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EXECUTIVE SUMMARY
During the last five years the number of model tests in ocean and seakeeping basins of both fixed and floating
offshore wind turbines increased. The aim of this report is to give best practices for offshore wind-system fluidstructure interaction testing at laboratory scale. In this context the offshore wind system is defined as an offshore
wind energy converter (OWEC) consisting of a wind turbine plus its support structure. Testing focuses at properties
of the support structure rather than the wind turbine. Since it is further assumed that testing is to take place under
controlled conditions, and that these are unavailable in the field, another focal point is the laboratory, or,
specifically, the wind-wave basin.
Before the test facilities are selected and the model test conducted, a good preparation of the tests is needed. The
best way to do this is by writing a model test specification. This model test specification should contain the following:
•
•
•
•
•
•
•

Model test purpose
OWEC description
Scale model
Environmental conditions
Test scope
Test execution
Reporting and data analysis

In this report the different items of the test specification are discussed in detail and clarified by examples of model
tests.
During the last decade the majority of model tests were for floating wind turbines. Examples for floating wind
turbine model tests are presented in an overview. Details of the model tests within the MARINET project can be
found in the access-reports (http://www.fp7-marinet.eu/access_user_projects_offshore_wind.html).
A case study is presented of a model test with a bottom fixed offshore wind turbine executed as part of the
MARINET project by Dept. of Environmental Engineering of the University of Florence.
The report concludes with a summary of the best practices for offshore wind-system fluid-structure interaction
testing at laboratory scale.

Rev. 0.2, 26-Mar-2015
Page 1 of 46

D2.10: Best Practice Protocol for Offshore Wind System Fluid – Structure Interaction Testing

CONTENTS
1

INTRODUCTION .............................................................................................................................................3
1.1
1.2
1.3

2

MODEL TEST SPECIFICATION ..........................................................................................................................4
2.1
2.2
2.3
2.4
2.5
2.6

3

BACKGROUND ......................................................................................................................................................3
SCOPE ................................................................................................................................................................3
OUTLINE .............................................................................................................................................................3

THE PURPOSE OF THE TESTS ....................................................................................................................................4
THE OFFSHORE WIND ENERGY CONVERTER ................................................................................................................5
SCALE MODEL ......................................................................................................................................................6
DESIGNING THE SCALE MODEL.................................................................................................................................8
VERIFYING MODEL PROPERTIES .............................................................................................................................12
MODEL TEST FACILITIES........................................................................................................................................12

PRACTICES FOR WIND AND WAVE GENERATION AT LAB-SCALE ..................................................................... 14
3.1
3.2
3.3
3.4
3.5

COMBINED WIND/WAVE CLIMATE ..........................................................................................................................14
GENERATING THE SCALED WIND/WAVE CLIMATE IN THE LAB .......................................................................................14
EXAMPLES OF WIND/WAVE CLIMATES IN THE LAB .....................................................................................................15
TEST SCOPE .......................................................................................................................................................16
REPORT AND DATA ANALYSIS ................................................................................................................................17

4

EXAMPLE FLOATING OFFSHORE WIND TURBINES.......................................................................................... 18

5

DYNAMIC EXCITATION OF A MONOPILE SUPPORT STRUCTURE ..................................................................... 21
5.1
5.2
5.3
5.4
5.5

6

INTRODUCTION AND MOTIVATIONS........................................................................................................................21
INFRASTRUCTURE DESCRIPTION .............................................................................................................................21
REFERENCE MODEL AND SCALING CRITERIA.............................................................................................................22
EXPERIMENTAL TESTS ..........................................................................................................................................26
WAVE GENERATION AND TESTING .........................................................................................................................33

BEST PRACTICES ........................................................................................................................................... 38
6.1
6.2
6.3
6.4

PART 1: PREPARATION ........................................................................................................................................38
PART 2: CONSTRUCTION ......................................................................................................................................38
PART 3: TESTING ................................................................................................................................................39
PART 4: ANALYSIS...............................................................................................................................................39

REFERENCES ....................................................................................................................................................... 40

Rev. 0.2, 26-Mar-2015
Page 2 of 46

D2.10: Best Practice Protocol for Offshore Wind System Fluid – Structure Interaction Testing

1 INTRODUCTION
1.1 BACKGROUND
Traditionally the focus in wind energy is on rotor and wind farm aerodynamics and for this reason model tests are
conducted in wind tunnels. However in the twenty first century the share of offshore wind energy is increasing and
for this reason wind energy technology needs to comply with offshore conditions. Although there is a lot of
experience in offshore technology in the oil and gas industry new challenges are encountered in offshore wind
energy. A clear example is the interest in floating offshore wind turbines in the research community. Numerical
models integrating hydrodynamics and aerodynamics are developed. For the validation of these models there is a
need for validation with experimental results. The same holds for the bottom fixed offshore wind turbines, especially
the ones with a monopile substructure. Here resonant vibrations are caused by steep non-breaking waves.
Numerical nonlinear wave models are developed for this and need to be validated. Model tests provide a means for
the designer and researcher to observe physical phenomena in a controlled environment. Testing is aimed at
observing something, either a physical quantity or a qualitative parameter, by measurements. Note that in this
report “model” refers to a scale model rather than a computer model.

1.2 SCOPE
The aim of this report is to give best practices for offshore wind-system fluid-structure interaction testing at
laboratory scale. In this context the offshore wind system is defined as an offshore wind energy converter (OWEC)
consisting of a wind turbine plus its support structure. Testing focuses on properties of the support structure rather
than the wind turbine. Since it is further assumed that testing is to take place under controlled conditions, and that
these are unavailable in the field, another focal point is the laboratory, or, specifically, the wind-wave basin.
The objective of the testing activity has to be clear in advance and a proper literature review before designing the
experiment is crucial in order to improve the effectiveness and the quality of the testing campaign.
In the first ten years of the 21st century the number of prototype or lab-scale tests on offshore wind systems was
limited and the number of publicly published results were few. In that context the aim of this report was defined: to
publish common practises for the first time. Since then the number of tests and publications has been increasing
exponentially. As a consequence it is hardly possible anymore to present a complete overview of the tests that were
performed or are still ongoing.

1.3 OUTLINE
This report describes how to successfully design and perform tests with a scale model of an OWEC in a wave basin.
On the basis of a critical review of public results, various options to complete sub-tasks are presented. The central
theme is: How did they do that?
First, Chapter 2 deals with the test specification in general and the design of the model offshore wind system. Next,
Chapter 3 addresses the (combined) generation of wind and waves at lab-scale and discusses the actual model
testing. The report then proceeds in Chapter 4 with an overview of floating offshore wind model tests. In chapter 5
an example of a model test with a bottom-fixed offshore wind turbine is presented. This model test is conducted as
part of the MARINET project at the Dept. of Environmental Engineering of the University of Florence. In the final
Chapter 6 all findings are brought together and the best practices are presented for offshore wind-system fluidstructure interaction testing at laboratory scale.
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2 MODEL TEST SPECIFICATION
This report’s focus is on the best practice of testing the fluid-structure interaction of an offshore wind turbine at
laboratory scale. It should be emphasized that the interaction of the offshore wind turbine with wind and waves is
considered only in offshore and seakeeping facilities. The authors are aware of wind tunnel tests where the wave
induced motions are simulated in the loop (Bayati, 2013). Soil–structure interaction and scour protection are
excluded. This is well described in Schauman (2013).
This best practice is written from the perspective of a client being a researcher, designer from an institute or
company who would like to execute a test at an ocean basin.
Before the test facilities are selected and the model tests are conducted the model tests need to be prepared. The
best way to do this is by writing a model test specification. This model test specification should contain the following:
•
•
•
•
•
•
•

Model test purpose
OWEC description
Scale model
Environmental conditions
Test scope
Test execution
Reporting and data analysis

With the model test specification test facilities can be invited for a quotation. In this report the model test procedure
will be discussed in the same order as the model test specification.

