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This research explores the potential of vortex-induced vibration (VIV) as
a viable renewable energy source for harvesting low-speed wind energy,
particularly for low-power sensors utilized in structural health
monitoring. By integrating experimental methods, mathematical
modelling through the wake oscillator model, and computational fluid
dynamics (CFD) simulations, we present a holistic examination of fluid-
structure interaction (FSI) in the context of energy generation. The
experimental phase involved an elastically mounted circular cylinder
positioned on an aluminium beam inside a wind tunnel, where the
Reynolds number varied from 4,100 to 11,500. The cylinder's motion was
limited to the transverse direction, leading to significant findings within
the lock-in region—characterized by the highest amplitudes of vibration
and, correspondingly, the greatest power output. Our data indicated that
increased oscillation amplitudes enhanced piezoelectric voltage and
power output, primarily due to increased strain within the piezoelectric
layers. The peak output voltage was recorded at a reduced velocity (Ur)
of 5.7, while the optimal load resistance for energy extraction was
determined to be 6.56 MQ based on repeated experimental trials.
Mathematical modelling was then implemented, bringing a deeper
phenomenological understanding through the wake oscillator model,
which could effectively explain the lock-in range and amplitude of
experimental data. Moreover, numerical simulations utilizing the SST k—
o turbulence model further contributed insights into the vortex dynamics

behind the cylinder and their response to varying flow speeds.
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1. Introduction

Flow-induced vibration is a complex phenomenon resulting from the interaction between
submerged structures and surrounding fluid flow. This phenomenon predominantly occurs in
cylindrical structures, including pipes, bridge foundations, offshore towers, and power
transmission line structures. It potentially significantly impacts the device's performance, stability,
and longevity [1, 2]. The significance of examining Flow-Induced Vibration (FIV) lies in the
potential for damage, structural fatigue, and eventual failure if this phenomenon is not managed.
Consequently, comprehending this phenomenon is essential for mitigating damages and enhancing
the design of engineering structures.

Various types of FIVs are contingent upon dynamic behavior and flow parameters. Vortex-induced
vibration transpires when vortices symmetrically develop behind the structure, resulting in
periodic oscillations of the structure. This phenomenon frequently manifests at low velocities,
exacerbated by the synchronization between the structure's natural frequency and the frequency of
vortex formation [3]. Galloping is a form of vibration that appears in structures with non-circular
cross-sections, resulting from the asymmetrical air pressure exerted on the structure's surface at
higher velocities. Wake-induced vibration denotes the oscillations resulting from the interaction
between multiple structures positioned sequentially in a flow, arising from the interference of
vortices generated by the upstream with the downstream structure. Flutter is a form of unstable
oscillation that typically occurs in fins and flexible structures, resulting from the intricate interplay
between aerodynamic forces and the dynamic behavior of the structure [4].

The experimental exploration of these phenomena is crucial for a comprehensive knowledge of
dynamic behavior and the validation of theoretical models. The mathematical modeling of these
phenomena facilitates the formulation of equations and analytical linkages for predicting structural
behavior. Furthermore, as a cost-efficient and adaptable method, numerical simulation enables
examining the effects of diverse flow and structural characteristics. The concurrent use of these
three methodologies—experimental analysis, mathematical modeling, and numerical simulation—
enhances result accuracy and fosters a more thorough comprehension of FIV. In recent years,
numerous studies have been undertaken to examine FIVs of cylinders in wind tunnel experiments.
Kim et al. [5] examined the FIV of an elastic circular cylinder in proximity to a control cylinder
through wind tunnel tests. The results indicated that the placement of the control cylinder
effectively diminished vibrations, and four distinct vibration response patterns were found, with
some resulting in the total suppression of FIV. Ma et al. [6] studied the vortex-induced vibrations
of two rectangular cylinders in a wind tunnel experiment. The findings indicated that the
downstream cylinder undergoes greater vibrations than the upstream cylinder, and the spacing
between the cylinders significantly influences the aerodynamic characteristics. Proper orthogonal
decomposition showed that the first mode predominates in the vibrations of the downstream
cylinder, whereas the second mode is predominant in the vibrations of the upstream cylinder. Fan
et al. [7] explored the FIVs of many flexible cylinders within a wind tunnel. The research
demonstrated that the arrangement of the cylinders significantly influences the vibration responses,
identifying four distinct vibration regimes for the back-to-back cylinders.

Divergent vibrations akin to galloping were seen in certain combinations, demonstrating the
potential to harvest wind energy with an efficiency of up to 52% at specific speeds. Sun et al. [8]
investigated the impact of a fishtail-shaped flexible cover on mitigating FIVs in a wind tunnel. The
findings indicated that vortex-induced vibrations with a length ratio of 0.9-1.3 saw a reduction of
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94%-98%. For elevated ratios, galloping-type instability occurred due to interference with specific
harmonics of the system. Bourguet and Mathis [9] examined the influence of inlet flow on vortex-
induced vibrations in a wind tunnel. The findings indicated that free ends enhance the amplitude
and alter the range of locked velocities. The removal of the end plate resulted in a reduction of
vibration amplitude, while turbulent flows induced a 45% rise in vibration amplitude. Giri et al.
[10] inspected the flow-induced vibrational characteristics of a flexible plate affixed to a cylinder
within a wind tunnel. Three vibrational regimes were identified: early excitation, transition, and
stabilization. In the constrained regime, restricted cycle oscillations were noted.

