 0.39%, RJESLI T ETAHWE A 10FLHR, A
PSS LA R 20 BISR AR AP b 75 sR AR T M IR, MRS RN, Y = (203 £ 2)GPa, /M HISRIRL BN
Y = 188.1Gpa, HEHRE 193 — 195G Pa AR, IR THETAE, HMMNRERTE 1% £H, HENE
TE&REFRILRE, WMELBREERN Y = 133.3GPa, SERME 28T, HXHEZEN 1.26%, &ERNIFH
MMA BT T R0 RS EoR#E, REWH e =1.074m? - s~ | BEME Y = 124.5GPa, HIE—HH
MEREEME P, IF H LIRS S I0E 5 05 B e, sEIRB N .

KA T, wh ERE; Mathematica HUETE; MIKKE
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B ) 1% 18 F1 S A8
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ARG B LR — s O, MR

FEARR I, ATE e T35 T — RS BE
s, HptE e, Bor LB, R)EiEE MMA %
ESCHL T YRR IRBN SR R AR, SRRSO -

2 —HEIRENIER LI

2.1 —HEHERRRBIE R/ MER

HRE— e A TR, TR, TG
WEKELMNE . BULELHN o B, DA o k&
BRI A WA AT RS, ou = u(z,t) #
TR o SAE AR EET o R, %E
(z,7 + Az) —/NBRIDED, BYZIRRLEERN p,
Ty R Ty 40304 @ R o+ Az 593K, 0, 10, A
MRS D, B IE S TR

0%u

YY) = T2 sin 92 — T1 Sil’l(gl

A
PET 58

(1)

T5cosfy —Ticosfy =0

1 SERIRIRE) — N I TR &
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XF/ANRED, W0 AR,
Wi, A cosf; ~ cosbs, Eﬁjiﬁa, 5T ="

&% 0% KA by
=T, HfI

FEBAW © TSN, 52h & sl sk 1A Y .

0% . .
pra—tl; = T(sinfy — sinby)
~ T (tan 6y — tan 6q)

3
-7 <6u) _ <8“> (3)
Ox z+Ax Ox T
0%u
=T A

P2 Az, B4 Az —0, WH a—w, 7775

0%u 0%u

ror = Toz (4)
x o%u 5 0%u
5z g =0 (5)

ﬁ¢a:¢i:ﬁ%W%%%ﬁ%ﬂﬁﬁ,a%&ﬁo

ST 0 AN, 2] <« 1, WSS ()7 KB
b, MsLE AT 25, 4 As FoR (v, 2+ Ax)
R—Bfi, f:

z+Ax

vdu? +dz? —

Tz+Ax
/ 1/1+ au d:c—A:c (6)

z+Ax
/ de — Ax =0

B, %Rk T (AL 2 — e, R — A RBaLL
BB HE, FEXMIERT o A—H, IR
B 2 (B 7 TR A N ET R

TEA RS, A A48 T O 00 8 AT 4R 3D B
WS, R R 44 Dirichlet A4, A

ITRER
X|peo =0
X|pm1 =0

HEN i A BT I ASAE T 72 7T LA 2 B A A FEAE A A
fiE R ECA -

As =

(7)

2.2 THEWEERBMAKFFHMRED

TR, B AR R L TR R S o B
FEmIN AN w, U BN o BiIER, Ri% 2 5 u 7
A1 |-

2: FF—hB IR E A

ERKEN de 0—B, FFED I, FF b
EF KERE, hk—rik, Bk, FREM
fr 4 — T L 3K 0 R LR 18, R A
P . RN £ 7 T A T BT E M, A
6T 2 7 OB ME M — M. KB E .
% BF BARKEARZ, B, A0 w0k
wiotE R, B do = do/R. AL, ERRK,
ZALBI ST PR L P RESE, RALBMIIE ST, &
AR, BRI y TN dy, XA
EHKE = (R+1y)d = dz + ydz/R, W WERHK
N ydz/R, XK y/ R, TR 3K 1A
Yy/R, iKJI:

2 (bay) )

Hepy 2iffiia (MREE), o ZMZENEE, d
REMRIEEE . XK T E SR I5EN:

dG =

Y
dGy = ngbdy (10)

VERIFE AR _ERPERE MR I Gy 1A,



5 oqh M

1 S S S 3

R

M = dG = 2pd
[wiG =5 [ ey

He o [yPbdy IR “ SR, ek I. T
xt b

(11)

YI
M=— 12
- (12)

MBAVAGE, H2R 1/R = —upe/(1+u2)32, WT/NE
M, 1/R ~ —uy, CGERIMEIX/NEAFZR LN ER,
WAL Uge < 0)5 FITEA

M = ~Y Tug, (13)

EZINE A HOPNINEL R Y NGIE ST S-S

et r— /N, BIEO Y A AUR 8, Hohs
Tdx W7 000, AESRIBSE M| IE s

(0, AsmEpRAE M|, IERUGRIRIN A T2, A
M|, —M]| . —Tde=0 (14)
. 1 oM
T=—giM| g, — M} =5 (15
fnd. &
T =Y tiyys (16)

BOZ/ANBIBE AL RSN w, TR AR LN ug s
AR ETE, A

(pSdx)uy = T’x - T|x+dx (17)
H p NI EAAS . EAED:
1
pSUtt = a{T}m - T|x+dz}
_ T _ oM (18)
- 0x  0X?2
= —YTuzrea
RIASAT B R 3h 7 A2«
Ut + azuxa:rz =0 (19)
/\¢ YI
2 _ -
a® = IS (20)
4 k2 =1, k ROVEIIARIEEE A2 TESLIREAE T,

S A I B R 2 AT 52, A 25 2% AT LA AR
R (r=0) BE (WEL. B8 =D A
o, BEIEREFIMESII R o i RLd. M T

U (P As s MHEIREN, 4 u = U(Z,t) — X(x)e*izﬂft,
ONTAECH i
4

dat =KX (21)
/\q:l S
202 PO

B =an?f? e O (22)

= [ by = 23

/gy y*ﬁ (23)

JrERAAT LR R . & X = N7, [ TTFERI),
PFAERR N = 4k, A = +iko NG T XA
e ethe, tike, 14T R E R

X = Clekz + Cze—kw =+ Cgeikw =+ C4e—ikw (24)
= Ach(kz) + Bsh(kz) 4+ C cos kx + D sin kz
BRI (o =0 4b) A, idsmE dgsh, WK
LU S CF
X|x:0 =0
X
x|,

ox
ﬁﬁ%ﬁ@ﬁA@,%cz-A,D:_Bomﬂﬁwz

(25)

=0

X = Alcosh(kz) — cos kx]

26
+B [sinh(kx) — sin kx] (26)

Bl E G (o= 140 B, ZERIZEWERE M =

~YId®X [da® RYVES F = 9L = _YIEX pyjg,
Bl )
d*X _0
dz? |, _,
¢ (27)
iED¢ _0
de =l
SRR, 72
B _ sin kl — sinh &l __cos kl + sinh kl (28)

A~ coskl + coshkl

mhd, BT K ror R G 1 AR, TSR
HD, EAMERET &k ALEE TR, o T arAg

sin kI + cosh kl



4 SIS LX1. LX2 — 4 — AEIR 3N I i S0

DR BIAE

coshkl - coskl = —1 (29)
ﬁﬁﬁ%‘fﬂwﬁ{cﬁ@iﬁﬁﬂ%ﬁﬁ, A] DA AR E FEIRIR BN
B — RIVAGEE kol HNBIR 3 BFRIERN kil =
1.8751 kol = 4.6941 k3l = 7.8548 &%,

2.3 MWL EREIHNRE

e — RN 22 4 )8 4 I IR 2R, 04N 22 16 A T
FEN R WE, HT200 4042 g KR E L EF 18
#1°5 135GPa.

