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Fig. 5. (color online) Lift coefficient and amplitude against reduced velocity for a VIV cylinder in transverse

direction.
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Table 1. The error analysis on maximum amplitude for a VIV cylinder in transverse direction.
Uy 3 4 5 6 7 8
ARG 0.068 0.550 0.517 0.445 0.357 0.091
Ahn et al. [19] 0.092 0.568 0.538 0.466 0.368 0.101
RZ /% 26.09 3.17 3.90 451 2.99 9.90
Borazjani et al. [20] 0.067 0.530 0.488 0.437 0.380 0.069
W%/ % 1.49 3.77 5.94 1.83 6.05 31.88
Jiang et al. [21] 0.079 0.581 0.550 0.488 0.398 0.089
R%E /% 13.92 5.34 6.00 8.81 10.30 2.25
Wang et al. [22] 0.073 0.574 0.537 0.479 0.396 0.080
RZE /% 6.85 4.18 3.72 7.10 9.85 13.75
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Fig. 6. (color online) Instantaneous vorticity against reduced velocity for a VIV cylinder in transverse direction.
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Fig. 7. (color online) Amplitude and force coefficients against Reynolds number: (a) Max transverse amplitude;

(b) the rms value of in-line amplitude; (c) the rms value oflift coefficient; (d) the rms value of drag coefficient.
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Table 2. The error analysis on maximum transverse amplitude for a VIV cylinder.

Re 60 70 80 90 100 110 120 130 140

AILEER 0.004 0.011 0.033 0.530 0.486 0.419 0.338 0.040 0.035

Prasanth and Mittal ®4  0.004 0.010 0.030 0.567 0.529 0.456 0.375 0.041 0.037
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Re:60_ — Re=70 Re =80
&N\ i\ EN) Y o
Re =90 _ Re=100 _ Re=110
o iy g a
Re=120 Re=130 Re =140
6. g 5 o)

B8 (TR AR o W S AT s iR s b I v i

Fig. 8. (color online) Instantaneous vorticity against Reynolds number for a VIV cylinder.
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Fig. 10. (color online) Max amplitude against reduced velocity: (a) Upstream cylinder (in-line direction);

(b) upstream cylinder (transverse direction); (c¢) downstream cylinder (in-line direction); (d) downstream

cylinder (transverse direction).

224702-10


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % R Acta Phys. Sin. Vol. 66, No. 22 (2017) 224702

2.5 3.0

(a) —4A— Bao et al.[??] (d) —&— Bao et al.[?9]
g 2071 — @ Present results ] g 2.0 —#— Present results 1
E| E‘
S 15T ] 5 10
1.0 L L L L 0 L L L L
2 4 6 8 10 12 2 4 6 8 10 12
U, U,
0.6 T T T 0.6 T T
(®) —4A— Bao et al.[?3] (e) —4A— Bao et al.[??]
g 047 —#@— Present results ] g 0.4 —#— Present results
Qi
a a
006_4//¢%\\\*\*>i:i:i_; Dﬁa_j/%\\/;;*\*ziiikg
0 * : 0 * * * *
2 4 6 8 10 12 2 4 6 8 10 12
U, U,
1.8 T T T 1.5
(c) —A— Bao et al.[?5] () — A Bao et al.[23]
£ 1.2 — 88— Present results | £ 1.01 —— Present results
|
= =
© 0.6 © 0.5
0 . n 0 . . .
2 4 6 8 10 12 2 4 6 8 10 12
U, U,
11 (MTR ) MR R BT &R E R (a) BRSPS REG (b) LR RECY R, (c) &

TEBIRETE ) 257 (d) FUEEAEFHIE I REG (o) FIRERIFE ) REE TR () FUERET ) RES IR

Fig. 11. (color online) Force coeflicients against reduced velocity: (a) The mean drag coefficient, upstream cylinder;
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Fig. 12. (color online) Instantaneous vorticity against reduced velocity for two VIV cylinders in tandem.

