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Fig.1 The plane with external store
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Fig.2 The flexible wing with external store
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Table 1 Parameters of the external store
Basic parameters Value
Mass (kg) my =2
Moment of inertia( kg - m?) 1,=0.1
Chord distance from the elastic axis(m) ¥o=0
Vertical distance from the elastic axis(m) z,=0
Pitch connection stiffness(N + m?) Kg=o

R RIERTRLR AU O B B3R
WG K x, =0, % 2 U AL 35
2 HMEFESH

Table 2 The parameters of the aircraft wing

Basic parameters Value

Half of span(m) L=16.0

Half of chord(m) b=0.5

Mass of unit length(kg/m) m=0.75
Position of the elastic axis( %chord ) a=0
Distance between the center of gravity 2 =0

and the elastic axis “
Rotary inertia of unit length(kg + m?) 1,=0.1

EI,=2.0x10*N - m*
EI =4.0x10°N - m?
GJ=1.0x10*
p=0.0889

Bending stiffness of vertical(N - m?)
Bending stiffness of chord(N + m*)
Stiffness of twist(N + m?)

Air density (kg/m?)
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Fig.4 The FEM model of the flexible wing with an external store
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Table 3 Flutter characteristics of aircraft wings with

different amount of external store

The flutter velocitym/s( This article/the MSC solution )

None One Two Three
Case 1  35.7/36.6 40.0/39.3 41.4/40.4 43.3/42.4
Case 2 27.3/25.7 31.7/28.4 33.4/31.3 36.7/35.1
Case 3 25.2/23.2 27.1/25.5 28.1/27.3 30.2/29.1
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Fig.7 The influence of the moment inertia of the external store

on the velocity of the wing flutter

T T T T T T T case1
—e— Case 2
——Case 3

\X\

08 06 -04 -02 0 0.2 0.4 0.6 0.8
The position of chord z/b

D
3

& & 8

The flutter velocity V (m/s)
8 & 8 &

N
o

n
o

8 AMEFENLIE I i o X AR 3 () 5 1)
Fig.8 The influence of the position of the external store

on the velocity of the wing flutter

ARSCESE M HLI RSB = e 254 )5 A
THLERRIERNER K 9 4 1AM BT R 17
{3 B ASAL AL SR 552 . AT LA BN A4
FAENLI NG, 18] 17K h 2 s HLEE S e 1 o7
At x SRR L 2Z b YRR ML B
JE VAR P P A A i 2 n] LIS B B SRR
37 MBS 30 AT AL 38 B 0 32 S 1 I BRI
YA T35 P I, AT SR e O Y BRI
P, P LB AR AR BRI, BR R R B A
B A B S, BE A L3R AR AR P I/
B A A A O S S L 2 5 A4 5% 1) A
FUHERHE R % L R R AT 88 I BT HAT 48



230 g % 5 & 6 ¥ W

2019 555 17 %

TR R IR AT AR LI BRI, NS
TSNS B3 Hh 3 LA A T £

55 — T T T T T T —=—Case 1
—e— Case 2
50} ——Case 3
£ a5}
>
> 40f
8
o 351
>
9]
£ 301
-]
2
£ o5t
=
20+
15

. . . . . 1 . . 5
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
The position of span x/L

PO AMHEAEALIL R ] for X B o 1) 5 )
Fig.9 The influence of the position of the external store

on the velocity of the wing flutter

4.2 ZAIMEXTYE BRI

TS T A XTI B R )5
AN ERT A AL 40 B BIHLEE A 2 S EERY
188l 8 k BAEAMES B AT, 4b
IR I | B B A 1 LA R R X AL
FEPRHEE A S L — /NI e S R AR —
#H, X EAHEZTL.