B 3: AR 22 AT AL bR B

AN 2 v BRSNS T E A
“CHEMULT T, BT AR B0l R y = Reoso,
dy = —Rsinfd6, b=2Rsing, 0<0 <, hpJarsi,
H “EHHhE” N

I:/yz-b~dy

0
= / R%*cos®6 - 2Rsin - (—Rsin)de (30)
_ T
= 4R
MR 12 k= B, WS SRIA n A
WM, SRS w = 2 f, MM IR A = 428
K eI (O AAE(E SRR, #54 ol = 7B, W 0 > 2
i, A B (n— 1), B, HINSZBRILHRIT IO SER DA

AN, FEERY, AT A,

o 2 PS
f2 (31)
= - 2567 - pS
(m—pt

3 “HEREWRMIRIE (ER)

3.1 ERFEERWNMRIHGRENSEH

5 T AR R w JRBIET, H ETE— S (r,0)
()R Al R A% (R EE D I RAE N — IR TE R 2 W (1, 6),
BB EAR KRR EE U B KA RN Umax: T3N3
it K MmKMERN Kyaxo WRIEBmANGEHITTE, H
ReESTIEEHE, M AR IRTE R W (r, 0) i 214
TS s 2 Untax — Kvax = 0, BIVAT SR (3R] ) [T A7
AAESZ wo FAR S BVE S RUL, M T ESRZIRIE R
B W (r,0) DURIEFIREREL Z = Z(r,0) B, ARAEHR
FIHRIERFIE R AL Z FIEAA SR w B2 DL 7 FE:

d(Untax — Knax) =0 (32)
Hrh g KIEBHEE UMax Fi K8EE K Maz 7] 78
AR E

B R B AR B TR p, BB E (MIKEE)
RNY o W H T AN RBAE R (AHE) N u,
CONABFRIE S (2, y) s5AL ¢ S ZI R AR sh AL R (B
) A n(z,y, t) (EIER AL AR, BB
B TSR L, SR DA TR

4 1 3277

N+ —=—==0 (33)

Hr vt =v2v2, V2 N Laplace 5/, ¢ N,
L= 3ot g s, e REERL s 4K
0.25-0.33. A T WFFMR I EIEIRSD, BURAAAR R (r,0),
& n=2Z(r,0)e” ", Z S BAEREX 0 MRHCCR
Kl F cosmf, sinmf , #HPE cosmd Al sinmb [
SMHE, T2 Z MM T 5N

(V2= ")V +41)Z =0 (34)
Hrp
w2
74 =3 (35)



5 oqh M

1 S S S 5

0T, FefivamE z weLe R

(V244%)Z =0 (36)
ik

(V2 =+93)Z =0 (37)

. JEEREOLN, WATBLZHEMNE PLIEA S, Ut
Iy AH T RE IR ke

3.2 RAMERBEHBFFHNSH

S BIRR 1) 3 HE AZE LG O(0,0) BB HHE I A2
P(b,0) (b= 25mm) s, ERGLTE, LHZ0
0 BN . TEXFH T, JREM Z TR r =0
WATIR, T AR - — a A iR M, . e
TSE Myg FOBF S Q. BINE. [N, S
HSE My 579 ST /g e, UL, KL A A
R A

My|p—q =0 (38)
oM
(Qr+-a;ﬂ)|r=a::o (39)
Horp
82z 187 1827
v (5o (Lot e )| (10)
1027 1027
Mrg = —B(1=5) (; oro6 7@) (41)

o o (10,6 07
@ =822 =-p2 (12624
or or

2
1 8Z) (42)
or \\r Or

2 507
KE, B RMRIGTERIE, B = 2hpc: s MR,
WFHEAEE, s=0.33 GERMTHEMIR, s=0.324).
UL E LT C
10%°Z
+wa¢ﬂrwzo

[822 (1 0z
+ s —-—

a2 T\ (43)

BR SR R
0 (10 o0z 92 1027
ETQ@TG@J>+aw(ﬂaw>
1 937 1 027
'H1_$<ﬂaww_33&ﬁ>b““:0
3.3 ESHRBEKETE
st T BB, AT DA AT A B 4 B8 9 4 51
RILEAE @ RDTLLE r = 0 EIRIIE, 5577

(44)

B EAE Ry

Z = R(r)©(0) (45)

Hor
R(r) = [Adpm(kr) + By, (kr)) (46)
O(0) = (C cos(mb) + D sin(mh)) (47)

Hep, T (z) 25 m W WEEIRREL, 1, (z) RIBIERE
m M WUEEIRBRE, W Ly () = i7" (iz). TEIXHL,
m BUER 0, 1, 2, - LA 2 AL A% @(0) =
(0 +2m)o X T EIBHMCE A, FATH m =0,1,2,.. ..
CERWNUL S 2T Y]

B (ka)?Jl (ka) + s - kaJ, (ka) — s - m>J,, (ka)

Z - (ka)QI#L(ka) +s5- ka[{n(ka) _g- mQIm(ka) (48)

fald fon sk d, BaE3).
k. (; (iir[AJ,gl(kr) + BI,’n(kr)]>
A ) + B ()
i (49)
(1= 8) (=5 KA () + B (0

2

+T—3[AJm(kr) + BIm(kr)]> =0

r=a

EEAES R, Rl i ke BN 2, RIEE
TSR (41 Mathematica 8% Matlab) SRffECT
(52, R TTREN ka HORS, EDRTARBIATASHO & 4.
NIAEFEW, KT 2 MBI IS,

Tml < T2 < %o

4 SKRE

4.1 —HEIRENIERE LI
x 1 SLIAER RS HL
2R HASH
PASCO #&zh kA4 a8 MLk s 4% A[YATAE 1-700Hz
HR = 2m, &/DSEE: 0.lcm
CR R T N
FAPE IR KE: 236cm, JfiE: 10.19g
NEWE R K% /
NN 22 & R 3R KJE: 80.19cm, FifE: 4.85g
SN AL /
IR B 30N




6 SEBG LX1. LX2 —4ER1 —ZEPR 3 4E Ik

4.2 “HERFRIFRMEHRIE (ER)

DAL SR P R Bf5 5 R LA MR e as,  [RTE 3
HMR (M 120m), 1 FAHSERA0 FE BTN, 78
XU, B, 4i7h, f#ibds, BRI, Hibn kR (5
BRHEM AR, SCHEAT, 2R, BIRMe)EE. Sk
B IS (3% 7 Mathematica)o

5 SLIAR

5.1 —#iRENIEE LG

(1) —HEZpIEIREISCI .

