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ABSTRACT

We investigate the hydrodynamic effect of a slit
in a circular cylinder. The goal of this study is
to find a modification of a cylinder to minimize
vortex-induced vibrations (VIV). The slit, which
is parallel to the incoming flow, is found to be
very effective in suppressing vortex shedding and
consequently VIV. Through a series of numer-
ical experiments, the optimal size of the slit to
suppress the lift force and VIV is obtained. We
also find that the slit is more effective at higher
Reynolds numbers. A linear stability analysis
shows that jet flow though a slit changes the sta-
bility behind the cylinder by inducing two small
pockets of absolute instability followed by bands
of convectively and absolutely unstable regions.

1. INTRODUCTION

Even though numerous techniques to control the
drag/lift forces and VIV have been suggested and
tested, the study of a cylinder with a slit has not
been performed from the VIV suppression point
of view. Igarashi (1978) experimentally studied
the effect of a slit in a cylinder on the wake flow
in the Reynolds number of O(105), changing the
angle of the slit to the incoming flow from 0 to 90
degrees. He observed slits of angle less than 40
degrees move the vortex formation region down-
stream and increase the base pressure, while the
ones with larger angle decrease the shedding fre-
quency and the base pressure due to the bound-
ary layer suction. Olsen and Rajagopalan (2000)
reported an experimental study on the vortex
shedding and drag coefficient of circular cylinders
with a slit and/or a concave rear notch. They
observed higher drag coefficient, and strong and
stable vortex-shedding pattern at Re = 2200 for
the case of a cylinder with a slit normal to the
flow.

In our study, we tested a cylinder with a slit,
which was placed at various angles and not nec-
essarily along the diameter, and also a cylinder
covered with a thin shell which was dented at
various locations with different sizes. Among all
designs, a cylinder with a slit parallel to the flow

is the most effective in reducing the drag and
lift forces and a shrouded cylinder is the second
most effective. When vertical or slanted slits are
placed along the diameter of, in the frontal sec-
tion of, or near the base of the cylinder, they show
unfavorable effects on the VIV, namely stronger
vortex shedding and higher shedding frequency
as observed in Igarashi (1978) and Olsen and
Rajagopalan (2000). Hence, configurations other
than a parallel slit were not further pursued and
such results are not presented in the present re-
port.

From the VIV control point of view, a slit
in a cylinder can be regarded as a suction-blow
method. Since a cylinder with a slit does not re-
quire any energy input for operation, the method
is similar to Wong’s self-sustained fluid injec-
tion and Grimminger’s guide vane cited in Nau-
dascher and Rockwell (1994). The flow change
and control via suction-blow on a bluff body
has been reported by many researchers including
Dong and Karniadakis (2007); Lin et al (1995);
Kim and Choi (2005); and Wood (1964). VIV
control via a slit, however, has not been studied.
Hence, we carried out numerical simulations at
Re = 500 and 1000 with fixed, transverse-free,
and free cylinders.

We also employed a local linear stability anal-
ysis which was useful in understanding the global
behavior of wake. Triantafyllou et al (1986)
and Karniadakis and Triantafyllou (1989) showed
that the dominant frequency of the wake can be
accurately predicted through this stability anal-
ysis. For our cases, the linear stability analysis
shed some light in explaining the change of the
wake flow characteristic.

In this paper, we present a brief account of
numerical method and configuration followed by
simulation results with fixed, crossflow-free, and
totally-free cylinders. Findings from the tempo-
rally averaged flow and a local, linear stability
analysis are discussed in the section 4. We con-
clude in section 5.



2. CONFIGURATION AND
NUMERICAL METHOD

A slit is placed parallel to the incoming flow along
the diameter of a circular cylinder as shown in
Figure 1. The width of the slit varies from 0
to 30 % of the diameter of the cylinder. The
same configurations were used for stationary and
VIV simulations. A typical 2D computational
domain for Re = 500 is shown in Figure 1 with
−10 ≤ x ≤ 50 and −10 ≤ y ≤ 10. The origin
of the coordinate system is located at the center
of a cylinder and the positive x axis is pointing
downstream.
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Figure 1: (a) Domain around a cylinder, (b)
Quadrilateral elements in the slit and around a
cylinder.

