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The present manuscript describes the experience gained from the design methodology and 
operation of a 3D physical model experiment aimed to investigate the dynamic response of 
two structure technologies of floating off-shore wind turbine (WT): tension leg platform (TLP) 
and spar buoy (SB), under different wind and wave conditions. The physical model tests have 
been performed at the Danish Hydraulic Institute (DHI) off-shore wave basin within the 
European Union-Hydralab IV Integrated Infrastructure Initiative, in October 2012. The 
floating WT models have been subjected to a combination of regular and irregular wave 
attacks and steady wind loads. Observations of hydrodynamics, displacements of the floating 
structure, wave induced pressures and tensions at critical points of the structure and at the 
mooring lines have been carried out. Based on the observed data from the TLP and SB models, 
it has been possible to individuate and discuss the maximum attained values of the induced 
horizontal forces and moments components at the nacelle base, the mooring lines tensions, the 
surge, sway and heave displacements and the roll, pitch and yaw rotations.  
 

1. INTRODUCTION  

An off-shore WT can present different floating support-platform configurations; in fact, there is a 
large variety of mooring systems, tanks, and ballast options used in the offshore oil and gas industry. 
With particular reference to the platforms, they can be classified in terms of how they achieve stability 
in pitch and roll. Currently, there are 3 main categories of offshore floating WT platform concepts:  

- TLP type, stabilized by mooring lines; 
- SB type, stabilized by ballast; 
- Semi-Submersible (SS) type, stabilized by buoyancy. 

The present manuscript describes the experience gained from the design methodology and operation of 
a 3D physical model experiment aimed to investigate the dynamic response of two structure 
technologies of floating off-shore WT: TLP and SB, under different wind and wave conditions. The 
objectives of the research activity have been mainly oriented to: 
- non-intrusively measure the amplitude of all motions of the floating body under wind and waves; 
- investigate on natural frequency of the structure;  
- observe the hydrodynamic aspects for a floating WT;  
- identify the influence of the mooring lines on the response of the floating body;  
- create a reliable database for numerical modeling calibration and verification; 
- create a unique database for comparison with prototype/field measurements.  
 



Proceedings of the HYDRALAB IV Joint User Meeting, Lisbon, July 2014  
 

2 

2. PHYSICAL MODEL DESIGN OF OFF-SHORE FLOATING WT 

In the present study, in order to design the physical models at reduced scale, two prototypes (TLP and 
SB) have been taken as a reference: the MIT/NREL (Jonkman & Matha, 2009; Matha, 2009) and the 
OC3-Hywind (Jonkman et al., 2009; Jonkman, 2010).  
The experiments have been performed at the DHI Off-shore Wave Basin in Hørshom, DK. The wave 
basin is 20 m long and 30 m wide with an overall water depth of 3 m and a 6 m deep in the pit. The 
floating structures have been placed at the centre of the pit at a distance of 8 m from the wave maker.  
The MIT/NREL is a floating WT from modifications of a TLP made at the Massachusetts Institute of 
Technology in 2006; it consists of a cylindrical platform, ballasted with concrete and moored by 4 
pairs of vertical lines tensioned at the sea bottom; each pair of lines attaches to a spoke that radiates 
horizontally from the bottom of the platform; the concrete ballast allows the combined turbine-
platform system to remain stable during float-out, even without the lines, under mild meteo-ocean 
conditions. A 1:40 scale factor has been adopted. Table 1 summarizes the geometrical characteristics 
and the properties of the TLP MIT/NREL.  
 

Table 1. Geometrical characteristics and properties of the TLP MIT/NREL.  
Model scale ratio (1/λ) = 1:40  

 
TLP MIT/NREL Full scale Unit Scale factor Scaled model  

Diameter of the platform 18 m λ 0.4500 
Draft 47.89 m λ 1.1973 

Radius to fairleads, anchors 27 m λ 0.6750 
Depth to fairleads, anchors 47.89 m λ 1.1973 

CM location below still water level 40.61 m λ 1.0153 
Tower height (hub level) 90 m λ 2.2500 
Unstreached line length 151.7 m λ 3.7925 

