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COMPUTATION OF FLOW PAST COMPLEX GEOMETRIES
USING MAC ALGORITHM ON BODY-FITTED COORDINATES
Pratish P. Patil and Shaligram Tiwari*
Department of Mechanical Engineering, Indian Institute of Technology, Madras, Chennai-600036, India
* E-Mail: shaligt@iitm.ac.in (Corresponding Author)
ABSTRACT: The study aims to report an algorithm based on co-ordinate transformation to compute complex
flows. A two-dimensional computational code is developed using transformation of governing incompressible flow
equations by employing body-fitted co-ordinates. The complex flows may involve external flows past obstacles
having curved surfaces or internal flows confined in curved domains. The transformed governing equations are
discretized using MAC algorithm. The code has been validated by comparing variation of Strouhal number with
Reynolds number for flow past a circular cylinder.
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algorithm (Patankar, 1980) for computation of
recirculating flows using body-fitted coordinates.
They also carried out a comparative study of
various schemes for discretization of convective
term such as QUICK (Leonard, 1979), hybrid and
second order upwind. Braaten and Shyy (1986)
investigated the relative performance between line
iterative and direct sparse matrix solution for
viscous flow computations employing body-fitted
grids. They found that the convergence rate for
iterative solution decreases with increasing grid
skewness and flow Reynolds number. Cheng and
Armfield (1995) utilized SMAC (Amsden and
Harlow, 1970) time-advancing method for solving
unsteady and incompressible form of NavierStokes equations on non-staggered grids in
generalized co-ordinate system. They presented a
comparison of computed results using SIMPLEC
(van Doormal, 1984) and PISO (Issa, 1985)
against SMAC and reported SMAC to be more
efficient than the other two for unsteady flow
computations. Mostly staggered grids were
employed for computations using body-fitted
coordinates having staggered Cartesian as well as
physical velocities. Lapworth (1988) identified
the trouble associated with conventionally
staggered grids in the form of pressure
oscillations arising in flow computations
involving highly skewed meshes. He reported that
for highly skewed meshes such as those used for
computing flow past turbine blades, the cells on
the computational plane no longer follow the
directional sense of the discretized differential
terms on staggered physical grids. The remedy
suggested was the staggering of pressure on the
computational grid.

1. INTRODUCTION
It is evident from literature that in the situations
involving flows past complex geometries, the
mesh used for solving the governing equations of
mass, momentum and energy requires special
attention. The common use of uniform mesh for
such situations reduces the accuracy in
applications of boundary conditions. Therefore,
for correct application of boundary conditions, a
body-fitting mesh is used. For flow geometries
involving curved solid boundaries, the use of
generalized orthogonal or non-orthogonal bodyfitted coordinate systems is required. Analytical
and geometrical methods for the generation of
body-fitted coordinates have been developed in
recent years for the solution of flow problems in
the presence of bodies of arbitrary shapes by
Thompson, Thames and Mastin (1974) and
Thompson, Warsi and Mastin (1982). The
preference is based on the fact that such
coordinate systems improve the accuracy of
application of exact boundary conditions on
complex physical domains. One of the most
important steps required to accurately solve a
general computational fluid dynamics problem
using finite-difference technique involves the
proper location of the nodal points in the flow
region affected by the presence of solid surfaces.
The curvilinear coordinate systems are generally
viewed as one of the powerful techniques for
future development in computational fluid
dynamics (Thompson, 1982; Ghia and Ghia,
1983).
Shyy Tong and Correa (1985) have proposed a
numerical solution technique based on SIMPLE
Received: 25 Mar. 2008; Revised: 6 Jun. 2008; Accepted: 23 Jul. 2008
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study deals with development of a twodimensional computational code using body-fitted
coordinates to solve incompressible form of
Navier-Stokes equations for internal and external
flows involving complex boundaries. The MAC
algorithm (Harlow and Welch, 1965) generally
used on Cartesian domain has been successfully
employed on the curvilinear computational
domain.

In order to solve the governing equations of fluid
flow in a complex physical domain using coordinate transformation approach, body-fitting
coordinates are considered on the physical
domain and the governing equations together with
their boundary conditions are transformed
appropriately to the computational domain. The
complex physical domain after transformation,
maps to a rectangular computational domain by
stretching transformations (Fig. 1). The present

Fig. 1

written as t*=l*/u* and
2
pressure as p*=p/(ρ u* ).

