Ocean Engineering 269 (2023) 113467

ELSEVIER

Contents lists available at ScienceDirect
Ocean Engineering

journal homepage: www.elsevier.com/locate/oceaneng

OCEAN

ENGINEERING

»

Check for

A vortex-induced vibration-based self-tunable airfoil-shaped piezoelectric =~ %
energy harvester for remote sensing applications in water

Muhammad Hafizh® Asan G.A. Muthalif> , Jamil Renno *, M.R. Paurobally ?,

Mohamed Sultan Mohamed Ali "

& Department of Mechanical and Industrial Engineering, Qatar University, Qatar
Y Faculty of Electrical Engineering, Universiti Teknologi Malaysia, Johor Bahru, Malaysia

ARTICLE INFO ABSTRACT

Handling Editor: Prof. A.L Incecik With growing innovations on the Internet of Things capabilities, automated monitoring and remote sensing
applications have become important in the modern world. However, with thousands of distributed sensors and
wireless communication routers, the power supply continues to be one of the main challenges for an efficient and
sustainable operation. This paper deals with designing, developing, and testing a nonlinear airfoil-shaped
piezoelectric energy harvester from flow-induced vibration. The harvester converts flow-induced vibration
from water into electrical energy that can be conveniently stored and used to power smart remote sensors. A
passive self-adjustable base compensates for the changing flow direction that can reduce the conversion effi-
ciency of energy harvesters. Different beam substrate profiles were investigated for misalignment correction with
thin airfoil profiles able to orient faster at higher misalignment angles. The airfoil-shaped piezoelectric energy
harvester outperformed the conventional rectangular beams with equal volume with an additional inline mode
observed for the same frequency range in low-velocity flow. The piezoelectric macro-fiber composite had an
average RMS output of 132 mV for transverse oscillations in the absence of flow misalignment. Experimental
studies have shown a performance reduction in both time and frequency domains between 50% and 60% for flow
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misalignment reaching up to 30°.

1. Introduction

Self-sufficient systems used for sensing and data collection are
rapidly becoming ubiquitous throughout our lives (Erol-Kantarci and
Mouftah, 2011; Ilyas, 2018; Quy et al., 2022; Zhang et al., 2012). This
growing trend is directly feeding into big data analytics and the bur-
geoning concept of Smart Cities and Smart Infrastructure (Diaz et al.,
2016). However, to fully realize the potential of such systems, power
must be reliably supplied to them (Liu, 2012). Conventional methods of
powering through batteries whose technology is well-established and
well-developed unfortunately have a finite service life; they must be
changed periodically, which requires additional resources for remote
locations (Dutoit et al., 2005; Kamruzzaman and Alruwaili, 2022).
Additionally, some processes require sensors to be embedded within the
structure, which makes battery replacements impossible for underwater
or underground applications. Remote sensing applications can

* Corresponding author.

wirelessly relay diagnostic information and data for asset integrity and
monitoring (Bharani Baanu and Jinesh Babu, 2022; Khazaee et al., 2019;
Zhou et al., 2016). Pipeline health monitoring presents an opportunity
for self-sustaining systems when using remote sensing devices as power
concerns become a limiting factor for mass deployment (Aramendia
et al., 2019; Hallil et al., 2021; Kiziroglou et al., 2017).

Energy scavenging can be achieved through piezoelectric, electro-
magnetic, and electrostatic transduction methods, exploiting the abun-
dant vibration and transducing it to electrical energy. The piezoelectric
material converts vibration energy to electric energy. Additionally,
piezoelectric energy harvesting (PEH) has been proven to provide
excellent electromechanical energy conversion efficiency and high
voltage that can be embedded in different structures (Safaei et al., 2019;
Sodano et al., 2005; Yang et al., 2018). The maximum amount of energy
converted by the piezoelectric material is usually when the host struc-
ture undergoes (linear) resonance at the system’s natural frequency.
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However, in the linear vibration range, the resonance is narrow-banded
due to the structure often being lightly damped. Since the
vibration-based energy harvesters output maximum efficiency near the
natural frequency, a slight deviation in the input source (or ambient
surroundings) could drastically decrease the expected output. Nonlinear
harvesters, on the other hand, utilize nonlinear vibration to broaden the
bandwidth and thus make the harvester more robust and responsive to
broadband or random vibrations (Ibrahim et al., 2017; Ibrahima et al.,
2015; Zhang et al., 2019). Recent research results show that nonlinear
energy harvesters can increase the frequency bandwidth. However, the
amount of energy harvesters is less than what would be harvested by an
equivalent linear harvester. Airfoil-based beams differ from conven-
tional beams because the shape assists in both torsional and transverse
vibration with self-aligning properties (Abdelkefi et al., 2012; Bao et al.,
2019). An unrestricted rotational motion allows the piezoelectric energy
harvester to always be directed to the incoming flow in misalignment
scenarios, as shown in Fig. 1.