HMERCR RS LR SRR I B S
PRI, A SCRIFSE 1 b 4 B8 X AL R 1 52 o, JH
AR ST L R ) 3 50 40 A, LU A A A
JEHAT AT

— RN SN T R AN AR | Bl B B3, Ab
FER BRI, BPR A AN E 10 s, R AL bR R
TNANERCR AR PR FRR L B iR B V. A
ST ANAE | BE A B TS, AL 3 B R R AR Ak
SRS E 6 AT, B 2 Flca i 3 hn (5 BT 5
), BLEE B R R A e, b LB AR R R B AR
B B E RO AR E |, B R AR A AN s LI AR
TE A B /N BT B 0t v 745 B )

TORAME S TR AN WE A B N, A Ah
RN, BREEE I 11 Fis , HoRE AR bR R
SN AR R R LS B PR R V. A
J R AR ANERCR G N, BAR R — i
RS BEAE B RGBSR BT N34 4
A TEALE I, Y HLE AR T AR B B KT, B hF
PR ERROE , BHR B LT AR S PR AR TE LA
JNE BRI o I . BT DAAE HEAT LR R

AR R TR A HALR AP R ROR, S 2k
8249 2 B X L3R B A P T L A ST

—=a— Case 1
70 —e— Case 2
—— Case 3
651
»
60}
E
> 55
=
g %or
°
> 45+
£
5 40
=
2 35¢ 1
=
30+ M 1
251 1
L L L . L L L . L
0.5 1 15 2 25 3 35 4 45 5 5.5

The quantity of the external stores

10 BRI AR

Fig.10  The mass of the single external store is constant

o
o0
T

The flutter velocity V (m/s)
& 8
H
NN §
w N

3

S
o
T

30 -

25} ” -

20 1 1 1 1 1 1 1 1

0.5 1 1.5 2 25 3 3.5 4 4.5 5 5.5
The quantity of the external stores
B S ST A
Fig.11 The mass of all external store is constant
AV

5 #ig

AR SCHEE T AME R AN G TSR
i FH S A 2 A AT 1 B R 1 1 A 38 iR BT TR A T
AbFE 255 5 MSC. FlightLoads 343 4H b4 iE B T
AR SCHHA D B R IE A A b, Rl R T HLE
FERTEAMET SMER R el iBtat A& 51
BT EPR AR 1 R, A5 R A58

1) B AN 0 RN Sy 153 170 14 o L 3 5 e
R AN DB 18 . L3R 9 A8 I A R R, ML 1
PRFFPERRRR RE | AN I G sl B 0 728 X B IR
T JEE P52 T /N

2) fHAMEA T &R AR i 008, /A
S R RAT A KR 5% L R PR LI IR e . DL AE
KASTEAG BT, SMEAL 53 A7 L3 B AR R 1 5
BUIN.



55 3 1) s SO RAE  BE T ek RBO B AR R LR LR 23 A 231

3) K& AMESCH I 2 DL BR R A T 42
1o, (HL R A BLE AR T B A 185 K, AR5 E X HL3E
WY S 14 5 PRt/ , JE HAE AN BT B AN 1Y
SRAFT AN RO FE X LB B IR R R LT 52
M.

Z £ X #

1 Xie CC, Leng J Z, Yang C. Geometrical nonlinear aero-
elastic stability analysis of a composite high-aspect-ratio
wing. Shock and Vibration,2007,15(3-4) :325~333

2 PR, RGN A, KRR H LAY sl
IIMT. AR A TR K244, 2003,29(12) £ 1087 ~
1091 (Xie C C, Wu Z G, Yang C. Aeroelastic analysis of
flexible large aspect ratio wing. Journal of Beijing Univer-
sity of Aeronautics and Astronautics, 2003,29(12) ;1087
~1091 (in Chinese) )

3 BMR, BN IR, RARTE RALE T 5 AT R
ST, PERE HORRA, 2012,42(10) (1137~
1147 (Yang C, Wang L B, Xie C C, et al. Aeroelastic
trim and flight loads analysis of flexible aircraft with large
deformations. Sciences China: Technology Science, 2012,
42(10) :1137~1147 (in Chinese))

4 EAR RN BN, T B LA G RN A RS M
KEHBETC AN ER S AL BT, P Tl K22 # 40
2014,32(4) :499~505 (Wang W, Zhou Z, Zhu X P, et
al. Static aeroelastic characteristics analysis of a very flex-
ible solar powered UAV with geometrical nonlinear effect
considered. Journal of Northwestern Polvtechnical Univer-
sity, 2014,32(4) :499~505 (in Chinese) )

5 EAREWM, HUNESE. LR RABETC AMLAEZ
PR B MR E MRS, PUAE T K724k, 2015,33
(1):1~7 (Wang W, Zhou Z, Zhu X P et al. Exploring
aeroelastic stability of very flexible solar powered UAV
with geometrically large deformation. Journal of North-
western Polvtechnical University, 2015,33(1):1~7 (in
Chinese) )

