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Abstract
The Impact of Large Scale Wave Energy Converter Farms
on the Regional Wave Climate
Charles E. Greenwood
Over recent years the numerical simulation of Wave Energy Converters (WECs) has become a
necessity. This enables the representation of many hydrodynamic interactions, allowing wave
models to simulate processes from quantifying wave loading on a device to cumulative
environmental impact of multiple arrays. This thesis explores highly flexible spatial models that
allow actual device absorption characteristics to be incorporated, when the data becomes
available.
The simulation of DHI’s MIKE 21 Spectral Wave (SW) model for the Isle of Lewis was applied,
where in situ wave measurement devices were used to generate boundary conditions and provide
simulation calibration and validation. This quantifies one of the largest wave energy resources in
Europe and acts as a base model for later device simulations. Multiple methods for simulating
WECs within the SW model were tested, including the Reactive Polygon method. This flexible
method for including device specific directional frequency based absorption and reflection was
demonstrated by the simulation of a large array of Oyster devices in the nearshore region.
Next, a method for including frequency-dependent power capture in a mid-range MIKE 21
Boussinesq Wave (BW) model was developed. Devices are represented as porosity layers, and
frequency dependencies are achieved by propagating each component of the incident spectrum
separately through the model, these are then recombining during a post-processing stage. A
detailed comparison between the SW and BW results and governing equations motivated the
development of a coupled simulation. An SW generated spectra interacts with devices in a BW
simulation, the far-field device-disturbances of which are propagated in a second SW simulation.
While the results of this demonstration model do not provide a totally accurate representation of
spatial wave field, it remains the first of its type to be implemented. This thesis presents several
new methods, which include important wave processes within computational simulations. These
developments enable a much more accurate and efficient representation of the wave-device
interactions for shallow water WECs.
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1.

Introduction to Wave Energy Modelling

1.1

Introduction

As global energy demands increase, political driving forces have promoted the use of green
alternative energy sources. Within recent decades WECs (Wave Energy Converters) have
undergone rapid advancements in order to help meet these demands. As the wave energy industry
is emerging from the developmental stages with a view to expanding to multi-device array
deployments, the cumulative effects on the surrounding wave climate are poorly understood. The
surrounding wave-device interactions play an important role in wave farm power optimisation
and environmental impacts. Due to the large spatial area, these interactions have primarily been
monitored using computational wave models, where in situ point measurements have been used
to calibrate and validate outputs. The simulation of wave fields and device behaviour is possible
within many different software models. However, there are several types of wave models
governed using different mathematical principles that require further adaptation to simulate the
presence of WECs. To ensure the wave energy industry continues to grow without detriment to
the array performance or environmental implication, the development of the device modelling
techniques will allow for more accurate wave field predictions, thus speeding up planning consent
and array layout positioning.
With a small number of studies focusing on the wave-device interactions the methods of
simulating WEC array remains somewhat primitive, where only wave parametric data is
considered. The implementation of recent models has seen the representation of specific devices;
however, due to the large number of device types, not all devices have been thoroughly tested.
This research focuses on a detailed resource models for the west coast of the Isle of Lewis,
Scotland and the advancement of modelling techniques using DHI software MIKE 21 (Spectral
Wave model and Boussinesq Wave model). The methods shown in this study allow users to adapt
the process (where suitable) and apply them for different locations, devices and array layouts. The
results provide a detailed resource map of the west coast of the Isle of Lewis along with new,
innovative methods for simulating individual devices on an array scale.
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1.2

Wave Energy Industry

The wave energy industry has experienced rapid growth; with the level of installed capacity
increasing by an order of magnitude each year, with predictions showing exponential growth to
the future [1]. The support set up by marine energy test sites, such as EMEC (Orkney, Scotland)
and the Wave Hub (Hayle, England) provide, developers with planning, grid and additional
infrastructure support to streamline the process of deploying devices. This has led to the rapid
increase in device deployment, where devices are moving from concept ideas to operational full
scale device tests. This is shown in Figure 1 where the deployment stages of several wave energy
devices were tracked over 12 years. In 2002 the majority of the developers were concept or wave
tank testing stage, by 2010 and 2011 several developers moved from these scaled tests to full
scale operational devices. On average the wave device development has shown a positive
correlation since 2002 whereby most device developers were testing full scale devices with a few
aiming for array deployment in the near future by 2014. However, in late 2014 two market leaders
(Pelamis and Aquamarine) suffered financial difficulties and were forced to reduce staff numbers;
this eventually led to the collapse of Pelamis in early 2015. Since then the Scottish government
has created an organisation to help maintain the development of technologies. Wave Energy
Scotland offers 100% funding for developers looking to advance certain aspects associated with
devices.

Operational Array
GWh Generation
Full Scale Device Deploment
Scale Device Deploment

CETO 3
BOLT 2
Limpet
Oyster
Pelamis
Penguin

Tank and Model Simulations
Concept Devlopment

PowerBuoy
Wave Dragon
waveRoller

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Figure 1 Wave device development from 2002 to 2014.

The next stage of energy extraction moves from small electrical generation to large scale
production, where large amounts of wave energy is absorbed that results complex wave
interactions. This provides a large incentive for the further development of wave models to help
predict wave behavioural patterns.
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1.3

Wave energy converters

WECs harness wave energy through the kinetic movement of water. This general concept has led
to several design types, but due to the immature nature of the wave energy industry a single design
has yet to emerge as the prominent method. This evolution in device design has been shown in
the wind industry, where device design has converged towards horizontal rotating turbines with
three blades. This variation in design allows WECs to be theoretically more efficient at extracting
energy in their intended environments. The six most prevalent design types are shown below.

1.3.1 Wave Attenuator

Figure 2 Wave Attenuator

These devices float on the water surface and align themselves at 90 0 to the incident wave field.
The modular design uses hydraulic hinge joints that oscillate with the sea surface to produce
electricity. The electrical energy is created as the device hinges pump hydraulic fluid through
turbines. Examples of these devices include Pelamis and Dexawave.

1.3.2 Point Absorber

Figure 3 Point Absorber

Point absorbers consist of two main sections. The first floats on top of the surface and moves in
the heave (i.e. vertical) direction. The second section is submerged and stationary relative to the
floating section. Electricity is generated from the movement of the surface buoy where hydraulic
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fluid is pumped through turbines. Examples of these devices include PowerBuoy, Aquabuoy and
Wavebob.

1.3.3 Oscillating Wave Surge Converter

Figure 4 Oscillating Wave Surge Converter

Oscillating Wave Surge Converters (OWSC) consist of a large buoyant paddle with a hinge joint
at one side, as waves propagate over the paddle the device opens and shuts similar to a clam.
These devices capture the horizontal forces produced by waves as they enter shallow water.
Electricity is created as the wave forces the paddle down which in turn forces saltwater thought a
series of pipes to an elevated reservoir on land, the water is then let out though turbines. An
example of this device is Oyster.

1.3.4 Oscillating Water Column

Figure 5 Oscillating Water Column

Oscillating water columns have a large orifice where wave energy can enter the device, a second
smaller orifice housing the turbine is then located towards the upper end of the device. As the
wave energy enters the device, the internal void experiences a change in water level. This causes
an internal pressure fluctuation, this change in pressure within the device drives air either in or
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out of the device though the small orifice. These devices can be free floating or attached to fixed
breakwaters. Examples of these devices are Limpet, The Mighty Whale and Oceanlinx.

1.3.5 Overtopping Device

Figure 6 Overtopping Device

Overtopping devices use a simple ramp where the incident waves breaks and overflows into the
wave reservoir. As the level of water in the reservoir builds up, it is let through a small orifice in
the base of the device where it passes a turbine, creating electricity. An example of this device is
Wave Dragon.

1.3.6 Submerged Pressure Differential

Figure 7 Submerged Pressure Differential

The submerged pressure differential is a bottom mounted device attached to a submerged buoy
that captures the heave constituent of the incident wave. The device uses the submerged buoy to
capture sub-surface pressure waves, converting this heave motion into electricity. An example of
this device is CETO. Other devices use a modified version of this principal that use the same
wave forcing but vary in design and power take-off systems; an example of this device is the
Anaconda.
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1.4

Wave Theory with Respect to Wave Energy
Modelling

Ocean waves are generated by wind-sea surface interactions. At the wind-sea surface boundary
the friction of the surface produces an effect known as shearing, this enables the transfer of energy
from the wind to the water surface. The input of energy causes small ripples to occur on the sea
surface. If the energy input is positive i.e. more energy added then lost, then waves will grow;
this is referred to as a growing sea state. If the input energy is equal to the dissipation losses, then
the sea state will remain the same. When the energy input is less than the energy losses then the
sea state will decay. This input of energy on the sea surface depends on wind speed, duration of
exposure, and fetch (distance of wind contact with sea surface). Once created, ocean waves can
travel long distances, where they disperse, and only experience a slight reduction in energy from
depth dependent losses, although these only apply in intermediate and shallow waters.

1.4.1 Airy Wave Theory
Airy wave theory is a simplified mathematical description of periodic progressive waves that can
be applied to all waves with a small wave height to wavelength ratio. Airy wave theory or linear
wave theory provides an estimation of the propagation of gravity waves on the surface of a body
of water. This theory assumes that the body of water acts as a homogeneous ideal fluid that is
incompressible and irrotational (conservative vector field), where the effects of friction and
turbulence are ignored. Figure 8 identifies some of the key parameters of a wave, wave amplitude
η, wavelength λ, wave height H, depth h and the mean seawater level MSL. Within Figure 8 a set
of axes show z as the vertical dimension and x as the horizontal dimension.

Figure 8 Diagram of a monochromatic wave

6

A wave’s surface elevation (η) at any given point in time can be shown as equation 1.1. The wave
period is defined as the wavelength divided by the wave celerity (c) and is denoted by T as shown
in equation 1.2.
𝜂=

𝐻
𝑥
cos 2𝜋 (𝜆
2

𝑡

− 𝑇)

1.1

Where
𝜆

𝑇=𝐶

1.2

Surface elevation can be shown using the change in velocity potential as shown in the continuity
equation for net flow (equation 1.3).
𝜕𝑢
𝜕𝑥

+

𝜕𝑤
𝜕𝑧

=0

1.3

In this case the velocity is equal to u in the x direction and w in the z direction. Parameters u and
w are equal to the rate of change in the velocity potential over the change in their respective
direction as shown below.
𝑢=

𝜕𝜑
𝜕𝑥

𝑤=

𝜕𝜑
𝜕𝑧

1.4

Where the velocity potential is symbolised by φ. When these potentials are combined with
equation 1.3 the Laplace equation is given.
𝜕2 𝜑
𝜕𝑥 2

𝜕2 𝜑

+ 𝜕𝑧2 = 0

1.5

The velocity potential can be calculated for all depths of the fluid using the Laplace equation
(equation 1.5). This enables these values to be obtained from the sea surface to the sea bed, where
at the velocity tangential to the sea bed (w for a flat bottom) w must equal zero and at the surface
particles must remain on the surface. The second statement suggests that at the surface (where z
= η) the vertical velocity w could be calculated using
𝑤=

𝜕𝜂
𝜕𝑡

𝜕𝜂

+ 𝑢 𝜕𝑥.

1.6

This must also satisfy Bernoulli's unsteady potential flow principle where a change in the speed
of a fluid alters the fluids pressure or potential energy. This is shown for the solution for the
kinematic principals at the surface.
𝐶(𝑡) =

𝜕𝜑
𝜕𝑡

1
2

+ (𝑢2 + 𝑤 2 ) + 𝑔. 𝜂 +

𝑝
𝜌

1.7

Where C(t) is an arbitrary integration function, g is the acceleration due to gravity, p is the
pressure and ρ is the density of the fluid. The combination of equations 1.6 and 1.7 provide a
description of the kinematic boundary condition. In linear wave theory, where the amplitudes of
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motion are considered small, the boundary conditions, applied at the mean seawater level where
z equals zero, are:

𝑤=

𝑔. 𝜂 +

𝜕𝜂

1.8

𝜕𝑡

𝜕𝜑
𝜕𝑡

=0

1.9

The velocity potential φ which satisfies the above field equations and boundary conditions is
given by equation 1.10:
𝑇

𝜑 = −𝑔. 𝐻 [4𝜋]

2𝜋
)(ℎ+𝑧)
𝜆
2𝜋
cosh( )ℎ
𝜆

cosh(

2𝜋.𝑥
𝜆

sin (

−

2𝜋.𝑡
)
𝑇

1.10

By replacing the solution from equation 1.10 with that of that of the surface elevation equation
(equation 1.1) the resulting wave celerity can be calculated.
𝑔.𝑇

2𝜋.ℎ
)
𝜆

𝑐 = ( 2𝜋 ) tanh (

1.11

This can be simplified by using the wave number (k) and the angular frequency (σ). Where k =
2π/λ and σ= 2π/T.
𝑔
𝜎

𝑐 = ( ) tanh(𝑘ℎ)

1.12

𝜎 2 = 𝑔. 𝑘 tanh(𝑘ℎ).

1.13

which is equivalent to

This is known as the dispersion relation and can be used to iteratively calculate the wavelength
with respect to depth as well as wave celerity.
𝜆=

𝑔𝑇 2
2𝜋.ℎ
tanh ( 𝜆 )
2𝜋

𝑔

2𝜋.ℎ
)
𝜆

𝑐 2 = 𝑘 tanh (

1.14

1.15

When the dispersion relation is rearranged to form equation 1.12 and both terms are plotted (see
Figure 9) the intersecting point between both terms will be the solution. This relates to equation
1.12.1 having only one value for wave number for fixed values of depth and angular frequencies.
tanh(𝑘ℎ) =

8

𝜎2ℎ
𝑔𝑘ℎ

1.12.1

Figure 9 Dispersion relation, where the thick black line represent tanh(kh) and the blue dashed line represents

𝝈𝟐 𝒉

.

𝒈𝒌𝒉

When the gradient of tanh(kh) is equal to 1 the location can be described as deep water, where
wave induced particle motion does not interact with the seabed. For small values of kh with a
gradient equal to 0.5, wave particle motion is greatly exaggerated in the horizontal directions and
thus can be defined as shallow water; this process is described in following section.
The derivation of the dispersion relation from the Laplace equation has been based on the well
documented literature where further information can be found at [2] and [3].

1.4.2 Wave Particle Velocity
The 2 dimensional wave particle acceleration ax and az are calculated from 𝜕𝑢⁄𝜕𝑡 and 𝜕𝑤⁄𝜕𝑡
respectively, and the horizontal ζ and vertical ξ displacements are time integrals of the velocity
components. The horizontal particle deviation is demonstrated in the series of equations labelled
equation 1.15.
𝜋𝐻 cosh 𝑘(𝑧+ℎ)
𝑥
[ sinh 𝑘.ℎ ] cos 2𝜋 (𝜆
𝑇

𝑢=

𝑎𝑥 =

𝑡
𝑇

− )

2𝜋2 𝐻 cosh 𝑘(𝑧+ℎ)
𝑥
[ sinh 𝑘.ℎ ] sin 2 𝜋 (𝜆
𝑇2

H cosh 𝑘(𝑧+ℎ)
𝑥
] sin 2𝜋 (𝜆
sinh 𝑘.ℎ

𝜁 =−2[

𝑡

+ 𝑇)

𝑡

− 𝑇)

1.15.1

1.15.2

1.15.3

The vertical particle deviation is shown by the series below.
𝑤=

𝜋𝐻 sinh 𝑘(𝑧+ℎ)
𝑥
[ sinh 𝑘.ℎ ] sin 2𝜋 (𝜆
𝑇
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𝑡

− 𝑇)

1.16.1

𝑎𝑧 =

2𝜋2 𝐻 sinh 𝑘(𝑧+ℎ)
𝑥
[ sinh 𝑘.ℎ ] cos2π (𝜆
𝑇2

𝜉=

𝐻 sinh k(𝑧+ℎ)
𝑥
[ sinh 𝑘.ℎ ] cos 2𝜋 (𝜆
2

𝑡

− 𝑇)

𝑡

− 𝑇)

1.16.2

1.16.3

Equations 1.15.1 and 1.16.1 have three separate terms within the equations, the first term
corresponds to the deep water particle speed, which is the circumference of a circular particle
orbit (𝜋𝐻) over the time period for an orbit’s cycle. The second term reveals the wave’s relation
to particle depth, where the hyperbolic function of z shows the exponential decay of wave particle
velocity with depth. The third term shows the cyclical particle motion with respect to wave phase.
Equations 1.15.2 and 1.16.2 outline the wave particle acceleration and therefore shares the depth
dependent terms of equations 1.15.1 and 1.16.1. However, the function within the third term of
the acceleration equations is 90o out of phase with that of the particle velocity equation.
Equations 1.15.3 and 1.16.3 describe particle displacement from the mean position. Figure 10
shows an illustration of wave induced particle motion according to these equations. The deep
water wave particles have a circular orbit, where the diameter of the orbit is equal to H at the
surface. The orbit diameter decreases until the depth is approximately equal 𝜆⁄2 where the orbit’s
diameter has shrunk to a fraction of H [4]. Particles considered to be in shallow or intermediate
water depths have elliptical orbits where the w < u, this requires ζ to increase in size as waves
travel from deep to shallow water. As depth increases, the orbits flatten until the at the bottom
boundary condition they have no vertical displacement.

Figure 10 Wave particle orbits with the wave propagating from left to right

This wave particle motion allows waves travelling in deep water to have an almost sinusoidal
shape, whereas in intermediate and shallow waters, wave troughs become flatter and peaks
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become steeper. In addition to the change in wave profile shape, the amplitude increases, this
process is known as shoaling. As the wave particle orbits remain in a closed loop, the particles
under the crest must travel faster than that of the trough as they have further to travel within the
same period of time. This is known as stokes drift. These profile changes or imbalanced particle
velocities are not incorporated within the small amplitude wave theory.

1.4.3 Wave Induced Pressure Fields
Sub-surface pressure fluctuations caused by passing waves can be calculated when Bernoulli's
unsteady potential flow equation (equation 1.7) is linearised (shown in equation 1.17)
𝑝
𝜌

𝑔𝑧 + +

𝜕𝜑
𝜕𝑡

=0

1.17

When this is substituted into the velocity potential equations 1.4 the pressure field equals can be
shown as
𝐻

𝑝 = −𝜌𝑔𝑧 + 𝜌𝑔 2 cos(𝑘𝑥 − 𝑤𝑡)

cosh 𝑘(ℎ+𝑧)
cosh 𝑘ℎ

1.18

or
𝑝 = −𝜌𝑔𝑧 + 𝜌𝑔𝜂𝐾𝑝 (𝑧)

1.18.1

where the pressure attenuation factor Kp(z) equals equation 1.18.2
𝐾𝑝 (𝑧) =

cosh 𝑘(ℎ+𝑧)
.
cosh 𝑘ℎ

1.18.2

The first term within the pressure field equation (-ρgz) refers to the hydrostatic pressure at depth
(z). The dynamic pressures from wave particle acceleration (𝜌𝑔𝜂𝐾𝑝 (𝑧)) are represented by the
second term contained within the pressure attenuation with depth relation. The pressure
attenuation relation is true for depths equal to the MSL and below, K p(z) is greatest at the MSL
then decays with depth until 𝑧 ≈ 𝜆⁄2 where Kp(z) is approximately zero. Figure 13 shows the
relationship dynamic and static pressure beneath a wave.

Figure 11 Dynamic and static pressure relation

11

1.4.4 Water Depth Relationships
When waves are considered to be deep water the previously discussed particle motion remains
circular, and there is no wave interaction with the sea bed. At this depth tanh(kh) approaches unity
and the equation for wave celerity (equation 1.11) can be simplified.
𝑔𝑇

𝑐0 = 2𝜋

1.19

The result of combining equations 1.2 and 1.19 allows the calculation of deep water wave celerity
in terms of wavelength to become
𝑔𝜆0
.
2𝜋

𝑐0 = √

1.19.1

Where the subscript 0 represents the deep water value. This provides a very simple method of
calculating wave speed where only wavelength or wave period is needed.
For waves considered to be in shallow water, or h/λ< 0.04, where tanh(kh) is equal to 2𝜋 ℎ⁄𝜆.
Equation 1.19 can be used to obtain wave speed.
𝑐=

𝑔𝑇ℎ
𝜆

1.20

Using equations 1.2 and 1.20 the shallow water wave celerity can be shown as
𝑐 = √𝑔ℎ.

1.20.1

This implies that in shallow water, wave celerity is dependent on depth and not on period in
contrast to deep water waves. For these deep water locations, waves with a longer wavelength
travel faster than similar waves with a shorter wavelength. Although, when these same waves
encounter shallow water, they both travel at the same speed, making shallow water waves non
frequency dispersive [5]. In regions where 0.5> h/λ > 0.04 the depth cannot be treated as deep
nor shallow water, this depth is known as transition or intermediate depth. The wave celerity for
these regions can be expressed using equation 1.21.
c=

𝑔𝑇
tanh(𝑘ℎ) = 𝑐0 tanh(𝑘ℎ) < 𝑐0
2𝜋

1.21

The processes of shoaling and refraction occur within this depth interval. This region is identified
in Figure 9 where tanh(𝑘ℎ) is neither 1 or 0.5.

1.4.5 Wave Energy, Energy Flux and Group Speed
Wave energy is comprised of potential (Ep), kinetic (Ek) and surface tension. This ratio of energies
changes with the sea-surface fluctuation. The total wave energy equals the sum of these energies,
the units of which are joules per metre2.
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𝐸=

𝜌𝑔𝐻 2
8

1.22

When calculating the ocean wave energy, surface tension can be ignored due to its size
comparable to the other constituents. Equation 1.22 shows that energy is dependent on the wave
height squared, this relationship allows for a large extraction of energy without a similar size
reduction in wave height. This equation is valid for deep water through to shallow water, as long
as small amplitude wave theory can still be applied.
Wave energy flux or power (P) is the sum of the average wave particles kinetic, potential and
pressure energy multiplied by the horizontal particle velocity within a wavelength. This is shown
as
𝑃=

𝜌𝑔𝐻 2 1
2𝑘ℎ
(1 +
)
8 2
sinh 2𝑘ℎ

1.23

Defining
1
2

𝑛 = (1 +

2𝑘ℎ
)
sinh 2𝑘ℎ

1.24

gives
𝑃 = 𝐸𝑐𝑛

1.25

The group wave velocity (cg) defines the speed at which energy propagates. Writing P = E.cg. and
comparing with equation 1.23 gives:
𝑐

2𝑘ℎ

𝑐𝑔 = 2 (1 + sinh 2𝑘ℎ)

1.26

𝑐𝑔 = 𝑐𝑛.

1.27

therefore

The term n represents the depth dependent ratio of group velocity to phase velocity. Equation
1.24 states that as n contains kh and is h/λ dependent, the values for cg and P vary with depth. This
illustrates that in deep water the group wave celerity is half that of the wave celerity, and in the
shallow water cg equals the wave celerity.

1.4.6 Radiation Stress
The time averaged momentum flux in the x direction is derived from the momentum flux
𝑝 + 𝜌𝑢2

1.28

𝜂
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝐹 = ∫ (𝜌𝑢2 + 𝑝) 𝑑𝑧

1.29

for a wave period this can be shown as

−ℎ
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The radiation stress can be defined as the excess flow of momentum due to the presence of waves
[6]; this theory can be used to explain wave induced currents (longshore currents) and wave set
up and set down. The forces created within wave particle orbits produce net forces in the
horizontal wave direction (Sxx) and at right angles to this force (Syy). These equations were
obtained by integrating the dynamic pressure over depth and wave period (equation 1.29) and
subtracting the integrated hydrostatic pressure, resulting in the radiation stress (equation 1.30 and
1.30.1).
1
𝑆𝑥𝑥 = 𝐹 − 𝜌𝑔ℎ2
2

1.30

Therefore
𝑆𝑥𝑥

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝜂
1
= ∫ (𝜌𝑢2 + 𝑝) 𝑑𝑧 − 𝜌𝑔ℎ2 .
2
−ℎ

1.30.1

If equation 1.30.1 is integrated over period where x wave particle velocity and pressure values are
added the momentum flux in the x direction is given as
2𝑘ℎ
1
𝑆𝑥𝑥 = 𝐸 (
+ ).
sinh 2𝑘ℎ 2

1.30.2

If the same process is applied to calculating the radiation stress in the y direction then
𝜂
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
𝑆𝑦𝑦 = ∫ (𝜌𝑣 2 + 𝑝) 𝑑𝑧 − 𝜌𝑔ℎ2
2
−ℎ

1.31

And
2𝑘ℎ

𝑆𝑦𝑦 = 𝐸 (sinh 2𝑘ℎ).

1.31.1

In deep water, these values for Sxx are equal to half of the wave energy and Syy is zero. In shallow
water, the magnitudes are increased and Sxx equals to 1.5 times the wave energy and Syy is equal
to half of the wave energy.

1.4.7 Wave Transformation
As waves propagate towards the shoreline and depth decreases, wave particle motion interacts
with the seabed causing changes in the incident wave. These changes result in an alteration to
wave height and wave direction as wave celerity and wavelength change. Throughout the
transformations certain wave processes occur.

1.4.8 Refraction
As a wave propagates from deep water to transitional water, wave particle motion interacts with
the seabed for a changing depth, with the resulting consequences
14

𝐶
𝐶0

= tanh(𝑘ℎ)

1.32

And
𝐶
𝐶0

𝜆

=𝜆

0

1.33

For a wave front approaching transitional water depth at an angle α0, the wave celerity and
wavelength reduces along the wave front causing the angle of the wave to bend towards the depth
contours. This process is illustrated in Figure 12.

Figure 12 Refraction illustration

Refraction can be described using Snell’s law, where
sin 𝛼
𝜆
=
sin 𝛼0 𝜆0

1.34

sin 𝛼
𝜆
𝑐
=
= = tanh(𝑘ℎ)
sin 𝛼0 𝜆0 𝑐0

1.35

Hence

This process causes wave fronts to align themselves with slowly varying depth contours as they
move from deep water to shallow water.

1.4.9 Shoaling
Wave shoaling is the change in shape of the wave cross sectional profile due to depth. As the
wavelength and celerity reduces as a function of depth, the wave period remains constant. The
group speed, which can be thought of as the energy velocity, also reduces but the energy flux
remains constant. This requires an increase in wave height to ensure that energy density per area
is conserved; these equations apply for a waves propagating at an angle of 0 degrees to the shore
[7].
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If deep water and shallow water wave power are conserved
𝑃
𝑃0

𝐸𝑐𝑔

=𝐸

0 𝑐𝑔0

=1

1.36

And substituting for energy (equation 1.22), then
𝐸𝑐𝑔
𝐸0 𝑐𝑔0

𝐻 2 𝐶𝑔
𝐶𝑔0
0

= (𝐻 )

𝐶

= 𝐾𝑠2 𝐶 𝑔 = 1

1.36.1

𝑔0

where the shoaling coefficient KS is
𝐾𝑆 =

𝐻
𝐻0

=(

𝐶𝑔
𝐶𝑔0

−

)

1
2

= (𝐶
2

𝐶
( 0)

[1+

2
2𝑘ℎ
]
sinh 2𝑘ℎ

1
2

).

1.37

When Ks is plotted against ℎ⁄𝜆 there is slight reduction in wave height as waves enter transitional
depths then wave height increases beyond its original deep water height (Figure 13).

Figure 13 Shoaling coefficient against depth where Lo is the deep-water wavelength (Source: [7]).

1.4.10 Refraction and Shoaling Combined
When both processes of refraction and shoaling are combined the following principles apply.
When a wave front crosses the deep/transitional water boundary the wave front converges or
diverges depending on bathymetry. This process shown by the wave rays in Figure 14, where the
wave rays are at 90 degrees to the wave fronts and b is the separation between wave rays.
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Figure 14 Wave ray diagram.

At the deep/ transitional water boundary
𝑏
𝑏0

cos 𝛼

= cos 𝛼 .

1.38

0

If this is added to the wave power equation for the shoaling coefficient (equation 1.37) and a
similar assumption that wave power remains constant, then
𝑃
𝑃0

=1=

𝐸𝐶𝑔 𝑏
𝐸0 𝐶𝑔0 𝑏0

.

1.38.1

If E and b are replaced then
𝐻 2 𝐶𝑔 cos α
𝐶𝑔0 cos 𝛼0
0

1 = (𝐻 )

1.38.2

this can be rearranged to form
1

𝐻
( )
𝐻0

=

cos 𝛼0 𝐶𝑔0 2
(
).
cos 𝛼 𝐶𝑔

1.38.3

If this change in wave height is shown in terms of the shoaling KS and refraction KR coefficients
then
𝐻
𝐻0

= 𝐾𝑆 𝐾𝑅

1.39

and
cos 𝛼

1
2

𝐾𝑅 = ( cos 𝛼0 )

1.40

This enables the change in wave height to be calculated due to both shoaling and refraction where
KR and KS can be identified.
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1.4.11 Diffraction
Diffraction is the phenomenon where waves bend around objects due to the radiation of wave
energy. Figure 15 illustrates diffraction around a breakwater and highlights three main regions of
interaction. Diffraction may also occur behind the WEC array as wave energy is removed behind
devices.
Region 1 shows the incident wave field as it passes undisturbed. Region 2 is located behind the
structure, where the edge of the waves spread across an arc exhibiting a highly reduced wave
energy and wave height. This reduction in wave magnitude is known as a wave shadow. Region
3 shows the combined effects of incident and the reflected waves in front of the structure.

Figure 15 Diffraction around a breakwater.

It is possible to calculate the combined effects of diffraction and refraction by identifying the
variation in vertical wave motion for a time dependent horizontal direction (x,y). In order to
enable this process of calculating the combined variation, the depth must have a slow rate of
change, allowing the depth for local wave motion to be considered as constant. This assumption
is known as mild slope and is quantified by the Mild Slope Equations.
For an Airy wave, the wave equation fixes the horizontal variations for the x and y directions,
including wave propagation and variations in depth particle velocities and pressure.
The depth integrated continuity equation combines the surface variation ζ (x,y,t) with the
horizontal particle velocity u.
𝜕𝜁
+ ∇ℎ (𝑢ℎ) = 0
𝜕𝑡
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1.41

where
𝜕

𝜕

∇ℎ = 𝜕𝑥 , 𝜕𝑦.

1.42

If the linearised Euler (equation 1.43) is integrated over depth (0, h) and added to the continuity
equation is shown (equation 1.44)
𝜕𝑣
𝜕𝑡

1

+ (𝑣. ∆)𝑣 = − 𝜌 ∆𝑝 + 𝑔

1

− 𝜌 ℎ∇ℎ 𝑝𝐷 = −𝑔ℎ∇ℎ 𝜁

1.43

1.44

where 𝑝𝐷 represent the dynamic pressure. The Euler equation then transforms into
𝜕𝑢ℎ
𝜕𝑡

+ 𝑔ℎ∇ℎ 𝜁 = 0.

1.45

If uh is removed and the continuity equation is differentiated by t and equation 1.45 is
differentiated spatially using ∇ℎ and subtracted then
𝜕2𝜁
− ∇ℎ (𝑐 2 ∇ℎ 𝜁) = 0
𝜕𝑡 2

1.46

The term gh is replaced by c2 as for an Airy wave c2 = gh. Equation 1.46 provides an explanation
for surface variance as waves propagate in x and y directions with time. As waves experience a
variation in sinusoidal phase of
𝜕2𝜁
= −𝜔2 𝜁
𝜕𝑡 2

1.47

and for a constant depth equation 1.47 becomes
∇ℎ 2 𝜁 + 𝑘 2 𝜁 = 0

1.48

Equation 1.48 is an elliptic partial differential equation or Helmholtz equation that can be used to
describe the surface variation with regards to diffraction and refraction. This equation can be
rearranged to produce sea surface variation in a complex form.
𝜁 = ℜ{𝑎(𝑥, 𝑦)𝑒𝑖𝜔𝑡 }

1.49

Where ℜ indicates a the real part of an expression and a(x,y) is a complex valued amplitude of
the wave.

1.4.11.1 Evolution of Diffraction
In optics, the propagation of light through a narrow gap relative to the wavelength provides a
diffraction pattern similar to that of ocean waves in similar scaled conditions. This suggests that
ocean waves can behave in a similar manner to optics. When any wave (light or oceanic) passes
through a narrow gap, diffraction occurs where any point along this wave front may be considered
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as a point source as stated by Huygens wave theory. This causes many point emitting waves as
they pass through the gap. Initially the phases of the point source wave are not aligned and result
in deconstructive interference, this is known as Fresnel diffraction Figure 16. As these waves
propagate beyond the gap the phases begin to realign, which results in a process called Fraunhofer
diffraction. These processes are shown in Figure 16. The Rayleigh distance is approximately
𝑅=

2𝐷 2
𝜆

1.50

where D is equal to gap width. Beyond the Rayleigh distance Fraunhofer diffraction takes place.

Figure 16 Fresnel diffraction leading to Fraunhofer diffraction, where R is Rayleigh distance, xd is the cross wave
distance and I is the wave magnitude.

When applied to WEC arrays the situation is complicated by the lack of solid structures, and the
two regions may be interchanged. In this case the WEC itself may act as gap, causing waves to
diffract around the device, resulting in a diffraction pattern opposite to that shown above in the
Fraunhofer diffraction pattern. This would cause a reduction in wave magnitude behind the
device. Given the likely device spacing, mathematical model equations, and domain resolution,
Fresnel diffraction is unlikely to occur in spectra wave models, however, it may occur in a
Boussinesq model. Further down-wave of the device Fraunhofer diffraction may occur, which
may help describe the down-wave device interactions.

1.4.12 The Mild Slope Equation
In order for the Helmholtz equation to be valid the mild slope equation is used. The equation uses
similar assumptions as linear wave theory and is derived from the velocity potential φ and Laplace
equation.
𝜕2 𝜑

∇ℎ 2 𝜑 + 𝜕𝑧2 = 0
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1.51

The velocity potential is assumed to be
𝜑 = 𝜑𝑆 (𝑥, 𝑦, 0, 𝑡)𝑓(𝑧)

1.52

where the z variation is decoupled and φS symbolises the complex velocity potential at the mean
water level. As the depth is considered constant for any given location then
𝑓(𝑧) =

cosh 𝑘(𝑧+ℎ)
.
cosh 𝑘ℎ

1.53

After extensive manipulation and the application of Green’s Second Theorem and Leibniz’ Rule
the equation for the time varying mild slope equation can be shown to be [8]
𝜕 2 𝜑𝑆
𝜕𝑡 2

− ∇ℎ (𝑐𝑐𝑔 ∇ℎ 𝜑𝑆 ) + (𝜔2 − 𝑘 2 𝑐𝑐𝑔 )𝜑𝑆 = 0.

1.54

1.4.13 Reflection
Wave reflection occurs when the incident wave encounters a solid or semi-permeable boundary
such as a breakwater or large surface WEC. The reflected wave have the same phase but the
direction of propagation has changed. In a two-dimensional field, where a wave travels at 90
degrees to the reflective boundary, the reflected wave interacts with the incident wave resulting
in the creation of nodes and anti-nodes, where the combined wave components cause wave
superpositions to be formed. This can create a standing wave as shown in Figure 17.

Figure 17 Standing wave.

If the incident wave approaches at an angle (αi) to the normal (90 degrees to the tangent of the
boundary surface) then the reflected wave will propagate at αr opposite to the normal as shown in
Figure 18. Similar to the previous example, a standing wave with nodes and anti-nodes can be
produced, these are denoted by circles. This grid like pattern is formed when the incident and
reflected waves combine.
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Figure 18 Angled wave ray reflection.

1.4.14 Wave Energy Propagation
For regions where the mild slope equation applies we can consider wave action. This term is
applied to waves where the dissipative forces within the fluid are ignored and energy is conserved
as wave form propagates; as opposed to energy density where energy is not conserved [9]. Wave
action is defined as the energy density divided by the angular frequency.
𝐸

𝑁=𝜔

1.55

where the angular frequency is relative to the propagation of wave motion. The classic wave
action conservation equation states
𝜕 𝐸
𝜕
( ) + 𝜕𝑥 [(𝑈𝑖
𝜕𝑡 𝜔
𝑖

𝐸

+ 𝑐𝑔𝑖 ) 𝜔] = 0

1.56

Equation 1.56 is used by many wave models to simulate the propagation of waves across varying
bathymetry. This equation is discussed further within the wave modelling software section.

1.5

Wave Modelling Software

Wave data is conventionally collected using many different methods – these include wave buoys,
submerged acoustic Doppler devices, radar, and satellite altimetry. While each method provides
measured data for a given point or area, there are often many restrictions to each measurement
type, especially when looking at wave device interactions. The in situ devices (buoys and acoustic
devices) provide high quality accurate point measurements, however, the deployment and running
costs can be large over longer deployment periods. Spatial measurements (radar and satellite)
provide low resolution data over larger areas. This may be more suitable for assessing general
wave interactions. However, they provide lower quality data for any given point when compared
to the in situ devices. These devices often have large equipment and running costs. When these
factors are combined with the lack of existing large-scale commercial arrays, the process of wave
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modelling becomes one of the most feasible options for the simulation of hypothetical array for
an acceptable cost. The data produced by these simulations provide high resolution datasets,
where device and array specifications can be easily tested in any given sea state. These benefits
include the assessment of wave device interactions being completed using a variety of software
based on varying mathematical principals. This section will discuss the main wave modelling
software packages with regard to simulating regional wave device interactions.

1.5.1 DHI MIKE 21 Spectral Wave Model
MIKE 21 SW (Spectral Wave) model simulates the build-up and transformation of wind, waves,
and swell in the offshore and nearshore environments. This model comprises of two main wave
simulations, the fully spectral formulation and the directionally decoupled parametric
formulation.
The fully spectral formulation is based on the wave action conservation equation [10]. The
directional decoupled parametric formulation relies on the parameterised version of the wave
action conservation equation; this is done in the frequency domain using the 𝑚0 and 𝑚1 wave
action spectral moments. The spectral formulation accounts for the following possess [11]:


Wind induced waves



Nonlinear wave interaction



Loss of energy due to white capping



Loss of energy due to bottom friction



Loss of energy due to wave breaking



Refraction and shoaling due to bathymetry change



Wave current interactions



Time dependent water depth (tides)



Ice covered wave coverage

The discretisation of the wave action conservation equation in the bathymetry and spectral
domain, with use of a cell centred finite volume, allows for an unstructured mesh grid to be
applied within the model domain. The SW model simulates wave climate transformation on a
medium to local scale where the unstructured mesh can provide high numbers of data points for
locations of interest in the offshore and nearshore environments. The results can then be used to
assess changes in the wave climate and predictions in non-direct wave forcing such as sediment
transport and wave driven currents can be made. The SW model has a good application for the
simulation of WEC array interactions due its unstructured mesh and potential for a large
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simulation domain. This may offer to be beneficial when considering the shoreline impacts or
multi-array interactions.