2. GOVERNING EQUATIONS
The Two-dimensional governing equations of
mass and momentum conservation for an
incompressible fluid in differential form are given
as
∂u ∂v
+
=0
∂x ∂y

Co-ordinate variables on
physical and computational
domains.

non-dimensional

3. SOLUTION METHODOLOGY
For any two-dimensional physical domain, the
curvilinear coordinates used are (ξ , η ) with
Cartesian coordinates being (x,y). The functional
transformations from the physical to the
computational domain may be written as

(1)

∂φ ∂ (uφ ) ∂ ( vφ )
1 ⎛ ∂ 2φ ∂ 2φ ⎞
+
+
=
+
⎜
⎟ + S ( x, y ) (2)
∂t
∂x
∂y
Re ⎝ ∂x 2 ∂y 2 ⎠

ξ = ξ ( x, y ); η = η ( x, y )

(3)

The inverse transformations can be expressed as

where φ =u and S = − ∂p gives x-momentum

∂x
equation; φ =v and S = − ∂p gives y-momentum
∂y

x = x(ξ ,η );

y = y (ξ ,η )

(4)

In order to express the temporal and spatial partial
derivatives at locations of various grid cells
appearing in the governing equations, the
transformation Jacobian at each grid location
needs to be computed.

equation. Here u and v are velocity components in
x and y-directions respectively. The characteristic
dimensions for the non-dimensionalized form of
the governing equations in Eqs. (1) and (2) above
depend upon the nature of the flow geometry.
Here, the characteristic velocity may be defined
as u*=u m , where um is the mean velocity at inlet
to the channel. The characteristic length becomes
l*=2b for 2-D channel flow, where b is the width
of the channel and l*=d for flow past circular
cylinder, where d is diameter of cylinder.
Consequently, the non-dimensional time can be

⎡x

[ J ] = ⎢ yξ
⎣

ξ

xη ⎤
yη ⎥⎦

(5)

where the subscript indicates the partial
derivatives with respect to the subscripted
variable. The direct and inverse transformation
Jacobians are related as
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⎛ ξ x ξ y ⎞ ⎛ xξ
⎜
⎟=⎜
⎝η x η y ⎠ ⎝ yξ

−1

− xη ⎞
⎟
xξ ⎠

xη ⎞
1 ⎛ yη
⎟ = ⎜
yη ⎠
J ⎝ − yξ

3.2

(6)

The stability of computations is highly sensitive
to the way in which convective terms are
discretized. In the present work, a hybrid scheme
is employed for discretization of convective terms
and central difference scheme is used for
discretization of diffusive terms. Consequently,
the x- and y-momentum equations can be
transformed as explained earlier in Section 3.1.
The transformed momentum equations are
presented below.

where | J | is the determinant of transformation
Jacobian appearing in Eq. (5).

J = xξ yη − xη yξ

(7)

Here onwards referring J as | J |.
3.1 Transformation of the governing
equations

y

The continuity equation (1) after transformation
takes the form

yη uξ − yξ uη − xη vξ + xξ vη = 0

x-momentum equation:
⎤
∂u 1 ⎡ ∂
∂
(Uu ) +
(Vu ) ⎥
+
∂t J ⎢⎣ ∂ξ
∂η
⎦

(8)

The generalized momentum Eq. (2) after
transformation in terms of a transport property, φ ,
may be written as

=

⎤
∂φ 1 ⎡ ∂
∂
+
(Uφ ) + (V φ )⎥
∂t J ⎢⎣ ∂ξ
∂η
⎦

1 ⎡ ∂ ⎪⎧ ( q1uξ − q2uη ) ⎪⎫ ∂ ⎪⎧ ( q3uη − q2uξ ) ⎪⎫ ⎤
⎢ ⎨
⎬+
⎨
⎬⎥
Re J ⎢ ∂ξ ⎪⎩
J
J
⎪⎭ ⎥⎦
⎭⎪ ∂η ⎩⎪
⎣
1
− ( yη pξ − yξ pη )
J