VE 2487 LRI — TR E N0 A 24 3. 4.
5. 6. 7+ 8.9, 10, 11. 12, 13. 14. 15 KFfSEL,
I3 B0 H R IR N, 0 R IERAR f, R
HEE v, SEIRMEITHE, #1FE 4L RE
A

A EWEERBKFHMRENTL .

DL 6 Foft A 4 B A 575 1A 78 <6 J A0 2% 20 Tl k)
GLPEANHRME A (0 = 1) AL AR A
(n = 2) FASLIRSR f RHSUL FFIMH BT
FEAL BRI R, SEIRME LS W 2 FARHCE
AN A 7 < R AR 2R X A A A SRR R (n
= 3) MHIRAR f RHSHL, IR R
FReEqr B AR AR, 5 E HLEG 70k 1 A IR
g Y, JFEPOAERETHE, N ES R

.

MiNLL & BB A MRENEL .

0 20 22 45 IR PR L AR I R IR 53 30 A 24 3. 4
5. 6 M HIHR LGS, REHKEER Y, 8T
&SR .

5.2 “HERERRINIEEIE (B

EAT TR P AR B B I (I B L1

6 SEWERSIHL

6.1 —HEIREHIER S

6.1.1 —HHEFPLAER/NRED

RS, AT eI & T g gn KRR R &
ﬁmﬁmﬁSﬁME%%§%¢@%m%E&zz
115.1em, FiKZ I = 122.6em, I H AR S0
Bk 1A T = 1.89N, M FRAT5H H H ISy E

/T
Qthe = ; =20.92m - s~}

Heh p= M/l NEHFE.,

FA KRR A AN F KN, 4 BRI ik
B, 8 A B 00 AT R 3 R B S8R0 (AL L
L L NREN A, T TIREI R IR £, M
MK N = 21/n, BETERIE PEE o = £,
oo P R

(50)

2 —HERARBNEI SR

n f/Hz 1"/em Aem a/m-s7!
2 175 117.90 117.90 20.63
3 26.3 116.50 77.67 20.43
4 358 113.20 56.60 20.26
5 45.0 112.50  45.00 20.25
6 53.0 115.25 38.42 20.36
7 60.7 11880 33.94 20.60
8 69.0 119.50 29.88 20.61
9 79.7 11879  26.40 21.04
10 88.7 118.35 23.67 21.00
11 96.5 120.00 21.82 21.05
12 104.7 122.60 20.43 21.39
13 113.3 122.60 18.86 21.37
14 122.2 122.60 17.51 21.40
15 130.6 122.60 16.35 21.35

LR T IRSI O AR AR, 1 =1 - AL A
LEIRF 52 I 2 4R B i B 38— UL SR
HMKE.

PR BRI, FBATIIRIE SO E, e Sk
PROLE I AN /L SRR AR, AT
HEaw ka2, K dksh BB R



5 oqh M

Bt % % 7

(b) n=3

(c) n=4

(d) n=5

K 4 — iz dRah SR K A

FESRREL RIS, BT BTN, BATRT LUA
TR SR EAE S, AR

5: —HEziRENSLRE R (n=12)

AL G BTN, R IRAE S A
TIAE A, IR R R R ROy H AR

%
M FRATTH BT SR i 3 SR S 1 I B g bt 22, P
YIERN

Qezp = 20.84m - 571 (51)
PRAEZE N
o=042m-s" (52)
T FRA T B 2 I A48 Ry
Qexp = (20.84 4+ 0.42)m - 571 (53)
FHXT R ZE A
= |Seap T Athe | _ ) 399 (54)
Athe
AL, AR ZE A RARHEZE DN, SER BN R -
RE
AU, BARG R GRS, (HERE

KA IR V2 vl REME,
T
O ST E I

. LHEBBUIRI, RSN M S SRS A E A, RATER D

Zid o3 Hr, IRZEHEANRIEN

FESER AR, BAVE S A TH R, AU &%
EFF AR e, HAEAEAWIS), TR I TANRS
PABCSR FHRBI TP 2R

QEEIRE AL E AR BT

FESRIG T, MR, i T RSB EDR,
LR AR B T AW A RO WL B R AR ST, BRI
MISEI BRI R & S BRSSO ATHC RS
e H e e e B BIIN IL 3%, JFiC 3 T obi %
WHRIRG IR, TR R, i S R AT
DAEH, M7 B H A, HHTE T it A7 e —
SEIIRZE o

OAAME . FIWrRE

fESLR, T NEKESFHHNZEREER,

RPENERZE, HAEP IR R
R EPER, RIAE /NI AR VL A, S R B
TIARMILG, Wy 0 W7 SR A7 B A 0 5E 7= A R
7, WRATEIRZE R A B .

6.1.2 THWESREMAKFHHNRED

AT E T ADMAEN TS E, I HE
R T AR UL S A “ e B R . RIRRLE L, K2
B 5 IR

® 3 MBI F SRS HL

SRR n 12 13 14 15 16
KJZ 1/cm 13.51 755 1226 844 11.50 9.47
JERE d/mm 0.519 0.519 0.540
%5 % b/mm 8.097 8.131 8.115
RFEE m/g 21.03
EFE kg - m™3 7854
BB S/mm? 4.20 4.22 4.38
I I/mm? 0.094 0.095 0.106

FRATAE U AR 73k Y b 7 26 e IR B 475K
fift, ESEIATHI A MMA SKAF I HIHRAIET LA kals
A MMA BEAT PR B BLUROR AR, HOR A s B G F

(2) Bohi
Bl 6: 7 SLIRR A o 2]

(b) BUK#



8 SEBG LX1. LX2 —4ER1 —ZEPR 3 4E Ik

HEE TS, AT 2, DUOVEAISERT  7EZ: 7AKE
AR T AU, SO s AT H LA SR AR AE AT RL n=1+ 2+ 3 70 HISRMF H H A7 RABLE I XS

sl R TR, WA AR
.y w34 2 r2
x4 HH o MRIER k1 v — 42§.£Zp (58)
Nkl !
1 1.8751 On=1:
2 4.6941 TERBNEANAR, SN n=1, INEH ki =
Z 168332 1.8751, RPA] & H i i F k7 IGBE s an 3R