1.5.1.1 Spectral Wave Model Governing Equations
Ocean waves are calculated using a wave action density spectrum 𝑁(𝜎, 𝜃) within the model, with
σ acting as the angular frequency and 𝜃 acting as the wave propagation direction.
E represents the energy density (𝜎, 𝜃), this is shown in equation 1.55. The angular frequency
within the model uses the linear dispersion relation given by equation 1.12. This can be rewritten
and expressed as
̅.
𝜎 = √𝑔𝑘 tanh(𝑘ℎ) = 𝜔 − 𝑘̅ . 𝑈

1.57

Where g is the acceleration due to gravity, k is the wave number, h is the depth, ω is the absolute
̅ is the current velocity
angular frequency 𝑘̅ is the wave number vector with a magnitude of k and 𝑈
vector

1.5.1.1.1

Fully Spectral Formulation

The spectral formulation is based on the conservation equation for wave action density 𝑁(𝜎, 𝜃):
𝜕𝑁
𝜕𝑡

+ ∇. (𝑣̅ 𝑁) =

𝑆
𝜎

1.58

The velocity component denoted as 𝑣̅ represents wave group celerity where S is the source term.
This term is calculated using the sum of the momentum transfer from wind to waves 𝑆𝑖𝑛 , energy
transfer of nonlinear wave-wave interactions 𝑆𝑛𝑙 , dissipation of energy caused by white
capping 𝑆𝑑𝑠 , bottom friction 𝑆𝑏𝑜𝑡 and wave breaking 𝑆𝑠𝑢𝑟𝑓 . This expression is written as
𝑆 = 𝑆𝑖𝑛 + 𝑆𝑛𝑙 + 𝑆𝑑𝑠 + 𝑆𝑏𝑜𝑡 + 𝑆𝑠𝑢𝑟𝑓

1.59

These parameters can be individually used for calibration purposes. The default software values
that originate from previous theories and models that have been experimentally validated. 𝑆𝑖𝑛 , 𝑆𝑛𝑙
and 𝑆𝑑𝑠 are taken using the WAM Cycle 4 model values identified in a previous study [12].
The wind-wave generation spectrum is based on a quasi-linear theory where wind stress and sea
state are considered [13] and [14]. The energy transfer utilises the nonlinear four-wave interaction
using a discrete interaction approximation developed in a study conducted by Hasselmann [15].
A study that further developed this method predicts energy losses due to white capping and is
applied within the model [13]. Energy losses due to bottom friction uses a linear function, where
the bed friction factor and root mean squared orbital velocity at the sea bed are taken from a
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previous study [16]. The wave energy dissipation due to depth induced breaking is calculated and
applied within the model [17].
The wave speeds are then calculated by using the kinematic relationship
𝑐(𝑥, 𝑦) =

𝑑𝑥̅
𝑑𝑡

̅ = 1 (1 + 2𝑘ℎ ) 𝜎 + 𝑈
̅
= 𝑐̅𝑔 + 𝑈
2
sinh(2𝑘ℎ 𝑘

𝑑𝜎
𝑑𝑡

=

𝜕𝜎 𝜕ℎ
[
𝜕𝑡 𝜕𝑡

𝑐𝜃 =

𝑑𝜃
𝑑𝑡

̅
1 𝜕𝜎 𝜕ℎ
𝜕𝑈
= − 𝑘 [𝜕ℎ . 𝜕𝑚 + 𝑘̅ . 𝜕𝑚]

𝑐𝜎 =

̅
𝜕𝑈

̅. ∇x̅ ℎ] − 𝑐𝑔 𝑘̅ .
+𝑈
𝜕𝑠

1.60

1.61

1.62

Where s (denoted by a lower case s) is the space coordinate for the directional wave propagation
and m is the space coordinates perpendicular to s.

1.5.1.1.2

Directional Decoupled Parametric Formulation

This formula uses the parameterisation of the conservation of wave action equation, where the
wave action spectral moments 𝑚0 and 𝑚1 are used as variable in the wave action equation. The
source functions (𝑇𝑛 ) with regard to 𝑚𝑛 is calculated by
𝜕(𝑐𝑦 𝑚0 )
𝜕(𝑚0 )
𝜕(𝑐𝑥 𝑚0 )
𝜕(𝑐𝜃 𝑚0 )
+ 𝜕𝑥
+ 𝜕𝑦 + 𝜕𝜃
𝜕𝑡

= 𝑇0

1.63

𝜕(𝑐𝑦 𝑚1 )
𝜕(𝑚1 )
𝜕(𝑐𝑥 𝑚1 )
𝜕(𝑐𝜃 𝑚1 )
+ 𝜕𝑥
+ 𝜕𝑦
+ 𝜕𝜃
𝜕𝑡

= 𝑇1

1.64

Where the nth moments can be calculated using
∞

𝑚𝑛 (𝑥, 𝑦, 𝜃) = ∫0 𝜔𝑛 𝑁(𝑥, 𝑦, 𝜔, 𝜃)𝑑𝜔

1.65

𝑁(𝑥, 𝑦, 𝜔, 𝜃) represents the active spectrum, 𝑇0 and 𝑇1 contains the numerical terms for local wind
wave generation, energy loss due to bottom friction, energy loss due to wave breaking and wave
current interactions.

1.5.1.2 Numerical Processing
The Spectral Wave model splits the frequencies into two sections; the first contains the
predetermined frequencies lower than the cut off 𝜎𝑚𝑎𝑥 and the second contains the analytic
(diagnostic) high frequency tail. The separation is defined using the following methods:
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1.5.1.2.1

Space Discretization Method

An unstructured mesh of triangles and quadrilateral shapes is used to map the geographic
bathymetry, where a cell centred finite volume method is applied to calculate wave parameters.
𝑁(𝜎, 𝜃) can be shown as piecewise constant for all elements within the grid.
For the discretisation of frequency a logarithmic or regular (equidistant) processes can be used,
whereas the directional counterpart requires a regular process. The wave action density can be
calculated using a similar piecewise constant for the discrete elements, ∆𝜎 and ∆𝜃 for the
frequency and direction.
By using the frequency and directional interval in the integration of the wave action conservation
equation the results can be combined with the convective flux and applied using the divergence
theorem. The convective flux (𝐹𝑛 ) can be shown to be
1

1 𝑐

𝐹𝑛 = 𝑐𝑛 (2 (𝑁𝑖 + 𝑁𝑗 ) − 2 |𝑐| (𝑁𝑖 + 𝑁𝑗 ))

1.66

where cn is the wave speed with respect to the element cell face.

1.5.1.2.2

Time Integration Method

The fractional step method is applied for the time integration. This process uses an initial
approximation to calculate the homogenous wave action conservation equation for a simplified
case. The source terms were then calculated using the previous simplified results. As the wave
propagates with each time interval an explicit Euler scheme is applied, the instabilities within the
calculation are stabilised by a multi-sequence integration method.
The calculation of the source terms within the time integrations are based on a previous study
[12]. This method uses weighted coefficients to apply different finite difference methods. The
source term at the following time interval is then approximately calculated using the Taylor series
where the not fitting terms are removed.

1.5.1.3 Basic Simulation Options
This work focuses on improving the existing methods of resource assessment for the wave energy
industry and WEC simulation. This requires highly detailed simulation data. The reduction in
information used in directionally decoupled parametric formulation provides a faster simulation
but at the cost of spectral resolution. This results in the use of the fully spectral formulation, where
wave directional frequency parameters are conserved across the respective spectrum. As WEC
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experience certain directional and frequency absorption characteristics it is highly recommended
to use a fully spectral method, where devices can be better represented.
The time formulation offers an “instationary” and quasi-stationary formulation. The instationary
formulation includes time as an independent variable where waves propagate based on their
celerity. The quasi-stationary formulation removes time as a variable (within each time step) and
allows all boundary conditions to fully propagate to a steady state before the solution is reached.
The application of an instationary model suits large domains where the location of wave fronts
within the domain are important. The quasi-stationary formulation suits smaller domains where
the waves propagate a large proportion across the domain within a single time step. The quasistationary formulation provides a quicker and more stable simulation that may better cope with
complex boundary data. Either method can be applied for the simulation of WEC arrays and
should be established based on wave conditions and user requirements.

1.5.1.4 Simulation Validation
The SW model has been used in previous studies where the computational results have been
compared with field data, providing an accurate simulation of real world wave condition from
offshore region through to the very nearshore [18-20]. The aforementioned study models the
propagation of waves for two locations, where the simulated results show an exceptional
agreement for both locations. The application of this software for the simulation of WEC wave
interactions is a recent development and poses several validation issues.

1.5.2 DHI MIKE21 Boussinesq Wave Model
The MIKE 21 BW (Boussinesq Wave) model was primarily developed for analysis of wave
interactions with relatively small scale nearshore coastal environments. This model was
specifically designed to look at wave propagation in harbours and shoreline structures where the
following processes are taken into account [21].


Shoaling



Refraction



Diffraction



Wave breaking



Bottom dissipation



Moving shoreline



Partial reflection



Wave transmission
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Non-linear wave-wave interactions



Frequency spreading



Directional spreading

The MIKE 21 Boussinesq model contains two sub-models (1DH and 2DH). These sub options
determine the number of horizontal space coordinates used, where the 1DH model uses a single
horizontal space coordinate resulting in a single dimensional profile (x dimension). The 2DH uses
two horizontal space coordinates which enables results to be calculated in a varying depth of field
(xy dimension).

1.5.2.1 The Boussinesq Model Governing Equations
The Boussinesq wave model uses modified version of the Boussinesq equations based on the
work by……. to calculate the free surface elevation and velocity components (P,Q). The
continuity equation states that
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where P is flux density in x direction (m3/m/s), Q is flux density in y direction (m3/m/s), t is time
(s), d is mean water depth, n is porosity, C is Chezy resistance (m0.5/s), α is laminar flow
resistance coefficient for a porous structure, β is turbulent flow resistance coefficient for a porous
structure, 𝜉 is Surface height above d (m), ψ1 , ψ2 are dispersive Boussinesq terms for the x and y
terms respectively and 𝑅𝑥𝑥 , 𝑅𝑥𝑦 are the excess momentum from surface rollers. More information
on the mathematical derivation of ψ𝑛 and the R terms can be found at [21].
The continuity equation stated in equation 1.67 can be used with equations 1.68 and 1.69 that
contain the Boussinesq terms to simulate surface conditions. The Boussinesq terms allow the
equations to be applied for the consideration of waves in intermediate and shallow water depths.
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1.1.1.1.1

The 1DH Model

The 1DH model uses the Boussinesq term with Galerkin finite elements. This technique converts
a continuous process to a discrete one, however, the higher-order spatial derivatives cause
complications when solving the Boussinesq equations. To rectify this, the BW model uses a
modified version of the continuity equation to provide a more stable result.
𝑛

𝜕𝜀 𝜕𝑃
+
=0
𝜕𝑡 𝜕𝑥

1.70

Where 𝜀 represents the free surface elevation. The 1DH model is able to replicate the effects of
non-linear waves as they travel from deep water to the surf zone. In addition, the 1DH model can
simulate other processes that occur in the single dimensional profile (e.g. undertow and wave run
up), However, due to the limited horizontal spatial coordinates, the 1DH model does not account
for wave directional spreading and diffraction. This factor limits the practical application of this
model for the purpose of wave device interaction and should only be used in specific cases (e.g.
oscillating water column experiments).

1.1.1.1.2

The 2DH Model

The 2DH model places the differential equation from the Boussinesq equations on a discretised
rectangular staggered grid. The wave parameters are quantified for each grid node, while the flux
components are quantified in between the grid nodes with regards to wave propagation direction.
The 2DH model uses a finite difference method to solve the Boussinesq equation. However, this
is not the case for the convective terms [22]. In combination with the finite difference method,
the time integrations are evaluated using implicit techniques in a non-iterative ADI (Alternating
Direction Implicit) algorithm considering a fractional step method and a side feeding method;
these techniques represent a semi-linear form of a non-linear term. Tri-diagonal equations that
follow the ADI algorithm use a double sweep technique which transfer a one point boundary
condition using a differential or difference equation that corresponds to the matrices of equations.
The 2DH model is able to simulate and analyse the wave characteristics caused by wind, wave,
and swell, and account for reflection and diffraction. This model can be applied to analyse the
spatial and temporal variability of the majority of wave process for linear and non-linear processes
that occur in the nearshore environment. The high resolution (1m-5m) structured mesh combined
with the phase resolving wave calculations demands a large computational requirement for
prolonged simulations. These factors make the simulation of WEC arrays on the regional scale
for long time periods impractical. However, the increased temporal and spatial resolution provides
desirable wave propagation and transformation data. This favours short term individual WEC
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resolving simulations, where the explicit inclusion of diffractions offer a large advantage over the
approximated method proposed within the SW model.

1.5.2.2 The Boussinesq Model Validation
Similar to the MIKE 21 Spectral Wave model the Boussinesq model has been applied to replicate
measured data in both wave tanks and the natural environment. A study focusing on the
application of the modified Boussinesq model compared to a wave tank experiment found a good
qualitative agreement between the datasets [23]. An additional study looking at wave basin
homogeneity for replicating scale model WECs provides a comparison between the wave tank
data and the BW model [24]. The comparison between the modelled and measured datasets shows
a spatial agreement with only minor disagreement between of some frequency components.

1.5.3 TU Delft SWAN Model
SWAN is a third generation wave model that simulates the nearshore wave transformations using
the wave action balance equation. The model uses input data from wind, bathymetry, currents,
and boundary wave conditions to simulate the propagation of waves across the domain. SWAN
takes into account the following processes [25]:


Refraction



Bathymetry variations



Currents



Shoaling



Reflection and shadowing from opposing currents and blockages



Reflection and wave energy loss due to obstacles



Other dissipative processes

The dissipative processes are outlined and briefly discussed within the source term equation.

1.5.3.1 SWAN Model Governing Equations
Similar to the MIKE 21 Spectral Wave model the SWAN model is based on the action balance
equation. The SWAN spectral based equation can be shown as
𝜕𝑁
𝜕𝑡

𝜕𝑐𝜎 𝑁
𝜕𝑐𝜃 𝑁
𝑆
+ ∇x⃗ [(c⃗⃗⃗g + ⃗U)N] + 𝜕𝜎
+ 𝜕𝜃
= 𝑡𝑜𝑡
𝜎

1.71

The far left term represents wave practical movement, the second term describes the propagation
of the wave front based on the dispersion relation and the third and fourth terms describe wave
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behaviour due to depth and current variations. The far right term is similar to the source term
discussed in the description of the MIKE 21 SW model. When equation 1.71 is described in
Cartesian or spherical coordinates it is identical to that used in the MIKE 21 SW model.
The source terms for SWAN vary slightly from the SW model, where the non-linear wave
interactions are separated into 2 separate terms (𝑆𝑛𝑙3 and 𝑆𝑛𝑙4 ). The SWAN model source term
can be expressed as
𝑆𝑡𝑜𝑡 = 𝑆𝑖𝑛 + 𝑆𝑛𝑙3 + 𝑆𝑛𝑙4 + 𝑆𝑑𝑠 + 𝑆𝑏𝑜𝑡 + 𝑆𝑠𝑢𝑟𝑓

1.72

Where 𝑆𝑖𝑛 , 𝑆𝑑𝑠 , 𝑆𝑏𝑜𝑡 and 𝑆𝑠𝑢𝑟𝑓 represents the same variable denoted in the SW model source term
calculation. The expression values for 𝑆𝑖𝑛 , 𝑆𝑛𝑙3 and 𝑆𝑛𝑙4 are taken using the WAM Cycle 4 model
values [12]. This is identical to the calculations used in the SW model. Both models share the
same whitecapping and depth-induced breaking dissipation models outlined in references [15]
and [17] respectively. However, the bottom friction source term within SWAN is based on the
results of JONSWAP [26]. Bottom friction can be varied and used as part of a calibration system.
Due to these similarities in the governing equations the SWAN model output will produce similar
results to the MIKE21 Spectral Wave model, and therefore experience similar advantages and
disadvantages when considering WECs.

1.5.4 REF/DIF Model
The REF/DIF-1 wave model [27] uses monochromatic phase resolving parabolic approximations
of the mild slope equation [28]. This approximation enables the simulation of propagating waves
over depth varying contours. The model requires several inputs to calculate the effects of wave
shoaling, diffraction, refraction, wave current interactions and wave breaking, other nonlinear
processes are also included.

1.5.4.1 Numerical Calculations
The wave energy dissipation parameter uses a modified theory based on a previous study [29],
this was later modified to considers bottom boundary friction due to rough, porous or viscous
bottoms, surface films and wave breaking [30]. When a breaking wave is considered, the rate of
reduction in energy flux is reliant on the excess energy flux over a stable height [31]. The energy
loss is proportional to difference in energy flux from one position to another where the wave
height is stable. The dissipation calculations are given as
𝜕𝐴
𝑖𝜕 2 𝐴
=−
+ 𝜔𝐴
𝜕𝑥
𝜕𝑥 2
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1.73

Where A is the complex wave amplitude relative to the surface displacement and 𝜔 is the
dissipation factor that is calculated from
K 𝑐𝑔 (1 − (𝛾ℎ⁄𝐻)2 )
𝜔=
ℎ

1.74

where K and 𝛾 are constraints set to 0.017 and 0.4 respectively [31].

1.5.4.2 Numerical Processing
The numerical process associated with calculating wave parameters within the model use a similar
finite difference model similar to the MIKE 21 BW model. The discretisation of the regular grid
uses an implicit line by line method in the direction of initial wave. This model is predominantly
used for similar sized regions and time domains of the BW. The horizontal boundary conditions
use two main functions, open boundaries or total reflective boundaries.

1.5.4.3 Model Limitations
The application of this model is limited as nonlinear wave conditions, where the mild slope
equation is unsatisfied (bottom gradient of 1/3 or less) and wave reflections are ignored. The
model outputs comprise of a few wave parameters (wave height and direction) for each grid point.
For these reasons this model is suited for a simplified regional scale wave propagation assessment.

1.5.5 Applications of WEC Array Models
This chapter has looked at a few of the available wave models for considering the regional scale
impact of WEC arrays. This automatically excluded CFD (Computational Fluid Dynamics) and
BEM (Boundary Element Model) due to their high resolution and therefore practicality issues
with modelling large scale arrays. The application of these model types on a regional scale would
require colossal computational resources and time. While Boussinesq and mild slope simulations
are computationally demanding they are within a practical threshold for array simulation. A study
reviewing computational software types for the purpose of wave device interactions highlights
the advantages and disadvantages of the main software types [32] . This work includes the
analysis of potential flow (WAMIT), Boussinesq (MIKE 21 BW), spectral (MIKE 21 SW and
SWAN) and CFD (OpenFOAM and Ansys CFX). The study concluded that there was no
definitive software for modelling WEC arrays, furthermore the best software choice would
depend on the specific task at hand. For the case where regional wave alterations are concerned,
the obvious software choice based on the information presented above and the review paper would
be a spectral wave model (MIKE 21 SW or SWAN). While this may be the most appropriate in
terms of computational resources other software choices such as Boussinesq or BEM type models
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will provide a more accurate overview of the affected wave processes on a local scale and can
include the simulation of multiple devices.

1.6

Background

1.6.1 Potential Impacts
As existing single devices develop into multi-megawatt arrays, the question of the potential
impacts of the extraction of wave energy on the surrounding wave climate is yet to be fully
answered. This is becoming more important due to the legal requirements surrounding EIAs
(Environmental Impact Assessments) and optimising spatial array layouts. Whilst WECs are
primarily designed to extract energy from the surrounding environment, this study focuses on the
methods used within the software, as opposed to the potential environmental effects.
The process of simulating a single wave device and multiple devices provides several numerical
challenges. The current lack of long-term installed devices and arrays ensure that no, or very little,
full scale validation data exists. The quantifications of potential impacts therefore relies on the
development and improvement of theoretical models with no or laboratory validated data. Due to
the large number of different device energy capture methods each device has a unique absorption
profile. This means the simulation techniques used to model an offshore wave attenuator would
be very different to that used for an onshore OWC; this also applies to the choice of modelling
software. The following sections review the current literature surrounding the modelling of
devices within Spectral and Boussinesq wave models.

1.6.2 Applied Spectral Wave Models
Over recent years, several spectral wave models have been applied to simulating the effects of
wave farms on the surrounding wave climate. This section lays out the leading research within
this field. A study conducted by Millar et al uses the SWAN model in an attempt to quantify the
shoreline reduction in wave height at the Wave Hub site [33]. The boundary wave data used for
this came from the Wavewatch III model with a nearshore wave buoy acting as a quality control.
A JONSWAP spectrum was then applied to simulate the incident wave spectrum, where a
constant directional spread of 30o was used. A baseline study was initially performed and
compared to four other wave models with differing energy transmission coefficients at the Wave
Hub site in the model domain. To replicate the extraction of energy a directional distribution,
dependent on the energy absorption coefficient was applied. This coefficient removes a
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percentage (0%, 40%, 70%, and 90%) of the wave energy passing through the array over the
entire frequency spectrum. The spatial reduction in wave height is shown for the nearshore region
in combination with the shoreline point measurements for transmission coefficient. The results
show that as the energy transmission coefficient reduces, there is a more defined reduction in both
the spatial and shoreline wave height. For the worst case scenario where 0% of the wave energy
is transmitted, the maximum shoreline reduction in wave height was 9.7% for the reference sea
state. This suggests that there is a potential for a small reduction in wave height at the shoreline
climate that could affect the shoreline users. The study performed by Millar et al was one of the
first cases to review and assess the method of simulating WECs with alternative absorption
characteristics. While the frequency independent absorption may be a crude method of simulating
an array, this study provided the first attempt at realistically modelling an offshore WEC arrays
in a spectral model. Furthermore, the use of wave parameters using a JONSWAP spectrum with
an applied spreading factor provided a coarse representation of the surrounding sea states.
The behaviour of WECs in a sea is dependent on the device and its natural frequency. This causes
all devices to be frequency dependent in some form. A study addressing this issue uses SWAN to
investigate frequency-dependent transmission coefficient of point absorbers and their potential
shoreline affects [34]. A small array of tuned devices (where the natural frequency of the device
matches the peak frequency of the sea state) is simulated in SWAN and compared with
experimental wave tank results. The simulated data compares a frequency dependent and
frequency independent absorption with the model. The results show that the initial reduction in
wave height behind the devices for both the frequency dependent and frequency independent
energy transmissions are identical. However, as the wave front propagates shoreward, a difference
in wave height emerges. This suggests that analysis using only wave height may be misleading
and the interaction should be quantified in terms of spectrum. The frequency independent energy
transmission shows a reduced replica of the original spectrum. The frequency dependent energy
transmission shows only a reduction in the peak of the spectrum causing a bi-modal spectrum. A
scaled physical model was then conducted using 5 and 10 point absorber devices. The
experimental results show a down-wave reduction in energy specifically around the peak wave
period and the devices natural frequency. Alexander et al [34] provides good preliminary results
into the change in wave spectrum across a line of devices and has provided sufficient data to raise
concerns about the use frequency independent energy transmissions with tuned point absorbers.
The effect of array configuration on the change in shoreline wave parameters due to Pelamis
devices is quantified in [35] . The use of a modified version of the REF/DIF model to incorporate
WEC arrays was applied. The boundary data used wave buoy generated parameters near the site.
This data was re-calculated using the TRANSFER method [36] to provide wave conditions at the
boundary location. The simulation was then run for monthly averaged wave conditions for
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January, July, and October. The wave energy absorption of the arrays was calculated by applying
the corresponding value from the Pelamis power matrices. Several array layouts were examined,
from a long single row with few and small gaps, to short well-spaced multiple lines of arrays. The
results, as with the previous cases, show a small reduction in shoreline wave height for all array
layouts. The absorption method used in this study used a dated and exemplary power matrix and
assumed uniform energy loss across the frequency spectrum. While the power matrix could be
updated, the frequency issue would still remain. The REF/DIF model has many limitations (see
section 1.5.4.3) with the most important limitation only allowing the simulation of
monochromatic waves. This prevents the use of the model for considering effect on realistic wave
spectra.
A revised version of the previous study [33] updates and addresses previous issues around their
paper [37]. A previous directional spreading issue was recalculated, improving the down-wave
energy distribution. Further modifications see the application of a frequency dependent energy
transmission for bimodal sea states, and directional dependencies for a more realistic treatment
of directionally sensitive arrays. The WEC absorption was simulated by the application of a
PTF (Power Transfer Function). This mathematical expression simulates a frequency dependent
absorption for a highly tuned device (narrow bandwidth with a high maximum absorption) and a
generic tuned device (wide bandwidth with lower but broad energy absorption). The energy
transmissions were applied for a solid 4km array, 100m barriers with 200m spacing, and two
rows of 100m barriers with a 500m spacing. The results shows the importance of using
frequency dependent energy transmissions when considering modelling the nearshore effects of
WEC arrays, where the previous study may have overestimated the shoreline reduction in wave
height. The overall reduction in wave height is dependent on the incident wave spectra, device
tuning and array layout, where there is a large reduction in wave height for a typical swell
spectrum and narrow bandwidth tuned array. Smith et al [37] provides a detailed account of the
calculations used to approximate a frequency dependent energy transmission. However, further
research into applying a time varying model, where device tuning, wave- current effects caused
from tidal flows, and wind rebuilding spectrums, should be considered. The application of this
model continues and the authors are focusing on the effects of array layout [38]. This optimises
WEC arrays in order to have minimal or even positive environmental effects on the shoreline
wave climates. Furthermore, this more recent study looks at modelling individual devices as
opposed to array blocks. The initial results suggest that there is a minimal shoreline difference
in the mid or far field (>5km) wave disturbances between evenly distributed and array block
layouts.
The simulation of WEC’s has predominantly used theoretical assumptions or estimations. A paper
reviewing the accuracy of these current case studies applies a simple method to validate the device
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behaviour [39]. This involves three stages. The first quantifies the local resource at the site of
interest; the second uses scaled laboratory tests to extract device performance behaviour; and the
third applies this device-specific data to the simulation domain, where the array can be tested.
This study considers twelve overtopping devices located over 5km offshore. The results show
that there are subtle differences in wave disturbance between array layouts in the mid-field.
Carballo [39] proves a good benchmark with laboratory validated device behaviour. It should be
noted that there are no reflected wave results shown in this or any of the previous studies. An
additional study, using scaled laboratory test results, simulates point absorber arrays at different
locations from the shoreline to determine the extent or far field effects [40]. The PTF was
simulated within the model domain through sixty devices. The results are expressed in terms of a
relationship between radiation stress and longshore current magnitude. The results found
nearshore impacts reduced as the distance from the array increased. This provides an alternative
method of measuring nearshore impacts that considers alternative model parameters.
The legal requirements to perform environmental impacts assessments forced device and project
developers to use computational models to assess the extent of the potential impacts of an array.
This has led to the development of modelling tools that aim to aid the developers and speed up
the planning and array optimisations stages of projects [41] and [42]. Both of these tools offer
spectral simulations of specific WEC’s and highly emphasise the simulation validation using tank
tests. However, both these modelling tools are still under development and require further work.
While the majority of the previous work focuses on intermediate array case studies, there is little
work concerning the environmental effects of nearshore shallow water arrays. For these shallow
water situations, such as the wave surge oscillators or harbour mounted OWC, the wave device
interactions will be much greater on the shoreline and will present additional challenges. The
effects of device reflections may also pose an important issue for neighbouring devices, and even
other offshore developments. This thesis will focus on the extremely nearshore oscillating wave
surge converter arrays. The largest fully consented wave farm was announced to be located off
the west coast of the Isle of Lewis, Scotland, where over 40 of these devices could extract up to
40MW [43], however, given recent deployments within the wave energy industry the deployment
of such a large array remains unlikely for before 2020.

1.6.3 Applied Boussinesq/Mild Slope Models
The decision to focus on the shallow water oscillating wave surge converters enables the use of
Boussinesq and mild slope based models due to the shallow water nature of the sites. These
equations have been previously applied to simulate harbour design, but more recently interest has
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peaked in the application for modelling WECs. An early assessment into the littoral process at a
wave farm in northern Spain uses a baseline study compared to the same data with an energy
transmission coefficient applied at the location of the array [44]. The array consisting of ten
devices rated at a total of 1.25MW. The results of this study obtained by a Boussinesq based wave
model OLUCA-SP uses the parabolic mild-slope equation and takes into account wave diffraction
and refraction. The boundary data for the model is calculated from an offshore wave buoy
calibrated by a wave buoy 30km east of the array. The energy extraction coefficient is calculated
from specific device statistics resulting in a wave height transmission coefficient of 96% across
all waves in the spectrum. The results suggest a maximum wave height reduction of 4% with a
small change in direction in lee of the array. Furthermore, it suggested this very small reduction
in wave height and direction will not result in a significant effect on sediment transport on the
beach behind the array. Vidal [44] provided one of the first indications of the possible effect of
WEC array on the wave climate. However, the methods used in creating this model are fairly
coarse, making this study a very simplified case.
Both MIKE 21 Spectral Wave and Boussinesq models were applied to calculate the up and downwave variations caused by WEC arrays off the Orkney, Scotland [45]. The SW model was used
to transform wave data from the outer boundary of the spectral model to the location of the outer
BW boundary; the SW model data also used wave data to calibrate the base model. The WEC
array was then simulated by using porous structures in the BW model, this method provides a
frequency independent energy absorption for each array block. The porosity (n) of the structures
was set at 0, 0.5, 0.6, 0.7, 0.8 and 0.9, this allowed for a range in energy transition coefficient
from no energy absorbed (n= 0) to a maximum energy absorption (n= 0.9). The results of this
study agree with that of [33], where there is a similar reduction in wave height in lee of the devices
and a 13-69% reduction in wave height is presented. This study again provides a reasonable initial
assessment into the wave disturbances and is one of the first to include the effects of reflection on
the up-wave wave-field. However, there are many simplifications used in this study that require
the further work, these include the application of a multiple frequency incident sea state and a
frequency dependent WEC absorption. Further work using the MIKE 21 BW model looked at
various methods of simulating WECs for a constant depth within software [46]. This study tested
three techniques, a solid block, an open chamber and a sponge filled open chamber. The results
suggested that the sponge filled open chambers performed better than other options in single
device tests. This method was then applied for multiple devices over a varying device separation.
A JONSWAP spectrum was applied where the wave height remains constant and only the peak
period changed. The results of this study produced up-wave reflections that increased the wave
height between 5-39% and down-wave reductions in wave height between 10-41%. This work
shows that use of the BW model is capable of providing detailed maps of the wave-device
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interaction that includes up and down-wave regions for the shallow water environment. While
this study reviewed a chamber design to represent an array of OWCs, this method can be adapted
to suit OWSC. Further adaptation of the method stated in [46] could potentially include frequency
dependent absorption, increasing the accuracy of the model for both the up and down-wave
environment.
Overtopping devices in the offshore and nearshore environment have been simulated for a time
dependent model [47] and [48] . These studies both apply the same method of simulating a Wave
Dragon device using a combination of porous layers in a MILDwave model. Due to the large size
of the device and reflectors on the wave dragon device, these studies varied the porosity of the
main absorbing body and the reflector arms. The porosity was then applied using a mathematical
analysis that provides a good agreement with the expected reflection, absorption, and transmission
values. Both [47] and [48] provide a reasonable application of sponge layers for quantifying the
wave disturbances for such a large WEC.
The simulation of WECs using walled chambers and sponge layers provide good results for OWC,
however, when WECs are permeable to wave energy then this method cannot supply an adequate
transition of energy. The application of a porosity layer within the BW model has been applied to
simulate a floating device array [49] and [50]. After a series of trial-and-error tests were
performed, these studies applied a porosity factor of 0.9 for the simulation of WECs. Results from
laboratory scaled tests are used to validate the numerical model. The comparison between the
modelled and measured results suggests that the modelled device reflections are overestimated
by a factor of 2.5. However, the transmission coefficients shows a very good relationship when
compared to the measured data. Furthermore, the study remarked that the local (>2m) wavedevice interactions show a poor correlation. This can be explained by the method used to simulate
the WEC with the BW model. As a porous structure applies a stationary porous block, the near
field results are different when compared to the floating dynamic experimental structure. The
dynamic structure oscillates and produces scattered waves, these soon disperse and the energy
absorption/reflective effects become the dominant disturbance. These studies found the BW
model was capable of simulating WECs using porosity layers. While the measured reflective data
shows a much larger difference in results the OWSC device is expected to have a much greater
reflection coefficient due to the nature of the device itself. Further improvement would also
consider applying a frequency dependent absorption.
The methods described above suggest that the simulation of WEC’s within Boussinesq and mildslope models provide a good application for WEC simulation. The application of sponge and
porosity layers provides a simple yet reasonable hypothetical WEC, while remaining flexible
enough to simulate different device types. The previous research also suggests that the simulation
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of OWSC device types will provide reasonable results based on the physical properties of the
device. When this is combined with a frequency dependent absorption, the resultant BW
simulation could prove to be a very beneficial tool to the wave modelling field. The limitations
of the software do not allow any dynamic objects within the domain, so very near device
disturbances are likely to be incorrect. Beyond this the effects of the device’s reflection,
absorption and transmission properties will likely overtake providing reasonable results.

1.6.4 Device Performance Characteristics
The previous sections apply single or multiple methods of removing wave energy to match the
realistic device characteristics based on experimental or theoretical data. Given the commercial
sensitivity of the device performance data, WEC developers are not willing to share this
information. This has led to a number of assumptions and estimated guesses on the performance
of specific devices; these are often shown as a power matrix. A power matrix is a table with the
axis of significant wave height, peak period and a corresponding value stating the devices energy
output. This is often presented as the wave to wire energy performance of the device. This
provides a reasonable indication of the energy extracted from the incident wave field. As WEC’s
are not 100% efficient, this value does not represent the actual energy capture from the sea, and
will provide an under-estimation of the wave device interactions. The most frequently reported
power matrix is that of the Pelamis P-750 device (shown in Figure 19) where the power extraction
is in kW. This matrix was created by using an experimentally validated model that predicted
device performance from a parameterised Pierson-Moskowitz wave spectrum.

Figure 19 Power matrix from a Pelamis P-750 device [51].

This method of obtaining device type specific power matrices has been applied to a number of
devices [52] . This is shown in Figure 20, where a selection of power matrices are presented. The
information in the device power matrix provides a basic review of energy absorbed with regards
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to frequency. The data shows that the floating oscillating water column device provides the most
frequency sensitive device type. Pelamis and the floating OWC have a similar frequency
dependency, whereas the OWSC shows the least susceptibility to wave frequency. This suggests
that when modelling point absorbers, frequency dependent absorption plays a significant role.
While the OWSC has a low frequency dependence compared to other device types, the frequency
dependence still remains an important aspect of energy absorption with regards to wave
interactions. It should be noted that the while these power matrices show power generation for a
series of basically represented sea states the absorption may vary based on differing frequency
distributions for identical parameters. This comparison only offers a general description of
frequency based energy absorption, where only basic frequency spectra distributions considered.

Figure 20 Power matrices for (a) floating point absorber (b) floating oscillating water column (c) oscillating wave
surge converter stated in [52] .

The results of a scaled OWSC experiment provide a sensitivity test on the Aquamarine Powers
Oyster device [53] . The 1:20 scale device is tested in a range of wave spectra where the Hm0 and
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peak wave periods are kept constant. The results of the study suggest that as the spectral
bandwidth is increased, the energy captured is reduced. Clabby [53] also shows the frequency
response that the device has over a range of sea states. This is shown in Figure 21 by the solid
black line marked as power capture, where the frequency dependency is similar to that shown in
Figure 20 (c). Due to the sensitivity of the device performance data, the y-axis is normalised. The
normalisation of the data limits the application of the data but remains to provide a frequency
dependent absorption profile for a commercial OWSC.

Figure 21 Normalised spectral power capture [53] .

1.7

Research Aims

Section 1.6 identifies the most relevant research surrounding the implementation and
environmental effects of WECs of Spectral and Boussinesq wave models. This can be separated
into two parts that are defined by the modelling software. Whilst there are several very different
research questions to be addressed, the Spectral and Boussinesq models share the same overriding
research question of, what is the best method of implementing WECs in MIKE21 Spectral and
Boussinesq wave models? And is it possible to apply a frequency varying absorption in both
software tools? Other more specific software questions and aims are shown below, where they
have been separated by the model type.
Spectral Wave Model


Identification of a detailed wave resource map for the north west coast of Lewis



Test and implement multiple methods of WEC simulation



Apply a WEC specific directional frequency absorption and reflection method
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Test cumulative wave device interactions from multiple devices

Boussinesq Wave Model


Quantify the wave disturbance for porosity layers with varying dements, porosity and wave
conditions.



Implement a porosity based frequency dependent oscillating wave surge converter



Quantify the spatial wave disturbance of the nearshore array of OWSC on sloping
bathymetry

The use of the similar method of implementing WECs allows a direct comparison of effects of
diffraction and directional wave energy distribution. This will provide important information on
the potential future use of the model and will highlight specific scenarios that may favour or
discourage the use of a model or technique.

1.8

Conclusion

This chapter has described the use of several modelling tools and their applications for simulating
large WEC arrays. Given the complexities of modelling WECs in CFD and BEM software and
the computational resources required to complete this on an array scale, these methods are
currently not feasible for large array models. Other computational models such as Boussinesq and
Spectral wave modelling software provide a much more appropriate method for modelling large
arrays.
The existing research uses case studies based on specific devices, location and wave data. Most
of this early research uses coarse absorption assumptions with no frequency dependences.
Furthermore the use of parameterised wave data provides a poor representation of most sea states.
More recent research has partially addressed these issues, however little work has been conducted
for shallow water OWSC’s. With this gap in research surrounding nearshore arrays comes a lack
of knowledge in the reflected wave disturbances that may cause effects to other more offshore
developments. The rapid growth of the wave industry requires further development of the existing
models, where future case study models should consider applying the following techniques:


The modelling software should be able to apply a time varying complex wave spectrum that
accounts for multiple frequencies and bi-modal sea states, wave-current interaction, and
possible nonlinear terms.



Wave data should consist of a time varying wave spectrum from a near boundary location.
The duration and time step of this data should depend on required result detail and
computational time requirements.
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The inclusion of other potentially significant model inputs such as wind and tidal data; these
should be applied appropriately depending domain size, device type, and location.



The energy extraction across an array should consider device-specific frequency dependent
energy transmission, directional dependent transmission, and dynamic device tuning where
appropriate.



An attempt to validate model results against measured scaled experiments or statistical
methods indicating the potential error.

The remainder of this thesis will focus on the development of the aforementioned aspects with a
specific focus on the simulation of WEC’s within Spectral and Boussinesq based models. The
methods used in this study will be compared to existing literature and while these cannot be
experimentally validated, they shall remain flexible. This enables the methods to be calibrated
and validated to a specific device at a later date. While the results presented in this thesis are not
representative of an existing device, the methods of simulating the WEC are the outputs. These
methods will be specifically developed for furthering the simulation of WECs within the SW and
BW models. This will be judged primarily on the fundamental theoretical device implementation,
computational requirement and access of available device performance data.
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2.

Spectral Wave Modelling of WECs

2.1

Introduction

The simulation of WECs and their effects on the surrounding wave climate provides a complex
matter. This section will review the process of simulating existing wave conditions (without
WECs), methods of implementing WECs and the effects of hypothetical array using a case study.
To assess the potential impacts of WECs the previous wave conditions must be identified. This
can provide a benchmark where the hypothetical devices can be tested and compared. The
simulation of wave propagation is conducted using DHI’s MIKE 21 SW. As previously discussed
(see Chapter 1.5.1), this software offers a flexible and reliable wave propagation model. This
allows the quantification of wave disturbances around arrays and the effects of regional scale
propagation.

