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This paper describes the numerical study of oscillating circular cylinders with rigid splitter plates of different

lengths. These geometries may be used as disturbance generators for the study of unsteady airfoils and wings

operating in highly vortical flowfields. It has been shown that cylinders undergoing forced rotational oscillations

at their natural shedding frequency can produce wakes with minimal deviation in cycle-to-cycle vortex strength and

position. Adding a splitter plate allows these deviations to be reduced even further. We present cases for oscillating

cylinders having splitter-plate lengths up to 1.25d at a Reynolds number of 7600. Frequencies are maintained at the

natural shedding frequency, and a rotational amplitude of 45 deg is used. Numerical simulations are performed using

a two-dimensional unsteady Reynolds-averaged Navier–Stokes (RANS) code. Results are presented in the form of

vorticity contours and cycle-averaged velocity profiles, as well as the dominant frequencies of cylinder lift force and

downstream velocity angles. The results show that splitter-plate lengths shorter than 0.5d adversely affect the ability

to generate a coherent vortex wake due to shear layer roll-up near the trailing edge of the plate. Splitter plates longer

than 0.75d produced a reverse von Kármán wake with consistent cycle-to-cycle vortex shedding.

Nomenclature

A = area of integration for circulation, m2

CD = drag coefficient
CL = lift coefficient
CM = pitching moment coefficient
CL;RMS = root mean square of lift coefficient

d = cylinder diameter, m
FD = drag force, N
FL = lift force, N
f = frequency, Hz
fn = natural shedding frequency, Hz
fosc = oscillation frequency, Hz
l = splitter plate length, m
M = pitching moment about the cylinder, N ⋅m
St = Strouhal number
T = cycle time, s
t = physical time, s
t� = nondimensional time step, tU∞∕d
UT = tangential cylinder velocity, m∕s
U∞ = freestream reference velocity, m∕s
u, v = velocity components, m∕s
x, y = Cartesian coordinates, m
y� = nondimensional wall distance

Γ = circulation, m2∕s
θ = rotation angle, deg
θA = maximum oscillation amplitude, deg
ρ = reference fluid density, kg∕m3

ω = vorticity, 1/s

I. Introduction

T HE behavior of unsteady airfoils and wings in the presence of
external flow disturbances is a topic of growing importance as it

relates to many applications, such as formation flight, aerial refuel-
ing, wind turbine arrays, and energy harvesting, to name a few.
External disturbances are known to modify the aerodynamic and
aeroelastic behavior of wings [1–6]. The systematic study of disturb-
ance encounters requires controlled generation of flow disturbances
that can be timed with respect to the kinematic profile of the wings.
Recent research by Rockwood andMedina [7] showed that a rotating
circular cylinderwith an attached splitter plate of one-diameter length
is a promising systematic disturbance generation mechanism that
provides the ability to control the frequency and strength of the
vortical wakes as well as to synchronize the disturbances with the
motion of a downstream wing. In this paper we explore circular-
cylinder-based disturbance-generators with various plate lengths in
comparison to stationary and rotationally oscillating circular cylin-
ders. We present a detailed characterization of the geometries from a
fluid dynamics perspective to reveal the effect of varying the plate
length on the vortex formation and shedding pattern as well as from a
mechanical design perspective to identify the aerodynamic loads
experienced by the disturbance generators.
Vortex-dominated wakes behind various bluff-body geometries,

including circular [8,9], rectangular [10], square [11], and elliptical
[12] cylinders, have been explored thoroughly in the literature. It is
well known that a stationary circular cylinder exhibits the classical
von Kármán vortex street and that the Strouhal number, representing
the fundamental vortex shedding frequency, depends primarily on the
Reynolds number. It is also known that the vortex shedding results in
a drag producing wake, and the drag oscillates at twice the natural
vortex shedding frequency, whereas the fluctuating lift exhibits the
same frequency as the vortex shedding frequency. The vortical
structures in the wake cause velocity and flow-angle fluctuations in
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the flowfield, and hence can be used to emulate gust encounters on
downstreamwings. Liao et al. [13] used a stationary circular cylinder
to study vortex interactions on a downstream airfoil and found that
the lift and vortex shedding frequency of the airfoil would synchron-
ize with the natural shedding frequency of the cylinder. Because the
vortex shedding frequency and pattern of a stationary cylinder are
fixed for given flow conditions, the ability to vary the intensity of the
oncoming disturbances or their phase relative to the motion of a
downstreamwing is limited. Translational and rotational motions can
alter the boundary-layer interaction and vortex formation in circular
cylinders [14] and hence may be used as a mechanism to tailor the
wake characteristics. Forced cylinder oscillation has been investi-
gated using both experimental and numerical techniques [15–19]. In
a recent study by Suresh Babu et al. [20], sinusoidal rotation of a
circular cylinder was used to control the relative phase of interaction
between the vortices shed by the cylinder and a downstream airfoil
engaged in unsteady pitching motion. The interactions resulted in an
interruption of airfoil leading-edgevortex shedding process aswell as
an alteration of the lift history, both of which were found to be
dependent on the phase of the disturbances relative to the airfoil
kinematics.
Altering thewake pattern of cylinders using splitter plates has been

explored by various researchers in the context of vortex-induced
vibrations, flow-induced noise, and drag reduction. Cimbala and
Garg [21] experimentally studied a circular cylinder with freely
rotating splitter plates of various lengths. It was found that the off-
axis equilibrium angle that the plate naturally traversed to was
impacted by plate length, with smaller lengths resulting in larger
angles from the streamwise flow direction. Hasan and Budair [22]
investigated the shedding characteristics of a square cylinder having a
splitter plate with a range of gap distances. They discovered that gaps
smaller than three times the cylinder diameter caused a reduction in
shedding frequency compared to the plain cylinder. Gaps beyond this
distance led to shedding frequencies comparable to that of the
cylinder without a splitter plate. You et al. [23] numerically studied
the noise generated by the laminar shedding of circular cylinders at
low Reynolds numbers, and found that attaching a splitter plate
caused the acoustic quadropole to decrease. Mansingh and Oosthui-
zen [24] performed wind tunnel tests on a rectangular cylinder with
different splitter plate lengths for Reynolds numbers between 350
and 1150. Their study incorporated different plate lengths at several
gap distances, and it was discovered that eliminating the gap entirely
leads to a drag reduction of approximately 50%.
The use of rotationally oscillating circular cylinders with attached

