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Abstract:

The everyday growing populations all over the world and the necessity of increase in consumption of
fossil energies have made the human to discover new energy resources, which are clean, cheap and
renewable. Wind energy is one of the renewable energy resources. Considerable wind speed has
made settling of wind turbines at sea beneficial and appealing. For this purpose, choosing the
appropriate plates to set up wind turbines on the surface of sea is necessary. Regarding the
installation condition, by choosing suitable geometry for floating breakwaters, offshore wind turbine
can be mounted on them. Suitable geometry of breakwater for multifunctional usage could be selected
with analyzing and comparing pressure, force and moment produced by incoming waves. In this
article, the boundary element method is implemented to solve governing differential equations by
assuming potential flow. On the other hand, for promoting free surface in each time step, the Euler-
Lagrangian method is employed. Finally, to find the appropriate geometry for installing the wind
turbine on the breakwater, moment and wave profile next to the right and left side of breakwater body
are calculated. Among simulated geometries, breakwater with trapezoid geometry which its larger
base is placed in the water has more sustainability and it is the most suitable geometry for wind
turbine installation.

Keywords:Wind turbine, floating breakwater, boundary element method, Euler -Lagrangian method

1. Introduction

Using different sources like coal, natural gas, oil and nuclear energy always have been noticed in different part
of the world. The important factors about these resources are their environmental hazard and limited amount,
while renewable energies are limitless and non-pollutant; so, they have been considered as substitute of
traditional energy resources. Wind energy is one of renewable energies; it has considerable potential for
satisfying human energy demands. Wind turbines installed on lands have been used for a long time, but in recent
years because of relevant sea’s potential, installing wind turbines in seas have been noticed(Mostafa et al. 2012).
Considerable wind energy at sea, as a result of high wind speed and having less surface roughness than lands,
make this choice more appealing. Some advantages of utilizing offshore wind turbines are (Withee 2004):
e  Offshore wind turbines unlike land turbines do not effect on nearby road and railroads.
e Floating wind turbines do not create visual and noise pollution as a result of distance of wind farm
from shore.
Due to the large area of seas, fertile lands are not occupied.
Under some conditions, floating wind turbines need less maintenance than land wind turbines.

There are difficulties in installing offshore wind turbines that must be analyzed to identify appropriate condition
of installation. Most important part in erecting wind turbines is providing structure stability which is possible by
analyzing forces, moments and motion of the heave plate. Important hints in designing heave plates are (Fulton
et al. 2007):

The plate must bear its own weight and wind turbine connected.

It must remain stable under any circumstances of wind and waves.

The wind turbines should be abstained from overloading because of waves crashing to the floater.

It must be economically feasible.

The main purpose of this research is investigating wave condition in order to evaluate system stability. Figs. 1
and 2 show two principal methods in installing offshore wind turbines.
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Fig.1: Wind turbine attached to the ground (Karimirad, Fig.2: Floating wind turbine (Karimirad, 2011)
2011)

In recent decades a lot of researchers have modeled offshore floating systems in linear and nonlinear
waves(Chandrasekaran et al. 2013; Chandrasekaran and Yuvraj 2013). Perturbation theory has been used for
analytical study of these problems (Emmerhoff and Sclavounos 1992). When the order of equation is increased,
applying this method becomes extremelycomplicated. As a result, many numerical solutions for solving these
problems have been developed. These numerical solutions mostly have been implemented in simulating waves
in a numerical wave tank. Most of efforts done in this field include simulation of the wave itself, constant body
and floating bodies with external motions. Koo and Kim simulated a free floating mass in a wave tank using
boundary element method in time domain (Koo and Kim 2004). They used Eulerian-Lagrangian method to track
free surface. To determine acting force on the floater body, Mode-decomposition method was used. This method
is used to find @, in Bernoli equation. Boo an Kim simulated a cylinder in steady and unsteady waves by
employing boundary element and Eulerian —Lagrangian methods in a numerical wave tank (Boo and Kim 1997).
They also studied the force exerted on the cylinder from incoming steady and unsteady waves. Ferrant studied a
vertical cylinder in numerical wave tank with nonlinear boundary conditions (Ferrant 2001). He used combined
wave and current flow for his numerical simulation; he offered his results forincoming waves and wave-current.
Celebi et al modeled linear and nonlinear waves in a three dimensional wave tank by Eulerian-Lagrangian and
boundary element methods (Celebl et al. 1998). They employed re-meshing and smoothing techniques in
Lagrangian section in order to eliminate numerical instability. Grilli et al studied wave breaking numerically by
using boundary element and Eulerian— Lagrangian methods (Grilli et al. 2001). Their solution domain was based
on a three dimensional wave. Hong and Kim used higher order boundary element method for studying nonlinear
waves in a numerical wave tank (Hong and Kim 2000). The system used for simulation was a constant cylinder
where exerted force from inlet waves was analyzed. By simulating nonlinear waves, Dommermuth and Yue
offered a new solution for tracking free surface and numerical instability (Dommermuth and Yue 1987).