6  Palacios R, Cesni C S. Static nonlinear aeroelasticity of
flexible slender wings in compressible flow. AIAA Jour-
nal, 2005,43(2) :1~10

7 EAE AWM BUNERE. —MEET CR ISR R AENL
FLARLR Ml R SR A O k. R3S ehifi, 2015, 34
(19):62~70 (Wang W, Zhou Z, Zhu X P, et al. A CR
theory-based approach for solving nonlinear aeroelasticity

of very flexible wings. Journal of Vibration and Shock,

10

11

12

13

14

15

16

17

2015,34(19) :62~70 (in Chinese) )

st , 1B . 0 B S0 /R R R K R ML Y
fasEtt. fiaserif, 2010,31(11) :2115~2123 (Zhang
J, Xiang J W. Stability of High-aspect-ratio Flexible
Wings Loaded by a Lateral Follower Force. Acta Aeronau-
tica et Astronautica Sinica, 2010,31(11):2115~ 2124
(in Chinese) )

AR A, AR, RS & A B LR <5
FEPE . AEATI S AR K 525441k, 2016,42(2) 2360
~367(Cheng C X, Li D C, Xiang J W, et al. Analysis
on aerodynamic characteristics of morplvng wing with flex-
ible trailing edge. Journal of Beijing University of Aero-
nautics and Astronautics, 2016,42 (2) 360 ~ 367 (in
Chinese) )

MR, A AN SN RY CKI LI R 4 B, M i
PR K224, 1993,25(4) :554~560 (Ye W L. Anal-
ysis for flutter of CK1 wing with tip external stores. Jour-
nal of Nanjin University of Aeronautics & astronautics ,
1993,25(4) :554~560 (in Chinese))

Yang Y R. KBM method of analyzing limit cycle flutter of
a wing with an external store and comparison with a wind-
tunnel test. Journal of Sound and Vibration, 1995, 187
(2):271~280

Karpel M, Moulin B, Anguita L, et al. Flutter analysis of
aircraft with external stores using modal coupling. Journal
of Aircraft, 2004,47(4) :892~901

Liviu L, Ohseop S. Dynamics of composite aircraft wings
carrying external stores. AIAA Journal, 2008,46(3) :568
~578

Fazelzadeh S A, Marzocca P, Rashid E, et al. Effects of
Rolling Maneuver on divergence and flutter of aircraft
wing store. Journal of Aircraft, 2010,47(1) :64~71
JRRKHE , BRAS-. BILERLAF S 2R G R ER BRI A X [1) 73
Mr. fizs 2431’ , 2010,31(3) :514~518 (Zhou Q P, Qiu
7 P. Interval analysis for limit cycle flutter of a wing with
an external store. Acta Aeronautica et Atronautica Sinica
2010,31(3) :514~518 (in Chinese))

Ozcan, Unal M F, Aslan A R, et al. Aeroelastic chanrac-
teristics of external store configurations at low speeds.
Journal of Aircraft, 2011,32(1) :161~171

Deman T, Earl H. Dowell. Aeroelastic analysis and exper-
iment for wing/store model with stiction nonlinearity.
Journal of Aircraft, 2011,48(5) :1512~1530

Chen Y M, Liu J K, Meng G. An incremental method for

limit cycle oscillations of an airfoil with an external store.



232 g % 5 & 6 ¥ W 2019 555 17 %

International Journal of Non-Linear Mechanics, 2012 ,47 ; 2006 (Zhao Y H. Aeroelastic mechanics and control. Bei-
75~83 jing:Science Press, 2006 (in Chinese) )

19 VP25 BB Ay SMHEATLEE (1 B KL R B4R 43 BT LB 23 BRI, RER] . KR R PR A S sh
¥, 2014,36(6) :841~845 (Xu J, Ma X P. Limit cycle ST, AUEAZS i R R 24, 2003,29(12) ;1087 ~
flutter analysis of a wing with an external store. Journal of 1091 (Xie C C, Wu Z Z, Yang C. Aeroelastic analysis of
Mechanical Strength, 2014,36(6) :841~845 (in Chinese) ) flexible large aspect ratio wing. Journal of Beijing Univer-

