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Abstract: The Power Take-Off (PTO) system is the key component of a Wave Energy Converter
(WEC) that distinguishes it from a simple floating body because the uptake of the energy by the
PTO system modifies the wave field surrounding the WEC. Consequently, the choice of a proper
PTO model of a WEC is a key factor in the accuracy of a numerical model that serves to validate
the economic impact of a wave energy project. Simultaneously, the given numerical model needs
to simulate many WEC units operating in close proximity in a WEC farm, as such conglomerations
are seen by the wave energy industry as the path to economic viability. A balance must therefore
be struck between an accurate PTO model and the numerical cost of running it for various WEC
farm configurations to test the viability of any given WEC farm project. Because hydrodynamic
interaction between the WECs in a farm modifies the incoming wave field, both the power output
of a WEC farm and the surface elevations in the near field” area will be affected. For certain types
of WECs, namely heaving cylindrical WECs, the PTO system strongly modifies the motion of the
WECs. Consequently, the choice of a PTO system affects both the power production and the surface
elevations in the near field’ of a WEC farm. In this paper, we investigate the effect of a PTO system
for a small wave farm that we term "WEC array’ of 5 WECs of two types: a heaving cylindrical
WEC and an Oscillating Surge Wave Energy Converter (OSWEC). These WECs are positioned in
a staggered array configuration designed to extract the maximum power from the incident waves.
The PTO system is modelled in WEC-Sim, a purpose-built WEC dynamics simulator. The PTO
system is coupled to the open-source wave structure interaction solver NEMOH to calculate the
average wave field 7 in the ‘near-field’. Using a WEC-specific novel PTO system model, the effect
of a hydraulic PTO system on the WEC array power production and the near-field is compared to
that of a linear PTO system. Results are given for a series of regular wave conditions for a single
WEC and subsequently extended to a 5-WEC array. We demonstrate the quantitative and qualitative
differences in the power and the ‘near-field” effects between a 5-heaving cylindrical WEC array and
a 5-OSWEC array. Furthermore, we show that modeling a hydraulic PTO system as a linear PTO
system in the case of a heaving cylindrical WEC leads to considerable inaccuracies in the calculation
of average absorbed power, but not in the near-field surface elevations. Yet, in the case of an OSWEC,
a hydraulic PTO system cannot be reduced to a linear PTO coefficient without introducing substantial
inaccuracies into both the array power output and the near-field effects. We discuss the implications
of our results compared to previous research on WEC arrays which used simplified linear coefficients
as a proxy for PTO systems.

Energies 2018, 11, 3489; d0i:10.3390/en11123489 1 www.mdpi.com/journal/energies
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1. Introduction

Ocean Wave Energy is a potential source of clean electricity that can make a significant contribution
to the de-carbonization of the world’s electricity supply. However, for it to follow the path of offshore
wind and become a commercially viable power source, significant cost reductions need to be made.
Because of practical limitations on the physical size of an individual Wave Energy Converter (WEC),
these devices must be placed in close proximity to benefit from economies of scale such as those
witnessed in the offshore wind industry. Such agglomerations of WECs are commonly termed wave
farms. To match the power output of offshore wind farms, WEC farms need to consist of hundreds
of WECs. How these WECs are grouped and arranged within a wave farm to maximize profitability
while minimizing detrimental effects is still an open question.

Due to hydrodynamic interactions between individual WECs and closely spaced groups of WECs,
determining the power output of a WEC farm is not a trivial matter. Unlike the case of wind farms,
the interactions can be both beneficial and deleterious and correctly modelling them can make or break
the financial viability of a WEC farm. As experimental studies are costly and time consuming, the chief
design tool for assessing WEC farms is numerical modelling. There are many variables influencing
the estimated power output, among them the site wave climate and bathymetry, WEC farm layout
and the Power Take-off (PTO system) of each WEC. Modelling them in parallel leads to significant
demands on computational power, and often leads to unclear conclusions. An additional complication
for the numerical modelers is that many of the aforementioned variables are interdependent; it is,
therefore, essential to understand the significance of each of the variables underlying the chosen
numerical model.

For a given WEC type and for a given incident wave, a critical parameter that influences the WEC
motion and the power output of a WEC farm is the PTO system. Because of the variety of technical
solutions and the complexity of modeling the inherently non-linear behavior of most viable PTO
systems in WECs, a plurality of previous investigations has assumed a simple mechanical damper
as a proxy for the PTO system. Some examples for farms of heaving cylindrical WECs are found
in [1-5] and for Oscillating Surging Wave Energy Converters (OSWECs) in [6-9]. Concurrently, due
to step improvements in hydrodynamic modelling software, there has been a jump in the number of
numerical investigations that have modelled single WECs [10-13] and small farms of WECs [14,15]
with fully non-linear hydrodynamics. Yet, as pointed out in Penalba et al. [16] for the case of
heaving point absorbers and in [8] for OSWECs, the errors due to a simplified PTO model can
override any improvements made by more accurate hydrodynamic models. A particular concern
with many existing PTO modelling efforts is that the most common PTO system type developed for
commercial WEC prototypes, a hydraulic PTO system, is inherently non-linear [17,18]. A few recent
studies, notably [16-22] have implemented realistic hydraulic PTO models with non-linear dynamics.
However, these studies were limited in their scope to single WECs and not WEC farms, furthermore,
many of the models quite complicated in their implementation.

In this paper, our aim is to implement a realistic hydraulic PTO model for two types of promising
WEC technologies, namely heaving cylindrical WECs and OSWECs, in an array composed of 5 WECs.
Although the terms WEC farm and WEC array are used interchangeably, we will follow the precedent
set in [23] and term a small farm of closely spaced WECs a WEC array. The impact of the hydraulic PTO
system on the power output and the ‘near-field’ surface elevations of the 5-WEC array is compared
to that of the base case of a linear PTO system. Both PTO systems are simulated using WEC-Sim [6],
a dynamical simulator for WECs built in the MATLAB Simulink platform. The PTO model is coupled
to the open-source wave-structure interaction solver NEMOH [24] using the perturbed wave field
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imparted by the motion of the WECs in WEC-Sim. Previously, a similar approach was presented
in [25-27] for the case of a wave-structure interaction solver coupled to a wave propagation model
using a basic linear PTO model. WEC-Sim has been used in modelling hydraulic PTOs in several
recent studies [20,22]. In the present paper, only the near-field zone is simulated with a future goal
of coupling to a wave propagation model to model the impact of a WEC farm (consisting of one or
multiple WEC arrays) in the ‘far-field". In referencing the near-field we refer to the area inside the WEC
array immediately surrounding the WECs, while the far-field can refer to areas outside the immediate
area of the WEC array up to several km away. The modifications of the wave field in the presence of
multiple bodies are referred to as ‘array effects’, that are synonymous with ‘farm’ or ‘park effects’ used
in some literature [2,28-30]. We begin by listing the underlying theory and assumptions in Section 2.
Then we provide the details on the two numerical PTO system interpretations used in the study in
Section 3 and specify the regular wave test matrix of the simulations in Section 4.2. We then present
the results for a single WEC for the power in Section 5.1, the near-field || in Section 5.2 and compare
the performance and effects of a hydraulic PTO system to a linear PTO system in Section 5.2.3. Next,
we present the corresponding results for the 5-WEC arrays of heaving cylindrical WECs and OSWECs
in Sections 6.4, 6.5 and 6.5.3. Finally, we highlight the key messages of the research in the discussion in
Section 7 and make conclusions with a view toward a continuation of the work undertaken in this
paper in Section 8.

2. Hydrodynamic Model Description

2.1. Linear Potential Flow

This investigation assumes linear potential flow theory [31], a subset of linear wave theory
that allows the fluid velocity, v, to be expressed as the gradient of the time dependent potential @,
(Equation (1)).

v=Vo 1)

The assumptions underlying potential flow are the following:

e the fluid is inviscid;
e the fluid is incompressible; and
e the flow is irrotational.

The standard assumption of linear theory that the motion amplitudes of the bodies are much
smaller than the wavelength also applies. Linear potential flow theory has hitherto been used in most
of the investigations into WEC array modelling, for example see [3,29,30,32]. In further assuming that
all time-varying quantities oscillate with the same angular frequency w, we can separate out the time
dependence from the time-independent velocity potential ¢,

o(x,y,2,t) =R {¢(x,y,z)efm} o

where ¢ is the complex velocity potential. Due to application of the principle of superposition, linear
potential theory allows for the separation of the total velocity potential into the following components
(Equation (3)):

6
Pi(x,y,2) = Gi+ da+ L ©)

where ¢ is the total velocity potential, ¢; is the incident wave velocity potential, ¢, the diffracted wave
velocity potential and Y- ¢, is the sum of the radiated wave velocity potentials for each Degree of
Freedom (DoF) of the WEC. In our investigation we only model 1 DoF for each WEC, namely heave for
the cylindrical WEC and pitch for the OSWEC. We also introduce the term perturbed wave to denote
the wave resulting from sum of the diffracted and radiated velocity potentials.
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2.2. Boundary Element Method Solver

In our coupling approach the ‘array’ effects, induced by the hydrodynamic interaction between
the WECs, are resolved by simulating the WEC motions using the open-source potential flow Boundary
Element Method (BEM) solver NEMOH [24]. Given Equation (1), NEMOH solves the Laplace equation,
Equation (4), for the complex velocity potential, ¢:

V=0 @)

given a set of boundary conditions on the wetted body surface, the free surface, sea bottom and
far-field. The equations of motion are solved using the method of Green’s functions, as explained
in [24]. An important restriction imposed by the method is the assumption that the water depth &
is constant throughout the WEC array domain. The free surface elevation 7 is calculated by taking
the real part of the complex surface elevation 7 that is in turn obtained in NEMOH from the free
surface boundary condition Equation (5). From the superposition principle of Equation (3), free
surface elevations 77 can be obtained separately for the WEC motions due to the diffracted and the

radiated potentials:
1 Bq))
-3 )
1 8 <at z=0

where g is the acceleration due to gravity and z = 0 is the undisturbed free surface. NEMOH also
calculates the coefficients of the added mass A(w), hydrodynamic damping B(w), and hydrodynamic
restoring force or buoyancy force K(w) which are used to calculate the WEC motions in Section 3.1.

3. PTO Model Development

3.1. Equations of Motion

To model the WECs with a given PTO system, in this investigation we use the open source
mechanical solver WEC-Sim developed by Sandia National Laboratory in collaboration with the
National Renewable Energy Laboratory (NREL) in the US [6]. WEC-Sim operates within the MATLAB
Simulink environment. For 1 DoF WEC displaced a distance z from equilibrium, WEC-Sim solves for
the WEC motion in the time domain using the Cummins Equation (6):

Miz(t) = fe(t) + fraa(t) + fus () + foro(t) + fo(t) + fu(t) ®)

In the case of a floating WEC oscillating in heave, M; = M + A3z, where M is the generalized
mass matrix and Asze is the asymptotic value of the heave added mass. On the right hand side,
fe(t) is the excitation force, fpro(t) is the PTO force, fjs(t) is the hydrostatic force, f,q4(t) is the force
vector of radiation, f,(t) are the forces that can be modelled as viscous or friction losses in the system,
and f,(t) is the force vectors resulting from the mooring connections. The excitation force is calculated
as fo(t) = F~1 {F(w)y(w)}, where 5(w) is the Fourier transform of the surface elevation and F,(w) is
the frequency domain exciting force transfer function. fys(t) is the hydrostatic force which is equal to
K33Z(w) where K33 represents the hydrostatic stiffness and Z(w) the frequency domain displacement
of the heaving cylindrical WEC. The hydrodynamic coefficients representing A, the added mass of the
device, B, the hydrodynamic damping and K, the hydrodynamic spring or stiffness, are calculated in
the frequency domain in NEMOH for each relevant degree of freedom for the given WECtype. Please
note that henceforth all capital letters represent frequency domain complex quantities while small case
letter real-valued time-domain quantities. For the regular waves simulated herein, the radiation force
frad(t) can be calculated in the steady state form for a given frequency w by the following Equation (7):

fraa(t) = —A(w)Z — B(w)z. @
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In this paper, we do not model f,(t) and f,,(t) since they are assumed to be negligible, therefore
those terms are set equal to zero. The OSWEC described in Section 4.1 is simulated using the same
Equation (6), with the substitution of torques for the forces and the pitch angular displacement 6(¢) for
the heave displacement z(t) and the coefficients in heave for the coefficients in pitch. Two different
types of power take-off systems will be further discussed: a linear and hydraulic PTO system,
the former being the most popular way of simplifying a PTO system while the latter being one
of the most used PTO systems in commercial WEC designs.

3.1.1. Linear PTO System

The most common way of simulating the effect of the PTO system of a wave energy converter is
by modelling its dynamics as linear. This means the PTO system is modelled as a spring-damper-mass
system with stiffness coefficient Kprp and damping coefficient Bpro. However, because of the practical
difficulty of changing the mass of the PTO system in real-time, it is often assumed the mass is
unchangeable, resulting in the spring-damper system as represented in Figure 1 for the heaving
cylindrical WEC. For practical reasons, a variable spring system is often difficult to implement,
therefore a further simplification is warranted where we set the stiffness coefficient Kprp to zero. In the
following calculations, the PTO system will be modelled as linear damper, resulting in the following
expression for the PTO force:

frro(t) = —Bpro,2(t) ®)

with Bprp,; the linear PTO damping term. The linear PTO influences the dynamics of the
heaving cylindrical WEC: it exerts a force, fpro(t), oppositely directed to the WEC’s velocity, Z(t).
The instantaneous power P;,,5; ; absorbed by the linear PTO system is calculated as:

Pyt (t) = —fpro (H)2(t) = Bpro,2*(t) )

When assuming that the waves are sinusoidal the motion of the WEC can be expressed as the
real part of a complex value: & { Z(w)e !}, where from this point capital letters will represent the
complex form of a certain quantity. The average power P; absorbed by a heaving cylindrical WEC with
a linear PTO system in one wave period is given as

1
P = 5Bproj|Z(w)Pw? (10)

The expression above is used to find the optimum value for Bprp, resulting in the maximum
average absorbed power P. This leads to

Ko\ 2
Bpro, = ¢B§3 + <w(m +Ag) — %) (11)

with m the WEC’s mass, Az3 the added mass in heave, B33 the heave component of the hydrodynamic
damping and K33 the hydrostatic stiffness in heave. The same procedure can be repeated for the
OSWEC with a linear PTO system: the PTO-torque Tprp is calculated as follows:

Trro,(t) = —Bpro,6(t) (12)

with Bpro, the linear damping coefficient in [Nm/(rad/s)] for the OSWEC and 6(t) the pitch velocity
of the OSWEC [rad/s]. The optimal value for Bpr, resulting in the maximum average absorbed
power, is given by

Ko\ 2
Bpro, = ¢B§5 + <w(I+A55) - %) . (13)
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Here, I represents the OSWEC’s moment of inertia about its hinge, Ass represents the added
moment of inertia in pitch, Bss the pitch component of the hydrodynamic damping and Kss the flap
buoyancy torque. The average absorbed power by an OSWEC with a linear PTO system is then
expressed as:

O(w)|*w? (14)

1
Py = 5Bpro,
with |@(w)| the amplitude of the pitch motion.

3.1.2. Hydraulic PTO System

Although the linear damper is a convenient way of modelling the effects of the PTO system, it is in
some cases an oversimplified representation of the realistic PTO system. Realistic full scale WECs are
often equipped with a hydraulic PTO system, which can be modelled numerically using WEC-Sim for
both a heaving cylindrical WEC and an OSWEC. A schematic representation of a heaving cylindrical
WEC equipped with a hydraulic PTO system is given in Figure 1.

WEC

N\,

High pressure
~ accumulator

Valves

Generator
Generator
damping B,

Piston ——— F 31
Piston area s,

Hydraulicmoror
Motordisplacement D,

Low pressure
accumulator

Figure 1. Schematic representation hydraulic PTO for heaving cylindrical WEC.

In the case of a heaving cylindrical WEC, the hydraulic PTO system converts the heaving
motion in a pressurized fluid flow. This fluid flow is translated in rotational energy by the variable
displacement motor. The motor’s axle is connected to a generator’s axle, which generates electricity [20].
The provided model calculates the hydraulic PTO force, fpro,, with:

feron(t) = —sign(2(t)) - (pu(t) — pe(t))se (15)

with p;, and p, respectively the pressure in the high- and low-pressure accumulator, whereas s,
represents the piston area. Accumulators smoothen the peak flows into a quasi-constant flow towards
the hydraulic motor [33]. The PTO-force exerted by the hydraulic PTO system always has the opposite
sign as the velocity of the heaving cylindrical WEC. The volume flow Q jsto,, resulting from the up- or
downward piston movement is given by:

Qpiston (t) = SCZ'(t) (16)

Rectifying valves ensure unidirectional flow further in the hydraulic system. This makes fluid
flow from the piston into the high-pressure accumulator and then further to the hydraulic motor. Fluid
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leaving the hydraulic motor flows towards the low-pressure accumulator. The incoming volume flow
in the high-pressure accumulator, Q;,, is calculated as:

Qin = Qpistan + Qumotor- 17)

with Qotor Originating from the hydraulic motor - see Equation (20). The total fluid volume inside the
accumulator at time t; equals Vj, (t j) and is calculated with:

Vin(tj) = Vin(tjfl) + Qin(tj) ~dt. (18)

It is assumed that initially there is no fluid inside the accumulator, so V;,(0) equals 0. The total
volume of the accumulator equals Vj, which allows the calculation of the pressure inside the
accumulator as follows, according to an isentropic process:

Pprecharge
A0 (19)

pi(t)) =
(1—=5)

With pprecharge the initial pre-charge pressure in the accumulator and v the adiabatic index, set
equal to 1.4. The compressibility of the fluid is neglected. The calculation of the pressure in the
low-pressure accumulator, p,(t;), is done similarly. The fluid volume flow originating from the motor
is determined by:

antor(t) = Wm(t)“Dm (20)

In this formula, wy, represents the angular velocity of the hydraulic motor, whereas a represents
the swashplate angle which is the instantaneous motor displacement divided by the maximum motor
displacement. D,, represents the nominal motor displacement. The product aD,, represents the volume
needed for one revolution of the hydraulic motor, expressed in [m®/rad]. In MATLAB Simulink, the
angular velocity of the hydraulic motor, wy,, is calculated by integrating the following expression:

_ (pn(8) = pe(8))aDm — Tg(t) = T¢(t)

n(t) = T : 1)

where 7 is the generator torque, 7y the torque due to friction, and I the total mass moment of inertia
of the motor/generator. The generator torque changes linearly with the motor’s angular velocity, w,,
with a damping coefficient of the generator, Bg:

7:§(t) = ngnl(t)~ (22)

It is assumed that this damping coefficient By is constant. The efficiency of the generator depends
on its torque ’7;, and its angular velocity w;,. A table for the generator efficiency is provided by
WEC-Sim for different combinations of 7¢ and wy,. The average absorbed power by the hydraulic PTO
of a heaving cylindrical WEC over one wave period T is expressed as:

T
Po=—1 [ forolt)-z(t)at @)

The Equation (23) is the absorbed power without taking into account losses in the hydraulic motor
and electric generator. The average electrical power will be less than the power at the piston, P}, since
friction in the hydraulic motor and the efficiency of the generator are taken into account in WEC-Sim.
In Section 4.4 and further, only the average absorbed power at the piston P, will be considered.
WEC-Sim also provides the ability to implement a hydraulic PTO system for an OSWEC. The principle
of a hydraulic PTO system applied to a pitching flap is sketched in Figure 2. In Figure 2, a positive
pitching angle 6 corresponds to a clockwise movement of the flap, which implies a shortening of the
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PTO-bar equipped with the PTO system. This shortening in its turn creates a pressure difference on
both sides of the piston. The pitching motion thus induces a linear movement in the piston. Once this
linear motion is calculated in Simulink, the force fpro can be calculated and will be multiplied with
the lever arm length ¢ around the hinge to find the torque 7pro:

Tpro(t) = fero(t) - £(t). (24)

How the force fpro is calculated is explained in Section 3.1.2, in Equation (15), since the hydraulic
PTO system for the OSWEC mainly contains the same components as the one for the heaving cylindrical
WEC. How the pitching motion of the flap is converted in a linear movement of the piston is briefly
explained below. This conversion involves some geometric parameters—see Figure 2 for definitions:

6(t), the varying pitch angle

g, the offset height of the PTO-bar connection with the seabed

¢, the distance between the flap-hinge and connection with the PTO-bar

b(t), the length of the PTO-bar, varying in time; for 6 = 0, b = b;;

7(t), the vertical distance between the connection points of the PTO-bar, varying in time

B(t), the angle between the PTO-bar and the vertical direction, varying in time

{(t), the length of the lever arm (or the distance of the hinge to the PTO-bar), variable in time.

In Figure 2 the length r varies in time and is evaluated by r(t) = ¢ - cos(6(t)) — g, while angle B(t)
can be calculated as B(t) = arccos(r(t)/b(t)). The length of the lever arm /, i.e., the perpendicular
distance from the PTO-bar to the hinge can be determined using;:

0(t) = sin(8(t) + B(1)) - ¢ (25)

The instantaneous absorbed power can be either determined by multiplying 7pro with the
angular velocity 8 or by multiplying fpro with the linear velocity of the piston at each time step, as in
Equation (23). As with the heaving cylindrical WEC, only the total absorbed power P, at the piston
will be considered. The average absorbed power by the hydraulic PTO system of an OSWEC over one
wave period is expressed as:

T .
Po=—1 [ Toro(t)- 6oyt 29)

= OSWEC

\Fixed connection|
to seabed

N N SRR SN /\\/\B/\\g<
seape

Figure 2. Hydraulic PTO system working principle of a generic OSWEC.
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4. Modelled WECs and Input Wave Conditions

In this paper, we present the results for full scale WECs for a series of regular waves of varying
heights and periods. The WEC types are outlined in Section 4.1 and the input wave conditions are
shown in Table 1 in Section 4.2.

4.1. Modelled WEC Types

The two types of full-scale WECs modelled in this study are a heaving cylindrical buoy and a
pitching bottom fixed flap, which is often termed OSWEC [34]. The heaving cylindrical WEC type is a
flat cylinder with radius (r) of 10 m and a draft (i) of 2.0 m (see Figure 3). The shape was selected
based on its overall dimensions being similar to several promising WEC technologies, namely that
of Carnegie Wave [35] and SINN Power [36]. Moreover, as noted in a recent study, [37], such a flat
disk shape provides a balance between the power absorption, WEC bandwidth, and material cost
considerations. Please note that in our case the buoy is not fully submerged as in the case of the
Carnegie CETO™ and is instead floating at equilibrium position with a draft of /i, = 2.0 m. The natural
or resonance period of the WEC in heave , T, 33 = 5.46 s. The second is a bottom-fixed surface-piercing
OSWEC with a width (w) of 20 m, a height (/) of 12 m, a draft (h,) of 10 m, and a thickness (dx) of
1.0 m (see Figure 3). The OSWEC is similar to several pre-commercial WEC technologies, specifically
the WaveRoller, developed by Finnish company AW-Energy. The natural pitch period of the OSWEC,
Ty55 =17 s.

h,=10m

Figure 3. Heaving cylindrical WEC (left) and pitching OSWEC (right) schematic. The wavy line
indicates the undisturbed free surface elevation 7.

4.2. Input Wave Conditions

To demonstrate the utility of the presented PTO model coupling, regular waves of two wave
heights and four wave periods are simulated as shown in Table 1.

Table 1. Test matrix of regular wave conditions.

Wave Height, H (m) Wave Period, T (s)

1.0 60 80 10.0 120
2.0 60 80 100 120

Each PTO system configuration presented in Section 4.1 and each WEC type in Section 4.1 is
modelled for all wave conditions. In the following Sections 4.3 and 4.4, we determine the optimal PTO
system coefficient for each WEC and PTO system type for each wave condition defined in Tablel.

4.3. Optimal PTO System Coefficients: Linear PTO

In Section 3.1.1 it was stated that an optimal value exists for the linear PTO system damping
coefficient Bpro , resulting in the maximum average absorbed power. These damping coefficients
are first calculated for the specific case of the heaving cylindrical WEC with Equation (11), for the
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dimensions described above. The theoretically found values are summarized in Table 2. To calculate
the corresponding coefficients for the OSWEC, (13) is applied for the OSWEC with the prescribed
dimensions of Figure 3. Results for the optimal linear PTO damping coefficients are given in Table 2.

Table 2. Optimal linear Bpr( coefficients for a heaving cylindrical WEC (106 x kg/s) and OSWEC
(100 (kg m?)/s).

T(s) 6 8 10 12
Heaving Cylindrical WEC  1.12 225 346 4.65
OSWEC 1280 9840 69.70 51.0

4.4. Optimal PTO System Coefficients: Hydraulic PTO

4.4.1. Optimal Hydraulic PTO System Coefficients for a Heaving Cylindrical WEC

It was proven that an optimal linear damping coefficient exists when a linear PTO system is
applied. Since the PTO-force of a hydraulic PTO system, fpro j, is no longer linearly dependent on the
velocity of the heaving cylindrical WEC, no straightforward relationship for an optimal configuration
of the hydraulic PTO system can be expressed. To find optimal PTO system parameters, a similar
approach as in [38] is followed: a hydraulic PTO system damping term Bpr, is defined and it is
checked for an optimum value. Note however that this damping coefficient Bpr j, cannot be used to
calculate the PTO-force fprp , by multiplying Bpro j, with the WEC’s velocity. It is a coefficient that
takes into account the different parameters of the hydraulic PTO system that influence the performance
of the WEC, with the same dimensions as the linear damping term Bprp; [kg/s]:

S
Bpron = (5-)?Bg @7
m

Bpro,n can be changed by modifying the piston area, s., the motor displacement, D, or the
generator damping, Bg, see Figure 1. In practice it is most convenient to alter the motor displacement
Dy, [38], e.g., by installing a variable displacement motor as hydraulic motor. It is assumed that the
swashplate angle a equals one. Since only D,, will be varied in the following procedure, it is assumed
that s. and Bg are constant: s. is set as 0.0707 m? and Bg as 6 nla\ilim/s’ respectively, based on a prior
analysis. Figure 4 proves the existence of an optimal value for Bprg ), for different wave periods in
regular waves. As with the linear PTO system, the optimal value for Bpro , increases with increasing
wave period T. Due to the inherent non-linearities of the hydraulic PTO system, a different optimal
value for Bprp , could be expected for a different wave height H at the same wave period T. However,
only a small change was observed in the optimal value for Bprp j, when altering the wave height H
from 1.0 m to 2.0 m. The same conclusion was made in [38]. Since the average absorbed power P,
stays rather constant close to the optimal value for Bprg j,, the effect of a small change in Bprg ), close
to its optimum value on P, is negligible. Therefore, the Bpr( j, coefficients summarized in Table 3 will
be used for both H = 1.0 m and for H =2.0 m.

The optimal hydraulic PTO system damping coefficients for the heaving cylindrical WEC for the
studied wave conditions are summarized in Table 3.

Table 3. Optimal hydraulic damping coefficients Bprp j, for a heaving cylindrical WEC (10°x kg/s)
and OSWEC (10°x m?- kg/s).

WEC Type T (s) 6 8 10 12
Heaving Cylindrical WEC H=10m 15 325 47 83
OSWEC H=10m 275 175 121 95

10
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Figure 4. Average absorbed power P, as function of hydraulic damping coefficient Bprp j, for the
heaving cylindrical WEC for four different wave periods and for a wave height H = 1.0 m.

4.4.2. Optimal Hydraulic PTO System Coefficients for the OSWEC

Section 3.1.2 also described the application of a hydraulic PTO system to an OSWEC. As with the
heaving cylindrical WEC, optimal hydraulic parameters will be found for the OSWEC with dimensions
as given in Section 4.1. The piston area was set equal to s, = 0.1257 m? while the generator damping
Bg is set to 10 ml\il—m/s, both values resulting from a prior analysis. Please note that additional geometric
parameters must be considered when studying the optimal configuration for an OSWEC with a
hydraulic PTO system—see Section 3.1.2 and Figure 2. The hydraulic PTO system applied to the
OSWEC exerts a torque, Tpro(t) = fpro(t) - £(t), depending on the PTO-force fpro and the lever
arm /, calculated as in Equation (25). The latter depends on the following geometric parameters: g, c
and b as defined in Figure 2. This implies that, contrary to the case of the heaving cylindrical WEC, not
only the characteristics of the hydraulic PTO system, but also the initial geometric parameters g, c and
b, must be chosen carefully. The reasoning followed in the procedure of optimizing the hydraulic PTO
system will briefly be explained below. It is firstly assumed that an optimal PTO-torque exists for each
wave period, Tpro,0pt- When then e.g., ¢ increases, £ will increase as well, keeping all other parameters
constant. This will result in a lower fpro,op: to achieve the same 7}To,opt~ fpro can be lowered by
increasing D;,. Changing the motor displacement will result in a different pressure difference between
the accumulators and a different motor speed. The geometric configuration of the hydraulic PTO
system for the OSWEC can thus be chosen in such a way that allows the most convenient hydraulic
motor parameters. It may be expedient to limit the motor speed or the pressure difference to a certain
value, which can be realized by adapting the motor displacement accordingly. A brief numerical
analysis has shown that higher values for c and thus higher motor optimal displacements D,, result
in lower pressure differences. However, this distance ¢ will probably have to be limited as well due
to practical considerations. When looking at sketches of the WaveRoller OSWEC, the hydraulic PTO
system seems to be very close to the seabed. After a brief analysis, it was chosen to put c equal to
3.0m, g to 1.5 m and b;,; to 5.0 m. D, was varied to find an optimal value that results in the maximum
Py. To express an equivalent Bprg j, for the OSWEC (similarly as was done for the heaving cylindrical
WEC), following formula is used, resulting in a coefficient with the same dimensions as the linear
damping term for the OSWEC:

S
Bpron =c- bini(ch)ng- (28)
m

Figure 5 shows the average absorbed power P, for different values of Bprg ) for the four
considered wave periods described in Section 5.2 and a wave height H = 1.0 m. The optimal value for
Bpro,;, decreases with increasing wave period, for this range of wave periods. The same conclusion

11
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was made for the OSWEC with a linear PTO system: the optimal value for Bprp,; decreases with
increasing wave period.

140 -
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BPTO,h [MNsm]
Figure 5. Average absorbed power P, as function of hydraulic damping coefficient Bprp ), for the
OSWEC for four different wave periods and for a wave height H = 1.0 m.

5. Comparing the Effects of a Linear to a Hydraulic PTO System for a Single Heaving Cylindrical
WEC and a Single OSWEC

5.1. Comparing the Average Power Output for Each WEC vs. Type of PTO System

The average power output for a single WEC of each type is calculated via Equation (10) or
Equation (14) for the linear PTO system and via Equation (23) or (26) for the hydraulic PTO system.
Please note that for the latter PTO system type the losses in the generator will not be taken into account
to provide a fair comparison with the linear results, as noted in Section 3.1.2. The Bpro settings
used are described in Sections 4.3 and 4.4. Results for the modelled wave conditions of Table 1 are
shown in Table 4. We note that the results for H = 2.0 m are almost exactly 4 times the results for
H =1.0 m, indicating that the non-linear influence of the hydraulic PTO system in these operational
wave conditions is minimal. Therefore, we will focus on the results for a H = 1.0 m wave, which we
plot in the bar chart in Figure 6.

-100. (29)

The percent difference is defined by Equation (29). We observe that for the heaving cylindrical
WEC, the average power output is always greater with the hydraulic PTO system than with the linear
PTO system while, in comparison, for the OSWEC the situation is reversed.

Table 4. Average power output for a single WEC for a linear and hydraulic PTO system. Heaving
cylindrical WEC: top two rows. OSWEC: bottom two rows.

Wave  Average Power Output Linear P; (kW)  Average Power Output Hydraulic P, (kW)

WEC Type Height Wave Period T (s) Wave Period T (s)
H (m) 6.0 8.0 10.0 12.0 6.0 8.0 10.0 12.0
heaving 1.0 4798 6594 7286 72.04 50.15  77.40  90.05 85.34
cylindrical WEC 2.0 19191 263.78 291.46 288.14 200.61 311.36 364.59 344.15
OSWEC 1.0 106.47 132.75 131.55 126.83 9256 11434 113.08 109.43
2.0 42587 531.03 526.49 508.78 367.98 45259 447.95 434.39

12
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Figure 6. Bar chart showing the power output for one WEC with linear PTO system (F;) (purple)
and hydraulic PTO system (P;) (red) with the percentage difference between the two. Results for the
heaving cylindrical WEC shown on the left and for the OSWEC on the right.

It can be seen that there is a notable increase in the average power output for the hydraulic PTO
system (P),) versus the linear (P;) for the case of the heaving cylindrical WEC for periods T > 8.0s.
For these wave conditions, the hydraulic PTO system can damp the motion of the WEC to match the
phase of the incident wave condition more effectively. Such is not the case with the OSWEC, where the
natural pitching period of the WEC is higher than the investigated wave periods and the hydraulic
PTO system is not performing optimally, i.e., it cannot ‘speed up’ the relative motion. We must note,
however, that the linear PTO system for the OSWEC, although it shows on average a 15% improvement
in the power performance of the WEC, may be making unrealistic assumptions about the motion of
the OSWEC that may result in an artificially increased average power output. Observe that in all
cases the average power output for the OSWEC is much higher than for the heaving cylindrical WEC,
indicating that the OSWEC is more efficient in absorbing the power of the incoming waves; how this
power absorption affects the wave field will be explored in the next Section 5.2.

5.2. Analyzing the Wave Field around One WEC

5.2.1. Calculating the Total and Perturbed Wave Fields

To calculate the wave field around a single WEC for a wave height H, we sum the complex
incident unidirectional regular wave field, calculated at each point via Equation (30)

(xy) = 5 e (30)

to the perturbed wave field consisting of the radiated and diffracted wave fields. Both are calculated
from their respective potentials via the kinematic free surface boundary condition Equation (5).
The radiated wave field is given by Equation (31)

ZH iwd,
¢ 2

Here ¢, is the radiated wave potential and the ratio of the body displacement Z to the wave
amplitude ¢ is the response amplitude operator (RAO) which is calculated in Equation (32):

(3D

nr

Z_ Fe 32)
¢  —w)M+ A)?—iw(Bpro+B) +K
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The modulus of the complex RAO calculated in Equation (32) is the amplitude of the WEC’s
position divided by the wave amplitude:

z
RAO| = |Z 33
[RAO| = || (33)

Equation (32) is only valid when modelling a WEC with a linear PTO system. In Equation (32)
F, is the excitation force, M the mass of the device, and A, B and K, the added mass, hydrodynamic
damping, and hydrodynamic spring or stiffness coefficients, respectively, determined in NEMOH for
each of the relevant degrees of freedom. The Bpro is the linear Bprp  coefficient in Table 2 for each wave
period and WEC type. It is important to mention that the use of the hydraulic PTO coefficient Bpro 1,
as described in Sections 4.4.1 and 4.4.2, in Equation (32) will lead to incorrect results. The coefficient
Bpro,, was composed to combine all significant factors influencing the average absorbed power P,
to check if an optimum value of the average absorbed power exists and to study the trend of this
coefficient over a range of periods. Since the RAO for a WEC with a hydraulic PTO system cannot be
calculated analytically, this RAO is determined using numerical time-domain simulations. For a given
wave period and wave height, the WEC’s displacement is calculated numerically using WEC-Sim.
The modulus of the RAO is calculated with Equation (33), whereas the RAO’s phase is determined as
in Equation (34):
¢ =w-At, (34)

where At represents the time shift between the WEC’s displacement profile and the surface elevation
profile. Since the WEC’s position z(t) is not sinusoidal when equipped with a hydraulic PTO system,
the following method is used for the calculation of the time shift At:

At = argmax /(;Tz(t) -C(t—T)dt. (35)

The RAO phase ¢ will be positive since the WEC’s motion is delayed with respect to the incoming
wave (At > 0). The complex value of the RAO is now determined as:

% = |§\ei¢. (36)

The diffracted wave amplitude 7, is given by Equation (37)

na = el @)

8
where ¢; is the diffracted wave potential. We calculate the wave field around a single WEC for each
of the incident wave conditions presented in Table 1. In the two sections following, Sections 5.2.2
and 5.2.3, we show representative results from the 24 cases simulated. Please note that the tally takes
into account the fact that for the linear PTO system the result for H = 1.0 m and H = 2.0 m are the same.

5.2.2. The Influence of the WEC Type on the Wave Field

Before diving into the complicated patterns seen in the ‘near-field” 7 of the array, we model a
single WEC in the numerical domain to clarify the impact of WEC type and PTO system type on the
wave field. The two WEC types presented in Section 4.1 have a substantially different impact on the
incoming waves as witnessed in the plots of the modulus of total wave field ||, in Figure 7 for one
heaving cylindrical WEC (left) and an OSWEC (right) for a linear PTO system for the same incident
wave of H=1.0m and T = 6.0 s. The total || is the modulus of sum of the complex perturbed 7 and
the complex incident wave 77 . We see right away that the perturbation effect for the OSWEC is much
greater than that of the heaving cylindrical WEC, both in magnitude and extent away from the WEC.

14
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This difference is largely a consequence of the diffraction potential of the OSWEC since it presents a
barrier to the entire water column compared to the small-draft heaving WEC which presents much
less resistance to the incoming waves. As an example, we can observe this difference in Figure 8 for a
H=1.0m, T =10.0 s wave where the diffraction is plotted for a heaving cylindrical WEC on the left

and for an OSWEC on the right.
7
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Figure 7. Modulus of the total surface elevation |1| for a heaving buoy WEC (left) and OSWEC (right).
Incident wave of H =1.0m, T = 6.0 s propagating from the left.
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Figure 8. Modulus of the diffracted surface elevation |5| for a heaving cylindrical WEC (left) and an
OSWEC (left). Incident wave of H =1.0 m, T = 10.0 s propagating from the left.

Moreover, the difference in the radiated wave field is significant as well, especially as we move to
higher wave periods, where the OSWEC responds more to the incoming wave whereas the heaving
cylindrical WEC is essentially riding on top of the water column. This is significant in our study
because it is indeed the radiation which we can influence throughout the PTO model as will be
witnessed in the next subsection.

5.2.3. The Influence of the PTO System Type on the Wave Field for a Single WEC

As mentioned in the previous paragraph in Section 5.2.2, the discrepancy between the radiation of
the two WECs is less than the difference in diffraction for a given wave. However, it is still significant,
and as the radiated wave field is a function of the PTO system as well as the WEC type, we do see a
divergence in the perturbed wave field between the different PTO system types. This is noted in a plot
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of the percent difference between the total |7| for the linear and the hydraulic PTO system first for the
heaving cylindrical WEC (left) and the OSWEC (right) in Figure 9 fora H =1.0m, T = 8.0 s wave.
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Figure 9. Percent difference (Equation (29)) in the total wave field between the hydraulic and linear
PTO system for a heaving cylindrical WEC (left) and OSWEC (right). Incident wave of H = 1.0 m,
T = 8.0 s propagating from the left.

We observe that the variability between the two PTO system types is less than 5 % for the heaving
cylindrical WEC while that for the OSWEC is closer to 10 % in the region near the device. This is
not demonstrated in the results in the power output (P) however, where in Table 4 in Section 5.1 for
the H=1.0m, T = 8.0 s wave, the difference between P; and P}, is 17% and only 14% for the OSWEC.
Moreover, P, — P, is positive for the heaving cylindrical WEC while the addition of a hydraulic PTO
system actually reduces the power output for an OSWEC. This situation is mirrored for the other wave
periods where the increase in the perturbed wave field for the OSWEC compared to that of the heaving
cylindrical WEC does not induce an increase in the power output of the OSWEC P,,.

6. Analyzing the Power Production and the Near-Field Effects for an Array of 5 WECs With a
Hydraulic PTO System

6.1. WEC Array Layout

As we have seen in the results for a single WEC in Section 5, the perturbed wave field around a
single WEC strongly depends on both the WEC type and the PTO system modelled. In this section,
we extend our results to an array of 5 WECs with a view toward the modelling of a commercial scale
WEC farm consisting of multiple WEC arrays. To this end we model two different 5-WEC arrays:
one consisting of heaving cylindrical WECs (Figure 10) and the other of pitching OSWECs (Figure 11).
The WEC-WEC separation distances dy and dy, are set to 40 m, which is the 2x the diameter of the
heaving buoy WEC and the width of the OSWEC. The array configurations of both WEC types are
staggered, an arrangement that was clearly shown to be power-maximizing in several numerical and
experimental studies such as in [4,23,26,28,39—-41]. In this investigation the water depth is set at 30 m
for the heaving buoy and 10.0 m for the OSWEC.
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Figure 10. Plan view of the array layout for five heaving cylindrical WECs. The incident wave
propagates from the left.
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Figure 11. Plan view of the array layout for five pitching OSWECS. The incident wave propagates from

the left.

6.2. 1st Order Approximation for the WEC Array Near-Field

To assess the effects of multiple WECs in a WEC array or multiple WEC arrays in a WEC farm on
the power output (P) of the farm, we need to calculate the total perturbed wave field in the near-field
domain. As we assume linear theory in our work, we can use the superposition principle to sum up
the total wave field by using an iterative approach first developed in [42]. The technique employed
is illustrated in Figure 12. The initial step (Step 1) is to propagate the incident wave in the empty
numerical basin (no WEC present) to obtain the undisturbed surface elevation. In Step 2 the incident
surface elevation is used as input into NEMOH whence the 1st order perturbed wave of WEC Array I,
p1i, is evaluated. In Step 3, the average wave amplitude at the location of py; is used as input into
NEMOH to calculate the 1st order perturbed wave of WEC Array II, py;;. In Step 4, the process in
Step 2 is repeated, with py;; as the new input perturbed wave. Finally, in Step 5, the same process
is performed for the 2nd perturbed wave of WEC Array I, py;. Since the input perturbed wave in
each subsequent step after step is reduced by approximately an order of magnitude, for all practical
purposes this process can be terminated at Step 4 without any appreciable loss in accuracy, even for
the case where interaction is maximized. Therefore, Step 5 is only displayed for a complete description
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of the proposed iterative method. To calculate the perturbed 7, in this paper we limit the summation
to the 1st order perturbed waves from each WEC in the array. The power for each WEC is calculated
using the average surface elevation that is the sum of the incident wave and the perturbed waves from
the nearest two WECs.
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Figure 12. Step by step procedure for determining the perturbed field for regular incident wave

propagating from the left [42].

6.3. Power Output Calculation for an Array of 5 WECs

In evaluating the influence of the 5-WEC array interaction effects on the performance of a wave
farm, we compute the total power output by the two WEC arrays, after having obtained the modified
wave field in the WEC array using the approach outlined in Section 6.2. The power of each array is
calculated by the following equations depending on the PTO system and WEC type. For the linear
PTO system, we extend Equations (10) and (14) to M WECs operating in one DoF to Equation (38),

1

P = — > Bproi|Z(w)*e?, (382)
1

P; = — 2 Bpro|0(w)*w?, (38b)

where Z and 6 indicate an M x 1 column vector of the WEC’s position or angular displacement,
respectively. Bpro; represents an M x M diagonal matrix with the Bpro coefficients for each WEC
on the diagonal. For the hydraulic PTO system, the equations equivalent to (23) and (26) are given in
Equation (39):

T
P, — _%/O Fpro(t) - 2(1)dt, (39a)
1T .
Py= - /O Toro(t) - 6(t)dt. (39b)

Here as in Equation (38), the boldface quantities represent M x 1 column vectors of the forces
and velocities of the individual heaving cylindrical WECs of the torques and angular displacements of
the individual OSWECs. As mentioned in Section 6.2, for each WEC in the array, the motions and the
forces used in Equations (38) and (39) are calculated with the input wave equal to the incident wave
plus the 1st order WEC array perturbed wave at the location of the given WEC. The magnitude of the
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1 used for calculating the power P in Equations (38) and (39) is taken as the average of the 1st order
modified 77 on a region immediately surrounding the WEC. In addition to calculating the power of
each array, we also introduce the ‘g value’, defined as the ratio of the power of the M-WEC array to
the power produced by the sum of M WECs as if they were operating in isolation:

PArruy
-, (40)
where P is the power output of the linear or hydraulic PTO WEC given by equations (Equations (10),
(14), (23) and (26)) for the heaving cylindrical WEC or the OSWEC, respectively. The g value is a
commonly used metric in wave energy literature to assess the strength of array effects, we find it used
in [30,39,40,43], for example.

6.4. Power Output for an Array of 5 WECs

The 5-WEC array power output for the two PTOs and for the data for the two WEC types is
displayed in Table 5 for the modelled wave periods from Table 1 for H = 1.0 m and in the bar chart
Figure 13. The g value for the various configurations, defined in Equation (40), is displayed in the third
and sixth data row. As we have witnessed in Section 5.1, the deviation from linear behavior due to the
increase from H = 1.0 m to H = 2.0 m is very small, therefore we will focus our attention in this and the
following sections on the results for H = 1.0 m with the knowledge that the results for H = 2.0 m show
similar patterns and behaviors. As in the single WEC case, we observe a significant increase in the
power output of the 5-OSWEC array versus a 5-heaving cylindrical WEC array with the power of the
former producing up to 3x more power for a wave period of 8.0 s. Please note that as in the single
WEC case analyzed in Section 5.1, the heaving cylindrical WEC array produces more power with
increasing wave period while in the case of the OSWEC array, the peak power occurs for T = 8.0 s, with
a decrease for higher wave periods. Please note that this reduction is more significant in the array case
than in the single wave case, a fact that is reflected in the decreasing g values as the period increases.
This behavior can be directly linked to the increase in the |7| in the ‘near-field” zone, as we will observe
in Section 6.5.2. For the heaving cylindrical WEC, the g values are also decreasing for wave periods
greater than 8.0 s, but with the difference that each g value is consistently below unity. It is clear from
the data that in the case of the modelled 5-WEC array configuration, placing the OSWECs in an array
is much more advantageous to their performance than for the heaving cylindrical WECs. We must
remark however, that in realistic wave conditions with frequency and directional spreading it is near
impossible to achieve the phase relationships that lead to high g values and consequently, we expect
the relative difference in the array power output between the two types of WECs to diminish.

Table 5. Average power output for an array of 5 WECs for a linear and hydraulic PTO system. heaving
cylindrical WEC: top three rows. OSWEC: bottom three rows.

Wave Average Power Output Linear P,  Average Power Output Hydraulic P,

WEC Type Value Height Wave Period T (s) Wave Period T (s)
H (m) 6 8 10 12 6 8 10 12
heaving ARRAY H=10 23454 32548 31533 30444 2457 38728 389.27 358.25
cylindrical SINGLE x5 H=1.0 2399 32972 36432 360.18 250.77 386.99 450.26 426.69
WEC q H=10 098 0.99 0.87 0.85 0.98 1.00 0.86 0.84

ARRAY H=10 10017 1736.6 1282.6 854.33 867 1617.7 1237.8 868.79
OSWEC SINGLE x5 H=1.0 53234 66375 657.75 63415 4628 5717 5654 547.2
q H=10 1.88 2.62 1.95 1.35 1.87 2.83 2.19 1.59
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Figure 13. Bar chart showing the power output for a 5-WEC heaving cylindrical WEC array (left)
and OSWEC array (right)with linear PTO system (purple) and hydraulic PTO system (red) with the
percentage difference between the two calculated by Equation (29).

6.5. The Near-Field |1| for an Array of 5 WECs

In this section, we present the results for the near-field wave field for an array of 5 heaving
cylindrical WECs, arranged in the configurations displayed in Figures 10 and 11 for the wave periods
listed in Table 1 for a wave height H of 1.0 m. The results are presented in Sections 6.5.1 and 6.5.2 as the
modulus of the surface elevation |1|. Using this metric, we show both the total wave field to see the
connection between the surface elevation and the array power output, and the perturbed wave field
which only displays the array effects, that is deviations from the incident wave field brought about by
the interactions with the WEC arrays. Because of the quantitative differences in the wave fields for a
heaving cylindrical WEC and an OSWEC, the presentation of the results is split into two Sections 6.5.1
and 6.5.2, where in each subsection we take an in-depth look at the ‘near-field” wave amplitude 7.

6.5.1. The Perturbed |77| for an Array of Heaving Cylindrical WECs

First thing, we look at the wave field of an array of 5 heaving cylindrical WECs for a linear PTO
system for T = 6.0 s and T = 8.0 s. In Figures 14 and 15 the total (left) and perturbed (right) fields are
plotted for the named wave periods. Notice that the magnitude of the changes in the total |17| due to
the presence of the array are much greater for the case of T = 6.0 s. This can be seen even more clearly
in a comparison of the perturbed || for the same two wave periods, where the perturbed wave field is
nearly 2 x greater in magnitude near the WECs. However, it would be incorrect to assume that this
difference is linearly proportional to the difference in the power output P of the array at these wave
periods, as will be elaborated on in Section 7.

20



Energies 2018, 11, 3489

ﬁ/z' .

1.000 100 1.000
0.875 0.875
0.750 0.750
0.625 0.625
0.500 0.500 =
0.375 0.375
0.250 0.250
\ 0.125 0.125
0.000 ~10¢ 0.000

=5 0 50 100 00 =50
Length of the basin (m) Length of the basin (m)

=

Width of the basin (m)

~1%950

Figure 14. The total (left) and perturbed (right) 1| for a heaving cylindrical WEC for a wave of
H=1.0m, T =6.0 s for a linear PTO system. Incident wave propagating from the left.
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Figure 15. The total (left) and perturbed (right) || for a heaving cylindrical WEC for a wave of
H=1.0m, T =8.0s for a linear PTO system. Incident wave propagating from the left.

Moving on to the two higher wave periods, T =10.0 s and T = 12.0 s, the interaction of the incident
wave field with the WEC array markedly decreases. We can observe this in a contour plot of the total
and the perturbed wave field for T = 10.0 s for the heaving cylindrical WEC array with a linear PTO
system in Figure 16. We note that although the perturbed wave field is barely perceptible, it does
result in a slight enhancement of the total wave field which creates an area of higher total |7 in front
of the array. For T = 12.0 s the shape of the interaction zones is similar to those of T = 10.0 s but the
magnitude of the array effects is minimal and consequently, these wave fields are not displayed in the
interest of brevity.
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Figure 16. The total (left) and perturbed (right) |57| for a heaving cylindrical WEC for a wave of
H=1.0m, T =10.0s for a linear PTO system. Incident wave propagating from the left.

6.5.2. Results for an Array of OSWECs

We next move on to explore the results of the simulations for the 5-OSWEC Array. Analogous
to Section 6.5.1 we first look at the total near-field || for T = 6.0 s and T = 8.0 s, which are the wave
periods with the greatest ‘array effect’ and the highest power output P. In Figures 17 and 18 we plot the
total |17| (left) and the perturbed |1 for the two wave periods in question. Observe that the magnitude
of both fields is much greater than that of the heaving cylindrical WEC shown in Figures 14 and 15
for both T = 6.0 s and T = 8.0 s. Moreover, we observe a large difference in the locations of ‘hot spots’
and “cold spots’, which are areas of strong positive or negative anomalies in || between T = 6.0 s
and T = 8.0 s. In other words, the areas with destructive interference between the incident and the
perturbed wave leads to a decrease in |#| or vice versa with constructive interference between the
incident and perturbed waves. This is important in understanding the interaction between the wave
period and the power output P that we will discuss in Section 7.
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Figure 17. The total (left) and perturbed (right) |17| for an array of heaving cylindrical WECs for a wave
of H=1.0m, T = 6.0 s for a linear PTO system. Incident wave propagating from the left.

22



Energies 2018, 11, 3489

1.50

1.25
1.00
0.75=
0.50
0.25
_IQQOO 50 0 50 100_]'lz 00 =50 0 50 100 0:00

Length of the basin (m) Length of the basin (m)

100 100

u
=}

Width of the basin (m)
(=]

=50

Figure 18. The total (left) and perturbed (right) || for an array of heaving cylindrical WECs for
H=1.0m, T =8.0s for a linear PTO system. Incident wave propagating from the left.

As with the heaving cylindrical WEC, the two largest wave periods T = 10.0 sand T = 12.0 s
display smaller perturbations in the near-field zone. Unlike for the heaving cylindrical WEC, however,
they are still significant, as we can witness in Figures 19 and 20 in the plots of the || for an OSWEC
with a linear PTO system. This perturbation effect is mirrored in the positive g values in Table 5 for both
T =10 and T = 12, unlike in the case of the heaving cylindrical WECs. Again, notice the strong change
in the locations of the positive and negative anomalies in the total wave field between Figures 19
and 20. As we will see in the next section Section 6.5.3, these are the two wave periods where the
hydraulic PTO system power performance in a OSWEC array is close to or slightly exceeding the linear
PTO system WEC array case, unlike the single WEC case in Section 5.1 where the reverse is true.