Floating breakwaters (because of extensive capabilities of this type of breakwaters) is used to reduce destructive
effects and power of waves at seas. It is possible to install wind turbines on breakwaters by choosing appropriate
geometry for them. Installing wind turbines on floating breakwater is worthwhile. Therefore analyzing pressure
and determining exerted force would be a great help for designers to choose appropriate geometry for heave
plate. For this reason, the purpose of this article is developing a numerical code for simulating breakwaters’
performance and the wind turbine erected on them. In this numerical code, prescribed roll motion is analyzed in
two dimensions for several geometries with specified length by employing boundary element method and using
Euler- Lagrangian method. Typical breakwaters’ geometries are selected by studying previous articles. The
amount of moment (caused by wave and wind forces) is calculated by applying certain amount of roll on all
geometries. The obtained moments show the power, required for a certain displacement. By comparing these
moments, stability of different geometries will be specified. On this basis, the appropriate geometry for floating
breakwater will be introduced.

2. Governing Equations and Numerical Method

Regarding the circumstance of installing breakwaters at sea, which are located with long distance on one
direction, it is possible to assume a two dimensional flow.
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Fig.3: Schematic view of breakwaters installation(Kwag et al. 2010)

For many hydrodynamics problems, the amount of characteristics velocity and length are much greater than
water kinematic viscosity. As a result, viscosity effects compared to inertial effects are negligible. Therefore for
proper marine hydrodynamic problems:

Incompressible flow + Inviscid flow = Ideal current flow

In non-rotational current (V x v = 0), velocity vector is equal to the gradient of velocity potential and is shown
as below:

L=V (€

Combining this equation with Continuity equation for incompressible flows, leads to two dimensional Laplace
equations (Becker 1992):

2 2
Vg = % + % =0 )
ox= oy
Formulating boundary value problem, without determining boundary condition is not complete. Known values
are required on domains to determine velocity potential or its derivatives. So, two kinds of boundary conditions
are introduced:
e Dirichlet boundary condition I;(t) < I'(t): value of velocity potential on domain is known.
e Neumann boundary condition T}, (t)  I'(t): value of normal derivative of velocity potential is known
on domain.

Fig. 4 illustrates the fluid’s domain and its boundaries for a two-dimensional free floating problem.
y I'(t) = Ta(t) UT(t)

y e
) ()
o ~1,(0)
- £
() Ta(t)
Tl

Fig.4: Fluid domain and its solution boundaries (Vinayan 2009)

2.1 Boundary element method:

Governing equationsin this problem is solved to calculate the pressure magnitude on solid phase boundary and
force and moment, exerted on surface of the floater. So, this problem is a boundary value problem; there is no
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need to calculate the flow field. Therefore, boundary element method is used as a suitable method for analyzing
the flow.

In this method, governing differential equations are converted into integral equations over the boundary or the
surface. This means that the boundary will be divided into very small elements and likewise other numerical
methods, the problem will be divided into the system of linear algebraic equations which have unique answer.
This method can be used easily for simple to complex boundaries. The boundary element method used in this
work is based on Isoperimetric Quadratic Elements.

As it is mentioned in the previous section, governing partial differential equation in this problem is Laplace
equation (Eq. (2)). Given the boundary conditions, ¢ can be solved by the boundary integral equation:

oG (p,Q
c(Pyp(P)+ [ PRy 0yr(0)-

y ( Q) 3)
jG(P,Q)—dr(Q)
T on
In the above equation, T is integral boundary, G(p, q) is Green function and C(P) is collision angle at point P. P
and Q are source and field points, respectively. The matrix form of Eq. (2) is presented as follows:

o¢
[Alp= [Bla ()

With determining every single element of matrixes A and B, applying known boundary values, and reordering
known value of potential and its derivatives to one side and unknown variables to the other side of the equation,
the above system of equations can be solved.. Gauss-Jordan elimination method is used to solve this system of
equations.