#* 5 KM n=1 W KHLIRSH

FiE—: LMHE n=1 f/Hz Y/GPa

T g, R k0 e A 1 221  181.81

) 12 721 18875

ko) = 4m 2 (2 p2) = 482 L < f§l4> 55 (3263 174.62

(knl) Y (I 4 ) Y \ &2 (55) 4 568  182.93

5 299  161.40

PR RATI X = (kol)* BAR% Z = L2, miark 16 435 157.09
Y

FEIRB A — LA, R n=2, WA kol =
RIS BATRIAT R A S 77 A B R A, S RITT 4 6041, BT B 36 A 14 B N R 3%

O H IRBLE, Origin 312 il 2 T )
% 6: FHF n=2 MRS

n=2 f/Hz Y/GPa

11 1474 205.93
12 4948 226.34
3 173.7  193.94
4 3739 201.83
5 2001 184.05
16 2827 168.93

Bn=3:
TERB N B, XA n=3, A ksl =
7.8548, BRI H LA A I IR B0 R 3R

® 70 KM n=3 WHILIRSH

Kl 7: Origin A M2k CRAEHE 1 R &)
n=3 f/Hz Y/GPa

N M 1 4120 20521
AR FLAR 2 LR e 22 R AT S 13 1016  200.56

Y = (203 + 2)GPa (57)
FATRS G5 FOR P2y, RIAT 45 20 I S 5600 & 1) 1
M SES UF s I ASB MRS Y IMEZA )R 193 - KEE
195G Pa, A WIS, mZEEN . Y = 188.1Gpa (59)



o W B ok it Sk B 9

HALBOV T B A, MR- £ n=3 I, B SRIRIE A7 LAY, AR
Tl T4 TR LGB LARIE FEHG, TRATE S MMA ks
1 T DU RS IR PR, BLoRARGE xR T 1, T

5 2 9: n=3 WS PRSP E
WG EEMAIE fom  SCMWETAIE fom  HIHHREZE
1 6.80 6.73 1.0%
11 11.72 11.85 1.1%
13 6.17 6.30 2.1%
13 10.64 11.22 5.5%

b RNBHRLE T RN PN, RS T AR R

(a) n=1 (b) n=2
e A TR A0 LM B o HOAE R 22, A Oric
gin {EEEIATEFIEL], 7T EIGE T 5 i
.
(¢) n=3 (d) n=4

8: AT LR IR I R K1

FTAVE LI h 34T 748, BT n=3 B ILIRIRIE
BN, MR HELAAEE, B n=1 FHSRIR RN, S
FOE DS RIRIESAEE, MIRAT4 H n=2 W RJILIRIA,
s = (a) n=2 (b) n=3

10: R E R

A 9: MAHRIRISRR A (n=2) AL, BOHRHRER A, AR 1% A, S

15K R IR
S kLR SRR s, By A
5. IR
SR RATIE TR E, R MMA R S B RN
SR, A 5 S R R AT O RE,
e S AR £ R S S TR, HLAR
o =2 W SRAFETARR, SR gy w  RRL, A SEEORERR, O
el DA e BLELR BRI, 2 — s R
* 8 n=2 B &R E @ o7 B A LA«
N Ty TR T A B SRR BN, R AT M B (T8 3L
1 10.58 10.50 0.8% ILHRMR, fE—/NBERE W, HHEe =4 — e IR 3L
- oo o SR, MOUE IR, SRR,
s oo 681 s0% BAE At — R R 2 MM T, 92 T B 22
16 7.43 7.74 4.2% M, SIS R

@n=3: R ORI, A ERUATIIME, K TR R R .
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S LX1. LX2 —4EF0 4R h B S is

6.1.3 N ERBEFRY/MREN

n=>3-6 FTAHE 1P BMENE S 2k

e s EpR, 18925 BT R i K 7 — 133.3GPa ”
N1 =T4.8cm, T]LASH SN

M 3
p=—5= 7.759/m

R 3420

l/

R=— =119cm

o

HARI B AL 12

K= g = 0.249mm

Sz Hh 580 43 24 P4 o PRIl

(a) n=3

A 11 FEPRERIE S A

SRJE IRAE A5 A LR AR S R H . A

Y =47n2. f2.
f2

CEE

BIVET S5 H 5 A 6 4 B 2 0
% 10: BUFRR S % 4

pS

kAT

- 2567 - pS

f

Y

7.3
19.1
33.6
50.2
87.8

STk W N B

178.54
158.40
127.60
104.24
142.89

Fe _EANAN 22 (18 IRB &N 135GPa a4y, FRATINE
(60)  pruAHRT RN
e =1.26% (65)

] 00,50 R B
(61) VE: 7E TS T (4 BB A 2 3 R % R
BRUEREATSTIS I, 0 A T —A 172 T
122 43I
FEARERSS R, SCU RS BRI T AL, KT
(62) jmye, HoALenscsh 5, AR,

6.2 “HEREEFERIRINIILIE (B

S rp BT FH Y & @ AR ) S IS B0 A% a =
120mm, EJERE h = 0.46mm, 4N p = 8.50 x
103kg/m?, JAFALL s = 0.324.

PATE AR S MANZ T, D& A [ 4R 30 1 [ %3
LR BORAR FPIR Y 2R, I HAIR AR

o 2r f

== (66)

AT UASE G ARSI (K5 5 ¢ A, XSRS, JF A

FH AR 3 B 5
Umn = 2a V Ffmn (67)
MR 4 SIS KR FRATT AT AR 2 DA R 45
(63) % 11 “HIERARE R A
m n k/fem™! f/KHz c¢/m?-s7! u/m-s7!
0 4 1.04 1.83 1.06 109.8
7 3 1.60 4.32 1.06 168.7
4 5 1.80 5.78 1.12 195.3
5 5 1.92 6.31 1.08 203.9
6 7 2.57 11.17 1.06 271.3

ATLLRA, ¢=1.074m? - s~ 1, JUARAE HERATAT LA
H W B 75 A A5 2

2

5 1—s
Y =3¢%p %

~ 124.5GPa (68)

HHEL L, AXE n > 2 BEARSL, MIRATHC HISE— RO RNERIE N, T W38 BORBST -



5 oqh M

Bt % %

RIG AT NS R BT AL B W2, P 3.m=4,n=5 ILIFSCIGLERIEDN

BERE

1.m=0,n=4 HILELERE N

(a) =4 (b) #i&

B 12: R AR R (m=0,n=4)
HO O IR I T
% 12: “HERIBIHRIE A R (m=0,n=4)

BN TS SZIE/em  BER{E /om  AHXHRZE
1 2.19 2.30 5.0%
2 5.22 5.29 1.4%
3 8.35 8.31 0.5%
4 11.15 11.03 1.0%
2.m=7,n=3 JIFIGLE RN
(a) S5 (b) i

Bl 13 4B RS B (m=Tn=3)

HP T BAE SR Z I N R
#* 13 YRR IRECT AR K (m=71n=3)

