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Wave Energy Converter (WEC) development needs a thorough dynamic characterization of the device and tuning
the design properties to harness the maximum power. This paper addresses this need by using experimentally
validated numerical simulation for an array of flap-type WEC mounted on a surface of a breakwater as a coherent
approach in sustainable coastal protection. The developed numerical model is combined with a parametric
iteration procedure to find the optimized values of power take-off (PTO) coefficients, and the flap’s distance from
the breakwater. It is shown that tuning the design properties of flap-type WEC integrated into a coastal structure
leads to high energy capture around 85 percent of the available power. It was found that the amplitude of
oscillation is significantly affected by the presence of different frequencies resultant from standing waves, and the
confined water between the flap and the breakwater. It turns out that by tuning the distance between the flap and
the breakwater, the standing waves can be used for increasing the amplitude of oscillation and consequently

power enhancement.

1. Introduction

There are plenty of Wave Energy Converter (WEC) concepts with
unique functionality that are developed for specific environmental
loads. WEC concepts are mainly classified based on location, working
principle, and size (Lopez et al., 2013). From the operational aspect, the
WEGCs are further categorized as oscillating water columns, overtopping
devices, and wave-activated bodies (Czech and Bauer, 2012). The later
concept harnesses energy by wave-induced motion of the submerged or
floating structures (Qiao et al., 2020).

Representing the realistic performance of WECs is an important step
in increasing the efficiency and economic viability of the device that can
be achieved by developing reliable simulation tools which in turn is a
challenging process due to the diversity of the concepts (Karimirad,
2014a), and the consequent numerical requirements (Ruehl et al.,
2020).

The focus of this paper is on flap-type WEC, a wave-activated body
(Qiao et al., 2020), that is considered as an efficient device with larger
frequency bandwidth (Babarit et al., 2012; Todalshaug, 2017) among
various WEC concepts (Falcao, 2010; Uihlein and Magagna, 2016).
Normally, devices with reasonable body size don’t have large
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bandwidth, and wider frequency bandwidth can be achieved by tuning
the device with the wave conditions to produce resonance (Falnes,
2007).

Tuning device characteristics can be combined with the idea of using
multipurpose coastal structures to increase the frequency bandwidth
and consequently enhancing the efficient operation (Zhao et al., 2019)
which is the opportunity-focused mindset on the functionality of the
WEC devices and utilizing the existent coastal structures. This strategy is
aligned with the sustainable coastal protection and the mutual benefits
of WEC devices and coastal areas (Mendoza et al., 2014; Zanuttigh and
Angelelli, 2013). The concept of the multipurpose breakwater is pre-
sented for different WEC concepts from oscillating WECs (Sammarco
et al., 2015) to oscillating water columns (Rosa-Santos et al., 2019).

Multipurpose structures not only decrease the shared costs but, in
some cases, their presence increases the frequency bandwidth of the
WEC device. However, the challenge of survivability and reliability to
withstand huge storms as is expected from a defence structure remains.
Another important part of commercialization is the proven survivability
to decrease the risk of failure and expand the operational time (Greaves
and Iglesias, 2018). This paper presents the first development stages of
the flap-type WEC integrated into the breakwater according to the
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development stages (Pecher and Costello, 2017); therefore, the study is
dedicated to increasing the hydrodynamic efficiency through the
external geometry and the PTO coefficients.

To increase the efficiency of the flap-type WEC integrated into the
breakwater, some linear semi-analytical studies for the enhancement of
exciting torque and tunning wall distance with the natural modes are
conducted (Michele et al., 2016). This topic was also investigated by
experimental tests and it was shown that there is some kind of instability
in the flap behaviour due to the formation of antinodes when the ratio of
wall distance to wavelength approaches 0.5 (Cho et al., 2020). For
overtopping WECs, it is also reported that less distance increases the
amount of wave overtopping (Di Lauro et al., 2020a) which is equivalent
to the wave height rise.

The goal of this paper is to provide a thorough understanding of
different wave-structure phenomena affecting the behaviour of flap-type
WECs mounted on the horizontal surface of the multipurpose break-
water. The presence of the breakwater changes the surrounding hy-
drodynamic which not only affects the wave reflection and the wave
force (Di Lauro et al., 2020b) but also influences the dynamic charac-
teristics such as mass, stiffness, and damping defining the flap-type
WEC’s movements.

Through this paper, the complexity involves due to the confined
water between the flaps and the breakwater, the formation of standing
waves or group waves, and their effects on the dynamic response are
theoretically and numerically investigated. It is also responded how the
whole system should be tuned to increase the power absorbance by
optimization of design properties such as PTO coefficients, and the
location for mounting the flap WECs. Since computationally demanding
tools cannot be always a good solution, especially during the operation
procedure, this paper develops 2-D models for various phases of opti-
mization with a detailed description of its capabilities and limitations for
this specific device. Later, the 3-D simulation shows that 2-D can
effectively represent the flap’s behaviour due to the similarity of the
dynamic characteristics and the flaps’ tendency to move together with a
negligible phase difference (Saeidtehrani, 2015).

The organization of this paper to provide an investigation on design
properties of flap WEC integrated to a breakwater is as follows: brief
characterization of the device and site specification is provided in Sec-
tion 2. Development of the mathematical formulation needs some un-
derstanding of the wave-body interaction which is the subject of Section
3.1. The development of a fairly accurate numerical model (Section 3.2)
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relies on the sensitivity analyses and the verification of the numerical
tool with experimental tests that are presented in Sections 3.3 and 3.4.
Design properties of the flap WEC such as PTO coefficients and the
distance of the flaps from the breakwater are parametrically studied and
optimized with a 2-D numerical model in Sections 4.1 and 4.2. The re-
sults are used for further 3-D investigation in Section 4.3, which proves
the validity of the 2-D simulation and shows that the 2-D results can be
effectively used for providing a benchmark for the design and analysis
procedure. Finally, it is shown that by using the optimized values for
PTO and the distance from the wall, high energy around 85 percent of
the available power can be captured; other conclusions are drawn in
Section 5.

2. Site description, proposed device structure, and geometry

This study is focused on a nearshore flap-type WEC composed of five
flaps hinged to the seaward horizontal surface of a vertical breakwater
as it was patented and proposed for the port of Piombino in Southern
Tuscany (Sammarco et al., 2015). The power matrix (Paolo Sammarco
et al., 2016), an area with maximum energy, and the depth contours of
the port of Piombino (Navionics, 2021) are shown in Fig. 1.

The wave characteristics with Tp € [3.5 6.3] s and H; = 2 m that has
the maximum energy potential and the water depth of 12 m as a feasible
place for the device installation has been chosen for this study; see
(Sammarco et al., 2015) and the depth contours around the port pre-
sented in Fig. 1.

