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Impact of Fixed-Bottom Offshore Wind Farms on the Surrounding Wave Field
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In this paper, the effect of an Offshore Wind Farm (OWF) on the surrounding wave field is numerically investigated
in the frequency domain through the use of a Boundary Element Method (BEM) numerical model based on the potential
flow theory. The analysis is performed for regular waves of various periods and incident wave directions and for irregular
waves with variable peak periods and significant wave heights. Specific cases of regular and irregular waves are compared,
revealing the differences between the regular wave model and the real sea states. Through the numerical simulation of the
incident wave and the scattering effects caused by the OWF, indications are provided regarding the impact of the OWF on
the local wave climate. Finally, the impact of hydrodynamic interaction effects on the forces applied to the offshore wind

turbines is examined.

INTRODUCTION

In recent years, the increasing energy demand has led to a
growing interest in the efficient exploitation of renewable energy
sources. Under this framework, offshore wind energy has become
an increasingly attractive option, offering multiple benefits and
addressing effectively the well-known obstacles and problems
associated with the exploitation of wind energy onshore (Hender-
son et al., 2003; Breton and Moe, 2009). Consequently, the off-
shore wind energy sector is continuously growing, and this has
resulted in the large-scale commercial deployment of Offshore
Wind Farms (OWFs), especially in the coastal and offshore areas
of northern Europe (EWEA, 2015). So far, most OWFs operating
in Europe have been installed in shallow waters of average depth
equal to 22.4 m and at an average distance from the shore equal
to 32.9 km (EWEA, 2015). Moreover, the deployed support struc-
tures correspond mainly to fixed bottom configurations, i.e., the
monopile, tripod, and jacket (EWEA, 2015).

Although OWFs may contribute significantly to the coverage
of the increasing energy demands, their installation and operation
should be implemented by not only the consideration of economic
and engineering factors but also the assessment and prediction
of reliably possible negative environmental impacts on the corre-
sponding marine environment (e.g., the undesirable effects on the
local wave climate, changes in sediment transport patterns, loss
of biodiversity, etc). Considering that today most OWFs operate
at shallow water depths and at relatively small distances from
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the shore, the aforementioned environmental impact assessment
becomes crucial for local communities since the existence of any
possible negative environmental impacts may affect directly the
human activities (e.g., fishing, leisure activities such as surfing,
etc.) and operations in the corresponding coastal environment.

Up to now, impact assessment studies have been mainly con-
ducted regarding the effect of OWFs on ecosystems (e.g., Drewitt
and Langston, 2006; Lindeboom et al., 2011; van der Molen et al.,
2014), while there are a few studies related to the investigation of
the effect of OWFs on the local wave climate. The latter inves-
tigation is important since any change in the local wave climate
resulting from the installation of Offshore Wind Turbines (OWTs)
may impose restrictions related to the continuous and safe imple-
mentation of human activities in the corresponding coastal areas.
In France, the surfers’ association has expressed concerns about
a potential impact on their recreational use of the ocean space.
Ponce de Leén et al. (2011) investigated the transformation of
irregular waves inside an OWF using a spectral wind wave model.
The effect of the refraction/diffraction of waves due to the OWTs
of the farm was included in the simulations. The same numerical
model has been applied by Christensen et al. (2013) in order to
examine the transmission of the incident wave energy passing an
OWE. In this latter investigation, the modified wind field and the
wave energy dissipation due to drag resistance were included in
the analyses in addition to the refraction/diffraction effects. Van
der Molen et al. (2014) applied a phase-averaged spectral wave
propagation model (SWAN), which was developed for near-shore
depth-limited regions (Booij et al., 1999), in the case of multiple
OWFs in order to investigate the effect of the spacing between
the OWFs and the size of each individual OWF on the reduction
of the incident wave energy. Finally, the sediment transport pat-
terns by the existence of an OWF have been modeled by Besio
and Losada (2008).

