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Aeroelastic analysis of curved panels subjected to impinging
oblique shock based on fluid-structure coupling algorithm

LI Yingkun, CHEN Xiong, XU Jinsheng
(School of Mechanical Engineering,
Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: A developed fluid-structure coupling solver was used to study the aeroelastic
response behaviors of curved panels subjected to an impinging oblique shock. The geometric
nonlinear large deformation equations of curved panel were solved by finite difference meth-
od, while the fluid governing equations were solved by means of finite-volume scheme. The
conventional serial staggered algorithm was adopted for the fluid-structure interaction. Nu-
merical results demonstrated that as the dynamic pressure was smaller than the critical flut-
ter dynamic pressure, the curved panel exhibited a static equilibrium state, and the asymme-
try of the panel deformation was more pronounced with the increasing dynamic pressure.
When the dynamic pressure was greater than the critical flutter dynamic pressure, the panel
vibration displacement increased firstly and then decreased, and finally reached a stable flut-
ter state. This limit cycle flutter was asymmetric about the initial point. Meanwhile, as the
dynamic pressure increased, the maximum positive and negative displacements of panel flut-

ter, and flutter amplitude increased gradually, but the frequency of flutter reduced gradual-
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ly. The panel flutter behaviors did not monotonously increase or decrease with altering cur-

vature of panel. The smaller initial curvature can reduce the critical dynamic pressure of pan-

el flutter. However, as the panel curvature further increased, the quasi-periodic irregular

oscillation was excited due to the enhancement of the aerodynamic nonlinearity, and the critical

dynamic pressure rose rapidly.

Key words:

panel flutter; curved panel; impinging oblique shock;

fluid-structure coupling; aeroelasticity

UEJLAE, LU AR o & sh L A S A6 & 3
By 30 3 1 W A< 3 e /e e AT AR Y
WEIE AR T3 K E e, ok 1 2345 R 3 4 5
A 2F BB AR . B3 RAT RO & A LR
WA o SR M A 1 R RE 2 0 52 4 A
P 8 5 ) L T L B8 S A K 32 48R B P A2 i 4 4 Sk
AL H AR R A S S E R4
(A = B A SR . A AT AR AR
gy FRAE AR B PR B 0 S Ve B T L
YN A B R M REAR R 10T . FE R vh & S PLaE R
TR 5 BORIA 58 & N FE A S I K Ik 45 7 2% Uk
F T L A R S B S R
SRAHEREZS b . TR S0 B S O Bl b b BE AR
F1 B 41 i) R i < A AT AR A A B S
Ak 1 R B2 il B 2 ) BB

R MR B4R R AT A A A B 3R T 5 R AR R B
T3 VB AR T RS A A R R A ) —
IR Bl o BE AR B — B 2 0 A B ) A B
PR3 . N2 51 S 45 # i JVHRE IR L 1T 22 02 1 4G
FA P 982 55 41495 SR AL, 4 o BE AR 445 ¥4 114 9 55 75 Ay B
FRATHR M RATHERE A R IR, 2t
6 h B ) B, A 20 22 50 AEARTT I . [ P 4
R A T R P A Bl e I R AR R ) R AT T
EAWFFE . Dowell 2557 Mei 2557 Fidg %5 75 0
ST ZE IR T 2 RE B B B BF 5 P 9 < 8h 1 e B A
T2 G BT A R o AR AR SO0 SR i O vk DA
B2 A S 8 0l S LU < VA S VA UG | 65 4 |
T3 RT3 0 BE AR L 3h A5 R R A RE AL R
(B B 3 5 3 g ] O T R W AR T
PE AR o Bl 25 3T 5L ORE R 5 AR 1 & J L R v o BT
AR 55 [ A ] P RS LB 4 O S A 10 A Y
G KR T TR AR J) 2 (CFD) #5345
¥ 88 124 (CSD) 1 3 [ KB A5 753 58 43 BT BE Al 1) <,
S S R B T T i A a0 A R R AR
RZ RO R BT ORE AR 3 51 R U S I K
W 2 18] 14 38 % B e o 5 BORE AR B 1 3 R

P R IR BE T 2R K i o B AT 1Y
o P I Bl o R SR 3 Hh A A R G X BE Al
Sl R

BEXT O T S U Bl RE AR Y Sl B (]
Miller £ F1 Gogulapati Z£1°1 3 F von Karman
RASTE A2 FE L CFD A B AR B A B AL 5 30 i
SEF T AR A Sl M S B AR B TR IR
VBT A BE A 8l 98801 o o7 0 A7 4 I 1) Y 31 5
Visbalt** '™ 5@ 55 Euler 1 Navier-Stokes 77 #2383k
ik BEfPE BE Al 1% JC R RN R P U 3 SR P B 1] A [
MR T 1 WESE T T B BE AR LR A R
B J3 2R Al R R B 2 O 5 ORI i BB
I 2l 328 /N T 3 0B A P I B R A i S i 4 5
JE R E P B S ARG O 20 BT 1 IR A6 X R
MR . BEJS . Boyer 40K Visbal fiy 31 545 5
FORFIE R Y R B T = 4. Brouwer %70 1
THET CEFD (924 b 3G 28 B0 R TS0 3 5 0
2T RENCF AR W S BT, Ye ST
X I 3 S U Bl T BE R Y A RS P AR E 1 1)
RO ST T 2 b T 2 U G Y S AR I
TRHBGAE T B 52 < Bl 34 A AN [+ I 52 A
[] A gl 2 far b BE A ) PR B R E M 4 il T
BEMR Bl oM O A B 0 SR A L o A T O b i
AL X B Al A gl LR AR E R S

