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This paper briefly reviews bluff body aerodynamics and focuses mainly on
the use of short and thin splitter plates to interfere with the vortex wakes and
suppress vortex-induced forces (VIF). The present investigation primarily
examines the suppression of unsteady, two-dimensional wake instabilities
over a low Reynolds number range of less than 250. A circular cylinder is
used as the bluff body in this study. Wake instabilities of both bounded and
unbounded flows are investigated. It is found that channel walls have a
stabilizing effect on the shedding, and, in this case, VIF can be eliminated
entirely by a correctly placed splitter plate. The investigation is carried out
by way of numerical simulation using a commercial incompressible, viscous
computational fluid dynamics (CFD) solver. A simple experiment is also
performed to confirm the effectiveness of a splitter plate in suppressing flow
induced vibration.
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Introduction

A vast majority of past research papers on bluff body aerodynamics has been devoted to the
flow past a circular cylinder. The research history can be traced all the way back to d’Alembert
with his famous “paradox”. As noted by Roshko [14], the circular cylinder is, by far, the
“quintessential” bluff body. The popularity of the circular cylinder comes from its simplicity and
its practical importance in real engineering applications such as offshore pipelines, bridge
towers, piers, etc. Yet, the flow past the two-dimensional circular cylinder can be profoundly
complex and beautiful across the various ranges of Reynolds numbers. For experimental studies,
it is convenient that circular-shaped tubings and rods are readily available in most places. This
current work presents a study of vortex shedding off circular cylinders in both unbounded flows
and bounded channel flows. The goal of this research is to study the control of vortex shedding
by splitter plate interference at a relatively low Reynolds number where three-dimensionality
does not play a role.
Structural vibration caused by vortex induced forces (VIF) is an important special case of
flow induced vibration (FIV). Vortex suppression techniques have always been of great interest
to both structural and fluid dynamic engineers across many engineering disciplines—ranging
from applications in aerospace, civil, mechanical and even bioengineering. We know from many
life examples that structural vibration induced by wake instabilities can have a catastrophic
impact on the structure itself. One of the most notorious examples of FIV is the Tacoma Narrows
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Bridge that was destroyed in 1940. Another less damaging example is vibration of telescopes
caused by wind buffeting. Many other FIV examples and countermeasures have been illustrated
and analyzed such as those mentioned in Blevins [9]. In addition, an overview of vortex
dynamics and VIF in the wake of a cylindrical body and a list of references has been given by
Williamson can be found in [2] and [3].
The use of splitter plates to control vortex formation in cylinder wakes is not a new concept.
Roshko, in his 1954 NACA report [1], had already experimented with vortex suppression by
placing a thin splitter plate at various separation distances along the mean zero streamline
downstream of the circular cylinder base in order to interfere with its natural shedding at Red =
14,500. The wake interference caused the alteration of the suction base coefficient of pressure,

Cpb, and the Strouhal number, St, depending on the separation distance between the splitter plate
and the circular body. Roshko reported less variation on the pressure distribution over the
cylinder circumference in the presence of a splitter plate, which would mean less lift and drag
fluctuation or VIF. Roshko also noted that the mean CD was reduced from 1.15 to 0.72 in one of
the splitter plate configurations. Thus, we can further postulate from this report that splitter plate
deployment, in addition to inhibiting vortex shedding instability, produces a streamlining effect
on the flow past a bluff body.
Following the work of Roshko, Apelt and West [15] investigated flows past circular cylinders
with splitter plates attached to a circular cylinder in the Red range of 104 to 5x104. They found
that at any ratio of the splitter plate length, l, to the cylinder diameter, d, or l/d, between 0 and 7,
the flow characteristics past the cylinder can be altered, as is evident from the variation seen on
the Strouhal numbers, CD and Cpb. They concluded that the effectiveness of a splitter plate
depends significantly on the length the plate. At l/d > 5, they observed that the drag component

5

becomes constant and the unsteady vortex shedding is eliminated from the cylinder body even
though they noted that the existence of a vortex street further downstream of the splitter plate.
Unal and Rockwell [4] experimented with the insertion of a long and thick plate with a sharp,
wedge-like leading edge in the wake of a cylinder to control the development of wake
instabilities in the Reynolds number range of 140 < Red < 3600. The plate is relatively thick (of
the order of d) and its length is much greater than d, i.e. l/d = 24. Note that Unal et al used
circular cylinders of various diameters to cover the range of Reynolds number in their study.
Depending on the separation distance from the cylinder, ls, a splitter plate can break the wake
flow characteristics into two regimes—pre-vortex formation and post-vortex formation. It was
reported that at a relatively low Reynolds number, the unsteady von Kármán vortex street can be
eliminated with a thick splitter plate at a separation distance of 2.8·d for Red = 142. We simulated
a few selected cases of Unal’s experiments and present the results in the Appendix as a
benchmark study for comparison.
Mittal [12] suggested the use of a long detached splitter plate for control of vortex
suppression. He found that in an unbounded flow at Red = 100, a splitter plate which has the
length of 2·d or greater can completely suppress the fluctuating lift and drag components when
placed at a separation distance of lsc = 2.68·d. Some noticeable amount of VIF suppression can
also be achieved when the splitter plate length, l, is shorter than 2·d. It was also found that when
a splitter plate is placed at a separation distance of lsc > 2.68·d, VIF is worse than the case of no
splitter plate.
The question arises if it is possible to suppress the unsteadiness by a thin (i.e. th < 0.1·d) and
short splitter plate (i.e. l ≤ 1·d). In some real engineering applications, it is impractical to have a
controlling device such as a splitter plate several times longer than the cylinder body itself.
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Furthermore, how effective would a splitter plate be in a bounded flow? Several of the previous
researches involved a splitter plate that is attached to the bluff body. In order to minimize VIF on
the bluff body itself, it is important that the splitter plate be physically separated from the bluff
body. Attaching the splitter plate would directly connect its aerodynamic forces to the bluff
body. By detaching the splitter plate, any fluctuating forces acting on the splitter plate will not be
directly coupled into the bluff body. This would allow the maximum attenuation of VIF on the
bluff body. Hence, the present research work will focus on the configuration where the splitter
plate is deployed in the downstream wakes but physically detached from the cylinder body.
Our work is particularly motivated by the need to find ways of reducing VIF of the read-write
arm of a hard disk drive, which lies between the upper and lower surfaces of two disks in a
multiple-platter configuration. Hence, we wish to address the issue of how effective a detached
splitter plate can be in suppressing unsteady vortex shedding behind a cylinder in a channel. We
examine both the case of a cylinder between moving walls, which may be regarded as an
idealized model of a disk drive, and the case of a cylinder in a Poiseuille flow with fixed walls.
II.