The wake oscillator model is an essential tool for modeling FIVs, particularly utilized to mimic
the vibrational response of structures to the oscillating forces. The force generated by the oscillator
serves as an input to the structure's equation of motion, yielding the vibration behavior of the entire
system. This model can accurately anticipate complicated phenomena, including lock-in and
restricted cycle vibrations. However, reliance solely on the wake oscillator model may lack
precision in certain contexts, and it is recommended to employ experimental tests or numerical
simulations for validation. In recent years, numerous studies have been conducted on applying the
wake oscillator model for simulating FIVs. Opinel and Srinil [11] examined vortex-induced
vibrations in oscillatory flow utilizing a nonlinear model grounded in van der Pol wake oscillators.
The results indicated that this model effectively simulates the qualitative and quantitative attributes
of FIV and accurately predicts the impacts of various parameters; nevertheless, it has limitations
in predictive accuracy in certain instances.

Fan et al. [12] studied FIVs in tandem cylinders under varying inlet flow with a mathematical
model, incorporating two semi-coupled structural oscillators and a wake oscillator. The results
demonstrate that the model with calibrated parameters well replicates the nonlinear and bifurcated
responses of cylinders; however, in certain instances, the predictions of downstream cylinder
vibration amplitudes are inconsistent. Feng et al. [13] employed a modified wake oscillator model
that accounts for the stochastic nature of drag and lift coefficients to examine the VIV of tall
cylinders in uniform flow. The findings indicated that the stochastic model can replicate the
dispersion of vibration amplitude, multi-frequency effects, and frequency multiplication; however,
it is less precise in predicting the frequency of vibrations in the in-line direction due to the
exclusion of coupling. Zhang et al. [14] devised an enhanced wake oscillator model to predict the
vortex-induced vibration responses of cylinders at low damping ratios—modifications involved
adjusting power coefficients according to diminished velocity. The findings indicated that the
model accurately predicts maximum amplitudes at low damping ratios, although it demonstrates
poor performance at elevated damping ratios. Ferreira and Avila [15] created a model comprising
two structural oscillators and two back-to-back oscillators to examine FIVs in two adjacent
cylinders. This model was employed to investigate the mass-damping characteristics across
various spacing ratios. The numerical outcomes aligned closely with the experimental data,
particularly in predicting the maximum amplitudes, despite minor discrepancies noted in the lock-
in range at lower spacing ratios.

Numerical simulations are a crucial and extensively utilized technique in modeling FIVs, enabling
researchers to meticulously analyze the dynamic behavior of structures interacting with fluid flow.
Employing techniques like computational fluid dynamics may ascertain the distribution of
aerodynamic forces, including lift and drag, on structural surfaces and subsequently correlate them
with structural couple models to evaluate the dynamic response of the structure. Nonetheless,
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relying solely on numerical simulations without the reinforcement of mathematical modeling or
experimental validation may result in predictive inaccuracies, as various parameters, including
turbulence and intricate fluid-structure interactions, are not precisely represented. Extensive
studies have been conducted on numerical simulations in the domain of FIV. Rabiee [16] employed
an active controller to mitigate the FIVs of a square-section cylinder that operates in two
dimensions. The numerical simulations demonstrate that the control system has successfully
diminished the amplitude of oscillations in both the lock-in and galloping zones by 94% and 99%,
respectively. Rabiee and Esmaeili [17] examined the feedback control system employing rotary
oscillation to mitigate FIVs of two cylinders arranged back-to-back. The results indicate that when
rotational oscillation is supplied to both cylinders, their oscillations are entirely mitigated, but
under other conditions, the influence diminishes, necessitating independent management for each
cylinder. Mosaferi et al. [18] have quantitatively examined the VIV and convective heat transfer
surrounding a cylinder under the influence of a magnetic field in both longitudinal and transverse
orientations. The simulations indicate that the transverse magnetic field entirely suppresses the
oscillations. However, the longitudinal field alters the oscillations based on the lowered velocity.
Rabiee and Esmaeili [19] have explored the properties of energy extracted from the vortex-induced
vibrations of three cylinders arranged in a triangle configuration at various flow angles. The
findings indicate that an angle of 45 degrees for energy harvesting yields the maximum RMS (Root
Mean Square) value of 5.82, reflecting a 288% enhancement in gathered power relative to the
scenario with individual cylinders. Mohammadebrahim et al. [20] have studied various techniques
for concurrent suction and blowing to mitigate FIVs of the cylinder at two distinct Reynolds
numbers. The simulations indicate that the mass flow rate and flow velocity are the most significant
factors in mitigating variations.

