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Abstract 
Understanding the interaction of vortical gusts and unsteady wing kinematics is crucial to the operation of small aircraft in 
urban or turbulent environments. Studies investigating this interaction require adequate control of a vortical gust generator to 
consistently produce the desired vortical gusts for study. Previous studies have focused on the pitching or heaving of airfoils 
to generate vortical gusts. The current study focuses on the characterization of the vortex shedding process for a rotationally 
oscillating circular cylinder with an attached one-diameter long plate. When this vortical gust generator is actuated in rela-
tively small sinusoidal motions, von Kármán vortices can be generated in a controllable and repeatable fashion over a large 
range of oscillation frequencies that are significantly different than the natural shedding frequency of the static cylinder, and 
without the generation of any additional unwanted vorticity. Fine tuning of the actuation parameters allows for the control 
of the vortex strength, frequency, and transverse location.
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Graphic abstract

1  Introduction

Studies investigating the interaction between unsteady 

aerodynamics and vortical gusts require adequate control of 
a vortical gust generator to allow for synchronization between 
the incoming vortices and the kinematics of the airfoil (Medina 
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et al. 2019). A simple example of a vortical gust generator is 
a circular cylinder immersed in a transverse flow. The result-
ing von Kármán vortex street can be thought of as a periodic 
series of vortical gusts, and is a well-documented phenomenon 
that persists over a large range of Reynolds numbers (Wil-
liamson 1996). One downside of this vortex-dominated wake, 
along with those of bluff bodies in general, is that the vortex 
shedding process can become disrupted by vortex dislocations 
(Williamson 1992). These vortex disruptions can lead to a loss 
of coherence in the wake for short durations, which is detri-
mental for studies relying on consistent vortical gusts. Addi-
tionally, the desire to synchronize the kinematics of a down-
stream airfoil to an oncoming vortex wake can benefit from the 
ability to control the vortex shedding frequency independent of 
the flow speed, as physical constraints often limit the range of 
freestream velocities that can be considered while maintaining 
a specific kinematic profile. This control is lacking for a static 
cylinder, where the vortex shedding frequency is fixed for a 
given set of flow conditions (Fey et al. 1998).

One strategy to improve the control of vortices shed from 
a circular cylinder is to rotationally oscillate the cylinder in a 
periodic sinusoidal fashion, as first studied by Okajima et al. 
(1975). The rotational oscillation of a circular cylinder about 
its axial coordinate has been studied at length numerically 
(Cheng et al. 2001; Lu and Sato 1996; Choi et al. 2002; Mittal 
et al. 2017; Aguedal et al. 2018) and experimentally (Toku-
maru and Dimotakis 1991, 1993; Fujisawa et al. 1998; Thiria 
et al. 2006). These studies have determined that the vortex 
shedding in the wake of a rotationally oscillating circular cyl-
inder can be drastically modified through large or fast enough 
rotations at a variety of frequencies over a range of Reynolds 
numbers from 150 to 3 × 104 . Different motions can generate 
multiple vortices of the same sign per period, or strengthen or 
weaken the naturally occurring von Kármán vortices (Toku-
maru and Dimotakis 1991). Of particular interest to the cur-
rent study is that multiple studies have determined lock-on 
frequencies for specific rotational parameters. The vortex wake 
is said to be locked on when vortices are shed from the rota-
tionally oscillating cylinder at the same frequency as the oscil-
lation in what amounts to a disruption of the natural shedding 
frequency for the given flow parameters. Different rotational 
oscillations of the cylinder can result in vortex shedding fre-
quencies at significantly different frequencies than that of the 
static cylinder for the same flow conditions.

The most commonly reported parameter for the control of 
vortices with rotational oscillation is the normalized peak rota-
tion rate, � (Tokumaru and Dimotakis 1991). The normalized 
peak rotation rate is defined as,

where v
�,max is the peak circumferential velocity, U∞ is the 

freestream velocity, � is the rotation rate, D is the cylinder 

(1)� = v
�,max∕U∞ = �D�max∕2U∞,

diameter, and �max is the maximum angular amplitude 
(Thiria et al. 2006). This parameter is the ratio between the 
maximum circumferential velocity of the cylinder and the 
freestream velocity. Generally, a certain threshold of � is 
needed to control the generation of vortices at a specific 
frequency. At an � value of eight, vortex lock-on can occur 
at frequencies at least ten times higher than the natural shed-
ding frequency of a static cylinder (Tokumaru and Dimo-
takis 1991). While rotationally oscillating cylinders can 
provide vortex lock-on over a range of rotational frequen-
cies, they are limited in their control of vortex strength and 
location due to the high rotational rates required to maintain 
vortex lock-on at frequencies significantly higher or lower 
than the natural shedding frequency (Thiria et al. 2006). A 
preferred vortical gust generation system could dictate the 
location, strength, and frequency of vortices based on the 
amplitude and frequency of the rotational oscillation.

