#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 16 (2026) 161003

KB E TSI UREE MK B G R R

=HEVY O EHRAY BV FEEY FHUVY wHEY Fil
1) (PR A=, Y% 710129)
2) (VAL T R 2T e e, Wi« 448 A E07EK FHLEE A BR800 =, T 315103)

(2026 4F 3 H 20 HUk#; 2026 4F 4 A 5 HUkEMEHR)

Sy SECR M 55 2 6905 R v S B 8 2008 K Bl g PERESE A BT ST 23 1, AR SO e AR 2R M I Al 4 FPOR
[F] Sk fif 2 25 ) B 25 S Y 3 T 3R N 300 S 3k AR R B A 2l B 22 A X (IB-SGKS) 1 BB 33 077 3k, JT
—20°—20°UC MG R Y 9 Fh ARSI BUE TR, 256 = 4E IR 450 B IR IR TR ) 2 56 4 L a3 B R T 3k
L5 TT W I B ) AR T R BT B S B AR A L, 7R Sk 6 8 20 T B K 3l 0 1 RE B e AL
il SRR, Sk B SR A N TH Iy VR R, THBH LU 9 A8 Al 2 SR T BE ) 22 e Sk BB 3T B P AR [ BIL PR
SR BE ) RN A /N T 10T Sk g 22 28508 BH 7 52 0 S 255, A i 28 250K HE BT I 5 | 7 9 R A AR T IX U 8% K Ah
JE S B SR R XA, FA S DR A DB AR SO R T 10°0, 4 B 3k 5 2 25 2 OR 51k R AR TR X s
¥, U PR T 72 A 32 Sk 70 v T DX 0BT B AR TS DX 5 A L [RS8 /I AR HIT 58 S 1 053 g 15 /K 45 0 P 11

DA B ARAT UG 2 37 5 AR L PR RE B THE A 137 R 5 BB 45 &

REEIA: Wht, SERLEEAS, KB TIPERE, sl
DOI: 10.7498 /aps.75.20260399

1 5 =

TR LR F B, XRS5 IT R K
BT St K TR, TEAK P TAE (unma-

nned underwater vehicle, UUV) & ff HAK pli A< |

1 FRE RS S AR S 34 1) B R Vg T 3
B W K K T AV I 25 40 1) S A e 2% 2 (HL BRI
PLh K HEERCRIRA B 29 T UUV 758K 2%t
IRt —20 0, ety e 2 &
B AL | BT R AT B A R AR
A MIERME T 2%, Z)a &, 58 A GE AR
i AN BAs SRR, JFJ T 2 A5 AR KA i)
Wz B,

MR O SSHESETR AL AN R], PR Ao R
A R WIApEAE B BHA /B fE (body and /or caudal

CSTR: 32037.14.aps.75.20260399

fin, BCF) Fii& / X} (median and/or paired fin,
MPF) #5258, BCF #2322 4 By fa B 1A% ) ok B
BESR 7 A HE T, MPF A5 D) 38 Ao i 668 B0 0T 668 1
B A ). IR SRy —Fh AL MPF X £
Z5, HOMREAY i SRR T R 2 A 2 o] S0 51
W FFBE L, 2 —Fh AR A £ A S AL 10, Marshall
85 M SE RS T MUY A F1 R 55 (mobula birostris) Al
WE IR 55 (mobula alfredi) AME S 54 &, B
B 1 AR RS SRS AR S OGS A Y R
FUAGIRFAE, Ay i s A5 (3 A AL (4R I TR A
FLhil. EET, AFFE N G G EE D6 I fi5 7K 3
PERERETIT T KBS, Menzer 55 1219 R JI SCT5
WA UK 22 300 3 T XA 0 5 s Al a1 A S
B IR A AR, THIE S A M BB NS 28500 K B0 ik
RERZIN; Wang 45 (1) BE 4= B figf #5280 1) B 41U [m]
SIMASHRMAE T AR, &I AR

kR AL R AE AR TR (GHES: JYB2025XDXMS06) . FE R H SN HRIW H (kS 2022YFC2805200). f#-1:
JE R A SRR (S BX20250494) Firb E T+ R RME R AT T E (#HEfES: 2025M774366) Y B

t BIE1E#H. E-mail: gaopengcheng@nwpu.edu.cn
© 2026 FEIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

