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Abstract. In this study, a flow solver developed within the framework of direct-forcing
immersed boundary (IB) method is applied to solve three-dimensional flow problem in
complex domain. The incompressible Navier-Stokes equations are fractionally split into
the steps for inviscid Euler, Helmholtz and projection equations which are coupled to each
other. The high-order upwinding combined compact difference (UCCD) scheme developed
in a three-point grid stencil is used to approximate the first-order spatial derivative terms
shown in the momentum equations. The sixth-order symplectic Runge-Kutta (SRK6)
time integrator is employed to approximate the temporal derivative term in the inviscid
Euler equation so as to numerically retain its embedded Hamiltions and Casimir to get a
long-time accurate solution. The artificial IB forcing terms are added to the Helmholtz
and projection equations, respectively. The introduced forcing terms are solved iteratively
so that the interpolation procedure normally required near the immersed boundary can
be eliminated. The main feature of the proposed IB method is that the resulting velocity
satisfies the immersed boundary condition and the divergence-free constraint condition
simultaneously. For the sake of computational efficiency in solving three-dimensional
problems, all the calculations will be performed on a hybrid CPU/GPU platform to
accelerate the calculations. The numerical results with good agreement with the available
reference solutions and experimental data have been demonstrated. Moreover, the good
speedup performance indicates that the developed flow solver is effective and reliable tool
for investigating fluid-structure interaction problems

1 INTRODUCTION

The idea of combined compact difference (CCD) scheme, which was original proposed
by Chu [1], is employed to approximate the first- and second-order derivatives terms
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simultaneously, This scheme is more compact and accurate than the classical difference
scheme when solving the problems under the same number of stencil points. In this study,
the improved CCD (UCCD) scheme developed in a three-point stencil is proposed to solve
the flow problem [2]. This scheme not only provides high accuracy but also can suppress
velocity oscillations in a convection-dominated flow case.

The IB method was firstly developed by Peskin for simulating the blood flow through
the elastic heart valves [3] and has been extensively applied to a wide variety of fluid-
structure interaction (FSI) problems. The distinguished feature of the IB method is that
the entire calculation can be carried out in fixed Cartesian grids and the well-developed
Cartesian grid flow solver can be directly applied. The mesh problem regarding regen-
eration for moving or deformable boundary problem can be fully eliminated. Therefore,
simulation of FSI problems in fixed Cartesian grids becomes possible.

2 METHODOLOGY

In this study, the first-order spatial derivative term is approximated within the following
three-point compact framework :

0 1 0? 0?
22+ 22 = Lerdis + cxtu+ i) = (i o] + 02 ) 400,
(1)
9 ,0¢ 96 1,0% o 3
- S_h(%‘zfl ‘z+1> - g(axz |z>1 + Ox2 ‘z‘+1) 31,2 ‘ h2 (Qbi*l —2¢i + ¢i+1)' (2)

The introduced unknown coefficients shown in Eq. (1) can be determined by employing
the theory of Taylor series expansion and Fourier transform analysis. The fundamental
analysis shows that the UCCD scheme is better than the original CCD scheme.

The novel fractional-step algorithm was adopted to solve the fluid flow separately and
the symplectic Runge-Kutta time integrator is used to preserve the existing Hamiltonian
and Casimir in the Euler equation [4]. The Helmholtz and pressure Poisson equations will
be solved by using the fourth-order accurate compact scheme [5].

3 NUMERICAL RESULTS

Three-dimensional lid-driven cavity flow, within which there is a sphere with radius 0.2
schematic in Figure 1(a), is solved to validate the developed code. The predicted velocity
profiles u(0.5, 0.5, z) and w(zx, 0.5,0.5) show good agreement with the referenced solutions
obtained by the commercially available Ansys-Fluent in Figures 1(b).

4 CONCLUSION

In this study, we will provide more numerical results and speedup performance to
demonstrate that the developed three-dimensional parallelized code for simulating the
three-dimensional incompressible Navier-Stokes equations in complex domain is effective
and credible to use and is applicable to investigate the practical flow problems.
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Figure 1: Schematic and comparison of the predicted velocity profiles of the three-dimensional lid-driven
cavity flow problem. (a) Problem schematic; (b) Velocity profiles at Re = 1,000.
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