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ABSTRACT

Performance of a semi-active flapping foil flow energy harvester, coupled with a piezoelectric transducer has
been analyzed in this work. The airfoil is mounted on a spring, damper and piezoelectric transducer arrangement
in its translational mode. External excitation is imparted in pitch mode and system is allowed to oscillate in its
translational mode as a result of unsteady fluid forces. A piezoelectric transducer is used as an electrical power
converter. Flow around moving airfoil surface is solved on a meshfree nodal cloud using Radial Basis Function
in Finite Difference Mode (RBF-FD). Fourth order Runge-Kutta Method is used for time marching solution of
solid equations. Before the solution of complex Fluid-Structure Interaction problem, a parametric study is
proposed to identify the values of kinematic, mechanical and geometric variables which could offer an
improved energy harvesting performance. For this purpose, the problem is modelled as a coupled
electromechanical system using Lagrange energy equations. Airfoil lift and pitching moment are formulated
through Theodorson’s two dimensional thin-plate model and a parametric analysis is conducted to work out the
optimized values of pivot location, pitch amplitude, spring stiffness and damping constant. The subsequent
computational analysis resulted in an enhanced performance compared to the potential flow model with an
efficiency of up to 27% based on total power extraction through the flow. Higher efficiency is obtained when
the pitch axis is located aft of mid chord. However, this setting does not correspond to the maximum power
output. Interestingly, power is maximized at much lower efficiency values.

Keywords: Bio-inspired; Semi-active flapping foil; Electromechanical coupling; Dynamic stall effect.

NOMENCLATURE
a non-dimensional distance of pivot transduction
point from mid-chord (chords) Pdamp average power through damper
b semi-chord of foil idealized as generator
c damper strength R resistance of piezoelectric layer
Cp capacitance of piezoelectric layer Re Reynolds number.
Cop cycle-averaged power coefficient St Strouhal number.
Cop( flow) cycle-averaged power coefficient T time period of oscillation
based on power extracted through u free stream velocity
transducer and damper \ voltage
Copelectricy  Cycle-averaged power coefficient Olmax maximum angle of attack amplitude
based on power extracted through Telectric efficiency based on net power output
transducer. through piezoelectric transduction.
d vertical displacement of foil 1Nf low efficiency due to net power extracted
f* non-dimensional frequency through transducer and damper.
h heaving amplitude Oc electromechanical coupling constant
k spring constant 6o pitch amplitude
LEV leading Edge Vortex p density of fluid

Ppiezo average power through piezoelectric o forcing frequency
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1. INTRODUCTION

Search for renewable energy resources and strategies
is the prime technological and economic challenge in
the present era. Past few years have seen an extensive
focus on the utilization of hydro-power in the form
of tidal and ocean currents as renewable energy
source. The biomimetic studies have helped
researchers gain a better insight about the mechanics
and locomotion of various aquatic animals. In the
same aspect, bio-inspired flapping foils have been
scientifically investigated as potential energy
harvesters such as studies undertaken by
Triantafyllou et al. (2004). The flow induced
flapping foils have been analyzed to produce high
instantaneous forces due to dynamic stall effect such
as Leading Edge Vortices (LEVS) and it is natural to
consider them as an alternate energy source.

Flapping foil energy harvesters are governed by two
degrees of freedom namely pitch and heave (plunge)
motions. These are categorized into three main types
based on the activating mechanism, where the
pitching and plunging degrees of freedom have
prescribed or free motions (Xiao and Zhu (2014)).
Most of the studies have been focused on fully active
systems such as work by Kinsey and Dumas (2008),
Zhu (2011), Xiao et al. (2012), Wu et al. (2016) and
Javed et al. (2018a), which involve fully prescribed
motions, where a known frequency and amplitude is
imposed on both the pitching and heaving modes.
Such a system will extract positive power from the
flow when the measured time-averaged power input
driving the motion is negative. However, such
systems do not take into consideration the loads to
which the system would be providing power or the
periods when the sys-tem would be drawing negative
output power. In semi-active systems such as work
by Shimizu et al.(2008), Deng et al. (2015) and
Javed et al. (2018b), a prescribed frequency and
amplitude is imparted to the pitching mode through
a driving motor while power is extracted through the
flow induced plunging motion. For such a system, a
viscous damper is idealized as a load which is
connected across the plunging motion. Net power
output depends upon the difference between the
input power of the motor and power extracted via a
damper. For fully-passive systems (Qadri et al.
2019), both heaving and pitching modes are induced
by instabilities in the flow. Here parameters of the
system such as frequency and amplitude for the
oscillations are dictated by the flow-generated forces
and vortex interactions, so the model is much more
sensitive to flow conditions and numerical procedure
applied for solution. Such systems are also analyzed
while coupled with an attached load which is
modelled as a viscous damper along with the heave
mode.

Semi-active systems offer the most feasible
configuration in practice so, earlier industrial proto-
types have employed such configuration in their
design. An example is of Stingray which was a
150kW power generator, extracting energy through a
flapping foil energy harvesting systems (Finnigan
(2012)). Later on, Zhu et al. (2009) modelled the
capacity of a semi-active flow energy harvester by

utilizing a 2D potential flow model. The study was
of particular interest, as it had addressed the issue of
how flapping foils extract power from the flow
through a linear damper which is idealized as a
generator, a study, which was not previously
undertaken for such systems. An efficiency of 25%
was achieved from the plunge motion based on
optimum combination of frequency, pitch angle and
damper strength. Zhu and Peng (2009) later utilized
a viscous flow solver for a 2D Navier-Stokes model
to examine the effects of LEV formation. According
to their findings, net positive power out-put is
strongly dependent upon LEV and there exists a
range of pitching frequencies k = 0.8 — 1.4 for such
power output. The LEV generates a low-pressure
region which enhances the lifting forces, and
subsequently output energy, while the viscous
damping tends to reduce the energy harvesting
capacity. It was also found out that a foil’s pivot
location is crucial in determining the balance of these
two competing effects. Deng et al. (2015)
numerically investigated the performance of a flap-
ping foil energy harvester system in a semi-active
configuration. They obtained a power output
efficiency of 34% for their model at optimal values
of dimensionless forcing frequency (f* = 0.16),
pitching amplitude (6o = 75°) and mass ratio p = 1.