Numerical method and validation

CFD has been established as a valuable tool in the development of aerodynamic design,
particularly in the aerospace industry. In this study, a commercial CFD code will be used as the
primary investigative tool since it offers benefits in terms of ease of use in geometrical and mesh
modification, reasonable solution algorithm efficiency and good post processing capability. Most
commercial CFD codes solve the incompressible Navier-Stokes equations using the SIMPLE
(Semi-Implicit Method for Pressure-Linked Equation) algorithm, first developed by Patankar and
Spalding in 1972 [5], or one of its variants such as SIMPLE-C and SIMPLE-R. The first step of
this study is to establish confidence in the numerical results by comparing our simulations with
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some well-known numerical and experimental work of previous investigators. Some examples
are presented in the Appendix.
A typical commercial CFD code uses the finite volume approach to solve for an
incompressible, viscous flow. Consider the following conservation equations:

Conservation of Mass

∂ρ ∂ ( ρui )
+
=0
∂t
∂xi
Conservation of Momentum

∂ ( ρu j )
∂t

+

∂ ( ρuiu j )
∂xi

=

(1)

∂σ ij
∂xi

−

∂p
∂x j

(2)

where ρ is the density, ui is the velocity component, p is the pressure and τij is the stress tensor.
Most commercial codes solve the partial differential equations as an instance of the generic
conservation equation. The detailed implementation is well documented in various publications
and textbooks, namely Ferziger & Perić [16]. In summary, the generalized transport equation can
be expressed in the following manner:

∂ ( ρφ ) ∂ ( ρuiφ )
∂  ∂φ
Γ
+
=
∂t
∂xi
∂xi  ∂xi


 + Sφ


(3)

The two terms on the left hand side of the above equation (3) are the transient term and
convection terms of any scalar quantity φ, respectively. These terms are balanced by the
diffusive transport term and any sources or sinks of φ on the right hand side, respectively.
The calculation of pressure generally poses a problem in obtaining a solution to the NavierStokes equations at a constant density. This is due to the lack of an independent equation for
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pressure. The Navier-Stokes equations are non-linear with unknown velocity components. In
addition, the pressure gradient contributes as a source term in the three momentum equations (2).
Therefore, solving the flow field requires a known pressure field.
In compressible flow, the continuity equation, in practice, can be solved to determine the
density of the fluid. Pressure can then be determined from an equation of state. However, in an
incompressible flow or flow at a low Mach number, it is not appropriate since the fluid density is
treated as constant and has no direct relation with pressure. There are four unknowns—u1, u2, u3
and p in four equations—continuity, x1, x2, and x3-momentum:

∂ui
=0
∂xi

(4)
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 =
 − µ

+
+
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ρ 
ρ 

Essentially, this means we cannot solve for velocity components until we find out what the
pressure field is, and vice versa. By an iterative approach, the SIMPLE algorithm couples the
pressure and velocity terms after solving the discretized equations separately. The details of the
SIMPLE algorithm can also be found in Ferziger & Peric [16].
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In 1980, Patankar proposed a new algorithm called SIMPLE-R to address the problem of
divergence as a result of the omission of the velocity correction term, u~i′, P =

∑A
l

ui
l

APui

u i′,l

, from the

corrected discretized momentum equations. The acronym SIMPLE-R stands for SIMPLERevised. The algorithm SIMPLE-R essentially requires an intermediate step of determining the
pressure field from a Poisson equation based on pseudo-velocity components obtained from the
velocity correction equation of the SIMPLE algorithm. This intermediate pressure pm is used in
the correction equations to again solve for velocity components and pressure, before moving on
to the next iteration until convergence is achieved. In general, SIMPLE-R will result in fewer
iteration steps but can be computationally more expensive than SIMPLE, as it will require more
calculations in determining the intermediate pressure in each iteration.
Also commonly implemented in commercial solvers is SIMPLE-C, which stands for
SIMPLE-Consistent. This variant also solves the conservation equations by coupling the pressure
and velocity terms similar to the original SIMPLE. However, as pointed out by Patankar in the
implementation of SIMPLE-R, the problem of ignoring the velocity correction term can lead to
inconsistency when solving for the pressure correction term. In 1984, Van Doormaal and
Raithby proposed that since

∑A
l

ui
l

u i′,l is of the same order as

∑A
l

ui
l

u i′, P . It therefore imposes a

less severe constraint on the pressure correction equation if one replaces APui in SIMPLE with

APui + ∑l Alui rather than ignoring

∑A
l

ui
l

u i′,l altogether [6]. This can be done with minimum

change to the original SIMPLE algorithm, but does have a significant and positive impact on
convergence. It can also be computationally less expensive than SIMPLE-R.
Many of the commercial CFD codes, including CFX, Fluent, and Star-CD, implement
SIMPLE and/or any one of its variants [7]. The code chosen for this work is CFD-ACE+ by ESI
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Corporation. It uses the SIMPLE-C pressure-correction algorithm along with various spatial
discretization schemes. Several optional schemes are available in CFD-ACE+ for spatial
discretization of the convection term, namely 1st order upwind (1UDS), 2nd order upwind
(2UDS) and central differencing (CDS). Typically, the solution from a 1st order upwind scheme
tends to be more diffusive. It is therefore avoided in this study as it can adversely affect the
shedding characteristics of the wake vortices. In the Reynolds number range of our study, a 2nd
order scheme should be sufficient in yielding a reasonably accurate result. For time
discretization, both the 1st order backward Euler and the 2nd order Crank-Nicholson (CN)
schemes are available. The discretization scheme of the diffusion and source terms is fixed and
no option can be set; however, it should produce 2nd order accuracy.
III.

Vortex shedding in channel flows

A major goal of this study is to investigate boundary effects on bluff body aerodynamics.
There are plenty of real engineering examples of a bounded flow moving past an obstruction of
an arbitrary shape—bluff body or otherwise—for example, an airplane in a wind tunnel, a boat
moving through a canal, a train moving through a tunnel, and of particular interest to us, the flow
around a read-write arm of a hard disk drive. We examine first the case of a cylinder in a channel
with moving walls. We simply set the incoming flow to be uniform.
In order to numerically investigate the response of the flow past a circular cylinder to the
walls, we bring the top and bottom boundaries progressively closer to the body while adjusting
grids accordingly to properly address the simulation accuracy and numerical stability. We start
our calculation by keeping a constant U0 with top and bottom boundaries far apart. We then
incrementally regenerate the grids as we bring the top and bottom boundaries closer together to
investigate the blockage effects. Note that the circular cylinder is kept perfectly at the center
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between the two boundaries. In addition to the same coarse meshing scheme that we employ in
the unbounded case, the mesh spacing is varied in a geometric progression in order to resolve the
boundary layer flows near the top and bottom walls as shown in Figure 1. The grid spacing
adjacent to the cylinder and wall surfaces is set to be approximately 0.005·d. Depending on the
situation, a time step in range of 1e-4 ≤ ∆t ≤ 1e-5 is used throughout this research. A minimum
of a four-order reduction in the error residual is sought as a convergence criterion. It is essential
that we balance the solution accuracy with the computational speed to enable systematic
numerical experimentation with splitter plate length and separation. After extensive
investigation, the current coarse grid arrangement was found satisfactory for our study.