Fig. 2 shows the 1:40 scale model of the device proposed for the port
of Piombino (Sammarco et al., 2015) which was the subject of pre-
liminary physical and numerical simulation (Saeidtehrani, 2015). The
water depth for the 1:40 scale model was estimated equal to 300 mm in
front of the breakwater in which, at the rest position of the flaps, 50 mm
of their height were underwater. Detailed information about the nu-
merical simulation and the experimental tests is provided in the
following sections.

3. Development of the numerical model

The flap-type WEC is a nonlinear oscillating system (Saeidtehrani,
2015) and is proposed to act with resonance and consequently experi-
ence rapid motions (Saeidtehrani, 2015; Sammarco et al., 1997). For
developing the numerical simulation representing its nonlinear dynamic

Scaled model

100 s 078 s 060 s

2.0 m 003 m

1.7 m

Fig. 1. a) Schematic Power Matrix inspired by (Paolo Sammarco et al., 2016); b) Area with maximum energy potential; ¢) Schematic depth contours inspired by

(Navionics, 2021).
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Fig. 2. Schematic view of small-scale physical model, geometry and dimensions.

behaviour, several factors should be considered including the efficiency
for iterative optimization procedure, and the required fidelity to repre-
sent the fundamental wave-structure interaction affecting the WEC
behaviour (Josh and Ronan, 2020).

The high fidelity of the solver is obtained by a fully nonlinear model
and it is generally known that the nonlinear mathematical descriptions
could best approximate the nonlinear behaviour (W.F. Ames, 1965);
however, it is possible to reduce the nonlinearity and reasonably use
linear assumptions to decrease the computational time and cost. Various
methods combine linear and nonlinear to approach a physical problem
by ignoring higher order terms or simplification in boundary conditions
(Ma, 2010). For the development of the numerical simulation, first, the
fundamentals of a preliminary study on wave-body interaction are
presented, then the assumptions, methodology, and the approach used
for developing a numerical simulation tool for the flap-type WEC inte-
grated into breakwater is described in Section 3.2.

3.1. Preliminary study on wave-body interaction

Developing a robust while efficient numerical modelling tool for
predicting the device behaviour needs a good understanding of the
wave-body interaction. The wave-body interaction and the amount of
perturbated or absorbed energy in the fluid are directly related to the
ratio of body dimensions to the wave characteristics. Fig. 3 summarizes
wave-body interaction parameters such as diffraction parameters, Keu-
legan-Carpenter number, and wave breaking indexes. The above-
mentioned parameters are calculated based on the analytical formula
provided in (Mei et al., 2005) for the flap oscillating body and in
response to the wave characteristics with maximum energy potential
(see Section 2). The parameters are compared with the values presented
in the literature to study the importance of diffraction, drag effects, and
wave breaking.

The calculated parameters are tabulated in Fig. 3- a; Fig. 3- b shows
the wave characteristics, water depth, and device dimensions required

1 2 8 4 5 6 7 8 9 10 il 12
H
A a i L K c N é Ka g ﬂ —)
a L L L)pay
0.025 0.045 060 056 11.23 093 349 056 051 054 0.09 0.14
0.025 0.045 0.70 0.75 838 1.07 349 0.56 038 040 0.07 o0.14
0.025 0.045 0.80 095 661 1.19 349 056 030 032 0.05 0.14
0.025 0.045 090 1.16 544 128 349 056 024 026 004 0.13
0.025 0.045 1.00 136 463 136 349 056 021 022 004 0.13
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Fig. 3. a) Wave-body interaction parameters; b) Schematic view of the device and the illustrated wave characteristics, water depth, and device dimension; c)
Tllustrated summary of the wave-body interaction parameters inspired by (MIT, 2005).
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for the calculation of wave-body interaction parameters. Fig. 3- c is
inspired by (MIT, 2005) and is provided to make a clear picture of the
parameters and their effects. Wave amplitude, flap width, wave period,
wavelength, wavenumber, and celerity are denoted with A, a, T, L, K, ¢
respectively in Columns 1 to 6.

Keulegan—Carpenter number (K.) which is equal to UT/ a is used for
testifying the water motion relative to the floating body dimension
(Column 7). U is maximum horizontal particle velocity and is equal to
27A, indicates the relation of K, to A/a (Sorensen, 2006), the ratio of
wave amplitude to floater size along with wave direction (Column 8).
(A/a) provides instant anticipation of flow separation and viscous ef-
fects, and by increasing this ratio, the flow separation becomes more
dominant.

From the parameters calculated for this specific project in Fig. 3- a, it
can be seen that K, is sufficiently large, and by increasing K. more than
1, it is expected that the flow separation happens and the viscous forces
cannot be neglected (see Fig. 3- c¢). It should be noted that large K,
number signifies large motion of water particle in comparison to the
characteristic body dimension which is followed by separation and
consequent vortex shedding (Juilfs, 2006; Mei et al., 2005).

a/L is recognized as a diffraction parameter, and Ka (Column 9) is the
dimensionless measure to show the scattered waves by the presence of
the body. Wave diffraction spreads energy in other directions than the
wave propagates (Dean and Dalrymple, 1984). Parameter Ka indicates
that for a wave period in the range of 0.6 s to 1.0 s, the device cannot
produce any change in the wave pattern or make diffraction. As can be
observed in Fig. 3- ¢, by increasing the diffraction parameter more than
1, the diffraction effects become significant.

Parameter d/L (Column 10) is used for categorizing the wave-bottom
interaction as deep, intermediate, or shallow waves (Sorensen, 2006).
For d/L > 0.5, the wave characteristics are not related to the depth and
the wave-bottom interaction can be neglected and the assumption of
deep water is correct. As can be seen in Fig. 3 and considering the
limitation of d/L, the transitional or intermediate water assumption
should be used for all waves except for wave periods equal to 0.6 s which
should be considered as a deep-water condition (Kamphuis, 2010).

Wave breaking is one of the notable physical processes in nearshore
hydrodynamics. For the nearshore operation of flap-type WEC, the
possibility of wave breaking must be considered in the feasibility study
to find a suitable place for the device, since waves are losing and
dissipating a huge amount of energy when they break (Svendsen, 2006).

For estimating the highest possible non-breaking wave, two wave-
breaking criteria are estimated here. Given the wave height of 50 mm
and water depth equal to 300 mm, the ratio of wave height to depth in
front of the breakwater is 0.17 which is far away from the value of
0.8261 suggested by Longuet-Higgins and Fenton, one of the accurate
values for breaking index (Svendsen, 2006). This ratio physically
imposed the condition for the maximum possible wave height that can
be formed in the constant depth.

The ratio of wave height to wavelength (Column 11) is another
parameter for recognizing breaking and non-breaking waves which is
compared with the maximum steepness H/L (Column 12) estimated
from the Miche equation (Svendsen, 2006). As can be observed, for all
the wave periods, the steepness is less than the maximum val-
ue(H/L),,. = 0.14, thus the waves propagate without breaking. After a
preliminary study on wave-body interaction, the mathematical
description is developed which will be illustrated in the following
section.