Despite multiple efforts to simulate the FIVs of a circular cylinder, each method—experimental
testing, mathematical modeling via the wake oscillator model, and numerical simulations—
exhibits inherent limitations. This study comprehensively integrates experiments, wake oscillator
modeling, and CFD analysis to explore vortex-induced vibration. Experiments provide real-world
measurements like lock-in amplitudes and energy generation, while CFD visualizes detailed flow
dynamics and vortex patterns. The wake oscillator model predicts dynamic responses, capturing
nonlinearities in fluid-structure interactions. Combining these methods addresses individual
limitations, offering cross-validation and deeper insights into complex phenomena. This
integration is crucial for optimizing VIV-based energy harvesting systems, such as bladeless wind
turbines, and advancing theoretical and practical understanding.

This article explores an energy harvesting strategy using vortex-induced vibrations to generate
electricity through a piezoelectric system. The method leverages the natural oscillations of a
cylindrical structure subjected to fluid flow, with oscillations in the transverse direction enabling
controlled energy conversion. The strategy combines experimental, mathematical, and numerical
approaches with a circular cylinder mounted on an elastic beam in a wind tunnel. A piezoelectric
layer converts vibrations into electrical energy, with maximum output achieved at an optimal load
resistance.
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2. Experimental study
2. 1. Experimental setup

This section focuses on experimentally assessing the energy harvesting from cylinder oscillations
and evaluating the tip displacement of the cylinder. The specifications of the experimental setup,
including the wind tunnel, circular cylinder placed in the test section, and the energy harvesting
circuit, are presented in Figure 1. This experimental setup is designed to simultaneously study the
cylinder's displacement and energy generation through the piezoelectric effect induced by VIV.
The vibrating cylinder has a circular cross-section with a diameter D=32 mm and height H=113
mm. It is elastically mounted on an aluminum beam, which limits its oscillations to a one-degree-
of-freedom vibration in the transverse direction (y). The beam has a length of 135 mm, a width of
25 mm, and a thickness of 0.6 mm.

This study uses a low-speed, open-circuit wind tunnel with the test section dimensions of
300x300x500 mm?>. The blockage ratio for the experimental setup is approximately 4.2%. As
noted by Holmes [21], corrections for the blockage ratio effect are not required for this value in
the experimental results.

One of the key aspects of this study is to investigate the influence of flow velocity (U,) on VIV
and the harvested power by the piezoelectric system attached to the cylinder. To analyze the effect
of varying flow velocity on the VIV of the elastically mounted cylinder and the harvested energy,
a variable-speed suction fan is used, capable of generating flow velocities in the range of 2 to 25
m/s. The wind tunnel effectively reduces turbulence intensity and provides a uniform and steady
flow in the test section with honeycomb screens. These honeycomb screens at the tunnel entrance
ensure a uniform flow and reduce turbulence (See Figure 1). Wind speed is measured using four
pressure taps symmetrically positioned on the sidewalls of the tunnel at a distance of
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Figure 1: Experimental setup and data acquisition process.
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approximately 8D from the cylinder. This distance minimizes the flow interference induced by the
cylinder on the pressure measurements. For energy harvesting, a piezoelectric layer is attached to
the clamped end of the aluminum beam, and through the VIV of the cylinder, electrical energy is
generated in the circuit with a load resistance (R). The piezoelectric layer and related circuit used
in this study enables optimal energy harvesting from cylinder vibrations. This piezoelectric
material is a polyvinylidene fluoride (PVDF) sheet of model LDT1-0.28K, with dimensions
30x12.3x0.2 mm°. As shown in Figure 1, the RMS voltage across the load resistance is recorded
using a digital voltage measuring instrument with an accuracy of 1% and a resolution of 1 mV.
The cylinder's displacement is measured using a camera and image processing technique, the
details of which are provided in the following section.

2.2. Image processing

In numerous studies focusing on displacement measurement in vibrating mechanical systems, laser
sensors are commonly utilized for their high accuracy and rapid response. Shi et al. [22] proposed
an alternative approach, demonstrating that cameras can also serve as a precise tool for
displacement measurement. The findings of their study indicate that image processing techniques
can be superior to laser displacement sensors, particularly under high vibrational conditions of a
cylinder.

In this study, the cylinder's displacement is measured using a camera and image processing. A
Sony IMX582 sensor camera, capable of recording slow-motion videos at 240 frames per second,
is employed to capture the images. Each frame consists of 1280 pixels along the vibration
direction, allowing an accuracy of 100 um after pixel calibration. The cylinder is mounted to the
bottom of the wind tunnel. At the same time, the camera is placed horizontally above the tunnel to
record the bottom surface of the cylinder and its displacement during the experiment (See Figure
1). The Circle Hough Transform (CHT) and color-based object detection are two common feature
extraction techniques. CHT is a well-established method for identifying circular features in various
image processing applications. Besides that, color-based object detection is used to recognize,
differentiate, and classify colors in an image [23, 24], leading to a more robust yet naive approach
under sufficient lighting conditions. Here, the color-based object detection model is implemented
in MATLAB.