rigid splitter plates for controlled wake generation was demonstrated
experimentally by Rockwood and Medina [7]. In comparison with
oscillating cylinders, it was found that the cylinders with the splitter
plates were able to achieve more consistent cycle-to-cycle shedding,
evaluated using the vortex center locations. It was determined that
the vortex lock-on, defined as the ability for vortices to be shed at the
same frequency as the oscillation frequency, was achieved by the
cylinder with attached splitter plate when oscillated at frequencies
from 0.3 to 1.1 times the natural shedding frequency. Recent efforts
by Chatterjee et al. [25] advanced the experimental efforts of Rock-
wood and Medina by conducting a numerical investigation on the
same cylinder splitter-plate geometry. These studies demonstrated
that lift-based vortex lock-on occurred for forcing frequencies 0.8 to
1.4 times the natural shedding frequencywhen oscillations were kept
to smaller amplitudes. Further, Hughes et al. [26] conducted wind
tunnel experiments on a similar cylinder splitter-plate geometry at
different Reynolds numbers and oscillation amplitudes than that of
Rockwood and Medina. Using this cylinder splitter-plate geometry
as a disturbance generator, they were able to modulate and annihilate
limit-cycle oscillation behaviors in aeroelastic wings.
This paper furthers the exploration of rotating circular-cylinder-

splitter-plate disturbance generators by investigating and comparing
the wake and load characteristics for various geometries. The details
of the computational setup used in the current study are provided in
Sec. II. Through a parametric study of rotating cylinders with various
plate lengths, we aim to correlate the trends in the flowfield and loads
to the splitter plate lengths and to compare the observations with both

stationary and rotating cylinders without plates. The findings of the
study are described in Sec. III. We look to identify near-wake
characteristics determining thevortex formation andwake generation
patterns, and far-field features such as coherency of the vortex
structures and local flow angle variations. Correlation between fun-
damental frequencies of both force coefficients and downstream
velocities are also reported. The findings not only help to determine
the effectiveness of the disturbance generators, but also to create a
map that will aid in low-order modeling of the flowfield features and
disturbance generator design. Finally, the conclusions are outlined
in Sec. IV.

II. Computational Setup

Circular cylinders with and without splitter plates undergoing
sinusoidal oscillations were studied using a two-dimensional
unsteady Reynolds-averaged Navier–Stokes (RANS) approach.
The commercial computational fluid dynamics (CFD) software pack-
age ANSYS Fluent 20.1 was used to carry out the numerical
simulations. Although the flow around bluff bodies is inherently
three-dimensional outside of very low Reynolds numbers, appreci-
able results from two-dimensional simplifications for circular cylin-
der cases have been demonstrated previously by Stringer et al. [27].
The geometries studied here were identical to those used in water
tunnel experiments performed by Rockwood and Medina [7]. Cases
with the attached splitter plate had plate lengths l varying from 0.25d
to 1.25d, where d is the cylinder diameter. A list of cases studied in
this research is provided in Table 1. The plate thickness was set to
0.126d for each case that had a splitter plate.
A structured O-type mesh was utilized for every geometry tested.

The large oscillation amplitudes prescribed to the geometries
required a dynamic meshing approach that allowed the cell structure
to be maintained throughout the cycle, absent of excessive skewness
in the region near the cylinder. Thiswas accomplished by splitting the
domain into two zones: an inner region surrounding the geometry and
an outer region that remained stationary. Dynamic motion was
applied to the inner region that contains the disturbance generator,
and field variable information was passed through an interface to the
stationary outer region at each time step. Figure 1 shows an overview
of the computational domain including the interface between both
regions, as well as the near-wallmesh details for the case ofl∕d � 1.

Table 1 List of cases

Case Rotation Splitter plate length, l∕d Element count

1 No 0 77,560
2 Yes 0 77,560
3 Yes 0.25 114,950
4 Yes 0.5 119,790
5 Yes 0.75 124,630
6 Yes 1 129,470
7 Yes 1.25 134,310

Fig. 1 Overview of the computational domain showing the region par-
titions and boundary conditions, as well as near-wall mesh details and
parameter definitions (inset).
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This approach of partitioning the domain into oscillating and sta-
tionary regions also reduces the computational expense associated
with deformingmesh strategies. The extents of both the inner and the
outer regions were identical for all geometries tested. Sufficiently
large domain extents were employed in place of replicating the
dimensions of the test section from water tunnel experiments. The
diameter of the circular interface between the regions is 40d, while
the outer region representing thevelocity inlet and pressure outlet had
a diameter of 110d.
A grid refinement study was performed on the baseline cylinder

with attached splitter plate case (l∕d � 1) in order to obtain the
discretization error introduced by successively finer grids. The Grid
Convergence Index (GCI) method described by Celik et al. [28] was
used to find the discretization uncertainty of the time-varying lift
coefficient on three grid levels. Grid refinement was conducted by
changing the growth rate in the boundary-layer region while main-
taining identical first layer cell heights. Additionally, surface cell
counts were systematically increased for finer grids in order to
maintain cell aspect ratios. The three grid levels are shown in Fig. 2.
For the three levels of refinement tested, root mean square (RMS)

values ofCL were shown to decreasemonotonicallywith average cell
size, as listed in Table 2. The discretization uncertainty of CL;RMS on

the fine grid was found to be 0.69%, and so this grid level was chosen
to be the basis for the other grids with varying splitter plate lengths.
Using the fine grid, the cases without splitter plates (l∕d � 0) had

a total of 280 cells along the cylinder surface, while the cylinder with
the largest splitter plate tested (l∕d � 1.25 case) had 555 cells. The
near-wall region was fully resolved, with a first layer cell height of

