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1. Introduction

Abstract. Piezoelectric Energy Harvesting (PEH) of fluid-flow energy has attracted
significant attention throughout the last decade. In the previous PEH from fluid flow,
a piezoelectric beam was placed behind a bluff body, such as circular cylinders. Hence,
the piezoelectric beam oscillated due to the vortex shedding behind of the bluff body.
Subsequently, this vibration generated voltage in the beam. In many engineering vehicles
such as airplanes, the strong vortex shedding caused by bluff body was destructive and
reduced the efficiency of devices; therefore; it was not proper to attach a bluff body to
these devices. In this paper, PEH from vertical beams in low speeds and high-speed flows
is investigated. The current work shows that in contrast to low-speed flows, the extracted
power from vertical beam in high-speed flows is considerable. Moreover, as a practical
example of vertical beam in high-speed flows, the energy harvesting from piezoelectric
Gurney flap attached to an NACA2412 airfoil is investigated. Finally, this study proposes
a piezoelectric vertical beam with attached end cylinder as an energy harvester in the low-
speed flows. It is indicated that this device has strong vibration and, therefore, produces
a remarkable electrical power.

(© 2017 Sharif University of Technology. All rights reserved.

ing [5-9], agriculture [7], and military applications [10-
13]. Although the electrochemical batteries are usual

Portable electronics and wireless technology have sev-
eral advantages compared to the traditional wired
devices, including ability to be placed anywhere, small-
ness, neatness (no untidy cables), and low power
consumption. Consequently, Wireless Sensor Networks
(WSNs) technology has gained increasing attention in
industrial automation [1-4], structural health monitor-
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power sources for these sensors, energy harvesting has
some advantages compared to them and has attracted
significant attention throughout the last decade. En-
ergy Harvesting (EH) is the process of extracting
unused energy from the ambient environment in the
vicinity of the sensors and converting it into a usable
form of electrical energy. EH can use various energy
sources such as solar energy, thermal energy, wind
energy, vibrational energy, and kinetic energy. Me-
chanical vibrations are found almost everywhere, in the
running automobiles and airplanes, rotating machines,
buildings and bridges, air ducts, railways, industrial
plant equipment, and people’s walking or breathing.
Therefore, the mechanical vibrations are one of the
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most important sources for EH. The mechanical vi-
bration energy can be converted to electrical energy
by using electromagnetic [14-16], piezoelectric [17-19],
and electrostatic [20-22] mechanisms. The piezoelectric
transduction has some advantages such as high power
density, very simple design, and very small size [23-
26] in comparison with other alternatives. Moreover,
unlike the electrostatic transduction, it does not require
bias voltage input. Normally, a piezoelectric energy
harvester is a thin cantilevered beam with one (uni-
morph) or two (bimorph) piezoelectric layers.

A Single-Degree-Of-Freedom model (SDOF) is
the simplest mathematical model which has been used
for numerical simulation of piezoelectric energy har-
vesters [27,28]. In this approach, the beam is modeled
by a second-order ordinary differential equation with
the beam tip displacement as its dependent variable.
Although the SDOF modeling can be easily solved by
giving an initial comprehension into the problem, it
is only a simple approximation restricted to a single
vibration mode of the beam and it cannot predict some
significant features of the physical behavior of the har-
vester. Recently, Erturk and Inman [29] showed that
for harmonic base excitation, the SDOF model might
yield highly inaccurate results for transverse vibrations
of cantilevered beams as well as longitudinal vibrations
of bars. For increasing the accuracy of the solution,
Sodano et al. [25] and duToit et al. [26] employed
the Rayleigh-Ritz method [30] for modeling of can-
tilevered piezoelectric energy harvesters. Furthermore,
the analytical solutions for constant cross section and
material properties for harmonic base excitation were
given by Erturk and Inman [18,31]. Amini et al. [32]
presented a finite element modeling for functionally
graded piezoelectric harvesters. Recent interests in
piezoelectric energy harvesting from fluid flow energy
have prompted new developments of energy generators.
Some of these works are reviewed in the following.
Since Unmanned Air Vehicles (UAVs) have limited en-
ergy during their operations, they can be considered as
a practical application for energy harvesting [33]. The
mechanical vibration due to unsteady aerodynamic
loads is one of the available sources for piezoelectric
energy harvesting in UAVs [33]. Furthermore, air flow
has a high energy density and it is another candidate for
PEH in these vehicles and for PEH from wind. In these
cases, a Fluid Structure Interaction (FSI) problem
occurs and a small part of the fluid flow momentum
is converted to the vibrational energy in piezoelectric
beam and, then, this energy is transformed to the
electrical energy by piezoelectric effect. Allen and
Smits [34] studied the behavior of long and very flexible
piezoelectric strips (so-called ‘eels’) in the wake of a
flat plate normal to a flow, experimentally. Taylor
et al. [35] fabricated an eel structure of piezoelectric
polymer to convert mechanical flow energy to electrical