Energy harvesters have been successfully utilized to power smart
wireless sensor nodes using a microprocessor, onboard memory, strain
gauge, sensor signal conditioning, radio transceiver, and rechargeable
battery (Shaikh and Zeadally, 2016; Wang et al., 2021; L. Wang et al.,
2020). At a sampling rate of 10 Hz and 1 Hz, the average operating
power was 900 and 90 pW, respectively, where a piezoelectric energy
harvesting system could produce around 2000 pW at low-level vibration
(Arms et al., 2005). The average power consumption of commercial
sensor network nodes is in the range of 2 mW-12 mW using the IEEE
802.11 and the IEEE 802.15 standards for wireless networks (Gilbert and
Balouchi, 2008). Energy harvesters can be used to convert the fluid ki-
netic energy of water into electrical energy using vortex-induced vi-
bration (VIV) (Bearman, 2011; Gabbai and Benaroya, 2005; R Song
et al., 2015; Sun et al., 2019a; J. Wang et al., 2020; Zhang et al., 2021).
The literature highlighted that appropriately optimizing the resistances,
and the bluff body sizing can improve the performance of
piezo-hydro-elastic energy harvesters (Hafizh et al., 2021; Sun et al.,
2019b; Wang et al., 2014). To maximize the scavenging of energy, the
placement of piezoelectric layers on a cantilever beam should be opti-
mally designed (Elahi et al., 2018; Takezawa et al., 2014). The amount
of captured energy from the flow stream depends significantly on the
local strain of the piezoelectric beam (Tan et al., 2021). Investigations
have shown that for small piezoelectric arrays, the optimal location is
close to the location of the maximum bending moment, but for large
arrays, the optimal placement may not be at the point of the maximum
bending moment (Cao et al., 2021; Sharma and Baredar, 2019). To
compensate for piezoelectric energy harvesters’ narrowband perfor-
mance, nonlinearity can be introduced into the proposed design.

Bandwidth enhancement techniques using magnets have been
investigated as viable alternatives to an effective broadband property
but compromise the peak harvestable power output (Zhang et al., 2017).
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A novel self-aligning airfoil cantilever design introduces nonlinear en-
ergy harvesting properties that can increase conversion efficiency
compared to conventional narrow-banded piezoelectric cantilever en-
ergy harvesters. Orrego et al. (2017) investigated the use of a passive
self-aligning mechanism to compensate for changing wind directions in
an inverted flag orientation, where outdoor testing results highlighted
new opportunities for self-powered devices with fluctuating conditions
and in low-speed regimes. The use of trailing guide wings has also been
demonstrated to enhance performance in a wider velocity range (Gong
et al., 2019). Verelest et al. (Verelst et al., 2014) demonstrated using a
self-aligning base freely rotating on two bearings to remove the need for
actively controlled mechanisms. A passive self-adjustable mechanism
with an airfoil profile can be used to overcome the narrowband property
of conventional cantilever piezoelectric beams due to random and
broadband input flows (Manjock and Netzband, 2019; Netzband et al.,
2020). Also, Lim et al. (2021) investigated a self-tunable wind energy
harvester using transverse galloping mechanisms where the rotating
base increased the output power for urban wind speeds. Tian et al.
(2022) investigated a piezoaeroelastic and demonstrated that beyond
the bifurcation point, the flutter performance can output a voltage of up
to 29 V. The effects of structural parameters on the nonlinear aeroelastic
response and energy harvesting performance were also experimentally
investigated (Shan et al., 2020). There is still a gap in the research of
piezoelectric energy harvesting with self-aligning behaviors that can
compensate for losses in fluctuating flows, though some researchers
have investigated the influence of the rotational motion present in
vortex-induced vibration. Gong et al. (2020)investigated the use of
vortex-induced vibration and subsequent swing amplitudes on a rotating
base with a peak-peak output of 3.28 V in water. To the best of the
author’s knowledge, this paper presents the first study in airfoil-based
hydrokinetic piezoelectric energy harvesting with computational simu-
lations, experimental verification, and self-aligning behavior.