Figure 1: Coarse mesh around the body for bounded flow study

The Strouhal number is traditionally defined as a function of a given incoming uniform
freestream velocity. Typically, it is used in an unbounded flow condition where the upper and
lower bounds are far enough away so that they have no effect on the flow near the body. In
Figure 2, the Strouhal number is plotted on a dashed line as a function of the blockage factor,

β=

d
that is when β = 0, we recover the case of unbounded flow, and when β = 1, we would
h
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have a complete blockage. In a practical sense, we cannot simulate the flow at these two limits.
We would have to make an assumption so that when β is approaching zero, i.e. h >> d, we
consider it equivalent to the unbounded case since the top and bottom boundaries should have
negligible effect on the flow characteristics past the body. In that case, it is found on Figure 2
that the Strouhal number St, based on incoming uniform velocity, approaches an approximate
asymptotic value of 0.18 at the unbounded limit (β = 0). The trend line of St (dashed line) also
suggests that there is a finite value at the physical limit of β = 1, which cannot be true since the
flow velocity at this limit would approach infinity, resulting in a St value of zero. Calculating the
Strouhal number based on incoming freestream velocity, U0, would lead to a non-zero value and
therefore a modification to the Strouhal number is needed to address the value at this limit. The
most logical modification is to base the Strouhal number on the mean cross-sectional velocity at
the body center. We will use an asterisk to denote this modification. At the limit of β = 1 where
the mean velocity approaches infinity, St* will approach zero.
If we calculate Red* as shown on Figure 3, using the mean cross-sectional flow velocity at the
body center, instead of simply the uniform incoming flow velocity, we can see that, when β >
1/2, Red* is already well over 300. As observed by different investigators, when the Reynolds
number surpasses the value of about 200 to 250, vortex wakes start to become unstable in the
spanwise direction for the case of a wake of a cylinder in an unbounded flow. Forcing the flow
past the cylinder body through the moving walls would result in shedding characteristics that
would most likely cease to be purely two-dimensional. One should expect a transition of flow
from being purely two-dimensional to the formation of three-dimensional vortex wakes at the
approximate blockage range of β between 0.25 and 0.5 where Red* is in the range of 250.
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Figure 2: Blockage effect on Strouhal and modified Strouhal numbers
of flow past a circular cylinder at constant U0 based on unbounded Red = 150
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Figure 3: Red* amplification as a function of β, based on unbounded Red = 150
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Figure 4: Instantaneous velocity profiles of flow
between circular cylinder body and upper wall

Figure 5: Instantaneous vorticity plot of flow past a circular cylinder,
at Red = 150, β = 1/20 (i.e. unbounded), 73336 cells
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Figure 6: Instantaneous vorticity plot of flow past a circular cylinder, same U0 which
produces Red = 150 on Figure 5, β = 1/2, 32960 cells

Because of the inlet condition, as β increases, the flow has to speed up and, as a result, the
vortex wakes intensify. Figure 4 shows the velocity profiles at various blockages from β = 1/20
and β = 2/3. As the blockages increase, the flow becomes more jet-like forcing a change in
shedding characteristics. Figure 5 shows the vorticity plot when the channel is wide (β = 1/20).
In this case, the wall effect can, for all intended purposes, be neglected and thus the flow can be
considered to unbounded. Figure 6, on the other hand, shows a much more intensified vortex
shedding (plotted on the same scale as Figure 5) when the channel is narrowed (β = 1/2). Both
figures show von Kármán vortex streets similar to what would be produced by cylinder of
circular shape. It is apparent from Figure 6 that, in the flow near the top and bottom boundaries,
there is enough evidence of a strong interaction of shear layers between those produced by the
obstructing body and those produced by the moving walls. The von Kármán vortex street that
sheds from the body is seen to interact with a pair of counter-rotating vortex streets on the
boundaries.
Interestingly, the modified Strouhal number, St*, on Figure 2 is relatively constant at an
approximate value of 0.2 for the blockage range of 0 < β < 2/3. This is because, as the blockage
increases, the shedding frequency of the vortex wakes increases, St* is balanced by the increase
in the average mean flow velocity past the cylinder body. It is useful in a sense that it can be
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used to predict how the shedding characteristics of a circular cylinder would behave later on in a
bounded flow situation. In addition, both the mean and fluctuating components of drag and lift
are also relatively constant along the same blockage range as shown on Figure 7. Plotted are
mean CD* and fluctuating components of CL* and CD*; all of which are based on mean crosssectional flow velocity past the body center. Note that the mean lift is zero. On the other end of
the blockage range, i.e. 2/3 < β < 1, it is important to note that apart from flow threedimensionality, compressibility effects would become increasingly significant in our numerical
solutions.
Flow past a circular cylinder
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Figure 7: Forces on the circular cylinder body as a function of blockage factor

Moving walls versus stationary walls

Another classical channel flow is the viscous Poiseuille flow between two stationary walls. In
setting up the computational model, the only difference from the previous case is to fix the upper
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and lower boundaries. In comparison to the uniform flow with moving walls (Figure 8), the flow
is allowed to fully develop into a parabolic profile upstream of the circular cylinder (Figure 9). In
these illustrations, the walls are shown to be positioned to be equivalent to the blockage factor of

β = 0.5. It is important to note that with this condition, the cylinder sheds steady and symmetrical
wakes at Red* = 150 in the stationary wall case. This would not be interesting from the point of
view of vortex suppression. Therefore, in the interest of VIF suppression, the incoming velocity
will be set to produce an equivalent of Red* = 250 at β = 0.5 for the case study of splitter plate in
the next section.

Figure 8: Incoming velocity profile of uniform flow with moving walls

Figure 9: Incoming velocity profile of developed flow between stationary walls

A noticeable difference of body forces is observed to be that with the moving walls, the
fluctuating components of lift and drag are much larger than those generated by flow in between
stationary walls. The VIF is much more intense due to the more energetic shear layer interaction
that happens between the moving walls and the cylindrical body than in the case of stationary
walls. However, the mean drag in the case of stationary walls is much higher than the case of
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moving walls as the overall flow over the cylinder is being retarded more. The mean CD* values
are 1.205 for moving walls and 1.392 for stationary.
For the fluctuating components of force, the moving walls produce CL* and CD* in the range
of 0.762 and 0.029 respectively while the stationary ones give 0.218 and 0.002. Figure 10 and
Figure 11 show the instantaneous vorticity contours of the two cases, illustrating the dynamics of
flow in between moving walls versus the flow in between stationary walls. The vortex wakes is
enhanced by the moving walls to form into a much more organized von Kármán vortex street
than the stationary case.