The main goal of this image-processing approach is to accurately track the cylinder's position over
time during transverse oscillation. The main outperformance of the image processing to the laser
measurements is in two degrees of freedom vibrations where simultaneously measuring the
transverse and in-line components of vibration through a single laser sensor is impossible. The
bottom surface of the cylinder is painted green to easily distinguish it from the background and
other elements of the image in each frame.

As shown in Figure 2, the first step is to convert each frame to a binary (black and white) image
based on the green spectrum after recording the video. Thus, in each frame, only the green areas
are identified as belonging to the bottom of the cylinder. The center of mass of discrete binarized
pixels is computed, which must define the geometrical center of the cylinder's bottom in ideal
conditions. To show the equivalence between these two points, one may draw a circle from the
obtained center of mass with a radius obtained from an ellipse, having the identical normalized
second central moments with the binarized region depicted with red color in Figure 2. This process
allows precise detection of the position and geometric shape of the cylinder's bottom due to the
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accurate matching of the algorithm to these specific pixels. Consequently, in all video frames, the
bottom circle of the cylinder is accurately identified and repeated continuously for each frame.
Having access to the positional data of the cylinder's bottom in each frame, one can easily obtain
the cylinder's spatial changes and displacement over time.

One of the challenges in this process is to convert the pixel position data into a real physical scale.
In other words, precise calibration is necessary to obtain the real-world measurements of the
cylinder, e.g., millimeter-scale from the pixel data. Since the pixels are considered as a square,
Ax_pixel=Ay pixel=A_ pixel, the following linear correlation has been found between the real and
the pixel scale after calibration as A_real (mm)=0.102A pixel-0.5936. This relation is valid only
at a specific distance of the camera from the object.

3. Mathematical modeling

This section describes the mathematical procedure for modeling the VIV behavior of the
compound cantilever beam-cylinder system. First, the system's dynamic is modeled with a mass-
spring-damper system of equivalent parameters subjected to flow-induced forces. Subsequently,
the vibrating system dynamic is coupled with a semi-empirical Van der Pole wake oscillator,
describing the vortex-shedding phenomenon. Finally, the model's merit is evaluated by comparing
the model predictions with experimental measurements.

Recording
frames
Calibration
H Pixel to mm
Isolating green
spectrum
Final Results
' 15 ;
White pixels - “j
center of mass - g °
| E 0
al j " 5
4 -10
Sequential 45
Frames
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Figure 1: Identification and extraction process of the cylinder's vibration
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3.1. Equivalent mass

The key to finding the parameters of the mass-spring-damper system is to calculate the equivalent
mass. Other parameters, such as equivalent damping and stiffness, are found to be based on
equivalent mass and natural frequency. To this end, we use the equivalence of the system and
cylinder centroid's kinetic energies, as shown in Figure 3. This is because the flow-induced forces
are considered exerted at the cylinder's centroid. The required experimental parameters are
provided in Table 1. The natural frequency f,, and the damping ratio { are obtained by applying
the fast Fourier transform (FFT) and the logarithmic decrement method to the free decay test data,
respectively.

|
| P (S (i et it L |
H _ I I
s . i|Ff(t)/Cemer of mass | I
b
NE i ' Ce Keg |
§ >\ Lgl S | I
=N Lm > t v I I
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Figure 2: The schematics of the structure under deflection with the equivalent mass-spring-damper at the
cylinder's center of mass.

Table 1. Experimental parameters
Ly, | Lp L. Ly | M, | M. | D fn Re
em) | (em) | m) | em) | @) | @) [ @] ¢ | @ | x10°
Value 85 [ 135 | 113|065 | 57| 4 3.2 1 0.0065 | 13.53 | 4.1~11.5

Parameter

The total kinetic energy of the system is the sum of the cantilever beam and the cylinder's kinetic
energies. However, the effect of fluid-added mass and piezoelectric layer on the system's kinetic
energy is neglected because of low air density and negligible PVDF sheet thickness compared with
aluminum substrate.

Tiotar = Tream + Tcylinder (1)

To begin with, one requires the analytical expressions for the deflection of the cantilever beam
(¥p) and cylinder (y,) when subjected to unsteady flow-induced force (Fy).