BT SME /em BRRME/om AR
1 6.83 6.93 1.4%
2 9.29 9.26 0.3%
3 11.15 11.43 2.4%

(a) S5 (b) ¥u&

Bl 14 4R EIRCIRET R (m=4,0=5)
HP B AR E TR

% 14 I SER SR E (m=4,n=5)

11

EHRFS  SEME/cm BRRME/em  AHXTIRZE

1 4.70 4.21 11.5%
2 6.41 6.14 4.4%
3 8.11 7.98 1.7%
4 9.87 9.78 1.0%
5 11.53 11.56 0.3%
4.m=>5,n=>5 LI SZEGZE REN
(a) SL56 (b) %ff

15: " HER LIRS0 45 R IK (m=5,n=5)

HP B SR E TR
#* 15 R IR A5 R K (m=5,n=5)

WA A /em FRME/om  AEXERZE
1 4.85 4.57 6.2%
2 6.77 6.43 5.3%
3 8.32 8.18 1.7%
4 9.99 9.89 1.1%
5 11.48 11.58 0.8%
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5.m=6,n=7 [LHSLI045E KK

(a) %% (b) %l

B 16: 4B ARSI B (m=6,0=7)

FPTBUE SaRmZE I T 3%
#* 16: “HERRBILIRBTEIRE (m=6,0=T7)

Brs SLfE/em  BEIBEH/om  AHXTIRE
1 4.42 3.87 14.3%
2 5.90 5.29 11.6%
3 6.77 6.62 2.3%
4 7.97 7.91 0.8%
5 9.21 9.18 0.4%
6 10.35 10.43 0.9%
7 11.47 11.68 1.8%

RO WRIRLERIATT LA I, AR5
TR HOR AR 5 SRR HEA — B, IF BT iR Z 1
BN, SERRBCARI .

XF TR ZERIE, AR IS TR RS P15 =
ZRK, FF AL A A, ARSI AR
€, BEIN R £ B ERA —E 19 R LR AR R R
Y, SSAE BT O B AR IR %, W RE 2 H
T PR S h A A B AR B S B, JF H A AR
T AR ELE, MEARMERSH —ERkE, A
NBERAB AT — € IR EAFAE

FAVEE, TR AR A RS, S
R HEAT AR RIS AR [ 8 4 R P 4 R B AL
ARFREEAT AR R, IR A RE IR R, BRI
AMER — AP EAT R g, 4 =W ERIXREem, H
HI T HAERIEA R, SIRATAT DL RS I AN R

7 g

B, BATHAT 7T 4ERE AR SR, N
=N

B BAVCHAT T — YL AR SR R 5T, 8
REOWIIL 2 H LR, Hd RIS, W DU SR
N Gerp = (20.84 +0.42)m - s71, HIXHRZER 0.39%,
HILIREG A riEm, B BRATHAT TiRES T, LR
BT

5 E N RATHAT 7 TGN LRI &
THRETHEE., SR A “Eahmia”, It
H A GAE AU LU 53 AR g (I Rl 07 2R il T Hobs
A&, ZRPEME4 3R AY = (203 £ 2)GPa, 5k
R4 RN Y = 188.1Gpa, HE5HIR(H 193 — 195G Pa
WO, AT AT TR 2R 9 HRATH MMA
PR 7 HILRIRIG I, 5523ty /AT, 17
n=2 LK% n=3 FLARE B AL E, SLIECN T,

I IRATINE T &R A LR, T T
TR AR DL A, R SEae 2 R
HHMREEN Y = 133.3GPa, SHBMHE 08T,
FHXTIRZE N 1.26%, HIREBGWE 58T .

B E BATRIH MMA BET T B AL 0 — 4E 4R 2h 1
Kig, KW c=1.014m? s~ . HREE Y =
124.5GPa, HIHE—HROMEREEERN, JEHIHET
REAH AR RS, PO TSI R S0 a5 R ., DL
BN B SIS B, AT TRz KRR, I
HHEREDE N, SERBCNEI .

SRR

(1] mhde, ARFETE. SEu e hRe 5 = i U0 AL 2 & vk
[J]. M HHRBHE],2002(06):44-46.

(2] BAHEAR, R, BE Tk AR 5 B Y g K el
FIE [J]. AU R,2002(04):109-111+121.

(3] BRFIES, PNACHT, K, FREE, HE 4, k. K
T 2 T Re # R R BN LI ) S )20 S 56 38 — 5 4y
RIS [J]. KR THE,2003(02):1-7.

[4] W, ¥ ¢, W8I, 5kik, RiKE, B Su
TUBE P R BN SEIR AT 78 [J]. AR S B 27
##,2005(03):376-378.

[5] BT, RILAN. FEMERRIR 2 Ge i BEI RN 1T 78
[J]. thZR Tl K554, 1995(02):108-113.
(6] BXREAR, i, KB, RO, JE T OR Uk R E I

W22 AR K Gy TSR T VR B AT [J]. AR LA 2
1#,2016,47(01):310-316.
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Experiments LX1, LX2
1D and 2D Vibrational Standing Wave Experiments

Shangrun Lu!

1 School of Physics, Sun Yat-sen University, Guangzhou 510275, China

Abstract: Vibrational standing waves are an important phenomenon in physics, involving the propa-
gation and reflection of mechanical waves; one-dimensional standing waves are an important phenomenon in
mechanical waves, and such waveforms have a certain frequency and amplitude; two-dimensional thin-plate
vibration is an important method for studying the vibrational properties of solid objects, and the resulting
Cluny graphs can visualise the vibrational state of a thin-plate surface at different frequencies and modes. In
this paper, we first realised the vibrational standing wave of a string using a soft rope, and the resulting wave
velocity was @ezp = (20.84 £0.42)m - s~ with a relative error of 0.39%. We then realised the resonance of a
number of stainless steel sheets and solved for their Young’s modulus using both linear fitting as well as separate
solutions, with the linear fitting results being: ¥ = (203+2)GPa and Y = 188.1Gpa, which is very close to the
theoretical value of 193 — 195G Pa, and compared the position of the wave nodes, the relative error of which is
around 1%, then the resonance of the metal ring was measured and its Young’s modulus was Y = 133.3G Pa,
which is very close to the theoretical value with a relative error of Finally, we used MMA to solve for the

! and

two-dimensional vibrational standing waves of the disc and obtained the constants ¢ = 1.074m? - s
Young’s modulus Y = 124.5G Pa, which are all within the general material range, and the experimental values
of the vibrational wave nodes are very close to the simulated values, making the experiment a success.

Key words: Standing waves, Cluny graphs, Mathematica numerical simulation, Young’s modulus



14 SEEG LX1. LX2 —4ER1 — 4EIR5h 5 i 5256

A R

Al JRIREGE

JE R K Il T M4 TTLL K A% % seelight
H.