2.1 THE PURPOSE OF THE TESTS
Model tests provide a means for the designer and researcher to observe reality as close as possible (Van Santen,
1987). Testing therefore is aimed at observing something, either a physical quantity or a qualitative parameter, by
measurements. Physical quantities are related to the performance of the wind system and include wind and water
velocities, forces and moments, and, not unimportant for a wind system, power. But also loads, tilting angles, wave
run-up, water depths, etc. Qualitative parameters on the other hand typically show something, like a flow pattern or
the motions of wind system. Observations by measurement are best supplemented by visual observations as
important aspects may not show up in the data and vice versa.
The purpose of a test can be manifold, ranging from simulating the performance of a wind system under controlled
conditions to acquiring data for the verification or validation of design methods and numerical tools. Again the
designer wants to know whether the model performs in a realistic way and the methods contain the essential
physics. In general, the objective of the testing activity has to be clear in advance and should follow an accurate
literature review in order to improve the effectiveness and the quality of the testing results.
A clear difference in the purpose of the test can be observed between fixed offshore wind structures and floating
offshore wind structures. For fixed offshore wind structures the response of the support structure due to steep
breaking waves is of interest. This can be seen as a hydroelastic problem. The wind loads are of minor importance.
The rotor nacelle mass is modelled to result in the correct mass distribution and eigen frequency of the support
structure.
In the case of a floating wind turbine the motions due to both wind and waves are of importance. Here not only the
floating support structure is important to model but also the mooring system and the rotor thrust.
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2.2 THE OFFSHORE WIND ENERGY CONVERTER
2.2.1 The wind system
An offshore wind energy converter consists of a wind turbine, a tower, a substructure and a foundation or mooring
system whether the OWEC is fixed or floating respectively. The tower and substructure together are often called the
support structure. A brief overview of the various offshore wind energy converters is presented.
Figure 2-1 shows the principal components of an offshore wind system, which essentially is an offshore wind energy
converter (OWEC) consisting of a wind turbine plus its support structure. Wind turbines come in two types: either
the horizontal axis wind turbine (HAWT), with an upwind or a downwind rotor, or the vertical axis wind turbine
(VAWT).
The support structure of an OWEC comprises a cylindrical or lattice tower plus a sub-structure.
The sub-structure minus the foundation either floats or is fixed to the sea bed.

c.

b. Floating wind turbine stability concepts. Source:
Butterfield et al.(2005).
a.

Examples of fixed-bottom substructures,
monopile, tripod and jacket. Source: De
Vries et al. (2007).
Figure 2-1 The principle components of a wind system

Fixed horizontal axis OWEC supported by a monopile as a subsystem are applied most, followed by jacket systems.
Currently, for floating devices a lot of research and testing takes place. Here the larger number of different floating
concepts can be seen.
Floating devices traditionally are categorized according to the ability to derive stability, and include semisubmersibles, spar buoys, and tension leg platforms (TLP) (Thiagajaran et al., 2014). Note that all floating devices
require some sort of mooring and anchoring to prevent them from drifting away.
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2.3 SCALE MODEL
Knowing the OWEC tower to be tested and the purpose of the test, the next step is the description of the model. For
this the scale needs to be defined. The definition of the scale is a trade off between the water depth of the facility
and the full scale water depth the OWEC is designed for. Besides the physical phenomena should be represented
well at model scale. In case the scale is too small the phenomena might deviate too much from the full scale
situation.
Since the scale and thus the scaling is important this section starts with a discussion of scaling.
After that, typical issues related to building the scale model are discussed. For the floating wind turbine this is the
scaling of the rotor thrust. For the fixed turbine this is the modelling of the flexibility in the support structure. This
section concludes with the instrumentation needed.

2.3.1 Scaling
As explained in the preceding sub-sections, the wind system consists of the OWEC, the sea bed and the scour
(protection). The challenge now is to model the wind system in such a way that it can be tested under controlled
conditions.
Over the years two essentially different scaling methods have been developed: conceptual scaling and physical
scaling.
Conceptual scaling is aimed at studying the effects of variations within OWEC concepts, by purposely changing the
dimensions, the performance or even the character of a given design. Since conceptual scaling may warrant
redesigning the wind turbine and its support structure, which affects the structural properties, as outlined by Vita
(2011) it brings up issues like the choice of the materials and the manufacturing process. For that reason conceptual
scaling is applied when a given design is to be up-scaled to a larger size. Another application is to downscale a given
design to demonstrator or prototype size. Anyway, conceptual scaling is the preferred method in order to study the
cost of wind energy for a specific design. Since conceptual scaling affects structural properties, it cannot be used in
order to study the dynamics of an OWEC.
Conceptual scaling traditionally is applied when ever larger offshore wind systems are being developed. Many
conceptual scaling studies have been published, including those on the UpWind 20 MW HAWT (Upwind, 2011) and
the 5 MW DeepWind floating VAWT (Vita, 2011). The UpWind consortium modified the design of the 5 MW NREL
HAWT, and up-scaled it to 20 MW. To this end they developed scaling rules for key design parameters as a function
of size on the basis of a combination of classical scaling relations and trends over the last decades. These scaling
rules consider the mass, the rated capacity and various types of cost. Apart from the design itself, this study outlined
possible barriers to the construction of this turbine and the impact on the cost of energy.
In order to study the cost of energy of the 5 MW DeepWind floating VAWT, Vita (2011) scaled the costs of the 5 MW
OC3-Hywind to the level of the DeepWind machine. Note that the concept which remains the same here is “floating
OWEC”, and that within that concept the rotor type changes between horizontal and vertical axis.
Vita (2011) also applied conceptual scaling in order to prove the concept of the DeepWind 5 MW floating VAWT by
experiments by using a 1 kW floating VAWT demonstrator. To this end the baseline was scaled to a smaller size by
using a so-called similarity approach which assumes that the efficiency of the rotor is the same for the full and the
demonstrator sizes in a limited range of Reynolds numbers.
Physical scaling is aimed at studying the dynamics of an OWEC, and for that reason correct scaling of forces and
moments as well as mass and stiffness is essential. In order to do so the offshore wind system itself and the wind
and wave conditions must be scaled properly. Ideally, scaling of a wind system comprises hydrodynamic and
aerodynamic scaling. The function of the hydrodynamic scaling is to model the forces and moments due to waves
and current in a correct way. The function of the aerodynamic scaling is to correctly represent the forces and
moments caused by the wind, and the elastic scaling is to get the natural frequencies right. Since physical scaling
relies on carefully tuned scale factors it is the method of choice if the conditions can be controlled. It cannot be
applied in field conditions if wind, wave and current change continually.
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Martin (2011) was the first to give a consistent overview of the relevant non-dimensional numbers and a scaling
method for an OWEC. Their work was extended by Bredmose et al. (2012) to include the effect of the different
densities of salt and fresh water, and subsequently developed into a recommended scaling method for the OWEC as
well as the wind and wave climate.
According to Martin (2011) the relevant non-dimensional numbers are the geometric scaling factor, the Froude
number, the Reynolds number, the Keulegan-Carpenter number, the tip-speed-ratio, the Mach number, and the
Strouhal number. Table 2-1 presents an overview of these numbers.
Table 2-1 Overview of non-dimensional numbers

Non-dimensional number
Geometric scaling factor
Froude number

Symbol
λ
Fr

Definition
Lp/Lm
U2 / L

Reynolds number

Re

(ρUD)/(μ)

Keulegan-Carpenter number

KC

(UT)/(D)

Tip-speed ratio

TSR

(ΩR)/(U)

Mach number

Ma

U/a

Strouhal number

St

(fD)/(U)

Shields number

θ

( τ ) / ( (ρs-ρw) g Ds )

Hudson number

( KD cotan α)⅓ ( ρr/ρw – 1 )

Interpretation
Ratio of prototype and model length scales
Ratio of inertial and gravitational forces on
an object in a flow
Ratio of inertial and viscous forces on an
object in a flow
Non-dimensional period of oscillatory flow
about an object
Ratio of the rotor velocity and the wind
velocity
Ratio of the flow velocity to the speed of
sound in the fluid
Non-dimensional
vortex
shedding
frequency for an object in a fluid flow
Ratio of shear stress exerted on a particle
in a fluid flow and gravity
Ratio of wave height and nominal diameter
of rock armour block

The scaling method as applied by Martin (2011) considers geometric scaling of length and mass, Froude scaling of
hydrodynamic forces, aerodynamic scaling of the rotor thrust, and scaling of the structural stiffness. It preserves the
Froude and Keulegan-Carpenter numbers of the motions, the tip-speed ratio of the rotor, the natural frequency of
the support structure, and the gyroscopic force on the rotor. This scaling method however does not preserve the
aerodynamic and the hydrodynamic Reynolds numbers, which warrants redesigning the rotor blades in order to get
the correct aerodynamic rotor thrust and a compensation for any deviation in the hydrodynamic drag. In addition to
that the hydrodynamic Weber number, the aerodynamic Strouhal and Mach numbers, and the aerodynamic torque
and power do not scale in a consistent way. Table 2-2 gives an overview of the scaling factors of an OWEC.
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Table 2-2 Overview of scaling factors of an OWEC. Source: Table 3.2.1 in Bredmose et al. (2012)

