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iv

Objectives:
This report forms the deliverable D4.6 of the Structural Design of Wave Energy Devices (SDWED) project. The

main objective of the report is to shed light on the implementation of a simple floating wave energy converter (fWEC)
numerical model coupled with a dynamic model of the reaction system. The model will be validated with results
based on physical model tests. Focus of the analysis is the definition of pros and cons of the implementation.
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INTRODUCTION

For an offshore structure the predominant environmental loads are wind, wave and current. They contribute to the
motion of the system in function of their frequencies leading to both an off-set of the structure from the starting
position and an oscillation around a mean position. The displacement of floating bodies needs to controlled and
bounded for practical and functional reasons, i.e. reduction of the occupied water surface, platform stability and
positioning of the system into an array. Mooring system are important means of holding a floating body against
environmental loads. In the following, reaction and stationkeeping systems are used as synonyms of mooring system.
By definition a mooring system is composed by one or several cables connecting the floating body to the sea bottom.

In naval and Oil & Gas sectors the mooring system is often modelled in a quasi-static approximation, inferred
by the small velocity of the system. In fact, the large mass of the system allows it to have a low responsiveness
in most of the sea conditions characteristic of the location. The same assumption will hold for some floating wave
energy converters (fWEC), but not for all. In fact, a important number of fWECs are specifically designed to be in
resonance with some of the possible sea states on the specific location. The resonance condition means maximisation
of the absorbed power and large body displacement and velocity, where large is defined in comparison with the body
displacement and velocity for both naval and Oil & Gas sectors.

In this conditions a non negligible part of the available energy will be dissipated in viscous phenomenas on the
mooring cables. In order to implement a realistic numerical model of fWECs these dissipations need to be embedded
in the system, and dynamical cable solvers are a possible solution.

Tailored by the scope of the SDWED project - definition of a common design basis tool of WECs in the form of a
simple but reliable (small uncertainties level) wave-to-wire model - the coupled numerical model need to be above all
accurate and computationally inexpensive. This qualification will allow the tools to be both a base of comparison of
different WEC concepts, and used in optimisation loops of specific WEC.

vii



viii INTRODUCTION

The report is structured as follows. The fist part briefly introduces the dynamical mooring subsystem used -
developed by Chalmers University - while keeping the focus on the model input and parameter definition for the actual
case study. For a comprehensive description of the method and algorithm see [1] and [? ]. The second part described
the fWEC’s hydrodynamic model, introducing the methodology adopted, the parameters used in the case study and
the implementation of the coupled wave-to-wire model. The third section reports the comparison between numerical
and experimental results and in section four the achievement of the study and future prospectives are summarised.



CHAPTER 1

DYNAMIC CABLE SOLVER - MOODY

J. Palm, Ph.D.1, F. Ferri, Ph.D.2

1Chalmers University
2Aalborg University

The part introduces the mooring solver firstly, and then the definition of the features of the model are given

1.1 Identification of the mooring solver scope

As introduced above, the mooring system is of paramount importance for the positioning of a fWEC, but the identifi-
cation of a “best” or “common” mooring type is a difficult task due to the variety of fWEC concepts. Depending on the
structure and working principle, the fWECs will exert different loads on the reaction systems, and as a consequence
also the numerical model of the mooring system is not unique. But base on simple assumptions it is possible to cluster
the fWEC and relative mooring solutions in two main sub-classes (Fig. 1.1):

1. Mooring system for large WEC with self-referencing body, i.e. FO3, Weptos, Wave Dragon,

2. Mooring system for activated body WEC without referencing body or small size self-referencing WEC.

Mooring systems belonging to class 1 have similar specifications to Oil & Gas and Floating Offshore Wind Turbines
structures. The large inertia of the system reduced the influence of the wave induced loads acting on the structure in

Francesco, Ferri.
May 6, 2014 -SDWED - D4.6

1



2 MOODY

 C
lass 1

 C
lass 2

Figure 1.1: fWEC for mooring class 1 (red border) and class 2 (cyan border). From left to right and from top to
bottom FO3, WaveDragon, Weptos, Archimede Water Swing, Dexa, Pelamis

not-extreme (operational) conditions. The system is characterised by a rather small velocity and acceleration, which
makes the utilisation of a quasi-static approximation a viable solution. On the contrary, mooring systems belonging
to class 2 will experience larger velocity and acceleration if compared with the previous class, arising the need of
a dynamical model of the mooring cable. It should be noticed that a well designed dynamic model of the mooring
system should give similar results of a quasi-static model, in the limit of zero velocity of the body.

On the one hand, in order to define a wave-to-wire model of fWECs as general as possible, the natural choice of
the mooring solver would be a dynamical one. But on the other hand, it is important to bear in mind the accuracy
vs computational cost requirement of the model. In fact, the main drawback of any dynamic mooring solver is the
computational cost, which not comparable by any means to a frequency domain analysis.

In the framework of the SDWED project the chosen dynamical model of mooring systems is MOODY, developed
by Chalmers University.
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MOODY solves the mooring cable dynamic problem using a modal high-order finite element model. The solver
applies a modified version of the local discontinuous Galerkin (LDG) method for the spatial discretisation. The LDG
allows the solution to be discontinuous over the element boundaries, i.e. suited for snap loads. On the one hand, the
utilisation of high-order polynomials presents an exponential convergency in case of smooth trajectories. On the other
hand, the high-order polynomial introduce oscillations of the results in case of discontinuities, which are smoothed
on the boundary between elements in consequence of the LDG scheme. The selection of number of elements and
polynomial order relies on the expected solution thus.