2.2

Base Model

To quantify the initial wave climate the construction of a base model is completed. This provides
important information regarding the model setup parameters and local environmental conditions.
The simulation of several hypothetical devices can then be tested to identify a specific method for
simulating a device. This base model and simulated WEC can then be applied in a large array
with realistic bathymetry data. The reliability of the wave interactions is dependent the accuracy
of the base model.

2.2.1 Boundary Conditions
Ocean waves can be thought of as a number of sinusoidal wave components where vertical
displacements, or wave height are the sum of the constituent wave’s superposition. A wave
spectrum can be presented in terms of frequency (f), direction (θ) and phase (often denoted by 𝛿).
The sea spectral density S(f,θ) is used to show an approximation of wave power and other
parameters using spectral moments (mn) for a given time period. The subscript n represents the
nth moment of the frequency components.
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𝑚𝑛 = ∫ 𝑓 𝑛 𝑆(𝑓)𝑑𝑓

2.1

The calculation of a seas spectral moments for the assessment of wave parameters uses
standardised parameters that rely on statistical analysis. If wave height is considered, the standard
notation described uses the significant wave height (Hs). The significant wave height is
approximately equal to 𝐻1⁄3 and 𝐻𝑚0, this traditionally translates to the average top 33% of
recorded wave heights within the observed period [54]. Table 1 shows wave parameter definition
with regards to spectral moments.
Table 1 Wave parameter definition with regards to spectral moments.

Wave Parameter

Numerical Description

Description

𝐻𝑚0

4√𝑚0

𝑇−10

𝑚−1 ⁄𝑚0

Energy period

𝑇02 or Tz

√𝑚0 ⁄𝑚2

Zero-upcrossing period

𝑇𝑝

𝑚−2 𝑚1
𝑚0 2

Significant wave height

Peak wave period based on
spectral moments

The wave energy period represents the period of a monochromatic wave with the same mean
energy as the observed sea [54]. The zero-upcrossing period is the mean wave period measured
from when the surface passes above the mean sea level. The peak wave period represents the peak
energy frequency of a spectrum. This can also be defined using the spectral moments as defined
in Table 1.

2.2.1.1 Wave Buoy Measured Data
Wave data is available from many sources. This may comprise of simple wave parameters (like
the ones shown above), one dimensional frequency spectrum or even two dimensional directional
frequency spectrum. While the more data rich directional spectra provides a more desirable
prospect for wave modelling, the location and time frame of the dataset may not be suitable. These
are often provided as outputs from large continental wave models and often not open source. The
measurement of wave data using wave buoys allows the exact location and time frame to be
specified by the operator (cost permitting). This provides a highly detailed dataset where a
directional frequency spectrum can be created at a 30min time step. These instruments provide
reliable datasets and should be used wherever possible for the creation of wave boundary
conditions.
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The WaveRider Mk III wave buoy provides a directional measurement of wave statistics using
accelerometers and a magnetic compass. The accelerometers record a time series of horizontal
(both x, y) and vertical (z) wave displacements. This allows the accurate measurement of waves
with a heave displacement of ± 20m with a resolution of 0.01m, a period between 1.6 and 20
seconds (moored) and the directional measurements from 0 to 360 degrees with a resolution of
1.4° [55]. The time dependent wave acceleration is measured at a sample rate of 1.28Hz (0.78s).
The acceleration data is then subject to post processing to allow for the generation of wave
displacement, statistical parameters and spectra. The raw z acceleration is used to calculate the
heave displacement by applying a bandpass filter and a double-integration of the finite impulse
response filter. The wave height spectrum for the buoy is calculated using the vertical
displacements for a period of 256 samples covering a 200 seconds. A Fast Fourier-transform
(FFT) of this period is calculated providing a frequency spectrum. This spectrum has a frequency
range of 0.64Hz (𝑓𝑠 /2) and a resolution of 0.005Hz (𝑓𝑠 ⁄2). To create a more manageable system
with regards to the number of low frequency confidents, this time series is separated into 8 subspectra, which are averaged to get a 1600 second wave spectrum. This is repeated every 1800s
(30mins) where the last 200 second of every 1800 second window is used data processing. When
the x and y displacements are considered a directional spectrum can be created. This combines
the x, y and z displacements and applies a Fourier series. This produces 6 frequency based Fourier
components consisting of a real number and imaginary number for each displacement. This allows
the co-spectra (C) and quadrature-spectra (Q) to be shown as
̅̅̅̅̅
̅̅̅̅̅
𝐶𝑛𝑤 = 𝐴
𝑛𝑓 . 𝐴𝑤𝑓 = 𝛼𝑛𝑓 𝛼𝑤𝑓 + 𝛽𝑛𝑓 𝛽𝑤𝑓

2.2

̅̅̅̅̅
𝑄𝑛𝑤 = ̅̅̅̅̅
𝐴𝑣𝑓 × 𝐴
𝑛𝑓 = 𝛼𝑣𝑓 𝛽𝑛𝑓 − 𝛽𝑣𝑓 𝛼𝑛𝑓

2.3

Where the subscript n, w and v represent the north, west and vertical components of the 6 Fourier
components for each frequency (αnf, βnf αwf, βwf αvf and βvf). This process defines nine Fourier
components for both the co-spectra and the quadrature-spectra in separate three by three matrices.
By using these components wave parameters for each frequency bin can be calculated to give
wave direction and spread. The following identifies the first four Fourier coefficients for the
normalised directional distribution (𝐺(𝜃, 𝑓)).
𝑎1 =

𝑏1 =

𝑄𝑛𝑣
√(𝐶𝑛𝑛 +𝐶𝑤𝑤 )𝐶𝑣𝑣

−𝑄𝑤𝑣
√(𝐶𝑛𝑛 +𝐶𝑤𝑤 )𝐶𝑣𝑣

𝐶

−𝐶

𝑎2 = 𝐶𝑛𝑛 +𝐶𝑤𝑤
𝑛𝑛
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𝑤𝑤

2.4

2.5

2.6

𝑎2 = 𝐶

−2𝐶𝑛𝑤

𝑛𝑛 +𝐶𝑤𝑤

2.7

Where the normalised directional distribution 𝐺(𝜃, 𝑓) is calculated using
1 1

𝐺(𝜃, 𝑓) = 𝜋 {2 + 𝑎1 cos 𝜃 + 𝑏1 sin 𝜃 + 𝑎2 cos 2𝜃 + ⋯}

2.8

This allows the direction (𝜃0 ) and the centred Fourier coefficients (m1,m2,and n2) to be calculated,
it should be noted that m1 and m2 do not represent spectral moments.
𝜃0 = arctan(𝑏1 , 𝑎1 )

2.9

𝑚1 = √𝑎1 2 + 𝑏1 2

2.10

𝑚2 = 𝑎2 cos 2𝜃0 + 𝑏2 sin 2𝜃0

2.11

𝑛2 = −𝑎2 sin 2𝜃0 +𝑏2 cos 2𝜃0

2.12

Wave direction (D) and directional spreading (S) and power spectral density (PSD) are then equal
to
𝐷 = 𝜃0

2.13

𝑆 = √2 − 2𝑚1

2.14

𝑃𝑆𝐷 = 𝐶𝑣𝑣

2.15

More information on the creation of the wave buoy files can be found in the Datawell Mk III
manual [56].
The 30min directional wave spectra files (.spt) contain 12 parameters including H m0, T02,
maximum PSD, and sea surface temperature. The rest of the file contains a table of 64 frequency
bins, normalised PSD, direction, spread, skewness and Kurtosis.
This provides sufficient amount of information at the location of the buoy to run a spectral wave
model. The location of the deployed wave buoys can be seen in Figure 22. The wave buoys were
deployed in September 2011 and recorded wave measurements until June 2013. The location of
a nearshore Acoustic Wave and Current profiler (AWAC) is also shown, this deployed in January
2012 until January 2014. Time series of wave buoy and AWAC parameters for this period are
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shown in [20]. A further comparison between wave parameters of the three buoys and the AWAC
is presented in [57].

Figure 22 Location of wave sensory equipment off the west coast of the Isle of Lewis.

2.2.1.2 Directional Spread
While the wave buoys provide reliable in-situ wave parameters the calculated wave spectra is
often neglected for wave modelling purposes. The inclusion of wave spectra offers a better
description of the sea state, where multiple swells can be considered. The 64 frequency bin .spt
files do not solely provide enough data to build a directional spectrum; therefore the data requires
a further directional component. The addition of wave directional components can be done using
various techniques. This thesis will focus on the stochastic methods based on random phase
assumptions where 2 sub-sections emerge, the truncated Fourier series and the maximum
likelihood method. Previous work conducted by Cruz et al [58] designed specialist software
(DIWASP) to process buoy and acoustic wave data in order to quantify available resource with
regards to directional spreading functions. This study concluded that the maximum likelihood and
the maximum entropy method provide the best agreement between modelled and real wave data.
Furthermore this study shows a direct comparison between datasets where the spreading functions
where applied to real buoy data.
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The directional spectra produced by the AWAC software “Storm” uses the maximum likelihood
method (MLM) of the Acoustic Surface Tracking (AST) data. The AWAC spectrum is not
compared with the directional spectra of the wave buoy as the MLM is computed within the
software and will only briefly be used for model calibration.
The analysis performed by Cruz et al focuses on the raw x,y,z displacement files created by the
wave buoy. While this provides the most accurate depiction of the wave spectra the applications
of the toolbox are limited due to availability of data and size of data files. Generally only raw data
files are accessed by the organisation that deployed the buoy, additionally the .spt has become a
standard format for presenting wave spectral for a given period and consequently the majority of
purchased wave data adheres to this format. Furthermore raw data files requires large computation
resources for storing and analysis so the use of .spt files is preferred for assessing intermediate/
long-term wave conditions.
This thesis looks at using the industry standard .spt file in order to create a simple and accurate
approximation of the wave spectra. This reduces computational requirement during the
calculations of boundary conditions allowing more time to be spent on the model itself. By using
.spt files this eliminates the possibility of using DIWASP and the directional components will be
calculated using a more simple method.

2.2.1.2.1

Gaussian Curve

The Gaussian directional spreading function uses a simple concept that applies a Gaussian curve
to each frequency bin dependent on measured direction and spread. The spreading function uses
a Gaussian function that can be described as
2𝜋

𝐷(𝑓, 𝜃) = ∫0 𝑎. 𝑒 (𝜃

2 /(2.𝜎 2 )

𝑑𝜃

2.16

where
𝑎=𝜎

1
√2𝜋

2.17

Wave direction is denoted by 𝜃 and spreading by 𝜎. The direction and spread acts as the maximum
value, where the signal magnitude reduces according to the spreading coefficient. Figure 23 shows
the results of the directional spreading functions for 0.09Hz frequency bin. The PSD distribution
is plotted over the direction for the given sea state. The spreading of the curve is indicated by
width of the peak, where a high spreading value corresponds to a broad peak and a low spreading
value to a narrow peak.
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Figure 23 Example of Gaussian curve for a single frequency bin.

This simplification only accounts for spreading and ignores other parameters providing a basic
estimation for the calculation of wave spectra. An example of the application of this wave
directional spectrum can be seen in Figure 24 below.

Energy Density
[m2s/deg]

Figure 24 Gaussian spreading function

2.2.1.2.2

Truncated Fourier Series Method

The Truncated Fourier Series Method (TFSM) calculates a directional spreading function for each
frequency bin. This method requires the inverse calculations of the Fourier coefficients where
𝜎2
𝑚1 = 1 − .
2
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2.18

Where 𝑚1 and 𝑚2 are the centred Fourier coefficients as presented in equation 2.10 and 2.11.
The directional spread must be given in radians. 𝑚1 allows for the calculation of the first set of
coefficients.
𝑎1 = 𝑚1 cos 𝜃 = −𝑎̃1

2.19

𝑏1 = 𝑚1 sin 𝜃 = 𝑏̃1

2.20

The second moment is calculated using the kurtosis (𝛿)
𝑚2 =

𝛿.𝜎 4 −6+8𝑚1
.
2

2.21

1−𝑚2
.
2

2.22

Thus the alternative spread equals
𝜎2 = √
𝑛2 can be calculated using skewness (𝛾̃)
𝑛̃2 = −𝛾̃𝜎 3 = −𝑛2

2.23

The second Fourier coefficients can now be calculated.
𝑎̃2 = 𝑚2 cos(2𝜃) − 𝑛̃2 sin(2𝜃) = 𝑎1

2.24

𝑏̃2 = 𝑚2 sin(2𝜃) + 𝑛̃2 cos(2θ) = −𝑏1

2.25

The Fourier coefficient representing spread, skewness and kurtosis are combined to give the
directional spreading function.
𝐷(𝑓, 𝜃) =

1 1
( + 𝑎1 cos 𝜃 + 𝑏1 sin 𝜃 + 𝑎2 cos 2𝜃 + 𝑏2 sin 2θ)
𝜋 2

2.26

While this method provides quick computational results it produces negative values in the parts
of the directional spreading function. These negative are a result of the calculation process and
have been removed due to the impossibility of occurrence of a negative energy sea state. The
results of this spreading function with the removed negative values are presented in Figure 25 and
Figure 26. As the negative values of the curve have been zeroed (see Figure 25) there is an
alteration in the distribution of directional energy, this leads a negative estimation of the overall
energy distribution.
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Figure 25 Example of TFSM curve for a single frequency bin

The TFSM function identifies a second sub peak at approximately 90 degrees and shows a broader
peak. These variations occur due to the additional parameter and alternative numerical technique
used within the spreading function, providing the TFSM with a more accurate approximation of
sea spectra. The overall application of this directional spreading function can be seen in Figure
26. While different parameters and techniques were used the resultant wave spectra looks very
similar to the Gaussian wave spectra shown in Figure 24. This shows that peak directional
distribution of energy is located in the same directional bin with a similar magnitude. Additionally
the TFSM spreading function show the presence of a two peaks, this indicate a basic ability to
incorporate bi-modal sea states.

Energy Density
[m2s/deg]

Figure 26 TFSM spreading function.
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2.2.2 Buoy Data to Boundary Data
Regardless of the methods used to convert frequency domain data to a directional frequency
domain, the data must be passed in an appropriate format to the SW model. The creation of any
detailed directional frequency spectrum for a considerable time period causes potential issues
concerning memory usage and computational time requirements. The boundary pre-processing
for this study was conducted in MATLAB. DHI provide a MATLAB based toolbox that can be
used to read, write and created specific MIKE 21 files. The wave buoy data was split into monthly
segments, the directional frequency spectra based on the Gaussian function was then calculated.
The Gaussian spreading function was chosen as it was more stable than the truncated Fourier
series and provided a smoother spectral shape that may improve boundary simulation. The
datasets were interpolated in the frequency domain from 64 frequency components to 56 evenly
spaced components from 0.03Hz to 0.58Hz. This information was then stored as a .mat file.
Modifications were then applied to the DHI MATLAB toolbox that enabled each month’s data to
be written to .dfs2 file. Once that month’s data processing and file writing was completed, the
remaining data were cleared from the workspace to save memory. While this method slowed data
processing down the data were split into manageable chunks that could be run on any nonperformance computer. After a month’s data were calculated and written, the data were appended
to a .dfs2 file. The resultant output file contained a time series of directional frequency wave
spectra at 30 minute interval.

2.2.3 Computational Domain
The computational domain for the initial model focuses on the locations leased to Aquamarine
Power and former Voith Hydro Wavegen site. The available bathymetry data for this area uses
several sources. Table 2 identifies the data sources and additional information associated with the
construction of the model domain.
Table 2 Original Bathymetry data used with the initial model.

Source

location

Projection

Resolution

Datum

GEBCO 08[59]

Global

Latitude
/Longitude

30 arc-seconds

Mean seawater level

(approximately
500m by 1000m)
Marine
Scotland [60]

West
coast of
Lewis

UTM 29

9m
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Chart datum

Aquamarine
Power

West
coast of
Lewis

UK National
Grid

<1m

Chart datum

Ordnance
survey
coastline

West
coast of
Lewis

UTM 29

5m

Mean high water line

The default bathymetry data used for this study consists of the GEBCO 08 data [59]. GEBCO 08
is an open source global bathymetry dataset with a resolution of 30 arc seconds. This dataset was
created using interpolated depth sounding and satellite gravity data. The choice of modelling site
enabled this relatively coarse data to be supplemented in the regions between the 60m and 20m
contours with a high resolution open source data created by Marine Scotland for the north-west
coast of Lewis. The Marine Scotland data originally consists of a 9m grid resolution, this was
reduced to a resolution of 20m to allow for computation processing time of the mesh. A further
dataset was collected by Aquamarine Power that covers the shallow waters behind their potential
development site. This data extending from -5m to -15m with a resolution of less than 1m2, this
data was filtered to 20m resolution. The positions of the Marine Scotland and Aquamarine power
data are shown in Figure 27. All bathymetry datasets discussed above were converted to the
UTM-29 coordinate systems and to chart datum water levels when entered into the mesh.

Figure 27 Illustration of the regions covered by the Marine Scotland and Aquamarine Power bathymetry datasets. (base
map source: [61])
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The model boundaries were then positioned to allow input data from the wave buoy and to account
for a large variation in swell direction. The mesh is shown in Figure 28, where the boundary
locations, bathymetry and triangular mesh-grid can be observed. The mesh was created using an
unstructured mesh grid, where separate mesh resolution steps that increase in detail towards the
area of interest around the development sites. This results in the a mesh resolution of
approximately 200m2 at the development sites with less important/deeper areas covered by a
coarser grid to conserve processor power. The domain was lengthened by adding a coarse section
to the south west, to allow for a more accurate simulation of south-westerly swells. This resulted
in a mesh with 2011 elements.

Figure 28 Computational Domain showing boundary location, bathymetry and triangular mesh grids.

2.2.4 Boundary Input Parameters
The boundary conditions are driven by the Siadar wave buoy deployed in 60m depth at the
location shown in Figure 22. A direction frequency spectrum was generated and converted to a
MIKE 21 format as described in section 2.2.1. While other wave buoys are present towards the
southern end of the boundary these were not included. This is because of the additional
complexities of multiple driving boundaries and the distance these boundaries would be from the
area of interest. As this model is looking at the Siadar site then the effects of the additional wave
buoys were deemed negligible.
The wave conditions analysed covered a year period from 1st December 2011 to the 30th
November 2012, providing 17571 wave spectra for the north-west boundary. To effectively
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replicate the existing wave conditions within the domain, first, a general understanding of the
wave climate should be identified. Figure 29 shows a wave direction plotted with percentage of
occurrence and wave height for the one year dataset plotted with 10° bins. It can be seen that the
majority of waves propagate from 290° with a secondary peak originating from 30°. This level of
variation in the incoming swell provides some challenges regarding the orientation of the main
driving boundary. For this reason the north-west boundary of the model domain is angled and
elongated, this allows the propagation of waves through to the area of interest without
experiencing interference from the other boundaries. Two dominant directional peaks are shown
Figure 29, these indicate that bi-modal seas are likely to occur, this is show in the spectral
comparison of the directional distribution (see Figure 26), where two peak directions are present.
For this location it is therefore imperative that the simulation includes the capabilities to include
bi-modal sea states. This observation supports the use of a fully directional frequency spectrum
as boundary conditions data.

Significant
Wave Height
[m]

Figure 29 Wave direction of origin and percentage occurrence according to wave height in metres for a year.

Figure 30 shows a time series of the wave buoy measured wave heights and the weekly average.
The duration of the measurements enables the observation of the seasonal change in wave height
and the weekly averages. When the individual files and weekly averages are compared the winter
months show a high level of variation around the weekly average in contrast with the summer.
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Significant Wave Height [m]

Time [months]

Figure 30 Time series of wave height for the 2011/2012 period.

When wave height and period are considered (see Table 3) and compared to a similar scatter table
exhibited in Smith et al [37] for the Wave hub site, it can be seen that there are differences in the
annual wave climates. While the datasets from the present study and Smith et al do not cover the
same time frame or region, a reasonable comparison can be drawn. When compared in the
frequency domain the Hebridean wave buoy measured a higher occurrence of lower frequency
waves with lower peak values. The level of variation recorded across the frequency domain was
significantly higher for the Hebridean wave buoy than the one at the Wave hub location. When
wave heights are considered the Hebridean wave buoy recorded a larger percentage of data points
with significantly higher wave heights than the Wave Hub. The combination of lower wave
frequencies (i.e. longer waves) and higher wave heights make the Isle of Lewis potentially more
attractive place for WEC array deployment; however the larger variation in wave conditions
means WEC technologies need to be well proven and may require more complex device tuning
systems to efficiently extract the larger resource. If a device is assumed to have a maximum
operational wave height then when the two sites are considered the larger Hebridean wave climate
may inhibit the operation time of the device, this may result in extended periods where the sea
state exceeds the cut off limit, reducing the overall energy generation. The increased variation in
wave climate requires a more complex model that can account for large sudden changes in wave
height and period along with the presence of bi-modal sea states.
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Table 3 Parameterized sea state and percentage of occurrence, Top results from wave hub site [37], Bottom results
from wave buoy analysis off the west coast of Lewis.

Hm0
[]
[]
[m]

12
11
10
9
8
7
6
5
4
3
2
1

0.01
0.51
3

1.93
1.34
4

0.07
0.89
3.66
5.07
0.94
6

0.01
1.29
5.12
2.40
5

0.04
0.58
3.23
3.80
2.71
0.15
7

0.01
0.10
0.58
1.92
2.90
2.23
0.73
8
Tz [s]

0.01
0.04
0.13
0.53
1.07
1.33
0.83
1.01
0.10

0.03
0.08
0.27
0.42
0.43
0.29
0.21
0.20
0.03

0.02
0.03
0.10
0.12
0.07
0.09
0.08
0.11
0.06
0.01

9

10

11

0.01
0.01
0.03
0.07
0.05
0.02
0.03
0.01
0.03

0.01

12

13

0.01

As the model is solely driven by the north west boundary with the majority of waves approaching
between 270° and 360°, the extended the length of the boundary allows waves from this range of
directions to propagate to the area of interest without being significantly affected by the remaining
closed boundaries.

2.2.5 Tidal Variation
As the area of interest containing the AWAC and the proposed development site is situated in
shallow water, the variation in water depth caused by tidal constituents must be included. This
change in water depth becomes influential on the mathematical description of wave processes.
The description for deep and shallow water wave breaking was proposed in Miche [62] and is
shown as
𝐻

2𝜋𝑑
) .
𝜆 𝑏

( 𝜆 ) = 0.14. tanh (
𝑏

2.27

Where the subscript b denotes the parameter at breaking and H equal wave height, λ is the
wavelength and d is water depth. This expression can be reduced for regions where only depth
induced breaking occurs.
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𝐻𝑏 ≈ 0.88. 𝑑𝑏

2.28

This suggests that wave breaking within this region is mainly dependent on water depth. It is this
principle that indicates the importance of the inclusion of tidal variation within the model domain.
As the area of coast is relatively simple with regards to the generation of tidal currents only the
variation in water depth across the domain is considered. The tidal variation data was extracted
from the DHI Global Tidal Model [63]. This model calculates the tidal variation based on the first
8 tidal constituents on a global scale with a resolution of 0.25o. While DHI advised against using
this data for regions of water depths below 20m it provides a reasonable agreement with
measurements taken from the AWAC for the corresponding time period. A comparison between
the AWAC and the global tidal model can be seen in Figure 31, where the phase and amplitude
of the modelled data agrees with that of the measured data. This provides a reasonable
representation of the varying water depths for the entire model time period. When the correlation
is quantified using the Pearson correlation coefficient (defined in section 4.4.4.1) a correlation of
0.96 is defined, this indicate a very strong agreement between datasets.

Figure 31 Comparison between AWAC measured tide and DHI Global tidal model for a spring neap cycle.

2.2.6 Model Setup
Within the fully spectral formulation in MIKE 21 SW several parameters can be adjusted to define
simulation capabilities. This section describes the model setup for a resource assessment (or base
model) for WEC arrays.
The model time step was set as an hourly interval, providing 8783 time steps for a year’s
simulation. This provides a more accurate account of storm conditions where the rate of energy
transfer is high, as opposed to a more standard 6 hourly time step that takes an average over these
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events. The time formulation used is a quasi-stationary formula that calculates a solution for each
time step providing a time series dataset. The relatively small distance from the north-west
boundary allows the application the quasi-stationary formulation as the waves do not propagate
long distances. This provides a faster more stable simulation.
The spectral discretization used for the formulations within the model was defined for frequency
as 56 bins ranging from 0.03 to 0.58Hz at a 0.01Hz interval similar to that of the boundary
conditions. The directional discretization defined using 36 bins resulting in a 10° resolution.
The solution technique used within the model used the default low order fast algorithm and a
modified version of the Newton Raphson iteration equation. The tolerances within the model were
made less stringent, the number of iterations remained as the default values. The tolerances for
the Root-Mean-Square (RMS) norm (‖𝑥̅ ‖𝑅𝑀𝑆 ) of a residual vector and the max-norm (‖𝑥̅ ‖𝑀𝐴𝑋 )
of the significant wave height were altered to 1x10-6 and 0.1 respectively. These parameters a
defined as
0.5

∑𝑁 𝑥 2
‖𝑥̅ ‖𝑅𝑀𝑆 = [ 𝑖 𝑖 ]
𝑁

‖𝑥̅ ‖𝑀𝐴𝑋 = max(𝑥𝑖 ) , 𝑖 = 1, 𝑁

2.29

2.30

Where ‖𝑥̅ ‖ = [𝑥1 , 𝑥2 , … , 𝑥𝑁 ] and is a vector of increments of significant wave height and N is
the number of increments. This provided a faster simulation time without detriment to the
observable results.
The energy transfer controlling nonlinear interactions was set to quadruplet, this controls the
transfer of energy for the peaks to a lower frequency and higher frequencies. The quadruplet
parameter is relevant for deep and intermediate depth water. The additional option of the triadwave interaction also controls the transfer of energy but is limited to very shallow water depths
(less than 5m depth).

2.2.7 Model Calibration
The simulation calibration process applied within MIKE 21 SW utilizes additional model
parameters based on energy dissipation terms. These parameters can be used as calibration terms.
The main parameters include wave breaking, bottom friction and whitecapping.
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2.2.7.1 Wave Breaking
Wave breaking controls the dissipation of wave energy thought depth induced breaking. This
parameter originates from research conducted by Battjes and Janssen [17]. When energy
dissipation from depth induced breaking is considered for a directional wave spectrum the
following can be applied
𝑆𝑠𝑢𝑟𝑓 (𝑓, 𝜃) = −

2 𝐸(𝑓,𝜃)
𝛼𝑄𝑏 𝑓̅𝐻𝑚
.
8𝜋
𝐸𝑡𝑜𝑡

2.31

Where 𝛼 is the rate of energy loss due to breaking and is conventionally kept as 1, 𝑄𝑏 represents
the proportion of breaking waves, 𝑓 ̅ is the apparent wave frequency, 𝐸𝑡𝑜𝑡 is the total of the sum
of wave energies and 𝐻𝑚 = 𝛾𝑑. 𝛾 is the free breaking parameter which when combined with 𝑑
is a ratio of wave height to water depth. The SW model uses gamma and alpha as calibration
factors for refining wave characteristics within very shallow waters.

2.2.7.2 Bottom Friction
The bottom friction parameter controls the propagating wave orbital velocity interaction with the
sea bed. This term is based on a linearised relationship developed for wind-wave surface
interactions caused by bottom friction [64]. This parameter can be set as either constant across
the domain or varying across the domain.
𝑆𝑏𝑜𝑡 (𝑓, 𝜃) = −𝐶𝑓

𝑘
𝐸(𝑓, 𝜃)
sinh 2𝑘ℎ

2.32

The dissipation coefficient (𝐶𝑓 ) can be outlined as the wave friction factor (𝑓𝑤 ) multiple by the
maximum sea bed particle velocity (𝑈𝑏𝑚 ). MIKE 21 SW provides several options for defining
the bottom friction model. The friction coefficient and friction factor model both calculate energy
dissertation using different techniques without the inclusion of hydrodynamic or sediment
processes. The Nikuradse roughness calculates dissipation based on hydrodynamic processes
alone whereas the sand grain size model accounts for both hydrodynamic and sediment properties.
The increased level of detail associated the sand grain size model requires the input for sediment
grain size and may not be suitable if seabed conditions are unknown. This parameter can be raised
or lowered to change the magnitude of wave energy dissipation in intermediate or shallow water.

2.2.7.3 Whitecapping
Whitecapping controls energy dissipation through wave steepness. The source term controlling
dissipation was originally developed by Hasselmann [65].
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𝑘
𝑘 2
𝑆𝑑𝑠 (𝑓, 𝜃) = −𝐶𝑑𝑠 (𝑘 2 𝑚0 )2 {(1 − 𝛿) + 𝛿 ( ) } 𝑓 ̅𝑁(𝑓, 𝜃)
𝑘̅
𝑘̅

2.33

The SW model uses two calibration factors within this equation, the dissipation coefficient (𝐶𝑑𝑠 )
controls the main energy dissipation and the second dissipation coefficient (𝛿) controls the rate
of dissipation across the frequency spectrum. For higher values of 𝐶𝑑𝑠 the rate of dissipation
increases and for higher 𝛿 values the energy dissipation is shifted towards the higher frequencies.
Both dissipation coefficients can be applied constant or varying across the model domain.

2.2.7.4 Calibration Process
In order to calibrate the wave model the data measured by the AWAC was compared to the same
time and location from that of the model. The device was deployed in 11m depth off the northwest coast of the Isle of Lewis (shown in Figure 22) on the 17th of January 2012. This device uses
a combination of acoustic and pressure sensors to measure surface elevation. As this device
requires manual data collection at the date of the initial resource assessment only 6 months of
data had been collected. The AWAC data allows a direct comparison between the measured data
and computational results for the same location. By assessing the difference between the
measured and modelled wave parameters a more accurate calibration process can be performed,
using simple statistical analysis to calculate the Bias, RMS Error, and the Scatter index shown
below.
𝐵𝑖𝑎𝑠 =

1 𝑁
∑ (𝑥
𝑁 𝑖=0 𝑖

− 𝑦𝑖 )

1

2
𝑅𝑀𝑆 𝑒𝑟𝑟𝑜𝑟 = √𝑁 ∑𝑁
𝑖=0(𝑥𝑖 − 𝑦𝑖 )

𝑆𝑐𝑎𝑡𝑡𝑒𝑟 𝐼𝑛𝑑𝑒𝑥 =

𝑅𝑀𝑆 𝑒𝑟𝑟𝑜𝑟
𝑥̅

2.34

2.35

2.36

N is the number of samples, xi is measured dataset, yi is the modelled dataset and x is the mean
of the measured dataset.
The process of calibrating the model to correlate with existing wave data is an iterative process,
done over a series of model simulations. This process identified a short time frame in March 2012
due to the variation in weather conditions in this period. This provided a good representation of
the wave conditions due to the observed variations in wave height.
The initial stage of the calibration process uses the white capping parameter. As this term
quantifies losses through wave steepness and breaking the effectiveness of this term is suited to
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calibrating larger scale models. If white capping is used to significantly increase energy loss
within a small domain the value may extend beyond realistic values providing unrealistic
representation of a sea state. In this case, the relatively small domain should provide only very
small losses from white capping. For this reason whitecapping has been left to its default value
and the main calibration parameter has focused on bottom friction. Within the SW model the sea
bed interaction can be applied in several forms, this study uses the Nikuradse roughness (kn). The
default parameter for the Nikuradse roughness is 0.08m. Figure 32 shows the effects of altering
this parameter on the wave height over a short time period. If the kn value is changed from 0.04m
to 0.32m, the increase in bottom friction causes a reduction in the wave height. This result in a
more accurate representation of wave height at the AWAC location for the period described. This

Significant Wave Height [m]

is shown in Figure 32 where the red dotted line appears closer to that of the measured data.

Figure 32 Direct comparisons between measured and modelled wave height data with a varying bottom friction
parameter.

This qualitative method for assessing the relationship between measured and modelled data is
limited. For the more fine scale calibrations simulation statistical analysis is implemented. When
the scatter index is calculated for the default value of bottom friction the model shows a scatter
index of 0.22. When bottom friction is reduced the simulated wave height is shown to have a
better agreement with a scatter index of 0.11. This value was then applied to the entire duration
of the AWAC dataset, where the model can be calibrated for seasonal variations in a more
controlled approach. Figure 33 shows the model agreement between a parameter based model
with the AWAC data with regards to bottom friction. A line of best fit has been produced by
interpolating between the data points. This suggests that optimal bottom friction value is between
0.3 and 0.35. As the bottom friction value approaches the optimum value, the rate of change in
the scatter index is reduced. To get the optimal model calibration coefficients the model is run a
finite number of times. This provides a calibration curve (shown in Figure 33), where the
predicted lowest scatter index for the kn number was identified to be 0.32m. This value of bottom
friction was then applied for the SW model.
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Figure 33 Model Scatter index with regards to Nikuradse roughness

Further model calibrations focus on the alteration of energy dissipation across the frequency
spectra. This requires the manipulation of the δ coefficient within the white capping parameter
using the same technique applied when adjusting the wave height. Figure 34 shows the agreement
between AWAC and simulated data with regards to the wave period for the same time frame as
Figure 32. Due to the large storm event that occurred around the 8th of March 2012 the recorded
wave period data contained large amounts of potential errors and was therefore removed. Figure
34 shows the simulated output to be over predicting the measured mean wave period. By reducing
the δ coefficient to shift the energy dissipation away from the higher frequencies, the mean wave
frequencies can be lowered. This only affects the energy dissipation across the frequency
spectrum and the total level of dissipation remains constant. This mean the change in the δ
coefficient has little or no effect on the significant wave height. When the statistical method is
applied to the data shown in Figure 34, a δ coefficient equal to 0.5 has a scatter index of 0.218.
As the δ coefficient is reduced to 0.001 the scatter index becomes 0.17, resulting and a more
accurate simulation of mean wave period.

Figure 34 A direct comparison of model and measured data with regards to varying δ dissipation.
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The results of the calibration tests are shown in Table 4 and Table 5. Table 4 shows the results
from the monthly tests where the calibration terms are varied in order to find the best correlation
between wave height and period. The best results are obtained when the month specific calibration
terms are applied. Table 5 applies a 6 monthly time series to a range of bottom friction values,
these results are shown in Figure 33. Additional tests were also completed; however, these tests
looked at applying large values to the calibration parameter to assess the effects of these terms on
the wave climate.
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Table 4 Monthly calibration results for the Spectral Wave model.
Test
No.

Boundary Time

Wave
Breaking

Bottom
Friction

Whitecapping

Time
Steps

Reflection
Coefficient

Boundary/AWAC Comparison
Notes

A1

March 2012

γ

α

kn

Cdis

δ

0.8

1

0.04

4.5

A2

March 2012

0.8

1

0.04

A3

March 2012

0.8

1

A4

March 2012

0.8

A5

March 2012

A6
A7

Bias

RMSerror

SI

Bias

RMSerror

SI

0.5

-

N/A

Good correlation

-

-

-

-

-

-

4.5

0.5

175

N/A

-

-

-

-

-

-

0.04

4.5

0.5

1000

N/A

-0.06

0.53

0.18

-1.80

2.10

0.26

1

0.08

5.5

0.5

1000

N/A

36 directional bins, real
bathymetry and AWAC position
added
More wave parameter listed in
AWAC parameters
-

0.04

0.52

0.17

-1.77

2.07

0.26

0.8

1

0.02

5.5

0.25

392

N/A

-

-0.30

0.40

0.20

-2.05

2.53

0.30

March 2012

0.8

1

0.02

5.5

0.25

500

N/A

-

-0.12

0.61

0.19

-1.81

2.11

0.26

March 2012

0.8

1

0.001

6.5

0.1

500

N/A

-

-0.50

0.75

0.25

-1.91

2.20

0.27

A8

March 2012

3

1

0.01

4.2

0.75

95

N/A

-

-0.94

1.03

0.45

-1.40

1.69

0.19

A9

March 2012

3

1

0.2

9

0.75

500

N/A

Good correlation

-0.21

0.43

0.15

-1.81

2.10

0.26

A10

March 2012

3

0.5

0.27

9

0.75

500

N/A

Good correlation

-0.05

0.35

0.12

-1.74

2.03

0.25

A13

March 2012

3

0.5

0.27

9

0.01

500

N/A

Test for Tz correlation

-0.07

0.35

0.12

-1.18

1.55

0.19

A14

March 2012

3

0.5

0.27

9

0.01

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

A15

March 2012

3

0.5

0.27

9

0.00001

367

N/A

Wavegen breakwater added +
detailed mesh around the site is
too complex
Test for Tz correlation

-0.11

0.39

0.12

-1.14

1.52

0.19

A16

March 2012

3

0.5

0.27

9

0.00001

4

N/A

-

-

-

-1.09

1.39

0.18

A32

May 2012

3

0.5

0.32

9

0.001

250

N/A

0.19

0.25

0.17

-0.61

0.78

0.14

A33

3

0.5

0.32

9

0.001

250

N/A

-0.65

0.66

0.73

-2.11

2.26

0.42

A34

Constant:
Hm0=2m,Tp=10s,
θm=360°,DSD=5°
May 2012

Get wave data for nearshore
model
Good initial comparison using
wave spectra
Test northerly swell components

3

0.5

0.32

9

0.001

250

N/A

-

0.13

0.23

0.16

-0.75

0.96

0.17

A35

June 2012

3

0.5

0.32

9

0.001

250

N/A

-

0.17

0.21

0.22

-0.54

0.76

0.15
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Hm0

Tz

Table 5 Six monthly calibration results for the Spectral Wave model tests.
Test
No.

Boundary Time

Directional
Bins

Time
Steps

Whitecapping
Cdis

δ

Bottom
Friction
kn

Wave
Breaking
γ
α

Boundary/AWAC Comparison
Notes
Results are almost identical to
test that includes wind data, this
suggests that wind variation has
little effect on the domain
Reasonable, except directional
data comparison is poor

Hm0
Bias

RMSerror

SI

-0.098

0.372

0.192

-0.024

0.339

0.175

B1

Jan-June 2012

36

695

9

0.1

0.2

3

0.5

B2

Jan-June 2012

36

695

9

0.1

0.3

3

0.5

B3

Jan-June 2012

36

695

9

0.1

0.4

3

0.5

0.023

0.344

0.178

B4

Jan-June 2012

36

695

9

0.1

0.35

3

0.5

-0.001

0.334

0.174
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2.2.8 Wind Sensitivity Test
The simulation of wave conditions off the north-west coast of Lewis has currently neglected the
effects of wind. This section will look at the model domain and test the sensitivity to local wind
generated waves. Wind data was taken from a weather station at Bragar on the west coast of
Lewis. An average hourly wind speed is shown in Figure 35 for the month of February 2012.
This period shows a varying wind speed where peaks exceed 16m/s.

Figure 35 Wind speed from the shoreline weather station at Bragar for February 2012.

To determine the effects of wind on the simulated wave conditions two identical simulations
were run, where one included wind forcing and did not. These simulations used the same
computation mesh as the calibration tests. The results (shown in Figure 36) compare the Hm0
and Tz at the AWAC location. This indicates very little difference between Hm0 and Tz when
the no wind is included. The significant wave height shows almost no observable difference
when the wind data is included. The wave period comparison indicates a slight difference
between datasets on the 5th and 8th of February.
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Figure 36 Simulation outputs of Hm0 (Top) and Tz (Bottom) at the AWAC location with and without wind forcing for
part of February 2012.

