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B K] B K T — a2 B I, 5 e e i i) i 2 —
A B3R A 8 5 ELAS I T )l B 5 ) A AR i AR 4k
WG R /N — o BUE R, 3 ) 0 R 55 5k 4 5
HEZNREES. NE20) T LIES], 26155
) 1 24 4 0 S B -2, AN B A9 4 7K S ) B R 3 1
FERE B kAR, 26 2 Bt B T R 1 2(a) %o iy Y 3
FlORZS . BRI S, U 2 A0 5 HES1 (G/L=0.4)
s 4 2 o B e K, M S HE S (GIL=6.4) B} Hk
FEATHES B e 0E B A /. e [ 2np ik ] LU R IR
[B) 5 Go/L=1KF, 7 I v J # 5 25 14 21| d/L=0.8H} 74" 2
TE WA HES, 1024400 4G 6] 5K Go/L=20, T [ i %
P A B d/IL=0.75E S TE O HES, A 22572

R T B HGJE A0 4 ke RS R A Gz B, B3

(a) GyL=1 _daL_

(7

()

B 3 fifE L RN BET T ARk, (8) FIEEIBEGe=L; (b)
1 43 1A FE Go=6L
Figure 3 Time histories of vertical spacing between the trailing edges

of two tandem filaments with different initial horizontal spacings. (a)
GO=L; (b) G0=6L

2097



M % B B 2017ET7H $62% £19#

S8R T R[] 40 s 7K S T B R 2 1) e % B A 0
J& 4 22 BB 2k W o1 B8 22 B I (] 1 A8 k. 24 Go/L=10 (&
3(a)), FILAE AT 4022 B % 1 0 55 728 Ak 22 B
FpASTR] (R A 200 565 U J2 3 1] e B 1 25 d/L=0F10.7H,
5 4 22 R 2 A5 AR 1k 22 B AR IR 4K, 14 J 0] i B L
AP RN AT, 55 2R & 2 dIL=0.81, BZ N F 22748
b B BEAE /N, 1A JEL I B PR A D W R 4L T 2
Go/L=6MF (E13(b)), HHBLT B L F8 22 IR R 5k
(IAETE, RIS H O Bl P fne 5. 5 2%t
AL, AT Go/L=1A H B AY P Fh B s bR 2 43 501 et
N7 A7 HEF AN AT HES AR A, Hod an s HESR S
RSS2 AR AT R A, M HEFR A 1Y
R 2 AL LATI2ZN B, 75— i, Go/L=6
A B B S 0 TS HESDIR S, B RS 22 A
FELLT M JE 3.
AR N2 B A EAE A, AR
T4 2 1 2 [ 457 F% FTBH 7 B A [ 79 A2 £k DL KOS ] B

(a) Single ____
0.2 I *Eygi i

-----

e (b) t(7)=0.05

. —_
-
2

"“62 60 -58 —?{6 -54 -52 -50

E(c) t(1)=0.3
>0 -

-62 -60 —5%{ -56 -54 -52

-2

&) (=055

>0 ®

-64 -62 ——GUX—EB -56 -54

-2

(@) t (=08

L}
>0

_2—66—64—62)—(60—58-56-54

ZIR Bt 8 T F BT, Bl4@%GH T
BN A 1 22 7E RN AT HEAN 22 M R 32 30 2 505 BT R
S 10 T ] v A% R RH g 32 B0 1440 30 R 9 i 22 4k
ATLAE R, 22 HT S sh B e M2 s, g2z i
A BN PP TIE” 2280 i T VA= W 411 4 SE
AhF Ay, B R, A 2B R Ry s
Bly, JUTDLAH 22 17 Gk A I 06 w0 A 07 BT 2, TR
o SV I 2. P A(b)~(e) T I A R A
B3 %) i s 0 et T, AT LB A 22 ) RS B 1A~
JE3 PN 2 JE 95 — 5 — 55 P AN 15 7 1) RN R A B0 )1,
Y 22 T 2 Zoad A 0 IR N 2 R i TR, TE Y
ETimE, FeAEHET. FA(F) AG/L=1, d/L=01%
(R I 20 22 R Gk i B8 2 TN R I 20 22 W BHL ) 22 2807 14
3 E I AR A, T HE AN 22 B T2 00 B AN A0
2B R — It T 2%, T LUE Bl
B Gk A5 7% 25 1) A8 Ak 32 30T 40 22 11T 2% 1 45 S T[] s oy
SRS Znla. miHELN 22 9B 1 R B0 T3

76 14 12 10 8 66

B 4 (PIZ8ASRS () ki i e 37 B A3 7% 22 FIBE ) SR U BERT TR 78 1k, (2) SN2 22T Rale 1] .7 R AN 22 B REE 1 A RN i 284k
(b)~(e) 4 I ZIRBE TR 37, (F) PN RZZAE WA /KT ) o/l =1 1 i B2 d=0 I 5 5 20 22 Rk i (885 26 MIBHL 1 B 80E LM Asl A N Y