SR o EL A XS T B0 AR T BE A B4R 7 BF 5
FEAE AT REAR b SEBR B 32 JUATANE BL &
el VR T B RE RN g B R ) AT e R TH 25
BEM K 2 S 90 — 7 R A 45 il OF Al R HAR 1
ST REAR o T JLAFE  Bhatia 555 R F U RS G 7
AT T BEA I A8 5 | S ) Bl B A 2P AR AR XS
5 P SRR P U R R AR R R R
PR X B AR %) B B ) AR Ak R T TR Bh
Al 3P O ] B R 3 BT O T L 2 Bt
R AR (1 I 2 P B IR R R TR SE R A RS S
T AR A Y R R R A AT AR B
I i RE i Sl SR BIE 5T 2 2 Y R Y ) i R
5 7 R A



#a

e stk 45 - U R & A RN b T VR T BE AR 3 R 0 A 785

L B BTIR L BF TR T Sl R RE AR W) dR
257 0 BRIR R P 19 R W TR B B RSB B AR
AAREEL . ARV R IS4G T
il BE A iz Bl 05 A L R A R 22 2036 % T R AT
B R A RAR BUESK R Euler J7 2. 15331 1 BE
B T 19 Bl 7 e T 001 AL ] A 5 1k
AR T T B T il REAR 9 S BT T
B E T T IR SR i R RS
FEPERYSE IR .y T B0/ R g R TR sl S
R Al 254 22 [ PR 9L T 9 R i R A2 2% AR 3
B8 T IR Bl - v] e/ A S E LR
fh BE i f) B SRR T S PR S

1 EHAFRMHERE

1.1 BEfEHXE

T RE AR LT AR 2k iz B 7 AT DL A
o

pglzcg%(:(%(rm+qn)+f @)
A Xy y) JBERR b3 — 7B B A bR 0 R I
(B oo FIT L 27 BE MR 1Y) JE BE L% BE FNIAS o n ohy
Hppikm i m=0X/a1 KA Y] i, f PR
TEREMR RTS8 Ty o Ho R BT A e P It iy
N 5K T < -
aX

f:a(wo—g 2

X E, WERERR LA R AL Lo N EERR D) 1R IR .
BT ST g N
_IM _ I[E, (k— ko) ] X
B T n ()
3)

9l al
A M BT« TR YHRE, BT RS,
ko JERIUR M . XA SCAY i1 BE B, SR FH il 26
J7 R AL A H A aR T R, B

(%)

TR
(%)
UL B8 0 M 0 £ e — /8 FE H Sy A
5 L B P L 0 3
B

’ K ——

2

Yo — H (@9)

PX

K 2 B A R 22 0 4 2R 28 18] S B0 AT B
I B[] 4 32 R FH KRR T 7%
1.2 HEXE

TR RO L ah R g = N W N TRV S ot

X:Xo’

il B E Mz 5. R ALE(arbitrary
Lagrangian Eulerian) J5 32 i /) 7] JE 45 9F € %
Euler 7&K

d [ o
ajﬁmv+ﬂfcumso 6)

A U Ry a2 &, Fo O JTCRE B, n O K
Fm kLR BARE X2 2% S0k 30].

R L T80 1 22 e 25 4 IR A B A RR 125K
filf U A 2 O AR, X W B ECR T O3 Bir
MUSCL ( monotone upstream centered scheme
for conservation laws) T ¥ fil AUSMPW + (ad-
vection upstream splitting method by pressure-
based weight function) #% =, I [8] # 3 3% F W
i a] 25 LU-SGS (lower upper symmetric Gauss-
Seidel) i [] 8 # 77 :
1.3 WERE#EHE

AR SR 53 X3 AR 5 50 0 T 5 e Al B A1
R e A UL o i [R5 T A AR A 1 I ) 2 Y
Je R EAT TR A AT LA g A R 5 R R A
Tk R EMG AR R E R R T
TREE S SO R ACRER, R L T
ZYCGE AR AT BB A A B S 88OR L 7 — e R I
BRI 7 AR N PR AR SR TR A B
EEY L B AR A ] R HL
— YR ik, I 38 Ao S T B A% 0 7 AR R
T B8] 25 H 08 3 R Hp S BURE & 1n) A0 A0 R . 3L
PG 5L I A% AR DL I TC T AT RR R AL B L 53 A1
TREM B vz Bl AL R B0 o R O AR X
WIH& i Bl HR AR 52 3 5 0 3 R AT A
SR JHSCHR L7 DRSO A T T BE A Y B4R T 53 45 2
Xof A S 1M 5 3 D5 R R AT T SRR, 3 I 3
BRL33 1 R WIA SCRY IR [ ME & TR T i 45 R Al M