Property
Length
Mass
Mass moment of inertia
Area moment of inertia
Velocity
Acceleration
Time
Frequency
Angle
Force
Moment
Stiffness
Stress
Power
Thrust coefficient

Unit
m
kg
kg m2
m4
m s-1
m s-2
s
s-1
rad
kg m s-2
kg m2 s-2
kg m-1 s-2
kg m2 s-3
1

Scaling factor
λ
( ρwp / ρwm ) λ3
( ρwp / ρwm ) λ5
λ4
λ1/2
1
λ1/2
λ-1/2
1
( ρwp / ρwm ) λ3
( ρwp / ρwm ) λ4
( ρwp / ρwm ) λ
( ρwp / ρwm ) λ
( ρwp / ρwm ) λ7/2
ρwp / ρwm

Since the Froude scaling gives the scaling of velocity and time, it directly leads to the scaling of wind and wave
parameters. The scaling factors for the wind and wave parameters are presented in Table 2-3.
Table 2-3 Overview of scaling factors of wind and waves. Source: Table 3.3.1 in Bredmose et al. (2012)

Property
Geometric height
Wind speed
Turbulent wind spectrum
Turbulent wind frequency
Turbulence intensity
Shear coefficient
Water depth
Water velocity
Significant wave height
Wave peak period
Wind-wave misalignment

Unit
m
m s-1
s-1
1
1
m
m s-1
m
s
rad

Scaling factor
λ
λ1/2
λ3/2
λ-1/2
1
1
λ
λ1/2
λ
λ1/2
1

2.4 DESIGNING THE SCALE MODEL
Model test facilities have their own workshops to design and manufacture scale models. In this section specific items
related to the scale model of an OWEC will be discussed. For a floating OWEC this is the rotor thrust. For a fixed
OWEC these are the eigen frequencies and mode shapes of a flexible support structure.

2.4.1 Modelling the rotor thrust
Since the objective of a model test is to correctly scale the forces exerted on a wind system, particularly the
horizontal and the vertical forces on the support structure (either fixed or floating), modelling of the rotor power
and therefore the rotor torque is assumed not to be essential. Note this comes at the cost of not properly modelling
roll motion in the plane of the rotor.
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For a floating OWEC the motions due to combined wind and wave loads are tested. In general the wave loads are
well represented in an ocean basin (Froude scaling), whereas the wind loads and especially the rotor thrust is
difficult to scale. Besides having no rotor thrust included (Wehmeyer, 2013), three ways of modelling the thrust are
found in literature:
1. Steady thrust load by a pulley;
2. Using a fan mounted on the model, where the thrust loads are simulated in the loop;
3. Using a wind tunnel together with a scaled rotor.
A lumped mass is applied by Wehmeyer (2013). Since the tests of Wehmeyer et al. (2013) focused on the ultimate
limit state behaviour, neither aerodynamic nor gyroscopic effects were included in their scale model. For that reason
the turbine was represented by a lumped mass. Two types of tower were tested: one rigid and the other flexible.
During the model scale experiments at DHI (Tomasicchio, 2013) only the mean thrust force has been modelled as a
wind load. This was done by using a weightless line connected to the nacelle, passing through a pulley and with a
suspended mass representing a weight equal to the target thrust force. This means that dynamic loads due to
turbulence (wind gust) were not represented.
No attempt was made to model the wind turbine on the scale model of the HexWind Platform tested at IFREMER
(MARINET, 2013a). Wind thrust on the rotor nevertheless was modelled using remotely controlled propeller,
emulating the thrust curve of the NREL 5 MW wind turbine.
The model wind system of Navqi (2012) consisted of the NREL 5MW wind turbine including tower and a platform. In
the first phase of the tests the wind turbine model consisted of a lumped mass representing the nacelle and the
rotor, and models of a TLP and a spar buoy platform are tested. In the second phase two models of the turbine were
combined with a Froude scaled model of the TLP. The two turbine models employed either a rotor disk in order to
emulate the aerodynamic drag force or a rotor blade to emulate the gyroscopic force.
Courbois (2013) tested a geometric and Froude scaled model of the Dutch Tri-Floater semisubmersible platform with
the NREL 5 MW HAWT. The geometric scaling conserved the primary static and dynamic parameters (lengths,
masses, primary moments of inertia, and positions of the centre of gravity) of the main components of the wind
system (the platform, the tower, the nacelle and the rotor), whereas the Froude scaling preserved the wave
characteristics. Two different models of the rotor were considered: one with rotating blades and the other with a
disk. The applied scaling did not preserve the tip-speed ratio of the rotating rotor, but the rotor thrust and the
gyroscopic effects were properly represented in both models. Aeroelastic effects were respected in the first tower
bending mode.
Müller et al. (2014) proposed improved tank test procedures for scaled floating offshore wind turbines. Based on a
literature study two methods of modelling the rotor thrust are discussed:
1. By simulation in the loop using a fan;
2. By re-designing a model scale rotor to represent the aerodynamic forces.
Effects not scaled correctly in the case where simulation in the loop is applied were:
• The aerodynamic torque;
• The gyroscopic moment.
Effects not scaled automatically for a re-designed scaled rotor were:
• The aerodynamic torque and power;
• The generator;
• 3P forcing due to tower shadow.
Azcona et al. (2014) applied Froude scaling to the dimensions and masses of the structure in order to design the
physical model. The structural stiffness was not scaled. In order to correctly represent the aerodynamic thrust
exerted by the rotor, they substituted the wind driven rotor by a controlled fan driven by an electric motor.
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Examples of a re-designed scaled rotor are the DeepCwind semi-submersible within the Innwind project and the
Gusto MSC Tri-floater. In the Inn wind project the OC4 DeepCwind semi-submersible was modelled at scale 1:45.
(MARINET, 2014). A re-designed scaled rotor of the NREL 5MW was used having an individual pitch controller.
The Gusto MSC Tri-Floater, including mooring system and equipped with a 5 MW HAWT, was model tested at MARIN
(Huijs, 2013; De Ridder, 2013). In these tests the MARIN Stock Wind Turbine was employed, equipped with a rotor
which matches the Froude scaled thrust as closely as possible by employing a different profile of the rotor blades,
delivering the required thrust at the lower Reynolds number of the model test. In addition to that the model rotor
was equipped with an active pitch mechanism and a pitch control system.

2.4.2 Modelling flexibility
During the last five years model tests of fixed OWEC’s were focussed on the hydroelastic response due to steep
breaking waves. The substructures tested are:
• Monopiles (De Ridder et al., 2011; Bredmose et al., 2013; Swan et al., 2015);
• Lattice tower (Arntsen, 2014);
• Tripod (Hildebrandt, 2013).
In all cases no rotor thrust was modelled during the tests. Depending on the objective of the test the substructure is
modelled rigid or flexible. In order to have the hydroelastic behaviour at model scale similar to full scale the first and
second eigen mode are modelled correctly. Therefore a finite Element model at full scale is modelled. The natural
period of the support structure is determined by the bending stiffness and mass distribution over the height. From
experience (De Ridder, 2011) it shows that PVC is a suitable material to build the model since it has a comparable
stiffness as steel in full scale.

2.4.3 Instrumentation
Specifications of the sensors and the data acquisition system directly follow from the requirements of the quantities
to be measured. Typical sensors measuring specific ambient parameters are given in Table 2-4. An overview of
sensors measuring structural response is presented in Table 2-5. Besides sensors video recording during the test is of
importance to capture visual wave events not measured.
Typical measured quantities for a floating turbine are for instance given by Huijs et al.(2014):
• six degree of freedom rigid body motions;
• accelerations at nacelle and top of deck box;
• relative motion/wave elevation at four locations;
• mooring line tension at each of the fairleads;
• loads at the base and top of the wind turbine;
• turbine rpm, torque and thrust at the shaft.