When temporal difference in Tz is compared with wind speed, it shows that these regions of
increased difference occur during higher wind speeds (see Figure 37). A Pearson correlation
coefficient is calculated for Hm0 and Tz, this gives a result of 0.999 and 0.989 respectively. This
indicates that the two simulation have an extremely strong correlation.

Figure 37 Temporal relation between wind speed and Tz for simulation with and without wind forcing.
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The comparison between the simulations with and without wind forcing has revealed that it is
possible to ignore the inclusion of wind data without having a significant effect on the overall
result. The exclusion of wind may be allowed as a relatively small simulation domain is
considered. This may not be the case when larger areas are considered or if specific storm event
are the focus of a study.

2.2.9 Results and Discussion
The SW model provides several outputs. To enable a simple comparison the results are compared
using wave parameters. As the driving boundary input uses directional frequency spectra the
effects of bimodal sea states can be included within the model results analysis. The output
parameters covered in the SW model allow for the production of a time varying area plot, single
point wave parameters and single point directional frequency wave spectra. Single point time
series evaluated at the AWAC location enables a comparison to be made with the sensor data over
the six month time period. Figure 38 shows wave height variation for the entire modelled and
measured datasets. The highlighted green segment indicates the period of calibration for the
model, allowing the remaining AWAC data to be used for validation purposes. When the wave
height correlation is calculated for the extent of the measured data a scatter index of 0.13 is given,
this transpires to an agreement within 13% for the AWAC location. When the variance coefficient
is calculated for the mean wave period and peak wave period a scatter index of 0.14 and 0.07
respectively can be seen. For the most part the simulated results provide a good indication of the
recorded wave parameters at the AWAC site. The observed scatter index value for the peak wave
period shows a remarkable low value, this is partly due to the presences of long period swell at
the location. The slightly higher scatter index for the mean wave period may be caused by the
lack of wind data as the modelled waves propagate across the model domain.

Figure 38 Time series of model and measured wave height with calibration period highlighted in green.
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This shows the application of temporally calibrated wave model to a single point in the domain,
the distribution of wave energy can be assessed using spatial model outputs. To assess the spatial
distribution of wave energy the results are presented in a time averaged format. This sacrifices
temporal variation but provides insight into the spatial energy distribution. Figure 39 shows the
results of the annual simulation calibrated using the following parameters; white capping 𝐶𝑑𝑠 =
9, 𝛿 = 0.1, bottom friction kn = 1.2 and wave breaking 𝛾 = 5.5 and 𝛼 = 0.5. The plot shows a
cropped area of the domain to allow a more detailed look at the area of interest. A series of data
points shown in Figure 39 follows the 10m depth contour at 100m spacing. The results show a
reduction in wave height as the waves propagate to shallower waters. Further variations in wave
height along the coast can be seen around headlands and inlets. Regions of increased wave heights
are shown to be located in areas of exposed outcrops and regions of reduced wave height are
located in sheltered inlets. This spatial variation in average wave height is caused by bathymetric
variations resulting in wave refraction. The two locations shown within Figure 39 near Siadar
(marked as sites 1 and 2) indicate the locations of two nearshore planned development sites for
WEC arrays. The distribution of average wave heights along the coast provides important data
for the positioning of these potential developments. The modelled data suggests that site 1 has a
lower average wave height then site 2.

Significant
Wave Height
[m]

5km

Figure 39 Average distribution of wave height in metres for the north-west coast of Lewis.

When the average significant wave height at the 10m contour is plotted a more detailed analysis
of the shoreline resource can be undertaken. Figure 40 shows the average wave height from the
data points presented in Figure 39 along the easterly coordinate. Reference locations from Figure
39 are shown in Figure 40 as grey shaded regions. The observed relationship between maxima
and minima around headlands and inlets in Figure 39 is also shown in Figure 40. The results
suggest a 0.62m variation across the coastline with the peak resource being situated at the Butt of
Lewis. The Siadar site is located within the second highest level of resource, where sites 1 and 2
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can be seen in Figure 40 as 646200m and 647500m east (UTM 29) respectively. When a direct
comparison between sites 1 and 2 is conducted, site 1 is shown to receive a significant wave height
of 1.84m while site 2 that experiences a more energetic 1.98m.

Significant Wave Height [m]

2

1

Figure 40 Average significant wave height [m] across the 10m depth contour.

When the spatial distribution of wave power is presented as opposed to the previously presented
wave height (as shown in Figure 41), a similar result to Figure 39 can be concluded. Figure 41
shows a higher energy density in the more offshore regions, where a similar distribution of
focusing and scattering of energy around headlands and bays can be seen.

Significant
Wave Height
[m]
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Figure 41 Average distribution of wave Power in KW/m for the North West coast of Lewis.

When the nearshore wave energy is assessed at the 10m depth contour it is possible to see a similar
distribution along the shoreline. Figure 42 shows the nearshore wave power profile is similar to
the wave height profile. However the peak at the Siadar location appears to be significantly larger
than the westerly neighbouring peak. Further difference shows a reduction in the peak wave power
east of Galson (easting ≈ 6.53x105). These profile observations provide further details on the
relationship between wave height and wave power for the area. When sites 1 and 2 are compared,
site 1 has an average wave power of 25 KW/m and site 2 has a resource of 29 KW/m. The results
suggest that the lower resource at site 1 may not offer the optimum positioning for a hypothetical
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WEC array, nevertheless the average level of resource for both sites is deemed to be high and
other locational benefits may be taken into account such as sea bed type and existing local

Wave Power [KW/m]

infrastructure in positioning of arrays.

Figure 42 Wave power (KW/m) across the 10m depth contour.

The directional power distribution for sites 1 and 2 is plotted in Figure 43. While both sites are
relatively close a difference in directional distribution is shown. Site 1 indicates the peak direction
originating from a more westerly direction when compared to site 2, with a significantly higher
percentage of wave energy coming from the main lobe. This allows the quantification of the
potential energy resource from a certain direction. Site 1 experiences 35% between 295° and
305°resulting in the average directional wave energy of 8.75KW/m. Site 2 experiences 29% of
the available energy between 305° and 315°, this results is an average directional resource of
8.41KW/m. This provides the average energy from a range of directions, allowing an estimation
of the energy resource for a directionally dependent device. By specifically looking at the
directional resource, site 1 is shown to have a potentially higher average resource. However this
is only for a narrow directional bin and the average energy absorptions of a device strongly
depends on the devices capabilities of capture over a range of directions and frequencies. The
values provided in this study were calculated over a large model domain and on a relatively course
grid for the purpose of monitoring changes in wave climate. Further research using a finer mesh
grid should be conducted for a more detailed resource assessment for any array scale
development.
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Figure 43 Wave power rose for site 1 on the left and site 2 on the right.

While the presented model provides a good agreement with measured data, the model does not
account for all environmental processes. The shallow nearshore nature of the AWAC location
may provide a better result if additional processes, such as shoreline reflection and actual
diffraction terms were included. Additional improvements may use multiple calibration points
from multiple wave sensors. A second AWAC was deployed approximately 500m south-west of
the one used in this study; however the data from this device was unavailable at the time of the
study. Due to the location of the used AWAC and its proximity to the proposed WEC development
sites, the spatial degradation of the accuracy of the result is minimal. The level of uncertainty
surrounding the accuracy of the result increases with distance away from the temporally calibrated
AWAC position.
Further work on quantifying the available wave resource for the west coast of the Isle of Lewis
and the rest of the Outer Hebrides is shown in Christie et al [66]. This study expands the area of
interest and uses multiple device calibration and validation. Due to the difference in domain size
another calibration method was applied. The results provide detailed wave energy information for
a high resolution. Further research into resource assessment may wish to include a spectral
calibration process that includes wave calibration over the whole directional frequency spectrum.
Care should be taken as this will incur large computational cost due to the storing of multiple high
resolution datasets.
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2.2.10 Conclusion
A calibrated and validated numerical wave model using the SW module has been developed and
applied to the Outer Hebrides; this model simulates nearshore wave spectra and other wave
parameters relevant to wave energy application. The model results show a good agreement with
the measured data from the AWAC showing a wave height scatter index of 0.13 and mean wave
period scatter index of 0.14. The peak wave period scatter index was calculated at 0.07. The
agreement of the peak wave period value is expected to be lower than the mean wave period due
to the high occurrence of dominant long-period swell. This model provides a good representation
of all wave parameters for the location of the AWAC. The variations observed within the wave
period dimensions could be attributed to slight evolution of the wave spectra caused by local
wind. More data may be added to the model to increase model accuracy; this would include local
effects of wind across the model domain. Due to the small domain size, the effects from internal
wind generated waves were shown to be minimal.
The spatial distribution of wave heights across the area of interest demonstrates a general increase
in wave power in deeper waters. When shallow nearshore regions are considered increased wave
power can be seen around exposed outcrops, while a lower wave power is observed in shelter
inlets. When the proposed WEC array sites of Siadar 1 and 2 are compared, the surrounding
bathymetric variation causes the focusing of waves towards site 2 resulting in a higher average
wave height. The distribution of resource at the 10m contour shows the average wave power at
sites 1 and 2 as 25 KW/m and 29 KW/m respectively. Additional data presented within this study
quantifies and presents the average distribution wave height across the 10m contour on the northwest coast of the Isle of Lewis. This provides a suitable base model for the application a WEC
array, where multiple devices can be implemented. The results of which will provide important
information on the potential wave-device integrations around the coastline.

2.3

WEC Implementation within the SW Model

When considering the simulation of hypothetical wave energy devices and arrays within the SW
model, there are several methods that can be applied to replicate the extraction of wave energy
from the model domain. A small number of studies using the SW model and SWAN have used
solid or porous structures that remove a certain percentage of wave energy across the entire
domain [37; 39; 40]. This section reviews and tests several methodologies for the simulating
OWSCs. The results of which will be applied within a small array to assess implications. The
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methodologies presented in this section were published in a peer reviewed proceedings of the 10th
European Wave Tidal Energy Conference [67].

2.3.1 Device Type and MIKE 21 SW
As the current version of the SW model has no specific facility for simulating WECs, this study
explores three possible methods of removing energy from the model domain.
Technique -1 WEC as a Source Term: This method uses a spectral wave based tool that applies a
source term to a location to simulate the presence of a structure. The source term approach
removes energy using a decay term. For energy density E(σ, θ), group wave speed cg, mesh
element area A and reflection coefficient c, the source term, s is given by
𝑐
𝑠 = − 𝑐𝑔 𝐸(𝜎, 𝜃)
𝐴

2.37

The size and shape of the structure can be altered to suit a specific device. Wave directional
absorption occurs as a constant value across the directional domain, this is a result of no way of
implementing directional absorption sensitivities for a given structure. Wave reflection is not
included when a source term structure is situated within a model. This study used the default
circular pier with a diameter of 20m.
Technique -2 WEC as an Artificial Island: This method of applying a WEC in the SW model
employs a user defined polygon structure. The location, size and shape of the structure are
included when the mesh is created. As this study is focusing on an array of nearshore OWSC the
dimensions of the structure are set to 20m x 3m. Polygon structures within MIKE 21 SW are
interpreted as islands and therefore allow a 0% energy transmission with no predefined reflective
capabilities.
Technique -3 WEC as a Reactive Polygon: This method is similar to the artificial island polygon
but the up- and down-wave device boundary conditions are modified to produce driving
boundaries, where a given wave spectrum may be emitted. The absorbed spectra are transformed
according to the directional frequency relation and re-emitted down-wave, while the up-wave
boundary comprises device reflection spectra. The Reactive Polygons structures used within this
study have device dimensions of 20m x 3m.

2.3.2 Directional Absorption
When the wave-device interactions for the Reactive Polygon boundaries are considered the
energy propagation up- and down-wave can be effectively controlled. As most wave surge
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oscillators are directional, only a certain proportion of the directional wave spectra can be
absorbed. A formula for the directional absorption coefficient was outlined in [68] and is shown
as
𝑘(𝜃) = 0.8 + 0.2[𝑎𝑏𝑠(cos(𝜃𝑑𝑒𝑣𝑖𝑐𝑒 − 𝜃𝑤𝑎𝑣𝑒 ))]0.5

2.38

where (θdevice - θwave) is the angle between the device and the incident wave direction. This formula
produces a curve with a maximum of 1 for the device when device angle and wave direction are
equal. As the incident wave angle diverges from the device angle the absorption coefficient is
reduced. This assumption assumes 80% of the wave energy travelling at 90° to the device is
absorbed. As this is not the case for a wave surge oscillator this formulation was modified to
𝑘(𝜃) = [ℝ√cos(𝜃𝑑𝑒𝑣𝑖𝑐𝑒 − 𝜃𝑤𝑎𝑣𝑒 )]

2𝑛

2.39

where n is the directional spread of absorption and ℝ implies the real part of the square root (thus
ensuring that no energy is absorbed above or below 90°). If this equation is plotted the effects of
n can be seen (shown in Figure 44). As n increases the curve becomes narrower but the peak
remains at a constant value of 1. This provides a uni-lateral directional abortion coefficient, where
energy is only absorbed when it propagates in one direction across the device. This expression
shows that as a device gets more directionally sensitive the amount of total absorbed energy
reduces as the area under the graph reduces.

Figure 44 Modified directional absorption coefficient.

When the modified directional absorption is applied to the incident wave spectra at the device
location the energy propagating within ±90° will be absorbed dependent on the device relative
direction. This study will use an n value of 2 as it shows a relatively large absorption width
associated with a well-designed device.
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2.3.3 Frequency Absorption
As modern devices are designed to actively resonate with their local wave climate the notion of
extracting the same proportion of energy from all frequencies produces an unrealistic Power
Transfer Function (PTF). The PTF of devices varies considerably and is dependent on the device
and incident wave climate. Currently the energy absorption of a device relative to the incident
wave spectra is unavailable. This has led to the development of an approximation that uses a
Gaussian curve to simulate energy absorption based on adjustable values from [69] and more
recently applied in [37]. This assumption is used to demonstrate the application of PTF and can
be shown as
𝑃𝑇𝐹(𝑓, 𝑓𝑐 , 𝜎) =

1
𝑎𝜎√2𝜋

𝑒𝑥𝑝

(−

1 (𝑓−𝑓𝑐)2
)
2
𝜎2

.

2.40

Here, fc is the peak energy frequency, α is an adjustable absorption coefficient and σ is the curve
bandwidth. For this purpose α is set to 40, this produces an absorption coefficient of 1 when the
width is set to 0.01. Figure 45 shows the relationship between σ and the potential absorption
coefficient. As this is a Gaussian formula the amount of energy absorbed remains constant,
allowing similar power rated devices to extract different amount of energy according to device
design. This study uses a σ value of 0.01, this represents a well-tuned device with maximum
absorption, providing a realistic high absorption rate.

Figure 45 PTF with varying σ values
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2.3.4 Directional Frequency Absorption
To simulate the device energy absorption from a directional frequency spectrum both the direction
and frequency absorption coefficients should be applied. The absorption spectra (Sabs) can be
shown as
𝑆𝑎𝑏𝑠 = 𝑆(1 − (𝑘(𝜃). 𝑃𝑇𝐹))

2.41

where S is the incident directional frequency spectrum at the WEC location. The absorption
spectrum consists of the transmitted wave energy as the directional and frequency dependent
energies have been removed.

2.3.5 Device Reflection
As waves pass a device, energy is absorbed from the incident wave spectra. However, a proportion
of the remaining energy will also be reflected by the device. The amount of reflected energy
depends on multiple factors; this study uses a simplification based on work by [70]. This briefly
states that a well-tuned wave surge oscillator in a 2-directional field shows an approximate 50%
reduction in total incident wave energy, 25% is transmitted in the direction of wave propagation
and 25% is reflected. This suggests that approximately 50% is absorbed then 50% of the
remaining absorption spectra should be reflected and transmitted from the up and down-wave
device boundary. When the absorbed and reflected waves are shown in the frequency domain for
an example sea state, the magnitude of the reflected and absorbed wave spectra can be seen (see
Figure 46). The transmitted frequency was calculated using equation 2.40. The reflection
spectrum is 50% of the transmitted spectrum with a directional phase shift of 180°.

Figure 46 Wave-device interactions and the frequency energy distribution of an example sea state.

79

2.3.6 Theoretical Single Device Modelling
To determine the best possible method for modelling WEC performance in the SW model each
technique was tested using a theoretical domain. The model domain extends from a 100m depth
with a mesh resolution of approximately 15m that reduces around the devices to 3m. The
simulation was run using a JONSWAP wave spectrum with a peak enhancement factor of (γ)
equal to 3.3, resulting in the production of wave parameters Hm0 = 2m, Tp = 10 seconds, mean
wave direction= 270° and a directional standard deviation = 5°.

2.3.7 Theoretical Single Device
Figure 47 shows the spatial distribution of wave power for each hypothetical WEC. The Source
Term modelling technique depicted in (a) shows a wave shadow with a small reduction in wave
power behind the WEC device that is extended far down-wave. The Artificial Island structure
modelling labelled as (b) shows a large reduction in wave power behind the hypothetical device
with no alteration to upstream wave field. The Reactive Polygon structure technique (c) shows a
similar downstream wave shadow, however there is a significant reduction of the absorbed wave
energy resulting in a smaller reduction in wave power down-wave of the device. The up-wave
wave field in (c) shows a significant increase in power by reflected waves that reduces as the

y [m]

distance up-wave of the device increases.

x [m]

x [m]

x [m]

Figure 47 Wave-device interactions for (a) Technique-1 as Source Term, (b) Technique-2 as Artificial Island (c)
Technique-3 as Reactive Polygon structure for the reference sea state in UTM coordinates.

To better quantify the change in the spatial wave power distribution as a result of varying device
modelling techniques several transects of the domain were reviewed. In Figure 48 a deviceperpendicular transect is considered. This transect extends from 150m up-wave of the device to
750m down-wave. The Source Term technique shows a small peak reduction in wave energy of
2 kW/m a few metres leeward of the device. As the distance increases down-wave the wave
power shows a small increase with a slow regeneration rate. The Artificial Island technique shows
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a large peak reduction in wave power of over 14 kW/m leeward of the device. As the distance
down-wave increases the change in wave power is reduced. The rate of regeneration shows an
inverse exponential relationship that becomes less than that of the Source Term method at 450m
down-wave of the device. The Reactive Polygon technique shows an initial wave power reduction
of approximately 5.5 kW/m a few metres behind the device with a similar inverse exponential
rate of regeneration as the down-wave distance increases. The rate of wave power regeneration
of the Reactive Polygon method is almost equal to the incident wave energy at 700m behind the
device. This regeneration in wave power behind the device is a result of wave spreading as
diffraction is not included. When waves propagates past the device the directional wave
components pass into the space behind the device, this occurs on a greater scale further from the
device which results in the regeneration of the wave climate. The up-wave wave interactions show
a slight reduction in wave power for the Source Term and the Artificial Island methods. The
Reactive Polygon method shows a small increase of 2 kW/m in front of the device, this is shown
to reduce as the distance from the device increases.

Figure 48 Change in wave power along the perpendicular transect where y = 500 for each method of modelling a
device presented in Figure 47.

When the cross device wave power distribution is plotted at 100m, 300m and 600m behind each
device then the evolution of the propagation of the change in wave power can be seen. Figure 49
shows the wave absorption behind the device, where the device is located in the centre of the plot
at x = 500m. The transects were taken 100m, 300m and 600m behind the device. The results show
as the distance increases down-wave the change in wave power is reduced. The 100m transect
shows the Artificial Island method having the maximum absorption of 3.5 kW/m, the Reactive
Polygon and the Source Term method shows a significantly smaller reduction of 2kW/m. For the
closest transect all experimental techniques show a narrow absorption bandwidth. With increasing
distance down-wave, the magnitude of the change in power decreases. 600m behind the device
the Artificial Island and the Reactive Polygon methods show a small reduction in wave power
when compared to the incident wave power. The Source Term method shows a small reduction
as the distance increases from 100m to 600m, this results in the eventual overtaking of the Source
Term method by the Artificial Island. Analysis of the spread of the absorption bandwidth shows
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that the spread increases for the Artificial Island and the Reactive Polygon devices as distance
increases. For the Source Term device there is little alteration from the 100m to the 600m transect.
Only the Reactive Polygon device shows upstream wave-device interactions.

Figure 49 Change in cross device wave power where (left) x = 300m (middle) x = 500m and (right) x = 700m behind
the device in Figure 48. This corresponding to 100m, 300m and 500m behind the device.

When a device parallel transect is taken 50m up-wave of the device the change in wave power
from reflective processes can be seen in Figure 50. The Reactive Polygon device shows an
increase in wave power of 1kW/m, whereas the other method of simulating devices shows no
alteration in the up-wave wave power.

Figure 50 Change in wave power from a device parallel transect 50m in front of the device.

When the down-wave wave shadow transects of each hypothetical device are compared with
existing literature, the profile shape of the parallel transect of the Artificial Island and Reactive
Polygon devices show similarities to that of the work from [39]. However, as the diffraction
smoothing was not calibrated this comparison is somewhat limited. This may result in the
propagation of the wave shadow that only provides an insight into the reduction of wave power
behind a device and may not provide a realistic solution. As the proposed WEC array is located
nearshore, the observed large rate of diffraction shown in this study becomes less significant as
the distance to the shore is limited. The energy transmission coefficient was calculated for each
absorption technique. The results show a similar pattern to the wave power transects, where
techniques 1, 2 and 3 have an energy transmission coefficient of 0.88, 0.00 and 0.50 respectively.
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This indicates that immediately behind the device the Source Term allows the majority of the
wave energy to pass, the Artificial Island allows no energy to propagate across the device and the
Reactive Polygon allows half the energy to pass through a device. While techniques 1 and 2 do
not account for wave device reflections the Reactive polygon technique has an increase in power
of 10.6% when compared to the incident wave field. For the purpose of this study the energy
transmission coefficient itself is less of a significance, as the value of the coefficient is dependent
on the incident wave directional standard deviation and the directional frequency absorption
parameters applied to the Reactive Polygon.
The single device interactions show that while the Source Term technique is quick to apply within
the SW model, further application of the structure is limited due to the restricted control over
energy transmission. The Artificial Island technique provides a representation of a solid structure
with 100% wave power absorption. The shape of the structure can be varied but the inability to
select absorption below 100% is a severe limitation. The Reactive Polygon technique allows the
use of a more realistic energy transmission, where wave absorption is dependent on the incident
direction frequency spectra. In addition the up-wave boundary of the device allows the
propagation of a reflected wave that is dependent on the device absorption. The adaptability of
the Reactive Polygon method provides the most realistic device simulation for modelling the
potential impacts of an array in this study. The following section will briefly review the effects
of multiple Reactive Polygon structures in close proximity in a theoretical domain.

2.3.8 Theoretical Array Modelling
For a multiple device test domain, extra polygon structures were added to the north and south of
the previous single device mesh. In total, three devices were simulated, allowing for down-wave
wake interaction without incurring additional complexities. A device linear device layout was
applied with a spacing of 30m between the devices. This simulation uses identical model
parameters as in the single device tests with the same reference sea state. Figure 51 shows the
spatial wave-device interaction for three hypothetical devices.
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Figure 51 Wave power distribution around multiple Reactive Polygon devices for the reference sea state.

The results show a large down wave reduction in wave power behind each device. As the down
wave distance increases the individual effects of each device lessen and merge into a general
reduction in wave power. The upstream results show a similar pattern, where individual device
reflections propagate and decay into a general increase in wave power as the distance increases.
When the change in wave power is considered a device parallel transect for the central device in
the array is shown. Figure 52 shows the down-wave wave climate with a greater reduction in
wave power. The rate of wave power regeneration shows a significant change approximately 40m
behind the device. The up-wave wave climate shows an increase in wave power that diminishes
as the distance upstream increases. The maximum increase in the observed power change for the
multiple device tests shows a larger increase than experienced for a single Reactive Polygon
WEC. Additionally the down wave change in wave power beyond 40m shows an increase in
change. This indicates the presence of a cumulative device effect even at close proximities to the
individual devices.
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Figure 52 Change in wave power along a device perpendicular transect that bisects the central WEC for a small array
and a single device.

When the device perpendicular transects are considered for distances of 20m, 40m , 60m, 100m,
300m, 600m behind the array, the evolution of wave absorption is shown in Figure 53. The 20m
transect shows three clear peak reductions at x = 440m, 500m and 560m, indicating the presence
of the individual devices. As the distance behind the device increases the definition of these peaks
are reduced. At 100m downstream there is little sign of individual devices. As the distance
increases further, the flat troughed profile broadens resulting in a curved profile with the peak
absorption located at the centre of the array.

Figure 53 Change in wave power in lee of the device array plotted in distance across the y axis.

The up-wave absorption shows a similar profile for the near device transects. When the 20m upwave transect is plotted (see Figure 54), the individual device reflections can be seen. As the
distance increases, the 50m transect shows a reduction in the magnitude of increased wave power
with less defined peaks for the individual device reflections. At 100m in front of the device the
reduction in wave power is less severe. The individual device reflections have reduced and
merged into a single peak with the largest increase in wave power at the centre of the devices.
The results of the theoretical model show a significant increase in the change in wave power
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around the devices when compared to the individual device results, where the highest change can
be seen towards the centre of the array.

Figure 54 Upstream change in wave power for a series of transects on the y- axis.

The larger change in wave power observed in the array test will result in a greater propagation
distance of wave-device interactions. This gives a larger wave shadow down-wave and a larger
reflective effect up-wave. By including individual devices the down-wave device interactions
can be monitored as distance from the devices increases. The results show that the individual
device reductions in wave power can be measured up to 300m behind the device. The up-wave
results show a smaller absolute change in wave power, where the observed individual device
reflections do not exceed 100m up-wave of the array. This suggests that when modelling the long
distance propagation of the wave-array interactions, blocks of WECs may be used. However, as
the propagation of the wave shadow depends on the incident wave directional spreading, the
distances shown within the theoretical tests will vary as the incident wave field changes. As this
study considers effects of nearshore WEC arrays, the short distance from device to shoreline will
require the use of individual devices to be included within the model.

2.3.9 Conclusion
The presentation of three proposed methods of simulating WECs provided behavioural
characteristics regarding wave-device disturbances. While all three methods allow the removal of
wave energy from the SW domain with individual device resolution the Reactive Polygon method
provides a much more inclusive method of simulating WECs. In addition the adaptability of the
absorption and reflective wave spectra enables the Reactive Polygon method to be applied for
almost any WEC type. The results of the multiple device simulation show a similar distribution
pattern and magnitude when compared to existing research based on experimental data. This
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demonstrates the potential application of the Reactive Polygon method that can be applied to a
case study, examining the effects of a large scale array deployment.

2.4

Large Scale Simulation of WEC Array on the NorthWest Coast of the Isle Lewis

2.4.1 Model Setup
The method shown to simulate hypothetical devices was applied to the same bathymetry and wave
data used in section 2.2. The domain construction used a variation of the original mesh for the
simulation. These alterations include the addition of 30 Reactive Polygon structures at the location
of the proposed Aquamarine Power deployment site (site 2 in Figure 39). The devices were
positioned in a linear distribution along the 10m depth contour. This provided a small change in
the distribution of mesh elements around the site of interest. All other model parameter including
input data (wave and tidal variations) remained identical to the base model.

2.4.2 Results and Discussion
The WEC array domain was run for the same time period as the base model. This study reviews
the potential changes in spatial wave power for the winter (Dec 2011 - Jan 2012), summer (Jun
2012 – Jul 2012) and yearly average conditions (Dec 2011 – Nov 2012). To provide a detailed
comparison the percentage change for each node is calculated. As the number and location of
mesh nodes between the different domains varies, the base model data was interpolated to match
the WEC mesh. Figure 55 shows the percentage change in the wave power around the devices for
each representative spectrum. The location of each device is indicated by a large reduction in
power leeward of the device (≈-25%) accompanied by a large increase of power in front of the
devices (≈+25%) as seen in the theoretical tests. As there is a large variation in seasonal wave
spectra the percentage change in wave power is considered. The distribution of the change in
wave power shows the southernmost devices within the array causing a larger impact on the
existing wave climate. Further observations show groups of reduced wave power located at the
southern and northern end behind the array. The winter average shows a high level of reduced
wave power down-wave of the devices with a high increase in up-wave wave power. The summer
results show a lower change in the percentage wave power behind the devices, with an average
change of -5% to the very nearshore location. The annual average shows a similar distribution of
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the change in wave power in lee of array compared to the winter period, however large areas of
significant changes in wave power up and down-wave of the array are present.

Change in
Wave Power
[%]

Figure 55 Percentage change in wave power behind multiple Reactive Polygon structures in UTM-29 coordinates.
Top left: winter average, bottom left: summer average and right: yearly average.

Figure 56 shows a perpendicular transect that bisects the central device. The results show a large
reduction in wave power behind all devices with the largest reduction of -15% for the winter and
full year averages. The summer seasonal average produces peak values for the change in wave
power of -11%. As the distance down-wave increases the change wave power reduces and returns
to the pre-device level at approximately 320m behind the device, this value continues increasing
and peaks at 420m behind the device with an increase of 2.5% for the winter and yearly results
and 1.8% for the summer average. As the distance further increases a second reduction in wave
power occurs. This second reduction in wave power occurs in very shallow water, as the SW
model may not provide accurate convergence for regions of very shallow and/or complex areas,
these results may be unreliable and should be disregarded. The up-wave results show a peak
change in wave power of above 15% for all representative sea states. As the distance up-wave
increases the change in wave power shows a slow decay that propagates beyond 3km. This shows
while the reflection contains a small proportion of the incident wave energy the combined upwave propagation causes a significant change to the surrounding wave climate.
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Figure 56 Change in wave power along the central device perpendicular transect for each seasonal average.

A down-wave transect was taken parallel to, and approximately 350m behind, the central device,
extending beyond the width of the array (see Figure 57). The results show no sign of individual
device absorption at the location of the transect. This is in accord with the theoretical domain
results. The distribution in the change in power shows the cumulative effects of the wave shadow
for all time averaged results. The winter and year averaged results show two regions with
increased reductions in wave power. These regions have a peak reduction of 8% and 9.5%. The
summer results show a similar variation as the winter and yearly average, however, the central
reduction in wave power is much broader with the northern end of the array showing a reduction
in variation for the most part. As the transect extends beyond the area directly behind the array
the results show an increase in wave power either side of the array for the winter and year averaged
results. These results show that the more energetic winter wave conditions cause a larger change
in wave power.

Figure 57 Change in wave power 300m behind the array for a device parallel transect.

A further transect is taken approximately 300m up-wave of the central array device, the results
are shown in Figure 58. The cross-section shows an increase in wave power from end to end of
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the array, with the largest increase located at the southern end of the array with an increase in
power of 12.7% for the winter time period. For all test conditions the change in wave power at
the end of the array tails off. The summer results show a more even distribution of increased
power across the upstream transect when compared with the winter and year averaged results. At
the northern end of the array a large difference between the winter, annual and summer results
can be seen. This difference is likely to be caused by a significant change in the incident wave
climate. The winter and year results show a very similar distribution, however the summer
average has a general lower magnitude of percentage change. This observed alteration in the
distribution of the percentage change may be caused from a seasonal directionally varying wave
climate. This change in incident wave climate causes a significant difference for the absorption
and therefore reflective spectra for each device.

Figure 58 Change in wave power 300m in front the array for a device parallel transect.

The year duration of the simulation allowed the possibility of reviewing the potential changes in
wave climate during storm events. During these periods device behaviour changes dramatically,
where energy absorption will no longer be the main interest. This may affect the physical
operation of a device that may result in the device being locked in a position to minimise
movement and therefore damage. The current model does not account for this behaviour and
assumes normal device operation, this may led to an overestimation in the absorption of energy
in these storm events.
The application of the Reactive Polygon technique to the regional bathymetry around the northwest coast of Lewis shows potential for significant nearshore changes to the wave resource. The
spatial results show a varying absorption of individual WECs that results in a cumulative
reduction in wave power behind the array. This method also includes the up-wave wave-device
interaction that shows a large increase in the up-wave wave power. By using transects to review
the data it can be seen that the incident wave spectrum plays a significant role when assessing the
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effects of an array on the surrounding wave climate. While seasonal averages provides a good
approximation to the spatial change in power they exclude the temporal variation containing
extreme results. When the results of this study are compared with existing literature the downwave interactions show a similar energy distribution when compared to single rows of devices
tested in [39; 42]. However, a detailed comparison of wave-device interactions is limited due to
the nearshore nature of the array. As very few studies have included device reflected interactions
this further limits the comparison of this study with other Spectral Wave models. The further
implication of the results presented in this study can be applied to different research areas. If
observed energy change along the array is assessed, there is an increased likelihood in the change
of sediment dynamics due to this net longshore variation in wave power. As the simulation does
not include the effects of sediment transport it is impossible using this study alone to quantify
this. Nevertheless, it may play an important role with regards to local stakeholders and should be
considered.

2.4.3 Large Scale Array Conclusion
This study has presented a method for implementing a large scale wave array using the SW model.
Due to the adaptability and perform of the Adaptive Polygon method detailed device performance
characteristics could be included and applied to north-west coast of Lewis. While the method
shown uses hypothetical device characteristics for a generic well-tuned device, the frequency
power capture profile can be easily be changed to represent a specific device.
The results show the more complex Reactive Polygon method that provides the most realistic
simulation, due to the inclusion of variable directional-frequency profiles. When the Reactive
Polygon technique was applied to the average winter, summer and annual wave conditions for a
proposed 30 device array, the changes to the wave climate were observed. The results indicate
the average yearly reduction in nearshore wave power of 5%, this value increases to a maximum
of 9.5% for the average winter conditions. The up-wave results show an increase in percentage
change in wave power, where the yearly average shows an increase of approximately 7.5% that
extends as high as 12.7% at the southernmost end of the array. The results show that the spatial
distribution in wave power is strongly based on the device-incident wave climate and the device
absorption parameters. This study shows that the inclusion of the reflective wave field provides
important information not only for environmental effect but for regions with multiple WEC
developments, where reflected/scattered waves may alter the existing resource at neighbouring
development sites. The method shown within this study was applied to the current environment
conditions, it should be noted that the values and results presented were not intended to represent
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a particular device. The representation of the device simulated in study was merely used to
demonstrate the methods of device simulation.
The further development of the processes to quantify the change in wave climate due to WEC
arrays has provided a new technique for simulating WECs, this has been applied on a regional
scale using the MIKE 21 SW model. The predicted change to the surrounding wave climate
provides an insight into the potential effects an array may have on this location. The proposed
simulation has few limitations, however, the non-validated deceive reflection and absorption
characteristics limit the applications of the results presented. Additional work should focus on
including a realistic diffraction term that allows for a more appropriate regeneration of wave
energy behind a device within MIKE 21 SW model.

2.5

Discussion and Conclusion

A regional scale assessment of wave-device interactions has been shown using various methods
within the MIKE 21 SW model. This used a combination of simulations to identify the present
resource for a given site and assess methods for WEC simulation. This yields several key outputs
including a validated wave resource map of the north-west coast of Lewis and a new method of
implementing WEC arrays within the SW model.
The resource map confirms that that the reviewed coastline offers extremely high wave energy
resource. When compared with other wave energy test sites. The Isle of Lewis not only has a
much larger resource but also experiences longer average period waves. The seasonal variation
in wave energy between summer and winter provides a good resource with potential maintenance
periods.
The simulation of the wave devices used three possible methods. The Reactive Polygon method
provides clear advantages due to the inclusion of directional frequency absorptions and reflective
processes. The testing of the device as a simple array allowed the performance of the devices to
be monitored. The Reactive Polygon was applied in large numbers at the site of the covered by
the resource assessment. A combination of the resource assessment simulation and the adapted
model domain allowed the device interactions to be assessed. This showed large reduction in
wave power behind the array with increases in front. Seasonal variation in the wave climate also
provided a varying difference in percentage wave power around the array. Individual device
performance varied due to changes in incident wave conditions, this led to the more southerly
device showing a larger change wave interactions. While this method provides a good method for
simulating a device, the multiple boundaries associated with each device may cause some user
handling problems; care should be taken when applying to large scale arrays.
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3.

Energy Sinks within the Boussinesq Wave
Model

3.1

Introduction

This section reviews methods of implementing a WEC within the MIKE 21 BW model using
porosity layers. The current method for implementing porosity layers provides very limited
application of these layers. This causes several restrictions when attempting to simulate WECs.
This section address a few of the limitations by quantifying the reflection and absorption for
varying porosity layer dimension and values in for varying wave conditions. This focuses mainly
on very small porosity layers that may be used to represent bottom hinged flap like devices. This
provides a better understanding of the porous layer and enables the use of very small layers that
have a physical dimensions similar to that of a WEC. Porosity layers are then applied to simulate
a WECs, where the spatial variation in wave disturbances are quantified.

3.2

Breakwater Simulation

A simple model was initially created to identify the required simulation parameters for the BW
model. As the focus of this study is on nearshore OWSC devices a constant depth of 10m was
assigned for the proposed domain. As recommended by DHI, the BW model setup planner was
used to provide the input values for the simulation, where basic parameters such as time steps and
resolution were suggested. This process uses very basic information and is intended to be used as
a guideline. The setup planner results and initial model familiarisation yielded a domain size of
500 by 200 cells, with a 2m grid resolution. The outer perimeter of the domain required a positive
elevation. This was assigned a value of +10m, creating a basin like domain. A time step of 0.15s
was applied, and this resulted in a maximum Courant number of 0.743. This value is well below
the DHI recommended maximum value of 1. The remaining basic model parameters were kept at
their default values. An internal Wave Generation Line (WGL) was used to simulate a
monochromatic wave across the entire westerly boundary. This comprised of a 1.5m, 10s
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monochromatic wave that was created within the wave generation toolbox provided within the
Mik21 software.

3.2.1 Energy Absorption (The Breakwater)
The inclusion of energy absorption within the simulation can be done using solid structures,
sponge layers or porosity layers. Other more complex methods using internal WGL may also be
applied. This latter method has not been demonstrated and exists purely as a conceptual absorption
method. These potential methods of energy extraction are described in more detail below.


A solid structure is the simplest and most rudimentary method of simulating absorption; this
is applied within the bathymetry file. The solid nature of the simulated device permits no
energy transmission, resulting in a poor solution to simulating a tuned WEC. The solid nature
of the device promotes high reflective values which are uncontrollable. The application of
this type of absorption has been applied in Venugopal et al [46] to simulate an OWC
(Oscillating Water Column). The physical parameters of the proposed OWC allow the
simulated solid walled structure to provide an adequate solution. However, for devices where
energy is transmitted through the device, a solid structure method provides a poor
representation. Due to the uncontrollable reflection and transmission this method shall no
longer be considered.



Sponge layers provide wave dampening effects thought the absorption of wave energy as
waves pass through the layer, where dissipation is controlled by the sponge values. The
main application of a sponge layer is for the total dissipation of wave energy, similar to that
experienced on a beach or by a totally absorbent WEC. This has previously been applied to
the overtopping region of the Wave Dragon device [47] .



Porosity layers are shown to be the most common method of simulating WEC absorption in
the literature [24; 71; 72]. The installation of a porosity layer allows partial transmission of
wave energy. This method provides a much more controllable absorption, transmission and
reflective hypothetical device.

