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a b s t r a c t

Using the artificial compressibility (AC) approach for incompressible flows, the Navier–
Stokes equations are coupled together to obtain solutions for steady flows, where marching
in time methods are applicable. In this study, we present a new method that employs the
multidimensional characteristics of AC equations to calculate the solid boundary condi-
tions. The first multidimensional characteristic-based scheme (MCB) for incompressible
flows was proposed in a previous study. In the present study, this idea is implemented
by using the characteristic structure of AC equations near solid walls together with a ghost
cell method to satisfy the solid boundary conditions. We test the new proposed method
with two well-known benchmark problems, where the results show that the accuracy
and convergence speed of the MCB scheme is improved in many cases.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

During the computation of incompressible flows, it is difficult to decouple the continuity and momentum equations due
to the absence of a pressure term in the continuity equation. Thus, many finite volume incompressible flow solvers are pre-
sent in the pressure-based group. However, in recent years, the artificial compressibility (AC) method proposed by Chorin [1]
has been applied used widely to incompressible flow computations. In this method, a term that includes the time derivative
of pressure is used to couple the continuity and momentum equations. In previous studies of incompressible flows, different
methods have been employed for the discretization of AC equations, including central schemes [2] and upwind schemes
[3–6].

Drikakis et al. first proposed the used of the characteristic relation of AC equations to establish a characteristic based (CB)
scheme [7], where the AC equations were assumed to be locally one-dimensional in the direction of normal to the cell faces.
This method has been used widely to simulate incompressible flows in different conditions, including extensions to three-
dimensional flows [8] and multigrid techniques [9], porous media [10], flows with various densities [11,12], turbulent flow
simulation [13], and non-Newtonian flows [14]. In addition, the CB scheme was used extensively by Zhao et al. to calculate
incompressible flows with energy equations to address two- and three-dimensional problems with unstructured grids in
conjunction with parallel computations [15–19].

The traditional CB scheme assumes a local one-dimensional in the direction of normal to the cell interface. Implementing
the CB method for two and three dimensions is similar to that based on the assumption of one dimension. Traditionally, the
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methods used to calculate the multidimensional nature of flow in compressible flows have been designed to consider many
directions for the propagation of information instead of only one direction. Previously, we introduced the first multidimen-
sional characteristic-based scheme (MCB) for incompressible flows [20–22]. This scheme uses more than one direction of
wave propagation by employing multidimensional characteristic paths. For further details of this method, please refer to
[20–22]. For the solid boundary conditions of incompressible flows, the velocity components on the solid wall are equal
to the wall’s velocity due to the non-penetration of mass, and thus only the pressure needs to be specified. In all previous
studies in this area, ordinary extrapolation from the interior cells in the domain near the wall has been used to estimate
the pressure on solid walls. This is the case for incompressible flow simulations in conjunction with the AC method with
various numerical characteristic-based schemes [10,14–17,20], or the other schemes discussed above [5,6]. In the present
study, we propose a new approach based on the multidimensional characteristic structure of AC equations near the solid
walls together with the ghost cell concept for estimating pressure on the solid boundaries.

2. Incompressible flow equations

The non-dimensional two-dimensional integrated form of the Navier–Stokes AC equations is used as follows [11]:I
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where W is the flow field variables vector; F;G and R; S are components of the convective and viscous flux vectors in the x
and y directions, respectively, dSx; dSy are the components of the surface element vector in the x and y directions, respec-
tively, b is a constant known as the artificial compressibility parameter, and Re is the Reynolds number.

In the discretized form, Eq. (1) reads:
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where Ai;j is the cell area, and for any edge of the cell, DSx;DSy can be evaluated as follows.

DSx ¼ Dy; DSy ¼ �Dx:

3. Two-dimensional characteristic structure for AC equations

The left-hand sides of the AC equations (convective terms) are considered to obtain the characteristic relations, as follows
[15]:
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A typical characteristic surface obtained by the equation f ðx; y; tÞ ¼ 0 is considered to derive the characteristic paths. The
kinematics equations on the assumed surface are used to relate the partial derivatives to exact derivatives and then the fol-
lowing relation is obtained [23,24].
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