1.2 × 10−3d ensuring a y� value below 1 across the entire surface. A
total of 32 cells covered the boundary-layer region with a growth rate
of 1.05. The velocity inlet was prescribed a uniform streamwise
velocity and a turbulence intensity of 0.1%. Due to the large domain
extents, solutions were checked to ensure that turbulence intensity
values did not decay before reaching the disturbance generator. Using
water as the working fluid and cylinder diameter d as the character-
istic length results in a Reynolds number of 7600, identical to the
experiments performed by Rockwood and Medina [7]. The k − ω
shear stress transport (SST) turbulence model was chosen over other
eddy-viscosity models due to favorable results when simulating
unsteady circular cylinder flows at moderately low Reynolds num-
bers [29]. The SST model has also been found to better handle
moderate shear conditions [30], which is important in capturing the
shear layer interaction that occurs near the splitter plate edge in the
present work. The Semi-Implicit Method for Pressure Linked Equa-
tions (SIMPLE) was utilized for pressure-velocity coupling, and
pressure and momentum spatial discretization was second-order

accurate. A nondimensional time step of t� � 2.95 × 10−3 was used
for all the oscillating cases, while the stationary cylinder casewas run

using t� � 2.95 × 10−2. Residuals were driven to below 7 × 10−5 at
each time step. Appending the k − ω SST turbulence model with a
one-equation transition model was considered, but testing on the

baseline cylinder with attached splitter plate case did not show
appreciable differences in surface forces or vortex formation. Hence
the one-equation transition model was not included considering the
additional computational cost.
While the advantages of the k − ω SST turbulence model are

apparent with regard to other eddy-viscosity RANS models, a discus-
sion on the accuracy of cylinder forces is warranted for subcritical
Reynolds numbers such as the one considered in thiswork. It is known
that unsteady RANS (URANS) simulations at these Reynolds num-
bers suffer from difficulty in predicting the laminar to turbulent tran-
sition in the detached shear layers for stationary and rotating plain
cylinders when compared to experiments and higher-fidelity simula-
tions such as large-eddy simulations (LES) and direct numerical
simulations (DNS). As such, eddy-resolving methods are better suited
to discern the spectral content of time-varying cylinder forces for these
flows.The inclusion of a splitter plate in this study, however, pushes the
issue of shear layer transition beyond the scope of naturally shedding
cylinders. Therefore, we have elected to proceedwith unsteadyRANS
simulations for the present work. We present comparisons to prior
work also utilizing the k − ω SST turbulence model to demonstrate
that the predicted time-averaged drag coefficients are close to the
values published for low-Reynolds-number flows. Table 3 shows
comparisons of the results from the current mesh and solver method-
ology with the URANS results of Rosetti et al. [31] for both laminar
and subcritical Reynolds numbers for a stationary circular cylinder.
It is seen that the drag coefficients generally agree with the results

of Rosetti et al., but bothmethods overpredict dragwhen compared to
prior experiments [32], as is expected.
As the work presented here is primarily focused on rotationally

oscillating bluff bodies, we have also produced comparisons of time-
averaged lift and drag forceswithDNS solutions of rotating cylinders
published by Aljure et al. [33] for two rotation ratios at Re � 5000,
shown in Table 4. The rotation ratio is defined as the ratio of
tangential cylinder velocity UT to freestream velocity U∞.

a) b) c)

Fig. 2 Mesh density in the region near the disturbance generator: a) coarse, b) medium, c) fine.

Table 2 Grid refinement levels for the baseline case

Refinement level Cell count Average cell size CL;RMS

Coarse 32,428 0.0861 8.42
Medium 73,528 0.0572 8.36
Fine 129,470 0.0431 8.35

Table 3 Average CD comparison with the
results of Rosetti et al.

Reynolds number Rosetti et al. Our current work

200 (Laminar) 1.31 1.27
1,000 1.44 1.24
10,000 1.52 1.60
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General agreement is found for both lift and drag, as well as the

trends of increasing lift and decreasing drag for higher rotation rates

due to shrinking of the shear layers and biasing of the wake. A

sizeable error of 52% for the drag coefficient is seen for the larger

rotation rate. The mechanisms responsible for this low drag number,

however, are not present during oscillatory rotation with the addition

of splitter plate, as will be discussed in Sec. III.
Qualitative validation of the wake produced by sinusoidally oscil-

lating cylinders with attached splitter plates (l∕d � 1) was per-

formed through comparisons with the experimental results of

Rockwood and Medina [7]. The rotational motion is given by

θ�t� � θA sin�2πft� (1)

where θ is the rotation anglemeasured clockwise (CW)with respect to

the streamwise flow direction, θA is the maximum oscillation ampli-

tude, f is the frequency, and t is time. The flowfield predictions were

compared against particle imagevelocimetry (PIV)-generatedvorticity

contours from the work of Rockwood and Medina [7] for cases with

different oscillation frequencies and maximum amplitudes. A total

of four cases were selected based on the differing wake structures,

including cases having complex wakes with irregular vortex streets.

The validation results are shown in Fig. 3. The frequencies selected

were various fractions of the natural shedding frequency of a sta-

tionary circular cylinder, fn. It must be mentioned that the natural

Strouhal number for the stationary cylinder from the current work

was found to be St � 0.224, corresponding to a natural shedding

frequency of 2.65 Hz. This value is larger than the Strouhal number

of St � 0.202 from the experiments of Rockwood and Medina [7].

Such experiment-CFDdeviation in thenatural Strouhal number has also

been observed by Rosetti et al. [31] and is not abnormal for subcritical

cylinder flows solved using the k − ω SST turbulence model.

