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ABSTRACT

The flow around a circular cylinder is a canonical configuration that may be encountered in many engineering applications, as for instance,
civil engineering, architecture, or marine structures. In particular, when bluff bodies are slender and feature low mass-damping characteris-
tics, they may undergo flow-induced vibrations (FIVs), which may result in severe structural fatigue and damage. Here, we present an experi-
mental study on the effect of flexibly hinged splitter plates in the FIV of a flexibly mounted circular cylinder (of diameter D) subject to an
uniform cross-flow of velocity u1. The dynamic response and forcing of the low mass-damping system is characterized for plates of different
lengths Lp and different values of the torsional stiffness of the hinge kp. Reductions of the dynamic response of more than 90% can be gener-
ally reached at the upper branch, especially when a plate of length l� ¼ Lp=D ¼ 2 with intermediate degree of torsional stiffness is attached,
which is shown to represent the best solution as it mitigates the oscillations of the system (cylinder and plate) for the whole range investigated
of reduced velocity U� ¼ u1=fnD ¼ ½3:9; 9:8�, where fn is the natural frequency of oscillation. In general, the hinged plates are able to attenu-
ate the vortex-induced vibration system response by increasing shedding frequency, until the ratio f � ¼ f =fn > 1 is reached. At high values of
U�, a general transition to galloping-like dynamics, characterized by f � < 1, occurs. The tested hinged plates modify the transition between
regimes, which is associated with shifts in the phase difference between the forcing and response, combining features of the dynamics of both
flexible and static rigid plates already reported in the literature. The use of hinged plates has been proven to provide with a significant attenu-
ation of the system response and its associated drag, a feature that can be considered of practical relevance in many engineering applications.
In addition, the key aspects for designing these elements as the torsional stiffness and plate length have been analyzed here.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0184410

I. INTRODUCTION

The flow around a circular cylinder in low mass-damping sys-
tems may produce flow-induced vibrations (FIVs).1,2 This configura-
tion is a simple representation of many engineering applications where
a structure is submerged in water or air flows.

In the case of the circular cylinder, this vibrating dynamics may
be induced by vortex shedding that leads to vortex-induced vibrations
(VIVs). This particular response is characterized by a self-limited oscil-
lation, guided by the synchronization between the vortex shedding in
the wake of the cylinder and the natural frequency of the system.3,4

The periodic vibration of slender parts may result in structural
fatigue damage and, consequently, control of FIV has attracted

traditionally the scientific interest, which has given rise to a large
amount of works devoted to FIV characterization and control.3,5–7

Within the literature on the subject of mitigating VIV, various passive
techniques have been suggested. These techniques encompass solu-
tions such as helical strakes, control rods, wire meshes, fairings, and
splitter plates, among others.5,8

While most of these systems are capable of suppressing efficiently
the FIV, configurations such as fairing or rear plates, which renders
the structure elongated and asymmetric with respect to relative mis-
aligned flow conditions, may result into enhanced vibrations of
increasing amplitude with the flow velocity.9,10 In particular, this
dynamics is a characteristic of unstable galloping-like responses, which
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are generally linked to a synchronized excitation with the cross-flow
force and a slower dynamics due to added mass effects.11

Rigid splitter plates, attached to the rear of the cylinder, have
been traditionally proposed as efficient control devices to reduce flow
excitation and decrease the drag acting on static cylinders.8 As shown
by Apelt et al.,12 long plates may help reducing interaction between
shear layers from both sides of the cylinder, affecting the shedding pro-
cess and the aspect ratio of the separated recirculating region.

For freely oscillating cylinders, the use of rear plates can be, how-
ever, counterproductive when the relative stiffness is low. This occurs for
large values of the reduced velocity, which is defined as U� ¼ u1=fnD,
where u1 is the incident flow velocity, while fn and D are the natural
oscillation frequency of the cylinder and its diameter, respectively. Thus,
as shown by Assi and Bearman,13 short plates with length l� � D can
already trigger galloping-like responses of systems with low mass ratio
m� ¼ ms=mf ’ 2 (withms andmf being, respectively, the structure and
fluid mass). In that work, flow visualizations indicated that due to the
shear layer reattachment onto the splitter plate, the excitation is fostered.
The influence of the shedding on the galloping-like response was already
highlighted by Stappenbelt,14 who also found that cylinder mounting
long plates with l � 4D do not show enhanced vibrations.

Similar results have been recently retrieved numerically and
experimentally by Zeng et al.,15 for different lengths of splitter plate
and a cylinder-plate system with large mass ratio of m� ¼ 50. The
threshold for the stabilization of the galloping response is, however,
Reynolds dependent, as shown therein and in Sahu et al.16

On the contrary, when flexible plates are considered, the system
presents the ability to adapt its relative position with respect to the
incident flow, what may help decreasing the amplitude response over a
wide range of small and moderate values of the reduced velocity, as
shown by Cui and Feng17 and Cui et al.18 In particular, the adaptive
dynamics of the flexible plates prevents the interaction between the
upper and lower shear layers, reducing the excitation. However, if sec-
ondary modes of vibrations of plates are activated, what may occurs at
large reduced velocities, the cylinder’s response can be amplified and
galloping-like responses are triggered, as reported, e.g., experimentally
and numerically by Liang et al.19 and Sahu et al.20

The previous results demonstrate that the introduction of addi-
tional degrees of freedom (dof) to the vibrating systemmay help atten-
uating the FIV response in comparison to rigid plates.

In that sense, alternative configurations of lower mechanical
order, such as multi-body solutions, can be also adapted. For instance,
the additional degrees of freedom can be achieved by allowing rotary
oscillations of the splitter plate or the cylinder-plate system around the
pivoting axis,21,22 or by mounting the plate with a hinge at the rear
attachment point.23 The own dynamics and rotation of the rear plates
alter considerably the shedding process and may reduce the amplitude
of the oscillating lift acting on the body, as reported by Gu et al.24 for
the static cylinder.

The use of free-to-rotate plates as a control device of VIV was
experimentally explored by Assi et al.25,26 and Assi, Bearman, and
Tognarelli.26 In particular, Assi et al.25 showed that the rotary plate
may reduce the FIV response when compared to the plain cylinder, as
long as enough torsional resistance is set for the pivoting point.

In addition, the use of flexibly hinged plates, like those investigated
by Shukla et al.23 for the static cylinder, has not been yet analyzed in
FIV applications of cylinders. Thus, to the best of the authors’

knowledge, the only study dealing with such configuration is the
numerical work by Wu et al.,27 which examine the problem for a fixed
laminar Reynolds number of Re¼ 150, and using a plate length of
0:5D. This arrangement is shown to reduce the VIV oscillations for low
values of U� but displays unstable galloping-like responses at large val-
ues of U�, in a similar manner to the rigid plate of same length. The
enhanced vibrations are shown to be associated with the reattachment
of the shear layers at the plate tip. However, this behavior cannot be
generalized to higher Reynolds numbers and longer plates. Thus, con-
sidering that such an arrangement has attracted less attention of
researchers, the control effect of hinged plates, designed with a flexible
torsional joint, on low mass-damping systems, in this case a circular
cylinder, subjected to flow induced vibrations at moderate Reynolds
numbers, is not clear.

In that regard, we study experimentally the effect of flexibly
hinged plates of different lengths and different torsional stiffness on
the dynamic response of an elastically mounted circular cylinder sub-
ject to turbulent cross-flow. The work aims to analyze the behavior of
the system and compare it to those of flexible and rigid plates. This
paper is organized as follows: the problem description and experimen-
tal details are introduced in Sec. II. Next, Sec. III is devoted to analyze
the results on the dynamic response of the different cylinder-plate sys-
tems while Sec. IV shows flow visualizations of the near wake. The
analysis of the force coefficients is presented in Sec. V. Finally, the
main conclusions are drawn in Sec. VI.

II. EXPERIMENTAL DETAILS

Experiments were conducted in the Free Surface Water Channel
at Universidad de Ja�en (UJA). The water channel has a cross section of
0:4� 0:5 m2, and it is able to deliver over 0.6m/s. The velocity profile
in the working section is characterized by a very low velocity variabil-
ity, with a maximum deviation of 2%.

Figure 1 displays schematic representations of the experimental
setup of two-degrees of freedom. The first degree of freedom consists in
an elastically mounted rigid acrylic tube that acts as a circular cylinder of
diameter D¼ 32mm, which can move in the transverse direction of the
flow. The second consists in a rigid plate of length Lp and thickness
s¼ 3mm (s=D ¼ 0:094), which is flexibly hinged at the rear end of the
main cylinder, and covers the whole cylinder length. The models were
submerged H¼ 0.36m yielding a length-to-diameter aspect ratio of
H=D ¼ 11:25. The assemble had an end-plate attached to his bottom
end that prevented three-dimensional effects. Two springs were con-
nected to the cylinder model providing restoring forces to the system,
that hung from an air bearing rig that allowed the cylindrical model to
oscillate in the cross-flow, y. Two polylactide (PLA) printed parts acted
as a support for the trailing cylinder, fixing it to the rig.