The actual version of the software is written in Matlab. For a comprehensive description of the software imple-
mentation and capability see [1] and [2].

1.2 Case study - Multi cables mooring system with simple chains

The case study selected for the model validation presented in Ch. 3 is based on the system sketched in Fig. 1.2. The
fWEC is composed by a floating cylinder, which draft is half of the cylinder height, moored with three cables, each of
them composed by a single chain connecting the fairlead at the anchor. At the rest the vertical planes passing on each
mooring cables are inclined by 120◦.

Figure 1.2: Cylindrical moored WEC. The inertial coordinate system is identified by the blue (z) red (x) and green (y)
arrows.

Cable 1 is aligned with the direction of propagation of the 2D waves, being the latter oriented as the x-axis of the
system (red arrow in Fig. 1.2). More details about the selected set-up are given in Ch. 3.

In order to validate the full fWEC numerical model, it is of paramount importance to identify a sensible set of pa-
rameters that define the MOODY input for the case study. In the next section the discussion about the identification of
those parameters is given, followed by a short section describing the input file required by MOODY to run, specialised
for the actual case study.
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Floater Geometry

Mass [kg] 3.65
Moment of Inertia [kgm2] 0.1
Diameter [m] 0.26
Draft [m] 0.08
Centre of Gravity (x,y,z) [m] [0 , 0 , -0.015]
Fairlead 1 (x,y,z) [m] [-0.13 , 0 , 0]
Fairlead 2 (x,y,z) [m] [0.1126 , 0.0650 , 0]
Fairlead 3 (x,y,z) [m] [0.1126 , 0.0650 , 0]

Cable Properties

Specific Mass [kg/m] 0.12818
Length [m] 2.3
Nom. Diameter [m] 0.0045
Axial Stiffness [kN] 1
Number of Element [-] 6
Polynomial Order [-] 5

Cable Hydrodynamic Properties

Normal added mass [-] 1
Tangential added mass [-] 0.08
Normal drag force [-] 2.5
Tangential drag force [-] 0.5

Ground model settings

Normal stiffness [kPa/m] 228
Damping ratio [-] 1
Friction coefficient [-] 0.3
Max-friction speed [m/s] 0.1

Table 1.1: Overall mooring system input parameters for the specific case study.

1.2.1 Cable Parameter Identification

Based on the experimental results of the slack-moored buoy, a suitable set of cable parameters have been chosen
from numerical simulations in MOODY. Due to measurement noise and large non-linearities in other tests, the regular
waves with wave height H=6 cm was chosen as validation set. The final set of cable parameters are given in Tab. 1.1.

Fig. 1.3 shows the comparison of the fairlead tension time series from experimental data (red), quasi-static solution
(black) and MOODY solution (blue), subject to a mild long wave (H = 0.06 m and T = 1.9 s). In the following the
bow cable is named C1 and the stern port cable is called C2. For this long wave the loads tend to be in phase with
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Figure 1.3: Comparison of the fairlead tension time series from experimental data (red), quasi-static solution (black)
and MOODY solution (blue). H = 0.06m and T = 1.9 s. Top: bow cable (C1). Bottom: stern port cable (C2).

the displacement of the fairlead and the quasi-static model provide an easy and reliable solution. Measurement on C1
seems to be affected by a higher noise level, if compared with C2. Nevertheless, the results are unfiltered because by
coincidence one of the eigenfrequency of the cable was close to the noise source frequency (around 50 Hz). Further
investigation are needed to isolate and understand this specific behaviour.

Different consideration can be sketched from the results presented in Fig. 1.4. In this case only the results for
C2 are presented, because of the excessive oscillation of the measurements in C1 - even though the same previous
consideration about eigenfrequency of the cable could be extended for this case too. When the velocity of the boundary
become important, the damping effect on the cable induces a phase-lag of both experimental and dynamic solution if
compared with the quasi-static response. For the particular case presented the system has a large damping component,
which result in a phase-lag of about 45o with respect to the fairlead displacement. MOODY predict the correct
phase shift of the load time series, but it fails however to describe precisely the loads amplitude due to an excessive
oscillation of the solution.

1.2.1.1 Discussion on Validity The numerical study was made in still water, hence the effect of the water motion
due to waves was not taken into account. As the changing of added mass and drag force coefficients made a small
change on the resulting tension force, it is unlikely that this affected the results significantly. It should also be men-
tioned that the cable was simulated as homogenous from the anchor to the fair-lead point. In the experiments, the load
cell was inserted between cable end and fair-lead, which also contributes to the uncertainty of the numerical simu-
lation. The numerical tension forces used for comparison with the experiments were taken 8 cm from the end-point
to compensate for this difference. Although this takes care of the static offset of the tension time history, it does not
correct the difference in inertia.

The ground model implementation is very important when validating numerical simulations against experimental
data. The stiffness of the bottom and the dissipation from the cable repeatedly hitting the ground is very difficult to
assess. Further, the damping of the cable tension force is very much governed by the friction model and its choice of
parameters. As the energy dissipation from the ground interaction of the cable dominates over other damping factors,
it is very difficult to choose appropriate hydrodynamic coefficients based on the experiments. In MOODY, friction is
modelled with a two-parameter viscous model based on a maximum velocity vc and a friction coefficient µ. To reduce
the number of variables, µ = 0.3 was chosen from literature as the friction coefficient between wet concrete and steel.
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Figure 1.4: Comparison of the fairlead tension time series from experimental data (red), quasi-static solution (black)
and MOODY solution (blue) for C2. H = 0.06m and T = 1.3 s

Figure 1.5: Example of end-point motion sensitivity. A white-noise of 0.1 % and 0.01 % of the motion amplitude is
added to the circular motion.