Based on the fact that most OWFs consist of OWTs with
monopile support structures, the effect of an OWF on the wave



field and the corresponding interaction among the OWTs can
be numerically investigated through the application of numeri-
cal models already developed and applied for the case of two
or more interacting bottom-mounted cylinders. These models are
based on the linear diffraction theory (e.g., Maniar and Newman,
1997; Walker and Taylor, 2005; Chen et al., 2009), or they enable
the solution of the corresponding diffraction problem considering
nonlinear wave-structure interactions (e.g., Kriebel, 1990; Bai and
Taylor, 2009). It should be mentioned that the Boundary Element
Method (BEM) potential flow numerical models have been exten-
sively applied in the case of arrays of wave energy converters in
order to investigate the effect of these arrays on the correspond-
ing wave field (e.g., McNatt et al., 2014; Goteman et al., 2015).
Recently, the aforementioned BEM-based numerical models have
been coupled with phase-resolving wave propagation models for
developing a consistent mathematical and numerical framework
in order to assess the impact of arrays of wave energy converters
on the wave field considering variable bathymetry (Babarit et al.,
2013; Charrayre et al., 2014).

In the present paper, the impact of an OWF consisting of
fixed-bottom OWTs on the surrounding wave field is numerically
investigated under the action of both regular and irregular waves.
The numerical analysis is implemented in the frequency domain
through the use of the NEMOH open-source BEM-based numeri-
cal model, which solves the linear fluid-structure interaction prob-
lem. In the case of regular waves, different wave periods and
incident wave directions are taken into account, while the irreg-
ular waves are generated on the basis of the Bretschneider spec-
trum by the variation of the significant wave height and the peak
period. Through the numerical simulation of the incident wave
and the scattering effects caused by the OWF, the main effects
of the OWF on the wave field are assessed; therefore, the indica-
tions regarding the impact of the OWF on the local wave climate
are provided. Finally, for the case of regular waves the impact of
the hydrodynamic interaction effects on the forces applied to the
OWTs is also examined.

NUMERICAL MODEL

The examined OWF consists of fixed-bottom OWTs with a
monopile support structure of large diameter relative to the inci-
dent wave length, advocating that diffraction effects are impor-
tant. The investigation of the effect of this OWF on the wave field
is numerically implemented through the application of NEMOH
(Babarit and Delhommeau, 2015), developed at Ecole Centrale
de Nantes for the analysis of the interaction of surface waves
with offshore structures. NEMOH is an open-source BEM numer-
ical model based on the linear potential flow theory. It enables
the calculation of first-order hydrodynamic coefficients and exci-
tation forces in the frequency domain for one or multiple arrays
of free-floating and/or fixed-bottom bodies as well as the calcu-
lation of the hydrodynamic pressures and the free-surface eleva-
tion. A possible weakness of NEMOH is the assumption of the
constant depth in the examined field. For modeling numerically
the examined OWF, other methods could also be applied (e.g.,
the Helmoltz equation); however, NEMOH has the advantage of
availability since, as mentioned above, it is an open-source model.

The fluid is assumed to be inviscid and incompressible, while
the flow is assumed to be irrotational. Consequently, the fluid
motion is described in terms of a velocity potential ¢(x, y, z; 1) =
Re[®(x, y, z)e~'], where Re[] denotes the real part of a complex
quantity. The velocity potential ® satisfies the Laplace equation
everywhere in the fluid region. Considering fixed-bottom struc-
tures in the case of the examined OWTs, the velocity potential

consists of two components: the velocity potential of the incident
wave ®@,, and the scattered potential @, associated with the dis-
turbance of the incident waves by the fixed OWTs. The sum of
@, and P, results in the diffracted potential ®,.

For a regular wave propagating with an angle 6 with the x-axis
(Fig. 1) the incident wave potential @, is defined by the following
equation:

_igA . cosh[k(z+ d)]

b, =
! ) cosh(kd)

ikx cos 0+iky sin 6 (1)

where g is the acceleration of gravity, o is the wave frequency, A
is the amplitude of the incident wave, k is the wave number, and
d is the water depth.

The solution of the boundary-value problem is based on a three-
dimensional panel method utilizing Green’s theorem, imposing
the appropriate boundary conditions on the free surface, the sea
bottom, and the floating body and the proper radiation condition
for the outgoing waves of the potential ®,, as described by Babarit
and Delhommeau (2015).

After the diffraction problem for regular incident waves of
unit amplitude has been solved, the corresponding wave eleva-
tion n(x,y) at (x,y) due to diffraction (the total wave field) or
only scattering effects can be calculated. In the present paper, for
assessing the impact of the examined OWF on the surrounding
wave field, a large number of points in the corresponding numer-
ical grid have been taken into account, as mentioned in the fol-
lowing section.

