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Fig.2 The critical flutter velocities and frequencies of the
AGARDA445.6 wing
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Table 1 High-aspect-ratio NACA0012 flexible straight
wing model parameters
%K c/m 1
JUE JEGZ L AR 10,12,14,16
[0 25 NI EE/(N-m*) 2x10*
%125 IR EE/(N-m?) 4x10°
RS
HAEERIEE/ (N-m®) 1x10*
i p,/(kg/m?) 10.607
AT /km 20
KA 25 p/(kg/m?) 0.0889
HEERILA/(2) 0

B, A RS UL R B R A IR BN . Y U, s 2
38.6mys il , | USRI IR AR . S — R
U, % 50m/s i, SUOE RS R34k 3h R ok 9. &%
G UL B BUZE SR AT IR ML AE U, =38.6m/s AL T
I 5 A 2 R A, B AR=12 BiF, ML FL (1% B AR I 5L 3 B U=
38.6m/s.
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Fig.3 The natural frequencies of the first five vibration
modes of NACAO0012 flexible straight wings

with different aspect-ratios
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Fig.4 Generalized displacement time response curves of NACAO0012 flexible straight wing with aspect-ratio of 12

x1073

ok

e ) S S -

0 2 3

t/s

() SR 25 (5255

x1072

0/(%)
(=]

1 L 1 1 i
20 1 2 3
t/s

(b) FLIAHEL A

K15 NACAO0012 S AL I E ) 3 i) 25 (v B FIHH A f R VL (AR= 12, U, = 38.6m/s)
Fig.5 Vertical bending displacement and torsion angle response at the tip position of NACAO0012 flexible straight wing with

aspect-ratio of 12 at U, =38.6m/s



48 LIRAEE L P N

Jun. 25 2024 Vol. 35 No.06

103E
fong 31.04rad/s
= 10 F
= H
)
S
=
E
Q
10! E
100 TR | L l | L L |
10! 10* 10°
w/(rad/s)
(a) BEARTE] &5 (L FF T 5
104 ¢

31.04rad/s

OFFTATE

10' 10° 10°

w/(rad/s)
(b) FLIHLEL SFF TR
K6 NACA0012 51 EHLIE 3 AL T ) 25 A 7
FUFILES £ W 0 Y FET S35 (AR=12, U, = 38.6m/s)
Fig.6  FFT spectra of vertical bending displacement and
torsion angle response at the tip position of
NACAO0012 flexible straight wing with
aspect-ratio of 12 at U, =38.6m/s

3 &ie

AR F A = 48 7 -4 N=-S 7 R S—A Jifd Ji Ak L
SLAth i) CFD BUEAL I J 3R il NACA0012 S AL
HAlEE BRSSO LR 5 M B 1 R
KT CFD/CSD Bk i A (B A vk , BEIBEE T 5%
e HLIR BRI AR i s, 2 2GR LN 4508

(D FIRZ K, BM R B AR 4k
A — B IR S AT

(2) L R 5% FU I 385 RO £ R S5 R RS 11 A 4R 78 11
ARAY, F R 25 R AT AR I S | B0 5 R 5 AL A [ A

60 T
. o
50 -
E L
3 40 o
L o]
30
o]
20 L L 1 1 L 1 1
10 12 14 16
AR
(a) B Im 5 i
36 [
I ©
32 o
Zz 28r
=}
£ L
= r O
S 24
| (o]
20
16 F
12 L 1 1 L1 1
10 12 14 16
AR
(b) BHRATR

Bl7  RFRESXH A N NACA0012 #ibk - B LI )
B 5 SR R AT A
Fig.7 The critical flutter velocities and frequencies of
NACAO0012 flexible straight wings with different

aspect-ratios

SEER

[1] T4, (R, 2E, % . S8 124 M). 6T deatiinss
JUR R AL, 2016,
Wu Ziniu, Bai Chenyuan, Li Juan, et al. Aerodynamics[M].
Beijing: Beihang University Press, 2016.(in Chinese)

(2] XVEHF. KIEZHLESINE BT B 0] Chliit,
2011, 31(3): 9-12+36.
Liu Guochun. Research on design of high aspect wing shape
[J]. Aircraft Design, 2011, 31(3): 9-12+36. (in Chinese)

[3] Afonso F, Vale J, Oliveira E, et al. A review on non-linear aero-
elasticity of high aspect-ratio wings[J]. Progress in Aerospace
Sciences, 2017, 89: 40-57.

[4] Arena A, Lacarbonara W, Marzocca P. Nonlinear aeroelastic



KRN %5 Jga% A} NACA0012 5Pk BRI P i B PR 5% i i 52

49

[10]