power. Tang et al. [36] designed a flutter-mill to
generate electricity by extracting energy from fluid
flow. Their structure was similar to the eel systems
of Allen and Smits [34] and Taylor et al. [35]. They
investigated the energy transfer between the structure
and the fluid flow through an analytical approach.
These authors utilized the flow induced vibrations of
fluid-structure interaction system to extract energy
from the surrounding fluid flow. Generally, PEH from
fluid flows is a triple coupling among the fluid flow,
the piezoelectric material, and the electronic circuit.
Thus, its numerical simulation should contain some
solver for solving the governing equations of fluid flow,
piezoelectric material, and electric circuit. Akaydin et
al. [37,38] placed a piezoelectric beam in the wake of a
circular cylinder for energy harvesting from fluid flow.
They used FLUENT software to simulate the three-
way interactions of the turbulent flow, piezoelectric
structure, and the harvester electronic circuit. They
developed a User-Defined Function (UDF) based on
the SDOF model to simulate the piezoelectric beam. In
this modeling, for simplicity of electro-mechanical cou-
pling, the open circuit condition (R = oo) was assumed.
In open circuit condition, both governing equations of
piezoelectric structure and electrical circuit are reduced
to a second-order ordinary differential equation. As
mentioned earlier, the SDOF model has not sufficient
accuracy for modeling of piezoelectric energy harvester.
Amini et al. [39] developed and validated an accurate
modeling for simulation of interaction among turbulent
flow, piezoelectric structure, and electronic circuit. In
this model, the piezoelectric structure was simulated
by the Finite Element Method (FEM). Moreover, this
model was not limited to open-circuit condition and
any value of Resistance (R) could be used in the
simulation.

In this study, energy harvesting from wvertical
piezoelectric beams in the horizontal flows is investi-
gated by the accurate model proposed by Amini et
al. [39]. To this purpose, vertical piezoelectric beams
for various inlet flow speeds are investigated. The re-
sults show that in high-speed flows such as flow around
airfoils, the vertical beam has sufficient vibration to
produce considerable electrical power. Moreover, in
such cases, the vertical beam behaves similar to the
Gurney flap, which improves the aerodynamics of wings
by increasing the lift with only small change in the drag
penalties. In the low-speed flows, the vertical beam has
not sufficient vibration and, therefore, the extracted
power is not remarkable. This study shows that in the
low-speed flows, the vertical beam with attached end
cylinder has strong vibration and, therefore, produces
a remarkable electrical power. It should be noted that
in this study, the code of Amini et al. [39] is used.
The code is validated by experimental results in that
work.
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2. Governing equations and solution
methodology

2.1. Finite element modeling of a piezoelectric
beam energy harvester

By using the semi-discrete Finite Element (FE) for-

mulation and employing the cubic Hermitian shape

functions, the following system of ordinary differential

equations is obtained for each element [39):

MUS + CLUS + KGUS — 05v = Ff (1a)
Co% + % 405U =0 (1b)
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The damping matrix C in Eq. (1a) is often taken to be
a linear combination of the mass and stiffness matrices
(Rayleigh damping), C = aM + K, where o and
are determined in physical experiments. In Eq. (1b),
#¢ and C), can be obtained as:
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In the present study, Newmark family of time-
approximation schemes is used to approximate the
second-order time derivatives to convert the differential
equations to algebraic ones. In this approximation,
in the (s 4+ 1)th time step, the nodal deflections and
slopes can be obtained by solving the following system
of algebraic equations [39]:

