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ABSTRACT

This study experimentally investigates the three-dimensional (3-D) effects of a cylinder oscillator energy harvester system in terms of vortex-
induced vibration (VIV). The 3-D effects were modulated by varying endplate size. Specifically, these effects were evaluated by examining the
influence of different endplate sizes on aerodynamic forces and vibrational amplitudes of the finite-length cylinder oscillator. Two configura-
tions were studied: a rigidly mounted stationary cylinder as a reference, and a flexibly mounted cylinder oscillating transversely in airflow,
both with the same diameter. The Reynolds number range was �5300–21 300. Adding circular endplates to the stationary cylinder signifi-
cantly increased lift fluctuations, while an endplate diameter three times the cylinder was sufficient to suppress spanwise end effects. These
findings informed the VIV experiments, where bare and endplate (various diameters) configurations were evaluated under matched structural
parameters. While the addition of endplates did not alter the lock-in bandwidth, they strongly influenced aerodynamic forces and vibration
amplitude within the lock-in regime. Smaller endplates (two times diameter) enhanced peak vibration amplitude, despite added mass, indicat-
ing a net gain in energy harvesting. In contrast, larger endplates (three times diameter) generally reduced vibration amplitude and induced
earlier transition to the lower VIV branch, despite producing the highest lift coefficients. Phase and frequency analysis revealed
configuration-specific differences, especially beyond an amplitude ratio of 0.3. In the post-lock-in regime, organized vortex shedding persisted
only for the larger endplate cylinder, but was absent for both the bare and smaller-endplate cylinders.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0289566

NOMENCLATURE

AR cylinder aspect ratio
A�
peak peak amplitude ratio
A� amplitude ratio
CA the ideal added mass coefficient
CD instantaneous drag coefficient

Cmean
D time-averaged (mean) drag coefficient
CL instantaneous lift coefficient

CRMS
L root mean square of the lift coefficient
�CL magnitude of the lift coefficient fluctuation
Cp pressure coefficient

CSTD
p standard deviation of the pressure coefficient

Cpiezo piezo capacitance
c structural damping (kg/s)
D diameter of the cylinder (m)

Dep diameter of the endplates (m)
E elastic modulus of the beam (Pa)
FD drag force (N)

FL lift force (N)
�FL magnitude of the lift force (N)
f vibration frequency (Hz)
fn natural frequency of the vibrating structure (Hz)
fv vortex shedding frequency (Hz)
f � frequency ratio
hb height of the beam (m)
k structural stiffness (N/m)
L length of the cylinder (m)
lb length of the beam(m)
m vibrating mass (kg)
m� mass ratio
P the instantaneous power input (W)
�P the time-averaged power input in one cycle (W)

Ppiezo;opt optimal electrical power harvested from the system (W)
P�
piezo; opt optimal dimensionless electrical power harvested from

the system
p local static pressure on the cylinder surface (Pa)

p1 free-stream static pressure (Pa)
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Re Reynolds number

St Strouhal number
T vibration period (s)
t time (s)
tb thickness of the beam (m)

U1 free stream velocity (m/s)
U� reduced velocity
� kinematic viscosity of the fluid (m2/s)
Y amplitude of vibration (m)
y deflection of the beam tip (m)
a angle between absolute velocity and free stream velocity

(�)
dst static deflection (m)
f damping ratio
h the angular position of a pressure probe around the cyl-

inder circumference (�)
hpiezo the electromechanical coupling parameter (N/V)

q fluid density (kg/m3)
qb density of the beam (kg/m3)
u phase angle (�)
x angular frequency (rad/s)
xn angular natural frequency (rad/s)

I. INTRODUCTION

The flow around circular cylinders is a fundamental problem in
fluid dynamics, which occurs in a wide-range of engineering applica-
tions, including offshore structures, bridge cables, heat exchanger
tubes, and small-scale energy harvesters. While the flow past infinitely
long or high-aspect-ratio cylinders has been extensively studied, real-
world systems often feature cylinders of finite length, where end effects
and three-dimensional flow structures strongly influence wake devel-
opment and applied fluid forces.

Endplates are frequently employed in both experimental and
industrial contexts to mitigate spanwise flow and stabilize vortex shed-
ding. For stationary cylinders, numerous studies have shown that end-
plate geometry significantly alters the wake structure, drag, and lift
forces by suppressing three-dimensional instabilities near the free
ends.1–3

Potts et al.1 investigated the influence of aspect ratio and end con-
ditions on the drag of stationary, circular cylinders through controlled
tow tank experiments and compared them with data in the literature.
Experimental results confirmed that drag is significantly affected by
the presence of tip vortices, especially for cylinders with the aspect ratio
(AR) below 13, and that endplates with diameters greater than three
times the cylinder diameter can effectively suppress vortex shedding
near the free end.

Farell and Fedeniuk2 conducted an experimental study on the
flow over circular, stationary cylinders with and without endplates at
critical and transcritical Reynolds numbers. Their findings showed
that endplates significantly modified the flow characteristics, leading to
notable changes in base and minimum pressure coefficients—up to
15%–20% in some cases—and altered vortex shedding behavior.

Norberg3 conducted an extensive experimental study on the
influence of aspect ratio and endplate geometry on the flow around a
stationary, circular cylinder at Reynolds numbers ranging from 50 to
4� 104. The study found that large aspect ratios are essential for mini-
mizing end effects, especially in the laminar shedding regime, where

parallel shedding is strongly influenced by local velocity gradients near
the cylinder ends. The research highlighted that aspect ratios (AR) of
60–70 are needed in the subcritical regime for flow behavior to resem-
ble that of a quasi-infinite cylinder. In Ref. 4, a comprehensive study of
the fluctuating lift forces acting on stationary circular cylinders under a
wide range of Reynolds numbers was conducted. The findings provide
a critical framework for understanding three-dimensional effects and
spanwise coherence in bluff body flows, which are particularly relevant
when evaluating force fluctuations and structural response in finite-
length cylinders.

While numerous studies have investigated VIV behavior of
finite-length cylinders in the absence of endplates,5–12 the addition of
endplates under dynamic fluid-structure interaction conditions
remains underexplored. The vibratory response of cylinders with span-
wise free ends is strongly dependent on the aspect ratio.13,14 When
only one end is free, a distinct response known as end-cell-induced
vibration (ECIV) can emerge—particularly at higher fluid velocities—
coexisting with traditional VIV modes.14 At low aspect ratios, although
vortex shedding persists, it becomes weaker and more disorganized,
suppressing the likelihood of high-amplitude oscillations.5,14

The limited knowledge about the effectiveness of endplates in
VIV regimes highlights a key knowledge gap, especially given the
increasing interest in using VIV as a mechanism for energy harvesting.
Vortex-induced vibrations arise when alternate vortex shedding syn-
chronizes with a structure’s natural frequency, producing large oscilla-
tions over a range of flow velocities—a phenomenon known as “lock-
in.”5,7 Traditionally viewed as a source of structural fatigue, VIV has
more recently been reenvisioned as a viable strategy for renewable
energy production, particularly through piezoelectric transduction in
small-scale systems.15–18 In such configurations, flexible structures like
cantilever-mounted cylinders convert mechanical strain from VIV
into electrical power via surface-mounted piezoelectric elements.19 The
energy harvesting performance is highly sensitive to oscillation ampli-
tude, frequency, and the phase relationship between aerodynamic
forces and the structural response.20–23

Recent studies have introduced a variety of innovative strategies
aimed at enhancing the efficiency of piezoelectric-based VIV energy
harvesters. For instance, slit-offset and non-uniform cylinder designs
have been shown to significantly increase vibration amplitude, thereby
improving energy conversion at low Reynolds numbers.24,25 Hybrid
systems combining piezoelectric and electromagnetic mechanisms
have demonstrated enhanced performance under VIV conditions.26,27

Comprehensive reviews have further cataloged emerging techniques
and configurations aimed at maximizing flow-induced piezoelectric
energy harvesting.28,29 Several experimental investigations have vali-
dated practical optimization strategies for circular cylinder harvest-
ers.30–32 Additionally, aerodynamic tailoring of cylinder geometry has
been explored to improve aeroelastic behavior and energy extraction
efficiency;33 furthermore, recent advances in multi-directional and
multi-modal VIV systems have opened new possibilities for broaden-
ing the operational bandwidth and improving energy harvesting yield
under variable wind conditions.34

Wake-oscillator models are widely used to represent the near
wake by a van-der-Pol–type oscillator that is nonlinearly coupled to
the structural degree of freedom; representative formulations and
applications are discussed in Refs. 35–37 These semi-empirical models
reproduce many qualitative features of lock-in and amplitude scaling,
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but their coupling coefficients and nonlinear terms are typically identi-
fied from experimental data; furthermore, standard implementations
assume a spanwise-coherent wake or require explicit multi-mode aug-
mentation to represent spanwise variation.36 Consequently, while
wake-oscillator frameworks remain powerful for two-dimensional or
spanwise-coherent VIV,36 they do not inherently capture tip-region
confinement or the three-dimensional wake restructuring induced by
endplates without additional three-dimensional modeling or targeted
parameter identification.

Following the discussion above, the 3-D effects of finite-length
cylinders and the mitigating approach of using endplates on VIV-
based oscillator energy harvesters remain underexplored. This moti-
vates the need for detailed experimental studies exploring induced
flows and vibrational features of a finite-length cylinder oscillator due
to the 3-D effects, and examining how the use of endplates would sup-
press the spanwise flow, thus modulating the force generation and
vibration behavior in the VIV oscillator energy systems.

In this study, a series of experiments were conducted to investi-
gate the influence of endplate size on the aerodynamic forces and wake
behavior of a finite-length cylinder, with particular emphasis on
improving energy harvesting from VIV. Two flow regimes were exam-
ined: (i) a stationary configuration with the cylinder rigidly mounted,
conducted as a reference to guide endplate selection and to character-
ize baseline flow conditions, and (ii) a flexibly mounted configuration
where the cylinder was allowed to oscillate transversely under VIV
conditions.

Extensive wind tunnel tests were conducted, integrating pressure
measurements, strain gauge-based motion tracking, and flow visualiza-
tion to capture synchronized data on the force coefficients, the wake
patterns, and the structural response. Special focus is placed on evalu-
ating how endplates (of different sizes) affect lift force fluctuations,
phase angle dynamics, and the energy input into the system, which are
critical factors for the design and optimization of VIV-based energy
harvesters.