(10)
y

1 ⎡ ∂ ⎪⎧ ( q1φξ − q2φη ) ⎪⎫ ∂ ⎧⎪ ( q3φη − q2φξ ) ⎪⎫ ⎤
⎢ ⎨
=
⎨
⎬+
⎬⎥
Re J ⎢ ∂ξ ⎩⎪
J
J
⎭⎪ ∂η ⎪⎩
⎭⎪ ⎥⎦
⎣

y-momentum equation:
⎤
∂v 1 ⎡ ∂
∂
(Vv ) ⎥
+ ⎢ (Uv ) +
∂t J ⎣ ∂ξ
∂η
⎦

+ S (ξ ,η )

(9)
=

where U = yη u − xη v and V = − yξ u + xξ v are the
contravariant component of velocities. Moreover,
the other coefficients are q1 = ( xη 2 + yη 2 ) ,

(

Discretization of the governing equations

)

q2 = ( xξ xη + yξ yη ) , q3 = xξ 2 + yξ 2 .

1 ⎡ ∂ ⎧⎪ ( q1vξ − q2vη ) ⎫⎪ ∂ ⎧⎪ ( q3vη − q2vξ ) ⎫⎪⎤
⎢ ⎨
⎬+
⎨
⎬⎥
Re⋅ J ⎢ ∂ξ ⎩⎪
J
J
⎭⎪ ∂η ⎩⎪
⎭⎪⎥⎦
⎣
1
− ( − xη pξ + xξ pη )
J

(11)

Fig. 2

Staggered grid cell arrangement on

ξ-η plane; P – location of scalar

transport quantity, P ʹ – location of
u-velocity and P ʺ – location of
v-velocity.
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⎡ (U i + 1, j + U i , j ) . ( u i + 1, j + u i , j ) ⎤
⎢
⎥
⎢ + α U i + 1, j + U i , j . ( u i , j − u i + 1, j ) ⎥
⎥ / ( 4 δξ )
D U uD X = ⎢
⎢ − (U i , j + U i − 1, j ) . ( u i , j + u i − 1, j ) ⎥
⎢
⎥
⎢ − α U i , j + U i − 1, j . ( u i −1, j − u i , j ) ⎥
⎣
⎦

Let us consider the discretization of convective
and diffusive terms of x-momentum equation
alone. The grid employed in computations has
been staggered as shown in Fig. 2. The velocity
components are represented on the cell faces and
the pressure components at the center of the cell.
Convective terms are discretized by hybrid
scheme.
Consider the convective term,
DUuDX =

(

∂ (Uu ) U e' ue' − U w' uw'
=
δξ
∂ξ

)

(13)
where α is the hybrid factor which accounts for
weighted average of central difference and first
order upwinding. The hybrid factor α equals
zero for central difference scheme and it equals 1
for fully upwind scheme.
Similarly, for the second convective term,

(12)

where the velocities are interpolated suitably.
Employing upwinding as
u e′ =

uw′ =

ui , j

for U e′ > 0

ui +1, j

for U e′ < 0

ui −1, j

for U w′ > 0

ui , j

for U w′ < 0

DVuDY =

and

∂
∂ξ

⎧⎪ ( q1uξ − q2uη ) ⎫⎪
⎨
⎬
J
⎩⎪
⎭⎪P′

⎡ ⎪⎧ 1 ⎛
∂u
= ⎢ ⎨ ⎜ q1e′
⎜
ξ
J
∂
⎣⎢ ⎩⎪ e′ ⎝
D 2UDY 2 =

(14)

which has been discretized using hybrid scheme
as explained in Eq. (13) expressing DUuDX.
Diffusive terms are discretized using central
difference scheme as stated earlier.
Consider the diffusive terms of x-momentum
equation,

The hybrid discretization of convective term gives,

D 2UDX 2 =

∂(Vu) (Vt 'ut ' − Vb 'ub ' )
=
∂η
δη

e′

− q2e′

∂u
∂η

⎞ ⎪⎫ ⎪⎧ 1 ⎛
∂u
⎟⎟ ⎬ − ⎨
⎜⎜ q1w′
ξ
J
∂
⎪ ⎩⎪ w′ ⎝
e′ ⎠ ⎭

− q2 w′
w′

∂u
∂η

⎞ ⎫⎪ ⎤ 1
×
⎟⎬
⎟ ⎥ δξ
⎪⎦⎥
w′ ⎠ ⎭

(15)

