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Fig. 1. Two-dimensional interpolation stencil of the ghost cell method: (a) No ghost cells; (b) one ghost cell; (¢) two ghost cells.
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Fig. 2. Flowchart of numerical algorithm for stationary or moving boundary flows.

141 MRS S TR EE. S TRLK e iz g,
TR KB AR 1) B3 SR ] — DT PR A
y(z,t) = A(z) sin(kz — wt), x € [0,1],  (6)
y(z, t) ;2K R M FBURTE y TN, w2k
FR, PRk = 2n . PRGIRIE A(x) KRR A(z) =
Ay + Az + Aga® , HIPREUTHIN Ay = 0.04, A =
—0.16 Fll A3 = 0.32. Ak, /K3 iz 3l 7E T AL
F) e KRB 23 504 0.04 F1110.2 m. TE3#4L (Re) FI
Strouhal #¢ (S,) /&M Z R R 3544, Strouhal
BOE LR Sy = 2Amanf [ Uso s Fo A A2 il 301 1) £
KIGME, fRERGIRE (f =w/2rn). Y5 Sui 52V
B TAE, BB E N Re = 400, 8 T MRS
FAE (w = 0.15, 0.30, 0.45, 0.60 1 0.75) LLHF
IR G W0 R 1 R B S W, Ay 56 R Y
Strouhal % & S, = 0.191, 0.382, 0.573, 0.764 Fl
0.955. T IXIHBEE R [-3b, 9b] x [-3b, 3b], 5%
KB b= 1 m. AHSIF A, WA Uy =
0.05 m/s, 7t HER I i S 5540, ER il FR
ARSI RS XTIy, el D8 R,
HAy i BLR FH Neumann i B 4514, 39645 13 5 1) st
[EK At = 0.002 s.
SRS w = 0.45 B fARYR i 3k

177 PIAS U SR 5%, SR AR X559 A& X JRy S IX
B [-0.2b, 1.30] x [-0.3b, 0.30] #EATRIA% 401k, 20
A X343 912K FH 150 % 80, 300 x 150, 600 x 300,
XF IV FE -7 1] A B /N I A ] B Az 4351 R 0.010,
0.005b A1 0.0025b, XF W AE y-J7 [a] 1Y Fe /N A% (] R
Ay 43514 0.0075b, 0.004b F1 0.002b. F 1 AT
AR =EMRE NI 2 Sui 52U K
S A TR 1N, Bl RS A4k, SFIBH ) &
BORYITARTE )1 R Wik Sui 45 2 () Lattice
Boltzmann J7i45 5%, 11 H., BIE4IME 45
AT A, ULAAR SO AR SR, ) )
% (300 x 150) bt p~F-¥RH 1 REH LS %
ISR 2.22%, FITHRTE ) RBE /N 4.17%.
YT 300 x 150 By Hr ] R A% - LTS B AR
SHEFR S SLR K5 300 x 150 FYH ] IS

# 1 AXHRBEERT Sul 552U SR I
Table 1. Comparison of the force coefficients

between the present method and Sui’s method®!.

Tk SEHABH T R AL SYNitS) WIEN e
150 x 80 0.200 0.91
300 x 150 0.184 1.15
600 x 300 0.182 1.16
Sui%RY 0.180 1.20

044702-4


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

) 32 3R Acta Phys. Sin. Vol. 69, No. 4 (2020) 044702

fib T oL A5 B 3 AR T I RS
Sui & 21 1% Lattice Boltzmann J7 1117845 5 3t
3T . SERE N R BRI T RS 5%
SERGHHATE. X TAMFE G <045, KL HR
B ESHEREIF TS, Yw > 045, ADEEE]
NEBEGSH R IMEZE. UAFEw =0.75
], ASCEBIBH T REME R TS HER 7.1%,
TRTE S 2B /N TS A 259 3.3%. IE 3 T
LB, Bt 5 PR T A0SR A G N, SP-34 BH ) 2R B e
. IEFEHE R w = 0.6, HIPEEIE 1 Z BN IFE
AR e, RIKSE AR AR iz 2 i i 2 (9 BH 1 A5 R
77, B2t T R AR e A R R A K a2
6] BT 32 3 19 30 1 R . 24 A 3R 0.6 5 fin 3|
0.75 B, #E 7 REONK LN 0 W& 0.21. )
Ah, HAAER N 0.15 3G F] 0.75 B, IR T T
FEEILE T LM kS (N 0.21 2] 3.1).

| (a) .
0-4 . — R
° Sui%[ﬂ]
0.2+
E@ 0r 0
—0.2
(J
—0.4F
0 0.2 0.4 0.6 0.8 1.0
w
4
(b)
— A .
sl o SuiZel
.
Ey ot
%)
1 -
0 0.2 0.4 0.6 0.8 1.0

w

K3 HAABRTHIREILE (a) FHHEL RS
(b) X375 H T+ 1 R AL
Fig. 3. Comparison of force coefficients under five oscilla-
tion frequencies: (a) Average drag coefficient; (b) root mean
square lift coefficient.
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Fig. 5. Local instantaneous vortex contours for w = 0.15 at
two moments: (a) 0 =n/2; (b) 0 = 3n/2.
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Fig. 7. Local instantaneous vortex contours for w = 0.75 at
two moments: (a) # =n/2; (b) 6 = 3n/2.
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Fig. 8. Geometrical model of the undulating hydrofoil in ar-

ray arrangement.
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Fig. 9. Comparison of force coefficients between the central
hydrofoil in array arrangement for three gap distances and
the single hydrofoil under five frequencies: (a) Average drag
coefficient; (b) root mean square lift coefficient.
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Fig. 10. Variation of drag and lift coefficients on the cent-
ral hydrofoil in array arrangement with the dimensionless
time under three oscillation frequencies: (a) Drag coeffi-
cient; (b) lift coefficient.
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Fig. 11. Local instantaneous vortex contours of undulating
hydrofoils in array arrangement for w = 0.15 at two mo-
ments: (a) 0 =n/2; (b) 6 = 3n/2.
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Fig. 12. Local instantaneous vortex contours of undulating
hydrofoils in array arrangement for w = 0.45 at two mo-
ments: (a) 6 =n/2; (b) 6 = 3n/2.
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Fig. 13. Local instantaneous vortex contours of undulating
hydrofoils in array arrangement for w = 0.75 at two mo-
ments: (a) 6 =n/2; (b) 6 = 3n/2.
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Abstract

Studies on hydrodynamic characteristics of viscous incompressible flows around flexible hydrofoils are of
practical importance for the design and performance optimization of marine structures such as ship rudders and
stabilizing fins. The aim of this paper is to extend a radial basis function based ghost cell method to simulate
flows around single or multiple flexible moving hydrofoils in array arrangement. The numerical model is based
on a ghost cell finite difference method for considering the influence of the immersed boundaries on the flow.
Also, a compact supported radial basis function (CSRBF) is introduced to track the complex flexible boundary
with some controlling points of the body surface. Based on the present method, the uniform flow around a
flexible hydrofoil swimming like a fish is simulated. Good grid convergence of drag and lift coefficients
demonstrates the accuracy and reliability of the present method. Also, the hydrodynamics patterns of the
flexible hydrofoil under different oscillation frequencies are studied. Further, the thrust generation mechanism of
the hydrofoil is explained. Afterwards, flows around the undulating hydrofoils in array arrangement are
simulated. The force coefficients and wake patterns under different distances and oscillation frequencies are
investigated. It is observed that the thrust coefficients of the hydrofoils under narrow arrangement and high
oscillation frequencies have significant amplification effects. In addition, the critical frequency at zero thrust

reduces.
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