2 TTEYEER

2.1 LR SHRENY

RHBAAE T 4 il BE AR SR AN 1
71 > HBE A 1 R0 2 RHEC e M TR R Ry A
JBE o UL E BRER L 8 BE N BE 43 Ma, = 2.0,
U, 1 pr » BT RERR 2% BE A 2 L JEE B2 900 R 24 b 25 iy
1o BE R B A% | 0 A0 B MR AR AT AL L
IR povah wo vw e JE F v, HH o= p1a/
psh=0.1.h/a=0.001,w=y—w,,

TN EHN A= Ula’ /D, H 5145 NI B
D=Eh*/12C1—v*) . M BEMR I 3% 1 it 5 it



786 LT

= % % i

%35 %

MBI Ty 2 Aoy, 3R S R T R pe=
(xi/a)pr+[1— (xi/a) Jpy s Horp o S FHEP v
HAOLE pr A e A EHEDE T S AR T
s MRS BV S AW T A S ps/pr =
1.4, X 7 A A S 9800k #A B 6=135. 58°,

PR R

A ST - S ip ¢

PUT ARSI PR T il BE AR 4 1 S A 7
Fig. 1 Computational model for an oblique shock

wave impinging on curved panel flutter

P T B e R W P R N W NN BT T S
o 300 54k P 3 245 2 R I S B L RO S
Ja WP R R P o RO AE . RO IS )
RN Y SR R R O A sl
it E AN B AN B X TR .
RE AL R 0 A% 4 R0 R TR E R
—0.5<x/a<<l.5,BEMRA T 0<<x/a<<1.0 ZJH],
RE Al 9 i 15 A T S 30 AR A AR AR R
WO g R R 10 R A A R A Ay B R AR 1 ) G 1
2.2 MEERESKEXRRIIE

THE DX R 4 R FH 22 B 45 4 40 A6 L IR TE
7 Tia] BE T AL X R AT I AR . O PRIE TR 4G
RPHER R 3 B M A% (150X61,201 X105,
301X 105) HEAT W 4% T S PR BBk, IR A 58 T B[R] 25
K XGF e AR T A1 25 SR 1 S o R R B (] 2 K X
i BEAR = 0. 75a {3 B Ab P ol 0 B i 1 40 B 2 T
N HEEE] ¢ Dha /Uy AT O AR, AT

0.5

— N=150%61 -~ N=201x105- - -N=301x105

— Ar=0.01a/U, -~ A1=0.001a/U,
0 ----A1=0.005a/U,

3.0 N b LA L
280 285 290 295 300
t

(b)
B2 A& AN RS ] 28 X i BE AR 2 =0. 75a fi &
IR I (H/h=1)

Fig. 2 Effect of grid resolution and time step size

on curved panel vibration displacement at x=0. 75a

(H/h=1)

LA SC RS B R N BN 201 X105, BFfE] 45 K
At=0.001a/U, , [H I BF 43 5 02 W ks B0 & A
VANICIE S ORa = R S- A T

3 HEERSSH

3.1 phEE AR B AR M LR T 43 AR

5 ¥ 57 8 75 SR W AE R T BE AR A IR 3 A
[F] 52 R ine o FBE A A7) G 25 it ) 52 e i BE AR
R R ) IR R ) 22 A D RE BRCRE g 2
HAGARIT G AR5 . & i TSR G R
SRR R ERE . 3R A DTSR
BAR B A LB, L H/h=1 F1 =300 T35 R 4],
iy BE A AN (R A7 AL B 7 F% i B TE] D7 R AN ]
3() R, Hit £ =0.25a.,0.50a.,0. 75a =4~ fi;
AR X N RE AR D 46 >4 b 2 EE 0 R w, =
0. 75h 1. 0h 0. 75h , 3X 55 V- BE Al % 5l 19 9 1 IR 25
AN Cwy A o AT UL ZE 90 i R 7 284 19 1
FHR S BENR T 46 722 08 9% 3l . W) 1R B B 4k 2l R B2 4%
KB RYRIE K 1. 25k, B 5 PR 20 08 FE 2 7 0l /) o
TE 28 I 47 T Wk 2 ) N P R I 32 T A E B 1 AR TR
A BE 3 THFER S . B 3D R A8l
A XF BER AR AR TE (152, AT LU 76 R ) 3o 1
FHTFBERRET S 0 2B ) 510 A8, H A
W AR X FR P B A 3l A A3 K, BE AR A2 IE 1Y
AR PR B S B K e /NS TS B S T 1 K

PE— LR E AL WA 4 Ca) TR S A=3875
I H/h=1 T.00F R 5040 5% i) 8] g A2, 52 i BE
M b T 2% TR 25 1 52 W) % A6 AL SE 1) T A . 2
IR BR A e U 1) 32 2, B B 6 B8 AR R %