A potential method for providing improved control over 
vortical gust generation was briefly studied by Myose and 
Heron (2009), where they attached a fixed plate normal to 
the cylinder surface, and then rotationally oscillated the 
entire cylinder-plate assembly in an attempt to generate con-
sistent vortices interacting with a downstream pitching delta 
wing. The study had some difficulties with the experimental 
apparatus, and no characterization of the rotating cylinder-
plate assembly was provided. This method of rotating the 
plate with the cylinder is in contrast to previous studies 
where splitter plates were placed upstream or downstream 
of cylinders, and were fixed or free to rotate [see e.g., Unal 
and Rockwell (1988); Xu et al. (1990); Cimbala and Garg 
(1991); Kwon and Choi (1996); Hwang et al. (2003); Lu 
et al. (2016)].

Previously studied methods for generating vortical gusts 
include pitching flat plates or airfoils (Biler et al. 2019) or 
a rapid change in heave direction of a flat plate (Hufstedler 
and McKeon 2019). Biler et al. (2019) utilized a flat plate 
pitched 180◦ about its midchord to generate a vortical gust. 
This method successfully generated a repeatable vortical 
gust, but the resulting wake also included nearby oppo-
sitely signed vorticity due to the motion of the plate [(see 
for example, Fig. 14 in Biler et al. (2019)]. The heaving 
motion of a flat plate studied by Hufstedler and McKeon 
(2019) was motivated by the desire to limit the test article’s 
exposure to the wake of the gust generator. While successful, 
this technique yielded vortices with relatively low strength, 
and aggressive mechanical accelerations would be required 
to generate vortices with higher strengths. These methods 
of vortical gust generation were not pursued due to concerns 
about the formation of undesired vortical structures from 
pitching airfoils or flat plates, the experimental complex-
ity of heaving systems compared to rotating systems, and 
the desire to generate strong, consistent, and periodic vorti-
cal gusts without the generation of any additional vorticity. 
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The current study also attempts to realize additional con-
trol authority over the vortex wake through the interaction 
between the attached plate and the shear layers on both sides 
of the cylinder.

The current study seeks to characterize the wake of a 
rotationally oscillating cylinder both with and without an 
attached plate, and compare them to the baseline static cyl-
inder wake. The main metrics of comparison are the vortex 
strength found using circulation, the cycle-to-cycle consist-
ency of the vortex location found using �1 , and the range 
of lock-on frequencies for a fixed amplitude of rotational 
oscillation.

2 � Experimental setup

Experiments were performed in the US Air Force Research 
Laboratory’s Horizontal Free-surface Water Tunnel. The 
tunnel has a 4:1 contraction and a 46 cm wide by 61 cm high 
test section with a free surface, a speed range of 3–105 cm/s, 
and a freestream component of turbulence intensity of 1.0% 
at 5–40 cm/s. A transparent polycarbonate circular cylinder 
that was machined on a lathe with a 2.54 cm diameter and a 
44.6 cm length was placed spanning the width of the tunnel 
between two 0.6 cm thick end plates. The end plates con-
tained the support structure needed to maintain the cylinder 
position during oscillation, and were tapered to the wall near 
the cylinder location to minimize flow separation. The rota-
tion axis was at the center of the circular cross-section of the 
cylinder. The cylinder was placed at roughly the centerline 
of the test section height. The cylinder-plate assembly used 
the same cylinder, but with a 2.54 cm long (1 diameter) clear 
acrylic plate that was 0.32 cm thick attached normal to the 
cylinder surface. The freestream speed was kept constant at 
0.3 m/s, resulting in a Reynolds number based on cylinder 
diameter of 7600. The rotation of the system was driven by 
a gear and belt that were recessed into one of the end plates 
along the wall of the test section. The belt was driven by 
an Applied Motion HT23-598DC stepper motor and STR4 
microstepper drive placed outside of the test section. A sche-
matic of the experimental setup can be seen in Fig. 1.