3.2. Theory and mathematical background

This section outlines the development of an idealized device model
under the action of wave loads. For each step of the process, the pa-
rameters and assumptions are listed and described in detail. For devel-
oping the mathematical model of the flap-type WEC device, the
summarized matrix form of the conservation of linear and angular mo-
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mentum equations is used, then it was rewritten for one degree of
freedom, pitch motion (E. Renzi, A. Abdolali and Dias, 2012). The
pressure (P) on the body is substituted by the linearized first order
Bernoulli equation (Svendsen, 2006). The equation describing the mo-
tion of flap is further developed to consider the linear and nonlinear
damping terms and PTO effects:

0
10+ Ky + Kp0+ Cp + Cr+ Cpp10]6](6 > 1) + Copp|0](0 < 1) = —/)/

—h,

X /(pr(nx(thr) +l’lzx)dydz

ol

@

Equation (1) simply describes the equilibrium of the external load
and three main forces: stiffness, damping, and inertia as a function of
displacement or its time derivatives (Clough and Penzien, 1993). 0 (t) is
the flap angle of rotation, and 6, 6 are its first and second-time
derivatives.

The first two terms in the left-hand side of Equation (1) represent the
moment of inertia and hydrostatic stiffness proportional to acceleration
and displacement. Hydrostatic stiffness represents how the buoyancy
and weight act on the body when it moves under wave actions. Change
in centre of gravity, buoyancy, or the submerged volume affect the hy-
drostatic stiffness and make it change in time. In this study, it was
assumed that both moments of inertia and hydrostatic stiffness are
constant and are calculated analytically (Mei et al., 2005).

To represent the PTO effects, two parameters of PTO damping (Cp)
and stiffness (Kp) are introduced (Marco, 2017). The procedure for
defining the control framework and estimating the optimized values of
Kp and Cp is described in Section 4.1.

The radiation damping is introduced by boundary condition on the
flap surface, structural damping force caused by the hinge connections,
and quadratic damping is also added to increase the accuracy of the
model. Both quadratic and structural damping due to the hinge cannot
be analytically calculated (Adhikari, 2000) and are extracted from the
experimental tests. Structural damping coefficient (Cr) is extracted from
experimental dry tests, and the quadratic coefficient (Cqp) is estimated
from a hybrid physical and numerical simulation (Saeidtehrani, 2015).

During the experimental tests, it was found that it is not possible to
find a unique value for the quadratic damping coefficient. This is aligned
with previous studies indicating the difficulty in finding a unique value
valid for the whole decay time-series response due to the high de-
pendency of the drag term to the (K.:) or Reynolds number (Faltinsen,
1990). It was also found that the quadratic damping is highly
amplitude-dependent as was reported for similar damping terms
(Clough and Penzien, 1993). Therefore, two conditional terms in the
equation are defined for the quadratic damping coefficient: Cop for
rotation equal and more than 1 radian, and Cqp; for rotation less than 1
radian which is almost equal to the angle that flap is completely sub-
merged in the water.

It should be emphasized that by increasing the amplitude of the
oscillation, nonlinear wave-structure effects are increased and the
presence of quadratic damping in the equation, as a nonlinear term,
assures the capturing of the nonlinear expected behaviour (Alenitsyn
et al., 1997; Butikov, 1999; Nayfeh and Mook, 1979).

The right-hand side of Equation (1) is simulating the dynamic pres-
sure on the flap surface. h, and w indicates the coordinate of the centre of
rotation and the width of the flap. In this equation:

p is the density of water;
¢, is the time derivative of the fluid flow velocity potential;

n is the unit normal vector pointing into the body.

It should be noted that the right-hand side integration domain is on
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the submerged floating body at rest position. By substituting p (dynamic
pressure) with the derivative of potential linearized first order Bernoulli
(E. Renzi, A. Abdolali and Dias, 2012), this mathematical description
can connect the equation of flap’s motion to the potential flow
describing the velocity field around the flap which is obtained from the
solution of the Laplace equation:

V=0 2

By solving the Laplace equation in a domain with appropriate
boundary conditions which define how flow behaves at a certain
boundary (Svendsen, 2006); the radiation, diffraction, and incident
potential problems are solved simultaneously.

The impermeable bottom surface (atz = —d) is described by zero flux
conditiong, = 0. The free surface boundary condition is obtained by
combining the kinematic and dynamic conditions which can be imple-
mented as linear (C.-H. Lee, 1995), however, in this project, it is simu-
lated as:

¢, +8p, =0 atz=0 3)

By introducing a boundary condition bonding the flap motion to the
fluid, the diffraction is simulated in combination with radiation, it is
explained by using the decomposition of the total potential as a sum of
the incident, diffraction, and radiation potentials(¢ = ¢; + ¢p + ¢z), in
which ¢ = > V.¢, describes the radiation potential for 6 degrees of

freedom (@ =1,2, ...,6). ¢; and ¢,, are incident and diffraction potential,
respectively. V, is the generalized body velocity. It is known that the
derivative of the sum of the incident and diffraction potential normal to
the body surface is zero and the derivative of radiation potential normal
to the body surface is n,, the generalized normal vector. Therefore, the
derivative of total potentials normal to the body surface would be ¢, =
> Vun, (Mei, 2012). The boundary condition on the flap surface is
a

defined as:

00
qﬁn:E(z—hr) (€]

Hence, the fluid velocity is directly connected to flap motion via
linking flap’s velocity to fluid velocity and also connecting an Ordinary
Differential Equation (ODE) describing flap’s motion to Partial Differ-
ential Equation (PDE) representing the fluid flow rather than frequency-
dependent parameters (i.e. added mass and damping) that may be more
effective near to the natural frequency (Jia, 2014).

The surrounding walls are simulated by using the reflective bound-
ary conditionsV¢ = 0, and a wave-maker boundary condition for both
generating and absorbing waves is mathematically defined as (Flick and

_=k L Hx kx cosh (kx(d+2))

P = P wxcosh (kxd)

" cos(wt — kx)

Fig. 4. Schematic of mathematical formulation.

Ot 99, =10
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Guza, 1980; Kusumawinahyu et al., 2017):

—k, gxHxkxcosh(kx (d+7))
L4

.= @ ot ® x cosh(k x d) cos(@r —kx) ®)

o and g are wave angular frequency and the gravity acceleration,
respectively.

A summary of the boundary conditions and a schematic view of the
mathematical formulation. is presented in Fig. 4.