6.5.3. Comparing the Effect of a Linear PTO System to a Hydraulic PTO System for a Wave Field
around a 5-WEC Array

In this section, we compare the effect of the linear and hydraulic PTO system on the near-field
of the array. As in Sections 6.5.1 and 6.5.2, we show the outcomes for both the total and perturbed
wave fields, but instead of plotting |17], we plot the percent difference between the |1| of the WEC with
hydraulic and the linear PTO system similar to Figure 9 for the a single WEC. We start by looking
at the effect of the hydraulic PTO system for the case of the heaving cylindrical WEC. In Figure 21
we plot the difference between the total || for a heaving cylindrical WEC for the 4 modelled wave
periods as defined by Equation (29).
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Figure 19. The total (left) and perturbed (right) |17| for an OSWEC for a wave of H=1.0m, T =10.0 s
for a linear PTO system. Incident wave propagating from the left.
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Figure 20. The total (left) and perturbed (right) |17| for an OSWEC for a wave of H=1.0m, T =12.0's
for a linear PTO system. Incident wave propagating from the left.

The first observation we make is the marked decrease in the # difference as we increase T from
6.0 s to 12.0 s. While for the 6.0 s wave the difference barely exceeds 15 % for areas on the perimeter
of the body, for the rest of the wave periods the differences are considerably less, dipping below the
5% threshold of the T = 12.0 s case. Please note that whereas for the two shorter wave periods the
areas of positive and negative change have a complicated pattern based on the interaction between the
radiated waves of each body, for the T = 10.0 s and T = 12.0 s cases there is a general trend of a higher
|7] for the hydraulic PTO system for the front rows and lower for the back row, especially for the back
middle WEC. Observe that this slight overall decrease in |17| does not adversely affect the heaving
cylindrical WEC array performance, as we saw in Table 5 in Section 6.4, where the performance of the
heaving cylindrical WEC array is significantly better than that of the single WECs.
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Figure 21. Percentage difference between the || produced by a heaving cylindrical WEC with a
hydraulic PTO vs. a linear PTO system for a wave of H = 1.0 m and wave periods of T = 6.0 s (top left)
T =8.0s (top right) T = 10.0 s (bottom left) T = 12.0 s (bottom right). Incident wave propagating from
the left.

Contrary to the heaving cylindrical WEC array, the difference of the PTO system greatly modifies
the wave field of the 5-OSWEC array. In comparing Figure 22 to Figure 21, we see that the percent
difference is much greater, in fact more than 100% for the 8.0 s case. We also observe that, unlike for
the heaving cylindrical WEC array example, the differences in |17| do not markedly decrease with
increasing wave period. We see that difference is the greatest for T = 8 s but that it is also greater for
T =12.0 s than for T = 10.0 s. What we see then is that there is a strong effect the hydraulic PTO system
on the WEC array wave field, and by comparing the contour plots in Figure 22 to the values for the
average absorbed power of the OSWEC array in Table 5, we also notice that the difference in |77 is
not always proportional to the difference in power. For example, we notice that the magnitude and
extent of the positive anomalies for T = 12.0 s is greater than that for T = 10.0 s but that the hydraulic
PTO system 5-OSWEC array produces less power for the higher period. In general, we see that the
difference from linear to hydraulic PTO system has a strong effect on the total wave field, but that the
quality of the difference is greatly dependent on the wave period. We note that for the T = 8.0 s case in
particular, there is an overall reduction in the surface elevation in lee of the array for the hydraulic
PTO system compared to the linear PTO system, a fact that is reflected in the increase of the g value
from 2.62 to 2.83. We can also observe that for the T = 10.0 s and especially the T = 12.0 s case that
there is a net increase in |77| inside the array area and a slight decrease outside of it. Again, we see this
confirmed in the g values in Table 5 where they increment from 1.95 to 2.19 for the T = 10.0 s and from
1.35 to 1.59 for the T = 12.0 s wave.
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Figure 22. Percentage difference between the || produced by an OSWEC with a hydraulic PTO vs.
a linear PTO system for a wave of H = 1.0 m and wave periods of T = 6.0 s (top left) T = 8.0 s (top right)
T =10.0 s (bottom left) T = 12.0 s (bottom right). Incident wave propagating from the left.

7. Discussion

In the results for the 5-WEC arrays in Section 6 we have seen the interplay between the efficacy
of the WEC array from the point of view of average absorbed power and the array wave fields 7.
The primary determination we can make is that the array effects are much stronger for the 5-OSWEC
array case than for the heaving cylindrical WEC array case. Consequently, the effect of the change of
the PTO system on the near-field surface elevations is much more significant for the OSWEC than
for the heaving cylindrical WEC as highlighted in Figures 21 and 22 in Section 6.5.3. As remarked in
Section 6.4 in Figure 13, the effect of the change in PTO on the power output of the array is likewise
quite different between the 5-heaving cylindrical WEC array and the 5-OSWEC array, but is not
strictly related to the change in the magnitude of the array effects. The addition of a hydraulic PTO
significantly increases the power output of the heaving WEC array, especially at the higher wave
periods. Meanwhile for the OSWEC array, there is a net decrease in the array power output with
a change from a linear to a hydraulic PTO system for all periods except for T = 12 s. The interplay
between the impact of the PTO systems of the two WEC types placed a closely spaced WEC array on
the array power and on the near-field # are conceptualized in the flow chart in Figure 23. The arrow
thickness represents the relative magnitude of the effect of each PTO type on the phenomena where
the arrows are directed.

As with the magnitude, the location of the greatest changes in the near-field # differs between the
5-heaving cylindrical WEC and the 5-OSWEC array. Observe that the areas of positive and negative %
difference in # are very distinct, with the hydraulic PTO system increasing the apparent # behind the
heaving cylindrical WEC array while for the OSWEC array the change from a linear to a hydraulic PTO
reduces the 77 behind the WECs. This is not a surprise given that the OSWEC, which operates in shallow
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water and fills the entire wave column, presents a bigger obstacle to the oncoming waves that results
in much greater wave diffraction as observed in Figure 9. It is also the case that the OSWEC produces
a stronger radiated wave field. The sum of the two effects results in strong areas of constructive and
destructive interference that we observe in the surface elevations in the single OSWEC case in Figure 7
(left) and in the array of 5 OSWECs in Figures 17-20. Note especially the enhancement in the wave
fields for T = 8.0 s for the OSWEC where the perturbed field is up to 50 % greater around the bodies.
This is manifested in the power output P of the 5-OSWEC array at this wave period in Table 5: P is
the highest value among all wave periods for the OSWEC and also with the highest g value, for both
PTOs. In contrast, the perturbed wave field for the heaving cylindrical WEC for T = 8.0 s is quite
small, only differing by a few centimeters from the undisturbed |77| as we see in the right panel in
Figure 15. Moreover, the impact of the change in the PTO system of the heaving cylindrical WEC is
not necessarily reflected in the power output of the heaving cylindrical WEC array. As an example,
the 5-heaving cylindrical WEC array outputs the most power at a wave period of T = 8.0 s for a linear
PTO system, for a hydraulic PTO system the power is higher for wave period of T = 10.0 s. Since the
near-field array effects and the power output of a 5-heaving cylindrical WEC array are not directly
linked, these changes are not reflected in Figure 21 where we see a relative decrease in the near-field
|n7| between the case of a wave period of T=8sand T=10s.
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Figure 23. Schematic diagram showing the relationship between the PTO system impacts of the two
types of WECs in an array. Thick arrows represent strong influences on the indicated parameters while

thin arrows represent weak influences.

When we observe the areas of positive or negative change based on a substitution of a linear for a
hydraulic PTO system, in Figure 21, we note a decrease in the change in 7 for the higher wave periods,
indicating that the hydraulic PTO system is indeed extracting more energy from the wave field than
the linear PTO system. However, the magnitude of these effects is close to the 5% threshold and can
essentially be neglected in a 1st order modelling approach. Conversely, we have noted in Section 6.5.3
that the addition of a hydraulic PTO system to the OSWECs in an array tends to ‘pull’ in the energy
from the surrounding areas to the ‘near field’. This is especially true for higher wave periods and
is reflected in the relative increase in the power output of an OSWEC array with a hydraulic PTO
system compared to the same isolated WEC. In the case of the OSWEC array, the effects are an order of
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magnitude stronger. We note the present results show the same differences in the strength of the array
effects between the heaving cylindrical WEC and the OSWEC arrays as in those presented in [44].

We presume that such contrasting behavior reflects the differences in the underlying
hydrodynamics of the WEC-PTO system of the 2 WEC types. For the heaving cylindrical WEC
case, the primary driver of an increment in the power output of a hydraulic PTO system is the increase
in the PTO system force, while for the OSWEC the hydraulic PTO system has a greater impact on
the WEC motion. Indeed, the 7 of near-field area of the OSWEC array increases with the hydraulic
PTO system, especially for the long wave periods T = 10.0 s and T = 12.0 s. Unlike the heaving
cylindrical WEC case, we also note that a change in the PTO system reduces the 7 in lee of the WEC
array, augmenting the areas of destructive interference. This might be important in considering the
impact on surrounding WEC arrays and coastal processes.

Still, a change in PTO system for the OSWEC results in an improvement for only the T = 12.0 s, with
a relative decrease in the power output for the other wave periods compared to the linear PTO system
case. We must remark here that for the OSWEC case, for both the single WEC and the array, our linear
PTO model can exaggerate the performance of the OSWEC since we are not taking into account the
strong non-linearities inherent in the dynamics of this WEC type. This has been pointed out in [8,45]
among others. Therefore, if we were to choose a more sophisticated model for the OSWEC, the relative
‘underperformance’ of the hydraulic PTO system might disappear.

It must be mentioned here that in this paper we are using a linear hydrodynamic model in
simulating the WEC arrays for regular waves from a single direction. It has been shown in literature
and in our own research that these assumptions would tend to overestimate both the power output
and the perturbations in the near-field 7. We note that a heaving cylindrical WEC, being axi-symmetric,
is much less sensitive to changes in the direction of the incoming wave than the OSWEC. We also
remark that for the case of the OSWEC, the linear PTO model might lead to an overestimation of the
power and the differences we observe between a 5-OSWEC array power output with a linear and
hydraulic PTO model might be in part be due to such assumptions. Therefore, we use the linear model
more as a ‘benchmark’ to compare with previous studies such as [2,5,23,44] rather than a realistic PTO
system representation to include in an OSWEC array simulation.

8. Conclusions

In this paper, we have presented a model of arrays of 5 WECs of two WEC types with contrasting
hydrodynamics, a heaving cylinder WEC and an OSWEC driven by the surge component of the wave
force. In our wave structure interaction-PTO model, we simulated single WECs and arrays with linear
and hydraulic PTO systems, calculating both the power output of the WEC array and near-field # of the
WEC array using an original iterative method that enables a fast calculation of both quantities. We have
elaborated on the distinct hydrodynamic behavior of the heaving cylindrical WEC and the OSWEC.

We noted the differing effects of changing of a WEC PTO system between a single WEC case
and an array case as summarized by Figure 23. Pertaining to power output P for the single heaving
cylindrical WEC case, we conclude that the hydraulic PTO system brings a significant increase in
the power output compared to a linear PTO system with up to 25% improvement for a H = 1.0 m,
T =10.0 s wave. For an array of 5 heaving cylindrical WECs the result is similar, with the increase due
to the hydraulic PTO system mirroring that of the single WEC case. In both cases the impact of the
heaving cylindrical WEC array on the near-field is minimal, with the only significant modification of
the wave field at a wave period of T = 6.0 s. By extension then, a change in the PTO type for a heaving
cylindrical WEC array produces no substantial changes to the near-field surface elevations. Therefore,
if these effects are the primary target of a given investigation, a hydraulic PTO system can be modelled
as a linear PTO system without loss of fidelity.

Conversely, for a single OSWEC, a hydraulic PTO system tempers the performance, with a
reduction in the power output P across all wave period around 14%. Intriguingly, the situation for
a 5-OSWEC array is different, with the hydraulic PTO system only having a strong negative effect
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on power output for a T = 6.0 s wave. For the other wave periods the change in PTO system does
not results in a decrease in the power output, indeed for T = 12.0 s it slightly increases. We can see,
therefore, that for the case of a 5-OSWEC array the array effects play a strong role in modifying the
WEC array power output. There is a two-fold conclusion then for modelling the OSWECs. Firstly,
a single OSWEC with a specific PTO system cannot be expected to reflect the behavior of said PTO
system in an array. Secondly, the difference between the two types of PTO systems modelled is great
enough such that one cannot substitute one PTO system for another without introducing substantial
error. As a practical consideration, most existing models of array PTO systems are simulated as linear
PTO systems. Although a hydraulic PTO system is more difficult to model in practice, our results have
shown that for the case of the OSWEC array with a hydraulic PTO system, it cannot be simplified
down without introducing substantial error into both the array power output and the near-field effects.
In both aforementioned cases, the WEC array modeler can use the conceptual schematic introduced in
Figure 23 as a guideline for choosing which assumptions to make.

It is part of our ongoing research to gradually increase the complexity and sophistication of both
the hydrodynamic and the PTO models with the counterbalance of having a fast and intuitive solution
for WEC array modelling. It is the next step of our research to use the presented coupled models in
a realistic WEC farm simulation using real sea states to test the limitations of the present research
mentioned at the end of the discussion in Section 7. Furthermore, out research aim is to expand the
calculation of the perturbed wave field to the ‘far-field” area away from the WEC farms to study coastal
effects and interactions with a changing bathymetry.
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Abbreviations

The following abbreviations are used in this manuscript:

DoF Degree of Freedom

OSWEC  Oscillating Surge Wave Energy Converter
PA Point Absorber

PTO Power Take-off

RAO Response Amplitude Operator
WEC Wave Energy Converter

Nomenclature

Aw) added mass (kg) or (kg - m?)

B angle of incidence of the incoming wave to the x-axis (°)

dy, dy WEC-WEC separation distances in the x and y direction (m)
B(w) hydrodynamic damping (kg/s%)

Bpro,1 power-take-off linear damping coefficient (kg/s?)

Bprou power-take-off hydraulic damping equivalent coefficient (kg/s?)
Dy variable motor displacement (rev/s)

Kpro power take-off linear stiffness coefficient (%)

M number of bodies in the WEC array
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Il

absolute value of the complex free surface elevation 7 (m)

frro, PTO-force for linear PTO system
frron PTO system-force for hydraulic PTO system

pij perturbed wave of order j for array i (-)
P mechanical power produced by the WEC with a linear PTO system
Py mechanical power produced by the WEC with a hydraulic PTO system
Parray total power output of an isolated WEC array (kW)
g-value or gain factor, defined as ratio of power of the M-WEC array to the power
9 produced by the sum of M isolated WECs
Sc piston area [m?]
T, resonance or natural period of an oscillating body (s)
Trro, PTO-torque for linear PTO system

Teron PTO-torque for hydraulic PTO system

Z complex amplitude of heave displacement

z(t) heave displacement in time domain (m)

¢ wave amplitude (m)

(C] complex amplitude of pitch angular displacement

0(t) pitch angular displacement in time domain (rad)

w wave frequency (rad/s)

‘array effects” = the hydrodynamic effects of WECs in an array that produce a
perturbation in the incident wave field

‘near-field’ referring to wave field modification effects in the general location of the
WECs inside an array

‘far-field” referring to wave field modification effects outside the immediate area of the
WEC array(s)

‘perturbed wave’ = radiated + diffracted wave
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Abstract: Between the Wave Energy Converters (WECs) of a farm, hydrodynamic interactions occur
and have an impact on the surrounding wave field, both close to the WECs (“near field” effects) and at
large distances from their location (“far field” effects). To simulate this “far field” impact in a fast and
accurate way, a generic coupling methodology between hydrodynamic models has been developed by
the Coastal Engineering Research Group of Ghent University in Belgium. This coupling methodology
has been widely used for regular waves. However, it has not been developed yet for realistic irregular
sea states. The objective of this paper is to present a validation of the novel coupling methodology
for the test case of irregular waves, which is demonstrated here for coupling between the mild slope
wave propagation model, MILDwave, and the ‘Boundary Element Method’-based wave—structure
interaction solver, NEMOH. MILDwave is used to model WEC farm “far field” effects, while NEMOH
is used to model “near field” effects. The results of the MILDwave-NEMOH coupled model are
validated against numerical results from NEMOH, and against the WECwakes experimental data
for a single WEC, and for WEC arrays of five and nine WECs. Root Mean Square Error (RMSE)
between disturbance coefficient (Kd) values in the entire numerical domain (RMSEg, p) are used for
evaluating the performed validation. The RMSEg, p between results from the MILDwave-NEMOH
coupled model and NEMOH is lower than 2.0% for the performed test cases, and between the
MILDwave-NEMOH coupled model and the WECwakes experimental data RMSEg, p remains
below 10%. Consequently, the efficiency is demonstrated of the coupling methodology validated here
which is used to simulate WEC farm impact on the wave field under the action of irregular waves.

Keywords: numerical modeling; numerical coupling; wave propagation; MILDwave; wave-structure
interaction; near field; far field; experimental validation; WECwakes project; wave energy converter arrays

1. Introduction

Ocean waves are an enormous marine renewable energy source with the potential to contribute
to a reduction in the world’s fossil fuel dependency. The exploitation of wave energy is a complex
and expensive process that takes place in a rough environment. As a result, a large number of Wave
Energy Converters (WECs) technologies are under development [1], with none of them yet reaching
a commercial stage. In addition, many WECs have to be deployed and arranged in WEC farms to
produce large amounts of electricity and to have economically viable wave energy projects.

The overall wave power absorption of a WEC farm will affect the surrounding wave field creating
areas of reduced wave energy (areas of decreased wave height) in the lee of the WEC farm as seen
in [2-8]. The hydrodynamic problem of wave power absorption between the WECs within a farm,
and between the WECs and the incident wave field is characterized by three different problems namely:
wave reflection, diffraction and radiation. The superposition of the reflected, diffracted and radiated
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wave fields results in a perturbed wave field. The perturbed wave field close to the WECs of the farm
caused both by WEC-WEC and wave-WEC interactions is often referred to in literature as the “’near
field” effects while the propagation of this perturbed wave field at a larger distance from the WEC
farm e.g., in the coastal zone, is referred to as the “far field” effects [9-16].

Substantial numerical research has been carried out to study the “'near field” effects in WEC
farms, focusing on optimizing the WEC farm layout and maximizing the power output by employing
wave-structure numerical models. Typically, numerical models based on potential flow theory have
been used either for calculating semi-analytical coefficients [17-19] or by means of Boundary Elements
Method based models (BEMs) [20-22]. The aforementioned numerical models are suited to resolve
more accurately the details of WEC (farm) “‘near field” effects. However, they are not able to account
for the physical processes that influence the “far field” effects such as wave propagation over a varying
bathymetry and wave breaking. Furthermore, the numerical simulation time can increase considerably
when increasing the number of WECs modelled and the size of the numerical domain. In recent years,
the use of non-linear numerical models based on Computational Fluid Dynamics (CFD) [23,24] and
Smoothed Particle Hydrodynamics (SPH) [12,25,26] has increased as these models can take into account
non-linear effects for wave-structure interactions. Nonetheless, the use of these models is restricted
to a small spatial and temporal scale and to an even more limited number of WECs, which makes
them also not suitable to study WEC (farm) “far field” effects in a large numerical domain due to high
computational cost.

“Far field” effects are traditionally studied in a computationally cost-efficient way using wave
propagation models. In [2-4,7,8,27-29], phase-averaging spectral models are used to obtain the wave
field in the lee of a WEC farm. The WEC farms in these studies are simplified as obstacles which
have been assigned a fixed transmission (and thus wave power absorption) coefficient. In a similar
way, Refs. [30,31] used a time-dependent mild slope equation model and simplified each WEC
as a wave power absorbing obstacle. To obtain the frequency-dependent wave power absorption
coefficient for phase-averaging spectral models and the wave power absorption coefficient (assigned to
obstacles/structures) for time-dependent mild slope equation models, wave tank testing or numerical
modeling are required. Therefore, the simplified parametrization of the wave power absorbed by
WEC:s is not taking into account the wave—structure interactions of diffraction and radiation of the
different WECs modelled [32]. This inaccuracy may lead to an overestimation or underestimation of
the WEC farm power absorption and consequently an unrealistic estimation of the “far field” effects in
the coastal zone.

From the aforementioned studies, it is clear that modeling the perturbed wave field around a farm
of WECs is a complex process. Usually “near field” and “far field” effects are approached separately due
to the difficulties in using a single numerical model to obtain a fast and accurate solution for both effects.
To rectify these limitations, different coupling methodologies between wave-structure interaction
solvers and wave propagation models have been developed in the recent years [9-15]. This allows
higher precision in the estimation of “far field” effects, by using a wave-structure interaction solver
to obtain an accurate solution of the wave field in a limited area around the WECs of a farm and
propagating this resulting wave field further away using a wave propagation model over a coastal zone.

As pointed out in [12], there are different types of coupling methodologies which use one-way
and two-way coupling, respectively. In one-way coupled models, there is information transfer in
one direction only, where each numerical model is run independently. Examples of such studies,
which present linear simulation of “far field” effects of WEC farms by coupling a wave propagation
model and a BEM solver, are carried out by [9-11,13,33,34]. Alternatively, in two-way coupled models,
both numerical models are run at the same time with a two-way transfer of information between
them. Examples of two-way coupled models are provided by [12] who demonstrated coupling of a
non-linear wave propagation model with an SPH wave-structure interaction solver, or by [35] who
simulated a submerged buoy using a non-hydrostatic wave-flow model implemented in the wave
propagation model SWASH [36].
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In the present study, a continuation of the one-way coupling methodology presented in [13,14,37]
for regular waves between the wave propagation model MILDwave [10,38] and the wave—structure
interaction solver NEMOH [39] is performed. This coupling methodology is based on the work
of [9,38], who first presented a coupling between a wave propagation model (MILDwave) and a
wave-structure interaction solver WAMIT [40]. In [14] specifically, the step-by-step procedure of
this coupling methodology is presented and its application range. Moreover, in [14], the theoretical
background of both the coupling methodology and of the employed numerical models (MILDwave and
NEMOH) is provided. Furthermore, in [14], experimental data from the “WECwakes” database [41]
has been used and more specifically wave field measurements for a 9-WEC array interacting with the
incoming waves. The latter was used to perform validation of the coupling methodology for regular
waves propagating through the 9-WEC array, obtaining good agreement between the experimental
and numerical results regarding the impact of the 9-WEC array on the surrounding wave field. In [14],
irregular waves were briefly introduced, yet not validated, without presenting a fully developed
coupling methodology for irregular wave simulations.

Here, the novelty of this study is the validation of a fully developed coupling methodology for
modeling irregular waves using available experimental data [16,41]. In the present manuscript,
the coupling methodology is presented in detail for irregular wave generation. Furthermore,
the irregular wave cases of a 9-WEC array, a 5-WEC array and a single WEC are selected from
the “WECwakes” database for simulations using the coupling methodology and for validation
purposes. Moreover, numerical results of the MILDwave-NEMOH coupled model are compared
to NEMOH numerical results and experimental data, showing that the coupled model is able to
accurately parse the information between the NEMOH and MILDwave numerical domains in the “near
field”. This information is then propagated into the “far field” in the MILDwave numerical domain as
MILDwave correctly models coastal transformations [42]. Based on the results from [14] and on the
current results from the present work, it is demonstrated that the developed and validated coupling
methodology can be a useful tool for cost-efficient computational time simulations of coastal impacts
of farms of floating structures and WECs over a large coastal zone. In contrast, it should also be noted
that, due to the limitations of the numerical models employed here, the resulting MILDwave-NEMOH
coupled model cannot be used for non-linear sea states and to model morphological coastal impacts.

The structure of the paper is as follows: Section 1 provides a short overview of the state-of-the-art
and problem statement. Section 2 presents a description of the generic coupling methodology. Section 3
illustrates the MILDwave-NEMOH coupled model, including a detailed description of the coupling
methodology implementation, the wave propagation solver MILDwave and the wave-structure
interaction solver NEMOH. A validation test case is described in Section 4 and the results are presented
in Section 5. In Section 6, the capability of the "MILDwave-NEMOH" coupled model to simulate “far
field” effects of WEC farms is discussed. Finally, the conclusions of this and future work are drawn
in Section 7.

2. Generic Coupling Methodology

In this section, the generic coupling methodology first introduced by [9] is briefly presented.
The objective of the coupling methodology is to obtain the total wave field around a (group of)
structure(s), as a superposition of the incident wave field and the perturbed wave field (which
is a combination of the reflected, diffracted and radiated wave fields). The incident wave field
propagation and transformation is calculated over a large domain using a wave propagation numerical
model. The perturbed wave field is simulated using a wave-structure interaction solver over a
restricted domain around the structure(s), namely the coupling region. As it has been pointed out in
[9], this coupling methodology can be applied by employing any wave-structure interaction solver
that describes the perturbed wave field, any wave propagation model and any type of oscillating or
floating structure(s).
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The general strategy for the coupling methodology has been also recently reported and updated
in [14], but, for clarity, it is presented here briefly. It consists of four steps. Firstly (Step 1), a wave
propagation model is used to obtain the incident wave field at the location of the structure(s) when the
structure(s) is (are) not present. Secondly (Step 2), the obtained wave field from Step 1 is used as an
input for the wave—structure interaction solver at the location of the structure(s). Then, the motion of
the structure(s) is solved and an accurate solution of the perturbed wave fields around the structure(s)
is obtained. Thirdly (Step 3), the perturbed wave field is used as an input in the wave propagation
model and is propagated throughout a large domain. This is done by prescribing an internal wave
generation boundary around the structure location. Finally (Step 4), the total wave field due to the
presence of the structure(s) is obtained as the superposition of the incident wave field and the perturbed
wave field in the wave propagation model.

3. Application of the Coupling Methodology between the Wave Propagation Model, MILDwave,
and the Wave-Structure Interaction Solver NEMOH for Irregular Waves

In this section, the generic coupling methodology presented in Section 2 will be demonstrated
for coupling between the wave propagation model MILDwave and the wave-structure interaction
solver NEMOH. First, a description of the two numerical models employed is presented. Subsequently,
a description of the irregular wave generation for the incident, perturbed and total wave fields
is provided.

3.1. The Wave Propagation Model, MILDwave and the Wave-Structure Interaction Solver, NEMOH

The wave propagation model chosen for demonstrating the proposed coupling methodology is
the mild slope model MILDwave [10,38], developed at the Coastal Engineering Research Group of
Ghent University, in Belgium. MILDwave is a phase-resolving model based on the depth-integrated
mild slope equations of Radder and Dingemans [43]. MILDwave allows for solving the shoaling and
refraction of waves propagating above mild slope varying bathymetries, and it has been widely used
in the modeling of WEC farms [10,11,13,30,31,41,44,45]. The basic MILDwave equations are reported
in [10].

The wave-structure interaction solver chosen to solve the diffraction/radiation problem is
the open-source potential flow BEM solver NEMOH, developed at Ecole Centrale de Nantes [39].
Linear potential flow theory has hitherto been utilized in a majority of the investigations into WEC
array modeling—for example, see [11,19,46,47]. NEMOH is based on linear potential flow theory [48],
and the basic equations and assumptions employed are reported in [14].

3.2. Generation of the Incident Wave Field for Irregular Waves

Irregular waves can be generated by applying the superposition principle of a number of different
linear regular wave components. The incident wave field for a linear regular wave is generated
intrinsically in MILDwave. Moreover, MILDwave allows for solving shoaling and refraction of waves
propagating over complex bathymetries. The numerical set-up of MILDwave is illustrated in Figure 1.
Waves are generated along a linear offshore wave generation boundary by applying the boundary
condition of linear regular waves generation:

Hireg(X,y,t) = acos(wt — k(x cos(8) + ysin(6))), 1)

where 77 ¢ is the incident regular wave surface elevation, a is the wave amplitude, w is the angular
frequency, k is the wave number and 6 is the wave direction. To minimize unwanted wave reflection,
absorption layers are placed down-wave and up-wave in the numerical wave basin.
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Figure 1. Set-up of the different numerical wave basins used in MILDwave. The wave gauges (WGs)
are represented by the x symbol and numbered as they appear in the WECwakes experimental data-set.
(A) empty numerical wave basin and layout of WGs; (B) numerical wave basing with a single WEC;
(C) numerical wave basin with an array of five WECs (1 column, 1 x 5); (D) numerical wave basin with
an array of nine WECs (3 columns and 3 rows, 3 x 3).

By applying the superposition principle, a first order irregular wave is represented as the finite
sum of N regular wave components characterized by their wave amplitude, 4;, and wave period, T},
derived from the wave spectral density, S;:

N
Nirreg (%, 9, 8) = Y ajcos(wjt — kj(x cos(6;) + ysin(6})) + ¢;), ()
=1

where
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llj = 1/25](f]) . Af/', (3)

where 17 jrreq 18 the incident irregular wave surface elevation and a ; is the wave amplitude, wj is the
wave angular frequency, f; is the wave frequency, k; is the wave number, 0; is the wave direction and
@; is the incident phase, of each wave frequency component. ¢; is selected randomly between —7 and
7 to avoid local attenuation of 7; e

3.3. Generation of the Perturbed Wave Field for Irreqular Waves

To calculate the irregular perturbed wave field around a (group of) structure(s) first, it is necessary
to obtain the perturbed wave field for each wave frequency as a regular wave. The perturbed wave
field in the time domain for a regular wave is obtained in two steps and the generic numerical set-up
is illustrated in Figure 1. First, a frequency-dependent simulation is performed using NEMOH to
obtain the complex perturbed wave field around the (group of) structure(s). NEMOH resolves the
wave frequency-dependent wave radiation problem for each structure(s) and the diffraction (including
radiation) over a predetermined numerical grid with the wave phase ¢ = 0 at the center of the domain.
The resulting radiated and diffracted wave fields for each wave frequency depend on the shape and
number of floating structure(s), the number of Degrees of Freedom (DOF) considered, the local constant
water depth and the wave period.

The radiated (for each structure) and diffracted (for all structures) complex wave fields in NEMOH
are summed up to obtain the perturbed wave field, 77 ert:

Npert = Naiff + Nrads 4

where 1,44 is the radiated wave field and 7y is the diffracted wave field.

Secondly, the perturbed wave field is transformed from the frequency domain to the time domain
and imposed onto MILDwave using an internal wave generation boundary (Figure 1). For this study,
a circular wave generation boundary is prescribed; however, it can be defined using other shapes as
well. Waves are forced away from the circular wave generation boundary by imposing values of free
surface elevation 7., (x,y, t) as described by Equation (5):

Wcirc(xz Y, t) = 4ac |77pert| COS((Pperf/c - Wt)r (5)

where 77,1 is the perturbed complex wave field in the circular wave generation boundary, and 4, and
@pert,c are the wave amplitude of the incident wave and the wave phase of the perturbed wave at the
center of the circular wave generation boundary, respectively. To avoid unwanted wave reflection,
wave absorption layers or relaxation zones are implemented up-wave, down-wave and also in the
sides of the MILDwave numerical domain (Figure 1).

As in the case for the calculation of the irregular incident wave field, the irregular perturbed wave
field is calculated as the finite sum of N regular perturbed wave components characterized at the center
of the wave generation boundary by their wave amplitude, 4, derived from the wave spectrum:

N
Wpert,irreg(xr yt) = Z A, ﬁpert| COS((Ppert,c,j - wjt)/ (6)

j=1

where

acj = /25c(fj) - Afj @)

and 77pert irreg s the perturbed irregular wave surface elevation where S ; is the spectral density and
@pert,c,j is the perturbed wave phase of each frequency component. @y ; is selected randomly
between — 7t and 7t to avoid local attenuation of the surface elevation.
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3.4. Generation of the Total Wave Field for Irregular Waves

The total wave field for irregular waves due to the presence of a (group of) structure(s) is
obtained by applying the generic coupling methodology described in Section 2. This is performed by
superimposing the irregular incident wave field and the irregular perturbed wave field generated in
MILDwave as shown in Sections 3.2 and 3.3, respectively.

Step 1 of the generic coupling methodology is applied N times for irregular waves to calculate
the incident wave field for N regular wave components in MILDwave by applying a random phase ¢;
for each simulation. From each simulation a. ;, and ¢ ; are obtained at the center of the circular wave
generation boundary and are used as input values for NEMOH.

In Step 2, the perturbed wave field is obtained in NEMOH. In NEMOH, ¢, . ; is referenced with
respect to the center of the domain (Section 3.3). Therefore, @t ; at the NEMOH numerical domain
has to be corrected using the ¢; of the regular incident wave field to assure wave phase matching
between the incident and the perturbed waves in MILDwave.

Afterwards, in Step 3, the perturbed wave field is then transformed from the frequency domain to
the time domain and propagated into MILDwave for N regular perturbed wave components along the
circular wave generation boundary.

Finally, in Step 4, the irregular incident wave field is obtained as the superposition of the N
incident regular waves simulations from Step 1. The irregular perturbed wave field is obtained as
the superposition of the N perturbed regular wave simulations from Step 3. The total wave field for
irregular waves is obtained as the combination of the irregular incident and perturbed wave fields:

N N
”fat,irreg(x/ Y, t) = Zﬂl,reg,j(x/ Y, t) + ZWP(’V[,YEg,j(xr Y, t)r 8)

] ]

where ;o4 irreq 18 the total irregular wave surface elevation, and 1 g ; and #pert,reg,; are the incident
and perturbed wave surface elevations of each wave frequency, respectively.

4. Validation Strategy of the Coupling Methodology between the Wave Propagation Model,
MILDwave, and the Wave-Structure Interaction Solver, NEMOH

In this section, a validation test case is presented to validate the MILDwave-NEMOH coupled
model against numerical results from NEMOH and experimental data. Showing that the perturbed
wave field can be precisely parsed from the NEMOH to the MILDwave domain in the near field of the
WEC array. The criteria evaluated for the numerical model validation are also described.

4.1. Validation Test Cases

The validation of the demonstrated generic coupling methodology is carried out by comparing
the results from the MILDwave-NEMOH coupled model to those obtained from the numerical model
NEMOH and the WEC array experimental data from the WECwakes project [9,16,41].

4.1.1. WECwakes Experimental Data-Set

This section gives a short description of the experimental data-set from the WECwakes project [9,16,41]
conducted in the Shallow Water Wave Basin of DHI, Hersholm (Denmark). In the WECwakes project,
arrays up to 25 point absorber type WECs (cylinders of a diameter of 0.315 m) were tested to study “near
field” and “far field” effects of heaving point absorber type WECs. A Coulomb friction based damping
is used.

The DHI wave basin is 22 m wide and 25 m long and the overall water depth is fixed to 0.7 m.
Different WEC array configurations have been tested during the WECwakes project under a wide
range of sea states, a large experimental data-set has been generated and is publicly available for
numerical validation purposes and for WEC array design guidelines. The wave field around the WECs
has been recorded using 41 resistive wave gauges (WGs) distributed in the wave basin.
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For the present validation study, three different WEC configurations are selected: a single WEC,
an array of five WECs arranged in a 1 x 5 WEC layout and an array of nine WECs arranged in a
3 x 3 WEC layout (see Figure 1B-D). A total of 15 wave gauges located in the front, leeward and
sides of the WECs array configurations are used to compare the significant wave height, Hs, and the
spectral density, S, between the MILDwave-NEMOH coupled model and the experimental data-set.
The separating distance between the different WECs is equal to 1.575 m (centre-to-centre distance).
The incident irregular wave conditions used to generate waves during the experiments test are defined
by a JONSWAP spectrum with Hs = 0.104 m and two peak wave periods of T, = 1.18 sand 1.26 s.

4.1.2. "Test Case” Program

The primary objective of the present research is to validate the total wave field around a WEC
array obtained using the MILDwave-NEMOH coupled model. For this reason, a “Test Case” (Table 1)
program based on the WECwakes experimental data-set has been designed for different irregular
wave cases and WEC (array) configurations:

Table 1. “Test Case” program for irregular waves, and different Wave Energy Converter (WEC) (array) configurations.

Test Case  Significant Wave =~ Peak Wave  Water Depth, WEC Buoy WEC (Array)
Number £ Height, Hs (m) Period, T}, (s) d (m) Motion (-) Layout (-)

1 0.104 1.18 0.700 Damped 1x1

2 0.104 1.26 0.700 Damped 1x1

3 0.104 1.26 0.700 No motion (fixed buoy) 1x5

4 0.104 1.26 0.700 Damped 1 x5

5 0.104 1.18 0.700 Damped 3x3

6 0.104 1.26 0.700 Damped 3x3

The different “Test Cases” included in Table 1 are performed both using the MILDwave-NEMOH
coupled model, and NEMOH. NEMOH simulation results are used: (1) as input for the MILDwave-NEMOH
coupled model, and (2) as a benchmark for the validation of the MILDwave-NEMOH coupled model,
which is also compared with WECwakes data.

4.1.3. Numerical Set-Up in the Used Models

In MILDwave, simulations are carried out in two types of numerical wave basins (see Figure 1A-D)
with an effective domain (area not covered by the wave absorbing sponge layers) of 22 m width and
22 m length, and a constant water depth of 0.700 m. The same dimensions are used in NEMOH. Four
equally sized effective numerical domains are used. For the simulations performed to obtain the
incident wave field, waves are generated using a linear wave generation line located on the left side of
the numerical domain with two equally sized wave absorbing sponge layers placed up-wave (left) and
down-wave (right) (see Figure 1A).

For the simulations carried out to obtain the perturbed wave field, waves are generated using
an internal circular wave generation boundary (Figure 1B-D). The three different WEC (arrays)
configurations of Table 1 are simulated using different coupling radii for the circular wave generation
boundary (see Figure 1B-D). Each coupling radius is obtained following the recommendations by [11]
as 0.5 times the wave length (L) plus the radius of the WEC or the distance from the centre of the
circular area to the most distant WEC for a single WEC and a WEC array, respectively. Four equally
sized wave absorbing sponge layers are placed on all sides of the numerical domain.

The dimensions of the total numerical wave basin in MILDwave are not always the same, as the
length of the wave absorbing sponge layers (B) is different for each set of wave conditions and depends
on L. As irregular waves are obtained as a superposition of Ny regular wave components, B is
calculated using L4, which corresponds to Ty,qy of the discretized spectra. An increase of B causes a
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decrease of wave reflection, and as pointed out in [5] for B = 3 - L;;;5x wave reflection coefficient drops
to 1%.

The total wave field of the MILDwave-NEMOH coupled model is obtained as the superposition
of the numerical results from the domains of Figure 1A-D for a single WEC, five WECs and
nine WECs, respectively.

In NEMOH, the effect of the WEC’s Power Take-Off (PTO) system is taken into account by adding
a suitable external damping coefficient, Bpro = 28.5 kg/s as defined in [14].

4.2. Criteria Used for the Numerical Model Validation

The accuracy of the obtained numerical results is evaluated in two steps. Firstly, results from the
MILDwave-NEMOH coupled model are compared against the NEMOH results. Secondly, results from
the MILDwave-NEMOH coupled model are compared against WECwakes experimental data.

The comparison between the MILDwave-NEMOH coupled model and NEMOH is assessed by
calculating K; coefficient values, as defined in Equations (9) and (10), respectively. The K; coefficient
is defined as the ratio between the numerically calculated local total significant wave height, H tot,
and the target incident significant wave height, H, ;, imposed along the linear wave generation
boundary. In the MILDwave-NEMOH coupled model, the K; coupieq is obtained in the time domain as:

At it
Hs tot 4- \/Zt (Wl,irreg,t + Upgyf’irreg’t)z A

K = = , 9
d,coupled Hs,l HS,I ( )

wherte 77 irreq + and Hpert irreg,+ are the free surface elevations for irregular incident and perturbed waves
in each time step dt, from the domains of Figure 1A-D, respectively, and At is the time window over
which K is computed. In NEMOH, the K; nepon is obtained in the frequency domain as:

‘ Mtot,irreg, freq

, 10
., (10)

KiNEMoH =

is the absolute value of free surface elevation for the complex total wave obtained

where ‘”tot,irreg,freq
in the frequency domain.

The K, value is a useful parameter that has been used extensively in literature to study wave
field variations [9-11,22,30,31,34,42,45]. K; >1 and K; < 1 indicate increase and decrease of the local
wave height, respectively. When studying WEC arrays, increases in the local wave height indicate the
presence of “hot spots” [49], defined as areas of high wave energy concentration. Instead, decrease in
the local wave height denotes "wake" effects, which result in an area of reduced wave energy.

To evaluate K; differences between the MILDwave-NEMOH coupled model and NEMOH,
three different outputs have been generated:

1. K; contour plots of the entire numerical domains;

2. Kj cross-sections along the length of the numerical domains (parallel to the wave propagation direction);
3. Contour plots of the “Relative Difference” between the obtained K; values (RDk,) defined as:

(Kd,NEMOH - Kd/caupled)

RDg,p = 100 % (—), (11)

Ka,NEMOH

4.  The Root Mean Square Error between K; values obtained using the MILDwave-NEMOH coupled
model and NEMOH for the entire numerical domain (RMSEk, p):

G 2
7 1(K K
RMSEKdlD \/211( d,NEMOH d,cuupled) 2100 % ( )/ (12)

G

where G is the number of grid points of the numerical domain (D).
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The validation of results obtained from the MILDwave-NEMOH coupled model against
WECwakes experimental data is carried out using data recorded at the 15 numerical and experimental
WGs, respectively, as these are illustrated in Figure 1A. For each WG, two different outputs have
been generated:

1. Spectral density plots comparing the wave spectra between the MILDwave-NEMOH coupled
model and the WECwakes experimental data for the 15 WGs.

2. The Root Mean Square Error between the K; of the MILDwave-NEMOH coupled model and the
K WECwakes of the WECwakes experimental data for the 15 WGs, RMSEg WG

T 2
T (KywEca K
RMSEKd/WG \/211( d,WECwakes d,coupled) 2100 % ( ), (13)

where C is the number of Test Cases.

5. Validation Results

In Section 5.1, the results for the irregular wave generation analysis are presented. The comparison
between the MILDwave-NEMOH coupled model and NEMOH follows in Section 5.2. First,
the results for Test Case 6 are discussed in detail in Section 5.2.1, and then the results for all Test
Cases are summarized in Section 5.2.2 in terms of RMSEg, p values. The validation between the
MILDwave-NEMOH coupled model and the WECwakes experimental data is included in Section 5.3.
Similarly, first, the results for Test Case 6 are discussed in detail in Section 5.3.1, while the results for all
Test Cases are summarized in Section 5.3.2 in terms of RMSEg, p values.

5.1. Sensitivity Analysis for Irregular Wave Generation

Before performing the numerical simulations listed in Table 1, a sensitivity analysis is carried out
to ensure a converging result of the irregular wave simulation, while keeping the computational time
low. This sensitivity analysis is based on three numerical simulation criteria: (1) the total simulation
time Qpor, (2) the number of regular wave components (Ny), and (3) the grid cell size (dx and d)
employed in MILDwave. For each criterium, the studied parameter is varied while the other two are
kept constant. The numerical domain in Figure 1A is used.

Firstly, different Qs+ are considered to ensure a fully developed wave spectrum. Secondly, N is
modified in order to achieve a wave spectrum close to the theoretical one. Thirdly, dx = dy is varied
based on wave length, Ly of the incident waves in order to achieve a convergent solution with the
theoretical spectral density S;(f). The numerical spectral density in MILDwave S, p(f) is obtained at
the centre of the domain for the incident wave of “Test case 1” of Table 1. The shortest Qy,¢, smallest
Ny and largest d, = d,, resulting in an accurate solution of S, (f) are selected then to perform the
rest of the numerical simulations for the rest of the Test Cases.

The results of the irregular wave generation sensitivity analysis are shown in Figure 2. S,, p(f)
for different Qo is plotted in Figure 2a, while N =15 and the d; = d, = 0.08 m are kept constant. It is
clearly observed that, for Qyo¢ of 100 s and 300's, S;, v (f) does not represent S¢(f). For Qyor of 600 s,
there is a good agreement with S;(f) even for high frequency wave components, without leading to
computationally expensive simulations.

Sum(f) for different Ny is compared to Si(f) in Figure 2b, while Qo =600s and the
dy = dy = 0.08 m are kept constant. Simulations are performed for N [ =15,20 and 40. There is
a good agreement between S, y(f) and S¢(f) for all three simulations showing a slight amount
of spurious energy for high wave frequencies, which is reduced by increasing Ny. Nevertheless,
the accuracy gained by increasing Ny from 20 to 40 is not significant as the S, m(f) peak and the
energy contained within the S, p(f) curve is practically the same. Consequently, it is concluded that
increasing N is not required and therefore Ny is kept to 20 to reduce the computational time.
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Figure 2. Numerical wave spectrum S, p1(f) generated at the centre of the MILDwave numerical
domain for an irregular wave with T, = 1.26 s and Hs = 0.104 m and different simulations parameters:
(a) total simulation time, Qjot; (b) number of regular wave components, N, i and (c) grid cell size,
dy(= dy). Sy,m(f) is compared in (a—c) to the theoretical wave spectrum, S;(f).

To complete the sensitivity analysis, S, v1(f) for different d, (where d, = d,) is compared in

Figure 2c, while keeping Qo = 600 s and Ny = 20 constant. As recommended for mild slope wave

propagation models, a starting value of dy = dy = 2—6 = 0.08 m is chosen. As seen in Figure 2c,

increasing dy (= d,) does not result in an improved agreement between S, »1(f) and S;(f), with T},
and S, p(f) that appear to be maintained in each case. Thus, a grid size dy(= dy) = 0.08 m is chosen
for all following simulations.

5.2. Comparison between MILDwave-NEMOH Coupled model and NEMOH

5.2.1. Irregular Waves with Wave Period T, = 1.26 s

Using the MILDwave-NEMOH coupled model for Test Cases 2, 4 and 6 from Table 1, the total
wave field around one, five and nine WECs, respectively, is simulated using the numerical domain of
Figure 1B-D, respectively. K; results obtained for each considered Test Case are illustrated in Figure 3.
The coupling region in the MILDwave-NEMOH coupled model is masked out using a white solid
circle and is not considered for the validation. For all three Test Cases, the hydrodynamic behaviour
and WEC motions obtained within the coupling region are affecting the incident wave field in the
MILDwave-NEMOH coupled model. As a result, a wave reflection pattern is generated in front of the
WECs with increased K; values, while, in the lee of the WECs, "wake effects" appear with reduced
values of K;. The effect of the three different WEC (array) configurations is expressed by an increased
impact in terms of wave reflection and wake effects.
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Figure 3. K results for an irregular wave with T, = 1.26 s and Hs = 0.104 m obtained using the
MILDwave-NEMOH coupled model: (a) Test Case 2; (b) Test Case 4 and (c) Test Case 6 of Table 1.
Contour levels are set at an interval of 0.05 of K; value (-). The coupling region is masked out using a
white solid circle which includes the WECs (indicated by using black solid circles). Incident waves are
generated from the left to the right. S1 and S2 indicate the location of cross-sections.
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For the validation, K; values obtained with the MILDwave-NEMOH coupled model and with
NEMOH are compared by means of the RDg,. Three contour plots for Test Cases 2, 4 and 6 are
illustrated in Figure 4a—c, respectively. The MILDwave-NEMOH coupled model provides lower K,
results than NEMOH in the wave reflection zone up-wave of the WECs indicated by positive values
of RDg,, while the extent and magnitude of the wake effects are larger for the MILDwave-NEMOH
coupled model as indicated by negative values of RDk,. The maximum and minimum values of
RDg, are 4% and —4%, respectively, and are obtained for Test Case 6. These differences in the RDy,
between the two models appears close to the coupling region and the wave diffraction zones around
the WECs where increased K; values are observed, and are increased by increasing the number of
WECs simulated. Nevertheless, these RDg 4 differences are reduced when moving away from the
coupling region.
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Figure 4. Relative difference (%) in K;, RDg4, between the MILDwave-NEMOH coupled model and
NEMOH for an irregular wave of T, = 1.26 s and H; = 0.104 m: (a) Test Case 2; (b) Test Case 4; and (c)
Test Case 6 of Table 1. Contour levels are set at an interval of 2 of relative difference in K; value (-). The
coupling region is masked out using a white solid circle which includes the WECs (indicated by using
black solid circles). Incident waves are generated from the left to the right.

To have a closer look at the comparison between the K; results from the MILDwave-NEMOH
coupled model and NEMOH, for Test Cases 2, 4 and 6, two longitudinal cross-sections (indicated in
Figure 3) are drawn through: the centre of the domain, at y = 0 m (S1) and through the location of
WGs 17,18,19 and 20 (see Figure 1A), at y = 4.75 m (S2). Again, the coupled zone is masked out in
cross-section S1 using gray colour. For all considered Test Cases, it can be observed in Figure 5 that
there is very good agreement for K; results between the MILDwave-NEMOH coupled model and
NEMOH. For the MILDwave-NEMOH coupled model K; values are lower in the wave reflection and
diffraction regions in front and on the side of the WECs, and higher in the region where wake effects
occur in the lee of the WECs, compared to NEMOH.
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Figure 5. K;; results for the MILDwave-NEMOH coupled model and for NEMOH along two longitudinal
cross-sections S1 (left) and S2 (right) as indicated in Figure 3 for: (a,b) Test Case 2; (c,d) Test Case 4, and
(ef) Test Case 6. The coupling region is masked out in gray colour and includes the WECs’ cross-sections,
which are indicated by black vertical areas.

5.2.2. Comparison Summary

To complete the validation of the MILDwave-NEMOH coupled model, the rest of the Test Cases
of Table 1 are presented using the methodology used in Section 5.2.1. Similar conclusions for Test
Cases 1, 2 and 5 are drawn: the MILDwave-NEMOH coupled model provides lower K; results than
NEMOH in the wave reflection zone up-wave of the WECs, and increased magnitude of the wake
effects down-wave of the WECs indicated by positive and negative values of RDgy, respectively.

The results for all six Test Cases of Table 1 are then summarized by calculating the RMSEk, p
over all the grid points of the numerical domain. Figure 6 reports that RMSEk, p values remain below
1.60% for the simulated Test Cases.
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Figure 6. Root-Mean-Square-Error (RMSE) for the K;, RMSEk, p, over the entire numerical domain.
Comparison between the MILDwave-NEMOH coupled model and NEMOH for all Test Cases of Table 1.

5.3. Comparison between the MILDwave-NEMOH Coupled Model and the WECwakes Experimental Data-Set

5.3.1. Test Case 6

Results for Test Case 6 are shown in Figures 7 and 8 for the 15 WGs shown in Figure 1A.
The K values from the MILDwave-NEMOH coupled model and from the experimental measurements,
K coupted and Ky wECwakes, Tespectively, and numerical (using MILDwave-NEMOH coupled model)
and experimental results of S, pr—n(f) and Sy ecuakes (f), respectively, are plotted in Figures 7 and 8.
The MILDwave-NEMOH coupled model and the experimental data have a good agreement in the WGs
in the lee of the WECs where wake effects take place and in the Bottom Lateral WGs (see Figure 1A) for
both the K,; and S(f).
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Figure 7. Comparison of the K; between the MILDwave-NEMOH coupled model and the WECwakes
experimental data for all 15 WGs of Figure 1A for Test Case 6 of Table 1.
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Figure 8. Comparison between the spectral density S, p—n(f) obtained using the MILDwave-NEMOH
coupled model, and the spectral density from the WECwakes experimental data, Sy gcuages (f) for all
15 WGs of Figure 1A for Test Case 6 of Table 1.

5.3.2. Comparison Summary

To complete the validation of the MILDwave-NEMOH coupled model against experimental
data, the RMSEk, . is calculated between the K coupieq and the Ky wecwaokes for all Test Cases of
Table 1. Figure 9 shows the RMSEg WG obtained for each WG of Figure 1A. The K, obtained for
the numerical data differs maximal by 10.03% from the experimental data. The RMSEk, . ranges
between 2.00-10.03%, while the highest agreement is observed at the WGs located in the lee of the
WECs and at the Bottom Lateral WGs. The largest RMSEg, . are obtained in the front WGs and at
the Top Lateral WGs.
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Figure 9. Root-Mean-Square-Error for the K for all 15 WGs, RMSE Ky of Figure 1A. Comparison
between the MILDwave-NEMOH coupled model and the WECwakes experimental data-set.

6. Discussion

An irregular wave generation sensitivity analysis for MILDwave was performed using the
different simulation parameters of Section 5.1. The results show that keeping a small Ny for discretizing

the irregular wave spectra, using dyx = dy, = 2—5 and Qyot representing 500 waves is sufficient to obtain
a good representation of the target irregular long crested sea state. Increasing Ny, decreasing dy (= dy)
or increasing Qyo will not lead to a significant increase in the accuracy of the obtained results, which
also leads to exponential increase of the computational time. This is illustrated for Ny = 40 where the
computational time is four times higher than the computational time for Ny = 20.