Typical measured quantities for monopile (De Ridder et al. 2011):
• Accelerometers equally divided over the complete tower;
• 3 relative wave probes, placed at the front and the side of the monopile;
• At the bottom the monopile is mounted on a 6 component force frame;
• pressure transducers placed at a height below and above - the waterline.
It is important to be aware that a ‘rigid’ substructure is never infinitively stiff. In case the top of the substructure is
also fixed to a frame, the frame is part of the complete structure. It is recommended then to have accelerometers
also mounted on the frame to capture the structural dynamics of the complete system.
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Table 2-4 Overview of sensors measuring specific ambient parameters

Environment
Wind

Water

Quantity/Parameter
Wind speed/direction – Point value

Wave
Current
Sea bed

Wind speed/direction – Field values
Wave height
Wave period
Current speed – Point value
Current speed – Field values
Water depth, including scour depth

Sensor
Cup anemometer plus wind vane
Sonic anemometer
Laser-Doppler anemometer
Particle image velocity meter
Capacity type wave gauge
Video camera
Current meter
Acoustic Doppler velocity meter
Laser profiler
Metre stick
Echo sounder
Video camera

Table 2-5 Overview of sensors measuring specific structural parameters

Type
Position

Acceleration

Force

Moment

Quantity/Parameter
Rotor azimuth
Nacelle yaw angle
Blade pitch angle
Tower-top position
Platform/Floater/Pile position/inclination
Pitch/Roll angle of platform/floater
Position of scour protection material
Wave run-up height
Tower-top/Nacelle acceleration
Acceleration of platform/floater in surge/heave/sway
direction
Tower-top/bottom force
Rotor thrust
Anchor/Mooring line tension; tether force
Force on piled support structure
Rotor-shaft torque
Tower-top/bottom bending moment
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Sensor

Contactless
motion
system
Inclinometer
Video camera
Contactless
motion
system
Accelerometer

analysis

analysis

Pressure cell (under water)
Force sensor

Load cell
Strain gauges
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2.5 VERIFYING MODEL PROPERTIES
Before starting the test it is important to check the actual properties of the scale model. This includes items like the
mass, inertia, centre of gravity or the stiffness and eigen frequency.
For instance in the DeepCwind scale model tests the nacelle-hub combinations were heavier than the scaled down
target because of the installed instrumentation (Martin, 2011). The tower mass subsequently was adjusted in order
to meet the overall wind turbine mass.
The model tower was designed to emulate the dynamic behaviour of the OC3 Hywind tower with a length of 80
meters. This is 10 meter shorter than the tower of the NREL 5MW turbine but the hub height of 90 meters is reached
because the platforms have a freeboard of 10 meters.
Tower parameters were prioritised as follows: length, mass, first natural bending frequency and mode shape, centre
of gravity, and ease and cost of fabrication.
The tower design was iterated until a combination of length and inner and outer diameters with comparable
structural and dynamic properties to the OC3 Hywind tower was reached. The achieved values of length, first and
second order bending frequencies, mass and centre of gravity are within 7% of the target values.
Although this may be a nice result, the data cables employed during testing were found to add considerable mass. As
a consequence the structure was 25% overweight and the main parameters deviated up to 12% from the targets.

2.6 MODEL TEST FACILITIES
The selection of the test facility depends on the objective of the model test, the scale to be applied and the available
budget. An overview of ocean and seakeeping basins where offshore wind turbines were tested is given in Table 2-6.
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Table 2-6 Overview of wave basins where wind systems were tested.

Institute
University of Aalborg
University of Aalborg
Deltares
Deltares
MARIN
Leibniz University of Hannover
Leibniz University of Hannover
DTU
DHI
DHI
l’École Centrale de Nantes
Alden Research Laboratories
CNR-INSEAN

Country
DK
DK
NL
NL
NL
GE
GE
DK
DK
DK
FR
US
IT

Facility
2D Wave Flume
3D Deep Water Basin
Scheldt Flume
Atlantic Basin
Offshore Basin
Wave Flume ‘Schneiderberg’, WKS
Great Wave Flume, GWK
DTU Current Flume / Towing Tank
Shallow Water Basin
Offshore Wave Basin
Wave Tank
Wave Flume
Wave Tank

Beaufort Research
IFREMER
UniFl/DICEA

IL
FR
IT

Ocean Wave Basin
Deep SeaWater Wave Tank
Current-Wave Flume

Marintek

NO

Ocean wave basin

Wave / Current / Wind
2D and 3D short-crested waves
Waves and current angled 0, 90 and 180 deg. Wave height up to 0.4 m
Waves and current angled 0 and 180 deg. Waves up to 0.45 m
Waves and current. Wind
Regular and irregular waves up to 0.35 m
Regular and irregular waves up to 2.0 m
Current speed up to 1.5 m/s. Towing speed up to 1.2 m/s
Computer controlled wind, waves and current
Computer controlled wind, waves and current. Practically any spectrum
Combined wind and waves. Usual and user defined spectra
Wave heights 0-7 cm
Regular waves of height 0.10-0.45 m. Irregular waves according to any
desired sea spectrum. Carriage speed up to 10 m/s
Waves up to 0.16 m
Regular and irregular waves up to 0.5 m. Wind up to 9 m/s
Monochromatic and random sea generation up to 0.6 m. Maximum wave
height up to 0.35 m at 0.5-1.0 Hz
Wind, waves and current with a depth of 10 metres and a water surface of
50x80m
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3 PRACTICES FOR WIND AND WAVE GENERATION AT LABSCALE
3.1 COMBINED WIND/WAVE CLIMATE
In order to execute the model tests environmental conditions need to be selected meeting the objectives of the
model tests. Paragraph 2.4.3 of Bredmose et al. (2012) presents an approach for the generation of wind-wave
climates for modelling purposes, either with scale or computer models, in the absence of measured data. It
essentially comes down to establishing a lumped wind-wave climate along with extreme values for the wind speed
and the wave height, by analysing measured data from any of five standard sites in the extended North Sea and the
Baltic Sea. As explained in section 2.3.1, scaling of wind and wave parameters directly follows from the Froude
scaling of the floating/fixed sub-structure. Table 2-3 gives an overview of the scaling rules for wind and waves.

3.2 GENERATING THE SCALED WIND/WAVE CLIMATE IN THE LAB
3.2.1 Wave climate
Generating a wave climate is standard practice in most ocean and seakeeping basins to date. The facilities differ in
the ability to generate regular or irregular waves, unidirectional or tidal currents, wave heights and periods.

3.2.2 Wind climate
Although a realistic wind field in a wave basin is of great importance for the correct coupling between the
aerodynamic and hydrodynamic behaviour of models of floating wind turbines, generating a wind climate in a windwave basin has received attention only recently. To date state-of-the-art wind generators are operated in the Ocean
Engineering Wave Basin of l’École Centrale de Nantes in France, the Offshore Basin of Maritime Research Institute of
the Netherlands MARIN, and two basins at Danish Hydrological Institute DHI. Note that operating the rotor as a fan
is not considered to be the same as wind generating.
The wind generating system in the Ocean Engineering Wave Basin of l’École Centrale de Nantes creates a
homogeneous wind field in the vicinity of the model of the wind system. This system is described in Courbois (2012)
and several other publications. Full-scale wind speeds between 3 m/s and 10 m/s can be set, with a turbulence
intensity of 3%. Centrifugal fans, honeycombs and screens are used in order to create the homogeneous field. The
function of the centrifugal fans is to prevent spatial inhomogeneities and high turbulence levels. Honeycombs are
employed to decrease the lateral components of the turbulent wind speed, and screens to decrease the lateral
components and to homogenize the mean. Flexible air ducts are used in order to conduct the so-created wind to a
model.
This wind generating system was applied in the model tests of the Dutch Tri-Floater SS platform with the NREL 5 MW
HAWT.
The wind generating system in the Offshore Basin of MARIN creates a homogeneous and low-turbulent wind field at
the position of the scale model of a wind system (De Ridder et al., 2013). It consists of an inlet comprising five rows
with seven clockwise and counter clockwise rotating fans, a contraction, two honeycomb screens and a large nozzle
hanging above the free water level.
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This wind generating system was applied in the model tests of the DeepCwind options (TLP, spar buoy and semisubmersible), the GustoMSC Tri-Floater in combination with the NREL 5MW wind turbine, and the DeepWind
Demonstrator (spar buoy plus VAWT).

3.3 EXAMPLES OF WIND/WAVE CLIMATES IN THE LAB
An example model test of a floating wind turbine is Innwind (MARINET, 2014). Five sea states for regular sea
conditions, Table 3-1, wind conditions, Table 3-2, and irregular seas, Table 3-3 are defined. It can be seen that the
selected wind speeds are just below rated up to cut-out wind speed. For a variable speed pitch controlled wind
turbine the largest rotor thrust is found near rated wind speed. This is an important condition in the case of model
tests of a floating wind turbine.