3.3. Numerical model verification by experimental tests

This part addresses the verification of the developed numerical
model with experimental tests conducted in the wave flume of the lab-
oratory of Roma Tre University. Three sets of experimental studies and
the corresponding numerical simulations have been conducted to study
the 1:40 scale model in free oscillation dry tests, decay oscillation in
water, and under regular wave actions (Saeidtehrani, 2015). During the
experiments, the movements of flaps were recorded by a camera, and
video-processing codes were developed to extract the time-series
response of the flaps by Matlab (“Matlab,” 2019).

The first set of experiments, free oscillation time-series, have been
conducted to extract the friction of the hinge by putting the device up-
side down in a way that the flaps acted like a pendulum. Then the device
was set in the flume for performing tests in water. Fig. 5 shows the as-
built dimensions for the experimental simulation. The flaps had a
dimension of 72.5mm (height) x 50 mm (width) x 45 mm (length) with
1 ~ 2 mm tolerance. As previously mentioned, the water depth in the
flume was set equal to 300 mm and 50 mm of the flap height (72.5mm)
was underwater.

The second set of experiments, decay oscillation in water, have been
used in combination with numerical simulation to extract the quadratic
damping coefficient and the damped natural period. The extracted
damping coefficients from the experimental tests are used as an
approximation for the loss of energy which cannot be mathematically
calculated due to the complexities of the mathematical formulation for
physical damping (Adhikari, 2000).

For the third set of experiments, response to wave action, regular
waves with 50 mm wave height, and a period in the range of 0.3to 1.1 s
were considered which not only covers the maximum expected wave
period but also covers the wave periods corresponding to the damped
natural period of the flaps estimated from the decay oscillation in water
(Saeidtehrani, 2015). It was shown that the natural periods of the flaps
are different because of the flap’s location, their boundary condition
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Fig. 5. Experimental tests: a) Frontal view, b) Side view, c¢) Top view, and d) Set up in the flume.

(proximity of two flaps to the lateral flume’s walls), and the inherent
differences due to the construction. Construction effects incorporate
different dimensions and gaps between flaps (see Fig. 5- ¢), or diversity
of the friction of hinges and their effects on the damped natural period
(Saeidtehrani, 2015).

As expected, by increasing the wave period and its corresponding
wave force, the responses of all flaps are increasing; however, some
differences in response to various wave periods were observed mainly
due to the dissimilarity of the damped natural periods of the flaps.

The proximity of the wave period to each flap’s damped natural
period makes resonance for the specific flap which has the same damped
natural period. Therefore, some out of phase responses can be observed
in response to waves with period [0.3,05]s. By increasing the wave pe-
riods more than the flap’s damped natural period, the excitation of all
flaps will be more or less the same, therefore they will oscillate in phase.
Fig. 6 shows sample frames of experimental tests and the time-series
responses, the out of phase response to wave period 0.4 s and in phase
response to wave period 0.60 s can be observed in this figure.

Fig. 7 shows the comparison between the Root Mean Square (RMS) of

50
)
5
20
&
S

-50

|—01' 62 —603 — 64 — 05|

5 6 7 8

(a) t(s)

the flaps amplitude extracted from the experimental simulation time-
series with 3-D numerical simulation results over wave period in the
range of0.3 to 1.1 s. Due to the nonlinearity of the flap’s response
(Saeidtehrani, 2015; Sammarco et al., 1997), RMS over other linear
parameters such as Response Amplitude Operation (RAO) (Chakrabarti,
1987; Karimirad, 2014b) is chosen.

For better comparison and the sake of clarity, only the numerical
response of the middle flap, Flap 3, is presented versus the experimental
results of all five flaps. This comparison has the benefit to provide an idea
that how much the response of an individual flap is different from a middle
flap which can be considered as the representative middle flap in an array.

Some local peaks due to the nonlinear resonance (Alenitsyn et al., 1997;
Butikov, 1999; Nayfeh and Mook, 1979) in response to waves with periods
equal to 0.68, 0.70, 0.90, and 1.00 s are seen in Fig. 7. When two flaps
experience the resonant, all flaps undergo maximum response due to the
simultaneous change in the surrounding hydrodynamic by two flaps.
However, in case that only one flap resonates with the incoming wave, the
local peak for all flaps doesn’t happen, this is observed in the response to
wave period 1.00 s.

50

~~
(5]
5]
g 0
)
o
N’
S

(b)

—61 62 03 —4 —05]

10
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Fig. 6. Sample frames of experimental tests and the time-series responses: a) out of phase movements of flaps in response to wave period 0.40s, b) in phase

movements of flaps in response to wave period 0.60 s.
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Fig. 7. Comparison of numerical and experimental seaward RMS responses of the flaps to wave action.

Fig. 7 shows that the numerical model was successful to simulate the
experimental tests considering the involved nonlinearities. As previ-
ously mentioned, the numerical model has a nonlinear term that cap-
tures the nonlinear behaviour in wave-structure interaction
(Saeidtehrani, 2015; Sammarco et al., 1997).

These nonlinearities are mainly due to the generation of waves by
flaps, the presence of transverse waves, and the loss of energy because of
vortex shedding and flow separation. Some of these phenomena are
demonstrated by some frames from the experimental tests in Fig. 8.

The experimentally validated numerical tool is used for simulation of
flap-type WEC with similar dimensions to what was studied in (Saeid-
tehrani, 2015) except adding 25 mm to the flap height to capture the
whole power of the wave.

Therefore, a flap with dimensions 75mm(height)x50mm(width)
x45mm(length) is used for the analyses. The corresponding moment of
inertia and hydrostatic stiffness is analytically estimated (Mei et al.,
2005) a5 9.86 x 10 — 5 [kgm?] and 0.028 [kgm? s~2], respectively. From
classic dynamic literature, the natural period would be 0.37 s which is
almost half of the mean incoming wave period. The flaps are placed at a
distance equal to 85mm (around 13% of flap height) to prevent the strike
of flap to the breakwater when it becomes parallel to the horizon.

3.4. Sensitivity analyses of effective parameters
The sensitivity analyses have been carried out to obtain the required

accuracy within the incurring computational time and cost. For each set
of analyses, a base model with the effective parameters is selected and

the variance of the parameters and the consequent changes in the nu-
merical results such as the time-domain response of flap is assessed.

The first set of analyses is conducted to find the required domain
length for the fairly accurate simulation. Then the required time step
and mesh size for the simulation are studied. For each parameter, several
simulations are conducted and the results are compared.

Fig. 9 shows the rotation time-series of the flap in domains with
different lengths and flap distances from the wavemaker (FL). As can be
seen in Fig. 9, the main response characteristics including the amplitude
and the period are not affected by the flume length.

The only observed discrepancy is the phase difference of time-series
responses due to the various required time for the wave to reach the flap
(t;) which are calculated and presented in the graph. All waves gener-
ated from distance [1, 3] m reach the flap and make it oscillate with the
maximum amplitude after 5s, and then all time-series responses have
almost the same amplitude and frequency. Therefore, the RMS of the
response in time duration [5, 10]s is calculated and presented in Fig. 9; as
can be seen, the maximum difference between 6rys values are almost
less than 1.8 %.