Additionally, the rigid acrylic plates were hinged at the rear of the
cylinder by means of a flexible torsional joint modeled of silicone rub-
ber, allowing the plates to perform angular oscillations, with a tip dis-
placement yp [see Fig. 1(b)]. Thus, the cylinder-plate arrangement
behaves as a two-degrees-of-freedom system.

The structural parameters characterizing the problem are the
mass ratio, m�, and the structural damping, n. Considering the
cylinder-plate assemble, the former is defined as

m� ¼ ms

qð1=4pHD2 þ HLpsÞ
; (1)
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where q is the density of the flowing water and ms ¼ mc þmp þma

is the total mass of the system, given by the addition of that of cylinder
mc, plate mp and a small additional mass of value ma placed on the rig
and used when needed to keep the value of m� ¼ 11 constant for all
arrangements considered, i.e., isolated cylinder and cylinder-plates.
Free-decay tests in air were performed to obtain the structural damp-
ing of the isolated cylinder and cylinder-plate systems, observing very
small differences around the averaged value of n ¼ 0:0018. Thus, con-
sidering the previously given value of m�, the averaged combined
mass-damping parameter was found to bem�n ¼ 0:02.

In addition, additional free decay tests in air of the rotary oscilla-
tions of the plates, while keeping static the main cylinder, allowed
determination of their natural frequency, fp. Subsequently, torsional
stiffness of each flexible joint kp can be estimated from

fp ¼ 1
2p

ffiffiffiffiffi
kp
Jp

s
; (2)

where Jp is the polar moment of inertia of the plates, and considering
the plates rotation as that of an 1 degree-of-freedom angular oscillator.
The damping rate was also obtained from such decay tests of rotary
damped oscillations, obtaining an averaged value of np ¼ 0:03.

The Reynolds number based on the cylinder model diameter
Re ¼ u1D=�, where u1 and � are, respectively, the free-stream veloc-
ity and the water kinematic viscosity, ranged from approximately 3800
to 15200. The ratio between the free stream velocity in the channel
and the average velocity of the cylinder (based on its natural frequency
in water fn) is defined as the reduced velocity U� ¼ u1=fnD, being the
range covered in the experiments U� ¼ ½3:6; 9:8�. The wake frequen-
cies are made non-dimensional using the Strouhal number defined as
St ¼ fwD=u1, where fw is the experimentally measured shedding fre-
quency in the wake of the fixed circular cylinder.

Seven different control configurations have been tested, comprising
three different plate lengths, l� ¼ Lp=D ¼ ½1; 2; 3� or (l�1 ; l

�
2 ; l

�
3), and

four different torsional stiffness of the hinged-like junction, kp
¼ ½0:034; 0:096; 0:598;1� Nm=rad or (kp1; kp2; kp3; kp4), aside from
the isolated plain cylinder. In particular, the stiffness of the flexible joint
was varied using silicone rubbers of different shore hardness, allowing to
study the following values of kp for the parametric analysis. The kp ! 1
case represents the rigid limit, obtained by rigidly fixing and gluing the
plate to the cylinder. Note that this variable can be expressed in dimen-
sionless form as k�p ¼ 2pkp=qu21D3, which represents the ratio of joint
torsional stiffness to a hydrodynamic stiffness, or as a reduced velocity
U�

p ¼ u1=fpD, but these magnitudes vary with flow velocity.
The motion of the cylinder and the flexibly hinged splitter plate is

characterized by using respective non-intrusive precise optical laser
displacement sensors Leuze ODSL-8/VC66-200-S12 (with a measure-
ment range from 20 to 200mm, with a resolution lower than 0.2mm),
placed in the experimental setup as shown in Fig. 1. The first sensor
captures the motion of the cylinder along the air bearing rig,
y� ¼ y=D, while the second one measures the tip displacement of the
tested plate, y�p ¼ yp=D, which is computed here relative to the cylin-
der motion, y� ¼ y=D.

In addition, the flow forces acting on the cylinder along the cross-
flow, f y , and in-line (drag), f x , directions were measured using a multi-
axial precise load cell SRI-M3703A (with 50N range in x, y directions,
with <0:5% non-linearity and hysteresis and <2% crosstalk effects).
Thus, dimensionless force coefficients were obtained as

ci ¼ f i
0:5qu21DH

; (3)

being cx and cy the drag and cross-flow or lift coefficients, respectively,
and H the submerged height of the cylinder. According to the load cell
accuracy, these coefficients have an associated uncertainty of60.001.

FIG. 1. (a) Experimental setup and (b)
sketch of the problem.
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All the previous measurements were performed with an acquisi-
tion frequency of fs¼ 1000Hz sampling during at least 180 s, ensuring
enough temporal resolution to capture the system dynamics properly.
Considering that the minimum measured oscillation frequency in
water was 1.3Hz, at least 200 oscillation cycles were recorded for each
test. In addition, to ensure repeatability of results, three different runs
were performed for each different configuration, observing very low
dispersion (<1% of the averaged value) in the obtained results.

Moreover, flow characterization was performed by means of
time-resolved particle image velocimetry (TR-PIV) measurements to
complement the understanding of the mechanisms behind the system
dynamic response. In order to obtain the streamwise, u, and the trans-
versal, v, velocity components, an horizontal laser sheet was produced
with a 1.5W diode-pumped solid-state (DPSS) green laser (Novanta
LAQ-GEM-532-1500) equipped with cylindrical and spherical lenses.
The laser sheet was placed at middle height of the cylinder to illumi-
nate the near wake region behind the moving arrangement [see
Fig. 1(a)]. The flow was seeded with 20lm neutrally buoyant polyam-
ide particles and recorded with a Photron Fastcam SA 1.1, with a reso-
lution 1024 px� 1024 px up to 5400 fps, equipped with a 60mm F/2.8
objective and a 532 nm filter. The recorded 1024 px� 1024 px images
were captured synchronized with the laser displacement sensors at
125 and 250 fps, depending on the flow velocity, to cover at least 20
shedding cycles. Also, the exposure time was modified for the different
conditions to acquire images of focused seeding particles. The
recorded images were preproccesed making use of a specifically devel-
oped algorithm. First, the solid moving parts were detected, obtaining
a moving mask for the following PIV processing. Then, an improve-
ment of the particle’s intensity was achieved through a contrast
enhancement process, which involved the subtraction of a background
reference image and the normalization of the image brightness.28 In
order to obtain the velocity vectors through time-resolved particle
image velocimetry (TR-PIV), we have used the Matlab toolbox
PIVlab.29 The velocity vectors were obtained using interrogation win-
dows of 48 px� 48 px with a 50% overlapping, which resulted in a
spatial resolution of 3mm. Our field of view covers a region of view
119� 119mm2 with a scaling factor of 8 px/mm, which is enough to
characterize the main flow features in the near wake. The temporal
velocity in the wake at (x� ¼ 3; y� ¼ 0:5) was also obtained using a
Laser Doppler Velocimeter system (model MSE mini LDV), obtaining
very similar results to PIV ones.

Finally, note that, in the following, any time-dependent variable
will be denoted using lower case letters, e.g., b, while its temporal aver-
aging will be expressed by means of capital letters, B ¼ �b, unless other-
wise stated. To evaluate the amplitude of the time-dependent variable
as b, we will apply the Hilbert transform to obtain the instantaneous
amplitude (envelope), b̂, being B̂ its average.

III. DYNAMIC RESPONSE

In this section, we present the dynamic response of the different
control plate arrangements investigated, as a function of the reduced
velocity U� (and Reynolds number Re), which are compared to that
corresponding to the plain cylinder. Two different parametric studies
are shown, namely: (a) the effect of varying control plate’s length
l� ¼ Lp=D ¼ ½1; 2; 3� for a given torsional stiffness of the flexible joint
kp ¼ kp2 ¼ 0:096 N m/rad; and (b) the effect of varying torsional stiff-
ness of the flexible joint kp ¼ ½0:034; 0:096; 0:598;! 1Þ N m/rad,
for a given length of control plate l� ¼ 2. The FIV dynamic response is

characterized by the oscillation averaged amplitude Â and main fre-
quency f, which are non-dimensionalized using, respectively, the main
cylinder diameter, D, and the natural frequency of the cylinder system,
fn, to give Â

� ¼ Â=D and f � ¼ f =fn.

A. Plain cylinder

The complete curves of amplitude and frequency responses with
respect to reduced velocity U� are depicted in Figs. 2(a1) and 2(a2) for
the plain cylinder. These curves are obtained by processing the tempo-
ral evolution of the cylinder y�-displacement for each reduced velocity.
The processing involves determining the averaged oscillation ampli-
tude Â

�
using the Hilbert transform and identifying the main fre-

quency f � of the vibration by means of analysis of power spectral
density function, PSD ð f �Þ [see Figs. 2(b1) and 2(b2) for the selected
values of U� ¼ 5:3 and 9.0].