Table 3-1 Regular sea conditions. Source: MARINET (2014)

Sea state
1
2
3
4
5

Height (m)
2.75
3.14
4.13
4.88
6

Period (s)
5.5
6.5
7.3
8.9
10

Table 3-2 Wind conditions. Source: MARINET (2014)

Wind state

1
2
3
4
5

Steady Wind Turbulent
Speeds (m/s)
wind speeds
(m/s)
7
7
8.5
8.5
11.4
11.4
18
18
25
25

Table 3-3 Irregular sea conditions. Source: MARINET (2014)

Sea state
1
2
3
4
5

Hs (m)
2.75
3.14
4.13
4.88
6

Tp (s)
5.5
6.5
7.3
8.9
10

During model tests of bottom fixed OWEC’s focus is on steep breaking waves. For a fixed monopile De Ridder (2011)
applied the following conditions for irregular waves, Table 3-4, and regular waves, Table 3-5.

Rev. 0.2, 26-Mar-2015
Page 15 of 46

D2.10: Best Practice Protocol for Offshore Wind System Fluid – Structure Interaction Testing
Table 3-4 Irregular sea conditions. Source: De Ridder (2011)

Sea state
1
2
3
4
5
6
7

Hs (m)
0.91
1.78
2.71
3.81
4.95
6.41
7.56

Tp (s)
4.65
5.68
6.63
9.02
12.08
15.12
15.86

Table 3-5 Regular sea conditions. Source: De Ridder (2011)

Sea state
3
4
5
6

Height (m)
2.85
3.91
4.74
5.98

Period (s)
6
9
12
15

3.4 TEST SCOPE
Besides the description of the scale model and the selection of the combined wind/wave climate the tests to be
executed need to be specified. Since the objective of the tests of a floating wind turbine and a bottom fixed wind
turbine is different also the scope of the tests is.
For a floating wind turbine the scope of the test can be as follows:
• Inclining, excursion and decay tests;
• wind only;
• waves only;
• combined wind and waves.
Before the tests in regular and irregular waves are executed inclination tests without mooring are performed for the
roll, pitch and possibly the heave motion. Inclination tests are performed to check the hydrostatic stability of the
model. Excursion tests are done to check the stiffness of the applied mooring system by giving a fixed displacement
in the surge, sway and yaw directions separately. Furthermore decay tests are performed with the mooring system
included. By releasing for each direction the model after a given static displacement the eigen frequency and
damping of each motion can be determined. In the case of floating wind turbine tests also a decay test in
combination with constant wind is done. The constant wind will result in a mean displacement of the model in the
mooring system of the model. For this mean displacement due to wind the mooring stiffness is modified and thus
the eigen frequency changes.
In the case of a fixed model test a hammer test is applied to a flexible monopile both in air and in water. This is done
to check the eigen frequency of the different modes. In the case of bottom fixed offshore structures mostly wave
only conditions are considered.
Additional issues to consider are wave and wind calibration and specification of the duration of tests.
Finally it is good practice to agree upon with the test facility when the first test results are made available. For
instance within one hour the statistics and time traces should be provided. This arrangement is in place such that the
client is able to decide whether the tests are going as expected.
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3.5 REPORT AND DATA ANALYSIS
Test facilities have standard procedures for reporting and data analysis. After the model test the following data is
provided by the test facility:
• report and data analysis;
• measurement data;
• video recordings.
In the model test specification the content of the report and the data should be described in advance. The report for
instance should contain a description of the model, mooring system in case of a floating OWEC, the environmental
conditions and the scope of the tests. Commonly, also the data acquisition and post processing needs to be
reported.
Examples of post processing the measurement data are:
• Basic statistics (mean, standard deviation, minimum, maximum);
• Time series plots;
• Plots of wave and wind spectrum;
• Spectral analysis results of responses;
• Response Amplitude Operator (RAO) as plots and tables in the case of a floating wind turbine;
The format of the measurement data should be described,for instance ASCII. The measurement data is stored on a
DVD or hard disk. Nowadays model tests are recorded using video cameras. The position of the camera is
determined in consultation with the client. At the start the test number and test conditions need to be visible. Video
recordings are also provided on DVD and hard disk.
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4 EXAMPLE FLOATING OFFSHORE WIND TURBINES
In this chapter examples of model tests of floating offshore wind turbine models are presented. During the last
decade the majority of model tests were executed for floating wind turbines. Also within the MARINET project
several floating wind turbine model tests were performed. The examples for floating wind turbines are limited to an
overview. Details of the MARINET tests can be found in the access-reports at the MARINET site:
http://www.fp7-marinet.eu/access_user_projects_offshore_wind.html

In the examples below various options are presented for the quantities to be measured in tests of floating substructures. Without exception these options directly follow from the purpose of the test, see section 2.1.
The purpose of the DeepCwind scale-model tests was to better understand the complex dynamic behaviour of
floating wind systems and to create experimental data for use in validating design methods (Martin, 2011; Robertson
et al, 2013; Martin et al., 2014; Koo et al. 2014). The DeepCwind tests were the first floating offshore wind system
tests to be open to the public, and for that reason set the standards for wind-wave basin testing of offshore wind
systems. The DeepCwind system combined the NREL 5MW HAWT with a spar buoy, TLP and semi-submersible
platform.
Data considered to be necessary to collect during testing includes: rotor-shaft torque, rotor azimuth, nacelle
accelerations, tower top forces and moments, and platform motions.
Rotor speed and blade pitch angle were not measured because these were set to prescribed values based on the
wind and wave parameters being tested. The rotor speed was maintained by a small servo motor and gearbox,
which together with an internal decoder were included on the nacelle. The blade pitch angle was controlled by using
a pitch actuator system.
Load cells were placed at the connection points between the platform and the tower, and between the tower and
the nacelle. These load cells measured loads and moments at the tower top and bottom, but also provided early
warning of potentially induced compliance at the connection points which could decrease the stiffness of the tower.
In addition the motion of the platform was measured via an optical sensor pointed at the base of the tower. This
system however was not sensitive enough to accurately capture the very small pitching and rolling of the TLP.
Courbois (2012) performed tests on a scale model of the wind system consisting of the Dutch Tri-Floater SS platform
and the NREL 5 MW HAWT. The objectives of these tests were to study the dynamics in combined wind and wave
loading, and to acquire measured data for the validation of software. An additional question was to find out whether
the results could be obtained with a simpler model of the rotor, that is with a drag disk rather than rotating blades.
Given the focus on dynamics, the following quantities were measured: the rotor speed (rotating rotor only), the
rotor thrust (force sensor in the nacelle), streamwise nacelle acceleration (accelerometer), upwind wind speed (sonic
anemometer), tower base bending moment (strain gauges), platform motion in the form of 3 translations and 3
rotations (contactless motion analysis using 3 cameras), anchor/mooring line tension (force sensors), and
characteristics of the incoming waves.
Navqi (2012) focused on the feasibility of deep-see floating offshore wind turbines that are tethered to the sea bed
via cables. The study had two objectives: 1) to gather scale-model experimental data to validate concurrent
numerical simulations, and 2) to compare measured accelerations, roll and pitch motions, and tether tensions to
acceptable maximum levels for floating platform and tether anchor design. To this end they studied various motions
(pitch, heave, roll, surge, and sway) of the platform plus cable mooring tensions and tether forces.
Accelerations in surge, heave and sway directions were measured at the centre of gravity of the model wind system,
and at the nacelle of the model wind turbine, by using accelerometers. Pitch and roll angles are measured at the
nacelle via inclinometers, and video recordings are used in order to capture platform motions and wave heights and
periods. The forces in the tethers were measured by load cells and wave height with a potentiometer and
capacitance wave gauge.
Wireless data transport is employed in order to avoid cables which would affect platform dynamics.
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The objective of Wehmeyer et al. (2013) was to assess the ultimate limit state behaviour of an industry design TLP
supporting an offshore wind turbine. For that reason they focused on wave forces and dynamic behaviour. In order
to measure the response of the tendons three submerged load cells were used. To measure the dynamic behaviour
of the total structure two accelerometers were employed, one located in the nacelle and the other on the interface
of the substructure and the tower.
The design philosophy of the DeepCwind tests was further developed by MARIN into the MARIN Stock Wind Turbine
(De Ridder et al. 2013). This turbine is a scaled down wind turbine with rotor blades based on the NREL 5 MW wind
turbine blade including active pitch control. Its primary function is to exert the correct dynamic forces on the
supporting platforms in a Froude scaled wind and wave environment, particularly the horizontal and vertical forces
of the rotor on the tower. For that reason signals include rotor thrust and torque as measured behind the rotor, 6component forces measured just below the nacelle, nacelle accelerations, and rotor speed.
The design of the Gusto MSC Tri-Floater1 with a 5 MW HAWT was tested under the combined influence of wind and
waves at MARIN (Huijs et al., 2013), in order to validate numerical simulations and to verify the performance of the
design. Key performance indicators were the inclination of the Tri-Floater and the acceleration of the nacelle.
With similar objectives a 1 kW model of the DeepWind vertical axis wind turbine was tested at MARIN (de Ridder et
al., 2013). DeepWind is the concept of a wind system comprising a 5 MW VAWT supported by a spar buoy.
The objective of the model tests in the Offshore Wave Basin at DHI was to measure the behaviour of two floating
wind systems consisting of a turbine plus mast supported by a TLP and a spar buoy (Tomasicchio, 2013). For that
reason the focus was on motions and forces. The sub-objectives of the tests were to create a database for numerical
model calibration and validation, and to find answers to specific research questions. The research questions were
aimed at identifying the combined effects of the anchor chains and the wind turbine on the response of the floating
body. Also the hydrodynamic aspects of a floating wind turbine under regular and irregular waves and under the
combined action of wind and waves was studied.
The purpose of the model tests of the HexWind Platform at IFREMER’s Brest Deep Water Basin (MARINET, 2013a)
was to verify modifications with respect to the preceding design and to identify any required changes to the current
design. The HexWind Platform is a hexagonal TLP for mounting a 5 MW HAWT. The tests focused on platform
motions and mooring loads. Platform motions were recorded using a six-DOF motion analysis system. Mooring loads
were measured on each line using a total of six load cells. In addition, thrust was measured with a load cell between
the rotor and the tower.
The objectives of the tests of three different Tension Leg Buoy floaters in a wave tank at IFREMER (MARINET, 2013b)
were to test and improve an in-house computational tool and to create open-access data for the validation of other
computational tools. To this end tension in the mooring lines and motions of the floaters were measured.
The concept of the Spar Torus Combination in two different survival modes was tested in a wave tank at CNRINSEAN (MARINET, 2014b). The STC concept combines a spar floating wind turbine and a torus-shape heaving body
wave energy converter. The spar provides the bottom structure for the wave energy converter (originating from
WaveBob) and at the same time supports the wind turbine (5 MW NREL HAWT). In the tests the forces between spar
and torus, the mooring forces, and motions of the system were measured.
The main purpose of the tests performed by Azcona et al. (2014) was to verify the design of the so-called Concrete
Star Wind Floater (CSWF) by comparing data from a physical model and a numerical model. The CSWF is a semisubmersible floater for a 6 MW wind turbine. The 6 MW wind turbine was designed by applying conceptual scaling
to the NREL Baseline 5 MW Wind Turbine so that it represents the Siemens SWT-6.0-120 wind turbine. Floater

