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ABSTRACT: The work aims to study the large deflection nonlinear vibration response of stiffened panel structure of high speed
aircraft exhaust duct under thermoacoustic load. Based on the large deflection motion governing equation of thin-wall structures,
the nonlinear response simulation of a stiffened panel structure under thermoacoustic load was carried out. The motion equation
of the stiffened panel structure was given, the critical temperature of thermal buckling was analyzed, and the nonlinear vibration

response characteristics of the stiffened panel structure under different loads were calculated by numerical simulation according
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to the finite element method. The consistency of the modal frequency was reflected in the results. The response changes of the

panel structure with multiple parameters such as structure, temperature and sound pressure level were calculated. The rein-

forcement increased the fundamental frequency and decreased the response of the panel structure. Before buckling, the funda-

mental frequency of the structure decreased with the increase of temperature, and the lowest frequency was near the critical

temperature. The fundamental frequency of the structure increased with the increase of temperature after buckling. The funda-

mental frequency amplitude increased first and then decreased during the temperature rise. For every 6 dB increase of sound

pressure level, the equivalent stress increased by an average of 1.98 times, which verified the nonlinear characteristics of re-

sponse. The parameters of structure, temperature and sound pressure level have great influence on the nonlinear vibration re-

sponse of the stiffened thin-walled structure. The stiffened thin-wall structure changes from the pre-buckling stable state to the

in-buckling unstable state and then to the post-buckling stable state gradually during the temperature rise. The work in this paper

can provide reference for the calculation and analysis of nonlinear vibration response characteristics of other thin-walled struc-

tures, especially stiffened panel structures.

KEY WORDS: high speed aircraft; stiffened panel; thermoacoustic load; nonlinear vibration; thermal buckling; thin-walled

structure

FERSAT B A LT R b, o 7 3 RAT AR A I B AR
T8 PN 5 B A7 3 v 5 BE R Bl g L B MR RS 2 e Y
HEwm, EAMFR R, S TR
S THI BE M 7K 37 1 W P 28 Ao S5 e T 3R 180 dB, I f =
35 1648.9 °C (3 000 °F ) PO, gk KW R X
PR AR T, Sn A 55 KA, ™ H R &
TTEAREE I SR o o B P B AT 2 25 A — ek P it
A A T RE LS A, HABRINZ , B e I v
AR RE LS Lk 3 b s 5 B Ry
o it 5 5 M P S [ A R B Al L, A5 A e 25 4
TERGE o A FH R R A A KRB B AR etk o 107, ™
R 5 KA 0% 55 F540 o

R T2 S HRE 2 R I IS I PR R R 2
ZHHE, DR EIRIS S HEE Sl SE e, Bisext gty
PEATHT TR S . B T T P gl il A Lt e
N7 B il A T 3 RVBUE T v B2 B Bl it | A v B
T iR (FPK ). Von Karman-Herrmann KHEEJEH T
. SNk (EL). BEFTEIEE (ROM ), fiiliL
4k (Galerkin ) PASGHFIT/ARIGE: ( BEM/FEM ),

Vaicaitis® B {0 4 ik 5 52 - R IR R HILE &, 4T
X B AL A 28 T AT 5 A4 4 =l At e iz ) R e T —
ZYIWFF . Lee!""Mfdi [ Galerkin M1 EL i, BF5Y
TAAEA SR B A A g S LR, S5 R
Wi 7 A3 A R . Atalik ZEURHET O L, FEHE M EZ A
HEEIEL M R SR R SR, HIEARSHT LM
AL PEIHEATIZ BRI AT BT R AR, BNl oy .
MR AR LR MR Roberts 2513 WE Sl S etk
RN HTAL N ERG, AN TR,
Lee "3 1o 45 v 3 1 v 05 R AATT 1 4% 1) Rl 2 A A
BEHLIR S . Moorthy 25UV AU 43 B T 12 0 v i
P AT T & A SR E MR R A S AT T ]
WNREAL BT, 1538 T & A B EM IR E G S AR

LRtk 2k . Locke ZEU VI S fili AT IR G 4%
BT T JC T R0 B B A Ay 0 B BT 1 7 A 1 FH T 7
BEZE R B S ERPENR S . Przekop ZEUS TN A R T 1k gk
1T TIHRARIIE, £ E R R A B o7 kit
TR Ab B, e i ) JE s AR B S5 A i AR ZR PR B
WA 45 2% Bl FE-SEA 7 i:F5% T A 2s 45 0 1 5
T FRIEE T PR B T o 0 25 AR A 122300 I 7 B,
fof BE A 1 T T R 5 ) %) I 2 M B ML i) B 1R AT T K
wmIAETT, WS T —Emidt R, R A FEM/NT 4
T X BRI i MR s e R T 4 A5 B A Rk Al 5 4 G AR
M A e IO AR R A A SR AT TR . R E
550 x0T e iy e al A T IE S R 5 E, BITE
RE MR ) Ak L AT A AR A 5 L, I e
UE T 75 $RPS 28 far PR BT T e A 119 I 2 v 1o A 75U AR
TR OTERA S, RIRER P T ERE TR
JEE 35757 s AT EL A YL A R S FRONE 7 X5 o A v R 4 A
SRR

