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Introduction
While the research for flow over a circular cylinder has been actively carried

out up to the present, it has been known that the flow has not been clarified even
now. Various complex flow and aero-acoustic characteristics exist around a circu-
lar cylinder such as flow separation, wake and pressure wave propagation [1]. The
flow is symmetric with respect to the front and back if the Reynolds Number is less
than 45. If the Reynolds Number is higher, vortex shedding will occur in the rear
of cylinder because abnormal flow will occur. This vortex shedding becomes the
main cause of vibration, noise and periodic lift and drag on the cylinder. Norberg[1]
compiled the theoretical, experimental and numerical research results for a circular
cylinder flow and analyzed the flow characteristic according to the Reynolds num-
ber. He showed that there was a considerable difference in characteristics between
experimental and numerical analysis results up to the present. As the Reynolds
number increases, three dimensional instability increases in the wakes, and this be-
comes the cause for increase in lift, drag and Reynolds stress. Because of the pres-
sure change, Karman vortex will occur periodically and the periodic characteristic
of lift and drag will be generated [2]. Williamson [3] showed that two dimensional
vortex shedding occurs when the Reynolds Number is less than 180. When it is
greater than this value, he showed that unstable three dimensional vortex shedding
will appear as Mode A and Mode B form.

In this paper, research was carried out for wake flow over a circular cylinders by
using high order, high resolution techniques that are used in two dimensional aero-
acoustic analysis[4]. While theoretical equations and experiments were mainly
used for the analysis of aero- acoustic in the past [5], a variety of research is be-
ing carried out for the mutual interference between flow and acoustics by using
high order computation techniques in recent times. Numerical instability occurs if
nonlinear discontinuous wave is computed with a high order, high resolution tech-
nique. The artificial dissipation model proposed by Kim&Lee [6] was applied to
three dimensional flows to remove the numerical instability. Numerical analysis
using the high order technique requires a long computation time and a large mem-
ory capacity. Therefore, in order to improve the processing time, OpenMP parallel
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processing method was used. For the numerical result, the periodic characteristic
of Strouhal Number due to vortex shedding was comparatively analyzed with other
experiment values and two dimensional numerical results. The characteristics of
secondary vortex were analyzed for the three dimensional flow characteristic of
wake.

Governing Equations and Numerical Analysis Method
The three dimensional unsteady compressible Reynolds Averaged Navier-Stokes

equation was transformed into a general coordinates, as Eq.(1). The detailed equa-
tions are as shown in the reference [7].
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∂ζ

=
∂ ÊV
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For a high order, high resolution numerical technique, OHOC (Optimized High-
Order Compact) numerical technique used by Kim& Lee [4] in two dimensional
aero-acoustic analyses was applied to three dimensional flows. For numerical dif-
ferentiation, an implicit method using 7 node points was used, as shown in Eq.(2).
The coefficients are as shown in reference [4]. In order to maintain high resolution
in time direction, a fourth order Runge-Kutta explicit method was used [8].
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1
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While it is possible to obtain high resolution with OHOC technique, dissipa-
tion and diffusion errors occur. These errors affect numerical stability significantly,
because the wave characteristic cannot be accurately reproduced unlike an upwind
scheme due to the characteristics of central difference method. In order to reduce
this error and increase the stability of numerical scheme, the adaptive nonlinear
artificial dissipation model proposed by Kim&Lee [6] was applied to the three di-
mensional flow.

The computation domain was set up to be 200 and (πD/2,πD,2πD) times the
diameter D in the radial direction and the spanwise direction, respectively. The
number of O-type grid system 201×141× (20,40,60) was used. Fig.1 shows the
sample grid system on the center section of numerical domain. In most of research
for compressible flow, the wave reflection from the boundary is suppressed by using
a non-reflecting characteristic method. However, for the high resolution technique,
the wave reflection is suppressed with numerical dissipation by a wide area of buffer
zone, because the wave reflection is not sufficiently suppressed even though a non-
reflecting condition is used. In this paper, a wide numerical computation zone was
set up and a coarse grid was used in the distant boundary region. Therefore, while
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the numerical computation domain was set up wider than the methods with non-
reflective characteristic condition, the boundary conditions were given very simply
for non-reflecting condition.