10
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oy
ye(x £) = yp(Ly t) + |Lb(x Ly) Lyy =x <Ly, + L 3)

In Equation (2), EI is the bending stiffness of the aluminum beam and My = F¢L, is the moment
of flow-induced force applied at the end of the beam. The derivation of Equation (3) is based on
considering a rigid structure for the cylinder. The following is the expanded form of the equations
above after substituting Equation (2) into Equation (3)

L
yp(x t) = E’;()( (3L, — )+7g) 0<x<L, 4)
_ f() 12 Lg Ly
velx ) = ?(b(:ﬁ?)“b (7+Lg)<"‘Lb)> )

Lps <x <Ly + L.
The total kinetic energy of the system can be written as

Lp,+Lc

1 (L )
Tiotat = Theam + Tcylinder = Ef pbAbyg dx + Ef pcAcyc dx (6)
0 L

by
Where py,, p. and A4,,, A, are respectively, density and cross-sectional area of the cantilever beam
and the cylinder, and overdots indicate the derivative with respect to time. From Equation (5), the
deflection of the cylinder's centroid y, and its respective kinetic energy Ty are found to be

= Ly + Ly t)_ﬁ(b(3+%g)+LbLg (%bﬂg)) 7)

1 .
Ty = 5 Meqysz (8)

where, M, is the equivalent mass of the mass-spring-damper system that describes the dynamics

of the cylinder's centroid. Finally, equivalent mass is found based on the equivalence of T;,,; and
T.

M Lp ;v N2 M Lp,+Lc /v 2

Moy =2 (&) dx + =< (32) dx ©)
Lb Vs Lc Lp Vs

Here, M, = ppApL, and M, = p A L. are the masses of the cantilever beam and the cylinder,

respectively. Equivalent damping C,, and stiffness K, are expressed in terms of natural frequency

wy, = 27 fy, structural damping ratio ¢ and equivalent mass M, as follows

Coq = 20w (Mg + M,) Keq = Wi (Mpq + M,) (10)
In Equation (10), M, = C,pmD?L./4is the air-added mass with C, being the added mass
coefficient, which is shown to be C, = 1 for circular cross-sections [25]. The mass ratio m* =
4Meq/ prtD?L is also calculated with the determination of the equivalent mass. Using the required

parameters from Table 1, the corresponding results of this section are calculated and provided in
Table 2.
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Table 2. Calculated properties of the equivalent mass-spring-damper system.

Parameter Meq Ceq Keq m*
(gr) (N.s/m) (N/m)
Value 5.628 0.0063 41.450 52.340

Figure 3: Schematic of vortex-induced forces and relative velocity in an upward motion of the cylinder.

The equation of motion for the equivalent mass-spring-damper system describing the dynamics of
the cylinder's centroid is written as

G+ 20wy + wly = — LD (11)
y le le Meq +Ma

The cross-flow, vortex-induced force Fy(t) is composed of vortex-induced lift (F, f) and vortex-
induced drag (Fp f)' In VIV analysis, the drag force is considered to be directed toward the relative

velocity between the free stream and the cylinder (W), and the lift force is perpendicular to that
[26], as shown in Figure 3. As the figure indicates, the drag force exhibits a resistance to the
cylinder's motion, known as the fluid-added damping. Later, it will be shown that this damping is
valued with a nonlinear term in the equation of motion with a greater effect at higher flow and
even cylinder velocities. By considering Figure 3, the vortex-induced force is expressed as

1
F(t) = Fy, cos6 — Fp sin6 = EpWZDL(CL cos 8 — Cp sin @) (12)

Here, C; and Cj, are respectively the coefficient of vortex-induced lift and drag, and @ is the angle
between the relative velocity W and the free stream U,,. The following relations are obtained from
the velocity triangle shown in Figure 3.

U y
cosH=W sin9=% W =,Uz%+ y? (13)
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Substituting Equation (13) in Equation (12), the flow-induced force can be written as

1
Fe(t) = EPDL\/ Ug +y*(Us €, —y Cp) (14)

The flow-induced force term in Equation (11) is expanded with Equation (14) and
nondimensionalized by normalizing displacement y with cylinder diameter D, and time t with
natural frequency w,,, to have the following form of equation of motion:

Cp /Urz U,C, | U?
.o 2 _Z -2 . — -2 15
y+ Z+2M Az TV Yty e a2z Ty (15)

where y is the dimensionless mass coefficient defined as u = (Mo, + M,)/pD?L,or p = m(m* +
C,)/4 based on the mass ratio m*. Back into Equation (11), the role of mass in the dynamics of
the cylinder becomes more evident such that greater mass and thus m*, degrade the induced-flow
force effects, resulting in a smaller lock-in height and width. Also, the term containing Cp
represents the fluid-added damping known as the stall term [27].

In Equation (15), Cp and C; are the parameters attributed to the fluctuating nature of the vortex
shedding. In one degree of freedom cross-flow motion studies, Cp, can be considered as a constant
mean value measured on a stationary cylinder [28], while the oscillatory behavior of C; must be
modelled in order to close Equation (15). Next sectio focuses on the modeling of C; using a Van
der Pole wake oscillator.

3.2. Wake oscillator

Skop and Griffin (1973) [29] were among the first ones to use a Van der Pole oscillator for
capturing the oscillating coefficient of the lift force as a result of vortex shedding. Since then, the
implementation of this oscillator has become a conventional method in VIV analysis. As proposed
by Facchinetti et al. [30] and then confirmed by Ogink and Metrikine [26], the Van der Pole
equation with an acceleration-based coupling term can describe the VIV behavior of an oscillating
cylinder.