Line diameter 0.127 m λ 0.0032 
Line mass density 116 kg/m λ2 0.0707 

 
The floater of the TLP model has been constructed with plastic material characterized by a mass 
density equal to 1200 kg/m3; it is composed as in the following: the main cylinder/draft had a length of 
1.19 m with an outer diameter of 450 mm; at the top of the main cylinder a removable cover has been 
placed in order to allow the technicians/researchers to easily add ballast and to install instruments 
inside it; the cover has been linked to a smaller cylinder 300 mm long with an outer diameter of 162.5 
mm; at the top of the smaller cylinder a 6 component force gauge has been mounted and, above this, 
the tower has been installed.  
The presence of the mooring system aims to provide the platform with the necessary restoring forces, 
in order to avoid excessive motions under the action of the waves and, also, to keep the angles and the 
displacements of the structure inside the operational range of the turbine and the safe range, during the 
action of extreme loads. A proper design of the mooring system results in natural frequencies, for the 
horizontal motions, well below the excitation ones, avoiding resonance phenomena. The natural 
frequencies for the heave motion are strongly depending on the elasticity of the mooring lines, 
meaning that this parameter has to be taken into account. 
The mooring line system consisted of 4 tension legs, made of aluminum, fixed at the base of the main 
cylinder by means of an internal mast, and 4 mooring lines. The lower ends of the 4 mooring lines 
have been anchored to the bottom of the pit in the wave basin to simulate the TLP foundation, and 
their top ends have been symmetrically attached to springs characterized by spring coefficients 
ranging from 10.3 N/mm to 13.08 N/mm. S-type load cells connecting the springs to the mooring lines 
measured the induced forces; the load cells had a maximum capacity of 100 kg.  
The TLP model has adopted high strength very low stretch braided ropes manufactured using 
Vectran® LCP (Liquid Crystal Polymer) high modulus synthetic fiber yarns. Each rope had a diameter 
of 8.0 mm, a weight of 54.5 g/m, a minimum breaking load of 3600 daN and an equivalent extensional 
stiffness of 40 N/mm. The total pretension force for the 4 lines was calculated to be 49.6 kg so that 
each mooring line has been pre-tensioned with a weight of approximately 12.4 kg. 
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The OC3-Hywind is a SB floating WT developed within the Offshore Code Comparison Collaboration 
(OC3). The OC3-Hywind system resembles the SB concept called “Hywind,” developed by Statoil 
Hydro of Norway; it features a deeply drafted slender SB with 3 catenaries mooring lines. The lines 
attach to the platform by a delta connection (or “crowfoot”) to increase the yaw stiffness of the 
moorings. A 1:40 scale factor has been adopted. Table 2 summarizes the geometrical characteristics 
and the properties of the SB OC3-Hywind. 
 

Table 2. Geometrical characteristics and properties of the SB OC3-Hywind.  
Model scale ratio (1/λ) = 1:40  

 
SB OC3-HYWIND Full scale Unit Scale factor Scaled model 

Platform Diameter Below Taper 9.4 m λ 0.2350 
Depth to the platform base below SWL (total Draft) 120 m λ 3.0000 

Platform Diameter Above Taper 6.5 m λ 0.1625 
Depth to Top of Taper Below SWL 4 m λ 0.1000 

Depth to Bottom of Taper Below SWL 12 m λ 0.3000 
Tower height 88.5 m λ 2.2125 

Hub level 90 m λ 2.2500 
Hub Diameter 3 m λ 0.0750 

Radius to fairleads 9.4 m λ 0.2350 
Radius to anchors 853.9 m λ 21.3475 
Depth to fairleads 70 m λ 1.7500 
Depth to anchors 320 m λ 8.0000 

CM location below still water level 89.9155 m λ 2.2479 
Unstreached line length 902.2 m λ 22.555 