The performance of the stepper motor and microstepper 
drive was evaluated to ensure the prescribed motion was fol-
lowed. Angular position was measured via optical encoder 
with 2000 counts per revolution. The comparison between 
commanded position and encoder output for the cylinder 
driven with �0 = 45◦ at f = 2.617Hz reveals preservation of 
peak-to-peak amplitude and actuation frequency of the cylin-
der-plate test article, as shown in representative drive period 
in Fig. 2. A minor phase lag in encoder output from the com-
manded position of 0.065 radians does emerge, amounting to 
no more than 1.5◦ of error in instantaneous angular position, 
as shown in Fig. 2a. These deviations are predominantly 

sustained during peak angular velocity. However, it is noted 
that the minor lag is on par with the temporal resolution 
of the motor control software. Furthermore, experiments 
performed with the motor unloaded in air yielded the same 
results (Fig. 2b), thus ensuring motor operations in driving 
the cylinder-plate assembly were not torque limited in the 
most demanding case investigated in this study.

The frequencies, amplitudes, and corresponding normal-
ized peak rotation rates studied are shown in Table 1. The 
same 12 cases were studied for both the rotating cylinder 
and the rotating cylinder-plate assembly. The frequencies 
and amplitudes were chosen to evaluate the ability of the 
vortex generator to achieve vortex lock-on over a wide range 
of frequencies and multiple amplitudes, constrained by the 
physical capabilities of the stepper motor driving the system. 
The amplitude, �max , is measured from a reference line par-
allel to the streamwise flow on the downstream side of the 
cylinder. The Strouhal number (non-dimensional frequency) 
is defined as:

where f is the frequency. The Strouhal number associated 
with the natural shedding frequency, Stn , of the static cylin-
der at this Reynolds number was 0.202, and will be referred 
to as the natural Strouhal number. Strouhal numbers signifi-
cantly higher than the natural Strouhal number were difficult 
to attain with the selected stepper motor due to the large 
torque required to overcome the forces imposed by the rota-
tion of the cylinder-plate assembly, so the Strouhal number 
sweep focused on Strouhal numbers lower than the natural 
Strouhal number.

Time-resolved particle image velocimetry (PIV) meas-
urements were planar, confined to the in-plane velocity 
field, and were taken at spanwise center of the cylinder. The 
tunnel was seeded with polyamide particles with a 20 μm 
diameter (LaVision, specific gravity = 1.03) and illuminated 
by an Nd:YLF laser sheet (Photonics Industries DM50-
527, 55 mJ/pulse, 10 kHz max) oriented in the streamwise 

(2)St = fD∕U∞,

Fig. 1   Schematic of the rotating cylinder-plate assembly
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direction. Images were recorded by one high-speed cam-
era (PCO Dimax S4, 4 MP, 1279 fps at max resolution) 
that was located at x∕D = 3.5 , y∕D = 0 . Velocity vectors 
were calculated using Fluere version 1.3. Two passes of 
interrogation areas, with initial and final sizes of 64 px2 , 
and 32 px2 , respectively, were used to determine the par-
ticle displacements from double frame images sampled 
at a rate around 400 Hz during continuous operation. An 
interrogation area overlap of 50% was used. The result-
ant vector fields contained 123 × 123 vectors with a spatial 
resolution of (x∕D, y∕D) = (0.072, 0.072) . No interpolation 
was performed on the calculated vector fields prior to post-
processing. Upstream portions of the flowfield ( x∕D < 0 ) 
were partially blocked either by shadows or the cylinder 
support structure, and therefore the results in this region 
were masked.

Error estimates in the calculation of PIV vectors were 
conducted using the methods and figures in chapter 5.5 of 
Raffel et al. (2018). For portions of the flow field with low 
gradients, the particle displacement error is roughly 0.05 
pixels, corresponding to a 0.5% error. In regions with large 
velocity gradients, the particle displacements are locally 

much higher, as Fluere does not support deforming inter-
rogation areas. The errors in this region can reach up to 1.05 
pixels, corresponding to an error up to 8.8%. These errors 
are very localized, and the values reported here are worst 
case estimates based on known parameters and the simula-
tion results present in Raffel et al. (2018). Throughout the 
flow field, the vast majority of errors are 1% or less.

The PIV results presented below were primarily phase-
averaged over multiple periods of cylinder shedding using 
the average Strouhal number. 3500 images were used for 
each test case, and the number of periods of data collected 
varied with the Strouhal number of oscillation from six 
periods for the lowest Strouhal number up to 23 periods 
for the highest. Cases 1, 3, 5, and 6 for the rotating cylinder 
were phase-averaged using proper orthogonal decomposi-
tion (POD) instead of utilizing the average Strouhal number 
due to prohibitively low consistency in vortex shedding. 
The phase-averaging techniques used are discussed in more 
detail in the following section.