Figure 10: Moving walls, bounded flow, β = 0.5, Red* = 250

Figure 11: Stationary walls, bounded flow, β = 0.5, Red* = 250
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IV.

Systematic studies of splitter plate deployment

As reported by past researchers, a splitter plate in an unbounded flow can effectively change
the shedding characteristics and, as a result, VIF. We shall now systematically investigate the
mechanism of decoupling the effect of vortex wakes on the VIF of bluff bodies for both
unbounded and bounded flows. We expect that the proper positioning and length of the splitter
plate to be the critical factors in the effectiveness of the VIF suppression. To carry out these
numerical experiments, we modify the coarse mesh of the circular cylinder, which was used in
the verification tests, to study different splitter plate configurations. Among all the configurations
that might be devised, we focus on two main factors—the effect due separation distance, ls, and
the effect due to splitter plate length, l, as shown on Figure 12. The thickness of the splitter plate,

th, used will be kept constant at 0.1·d throughout the current investigative research.
d

ls

l

th

Figure 12: Schematic drawing of cylinder and splitter plate parameters
Case 1: Effect of a splitter plate in an unbounded flow, Red* = 150

In this case, we vary the splitter plate length and the separation distance from the circular
cylinder body in an unbounded flow condition, i.e. β ≈ 0. The mean lift is zero, and we focus on
how splitter plate interference suppresses the fluctuating component of lift and drag on the
cylinder from its own vortex wake effects. In studying the separation distance, the computational
grids are remeshed and adjusted so the physical representation is not lost. We also picked a
representative configuration and ran a denser mesh calculation to verify the results.
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It is clear from the Strouhal plot on Figure 12 that a splitter plate that is placed downstream of
the cylinder body can interfere with the development of vortex wakes. The degree of
effectiveness in vortex and VIF suppression depends largely on the splitter plate length and the
separation distance. Sharp transition points at separation distances between 1.65·d to 1.85·d can
be seen for all plate lengths which range from 0.25·d to 1.0·d. This also corresponds to the same
point, where the sudden change in lift fluctuation (Figure 14) and mean drag (Figure 15) are
observed. From these figures, we can determine the optimal separation distance for a given
splitter plate length. The same effect on drag fluctuation can also seen in Figure 16. In
comparison to study by Unal & Rockwell [4] (See also the benchmark study shown in the
Appendix), using this type of thin splitter plate does not completely suppress the unsteadiness in
the vortex wakes, given an unbounded flow situation. However, some amount of reduction in
vortex induced force fluctuation can still be realized when a splitter plate is placed at a proper
distance downstream of the circular cylinder. In agreement with past researches, one of the most
beneficial qualities of splitter plate interference in an unbounded flow, however, is the fact that
there is a reduction in mean drag all across the various configurations. The benefit is greatly
enhanced, again by the proper placement of the splitter plate. A thin splitter plate in an
unbounded flow can therefore be a very effective streamlining device.
Thus, the relative placement between the circular cylinder body and the splitter plate is
extremely critical. In a real world application, for example, there would be a drastic difference if
the splitter plate were to be placed slightly behind the critical distance due to a positioning
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Figure 13: Strouhal number of
unbounded flow past a circular cylinder
with splitter plate interference, Red = 150

Figure 15: Mean CD of circular cylinder
with splitter plate interference,
unbounded flow, Red = 150

Figure 14: CL oscillation amplitude of
circular cylinder with splitter plate
interference, unbounded flow, Red = 150

Figure 16: CD oscillation amplitude of
circular cylinder with splitter plate
interference, unbounded flow, Red = 150
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a)
No
splitter
plate

b)
ls = 1.5·d

c)
ls = 1.8·d

d)
ls = 1.9·d

e)
ls = 2.5·d

Figure 17: Instantaneous plots of streamline (left column) and vorticity (right column)
of flow past a circular cylinder in an unbounded flow, l = 1.0·d, Red = 150
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tolerance. Figure 17c illustrates the optimal separation distance of 1.8·d, which allows the 1.0·d
long splitter plate to break down incoming vortices while Figure 17b also shows a very similar
vorticity contour plot even when the same splitter plate is moved slightly closer to a separation
distance of 1.5·d. This is seen as an effective mechanism of decoupling the induction of force
oscillations to the main body. Figure 17d, on the other hand, shows that by allowing a slight
increase in separation distance, i.e. 1.9·d separation distance, an independent vortex lobe appears
in the wakes. It is important to note also that when the splitter plate is placed further downstream
of the optimal distance, it would increase the amplitude of lift oscillation to a degree higher than
the baseline without a splitter plate (Figure 17a). The reason is partially due the upstream wake
effects of the splitter plate that adversely interferes with the circular cylinder wakes. Such a
placement of splitter plate allows the first independent vortex lobe to develop and in the
meantime impedes its natural downstream motion. As the splitter plate is moved further away,
the separation distance provides an area where vortex shedding can be locally intensified and the
development of the first independent vortex lobe can even be enhanced by merging with the
front vortex that rolls off from the leading edge of the splitter plate (Figure 17e). As a result, it
exacerbates the vortex-induced forces on the circular cylinder body. As the splitter plate gets
shorter, the mechanism of breaking down an independent vortex lobe becomes less effective as
the lobe itself is allowed to form by rolling around the splitter plate. While Figure 17c shows an
effective lobe break down using a 1.0·d long splitter plate at 1.8·d separation distance, Figure 18
illustrates what happens to the vortex motion when the splitter plate length is shortened. In this
example, we show the vorticity contour of the flow past circular cylinder with a 0.25·d long
splitter plate which is the shortest length we use in our study. The rolling motion allows an
alternating vortex lobe to spread out in the cross plane direction, but each lobe has the chance of
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interacting with its counter-rotating pair effectively in a wider area. The phenomenon thus seems
to further worsen the pressure instability surrounding the body and ultimately increase the lift
oscillation amplitude. With the exception of the oscillation components of lift and drag, we can
see that as the splitter plate length becomes very short, St and mean CD also approach the value
obtained from the baseline of flow without splitter plate.