II. THEORETICAL BACKGROUND

The flow around a circular cylinder is a classical problem in bluff-
body aerodynamics, characterized by flow separation, unsteady vortex
shedding, and strong Reynolds number dependence. When a uniform
flow impinges on a stationary circular cylinder, a stagnation point
forms on the front surface, and the flow accelerates around the sides,
creating regions of low pressure near the lateral surfaces.

The pressure coefficient Cp is a dimensionless parameter used to
describe the pressure distribution around the cylinder and is defined as
Cp ¼ p�p1

1
2qU

21
, where p is the local static pressure on the surface, p1 is the

free-stream static pressure, q is the fluid density, and U1 is the free-
stream velocity. A negative Cp indicates suction (low-pressure) regions,
which typically occur along the sides of the cylinder due to flow accel-
eration and boundary layer separation. Flow separation occurs approx-
imately at an angular position of 60�–120� from the front stagnation
point, depending on the Reynolds number and surface conditions.
This separation leads to the formation of a turbulent wake behind the
cylinder, composed of various vortex structures, which is responsible
for fluctuating forces.

The drag coefficient CD and lift coefficient CL quantify the nor-
malized streamwise and transverse forces, respectively, and are defined
as CD ¼ FD

1
2qU

21DL and CL ¼ FL
1
2qU

21DL, where FD and FL are the drag and

lift forces acting on the cylinder, D is the cylinder diameter, and L is
the span (or length) of the cylinder exposed to the flow.

An important dimensionless quantity describing the frequency of
vortex shedding is the Strouhal number (St), defined as St ¼ fvD

U1
, where

fv is the vortex shedding frequency. For a smooth, stationary circular
cylinder in the subcritical Reynolds number regime (approximately
103 < Re < 2� 105), the Strouhal number remains relatively constant
at around 0.18–0.2.23

The behavior of the flow and its associated force coefficients are
strongly influenced by the Reynolds number (Re), defined as
Re ¼ U1D

� , where v is the kinematic viscosity of the fluid. At low
Reynolds numbers, the flow remains steady and attached; as Re
increases, the boundary layer transitions, separation occurs earlier, and
vortex shedding becomes more pronounced.38 At very high Reynolds
numbers, additional wake instabilities and turbulence dominate the
flow behavior.38

For the case of a flexibly mounted cylinder, vortex-induced vibra-
tions arise when the vortex shedding frequency approaches the natural
frequency of the system, resulting in large-amplitude oscillations. This
leads to the so-called “lock-in” phenomenon, where the vortex shedding
frequency synchronizes with the cylinder’s natural frequency over a range
of flow velocities.5–7,23 During VIV, the mass ratio—defined as the ratio
of the structural mass of the cylinder to the mass of the displaced fluid—
plays a significant role in governing the system’s dynamic response. The
mass ratio is given bym� ¼ m

qpD2L=4, wherem is the vibrating mass.

A lower mass ratio generally results in higher peak vibration
amplitudes and a broader lock-in bandwidth, while a higher mass ratio
tends to suppress oscillation amplitudes and narrow the lock-in
regime.9,23 Thus, mass ratio is a critical parameter affecting energy
transfer, vibration behavior, and fluid-structure interaction dynamics
during vortex-induced vibration.

Figure 1 presents an overview of the system and a representative
amplitude response for a circular cylinder undergoing vortex-induced
vibration (VIV).23 The schematic in Fig. 1(a) illustrates the energy har-
vester configuration, where a finite-length cylinder is flexibly mounted
on cantilever beams and allowed to oscillate in the cross-flow direction.
Figure 1(b) shows the amplitude response of the cylinder, where the
vibration amplitude Y is normalized by the cylinder diameter D and
expressed as the amplitude ratio A� ¼ Y=D. The response is plotted
against the reduced velocity, defined as U� ¼ U1= fnDð Þ, where fn
¼ xn=2p is the natural frequency of the system, where xn is the angu-
lar natural frequency of the system. The characteristic VIV behavior—
including the pre-lock-in, lock-in, and post-lock-in regimes—is clearly
captured in the curve, with a distinct amplitude peak occurring within
the lock-in range.

At low flow velocities, the cylinder remains motionless due to
insufficient aerodynamic excitation (pre-lock-in). As the flow speed
increases, the frequency of vortex shedding rises and approaches the
natural frequency of the structure (fn). Once this frequency match is
achieved, the system enters the lock-in region, where the flow-induced
forces synchronize with the structural response, resulting in large-
amplitude oscillations. This lock-in regime spans a range of reduced
velocities U�, reflecting a strong interaction between the fluid forces
and the cylinder’s dynamics. Beyond this range, as the flow velocity
continues to increase, the shedding frequency uncouples from the nat-
ural frequency, and the vibration amplitude diminishes, signaling the
end of the lock-in region (post-lock-in).
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The cross-flow motion of the cylinder can be effectively repre-
sented by a single-degree-of-freedom (SDOF) model,

m€y þ c _y þ ky ¼ FL tð Þ; (1)

where m is the mass, c is the damping coefficient, k is the stiffness of
the system; y is the displacement, where the over-dot (i.e., _y and €y)
indicate derivatives with respect to time, and FL(t) is the time-
dependent lift force, which can be defined as

FL tð Þ ¼ CL tð Þ � 1
2
qU2

1DL: (2)

For large-amplitude, steady-state, vortex-induced oscillations, the
fluid force, and the body displacement response oscillate at the same

frequency (f), which is usually close to natural frequency fn ¼ 1
2p

ffiffiffi
k
m

q
.

When a bluff body is responding to vortex shedding, the fluid
force must lead the excitation by some phase angle u,

y tð Þ ¼ Y cos xt � uð Þ; (3)

CL tð Þ ¼ �CL cos xtð Þ; (4)

where x ¼ 2pf is the angular frequency, Y is the magnitude of vibra-
tion, and �CL is the magnitude of the lift coefficient fluctuation.

The frequency ratio equation was derived in terms of the system
parameters as given in Ref. 5,

fn
f
¼ 1�

�CL

4p2
cosu

qD2

2m

� �
U1
fnD

� �
Y
D

� ��1
" #�1=2

: (5)

This demonstrates that the vibration frequency is close to the nat-

ural frequency of the system, particularly in air, where qD2

2m

� �
� 10�3.

Assuming a purely harmonic excitation force and a steady-state
response of the system, the magnitude of vibration Y and the phase
angle u can be represented in a set of dimensionless parameters,39

Y ¼ dstffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f �ð Þ2
� �2 þ 2ff �ð Þ2

q ; (6)

u ¼ tan�1 2ff �

1� f �ð Þ2
 !

; (7)

where dst ¼ �FL=k is the static deflection, �FL ¼ �CL
1
2qU

2
1DL is

the magnitude of the lift force, f � ¼ f =fn is the frequency ratio, and
f ¼ c

2
ffiffiffiffiffi
km

p is the damping ratio.

The instantaneous power P(t) delivered from the fluid to the
structure is

P tð Þ ¼ FL tð Þ � _y tð Þ: (8)

The time-averaged power input from the fluid into the system
over one cycle is then

�P tð Þ ¼ 1
T

ðT
0
P tð Þdt ¼ 1

2
�FLYx sin uð Þ: (9)

It can be seen that the power input is proportional to the ampli-
tude, the force magnitude, the frequency, and most importantly, the
sine of the phase angle. Based on Eq. (9), to generate positive energy
input into the system, the phase angle between the cylinder motion
and the lift force must lie between 0� and 180�, with maximum power
transfer occurring near 90�.

Assuming the lift force is independent of cylinder motion, the
system behaves like a linear, forced oscillator: in the pre-lock-in
regime, it responds quasi-statically with minimal phase lag; near reso-
nance (lock-in), force, and displacement synchronize with a 90� phase
lag; and in the post-lock-in regime, the response is inertia-dominated
with the displacement nearly 180� out of phase. This simplified view
neglects the dynamic coupling between the flow and structural
motion.

However, in the context of vortex-induced vibration, the fluid
force is intrinsically coupled to the cylinder’s motion. The vortex shed-
ding process is dynamically influenced by the structure’s displacement
and velocity, resulting in a nonlinear, self-excited fluid-structure inter-
action. As a result, traditional assumptions about pre-lock-in, lock-in,
and post-lock-in regimes may not fully capture the complex dynamics
of a flexibly mounted system. This coupling alters not only the ampli-
tude of vibration but also the instantaneous phase and magnitude of
the aerodynamic forces, all of which are critical to the system’s perfor-
mance as an energy harvester.

FIG. 1. (a) Schematic of the VIV energy
harvester, showing a finite-length circular
cylinder mounted on elastic cantilever
beams.23 (b) Representative amplitude
response curve of the cylinder from Ref. 23.
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For energy harvesting applications, the goal is to maximize the
net mechanical power input from the fluid to the structure and effi-
ciently convert it into electrical energy. One widely studied approach
involves using piezoelectric transducers, which generate an electrical
charge in response to mechanical strain caused by vortex-induced
vibrations (VIV). Although a variety of circuit architectures have been
proposed for power conditioning and energy extraction, a common
simplification assumes the piezoelectric element is connected to a
purely resistive electrical load. This model enables straightforward esti-
mation of power output and has been extensively used in theoretical
and experimental studies.11,23,40 Under these assumptions, the optimal
electrical power harvested from the system is given by

Ppiezo;opt ¼
xh2piezoY

2

2Cpiezo
; (10)

where hpiezo is the electromechanical coupling parameter and Cpiezo is
the piezo capacitance.

The dimensionless electrical power harvested from the system
(P�

piezo; opt) can then be calculated using the following expression
derived in Ref. 23:

P�
piezo; opt ¼ Ppiezo;opt

Cpiezo

xnh
2
piezoD

2
¼ 1

2
Y
D

� �2
x
xn

� �
: (11)

In the lock-in regime—typical for structures oscillating in air—
the vortex shedding frequency matches the natural frequency of the
structure.5 Under this resonance condition, Eq. (11) simplifies to

P�
piezo; opt ¼

1
2

Y
D

� �2

: (12)

This relationship clearly shows that the power output scales with
the square of the amplitude ratio. As a result, even moderate increases
in vibration amplitude can lead to substantial gains in harvested
power.