20 Hamid P, Abbas M, Ahmad F S. Flutter analysis of an sity of Aeronautics and Astronautics, 2003,29(12) ;1087
aircraft wing carrying, elastically, an external store. Ap- ~1091 (in Chinese))
plied Clay Science, 2015,61(61) :44~51 24 EAR, A BU/INTEE. 25 IR LA R e M0 1Y R SR

21 Beil VL. Al AL B 53 BT 16 1% 8 ek RO 1k KIHBETCAMLER TS HT. PUIL Tl K2, 2014,
PR3 5 i, 2017,36(10) :109~116 (Duan J B, Jiang 32(4):499~505 (Wang W, Zhou Z, Zhu X P, et al.
T. Transfer function method for the flutter of aircraft wings Static aeroelastic characteristics analysis of a very flexible
with an external store. Journall, of Vibration and Shock solar powered UAV with geometrical nonlinear effect con-
2017,36(10) :109~116 (in Chinese)) sidered. Jowrnal of Northwestern Polvtechnical University

22 RAKHE. AUSh R e S L AL B AE ROk, 2014,32(4) :499~505 (in Chinese) )

FLUTTER ANALYSIS OF A FLEXIBLE WING WITH
EXTERNAL STORES BY TRANSFER FUNCTION METHOD *

" Duan Jingbo® Lu Ping' Wang Long’

Zhang Zhongyuan'
(1. Department of UAV Engineering, Army Engineering University, Shijiazhuang 050003, China)
(2.Department of Engineering Mechanics , Shijiazhuang Tiedao University, Shijiazhuang 050003, China)

(3. Helicoper Battalion of Armed Police Xinjiang Force, Urumqi 830017, China)

Abstract Transfer function method was employed to study the flutter of high-aspect-ratio flexible aircraft wings
carrying external stores. Firstly, the flexible wing was modeled as a curve beam, and the flutter differential
equations of a curve-beam element were established. Further, by using the transfer function method, the differen-
tial equations were formulated in a state-space form. Moreover, considering the deformation compatibility and in-
ternal force balance at the position of the external store, the governing equations of the whole wing were obtained
by element assembling. ,Both the flutter velocity and flutter frequency were obtained by solving complex eigenval-
ue equations. The results are good agreement with finite element analysis, which indicates that the present method
is accurate and efficient for flutter analysis of the flexible wing. Finally, the effects of the mass, moment inertia,

number and position of the external store on the aeroelastic characteristics of the flexible wing were investigated.

Key words high-aspect-ratio, flexible wing, the external store, flutter, transfer function method

Received 7 May 2018, revised 12 June 2018.
# The project supported by the National Natural Science Foundation of China(11702325).
F Corresponding author E-mail ; 121943464 @ qq.com.



%53 1 kRS BT AR B0 I SN R S LR B 43 B 233
M3k A
F.(1,2)=1 kGA
e( ’ ) F (6 4)_ 0
kGA pA EI
F(2. 0= i 5a® kGA pl
F.(6,5)= (—”afj
EA kGA EI. EI
F.(2,4)=—| ——+——
EAR EAR F.(7,8)=1
kEGA pAw’
F.(2,5)=—— F.(8,7)=-
”(’)EAR (8,7) kGA
F.(3,4)=1 F.(8,10)=-1
kGA  EA F.(9,10)=1
Fe(4,2)=[c +j A9,10)
kGAR kGAR kGA
F.(10, 8)=
EA  pA EI
F(4,3)= | — -+
—wpb2w2+27TpVbC(w,V)wiJ [(10,9)= EI, EIR EI
EGA
EI, G
F.(10,12)=-
F,(4,6)=1 [10,12) (EIR+EIRJ
pAz " +mpb*(Vwi+h aw®) + F.(11,12)=1
F(4.11)= 2mpVbC(w,V) (V+b(0.5-a) wi) mpb’aw’ -2mpVb* (0.5+a) -
o kGA Clw,V)witpAz o’
F.(12,3)= C
F.(5,6)=1
kGA
F.(6,1)=p0 F.(12,100= [ &L
ELR a =\eir"cir
El, _pl@’  mpb’V(0.5-a) wi-mpb* (0.125+a") o’
GIR* GJ
F.(12,11)=

=2mpV*b*(0.5+a) C(w,V) —2mpVb’ (0.25-a) C(w,V) wi

GJ