According to the results and for the sake of computational cost, the
length equal to 1 m is selected for further analyses. The next step is to
demonstrate the mathematical and logical reasons for selecting the mesh
size and the time step.

The accuracy and stability of a numerical method for structural dy-
namic analyses are compared and related to the ratio of time step to the
shortest natural period of the system (Gavin, 2016). For such a multi-
disciplinary project, the time step is selected considering the minimum

Fig. 8. a) Presence of transverse waves, b) Flow separation and turbulence, c¢) Vortex shedding.
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Fig. 9. Flap rotation time-series considering different domain lengths.

of the incoming wave period and the natural period.

Although the small time step could lead to more accurate numerical
results (Jia, 2014) for capturing the nonlinear behaviour (Clough and
Penzien, 1993); it increases the computational time and efforts for both
analyses and data post-processing. Therefore, it is crucial to find a
proper and efficient time step for dynamic analyses which is generally
equal to one-tenth to one-fifth of the minimum natural period, and the
exciting force (Humar and Carleton, 2012).

Proper maximum element size and the time step can be estimated by
Courant number (udt/Ax ) that is also referred to as the Courant-
Friedrichs-Lewy or CFL condition, where u is the velocity, At, and Ax
are the time step and the length interval (Anderson et al., 2016).

For this study, velocity will be the celerity of the wave which can be
an incoming wave, a wave generated by the flap, or radiated waves from
the breakwater. The courant number less than 1 is suggested for the
wave equation (Anderson et al., 2016), this value should be decreased to
a range between 0.90 and 0.95 for dynamic analyses (Jia, 2014). The
analyses were repeated with different time steps and element sizes and
the ratio was compared with the above-recommended values; conse-
quently, practical and efficient time step and mesh size have been cho-
sen for further studies.

Fig. 10 shows a maximum 1.2 % difference between the 0,4, for fine
and normal mesh, and less than 0.1% difference for other response pa-
rameters. Therefore, for the sake of computational saving, fine mesh is

Numencal Re%ulls (Tw—l 00 s)

w*Mcsh 1

Mesh 2 ==Mesh 3 ==Mesh 4 ==Mesh 5|

# (Degree)
[e=]

=20
40
60— oy -
2 2.1 2.2 23 24 2.5 2.6 2.7 2.8 29 3
t(s)
Mesh Maximum ES (m) Minimum ES (m)  Bmean  Omax Twmean Ts
Normal 0.0135 6.0E-4 4724 56.53 0.84 0.78
Fine 0.0105 3.0E-4 47.34 56.64 0.84 0.79
Finer 0.0084 1.2E-4 47.39 56.69 0.85 0.79
Extra fine 0.0039 4.5E-5 4741 56.71 0.85 0.79

Fig. 10. Mesh sensitivity analyses and response characteristics.
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chosen for analyses.

An efficient time-stepping procedure with At =0.01s and the
tolerance of 0.001 sto control the internal time steps is chosen for the
studies which provide the same accuracy with At = 0.001s. Fig. 11
demonstrates the wave propagation when the wave reaches the flap
from breakwater or wavemaker. As can be seen, the particle path is
completely reminding the fluid particle path in intermediate water
depth (Holthuijsen, 2010) which was also theoretically predicted (see
3.1). By estimating compelling values of FL,At, and Ax for the numerical
simulation, the analyses can be conducted for the investigation of design
properties.

4. Investigation of design properties

This section is dedicated to providing a thorough understanding of
the effects of design properties such as the flap’s distance from the
breakwater and PTO coefficients on the amplitude of oscillation and the
power absorbance. The first part presents the control framework and the
optimization of PTO coefficients. Later the device is studied to find an
optimized place for mounting the flaps on the breakwater.

The optimization Nelder Mendeley algorithm is used for this study;
this derivative-free algorithm benefits from quick convergence and is
based on the three possible scenarios as worse, good, and best. The
procedure is repetitive to eliminate the worse condition in each step
(Audet and Hare, 2018). The primary optimization analyses are con-
ducted by using a 2-D simulation; however, the results are further
controlled with a 3-D model.

4.1. Control system framework and calculation of PTO coefficients

The diversity of WEC concepts cause a variety of PTOs (Ahamed
et al., 2020), but some recognized types are more suitable for oscillating
wave energy converters (Marco, 2017; Tetu, 2017). Apart from the va-
riety of PTOs, the goal here is to develop a more accurate numerical
simulation for representing the expected behaviour of the proposed
device considering the PTO damping and stiffness.

PTO damping is directly related to power extraction (Rodriguez
et al., 2019) and its rise could increase the power to some extend (Nolte
and Ertekin, 2014). The power absorbance can be estimated by

T, .
le J Cszdt for flap rotation over a wave period (E. Renzi, A. Abdolali
0

1 2 3 4 5 6 7 8 910
t(s)
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and Dias, 2012; Folley, 2016). While the average wave power per unit
wave-front length (kg.m/s®= watt/m) can be expressed as (Algieri
Ferraro et al., 2017):

pg? 2Kd
Pv=eim (H#°T) [1 +m} tanhKd (6)

P, is the average wave power per unit wave-front length, therefore
should be multiplied by the width of all the WEC components involved
in energy conversion to be comparable with the power absorbance
(Pecher, 2017).

Some studies suggested that the maximum power can be captured
when Cp is equal to the hydrodynamic damping coefficient (Folley,
2016) or radiation damping for the theoretical estimation of power
absorbance (Paolo Sammarco et al., 2016).

The PTO stiffness coefficient can be consequently tunned to make
resonance in the system (Saeidtehrani et al., 2017). Section 6-Appendix
A explains the possible theoretical correlation between PTO damping
and stiffness for maximizing the energy extraction; however, for this
study, the numerical simulation representing the flap-type WEC is
combined with the optimization algorithm to find the optimized values
of PTO coefficients. The upper bound of the PTO damping is selected to
make the system oscillate under-critically (see Fig. 17, Section 6-Ap-
pendix A).

Oscillation time-series responses and the corresponding power, and
Capture Width Ratio (CWR = P,/ (Widthgcive*Py)) for some of the PTO
sets are presented in Fig. 12. CWR is a non-dimensional performance
ratio of the absorbed power (watt) to the available power (watt/m)
multiplied by the active width (m) that is the width of all the device
components involved in the energy conversion from waves to absorbed
energy (Pecher, 2017), for flap-type WEC, active width is the width of
the flap. CWR represents the effectiveness of the WEC device to absorb
the wave energy (Pecher and Kofoed, 2017); this ratio is also called
hydrodynamic performance in some literature (Babarit, 2015).