Therefore, an accurate characterization of VIV behavior must
account for both the system’s displacement response and the evolution
of the fluid forcing, particularly the phase angle between lift force and
motion and the amplitude of force fluctuations. These factors govern
the amount of usable energy transferred to the structure. This under-
scores the importance of strategies, such as geometric modifications or
flow control devices by using endplates, which can enhance the force
response and extend or intensify the lock-in regime. A better under-
standing of these interactions is essential for developing more effective
and efficient VIV-based energy harvesting systems.

III. MATERIALS AND METHODS

The experimental setup used in this study is illustrated schemati-
cally in Fig. 2. It supports two configurations: one with the cylinder rig-
idly mounted (stationary case) and another with the cylinder flexibly
mounted, allowing vibration in the cross-flow direction.

In the stationary configuration, rigid clamps were used to secure
the cylinder while enabling independent attachment and replacement
of endplates.

In the flexible mounting configuration, the cylinder is attached to
two elastic cantilever beams—one at the top and one at the bottom—
while the opposite ends of the beams are clamped to a rigid frame.23

This arrangement enables controlled oscillations of the cylinder in the
cross-flow direction, driven by airflow. The supporting cantilever
beams are made of aluminum with the following properties: a density
of qb¼ 2730kg/m3, an elastic modulus of E¼ 69GPa, a width of
bb¼ 25.4mm, a thickness of tb¼ 3.0mm, and a length of lb¼ 406mm.

To explore energy harvesting under realistic operating conditions,
the experimental setup was specifically designed to target an airflow
velocity range of 1–4m/s. This range reflects the typical wind speeds
encountered in both outdoor and indoor environments where small-
scale VIV energy harvesters are likely to be deployed, such as building
ventilation systems, roadside infrastructure, or low-speed ambient
wind environments.23 The mechanical properties of the oscillator were
carefully selected to ensure that the lock-in region would fall entirely
within this velocity window. By aligning the onset and duration of
VIV with this practical range, the study enables direct assessment of
the fluid-structure interaction and energy harvesting potential under
realistic flow conditions. This design choice ensures the relevance of
the results to real-world applications and facilitates the development of
scalable, low-cost energy harvesters capable of operating effectively in
low-speed flows.

A strain gauge was bonded near the clamped end of one of the
aluminum beams [Fig. 2(b)] to measure the strain resulting from the
cylinder’s motion. Calibration was performed to establish a precise
relationship between the strain gauge output (in volts) and the tip dis-
placement of the beam (in millimeters). This process also provided the
static stiffness of the system, which is essential for calculating the natu-
ral frequency of the harvester.

The strain gauge was connected to a strain indicator (Model
MM120-001469, Micro-Measurements Inc.), and the signal was
acquired using a National Instruments NI-6008 data acquisition card,
interfaced with MATLAB at a sampling rate of 1000Hz.

The cylinder, fabricated using 3D printing technology with PLA
plastic filament, has a diameter of D¼ 80mm and a length of
L¼ 640mm. PLA was chosen for its lightweight and rigidity, ensuring
structural stability while minimizing mass. The cylinder details are
shown in Fig. 3(a).

Pressure measurements were acquired using 12 probes evenly dis-
tributed around the midsection of the cylinder, following the com-
monly adopted configuration described by Norberg.4 This
arrangement provides adequate resolution to capture key features of
the pressure distribution, including the stagnation point, flow attach-
ment, and separation zones.

In the present study, the pressure probes were distributed uni-
formly around the cylinder’s circumference, with probe #1 aligned
with the incoming flow and probes #2 through #12 positioned clock-
wise at 30� intervals [Fig. 3(b)].

Flexible pressure tubing (1.5mm inside diameter) connected the
probes to a DSA5000 pressure scanner with an integrated data acquisi-
tion system. The tubing was routed through the hollow body of the
cylinder and supported by brackets along the beams to minimize
motion interference (Figs. 3 and 4). The pressure data were sampled at
1000Hz and synchronized with the strain gauge readings to ensure
accurate phase and frequency analysis.

The experiments for this study were conducted in the Large-scale
Atmospheric Wind Tunnel facility at the City College of New York
(Fig. 4). This open-circuit, suction-type wind tunnel is driven by a
20b.h.p. electric motor with precise speed control, capable of
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delivering free-stream velocities of up to 15m/s within the test sec-
tion. The experimental setup was placed 7 m from the entrance of
the 8.4-m-long test section, ensuring uniform flow conditions. The
wind tunnel features a square cross-sectional area of 1.2� 1.2 m2,
with transparent side walls and a top viewport that facilitate flow
visualization. The contraction inlet is fitted with a honeycomb
mesh followed by three layers of fine steel screens, producing a
nearly uniform flow with turbulence intensity of less than 0.1% at
the maximum speed in the test section.41 The model blockage
ratio, defined as the model frontal area divided by the wind tunnel
test-section area, is 3.5%. This value lies well below commonly
accepted threshold (� 10%), which is recommended to avoid
noticeable flow distortions and ensure accurate and reliable aero-
dynamic testing in subsonic wind tunnels.42

For flow visualization, a high-speed NOVA R3-4K camera, com-
bined with Photron FASTCAM Viewer (PFV4) software, was used to
record high-resolution images (4096� 2304 pixels) at 500 frames per
second. Illumination was provided by a DHOM-H-532–1000 laser
emitting a bright green beam, with intensity controlled by a DC power
supply adjustable from 0 to 5V. To enhance visualization, a Magnum
1200 fog generator, operating with JEM PRO-FOG fluid, was used to
produce dense vapor droplets.

In the stationary cylinder case, experiments were conducted to
investigate the effects of endplates on the surface pressure distribution,
including both pressure magnitude and frequency content. Five config-
urations were tested: (i) a cylinder without endplates, and (ii)–(v) with
four different circular endplate designs of varying diameters. The sche-
matic representations of these endplate configurations are shown in

FIG. 2. Experimental setup: (a) rigidly
mounted cylinder (stationary case); (b)
flexibly mounted cylinder (vibrating case).

FIG. 3. The cylinder details: (a) detailed
drawing and (b) probe location schematic.
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Fig. 5(a). The stationary case results served as a reference for interpret-
ing flow behavior, force generation, and end-effect mitigation in the
subsequent VIV experiments.

In the vibrating cylinder case, the synchronized measurement of
cylinder displacement and surface pressure were used to compute lift
and drag coefficients and to assess the dynamic response such as vibra-
tion amplitude, oscillation frequency, and phase lag of the system, with
a focus on how the three-dimensional effects of the oscillator can be
modulated by the endplates. The selection of endplate sizes for the
vibrating case [Fig. 5(b)] is discussed and justified later in the paper,
based on the outcomes of the stationary cylinder experiments.

Given the strong dependence of the vibration response on the
system mass ratio,7,23 polymethyl methacrylate (PMMA), a transpar-
ent thermoplastic with a relatively low density of approximately
1200 kg/m3, was selected as the endplate material for the vibrating
case. The 2D and 3D stationary tests were conducted with the same
PMMA endplates used in the VIV experiments to ensure consistency
between stationary and dynamic measurements. Aluminum endplates
were employed only for the largest stationary spans (3.5 and 7D) to
ensure adequate rigidity of the large-diameter plates; these aluminum
cases were not used in the vibrating tests. The relatively low density of
PMMA helps maintain a lower mass ratio, which, as previously men-
tioned, increases both the maximum VIV amplitude and the vibration
bandwidth. In addition, PMMA’s optical transparency allows for flow

visualization near the cylinder surface. The endplates were attached to
the top and bottom ends of the cylinder. Endplate masses were mea-
sured, and the effect on the oscillator inertia was quantified via free-
vibration tests.

IV. RESULTS AND DISCUSSION

This section presents the experimental findings and analysis of
the aerodynamic loading and dynamic response of a finite-length cir-
cular cylinder with and without endplates. The results are divided into
two parts according to the mounting configuration: the stationary cyl-
inder case and the vibrating cylinder case. For the stationary configura-
tion, the analysis focuses on surface pressure distribution and derived
force coefficients under different endplate conditions. In the vibrating
case, additional attention is given to vibration amplitude, frequency,
and phase dynamics associated with vortex-induced vibration (VIV).

The lift and drag forces acting on the cylinder were determined
from surface pressure measurements taken at 12 circumferential loca-
tions along the mid-span of the cylinder. To obtain a continuous pres-
sure profile around the cylinder, the discrete pressure values were
interpolated using a spline interpolation method.

The pressure distribution p(h) along the cylinder surface was
then integrated numerically over the full circumference (h¼ 0 to 2p)
to calculate the total force, which was then decomposed into the

FIG. 4. Experimental setup in the wind tun-
nel (flexibly mounted cylinder configuration).

FIG. 5. Schematics of endplate geome-
tries: (a) Stationary cylinder case. (b)
Vibrating cylinder case.
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streamwise and cross-flow components, corresponding to the drag
force FD and lift force FL, respectively,

FD ¼ DL
2

ð2p
0
p hð Þcos hð Þdh; (13)

FL ¼ DL
2

ð2p
0
p hð Þsin hð Þdh; (14)

whereD is the cylinder diameter, L is the cylinder length, h is the angu-
lar position around the circumference (0� at the front stagnation
point), and p(h) is the surface pressure.

The influence of endplate size on both the aerodynamic forces
and the structural response is examined. The outcomes from the sta-
tionary cylinder experiments serve as a baseline to understand the flow
modifications introduced by endplates, which in turn inform the inter-
pretation of the dynamic response observed in the vibrating cylinder
configuration.

Stationary-cylinder measurements were performed over the
velocity range relevant to the VIV tests (1.5–4.0 m/s) to establish how
endplates modify the steady and unsteady aerodynamic forcing. The
main conclusions are: endplates exert little influence on the upwind
pressure distribution but markedly increase the downwind suction;
increasing endplate span progressively amplifies this effect up to
roughly 3D, beyond which further enlargement produces negligible
change. Consistent with the Cp trends, the mean drag coefficient rises
from 0.807 (no endplates) to �1.15 for spans 	3D, the RMS lift
increases from 0.048 to> 0.18 for the larger spans, and the Strouhal
number increases from� 0.183 to the range of 0.202–0.215. Reported
Cp values are time-averaged at each pressure tap (60 s records
sampled at 1000Hz); the drag coefficient is likewise computed from
time-averaged drag records, while RMS, spectral, and other derived
quantities are obtained from the same time-resolved datasets. These
stationary results—summarized in Appendix (Fig. 17, Table I)—guided
the selection of endplate sizes for the vibrating tests.