Section 5.2 demonstrates that the MILDwave-NEMOH coupled model can accurately propagate
the perturbed wave field around different WEC (array) configurations for the linear wave theory based
coupling employed here. The results of the MILDwave-NEMOH coupled model are compared against
NEMOH results. Small discrepancies between NEMOH and the MILDwave-NEMOH coupled model
are found close to the coupling wave generation circle in front of and in the lee of the WEC (array).
These discrepancies increase as the number of WECs modelled increases, as shown in Figure 9a, though
remaining between +4%. This shows, as pointed out in [14], that the complexity of the hydrodynamic
interactions when modelling the “far field” effects is not influential.

Validation of the MILDwave-NEMOH coupled model against the experimental WECwakes data
is performed in Section 5.3 showing a good agreement for the different Test Cases used in this study.
An error in predicting the K; values measured at 15 WGs from the WECwakes tests is quantified in
terms of RMSEg; w¢ (%). RMSEgswc values range from 2-10.02% being the WGs in front of the
WECs the ones with the least correspondence with the experimental data. On the contrary, for WGs
that are further away from the WECs, a better agreement is obtained. The difference within the Front
WGs arises due to the non-linear effect of the friction between the WEC shafts and the WEC buoys that
cannot be represented with the BEM-based coupling methodology employed, as BEM is based on linear
wave theory. This friction is causing the experimental WEC buoy to have smaller motion amplitude
than the numerical one obtained in the BEM solver. Thus, the WEC is absorbing less energy from the
incoming waves yielding a higher wave reflection in front of the WEC (array). Finally, the asymmetry
in the K results between the Bottom and the Top Lateral zones is caused by the non-linear behaviour
of the WECs in the experimental model and unwanted wave reflection in the wave basin that cannot be
modelled in the MILDwave-NEMOH coupled model. In the MILDwave-NEMOH coupled model, all
the WECs of the array have an identical behaviour as shown by the symmetric values of K; given for
the top and the bottom lateral zones in Figure 7 and the symmetric total wave field shown in Figure 3.
Despite this, the following considerations have to be made: (1) a linear coupled model is compared to
experimental data that is inherently non-linear, as confirmed by [11] who reported that the incident
wave is a weakly non-linear Stokes second order wave; (2) moreover, the experimental PTO system
behaves as a Coulomb damper, yet in the numerical model it is approximated as a linear damper.
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For all Test Cases of Table 1, the RMSE, p by comparing the MILDwave-NEMOH coupled model
to NEMOH remains below 2%, while, by comparing the RMSEg, w¢ for the 15 WGs of Figure 1A
between the MILDwave-NEMOH coupled model and the WECwakes experimental data, this never
exceeds 10.02%. Therefore, as there is a good parse of information between the two numerical models,
it can be concluded that the coupling methodology can be used to extend the numerical domain for
simulating an irregular long crested wave and thus simulate the “far field” effects of WEC farms and
arrays in a cost effective way.

However, and as it has already been mentioned in the authors’ previous work [14], the coupling of
MILDwave and NEMOH has some limitations. Firstly, despite the fact that the computational time for
simulating different WEC arrays in this study is reasonable (the longest recorded computational time
was that for Test Case 6, which lasted 2 h on 10 cores (Intel(R) Core(TM) i7-8700 CPU@3.2GHz), it can
increase considerably when increasing the number of WECs. For an array of | WECs with six DOFs,
the computational time for a BEM model increases as ¢/, with increased computational time in larger
numerical domains. Secondly, irregular waves are calculated as a superposition of regular waves. It has
been proven that it is possible to obtain very good results with alow N¢; however, if a higher resolution
of the S, p—n(f) is needed, depending on the study case requirements, it would lead to an exponential
increase of the computational time. Thirdly, NEMOH calculations can only be performed at a constant
bathymetry introducing a limitation in that way. Moreover, MILDwave is applied for mild slope
bathymetries limiting the MILDwave-NEMOH coupled model to coastal regions with a slope lower
than % Finally, a realistic modeling of the WEC PTO system is required to maximize the WEC (array)
power output and quantify WEC effects on the surrounding wave field [50]. Modeling a resistive
PTO system allows us to obtain a cost-efficient simulation regarding computational times, but may
result in an overestimation of the incident wave power absorbed by the WEC(s). Realistic PTO systems
lead to a reduction of the power output due to losses and differences between the predicted optimum
damping and the optimum damping that can be achieved in operational conditions. The control and
optimization of the PTO system, however, as shown in [37], does not have a significant influence on
the wave field in the “far field”.

In terms of limitations of the proposed coupling methodology, these depend each time on the
type of models that are coupled [14]. Specifically, for coupling between two linear models such as
NEMOH and MILDwave, the resulting coupled model will provide conservative results in study
cases when non-linear phenomena are dominating. On the other hand, the above limitations can
be overcome when applying the proposed coupling methodology, for non-linear models. However,
the use of non-linear models needs to be justified for each specific study case, as they often introduce
computational instability and high computational costs.

7. Conclusions

In the present study, the validation of a novel generic coupling methodology for modeling both
near and far field effects of floating structures and WECs is presented for the test case of irregular
waves. This coupling methodology is demonstrated by employing the models MILDwave and
NEMOH, used for generation of irregular long crested waves. The main objective of the coupling
methodology is to obtain “far field” effects of WEC arrays at a cost-efficient computational time.
To validate the coupling methodology, several Test Cases from the WECwakes experimental data-set
have been considered for different WEC (array) configurations and wave conditions, and performed
using NEMOH and the MILDwave-NEMOH coupled model.

First, the total wave field evaluated in terms of K; was compared between the MILDwave-NEMOH
coupled model and NEMOH. The MILDwave-NEMOH coupled model showed a good agreement
with NEMOH for all the considered test cases, with an RMSEg, p below 2%. Next, the model was
validated against the experimental WECwakes data obtaining a satisfactory agreement, with a
RMSEg, wc smaller than 10% for all test cases. Despite some discrepancies between the numerical
and experimental results, which are mainly caused due to the inherent non-linear behavior of the
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experiments, it has been demonstrated that the proposed coupling methodology between the wave
propagation model MILDwave and the BEM solver NEMOH can accurately parse the information
between the two models and simulate the hydrodynamic behaviour of a WEC array and obtain the
modified total wave field in the “near field” for irregular long crested wave conditions. As MILDwave
has proven to provide the required level of accuracy for coastal real-world applications, it is possible
to extend the numerical domain of the coupled model and simulate “far field” effects over large
coastal areas.

Nevertheless, the MILDwave-NEMOH coupled model has some limitations: (1) its applicability
is limited to linear and weakly non-linear wave conditions; (2) the computational time can increase
considerably if a large number of frequencies and WECs or a complex PTO type is modelled; and (3)
the extension of the WEC array is limited to a fixed bathymetry domain.

Regardless of these limitations, based on the results from [14] and on the current results, we can
conclude that the MILDwave-NEMOH coupled model introduced has proven to be a reliable tool that
can be applied in a fast and efficient way to calculate “far field” effects of WEC arrays. The next step in
our modeling work is to extend the methodology to short crested wave conditions.
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The following abbreviations are used in this manuscript:

WEC  Wave Energy Converter

BEM  Boundary Element Method

CFD Computer Fluid Dynamics

SPH Smoothed Particle Hydrodynamics
PTO Power Take-Off

RAO  Response Amplitude Operator
DHI Danish Hydraulic Institute

WG Wave Gauge

RMSE  Root-Mean-Square-Error
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Abstract: This study presents the variation in turbulence parameters derived from site measurements
at a tidal energy test site. Measurements were made towards the southern end of the European Marine
Energy Centre’s tidal energy test site at the Fall of Warness (Orkney, Scotland). Four bottom mounted
divergent-beam Acoustic Doppler Current Profilers (ADCPs) were deployed at three locations over
an area of 2 km by 1.4 km to assess the spatial and temporal variation in turbulence in the southern
entrance to the channel. During the measurement campaign, average flood velocities of 2 ms™!
were recorded with maximum flow speeds of 3 ms™! in the absence of significant wave activity.
The velocity fluctuations and turbulence parameters show the presence of large turbulent structures
at each location. The easternmost profiler located in the wake of a nearby headland during ebb
tide, recorded flow shielding effects that reduced velocities to almost zero and produced large
turbulence intensities. The depth-dependent analysis of turbulence parameters reveals large velocity
variations with complex profiles that do not follow the standard smooth shear profile. Furthermore,
turbulence parameters based on data collected from ADCPs deployed in a multi-carrier frame at
the same location and time period, show significant differences. This shows a large sensitivity to
the make and model of ADCPs with regards to turbulence. Turbulence integral length scales were
calculated, and show eddies exceeding 30 m in size. Direct comparison of the length scales derived
from the streamwise velocity component and along-beam velocities show very similar magnitudes
and distributions with tidal phase.

Keywords: turbulence; turbulence intensity; turbulence kinetic energy; ADCP; site measurements;
time scale; length scale

1. Introduction

As tides pass through narrow channels and around headlands, high-velocity flows are produced.
Depending on site-specific characteristics, the turbulence of these flows varies in time and space.
When these turbulent flows encounter a tidal stream turbine (TST), the severity of turbulence affects the
turbine energy extraction capability by altering blade performance. This results in reduced rotor thrust
and torque [1], which causes a detriment in turbine performance of over 10%. Prolonged exposure to
high turbulent flows increases fatigue load cycles and blade bending [2], thereby reducing the expected
lifespan of a turbine. Mitigation techniques can be applied to keep design tolerances high to account
for turbulence related stresses, but this also increases manufacturing costs. The quantification of
turbulence remains an important factor in the optimization of energy extraction and turbine durability
and thus successful tidal stream developments.

The measurement of turbulence in a fluid, at scales relevant to rotating hydrofoils, by its nature
requires high-resolution measurements (>1 Hz). Originally, sensors were developed to determine
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atmospheric turbulence; these were designed to be unobtrusive, where the measurements do not
cause disruption to the flow of the fluid. To achieve this, the principle of Doppler shift was applied.
This transmits high-frequency bursts (pings) from three or more transceivers. As the sound is scattered
off by suspended moving particles in the fluid, a frequency shift is observed. This shift in frequency
uses the Doppler effect formula, where the particle velocity, and therefore fluid velocity, can be
calculated. The combination of multiple beams on different axes allows for the velocity calculation
in the x, y and z vectors and therefore speed and direction. This was originally done for converging
beam sensors [3]. This technology was later applied to the ocean environment [4], where an adapted
method for calculating seabed friction velocity was presented for low flow speeds in the presence
of waves. Acoustic Doppler Velocimeters (ADVs) offer high-resolution sample rates in the order of
10 Hz assuming a small volume flow homogeneity (5-50 mm) [5]. However, due to the focusing of
the beams, a small area can only be observed, and this limits these sensors to small profiles or single
point measurements. When the beam angle configuration changes from convergent to divergent,
the beams cover a much larger area. If a similar homogenous flow approximation is applied, but
now over an area of 1-50 m, then the component flow directions can be calculated for a depth profile.
The application of this method has been used for many years in divergent beam ADCPs. Originally
operating via “Narrow-Band” acoustic pulses, instantaneous velocity measurements experienced high
noise levels, limiting these datasets to time averaged results not suitable for turbulence assessment.
The development of “Broadband” acoustic processing has allowed more accurate instantaneous
velocity measurements for diverging beam sensors [6,7]. This continues to allow velocity measurements
to be made throughout the water column, but with much higher sample rates, without the need for
temporal averaging. For some sensors, this means sample rates as high as 10 Hz or above can be used
while maintaining low data noise levels.

The number of transceivers on a sensor has increased over the years. While it is possible to get
velocity measurements from a single beam, the velocity component is only in the beam direction,
providing heavy application restrictions. Three transducers were common for a number of years and
this allowed the calculation of directional velocity components. When combined with a pressure
sensor, surface waves could also be measured. This used the pressure, u and v velocity (PUV) method
to measure the surface elevation using the pressure sensor and the wave directional orbital velocity
(1 and v) to establish wave direction [8]. The introduction of four beam sensors with opposing angled
beams on two perpendicularly aligned axis increased the accuracy of flow measurements. This
allowed two measurements to be used to calculate the velocity in each horizontal vector. More
recently, five beam sensors have become the new standard. These use the same beam orientation as
the four beam sensors; where the introduction of a fifth vertical beam allows a direct measurement
of the vertical velocity and surface elevation. While the implementation of a fifth beam and acoustic
surface tracking isn’t new, it is now more commonplace and integrated as default in a wide range of
standard ADCPs.

The calculation of turbulence parameters from beam velocities of a 4-beam ADCP in relatively
slow velocities (<1 ms~!) was demonstrated in [8]. This identified the effects of Doppler noise and its
implications on turbulence parameters. The Doppler noise is created as a byproduct of the velocity
calculation, where a phase difference for the Doppler shift occurs for multiple returns within a spatially
determined cell [9]. More recent studies quantifying turbulence in tidal channels compared the
velocities between a bed-mounted ADCP and an ADV [10,11]. These studies presented a standardised
metric, adopted from the wind energy industry, to quantify tidal turbulence; this is known as the
turbulence intensity. The turbulence intensity can be calculated using the velocity fluctuation minus
the Doppler noise. If the noise is not accounted for, the instantaneous measurements from ADCPs
can overestimate the value of the standard deviation calculated from velocity. This produces higher
turbulence values for the same corresponding location. The noise can be described as white noise,
where it is distributed evenly across all frequencies. The effects of this noise can be mitigated by
averaging; this can either be done in time, where instantaneous velocity fluctuations are averaged over
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anumber of minutes, or in space, where velocity fluctuations can be averaged across the vertical profile.
This, however, is not a viable solution when considering turbulence measurements. The quantification
of the Doppler noise was improved in [12]; this applied a polynomial least square regression method
to extend the inertial range to the high-frequency end of the velocity spectrum, lowering the noise
floor. Additional methods for correcting instrument noise were presented in [13]. These use either
a Noise Auto-Correlation (NAC) or Proper Orthogonal Decomposition (POD) approach to determine
and remove noise. In the case of the NAC method, the noise level is calculated based on the velocity
spectrum, restricting the noise reduction to the frequency domain. However, the POD method is
capable of reducing noise over the spectrum and within the time domain, providing a more flexible
output. In addition, these methods may be more suitable for reducing noise in the presence of waves.

The number of published studies quantifying turbulence levels using in-situ field measurements
at tidal energy test sites has increased in recent years [14-20]. Similar studies have been conducted in
rivers [21-23], however, due to differences on the onset flow conditions, topography and sedimentation,
the results of these studies is of limited relevance. Both the tidal and river studies use divergent
beam ADCPs to record the velocity fluctuations. Alternatively, single-beam Doppler profilers,
horizontally mounted and aligned with the in-stream velocity direction, have been used for turbulence
assessment [18,24]. This configuration provides streamwise velocity fluctuations with no assumption
of flow homogeneity, resulting in a more accurate measurement of ambient flow speeds at mid-water
depth and turbine hub height. However, additional single beam profilers are required (as installed
in [18]) to provide flow information in the transverse and vertical directions. The previous studies
provide a basic resource assessment, where flow velocities and directions are first quantified in time
and often depth. Then a range of turbulence parameters are presented including the standard deviation
of the velocity fluctuations, turbulence intensity, Reynolds stresses, Turbulence Kinetic Energy and
velocity spectra. Previous studies also provide benchmarks to other locations that allow the Fall of
Warness to be contextualized in terms of other potential tidal test sites.

In this study, data are presented from a sensor network at the southern end of the Fall of Warness,
with the locations specified in Figure 1. The diverging acoustic Doppler profilers (D-ADP) were
deployed simultaneously to measure wave and currents over a 4 day period. The general resource
and turbulence characteristics are calculated and compared for each sensor with depth and time.
Specific emphasis is placed on the peak velocities of the flood and ebb tides and the average conditions,
where turbulence interactions are likely to be higher. The turbulence intensity, turbulence spectrum,
Reynolds stresses and integral time and length scales are presented. A direct comparison between
the homogenous approximated length scale and the raw beam length scales are presented for two
sensors. The data analysis indicates that along with spatial and temporal variations, sensor make and
model specific features also cause variation in observed turbulence parameters. These differences are
highlighted and discussed throughout this paper. The presentation of turbulence intensity and length
scale provide important boundary conditions required for the simulation of tidal turbines [25]. This is
crucial for the long term performance analysis of a single or array of devices.

2. Data Collection and Methodology

2.1. Sensor Deployment

A measurement campaign was devised to simultaneously operate multiple coastal sensors at
six locations between the dates of the 13th and 18th of June 2016. To enable the measurement of
turbulence parameters, at scales relevant to tidal stream turbines, a continuous time series recording at
a sample rate of 0.5 Hz or higher is required. Only four of these sensors were suitable for turbulence
analysis and these are discussed in this paper. Work was carried out as part of the Response of
Tidal Energy Converters to Combined Tidal Flow, Waves, and Turbulence (FloWTurb) project (EPSRC
EP/N021487/1). All sensor locations are shown in Figure 1 and discussed in this paper are SP1, SP3
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and SE, where the SE location features multiple sensors deployed in a single frame. Names, depths
and sampling information of the relevant sensors are shown in Table 1.

Figure 1. Sensor deployment locations for the Fall of Warness measurement campaign with the
bathymetry provided by UK Hydrographic Office.

Table 1. Sensor specifications.

Sensors Location Beams Transmitting Beam Angle Sample Vertlc.al Depth
Frequency Frequency  Cell Size
Signature 500 SE 5 500 kHz 25° 4Hz 0.5m 37m
Signature 1000 SP1 5 1000 kHz 25° 4Hz 0.5m 37 m
RDI Sentinel 600 SE 4 600 kHz 20° 2Hz 0.75m 37m
RDI Sentinel 600 SP3 4 600 kHz 20° 0.5Hz Im 44m

The sensors were located at the southern end of the channel within an area of approximately 2 km
(along the channel length) by 1.4 km (perpendicular to the channel length). The bathymetry data used
in Figure 1 is taken from the UK Hydrographic Office [26]. Each deployment location uses a bottom
mounted ADCP housed in a stainless steel frame. A dual-axis gimbal was used to mount each sensor
within the frame. The total dry mass of each frame is around 400 kg. In addition, a land-based X-band
radar system was used for remote measurement of wave and surface current conditions; further details
on the measurement of the flow characteristics using the radar can be found in [27]. The sensors
used were the Signature 500 and Signature 1000 manufactured by Nortek (Rud, Norway), and two
Workhorse Sentinel 600 ADCPs manufactured by Teledyne RDI (Poway, CA, USA).

The sensor specifications and setup are shown in Table 1. The SP2 sensor was lost on retrieval and
therefore no data exists. An additional Waverider DWR-G4 wave buoy (Datawell, Heerhugowaard,
The Netherlands) was attached to the SE sensor frame. This provided surface wave information
during slack water periods as the ADCP’s fifth vertical beam was not enabled. This reduced internal
processing time and power consumption for the ADCPs. In order to minimize interference between the
four co-located SE sensors (1 MHz Nortek AWAC, 400 kHz Nortek Aquadopp, RDI Sentinel 600 and
Nortek Signature 500, the latter two of which are suitable for turbulence characterisation) i.e., sensor
crosstalk, each sensor suitable for turbulence characterisation recorded data in a staggered formation,
permitting only one sensor operated at any one time. This allowed each sensor to record for 20 min of
data, then remain inactive for 40 min while each sensor in turn sampled the water column. When all
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the data is stitched together from each sensor a continuous measurement of the flow is obtained.
The deployment period was scheduled between a neap and a spring tide, where the current velocities
were increasing.

2.2. Basic Data Processing

Due to the simultaneous deployment of these sensors, it was not possible to standardise either the
sensor type or sampling regime for all the deployment locations. This prevented the use of standard
sensor specific processing tools, as the subtle differences in the manufacturer’s post-processing
procedures may impede the direct comparison of data. To account for this, new software was developed
in MATLAB (version R2018a) to read and process raw data from both Teledyne or Nortek sensors.
All sensors have a minimum of four diverging beams with beam angles as shown in Table 1. Sensors
with an additional fifth beam are capable of surface measurements using acoustic surface tracking.
However, the focus of these deployments was on the current data collection, so no vertical beam data
were recorded. In order to measure current velocities, the Doppler effect is used based on the frequency
shift between emitted and received pulses along each divergent beam. While many previous studies
use beam velocities to calculate horizontal velocities and turbulence metrics, the orientation of the
beam to the flow is vital, as a misrepresentative value will be recorded and a large difference from
the opposing beam will be seen if the beam is not directly in line with the flow direction. This study
applies an approach where the velocities from four beams are used to calculate the flow vector in
a number of coordinate systems [28,29]. These coordinate systems are shown in Figure 2.
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Figure 2. Divergent acoustic Doppler profiler beam coordinates relative to xyz, enu and uvw.
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The three coordinate systems used for the calculation of flow and turbulence parameters are xyz
relative to beam 1, enu (East, North and Up) relative to magnetic north, and streamwise relative to the
mean flow direction (uovw). For this study, a short-term 600 s average was used to calculate mean flow
direction. Equation (1) shows the method of calculating the relative directional flow using the sensor
orientation (xyz) depending on the beam angle (6):

x (b1 —13)/(2sin(0))
v |= (b2 — b4)/(—2sin(0)) 1)
b4 (b1 + b2 + b3 + b4) /(4 cos(6))
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In Equation (1) bl-b4 are the beam velocities from each transducer in a clockwise rotation. This is
consistent with Nortek’s beam numbering convention, and results from the Teledyne sensors were
rearranged to fit this convention. To correct for sensor misalignment on installation and sensor motion
during deployment, a coordinate transform was applied to each sampled measurement, utilizing the
instrument’s onboard tilt sensors and magnetic compass, where the velocities are multiplied by a tilt
matrix (R) based on three degrees of freedom, heading (hh), pitch (pp) and roll (rr). This is shown in
Equation (2) and the transformation to Earth coordinates is shown in Equation (3):

cos(hh)  sin(hh) 0 cos(pp) —sin(pp)sin(rr) — cos(rr)sin(pp)
R=| —sin(hh) cos(hh) 0 0 cos(rr) — sin(rr) (2)
0 0 1 sin(pp)  sin(rr)cos(pp)  cos(pp) cos(rr)

enu = R X xyz 3)

This orientates the velocity vectors to Earth coordinates. The uvw velocities are calculated
based on the same 600 s window, where the average flow direction is subtracted from the enu flow
directions. This provides a speed and direction relative to the streamwise velocity. The vectors are then
calculated using the speed multiplied by the cosine of the new streamwise and transverse directions.
For the analysis of flow around a tidal stream turbine, the uvw coordinate system is deemed the most
relevant, as velocity fluctuations are in line with the turbine hub and perpendicular to the rotor disk.
The calculation of the velocity components uses multiple diverging directional beams, this produces
a cone-shaped sample area that is narrower at the seabed near the sensor head and expands towards
the sea surface based on the transceiver beam angle. In order to calculate the velocity components,
it must be assumed that the current flow is homogeneous across the plane of all beams, which is
a clear weakness in the use of coordinate transforms for turbulence assessment. The size of this
plane increases with distance away from the sensor, which in turn increases the size of the area of the
homogeneous approximation. This subsequently increases the size of the minimum resolvable flow
structure. While this is a considerable limitation when measuring turbulence, it allows for a simple
deployment process where the sensor can be placed on uneven ground without fine positioning to align
beam 1 with north. Continuous monitoring of sensor pitch, roll and yaw also allows for compensation
of any unexpected frame movements, which are not uncommon in higher velocity environments.

3. Data Analysis and Results

3.1. Flow Characteristics

The average flow characteristics from the high-resolution sensors deployed in the Fall of Warness
are shown in Figure 3. The uvw velocity vectors are plotted based on a 600 s average, from a start date
of 11:00:00 13/07/2017 and are based on data collected over the following four days. The streamwise
velocity vector for all sensors shows a periodic fluctuation as a result of the flood and ebb tide,
where one complete tidal cycle is composed of two neighbouring peaks in the streamwise velocity.
This is indicative of a semidiurnal tidal cycle. The initial peak in the SE—Signature 500 and SP3
Sentinel 600 velocities, depicts the first flood tide, after which the lower magnitude ebb tide follows.
This pattern is not the case for the SP1 sensor, where the peaks are shown to occur in the initial part
of the flood tides and no obvious peak in the ebb tide is observed. The positive transverse velocity
indicates the deviation from the streamwise flow in a clockwise direction and a negative value equates
to an anticlockwise deviation. As expected, the u velocity far exceeds the v velocity for all sensors.
The flow directions, relative to magnetic north, and speed at 10 m above the seabed are plotted on the
right side of Figure 3. The results indicate similar tidal ellipses for the SE and SP3 sensors. The tidal
ellipse shape for these sensors is particularly compressed, indicating an almost bidirectional flow
pattern, where the flood tide experiences higher velocities towards a south-south-easterly direction
(150°). The tidal ellipse for the SP1 sensor shows much larger directional variation, with a small broad
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peak for the flood tide and no peak velocity for the ebb tide. This is caused by the close proximity of
the sensor to the southern headland of the isle of Eday and related generation of large eddies during
ebb tide at the sensor location.
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Figure 3. Left: Average flow velocity vectors over 10 min in the streamwise coordinate system for the
SE—Signature 500, SP1—Signature 1000, SE—Sentinel V50 and the SP3—Workhorse. Right: Average
flow direction (degrees) and velocity (m/s) for the same sensors at a 10 min interval. With the start
date time of the 13 July 2016 11:00:00 am. All data provided is taken 10 m above the seabed.

3.2. Depth Profiles

The velocity distribution with depth is presented in Figure 4. This shows the peak flood and
ebb tides, based on the maximum velocities over the 600 s windows, for the first 3 respective tidal
phases for each sensor. This is conducted for combined speed (uvw), streamwise (1), transverse (v)
and vertical (w) velocity components, where the average speed profile indicates the net combined
velocity at each depth interval. To visually separate each tidal phase, the flood tide has been plotted
as positive (blue) and the ebb tide is shown as negative (red). Distance above the seabed (z) is used
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to describe the vertical cell position, where the first bin height was set at approximately 2 m for all
sensors. In addition to a directional dependence of the velocity magnitudes as shown in Figure 3,
the velocity shear profiles in Figure 4 also show reductions in flow speeds toward the sea bed in
various degrees of magnitude. The variation in profile is caused as a result of spatial and tidal
phase differences, but for the co-located sensor, different flow profiles are seen at the same location
between the different sensor types. The SE—Signature 500 sensor shows a typical shear profile
from the seabed to 19 m upward, where the current velocity consistently increases. From 19 m to
26 m a considerable reduction in flow speed occurs, and this was also confirmed by looking at the
individual beam-by-beam velocities. The co-located SE-RDI Sentinel sensor does not replicate this
flow feature and shows a smooth gradually increasing velocity shear profile. Further observational
differences identify a substantial variation in the proportion of velocity components, u and v for the SE
sensors. This shows the Signature sensor recording a much greater transverse velocity. Both sensor
manufacturers have been contacted with regards to the quality of the data sets, the outcome of this
suggested that no errors were contained within either data set. Both manufactures were fully satisfied
with the quality of their sensor specific data sets. The SP1 sensor shows very different profiles for flood
and ebb, where the flood shows a rapid change in the velocity gradient near the seabed and a uniform
flow speed of 1.3 ms~! with only a small increase towards the surface. The ebb tide shows very small
velocities for the lower part of the water column, and this changes after 13 m upwards, where the
velocity increases gradually towards the surface. The SP3 sensor shows a much more conventional
shear profile, which experiences a smooth curve from the seabed to the surface, where flow speeds
continually increase. The velocity profiles presented provide further details of the flow characteristics
around the Fall of Warness. These measurements are key to fully understanding the following analysis
of turbulence parameters.
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Figure 4. Average peak flood and ebb flow profiles for each sensor for three tidal phases, where blue
indicates flood tide and red indicates the ebb tide. The values for the u and speed component of the
ebb tide have been inverted to illustrate different flow direction.

59



Energies 2019, 12, 672

3.3. Turbulence Intensity

To quantify the turbulence levels, the commonly used turbulence intensity (I,,) is calculated.
The method used in this paper uses Equation (4) as presented in [11]:
<u/2> - Ugoise
I, = - @
where u is the streamwise velocity component and U is the mean streamwise velocity. (') is the
velocity variance, and o2, , is the Doppler noise from the sensor. The distribution of the Doppler
noise is spread evenly across all frequencies. As the high frequency regions of the spectrum have
comparably less energy than the lower frequencies, this results in a larger relative noise level for the
high frequency turbulence measurements. To account for this increased instrument noise the method
described in [12] was applied to quantify the noise variation. This calculates a Ugois . based on an
extended fit of the turbulence spectrum. This is only possible by applying Kolmogorov’s theory of the
inertial range; this states that inertial effects are much greater than any viscous effects and suggests
a rate of turbulence energy decay of —5/3 [30]. This only remains valid in the absence of waves.
A Welch’s Fast Fourier Transformation (FFT) was applied to quantify the power spectral density of
the turbulence time series in the frequency domain. Each continual time series, or ensemble, was
separated into window lengths of 200 s, and a Hanning filter was applied to each window. Zero
padding was added to increase the number of samples to equal the next power of the total number of
samples. If the 02 . , value is set to 0, no noise reduction is applied for the turbulence intensity and
the calculation becomes the same as the standard calculation [31]. The definition of u is sometimes
described as the mean flow velocity at the turbine hub height. As this study is not turbine device
specific the more flexible definition is applied, this specifies 7 as average streamwise velocity for each
depth interval. The calculated turbulence intensity data from the sensor campaign is presented in
Figure 5.
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Figure 5. Turbulence intensity. Left: I, based on 10 min windows for each sensor. Right: Turbulence
intensity for the first three peak velocity flood and ebb tides, where the flood is positive (blue) and the
ebb tide has been made negative (red).

When the results are reviewed in combination with the velocity time series (Figure 3), the higher
turbulence intensities are associated with the slower velocities (near slack water) and the lower
turbulence intensities with the flood and ebb phases. This is a result of the standard definition of the
turbulence intensity parameter used here. In a different approach, where I, is not combined with
velocity information, but taken only as the velocity variance, a different interpretation of the total
turbulence energy can be observed. The turbulence intensity profiles often show larger values for
slower flow speeds. This may be misleading in the case of a high turbulence intensity value with a low
average velocity; in this case the actual turbulent velocity fluctuations and overall forces involved are
actually very low with a negligible impact on tidal turbine performance. This can be seen for the SE
and SP3 sensors near the seabed. The SP1 sensor experiences low turbulence levels near the seabed
and much larger turbulence intensities near the surface for the flood tide, and upwards from around
18 m for the ebb tide.
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3.4. Turbulence Kinetic Energy

The quantification of Turbulence Kinetic Energy (TKE), in comparison to the TI presented in the
previous section, offers a more intuitive parameter to quantify turbulence (see Figure 6). The TKE
which describes the turbulence within a volume of water, is expressed by:
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Figure 6. Turbulence kinetic energy. Left: TKE based on 10 min windows for each sensor. Right: TKE
for the first three peak velocity flood and ebb tides, where the flood is positive (blue) and the ebb tide
negative (red).

The derived TKE values are shown in Figure 6. This indicates larger values for the higher velocity
flows, where the flood tides experience larger velocities and therefore increased turbulence magnitudes.
The TKE is shown to be depth dependent, with the SE-RDI and SP3-RDI sensors showing larger values
towards the seabed. Alternately, the SE—Signature 500 and SP1 sensors show larger values towards
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the surface. It should be noted that the horizontal scale for the SP1 sensor is much greater compared to
the other sensors, which causes values that look close to zero from mid-depths to the seabed. This is
due to the large magnitude of turbulent velocities near the surface, which masks the lower water

column results.

3.5. Turbulence Spectra

The turbulence velocity spectra were calculated using the combined streamwise and transverse
velocity components. These are presented in grey in Figure 7, for a depth of 10 m above the seabed.
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Figure 7. Average turbulence velocity spectra for each sensor during the peak flood (blue) and ebb
(red) tide at 10 m from the seabed. The individual spectra for three instances are shown in grey for
each sensor during the peak flood and ebb tide. The grey dashed line is included in each subplot to
indicate the —5/3 gradient of Kolmogorov’s turbulence energy cascade.

The peak flood and ebb are presented with the average velocity spectrum for each sensor at the
respective tidal phase, where the spectrum is calculated based on a 10 min time period. An additional
dotted line is shown with a gradient of >/ in each sub-figure as defined by Kolmogorov’s
model [32], this highlights the gradient of the energy cascade from the inertial sub-range. More
recently, the description of the —5/3 turbulence energy cascade has been shown to under predict
the gradient of the turbulence energy cascade [33]. However, as this study provides measurements
for comparisons with other field sites, this study will maintain to use the more conventional —5/3
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cascade as this provides a better comparison with existing literature. The majority of the spectra show
ameasured gradient much lower than the —5/3 gradient. The results compare well between the SE and
SP3 sensors in terms of magnitude and distribution of the energy with frequency. The low-frequency
part of the spectrum shows no presence of surface gravity waves, which would be represented by an
increased PSD in the region of 0.3 to 0.05 Hz. The lower sample rate of the SP3 and SE RDI Sentinel
sensor show less noise variation than both Signature sensors, producing a smoother plot. The SP1
sensor records a much larger turbulence velocity spectrum for the ebb tide, indicating larger turbulence
variations, with a heavy weighting toward lower frequencies. The results of the turbulence spectra
reflect the conclusion shown in the Turbulence Kinetic Energy results displayed in Figure 7. This shows
larger magnitudes of turbulent features for the SP1 sensor, specifically during the ebb tide, where there
is an increase in low frequency flow components.

3.6. Reynolds Stresses

The Reynolds shear stresses were calculated for each burst ensemble. The uw and the vw
components were reviewed to provide insight into the stresses travelling from streamwise and
transverse directions to the vertical direction. The calculation of the shear stresses is often done
on a beam-by-beam basis; however, this does not account for the pitch and roll movement of the sensor
or the alignment of the flow to the beam direction. Table 2 shows the mean and the standard deviation
in the pitch and roll. This shows small deviations in the mean pitch and roll of less than 5 degrees for
all sensors. The standard deviation shows exceptionally small variation in sensor movement for the
pitch and roll. A much larger variation in heading is observed for the SP3 sensor, this is due to several
frame shifts in the deployment period. These occur over a very short period and the application of the
coordinate transformation (shown previously in Section 2.2) has corrected this rotation in the derived
enu-framed velocities.

Table 2. Sensor orientation.

. Mean Standard Deviation
Sensor Location
Pitch Roll Yaw Pitch Roll Yaw
SE (Signature 500) 1.73° —4.93° 232° 0.07° 0.08° 0.04°

SP1 (Signature 1000) 0.53° 0.21° 164° 0.13° 0.09° 0.37°
SE (RDI Sentinel 600)  —0.92°  —0.50° 233° 0.32° 0.36° 0.60°
SP3 (RDI Sentinel 600)  —0.48° 3.11° 160° 0.45° 0.38° 40.81°

This study uses the conventional approach used in the aeronautical industry, where the velocity
components are used to determine the streamwise and transverse shear stresses and are described as:

uw = u'w’ 6)

vw = v'w' (7)

where 1’ is the streamwise velocity fluctuation and ¢’ is the transverse velocity fluctuation.
The Reynolds shear stress depth profiles are plotted in Figure 8 for the streamwise and transverse
velocities. These are calculated over sample periods of 600 s with an overall average for each flood,
ebb, uw and vw scenario. The two left columns show the mean of the flood tide (blue) and the two
right columns show the mean ebb tide results (red), where the individual profiles for the three peak
flood and ebb velocities are shown in grey.
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Figure 8. Reynolds stresses depth profiles for streamwise uw and transverse vw velocity components,
where the flood tide is shown in blue and the ebb tide in red.

It should be noted that due to the large variation in stresses between sensors, the scale of the
x-axis varies. As with TI and TKE, the comparison between sensors and locations shows considerable
variations. For the SE—Signature 500 sensor a small amount of stress is transferred between the uw
direction for both the flood and ebb tides. The transverse results show higher stresses, where more
turbulence is transferred in the vertical velocity component. The SP1 sensor experiences similar stress
magnitudes as the SE—Signature 500 sensor for the flood and ebb streamwise velocity components.
However, the transverse stresses are much greater for the upper part of the water column. The RDI
Sentinel sensors at SP3 and SE both show very similar behaviour with small shear stresses for the uw
component and large vertical energy transfers in the transverse direction. For these profiles, larger
stresses are observed towards the seabed. This shows the opposite results for the co-located SE sensors.
The larger vw stresses indicate there is more vertical movement of turbulence caused by the transverse
flow than the streamwise.

3.7. Integral Length and Timescales

The integral scales describe the time and physical length of the turbulent features observed.
The time integral (T;) describes the duration of the largest turbulent features. This is calculated using
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the integration of the autocorrelation function (R,;) of the velocity fluctuation based on the method
presented in [15]:

T(Ryu(7)=0)
T, = /T . R (T)dt ®)
R(u(t),u(t+t
Ruu(r) = ( ( )02( )) )

u
where t is the time and oy, is the variance of the streamwise velocity fluctuation. The time integral is
obtained from the data between 7 = 0 to the zero crossing point of the autocorrelation function. If the
assumption of Taylor’s frozen turbulence hypothesis is invoked the integral length scales are calculated
using the following equation where  is the mean streamwise velocity for each 600 s time period:

L; =uT; (10)

The integral time (left y-axis) and length (right y-axis) scales are presented in Figures 9 and 10
for the streamwise velocity component, with the units of time in seconds and length in meters.
These values were calculated based on 10 min velocity fluctuations. Figure 9 shows the integral
scales for a depth of 20 m above the seabed. This provides an average length scale of 18 m for the
SE—Signature 500 sensor, 22 m for the SE-RDI Sentinel and 45 m for the SP3 sensor. The SP1 sensor
experiences more consistent longer and larger flow structures for the ebb tides. Figure 10 plots this
data for all depths in the time domain, where the left-hand side plots are the time scale and right-hand
side plots are the length scale. This shows the turbulent flow structures as they move through the
water column in time. Both SE sensors show a reduced number of turbulence structures during the
ebb tide nearer the surface, for these time periods turbulent structures are largest towards the seabed.
During the flood tide the SP1 sensor shows large turbulent length scales that are relatively insensitive
to the water depth. While, the ebb tide displays a reduction in turbulent structure size for the lower
part of the water column, with the larger structures being present in the upper half. The SP3 sensor
measured larger turbulent structures that coincide with higher velocity flows i.e., these peaks occur
during both the flood and the ebb tide and minimal size structures are recorded during slack water
conditions. The vertical distribution of these flow structures shows a parabolic profile with the larger
turbulent structures towards the seabed and the surface.

3.8. Length Scales and Homogeneous Assumption

Figures 9 and 10 present the measured integral length scale for all sensors using the streamwise
flow vector. This principle is based on the assumption of flow homogeneity over the plane at which
the streamwise velocity is calculated. This distance of the homogenous flow assumption is calculated
using d = 2zsin(0), where z is the vertical distance from the sensor transceiver to the depth cell of
interest and 0 is the beam angle of the sensor. For a distance from the transceiver of 13 m and a beam
angle of 25 degrees, the length d over which flow homogeneity is assumed equates to 11 m. This leaves
a considerable number of the ambient length scales below this value, where they cannot be adequately
resolved. This is shown in Figure 11 for a distance of 13 m away from the sensor head, where the
length scales below this distance are indicated within the grey shading.
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The calculation of the individual beam length scales were also plotted as a reference value in
Figure 11. This was only possible for the SE sensor location as the sensor head transducers were
closely aligned with the flow direction for beams 1 and 3. Beam 1 had a heading of 143 degrees,
and the flood equals 150 degrees. Beam 3 had a heading of 323 degrees, and the ebb tide had a flow
direction of 320 degrees. It should be noted that the beam-wise velocity is directly taken in its raw state,
where the measured speeds are at 25 and 20 degrees off from vertical for the Signature 500 and RDI
Sentinel sensors respectively. This is compared to the streamwise flow conditions, which are shown as
calculated for the horizontal flow velocity. The average velocity, over the 600 s sample periods, is also
shown for each sensor to help indicate length scales relative to the tidal phase. This indicates a much
larger length scale for the faster flood tide than for the slower ebb tide. The comparison between the
streamwise and beam length scales shows similar values relative to the tidal phase. Large fluctuations
in length scales are particularly present in the beam 3 data. The magnitudes of the streamwise and
individual beam length scales show a good similarity, suggesting validity of both approaches. A good
correlation is observed between the beam 1 and beam 3 length scales for the RDI Sentinel sensor,
but less so for the Signature 500 sensor. Gimbal movement may cause a small misalignment in beams
1 and 3, causing the respective beams to sample slightly different regions of the flow, and this may
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to some extent explain the disparity between the length scales of beams 1 and 3. Table 2 supports
this, where the mean pitch and roll is shown to be larger for the Signature 500 device. This means
the beams are sampling slightly different regions of the water column, when compared to the RDI
instrument. Compared to the Signature 500, the RDI instrument was positioned closer to the vertical
axis. This implies a much more valid assumption of Taylor’s frozen turbulence hypothesis, as the
flow’s streamlines pass through both beams at the same distance from the sensor RDI head.
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Figure 10. The time (left) and length (right) integral scales presented in time and water depth for all
sensors. Colour scale units are presented in seconds for the left column of subplots and meters for the
right column of subplots.
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4. Discussion

This study has highlighted the difference between the two co-located SE Signature 500 and
Sentinel V50 sensors. These sensors were deployed at less than 1 m distance from each other within
the same sensor frame. It was expected that the flow speeds and turbulence parameters for these
sensors would record almost identical results. However, this was not the case. While exact sensor
setup and sampling regime would provide a more robust comparison, the setups used were within
reasonable tolerances conducive to turbulence measurements. These results should yield largely
similar outcomes, where only the very high frequency turbulence components would differ. The sensor
manufacturers, Nortek and Teledyne, were contacted in regards to data quality and measurement
validation. This concluded that both SE located datasets were confirmed as credible data sources,
with no significant defects or errors. Both hardware and firmware of both ADCPs has also been
confirmed as healthy. Further comparison of the co-located sensor’s raw data, showed the presence
of the variations in flow profile features, as shown in Figure 4, in the streamwise orientated beam
data. This suggests these differences in measurements are a result of the sensors. This measurement
campaign does not provide an explanation of the cause of this variation, but brings them to the reader’s
attention. Further explanation and validation of these measurement variations, e.g., by an attempt
to repeat the deployments, is limited due to the nature and cost of field measurements. Additional
experimental work would benefit from collecting turbulence measurements in a laboratory flow tank,
where more variables can be controlled.

69



Energies 2019, 12, 672

The analysis of the results show the RDI Sentinel sensor having a much smoother velocity profile
across the water column, whereas the Signature 500 experiences a much higher velocity variation.
The data used in this study purposely extracted the sensor information in its rawest beam velocities
format. This seems to be the case for the Signature 500 sensor, whereas the smooth profile of the
RDI Sentinel 600 suggests that some form of internal data filtering has occurred. However, this was
dismissed when contact was made with the manufacturer. When the average flow conditions are
plotted, this initially assumed data cleaning shows very little effect. However, during the turbulence
analysis, this apparent smoothing of the velocity variation causes significant effects to the turbulence
parameters. A more direct comparison should be carried out, where the sensors sample rate and
bin sizes remain constant and the sampling regime remains as similar as possible, with both sensor
head aligned in the same orientation, so a direct beam-by-beam comparison is possible. However,
the sampling regime will have to remain staggered to avoid sensor crosstalk. Based on the results
presented and discussed in the above sections, it is recommended that a standard procedure is applied
to the very basic data processing for the output of raw data for all sensor manufactures. This would
require a classification of “raw data” that only allows very basic quality controls parameters to be
applied. This would allow a reliable use of combined sensor types for turbulence quantification.

The results from the spatially distributed sensors all show turbulence levels that are consistent with
previous literature with similar flow speeds for tidal energy test sites [11,15,19,34], where turbulence
intensities are of the order of 0.1 for hub height water depths. This is with exception to the SP1 sensor,
where a much more turbulent flow is shown due to wake effects from the southern point of Eday.
This sensor experiences a very disrupted tidal flow pattern, where flow speeds during the ebb and
later part of the flood tide are significantly reduced. This shows the spatial variability of the flow field,
where large difference in flow and turbulence characteristics occur over a short distance. Based on
these measurements it seems likely that a tidal device could operate without detriment as a result of
turbulence, at the SE and SP3 locations. The SP3 sensor experiences significant turbulence and flow
disruptions making it a poor location for turbine siting.

Further work should include longer term continuous turbulence measurements, where full spring,
neap cycles are measured. Additional considerations may wish to address the impact of seasonality
on turbulence characteristics, where winter storms bring large waves to exposed tidal sites, causing
alteration to the turbulence depth profile.

5. Conclusions

This study investigates the spatial and temporal differences in turbulence in the southern entry to
the Fall of Warness tidal energy test site in Orkney. Four high-resolution bottom-mounted diverging
beam ADCPs were deployed to simultaneously collect flow characteristics for several nearby locations.
The measurements were made on a waxing lunar phase, with tides midway between neaps and springs.
The flow characteristics show an asymmetric velocity distribution, where maximum flood velocities of
2ms~! at 150° and ebb velocities of 1.2 ms~! at 315° are present within the channel. The SP1 sensor,
close to the easterly landmass in Figure 1, experiences flow interference midway through the flood tide
that persists into the ebb tide, this provides much lower velocities with a wider directional variation.

The comparison of data from two sensors deployed in the multi-carrier frame at the same location
provides different flow results and therefore different turbulence parameters. This provides uncertainty in
the accuracy of turbulence measurements using ADCPs. Further comparisons between sensors should be
tested in a more controlled environment, e.g., laboratory condition to identify the origins of these variations.

Several turbulence metrics are presented, where the variation in the velocity fluctuations are assessed
in depth and time. The turbulence intensities show higher values towards the seabed, relative to the local
velocities. The SP1 sensor shows large levels of turbulence near the surface for the flood tide and mid-water
column for the ebb tide. This is supported by the presentation of the streamwise (11w) and transverse (vw)
Reynold stresses. These stresses indicate larger vertical movement of turbulence in the transverse direction
as opposed to the streamwise component; which generally increases towards the seabed. The time and
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length integral scales show longer and larger turbulent structures during the flood tides. These larger
structures are located towards the seabed for the SP1 sensor, whereas for the SP3 sensor these structures
are shown nearer the surface. The streamwise and beam length scales were compared at a likely depth of
a turbine hub height. This showed that while the streamwise homogenous approximation should prevent
the measurement of small (<10 m) length scales, the direct comparison of the individual beam data shows
a similar agreement in the results. This shows similar magnitudes length scales across the flood and ebb
tide, with some discrepancies occurring, where individual beam data provide larger values and higher
frequency of fluctuations. The variation in turbulence between the deployment locations indicates that
turbulence values can vary highly over relatively small distances. In order to quantify turbulence for a tidal
energy test site for multiple numbers of devices, the deployment of several spatially distributed ADCPs
must be required. Caution should be exercised when applying these turbulence conditions to other tidal
energy test sites.

Further work focusses on extended deployment durations in obtaining high-resolution datasets.
These extended measurement periods will provide more data to allow a more robust quantification of
the turbulence parameters for an individual site. The presence of surface gravity waves will also be
investigated as well as the application of the fifth vertical beam.
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Abstract: A two-way coupling between the Smoothed Particle Hydrodynamics (SPH) solver
DualSPHysics and the Fully Nonlinear Potential Flow solver OceanWave3D is presented. At the
coupling interfaces within the SPH numerical domain, an open boundary formulation is applied.
An inlet and outlet zone are filled with buffer particles. At the inlet, horizontal orbital velocities
and surface elevations calculated using OceanWave3D are imposed on the buffer particles. At the
outlet, horizontal orbital velocities are imposed, but the surface elevation is extrapolated from the
fluid domain. Velocity corrections are applied to avoid unwanted reflections in the SPH fluid domain.
The SPH surface elevation is coupled back to OceanWave3D, where the originally calculated free
surface is overwritten. The coupling methodology is validated using a 2D test case of a floating
box. Additionally, a 3D proof of concept is shown where overtopping waves are acting on a heaving
cylinder. The two-way coupled model (exchange of information in two directions between the
coupled models) has proven to be capable of simulating wave propagation and wave-structure
interaction problems with an acceptable accuracy with error values remaining below the smoothing
length hspH-

Keywords: wave-structure interaction; wave propagation model; smoothed particle hydrodynamics;
open boundaries; coupling; DualSPHysics; OceanWave3D

1. Introduction

Smoothed Particle Hydrodynamics (SPH), a mesh-less method that describes the fluid as a set
of discrete elements, named particles, is typically computationally very intensive. However, recent
advances using High Performance Computing (HPC) and Graphical Processing Units (GPU) have
strongly contributed to significant gains in computational effort [1]. Despite the use of HPC and
GPU, it is still challenging to model realistic engineering problems, which are usually multi-scale
problems. This research tries to mitigate this problem statement by studying the possible reduction
of the required SPH computational domain. This can be done by coupling SPH to a faster external
numerical model which can deal easily with large computational domains. This requires accurate and
stable boundary conditions. Both the development of accurate boundary conditions and the coupling
of SPH to external models are part of the SPHERIC Grand Challenges [2], which list the key issues to
be addressed in order to make SPH a mature method. In literature, there are several research examples
where coupling was applied involving SPH methods. A general algorithm for one-way (exchange

Energies 2019, 12, 697; doi:10.3390/en12040697 73 www.mdpi.com/journal/energies



Energies 2019, 12, 697

of information in only one direction) coupling of SPH with an external solution has been proposed
in Bouscasse et al. [3]. The interaction between the SPH solver and the external solution is achieved
through an interface region containing a so-called “ghost fluid”, used to impose any external boundary
condition. In Fourtakas et al. [4], a hybrid Eulerian-Lagrangian incompressible SPH formulation is
introduced, where two different SPH formulations are coupled, rather than two completely different
solvers. The SPH solver DualSPHyics has been coupled in Altomare et al. [5] and Altomare et al. [6],
where a one-way coupling was realized with the wave propagation model SWASH [7]. A numerical
wave flume has been created to simulate wave impact and run-up on a breakwater. The first part of
the used numerical flume is simulated using the faster SWASH model, while the wave impact and
run-up are calculated using DualSPHysics. Here, a one-way coupling is sufficient, since there is only
interest in the impact of waves on the breakwater. In Kassiotis et al. [8], a similar approach has been
adopted, where a 1D Boussinesq-type model is applied for wave propagation in the largest part of the
spatial domain, and SPH computations focus on the shoreline or close to off-shore structures, where a
complex description of the free-surface is required. In Narayanaswamy et al. [9], the Boussinesq model
FUNWAVE [10] was coupled to DualSPHysics, where the key development was the definition of
boundary conditions for both models in the overlap zone. A wave generator in SPH moved according
to the velocities from the adjacent Boussinesq nodes. Similarly, an incompressible SPH solver has been
coupled to a nonlinear potential flow solver QALE-FEM [11] in Fourtakas et al. [12]. In Chicheportiche
et al. [13], a one-way coupling between a potential Eulerian model and an SPH solver is realised,
applying a non-overlapping method using the unsteady Bernoulli equation at the interface. These
studies applied coupling to speed up the simulation time by minimizing the computationally intensive
SPH domain. Other studies apply coupling to combine both the benefits of mesh-based and mesh-less
Computational Fluid Dynamics (CFD) methods. In Didier et al. [14], the wave propagation model
FLUINCO [15] is coupled to an SPH code, and validated with experimental data of wave impact on a
porous breakwater. A hybrid multiphase OpenFOAM-SPH model is presented in Kumar et al. [16],
where the SPH method is used on free surfaces or near deformable boundaries, whereas OpenFOAM
is used for the larger fluid domain. A similar coupling is used, where breaking waves are modelled
with SPH and the deeper wave kinematics are modelled with a Finite Volume (FV) method. This has
been demonstrated in Marrone et al. [17] for a Weakly-Compressible SPH (WCSPH) solver and in
Napoli et al. [18] for an Incompressible SPH (ISPH) solver. This research focuses on applying open
boundaries in a two-way coupling methodology (exchange of information in two directions between
the coupled models) between the Fully Nonlinear Potential Flow (FNPF) wave propagation solver
OceanWave3D [19] and the WCSPH solver DualSPHysics [20]. A first version of this coupling has
been introduced in Verbrugghe et al. [21]. However, instead of open boundaries, moving boundaries
were applied to transfer the orbital velocities from the wave propagation model to the SPH solver.

