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Abstract. In the actual application of Computational Fluid Dynamics (CFD) a conforming grid is usually used to compute
the flow around an arbitrarily moving or stationary body, especially for moving geometries that require a new mesh each
time step, decreasing the efficiency of computing resources. In order to bypass this numerical problem, an innovative
approach called Immersed Boundary Method (IBM) was developed to impose the boundary conditions of the solid body
without the need of a grid reconstruction and requiring less computational efforts. In other words, an immersed boundary
method is a methodology for dealing with a body which does not necessarily have to fit conform a Cartesian grid. The
IBM requires two different meshes, a Eulerian Domain which is a grid that correspond to the flow field with no regard
to the surface grid and a Lagrangian mesh that represents the solid body. The critical point of this approach consists on
the interpolation function or numerical manipulation to link both meshes, modifying the equations in the vicinity of the
boundary and exchanging information between then. Several different branches were developed based on the IBM, these
treatments can be globally categorized into continuous forcing approach, discrete forcing approach, cut-cell methods,
jump-singularities methods and approximated domain methods. This work presents a ghost-cell immersed boundary
method for simulation flows in complex geometries, which enforces the boundary condition through a ghost cell method
and interpolation functions. Dirichlet boundary conditions can be treated. The accuracy of the current method is validated
using flows pas a circular cylinder and a sphere.
Keywords: Immersed-Boundary method, indirect iterative boundary condition imposition, body force interpolation func-
tion, ghost cell immersed boundary

1. INTRODUCTION

The Immersed Boundary Method(IBM) was first proposed by Peskin (1977) to simulate blood flow in heart valves, a
high complex problem that involves moving boundaries and complex geometries. The central idea of the Peskin method
is the use of two independent meshes, an Eulerian mesh which is used to calculate the fluid flow equations and an inde-
pendent Lagrangian mesh representing the immersed body. The communication between both meshes is made through a
force source term added to the momentum equation. This procedure allows to model complex geometries immersed in a
fluid flow, avoiding the use of complex meshes to fit the grid to the immersed body. As a geometric dependence does not
exist between these two meshes, the immersed boundary method can easily handle moving boundary problems without
regenerating grids in time. The main issue in the methods based on the concept of immersed boundary is how to compute
the force term.

Since Peskin created this approach, many others researchers have been using the IBM successfully in various appli-
cations. Their applications cover a broad spectrum of fluid dynamics problems from flow through heart devices (Peskin
1972, Peskin 1977), to the interaction of body movement and fluid flow (Mittal, 2005), modeling anguilliform swimming
(Tyson, 2008) and 3-D parachute simulation (Kim, 2009). Reviews of IB methods may be found in Mittal (2005) and
Margnat (2009). Two classes of methods are discussed depending on how the source terms describing the presence of the
boundary are imposed: directly in the continuous equations describing the flow (continuous forcing approach) or in the
resulting system of linear equations (discrete forcing approach). Uhlmann (2005) presented a direct-forcing IB approach
using the high-order regularized delta function suggested by Peskin (1972) in the velocity interpolation and the force
distribution. The body force is distributed to adjacent Cartesian grids both inside and outside of the immersed boundary
within a width of several grid spacings to give a smooth force transfer between the IB points and the Cartesian grids.
According to Ji (2012) the correct calculation of the body force, which represents the fluid−solid boundary conditions, is
a key issue for all type of IB approaches.

Several different immersed boundary methods can be found in the literature. They can be classified as either diffuse
(continuous) methods or sharp (discrete) methods (Marella 2005, Martin 1996, Berthelsen 2008). The diffuse methods
are considered to be considered no straightforward how the boundary conditions should be imposed at the immersed
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boundary. The boundary conditions are enforced through a smoothed forcing term added to the momentum equation
(Berthelsen, 2008). One disadvantage with the diffuse methods is that the effect of the boundary is distributed over a band
of several grid points which smear out discontinuities across the boundary. This smearing has an unfavorable effect on the
accuracy of the numerical scheme (Berthelsen, 2008). Uhlmann (2005) distributed the body force both inside and outside
of the immersed boundary over several grid spacing using the regularized delta functions suggested by Peskin (1977).

