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Abstract:

Considering nonlinear aerodynamic, the aero-elastic equation in supersonic flow is constructed by

applying the third piston theory based on Von Karman’s nonlinear panel theory. Then the equation is scattered in

modal space by Galerkin method. The influence of thermal buckling amplitude and flutter amplitude by nonlinear

aerodynamic is analyzed. The stability of heated panels and the boundary of flutter is determined using Lyapunov

indirect method. The nonlinear flutter responses of the heated panel are numerically simulated in time domain.

The results show that there are complex dynamic phenomenons such as convergent motion, limit cycle oscillation

and chaotic motion.

Key words:

BEN AR 2 M B 8 T 45 4 55 AT AR T Y
E27% =i PAE S IIP IR L AR Y S EAN TN
SRR, SRR EHI I — IR E AR, Jf
H B DA AT A BRI RO AR . %
A LE A 2 18 AP i DR 38 AP e v S v
(9 T RPN, Ll S AT £
93, moE A T g SE DU 9% 95 75 i I REAR B0,
BEAR B e PR A SR M AR 2 P B 0 B o 46
PR HTEOR B2 AR ey, B im i vt
FLOREAE —SER LRI & BT, iR B

Wk HH: 2010-03-24; {5 H#A: 2010-05-06
HEH: EFEARFH IS GE I 4)ITH (10902103)
Ve T

nonlinear aerodynamic; piston theory; thermal buckling; flutter; chaotic motion

IIHTMIAIR . ARZPEE R 2 BT ER T KA LAT R
PESN, AT RBI I ARZ . A O LT AR Dy i
I SE CA KR SRR : A SCHR[31WTT T 42 HeE
R HEA T B e A R A B e o SCRR[410IF 5T T
S FREEM RS EVE . SCRR[S — 61WFIT T —HERER K
"EB)13S Hopf 73 8 A E RIS RS2k (03D 2 L%
SCHR[7 — 81K M A BRIT T WS 1 LA AR AL SR
FROBERR PR 73 2 L5 TR Y. o KBRS A SE ] RO
BT % B I ARZ N o 2ok U BBk N 3] iy
P (Ma>5) VB N, GebE T8 JI B AN RE R SKE

*PROR(1974—), 3, PUJIGRFHN, IFFCoL, (4, AR lilfs & in) @A 5T (E-mail: dalinchen2003@yahoo.com.cn);

FEZE1975—), F, NI, TR, fid, AR RS R BT 5L (E-mail: ljwscmy@sina.com.cn);
PRU1978—), Fi, PUJNEREHN, TCREND, 4, MRE5H3) )52 R I T (E-mail: wz_zhong@sina.com).



T &

i 2 227

by Jiz 1 I A A 58 KT 3 R R B  AE
LR, R AR IR s 2R B R R T R
&7 0 SCHR[9— 10175 &S BN ) AE St R 23 by — 4
= G RERR (AR L M B 1), FR R TR B AR
PP e A IRS) KL A SCHERT A TSR
AT b, RIS 2% L& LT AR 2 MRS 8l ) AR 1k (1)
M0 Y 52 ARBERR (1S Bl s 1) A TR
1 E3ATE

2 S iy TR SO T YERERR, LRI AR
ﬁ AL R SR mbRic o p, ~ U F

o ABRBEEER 32 AIFIE BIRSAS IR ¥ 5 3 A1, il
F}Z%AT T-T, 5NN T4 Ny, HP T

HARTUEIR S o FR4E Von Karman IS, 7653
73 AP AEHT N BERR R3S B T3 REA -
phw+cw—(N, = Npw,  +Dw . +AP=0 (1)

Kot N, = ER[ () dx J JLAT AR 2o e v

IMINT N N J1s ¢ NEHIBRJE RE: E bkl

Y, D=FER /120-v?); v MIEKE: AP A

KE1s poa h o IARGRBERCR FE L K E RIS

FRAS ARG, SR g ZE RS
BTN

2

ELtZZKE(Z%—W+M%J-+

APzz—q LW-‘F w.+c,
Ma| U, ’ 4

o0

3
3<1+3Ma (U b ” o

X g=p, U2 /2 W80 y ARASHARE, W
WAH 145 e, Fley M OELT, Yo, =c;=0, Q)&
ARSI Yo, =1, =0, XQ)AZMTFE
FERIL; Mo, = =1, RQ)FRZMTEIEIIR,