Lastly, the accuracy of the measured fair-lead motion is a key issue. The numerical simulation is very sensitive
to noise in the forced end-point motion Dirichlet condition. At this scale, the resulting tension force is then greatly
disturbed. In Fig. 1.5, a white noise disturbance amplitude δ has been imposed on a circular end-point motion of
radius r = 3cm and period T = 3s of the seaward cable. The disturbance amplitude was 0.1 % and 0.01 % of the
circular radius.

1.2.2 MOODY input file

The inputs’ specifications required by MOODY are listed below:

Time Setting definition of the time properties;
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General Setting definition of general parameters;

Ground Model Input definition of the ground model parameters;

Geometry definition of the geometry vertex;

Type Definition definition of the cable(s) properties;

Cable Definition definition of the cable object;

Boundary Conditions definition of the boundary condition of each cable objects.

Each element is further discussed hereafter, with exemplification of the used parameters.

Time Setting In the time definition the starting and ending time, time step and solving scheme are typed The starting
and ending time will be modified in the solver call, being a function of the actual solver time step. The critical point
is the definition of the time step. The higher the value it is the smaller is the computational time, but the maximum
feasible value is defined from the eigenfrequency of the mooring cable, which is in turn linked to the cable axial
stiffness (cable extension) and the cable mass per unit length. If the maximum value is exceeded the solver is not able

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−− Time s e t t i n g s −−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

startTime = 0 ; % [ s ] S t a r t t ime
endTime = 0 . 1 ; % [ s ] End t ime of s i m u l a t i o n
timeStep = 5e−5; % [ s ] Time s t e p s i z e
saveInterval = 100*timeStep ; % save r e s u l t s e v e r y xx t ime i n t e r v a l

timeStepScheme= ' expLeapFrog ' ; % ' expLeapFrog ' ; %

Table 1.2: Time Settings - Matlab Code Snippet

to converge to a unique solution. The time setting for the moored cylinder are given Tab. 1.2.

General Setting In the general definition the gravity, water level, water density, air density and dimension number
are typed. The gravity can be either on or off. The water level is defined by its vertical coordinate with respect to the
chosen global coordinate system. The general definition for the moored cylinder is given Tab. 1.3.

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−− G e n e r a l s e t t i n g s −−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

gravity = 1 ; % [−] G r a v i t y i s 1=on , 0= o f f
waterLevel = 0 ; % [m] z−c o o r d i n a t e o f s t i l l w a t e r l e v e l
waterDensity = 1e3 ; % [ kg / m3] D e n s i t y o f w a t e r
airDensity = 0 ; % [ kg / m3] D e n s i t y o f a i r
dimensionNumber = 3 ; % [−] 1D, 2D or 3D : 1 , 2 o r 3

Table 1.3: General Settings - Matlab Code Snippet
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%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−− Ground model i n p u t −−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

ground . t y p e = ' springDampGround ' ;
ground .level = −0.7; % z−c o o r d i n a t e o f ground
ground .dampingCoeff = 2 ;
ground .frictionCoeff = 2 . 5 ;
ground .vc = 0 . 0 5 ;
ground .stiffness = 3e8 ;

Table 1.4: Ground Model Definition - Matlab Code Snippet

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− Geometry −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

%−−−−− L i s t o f v e r t i c e s −−−−−%
% no . x y z
vertexLocations = {

1 [−2.075 0 −0.700] ;
2 [ −0.13 0 0 ] ;
3 [ 1 .7970 1 .0375 −0.700] ;% r o t a t e d by p i / 6
4 [ 0 .1126 0 .0650 0 ]% r o t a t e d by p i / 6
5 [ 1 .7970 −1.0375 −0.700] ;% r o t a t e d by p i / 6
6 [ 0 .1126 −0.0650 0 ]% r o t a t e d by p i / 6
} ;

Table 1.5: Vertexes Definition - Matlab Code Snippet

Ground Model Input The cable ground interaction is modelled using a spring-damper system with friction (Thumb-
nail in Tab. 1.4). The definition of the coefficients held a chief point in the overall system performance. In point
of facts, the ground model damps out the waves propagating along the cable dissipating part of their energy, but also
induced additional oscillation on the results. Theoretically the stiffness coefficients should be infinity, since no pen-
etration between cable and ground can be foreseen. But this will generate a stiff problem with annex issues. The
best solution conceived so far is to allow the cable to penetrate partially into the ground. As per the water level the
ground level is defined by the vertical coordinate only with respect to the global coordinate system. The ground model
definition for the moored cylinder is given Tab. 1.4.

Geometry The position of each of the boundaries (vertexes) is defined in the Geometry section. The boundaries
are both anchor points and fairleads and they need to be defined with respect to the global coordinate system. The
vertexes are differentiated one from each other by an ID number. For the studied case the three mooring cable have
2x3 boundaries, since the cable has homogeneous properties through the length and no intermediate bodies (risers or
sinker are included) The vertex definition for the moored cylinder is given in Tab. 1.5.