Vorticity contours obtained from the current CFD methodology
show good agreement with experimental results for all the cases. For
the cases where f � 0.3fn, the irregular wake pattern is accurately
replicated in the numerical simulations. There is a small discrepancy in
the position of the negative shear layer near the cylinder body for
comparison case (a), but the shear layer roll-up behind the cylinder is
adequately capturednear the splitter plate, as is the location of bothCW
and counterclockwise (CCW) vorticity. For the cases of coherent
vortex wake generation (f � 0.7fn and f � 1.0fn), the CFD-
predicted wake structures are comparable to those from the water
tunnel experiments. Comparison cases (b) and (c) show the presence
of additional negative vorticity in the top right quadrant of the surveyed
area in the simulations. This vorticity is the attributed to the overall
vortex street, which cannot be seen due to the contour levels around
near-zero vorticity being excluded. It is evident that the RANS simu-
lations slightly underpredict the dissipation rate of the vortex cores as
they convect downstream.Additionally, there isminor disagreement in
the streamwise location of thevortex strand initially shed for the case of
f � 0.7fn, but the downstream vortex spacing is still accurate in this
case. Overall, the results from the present two-dimensional CFD
approach are consistent with the experimental observations, and are
therefore used to conduct a detailed study of several geometries.

III. Results

We now conduct a detailed study on the various geometries listed in
Table 1 to characterize the wake generated by them and to analyze the
associated loads. All the cases presented here have the same cylinder
diameter and freestream velocity. For the rotating cases, the geometries
are sinusoidally oscillated about the axis of the cylinder at the baseline
stationary circular-cylinder natural shedding frequencyfn. Preliminary
simulations on the stationary cylinder case yielded a natural shedding
frequency of fn � 2.65 Hz, and this value was used as the oscillation
frequency for all cases presented here. The maximum oscillation
amplitude θA is set to π∕4 for all cases. The cycle start time t∕T � 0
corresponds to the position of the splitter plate being parallel to the
freestream flow. From here, the oscillation cycle begins with rotation
occurring in the CCWdirection. For the stationary cylinder case, cycle
start time is taken to correlatewith the natural shedding frequency. That
is, each cycle period starts and ends at somemultiple of 1∕fn from the
simulation start time t � 0. The initial transient period for the sta-
tionary cylinder case lasted 40 shedding cycles before data collection.
Oscillating cases required10 cycles before data could be taken,with the

a) f = 0.3 fn, θA = 30° b) f = 0.3 fn, θA = 45° c) f = 0.7 fn, θA = 45° d) f = 1.0 fn, θA = 45°

Fig. 3 Experimental validation of wake vorticity. Top row: Water tunnel experiment PIV. Bottom row: CFD using present methodology. PIV images
reproduced from [7] with permission.

Table 4 Comparison of averageCL andCD with the
results of Aljure et al.

UT∕U∞

Aljure et al. Our current work

CL CD CL CD

1 1.4 0.9 1.92 1.13
2 4.47 0.36 4.92 0.17
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longest splitter plate cases requiring far less time to exhibit fully

periodic force and wake results. For the vorticity contour plots dis-

cussed in this section, the colorbar shown in Fig. 4 should be used.

A. Flowfield

The mechanisms involved in the generation of vortex-dominated

wakes shed by stationary circular cylinders arewell-established in the

literature [8,34], and therefore will not be discussed in detail here. In

the case of a stationary cylinder, shed vortices are formed by the

interaction of shear layers with opposite-signed vorticity forming on

upper and lower surfaces of the cylinder. For example, a CWvortex is

shed into thewakewhen the shear layer with CCWvorticity from the

lower surface impinges on the shear layer with vorticity rolling up on

the upper surface, thereby causing the rolled up CCW shear layer to

detach and convect downstream. In the case of a rotationally oscillat-

ing cylinder, the rotations affect these shear-layer interactions inter-

mittently because the shear layers on either side of the stagnation

point are accelerated or decelerated due to the rotation of the cylinder.

Figure 5 shows the evolution of vorticity in the near region of the

rotating cylinder case, l∕d � 0. The vortex shedding process for this
case is symmetric about the half-cycle time, and so only the first half of

the cycle is presented. That is to say, the vorticity flowfield for t∕T �
8∕16 is a mirror image about the streamwise centerline of the flowfield

for t∕T � 0, although with opposite sign. Between t∕T � 0 and

t∕T � 4∕16, a secondary CCW shear (red color in Fig. 5) layer can

be seen forming along the trailing edge of the cylinder on the upper

surface and progressing CW (matching the cylinder motion for this

portion of the cycle). From t∕T � 5∕16 to t∕T � 7∕16, it begins to lift
off from the cylinder surface due to the influence of the rolled up CW

structure located downstream. The lifted-off CCW shear layer then

interrupts the CW layer feeding the rolled-up structure, and causes the

CWshear layer to detach completely and form avortex by t∕T � 8∕16
(not shown, but visualized as a streamwise reflection of t∕T � 0). The
CW vortex formation is thus more abrupt compared to a classic sta-

tionary cylinder case where the detachment would not take place until

the primary shear layer from the lower surface interrupts the rollingCW

shear layer on the upper surface. The secondary CCW shear layer

dissipates quickly in the subsequent time steps after the CW vortex is

shed into thewake. This process repeats on the lower surface during the

second half of the cycle.