BINLEENSE E=x/a, W=w/h, t=
t§D/ pha , A=2qa’ /(DMa), s=hla, pu=

p.al(ph), R, =Nya* /D, AR (D)H, 55
JCENEERIZ B TT RN «

1

’V+Rﬂ7ﬁ*47¥&_60‘”’4}0W?df}wké+

A [+ UL+ y)c,sMa e irew,
AMa 4 AMa
2202 3
(1+7/);232s Ma [ ,;LZ W+W,§J }_0 3
a

P BERAS 7, Vi S 19 S0 I SR 4 B R
WL RS BRBN «
W(&)=) g,(r)sin(nné) @)

n=1
F @A FI(3), M H Galerkin 7775, W13
U:é’ﬁﬂﬂ‘)ﬁE’JLLJJ W TR
[(kn) — Ry (km) ]gk+ Aul Mag, +

x1v{2mo }m%Z %Jl(nmkj

J 1
J#k

(1+y)c,sMad| u
il eSS bk

n=1 m=1

sznﬁzgn gm+Zann 5,8, gm}

nlml n=1 m=1

(1+)/)c3s Ma /1{( )7 j
6

Z Z 254gn 8,8+

n=l m=11[=1

/1Ma z

n=l

Indg,8,,8 +

y
Ma

[%8ﬁ¢
DM TP

zml n256gn En & +

n =11/=1

I
3

ips
i NgE
Ms

mln3§7gngmgl:|:0 (5)

11=1

=

i
0, = I sin(nné)sin(mné)sin(kné)ds

0, = I . sin(nné)cos(mné)sin(kné)ds,

M
/]

5= 01cos(mtrf)cos(mnf)sin(knf)df ,

5, = [  sin(nn&)sin(mné) sin(ing)sin(kn)ds |
5, = [ sin(nné)sin(mné)cos(ing)sin(kné)dé
5, = [ sin(nn&)cos(mug)cos(ing) sin(kn)ds
5, = [ cos(nmé) cos(mné)cos(in) sin(kn£)d¢ -

2 BEIRSE i i hz #0ES E

B AR 7 AR FE P B I 4 A R
MR 7i%, 2SI AR B RS =,
2 S TR RSN BB T4 JE 1 1 4L
T4 AT, , WERTHHE AT | AT, 4 R 58



228 T T

B

(TG B A e br o LT L5 TG B A A DR R A
AT /AT, =R, /n°, AT /AT, >1H, T A%
Af KT SRR, BERUR AR et il R AS,  BEAR /SR
JET5 ) 7= HEAR T, A T J LT AR R AN,
BERRAEDEIE T 1) AR TEAN X TO BRI G, F R e AR
A S A A BT, BRI e P S .

43 BT A P BEAR I i e st i 1
It 22 30(5) Hh T IN T F) 3 50T, IR A 0 <
TS AEERR RS TR, R

[(km)* — R, (km)*1g, +3(1 —vh{Z(infgf}gk +

- 2k v
’12 2 2 [l_(_l)k j]gj +
Jj=1 k™ —j

J#k

1+ Mad & &
(”%ZZW%% g g +

n=1 m=l1

(I+y)c STMa* A GG &
372“2“anlﬁ357gngm g =0 (6)

n=l m=1 I=1

K SCHRT4TH A A0 B s Ak, B 6 Fisias,
AN 3% 2E PR VSRR S Ji i S A 1
HIE 1 AT 2Rl IR, vy 3 Bl
BARTEM EENZR, H A =0 INEERARTE Lrh i
K, WEPILXFR: 29 A= 00, BERE AR A
PR, s KA BUAE 65%BER . —pirim e Bl ig 5
s BRI AR Y, AN T B ZE R
FAER, BOREHAMHZE 12%, G, 7Eset s th
GIHTIE BN I T AR A ST e H P 12 1 5 AN 2
B