∂ ⎧⎪ ( q3uη − q2uξ ) ⎫⎪
⎨
⎬
∂η ⎪
J
⎩
⎭⎪ P′

⎡ ⎪⎧ 1 ⎛
∂u
∂u
= ⎢ ⎨ ⎜⎜ q3t ′
− q2t ′
∂η t ′
∂ξ
J
⎣⎢ ⎩⎪ t ′ ⎝

⎞ ⎪⎫ ⎪⎧ 1 ⎛
∂u
⎟⎟ ⎬ − ⎨ ⎜⎜ q3t ′
∂η
t′ ⎠ ⎪
⎭ ⎪⎩ J b ' ⎝

− q2t ′
b′

Further discretization has been carried out with
suitable interpolation wherever required. Now,
consider the pressure gradient term, which is
discretized with central difference scheme.
S (ξ ,η ) P′ = −

1
( yη pξ − yξ pη ) p '
J p'

⇒ DPDX =

1
J P′

⎧⎪ δ P
⎨ yη
⎩⎪ δξ

+ yξ
P′

δ P ⎫⎪
⎬
δη P′ ⎭⎪

∂u
∂ξ

⎞ ⎪⎫ ⎤ 1
⎟⎬
⎟ ⎥⎥ × δη
b′ ⎠ ⎪
⎭⎦

(16)

3.3 Pressure velocity coupling using MAC
algorithm
The velocity components, u%in, +j 1 and v%in, +j 1 are
obtained through solution of momentum
equations. The explicitly advanced tilde velocities
may not necessarily lead to a flow field with zero
mass divergence in each cell. This implies that at
this stage the pressure distribution is not correct.
Pressure is corrected in such a way that no net
mass flow takes place in or out of a cell. In such
case, we make use of an iterative correction
procedure in order to obtain a divergence free
velocity field. The quantity u%in, +j 1 is evaluated

(17)

explicitly from the discretised
x-momentum equation as,
18

form

of
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u%in, +j 1 − uin, j

δt

⎡ ( − DUuDX − DVuDY )
( D 2UDX 2 + D 2UDY 2 ) ⎤
=⎢
− DPDX +
⎥
J P′
Re J P′
⎣
⎦

(18)

Similarly, we can write the corresponding convective and diffusive terms for y-momentum equation and
v%in, +j 1 is evaluated as
v%in, +j 1 − vin, j

δt

⎡ ( − DUvDX − DVvDY )
( D 2VDX 2 + D 2VDY 2 ) ⎤
=⎢
− DPDY +
⎥
J
Re J P "
P"
⎣
⎦

(19)

Now, the discretized form of continuity equation in (8) is

yη uξ

− yξ uη

P

P

− xη vξ

P

+ xξ vη

P

=0

which may be written as
⎛ u n+1 − uin−+1,1 j
yη ⎜ i , j
P⎜
δξ
⎝

⎞
−y
⎟⎟ ξ
⎠

⎛ uin, +j 1+1 + uin−+1,1 j +1 − uin, +j 1−1 − uin−+1,1 j −1 ⎞
⎜
⎟⎟ − xη
P⎜
4δη
⎝
⎠

⎛ vin++1,1 j + vin++1,1 j −1 − vin−+1,1 j − vin−+1,1 j −1 ⎞
⎜
⎟⎟ + xξ
P⎜
4δξ
⎝
⎠

⎛ vin, +j 1 + vin, +j 1−1 ⎞
⎜
⎟⎟ = 0
P⎜
δη
⎝
⎠

(20)
Using Eqs. (18) and (19), a correction equation
can be obtained for uin, +j 1 and vin, +j 1 as

given cell in single variable, p 'i , j is obtained.
This assumption is fully valid for an iterative
solver as in the final form of the converged
solution. The point iterative pressure correction
equation becomes

⎛ y ⎞ ∂p '
⎛ y ⎞ ∂p '
(21)
−δt ⎜ ξ ⎟
uin, +j 1 = u%in, +j 1 + δ t ⎜ η ⎟
⎝ J ⎠ P ' ∂ξ P '
⎝ J ⎠ P ' ∂η P '

⎛ x ⎞ ∂p '
vin, +j 1 = v%in, +j 1 + δ t ⎜ ξ ⎟
⎝ J ⎠ P " ∂η

( Div )i , j + dt χ p 'i, j = 0

⎛ x ⎞ ∂p '
(22)
−δt ⎜ η ⎟
J
∂
ξ
⎝
⎠
p"
P"
P"

where (Div) i , j is the unsatisfied divergence in the
(i,j)th cell due to incorrect velocities u%in, +j 1 and