Thus, the uncontrolled case shows the classical amplitude and
frequency curves for VIV of flexibly mounted cylinders in water, con-
sisting of initial, upper and lower branches, being largest amplitudes
reached within the upper branch (Â

� ’ 0:75). The oscillation fre-
quency, identified in Fig. 2(a2) with help of contours of Power Spectral
Density PSD ðf �Þ, grows linearly as U� is increased along the initial
branch, following the Strouhal law (St ’ 0:18, identified by LDV mea-
surements), to reach a plateau within the upper branch, 5 < U� < 6,
that defines the lock-in or synchronization range with f � ’ 1, where
the amplitude is largest. From here on, the frequency rate f � remains
nearly constant along the lower branch, where the amplitude response
decreases. These differences between upper and lower branches are
easily observable in Figs. 2(b1) and 2(b2), where individual time-
sequences (note that t� ¼ tu1=D) and corresponding PSD are plotted
for two illustrative values of U�.

B. Effect of the plates length

Let us now focus on the controlled cylinder-plate system,
whose dynamic response is considerably different to the baseline
case, as it will be discussed next. We first depict in Figs. 3(a1) and 3
(a2) results when plate’s length is varied for a given constant value
of the torsional stiffness. Thus, the amplitudes Â

�
and main fre-

quency ratio f � are shown as a function of reduced velocity U�, for
the different lengths l� ¼ ½1; 2; 3� of the hinged plate. The response
of the isolated cylinder is also shown as reference case. In general,
the amplitudes are markedly reduced in the upper and lower
branches when the plates are mounted, and little trace of response
branches remains. However, differences are encountered when the
plate’s length changes. In particular, the use of a plate of l� ¼ 2
attenuates the dynamic response of the system for the whole range
of U� investigated. Reductions in the amplitude of nearly 95% are
reported for the upper branch, with its maximum at U� ¼ 6:6.
However, for plates with l� ¼ 1 and l� ¼ 3, the picture differs and,
in spite of providing general reductions of the vibrating response, a
linear increase in Â

�
is observed for the lower branch, so that

amplified vibrations can be expected beyond the range of U� stud-
ied here. This may be an indication of galloping-like behavior,
where oscillations are not self-limited, as reported in classical prob-
lems of FIV of cylinders with static splitter plates.14 Interestingly,
the shortest plate also shows an intensified response at low U�.
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The frequency response is also modified with the addition of
plates, as shown in Fig. 3(a2). In particular, l� ¼ 1 and 3 show similar
responses characterized by the initial vibration at frequencies slightly
lying above the Strouhal line f � > St � U� and close to unity. This is
especially clear for the shortest plate, where the vibration frequency is
locked near the natural frequency, what may explain the amplified
amplitude response at low U�. As U� increases above 5, the oscillation
frequency displays a lock-in range with f � < 1 for both configurations,
which is a typical feature of galloping-like responses.

For l� ¼ 2, the frequency response follows the Strouhal law ini-
tially, while the oscillations are discernible in the amplitude response
[Fig. 3(a1)]. However, after U� ’ 6:5 no coherent pattern is observed
as the vibration is inhibited.

These types of response are somehow similar to previously
reported results in the literature for FIV of cylinders with rear rigid
splitter plates. For instance, Assi and Bearman13 studied the effect of
placing a free-to-rotate splitter plate of l� ¼ 1, observing a similar
increase in the amplitude response at low U�, governed with

FIG. 3. (a1) Amplitude and (a2) frequency responses of the controlled system of cylinder with plates of different lengths l� ¼ ½1; 2; 3� for an intermediate value of joint stiffness
kp ¼ 0:096 Nm=rad, and (b1) corresponding tip amplitude and (b2) frequency responses of the relative displacement of mounted plates with respect to the cylinder.

FIG. 2. Dynamic response for the plain cylinder case: (a1) amplitude response Â
�
and (a2) frequency response f � vs reduced velocity U�; (b) temporal amplitude response

y�ðt�Þ (where t� ¼ tu1=D) with its mean amplitude (dashed line) and corresponding Power Spectral Density function, PSD ðf �Þ for the selected values of reduced velocity
U� ¼ 5:3 (b1) and 9.0 (b2) (red points in a1). In (a2), dominant frequencies are identified using circles representing maximum amplitudes in the contours of the PSD ðf �Þ, while
dashed line represents the Strouhal law given by f � ¼ St � U� ðSt ’ 0:18Þ and f � ¼ 1 is included by a solid line.
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frequencies close f � ¼ 1 and above the Strouhal law; while galloping is
reported at large reduced velocity. The galloping type response
reported here for higher values of U� is, however, noticeably weaker in
terms of amplitude, what might stem from the slight adaptation of
plate to flow, as it presents mild oscillations on account of the finite
stiffness of the torsional joint. Note that Assi et al.25 reported mitigated
responses when a certain degree of torsional resistance is set to the
rotation point of the plate. In addition, the decrease in the frequency
response for U� > 5 may be related to a higher added mass produced
by the addition of large plates that displace larger amount of fluid;30

we shall discuss this issue later when forces are presented. In fact, this
effect seems to be exclusively related to added mass, as the mass ratio
m� has been kept constant for all experiments (using additional mass
when required) and is not affected by the addition of longer plates.

To further elucidate the nature of the tested system oscillations,
we present in Figs. 3(b1) and 3(b2) the relative tip transverse ampli-
tude and frequency responses of the mounted plates around the pivot-
ing point at the rear of the cylinder. Thus, it is observed that the
relative amplitude Â

�
p grows, in general, with l�, with the shorter plates

showing weak relative oscillations, which are stronger at lower values
of the reduced velocity U� (i.e., where the relative stiffness of the hinge
is larger). However, for l� ¼ 3, a seemingly unstable response charac-
terized by an increasing amplitude A�

p with growing U� is displayed.
This dynamic of the plate may promote the stronger excitation of the
cylinder depicted in Fig. 3(a1). In addition, as observed in Fig. 3(b2),
the l� ¼ 2 plate mainly oscillates following the vortex shedding fre-
quency given by the Strouhal law (depicted using a dashed line), while
the shorter and longer plates follow this law initially, to subsequently
start vibrating at a rate f �p < 1 at large U�, which is also shown to
guide the cylinder-plate system vibrations for such reduced velocities.
The frequency jumps observed in Figs. 3(b1) and especially 3(b2) are
caused by the quasiperiodic nature of the system response for the l�1
and, especially l�3 plates. At certain reduced velocities, the f � ’ 1 and
f � ’ 0:5 frequency peaks have similar amplitude that provokes the
observed frequency jumps. However, neither bistable nor hysteretic
behaviors have been observed at the whole range of tested U�.

These trends and magnitudes are somewhat similar to those
reported by Cui et al18 for flexible foils installed at the rear of a flexibly
mounted cylinder. This is, however, different from what was reported
by Shukla et al.23 for hinged plates behind static cylinder, whereby
shorter plates display larger amplitudes, highlighting again the specific
dynamic nature of the combined two-degrees-of-freedom system of
cylinder and plate.

The coupled dynamics is further analyzed in terms of the flapping
process of plates of different lengths and its phase with respect to the
cylinder’s vibration. The flapping of plates is illustrated, for selected
reduced velocity at upper (U� ¼ 5:3) and lower (U� ¼ 9:0) branches,
with help of Fig. 4(a), where the range of the cylinder’s motion and the
plate’s relative angular displacement are shown with help of selected
snapshots. The time history of the linear displacement of cylinder y�

and plate’s tip y�p , along with their corresponding PSD and phase por-
traits ðy�p ; y�Þ are depicted, respectively, in Figs. 4(b)–4(d). The flap-
ping sketches in Fig. 4(a) and time histories in Fig. 4(b) show the
progressive increase in the vibrating amplitude with growing length l�,
for both selected values of U�, as already illustrated in Fig. 3. In addi-
tion, different coupled dynamics between cylinder and plate is
observed in terms of frequency and phase for different lengths. For

instance, the vibration of the shortest plate l� ¼ 1 is, in general, weak
[Figs. 4(b1) and 4(b4)], since the plate is shorter than the vortex forma-
tion length for these kind of flows, as it will be shown in Sec. IV. Its
vibration occurs approximately at the same frequency and seemingly
in phase with the oscillation of the cylinder, as displayed in Figs. 4(c1)
and 4(c4). More precisely, at U� ¼ 5:3, the dynamics of the system is
characterized by two frequencies in the PSD [Fig. 4(c1)], whose peaks
correspond to a galloping-like frequency f � < 1 and the natural fre-
quency of the system f � ¼ 1. The concurrence of multiple frequencies
and some lag between attenuated signals lead to the irregular phase
portrait displayed in Fig. 4(d1). However, for U� ¼ 9:0, the cylinder
vibration is periodic and enhanced, which is presumably due to an
added mass effect, as inferred from the dominant frequency in the
PSD is f � < 1.