Type Definition The type definition identifies the cable properties as material type (density, specific weight and
modulus of elasticity), equivalent diameter, hydrodynamic parameters (drag and added mass coefficients) and cable
type ( symmetric or asymmetric behaviour in compression and extension).
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%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−− Type d e f i n i t i o n −−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

cableType1 .diameter = 0 . 0 1 2 ;
cableType1 .rho = 7800 ;
cableType1 .gamma0 = 0 . 1 2 8 1 8 / 2 ;
cableType1 .CDn = 2 . 5 ;
cableType1 .CDt = 0 . 5 ;
cableType1 .CM = 0 ;
cableType1 .materialModel . t y p e = ' b i l i n e a r C a b l e ' ;
cableType1 .materialModel .EA = 2e3 ; % s p e c i f i c i n p u t t o m a t e r i a l model .
cableType1 .materialModel .xi = 0 . 5 ;

Table 1.6: Cable Type Definition - Matlab Code Snippet

The inputs are related to the material used and its characteristics. The elasticity of the cable together with its weight
will determine the maximum solver time step. The cable definition for the moored cylinder is given in Tab. 1.6.

Cable Definition The cable definition identifies the cable object in terms of cable properties, vertex connectivity
(start and end), un-stretched length, initial conditions and model properties.

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−− Cable d e f i n i t i o n −−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

cableObject1 .name = ' c a b l e 1 ' ;
cableObject1 .typeNumber = 1 ;
cableObject1 .startVertex = 1 ; %
cableObject1 .endVertex = 2 ; %
cableObject1 . l e n g t h = 2 . 3 ; %
cableObject1 .IC = ' C a t e n a r y S t a t i c ' ;
cableObject1 .ICinput = 0 ; % s p e c i f i c i n p u t f o r i n i t i a l c o n d i t i o n t y p e
cableObject1 . mesh .N = 1 2 ; %
cableObject1 . mesh .P = 4 ; % d e f a u l t 1
cableObject1 . mesh .Q = 6 ; % d e f a u l t P+2
cableObject1 . mesh . t y p e = ' J a c o b i ' ; % d e f a u l t ' Legendre '

cableObject2 = cableObject1 ;
cableObject2 .name = ' c a b l e 2 ' ;
cableObject2 .startVertex = 3 ; %
cableObject2 .endVertex = 4 ; %

% c a b l e O b j e c t 3 = c a b l e O b j e c t 1 ;
% c a b l e O b j e c t 3 . name = ' cab l e3 ' ;
% c a b l e O b j e c t 3 . s t a r t V e r t e x = 5 ; %
% c a b l e O b j e c t 3 . endVer t ex = 6 ; %

Table 1.7: Cable Definition - Matlab Code Snippet

The cable model is defined by the number of element (N) and the order of the polynomial approximation (P -
numerator and Q- denominator). These three numbers need to be tuned based on the expected cable behaviour. In
case of smooth response the best solution is achieved with few cable elements and a relatively large polynomial order.
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In case of shock waves and snaps it is wise to increase the number of elements, increasing the damping at the element
connections.

The cable definition for the moored cylinder is given in Tab. 1.7.

Boundary Conditions The boundary conditions define whether the specified vertex will move or not and for the latter
what type of condition is imposed. It is possible to specify the resultant force on the boundary (Neumann condition) or
the motion of the boundary (Dirichlet condition). The boundary condition is overwritten in the simulation in function
of the actual time step.

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
% Boundary c o n d i t i o n s %
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

bc1 .vertexNumber = 1 ;
bc1 . t y p e = ' d i r i c h l e t ' ; % ' d i r i c h l e t , neumann or mixed .
bc1 .mode = ' f i x e d ' ;

bc2 = struct ( ' ver texNumber ' , 2 , ' endValue ' , [ 0 0 0 ] , ' endTime ' , 1 , . . .
' mode ' , ' q u b i c I n t e r p ' , ' t y p e ' , ' d i r i c h l e t ' ) ;

bc3 .vertexNumber = 3 ;
bc3 . t y p e = ' d i r i c h l e t ' ; % ' d i r i c h l e t , neumann or mixed .
bc3 .mode = ' f i x e d ' ;

bc4 = struct ( ' ver texNumber ' , 4 , ' endValue ' , [ 0 0 0 ] , ' endTime ' , 1 , . . .
' mode ' , ' q u b i c I n t e r p ' , ' t y p e ' , ' d i r i c h l e t ' ) ;

bc5 .vertexNumber = 5 ;
bc5 . t y p e = ' d i r i c h l e t ' ; % ' d i r i c h l e t , neumann or mixed .
bc5 .mode = ' f i x e d ' ;

bc6 = struct ( ' ver texNumber ' , 6 , ' endValue ' , [ 0 0 0 ] , ' endTime ' , 1 , . . .
' mode ' , ' q u b i c I n t e r p ' , ' t y p e ' , ' d i r i c h l e t ' ) ;

% These a r e t h e d e f a u l t v a l u e s o f t h e f l u x s e t t i n g s %
flux . b e t a = −1/2;
flux .positionPenalty = 1 ; % p e n a l t y c o e f f i c i e n t f o r p o s i t i o n jump
flux .velocityPenalty = 0 . 5 ; % p e n a l t y c o e f f i c i e n t f o r v e l o c i t y jump

Table 1.8: Boundaries Definition - Matlab Code Snippet

The boundary conditions for the moored cylinder are given in Tab. 1.8.