2.2 Nonlinear free surface problem

Free surface problem, known as an initial boundary value problem for a velocity potential, must satisfy the
governing Laplace equation. The solution domain includes a numerical wave tank and a floating object with

forced motion; it is surrounded by five boundaries.
S.(r) !

Fig.5: The problem geometry and boundary conditions(Vinayan 2009)

Regarding Fig. 5, boundary conditions are:

1. The left side boundary condition(SL): Newman condition (V@.n = 0)

2. The right side boundary condition (Sw) : Newman condition (V@.n = 0)

3. The down side boundary condition (SB): Newman condition (V@.n = 0)

4. Boundary condition on the free surface (SF(t)): Kinematic and dynamic boundary conditions

5. Boundary condition on the floating body (SH(t)): Newman condition (V@.n = V(x,t).n)
V(x, t)is the forced motion velocity, applied on the body. The motion is sinusoidal and is limited to roll DOF
(Degree of Freedom), so, the equation of motion can be described as the following:

a(t) = a, sin(awt) (5)
agandw are respectively amplitude and angular velocity of oscillation. In Cartesian coordinate, velocity of the
oscillation is defined as:
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V(x,t)=(-ya, xa) (6)
The initial conditions of problem at free surface are:
{¢(x, 0)=0

77(X,O)=0 @)

2.3 Kinematic boundary condition on the free surface
Kinetic boundary condition can be obtained by assuming that fluid cannot pass through the free surface. From

Lagrangian viewpoint, for a fluid particle P(x,y) on the free surface, the kinematic boundary condition can be
written as (Koo and Kim 2004).

Dx
DX E:u:¢x
=u=V¢g=> X e S.(t) (8)
Dt ﬂ—v—¢
Dt y

In this equation, % = %+ V@.V is material derivative from Lagrangian viewpoint and u = V@ = (Q)X, Q)y) is
fluid velocity on the free surface.

2.4 Dynamic boundary condition on the free surface

The free surface dynamic boundary condition is achieved from the Bernoulli equation and assuming pressure
continuity along the free surface. So, pressure on the free surface should be equal to atmospheric pressure,
which results in the general form of the dynamic boundary condition on the free surface:
0

¢ |V¢| +gy+—_0 X € S(t) 9)
ot P
In this equation, g is gravitational acceleration. The conventional form of dynamic free surface boundary

condition is defined by pressure in terms of relative pressure. In this case relative pressure at the free surface
(Pf) is zero. Eq. (9) is rewritten in Lagrangian form as below:

I;f 1|V(,75| —gy xeS.(t) (10)

2.5 Time evolving of the free surface

To evolve the free surface at time(t + At), the Lagrangian form of kinematic and dynamic free surface boundary
conditions are integrated with respect to time,

D — 0 +At(§¢) X = (X, y) (11)
p“ =g + At [%\Wﬁ(") - gy(k)j (12)

To solve the above equations, numerical Runge-Kutta fourth order method is used. According to the above
descriptions, the Lagrangian points and nodes have equal velocity and it should be noted that our view is totally
Lagrangian; thus, the nodes along the free surface are elevated along the x and y directions, both.

2.6 Smoothing and re-meshing of free surface

At each time step of solving the problem, re-meshing the free surface is needed for maintaining regular intervals
between the elements on the free surface. With evolving the free surface at each step, Lagrangian points are
transferred to their new position, thereby causing congestion of these points in areas with high gradient and
instability of solution. Accordingly, cubic spline method for interpolation of the Lagrangian points on the free
surface and redistributing them are used.
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Furthermore, for eliminating the sawtooth instability at each time step, Chebyshev five-point smoothing scheme
is used. Emerging this type of instability can have either physical or mathematical reasons. One of the primary
reasons of this instability is existence of singularity in the corner point of the problem’s geometry. This
instability first was proposed by Longuet-Higgins and Cokelet(Longuet-Higgins and Cokelet 1976). They used
the Chebyshev five-point scheme for eliminating the instability.

2.7  Calculating pressure on the floating body
Using Bernoulli equation and assuming non-rotational flow on the free surface, the pressure can be determined.
op 1 2
=—p| —+=(V + (13)
p ,0[ x5 (Vo) gyj

To find out the pressure on the body, calculating @, in the above equation is fundamental. There are two
methods which can be implemented to obtain @,. The first one is using boundary element method in order to
solve @, instead of @ with regard to the known new boundary conditions (Vinayan 2009).

