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Numerical simulation of propulsion mechanism and swimming
performance of 2D fish autonomous swimming
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Abstract: The propulsion mechanism and swimming performance are of great significance to the construction
of fish migratory channels. By using computational fluid dynamics method combined with overlapping mesh
technology, the two—dimensional fish autonomous swimming was simulated by compiling the UDF program
for controlling fish body swing, analyzing the evolution process and parameter changes of fish body pressure
field distribution and inverse Carmen vortex street structure, carrying out the changes of fish swimming per-
formance and fish body force under different parameters of tail swing frequency, tail swing amplitude, fish
body shape and tail fin size, etc., and revealing the swimming mechanism of fish in the process of autonomous
swimming. The results show that: (1) the fish body’s tail fin periodically swings back and forth under the for-
mation of anti—Carmen vortex street, which is the main source of the fish body forward thrust, and with the in-

crease of tail swing frequency and tail swing amplitude, the fish body tail vortex street length and vortex street
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strength gradually increase, while the effect of tail swing amplitude on the vortex street width is greater;(2)
with the increase of swinging frequency and swinging amplitude, the horizontal mean coefficient of synergy
and the maximum lateral force coefficient increase, which makes the fish obtain a larger swimming speed, but
the increase of mean coefficient of synergy and swimming speed is more obvious when the swinging frequency
has been changed, and the increase of maximum lateral force coefficient is more obvious when the swinging
amplitude has changed; (3) with the increase of body width index, the horizontal average coefficient of force
gradually decreases, and the swimming resistance to be overcome increases, which makes the swimming
speed of fish gradually decrease, while the maximum lateral force coefficient gradually increases; (4)and with
the increase of caudal fin index, both horizontal mean coefficient of force and maximum lateral force coeffi-
cient increase, which leads to the gradual increase of swimming speed of fish. The results of the study can pro-
vide a support for fish habitat restoration.

Key words: propulsion mechanism; swimming ability; tail swing frequencys; tail swing amplitude;

body width index; caudal fin index
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Fig.3 Validation of numerical calculation method
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Fig.4 Pressure and vortex distribution in the flow field at different moments (7 is the tail fin oscillation period)
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Fig.5 Distribution of vortex structure in the tail of the fish with different swimming parameters (Color scale unit: s™)
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Fig.6 Variation of swimming speed under different swimming parameters

0.9
——f=0.16Hz =056 Hz.
0.8 LI——7=0.24 1z =064 Hz
——f=032 Hz £=0.72 Hz
0.7 L——/=040Hz =080 Hz
U f=0.48 Hz f=1.00 Hz
06 |
T
fos
[==]
S04t
03|
02|
0.1
00 L i s \
0 5 10 15 20
s
1k 327
(a) $ERENIH
0.007 — 035
—— YA NFH
—=— Bk J &5
0.006 - 030
0,005 025
[ i
B (&)
ﬁ 0.004 020 3
k 3
R W
o003 | 015 B
.‘—EF B
0.002 - 010 K
i3
0.001 0.05
0000 1 1 1 1 1 1 1 1 1 00
01 02 03 04 05 06 07 08 09 10 11
RS
(a) IR

Hifsshith

R ——

(a) b/L=0.13

FHG S REC,

0.030

0.025

—— TR AY

—— SR ) R

0.020
0.015 +

0.010

0.005

0.000 . . 0.15

0.1 0.2 03 04
1A
(b) $RFENRE

K7 ANFEHESHZEC R R B2 £
Fig.7 Variation of force coefficients under different swing parameters
3.2 SRR XS iR I AR
(1) ffRGEE
FAOCAISE R, 2 Sl Ry R TR, R e e 2 i 28 HAT RGP RO, DAt b>
BH 3PN AR SCHEST AN [ A T8 48 B0 A B B AR ARLDR AR [RHAIE 1 1.2 (181 8) , DL 43 B (A4 Xof
FUSZMR AL . 1819 43Sl 48t T # SRR X i 2l R AR T ) AR BB AR S8 B B AL L

e

(b) b/1=0.14

———

——

(e) b/L=0.24

P8 ARl w48 E T ) f fAAsE A
Fig.8 Fish body models under different body width indices