The maximum oscillation amplitude at time 2.5 s is also zoomed in
Fig. 12 which highlights the influence of different PTO coefficients on
the response amplitude. The maximum CWR is obtained for PTO
damping and stiffness equal to 3.80 x 1072 (kgm?/s) and 4.00 x 10~*
(kgm? /s?) which is shown by marking a green outline around the PTO
properties.

According to the formula of power absorbance, power is dependent

Tywave = 0.78 s
Lwave =091 m

m
Cwave = 1.17 5

Fig. 11. 3-D simulation of five flaps standing on the breakwater.
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Fig. 13. Extracted power for various PTO coefficients over a wave period.
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on two variables, velocity, and PTO damping. Flap’s motion and velocity
have 90-degree phase differences, which cause that maximum of power
happens when the oscillation is zero, this time-lag can be observed in
Fig. 12. Mathematically speaking, motion and velocity (the first time-
derivative of motion) can be described by sin and costerm, respectively.

While the increase of PTO damping can enhance the power, its rise
also decreases the amplitude of oscillation and velocity. From Fig. 12, it
can be seen that for a smaller amount of PTO, the amplitude is increased
but is not corresponding with the power enhancement.

As illustrated in Fig. 12, although there are some differences in
extracted power over each wave cycle, the obtained PTO set 16provides
the maximum power in the whole time-series. The comparison between
the extracted power over one wave with the maximum available power
absorbed by the WEC active width for wave period 0.78 s is shown in
Fig. 13.

The responses of flaps are prone to the presence of the breakwater,
the PTO coefficients to calculate the power are obtained and optimized
for a primary distance of flaps from the breakwater through Section 4.1.
The next section is dedicated to theoretically and numerically study the
flaps and breakwater interaction and find a suitable location for the flap
installation, later the parametric study and distance optimization is
carried out to verify the proposed place.

4.2. Distance of the flap-type WECs from the breakwater

As was previously mentioned, the primary distance of the flaps from
the breakwater is considered 85mm to prevent the strike of the flap to
the breakwater when its rotation reaches or passes 90 degrees. The place
of mounting flaps has consequences on the formation of waves behind
the flaps and in a distance between the flaps and the breakwater. The
presence of the incoming waves, the waves generated by the flaps, and
the reflected waves from the wall form standing or group waves. The
important feature of standing waves is stationary fluctuations with
antinode and nodes which are the occurrence place of maximum and
minimum amplitude.

The equations representing the waves in the domain and their cor-
responding period are presented in Section 7 -Appendix B. The theo-
retical description provided in this section suggests that wy, ®are the
dominant wave frequencies in the first cycles of the response, with the

standing wave frequency equal to (wq +®)/2 (see Section 7- Appendix
B).

60 ;

——d1=0.080
|_—d2=0.120
——d3=0.160

H——d4=0.200
40 ——d5=10.240
—d6=0.280
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The modal activity of the confined water between the flap and the
breakwater occurs at frequencies corresponding to the confined water
dimensions. The first axial mode is activated when the distance is equal
to half of the wave that disturbs the domain. The presence of different
waves and their effects on the response is illustrated in Fig. 14 which
shows the parametric study on flap’s distance from the reflection wall.

Some of the specific distances cause a major difference in the flap’s
response amplitude, so it is important to figure out what is the reason
behind it and how they could affect the response. By using the study
outcomes, it would be possible to tune the distance to increase the
amplitude of oscillation and the power.

For example, the distance equal to 0.60 m, which is shown with a
black line in Fig. 14, is almost equal to half of the wavelength corre-

sponding to the (wq + ®)/2. It can be seen that its direct effect is
increasing the response, however, this effect is diminished after around
6 s, when the transient response is damped out. Therefore, after a while
and by increasing the dominancy effect of steady response, the mini-
mum amplitude is observed for = 0.60 m.

The maximum amplitudes in the first cycles, red and yellow lines
with corresponding distances equal to 0.08 m and 0.12 m happened near
the wavelength of the flap’s natural frequency (0.11 m). It should be
emphasized that mathematical representation of resonance is the de-
nominator of the steady response term, however, after a while, due to
the presence of a different source of damping it decreased (Clough and
Penzien, 1993). Comparing the maximum flap response amplitude be-
tween d = 0.08 and d = 0.60. m shows an almost 28% difference in the
first cycles, and 87% in the next cycles in the time series response, which
reflects the importance of finding a proper place for mounting the flap.

It is anticipated that due to the dominancy of the incoming wave
frequency after vanishing the transient response, the other maximum
happened at distance equal to the half of wavelength (~ 0.44 m) cor-
responding to the incoming wave period. Although, at this distance, the
response is higher in comparison to 0.48 m; the maximum is observed in
the distance equal to 0.36 m which approximately corresponds to a half
wavelength of two times the flap’s natural period.

It should be noted that the relation between different frequencies and
the value of damping could significantly change the governing fre-
quency of the wave in the domain. Based on the above-mentioned
findings; if the wave resource has the short-variability, the location of
antinode based on the natural frequency of the flap is justified; however,
in case that long span variability in wave characteristics is expected, it
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Fig. 14. Parametric study of flap’s distance from the breakwater.
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would be logical to consider other frequencies such as wave frequency
and the possible sub or super-harmonic resonance which can increase
the motion amplitude and consequently the waves generated by flaps in
the domain.

From Fig. 14, it can be seen that mounting flap at distance equal
to ~ 0.08and 0.36m can make the maximum oscillation in the response
time-series. When the transient response is dominant, placement of flap
at distance equal to ~ 0.08m make the maximum response; while for the
steady response, the maximum happens when the flap stands at a dis-
tance equal to 0.36m. However, the maximum amplitude difference
when the flap is mounted at 0.08and 0.36m is less than 12% in the whole
time-series response. Therefore, it is possible to limit our optimization
time and find the optimized value that makes the maximum response in
the first few response cycles.

Fig. 15 shows the results of another set of numerical simulations in
combination with an optimization algorithm to control the power
extraction corresponding to the change in the flap’s distance from the
reflection wall. For this set of analyses, the obtained optimized PTO
coefficients from Section 4.1 have been used. The vertical wall coordi-
nate is considered a control variable, and the objective function is
power. The maximum distance was set equal to 350 mm considering the
maximum distance equal to 14.00 m from the vertical wall in the real
situation.

The maximum response at time 2.5 s to highlight the amplitude
difference caused by various distances from the vertical wall is zoomed
in Fig. 15. The calculated CWRs show that the maximum power (marked
and highlighted with red and purple line) is obtained at distance equal to
0.085, and 0.109 which are the nearest ones to the place of the antinode
of the natural frequency. It must be stressed that the minimum CWR is
near to 1/6 of the maximum CWR which proves the importance of the
optimized placement of flaps on the breakwater.