CHARACTERISTICS OF THE PHYSICAL PROBLEM
EXAMINED

The examined OWF consists of 12 fixed-bottom OWTs with
monopile support structures of diameter equal to 8 m. The OWTs
are placed in four rows and three columns. The distance between
them is 1,000 m, which is a typical distance between OWTs. A
plan view of the examined OWF, including the domain in the
x-y plane used in the numerical analysis, is shown in Fig. 1. The
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Fig. 1 Plan view of the examined OWF and calculation domain
in the x-y plane



Fig. 3 Mesh of each OWT

depth at the location of the OWF is considered to be constant and
equal to 20 m.

With regard to the discretization of the wetted surface of the
OWTs, 10 points are selected for the angular discretization of
each OWT (Fig. 2), while the final generated mesh for each OWT
consists of 200 panels (Fig. 3). The total mesh of the OWF con-
sidered in the numerical model consists of 2,400 panels. Figure 4
shows the mesh of one symmetrical half (the symmetry along the
x-axis) of the OWF.
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Fig. 4 Mesh of one symmetrical half of the OWF

Regular waves

T (s) o (radls) 0 (deg) kxd
3.00 2.094 0, 10, 20, 30, 40, 45, 50, and 60  2.85
4.00 1.571 1.60 7
5.00 1.257 1.03 7
6.00 1.047 0.71 =
7.00 0.898 0.52 7
8.00 0.785 0.40 7
Irregular waves
T,(s) w, (rad/s) H, (m) kxd
7.00 0.898 1.50, 2.00, 2.50, and 3.00 0.52 7
8.00 0.785 0.40
9.00 0.698 032 7
10.00 0.628 0.26 7

Table 1 The incident wave cases examined by the numerical
model

The mesh size is appropriately selected on the basis of the
convergence tests in terms of excitation forces. With regard to
the incident wave characteristics, the action of both regular and
irregular waves is considered. The corresponding characteristics
are shown in Table 1.

In the case of regular incident waves, emphasis is given to
incident wave periods, 7', and incident wave directions, 8. For this
purpose, six periods were considered so that T varies from 3 s
(w =2.094 rad/s) up to 8 s (w =0.785 rad/s) with a step equal to
1.0 s. With regard to the incident wave direction, eight different
values of 6 (Fig. 1) were taken into account (Table 1).

The wave elevation calculated by the numerical model for the
examined regular waves is expressed in a nondimensional form in
terms of the coefficient K, (Eq. 2), varying with the location in
the surrounding wave field:

K = In();, vl )

where |n(x,y)| is the absolute value of the complex quantity
n(x, y).

After the results have been obtained for the case of regu-
lar waves, the numerical model is applied for the case of real
sea states (irregular waves). Irregular waves with the variable
peak period, T,, and significant wave height, H,, based on the
Bretschneider spectrum are taken into account. The corresponding
values are shown in Table 1. For all irregular waves, 6 is taken to
be equal to O deg.

The wave spectrum is approximated by Eq. 3 (Newman, 1977):

_B eIt
S( =73 3)

where f is the wave frequency in Hz and B, C are coefficients,
calculated by Eq. 4 and Eq. 5, respectively (Newman, 1977):
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The spectrum is discretized into N regular wave components. The
wave amplitude A; and the wave height H; of each regular wave



component of the spectrum of frequency f; are calculated by Eq. 6
and Eq. 7, respectively (Faltinsen, 1990):

H, =22S(f)Af (6)
A= %eisi (7)

where A, is the discretization step of the spectrum and g, is a
random number between 0 and 27, denoting the phase angle of
the i regular wave component.

The wave elevation 7,,(x, y) at a specific point (x, y) for each
i=1,..., N regular wave component is calculated through the
use of the following equation:

Npi = Ami(x,y) (8)

where 7,(x,y) is the wave elevation at (x,y) for the i regular
wave component of the unit amplitude.

The wave elevation 7,(x, y) at a specific point (x, y) for irreg-
ular waves is calculated by Eq. 9 as a sum of the wave elevation
of all the regular wave components of the spectrum (Faltinsen,
1990):

1,0, y) =D M,(x, y) )
i=1

It is mentioned that Eqs. 8 and 9 can be applied in order to calcu-
late the wave field resulting from either diffracted waves (the total
wave field) or only scattered waves (the scattered wave field).