1

The design of the Dutch Tri-Floater was developed into the GustoMSC Tri-Floater by GustoMSC
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motion (surge, heave and pitch) was measured by using a motion tracking system consisting of 18 cameras with a
sampling frequency up to 120 Hz and an accuracy of 1.2 mm at a distance of 35 m.
The secondary purpose was to assess the performance of a thrust generating system comprising a ducted fan
replacing the rotor in the physical model. The thrust of the fan is controlled by the rotational speed of the fan as set
by a controller using information from a numerical simulation of the full-scale rotor in a turbulent wind.
MARINET (2014a) describes the first of two phases of combined wind-and-wave model testing of a generic floating
wind turbine system of INNWIND.EU. The widely studied open concept of the OC4-DeepCwind semi-submersible
model has been tested together with a Froude-scaled rotor with increased chord for low Reynolds numbers. Two
different scaling ratios have been used in order to represent, first, the 5MW NREL reference wind turbine (1/45) and
second, the 10MW INNWIND.EU reference wind turbine (1/60). The rotor speed, wind speed and thrust force were
correctly scaled in this approach. In the case of the 10MW turbine the (full scale) platform dimensions did not
comply with those of the OC4-DeepCwind.
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5 DYNAMIC EXCITATION
STRUCTURE

OF

A

MONOPILE

SUPPORT

5.1 INTRODUCTION AND MOTIVATIONS
The dynamic excitation of bottom fixed offshore wind energy converters exposed to nonlinear waves needs to be
carefully addressed in the design of the supporting structures. Although resonance phenomena, such as ringing and
springing, are known since long time (Stansberg et al, 1995; Chaplin et al, 1997; Stansberg, 1997; Welch et al, 1999;
Waisman et al, 2002; Grue & Huseby, 2003) their effects on the supporting substructures of OWT still need to be
completely understood. Recent literature (Marino et al, 2013a and 2013b, Bredmose, 2013; Marino et al, 2014a) has
shown that steep non-breaking waves are responsible for resonant vibrations of the tower with significant
implications in terms of both extreme and fatigue loads (Marino et al, 2014b). However, numerical studies need to
be supported and validated by means of experimental results.
The aim is to give a short description of the methodology adopted at the Dept. of Environmental Engineering of the
University of Florence to set up an experimental campaign to study the effects of wave loads on the support
structure of a monopile-supported offshore wind turbine. According to the general idea behind the present
deliverable, in the following the emphasis is placed more on the methodology than on the results.
A numerical model and an experimental small-scale (1:60) study in a wave-current flume have been carried out to
evaluate the dynamic waves-structure interaction of cylindrical monopile foundations in intermediate-shallow
waters. This study is meant as a preliminary basis for future investigations about the dynamic excitations and
resonance that nonlinear waves may cause.

5.2 INFRASTRUCTURE DESCRIPTION
The wave flume has the following dimensions: 50m long, 0.80m wide and 0.80m deep (Figure 5-1). Generation of
wave motion is carried out by means of piston type wave maker, driven by a computer-controlled hydraulic system.
Monochromatic and random seas can be generated up to 0.60m height in the deep section. The maximum wave
height achievable is 0.35m with frequencies of 0.5-1.0Hz. A bi-directional recirculation system is able to generate a
discharge up to 300l/s. The wave maker control and data acquisition tools are: NI LabView, MatLab.

Figure 5-1 UniFI/DICEA Wave-current flume.
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5.3 REFERENCE MODEL AND SCALING CRITERIA
The reference physical model is the NREL 5 MW Offshore Baseline Wind Turbine (Jonkman et al., 2009). From the
proprieties of the tower and the support structure a numerical model was built in order to derive the dynamic
behaviour of the structure in real size.
For a correct characterization of the waves-structure interaction, two different models are constructed: the first
model is a rigid cylinder (Figure 5-2.a), the second is a flexible cylinder able to reproduce the actual dynamic
behaviour of the structure (Figure 5-2.b). In both cases, the material and the dimensional properties of the cylinder
are the same (See Figure 5-2).

L = 1420 mm

a)

b)

Figure 5-2. Numerical reproduction of the two models tested.

A geometric scale of 1:60 is used. The scaling is done according to the Froude law. The diameter of the cylinder
corresponds to a real diameter of 6 m; the water depth ranges between 20 and 30 m.
The idea behind the scaling criterion of the flexible model was to assure the same dynamic behaviour between the
model test and the full scale model.
For the elastic model the mass distribution plays an important role in reproducing the natural vibration frequencies
of the prototype. For this reason, two lumped masses are added such that the first and second natural frequencies
match the first and second scaled natural frequencies of the NREL wind turbine with 20m water depth.
On the contrary, the rigid model was constructed to have its natural frequency much larger than the forcing
frequency; the numerical simulations demonstrated that this could be achieved just using the tower model without
the lumped masses installed.
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The model is a vertical Plexiglas cylinder with outer diameter of 100 mm, internal diameter of 96 mm and 1420 mm
high (Figure 5-3). It is equipped with 4 load cells in order to measure the moment at the cylinder's base (Figure 5-3).
Contactless sensors will be used to measure the cylinder's vibrations (Figure 5-4).

Figure 5-3 Positioning of the four mono-axial load cells.

In the following, symbols with the subscript “lab” indicate dimensions of the scaled physical model:
Table 5-1 Dimension of scale model.