Figure 18: Vorticity contour, l = 0.25·d, ls = 1.8·d, unbounded flow, Red = 150

Our numerical experiments establish that the effectiveness in controlling VIF depends largely
on the combination of splitter plate length and separation distance. The optimal separation
distance that we obtained is the distance which yields the lowest fluctuation amplitudes, e.g.
1.8·d for 1.0·d long splitter plate. In comparison to the study by Unal et al., we have shown that it
is possible to use a relatively short and thin splitter plate for VIF reduction although not to the
extent of achieving the complete suppression of VIF as shown in the case of ls = 2.3·d on top of
Figure A10 in the appendix. However, it can be postulated from our data that if a thin and short
splitter plate is placed such that the separation distance is larger than 0 but less than the optimal
distance, some noticeable amount of suppression can still be realized. On the other hand, having
a splitter plate of an arbitrary length at a separation distance that is more than the optimal seems
to exacerbate both lift and drag oscillations.
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Case 2: Effect of a splitter plate in a bounded uniform flow with moving walls—Plug flow
at Red* = 150

As discussed in Section III, the presence of moving walls on the upper and lower bounds at

U0 has a significant effect on the vortex wakes of the cylinder. We will now examine how the
presence of a splitter plate effects the vortex shedding and VIF in a bounded flow. Using β = 0.5
as the test case, Red* is set to 150, which would correspond to the same uniform incoming
velocity, U0, used in an unbounded flow of Red = 75. Note that the confined Strouhal number for
without a splitter plate is approximately 0.21.
As shown on Figures Figure 19 to Figure 22, it appears that in the bounded flow case, the
primary factor that is responsible for suppressing the VIF oscillation is the separation distance
alone. The effect from the length of a splitter plate appears to be minimal. The most notable
observation is that there appears to be a critical separation distance of approximately 2.547·d§.
Inside this critical separation distance, the splitter plate in the presence of moving upper and
lower walls can completely eliminate or partially reduce the unsteady vortex wakes and, as a
result, VIF oscillation. The complete suppression of flow instability appears to be minimally
dependent of the splitter plate length, of which we have experimented with 0.25·d, 0.5·d, 0.75·d
and 1.0·d, at the separation distance between 0.875·d§§ to 2.547·d. However, if the splitter plate is
too short, 0.25·d for example, it is less effective and a complete suppression cannot be realized.
The suppression mechanism appears to depend on an existence of a body, in this case the
splitter plate, to break down the first independent vortex lobe with the full or partial physical
presence of the splitter plate in the region. The primary factor is seemingly the separation
This is an approximate number based on the average distance between the largest effective ls (2.53125·d) and the
smallest ineffective ls (2.5625·d) used in our simulation.
§§
Similarly, this is an approximate number based on the average distance between the largest semi-effective ls
(0.75·d) and the smallest effective ls (1.0·d).
§
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distance which decides whether there would be an attenuation of force oscillation. The splitter
plate length, on the other hand, plays a role in the degree of effectiveness in attenuation, i.e. a
complete or partial suppression of force oscillation. In bounded flow, the moving upper and
lower walls also help stabilize the flow by damping out the vortex wakes. The critical separation
for maximizing the suppression of VIF oscillation can vary according to the Reynolds number
but can be found iteratively. In summary, we can classify the effectiveness of suppression into 3
categories:
1) Semi-effective: 0 < ls < 0.875·d
2) Effective: 0.875·d ≤ ls ≤ 2.547·d
3) Ineffective: ls > 2.547·d
In contrast to the unbounded flow, the position of the splitter plate of various lengths in the
flow at this Red* does not seem to alter the value of St* significantly as shown in Figure 19. Using
a splitter plate of length 1·d as an example as shown in Figure 23, the splitter plate effect in the
bounded flow configuration yields essentially two modes of vortex wakes—one that is steady
and symmetrical (c & d) and the other that is unsteady and asymmetrical with a constant
shedding frequency (b, e, & f). Note that the Strouhal number of the unsteady wake mode at this
Reynolds number approximately coincides with the baseline value of St* = 0.21 when splitter
plate is absent.
When a 1·d long thin splitter plate is deployed at a slightly higher Reynolds number, Red* =
250, a similarity of the splitter plate effect can be seen such that there appears to be a region of
separation distance where the unsteadiness of the vortex wakes can be completely eliminated.
However, the total suppression region is shortened at a higher Reynolds number. As shown in
Figure 24 to Figure 27, this region for Red* = 250 is reduced to 1.125d ≤ ls ≤ 1.714·d. Figure 28
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illustrates some examples of streamlines and vorticity contour of the three regions of
effectiveness—semi-effective (b), effective (c & d) and ineffective (e & f).
In the ineffective range of separation distance the vortex wakes can actually be intensified and
all the fluctuating forces are correspondingly exacerbated. For example, in the effective region of
the moving wall case, the peak-to-peak value of CL* of circular cylinder without splitter plate
presence at Red* = 250 is 0.74. If the splitter plate is improperly placed at say, ls = 2·d, the peakto-peak value of CL* increases to as much as 0.87. Similar behavior is observed in the ineffective
region of the stationary wall case where a splitter plate is improperly placed at, ls = 2·d, the peakto-peak value of CL* get exacerbated to a value of 0.34 as compared to 0.21 when the splitter
plate is absent.
While the splitter plate can completely suppress drag and lift oscillations in a bounded flow,
the reduction of mean drag is less than that obtained in an unbounded flow. In fact, in the
ineffective range of separation distance, the mean drag actually increases slightly. This can be
attributed to the fact that the shear layers between the circular cylinder and the walls do not vary
much in all of the simulated configurations. This can easily be seen in Figure 23 and Figure 28
that in the immediate area adjacent to the cylinder body for the most part, the vorticity contour
reveals a remarkably similar profile in all of the configurations—baseline and with splitter plate
of any length and separation.
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Figure 19: St*of plug flow past circular
cylinder with splitter plate, Red* = 150

Figure 21: Mean CD* of circular cylinder,
bounded, plug flow, Red* = 150

Figure 20: CL* oscillation amplitude of
circular cylinder, plug flow, Red* = 150

Figure 22: CD* oscillation amplitude of
circular cylinder, plug flow, Red* = 150
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a)
Baseline:
No
splitter
plate

b)
ls = 0.5·d

c)
ls = 2.0·d

d)
ls =
2.53125·d

e)
ls =
2.5625·d

f)
ls = 3.0·d

Figure 23: Isocontour plots of instantaneous streamline (left column) and vorticity (right
column) of flow past a circular cylinder in a bounded flow with moving walls (plug flow),
top and bottom walls moving at U0 to the right, l = 1.0·d, Red* = 150
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Figure 24: St* of plug flow flow past
circular cylinder with splitter plate, l=1·d,
Red* = 250

Figure 26: Mean CD* of plug flow and
Poiseuille flow past circular cylinder with
splitter plate, l=1·d, Red* = 250

Figure 25: CL* oscillation of plug flow past
circular cylinder with splitter plate, l=1·d,
Red* = 250

Figure 27: CD* of plug flow and Poiseuille
flow past circular cylinder with splitter
plate, l=1·d, Red* = 250
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a)
Baseline:
No
splitter
plate

b)
ls = 0.5·d

c)
ls = 1.5·d

d)
ls =
1.7125·d

e)
ls =
1.715·d

f)
ls = 2.5·d

Figure 28: Isocontour plots of instantaneous streamline (left column) and vorticity (right
column) of flow past a circular cylinder in a bounded flow with moving walls (plug flow),
top and bottom walls moving at U0 to the right, l = 1.0·d, Red* = 250
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Case 3: The effect of splitter plate in a bounded Poiseuille flow (stationary walls), Red* =
250, l = 1·d