Thus, the phase portrait in Fig. 4(d4) displays a sort of elongated
quasiperiodic orbits with some meandering, due to the concomitant
periodic oscillations of the cylinder and the mild quasiperiodic dynam-
ics of the plate.

For l� ¼ 2, the plate vibration is slightly amplified with respect to
the previous case, but the general dynamics is considerably attenuated.
The plate is shown to vibrate unfairly [Figs. 4(b2) and 4(b5)] following
the vortex shedding [Figs. 3(a2) and 3(b2)], and therefore, the fre-
quency rate is f � < 1 for U� ¼ 5:3, whereas for U� ¼ 9:0 the domi-
nant frequency is f � > 1, as displayed in Figs. 4(c2) and 4(c5). As
discussed earlier, the VIV of the cylinder is nearly suppressed for both
values of the reduced velocity. The lack of coherence in the phase lag
between oscillations of the cylinder and plate [see Figs. 4(b2) and
4(b5)] may contribute, together with the globally attenuated vibration
amplitude, to the definition of compact and seemingly irregular phase
portraits [Figs. 4(d2) and 4(d5)].

Finally, the dynamics of the l� ¼ 3 system is clearly more peri-
odic. As observed, the flapping features a periodic nature, and there is
a good coupling between cylinder and plate vibrations, as illustrated in
the PSD and phase portraits, which show closed orbits, associated with
nearly periodic dynamics. The slight meandering of the orbits is linked
to the modulation of the plate’s amplitude identified in Figs. 4(b3) and
4(b6). The vibration of the plate and cylinder follows the shedding fre-
quency (f � ¼ 1) at U� ¼ 5:3 [Fig. 4(c3)], but it is guided by a lower
frequency, f � < 1, at U� ¼ 9:0, as occurred for the shortest plate. In
spite of the amplified oscillations of the longest plate, the excitation of
the cylinder is not as efficient, which may be due to the fact that the
plate and cylinder vibrates out of phase, as depicted in the time series
of Figs. 4(b3) and 4(b6).

These results show that there seems to be an highly effective
length of l� ¼ 2, given a value of kp¼ 0.096N m/rad, for which the
oscillations are suppressed within the range of reduced velocity herein
analyzed. However, the role of the torsional stiffness of the joint still
needs to be addressed, to check whether this magnitude affects the
plate adaptation to the flow changes, and therefore to the vortex-
induced vibrations of the cylinder.

C. Effect of the stiffness of the torsional joint

Figure 5 displays the effect of increasing torsional
stiffness kp ¼ ½kp1; kp2; kp3; kp4� ¼ ½0:034; 0:096; 0:598;1�N m/rad
on the dynamic response of plates with l� ¼ 2. Note that the case of
kp2 has been already discussed in Sec. III B since it corresponded to the
case l� ¼ 2, and will be used as reference now. As illustrated in
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Fig. 5(a1), the amplitude response is, in general, weak, regardless of the
value of kp, although its value modify the nature of response. Thus, it
seems that there is an optimal interval for intermediate values of the
torsional stiffness, as the most flexible kp1 and rigid kp4 cases display
less attenuated amplitudes.

The most flexible joint kp1 displays efficient suppression of the
oscillations along the initial (U� � 5:1) and upper
(5:1 < U� < 6:1) branches, although an increasing amplitude is
observed for the reduced velocity range 6:1 < U� < 9, coincident
with the interval of the original lower branch. At U� ¼ 9, the
amplitude decays suddenly, to achieve complete suppression of the
oscillations.

As observed in Fig. 5(a2), the frequency response follows approx-
imately a linear trend, which lies, however, below that of the shedding

frequency of the plain cylinder St � U�. This trend is maintained until
U� ¼ 9, where f � ’ 1. From here on, the oscillations are attenuated
and the frequency decreases. This coupled dynamics of the system is
seemingly guided by the plate’s oscillations, as shown by the relative
amplitude Â

�
p shown in Fig. 5(b1). Note that the amplitude response of

the plate is considerably larger as its maximum value equals Â
�
p ’ 0:7,

while Â
� ’ 0:2.

Stappenbelt14 reported similar responses for short rigid splitter
plates, where large amplitude response ends at the end of the VIV
lock-in range.

The increase in the torsional stiffness kp weakens progressively
the relative amplitude of the plate’s oscillations, as shown in Fig. 5(b1).
This attenuated dynamics alters the coupled dynamic response of the
cylinder-plate system depicted in Fig. 5(a1). As observed, the weakest

FIG. 4. (a) Sketches of the flapping process of the hinged plates and cylinder motion, (b) time histories (note that t� ¼ tu1=D) of the flapping displacement of the hinged plate
tip y�p (coloured solid lines) and the cylinder displacement y� (black solid lines), (c) power spectral density of the plate and cylinder oscillations, and (d) corresponding phase
portraits y�p � y�, for l� ¼ 1, 2, and 3. The selected cases and reduced velocity are U� ¼ 5:3 (1–3) and U� ¼ 9:0 (4–6), for plate’s length l� ¼ 1 (1,4), 2 (2,5), and 3 (3,6).
Note that in (d) x axis and y axis marks are identical for each phase portrait. The Strouhal value for each corresponding reduced velocity has been included in (c) by black
dashed lines.
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response is featured by kp2, for which the oscillations are nearly nil
over the whole range of U� as already discussed in Sec. III B.

On the other hand, the response for kp3 is also very weak,
although slightly less attenuated than that corresponding to the refer-
ence kp2 case. In particular, the response is amplified at very low values
of U� when compared to the plain cylinder. This mild oscillation con-
tinues along the former initial branch, but it vanishes around U� ’ 6,
from where the response practically disappears.

Interestingly, the system with the rigid splitter plate, i.e.,
kp4 ! 1, displays also an overall attenuated response, although the
oscillations of the system are amplified for small and large values of
reduced velocity, thus defining two distinct regions of response.

When the frequency of the system is analyzed with help of
Fig. 5(a2), it is observed that these two regions identified for large stiff-
ness kp3 and kp4 are, respectively, related to similar frequency responses.
In particular, at low U�, the system oscillations are guided by a linearly
increasing frequency ratio f �, following approximately the shedding fre-
quency. In general, this linear trend lies slightly below the shedding law
of the plain cylinder St � U�, what may be due to the increased hydro-
dynamic inertia (with the transverse motions) of the cylinder-plate sys-
tem. Additionally, at high U�, the frequency response displays nearly
constant ratios of f � ’ 0:4, what again might be an indication of begin-
ning of galloping-like response, which is particularly evident in the case
of kp ! 1, as the value of Â

�
rises monotonously at large U�. This

behavior mimics that reported in Assi et al.25 for rigid splitter plates.
For all the hinged l� ¼ 2 plates, the shear layers wraparound the plate
alternatively, which provokes a new mechanism of flow excitation
under these configurations. The different obtained responses depend
on how the flow forcing is sunk by the different employed flexible
joints, as will be discussed in Secs. IV andV. Finally, note that the plate’s
relative oscillations shown Fig. 5(b2) display similar frequency
responses than that of the cylinder, especially for kp3.

Again, the coupled dynamics is further analyzed in terms of the
flapping process of plates of different torsional stiffness and its phase

with respect to the cylinder’s vibration. Thus, Fig. 6 displays the flap-
ping of plates and the cylinder motion (a), time-series of cylinder y�

and plate’s tip y�p displacement (b), corresponding PSD (c), and phase
portraits ðy�p ; y�Þ (d), for reduced velocity values of U� ¼ 5:3 (1–3) and
U� ¼ 9:0 (4–6), and torsional stiffness kp1 ¼ 0:034Nm=rad;
kp3 ¼ 0:598Nm=rad, and kp4 ! 1. Note that case kp2
¼ 0:092Nm=rad is represented in Fig. 4 and denoted as l� ¼ 2.

First, as expected from the previous discussion on Â
�
and Â

�
p , the

lowest value of torsional stiffness kp1 displays the largest relative flap-
ping amplitude [Figs. 6(a1) and 6(b1)], which grows with the reduced
velocity. The cylinder’s vibration is, however, less intense, and both
oscillating histories of cylinder and plate are seen to be out-of-phase
for both values of the reduced velocity U� ¼ 5:3 [Figs. 6(b1) and
6(d1)] and 9.0 [Figs. 6(b4) and 6(d4)]. As inferred from Fig. 5, the
dominating frequencies of both the plate and cylinder oscillations are
the same and increase with U�. This fact leads to phase portraits which
display close circular orbits characteristic from periodic or quasiperi-
odic dynamics. (Note that for U� ¼ 9:0, there is some modulation on
the amplitude of the time-series, what translates into a stronger
meandering of the orbits.)

