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Summary

This paper presents a two-dimensional numerical simulation of fluid flow
around a pair of circular cylinders of different diameters, disposed in tandem. at
several distances. An Immersed Boundary (IB) and a Lattice-Boltzmann (LB)
Method were used. Simulations were performed for Reynolds Number equal to
200. Strouhal number, the drag and the lift coefficients are obtained with the
referred methods and compared with others existing results.

Introduction

The flow interference between two circular cylinders has been studied in
different hydrodynamic problems. The interaction between the upstream cylinder
and the downstream cylinder wakes changes the flow behavior. The distance
between the cylinders is an important parameter on the vortex shedding. In IB
method, the force field is obtained using the Physical Virtual Model (PVM) [4].
This model is new and based on the momentum equations, enabling to calculate
the force field over the immersed boundary using, only, the properties of the
neighboring fluid. It avoids adjusting constants and only a simple interpolation
scheme is used to obtain the parameters over the interface in modeling fluid-body
interaction. In Lattice-Boltzmann simulation [1] the macroscopic variables are
obtained by up-scaling the mesoscale particles distribution function, which gives
the number Ni of particles, populating direction i of a given site X, at time T and
which follows discrete lattice-Boltzmann equation. In this way, numerical LB
simulation gives Ni (X, T): velocity, u (X, T), and pressure, P(X, T), fields are
obtained as derived quantities.

Immersed Boundary Method

An Eulerian-Lagrangean formulation is used to represent the flow and the
immersed boundary. A   Cartesian   grid,   describes   the   flow   using   a  Finite
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Difference Method and a Lagrangean grid, describes the immersed body. The
momentum and mass conservation equations for an incompressible, two-
dimensional viscous flows can be written as:
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where kf
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 is a Lagrangean force density and ( )xF rr
 is the Eulerian force that is not

equal to zero only over the immersed boundary. The distribution function, ijD ,
proposed by Juric [2], was used in order to calculate the Eulerian force, in a
discrete form. s∆  is the distance between the Lagrangean points.

In the present work, the Physical Virtual Model (PVM) was proposed to
calculate the Lagrangean force field, based only upon momentum equation. All
the Navier-Stokes terms are calculated over the Lagrangean points. Therefore the
force ( )kxf rr  should be expressed by:
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where these forces components are given by:
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The equations were approximated using the Finite Difference Method and the
Fractional Step Method was used for their solution as described in [4]. The
Linear system for the pressure correction, was solved by the Modified Strongly
Implicit Procedure (MSI), [5].

Lattice-Boltzmann Method

Presently used lattice-Boltzmann method was based on the single relaxation-
time Lattice-Boltzmann equation ([1], [6], [7] e [8]),
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appropriated to low-Mach number, incompressible flows. In Eq. (9), X designates
a site, T is the time step, i is an arbitrary lattice direction, ic  is the unitary
velocity vector pointing to direction i. Eq. (9) means that, at site X and time T, the
distribution iN  will be affected by collisions, modeled by a Bhatnagar-Gross-
Krook (BGK) collision term in the right hand side and written as proportional to
the difference between the Ni value at site X and the value this distribution would
have in equilibrium.  Relaxation time τ is related to the fluid kinematics
viscosity, ν . After collision, the new value ),X(' TNi is propagated to next,
direction-i, neighbor site icX +  and this will be the value for the distribution of
particles in that site, at time T+1. LB method is, intrinsically, parallel, since at
each time step, particles distribution at a site X depends, only, on the values of

iN  in the next-neighbors sites, at the previous time step T-1.
Boundary conditions at solid surfaces are simulated by using the bounce-

back condition

),()1,( TNTN bibi XX =+− , (10)

for a  boundary site Xb in the fluid, when direction i  points to the solid surface.
This assures the adherence condition u=0  at the boundary.

When iN  particles are reflected back at boundary sites Xb, they exchange
with the solid surface the momentum iiN c2 , since lattice-Boltzmann particles
have unitary mass. Considering that this exchange is performed in each unitary
time step, this momentum exchanged represents a force Fi, on the solid surface
adjacent to site Xb. In this way, the total force on the solid body can be calculated
by.
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Numerical Results

IB simulations have been carried out for the domain shown in Fig. 1a, which
shows a global view of the domain with the main geometrical characteristics.
Figure 1b shows a closer view of the cylinders with the Cartesian and the
Lagrangean grid. The simulations were done for the distances between the
cylinders centers L = 1.5d, 2d, 2.5d, 3d and 3.5d. The Reynolds number is equal



to 200 and the flow direction is from the bottom to the top of the domain. The
upstream and the downstream diameters are d and d/2, respectively. LB
simulation was performed on a two-dimensional projection of a face centered
hyper-cubic lattice, FCHC, Fig. 1c, [9].

The vorticity contours can be seen in Fig. 2 for the different distances between
the cylinders.
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Figure 1. Illustration of the domain used in the simulations: (a) global view
and (b) closer view with the two circular cylinders for the IB simulation and (c)

LB elementary cell simulation.
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Figure 2. Vorticity Contours for a gap between the centers of L = 1.5d, 2d, 2.5d,
3d and 3.5d, respectively.

The mean drag coefficient and the Strouhal number were obtained using the
force field calculated over the immersed body. The drag coefficient as a function
of the distance between the cylinders is shown in Fig 3a. In this figure, index 1
and 2 refers to the upstream and downstream cylinder, respectively.

The Strouhal number was obtained by Fast Fourier Transformer (FFT) of the
lift coefficient distribution and plotted as a function of the distance between the
cylinders in Fig. 3b. It has the same value for both cylinders because it was
calculated with the upstream cylinder diameter. The IB and the LB results were
compared with a Finite Volume Method, Meneguini et al. [10].

Conclusions

The Immersed Boundary and the Lattice-Boltzmann methods were used to
simulate a complex flow and compared with a Finite Volume method. The results
obtained with different methods agree very well and show that these methods are
potential tools to analyse complex flows without the difficulty present in classical
methods, like boundary conditions establishment and remeshing process. In the
present work the results are related with a body that is not in movement. There
are no theoretical limitations to apply these methods to analyse flows over mobile
immersed boundary. It is also important to emphasise that a Cartesian mesh is
being used to simulate flows over complex geometry.
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Figure 3. (a) Mean drag coefficient and (b) Strouhal number as a function of the
gap between the cylinders centres.
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