A
i +ewr(q* — D + wfq =pY (16)

In this correlation, g is the wake variable converging to the limit cycle g, = 2 to describe the
vortex shedding lift force and wy is the vortex shedding angular frequency. The semi-empirical
nature of the model arises from two empirical coefficients € and A. The former is the damping
term affecting the nonlinearity and, consequently, the harmonic behavior of the oscillator, and the
latter resembles the effect of the cylinder dynamics on the flow. Facchinetti et al. [30] used a linear
relation between q and C;, as

q CL

do - Cry (17)
where, C is the lift force coefficient attributed to a stationary cylinder. The equation of motion

is written in the final form by substituting C; from Equation (17) into Equation (15).
11
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Cp |U? UCL,q |UZ
.. 2 _Z .2 . — 0 _r .2 18
y+ C+2H /4n2+y y+y 8 izt (18)

After normalizing time and displacement with w,, and D in Equation (16), and using the definition
of the Strouhal number St = wsD/2nU, and reduced velocity U, = 2nUs/w,D, the non-

dimensional wake oscillator equation is obtained as

G + eStU,(q? — 1)q + (StU,)?q = Ay (19)

The nonlinear system of coupled Equations (18) and (19) represents the objective model for
predicting the VIV properties of a single cylinder in a cross-flow-free vibration. The model must
be calibrated based on A and ¢ for a set of specified flow properties €y, Cp, St and U,.. For a
cross-flow oscillating cylinder, St = 0,2 is valid in a wide range of subcritical Reynolds numbers
[25] as in the current study. Blevins [25] stated that the coefficient of drag is amplified by VIV
and suggested that Cp = Cp (1 + 1,2 Yy, /D) where, Cp, = 1,2 [30] is the drag coefficient of a
stationary cylinder. To avoid the added nonlinearity in the model, we follow the proposed values
by Facchinetti et al. [30], in which €, = 2 and C;, ) = 0,3. Next section describes the calibration
process based on the stated flow properties.

3.2.1. Calibration of the model to the experimental data

The tuning process of the model is an optimization problem for finding the minimum mean square
error between the predicted and experimental data. At every iteration, the coupled system of
Equations (18) and (19) is solved for the reduced velocity range of U, =2-15 with a step size of
AU, =0.11 based on the given A and €. At every reduced velocity, a 4th-order Runge-Kutta method
is implemented in a dimensionless time domain of t = 0 — 900 and a time step of At = 0,005.
The initial conditions at U, =2 are set as [y ¥ q qli=o = [0 0 0,05 0]. Concerning the
hysteresis, we set the initial condition for other reduced velocities equal to the final value of the
corresponding variable at the previous reduced velocity, inspired by the work of Ogink and
Metrikine [26]. The data in the range of t = 720 — 900 are then processed to obtain the vibration
amplitude. Here, we use a generalized pattern searcher (GPS) algorithm [31] implemented in
MATLAB to find the optimum value of A and ¢. This algorithm surpasses other optimization
algorithms by requiring fewer function evaluations for convergence, which is crucial in the current
study with relatively heavy function evaluations. The sensitivity of the model to all of the
conditions above is checked, and no considerable variation is found. Finally, the optimum values
of A and ¢ are 30.278 and 0.0865, respectively.

Figure 4 presents the variation of dimensionless vibration amplitude with the reduced velocity for
both experimental results and predicted values of the calibrated model. The frequency ratio w,, /w,
is also depicted where w, is the angular frequency of the vibration. The cylinder oscillates in a
certain range of flow velocities, which are attributed to the frequency ratio of w,/w, =1. This
range is the so-called lock-in range in the VIV literature. As observed from the figure, the model
can successfully determine the lock-in range and amplitude, which are the main objectives of these
kinds of models [26]. Outside the lock-in range, the frequency ratio follows the constant St = 0,2
line.
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Figure 4: Vibration amplitude and frequency ratio based on reduced velocity.

The time history of steady state displacement, along with the corresponding phase space of the
model and experimental data for two reduced velocities of U, = 4,4 and 5.1, are shown in Figure
5. The model is solved from the state of rest [y ¥ q Gl;=o = [0 0 2 0] in phase space diagrams
so that the evolution to limit cycle would become more apparent. The model reveals a considerable
consistency with experimental data, involving all the physically effective criteria. This generalized
behavior of wake oscillators makes them the first choice in cases where CFD simulations struggle
to examine the effect of many existing criteria, such as complex geometrical configuration and
boundary effects.

(a) (b)

0.3

03
D.Z;
0.1}

- ol

-0.];
02}
| AR, B N S

0.2

0.1

dy/dt

-0.1

-0.2

03—

(d (¢)
0 4 g e
N i i g 03

02
0.1

0
0.1
-0.2
-0.3

DAL e e ]
t 44 02 0 02 04 -5 0 5
y q

Figure 5: Time history and phase space of cylinder motion and Van Der Pole equation at (a, b, ¢) Ur=4.4 and (d, e,
f) Ur=5.1. The black lines are the model's predicted values, while red dashed lines and dot markers indicate
experimental data.