AT ZHERA k IHT n AME

f#F%) n m=0 m=7 m=4 m=5 m=6
1 0.25077  0.660843  0.38721  0.479805 0.570853
2 0.517031  1.02261  0.714003 0.818863 0.921581
3 0.78084 1.31835  0.994251  1.10428 1.21219
4 1.04372 1.6006 1.26649 1.3798 1.49106
5 1.53518  1.65082  1.76452
6 1.80191 1.91932 2.03489
7 2.30328
8 2.57033
A2 BEH

1 ZR LA ARG e T ?

OSEg—, VP2 Sue S5 RN T2 A BRI &,
11 BRI BNy BEROR, I HAER B t TR i e
e DLW L, BATTmr DU I 40 4% DL R il 9 077 3K
A AT, 2 SRS -

QL A MBI AR+ KB, FRATRT DL ) SRS
BA RS S — P I AT AT I

QFE " HESE PR SR, SR P IR R A 51 98
FERZSE, JFHILN BRI+ 58 %, WEA —E i
&, T BA TR AT — MK RE, JATTAT B R 2
ANBTLE, BT E AR A R A

A.3 MMA &

VEFRRE 10 SEI6— kol i A AEE

Plot [{Cosh[x] Cos[x] + 1}, {x, -0.5, 20},
AxesStyle -> Directive[Black, Thick,
Arrowheads[0.04]],
PlotStyle -> {Blue, Thick}, AxesLabel -> {x,
Cosh[x] Cos[x] + 1},
LabelStyle -> Directive[Black, Bold],
Epilog -> {PointSize[0.02], Red, Point[{1.87,
0}1, Point[{4.694, 0}1,
Point [{7.8548, 0}], Point[{10.9955, 0}],
Point [{14.1372, 0}],
Point [{17.2788, 0}]}, ClippingStyle ->

Automatic]

Table[FindRoot [Cosh[x] Cos[x] == -1, {x, n}],
{n, 0, 20, 1}] // DeleteDuplicates

PREF 20 SEE— it B R
k1l = 4.694; 1 = 13.51; k = k1/1;
B = A (Sin[k 1] - Sinh[k 1])/(Cos[k 1] + Coshl[k

11);
A=1;
f[x_] := A (Cosh[k x] - Cos[k x]) + B (Sinh[k x]

- Sinf[k x1);
a = 0; (xafubs A N % B BFx By /NE A 2 K E )
b=1;
Plot[{f[x]}, {x, a, b},
AxesStyle -> Directive[Black, Thick,
Arrowheads[0.04]],
PlotStyle -> {Blue, Thick}, AxesLabel ->
{"x/cm", "#RKMEX/cn"},
LabelStyle -> Directive[Black, Bold],
Epilog -> {PointSize[0.02], Red,
Table[Point [{Table[x /. FindRoot[f[x], {x, i,
i + 0.5}, Method -> "Secant"], {i, a, b,
0.5}1[[i1], 0}], {i, 2, IntegerPart[(b -
a)/0.5] + 1}]1}, ClippingStyle -> Automatic]

Table[x /. FindRoot[f[x], {x, i, i + 0.5}, Method
-> "Secant"], {i, a, b, 0.5}]

B = A (Sin[k2 1] - Sinh[k2 1])/(Cos[k2 1] +
Cosh[k2 11);

A=1;

f[x_] := A (Cosh[k2 x] - Cos[k2 x]) + B (Sinh[k2

x] - Sin[k2 x]);
Table[x /. FindRoot[f[x], {x, i, i + 0.5}, Method
-> "Secant"], {i, a, b, 0.5}]

W WE kL5 1 RV SEILA AR O T AR

TRREFP 3. i — k 1M H KER
m = 0;
12;
0.324;

n
]

Xa := X a;
aall = x°2 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
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D[BesselI[m, xal, {x, 1}] - ba22 = x°3 D[BesselI[m, xal, {x, 3}] +
s m~2 BesselI[m, xal; x~2 D[BesselI[m, xal, {x, 2}] - (x + m™2 (2 -
ball = x~3 D[BesselJ[m, xal, {x, 3}] + s) x) D[
x"2 D[BesselJ[m, xal, {x, 2}] - (x + m™2 (2 - BesselI[m, xal], {x, 1}] (3 - s) m~2 Bessell[m,
s) x) D[ xa]
BesselJ[m, xal, {x, 1}] + (3 - 8) m™2 n = ({
BesselJ[m, xal; {aall, aa22},
ba22 = x73 D[BesselI[m, xal, {x, 3}] + {ball, ba22}
x~2 D[BesselI[m, xal, {x, 2}] - (x + m™2 (2 - »
s) x) D[ f[x_, r_] := Evaluate[Det[n]]
BesselI[m, xal, {x, 1}] + (3 - s) m™2 hir_] = £[2.57033, rl
BesselI[m, xa]; Plot[h[r], {r, 0, 12}]
f[x_] := aall ba22 - aa22 baill
al = 0.1; (xafibg Al 4 2 B B x i i /NE o i A B %) FindRoot [h[r], {r, 4}]
b = 3; FindRoot [h[r], {r, 5}]
Plot [{f[x]}, {x, 0, 3}, PlotRange -> 2, FindRoot [h[r], {r, 7}]
AxesStyle -> Directive[Black, Thick, FindRoot [h[r], {r, 8}]
Arrowheads[0.04]], FindRoot[h[r], {r, 9}]
PlotStyle -> {Blue, Thick}, AxesLabel -> {x, FindRoot[h[r], {r, 10.5}]
Y}, FindRoot [h[r], {r, 12}]

LabelStyle -> Directive[Black, Bold],
Epilog -> {PointSize[0.02], Red,

Table [Point [{Table[ JERET 5 9286 PR (m=0)
x /. FindRoot[f[x], {x, i, i + 0.1}, Method

m=20
-> "Secant"], {i,
a=0.12
al, b, 0.1} [[i11, 031, {i, 2,
s = 0.324
IntegerPart[(b - a1)/0.1] + 1}1%},
Xr =X T
ClippingStyle -> Automatic]
Xa := X a

Table[x /. FindRoot[f[x], {x, i, i + 0.1}, Method

aall = BesselJ[m, xr]
-> "Secant"], {i,

aa22 = BesselI[m, xr]

al, b, 0.1}]
ball = x°3 D[BesselJ[m, xal], {x, 3}] +
x~2 D[BesselJ[m, xal, {x, 2}] - (x + m™2 (2 -
s) x) D[
ZYETR S A S DA A7 BesselJ[m, xal, {x, 1}] + (3 - s) m"2
m=26 BesselJ[m, xa]
a =12 ba22 = x°3 D[BesselI[m, xal, {x, 3}] +
s = 0.324 x~2 D[BesselI[m, xal, {x, 2}] - (x + m™2 (2 -
Xr = xT s) x) D[
Xa := X a BesselI[m, xal, {x, 1}] + (3 - s) m™2
aall = BesselJ[m, xr] BesselI[m, xa]
aa22 = BesselI[m, xr] n= ({
ball = x~3 D[BesselJ[m, xal, {x, 3}] + {aall, aa22},
x"2 D[BesselJ[m, xal, {x, 2}] - (x + m"2 (2 - {ball, ba22}
s) x) D[ 1))
BesselJ[m, xal, {x, 1}] + f[x_, r_] := Evaluate[Det[n]]

