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Fig.1 Coordinate system of thin plate undergoing large-amplitude oscillation
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Fig. 14 Records of aerodynamic coefficients of thin plate un-

dergoing coupled SAH-LAP oscillation

0.0011
—=— Heave
—e— Pitch
—— Total
0

Y

R -0.001 /
-0.002

-0.003 - s s -
-1. 0.5 0 0.5 1.0
LE. AR. TE.
(@ V=10
0.0003
0.0002 |- ——
—e— Pitch
0.0001 —+—Total |.
x \\
0 — A »u—u—a—0—N
—0.0001 S e 2o
00008 5 -0.5 0 0.5 1.0
LE. AR. TE.

(b) V=40
P15 /NI e 2R 5 I W 2 1 A 2 T st i /R T 2
Fig. 15 W on segments of thin plate versus V, undergoing

coupled SAH-LLAP oscillation

AT AT UL AR [ R BE DT O AR A RE
fiE55 50 [ fy BE2R AL, L B [y 2 O 1] - AR T



el

BLARSC, A5 T A B PR IR 32 3 1 S R S AR E MR CFD AT A 279

ABPHAR A RE B (HHLEE Bk BE 5 2 2 X
A MR RE B, T U O AP B AR O
B o 25 3 U X A g I, O A S i R W
AE 8 2 R T R 0 AP B AR Y fE B S B
¥ A d B 5 OO BE B . IR A RIS B DT
li] 14 R i, R AR 3 0B X N B2l A A
(9 BE 4 R T HLEE A Ay I iy i, DR ISP B2 R
SRR E 1Y 5 (H TR B e T, S A R TR
TR BE /N T Ee Ay BE T 1) W WA B L G I Y
Al EME sl RE RS ARREMN, WK 16 T
o M5l UL, il T 25 [l B R R DN G
FER T RE S/, DN L S A HL 5% F el B D7 1 A
MREt: 35 7P A th RS 12 3 R G RAE

gt .

0
B -0.01
g Heave
-0 Pitch
—a— Total
-0.02 f&
20 40 60 80

v
P16 /I e 25 e L e s 207 B T A T )
Fig. 16 W on thin plate versus V., undergoing coupled SAH-

LAP oscillation

3.5.2 PRETXKEEEMAHLAP)

ARl AR P A R R I 3l B HL IR AE A o 207,
IF¥s e iz S AL R IR A K3 B/16. 1745 1
P KU 4351 2 V=10 il V=40 if, 535l N 24K,
Bl 77 JE B B A B — o A R (A JR I R B
J15e A AR A R R — A JE 0T P - A T g L
FBC AR . AT DL R AR v XU T AR B T Y
U R A 2 T B A A o XU Y B R, KB D B AR
P Al 4 M AR A e

1845 th 1 o AR A~ 47 o XL R Al 5 33 B 1Y
R, — A R S AE B B Tl b 3R T A A T
ey e RS Th . ol LR AE S R 15 AL, e B
2 R I AR R TH A A IE AR R R
HHLFE A FBE 7 1) S 20 XU 2 A S R SR
AEH, WO PO FE R e it . (A TRy
HFRRE 7 1) 08 R A K, 188 25 0 B T R AU Y E A
B IR 3 O, NP B el BE D 1] Y BE B R RDOR R L TR
S A A 0 XU R P A AT FE S B BB =, AT 19
JE7R o BRI, DA v R 138 25 K R A 3 3 1Y) T AR 2

750 60 70 80 90 100

(@ V=10

200 250 300 350 400

;
(b) V=40
P17 v e e 2 DR L s 2l 03l O R B

Fig. 17 Records of aerodynamic coefficients of thin plate un-

dergoing coupled MAH-LLAP oscillation

0.00251
—s— Heave
—e— Pitch
/—\ —— Total
.0
R
-0.0025 /
-1.0 -0.5 0 0.5 1.0
L.E. AR. T.E.
(a) =10
0.0005 BN
—— Heave
—— Pitch
—— Total

N
e

-0.0005 1 L L )
-1.0 -0.5 0 0.5 1.0
LE. AR. T.E.

(b) V=40
18 i 8 2 K L % 32 3 1 Al 3K 1T AR SR T
Fig.18 W on segment of thin plate versus V, undergoing
coupled MAH-L AP oscillation

RERRE R o 5T IR /DN T 2R 5% s 8l B
FH L, AT UL U 25 0 RE Y 08 R e TP R Bl R



T

034 %

280 k o I
0
-0.01
R -0.02 /
-0.03 —=—Heave
—o—Pitch
-0.04 —=lotal |

1.0 2.0 3IO 4IO SIO 6‘0 7‘0 8I(]
v,
P19 oo 5 WL 42 3P B 2

Fig. 19 W on thin plate versus V, undergoing coupled MAH-
LAP oscillation

TEME
3.5.3 M AWAEMEXEZEHLAH-LAP)
HE— P R GE S iR B B/4, [ PIAS A
H1 B2 T [0 25 g R WAz 3l , W B R iR Gz 8. 181 20
25 T iR 3 B V=10 AL V=40 B, 435
ZAT B I A R R O — > S8 B 8 (g1
WA B o8 A AR ) 0 IO 9P — A Sl 30 PN R i R
Bz g T M RO R . Al WLAUBh I AR
P TS A B T e X Y A 2 . A 1T A
LU, A [ B4 3 ok XU TR A3l g B9 AR L I A ] B
A