For stationary cylinders, we solved the Navier-
Stokes equations with no-slip boundary condition
on a cylinder; the incoming flow is uniformly
parallel and steady; the top and bottom sides
of the domain have a periodic boundary condi-
tion; the outflow is assumed to be fully devel-
oped. The incompressible Navier-Stokes equa-
tions were solved with NEKTAR, which imple-
ments the spectral/hp element method and uti-
lizes the Jacobi polynomial basis to represent the
unknowns, velocity and pressure. For more de-
tails, we refer to Karniadakis and Sherwin (2005).
For the VIV simulation of free cylinders, the
Navier-Stokes equations are written in the body-
fixed coordinates. The motion of the cylinder is
assumed to be linear in both X and Y direction
and is described by

ÿ + 2ζωnẏ + ω2

n
y =

f

m
, (1)

where y denotes either X or Y displacement.
The flow/structure systems were weakly coupled
by transferring the hydrodynamic forces to the
structure solver as external forces after the fluid

pressure substep and solving for final viscous
substep in the fluid with updated cylinder posi-
tion and velocity. The XY motions are updated
through the 2nd order accurate Newmark inte-
gration scheme. For details, we refer to Newman
and Karniadakis (1997). The assumption of lin-
ear motion of a cylinder and coordinate transfor-
mation made the remeshing or interpolation un-
necessary even when the cylinder is undergoing
large vibrations.

In order to guarantee that our numerical solu-
tions do not depend on the size of numerical do-
mains, we performed sensitivity tests with larger
numerical domains. The domain is discretized
densely inside and near the cylinder boundary
so that the elements around a cylinder are fine
enough to capture the boundary layer as shown
in Fig. 1(b). The numbers of elements range
700 to 1200. At Re = 1000 and VIV simulations,
the sizes of domains were increased. In all cases,
Reynolds numbers are based on the incoming flow
velocity and the cylinder diameter. Most of sim-
ulations were done at Re = 500; simulations at
Re = 1000 were also carried out in order to verify
that slits work at higher Reynolds numbers.

3. VIV CONTROL VIA A SLIT

3.1. Cylinder - Fixed

We fist investigate the effect of a slit in a station-
ary cylinder on the lift force in uniform flow at
Re = 500 and 1000. Table 1 shows simulation
cases with varying slit ratio, s/D, where s and D
are the slit width and the diameter of a cylinder,
respectively. Case ST1, s/D = 0.0, is the un-
controlled reference case. Quantitatively speak-

Cases s/D f1 f2 f3 f4

ST1 0.0 0.235 3f1

ST2 0.05 0.233 3f1

ST3 0.12 0.210 3f1

ST4 0.14 0.249 3f1

ST5 0.16 0.265 f1/4 0.579 0.767
ST6 0.20 0.092 3f1 0.465 0.625
ST7 0.30 0.142 f1/2 0.027 2f1

Table 1: Peaks at the power spectrum of the lift
force in a stationary cylinder at Re = 500.

ing, the flow through the slit moves the vortex
formation downstream and disturbs the symme-
try of the vortex shedding through interactions
of shear vortices from the slit with those from
the wall. When vortices from the slit are not



strong (s/D < 0.16), they only contribute to the
stretching of shed vortices from the cylinder and
disappear in the near-wake. In case ST5, the
vortices from both sides of cylinder are stretched
farthest; the vortex formation location is also
pushed downstream; the lift force becomes min-
imal. When s/D > 0.16, vortices from the slit
are shed and merged to the vortices of the same
or opposite sign from the cylinder wall. Hence,
the vortex street becomes very irregular and the
periodicity of the lift and drag forces disappears.
Cases ST6 and ST7 demonstrate that the sym-
metric break down of the jet through the slit in-
duces symmetric vortex shedding before the flow
reaches the steady state. Even in steady state,
there are time intervals during which the vortex
shedding becomes symmetric. The drag and lift
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Figure 2: Drag and lift forces versus time: (a)
ST1, (b) ST2, (c) ST3, (d) ST4, (e) ST6, (f)
ST7, (g) ST5 at Re = 500.

force time histories in Figure 2 show the dra-
matic changes of the lift forces as the slit ratio
increases. The periodicity of the vortex shedding
of case ST5 still seems to have the dominant sin-
gle frequency component in the lift. The lift force
amplitude, however, reduces to less than 10 per-
cent of that of the reference cylinder. For those
with larger slit ratio than 0.16, the drag and force
time histories become chaotic due to competition
between antisymmetric Karman vortex shedding
mode from the cylinder and the symmetric shed-

ding mode from the jet.
We calculated the RMS values of the lift force

time history to compare the energy among the
cases. We want to point out that the RMS of
case ST7 is larger than that of case ST6. The
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Figure 3: RMS lift coefficients versus the slit
width at Re = 500 and 1000.