Lab scale
Water depth hlab = 0.33 m

Full scale
h = 20 m

Cylinder length: Llab = 1.42 m

L = 85.20 m

Outer diameter Dlab = 0.1 m

D = 6.0 m

Thickness: 0.002 m

th = 0.12 m

The basic properties of the 1:60 scaled tower are presented in Table 5-2.
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Table 5-2 Basic properties of the 1:60 scale model of the offshore wind tower model.

Property

Symbol

Unit

Material
Wetted length
Cylinder length
Diameter (external)
Thickness

Plexiglas
1190.0
3.300E 103
1.42
10
0.2
6.158
73.952
14.790
2.032 106
2.440 103

γ
E
L
D
th
A
J
W
EA
EJ

kg m-3
N mm-2
m
cm
cm
cm2
cm4
cm3
N m2
N m2

Significant wave height and spectral period are scaled as follows:
• Significant wave height: Hs = 9 m → Hslab = 0.15m
• Spectral peak period: Ts = 10 s → Tslab = 1.29 s (fs = 0.10 s-1 → fslab = 0.775 s-1).
The wave data of the model test are presented in Table 5-3.
Table 5-3 Wave data of the 1:60-scale model test.

Property

Symbol

Value

Unit

Design wave height
Wave period
Surface current
Mass density of sea water
Acceleration of gravity
Water depth
Wave amplitude
Wave frequency

H
T
vc
ρ
g
h
a
ω

0.15
1.29
1.5
1025
9.807
0.33
0.075
4.87

m
m
m s-1
kg m-3
m s-2
m
m
rad s-1

Two lumped masses (Figure 5-4) are positioned along the cylinder axis such that the first and second natural
frequencies match the first and second scaled natural frequencies of the NREL 5MW monopile reference wind
turbine at a depth of 20m. This will ensure the same dynamic behavior of the prototype and the test model. The
characteristics of the two added masses are as follows (see Figure 5-5):
•
•
•

M1 = steel mass positioned at height h1 = 0.95 m - shape: cylindrical disk external to the pole:
M1 = 12.3702 kg, Dint1 = 102 mm; Dest1 = 202 mm; L1 = 66 mm.
M2 = steel mass positioned at height h2 = 1.40 m - shape: cylindrical disk external to the pole:
M2 = 10.4959 kg, Dint2 = 102 mm; Dest2 = 202 mm; L2 = 56 mm.
Specific gravity of steel = 7850 kg/mc.

The dynamic characteristics are scaled as follows (scaling factor of frequency → λ = 7.746, where
symbols with the subscript lab indicate frequencies of the physical model in Table 5-4.
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Table 5-4 Frequencies of physical model.

First tower frequency
Second tower frequency
Third offshore tower frequency

f1 = 0.278 s-1
f2 = 2.068 s-1
f3 = 4.255 s-1

f1,lab = 2.15 s-1
f2,lab = 16.02 s-1
f3,lab = 32.96 s-1

Table 5-5 the scaled frequencies are compared to the frequencies of the model as computed by the numerical
model. As can be seen, the scaled first natural frequency of 2.15 Hz is equal to the target value, whereas the second
natural frequency of 16.43 Hz is 2.6% larger than the target value of 16.02 Hz. In line with the generic approach for
the design, this discrepancy is considered to be acceptable. The modal shapes corresponding to these frequencies as
created by the numerical model are shown in Figure 5-5.

Figure 5-4. Elastic Model test
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Table 5-5 Comparison between frequencies of scaled model and the numerical model.

Frequency Scaled Value Value of Numerical model Error [%]
f1 [s-1]
-1

f2 [s ]

2.15

2.15

0

16.02

16.43

2.56

Figure 5-5 First and second modal shapes of the wind tower.

5.4 EXPERIMENTAL TESTS
The measuring equipment includes:
- 3-type ultrasonic distance sensors for measuring the height of the wave (WG1, WG2, WG3)
- 3-type ultrasonic distance sensors for the measurement of displacements of the numerical model (WG4;
WG5; WG6)
- 4 single-axis load cells connected to the foundation plates in Plexiglas
The data acquisition is done by:
- "LabView"
Recording of evidence includes:
- 1 camera in the channel axis for frontal shots
- 1 camera shooting side
For the sake of simplicity, "S1" refers to the tests carried out on the rigid model, and "S2" will refer to the tests
carried out on the elastic model. Figure 5-6 shows the two model rigs for the rigid and flexible piles.
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Figure 5-6. Rigid and flexible models in the wave channel.

The positioning of the model in the channel is schematically shown in Figure 5-7 and Figure 5-8. The six probes are
located as specified in Table 5-6 for the rigid model S1 and in Table 5-7 for the flexible model. The position of the
sensors with respect to wave maker S1 and S2 is also given in Figure 5-9 and Figure 5-10 respectively.
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Figure 5-7. Schematic representation of the rigid model S1 in the channel.
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Figure 5-8. Schematic representation of the elastic model S2 in the channel.
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CONFIGURATION S1
Table 5-6 Absolute and relative distances of the sensors with respect to wavemaker S1.
Sensor

Distance
[m]

WG1

13.40

WG2

13.70

WG3

14.00

WG4

14.80

WG5

14.80

WG6

14.80

Central
axis of
the
TOWER

14.97

Wave
Gauge
Wave
maker –
WG1
WG1 WG2
WG2 WG3
WG3 WG4

Distance
[m]
13.40
0.30
0.30

0.80

WG4 WG5
WG5 WG6
Central
axis of
the
TOWER

0.00
0.00

Wave
Gauge
WG4 WG5
WG5 WG6

Vertical
Distance
[m]
0.20
0.45

0.17

CONFIGURATION S2

Table 5-7 Absolute and relative distances of the sensors with respect to wavemaker S2
Sensor

Distance
[m]

Wave
Gauge

Distance
[m]

WG1

13.40

Wave maker
– WG1

13.40

WG2

13.70

WG1 - WG2

0.30

WG3

14.00

WG2 - WG3

0.30

WG3 Central axis
of the
TOWER
Central axis
of the
TOWER WG4

Central
axis of the
TOWER

14.97

WG4

15.18

WG5

15.18

WG4 - WG5

0.00

WG6

15.18

WG5 - WG6

0.00

0.97

0.21

Rev. 0.2, 26-Mar-2015
Page 30 of 46

Wave
Gauge
WG4 WG5
WG5 WG6

Vertical
Distance
[m]
0.20
0.45

D2.10: Best Practice Protocol for Offshore Wind System Fluid – Structure Interaction Testing

WG6

WG1

WG2

WG3
WG5
WG4

Figure 5-9. Positioning of the sensors with respect to wavemaker S1

WG6

WG1

WG2

WG3
WG5
WG4

Figure 5-10. Positioning of the sensors with respect to wavemaker S2
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The loads at the tower base are measured using four load cells. The positioning of 4 load cells at the tower-base is
presented in Figure 5-11 and Figure 5-12.
WAVE
DIRECTION

Figure 5-11. Scheme of tower-base positioning of the 4 load cells.

Figure 5-12. Tower-base load cells.
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5.5 WAVE GENERATION AND TESTING
Both the rigid model without masses "S1", and the elastic model with the masses "S2" are tested under 12 wave
cases (all regular). The waves applied on the rigid model and the elastic model are presented in Table 5-8 and Table
5-9 respectively. Figure 5-13 gives an impression of the tests.
The following data have been recorded:
- The wave height at WG1, WG2 and WG3
- The effects of wave loads on the pile in terms of stresses by means of load cells LC1, LC2, LC3, LC4
- The effects of wave loads on the pile in terms of vibration using displacement sensors WG4, WG5, WG6

Table 5-8 Regular wave tests on rigid model S1
CODE TEST

Htarget [cm]

T [s]

Wave type

H1/3 [cm]

LAB CODE

5.9

Length of
the test [s]
60

H01S1

6

0.9

Regular

H02S1

6

1.1

Regular

6.1

60

H75T11

H03S1

6

H04S1

6

1.3

Regular

6.1

60

H68T13

1.5

Regular

6.0

60

H62T15

H05S1

12

0.9

Regular

12.1

60

H160T09

H06S1

12

1.1

Regular

12.1

60

H144T11

H07S1

12

1.3

Regular

12.1

60

H130T13

H08S1

12

1.5

Regular

11.9

60

H115T15

H09S1

18

1.2

Regular

18.0

60

H200T12

H10S1

18

1.3

Regular

18.1

60

H190T13

H11S1

18

1.4

Regular

18.1

60

H175T14

H12S1

18

1.6

Regular

18.0

60

H157T16

H75T09

Table 5-9 Regular wave tests on elastic model S2
CODE TEST

Htarget [cm]

