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Fig. 1. Real manta rays group swimming.
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Fig. 3. Manta ray motion model view.
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Fig. 5. Tuna computational domain setup and mesh details.

Ay | S . N E' N » = N ™
0.03 TR, AR T , 785 Za 5 bt [a]
= R E N 0.5.
<
2 |
% 0.02 1.5
3 Body —— Coarse grid
© -# - Tail - - - Medium grid
g 0.01 | —&— Total -~ Fine grid b
-~ —¥— Present 1.0 N
2 o----- ° .
g or e 3
E . &) 0.5
n R
N J
—0.01 . . . . . :
0.18 0.27 0.36 045 0.54 0.63 0.72 0
St
5 z= 2 _05 . . . .
6 {ﬁfﬂﬁ?ﬁlﬁﬂéﬁ 4.0 4.2 4.4 4.6 4.8 5.0
Fig. 6. Streamwise force coefficient curve. t/T

B8 Il A% T 4 g 2R B £

Fig. 8. Thrust coefficient curves for different meshes.

1.5

— CFL =0.3
---CFL=0.5

Cr

P74 &
Fig. 7. Mesh detail view.

HE T IEEENR f= 1 Hz, JRIF A, = Ag = o . . . .
035BL’ iﬁﬁ W= 04 HTJ- E"J T&jj%ﬁ7 ﬁnFé—] 8 FJ:I: 4.0 4.2 4.4 T 4.6 4.8 5.0
. ARSI RS RIS B T MM TCORPEE0R,

TR, 48T, 1S s 40 AR ) R
Ebﬁm*ﬁjﬁd\ﬁm 0.0135BL. ﬁ*ﬂaﬂ:)ﬁT ] Fig. 9. Thrust coefficient curves for different time steps.
PREIE, HEHE T 05848 ms (CFL = 05) /4 it 4 8 5

0.3509 ms (CFL = 0.3) BI04 40 28

WIE 9 fi7R, CFL = 0.5 BTHRAE5RIAH, i fa) 5 AN SR T AR 5 | R R A AR

134702-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 13 (2024) 134702

Gedte ) RO AHEERCRBE R 7] [ B (D,) BYZE {1
B 7E 3.2 WHHTBUARAERT, 2T T kT
B, L RROK S 1 452R (Cr = 0.3256, n =
0.1043). A5 2 B0 ¥ 456 42 = 4E I 4514
YR U TR TP 2 3R 45 o o i 55 7 SE B BATE T 7K 3 )
YR i T B 2 A g DR A 7

4.1 KB A4

TR RGN A SRR ) R SR
B 1) (B 1 28 AL R 25 i £ 1] 10 v AT 10(a)
R A, 24 D, < 0.2BL I, AT | R e i
DA SRR RGeS, HARK T Az shit =
ey, UHGRAE D, = o(BNaE [ HEA) i, SEREH
PHEAAARHE T 4R R T R, SR R GEHE A LL B A i
B R Rk 74.46%. 24 D, = 0.3BL I, 450 e fis 1
TR KT 2K, 78 D, = 0.4BL BHETHR K
K 11.24%, Fifi 7R 0 i 7 1) [ B E— 2D 6 K 4T
W fit 4 7 SRR 855, XY D, = 1.5BL A, JLT

ST AR S e R
0.5 _(a‘) —a— g’]‘-]eader
—— Crfoliower
—4— CT.group
0.4
. 03} \ \\// yi:
10
0-21 C'r-single
0.1F
oL . . . . .
0 0.3 0.6 0.9 1.2 1.5
D,/BL
(b) —&— Nieader
0.12 —&— Nollower
= 0.08f m:v\
0.04
0 0.3 0.6 0.9 1.2 1.5
D,/BL

K10 AR BE TR IEREERR  (a) 0 RE;
(b) HHERERYL
Fig. 10. Hydrodynamic performance at different streamwise

spacings: (a) Thrust coefficient; (b) propulsion efficiency.
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Fig. 11. Wake structure and the definition of characteristic cross sections for the single swimming state of manta rays.
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Fig. 12. Wake structures of manta rays during swimming in staggered arranged group (D,= 0.4BL).
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Fig. 13. Wake structures of manta rays during swimming in staggered arranged group (D, = 0.8BL).
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Abstract

To investigate the hydrodynamic performance of manta rays swimming in staggered arranged group, a
morphological and kinematic model of manta rays is developed based on biological observations, and then a
numerical calculation method is established for group swimming of manta rays based on the Immersed
Boundary Method and the Sphere function-based Gas Kinetic Scheme (IB-SGKS). The group swimming of two
manta rays with a fixed vertical spacing of 0.1 times the body thickness, and a flow direction spacing of 0—1.5
times the body length is systematically investigated. The average thrust/efficiency of the group system and each
individual in the group are analyzed by combining the global three-dimensional (3D) vortex structure and the
characteristic cross-section two-dimensional (2D) vortex structure. The numerical results are shown below.
When the streamwise spacing between individuals is small, the propulsive performance decreases sharply
compared with swimming alone; as the streamwise spacing increases, the propulsive performance of the leader
manta ray is consistently better than that of swimming alone, with the maximum thrust enhanced up to 11.24%
when D, = 0.4BL, and the maximum efficiency is enhanced up to 3.58% when D, = 0.3BL; with the increase of
the streamwise spacing, in the thrust/efficiency curves of the follower manta ray appears volatility, with the
maximum thrust enhanced to 48.14% when D, = 0.4BL and the maximum efficiency reached to 12.39% when
D, = 0.5BL; the system average thrust and efficiency enhancement both reach their corresponding maximum
values, specifically, 29.69% and 6.77%, when D, = 0.4BL, which is because the tail vortex of the leading manta
ray just passes through the front edge of the follower manta ray and directly acts on the tip vortex that initially

falls off from the follower manta rays, thus substantially increasing their vortex energy.
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