3 � Methodology

Velocity vector fields generated by PIV were analyzed to 
determine the average strength and consistency of the vor-
tices shed over multiple cycles. The strength of the vortices 
was determined using circulation, where a phase-averaged 
vortex with its center located five diameters downstream of 
the cylinder center was bounded by a rectangular area from 
four to six diameters downstream, and 2.5 diameters above 
and below the wake centerline. All of the positive vorticity 
within this area was included in the circulation calculation. 
Circulation is defined, utilizing Stoke’s theorem, as:

where �A is the boundary of area A, u is the velocity field, 
� is the vorticity, ds is aligned tangent to an infinitesimal 
portion of the boundary, and dA is the normal vector to an 
infinitesimal portion of the area. While the integration area 

(3)−� = ∮
�A

u ⋅ ds = ∬A

� ⋅ dA,

Fig. 2   Encoder results

(a) (b)

Table 1   Test parameters for the rotating cylinder and the cylinder-
plate assembly

Case St Frequency ratio, 
St∕St

n

Amplitude, �
max

�

1 0.06 0.3 �∕4 0.15
2 0.06 0.3 �∕6 0.10
3 0.10 0.5 �∕4 0.25
4 0.10 0.5 �∕6 0.17
5 0.14 0.7 �∕4 0.35
6 0.14 0.7 �∕6 0.23
7 0.18 0.9 �∕4 0.45
8 0.18 0.9 �∕6 0.30
9 0.20 1.0 �∕4 0.50
10 0.20 1.0 �∕6 0.33
11 0.22 1.1 �∕4 0.55
12 0.22 1.1 �∕6 0.36
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chosen can have a significant effect on the resulting circu-
lation values for a given vortex, von Kármán vortices are 
distinct enough at the wake location used for this study that 
variations in the chosen area had no noticeable effect on 
the circulation results as long as the area chosen was large 
enough to encompass the entire vortex. The same area of 
consideration was used for each case.

The cycle-to-cycle consistency of the vortex center loca-
tion is a measure of how successful the chosen oscillations 
were at driving consistent vortex shedding. The vortex 
center location was determined using the �1 criterion devel-
oped by Graftieaux et al. (2001). The value of �1 at a point, 
P, is defined as:

where S is a two-dimensional area surrounding P, M is a 
point within S, and z is the unit normal to the data plane. 
PM is the radius vector from point P to point M, and UM is 
the velocity vector at point M. This method determines the 
center of rotation of a vortex by summing the local flow 
angles of points within a user-defined area. The center of 
rotation is located at the maximum value of �1 . The main 
parameter the user controls is the size and shape of the area 
of consideration around each point. To remove subjectiv-
ity from this portion of the study, a parameter sweep was 
conducted where a square area was varied from 0.5D a side 
to 2.0D per side, and the resulting vortex center locations 
were compared. A similar vortex center location (within ±1 
velocity grid point) was found for side lengths between 1.2D 
and 1.8D, with increasing variation in the result as the side 
length was increased or decreased from that range. A value 
of 1.6D was chosen, as it was roughly in the center of the 
range of side lengths with consistent vortex center locations. 
The same velocity fields were used in the �1 calculations as 
in the circulation calculations, with positive vortices located 
with their centers at approximately x∕D = 5.

(4)�1(P) =
1

S ∫M∈S

(PM ∧ UM) ⋅ z

||PM|| ⋅ ||UM||
dS

The snapshot proper orthogonal decomposition (POD) 
technique developed by Sirovich (1987) was used to decom-
pose the velocity fields collected by PIV into spatial eigen-
modes and temporal coefficients on an energy basis. In 
periodic vortex-dominated flows, POD modes are found to 
occur in pairs that represent the orthogonal components of 
the harmonics of the vortex shedding process (Oudheusden 
et al. 2005). In the current study, the first two modes com-
bined contained 34% of the total energy of the flow for the 
static cylinder case and are associated with the convection of 
the von Kármán vortices. The energy contained in the first 
two modes combined increased up to a maximum of 74% for 
the rotating cylinder-plate case 9.