Traditionally, literature for flapping foil energy
harvesting systems is limited and such systems
idealize viscous damper as a power extractor.
However, the question still remains open that how
can energy extracted through such energy harvesting
systems be utilized for useful purpose through an
electrical converter? Additionally, for commercial
development of such systems, there is a need for
formulation of extensive mathematical models
incorporating the coupled effects of fluid-structure
interaction, mechanical system efficiencies and
consideration with regards to the type of electric
converter. There can be various generators for con-
version of mechanical to electrical energy among
which piezoelectric transducer is one such converter
which utilizes the mechanical energy to generate
voltage. They offer certain advantages over various
other electric converters including small size, rugged
construction, high power output and higher
frequency response where parameters varying at
high speeds can be sensed easily. In this regard,
various studies have been conducted in the recent
past, to analyze the factors affecting energy
harvesting through piezoaeroelastic systems. For
example, Abdelkefi et al. (2012) analyzed the effects
of structural nonlinearities such as torsional and
flexural spring coefficients on the dynamic
behaviour of a piezoaeroelastic system. It was found
out that the non-linear torsional spring has the most
influence at the onset of system’s instability, while
maximum power output corresponded to a specific
value of electrical load resistance. Subsequent
studies by Mehmood et al. (2013) on vortex induced
oscillations of a circular cylinder coupled with a
piezoelectric converter showed that, maximum
harvested power is achieved at an optimum value of
electrical load resistance. Interestingly, this
maximum harvested power point did not correspond
to maximum vibrational amplitudes of the cylinder.
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Present study focuses on the investigation of energy
harvesting from a semi-active foil system by utilizing
a piezoelectric transducer. However, prior to solving
the computationally intensive coupled Fluid-
Structure Interaction problem, the values of system
parameters, for achieving high energy harvesting
efficiency, have been estimated by solving a
relatively simpler linearized model of coupled
electromechanical system. The fluid forces
appearing in the rigid body motion equations are
modelled using Theodorson’s 2D thin-plate model.
The behaviour of piezoelectric transducer is
modelled by Gauss Law as suggested by Abdelkefi
etal. (2012). By analyzing this system, we have been
able to predict that how power extracted through a
flapping foil system can be utilized for useful
purpose through an electric converter. In this regard,
present paper is arranged as follows. In Section 2.,
physical and mathematical model for the problem
has been discussed along with the formulation of
governing equations for harvester’s performance
indicators. In Section 3., analytical results have been
depicted where optimization of various performance
parameters is examined. Numerical simulations are
discussed in Section 4., where the effect of dynamic
stall on harvester’s power extraction capability and
corresponding efficiencies is reviewed. Finally,
conclusion and direction for future course of study is
presented in Section 5.

2. PROBLEM FORMULATION

2.1 Physical and Mathematical Model

A foil is considered with mass m and semi-chord
length of b. The foil is mounted on a spring and
damper system while it is subjected to uniform, in-
compressible flow of velocity U as shown in Fig.1.
The pivot point location P of foil is at a non-
dimensional distance of a with reference to mid
chord. A prescribed pitching motion is imposed upon
the foil given as 0(t) = 60’ while heaving motion
y(t) is activated by flow-induced forces. Adding a
piezoelectric transducer along the translational
motion of foil and including a load resistance R in
the electrical circuit, a coupled electromechanical
system of equations is obtained as shown below:

my+cy+ky—6.V=L 1)
cPV+%+eCy:o 2)

where V is the voltage generated across the load
resistance, Cp represents the capacitance of piezo-
electric layer and Oc is the -electromechanical
coupling constant. Similar piezoelectric model is
utilized by Abdelkefi et al. (2012) in their analysis of
piezoaeroelastic energy extractors.

2.2 Hydrodynamic Force and Moment

The formulation of hydrodynamic lifting force and
moment is based on Theodorsen’s 2D thin-plate
model (Hodges and Pierce 2011). The model can
solve lift distribution around an idealized airfoil
which is harmonically pitching and heaving in an

inviscid, incompressible flow. The model also
assumes small deflections for the flat plate, so flow
remains attached and leaves an idealized planar
wake. If the pitching and heaving motions are given
as 0 = 0™ and y = yoe™ respectively, then the
hydrodynamic lift force is formulated as a sum of
quasi-steady lift, added mass effects of displaced
fluid and changes in induced circulation around an
airfoil due to wake (Hodges and Pierce (2011) and
Harper et al. (1998)) which gives

b : .
L= 2npr(—y+U6+[E—a)9]C(1m) -

+p1tb2 (—y +UbH— aé)

P (Pivot Point)

Fig. 1. Schematic for the model where a is the
non-dimensional distance of pivot axis from mid-
chord and b is the semi-chord length of foil.