161003-1


http://doi.org/10.7498/aps.75.20260399
https://cstr.cn/32037.14.aps.75.20260399
mailto:gaopengcheng@nwpu.edu.cn
mailto:gaopengcheng@nwpu.edu.cn
http://wulixb.iphy.ac.cn
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. 75, No. 16 (2026) 161003

B REA S AT A RE 1 JF A B i iy FHBEL G Xu
S 1161 T 5 A ) i s ) 3 50 2 T %o o it 1 7 7K
i JieEvEResgmn, 45 RERW, MEE v s 2 e
e iz g, 238 K577, R IME
J15; Gao 55 U718 X HRIE . = | Bl SEHEA T limfisg
EEREIE NI EE SR I, BRAC T 0 B A A ]
XAMEFI R GRS PEfe s 2, B E2 57
FE 15 AR 5.

LIRSS N T i R 6 XK B ) PR BE R R
M KA, (HZ A0 T Sk DTk, H AT %k 6 py it
9% 2230 L AR AN s, RS AR 19200 3R
18 20 5 7 B2 S AR VR, IO TSk B K Bl
TIVE SR AT 5 B AEAE DU RN T AL B uE B B . A9
2FMIN R Giuseppe 45 231 %P1, i 5 Sk € 2 Y B
JRIF A2 Ard 45 2 7RI B S AT RS
B, Bk i BB R R PR e, SRR
i it Sk 8 2 S PR RES ) TS BB 1 8 AT g
B EE; Perryman 5 29 1fF 57 @ fi§ Sk 8 7 AN [R) 4122
T AR R, SKEEA1E R 2 2R LR,
FEHEI S 5 2 ith nT BEA B T8l NS T, SR
IZHED 5 AR AR BN K 3h Iy 2= k. /K 3h I3,
Zhao 55 P01 g it 7 A R e M, Sk 88 1T 16 A R
PP A it i ] R VSR 3 S IR s [ e S
ol), B8 T K BRI BEXESEERR I e . 25 R R,
SKAE R AR R M IR A, 5 R A, i3
AT E 5T 62.8%.

25 iR, ko g s Sk 6 0 A AT AR AE B AN
fE: 1) AR T, 2B 22 e i it Sk 6 0K Sk B

fRT Ak ZAE W, AR RE S sk BB 1 =4
2) TR, BUAT Sk BE RIS I T 4 TR AL AR T
JE, MELLE i = AEEUE AU L EE T | R TR AR 1k
PEATHER R, 206 L B8R AL A AR M AR T
g 3) WAEI, B WG AR F Sk B e A=
B A AR Ak, T S 087 8 e T o ) 30 37
X3, HEASAR AT 7K 3 P R A i 0 A 1 oA B
W, AEWTEAR 5 T bR B K 3h 12
HIRA R R

RYRAN LR, AR SO YA AN [ Sk BB A
) = HEIE A, DO T A G T I g 22 5 1)
TS, BB LS s E A, SR IB-SGKS
BAETH AT, RGE AR s 8125 25 % 0 5 4
IS I VERE RSN, 5 75 [ ] S B 8 25 i o
REAAIL, A5 M Ve K 2 1) o S A R T S A
P, B2 KGR TP THLAR LRSS 5. A
TESR 2 1745 G S AR I 58 B T3 ik 56
TIE; 565 3 45 SE BUMIAE TG BB ) K TGS B0
55 4 1K H AT AN ) Sk BB LS K Bl kg, IT4h
B IRERG ST AL, 55 5 1948 AR DFIE R s
Hig,

2 BEITE N *
2.1 FEREEE
T X6F i 55 P8 A ) 2 Y, RSk S A KU L %

B EEAT N PR R — R AR S — Bt ) ), =
FH 1Y 4 BB A SCIBEIEXT R 1) 36

1 g kB RE  (a) FMBEE; (b) BIFES; (o) SMEIES; (4) BiES

Fig. 1. Manta ray cephalic fin postures: (a) Embracing posture; (b) spreading posture; (c) outwardly turned posture; (d) curling

posture.
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Fig. 2. Different calculating models for cephalic fin postures: (a) Embracing posture; (b) spreading posture; (c) outwardly turned

posture; (d) curling posture.

K3 HREHRIBHGE L (a) RAPEX; (b) BUAE X (o) Ralaetn 72 X

Fig. 3. Definition of calculation model parameters: (a) Size definition; (b) definition of angle of attack; (c) definition of local coordin-

ate system.
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Fig. 4. Setting diagrams for the verification of numerical
calculation method.
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Table 1. Comparison of calculation results for the drag

coefficient of circular sphere flow.
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Table 2.  Comparison of calculation results for dif-

ferent grid sizes in refined region.