CHAPTER 2

DYNAMICAL MODEL OF FLOATING WAVE ENERGY
CONVERTERS WITH MOORING SYSTEM

F. Ferri, Ph.D.1,

1Aalborg University

Description of the model used to simulate the floating body wave-body interaction and its implementation

2.1 Wave-Body Interaction

The combination of hydrostatic and hydrodynamic pressure fields exerts variable loads on floating structures. Several
models with different level of accuracy exist to solve the time varying load on the structure, where the common ones
are:

Morison’s Equation - Semi empirical non-linear model

BIEM - Boundary Integral Equation Method (Panel Method or Diffraction/Radiation problem)

CFD/(u)RANSE - (unsteady) Reynold-averaged Navier-Stokes Equation

SPH - Smoothed Particle Hydrodynamics

CFD/LES - Large Edge Simulation

Francesco, Ferri.
May 6, 2014 -SDWED - D4.6

11



12 COUPLED MODEL

Figure 2.1: Wave excitation force regimes in function of the KeuleganCarpenter (KC = H/D) number (deep water
approximation - vertical axis) and the diffraction parameter (πD/λ - horizontal axis). Each dot represents a different
sea state in terms of the wave heigh (H) and the wave period (T). H is ranging from 0.02 to 0.15 m and T is ranging
from 0.7 to 2 s. These condition are selected in agreement with feasible sea states in the physical model test.

CFD/DNS - Direct Numerical Simulation (no usable in practical application)

The different methods are listed in ascending order of required computational time/cost and model accuracy.

Simulations of WECs based on CFD methods are possible [3, 1], but their utilisation is limited to short time sim-
ulations in consequence of their large computational cost, i.e. extreme condition assessment. Mostly the (u)RANSE
turbulence method is used, while both LES and especially DNS are far to heavy to be considered of practical use
nowadays. Thus far, the Morrison and BIEM models are the common adopted methodology when a fast analysis need
to be carried out, which is in agreement with the objective of the report. The relevant bibliography had been efficiently
summarised in the work presented in [4, 5]. The studies show, based on a hybrid model, the power performances of the
predominant WECs at different European locations on the Atlantic coast. In this context, the term “hybrid“, or weakly
non-linear model, infers a combination of the linear Diffraction/Radiation (BIEM) solution and simplified non-linear
contributions, such as the viscous drag term from the Morrison’s equation. For the particular case study, the viscous
drag contributions are going to play a marginal role for the tested sea states, as presented in Fig. 2.1. Consequentially
the implementation of the viscous drag term will be neglected in the following.

2.1.1 Hydrodynamic Loads/BIEM-Panel Method

The method solves the Laplace equation for an inviscid, incompressible, irrotational fluid, also called ideal fluid. The
3D problem is mapped into a surface problem (panel methods) and the velocity potential in the fluid domain is solved
from the given boundary condition. The first level of analysis is coupled with a linearised kinematic and dynamic
free-surface boundary condition, that is valid for small incident and radiated waves (H/λ � 1 and H/l � 1); here
H is the wave height, λ is the wave length and l is the characteristic body lenght. In the limit of small body motion



EQUATION OF MOTION 13

and small waves the loads acting on the structure can be approximated by a linear function of the surface elevation.
Further, if steady state conditions are sought, the loads have the same frequency as the waves that are causing them. In
this framework the hydrodynamic problem can be separated in two problems, called radiation and excitation problems.

The excitation problem defines the loads exerted by the passing waves on the structure held at the equilibrium
position. Due to the linearisation of the free-surface boundary condition the wetted surface is constant. The excitation
problem is further divided in two contributions, called diffraction and Froude-Krylov. The diffraction problem is valid
when l ≥ λ, thus the wave field near the body is affected by the stationary body; so that there is no flux on the body
surface.
The Froude-Krylov problem is valid when l � λ, thus the wave field is not affected by the presence of the body and
the velocity potential on the wetted surface equals the incident (wave) potential. The excitation loads vector (F ex) is
calculated as a summation of both diffraction and Froude-Krylov contributions. The excitation loads are defined by
an amplitude and a phase shift, with respect to the incident waves, for each of the six degree of freedom (DoF) of the
rigid body. These are known in the offshore sector as surge (x), sway (y), heave (z), roll (Rx), pitch (Ry), yaw (Rz).
Both coefficients are function of the wave frequency.

F ex(ω) = |F
0

ex(ω)| ·A · <e{ei(ωt−kx+6 F
0
ex(ω))} (2.1)

where F
0

ex are the complex excitation forces coefficients, A is the wave amplitude, ω is the circular wave frequency,
t is the time coordinate, k is the wave number and x is the spacial coordinate.

The radiation problem defines the loads exerted by the body motion induced waves on the body itself, in otherwise
still water. In absence of constraints, a single rigid body freely moves in six modes, which have been defined above.
Each elements of the radiation loads vector (F rad) has a term proportional to the body acceleration (Added Mass)
and a term proportional to the body velocity (Radiation Damping). The coefficients are function of the body’s motion
frequency.

F rad(ω) = CM(ω)V̇ +CA(ω)V (2.2)

where CM(ω) and CA(ω) are the added mass and radiation damping matrix respectively and V̇ and V are the body
acceleration and velocity vectors. Both CM(ω) and CA(ω) are square matrixes of dimension nDoF × nDoF .