As the torsional stiffness increases, the flapping amplitude weak-
ens, as illustrated in Figs. 6(a2), 6(a5), 6(b2), and 6(b5) for kp3. It is
observed that the cylinder and plate oscillates approximately in phase
and with the same frequency [Figs. 6(c2) and 6(c5)]. As a consequence,
the phase diagrams show traces developing approximately along the
bisector diagonal. The irregularity of the portraits shape is the outcome
of the erratic weak oscillating signals of the plate and cylinder, which is
especially evident for U� ¼ 9:0. Finally, for the static rigid plate, i.e.,
kp4 ! 1, the amplitude of plate’s displacement is obviously close to
zero in Figs. 6(a3), 6(a6), 6(b3), and 6(b6), being the weak, irregular
vibration simply related to the experimental noise, as we are character-
izing the motion of the plate with respect to the cylinder displacement.
Consequently, the phase portrait displays horizontal shapes associated
with sole vibrations of the cylinder y� (along the abscissa axis).

FIG. 5. (a1) Amplitude and (a2) frequency responses of the controlled system of cylinder with plates of different joint stiffness kp ¼ ½kp1; kp2; kp3; kp4� ¼ ½0:034; 0:096;
0:598;1�Nm=rad for length l� ¼ 2, and corresponding (b1) amplitude and (b2) frequency responses of the relative displacement of mounted plates with respect to the
cylinder.
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Finally, once the oscillating dynamics of the system has been dis-
cussed, let us analyzed the mean position of the plates. As reported by
Cimbala and Garg21 for free-to-rotate cylinders with fixed splitter
plates, or similarly, by Assi et al.25 and Gu et al.24 for free-to-rotate
splitter plates mounted in cylinders, these multibody systems may per-
form rotary oscillation around asymmetric deflected positions that are
the outcome of bistable equilibrium of the fluid-structure interaction
coupling. In view of the similarities between those systems and that of
the hinged plate presented here, we analyze, with help of Fig. 7, the
evolution of the mean position of the l� ¼ 2 plate, given by the mean
tip displacement, Y�

p ¼ Yp=D, against U�, for the three values of tor-
sional stiffness kp. It can be observed that the location of kp2 and kp3 is
approximately centered, i.e., Y�

p ’ 0. Interestingly, the most flexible
joint, kp1, features also a centered location for U� � 9:0, however,

above that threshold, a divergence occurs and Yp takes a constant value
of 0.32 hereinafter. Such asymmetric deflection of the most flexible
plate leads to the complete attenuation of the oscillating dynamics, as
shown in Fig. 5. The attenuation of the VIV response was also reported
by Assi et al.25 for a free-to-rotate plate. It was also shown by Gu
et al.24 that the asymmetric deflection of the plates entails the decrease
in the fluctuating lift.

That said, the implementation of hinged splitter plates has been
shown to lead to mitigated or partially suppressed oscillations over a
wide range of reduced velocity, with the cylinder responding differ-
ently depending on the length of the plate or the torsional stiffness of
the flexible joint. This controlled dynamics will be subsequently ana-
lyzed based on the force coefficients and the phase difference between
the forcing and the response, together with the flow visualization of

FIG. 6. (a) Sketches of the flapping process of the hinged plates and the cylinder motion, (b) time histories (note that t� ¼ tu1=D) of the flapping displacement of the hinged
plate tip y�p (coloured solid lines) and the cylinder displacement y� (black solid lines), (c) power spectral density of the plate and cylinder oscillations, and (d) corresponding
phase portraits y�p � y�, for kp1 ¼ 0:034Nm=rad; kp3 ¼ 0:598Nm=rad, and kp4 ! 1. The selected cases and reduced velocity are U� ¼ 5:3 (1–3) and U� ¼ 9:0 (4–6), for
torsional stiffness kp1 (1,4), kp3 (2,5), and kp4 (3,6). Note that in (d) x axis and y axis marks are identical for each phase portrait. The Strouhal value for each corresponding
reduced velocity has been included in (c) by black dashed lines.
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the near wake for selected representative cases, which will also help
shedding some light on the control mechanisms acting here.

IV. FLOW VISUALIZATIONS

Once the dynamic response of the system has been discussed, we
present next the results from the flow visualizations undertaken for
selected cases. The flow visualizations have been performed for those
configurations which better explain the observed differences on the
dynamic response. More precisely, the experiments have been carried
out for the fixed cylinder, the free-to-vibrate plain cylinder and two
cylinder-plate arrangements with length l� ¼ 2, namely, two different
joint stiffness, kp2 and kp4.

Figures 8–11 present the shedding process by means of phase-
averaged dimensionless spanwise vorticity contours (note that
w� ¼ wD=u1, where w is the spanwinse vorticity) and flow stream-
lines at U� ¼ 5.3 (Re ’ 7000). Eight selected phases, from 0 to 7p=4,
have been averaged using the cylinder subsequent positions during at
least 20 shedding cycles. Here, the 0 phase corresponds to the instant
where the cylinder position crosses from y� < 0 positions to y� > 0
ones. For the case denoted as fixed cylinder, in which the cylinder is

not allowed to move, the phases are obtained from the transversal
velocity (v�) temporal evolution at (x� ¼ 2:5; y� ¼ 0), here also, the 0
phase corresponds to the instant where the transversal velocity goes
from v� < 0 values to v� > 0 ones.

A. Flow around the plain cylinder

In this section, we compare the fixed circular cylinder wake
dynamics with that of the free-to-vibrate plain cylinder. In the first
case, the measured flow represents the canonical vortex shedding in
the wake behind a fixed cylinder.31 As it can be seen in Fig. 8, alterna-
tive vortices are formed and shed from each side of the cylinder at a
given frequency, fw. In the shedding sequence, it can be observed that
the vortex formation length is around x� ’ 2, especially at 0 and 5p=4
phases. This feature may be able to explain why the plate with a length
l� ¼ 2 exhibits the best performance, as it alters the vortex formation
length.

On the other hand, the free-to-vibrate plain cylinder vortex shed-
ding sequence is illustrated in Fig. 9 at U� ¼ 5.3. This reduced velocity
corresponds to the maximum cylinder response on the upper branch.
Figure 9 depicts that the cylinder displacement induces a greater rota-
tion in the flow, forming stronger vortices (with higher associated vor-
ticity) that may produce higher transverse forces. In addition, the core
positions of the shed vortices are displaced far away from the cylinder
center, reducing the importance of the recirculation region in this flow
configuration.

B. Effect of the torsional joint stiffness on the near
wake

Now, we focus on the interaction between the tested splitter
plates and the forming wake. In order to analyze the role of the flexible
silicone in the fluid-structure mechanisms, we have performed experi-
ments for a fixed plate length l� ¼ 2 and two different joint stiffness,
kp2 and kp4. In the tested cylinder-plate arrangements, the separated
shear layers wrap around the plate alternatively (see Figs. 10 and 11).
However, for the rigid plate, kp4, the wake excitation has to go directly
to the cylinder (and to the springs on the low mass-damping system),

FIG. 7. Mean tip displacement Y�
p of the l� ¼ 2 plate for different torsional stiffness.

FIG. 8. Phase-averaged spanwise vorticity (w�) contours and flow streamlines over one cycle of shedding for the fixed plain cylinder case at Re ’ 7000.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 027106 (2024); doi: 10.1063/5.0184410 36, 027106-10

Published under an exclusive license by AIP Publishing

 30 April 2024 06:40:49

pubs.aip.org/aip/phf


causing a stronger cylinder’s response. When we introduce the silicone
rubber, the wake excitation can be absorbed by the torsional joint,
reducing the magnitude of the forcing transferred to the cylinder. As
mentioned above, it can be noticed that the control effect of the hinged
plate is particularly important for this plate’s length (l� ¼ 2) since the
recirculation regions formed at each side of the plates have a ’ 2D
extension (see Figs. 10 and 11). In addition, the formation of a tip vor-
tex can be observed for the rigid plate kp4 (see Fig. 11) at p=4 or 3p=2
phases, in contrast to the plate kp2, where it cannot be noticed (see
Fig. 10). This effect may be associated with the ability of the hinged
plate to adapt to the flow, which contributes to reduce the wake forcing
on the cylinder-plate system.

Finally, Fig. 10 shows that the degree of freedom introduced with
the flexibility of the torsional joint allows to reduce the transversal
velocity on the wake in comparison with the rigid plate (see Fig. 11),
which may in turn reduce the wake excitation. Following this idea, we
can compute the integral wake transversal velocity, ~v, at a given

streamwise position as, ~vðt�Þ ¼ hvðy�; t�Þi, where hi represents spatial
averaging.

This magnitude accounts for the instantaneous transversal veloc-
ity in the wake that may qualitatively measure the transversal wake
forcing or excitation for a given near wake topology. Figure 12 repre-
sents the temporal evolution of ~v for the selected phases depicted in
Figs. 8–11 at x� ¼ 3.5 between �1:5 � y� � 1:5. As expected, the
alternative periodic shedding of vortices of the fixed and free-to-vibrate
plain cylinder cases induces a strong transversal velocity in the wake
that provokes the strong cylinder response. Conversely, the integral
wake transversal velocity is reduced when a splitter plate is introduced,
which may explain the observed reduction on the cylinder-plate
response. A comparison between the results for kp2 and kp4 reveals
that ~v is weaker as the stiffness is reduced. This fact may be attributed
to the damping action of the silicone rubber, which seems to reduce
the wake excitation, strongly mitigating the cylinder’s response, as pre-
viously seen in Sec. III.