6G(p Q)

C(P)4(P)+ I #,(Q)r(Q) =
(14)
(Q)
j G(P, Q)—dr(Q)
New Boundary conditions for solving @, are:
1. The left side boundary condition: Newman condition (V@..n = 0)
2. The right side boundary condition: Newman Condition (V@..n = 0)
3. The down side boundary condition: Newman Condition (V@,.n = 0)
4. Boundary Condition at the free surface: Kinematic and dynamic boundary conditions
5. Boundary Condition on the floating body: Newman Condition (V&.n = a(x,t).n)
@is acceleration potential and is expressed by the following equation:
D= + %|V¢|2 (15)

For determining V@,.n over the body, Tanizawa equations are used (Tanizawa 1995). As the velocity of the
body is known, the acceleration of oscillated body can be derived easily. After determination of velocity
gradient and wave profile at the free surface, the initial conditions on free surface are obtained from Eq. (10).
The second method is using forward finite difference method. In this paper, the former method is used to
compute @..

2.8 Determining the roll moment

Applied moment on the body can be calculated by integrating the pressure equation over its wetted surface.
M = _[ r XN ds (16)

In eq. (16), M represent the moment, n = (ny, ny,n,) is normal vector (the positive direction is toward the
inside of the floating mass) and r = (x,y, z) is position vector of a point on the surface.

Sy : Free-surface — Sf : Free-surface

.‘SB : Wetted body surface

Fig.6. Floating body with normal and position vector(Vinayan 2009)

As the body rotation around roll axis is one degree of freedom, the moment around roll axis can be written as:

= —” P (xny —yn, ) ds an

Sg
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2.9  Solution algorithm of the numerical code

In the previous sections, the mathematical relations and also the steps which are needed to done to solve the
problem are explained. In this section, the simulation method and also the steps to solve the problem are shown
in a flowchart. This flowchart is depicted in Fig.7. In this flowchart, @,, is normalcomponent of velocity
potential, @,is tangential component of velocity potential, @,is horizontal component of velocity potential and

@yis verticalcomponent of velocity potential.

Set the initial values of velocity potential
and set the coordinates of Lagrangian
points at the free surface

Solve velocity potential Determine @ by using second
(BEM) and determine @, order finite difference method
I |

[ Calculate @, and @y, by using @, and @, ]

[

Solve velocity potential (BEM)
and calculate @,

[

Update position of Lagrangian points
and velocity potential at the free surface

|

Find the intersections of free ]

—— (Runge-Kutta O(At"))

surface with body, re-mesh and
smooth the free surface

Calculate pressures and
moments on the body

No

Fig.7. The flowchart which is used to develop the numerical code

2.10 Calculating wind force

Beside the moment exerted from wave, the moment applied from wind force is also considerable. The Siemens
5 MW turbine is used for calculation. The cross sectional area of this turbine is about 10500 square meters
(Available from: http://www.4coffshore.com/windfarms/turbine-areva-wind-m5000-116-tid2.html[cited Feb 24,
2015].). Furthermore, properties of local wind velocity are obtained from the meteorological reports in the
Caspian Sea. According to these reports, the density of the air is assumed 1.2 kg/m3 and averaged wind velocity
is 4 m/s (Available from: http://www.inio.ac.ir/Default.aspx?tabid=2017 [cited Feb 24, 2015].).

For moment calculation related to wind force, first the wind force which is applied on the blades of turbine is
obtained from Eq. (18). Then, the moment is calculated from multiplying this force by its related arm.

F= % PAV ? (18)
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pis density of air, A is cross sectional area of turbine and V is velocity of wind. In our simulations, cross
sectional area is scaled 1:18. So, this area becomes 580 square meters. By substituting the value of the
parameters in Eq. (18), the exerted force from wind to the turbine blades is about 5568 N.

3. Selected Geometries for Modeling

For numerical modeling and evaluation, various geometries of breakwaters are chosen on the basis of the
previous studies (Fig. 8).

L]

L]

Geometry 1 Geometry 2
F——p
h
11 L2
. d
| Geometry 4

Geometry 3
Fig.8: Selected geometries for simulation

Table 1 shows the characteristics of the selected geometries. With regard to the scale of model, height of all
geometries is equal to 2 meters. The scale analysis on this research is based on the Froude similarity. The
concept and also the relations of this scale analysis are comprehensively explained on the reference (Kelly
2007). The Angle a differs for different geometries and is mentioned for each geometry in the next section.