12 T T T
—4— =100 —PinE

AT/IATe=4 Ma=4
—®— =100 B
—A— =100 “HEZE

it —8—0

| . , | . . | , |
01 02 03 04 03 [l 07 [H] EE]
BERRAT K RETT 17 M b

K1 BEdRE AR B &
Fig.1 The buckling shape of the panel
BORASAZ
(81:81,82,82 58N> 8n) = (31, X5, X3, X4+, Xy ) (7)

GRS TR AT R = AW R

X =F(X) (®)
Hr X = (x50, s F=(f), fosr fon)' o B
X =X, @)V i, WP i L HE AT LR
BPERTR RN J = OF 10X [y » ILRFIET FEA 545
T Q= ftiow, WRIEZEVALEREELTE, 4
B<0, RGWHLEEE;: >0 REAFE; 0=0,
RGBS S Ao AR ] bU R PR A A 5K
FRENR T EE A B R AR AR B T B 2 PR BERR R S E
DI 75 ABF LA XIS, BERCAAE T P #48 ) 1
VEFR R RIRT A AR il GRS, PR BERRGEAS Jee T 2R AR
W5 A8 ABCG Jeili DA Ia, BERCAWILAR € IR~
M X4 BCD i A7 Hoe Wil A8 € AN Sl sl (A STA
WA AT, GCF L LIXIak, BEfRshZ& R
ER (L AE AR PR ER B, ¥ & S i DA A VR A 3)))
HiLF GC h BRI K A BHR AT, BEi L
T, BRI S Rk, CF o3 5o BEAR e ih
SRR JE AL P A7 B SORAE I RS R AT
B .

350

s00F

250F

200+

TeA B e

1501

100F B F

30F

0

0 i 7 3 : 5 R :
TG
B2 BERRIAG E M X I
Fig.2 The stability boundary of the panel

3 EERERIRORLL 534

R LRy T, B2 HEERAE GCF UL X3
oA, KHEEEZ KT 4 B Runge-
Kutta J5 00 B 7 FE X (S)MA T Btk i, BUE =
MWDK AT =0.001, WIEW,(E)=0.5, Bef -
AT T 75% K BEAR(E = 0.75 )15 1 B 4% M
B IG SR T AR LI 3. T, R O R T
BRI DN N S P DAE |51 ) SR S 3
PR 5 =G ZEBR TR A A Y, BN T AR
—PiE e TR AE B, HAXRh s S B T LG 4
NS B N



229

—— Ak

16+ = £0.75 =300

Wi g

—— R

i w
i

0a

D.éfr

0.4 s ' s S a— ' e
0 05 1 15 2 25 3 35 4 45 5
i THLEATIAT e

B3 B i e Bt T LR 1) 224k
Fig.3 Amplitude of flutter vs AT /AT,

K =B 30 & 2, KRR T 1 75%
KPEAR(E =075 ) ¥y i 7 VA 45 B R A Dy S e 3%
GBS R AN S B, 13 B8 Wi N 77 B
THEI 5> O ILE 4 FroR,  nJ D REBE ARG B T
i E A R AEAE 4 Tl AR N O -

3

25F

Z: RE
f%ljg
=
i
0.5t o
.
-
P "
i : 2
0 2 4 5 3

HTHHATIAT
B4 BRI B T AE M 5 XU

Fig.4 Bifurcation map of amplitude vs AT /AT,

1) BERIsE), XNE 4 P 4. B, BEfR
ST U B AT AT S B N [R) S0k, e S SR 1
i L, O N AR I WL 5(a).

2) R IIR BRI G, KA ] 4 TR B it
I, BERRBG A WA N R I N A IR A FRIAIR 7, BEAR
AT A R BRI Dy P e, I SR A T
B5(b), XEMIRNBEAT 04T, A IR

3) ZAMIRIARIAE R, XS 4 X C.
BRI, BEARCR AR N AN 2 B A — A i
FOORARE I 5(c), XS mNBEAT I o0 b, 2B
A ATH I

4) VR ER, 0 RE 4 X Co RN K
LT BB LIRS (1 BRI A AR e Mg sl R AT P
K 5(d).