The remainder of the paper is organized as follows. Section 2 pre-
sents the analytical model and parameters of the proposed harvester,
focusing on frequency-matching tuning. The computational domain,
finite element, and experimental setup are explained in Section 3. Sec-
tion 4 presented the results of the fluid-structure simulation interaction
and the experiments for analytical model verification for a self-aligning
airfoil-shaped energy harvester. The conclusions drawn from the results
and this work are shown in Section 5.

2. Analytical model and parameters

Fig. 2(a) shows the physical model of the airfoil-shaped piezoelectric
energy harvester connected to a circular bluff body. The cylindrical
shape causes flow separation and causes the harvester assembly to
oscillate perpendicular to the flow direction due to vortex-induced vi-
bration. A carbon steel core is added to the internal structure of the bluff

Flow Direction

Airfoil Beam

Bluff Body

——)

Transverse Oscillation
(b)

Fig. 1. Self-Aligning Airfoil VIV Harvester; (a) Self-aligning rotation motion; (b) Aligned orientation with transverse oscillation.
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Fig. 2. Vortex-induced vibration energy harvester; (a) Airfoil Harvester schematic; (b) Self-aligning bearing holder schematic.

body to tune the energy harvester for low-velocity applications. A
macrofibre composite (MFC) piezoelectric patch is attached to the airfoil
beam and generates electricity from the mechanical strain of transverse
vibration. The beam is mounted on a rotating base that is suspended by a
bearing tolerance fit and allowed to rotate freely, as shown in Fig. 2(b).
The airfoil beam utilized in the design is symmetrical to facilitate self-
aligning properties without additional influence from the lift and drag
of conventional airfoil shapes (Sarraf et al., 2010). A locking mechanism
is added to stop the free rotation on the bearing to restrict the model.
Table 1 lists the parameters and properties of the proposed energy
harvester.

A discrete single degree of freedom (SDOF) model can be adopted to
represent the first mode shape in this study. For the energy harvester
undergoing periodic oscillations from vortex-induced vibration, a mass-
spring-damper system can be modeled per unit time as Eq. (1):

Mi+ Ci + Kx + OV, = Fr(1) Eq. 1

Where M is the equivalent mass, C is the equivalent damping, and K is
the equivalent stiffness. X, x and x represents the acceleration, velocity,
and displacement of the oscillations, respectively. The effect with the
electromechanical piezoelectric patch is modeled with @ as the elec-
tromechanical coupling coefficient and V), is the voltage produced. The
current that is generated from the piezoelectric macrofibre composite
with the term I, can be represented by Eq. (2) where C® is the clamped
capacitance value (Roundy and Wright, 2004; Xiao et al., 2015):

I(r) = Ox(t) — C5V(1) Eq. 2

The transverse force Fr can be modeled as a forced vibration system
using a two-parameter self-excitation model with in-phase and out-of-
phase forces in Eq. (3) (Blevins, 2009):

Table 1

Parameters and variables for Airfoil Energy Harvester.
Symbol Description Value Unit
D Cylinder bluff-body diameter 21 mm
L Airfoil substrate beam length 60 mm
H Cylinder bluff-body height 40 mm
Pream Beam substrate density 2770 kg/m?
Peylinder Cylinder bluff-body density 5500 kg/m?
Ppiezo Active piezoelectric patch density 7800 kg/m?

Asgor 2807-P2 piezoelectric active area 196 mm?