FIG. 9. Phase-averaged spanwise vorticity (w�) contours and flow streamlines over one cycle of shedding for the free-to-vibrate plain cylinder case at U� ¼ 5.3. The corre-
sponding phase-averaged positions of the cylinder have been plotted in different panels to better illustrate the shedding process.

FIG. 10. Phase-averaged spanwise vorticity (w�) contours and flow streamlines over one cycle of shedding for the kp2 cylinder-plate arrangement case at U� ¼ 5.3. Note that
the corresponding phase-averaged positions of the cylinder and the plate have been included to better illustrate the shedding process.
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V. FORCE COEFFICIENTS
A. Cross-flow force coefficient and components

The analysis of the force coefficients is addressed next. The cross-
flow or lift coefficient amplitude Ĉy is computed as indicated in Sec. II.
This coefficient can additionally divided into components in phase
with the acceleration, Ĉy;a, and with the velocity, Ĉy;u, according to the
expressions given by Jim�enez-Gonz�alez and Huera-Huarte32

Ĉy;a ¼
ffiffiffi
2

p
f y � Fy
� �

0:5qDHu21

yffiffiffiffiffiffi
Y2

p ; (4)

and

Ĉy;u ¼
ffiffiffi
2

p
f y � Fy
� �

0:5qDHu21

_yffiffiffiffiffiffi
_Y
2

p ; (5)

where _y is the temporal derivative of the cross-flow displacement of
the cylinder, y.

These components may help interpreting, respectively, the effect
of inertia and transfer of energy between fluid and structure. In partic-
ular, the positive values of Cy;u indicate a net transfer from the fluid to
the body, what excites the structural response; while the sign of Cy;a is
related to the effective added mass and phase between forcing and
response.3 In fact, to complement the analysis, the averaged phase dif-
ference, U, between the y displacement and the lift force, cy, was
obtained using the Hilbert transform to the temporal variable

/ ¼ /cy � /y: (6)

Figure 13 depicts the amplitude of lift coefficient and correspond-
ing components, together with the phase difference, for the different
plate length l� based on stiffness kp2 ¼ 0:096 N m/rad and the plain
cylinder, which will be first analyzed to set a reference. For that case,
the lift coefficient is shown to peak, with Ĉy ’ 1:5, approximately at
U� ’ 5:1 [see Fig. 13(a)] that corresponds to the amplitude jump
between initial and upper branches in Fig. 2(a). After that, there is a
sudden decrease in Ĉy coinciding with the transition between upper
and lower branches, from which the value decays mildly with growing
U�, until reaching a nearly nil value as the VIV response decays in
amplitude. The lift components in phase with velocity, Ĉy;u, present
positive values for all U�, reaching its maximum within the upper
branch of amplitude response at U� ¼ 5:3. As mentioned previously,
this coefficient Ĉy;u can be used to estimate the fluid damping effect
and the energy transferred from the fluid to the moving structure; so
that its maximum absolute value is associated with largest excitation.
In addition, the component Ĉy;a features a peak at U� ’ 5:3, and
decreases until reaching a negative value for U� > 6:0, where the
phase changes from 0	 to 180	 [Fig. 13(d)]. This phase shift takes place
once the system oscillating frequency reaches its natural one, i.e.,
f � ’ 1 [Fig. 2(a2)], and entails the attenuation of the amplitude
response over the lower branch, as now the exciting force acts in the
opposite direction to the body’s motion.

FIG. 12. Integral wake transversal velocity, ~v, computed at x� ¼ 3:5 for
�1:5 � y� � 1:5 at selected phases of the shedding cycle corresponding to differ-
ent configurations.

FIG. 11. Phase-averaged spanwise vorticity (w�) contours and flow streamlines over one cycle of shedding for the kp4 cylinder-plate arrangement case at U� ¼ 5.3. Note that
the corresponding phase-averaged positions of the cylinder and the plate have been included to better illustrate the shedding process.
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The effect of mounting a rear hinged plate modifies the excitation
force, and trends of coefficients are considerably different. In particu-
lar, for the plate of length l� ¼ 1, the lift coefficient amplitude is large
at low values of reduced velocity U�, and decreases with it, to reach a
minimum around U� ’ 5 where the original upper branch of the
amplitude response corresponding to the plain cylinder emerges. From
here on, the lift amplitude starts to grow again monotonously. A simi-
lar trend is found for the inertia component Ĉy;a, which is greater than
that of the plain cylinder for low and high values of reduced velocity.
The higher values of Ĉy;a are consistent with higher added mass, and
therefore, lower frequencies at high U�.3 Additionally, the dynamic
response of l� ¼ 1 exhibits very low values of Ĉy;u, i.e., lower energy
transfer, in contrast to the results of the plain cylinder (except for the
lowest values of U� investigated). As a result, the general dynamic
response of the system cylinder-plate is attenuated, providing a weaker
response (see Fig. 3). That said, unlike the plain cylinder, the phase dif-
ference between forcing and response does not change its value and is
always 0	 [Fig. 13(d)] over the whole range of reduced velocity investi-
gated. This may compensate the lower energy transfer and foster the
response at large reduced velocity.

Similar trends are obtained for the plate of l� ¼ 3, although the
lift Ĉy and corresponding component Ĉy;a show a progressive decreas-
ing amplitude at low U�, as the length grows. It is interesting to

observe that now the Ĉy;a component reaches negative values for
5 < U� < 6, what leads to a phase shift to 180	 within such range.
Altogether, this picture helps understanding the dynamic response
identified in Fig. 3(a1) for l� ¼ 1 and 3 configurations, whereby the
system has an enhanced vibration at low U� (especially for the shortest
plate) and attenuated vibrations over the upper and lower branches,
although monotonously growing with U�. The growing excitation
with the reduced velocity is expected to lead to amplified responses
beyond the upper limit of U� studied here.

On the other hand, for the plate of l� ¼ 2, the lift and associated
components show an intermediate behavior between l� ¼ 1 and 3. In
particular, lift components feature maxima at lowest values of reduced
velocity and decreasing amplitudes as reduced velocity grows, to reach
nearly nil magnitudes for U� > 5. The absence of excitation of the
flow acting on the structure above U� ¼ 5 coincides with the mitigated
dynamic response of the system observed in Fig. 3(a1). That said, the
plate of l� ¼ 2 behaves therefore as an excellent configuration in terms
of excitation, as shorter and longer plates present magnified coeffi-
cients. This better performance of the l� ¼ 2 plate may be linked to
the fact that the typical vortex formation length observed for these
kind of flows is around 2D, as seen in Sec. IV. Therefore, that plate’s
length mitigates the interaction between shear layers, reducing the flow
excitation to the system.

The effect of the hinge torsional stiffness kp on the lift coefficient
and components is next analyzed with help of Fig. 14, where results for
arrangements with l� ¼ 2 are plotted. Such variable may help estimat-
ing the capacity of adaptation of the plate to the motion of the cylinder
and wake forcing. As already identified in the amplitude response for
the different joints in Fig. 5, there are two distinct regions of dynamic
response, at low (U� < 5:5) and high (U� > 7) reduced velocity,
respectively, which are also distinguishable for the lift coefficient in
Fig. 14(a), although there are important differences between trends of
different kp. In particular, it is observed that, as the torsional stiffness
increases, so does the value of the lift amplitude Ĉy at low values of the
reduced velocity, being the rigid joint, i.e., kp4, the case of largest excita-
tion within the range of 3:8 � U� < 5:5, where Ĉy ’ 2. The excita-
tion of the cylinder-plate system is considerably weakened between
5 < U� < 7, as the lift amplitude decreases abruptly, coincident with
the attenuation of oscillations over the original upper branch of the
plain cylinder and beginning of the lower branch. Moreover, following
the vortex shedding sequences shown in Figs. 10 and 11, for different
stiffness values, corresponding to kp2 and kp4 plates, respectively, just
at U� ¼ 5:3, a general behavior can be inferred depending on the stiff-
ness value. It appears that the flow topology is similar for both cases,
however, while for the extreme case corresponding to a rigid plate, kp4,
the wake excitation has to be directly absorbed by the cylinder (and
thus by the springs on the low mass-damping system), in the case of
the more-flexibly hinged plates the effect of the wake excitation is
divided between the cylinder and the flexible hinge, which reduces the
response of the whole system. Finally, the lift amplitude grows again at
higherU�, for all values of kp, except for kp2, for which the excitation is
nearly nil, Ĉy ’ 0. In particular, the values of Ĉy of kp1 and kp3 are
similar to that of the plain cylinder, whereas that of the static plate rises
monotonously to reach large amplitudes of Ĉy ’ 1.