In present work, regarding the IBM, the multi-direct forcing method is adopted in this study. To impose a boundary
condition on a solid object, we use a novel Ghost Cell Immersed Boundary Method. In this method, cells inside the solid
body, called the ghost cells, are placed within a few grids from the interface in the solid region. The variables of fluid
near the interface are extrapolated into the ghost cells to satisfy the boundary condition on the solid surface. We have
used the ghost fluid method only for the calculation of velocity, the pressure boundary condition is computed by solving
the pressure Poisson equation over all the computational domain, including the solid region like et al. (1997) and et al.
(1999). A diffuse directional distribution forcing strategy which spreads the body force on ghost cells inside the immersed
boundary is used on this model to prescribe the desired boundary conditions on immersed boundaries. The method also
has some similarities to the ghost-cell method of Tseng (2003). There are no ad hoc constants introduced in the current
procedure.

Numerical results of two distinct test cases which are simulated and compared to literature is presented, they are:
a two-dimensional flow past a stationary circular cylinder at Reynolds number Re = 40 and Re = 100 and a three-
dimensional flow past a stationary sphere at Reynolds number Re = 100. The turbulence modeling methodology used
was the Large Eddy Simulation (LES) with the dynamic Smagorinsky algebraic sub-grid scale model (Germano et al.,
1991) to calculate the turbulent viscosity. A fully implicit scheme is adopted for all cases calculated. The central difference
scheme (CDS) is applied to express both the diffusive and advective contributions of the transport equations. Since the
developed numerical code adopts a pressure-velocity coupling based on pressure variations, an appropriate algorithm for
pressure-velocity coupling is needed.

2. METHODOLOGY

2.1 Mathematical Model for Fluid Domain

It was used the Navier-Stokes and continuity equations in the inertial reference frame, in order to solve the flow around
an arbitrarily body. A rectangular domain was used for the present simulations and it was discretized with an Eulerian
grid. The filtered Navier-Stokes equations for a viscous incompressible fluid can be written as Eq. 1.
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Concerning turbulence modeling, Eq.1 is already shown as a filtered equation in a LES Framework, Eq. 2 is the continuity
equation for incompressible flow. The Boussinesq hypothesis was used to model the subgrid Reynolds stress tensor.

2.2 Immersed Boundary Method

In this Section, some mathematical and computational information relevant to the used immersed boundary methods
are presented. The present ghost-fluid based method consists of first identifying the image and the ghost points outside and
within, respectively, the solid domain. From each lagrangian point in the boundary grid, a normal to the nearest boundary
segment is built to locate these points that are not, necessary, co-located with the cartesian mesh. The value of the flow-
field variables at each image point is then interpolated from the surrounding fluid points. The flowfield variables at the
image point are subsequently reflected back to the corresponding ghost point to ensure the requisite boundary conditions.
The image and ghost points are spaced ∆S from the immersed body, where ∆S is the average size of the edge of each
lagrangian cell.

2.2.1 Interpolation and distribution strategies

To model the communication between Eulerian and Lagrangian meshes and set the boundary conditions, it is in-
troduced two functions I(φ) and D(Φ) which represent the interpolation and distribution functions, respectively. For
convenience the lower-case φ represents the variables on the fluid domain ~x (Cartesian grid, Eulerian domain), e.g. u,
p, f , and the upper-case Φ indicates the variables on the IB points ~Xk (Lagrangian domain), such as Uk, F . The inter-
polation function projects these physical field from the image points to the ghost points carrying the immersed boundary
information. On the other hand, the distribution function maps the physical field from the IB points back to the Cartesian
grids.
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The interpolation and distribution interaction function between the immersed boundary and the fluid are given by Eqs.
3 and 4, respectively.