(d) b/1=0.18

(¢) b/L=0.15

==



1566 MR S 2# 5528 B 104

H1 119 Ca) T, BB 1A S5 K50y B0 380 , A0 S0 380 35 50 i B i34 o e 8 5 9 il /1 , 32k 381 ) A A X
Uir sl FE BTN . 9 () ] AEAH R B R R SRR R, S35 5 1 R BB AR A 5E
Ry A SEII0T00 T2 /)N, 2 ] e A P G415 50y R ) £ S 7 2w IR B i B e s BEL 7 5 e Al i) 7 %
b4 ERER LN LR =S OB DTS o bl IR SR el 02 2

07 0.017 - 0315
—— THENRH
0016 —e— KA ) 74
06 | Ho310
0.015
05k _ 004 40305 ,JE
~ '% 0013 | &
- =z i R
no4r W 00 0.300 Q\
=) R >
= 4 oon =
503+ = 10295 =
i 0.010 K
=] mb(
02 0.009 Jo200 &
0.008
o1 b H 0285
: 0.007 F
) ) ) ) ) ) 0.006 L L L L L 0.280
0.0 0 5 p p s o 0.12 0.14 0.16 0.18 0.20 0.22 0.24
tls R3Sy
(a) FEXHIR 2 2 (b) fEHI 1 &8

B9 AFA TR BT a2z sk R AR Tk iih £k
Fig.9 Variation of fish swimming performance under different body width indices
(2) BEERAT
RS 85% 1yt 25 % ] B A/ 2 6% (Body/Caudal Fin, BCF)JEFEI, 8 1o B A & R #E 1 PR 5
SR 7 A AR A 19T 1w 5 A 4R At , DS B D S s e sl SR AT R T R S TR X 4k
PR 118 52 120300, T AR S ST AN (7] R 8 4 8500 0 2B A TR, & 10 [, LA A3 #r fa 2 R R X L
WEshA TN AISE MR . (&1 11 2045 0 T fa KRR oyt ol o B A FH o 22 bt Ak 2 8 B AR A A

1LLE0.02_| L=0.05 1.L3=0.02_| L=0.02, 120.05 1 L3=0.025 _, \LL=0.02_| L=0.05 o L=0.03 _
fr sk B FTB FeER
(a) L/1=0.22 (b) L,/L=0.26 (¢) L/1=0.30
1L=0.02, L=0.05 e L0035 ) 1L=0.02, L2=0.05 L L=0.04 ]
(d) L/1=0.33 (e) LyL=0.36

K10 Al 2 g5 T A9 £ AL (A 2 m)
Fig.10 Fish body models with different caudal fin indices (Unit:m)

T 11 Ca) ], BE T FE S5 45 K0 6 B N, #  ia Je 20 [ B f) o 38 52 494 K 3k 30 ) i AR e

0.9 0.014 _ . 0.34
——8=022 ——5=0.33 —— A NEH
0.8 [——96=026 ——8=0.36, et YNLVES Tox
——58=0.30 0013 L
0.7
0.6 < 0ot
—~ 1<
‘ g
]
2 0.5 :
= N oo -
=
< 04
S <o
2 o010 |
0.3 !
o
0.2
0.009 &
0.1
0.0 L L L L L L 0.008 L L 1 L 1 L 0.16
0 > " o o 0 I 4 02 02 026 028 00 02 0% 0%
tls iR
(a) AR ) B2 R (BEVIES ¢

K11 AR R SR T 2 s PR A th £

Fig.11 Variation of swimming performance under different caudal fin indices



55104 s« 28 A s S i SR RE - 1567

ot

Wrsh AL IZ S K . A B 11 (h) Al A AE AR [ 3 R SRR R R, N 1a) P15 ) R ki 1A R
A1 KA & 1) HE T T8 T R O, e P A2 AR R 0 5 K50 S AR 14 0 I T AR A B s A0 sl 4 5 B A 1)
77 2 R B A0 VR FE S R & M TN IR I, A BE KR , SR W] R B X 0 2R sl B G

4 & i

ARTCR ] CFD I A4 & & MRS AR i 026 A W shdb Ay 7L, 204 1 IR 135004 S
R LA R S 2B O0, IRAIRIE T W s HESENLEE, i 1o Bl 458 R R %
RAIE , 38 1tz TR K lis sh PERE R84, EEEHE T