ARSI RE LS R S 4, SR FEM/BEM
A3 T I7 T R B AR AS AR ) 5 M 4 R, K i T R
P10 T FE AN KR B 2 s AR ) 7 BRIe T A v RE
FAI B e R R | LS AEAS RIS RN R S IR R
TRYARLR PR, ST T 2 A i R R /R TR
AR .

1 IEFEERESRN KR EIE RS
JitE

R AT AR AR AT A R il B Gl BERR L, ik
AR HEEH IR BB RN J2e e BE, S EESAOE |
FEWIBZ AR iR A AT, oM RAT R Eh Y
AR R ER R A R S R B R R S BRI 2
ANTTIE, —J7 R R R K R E S



F21E oM

FISER , 5y — J7 TR PN ) 045 46 W BE 152 i o R
TRELE A TE S B | R A S MU AT IS E R T Y
e it P9 55 SRR B AR A

X TV M RE LS, A Ty 45 B AR AT i o X T
T AV RE S A, AR R 5 i A 3 ek A ?Ffﬁ
TE— R, A AU SR 55 A0 B R0 2247 R e R
255 e Hb A5 B W AT A, DR R hin A Wﬁiﬁﬂ'ﬁﬂﬂ
ﬁﬂ:&fﬂﬂ/ﬁimﬂéﬁ TR B SRR A AR R A

P EE, XS R
ﬁﬂ” i, BIZm S5 Z W8I g, s o
R A I 7 40 A S i 6 A A 1) A 2 T Y
T 55 Z BB b, 2 M Hamilton 28535
PR, AT LAAS S s A i A 2 A il O

azw o*w o*w
N, +2ny axay+N ¥+
m W 62
;( Xi axz \ngi +
i Fw M aZ M
= " o 6y2
2
Mxy M B
axay Y Yyf=0
;H\:EP» 5yi\ 5xjj‘7:
1 1
1,|:XG(XJ- _Etj’xj +Etjﬂ
5)(J-(x—x]-)= .
0,|:XE(0,X]- ——tj]or(xj +—t aﬂ
2
(2)
1 1
1 [xa(xj _Etj’xj +5t] H
0 [ (O,X] ——tjjor[xj +_tj’aﬂ
2 2
(3)
Horb, B URIAR J 000, 4345 R mBEHLE ) |
(DA D
(% yit)= p(x yt) - ZIZV 2 4)
e gy 2R x DT AR | ORISR AT Ay

J7 T T ARAGR A P A AR AR s a. b A HRAY I B GE

BEs 6y G SRR RE s N Nyo N FIETT5 My,

My. My WIRINZER; e REL
LA AR BB, TSI A I R T pR

BF:
o’'F _OF _ L OF
N, _hayz Ny =h=5 Ny = haxay (5)
Kb hORRERIE . MBI SRAERRR, L
Bl S A —Bbk , AR AR T N Ny

A RN A

PSR, 5 7 U ATERBERTHE T HS B A1 S T 5 c63-
Bh[o’F _&°F Eqh OV
X'an2 o |y axzy'

\ ] h JOF s ; o W
yi ~ 8X2 ay2 J J Jay2 X'
©6)
St By E 481 X, y T 3 0 R
e b R IBRABATIE . g =—(h+h) . & =2(hy+h).
T My My TR O 1 5 B 2
h 62 2
.
1208 B o

2 2
My = Nye —E; hjzzyz Nwej—Ejl;q-Z7W
e 1 Uy s A5 60 A A T AR R
BAF (6). (7) AL (1), MATFZE T
77 BN ) AR S FR AR AR KB B B A 2 A
PR S, A LS T A5 B0 AT B A AE B BT VR R Y
Von Karman KEEE H#E .

My =Ny&-E—
(7)

ph 8t2 g—— p(X. Y, )+Da(1+,u)V20+
4 - E|Qh 62 E||><| 64
VW+Z R od Eh3645yi+
n[Eeh Ol ow
T vi _
2w [ayz] e o
m['Eh 6*F 6*w JEh &F &w )
;_Ehayzax Eh o ox ®)
Egh o'F Eﬂ]ﬁF 5+
ER? ooy == oxt
i Eih °F 8w Eh &°F o*w
S| Eh ox* oy Y En oy 8y2
Eigh o'F ~ Eehja4 54
ER ooy  ERW oyt |
o CFw FFdw  OF dw
o oy oy ax2 DXy OX0y
L 55 1 WO Ty 56 2 WORBERLE 1

%3%%%E%Mﬁﬁ,wﬁﬁg;uﬁmM%;D
N MMWIEE s E NS ERiG; o NERIEIKREG 08
RERE; Vv PSR 5 1.