Based on hydrodynamic lift, moment is formulated
as:

_ npsz 04 npb4
4 8

_nprU(—y +U0 + (g —aJéjC(iw) —alL

M 0

4)

So net moment becomes
L =—mpb?[a(¥)+ b U+ £+£ 0
p y 5 8 b2
—U(%+1j(—y+ ue (5
b A
+ E—a 0)C(im)]

Theodorsen’s function C(iw) accounts for the extent
of vortex shedding from the foil and is approximated
by a ratio of third-order polynomial. Further details
about the Theodorsen’s function have been discussed
in the work of Harper et al. (1998). The
hydrodynamic moment Mn can be calculated from
Eq.5 and is expressed as Mh = Moe™®" :

As the prescribed pitch motion, flow induced heave
and generated voltage are given by a sinusoidal pro-
file as 0 = 0™, y = yoe'®@ and V = Ve
respectively then using Eq.3, Eq.1 and Eq.2 simplify
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to:

(~0®M, +Dio+ k)yo ~0,Vy=Fy, )
. o1

Bcimyg +| Cpiw +E Vo =0, (7)

where M, =m+prb? , D=c+2npbUC(s) and

Fo= {211:[)bU2 + ansz(% - a)(im)}c(c) + pnsz(im) + pn:bzamZ

which can be written in matrix form as

2 .

-0°M; +k +ioD -0, {yo}:{%} @
Ocio —+iCpo Vo] L0

R

So the net mass Mt and damping D incorporate the
effect of displaced fluid mass and hydrodynamic
damping which can be used to calculate the heaving
amplitude and generated voltage due to piezoelectric
effect through Eq.8 as h = |yo| and Vpieo = |Vo|
respectively. Furthermore, the heaving amplitude h
and voltage Vpieo along with the induced
hydrodynamic moment are utilized to estimate the
performance indicators for our energy harvester
which are formulated below.

2.3 Performance Parameters

Performance of a flapping foil energy harvester is
measured in terms of net power output and
efficiency. For the problem in hand these parameters
are defined as follows:

2.3.1 Power Input

The average power input to activate the pitching
motion is expressed as Pinput = Mactuator6 - If rotational
inertia of foil is neglected then Mactuator + Mn = 0 or
Mactuator = —Mh. So the cycle-averaged input power

T .

can be found as Py :%J —-Mp6d(t) . As Mn=
0

Moei, then average input power becomes:

—BgwIm(M)

: ©

FJinput =

where (Im) depicts the imaginary part of Mo
2.3.2 Power Output

For a simple flapping foil system with no
electromechanical coupling, the power extracted
from flow is idealized through a damper (Xiao and
Zhu (2014)). So, in the present case if damper is also
idealized as generator, then average power generated
through the linear damper with strength c is given as
Pgamp and is calculated as:

Pamp = Cyz (10)
The cycle-averaged power output is expressed as

1 (lo+T 2 o )
Pdamp:?J‘t cy“d(t) where T is time period
0
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givenasasT = 2n . The Eq.10 then becomes:
(O]

2
Pdamp = _Ch = (11)
2
However, for a coupled electromechanical system,
power extraction is not so simple and depends upon
various other factors including damper strength and
piezoelectric  resistivity. The average power
extracted through the piezoelectric transduction can
be calculated as:

Vz'e )
Priezo = _pl;z (12)

2.3.3 Net Power Output

Net power output is described in two ways. Useful
power is the net electric power that is extracted
through flow via piezoelectric transducer. We de-
note it by Pret(electric) and is given at Eq.13:

Pnet(electric) = I:’piezo - Pinput (13)

However, if we assume both damper and
piezoelectric transducer as an idealized electric
generator, then it would give an estimation of gross
energy that is extracted through the flapping foil
energy harvester. We denote it as Prettiow) and is
given at Eq.14:

Pret(flow) = (Ppiezo + Pdamp ) ~ Pinput (14)

Certainly useful energy extracted via transducer can
still be enhanced at the expense of power output
idealized through the damper.

2.3.4 Efficiency

Efficiency of the harvester is defined as the ratio
between net power extracted to the power available
in the incoming flow (Kinsey and Dumas (2014)).
So, efficiencies for respective types of power output
are calculated as follows:

1. Efficiency due to net power output through
piezoelectric transduction is:

n _ I:’net(electric) _ Pnet
electric = -3
Loui(an) o0

(15)

where 2h denotes twice the amplitude of heaving
motion as given by Kinsey and Dumas (2014) .

2. Similarly, efficiency due to net power extracted
through transducer as well as the damper is
calculated as:

Pret(flow)
Nlow :pU—3h (16)
3. ANALYSIS OF MATHEMATICAL
MODEL AND RESULTS

Performance analysis is based on key factors that
effect the power outputs and efficiencies of a flow
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energy harvester. They mostly comprise of
kinematic, geometric and structural parameters as
dis-cussed below:

3.1 Effects of Geometric and Structural
Parameters

The structural parameters (stiffness and damping)
as well as piezoelectric parameters (external load
and capacitance) need to be optimized for
achieving the best performance. Studies have
shown that structural stiffness and damping
strength along with the location of pitch axis
greatly effect the performance of a flapping foil
energy harvester (Zhu et al. (2009)). Similarly, as
discussed by Xiao and Zhu (2014), the maximum
net power output of a harvester always depends
upon the damper with a particular strength. So, the
value of damping strength should be tuned
according to the flow conditions for maximizing
power extraction. Zhu and Peng (2009) while
discussing results for their 2D model had predicted
a maximum theoretical power extraction for a semi-
active flap-ping foil energy harvester. This value is
valid at any value of pitching axis and structural
stiffness provided it is subjected to harmonic
motion at low forcing frequency. Same equation is
reproduced at Eq.17, based on our model’s
parameters. Further, this maximum power is
achieved at a damping coefficient of (¢ = 2npbU)
which clearly depends upon the flow field velocity.
Prax :% pbU® (6,) 17)
A parametric study has been carried out to obtain
the zones of maximum performance for our energy
harvester similar to the potential flow analysis by
Zhu and Peng (2009) and Jamil and Javed (2019).
Various isolines have been acquired for net power
output Pretriow) and efficiency mrow at six distinct
pivot locations as depicted at Fig.2 and Fig.3. The
figures are obtained at different combinations of
damping coefficient (c) and forcing frequency (w)
while the pivot locations correspond to non-
dimentionalised distance a= —0.5, —0.16, —0.25,
0,0.25, 0.5 measured from the mid-chord of foil.
For ease of calculations, flow parameters density
(p), velocity (U) and chord length (2b) have all
been assumed to be unity while the structural
stiffness is taken as zero with pitching amplitude
of 0o = 10° unless stated otherwise. Moreover, as
the mass of foil is negligible com-pared to fluid
added mass, so it is ignored. For piezoelectric
transducer the factors including coupling constant
¢, capacitance Cp and resistance R determine the
generation of electric power Ppiezo. FOr calculation,
coupling constant 6c and capacitance Cp have been
non-dimentionalised as 1 while an optimize value

for resistance Ry - is adopted which
oC,

depends upon the capacitance of the transducer as

well as the forcing frequency (Chin et al. (2017)).

The net power output Preyow) IS Non-
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dimentionalised with respect to maximum out-put
power depicted at Eq.17. Following key
observations have been made from parametric
isolines depicted at Fig.2 and 3:

e  When pitch axis is located at of 1/3 chord (a
=—-0.16, Fig. 2(c) and 3(c)), maximum power
Pret(low) = 0.8 is obtained at low frequencies
< 1. However, efficiency is maximized (nfiow
= 8%) within the range w=1-2.5 and it
corresponds to net power output of Pret(iow) =
0.6 — 0.4. The behavior of system is similar
when pitch axis is at quarter chord (a =
—0.25). However, numerical values of
parameters are different as can be seen from
Fig. 2(b) and 3(b)

The power output tends to increase as the
pitch axis move forward and maximized when
a =—0.5 (pitch axis at leading edge, Fig. 2(a)
and 3(a)). However, the efficiency tends to
reduce by moving the pitch axis forward. At a
= —0.5, maximum power output reaches
Pretflow) = 0.8 Whereas the efficiency remains
in the range nlow = 3 — 6%.

When pitch axis is at mid-chord (a =0, Fig. 2(d)
and 3(d)), maximum efficiency of nflow = 9% is
obtained at ® =1-2 with corresponding power
extraction of Pretfiow) = 0.8 — 0.4.

When pitch axis is located at 43 of chord
length (a = 0.25, Fig. 2(e) and 3(e)), positive
power output is achieved at low forcing
frequencies (w < 1). However, efficiency keep
on increasing with an increase in frequency
and damping, and it may even go beyond 1 at
high values of frequency and damping. Such
a peculiarity is due to the exclusion of
pitching motion in the efficiency formulation.
The results also depict that net power output
decreases with increasing frequency and
damping, and it may even become zero at
higher values. Such results at 3/4 of chord
length are spurious and have not been
considered for further analysis.

The zone of maximum efficiency moves
closer to the zone of maximum power when
the pitch axis is located at trailing edge as
shown in Fig. 2(f) and Fig. 3(f)). Therefore,
the possibility of achieving maximum power
with higher efficiency increases at such an
arrangement.

Among the cases discussed earlier, superior energy
harvesting performance is achieved at the pitch axis
location of mid chord with maximum power
extraction efficiencies of mfiow 9% and
corresponding maximum power output coefficients
of Pretiowy = 0.8, within the range of forcing
frequency and optimal damping strength considered.
Further simulations were carried out at pitch axis
location of mid-chord with stiffness k = 10. The
zones for positive power extraction become narrower
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Fig. 2. Isolines for net power Pret(flow)/Pmax calculated at six different pitch axis locations (a
=—0.5,-0.25,-0.16,0,0.25,0.5) and as a function of forcing frequencies (w) and damping coefficient (c).

and eventually vanish at higher values of k, ¢ and w.
In view of the discussion, best performance is
possible when the pitch axis is kept at mid-chord (a
= 0) and structural stiffness is kept minimal at (k=0).

The net power efficiencies nrow through flow at all
the selected pivot location as shown in Fig.2 and 3
are low, however, they provide the feasibility of
employing coupled electromechanical flapping foil
systems as energy harvesters. Similar analysis based
on potential flow model by Zhu and Peng (2009) has
also predicted such low efficiencies for a simple
flapping foil energy harvester system.

3.2 Effect of Pitch Amplitude

Effect of varying pitch amplitude shows that heaving
amplitude, generated voltage (Fig. 4(a)) and power
output efficiencies (Fig. 4(c)) vary linearly with
increasing pitch amplitude. However, net power
output varies non-linearly with increasing pitch
amplitude (6°) as shown at Fig. 4(b). Such behaviour

is also evident from the power and efficiency
formulation. Results at Fig.4 necessitate a threshold
limit for the pitch amplitude, where the basic
assumptions for Theodorsen’s thin plate model of
small-amplitudes motion and attached flow may not
be violated. Moreover, high pitch amplitudes also
give rise to LEVs as depicted by Zhu and Peng
(2009), which would violate the potential flow
analysis.