In the same way, the correction equations can be
written for all the velocity terms appearing in
discretization of continuity equation (Eq. (20)),
viz., uin, +j +11 , uin−+1,1 j +1 , uin, +j −11 , uin−+1,1 j −1, , vin++1,1 j , vin++1,1 j −1 ,
n +1
i −1, j

v

n +1
i −1, j −1

and v

(23)

v%in, +j 1 . Further, the iterative formula for pressure
correction in the cell is written as
p 'i , j = −

, and then substituted back in

Eq. (20). This results into a system of linear
equations in terms of pressure correction at all the
grid cell locations. Assuming pressure correction
in all neighboring cells (i.e., other than p 'i , j ) to be

ω ( Div )i , j
dt. χ

(24)

where χ is the constant appearing from metric
derivative terms for geometric relation between
co-ordinate systems in the cell (i, j). In the present
formulation it can be written as

zero, an equation for pressure correction at a

χ=

⎧⎪⎛ yη ⎞
⎧⎪⎛ yξ ⎞
yη
⎛ yη ⎞ ⎫⎪
⎛ yξ ⎞
⎛ yξ ⎞
⎛ yξ ⎞ ⎫⎪
⎨⎜ ⎟ + ⎜ ⎟ ⎬ +
⎨⎜ ⎟ + ⎜ ⎟ + ⎜ ⎟ + ⎜ ⎟ ⎬
2
δξ P ⎪⎩⎝ J ⎠ P ' ⎝ J ⎠W ' ⎪⎭ 16δη P ⎪⎩⎝ J ⎠T ' ⎝ J ⎠ B ' ⎝ J ⎠TW ' ⎝ J ⎠WB ' ⎪⎭
⎧⎪⎛ x ⎞
⎧⎪⎛ x ⎞
x
⎛ x ⎞ ⎫⎪
⎛x ⎞
⎛x ⎞
⎛ x ⎞ ⎫⎪ x
+ η 2 ⎨⎜ η ⎟ + ⎜ η ⎟ + ⎜ η ⎟ + ⎜ η ⎟ ⎬ + ξ 2 ⎨⎜ ξ ⎟ + ⎜ ξ ⎟ ⎬
16δξ P ⎩⎪⎝ J ⎠ E " ⎝ J ⎠W " ⎝ J ⎠ BE " ⎝ J ⎠WB " ⎭⎪ δη P ⎪⎩⎝ J ⎠ P " ⎝ J ⎠ B " ⎪⎭
yη

2
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physical grid of the channel on the x-y plane has
been transformed to a unit square on the ξ , η
computational plane where ξ and η vary from 0
to 1. Computations are performed for three
different flow Reynolds numbers, viz. Re = 10, 50
and 100 over a non-dimensional time of t = 20.
Fig. 3(a) shows the velocity vector field for the
straight channel flow for Re = 100. The flow field
observed is apparently laminar. The u-velocity
profiles at various x-locations along the length of
the channel are presented in Fig. 3(b). The flow
development along the channel length can be
clearly seen in Fig. 3(b) where uniform velocity
profile at the inlet of the channel becomes nearly
parabolic type at channel exit. The variation of
span-averaged pressure along the length of the
channel for different flow Reynolds numbers
(Re = 10, 50 and 100) has been presented in
Fig. 3(c). It is observed that with an increase in
Reynolds number, the pressure drop across the
channel decreases. This is primarily because with
an increase in Reynolds number, viscous force
decreases compared to inertia force.

The pressure correction equations explained
above is to be iterated till both the continuity and
momentum equations are satisfied to the
prescribed accuracy and then the computation
proceed to the next time step. For the start of the
iterations in the next time step, the solution at the
previous time step provides the initial guess.
4. RESULTS AND DISCUSSION
4.1 Sample computations for simple
geometries

Figure 3 shows the computed flow fields in a
straight channel using the developed computer
code based on the presented algorithm. A onedimensional uniform flow with velocity u = 1
enters the channel at x = 0 with dp / dx = 0. The
top and bottom channel walls are no-slip
boundaries (u = 0, v = 0, ∂p / ∂y = 0) and the
exit velocity boundary condition is simple
second
derivative
Neumann
type
( ∂ 2u ∂x 2 = ∂ 2v ∂x 2 = 0 ) with specified pressure, a
Dirichlet type of boundary condition. The present