3.2.2 Porosity layer Absorption
Porosity layers enable the partial transmission of wave energy through a structure, where the rate
of energy decay is dependent on the porosity value and structural dimensions, providing an easily
adopted and controllable device performance. The removal of energy within the porous structure
uses additional laminar and turbulent friction terms based on previous work by Madsen [73]. This
method dissipates energy from the flow throughout the structure, where a uniform absorption is
applied across all frequencies.
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The application of porosity layers has shown a good agreement with physical model tests [24; 71;
72]. The simplicity of applying multiple devices using porosity layers favours this method for
array layout optimisation studies. Due to energy dissipation terms the required thickness of a
porosity layer is specified as 0.25.λ, where λ is the wavelength of the peak energy frequency
component. This results in a large porous structures for high energy environments. The elongation
of devices beyond their physical size may satisfy porosity guidelines, but will alter the spatial
change in wave power around the device causing unrealistic results. For this reason thinner
porosity layers will be tested, where device disturbances are monitored in order assess the
possibility of using porosity layers with the same physical dimensions as the WECs.
DHI provide a toolbox to help tailor the transmission and reflective values of a structure. This is
dependent on structural incident wave height, period and depth. For the simulation of OWSC
energy transmission is essential, this must be selected within the toolbox. Other dissipation terms
are included but remain at their default values, where the particle diameter is 0.2m, laminar
resistance coefficient equals 1000 and the turbulent resistance coefficient is 0.2. The output of
this toolbox provides a table, where the reflective coefficients and energy transmissions relate to
a porosity value. An example of this is shown in Figure 59, where a reflective coefficient of 0.5
results in a porosity coefficient of 0.8, and an energy transmission coefficient of 0.19.

Figure 59 Reflection and transmission coefficients used for calculating porosity for a 1.5m, 10s wave in 10m water
depth.

The agreement between the predicted reflection coefficient (Krp) and the measured reflection
coefficient (Krm) for the given porosity structure were tested and compared. The porosity layer
parameters were then defined to adhere to the porosity structural dimension recommendations,
where the incident wave parameters produced a wave with λ = 92m. This requires a recommended
minimal porosity layer of 23m, given the 2m grid resolution this produced a porosity comprising
of 13 cells (26m). This is shown in Figure 60, whereby a value of 0.8 was set for the porosity
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layer and 1 for the surrounding domain. A porosity of 1 provides no dissipation from porous
energy absorption.

Figure 60 Porosity layer showing the location of the breakwater, with a porosity value of 0.8.

The simulation was run for 12,000 time steps, covering 30 minutes, after which the wave
disturbance relative to the incident wave can be viewed. The results for the semi-permeable
breakwater are shown in Figure 61. This provides a transmission coefficient of 0.28 immediately
behind the structure with an up-wave H/Hi of 1.3 at the up-wave surface of the device. As the
distance increases to 150m up-wave of the structure a change of 1.47m is observed. A sponge
layer of 50 cells is applied to either end of the tank to reduce the internal reflections. The sidewalls
of the tank remained exposed and provided a complete spectral reflection. This results in very
localised peaks and troughs in wave disturbance but causes minimal effects to the breakwater
boundary Kr and Kt disturbances.

Figure 61 Wave disturbance around breakwater for a porosity layer of 0.8 indicated by the shaded box.

To achieve a more comparative assessment in wave reflection the results can be analysed using a
multiple wave probe approach. This is identical to that used in many wave tanks experiments.
This method was first applied in a paper by Goda and Suzuki [74] for two point measurements.
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If linear first-order wave reflection analysis is applied the surface elevation (η) can be expressed
as
𝜂(𝑡) = 𝑎𝐼 cos(𝑘𝑥 − 𝜎𝑡 + 𝜀𝐼 ) + 𝑎𝑅 cos(𝑘𝑥 − 𝜎𝑡 + 𝜀𝑅 )

3.1

where a is wave amplitude, x is the position, σ is the angular frequency and ε is phase angle and
subscript I denotes the incident wave and R the reflected wave. This can be rewritten as
𝜂(𝑡) = 𝐴 cos(𝜎𝑡) + 𝐵 sin(𝜎𝑡)

3.2

𝐴 = 𝑎𝐼 𝑐𝑜𝑠𝜙𝐼 + 𝑎𝑅 𝑐𝑜𝑠𝜙𝑅

3.3

𝐵 = 𝑎𝐼 sin 𝜙𝐼 + 𝑎𝑅 sin 𝜙𝑅

3.4

where

and

where ϕ = kx + ε. The Fourier coefficients A and B can be used to calculate the reflective
coefficients using a two point surface elevation system with a separation of ∆𝑙. Two locations
80m and 40m up wave of the breakwater were selected, this gave a ∆𝑙 of 40m. The location of
the wave gauges provided a small gap between the device and the output location; this was done
to avoid computational instabilities from the porosity layer causing interference to the outputs.
Two sets of Fourier coefficient are calculated relative to the surface elevation at x1 and x2 (80m
and 40m up-wave of the device respectively) producing A1, B1 and A2, B2. These values can then
be used to calculate 𝑎𝐼 and 𝑎𝑅 and therefore Krm using
𝑎𝐼 =

1
[(𝐴2 − 𝐴1 cos 𝑘𝑖 ∆𝑙 − 𝐵1 sin 𝑘𝑖 ∆𝑙)2 …
2|sin 𝑘𝑖 ∆𝑙|

3.5

2 ]1/2

+ (𝐵2 − 𝐵1 cos 𝑘𝑖 ∆𝑙 + 𝐴1 sin 𝑘𝑖 ∆𝑙)
and
𝑎𝑅 =

1
[(𝐴2 − 𝐴1 cos 𝑘𝑖 ∆𝑙 + 𝐵1 sin 𝑘𝑖 ∆𝑙)2 …
2|sin 𝑘𝑖 ∆𝑙|

3.6

2 ]1/2

+ (𝐵2 − 𝐵1 cos 𝑘𝑖 ∆𝑙 − 𝐴1 sin 𝑘𝑖 ∆𝑙)
and then
𝐾𝑟 =

𝑎𝑅
.
𝑎𝑖

3.7

Applying this to the breakwater test gives a Krm value of 0.2, an underestimation of 30% compared
to the predicted Krp value of 0.5. As the Krm value is not located immediately in front of the
structure there is expected to be some difference between Krm and Krp. However, this is a
substantially larger difference than expected.
To better quantify the relation between Krm and Krp data can be compared for a range of porosity
values. Figure 62 shows the change in Krm and Krp with respect to the porosity. The results indicate
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a weak correlation between the predicted and the measured profiles. For large porosity values
(nearing 1) a very small proportion of the incident wave is reflected for both cases. When the
porosity decreases and dissipation increases, the data shows an increase in reflection. When the
predicted and measured Kr profiles are compared the predicted values show a much greater Kr for
any given porosity value. The difference in the datasets shows that as the porosity is reduced a
greater difference in Krm and Krp can be seen. When this is applied to a large semi-permeable
breakwater or highly absorbent WEC, a much greater error between the predicted and the
measured reflections will occur. The simulation of porosity values below 0.3 caused larger
reflections, equating to increased wave disturbances. This may result in the introduction of
instabilities that may ultimately cause simulation “blow-ups”.

Figure 62 Change Kr with respect to porosity value for the predicted and measured simulations for identical wave
conditions with a porosity thickness of 26m.

3.3

Porous Device Performance

While the breakwater tests show an underestimation in the Kr, the reflection from much smaller
structures with a similar to size to a commercial scale WEC may yield different results. The
following tests will look at the reflective and absorption coefficients for structures with varying
dimensions. These tests use the same model parameters as in the breakwater test, however, the
porosity layer changes in size, shape and for differing incident wave conditions. For each test a
range of porosity values is used, this covers from 0.2 to 0.95 in steps of 0.05. Additional porosity
values of 0.97 and 0.99 were also tested. This covers a range of possible values at a suitable
resolution from the recommended minimum (≈ 0.3) value to near 1, providing a K rm and
transmission profile for each device shape. For the duration of these tests all devices are located
at the centre of the breakwater (x = 200, y = 100 in Figure 61) whereas the device length is
extended behind the device allowing the front cell in the domain to remain with the same x
location. For all Krm and Kt profiles the width of the device was set to 20m (10 cells). The
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following simulation will attempt to clarify the reflected, absorbed and transmitted wave
characteristics for a series of porosity values. This will provide a detailed analysis of the expected
porosity structure and value to use for the simulation of a WEC.

3.3.1 Porosity Layer Reflection
The reflection coefficients of various device dimensions are considered. The results provide
valuable information regarding the effects of Krm with porosity dimensions and intensity. These
tests were completed using the same model parameters as the previous breakwater test.

3.3.1.1 Devices where Width ≥ Length
To highlight the relationship between device width (distance device extends along the wave front)
and length (distance device extends in the direction of wave motion) a series of Krm profiles were
taken for a device length (Dp) of 4m, 8m, 12m and 20m. Due to the physical device dimensions
and current incident wave conditions, a porosity layer with a minimum length of 0.25λ (where λ
= 92m) is not possible. However, due to current commercial device dimensions and high energy
wave climate it is unlikely that a porosity dimension will be able to satisfy this condition if a
device is to be represented by its physical dimensions. This requires the quantification of
reflection for smaller devices. The results show a similar trend to that observed in the breakwater
tests (see Figure 63), where for porosity values near 1 there is a very low Krm, and as the porosity
reduces a larger reflective wave can be seen. When the difference between the device dimensions
is considered, the shortest device (10x2 cells) shows the minimum Krm while the 10x6 dimensions
shows a much larger reflected wave. The 10x2 dimension Krm profile shows an almost linear
increase as the porosity is reduced to 0.5. Beyond this the porosity curve begins to flatten off and
becomes more irregular. As the porosity structure’s length increases the initial gradient of the
curve becomes steeper between porosity values of 1 and 0.85, beyond this point all devices show
a more linear increase as the porosity is reduced. When the porosity drops below 0.5 all porosity
dimensions exhibit a more irregular relationships. This is caused by the increased instabilities of
a low porosity value that causes simulation blow-ups.
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Figure 63 Krm profiles for ΔDp equal to 10x2 (20x4m) to 10x10 (20x20m) cells for a 1.5m, 10s monochromatic wave.

3.3.1.2 Devices where Length ≥ Width
When the device is extended beyond the width the assumption that the porosity layer must be
greater than 0.25λ can be achieved. Device lengths of 20m, 26m, 30m 34m, and 42m are tested.
The results (shown in Figure 64) use the same 10x10 celled device as presented in Figure 63 to
allow a comparison between the shorter and the longer devices. The Krm profile for each porous
device shows a similar correlation to that of the shorter devices. As the devices lengthen, the
maximum Krm increases. This allows a thick porosity structure to provide a larger reflected wave.
The initial curve between porous values 1 and 0.8 presents a much steeper gradient for the longer
devices; this is in agreement with the shorter device tests. Below a porosity value of 0.8 a more
linear trend emerges, for values less than 0.6 instabilities cause an increased level of variation.
The largest device shows a much larger increase in the amplitude of the reflected wave, where a
maximum Krm of almost 0.5 is achieved.
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Figure 64 Krm profiles for ΔDp equal to 10x10 (20x20m) to 10x21 (20x42m) cells for a 1.5m, 10s monochromatic
wave.

The results from the device dimension tests show a relationship for Krm between ΔDp and porosity
values. This suggests that larger porosity layers provide an increased reflective potential. The DHI
guidance for using a porosity structures with a width of 0.25λ only provides structures with large
reflective potentials, where no information is presented for low intensity reflective structures.
This suggested that porosity layers larger than 0.25λ, may provide a more predictable result in
line with DHI toolbox. However, the application of these tests allows porosity layers to have the
same physical dimensions as the WEC, providing that a small reflection coefficient is required.
The smaller layers increase simulation instability (for low porosity values), if a larger reflection
coefficient is required a more stable option would be to increase the depth of the porosity layer.
This has demonstrated that the use of a narrow porosity layers can be used to simulate the upwave reflections for permeable wave energy devices.

3.3.1.3 Incident Wave Parameters and Krm
Throughout the model familiarisations tests and porosity documentation it was noted that the
influence of incident wave parameters caused a significant difference in the measured reflected
wave coefficient. As the previous test conditions used a reasonable high energy sea state, the
effects of changing the wave height and period was tested in order to quantify the changes in
reflective waves. These tests were completed using a porosity layers with the cell dimensions of
10x13 (20m by 26m). This provided a stable simulation, where the porosity layer could provide
a reasonable range of reflection coefficients.
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3.3.1.3.1

Wave Height

The performance of porosity layers with a varying wave height with respect to Krm was calculated
for 0.5m, 1m and 1.5m incident monochromatic waves using a 10s period. The results (Figure 65)
show a similar shape as the ΔDp profiles, where the larger waves show a higher reflection
coefficient. As the wave size reduces from 1.5m the steepness between a porosity value of 1 and
0.8 reduces and becomes almost linear. The 0.5m and 1m wave show a peak at a porosity value
of 0.4 whereas the 1.5m wave experiences a slight reduction. It was noted that as the wave height
increases, the simulation becomes more unstable and prone to blow-up.

Figure 65 Krm profiles for a 10x13 porous device with a varying wave height and a period of 10s.

3.3.1.3.2

Wave Period

The effects of a minimum width of a porosity layer with regards to wavelength are described in
the DHI porosity user help interface. This suggests that wavelength plays a significant role in the
behaviour of porosity layers. As wavelength and period are proportional in shallow and
intermediate water depths, by increasing the wave period an increase in wavelength is achieved.
The effects on the Krm profile for a 20m by 26m (10x13) device are tested using wave periods of
7s, 8s, 10s, and 12s for a constant incident wave height of 1m, with a constant water depth of
10m. This provides wavelengths of 60m, 71m, 92m and 113m. The results in Figure 66 identify
a much less ordered pattern, where there is no clear correlation between period and reflection
coefficient. The lowest Krm profile comes from the 10s wave with the other wavelengths showing
a much larger result. The Krm profile for each wavelength is similar for all tests, with the exception
of the 7sec test, where the lower porosity values yields a slight reduction in Krm.
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Figure 66 Krm profiles for a 10x13 porous device with a varying wave period.

When results are compared to the theoretical derivation of the porosity value used in the BW
model [73], a much lower reflection coefficient is observed relative to ΔDp/Δλ in this study. This
is potentially due to the narrow porosity layers and the calculation of coefficients away from the
porosity boundary. An additional test period was run for a 9sec wave period. The Krm profile from
the 9sec test showed exceptionally large reflective nature with the majority of the points providing
a Krm value of more than 1. The raw data files were then reviewed, this showed an inconsistency
between the calculated Krm profile and the raw dataset. This highlighted that the wave gauge
separation of 40m used within these tests is not suitable for a 9s wave. This is further explored in
the wave frequency section below.

3.3.1.4 Wave frequency spectrum
The impacts that a porosity structure has on the surrounding wave climate has been quantified for
a series of monochromatic waves. If the analysis of the porosity structure effects is further
investigated, a more realistic multi-frequency sea state can obtained. The monochromatic results
suggest that there will be a high level in variance in Kr across the frequency based spectrum. The
wave gauge separation has been modified to move the limitation in the calculation in Krm away
from the more dense energy frequencies. The new separation width (∆𝑙) was calculated using the
constrained formula as presented in Goda [75].
0.05 <

∆𝑙
λ

< 0.45

3.8

This suggests a separation of 10m, where the errors caused by singularities will occur beyond
what is considered normal wave parameters for a potential wave energy site. The reflection
coefficient for the multi-frequency sea state uses the same method as the monochromatic tests.
This isolates specific frequencies and calculates the reflected values; this method is applied for a
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range of frequencies to give the reflective coefficient for the entire spectrum. Figure 67 shows
Krm for a frequency range of 0.06Hz to 0.2Hz of a single porous structure, with a cell dimension
of 10x4 and a porosity value of 0.75. At the lower frequency <0.08Hz (shown by the grey area in
Figure 67) an increased level of variation with a peak of above 1 around 0.06Hz occurs. These
low frequency wave components (below 0.08Hz) are nearing the edges of the acceptable range
according to equation 3.8. This provides a high level confidence that these results contain errors
in the Krm calculations caused by the wave gauge separation. These potentially erroneous results
were removed from the dataset. The remaining data show a slightly varying reflectivity with an
average value of 0.17 across the frequency domain, with a maximum and minimum reflection of
0.21 and 0.10 respectively. The frequency profile shows a slightly increased reflection for the
higher frequency wave components.

Figure 67 Reflective spectra for a 10x4 porosity layer with a porosity of 0.75 in a JONSWAP frequency spectrum,
with the parameters 1m 10sec and γ = 3.3, σa = 0.07, σb = 0.09.

The results of the Krm frequency profile indicate a similar amplitude of reflection when
compared to the monochromatic wave tests for a porosity layer, given the same dimensions.
Additionally, it can be seen that there is little change in the size of the reflected wave across the
frequency spectrum; this indicates a broad banded reflection with no frequency dependencies.

3.3.2 Porosity Layer Absorption
While the device reflections provided significant changes to the incident wave field the effects
of the removal of energy caused further changes behind the device. With the up-wave reflections
extensively quantified for a porous structure the down-wave effects were calculated using the
ratio between the recorded (disturbed) wave height and the incident (undisturbed) wave height
(H/Hi).
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3.3.2.1 Devices where Width ≥ Length
Device absorption is a function of porosity shape and size, so to better understand the effects of
porosity and ΔDp the leeward wave conditions were monitored. This is of high importance for the
simulation of WECs. A location 10m behind the centre of the structure was chosen, this allowed
for minimal diffraction effects while remaining a few computational cells away from the
boundary. Figure 68 shows the change in wave height from the same porosity layers as shown in
Figure 64, where an H/Hi value equal to 1 indicates no net positive or negative wave disturbance.
An H/Hi value < 1 shows a reduction in wave height and therefore indicates the presence of
energy extraction or reflection. The results revealed for a porosity of near 1 there is a change in
the wave height ratio of approximately 1, where almost no energy was absorbed. As the porosity
value reduces there is a large reduction in H/Hi until a porosity value of 0.85. Beyond this H/Hi
levels off and begins to increase. As the device length is extended the rate of change in H/Hi (for
porosity values above 0.9) increases, giving the largest device, the highest reduction in wave
height. For shorter devices, lower porosity values caused increases in simulation instabilities and
resulted in premature simulation “Blow–up”. This is shown for porosity values of 0.6 and below.

Figure 68 Absorption coefficient (H/Hi) for varying porosity layer thickness (ΔDp) for porosity dimensions of 10x2
(20x4m) to 10x10 (20x20m) cells.

3.3.2.2 Devices where Length ≥ Width
If the porosity layer is extended beyond its width, the length of the porosity layer exceeds 0.25λ.
Figure 69 shows the results for devices with a thickness ranging from 20m to 42m. The results
shows an H/Hi value of approximately 1 when the porosity is equal to 1. As the porosity reduces,
a large reduction in H/Hi is observed for all device dimensions, where the magnitude of H/Hi for
any given porosity is dependent on device size. After the initial large reduction in H/Hi the change
in wave power levels off, displaying a small increase in H/Hi as the porosity continues to reduce.
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Figure 69 Absorption coefficient of ΔDp for widths of 10x10 (20x20m) to 10x21 (20x42m) cells.

The observed pattern between porosity values near 1 and H/Hi equalling 1 can be explained, when
the results of the reflection tests are considered. With high porosity values there is little to no
interior losses within the porous structures, this leads to little or no changes in the wave train as
it passes through the structure, causing no absorption. When comparing the range of tested
porosity dimensions an extension in the device size causes a decrease in the absorption coefficient.
This is due to the increased area where dissipation losses can be applied. For regions with a low
porosity value, where an increase in H/Hi is shown, the increased instability indicates higher levels
of variation and should be avoided where possible.

3.3.2.3 Incident Wave Parameters and Kt
Due to the previously discussed influences of a changing incident wave field on the reflected
parameters, it is highly likely that a changing wave field will result in a varying energy
transmission. This section identifies the change in energy transmission with regard to wave height
and period. A device dimension of 10x13 cells has been selected for these tests to allow for later
comparison with the reflection analysis results. As with the previous tests, the ratio between wave
heights is calculated 10m behind the rear of the device.

3.3.2.3.1

Wave Height

Figure 70 shows the results of a varying wave height for 0.5m, 1m and 1.5m monochromatic
waves, where T = 10s. The porosity profiles show a similar shape to the porosity layer dimension
tests. As the wave height is raised the reduction in H/Hi increases for the high levels of porosity
results. This leads to the trough and therefore maximum absorption value located at a higher
porosity value. The magnitude of the reduction in wave height shows a subtle increase with the
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incident wave height. When the porosity reduces below 0.55, the reduction in wave height is
reduced and the variance increases.

Figure 70 Wave transmission across a 10x13 porosity layer with varying a wave height and period 10s.

3.3.2.3.2

Wave Period

The change in the wave absorption for a porosity structure with a varying wave period is thought
to provide important information on the behaviour of porous based devices. A series of tests
looking at the 6s, 8s, 10s and 12s waves with a 1m wave height were completed, see Figure 71.
The change in period experiences a similar profile shape to the wave height tests for all wave
periods. When the different wave conditions are compared the results suggest that as the wave
period increases the average change in wave height is reduced. The longer period incident waves
caused the maximum change in H/Hi to shift towards higher porosity values. As with the previous
tests the lower porosity values showed an increased variance in the change in wave height. During
specific conditions this allows the ratio of H/Hi to exceed 1, allowing the presences of the porosity
structure to causes an increase in wave height.
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Figure 71 Wave transmission across a 10x13 porosity layer with varying a wave period for a 1m monochromatic
wave.

The results of the varying period and porosity dimension tests suggests a correlation between H/Hi
and porosity dimension considered as a fraction of the wavelength. When this data is presented,
see Figure 72, a broad trend is observed between both the 0.8 and 0.9 porosity values. This shows
as Dp/λ increases a larger disturbance is exhibited for both porosity values. When the results of
ΔDp are compared to Δλ, it is clear that there is no direct correlation between porosity structure
and relative wavelength and wave disturbance. This indicates a different level of disturbance is
achieved when the incident wave period or porosity dimension is changed, even if the ratio Dp/λ
remains the same. This disproves there is a direct correlation between the size of porosity layers
and wavelength, and that other factors such as wave height contribute to total amount of wave
disturbance. This restricts the use for a simple relationship for predicting wave disturbance and
emphasise the importance of the previous test that quantifying the wave interactions. It should be
noted that there is a difference in the incident wave heights between the ΔDp and Δλ tests, where
ΔDp and Δλ experienced an Hm0 of 1.5m and 1m respectively

108

Figure 72 Wave disturbance against device length (Dp) over wavelength (λ) for the porosity varying dimension and
wave period tests, for two porosity values, 0.8 and 0.9 are presented.

3.3.2.4 Absorption Discussion
The results of the absorption tests have quantified the down-wave effects on wave heights from a
changing porosity layer value, dimension, incident wave height and period. The results indicate
as a porosity structure increases in size the relative change in wave height is increased. For
porosity values near 1 a minimal change in wave height occurs. However, when the porosity is
reduced, an initial large reduction that results in the levelling off of the change in wave height is
dependent on the porosity value, where the location of the trough is dependent on the incident
wave conditions. As the porosity value further reduces an increase in H/Hi can be seen, this often
occurs with a high level of variance, caused by simulation instabilities, results in premature
simulation blow-ups. These lower porosity values should be avoided, as they promote high levels
of simulation instabilities, leading to model blow-ups and high variance results around structures.
The observed increase above 1 for H/Hi at low porosity values for the 12s period tests is a result
of an unstable simulation, where high frequency surface elevations is present around the structure.
When the distance behind the device is extended approximately 10 cells (20m) the presence of
the instability is no longer detected.
The assessment of the wave disturbance relative to Dp/λ showed a difference between the ΔDp
and Δλ. This indicates that the disturbance is not solely reliant on the Dp and λ, this must mean
transmission is a result of wave parameters and porosity value and dimension. As energy
transmission of porosity layer has only recently become relevant there is little work quantifying
this, especially for small porosity structures.
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When the maximum absorption of each porosity structure was reviewed, the percentage reduction
in the wave height can be presented; this is shown in Table 6. For the porosity layer with a width
less than 0.25λ, the highest level of absorption is represented at a porosity value of 0.8. When the
porosity is extended beyond 0.25λ, the maximum change in wave power shifts towards a lower
porosity, with the 10x21 cell device experiencing maximum absorption at a value of 0.75. The
varying incident wave parameter tests illustrate that while the optimal porosity occurs between
0.75 and 0.8, this is varying with incident wave conditions. The percentage reduction in wave
power can be calculated using a few simple approximations, providing a more comparable
quantifiable result.
The equation for wave power is given as
1

𝑃 = 2 𝜌𝑔𝐻 2 𝑐𝑔

3.9

where H is the wave height and cg is the wave group speed velocity. By squaring the percentage
transmitted wave height the percentage change in power in calculated. When the results of change
in power are reviewed the tested devices yield a maximum reduction of energy between 23% and
52%. This suggests that if a frequency independent absorption of 20% is applied all devices could
theoretically achieve this, while remaining within a stable porosity value.
Table 6 Reduction in wave height with porosity layer size

Porosity Layer
Dimensions

H/Hi

Porosity

% reduction in
wave height

% reduction in
power

10x2

0.88

0.8

12

23

10x4

0.86

0.8

14

26

10x6

0.80

0.8

20

36

10x10

0.77

0.8

23

40

10x13

0.75

0.8

25

44

10x15

0.73

0.8

27

47

10x18

0.71

0.8

29

50

10x21

0.61

0.75

31

52

The results of the varying wave parameters show dynamic absorption characteristics. When the
observed features are considered in terms of a wave energy device, the use of a narrow porosity
layer is conceivable. If the porosity layer tests are compared to a hypothetical nearshore OWSC
the similarities provide reasonable evidence to support further pursuing this method. For
monochromatic waves the porosity values of the structures allow the energy absorption to be
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adjusted until it is representative of a realistic device, this enables a reasonable simulation of a
device in simple wave conditions. As the operational wave climate of a device is rarely
monochromatic, wave energy absorption must occur across a frequency domain. The previous
tests show there is a large variation in absorption with frequency. As the frequency dependent
wave absorption is uncontrollable when using porosity layers, the BW model must apply an
alternative method. This variation between relative absorption prohibits the application of the
porosity layers over large time steps, where a reasonable change in wave spectra occurs. The lack
of control over the frequency absorption inherently prevents the effects of device tuning to be
included within the simulation of a device. Given these limitations the use of porosity layers for
simulating specific conditions may prove useful when specific processes i.e. diffraction pattern
of specific wave components are assessed.

3.3.3 Combined Reflection and Absorption
The presented results allow a comparison between the magnitude of the reflection and
transmission for each test condition. While it is not possible to directly compare K rm and H/Hi as
they do not represent the same wave parameters, the results provide an insight into the effects of
a porous layer on the sounding wave climate. This shows that for high porosity values (near 1)
there are very small reflections relating to a minimal change in wave height behind the porous
layer. As the porosity value decreases there is a proportional change in the reflected and the
transmitted wave, where lower porosity values led to maximum reflection and absorption around
the structure. The x axis in Figure 73 has been cut to only show porosity values above 0.5, this
eliminates a large proportion of the high variance data. The different porosity dimensions are
indicated, where there is a proportional relationship in the reflected and absorbed data. These
results increase confidence in the method of device simulation when using porosity layers, as they
experience higher reflective waves with a reduced absorption.
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Figure 73 Wave disturbance in terms of transmission, H/Hi (solid line) and reflection, Krm (dashed line) for porosity
layers 10x4 (blue), 10x10 (red), 10x15 (green) and 10x21 (light blue).

3.3.4 Conclusion
The near-field reflective and absorbed wave disturbances have been quantified for a variety of
device dimensions, wave parameters and porosity values. This provides important information of
the wave-device behaviour with respect to WEC simulation. In order to simulate a representative
WEC the reflective and absorption parameters must be controllable. The results from these tests
can used in terms of a basic look up table to identify the required device performance from a
porosity device. While these tests primarily cover monochromatic waves a brief section touches
on the frequency dependencies with respect to reflections. This shows that the application of a
porosity device applies a relative frequency independent absorption. As this is not ideal for the
simulation of nearshore OWSCs the broad frequency dependencies of these devices allow an
approximate comparison to be drawn between porosity structure and these devices.

3.4

Wave tank absorption (Sponge layers)

The positioning of sponge layers within the model domain provides an energy sink, where wave
energy is dissipated. The positioning of a sponge layers should be carefully considered, as poor
positioning may cause detrimental effects for the internal propagation of waves. The initial
porosity tests used a sponge layer with sponge areas at either end of the domain. This ensured the
uniform propagation of the wave front across the domain. By leaving the side walls “solid” (nonabsorbing and fully reflective) there is no leaching of wave energy into these side sponge areas.
This method provides a good solution when considering non-reflective or radiating devices. The
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inclusion of solid sidewalls and scattered waves results the creation of sidewall reflections that
propagate through the domain and causes unrepresentative wave disturbances. This section looks
at the potential alterations to the domain in an attempt to identify a better solution for simulating
reflective and scattering wave bodies within the BW model.

3.4.1 Sponge end walls
Applying sponge layers to the end walls provides the simplest methods for modelling a domain.
While the sidewalls remain 100% reflective the incident wave front remains undisturbed across
the domain when there are no wave emitting bodies. This method only provides no internal
reflecting waves when using monochromatic boundary conditions.

Figure 74 Left: Diagram of model domain with the sponge layer shown in red. Right: Spatial distribution of wave
height for a 1.35m 10 second monochromatic wave with end boundaries acting as sponge layers.

3.4.2 Sponge domain walls
The application of sponge layers to outer edge of the domain for all boundaries ensures no or little
internal reflections. This absorption causes wave energy to leach out the sides of the domain
resulting in an uneven distribution of wave energy across the domain. This can be seen in Figure
75 where the wave front propagates from left to right. In the right plot the black outline indicates
the extent of the domain, where the white areas are domain cells with a significant wave height
less than 0.05m. The spatial distribution shows that as the wave propagates across the domain,
energy is lost to the sponge layer causing an increasing spatial variation as the distance from the
generation line increases. The loss of energy towards the outside of the domain results in the
diffraction of the central wave field. The magnitude of the diffracted wave increases with the
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distance from the generation boundary, causing larger modulations in the wave height. The
observed spatial variance is equal to 0.4m at x = 500m (250 grid cells) behind the WGL, This
level of variation increase to 0.65m at x = 1000m behind the WGL. Along the edge of the lateral
sponge layer an increase in wave height occurs. This is caused by the creation of transverse
standing waves as a result of small diffraction reflections from the sidewalls. This behaviour was
shown to occur in both experimental and numerical (using Mike21 BW model) experiments using
a similar set-up to that of the sponge domain walls test [24]. When running a directionally spread
sea state the effects of the sidewall absorption mitigate the energy leaching and provide a good
sponge layer setup.

Figure 75 Left: Diagram of model domain with the sponge layer shown in red. Right: Spatial distribution of wave
height for a 1.35m 10 second monochromatic wave with all boundaries acting as sponge layers.

3.4.3 Partial sponge coverage of side walls
Partial sponge layer coverage along the side walls provides some protection from sidewall
reflection while limiting the variation in wave height. The method shown in Figure 76 allows the
initial propagation of the undisturbed wave front. When this reaches the sponge sidewalls the
lateral sponge layer absorbs the head on wave and a similar pattern to Figure 75 can be seen. The
application of this method provides a larger undisturbed area then when a sponge layer is applied
around all boundaries, this provides a more versatile domain. If a radiating body is positioned
slightly behind the initial sponge layer (approximately x = 300 cells in the figure) then the emitted
waves travelling at 90° to the incident wave will hit the sponge layer and will be absorbed. For
waves scattered towards the sidewalls in the down-wave direction, this provides a domain where
no sidewall reflections occur. However, if the path of the upstream wave goes beyond the sponge
layer then the wave will be reflected. This is shown within Figure 76 using a simplified diagram,
where the eigen-rays indicate the path of the scattered waves. As with the entire sponge domain
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test an increase in the near lateral boundary wave height is observed. This is a result of similar
transverse standing waves from sponge layer diffraction and reflection.

Figure 76 Left: Diagram of model domain with the sponge layer shown in red with scattered wave rays shown by the
arrows. Right: Spatial distribution of wave height for a 1.35m 10 second monochromatic wave with the partial
sponge layer coverage of the sidewalls.

3.4.4 Positive Depth Domain Walls
The current simulation domain has a positive boundary height of 10m. This causes specular
reflection of any wave that encounters the boundary. To remove these sidewalls the 10m perimeter
was replaced with a negative water depth and the sponge layers only applied to the end walls of
the domain. When this simulation was run an abnormality was detected and no time steps
converged. This method is therefore not possible to implement within the BW model and a
positive domain boundary must be applied.

3.4.5 Directional Frequency Spectra
The suggested methods shown only apply for monochromatic waves, without directional
spreading for a single frequency. When a multiple frequency directionally spread wave field is
simulated, the effects of wave energy leaching at the side walls did not provide cause for concern.
Therefore, the use of a sponge layer surrounding the domain should be applied for directional
spectra. This is shown in Figure 77, where the variation in the wave field is a result of the spatial
distribution of wave energy along the boundary.
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Figure 77 Spatial distribution of wave height for a direction JONSWAP spectrum with sponge layers on all sides of
the domain.

3.4.6 Sponge Layer Set-up Conclusion
When creating a domain for the simulation of wave energy converters the sponge layer plays an
important role. These methods illustrate the potential issues concerning domain composition
when modelling emitting and absorbing bodies in monochromatic waves. The simplest solution
to the wave disturbance applies sponge layers to the end walls and extends the domain width to
ensure no reflections return to the area of interest within the permitted time frame. This method
requires the identification of a specific area of interest and, depending on the size of the area, a
large computational resource. This avoids the potential problems caused by reflective and
absorbent sidewalls. If a surrounding sponge layer is considered, wave leaching results in a
varying sea state, this causes further problems when attempting to apply a specific
reflection/absorption for porous structures. When a directional frequency sea is considered the
variation in frequency and direction of the incident wave field reduce the effects of the spatial
variation caused by the parallel sponge layers. The partial coverage of the domain offers a
compromise, but the down-wave variation in wave parameters causes concern when considering
quantifying wave-structural disturbance. These results suggest that for the use of monochromatic
waves the application of a simplistic end wall method offers the most advantageous method for
device simulation.
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3.5

Spatial Wave Disturbance

The reflection and absorption analysis provides a detailed assessment of a porosity layer for a
single point location; this does not provide a spatial analysis to determine the effects of wave
propagation. Two porosity layers were considered, these devices have a dimension of 10x4 (20m
by 8m) and 10x13 (20m by 26m). The selected dimensions show good application for a nearshore
OWSC as they have a similar swept area (area covered by the operational motion of a device) and
at a porosity of 0.8 that provides a potentially realistic absorption. The size of the layer was also
accounted for, ensuring a reasonable disturbance occurred for a stable porosity value. Figure 78
shows the spatial change in percentage wave height for a 1.5m, 10s monochromatic wave. The
results indicate a large percentage change in wave height in front of the device, where a
modulation between the incident and reflected wave is formed. This up-wave oscillation
experiences a decay in magnitude as the as the distance away from the device increases. The
down-wave results identify a large initial reduction behind the device, which rapidly decreases as
the distance down-wave increases and waves diffract around the device. When the two porosity
layers are compared the disturbance shows a very similar patterns, where the 10x13 layer
experiences a larger magnitude of interference across the domain due to the larger removal of
energy. This is due to larger dissipative area of the porosity device.

Figure 78 Spatial change in percentage wave height sounding a porosity layers (a) 10x4 and (b)10x13 shown as a
grey box.

To better quantify the change in wave height around the device, a transect was taken that bisects
the centre of the device (where y = 100 in Figure 78) and extends along the length of the x axis.
Figure 79 shows the transect of the change in wave height across the domain for the 10x4 and
10x13 porosity layers. The front of both porosity layers are located at x = 275m. As the porous
layer dimensions differ the back of the larger device is situated further down-wave. When the
distance from the device is increased toward the WGL, the change in wave height shows a
decaying oscillation. This is a result of the superposition of the incident and the reflected wave
travelling in opposite directions. The modulation in wave height indicates an oscillating decay,
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where a small increase is shown 150m in front of the device. The down-wave or leeward results
present a large reduction in wave height from the absorption of wave energy. This rapidly
increases with distance until approximately 50m behind the devices, where modulation in the
wave height occurs.

Figure 79 Change in wave height from a transect bisecting porosity layers located at 250m.

The observed oscillations in the up- and down-wave domain are caused by sidewall reflections.
This is demonstrated in Figure 80, where t1 and t2 are transects taken from 60sec and 1680sec into
the simulation. For the up-wave results, t1 shows a constant reduction in the oscillation. When t2
is considered a varying oscillation is presented. The down-wave results show beyond 400m a
negative change in wave height. This is due to the short simulation length of t 1, where the
simulation does not permit the full propagation of the wave front across the whole of the domain.

Figure 80 Change in wave height from a transect bisecting a 10x4 porosity layers located at 250m where t1 = 60sec
and t2 = 1680sec.
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The spatial analysis of wave disturbance around a porosity layer (Figure 78) has been shown to
include the presence of sidewall reflections. In order to reduce the influence of these internal
reflections the domain will be widened. The extension of the domain does not prevent sidewall
reflection but permits a longer time frame that allows for further undisturbed wave propagation.
The negative aspects of this include an increased simulation time, due to the presence of more
computational cells. An additional post-processing step is also required to extract wave data prior
to sidewall disturbance that utilises a calculated wave speed to pinpoint the time step when the
reflections occur. This study also showed by using an elongated device the disturbance effects
were shifted down-wave. This may result in an unrealistic spatial disturbance and the 10x4 cell
layer was deemed to be of a more representative dimension.

3.5.1 Frequency Spectrum
The monochromatic waves used within the previous test case provide a simplistic analysis of the
effects of a porosity layer. If a more realistic frequency varying spectrum is used then the results
should yield a more realistic wave-device interaction. A JONSWAP spectrum was applied with a
significant wave height of 1m and peak period of 10s, using the following parameters: γ=3.3,
σa=0.07 and σb=0.09. Due to the increase in domain width and the application of a frequency
spectrum the simulation period has been extended to 3600s, this allows for a more representative
spectrum to propagate across the domain. The porosity layer with a dimension of 10x4 was
applied within the domain as previously shown. In order to observe the overall disturbance of the
porosity layer, a base model was set up using the new domain and wave conditions. Figure 81
shows the percentage change in wave height for the frequency varying wave conditions. The
results show a large increase in wave height with an oscillating increase and decrease in the wave
height towards the wave paddle. The amplitude of the modulation shows a rapid decay as distance
increases. The leeward alterations show a large reduction in wave height behind the device and
as the distance down wave increases the reduction wave height begins to lessen, where the wave
shadow is extended beyond the extent of the domain.
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Figure 81 Percentage change in wave height around a 10x4 porosity layer with a porous value of 0.8 for a JONSWAP
spectrum equivalent of a Hm0 =1m and Tp=10sec

A transect was taken across the domain to achieve better understanding of the disturbances (see
Figure 82). The reflected wave shows an average 30% increase in wave height directly in front of
the device. As the distance increases away from the device a reducing wave modulation can be
observed. At a distance of 150m in front of the device the variation caused by the porosity
structure is minimal. The down-wave results show a large peak reduction of over 60%, this
percentage change decreases exponentially as the distance behind the porous structure increases.
Towards the end of the transect at just less than 400m behind the porous layer there is a reduction
of 3%.