Previous studies such as work conducted by
Anderson et al. (1998) had shown that factors
including Strouhal number (St) and effective AoA
(omax) affect the flow separation and formation of
LEVs. Through an experimental study, they found
out that for St< 0.12 and amax < 20° with
accompanying heaving amplitude of the order of

Zh_b ~1, the effect of LEVs can be neglected. When

the present problem is analyzed, it was found that
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Fig. 3. Isolines for efficiency now calculated at six different pitch axis locations
(a=-0.5,-0.25,-0.16,0,0.25,0.5) and as a function of forcing frequencies (®) and damping coefficient

below the pitch amplitude of 6o = 20°, the St and dimax
remain below the limiting factors of 0.12 and 20°
respectively. So, the optimal pitch amplitude 0o that
can be adopted for further studies without violating
the potential flow assumption is 20°.

3.3 Optimal Power and Frequencies

The simulations at Fig.5 conducted at pitch axis
location of mid-chord and limiting case of spring
stiffness (k = 0), depict that high heaving amplitudes,
voltages and net power outputs are obtained at low
forcing frequencies and decrease with increasing
forcing frequencies. However, corresponding
efficiencies are lower at low forcing frequencies.
Such behaviour was also predicted by Shimizu et al.
(2008) who achieved high efficiencies only at low
heaving amplitudes and high forcing frequencies.
Physically, this can be attributed to the fact, that due
to low structural stiffness, natural frequency of the
system will be lower. So low forcing frequencies can

induce corresponding high heaving motion due to
resonance.

Figure 5(b) depicts that maximum net power
generated through transducer (Pretlectric)) is 0.63 at
o =1while maximum net power extracted through
the flow (Prettiow)) is 0.82 around ©=0.14 .
Similarly, Fig.5(c) shows that maximum net electric
power efficiency (Melectric) IS around 5% while
positive efficiencies have been predicted when @ <
0.8. The net efficiency for total power extracted
through the flow (mfiow) is 16%, which is three times
higher than that generated via the transducer.

The efficiencies are low as they have been calculated
based on the Theodorsen’s 2D thin plate theory
which assumes linear, small-amplitude, low-
frequency motions. The theory also assumes
potential flow where flow remains attached and
negates the effects of LEVs. So, it is important that
the dynamic stall effects may be taken into
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consideration for realistic estimation of power
generation efficiencies which has been done in
Section 4.
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Fig. 4. Calculated relation of heaving (h)
amplitude, voltage (V ) amplitude, net power
outputs and efficiencies with pitch amplitude,
where pitch axis is at mid-chord (a=0), k=0
and ¢ = &t. Pitch amplitude of 0, = 20° can be
adopted as the optimum value where potential
flow assumption of Theodorsen’s thin-plate
theory is not violated.

4. NUMERICAL SOLUTION

Analytical results calculated at Section 3. are based
on Theodorsen’s 2D thin-plate model. The model
assumes potential flow where dynamic stall effects
are ignored. Leading edge vortices (LEVS) are a
prominent outcome of dynamic stall effect and are
considered a prime factor for the generation of lift
which enables insects to hover and move forward
during flight (Shyy et al. (2010)). Dynamic stall
effects can be modelled by numerically solving the

Navier-Stokes equation. For this purpose, an in-
house algorithm presented by Javed et al. (2016) is
utilized to model the coupled electromechanical
semi-active flapping foil system and estimate the
liftymoment forces based on the governing equations
formulated at Section 2.
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==+ Efficiency electric
0.25F — Efficiency flow

o
o

Efficiency
o
@

0.1F

0 0.5 1 1.5 2 25 3
w

(c) Efficiency as a function of frequency

Fig. 5. Calculated relation of heaving (h)
amplitude, voltage (V) amplitude, net power
outputs and efficiencies with forcing
frequency(w) where pitch axis is located at mid-
chord (a =0), k =0 and ¢ = . Relatively high
heaving amplitudes, volt-ages and net power
outputs are obtained at low forcing frequencies.
Maximum net efficiency for total power
extracted through the flow (nfiow) is 16%.

4.1 Hybrid Fluid Solver

The scheme utilizes a body conformal meshfree
nodal region around the foil in the near field and a
static cartesian mesh in the far region which partially
overlaps the meshfree region. In this way a hybrid
grid is formed as shown in Fig.6. The flow equations
over dynamic meshfree zone are solved with
Arbitrary Lagrangian Eulerian (ALE) frame. With
Qo as the initial configuration of computational
domain at time to , it can be mapped over current
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Fig. 6. Meshfree-Cartesian Hybrid grid scheme by Javed et al. (2016).The scheme utilizes a body con-
formal meshfree nodal region around the foil in the near field and a static Cartesian mesh in the far
region which partially overlaps the meshfree region. .

configuration Q:t at any arbitrary time t as:
Ay >
X = x(X,t) =A{(X)

(18)
(19)

ALE velocity is calculated as v = 0A / ¢t. At each
node, ALE velocity is set equal to the velocity of
node. Non-dimensionalized pressure-velocity ( P.i )
form of time varying, incompressible, viscous flow
equations in ALE formulation is given as (Takashi
and Hughes (1992)):

=-VP—(U-V)).(Vl)_(1/Re) V2 (20)

Vi=0 (1)

At each node, ALE velocity is set equal to the
velocity of computational node. For static-cartesian
grid, the nodal velocity Vv becomes zero and
Eulerain form of momentum (Eq.20) is achieved
(Takashi and Hughes (1992)). Time discretization of
flow equations is carried out by Chorin algorithm
(Chorin (1973)) using pressure projection method
which provides the velocity-pressure decoupling.
The viscous term is treated with Crank-Nicholson
scheme as used by Kim and Moin (1985), while
convective term of momentum equation is dealt with
Adam-Bashforth scheme. For the meshfree nodes
RBF Finite Difference (RBF-FD) method is used to
calculate spatial derivatives over random data points.
Further details of the cartesian-meshfree hybrid zone
have been discussed in detail by Javed et al. (2016),
Javed et al. (2018b) and Javed et al. (2019).