Typically, the numerical domain for wave propagation modelling in DualSPHysics is at least 3—4
wavelengths long [5]. Combined with a required small particle size to accurately reproduce the surface
elevation, this leads to computationally intensive simulations. This research is aimed at reducing the
necessary fluid domain, and providing accurate boundary conditions capable of active wave generation
and wave absorption by applying a coupling with a wave propagation model. In this manner, realistic
open sea conditions can be simulated where waves enter on the left-hand-side of the fluid domain
and exit freely on the right-hand-side of the fluid domain. The WCSPH solver DualSPHysics and the
FNPF solver OceanWave3D are used here to demonstrate the coupling methodology, using the recently
developed open boundaries [22-24]. The open boundary formulation applies so-called “buffer zones”
containing layers of buffer particles, positioned adjacent to the fluid domain. Buffer particles are
used to enforce certain conditions in the presence of fluid inlets and outlets. Particularly, the physical
information of buffer particles can be imposed by the user a priori or can be extrapolated from the
fluid domain with a procedure, which is first-order consistent.

Although these open boundaries are similar to what was presented by Ni et al. [25], there are
some key differences making the formulation used here by Tafuni et al. [24] more flexible. Firstly,
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flow reversion problems can not be simulated with the method by Ni et al. [25]. Secondly, there is no
possibility to extrapolate flow quantities using ghost nodes. Thirdly, the method to impose free surface
elevation is different. Fourthly, the applied velocity profiles and corrections are depth-averaged. Lastly,
only 2nd order wave generation is possible, where the method introduced here is compatible with up
to 5th order generation.

Applying open boundaries for wave generation and wave absorption is meant to cover those
cases where classical wave generation techniques can fail or are very computationally expensive, e.g.,
open sea states, simulating floating structures and energy devices, wave breaking conditions, etc.
Additionally, the buffer zones in the open boundaries accept physical information from any source:
e.g., linear wave theory, nonlinear wave theories, external numerical models such as CFD models,
or even measurement data.

The presented two-way coupling methodology expands the current SPH state-of-the art with the
following features:

e Accurate wave generation and wave absorption through coupling an SPH solver to an FNPF
solver using the open boundary formulation by Tafuni et al. [24],

e Having an online exchange of information in two directions between the SPH solver and the
ENPF solver.

This paper is structured as follows: in Section 2, the theoretical background of the SPH method
is given, while Section 3 is focusing on the specific boundary conditions available in DualSPHysics
which are applied in this research. Section 4 introduces the coupling methodology between the
wave propagation model OceanWave3D and the SPH solver DualSPHysics. This methodology is
demonstrated and validated in 2D in Section 5 and a proof-of-concept in 3D is demonstrated in
Section 6. Finally, some concluding remarks are given in Section 7.

2. Smoothed Particle Hydrodynamics

The solver used for the detailed modelling of the wave-structure interactions is DualSPHysics [20].
DualSPHysics applies the SPH formulation, a mesh-less method that describes the fluid as a set of
discrete elements, named particles. The following section explains the general SPH theory behind
Dualsphysics, as reported in Crespo et al. [26].

2.1. SPH Fundamentals

The physical properties of a particle 4, determined by the Navier-Stokes equations, can be
calculated by interpolation of the values of the nearest neighbouring particles. The contribution of the
neighbouring particles is weighted, based on their distance to particle a, using a kernel function W,
and a smoothing length hspr. When a particle is at a distance larger than 2hgpy; away from particle 4,
the contribution can be neglected.

Fundamentally, any function F(r), defined in the distance between two particles r’, is estimated
by integral approximation:

FX) = [ F()W(r ' hspr)d. &
In order to numerically solve Equation (1), discretization is necessary. In its discrete form, the

integral approximation transforms into an interpolation at a given location (or particle a) and a
summation over all the particles within the region defined by the kernel support:

F(r) ~ Y F(ry)W(ts — 1y, hp) AV )
b
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Here, AV}, is the volume of the neighbouring particle b. If AV}, = my,/p},, with m;, and p;, being the
mass and density of particle b, then Equation (2) becomes:

F(r,) = ZF(rb)%W(ra — 1y, hispH). ®3)
)

The choice of the kernel function has a large influence on the performance of the SPH method.
The kernel is expressed as a function of the non-dimensional distance between particles g = r/hgpy.
Here, r is the distance between a certain particle 2 and a particle b. The smoothing length hspyy defines
the area around particle a in which the contribution of neighbouring particles is considered. In this
work, to ensure stability with a high number of particles, a Quintic kernel is applied [27] with an
influence domain of 2hgpy, defined as:

q 4
Wighsen) =ap (1-7) (29+1)  0<g<2. @

In DualSPHyics, ap is set to 7/ 47th§PH (2D).

2.2. Governing Equations

The governing equations to model fluid dynamics are the Navier-Stokes equations. In their SPH
formulation, the momentum conservation is expressed as:

dv P, P,
T: ==Y 'm <ps+p;+nab> VoW + 8. ()
b b Pa

In Equation (5), P; and P, is the pressure of the particle 2 and b respectively, while p, and pj,
are the density of the particle a and b, respectively. The viscosity term 11, is based on the artificial
viscosity scheme, as proposed by Monaghan [28]. It is a common method used in SPH to introduce
viscosity, mainly due to its simplicity. It is defined as:

*“%I‘ah Vb Tap <0,

ai

g = (6)
0 Vap - Tap > 0.

With the mean density p,, = 0.5(p4 + p), the distance between particle a and b as r,, = 1, — 14
and the velocity difference as v,;, = v, — v;,. The mean speed of sound is denoted ¢,; and « is a
coefficient that needs to be set by the user to ensure a proper dissipation of density fluctuations. In this
work, the value of « is set to 0.01, based on Altomare et al. [29], where wave propagation and wave
loadings on coastal structures were studied.

DualSPHysics applies a WCSPH formulation. This means that the mass m of every particle is
kept constant, while only their density p fluctuates. These fluctuations are calculated by solving the
continuity equation, expressing the conservation of mass. In WCSPH formulation, this is defined by:

% = ;mbvub Vi Wep. @)

Using a weighted summation of the mass terms would result in a density decrease in the interface
between fluids, near the free surface and close to the boundaries. For this reason, a time differential is
used, as suggested in Monaghan [28].

One of the main reasons for large computation times in WCSPH is the necessity for a very small
time step At due to the inclusion of the speed of sound c. However, the compressibility can be adapted
by artificially setting the speed of sound c to a lower value, resulting in a reasonable At. This enables
the use of an equation of state to determine the pressure P of the fluid. This method is considerably
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faster than solving the Poisson’s equation, appearing in an incompressible SPH (ISPH) approach.
Some ISPH benchmark cases can be found in Shao and Lo [30,31]. According to Monaghan [32] and
Batchelor [33], the relationship between density p and pressure P follows Tait’s equation of state;
a small density oscillation will lead to large pressure variations:

roal2)' -]

Here, B is related to the compressibility of the fluid, while py is the reference density of the fluid,
which is set to 1000 kg/m? in this work. The parameter v is the polytrophic constant, ranging between
1 and 7. The maximum limit for p is set as B = c2pg/y. Consequently, the choice of B is of high
importance, since it determines the value of c. As mentioned before, c can be artificially lowered to
ensure a reasonable time step [32]. However, in DualSPHysics, c is kept at least 10 times higher than
the maximum expected flow velocity v.

The time integration of Equations (5) and (7) can be performed using a Verlet scheme or a two-stage
Symplectic method. The latter is time reversible in the absence of friction or viscous effects [34]. In this
work, both schemes are applied, where the explicit second-order Symplectic scheme has an accuracy
in time of O(At?) and involves a predictor and corrector stage. An explicit time integration scheme is
applied, depending on the Courant-Friedrichs-Lewy (CFL) number, the force terms and the viscous
diffusion term. This results in a variable time step At, calculated according to Monaghan and Kos [35].

2.3. Delta-SPH Formulation

The state equation mentioned in Section 2.2 describes a very stiff fluid density field. Unfortunately,
this can lead to high-frequency low-amplitude oscillations in the density scalar field [36]. This effect is
enlarged by the natural disordering of the Lagrangian particles. In order to mitigate these pressure
fluctuations, a delta-SPH formulation can be applied. This is performed by adding a diffusive term to
the continuity Equation (7), which was originally introduced by Molteni and Colagrossi [36]:

d Tap - VaWgp m
7Pa = Zmbvah . VﬂWab + 2(5<I>hCO Z(‘Db - ‘Oa)iﬂb 211 ab J (9)
a5 b Tap b

Here, 6 is a coefficient that needs to be appropriately selected by the user. Physically,
the delta-SPH formulation can be defined as adding the Laplacian of the density field V?p to the
continuity equation. The influence of this added term in the continuity equation has been carefully
studied by Antuono et al. [37]. There, the convergence was analysed by decomposing the Laplacian
operator, together with a linear stability analysis to investigate the influence of . Within the fluid
domain bulk, Equation (9) represents an exact diffusive term. However, close to open boundaries such
as the free surface, the behaviour changes. There, the kernel is truncated (there are no particles sampled
outside of an open boundary), which results in a net first-order contribution [37]. Consequently, a net
force is applied to the particles. For non-hydrostatic situations, this force is not considered relevant,
since the magnitude is negligible with respect to any other involved forces. Antuono et al. [37] did
propose corrections to this effect, but they require a large computational cost since the correction
involves the solution of a re-normalization problem for the fluid density gradient. Within this work,
the recommended delta-SPH (d¢) coefficient of 0.1 [20] is applied within DualSPHysics.

3. Boundary Conditions in DualSPHysics

3.1. Open Boundary Conditions

The implementation of open boundaries in DualSPHysics is discussed in detail in Tafuni et al. [24].
Inflow and outflow buffer zones are defined near the inlets and outlets of the computational domain
of DualSPHysics.
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The implemented open boundary condition is illustrated in Figure 1, where a fluid is flowing near
a buffer zone, implemented as an open boundary. The buffer zone is located in between the domain
edge and the threshold boundary, which separates the fluid domain from the buffer zone. The buffer
zone is filled with layers of SPH buffer particles on which boundary conditions can be imposed. The
buffer size should be at least equal to or larger than the kernel radius. This is necessary to have full
kernel support for the fluid particles close to the threshold boundary. In the present research, the buffer
zone width is chosen as 8 - d;, in the direction normal to the open boundary, where d, is the particle
size adopted in DualSPHysics. There are two possibilities to provide physical information to the buffer
particles: physical quantities are either imposed by the user or extrapolated from the fluid domain
using so-called “ghost nodes”. As illustrated in Figure 1, the positions of the ghost nodes are calculated
through mirroring of the buffer particle locations into the fluid domain, this along a direction which is
perpendicular to the open boundary. When the fluid quantities are calculated at the ghost nodes, a
standard SPH particle interpolation would not be consistent. Due to the proximity to an open boundary,
the kernel would be truncated. Therefore, the method proposed by Liu and Liu [38] is applied to
obtain first-order kernel and particle consistency. More specifically, a multi-dimensional, first-order
Taylor series approximation of the field function f(x) is multiplied by the kernel function evaluated at
particle k, Wi (x). The series approximation and its first order derivatives, Wy 5(x), are given by:

[ FOOWx)dx = fic [ Wi(xdx+ fig [ (x=x)We(x)ix, (10)

[ FOOWip(0x = fi [ Wip(xx+ fip [ (x = x10) Wep(x)dx. an

Here, B is an index ranging from 1 to J, the amount of dimensions. A system of J + 1 equations in
0+ 1 unknowns, fi and fi g is formed. The solution to the system is given in particle notation:

Y fiWeipAVi - Li(xi — xx) Wi pAVi

Y fiWeAV:  Yi(xi — xx) Wi AV;
fe= ‘ , (12)

Yi fOOWRAV:  Yi(xi — ) WAV,
Li fOOWiipAV; i (xi — X)) Wi gAV;

YiWLAV: X fiWkAV;
YiWiipAVi X fiWki pAVi
YiWkAV;  Ti(xi — xi) WAV,
i Wi pAVi - Xi(xi — xi) Wii g AV

frp = . (13)

Next, the value of f, at the open boundary can then be found using the corrected values of f; and
fxp at the ghost nodes:

fo=fi+ (xo =) - V. (14)

Here, V f, is the corrected gradient at the ghost nodes.

The open boundary algorithm introduces several new features that make SPH more applicable to
real engineering problems. The first one is the possibility of using buffer zones to impose time-varying
velocity and pressure profiles, as well as pressure and velocity gradients along a specified direction.
Next, a variable free-surface elevation can be imposed, which is an essential prerequisite in free-surface
flow problems where waves can enter and exit the computational domain. Finally, the buffer zones are
characterised by a dual behaviour, allowing both inward and outward flows, making flow reversion
possible. Consequently, when flow velocities are extrapolated from the fluid domain, mixed velocity
fields are possible where part of the buffer zone contains fluid particles entering the domain, and
another part contains fluid particles leaving the domain. This can be specifically important in studying
flow problems where modelling of strong rotations or oscillations is necessary. This flexibility is an
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important distinctive feature. The open boundary algorithm is available on both the parallel CPU and
GPU versions of DualSPHysics. This results in considerable speed-ups when the code is running on
powerful GPUs or large CPU clusters. This is particularly necessary when simulating real engineering
problems. There, a large number of particles is required to simulate high-resolution flow problems
with complex geometries, while maintaining a reasonable computation time.

3.2. Fixed Boundary Condition with Pressure Correction

Within DualSPHysics, fixed boundaries are normally realised using a set of particles called
dynamic boundary particles [39]. These dynamic boundary conditions (DBC) have the advantage of
being applicable to arbitrary 2D and 3D shapes, and provide good validation in many engineering
problems. However, they are prone to unphysical fluid density and pressure values. Additionally, they
exert high repulsive forces on the fluid particles, resulting in a separation distance. Within this work,
a correction is applied to the dynamic boundary particles which resolves these issues. The DBC are
here approached as a special case of an open boundary, more specifically one where the velocity of the
buffer particles is zero, and the pressure is extrapolated from the fluid domain. This is similar to the
approach by Marrone et al. [40]. The applied correction leads to less pressure oscillations in the fluid
domain, and solves the occurrence of an unphysical gap between the boundary particles and the fluid.
A downside of this method is the larger computation time, since both the continuity and momentum
equations need to be solved for DBC and a unit vector, normal to the DBC, needs to be calculated for
each boundary particle.

Buffer zone

Buffer particles
/{\ Euffer threshold Fluid particles
7N

Ghost nodes

Domain edge

00000O0OOCGO
00000OGOO
2

Solid boundary particles

Figure 1. Sketch of the implemented open boundary model, adapted from Tafuni et al. [24].

3.3. Comparison to the State-of-the-Art

A very similar implementation of the open boundaries presented in this work has been introduced
by Ni et al. [25], as was already mentioned in the Introduction. This section explains the main
differences to the open boundaries as implemented by Tafuni et al. [24] in more detail.

The main similarity between both methods is the use of buffer particles on which physical
quantities such as velocity and surface elevation can be imposed. However, there are a few importance
differences to be listed. Firstly, according to Ni et al. [25], the open boundaries are either an inlet or an
outlet, while the implementation by Tafuni et al. [24] is more flexible and allows flow in both directions
within one buffer zone. This makes it applicable to flow-reversion problems. Secondly, there are no
ghost nodes to extrapolate physical quantities from the fluid domain to the buffer particles. Thirdly,
the method to impose variable free surface in the buffer zone is different. Inter-particle distance is
stretched out for fluctuations smaller than dp. When the necessary change is equal to or larger than
dp, an extra row of particles is added. Here, the inter-particle distance in the vertical direction is kept

79



Energies 2019, 12, 697

constant, and a new row of particles is added when necessary. Fourthly, the applied active wave
absorption at the inlet is similar to what is used in this work, but they impose a uniform incident
velocity profile instead of correcting a variable profile with a uniform correction. Lastly, only first-order
wave theory is used for the regular waves, as well as a simple solitary wave. The method presented
here allows Stokes 5th order wave theory to be used as well as external input from OceanWave3D to
produce accurate nonlinear waves.

4. Coupling Methodology Using DualSPHysics and OceanWave3D

As mentioned before, SPH simulations are very computationally intensive. The flow and pressure
fields required from a wave energy converter (WEC) SPH model are often limited to a zone closely
spaced around the floating WEC. However, there is a spatial need to allow for proper wave generation
and wave absorption, around 3—4 wavelengths long. This leads to a significant increase in water
particles, and thus higher computation times. Moreover, wave generation techniques available in
DualSPHysics are limited to first and second order wave generation by using piston-type or flap-type
wave paddles. This generation type requires a certain propagation length before the full kinematics
and surface elevation are developed. Within this research, the objective is to simulate higher-order
(up to fifth-order) regular and irregular long-crested waves in a domain which is as small as possible.
In an attempt to answer both the problem of computational performance and the problem of wave
generation, a coupling methodology as illustrated in Figure 2 is developed.

OceanWave3D domain

Interface 1 Interface 2

Nows3b,in

NawAs in NawAs, out

N
WAVE
GENERATION

i WAVE
ABSORPTION

T
0y (Xreqrt)

WG, WG,y
inlet . L Mwe gt outlet
T WG, in -
Y 0 1
° °

DualSPHysics domain

Figure 2. General sketch of coupling methodology between the OceanWave3D domain (top) and the
DualSPHysics domain (bottom).

Here, a DualSPHysics fluid domain with a length of one wave length Ly, is chosen, with an inlet
on the left-hand-side of the domain and an outlet on the right-hand-side of the domain (see Figure 2).
Each buffer zone consists of eight layers of buffer particles. A sensitivity analysis illustrated in Figure 3
has shown that wave propagation results are accurate for buffer zones with at least eight layers. The
dimensionless ratio Kp = PII{’,”;“S;’;Z’ , with H the wave height, is shown as a function of the normalized
position x/ Lyay for a Stokes thpird-order wave. The number of buffer particle layers 7, is varied from 1

to 16 and is doubled at each iteration.
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0 X/Lwav [-] 1

Figure 3. Sensitivity analysis on the number of buffer particle layers 1; necessary for accurate wave
propagation, represented by the ratio Kp along the fluid domain.

The OceanWave3D domain is considerably larger and is often chosen as a multitude of wave
lengths (e.g., 10). The wave generation zone measures around 2 - Ly, While the wave absorption zone
is taken as at least 3 - Lygo. The grid size d, is set as a multitude of the SPH inter-particle distance
dy = n-dy. Here, nis set to be equal to 5. The physical quantities imposed on the SPH particle
then originate from OceanWave3D. At the inlet, horizontal orbital velocities 11 and surface elevation
ow3D,in Originating from interface 1 are imposed on the buffer particles, while the pressure is set to
be hydrostatic. At the outlet, only the horizontal orbital velocities u, originating from interface 2 are
imposed, the surface elevation and pressure are extrapolated from the fluid domain (see Table 1). No
vertical orbital velocities are applied, since there is no accuracy benefit by imposing vertical velocities,
but there is a negative impact on stability, since the particle spacing increases vertically, leading to a
reduced kernel support. To mitigate this problem, we managed to impose both horizontal and vertical
velocities to the buffer particles, but only update the particle positions according to the horizontal
velocities. However, no difference was noticed in the accuracy of the measured velocity fields and
surface elevations. For this reason, only the horizontal orbital velocities were imposed.

Table 1. Imposed and extrapolated quantities for inlet and outlet buffer particles (Imp = imposed, Ext
= extrapolated, Hyd = hydrostatic).

Quantity Horizontal Velocity #  Vertical Velocity w  Surface Elevationy Pressure p

inlet Imp No Imp Hyd
outlet Imp No Ext Ext

By imposing horizontal velocities on both the inlet and outlet, the hydrodynamic problem becomes
over-constrained, which can result in unwanted wave reflections in the fluid domain. Additionally,
when a floating or fixed structure is positioned in the fluid domain, waves will reflect on the structure
and transform around it. The open boundaries should be able to compensate for the reflected waves
and the outlet needs to absorb the transformed wave effectively. In this research, this is done by
applying velocity corrections at the inlet and the outlet, based on the measured free surface close to the
buffer zones, specifically at a distance of 8 - d,. This distance has been selected based on a sensitivity
analysis, illustrated in Figure 4. The same Stokes third-order wave was simulated, each time varying
the wave measurement distance dy from 1-d), to 16 - d;,. For a value of dyyg equal to 8 - d, the wave
measurement location is close enough to the buffer zone to have a minimal phase difference, but far
enough to avoid inaccuracies due to transitional effects between the buffer zone and the fluid domain.
In Figure 2, these measuring locations are denoted as WG;,, (Wave Gauge) and WG,y;. The applied
velocity correction is a shallow water wave correction based on the measured reflection [41], but is
implemented differently depending on the inlet or the outlet.
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Figure 4. Sensitivity analysis on distance dyy; from the wave measurement locations WG;,, and WGyt
to the inlet/outlet buffer zone, necessary for accurate wave propagation, represented by the ratio Kp
along the fluid domain.

4.1. Inlet Velocity Correction

At the inlet, the objective is to generate always the required incident wave. The surface elevation
is measured directly outside of the inlet, and the velocity is corrected to ensure that the generated
surface elevation matches the theoretical one. In case a higher surface elevation is measured than what
was imposed, the corrected velocity should be lower than the originally imposed profile, in order
to compensate the excess of velocity, since that profile leads to wave reflections in the fluid domain.
Within the code, this correction is implemented as follows:

Ui (z,t) = u1(2,t) = [TwG,in — NAWAS,in] - \/% (15)

Here, u;, is the horizontal velocity at the inlet, u; is the imposed horizontal velocity coming
from OceanWave3D, 17y in is the measured free surface elevation near the inlet, 174was,in is the
OceanWave3D free surface measured at the location of WG, g is the earth’s acceleration and d is the
water depth. This correction is similar to the active wave absorption applied in Altomare et al. [42],
although there it was used to correct the displacement of a piston-type wave maker formed by moving
boundary particles instead of buffer particles.

4.2. Outlet Velocity Correction

At the outlet, the objective is to absorb any wave propagating towards the outlet. Technically,
the applied open boundaries do not absorb the waves, but rather try to match the velocity field present
in the fluid domain as close as possible, creating an “open door’ for the propagating wave. The
surface elevation 77y oyt is measured directly outside of the outlet, and compared to the calculated
OceanWave3D free surface 174was,ou+ at the location of WGy The velocity u,y; is then corrected to
ensure that the imposed velocities 1, match the measured ones. In case a higher surface elevation
WG out is measured than what was imposed 77 4was out, the corrected velocity 1, should be higher
than the originally imposed velocity u. Otherwise, discontinuities in the velocity field would occur,
which would induce unwanted reflected waves into the domain:

uDMi(Zrt) = uZ(Z/t) - [WAWAS,OLH - WWG,out} . \/% (16)

4.3. Coupling Algorithm

The implementation of the coupling is illustrated in Figure 5. The detailed wave—structure
interactions are calculated with the latest version of DualSPHysics (v4.2.030). As mentioned in Section 4,
velocity corrections need to be applied for accurate representation of the free-surface elevation and
the wave kinematics. For this reason, a two-way coupling is realised between a Python [43] program
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and DualSPHysics. Rather than a direct coupling between OceanWave3D and DualSPHysics, Python
is used as an intermediate communication step. This allows for the coupling to be more generic,
and not exclusively applicable to OceanWave3D. Additionally, the use of Python allows the user to
monitor the simulation and easily perform accuracy checks on the transferred data. The Transmission
Control Protocol (TCP) is used for the data transfer. At the start of the simulation, a dedicated port
(50007) is opened to allow communication. At the start of each time step, Python sends both the inlet
and outlet velocities and the inlet surface elevation to DualSPHysics. At the end of the time step,
DualSPHyics sends back the measured surface elevation near the inlet and outlet. In Python, the
velocity corrections are calculated and applied to the originally imposed horizontal velocities. With
this coupling methodology, any data can be used to impose horizontal velocities and surface elevation
to the inlet and outlet buffer zones. For example, wave theory solutions are an excellent method to
provide the model with accurate orbital velocities and surface elevations. Alternative to using wave
theory, and as demonstrated in this paper, the wave propagation model OceanWave3D can be coupled
to DualSPHysics using the MPI protocol for data transfer. Here, the use of a TCP port was not possible
due to compatibility issues with the OceanWave3D Fortran code. Although the coupling methodology
is here specifically introduced for ocean wave simulations, it can be generalised to a more generic
application. Specifically, the implementation using Python as an intermediate communication process,
and using TCP sockets and the MPI protocol to send data from one software package to another, can
be applied to other research domains as well. For example, an open channel flow modelling tool can
be coupled to SPH to simulate river flow dynamics, or a 1D pipe flow hydraulic model can be coupled
to SPH to simulate pressurized flow problems. However, a detailed study of the applicability of the
methodology falls outside the scope of this research.

Wave Theory ——~—

OceanWave3D

External Data ——~ |

Figure 5. Coupling implementation scheme showing several options to generate and absorb waves
within a two-way coupled model: wave theory solutions, the wave propagation model OceanWave3D
or any external data.

Apart from the implementation, a schematic representation of the coupling algorithm is
illustrated in Figure 6. The most complex coupling is discussed here, being the two-way coupling
with OceanWave3D. The coupling communication occurs at the beginning and at the end of an
OceanWave3D time step, which is referred to as the “communication time step”. Due to the larger grid
size and simplified equations in OceanWave3D, the communication time step is considerably larger
than the DualSPHysics time step. This means that DualSPHysics performs multiple smaller time steps
during one communication time step. At the beginning of a communication time step, the horizontal
orbital velocities at the inlet and outlet locations, 17 and u5, are calculated in OceanWave3D, as well
as the surface elevation of the complete OceanWave3D domain #ow3p, and sent to the Python
programming using the MPI protocol. Simultaneously, Python receives the measured surface elevation
from DualSPHysics near the inlet and outlet #yy¢ iy /our- The velocity correction is calculated using
1awas,in and 1 awas,out, resulting in the corrected orbital velocities u;,,,,; which are sent back to
DualSPHysics, together with the surface elevation at the inlet 17ow3p,in. The quantities are imposed
within the inlet and outlet buffer zones and the DualSPHysics simulation calculates multiple time steps
until the communication time step is reached. The surface elevation from DualSPHysics #spy is sent
to Python, where the signal is filtered and sent back to OceanWave3D as 77, to overwrite the original
result. To ensure a smooth transition between the DualSPHysics free surface and the OceanWave3D
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free surface, a relaxation functions f,,; is applied (see Figure 7). The applied function f,,; is the same as
is applied within OceanWave3D’s generation and absorption relaxation zones. Within the relaxation
zone, the filtered solution 77, is then obtained as given in Equation (18), with B the length of the zone,
x the location within the relaxation zone and x the reference location of the relaxation zone:

e = (1= fr1) - lowsp + fret “ spPH, 17)
1\
frEZ = ( B ) . (18)

Time step loop

» F B B B B B B B B B B B B B BN B B |

O & Uiz i NAWAS,in T

n v Nowsp y Nawas,out Ney

8 [ T Uinout COMTection ium/wt T filtering
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Figure 6. Schematic representation of the coupling algorithm during one communication time step.
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DualSPHysics domain

|
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OceanWave3D DualSPHysics
1'frel

Xo —> X

Figure 7. Sketch of 'relaxation zones’ providing a smooth transition between the OceanWave3D domain
and the DualSPHysics domain.

5. 2D Coupled Model: Validation

First, the two-way coupling between DualSPHysics and OceanWave3D is validated in 2D. The
coupling is applied to compare the response of a box, floating in three degrees of freedom (heave,
surge and pitch) to experimental data, as described in Ren et al. [44]. The numerical test set-up is
illustrated in Figure 8. The full OceanWave3D domain has a length of 20.0 m, while the DualSPHysics
domain is 6.12 m long (three wave lengths) and starts at x = 4.0 m. The floating box is positioned
at x = 5.5 m in a water depth of d = 0.4 m and has the dimensions 0.3 m x 0.2 m (length x height)
with a draft g,y = 0.1 m. A regular wave with wave height H = 0.1 m and wave period T = 1.2 s is
generated, characterised as a Stokes third-order wave. A particle size of d,, = 0.01 m is used. The SPH
domain is chosen to be larger than one wavelength L4, since the box is freely floating and will drift
in the x-direction over time.

84



Energies 2019, 12, 697

OceanWave3D domain

DualSPHysics domain

3 LWA\/

o
0.1m] MECSEN |
0.3 m

GENERATION |d = 0.4 m ABSORPTION

x=0m "X XE4m

20.0m

Figure 8. Numerical test set-up for simulation of the response of a floating box to a custom wave signal.
The DualSPHysics domain and OceanWave3D domain are indicated. Ly is the wavelength.

5.1. DualSPHysics Solver Options

The efficiency and accuracy of DualSPHysics was investigated in Altomare et al. [45] for wave
propagation and absorption showing good agreement between numerical results and experimental
data. Accordingly, similar DualSPHysics solver options used for that work will be used here to perform
the numerical simulations. The solver options used in this section are summarized in Table 2. The time
integration scheme is chosen to be the Verlet scheme, employing a variable time step based on the
CFL number. The chosen kernel is the Wendland kernel with a smoothing length of hspy = 2.0 - dy,.
The artificial viscosity is set to be « = 0.01. Tait’s equation of state is applied to calculate the fluid
pressures. The boundary conditions are the open boundaries introduced by Tafuni et al. [24] and some
numerical diffusivity is added by applying a 6-SPH treatment with a coefficient of 6 — SPH = 0.1.
These parameters have been thoroughly studied in Verbrugghe [46] and have proven to lead to accurate
wave propagation within DualSPHysics. There, a convergence analysis has proven a convergence
rate in between first-order and second-order, and a thorough validation study of the wave dynamics
was performed.

Table 2. SPH formulation and parameters.

Time Integration Scheme  Verlet

Time Step Variable (including CFL and viscosity)
Kernel Wendland

Smoothing Length 20-d,

Viscosity Treatment Artificial (« = 0.01)

Equation of State Tait equation

Boundary Conditions Open Boundary Conditions

5-SPH Yes (3-SPH = 0.1)

5.2. Results and Discussion

Both a one-way coupling and two-way coupling are compared to the experimental data, and the
corresponding errors are illustrated in Figure 9. In the one-way coupling, OceanWave3D only provides
the horizontal orbital velocities to the inlet and outlet zone, and the surface elevations for the inlet and
the calculation of the velocity corrections. For the two-way coupling, the surface elevations from the
DualSPHysics domain are transferred back to the OceanWave3D domain, where the original solution is
overwritten. The part close around the floating box is not coupled back, since the ‘measured’ SPH free
surface elevations are not physical there. The top three graphs of Figure 9 show a direct comparison
between the experimental and numerical results for the heave motion, the pitch motion and the surge
motion, respectively. Qualitatively, a good correspondence between the numerical and experimental

85



Energies 2019, 12, 697

results is shown. Specifically, the heave and pitch motions are accurately reproduced. In order to
quantify the accuracy of the results, the difference between the experimental and numerical results
is calculated and illustrated in the bottom three graphs of Figure 9. The error on the heave motions
remains well below the smoothing length /1 = 0.02 m. Additionally, it can be noticed that the result
from the two-way coupling has a lower error than the result from the one-way coupling. The pitch
error stays below 3.5 degrees, which is around 10% of the total pitch motion range, and there is no
clear distinction in the error between the one-way coupling and the two-way coupling. The error on
the surge motion is less satisfactory. Here, both the one-way coupling and two-way coupling are less
capable of modelling the cyclic surge path, the net drift in the x-direction is even less accurate for the
two-way coupling as for the one-way coupling. However, since the error on the surge motion logically
becomes larger in time, the results are still acceptable.

Additionally, the instantaneous surface elevation profile at t = 15 s of DualSPHysics and
OceanWave3D is compared in Figure 10. Here, the part close to the floating box is masked out since
there is no coupling performed there. Three surface elevation profiles are plotted. For the two-way
coupling methodology, both the OceanWave3D and DualSPHysics profile are plotted. Normally,
these lines are expected to be exactly the same, since the original OceanWave3D surface elevation is
overwritten. However, relaxation functions are applied to ensure a smooth transition between the
OceanWave3D solution and the DualSPHysics solution. In Figure 10, this can be noticed close to the
masked out zone both solutions match perfectly. Behind the masked-out zone, both solutions remain
the same until they slightly differ again at the boundary of the SPH zone (x = 10.12 m). As a reference,
the OceanWave3D solution for a one-way coupling is shown as well. Here, there is no influence from
the DualSPHysics solution, and OceanWave3D propagates waves as if there is no floating box present.
Nevertheless, this does not impact the accuracy of the results significantly, as proven in Figure 9.
In general, it can be concluded that the one-way coupling is slightly more accurate than the two-way
coupling. The advice is to only apply the two-way coupling methodology, when there is a significant
wave transformation effect around the structure, which needs to be propagated further within the
larger OceanWave3D domain. For example, modelling a WEC device that extracts a significant amount
of energy from the waves will result in a significant reduction of wave height behind the device. When
it is required to model the further propagation of that reduced wave within the larger OceanWave3D
domain, a two-way coupling should be applied. Otherwise, when there is no interest in the wave field,
far away from the DualSPHysics domain, the one-way coupling is advised.
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Figure 9. Comparison of time series and error between numerical and experimental results of
the three degrees of freedom of the box with heave, pitch and surge motions (top three graphs).
The difference between the numerical results and the experimental results is expressed in the error
values for heave erry, pitch errp and surge errg (bottom three graphs).
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Figure 10. Comparison of the instantaneous surface elevation profile between one-way and two-way
coupling results of OceanWave3D and DualSPHysics. The grey masked out zone is the region around
the floating box, omitted from the coupling.

6. 3D Coupled Model: Proof-of-Concept

In this section, the introduced coupling methodology is extended to a 3D domain. A one-way
coupling with a fifth-order Stokes wave theory is applied. The buffer zones are stretched in the
y-direction, perpendicular to the 2D plane of the 2D validation case, and the imposed quantities
are constant in that y-direction. This means 3D simulations are restricted to long-crested waves.
Consequently, the coupling methodology can be used to model wave flume type experiments where
significant 3D effects are present. To demonstrate this, a heaving disk is simulated, impacted by steep
nonlinear waves. This results in nonlinear wave surge forces and wave overtopping.

6.1. Experimental Set-up

Experiments have been performed in the large wave flume of Ghent University (see Figure 11).
The flume is 30.0 m long and 1.0 m wide. A cylindrical WEC with a diameter of D = 0.5 m is positioned
at a distance of 10.6 m from the wave paddle. The WEC’s motion is restricted to heave by a vertical
rod over which it is sliding. Friction losses are minimized by using two sets of PTFE bearings: one
on the top and one on the bottom of the cylinder. The WEC consists of 10 glued plastic disks and is
waterproofed with a black, silyl-modified (MS) polymer coating. Wave absorption material is installed
at the left end of the wave flume to ensure minimal wave reflections. Active wave absorption is
applied using two wave gauges about 3.0 m away from the wave paddle. Seven wave gauges (WG)
are installed to measure the free surface elevation. The WEC has a draft of gywgc = 0.113 m. The
motion of the WEC is captured by video tracking using a GoPro Hero 5 [47], filming in Full HD at 120
fps. The typical fisheye distortion is corrected using video processing software. The horizontal surge
force Fy wEc is measured by 2 force transducers, installed in a rigid rod behind the WEC to which it is
connected. The incident wave has a wave height of H = 0.12 m, a wave period of T = 1.2 s in a water
depth of d = 0.7 m. This results in a Stokes third-order wave with a wave length of Ly, = 2.17 m.

wave 1.52 m
- e

2
absorption 588 3 595 g; wave
- zEZ 2  WEC 222 <= paddle
%
I T o d
v =T T z iy E
SPH domain
v ROD . ~m
m ~m 02m || 3m |
| 9.6m |
10.6m |

Figure 11. Experimental set-up for tests with a heaving disk type WEC in the large wave flume of
Ghent University. The numerical DualSPHysics domain is indicated as a green zone.
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6.2. Numerical Set-up

The numerical set-up is illustrated in Figure 12 and summarized in Table 3. It is chosen to set the
length of the fluid domain to twice the wave length Lspyy = 2 - Lygo = 4.34 m. This is around 1/7 of
the total flume length. The particle size is chosen to be d, = 0.01 m. The Stokes fifth-order wave theory
is applied. Since there is always a gap of 1.5 times the smoothing length Iispy between fluid particles
and boundary particles, the top of the floating disk is lowered with a value of 1.5 - hgpyy = 1.5-2.0 - d),
in order to get the correct wave overtopping height. A 3D inlet zone and outlet zone are configured,
with each eight layers of buffer particles. All other boundaries are fixed boundary conditions with
the option to extrapolate the pressure from the fluid domain, in order to avoid local pressure peaks
(see Section 3.2). The WEC is positioned at a distance of 1.52 m from the inlet boundary of the numerical
domain.

Figure 12. Numerical set-up for 3D modelling of a heaving cylindrical WEC in a two-way coupled model.

Table 3. Simulation parameters for 3D modelling of a heaving cylindrical WEC.

Wave Height H [m] 0.12
Wave Period T [s] 1.2
Water Depth d [m] 0.7
Wave Length Liygo [m] 217
Particle Size dp, [m] 0.01
Domain Length Lgppy [m] 4.34
Domain Width W [m] 1.0
WEC Diameter D [m] 0.5

WEC Draft qgc [m] 0.113

Wave Theory Stokes 5th

Time Step Algorithm Verlet
Artificial Viscosity 0.01
6-SPH 0.1

6.3. Results and Discussion

First, the numerical surface elevations from the one-way coupled model are compared with
experimental results. The signals from WG3 and WG4 (see Figure 11) are compared to the numerical
results. WGS3 is positioned 1.0 m in front of the WEC, WG4 1.0 m behind the WEC. The comparison
with the data from WG3 is shown in plot (a) of Figure 13, while plot (b) shows the comparison with
the WG4 data. The surface elevation in front of the WEC is accurately reproduced. There is some
initialisation time, but after a while the wave signal is steady and matches the experimental data
very well. The error remains well below the smoothing length hspyy = 0.02 m. Behind the WEC, the
numerical results are less accurate. The one-way coupled model calculates lower wave heights behind
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the WEC than what was registered in the experiments. The measured free surface also has a steeper
nonlinear profile than what was calculated numerically. This could be due to the shortened SPH
domain with respect to the full experimental wave flume length. However, the error on the surface
elevation is still acceptable since the maximum error at the third wave crest measures 0.0196 m and is
still smaller than the smoothing length hgpp.

Second, the horizontal surge force is calculated and compared to the experimental data in plot (c)
of Figure 3. Here, it is clear that there is a very good match between the numerical and experimental
results. Although both signals have some noise, the overall trend of the data matches very well.

Third, the comparison of the heave motion of the WEC to the experimental data is shown in plot
(d) of Figure 3. Again, after initialisation of the surface elevation in the wave flume, a steady regime is
obtained in which the calculated WEC motion and measured motion show an excellent agreement,
with a maximum error of 0.4hgpy.
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Figure 13. Comparison of a one-way coupling 3D proof-of-concept with experimental data of a heaving
cylinder in overtopping nonlinear waves. (a) shows the surface elevation 1 m in front of the WEC; (b)
the surface elevation 1 m behind the WEC; (c) the horizontal surge force acting on the WEC and (d) the
heave motion of the WEC.

6.4. Computational Speed-up

The coupling methodology with open boundaries leads to significant performance gains with
respect to typical SPH simulations. In this section, an estimation of the computational speed-up
is made, comparing the presented one-way coupled model with a stand-alone numerical model,
describing the complete experimental set-up. The latter is thus an SPH simulation where the full wave
flume is modelled, including the wave paddle motion and the floating disk, installed at x = 10.6 m.
The comparison is summarized in Table 4. In the one-way coupled model, the domain length was set at
twice the wave length, resulting in a total length of 4.34 m. This is about 1/7 of the wave flume length,
which explains the number of fluid particles in the full model, which is about 718% more than in the
one-way coupled model. The difference in total number of particles is lower, at only 508%. This is due
to the thickness of the bottom boundary in the coupled model, which is thicker to allow for accurate
pressure extrapolation. The difference in GPU memory is similar at 505%, with an absolute value of
3941 MB for the full model. Although our GPU card has 8106 MB of memory available, this simulation
is incredibly demanding. Computational performance is not only dependent on GPU memory, since
the number of CUDA cores and their clock rate are much more indicative of simulation time. The
estimated runtime, which is calculated at the start of the simulation, is significantly longer for the
full model than for the coupled model. However, the difference of 411% is slightly lower than the
difference in particles. The real runtime of the coupled model was 91 h. This remarkable difference
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in estimated runtime and real runtime can be explained by inaccurate estimations at the beginning
of the simulation, in combination with performing other tasks on the computer, slowing down the
simulation. It is chosen to not run the full model completely, since the computer becomes unusable
during the simulation and it could take up to 375 h or almost 16 days to finish if the same performance
as the coupled model is assumed. It is safe to assume that a speed-up of around 400% can be achieved,
by applying the coupling methodology.

Table 4. Computational speed-up for 3D proof-of-concept.

One-Way Coupling Full Model Difference

# Particles 5,010,954 25,473,152 508%

# Fluid Particles 2,949,433 21,165,100 718%
GPU Memory [MB] 780 3941 505%
Estimated Runtime [hr] 35 144 411%
Real Runtime [hr] 91 375 411%

6.5. Visual Comparison of Overtopping

During the experiments, some of the steep nonlinear waves were overtopping the cylindrical
WEC. However, no overtopping rates or thickness of the overtopping layer were measured, so a
correct validation is not possible. For this reason, only a visual comparison of an overtopping event
between the experiment and the numerical model is performed. In Figure 14, a time progression of an
overtopping wave is shown. Here, the wave height was set at H = 0.15 m and the wave period was
T = 1.0 s. This resulted in steep, highly nonlinear waves with significant overtopping. In addition,
for this test case, video images were available to perform a visual comparison. In the left plot, the
wave is just about to hit the cylindrical WEC. In the middle plot, 0.4 s later, the overtopping wave is on
top of the WEC, and in the final plot, the overtopped volume is flowing from the top back into the
flume. Visually, the correspondence between the numerical model and the experimental images is very
good, apart from the interactions of the overtopped water with the vertical rod, since the rod was not
included in the numerical model.

Figure 14. Visual comparison of overtopping waves between the 3D proof-of-concept with experimental
data of a heaving cylinder in overtopping nonlinear waves. The plot shows a time progression of the
wave, from left to right with a time difference of 0.4 s between each frame.

7. Conclusions

Development of accurate boundary conditions and the coupling of SPH solvers to external
models are identified as key topics within the SPHERIC Grand Challenges to let SPH method attain
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a high level of maturity. The present work is a clear contribution to both issues, proposing a novel
two-way coupling methodology that applies the open boundary formulation to accurately generate,
propagate and absorb waves within a two-way coupled DualSPHysics-OceanWave3D model. A
Python program was used as an intermediate process to calculate and apply the velocity corrections
to the inlet and outlet buffer zones, to avoid reflections inside the DualSPHysics fluid domain. This
coupling technique allows overcoming one of the main shortcomings of SPH-based solvers, related
to computational cost. Despite the increase of HPC and GPU performance during the last years,
a large number of particles (i.e., high model resolution) is still necessary, in order to simulate real
engineering problems with sufficient accuracy. A coupling between a detailed but computationally
expensive mesh-free model and a wave propagation model represents a trade-off between model
accuracy and efficiency. This can be done by coupling SPH to a faster external numerical model which
can deal easily with large computational domains. A proper two-way coupling scheme, however,
requires accurate and stable boundary conditions. In fact, a reduced domain size is useless when
the imposed quantities at the boundary are not accurate enough. Through coupling, other software
packages (fast-calculating) can be applied to provide physical quantities to the boundary conditions,
more accurately than what the built-in methods or analytical solutions can provide. The two-way
coupling methodology with OceanWave3D was validated in 2D by comparing the surface elevations
and the motions of a floating box to experimental data. Finally, a 3D proof-of-concept was introduced
where steep nonlinear waves interact with and overtop a heaving cylindrical WEC. The results all
show a good agreement with the experimental data. In the performed tests, the coupled model has
at least two to four times less particles to simulate, which directly results into faster computation
times. Alternatively, for the same computation time as a stand-alone SPH simulation, there is the
possibility of simulating more particles for a higher accuracy. One of the main benefits of using open
boundary conditions rather than moving boundaries or relaxation zone techniques is that there are
no issues with Stokes drift, and the velocity and pressure field are significantly smoother than those
calculated with the coupling methodology applying moving boundaries. However, there are still
a number of limitations to this revised coupling methodology. Firstly, only quasi-3D simulations
are possible. The buffer zones do not allow non-uniform velocities or surface elevations along the
y-directions. This means the 3D simulations are limited to long-crested. waves. However, this can
already be very meaningful to simulate typical wave flume experiments, or real engineering problems
where there is not much variability in the y-direction. The numerical stability in 3D simulations needs
to improve. The open boundaries still have some compatibility issues with the periodic boundary
conditions within DualSPHysics and with the boundary pressure extrapolation algorithm. Although
good results are obtained, there is a certain loss of particles during the simulations. This will, however,
be solved within future releases of the source code.
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Abstract: In this work, periodic lateral boundaries are developed in a time dependent mild-slope
equation model, MILDwave, for the accurate generation of regular waves and irregular long and
short crested waves in any direction. A single wave generation line inside the computational domain
is combined with periodic lateral boundaries. This generation layout yields a homogeneous and
thus accurate wave field in the whole domain in contrast to an L-shaped and an arc-shaped wave
generation layout where wave diffraction patterns appear inside the computational domain as
a result of the intersection of the two wave generation lines and the interaction with the lateral
sponge layers. In addition, the performance of the periodic boundaries was evaluated for two
different wave synthesis methods for short crested waves generation, a method proposed by Miles
and a method proposed by Sand and Mynett. The results show that the MILDwave model with
the addition of periodic boundaries and the Sand and Mynett method is capable of reproducing a
homogeneous wave field as well as the target frequency spectrum and the target directional spectrum
with a low computational cost. The overall performance of the developed model is validated with
experimental results for the case of wave transformation over an elliptic shoal (Vincent and Briggs
shoal experiment). The numerical results show very good agreement with the experimental data.
The proposed generation layout using periodic lateral boundaries makes the mild-slope wave model,
MILDwave, an essential tool to study coastal areas and wave energy converter (WEC) farms under
realistic 3D wave conditions, due to its significantly small computational cost and its high numerical
stability and robustness.

Keywords: Mild-slope wave propagation model; MILDwave; periodic lateral boundaries; short
crested waves

1. Introduction

Numerical wave propagation models are commonly used as engineering tools for the study of
wave transformation in coastal areas. Berkhoff [1] derived the first elliptic mild-slope wave equation
and based on this, the parabolic model [2] and the hyperbolic model [3] have been developed to predict
the transformation processes of regular waves, such as wave refraction, diffraction, shoaling, and
reflection. In the parabolic model, wave reflection and diffraction in the direction of wave propagation
are neglected and hence it suffers from low accuracy in cases where these phenomena are significant.
On the other hand, the hyperbolic model, which takes into consideration wave reflection and diffraction
in the direction of wave propagation, provides higher accuracy, but more computational time compared
to the parabolic model. Moreover, to study the transformation of random waves, time dependent
mild-slope equations have been developed. Radder and Dingemans [4] suggested a set of canonical
equations, which are based on the time dependent mild slope equations and are derived using the
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Hamiltonian theory of surface waves. Booij [5] proved that these equations are valid for sea bottom
slopes up to 1/3. However, Suh et al. [6] extended the latter equations by including higher order
bottom effect terms proportional to the square of the bottom slope and to the bottom curvature to
study wave propagation on rapidly varying topography.

For numerical prediction of the wave field in a coastal area, waves are generated along the offshore
boundary of the computational domain and propagate towards the coastline. However, to be able to
apply a sponge layer to absorb waves reflected towards the wave generation boundary, waves should
be generated inside the numerical domain and not along the boundary. This internal wave generation
technique in combination with numerical wave absorbing sponge layers was firstly proposed by [7]
for Peregrine’s [8] classical Boussinesq equations. Later, Lee and Suh [9] achieved wave generation
for the mild slope equations of [3] and [4] by applying the source term addition method. The main
observation was that the energy of the incident waves can be properly obtained from the viewpoint
of energy transport. To generate multidirectional waves, they applied an L-shaped wave generator,
which is generally composed of two wave generation lines; one parallel to the x-axis and one parallel
to the y-axis of the numerical domain as well as wave absorbing sponge layers behind the two wave
generation lines. However, wave diffraction patterns appear inside the computational domain as a
result of the intersection of the two wave generation lines and due to the interaction with the lateral
sponge layers. To deal with this problem, Lee and Yoon [10] proposed an arc-shaped wave generation
line; two parallel lines connected to a semicircle to avoid wave diffraction caused at the intersection of
the previous wave generation lines. Further, Kim and Lee [11] used an arc-shaped source band that
gives smaller errors than the Lee and Yoon [10] method, especially for a coarse grid size. Recently, Lin
and Yu [12] proposed a promising method for non-reflective boundaries in a mild-slope wave model
to avoid the use of sponge layers. However, in non-reflective boundaries, the level of re-reflection
strongly depends on the initial approximations since the characteristics of the reflected waves (i.e.,
wave angle, wave celerity) inside the numerical domain cannot be estimated a priori.

In the present paper, a wave generation layout using periodic lateral boundaries is developed
where a single internal wave generation line parallel to the y-axis is combined with periodic lateral
boundaries at the top and bottom of the domain. With this technique, the information leaving one
end of the numerical domain enters the opposite end and thus no lateral sponges are required. In
this way, the wave diffraction patterns that appear inside the computational domain as a result of the
intersection of the two wave generation lines and due to the interaction with the lateral sponge layers
(see Figure 1) are avoided. In Figure 1, the water surface elevation, 1, is presented for a regular wave
field generated by an L-shaped wave generator (red dashed lines) at an angle, 6 = 45°, from the x-axis.
The absence of uniformity of the surface elevation along the crests and troughs, which can be observed
in the same figure, is a sign of the existence of diffraction patterns inside the numerical domain.

Periodic boundaries are implemented in a time dependent mild-slope equation model, MILDwave,
developed at Ghent University [13] in order to accurately generate regular and irregular waves in any
direction. In addition, the performance of the periodic boundaries is evaluated for two different wave
synthesis methods to generate short crested waves, a method proposed by Miles [14] and a method
proposed by Sand and Mynett [15]. The mild-slope equations of Radder and Dingemans [4] without the
extension of Suh et al. [6] are the basic equations employed in the phase-resolving model, MILDwave,
used to simulate wave transformation processes, such as refraction, shoaling, reflection, transmission,
and diffraction, intrinsically [16]. MILDwave has previously been used to predict wave diffraction
and wave penetration inside harbours [17] and to study wave power conversion applications [18-20].
One of the challenges in the field of renewable energies is to determine the optimal geometrical layout
for wave energy converter (WEC) farms, targeting the maximum possible energy production and the
correct assessment of the impact of WEC farms on the wave field. To do so, accurate and detailed
numerical modelling of WEC farms under realistic 3D wave conditions is considered crucial. This
kind of application requires a homogeneous wave field in the whole numerical domain. To the present
authors’ knowledge, periodic boundaries, which are commonly used in non-hydrostatic models [21] and
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Boussinesq models [22], have not been used before in a mild-slope wave model to study short crested
waves. So, the novelty of the present work concerns the capability of accurate and fast generation of
such homogeneous wave fields with periodic boundaries in MILDwave. In engineering applications,
where non-linearities are not significant, mild-slope wave models are preferred instead of Boussinesq
models or non-hydrostatic models due to their significantly smaller computational cost and their high
numerical stability and robustness, and thus further development of these models should be encouraged.
The implementation of periodic boundaries is important as it introduces noteworthy improvements in
mild-slope models, which can then make full use of their benefits for the study of WEC farms under
oblique long crested regular and irregular waves or short crested waves (real sea waves).
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Figure 1. Water surface elevation, 1, for regular incident waves with a wave height of H = 1 m, wave
period of T = 12 s, and wave propagation angle of 6 = 45° affected by diffraction patterns due to the
intersection of the two wave generation lines and the interaction with the lateral sponge layers.

In the next section, a short description of the mild-slope wave propagation model, MILDwave,
and the methodology of the implemented periodic boundaries are presented. Section 3 provides a
detailed overview of the model results for regular and irregular long and short crested waves. In
Section 4, the validation results are presented where the accuracy of the developed model is compared
with experimental data. The last section provides conclusions and a summary discussion of the
present study.