[12]

formulation and postflutter analysis of flexible high-aspect-
ratio wings[J]. Journal of Aircraft, 2013, 50(6): 1748-1764.
Wi TRA TR R M. 2 b b RS R R
“F AL, 2016.
Yang Chao. Aeroelastic principle of aircraft{M]. 2ed edition.
Beijing: Beihang University Press, 2016.(in Chinese)
AR, SRBUER, H M, 45 SN KRR SZ L ELIE B
FRERYSZIA ). T 122244, 2022, 39(5): 598-607.
Qi Wuchao, Zhang Heming, Tian Sumei, et al. Effects of
external stores on flutter characteristics of a straight wing with
high aspect ratio[J]. Chinese Journal of Computational
Mechanics, 2022, 39(5): 598-607. (in Chinese)
Ak, B 22, X . R L3 S sh st L AR 2k
PERON[T]. TAE 12, 2017, 34(4): 231-240.
Fu Zhichao, Chen Zhanjun, Liu Zigiang. Geometric nonlinear
aeroelastic behavior of high aspect ratio wings[J]. Engineering
Mechanics, 2017, 34(4): 231-240. (in Chinese)
BR300, RO . I3 R A X 9% LA LS B R
B IRATTE[T]. AL REAHOR, 2016, 27(9): 12-16.
Hu Zhiyong, Dang Yunqing, Chen Hai. Influence of aileron de-
flection on the flutter of high-aspect-ratio wings[J]. Aeronauti-
cal Science & Technology, 2016, 27(9): 12-16. (in Chinese)
Qiao Shengjun, Jin Jiao, Ni Yangge, et al. Effect of stiffness on
flutter of composite wings with high aspect ratio[J]. Mathemati-
cal Problems in Engineering, 2021, 2021: 1-14.
REKIH, 064, 50006, 45 . KRR IXHE NACA0012 3PP EL AL
HEEIRFFEOIFR ). PEAE TAk K224, 2022, 40(5): 1071-1079.
Yu Qiuyang, Li Xinghua, Li Xintao, et al. Study on flutter char-
acteristics of NACAO0O012 flexible straight wing with high-as-
pect-ratio[J]. Journal of Northwestern Polytechnical Universi-
ty, 2022, 40(5): 1071-1079. (in Chinese)
BAZSE, SETTIE, JBEs, 25 . 3D $TEN KALERIR KR g6 A5
Bt SR I RRAEOR, 2022, 33(9): 43-50.
Hu Jialiang, Wu Jiangpeng, Tuo Chaozhi, et al. Design and
application of 3D printed aircraft flutter wind tunnel test model
[J]. Aeronautical Science & Technology, 2022, 33(9): 43-50.
(in Chinese)

Zimmerman N H, Weissenburger J T. Prediction of flutter onset

[13]

[14]

[15]

[17]

(18]

[19]

[20]

[21]

speed based on flight testing at subcritical speeds[J]. Journal of
Aircraft, 1964, 1(4): 190-202.
Li Xing, Bai Yuguang, Xiao Ling, et al. Vibration control
studies of a high-aspect-ratio wing with geometric nonlinearity
[J]. Aerospace Science and Technology, 2022, 123: 107461.
TR, BT, LA B R EIS LR S ik
7 AeroStruct [ & J&& Je i F [1]. i as B 2445 R, 2022, 33

(4): 47-56.
Zhang Keshi, Ling Shengbo, Han Zhonghua. Development and
application of Aerostruct, an aerodynamic/structural optimiza-
tion platform for transonic transport aircraft wings[J]. Aero-
nautical Science & Technology, 2022, 33(4): 47-56.(in Chinese)
Spalart P R, Allmaras S R. A one-equation turbulence model
for aerodynamic flows[J]. La Recherche Aérospatiale, 1994, 1:
5-21.

MRS, ERIL SRR . I R A 2 R I
R AR : R IE Tl K27 AL, 2016.

Ye Zhengyin, Wang Gang, Zhang Weiwei. Fundamentals of

N H M. 2

fluid-structure coupling and its application[M]. 2nd edition.
Harbin: Harbin Institute of Technology Press, 2016. (in Chinese)
Zhang Weiweli, Jiang Yuewen, Ye Zhengyin. Two better loosely
coupled solution algorithms of CFD based aeroelastic simula-
tion[J]. Engineering Applications of Computational Fluid Me-
chanics, 2007, 1(4): 253-262.

Wright G B. Radial basis function interpolation: numerical and
analytical developments[D]. Boulder: University of Colorado
at Boulder, 2003.

De Boer A, Van der Schoot M S, Bijl H. Mesh deformation
based on radial basis function interpolation[J]. Computers &
structures, 2007, 85(11-14): 784-795.

Yates E C J. AGARD standard aeroelastic configurations for
dynamic response [: wing 445.6[R]. NASA-TM-100492, 1987.
Silva W A, Lii B P, Chwalowski P. Evaluation of linear,
inviscid, viscous, and reduced-order modelling aeroelastic
solutions of the AGARD 445.6 wing using root locus analysis
[J]. International Journal of Computational Fluid Dynamics,

2014, 28(3): 122-139.



50 RARE i N Jun. 25 2024 Vol. 35 No.06

Effect of Aspect-ratio on Flutter Critical Characteristics of NACA0012 Flexible
Straight Wing

Yu Qiuyang, Xu Shengjin
Tsinghua University, Beijing 100084, China

Abstract: Aspect-ratio is an important parameter in the design of aircraft wings, and studying its influence on the
flutter critical characteristics of wings has significant engineering application value. This paper uses the three-
dimensional Reynolds Averaged N-S equations and the S-A turbulence model to solve the unsteady aerodynamic
forces of high-aspect-ratio NACA0012 flexible straight wings. Combining with the wing dynamic equation established
by the modal method, a CFD/CSD flutter time-domain numerical simulation method is developed. This method is
employed to study the influence of aspect-ratio on the flutter critical characteristics of the wing. The results indicate
that due to the high-aspect-ratio and soft material, the wing has a certain range of vertical static bending deformation.
The increase in aspect-ratio does not affect the natural mode shape of the wing, but reduces the modal natural
frequency, flutter critical velocity, and flutter frequency.
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