T [s]

Wave type

H1/3 [cm]

LAB CODE

5.9

Length of
the test [s]
60

H01S2

6

0.9

Regular

H02S2

6

1.1

Regular

6.1

60

H75T11

H03S2

6

1.3

Regular

6.1

60

H68T13

H04S2

6

1.5

Regular

6.0

60

H62T15

H05S2

12

0.9

Regular

12.1

60

H160T09

H06S2

12

1.1

Regular

12.1

60

H144T11

H07S2

12

1.3

Regular

12.1

60

H130T13

H08S2

12

1.5

Regular

11.9

60

H115T15

H09S2

18

1.2

Regular

18.0

60

H200T12

H10S2

18

1.3

Regular

18.1

60

H190T13

H11S2

18

1.4

Regular

18.1

60

H175T14

H12S2

18

1.6

Regular

18.0

60

H157T16
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Figure 5-13. Regular waves on the fixed rigid model S1 (left-hand side) and elastic one S2 (right-hand side).

The processing of the recorded data is carried out by signal analysis. Due to possible limited reflections from the
flume ends, although a very good passive absorber was installed, the signals are analysed on reduced time windows
instead of the whole recorded signal. Since the motion is stationary, it is possible to extrapolate a narrower time
window that allows the analysis of data free from interference such as those of the reflection wave and the
generation instant, so as to have results "filtered".
In particular, the time windows are defined as follows:
T1 = [15-25] s for long waves (T> = 1.4 s)
T2 = [30-40] s for short waves (T = 1.3 s)
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5.5.1 Results of the measurements
The maximum and minimum overturning bending moment for each wave case considered is reported in Table 5-10.
Figure 5-14 and Figure 5-15 show the time series of the overturning moment of wave H01 and H02 respectively for
both the rigid model S1 (black) and the elastic model S2 (red).
Table 5-10. Maximum and minimum values of the bending moment for systems S1 and S2.
WAVE

S1

S2

H01

Mmax
[Nmm]
532.46

Mmin
[Nmm]
-588.36

Mmax
[Nmm]
402.07

Mmin
[Nmm]
-306.65

H02

679.21

-718.06

474.89

-320.78

H03

652.74

-706.67

560.84

-315.75

H04

602.62

-687.60

547.79

-284.16

H05

937.80

-1020.97

811.34

-473.28

H06

1096.56

-1239.91

1156.55

-529.87

H07

902.45

-1122.24

1400.18

-510.22

H08

904.31

-996.77

1370.70

-373.14

H09

1424.66

-1529.95

1714.69

-613.29

H10

1232.75

-1498.55

1687.02

-639.70

H11

2038.60

-470.57

1839.97

-454.38

H12

1606.56

-502.23

1645.66

-519.89

Figure 5-14. Bending moment H01 S1 (black solid line) - S2 (red solid line) -, T = [30 – 40] s
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Figure 5-15. Bending moment H02 S1 (black solid line) - S2 (red solid line) -, T = [30 – 40] s

Table 5-11 shows the trend of the bending moment of the two models S1 and S2 with increasing steepness of the
wave (defined as the ratio between the height and the length of the wave). So all the graphs are constructed to
follow a function of the steepness of rising wave.
Table 5-11. Bending moments max and min "S1" and "S2" are arranged in order of increasing wave steepness
WAVE

H/L
ka

H04
H03
H02
H08
H01
H07
H12
H06
H11
H10
H09
H05

0.07
0.08
0.11
0.13
0.15
0.16
0.18
0.21
0.22
0.25
0.28
0.30

S1

S2

0.021

Mmax
[Nmm]
602.62

Mmin
[Nmm]
-687.60

Mmax
[Nmm]
547.79

Mmin
[Nmm]
-284.16

0.026

652.74

-706.67

560.84

-315.75

0.034

679.21

-718.06

474.89

-320.78

0.042

904.31

-996.77

1370.70

-373.14

0.047

532.46

-588.36

402.07

-306.65

0.052

902.45

-1122.24

1400.18

-510.22

0.058

1606.56

-502.23

1645.66

-519.89

0.068

1096.56

-1239.91

1156.55

-529.87

0.070

2038.60

-470.57

1839.97

-454.38

0.078

1232.75

-1498.55

1687.02

-639.70

0.088

1424.66

-1529.95

1714.69

-613.29

0.097

937.80

-1020.97

811.34

-473.28

Figure 5-16 shows the variation of maximum tower-base bending moment with the wave steepness for both the
rigid and flexible models.
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Figure 5-16. Maximum tower-base bending moment versus the wave steepness for the rigid (magenta marker) S1 and flexible
(blue marker) S2 models.

It is observed in Figure 5-16 that for small values of the steepness, say when nonlinear wave contributions are
limited, the rigid model is exposed to higher moments. When higher components in the waves become relevant,
approximately from H/L = 0.07 (ka = 0.21) the elastic model presents larger moments at the tower-base. This is
justified by the dynamic excitations that the tower undergoes due to the nonlinear waves contributions.
This report is limited to the discussion of the above preliminary data, because the experimental study described
above is currently in progress and more detailed results about the occurrence of ringing and springing phenomena at
different wave steepness with possible numerical comparisons are not yet available.
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6 BEST PRACTICES
After discussing the different steps needed to write a test specification and explaining these steps with examples,
this chapter summarizes the best practices.

6.1 PART 1: PREPARATION
Consider the Wind System / OWEC to be tested, see section 2.2, and review the relevant literature.
Determine the purpose of the test, which is to validate either a given design or a numerical model.
On the basis of the purpose of the tests, select
a) the quantities to be measured, and
b) the instruments to measure these quantities.
(See Table 2-4 and Table 2-5.)
In a parallel action, decide on:
• What structural characteristics are to be represented in the physical model (just masses and everything stiff,
or masses and structural frequencies),
• The functionality of the model wind turbine (ability to represent the aerodynamic forces as closely as
possible with or without the ability to control the rotor, or to exert the forces on the support structure in a
realistic way),
• The wind/wave/current climate to be represented (wind speed and turbulent intensity at hub height, regular
or irregular waves, wave height and wave length, wave spectrum, angle between wave and current
direction).
Select a wave basin (Table 2-6), and decide on the value of the geometric scaling factor.
Make a preliminary design of the physical model by applying Froude scaling (using the selected geometric scaling
factor; Tables 2-2 – 2-4) to the full-scale design of the Wind System / OWEC to be tested, while taking into account
the required instruments.
Write the preliminary versions of the test programme. The test programme gives a detailed description of the
ambient conditions to be set in the experiments, durations of the individual campaigns, channels of interest, data
rates, filter settings, etc. For the conditions described in the preliminary test programme, predict the performance of
the physical model in general and the values of the quantities of interest in particular by using a numerical model.
Check whether these values can be accurately measured by the measurement system, and whether the physical
model and the laboratory facilities can be operated in a safe way.
Modify the design of the physical model including the measurement system and the test programme if needed.
Finalize the design of the physical model, and write the final versions of the test programme and the validation
protocol.

6.2 PART 2: CONSTRUCTION
On the basis of the preliminary design, build the physical model of the Wind System / OWEC and the embedded
instruments.
Document any changes to the final design of the physical model.
When built, verify the static and the dynamic properties of the physical model against the target values: measure
lengths and masses, and, if the structure is not rigid, structural frequencies.
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Check the functionality of the instruments and their calibrations, and the data acquisition and post-processing
systems.
Check whether the input of the numerical model reflects the physical model as built, and validate the computed
static and dynamic properties.

6.3 PART 3: TESTING
Perform the experiments as described in the test programme. Monitor whether signals remain in range and are free
of outliers. Use a log book to keep track of the tests.
Check the outcome of the experiments as soon as possible for consistency and possible errors, and compare the
measured data with the predicted data. Document the findings in the log book.
If something seems to be wrong, stop the experiment in order to fix the problem.

6.4 PART 4: ANALYSIS
Analyse the data while keeping the purpose of the test in mind:
• When validating a numerical model: Identify any discrepancy between the outcome of the measurements
and the predictions.
• When validating a design: Translate the outcome to the full scale, and find an answer to the research
questions.
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