0.4 0.6 0.8
U,=3 Up U,=5
Down
0.2 0.3 0.4
S g ) 20 S
B B B
—0.2 —-0.3 —0.4
—04 —-0.6 —-0.8
0 0.03 0.06 0.09 —0.10 0.05 0.20 0.35 0 0.15 0.30 0.45
z/D z/D z/D
1.0 2.0 1.6
U,=T7 U,=8
0.5 1.0 0.8
S 2 o0 2 o
> > >
—~0.5 —-1.0 —0.8
—~1.0 —2.0 —1.6
0.45 0.40 0.46 0.52 0.58 0.50 0.51 0.52 0.53
z/D z/D
1.2 1.2 1.2 T T
0.6 0.6 | 0.6
S S of S
> B B
—0.6 —0.6 | —0.6
—1.2 - - —1.2 - - —1.2 - -
0.61 0.63 0.65 0.67 0.77 0.79 0.81 0.83 0.95 0.97 0.99 1.01
z/D x/D z/D

13 (MFIR ) 8 BRI b A A A2

Fig. 13. (color online) Displacement trajectories of the upstream and downstream cylinder centers with various reduced velocities.
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Abstract

This paper performs a newly developed method, which combines the immersed boundary method (IBM) with
multi-relaxation-time lattice Boltzmann flux solver (MRT-LBF'S), for solving fluid-structure interaction problems. Finite
volume discretization is used to solve the macroscopic governing equations with the flow variables defined at cell centers.
Based on the multi-scale Chapman-Enskog expansion analysis, LBFS builds a relationship between the variables and
fluxes in incompressible Navier-Stokes equations and density distribution functions in lattice Boltzmann equation. In
order to ensure no-slip boundary condition, boundary condition-enforced immersed boundary method is used to treat
the fluid-structure interface. The restoring force can be resolved by making a velocity correction in the flow field. The
four-stage RungeKutta scheme is used to solve the motion equation of structure. Using the lattice model and immersed
boundary method, fluid-structure coupling calculation can be implemented in a Cartesian grid, without generating the
body-fitted mesh and using moving mesh technique. Therefore, the computational process is considerably simplified.
In order to verify the validity and feasibility of IB-MRT-LBFS to solve fluid-structure interaction problems, both one-
and two-degree of freedom vortex-induced vibrations (VIV) of a circular cylinder and two-degree of freedom VIV of two
cylinders in a tandem arrangement are simulated by this proposal method. For a VIV cylinder system, the transverse
vibration response is much stronger than the axial response. When the vibration occurs in the range of lock-in regime,
the shedding vortex frequency of the wake is close to natural frequency of the cylinder so that resonance appears,
consequently causing larger amplitude. For two VIV cylinders in a tandem arrangement, the dynamic behavior of each
cylinder is significantly different from that of a single cylinder. The gap spacing between the two cylinder centers is a
significant parameter which effects vibration characteristics and the spacing is fixed in the simulations of two tandem
cylinders. With the effects of upstream cylinder wake, the axial and transverse amplitudes of downstream cylinder
obviously increase with adding the reduced velocity. The downstream cylinder is delayed, coming into lock-in regime,
and the range of lock-in regime is expanded under the effects of the wake of the upstream cylinder. As the reduced velocity
is relatively large, the vibration response of the upstream cylinder is close to a single cylinder and the vibration response
of the downstream cylinder is more intense than the upstream cylinder. Compared with the existing literature results,
our result illustrates that IB-MRT-LBFS owns the ability to correctly predict the lock-in regime, dynamic response and

the forces of vortex-induced vibrations of cylinders. And this method can accurately capture the wake structures.

Keywords: fluid-structure interaction, immersed boundary method, lattice Boltzmann flux solver,

vortex-induced vibration

PACS: 47.63.mf, 47.11.j, 47.11.Qr, 43.40.-r DOI: 10.7498/aps.66.224702

* Project supported by the National Natural Science Foundation of China (Grant No. 51306042).
1 Corresponding author. E-mail: hgdlhp@163.com

224702-14


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.224702

	1引    言
	2数值方法
	2.1 2.1 Chapman-Enskog展开分析
	2.2 流体控制方程
	2.2.1 格子Boltzmann通量求解法
	Fig 1
	2.2.2 强制浸入边界法
	Fig 2

	2.3 IB-MRT-LBFS算法流程

	3数值计算与分析
	3.1 单圆柱横向涡激振动
	Fig 3
	Fig 4
	Fig 5
	Table 1
	Fig 6

	3.2 单圆柱双自由度涡激振动
	Fig 7
	Table 2
	Fig 8

	3.3 串列双圆柱双自由度涡激振动
	Fig 9
	Fig 10
	Fig 11
	Fig 12
	Fig 13


	4结    论
	References
	Abstract