The addition of a splitter plate has two effects on the vortex
formation process. The first is the blocking of the shear layers on
either side of the cylinder from interacting, whichmoves their mixing
point further downstream from the cylinder. The second effect is the
formation of an additional “edge” vortex along the trailing edge of the
splitter plate that interacts with the shear layers and modifies the
vortex shedding pattern. The length of the splitter plate affects both
the shift in the shear-layer mixing location as well as the strength of
the trailing-edge edge vortex, and thus ultimately the spatiotemporal
characteristics of the wake.
Figure 6 shows the evolution of vorticity in the near wake of the

l∕d � 0.25 case. At t∕T � 0, a CWedge vortex can already be seen
forming at the trailing edge of the splitter plate. The snapshot at t∕T �
3∕16 shows that this edge vortex is continuously fed by the CW shear
layer formedon the upper surface.Alsonote the location and size of the
lower-surface CCW shear layer roll-up between t∕T � 0 and t∕T �
4∕16 compared to the l∕d � 0 case. During this time period, the
primary CCW shear layer remains below the splitter plate due to the
blockage effect of the plate, and it does not lift away from the cylinder
surface in the same way as the l∕d � 0 case. Instead, the shear layer
elongates in the direction of the splitter plate due to the influence of the
CW edge vortex. This shear layer interacts with the growing edge
vortex, causing it to eventually detach and convect into the wake.
In contrast to the l∕d � 0 case, the secondary CCW vorticity on the
top surface does not play a role in the detachment process. The CW
vortex is shed much earlier in the cycle, with pinchoff identified at
t∕T � 6∕16. From here, the cycle begins to repeat itself, and the
formation of a CCW edge vortex occurs at t∕T � 8∕16 (not shown,
but visualized as a streamwise reflection of t∕T � 0).

Figure 7 shows the evolution of vorticity in the near region of the
l∕d � 0.5 case. This is the only case in which a fully asymmetric
wake is generated by the cylinder with attached splitter plate. Looking
at t∕T � 0, a CWedge vortex can already be seen forming below the
splitter plate just as in thel∕d � 0.25 case. This edgevortex is fedbya
larger amount of shear layer vorticity than the previous case. Also
apparent is the additional roll-up of the CW vorticity on the upper
surface of the splitter plate. This roll-up occurred in the l∕d � 0.25
case, but to a lesser degree. The CCW sweeping motion of the splitter
plate halts this roll-up and forces the CW shear layer to continue
feeding the edge vortex. This constructive interaction of the cylinder
and edgevortices has recently been observed by Sunil et al. [35] for the
case of a cylinder having a flexible splitter plate ofl∕d � 2 oscillating
to 5° at f � 1.7fn. The constructive interaction resulted in increased
vortex strength, thereby causing a greater velocity deficit in the wake.
A similar trend in the current work is discussed later in this section.
Unlike the l∕d � 0 and l∕d � 0.25 cases, the CWvortex shed in the
l∕d � 0.5 case is influenced significantly neither by the secondary
CCW vorticity on the upper surface nor by the CCW shear layer from
the lower surface. This delays the detachment of theCWvortex back to
t∕T � 7∕16, by which point a CCWedge vortex has already formed

Fig. 4 Nondimensional vorticity colorbar for the contour plots pre-
sented in this paper.

Fig. 5 Case 2: vorticity contours over half a cycle for the case of l∕d � 0.
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on the plate trailing edge. At the same time, CCW shear layer roll-up
occurs much closer to the region where the plate connects to the
cylinder. As a result, the CCW edge vortex is not fed by the shear
layer roll-upunlike in the first half of themotion, and so amuchweaker
CCWedge vortex is formed and shed earlier in the cycle. This is most
obvious when comparing the images at t∕T � 0 and t∕T � 8∕16,
when the plate is aligned with the flow centerline. This asymmetry in

vortex formation is apparent in the wake, which has vortex triplets
rather than alternating-sign vortices. A similar transition to wake
asymmetry in flapping foils has been previously observed by
Godoy-Diana et al. [36] and Das et al. [37]. Their work associated
the deflection of pitching foil wakes with higher forcing frequencies.
This is comparable to the present work, where increasing plate length
results in larger edge velocities.

Fig. 6 Case 3: vorticity contours over half a cycle for the case of l∕d � 0.25.

Fig. 7 Case 4: vorticity contours over a full cycle for the case of l∕d � 0.5.
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The l∕d � 0.75 case exhibits a return towake symmetry as can be

noticed from the flow images in Fig. 8. It also marks the first case in

which a reverse wake occurs, with CW vortices in the wake located

below the wake centerline, and CCW-signed vortices located above

it. At the beginning of the cycle, the combination of a CWedge vortex

and CW shear layer roll-up can be seen to occur similar to what has

been described in the previous splitter-plate cases. Unlike the l∕d �
0.25 and l∕d � 0.5 cases, however, the CW-signed edge vortex is

not significantly fed by the shear layer roll-up above the splitter plate.

This is similar to the latter half of the l∕d � 0.5 case, where the edge
vortex is the prominent flow feature due to blockage created by the

plate. Going from t∕T � 0 to t∕T � 6∕16 (when complete CW

vortex formation occurs), the rolled-up shear layer above the splitter

plate largely remains located in the same position during the CCW

sweep of the disturbance generator. The increased velocity of the

splitter plate edge (due to larger splitter plate length) also means

that the edge vortex initiation occurs much earlier in the cycle. The

formation of the CW vortex begins during the previous cycle at

t∕T � 13∕16 (not shown, but visualized as a streamwise reflection

of t∕T � 5∕16), just after the cylinder starts rotatingCCW.This early

edge vortex formation coupled with a CCW roll-up that occurs

beneath the splitter plate results in the CW vortex being shed when

the plate edge is below the wake centerline.

The reverse wake phenomenon also occurs for the cases with

l∕d � 1 and l∕d � 1.25, for which half-cycle vorticity contours

are shown in Figs. 9 and 10, respectively. Similar to the l∕d � 0.75

case, the edge vortex remains the most prominent contribution to

wake formation. The blockage effect due to the splitter plate still

largely prevents the shear layer from interacting with the edge

vortex. Much like the l∕d � 0.75 case, shear-layer vorticity of

opposite sign to the edge vortex contributes to the detachment of

the edge vortex at t∕T � 5∕16. The formation and propagation of

vorticity in the near region of the geometry is largely identical

between these final two cases. The main difference between the

final three cases is the strength of the edge vortex and its location

relative to the cylinder center. The increased edge velocity due to

larger plate lengths causes the edge vortex strength to become

larger, as expected. Upon visual inspection, increasing plate length

results in the edge vortex core being located further from the

cylinder. Its distance and position relative to the edge of the plate,

however, largely remains constant.
A quantitative comparison of the circulation values in the wake

betweenvarious configurations is shown in Fig. 11. The circulation Γ
is obtained using

Γ �
A
ω ⋅ dA (2)

where A is the integration area and ω is vorticity. The vorticity

information was gathered in a rectangular region spanning from

x∕d � 4 to x∕d � 6 and from y∕d � −2.5 to y∕d � 2.5, sketched
in Fig. 11a. This area is identical to that used in the study by

Fig. 8 Case 5: vorticity contours over half a cycle for the case of l∕d � 0.75.