Table 1: Dimensions of geometries of Fig. 8

B(m) | Ly(m) | L,(m) | d(m) | h(m)
1 20 20 5 5

5. Results and Discussion

In order to simulate the problem, a numerical code is developed based on boundary element method using
MATLAB Software. For validation, the result from solution of boundary element method is compared with the
result of analytical solution of the piston wave-maker (Fig. 9) (Tanizawa 2000). Analytical solution for wave
potential and wave profile of a piston type wave maker are expressed by the following equations:

¢(x y t): 4s tanh kh sinh kh
Y a)(2kh +sinh 2kh)' (19)

[cosh(y +h)cos(kx —at)]
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(x,t)= 4s sinh? kh
)= okh +sinh 2kh

In Equations (19) and (20), s is the amplitude of piston motion, w is motion frequency, h is water depth and k is
wave number. Results for wave profiles from t = 0 to t = 4T for both boundary element and analytical methods
are compared which is presented in Fig. 8. The history of wave profile is plotted for the distance of x = 5m
from the wave maker's piston. It can be seen that both models are in good agreement and they produce identical
results.

sin(kx —at) (20)

0.05
= Analytic (Tanizawa 2000)
r— 0 BEM
"0.05, 2 4 6 8
t (s)
Fig.9: Comparison of analytical solution and numerical solution of the boundary element method at T = 2.4 s
and A =0.1

In the previous section, selected geometries of breakwaters are introduced and explained. As mentioned before,
these geometries had been selected with the purpose of using as a breakwater and installation of offshore wind
turbines. Applying these multifunctional breakwaters at sea has some difficulties. The most important one is
stability of structure against waves. In this work, the moment applied on the body of floating breakwaters and
the wave profile next to the left and right side of body are obtained by simulating the motion of selected
geometries.

As these floating bodies have prescribed roll motion, to achieve a mutual standard for better comparison, body
oscillationfor all geometries was keptthe same. Therefore, in final assessment it was assumed that whatever the
moment is bigger for achieving this amount of oscillation, that geometry of floating breakwater is more stable
against waves. Another point that can verify this assumption is the power of waves applied to the floaters body.
By obtaining wave profiles next to these geometries and by considering that a more stable geometry demands a
stronger wave with larger wave amplitude for reaching a predetermined oscillation, stability of these
breakwaters can be evaluated.

With regard to validation of our numerical code, results of various breakwater geometries with prescribed Roll
motion are given. The results are for the wave profile at free surface and moment on body surface. In these
results variation in breakwater geometries are considered. It is assumed that the amplitude of body oscillation
(ay) and Froude number which is given by Equation (21) are 0.4, both.

B
Fr— /_
r=w 2 (21)

In Eq. (21), w is oscillation frequency of the breakwater and B is breakwater width. Regarding geometries in
Fig. 8 and their dimensions in table 1, the moment applied on floating body and the wave profile next to the left
and right side of the floater are calculated.

Fig. 10 illustrates that geometry 2 has the maximum amount of moment and geometry 3 has the minimum
amount. The results indicate that increasing the angle, leads to enhance in the amount of moment. As floaters
have prescribed roll motion and they have identical oscillation, the more moment they need to oscillate the more
stable they are. This shows that geometry 2 has more stability and it is more appropriate to be considered as
geometry of floating breakwater.
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Figs. 11 and 12 confirm the mentioned conclusion. It can be seen from these figures that in geometry 2, stronger
waves with bigger amplitude are needed for the same body oscillation. So, geometry 2 is more stable. Also
increasing angle o improves stability. In simulated geometries, geometry 2 with 45 degree angle has the most
stability and thus it is more suitable for a floating breakwater.

4. Conclusions

In this paper, by analyzing and comparing moments produced by incoming waves and wave profile next to the
right and left side of breakwater body, a suitable geometry of breakwater is introduced for multifunctional
usage. In this study, the boundary element method is used to solve governing equations by assuming the
potential flow. Also, the combined Eulerian-Lagrangian method is used to solve numerical parameters on the
boundaries in order to analyze pressure, force and other hydrodynamics parameters on the surface of the floating
body and to promote the free surface in each time step. Simulation results for prescribed roll motion in different
breakwater geometries show that geometries 2 and 3 need maximum and minimum amounts of moment for a
same amount of oscillation, respectively. Also, the results depict that increasing the angle of body increase this
amount. Also, wave profiles next to the left and right side of the body are obtained. According to the results, for
geometry 2, stronger wave with bigger amplitude is needed for the same body oscillation. With regard to the
results, geometry 2 with angle 45 degree has the maximum stability and therefore it is the most suitable one to
be used as the breakwater geometry.
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