For the flexible-mount cylinder study, three configurations were
selected to represent distinct wake-modification regimes: the no-
endplate case as the baseline, 2D-sized endplates as an intermediate
case, and 3D-sized endplates as a fully saturated case. This selection
was guided directly by the stationary-cylinder results, which showed
that endplates of span ’3D or greater produced Cp, CD, CL, and wake
signatures that were effectively indistinguishable from one another.
Consequently, the 3.5 and 7D spans were omitted from the vibrating
tests because their dynamic response was expected to lie within the
same regime represented by the 3D case. In addition, increasing end-
plate diameter substantially raises the structural mass attached to the
oscillator, which tends to reduce the vibration amplitude and narrow
the lock-in envelope. Because maximizing amplitude and lock-in
bandwidth is important for the planned flexible-mount study (and for
potential energy-harvesting applications), the 3D endplate was selected
as the representative “saturated” case to avoid the mass penalty associ-
ated with larger plates.

In this study, a series of static load tests (i.e., eighteen tests with
different loadings) were performed to determine the system’s static
stiffness, which was found to be k¼ 308.9 N/m. In addition, free vibra-
tion tests were carried out for each oscillator configuration to deter-
mine the system’s natural frequency and the structural damping
ratio. With both the stiffness and natural frequency determined

experimentally, the total vibrating mass could be verified using the
relationshipm ¼ k

ð2pfnÞ2.
A baseline test was conducted using a bare cylinder (i.e., no-end-

plate) to establish a reference for evaluating the typical behavior of the
oscillator. The vibrating mass in this configuration was measured to be
m¼ 0.403 kg (m�¼ 105). A free vibration test conducted for this setup
yielded a natural frequency of fn¼4.41Hz and a damping ratio of f
between 0.3% and 0.32%. It was determined that the air velocity range
from 1.5 to 3.5m/s fully encompasses the lock-in region of the system.
To capture the pre-lock-in and post-lock-in behavior, the range was
extended to 1.0–4.0 m/s, corresponding to a Reynolds number range
of approximately 5300 to 21200, based on the cylinder diameter (i.e.,
D¼ 80mm) under standard atmospheric conditions.

During wind tunnel testing, the free-stream velocity was
increased in 0.02m/s increments, allowing the oscillator to reach
steady-state at each step before data acquisition. The time required to
stabilize the response was estimated from the measured damping ratio
and natural frequency using the decay-time constant 1

fxn
, which gave

an order-of-magnitude estimate of� 60 s; a conservative waiting
period of 120 s was, therefore, employed at each velocity step to ensure
full stabilization. Steady-state was verified by examining the vibration-
amplitude envelope over roughly 250 cycles: the amplitude time series
showed no systematic increasing or decreasing trend (assessed via a
linear trend test on the peak-amplitude envelope). Once steady-state
was achieved, strain gauge and pressure data were recorded over a 60-s
interval, corresponding to approximately 250 vibration cycles.

The oscillator exhibits the following behavior (Fig. 6): At low air
velocities, no noticeable vibrations occur, corresponding to the pre-
lock-in regime. When the reduced velocity U� ¼ U1

fnD
reaches

U�¼ 5.24, vibrations initiate, marking the beginning of the “initial
branch” of the lock-in regime. A further increase in air velocity leads
to an almost linear growth in the vibration amplitude. The amplitude
peaks at 37.6mm (amplitude ratio A� ¼ Y

D ¼ 0:47) at a reduced veloc-
ity of U�¼ 7.14.

Beyond this peak, a sharp drop in vibration amplitude is
observed, marking the transition of the system into the “lower branch”
of the lock-in regime. As air velocity continues to increase, the vibra-
tion amplitude decreases with a smoother slope compared to the rapid
amplitude growth observed in the initial branch. Finally, vibration ces-
sation is observed at a reduced velocity of U�¼ 9.87, signaling the sys-
tem’s entry into the post-lock-in region.

For validation, the present response is compared with a closely
related experimental case in Ref. 10 (cylinder D¼ 75mm, aspect ratio
9, mass-damping parameter m�f¼ 0.360); the test in Ref. 10 shows
vibration onset at U�’5–5.5, a peak amplitude A�¼0.40, and the end
of the lock-in region near U�’9. The present case (D¼ 80mm, aspect
ratio 8,m�f¼ 0.336), therefore, exhibits very similar behavior: onset at
U�’ 5.2, a slightly larger peak amplitude A�¼0.47, and a marginally
later termination of lock-in at U�’10. These small differences are con-
sistent with the slightly lower mass-damping in the present study
(which tends to increase peak amplitude and broaden the lock-in
range) and minor geometric differences in diameter and aspect ratio.
An additional case reported in Ref. 10 with m�f¼ 0.255 produced
A�¼ 0.53 and a slightly later lock-in termination, supporting the estab-
lished dependence of peak amplitude and lock-in bandwidth on mass-
damping.8,23,43,44 Taken together, the close quantitative agreement
with Ref. 10—and the consistent trend with mass-damping reported
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in Refs. 8, 23, 43, and 44—supports the accuracy of the present
measurements.

To isolate the aerodynamic effects of endplates from the influence
of added mass, two sets of experiments were designed. Since the addi-
tion of endplates increases the total vibrating mass—and consequently
the mass ratiom� of the oscillator—it was necessary to account for this
change to accurately assess the impact on VIV behavior.

The first set of experiments (2D-sized endplates set:m¼ 0.463 kg,
m�¼ 121, fn¼ 4.11Hz, f¼ 0.3%) included two configurations: (i) the
oscillator equipped with 2D-sized endplates, and (ii) the bare cylinder
(without endplates) with added weights to match the total vibrating
mass of the 2D-sized endplates case.

The second set of experiments involved three configurations
designed to match the total mass of the system with 3D-sized endplates
(m¼ 0.558 kg,m�¼ 146, fn¼ 3.74Hz, damping ratio f¼ 0.3%): (i) the
oscillator with 3D-sized endplates, (ii) the oscillator with 2D-sized end-
plates and additional weight to match the mass of the 3D-sized end-
plates case, and (iii) the bare cylinder with added weight to again
match the 3D-sized endplates configuration. This approach ensured
that any observed differences in response could be attributed to aero-
dynamic effects of the endplates rather than variations in inertial
properties.

The results of the two experimental sets are presented in Fig. 8,
which shows the amplitude response of the oscillator plotted against
the reduced velocity for all tested configurations. The amplitude
response for the first experimental set—comparing the oscillator with
2D-sized endplates and the bare cylinder with matched vibrating
mass—is presented in Fig. 7(a). At low air velocities, no vibration was
observed for either configuration. Oscillations initiated at a reduced
velocity of U�¼ 5.4 in both cases, indicating the onset of the lock-in
regime. Under resonance conditions, where the vortex shedding fre-
quency equals the natural frequency of the system, this transition cor-
responds to a Strouhal number of approximately St¼ 0.184. Following
the onset of lock-in, both configurations exhibited a sharp, quasi-linear

increase in vibration amplitude with increasing air velocity. The initial
slopes of the amplitude response curves were nearly identical.
However, once the amplitude ratio exceeded approximately 0.3, the
curves diverged—with the 2D-sized endplates configuration showing a
steeper slope, suggesting enhanced aerodynamic forcing. The oscillator
with 2D-sized endplates reached a slightly higher peak amplitude com-
pared to the no-endplate case. Moreover, the peak response occurred
at slightly lower reduced velocity for the 2D-sized endplate configura-
tion, i.e., U�¼ 7.1, compared to U�¼ 7.3 for the bare cylinder case.
Beyond the peak, both systems exhibited a sharp drop in vibration
amplitude, indicating the transition to the lower branch of the VIV
response. The response curves converged again around amplitude ratio
of 0.2 (atU�¼ 8.6), and the lock-in regime concluded at approximately
U�¼ 9.6 for both cases. A further increase in air velocity did not result
in significant oscillations, confirming the transition to the post-lock-in
regime.

Figure 7(b) shows the results from the second experimental set,
which includes the oscillator with 3D-sized endplates, as well as the
2D-sized endplates and bare cylinder configurations, each supple-
mented with added mass to match the total mass of the 3D-sized end-
plates configuration. The overall system behavior closely followed the
trends observed in the first set. Vibration onset occurred at a reduced
velocity of U�¼ 5.5, corresponding to a Strouhal number of approxi-
mately St¼ 0.182, marking the beginning of the lock-in regime for all
three configurations. Following the onset of oscillations, all configura-
tions exhibited a sharp, quasi-linear increase in vibration amplitude
with increasing air velocity. However, the 3D-sized endplates case
transitioned to the lower branch earlier, i.e., at approximately U�¼ 6.3,
while the 2D-sized endplates and no-endplate configurations contin-
ued their upward trends. Between these two, the 2D-sized endplates
configuration demonstrated a steeper slope, suggesting enhanced aero-
dynamic forcing compared to the bare cylinder. The peak amplitude
occurred at U�¼ 6.8 for the 2D-sized endplates case and at U�¼ 7.2
for the no-endplate configuration. After the peak, both the 2D-sized
endplates and bare cylinder cases exhibited a sharp drop in amplitude,
indicating transition to the lower branch. In contrast, the 3D-sized
endplates configuration followed a smoother evolution within the
lower branch, without a distinct amplitude drop. Eventually, all three
configurations converged at an amplitude ratio of approximately 0.15
in the lower branch. As the reduced velocity exceeded U�¼ 9.2, the
system exited the lock-in regime and entered the post-lock-in region
where oscillations diminished significantly.

The experimental results demonstrate that the presence of end-
plates does not influence the onset or termination of vortex-induced
vibration. This indicates that the addition of endplates has a negligible
effect on the vibration bandwidth, as all configurations exhibited the
same initiation and cutoff velocities. Differences become apparent
starting in the initial branch of the amplitude response, particularly
beyond an amplitude ratio of approximately 0.3. These differences per-
sist through the peak response and into the lower branch, where they
gradually diminish and become negligible around an amplitude ratio
of 0.15–0.2.