Fig. 9 Case 6: vorticity contours over half a cycle for the case of l∕d � 1.
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Rockwood and Medina [7], although the calculation of circulation
presented in the current work includes both negative and positive
vorticity values. The time instant used for the circulation calculation

was taken to be when a primary CCW vortex was approximately
centered within the integration window. The strength of the vortices
produced by the stationary cylinder is indicated by a dashed line. The
oscillating plain cylinder results in weaker vortices than the sta-

tionary cylinder. This contrasts with the findings of Rockwood and
Medina [7]. Adding a splitter plate of l∕d � 0.25 further decreases
the vortex strengths, indicating that a destructive interaction occurs
during vortex formation. This negative interference is evident when

looking at the shear layer interaction compared between case 2 and
case 3 (Figs. 5 and 6, respectively). While the CCW shear layer is
responsible for the detachment of a CW vortex early in the cycle for
both cases, the influence of this CCW shear layer varies between the

cases. For the case of l∕d � 0.25, the CCW shear layer beneath the
splitter plate encompasses a large area, and its proximity introduces a
reduction in strength of the CWedgevortex before shedding. Increas-

ing the splitter plate length tol∕d � 0.5 indicates the first case tested
inwhich thevortex strength is larger than the stationary cylinder case.

Further increase in plate length results inmuch stronger vortices shed

into the wake.

B. Loads on the Cylinder

The investigation of fluid-dynamic loads experienced by the

bodies is not only important from the perspective of structural or

propulsive considerations, but is also useful for identifying the

occurrence of vortex shedding events in the absence of flow diag-

nostics capabilities. This section discusses the effect of splitter-plate

length on the single-cycle coefficients of lift, drag, and pitching

moment. The lift coefficient CL, the drag coefficient CD, and the

pitching moment coefficient CM are defined as

CL � FL

�1∕2�ρU2
∞d

(3)

CD � FD

�1∕2�ρU2
∞d

(4)

Fig. 10 Case 7: vorticity contours over half a cycle for the case of l∕d � 1.25.
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Fig. 11 Circulationprogression for increased splitterplate length. a) Integration regionused to compute circulation. b) Plot of normalized circulation for
various splitter plate lengths.
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CM � M

�1∕2�ρU2
∞d

2
(5)

where FL represents lift, FD represents drag, and M represents the
pitching moment about the cylinder center, per unit span. The refer-
ence density and the reference velocity are indicated by ρ and U∞,
respectively. Single-cycle lift histories for all the geometries are
presented in Fig. 12. The lift history for the stationary cylinder in
Fig. 12a is sinusoidal as expected, with CL reaching�1.72. Choos-
ing the cycle start and end time to be a multiple 1∕fn results in the
zero crossing of lift occurring at t∕T � 0.43. For the oscillating
circular cylinder (l∕d � 0), the maximum and minimum lift values
are lower inmagnitude compared to that of the stationary cylinder as a
result of the weaker vortices shed into the wake. The zero crossing of
lift occurs at a cycle time of t∕T � 0.38.
A significant deviation from the sinusoidal lift pattern occurs for

the first time for l∕d � 0.25. An excessive drop in lift occurs during
the first half of the cycle. A lift gain occurs during the second half of
the cycle, although it is not a mirror image of the magnitude differ-
ence seen during the first half of the cycle. Moving on to the cases

presented in Fig. 12b, it becomes obvious that the trend beyond

l∕d � 0.25 is toward lift magnitudes that peak at the beginning,

middle, and end of the oscillation cycle. The magnitudes are signifi-

cantly higher than that of the previous three cases in Fig. 12a. The

difference in magnitude between the maximum and the minimum lift

increases for increasing plate lengths. The case of l∕d � 0.5 is still
asymmetric about the half-cycle time, but a trianglewaveform begins

to develop for longer plate lengths. The shift from sinusoidal to

triangle waveforms naturally results from the increased prominence

of the edge vortex that forms along trailing edge of the splitter plate.

Additionally, these lift-magnitude peaks correspond to cycle times at

which the splitter plate velocity is at amaximum, thus leading to force

peaks occurring on the splitter plate at these time instants.

The drag histories are presented in Fig. 13. The drag curves display

trends similar to the lift curves in terms left-right symmetry, irregu-

larity, and peak magnitudes, although at twice the frequency. The

large-plate-length cases in Fig. 13b exhibit short intervals of negative

drag.Despite the short intervals of negative drag and the reversewake

pattern occurring in these larger-plate-length cases, the mean drag

remains positive for all the cases studied here and in fact increases

0 0.25 0.5 0.75 1
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-40
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b)