0.2
0.1

dy/dt

-0.1
-0.2
-0.3

13



A. Najafpour et al. / Journal of Theoretical and Applied Vibration and Acoustics 11 (1) 1-21 (2025)

4. Computational fluid dynamics

4.1. Flow and structures solvers

This section uses CFD to examine vortex-induced vibrations caused by incompressible turbulent
flow around a circular cylinder. The cylinder, which is rigid and placed on an elastic support, is
free to vibrate perpendicularly to the flow direction. Figure 6 (a) illustrates the computational
domain and cylinder geometry. Here, the parameters U and D represent the free-stream velocity
and cylinder diameter, respectively. The width of the computational domain (H), the distance from
the inlet boundary to the cylinder center (Lu), and the distance from the cylinder center to the outlet
boundary (Ld) are set to 15D, 15D, and 35D, respectively. Using the fluid's density p and viscosity
U, the Reynolds number is calculated as Re = pUD /u. In this study, the flow properties and
cylinder diameter are constant, and the Reynolds number varies from 4,100 to 11,500 as the free-
stream velocity increases. The unsteady Reynolds-averaged Navier-Stokes (URANS) approach is
employed to model the turbulent flow. Moreover, the cylinder's oscillatory motion is modeled
using a spring-damper system with constant stiffness and damping coefficients. More details on
the governing equations for the turbulent fluid flow and the cylinder's oscillatory motions are
presented in [32, 33].

4.2. Fluid-structure interaction and computational mesh

The flow around the cylinder is turbulent, and the fluid properties are set to maintain the desired
Reynolds number. At each time step, the governing equations for fluid flow are solved using Fluent
software. The cylinder's position in the flow is determined by solving the cylinder's motion
equations using an explicit integration method. One can integrate the cylinder's motion equations
in Fluent via a user-defined function (UDF) written in C. programming language to compute the
two-way coupling between the fluid and the structure. Figure 7 (c¢) shows the fluid-structure
interaction algorithm employed in this study. The governing equations are solved at each time step
to obtain the flow characteristics, such as velocity and pressure components using Fluent. Second-
order upwind and standard pressure correction schemes are used for discretizing the momentum
and pressure equations, respectively. A fractional step method reduces computational time and
increases temporal progression accuracy, enhancing the numerical solution efficiency. The lift
force on the cylinder is calculated by integrating the pressure and viscous forces. These forces,
essential for coupling the cylinder's motion with the surrounding flow, are incorporated as source
terms in the cylinder's motion equations. These are subsequently called in the macro at the
cylinder's center of gravity within the UDF code.

The updated cylinder's velocity and acceleration are computed through explicit time integration,
and the new position is fed back into Fluent. The computational mesh is then updated using a
dynamic mesh approach in the new time step, ensuring the mesh configuration aligns with the
cylinder's motion. This two-way interaction models the fluid-structure interaction for the flow
around the cylinder mounted on an elastic foundation. The characteristics of the computational
mesh are introduced, and the mesh independence study is presented. Figure 7 (b) shows the
computational mesh around the cylinder. The mesh comprises a structured grid around the cylinder
and an unstructured triangular grid around the outer region. Given the nature of the k--SST
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turbulence model, the near-wall grid spacing is designed to maintain a y+ value of approximately
one.

Figure 7 compares the cylinder's maximum displacement as a function of reduced velocity between
the numerical simulation results, wake oscillator model, and experimental data. The lock-in region
frequency is visible in the results. The findings indicate that the computational fluid dynamics
simulation successfully captures the experimental trends.

Figure 8 shows the fully developed instantaneous vorticity contour and streamlines colored by the
stream-wise velocity contour. Numerical simulations using CFD reveal distinct vortex-shedding
behaviors across various flow velocities. At a lower reduced velocity (Ur=2.5), before reaching
the lock-in region, the vortex structures behind the cylinder resemble those generated around a
stationary cylinder. Upon entering the lock-in region (Ur=5), a distinct double-row pattern of
separated vortices emerges downstream of the cylinder. As the reduced velocity increases to 7.5
and 10, the vortices elongate along the flow and strengthen. When the reduced speed increases to
12.5 (outside the lock-in region), the vortices become larger and more powerful than those
observed at Ur=2.5. The difference in vortex strength and size between Ur=2.5 and Ur=12.5 can
be attributed to the influence of flow speed on the characteristics of vortex shedding, even outside
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the lock-in region. Although both conditions fall outside the lock-in region, the higher reduced
velocity at Ur=12.5 results in a greater Reynolds number, which enhances flow instability and
promotes more energetic vortex shedding. This increase in flow speed leads to a more significant
interaction between the flow and the cylinder, resulting in larger and more powerful vortices than
those observed at Ur=2.5. Upon exiting the lock-in region and entering the desynchronization
region, the shedding pattern reverted to one similar to that seen with a stationary cylinder.
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Figure 8: Fully-developed instantaneous (a) vorticity contour (b) streamline colored by stream-wise velocity
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5. Energy harvesting
5.1. Optimal Load Resistance