F pU*DL(C,, sin(2zft) + Cy, cos(2xft))
=
2

Eq. 3

Here, p represents the density of the flowing fluid, U is the freestream
flow velocity, D is the diameter of the bluff body and L is the wetted span
of the cylinder. Cp,, represents the oscillating inertia coefficient whilst
Cgy, represents the oscillating negative damping coefficient. The cylinder
oscillating frequency is represented by f. When the energy harvester is
submerged underwater in the pipe array, the hydrodynamic effect of the
water alters the SDOF model with added-mass parameters. This change
to the equation of motion and, subsequently, the oscillation response
and natural frequency of the overall harvester, as shown in Eq. (4):

(M +M,)i+ (C+C.+C,)i+ (K+K.+K,)x+ 6V, =F(1) Eq. 4
In linear energy harvesters, the resonant frequency w, is tuned to
maximize the conversion efficiency near the peak amplitude displace-
ment. In VIV applications, the energy harvester is also tuned at system
resonance and is called ‘synchronization’ or ‘lock-in region’ (Jia et al.,
2018; Mehmood et al., 2013; Williamson and Govardhan, 2004). For a
submerged energy harvester placed in a large boundary, the assumption
of low damping and no added stiffness can be adopted. However, these
assumptions cannot be made in a pipeline system since the pipe
boundary interaction would be significant enough to influence the
overall system (Muthalif et al., 2022; Rodriguez et al., 2006; Xu et al.,
2020). Thus, the subscript ‘a’ denotes added-mass properties, and ‘p’ is
the pipe boundary interaction property. The derived ratios between air
and underwater can be represented by Egs. (5)-(7) where the subscript
‘d’ represents damped, and ‘w’ represents underwater:

o, K, M\
= (HT{) (1 + M) Eq. 5
o, (1= K, MmN

s = L 1+— ) (14+— Eq. 6
»? (1 - Tk tu 4
L, N, KN MmN\
Z=(14+—= 14+— 1 Eq.
: + +x +4 q. 7

Synchronization occurs when the shedding frequency of the vortices
behind the bluff body is equivalent to the structural natural frequency of
the energy harvester. Therefore, tuning the energy harvester to the
desired freestream velocity is important in the design process. The
calculation can be approximated by using the Strouhal number that can
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describe the oscillating mechanism shown in Eq. (8):

St :{}Z Eq. 8 (a)

§t=0.1853 + 0.0261 09 (1 ke Eq. 8 (b)
=U. . L] —0UYe —_— .
+ %8\16x 107 q

Re:pUﬂ;”D Eq. 9

Where Re in Eq. (9) represents the Reynolds number valid and the
Strouhal number approximation of the vortex shedding valid for the
range Re =1.6 x 10° — 1.5 x 10° (Norberg, 2003). The density and
dynamic viscosity of the fluid is represented by p and y, respectively. The
freestream velocity is represented by U,, and bluff body diameter by D.

3. Setup
3.1. Computational fluid-structure interaction

Modeling the viscous and inertial forces of the fluid interaction was
performed using a computational fluid dynamics (CFD) simulation. The
domain setup consisted of three regions; the body; a deformable internal
zone and an external zone as shown in Fig. 3. A two-dimensional setup
on ANSYS Fluent v.2021R2 CFD software modeled the response of
vortex-induced vibration on the bluff body and airfoil. A bluff body
simulation was performed to model the lift and drag coefficients that
cause the periodic oscillations in the energy harvester system. In
contrast, the airfoil simulation modeled the response of the self-aligning
mechanism to oncoming fluid flow. Airfoil simulations took advantage
of adaptive meshing properties from the deformable internal zone to
compensate for various misalignment angles. A second-order spatial
discretization setting was adopted with implicit transient formulation
with a k — w SST turbulence model (Menter, 1994). The CFD solver
utilized SIMPLE algorithm with a 2nd order k — w transport equation
(ANSYS Inc, 2021). The time step of 0.002s with 15 iterations per time
step over a total 20s simulation time demonstrated a good
vortex-shedding response for the cylinder and resolution for time com-
parison in airfoil rotation.

This CFD simulation was carried out using the authors’ previous
setup having performed a mesh dependency study and validating lift
coefficients with values obtained from the literature (Hafizh et al., 2021;
Muthalif et al., 2021). The mesh generated in the domain was initially
adjusted for inflation around the bluff body and the y* value kept below
unity to ensure adequate resolution and the same process was repeated
for the airfoil boundary. In literature, a domain size of 40Dx20D was
sufficient to model turbulence and VIV without boundary interaction
(Aramendia et al., 2018; Fang and Han, 2011; Khan and Ibrahim, 2018;
Zheng et al., 2020). The boundary of interest was placed 10D

. Bluff Body / Airfoil Boundary Internal Zone (Deformable) . External Zone

No slip boundary

Velocity Inlet
Pressure Outlet

E No slip boundary
10D > 30D

L AT

'
1
H
«

Fig. 3. Computational fluid dynamics domain setup.
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downstream from the velocity inlet to facilitate a good flow develop-
ment. A non-slip boundary condition was used for the top and bottom
walls. With a 5% blockage ratio, the impact of boundary conditions in
the flow field can be sufficiently diminished (Zdravkovich, 1990). The
average static reference pressure outlet was set to OPa.