Fig. 12 Lift coefficient plots for a complete cycle: a) l∕d � 0 (stationary), l∕d � 0, and l∕d � 0.25; b) l∕d � 0.5, l∕d � 0.75, l∕d � 1, and
l∕d � 1.25.
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Fig. 13 Drag coefficient plots for a complete cycle: a) l∕d � 0 (stationary), l∕d � 0, and l∕d � 0.25. b) l∕d � 0.5, l∕d � 0.75, l∕d � 1, and
l∕d � 1.25.
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with splitter-plate length in the larger-plate-length regime. Figure 14

shows the change in time-averaged CD for each geometry in com-

parison to that of the stationary cylinder. It can be seen that oscillating

the plain cylinder at the natural shedding frequency results in a mean

drag lower than that of the stationary cylinder. This pattern has been

reported before by Cheng et al. [38]. This is also the case for

l∕d � 0.25, with the drag being slightly lower than l∕d � 0. The
reduced drag in these cases can be attributed to the weaker vortices

shed as shown in Figs. 5 and 11b. Further increasing the splitter-plate

length beyond l∕d � 0.25 leads to a monotonic increase in average

drag, as was also seen with the circulation in Fig. 11b.
Figure 15 shows the pitching moment histories for all the geom-

etries. The pitching moment magnitudes are relatively insignificant

for the stationary and rotating circular cylinders without the splitter

plates. Interestingly, the overall trends are similar to the lift history

for the cases with splitter plates. A nonsinusoidal, nonsymmetric

pitching moment variation is seen for the case with l∕d � 0.25. A
sudden jump inmagnitude is observed for l∕d � 0.5. Similar to the

lift variation, the peak magnitude values increase for higher splitter

plate lengths with the maximum occurring at midcycle and minima

occurring at the start and end of the cycle. Additionally, the two

halves of a cycle generally becomemore symmetric with increasing

plate length.
A further look at the frequency content of the loads is beneficial for

classifying unsteadiness in the forces. For brevity, the current dis-

cussion is limited to lift. A comparison of the lift-coefficient fast

Fourier transforms (FFTs) for the stationary cylinder and cylinders

with various splitter plate lengths is shown in Fig. 16. A total of 12

oscillation cycles were used to calculate FFT values for all the cases

presented. It is clear that the stationary-cylinder force curve is rather

cleanwith the dominant peak at the vortex shedding frequency. It also

displays a secondary low-magnitude peak at 7.94 Hz, which is

exactly three times the primary frequency of lift. Every oscillating

geometry studied here shows a primary frequency that matched the

oscillation frequency. This should be expected, as the movement of

the disturbance generator is the defining feature of the force curve.

The oscillating cylinder case (l∕d � 0) is very close in form to the

stationary cylinder, with the largest difference being the amplitude of

the dominant frequency. Irregularities first begin to appear in the

l∕d � 0.25 case. The CL FFT for this case is distinguished by

several spikes at various frequencies.Within the range of the frequen-

cies plotted, the largest amplitude peaks occur at the third-, fifth-, and

seventh-order harmonics. For the l∕d � 0.5 case, there are promi-

nent amplitude spikes at the second- and fourth-order harmonics. The

final three cases closely resemble the stationary cylinder and oscil-

lating l∕d � 0 case, with the main difference being the amplitudes.

These trends are in agreement with the lift history plots, as the

waveform transition cases (l∕d � 0.25 and l∕d � 0.5) have addi-
tional frequency content that indicate unsteadiness not associated

with the l∕d � 0 or l∕d ≥ 0.75 cases.
The trends in the FFT plots can be associated with the mechanisms

dictating the flowfield. The interaction of shear layer roll-up with edge

vortex formation occurs in cases that exhibit additional frequency

spikes in their FFT plots. It can be concluded that the complexity in

vortex formation and detachment causes variability in the forces seen

by the disturbance generator. Additional frequency spikes in the FFTs

do not occur for cases where the splitter plate is either absent, or is long

enough to be the primary source of vortex formation and detachment.

The lack of a splitter plate, and therefore an edge vortex, means that

shear layer interaction is the only cause of vortex formation of both

stationary and rotating cylinders. For caseswith splitter plates attached,

consistent vortex shedding is achievable by preventing the shear layers

from having a significant influence on the edge vortex formation.
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Fig. 14 Time-averaged drag coefficient values for various splitter-plate
lengths.
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Fig. 15 Pitching moment coefficient plots for a complete cycle: a) l∕d � 0 (stationary), l∕d � 0, and l∕d � 0.25; b) l∕d � 0.5, l∕d � 0.75, l∕d � 1,
and l∕d � 1.25.
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C. Far Wake

The far wake exhibits some interesting features that will impact a
downstream body experiencing the velocity and flow-angle fluctua-
tions generated by the disturbance generator. Figure 17 shows the
cycle-averaged streamwise velocity profiles for the various geom-
etries at different downstream distances ranging from x∕d � 2 to
x∕d � 8. Starting with the case of l∕d � 0, the velocity profile at
x∕d � 2 shows a large velocity deficit compared to the next down-
stream location. Thewake deficit gradually decreaseswith increasing
downstream distance. For the case of l∕d � 0.25, larger velocity
deficits can be noticed at all the locations. Similar to the l∕d � 0
case, the deficit region progressively diminishes with increasing x∕d.
This is also the first case where very small signs of asymmetry are
present, as evident one diameter below the flow centerline at
x∕d � 2. This deviation is too minor to be noticed in the previously
discussed wake contours. In addition, small regions of velocity
surplus begin to appear in thewake at this location. The half-diameter
case shows clear asymmetry, and amajority of thewake appears to be
a deficit region. The case of l∕d � 0.75 is the first occurrence of
prominent velocity surplus regions in the center of thewake. Moving
downstream from x∕d � 2, the surplus consistently decreases until a
deficit is again reached at x∕d � 8. Thewake is fairly symmetric over
a full cycle. Finally, the cases of l∕d � 1 and l∕d � 1.25 give the
largest surplus along the flow centerline at all the downstream
locations. The wake is largely symmetric for l∕d � 1 and
l∕d � 1.25, with the latter case showing a small amount of asym-
metry in the y variation of the streamwise velocity, i.e., a shift away
from the flow centerline at locations further downstream.
In summary, some of the velocity profiles display large areas

around the flow centerline with either a velocity surplus or deficit.
The regions away from the flow centerline, however, do not always
follow the same trend. Moreover, a consistent pattern does not exist
with increasing plate length in terms of asymmetry and the intensity
of the velocity deficit/surplus at a given point in the wake. Integrated
velocities can be used to get a better idea of the overall wake behavior.
The variation of normalized integrated velocity along the flow direc-
tion, shown in Fig. 18, helps to determine if the wake at a particular