The peak amplitude responses A�
peak of the studied oscillators are

plotted against the mass-damping parameter m� þ CAð Þf in Fig. 8(a),
along with comparative datasets from Refs. 7 and 23. Here, CA repre-
sents the ideal added mass coefficient, which is equal to 1.0 for a circu-
lar cylinder oscillating transversely in an ideal, incompressible fluid.12

FIG. 6. Amplitude response of the bare cylinder oscillator as a function of reduced
velocity (m�¼105, f¼ 0.32%).
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The dataset from Ref. 23 was obtained using the same wind tunnel and
harvester configuration as the present study, but explored a broader
range of system parameters, including varying masses, stiffnesses, and
cylinder diameters.

A comparison of the bare cylinder configurations revealed that a
lower system mass leads to a higher peak amplitude of vibration, con-
sistent with the findings of Ref. 23. Specifically, the bare cylinder with-
out added mass (m�¼105) had a peak amplitude ratio of A�

peak ¼ 0.47,
while for the same cylinder with added mass matching the 2D-sized
endplates configuration (m�¼121) had A�

peak ¼ 0.45, and with mass
matching the 3D-sized endplates configuration (m�¼146) A�

peak
dropped to 0.39. The same cylinder equipped with 2D-sized endplates
(m�¼121) and 3D-sized endplates (m�¼146) had peak amplitudes of
A�
peak¼0.48 and A�

peak¼0.29, respectively. These results highlight that
the 2D endplates slightly enhance the peak amplitude despite their

added mass, whereas the 3D endplates shift and reshape the lock-in
response so that the global maximum is smaller.

To assess the implications for energy harvesting, Fig. 8(b)
presents the optimal dimensionless harvested power at peak vibration,
computed using Eq. (11) from the measured peak amplitudes. As
shown in Fig. 8(b), the 2D endplate cases tend to increase the optimal
harvested power: notably, the 2D case (m�¼121) produces higher
dimensionless power at peak amplitude than the lighter bare-cylinder
configuration (m�¼105) without endplates. Thus, the aerodynamic
benefit of the 2D endplates is sufficient to overcome the associated
mass penalty in terms of optimal harvested power, consistent with
the peak-amplitude trends. These results underline that the net
effect of endplates on energy harvesting depends on the balance
between increased aerodynamic forcing and the added inertia they
introduce.

FIG. 8. Peak-amplitude data vs mass-
damping parameter. Symbols compile
experimental results from Refs. 7 and 23;
the black solid line is an approximation of
the data from Ref. 7; filled markers indi-
cate the present-study cases: bare cylin-
der (m�¼105, f¼ 0.32%); 2D-sized
endplates set (m�¼121, f¼ 0.3%); 3D-
sized endplates set (m�¼146, f¼ 0.3%).
Peak amplitude ratio; (b) optimal dimen-
sionless harvested power at peak
vibration.

FIG. 7. Amplitude response of the cylinder
oscillator as a function of reduced velocity
with varying endplates configurations: (a)
2D-sized endplates set (m�¼ 121, f
¼ 0.3%). (b) 3D-sized endplates set
(m�¼ 146, f¼ 0.3%).
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To better understand the influence of endplates on the aerody-
namic loading of a vibrating cylinder, a detailed force analysis (for the
3D endplates set) was conducted based on time-resolved surface pres-
sure measurements. The analysis focuses on the behavior of the
pressure-induced forces across three distinct regimes: pre-lock-in,
lock-in, and post-lock-in. These regimes represent key stages in the
vortex-induced vibration (VIV) response, where the nature of fluid-
structure interaction evolves with air velocity. In each regime, the lift
and drag forces, as well as their temporal characteristics and phase
relationships, are examined to reveal how different endplate configura-
tions modify the underlying flow mechanisms and dynamic forcing on
the structure.

A. Pre-lock-in regime

In the pre-lock-in regime, the surface pressure distribution of the
flexibly-mounted cylinder differs notably from that observed in the
fixed cylinder cases. Figure 9(a) presents the circumferential pressure
coefficient Cp for four configurations: a fixed bare cylinder, a fixed cyl-
inder with 3D-sized endplates, a flexibly mounted bare cylinder, and a
flexibly mounted cylinder with 3D-sized endplates. The results demon-
strate that, in the absence of endplates, the flexibly mounted cylinder
(i.e., free to vibrate) experiences a reduced pressure force compared to
the fixed cylinder (i.e., constrained from vibrating). Specifically, the
peak magnitude of the negative Cp values at the suction surface was
reduced by 50%, i.e., from approximately Cp¼�1.0 in the fixed bare
cylinder to about Cp¼�0.5 in the flexibly mounted bare cylinder con-
figuration. In contrast, the addition of endplates (of 3D-sized) leads to
an evenmore evident pressure force reduction, i.e., the peak magnitude
of the suction pressure coefficient dropped from approximately
Cp¼�1.5 in the fixed configuration to Cp¼�0.5 in the flexibly-
mounted case. However, it should be noted that, when the cylinder is
flexibly mounted, the addition of endplates has minimal influence on
the pressure distribution, as the Cp profile of the 3D-sized endplate
configuration closely resembles that of the bare case.

Frequency analysis of the fluctuating lift force [Figs. 9(b)–9(e)]
provides key insight into the pre-lock-in aerodynamic behavior. For
the fixed cylinders, a distinct dominant frequency is observed in the lift
signal, corresponding to St¼ 0.18 for the bare cylinder and St¼ 0.21
for the cylinder with endplates. Moreover, the power spectral density
(PSD) magnitude for the endplate case is nearly an order of magnitude
higher, indicating significantly stronger unsteady aerodynamic loading.
In contrast, the flexibly mounted cylinder exhibits no distinct fre-
quency peak in either configuration, confirming the absence of period-
ical vortex shedding and suggesting that the structural vibrations
disrupt the coherence of the wake, thereby suppressing organized
shedding behavior.

The suppression of vortex shedding in the flexible cases is also
evidenced by the pressure distributions, which remain nearly identical
regardless of the presence of the endplates. Additionally, the pressure
fluctuations are minimal, close to the noise level, indicating a lack of
organized unsteady flow structures. The mean drag coefficient for the
flexibly mounted cylinder remains consistently low at Cmean

D ¼ 0.64
across all configurations. In comparison, the fixed bare cylinder exhib-
its a higher value of Cmean

D ¼ 0.81, while the fixed cylinder with the 3D-
sized endplates reaches Cmean

D ¼ 1.14. Similarly, the RMS of the lift
coefficient CRMS

L is close to zero in all flexibly mounted cases, confirm-
ing the absence of periodic transverse forcing. In contrast, the fixed

cylinder with endplates exhibits significantly elevated lift fluctuations,
consistent with the strong periodic vortex shedding observed in the
spectral data.

Together, these results demonstrate that structural flexibility plays
a dominant role in suppressing vortex formation, unsteady aerody-
namic forces, lift and drag in the pre-lock-in regime. Under such con-
ditions, the addition of the endplates has minimal influence, as their
aerodynamic effects are outweighed by the cylinder’s dynamic
response to the flow.

B. Lock-in regime

As the flow velocity increases, the system transitions from the
pre-lock-in-state into the lock-in regime, where the vortex shedding
frequency synchronizes with the natural frequency of the structure. In
this regime, a strong coupling develops between the fluid forces and
the structural motion, leading to large-amplitude oscillations and sig-
nificant changes in the aerodynamic loading. Unlike the pre-lock-in
regime, where the influence of endplates on flexible configurations is
minimal, the lock-in phase reveals more pronounced differences across
the tested configurations, both in terms of pressure distribution and
aerodynamic forces.

The variations of amplitude ratio, drag, and lift coefficients
throughout the pre-lock-in, lock-in, and post-lock-in regime for the
three configurations of the 3D-sized endplates experimental set
(m�¼ 146, fn¼ 3.74Hz, f¼ 0.3%), including the bare cylinder with
added mass, 2D-sized endplates with added mass, and 3D-sized end-
plates, are shown in Fig. 10. It presents aligned plots of the amplitude
ratio, mean drag coefficient Cmean

D , and RMS lift coefficient CRMS
L , as

functions of reduced velocity for each configuration. These plots are
arranged vertically to share a common x-axis, enabling direct visual
comparison of the onset, peak, and decay trends across aerodynamic
forces and vibration response.

Prior to the onset of lock-in, all cases exhibited similar aerody-
namic behavior, with a steady drag coefficient of approximately
Cmean
D ¼ 0.64 and a low RMS lift coefficient around CRMS

L ¼ 0.04–0.05,
reflecting a small unsteady aerodynamic loading observed in the pre-
lock-in regime.

With the onset of vortex-induced vibration, both Cmean
D and CRMS

L
increased significantly. For the bare cylinder, the rise in the aerody-
namic coefficients occurred gradually with increasing air velocity. In
contrast, the 2D- and 3D-sized endplate configurations exhibited
abrupt jumps in both CD and CL at the onset of vibration, with the 3D-
sized endplates producing the largest vibrational response. The peak
drag coefficients Cmean

D reached values of 0.98 (bare), 1.33 (with 2D-
sized endplates), and 1.38 (with 3D-sized endplates), while the
corresponding peak lift coefficients CRMS

L were 0.85, 1.06, and 1.09,
respectively. These results indicate that the addition of endplates signif-
icantly enhanced the unsteady aerodynamic loading during the lock-in
regime.

Interestingly, despite producing the highest lift coefficient, the
3D-sized endplates configuration exhibited the lowest peak amplitude
response, with A�¼ 0.29 [see Fig. 10(c)], compared to A�¼ 0.39 for
the bare cylinder [see Fig. 10(a)]. Given that the vibrating mass
remained constant across all configurations, the observed reduction in
amplitude response is attributed to changes in the fluid-structure inter-
action, caused by the modified wake dynamics due to the spanwise
flow confinement introduced by the endplates. The higher lift
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coefficients observed for the 3D endplate configuration must be con-
sidered alongside the fact that its peak response occurs at a different
reduced velocity. The 3D case reaches a local peak of A�¼0.29 at
U�¼6.3 [Fig. 10(c)]; at the same reduced velocity, the no-endplate case
attains only A�¼0.19 [Fig. 10(a)]. In other words, the 3D endplates
produce larger amplitudes in the initial branch for the same U�, consis-
tent with their higher aerodynamic forcing. Thus, endplates increase
the early-stage forcing and amplitudes but also alter the initial to lower
branch transition so that the maximum amplitude over the entire
testedU� range can be smaller than that of the bare cylinder.