Pl 21 g A 4 980 XU (V,=10) Fil e 1 98 XL

2 -
By
o
=
R
r
%0 60 70 30 90 100
’
(a) V=10
2 -
®
o
RS
R
r
200 250 300 350 200
’
(b) V=40
K20  KIEHEA 2 3R sh 1 & B0 i

Fig. 20 Records of aerodynamic coefficients of thin plate un-

dergoing coupled LAH-LLAP oscillation

(V,=40) T K #8451z 8l 59 WA, — 4>z 3 A
AR RAE 12 31 P B 3R A% BT A G R 448 )

W 7 RN 5 32 ) ST FH B R VP AR SR TE Y 4 A 5
B8RS A A TA], AT RESZ W A i B K S 4 12 3h %
. MHEBESHRETMYKIFS, FHETA
F B2 5 1o 9 AR AR Y B R IR R R, i A — AR
B P9 ST X T AR 2 T BT AT SRR Ty DR O AR
FAAEZ 8 P4l 9 B RE 1o f, B R T R 16/
i 6 2 R R L 1A 19 F i 1 2 R L i szEw
TG00, W& 22 B 7R, PR K R RS & 02 3l 11 A 2
SR 1, i PR R Rl R O 1) R K,
P T HAREE.

0.02 —=— Heave|

—e— Pitch
\\ —— Total
0.01 ‘\\\\\
.0
R
-0.01 \Vﬂ
=0.02 Fpcw

-1.0 ~0i5 0 0.5 1.0

L.E. AR. T.E.
() V=10
0.002
—=— Heave
0001} = pa

O \\
B ‘\'\‘\o:;/.—'?
-0.001 >zf;//
—0.002 |-

*0'003 1 1 1 J
-1.0 -0.5 0 0.5 1.0
LE. AR. T.E.

(b) V=40
P21 KR 82 R 8 3 P AR 2 8 — Rl 3 B )
Fig.21 W acting on thin plate surface in one cycle undergo-

ing coupled LAH-LAP oscillation

0.1

--a-- Heave
-0 Pitch
—— Total

20 40 60 80
¥.
K22 RIEHEIZ 3PS
Fig. 22 W on thin plate undergoing coupled LAH-LAP oscil-

lation



BLARSC, A5 T A B PR IR 32 3 1 S R S AR E MR CFD AT A 281

4 & ®

AR SCEETAE B RLAE W H -z il i vk PR T
S e 2 LA 5tk 30 s B SE i S CED UL 58 T
V- MK R Bl Y B R A AR E T A BT b
LN

1) B[ iy B/ Rz 3 B, s T R 4
SRR W B E Y

2) L R R A s Bl AR sl AR E
i, A8 ) R G AR R B E A B2 R R
¥z s s ) R e R AR Bl
ook AU £ g i, L RO B s, s
AGUR AR ATE o

3) KIE AT I G iz s M, sh T RG89
RS, HARL Tk 20k A LS A W AR REIT
i R Y R g A

4) KA 09 R 5 oz 31 B s AR e ok
TR R FERY A RE S A A R e
UL AE T O AFDGS A/ o 284 108 25 M 0 il 0 3 il L i
By, s RGN REE Y 5 2 B 5 1]
iR M BRI B ) R G R AR E Y

S X #k:

[1] ZhuQ, XuY L, Zhu L D, et al. Vortex-induced vibra-
tion analysis of long-span bridges with twin-box decks
under non-uniformly distributed turbulent winds[J].
Journal of Wind Engineering &. Industrial Aerodynam-
ics, 2018,172: 31-41.

[2] Malik Josef. Sudden lateral asymmetry and torsional os-
cillations in the riginal Tacoma suspension bridge[J].
Journal of Sound and Vibration, 2013, 332(15) : 3772~
3789.

[3]  BLARSC. I 7 v BCT hr R UK 8 O R AT 5

(J). 93 TH# 44,2014, 27(3):377-384.
Zhu Zhiwen. Characteristics of along wind self-excited
forces of a cable under super-critical Reynolds number
[J]. Journal of Vibration Engineering, 2014, 27 (3) :
377-384.

(4] BUESC, B B0, 2, 45 . 2 B RHRII in 2 2% i B IR
By S5 S AT RS A R L)L R A AR
2019,32(10) : 247-256.

Zhu Zhiwen. CHEN Wei, LI Jianpeng, et al. Field ob-
servation of vortex-induced vibration of stiffening cables

in a multi-tower cable-stayed bridge with application of

[5]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

analytical mode decomposition[J]. China Journal of
Highway and Transport, 2019,32(10) :247-256.