Softwares like WAMIT, ANSYS AQWA and Nemoh (open-source) are solving the diffraction/radiation problem
using the panel method in frequency domain.

2.1.2 Hydrostatic Loads - Restoring

The hydrostatic loads are defined as the loads exerted by the fluid on the body due to the static pressure acting on the
wetted body surface. In general the restoring forces (Fhyd) are defined as the difference between the hydrostatic loads
and the weight of the body. Under the assumption of small body motion around the equilibrium position, the restoring
loads can be linearised in function of the body displacement only. For a generic rigid body the displacement (X) is a
6x1 vector containing three translations and three rotations.

Fhyd = KX (2.3)

where K represents the stiffness matrix.

2.2 Equation of Motion

The hydrodynamic, hydrostatic and other external loads acting on the WEC are assembled in the equation of motion
using the Newton-Euler formulation. For a single body WEC the equation of motion about its centre of gravity (CoG)
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is defined as:

f = mv̇ (2.4)
τ = Icω̇ + ω × Icω

where f is the resultant force vector, m is the mass of the system, v̇ is the linear acceleration of the CoG of the body,
t is the resultant moment vector, Ic is the body inertia matrix and ω̇ and ω are the angular acceleration and velocity of
the body CoG. The force and moment resultant are obtained from the summation of all the forces and moments acting
on the body.

fex + frad + fhyd + fm = mv̇ (2.5)

fex + τ rad + τhyd + τm = Icω̇

where fm and τm are the mooring loads. In this case no power take off system is considered. Capital and small letters
are used to distinguish between frequency and time domain variables. The gyroscopic moment (ω × Icω) may be
dropped in the first step of the model definition. Due to the non-linearity of the dynamic mooring model the system
have to be solved in time domain. The frequency dependent hydrodynamic model can be converted in time domain
using a state-space approximation or a digital time domain filter (finite impulse response filter). For a simple system
as the cylinder used in this case, both method can be adopted without no real change in the results.

2.2.1 Integration of the Mooring Loads in the Equation of Motion

The rigid body and mooring solver will exchange the following quantities: Position and velocity of the fairleads
(vertex) defines the Dirichlet boundary conditions of the moving vertexes, which together with the time step length
are the inputs to MOODY. The communication is handled via the builtin MOODY API. The time steps of the two
solver are kept different, therefore for each rigid body time step MOODY will solve a number of sub-steps. The loads
acting on the fairlead at the last time (sub-)step are used to assess the mooring loads (fm and τm). In order to evaluate
position and velocity of the fairleads in the inertial coordinate system, the position, velocity, orientation and angular
velocity of the rigid body in the global coordinate system are needed as well as the position of the fairleads in the
moving coordinate system attached to the body. If pB is the position of the fairlead in the moving coordinate system,
then pA and vA respectively the position and velocity of the fairlead in the inertial coordinate system can be evaluated
as

pA = A
BR(θ)pB + x (2.6)

vA = ω × A
BR(θ)pB + v (2.7)

where x is the displacement of the body from the equilibrium position, A
BR is the rotation matrix describing the

orientation of the moving coordinate system with respect to the inertial one and θ is the triplet of Euler angles of the
moving coordinate system with respect to the inertial one. Each of the mooring lines will return a force vector (fi).
fm is obtained by the summation of all the contributions while τm is obtained by the summation of the single τi,
defined as

τi = fi × A
BR(θ)pB (2.8)

The coupled system is solved in Matlab using the built-in ode suite solver. In particular the Ode45 solver is used,
which is a Runge-Kutta scheme of order four. The solver is implemented with an adaptive scheme and the time steps
cannot be directly forced to stay below a given value. This creates an excessive oscillation in the mooring solution due
to the rather abrupt variation of the boundary condition tailored by the large time step. In order to solve the problem
the relative and absolute tolerance parameters have been relaxed leading to a pseudo constant time step solver.



CHAPTER 3

COMPARISON OF THE WAVE-TO-WIRE MODEL WITH
PHYSICAL TEST RESULTS

F. Ferri, Ph.D.2

2Aalborg University

Comparison of the simulation results for both regular and irregular sea states with the respective results of the physical model
test.

In order to identify the validity range of the model presented in the Ch. 2 a set of data from laboratory tests is
used. In this chapter, the experiment set-up is firstly described and followed by the comparison (validation) of the
simulation and experimental results.

3.1 Physical Model Set-Up

The set-up’s parameters are summarised in Tab. 3.1 and Fig. 3.1. The global (inertial) coordinate system is located
at the centre of floatation of the buoy when the buoy is at equilibrium position in still water. All the measurements
refer to the inertial coordinate system. The floater was equipped with a marker used by the motion caption system, an
inertial motion unit (IMU) system -MTi Xsens 3rd generation- and three miniaturised load cells of the S-beam type
-FUTEK LSB210 100lb-. These lasts were connected at the respective fairleads. Due to the relative small size and
weight of the used load cells, it can be assumed that their influence on the system is negligible. Further, the surface
elevation was measured at the floater centre using a resistive wave gauges. The surface elevation was measured for

Francesco, Ferri.
May 6, 2014 -SDWED - D4.6
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Figure 3.1: Floater mesh and top and side views of the set-up. The dimensions are expressed in meter.
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Floater Geometry

Mass [kg] 3.65
Moment of Inertia about y-axis [kgm2] 0.1
Diameter [m] 0.26
Draft [m] 0.08
Centre of Gravity (x,y,z) [m] [0 , 0 , -0.015]
Fairlead 1 (x,y,z) [m] [-0.13 , 0 , 0]
Fairlead 2 (x,y,z) [m] [0.1126 , 0.0650 , 0]
Fairlead 3 (x,y,z) [m] [0.1126 , 0.0650 , 0]

Mooring Geometry

Anchor 1 (x,y,z) [m] [-2.075 0 -0.700]
Anchor 2 (x,y,z) [m] [1.7970 1.0375 -0.700]
Anchor 3 (x,y,z) [m] [1.7970 -1.0375 -0.700]

Other Propertiess

Water Depth [m] 0.700

Table 3.1: Physical model parameters.