As in the case of regular waves, the wave elevation for the
examined irregular waves is expressed in a nondimensional form
in terms of the coefficient K;, (Eq. 10), varying with the location
in the surrounding wave field:

K, = |n,(x, )]
H

)

(10)

where |7, (x, y)| denotes the absolute value of the complex quan-
tity 7, (x, ).

For both regular and irregular waves, the wave field has been
calculated at 40,000 points over a domain with dimensions equal
to 4,000 m in both the x- and y-axes (Fig. 1). Finally, it is
noted that the results of the present paper have been compared
with the corresponding ones obtained through the use of WAMIT
(http://www.wamit.com/), and they agreed very well with them.
(Relevant comparisons are not included here due to space con-
straints.)

RESULTS AND DISCUSSION

Regular Waves

Initially, the effect of the OWF on the wave field under the
action of regular waves propagating with different incident wave
directions is investigated. Figure 5 shows the contours of the K,
coefficients, which are calculated in consideration of the diffracted
wave field, for all examined 6 values (Table 1) and 7 =5 s. In
each subfigure, the incident wave direction is denoted by the cor-
responding arrow. It should also be mentioned that in all discus-
sions that follow, the shadow of the OWF is defined as the area
between x > 1,000 m and —2,000 <y <2,000 m.

From a comparison of the diffracted wave field between the
various examined incident wave angles, it can be concluded that
the increase of 6 modifies significantly the variation pattern of
K, in the whole examined wave field. More specifically, through
the increase of 6 to values larger than 30 deg the existence of
the OWF affects a larger part of the area behind it. This in turn
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Fig. 5 Contours of K, (diffracted wave field) for regular waves
of T=5 s and 0 equals (a) 0 deg, (b) 10 deg, (c) 20 deg, (d)
30 deg, (e) 40 deg, (f) 45 deg, (g) 50 deg, and (h) 60 deg.

demonstrates that for larger 6 values the scattering effects result-
ing from the existence of the OWTs become more pronounced in
the shadow of the OWF. From a physical point of view, all the
above are attributed to the fact that for 6 > 30 deg the number of
OWTs receiving the direct action of the incident wave changes.

The above conclusion is more clearly illustrated in Fig. 6, where
only the scattered wave field is shown for 7 =5 s and the vari-
ous examined 6 values. In this case, the lower K, values, which
are compared to the corresponding ones in Fig, 5, are observed
since the wave elevation due to incident waves is not included in
the relevant calculations. The scattering effect caused by the exis-
tence of the OWF is obvious. In the case of 0 deg < 6 < 30 deg
(Figs. 6a~6d) significant scattering effects are mainly observed at
x < 1,000 m, while K, values at most points in the shadow of
the OWF (x > 1,000 m) are close to zero, indicating a limited
transmission of scattered waves in this area. Significant scattering
effects in the area in front of the OWF and between the OWTs also
occur for 6 > 30 deg (Figs. 6e~6h); however, the increase of 6 to
values larger than 30 deg leads to larger K, in a wider part of the
area behind the OWF shadow (x > 1,000 m) as well as to a more
intense variation of K, in this area.



Fig. 6 Contours of K, (scattered wave field) for regular waves of
T =5 s and 6 equals (a) 0 deg, (b) 10 deg, (c) 20 deg, (d) 30 deg,
(e) 40 deg, (f) 45 deg, (g) 50 deg, and (h) 60 deg.

On the basis of the results shown in both Figs. 5 and 6, it can
be concluded that the diffracted wave field as well as the scattered
one resulting from the existence of the examined OWF depend
strongly on the incident wave direction. Similar conclusions can
be drawn for the rest of the examined incident wave periods. (The
results are not included due to space constraints.)

x {m)

Fig. 7 Variation of K, along line “a-a” for regular wave of T =35's
and 6 =0 deg

Fig. 8 Variation of K, along line “b-b” and line “c-c¢” for regular
wave of T=5 s and 0 =0 deg

The effect of the OWF in the case of § =0 deg is also illustrated
in Figs. 7 and 8, where the variation of K, due to diffracted waves
along lines “a-a” (Fig. 5a) and lines “b-b” and “c-¢” (Fig. 5a),
respectively, is shown. Line “a-a” lies along the x-axis and is
located at y = 1,000 m, while lines “b-b”* and “c-c” lie along the
y-axis and are located at x = —500 m and x = —1,500 m, respec-
tively.