Figure 1: Grid Mesh System for computation of circular cylinder flow

For the parallel processing technique, the OpenMp method uses a shared mem-
ory based on a thread and allows relatively easy programming, the MPI method is
carried out with independent memory in each processor with data communication,
and the Cluster OpenMP has the advantages of both. OpenMP was mainly used in
this research because of CPU time consumption for data communication.

Result and Discussion
In Figure 2, the Strouhal number (St = f D/U∞) of lift coefficient was compared

with other numerical results and experiment values, for the variations of Reynolds
number and spanwise length. The Reynolds number ranges from 300 to 1000,
which belongs to mode B referred by Williamson [3]. The results seriously differed
from the 2- dimensional result of Williamson [3]. Even though the results in the
range of mode B Reynolds number have a little difference with Williamson [3],
they very closely agree with the Leweke [9]. There are no significant differences
for the variation of spanwise length.

Figure 3 shows the vortex shedding for one period on the central cross section
of z-axis. A primary vortex occurs, develops strongly and flows downstream. Then
a second vortex in the primary vortex occurs. It can be seen that this second vortex
vanishes by being strongly pushed out by the primary vortex from the opposite side.
Finally, the original primary vortex is shed toward downstream. Such a process
completely shows the periodic characteristic of Karman vortex. It also shows the
dissipation of vortex strength as it flows downstream.

For the variation of spanwise length, the distributions of secondary vortex show



68 Copyright © 2009 ICCES ICCES, vol.10, no.2, pp.65-70

Figure 2: Relationship between St and Re

Figure 3: Vorticity and streamline Patterns from 1 period at Re=300

in Figure 4 for the case of Reynolds number of 1000. In the cases of spanwise
length ofπD/2, the distribution of secondary vortices are parallel. However, the
three dimensional effects are shown in the results of spanwise length ofπD andπD.
The wave lengths of secondary vortices are shown in Figure 4 for the variation of
spanwise length and Reynold number. For the case of spanwise length ofπD/2,
the results are very lower than Williamson [3]. For the case of spanwise length
of 2πD, the results more closely agree with Williamson [3]. However, the results
differ from Williamson [3] in the range of low Reynolds number near to mode A
range. The reason seems the numerical dissipation. Therefore, the spanwise length
is required over 2πD and the numerical dissipation is suppressed for the accurate
three dimensional effects.

Conclusion
The unsteady three dimensional compressible Reynolds averaged Navier Stokes



Three Dimensional Secondary Vortexes 69

Figure 4: B-mode vortex shedding: comparison of streamwise components of vor-
tices for πd/2(top), πd(middle), 2πd(bottom) at Re=1000

equation was numerically computed to analyze the secondary vortexes in wakes
past a circular cylinder by applying the OHOC technique, a high order and high
resolution numerical technique. To increase the computation speed for the large
amount of numerical computations, a OpenMP parallel processing method was
used. Since a non-reflective characteristic boundary condition needs a large buffer
zone for a high order technique, it is not efficient. Therefore, in this research, while
the numerical computation domain was set up wider than the methods with non-
reflective characteristic condition, the very simple boundary conditions were used.
For the variations of Reynolds number of mode B and spanwise length, Strouhal
number of lift was compared with other two dimensional numerical computation
results and experiment values. Karman vortex shedding characteristic, three dimen-
sional vortex shedding and secondary vortex characteristics were analyzed. When
the spanwise length is over 2πD, three dimensional effects are more accurately an-
alyzed. Even though there are secondary vortexes in the range of low Reynolds
number or short spanwise length, the secondary vortexes flow down in a parallel
direction. Therefore, there are no three dimensional effects in the results of lift and
drag coefficients.
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