~Φ( ~XIP , t) = I
(
~φ, ~XIP , t

)
=

∑
~x∈Ωfluid

~φ(~x, t)δh(~x− ~XIP )∆Vi, (3)

~φ(~xGP , t) = D
(
~Φ, ~xGP , t

)
=
∑

Ωsolid

~Φ( ~XGP , t)δh(~x− ~XGP )∆Ak∆Sk, (4)

where, Ωfluid represents the set of Cartesian grids outside the immersed boundary, Ωsolid represents the Lagrangian points
over the immersed boundary, ∆Vi is the volume of control volume where the Lagrangian point k lies within, subscripts
GP and IP stands for ghost point and image point, respectively, δh(~x− ~Xk) is a weight-pondered function, in this work
the function used is a hat function (Vedovoto, 2011), which gives a second order rate of convergence, with the advantage
of requiring only one computational cell around the Lagrangian point k.

δh(~x− ~Xk) =
∏ ϕ

[
(~x− ~Xk)/∆xi

]
∆xi

, (5)

where,

ϕ =

{
|1− r| if r ≤ 1

0 if r > 1,
(6)

and r is the normalized distance between a Lagrangian point and the center of an Eulerian control volume where such
Lagrangian point lies. The distribution/interpolation strategies is better illustrated in Fig. 1.
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Figure 1. Schematic diagram for the interpolation strategy.

2.2.2 Computational Algorithm

First, an estimate of the velocity can be obtained by Eq. 7. Note that the Euler time discretization scheme is used here
for the sake of simplicity. The subscript p stands for the inner loop of the IBM and start evaluated as p = 1.

~u∗p(~xk, t) = ~u(~xk, t)
n + ∆t

[
~rhs
]n
, (7)
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Next, the intermediate velocity at image points is obtained.

~U∗p ( ~XIP , t) = Id

(
~u∗p, ~XIP , t

)
. (8)

Then, as the velocity at boundary point (d) is known, the force terms at ghost points are calculated.

~U∗p ( ~XGP , t) = 2~Ud − ~Up( ~X∗IP , t). (9)

~Fp( ~XGP , t) =
~Up( ~XGP , t)− ~U∗p ( ~XGP , t)

∆t
. (10)

The Lagrangian forces are distributed among the Eulerian ghost points.

~fp(~xGP , t) = Dd

(
~Fp, ~x, t

)
. (11)

Finally, the intermediate velocities are corrected.

~u∗p+1(~xGP , t) = ~u∗p(~xGP , t) + ~fp ·∆t. (12)

Check Eq. 13 for convergence, if the convergence is achieved then go to Eq. 14 otherwise go back to Eq. 7.

max
∣∣∣~Fp+1(~x, t)− ~Fp(~x, t)

∣∣∣ < ε, (13)

~u(~xGP , t)
n+1 = ~u∗p+1(~xGP , t). (14)

3. RESULTS

In this section, the validation of the implementation are presented. Cases at various Reynolds numbers are compared
between the original MDF, the ghost cell IBM and to the results reported by literature, cylinder case it is compared to
Jungwoo Kim (2001) and Kravchenko and Moin (2000) and sphere case it is compared to Johnson (1999) and Kim (2002).
In all following figures, unless the verified case, the flow direction is from left to right.

3.1 Laminar flow past 2D stationary circular cylinder

A laminar flow past a two-dimensional stationary circular cylinder, one of the benchmark problems, is calculated to
verify the method developed in this work. This case has been investigated experimentally and numerically for many
years. In this study, a domain with W/D = 35, L/D = 50 was adopted, where L is the domain horizontal length, W
is the vertical length and D is the cylinder diameter. For our simulations at Reynolds number Re = 40 an Re = 100,
a computational mesh of 714.100 volumes was used. The time step size was determined to make the maximum CFL
number approximately equal to 0.25. A Dirichlet boundary condition (u/u∞ = 1; v = 0) is used at the inflow and farfield
boundaries, the Dirichlet boundary is also used at cylinder surface u = 0, v = 0 and a Robin-type boundary condition is
adopted at the outflow.