The force coefficients and saved parameters from the CFD simula-
tions were then linked to a finite element analysis (FEA) model to
evaluate the electromechanical behavior of the piezoelectric energy
harvester. The structural response of the vortex-induced vibration on the
structure was also modeled on ANSYS Academic v.2021R2. For
modeling and simulation in literature, the response of the vortex-
induced vibration is modeled after forced response inputs of lift and
drag coefficients (Blevins, 2009). The FEA simulation used in Fig. 2(a)
was clamped at the circular bearing connection and force coefficients
generated from the bluff body generated the response. The piezoelectric
macrofibre composite properties of 2814-P2 (SmartMaterials, n.d.) were
integrated with the material properties in the simulation to extract
voltage output from mechanical strain. The results of the simulation
were compared to previous work with good convergence (Ali et al.,
2021; Erturk and Inman, 2008; Kuang and Zhu, 2019). The constitutive
equation of piezoelectric materials expressed in stress-charge form is
expressed as (SmartMaterials, n.d.):

(-
o Tl -] B

Where {T} represents the stress, {D} the electric flux density, [cf] elas-
ticity at a constant electric field, [e] piezoelectric stress, [¢5] dielectric
matrix for a constant mechanical strain, {S} elastic strain vector, and {E}
is the electric field intensity matrix. The material properties of the

anisotropic piezoelectric macrofibre composite modeled after Smart
Materials P2 (ds3; effect) are shown in Table 2.

Eq. 10

3.2. Experimental setup

The experimental setup to validate the experimental energy har-
vesting properties of the energy harvester was tested on an open water
channel setup, as shown in Fig. 4. The authors’ have previously utilized
the setup in energy harvesting from vortex-induced vibration experi-
ments (Muthalif et al., 2022). The setup was run on an Armstead’s open
channel water tank module with an adjustable water level and velocity
by adjusting the gate and valve, respectively. The pipe-submerged en-
ergy harvester was placed 3 m from the water inlet to facilitate a
developed flow in the channel. A T-beam secured the harvester clamped
to the top of the setup and allowed for free rotation to model
misalignment flow within the open channel. The data acquisition used a
sampling frequency of 5000 Hz, and the time domain results were then
exported into Fast Fourier transform (FFT) with a 0.2 Hz difference with
a Hanning window. Experimental results were measured over 1 min,
where the amplitude function of the frequency domain was averaged
using energy distribution for each unit frequency. The energy average

Table 2
Modeled properties of MFC P2.
Material Property Coefficient Value
Stiffness (10° Pa) o =1, 168
6‘251 110
Egl =C3 99.9
&, 123
&, 28.8
E)525 = 556 30.1
Relative Permittivity £11 = €2 1902
€5 1850
Piezoelectric constants e31 -10
es33 2.59
e1s 0.1
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Fig. 4. Experimental Setup; (a) schematic; (b) energy harvester module with data acquisition experimental setup; (c) pipe submerged cross-section.

calculates the averages of the squared values of all values, like the root
mean square (RMS).

4. Results
4.1. Computational fluid-structure interaction

The analysis of a self-aligning VIV harvester examines the effect of
the flow direction and the effect of rotation on the overall property of
energy harvesting. The computational domain and finite element setup
in the previous section are used to simulate the behavior of an airfoil
beam under different angles of attack, a. The methodology for modeling
and optimization of the energy harvester can be seen in Fig. 5 where the
main sections are divided between computational fluid dynamics (CFD);
finite element analysis (FEA); and fluid-structure interaction (FSI).