Figure 3 shows the temporal coefficients of the first two 
modes ( a1 and a2 ) normalized by their energy, where each 
data point is the location of normalized a2 versus a1 for a 
velocity field snapshot. The variation in the radius of the 
circle is thought to be caused by variations in the periodic-
ity of the von Kármán vortex shedding (Perrin et al. 2007). 
Case 9 for the rotating cylinder-plate had less variation in 
the periodicity of vortex shedding compared to the static 
case, and this can be visualized in Fig. 3 by s larger amount 
of variation in the radius of the circle for the static case 
compared to the rotating cylinder-plate case 9.

Each period of vortex shedding was determined by the 
number of files it took to make a complete revolution around 
the circle generated by the first two temporal POD coeffi-
cients. The result was then averaged over the total number 
of cycles of vortex shedding that were recorded to deter-
mine the average vortex shedding frequency. This value was 
used as the frequency at which to phase-average the velocity 
fields for most cases. This was done by dividing one period 
of motion into 36 equally sized bins in time. Every veloc-
ity field that fell within the same bin was phase-averaged 
together. 36 bins were sufficient to provide time-resolved 
analysis of the flow physics, as well as converged, phase-
averaged velocity fields. This method of phase-averaging 
will be referred to as the average frequency method.

Fig. 3   Normalized second 
versus first temporal coefficients 
found using POD
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For cases 1, 3, 5, and 6 for the rotating cylinder, the rota-
tional motion of the cylinder was not significant enough to 
drastically change the flow field from that of a static cyl-
inder, so the vortex shedding process suffered from vortex 
dislocations during data collection, and therefore the aver-
age frequency method for phase-averaging was not utilized. 
For these cases, bins of 10◦ width in the respective a2 versus 
a1 plots were used to determine which velocity fields had 
similar spatial structure. All velocity fields that were within 
the same bin were then phase-averaged. This resulted in 36 
phase-averaged velocity fields, the same number used for 
the average frequency method. Vorticity contours, circula-
tion values, and vortex center results between the average 
frequency and POD methods of phase-averaging for the 
remaining cases were compared, and negligible differences 
were found.

4 � Results

Phase-averaged vorticity contours for the wakes generated 
by several representative rotating cylinder cases, as well as 
the static case are shown in Fig. 4. The results for the static 
cylinder shown in Fig. 4b are representative of a von Kármán 
vortex street, with periodic vortices shedding from shear lay-
ers above and below the cylinder. In comparison, rotating 
case 1 in Fig. 4a is at a Strouhal number that is only 30% 
of the natural Strouhal number of the static cylinder. Due 
to the low amplitude and frequency of oscillation, vortex 
lock-on does not occur, as the vortices are shed at the same 
frequency as in the static case. The inability of the cylinder 
motion to achieve vortex lock-on is also present for rotating 
cases 5 and 6 (Fig. 4c, d). In fact, the rotation process may 
interfere with the natural shedding process, leading to an 
apparent decrease in coherency in the phase-averaged vorti-
city fields compared to that of the static cylinder. There is no 
evidence of a coherent vortex core in the vorticity contours 
for rotating cases 5 and 6 in the positively signed vortex at 
x∕D = 5 compared with the static case. At rotation rates at 
the natural Strouhal number (Fig. 4e, f), the vortex wake is 
comparable to that of the static case. The main difference is 
that the von Kármán vortices form significantly closer to the 
cylinder. This could allow airfoils to be placed closer to the 
downstream extent of the cylinder without interfering with 
the vortex formation process.

Figure 5 shows phase-averaged vorticity contours for 
selected rotating cylinder-plate cases. The vorticity fields 
highlight significant changes to the vortex wake structure 
due to the motion of the cylinder-plate assembly compared 
to the rotating cylinder cases displayed in Fig. 4. In cases 
1 and 2 at frequencies that are 30% of the natural Strouhal 
number, the vortex wake appears to be locked on for both 
angular amplitudes in the Fig. 5a and b. Although locked on 

vortex shedding was one goal of the study, the other was to 
have one distinct vortex of each sign shed from the cylinder-
plate assembly for each oscillation period, similar to the von 
Kármán vortex street for a static cylinder. In Fig. 5a and b, 
there is additional negatively signed vorticity accompanying 
the positively signed vortex downstream. The low oscilla-
tion Strouhal number resulted in vorticity of the opposite 
sign being generated by the interaction of the shear layer 
and plate before being shed with the vortex. This process is 
highlighted in more detail in Fig. 6. The positively signed 
vortex at x∕D = 5 is also significantly larger and more dif-
fuse than those present in the static and rotating cylinder 
cases. The vortices in this case form in the separated flow 
region just downstream of the plate (Fig. 6a–c), similar to 
the formation process for a static cylinder. The main differ-
ence in the formation process with the plate is that the shear 
layer on the side of the cylinder-plate is deflected towards 
shifts almost half a diameter away from the surface of the 
cylinder (Fig. 6a). The vorticity in the shear layer has the 
opposite sign of the forming von Kármán vortex, and a por-
tion of the shear layer is shed with the main vortex when the 
plate begins moving towards the wake centerline from its 
maximum location (Fig. 6d–f).