(1) kR IR = 80T, PR A IE U T 22 3100 )5 A% 8l , 16 R 8™ A= A Jie e J7 1]
FR BB | I 8 I8 S R T T T, P I — BRI LE A SR, Je AT R 0 i 20 IR, LA
PR BRI, A R IR i i B N, (B S R 1T 7 00 B RS s B SRR R
RSN, f AR B SR T T B I R A D L i 17 B 34 BT R T

(2) IS TR Gy BORR BB Bl AL (3R 0K, N e o 5 i (8 BEL T3 58/ , £ 28 22 i sk e sl Rk
&5 Bl U S 5d B A HE N, £ BE 7B W N, e LR RIS E KBRS . BER AR A2 R IR 4
T, N1 245 T ZR ORI R R AN 15) T3 2B K (A5 40 S ARAT B A il Sl s 5, {HS8 R AR ek A o
S48 5 0 2R BRI i 0y AR B KN B Sy B S, 42 R R N A 1] oy 2R ) K R B

(3) B VR SE 48 B I N , DA 1w - 25 5 ) R EOZ W /), £ 387 i AR b R ve IR B v A i sl R
T, A 2l 38R TN T B R ) g AR RO (H AR R . BERE R R, A
6] P35 5 ) R BGE B EOR , A0 2 U sl A v R AR A B v (X AR T (A O 50 R A K T e K
RIS 5623 sy IIa Sl 1213 SR 5 NI 1D == =3 NG i < o ) S S T 8

& £ X

[1] B8, AR, BRASEL . 154K 3h 1 26 98 R 453 [T1. VAN 1 2%, 2020, 24(7): 962-970.
Wei Xizhong, Shen Hongcui, Chen Weizheng. Review on the research of bio—hydrodynamics|J]. Journal of Ship Mechanics,
2020, 24(7): 962-970. (in Chinese)

(2] AT, W] e, /N, AF T PIV I REE BREAPUR TR ) GRS R[] 5590 71°7, 2019, 34(2): 289-300.
Yu Yingjun, Hu Xiao, Shi Xiaotao, et al. Analysis on the pressure field characteristics of schizopygopsis younghusbandi Re-
gan tail swinging based on PIV[J]. Journal of Experimental Mechanics, 2019, 34(2): 289-300. (in Chinese)

[3] FAA, FHLE, m B AF . MIFRas i PIV SLIe B SR []. SEgeinid 7127, 2020, 34(5): 20-28.
Wang Fujun, Wang Hongping, Gao Q, et al. PIV experimental study on fish swimming vortex structure|J]. Journal of Experi-
ments in Fluid Mechanics, 2020, 34(5): 20-28. (in Chinese)

[4] WS, B W%, ik FF, AL LRI BRI E AR (PIV) Y [ R il sh B gl ) SRR AT (0], G822 4R
2021, 36(5): 833-841.
Yang Guodang, Hu Xiao, Zhang Ben, et al. Analysis of hydrodynamic characteristics of grass carp Ctenopharyngodon idellus
juveniles under free—swimming status based on Particle Image Velocimetry (PIV)[J]. Journal of Dalian Ocean University,
2021, 36(5): 833-841. (in Chinese)

[5] 7k S 81 BE ApEGE, 5. ST R 389 5 g s S Ao D). K 01k L 2ER, 2021, 40(6): 79-88.
Zhang Ben, Hu Xiao, Yang Guodang, et al. Hydrodynamics of juvenile grass carp (ctenopharyngodon idellus) in steady swim-
ming based on pressure field[J]. Journal of Hydroelectric Engineering, 2021, 40(6): 79—-88. (in Chinese)

6] £ 5% BRaE57, 1) g, 45 a2 | Rl shK sh 4R BB AR, J125244, 2012, 44(1): 179-183.
Wang Liang, Chen Zongfang, Fu Qiang, et al. Numerical simulation of the hydrodynamic of self—propelled fish swimming|[J].
Chinese Journal of Theoretical and Applied Mechanics, 2012, 44(1): 179-183. (in Chinese)