Figure 3.2: Calibration data for the LC 1, connected to the bow’s fairlead. The upper plot identify the data and the
linear trend with relative equation, while the bottom plot identify the residual plot and the norm of residual.

each test in absence of the floating body, and the paddle motion was recorded and reproduced in order to ensure a fair
comparison between input and output of the physical model.

The load cells were calibrated over a range 0.02-2 kg, showing a linear trend throughout the whole range as
exemplified in Fig. 3.2.

The position of the floater is recorded using an in-house software, [6], based on the augmented reality principle
developed in the open source software ArkTool. Fig. 3.3 shows the floater in still water, with the camera motion
caption marker attached to its top.
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Figure 3.3: Physical model of the studied floater in still water, with relative marker for the camera tracking system.

Figure 3.4: Planar view of the basin and relative position of the physical model of the floater.

In order to reduce the error in the measured position, a Kalman filter based data fusion technique has been adopted.
Both acceleration and position are used to obtain the best (linear) observation of the floater position and velocity. For
more information about the technique see [7].

The surface elevation and the fairlead loads were recorded using the in-house data acquisition (DAQ) software
WaveLab, [8]. In order to ease the data analysis a triggered signal was sent from both the camera and the IMU DAQ
software at the start of the acquisition process.

The tests were conducted in the deep basin of the Hydraulic and Coastal Engineering laboratory at the University of
Aalborg. The basin is equipped with 10 snake type paddles, driven by an hydraulic system, and a mild slope absorbing
beach at the opposite end. The planar view and the dimensions of the basin are shown in Fig. 3.4.

3.2 Numerical Model Parameters

Following the description of the numerical model given in Ch. 2, the main contribution to the body motion are the
excitation, the radiation, the hydrostatic and mooring loads. The mooring load is assessed via the dynamic solver
MOODY, while the other loads are calculated from the hydrodynamic and hydrostatic coefficients. These last are
assessed from a boundary element integral method (BEIM) software. Both the hydrodynamic frequency dependent,
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Figure 3.5: Mesh convergency study for the heave degree of freedom. Excitation coefficients (top plot) and radiation
coefficients (bottom plot).

and the hydrostatic coefficients used in this study are obtained from Nemoh, [9]. In order to understand the influence
of the number of panels forming the mesh of the body on the Nemoh’s results a convergency study has been carried
out. The results summarised in Fig. 3.5 show that a mesh composed by 284 panels gives a good convergency to the
highly discretised mesh for both excitation and radiation coefficients. Based on this the 284 panels mesh was selected
for the analysis.

In order to reduce the complexity of the system it has been decided to remove 3 degree of freedom from the
numerical model of the system, namely sway, roll and yaw. This simplification is possible based on the following two
assumptions:

1. The body is symmetric about the xz plane

2. Only 2D long crested wave, travelling parallel to the x-direction of the inertial coordinate system are used

In addition, the mooring configuration can also be reduced to a 3D two cables set-up, rather then 3 cables, mirroring
the stern starboard mooring cable. This condition forces the load along the y axis and the moments around the x,z
axis to be zero at anytime.
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Figure 3.6: RAO for the surge degree of freedom. The line specification is given within the figure area.

3.3 Wave-to-wire Model Results

In this section the results from the integration of the dynamical mooring cable solver are compared with both a fully
linear system and experimental data.

Preamble:
Due to a wrong planning of the experimental campaign the natural frequencies of the fWEC were posed outside the
capability of the basin. Therefore the comparison between experimental data and simulations is meaningful only in
the case of the heave degree of freedom.

Fig.s 3.6, 3.7 and 3.8 show the comparison of the response amplitude operator (RAO) of the numerical model with
linear mooring (red line), and the one with a dynamic mooring cable solver, for both regular (yellow line) and irregular
sea states (blue dots). The results show that there are no main differences in terms of amplitude response shape,
with and without the integration of the complex mooring solver. The main variation is visible about the resonance
frequencies where the peaks are reduced in amplitude. This can be linked to the presence of an extra damping term,
connected to the drag acting on the mooring cables.

In Fig. 3.7 the physical model results are reported also. The agreement between numerical and physical results
is generally good. Three different wave height were tested for each frequency, respectively 2, 4 and 6 cm, but no
significant variation in the RAO was found in function of the wave steepness, as predicted by the linear theory.

In the fully linear case, the stiffness of the mooring system was obtained from the quasi-static test, shown in Fig. 3.9
The figure represents the measured horizontal force in function of the surge of the fWEC (dots). The motion is surge
was large but at low speed. In this condition the only force acting on the body is the restoring force of the mooring
system. The different dots colours are representative of five repetition of the test. For small displacement a liner trend
exist and it has been visualised by the red straight line. The mooring stiffness used in surge was 4.4 N/m. For the
other two degree of freedom no additional stiffness related to the mooring system was introduced due to the presence
of a large hydrostatic stiffness.