For cases 5 and 6 at oscillation frequencies that are 70% 
of the natural Strouhal number (Fig. 5c, d), a wake very 
reminiscent of the natural von Kármán wake is captured, 
but locked on to the oscillation Strouhal number. Clear vor-
tices with no oppositely signed vorticity are present, but the 
vortices do have a slight tail for both angular amplitudes. 
The formation process for these vortices is different than 
that discussed for the rotating cylinder-plate cases 1 and 2. 
For � values above about 0.3, the shedding process changes 
so the vorticity that makes up the bulk of the von Kármán 
vortices is entrained into a forming vortex near the tip of the 
plate during its motion instead of in the wake region behind 
the cylinder. At this Strouhal number, case 5 is above this 
� value, and case 6 is below it. Therefore, case 6 is still 
generating the majority of its vorticity due to the momentum 
deficit behind the cylinder and plate. Case 5, on the other 
hand, is generating vorticity more in line with the method 
that vortices are generated by wings pitching about their 
leading edge.

For cases 9 and 10, shown in Fig. 5e and f, the cylinder-
plate assembly is driven at the natural Strouhal number. 
This results in a von Kármán wake with significantly higher 
vorticity values in the vortex cores, as well as more coher-
ent vortices compared to the static case. Both � values are 
now above 0.3, so both angular amplitudes are entraining the 
bulk of their vorticity from the tip of the plate. One major 
departure from the flow field seen for the static cylinder 
wake in Fig. 4b is the transverse (y/D) location of the vor-
tices. For the static cylinder, the negatively signed vortices 
were at larger y/D values than the positively signed vortices, 
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corresponding to their respective shear layer sides. For the 
rotating cylinder-plate case 9, the vertical location of these 
vortices has switched, and the positively signed vortices are 
at larger y/D values than the negatively signed vortices. This 
is indicative of a reverse von Kármán wake, which is associ-
ated with thrust production. Reducing the amplitude of the 
oscillation (Fig. 5f) results in vortices with vertical locations 
roughly constant at the cylinder centerline. By further refine-
ment of the oscillation amplitude, control of the vertical 

locations of the resulting vortices should be realizable, up 
to a certain distance from the wake centerline.

Additional details of the lock-on Strouhal numbers, 
cycle-to-cycle consistency of vortex locations, and vortex 
strengths can yield insights into the ability of the rotating 
cylinder and the rotating cylinder-plate assembly to generate 
controlled vortical gusts. Figure 7 displays plots of the aver-
age shedding Strouhal number compared with the oscillation 
Strouhal number. Error bars of one standard deviation of 
the shedding Strouhal number are included. The solid black 

Fig. 4   Vorticity contours for 
representative static and rotating 
cylinder cases
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line is at equivalent oscillation and vortex shedding Strouhal 
numbers, and data points on that line signify cases that were 
locked on. The static cylinder natural Strouhal number and 
one standard deviation errors bars are shown in dashed and 
dash-dotted lines, respectively. The vertical dashed line is 
also at the natural Strouhal number for reference. For the 
�∕6 angular amplitude cases shown in Fig. 7a, the rotating 
cylinder cases (blue diamonds) do not achieve vortex lock-on 
at Strouhal numbers at or below 70% of the natural Strouhal 
number. These cases maintain roughly the same Strouhal 
number as the natural Strouhal number of the static cylinder. 

For oscillation Strouhal numbers within 10% above or below 
the natural Strouhal number, vortex lock-on did occur for the 
rotating cylinder, although the error bar for case 12 is large 
enough that it is not certain that lock-on did occur. The same 
range of lock-on Strouhal numbers is present in Fig. 7b for 
an angular amplitude of �∕4 , indicating that an even higher 
amplitude of motion would be required to achieve lock-on 
at oscillation Strouhal numbers further from the natural 
Strouhal number for the rotating cylinder. Errors bars for 
the rotating cylinder cases with vortex lock-on (cases 7 and 
9) are comparable to or smaller than the error bars for the 

Fig. 5   Vorticity contours for 
representative rotating cylinder-
plate cases
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static cylinder, indicating that there may be an increase in the 
shedding frequency consistency for the von Kármán street 
by oscillating the cylinder wake at the natural Strouhal num-
ber at low amplitudes.