2 A T U TR 7 1) ARHR I8 e o R TS ol BE A sl L A0 A 87

"0 100 200 300 400 500
t

(a) D RSB i FE(A=300)

20

S U A=200

Y 0 2=300

: — 2=400

< 1~0: —— Initial
7 ost
g 0
Ul
-0.5F

_10 PRI S S [ S S S S I S S S S R S S S

-0.5 0 0.5 1.0 15

xla

(b) SRR TR LR

K3 i BEMRARASA I (H/h=1)
Fig. 3 Steady deformation of curved panel (H/h=1)

B B KRR Ay 18R, 48 Iy 45 T Bk S IR % R
I A 0 28 U0 R AR S B RS ER R A
Eiﬂ‘ﬁ?ﬁ]‘lﬁlf%%%%ﬂﬂvﬁﬁﬁﬁ%@ﬁ AH L 4 AH
(E 4Ch)  Hovr wo Sy BE AR IR 2l 3 2D Sy 264K 109 il
22, JE TN 3R WS 1 3R B O — > B I A DR Oty B
M A 4R 2 R i BR AR o 2 BR A R I 6 T
B UG LB (woy = 0. 75R) T B X FR 149, 4 ) 1F fu i
BEBIOL TR IR AL BT J7 ¥ 50 8 A ok AR
FHR V- BEBR 1 % 3l — Mo B X FRAY .

4 Ce) FTET 4 CdD Sy il BE B Al BIR 21 55 41k 14
BHRIE FE Ty 434 o “ mean” Bl * instant” 43 Jjl]
FEon - A R 25 {E , “initial position” iy BE fi
H/h=1 T.50F W0 46 A0 & p Jy BE AR R T H )
Gy At . e AT I, it RE AR B PR R R B 2 PR
A BENRHT IS G I o7 3428 0 R AR i A AR
N SR Ok mIL X (NG 1 R S T S
o3 B HRME 32225 m) b B 4 3h . 1 BE AR S g 0 9 3
IE [ AR AL RS Y A . AR 4 (D Y g 43 Al
ATLLE il RE AR A o i B R )T ps JE R
GBI T pa s BENR S HB R J7 % 3 4 R AL
BHA BRI EA B VSR . X F — A~ EiE 4
AN B F 38728 T8 FF- 35 08 i REAR (H /h= 1)

5VBEAR CH /h=0) 1) 28 5 80/ R BT RE AR 1) 25 il
8 CH /h= 1) 9 B A 2 35 UR BEAR Y SR AR 25
ACe) BT 7% 9 Bl e Xof B Al - 3 22 T T2 IR 1) B2

1

\”\‘l i

wlh
|

4 1 I I 1 I
0 50 100 150 200 250 300
1

() x=0.75afsi A RS I 18] [ R (H/h=1, A=875)
0.006

0.004
0.002 -

0F

11;/Ul

-0.002 -

—0.004

—-0.006 L L
-3 -2 -1 0
wilh

(b) x=0.75af3 &AL B (H/h=1, A=875)

25
20f A\
150
1of
05k

0

_0 ) e H/h=1, mean
~LOT _._ Tnitial position
-1.5F H/h=1, instant
2.0 — H/h=0, mean

25 I I .
0.5 0 0.5 1.0 L5

x/a

() BEMR S A TE RIS 7RI 4345 (A=875)

(wytw)/h

plp,

--- H/h=1, mean
—-—-Initial position
—— H/h=1,instant
—— H/h=0,mean

-0.5 0 0.5 1.0 1.5
x/a

(d) BEMUBHES I ST RIS 1 346 (A=875)



788 it = @

%35 &

~0.5 0 0.5 1.0 1.5
xla

(€) BN I AETE I SE M (H/h=1)
B4 BE AR AR FR 2 B IR

Fig.4 Limit cycle flutter of curved panel

el o p P AT D, B b b e RE AR T 1 AR TR
B 2 o R 0 T i R S b A BT
T Ak 19 72 T2 B 3l e 1 T AR AR 3N

L5 v s Sy it BE M B fe K A dR /D 6 7 A
(x=0.75a) WL 7] = B, b1 AT D0, BE A 7 2 35
g3 TAAAE I B AR IR IR 2008 BURT 2000 . W
Wi O B T RE Al R S A7 T 5 55 1 s A48 3 R IR
JH s XoF T e /M B Ak B ) 2= BB 5 (b)) BE
A Je it DU A7 58 2 1) P s 08 8 R R T U8 L G o
247 TN K B BT REAR R ISR I R 1Y

&1 6 Jifr 718 2 Bl e Xof 7 R A 4% 3 o 1o 4 4 114 52
M, I 5 S BERR CH/h=0) 318 45 5 3647 % L
Hrp A BRI TR WA S = fa/U, , f BE
M B AR AT 22, I AT LUE L T IR B A9 i
JEFM A, B 3 s 1y A8 Ak it BE AR CH/h =1 F0I
H/h=—1, 5l 375 BE MR 10) T 250 D) F0 7 BE A 1Y
A —B Y A N TGRS LB, BE
M de 2 2438 B e RS A I A 3 s AL S5 3R
MR BR B IR, H/h=0.H/h=1 M H/h=