RMS lift coefficient diminishes up to the slit ra-
tio 0.16 and then increases slightly as the slit ra-
tio increases further. The increase of RMS lift
coefficient agrees with the amplitude increase in
the lift force time history. We confirmed that
this optimum slit size becomes smaller when the
Reynolds number increases as shown in Figure
3. The frequency spectrum of the lift force time
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Figure 4: Lift force power spectrum: (a) ST5, (b)
ST7 at Re = 500.

history reveals that the superharmonics of the
vortex shedding frequency disappear gradually as
the slit ratio increases. It is noteworthy that up
to s/D = 0.12, the dominant shedding frequency
listed in Table 1 gets smaller from f = 0.235 to
f = 0.210. Case ST4 shows that frequency com-
ponents between two peaks start to grow. The
force spectrum of case ST5 shown in Figure 4
loses most of strong peaks associated with the ref-
erence cylinder. Cases ST6 and ST7 lose those
peaks completely. The spectral analysis agrees
with the time history of the lift force and con-
firms the detuning process of the slit more clearly.
However, drastically reduced lift forces with per-
sistent dominant frequency in cases ST4 and ST5



seem to explain that the suppression of the lift
force is induced mainly from the longer vortex
formation length and that the detuning is an out-
come of such change in the wake.

3.2. Cylinders - Y only VIV

We also performed simulations of a rigid 2D
cylinder, which is allowed to move along the Y
direction. For VIV simulations, three parameters
are necessary to define the property of a cylinder:
mass ratio, damping, and natural frequency. The
natural frequency of a cylinder, ωn = 2π · 0.225,
is chosen to be close to the non-dimensional vor-
tex shedding frequency of a fixed cylinder at Re
= 500. Since the positive damping decreases the
VIV of a cylinder, the damping coefficient was
set to 0 or 0.01 to maximize the motion. The
mass ratio is set to 3, which is close to the den-
sity ratio of pipes used in the ocean. With these
fixed parameters, simulation cases with different
slit ratios are listed in Table 2.

Cases s/D f1 f2 f3 f4

VY1 0.0 0.230 2f1 3f1 4f1

VY2 0.12 0.218 3f1 0.783 0.956
VY3 0.16 0.275 0.221 0.079 0.624
VY4 0.20 0.077 0.202 7f1

VY5 0.30 0.177 f1/3 0.294

Table 2: Peaks at the power spectrum of Y dis-
placement of Y only VIV. In all cases, Re = 500,
damping 0.0, and mass ratio 3.

More simulations with larger mass were done
but we present only the cases of mass ratio 3 since
cylinders with the larger mass ratio show smaller
amplitudes. In the cases VY1 and VY2, positive
structural damping coefficient caused reduction
of the amplitude of the motion by 10 %. The Y
motion almost disappears in case VY3 as shown
in Figure 5.

The power spectrum of the cylinder motion in
Y direction as shown in Figure 6 demonstrate
a similar trend to the one observed in the fixed
cylinder cases. The strong energy around the su-
perharmonics of shedding frequency spreads out
to surrounding frequencies gradually as the slit
ratio increases.

3.3. Cylinder - XY VIV

Encouraged by the results of the Y direction
VIV simulations, we also performed VIV sim-
ulations with free cylinders listed in Table 3.
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Figure 5: Cylinder Y displacement versus time:
(a) VY1, (b) VY2, (c) VY3, (d) VY4, (e) VY4
with damping = 0.01, (f) VY5.
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Figure 6: Spectrum of Y displacement of (a) VY3
and (b) VY4.

In cases VXY1 and VXY2, positive structural

Cases s/D f1 f2 f3 f4

VXY1 0.0 0.230 2f1 3f1 4f1

VXY2 0.12 0.216 f1/3 0.363 3f1

VXY3 0.16 0.216 0.279 0.589 0.792
VXY4 0.20 0.062 0.196 0.327
VXY5 0.30 0.174 0.323 0.488

Table 3: Peaks at the spectrum of Y motion in
XY VIV simulations. In all cases, Re = 500,
damping 0.0, and mass ratio 3.

damping reduces the motion amplitudes of un-
damped cylinders by 10 %. Figure 7 shows that
case VXY3 with s/D = 0.16 is still effective in
suppressing the XY motion as well as Y mo-
tion. Due to eventual detuning, the limit cycle of
the cylinder is a fixed point. As observed in the
cases of Y VIV simulations, the spectral analy-
sis of the Y displacement reveals that the detun-
ing is taking place from case VXY2 and the vor-
tex shedding superharmonics disappear in case
VXY5 completely as shown in Figure 8. Both
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Figure 7: Cylinder displacement trajectories in
X-Y plane: (a) VXY1, (b) VXY2, (c) VXY3,
(d) VXY3 with damping = 0.01, (e) VXY4, (f)
VXY5.