1568 MR S 2# 5528 B 104

(7] E3C4, M, Bl B, 55 TR AR AR B S BRI T 172274, 2014, 31(5): 646-651.
Wang Wenquan, Hao Dongwei, Yan Yan, et al. Numerical investigation of freely self—propelled flexible fish using immersed
boundary method|J]. Chinese Journal of Computational Mechanics, 2014, 31(5): 646—651. (in Chinese)

[8] fHEz, sk A, X/NR . — iy 2Rt 5 20 sh 1K 3 1 2R3 (. 7494 538 2441, 2016, 50(2): 138-144.
Yan Huiyun, Zhang Haolei, Liu Xiaomin. Numerical analysis of hydrodynamics characteristics for autonomous swimming of
bionic tunas[J]. Journal of Xi’an Jiaotong University, 2016, 50(2): 138-144. (in Chinese)

(9] A%, BHEsE, /0, % U5 2R 08 WSl 97K 3 01 AR S CHSE PR S T, P4 R 2 i (E AR B AR,
2018, 43(3): 1003-1012.

Zhou Jianjun, Mao Zhangliang, Shi Xiaotao, et al. Numerical analysis of hydrodynamics characteristics and influence factors
for self—propelled swimming of bionic fish[J]. Journal of Guangxi University (Natural Science Edition), 2018, 43(3): 1003~
1012. (in Chinese)

(10] Jl %2, 58, BHEsE, 2 WU ARAF T 2Rt [ W Eh AT A BEIE). B 272412, 2022, 39(5): 908-914.

Zhou Jianjun, Yuan Xianbao, Mao Zhangliang, et al. Numerical analysis about hydrodynamics characteristics for autono-
mous swinning of bionic fish in counter flow[]]. Chinese Journal of Applied Mechanics, 2022, 39(5): 908-914. (in Chinese)
(L] AR, X%, i SRR, 45 7 AR L A Dt f8 3 (4 K 3l 0 P BEEUE AL, A TP R R 22 2 3R (H SRR ),
2020, 48(7): 33-309.
Feng Yikun, Liu Huanxing, Su Yuanyuan, et al. Numerical simulation on hydrodynamic performance of fast—start for bionic
robotic fish[J]. Journal of Huazhong University of Science and Technology (Natural Science Edition), 2020, 48(7): 33-39.
(in Chinese)

(12] AL, 95 B, 18 s, 25 . D7 AR LAR 48 A 32 0 s i BT 38007 1% S AL A8 BHE R 22 2 i (A AR B2 ),
2019, 47(12): 18-24.
Feng Yikun, Su Yumin, Su Yuanyuan, et al. Study on numerical simulation method and mechanism of bionic robot fish's
self—propelled swimming[J]. Journal of Huazhong University of Science and Technology (Natural Science Edition), 2019, 47
(12): 18-24. (in Chinese)

(13] A2 30, 5 £ B, i Ut 25 0y 0 28 e s U 428 3l 3K 3 3 PEREWE T ()] A rp BHE R 222 4 (A AR i),
2019, 47(3): 38-43.
Feng Yikun, Su Yumin, Su Yuanyuan, et al. Numerical simulation of hydrodynamic performance of flapping foil in fish-like
swimming[J]. Journal of Huazhong University of Science and Technology (Natural Science Edition), 2019, 47(3): 38-43. (in
Chinese)
[14] Videler J J, Hess F. Fast continuous swimming of two pelagic predators, saithe (pollachius virens) and mackerel (scomber
scombrus): A kinematic analysis[J]. Journal of Experimental Biology, 1984, 109: 209-228.
[15] F 5% JETIEATE i 0 i B 207 sh BUE B 551 ). 7K 3 J 0t o5 50k A 4, 2013, 28(3): 324-330.
Wang Liang. Numerical simulating of self—propelled bionic fish swimming based on tail-beat frequency control method|[J].
Chinese Journal of Hydrodynamics, 2013, 28(3): 324-330. (in Chinese)

[16] T, L%, 45 A, 4. 55~ 6 - SR (0 8 ROE RO E I LB FE(I]. LRGP RL, 2005, 33(9): 1660-
1662.
Ding Shuquan, Zu Guozhang, Wei Zhong, et al. Study on the growth and development of grass carp, silver carp, bighead and
black carp[J]. Journal of Anhui Agricultural Sciences, 2005, 33(9): 1660-1662. (in Chinese)

[17] Sun Xiaojing, Zhang Jihua, Huang Diangui. Energy harvesting characteristics of an inward—type flow device undulating in a
fish-like motion[J]. European Journal of Mechanics/B Fluids, 2020, 79: 419-427.