EE NN P ZRECy FH ) R ERZE /%
FHRIAE 0.2260532 3.72
g 0.2200511 0.97
YRS 0.2179388 —
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Fig. 5. Detail diagrams of the refined region grid: (a) Top view; (b) side view; (c) front view.
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Table 3. Comparison of calculation results for different
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Fig. 6. Diagrams of hydrodynamic parameters for different cephalic fin postures: (a) Drag coefficient Cy; (b) lift coefficient Cj;

(c) lift-to-drag ratios G/ Cy.
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Fig. 7. Flow field information diagrams for different cephalic fin postures when o = —20°: (a) Bottom view of 3D vortex; (b) side

view of 3D vortex; (c) pressure contour of flow field on the mid-longitudinal plane; (d) spanwise vorticity contour on the mid-longit-

udinal plane.
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Fig. 8. Surface pressure contour for different cephalic fin postures when a = —20°: (a) Embracing posture; (b) spreading posture;

(¢) outwardly turned posture; (d) curling posture.
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Fig. 9. Diagrams of flow field information for different cephalic fin postures when a = 20°: (a) Top view of 3D vortex structure;

(b) side view of 3D vortex structure; (c) pressure contour of flow field on the mid-longitudinal plane; (d) pressure contour of flow

field when z = OBL; (e) spanwise vorticity contour w, on the mid-longitudinal plane.
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Fig. 10. Surface pressure contour for different cephalic fin postures when a = 20° (a) Embracing posture; (b) spreading posture;

(c) outwardly turned posture; (d) curling posture.
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Abstract

To fill the research gap concerning the influence of cephalic fin posture on the hydrodynamic performance
of manta rays during gliding, this study first developed three-dimensional morphological models of four typical
cephalic fin postures based on biological observations, namely embracing, spreading, outwardly turned, and
curling. In contrast to previous studies that either ignored the cephalic fins or simplified them as two-
dimensional rigid plates, the present work preserves the realistic three-dimensional geometry and systematically
investigates the effect of posture variations on gliding performance.

This study adopts the immersed boundary method and the sphere function-based gas kinetic scheme (IB-
SGKS) to perform numerical simulations, with nine angles of attack ranging from —20° to 20° covering the
typical gliding envelope of manta rays. Prior to the simulations, the numerical method was first validated
against the classical flow around a sphere, confirming its reliability for resolving pressure fields and vortex
structures. A rigorous grid-independence and time-step independence verification was also conducted to ensure
that numerical discretization errors were well controlled.

The results reveal that the change in cephalic fin posture has a negligible influence on the lift coefficient,
with a variation of less than 1% among the four postures at all angles of attack. Consequently, the variation in
the lift-to-drag ratio is primarily determined by drag differences. Depending on the angle of attack range,
cephalic fin postures affect drag through two distinct mechanisms, and its effect is significant when the angle of

attack is below 10°. Specifically, the curling posture does not cause the rear low-pressure region to shift
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downstream due to vortex shedding, nor does it lead to the fusion of high- and low-pressure regions near the
head caused by the shape, thus achieving the best drag reduction effect. When the angle of attack is —20°; the
curling posture reduces drag by 5.6% compared with the outwardly turned posture. When the angles of attack
exceed 10°, none of the four postures causes a rearward shift of the low-pressure region. The differences among
the postures are mainly affected by the joint action of the isolation of the head high-pressure zone and the
expansion of the low-pressure zone, leading to a maximum drag variation of only 1.8% between the embracing
and spreading postures when the angle of attack is 20°.

This study provides novel insights into the hydrodynamic mechanisms by which cephalic fin postures
influence manta ray gliding. From a biological perspective, the results quantitatively confirm the hypothesis
that curling the cephalic fins reduces drag during routine cruising, and show that the embracing posture
facilitates feeding. From an engineering perspective, the findings offer direct theoretical guidance for optimizing
the gliding performance of manta ray like vehicles and for designing cephalic-fin-inspired actuators in multi-
scenario underwater operations: gliding with curled fins for energy saving and switching to the embracing

posture for low-energy traction of small objects.
Keywords: manta ray, cephalic fin postures, hydrodynamic performance, vortex structure
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