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Abstract

A parametric study concerning the flow around rectangular prisms of different aspect ratios
(1 : 1, 1 : 1.5, 1 : 2, 1 : 3, 1 : 4) is conducted numerically at a Reynolds number of 105. The
Navier—Stokes equations in the large eddy simulation (LES) framework are solved using a finite
volume method. The Smagorinsky closure model is used for representing the subgrid scale
viscosity. The simulated results clearly demonstrate the influence of the aspect ratio on the
velocity field around prisms. Flow reattachment is observed in the mean flow for prisms with
aspect ratios of 1 : 3 and 1 : 4. This trend in the mean velocity field is corroborated by the mean
and RMS distribution of pressure over the prism surface. The numerical results show a good
agreement with the available experimental data. ( 1998 Elsevier Science Ltd. All rights
reserved.

1. Introduction

The geometry of bluff bodies plays a pivotal role in the flow—structure interactions
and the resulting flow and pressure fields around them. For rectangular prisms, the
separation and reattachment characteristics of the flow are controlled by the prism
aspect ratio and the approach flow turbulence. Experimental studies [1—3] involving
rectangular prisms have provided important results concerning the pressure distribu-
tion on prism faces, lift and drag coefficients and the Strouhal number. The experi-
mental data helps in the validation of numerical simulations. Besides numerical
simulation results for square prisms (e.g., Refs. [4—7]), Tamura [8] conducted three-
dimensional (3D) simulations of flow around rectangular prisms of various aspect
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ratios using a direct approach with upwinding as a source of numerical damping. The
jump in the Strouhal number at aspect ratios between 2.5 and 3 noted in experimental
studies was successfully reproduced numerically [8]. The current work employs a 3D
large eddy simulation scheme to study the velocity and pressure field around rectan-
gular prisms. By examining the time-averaged streamline contours and the pressure
(mean and RMS values) distributions on the prism surfaces, the current simulation
highlights important flow field characteristics.

2. Governing equations and numerical method

The incompressible Navier—Stokes equations recast in the LES format are numer-
ically solved. In this study, the Smagorinsky model is used for the subgrid scale
viscosity
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where i, j"1, 2, 3, D"(Dx
1
Dx
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)1@3 and C

s
"0.10 for the 3D computation. For

the sake of comparison, selected two-dimensional (2D) computational results are also
presented in this paper, in which case, i, j"1, 2, D"(Dx

1
Dx

2
)1@2 and C

s
"0.15. The

overbars for quantities in these equations indicate that these quantities are the
spatially averaged values used in the LES. These equations are non-dimensionalized
using the length of the front side of the rectangular cross section, D, and the inflow
veocity, º

0
. The time is nondimensionalized by D/º

0
and pressure with oº2

0
, where

o is the mass density of the fluid. The Reynolds number is thus defined as Dº
0
/l, with

l being the fluid kinematic viscosity.
The inflow is specified as the uniform far field flow. On the two lateral side

boundaries, either far-field uniform velcoity or a free boundary condition, L/Ln"0,
can be used. In this study, no significant difference was noted between the results
obtained from these boundary conditions. On the spanwise direction, a periodic
boundary condition is used. The outflow boundary condition is specified using the
Sommerfeld radiation condition, or the convection boundary condition [5—7]. The
no-slip and no-penetration boundary conditions are used on the solid walls.

These equations together with the boundary conditions are solved using a finite
volume method. The convection terms are discretized with the QUICK scheme, and
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the diffusion terms are discretized using the central difference method. The Leith
method is employed for temporal marching, and the pressure field if solved with
a successive over-relaxation method. Detailed discussions of the numerical methods
can be found in Refs. [5—7].