As already stated in Section 3.3, it is expected that the flaps tend to
move together in response to wave periods [0.6,1]s; this tendency causes
that the 2-D model to effectively represent the device behaviour. How-
ever, to numerically demonstrate the efficiency of the 2-D model, the
next section is dedicated to studying the device behaviour by using a 3-D
simulation model of the flaps with the same mass properties and di-
mensions as proposed for the 2-D simulation.

Ocean Engineering 235 (2021) 109426

4.3. 3-D simulation considering the proposed distance and the optimized
PTO coefficients

This section presents the numerical results of a 3-D simulation of the
five flaps mounted on the breakwater with the optimized PTO co-
efficients and the distance from the reflective wall obtained from the
previous 2-D simulation (see Sections 4.1 and 4.2). The mathematical
model is the same as Equation (1) which was explained in Section 3.2;
however, for 3-D simulation, five Ordinary Differential Equations
(ODEs) are defined for five flaps. By introducing the boundary condition
on each flap surface and bonding the ODE equation to a Partial Differ-
ential Equation (PDE) representing flow velocity around the flap, the
movement of each flap is connected with other flaps’ rotation by the
surrounding hydrodynamics.

For this study, it was assumed that all flaps share the same dynamic
characteristics and only their location in an array can make some dif-
ference in their behaviour. This insignificant difference doesn’t make a
change in the flaps tendency to move together which was also observed
in the experimental simulation for wave period [0.61]s; so, it is expected
that the 2-D simulation effectively represents the flap’s behaviour.

This subject is numerically investigated by a 3-D model incorpo-
rating the optimization PTO algorithm. For the sake of clarity and since
the flaps move together and there is only an insignificant difference in
their amplitude of oscillation, only the time-series response of the
middle flap is presented in Fig. 16.

The similarity of the flaps’ behaviour is also observed from the pie
diagram which shows the CWR for each flap for optimized PTO set 26.
As illustrated in the pie diagram, the CWR of the flaps has a maximum
10 % difference with each other, and as expected the flaps tend to move
together (see Section 3.3) with a negligible difference in the maximum
amplitude. The detailed information on the PTO sets, the extracted
power over one wave, and the CWRs are also tabulated in Fig. 16, as was
highlighted the maximum power can be captured by PTO set 26.

The optimized values for PTO and the distance from the breakwater
were estimated by a 2-D simulation. The results have been controlled by
a 3-D model, which shows that the maximum power can be achieved by
the same PTO damping obtained from 2-D analyses, however, the PTO
stiffness with a lower value produces more power. The estimated power
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Fig. 15. Optimization of flap’s distance from the breakwater.
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Case No. CP (kg.m’/s) KP(kg.m’/s*) Power(Watt) CWR
2 0.000E+00 0.000E+00 0.00 0.00
3 3.800E-03 2.800E-02 0.02 0.46
4 2.850E-03 1.400E-02 0.03 0.55
5 2.375E-03 7.000E-03 0.03 0.58
8 2.138E-03 3.500E-03 0.03 0.60
10 2.019E-03 1.750E-03 0.03 0.60
12 1.959E-03 8.750E-04 0.03 0.60
14 1.930E-03 4.375E-04 0.03 0.60
19 1.900E-03 0.000E+00 0.03 0.60

20 2.850E-03 0.000E+00 0.03 0.70
21 2.850E-03 0.000E+00 0.03 0.70
22 3.325E-03 0.000E+00 0.03 0.72
24 3.563E-03 0.000E+00 0.03 0.72

| 20 3.800E-03 2.375E-04 0.03 0.73°]

3.5 4

Fig. 16. Rotation time-series for various PTO sets and the corresponding power over a wave period.

from 2-D and 3-D simulations has less than a 14% difference which af-
firms that the 2-D simulation is successful in representing the flap’s
nonlinear dynamic behaviour and the corresponding power.

As it was mentioned in Section 2, the range of the high potential
wave period is [0.6,1] s. It is shown in Appendix B, by tuning the flap
characteristics with the average exciting wave period (0.78 s, see Fig. 1),
the device represents a larger bandwidth due to the time-variability of
dynamic characteristics and amplitude-dependency of damping. As it
was explained and shown in Figs. 18 and 19, the expected range of
damped natural period with the presence of PTO coefficients is [0.60,
1.52] s. Presence of various damped natural period cause that the
response to different exciting waves with the same range of period will
be amplified due to different types of resonance (Butikov, 1999). This
ensures the higher efficiency of the device in the real sea with various
wave frequencies.

5. Conclusion

The goal of this research was to get a deep understanding of the
nonlinear dynamic behaviour of flaps’ array integrated into a breakwater
by an experimentally verified numerical tool combined with the parametric
and optimization procedure to increase the power absorbance.

It was shown that for the range of the high-energy potential wave
periods, the flaps tend to oscillate together with an insignificant phase
difference. As was demonstrated, the flap response to this range of wave
period do not have significant motion difference, the flaps oscillate in
phase, and therefore, the overall power from an array of flaps can be
estimated by multiplying the number of flaps on average estimated
power from 2D simulation. Hence, the 2-D model could effectively
simulate the flap’s behaviour and provides a fairly accurate response
estimation and benchmark on the range of the PTO coefficients and the
distance from the breakwater.

The power estimated from 2-D and 3-D has less than a 14% differ-
ence, and the same optimized PTO damping value was approximated
from both analyses. This approach to finding the range of the wave
characteristics that can be simulated by a 2-D model provides an
advantage for reducing the computational cost.

It has been found that the formation of standing or group waves due

6. Appendix A. Simplified control strategy

to the presence of oscillating flaps, reflecting waves from the break-
water, and the incoming waves could make a maximum of 87 % dif-
ference in the amplitude of oscillation and decrease the efficiency of the
device (measured by CWR) to 1/6. However, the proposed place for
mounting the flaps based on the theoretical place of formation antinodes
and considering the effects of confined water between the flap and the
breakwater along with the optimized value of PTO coefficients leads to
maximizing the power absorbance to 85 % of the available power.