Wu T, Kareem A. A nonlinear analysis framework for
bluff-body aerodynamics: A Volterra representation of
the solution of Navier-Stokes equations[J]. Journal of
Fluids and Structures, 2015,54:479-502.

BLAESC, A, A . i F 4 3 4 T Volterra # g
BB AR LR PERT S (7). b [ A B AR 4R, 2018,
31(1): 74-81.

Zhu Zhiwen, Shi Yaguang, Li Jianpeng. Research on
nonlinear aerodynamics of flat steel box girder based on
Volterra theory[J]. China Journal of Highway and
Transport , 2018, 31 (1): 74-81.

BLRESC, BT B, RS . T eh B R I R R
WEE[T]. TA J1%%,2008,25(8) : 23-30.

Zhu Zhiwen, Gu Ming, Chen Zhengqing. Study on re-
sponse characteristics of two-DOF aeroelastic system
[J]. Engineering Mechanics, 2008, 25(8):23-30.
Filipovic Nenad, Mijailovic Srboljub, Tsuda Akira, et
al. An implicit algorithm within the arbitrary Lagrang-
ian-Eulerian formulation for solving incompressible fluid
flow with large boundary oscillations[J]. Computer
Methods in Applied Mechanics and Engineering, 2006,
195(44-47) . 6347-6361.

Zhu Zhiwen, Chen Zhengqing, Gu Ming. CFD based
simulations of flutter characteristics of ideal thin plates
with and without central slot[J]. Wind and Structures,
2009, 12(1): 1-19.

Tau E Y. A second-order Projection method for incom-
pressible Navier-Stokes equations in arbitrary domains
[J]. Journal of Computational Physics, 1994, 115:
147-152.

WL Ak SO, BRI . 50 ERSE FDUATR S8 W 1T 14 B IR 5 0 B 4
e S DR [ ] v [ 2% B 2 4, 2004, 15(4) : 41-50.

Zhu Zhiwen, Chen Zhengqging. Numerical simulations
for aerodynamic derivatives and critical flutter velocity
of bridge deck[J]. China Journal of Highway and Trans-
port, 2004, 15(4) :41-50.

BUESC, B B PR SR T 3211 Z B BR#EE CFD #
AL B S BOR B RS LT ] R 3 T AR 244, 2008, 21
(1):18-23.

Zhu Zhiwen, Gu Ming, Chen Zhengqing. Identification
of flutter derivatives based on 3211 multi-step excitation
of CFD model [J]. Journal of Vibration Engineering,
2008,21(1):18-23.

Scanlan R H, Tomko J J. Airfoil and bridge deck flutter
derivatives[J]. Journal

ASCE, 1971,97(6): 1171-1737.

of Engineering Mechanics,



282 £ I N - 7 5 34 &

CFD investigation on aerodynamics and stability of a two degree-

of-freedom thin plate undergoing large-amplitude oscillation

ZHU Zhi-wen', YAN Shuang', WANG Qin-hua', LI Jia-wu’
(1. Key Laboratory of Structure and Wind Tunnel of Guangdong Higher Education Institutes (Shantou University) ,
Shantou 515063, China; 2. Highway School, Chang'an University, Xi'an 710064, China)

Abstract: In order to investigate the aerodynamic characteristics and aerodynamic stability of the two degree-of-freedom (2-DOF )
thin plate undergoing large-amplitude oscillation, the governing equations for arbitrary-deformed fluid domain in the two-dimension-
al incompressible form are numerical solved based on the Arbitrary-Lagrangian-Eulerian description and the finite difference method
in moving-grid system. Then, computational fluid dynamics (CFD) is employed to simulate the flow field around the thin plate un-
dergoing heave and/or pitch oscillation at various reduced wind speeds. The research finds that the aerodynamic system around the
thin plate is linear and stability when the thin plate experiences small-amplitude vibration in heave or pitch, and it is also linear and
stable even when the thin plate undergoes large-amplitude heave motion. However, when the thin plate undergoes large-amplitude
pitch motion, the aerodynamic system of the thin plate presents nonlinearity which will become significant and even turn into insta-
bility with the increase of reduced wind speed. Meanwhile, when the thin plate experiences 2-DOF oscillation with large amplitude
in pitch coupled with different amplitude in heave, nonlinearity will also be presented and be more significant with the increase of re-
duced wind speed. It is noted that such nonlinearity is generated from the large-amplitude oscillation in pitch. For the coupled vibra-
tion system with 2-DOF, when the vibration amplitude is small while the reduced wind speed is high, its aerodynamic system is in-

stable. While when the vibration amplitude in heave is large, the aeroelastic system will be stable.

Key words: aerodynamics stability; thin plate; large-amplitude oscillation; CFD; aerodynamic nonlinearity

EEB v 0 (1968-) , 5, ##% , +E 3 0W . HLIE . 13574876655; E-mail: zhuzw@shu.edu.cn