In the stationary wall case (Poiseuille flow), the critical separation distance is approximately
1.845·d. In contrast to the plug flow condition, the effective suppression distance of the splitter
plate in extends all the way inwards to the cylinder body. There appears to be only 2 categories
of suppression (Figure 29 to Figure 32):
1) Effective: 0 < ls ≤ 1.845·d
2) Ineffective: ls > 1.845·d
Figure 33 illustrates some examples of streamlines and vorticity contour of these two regions
of effectiveness—effective (b, c & d) and ineffective (e & f).
Apart from the absence of a semi-effective range of separation distance, the stationary wall
case shows similarities in the behavior and effectiveness of splitter plate to the flow and VIF,
although the magnitudes of the both mean and fluctuating components are quite different. In the
effective range, both cases exhibit the ability of a splitter plate to completely suppress the
unsteadiness of the flow, while in the ineffective range the unsteady forces can actually be
exacerbated.
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Figure 29: St* of Poiseuille flow past
circular cylinder with splitter plate, l=1·d,
Red* = 250

Figure 31: Mean CD* of Poiseuille flow
past circular cylinder with splitter plate,
l=1·d, Red* = 250

Figure 30: CL* oscillation of Poiseuille
flow past circular cylinder with splitter
plate, l=1·d, Red* = 250

Figure 32: CD* of Poiseuille flow past
circular cylinder with splitter plate, l=1·d,
Red* = 250
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a)
Baseline:
No
splitter
plate

b)
ls = 0.5·d

c)
ls = 1.5·d

d)
ls = 1.84·d

e)
ls = 1.85·d

f)
ls = 3.0·d

Figure 33: Isocontour plots of instantaneous streamline (left column) and
vorticity (right column) of flow past a circular cylinder in a bounded flow
with stationary top and bottom walls (Poiseuille flow), l = 1.0·d, Red* = 250
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V.

Experimental verification

An experiment to verify our numerical results of vortex induced vibration and its suppression
using thin splitter plate has been carried out in a very low speed wind tunnel with an achievable
air speed range of 0.5 to 5.0 m/s. The corresponding Reynolds number ranges from
approximately 70 to 1000 depending on the blockage factor and the diameter of the test cylinder.
The wind tunnel is made of entirely out of Plexiglass—clear acrylic material—which would
allow for the use of a laser Doppler velocimetry (LDV) to detect the test specimen motion. The
wind tunnel length is approximately 3.5 feet long and is simply set up to operate in a suction
mode where the driving fan is positioned at the diverging end of the tunnel as shown on Figure
34. The test section has a cross sectional area of 4.5 inches by 1.5 inches. A circular 416 stainless
steel rod with a diameter of 1/16 inch is used as a test specimen. The 416 stainless steel is chosen
because it is magnetic and the cylinder can thus be levitated horizontally as shown in a couple of
arrangements on Figure 35 and Figure 36. Note that the cylinder has pointed ends—one has a
direct contact with one of the magnets and the other is floated but held horizontally by the fringe
field of the other magnet. When the flow is introduced at the low Reynolds number range, the
vortex shedding from the test cylinder induces a forcing function which causes a sinusoidal
motion. The oscillatory motion is easily detectable near the floating end by processing the signal
of an LDV beam via a dynamic signal analyzer. The cylinder does not move in a purely vertical
motion. Rather it pivots around the pointed end that is physically connected to one of the
magnets.
The unbounded flow set up can be realized as shown on Figure 35 since the ratio of the test
cylinder to the test section height, i.e. blockage factor, is much less than 0.1. When the test
cylinder is placed in a secondary enclosure, as shown on Figure 36, the setup is equivalent to the
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case of a bounded flow with stationary walls. In both cases, the test cylinder is placed in the
developed flow region which is determined by theoretical calculation, and verified by using a
pitot tube and a Baratron pressure sensor at a few locations along the length of the test section. In
order to determine the effectiveness of a splitter plate at variable separation distances, it is
mounted on a moveable, low profile stand, which can then be systematic placed directly
downstream of the cylinder. It is important to note that the splitter plate needs to be made out of
a non-magnetic material. For our experiment, we simply chose a piece of plastic shim stock with
a thickness of 0.15 mm. The reason for such a choice is to prevent any interaction due to
magnetic coupling force that can transmit back into the circular cylinder.

Figure 34: Wind tunnel setup

Clear Plexiglass
wind tunnel

LDV beam

Magnet

Test cylinder

Figure 35: Test section, unbounded flow
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Magnet

LDV beam

Clear Plexiglass
wind tunnel
Clear Plexiglass
Secondary enclosure
Test cylinder

Magnet

Magnet

Figure 36: Test section, bounded flow

The frequency of the cylinder motion due to vortex shedding is identified by processing the
LDV signal via fast Fourier transform using a dynamic signal analyzer. Because of the presence
of noise in the experimental system, the identification of this frequency requires careful
examination of the data. In the two-dimensional shedding regime, this frequency will be distinct
but depend solely on changes in the air speed. However, it is possible to falsely identify one of
the harmonics of the fan modes, for example, to be the shedding frequency. One of the keys in
isolating the vibration mode due to shedding is to normalize the signal measured at the outboard
location of the cylinder, as shown in Figure 37, to the signal measured at the root section of the
cylinder. Normalizing the two signals yields a distinctive mode of motion due to vortex shedding
alone as shown in Figure 38. The frequency obtained from this vibration mode is used to
calculate the Strouhal number. It will become clear later when a splitter plate is placed at a
proper position that the vibration mode can be completely eliminated, which confirms the
validity of this identification technique.
Outboard

Root

Test cylinder

Figure 37: Test setup for identifying vibration mode due to vortex shedding
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Ratio of vertical motion at outboard to root
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Figure 38: Normalized power spectrum of outboard to root motion

Comparison between numerical and experimental results of circular cylinder with and
without splitter plate in a bounded flow between stationary walls at Red* = 250

A comparison between the earlier numerical prediction and experimental result of flow
induced vibration as measured by LDV technique can be made for a circular cylinder in a
bounded flow at Red* = 250. It is necessary to first establish a baseline where a circular cylinder
is placed in the bounded flow without the presence of a splitter plate. Once the baseline data is
established, similar measurement can be made with the deployment of a splitter plate.
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Figure 39: Power spectrum of the circular cylinder motion without and with (l=1·d, ls=1·d)
splitter plate