In spite of the large amplitudes of the lift coefficient displayed by
the cylinder-plate arrangements for low and high ranges of reduced
velocity, it was shown that the amplitude response is, however,

FIG. 13. Amplitude of (a) lift coefficient, Ĉy , along with corresponding components
in phase with velocity (b) and displacement (c), and phase difference between lift
and y-displacement (d), for different plate lengths l� and stiffness kp2 ¼ 0:096 N m/
rad. A solid line has been included for Ĉy;a to illustrate the effective added mass
and phase between forcing and response.
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attenuated with respect to that of the plain cylinder. This effect may be
caused by the low stiffness of the flexible hinge and to the reduced
wake transversal velocity induced by the hinged plates. Moreover, the
component Ĉy;u is, in general, very small, and smaller than that of the
reference case, as expected from an attenuated response and weak
energy transfer from the fluid to the cylinder-plate system. In particu-
lar, the highest values of Ĉy;u of the controlled systems are displayed
by the arrangement with the most flexible joint, kp1, and rigid case kp4,
for U� < 6 and 7 < U� < 9, respectively, just where the amplitude
response of these configuration is less attenuated [Fig. 5(a1)].

Additionally, the trends of component Ĉy;a are very similar to
that of the lift components, displaying again amplified values over the
two distinct regions at low and high reduced velocities, when com-
pared to the reference cylinder case. This again can be interpreted as
an increase in the added mass, and lower response frequencies, as
observed in Fig. 5. Interestingly, for kp1; Ĉy;a never takes negative val-
ues, what translates into a phase difference between forcing and
response of 0	, as depicted in Fig. 14(d). For the remaining cases with
higher stiffness, Ĉy;a is only negative within an interval covering a
6 < U� < 7:5 approximately, and therefore, the shift in the phase dif-
ference from 0	 to 180	 is soon reverted for U� > 7:5, from where the
forcing and response are back in phase. As discussed earlier, the first

shift has been generally identified as one of the characteristics of lock-
in in VIV of a plain cylinder,13 whereas the subsequent drop to small
values of U are an indication of the beginning of galloping-like
responses.15

B. Spectral analysis of the cross-flow forcing

In general, in view of the previous results, two types of responses
have been identified for the cylinder-plate assembles. In particular,
depending on the plate’s length and torsional stiffness of the joint, a
VIV regime featuring small-amplitude oscillation may develop at low
values of U�, over the initial branch of response; while galloping-like
responses can be triggered at high U�.

Following the latter observation, we will next discuss these differ-
ent regimes in terms of the forcing frequency, provided by the spectral
analysis of the lift coefficient, cy. Thus, Fig. 15 displays PSD spectra
from cross-flow force signals along with their corresponding dominant
forcing and oscillation frequencies, for the plain cylinder case
[Fig. 15(a)] and controlled configurations of different lengths [Figs.
15(b)–15(d)] and torsional stiffness [Figs. 15(c) and 15(e)–15(g)].
Power spectral density are used here to qualitatively estimate the inten-
sity of wake oscillations and coherence of vortex shedding. In general,
the response frequency is coincident with the dominant forcing fre-
quency for the whole range of reduced velocity investigated and differ-
ent configurations, showing a strong coupling as the flow and the solid
dynamics are highly synchronized.

The plain cylinder case is characterized by three intervals of forc-
ing. Thus, the initial branch displays frequencies that follow approxi-
mately the Strouhal law, until a point where the oscillations in the
wake attain its largest magnitude, from which frequencies start to level
off, with f � ¼ 1, thus marking the beginning of the upper branch. For
U� ’ 6, the magnitude of PSD decreases, a known feature of the tran-
sition region between upper and lower branches.30 From here on, the
dominant frequencies reach a plateau at f � � 1 (as it typically occurs
for flexibly mounted cylinders with low mass ratios). At the lower
branch, the magnitude of PSD decreases and more periodic spectra
with thinner peaks are observed.30

The effect of installing a flexibly hinged plate is evident in terms
of frequency forcing and spectral amplitude, as observed in Figs.
15(b)–15(g). Let us begin the discussion on the effect of the increasing
torsional stiffness kp for a constant plate’s length. In particular, as
observed in Fig. 15(e) for the most flexible joint of kp1, the excitation is
guided by an increasing frequency which follows approximately a lin-
ear trend, until reaching the value of f � ¼ 1, from which the spectral
amplitude becomes nearly indiscernible, and the frequency decreases
below f � ¼ 1, although its value remains close to it. As detailed in
Sahu et al.20 and observed in our PIV measurements, the frequency of
the shedding guiding the VIV regime decreases with the addition of
plates, as so does the spacing between the vortices when compared to
the original cylinder wake. In addition, the drop in frequency at U� ¼
9:0 is shown to be associated with a discontinuity or kink in the trend
of amplitude response in Fig. 5(a1), similar to that reported, e.g., by
Bearman et al.33 for squared cylinders. This behavior is generally
attributed to interaction between VIV and galloping-like responses. In
fact, as shown in Fig. 14(d), no change in phase difference is observed
and U ¼ 0	 over the whole range of U� studied here.

As the stiffness of the joint increases, the range of reduced veloc-
ity for which the VIV regime (respectively, galloping-like) is active

FIG. 14. Amplitude of (a) lift coefficient, Ĉy , along with corresponding components
in phase with velocity (b) and displacement (c), and phase difference between lift
and y-displacement (d), for different values of stiffness kp ¼ ½kp1; kp2; kp3; kp4� ¼
½0:034; 0:096; 0:598;! 1� N m/rad and plate length l� ¼ 2. A solid line has been
included for Ĉy;a to illustrate the effective added mass and phase between forcing
and response.
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narrows (respectively, widens) progressively, as it can be inferred from
Figs. 15(c), 15(f), and 15(g), which represent, respectively, kp2; kp3,
and kp4. Interestingly, the forcing frequency features are very similar
for the three values of stiffness, with the transition between VIV and
galloping-like regimes being set around U� ¼ 7:0. This transition
between regimes is clearly identified in the phase difference diagram of
Fig. 14(d) with corresponding shifts from 180	 to 0	 and occurs when
the vibration frequency crosses the natural frequency of the system,
the phase shift is understood as a key mechanism of the oscillating sys-
tem to self-limit its vibration amplitude.34 There are, however, notable
differences in terms of spectral amplitude, i.e., excitation magnitude.
Thus, excepting for the preferred case of kp2 for which the vibrations
are mitigated and no coherence is found for the forcing frequency at
high U�, it is seen that increasing the stiffness beyond such a best-
performing value of kp2, rises the cross-flow force energy over both
VIV and galloping-like regimes, being it maximum for the rigid static

plate. This is in line with Fig. 12, the kp4 case, the integral wake trans-
versal velocity is higher than in the kp2 case, which may indicate a
greater excitement in the wake, possibly justifying the higher response
of the cylinder.

On the other hand, the effect of varying the plate length while
keeping constant the stiffness, i.e., kp2, may produce similar excitation
to that provided by the increasing stiffness, as illustrated in Figs. 15(b)
and 15(d), where both VIV and galloping-like regimes are clearly distin-
guishable, as in Fig. 15(g). In particular, the shortest plate l� ¼ 1 dis-
plays intense spectral amplitude along the initial branch, which excites
the system close to the natural frequency, thus leading to amplified
vibrations along the initial branch in Fig. 3(a1). When the forcing fre-
quency reaches the value of f � ’ 1, there is a transition toward the
galloping-like regime, characterized by a constant and low forcing fre-
quency and strong spectral magnitude. The dynamic behavior is very
similar to that of the static l� ¼ 1 plate analyzed in Assi and Bearman,13

FIG. 15. PSD spectra of cross-flow force signals, cy depicted by background contours and corresponding dominant forcing frequency (white triangle symbols) and response
oscillation frequency (black circles) for plain cylinder (a, top row) and controlled configurations: with plates of length (medium row) l� ¼ 1 (b), 2 (c), and 3 (d), for intermediate
value of the torsional stiffness kp2; with torsional stiffness (bottom row) kp1 (e), kp3 (f), and kp4 (g), for a fixed plate of length l� ¼ 2. Dashed lines represent the Strouhal law
with St ’ 0:18, the colormap indicates value of PSD amplitude of cross-flow force and the solid line is f � ¼ 1.
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and it might be attributed to the fact that the plate lies inside the vortex
formation length (see Figs. 8 and 9); therefore, it is weakly excited by
the shedding.

When the plate’s length is increased to l� ¼ 3, above the more
suitable case of l� ¼ 2, the VIV regime at low reduced velocity is less
intense and extends now up to U� ’ 6:0. From here, the new regime
at high U� displays again a forcing frequency f � < 1 which increases
now slightly with U�, with a slope that is approximately 0:5St � U�.
This slowdown of the forcing with some degree of synchronization
with the behavior of the Strouhal law is presumably consequence of
the strong flapping process [see Fig. 3(b1)] which now guides the
shedding.