Figure 82 Transect of a 10x4 porosity layer in a JONSWAP wave spectrum.

When comparing the results of the monochromatic and frequency spectrum tests a difference in
the wave interference can be seen. The up-wave results show a mixture of in phase and out of
phase wave combinations in the monochromatic tests, this leads to a large variation in interference
extending across the entire up-wave domain. The frequency spectrum results have the same
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reflective index as the monochromatic results, however, multiple frequencies causes the shifting
of superpositions preventing a stationary maxima and minima. The results of the frequency test
show that in the initial 100m of the up-wave porosity layer there is a small amount of modulation.
As the distance increases these nodes become increasingly out of synchronisation resulting in a
more random interference. This suggests that for a higher scattered sea state the propagation of
nodes and antinodes will be reduced making this of considerable importance for 2-dimensional
commercial arrays, where nodes and antinodes may influence the performance of neighbouring
devices. The down-wave results show a smooth restoration of wave height behind a device when
exposed to a spectrum. For multiple devices, the reflective wave interference is combined with
other device interferences resulting in a complex 2-dimensional node and antinode distribution.
The down-wave results will experience a similar effect, where the combined effects of multiple
devices may also result in spatially varying wave shadow with significantly increased or reduced
in wave heights.

3.5.2 Conclusion
The results of the frequency varying porosity tests provide a good representation of the outputted
phase averaged results. The simulation of wide and narrow porosity layers was shown to be within
the stability tolerances allowing full simulation runs. Additionally the domain modification allows
the full propagation of waves without the presence of sidewall reflections. This simulation
demonstrates the flexibility of the porosity layer and provides a highly varying application for the
absorption of wave energy. While some aspects of the porosity based devices remains flexible the
frequency dependent absorption remains a major limitation. If the matters concerning a frequency
dependent absorption are not address within the BW then application of basic porosity layer is
heavily restricted in terms of its future use.

3.6

Discussion and Conclusion

This chapter applied the DHI MIKE 21 BW model for the simulation of WECs. This discussed
potential methods for simulating devices within the software. The existing methods of applying a
porosity layer provide the most effective absorption/refection technique. The behaviour of a
porosity based device was quantified through test simulations, with varying wave conditions,
porosity value and structure size. The results provided important absorption/reflection
characteristics of any given device shape or wave parameters. This provides an important
information of the behaviour of porosity layers within the BW software. Further study into the
positioning of sponge layers identified the best layout of these wave absorbers when wave field
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continuity is a concern. This led to the setup of a series of simple single device tests, where the
porosity layer WEC was tested in monochromatic and frequency varying sea states. The spatial
distribution in wave-device interactions are quantified indicating the presence of a complex
reflection pattern, with a large variation in wave disturbance magnitude. The down wave results
have a much simpler spatial device integration that show large reduction behind devices and the
gradual regeneration of the wave field. While the porous structures provide a simple fast method
of applying a basic WEC the device absorption profile lacks frequency dependent characteristics.

122

4.

Implementation of a Frequency dependant
WEC Absorption in the Boussinesq Model

4.1

Introduction

The porosity layer energy extraction has demonstrated the ability for the removal of a set amount
of energy across all frequencies. This produces a very simplistic view of the changes to the wave
field from the presence of WECs. To account for device tuning, natural device frequencies and
simulation dependencies across a frequency spectrum the use of multiple monochromatic
simulations can be used. This method requires a series monochromatic wave conditions over a
frequency range, where the magnitude accounts for the specific power spectrum density relative
to the overall spectrum. A simplified representation of this is illustrated in Figure 83, where a
frequency spectrum is broken down into 3 monochromatic waves then recombined to form a
single frequency varying sea state. While similar methods has been applied to model the Wave
Dragon devices in [47; 48; 76-78] these studies do not account for frequency varying absorption
and reflections. The application of a frequency varying porosity model has only been previously
suggested in [32].
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Figure 83 Illustration of the addition of multiple monochromatic sea states resulting in the creation a specific
frequency spectrum.

The simulation of WEC’s using this process can be implemented through the application of
multiple porosity layers. If the location and porosity layer dimensions remain constant, the
porosity value can vary between monochromatic components allowing a frequency dependent
energy absorption across the entire spectrum.
When this method is compared to other methods of simulating WECs within the MIKE 21 BW
model the method can be theoretically critiqued. By using porosity layers within the simulation
the process of non-linear wave device interactions are allowed, however, these nonlinearities can
only be applied to single frequencies. By simulating the whole domain, the process of diffraction
fully utilises the benefits of a phase resolving simulation, where diffraction is calculated and not
approximated. The simulated wave processes offer several potential benefits. However, the use
of multiple simulations requires multiple model runs requiring high levels of computational time
and large data files. These limitations provide a less than ideal scenario but with a large
computational resource high numbers of frequency intervals can be selected and simulated. This
will result in frequency dependent absorption within the BW model.
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4.2

Methodology

To enable an efficient frequency varying simulation the development of a MATLAB program
using the DHI toolbox was used, where input data files, model parameters and output files can be
viewed and edited for all frequencies tests based around a single command script. The following
section outlines the process undergone to convert a frequency spectrum into a frequency varying
WEC disturbance result.
The initial frequency spectrum used to determine the incident wave condition can be calculated
from a JONSWAP spectrum or imported from MIKE 21. The calculated JONSWAP spectrum
uses basic input parameters of wave height (Hm0) and peak period (Tp) with a default JONSWAP
parameter of γ=3.3.
𝑆(𝑓) = 𝐴. 𝑓 −5 𝑒𝑥𝑝(−𝐵.𝑓
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where f is frequency and fp is peak frequency. The output spectrum is then normalised by x Norm,
where the normalisation factor is calculated as
𝐻𝑚0 2
16
𝑁𝑜𝑟𝑚 =
𝑡𝑟𝑎𝑝𝑧(𝑆(𝑓), 𝑓)

4.6

Where trapz is the trapezoidal integration of S(f) with regard to f. If the data is imported from
MIKE 21 as a .dfs0 (time series) file then there is no requirement for normalisation. The wave
spectrum is then interpolated in the frequency domain into the bins required. The m0 spectral
moment in each interpolated frequency bin is calculated (S(f).Δf) and the corresponding Hm0 is
calculated using
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𝐻𝑚0 = 4√𝑚0 .

4.7

Figure 84 shows an example of a JONSWAP wave spectrum with an Hm0= 2m and Tp=10s. The
spectrum has been interpolated from 75 frequency bins indicated by the solid line to 10 bins
shown by the red stem points. The spectral density is presented in the histogram bar for each
frequency bin. The calculated relative Hm0 uses a black stem plot in Figure 84, where the y-axis
is represented in metres. This shows the constituent monochromatic wave heights and frequencies
used to represent the incident spectrum.

Figure 84 Example of frequency spectrum interpolation to 10 point representative spectral output.

The frequency dependent porosity was calculated based the PTF (Power Transfer Function) used
in a previous study [69].
𝑃𝑇𝐹(𝑓, 𝑓𝑝 , 𝜎) =
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Where σ is the absorption bandwidth and α is an adjustable absorption coefficient set at 200. The
α value provides a maximum absorption of 20 percent for the peak frequency that results in a
porosity value equal to 1-PTF for the relative frequency. This is the same as that used with the
previous SW model. Figure 85 shows an example of the porosity values used for each frequency
test for the same wave spectrum used in Figure 84. These values were chosen based on the earlier
test that reflects the initial wave spectrum. The porosity values indicate the maximum absorption
occurring at the peak frequency with a porosity of 0.8 that increased to 1 either side where wave
energy absorption is reduced. The porosity and respective incident wave files are then input into
the simulation file and a batch file created for each frequency test.
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Figure 85 Porosity values for each frequency based on a test PTF.

A baseline simulation was created from the same test simulations. The porosity structures within
these tests were set to 1. This allows no device effects, and will act as the base simulation. The
independent frequency results can then be summed to form a frequency varying domain for either
the phase averaged or the deterministic parameters and compared to the reference sea state to
show any wave-device disturbances.

4.2.1 Wave Reflection Analysis
This section looks at the porosity layer reflections and uses the same method for calculating
reflection, with a wave gauge separation (Δl) of 10m. The frequency dependent reflection analysis
allows the frequency domain wave disturbance to be reviewed. Figure 86 shows the measured
reflection coefficient for all tests. The results show a peak in K rm at 0.1Hz with a rapid decay as
the frequency increases or reduces. As the frequency is extended beyond 0.14Hz a second increase
in Krm occurs.
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Figure 86 Frequency domain reflection analysis for a 10 wave based frequency spectrum.

The increase in the measured reflection coefficient for the higher frequencies wave is a result of
an amplitude based reflection coefficient where Krm=ai/ar. While amplitude based reflection
coefficients may be appropriate for monochromic seas, a better sense of reflectivity is gained from
using a spectral energy comparison. The energy spectrum was calculated using the m0 value for
each frequency over the frequency bin width providing a PSD (or S(f)). Figure 87 shows a
comparison between the incident and the reflected wave spectra. A similar agreement to the
amplitude based reflections can be seen with the peak located at 0.1Hz and a secondary increase
in reflective energy towards 0.2Hz. This may be a result of conducting the experiment in shallow
water and using a 2nd order Stokes wave to drive the model boundary. The incident wave spectra
shows a bound 2nd harmonic where there is no increase in energy towards the high frequencies.
The device interaction may cause the freeing of the 2nd harmonic resulting in this increase in
energy toward 0.2Hz.

Figure 87 Incident and reflected wave energy spectrum.
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The large peak centred at 0.1Hz provides a 20% reflection at the incidents waves peak frequency.
This predicts the largest amount of up-wave propagating wave energy occurs at the peak
frequency, where the combined effects of reflection and device radiation result in the highest
magnitude of reflection. The reflection analysis shows that the porosity structure provides a
reasonable result in terms of Krm and a hypothetical shallow water OWSC.

4.2.2 Wave Energy Transmission
The output results (Figure 88) show an agreement with the calculated PTF and the respective
porosity values. This identifies the peak absorption at the peak incident wave frequency (0.1Hz).
This enables a reduction in the peak energy frequency of over 20%, either side of this a fast decay
occurs returning H/Hi to 1. As described within the reflection analysis, a comparison of the
undisturbed (incident) and the disturbed transmitted wave in terms of wave amplitude may show
misleading results. For non-monochromatic test cases the analysis of the transmitted wave should
be conducted in terms of wave energy or wave energy density.

Figure 88 Frequency absorption coefficient for the example test taken 10m behind the device.

When absorption is viewed as an energy density, it is possible to compare the undisturbed and the
disturbed wave spectrum. As the phase averaged results within the simulation are based on a
monochromatic wave the output Hm0 is significantly larger than the wave height (as Hm0 is
calculated for 4σ, where σ is the standard deviation of the surface elevation). If the default phase
averaged Hm0 is used then when the energy is calculated there will be an over prediction in the
energy for any given frequency. However, as Hm0 and wave height (surface elevation) are
proportional, the Hm0 can be scaled using the undisturbed wave height to calculate a scaling factor
(Sf = Hm0 – H). Figure 89 shows the undisturbed and the transmitted wave energy density
spectrum for the simulated frequencies. The undisturbed spectrum depicts the same general
spectral shape with the value of the peak frequency equalling the same as the input wave spectrum.
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This demonstrates while reducing the spectral resolution to only a few points, the simulated wave
contains an almost identical energy density distribution across the frequency domain. When the
transmitted wave spectrum is compared to the undisturbed spectrum, at a very low frequency, the
undisturbed and transmitted spectra show similar values. As the frequency is increased towards
the peak energy frequency a larger increase in the spectral energy density can be observed.
Beyond the peak frequency the change in spectrum energy densities reduces until the datasets
become equal at 0.1279Hz. If the results of both Figure 88 and Figure 89 are reviewed the
alteration to the undisturbed energy density spectrum are shown and quantified in terms of
amplitude (change in wave height) and energy density. When the porosity is reduced, the level of
energy extraction and reflection increases resulting in a higher level of disturbance. The results
of the point disturbance parameters (reflection and absorption) show a reasonable applicability
for a simple non-specific WEC simulation.

Figure 89 Wave energy density spectrum of the undisturbed and the transmitted wave conditions across a frequency
domain.

4.2.3 Spatial Disturbance
The reflected and transmitted wave data results show that the method of applying a frequencyvarying porosity value provides a successful application of a PTF. The analysis of the spatial
combination of the frequency results used the scaled phase averaged outputs. Previous spatial
analysis within the BW model showed the results in terms of percentage change in wave height.
As Hm0 is directly proportionate to wave height in terms of energy the spatial wave disturbance
can be defined in terms of percentage change in wave energy. This allows an energy equivalent
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wave height BW output to be used to calculate energy. This is calculated for each frequency test
from the scaled phase averaged Hm0 which allows the use of
1

𝐸 = 2 𝜌𝑔𝑎2

4.9

where ρ is sea water density, g is the acceleration due to gravity and a is the wave amplitude.
When the energy is calculated for each node within the domain, all of the frequencies can be
summed to provide the total wave energy distribution. The addition of the individual frequency
results is only possible as the frequency dependent energy was calculated prior to the model
simulation. When the simulation is run for a shorter time period, the scattered waves from the
tank sidewalls do not have time to reflect causing significant impacts in the results. If the results
are compared to a series of base models consisting of identical incident wave parameters the wave
disturbance from the presence of multiple varying porosity structures can be shown (see Figure
90). The model domain has been expanded to allow for a larger area to be assessed without the
presences of significant tank sidewall reflections. This now shows the location of the hypothetical
WEC centred at x =250, y =175. The up-wave results show an initial wave energy disturbance of
16%, as the distance up-wave increases the magnitude of the modulation decays. At a distance of
320m in front of the device the modulation reduces below 3%. The distribution of this increase
in energy is shows within a small region. The spreading of the change in wave energy diverges
quickly then as the distance increases away from the device the energy dissipation causes a
reduction in magnitude but increases the affected area. The down-wave results show a change in
energy of -19% behind the device. This dissipates behind the device where an extended horizontal
V shape shows the largest reduction in wave energy. Two regions of increased wave energy are
shown at the extent of the domain where a bow-like wave has a 3% increase in wave energy.

Figure 90 Percentage change in wave energy for a JONSWAP (Tp= 10s) wave spectrum with varying porosity values.

When this is compared to the percentage change in wave height for a monochromatic wave
(Figure 81), the pattern shows a similar energy disturbance. It should be noted that the units of
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disturbance differ and this only offers general comparison. A longitudinal transect that bisects the
porosity layer (Figure 91) shows the device located at 500m, this is different from the spatial plot
(Figure 90) as the x units are now in metres. The up-wave disturbance shows the same large
increase in wave energy of 21.5% with the decaying modulation depicted in a much clearer
fashion. When the distance increases above 150m in front of the device (x = 350m) interference
in the decaying wave modulation reduces, causing a constant modulation in the percentage energy
change, with an amplitude of 1.6%. This continues to reduce until at 400m (x = 100m) where the
amplitude is 0.5%. Behind the device there is an initial reduction of -19% that steadily increases
as the distance increases behind the device, where at 100m behind the device (x = 600m) there is
a -2.8% change in wave energy. Further down-wave from the hypothetical device, a small
oscillating disturbance emerges that shows a slight reduction in the change in wave energy. This
may be caused by unaccounted sidewall reflections. Toward the end of the domain the reduction
in wave power hasn’t fully recombined, resulting in a reduction of -1.6% 700m behind the device.

Figure 91 Transect of the percentage change in wave height running perpendicular to the hypothetical device.

To assess the cross-shore disturbances device, parallel transects have been taken. These transects
allow for a quantitative assessment of the disturbances and also helps in determining the presence
and magnitude of tank sidewall reflections. Figure 92 shows the percentage change in wave
energy up-wave of the structure for 0m, 20m, 50m, 100m and 200m. The results in front of the
device (0m) show a large peak at the centre of the device. This shows a rapid decrease in
disturbance as the distance increases away from 350m. As the transect distance in front of the
device moves away the spread of the central peak broadens, leading to multiple peaks in some
cases. The magnitude of the oscillation for the central peak is only a rough indicator as the
sampled distances may not correspond to the maximums and minimums of the oscillations.
However, this is not such an important factor at the outer edges of the domain, as the wave
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magnitude indicates the presences of minor sidewall reflections. This indicates that for the upwave device boundary transect (0m) between 0m-100m and 600m-700m, there is very little
change in the wave energy (0.3%). 100m from of the device a small change with the amplitude
of the oscillation of 0.4% at 0m-100m and 0.46% at 600m-700m. At the 200m transect a larger
change in wave energy disturbance oscillation occurs at the 0m-100m lateral boundary of 1% and
1.1% for the 600m-700m.

Figure 92 Parallel transects of the up-wave percentage change in wave energy at 0m, 20m, 50m, 100m and 200m in
front of the hypothetical device.

Figure 93 shows the percentage change in wave energy behind the simulated device at 0m, 20m,
50m, 100m and 200m. The nearest device has a narrow large reduction in energy, when the
distance increases the magnitude of the central peak reduces and its width broadens. At 20m a
dual peak begins to emerges, as the distance down-wave increases the magnitude of the central
peak intensifies and spreads. Towards the edge of the wave shadow all transects show an
increased in percentage wave energy, where the device interactions increase in magnitude closer
to the hypothetical device. As the horizontal distance increases to the outer edge of the domain,
the size of the modulation decreases, resulting in an area of positive and negative changes in wave
energy. When outer oscillations are considered the nearer device transects (0m, 20m, 50m and
100m) show only very small oscillations. While the 200m transect presents a significantly larger
disturbance, this suggests that at this distance the scattered waves have propagated to the extent
of the boundary and are reflected inwards.
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Figure 93 Parallel transects of the down-wave percentage change in wave energy at 0m, 20m, 50m, 100m and 200m
behind the hypothetical device.

The up-wave data shows that there is a considerable reflection in front of the hypothetical WEC.
The propagation of the reflected wave extends beyond 400m in front of the device; beyond this
only minor disturbances are observed. As distance in front of the device increases the spreading
width of the disturbance also increases. For this simulation and more specifically domain size, the
observed increase in spreading at the outer edges of the domain indicates the presence of the
reflected waves for the transects situated further from the device. When the change in energy at
the boundary becomes significant the reflective sidewalls create significant non-device
disturbances patterns. For this reason any data further than 200m up-wave of the porosity structure
should be discounted. These sidewall induces oscillations were also shown to be present in the
down-wave transects. The down-wave results show a more regular reduction in wave energy for
distances very close behind a device. Beyond this a wake like effects occurs, this causes regions
of positive energy change. These regions are of high importance when simulating arrays of
different dimensions. Additionally the assessment of the spatial energy disturbance from a single
hypothetical device was limited to a few hundred metres squared due to internal reflections. When
considering multiple devices, to ensure a larger useable area within the domain, the width of the
current domain should be further extended.

4.2.4 Multiple Device Discussion
To assess the combined effects of multiple devices, a small 3 device array with a separation of
100m was positioned at x = 250. Figure 94 shows the percentage change in wave energy around
the array. The black box indicates the area of undisturbed waves from sidewall reflections and
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indicates the extent of the fully developed wave front for the shorter period waves. The up-wave
results exhibit a complex interference pattern caused by the reflection of multiple devices. This
yields a regional focusing and the development of disturbance arms. The combined reflection
from the array shows a much larger area of influence when compared with a single device. The
down-wave results are limited by the phase speed of the shortest wave component; however, the
results indicate a large general reduction behind the device with regions of increased and reduced
energy change. The increased energy wake from edge devices causes a central increase in wave
energy that cancels out the absorption from behind the central device. These increased energy
wakes propagate from each device and cause flange like structures.

Figure 94 Percentage change in wave energy disturbance around a 3 device array where the useful domain area is
shown with the box.

A perpendicular transect was taken for three locations that bisected all devices within the array.
WEC 01 and WEC 03 are taken from y = 350 and 250. These two device transects have identical
disturbance patterns, this is expected as the domain is symmetrical. WEC 02 is positioned at y =
300 and represents the central device. All devices experience the same device boundary effects
with the up and down-wave maximum and minimum of 23% and -20% respectively, this is
fractionally higher than the single device scenario. Once the distance away from the device
increases wake interactions can occur. The up-wave effects from the central device show a clear
modulation of the change in wave energy, where a large increase and decrease occurs. Beyond
this, a series of small oscillations increase in magnitude as the distance away from the device
extends, after 500m the amplitude in oscillations drops off. The change in the wave envelope past
50m is caused by device interference. The edge devices show a similar pattern, where the
magnitude of the waves at 200m in front of the device are larger than the central device, these
also experience a reduction in amplitude past 500m. The down-wave disturbance shows a much
simpler pattern for all transects. The central device shows a rapid regeneration of wave energy
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that peaks 75m behind the device with a positive change of 0.5%. This occurs for the edge WEC’s
but the magnitude of the peak is less. The peak then reduces to -9% at 260m behind the device
and shows a steady increase beyond this. The data past x = 760m extends further than the
predetermined useable domain and is only included as a guide.

Figure 95 Percentage change in wave energy from a 3 device array with the locations of WEC 01 of y =350, WEC 02
y=300 and WEC 03 y=250.

The up-wave parallel transects shows a peak value in disturbance of 22.8% for the central device
and 22.45% for the side devices at 0m. Either side of these devices are regions of reduced wave
energy of -1.5%. As the distance in front of the device increases a reduction in the magnitude of
the oscillations can be seen. The 100m transect shows the peak location situated between the
devices and a trough over the central device. The interference causes the main peak to occur
between the devices, causing several medium oscillations to occur. The change in energy towards
to the outer horizontal edges of the domain yields a minimum oscillation in energy change of >
1%.
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Figure 96 Percentage change in wave energy for up -wave device parallel transects at 0m, 20m, 50m, 100m and
200m.

The down-wave transects show a large variation in the change in wave energy across the domain.
The 0m transect has three large troughs indicating the location of the devices, where between
these peaks there is an increase in energy of 2%. As the distance behind the device increases the
troughs shift to the spaces between the devices similar to the up-wave data, allowing the peaks to
sit directly behind the devices. At the 200m transect the peaks and troughs shift back resulting in
the maximum reduction in energy being behind the devices. The magnitude of the trough also
decreases with distance down-wave, showing at 200m there is a maximum reduction of -8.5%.
The width of the disturbed area increases as the distance behind the device increased, where the
200m transect shows a much larger disturbance at the edges of the domain.
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Figure 97 Percentage change in wave energy for down-wave device parallel transects at 0m, 20m, 50m, 100m and
200m.

The results from the spatial domain show a relatively small working area due to the reflection
influence and spatial extent occupied from multiple devices. This simulation was conducted to
provide information on the device simulation with a short run time. This highlighted the potential
need for increasing the vertical (y axis) domain size to well beyond the horizontal (x axis). The
transect bisecting the central device offers the chance to show and map the areas for maximum
and minimum disturbances. The up-wave device parallel transects demonstrates the spatial shift
in the reflective wave field even at 0m. This is an interesting observation that may affect the
potential resource of neighbouring devices even when they are inline. The down-wave data
produces a slightly simpler disturbance pattern; however, it shows an increase in energy of 2%
between the devices at 0m. This suggests there is a change in energy of 3.5% across the space of
the device. These results indicate that an array layout of two staggered lines of devices may
provide an enhanced resource in some specific sea states. When the distance is increased behind
the device the positive energy area quickly turns negative, stating how important device position
and sea state are when modelling WECs. This suggests that if a staggered approach is applied a
small offset between the front and back row may yield a potentially higher resource.
The process of simulating a frequency dependent device, and arrays using multiple
monochromatic simulations, provided a good application. When the results are qualitatively
compared to a similar existing study [48] they yield similar outcomes in terms of spatial
disturbance patterns. This comparison is somewhat limited due to the difference in simulated
device type. The device considered in the existing literature is a large overtopping device with
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long wave guiding arms, this causes many differences in the absorption of wave energy and its
spatial distribution.
The current method has successfully applied a frequency-dependent absorption. The application
of this method revealed several limitations. The recurring issue with sidewall reflection was
shown in this section to have minor influences with the spatial results. This meant only a small
restricted area could be identified for the extraction of useful results. As previously mentioned, a
solution would include the expansion of the domain. This could be combined with a wave speed
dependent post-processing toolbox, where each wave component experiences an individual
simulation length that limits its propagation to a predefined limit. For example, this distance could
be set to the location of the boundary, where the time period for the wave component to cross the
domain and reach the sidewall would be known. This would provide the minimum time step,
where no unwanted disturbance would occur. The power transfer function used within the latter
simulations offers a generic frequency absorption, and does not accurately represent the behaviour
of a nearshore OWSC. A better reorientation of the OWSC would vastly improve the simulation
of commercial arrays. Additional improvements may include a higher number of computed wave
components. By increasing the number of frequencies, a smoother simulation of the combined
device performance could be achieved. If these addressed limitations were accounted for, the
simulation of an array would be significantly improved. The following section looks the
implementation of some of these alterations.

4.3

Shallow Water Oscillating Wave Surge Converter

As the current PTF used in this study was developed as a concept absorption profile for testing
the method for the simulation of WECs, it provided an unrepresentative PTF when considering
shallow water device types. The parameters used to create the previous PTF provide a similar
absorption characteristic to that of a point absorber. Since this study focuses on the shallow water
OWSCs a more appropriate PTF should be applied. A study looking the spatial distribution of
OWSC used 1:20 physical scaled tank testing to generate a frequency dependent power capture
curve [53]. The scaled Aquamarine Power Oyster 1 device was tested in 40 sea states where an
optimum PTO damping was defined for each sea state. The frequency dependent power capture
measured from this study is shown in Figure 98. As the study presented a normalised power
capture, the data has de-normalized to a peak value of 0.2. The red line shows a smoothed
interpolation of the data that removes some of the high frequency variance. This dataset is used
for the extraction of the power capture coefficient for the frequency intervals used for each
monochromatic wave. It should be noted that Figure 98 shows 15 frequency intervals increasing
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the frequency resolution from the previous simulations. It should also be noted that while
increasing the number of frequency bins provided a better resolution this also reduced the wave
height of the component. If the number of frequency bins is not chosen carefully this may provide
unrepresentative results.

Figure 98 De-normalized frequency dependant power capture coefficient.

This provides a minimum porosity value of 0.8 at a frequency of 0.086Hz. When the entire
porosity values are compared with Gaussian based PTF then the Oyster 1 device shows a much
more broad banded energy that extends the higher frequency waves, this is shown in Figure 99.

Figure 99 Porosity values at the frequency intervals for a shallow water oscillating wave surge converter.

In addition to the measured PTF and increased frequency resolution, the previous test simulations
showed the need for the extension of the domain width to allow for a more wide spread review
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on the change in wave power. This led to a new domain size 1400m by 1500m. The updated
domain allows several minutes for the longer period wave to scatter off the device and reflect
from the outer boundary into the disturbance area. This allows the slower moving waves time to
propagate well beyond the device. The post processing method for extracting the phase averaged
data was altered. The revised method calculates the depth dependent wave speed for each
frequency and predicts the time taken for the first wave to reach the device and then the nearest
boundary. The last time step within the calculated time limit was taken and combined to form a
frequency spectrum. The summation of the frequency layer was also altered. The revised method
takes the output Hm0 and converts this into 𝑚0 where all frequency m0 values are summed. A
singular energy proportionate Hm0 is then created and the total energy is calculated from this. This
process is shown below

[𝐻𝑚0 (𝑓𝑛 )]2
𝑚0 (𝑓𝑛 ) =
16

4.10

where 𝑚0 (𝑓𝑛 ) is the is a energy proportionate 𝑚0 and 𝐻𝑚0 (𝑓𝑛 ) are energy proportionate
parameters, where (𝑓𝑛 ) denotes the variable for n number of frequency intervals. The summation
of the 𝑚0 frequency layer is simply shown as
𝑛

𝑚0 = ∑ 𝑚0 (𝑓𝑛 ).

4.11

𝑖=1

The total energy can then be calculated.

𝐻̂
𝑚0 = 4√𝑚0

4.12

then

𝐸𝑛𝑒𝑟𝑔𝑦 =

1
2
𝜌𝑔𝐻̂
𝑚0
16

4.13

where 𝜌 water density and 𝑔 is gravitational acceleration. It is important to note the terms to
describe the above parameters do not represent actual significant wave height or moments: they
are strictly energy proportionate parameters. This revised post processing method allows the full
propagation of all wave frequencies without including the sidewall disturbances from faster
propagating wave components. The modification of the calculation of wave energy simplifies on
the previous method that required the use of scaling factor to convert from significant wave height
to amplitude and then energy. This new method results in a much clearer calculation where no
scaling factors are required and the units remain in terms of wave energy throughout the
calculation process.
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4.3.1 Single Device
Reflection analysis was carried out on the single device test. The closest wave gauge was
positioned 150m in front of the device with a separation of 10m to the second gauge. Figure 100
shows the measured reflection at the wave gauges for each frequency component. The left plot
shows all the data analysed using Goda and Suzuki’s method for calculating reflection coefficient.
The grey region indicates the potential limitation of this method as Δl/L is equal to 0.42, nearing
the 0.45 cut off value. This data is re-plotted on the right with the potentially erroneous data
removed. The error lies within the method of calculating and more specifically the chosen wave
gauge separation, this means the data itself remains uncompromised. This could be avoided by
implementing a more advanced three wave gauge approach. The results show a similar shaped
distribution to the PTF, where a peak Krm value of 0.12 are located at 0.1Hz. The reflection
coefficients shows a correlation with the frequency dependant porosity where the less porous
structures provide a higher reflective wave.

Figure 100 Measured reflection from the simulated wave frequencies.

The transmitted wave analysis for the single oscillating wave surge converter shows the incident
and transmitted wave spectrum (see Figure 101). The results show the transmitted wave spectrum
having a significantly lower spectral energy density compared to the incident wave spectrum. The
observed difference in energy distributions caused by the presence of the hypothetical WEC
provides the largest change occurring around 0.1Hz. The higher frequency components show a
gradual reduction in the change in spectral energy density. This is due to the broader PTF that
maintains the extraction of energy in the higher frequency ranges.
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Figure 101 incident and transmitted spectral density for a single wave surge oscillator device.

When this is compared to the Gaussian PTF the broader peak allows for a larger energy extraction.
In addition to the larger peak energy extraction the extraction is applied into the higher frequency
interval providing additional energy extraction.
The spatial change in the energy distribution of a single oscillating wave surge converter is shown
in Figure 102. The device is located where x = 300 and y = 375. A box has been drawn around
the device to indicate the area of “useful” data, this is data that is undisturbed by sidewall
reflections. The data located outwith this region has been shown to provide useful characteristics
for identifying the presences of sidewall reflective disturbances. These can be identified by the
variation in percentage energy change along the wave-device disturbances. The results show a
simple hypothetical WEC disturbance pattern with a large peak reflection of around 80% in front
of the device. Whilst the percentage change in wave energy seems exceptionally high, this is
equivalent to a 38% change in wave height. The absorbed wave shows a reduction in wave energy
of over 50% with a proportional change to the wave height of around 25%.
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Figure 102 Percentage change in wave energy disturbance around a single oscillating wave surge converter where the
internal box provides the extent of the useful domain.

A transect dissecting the useful domain area shows the change in percentage wave energy with
regard to distance (see Figure 103). The device is located at x = 600m. The reflective wave climate
shows a large increase in front of the device, this reduces to a negative 21% and shows a decaying
oscillation until 150m in front of the device (where x = 450m ). Beyond this there is small increase
in magnitude of the wave envelope that spans 4 wave forms. Behind the hypothetical device there
is a large reduction in percentage energy, this shows a smooth regeneration as the distance downwave increases. At x = 1000m there are very small fluctuations in the percentage change in energy,
these are due to sidewall reflections, however the magnitude of these interferences are negligible.
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Figure 103 Transect of the percentage change in wave energy perpendicular to a hypothetical shallow water OWSC.

The up-wave wave device interactions were further quantified by the use of device parallel
transects from 0m, 50m, 100m and 200m in front of the device. Figure 104 shows a large increase
in energy at the device (x = 750m) that quickly reduces either side. At 50m there is a small change
in wave energy in front of the device but a wider spread with a higher magnitude is observed. At
200m, the area in front of the device shows a negative broad peak with two peaks towards of the
useful area. These results show a high level of variation of increased and reduced energy for the
given incident wave conditions.

Figure 104 Percentage change in wave energy for up-wave device parallel transects at 0m, 50m, 100m and 200m in
front of an oscillating wave surge converter.
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The same process was used to quantify the down-wave results, where the disturbance is shown at
0m, 50m, 100m and 200m behind the device in Figure 105. At 0m the maximum reduction in
energy is behind the device, this reduces rapidly either side of the device. The 50m transect
produces a significant reduction in energy when compared to the 0m. The profile shape of the
absorbed wave transforms from 0m to 50m. The observed changes in the 50m and beyond profiles
shows a centrally located negative peak occurring at all distances. As the distance down-wave
increases the central peak magnitude reduces and the spread increases. The general absorption
cone defined by the central zero up crossing area reduces in size but also shows an increased
spread. The positive side lobes show an increase between 0m and 50m, however after that there
is very little change in their magnitude beyond this.

Figure 105 Percentage change in wave energy for down-wave device perpendicular transects at 0m, 50m, 100m and
200m behind an oscillating wave surge converter.

The OWSC absorption profile was applied using multiple sub-simulations of porosity layers, this
is shown to provide a good representation of an operational device. The conversion between PTF
and porosity value shows a high level of disturbance in the reflected and absorbed wave. As the
results in [53] did give the magnitude, this study used the current PTF porosity value and assumed
this to be the “worst” case scenario regarding environmental impacts. When this method of
simulating hypothetical devices was combined with the wave speed dependent post processing,
the size of the useful domain expand to its theoretical maximum. This provided a significantly
larger usable domain with the same computation time and memory requirements, providing a
more efficient model.
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4.3.2 Multiple Devices
When multiple devices are considered the effects of interference on the wave disturbance can be
seen. The simulation of multiple device causes a larger area of the domain to be occupied by the
WECs, This shortens the distance from the external device to the sidewall makes larger arrays
more susceptible to sidewall reflections. This means that fewer time steps can be used for the
same domain. To work around this either a larger domain may be used or fewer time steps could
be used, this study has chosen to keep the existing domain and reduce the number of used time
steps. This will prove a faster computation with a small loss the extent of the usable domain.
The results for a small array with device spacing of 100m are shown in Figure 106. As with the
single device simulation a black box indicates the useful area. The restriction to the size of the
useable domain is mainly noticeable in the x direction. The array tests experience a useful domain
length of just 260m behind the devices, compared to a useful down-wave domain extent of 600m
for single devices. For the up-wave wave climate, the devices show a large increase in wave
energy that is distributed in a similar pattern to a single device test. When a more general overview
of the device up-wave domain is considered, a more complex distribution of energy change can
be seen. This leads to large localised increases in energy of 22% that occur between devices. A
2-dimensional variance in energy that results in a large modulation of central lobes with 2 smaller
modulating side lobes is also present. The down-wave results identify a similar absorption pattern
immediately behind the devices. When the distance increases a more spatially varying change in
wave energy is observed. Two areas of reduced wave energy are located between devices and
have a negative energy change of 30%, however behind the central device the wake from the edge
devices causes an energy change of 0%. The area extending down-wave of the useful domain
provides some insight into the possible further field effects.
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Figure 106 Percentage change in wave energy disturbance around a three OWSC with a spacing of 100m where the
internal box provides the extent of the useful domain.

The perpendicular transects from the multiple device simulations are shown in Figure 107. The
up-wave data indicates a slightly larger increase in front of each device when compared to a single
device. The two external side WECs (WEC 01 and WEC 03) provide an identical scattering and
absorption pattern, with the central WEC (WEC 02) showing a different scattering and absorption
profile. The up-wave results indicate a similar profile to the single device simulation, when the
central and side WECs are compared, the central WEC exhibits a much greater magnitude of
wave envelope then the two side devices. This produces an increase in energy of ±20% around
270m in front of the device. The down-wave results show the same initial reduction in energy.
At 50m behind the array line the central device transect separates from the edge devices, causing
a higher peak down-wave disturbance. Beyond this peak the central device disturbance returns to
-22%, where the level experiences a slow reduction in energy change as the distance is increased.
The side devices show a secondary down-wave peak at 300m behind the device. This is a result
of the propagation of the central device’s wake.
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Figure 107 Percentage change in wave energy perpendicular to 3 hypothetical shallow water oscillating wave surge
converter.

The up-wave device parallel transect shows the propagation of reflections at 0m, 50m, 100m and
200m. Figure 108 shows three large peaks indicating the location of the devices at 0m in front of
the devices. 50m in front of the devices, the transects intersect the region where the disturbances
are greater between the devices. At this distance a relatively low disturbance is observed with a
maximum of 8% energy change. At 100m the central device shows a lower change in energy
compared to the side devices, this results in a percentage energy change of 10% for the central
device and 15% for the side devices. The location of the peak disturbance for the side device is
offset to the side of the array by more than 10m. By 200m, the transects show four small peaks
with a disturbance of 5%. The distribution of these peaks is further apart from them than the
similar 50m transect. This shows that the effects of each individual device propagate further than
200m up-wave.
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Figure 108 Percentage change in up-wave energy parallel to 3 hypothetical shallow water oscillating wave surge
converters.

The down-wave results are shown in Figure 109. Immediately behind the device the individual
reductions can be seen. At 50m and 100m the locations of the transects show a lessened energy
disturbance for the central device. When the horizontal location of the peaks for the side devices
is compared, the 100m transect shows that the peak moves outwards from the array. At both 50m
and 100m the effects from individual devices are present. The 200m change in wave energy shows
the maximum reduction behind the central device of -23%. As the distance behind the array is
increased the effects of individual devices lessens, and the transects begin to show a smoothed
profile.

Figure 109 Percentage change in down-wave energy parallel to three hypothetical shallow water OWSCs.
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The results from the small array simulation reveal that the application of the wave speed
dependent post processing provides an accurate and efficient way for extracting data. As single
device simulations were able to extend the area of interest 600m behind the device before sidewall
reflection occurred, the array test was limited to a useable domain size that extend 260m downwave of the device. This was caused from the additional devices effectively reducing the distance
from the device to the sidewalls. The device spacing of 100m provides a large degree of
separation; it is conceivable that the spacing could be significantly reduced to as little as 50m and
maintain a realistic separation. In doing so the area of the useful domain could be increased. The
flat bathymetry provided an ideal test area to determine the wave energy disturbance around a
device. The analysis of the results from the array tests can be separated into up and down-wave
disturbances. The up-wave results display a complex pattern of modulating distribution in wave
energy. The amplitude of these modulations decreases as the distance increases in front of the
device, however, 300m in front of the device the modulation begins to increases slightly. The
down-wave propagation of wave energy shows a simpler distribution of disturbance. Behind each
device a large reduction in wave energy is observed. As the distance increases and the wake
effects propagate, the combined wave modifications localised phase relations result in regions of
fluctuating wave energy change. These localised regions are transient and depend on the incident
wave field, device layout, absorption/reflection characteristics and localised bathymetry. The
current work has focused on representing a devices operational characteristics, similar studies has
looked at changing wave climate and layout, however little work has been conducted on the
influence of nearby shorelines with respect to OWSC.

