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Effect of Flexibility on the Motion State of Filament in Vortex Streets
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(School of Aircraft Engineering, Nanchang Hangkong University, Nanchang 330063, China)

Abstract: In vortex streets, the motion state of filaments is closely related to its propulsion performance. Studying
the influence of flexibility on the motion state of filaments in vortex streets can provide reference for flexible design
of flexible aircraft in formation flight. In this paper, three different flexible distribution modes of filaments are given.
The influence of flexibility on the motion state of filaments in different vortex streets (including Karman vortices
and reversed Karman vortices) is explored by immersed boundary method, and the variation law of the motion state
of filaments changing with flexibility is summarized. The results show that when the flexibility of the filament chang-
es, the motion state of the filament will also change, from flapping between vortex streets to flapping outside vor-
tex streets, or from the latter to the former. Moreover, the variation of the motion state of the filament with the
flexibility is affected by the vertical dipole-induced velocity and the vortex transportation speed.
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Fig.2 Three flexible distribution modes of the filament
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Table 1 Physical parameter settings in the comparative

experiment

i) Re U. D, ! 9 K,
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Table 2 The motion state of the filament
varies with the stiffness

Fik=2 St A, K, i HRA
Al 0.16 1.72 10 °~5x107 11—l
A2 0.16 1.72 10~ *~10""° L%
B1 0.26 1.29 107 °~10"* 37—l
B2 0.26 1.29 2X107'~107° L%
Cl1 0.22 1.72 10°~8x10"* 1 —
C2 0.22 1.72 107° L%




58 i as TR

Lk 13 %

FEE A AL, 25 10°<K,<5X 1070 , 41 22 1y
KM BERB S . 1E S A2 LY 10°<K, <10
BF, 4 22 — B AE i i — iz 3l . % 40 2252 FIR S
K He A T X L Y K, (B AR K T M (4 40 22 )
JE RT3 EI 40 22 A SR A28 3, > Al 22 W B2 /)
TR I, 40 22 75 W — IS B ) K K, I
(B JT A 1 DX T) Bk 22 Ay ao 98 DX MR] . 3 it % L AL A
A2, AT LG 7E St=0. 16 , A, =1. T2 W% & F ,
O 24 B4 32 BIHR 75 B 3 8 A 0 B K 3 38 I (1]
J(5X107,10") . i X B1 AT B2, A LG H
M S=0. 26, A,=1. 29 B} , K, 1 ¥ X 1] H (107, 2 X
104, ot % C1 A C2, KM Sr=0.26,A,—=
1. 29, Ky 3o ¥ IX ] 7 (8 107,107) . [, 38 it
b H A TR K s 50 X B 3 87 69| Vi, | /] v | BT
DL, 2| Vi |/ V, [BOCEE, K,  38 X T £ 4
K (Wi 3P ) B4 | Vo |/| v, |t
LA W B R 1 A 2 F B AR 4 A 103 i TP A R A 2
By, W E /N B 3R 550 1Y 40 22 23 90 33 0 5 510
AN, FE T 1 — I $2 5) ,

%3 KX S| Vi, /| v, B e R

Table 3 The corresponding relationship between K,

transition interval and| Vi /‘ v, ‘
Ve |/ v, ] R {95 1% 1
0.195 (5X10 7,10 %]
0.200 (10 4,2x10%]
0.300 (810 *,10 7]
(3) 24 0.3<| Vi | /| v, |, 40 22 9 32 ok 25

NAE D — iz 3, B A0 22 1) R VE A0 22 AR IR IR
Fefeim i — Mz sl T Vi BE R, 8 XTHE
e BT 1A b S B AR, HL W B e A R
e 1 B 0 B2 B0, AR 22 AT R 8 Y ] 5z B 3 i
AR LM CER M), 7 R B0 R 46 22 /9 11
JERER , 4 22 1 2 B B 9 4 M

3 & it

(1) ARSCER Y T I e Al i 278 e P
At F0 53 B M I3 A = b 4 22 22 P A B, A F b
RS (R RESE R RITRE), SRS

RO Ry, A 22 2 1k, 22 s s iR B &
L

(2) 4 2212 F R 25 BE 3 1 04 728 A ML 32 T X
T B 5 1) b 04375 S R I 1] T 90 A i RE
SEE S, O HL WIRE 85K B 4 22 061 1) T A i A o
58 ¥ az 2y, T W RE 52 /0N ) A 22 46 1) 7 i 1 —
iz 3zl .

FAETRAT AR H FEK T WUAT AR E 2E 1T 2 BA AR
FrIF, AR i 3 S A, %R e A E A E R R
P i RE A8 B 2 PR AE L WA 1R A Y R ik —
Wiz 3f, 38 2N T, 1 2R B H Y

5% 3Lk

[1] WANG S, ZHANG X, HE G, et al. Numerical simulation
of unsteady flows over a slow-flying bat[J]. Theoretical &.
Applied Mechanics Letters, 2015, 5(1): 5-8.

[2] YUY, GUAN Z. Learning from bat: aerodynamics of ac-
tively morphing wing[J]. Theoretical and Applied Mecha~-
nics Letters, 2015, 5(1): 13-15.

[3] ZHU L, PESKIN C S. Simulation of a flapping flexible fila-
ment in a flowing soap film by the immersed boundary me-
thod[J]. Journal of Computational Physics, 2002, 179(2) :
452-468.