As outlined in Section 2.1, the output voltage from the piezoelectric element in the electrical circuit
is generated through a load resistance (R). This recorded voltage is then converted to output power
using the equation P,y = Vims?/R , where Puyvg represents the external electrical power, Vs is

the root mean square (RMS) of the output voltage, and R is the load resistance. Figure 9 (a)
illustrates the output power from the piezoelectric element across a range of load resistances from
1 MQ to 11 MQ. In this experiment, the load resistance was varied extensively to examine its
effect on output power at a constant airflow speed of U =3.8 m/s using the same cylindrical setup.
As the resistance increased, the generated power gradually rose, reaching a peak value. This peak,
which appears as the highest point on the graph, indicates the optimal load resistance for maximum
energy harvesting, measured at R=6.56 MQ. Beyond this point, further load resistance increases
led to a reduced generated power. Subsequently, this optimal load resistance was used to measure
power at other wind velocities. Figure 9 (b) shows the harvested RMS voltage and power output
of the system as a function of reduced velocity (U, = Uy /f,D), revealing the effect of VIV on
power generation. The VIV pattern and the Lock-in region are visible. The system produces
minimal power at lower reduced velocities due to limited cylinder oscillations. However, as
airflow velocity increases, cylinder oscillations intensify, eventually reaching a range where
maximum oscillations occur. The highest power output is observed within the range of U,=4.6 to
7.6, which corresponds to significant displacement. The Lock-in phenomenon appears in this
range, where the system reaches peak power output due to the VIV effect. This velocity range
represents the critical speed at which vortices formed behind the cylinder align with its natural
frequency, enhancing oscillations and, in turn, increasing power output. In this region, the
harvester experiences greater and more intense deflections. Additionally, beyond this critical
reduced velocity, as airflow speed continues to rise, oscillations diminish, resulting in a decrease
in power output.

5.2. Development of a bladeless wind turbine prototype

Building on the insights gained from our study on energy harvesting from FIV of a circular
cylinder, we have successfully designed and constructed a prototype of a bladeless wind turbine.
This turbine utilizes the principles outlined in our experimental, mathematical, and numerical
analyses, demonstrating the potential of FIVs as a viable method for energy extraction. One of the
key motivations for this prototype design is to harness these vibrations efficiently, providing an
innovative and sustainable alternative to traditional wind turbines. The bladeless design offers
several advantages, including reduced noise, lower maintenance requirements, and enhanced
safety for wildlife while maintaining efficient energy conversion. Figure 10 shows the constructed
prototype of the bladeless wind turbine.

Our prototype serves as a proof of concept, demonstrating how the vibrations induced by fluid
flow can be effectively captured and converted into usable energy. The turbine's design takes
inspiration from the frequency lock-in phenomena and the optimal displacement patterns observed
during our simulations and experiments. While this paper focuses primarily on the theoretical and
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numerical foundations of FIV energy harvesting, a subsequent publication will delve into the
design, construction, and performance evaluation of this bladeless wind turbine prototype.
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Figure 9: (a) Output voltage across the piezoelectric element for a range of resistance values, (b) Power output and
harvested RMS voltage plotted against various velocity ratios.

Figure 10: pfo%yé of the b alsmd turbine
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4. Conclusion

This study employed experimental and numerical methods to explore VIV as a sustainable
approach to harnessing low-speed wind energy, particularly for powering low-power sensors in
structural health monitoring. The experimental work involved testing an elastically mounted
circular cylinder in a wind tunnel across a Reynolds number range of 4,100 to 11,500, focusing on
transverse VIV dynamics. Numerical simulations, using the wake oscillator model and CFD with
the k- SST turbulence model, complemented the experiments and provided deeper insights into
the fluid-structure interaction. Key findings include:

1- The lock-in region was identified as crucial for maximizing vibration amplitudes, directly linked
to peak power output. Greater oscillation amplitudes increased piezoelectric voltage and power
output due to higher strain on the piezoelectric materials.

2- Optimal load resistance for energy extraction was determined to be 6.56 MQ, with maximum
power observed at a reduced velocity of 5.7.

3- The wake oscillator model demonstrated robustness in predicting the lock-in range, maximum
amplitude, and frequency ratio, providing consistent results with our experimental findings.

4- Numerical simulation using the CFD approach highlighted the effects of varying flow speeds
on vortex-shedding behavior. At a lower reduced velocity (Ur=2.5), the vortex structures resemble
those around a stationary cylinder. Upon entering the lock-in region (Ur=5), a distinct double-row
pattern of vortices emerges. As the reduced velocity increases to 7.5 and 10, the vortices elongate
and strengthen, while at Ur=12.5 (outside the lock-in region), they become larger and more
powerful than at Ur=2.5.

In conclusion, this research confirms the viability of VIV as a sustainable energy-harvesting
method, laying the groundwork for a prototype bladeless wind turbine based on VIV principles.
This advancement holds promise for improving renewable energy technologies and enhancing
wind energy capture efficiency.
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