Plotted in Figure 39 is the power spectrum showing the flow-induced vibration mode (black
line) of circular cylinder at 335 Hz due to vortex shedding and the complete suppression (gray
line) when a splitter plate of length 1·d is placed downstream of the circular cylinder at 1·d
separation distance. This is in good agreement with the numerical results that were obtained and
shown in case III of section IV. Note that the spikes between 200 to 250 Hz can be attributed to
both mechanical and electrical noises in the experimental system. It can also be shown that once
the splitter plate is placed slightly beyond the critical distance, the oscillating motion can get
worse than the case where the splitter plate is not present. Figure 40 illustrates a slight
amplification of the magnitude of the cylinder oscillating motion as a result of placing the splitter
plate at 2·d separation distance, which is in good agreement with the earlier numerical result that
predicts the critical distance to be at 1.845·d.
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Figure 40: Power spectrum of the circular cylinder motion without and with (l=1·d, ls=1·d)
splitter plate

By incrementally varying the position of a splitter plate downstream of the circular cylinder,
we can obtain the Strouhal numbers as a function of separation distance similar to the numerical
results shown earlier. Figure 41 shows a reasonably good correlation between experimental
result and numerical prediction of the flow induced vibration on circular cylinder with the
presence of a splitter plate. A slight discrepancy can be attributed to the differences in
constraining the circular cylinder in the bounded flow between the numerical and experimental
results. While the aerodynamic forces are obtained from the 2-dimensional numerical analysis
with the cylinder being rigidly fixed in space, the experiment setup allows the cylinder to move
so that the LDV measurement can be made.
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Viscous flow over a bluff body
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Figure 41: Numerical and experimental comparison of Strouhal number as a function of
splitter plate separation distance, Red* = 250

It is also possible to compare the forces on the circular cylinder as a function of separation
distance of cylinder. The sinusoidal acceleration of the cylinder can be obtained directly by
differentiating the velocity signal from LDV as follows:

u = X& sin(ωt )
a = ωX& cos(ωt )
The normalized quantity of the coefficient of lift is then directly proportional to the
normalized acceleration of the cylinder between the baseline measurement and the measurement
with splitter plate.

(CL )split
(CL )no _ split

∝

asplit
ano _ split

(
ωX& )
=
(ωX& )

split

no _ split

=

f no _ split
f split

X& split
⋅
X&

no _ split

Figure 42 shows a similar trend between numerical and experimental results. In the separation
range of less than 1.845·d, the splitter plate completely suppresses the vortex induced vibration
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mode at 335 Hz. On the other hand, we detect a decreasing trend of amplification as the splitter
plate is moved further away from the critical distance. The discrepancy of between numerical
and experimental CL* can again be attributed to the difference in the applied boundary conditions
of the cylinder. While the circular cylinder is rigidly fixed in space in our numerical study, such
is not the case in our experiment.
*
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Figure 42: Numerical and experimental comparison of normalized CL* as a function of
splitter plate separation distance, Red* = 250
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VI.

Conclusion

Both our numerical simulations and our wind tunnel experiments confirm that a thin splitter
plate can be effectively used to control unsteady vortex shedding, vortex induced forces (VIF)
and thus vortex induced vibration when it is properly placed downstream of a bluff body.
Focusing on flows at low Reynolds numbers Red* ≤ 250, we have found that the effectiveness is
relatively insensitive to variations of the splitter plate length in the range 0.25·d to 1.0·d.
However, there is a critical separation distance where a jump is observed in the fluctuating
components of lift and drag.
In an unbounded flow the short splitter plate alters the shedding characteristics but does not
completely eliminate the oscillation of VIF. However, the mean drag on the body is generally
reduced. In a bounded flow, a splitter plate placed at a proper separation distance can completely
eliminate the vortex instability and thus the oscillation of VIF on a two-dimensional circular
cylinder.
In future work we intend to study the effect of splitter plates on flow past other bluff bodies,
such as square or rectangular cylinders. It is also important to recognize that in reality, the flow
past bluff bodies can be complex and three-dimensional. It will ultimately be important to see
how a splitter plate effects the flow in a higher Reynolds number range.
We would like to thank Professor John Eaton of Stanford University and Dr. Ferdinand
Hendriks of Hitachi Global Storage Technologies for many fruitful discussions and helpful
suggestions on this research topic. The first author would like to acknowledge the financial
support from Hitachi Global Storage Technologies for his Ph.D. research. The second author has
benefited greatly from the long term and continuing support of the AFOSR Computational
Mathematics Program, directed by Dr. Fariba Fahroo.
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Appendix
Validation of previous studies:

In order to establish confidence in the results obtained from our simulation from the
commercial CFD code, we compare them to some known solutions. There is a vast amount of
information on the wakes of circular cylinders from the work of various investigators, namely by
Williamson [2] and Belov et al. [8], [13].
Comparison with Belov’s numerical result:

We will first focus on an unbounded flow past a circular cylinder at Red = 150. We have
chosen the numerical result of Belov as an established baseline for comparison. Instead of using
an O-mesh as Belov did, it would be more suitable to use a modified O-mesh (Figure A1:
Modified O-Mesh around Circular Cylinder and Figure A2) on an x-y Cartesian coordinate
system so that we can experiment with splitter interference by building upon this model.

Figure A1: Modified O-Mesh around Circular Cylinder
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Figure A2: Modified O-Mesh for Flow Past Circular Cylinder showing boundaries

We have chosen to keep the number of computational cells the same as Belov’s, that is
256x256. While the circumferential spacing is uniform, the normal spacing is increased
geometrically with the grid layer next to cylinder surface being 0.0003·d, which is the same as
what is used in Belov’s. It should also be noted that Belov used CDS for the convection term and
a 3rd order scheme based on Farmer’s [11] as an artificial dissipation term. For time
discretization, Belov implemented a second order accurate implicit backward scheme, which is

dφ 3φ n+1 − 4φ n + φ n−1
≈
.
based on a three-time level scheme, i.e.
dt
2∆t
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In summary, using CN as the temporal differencing scheme, we found that both 2UDS and
CDS produce very similar results. However, when a 1st order backward Euler scheme is used for
time discretization, the Strouhal number as well as the amplitudes of the drag and lift coefficients
are significantly different. Figure A3 and Figure A4 illustrate the difference between the
solutions obtained from the Euler scheme as compared to that from CN. Note that the plots
correspond to flow solutions in which the steady asymmetric shedding characteristics are
established. One of the techniques used to accelerate the shedding is to perturb the initial
condition by using very large ∆t (e.g. 0.1) in the first few steps. Once the mean flow is
established throughout the domain, ∆t is then throttled back to the desired target (e.g. 0.0001
sec).
Time Response, Viscous Flow Over Circular Cylinder
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Figure A3: CL & CD of flow past a
circular cylinder, unbounded, 2UDS,
Euler
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Figure A4: CL & CD of flow past a
circular cylinder, unbounded, 2UDS, CN

