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ARTICLE INFORMATION ABSTRACT

Original Research Paper A new method is proposed for implementing the no-slip/no-penetration conditions at the irregular
Received 16 August 2017 immersed boundaries on the vorticity-streamfunction formulation of the incompressible viscous fluid
Accepted 16 September 2017 flow. Time integration is performed using a semi-implicit method such that at each time step the
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vorticity-streamfunction equations are changed to a Helmholtz and a Poisson’s equation. Some singular

source terms are added to the right hand sides of these equations, in the solid region, such that the

Keywords: . L. . e . . .

.nc{,";pressib.e fluid flow desired boundary conditions can be satisfied. The singular source terms are found, using the inverse
Vorticity-Stream function formulation problems method, such that the desired boundary conditions of the vorticity-streamfunction equations
Immersed Rigid Body are satisfied. Finally, given these source terms, the Helmholtz and Poisson’s equations are solved on a

Singular Source Terms

Method of Inverse Problems Cartesian grid, using the fast Poisson (and Helmholtz) solvers. Since the fast Poisson’s (and Helmholtz)

solvers are employed, the method is high performance, with the computational effort of O(NlogN); and
it is also flexible because it can be applied easily to the complex geometries. The method is applied in
simulation of the fluid flow around a square solid obstacle, placed in a channel, and the agreement of
the results with the other benchmark results is shown.
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Fig. 2 Definition of the numerical boundaries in a uniform grid (i.e.,
dx = dy = d).
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Fig. 3 In each time step a Poisson’s equation and Helmholtz equation
are solved in which the immersed boundary conditions are imposed
using the inverse problem method (i.e., the IBC algorithm).
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Fig. 6 Vorticity distribution near the square obstacle for different
Reynolds numbers: (A) Re=10, (B) Re=40, (C) Re=60, (D) Re=200.
The vorticity iso-lines of levels +40, +20, +10, 5, 0 are shown.
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Fig. 7 Non-dimensional circulation length Lc versus Reynolds number.
Comparison of the results of the proposed algorithm with the results of
Ref. [20]
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Fig. 4 Square obstacle placed in a channel. The dimensions are
provided in Tab. 1. Since the obstacle boundaries are coinciding with
the computational grids, the satisfaction of the no-slip/no-penetration
and the conservation of mass can be evaluated without confronting the
approximations of the interpolations.
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Fig. 5 The problem has solved on Cartesian grids with different
resolutions, from (64 x 256) to (256 x 1024). In the present figure,
as an example, the (128 x 512) grid is shown in the vicinity of the
square obstacle.
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Table 1 The geometric dimensions of the problem of Fig.4. The
dimensions are chosen such that 1/8 blockage ratio is obtained.
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Table 2 Grid independency of the solution is shown via study of the
non-dimensionalized circulation length at Re = 40.

Grid resolution 64 128 256 Eqg. (18)
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Fig. 8 The velocity components at the solid boundary, along it, for the
flow with Re = 40.

.Re:40LOL{R)QO]L_gtm‘)).)jsf\l.o)‘)ndj)gx)uéum%gd&&

10 ojlosis 17 0551396 (s (I3 SHlle (Swiue



b panld (5 b Al dae 9 3Bal 09 3apd

TH 23 5155 Jlws Ol s b=l O9awYee pd &g Sola & pime L) o Jlasl 23 ugSae Jaluwo yhg, I oSkl

Society of London. Series A, Mathematical and Physical Sciences, Vol. 372,
No. 1750, pp. 393-414, 1980.

[20] M. Breuer, J. Bernsdorf, T. Zeiser, F. Durst, Accurate computations of the
laminar flow past a square cylinder based on two different methods: lattice-
Boltzmann and finite-volume, International Journal of Heat and Fluid Flow,
Vol. 21, No. 2, pp. 186-196, 2000.

[21] R. W. Davis, E. F. Moore, L. P. Purtell, A numerical-experimental study of
confined flow around rectangular cylinders, The Physics of Fluids, Vol. 27,
No. 1, pp. 46-59, 1984.

10 opless 17 095 1396 (5o (o) Sulle Swaie

[17] F. Sabetghadam, Pseudo-spectral Vorticity based immersed boundary
method (IBM) for interactive real time Direct Numerical Simulation (DNS)
of Fluid-Structure Interactions Problem,
https://www.youtube.com/watch?v=t6AYZOn-6Eg, 2014.

[18] X. H. Sun, Y. Zhuang, A high-order direct solver for Helmholtz equations
with Neumann boundary conditions, NASA ICASE Technical Report, No. 97-
11, 1997.

[19]1S. C. R. Dennis, F. T. Smith, Steady flow through a channel with a
symmetrical constriction in the form of a step, Proceedings of the Royal

404