Ks-l—lUs—l-l — ﬁ\ + (__)s+lys+17 (5)
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After solving the algebraic system (Eq. (5)), new nodal
velocities and accelerations are calculated as:

U = a3 (U - U*) — ayU* — a5 0", (11)

I:J5+1 = US —+ Qgﬁs —+ Qlﬂs+1. (12)

Finally, the average electrical power generated between
times to and ¢; can be calculated as:

ty

1 .
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to

2.2. Governing equation of flurd flow with
dynamic mesh motion

The governing equations of the fluid flow are the
incompressible Reynolds Averaged Navier-Stokes ones
(RANS). Since a moving boundary exists in the fluid
domain, Arbitrary Lagrangian Eulerian (ALE) formu-
lation is used. The RANS equations on a moving mesh
should be used in the following forms [40,41]:

V-v=0,

ov R

pgﬂ?(v—V)-sz—VP+V~((u+ut)VV),
da

p=— 14

U= (14)

where p, v, p, pu, and t are the density, the average
velocity, the average pressure, the viscosity, and the
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time, respectively. & and 0 represent the velocity and
the displacement of the mesh nodes, respectively. pi
is the turbulent viscosity, which can be predicted by
k—wSST [42] turbulent model based on the Boussinesq
approximation.

At the interface of the fluid and structure do-
mains, interaction is considered by transferring the
fluid flow stress to the structure and the structural
displacements to the fluid flow. Also, it is assumed that
the fluid always remains in contact with the structure.
Therefore, compatibility on the displacement and no-
slip condition requires that:

T -n=T n

u =u’, (15)

where n, T, and u are the unit normal boundary vector,
the stress tensor, and the displacement, respectively. In
the ALE approach, the fluid internal mesh should be
deformed in response to the fluid structure interface
displacements.  However, the deformation of fluid
mesh is unknown and it should be found in terms
of the structural deformation. In the present work,
the Laplacian operator is used for the dynamic mesh
motion in the fluid mesh. In this method the mesh
vertices displacement, 1, is computed by solving the
Laplacian equation in the following form [43,44]:

V- (yVi) =0, (16)

where ~ is the diffusion coefficient.
condition for this equation is:

The boundary

(17)

. Ju® for fluid solid interface boundary
0  for other boundaries

3. Numerical results

3.1. Energy harvesting from vertical
piezoelectric beams in horizontal flow

In this section, energy harvesting from vibrations of

unimorph vertical beam in a horizontal fluid flow is

investigated. The schematic drawing of vertical beam

and fluid flow is shown in Figure 1.

The advantage of vertical beam for energy har-
vesting in comparison with horizontal beam in the wake
of cylinder is that it can be simply attached to a wall
and does not need the upstream cylinder or blunt body.
In the following, energy harvesting by different inlet
velocities and beam stiffnesses is examined. In this
study, the height of beam is assumed to be 10 cm, the
thicknesses of piezoelectric layer and substructure layer
are assumed to be 0.1 mm and 0.7 mm, and the value of
load resistance in all simulations of vertical unimorph
beam is supposed to be R = 10 MQ. The properties of
this unimorph piezoelectric beam are given in Table 1.

Uin Vertical piezoelectric
— plate
=} /

| Solid wall

Figure 1. Schematic drawing of a vertical flexible beam
in the horizontal fluid flow.

L 1

1 L
0.72 0.76 0.80

L
0.84 0.88

Figure 2. Structured mesh and its detailed view around
the vertical flexible beams.

The numerical grid for vertical piezoelectric beam
harvester is shown in Figure 2. This grid has 120,000 el-
ements and for capturing boundary layer and accuracy
of k — wSST turbulent model, the elements are refined
near the wall so that the ¥ on the wall is less than 1.
It is worth noting that the capacitance property of the
piezoelectric materials prevents the DC current caused
by static deformation. Therefore, the produced voltage
of piezoelectric materials oscillates around the value of
zero. In contrast with horizontal beam in the wake of
cylinder, the static (average) deformation in vertical
beams has nonzero value. Since, in the SDOF used
by Akaydin et al. [38], the voltage is proportional to
the displacement, this model predicts a nonzero value
for the predicted average voltage, which is completely
wrong. Hence, the SDOF model of Akaydin et al. [38]
cannot be used in numerical simulation of energy har-
vesting from vertical beams and, for these harvesters,
the accurate algorithm should be used.