I | 1
Plp, 095 1.04 1.12 1.21 129 1.38 146 1.55

0.30
0.25

0.20

yla

0.15

0.10

0.05

-0.5 0 0.5 1.0 1.5
xla

(a) IR FEAL

I | 3
Plp, 095 1.04 1.12 1.21 129 1.38 146 1.55

0.30
0.25

0.20

yla

0.15

0.10

0.05

-0.5 0 0.5 1.0 1.5
xla

(b) T/ AL
Bl S O H/h=1H2=875 [ B AR AL Bk
B T3 2 B Cy I ) BE R 5 A8
Fig.5 Pressure contours for curved panel flutter

at H/h=1 and A=2875 (scale has been

magnified by a factor of 5 in y-direction)

— L= B0 N7 Y BE Al WD A 22 b 2 o B 4 i)
N w,=0.0.75h F1—0. 75h R BN E X Hw=
y—wo. X F H/h=0 T80, FBEti 8 i 1 1] o7
BRTIE AL, AT H/h=—1 1 il % A 85
P o 1 1] 52 B8 A 0[] (5L B BEAS AR ], X T H/h =
1,18 2 =0. 75a {ir & 4b ¥ 7 ) A2 7% L 31X 5 184 (o)

2
[ —*—H/h=0
[ ——H/h=1

It —— =1

A
() x=0.75af3; EAbf KA/ My
2.0
—— HIh=0
—— HIh=1

1.5+ —— Hh=—1

s
Z10f
<

0.5}

0 o & " . " .

200 300 400 500 600 700 800 900 1000

p)
(b) Hieie



4

2 A T U TR 7 1) ARHR I8 e o R TS ol BE A sl L A0 A 789

0.34

032

v 030

028 ——H/h=0

—— H/h=1
—— H/h=—1
026 1 1 1 I 1 1 1 1
100 200 300 400 500 600 700 800 900 1000
A
(c) TCIR AR

B 6 Bl He o il BE AR R B0 Y R R
Fig. 6 Effect of dynamic pressure on curved

panel vibration

— 3, WA SR X RGO BE AR 9 OF ) 0 A
B 57 1] W A58 15 R4 0 359 320 3457 e A B i 4 % ) 3
W /0N L a0 & 6 () FTE 6 (o) TR
3.2 T R X B AR R B N

7R A=875 T.0L T Al i B (il %)
XF 2=0. 75a BENT AR AP A 7 0, b AT UL AR
XfFFREMR  fE H/h<<1 8¢ H/h=—1 i [l N1
K25 vy R BE T B AR A T 0 i A %
EAGERL /N o E 20 1 K il B AL 2RO BE AR
] 5 D S R AR AR Sl e 07 R AN S R 3 4
W, T H/h=—2.H/h=2 il H/h=3 T.I%,
BEM 0 B ol e & 52 B i R e R A o T
H/h=—3 . H/h=—4 F1 H/h=4 T.I. B Wiz
AN BRI SN RIRES, B 7%
T H/h=—4 B BEN 2= 0. 75a i B 4k i 4 3l
7 8% IsF [0 o 57 D7 2 el AT D0, FE ) B 25 A
T BE R IE [0 R0 AR AR B AL B B R K e K RS i
BT 8h, HALUNE 7D RMA ST WG,
BERR 8 W iE A B S e TSN 2 3 R3S X 5
H/h<{1 8 H/h=—1 i} F % R A B AR S A ]

P 7 CE AN [) 25 gy BT R AR 4R 0 il o ) 4
WA, TR H/h=—4 T.00 T BEMRIR s
AR B R B AR B A 2 SRR AE . X T
H/h=—3 T, EMFEYS H/h=1 T.O02% 58N,
B 5 — R BE A s/ i i K 3,
FOREAEIE R T H/h=1 T8, d LA B4 el %0,
REMR W UG 25 M VR N AR R PE sh s T R 58 i 4k )
FEPE . ELBE S i B A3 0, B AR AR
B TN A A% 0 BE A R B 2R R ok

K 8(a) 45 T 8K A=875 F . BEML 25 h 15
JEE X R 31 - 249 45 T T IR 9 5 i Lo 2R 5 R

T A ALTE  HEAR 3 O — A IR A N B 8 0
FT AT T L S AN R) 25 g g 5 BE AR A9 3 28 B R
EIH 2 Bra s, firf o i 2 e R RO T A

2

l_

b : {
= BhE S
1k Bl SRR Tk G A G o

-5 4 3 2 -1 0 1 2 3 4 5

Hlh
(a) Pt
0.5
04} . :
03f |, A i
w02} | ‘
01F
0 " e sl
0.1 L L L i ; ) ) | |
-5 -4 -3 -2 -1 0 1 9) 3 4 5
Hlh
(b) TR
8
7
of |
| i
|
2] | e
f i
1 f
0f
= :
Y
-3 L L . . ) ) )