Another notable and consistent observation across all configura-
tions is the mismatch between the peak aerodynamic forces and the
peak structural response. For the bare cylinder, the maximum vibra-
tion amplitude occurs at U�¼ 7.2, yet this lags behind the peaks in
aerodynamic forcing: Cmean

D peaking at U�¼ 6.9, and CRMS
L peaking

even earlier at U�¼ 6.6. The 2D-sized endplates case shows a closer
alignment between the peak response and the peak drag, both occur-
ring at U�¼ 6.8, while the lift force still peaks slightly earlier at
U�¼ 6.6. For the configuration with the 3D-sized endplates, the drag
and lift peaks occur just before the maximum amplitude response,
delayed by only one velocity increment (� 0.02m/s), suggesting a
more synchronized but constrained dynamic regime.

This sequencing behavior evidently suggests a change in wake
dynamics during the transition from peak forcing to peak displace-
ment. One plausible interpretation is a shift from a 2S (two single vor-
tices per cycle) wake pattern to a 2P (two vortex pairs per cycle)
pattern, along with the onset of the lower branch in VIV. For the bare
cylinder configuration, this transition occurs after the peak aerody-
namic forces, allowing a continued increase in the vibrational ampli-
tude before entering the lower branch. In contrast, the presence of
endplates, particularly the 3D-sized endplates, accelerates this transi-
tion, reducing the effective duration of the initial branch and causing
earlier entry into the lower branch, despite stronger aerodynamic
excitation.

These findings underscore the roles of endplates in reshaping the
fluid-structure interaction of the oscillator system, not only by chang-
ing the magnitude of aerodynamic forces but also by altering the struc-
tural response. Following the peak vibration response in each
configuration, both coefficients decreased as the system transitioned
toward the lower branch of the response. The reduction in CRMS

L was

particularly significant for the configurations with endplates, with
RMS lift dropping by roughly a factor of three. The drag coefficient
also declined, but to a lesser extent—by about 30%. As the reduced
velocity approached U�¼ 7.2, the aerodynamic coefficient curves for
all three configurations converged, sharing nearly identical values
through the remainder of the lock-in regime. Notably, the Cmean

D and
CRMS
L values at the conclusion of lock-in closely matched those

observed just before its onset, suggesting a symmetric aerodynamic
response around the resonance zone.

Figure 11 presents the pressure fluctuation behavior, expressed as
the standard deviation of the pressure coefficient, for the three studied
configurations with equal mass, i.e., the bare cylinder with added mass,
the cylinder with 2D-sized endplates and added mass, and the cylinder
with 3D-sized endplates. For each case, two representative operating
points were selected: one before the peak amplitude response
[Fig. 11(a)] and one after the peak [Fig. 11(b)], corresponding to con-
ditions within the initial and lower branches of the lock-in regime,
respectively. Across all configurations, a clear trend is observed: pres-
sure fluctuations decrease significantly, by roughly 50%, after the sys-
tem passes the peak vibration amplitude. This reduction reflects a
weakening of unsteady aerodynamic loading and vortex shedding
intensity as the system transitions out of the initial branch.

In the pre-peak regime, the 2D- and 3D-sized endplates configu-
rations exhibit higher standard deviations of the pressure coefficient
CSTD
p than that of the bare-cylinder case, suggesting intensified

unsteady wake behavior. This enhancement is attributed to flow con-
finement, which preserves coherent vortex structures by suppressing
three-dimensional effects, such as the spanwise flow, typically gener-
ated at the cylinder ends. However, in the post-peak regime, the pres-
sure fluctuations become comparable across all configurations,
indicating that the influence of endplates on unsteady loading dimin-
ishes as the system settles into reduced-amplitude oscillations.

It is worth mentioning that the regions of maximum pressure
fluctuation shift between regimes. In the pre-peak state, the highest
CSTD
p values are observed at the sides of the cylinder, particularly at

probes 3–4 (60�–90�) and 10–11 (270�–300�), consistent with the for-
mation of strong, alternating single vortices. After the peak, the occur-
rence of these events shifts forward, with probes 2 (30�) and 12 (330�)
showing the largest or similar fluctuations as probes 3–4 and 10–11,
suggesting a change in the vortex formation pattern. This transition is

FIG. 9. Pressure coefficient distributions
and frequency spectrum of the lift force
(pre-lock-in): (a) pressure coefficient CP;
(b) CL frequency spectrum of the fixed
bare cylinder; (c) CL frequency spectrum
of the fixed cylinder with 3D endplates; (d)
CL frequency spectrum of the flexibly
mounted bare cylinder; and (e) CL fre-
quency spectrum of the flexibly mounted
cylinder with 3D endplates.
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likely associated with a shift from single vortex shedding to a more
complex paired vortex formation, which has been reported in the liter-
ature for cylinders operating in the lower branch of VIV response.9,23

These findings confirm that the pre-peak amplitude state is char-
acterized by the strongest unsteady pressure loading, particularly on
the sides of the cylinder, and that the post-peak regime is marked by
both a redistribution and attenuation of pressure fluctuations, aligned
with the observed decay in vibration amplitude and lift force.

The evolution of the phase angle between the aerodynamic lift
force and the transverse (oscillation) displacement of the cylinder is
shown in Fig. 12(a) for the three studied configurations: the bare cylin-
der with added mass, the cylinder with 2D-sized endplates and added
mass, and the cylinder with 3D-sized endplates.

The results indicate that throughout the lock-in regime, the phase
angle undergoes a significant variation. At the onset of lock-in, the
phase angle is slightly positive, indicating that the lift force leads the
structural oscillation displacement in time. For the bare cylinder and
the 2D-sized endplates configurations, the phase angle reaches values
of up to 30�, while for the case of 3D-sized endplates, it is notably
smaller, around 5�. As the air velocity increases and the system pro-
gresses along the initial branch, the phase angle converges to a near-
constant value of approximately 5�–10� across all configurations,
beginning at a U�¼ 6.1–6.2. This small positive phase lag corresponds
to positive airflow-to-structure energy transfer, providing the energy
needed to initiate vibration and causing the amplitude to grow as the
lock-in mechanism begins. A sharp transition in phase occurs immedi-
ately after the peak vibration amplitude, marking the entry into the
lower branch. At this point, the phase angle shifts rapidly toward 180�,
indicating that the lift force is nearly out of phase with the cylinder’s
oscillation displacement. For all configurations, the phase angle settles

around 165�–170�, shortly after the peak, and continues to shift
toward 180� throughout the rest of the lock-in regime. As the phase
angle approaches 180�, the net energy transfer from the airflow to the
structure diminishes, elucidating the declining amplitude observed in
the lower branch of the lock-in regime. The phase angle behavior, par-
ticularly the observed 180� jump during transitions between initial and
lower response branches, aligns closely with the findings of Khalak
and Williamson.9 Their work demonstrated similar discontinuities in
phase associated with mode transitions in vortex-induced vibrations at
low mass-damping.

These findings highlight that the use of endplates primarily mod-
ulates the phase behavior at the onset of the lock-in regime, which
directly affects mean power input via Eq. (9). Thus, a more favorable
phase (larger sinu) at onset can increase energy transfer only if the
aerodynamic forcing is comparable. In the present data, the no-
endplate case displays a phase angle that is more favorable for energy
transfer than the 2D and 3D cases at onset; however, the lift amplitude
for the no-endplate configuration is roughly six times smaller than for
the 3D endplate case. As a result, the product CLsinu—and therefore
the expected mean power input—remains substantially larger for the
3D configuration despite its less favorable phase. Beyond the onset
region, the phase responses converge and differences in energy input
become dominated by the differing lift amplitudes rather than timing.

The evolution of the frequency ratio f�, defined as the ratio of the
oscillation frequency to the natural frequency of the system, is shown
in Fig. 12(b) for the three studied configurations. Interestingly, the fre-
quency ratio also changes throughout the lock-in regime, reflecting the
dynamic coupling between the airflow and the oscillator.

At the onset of lock-in, the bare cylinder and the 2D-sized end-
plates configuration begin oscillating very close to their natural

FIG. 10. Amplitude ratio, drag and lift
coefficients as a function of reduced
velocity for the 3D endplates experimental
set (m�¼146, f¼ 0.3%): (a) No end-
plates; (b) Dep¼2D; (c) Dep¼3D.
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frequency, with a frequency ratio of approximately 1.00. In contrast,
the 3D-sized endplate case shows a slightly lower initial value of about
0.99. Given that all other factors remain unchanged, this reduction is
attributed to the complete flow confinement imposed by the larger
endplates.

As the air velocity increases, all configurations converge to a fre-
quency ratio near 0.99, which is maintained consistently through the
initial branch of the lock-in regime up to the point of peak vibration

amplitude. However, immediately after the peak, a noticeable shift
occurs: the frequency ratio increases slightly above unity for all cases.
The rise is more pronounced for the 2D- and 3D-sized endplate
configurations, but by the time the system approaches the end of the
lock-in regime, all configurations exhibit a frequency ratio of approxi-
mately 1.01.

This behavior parallels the low-mass-ratio cylinder tests of
Khalak andWilliamson,8 who observed that the nondimensional oscil-
lation frequency deviates slowly from unity as the reduced velocity
increases, reflecting the evolving coupling between body motion and
wake vortex dynamics rather than pure structural resonance.

While the vibration frequency ratio varies very slightly (i.e., from
0.99 to 1.01, corresponding to an absolute change of 60.037Hz
around the 3.74Hz natural frequency of the 3D-sized endplates experi-
mental set configurations), this shift still exceeds the60.014Hz uncer-
tainty imposed by the 1ms sampling interval by more than a factor of
two, confirming that the observed ratio change is trustworthy and not
due to measurement resolution limitations.

This behavior indicates that the transition from the initial to the
lower branch is not only marked by abrupt changes in aerodynamic
loading and phase angle, but also by a subtle but measurable variation
in vibration frequency.