4.4

Uniform Sloping Bathymetry

As the deployment of these devices is likely to be in the nearshore shallow water environments,
the next step is to assess the effect of the sloping bathymetry on the distribution of wave-structure
interactions. The following simulations use the same method of applying the hypothetical WECs,
however, the bathymetry, sponge layer and boundary conditions have been altered. Additionally
a reduction in the device spacing to 50m is applied. The change in the bathymetry enforces a
uniform sloping gradient across the domain. To ensure relative continuity between beach slopes
and WEC location, the WEC location was identified as the domain origin, this leads to a change
in the up and down-wave bathymetry, while the WEC remains at a constant depth of 10m. The
slope is extended from 200m in front of the device to the edge of the domain or the shoreline.
Due to the dimensions of the sponge layer the maximum gradient of the bathymetry is set to 1:20,
additional gradients of 1:50 and 1:100 are also tested to allow for a comparison (see Figure 110).
The depth dependent wave speed post-processing was conducted using the same algorithm as the
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previous array simulation. This can be done as the lateral (device parallel) depth remains constant,
providing sufficiently accurate wave speed information for propagation time to be calculated.

Figure 110 Bathymetry in metres for the beach slope model domain with a gradient of Top left: 1:20 Top right: 1:50
Bottom left: 1:100.

4.4.1 1:20 Slope
A bathymetric gradient of 1:20 provides a maximum depth of 21m at the WGL. This provides a
distance from the beginning of the slope to the shoreline of 200m; due the requirement of sponge
layers, the last 50m provide total wave absorption. The useful results in Figure 111 are indicated
within the black box, which extends from the beginning of the beach slope to the shoreline
(including the shoreline sponge layer). The spatial distribution of percentage energy change
differs when compared to the flat domain. Due to the steep sloping domain and the shoreline
proximity to the device the down-wave device interaction is spatially restricted. Large up-wave
decaying modulations occur in front of each device and merge into a general modulation (as seen
in the basin models). While the general pattern is observed to be similar to the basin model the
distribution of energy change shows differences. As the device boundary reflection and
transmission coefficients are identical to the basin model these are discounted when considering
the further spatial changes in wave alterations. Taking this into account the up-wave change in
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maximum and minimum wave energy are shown in Figure 111 as -26% and +26%. The downwave results show a large reduction behind the device, where the wake integrations cause peaks
of -37% between the devices. This spatial variation is significantly larger than the flat domain
models. The dramatic increase in disturbance in this test is a result of reducing the device spacing
and the domain slope. The large observed negative effects propagate to the shoreline, where there
is a large spatial variation in positive and negative disturbance to the wave energy.

Figure 111 Percentage change in wave energy disturbance around three oscillating wave surge converters with a
spacing of 50m on a 1:20 beach gradient. The internal box provides the extent of the useful domain.

Perpendicular transects were taken with the useful domain, bisecting each device (Figure 112).
This shows the peak change in reflected wave energy for all devices of 82%. As the up-wave
distance increases, the transects of device 01 and 03 experience similar disturbance patterns. The
central device shows a similar disturbance pattern but after 30m begins to differ when compared
to the side devices. All transects show a decaying modulation as the distance increases. The
results from outside the “useful” domain (shown in Figure 111) indicate that if the transect was
extended then a small localised increase would be observed. The down-wave results show a peak
reduction behind each device of -62%. When the distance to the down-wave increases, the two
side-device transects diverge presenting different disturbance patterns. The central device
experiences a peak of -15% at 42m behind the device; this then reduces again until the shoreline.
The side device transects shows a lesser defined peak at 42m, where the disturbance lessens
towards the shoreline.
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The perpendicular transects reveal that while the useful domain shows the extent of the area where
WECs provide the sole disturbance, if we look beyond this then the high variance data (with
sidewall reflections) may yield additional information.

Figure 112 Percentage change in wave energy perpendicular to 3 hypothetical shallow water oscillating wave surge
converters on a sloped domain of 1 in 20.

The parallel transects from the up-wave device domain shows the transformation of wave
disturbance in Figure 113. As the distance up-wave increases, the magnitude of the disturbance
decays. At 0m the maximum disturbance is observed across all devices as presented in Figure
112. When the distance increases the 50m transect indicates that the location of the main peaks
has moved between devices. As the distance further increases the width of the disturbed area
increases, however as the spreading broadens the magnitudes are reduced. 200m in front of the
device a small variation across the edge of the useful upper-wave boundary can be seen. This only
shows a very minor disturbance, but the area plot reveals that the 200m transect is taken between
a peak and a trough of the modulating disturbance.
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Figure 113 Percentage change in up-wave energy parallel to 3 hypothetical shallow water oscillating wave surge
converter on a sloping domain with a gradient of 1 in 20.

The down-wave parallel transects are shown in Figure 114. Due to the steep gradient of the
domain only 3 down-wave transects can be plotted (see Figure 114). The data indicates that the
influence of individual devices as far as 50m down-wave. Beyond this a general absorption cone
can be seen. Unlike the up-wave results a large energy disturbance is propagated past 100m
resulting in a large percentage changes near the shoreline.

Figure 114 Percentage change in down-wave energy parallel to 3 hypothetical shallow water oscillating wave surge
converter on a sloping domain with a gradient of 1 in 20.
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4.4.2 1:50 Slope
A bathymetric gradient of 1:50 provides a maximum depth of 14.4m at the WGL and a distance
of 500m from WEC to the shoreline. This provides a similar depth gradient to the proposed
Aquamarine Power development site off the north-west cost of the Isle of Lewis. The application
of the wave speed dependent post possessing ensures the maximum extent of the useable domain,
where little to no sidewall reflections is included. The area results (see Figure 115) identify the
extent of the useful domain, where the up-wave boundary remains in the same location due to the
limited up-wave bathymetry slope. The lateral boundaries also remain in the same location, while
the down-wave boundary can be extended to allow for the more gradually sloping domain. During
the computation processing there was a simulation blow-up for the 10.02 second wave component
in base and device model. The blow-up occurred in very shallow water where wave breaking
wave was occurring. This prompted a change in the roller form factor where the value was
reduced to 1 from 1.5. This modification to the specific frequency component allowed the
simulation to compute for the required number of time steps. The up-wave data identifies a peak
percentage change in wave energy of 90% directly in front of the devices. The scattered
disturbance modulation resulted in secondary maximum and minimum values of +25% and -24%.
The down-wave data shows a peak reduction of -52% behind each device with areas between the
devices peaking at -35%. The wave disturbance propagates down-wave until the shoreline, where
along the shoreline an increased disturbance can be seen.
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Figure 115 Percentage change in wave energy disturbance around three oscillating wave surge converters with a
spacing of 50m on a 1:50 beach gradient. The internal box provides the extent of the useful domain.

The perpendicular transects (Figure 116) yields a very similar pattern in wave disturbance to the
1:20 slope domain. The increased distance from the shoreline to the device causes a change in the
shape of the WEC transects. For the mid-gradient results there is a reduction in percentage energy
change towards the shoreline. The central device experiences a far-field regeneration from 120m
behind the device to the shoreline.
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Figure 116 Percentage change in wave energy perpendicular to 3 hypothetical shallow water oscillating wave surge
converters on a sloped domain of 1:50.

The up-wave parallel device transects show the peak reflective disturbance of each device has an
increase in energy of 90%; this reduces as the distance up-wave increases. As with the other tests
the spreading of the disturbance also increases with distance, causing a fall in disturbance as the
distance is extended.

Figure 117 Percentage change in up-wave energy parallel to 3 hypothetical shallow water oscillating wave surge
converter on a sloping domain with a gradient of 1:50.

The down-wave results show a peak percentage change of -58%. As the distance down-wave
increases the magnitude of the disturbance is reduced and the effects of the individual devices
lessens, merging into a more generic disturbance.
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Figure 118 Percentage change in down-wave energy parallel to 3 hypothetical shallow water oscillating wave surge
converter on a sloping domain with a gradient of 1:50.

4.4.3 1:100 Slope
A bathymetric gradient of 1:100 provides a maximum depth of 12.2m at the WGL and a distance
of 800m from WEC to the end of the model domain. As the gradient is so shallow a minimum
depth of 2.06m is reached by the edge of the domain. Due to the extended slope, the wave
propagation distance is lengthened, this extends beyond the length of sidewall reflected waves.
To reduce sidewall interference the results have been restricted to within a domain, this extents
from the devices to the 4m depth contour. Figure 119 shows an up-wave peak change in energy
of 88% for all devices with the near device spatially varying maximums and minimums of +24%
and -22%. The down-wave results exert a peak of 58% at the devices with the spatial varying
maximum and minimums of -12% and -33%.
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Figure 119 Percentage change in wave energy disturbance around three oscillating wave surge converters with a
spacing of 50m on a 1:100 beach gradient. The internal box provides the extent of the useful domain.

The perpendicular transects for each device on the 1:100 domain gradient (Figure 120) have a
similar main device interaction. However, the extension of the domain causes an elongation of
the down-wave peaks. At 400m behind the device all three WEC transects show a similar
disturbance of -17%.
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Figure 120 Percentage change in wave energy perpendicular to 3 hypothetical shallow water oscillating wave surge
converters on a sloped domain of 1:100.

The up-wave device parallel transects shown in Figure 121 has an identical device reflection as
the 1:20 and 1:50 gradient simulations. Further away from the device the up-wave transects
experiences a similar disturbance pattern to the 1:50 gradient results.

Figure 121 Percentage change in up-wave energy parallel to 3 hypothetical shallow water oscillating wave surge
converter on a sloping domain with a gradient of 1:100.

The down-wave device parallel transects shown in Figure 121 have an identical device absorption
pattern when compared to the 1:20 and 1:50 simulations. As the distance increase a similar downwave transects are observed.
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Figure 122 Percentage change in down-wave energy parallel to 3 hypothetical shallow water oscillating wave surge
converter on a sloping domain with a gradient of 1:100.

4.4.4 Slope Simulation Comparison
A comparison of the central device perpendicular transect provides a good representation of the
processes occurring as the wake propagates to the shoreline (see Figure 123). The vertical black
line at 400m provides the up-wave extent of the useable domain. The blue, green and red vertical
lines identify the location of the end of the simulated domain. The peak device reflection and
absorption is shown to be marginally higher at the device location. As the distance is increased
up-wave this difference between the 1:20 and 1:100 increases, this can be seen for the 1:50
although this alteration occurs at a much slower rate. The location of the peaks is shown to move
further with the steeper gradient tests, where at x = 400m the 1:20 disturbance is almost
completely out of phase with the 1:100 result. The down-wave results are much simpler. The peak
values at x = 690m is depicted to be slightly higher for the 1:20 then the other results. Otherwise
all wave test domains have a very similar disturbance pattern. The immediate shoreline change
has been removed as these cells show large variations that are not related to the physical processes
occurring at these depths.
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Figure 123 Percentage change in wave energy for the 1:20, 1:50 and 1:100 beach gradient results.

4.4.4.1 Spatial Features
In order to complete a direct comparison between the sloped domain tests and the magnitude of
the spatial features, the features must first be defined. Figure 124 identifies the 4 main disturbance
features around a WEC array, where UW and DW relate to the up-wave or down-wave position.
Due to the transient nature of these features (shown in Figure 123), a visual identification method
provides a more practical solution for identifying the position and magnitude of these values.
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Figure 124 Illustration of spatial features around a small array of WECs.

Table 2 shows the peak percentage energy change values for the spatially varying features. The
results for UW-maxs, UW-mins and DW-maxs exhibit the largest percentage change in energy for
the 1:20 and the lowest for the flat domain. The DW-mins shows a less straightforward
relationship, where the slope domain tests have a change of -11% and -12% and the flat domain
has a value of -2%. When the first three columns of data are considered the results indicate a good
correlation and suggest that a steeper gradient causes an increase in the magnitude of wave energy
disturbance. The fourth column of data (DW-mins) reveals a trend with a higher level of variation.
Table 7 Percentage change in wave energy at the identified features.

Slope

UW-maxs

UW-mins

DW -maxs

DW-mins

1:20

26

-27

-37

-11

1:50

24

-23

-35

-12

1:100

24

-22

-33

-12

Flat

23

-22

-31

-2

The wave disturbance observed in the sloping gradient tests is caused by the bathymetric
variation. However, this varying bathymetry may also alter the incident wave climate. This, in
turn, will result in a different wave-device interaction. As the wave propagates towards the
device for each test the changing gradient causes the initial water depth to vary, this results in
wave transformation as it approaches the location of the device. If the change in depth is great
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enough the wave transformation will alter the chosen wave conditions and provide misleading
results.
To quantify the changes in the incident wave form as a result of bathymetry changes, the surface
elevation at the location of the WEC for the sloping and flat domains were compared. This is a
direct comparison between the incoming wave for each frequency component and should not be
mistaken for a Fourier decomposition of a frequency spectrum. As the depth at the WEC location
for all simulation is equal to 10m, the results will indicate whether or not a significant change
occurs. Figure 125 uses phase matched data series to plots the sloped domains against the flat
domain surface elevation. The relative magnitude and wave form for each frequency component
is compared. The results indicate that there is very little observable difference between the wave
forms for the flat and sloping domains of the significant frequency components.
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Figure 125 Time series showing the relationship between wave forms comparing the flat and sloping model domains.
Top left: flat vs 1:20 Top right: flat vs 1:50 Bottom centre: flat vs 1:100.

The varying magnitude of the frequency components provides difficulties in when looking at the
lower energy components; this is due to their relative small magnitude. To assess the relationship
between the flat and sloped domains a Pearson correlation coefficient was calculated using

𝑟=

∑𝑛
̅)]
𝑖=1[(𝑥𝑖 −𝑥̅ )(𝑦𝑖 −𝑦
(𝑛−1)𝑆𝑥 𝑆𝑦

4.14

Where 𝑥𝑖 and 𝑦𝑖 refer to the flat and sloped domain time series data, 𝑛 is the number of data point
and 𝑆𝑥 and 𝑆𝑦 are the standard deviation of each respective time series. The calculated Pearson
correlation coefficients can be seen in Table 8. When the data is compared to the flat domain
results, most wave forms show a very good agreement. The high frequency low energy wave
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components experience a poor agreement with very little correlation. This may be due to the low
magnitude of the wave form or the high frequency component allowing the wave to be classified
as deep water, where the Boussinesq simulation struggles to simulate these conditions.
Table 8 Pearson correlation coefficients for the comparison of incident wave fields.

Frequency
Component

Pearson
coefficient (r)

Domain gradient
1:20

1:50

1:100

15

0.98

0.57

0.62

14

0.99

0.99

0.95

13

0.99

0.99

0.90

12

0.97

0.98

0.99

11

0.86

0.91

0.87

10

0.99

0.99

0.99

9

0.98

0.96

0.98

8

0.98

0.99

0.99

7

0.99

0.99

0.98

6

0.99

0.99

0.08

5

0.99

0.99

0.01

4

0.98

0.84

0.01

3

0.97

0.01

0.01

2

0.05

0.01

0.01

1

0.02

0.01

0.01

While a percentage of frequency components may not be accurately represented across the whole
test, the energy within these low correlation components is very small and only offers a minor
contribution. This mean that the lack of correlation in the low energy component does not present
a large issue and the overall data can be said to have a good agreement.
The results of the statistical analysis indicate that there are minimal changes to the wave form at
the WEC location for each domain gradient test. Therefore the observed changes in energy
disturbance are as a direct result of domain gradient as opposed to changes in the incident wave
field.
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4.4.5 Shoreline Disturbance
One of major concerns of the installation of OWSC is the potential shoreline impact. This may
have significant effects on coastal sediment dynamics, coastal ecology and other shoreline users.
While this study only looks at classifying the alteration to the wave climate, the knock on effects
from these changes may play a large role in the consenting process for a large array. The 2m depth
contour was compared for each domain gradient. The 1:20 and 1:50 domain gradients have a
distance from the device to the 2m contour of 160m and 400m. The 2m depth contour for the
1:100 domain gradient was situated beyond the useful area and because of this it has been
removed from this analysis. When the data from the 1:20 and 1:50 gradient domains are plotted
(see Figure 126) the shoreline effects can be observed. The slope profile between the domains
show differing profiles, where the 1:20 results boast a much higher magnitude in shoreline
variation. The peak reduction in wave energy shows values of -39% and -14% for the 1:20 and
1:50 beach slopes. Both domains slopes also have an increase in energy to the sides of the array
of 6% for the 1:20 and 2% for the 1:50 gradient. The 1:20 slope results have a step the main
disturbance peak; this is due to the merging of the individual device absorptions. Either side of
the devices the 1:20 and to some extent the 1:50 shoreline profiles show a small oscillating
disturbance.

Figure 126 Change in wave energy along the 2m depth contour for the 1:20 and 1:50 domain slopes.

The shoreline data reveals the magnitude of the energy variation across the shoreline. When the
array is located close to the shoreline a larger variation in the change in wave energy should be
expected. As this uses a uniform sloping domain the results are not affected by local bathymetry
variations. These results would differ if applied to realistic shoreline. The potential implications
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of these shoreline changes may affect wave driven currents and cause significant changes to the
existing circulation system. This process is similar to that found behind a nearshore breakwater
[79]. As a result of the wave induced currents the effects of a detached structure may cause erosion
and accretion of sediment leeward of the device. Erosion would occur between the devices and
accretion would occur behind the devices [79], this may eventually lead to the formation of a
tombolo.

4.5

Conclusion

This chapter presented the development of a frequency dependent absorption method that uses
multiple monochromatic sea states to represent a frequency spectrum. For each wave component
a frequency dependent porosity value is assigned based on the initial test values. This allows the
application of any PTF to the simulation. The individual components are then summed to provide
a frequency dependent absorption for any given spectrum and device PTF. These results were
tested using a generic well-tuned PTF that was applied in the SW simulations, after the successful
application a nearshore OWSC PTF based on experimental data was simulated. While the
quantification of the absorbed and the reflected wave spectra remained classified the absorption
profile enabled a more realistic device simulation.
The simulation of multiple devices provided a complex spatial up and down-wave absorption/
reflection interaction. The up-wave results showed large initial increases in wave energy
immediately in front of the devices. As the distance in front of the device increased a decaying
modulation was observed. Additional regions on localised increases and reductions in energy
were also noted. The down-wave results yield a less complex disturbance pattern, where an initial
large reduction is seen that exhibits an exponential decrease in energy change as the distance
down wave increases. Sidewall wake effects cause localised increases in energy, these may
combine from several devices to result in an overall increase in energy behind a device.
The effects of a sloping nearshore environment were replicated by applying a uniform sloping
domain. The gradient of these domains reviews wave disturbance for 1:20, 1:50 and 1:100 slopes.
The same near OWSC absorption parameters were applied to the simulation. The results show
that the steeper gradient domains cause spatial restrictions on the down-wave disturbance. This
results in a denser wave device interaction, where the shoreline reduction in wave energy is
increased.
The application of the presented wave disturbances of the frequency dependent device simulation
method are restricted, this is a result of no simulation validation. This restricts the application of
the results presented in this study, where the exact magnitude of wave device interactions should
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not be considered as precise measurements or predictions. The results presented in this study are
for demonstration purposes and provide details of the methods used and aid in the quantification
of the evolution of wave disturbances. For this reason the main contribution of this part of the
thesis is considered to be the presentation of a new method for simulating a frequency dependent
absorption and reflection within the BW model. This offers a flexible method of implementing
devices where porosity values can be easily adjusted in order to achieve a required
reflection/absorption profile of a specific device.
In order to provide a somewhat realistic magnitude of wave device disturbance a basic comparison
with existing literature is normally considered. As the bathymetry, device type, device layout and
incident wave climate are not consistent from study to study, a direct comparison between this
study and other are flawed. For example, a study of the Wave Dragon device is considered [47]
shows an initial H/Hi behind the central device of approximately 0.75. When this is considered in
terms of % energy change, an overall change of -56% is observed. This is a very similar energy
change to that observed by the OWSC in Figure 107. As the distance down-wave increases the
peak in the energy regeneration occurs at 80m during this study, however, when this is compared
to [47] this peak occurs almost 200m behind the device. This is due to the large size of the Wave
Dragon device and therefore the increased device spacing required. This highlights the potential
limitations when considering using other studies for the validation of existing work in this field.
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5.

Spectral and Boussinesq Comparison

5.1

Introduction

The previous work presented in sections 1 and 2 used two simulation types to develop new
methods for the simulation of WECs in DHI’s MIKE 21 Spectral and Boussinesq wave model.
Both methods have been shown to provide promising results, sections 5.2 and 5.3 directly
compares and assesses the methods, results and the practicality of the simulations. This provides
basic guidance into the uses and methods outlined within previous chapters with references to
each simulations abilities and limitations. Section 5.4 applies changes minor changes to the SW
model in order to achieve a more comparable simulation. WECs are added and the results are
discussed in section 5.5. This indicates that the process of including wave diffraction within the
SW model causes a significant influence.

5.2

Numerical Software

As the previous chapters provide a clear description of the modelling process within the SW and
BW modelling software packages, this section focuses on identifying the differences between the
BW and SW simulations. Table 9 shows a list of comparable software characteristics for each
model type. The computational characteristics displayed in the table were prioritised as the most
relevant for the consideration of WECs. A more broad-scale approach was conducted in Folley et
al [32] , where several wave modelling software techniques (including boundary element method
and CFD) were compared.
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Table 9 Software comparison for WEC array simulation purposes.

Characteristic

Spectral Wave model

Boussinesq Wave model

Mesh type

Unstructured grid

Structured grid

Domain scale

100m-100+kms

10-1000m

Resolution

10m-10kms

1-4m

Water depth

All

Intermediate/shallow

Wave phase capability

Phase averaging

Phase resolving

Non-linear effects

Included (within phase

Included

averaging parameters)
Computational demand

Relatively low

High

Processes

Depth and current induced

Shoaling, refraction diffraction,

refraction, shoaling, wind

wave breaking , bottom friction,

forcing, whitecapping,

moving shoreline, partial

bottom friction and

reflection and transmission and

nonlinear wave-wave

nonlinear wave-wave interactions

interaction.

Diffraction

Phase decoupled refraction

yes

diffraction approximation
Currents

Yes

No

Move structures

No

No

Internal absorption/wave

yes

yes

Stable

Potentially unstable

generation
Model stability

Table 9 outlines some potential limitations on the areas and types of WEC arrays that are capable
of modelling when looking at the Spectral and Boussinesq wave models. This suggests that due
to the coarse resolution of the SW model the users should be careful when simulating individual
devices and inter-array wake effects. However, the SW model is a good tool for simulating the
propagation of the far field effects. The BW model has considerably more limitations; this only
allows the simulation of waves in intermediate or shallow water depths and suffers from stability
issues. This immediately restricts the use of the BW model to nearshore developments. The
increased spatial and temporal resolution provides phase resolving results, although the
propagation of the far-field disturbance provides computational time concerns. As neither model
includes moving structures, they cannot account for device radiated waves, which will affect the
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near-field wave disturbances, but this remains less of an issue for mid- and far-field regions.
Internal WGLs could be used to circumvent this problem. However, this would require phase
information for specific devices, which, due to the competitive nature of the wave industry, is not
readily available. The effects of reflections are included within the BW model, but this is not the
case for the standard SW model. As stated in section 2 the Reactive Polygon approach explicitly
simulates the presentence of reflection through the use of an internal WGL. This uses basic
approximations to include the presences of reflection for a WEC.
Table 9 suggests that the simulation of the BW model is better suited for simulation of mid-field
results, while, the SW model is more appropriate for the simulation of far-field wave propagation.
The difference in the computation of diffraction leads to a similar conclusion, where the lack of
an explicit diffraction term in the SW models results in an approximation, with potentially
unrealistic wave fields immediately behind a device or array. This provides an opportunity for
simulation coupling with the BW model simulating the near and mid-fields and the SW model
simulating the far-field disturbance propagation. The end result provides a high resolution model
that can propagate wave-device disturbances tens of kilometres, in a time and data-efficient
manner. This is currently only a concept, as the realistic process of coupling these simulations
proves challenging, due to fundamental differences in the handling of data and available data
input and output types.

5.3

Modelling Techniques

The modelling techniques used to compare the BW and SW models presented in this study build
on previous work using standard tools. The application of standard tools in innovative ways
allows the simulation of specific devices and processes. This section compares the simulation
methods and their potential uses and limitations with regards to other existing software. The
Reactive Polygon method used within the SW model applied a base model to quantify the wave
resource at the location of the WEC, a transmitted and reflective spectra was generated from a
device specific PTF, and incident and device scattered wave model was re-run. This method is
fairly straight forward due to the duel simulation approach, where the energy extraction takes
place in a post processing script. This allowed for a relatively low computational resource where
a large time scale can be simulated. The method of implementing a WEC in the BW model was
somewhat more complex. This approach separated the incident frequency spectrum into a number
of component wave forms; each wave form was then run as a separate monochromatic model
where an energy dependent porosity structure was applied, the recombination of all the
component frequencies formed the resultant sea state for entire domain. This method is very
computationally intensive as each frequency component must be simulated. The results of this
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method provided a frequency dependent absorption for a single wave frequency spectrum. This
means that the use of this method to assess a series of temporal wave dataset is currently
unfeasible. However, if a number of representative wave spectra were chosen, this method would
be feasible. The results of the simulation techniques for both simulations can be directly compared
for a flat domain, where the SW results have been converted into wave energy.

5.4

Model Modifications

As wave device interactions are highly dependent on the incident wave fields, device parameters
(PTF, reflection coefficient and shape) and layout parameters (separation and layout) the
comparison of the SW and the BW models requires basic alterations to ensure consistency. As
the BW simulation used a more complex WEC simulation, this model will be used as a “reference
model” and the SW simulation was changed to meet the same specifications. This resulted in
alteration of the domain, frequency discretisation and wave climate for the SW model. The new
domain had an x axis of 1100m and y axis of 900m. The model had an unstructured mesh
resolution of approximately 10m. As the BW model was composed of multiple wave forms the
SW model was run using a modified frequency discretisation that replicated the BW simulation.
This resulted in a minimal and maximum frequency of 0.06Hz and 0.246Hz with a separation of
0.01333Hz. The bottom friction parameter was applied using a Nikuradse roughness of 0.02. This
made the SW simulation more stable and significantly speeded up time step convergence. These
modifications allowed for a better comparison between the BW and SW models, and ensured a
relatively fast computation time.
As the BW model was run using wave frequencies based on a JONSWAP distribution, a
comparative SW wave spectrum was defined. This spectrum was created using a trial and error
approach; where waves with varying parameters were propagate across an empty domain to
replicate that of the BW simulation. The best results were obtained when using the wave
parameters presented in Table 10.
Table 10 Driving boundary wave parameters

Wave Parameter

Value

Significant Wave height

[m]

2.08

Peak wave period

[sec]

10

Mean wave direction

[deg]

270

Directional Spreading index

100

174

The resulting wave field produced a frequency spectrum that was directly comparable to that used
in the BW simulation. This is shown in Figure 127, where the two wave spectra yield a very
similar result.

Figure 127 Boussinesq and Spectral energy comparison in the frequency domain.

As the BW simulation uses monochromatic single directional waves there is no directional
spreading. This is replicated in the SW model with a directional spreading index of 100. This
produced the directional frequency spectrum seen in Figure 128. The directional distribution uses
the formula shown in equation 5.1, where the 𝜃𝑚 is the mean direction and 𝑛 is the spreading
index.
𝐷(𝜃) = cos𝑛 (𝜃 − 𝜃𝑚 )
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5.1

Figure 128 Directional frequency spectrum for the SW model with a directional spreading index of 100.

5.5

WEC Absorption

The simulation of WECs within the BW model is identical to the previous BW model, where the
OWSC PTF is applied over 15 frequencies. The SW model uses a modified version of the
Reactive Polygon method, where the Gaussian PTF has been substituted for the same OWSC PTF
as the BW simulation. This PTF is shown in Figure 129 with the power capture coefficient
dependent on frequency.

Figure 129 SW model power capture coefficient relative to frequency.
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As the SW model is fully spectral, the simulation of directional energy is included. This used a
Gaussian distribution to limit cross-device energy absorption. When this was combined with
frequency dependent absorption a device absorption matrix was created. This is presented in
Figure 130. The power capture matrix shows a peak absorption at 270° and 0.1Hz that reduces as
the frequency and direction changes. The upper stem plot provides a good overall representation
of the overall absorption shape but the magnitudes of the peak values are not clear, the lower
contour plot accounts for this and provides a better visualisation of absorption magnitude.

Figure 130 Directional frequency power capture coefficient for a nearshore wave surge oscillator presented using two
visualisations.

5.5.1 Diffraction Sensitivity
The results of the simulation techniques can be directly compared for a flat domain, where the
SW results are converted into wave energy. This was done using the same method as in the BW
model by converting Hm0 to energy using E = (1/16)ρ.g.Hm02. Further development of the Reactive
Polygon simulation included the addition of diffraction; this was excluded from the Reactive
Polygon tests due to the increased instabilities.
177

The diffraction parameter within the SW model is controllable using a phase decoupled diffraction
refraction approximation. As this method is an approximation, without the inclusion of wave
phase information, coherent wave features are omitted. As the BW simulation used phase
resolving terms, these coherent wave features are present within the BW simulation. Due to the
potentially unstable nature of the quasi-stationary diffraction approximation, the SW model
applies smoothing to increase simulation convergence. The smoothing process is defined by the
following spectral energy density (𝐴𝑖,𝑗 ) relationship
∗

𝑘−1
𝐴𝑘𝑖,𝑗 = (1 − 𝛼)𝐴𝑘−1
𝑖,𝑗 + 𝛼(𝐴𝑖,𝑗 ) .

5.2

Where k is the number of smoothing steps and α is the smoothing approximation. The calculation
of the smoothing allows a diffraction parameter to be created. When the number of diffraction
steps is increased the convergence success rate is increases but the diffraction effects are lessened.
These convergence issues made the inclusion of diffraction problematic. As diffraction was
significant in the wave-device interactions, the comparison between the BW and SW simulation
looked at the application of multiple smoothing steps within the SW simulation. For all SW
simulations the smoothing factor remained constant with a value equal to 1. The smoothing steps
were run at 20, 15 and 10 steps. Smoothing steps below this caused large oscillations and
prevented model convergence. In order to get an approximation of the potential for the simulation
of diffraction, a simple linear regression analysis was applied to the existing model data to achieve
result for an equivalent smoothing step of 1.
The results of the model comparison are shown in Figure 131, where the spatially varying
percentage change in wave energy is shown using the same vertical colour scaling for each sub
plot. Model 01 presents the results of the BW simulation, where a large peak change in wave
energy with complex disturbance pattern is shown around the devices. The SW results are
displayed in models 02-06. Model 02 shows the Reactive Polygon method with no diffraction,
the down-wave results indicate an extend down-wave disturbance. As diffraction was introduced,
the down-wave results provided a narrower wave shadow. When the smoothing steps were
reduced and the model nears a more “realistic” diffraction effect, the features within the domain
began to develop. This was most noticeable in the increase in wave energy disturbance behind the
central device. Model 06 depicts the data from the linear regression analysis; this shows the largest
spatial wave variation with the most similar disturbance pattern to the BW results.
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Figure 131 Percentage change in energy between the BW and SW simulation with varying diffraction smoothing steps.

A transect bisecting the central device offers a good tool for the viewing the simulation differences
along the wave path. The results can be seen in Figure 132, which shows very different
disturbance patterns for the BW and SW simulations. The down-wave results for the BW test had
a large initial absorption. Beyond this, a recombined sea state causes a reduction in energy
disturbance; after this, the disturbance increases and shows a gradual decay. The maximum
reduction in percentage wave energy was equal for all SW models. When no diffraction is selected
after the peak reduction, there is a gradual decay in the negative energy change. As the diffraction
parameter was included, and the smoothing steps were reduced, the development of a positive
change in energy emerged, and as this peak increased it also shifted towards the device. Further
down-wave the results show an increase in negative change until they resume their previous rate
of decay. The up-wave results show a more complex comparison due to the phase dependent
coherent wave fields. This makes a near device comparison difficult due to the nature of the
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coherence, where the location of the peaks and trough is dependent on the incident frequency
spectrum. As the incident wave spectrum for the BW and SW models are almost identical, the
variation in results was caused by the inclusion of the phase dependent wave features. As these
were not included within the SW model, the up-wave near device disturbance varied significantly
between simulations. The SW magnitude of reflection had a dependence on diffraction smoothing
steps, where the lower smoothing steps caused a lower the peak reflection.

Figure 132 Percentage change in wave energy for a transect bisecting the central device for each model simulation.

The direct comparison between the down-wave BW and SW (low smoothing steps) simulation is
difficult due to the varying WEC absorption. However, this does allow for a more general
comparison. For the lower smoothing step simulations the location of the down-wave peak is
dependent on the number of steps applied. Model 06 shows the closest position to the BW model,
as it utilises an actual calculation of diffraction.
The SW model shows a reasonable approximation of the down-wave device absorption, this is
unexpected due to the large number of limitations surrounding the wave-structure interactions.
Table 11 below shows the location and the peak values of the positive disturbance. As diffraction
was not included with model 02 there was no peak positive disturbance behind the device. The
remaining SW results indicate that as the diffraction smoothing steps reduces, a larger peak is
observed closer to the device. When compared to the BW results, the lowest smoothing step
remains 90m down-wave of the Boussinesq peak. While the low smoothing steps SW model
provides a vaguely similar profile, the near-field results are very different.
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Table 11 Peak reduced disturbance behind the central oscillating wave surge converter

Model description

x Peak location

Peak value [%]

Model 01 - BW

71

+1.58

Model 02 – No Diffraction

n/a

n/a

Model 03 - Smoothing Steps = 20

228

-1.46

Model 04 - Smoothing Steps = 15

198

-0.29

Model 05 - Smoothing Steps = 10

160

+1.14

Model 06 - Smoothing Steps = 01

144

+5.30

The near-field variation between the down-wave BW and SW model disturbance profiles shows
considerable variation. The observed difference in disturbance was due to the different methods
of calculating wave processes and WEC absorption for both simulation types. As there is no
available experimental data to calibrate the absorption, an approximation was applied for each
model type. These calibrations can be adjusted in the BW approach during the conversion between
power capture coefficient and porosity value. For the SW Reactive Polygon approach a scaling
factor could be integrated with power capture coefficient.
Due to the large absorption differences in the BW and SW results, the SW absorption parameters
have been readjusted to align the absorption characteristics with the BW results. This allows for
a more direct comparison, where computational differences are more apparent. Figure 133 shows
the percentage wave disturbance between the BW and SW models for equal absorption values.
The reflective wave condition remained the same for the SW simulation, allowing only the downwave device domain to differ. The plots show five model simulation results where model 02 has
been removed. This is due to the previous result indicating the largest difference between datasets.
The results show a similar distribution of down-wave energy disturbance patterns for the SW
models, where the magnitude of absorption is increased. As with the previous tests shown in
Figure 131, the lower value smoothing steps provided a higher diffraction effect. Model 01
presents the same test model results as in Figure 131; this provides an easy reference between
simulations. The down-wave data from models 03 to 06 indicate a much larger absorption.
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Figure 133 Percentage change in energy between the BW and SW simulation where the SW peak absorption has been
increased to equal that of the BW simulation. This was applied using several diffraction smoothing steps.

A transect bisecting the central device shows the up and down-wave disturbance for the BW and
all modified SW model tests (see Figure 134). The up-wave results clearly showed no change
between this and the previous test. As only the down-wave absorption characteristics were
changed, this was expected. At the down-wave boundary of the device, the absorption of the SW
and BW values had an equal absorption. As the distance moved away from the device, a
separation between the SW and BW results occurred. The BW data experienced a much greater
reduction in energy change, with the low smoothing step tests following. As the diffraction
smoothing steps reduced the location and amplitude of the down-wave peaks becomes closer.
However, towards the edge of the domain (x = 450) the BW model shows a steady reduction in
disturbance, while model 06 shows a continual increase in disturbance.
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Figure 134 Percentage change in wave energy for a transect bisecting the central device for each increased energy
extraction model simulation.

The location and size of the peak positive disturbance is provided in Table 12. The table shows
that as the smoothing steps reduce the location of the peak moves closer to the device and the BW
results. The magnitude of the peaks changes with the number of smoothing steps, where a lower
number steps results in an increase of the peaks size. The peak magnitude of model 06 is shown
to be within 1% of the BW test, with a difference in position of 40m. As the distance increases
behind the down-wave peak positive, the BW simulation shows a decay for 150m followed by a
gradual wave energy regeneration until the end of the domain. This does not seem the case with
Models 03-06, where only a decay behind the peak is observed.
Table 12 Peak reduced disturbance behind the central maximum absorption WEC.

Model description

x Peak location [m]

Peak value [%]

Model 01 - BW

71

+1.58

Model 03 - Smoothing Steps = 20

212

-5.26

Model 04 - Smoothing Steps = 15

184

-3.77

Model 05 - Smoothing Steps = 10

150

-3.25

Model 06 - Smoothing Steps = 01

112

+0.89

The results of this test provided a good comparison for the near-device disturbances, as towards
the end of the simulation domain there was a disagreement between the SW and BW results. This
interesting correlation prompted the extension of the down-wave domain by 500m. This
elongation of the simulation domain allowed for a more detailed look at the propagation of wave
disturbances behind the array. The up-wave and near device down-wave results are identical to
Figure 134, however both the BW and SW domains were extended (see Figure 135). Due to the
shorter domain of the BW model, an approximate extrapolated path is shown using a dashed line.
The application of diffraction within the SW model shows that the fewer number of smoothing
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steps results in a larger disagreement with the BW results, as the distance increases. When the
diffraction process is ignored, the BW and SW simulation show an increasing agreement as the
distance down-wave is increased. 500m leeward of the array, the BW profile shows an increasing
level of modulation as the domain approaches the absorbent back wall.

Figure 135 Percentage change in wave energy for a transect bisecting the central device for each increased energy
extraction model simulation on an elongated domain.

5.5.1.1 Discussion
The results of the simulation comparison show that the implementation of the BW or the SW
model is dependent on the scale and therefore the detail of the required outputs. The BW model
has a high domain resolution, and combined with the phase dependent calculations results in
larger computational requirements. The SW model’s unstructured triangular mesh and phase
averaged calculations allow for the simulation of simple slow bathymetric wave changes
efficiently. These behavioural traits become apparent when comparing the model outputs. If the
BW model results are regarded as more accurate, then the SW data can be benchmarked against
them. When using the SW model to replicate the BW results around WECs the inclusion of
diffraction is of great importance. The results shown in the previous tests indicated a much better
performance in the simulation of the near-field disturbances, when low numbers of smoothing
steps were applied. While this did not provide particularly accurate results, the agreement for the
first 100 to 150m was reasonable. When the far-field domain is considered, the results show an
increase in performance when the diffraction term is completely removed. The application of a
single model for assessing the regional impacts around multiple WECs is often applied especially
in the case of the spectral wave models. If a regional BW simulation is attempted, the fine
resolution will require huge computational resources in terms of processing power and data
storage. Alternatively, the SW model would provide a much more user friendly approach in terms
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of simulation setup and pre and post processing. However, the lack of wave-device interference
data will result in a poor estimation of the near device regions, if no diffraction effects are
included.
Based on the data presented, and the existing literature, the application of the BW model covers
from tens of metres to hundreds of metres (depending on domain size and computational
resource). An SW domain can extend to a much larger area, where results should be taken as far
back as 1000m and above. As the results presented are not compared to any field data or laboratory
results, these limitations are only estimates and should not be used as strict guidelines. As this
study aimed to replicate the disturbance of nearshore OWSC, the SW and BW wave models both
provided interesting tools that have potential to be used in both cases. For example, if a large
array covering many kilometres of coastline with near-by harbours, beaches or delicate wave
dependent ecosystems is considered, then the use of the SW model would be appropriate.
However, if a development scale model is considered, where an optimal device layout is required,
the BW model will prove to be a better tool. In order to achieve a much better performance both
the SW and BW simulation can be used in parallel, this will provide a coupled model. An example
of this is using a BW model for the small scale (near device) and the SW for the large scale
regions. This would provide reasonable data for the majority of the domain, including the areas
around WECs that can extend tens of kilometres.