It should be stressed that the design of an efficient device for all oper-
ational phases needs comprehensive study on different factors affecting the
functionality of the WEC performance and finding the balance between
different design goals such as maximum power extraction and survivability
(Greaves and Iglesias, 2018). The goal of this paper was to maximize the
power extraction and validate the concept which is considered as the first
stages in the WEC development stages (Pecher and Costello, 2017). By
tuning the device to increase the oscillation of flaps, the load on the body is
increased and the consequences should be accurately investigated in future
studies from various aspects such as durability of the material and con-
nections that will affect the survivability of the device. This work could also
be continued for developing the model to tunning the PTO system for
random waves. In future studies, the interaction between the flaps will be
effectively used to increase the frequency bandwidth and access a constant
power absorbance for various dominant wave periods.
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The resonance in an undamped system happens when the driving frequency is equal to the natural frequency of the system, but in a damped
oscillation, the resonance frequency would be different. The natural period of the flap is 27+/I/(Kp + Ky) with considering the PTO stiffness effect;

therefore, T; would be equal to:
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Considering the maximum energy capture with equality of PTO damping with radiation damping, C; (Paolo Sammarco et al., 2016):
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C¢ is critical damping and is equal to Co, = 2Iw = ‘”7”, that leads to:

47’ I?
I(Kp+Ky)—Ci= 7 (A.3)
d
a’l  C3
KPZ?J”TP*KH (A.4)
d

By having Jand Ky, from the analytical formula (see (Mei et al., 2005)), this equation provides a relation between PTO damping and stiffness.

It is important to understand that the base of these equations and the similar formula is a linear assumption. Otherwise, the effect of damping or
stiffness from different sources cannot be superposed, therefore it involves lots of uncertainties.

Theoretically, it is possible to have several sets of PTO coefficients to satisfy Equation (A.4); but the efficient set absorbs the maximum power while
implementing the minimum damping and stiffness to the system. To find the optimized PTO coefficients, an optimization algorithm with the
maximum power as an objective function is developed and combined with the time domain numerical simulation for flap oscillation under wave
action.
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Fig. 17. Decay oscillation for finding maximum applicable Cp.

C. — Cris selected as the upper bound value for Cp to address a wide range of practical damping owing to the important contribution of higher PTO
damping in enhancing the power. To explain the reason behind the selection of C,, it is convenient to describe three different motion types of
critically, under-critically, and overcritically damped systems. C.draws a line between oscillatory and non-oscillatory systems (Jia, 2014).
Under-critically systems are the only ones that oscillate around their equilibrium and are mostly described by the exponential decrease of the
oscillation amplitude over time. Overcritically-damped has a slow movement to the equilibrium in comparison to the quickest approach of the
critically damped systems toward the zero position.

C.r can be estimated by the simplified harmonic formula, however, for an accurate approximation, decay oscillation analyses are combined with
the optimization Nelder Mendeley algorithm to find the maximum under-critical damping. Other sources of damping such as friction of hinges and
quadratic damping are introduced in the numerical simulation. From the results (see Fig. 17), the maximum Cp = 3.8e — 3 (kgm?/s) is selected as the
upper bound for under critically damped oscillation.

7. Appendix B. Standing wave equations and natural modes of the confined water

The confined water among the breakwater and flaps resembles the natural mode in a closed rectangular basin that is directly related to the basin
geometry (Mei et al., 2005). Here the mode shape which is aligned with the direction of the wave train is the axial mode with L = 2x, in which x is the
dimension of the confined water in the same direction. If the confined water is agitated, standing waves are formed with the frequency depending on
the natural frequency of the basin and the frequency of the incoming wave.

Here, the incoming wave hits the flaps, and then the flaps start to oscillate, and the resultant wave train propagates in the confined water, and
eventually reaches the wall, and reflected. As was previously mentioned and from basic wave theories, the interference of waves forms stationary wave
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or wave groups in which the combination of just two sinusoidal waves with various amplitude and frequency leads to complicated solutions

(Svendsen, 2006).
To study the present waves in the domain, and more specifically in the confined water, the dynamic response of an idealized mass-damper-spring

systemmv + cv+ kv = P(t), with one degree of freedom under deterministic wave load, is considered, see (Clough and Penzien, 1993):

. _ PU 1 P— —
V(1) = (A cos(wyt) + B sin(wyt))e " +— <7> 1 — p*)sin@t — 2¢& cosa)t) (B.1)
(1) = (A cos(wat) (wat)) x \ =7+ epy (1=5) s
At this point, it is more convenient to extend this equation based on only trigonometric functions:
Al=A (B.2)
A2=B (B.3)
_ 3
A3 :& ((iz—ﬁ)z) (B.4)
K\(1=p) +(26p)
Py ( -2 )
Ad=—|——F5—"7"— (B.5)
K\ -p) + (28
Thus:
v(t) = (A cos(wyt) + Ay sin(wpt))xe 5" + A, sinwt + A, cosot) (B.6)

This equation indicates that there are two dominant frequencies w, , @ in the domain, in which the transient responses damped out after a while
with e~ (Clough and Penzien, 1993). The presence of cos term make some phase delay in the response; however, it can be safely assumed that this
equation is a combination of two sin terms with w, , ® under the damping effect of e . The denominator coefficients A3 and A4 can produce the
dynamic amplification in the steady response which is generally called resonance (Clough and Penzien, 1993).

If the waves have the same frequency, the resulting linear super-harmonic wave has the following mathematical description (Svendsen, 2006):
y(x,1) =y, sin(kx — o1) + y,, sin(kx + wt) = 2y,, cos(wi)sin(kx) (B.7)

However, if the existing waves have different frequencies, the resulting wave is described as (Svendsen, 2006):

Y(x, 1) =y sin(keX — @4t) + y, sin(kpx + wpt) =

ki—ky  w,—wp | . [kitky, @,+wp
2y - t - t B.8
Y COS 5 X ) }sm{ > x > (B.8)
The generated wave train arrives at the wall, returned, and then is combined with the primary wave. Considering the complete reflection, it is
expected that the combination of transient and stationary waves returning from the wall makes the additional frequencies such as (wq —w)/ 2 and
(wq + ®)/2. To have a clear illustration of the waves, the relation between the two frequency values should be clarified.
To calculate the wy, the decay analyses with the presence of PTO have been conducted, Fig. 18 shows the decay time-series responses with variable

decay periods due to the presence of various sources of amplitude-dependent damping.

Decay Oscillation
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Fig. 18. Decay oscillation with presence of PTO coefficients.

According to the amplitude of oscillation around 40 degrees (see for example Fig. 12), it would be fair to assume that the damped period is around
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1.46 s. The term with the higher frequency (wq + w)/2varies much faster in comparison to other terms, so it is expected that the first cycles have the
corresponding period of 1.00 s until the transient part is damped out. This subject is numerically studied by analyses of flap’s response to wave period

0.78 s (see Fig. 19).

Presence of transient response

14
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o

30

60

t(s)

Fig. 19. Time-series response to wave period 0.78 s.

The zero-crossing analyses of the response show that the period of the first cycle is around 0.91 s (almost similar to the theoretically predicted
period for the idealized mass-spring-damper system) and after 3 seconds, it continues close to 0.78 s with insignificant tolerance. However, the exact
value of 0.78 s (wave period) is observed after 6 s; which means the other part of the response (transient) is nearly damped out after this time.

As the response is not exactly following the idealized mass-spring-damper system, and other terms are affecting the response and increase the
complexity of this formula, the assumptions are numerically investigated in Section 4.2.
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