Figure 2 shows comparisons between the original MDF and the present method (ghost cell IBM) of the streamlines
neighboring the cylinder for Reynolds number equal to 40 after the flow had reached a steady after symmetric state. The
length of the recirculation zone, the location of the vortex centers and the angle of separation are given in Tab. 1, where
they are compared with experimental and other numerical results. This indicates that the boundary condition is satisfied.
Figure 3 illustrates the iso-vorticity contours for Re = 40 − 100. Comparison is made among the ghost cell IBM, the

Table 1. Steady uniform flow past a circular cylinder forRe = 40: length L of recirculation zone, location (a, b) of vortex
centre and separation angle θ (nomenclature given in Fig. 3).

L/D a/D b/D θ

Coutanceau (1977) 2.13 0.76 0.59 53.5
Linnick (2005) 2.28 0.72 0.60 53.6
Herfjord (1996) 2.25 0.71 0.60 51.2
Original MDF 2.25 0.75 0.60 54.0
Present study 2.27 0.76 0.62 52.0

original MDF and the literature results reported by Jungwoo Kim (2001). The good agreement is evident. The flow is
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(a)

(b)

Figure 2. The streamlines for Re = 40 and nomenclature used in Tab. 1. (c) original MDF; (e) directional IBM.

(a) (b)

(c) (d)

Figure 3. Iso-vorticity contours near a circular cylinder for Re = 40: (a) Jungwoo Kim (2001); (c) ghost cell IBM. For
Re = 100: (b) Jungwoo Kim (2001); (d) ghost cell MDF. Instantaneous vorticity contours are drawn.

symmetric about the streamwise axis at Re = 40, whereas vortex shedding takes place at Re = 100, indicating that the
vorticity field is well captured by the present immersed-boundary method.

Figure 4 shows a plot of the streamwise velocity u along the y axis for three lines with different distance from the
cylinder center (x/D = 15.55,x/D = 17.05 and x/D = 20.00). The distribution indicates the decay of maximum
velocity and increase of minimum velocity as the plot line increases the distances from the cylinder.

3.2 Flow past a sphere

A laminar flow past a three-dimensional stationary sphere, another well known benchmark problems, is calculated
to verify the method developed in this work in a three dimensional case. A domain with dimensions [25D, 10D, 10D]
was adopted, in direction x, y and z, respectively, where D is the sphere diameter. For our simulations at Reynolds
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(a)

(b)

Figure 4. Streamwise velocity at y axis in different distances from the cylinder. (a) Ghost cell IBM and (b) multi-direct
forcing approach.

number Re = 100, a computational mesh of 4.224.100 volumes was used. The time step size was determined to make
the maximum CFL number approximately equal to 0.25. On the surface of the sphere, the no-slip condition is applied,
Dirichlet boundary condition (u/u∞ = 1; v = 0;w = 0) is used at the inflow and farfield boundaries, and a Robin-type
boundary condition is adopted at the outflow.

Streamlines for this regime are shown in Fig. 5, which shows the (x, y)-planes for Reynolds number 100. The flow is
seen to separate from the surface of the sphere at an angle θ and rejoin to form a closed separation bubble and a toroidal
vortex, where the velocity is zero in the sphere’s reference frame. The numerical results of Johnson (1999) provides data
for comparison with the present results. Good agreement between the current results is shown.

Table 2. Steady uniform flow past a sphere for Re = 100.

xc(m) yc(m) xS(m) θS(o)

Johnson (1999) 0.72 0.26 1.23 126
Original MDF 0.77 0.25 1.29 125
Present study 0.78 0.29 1.34 128

4. RESULTS AND DISCUSSIONS

The results of the iterative IB method using the ghost cell strategy show good results, both original MDF and ghost
IBM predicted very well the flow past the cylinder and the sphere.
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(a)

(b)

Figure 5. Computed axisymmetric streamlines past the sphere: (a)Johnson (1999) ; (b)ghost cell IBM.
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