BFEas A T R T PR RTT , HASTE e A i B
GRS AL TR S, R A Y TR
TIRR A R X LT 24 A e i P30 B A i e
MELEE , sl SR

AR SCAHIF T ¥4 20385 5 5 | AL 1) SRR oK
75 RE (8) H B Shaer UM [B] A SCIT K B, A



- 64 - e S

2024 49 A

AW AL S, 224 IR PE R Ak, (58] 45 3] 24
i A2 1 5 e -
4 = —_— —_—
DViw= l—u{8x2+8y2j ©)
H AR 7 B P, O3 [ SRR e B AT T A% 5% bR
w(X y,t)=
iiﬁm(t)(l—cosz
H (10) FOA (9) Hh, ATA5 U [ SR Y
— il e O
= 11
3ab? (1+ p)(1+ 5°) (a
X BAMRIIKIEL, B=ba.
MRBEZZ IR, HATBED R, Wi 22880
e A R BOtr VR R AT B Al 45 R R £ 1 AR Sl

EahT (8w &*w
RO -
”“Xj(l-COSZDEXJ (10)
mel el a b
_ nzhz(ﬂ4+2,82/3+1)
ASCia A RRICAL TG, 456 0 i 6l 7 f2
NREPE, BARGARINIA 1 R

v 7 v
[mitzzbiorge | [Von Karmen scognrre| | BEMIFEM Jrik]

st | mER |

Y
| AR S AT BB PR SR |

WP AT

PE1 AP T B A v AT A T BE A AR e
I Sl R PO 5T I A
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under thermoacoustic load
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Tab.1 Material properties of superalloy GH188

W, R VIRA I Ik R A W/
C #+/MPa (10°¢ c™h (g'mm)
0 213.000  0.300 11.4 9 090
100 205.071  0.305 11.9 9 090
200  195.138  0.309 12.4 9 090
300  185.248 0313 12.9 9 090
400 175315 0.318 13.4 9 090
500  165.542  0.322 13.9 9 090
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Tab.2 First 8 order natural vibration frequencies of rectangular panel thin-walled structure and stiffened panel structure

Hz
B A A 1 & 2 By 3B 4 5By 6 B 7 B 8 i
VA 605.6 957.5 1 464.4 1 546.3 1789.7 2342.1 2355 2760.3
Jin 57 BE AR 1 146.6 2087.2 2 865.9 3296.1 3 486.5 3800.8 3875.8 3952
R3 AREMERTTMEHEREHE 8 MEBIRINAZR
Tab.3 First 8 order natural vibration frequencies of stiffened panel structures with different mesh sizes
Hz
W% R F/mm 1 & 2 B 3 B 4 By 5B 6 B 7 By 8 B
3 1 146.6 2 087.2 2865.9 3296.1 3486.5 3 800.8 3875.8 3952
2 1144 2 084.6 2 863 3294.3 3483.5 3799.4 3874.1 3949.8
1 1140.4 2 080.4 2 859.9 3286.8 3478.7 3793.6 3 866.6 39439
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Tab.4 Critical buckling temperature of thin-walled structures
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Fig.3 Temperature variation curve of the first order natural
frequency of stiffened panel structure

AR ST TR A T A B A 45 e s A R R 1Y 2 Ak
B 5 R AR AFEC B T 45 R S — B, B A SO



- 66 - k& W B TR

2024 49 A

WFTELEF 5 1 SCRRES AR, I UAS SCRf A 31 ) 153
SR BA BRI ATEE o
3.4 ZSE TN EER LS00 R B 50

R BIT S 22 25 50 Al T BE Al 245 A W 7 8 P 52 1l )
T, 73391 X R0 2 - g 5 2 g AR T 473 B A 45 A4y e T
T T 7 R o X A S i R 5 i 5 BE

Danger point and sensor

a ST HREA)

B S R I P e A 2 von-Mises [ 77 . =
FIanE 4 Frs. P 4 argn, FEIE Ao BE 25 1 e
8 s O T R B A A R R, B KR
(108 5 HIE ) U AL AR I 8 e B K F- o (] 4
FR, I BE AR 2 A FE S 5 S TN e A S TR AR S FAL
TEH A —22 FAb (6616 5 50 ) i E 12 g Il e H
Wi 13z 7K F-

Danger point and sensor

b T EEAR A

B4 PR RESS R 5 0 5 HERE S5 von-Mises [N 7 M hif 2 &
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Fig.6 Response curve of stiffened panel structure under different buckling coefficients under different acoustic loads
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