C. Post-lock-in regime

As the reduced velocity increases beyond the lock-in region, the
system transitions into the post-lock-in regime, where the vortex shed-
ding frequency is no longer synchronized with the natural frequency
of the structure. The aerodynamic behavior of the system in the post-
lock-in regime reveals distinct differences between the studied configu-
rations, particularly in how the wake develops once structural oscilla-
tions subside. The pressure coefficient distributions, shown in
Fig. 13(a), indicate that the bare cylinder and the 2D-sized endplate
configurations exhibit nearly identical Cp profiles in this regime. Both

FIG. 11. Pressure coefficient STD varia-
tion in the lock-in regime at different probe
locations for the 3D-sized endplates
experimental set (m�¼146, f¼ 0.3%): (a)
Pre-peak and (b) post-peak.

FIG. 12. Characteristics of the lock-in regime for the 3D endplates experimental set
(m�¼146, f¼ 0.3%): (a) Phase angle. (b) Frequency ratio.
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cases show a minimum pressure coefficient of approximately
Cp¼�0.5 on the cylinder sides, closely matching the values observed
during the pre-lock-in regime. The observed similarity can be attrib-
uted to the fact that the 2D-sized endplates, despite being attached at
the cylinder ends, only alter the flow in the immediate tip regions. As a
result, the mid-span section, where the pressure taps are located,
remains largely unaffected, yielding pressure distributions that closely
align with the bare-cylinder case.

In contrast, the 3D-sized endplates configuration exhibits a mark-
edly different pressure distribution. The minimum Cp value drops to
around �0.75, indicating a stronger suction region on the cylinder
sides. This enhanced pressure differential suggests that 3D-sized end-
plates promote more intense vortex dynamics in the wake, even in the
absence of significant cylinder motion.

The drag coefficient further reinforces this trend. For both the
bare cylinder and the 2D-sized endplates configurations, the drag coef-
ficient stabilizes around Cmean

D ¼ 0.64, consistent with the values
observed in the pre-lock-in regime. However, the 3D-sized endplates
configuration maintains an elevated drag coefficient of Cmean

D ¼ 0.92,
reflecting a stronger base suction and more persistent vortex structures
in the wake.

The spectral analysis of the lift-force signal was performed using
the fast Fourier transform (FFT) with a nominal frequency resolution
of 0.017Hz, based on a 60 s record. The resulting spectra are shown in
Figs. 13(b)–13(d). Both the no-endplate and 2D-sized endplate cases
show no clear dominant frequency, indicating the absence of coherent
vortex structures. In contrast, the 3D-sized endplate configuration
exhibits a strong spectral peak at St¼ 0.18, a value consistent with clas-
sical vortex shedding from a fixed circular cylinder. This observation
suggests that the 3D-sized endplates help maintain organized vortex
shedding even in the post-lock-in regime, where the structure is not
actively oscillating, likely due to suppression of end effects.

Figure 14 presents the time-domain signals and corresponding
frequency spectra of the lift coefficient and amplitude ratio for the con-
figurations without endplates [Fig. 14(a)] and with 3D-sized endplates
[Fig. 14(b)], which provide further evidence of the distinct aerody-
namic behavior in the post-lock-in regime. In the no-endplate case,
both the lift force and structural motion exhibit minimal fluctuation.
The time-domain signal of CL appears flat, and the corresponding fre-
quency spectrum reveals no dominant frequency. Although the ampli-
tude spectrum of A� shows a very weak peak near the natural
frequency, the amplitude ratio remains below 0.01, indicating that the
cylinder is nearly stationary, experiencing only vibrations at the back-
ground noise level. In contrast, the 3D-sized endplate configuration
displays a markedly different behavior. The lift coefficient shows
noticeable unsteady fluctuations, and the frequency spectrum of CL

reveals a dominant peak at St¼ 0.18, consistent with coherent vortex
shedding. Interestingly, the amplitude spectrum of A� for this case
shows two peaks: one corresponding to the natural frequency of the
oscillator and the other near the vortex shedding frequency. This sug-
gests that the cylinder is not perfectly stationary, but is undergoing
small, irregular oscillations induced by the fluctuating aerodynamic
forces, without establishing coherent harmonic motion.

It is also seen that there is a peak at 6.5Hz in the amplitude
response spectra for both the bare cylinder and the 3D-sized endplate
configurations. Interestingly, no corresponding discrete peak is
observed in the lift-force spectra, indicating that this vibration is not

directly driven by strong, coherent aerodynamic forcing. Instead, the
presence of the amplitude peak at 6.5Hz in both cases likely results
from weak or broadband flow disturbances. While these disturbances
may not generate a strong spectral signature in the lift force, they are
still capable of exciting a measurable structural response. Moreover, a
comparison of the lift-force power spectral densities reveals elevated
energy in the 6–9Hz range for the 3D-endplate case relative to the
bare cylinder, further supporting the presence of broadband aerody-
namic excitation contributing to the observed weak structural
response. Given the low damping and high sensitivity of the system,
even small, random aerodynamic fluctuations arising from turbulent
wake structures can induce small but detectable vibrations in the post-
lock-in regime.

These findings demonstrate that while all configurations eventu-
ally settle into a mechanically stable state in the post-lock-in regime,
the 3D-sized endplate configuration continues to exhibit intense
unsteady aerodynamic behavior. In contrast, the wake responses for
the bare cylinder and 2D-sized endplate cases become negligible and
largely unobservable.

D. Cylinder wake flow visualization analysis

To further elucidate the results in the pressure and force measure-
ments, qualitative flow visualization was conducted to gain insight into
the wake structures associated with different endplate configurations
and flow regimes.

A complete set of flow visualization snapshots illustrating the
pre-lock-in, lock-in, and post-lock-in regimes is provided in Fig. 15 for
the bare cylinder and in Fig. 16 for the 3D-sized endplate configura-
tion. Each figure includes the amplitude ratio vs reduced velocity plot,
where specific flow visualization frames are annotated along the curve
to indicate the corresponding operating points. These visualizations
capture the evolution of the wake structure across all dynamic regimes,
highlighting the changes in flow behavior relative to the system’s vibra-
tion response. This combined view allows for direct correlation
between oscillation amplitude, reduced velocity, and wake dynamics in
both configurations.

Flow visualization during the pre-lock-in regime reveals no dis-
tinct vortex formation in any of the studied configurations. The wake
appeared diffuse and lacked organized vortex shedding structures,
indicating the absence of coherent unsteady flow dynamics. Notably,
the addition of endplates did not introduce any significant change to
the wake structure in this regime. The flow fields for the bare cylinder
[Fig. 15(b)] and the 3D-sized endplate configuration [Fig. 16(b)]
exhibit nearly identical wake behavior in the near field. While the no-
endplate configuration did not show any clear patterns, the 3D-sized
endplates produced some faint flow structures further downstream,
approximately 2–3 cylinder diameters behind the body. However, no
organized vortex shedding was observed near the cylinder surface, and
these weak downstream features did not correlate with any significant
lift force fluctuation. This qualitative observation is consistent with the
force measurements, which showed no dominant frequencies or oscil-
latory forcing during the pre-lock-in regime (Fig. 9). These results con-
firm that at low velocities, structural flexibility suppresses vortex
formation, and the endplates have negligible influence on near-wake
dynamics.

Flow visualization during the lock-in regime revealed the onset of
organized vortex shedding, coinciding with the start of structural
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vibration. Remarkably, for all configurations, the initiation of lock-in
occurred at a Strouhal number of approximately St¼ 0.18, indicating
that the fundamental shedding frequency is preserved regardless of the
presence or absence of endplates. Near the beginning of the initial
branch (low-amplitude regime), the wake structure appeared nearly
identical for the bare cylinder and the 3D-sized endplate configuration.
Figures 15(c) and 16(c) show representative flow fields from both con-
figurations at U�¼ 5.8, confirming the visual similarity in vortex shed-
ding structure and near-wake behavior at the early stage of lock-in.
Both cases exhibited well-organized, alternating vortex shedding (2S
mode) that was symmetrical and periodic in nature. This similarity in
wake behavior was maintained up to an amplitude ratio of approxi-
mately A� � 0.3. Beyond this threshold, differences in wake dynamics
began to emerge as the system moved to the higher air velocities.

As the reduced velocity increases, the 3D-sized endplate configu-
ration transitions to the lower branch of the VIV response at approxi-
mately U�¼ 6.3, marked by a slight decrease in vibration amplitude
following the peak. In contrast, the no-endplate configuration remains
in the initial branch, where a continued increase in air velocity leads to
higher amplitude vibrations. The difference in wake behavior between
these two cases becomes especially pronounced at U�¼ 6.7 [Figs.
15(d) and 16(d)]. At this velocity, both configurations operate at the
same Reynolds number and exhibit similar oscillation frequencies, yet
their wake structures diverge significantly—a clear illustration of the
impact of endplates.

For the bare cylinder at U�¼ 6.7 [Fig. 15(d)], the wake transitions
from a classical 2S vortex shedding pattern to a 2P structure, where
two pairs of vortices are formed per oscillation cycle. The vortex for-
mation occurs very close to the cylinder surface, indicating strong
flow-body coupling and large lift force fluctuation. In contrast, the
3D-sized endplate configuration at the same velocity [Fig. 16(d)] also
exhibits a 2P wake pattern, but with vortex formation shifted signifi-
cantly farther downstream.

These visual observations are consistent with the lift force mea-
surements at U�¼ 6.7: the bare cylinder exhibits a high RMS lift coeffi-
cient of approximately 0.8, while the 3D-sized endplate configuration
shows a significantly lower RMS value around 0.3. Despite similar
upcoming flow and system conditions, the large disparity in lift fluctu-
ation confirms that the presence of the endplates alters the fluid-
structure interaction, shortening the duration of strong coupling
between the flow and the structure in the initial branch.

As the reduced velocity continues to increase, the amplitude ratio
curves for all configurations begin to merge in the lower branch
around U�¼ 8.0� 8.3. At this point, the differences in vibration
amplitude across configurations diminish, and the flow behavior
becomes increasingly similar. Flow visualization at U�¼ 8.3, corre-
sponding to an amplitude ratio of approximately 0.15, reveals that the
wake structures of the bare cylinder and the 3D-sized endplate config-
uration become nearly indistinguishable. As shown in Figs. 15(e) and
16(e), both configurations display a 2P vortex shedding pattern, with

FIG. 13. Pressure coefficient distributions
and lift force spectra for the flexibly
mounted cylinder in the post-lock-in
regime (3D endplates experimental set:
m�¼146, f¼ 0.3%): (a) Pressure coeffi-
cient CP; (b) CL frequency spectrum of the
bare cylinder; (c) CL frequency spectrum
of the cylinder with 2D endplates; and (d)
CL frequency spectrum of the cylinder with
3D endplates.