The shortcoming of using a 1st order temporal scheme becomes even more apparent in
solutions on coarser grids. Coarser grids have been investigated in the interest of saving
computational time to enable the study of numerous variations of splitter plate deployment.
Table 1 shows the comparison of flow past circular cylinder at Red = 150 using these different
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schemes. It is obvious that the accuracy of St and Cpb suffers markedly when the backward Euler
scheme is used. Thus, the 2UDS and the CN scheme are chosen for our study of wake flow
behind a cylinder with and without splitter plate interference. In the interest of reducing
computational time, it is noted that a coarse mesh produces reasonable results when the proper
temporal and spatial differencing schemes are used.
Source

Total Cells

CL

CD

St

Cpb

Belov [8], [13]

65536

0.000±0.486

1.168±0.025

0.182

-0.85

2UDS, Euler

65536

0.000±0.401

1.268±0.017

0.174

-0.73

CDS, CN

65536

0.000±0.531

1.331±0.028

0.181

-0.80

2UDS, CN

65536

0.000±0.492

1.319±0.023

0.180

-0.79

2UDS, Euler (Coarse)

27200

0.000±0.146

1.132±0.002

0.154

-0.57

CDS, CN (Coarse)

27200

0.000±0.439

1.281±0.019

0.175

-0.76

2UDS, CN (Coarse)

27200

0.000±0.411

1.278±0.017

0.174

-0.75

Williamson [2], exp.

---

---

---

0.184

-0.86

Table 1: Comparison of properties for flow past a circular cylinder at Red = 150

Qualitatively, the instantaneous plot of the z-component of vorticity, shown on Figure A5,
reveals the typical von Kármán vortex street as one would expect from flow past a circular
cylinder at Red = 150. It shows the formation of two rows of alternating vortices in the wake of
the cylinder. This asymmetrical flow pattern produces an oscillating pressure distribution (Figure
A6) on the cylinder, and leads to fluctuating CL and CD. Note that CD oscillates twice as fast as

CL. The shedding pattern is regular but is subjected to viscous dissipation as each vortex moves
further downstream away from the obstructing body. The rate of decay may be exaggerated in
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the simulations due to numerical dissipation. However, no spurious reflection is observed
downstream, confirming the correct pressure setting at the far right boundary.

Figure A5: Instantaneous Plot of vorticity of Flow
past a circular cylinder, 2UDS, CN, Red = 150

Figure A6: Instantaneous Cp plot showing isobar of flow
past a circular cylinder, 2UDS, CN, Red = 150
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Figure A7: Streamline plot of Flow
past a circular cylinder, 2UDS, CN, Red = 150

It is well known that the CN scheme can sometimes lead to nonphysical, oscillatory solutions
when ∆t is set too large. Again, in the interest of saving computational time, CFD-ACE allows a
biasing scheme where CN can be modified such that the code will solve the solution with more
or less implicit information. For example, when the blending factor is set to 0.5, it produces the
traditional CN scheme where the variables at time step n and n+1 have equal weighting. But
when it is set to 1.0, it essentially recovers the backward Euler method. It has been found that the
default setting of the blending or biasing factor at 0.6 is sufficient to inhibit oscillation in the
solution. Figure A8 shows a diverged solution when the pure CN scheme (blending factor = 0.5)
is used with ∆t = 0.0001, while Figure A9 shows a stable solution with no significant deviation
in CD, CL, or St from the references when the blending factor is set at 0.6.

50

Time Response, Viscous Flow Over Circular Cylinder

Time Response, Viscous Flow Over Circular Cylinder

1.6

1.6

1.4

1.4
Lift and Drag Coefficients, CL and CD

Lift and Drag Coefficients, CL and CD

1.2
CD
1

CL

0.8
0.6
0.4
0.2
0

1.2

0.6
0.4
0.2
0
-0.2

-0.4

-0.4
50

100
Nondimensional Time, τ

150

CL

0.8

-0.2

0

CD

1

0

Figure A8: Flow solution from the
traditional Crank-Nicholson Scheme
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Figure A9: Flow solution from CrankNicholson with blending factor of 0.6

Comparison with thick splitter plate experiment by Unal & Rockwell:

In establishing the confidence of our simulation, we have also chosen a benchmark case to
compare with the experimental results obtained by Unal & Rockwell [4]. As previously
mentioned, Unal & Rockwell reported a total suppression of unsteady vortex wakes in the von
Kármán vortex shedding regime at Red = 142 by deploying a thick and long splitter plate
downstream of the circular cylinder. The cylinder body and the splitter plate were placed far
enough from the wall to be considered an unbounded flow condition. We assume the splitter
plate to have thickness of 1·d and the leading edge a length of 2·d for our simulation purpose.
We have found that our numerical simulation results are in good agreement with Unal and
Rockwell. As shown on Figure A10, the vortex shedding from circular cylinder body with the
splitter plate at the separation distance of lsc = 2.8·dg is shown to be steady and symmetric along
the mean center line and is thus classified as pre-vortex formation regime. At lsc ≥ 3.2·d, the
vortex wakes become unsteady and the splitter plate is no longer effective in controlling the

g

lsc is the location of the splitter plate from the center of the circular cylinder as defined by Unal & Rockwell. As
such, lsc = 2.8·d, 3.2·d, 5.2·d and 6.5·d correspond to our convention of ls = 2.3·d, 2.7·d, 4.7·d and 6.0·d respectively.
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ls = 2.3·d
(lsc=2.8·d)

ls = 2.7·d
(lsc=3.2·d)

ls = 4.7·d
(lsc=5.2·d)

ls = 6.0·d
(lsc=6.5·d)

Figure A10: Instantaneous plots of streamline (left column) and vorticity (right column)
of flow past a circular cylinder, 2UDS, CN, Red = 142
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oscillation. Quantitatively, the Strouhal numbers obtained from our numerical simulation
showing the effect of the splitter plate (Table 2) also compare well with the experimental results
published by Unal & Rockwell. The numerical result of the flow past a cylinder without splitter
plate is also provided for comparison.
lsc

CL

CD

St

Cpb

2.8·d

0.000±0.000

0.946±0.000

---

-0.31

3.2·d

0.000±0.605

1.164±0.036

0.150

-0.59

5.2·d

0.000±0.436

1.200±0.022

0.162

-0.62

6.5·d

0.000±0.461

1.223±0.020

0.167

-0.64

No Splitter Plate

0.000±0.468

1.326±0.021

0.180

-0.79

Table 2: Numerical results for flow past a circular cylinder
with thick splitter plate used by Unal and Rockwell at Red = 142

The numerical results verify that if a thick and long splitter plate is properly placed, it is
possible to disrupt the vortex formation. The splitter plate interference can either completely
annihilate the instabilities of the vortex wakes (i.e. 2.8·d) or, on the other hand, slightly worsen
the VIF (i.e. 3.2·d), depending on the separation distance to the circular cylinder body.
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