In FEA, shape optimization studies were conducted on different
airfoil structures. Because the harvester will primarily be utilized for
low-velocity applications, the sizing of the airfoil is tuned to fit the first
mode in the 1-10 Hz frequency requirement. Here, the selected airfoil
shapes with a symmetric structure were selected as NACA0015 and
NACA0024 for their slim profile and symmetric airfoil shape. Larger
profiles will increase the natural frequency for the transverse mode and
result in a higher cut-in velocity and smaller synchronization region
(Lau et al., 2004). The structure’s natural frequency was recorded for the
different beam shapes, and a rectangular control beam of an identical
natural frequency to NACAO0015 was also simulated for a control
parameter to compare, as shown in Fig. 6.

The frequency response of NACA0015 within a specified frequency
range highlights the two main modes observable through vortex-
induced vibration; transverse and inline (Blevins and Coughran, 2009;
Muthalif et al., 2021; Qian-bei et al., 2019; Seyed-Aghazadeh et al.,
2019; Taheri et al., 2021). One of the main advantages of submerged
vibration-based energy harvesters is the ability to take advantage of
both frequencies whilst not having any moving parts. Compared to a
rectangular beam of equal mass and volume to NACAO0015 in Fig. 6, an
additional mode is present. Also, the voltage output of the airfoil beam is
shown to have generated a higher output for the first transverse mode.

This may be possible due to the non-uniform shape of the beam causing
higher strains in deflections, also seen in the literature (Karadag et al.,
2021; Mohamed et al., 2021; Muthalif and Nordin, 2015).

Next, the CFD simulated the layer separation caused by the vortices
forming behind the bluff body that led to the periodic oscillation of VIV.
The value of the Strouhal number from the vortex shedding is calculated
from Eq. (8), but the frequency of vortex shedding results obtained was
slightly lower than the expected value, causing a slight shift in the
oscillation frequency. As a result of this shift, utilizing FSI underper-
forms the energy harvesting properties since the structure does not
experience theoretical resonance. Therefore, the velocity of the flow was
readjusted to conform with the structural frequency using the modified
value of the Strouhal number. Finally, the self-aligning property of the
airfoil is then simulated for the beam shapes rectangular, NACA0015
and NACA0024. In the CFD simulations, the velocity and pressure dif-
ferences around the airfoil were observed to have changed while the
self-aligning properties were in motion; this was also highlighted by
other simulations seen in the literature (Tian et al., 2022). During
misalignment in Fig. 7(a), visible turbulence forms behind the airfoil
when measuring the velocity and pressure differences around the airfoil.
With a low rotational stiffness (in low-friction ceramic bearings), the
airfoil can be oriented with the incoming flow in Fig. 7(b) until levelled,
where a streamline forms behind the airfoil before being separated.

The results CFD results for the different alignment durations were
compared for the different angles of attack shown in Fig. 8. This study
was carried out to investigate the effects of alignment for different beam
profiles. A clear relationship can be seen between the sizing of the airfoil
where the slimmer profile of the NACAOO15 self-aligns faster than
NACA0024 from 15° to 90° misalignment with more significant
disparity at larger angles. Interestingly, for flow misalignment angles
below 60° the rectangular beam performed better than NACAQ015.
However, at larger angles, NACA0015 could align itself much faster than
the other profiles and therefore was used in the experimental setup.

4.2. Experimental results

The pipe submerged energy harvesting module placed inside the
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Fig. 5. Simulation and optimization study flowchart.
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Fig. 6. NACAO0O015 airfoil energy harvester mode shapes.

water channel setup was evaluated over different misalignment angles
for the NACAQO015 airfoil. The averaged signal comparison between the
different misalignment angles is highlighted in the time domain shown
in Fig. 9 and the frequency domain in Fig. 10. Only misalignment angles
up to 30° were taken during the experiment as larger angles within the
allocated water channel changed drastically and did not provide suffi-
cient flow development. The voltage output signals and the corre-
sponding RMS values in Fig. 9 highlighted the conversion efficiency loss
of 39%-58%, with the greatest interval drop seen at 10° misalignment.