Fig.s 3.10, 3.11 and 3.12 show the comparison between the motion predicted from the numerical model (with
dynamical mooring solver integrated) and the measured motion, for the surge, heave and pitch degree of freedoms
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Figure 3.7: RAO for the heave degree of freedom. The line specification is given within the figure area.
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Figure 3.9: Quasi-static response of the mooring system. Force in function of the surge displacement. The test has
been repeated five times, each test is identified with a different colour. The orange line identify the mooring stiffness,
linearised around the equilibrium position.

respectively. The figures compare the time series of the decay tests. For all the three figures it is possible to extract
similar conclusion:

1. the frequency of the numerical model match precisely the true frequency of the system.

2. the numerical model has a lower damping ratio

Although it is difficult to identify the causes of this additional damping, these three are the main possibility:

1. Underestimated mooring damping

2. Underestimated hydrodynamic damping, both linear and quadratic damping

3. Physical damping caused by the cable connected to the IMU system

Most probably the additional damping is a summation of all the items listed above, with the exception of the
quadratic hydrodynamic damping; this last seems unlikely to be of high importance due to the small initial displace-
ment of motion.

Fig. 3.13 shows the comparison between a measured time series of motion and the corresponding results from the
numerical model. The upper most plot represents the surge degree of freedom, the middle one the heave and the
bottom plot represents the pitch degree of freedom. The colour map used is reported on the top of the figure. The
time series corresponds to a regular wave with wave height 6 cm and wave period 0.7 s. As for the decay response
presented before, the body motion predicted from the numerical model is in line with the measured one. In particular
the amplitude is accurate while there is a slight phase shift. Both linear and non-linear numerical models presents
a similar behaviour, being highly phase aligned. This can be read as no major importance of the cable damping in
the body motion for this particular frequency. The measured time series are all filtered with a high-pass filter, that is,
because the presence of low frequency motion (drift) for high steepness waves. This behaviour is particularly visible
in the surge plot, where the unfiltered signal presents a large mean displacement from the equilibrium (zero) position.
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Figure 3.10: Surge decay test, comparison of numerical predicted and measured body response. The line specification
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CHAPTER 4

CONCLUSION AND CONSIDERATION ON THE PROS
AND CONS OF THE IMPLEMENTED METHODOLOGY

F. Ferri, Ph.D.1

2Aalborg University

In opposition of Oil & Gas floating structures, where the mooring systems are modelled with quasi-static analysis
as a matter of the low velocity of the system, for an important numbers of fWEC this condition is not valid. The
body is suppose to be in the resonance condition in order to maximise its efficiency: this entails large body velocity.
In order to properly model such systems a dynamic mooring cable solver is needed. MOODY is the dynamic cable
solver chosen for this analysis.

Based on the results proposed in the previous chapter, once the mooring cable properties are well chosen, the
motion predicted by the non-linear numerical model fits well with the measured response as much as the linear solver.

The main disadvantage of the coupled non-linear model is the computational time, the simulation time required to
solve the same problem ramp from 0.001 s/s to 100 s/s, where s/s stand for real time second over simulated seconds.
This large computational time is in the first place connected to the high natural frequency of the cable, which leads
the small discretisation time of the solver, and secondly but not less important it is connected to the developing
environment used (Matlab). The future release will be implemented in C++, leading to a reduction of the computation
cost by a tenth. The computational time required by the solver is directly linked to the stiffness and mass of the cable,
for example heavy and soft cable will have a smaller computational time if compared with the stiff chain modelled
in this example. For the particular chain used, in order to have an acceptable computational time, the stiffness of the
cable was reduced to 1e3 N/m. The original value is unknown because it was not possible to measured it in the lab
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Figure 4.1: 3D representation of the frequency domain mooring coefficient identification. The plane represents the
fitting plane, based on the force data (dots). The bottom plot visualise the error distribution between data and fitting
plane.

with the given instrumentations, but from the material properties and dimension it should lay around 1e4-1e5 N/m.
This will introduce a source of error in the position of the body, while it will not affect the natural frequency to a great
extent. In facts, the cable natural frequency is positioned well above the body natural frequency, in a region where the
body response is close to zero. Therefore the body will filter out the cable natural frequency to a large extent.

This large computational time may be of no concern for few sea states, but it can become of importance when an
optimisation routine is used instead.

In order to go around this limitation, an interesting alternative has been described by [10]. This is graphically
described in Fig.s 4.1 and 4.2. Fig.4.1 shows the idea behind the method, where the mooring data numerically
simulated is plotted versus the position and the velocity of the fairlead. The presence of a 3D plane passing through
the data with a double trend is position and velocity is presented in the top plot. In the lower one the error between
data and fitting plane is shown. The fitting plane presents a different linear trend in velocity and position, which entails
the presence of a certain damping contribution. Fig.4.2 presents the same concept for each of the degree of freedom
used in the simulation. In this optic, MOODY can be a valuable tool in the identification of those parameters, which
are then used into a fully linear system.
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Figure 4.2: Linear fitting exemplified for the three force mooring components: horizontal, vertical and rotation around
the y-axis. Left hand side plots: representation the Force-Dispalcement curve, regular stiffness. Right hand side plots:
representation the Force-Velocity curve, mooring induced damping.
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