As can be seen in Fig. 7, a significant variation of K, along x is
observed and attributed to the existence of a complex wave field
resulting from the interaction of the waves scattered by the OWTs.
However, this variation becomes smoother towards the largest
positive x values (x > 1,000 m), i.e., towards the area behind the
OWF where K, values close to 1 are also observed. Regarding
Fig. 8, K, varies more intensively in the case of x = —500 m
(line “b-b”). Moreover, K, values corresponding to line “c-c” are
smaller and closer to 1 compared to the K, values corresponding
to line “b-b”. On the basis of the fact that line “c-c” is located
behind the OWF while line “b-b” is located in the area of the
OWE, it is clear that the transition towards positive x values leads
to a decrease of K,, with values close to 1. All the above illustrate
the reduction of the effect of the waves scattered from the OWF
on the wave field in the area behind it for # =0 deg in absolute
accordance with Figs. 5a and 6a.

Continuing with the investigation of the effect of the OWF on
the wave field under the action of regular waves of different 7',
Fig. 9 shows the contours of K, coefficients, which correspond to
the diffracted wave field, for all examined T values (Table 1) and
0 =0 deg.

A more intense variation of K, in the whole wave field is
observed in the case of the smaller examined wave periods (7 <
5 s). For example, for T =3 s (Fig. 9a) K, varies between 0.6 and
1.45 and for T =5 s (Fig. 9¢) K, varies between 0.85 and 1.4,
while for T = 8 s (Fig. 9f) K, varies between 0.75 and 1.05. More-
over, for T <5 s (Figs. 9a~9c) larger values of K, are observed in
the whole wave field compared to those in the cases correspond-
ing to longer waves (Figs. 9d~9f). The above facts illustrate the
existence of more pronounced scattering effects from the OWTs
in the whole wave field for 7 < 5 s. Therefore, for the longer
examined waves the wave field in the shadow of the OWF is less
affected by the existence of the OWF. It should also be mentioned
that in most of the examined cases the maximum K, values occur
in the vicinity of the OWTs, mainly due to individual scattering
effects from each OWT.

Irregular Waves

With regard to the investigation of the effect of the OWF on the
wave field under the action of irregular waves of different signif-
icant wave heights, Fig. 10 shows the contours of the nondimen-
sional coefficient K;, (Eq. 11), which correspond to the diffracted
wave field, for all examined H, values (Table 1) and 7, =8 s.
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Fig. 9 Contours of K, (diffracted wave field) for regular waves
of =0 deg and T equals (a) 3s,(b)4s,(c)5s,(d)6s,(e)7s,
and (f) 8 s.

Each plot presents a single realization of a random sea state with
the specified characteristics. The incident wave direction is taken
to be equal to 0 deg. In this figure, a different scale is used in
each contour plot so that the results can be more easily observed.

The effect of the OWF on the wave field is more signifi-
cant for the largest examined H, value (Fig. 10d), where a more
intense variation and the largest values of K;, are observed in the
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Fig. 10 Contours of K, (diffracted wave field) for irregular waves
of 6 =0 deg, T, =8 s, and H, equals (a) 1.5 m, (b) 2 m, (c)
2.5 m, and (d) 3 m.
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Fig. 11 Contours of K;, (scattered wave field) for irregular waves
of 6 =0 deg, T, =8 s, and H, equals (a) 1.5 m, (b) 2 m, (c)
2.5 m, and (d) 3 m.

whole wave field compared to the rest of the examined H, val-
ues. More specifically, K;, varies between 0.72 and 0.88 in the
case of H, = 1.5 m (Fig. 10a), between 0.7 and 0.9 in the case of
H;=2.0 m (Fig. 10b), and between 0.76 and 0.94 in the case of
H, =2.5 m (Fig. 10c), while for H, =3.0 m (Fig. 10d) K,, varies
between 0.8 and 1.0. This is attributed to the fact that the scattered
wave field varies more intensively by the increase of H, (Fig. 11).
Moreover, for a given H,, the variation of K;, due to diffracted
waves becomes smoother at x > 1,000 m in the area behind the
OWF compared to the area at x < 1,000 m. This is due to the fact
that reduced scattering effects are observed in the area behind the
OWF (Fig. 11) compared to the area at x < 1,000 m. Finally, it
should also be mentioned that in most of the examined cases the
maximum K, values (Figs. 10 and 11) occur in the vicinity of
the OWTs.