4.2 Fluid-Structure Coupling Scheme

The fluid-solid coupling has been achieved by a
partitioned method; where close coupling at fluid-
solid interface is achieved by solution of fluid and
structural solvers iteratively at a single time step. The

sub-iteration continues once the convergence
between fluid and solid solvers is achieved before
moving to the next time step. During sub iterations,
the results are updated only over the meshfree zone
to get fluid forces. The coupling algorithm proceeds
where initially structural displacement S™! is
calculated at time t"! based on the velocity and
acceleration of previous time step t". The airfoil
along with the whole meshfree cloud moves ac-
cording to the predicted displacement S"*1, The fluid
equations are solved in accordance with the predicted
structural displacement and updated fluid forces
W1« are calculated at the solid surface. The
effective applied loads are calculated by aver-aging
the fluid forces W"'+ and W". The corrected
structural deflection Sn+1 is achieved by solution of
the structural equations which is compared with the
corresponding value at the previous time step. The
process continues until the structural displacement
S"*1achieves the desired convergence.

4.3 Validation of Proposed Scheme

To validate the solution scheme, same technique was
applied to the semi-active flapping foil sys-tem in
simple configuration and compared to Deng et al.
(2015) solutions. Time varying pitch amplitude is
given as 0(t) = 0o sin(wf) while the heave amplitude
is calculated from Eq.8. Mechanical, geometric and
kinematic parameters are based on the tests
conducted by Deng et al. (2015), where k =0, c =,
m = 0.1022, 6o = 75°, while foil is pitched at 13 of
chord length. Simulations are conducted on
NACAQ015 foil at Re = 1000 at two distinct non-
dimensional frequencies ( f* = 0.12 and 0.16) while
time variation of vertical force coefficient CL during
one period cycle is compared with those predicted by
Deng et al. (2015). As shown in Fig.7, both results
are in close agreement with each other while
maximum lift coefficients achieved during the
simulation are close to the already known results. It
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is also noted that peak value for the lift coefficient
has increased with increment in non-dimensional
frequencies, a trend which is also predicted by Deng
et al. (2015).

=—Present =0.12
r O Dengetal. f*=0.12
*==*Present *=0.16
B O Dengetal. f*=0.16

0 0.125 0.25 0.375 05 0.625 0.75 0.875 1

T
Fig.7. Calculated time variations of lift
coefficient (CL) over a period cycle for f*=0.12
and 0.16, k=0, c=a, m = 0.1022 at 0o = 75° and
Re = 1000. The results are in close agreement
with Deng et al. (2015).

4.4 Prediction of Performance Parameters

Section 3. has predicted best performance for a
coupled electromechanical system at some
mechanical and kinematic parameters including k =

0,c=2npbU, m=1and R :L . However, the
Cp(o

analysis was based on Theodorsen thin-plate
potential flow model which assumes low pitch
amplitudes and small heaving frequencies. So, to
cater for the viscous effects, numerical analysis has
been carried out at the same optimal parameters.
However, instead of thin plate, NACA 0015 foil at
Re = 1100 is utilized where best performance has
been indicated by Kinsey and Dumas (2008) and
Deng et al. (2015) in their respective fully-active and
semi-active flapping foil system analysis.

Simulations are conducted at five distinct pitch
amplitudes 6o = 15°20°,60°,76°85° at pitch axis
location of a = —1/6 corresponding to 1/3 of chord.
The effect of varying reduced frequencies on the
performance efficiency is examined as shown in
Fig.8. It is worth mentioning that here another factor,
cycle-averaged coefficient of power is defined at
EQ.22 as:

— 1T
Cop = ?J.o Copdt (22)
where Cop is expressed as
Cop = P (23)
1.3
EpUOO (2b)

Here 2b represents the total chord length. Similar to
Section 2., two type of efficiencies are defined; one
based on total net power extracted through the flow
niow (EQ.24) which includes the useful power
extracted via piezoelectric transducer as well as
damper which is also idealized as a power generator,
while the other type of power is based on the net
average electric power generated nelectric (EQ.25).
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Average electric power is calculated based on Root
Mean Square (RMS) value of generated voltage Vims.

_ 2b
Nflow = (COD )flow F 0
_ 2b
Nelectric = (Cop )electric T )

where d is the total vertical displacement of foil.
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Fig. 8. Variation of (a) net harvested power
efficiency(nrow) and (b) net electric power
efficiency(neectric) With reduce frequency at
different pitch amplitudes (k =0, c=m, Re =
1100). Maximum harvesting efficiency of niow =
27%and nNelectric = 9.2% is achieved at 8o = 76°.

From Fig. 8(a), it is observed that predicted
efficiencies for pitch amplitudes of 6o = 15°,20° and
60° are low and decrease almost linearly with
increment in reduced frequencies. However, the
performance has improved for 6o = 76° and 85°
where there is an increment of efficiencies up to f*=
0.16 and decrease there on. The maximum harvesting
efficiency of nilow = 27% is achieved at 8o = 76° and
non-dimensional frequency of f*= 0.16. This is less
than n = 34%, the highest efficiency predicted by
Deng et al. (2015) at 6o = 75°, f* = 0.16 and Re =
1000. This is attributed to the fact that in present
case, we are dealing with a coupled
electromechanical system where an electric
transducer is coupled with a semi-active flapping foil
system. Dynamics of the problem are now different
and the power losses due to electric converter along
with its associated efficiency is an important factor
in reducing the efficiencies for the electromechanical
systems when compared with known results from
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literature for fully and semi-active systems.