[18] Wang L, Wu C J.An adaptive version of ghost—cell immersed boundary method for incompressible flows with complex sta-
tionary and moving boundaries|J]. Science China (Physics,Mechanics & Amp; Astronomy), 2010, 53(5): 923-932.

[19] Lucas K N, Lauder G V, Tytell E D. Airfoil-like mechanics generate thrust on the anterior body of swimming fishes[J]. Pro-
ceedings of the National Academy of Sciences of the United States of America, 2020, 117(19): 10585-10592.

[20] EAR, ASCHE, 22 075 . —4EplofRa2sh stk A BAUTHEEERERT S, VLR RHER A4 (A AR 7). 2010, 24
(3): 217-222.



s« 28 A s S i SR RE - 1569

ot

55104

Wang Zhidong, Cong Wenchao, Li Lijun. Research on propulsion performance of autonomous navigation of 2D fish under
the undulatory mode[J]. Journal of Jiangsu University of Science and Technology(Natural Science Edition), 2010, 24(3):
217-222. (in Chinese)

[21] Yu Y L, Huang K J. Scaling law of fish undulatory propulsion[]]. Physics of Fluids, 2021, 33(6): 061905-061912.

[22] #  AF, TERHAE, G . B2 TKF A FTIR A 7 1k i) S B} £ e s HLIE 0], A 127, 2022, 26(10): 1409~
1419.
Cui Zuo, Wang Yangsheng, Zhou Houcun. Numerical simulations of swimming anguilliform fish based on level-set and im-
mersed boundary methods[J]. Journal of Ship Mechanics, 2022, 26(10): 1409-1419. (in Chinese)

23] #1534, B3 PR, FLREE, 45 a2 R EEHEEHLI K73l RE ) 52 SR BT[], PO A4, 2022, 31(5): 1224~
1234.
Chu Wenhua, Yuan Qing, Kong Xianghong, et al. Analysis of swimming mechanism of the caudal fin and influencing param-
eters of fish swimming ability[J]. Journal of Shanghai Ocean University, 2022, 31(5): 1224-1234. (in Chinese)

[24] Li G, Liu H, Miiller U K, et al. Fishes regulate tail-beat kinematics to minimize speed-specific cost of transport[J]. Proceed-
ings of the Royal Society B, 2021, 288(1964): 20211601.

[25] Yu Jianfei, Zhou Yangen, Guo Yongkang, et al. Effects of air replenishers on the growth and body morphology of four fish
species in an underwater aquaculture system[J]. Aquaculture, 2022, 559: 738377.

[26] Katopodis C, Gervais R. Ecohydraulic analysis of fish fatigue data|J]. River Research and Applications, 2012, 28(4): 444—
456.

[27] Bensing Katharina, Tuhtan Jeffrey A, Toming Gert, et al. Fish body geometry reduces the upstream velocity profile in sub-
critical flowing waters|[J]. Aquatic Sciences, 2022, 84(3): 32.

[28] Wei Chang, Hu Qiao, Liu Yu, et al. Performance evaluation and optimization for two—dimensional fish—like propulsion|J].
Ocean Engineering, 2021, 233: 109191.

[29] Ghommem M, Bourantas G, Wittek A, et al. Hydrodynamic modeling and performance analysis of bio—inspired swimming
[J]. Ocean Engineering, 2020, 197: 106897.

(301 5K W, TR R, FIESL . REETERXTE S R S vEVERER R[], L A2 R 24, 2012, 46(2): 296-300.
Zhang Xi, Su Yumin, Wang Zhaoli. The effects of caudal fin shape on the propulsion performance of flapping caudal fin[J].
Journal of Shanghai Jiao Tong University, 2012, 46(2): 296-300. (in Chinese)