Regarding the effect of the OWF on the wave field under the
action of irregular waves of different periods, Fig. 12 shows the
contours of K., which correspond to the diffracted wave field,
for all examined 7, values (Table 1) and H,; =2 m. The incident
wave direction is again taken to be equal to 0 deg. The contour
plots are presented with different scales so that the results can be
easily observed.

As can be observed in Fig. 12, the effect of the OWF on the
wave field is more intense for the shortest examined 7, value
equal to 7 s (Fig. 12a), where K, varies between 0.82 and 1.06
in the whole examined wave field. The increase of T, to 8 s,
9 s, and 10 s leads to K, values that vary between 0.7 and 0.9
(Fig. 12b), between 0.7 and 0.88 (Fig. 12c), and between 0.8
and 0.96 (Fig. 12d), respectively. Consequently, the smallest T,
leads to a more intense variation of K;,. This is attributed to the
fact that the scattered wave field varies more intensively with the
decrease of 7, (Fig. 13). Moreover, for a specific 7, the area
behind the OWF is less affected by scattering effects compared
to the area in front of the OWF and between the OWTs (Figs. 13
and 14). Finally, it is noted that in most of the examined cases the
maximum K;, values (Figs. 12 and 13) occur again in the vicinity
of the OWTs. However, the maximum K;, values are smaller than
the corresponding K, values due to the random phase difference
between each wave component of the spectrum.



Fig. 12 Contours of K;, (diffracted wave field) for irregular waves
of =0 deg, H;=2 m, and T, equals (a) 7 s, (b) 85, (c) 9 s,
and (d) 10 s.
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Fig. 13 Contours of K;, (scattered wave field) for irregular waves
of =0 deg, H;=2 m, and T, equals (a) 7 s, (b) 8's, (c) 9 s,
and (d) 10 s.

Comparison of Regular and Irregular Waves

In the present subsection, a comparison is made between the
wave field resulting from the action of regular waves and the
corresponding wave field resulting from irregular waves. More
specifically, the cases of regular waves of 7 =7 s and 8 s are com-
pared with irregular waves of the same peak period and H, =2 m.
The incident wave angle is considered equal to O deg. In order to
perform the comparison, K, in the case of the regular waves is
calculated by dividing |n(x, y)| in Eq. 2 by the aforementioned
H, value. Figure 14 includes the corresponding results. The con-
tours of K, and K, (the diffracted wave field) are plotted in dif-
ferent scales in order to present clearly the results.

As can be observed in Fig. 14, the results obtained with respect
to the action of theoretical regular waves and the ones obtained in
the case of real sea states are different. Specifically, for a specific

c) e : iil . 200

Fig. 14 Contours of (a) K, for T=7 s and H =2 m, (b) K,, for
T,=7sand H =2m, (c) K, for T=8 s and H=2 m, and (d)
K;, for T,=8s and H;=2 m (0 =0 deg)

wave period different variation patterns and different values of the
diffracted wave field are observed between regular and irregular
waves. The maximum K;, value for the case of T, =7 s (Fig. 14b)
is approximately two times larger than the corresponding maxi-
mum value of K, (Fig. 14a), while in the case of 7, =8 s, the
maximum K;, value (Fig. 14d) is approximately 1.5 times larger
than the corresponding K, value (Fig. 14c).

Despite the differences in the K;, and K, values and in the
corresponding variation patterns, it should also be mentioned that
for both regular and irregular waves the OWF affects significantly
the wave field at x < 1,000 m, while the scattering effects are
reduced in the shadow of the OWF.