(3 - s) m™2 BesselJ[m, xal hir_] = £[104.372, r]
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Z[r_, \[Thetal_] := hlr]l; LstABS =
ZxyABS[r_, \[Thetal_] := {r*Cos[\[Thetall, Flatten[Table[
r*Sin[\[Thetal]l, -Abs[Z[r, \[Thetalll}; ZxyABS[m, r, \[Thetall, {r, 0, 0.12, dr},
dr = 0.12%0.005; d\[Thetal = 2*\[Pi]*0.005; {\[Thetal, 0, 2*\[Pi],
LstABS = d\[Thetal}], 11;
Flatten[Table[ ListContourPlot [LstABS, Contours -> 20,
ZxyABS[r, \[Thetall, {r, 0, 0.12, dr}, ContourStyle -> None,
{\[Thetal, 0, 2*\[Pi], PlotRange -> Full, ColorFunction -> "GrayTones",
d\ [Thetal}], 11; RegionFunction ->
ListContourPlot [LstABS, Contours -> 12, Function[{x, y}, 0 \[LessSlantEqual] x72 + y~2
ContourStyle -> None, < 0.1272]]
PlotRange -> Full, ColorFunction ->
"GrayTones",
RegionFunction -> A4 BIFEET
Function[{x, y}, O \[LessSlantEqual] x"2 + y~2
< 0.1272]]

VAR 6: K PR (ms20)

m=6

a =0.12
s = 0.324
Xr = X T
xXa = 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, xa]
ba22 = x~3 D[BesselI[m, xal], {x, 3}] +
x"2 D[Bessell[m, xal], {x, 2}] - (x + m™2 (2 -
s) x) D[
BesselI[m, xal, {x, 1}] + (3 - s) m™2
Bessell[m, xal]
n=({
{aall, aa22},
{ball, ba22}
b
f[x_, r_] := Evaluate[Det[n]]
hlr_]1 = £[257.033, r]

Z[lm_, r_, \[Theta] _] := Sin[m*\[Thetall*h[r];
ZxyABS[m_, r_, \[Theta]_] := {r*Cos[\[Thetall,
r*Sin[\[Thetal], -Abs[Z[m, r, \[Thetalll};

dr = 0.12%0.005; d\[Thetal = 2%\[Pi]*0.005;
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3: SEEHUE AT 3
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Basic Designed Physics Experiment

Bt % %
Apr, 2023

LG RX1 #ESi3#28 COMSOL &4
LIS RX2 #F LabVIEW B PID 52315018

SIS FEEE 21305127 SAEA: LR 21305179 #FHIF: LA !

(1 P URFHEZF,

J &M 510275)

8 E: LabVIEW & SE40 % MU E BB RR, HACGE — N EIES IR B3R, 3R —Fh g e i

Tl

F DIREMENE. COMSOL 2 KA i 7 7 R sl T7 FELLIN X 22 W) B M & BEAT 0 T A3, LAV 2 SR U e

AL PR EARIE I = MIEAT 2 —, AR FEERASE, ASARMNE R SHRER, REAERTRPE
DU R IR LR . FEA SR, RATE A COMSOL AT T #ue SR M H, AR PY AR,
MR ZH, Al Ba R S5 oE 28, o B HEIERFrREZENE, IF Hild seE A FRMEIER
T A, TG R T i 5 A DS AT AT G TR 22 BEAZ IE R 3 KT K. SRS FATAA LabVIEW #4717
RUBH AL SIER BT TS, @i #54 LabVIEW &5 Rigol & #EATIKE), WFFC T AN F N i B R ) e BELTH B i AR
ek, FRAM LabVIEW F1( PID $IRAR T TT 7 A F S 80T B IHE 25 H AR EE 1 B 50 Ll 5l

B0, 13 M S HUS AT T PR e S ER B 15 DL WT 7

FAT DA R B RO . SEIR BN -

HACORESS, o A BRI 7 Mz, @i

%4217): LabVIEW;COMSOL Multiphysics; #4%5, PID #4ii; HBHLINH

1 51 F

Pt SRR R BEMET N U, e SR 2
(thermal conduction) 27151 A JG % Wiz 3 IR 4% H
F, HFE 5 KR 4> g sh BAHREE S, T
fSi e B AR () il 8 0 A% AT B 20, Bl ek =i A 1k
AR IR R RE Bl Al AR AR — i aft AR 47 i
MR, —er 75 3R R U SR AR S B0 L B
P4, V2 TREESHESHEUMEE W, ks
TERUHAT IR B ST AR 22 TR S AR A 5 ORI H5 B

COMSOL i B A Thagsm kR, HAM AT LUEH T
BEEA M P, IEfE AR O, WY, Wik
JIEE5E) A5 AT LB R O8], 9 B i s
B BB ARz — PO,

LabVIEW A& T HARHSEHLE S, HHRZEE
WhHES G MERF, M ENERZERRIEA.
FREUE AT Z R R MY R snt, HA W2
R 12, Thigtar k.

A, FATE %A COMSOL B0 A
RAFELIG R PG R, B8 HEA, AlEil
FLIEBL, A5 BTl 2 AR TR RE B I TE) AR Ak ) O
. RGBT LabVIEW 5 Rigol “F & #4TBEE,

WFFE T AN Fm AR s T 1) B BE T B R R it 2R, R
LabVIEW i) PID =R TH 7 17 AR ST fH
THE 2L 5 B b i B 1 R BE 1 Ol DA S ik 2 o, 15
BESEEHAT T R R B ERBE IS S 5T, BE B
FR R T — P .

2 SKHWRIE

2.1 #fE5I3ER COMSOL &l
2.1.1 COMSOL &

COMSOL Multiphysics & — @& T HIR T, @il
SR AR T o3 7 R B 23 7 R 20 22 M B RS EAT
SINTRERAT, HEE L COMSOL 2l it Blii A
Svante Littmarck F1 Farhad Saeidi. COMSOL Mul-
tiphysics & 54 Matlab ) —"AMmik s TR, #AN
Toolbox1.0, JGEk# A Femlabl.0. M 2005 4[] Fem-
lab3.2 AT 4G, 1Edr 48 COMSOL Multiphysics.
S DR RE, ZAE CAE M R BRI
SEUHAT R N, BN E ) SR R T 2
LRI R AR, il B (Heat Transfer Module).
S (RF Module) « 4544 /) 228 (Structural



S RX1 #ufl SRR COMSOL #4th
2 LI RX2 T LabVIEW ) PID $238 # it 5256

Mechanics Module). 2453 (Acoustics Module) %5
o ASZIG A RUR A A A B ORI R T
PRSEIG G FE .