2. Numerical Methodology

2.1. The Mild-Slope Wave Propagation Model, MILDwave

MILDwave is a mild-slope wave propagation model based on the depth integrated time dependent
mild-slope equations of Radder and Dingemans [4]. These are given in Equations (1) and (2) and
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describe the transformation of linear irregular waves with a narrow frequency band over a mildly
varying bathymetry (bottom slopes up to 1/3):

o

< =Bp— V-(AV) )
¢
3t 8 2

wheren(x, y, t) and ¢(x, y, t) are, respectively, the surface elevation and the velocity potential at the still
water level, V is the horizontal gradient operator, t is the time, and g is the gravitational acceleration.
The coefficients, A and B, are calculated using Equations (3) and (4), respectively:
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2 _K2CC
B= % @

with C the phase velocity and Cg is the group velocity for a wave with a wave number, k, angular
frequency, w, wavelength, L, and frequency, £. For irregular waves, C, Cg, k, and w are replaced by
the wave characteristics for the carrier frequency, f.

A finite difference scheme, as described in [23], is used to discretize and solve Equations (1) and
(2). The domain is divided in grid cells with dimensions, Ax and Ay, and central differences are used
both for spatial and time derivatives. Both 1 and ¢ are calculated at the center of each grid cell at
different time levels, (n 4 1/2)Atand (n+ 1)Atas:
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where A and B are given by Equations (3) and (4) and the superscripts and subscripts stand for the
relevant time step and the relevant cell of the grid, respectively.

In the current configuration of MILDwave, the boundary conditions are formed in such a way that
one layer of ghost cells is considered at each boundary. The values at the cells closest to the boundary
are copied to the ghost cells and thus the layer of the ghost cells acts as a fully reflective boundary (solid
wall). However, the effect of the fully reflective domain boundaries is negligible because absorbing
sponge layers are applied at the outside boundaries to dissipate the incoming wave energy.

The grid cell size, Ax = Ay, is chosen so that L,,/20 < Ax=Ay < L /10 (for irregular
waves, Ly, = shortest wave length (maximum wave frequency)) while the time step meets the
Courant-Friedrichs-Lewy criterion to guarantee a stable and consistent result.

In MILDwave, waves are generated along a wave generation line near the offshore boundary by
applying the source term addition method proposed by [9] where the source term propagates with the
energy velocity. According to this method, additional surface elevation, n*, is added with the desired
energy to the calculated surface elevation, 1, at the wave generation line for each time step and is
given by:

1

*

CeAt
n =2n ﬁcose (7)
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where Ax is the grid size in the x-axis, At is the time step, 0 is the wave propagation angle with respect
to the x-axis, n)! the water surface elevation of incident waves, and C, is the energy velocity given by

Equation (8):
Ce=Co—y/14+ = 2—1 8
N Sw (g<(w> > ®

where the bar indicates that the variable is associated with the carrier angular frequency, @

It has been proven that the model of [4] can be used to simulate the transformation of long and
short crested waves. To generate long crested irregular waves, a parameterized JONSWAP (Joint
North Sea Wave Observation Project) spectrum, S(f) (Equation (9)), or a TMA (Texel, Marsen, Arsloe)
spectrum (Equation (10)), which can be applied in shallow water, has been used as an input spectrum:

0.0624 s exp(— e 5 /f,\*
S(f) — HL.2f 465 20252 _,(2) 9
(0 = 0230+ 00336y - [ SP\ ot ©)
xg? 5 /£, £ )2
S(f) = ﬁexp <4 <?P> + (Iny) exp <(202fz2 o (f,d) (10)

where H is the significant wave height, f;, is the peak wave frequency, v is the peak enhancement
factor, « is the Phillips constant, and o is the spectral width parameter, which depends on the value of

the wave frequency:
007 f <,
. 11
’ { 0.09 f > f, (1

The frequency dependent factor, ¢(f, d), which takes into account the effect of a finite water depth,
d, is given by:

0.5wy*%, wp <1 d
d(f,d)={ 1-052—wn)?, 1<wp<2 , wp= Zﬁf\/7 (12)
1, wp, > 2 &

To generate short crested waves, two different wave synthesis methods are employed in the
present study, a single summation method proposed by [14] and a second single summation method
proposed by [15]. In single summation models, each wave component must have a unique frequency
and each frequency component can only travel in one direction, while several wave components are
travelling in the same direction. According to the Miles method, the surface elevation is defined
as follows:

Anm cos(Wnmt — knm (X €08 Om + y Sin Om) + €nm) (13)

HMZ

N
n(x,y,t) Z

with the wave amplitude, Apm = \/ 2S(fam ) D(fam, 6m )MAFAD, the wave angular frequency, wnm =
27tfam = 2m(M(n — 1) + m)Af 4 27tf i, the frequency interval, Af = %, the wave propagation
angle, 0 = (m — 1)A0 + 69 — Bmax, the wave propagation angle interval, A6 = 213[‘1“‘1*, the random
phase, enm, and the maximum discrete wave direction, Omax. In this way, the directional spreading
function is discretized into M equally spaced wave directions ranging from 6 in to Omax-

Sand and Mynett [15] proposed a method in which the directional spectrum is decomposed

as follows:
(X, y,t) Z 1/25(fn) Af cos(wnt — kn(x cos 6 + ysinOn) + €n) (14)

In this method, the wave propagation angles are selected at random according to the cumulative
distribution function of the directional spreading function, D(f, 8), and are assigned to each frequency
component. The Miles method [14] provides an accurate representation of the targeted spreading
function shape, but introduces different localized distortions in the frequency spectrum to obtain a
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close fit to the spreading function. On the other hand, the Sand and Mynett method [15] yields an
exact match to the frequency spectrum.

Several semi-empirical proposed formulations of the directional spreading function, D(f, 8), have
been reported, most of which consider the spreading function to be independent of the wave frequency.
Here, an alternative of the well-known spreading function of [24] is employed [25]:

Tt

I(s;+1
D(£,0) = Lrifjcos™ (0 -8), ~F<0-0 < 7 (4

where s; is the directional spreading parameter, I' is the Gamma function, and 6y is the wave
propagation angle.

To derive the relation between the directional spreading parameter, s1, and the spreading standard
deviation, o9, which is called the directional width, the methodology of [26] is followed:

co= |2[1- \/</027TD(f,6)sined6)2 + (/OZHD(f,O)cosd9>2) (16)

Substitution of Equation (15) into Equation (16) yields:

2% (s 4 1)

N T 17)
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0Op = 2 —

The relation between s; and o is indicated in Figure 2. Hence, fixed values of s; and og can be
determined for wind and swell waves:

(18)

s { 117  — 09 =30° (wind waves)
1=

158 — 0g =10° (swell waves)

0 5 10 15 20 25 30 35 40

Figure 2. Relation between the directional spreading parameter, s;, and the spreading standard
deviation, og.

2.2. Periodic Boundaries

To create a homogeneous wave field of oblique long crested regular and irregular waves or short
crested waves, periodic lateral boundaries have been implemented. In the present study, a single
wave generation line parallel to the y-axis is combined with periodic lateral boundaries at the top and
bottom of the domain. In this way, the information leaving one end of the numerical domain enters
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the opposite end and thus the required model length in this direction is reduced. This technique can
lead to a more homogeneous wave field than an L-shaped and an arc-shaped wave generation since
no wave diffraction problems are caused by the presence of lateral sponge layers and the intersection
of the two wave generation lines (Figure 1).

Figure 3 is a schematic representation of the way that the periodic boundaries are working.
Firstly, the left part of the figure presents the numerical domain under investigation, with the squares
representing a random number of cells where Nx and Ny is the number of cells in the x and y direction,
respectively. A layer of ghost cells is present next to each vertical boundary, acting as a fully reflective
wall as described in the previous section. On the other hand, the dashed lines, which are parallel to the
x-axis, represent the periodic boundaries.

ghost o ghost
layer periodic boundary layer

=Ny

noG-L 1 [ oD | no i+l 1)

! ! !
! } !

¢ (FLNy) | ¢ (L Ny) |n.¢ (i+1, Ny)

periodic
boundary

periodic boundary =Nx

Figure 3. Definition sketch of the implemented periodic lateral boundaries.

At the position of the periodic boundaries, Equation (5) is solved considering that the two
boundaries are adjacent, as it can be observed from the right part of Figure 3, yielding Equations (19)
and (20) instead of Equation (5) for the bottom (j = 1) and top (j = Ny) layer of cells, respectively:

n+1/2 ., .n-1/2
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This implementation is valid under the assumption that the bathymetry close to the lateral
boundaries is uniform for the waves to pass from one boundary to the other without any distortion and
thus the continuity to be satisfied. In addition, the distance between the two boundaries should be an
integer multiple of the wavelength to avoid phase differences. To ensure that this requirement is valid,
the wave propagation angle, 6, of each wave component is slightly adjusted such that Equation (21) is
satisfied [27]:

2
ksin® = « T[

Lo (21)
where k is the wave number of each wave component, « is an integer, and Lper (Lper = Ay * Ny) is
the periodicity length.

This means that the simulated wave propagation angle slightly deviates from the input wave
angle. To minimize this deviation, the periodicity length, Lper , of the computational domain should
be carefully chosen to be larger than one periodic wave length, Ly (Ly = Ly / sin 0) [28]. Hence, in the
case of irregular long crested waves, each wave component propagates in a slightly different direction
than the mean value and a directional spread of the wave energy occurs. However, it has been verified
that the spreading standard deviation, og, is very small (o9 < 2°) and the waves can be considered
as uni-directional.

3. Results by the Model, MILDwave

In this section, the applicability and accuracy of periodic boundaries to propagate regular and
irregular long and short crested waves over a flat bottom is examined. For the evaluation of the
numerical simulation results, a common method is followed. The results for a series of test cases are
presented in terms of a disturbance coefficient, kq, for the entire numerical domain. For regular waves,
kq is given by the ratio, H/Hgg, where H is the local wave height and Hgp is the wave height at
the wave generation boundary. In the case of irregular waves, the significant wave heights are used
to calculate the k4 value (Hs/Hggg). For all test cases, the numerical basin is 20 Ly, long and 20 L,
wide (where Ly, is the wave length and is equal to Ly, = 100 m) while a uniform water depth, d =
7.5 m, is used. Thus, in the following numerical tests, the target wave field is a homogeneous one.
A homogeneous wave field is characterized by the lack of significant fluctuations from the target, kg,
value, which is equal to kq, = 1.

3.1. Generation of Regular Waves

Firstly, oblique regular waves are examined to compare three different wave generation layouts.
The first wave generation layout (Figure 4a) is an L-shaped wave generator, which is composed by
two orthogonal lines as proposed by [9]. The two wave generation lines intersect at a point outside the
sponge layers and they extend to the computational domain boundary. The hatched areas indicate
the areas of the numerical domain covered by wave absorbing sponge layers. These sponge layers
are necessary to absorb waves reflected by the numerical domain boundaries and by structures. The
second wave generation layout (Figure 4b) is based on the method suggested by [10], who proposed
an arc-shaped wave generation layout where two parallel lines are connected to a semicircle. Figure 4c
shows the third wave generation layout that is the main research object of the present paper, in which
a single wave generation line parallel to the y-axis is combined with periodic lateral boundaries at the
top and bottom of the domain. This means that the computational grid is repeated in the y-direction
and hence waves are passing freely from the one periodic boundary to the other.

Due to the nature of the governing equations of the numerical model, MILDwave (linear
mild-slope equations), and the fact that a flat empty numerical basin is examined, the performance of
the model for different wave heights and periods is similar. Thus, regular waves with a wave period of
T =12 s, wave height of H = 1 m, and wave propagation angles from 6 = 0° to 6 = 45° with respect to
the x-direction are simulated. The numerical basin consists of an inner computational domain without
the sponge layers with dimensions of 10 L,y x 10 L,, for the first two layouts and 10 Ly, x 20 L, for
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the third one, as well as sponge layers with a width of 5 Ly, at the edges of the wave basin. The sponge
layer formula as described in [18] is used to minimize reflections, where the free surface elevation is
multiplied on each new time step with an absorption function that has the value of 1 at the start of
the sponge layer and smoothly decreases until it reaches the value of 0 at the end. As a result, the
reflection is zero. The grid cell size is chosen so that Ax = Ay = L, /20 =5 m. To obtain a steady state
wave field, waves are generated for a duration of 1000 s with a time step of At =0.25s.

Yy Y
(a) = (b) z
_ T
w w
= =l
_ rt
& ]
g T * I gt T F 1
+ o+ o+ + o+
Ed + o+ it g L7 ot o+ o+ 3 g
+ o+ + @ = &+ o+ ©o| =
+ o+ \<+ + o+
=1 =1
_ 1
&1 &
H . z
- i
w w
X X
| 5Lw‘ 4Lw‘ 6Lw | SLW‘ | S5Lw 4Lw‘ 6Lw | SLw

10Lw !

() 3 —  Wave maker
wn
N'}i _ __ _ Periodic boundary
g g + . + . Test area
o~
‘I F555] Sponge layer
)
< £8%509
=
o 8 Incident wave angle
=

Figure 4. Definition sketch of three wave generation layouts: (a) L-shaped, (b) arc-shaped,
(c) line-shaped with periodic lateral boundaries. Dimensions are expressed in the number of wave
lengths, Ly, = 100 m, which corresponds to a wave period, T = 12 s, and water depth, d =7.5 m.

Figure 5 shows the plan views of the resulting disturbance coefficient, kg, and the water surface
elevation, 1, in the inner computational domain at a time of t = 80 T, where T is the wave period,
for each wave generation layout for a wave propagation angle of 6 = 30°. The black solid contour
lines indicate the region where the surface elevation is out of the target range (n > 0.5m, 1 < —0.5 m).
It is observed that the third wave generation layout with the periodic lateral boundaries yields a
more homogeneous wave field across the whole domain, which is not disturbed by unwanted wave
diffraction patterns in contrast to the other two wave generation layouts. These wave diffraction
disturbances are caused by the lateral sponge layers and the intersection of the two wave generation
lines, and thus the kq values fluctuate around the target value (kg = 1).
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Figure 5. Disturbance coefficient, k4, and water surface elevation, n, in the inner computational domain
att = 80 T for regular incident waves with H=1m, T =125, and 6 = 30° generated by an L-shaped
wave generation layout (a,b), an arc-shaped wave generation layout (c,d), and by the use of periodic
boundaries (e, f).
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To obtain a quantified difference between the three different wave generation layouts, the absolute
error is calculated in a specific test area far from the sponge layers as in [10]. The error is determined
as follows:

[He — Hy|

E= H,

(22)
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where H, is the local resulting wave height at a point of the numerical domain and H; is the target
wave height. The test area in which the absolute error is calculated is 6 Ly, long and 6 L., wide and
is indicated in Figure 4 (area of crosses). In Figure 6, the mean (Epean) and the maximum (Emax)
value of the calculated absolute errors for each wave generation layout for a range of different wave
propagation angles are plotted. It is observed, as seen from Figure 5 for 8 = 30°, that the periodic
boundaries’ wave generation layout provides the smallest value of Epean and Emax for all © values.
For the L-shaped wave generation layout and the periodic boundaries” wave generation layout, Emean
is the lowest for 6 = 45° with values of 0.042 and 0.007, respectively, while for the arc-shaped wave
generation layout, Emean is the lowest for 6 = 30° with a value of 0.021. The trend of Enax (Figure 6b) is
similar to that of the values of Emean from Figure 6a. The Enayx values of the oblique regular wave field
generated using periodic boundaries are significantly smaller than the resulting Enax values for the
L-shaped and the arc-shaped layouts for all wave directions. In addition, the comparison between the
L-shaped wave generation layout and the arc-shaped wave generation layout reveals that in the case
of the latter, the wave diffraction due to the intersection of the two generation lines is avoided [10].
However, for wave directions of 0 larger than 30°, Emax is similar for both layouts with values around
0.105 while for the periodic boundaries” wave generation layout, it is only 0.012. Hence, this proves
that a single wave generation line combined with periodic lateral boundaries provides results of a
higher accuracy compared to the other two wave generation layouts and is capable of providing a
homogeneous wave field of short crested waves with minimal error.
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Figure 6. (a) Mean (Epean) and (b) maximum (Epmax) value of the absolute errors calculated using
Equation (22) for each wave generation layout for a range of different incident wave angles, 6.
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3.2. Generation of Irregular Long Crested Waves

We consider a test case of uni-directional irregular waves fitting a JONSWAP spectrum, with a
peak wave period, Tp=125s,a significant wave height, Hs = 1 m, and a peak enhancement factor, y =
3.3. The frequency range is confined between 0.75 f;, and 2 f,, which covers 94% of the total energy,
to ensure numerical stability. Periodic lateral boundaries are applied at the top and bottom of the
domain similar to Section 3.1, while the length of the sponge layers at both ends of the numerical
basin is determined by the longest wave length in the incident wave spectrum. The grid cell size and
the time step, At, are defined by considering the highest frequency (2 f;,) and the lowest frequency
(0.75 f;,), respectively.

A single wave generation line is placed at the left boundary after the sponge layer. To obtain
a steady state wave field, time series of the surface elevation of irregular waves are generated for a
duration of 7200 s with a time step of At = 0.2 s. Figure 7 shows the plan views of the ky values and
the water surface elevations in an inner domain (part of the domain without the left and right sponge
layers) of 1 km in both directions, at a time instant of t = 7000 s, for wave propagation angles of 6 =
0° and 0 = 45°. It is clear that for both wave propagation angles, the kg4 is uniform all over the inner
domain with values close to kg, = 1. In addition, it is observed by comparing the surface elevation
of the two different wave directions that for the case of 6 = 45°, the surface is not as uniform along
the crest as it is for the case of 6 = 0°. This is happening due to the fact that in order to ensure that
waves are periodic, the wave propagation angle, 0, of each wave component is slightly adjusted and a
directional spread of the wave energy occurs as described in detail in Section 2.2. Hence, the wave
propagation angle varies from 43.2° to 47.7° for the present wave conditions. However, the deviation
from the mean wave direction is small and the waves can be considered as uni-directional.

(a) k, ()

eta, n (m)
() 0.7
1000 0.6
0.5
0.4
800
0.3
0.2
__ 600 0.1
£ 0
>
400 0.1
0.2
0.3
200
0.4
-0.5
0 0.6
-0.7
0 200 400 600 800 1000
E:lm) ta, n (m),
eta, n (m;
(d) 0.7

1000 06

800

600 01

400 0.1

200

0 200 400 600 800 1000 [0} 200 400 600 800 1000
X (m) x (m)

Figure 7. Disturbance coefficient, k4, and water surface elevation, n, in the inner computational domain
at t = 7000 s for irregular long crested waves with Hs =1 m, Tp =12s,and (a,b) 0 =0° and (c,d) 6 = 45°.

107



Energies 2019, 12, 785

In Figure 8, a comparison is made between the target frequency spectrum (S;) and the simulated
frequency spectra (Sp and Sys5) for the cases of 6 = 0° and 0 = 45°. The surface elevations, 1, at the
electronic wave gauges, which are positioned at the centre of the computational domain, are recorded
from t = 40 T}, to t = 600 T, with a sampling interval of 0.2 s. The recorded data are processed in
segments of 2048 points per segment. A taper window and an overlap of 20% are applied for smoother
and statistically more significant spectral estimates. The resulting frequency spectra agree well with
St apart from those that correspond to wave frequencies higher than 2 f;,, since there is no energy
for these frequencies in the MILDwave model. Furthermore, it is observed that the periodic lateral
boundaries do not affect the waves since for both wave propagation angles, the frequency spectra
are similar.

2.5 T : |
| — Target frequency spectrum, SI

— —incident wave direction 0°, S

0
--— incident wave direction 45°, 845

Spectral density, E (mlez)

0 0.05 f 0.1 0.15 0.2 0.25
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Figure 8. Comparison between the frequency spectra, Sp and Sy, resulting from MILDwave simulations
for different incident wave angles (6 = 0° and = 45°, respectively), and the target frequency spectrum,
Sy, for irregular waves with Hg = 1m, T, =125, and y = 3.3.

3.3. Generation of Irregular Short Crested Waves

Finally, we consider a test case of irregular short crested waves. The parameters of the input
frequency spectrum are identical as for the long-crested irregular waves (Hs =1m, T, =125,y = 3.3)
described in the previous section. Waves are generated for a duration of 7200 s with At = 0.2 s while to
generate short crested waves, two different wave synthesis methods have been employed: A method
proposed by [14] and a method proposed by [15] as described in detail in Section 2.1.
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The directional wave spectrum was measured by a group of five wave gauges placed in the centre
of the computational domain, using a “CERC 5” configuration as introduced by [29]. The recorded
normalised spreading function distributions, Dy, are compared with the target distribution, Dy ¢, in
Figure 9 for both wave synthesis methods and for the spreading standard deviation, og = 10° (swell
waves) and og = 30° (wind waves). The normalised spreading function is calculated by integrating the
calculated 3D spectrum over all wave frequencies and normalizing it. The difference between the two
measured normalised spreading function distributions of the two methods is small and the agreement
with the target distribution is very good. The Sand and Mynett method agrees slightly better with the
target distribution, Dy, t, than the Miles method especially for the case of og = 30°.

() (b)
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T
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Figure 9. Comparison between the normalised spreading function distributions, Dy, calculated in
MILDwave with the Miles and the Sand and Mynett wave synthesis methods and the target distribution,
Dn, for irregular short crested waves with a spreading standard deviation, og, of (a) 10° and (b) 30°.

Figures 10 and 11 show the plan views of the k4 values throughout the inner computational
domain and the surface elevations at a time instant of t = 7000 s for each wave synthesis method for a
mean wave propagation angle of 6 = 0° and spreading standard deviation of o9 = 10° and og = 30°.
The results are presented in an inner domain with dimensions of 10 Lp x 10Ly, where Lpis the wave
length that corresponds to the peak wave frequency, fp,. It is clear that the Sand and Mynett method
yields a more homogenous wave field than the Miles method. Specifically, the maximum (Emax) value
of the calculated absolute errors for the Miles method is 0.051 for 09 = 10° and 0.085 for og = 30°,
respectively, while for the Sand and Mynett method, Enax is 0.013 for g = 10° and 0.029 for o¢ =
30°, respectively. It is worth mentioning that in the Sand and Mynett method, the number of wave
components, Ny, is equal to the number of wave frequencies, N. This is happening due to the fact that
the wave propagation angles are randomly selected according to the cumulative distribution function
of the directional spreading function, D(f, 0), and are assigned to each wave frequency component.
In contrast to that, in the Miles method, the number of the wave components, Ny, is equal to the
product of the number of wave frequencies, N, multiplied with the number of wave angles, M. Thus,
in the Sand and Mynett method, (i) the computational time, (ii) the number of corrections of the wave
propagation angles in order to ensure the periodicity of the waves, and (iii) the non-homogeneity of
the generated wave field are much smaller than those for the Miles method, making the Sand and
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Mynett method preferable when periodic lateral boundaries are applied in a mild-slope wave model.
Specifically, the developed model simulation time for a test case of short crested waves of a duration of
7200 s in a numerical basin, which is 2 km long and 2 km wide, is approximately 3 min on a PC with
an Intel Core CPU (Central Processing Unit) 2.90 GHz.

The results show that the MILDwave model with the addition of the periodic boundaries is
capable of reproducing a homogeneous short-crested wave field in the whole computational domain
as well as the target frequency spectrum and the target directional spectrum. Thus, in future studies, a
WEC farm and its effect on the near and far field can be examined under real sea waves by coupling
the developed model with a wave-structure interaction solver as described in [19,20]. More precisely,
during this coupling methodology, firstly, the short-crested wave field is calculated by the developed
model at the position of the WEC farm. Subsequently, this wave field (time series of surface elevation)
is used as an input for a wave-structure interaction solver to simulate the diffracted and radiated wave
field generated by the presence of the WEC farm. Finally, the resulting wave field is coupled back to
MILDwave and propagates throughout the whole numerical domain. As a result, with the coupling
methodology in MILDwave, the impact of WEC farms, especially the far field, can be studied using

accurate real sea waves.
kg ()

12
11
1

0.9
038
0.7
0.6
05
04
0.3
0.2
0.1

(a)

ta,
o cantr)

1000

800

600

E E
> >
400
200
0
0 200 400 600 800 1000
x (m)
(c)
1000
800
. 600 -
E £
> >

400

200

o

Ky ()
1.2
1.1
1
0.9
08
07
0.6
05
04
03
0.2
0.1

0 200 400 600 800 1000 0 200 400 600 800 1000
x (m) x(m)

Figure 10. Disturbance coefficient, kg, and water surface elevation, 1, in the inner computational
domain at t = 7000 s for irregular short crested waves with Hy = 1m, T, =125, 0 = 0°, and o = 10°
synthesized by using the Miles method (a,b) and the Sand and Mynett method (c,d).
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Figure 11. Disturbance coefficient, kg, and water surface elevation, 1, in the inner computational
domain at t = 7000 s for irregular short crested waves with Hs =1 m, Tp=125,0=0°, and og =30°,
synthesized by using the Miles method (a,b) and the Sand and Mynett method (c,d).

4. Numerical Validation Using the Vincent and Briggs Shoal Experiment

To demonstrate the strategic importance of periodic boundaries in the generation of a short crested
wave field over varying water depths, simulations are conducted for waves propagating over a shoal.
A study of regular and irregular wave propagation over an elliptic shoal, which has been performed
by [30], is used here for validation of the present numerical model.

The bathymetry of the experimental setup of Vincent and Briggs is implemented in MILDwave,
as is illustrated in Figure 12, is defined as:

(505) + (5%) =1 e

de= —04572 + 0.7620{1 - (ﬁ)z + (&)2}&5 4)

where x and y are the coordinates centered at the center of the shoal and d is the bottom level at
any point inside the shoal area. The shoal is similar to that used in the experiments of [31], with a
minimum water depth of dpin = 15.24 cm at the center of the shoal while the area around the shoal has
a constant water depth of d = 45.72 cm. In addition, the simulated shoal is located at the center of the
numerical domain to take advantage of the lateral periodic boundaries and create a fully developed
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wave field at the region of the shoal. The grid cell size is Ax = Ay = 0.05 m. To obtain a steady state
wave field, waves are generated with a duration of 400 s with a time step of At =0.01s.
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Figure 12. Bottom levels of the experimental setup used by Vincent and Briggs, as it is implemented in
the numerical domain in MILDwave.

The experiments of Vincent and Briggs are conducted for three kinds of incident breaking and
non-breaking waves, i.e., regular, irregular long crested, and irregular short crested waves. In the
present study, only irregular long and short crested waves, where large scale breaking is not involved,
are examined. The experimental and numerical input wave parameters for non-breaking series are
listed in Table 1.

Table 1. Numerical input wave conditions for non-breaking waves based on the Vincent and Briggs
experimental wave conditions.

Test Case Peak Period, Significant Wave Phillips Peak Enhancement Spreading Standard
D Tp (s) Height Hg (cm) Constant, o (-) Factor, y (-) Deviation, og (°)
u3 1.3 2.54 0.00155 2 0
N3 1.3 2.54 0.00155 2 10
B3 13 2.54 0.00155 2 30
U4 1.3 2.54 0.00047 20 0
N4 13 2.54 0.00047 20 10
B4 13 2.54 0.00047 20 30

Following [30], we use the TMA spectrum [32] as the target wave frequency spectrum in which
the spectral energy density, S(f), depends on the parameters, « (Phillip’s constant), f, (peak wave
frequency), vy (peak enhancement factor), and o (spectral width parameter), as described in Section 2.1.
The parameter, v, is assigned values of 2 for the broad frequency spectrum and 20 for the narrow
frequency spectrum. Similarly, these frequency spectra are combined with narrow (g = 10°) and broad
(og = 30°) directional spreading, while the o value is selected to correspond to the target wave height.

The directional spreading function, D(f, 0), given in Equation (15) is used instead of the wrapped
normal spreading function used by [30]. However, the directional spreading parameter, sy, is calculated
according to Equation (17) in order to achieve the same distribution as the experimental one. Finally,
the mean wave propagation angle is 6 = 0° and the number of wave components, N, varies from
50 to 400, with the highest value for the case of broad-banded directional spreading. The measured
frequency spectra are compared with the target spectrum (Sy) in Figure 13 for the two values of the
peak enhancement factors used here (see Table 1). The agreement is very good especially for the
narrow banded spectrum where the measured one replicates the desired target spectrum.
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Figure 13. Comparison between the frequency spectra simulated in MILDwave and the target frequency
spectrum for irregular waves with Hs =2.54 cm, Tp = 1.3 s, 09 = 0°, and (a) Y =2 and (b) vy = 20.

Figure 14 shows the comparison of normalised wave heights, H/Hy, (where H is the local
significant wave height and Hj is the significant wave height at the wave generation boundary)
between numerical model results and experimental data along the measurement transect shown in
Figure 12 for the test cases of non-breaking waves listed in Table 1. Additionally, to evaluate the
model, the root mean square error (RMSE) and the skill factor for the normalised wave heights are
calculated as:

RMSE =

2
ELB-O] g =1

(25)

where O and P indicate the observed and predicted values, respectively.

Very good agreement between the numerical model and the experimental model is observed
(Figure 14 and Table 2). MILDwave with the addition of the periodic boundaries correctly predicts the
wave focusing behind the shoal for the case of irregular long crested waves where the wave height is
strongly affected by the change of the water depth. The model gives a maximum normalised wave
height of around 2.05 at y = 0 for both the broad frequency spectrum (Test Case U3) and the narrow
frequency spectrum (Test Case U4). On the other hand, a broad directional spreading distribution (Test
Case B3, Test Case B4) yields much less spatial wave height variation and the effect of wave refraction
is significantly diminished.

Table 2. Root mean square error (RMSE) and skill factor of the normalised wave heights.

Test Case ID U3 N3 B3 U4 N4 B4
RMSE 0.141 0.048 0.068 0.068 0.102 0.070
Skill 0.869 0.955 0.936 0.940 0.905 0.924
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Figure 14. Comparison of normalised wave heights, H/H,, between numerical model results (blue
solid lines) and experimental data (red circles) along the measurement transect of Figure 12. for the test
cases of non-breaking waves of Table 1.

5. Conclusions

In the present paper, periodic lateral boundaries were developed in a time dependent mild-slope
equation model, MILDwave, for the accurate and fast generation of regular and irregular waves in
any direction.

Initially, three different wave generation layouts were examined and compared. The first wave
generation layout is an L-shaped wave generator, which is composed of two orthogonal lines. The
second wave generation layout is an arc-shaped wave generator where two parallel lines are connected
to a semicircle. The third wave generation layout consists of a single wave generation line parallel to
the y-axis and periodic lateral boundaries. Numerical experiments were conducted for regular waves
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with wave propagation angles from 6 = 0° to 0 = 45°. The results were presented by means of contour
plots, in terms of a disturbance coefficient (ky4) for the calculation domain, allowing easy comparisons
between the different layouts. The wave generation layout with the periodic boundaries showed the
best results since this layout leads to a homogeneous wave field, which is not disturbed by unwanted
wave diffraction patterns in contrast to the other two wave generation layouts.

Then, this wave generation layout was used to simulate irregular long and short crested waves
by using two different wave synthesis methods: A method proposed by Miles [14] and a method
proposed by Sand and Mynett [15]. The results indicate that the MILDwave model with the addition
of the periodic boundaries is capable of reproducing a homogeneous wave field (especially when the
Sand and Mynett method is used) as well as the target frequency spectrum and the target directional
spectrum. Finally, the developed model was also used to study wave transformation over an elliptic
shoal (Vincent and Briggs shoal experiment), where very good agreement was observed between
the numerical model and the experimental results. The aforementioned observations indicate that
periodic boundaries make the mild-slope wave model, MILDwave, an essential tool to generate
multi-directional waves and study their transformation due to its significantly small computational
cost and its high numerical stability and robustness.

The next step is to combine the developed model with the coupling methodology described
in [19,20] to study a WEC farm under real sea waves, since this paper proves that now MILDwave is
able to accurately generate such a kind of wave field.
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Abstract: This study aims to improve the design of scour protection around offshore wind turbine
monopiles, as well as future-proofing them against the impacts of climate change. A series of
large-scale experiments have been performed in the context of the European HYDRALAB-PLUS
PROTEUS (Protection of offshore wind turbine monopiles against scouring) project in the Fast Flow
Facility in HR Wallingford. These experiments make use of state of the art optical and acoustic
measurement techniques to assess the damage of scour protections under the combined action of
waves and currents. These novel PROTEUS tests focus on the study of the grading of the scour
protection material as a stabilizing parameter, which has never been done under the combined action
of waves and currents at a large scale. Scale effects are reduced and, thus, design risks are minimized.
Moreover, the generated data will support the development of future scour protection designs and
the validation of numerical models used by researchers worldwide. The testing program objectives
are: (i) to compare the performance of single-layer wide-graded material used against scouring with
current design practices; (ii) to verify the stability of the scour protection designs under extreme flow
conditions; (iii) to provide a benchmark dataset for scour protection stability at large scale; and (iv) to
investigate the scale effects on scour protection stability.
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current interaction

Energies 2019, 12, 1709; d0i:10.3390/en12091709 117 www.mdpi.com/journal/energies



Energies 2019, 12, 1709

1. Introduction

This study aims to improve the design of scour protection around offshore wind turbine monopiles,
as well as future-proofing them against the impacts of climate change. Offshore wind energy conversion
units (more commonly called offshore wind turbines) contribute significantly to the electric production
matrix and it is expected that their overall production will only increase in the near future. In fact,
several concessions have been granted, recently, by countries around the North Sea basin. This intensive
industrial development demands that strategic research covering every aspects influencing the useful
lifetime of offshore-based wind energy converters is undertaken. Currently, monopiles are the most
used support structure for offshore wind energy converters, which are usually arranged in large
numbers forming offshore wind farms. Offshore wind farms contribute significantly to the reduction
of greenhouse emissions by providing clean and renewable energy, contributing to efforts to deal
with climate change challenges. Monopile structures are large cylinders made of steel that are driven
into the seabed. The characteristics of the soil and the pile penetration depth provide the stability
needed for the monopile to withstand the harsh marine hydrodynamic loads (currents and waves).
The interaction between the monopile and the hydrodynamic loads produces an amplification of the
stresses applied to the seabed surrounding the monopile, leading to the development of a scour hole
which in turn reduces the bearing capacity of the monopile foundation. An overview of the studies
dealing with scouring processes can be found in [1,2].

Riprap material has successfully been used as a protective measure against scour and erosion
in river and coastal engineering. In river engineering, the study of scour protection made of riprap
material has been studied around bridge piers (see [3-5]). In the marine environment, breakwaters [6]
and cable protection are some of the specific examples where stone granular material is used as a
protective method against hydrodynamic action. In fact, Galay et al. [7] stated that “a stone riprap
layer has universal acceptance and proven performance under highly variable flow conditions”.
Scour protection around offshore monopile foundations, needs to consider different flow conditions
(currents and waves), larger water depths and a different density of the fluid (fresh water/sea water).

Five failure mechanisms of scour protection designs in the marine environments are enumerated
by Sumer and Fredsee [2]: disintegration of the riprap layer (scour of the protective layer), winnowing
(removal of bed material from underneath the protection layer), edge scour, destabilization by bed-form
progression and, sinking of the protection material due to various factors (momentary liquefaction,
liquefaction due to build-up of pore pressure, scour below the individual stones, ... ). Mainly, three of
these failure mechanisms have caught the attention of the coastal engineering community, namely,
disintegration, winnowing and edge scour.

The disintegration failure mode of an armor layer over a geotextile under different hydrodynamic
conditions was studied by De Vos et al. [8]. Static and dynamic stability of the armor layer were tested
in a model scale of 1:50 (all the scale factors consider a prototype monopile diameter of 5 m) under
different waves, currents and a combined action of both flows. Loosveldt and Vannieuwenhuyse [9]
extended the test dataset of De Vos et al. [8] by including larger grain sizes, by varying the water
depth and by performing a parametric analysis of the pile diameter (scales of 1:100, 1:50 and 1:40)
on the scour protection damage. Nielsen [10] focused on the winnowing of scour protection under
different waves and currents. The testing scales used for the unidirectional flow (current) experiments
were 1:35, 1:9 and 1:5. Nielsen [10] provided an explanation to the sinking of the scour protections in
the “Horns Rev 1” wind farm and gave improved guidelines for the design of filter layers through
the mobility parameter. Whitehouse et al. [11] evoked an optimization of scour protection design
taking into account rock size, density, number of layers and width of the cover. Finally, [12] performed
experiments using physical models with a scale ranging from 1:100 to 1:50 for the study of edge scour
under waves and currents.

Schendel et al. [13,14] presented large scale experiments of scour protection design under waves
and currents. The scale used for wave tests which included a monopile was 1:5, whereas the scale for
current tests without a monopile was 1:1. In the latter case, the material tested as scour protection was
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the actual prototype material. This work introduced a single armor layer composed of a wide-graded
material. ‘Wide-graded’ refers to a large gradation (ratio Dgs/D15, where Dgs and D15 account for the
diameter larger than 85% and 15% of the mass of the material) of the granular material composing
the scour protection (Dgs/D1s5 > 1.5, for wide graded material and Dgs/Dy5 > 2.5 for very wide graded
material, see [15] Table 3.4). The usage of this novel technique could reveal itself to be easier to install,
as well as cost effective compared to a traditional two-layer scour protection design (filter and armor).
Nevertheless, it is concluded that more experiments should be carried out to fully understand the
stabilizing process of using wide-graded materials as scour protection. In this direction, [16] studied
different compositions of scour protection material in small scale experiments (scales ranging from
1:100 to 1:45) under a unidirectional current.

Deterministic design criteria exist for the classic narrow graded two-layer scour protection ([8,10])
but none has been established for wide-graded materials. Fazeres-Ferradosa et al. [17] proposed a
reliability analysis of the scour protection failure and a probabilistic design, without considering the
gradation of the scour protection material.

It is clear that there is a lack of (public) data for large-scale experiments of classically designed
scour protection solutions under the combined action of waves and current. Furthermore, to the
authors’ knowledge, the study of the grading of the scour protection material as a stabilizing parameter
has never been done under the combined action of waves and currents at large scale. By operating at a
large scale, model effects are reduced. This allows design uncertainty during the early stages of wind
farm projects to be reduced. To cover this data and knowledge gaps, large scale experiments have been
carried out in the fast flow facility (abbreviated as FFF) of HR Wallingford in the United Kingdom.
The PROTEUS (Protection of offshore wind turbine monopiles against scouring) testing campaign is
a collaborative effort between the Department of Civil Engineering at Ghent University (Belgium),
HR Wallingford (UK), the Ludwig Franzius Institute for Hydraulic, Estuarine and Coastal Engineering
at the University of Hannover (Germany), the Faculty of Engineering at the University of Porto
(Portugal), the Geotechnics division of the Belgian Department of Mobility and Public Works (Belgium),
and the International Marine and Dredging Consultants IMDC nv) (Belgium). PROTEUS is performed
in the context of the European HYDRALAB-PLUS program and funded by the European Union’s
Horizon 2020 Research and Innovation Program. The aim of this manuscript is to present the PROTEUS
project and, specifically, to present the experimental setup, the methodology followed throughout the
study and quality of the unique dataset acquired during the testing campaign, which addresses the
data and knowledge gaps in scour protection studies. The novel PROTEUS experiments, presented
further in this paper, test the static and dynamic stability of different scour protection designs including
monopiles at two different large scales 1:16 and 1:8, under the combined action of waves and currents.
Most importantly, the obtained experimental data will be available publically for the international
research community, under HYDRALAB rules. The target outcomes of the experimental campaign
include: (i) study of wide grade material performance with respect to narrow graded materials;
(i) study of scale effects in scour protection around monopiles; (iii) analysis of bed shear stresses in
wave-current flows; (iv) formalization of methodologies for the assessment of the damage of scour
protection. These topics will be the basis of our future work within the PROTEUS project.

2. Stability of Scour Protection Around Monopiles: Governing Physics

2.1. Governing Physics at A Glance

In the marine environment, sea water flows take the form of waves or currents. Such flows
apply shear stresses to the seabed (in intermediate and shallow waters in the case of waves). In the
presence of a monopile, flows are accelerated in the circumferential direction of the monopile, due to
the contraction of flow lines. Furthermore, complex highly turbulent flow structures appear at the
base of the monopile and at its wake amplifying the shear stresses [10]. The amplification of the shear
stresses in turn increases the erodible potential of the flow. In the case of an unprotected monopile
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base, scour develops. In the case of a monopile protected by a scour protection, the scour protection
material can be removed, eventually leading to the failure of the scour protection. To quantify the
amount of material removed by the flow with respect to the pile section and the nominal mean stone
diameter, the damage number has been introduced by [8], defined as detailed in Section 5.2.

2.2. Scaling in Experimental Studies

Scaling principles for hydraulic experiments can be found in [18,19]. As stated in [8], the scaling
of waves and currents should preserve the Froude, Fr, and the Reynolds, Re, numbers in experimental
studies. The Froude and Reynolds number are defined as follows:

Fr= \/% (1)
Re = % 2)

where, U is the velocity, g is the acceleration due to gravity, L is a length and v is the kinematic viscosity
of the water. Scale effects arise from the impossibility of achieving Froude and Reynolds similarity
between model and prototype when scaling geometric lengths. Such scale effect can be reduced by
increasing the scale of the model. In hydraulic experiments, Froude similarity is normally considered
(see [19]).

To deal with the above described scaling issues, the large-scale tests within the PROTEUS project
have been introduced, which are described in the next sections. In the present study, scour protection
material, monopile diameter, water depth and wave height are scaled geometrically. Wave period and
current velocity are scaled using Froude similarity.

3. Experimental Setup

3.1. Experimental Facility

The FFF experimental facility is a race-track shaped flume (illustrated in Figure 1). It comprises a
main working channel, 4.0 m wide and 57.0 m long, and a secondary channel, 2.6 m wide and 50.0 m
long. The hinge flat type multi-element wave generator with active wave absorption (located at the left
in Figure 1) can deliver significant wave heights up to 0.5 m and a maximum wave height up to 1.0 m,
depending on the water depth. The water depth can be set in the range of 0.85-2.00 m. At the opposite
side of the wave generator (at the right in Figure 1), a beach made of sponge material passively absorbs
the generated wave trains. The axial pumps (located in the secondary channel) can deliver a discharge
of up to 3.5 m%/s and their reversible nature can provide a current propagation following or opposing
the waves.

Alocal reference system was established with the origin being at the front of the wave maker, in the
middle of the channel on the flume floor. The positive x-axis points into the wave propagation direction
(from left to right in Figure 1), the positive y-axis points upwards in the top view in Figure 1 and the
positive z-axis follows the gravity vector (see Figure 2). In the sketch of the main channel (Figure 2),
the position of the resistive wave gauges (abbreviated as WGs), the acoustic doppler velocity meters
(ADVs) and the scale model of a monopile are indicated. Further information on the instrumentation
can be found in Section 4.
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Figure 1. Sketch of the fast flow facility (FFF) flume channels including the position of the scale models.
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Figure 2. Overview of the FFF main channel, and of the experimental setup including the intrumentation
positions, the reference coordinate system and the scale model location.

121



Energies 2019, 12, 1709

3.2. Monopile Scale Models

There are two variants of monopile scale models with two different diameters, D, = 0.3 m and D,
= 0.6 m, which were constructed from thin-walled metal wrapped around wooden cylinders of limited
height (Figure 3b). Each monopile model is placed in the wave flume with its center at x =30 m and y
= 0 m, following the local reference system presented in Figures 1 and 2. Each model is attached to a
mounting base fixed at the bottom of the sand pit (Figure 3a). Iron wedges provide additional support
to the model by fixing it to the facility’s concrete floor (Figure 3c).

(b)

Figure 3. (a) Monopile mounting base; (b) monopile scale model (scale 1:16) waiting to be installed;
(c) monopile scale model placed on its support structure and external iron edges installed at the base.

3.3. Scour Protection Models and Sand Pit Preparation

The location of the sand pit (details presented in Figure 3a,c) with respect to the wave generator is
shown in Figure 1. The sand pit consists of a 4.0 m long, 4.0 m wide and 1.0 m high box. This sand
pit size provides the necessary area for testing large-scale scour protection models over a sand bed,
which is composed of uniform sand, mean size diameter 0.21 mm, for all tests. The filling of the
sand pit was done after the installation of each of the monopile scale models (Figure 3c). First the
sand carrier drops its load on the absorption beach side of the sand pit. Then, every load is evenly
distributed along and across the sand pit using shovels. Every two loads (around 20 cm thickness)
the sand is compacted using a vibration compactor. This is done to prevent lowering of the sand
bed level during the test phase. Once the sand pit is filled, the sand bed is flattened, the geotextile
is placed (for the relevant tests), and finally, the installation of the scour protection layer takes place.
To ensure the uniformity of the distribution of mass and fraction, the material is mixed and installed
using templates as shown in Figure 4a—e. Each composition of scour protection material is prepared
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from weighting every fractions of the prepared sieved rock material. A portion of the scour protection
material around the monopile is painted red, following methodology principles introduced by [8].
The painting is done to allow a good visual assessment of the damage in the scour protection model,
as the painted material is placed strategically in the region where the highest hydrodynamic loads are
expected. The painted area has diameter of two times the monopile diameter (referred to as the ‘inner
ring’) and is presented in Figure 4.

Figure 4. Installation of a scour protection scale model scale (scale 1:16.7). (a) Inner ring templates
placed around the monopile; (b) outer ring placement using templates; (c) finalized scour protection
model; (d) scour protection model placement over a geotextile; (e) placement of a scale model (scale
1:8.3) using larger templates.

The painting procedure is performed in a manner that avoids: (a) (substantial) modification of the
specific density of the scour protection material; (b) aggregates of paint and rock material which might
appear during the drying process, especially for the smaller fractions; (c) interference of paint pigments
with the optical characteristics of the laser scanner during the topography scanning. To obtain this,
the looseness of the material is ensured by mixing the stones whilst drying, and the compatibility of
the paint and the laser scanner is checked.

3.4. Experiment Execution

After the installation of the scour protection model, pictures of its initial state (before filling the
flume with water and before wave or current generation) are taken. The flume is filled and the initial
topography is scanned before the initiation of a test. In Figure 5, a flow chart of the tasks that need to
be performed for each test is presented.
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Task #

Monopile scale model
installation
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Photographic material of initial state

Filling flume

Topographic scan

Current initialization

Onset of motion test Damage development test

Current stopped

Topographic scan

Draining Flume

Photographic material of final state

Scour protection removal

Figure 5. Flow chart of experiment execution. The loop indicated using orange arrows is performed
three times for Test No. 14 and twice for the other damage development tests.

4. Instrumentation Setup

During the testing campaign data is recorded in both the main and the secondary flume channels.
In the main flume channel, the free surface elevations and 3D flow velocities are recorded at ten and
two (point velocity measurements) locations respectively (see Figure 2), to characterize the flow in the
vicinity of the monopile. In the secondary channel, the profile of horizontal flow velocities and the
free surface elevation are measured at one location to characterize the current characteristics in the
facility. The data acquisition system, the free surface elevation measurements and the two point 3D
flow velocity measurements start recording with the start of the axial pumps. The profile horizontal
flow velocity measurement was initiated manually in a synchronized manner with the initiation of the
axial pumps.

Before the onset of motion tests and after every damage development test, the topography of the
scour protection model is measured. The topography measurements provide the initial, intermediary
and final state of the scour protection model. Photographic material is produced before filling and after
draining the flume. The summary of the measured parameters and instrumentation used is shown in
Table 1.
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Table 1. Measured parameters and instrumentation.

Measured Parameter Instrumentation
Free surface elevation Resistive wave gauges (WGs)
3D point measurements Acoustic doppler velocity meters (ADVs)

Flow velocities Profile measurements of the

horizontal velocity Aquadopp profiler
Scour protection model topography ULS-200 laser scanner
Photographic material Cameras

4.1. Free Surface Elevation Measurements

Resistive wave gauges (abbreviated as WGs) are used to measure the free surface elevation at a
sampling frequency of 100 Hz. These 1.2 m long gauges (shown in Figure 6) are partially immersed in
water, and the output voltage is proportional to the immersed portion of the wave gauge. The locations
of the 10 WGs along the main flume channel in the (x, y) plane of the local reference system are
presented in Table 2. Four WGs are placed in front of the monopile (WG1-WG4), four downstream
the monopile (WG7-WG10) and two on each side of the monopile (WG5 and WG6). The vertical
positioning of the WGs depends on the water depth, and they are placed such that the middle of the
WG length lies at the still water level which is measured in the secondary channel. WGs record the
(incoming, reflected, transmitted and diffracted) wave field in the vicinity of the monopile.

N
|
i
- Resistive wave gauge -

Figure 6. Example of resistive wave gauge used during the Protection of offshore wind turbine
monopiles against scouring (PROTEUS) project.

Table 2. Positions of the wave gauges following the local coordinate system indicated in Figures 1

and 2.
Wave Gauge No. Position in x-Direction (m) Position in y-Direction (m)
WG1 22.59 1.97
WG2 23.49 1.97
WG3 24.48 1.97
WG4 26.00 1.97
WG5 30.24 1.97
WG6 30.19 -1.95
WG7 34.60 1.97
WG8 35.50 1.97
WG9 36.53 1.97
WG10 38.91 1.97
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4.2. Velocity Measurements

Velocity measurements are performed using three devices; two Acoustic Doppler Velocity meters
(abbreviated as ADVs), Nortek Vectrino II type (Figure 7a) with a sampling frequency of 100 Hz, and an
Acoustic Doppler Velocity Profiler (abbreviated as Aquadopp), Nortek Aquadopp HR 2MHz profiler
type (Figure 7b), with a sampling frequency of 1.0 Hz. The ADVs measure the three dimensional
components of the flow velocity over 3.0 cm (it is considered in this case as a point measurement),
while the Aquadopp measures the magnitude of the velocity and its direction parallel to the x-axis.
During the calibration stage, the Aquadopp is positioned at x = 30.0 m and y = 0.0 m in the main
flume channel, at the planned position of the monopile. During the testing stage, the Aquadopp
was moved to the secondary flume channel in order to prevent any flow disturbance near the model.
The Aquadopp is placed facing downwards at a height of 0.86 m from the flume floor and provides a
measurement of the current undisturbed by the monopile or/and the waves. The spatial resolution
for the Aquadopp measurements is 1.0 cm starting from a distance of 11.0 cm from the device’s head,
which is the blanking distance of the instrument. The Aquadopp discretizes the water column in bins
with a size corresponding to the spatial resolution of 1.0 cm. For instance, for Test 04 the last bin,
number 73, is located at a distance of 83.0 cm from the Aquadopp head.

(b)

Figure 7. Instrumentation used for velocity measurements: (a) two ADVs placed above the sand pit;
(b) down-facing Aquadopp profiler placed in the secondary flume channel. The Aquadopp vertical
position was z = —0.83 m for water depths 0.9 m and 1.2 m and z = —0.91 m for water depths 1.5 m and
1.8 m.

The ADVs are placed above the sand pit at the side of the main flume, just downstream the
monopile, outside the influence of its wake (Figure 2, Figure 7a). The ADVs aim to capture the resulting
3D velocity components of currents and the waves’ orbital velocity components in the vicinity of the
monopile. The housings of the ADVs (black casings in Figure 7a) are hollow and buoyant, and therefore
they were buried in the sand and weights were placed over them to ensure that they remain underneath
the seabed. Due to their placement, the positive direction in the x-axis is the inverse of the local
reference system. The Aquadopp’s and the ADVs’ locations are summarized in Table 3. The vertical
position (0.4d, where d is the water depth) of the ADVs was chosen in order to be outside the boundary
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layer, at this vertical position, the flow velocity is considered characteristic of the flow velocity in the
water column near the monopile.

Table 3. Positions of the Aquadopp profiler and the two ADVs following the local reference system,
as indicated in Figures 1 and 2.

Instrument Position in x-Direction (m) Position in y-Direction (m) Position in z-Direction (m)
Aquadopp 29.5 0 (middle of secondary flume) -0.86

ADV1 30.30 1.70 —0.4d

ADV2 31.60 1.70 —0.4d

4.3. Scour Protection Topography Measurements

The topography of the scour protection model is measured using an ULS-200 underwater laser
scanner which operates at 7 Hz (7 mm/s) mounted in a traverse system above the scour protection
model (Figure 8). The vertical resolution of the ULS-200 is 1 mm. A first topography scan is performed
after the placement of the scour protection model, with the flume filled with water, to provide the
initial state of the scour protection model. Damage development tests are composed of two or three
wave trains. After each wave train the topography of the scour protection model is measured using
the laser scanner. The damage is calculated by superimposing the laser scans.

(b)

Figure 8. (a) The ULS-200 laser scanner with rotating head. (b) The motorized transverse system.