0 100 200 300 400 500 600 700 800 900 1000
t

(c) HIh=—A4T1HLHR S B o

0.003

0.002 |

0.001

wiU,
S

—-0.001

-0.002 [

—-0.003 ; !
1.5 2.0 2.5 3.0

wlh
(d) HIh=—4 LR



790 o= s % M %35 &
16 — Pl 9 B 7% o ph AT UL A AR SCRIF S 1 3 PRl P o 25l
t4r | - Hii=1 T R X AR I L B 0 S B S e L 336
L2 | e SRR e/ 1925 0 B CH/h<<1 % H /b=
S 1) L I A AR 1 7 50 (. S B AR F
" oel B AR, (HR 2 s H/h<<—3 5
oal H/h=4 J5 5 S B4R 3 P st TH 7
0.2 —. 1600
0 ) 0|.v81 I 1.0 1400 |
S,  Unsteady
(e) Mgl 1200 + @ Steady
B 7 H/h X 5RER 4R 3l R PE A 52 (A =875) <1000 |
Fig. 7 Effect of H/h on vibration characteristic of 300k o .
curved panels (A=875) o R
600 « ®
4 I 2 I 7S T A1 K L RE T 4 25 T W P
K FLBER 2 35 5378 T2 48 K O JE K AR R DI
25 0 725 3 60 46 T 143 A 1 S 00 8 () IR o H L
FE P L B 02 A S ) 22 AL AR B Fig.9 Effect of H/h on A. of panel flutter

1 25 B AR N6 P 5 F o SR TR T
R 1 10 5 I 75 U )
U5 B 7 25 5 T Bl 2 05 3

35
3.0
2.5
2.0
1.5
1.0
0.5
0
-0.5
-1.0

_15 . . .
-0.5 0 0.5 1.0 1.5

x/a

(a) — AR

—— Hlh—4

-~ Hih=—1
-~ HIl=0

(w,tw)/h

—— Hlh=—4
[ - Hl=2

-0.5 0 0.5 1.0 1.5
x/a

(b) MR 2R S50 A4

8 H/h X BEMRAS I FI L J3 43 A1 552 W
Fig. 8 Effect of H/h on panel deformation and

pressure distributions

DBIRTE s ) 8 A 5 BEARCAIR B A A% 2 1) S
Z LB 10 45 T 2 =0. 75a o B Ab BE AR 3 37 7%
W W7 1125 T s g W 17 22 8] ) AR 2 25 . 6 T H /=

1 i r 1.48
— Deflection ---
PP 1 46

L (I ]
Or ek e
| ‘ 5

_o it il ‘ 1_42 _
&

1140 &

1.38

! U136

ALY

H1.34

L L 1.32
100 120 140

wih
8

4 . s . .
0 20 40 60 80

t
(a) Hib=—1

1.46
11.44
1.42
1.40
A138 5
1136
134
132

— Deflection - - - p/p,

-3 ' PR 1 1
0 20 40 60 80
t

(b) HIF=2
B 10 BEM IR 3457 8% A0 7 By X B (A=875)

Fig. 10 Comparison of vibration displacement and

: : 1.30
100 120 140

pressure of panel (A=2875)



4

2 A T U TR 7 1) ARHR I8 e o R TS ol BE A sl L A0 A 791

— LRI SRBIR A EAR —BL T RS
R 2 R EE R B BELE AR T AE BE AR b 0 ) 3K
HA R RE i e REBEAR IR S /. X T
H/h=—2, 1IR3 B A TR B — A HH AL
T o 3K AR 57 22 1) A E 8 W R ) 48 A 23 I A T
T RER (1432 3y T BORE AN IR Bl b 5 R Ok
REKRF RS, H/h=2 F1 H/h=3 T.I
1 BE R R 3 7 B R R T e N A A 25 5 R
10O 2Rl BL AL AN PR IR . IR UL, BE AR 20 15 7%
R 3 Wi B 22 [B) A7 76 A AR 7 25 . S 350 T BE AR 2 R

4 & &

SR PRI 380 [ R 45 5303 F S 1 RO b o
PEFITR 2k gl B A 19 = 3 8 e R Ak 20 BT T
25 LR Bl TR AR GE IR Sl R A R I G 5
BUE RS R AT 0B, EZLB T .

1) 5543 500l 7 A A T P BE A4 4R B0
ANTR] S i BEAR bR SR A R0 4G T 2 A F
Bl A /N Tl S BUIR B0 s A B BE B A ) 4 s
T3 8 VR TR I 40 4R 30 £ 28 D 7 I 25 W B g
it BE AR R AE B 1 AL T (OB L IR B T S T
WA HEEHE 3 5 A B3 BERULTE /9 3R X Bk 1
A, fpe R e /N AR TE AV B B T 4 O

2) HEh R A KT A IR B A BERR
AR St RGN L e R B E BRI S . B
AR PRI BRI AN 5C 00 46 07 B 1E 50X BRIk
) I G A R 2 6 00 4 6 L T i 3 ) S
R AR R F BE R B4R 3 LP 2 B X AR
[l Bl 3 20 s A 39 K BE AR BIAR 19 1E 17 16 4%
(L 070 1] D AL T M 240 38 ¥ 094 O BLAIR 01 5 ) 5
P/ IN + TR AR B 20 P 2 A A B
Ja 2o 1S K AR T A