Line diameter 0.09 m λ 0.0023 
Line mass density 77.71 kg/m λ2 0.0474 

Angle between adjacent lines 120 deg λ0 120 
 
The floater of the SB model has been designed consisting of three main parts: an upper cylinder 
corresponding to the smaller vertical cylinder adopted in the TLP model, 300 mm long and having an 
outer diameter of 162.5 mm; further below, a 200 mm long structure made up of a vertical cone shape 
becoming wider up to a diameter of 235 mm; the remaining 2.6 m have been constructed as a main 
cylinder with a constant diameter of 235 mm, presenting a removable bottom 100 mm long which has 
been used to place the ballast. The SWL was at a distance of 300 mm from the top of the upper 
cylinder. The SB model has been ballasted using lead spheres and lead bars.  
The mooring system consisted of 3 mooring lines directly connected to the main cylinder using a 
collar with fairleads placed at 1.75 m below the SWL. The angle between 2 adjacent mooring lines 
was 120°. In the design of the SB model, a single mooring static analysis has been performed to obtain 
the initial fairlead angles and to determine the locations where to set the anchor plates. The analysis 
has been done by the code STATMOOR (Mavrakos, 1992) which is capable to handle the static 
analysis of extensible mooring lines made of several segments each of them with different geometrical 
properties and with attached submerged buoys along them. The equilibrium position has been 
identified and the corresponding horizontal force component at the upper end (fairlead) has been 
determined. 
As a consequence of limited water depth in the basin, for the experimental phase  it was necessary to 
individuate a truncation point (pivoting point), for the static excursion curves of the catenary allowing 
to represent the longer chain by a short line having the correct configuration when the SB moved 
sideways. Truncation point was at a vertical distance of 1.25 m and at an horizontal distance of 1.94 m 
from the fairleads. Forces at the top of the 3 mooring lines have been observed by force transducers 
having a maximum load capacity of 30 kg. Following the force transducers, springs of 0.75 m length 
with spring coefficients of about 0.028 N/mm have been attached to the mooring lines. Each mooring 
line was made by a thin rope with a 1.7 mm diameter, a weight of 2.4 g/m, and an equivalent 
extensional stiffness of 6.25 N/mm. The mooring lines have been pre-tensioned with a weight of 
1.5 kg per mooring line. 
Figure 1 shows a sketch of the TLP (a) and SB (b) scaled models installed into the wave basin, 
respectively. 
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(a) 

 
(b) 

 
Figure 1. Overview of the set-up of the TLP and SB models 

 
The design and instrumentation of tower, rotor, and blades was the same for the TLP and the SB.  
At the base of the tower a 6 component force gauge measuring the forces Fx, Fy, Fz and moments Mx, 
My and Mz has been mounted. The tower was a slender plastic cylinder and had an outer diameter of 
80 mm and a length of 161.5 cm. At the top of the tower a 4 components force gauge measuring Fx, 
Fy, Mx and My has been placed. At top of the 4 components force gauge, the nacelle has been installed. 
Furthermore, 3 accelerometers measured the accelerations at different levels along the tower; in 
particular, two accelerometers have been placed underneath the nacelle and a third one has been fixed 
at the bottom of the tower.  
A motor inside the casing has induced the rotation for the rotor. a potentiometer adjusted the rotational 
speed. The rotation has been kept constant throughout the rotational tests at a speed of 38 rpm, which 
corresponds to a rotational speed of 12.1 rpm at the full scale, accounting for the gyroscopic effect.  
Regarding the wind loads, only the mean thrust force has been modeled. The experimental set-up has 
consisted of a weightless line connected to the nacelle, passing through a pulley and with a suspended 
mass with weight equal to the target thrust force. The full scale thrust values have been calculated 
before by other researchers for the 5 MW NREL reference turbine, as for example by Sclavounos et 
al. (2008), who found that the rotor thrust under a 11 m/s wind speed is equal to about 800 kN. The 
additional thrust applied to the wind turbine has been constant as well with a force of 7 N in model 
scale. Further tests to obtain a relationship between thrust and rotational speed have been carried out 
with rotational speeds of 32 rpm, 38 rpm and 42 rpm at the model scale. 
The rotor blades have been scaled geometrically; each blade had a length of 1.575 m. They have been 
constructed by using fiber glass and scaling the drawings from a real case. The pitch of the blades has 
been set to 30° determining a measured thrust of 4 N at 38 rpm at model scale. 
Table 3 summarizes the properties of the WT and blades. 
 

Table 3.  Summary of properties of the WT, scale ratio (1/λ) = 1:40 
 

WT Full scale  Unit Scale factor Scaled model 
Rotor mass 110000 kg λ3 1.6768 

Nacelle mass 240000 kg λ3 3.6585 
Rated rotor speed 12.1 rpm λ0 12.1000 

Overhang 5 m λ 0.1250 
Shaft tilt 5 deg λ0 5.0000 
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3. INSTRUMENTATION 