Figures 3 and 4 show the time history of beam
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Table 1. Geometric and material properties of the unimorph vertical harvester.

Young’s modulus of the piezoelectric

Mass density of the substructure

Mass density of the piezoelectric

Effective piezoelectric stress constant

Permittivity
Proportional constant

Proportional constant

Y, (GPa) 3

ps (kg/m?) 1390

pp (kg/m?) 1780

ez (C/m?) 0.07

€33 (nF/m) 0.08

a (rad/s) 4.886

B (s/rad) 1.2433 x 1077

m)

0.0484}

0.0482F

0.0480F

0.0478}

0.0476}

Plate tip displacement (

0.18 0.49 0.50

Time (sec)

Figure 3. Time history of the beam tip displacement (m)
for R =10 MQ.
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Figure 4. Time history of the produced voltage (Volt) for
R =10 MSQ.

tip displacement and produced voltage for inlet ve-
locity of 40 m/sec and total beam stiffness equal to
0.005 pa.m*. As can be seen in these figures, the static
deflection (average deflection) of beam is 4.8 cm and
the amplitude of oscillation around the static deflection
is 3 mm. Moreover, these periodic oscillations are
caused by vortex shedding effect behind the plate.
Furthermore, the voltage oscillates between +5 to —
5 volts with average of zero volt. Therefore, the Amini
et al. [39] model simulates the capacitance property of
piezoelectric materials correctly.

The maximum deformed shape of the beam for
Un, = 40 m/sec and EI = 0.005 pa.m* is shown
in Figure 5. This figure shows that the dynamic
mesh solver of the current code can simulate the large
deformation without destroying the grid elements.

The harvested power for different beam stiffnesses
and inlet flow velocities is cited in Table 2. This

AT T T T 7]
T SN TR SR AR BB
T

7

P i o

FE i
e
s 7

L

i 1 i i i i i L
0.85 0.90 0.95

0.50°
Figure 5. Maximum deformed shape of vertical flexible
beam.

Table 2. Extracted power (uW) for different beam
stiffnesses and inlet flow velocities.

EI (pa.m?)
EI =0.005 EI =0.01 EI =0.02

Uin < 6 0.0 0.0 0.0

g 10 0.04 0.001 0.0
% 20 0.4 0.1 0.0
30 1.05 0.32 0.08
S 40 2.5 0.74 0.49
50 3.6 1.4 0.67

table reveals that by increasing the inlet velocity, the
harvested power increases. Moreover, when the inlet
velocities are lower than 6 m/sec, the oscillations
of beam and, subsequently, the extracted power are
negligible. For generating considerable power, the inlet
velocity should be greater than 30 m/sec. Therefore,
only in the high-speed vehicles such as aerospace ones
the vertical beam can be used as piezoelectric energy
harvester. In the following section, a vertical beam is
considered as piezoelectric Gurney flap and used for
energy harvesting.

3.2. Energy harvesting from piezoelectric
Gurney flap

The Gurney flap is a vertical short flap mounted

perpendicular to the pressure side of the airfoil surfaces.

The size of a Gurney flap usually ranges from 1 to 5

percent of chord. It can have relatively powerful effect
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on the aerodynamics of a wing, increasing lift with
only small change of drag penalties. Moreover, the
high bandwidth and good control authority make the
device an ideal candidate for control of flight vehicle.
Since bluff bodies produce a huge vortex shedding
and, consequently, reduce the efficiency of aerospace
vehicles, it is not good to attach a bluff body to
such devices. Accordingly, for aerospace vehicles, the
energy harvester should not damage its aerodynamics
performance. To this purpose, in the present study,
an airfoil with piezoelectric Gurney flap is considered.
By using a piezoelectric Gurney flap, not only the
aerodynamics of airfoils are improved, but also the
electrical energy required for the sensors placed on
the airfoil is extracted. In this section, a piezoelectric
Gurney flap is attached to an NACA2412 airfoil and
the power generation by Gurney flap oscillation is
investigated. The free stream Mach number is 0.3
and the angles of attack are equal to 2°. The length,
thickness (h) and depth (b) of piezoelectric Gurney flap
used in the present investigation are 40 mm, 1 mm,
and 16 mm, respectively. The Gurney flap is composed
of piezoelectric polyvinylidene fluoride (PVDEF) layers
and a structure with thicknesses h, = 28 pm and
hs = 972 um, respectively. The physical properties
of piezoelectric Gurney flap are listed in Table 1.