For the numerical simulations reported here, prism front faces are divided into 20
grids of variable size. The smallest grid size (Dx

.*/
"Dy

.*/
"0.0416,

Dz"const"0.2) is used at the corner, whereas the larger grid size is employed near
the stagnation line. To eliminate numerical errors, changes in size between two
adjacent grids were limited to at most 5%. For the discretization on the lateral faces,
the same restriction is used to establish the grids. Away from the prism, the flow
domain is discretized in such a manner that the grid size increases as a function of the
distance from the prism with similar restriction as noted for the grids on the prism
surface. When a prescribed maximum grid size is reached, the grid size in the
remaining domain is maintained constant. The total number of grids used for the
prisms with aspect ratios of 1.5, 2, 3 and 4 are 220]132]12, 230]130]12,
232]132]12 and 250]130]12, respectively, and the corresponding domain sizes
are 30.35]15.23]2, 30.35]15.23]2, 28.78]15.59]2, and 30.22]15.23]2. To
march for a non-dimensional time of 100 of the flow, about 80 CPU hours of user time
are required on an IBM SP2 390 node. A grid refinement study was conducted using
a square prism, and the mesh used for the computations reported here correspond to
the grid size that has reached convergence. Some of the grid refinement study results
are reported in Ref. [7].

3. Numerical simulation results

Numerical simulation results concerning both the velocity and pressure fields are
reported in this section. For all the cases reported, the simulated flow Reynolds
number is equal to 105. The marching of the numerical simulation starts from an
initial potential flow field using a 2D code. The vortex shedding process starts
automatically without any artificial disturbance except the round off errors of
the computers. After marching for 1000 non-dimensional time units (700 lift force
oscillating cycles), the well-developed 2D flow is used as starting flow for a 3D
simulation. It then takes about a non-dimensional time of 50 to reach a fully
developed 3D flow. When time-averaged values are presented, the first 100 time units
are discarded as transient startup flow, and the statistics are conducted over a non-
dimensional time length of 500 (about 70 lift force oscillation cycles), or longer when
specified.

3.1. Velocity field results

The z-component vorticity contour in the x—y plane are used to visualize the flow
field. Fig. 1 shows a sample of instantaneous vorticity contours for prisms with
aspect ratios of 1.5, 2, 3 and 4, respectively. In Fig. 1, the x—y plane is sampled at the
center of the computation domain, at K

z
"5, where K

z
is the grid index in the
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Fig. 1. Instantaneous vorticity contour for rectangular prisms with different aspect ratios: (a) 1 : 1.5; (b) 1 : 2;
(c) 1 : 3; and (d) 1 : 4.
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spanwise direction. The fully developed flow field used for this figure is obtained after
a non-dimensional time of 1000 from the initial start based on a well-developed 2D
flow.

The flow over prism is time-averaged over a period of 500 non-dimensional time
units, and the streamlines of the mean flows are presented in Fig. 2. The time-averaged
flow is 2D, and also symmetric. The z-component averages out since it is a zero
mean process. From Fig. 2, it can be noted that there is a region dominated by
reverse flow downstream of the rear face. On the lateral side of the prisms flow
separates at the leading corners, and separation bubbles are noted within shear layers.
For the flow around prisms of aspect ratios of 1 : 1.5 and 1 : 2, there is no reattachment
on the lateral faces similar to the square prism. For the flow around prisms with
aspect ratios of 1 : 3 and 1 : 4, the separated flow reattaches to the faces toward the
trailing corner. Wind tunnel experiments support these results for smooth inflow
conditions. This trend will be further examined in the next subsection using results of
the pressure field.

3.2. Pressure field results

Instantaneous pressure contours are plotted in Fig. 3 for the flows around prisms.
The plots show pressure contours in an x—y plane at the middle of the computation
domain in the spanwise direction. These plots involve the flow field for the results in
Fig. 1. The vortex street is obvious from these contours, with staggered low-pressure
centers at the core of vortices. It should also be noted that these pressure contours
reflect the flow features discernible in the vorticity contours (Fig. 1).

In Fig. 4, the mean pressure distribution around a rectangular prism with an aspect
ratio of 1 : 2 is compared with the experimental data from Miyata and Miyazaki [1].
The numerical results with 2D and 3D simulations are in good agreement with the
experimental data. For a 1 : 2 rectangular prism, the pressure on the two side faces and
the rear face are higher (less negative) than those of a square prism, due to the
interaction of the afterbody with the separated flow.

In Fig. 5, the mean pressure distribution on the side faces of prisms with different
aspect ratios is presented. The x-axis in the figure is normalized with the prism width.
These results demonstrate that with an increase in the streamwise body length, i.e.,
aspect ratio, there is a concomitant pressure recovery on the side face.