5.5.2 Wave Directional Spreading Sensitivity
The results shown provide information based on a single wave spectrum. To quantify the variation
in results based on incident wave spectra, a brief sea state analysis is applied. This section
identifies the effects of increasing the directional spread on the down-wave interactions. In this
case the BW modelling method has been simplified to a frequency independent energy absorption,
where the porosity of the hypothetical WECs is set to 0.85. This reduces the computation time
requirements by more than a factor of 10, without having a significant effect on the wave-device
interactions. To reduce the sidewall interactions the BW simulation has no directional wave
components, this requires the SW model to simulate a very narrow spread incident wave
spectrum. To ensure further comparable results, the SW model replicated the reflection and
absorption seen in the BW simulation. The remaining BW and SW model variables were not
altered, where only the directional spreading was modified. The incident wave spectra for the BW
and SW models produced an almost identical match for each directional spreading index. The SW
model was run without the inclusion of diffraction. The results of the simulations are shown in
Figure 136. The simulations displayed on the left were conducted using the BW model, whereas
the simulations on the right correspond to the SW model. The sea states used within the
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simulations had a spreading index of 40, 14 and 4, this related to directional standard deviation
of 9°, 15° and 25° respectively and can be described as a narrow, medium and wide spread sea
state. The results show that for both simulations as the spreading increases the wave-WEC
interactions increased in width but reduced in horizontal length. The observable features show
that there was a large difference between the reflection interactions between the BW and SW
simulation. A much better relationship between the down-wave wake interactions was observed,
where the effects of a wider spread incident wave field can be observed.
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Figure 136 Percentage change in wave energy around a small array of oscillating wave surge converters using
separate modelling methods and incident wave conditions.

Further comparison though the use of a transect that bisected the central WEC provided a more
robust analysis on directional spreading differences between the simulations. As the WEC within
the SW model has the same absorption and reflection characteristics as the BW simulation, the
BW and SW models have identical device disturbance characteristics. The reflected wave field
shows that for all sea states there is a much greater change in energy from the SW model. When
the spreading index reduces the SW model shows a faster decay in the reflected wave field, which
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provides a gradual loss in the observed step situated 25m in front of the device. The BW results
for all sea states show a rapid reduction in energy change as the distance in front of the device
increases with the presences of modulations and superposition. A direct comparison between the
BW and SW results indicates a poor agreement in the down-wave disturbance. This may be due
to the difficulties in modelling reflection using a phase averaged SW simulation, although as the
directional spread increases the SW model is under less pressure to combine high energy wave
components yielding a result closer to the BW outputs.
The BW down-wave interactions show that for a narrow wave-spread, a peak can be seen 45m
behind the device. As the wave spreading index is reduced this peak reduces and a smooth inverse
exponential decay in energy change occurs. The latter section of the BW curve has an increased
gradient for the narrower sea states. Given enough space, this would result in the BW energy
intersecting the SW energy change. However, this is only for the narrow sea state, where the mid
and wider spread seas experience a more gradual convergence. In the case of the narrow SW
model no down-wave peak was observed, and the results indicate a simple decay in energy
change. This is consistent through the remaining sea states, where the only alteration is the
curvature of the energy regeneration. This is shown where the lowest spread sea state has a
reduced regeneration rate. The larger spread results have an increased rate of regeneration
resulting in a shorter distance to reach an energy change of 0%. The BW and SW method take
into account various wave processes, and the down-wave results indicate that within 200m of the
array it is unlikely that a SW model will have a very small chance of replicating any realistic
(BW) results. Beyond 200m the correlation between the model types increases, allowing a higher
likelihood of simulating the same result. However, the location and degree of agreement is
dependent on the incident wave condition, where larger directionally spread wave fields offer a
better agreement.
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Figure 137 Transects of the central WEC showing percentage change to wave energy over different sea states.

As this study has no experimental data to validate the results, it is impossible to speculate on the
actual wave conditions and therefore what constitutes a realistic WEC interaction. However,
given the intended model uses, and previous work regarding breakwaters and resource
assessment, it would seem reasonable that the BW model has a higher likelihood of being the
more realistically simulation. The regions immediately in front and behind a device should be
closely monitored as they contain simulation instabilities and would be more appropriately
modelled using other simulation techniques.
This being said, differences within the two simulations provide a better correlation for low
directional spreading index sea states. In addition, as diffraction is not included within the SW
model, it is possible to identify its relevance to down-wave WEC disturbances. This shows that
for high directionally spread sea states diffraction no longer is the dominant wave process, this
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permits the convergence of the BW and SW simulation results, allowing a better representation
of the overall WEC disturbance.

5.6

Conclusion

A comparison between the Spectral and Boussinesq wave model provides several difficulties.
This is due to software differences that account for varying wave processes. By definition the
phase resolving, high resolution BW model will provide better near to mid-field results and the
phase averaging, low resolution SW model is more suited to the propagation of far-field effects.
This has implications for the realms of validity, where the SW model should be considered only
for domain sizes in the tens to hundreds of kilometres and the BW model should be considered
for domains of hundreds of meters to tens of kilometres (depending computational processing
power). It was thought that the exclusion of diffraction in the SW model will limit the use of the
model. When this was tested, the data showed that without diffraction the near and mid-field,
results experience a poor agreement with the BW model. However, when diffraction was included
with minimal smoothing steps, it was found that the results for the near device regions were much
closer to the BW results. Beyond this, the diffraction results show a reducing agreement as the
distance increases. These findings may have significant relevance to the development of the
advancement of simulation techniques for WECs. In certain conditions this may allow the user to
exclude diffraction, this increases simulation stability and reduces the computational time
requirement for simulation convergence.
As no experimental validation was conducted, the exact wave disturbance behind an array of
nearshore OWSC could not be quantified. However, this study presents two new methods of
simulating devices for mid and far-field disturbances that, given the appropriate device
performance data, can provide reasonable results. The choice of simulation then depends on the
specific area of interest. If device-device or array-shoreline interactions are required, this study
has shown that these are better simulated with the BW model; if a more broad environmental
impact is conducted, then the SW model will provide large domain and time series data.
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6.

Coupled Simulation

6.1

Introduction

The comparison of results in section 5 indicates that there are limitations for the SW and BW
models. To achieve the best result these simulations can be combined to form a semi-coupled
simulation, where the BW model simulates the wave field around the array and the SW model
propagates these results across a large domain. This method potentially provides a large
advancement in resolvable wave features for computation resource when considering the
simulation of large scale wave disturbance propagation. The following work will present the
methodology used to couple two simulations. Section 6.3 will focus on an empty domain with no
WECs, this allows for a simpler analysis of the coupling process. Section 6.4 will add WECs
using porosity structures, where the effects of a couple model are tested.

6.2

Methodology

The simulations above suggest that the most effective method for simulating the regional wave
impacts applies both models. This can be broken down into three stages (see Figure 138). The
first stage simulates the undisturbed propagation of wave energy across a large domain, using the
SW model. The second stage used the SW output wave data to drive a smaller internal model
containing the wave device/s within the BW model. The third stage replicated the first stage
simulation but with the internal boundaries emitting the far-field wave disturbances from the BW
model. This method offers a computationally expensive process but includes both inter-array and
far-field wave disturbances. Figure 138 shows a simulation schematic, where model nodes are
shown as dots and the directional wave boundaries are indicated using arrows. These arrays and
nodes correspond to boundary conditions, where the internal east/west boundaries comprise of
six separate boundary conditions and north/south are made up of four. The diagram shows that
within a coupled simulation there are multiple coupled boundaries that will require the transfer of
wave data across simulation boundaries. This transfer of wave data between the SW and BW
model proves challenging as the data input and output are not the same for each model. This
requires a form of processing to allow the transfer of data between the simulations.
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Figure 138 Simplified coupled simulation schematic with simulation stages, nodes and directional wave boundaries
shown using arrows.

A simplified test domain was set up to develop a technique to convert phase averaged data to
phase resolving parameters. The outer domain consisted of a 6x4km rectangle with a constant
depth of 10m. The outer west boundary of the SW model used wave conditions of H m0 = 2.08m,
Tp = 10sec, Dmean = 270° with a directional spreading index of 14 to drive the western boundary.
The simulation was then run to establish the wave spectrum at the SW-BW interface. The wave
spectrum from the SW simulation was then converted into a time domain directional flux
boundary for the BW’s western boundary. Only the western boundary was selected to simplify
the initial process. The phase resolving time series was calculated using the MIKE 21 Wave
Generation toolbox. This applied an inverse FFT with random seed, phase and directional
information as described in [80]. This produced a rescaled truncated spectrum with seed number
of 100 and the smallest wave period of 4sec. Due to the large wave height and the shallow water
depth, second order corrections were applied. This provided a 60min time series with all waves
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occurring with 25° of the main direction. The domain of the BW model extended 50 cells beyond
the required area; this allowed space for the absorption of wave energy using sponge layers. The
sponge layer was applied across all outer BW boundaries allowing no internal reflection within
the simulation. The BW simulation was then run without WECs to serve as a baseline result.
To ensure successful data manipulation between models, spectra were calculated using surface
elevation data taken from the boundary locations within the BW domain for several points. The
locations and configurations of these points are shown in Figure 139, where each point shows the
location of a wave gauge. In total 20 wave gauge arrays were used, this comprised of 140 different
surface elevation measurements. This data can be used to get wave height, frequency spectrum
and directional frequency spectrum.

Figure 139 Wave gauge configuration and location within the BW simulation domain.

The wave height was calculated using Hm0= 4σ where σ is the standard deviation of the surface
elevation. When the wave heights for the shared simulation boundary location are considered it
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is expected that the result should remain the same. At the western-most BW boundary the SW
and BW simulations provide a wave height of 1.86m and 1.85m respectively. This shows a good
agreement between the dataset indicating very similar energy levels between the two simulations.
If the same process is conducted for the frequency domain then a better analysis of the data
transformation is obtained. The frequency domain was calculated using Welch’s method [81],
where a Hanning window was applied with a segment overlap of 50%. Figure 140 shows a good
general correlation between the two frequency spectra. The BW model shows a slight reduction
in the peak magnitude that result in the 0.01m difference in wave height.

Figure 140 Boussinesq (BW) and Spectral (SW) frequency comparison at the driving boundary of the western most
boundary of the BW model.

A further detail on the direction component wave data transformation is achieved from a
comparison between the directional frequency spectra. The BW directional frequency spectrum
was calculated using Diwasp [82]. This software implements an Extended Maximum Entropy
Method (EMEP) as defined in [83]. The results at the western boundary are shown in Figure 141.
The BW approximation of the SW spectrum shows a reasonable agreement for the position of the
peak energy source, where both spectra exhibit maximum values at T = 10s and Dp = 270°. As
with the frequency spectrum the directional spectrum indicated a minor reduction in the peak
energy level. Additionally the BW spectrum’s directional distribution experiences a slight
southerly bias in the higher frequency wave components when compared to the SW spectrum.
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Figure 141 Directional frequency spectrum for same location for the SW (left) and BW model (right).

The comparison between the wave height, frequency spectra and directional-frequency spectra
show that there is a reasonable transfer from the time domain to the frequency domain. In total
there is an extremely small reduction in the overall wave energy. This is also seen in the magnitude
of the peak frequency in the frequency domain. Ideally, the transformation between the data
would produce an identical directional wave spectrum, however this is not the case and minor
differences occur. These differences were deemed to be of a small enough magnitude to test the
process of implementing a coupled simulation.

6.3

Coupled Simulation

When a directional spectrum is calculated for all edges of the BW wave model, the third stage
SW simulation can be run with internal wave generation boundaries. The results of the combined
simulations are shown in Figure 142. This shows an empty coupled SW and BW wave model for
a single time step. As there is no wave disturbance from WECs, a uniform reduction in wave
height should be observed. However, the results show a small disturbance from the presences of
the internal BW domain. This can be seen on the upper BW boundary, where a reduction in wave
height occurs, this is also the case behind the BW domain (x = 3100m). Positive increases in wave
heights are shown around the west and southerly boundary of the BW domain.

194

Wave
Height
[m]

Figure 142 Spatial distribution of wave height from a SW and BW coupled model. BW outputs points are shown by
nodes situated along the internal SW driving boundary.

When the central transect is taken for the whole coupled model domain the wave disturbance is
quantified (see Figure 143). As the distance from the westerly most SW boundary increases a
positive change in wave height occurs. Given the SW model does not include reflections this
increase in wave height up-wave of the BW domain is a result of small energy packets propagating
west from the BW boundary. This is most likely an artefact of the calculation of the directional
wave spectra and corresponds to a maximum increase in H m0 of 0.04m. Within the BW domain
there is a consistent under estimation of the wave height. As waves propagate along the BW
domain a small amount of dissipation occurs, however the rate of dissipation is less than that of
the undisturbed SW model; this causes a reduction in the change in wave height. The conversion
between phase resolving and phase averaging components indicates a step in the change in wave
heights. Past the easterly BW boundary the SW model shows a reduction in H m0 of 0.14m, this
equates to a 7% reduction in wave height. A gradual decrease in the change in wave height is
observed as the SW and undisturbed wave heights converge towards the end of the SW domain.
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Figure 143 Wave disturbance for a central transect for the SW and BW model.

The results presented in the base model show that a coupled SW and BW wave model is possible.
Furthermore, this indicates that a coupled model with a reasonable data transfer may achieve
promising results. The spatial plot shows that there is a minor disturbance from the presence of
the BW domain. This is demonstrated by the reduction in wave height behind the BW domain
and increase in wave height at the southern boundary, this is caused from the change in spectra
when converting the time domain surface elevation to a directional spectrum. This is highlighted
well in the comparison of wave spectra in Figure 141. The central transect of the coupled domain
revealed multiple changes in wave height across the domain. The magnitudes of ∆𝐻𝑚0 across the
model further supports that this model provides a reasonable approximation of an empty domain,
where the maximum and minimum wave disturbances are 0.02% and -7%.
The transition of data between models causes the regions of the greatest disturbance. Because of
this the combined simulation does not provide a truly accurate representation of an undisturbed
sea. The development of a truly accurate coupling algorithm was not possible due to time
limitations in this study. Further research in the area should focus on the passing of data between
the SW and BW model. Furthermore, the lack of wind coupling and other dissipation terms within
the BW simulation are not likely to cause detrimental effects on the model outputs, due to the
small size of the BW domain.

6.4

Coupled WEC Array Simulation

The implementation of a small WEC array within the internal BW model is a simple process as
long as a few simplifications are made. For this example, a single porosity layer with a porosity
value of 0.88 was implemented, while this provided a large simplification on the process of WEC
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behaviour, this method ensured a simple energy sink. This allowed the main focus of this section
to be situated on the coupling process. Due to the size of the wave disturbance features and the
distance of the array from the boundary the number of boundary BW to SW crossover nodes were
be adjusted. For regions where WEC arrays are close to the crossover boundary a higher
resolution of nodes should be used. This provided a better representation of the disturbance as it
crosses in the SW domain. Pre-test simulation were used to approximate the crossover node
resolution, this resulted in the crossover node location remaining in the same location as in the
empty coupled simulation.
The results for a small three device array are shown in Figure 144, where a close up view of the
BW domain can be seen in Figure 145. The OWSC array is clearly shown in both Figure 144 and
Figure 145. The detailed wave device interactions are shown in the BW domain, where the
individual device reflection and absorption can be seen. Around the boundary locations it is
possible to identify regions of increased and reduced wave height that span from the BW to the
SW domain. After this, these disturbances are able to propagate large distances across the SW
domain. This is visible down-wave of the BW domain where a reduction in wave height is clearly
shown.

Wave
Height
[m]

Figure 144 Spatial distribution of wave height from a SW and BW coupled model with porosity structures situated in
the central BW domain.
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Figure 145 Spatial change in wave height for a coupled SW and BW model for a small array of 3 OWSCs focused
around the BW boundary.

A review of the central transect provides an insight into the distribution of wave height across the
domain (see Figure 146). The initial SW results between x = 0m to 1000m show a similar pattern
to the base model. From 1000m to the BW boundary a small increase in wave height is shown.
At the up-wave BW-SW boundary there is a small disagreement between the wave heights of
0.04m. Inside the BW domain a decaying reflection modulation is observed, this exhibits a
maximum reflection of 2.06m. Down-wave of the array shows a minimum wave height of 1.64m
behind the device. As the distance down-wave increases, a regeneration of wave height occurs.
At the down-wave BW-SW boundary there is a good transformation between the BW and SW
wave height. However, a secondary reduction in wave height occurs, with a minimum wave height
of 1.5m. After this a general increase in wave height is seen. This feature is also shown in the
empty coupled model but on a much smaller scale.
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Figure 146 Distribution of wave height as it dissects the central device in the array.

The data presented in the coupled array simulation provided interesting results. The spatial results
show a reasonable approximation given the previous simulations presented in sections 1 and 2,
where increased wave heights are shown in the reflected regions and reduced wave heights are
shown down-wave of the devices. The transect data reveals that while the simulation of devices
is easy to apply, it offered a poor representation of an operational device. This was reflected in
terms of the presented device changes in wave height. At the up-wave simulation boundary a
reasonably poor transfer of energy was seen, this resulted in a slight increase in wave height in
the SW domain. This may indicate the presences of reflection. The down-wave results show equal
wave heights at the boundary indicating a good transfer between the phase resolving and phase
averaging results in terms of energy content. After the boundary, a second reduction in wave
height occurred. Given the results of the BW simulation tests in the previous section it is believed
that this double reduction is highly unlikely. The secondary reduction in wave height may have
been caused as a result of an increased directional spread. This would have allowed a the wave
height at the boundary to equal 1.72m, then as the wave propagated outward the larger directional
spread caused the spreading of energy, resulting in a reduction in wave height away from the
boundary. This highlights that the conversion between the time series surface elevation and
directional frequency spectrum is not performing correctly and that further work should focus on
the generation of an accurate directional frequency spectra, this may consider the use alternative
software such as WAFO [84].
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6.5

Conclusion

A coupled simulation theoretically offers an ideal balance between model resolution and
computational time. When the BW and SW models are considered there is a large number of
limiting factors that inhibit their use as a coupled simulation. Standard coupled models, for
example i.e. Delft 3D, use software that allow data to be passed from one simulation to the other
during each time step, this allows a simultaneous convergences of both domains. As the BW and
SW model were not intended to be coupled, data had to be manually passed between each model
after each time step, requiring each time step to have its own series of individual models. This
proved a very time consuming technique, even when employing the use of a semi-automatized
process. While the data preparation was far from ideal, the simulation of wave processes for each
model provided reasonable results. This was seen in the individual SW and BW models and the
empty coupled simulation, where only small variations between the undisturbed and coupled
wave model occurred.
Adding WECs to the model domain increases the level of complexity in the wave disturbance.
This was due to highly varying temporal and spatial sea around the array, which provided a
challenging location for applying accurate wave coupling. The results of the initial tests indicated
that the process of producing a coupled wave model is possible using DHI software and
MATLAB. However, due to time restrictions the process of data passing between time series and
directional frequency spectra could not be perfected. Because of this, minor differences were
observed across the BW and SW boundaries. This difference in spectra caused additional
disturbances as the spectra propagated into the SW domain, which was shown to produce
unrealistic results.
The production of a coupled BW and SW model was demonstrated with only minor limitations.
Further work should be conducted on the conversion between time and directional frequency
domains; this may include the use of additional existing software tools. Once the data transferral
issue has been solved, the application of a coupled frequency dependent WEC absorption should
be explored.
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7.

Discussion and Conclusions

The work presented in this thesis has demonstrated new methods for the simulations of WECs
and more specially OWSC within DHI’s MIKE 21 SW and BW models. These methods apply
internal wave boundaries and porosity structures to produce wave spectra similar to those of an
operational WEC. The results are presented in terms wave disturbance, where large changes in
energy are observed around devices. Additional disturbances can be seen further from devices
where wave-device interactions form large positive and negative disturbances. However, due to
the lack of the experimental validation the main contributions of this thesis reside in the
application of new and innovative methods for numerically simulating wave devices.
Previous literature has focused on the simulation of large scale arrays through the implementation
of case studies. While, this provides an approximation of the wave-devices disturbances, often
these simulations use coarse model parameters or poor representation of devices; this inherently
leads to erroneous results. Simulation improvements will benefit from increased spectral
resolution, with the inclusion of bi-modal sea states, boundary conditions taken from in situ
measurements and the inclusion of other environmental processes e.g. tidal flow and depth
variations and wind-wave interactions for a 2-dimensional domain. Modifications to the
simulation of WEC arrays should focus on the high resolution areas, where individual devices are
resolved, and device specific directional and frequency dependent energy absorption are included.
This should be supported with physical validation data. When these suggestions are applied a
significant improvement in the accuracy of the overall result will be obtained. This thesis has
identified a lack of progress regarding the implementation of WEC directional frequency
absorption, where numerical representation OWSCs is poorly documented.
The application of DHI’s Spectral Wave models allowed a regional scale assessment of the wave
resource off the north-west coast of the Isle of Lewis, Scotland. The boundary conditions were
satisfied by wave buoy data expanded into directional frequency spectra, this covered a one year
period. The model outputs were validated using measured data from an acoustic Doppler profiler.
This produced a high resolution resource map of the area with detailed wave climate information.
The simulation of WECs within the SW model applied three techniques, the result concluded that
the Reactive Polygon device offered the most realistic and flexible approach to simulating a
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hypothetical WEC. This method included the simulation of reflection and transmission based on
a generic WEC power transfer function. Thirty Reactive Polygon devices were positioned along
the 10m depth contour. The device model results were compared to the empty resource model.
The results indicated a large reduction in wave power behind the array, with large increases in
wave energy at the up-wave boundary of each individual device. Seasonal variations in wave
disturbances were also noted, where increased regional wave disturbances were observed in the
winter months. The proposed model offers a very flexible way of applying WECs to a large
domain, allowing device scattered waves to be included at a low computational cost. While, the
results provided are promising, the multiple internal boundaries that make up the array poses
potential user error issues, care should be taken when applying these devices to specific boundary
conditions.
To achieve a better numerical representation of WECs, a high resolution BW model was
considered. This built on existing research that implemented porosity layers to provide energy
extraction at the position of the WECs. By implementing several monochromatic sea states with
frequency dependent porosity values, a frequency dependent absorption and reflection spectrum
was produced. This was specifically tested for an OWSC in shallow water. Due to the shallow
water nature and shoreline proximity of these devices beach gradients of 1:20, 1:50 and 1:100
were considered. This produced a thorough examination on mid-field wave disturbances, where
complex oscillating disturbances patterns were produced up-wave of each device, and large wave
shadows were propagated in lee of the devices. The sloping domain tests revealed only minor
changes in the distribution and magnitude of wave disturbances. This provided very promising
results, and the flexibility of this method potentially allows porosity values to be easily adjusted
and calibrated using experimental data. The addition and relocation of existing devices within the
model domain is easy due to the implementation of porosity structures, this provides large
advantages when considering array layouts. While this model provides good results there are
several potential problematic factors, these include the running of multiple simulations for a single
time step and identifying device specific porosity values. These issues allow the accurate
replication of a specific device and sea state but also increase the computational time and memory
requirements, making large spatial and temporal simulations unpractical.
Although there is some overlap, the SW and BW models have different governing equations, and
are generally applied to different physical situations. The increased spatial and temporal
resolution combined with a phase resolving simulation suggests that the BW model would be
better suited to smaller scale models. The inclusion of wave diffraction is explicitly calculated
within the BW model, which is not the case with the SW where an approximation is used. As
diffraction has a significant role in wave disturbance behind a device, the BW and SW models
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were tested using several diffraction smoothing steps. This provided mixed results, where the SW
tests, with low number of diffraction smoothing steps (where the diffraction effect is greatest)
produced results nearing that of the BW model for regions around the devices. However, as the
distances increased the SW result diverged for the BW model. This caused the tests with little or
no diffraction to produce similar results to the BW simulation. As no experimental validation was
possible, the results of the simulation comparison remain speculative. Given the included
simulation equations, it is much more likely that the BW model will provide a more accurate
representation and therefore act as a baseline. This would lead to the conclusion that the SW
model (without diffraction) provides the best solution for simulating large propagation of device
disturbances and the BW simulation provides a more appropriate method for simulating a midfield device disturbances.
The implementation of a coupled SW and BW model was attempted; this presented a three staged
methodology, where an internal BW domain was simulated. Due to the increased difficulty in
applying the simulation, only a single time step was tested. Initially an empty domain was
considered with no operational wave devices. This simplified domain allowed the comparison
between wave spectra and heights at the SW and BW interface. The results indicated a reasonable
conversion of wave spectra between the two models, with minor differences in directional
distribution and magnitude. This provided a reasonable representation of an empty domain. When
three WECs were added to the centre of the BW domain, disturbance features were shown to
propagate across the BW domain and cross into the SW domain. This demonstrated the possibility
of a coupled SW and BW model, while the results indicate that further work is required. This was
caused by poor conversion of wave spectra that resulted in an unrealistic propagation of wave
energy within the SW model. Given the complexity of a coupled wave model, the method shown
in this study provides a reasonable first attempt, where the DIWASP toolbox provided a simple
and quick transformation of surface elevation to spectra. Pre- and post-processing of simulations
used large complex semi-automated scripts to avoid user errors. While time consuming to build,
they proved essential due to the complex nature of creating a coupled simulation.
The wave disturbances presented in this study show large changes in the wave climate around
arrays of WECs. As no experimental validation is included the application of the results are
limited, this means that the exact magnitude of wave-device interactions presented in this study
should not be considered as precise measurements or predictions. In order to provide a realistic
magnitude of wave device disturbance a basic comparison with existing literature is normally
considered. As the bathymetry, device type, device layout and incident wave climate are not
consistent from study to study, a direct comparison between this study and others would be
fundamentally flawed. However, the results are presented for demonstration purposes and provide
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details on the methods used and aid in the quantification of the evolution of wave disturbances.
For this reason the main contribution of this thesis is considered to be the presentation of new,
more representative methods of simulating WEC arrays within the SW and BW models. This
offers highly flexible approaches where device specific data can be input and adjusted in order to
achieve the required reflection/absorption profile. This provides a vital increase in the
advancement of the simulation of nearshore shallow water wave devices. Additional original
contributions include the first implementation of a BW and SW coupled wave model. This
provides the first steps towards a high resolution, fast computation for a large area when
considering arrays of WECs.
The work discussed in this thesis provides large amount of information on the implementation
and application of wave energy resource and device models. This covers a range of scales from
large regional scale to a local device scale simulations. The results of the resource assessment off
the west coast of the Isle of Lewis provide a commercially valuable resource distribution map,
which may help developers identify key areas for development. The simulation of devices within
the SW model provides a large step forward by including directional and frequency dependent
absorption and reflection within the DHI’s Spectral wave model. These improvements allow for
much greater accuracy when simulating large arrays. On a finer scale, the BW model provides
high detailed simulation of devices, where array layout is easily tested. The application of a
frequency dependent mid-field disturbance model allows increased performance in terms of
accurately of simulating wave-device interactions. These improvements in the methods of device
simulation provide crucial advancements and therefore increase the accuracy of the model
outputs. This allows for a more robust environmental impact assessment and higher efficiency
array layouts and furthers our understanding of wave-device interactions.
The comparison between the Spectral and Boussinesq wave model highlight the realms of validity
for each simulation type. This shows that the Boussinesq Wave model has a preferred domain
size from hundreds of metres to tens of kilometres, the Spectral Wave model has a much greater
area applicability and should cover a region from tens of kilometres to hundreds of kilometres.
Furthermore the comparison between the two simulations revealed that the simulation of wave
disturbances nearer devices is better suited for the Boussinesq model. This is reinforced by
coupled wave model where near device disturbance are simulated in the Boussinesq model and
propagated to the Spectral model. Additionally this study revealed that the use of wind forcing
was negligible for size of domain used in the Spectral simulation, and as the BW domain even
smaller there is little concern that wind would affect the results. The inclusion of tidal currents is
neglected due the lack of tidal flow around the proposed site in the Spectral Wave model. This
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may not always be the case and for sites located around high current areas such as the Pentland
Firth, Scotland the effects of wave-current interactions should be included.

7.1

Further Work

This study has demonstrated the application of multiple methods of simulating the presence of
shallow water WECs. While a detailed assessment of the wave-devices interactions was
conducted there remains space for further work. This is mainly due to time, funding and research
topic constraints.


The initial resource assessment was used to provide a detailed map of the wave
resource off the north-west coast of the Isles of Lewis. To improve on the existing
model the area of interest and southern domain boundary could be extended further
south to include the islands around Uig. This would include using multiple wave buoy
boundary conditions. Additionally, the simulation could then be extended to the full
deployment period of the wave buoys, providing more detail on seasonal variations
in wave climate.



The simulation of WECs within the SW model uses a basic Gaussian distribution to
simulate device frequency dependent absorption. This represents a point absorber
device; given the simulated shallow water environment an OWSC frequency-power
capture would be more appropriate. While this is later implemented with the SW and
BW simulation comparison, it is not accounted for within the large array simulation
in section 2.4. Additional analysis of wave spectra at key points around the array may
provide a more detailed assessment of wave disturbances.



The simulation of wave disturbance in the BW model provided a thorough
assessment of the use of porosity layers as wave energy absorbed. Additional work
should focus on the implementation of phase constructive/deconstructive internal
WGL. This method would emit waves with specific frequencies and magnitudes to
cancel or amplify the incident wave field. If successful this will provide a frequency
dependent wave energy absorption and reflection without the need multiple
frequency simulations for a single spectrum, and lower the computational time
requirements for a specific sea state. However, the initial setup of this method may
prove to be time consuming.



This study was unable to include any experimental validation for both the SW and
BW simulations. This prevents any of the wave-device interactions to be properly
validated. This has led to the presentation of the results to help demonstrate the
application of a device once calibrated. Further work should use experimental
physical models to validate the methods of simulating WECs in the SW and BW
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models. This calibrated absorption and reflection data could then be replicated using
the proposed methods.


As both the SW and BW models do not allow moving structures within the domain,
the effects of device radiated waves is therefore neglected. The effect of these waves
on the simulation accuracy is unknown, and their influence on the results will
dramatically reduce as the distance away from a devices increases. Due to the scale
of the SW model the inclusion of this process is negligible. However, when
considering the BW model the effects of theses waves should be quantified. This
could be conducted using BEM or CFD simulations but would preferably be done
using physical experimentation.
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Appendix 1
The implementation of WECs for the SW and BW models required the use of complex MATLAB
programs to generate model files, boundary conditions and run multiple simulations. This code
was mentioned in the thesis, but was glossed over to prevent the dilution of the results and their
implications. This section will briefly look at some of the code used to control to the SW, BW
and coupled simulations.

1.1Spectral Wave Model Script
The simulation of 30 WECs within the SW model required the creation of up- and down-wave
boundary conditions each device, this consisted 60 boundaries files plus external driving
boundaries. The original model domain and boundary files were setup manually. This was a very
time consuming process and led to the mislabelling of boundaries, which resulted in errors.
Instead, the original setup was used as a template file where each device boundary could be
assigned and later modified within MATLAB. A 1 shows a flow diagram of the process that is
applied to create internal boundary conditions for the reflected and absorbed device boundary.
This indicates that after the base model is run the “generate device” boundary script can then be
launched. This script is applied for each WEC, where the filename and wave data is imported into
the workspace. Once the data is imported, the individual device absorption is calculated based on
the device orientation, incident wave spectra and PTF. The output spectrum is written to a Mike
specific .dfs2 format. The device specific reflection spectrum is then calculated based on the
absorbed spectrum and the desired reflection coefficient. The reflection spectrum is then written
to a .dfs2 file. The SW model can then be run with the device specific reflection and absorption
spectra.
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A 1 Flow diagram of SW code for generating individual device boundary conditions.

The code presented only represents a small part of the code used within the SW model. Due to
the duration of the simulations all the pre- and post-processing is completed programmatically.
Due to the fairly simple method of applying multiple WECs within the SW domain, the
development of any innovative code is somewhat restricted.
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1.2

Boussinesq Wave Model Script

The complexity of the BW simulation provided the opportunity for a much more advanced script
to be developed. This script was used to run several monochromatic simulations that make up the
base model and the device models. Several adaptations were added to the script to allow for
changes in device absorption technique, domain slope, number of monochromatic components
and even the number and layout of devices. This script is split into several segments to allow for
a more digestible presentation. A flow diagram (see A 2) shows the simulation schematic for the
operation of the program. This uses a control script to set model parameters and run each test
case, where additional modules were developed to generate log files. The presented program was
developed to allow the control of the entire simulation process from the command module with
small modifications for the remaining modules.

A 2 Flow diagram of BW control script.

The first segment presented in the script is used to provide a brief summary of the code and to
identify the control parameters with basic operational descriptions (see A 3). This module only
contains comments and no functions or variables are defined or called.
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A 3 BW control script description.

The control module shown in A 4 defines key simulation parameters for the remaining modules.
The first sub-section corresponds to the parameters described in A 3, where the working directory
(D), frequency spectrum source (F), number of frequency bins (N), PTF (A), test number (T) and
the implementation of WECs (or lack of WECs). These parameters dictate the key model
parameters and set control terms using values 0 or 1. The following sub-section defines the
bathymetry gradient. When the gradient is set to 1/0 a flat domain is applied, if the denominator
is a positive value the e.g. 1/20 a sloping domain with that gradient is applied. In the following
sub-section, the boundary wave data parameters are defined. This is fairly straightforward and
consists of water depth, time step and duration. The porosity layer was then defined; this identified
a template file where the dimensions of the model domain are set as well as the intended device
dimensions, centre point of the array, total number of devices and device separation. A template
BW file location is given, this file has predefined domain, time step, internal WGLs and output
parameter. The command module strictly defines file paths and variables and no data is imported
at this point.
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A 4 Control module for BW simulation.

After the control parameters have been defined, further modules of code relates to a specific task,
these were modules are shown in A 1. The next module is used to create a sloped bathymetry, this
is shown in A 5. As the template model file already has a manually defined flat domain, when
control parameter “Domain_slope” equals zero then this section is skipped, and the domain
remains flat. However, if a sloping domain is required the first subsections gets the domain file
path and passes it to the function Create_sloped_domain. This creates a sloped gradient and saves
it as a new domain file. As stated in section 4.4 the domain slope is not constant from the up- to
the down-wave boundary. This function also uses the WEC location to ensure the WEC is always
situated at a depth of 10m, this is shown in A 6. Due to the change in beach gradient the shoreline
location differs, the following sub-section identifies the new shoreline positions and creates and
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applies a new sponge layer based on the previously defined domain. The domain maximum depth
is then reassigned.

A 5 BW script for calculating domain slope.

A 6 Cross-sectional domain profile with varying beach gradients, where the WEC is situated at x = 600m.

The following module was developed to generate an incident frequency spectrum for the
generation of boundary conditions. Two data sources have been enabled. The first uses parameters
to calculate a JONSWAP spectrum based on the given parameters. The second imports a
frequency spectrum from MIKE 21, which allows a modelled spectrum to be directly inserted.
Once a frequency spectrum is defined, the spectrum is interpolated to the required number of

217

frequency bins stated within the control module. Energy proportional Hm0 and T are provided for
the simulation of monochromatic waves.

A 7 Generation of incident wave frequency spectrum.

Once the domain and frequency spectrum has been defined the following module is used to create
the monochromatic wave components (see A 8). Firstly the file path is created; if no file path
exists a folder will be created with the appropriate test number in the folder name. A loop is
created for the number of frequency components, during which a filename and the monochromatic
wave form is created. The monochromatic wave is calculated using the frequency dependent wave
height, period and water depth as inputs to the MIKE 21 Wave Generation Toolbox, which is run
programmatically in a subsequent frequency. This produces a depth dependent monochromatic
wave for each frequency component.
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A 8 Generate BW boundary conditions.

The porosity layer is created using a choice of three sources, where the porosity values are based
on a Gaussian PTF, Oyster device specific PTF or no PTF (for base model simulation). This is
indicated by the first three sub-sections in A 9. The last sub-section creates the porosity file using
a template porosity file, where the frequency dependent porosity is applied using the locational
data of the proposed WECs. The position of the device within the domain applies a flexible code
that self-centres any number of devices for a linear spaced array, with the desired device spacing.
This allows the effects of a single, small or even large array to be quantified by changing a single
number in control module.
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A 9 Create Porosity layer.

A new BW model file must now be created that comprises of the new domain, sponge layer,
porosity layer and wave data. A 10 shows a template model file being imported; the first subsection replaces the file paths of the aforementioned parameters. The .BW file is then written for
each frequency component.
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A 10 Create BW simulation file.

When all model parameters and simulations files have been modified, a batch file is used to
automate multiple simulations. The first subsection in A 11 defines the MZlauch.exe which is
required to run the simulation. After the executable, the simulation file path is presented. This is
done for each frequency component and appended to the .bat file. The second sub-section
implements the batch file within MATLAB. It should be noted that the use of the “system”
command and “/b” allows the .bat file to operate in the background, allowing the user to
continually use MATLAB whist multiple simulations are running.
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A 11 Create and run simulation batch file.

This demonstrates the code and process used for the creation and simulation of multiple BW
components. A log file algorithm is created to monitor the large number of simulations. This was
primary developed to identify premature simulation blow-ups. A 12 shows an example of the log
file for test15. This shows the simulation status, where if all time steps are complete then
“Successful run completion” will be displayed. If a simulation is incomplete then an error message
will appear followed by the number of time steps at which it the error occurred. The number of
output files is also displayed.

A 12 BW multiple simulation log file.

1.3

Coupled Simulation Script

The computational programming required for the coupled simulation is not considered advanced
when compared to the BW script. While the script for controlling the coupled simulation has the
potential to be very complex the extensive development was not possible due to time limitations.
This prevented the full development of a flexible script that would allow for a “one click” run.
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The implementation of the model uses a control script that provides step by step instructions and
calls all relevant functions. This is demonstrated in A 13, where the individual MIKE 21 models
and scripts are shown in the order of simulation. The presentation of the actual code is not
displayed, as it consists of a few functions followed by multiple lines of code that require
condensing and separated into functions.

A 13 Simplified representation of the coupled simulation script.

The post-processing of the couple data sets required the comparison and plotting of BW and SW
data. A full analysis of wave parameters and spectra was conducted, where special focus was
applied to the plotting of BW/SW boundary interface and spatial plots. Often this required the
manipulation of data to allow for a comparable depiction.
The development of the code presented for the SW, BW and coupled models was mainly
conducted as short projects while simulations were running. This provided time where functions
could be expanded and optimised. While the result of this thesis presences new methods for
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simulating WECs, the publication of computational programs used to implement them may be of
considerable interest.
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