ERZSENASR

eI ?? PR ) — 48 JC BROK -3 A R T it
N o, FEFARC D0 [R] I I T 35 50 B i 1) mh 25 TR PG
BE e, TSP 2% A B BERE N TR 8] T A2 4k,
r WMBETTRRA tr,7) « WIE?? Fi, DFES
O AARR IR A, W IR R RIE B T R T O

2.1.2

ot(z,7)/0T = ad?t(x,7)/0x?
Ot(R,7)/0x = q./A, 0t(0,7)/0x =0 (1)
t(l‘, O) = to

HF a = N pc,q. = cppROt)OT, N NI K S IREL,
p NIEHRVE L, ¢ AURPRHTEE# .

e [
9. | 4
-—-—-’ 4—.—.—
>
Q X
9. | 4
—-—-.’ (—.—.—
f'—\-_—‘.__,.,-——-
R -~ R T

K 1 BT IRAA RS RTR

TR (1) (fEN

gc.a 1 , R 2R
t —to+ Lo+ —a? — = 4 2
()=t VRT3 6 T
L (—1)nHt nmw an?n?
Z 3OS Texp | ——p T ]

n=1

2)

AT DL, B0 TR 3 T, A5 i 2% Ak B IR K e AR AR
e 3 (2) AILRPBORA T AT ECE I T, &
EONTRM, IR 7 2 ar/R? > 0.5 B, %K

AnuiAr L, W (2) itk

c 1 R
ta,7) =to+ 2 | Zr 4 o2 — 2

AR 2R 6 ®)

W E?? FORAT R, IR T (o = 0) A1
Wi (2 = R) ARHIREES I,
2 =0,t(0,7) =to+ % [&7 — & "
=R,t(R,7)=to+ % [T+ %]

PR AL B U B B I B B ek BT, THIRE RN

age/ AR, X FE— AN ERADRLG R e A S2 I8 S5 A R Y

SR TR FA IR o O T 8] PR B 22 A
At =t(R,7) —t(0,7) = q.R/2\ (5)

AT, 2R T BEINAE i 2% AR 2 THR, 17 At SHnEA

IpIE] 7 FERIFORSFIE S, RMORSFR TR . RS
HF R REON
A =q.R/2At (6)
FES I EE R
¢ = qc/(pRdt/dr) (7)

Horb dt/dr AFEREOTHRE R, #ERRSR, FEMH AL
THRE AR 7T ZPH HEARRAS T, R s R A
O b PRI FEE 22 B R it ) TR GBS gt mT AT 5 i I
AT E N M C .

2.2 T LabVIEW B PID #58i%3+5018
2.2.1 LabVIEW &4}

LabVIEW J& S48 %5 i X 45 56 i 858 (Labora-
tory Virtual Instrument Engineering Workbench) [
i FR, B NI AF KR AN - F5 & EE (James
Truchard) {# 4. A R-FEELTH]L (Jeff Kodosky) LA
BTG AT - 220 BARSE N BEIE, T 1986 4F 05
H 1 Jeff Macintosh THHE AL ESZHL, %0 R H 2 21
Microsoft 2 A4 H EIEALK Windows #1E R4 .

H1 T LabVIEW HpE SCT #5287 |
B FH TR S5 G R 5 Tl A S A AR A
Dhiee e BEVEAN R RS 1 EANE TAET & i 5, Bk
LabVIEW AU — A REMX AT R0, 385 H
) BASCL. C. Delphi 155 —#, & —M4miEiE = .
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1 S S S 3

B 5 X e AR g FEiE 5 AN A, LabVIEW % 1) /& K
I gmAE T X, HFRN G (Graph) 15 5.

2.2.2 HITHIRGEN A

BRI AERA AW ERZ TR, MY
FER B RSN L2 R AT & B, s
] B P R R E B e R I AR A SEBL A B
il H AR AL AL S PRy E s H) RS W LI E
Ry s TOT SR (& 77) o 3R sl (&

7?7

2: JFERFEE ) 451

3 HIA R A

DAASLEG ], B BH AR TRATA A 5, BB IE
WEr AR, ERA BRSO T, 8 R
HRGE 2P . BN T fE B IAE HARIR AL, 8
WA AN R (BT, SURHEER, iz
FE— € I (8] YIS BB I BT AT, AR e £E BARIRE T
S AR, e R R A A A o R, 1 R BRI ()
ReE (AR, MRS ZIRIES, IR X 5
&, WENHWRRERS €&, BN B EBRR
NERIE. ARSLIH, & Labview 1 &AL H
EFIREAEIR), F Rigol HHLIE kR SR 38 A DR .

2.2.3 PID #=5IN 43

PRI Il rp, 42 o) 2% 1 S 0 G 8 4% 1] B30V A g
SEMP AN E B . Hodr, EHl R R R E 2
SR AR R 22, THR A ] 2 A L ) S A
G NEHEEA PID (HfF] Proportion. #1743 Integral
A4 Derivative) $aHil. BORIFEM] . #4242 55

PID il & B %) 2 s s o 22—, Hizao
TBAR R R S A e 'R 2, 43 AR 98 2 L
(P), BERFTEIMIARSY (1D FMEHEMS (D) KA FRE
TUER, SRAGE s, T ST O A G R
2] PID &I s HER WAl 77 Fs.

PID #iilH, LS8 K, KWL T #iH 8xt
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Experiment RX1
COMSOL simulation of heat transfer processes

Experiment RX2
LabVIEW-based PID temperature control design
experiment

Shangrun Lu?

1 School of Physics, Sun Yat-sen University, Guangzhou 510275, China

Abstract: LabVIEW, short for Laboratory Virtual Instrumentation Integrated Environment, is not
only an environment for the development of virtual instruments, but also a programming language that is
extremely functional, and COMSOL is software for the analysis of multi-physics field coupling when solving
partial differential equations or systems of equations, with many integrated modules. Heat conduction is
one of the three basic modes of heat transfer in isotropic thermal conductors, which obey Fourier’s law of
thermal conductivity and are capable of exhibiting distinct temperature characteristics in thermal conductors.
In this experiment, we first carried out a simulation of the heat conduction experiment using COMSOL, from
a two-layer model to a four-layer model, and then continuously optimised the model parameters, constantly
comparing the simulation results with the set parameters, comparing the importance of the correction factor,
and by setting different correction factors A, we can obtain the model heating rate and the temperature
difference between the heating surface and the central surface increases with the increase of the correction
factor. Then we used LabVIEW to study the heat conduction properties of the resistance. By setting up
LabVIEW and Rigol platform for linkage, we investigated the curve of the resistance temperature rise and fall
under different heating voltages, and also used the PID temperature control program in LabVIEW to study
the following situation and fluctuation of the resistance temperature rise curve and the target temperature
under different parameters. After arriving at the optimum parameters, the following of the step function was
studied and the effect was good. Finally, a controller was designed and built independently, and the simulation
showed that the following effect was good. The experiments are more successful.

Key words: LabVIEW;COMSOL;Heat transfer;PID temperature control;Resistance heating
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