3) R AR BE AR S L BE IR S e O L 5
A Bl 338 6 R ) /N B S R (H s
LEC H/h=—1) . 1] DL R AR RE A 87 41% i 57 2 i
TP ECRE AR A AR E PR FEARL B Y H/h<<— 3 &
H/h=4 )5 i 5 B 3h i sk It i [ i TS
By A L A 5 v ) 03 DI s gl 4R 2
KTk,

S 3k :

[1] JAVIER U. Supersonic combustion in air-breathing pro-
pulsion systems for hypersonic flight[J]. Annual Review

of Fluid Mechanics,2018,50(1) :593-627.

L2] wfh. DM, EIRE. I 2s 6 5 AT 8 AR

SR, FH R 2010,31(5) :1259-1265.
HUANG Wei, LUO Shibin, WANG Zhenguo. Key tech-
niques and prospect of near-space hypersonic vehicle[ J].
Journal of Astronautics,2010,31(5):1259-1265. (in Chi-
nese)

3] wiES & X B, 5. m A AT 8 K sh sk g i

WS kR = A3 J1 2 2 4. 2018, 36 (6) ¢
984-997.
YE Zhengyin, MENG Xianzong, LIU Cheng, et al. Pro-
gress and prospects on aeroelasticity of hypersonic vehicles
[J]. Acta Aerodynamica Sinica,2018,36(6):984-997. (in
Chinese)

[47 DOWELL E H, HALL K C. Modeling of fluid-structure
interaction[ J ]. Annual Review of Fluid Mechanics, 2001,
33(1) :445-490.

[5] MEIC,ABDEL M K,CHEN R. Review of nonlinear panel
{lutter at supersonic and hypersonic speeds[ J]. Applied
Mechanics Reviews,1999,52(10) :321-332.

L6 BaE. 8. BENR IR A 5 A7 8L BCfE SR A 5 1 BT 52
R[], 1%k ,2010,40(1) : 81-98.

YANG Zhichun, XIA Wei. Analytical models numerical so-
lutions and advances in the study of panel flutter[ J]. Ad-
vances in Mechanics,2010,40(1) :81-98. (in Chinese)

7] B o8 e . T 3 AW R 25 i o 75 0 52 5 bR

BE AR B 0 o B BG4 B3t LT ] A 2s 3 Jy 2 4, 2013, 28
(10):2202-2208.
ZHAO Hai, CAO Dengging, LONG Gang. Suppression of
supersonic flutter of laminated composite panel using dy-
namic absorber device and its optimal design[ J|. Journal of
Aerospace Power,2013,28(10) :2202-2208. (in Chinese)

[8] SHAO C,CAO D,XU Y,et al. Flutter and thermal buck-
ling analysis for composite laminated panel embedded with
shape memory alloy wires in supersonic flow[ ]]. Interna-
tional Journal of Aerospace Engineering,2016,2016(7):1-12.

[9] B B A, X8 W2 BEAR B 0 Y i I 25 45 2

B0 ]. #e 8 5 a7 2009, 28(7) 1 65-68.
YANG Fei, YANG Zhichun, WANG Wei. Frequency de-
sign of dynamic vibration absorbers for {lutter suppression
of a sandwich panel[ ]J]. Journal of Vibration and Shock.
2009,28(7) :65-68. (in Chinese)

[10] ki who5 e BRI 8 P o I e 0 A o BE AR B 318 o 1 i I
TR ] PR B TR, 201326 (1) :98-104.
ZHANG Bing, HAN Jinglong, QIAN, Kai. Effects of tur-
bulent boundary layer on panel flutter in supersonic and
hypersonic flow [ J ]. Journal of Vibration Engineering.
2013,26(1):98-104. . (in Chinese)

[11] HASHIMOTO A, AOYAMA T. Effects of turbulent
boundary layer on panel flutter[J]. AIAA Journal, 2009,
47(12).:2785-2791.

[12] 8RR R L BE AR R 2 B [T ). A= 2= 3,
2015,36(4) :1119-1127.

AN Xiaoming, XU Wei, XU Min. Analysis of nonlinear



792

DA

%35 %

[13]

[14]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

panel flutter[J]. Acta Aeronautica et Astronautica Sinica,
2015,36(4) :1191-1127. (in Chinese)

S IR 25 K R L 45, 3k F CFD/CSD # & (1 — 4k ik
MER R R E IS T, TR J15%2.2011,28(6) :176-188.
DOU Yibin, XU Min,CAI Tianxing., et al. Investigation of
a two dimensional panel flutter based on CFD/CSD cou-
pling method [ ] ]. Engineering Mechanics, 2011, 28 (6) :
176-188. (in Chinese)

MILLER B, CROWELL A, MCNAMARA ] J. Modeling
and analysis of shock impingements on thermo-mechanical-
ly compliant surface panels[ R]. ATAA-2012-1548,2012.
GOGULAPATI A.DESHMUKH R.MCNAMARA J J.et
al. Response of a panel to shock impingement: modeling
and comparison with experiments;Part 2[R]. ATAA-2015-
0685,2015.