Y only and XY VIV simulations start from the
fully developed flow with the cylinders fixed at
the origin. Subsequently, cylinders were released
to allow motion along either Y only or XY direc-
tion.
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Figure 8: Spectrum of Y motions of case (a)
VXY2 and (b)VXY5.

4. LINEAR STABILITY ANALYSIS

We carried out a stability analysis of the wake
flow using local, linear stability theory. Dur-
ing fixed cylinders simulations, temporal aver-
ages of flow fields were obtained and the u ve-
locity profiles at different x stations in the wake
were extracted. These velocity profiles were used
as a base profile for the stability analysis un-
der the assumption that crossflow is negligible
and the streamwise change of the velocity profile
is not significant. The inviscid Orr-Sommerfeld
equation is solved numerically to find the dis-
persion relation as in Triantafyllou et al (1986),
ω = ω(k), which maps ki constant lines onto the
ω plane at x/D = 0.7, 0.8, ..., 2.6. From the simi-
larity in the shape of the quadratic mapping, we

identify double root; the sign of the imaginary
part determines whether the flow is convectively
or absolutely unstable. If the double root (which
looks like a cusp on the ω plane) is above the ωr

axis, the instability is absolute. If it is below the
ωr axis, it is convective.
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Figure 9: Stream lines drawn from average veloc-
ity field: (a) ST3, (b) ST4, (c) ST5, (d) ST6.
The vertical lines indicate the location where the
linear stability analysis predicts the strongest lo-
cal absolute instability.

Streamlines in the averaged flow fields show
very interesting change of the fields as the slit
width increases. It is obvious from Figure 9 that
the recirculating zones near the base of the cylin-
der get stretched and intensified. The vortex sys-
tems are shifted downward farthest for case ST5.
Vertical lines shown in Figure 9 indicate the lo-
cations of local maxima of disturbance growth
rate predicted with the stability analysis. Their
locations coincide with the centers of the vortex
systems with a small offset.

The stability analysis with the reference cylin-
der was performed as a benchmark test and it
predicts the Strouhal number, 0.2476, which dif-
fers from the vortex shedding frequency, 0.2345,
by 5.2 %. The growth rates of absolute insta-
bility are shown in Figure 10. As the slit width
increases, however, the temporal wave numbers
at the double roots could not be directly related
to the Strouhal number. For cases ST4, ST5,
and ST6, the map of constant ki lines have two
pinch points (double root of ω(k) = 0) and this
seems to be related to the vortex system induced
by the jet flow through the slit. Case ST3 shows
that the absolute instability zone is shifted down-
ward even though the max growth rate is larger
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Figure 10: Peak growth rate(ωi) versus x/D: (a)
ST1, ST3, ST4, (b) ST4, ST5, ST6

than that of case ST1. In cases ST5 and ST6,
two absolute instability pockets shown as humps
in Figure 10 are getting closer to the cylinder
while they are separated by a band of convec-
tive instability. As s/D increases, this band gets
wider along the streamwise direction. Qualita-
tively, those observations agree with the vorticity
distribution

5. CONCLUSIONS

We investigated the hydrodynamic effect of slits
in a 2D circular cylinder on the wake flow and
VIV. A slit is placed parallel to the incoming
flow along the diameter of the cylinder, and with
width varied from 0 to 30 % of the diameter
of the cylinder. The effect of slit was tested
for both fixed and free cylinders with high-order
spectral/hp element method. Systematic numer-
ical simulations demonstrated that a slit parallel
to the incoming flow is a very efficient way in
suppressing the lift and VIV by modifying the
wake flow. The existence of optimal slit width at
Re = 500 and 1000 shows that the reduced drag
and lift are ascribed not to the reduced frontal
area but to the change of instability regions and
their interactions. Modified cylinders with a slit
of sufficiently large width make a strong jet flow
into the wake and changes the vortex shedding
pattern dramatically. For the slit width of larger
than 16 % of the diameter, instantaneous flow
field does not show periodic vortex shedding pat-
tern any more.

In the time-averaged flow, slits make two ad-
ditional vortex systems behind the pieces of a
cylinder while shifting downstream and shrink-
ing the original ones observed in the near-wake
of an unmodified circular cylinder. A local lin-
ear stability analysis was carried out to find the
changes in the size and location of the absolute
instability zones even though the resulted mul-
tiple frequencies could not be predicted directly
from the analysis.
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