A high-quality structure mesh is generated and
the mesh is refined adjacent to the beam and airfoil
so that y+ is less than one; also, there exist at least
10 nodes in boundary layer. This mesh is shown in
Figure 6.

Figure 7 illustrates the tip displacement of flap for

Figure 6. Computational grid for the airfoil and the
Gurney flap.

0.0030

——FE1I =0.069
—— FE1 = 0.049

0.0025

0.0020F

ﬁ\ /f\ /\ N‘\ //'A\\
0.0015} \/ \\\/\?\\/ \J%%J \\\ /
RARTATA!

Beam tip displacement (m)

0.0010
0.0005} J / J
1 L
0.090 0.095 0.100 0.105

Time (sec)

Figure 7. Time history of the Gurney flap tip
displacement for R = 10 MS2.

F VY

-25 ! 1 ’
0.090 0.095 0.100 0.105

Time (sec)

Figure 8. Time history of the produced voltage for
R =10 MQ.

EI = 0.049 Pa.m* and ET = 0.069 Pa.m* versus time
for angle of attack equal to 2°. As can be seen, the
vibration of flap involves a periodic oscillation. Since
every periodic vibration is produced by a periodic force,
there should be a periodic force on the flap. This
periodic force is created by a small vortex behind the
Gurney flap. As shown in Figure 7, the amplitude
of vibration related to smaller stiffness has smaller
values and larger average. However, both stiffnesses
have approximately the same frequency of vibrations,
which is equal to 454.54 Hz. The voltage related to
deflections of this beam is shown in Figure 8. This
figure indicates that the voltage amplitudes of smaller
and larger stiffnesses are 11 and 19 Volts, respectively.
Moreover, the voltage averages of both stifnesses are
zero. This zero value for average voltage is related to
the capacitance property of the piezoelectric materi-
als.

Using Eq. (13), the calculated power generations
are 17.3 uW for EI = 0.069 Pa.m?* and 7 uW for EI =
0.049 Pa.m*. Figure 9 illustrates the pressure contours
for ET = 0.069 Pa.m* at times 0.099 and 0.1 sec. The
small vortex, which causes the periodic force on the
Gurney flap, can be observed in this figure.

For studying the effects of this vertical beam on
the lift and drag coefficients, a three-dimensional (3-
D) modeling of airfoil with attached Gurney flap is
simulated. The length, thickness, and depth of the
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Figure 9. Pressure contour around the Gurney flap for
angle of attack equal to 2° at (a) 0.099 sec and (b) 0.1 sec.

Figure 10. Geometry of 3-D airfoil with vertical plate.

Gurney flap used in this 3-D simulation are 40, 1,
and 16 millimeters, respectively. The geometry of
this 3-D airfoil with attached gurney flap is shown in
Figure 10.

Table 3 contains the lift and drag coefficients of
NACA 2412 airfoil with different numbers of vertical
beams per each meter of airfoil span. This table reveals
that when the number of vertical beams per unit length
of span is smaller than two, the effects of vertical beams
on the lift and drag coefficients are negligible. But, by
increasing the number of vertical beams, both lift and
drag coefficients increase. However, the increase in the
lift coefficient is larger than that in drag coefficient,
leading to increase in lift over drag coefficient.

3.3. Energy harvesting from vertical beams
with end cylinder in horizontal flow

As mentioned earlier, vertical piezoelectric beams can
be used in high-speed flows for energy harvesting. At
low-speed flows, the vertical beam has small vibrations
and, therefore, cannot produce considerable power. In
this work, a modified shape of the vertical beam is
proposed for energy harvesting at low-speed flows. The
proposed shape includes a blunt body, such as circular
or square cylinder, attached to the tip of the vertical
beam. The schematic drawing of this modified shape
is shown in Figure 11.