Figure 8(b) depicts the variation of average net
electric power efficiencies melectric relation with
respect to varying reduce frequencies where best
performance (Melectric = 9.2%)) is achieved at 6o = 76°
and f+ = 0.16. So out of the 27% power efficiency
achieved from flow by the harvester, only 9.2%
efficiency is based on useful electric power. Similar
to case at Section 5. useful electric power
efficiencies are low as compared to total energy
extracted through the harvester which are attributed
to energy loss due to conversion of the mechanical
energy to electrical energy.

4.5 Dynamic Stall Effect

The evolution and shedding of LEVs are examined
at two different pitch amplitudes 6o = 20° (where
effects of LEVs are minimal) and 76° (where best
harvester performance is achieved). The tests are
performed at reduce frequency of f+ = 0.16 and Re
= 1100 while other parameters are kept same.
Figures 9 and 10 show the vortex topology for one
time period cycle at 6o = 20° and 76° while Fig. 11
and Fig. 12 depicts the variation of prescribed
pitching motion and hydrodynamic lift coefficient
for one time period respectively. It is assumed that
motion starts while foil is in pitch up motion at t =
T /8. For 6o = 76°, the flow remains mostly attached
for t < T /8, while the lift increases with increasing
pitch angle and peak lift is achieved around t = T
/8. Between T /8 <t < T /4, further in-crease in
pitch angle results in flow separation from the
foil’s surface due to which there is reduction in lift
as shown in Fig.12. During time interval T /4 <t <
3T /8, the leading edge vortex travels downstream
along the surface and reattaches at the trailing edge
which delays the stall due to low un-steady
pitching rate resulting in slight increment in lift at
t = 3T /8. With further decrease in pitch angle, the
vortex leaves the trailing edge at t = T /2, resulting
in the reduction of lift. The lift curve follows the
same pattern in negative direction for the next half
cycle.

For 6o = 20°, the flow has a tendency of separating
from foil’s leading edge due to low Reynolds
number. Due to dominant viscous forces coupled
with relatively low pitch angle and effective angle of
at-tack, this flow does not reattach at the trailing edge
as observed for 6o = 76°. So the lift coefficient is low
as depicted for one time period cycle in Fig. 12.

To ascertain the effect of optimal timing of LEVs
with the foil’s motion, variation of coefficient of

power C_:op, pitching moment Cwm and pitching rate

d?j(tt) is plotted over one time period cycle as
shown in Fig.13. At t < T /8 the foil is in clockwise
rotation while pitching rate and induced pitching
moment have opposite signs. As power input is

Pinput = M. , so energy will be provided from the

flow to foil and time average power coefficient
increases. At t > T /4 the foil is in counter-clock
wise rotation, while there is formation of LEVs that
start traveling along the foil’s surface towards

trailing edge. The LEVs are low pressure region
and as pitch axis is located at 1/3 of chord, this low
pressure region at the trailing edge will produce a
clockwise moment. Now both the pitch rate and
pitch moment have same signs, so all this will
result in energy transfer from foil to flow and the
net power decreases. During the next quarter cycle
T /2 <t<5T /8, the foil is still in counter-clockwise
rotation while pitching moment and rotation rates
have opposite signs which entail energy transfer
from flow to the foil, consequently increasing the
net power coefficient. In this way, the energy is
transferred between foil and the flow depending
upon the foil’s motion, induce pitching moment
and LEVs formation.

@ %
Fig. 9. Vortex evolution over half cycle i.e

0<t <% for pitch amplitude 0, = 20° (left

column) and 76° (right column).

Figure 15 compares the efficiencies calculated
through potential flow Theodorsen’s model and
numerical analysis based on RBF-FD meshfree
solver. As discussed at Section 3.2, the threshold
pitch amplitude of 6o = 20° gives the best
performance for harvested efficiencies when
calculated through Theodorsen’s thin-plate theory.
Pitch amplitudes beyond 20° would result in flow
separation  violating the assumptions of
Theodorsen’s model. Same has also been studied
physically in vortex plots at Fig. 9 and 10.
Furthermore, analysis based on Theodorsen’s
model provides the optimum parameters where
best performance is achieved. Same parameters
have been utilized during numerical analysis at
Section 4., where maximum harvesting efficiency
Nilow = 27% is achieved at 6o = 76°. So, it has been
shown that harvesting performance has enhanced
due to optimum utilization of dynamic stall effect.
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Fig. 10. Vortex evolution for other half cycle i.e.

%< t < T for pitch amplitude 0, = 20° (left

column) and 76° (right column).