C. Drag coefficient

Finally, we will evaluate the effect of control plates on the mean
drag coefficient, Cx . Figure 16 displays the time-averaged drag coeffi-
cient Cx as a function of the reduced velocity for controlled systems
with different plate’s length l� for a constant stiffness kp2 (a) and differ-
ent torsional stiffness kp for a constant l� ¼ 2 (b), along with the plain
cylinder case, which is shown for comparison. In general, for the
uncontrolled case, the drag coefficient is sensitive to the branches of
the amplitude response (see Figs. 3 and 5) displaying larger values
along the upper branch, where the response is highest, and showing

lower values at initial and lower branches, where the value is similar to
those typically reported for static cylinders, at the same Re.

In general, the addition of a rear plate reduces dramatically the
magnitude of the mean drag, which now displays nearly constant val-
ues for all configurations between 0.9 and 1. In order to identify the
relationship between the measured force coefficient and the near wake
features, time averaged flow fields for the fixed cylinder case and a
cylinder-plate arrangement (l�2 ; kp2) at U� ¼ 5:3 (Re ’ 7000) are
depicted in Fig. 17. It can be noticed that the presence of the plate is
seen to separate the two recirculating cores of the near wake and to
induce the elongation of the recirculation region, giving rise to the
drag reduction as a consequence of the strong streamlining of the
wake, as pointed out by Apelt et al.12

Thus, it is seen that, in general, increasing the length of the plate
[Fig. 16(a)] translates into slight reductions of Cx within the range of
U� studied herein. Some small differences associated with the dynamic
behavior of the system are, however, discernible. For instance, at low
U� the drag of the arrangement with l� ¼ 1 increases on account of
the amplified response of the system, mainly due to the widening of
the wake transverse extension induced by the presence of a rear plate.
This fact can be observed in the comparison of the average velocity
contours shown in Fig. 17. Such an effect may become important for
conditions of low values of U� and small l�, under which the shear
effect due to the stream, barely elongates the recirculation region, being
l� not long enough to maintain the flow attachment. Similarly, the

FIG. 16. Time-averaged drag coefficient for different configurations of the cylinder and plate system: (a) effect of the plate’s length l� for constant kp2 and (b) effect of the tor-
sional stiffness of the joint kp for a constant l� ¼ 2.

FIG. 17. Time averaged velocity magni-
tude contours along with flow streamlines
for (a) fixed plain cylinder case and (b) kp2
cylinder-plate arrangement of l� ¼ 2 at
U� ¼ 5.3 (Re ’ 7000).
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amplified oscillations of the system with l� ¼ 3 for high values of U�

increases somewhat the mean drag above that of l� ¼ 2.
Regarding the effect of the torsional stiffness kp, little differences

are found among the cases, if only, the static plate provides with lower
values of drag, on account of the nonexistent flapping of plates, which
has been shown to decrease the pressure in the near wake of bluff bod-
ies35 and to increase the velocity magnitude inside the recirculation
region. Finally, it is interesting to note that, the stable steady deflection
of the plate with kp1 for U� > 9:0 translates into a very slight reduc-
tion of the mean drag.

VI. CONCLUSIONS

We have experimentally analyzed the flow-induced vibrations of
a circular cylinder controlled with a flexibly hinged splitter plate sub-
ject to uniform cross-flow. In particular, two parametric studies are
included in order to characterize the effect of the control device with
respect to the isolated plain cylinder case. First, three different lengths
have been tested, namely, l� ¼ Lp=D ¼ ½1; 2; 3�, for a given torsional
stiffness of the joint kp. Second, keeping constant the length of the plate
to l� ¼ 2, four different values of the torsional stiffness are tested
kp ¼ ½0:034; 0:096; 0:598;1� N m=rad, where kp ! 1 represents
the rigid case. In general, it is found that the introduction of the hinged
plate can suppress the cylinder vibration and reduce the drag force at
low and medium U�. For high values of the reduced velocity, beyond
the range herein investigated, the plain cylinder can perform better as
galloping-type responses are reported when the plates are installed.
Reductions of the dynamic response of more than 90% can be gener-
ally reached at the upper branch, especially when a plate of l� ¼ 2 with
intermediate degree of torsional stiffness is attached, which is shown to
represent the most effective solution as it mitigates the oscillations of
the system for the whole range of U� investigated.

More specifically, variations on the lengths and stiffness of the
joint are associated with different coupled dynamics of the system and
different near wake topologies. The dynamic responses of the different
arrangements of cylinder and hinged plate are not alike that of the
plain cylinder (characterized by the classical initial, upper, and lower
branches), and show two distinct regimes, whereby the dynamics at
low values of reduced velocity are characterized by a modified VIV
response, whereas for high values of U� the dynamics feature
galloping-like responses. In general, the response is shown to be
strongly synchronized with the cross-flow forcing dynamics, especially
in terms of characteristic frequencies. Thus, the VIV responses are in
any case attenuated and showmild oscillations guided by an increasing
shedding frequency, until the ratio f � > 1, for which a general transi-
tion to galloping-like dynamics, characterized by f � < 1 occurs.
Transition between regimes are associated with shifts in the phase dif-
ference between the forcing and response, which typically retrieves the
value of 0	 when the galloping dynamics establishes.

The roles of the torsional stiffness of the joint and length are key,
as demonstrated by the large attenuation provided by l� ¼ 2 and inter-
mediate value of kp. In particular, it has been inferred from the flow
measurements that, such a length value lies around the vortex forma-
tion length typically observed for the tested Re range. This fact together
with the ability of the plate to mildly adapt to flow changes lead to a
reduction of the system excitation through the inhibition of the inter-
action between the shear layers developed in both sides of the cylinder.

Thus, using the same length, it has been shown that stiffer joints
may promote the emergence of galloping-like responses for high values

of the reduced velocity, thus mimicking the response of rigid
plates.15,20 Conversely, a more flexible joint (lower value of kp) extends
the prevalence of an attenuated VIV response to high U�, and post-
pone the emergence of a galloping like-response.

The previous scenario can be affected by the change of the
plate length. Thus, it is seen that the shortest plate of l� ¼ 1 excites
the synchronization VIV response at low values of U�, and behaves
like a static plate, while it may promote unstable oscillations of the
system at high U�, behaving in a similar manner to a static plate.27

In fact, this plate length lies inside the measured recirculating bub-
ble behind the cylinder, and therefore, is less exposed to changes in
pressure given by the shedding, thus reducing its capability to
adapt passively its position to flow changes. Conversely, the longest
plate of l� ¼ 3, is clearly subject to enhanced oscillations at high U�

(where the nondimensional flexibility of the system increases), due
to its larger surface and stronger interference with the wake, what
promotes a progressive amplification of the response of the system
at high U�. Interestingly, although the oscillating dynamics is char-
acterized by a frequency ratio f � < 1, the frequency is seen to
increase linearly with U�, as if the dynamics is guided by the slower
shedding provoked by the flapping.

In addition, it has been shown that, a certain level of torsional
stiffness is required to correct potential asymmetric mean positions of
the hinged plate. In particular, this departure from the symmetric loca-
tion has been only observed for the most flexible case of
kp1 ¼ 0:034Nm=rad. This stable departure from the centered location
is reminiscent from the steady bifurcation reported by Cimbala and
Garg21 and Gu et al.24 for rotary plates around the static cylinder, and
the elastically mounted cylinder.25 The steady mode is shown therein
to reduce the excitation of the system, which has been also confirmed
here.

Finally, when compared to flexible plates18 or rigid plates,15 as
control devices for VIV, the hinged plates display intermediate behav-
ior between these two configurations, where the complete suppression
of VIV or the excitation of galloping-like responses can be either pro-
moted, depending on the capacity to adapt to flow changes that is
given by the plate length and torsional stiffness. In all plate cases, the
shear layers are seen to wrap around the plate alternatively. However,
while for the rigid plate, kp4, the wake excitation has to go directly to
the cylinder (and to the springs on the low mass-damping system), in
the case of the flexibly hinged plates, the wake excitation is divided
between the cylinder and the silicone rubber.

In summary, the use of hinged plates has been proven to provide
with a significant attenuation of the VIV amplitude and drag reduc-
tions, a feature that can be considered of practical relevance in many
engineering applications. The selection of parameters, such a torsional
stiffness and plate length is, however, a key aspect to promote different
controlled dynamic responses, whereby the excitation can lead to
galloping-like responses in some cases. The obtained results allow to
perform a more detailed study where additional plate’s lengths can be
tested. Moreover, a deeper analysis on the fluid-structure mechanism
behind the forcing transfer between the flow and the cylinder-plate
system can be adressed. Finally, a multi-body response model can be
adapted to the problem in order to analyze which part of the wake
excitation is sunk by the flexible hinge or by the system’s springs.
These features can also be of interest for practical systems where
energy harvesting is envisaged.
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