Vortex lock-on occurred for both of the amplitudes of 
cylinder-plate assembly oscillations (red asterisks and xs) 
across the entire range of Strouhal numbers tested. In fact, 
there is little to no cycle-to-cycle variation for any of the 
values below the natural Strouhal number as indicated by the 
near-zero error bars. The error bars for case 12 are still fairly 

low, but are significantly higher than those of the other rotat-
ing cylinder-plate cases. This could be indicative of the step-
per motor reaching the limit of its torque capabilities to drive 
accurate motion of the cylinder-plate assembly. Overall, the 
rotating cylinder-plate assembly was very successfully in 
maintaining a consistent frequency of vortex shedding for 
the angular amplitudes studied.

The location of the vortex center of each instantane-
ous velocity field that occurred within the same shed-
ding phase over multiple cycles of vortex shedding was 

Fig. 6   Vorticity contours high-
lighting the vortex formation 
and shedding process for rotat-
ing cylinder-plate case 2
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determined using �1 . The standard deviation in x/D, y/D, 
and r/D (radial distance) from the average vortex center 
location was calculated as a metric for the consistency of 
vortex center locations from cycle to cycle. A low standard 
deviation means the vortices were consistently near the 
same location from period to period, and a higher stand-
ard deviation means the vortices were less consistently 
located. The standard deviation in x/D shown in Fig. 8a 
yields information in line with the error bars presented 
in Fig. 7a and b. The vortex x/D location is directly tied 
to the frequency of vortex shedding, so inconsistencies 
in the shedding Strouhal number directly translate to 

inconsistencies in the streamwise vortex location from 
period to period. Cases with vortex lock-on and small error 
bars in Fig. 7 had lower x/D standard deviations than the 
static case shown with the horizontal dashed black line, 
and cases with large error bars in Fig. 7 had higher varia-
tion in streamwise vortex location.

Figure 8b shows the same results, but in the y/D, or trans-
verse direction. The static case has a relatively low 0.2 y/D 
standard deviation as the vortices are fairly consistent in 
their transverse location due to the overall structure of the 
flow field generated by shear layers separating from the 
fixed geometry of the static cylinder. Most of the rotating 

Fig. 7   Vortex shedding Strouhal 
number versus oscillation 
Strouhal number for the static 
cylinder (dashed black lines 
with solid black error bars), 
rotating cylinder ( �

max
= �∕6 in 

blue diamonds and �
max

= �∕4 
in blue circles), and rotating 
cylinder-plate ( �

max
= �∕6 in 

red asterisks and �
max

= �∕4 
in red xs). Individual data 
points are labeled by their case 
numbers

(a) (b)

Fig. 8   Cycle-to-cycle stand-
ard deviation of vortex center 
locations for the static cylinder 
(dashed black lines), rotating 
cylinder ( �

max
= �∕6 in blue 

diamonds and �
max

= �∕4 in 
blue circles), and rotating cyl-
inder-plate ( �

max
= �∕6 in red 

asterisks and �
max

= �∕4 in red 
xs). Individual data points are 
labeled by their case numbers

(a) (b)

(c)
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cylinder-plate assembly cases (red asterisks and xs) yielded 
lower y/D standard deviations for the shed vortices, with 
values less than half of that of the static case for an oscil-
lation Strouhal number of 0.18. All of the rotating cylinder 
cases (blue diamonds and circles), and the highest and low-
est Strouhal numbers for the rotating cylinder-plate assembly 
yielded less consistent vortex y/D locations. This could be 
due to the interaction between the cylinder motion and the 
shear layers resulting in the shear layers no longer remaining 
quasi-fixed in the same location relative to the cylinder, as 
in the static case.

The radial standard deviation is shown in Fig. 8c. The 
rotating cylinder-plate assembly had lower standard devia-
tions than the static cylinder, with the best performance at 
cases equal to or below the natural Strouhal number. The 
only rotating cylinder cases that performed better than the 
static case were cases 7 and 8, just below the natural Strou-
hal number. This is in line with the findings of Fujisawa et al. 
(1998), where frequencies just below the natural Strouhal 
number were more receptive to relatively slow rotations of 
the cylinder than values above the natural Strouhal number.