x∕d location is overall a surplus or deficit and how this characteristic
varies in the flow direction. For any particular splitter plate length,
this velocity is calculated at each reported downstream x∕d by taking
the integral of the streamwise velocity difference, �u −U∞�∕U∞,
along the horizontal rake location extending from y∕d � −3
to y∕d � 3.
For the stationary cylinder, the velocity deficit in the wake

increases in the flow direction. The oscillating cases of l∕d � 0
andl∕d � 0.25 do not displaymuch variation invelocity deficitwith
downstream distance. That is to say that the average velocity in the
wake does not change much within the distances tested. The differ-
ence in integrated velocity deficits for the first three cases (stationary
l∕d � 0, oscillating l∕d � 0, and oscillating l∕d � 0.25) are min-
imal, especially in regions close to the cylinder, from x∕d � 2 to
x∕d � 5. Approaching a half-diameter plate length causes a notice-
able increase velocity deficit in this region. For the case of
l∕d � 0.5, a larger variation in the integrated velocity occurs at all
locations compared to the first two cases. The integrated velocity
deficit actually shows a trend similar to the stationary cylinder,
although the velocity deficit at every location is more negative.
Interestingly, increasing the splitter plate length past l∕d � 0.5
causes a sudden jump in this pattern owing to the sudden changes
in the vortex shedding, and the nature of the wake shifts toward a
velocity-surplus-producing tendency at all locations. Once the split-
ter plate length is increased to l∕d � 0.75, the integrated velocity
deficit at every downstream location begins to become less negative
or, in other words, transforms into a velocity surplus relative to the
previous cases. The cases of l∕d � 0.75 and l∕d � 1 still have
integrated velocity deficit values that become more negative with
increasing downstream distance, but they are much closer to having
velocity surplus than all the previous cases. Of all the splitter plate
lengths tested, only the plate length of l∕d � 1.25 has a positive
integrated velocity area at every downstream distance. This case also
maintains a somewhat constant velocity surplus area for more dis-
tance downstream, only falling off after x∕d � 6 is reached. It is
interesting to note that the mean drag is positive for this case despite
the velocity surplus at all locations in thewake. However, it should be
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Fig. 16 FFT plots of lift coefficient for the various geometries.
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noted that the velocity deficit or surplus in thewake is only one of the

contributions to the streamwise force in unsteady flows, and the

nature of the force is also determined by other unsteady contributions

from pressure and momentum flux [35,39–41].

The trends in the flow-angle fluctuations in the wake were also

investigated using the effective angle of attack αeff which is obtained
as tan−1�v∕u� using the velocity data. Figure 19 shows the effective

angle of attack FFTs for the various splitter plate lengths at a down-

stream location of x∕d � 5. The effective angle of attack FFT for the

stationary cylinder is largely similar to the lift coefficient FFT, with
the primary frequency being that of the oscillation frequency,
2.65 Hz. Every splitter plate length chosen displayed this dominant
frequency. Similar to the lift-coefficient FFTs,we see that the cases of
l∕d � 0.25 and l∕d � 0.5 have frequency spikes at varying-order
harmonics, while the final three splitter plate length cases have
minimal irregularities. The correlation between the force FFTs and
αeff FFTs suggest that information regarding consistent vortex shed-
ding and flow angle fluctuations in the wake may possibly be
identified from the forces measurements on the cylinders alone in
the absence of flowfield data.

IV. Conclusions

The unsteady flow pattern and the associated loads of several
rotating geometries were numerically studied using an unsteady
RANS CFD approach. Comparisons between a classic stationary
circular cylinder, an oscillating circular cylinder, as well as five
oscillating cylinders with attached splitter plates of varying length
were discussed. Oscillating cases were sinusoidally oscillated to
amplitudes of π∕4 at the natural shedding frequency of the stationary
cylinder. The shear-layer interactionmechanism and the vortex shed-
ding pattern were analyzed using the flowfield data. The unsteady
loads experienced by the geometries were studied using the lift, drag,
and pitching moment coefficients. Further, velocity and flow angle
fluctuations in the far wake were analyzed using the cycle-averaged
mean velocities at several downstream locations.
Varying the splitter plate length resulted in several interestingwake

patterns. The wake was found to be asymmetric for the case of
l∕d � 0.5, whereas it was symmetric for the shorter plate length
case. This was the only case with a predominantly asymmetric wake,
and this phenomenon coincided with the wake having the largest
amount of velocity deficit. The wake asymmetry was found to be
dependent on the initial rotation direction. For larger plate lengths,
the trend toward a velocity surplus dominatedwake increases rapidly.
Analysis of the load-history FFTs along with the wake pattern
suggested that the load signals can be a good indicator of wake
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Fig. 18 Normalized integrated streamwise velocities at downstream
locations.
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Fig. 17 Cycle-averaged mean streamwise velocities at downstream locations.
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coherency in the absence of flowfield data. The frequency spikes in
the FFTs were found to be primarily caused by the influence of shear
layer roll-up on edge vortex formation. Cases in which the shear
layers did not feed the edge vortex resulted in clean FFTs. Multiple
frequency spikes in the CL FFTs were observed in the l∕d � 0.25
and l∕d � 0.5 cases. These two cases demonstrated a transition
period wherein the periodic lift curves had waveforms that were
neither sinusoidal nor triangular. Increasing the splitter plate length
to or above l∕d � 0.75 reduced and eventually eliminated the addi-
tional harmonics in both the lift coefficient FFTs and effective angle
of attack FFTs.
The current results suggest that the addition of a splitter plate on

oscillating cylinders should employ plates that are long enough to
prevent the interaction of rolled-up shear layers with same-signed
edge vortices if the objective is to produce coherent vortical wakes.
While the present research gives positive insight into the wake
produced by cylinders with various splitter plate lengths, it is desir-
able to generate a broader map of the flow mechanisms surrounding
disturbance generators of this type. Future efforts should incorporate
different pitch amplitudes, and possibly various oscillation frequen-
cies apart from the natural shedding frequency so that a broader case
range may be explored.
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