A4 (9)~() 4 I 2 BRI Y. i BUEAE R -3~3, IR 1

Figure4 (Coalor online) Instantaneous vorticity field and time histories of the drag coefficient and vertical spacing of the two filaments. (a) Variation
of vertical position of leading edge and the drag coefficient of a single self-propelled filament in a flapping period; (b)—(€) instantaneous vorticity con-
tours of a single self-propelled filament at four instants; (f) variation of vertical spacing between the trailing edges of two tandem filaments and drag
coefficients of two filaments with Go/L=1 and d=0, where drag coefficient of asingle filament is also included for reference; (g)—(j) instantaneous vor-
ticity contours of two tandem filaments at four instants with Gy/L=1 and d=0. The vorticity contours range from —3 to 3 with an interval of 1
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Figure5 (Color online) Instantaneous vorticity field and time histories of the drag coefficient and vertical spacing of the two filaments. (a) Variation
of vertical spacing between the trailing edges of two tandem filaments and drag coefficients of two filaments with Go/L=1 and d/L=0.7; (b)—(€) instan-
taneous vorticity contours of two tandem filaments at four instants with Go/L=1 and d/L=0.7; (f) variation of vertical spacing between the trailing edges
of two tandem filaments and drag coefficients of two filaments with Gy/L=1 and d/L=0.8; (g)—(j) instantaneous vorticity contours of two tandem filaments at
four instants with Gy/L=1 and d/L=0.8. The vorticity contours range from —3 to 3 with an interval of 1
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Figure6 (Color online) Instantaneous vorticity field and time histories of the drag coefficient and vertical spacing of the two filaments. (a) Variation
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ous vorticity contours of two tandem filaments at four instants with Go/L=6 and d=0; (f) variation of vertical spacing between the trailing edges of two
tandem filaments and drag coefficients of two filaments with Gy/L=6 and d/L=0.7; (g)—(j) instantaneous vorticity contours of two tandem filaments at

four instants with Go/L=6 and d/L=0.7
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Stable states and mechanism of self-propulsion of two tandem
filamentsin viscous flow
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* Corresponding author, E-mail: hwx@tsinghua.edu.cn

Fish schooling behavior contains very interesting but complicated hydrodynamics. A simplified and classic fish
schooling model was simulated and analyzed in the present study, by using two self-propelled flexible filaments in a
tandem arrangment. The two filaments plung harmonically in the vertical direction and are free to move in the horizontal
direction in an incompressible viscous fluid flow. The simulations were carried out by using an efficient immersed
boundary projection method, where the additional momentum forcing is calculated in an implicit way and an
approximate factorization procedure is applied to solve the incompressible Navier-Stokes equations. The coupling
between the fluid flow and the flexible structures is realized through the additional momentum forcing. In the immersed
boundary projection method, both the pressure and the momentum forcing are considered as the Langrangian multipliers
to satisfy the continuity constraint and the no-slip condition at the immersed boundary, respectively. To ensure a long
period simulation, a non-inertial frame, which is fixed to the leading edge of the upstream filament, was adopted in the
Navier-stokes equations and the structure motion equation, by introducing a trandational acceleration in the motion
equations. In this way, it significantly reduced the computational cost by avoiding a large compuational domain.
Two-dimensional simulations were performed in the present study. The Reynolds number based on the plunging motion
was fixed at 200, while the different initial horizontal and vertical distances between the two filaments were considered
in simulations. The stable states of the two tandem filaments and the mechanism of the vortex interactions were mainly
concerned. The numerical results reveal that three stable states are formed with different horizontal distances and vertical
distances between the two filaments, i.e., long-distance tandem state, short-distance tandem state and paralel state. For
the long-distance tandem state, the upstream filament performs like the single-filament case and the motion of the
downstream filament always tends to be convergent with different horizontal and vertical distances. The downstream
filament was found to move through the upstream shedding vortices, and was barely affected by the offset in the vertical
direction. For the short-distance tandem state, the shear layer of the upstream filament is merged with the shear layer of
the downstream one before it is shed from the filament. This effect generates a strong vortex shedding, and consequently
the propulsive force is enhanced with the cruising velocity increased as well. As aresult, phase gaps of motions and drag
forces between the upstream and downstream filaments arise. For the paralle state, when the initial horizontal distance of
the two filamens is small while the vertical offset is large enough, the influence of the upstream vortex on the
downstream filament is decreased. So the downstream filament moves forward and the parallel state is formed. In this
case, the shear layers of two filaments shed synchronously and strong vortices are formed in the wake. Meanwhile the
windward aera are about twice as compared with the tandem states, thus the cruising velocity is reduced. In summary, as
a result of the interactions between upstream vortices and downstream vortices/structures, the forward speed of the
parellel state is the slowest, and that of the short-distance state is the fastest, while that of the long-distance state is
middle among the three stable states.

self-propulsion, flexible filaments, fish schooling, immersed boundary projection method, non-inertial frame,
stable states, vortex interaction
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