FIG. 14. Lift force and the response of the
system (3D-sized endplates experimental
set: m�¼146, fn¼3.74 Hz, f¼ 0.3%) in
the post-lock-in region: (a) no-endplate
with added mass and (b) with endplates of
Dep¼3D.
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vortex formation occurring further downstream as the flow velocity
increases. This indicates a progressive elongation of the wake and a
shift toward weaker flow-body coupling.

The observed similarity in wake behavior coincides with the
merging of the amplitude response curves, suggesting that the influ-
ence of endplates becomes negligible in this regime. This is further
supported by the force measurements shown in Fig. 10, where both
the drag and lift coefficients also converge at approximately the same
reduced velocity. Together, these observations confirm that beyond U�

� 8.3 of the lock-in the system enters a regime where endplate effects
are no longer significant.

Flow visualization in the post-lock-in regime (U� > 9.2) revealed
a significant difference in wake behavior between the configurations
with and without endplates. For the bare cylinder, no coherent vortex
shedding patterns were observed. In contrast, the 3D-sized endplate
configuration exhibited a well-defined Karman vortex street, character-
ized by alternating vortices shed downstream in a classic, symmetric

pattern. This observation aligns closely with the lift force spectra pre-
sented in Fig. 14, in which the no-endplate case showed no significant
fluctuation in CL, while the 3D-sized endplate case displayed a strong
spectral peak at St¼ 0.18.

V. CONCLUSIONS

This study presents a comprehensive experimental investigation
into the three-dimensional effects of finite-length circular cylinder
oscillators and examines the influence of endplates on their aerody-
namic behavior and energy harvesting potential during vortex-induced
vibration (VIV). Two configurations were examined: a rigidly mounted
stationary cylinder, used as a reference case, and a flexiblymounted cyl-
inder allowed to oscillate transversely under flow-induced excitation.
For the stationary cylinder, five configurations were tested: a bare cylin-
der and cylinders with circular endplates of four different sizes. In the
VIV experiments, three setups were evaluated: a bare cylinder and cyl-
inders equipped with double-diameter and triple-diameter circular

FIG. 15. Wake structure visualization of
the no endplates configuration (m�¼146,
f¼ 0.3%): (a) Amplitude ratio vs reduced
velocity plot; (b) pre-lock-in at U�¼5; (c)
initial branch at U�¼5.8; (d) initial branch
at U�¼6.7; (e) lower branch at U�¼8.3;
and (f) post-lock-in at U�¼10.

FIG. 16. Wake structure visualization of
the 3D endplates configuration (m�¼146,
f¼ 0.3%): (a) Amplitude ratio vs reduced
velocity plot; (b) pre-lock-in at U�¼5; (c)
initial branch at U�¼5.8; (d) lower branch
at U�¼6.7; (e) lower branch at U�¼8.3;
and (f) post-lock-in at U�¼10.
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endplates. The experiments explored the system behavior across the
pre-lock-in, lock-in, and post-lock-in regimes using synchronizedmea-
surements of pressure distribution, structural response, force coeffi-
cients, and flow visualization.

The stationary cylinder results provided two key insights. First,
they established a practical cutoff for endplate effectiveness: circular
endplates with a diameter of approximately triple of the cylinder diam-
eter are sufficient to suppress spanwise flow and reproduce aerody-
namic behavior similar to that of an infinite-length cylinder. Larger
sizes of the endplates offer no added benefit. Second, the addition of
endplates significantly increases the fluctuation amplitude of lift coeffi-
cient, i.e., from CRMS

L � 0.05 for the bare cylinder to CRMS
L � 0.19 with

endplates of sizes 3D and larger, highlighting their potential to enhance
unsteady aerodynamic loading.

For the flexibly mounted cylinder, the system’s response varied
considerably. In the pre-lock-in regime, all configurations, regardless
of the addition of endplates, exhibited minimal vortex formation and
negligible lift fluctuations. This indicates that endplates have no signifi-
cant aerodynamic effect prior to the onset of lock-in. In the lock-in
regime, the bandwidth of vibration, as well as the onset and termina-
tion of synchronized oscillations, remained unaffected by the presence
of endplates across all studied cases, including both the 2D- and 3D-
sized endplate experimental sets. However, within the lock-in regime,
the oscillation amplitude and aerodynamic response of the cylinder
were highly dependent on the endplate size. This indicates that while
endplates do not alter the window of the airflow velocity over which
vibrations occur, they significantly influence the dynamics of the cou-
pled fluid–structure interaction.

The 3D-sized endplate experimental set (m�¼146), in which
mass differences between configurations were compensated, isolated
the aerodynamic influence of the endplates on the system’s dynamic
response. In terms of oscillation amplitude response, the influence of
endplates became evident in the initial branch starting from U� 	 6.3
(where A� 	 0.3) and persisted through the peak vibration into the
lower branch past U� 
 8.3 (where A� 	 0.15). In terms of lift force
response, both the 2D- and 3D-sized endplate cases showed a sudden,
steeper rise in lift coefficient at the onset of the initial branch and
higher peak values. However, after U� 	 7.2, in the lower branch, the
lift coefficients for all configurations converged and remained nearly
identical. The 3D-sized endplate configuration produced the most pro-
nounced effect, shortening the initial branch, reducing the peak ampli-
tude, and triggering an earlier transition into the lower branch, despite
generating the most intense lift fluctuations among all configurations.
In contrast, the 2D-sized endplates slightly increased the peak ampli-
tude relative to the bare cylinder. These results demonstrate that the
observed changes in oscillator behavior were predominantly driven by
aerodynamic modifications due to the endplates, rather than by varia-
tions in structural inertia.

A comparison between the bare cylinder and configurations with
2D-sized endplates highlights the combined effects of endplate size
and added mass. The bare cylinder without added mass (m�¼105)
achieved a peak amplitude of A�¼0.47, while the same cylinder
equipped with 2D-sized endplates (m�¼121) reached peak amplitudes
of A�¼0.48, suggesting that although increased mass generally sup-
presses vibration amplitude, the aerodynamic benefit provided by the
endplates can offset this effect, leading to a net gain in energy harvest-
ing potential.

In the post-lock-in regime, the aerodynamic behavior diverged
sharply between configurations. The lift force spectrum analysis (i.e.,
obtained based on the surface pressure measurements at the mid-span
of the cylinder) for the bare cylinder and the 2D-sized endplate cases
shows similar results with no dominant peak, indicating no coherent
vortex shedding and a minimal flow-structure coupling state at the
mid-span of the cylinder. In contrast, the 3D-sized endplates main-
tained organized vortex shedding, evidenced by the spectral peak at
St¼ 0.18, even in the absence of significant transverse motion,
highlighting their strong role in confining the flow and stabilizing vor-
tex formation in the wake. These findings demonstrate that even when
structural motion is suppressed due to high-frequency aerodynamic
forcing (fv� fn), the use of endplates with sizes of three times the
diameter or larger can effectively mitigate end effects and maintain
unsteady flow conditions.

In summary, while endplates do not alter the onset or termina-
tion of the lock-in regime, they exert a critical influence on the system’s
dynamic response within resonance, fundamentally shaping the ampli-
tude and nature of the coupled fluid-structure interaction. These find-
ings underscore the significant impact of endplate size on VIV
behavior and reveal promising design pathways for next-generation
VIV-based energy harvesting systems. Beyond advancing the under-
standing of bluff body aerodynamics, this study opens new avenues for
optimizing performance through deliberate geometric modifications of
the oscillators.
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APPENDIX: EFFECT OF ENDPLATES ON FLOW
AROUND A STATIONARY CYLINDER

Figure 17 shows the pressure distributions around the cylinder
for all five configurations, including bare cylinder and cylinder with
endplates of four different sizes (2D, 3D, 3.5, and 7D), at 1.96 and
3.93m/s. The measured Cp distributions remained consistent across
the tested air velocities, indicating stable aerodynamic behavior.
The results show that endplates have little effect on the upwind
Cp (0�–45� and 315�–360�) but markedly deepen the downwind
suction (45�–315�): the cylinder with 2D-sized endplates exhibited
higher negative Cp values than the bare cylinder, while the cylinder
with 3D-sized endplates showed an even further increase in the Cp

magnitude. Once the endplate size exceeds 3D (i.e., 3.5D and 7D),
the Cp profiles become essentially identical, indicating that further
increases of the endplate size beyond 3D have a minimal effect, con-
sistent with previous studies.2

In addition to the pressure coefficient distributions, the aero-
dynamic performance of the stationary cylinder was further evalu-
ated using the drag and lift coefficients, as well as the Strouhal
number. The drag coefficient CD was calculated using the time-
averaged drag force, representing the steady component of the flow-
induced loading. The root mean square (RMS) of the lift coefficient
CRMS
L was used to assess the unsteady nature of the vortex shedding

and its influence on transverse loading.
The Strouhal number St, characterizing the frequency of vortex

shedding, was computed based on spectral analysis of the lift force
signal, providing insight into the wake dynamics and their depen-
dence on flow velocity and endplate configuration.

The experimental results for all configurations—including the
drag and lift coefficients and Strouhal numbers—are summarized in
Table I, which compares the aerodynamic effects introduced by the
different endplate sizes under stationary conditions.

It is revealed that the addition of endplates significantly
increases both drag and lift on the stationary cylinder. Compared to
the no-endplate configuration, the time-averaged (mean) drag coef-
ficient Cmean

D increases by more than 40% for the configures with
3D-sized endplates and larger, reflecting enhanced pressure drag
due to the spanwise-flow suppression and wake modification.
Similarly, introducing 2D-sized endplates boosts CRMS

L by approxi-
mately 50%, while the endplates with sizes of 3D or greater elevate
CRMS
L to over 0.18—a more than threefold increase—indicating

intensified vortex shedding and higher induced unsteady transverse
loading. Finally, the Strouhal number increases modestly from
0.183 (for the no-endplate configuration) to 0.202–0.215 (for the
cases with endplates), suggesting a slight upward shift in vortex
shedding frequency.
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