The attached circular or square cylinder produces
oscillating forces and moments on the beam, intensify-
ing the piezoelectric beam vibration and, subsequently,
increasing the produced voltage and extracted power.
For the case study, a harvester comprising a circular
cylinder with 2 cm of diameter and a vertical beam
of height 10 cm is investigated. For numerical simu-
lation of this harvester, different inlet velocities and
stiffnesses are assumed. Details of these simulations
and harvested power from them are given in Table 4.
In all of these simulations, the piezoelectric constants
and properties are the same as cited in Table 1. The
numerical grid used for simulations of this harvester
involves 132,000 cells displayed in Figure 12.

It is worth noting that in the numerical simula-

g 5
< g g g
g g 9 g
- o
-
] g < g
< 2 o4 2
g\‘ 13} o \‘ 13}
N 2 <] =]
Q e N B2
e @ .8 @
= = A =
~ w0 ~ w0
~ ~
S S

Figure 11. Schematic drawing of a vertical flexible beam
with attached cylinder in the horizontal fluid flow.

Table 3. Lift and drag coefficients of 3-D airfoil with different numbers of vertical beams.

Numbers of vertical Lift Drag Lift over
beam per unit coefficient coefficient drag coefficient
length of span (L) (D) (L/D)

0 0.231 0.0075 30.8
(clean airfoil)

1 0.237 0.0076 31.18

2 0.249 0.0079 31.52

4 0.494 0.0103 47.96

9 0.834 0.0145 57.52
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Table 4. Details of numerical simulations and their
extracted powers.

U BI Extracted
4 power
(m/sec) (Pa.m®) (W)
Simulation 1 2 0.0015 35
Simulation 2 5 0.008 72
Simulation 3 10 0.02 78

0.15[

0.00 = d skt
0.65 00 075 _ 0.80  0.85 090  0.095

Figure 12. Computational grid for the flexible vertical
beam with attached circular cylinder.

tion, the end cylinder is modeled rigidly. Consequently,
the flow forces and moments on the cylinder are applied
as concentrated ones on the beam tip. Moreover, the
displacements of the cylinder nodes are set to the beam
tip displacement.

For these simulations, the time history of beam
tip displacement and the produced voltage are shown
in Figures 13 and 14, respectively.

These figures reveal that the added cylinder in-
tensifies the oscillations of the beam extensively and
leads to extracting of remarkable power. Therefore,
unlike the sole vertical beam, the new harvester has a
good performance in low velocities. Figure 15 displays
the deformed shape of beam with its end cylinder for
simulation 3 when beam has its maximum deflection.

4. Conclusion

In the present work, the PEH from piezoelectric
vertical beams in horizontal fluid flow with different
inlet velocities was investigated. It was shown that

0.020

Simulation 1
Simulation 2

m)

0.015

———- Simulation 3

0.010

0.005
il

o o
o o
=} (==}
(S48 o

Beam tip displacement (

1 1 1
1.10 1.12 1.14 1.16 1.18 1.20 1.22
Time (sec)

Figure 13. Time history of the vertical pate tip
displacement with attached cylinder for R = 10 M.

60
——— Simulation 1
—— Simulation 2
40F ———- Simulation 3
=
S 20
)
o
£ 0
3
>
-20
—-40 M} PR L

1.10 112 114 1.6 118 120 122
Time (sec)

Figure 14. Time history of the produced voltage (Volt)

for R =10 MXQ.

Figure 15. Deformed shape of flexible vertical beam with
attached cylinder.

the piezoelectric vertical beams in high-speed hori-
zontal fluid had remarkable vibrations and, therefore,
produced considerable electrical power through the
piezoelectric effect. However, since in low-speed flows
the vibrations were negligible, the extracted power was
not considerable. For low-speed flows, the vibrational
behavior of the vertical beams could become more
effective by attaching an end cylinder to them. Tt
was shown that this shape remarkably intensified the
oscillations of the vertical beam and, therefore, the ex-
tracted power in low-speed flow. Finally, a piezoelectric
energy harvester for aerospace vehicles was introduced.
Since in such vehicles, conserving the aerodynamic
performance was a crucial rule, a piezoelectric Gurney
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was used for energy harvesting from fluid flow.

By using a Gurney flap, the vibrational energy was
converted to the electrical one, while the aerodynamic

performance of the vehicle was conserved.

It was

shown that a piezoelectric Gurney flap attached to
the NACA2412 airfoil provided an acceptable value of
harvested power.
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