Impact of Hydrodynamic Interaction Effects on OWTSs’
Forces

In addition to the investigation of the OWF’s effects on the
surrounding wave field, it was interesting to examine the impact
of the hydrodynamic interaction effects among the OWTs on the
excitation forces applied to them. For this reason, a nondimen-
sional coefficient, CF;."(T, 0), j=xory,m=1,...,12, is intro-
duced, which is defined as the ratio between the force applied
to the m™ OWT within the OWF and the corresponding force
applied to an isolated OWT with no inclusion of interaction
effects. Specifically, for a given T and 6, CF"(T, 6) is given by
the following equation:

CF'(T,0) = F(T. 6) (1)
j oY) = Fisolated (1 gy
J F;soate (T, 0)
where Fj’", j=xory, m=1,...,12 is the nondimensional exci-

tation force along x or y applied to the m™ OWT, while F}**,
j=x or y is the nondimensional excitation force along x or y
applied to an isolated OWT. F;" and F;***¢ are obtained by divid-
ing the amplitude of the diffraction forces by (pgAR?), where p
is the water density and R is the radius of an OWT. CF;" values
larger than 1 indicate the existence of negative interaction effects,
while the opposite holds true for CF" < 1.

Due to space constraints, Fig. 15 shows indicatively CFj'”(T, 0),
j=xory,m=1,...,12 for specific T, 6 combinations of regular
waves examined. The OWTs’ numbering (OWT"”, m=1, ..., 12)
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various 6

is shown in Fig. 1. For # =0 deg the increase of T (Fig. 15a)
leads to more intense interaction effects between the OWTs since
larger CF" values for all OWTs are observed with the exception
of T =8 s, where CF" slightly decreases. Moreover, for all T
values CF" > 1; therefore, negative interaction effects among the
OWTs in terms of excitation forces are observed. Considering the
influence of different 6 on the hydrodynamic interaction effects,
Figs. 15b and 15c show CF!" and CF", m=1,..., 12, respec-
tively, for 6 =0, 30, 45, and 60 deg and T =5 s. As 6 increases
from O to 45 deg, the interaction effects become more intense
among the OWTs placed in the two middle rows, i.e., OWT",
m=4,7,5,8,6, and 9 (Fig. 1) since for those OWTs CF" and
CF" obtain larger values compared to the rest of the OWTs.
As 6 further increases to 60 deg, reduced interaction effects are
observed, which are similar to those for § = 0 deg, while the
OWTs located in the two external array rows are mostly affected.

Nevertheless, hydrodynamic interaction effects among the OWTs
for all cases in Figs. 15b and 15c lead to larger forces compared
to those of an isolated OWT.

CONCLUSIONS

In the present paper, the impact of an OWF consisting of fixed-
bottom OWTs on the surrounding wave field is numerically inves-
tigated in the frequency domain under the action of both regular
and irregular waves. The main conclusions of this study are as
follows:

¢ In the case of regular waves, the diffracted wave field as well
as the scattered one resulting from the existence of the examined
OWF depends strongly on the incident wave direction. Specifi-
cally, the increase of 6 modifies significantly the variation pattern
of the diffracted wave field. (A larger part of the area behind the
OWEF is affected by its existence.) This is attributed to the fact that
the scattering effects for the largest examined 6 values become
more pronounced in the shadow of the OWF.

e With regard to the investigated regular wave periods, T, a
more intense variation of the diffracted and the scattered wave
fields in the examined domain is observed in the case of the
smaller T values (<5 s). Moreover, the wave field in the shadow
of the OWF is less affected by regular waves with periods larger
than 5 s.

* In the case of irregular waves, the shortest examined 7, leads
to a more intense variation of the diffracted wave field, which
is directly related to the variation of the corresponding scattered
wave field.

 For all examined incident regular and irregular wave cases
with 6 equal to O deg, the existence of the OWF leads to limited
shadowing in the area behind the OWF, while significant scatter-
ing effects occur only in the wave field upstream. Therefore, the
impact of the OWF on the surrounding wave field is more pro-
nounced in the area in front of the OWF and among the OWTs.

* For the case of regular waves, negative hydrodynamic inter-
action effects among the OWTs in terms of excitation forces are
observed.

The present study could be extended in order to investigate the
impact of the OWF at a larger distance, e.g., 10 km away from
the OWE. The corresponding results could then be compared to
the results obtained by the application of spectral wave models.
Moreover, it would be interesting to extend the present study by
the investigation of the interaction effects of OWFs in nearshore
and coastal waters with variable bottom topography using relevant
appropriate numerical approaches (e.g., Belibassakis et al., 2001).
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