The relative strength of the vortices was quantified using 
circulation values calculated from phase-averaged velocity 
fields, and the results are shown in Fig. 9. Only cases 11 
and 12 for the rotating cylinder (blue diamonds and circles) 
generated vortices weaker than the static cylinder. Cases 1–6 
for the rotating cylinder generated vortex strengths that were 
approximately the same as the static case. Cases 7 through 
10 generated vortices slightly stronger than the static case, 
with the rotational Strouhal number at 90% of the natural 
Strouhal number yielding the strongest vortices. This is in 

line with the velocity fluctuation measurements of Fujisawa 
et al. (1998).

The cylinder-plate assembly generated two apparent 
tracks of vortex strengths. The �∕6 angular amplitudes (red 
asterisks) created a lower branch of circulation values that 
were significantly higher than the static cylinder, but at a 
slightly decreasing strength with increasing Strouhal num-
ber. For cases with oscillation Strouhal numbers below 0.20, 
� is lower than 0.3, and the vortices formed in the recirculat-
ing wake region just behind the cylinder-plate. The vorticity 
entrained into vortices forming in this manner is primarily 
from the cylinder shear layer, with little to no contribution 
from the plate. This is a similar vortex formation process as 
that of a static or rotating cylinder. As the oscillation Strou-
hal number increases for those cases, the duration the plate 
spends at its maximum angle decreases, leaving less time for 
a vortex to form and to continue entraining vorticity from 
the shear layer, effectively reducing the strength of the vor-
tex. Once � ≥ 0.3 , the circulation levels off as the forming 
vortex also gains vorticity from the sweeping tip of the plate.

Cases with a �∕4 angular amplitude for the rotating cyl-
inder-plate yielded significantly higher vortex strengths than 
the static case. Cases 1, 3, and 5 are at or below � = 0.3 , and 
all have roughly the same circulation values. Cases 7 and 9 
have � values of 0.45 and 0.50, respectively, and display 
a significant increase in circulation values with increasing 
Strouhal number. This is indicative of increased circulation 
being added to the von Kármán vortices by the increasing 
difference in velocity between the plate tip speed and the 
local velocity field as the Strouhal number increases. Specifi-
cally chosen oscillation amplitudes for the rotating cylinder-
plate assembly can modify the strength of the generated vor-
tical gusts independent of the oscillation Strouhal number. 
Therefore, this experimental vortical gust generation system 
provides the desired control of vortical gusts for interaction 
with downstream airfoils.

5 � Summary

An experimental method utilizing a rotationally oscillat-
ing cylinder-plate assembly for generating consistent and 
controllable vortical gusts was tested for a range of forcing 
Strouhal numbers at two different angular amplitudes. The 
cylinder-plate assembly was comprised of a one-diameter 
long flat plate fixed normal to the cylinder. The entire cyl-
inder-plate assembly was rotationally oscillated to generate 
vortical gusts. The results for the rotating cylinder-plate were 
compared with results at the same Reynolds number for a 
static cylinder and a rotating cylinder undergoing the same 
prescribed rotational oscillations. The rotating cylinder-plate 
assembly was able to achieve vortex lock-on over the entire 
range of frequencies tested, from 30 to 110% of the natural 

Fig. 9   Circulation values for the static cylinder (dashed black lines), 
rotating cylinder ( �

max
= �∕6 in blue diamonds and �

max
= �∕4 in 

blue circles), and rotating cylinder-plate ( �
max

= �∕6 in red asterisks 
and �

max
= �∕4 in red xs). Individual data points are labeled by their 

case numbers
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Strouhal number. The rotating cylinder-plate also generated 
vortices with consistent locations from cycle to cycle. The 
rotating cylinder undergoing the same motion was only able 
to obtain vortex lock-on between 90 and 110% of the natural 
Strouhal number, and yielded less consistent vortex loca-
tions than the cylinder-plate cases.

At the angular amplitudes of �∕4 and �∕6 tested in this 
study, the circulation values of the von Kármán vortices 
shed by the cylinder-plate system were significantly higher 
than that of the static or rotating cylinders, and changing 
the amplitude of oscillation resulted in control of the vortex 
strength and transverse location. The rotational oscillation of 
a cylinder-plate assembly therefore allows for the control of 
the frequency and strength of consistent vortical gusts based 
on the actuation Strouhal number and oscillation amplitude 
chosen. This experimental method also results in signifi-
cantly more consistent vortical gusts compared to the static 
cylinder wake, which allows for the synchronization of the 
vortical gusts with downstream wing kinematics.
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