In Fig. 6, the RMS pressure fluctuations on the side face of the rectangular prisms
with different aspect ratios are compared. It is noted that a local maximum value of
RMS pressure exists for prisms of aspect ratios of 1 : 3 and 1 : 4. This is attributed to
the reattachment of the flow to the side face. It can also be noted in Fig. 5 that the
mean pressure distribution on the side face of the 1 : 3 rectangular prisms exhibit
a pressure increase toward the rear end, while the square and 1 : 1.5 rectangular prisms
do not mainfest this trend. This suggests reattachment of flow which leads to pressure
recovery as the trailling edge of the side face is approached. These results reveal that
the 1 : 1.5 rectangular prism, similar to a square, does not exhibit reattachment. The
1 : 2 rectangular prism shows some tendency toward reattachment, while the 1 : 3 and
1 : 4 rectangular prisms indeed experience reattachment.
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Fig. 2. Streamline of mean flow around rectangular prisms with different aspect ratios: (a) 1 : 1.5; (b) 1 : 2; (c)
1 : 3; and (d) 1 : 4.
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Fig. 3. Instantaneous pressure contours for rectangular prisms with different aspect ratios: (a) 1 : 1.5; (b)
1 : 2; (c) 1 : 3; and (d) 1 : 4.
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Fig. 4. Mean pressure distribution around a 1 : 2 rectangular prism and comparison with the experimental
data.

Fig. 5. Comparison of mean pressure distribution on the side of rectangular prisms with different aspect
ratios.

Table 1 lists the mean and RMS values of drag force and the Strouhal number for
rectangular prisms with aspect ratios from 1 : 1.5 to 1 : 4. Again, it is noted that the
mean drag force decreases with an increase in the streamwise length of the body as
a result of pressure recovery. This is consistent with the results reported in Fig. 5.
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Fig. 6. Comparison of RMS of pressure fluctuations on the side face of rectangular prisms with different
aspect ratios.

Table 1
Strouhal number and drag coefficient of rectangular prisms

Aspect ratio (D : H) 1 : 1 1 : 1.5 1 : 2 1 : 3 1 : 4

Mean of C
D
, 2D simulation [5] 2.01 1.72 1.62 1.56 1.43

Mean of C
D
, current simulation, 3D 2.14 1.89 1.69 1.3 1.3

Mean of C
D
, experiment [9] 1.8 1.6 1.4 1.4

Mean of C
D
, experiment [1] 1.65

Mean of C
D
, experiment [10] 2.05

RMS of C
D
, 2D simulation [5] 0.21 0.19 0.14 0.0927 0.168

RMS of C
D
, current simulation, 3D 0.25 0.20 0.18 0.14 0.14

RMS of C
D
, experiment [10] 0.22

RMS of C
L
, current simulation, 3D 1.15 1.26 1.23 1.03 0.99

RMS of C
L
, experiment [10] 1.22

St, 2D simulation [5] 0.14 0.10 0.18 0.17 0.15
St, current simulation, 3D 0.135 0.107 0.088 0.186 0.156
St, experiment [2] 0.13 0.09 0.08 0.17 0.135

These values are also compared with the available experimental results reported in the
literature, and they are generally in good agreement. In comparison with the 2D
results, 3D simulation results indicate a significant improvement concerning the
Strouhal number for the aspect ratio of 1 : 2. According to the experiments conducted
by Okajima [2], the Strouhal number has a minimum value around the aspect ratio of
1 : 2, and a maximum at 1 : 3. This fact is well reproduced in the 3D study, but not in
the 2D results.
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4. Concluding remarks

A numerical parametric study of the flow around rectangular prisms with different
aspect ratios at a Reynolds number 105 is conducted using the large eddy simulation
method. Based on a grid refinement study, a non-uniform grid mesh is selected for this
study. Modifications of the flow caused by the afterbody length are clearly illustrated
in both the time-averaged streamline plots and the pressure distribution results. The
separation—reattachement charactersitics of the flow over the side faces of rectangular
prisms are clearly visualized through the mean streamlines. The flow patterns identi-
fied by the streamlines are corroborated by the mean and RMS pressure distributions
on the side faces. The separated flow reattaches to the side face of prisms with aspect
ratios of 1 : 3 and 1 : 4. The numerical results of the overall lift and drag forces and
Strouhal numbers are found to be in good agreement with the available experimental
values.
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