The transverse mode that is expected from conventional cantilever
beam piezoelectric energy harvesters is shown to be present at around 9
Hz in the frequency domain. The increase in natural frequency in the
experiment compared to preliminary testing is done in the air resulting
from the interaction of boundary and medium towards pipe-submerged
conditions in the water. The added-mass effects and the effect of the pipe
change the overall stiffness and damping properties that affect the en-
ergy harvester module (Muthalif et al., 2022; Rodriguez et al., 2006). In
Fig. 10, a lower mode shape is visible in the FRF signal near 1.7-1.8 Hz,
which was not visible when impulse testing in the transverse mode. The
authors believe that this mode shape appeared from the torsional mode
that was not visible in the preliminary tests. Additionally, in conven-
tional piezoelectric beams, the entire upper surface is clamped where
the first transverse mode is visible. As a result, the boundary on the
bearing connection can contribute to torsional modes when the rotation
is restricted. Nevertheless, the effects of the misalignment on a
flow-induced energy harvester are visible by the reduced maximum
voltage output produced over the measured tests. Table 3 outlines the
measured resonant frequency and the maximum voltage output from the
mode shapes.

Overall, the resonant frequency did not change largely, but the
maximum voltage was negatively affected, ranging from 6% to 24% for
10° to 30° misalignments, respectively. Conversely, the first mode
demonstrated a similar behavior of peak voltage reduction at a more
drastic level between 23% and 53% for 10° to 30° misalignment,
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Fig. 7. Computational self-aligning behavior for NACA0015 at 30 ° misalignment.
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Table 3
Captured mode shapes in experimental testing of NACA0015 airfoil.
Misalignment angle Mode 1 Mode 2
f"esonance (Hz) Vmax (mv> fresona.nce (HZ) Vmax (mv)
0 deg 1.8 157 9.2 271
10 deg 1.8 121 8.8 255
20 deg 1.8 107 9.4 215
30 deg 1.8 74 10 207

respectively. A self-aligning rotating base mechanism still presents a gap
in water flow mediums, with most of the work in literature focused on
one-directional flow using rectangular beams only. Non-rotational
clamped boundaries do not have performance losses since synchroni-
zation frequency is fixed to a single value. Therefore, there can be a
tradeoff between the bandwidth performance of self-alignment with the
higher peak output of narrowband piezoelectric energy harvesting. The
lower voltage output of the current work can be explained by the pipe
boundary condition increasing the damping properties through the
‘added-mass’ hydrodynamic effect; this was also highlighted by the re-
sults found by the author’s previous work in submerged boundaries
(Muthalif et al., 2022).

5. Conclusions

This paper proposed a self-aligning vortex-induced vibration-based
piezoelectric energy harvester developed for remote sensing applica-
tions. A bluff body placed inside a moving fluid oscillates because the
vortex-shedding frequency is synchronized with the system’s natural
frequency. A piezoelectric macrofibre composite attached to a beam
generates electricity from mechanical strain. A rotating fixture mounted
on the pipe accommodates the self-aligning behavior of the energy
harvester to compensate for sudden changes in the flow direction. An
analytical model was developed for a 1-DOF flow-induced vibration of
the bluff body by accounting for the added hydrodynamic parameters of
submerged bodies. The piezoelectric electromechanical coupling was
then used to develop the finite element model in conjunction with
computational fluid dynamics simulation to model fluid-structure in-
teractions of vortex-induced vibration and misalignment. The findings
of the study highlighted that:

o Airfoil-shaped beam can improve the response of piezoelectric en-
ergy harvesting in bandwidth-restricted applications with its non-
uniform shape and self-tuning behavior which can be optimized for
synchronization.

Thin symmetric profiles (NACA0015) realign faster than larger
profiles from uniform flow and can overcome large flow mis-
alignments (above 60°) faster than conventional rectangular beams.
e Airfoil-shaped beams can take advantage of dual-mode synchroni-
zation at lower frequencies compared to a rectangular beam with an
experimental RMS output of 132 mV.

Non-tunable configurations exhibit significant drops in conversion
efficiency by up to 50% for only 30° misalignments, are detrimental
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to the harvesting efficiency and shift the transverse synchronization
frequency.

The findings demonstrated that a self-aligned mechanism has
excellent properties for application in open water channels and pipe-
submerged channels that can be used to power remote sensing appli-
cations. Symmetric airfoil profiles with a freely rotating base introduce a
passive mechanism for compensating flow directional variations. The
use of advanced modeling and simulation techniques can reduce the
time to market if suitably used. Also, additive manufacturing technol-
ogies and materials can be readily scaled and designed to power moni-
toring and diagnostic systems for pipe flow applications.
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