(a)

(b)

Fig. 3

(c)

Computed flow for straight channel: (a) velocity vector plot, (b) velocity profiles at different locations along
length of channel (Re= 100) and (c) pressure drop variation along length of straight channel for different
Reynolds numbers (Re= 10, 50 and 100).
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10.5
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9.5
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8.5
0

Fig. 4

1

2

3

4

5

(a)

(b)

(c)

(d)

Computed flow for curved channel: (a) grid-mesh, (b) velocity vector plot, (c) velocity profiles at different
locations along length of channel (Re= 75) and (d) pressure drop variation along length of curved channel for
different Reynolds numbers (Re = 10, 50 and 75).

Figure 4 presents the results of flow field in a 30o
bent-curved channel for Re = 75. The schematic
of grid-mesh used is a simple polar grid as shown
in Fig. 4(a). A one-dimensional uniform flow
with velocity of uθ =1 enters the channel at x = 0

Figures 5(a)–(c) present the results of sample
computations for flow past a circular cylinder in
cross-flow confined between two parallel walls.
The schematic of the body-fitting grid-mesh is
shown in Fig. 5(a). The grid on physical domain
has been generated using transfinite interpolation.
The surface of the cylinder satisfies no-slip and
impermeability type of boundary conditions. The
remaining boundary conditions are same as those
for the straight channel mentioned above. The
velocity vector plot for Re = 10 is presented in
Fig. 5(b) and the corresponding streamline plot is
shown in Fig. 5(c). For such a low value of
Reynolds number, the flow behavior observed in
Figs. 5(b) and 5(c) is steady and of creeping flow
type. No separation of boundary layer is observed
from the surface of the cylinder.
Figure 6 shows the results for the flow situation
presented in Fig. 5(a) for Re = 100. Fig. 6(a)
presents the streamline plot. For Re = 100, the
flow is unsteady and demonstrates vortex
shedding which is apparent from the nature of the
periodic wake in Fig. 6(a). The temporal signal of
transverse velocity (v) of a fluid particle located at
a distance of 1.5d downstream from rear surface
of the cylinder in the wake region has been

with dp / dθ = 0. The top and bottom channel
walls are no-slip boundaries ( uθ = 0, ur = 0,
∂p / ∂r = 0) and the exit velocity boundary
condition is simple second derivative Neumann
type ( ∂ 2uθ ∂θ 2 = ∂ 2ur ∂θ 2 = 0 ) with p = p∞ . The
physical grid on x-y plane has been transformed to
ξ , η computational plane where, ξ , η ∈ [0,1].
Three different values of flow Reynolds numbers,
viz. Re = 10, 50 and 75 are considered. Fig. 4(b)
shows the velocity vector plot for flow through
the curved channel for Re = 75. The uθ -velocity

profiles at various θ -locations along the channel
length are presented in Fig. 4(c). The developing
nature of velocity profiles confirms a similar
situation of flow development as observed for the
case of straight channel flow. The variation of
span-averaged pressure along the length of the
channel for different Reynolds numbers (Re = 10,
50 and 75) is presented in Fig. 4(d).
21

Engineering Applications of Computational Fluid Mechanics Vol. 3, No. 1 (2009)

presented in Fig. 6(b) and its Fourier spectrum is
shown in Fig. 6(c). The non-dimensional
frequency of vortex shedding, i.e., Strouhal
number (St), is estimated from the location of
peak in the Fourier spectrum corresponding to the
dominant frequency in the velocity signal. In the
present study, for Re = 100, the Strouhal number
is estimated as St = 0.21 whereas for the same
Reynolds number, flow past circular cylinder in

cross-flow in the absence of wall confinement has
been reported by Roshko (1954) from the
experimental study as St = 0.17. The deviation of
computed results from experiments reported by
Roshko (1954) is to be attributed to the effect of
wall confinement. It is known from studies of
Shair et al. (1963) that for a given Reynolds
number, an increase in blockage ratio results in an
increase in Strouhal number.
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Fig. 5

Computed flow past circular cylinder: (a) grid-mesh,
(b) velocity vector plot and (c) streamline plot for
Re = 10.