4.4. Optical Measurements Material

After the installation of the scour protection and before its removal, photographs are taken from
different optical angles using cameras. The visual analysis of the photographic material aims to
complete the laser scanner data in terms of patterns of stone motion and visual assessment of the scour
protection damage. Photos were taken at two different position heights at 7 different locations (C1-C7
in Figure 9). The first camera position (C1-C3) has an average height of 1.55 m above the sand pit,
while the second camera position (C4-C7) has a height taken at 2.13 m. The pictures are then merged
providing a complete view of the scour protection model.
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Figure 9. Camera position for photographic material recording.
5. Experimental Test Program

Two types of tests were carried out during this testing campaign, namely, onset of motion and
damage development tests for each of the scour protection models. The testing program objectives
were: (i) to compare the performance of single-layer wide-graded material used against scouring with
current design practices; (ii) to verify the stability of the scour protection designs under extreme flow
conditions; (iii) to provide a benchmark dataset for scour protection stability at large scale; and (iv) to
investigate the scale effects on scour protection stability. The experimental conditions are summarized
in Tables 4-6. In Tables 4 and 5, the experiments’ basic hydrodynamic conditions and the hydrodynamic
variants are included. The variants of a test are performed successively. The variants of the onset of
motion tests test different wave heights and wave periods. The variants of the damage development
tests test different number of waves.

5.1. Onset of Motion Tests

During onset of motion tests, short regular wave trains (12 waves) were generated after reaching
a stable current velocity. The scour protection is observed throughout the propagation of the wave
train through the glass walls of the FFF, see Figure 1, in order to spot the motion of the scour protection
material. Motion of scour protection material (stones) refers to the displacement of a stone which size,
ds, is larger or equal to the mean stone diameter (ds > Ds) for a distance at least equal to two times the
mean stone diameter [8]. Once it has been established that motion of the stones occurred, new wave
conditions are tested. The current generation is not interrupted in-between applying different wave
conditions. The test conditions for the onset of motion tests are shown in Table 4.
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Table 4. Onset of motion measured test conditions. The highlighted conditions are the ones where the
motion of scour protection material is spotted. S/N stands for the serial number.

Test Water Monopile Current Test Wave Wave Period
No. Depth Diameter Velocity Variant Height
S/N d (m) D, (m) U (m/s) S/N H (m) T (s)
A 0.22 2.94
B 0.28 2.94
03 12 0.3 -0.25
C 0.27 2.94
D 0.33 247
E 0.39 247
A 0.20 291
B 0.22 2.93
05 15 0.3 0.27 C 0.28 2.98
D 0.32 2.94
B 0.35 2.94
F 0.32 2.51
G 0.37 2.48
A 0.25 2.94
07 12 0.3 -0.23 B 0.29 2.94
C 0.33 2.46
D 0.31 2.46
A 0.20 2.46
09 0.9 0.3 -0.23 B 0.22 2.06
C 0.26 2.08
A 0.50 3.50
B 0.37 3.48
C 0.42 3.48
11 1.8 0.6 -0.39 D 0.54 3.48
E 0.41 2.84
F 0.46 2.85
G 0.50 2.83
H 0.56 2.85

The onset of motion tests with clear motion of the scour protection material are highlighted.

The visibility in the flume was not good when the current was established due to suspended
sediment. Once the wave generation started, the sediment transport was enhanced and the turbidity
of the water increased substantially. Therefore, the results of the onset of motion test need to be
considered with care because of their qualitative nature.

5.2. Damage Development Tests

Damage development tests assess a dynamically stable design of scour protections. Such design
allows some motion of the scour protection material. From this perspective, failure is considered if
armoring material is removed over a minimum area of four armor units (4 X Dso?, Dsg is the mean
stone diameter of the scour protection model). Such a design of the scour protection allows very little
motion of the scour protection material. The criteria for assessing the damage undertaken by the scour
protection is the global damage number, S3p. Following the methodology presented by [8], the scour
protection model is subdivided into subsections with an area equal to the area of the monopile as
shown in Figure 10.
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Figure 10. Sketch of the scour protection model around the monopile divided in subsections as
in [8], with the inner ring in red. The waves and current propagation directions are also indicated.
The decomposition in subsections is made depending on the direction of propagation of the current.
The present setup is for a current propagation opposing waves, the setup should be mirrored if the
current follows the waves.

The damage number of each of the subsections is calculated from the eroded volume, V,
the nominal mean diameter, D;50, and the monopile diameter, D), using the formula:

Ve

D 2
4
Dn5()7'[ 1

@)

SSD,sub =

The global damage number is obtained by considering the maximum damage number of
the subsections:
Ssp = maX(SsD,sub) 4)

According to [8], a conservative value for the maximum acceptable global damage number is 1.1.
This value is still debated as shown in [20]. Damage development tests are performed in a similar
way as the onset of motion test; when the current has reached the desired velocity, a long wave train
is generated (1000 irregular waves). The current is stopped when the wave train is completed and a
topography laser scan takes place. Then, the current is restarted and established, and a longer wave
train of 2000 irregular waves is generated and, finally, the last laser scan is performed. Test 14 had
an additional 2000-wave wave train, followed by a laser scan (Table 5). V, will be determined by the
comparison of the topography laser scans. The (measured) test conditions for the damage development
tests are shown in Table 5. The acquisition, calculation and correlation of the quantities presented in
Table 5 are discussed in Section 6.
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Table 5. Damage development measured conditions.

Sienificant  Peak Main Channel =~ Mean Flow Mean Mean
Test . 8 Computed Velocity Flow Flow Number
Variant Wave Wave . .
No. Height Period Average Flow Secondary Velocity  Velocity  of Waves
& Velocity Channel ADVI  ADV2
u u,

SN SN Hi(m) Ty (s) Ucomp (mfs) — Usc (m/s) o ey N
04 A 0.25 2.45 —-0.49 -0.70 -0.46 -0.46 1000
B 0.24 2.48 -0.50 -0.70 -0.46 -0.46 2000
06 A 0.28 2.20 —0.38 0.62 0.39 0.38 1000
B 0.28 2.20 —-0.37 —-0.59 0.39 0.38 2000
08 A 0.19 2.44 -0.50 -0.70 -0.46 -0.45 1000
B 0.19 2.44 -0.50 -0.70 -0.46 -0.45 2000
10 A 0.18 2.05 —0.33 —0.46 -0.30 -0.28 1000
B 0.16 2.05 —-0.33 —0.46 -0.30 -0.29 2000
1 A 0.37 2.81 -0.50 -0.75 -0.51 - 1000
B 0.38 2.83 —-0.51 -0.75 -0.52 - 2000
13 A 0.33 2.34 —0.57 —-0.83 -0.63 - 1000
B 0.34 2.35 —-0.57 -0.83 -0.63 - 2000
A 0.39 2.83 -0.51 -0.75 -0.49 - 1000
14 B 0.41 2.83 —-0.51 -0.75 -0.49 - 2000
C 0.41 2.90 —-0.51 -0.76 -0.49 - 2000
15 A 0.41 2.88 —0.49 —0.74 - - 1000
B 0.39 2.86 - - —0.49 - 2000

The intrinsic properties of the scour protection material, i.e., the mean stone diameter, D5, and the
gradation of the material composition, Dgs/D;s, are stated in Table 6.

Table 6. Properties of scour protection composition and indication of usage.

Scour Protection Mixture No. Test No. Mean Diameter  Gradation of the Material
S/N S/N Dsp (mm) Dg5/D15 (-)
1 03/04 12.5 2.48
2 05/06 6.75 2.48
3 07/08/09/10 6.75 2.48
4 11/12/13 13.5 2.48
5 14 13.5 6
6 15 13.5 12
7 (Geotextile) 03/04/07/08 - -

Mixture 1 is the scale model of a grading 2-80 kg. A wide-graded material with a mean diameter
of 110 mm in prototype scale is studied at intermediate model scale by Mixture 2 and 3 and at large
scale model by Mixtures 4, 5 and 6. The variable between Mixtures 4, 5 and 6 is the gradation of the
material. Figure 11 presents the grain size distribution of the mixtures, as obtained from the fabrication
of the mixtures.
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Figure 11. Percentage finer against the sieve size for the 6 tested mixtures.
The use of geotextile as a filter was studied in tests 03/04/07/08 at intermediate model scale.

6. Results and Discussion

Results from Test 04 are presented in the present manuscript. During Test 04, the hydrodynamic
conditions represent an extreme condition of a current with a velocity U. = 2 m/s at prototype scale.
The scour protection model is subjected to considerable hydrodynamic loads. The visual assessment of
the damage is of “Level 2” (dynamically stable conditions) following the criteria presented in [11] used
for visual assessment of the damage levels:

e  Level 1: Statically stable conditions (no or little movement of the stones);
e  Level 2: Dynamically stable conditions (stone motion without failure of the scour protection);
e Level 3: failure of the scour protection.

This test results compared to the damage prediction formula presents the overestimation of
damage in scour protection material by current design practices.

Four testing phases are present during a damage development test. In order to depict these
testing phases, the free surface measurements of WG1 and the velocity measurements at bin 20 of the
Aquadopp are presented in Figure 12, throughout Test 04_B (i.e., variant B of Test 04). The initialization
of the tests refers to the phase of the current build up (indicated as “phase A” in Figure 12). In the
current stabilization phase, the discharge is maintained during 5-10 minutes, allowing the current’s
full establishment in the facility (indicated as “phase B” in Figure 12). The wave generation phase is
performed with a fully established, constant current (indicated as “phase C” in Figure 12). Finally,
during the finalization of the test, the current and wave generation are stopped (indicated as “phase D”
in Figure 12).

During “phase B”, it is assumed that the scour protection suffered did not suffer damage.
The fluctuations of the velocity measurements are due to the turbulent flow.
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Figure 12. Test 04_B measurement of WG (left vertical axis) and Aquadopp at bin 20 (right vertical axis)
with test phases: (“phase A”) Initialization of the test (time: 0-200 s); (“phase B”) Current stabilization
(time: 200-633 s); (“phase C”) Wave Generation (time: 633-5697 s); (“phase D”) Test finalization and
water level stabilization (time: 5691-6010 s).

6.1. Velocity Measurements Correlation

The four phases A-D, presented in Figure 12, are present in all the damage development tests.
The initialization phase A and the current stabilization phase are only performed for the variant A
(TestXX_A) of the onset of motion tests.

The current measurements are performed through means of the Aquadopp and the ADVs,
which allows the verification of the accuracy of the measurements. The starting point of the flow
analysis is the velocity profile measurements in the secondary channel, presented in Figure 13 during
the current stabilization phase B and during the wave generation phase C. From Figure 13, it is observed
that the mean velocity profiles of the flow do not differ significantly in the wave generation phase C
with respect to the mean velocity profile of the flow in the current stabilization phase B and, therefore,
the generated current can be considered constant in a test.

Mean flow velocity profiles in secondary
channel during Test04_B

0.8
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Figure 13. Mean profile velocity from Aquadopp measurements during current stabilization (phase B)
and wave generation phase (phase C) of Test 04_B over the water column.
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The velocity profile measurements presented in Figure 13 were performed in the secondary channel
(Section 4). The main channel’s flow velocity can be acquired either by considering conservation of
discharge from the secondary channel, or by the point measurements of the flow’s velocity done by the
ADVs during the current stabilization phase B of Test 04_B. The discharge, Q, is expressed bellow as a
function of the section area of the flow, S, and the mean flow velocity, V.

Q=SV )

In order to consider conservation of discharge, the section area of the flow must be computed, using
measurements of the secondary channel water level (SCWL) and the WG measurements (e.g., from
WGI1), as presented in Figure 14 during the current stabilization phase B.
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Figure 14. Secondary channel water level (SCWL) and WGI1 measurements during the current
stabilization phase B of Test 04_B.

In Table 7, the average water level measured in the main channel (MCWL) by the 10 WGs is
presented. The average water level in the main channel is found by averaging the mean water levels
measured by resistive wave gauges. It needs to be considered that, in the region where the WGs are
placed, the facility floor was raised by 6.5 cm (see Figure 1).

Table 7. Average main channel water level (MCWL), secondary channel water level (SCWL) and WG
water level measurements for test 04_B.

Avg. WGl WG2 WG3 WG4 WG5 WG6 WG7 WG8 WGY WGI0 Avg.
SCWL (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m)  MCWL (m)
1.312 1.247 1.244 1.244 1.246 1.247 1.246 1.248 1.248 1.246 1.25 1.247

Using the ADVs, the average flow velocity in the main flume can be calculated by averaging
the measurements of the velocity x-components over the current stabilization phase B. The mean
velocity of the flow measured by the ADVs in the main channel and by the Aquadopp, and the velocity
of the flow, in the main channel, computed from the conservation of discharge and the Aquadopp
measurements in the secondary channel are presented in Table 8.

Table 8. Average velocity of the flow in the main and secondary channel acquired by different methods
and the computed velocity of the flow for Test 04_B in phase B.

Mean Flow Mean Flow Velocity Mean Flow Velocity Main Channel Computed
Velocity ADV1 ADV2 Secondary Channel Average Flow Velocity
Uapy1 (m/s) Uapva (m/s) Usc (m/s) Ucomp (m/s)
0.46 0.46 0.70 0.50
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It is observed that the flow velocity in phase B presents a good correlation with the computed
flow velocity. The ADV measured average flow velocity presents a deviation of 8% with respect to the
computed flow velocity in the main channel. This deviation between the ADV measurements and the
computed flow velocity can be accounted for by the hydrodynamic action of the wave absorbing beach
or the monopile itself. This effect will be further studied using numerical modelling or a more in-depth
analysis of the measurements of the other tests performed during PROTEUS.

6.2. Free Surface Elevation Spectra

In Figure 15 the spectral densities of the free surface measurements from WG1, WG10 and the
target JONSWAP spectrum are presented. The comparison between the measured and the target
spectra show good agreement.
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Figure 15. Spectral density of the target JONSWAP spectrum, Sx, jonswap, and free surface
measurements of WG1, Sx(WG1), and WG10, Sx(WG10), for test 04_B over the frequency, f.

The characteristic values of the free surface measurements carried out for irregular waves are
calculated and compared to the target wave characteristic values. The significant wave height
(Hmo = Hs) is calculated by:

HmO =4 Vo (6)
m_
Tm—1,0 = m_()l (7)
m
Toox = ! ®
m
TmO/Z = m_g (9)

where, mg, m_; and m;, are spectral moments and T',_1,9, Tyu0,1 and T are characteristic spectral
wave period, respectively, wave energy period, first moment wave period, mean zero up-crossing
period. The n-th spectral moment is calculated from:

iy — fom Se(f)-frdf (10)

where Sx(f) is the spectral density function of the frequency, f the frequency and the infinitesimal
quantity, df. The peak wave period, T, is determined from the frequency bin at which the maximum
spectral density, Sx(f)max, occurs. The wave characteristics obtained from the spectral analysis are
presented in Table 9. From the wave characteristics, it is observed that the difference in H,,o between
the target and the mean H,,,0 measured value is of 6%. In terms of T, this difference is 0.8%. It can be
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concluded that there is a good agreement between the generated spectrum and the target JONSWAP
(Joint North Sea Wave Project) spectrum.

Table 9. Wave characteristics from spectral analysis of the WGs measurements and mean values for

Test 04_B.
Parameter Significant Peak Wave Energy First Moment Mean Zero
Wave Height Period Period Wave Period Up-Crossing Period

Symbol Hio Tp Tin-1,0 (T,) Tino1 Tino2 (T>)
Unit (m) (s) (s) (s) (s)
Target 0.225 2.46 - - -
value
WG1 0.255 2.40 2.49 221 2.04
WG2 0.258 2.40 2.50 2.19 1.83
WG3 0.257 2.56 2.50 2.18 1.77
WG4 0.249 2.40 2.50 221 1.89
WG5S 0.226 2.40 2.53 2.24 2.08
WG6 0.273 2.40 247 2.21 191
WG7 0.215 2.56 2.54 2.25 2.03
WG8 0.219 2.56 2.52 2.22 1.79
WG9 0.222 2.56 2.51 2.22 1.79
WG10 0.222 2.56 2.57 2.249 1.98

Mean value 0.240 2.48 2.51 2.22 191

6.3. Wave Orbital Velocity Spectra

The same spectral treatment is performed to the point velocity measurements provided by ADV1.
The normalized spectra acquired from the point velocity measurements in the x- and z-direction,
WG1 and the normalized JONSWAP spectrum are presented in Figure 16. Itis observed that fluctuations
of the point flow velocity measurements follow the same fluctuations in the wave measurements and
the target wave JONSWAP spectrum. Even if this result was expected, it is presented here to show that
further analysis on the velocity point measurements could provide valuable information on the wave
orbital velocity when waves propagate on a unidirectional flow.
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Figure 16. Normalized spectral density of target JONSWAP, Sx, jonswap, measurements of water level,
Sx(WG1), and ADV velocity measurements (ADV2) x-components, Sx(Llx), and z-components, Sx(Uz),
over the frequency.

6.4. Scour Protection Damage Development Results

The results presented so far aim to show the accuracy in generating hydrodynamic conditions.
Here, the study of the dynamic and static stability of the tested scour protection models is introduced.
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Scour protection damage development tests, such as Test 04, are composed of at least two wave trains.
In Section 4, it has been stated that photographs were taken before and after the tests. In Figure 17,
the merged photographs are shown for Test 04. The initial state of the scour protection model can be
seen in the left panel (Figure 17a), and the final state after 3000 waves on the right panel (Figure 17b).
In Figure 17b the displacement of the scour protection material of the inner ring (red stones) can be
clearly observed in the direction of the current propagation. Furthermore, deposition of sediment
material is seen on top of the scour protection, outside the inner ring region.

Figure 17. Merged picture of the scour protection scale model Tests 04 before (a) and after (b) the test.
The current propagation in this set of figures is from right to left.

This initial visual assessment of the damage of the scour protection is corroborated by the
topographic laser scans shown in Figure 18. In Figure 18, the topography of the scour protection
material at the initial state, after 1000 waves (Test 04_A) and after 3000 waves (Test 04_B) are shown.
Regions with higher elevation are shown in red color, while the lower elevation regions are shown in
blue color. Through Test 04, in Figure 18, the development of two symmetrically eroded zones can
be observed in the wake of the monopile, in the direction of the current. Upstream, just in front of
the monopile in Figure 18, the development of scour is clear and shown by an increasing dark blue
region. Furthermore, upstream of the monopile, the sedimentation outside the inner ring is clearly
progressing from the scan after 1000 waves (Figure 18b) to the scan after 3000 waves (Figure 18c).
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Figure 18. Cont.
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Figure 18. Topography of the scour protection material and of the sand pit measured by the laser
scanner before Test 03 (a), after the first 1000 waves of Test 04_A (b) and after 3000 waves at the end of
Test 04_B (c). The current propagation in this set of figures is from right to left.

From Figures 17 and 18 it is clear that the scour protection material has undergone damage caused
by the hydrodynamic action of the flow. This damage development becomes even clearer when each
subsection is considered separately, as in Figure 19.
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Figure 19. Test 04 subdivision damage number: after 1000 waves Test 04_A (a) and after 3000 waves
Test 04_B (b). The current propagation in this set of figures is from right to left.

From the tested hydrodynamic conditions, the measured damage and the predicted damage of the
scour protection material are presented in Table 10. The S3p number is the indicator that characterise
the scour protection material damage. The predicted damage of the scour protection material is
obtained from the damage prediction formula (Equation (11)) presented by [8]:

c)\? 2
S wT (%) (Ue +agUl)* Vd
% = ag—é 5 “+ai|ax + a3 372 (11)
\/E(S - 1)2Dn50 gDnSO

where, S3p is the damage number; N is the number of waves; U, is the horizontal orbital wave
velocity near the bottom; T,,_1 ¢ is the wave energy period; g is the gravitational acceleration; d is
the water depth; s is the relative stone density; D, is the nominal stone diameter; U, is the current
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velocity averaged over the water depth and w; is the fall velocity.ag, ap, a3 and by are non-dimensional
parameters determined through fitting and take the value 0.00076, —0.022, 0.0079 and 0.243, respectively.
a1 and a4 are adimensional parameters as well, they are both dependent on both the current velocity,
stone diameter ratio and the current direction:

u .
£ — < 0.92 and waves following current
V&Diso & 12)
a; = 1for —4<— > 0.92and waves opposing current
\' gDnSO

a1 = 0 for

ay = 1 waves following current (13)
U .
ag = ﬁ waves opposing current
Table 10. Measured and predicted S3D number for Test 04_A and 4_B.

Me:?n . Number Pile Water Significant Peak Horlzonl.al Mean Predicted Measured
Test Grain Gradation £ W Di £ Depth Wave Period Wave Orbital ~ Current Damage Damage
1:: Size of Waves tameter P Height erio Velocity Velocity Number  Number
Dsy mm) P si/)D“ NO  Dym dm Hm T, Ui Uelmis  cted Messured

= 3D 3D

O'l;es/g 125 248 1000 0.3 12 0.25 245 0.177 —-0.46 1.834 0.465

(;f:s]; 125 248 2000 0.3 12 0.24 248 0.166 —0.46 2.141 0.675

More information on Equations (11)—(13) can be found in [8]. A significant deviation in magnitude
of the predicted and the measured S3p for the scour protection material can be seen from Table 10. It is
important to note that the damage prediction formula, Equation (11), was established for a monopole
scale model 1:50 while the monopole model scale of Test 04 is 1:16.7. This deviation could be due to
scale effects introduced by the model tests. In Table 10, Uapy is considered as U.. The horizontal
orbital wave velocity, Uy, is determined from the orbital velocity spectrum as is [2].

Uy = \/E ou (14)

2 = fo Su(f)df (15)

Su(f) is the power spectrum of the bottom velocity, computed from the spectral analysis of the
recordings of the ADVs, in Table 10, Uy, is computed from the measurements of ADV1.

7. Conclusions

The PROTEUS experiments performed at the FFF at HR Wallingford within the European
Hydralab-PLUS program have yielded a large dataset that provide a benchmark for large scale
experiments of scour protection designs around monopiles. The testing program objectives are (i) to
compare the performance of single-layer wide-graded material used against scouring with current
design practices; (ii) to verify the stability of the scour protection designs under extreme flow conditions;
(iii) to provide a benchmark dataset for scour protection stability at large scale; and (iv) to investigate
the scale effects on scour protection stability. The results will be made available in future studies
that will focus in more detail on the impact of specific parameters and methodologies of damage
assessment. This first presentation of the dataset obtained highlights the quality of the measurements
of hydrodynamic quantities and the scour protection model damage. There is a good agreement of the
tested hydrodynamic conditions with respect to the target hydrodynamic conditions. The comparison
of the basic analysis of the damage development results and the predicted damage shows that scale
effects are not accounted for by the considered prediction formula. Further analysis of the acquired
data will provide valuable insight into scale effects and the performance of wide-graded materials.
These experiments make use of state of the art optical and acoustic measurement techniques to assess
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the damage of scour protections under the combined action of waves and currents. These novel
PROTEUS tests focus on the study of the grading of the scour protection material as a stabilizing
parameter, which has never been done under the combined action of waves and currents at large
scale. Scale effects are reduced and thus design uncertainties are minimized. Moreover, the generated
data will support the development of future scour protection designs and the validation of numerical
models used by researchers worldwide. The target outcomes of the experimental campaign include:
(i) study of wide grade material performance with respect to narrow graded materials; (ii) study of
scale effects in scour protection around monopiles; (iii) analysis of bed shear stresses in wave-current
flows; and (iv) formalization of methodologies for the assessment of the damage of scour protection.
These topics will be the basis of our future work within the PROTEUS project. The PROTEUS project
will provide unique insight into the behavior of scour protections, improving the design of offshore
wind farms, securing the provision of clean and renewable energy, and contributing to deal with
climate change challenges.
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Abstract: This paper describes experimental research on a floating moored Oscillating Water Column
(OWCQ)-type Wave-Energy Converter (WEC) carried out in the wave flume of the Coastal Engineering
Research Group of Ghent University. This research has been introduced to cover the existing data
scarcity and knowledge gaps regarding response of moored floating OWC WECs. The obtained data
will be available in the future for the validation of nonlinear numerical models. The experiment
focuses on the assessment of the nonlinear motion and mooring-line response of a 1:25 floating
moored OWC WEC model to regular waves. The OWC WEC model motion has 6 degrees of freedom
and is limited by a symmetrical 4-point mooring system. The model is composed of a chamber
with an orifice on top of it to simulate the power-take-off (PTO) system and the associated damping
of the motion of the OWC WEC model. In the first place, the motion response in waves of the
moored floating OWC WEC model is investigated and the water surface elevation in the OWC WEC
chamber is measured. Secondly, two different mooring-line materials (iron chains and nylon ropes)
are tested and the corresponding OWC WEC model motions and mooring-line tensions are measured.
The performance of these two materials is similar in small-amplitude waves but different in large
wave-amplitude conditions. Thirdly, the influence of different PTO conditions is investigated by
varying the diameter of the top orifice of the OWC WEC model. The results show that the PTO
damping does not affect the OWC WEC motion but has an impact on the water surface elevation
inside the OWC chamber. In addition, an unbalanced mooring configuration is discussed. Finally,
the obtained data for a moored cubic model in waves are presented, which is a benchmarking case
for future validation purposes.

Keywords: moored floating wave-energy converter; oscillating water column; wave flume
experiment; nonlinear wave condition; 6 degrees of freedom motion; mooring-line tension

1. Introduction

The Oscillating Water Column (OWC) is a Wave-Energy Converter (WEC) which mainly consists
of a hollow chamber, open below the water level, in which a column of water is forced to oscillate
once excited by the external incident waves. The oscillation of water surface inside the chamber
introduces an air-pressure variation on the above air volume that drives an air turbine and, in turn, a
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coaxial electrical generator. Hence, wave energy is firstly converted into pneumatic energy, secondly
mechanical, and thirdly into electrical energy; the turbine and generator assembly is called hereafter
the power-take-off (PTO) system of the OWC WEC. A common way of installing the OWC WECs is
by fixing them to the coastline or to the nearshore seabed. This approach provides convenience in
construction, operation, and maintenance. However, the available wave-energy potential decreases
due to the energy dissipation of the waves approaching the coast as a result of wave-transformation
processes. Consequently, offshore floating OWC WECs are interesting as they are prone to exploit the
higher wave-energy resources available at an offshore sea site [1].

A comprehensive review of the history and development of OWC WECs has been given by
[2], where several floating OWC WEC concepts such as the Backward Bend Duck Buoy (BBDB) [3],
the Spar Buoy [4], and the U-Gen [5] WECs are introduced. Besides the functionality and efficiency
of different floating OWC WECs, the hydrodynamic behaviors regarding their motion and mooring
system are topics of high interest. Different numerical models have been employed to simulate the
dynamics of OWC WECs. Codes based on potential theory, such as WAMIT [6], are widely used for a
fast prediction of the motion of different types of floating OWC WECs, for example, the cylinder OWC
WEC [7], the BBDB WEC [8,9] and the spar-buoy OWC WEC [10]. Computational Fluid Dynamics
(CFD) is another popular methodology to solve the nonlinear air-fluid-mooring-coupling problem.
Luo et al. [11] reports simulations of a heave-only floating OWC WEC connected to a spring type of
mooring system in a numerical wave tank developed using the Fluent software [12]. Elhanafi et al. [13]
thoroughly described a fully 3D numerical investigation of the hydrodynamic behavior of a floating
moored OWC WEC by means of the STAR-CCM+ software [14] and validated their results using
experimental data. The mooring lines in the employed tests are simulated by four pretensioned
springs and are connected vertically to loadcells, and the mooring survivability is investigated in
Elhanafi et al. [15]. Besides Eulerian-based methods, Lagrangian-based methods are reported as well
in the literature. For example, Crespo et al. [16] presented a numerical model of a floating moored
OWC WEC using Smoothed Particle Hydrodynamics (SPH) methods coupled with inelastic catenary
theory, and a validation study of this model is presented in [17].

Experimental studies are also seen in the investigation of moored floating OWC WECs, for
example, Correia da Fonseca et al. [18] studied the dynamics, energy extraction, and mooring system
performance of the spar-buoy OWC WEC. He et al. [19] presented a series of experiments of an
OWC WEC integrated to floating box-type breakwaters, primarily with a focus on coastal protection.
Although many works have been carried out in the study of floating moored OWC WECs, there exist
knowledge gaps in this field. On one hand, the available experimental data of floating moored OWC
WECsS remains scarce in the reported literature. Most of the studies focus on deep water linear wave
condition scenarios, such as in [13,18,20]. On the other hand, much research concerns the heave-only
OWC WEC model, such as [19]. Therefore very few studies presented the 6-degrees-of-freedom
(6-DOF) motion of a floating moored OWC WEC. Gomes et al. [21] presented the 6-DOF motion
response of a very small scale (1:120) slack-moored spar-buoy model, but the mooring-line tension is
not investigated. Therefore, it is necessary to carry out more comprehensive studies of the motion and
mooring system behaviors of a floating moored OWC WEC, especially, by means of the experiments in
wave flume or wave tank as suggested by EMEC [22].

The present paper focuses on an experimental study of a slack-moored floating OWC WEC model
in a wave flume. The geometry of this model is originated from the study by Crema et al. [23] who
presented a concept of assembling many single units of OWC WECs fixed to a very large floating
system power plant to be installed in the Mediterranean Sea. The performance of a single unit fixed
OWC WEC is investigated by an experimental study carried out in the wave flume of the University
of Florence (LABIMA) [24]. This laboratory scale model has also served as a benchmark test case for
the assessment of CFD approaches such as that based on the Lattice Boltzmann Method [25] and the
OpenFOAM source code [26]. Moreover, Simonetti et al. [27] have discussed, by means of numerical
investigations, the optimization of the main geometric characteristics and the PTO damping.
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For the present study of this floating moored OWC WEC model, the primary objective is to
investigate the motion behavior and mooring-line tensions of the OWC WEC model subjected to
regular waves of different wave periods and wave heights. Two mooring-line materials, iron chain and
nylon rope, are used during the experiments for the sake of understanding the impacts of the mooring
features on the nonlinear motion of the OWC WEC model. The choice of these two materials has been
made to generate numerical validation data for two very different mooring-line materials, with the
nylon rope representing a soft and flexible mooring line and with iron chain representing much stiffer
mooring line. The PTO damping is simulated by placing an orifice on top of the OWC WEC model,
through which the air can exchange between the inside of the OWC chamber and the atmosphere.
Different PTO damping characteristics are compared by adjusting the orifice diameter. It should be
noted that the study is not aimed at developing a new OWC WEC concept nor improving the energy
conversion efficiency. In addition, in our study we include a physical model of a moored floating
cubic box with dimensions and mooring system layout similar to that of the OWC WEC model. In the
literature, box test cases are often used to validate numerical models (e.g., RANS, SPH, BEM-based
solvers). To our knowledge, experimental validation data from tests with boxes are reported only in
a few works ([28,29]). However, these test data include only simple free-floating boxes. Therefore,
there is a scarcity in test data with moored floating boxes which can serve for validation of numerical
models dealing with moored floating structures. As such, in the present study we introduced the box
tests to deal with this knowledge gap. The novelty of the work lies on the nonlinear responses of the
motion and mooring system of the floating OWC WEC model in nonlinear intermediate depth water
wave conditions. Moreover, as the nonlinear numerical models are becoming increasingly popular
for the simulation of floating moored OWC WECs, their validation using experimental data is crucial.
However, such experimental studies are rarely seen in the literature. Therefore, a second objective of
this work is to provide open access experimental data for the validation of numerical models currently
under development in the wave-energy research community.

The manuscript starts in Section 1 with an introduction in numerical and experimental floating
OWC WEC models and in the objectives of the present study. In Section 2, a description of the
experimental setup is provided. In Section 3, validation cases using a simple slack-moored cubic box
model are provided. An overview and discussion of the hydrodynamic performance of the laboratory
scale OWC WEC model is presented in Section 4. Finally, the main conclusions of this work are
summarized in Section 5.

2. Experimental Setup

2.1. Description of the Models

Two models have been employed in the present experimental study. The first one is a simple solid
cubic box model (referred to as “BOX” here after), which is used to check the reliability of the installed
mooring system, to validate the appropriate installation of all the instruments and of the recorded
data, and to provide benchmark experimental data of the BOX motion and mooring-line tensions in
nonlinear regular waves. Figure 1a provides an illustration of the BOX model, while all the relevant
geometric characteristics are listed in Table 1. The center of gravity is in the geometrical center of the
BOX model.
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Figure 1. Geometry of floating models: (a) BOX; (b) OWC WEC.

Table 1. Geometric characteristics of the BOX model.

Symbol Description Unit Value
Bpox Width of BOX model cm 20.0
Lpox Length of BOX model cm 20.0
Hpox Height of BOX model cm 13.2
Trox Draft of BOX model cm 79
Mpox Mass of BOX model g 3148.0

hyq Mooring-line fairlead height cm 0.5

Ixx,gox Moment of inertia around X axis g~cm2 1.5 x 10°
Iyy,pox Moment of inertia around Y axis g»cm2 1.5 x 10°
IzzB0x Moment of inertia around Z axis ~ g-em* 2.1 x 10°

The second model is a 1:25 scaled OWC WEC shown in Figure 1b. The model is made by light
PVC material. The front open side of the OWC WEC model is placed facing the incoming waves.
Openings are made on the front and bottom surfaces to obtain higher wave-energy flux. The wall
thickness is 10 mm for the four side surfaces and the top surface. Due to this design, the model is
asymmetrical regarding its principle axis which results in its destabilization. Therefore, extra ballast
weights (green cylinders in Figure 1b) are added at the four bottom corners of the OWC WEC model
to lower down the center of gravity and to reach a hydrostatic balance. At the same time, four light
expanded polystyrene (EPS) foam blocks (shadowed part in Figure 1b) are attached on the four vertical
surfaces near the waterline to provide enough buoyancy and stability. The dimensions of each block
are 20.0 cm length, 0.8 cm width and 8.0 cm height. The center of gravity of the OWC WEC model is
located on the symmetry plane of the WEC. The distances from the gravity center to the front and the
bottom sides are annotated using point G’ as reference, which is the projection point of the center of
gravity on the side surface shown in Figure 1b. To simulate the air turbine PTO damping, an orifice of a
diameter of 5.0 cm is made on the top surface of the OWC WEC model, which equals to approximately
6.1% of the top surface area. Table 2 lists the geometric properties of OWC WEC model.
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Table 2. Geometric characteristics of the OWC WEC model.

Symbol Description Unit Value
Bowc Width of OWC model cm 20.0
Lowc Length of OWC model cm 20.0
Howce Height of OWC model cm 44.0
Towc Draft of OWC model cm 26.0
Mowc Mass of OWC model g 2593.0

Ixx,owc Moment of inertia around X axis g~cm2 7.2 x 10°

Iyy,owc Moment of inertia around Y axis g<cm2 9.4 x 10°

Izz,0wc Moment of inertia around Z axis g-em? 5.6 x 10°

ho Front opening height cm 19.0
hyo Mooring-line fairlead height cm 15.0
hy EPS foam block height cm 8.0
51 Vertical height of center of gravity cm 15.2
sy Distance from center of gravity to front surface ~ cm 9.9
(4] Orifice diameter cm 5.0

2.2. Wave Flume Setup and Instrumentation

The experiments are performed in the 30.0 m long, 1.0 m wide and 1.2 m high wave flume of
the Coastal Engineering Research Group at the Department of Civil Engineering of Ghent University.
The maximum operating water depth is 80 cm. The global coordinate system OgXoY(Zy is defined at
the bottom of the wave flume, with the positive OyXy axis pointing to the wave paddle and the positive
OpZy axis with a vertical upward direction. The center of gravity of the OWC WEC model or of the box
model is located at the origin point of this global coordinate system. Seven resistive wave gauges (WG1
to WG?) are installed along the wave flume to record wave surface elevations () at different locations.
For the OWC WEC model, one wave gauge (WGS8) is installed in the chamber center, which moves
with the model and measures the average in-chamber water surface elevation. Figure 2 gives a plan
view of the general experimental layout of the wave flume and shows the locations of the employed
instrumentation.
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Figure 2. Top view of the experimental setup.

A four-point symmetric slack mooring system is used in the experimental setup. The anchor of
each mooring line is connected to a loadcell fixed to the wave flume bottom. The distances between
loadcells and models are annotated in Figure 2, while the fairlead of each mooring line is attached
to the floating model. Each loadcell measures the horizontal component of the mooring-line tension
(F), and has a measurement range of 100 N and a sampling frequency of 1000 Hz. To investigate the
effect of the mooring-line material on the model response, iron chains and nylon ropes have been used
alternatively. The elasticity properties of the two materials are acquired by performing tension tests
at the laboratory of Material Science at Ghent University. The mooring-line parameters are listed in
Table 3.
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Table 3. Mooring-line parameters.

Material Symbol Description Units  Parameter
Lc Total length of chain mooring line cm 145.5
ke Chain elasticity N/mm 19.0
Iron chain 1 Length per chain segment cm 0.8
w Chain weight per centimeter g/cm 0.6
v Chain volume per centimeter cm®/em 0.1
Lr Total length of rope mooring line cm 144.0
Nylon rope kg Rope elasticity N/mm 1.1

The 6-DOF motion of the floating models is captured using an optical tracking motion system,
CTrack, developed by Ctech Metrology [30]. CTrack consists of a camera, several marker receivers,
and dedicated processing software. The marker receivers are installed on the floating model. Based
on the spatial relationship between markers and camera, a local coordinate system OXYZ is created
fixed to the center of gravity of each one of the floating models, and the real-time motion is measured.
The 6-DOF motion includes translations and rotations along the X, Y, and Z axes, where the three
translations are the surge (x), sway (y) and heave (z), and the three rotations are the roll (¢), pitch (0)
and yaw (¢). The local coordinate system and the definition of the 6-DOF motion are visualized in
Figure 1a. Figure 3 shows the experimental setup in the wave flume from different perspectives.

(b)

(©

Figure 3. Moored models in the wave flume: (a) front view of the OWC WEC model with rope mooring;
(b) side and back view of the OWC WEC model with chain mooring (this image of the model “broken”
into two pieces is a result of light refraction); (c) back view of the BOX model with chain mooring.
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2.3. Experimental Program

The present study focuses mainly on the response of the motion and mooring-line tensions of the
floating OWC WEC and the BOX model subjected to unidirectional regular waves. State-of-the-art
second order wave generation and absorption techniques have been applied [31]. Seven Test groups are
conducted. The parameter ranges of the applied wave conditions and water depth in each Test group
are listed Table 4. Test group 1 is a validation Test group of the BOX model in the wave conditions
of 1.6 s < T <20sand 12.0 cm < H < 15.0 cm, where H is the wave height and T is the wave
period. The iron chain mooring lines are applied in this Test group. Test group 2 to 7 investigate
the OWC WEC model. Test group 2 studies the motion response of the model in relatively small
wave-amplitude conditions (4.0 cm < H < 8.0 cm) while Test group 3 uses larger wave-amplitude
conditions (11.0 cm < H < 14.0 cm). Test groups 2 and 3 are conducted using the iron chain as the
mooring-line material. To compare the impact of different mooring-line materials, in Test groups 4
and 5 the nylon rope is used instead of the iron chain. Test group 4 uses the same wave conditions as
in Test group 2 and Test group 5 uses the same wave conditions as in Test group 3. A sensitivity test
regarding a scenario of unequal mooring-line lengths, is carried out in Test group 6. This Test group
6 investigates the response of mooring-line tensions due to the variation of the length of one of the
four mooring lines, and discusses the effect of this unbalanced mooring system. Moreover, to further
investigate the influence of larger orifice PTO damping qualitatively, in Test group 7,a @ = 1.0 cm
orifice is used and is compared to a & = 5.0 cm one (Test group 3) under the same wave conditions.

For all the wave conditions used in the experimental program, the wave steepness is kept in the
range of H/A < 1/20 to ensure non-breaking wave conditions, where A is the wave length. However,
as the water depth (d) is limited, the wave conditions are no longer linear. The wave nonlinearity
can be assessed by plotting all the applied wave conditions used in each Test group in the adapted
Le Méhauté diagram [32], as shown in Figure 4. It is clearly seen that most of the waves used in Test
groups 1 to 5 are in the intermediate water depth region and they satisfy the Stokes 2nd order wave
theory. Furthermore, for Test group 1, the cases of H = 15.0 cm waves are in the Stokes 3rd order
wave region. In addition, each wave train contains less than 20 waves and the data acquisition system
is stopped before the reflected waves reach the model, so any wave reflection effects from the wave
absorption beach located at the opposite end of the wave flume will not be considered. Please note that
all presented H and T are target wave condition values. This means that the H and T values resulting
from the Fourier transformation analysis are slightly different because all presented results refer to
test cases where a BOX or an OWC WEC model is always present in the wave flume. As such wave
radiation, diffraction, and reflection induced by the floating objects is included in the presented results.

Table 4. Experimental program.

Range of Regular ~ Range of Regular  Water ~ Mooring

Test Group  Model Wave Period, Wave Height, Depth, Line Note
T (s) H (cm) d(cm)  Material

1 BOX 1.6-2.0 12.0-15.0 50.0 Chain Benchmark test

2 OWC 0.7-2.1 4.0-8.0 60.0 Chain Small wave amplitude
3 OowcC 1.5-2.0 11.0-14.0 60.0 Chain Large wave amplitude
4 OWC 0.7-2.1 4.0-8.0 60.0 Rope Small wave amplitude
5 OWC 1.5-2.0 11.0-14.0 60.0 Rope Large wave amplitude
6 OWC 1.7 14.0 60.0 Chain Unbalanced mooring
7 OWC 1.5-2.0 11.0 60.0 Chain J=1.0cm
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Figure 4. Applied wave conditions plotted in the adapted Le méhauté diagram [32]. All cases in Test
group 1 to 5 are plotted. [Adapted with from Le méhauté, B. An Introduction to Hydrodynamics and
Water Waves]

2.4. Uncertainty Sources

There are several uncertainty sources related to the obtained experimental data which should
be considered. These uncertainty sources may affect the interpretation of the here presented results.
The sources of uncertainty are listed as below.

(1) For mooring system, uncertainties are related to the measurement of the mooring-line material
elasticity, length, and weight and volume per unit length, the locations of loadcells and fairleads,
and the tensions.

(2) For the floating object, uncertainties are related to the measurement of: the geometrical
dimensions of the model, the mass, the center of gravity, and momentum of inertia of the model, the
spatial position of the model, including the initial position and the 6-DOF motion.

(3) For the wave generation system, uncertainties are related to the measurement of the wave
surface elevation and the wave period.

3. BOX model Experimental Results

The BOX model experimental results are obtained from Test group 1. In this paper, we present
two datasets with the synchronized information of water surface elevations acquired from WG2, WGS3,
and WG4 (see Figure 3), motion time series of surge, heave, and pitch obtained from the CTrack system
and horizontal components of mooring-line tensions obtained from four loadcells. The case of regular
waves of T = 1.6 s and H = 12.0 cm is displayed in Figure 5, while another test with regular waves of
T =1.8sand H = 15.0 cm is shown in Figure 6. The loadcells are initialized when the BOX model is
at the equilibrium position. The mooring-line tension data is post-processed via an averaging filter.
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Figure 6. Synchronized data of validation test with BOX model in regular waves of T = 1.8 s and
H = 15.0 cm (target values): (a) wave surface elevation; (b) surge motion; (c) heave motion; (d) pitch
motion; (e) mooring-line tensions measured by Loadcell A and B; (f) mooring-line tensions measured

by Loadcell C and D.
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The results are discussed in terms of wave field modification due to the presence of the BOX model.
Firstly, nonlinearity of the incident waves is observed from the recorded water surface elevations.
In both Figures 5a and 6a, the recorded data of all the three wave gauges show that the incident wave
forms have flat troughs and sharp peaks. Especially in Figure 6a, the average wave trough value
obtained by WG2 is { = —58.7 mm while the average peak value is { = 93.4 mm. The nonlinear wave
forms are due to the intermediate water depth, as explained in Figure 4.

Secondly, in both Figures 5a and 6a, the wave heights measured by WG4 are smaller than those
measured by WG2 and WGS3, since WG4 is located behind the BOX where the incident waves are
diffracted after passing the model. Meanwhile, because WGS3 is close by the BOX model, the wave
heights recorded by WG3 are slightly larger than those recorded by WG2 as both the incident waves
and the radiated waves due to the BOX motion are captured.

For the BOX model motion in the regular wave conditions of T = 1.6 sand H = 12.0 cm, the surge
motion of the BOX model (Figure 5b) is not steady regarding the motion amplitude in each wave
period. This occurs because the presence of the iron chain mooring lines imposes a low frequency
component to the wave induced surge motion. The heave (Figure 5¢) and pitch (Figure 5d) motions of
the BOX model are regular and the motion amplitudes are steady. The measured mooring-line tensions
as plotted in Figure 5e,f show a good balance between the two mooring lines that are connected to
Loadcell A and B, and between the two connected to Loadcell C and D, respectively.

When considering the regular wave conditions of T = 1.8 s and H = 15.0 cm, different motion
characteristics of the BOX are observed. As displayed in Figure 6b, the surge motion shows a more
regular pattern compared to the surge motion shown in Figure 5b. For the heave motion of the BOX
(Figure 6¢), although the motion is regular, nonlinear effects are obvious as the average peak value
is z = 80.7 mm and the average trough value is z = —61.9 mm. Moreover, as shown in Figure 6d,
the pitch motion of the BOX contains strong nonlinearity and is very irregular. This is due to a
combined effect of the nonlinear incident waves and of the mooring lines. For the mooring-line
tensions in this test, Figure 6e,f show a good balance between the tensions measured by Loadcell A
and B, and between those measured by Loadcell C and D, respectively.

The results of the two cases presented in this section will be employed in the development of fully
nonlinear numerical models as a benchmark experiment for numerical validation.

4. OWC WEC Model Experimental Results

4.1. OWC WEC Motion Response

The motion response to regular waves is defined as the motion amplitude of a floating object in
regular waves per unit amplitude. By varying the frequency of the incident wave, a motion response
curve can be obtained to depict the motion characteristics of the floating system in the frequency
domain. For a moored floating OWC WEC, the motion response information reflects its motion
amplitude, provides its natural frequency and reveals nonlinear effects due to the mooring system and
the incoming waves.

Tests are carried out with both small-amplitude waves (Test groups 2 and 4) and large amplitude
waves (Test groups 3 and 5). For Test groups 2 and 4, H = 4.0 cm (when T < 1.1 s) and H = 8.0 cm
(when T > 1.2 s) are used; the later one stands for H = 2.0 m in prototype scale. For Test groups 3
and 5, the applied wave heights are H = 11.0 cm and H = 14.0 cm, and the wave period is set within
the range of 1.5 s < T < 2 s. Moreover, according to the suggestion given by ITTC guidelines [33],
the translation motion response data is expressed by a division of the mean single motion amplitude
over an averaged wave amplitude, as x /1 or z/19, where 179 = H/2.

The experimental results of the OWC WEC surge response to small-amplitude waves (Test groups
2 and 4) and large amplitude waves (Test groups 3 and 5) are shown in Figure 7a,b, respectively,
and the results of its heave response are shown in Figure 8a,b. In addition, comparisons between
the surge and heave response in different wave heights when using one mooring-line material are



Energies 2019, 12, 1834

visualized in Figure 7c (surge response when using only iron chain), Figure 7d (surge response when
using only nylon rope) and Figure 8c (heave response when using only iron chain) and Figure 8d
(heave response when using only nylon rope).

Firstly, the resonance periods in surge and heave of the OWC WEC model are observed as plotted
in Figures 7a and 8a, respectively. For a wave period of T = 0.9 s, the OWC WEC surge motion
response reaches a minimum value. The heave resonance period (T, jeqe) for using the nylon rope
mooring lines is Ty jeqre = 0.9 s, and when using iron chain T, jp. = 1.0 s. This modification of T, 40,
shows the effect of the mooring-line material: the floating system has a total mass of both the OWC
WEC model and the mooring lines, so the heavy iron chain mooring line increases the resonance period
of the OWC WEC heave motion. Secondly, Figures 7a and 8a also show that when 1.0s < T < 1.7 s,
the OWC WEC motion response due to using the chain mooring lines are very similar to the response
when using the rope. Obvious differences occur in surge motion when T > 2.0 s. As the density of
nylon rope material is close to the water density, the rope could not provide any stiffness as a free
hanging chain unless the mooring lines are fully stretched. As a result, though the rope mooring lines
are shorter, they lead to larger surge amplitude than using the chain when T > 2.0 s. This effect is
more obvious in large amplitude waves, as shown Figure 7b. Thirdly, it is clearly seen from Figure 8b
that the OWC WEC heave response when using nylon rope material reaches over 1.0 when T > 1.8 s,
and goes up to 1.45 for T = 2.0 s.
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Figure 7. OWC WEC surge motion response for different mooring-line materials: (a) wave height
H = 4.0 cm and H = 8.0 cm; (b) wave height H = 11.0 cm and H = 14.0 cm; (c) using only iron
chain, H = 4.0 cm to H = 14.0 cm; (d) using only nylon rope H = 4.0 cm to H = 14.0 cm. (All wave
conditions are target values).
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Figure 8. OWC WEC heave motion response for different mooring-line materials: (a) wave height
H = 4.0 cm and H = 8.0 cm; (b) wave height H = 11.0 cm and H = 14.0 cm; (c) using only iron
chain, H = 4.0 cm to H = 14.0 cm ; (d) using only nylon rope H = 4.0 cm to H = 14.0 cm. (All wave
conditions are target values).

To investigate this further, a comparison of the OWC WEC motion response is performed for
wave conditions of the same wave period but different wave height, T = 1.9 s, H = 8.0 cm and
T =19s,H = 14.0 cm. The motion logs of the OWC WEC model are plotted in Figure 9. It is observed
that when H = 8.0 cm, the three motions (surge, heave and pitch) are well matched for both of the
tested mooring materials. This indicates that the mooring system does not significantly affect the
OWC WEC motion at this wave period and when small wave heights are applied. When H = 14.0 cm,
strong nonlinearity emerges as the incoming waves are close to Stokes 3rd order region (Figure 4).
Figure 9b is the surge motion history of the OWC WEC model and shows that the chain mooring
line contributes to smaller surge motion than the nylon rope. For the OWC WEC surge motion when
using nylon ropes, the average surge peak value is x = 142.3 cm and the average trough value is
x = —102.3 cm, which clearly reflect a nonlinear surge motion behavior. The equilibrium drift, on the
contrary to the iron chain case, is to the wave incoming direction. This is caused by the strong shock
force from the nylon rope lines. For the OWC WEC heave mode as displayed in Figure 9d, two peaks
and troughs appear in one wave period when using the rope mooring lines. The major peak is induced
by waves, and the minor peak occurs due to a shock load from the mooring line when the rope is
suddenly stretched. The value of this major peak of the heave motion is close to the peak value
of the OWC WEC heave motion when using the iron chain. However, when using the nylon rope,
the mooring-line shock loads acting on the OWC WEC model lead to lower major heave troughs and
amplify the heave motion response up to over 1.0, as shown in Figure 8b. This is primarily due to the
low stiffness of the flexible and soft nylon rope material. Moreover, in Figure 9f, nonlinear effect is
also obvious for the pitch motion of the OWC WEC model in large waves when using nylon rope,
where the average pitch trough is § = —20.6° and the average pitch peak is § = 13.8°. Compared to
using iron chain, using nylon rope introduced larger pitch motion amplitude and sharper pitch peaks
and pitch troughs, which means the corresponding mooring-line shock loads introduce a more intense
rotational acceleration to the OWC WEC model, and hence, result in a possible sloshing effect inside
the OWC WEC chamber.
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Figure 9. OWC WEC model motions in regular waves of T = 1.9 s: (a) surge, H = 8.0 cm; (b) surge,
H = 14.0 cm; (c) heave, H = 8.0 cm; (d) heave, H = 14.0 cm; (e) pitch, H = 8.0 cm; (f) pitch,
H = 14.0 cm. (All wave conditions are target values).

4.2. Water Surface Elevation Variation Inside the OWC WEC Vhamber

The time averaged energy output of an OWC WEC is given by Equation (1) [13],

T
Pe=1 [ aptgd M

where Pf is the mean power output, Ap(t) is the pressure variation inside the OWC WEC chamber
during a wave period, 4(t) is the air volume flux and T is the wave period. The mean water surface
elevation variation inside the OWC WEC chamber determines the air flux through the orifice at the
top of the chamber, and hence, contributes significantly to the potential energy output of the WEC.
Based on this, comparisons between the in-chamber water surface elevation and the wave surface
elevation outside the OWC WEC model are made for various wave conditions. Figure 10 depicts the
water surface elevations ({) recorded by WG2 (located in front of the OWC WEC model) and WG8
(inside the OWC WEC chamber). The considered wave conditions are characterized by T = 0.9 s and
H = 4.0 cm in Figure 10a, T = 1.0 s and H = 4.0 cm in Figure 10b, T = 1.7 sand H = 11.0 cm in
Figure 10c, and T = 1.7 s and H = 14.0 cm in Figure 10d. The mooring-line material is iron chain for
all these cases.
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Figure 10. Water surface elevation time series: (a) T = 0.9 sand H = 4.0 cm; (b) T = 1.0 s and
H=40cm;(c)T=17sand H = 11.0cm; (d) T = 1.7 s and H = 14.0 cm. (All wave conditions are
target values.