HME dwide

M dwide

Mg dwide

M dwide

0 1 1 .
-001 -0.005 1} 0.005 0.0l

2=300
20F
jug
ol
Bl
S20F
I I I
-0.3 a 035

fiks w

(a) AT /AT, =0.2

1k w
(b) AT /AT, =25

ok 2=300 1
40+ i
20k J
i3 i
20k —
40k 4
60f i

. , \ ,

1 0 1 F]

3

¥ w

(c) AT/AT, =55

Pk w

(d) AT/AT, =175
K5 Bt AR L ]
Fig.5 Phase space maps of flutter



230 T T

2y
5

4 g

ASCRH R B s 26 B, #3 THBER
2 S ARLAE i ) R BERR R AR 2 B Bk Ty R
JWJH Galerkin J7ikAE RS 25 A7 REREAT T 51K
X BERR At WA N e PR L R AR Z ME B e BEAT T
WHSE, 192 H4ie:

(1) BEMCAE AN g Mt R IE AR 2=
RILM A il B R A3l IR . BERCAF AR
Fit e ST, = SR TS, BERRCE R
B BRI 3t 2 A A PRt Y 2R A

(2) BN I ARL AR XS BEAR A s i 5 i
ANEZA, iEFE RN =i 2 B T A R
2, AHNT S — IS ZE PR T S

(3) BN ARG LX) B AR B i s 1 4 5% 7 2 b
BN, T TE SE R AN =B iE SE B T A A
B, PNTWEZERNE TSR, H BRI T8
[P k2T LT

(4) BEMRTHR AR RER R DL T 4 Fh =R 1K 30
D%, aslossl . IR RS, 2
JE YT e i 3 DA K JR s 5 55 o

S X3
[1] Prakash T, Ganapathi M. Supersonic flutter
characteristics of functionally graded flat panels

including thermal effects [J]. Composite Structures, 2006,
72(1): 10—18.

[2] Xue D Y, Mei C. Finite element nonlinear flutter and
fatigue life of two-dimensional panels with temperature
effects [J]. Journal of Aircraft, 1993, 30(6): 993 —1000.

(31 MR, EE. R R AR L A
PRH[I]. HR8h TSR, 2009, 22(3): 221 —226.
Yang Zhichun, Xia Wei. Nonlinear thermal flutter

(3]

(6]

(9]

[10]

response of two dimensional panels in supersonic flow
[J]. Journal of Vibration Engineering, 2009, 22(3): 221 —
226. (in Chinese)

SR, WA, O R 2 PRI S E Y b
[7]. J1ZZ4R, 2007, 39(5): 602—609.

Xia Wei, Yang Zhichun. Stability analysis of heated
panels in supersonic air flow [J]. Acta Mechanica Sinica,
2007, 39(5): 602—609. (in Chinese)

BROCHK, dBi, MR, Sigda. B R
) Hopf 43 X[J]. A2 1%, 2008, 25(4): 214—217.
Chen Dalin, Yang Yiren, Xiao Shifu, Hu Shaoquan. Hopf
bifurcation of a two-dimensional thin plate in supersonic
airflow [J]. Engineering Mechanics, 2008, 25(4): 214—
217. (in Chinese)

MR, Bl g4, Yoo, —HEuimsetE &
AR R I A PR B (0] 7Y R AT K AR,
2007, 42(6): 691—694.

Chen Dalin, Yang Yiren, Hu Shaoquan, Fan Chenguang.
Thermoelastic flutter of a two-dimensional thin plate in
supersonic airflow [J]. Journal of Southwest Jiaotong
University, 2007, 42(6): 691—694. (in Chinese)

B, WA, SaMREERAER KA RT3 ],
Padb Dol ok 22 224, 2005, 23(2): 180—183

Xia Wei, Yang Zhichun. Flutter analysis of composite
panels with thermal effects [J]. Journal of Northwestern
Polytechnical University, 2005, 23(2): 180 —183. (in
Chinese)

Mei C. A finite element approach for nonlinear panel
flutter [J]. AIAA Journal, 1977, 15(8): 1107—1110.
MclIntosh J S. Effect
aerodynamic loading on panel flutter [J]. AIAA Journal,
1977, 11(3): 29—32.

Eastep F E, McIntosh S C. Analysis of nonlinear panel

of hypersonic nonlinear

flutter and response under random excitation or nonlinear
aerodynamic loading [J]. AIAA Journal, 1971, 9(3):
411—418.