(c)

(a)

(b)

Fig. 6

Computed flow past circular cylinder: (a) instantaneous
streamline plot for Re =100, (b) transverse velocity signal and
(c) Fourier spectra of transverse velocity signal.

(c)
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Fig. 7

4.2

Streamlines for (a) Re =80, (b) Re =120, (c) Re = 200 and (d) Re =300 (at arbitrary time instants).

show a good agreement with those reported in
literature over a range of flow Reynolds numbers.

Validation of computations

Computations for laminar flow past circular
cylinder confined in a rectangular channel have
been carried out for a blockage ratio, d / H = 0.2,
over a range of flow Reynolds numbers of
Re = 80, 120, 200 and 300. The behavior of the
unsteady wake behind the circular cylinder has
been studied. Streamline plots corresponding to
unsteady flow fields for these Reynolds numbers
are presented in Figs. 7(a)–(d). The computed
Strouhal frequency obtained from Fourier spectra
of the transverse velocity signal in the wake
behind the cylinder are compared at various
Reynolds numbers against results reported in
literature. Anagnostopoulos and Iliadis (1996)
carried out computations to study the effect of
lateral blockage on the unsteady wake behind
circular cylinder at flow Reynolds number
Re = 106. The Strouhal frequency computed by
them corresponding to flow past circular cylinder
confined within a channel for a blockage ratio of
d / H = 0.25 is compared in Fig. 8 with results
from present computations. Computed wake
Strouhal numbers reported by Mettu, Verma and
Chhabra (2006) for the same flow geometry
(d / H = 0.2) corresponding to higher flow
Reynolds numbers of Re = 200 and 300 have also
been presented in Fig. 8. Similarly, Stansby and
Slaouti (1993) employed random-vortex method
to carry out computations on the same geometry
(d / H = 0.25) for Reynolds number of Re = 100
(Fig. 8). The results from present computations

Fig. 8

4.3

Comparison of wake Strouhal number for
flow past confined circular cylinder in cross
flow against results from literature.

Flow past complex geometries

Efficacy of the presented algorithm lies in its
implementation for flow computations involving
complex shaped physical domains. In the course
of current study two different complex shaped
domains have been considered for flow field
computations, viz. flow past inline and staggered
arrangement of circular cylinders. Both the
physical domains are of practical importance and
are often found in literature. Unsteady
computations are carried out for flow past inline
and staggered arrangements of circular cylinders
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for flow Reynolds number of Re = 120. The
surfaces of the cylinders satisfy no-slip and
impermeability type of boundary conditions while
the sidewise lateral boundaries of the domain are
provided with symmetry boundary conditions.
Figs. 9(a) and (b) present instantaneous
streamline plots of the flow fields. The streamline
plot in Fig. 9(a) corresponds to the time instant of
the foremost appearance of asymmetry in the
unsteady wake behind the downstream circular
cylinder. At the given instant of time, the wake
behind the upstream cylinder is still apparently
symmetric since the presence of downstream
cylinder provides an increased stability to steady
shear layers separated from upstream cylinder.
However, the onset of vortex shedding in the
wake of upstream cylinder is observed in due
course of computations. The instantaneous
streamlines in Fig. 9(b) depict the flow pattern for
staggered arrangement of circular cylinders in
cross flow. The unsteady wakes behind upstream
as well as downstream centerline cylinders can be
evidently observed. The flow field presented
corresponds to the time instant of onset of vortex
shedding in the wakes of both the cylinders. The
wakes of upper and lower half cylinders appear
steady due to symmetry boundary conditions on
sidewise boundaries of the computational domain.
However, with progress of computations, their
influence on the centerline flow field becomes
significant. The successful implementation of the
developed code based on the presented algorithm
for complex geometries demonstrates its
versatility.