VISBAL M R. Viscous and inviscid interactions of an ob-
lique shock with a flexible panel[ J]. Journal of Fluids and
Structures,2014,48.27-45.

VISBAL M R. On the interaction of an oblique shock with
a flexible panel[ J]. Journal of Fluids and Structures, 2012,
30:219-225.

BOYER N R,MCNAMARA ] J, GAITONDE D V,et al.
Features of shock-induced panel flutter in three-dimension-
al inviscid flow[J]. Journal of Fluids and Structures, 2018,
83:490-506.

BROUWER K R, MCNAMARA ] J. Rapid modeling of
aeroelastic loads in the presence of shock impingements
[R]. ATAA-2018-1448,2018.

BROUWER K R, MCNAMARA ] J. Refinement of CFD
surrogates for aerothermoelastic loads prediction in high-
speed flows[ R]. ATAA-2019-1121,2019.

YE L Q.YE Z Y,WANG X C. Aeroelastic stability analy-
sis of heated flexible panel subjected to an oblique shock
[J]. Chinese Journal of Aeronautics, 2018, 31(8):1650-
1666.

YE L Q,YE Z Y. Effects of shock location on aeroelastic
stability of flexible panel[J]. AIAA Journal,2018,56(9)
3732-3744.

WA B OE S 0 T I B T RE AR Y B RS i R
HEFLIE M (] J1 2724, 2018, 50(2) - 221-220.

YE Liuging, YE Zhengyin. Aeroelastic stability analysis of
heated flexible panel in shock-dominated flows[ ] ]. Chinese
Journal of Theoretical and Applied Mechanics, 2018, 50
(2):221-232. (in Chinese)

BHATIA M,BERAN P. Influence of aerodynamic nonlin-
earity due to static panel-curvature on flutter of panels at

transonic and low supersonic Mach numbers[ ] 7. Journal of

[25]

[26]

[27]

[28]

[29]

[31]

[32]

[33]

Fluids and Structures,2018,81:574-597.
Wk, 2 [0 07 75 08 S PR3 s R A S Y e
A o T RE AR B A A 7 L] R R R OR,
2012,42(4) :369-377.

YANG Chao, LI Guoshu, WAN Zhiqiang. Aerothermal-
aeroelastic two-way coupling method for hypersonic curved
panel flutter [ J]. Science China Technological Sciences,
2012,42(4) :369-377. (in Chinese)

W AR J A A A I B2 At R A Sl e
BRRFE LT ], Sy 2244, 2012, 44(1) £ 30-38.

YANG Zhichun, ZHOU Jian. GU Yingsong. Nonlinear
thermal flutter of heated curved panels in supersonic flow
[J]. Chinese Journal of Theoretical and Applied Mechan-
ics»2012,44(1) :30-38. (in Chinese)

R AR A BB T 2E RS A Bh ) RS 1 Oy i A
i BE AR B 9% 20 A7 R R LT ] 02 2 4. 2018, 34 (7))
1512-1519.

ZHOU Jian, YANG Zhichun, HE Shun. Static pressure
modification for piston theory aerodynamics and its appli-
cation to the analysis of curved panel flutter[]J]. Acta
Aeronautica et Astronautica Sinica, 2013, 34 (7). 1512-
1519. (in Chinese)

TR T 2 8 BRI 56 T - (8 R B 0k 1) B/ P e il
BEM S 43 M )], 483 5 whdi . 2016,35(22) :54-60.
MEI Guanhua,ZHANG Jiazhong, KANG Can. Aeroelastic
analysis of curved panels in transonic /supersonic airflow
based on a fluid-structure coupling algorithm[ ] ]. Journal
of Vibration and Shock,2016,35(22) :54-60. (in Chinese)
CONNELL B, YUE D. Flapping dynamics of a flag in a u-
niform stream[ J]. Journal of Fluid Mechanics,2007,581
33-67.

ARt IR AL, DRAR S LT 2 W EL R A 0 UK b & Bl
BL A K SRR ). %5 2441, 2017, 38(4) : 80-91.

LI Yingkun, HAN Junli, CHEN Xiong, et al. Numerical
simulation of the ignition transient of dual pulse motor
based on multi-physics coupling approach[ J]. Acta Aero-
nautica et Astronautica Sinica,2017,38(4):80-91. (in Chi-
nese)

KIM K H,KIM C,RHO O H. Methods for the accurate
computations of hypersonic flows:] AUSMPW -+ scheme[ ] ].
Journal of Computational Physics,2001,174(1) :38-80.

Ve . L A g 2 T v % CHE R E M.t e s e s A i
RRF it 2006.

LI Y K,LUO H X,CHEN X,et al. Laminar boundary lay-
er separation over a fluttering panel induced by an oblique
shock wave[ ] . Journal of Fluids and Structures,2019,90:

90-109.
(h# . 2E2E)