[4] ANEVLAVI D E, KARPERAKI A E, BELIBASSAKIS
K A, et al. A non-linear BEM-FEM coupled scheme for
the performance of flexible flapping—foil thrusters[J]. Jour-
nal of Marine Science and Engineering, 2020, 8(1): 1-3.

[5] FUJ, LIU X, SHYY W, et al. Effects of flexibility and as-
pect ratio on the aerodynamic performance of flapping wings
[T]. Bioinspiration and Biomimetics, 2018, 13(3): 1748.

[6] TIVERSON D, RAHIMPOUR M, LEE W, et al. Effect of
chordwise flexibility on propulsive performance of high iner-
tia oscillating=foils [J]. Journal of Fluids and Structures,
2019, 91: 102750.

(7] sk, WRIEST, 907 R m) 22 k%) F 32 40 5w IR 1Y

BAEHTLT]. TARJI%, 2013, 30(2) : 419-426.
ZHANG Yunfei, YE Zhengyin, XIE Fei. The numerical
analysis of the reason for the effect of spanwise flexibility on
flapping wing thrust[J]. Engineering Mechanics, 2013, 30
(2): 419-426. (in Chinese)

(8] PENG Z, ELFRING G J, PAK O S. Maximizing propul-
sive thrust of a driven filament at low Reynolds number via
variable flexibility[ J]. Soft Matter, 2017, 13(12): 2339.

[9] KELSEY N L, PATRICKJM, LAUDER G V, et al. Ef-
fects of non—uniform stiffness on the swimming performance
of a passively—flexing, fish-like foil model [J]. Bioinspira-
tion & Biomimetics, 2015, 10(5): 056019.

[10] RAMANANARIVO S, GODOY-DIANA R, THIRIA B.



%1

X1 5 88 - A X I 18 v 20 225 Sl bR A B 5 e 59

[12]

[13]

[14]

Rather than resonance, flapping wing flyers may play on
aerodynamics to improve performance [J]. Proceedings of
the National Academy of Sciences of the United States of
America, 2011, 108(15): 5964-5969.

WOOD R J. Effect of flexural and torsional wing flexibility
on lift generation in hoverfly flight[J]. Integrative & Com-
parative Biology, 2011, 51(1): 142-150.

ZHU X, HE G, ZHANG X. How flexibility affects the
wake symmetry properties of a self-propelled plunging foil
[J]. Journal of Fluid Mechanics, 2014, 751: 164-183.

ZHU L D. Interaction of two tandem deformable bodies in a
viscous incompressible flow [J]. Journal of Fluid Mecha-
nics, 2009, 635: 455-475.

WEIMERSKIRCH H, MARTIN J, CLERQUIN Y, et al.
Energy saving in flight formation[J]. Nature, 2001, 413:
697-698.

PORTUGAL SJ, PORTUGAL T Y, HUBEL JF, etal.
Upwash exploitation and downwash avoidance by flap pha-
sing in ibis formation flight [J]. Nature, 2014, 505: 399~
402.

LIN Xingjian, HE Guoyi, HE Xinyi, et al. Dynamic re-
sponse of a semi—free flexible filament in the wake of a flap-
ping foil [J]. Journal of Fluids and Structures, 2018, 83:
40-53.

EEAR, TOR, JPMk . FHEMHRIERITInE Dz
M 1431, Bl#sm i, 2008, 53(22) : 2687-2691.
WANG Siying, JIA Laibing, YIN Xiezhen. Kinematics and
forces of a flexible body in Karman vortex street[ J|. Chinese
Science Bulletin, 2008, 53(22): 2687-2691. (in Chinese)
ZHU L D, PESKIN C S. Simulation of a flapping flexible

filament in a flowing soap film by the immersed boundary

method [J]. Journal of Computational Physics, 2002, 179,
452-468.

[19] SUSW, LAIMC, LIN C A. Animmersed boundary tech-
nique for simulating complex flows with rigid boundary [J].
Computers & Fluids, 2007, 36: 313-324.

[20] HE Guoyi, WANG Qi, ZHANG Xing, et al. Numerical
analysis on transitions and symmetry-breaking in the wake of
a flapping foil[J]. Acta Mechanica Sinica, 2012, 28: 1551~
1556.

[21] GODOY-DIANA R, MARAIS C, AIDER J L, et al. A
model for the symmetry breaking of the reverse Bénard-von
Karman vortex street produced by a flapping foil[J]. Journal
of Fluid Mechanics, 2009, 622: 23-32.

[22] bRAELFF . R BEIT 4k i3 3 b i AR g 2 BL AT 5T
[D]. BB Bz, 2017
LIN Xingjian. Numerical study of the fluid dynamic mecha-
nism in fish school and bird flock[D]. Nanchang: Nanchang
Hangkong University, 2017. (in Chinese)

EE B

X F(1996—) , B W WFoE A . EEAFS I (AT R A
AR JRBETT T RLR A 2

AER(1968— ), J Wit 28z, REMR I T8
A BT R 12

T E (1996 — ), Lo W HAF 58 A4 . FBMFFE DT 1 KAT AR
AR TR S

T OB(1963—), B MW+ k. FEMR T m . G A

Beits

(4R35 : MFE1R)