Fig. 9

4.4 Computational difficulties associated
with highly skewed grids

The reported solution technique utilizes MAC
algorithm for pressure velocity coupling in the
solution of the continuity equation. Sample results
presented comprise both internal and external
flows for different values of flow Reynolds
number. The results presented confirm the
stability and robustness of the developed
computational code. The present work confirms
that the MAC method which is generally used in
Cartesian regular grid flow solvers, based on
finite difference approach, can be well extended
to flow solvers employing body-fitted grids as
well. Similar algorithms reported in literature for
body-fitted coordinates have mostly employed
SIMPLE and other similar methods as reported by
Shyy, Tong and Correa (1985), Braaten and Shyy
(1986), Cheng and Armfield (1995), etc. It has
been found that the reported works differ mostly
in the way pressure-velocity coupled solution is
sought. Often it is suggested that the pressurevelocity correction is to be made on the
computational plane using contravariant velocities.
However, in the present work the pressurevelocity coupled corrections are made on the
physical domain itself. For this very reason the
correction equation for physical velocity
components are derived and substituted in
continuity equation. Consequently, an iterative
pressure-velocity correction is carried out similar
to that followed in MAC method. The work of
Lapworth (1988) which points out the prime
difficulty in dealing with highly skewed bodyfitting grids, arising in the form of pressure
oscillations is worth mentioning. The problem is
very much similar to the checkerboard oscillation
problem in computations involving non-staggered
grids.
In the present work the developed code is tested
with computation for flow through 180o bent
channel employing highly skewed grids as shown
in Fig. 10(a). Consider the staggered arrangement
of flow variables for three specifically chosen
grid cells marked as ‘A’, ‘B’ and ‘C’ on the
physical grid shown in Fig. 10(a) and highlighted
in Fig. 10(b). For cell ‘A’ the Cartesian v-velocity
component is on the side ‘R-S’ of the cell. After
the transformation of the cell ‘A’ to the
computational domain, it is found that the
staggered V-velocity falls on the face where
staggered U-velocity has to appear. This is
inconsistent with the discretization assumed in the
prior stage where the physical u-velocity
component matches a location with staggered

Instantaneous streamlines for complex
geometries: (a) inline and (b) staggered
arrangement of circular tubers (Re =120).
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contravariant U velocity on the computational
plane. In a similar way, the physical v-velocity
component matches a location with staggered
contravariant V velocity on the computational
plane. Alternately, the trouble associated with
highly skewed mesh can be visualized from
Fig. 10(a) as well as Fig. 10(b) in a different way.
It can be clearly observed that the local ξ , η coordinate system from cell ‘A’ to ‘B’ rotates by an
angle as high as 90o and later from cell ‘B’ to ‘C’
again by 90o. Such kind of mesh situation invokes
the above-mentioned inconsistency trouble
getting associated with the discretization
technique. Lapworth (1988) reported the trouble
associated with such highly skewed meshes as the
problem of incorrect physical flow variable

storage locations on the computational plane. It
consequently led to incorrect direction
preferences of the transformed flow variables on
the computational plane. For such algorithms,
Lapworth predicted the fear of convergence
stability where the computations involve grid
curvature as high as near 90o. The present test
geometry of 180o bent channel demonstrates this
to a good extent. Fig. 10(c) shows the pressure
oscillations observed during the computations of
flow for this geometry. One can observe clearly
that the pressure field consists of extremely high
positive and negative values of pressure
distributed alternately in the flow field. These
oscillations grow continuously with progress of
the computation.

(a)

(b)

(c)

Fig. 10 Computation of flow in 180o bent channel: (a) schematic of grid-mesh, (b) staggering of flow variables on
physical and computational plane and (c) pressure oscillations.
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5. CONCLUSIONS

Subscripts

A
two-dimensional
computational
code
employing MAC method as pressure velocity
coupled solver has been developed using
curvilinear body-fitted coordinates. The stability
and robustness of the developed code has been
confirmed by carrying out computations on
physical domains having different boundary
shapes. The numerical code has been validated by
comparing the computed Strouhal frequency of
the unsteady wake behind a circular cylinder with
results reported in literature over a range of
Reynolds numbers. Also, the flow fields
corresponding to complex geometries such as
inline and staggered arrangement of circular
cylinders have been computed successfully and
presented herein. Moreover, authors have tried to
identify the difficulties associated with
implementation of the algorithm on physical
domains involving highly skewed grids.

e, w , t , b
i, j
m

Superscripts

*
ʹ and ʺ
n
n+1
r

θ

l
p
p′
q1, q2, q3
Re
S
St
t
U, V

u, v
u% , v%
x, y

α
χ

δ
φ
θ, r
ω
ξ,η

non-dimensionalized variable
location of u and v velocities
respectively
current time-step or iteration value
next time-step or iteration value
radial co-ordinate
angular co-ordinate
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