Differently from the heave motion resonance period of the OWC WEC T, ;.40 = 1.0 s obtained
in Section 4.1, resonance of the in-chamber water surface elevation occurs at T, cjamper = 0.9 s.
The in-chamber water surface elevation amplitude decreases approximately 50% as the incident
wave period increases 0.1 s regarding T} jz0e- This indicates a narrow frequency band of optimum
power output of the studied floating moored OWC WEC, which is similar to the result obtained from
the investigation of a fixed detached OWC WEC as described by [23]. For the in-chamber water surface
elevation in large wave conditions of T = 1.7 s, H = 11.0 cm and H = 14.0 cm, clearly the resonance
does not occur.

4.3. Mooring-Line Tensions

As described in Section 4.1, the mooring-line material plays an important role for the OWC WEC
model motion in large amplitude waves. In this section, we show that the mooring-line tension at the
anchor location, also differs. Examples are given for the regular wave conditions of T = 1.7 s and
H = 14.0 cm, as presented in Figures 11 and 12. Figure 11 illustrates the horizontal components of the
chain mooring-line tensions measured by all four loadcells and Figure 12 illustrates the registered data
for the rope mooring lines. It is observed that using rope mooring line has introduced periodic shock
loads exceeding 10.0 N, which are significantly larger than those when using chain mooring line for

the same wave conditions.
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Figure 11. Iron chain mooring-line tensions measured by loadcells in regular waves of T = 1.7 s and
H = 14.0 cm (target values): (a) Loadcells A and B; (b) Loadcells C and D.
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Figure 12. Nylon rope mooring-line tensions measured by loadcells in regular waves of T = 1.7 s and
H = 14.0 cm (target values): (a) Loadcells A and B; (b) Loadcells C and D.

4.4. Effect of Unequal Mooring-Line Lengths

The mooring-line length affects the performance of a moored floating system. During the tests, a
perfect symmetry of the mooring system is difficult to achieve while even slightly unequal lengths
of the mooring lines introduce effects on the mooring-line tensions that need to be considered. This
section discusses the sensitivity of the mooring-line tensions to the unbalanced mooring-line lengths.
For this purpose, Test group 6 (see Table 4) is performed with uniform regular wave conditions of
T = 1.7 sand H = 14.0 cm. The length of the front mooring line connected to Loadcell A, noted as
Lc,1, is adjusted within the range of £1.65% of the initial length Lc (Table 3) . Using 6Lc; to note
the increment of the mooring-line length, the mooring-line length adjustment is within the range of
—2.4 cm < 6Lcy < 2.4 cm, and with a step of 1.6 cm. Given the iron chain mooring-line parameters
of Table 3, §Lc; = 0.8 cm indicates increase of the mooring-line length by adjusting one segment on
the chain, while a negative dLc; means decrease of the length. The mooring-line tensions measured
by each loadcell when JL¢; varies are shown in: Figure 13a for 6Lc; = —2.4 cm (—1.65% of Lc 1),
Figure 13b for 6Lc1 = —0.8 cm (—0.55 % of L 1), Figure 13c for 6Lc; = 0.8 cm (+0.55% of L¢ 1) and
Figure 13d for §Lc; = 2.4 cm (+1.65% of L¢ 7). According to the obtained results, the mooring-line
tensions are sensitive to the mooring-line length variation. Shock loads have been observed as the
length is shortened by 2.4 cm (or else, when Lc; = —2.4 cm, which equals to an adjustment of the
chain by 3 segments), when the maximum tension attains to 5 times of the average load of the other

mooring lines. This investigation illustrates the necessity of a balanced mooring configuration during
the wave flume tests.
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Figure 13. Mooring-line tensions measured by loadcells in regular waves of T = 1.7 s and H = 14.0 cm
(target values) for unequal mooring-line lengths: (a) Lc,; = —2.4 cm (—1.65% of L¢1); (b) dLc,; =
—0.8 cm (—0.55 % of Lc1); (¢) 0L¢c,1 = 0.8 em (+0.55% of Lc1); (d) 6Lcy = 2.4 cm (+1.65% of L¢ 7).

4.5. Effect of the Orifice Diameter at the Top of the OWC WEC Chamber

The size of the orifice diameter on top of the OWC WEC chamber is important for simulating
the PTO damping of the OWC WEC since it determines the air-pressure drop inside the chamber [23].
According to the pipe flow theory, a smaller orifice diameter means a higher air-pressure drop and
momentum loss rate during the air exchange, which indicates a higher damping of the PTO system.
Based on this concept, as described in Table 4, Test group 7 is conducted by replacing the original & =
5.0 cm orifice by a smaller one of & = 1.0 cm diameter. The investigation focuses on the comparison of
the OWC WEC motion and of the in-chamber water surface elevation. An example from the regular
wave conditions of T = 1.7 s and H = 11.0 cm is shown in Figure 14. The comparative results for
different orifice diameters show almost identical OWC WEC motion time series (see Figure 14a—c).
This is because the PTO damping due to the orifice diameter variation is negligible compared to the
system’s hydrodynamic damping. However, as shown in Figure 14d, the amplitude of in-chamber
water surface elevation is reduced to less than 4 mm when the orifice diameter decreases, meaning
that there is limited air volume exchange through the @ = 1.0 cm orifice.
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Figure 14. Comparisons of the OWC WEC motion and water surface elevation inside the chamber
between different orifice sizes regular waves of T = 1.7 s and H = 11.0 cm (target values): (a) surge;
(b) heave; (c) pitch; (d) in-chamber water surface elevation.

5. Conclusions

In this paper, an experimental study for investigating the motion in regular waves and
mooring-line tension characteristics of a 1:25 scaled slack-moored floating OWC WEC model is
presented. Different wave conditions, PTO damping characteristics and mooring-line materials and
lengths are studied.

Firstly, by applying a series of nonlinear regular wave conditions, the motion response of the
OWC WEC model is recorded. With using iron chain mooring lines, the heave motion resonance
period of the OWC WEC model is T, 045, = 1.0 s and the in-chamber water surface elevation resonance
is observed when T} camper = 0.9 s.

Secondly, the effect of different mooring-line materials, nylon rope and iron chain, is investigated
in both small and large wave-amplitude conditions. When small wave-amplitude conditions are
applied (wave height H < 8.0 cm), either using iron chain or nylon rope mooring line gives
similar surge and heave motion response of the OWC WEC model within the wave period range of
1.0s < T < 1.7 s. However, the use of nylon rope leads to smaller heave motion resonance period of
the OWC WEC, T, jeq0 = 0.9 s, than when using the iron chain, and larger surge motion response
amplitude when T > 2.0 s. On the other hand, when the incident wave heights H > 11.0 cm, the OWC
WEC surge and heave motion of using the nylon rope mooring line is significantly larger than that
when using the iron chain mooring line. Meanwhile, strong nonlinear effects in the OWC WEC heave
motion occurs when using the nylon rope. Moreovert, the use of nylon rope introduces mooring-line
shock loads under the regular wave conditions of H =140 cmand T = 1.7 s.

Thirdly, a scenario of an unbalanced mooring system due to unequal mooring-line lengths is
investigated by adjusting the length of one mooring line. The results show that the tensions of the
mooring lines of the floating OWC WEC model is sensitive to the variation of the mooring-line length.
When decreasing the mooring-line length L ; (connected to Loadcell A) by 2.4 cm, which is equal to
only three segments on the iron chain, severe anchor shock loads have been captured by the loadcell.

Finally, a qualitative study of the PTO damping impact on the motion of the floating moored
OWC WEC model is performed through a comparison of the obtained results between two different
sized orifices on top of the model. These orifices simulate the effect of the PTO damping. A small
orifice represents high PTO damping while a large diameter orifice represents a limited PTO damping.
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It is shown that the orifice diameter has a very limited influence on the motion of the OWC WEC
model. However, a smaller top orifice introduces a more stable in-chamber water surface elevation.

In addition, two datasets from tests with a generic cubic floating box (BOX) model moored to the
wave flume bottom are presented. These data include synchronized wave surface elevations, surge,
sway, and pitch motion of the BOX as well as the mooring-line tensions. As a result, of applying
nonlinear regular waves and the slack chain mooring system, the nonlinear motion results of the BOX
model are obtained and analyzed. The datasets will be further used by researchers as a benchmark
case for further development of fully nonlinear numerical models used to simulate the behavior of
moored floating objects.

The presented study is novel as it focuses on the nonlinear responses of the motion and mooring
system of a floating OWC WEC and BOX model in nonlinear intermediate depth water wave conditions.
As nonlinear numerical models are becoming increasingly popular for the simulation of floating
moored OWC WEC models, their validation using experimental data is crucial. The present study
covers then this existing data gap seen in the literature regarding floating moored OWC WECs, by
providing an open access experimental database.
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The following abbreviations are used in this manuscript:

BBDB  Backward Bend Duck Buoy

BOX cubic floating box model

CFD Computational Fluid Dynamics
DOF Degree of Freedom

EMEC  The European Marine Energy Center
EPS Expanded Polystyrene

ITTC The International Towing Tank Conference
OWC  Oscillating Water Column

PTO power-take-off

SPH Smoothed Particle Hydrodynamics
WEC Wave-Energy Converter

WG wave gauge
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Abstract: In the present work a hybrid boundary element method is used, in conjunction with
a coupled mode model and perfectly matched layer model, for obtaining the solution of the
propagation/diffraction/radiation problems of floating bodies in variable bathymetry regions.
The implemented methodology is free of mild-slope assumptions and restrictions. The present work
extends previous results concerning heaving floaters over a region of general bottom topography in
the case of generally shaped wave energy converters (WECs) operating in multiple degrees of freedom.
Numerical results concerning the details of the wave field and the power output are presented, and
the effects of WEC shape on the optimization of power extraction are discussed. It is demonstrated
that consideration of heave in combination with pitch oscillation modes leads to a possible increase of
the WEC performance.

Keywords: renewable energy; marine environment; wave energy converters; variable depth effects;
multi-DOF WECs; design optimization

1. Introduction

Renewable energy from the oceans is increasingly attracting the interest of the scientific and
industrial society. Wave energy converters are constantly being deployed in areas characterized
by increased potential, and a recent review concerning point absorber wave energy harvesters is
presented in [1]. The performance of the devices installed in the nearshore and coastal environment,
where the bottom terrain may present significant variations, can be evaluated by formulating and
solving interaction problems of free surface gravity waves, floating bodies, and the seafloor; see, e.g.,
Wehausen [2] and Mei [3]. A thorough presentation of the interaction between waves and oscillating
energy systems can be found in Falnes [4]. Models describing coupling methodologies for numerical
modelling of near and far-field effects of wave energy converter arrays are presented in various works;
see, e.g, [5-7].

The power efficiency and the operation of the WECs is affected by the bottom topography due to
the local entrapped modes and of their impact on the wave propagation, with non-negligible results,
especially in array layouts; see [5,8,9]. This is also demonstrated in wave propagation over variable
seabed topographies or abrupt bathymetries including coastal structures; see, e.g., [10,11].

The numerical method implemented in this work for the treatment of the hydrodynamic problems
simulating the WEC operation is a hybrid boundary element method coupled with a perfectly matched
layer (BEM-PML) technique, which is used in conjunction with a coupled mode system for the
simulation of the propagating waves over general seabed topography, as presented and validated
in [12,13]. For the calculation of the propagation wave field over general 3D bottom topographies,
including possibly steep parts, the coupled mode model (CMM), developed in [14] and extended for the
3D-domains in [15,16], is applied. The latter method is validated by comparisons against experimental
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data [17,18] and calculations obtained by the phase-averaged wave model SWAN (simulating waves
nearshore) [19]. The boundary element method is then implemented for the calculation of the excitation
loads on the floating body, along with the hydrodynamic coefficients of added mass and damping by
utilizing the 3D Green’s Function, while the perfectly matched layer model is numerically treating the
behavior of the outgoing radiating waves at large distances from the floating body [20].

The present method is applied to derive numerical results concerning the details of the wave field
and the power output. Different axisymmetric WEC-shapes and power take off (PTO) configurations
are examined, and the effects on the optimization of wave energy extraction are discussed. Following
previous investigations, as reported in detail by Falnes [4], the consideration of additional degrees
of freedom could significantly enhance the performance of a oscillating floating WEC. By using the
present hybrid BEM, it is demonstrated that consideration of heave in combination with pitch modes
leads to a substantial increase of the WEC performance, up to 300%. What is more important is that
the consideration of additional degrees of freedom has an important effect on the determination of
the optimal shape of the floater. Finally, the present model supports the application to more complex
optimization problems, associated with multi DOF (degree of freedom) WEC performance, which
are expected to be excited in variable bathymetry due to general wave incidence, in conjunction with
depth inhomogeneity effects.

2. Formulation

2.1. Heaving Cylinder over Variable Bathymetry

We first consider a vertical cylindrical WEC of radius a and draft T, operating in a nearshore
environment, characterized by a depth-transition from an incidence-subregion of constant depth
h = hy, to a transmission-subregion of constant depth i = h3, with the depth h;(x) in the middle
subdomain exhibiting an arbitrary variation with respect to the horizontal coordinates x = (x, y). The
motion of the floating body is excited by a harmonic wave of angular frequency w propagating with
an incident angle 6. Under the assumption that the wave slope is relatively small, the wave potential
and the free-surface elevation are expressed by

D(x,zt) = Re{—%(p(x,z;y) ~exp(—ia1t)} 1)
10661) = Re{ 24 - expl—ian) @

where H is the incident wave height, g is the gravity acceleration, it = w?/g is the frequency parameter,
and i = V=1 is the imaginary unit. According to the hydrodynamic theory of floating bodies (see,
e.g., [7]), the complex wave potential is decomposed on several components, namely the propagating
wave potential pp(x,z), defined without the effect of the body, the diffraction potential ¢p(x,z) due to
the presence of the rigid motionless body, and the radiation potential ¢ (x, z), related to the oscillations
in the six degrees of freedom of the floater

B 20? 3
P(0z) = pr(x,2) + @0 (x.2) + T Pr(x2) ©
6
Pr(62) = ) Epelx2) @
(=1

The boundary conditions on the wetted surface of the body are

opp(x,z)/dn = =dpp(x,z)/dn, dpi(x,z)/dn=mn;, €=1,2,...6, (5)
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where n = (n1,np,n3) denotes the normal vector with direction inwards the body, and n; is the
{-component of the generalized normal vector. Moreover, the wave potential (all components) should
satisfy the bottom boundary condition on the variable seabed topography

09(x,2)/9z + Voh(x)Vap(x,z) =0, z=—h(x) (6)

where V, = (&x, By) denotes the horizontal gradient.
In particular, the heave response of the cylinder is obtained as

&= (Xp+Xp)/A (7)

where Xp and Xp are the Froude-Krylov and diffraction exciting vertical forces due to propagation
and diffraction potentials, respectively, defined as follows

$H

Xp = pTU dpr3dS @®)
dDg
$H (1

Xp = B8= [[ pomsds ©)
dDg

The complex coefficient A(w) involved in Equation (7) is given by
A(w) =~ (M +a33) — ico(Bs +ba3) + (Cs + c33) (10)

where the hydrodynamic coefficients a3z and b33 (added mass and damping coefficient of the body)
are calculated by integrating the heaving radiation potential on the wetted surface of the WEC:

1
a33 — Zb?ﬁ = PJ)I @3nzdS (11)
B

Also, c33=pgAwy is the hydrostatic coefficient in heave motion and Ay, denotes the waterline
surface. The coefficients Bs and Cs are characteristic parameters of the PTO system. Finally, the
time-average WEC power output, considering only the £3-heave mode, is calculated by

1 > 2
P(w,0) = 51,50 [Bs(3)’] (12)
where 7, denotes the efficiency of the PTO. The power output obviously depends on the frequency
w, the direction 6, and the height H of the incident wave, as well as on the characteristics of the PTO
installed in the specific environment. Furthermore, the overall performance of the device is dependent
on the wave conditions as they are described by the incident directional wave spectrum.

2.2. Propagation Wave Field

The coupled mode model, developed by Athanassoulis and Belibassakis [14] and extended to 3D
by Belibassakis et al [15], is appropriate for the efficient numerical simulation of wave propagation
problems over a varying sea bottom topography that may contain steep parts, where analytic solutions
are not available. The propagation potential over a variable bathymetry, in the absence of the floating
body-scatterer, is based on the following local-mode representation

Pr(x2) = p1(0)Z-1(z%) + ) Pu(x)Zn(z%) (13)
n=0
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where the vertical functions Z, (z; x) are obtained as eigenfunctions of regular Sturm-Liouville
problems, formulated at the local depth, and the system is enhanced by appropriate additional terms
in order to consistently satisfy the boundary conditions on the sloping seabed. The functions ¢, (x) are

the complex amplitude of the nt'-mode, and are found as the solution of the following coupled mode
system (CMS)
Y, Aun (V%00 (x) + B (0 Vpu(x) + Crn(x)gpn () = 0 (14)
n=-1

where the matrix coefficients A, Byun, and Cyyy, are defined in terms of the vertical eigenfunctions
and are listed in Table 1 of Reference [15]. An important feature of the above CMS is that it can be
naturally reduced to well-known simplified models when the environmental parameters permit such
simplification. In fact, keeping only the propagating mode (n = 0) in Equation (14), the system reduces
to a one-equation model, which is exactly the modified mild-slope equation; see [10]. The CMS is also
supplemented by appropriate boundary conditions for treating incident, reflection, and transmission
phenomena in general bathymetry regions.

2.3. Diffraction and Radiation Potentials

The evaluation for the 3D diffraction and radiation potentials associated with the floating WEC
will be treated by the BEM method developed by Belibassakis et al [21] and described in more detail
in [13]. In this model, the induced potential and velocity from the collection of the 4-node quadrilateral
elements, which are used to discretize all parts of the boundary surface (body, free-surface, seabed
surface etc.), is given by

(r) = ) F,®,(x) (15)
p

Vo(r) = Y FUy(1) (16)
p

where the summation refers to all panels and ®, and U, denote, respectively, the induced potential
and velocity from the p™ element with unit singularity distribution to the field point r = (x,1,z). The
induced potential and velocities from each element are obtained by a semi-analytical method, and
the discrete solution is finally obtained using the collocation method, used to satisfy the boundary
conditions at the centroid of each panel of the geometrical configuration.

2.4. PML Implementation

The domain and the radiating behavior of the diffraction and radiation fields in the far field at
large distances from the floating body are numerically simulated by means of an absorbing layer
technique, based on a perfectly matched layer (PML) applied all around the borders of the free-surface
computational domain; see, e.g., [22]. In the present model, the free-surface boundary condition is
expressed by the following formula (see also [12,13,21]):

% — (@) =0, redD; (17)

where .

‘”?, R <R,

plw) = (18)

n 2
%2(1 + iR ) , R>R,

The efficiency of the above technique to damp the outgoing waves with minimal back-scattering
is dependent on various parameters of the present PML, including the layer thickness, its activation
point R,, and the coefficient ¢. The latter are optimized by systematic investigation using as objective
function the minimization of the error of the numerical solution against analytical results available
in the case of floating vertical cylindrical bodies in constant depth; see, e.g., [23]. This procedure is
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evaluated in detail in [12], and is shown to provide satisfactory results proving the reliability of the
present hybrid BEM-PML-CMS numerical scheme.

2.5. Mesh Generation

In computational hydrodynamic problems, mesh generation is an issue of utmost importance.
From this perspective, in the present problem, every part of the boundary surface is discretized
by distribution of the panels (4-node quadrilateral elements), satisfying perfect junction of various
sub-meshes, and ensuring global continuity of geometry. A cylindrical arrangement of panels in all
boundary parts is used, as shown in Figure 1, which is found to be suitable for the representation of
the radiating behavior of the diffraction and radiation fields; see also [12]. In the example illustrated in
Figure 1, the mesh resolution is: 10 x 88 for the cylindrical WEC (with the first index representing
vertical and the second azimuthal discretization). A domain extent of 4 wavelengths on the free
surface is discretized into (4N/A) X 88 and 26 X 88 elements on the bottom surface, respectively, where
N denotes the number of elements per wavelength for discetizing the domain. A finer mesh on
the floating body corresponding to 18 x 88 elements is also used for examining the convergence of
calculated results.

Figure 1. Computational meshes on (a) free surface, (b) bottom, and (c) WEC surface.
2.6. Variable Bathymetry

In this work, the effect of sloping seabeds on the WEC performance is examined by considering an
operation over a smooth but steep shoaling region. The seabed profile exhibits a monotonic variation
along the x-axis, described as follows

h(x) = hy — 0.5(hy — hz)tanh (e 7t (X = Xpiean) ) (19)
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where the mean depth is: 1, = 0.5(h1 + h3) and Xmean is the center of the domain span along x-axis, where
the WEC is also located. The coefficient ay,; controls the bottom slope. The region is characterized by
constant depths at infinity, in particular /z; and k.

2.7. 2-DOF WEC Problem Formulation

The idea of combining more than one degree of freedom for harnessing the available power
provided by the incident wave is another perspective on improving the WEC efficiency. In this case,
the device is able to absorb a higher amount of incident wave power and presents improved grid
stability [13,24-26]. Considering the floating WEC operating in two power modes, namely heaving
and pitching with amplitudes &30, &0, respectively, the responses are obtained from the solution of the
following system of coupled equations

D33&30 + D3séso = Xps + Xps (20)

Ds3&30 + Dsséso = Xps + Xps (21)

where
Dss= (-w*(M + As3) + iw(Bss + Bs3) + Cas), Dss = (~w?(Ass + Iss) + iwBss + C5)  (22)

Dss = (~w?(As3 + Is3) + iwBs3 + Cs3), Dss = (~w?(Ass + Iss) + iw(Bss + Bss) + Cs5)  (23)

The hydrodynamic coefficients of added mass and damping, as well as the excitation
Froude-Krylov and diffraction heave-forces and pitch-moments in the right-hand side of Equations
(20) and (21), are calculated by the present BEM solver. As regards the rest of the included coefficients
in the above expressions, the fact should be considered that the center of gravity is coincident to the
center of the circular waterline of radius a. A typical mass distribution near the surface of the WEC is
assumed, corresponding to radius of gyration R,y = 0.7a and thus, Is5 = MRiy. Also, C33 = pgma?,
Cs5 = Cs3 = 0, and Cs5 = O.ZSpgna4 + M - GB, where M denotes the mass of the body and GB the
vertical distance between the center of buoyancy and the center of gravity. In the present work we
have assumed a fixed location of CG coincident the center of buoyancy (GB = 0) for all WEC shapes
examined (operating in one or more DOF) in order to provide a first comparative evaluation. It should
be mentioned that, even in the latter case, substantial stability concerning the pitch motion is still
offered by the available metacentric height. The latter in the case of the cylindrical WEC examined in
the paper is 12% of the draft, while for the nailhead, WEC becomes 3.7 times the draft due to increased
waterline area. Additional stability is offered by the PTO damping. Based on the above, in conjunction
with the fact that in extreme cases a cut-off system is used to ensure safety, the simplified assumption
GB = 0 is made and used for the examples considered here in order to illustrate the developed method
to calculate the WEC performance and optimization. The consideration of variable mass distributions
and different CGs would lead to a substantially more complicated multidimensional optimization
problem that is left to be examined in future work. Finally, the coefficients D35 and Dsj3 are found, for
every geometry, to be quite small, compared with D33 and D55, and therefore the coupling between the
two oscillatory modes is weak.

3. Design Assessment Features

3.1. Geometries Generation

Many different WEC shapes are currently operating in coastal areas all over the world, used both
for research purposes and commercial applications. Geometries like the conical, the semi-spherical,
and the elliptical, as well as many other shapes, have been examined in a variety of studies (see,
e.g., [27-29] and the references cited there). Based on the relevant industry trends and research
activities, eight different axisymmetric body shapes have been examined. The geometrical details can
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be found in [12]. At this point, it should be mentioned that very sophisticated designs and shapes,
which are normally accompanied with high R&D (research and development) and manufacturing
costs, are not examined. The generation of the above shapes, as well as other axisymmetric geometries,
is handled by a parametric model based on a spline representation of the profiles controlled by a set of
nodes. As an example, the profile of the nailhead-shaped WEC is shown in Figure 2, and the body
surface is obtained by 360 degrees rotation. One significant feature of the present WEC shape model is
that it is in compliance with the constant-mass constraint. If the same material is considered for the
construction of the considered point absorbers with the same mass distribution, then the radius and
the draft of each shape can be calculated in order to maintain the submerged vertical cross section
area equal to the area of the reference cylindrical WEC design corresponding to a/h = 1/3.5, T/a = 3/2,
and d/h = 4/7, where a is the radius, T is the draft, & repreents the water depth, and consequently d =
h-T is the bottom clearance below the WEC. For a more unbiased comparison between designs, the
assumption of constant-mass is adopted as a basic reference feature for all the tested geometries.
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Figure 2. Generating spline of the nailhead-shaped WEC wetted surface.

The above parametric model could be exploited for directly finding the most efficient design.
However, in order to reduce the computational cost, a particular set of variants was studied and
specific details can be found in Reference [12].

3.2. PTO Damping Configuration

For the evaluation of the absorbed power output by the devices, a typical PTO has been assumed.
The heave-PTO coefficient Bsj is taken Cpros-times the mean value of hydrodynamic damping 533
over the frequency range, Bsz = C pT03b33, which for the cylindrical WEC considered here is estimated
as 2rth3zMawgs = 0.12, and the corresponding resonance frequency is wg3 \/aT 0.7. A similar PTO
assumption is considered for the pitch motion, where the PTO damping is taken Cpros-times the
mean value of hydrodynamic damping bss over frequency, which is estimated as 2rtbssMawgs = 0.01,
where the corresponding resonance frequency is wgs \/LT = 0.45. The values for the coefficients
Cpros and Cpro; are selected over a wide range, according to the geometry, contextually, and more
detailed investigation of their operational restrictions. Very low values of the PTO coefficients, both
for heave and pitch mode, are not considered either because they are incompatible with the current
industry standards, or because they lead to high resonance amplitudes which are not permitted due to
operational limits and survivability restrictions. These limits are decided after a careful examination
of the relevant responses and performances. The damping coefficient of the power take off system
is a decisive parameter for the performance of the devices, and after fine tuning and optimization is
expected to provide significant improvements concerning the overall WEC performance.
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3.3. Performance Index Definition

The averaged power-P output of the device, normalized with respect to the incident wave
power, is plotted in Figure 3 in the case of the cylindrical-shaped WEC. According to the selection of
PTO damping, there are cases of concentrated power maximization in the near-resonance frequency
bandwidth, or cases of lower power levels, corresponding to responses covering wider frequency
bandwidth. The curve with the largest area below defines the optimum PTO damping value. The
latter behavior concerning the extraction of incident wave energy is exploited in the definition of
an index quantifying the performance of different designs, which is based on the area below the
"most-efficient-curve" of normalized power output. The result will be used, in normalized form
with respect to incident power, to quantify the overall performance of the WEC and will be called
performance index (P1%).
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Figure 3. Normalized power output by the reference cylindrical heaving WEC (a/h = 1/3.5, T/a = 3/2,
d/h = 4/7) over the variable bottom (] = 1.2 m, h3 = 0.8 m, apy = 0.5) for different PTO damping
configurations. Indicative values of the Cprp3z = Bsz /b33 considered here are Cproz = [1, 5, 10, 20, 40,
80, 100].

In more detail, each WEC design corresponds to a different waterline radius due to mass-constraint
implementation. Therefore, the operational bandwidth of non-dimension angular frequency varies
among the WECs. In order to obtain a reliable index for assessing their performance, the P.I. is defined
as the ratio of the area below the power curve for the optimum PTO damping to the area of the
rectangle [0,1] and [0.2, max(w M)], representing the total available power for absorption by the
system. It should be considered that the fact for this rectangle is that the horizontal axis span differs to
the efficiency frequency bandwidth, commonly used in WEC evaluations, a fact that can be observed
with a closer look of Figure 3, where this difference is apparent. It should also not be overlooked that
even if this index takes small values, almost insignificant compared with the capture width ratio (CWR)
of WEC devices, however, as its definition explains, is a totally different index and every alteration of
its value, caused for example by a variable-depth seafloor, is countable. For the extension of the latter
definition to the 2-DOF WEC, the total power output, calculated as the summation of the contribution
by each mode individually, will be used as the performance index.
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4. Numerical Results and Discussion

4.1. Heaving Cylindrical WEC over Variable Bathymetry

The investigation of the heaving response of the reference cylindrical WEC over a variable seabed
is discussed in this section. As an example, the cylindrical WEC with a/h = 1/3.5, T/a = 3/2, and d/h = 4/7
operates over a variable bottom topography described by Equation (19), with i; =1.5m, h3 = 0.5 m, and
apr = 0.5. The propagation field, evaluated by the CMS, is illustrated in Figure 4 in the case of normally
incident waves of frequency w \/ITg = 0.7 (resonance frequency). The corresponding bathymetric
non-dimensional frequency of the waves is @ \/}Tg = 1.3. Itis clearly observed that the propagating
field is diffracted and reflected, and the bottom boundary condition is consistently satisfied, by the fact
that the equipotential lines intersect perpendicularly in the seabed profile. In Figure 4, the illustration
of the free-surface elevation is also indicated by using solid black line.
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Figure 4. Propagating field (real part) over a smooth shoal on the vertical plane as calculated by the
CMS for normally incident waves w /li/g = 1.3 0 = 0 degrees. Variable bottom (17 = 1.5m, i3 = 0.5 m,
apor = 0.5).

Using the data concerning the propagating wave field and its normal derivative over the motionless
WEC-scatterer, the diffraction field is calculated by the present BEM-PML solver which is illustrated in
Figure 5, where the bottom contours are also plotted using dashed lines and the body’s position is
indicated with the white disk in the center of the domain. The heave radiation field on the free surface
for WEC frequency w \/1% = 0.7 over the variable bottom topography (1 = 1.5m, h3 = 0.5 m, apy
= 0.5), is shown in Figure 6 as calculated by the present method. The bottom contours are indicated
by using dashed lines. Furthermore, the calculated radiation potentials related to the rest oscillation
modes (except of yaw, which is not excited) are presented in Figure 7 for the same frequency as before.
The details of the radiated wave pattern are clearly observed in these plots, as well as the effects of
variable seabed topography, resulting in an amplification of wave amplitudes in the shallower region
due to shoaling effects. The effectiveness of the present PML model is clear in these plots by noticing
the damping of the outgoing waves after the PML-activation point, which in the cases considered is set
at a radius of three wavelengths away from the floating body.
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Figure 5. Diffraction field (real part) on the free surface for normally incident waves w a/g = 0.7 0 =
0 degrees as calculated by the present hybrid BEM over the variable bottom topography (h; = 1.5 m, 3
=0.5m, ap, = 0.5). The bottom contours are indicated by using dashed lines.
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Figure 6. Heave radiation field on the free surface for WEC frequency w v/a/g = 0.7 over the variable

bottom topography (1 = 1.5 m, h3 = 0.5 m, @y = 0.5), as calculated by the present method. The bottom
contours are indicated by using dashed lines.
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Figure 7. Radiation fields on the free surface for WEC frequency w y/a/g = 0.7 over the variable bottom
topography (h; = 1.5 m, h3 = 0.5 m, ay,; = 0.5), as calculated by the present method. (a) surge, (b) sway,
(c) roll, (d) pitch.

4.2. Heaving (1-DOF) WECs over Variable Bathymetry

In order to examine the effect of variable seabed topography on the WEC performance over
shoaling bottom topography, the responses are evaluated for the eight different WEC shapes which
have been presented and discussed in detail in Reference [12]. Except for the steep bottom profile
considered in the previous section, a second less steep bathymetric profile was initially examined,
which is also described by Equation (19), for h; = 1.2 m, h3 = 0.8 m, and ap, = 0.5. Both seabed
geometries have the same mean depth, /i, = 1 m, but the maximum bottom slope decreases from 0.7 to
0.3.

The main aim of the present work is the assessment of the performance of the devices by means of
the achieved performance index. The damping of the PTO is set initially, for the assessment of the
designs, as: Cpros = [1, 5, 10, 50, 100, 250, 500, 750, 1000]. The latter configuration will be optimized
in the sequel in order to estimate the value of the exact PTO damping coefficient providing the best
performance. Numerical results concerning the performance index are presented in Table 1 for each
WEC design over a flat bottom and variable bottom topography. We observe that the conical WEC
is selected as the design with the best performance, among all the investigated alternative designs
in the case of an 1-DOF device and this holds true for both of the examined depth configurations.
Furthermore, comparison between the two most efficient shapes, i.e. the conical and the semi-spherical,
is also performed in [28] and concludes again in the superiority of the conical WEC against the
semi-spherical one.

Moreover, the shoaling sea bottom topography is shown to affect the performance of every
WEC-design, and more specifically it causes an increase of the device’s ability for harnessing wave
energy. The highest upgrade is detected for the disk-shaped WEC, being equal to almost +3.3%.
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However, it should be taken under consideration the fact that the performance index (PI.) used in the
present work to quantify the overall WEC performance, accounts for the whole frequency bandwidth
and not only the efficient bandwidth of each WEC operation. For example, in the case of the cylindrical
WEQ, it is clearly observed in Figure 3 that the efficient bandwidth is 0.2 < w \/L% < 1 while the total
bandwidth extends in the range 0 < @ /a/g < 1.8. The latter is used because the efficient frequency
bandwidth of other WEC shapes is different but it is included in the extended range. The above has
the effect that changes of the calculated PI due to bathymetry remain rather small.

Results like this are very promising and may be a first indication for installations of WECs over a
deliberately sloping seabed, with man-made constructions and interventions that could be combined
with water wave lenses producing the focusing of the wave energy in the location of the WEC or
WEC-array and contributing to achieve higher power absorption by the devices. Further studies of
this effect and optimization will be subjects of future work.

Table 1. 1-DOF WEC shapes and PI for flat and variable bottom topographies (1; = 1.2 m, h3 = 0.8 m,

apot = 0.5).
WEC Design Max {Performance Index} Max {Performance Index}
Flat Bottom Variable Bottom
Cylindrical 11.29% 11.41%
Nailhead-shaped 15.38% 15.74%
Disk-shaped 13.66% 14.11%
Elliptical 14.73% 15.11%
Egg-shaped 10.63% 10.82%
Conical 17.70% 17.92%
Floater-shaped 9.87% 10.10%
Semi-spherical 13.30% 13.39%

Proceeding to the determination of the optimal PTO damping values for the conical WEC, it is
found by finer discretization of the parameters that a performance index of 17.95% is achieved for a
PTO coefficient equal to Cprp3 = 77 in the case of the flat bottom. The latter index has further improved
to 18.10% with Cprp3 = 80 over the smooth shoal, Equation (19). This result is more proof of the
significance of the effects by a varying topography in the design-task of the WECs.

4.3. 2-DOF WECs over Variable Bathymetry

The accomplished performance index by the 1-DOF WEC design may be appreciably upgraded
by considering the device operating in 2-DOFs (heave and pitch). These modes of operation are
normally coupled with surge oscillation mode and all those three degrees of freedom determine the
maximum possible energy absorption by a wave device, according to [4]. However, in this study, surge
power mode is omitted, with the WEC assumed to be properly moored. Moreover, surge motion is
strongly affected by more complex phenomena such as wave drift forces and thus this assumption is in
compliance with the complexity of the developed hydrodynamic theory. The same procedure for the
selection of the most efficient shape and the optimal PTO damping coefficient is followed, using the
subsequent values of PTOs coefficients Cpros = [1, 5, 10, 20:10:340] and Cprps = [50:10:400], resulting
in the data presented in Table 2.

In this case, the two qualified designs are the cylindrical WEC and the nailhead-shape WEC, which
are expected to be the best performing designs in the case of heaving-pitching body due to its larger
waterline area. The results summarizing the performance over flat and sloping seabed topography are
listed in Table 3. It is observed that the effect induced by the variable seafloor is sometimes constructive,
for example, as for the Disk-shaped device (+0.27%), and other times destructive, as it happens in the
case of the cylindrical device (-0.43%).

As stated previously, the impact of the seabed profile is now not so simple and affects the
performance of the device in a more complicated way. The PTOs used for harnessing power from the
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sea environment are exhibiting different damping values. Thus, the optimization of the PTO coefficients
is investigated with respect to three principal design parameters: (i) the geometry of the WEC, (ii) the
heave-PTO damping coefficient, and (iii) the pitch-PTO damping coefficient. The calculated values of
the performance index for the cylindrical and the nailhead-shape WECs operating over a flat bottom
topography are plotted in Figure 8, allowing the prompt comparison and the determination of the
optimal PTO damping coefficients.

Table 2. 2-DOFs WEC shapes and PI for flat and variable bottom topographies (7] =1.2m, h3 = 0.8 m,

apor = 0.5).
WEC Design Max {Performance Index (Heave+Pitch)} Max {Performance Index (Heave+Pitch)}
Flat Bottom Variable Bottom
Cylindrical 32.43% 32.00%
Nailhead-shaped 29.00% 29.08%
Disk-shaped 22.04% 22.31%
Elliptical 27.12% 27.26%
Egg-shaped 26.25% 25.84%
Conical 21.99% 22.07%
Floater-shaped 19.65% 19.59%
Semi-spherical 13.44% 13.60%

Table 3. Optimum WEC designs, P1., and PTO damping for flat and variable bottom topography in the
case of smooth shoal (17 = 1.2 m, h3 = 0.8m, ap,; = 0.5).

Design & Performance Cylindrical WEC Nailhead-Shaped WEC
Max{Performance Index Flat 32.47% 29.00%
(Heave+Pitch)} Variable 32.04% 29.08%
PTO damping coefficient: Flat [4, 50] [261, 214]
[Cpro3, Cpros5] Variable [4, 50] [276, 213]

Finally, the bathymetry also affects the optimal values of PTO damping for each device, and this
can be studied considering it as an additional design constraint. The effects on the WEC performances
by the variable bathymetry in the case of the smooth shoal defined by Equation (19) are presented in
Figure 9, with the strongest influence detected for the pitch power mode of the cylindrical WEC and
the heave power mode of the nailhead-shaped WEC.
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Figure 8. Isoperformance curves of (a) Cylindrical WEC and (b) Nailhead-shaped WEC over flat bottom.
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Figure 9. Normalized power output over flat and variable bottom topography (#; = 1.2 m, h3 = 0.8 m,
apr = 0.5) using the optimized PTO. Cylindrical WEC in (a) heave mode and (b) pitch mode, and
nailhead-shaped WEC in (c) heave mode and (d) pitch mode.
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5. Sloping Seabed Effect

In order to better illusrate the effect of the sloping seabed on the performance of WECs, a second,
steeper, bottom topography is considered, with bathymetric profile defined by Equation (19) for h;
=15m, h3 = 0.5 m, and ay,; = 0.5; see Figure 4. The results, presented in Table 4 for the optimum
heaving-WECs and 2-DOF WECs, prove that the effects by the seabottom cannot be predicted a priori.
For the heaving WEC, a slight increase of PI is observed, while for the 2-DOF systems, an increase
for the cylindrical WEC is obtained. The nailhead-shaped design performance index seems almost
unaffected by the bottom topography. Again, the small changes of P.I. values are due to the bandwidth
extent that has been considered for the definition of the index in order to enable comparison between
various WEC shapes characterized by different resonant frequencies.

Table 4. Optimum WEC designs, P1. over flat and sloping seabeds with increased steepness.

8 PI. % Steep vs 8 PI. % Steep vs

o
Type Geometry P.I % Flat Flat Variable
. Cylindrical 11.3% 6.2% 5.2%
Heaving WECs Conical 17.7% 31% 0.8%
Cylindrical 32.4% 0.3% 1.6%
2DOFWECs Nailhead-shaped 29.0% 0.1% 0.4%
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6. Conclusions

In the present work, several aspects related to the performance of wave energy converters of
the type of point absorbers are studied, using a boundary element method for solving the associated
hydrodynamic problems. In particular, a hybrid BEM coupled with a perfectly matched layer model is
used for calculating the diffraction and radiation fields, based on information concerning the wave
conditions around the floating bodies derived from a coupled mode model. The present method is
shown to provide useful information, being able to treat general body geometry of the floating body
operating in various oscillation modes over flat or sloping seabeds. Subsequently, it is systematically
applied to numerically simulate the WEC performance in variable bathymetry regions. For the
assessment and comparison of various designs, a specific performance index was defined as a useful
indicator for the estimation of the power absorbing capacity. Regarding the PTO damping, which
is exhibiting various constraints, this was found to be very important concerning the optimum
performance of a WEC. From the results of the present study; it is concluded that the conical floater
appears to be the most efficient design in the case of a heaving WEC, while the cylindrical and the
nailhead-shaped forms are the ones exhibiting the highest performance operating as 2-DOF devices in
coupled heaving and pitching modes. It is demonstrated that multiple DOF systems could substantially
increase the levels of the extracted wave energy, and that the sloping seabed could also have an effect
on the overall behavior of the devices and it should be taken into account. Future extensions of the
present work include the examination of the performance and optimization of WEC arrays in more
than two power modes in variable bathymetry, as well as the investigation of viscosity effects.
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Abbreviations

BC Boundary Condition

BEM Boundary Element Method
CMM Coupled-Mode Model

CMS Coupled-Mode System

DOF Degree Of Freedom

FS Free Surface

PI Performance Index

PML Perfectly Matched Layer
PTO Power Take Off

RAO Response Amplitude Operator
R&D Research & Development
SWAN  Simulating Waves Nearshore
SWL Sea Water Level

WEC Wave Energy Converter
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Nomenclature

a Waterline radius

A Hydrodynamic matrix

Apot Bottom slope coefficient

ajj Added mass coefficient (i,j=1, ... ,6)
bjj Hydr. damping coefficient (i, j=1, ... ,6)
Bn CMS coefficient

Bs PTO damping coefficient

Cij Hydrostatic coefficient (i, j=1, ... ,6)
Coun CMS coefficient

Cproi  PTO mean-damping multiplier

Cs PTO hydrostatic coefficient

d Bottom clearance

Dj; Coupling coefficient of i-j modes

Fp Source strength of p* element

g Gravity acceleration

GB Center of buoyancy

H Wave height

h Depth

i Imaginary unit

M Mass

N Number of elements per wavelength
n; Normal vector of i-mode (i=1, ... ,6)
P Power

PIL Performance Index

R Radial distance

r Position vector

R, PML activation radius

Ryy Radius of gyration

t Time

T Draft

Up Induced velocity by pth element

X x-Coordinate

Xp Diffraction excitation forces

Xp Froude Krylov excitation forces

y y-Coordinate

z z-Coordinate

Zn Vertical function of nh-mode (n=-1,0,1, ...
Amn CMS coefficient

n Free surface elevation

Neff PTO efficiency

A Wavelength

u Frequency parameter

& Response amplitude of i-mode (i=1, ... ,6)
p Water density

] Wave potential

Pa Diffraction potential

Qi Radiation potential of i-mode (i=1, ... ,6)
On Amplitude of n-mode (n=-1,0,1,... )
Pp Propagation potential

Dp Induced potential by pth element

PR Radiation potential

@ Angular frequency

wR Resonance angular frequency
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Abstract: End fittings are essential components in marine flexible pipe systems, performing the two
main functions of connecting and sealing. To investigate the sealing principle and the influence
of the temperature on the sealing performance, a hydraulic-thermal finite element (FE) model for
the end fitting sealing structure was developed. The sealing mechanism of the end fitting was
revealed by simulating the sealing behavior under the pressure penetration criteria. To investigate the
effect of temperature, the sealing behavior of the sealing ring under different temperature fields was
analyzed and discussed. The results showed that the contact pressure of path 1 (i.e., metal-to-polymer
seal) was 31.7 MPa, which was much lower than that of path 2 (metal-to-metal seal) at 195.6 MPa.
It was indicated that the sealing capacities were different for the two leak paths, and that the sealing
performance of the metal-to-polymer interface had more complicated characteristics. Results also
showed that the finite element analysis can be used in conjunction with pressure penetration criteria
to evaluate the sealing capacity. According to the model, when the fluid pressures are 20 and 30 MPa,
no leakage occurs in the sealing structure, while the sealing structure fails at the fluid pressure of
40 MPa. In addition, it was shown that temperature plays a significant role in the thermal deformation
of a sealing structure under a temperature field and that an appropriately high temperature can
increase the sealing capacity.

Keywords: end fitting; unbonded flexible pipe; sealing performance; pressure penetration; temperature

1. Introduction

The development of offshore resources has traditionally relied on floating production systems,
such as floating production storage and offloading (FPSO) units and semi-submerged ships [1].
The hydrocarbons produced by an FPSO or from nearby subsea templates are transported through a
pipeline or offloaded onto a tanker [2,3]. In terms of offshore pipes, submarine pipelines, which are
buried in a trench or laid on the seabed, are commonly used [4,5]. Compared with conventional
steel pipes, flexible pipe systems have the characteristics of higher flexibility, greater applicability,
and enhanced recyclability [6]. Flexible pipes can be classified into two primary types: bonded flexible
pipes and unbonded flexible pipes [7,8]. An unbonded flexible pipe usually comprises an outer
polymeric layer, helical tensile armor, anti-wear layers, pressure armor layers, and an inner carcass
layer [9], as shown in Figure 1. With the rapid development of techniques for exploiting deep-water
resources, unbonded flexible pipes now play a significant role in transferring oil and gas resources
from offshore platforms to onshore facilities.
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Tensile-armor wires Sealing structure Flexible pipe

End fitting body Carcass layer Polymeric sheath
Figure 1. Typical cross-section of flexible pipeline end fitting [9].

Connecting the subsea infrastructure to surface facilities and transporting hydrocarbon products
are the major applications of flexible pipes in the offshore oil and gas industry [10]. However, the harsh
deep-sea environment imposes significant challenges on flexible pipes, necessitating higher mechanical
response and performance characteristics [11]. According to the American Petroleum Institute (API),
the terminations of a flexible pipe are defined as end fittings (as shown in Figure 2), of which the
functions are: (1) to provide a transition between the pipe body and the connecting component and (2)
to transmit the loads acting on the pipe without allowing the pipe to fail [12]. The widespread use of
flexible pipes under more demanding operational conditions makes the safety performance of end
fittings particularly important [13].

End fitting body

Inner sleeve

Figure 2. Schematic illustration of the sealing structure.

Experiences in offshore environments have shown that the end fitting of a flexible pipe may be
the weakest point [13]. In service, end fittings will be subjected to similar environmental loads and
conditions as the pipe, such as axial tension, inner pressure, and external hydrostatic pressure [14].
Apart from mechanical load, the end fitting has to offer thermal insulation and be leak-proof [13].
Therefore, if the sealing capacity of the end fitting is insufficient, there will be a risk of oil and gas
leakage, which can have serious consequences. Because the composite structure of flexible pipe consists
of many independent concentric metallic and polymeric layers, the structure of the end fitting is also
multifaceted and complex [15]. To ensure that the end fitting has adequate sealing performance, it is
necessary to investigate its sealing capacity.

In general, existing studies related to the sealing performance of a structure have concentrated on
the sealing rings [16]. Typical examples are “O” rings, although these are different from the structure
of an end fitting sealing assembly. In addition, a number of studies have focused on the mechanical
behavior of flexible pipe, such as the instability of the armor wire [17], the collapse of the carcass
layers [18], and fatigue reliability analysis [19]. Although the sealing behavior of the end fitting is
unlike the mechanical behavior of the flexible pipe body or the layers inside the end fitting, which have
been extensively investigated [8,20], there has been relatively little research on the sealing performance
of the end fittings themselves.

181



Energies 2019, 12, 2198

The composite materials used in flexible pipe have different properties to metallic materials in terms
of anisotropy, thermal expansion coefficient, thermal conductivity, and stiffness. Indeed, the structural
properties of composite materials are more complex than those of metallic materials. This may lead to
interface failure, such as when the composite material separates from the metallic material, thus losing
the ability to maintain leak-tight integrity. Hatton et al. [15] studied the design of sealing assemblies in
different types of end fittings using finite element (FE) analysis and laboratory testing.

To understand the sealing performance of a mechanical connector in a subsea pipeline,
Wang et al. [21] investigated the critical condition of the sealing structure and created a new method to
analyze the contact pressure of the sealing surface by examining the static metal sealing mechanism.
An optimized design for a new subsea pipeline mechanical connector was proposed and an approach
for determining the contact pressure of various dimensions was provided.

For an end fitting in a high-pressure pipe, it is challenging to create the necessary sealing
performance. Fernando et al. [22] developed an FE model of a flexible pipe end fitting and presented a
method of evaluating the sealing performance of the sealing assembly and the design requirements
for the sealing assembly of the end fitting. In their work, FE analysis was conducted using specially
established leak criteria. In addition, an ultrasonic technique was used to measure the contact pressure
at the metal-to-metal interface, which showed that their method had significant promise.

Li et al. [23] considered the sealing performance of the sealing assembly in a deep-water flexible
pipe end fitting and established an FE model using the ABAQUS software (6.11). They studied the key
parameters under different conditions, providing further references for research on flexible pipe end
fittings. By summarizing the general sealing criteria, Zhang [24] introduced the concept of “contact
pressure amplification factor” to evaluate the sealing capability of end fittings, while Marion et al. [25]
investigated the suitability of end fittings for high-temperature thermal cycling conditions using
specially designed pipe samples and facilities that satisfy the API specifications.

Previous studies have analyzed and optimized the sealing criteria and the geometric parameters of
the sealing assembly. However, there have been few studies related to the sealing behavior. In general,
research on the sealing performance of the end fittings is not comprehensive. In this study, FE methods
were used to develop a two-dimensional axisymmetric numerical model of the sealing structure of
an end fitting, including the temperature field. The pressure penetration criteria were applied to this
model to analyze the performance of the sealing structure.

2. Sealing Analysis

2.1. Sealing Structure

According to the API SPEC 17] and 17B standards [12,26], the sealing structure of a typical flanged
unbonded flexible pipe end fitting is as illustrated in Figure 2. As can be seen in the figure, the functional
structure of the sealing system is mainly composed of four parts: the inner sleeve, polymeric sheath,
sealing ring, and end fitting body. The inner sleeve is the innermost component of the end fitting.
This plays a supporting role in the whole structure and is used to bear the radial force while in service.
The polymeric sheath of the flexible pipe is pressed on the outer side of the inner sleeve, and is one of
the most important parts of the sealing structure. The end fitting body is the outermost part of the
sealing structure, and is used to protect all components in the end fitting. The wedge sealing ring
provides the critical sealing capacity through axial extrusion.

The sealing ring is designed in advance according to the specifications of the flexible pipe and end
fitting. The sealing assembly in an end fitting is usually formed by swaging a metallic sealing ring into
the area between the polymeric layer and the end fitting body. During assembly, the contact surface
between the sealing ring and the end fitting body and between the sealing ring and the polymeric
sheath creates two leakage paths [14,22]. Path 2 is the metal-to-metal microscopic gap between the
end fitting body and the sealing ring, where a higher contact pressure ensures better sealing capacity.
Path 1 refers to the metal-to-polymer contact interface between the sealing ring and the polymeric
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sheath of the flexible pipe. This path involves complex interactions such as elastic—plastic deformation
and nonlinear contact. The contact pressure is lower than in path 1, so leaks are more likely to occur
through this path.

2.2. Sealing Criteria

Sealing can be either dynamic or static. The contact sealing between the sealing ring and the
polymeric material in the inner layer of the flexible pipe is a type of static sealing [27]. In engineering
applications, the performance of this type of sealing is evaluated by comparing the contact pressure
and the length of the two contact surfaces. To obtain good sealing capacity, it is necessary to achieve a
relatively large contact pressure, and so the length of the contact surface should be as long as possible.
Of course, the premise is that the physical properties of the material itself cannot be destroyed.

For the sealing to remain valid, the contact pressure of the sealing path must be greater than
the critical failure pressure. However, calculating the critical failure pressure is complicated, and the
influence of the material and the medium should be considered. In a previous study [22], the nominal
critical failure pressure was expressed as

pe = aps+ (1-a)o, (1)

where p¢ is the critical failure pressure and py is the fluid pressure in the sealing system, oy is the smaller
yield stress of the two materials in contact, and « is the ratio of the length of the fluid infiltrating into
the contact surface to the length of the contact path. However, in practical applications, the geometry
and roughness of the contact surface exert significant influences, so this formula is not exact.

In this study, to simulate the real process of fluid intrusion, a pressure penetration module was
employed in the FE software [28,29]. The loading principle of the pressure penetration criteria is
illustrated in Figure 3. On the two contact surfaces, the surface with elements 3 and 4 is defined as the
master surface, and that with elements 1 and 2 is defined as the slave surface. Nodes 11 and 12 belong
to element 1 on the side of the contact surface.