4.6 Effect of Varying Stiffness and Damping

As shown before, the best performance is achieved
at f = 0.16, 6o = 76°, Re = 1100 while optimized
values of damping ¢ = & and stiffness k = O are
adopted based on our potential flow analysis and
previous literature. However, to ascertain the effect
of increased stiffness and zero damping strength,
performance is compared at three different
combinations of k and ¢ while other parameters are
kept constant unless stated otherwise. Firstly at c ==
and k = 0, where the best performance is achieved;
secondly at ¢ = 7 and k = 10 to determine the effect
of increased stiffness and thirdlyatc=0and k =0 to
examine the effect of zero damping. Figure 14
depicts the time variation of vertical force co-
efficient at three different combinations of stiffness
and damper strength. Similarly, Table 1 compares
the RMS and maximum values of lift coefficient as
well the power output and efficiencies at these three
combinations. With increased stiffness (k = 10), both
the maximum (Ci)max and (Ci)ms values for lift

]

-50F

T/4a 3T/8 T/2 5T/8 3T/4 7T/8 T
Time(t)

Fig. 11. Calculated variation of pitch amplitudes
(60 = 20° and 76° ) over a period cycle for f* =
0.16,k=0,c=m, m=1and Re = 1100.
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T/4 3T/8 T/2 5T/8 3T/4a 7T/8 T
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Fig. 12. Calculated variation of lift coefficient
(CL) over a period cycle for f*=0.16, k=0, c=m,
m =1, Re= 1100 at 6o = 20° and 76°.
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Fig. 13. Calculated variation of power coefficient
(_:op , pitching moment Cwm and pitching rate
do(t)

over a period cycle for f*=0.16, k=0, c =

n,m=1, Re=1100 at 6o= 76°.
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Fig. 14. Calculated variation of lift coefficient
(CL) over a period cycle for f*=0.16, m=1,Re =
1100 at 60 = 76° for different combinations of

damping and stiffness.
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Fig. 15. Comparison of variation in net harvested
power efficiency (nrow) With reduced frequency
(f+) for Theodorsen [k =0, c ==, a=-0.16 (31 of
chord)] and Numerical [k =0, c=n,a=—0.16 (13
of chord), Re = 1100] results.
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Table 1 Comparison of RMS value of Iift
coefficient (CL)rms, maximum value of lift
coefficient (CL)max, coefficient of net power output

COp , vertical extent of foil d and efficiency nriow at

different combinations of stiffness and damping
strength

Parameters
f*=0.186, ]
m=1, (CL)mu (CL)max Cﬂp d N flow
Re = 1100,
By =76°
¢ :z%“d 160 | 249 | 047 | 175 | 0.27
¢ =T and
P10 1.64 | 295 | 024 | 1.01 | 0.24
¢ :E%“d 114 | 178 | 076 | 3.63 | 021

coefficient have increased when compared with (k =
0), which shows that vertical force coefficient is
sensitive to k. The difference in coefficient of power

C_Zop is significant for the two cases, where higher

net power output is achieved at k = 0 coupled with
higher vertical displacement d due to which the
difference between the corresponding efficiencies
for the two cases is not big enough. Such trend is also
established by Wu et al. (2014) based on similar
analysis.

With k = 0 established as the optimal stiffness, case
for zero damping ¢ = 0 along with k = 0 is
investigated. It is observed that maximum and RMS
values for lift coefficient (C.u)max and
(Cu)rmsrespectively, have decreased compared with
the optimal case for k = 0 & ¢ = x. The coefficient of

power C_:Op is higher than the previous two cases

considered, however due to very large vertical
displacement for the foil, the net efficiency based on
total power extracted through the flow is less than the
other two cases. This shows that there is always a
particular value for damper which is associated with
maximum performance of energy harvester.

5. CONCLUSION

Linearized coupled electromechanical equations
have been used for piezoelectric energy harvesting
through semi-active flapping foil system to fine-tune
the values of various kinematic and mechanical
parameters before conducting the computationally
intensive Fluid-Structure-Interaction simulations.
The aim is to maximize the piezoelectric power
extraction and efficiency. Parametric analysis based
on Theodorsen’s thin plate model has revealed that
net power output and efficiency are maximized when
the foil is pitched at the mid-chord, stiffness is kept
minimum at k = 0 and the damper strength of ¢ =
2npbU based on flow conditions is utilized. Results
are found to be affected by assumptions of potential
flow and small amplitude motions inherent in the
Theodorsen’s model. However, threshold pitch
amplitude of 6o ~ 20° is found to give the best
estimate of performance where dynamic stall effects
are negligible. Moreover, an optimal value of

piezoelectric resistance (R = L) is adopted for
oC,

analysis which depends upon the capacitance of
transducer as well as the forcing frequency. Two
types of power outputs are defined, one through a
piezoelectric transducer and the other through a
combination of transducer and damper which is
idealized as a power generator. The maximum
efficiency through the electric converter is found to
be 5% with power extraction of 0.37Pmax around
o =0.32 rad/sec. The maximum power efficiency
through the flow is 14% with corresponding power
output of 0.56Pmax at ® = 0.74 rad/sec.

Analysis based on dynamic stall model revealed the
best performance at pitch amplitude of 60 = 76° and
non-dimensional frequency of f+ = 0.16 at Re = 1100.
The maximum net power output efficiency through
electric converter is found to be mMelectric = 9.2%
whereas maximum efficiency based on power output
from flow is mrow = 27%. The power extraction
efficiency mrow is low compared to previously
predicted results in literature, primarily due to
mechanical-electric energy conversion between
coupled electromechanical devices. The analysis of
vortex generation, evolution, dissipation along with
the hydrodynamic lift coefficients has depicted a
strong association between the two, where net power
output is strongly effected due to synchronization
between pitch motion and induced pitching moment.
Additionally, at low pitch angles the effect of LEVs
is not dominant which results in low lift coefficients.
The cases regarding spring with high stiffness and/or
zero damping have resulted in reduction of
performance for the coupled electromechanical
flapping foil energy harvester system, so such cases
are not pursued further.

Incorporation of three dimensional effects caused by
vortex dynamics would result in more accurate
modeling of the problem and is suggested for future
studies. Moreover, various other aspects including
non-sinusoidal pitching motion, corrugated foils,
multi-foil configuration and electric converters
efficiencies may also be explored for an in-depth
understanding of the subject.
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