\ 11
R VANt V.
1N\ 12 12
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4 3| 4

(a) Initial loading (b) Critical loading

Figure 3. Pressure penetration criteria diagram.

As shown by the arrows in this figure, when the fluid penetrates from left to right, the fluid
pressure load will be applied normal to the surface from left to right. Node 11 is the first node exposed
to the fluid pressure. If the contact pressure of node 11 is higher than the applied fluid pressure,
the pressure penetration stops and node 11 becomes the critical node for the contact pressure (Figure 3a).
If the contact pressure of node 11 is less than the fluid pressure, the pressure penetration will continue
to load along the contact surface until a new critical contact pressure node is reached (Figure 3b).
In addition, if no critical node exists, the contact path cannot provide the sealing capacity under this
fluid pressure. The application of pressure penetration can identify the critical node dynamically along
the path and determine whether the sealing capacity is sufficient [30].

2.3. Thermal Sealing Analysis

High temperatures will lead to thermal expansion and material deformation, which will change
the contact behavior and affect the sealing performance [31]. However, in previous studies on the
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sealing performance of end fittings, temperature has seldom been taken into account. Over recent years,
operating temperatures and pressures have risen as water depths have continued to increase, making
the design, manufacture, and installation of flexible pipe a complex challenge. Therefore, the thermal
sealing performance at different temperatures is investigated in this paper. Changes in temperature
should follow the basic thermal conduction equation. According to the law of conservation of energy,
this can be calculated as follows [32]:

20 Jd . d0
peoy = 5o (k) +a(x 1) )

At the same time, the FE method has the ability to model heat transfer with convection. Based on
the work of Yu and Heinrich [33,34], the formulation can be obtained by the following expression:

a0 0 d Jz a0
Sq

where c(0) is the specific heat capacity of the fluid, p(0) is the fluid density, O(x, t) is the temperature
at a spatial position x at time ¢, k(6) is the conductivity of the fluid, g(x, t) is the heat added per unit
volume from external sources, 60(x, t) is an arbitrary variational field, gs is the heat flowing into the
volume across the surface on which the temperature is not prescribed (S;), and 7 is the outward normal
to the surface.

The boundary condition of this thermal equilibrium equation is that O(x) is prescribed over some
part of the surface Sy, and that the heat flux per unit area entering the domain across the rest of the
surface, gs(x), is defined by convection or radiation conditions. In the conditions considered in this
study, the boundary term in the equation defines

=-n-k-— 4
s ox @
This implies that g, is the flux associated with conduction across the surface only; any convection
of energy across the surface is not included in gs.

2.4. Mechanical Analysis

Based on the analysis of the flexible pipe end fitting sealing structure in the preceding section,
the polymeric sheath is squeezed between the inner sleeve and the end fitting body when assembled.
Thus, in the FE model, the axial degrees of freedom at both ends of the polymeric sheath are restrained
to prevent axial motions, but radial free expansion and contraction are not affected. When variations
in temperature lead to thermal deformation of the polymeric sheath, the expansion can only happen
in the radial direction. In previous studies on the deformation of polymeric material [27], the radial
deformation of the seal can be calculated by converting the deformation in the axial direction to a
deformation in the radial direction. Based on the principle of volume invariance, the deformation
relation between the radial direction and the axial direction for a cylinder specimen can be described as

> n(d + Ad)?

48 = ———1 ®)

where d is the diameter of the cylinder specimen before the deformation, / is the length of the cylinder

specimen before deformation, and Ad and Al are the radial and axial increments, respectively, of the
cylinder specimen after deformation.
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3. FE Modeling Procedures

Considering the geometry and axisymmetric load characteristics of the sealing system,
a two-dimensional plane axisymmetric solid model is employed to predict the seal performance.
This section describes a thermal coupling sealing structure model of a flexible pipe with a design
pressure of 20 MPa. This model was developed using FE with the ABAQUS software. Note that the
factory acceptance test pressure is 1.5 times the design pressure, so the critical pressure acting on the
end fitting is 30 MPa in service [12]. The model comprises the inner sleeve, polymeric sheath, sealing
ring, and end fitting body, from inside to outside. The inner and outer diameters of the flexible pipe
are 139.7 mm and 209.5 mm, respectively, and the thickness of the polymeric sheath is 5 mm. The basic
physical properties of each component are listed in Table 1.

Table 1. Materials and properties for each part of the model.

Component Young’s Modulus (GPa)  Poisson’s Ratio Yield Strength (MPa)
End fitting body 210 03 355

inner sleeve 210 0.3 355

Sealing ring 191 0.3 758
Polymeric sheath 0.571 0.45 20.74

In addition, the polymeric sheath of the flexible pipe is usually made from high-molecular-weight
polymeric materials, such as high-density polyethylene (HDPE) [35]. In this study, the polymeric
material parameters were taken from the work of Malta and Martins [36], and the elastic—plastic
properties are illustrated in Figure 4.
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Figure 4. Stress versus strain curve for the polymeric material [36].

To model the incompressible or quasi-incompressible characteristics of these materials, the planar
axisymmetric hybrid element CAX4H is selected. Structured and sweep meshing techniques are used
in each part of the model, and the mesh is refined around the contact area to improve the accuracy of
the simulation. Because of the nonlinear contact characteristics of metallic and polymeric materials,
the Mohr-Coulomb friction criterion is employed to describe the contact relationship (i.e., normal
contact is “hard” and tangential contact incurs a penalty under a friction coefficient of 0.1) [37].

To simulate the sealing process of the sealing ring, full constraints are applied to the inner sleeve,
end fitting body, and polymeric sheath of the flexible pipe, while the sealing ring is free to undergo
axial displacement. Pressure penetration is then applied to predict the effectiveness of the sealing.
When analyzing the parameter sensitivity of the sealing structure, a temperature field is applied
to the model. In addition, an implicit solver is used to obtain improved solution convergence and
performance. The FE model of the sealing structure is illustrated in Figure 5.
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Figure 5. Description of the finite element (FE) model.

4. Results and Discussion

4.1. Simulation of Sealing Principle

According to the design specifications and assembly requirements of the end fitting, axial displacement
is applied to the sealing ring to achieve an interference fit. In this section, the von Mises stress and
the contact pressure of the model are investigated to analyze the sealing performance of the sealing
structure. The von Mises stress distribution of the sealing structure after assembly at 20 °C is shown in
Figure 6.

S, Mises
(Avg: 75%)
103.42

- 94.98

(b) Von Mises stress of the sealing ring (c) Von Mises stress of the inner sleeve

Figure 6. Von Mises stress distribution of the FE model.

As can be seen from Figure 6a, the von Mises stress of the model is mainly concentrated on the
wedge sealing ring, and so the stress of the inner sleeve and the end fitting body is relatively small.
The closer to the tip of the sealing ring, the greater the von Mises stress, because the tip is subjected
to a greater pressure. A three-dimensional von Mises stress contour distribution of the sealing ring,
obtained by rotating the planar sealing ring, is shown in Figure 6b. The maximum von Mises stress of
the wedge sealing ring is 748.6 MPa in the FE model, which does not exceed the yield stress of the
material. This shows that no plastic deformation occurs in the sealing ring and the property of the
material itself is not destroyed. In addition, some stress concentration occurs in the contact area of
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the inner sleeve (as shown in Figure 6¢), but the maximum stress is still less than the yield stress of
the material.

To clarify the characteristics of the contact pressure distribution in the sealing structure,
the three-dimensional contact pressure contour distribution of the FE model is presented in Figure 7.
On the polymeric sheath of the flexible pipe, some contact pressure occurs on the outer side of the
contact region, although the contact pressure on the inner side is lower. For the sealing ring, the contact
pressure is higher on the outer interface close to the end fitting body (i.e., path 2), whereas the contact
pressure is lower on the inner interface close to the polymeric sheath (i.e., path 1). This may be caused
by the property of the materials along the contact paths.

CPRESS

CPRESS

(a) Contact pressure of the polymeric sheath (b) Contact pressure of the sealing ring

Figure 7. Contact analysis of the sealing structure.

Based on the FE model of the sealing structure, the contact pressure distributions on the nodes
along the two paths were obtained. They are illustrated in Figure 8. The maximum contact pressure
along path 1 is 31.74 MPa, which is slightly greater than the test pressure of 30 MPa. The maximum
contact pressure along path 2 is 195.6 MPa, which is much larger than the design pressure and
test pressure of the end fitting. This indicates that there will be no seal leakage along this path,
which is consistent with the results of previous works [22,23]. Hence, we focus on path 1 in the
following analysis.
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Figure 8. Comparison of the sealing performance along the two paths.
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4.2. Analysis of Pressure Penetration

The pressure penetration criteria can be applied to evaluate the sealing capacity of the sealing
assembly. According to the design pressure and the maximum test pressure of the end fitting, the sealing
performance of the sealing structure along path 1 was analyzed at fluid pressures of 20, 30, and 40 MPa
at a temperature of 20 °C. The contact pressure on the polymeric sheath reflects the variation in the
pressure penetration, and Figure 9 shows the contact pressure of the polymeric sheath under the
different fluid pressures. With an increase in fluid pressure, the contact pressure on one side of the
inner surface of the polymeric sheath increases, whereas the pressure on the outer surface gradually
decreases. This is because when the fluid acts along path 1, the contact surface between the sealing
ring and the polymeric sheath is continuously penetrated by the pressure, causing these components
to separate from each other. On the contrary, the contact surface between the sheath and the inner
sleeve is squeezed and shrunken along the radial direction.

CPRESS

CPRESS

(b)

Figure 9. Contact pressure of polymeric sheath under different fluid pressures: (a) 20 MPa; (b) 30 MPa;
(c) 40 MPa.

Figure 10 shows the contact pressure distribution of the nodes along path 1. When no pressure
penetration is applied, the maximum contact pressure is 31.7 MPa. At fluid pressures of 20 and 30 MPa,
the maximum contact pressure and contact length decrease, and the pressure distribution moves to
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the right. At this time, the existence of the contact pressure indicates that no leakage will occur in the
sealing structure.
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Figure 10. Contact pressure under different fluid pressure.

When the fluid pressure is 40 MPa, the contact pressure along path 1 becomes 0 MPa,
which indicates that the fluid pressure is too high, and the sealing structure fails. As shown in
Figure 9, the fluid leakage through this path flows around the annulus of the flexible pipe, acting
to compress the polymeric sheath and make it collapse. In addition, leakage accidents may occur
if the sealing structure fails. It should be emphasized that, after many simulation calculations and
predictions, the sealing structure was found to leak at a fluid pressure of 35.5 MPa. In other words,
the critical fluid pressure of the sealing structure in this study is 35.5 MPa.

4.3. Analysis of the Thermal Sealing

Under the actual working conditions of flexible pipe end fittings, the hydrocarbon products
transported along the pipe can reach high temperatures, so thermal effects in the sealing structure
cannot be ignored. This section reports the changes in sealing performance of the sealing structure
under temperature fields of 20, 50, 60, 70, and 80 °C in the model [38].

Compared with metallic materials, the polymeric materials in the flexible pipe will be more
strongly influenced by temperature. Therefore, after applying different temperature fields to the FE
model of the sealing structure, the contact pressure distributions of the polymeric sheath were recorded
(as shown in Figure 11). From the perspective of deformation, an increase in temperature deforms
the polymeric sheath and causes the flexible pipe to expand. Regarding the contact pressure along
path 1, as the temperature increases from 20-80 °C, the maximum contact pressure increases from
31.7-41.3 MPa—a rise of 30% (as shown in Figure 12). In addition, the contact length increases because
the material expands at higher temperatures, increasing the number of contactable nodes.

From the results in Table 2, the maximum von Mises stress of the model exhibits a continuous
increase, becoming close to the yield strength of the material at 80 °C. The contact pressures along the
two paths gradually increase, which indicates that the sealing capacity is also increasing. In summary,
thermal effects can enhance the sealing performance, but the temperature should not exceed the rated
temperature of the material, otherwise failure will occur.
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Figure 11. Contact pressure distribution of the polymeric sheath: (a) 50 °C; (b) 60 °C; (c) 70 °C; (d) 80 °C.
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Table 2. Results of the FE model at different temperatures.

Temperature (°C) 20 50 60 70 80
Von Mises stress (MPa) 748.6 750.1 751.6 753.7 756.8
Contact pressure in path 1 (MPa) 31.7 38.9 40.1 40.8 41.3
Contact pressure in path 2 (MPa) 195.6 199.7 227.3 229.4 234.5

5. Conclusions

A classical unbonded flexible pipe is a combination of polymeric and metallic layers. An end
fitting with reliable sealing properties is a precondition of a successful flexible pipe application. In this
study, a hydraulic-thermal FE model was developed to investigate the sealing performance of a flexible
pipe end fitting. The FE model employed the pressure penetration criterion and considered the
temperature field, which is suitable for real applications. Using this model, the sealing principle was
simulated and the influence of thermal effects on the sealing capacity was investigated.

The results showed that the maximum von Mises stress occurs on the sealing ring during the
sealing process, whereas the stresses on the other components are relatively small. In terms of the
contact pressure distribution, the maximum value appears in the sealing region, and is higher along
path 2. By introducing pressure penetration, the sealing performance could be predicted and the
dynamical pressure critical node was identified. In the model described in this paper, the critical fluid
pressure of the end fitting is 35.5 MPa, which means that leakage occurs when the working pressure
exceeds this value. In previous studies, thermal effects were usually omitted. The results in this
paper, however, show that temperature is an important factor in the sealing performance of the sealing
assembly, and should not be neglected. Thermal effects cause the components of the sealing structure
to deform and expand. By increasing the contact length and contact pressure, the sealing ability of the
sealing structure can be improved. Of course, very high temperatures are not appropriate, because the
strain on the sealing ring should be considered in actual applications.
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Abstract: At this time, there are plans to develop offshore wind projects in the Caspian Sea. The
aim of the present work was to estimate the possible benefits coming from such a project. As a first
step, the wind profile of this region was established by considering reanalysis data coming from
the ERA-Interim project, the time interval covered being between January 1999 and December 2018.
According to these results, significant resources have been noticed in the northern part where the
wind speed frequently reached 8 m/s, being identified also as a hot-spot south of Olya site. In the
second part, the performances of some offshore wind turbines were established. These were defined
by rated capacities ranging from 3 MW to 8.8 MW. The downtime period of some generators can
reach 90% in the central and southern sectors, while for the capacity factor, the authors expected
a maximum of 33.07% for a turbine rated at 4.2 MW. From a financial point of view, the values of
the levelized cost of energy (LCOE) indicated that the sites from the north and central parts of the
Caspian Sea have been defined by an average LCOE of 0.25 USD/kWh. Thus, they can represent
viable locations for wind farm projects.

Keywords: Caspian Sea; wind speed; offshore turbines; capacity factor; LCOE

1. Introduction

The wind energy market is a dynamic sector that is continuously expanding. Nevertheless, this
evolution will finally reach saturation, taking into account that the range of suitable sites for such
projects will reduce. As an alternative, one of the best locations to develop a wind project is near the
coastal areas, which can easily support the development of either onshore and offshore projects. At this
time, there is growing interest to develop systems capable of operating in deep water areas, the floating
platforms being the most viable solution [1,2]. A significant percentage of the projects have operated in
Europe (almost 409 projects), being estimated that in 2018, only 18 projects were added to the grid. Per
total, the operating projects are defined by a capacity of 18.5 GW, this value being supported by 11
countries, such as UK, Germany, Denmark, Norway or Portugal, as being more relevant. One of the
largest wind turbines connected at this moment is the Haliade 150-6 MW (Merkur project, Germany),
with the mention that some other projects currently under construction may include systems defined
by comparable capacity, or even higher [3].

Most of the research is focused on the coastal areas facing the ocean environment [4-6], since
the wind resources are more consistent in such areas. During recent years, the enclosed sea basins
were also considered for investigation [7-9]. More advanced progress is related to the Mediterranean
Sea, where a pilot farm of 24.8 MW will be developed off the coast of Gruissan in the Aude region,
France. It is expected that through four wind turbines, it is possible to generate approximately
100 million kWh/year, which should be enough to cover the annual electricity consumption of more
than 50,000 inhabitants [10]. Other sources indicate that a 30 MW wind project will be installed in front
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of the Taranto Harbour, Puglia, Southern Italy, which will consider ten wind turbines produced by
Senvion [11]. The French coastal area located in this region seems to present important wind resources,
and the implementation of several floating projects is expected in the near future [12].

As for the Caspian Sea wind resources, there is some research focused in this aspect. In the
research by Amirinia et al [13], the distribution of the wind and wave resources associated to the
southern area was evaluated. By considering various databases (including in-situ measurements) and
the characteristics of a3 MW wind turbine, it was found that more promising results have been reported
in the eastern part of this region. In Rusu and Onea [8], the wind and wave regime from this region
were also assessed, and more energetic conditions in the centre and northern regions were observed,
with an average wind speed of 6 m/s (at 80 m height). In addition, observations of the bathymetric map
of the Caspian Sea highlight that the entire northern area is defined by a lower water depth, which is
very suitable for the development of the wind projects. In Onea and Rusu [14], the performances of
some wind turbines that may operate in the coastal areas of the Black and Caspian seas were discussed.
The turbines were reported to an operating hub height of 80 m, while the power output of the particular
systems were estimated using a Betz coefficient of 0.5. By applying these simplifications, it appears
that the performances of some wind turbines have been overestimated, resulting in capacity factors of
70%, compared to the usual capacity factor values between 20 and 40%. An important aspect, which is
highlighted in this work, is related to the diurnal and nocturnal fluctuations of the wind conditions.
Kerimov et al [15] analysed the long term distribution of wind resources, also proposed some suitable
sites, and evaluated the associated costs required to couple some wind generators to the electrical
grid. According to these results, one of the best sites to implement an offshore wind project is located
in the northern part of Absheron peninsula (Azerbaijan). Here, a suitable connection grid was also
identified. Although, this region is an enclosed sea defined by moderate conditions, there is some
research focused on the local wave resources that brings into discussion the viability of a commercial
wave farm in this environment, especially considering hybrid wind-wave approaches [16-18].

On the other hand, it is well known that the Caspian Sea region is defined by important oil
reserves and therefore, at this time, it seems that the interest for a renewable project is not very high [19].
Nevertheless, taking into account that there are problems with the oil pollution in this region [20,21],
some changes are expected to occur. Thus, at this moment there are plans to develop a 200 MW
offshore wind farm in the coastal areas of Azerbaijan, which will significantly increase the existing
wind capacity (66.7 MW) of this country. It is estimated that the project will cost 392 million euro. This
is one of the multiple wind parks proposed for this area, and more likely will be developed close to the
capital, Baku [22,23].

In this context, the objective of the present work is to provide a more complete picture of the wind
resources in the Caspian Sea in order to identify some suitable sites for the development of a wind
project, and also to establish the performances of some state-of-the-art wind turbines that may operate
in the vicinity of some major cities from this region.

2. Materials and Methods

2.1. The Target Area

Figure 1 presents a first perspective of the Caspian Sea. Thus, Figure 1a,b presented the distribution
of the water depth, in general, and for the reference sites considered for evaluation. Regarding the
northern sector, this is defined by lower water depths that do not exceed 50 m, compared to the
southern side, where the water depth values easily reach 500 m, and even higher, if the Nowshahr site
as a reference is considered. Several distances from the shoreline are taken into account (5 km, 25 km
and 50 km) in order to identify the variations from the nearshore to offshore. Furthermore, in Table 1
the characteristics of the sites located near the shore are presented. A total of 10 reference sites are
considered for evaluation, the main selection criteria being related to the fact that they are important
port cities capable of easily offering the infrastructure and technical support for the development of a
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wind project. The sites located at 5 km, are defined by lower water depths (<50 m), but going towards
the 50 km limit, these values significantly increase. This is the case of the Iranian sites of Babolsar,
Nowshahr, Anzali and Astara, where the depths can easily exceed 400 m. The 50 km limit was not
arbitrarily selected, and represents an acceptable threshold at which a renewable project can still be
competitive [24].
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Figure 1. The Caspian Sea and the reference sites considered for assessment, where: (a) bathymetry
map [25]; (b) water depths corresponding to each reference site [25]; (¢) number of inhabitants
corresponding to the reference area considered [26].

Table 1. The main characteristics of the considered sites located at a distance of 5 km from shore.

No. Site Country Long (°) Lat (°) Water Depth (m)
P1 Atyrau Kazakhstan 51.745 46.680 30
P2 Aktau Kazakhstan 51.101 43.615 46
P3 Tiirkmenbasy Turkmenistan 52.714 39.994 50
P4 Babolsar Iran 52.643 36.759 48
P5 Nowshahr Iran 51.492 36.705 56
P6 Anzali Iran 49.512 37.519 52
P7 Astara Iran 48.938 38.425 38
P8 Baku Azerbaijan 49.889 40.324 37
P9 Makhachkala Russia 47.584 42.997 41
P10 Olya Russia 48.136 45.269 30

The port of Baku is the capital of Azerbaijan and one of the largest cities in the Caucasus, this
aspect being reflected by the number of its inhabitants (Figure 1c), of almost 2.5 million, being followed
by the Makhachkala city with 0.6 million inhabitants and Atyrau with 0.24 million.

2.2. Wind Dataset

ERA-Interim Reanalysis Data

The ERA-Interim wind product has been considered for assessment, this being a project maintained
by the European Center for Medium-Range Weather Forecasts (ECMWFE). This global model covers
the time interval from 1979 to the present, being defined by a temporal resolution of 6h per day
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(00-06-12-18 UTC). In the near future, this model may be replaced by the ERA5 product defined by
1h resolution and some others significant improvements [27,28]. For the present work, only the data
covering the 20-year time interval from January 1999 to December 2018 are used, considering a spatial
resolution of 0.125° x 0.125° (the highest one). The U and V components of the wind speed are reported
to a 10 m height above the sea level, and in this case, the wind speed is denoted as U10. Apart from
the assessment of the wind energy potential, another objective of the present work is to estimate the
performance of some offshore wind turbines, and therefore the U10 values need to be adjusted to the
hub height of a particular system. This is indicated as [29,30]:

ln(zturbine) — ln(zl())

Utyrpine = U10
turbine 11’1(210) — ]_n(Zo)

(©)
where, Uy, pine—wind speed at hub height, U10—initial wind speed (at 10 m), zo—roughness factor
(calm sea surface —0.0002 m), z1g and zy,pie—Treference heights.

2.3. Wind Turbines

Several offshore wind turbines are considered for evaluation, their characteristics being presented
in Table 2. The rated power of the generators is in the range of 3-8.8 MW, with the systems rated below
6 MW currently in operation, compared to the others that are the next generation turbines and are
being implemented at this moment. In general, the cut-in values are approximately 3-3.5 m/s. The
system, Adwen AD 5-135, has a lower rated speed value of 11.4 m/s, which means that this turbine
will reach his rated capacity quicker. Each turbine is defined by a particular hub height, some of them
being specifically indicated by the manufacturers, but in most of the cases these are mentioned as site
specific, being possible to develop in this way multiple scenarios. A minimum of 65 m corresponds to
the system Vestas V90-3.0 MW, while a maximum value of 140 m corresponds to Vestas V164-8.0 MW.

Table 2. The main characteristics of the wind turbines considered [31].

. Rated Power Cut-in Rated Cut-out Diameter .
Turbine MW) Speed (m/s)  Speed (m/s)  Speed (m/s) (m) Hub Height (m)
Vestas V90-3.0 3 35 15 25 90 65-105
Vestas V112-3.45 3.45 3 13 25 112 84
Siemens SWT-3.6-120 3.6 3.5 12 25 120 90
Siemens SWT-3.6-107 3.6 4 135 25 107 80 or site specific
Siemens SWT-4.0-130 4 5 12 25 130 89.5
Envision EN 136-4.2 4.2 3 10.5 25 136 80/90/110
Areva M5000-116 5 4 125 25 116 site specific
Adwen AD 5-135 5.05 3.5 11.4 30 135 site specific
Siemens SWT-6.0-154 6 4 13 25 154 site specific
Senvion 6.2M126 6.15 35 14 30 126 85/95
Siemens SG 7.0-154 7 3 13 25 154 site specific
Siemens SG 8.0-167 8 3 12 25 167 site specific
Vestas V164-8.0 8 4 13 25 164 105/140
Vestas V164-8.8 8.8 4 13 25 164 site specific

The annual electricity production (AEP) indicator is frequently used to quantify the electricity
output expected in a particular system. In the present work, the following expression was considered
for this indicator [32]:

cut—out
AEP=T- f f(u)P(u)du )
cut—in
where, AEP—in MWh, T—average hours per year (8760 hr/year), f(u)—Weibull probability density
function, P(u)—power curve of a turbine, cut-in and cut-out values of a turbine.
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One way to estimate the overall performances of a particular system is through the capacity factor
(Cp), that can be defined as [32]:

Cy = —=-100, 3

where: Pg is the electric power expected to be generated and Rp represents the rated power of
the system.

3. Results

3.1. Verification of the Reanalysis Data

The ERA-Interim data were obtained through numerical simulations and therefore the accuracy of
these data for this enclosed sea area need to be discussed. One way is to use the satellite measurements
provided by the AVISO (Archiving, Validation and Interpretation of Satellite Oceanographic Data)
project that include daily multi-mission measurements [33]. This dataset was defined by only one
measurement per day (U10 values), and for the current work the values corresponding to the interval
January 2010 and December 2017 were processed. Figure 2 presents a direct comparison between AVISO
and ERA-Interim data, including a quality check of the satellite measurements. A common problem
associated to the altimeter data, has been represented by the accuracy of these systems to measure the
marine resources at the land-water interface. As can be seen from Figure 1a, a maximum of 50.46%
corresponded to the site of Atyrau, compared to a minimum of 20.76% indicated for Baku, while a
constant distribution of 41% was noticed close to the sites Babolsar, Nowshahr and Anzali, respectively.

(a) (b)
AVISO — Not A Number (%) U10 (m/s) 25 percentile
4

25 III I [
0 I Site

Site

(c) (d)

U10 (m/s) 50 percentile U10 (m/s) 95 percentile
. AVIso 12 . AViso
[_] ERA-Interim | [ ERA-Interim

I [ Site 0 Site

Figure 2. The comparisons between the AVISO measurements and the ERA-Interim reanalysis data
for the time interval 2010-2017. The results are structured in: (a) NaN corresponding to the AVISO
measurements; (b) 25 percentile; (c) 50 percentile; (d) 95 percentile.
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In order to compare the two datasets, only the sites defined by much lower NaN (not a number)
occurrences were considered for evaluation, and for this work, the ones chosen did not exceed 30%
(indicated by dotted line). From the percentile analysis (25, 50 and 95), the ERA-Interim indicated higher
values than the satellite measurements, this aspect being valid only for the sites Aktau, Tiirkmenbasy
and Baku located in the eastern and southern sectors. The Aktau site was defined by more significant
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variations, and a difference of 0.9 m/s (25 percentile), 1.16 m/s (50 percentile) and 1.12 m/s (95 percentile)
was observed. A reverse pattern corresponded to the Makhachkala site (west coast—north of Baku),
where ERA-Interim slightly underestimated the wind resources, with a maximum difference of 1.62 m/s
for the 95 percentile.

3.2. Analysis of the Wind Speed

A first perspective of the wind distribution is presented in Figure 3, including the full
time distribution (denoted as the total time) and the four main seasons that include: spring
(March-April-May), summer (June-July-August), autumn (September-October-November) and winter
(December-January-February). Regardless the period taken into account, it is clear that the northern
part of the Caspian Sea is defined by more important wind resources. For the total time, a maximum
value of 8.5 m/s was noticed in the southern regions of Olya site (north-west), and on an axis that
crosses the northern area of this basin. The values significantly decreased towards the centre of this
target area, the eastern part being defined by more important resources that can reach 6 m/s. The areas
located in the centre-west and south seem to be defined by hot-spot regions where the wind conditions

frequently indicated values of approximately 2 m/s, which meant that they are not very attractive for a
wind project.

Total time U8B0 (m/s)
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Figure 3. Spatial distribution of the U80 parameter (average values) considering the 20-year time
interval (January 1999 to December 2018) of ERA-Interim data.

During the springtime, the spatial distribution was similar to the total time, where the maximum
values can increase to 8 m/s. As for the summer season, moderate conditions were noticed and the
hot-spot area located near the Olya site was identified, where the wind speed reached a maximum
value of 7.3 m/s. For the rest of the regions, the conditions decreased below 6 m/s, with a significant
percentage of the southern part did not exceed 4 m/s. During autumn and winter, the wind strength
significantly increased, and more frequent wind speeds of 9 m/s were observed.

Figure 4 presents a slightly better representation of the seasonal variations, where the average
values corresponding to each season are reported to the total time distribution. Various patterns were
noticed. During spring, in the north, wind conditions increased approximately 10% and a decrease
of the resources to almost 20% was observed close to the Absheron Peninsula (Baku site). During
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summer, the entire region indicated a decrease of the values to almost 30%. There is a hot spot close to
the Babolsar site (south-east) where the wind speed may increase to 30%. During autumn, a wind farm
located close to the Absheron Peninsula may have indicated better performances with an expected
increase of the wind speed to almost 20%. The northern and centre regions indicated, in general, a
slight increase of the values that may reach a maximum of 10%. During winter, the wind conditions
presented a constant increase in intensity (*15%), and in some sites, the balance was close to zero.
In this case, the eastern area of Babolsar indicated a 15% decrease of the values.
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Figure 4. The spatial differences (in %) between the total time data and the four main seasons. The
results are reported for the U80 parameter (average values) considering the 20-year time interval of

ERA-Interim data, where: (a) spring; (b) summer; (¢) autumn and (d) winter.

In Figure 5a, the evolution of the U80 parameter is presented for the reference sites indicated in
Table 1. The average values (dotted line) reported to all the sites were approximately 5.2 m/s, and above
this threshold, this study found: Atyrau (7.12 m/s), Olya (6.96 m/s), Aktau (6.68 m/s), Turkmenbasy
(6.36 m/s) and Baku (5.87 m/s). A minimum wind speed value of 3.12 m/s corresponded to the site

Anzali (south-west).
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7.5
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Figure 5. The distribution of the U80 parameter (average values) per reference sites considering the
20-year time interval of ERA-Interim data, where: (a) U80 values reported by the sites located at 5 km
nearshore; (b) differences (in %) between the sites located at 5 km and the ones located at 25 km and 50

km, respectively.
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The variation of the wind speed between various distances from the shoreline (5 km-25 km-50 km)
is presented in Figure 5b. In general, the sites defined by important wind resources have not indicated
important variations, this being the case of Atyrau, Baku or Olya. This suggests that a wind project
located close to the shoreline will be a suitable solution. For the Turkmenbasy site, it was observed that
the wind speed at 50 km offshore was lower than the one at 25 km, the differences being approximately
2.61%. It is clear that, in general, the wind speed increased heading towards offshore, this being the
situation of Babolsar (25 km—6.2%; 50 km—11.62%), Anzali (10.1%; 24.79%) or Makhachkala (14.27%;
27.67%). In this case, the site Makhachkala (50 km) with 6.1 m/s exceeded the value of 6 m/s, which
corresponded to the Baku site.

Figure 6 presents the monthly evolution of the LI80 parameter taking into account all the available
wind data. As expected, the northern part was dominated by more important conditions for the entire
time interval considered., In July, it was observed that some wind energy hot-spots close to Olya
site (in the south) or nearby Balbosar (in the north), reached a maximum value of 7 m/s. During the
interval January—April, the consistency of the wind resources was more present in the entire northern
region, with wind speed values observed at 9 m/s. In general, the sites located close to Olya (in the
south) constantly indicated a higher wind resource, which makes them suitable candidates for the
development of a wind project, if there is any energy demand in this region.
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Figure 6. Monthly distribution of the U80 parameter (average values) reported by the ERA-Interim
wind data for the 20-year time interval from January 1999 to December 2018.
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3.3. Evaluation of the Wind Turbines

The downtime interval represents the inactivity period, during which the turbine will be shut
down since the wind conditions are not suitable for the electricity production. In Figure 7, some case
studies are presented. As the wind distribution located below the cut-in value and a dotted line that
marks a distance of 50 km from the shore, a wind project can be usually implemented. In the case
of the value 3 m/s, a minimum of 20% may be expected for the northern region, this value gradually
increasing to 50% for the sites located in the central part of the target area, while a maximum of 70%
may be expected in some isolated regions from the west and south. Small differences were noticed
between the values 3 m/s and 3.5 m/s, the more notable values corresponded to the 5 m/s scenario (close
to 90%). This indicates that a system as Siemens SWT-4.0 is not a suitable option for this enclosed basin.
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Figure 7. The downtime interval (%) corresponding to different cut-in values, where: (a) 3 m/s;
(b) 3.5 m/s; (c) 4 m/s; (d) 5 m/s. The dotted line is located at approximately 50 km from the shoreline.

A top five downtime is presented in Table 3, taking into account as a reference the 3 m/s value.
The lowest values were accounted by the same sites that include Atyrau, Olya, Aktau, Tiirkmenbasy
and Makhachkala, regardless of the distance to the shore considered for evaluation. For the 5 km limit,
a minimum of 20.76% was expected close to Atyrau and a maximum of 36.01% near Makhachkala.
The same pattern was repeated for the 25 km, with a minimum of 20.31%, while in the case of 50 km,
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there was a change of places between the fourth and fifth positions, for which a maximum of 34.4%
was noticed.

Table 3. The top five downtimes sorted in an ascending order (corresponding to a 3 m/s cut-in value).

Distance to Shore Site (%)
5 km Atyrau Olya Aktau Tiirkmenbasy Makhachkala
(20.76) (21.28) (25.97) (29.47) (36.01)
25 km Atyrau Olya Aktau Tiirkmenbasy Makhachkala
(20.31) (20.49) (24.92) (30.62) (30.75)
50 km Olya Atyrau Aktau Makhachkala Tiirkmenbasy
(19.89) (20.11) (24.56) (27.32) (34.40)

Through the rated capacity, the percentage of time during which a particular turbine will operate
at a full capacity can be identified. This is done by taking into account the wind speed located between
the rated wind speed and the cut-out values. More details are presented in Figure 8. Only one spatial
map was represented, since the colour distribution remained the same, and only the scale of the map
was represented for different wind speed values. As expected, the values significantly decreased from
10.5 m/s to 15 m/s, It was observed that the energy hot spot located close to the Olya site did not exceed
the 50 km limit (dotted line), where the best results were reported. The maximum values, oscillated
between 15% and 30%, depending on the considered rated speed. This distribution closely followed
the evolution of the wind speed with better results expected in north. In the southern region, it is
possible that the considered wind turbines from Table 2 reported a negative performance (0%).

Rated speed
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Figure 8. The rated capacity (%) reported for different rated wind speeds.

A more concise evaluation of the rated capacity is presented in Table 4, with the rated speed
of 13 m/s as a reference. From the selected sites, Olya presented the best performances that varied
between 14.7% (5 km) to 17.81% (50 km), compared to a minimum value of 3.96% (50 km) reported by
Tiirkmenbasy, that was included in this classification.
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Table 4. The top five

rated capacities sorted in a descending order (reported to a 13 m/s rated speed).

Distance to Shore Site (%)
Olya Atyrau Aktau Tiirkmenbasy Makhachkala
5km
(14.70) (13.17) (7.61) (5.30) (1.34)
Olya Atyrau Aktau Tiirkmenbasy Makhachkala
25 km
(16.65) (14.09) (9.59) (5.30) (3.77)
50 km Olya Atyrau Aktau Makhachkala Tiirkmenbasy
(17.81) (14.50) (10.38) (6.25) (3.96)

As a next step, the annual electricity production (AEP) was assessed by considering two reference
sites, namely Atyrau and Baku. The selection of the Baku site was made by taking into account the
interest for development of an offshore project in this region, the large population that lives in this
region, and that it has some wind resources considering the results presented in Figure 5a. Figure 9 is
focused on this evaluation which includes all the selected wind turbines. In the case of the systems
where the hub height was indicated as site specific, different values were considered for assessment.
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Figure 9. Annual electricity production (GWh) reported for the full time distribution, considering the
sites: (a) Atyrau; (b) Baku. The points are located at a distance of 5 km from the shoreline.

It is clear that the site Atyrau (5 km from shore) indicated better performances than Baku (5 km
from shore), regardless of the selected wind turbine, the lower and higher values being highlighted as a
reference to the individual hub heights. As expected, the electricity production was related to the rated
capacity and at the bottom, the systems rated below 4 MW were found. In addition, it is important
to mention that the system, Siemens SG 8.0 MW, presented better results than the other two Vestas
systems rated at 8 MW and 8.8 MW, making it a suitable candidate for this region. For the Atyrau
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site, the authors expected a maximum value of 5.85 GWH in the case of Vestas V90-3.0 MW. These
systems operate at a hub height of 65 m, while a maximum of 27.761 GWh is indicated by the Siemens
SG 8.0 MW, if the rotor of this system works at a height of 140 m. In the case of the Baku site, a similar
pattern was noticed, with the values oscillating between 3.94 GWh and 19.29 GWh. Also, it seems that
some wind turbines presented lower performances compared to others, although they were defined by
a higher rated capacity. This was the case of Vestas V112-3.45 MW compared to Siemens SWT-3.6-107,
or for the generator, Adwen AD5-135, compared to Siemens SWT-6.0-154 and Senvion 6.2M126.

A similar analysis was performed in Figure 10, taking into account the capacity factor index.
According to these values, Envision 4.2 MW stood out with more important values, being followed
by Adwen AD5-135 and Siemens SG 8.0 MW. Regarding the Atyrau site, by observing the 80 m hub
height, the values in the range of 27.13-44.86%, which were specific to some turbines rated at 3.6 MW
and 4.2 MW, respectively, were noticed. Compared to these, the turbine rated at 8.8 MW indicated a
value of approximately 29.16%. This is close to the lower value and similar to the one reported by
Siemens SWT-6.0-154. In the case of the turbines, where the hub height was indicated as site specific,
the authors obtained the following differences from 65 m to 140 m: Areva Multibrid M5000—4.07%;
Adwen AD 5-135—4.23%; Siemens SWT-6.0-154—3.93%; Siemens Gamesa 7 MW—3.82% or Vestas
V164-8.8 MW—3.93%. For the Baku site, lower values were expected from the turbines Vestas V90-3.0,
Siemens SWT-3.6-107 and Senvion 6.2M126, while the turbine Envision 4.2MW seemed to be a suitable
solution for this site. The turbines rated above 4.2 MW exceeded, in general, by 20%, and reached a
maximum of 33.07% in the case of Envison 4.2 MW (110 m height), this turbine exceeded, in general,
by 30%.
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Figure 10. The capacity factor (%) reported for the full time distribution, considering the sites: (a) Atyrau;
(b) Baku. The points are located at a distance of 5 km from the shoreline.
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4. Discussions and Conclusions

One objective of the present work is to identify some suitable areas for the development of a
wind project. From the literature review, it seems that the offshore sites that exceeded an average
wind speed of 6 m/s (reported at 10 m height) are recommended [34]. Figure 11 presents this analysis,
where the total time interval can be noticed, with the more promising areas being located in the
northern sector. As expected, the region located south of the Olya site concentrated most of the wind
energy. Some acceptable areas were noticed heading towards the north-east. During the winter time
(December-January-February), the suitable areas were significantly extended, reaching the northern
and eastern coast of the Caspian Sea. During this season, some promising results are expected from
the sites located in the central part of this sea, more precisely, close to the Aktau site (east). Per total,
according to this criterion (U10 < 6 m/s), a significant part of the Caspian Sea is not suitable for the
development of an offshore wind project, this being also the case of the Baku location, where some
offshore wind farms may occur in the near future.

(a) Total time (b) Winter U10 parameter
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Figure 11. The suitability map for wind power with an average wind speed of 6 m/s as a reference. The
results are indicated for: (a) full time distribution; (b) winter time.

Until now, the performances of the wind turbines were discussed in terms of their rated power.
Another important parameter that needs to be taken into account is the turbine diameter, and this
analysis is provided in Figure 12. The wind turbines presented in Table 2 were grouped in three main
categories (small-medium-large), and the results were presented only for the sites Atyrau and Baku.
These results showed a similar distribution for both sites, with the Atyrau site presenting slightly
higher values.

From the analysis of the wind turbines included in the first category (small), the system, Envision
EN 136-4.2 (hub height 80-90-110 m), seems to be more suitable for this location compared to Siemens
SWT-4.0-130 that has a comparable rated capacity and operates at a height of 89.5 m. As for the second
group (medium), significant results were noticed between Areva M500-116 and Siemens SWT-6.0-154,
although similar hub heights were taken into account. From the systems rated above 7 MW, the better
performances were expected from the Siemens SG 8.0-167, compared to Vestas V164-8.0 and Siemens
SG 7.0-154, which were defined by a much lower rated capacity.
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Figure 12. The classification of the wind turbines selected for the sites Atyrau and Baku, taking into
account the power output per swept area. The results are grouped as follows: (a,b) small (3—4.2 MW);
(c,d) medium (5-6.2 MW); (e,f) large (7-8.8 MW).

In the present work, a more complete description of the wind conditions corresponding to the
Caspian Sea was provided by considering spatial maps and specific sites located near the major harbour
cities of this region. According to the bathymetric data, significantly lower water depths are noticed
in the northern part of this region. This means that they are suitable for the development of mono
pile wind projects, taking into account that this solution can be used for water depths of 50 m [35].
For the rest of the regions, a floating wind farm has been indicated [36]. According to the wind data
coming from the ERA-Interim project, the northern part of this sea was also defined by important
wind resources, that seemed to be very suitable for a wind project. For this region, an average wind
speed of 8-8.5 m/s (at 80 m height) were noticed, with a significant increase in the wind power which
corresponded to autumn and winter. This environment was defined by important seasonal variations,
which can reach a maximum of 40% in the southeast (in summer) or an increase with 15% of the wind
speed for the entire basin (in winter).

When discussing the viability of an offshore wind project, an important issue to take into account
are the financial aspects, especially in the case of the Caspian Sea. A common way to do this is to
consider the levelized cost of energy (LCOE) that can be defined as [24]:

Ul
CAPEX + ), QEX:

=1 (1+r)
LCOE = “4)

AEP;
= (14r)"

M=

-

where: CAPEX—represents Capital Expenditure; OPEX;—Operational expenditures reported for year
t; AEP;—Annual Energy Production corresponding to year f; —the discount rate; n—lifetime of the
project; t—year from the start of project.
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Considering the methodology presented in Rusu and Onea [24], the following set-up was used:
(a) Discount rate = 10%; (b) inflation = 2%; (c) ageing of the turbines = 1.6%; (d) CAPEX cost = 4500
USD/kW; (e) OPEX = 0.048 USD/kW; (f) project lifetime = 20 years (1999-2018). For simplicity, the hub
height of the turbines was fixed to 80 m height and all the reference sites located at 5 km were taken
into account. However from the results presented in Figure 2a, it is possible that some of them need to
be defined by a lower quality of the wind data.

Figure 13 presents such an analysis, where a similar spatial pattern of the LCOE is indicated
by the three groups of wind turbines. The better results corresponded to the sites Atyrau, Aktau,
Turkmenbasy, Baku and Olya, where the values gradually decreased below 0.5 USD/kWh. A maximum
LCOE value of 10 USD/kWh was reported by the site Anzali, this value gradually decreasing to
4.5 USD/kWh and 3 USD/kWh for turbines defined by higher rated capacity. Taking into account that
the target of the European Union for the year 2025 is to obtain an LCOE of 0.11 USD/kWh [24], this
study can conclude that the sites that exceed at this moment 0.5 USD/kWh cannot be taken into account
for an offshore project. In Figure 13 (subplots bl and c1), the turbines rated between 7 and 8.8 MW
indicate better performances, reporting in some cases LCOE values below 0.25 USD/kWh. There is
room for improvement and better performances can be obtained.
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Figure 13. LCOE assessment considering the reference sites located at 5 km from the shore. The
results were grouped in small, medium and large systems (a—c) including a detailed view of the values
reported by the sites Atyrau, Aktau and Turkmenbasy (al—c1). All the turbines were evaluated for an
80 m hub height.

The best sites to develop wind projects are close to Atyrau (north) and Olya (northwest), with
the mention that the spatial maps indicate a hot-spot south of Olya (close to 44° latitude north) that
presents more important wind resources. At this moment, there are plans to develop offshore wind
projects in the vicinity of the Baku region (Absheron peninsula). By looking at the wind map, it can be
noticed that this region is located in an area with moderate wind resources, where the wind speed
conditions do not increase heading towards the offshore region. This means that a wind project located
close to the shore will be preferable as the energy output will not significantly increase. Also to be
considered is the development of a project along the shoreline in order to avoid the problems associated
with marine areas, such as weather windows [37].
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As in most of the regions located in the northern hemisphere, the wintertime presents more
energetic wind resources [38,39], this being also the case for the Caspian Sea. During December,
January and February, the entire northern area has been defined by important wind resources, which
constantly indicated average wind speed values of 8.5-9 m/s. During the summer time, the areas
suitable for a renewable project are significantly reduced, being possible to register a maximum of
7 m/s only in the southern part of Olya site.

As for the wind turbine performances, different generators were considered for assessment using
as a reference the sites of Atyrau and Baku. The annual electricity production is directly related to the
rated capacity of the turbines, but even so, an 8 MW system will perform much better than an 8.8 MW
generator. By considering different hub heights, the electricity output for different configurations was
established, being reported a maximum production of 27.61 GWh and 19.29 GWh for the Atyrau and
Baku site, respectively. To obtain a higher capacity factor, probably a system rated at 4.2 MW or 5 MW
will be more indicated, having reported values close to 50% for the Atyrau sites, and between 25% and
33% for the Baku location.

Finally, the Caspian Sea is an important area in terms of energy resources, being well known
for the hydrocarbon extractions [40]. Nevertheless, there is interest for natural resources, and the
development of a wind farm which will represent one-step forward for the development of a renewable
portfolio, as it can be designed according to the electricity demand of the coastal communities from
this region.
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Nomenclature

T Avera-year (8760 hr/year)

r discount rate

uio wind speed reported for a 10 m height above sea level
P(u) power curve of a wind turbine

Pg electric power expected to be generated

Rp rated power of the system

OPEXt Operational expenditures reported for year t

CAPEX Capital Expenditure

LCOE Levelized Cost of Energy

AEP Annual Electricity Production

NaN Not A Number

fu) Weibull probability density function

ECMWE European Centre for Medium-Range Weather Forecasts
cf Capacity factor

AVISO Archiving, Validation and Interpretation of Satellite Oceanographic Data
Z10; 280 reference heights

20 roughness of the sea surface
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Abstract: The present article presents results of a laboratory study on the assessment of erosion
patterns around a hydrodynamic transparent offshore foundation exposed to combined waves and
currents. The model tests were conducted under irregular, long-crested waves in a scale of 1:30 in
a wave-current basin. A terrestrial 3D laser scanner was used to acquire data of the sediment surface
around the foundation structure. Tests have been conducted systematically varying from wave- to
current-dominated conditions. Different volume analyzing methods are introduced, which can be
related for any offshore or coastal structure to disclose physical processes in complex erosion patterns.
Empirical formulations are proposed for the quantification of spatially eroded sediment volumes and
scour depths in the near-field and vicinity of the structure. Findings from the present study agree
well with in-situ data stemming from the field. Contrasting spatial erosion development between
experimental and in-situ data determines a stable maximum of erosion intensity at a distance of
1.25 A, 1.25 times the structure’s footprint A, as well as a global scour extent of 2.1-2.7 A within the
present study and about 2.7-2.8 A from the field. By this means, a structure-induced environmental
footprint as a measure for erosion of sediment affecting marine habitat is quantified.

Keywords: offshore wind farm; jacket; scour; wave-current interaction; spatial resolution; erosion
patterns; sediment transport; laboratory tests

1. Introduction

To meet the rising demand for renewable energy, the expansion of offshore wind energy converters
(OWECsS) in coastal waters is progressing steadily. Due to continuing technological development,
upcoming offshore wind parks will not only utilize larger turbines with a capacity of 10 MW and
beyond [1], but also create opportunities to open new available space in larger water depths. As the
average water depth increases in projected wind parks globally, different construction types are adopted
that are more complex and have a larger footprint than commonly used monopiles. However, the
installation and operation of those structures, especially if several are closely aligned next to each
other, may lead to impacts on the formerly unaffected marine environment in the near- but also in the
far-field. Potential impacts [2—4] include large scale morphological changes and entrainment of large
quantities of sediment in the water body due to interaction of the structure with ocean currents and
waves [5-7]. Of course, the scouring processes might also affect the sustainability of the structure itself
over time. Unfortunately, only a limited understanding of environmental impacts and the impairment
of the structure’s stability over its lifetime due to scouring processes around complex foundation
structures exist. This is why for some structures that are affected by scouring, e.g., gravity-based
foundations (GBF), the installation of a scour protection system became mandatory. The protection
of those structures against the degradation due to scour is often designed following a conservative,
and thus, inefficient approach that is based on monopiles. Yet, this evident mismatch may also lead to
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incorrect prediction of scour depths and unreliable design of scour protection (see Rudolph et al. [8]).
This in turn might also impose an effect of superimposing global scouring processes, that possibly
contribute to the subsidence of the seabed, in particular around complex structures see, e.g., Rudolph
et al. [8] and Baelus et al. [9]. While the equilibrium scour depth around monopile foundations has
been investigated and published extensively over the last decades, limited understanding exists for
jacket-type foundations, see [8-11]. Even though the bed topography was measured, these studies
were more focused on the local scour development for specific conditions rather than on the spatial
scour development on a global extent. A literature study on model tests and field studies related to
jacket-type foundations can be found in Welzel et al. [12].

Research conducted for groups of circular cylinders represents the basis of knowledge to
understand the initiation and development of local and global scour around a hydrodynamic transparent
structure like a jacket. For groups of circular cylinders, several studies outlined a dependency between
the distance of piles (gap ratio) and the local as well as global scour development [13-15]. Furthermore,
it is reported that hydrodynamic interactions between individual circular piles are small if the distance
between them exceeds six times the piles” diameter (see e.g. [16-18]). Bolle et al. [10] transferred this
knowledge to jacket structures, arguing that the distance was clearly above 6 D in their study and
thus global scour does not have to be considered. To gain insights into potential effects of global
scouring processes on the marine environment and the structures’ stability, spatial seabed changes in
the vicinity of the structure need to be measured. Although different measurement techniques and
analysis methods were already applied in previous studies, they are rarely used to provide information
beyond the calculation of volumes of displaced sediment. Porter [19] used a photogrammetric-based
measurement system to analyze the scour hole, depth and shape in tidal currents around a monopile.
Margheritini et al. [20] conducted physical model tests for the scour development around monopile
foundations in unidirectional and tidal currents. They analyzed the scour volume by means of a laser
probe bottom profiler. Stahlmann and Schlurmann [21] conducted small scale, 1:40, as well as large
scale, 1:12, physical model tests for a tripod foundation in regular and irregular wave conditions
and evaluated the scour development by using either a laser distance bottom profiler (for 1:40) or
amulti-beam echo sounder (for 1:12). Hartvig et al. [22] investigated the scour and backfilling processes
around a monopile foundation due to steady currents and combined wave-current load. A laser probe
bottom profiler was used to obtain bed topography measurements for several time steps. Insights
about scour processes and results on scour depth, scour volume and a scour shape factor are derived as
a function of time and space. As the spatial investigation of erosion volumes around offshore structures
so far has attracted little research interest (also for technical reasons of measurement instruments), few
studies exist which may provide a systematic analysis. Studies of Margheritini et al. [20] and Hartvig
et al. [22] systematically analyzed erosion processes and introduced a dimensionless erosion volume
(normalized with a structural volume). Nevertheless, the lack of a spatial reference (e.g., the related
interrogation area of the erosion volume) to the information of eroded sediment volume seems to be
an important point missing for a further normalization.

However, several aspects regarding scouring processes around complex offshore structures remain
(so far) disregarded and demand a more systematic investigation of erosion patterns. Consequently,
the objective of the present paper addresses a systematic volume-based analysis of erosion processes to
evaluate the degree and extent of the local and global scour development around a jacket structure. This
enables the sediment redistribution footprint of the offshore structure to be deduced in the transition
between the near- and the far-field. Therefore, hydraulic model tests have been carried out in the
wave and current basin of the Ludwig-Franzius-Institute to conduct a systematic study of erosion
processes around a jacket-type offshore foundation under waves, combined waves and current as
well as steady current conditions. Different volume-analyzing concepts and calculation methods are
introduced, which can be adapted, generally, for any offshore structure or coastal structure to reveal
physical processes in complex erosion patterns.
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The objectives of this paper are:

(1) The systematic study of global scour patterns in combined waves and current conditions around
ajacket foundation.

(2) Gaining further i