The wave maker is equipped with 60 individually controlled flaps capable of generating regular and 
irregular waves attacks. A parabolic wave absorber located opposite the wave maker minimized 
reflection. Incident and reflected waves have been obtained by a 5 wave gauges array reflection 
analysis (Mansard & Funke, 1980). The wave calibration procedure has considered 5 gauges at the 
centre of the pit; during the model tests, they have been displaced at 3 m from the floating structure. In 
addition, 6 wave gauges have been located around the structure; they have been aligned at 1.5 m from 
the front side and from the rear side of the structure.   
A Vectrino type velocimeter has been used to measure the velocity field in proximity of the structure. 
For the TLP tests, the ADV has been located at a distance of 30 cm from the front side of the floater; 
since larger motions were expected during the SB tests, the ADV was  located at a distance of 60 cm.  
A Qualisys Track System (www.qualisys.com) has followed the 6 degrees of freedom movements of 
the structure: translational surge, sway and heave, and the rotational roll, pitch and yaw. The system is 
accompanied by 2 cameras emitting infra-red light. The infrared light has been reflected by 5 passive 
spherical markers, having 40 mm diameter and positioned on a frame which has been mounted at the 
tower base just below the 6 components force gauge. Data processed by the Qualisys Track Manager 
have been directly transferred into an analogue output to the main data acquisition system and thus 
synchronized with all other recorded data. 
All observed data have been synchronized by using the DHI Wave Synthesizer. All data have been 
sampled at 40 Hz for a single wave attack duration equal to 3 minutes for the regular wave case, and 
equal to 10 minutes, for the irregular wave case.  
 
4. PHYSICAL MODEL TESTS CONDITIONS 

The model tests considered three meteo conditions (no rotation, normal operational and extreme). At 
first, the dynamic behavior of  the floating structure (TLP or SB) has been investigated under no wind 
conditions. Afterward, normal operational conditions have been simulated with combined rotation 
(rated wind speed) and wave agitation. Finally, extreme wave conditions have been generated with the 
rotor being stopped (cut off wind speed).  
Both floating structures have been tested using long crested regular and irregular waves, orthogonal (0 
degrees) and oblique (20 degrees) to the structure. The selected wave conditions values refer to typical 
storm conditions at both sea and ocean areas. In Table 4 the characteristics of the considered waves are 
reported, where H and T indicate the regular wave height and wave period, respectively, and Hs and Tp 
represent the significant wave height and peak wave period, respectively. 

 
 

Table  4. Model tests programme 
 

Meteo conditions Reg/Irr 
Prototype Model 

H/Hs  
(m) 

T/Tp  
(s) 

H/Hs  
(cm) 

T/Tp  
(s) 

No wind and operational condition 
Reg 

1 10.1 2.5 1.6 
1.56 12.6 3.9 2 
1.80 15.2 4.5 2.4 

4 
11.4 

10 
1.8 6 15 

12 30 

6 12.6 15 2 
15.2 2.4 

Irr 4 10.1 10 1.6 6 15 

Extreme conditions Reg 
10 11.4 25 1.8 

12 12.6 30 2 
15.2 2.4 

Irr 8 12.6 20 2 
 
 



Proceedings of the HYDRALAB IV Joint User Meeting, Lisbon, July 2014  
 

6 

5. PRELIMINARY ANALYSIS 

Based on the observed data from the TLP and SB models, it has been possible to individuate the 
maximum attained values of the induced horizontal and longitudinal forces and moments components, 
Fx, Fy, Mx and My, respectively, at the nacelle base, the mooring lines tensions, Ti, the surge, sway and 
heave displacements and the roll, pitch and yaw rotations. 
The preliminary analysis has been conducted in order to perceive and compare the dynamic behavior 
of the 2 WT under 6 selected regular wave characteristics and meteo conditions (Table 5) allowing to 
investigate the influence of the rotor movement and wave height (Table 6 to 8). The analysis has 
skipped the initial 150 s data records.  

 
Table 5. Selection of the wave characteristics and meteo conditions (NR = No Rotation, R = Rotation) 

 

Test Case H 
(m) 

T 
(s) Meteo conditions 

T1 0.10 1.8 NR 
T2 0.10 1.8 R 
T3 0.15 2.4 NR 
T4 0.15 2.4 R 
T5 0.20 1.8 NR 
T6 0.20 1.8 R 

 
 

Table 6. Maximum values of Fx and Mx at the nacelle base 
 

 TLP SB 

Test Case Fx  
(N) 

Mx  
(Ncm) 

Fx  
(N) 

Mx  
(Ncm) 

T1 5.83 0.40 -3.83 -0.16 
T2 -11.96 2.34 -20.84 1.93 
T3 3.29 0.32 -5.08 -0.18 
T4 -12.94 2.32 -22.73 1.95 
T5 12.58 0.45 -7.11 -0.15 
T6 -16.38 2.48 -24.47 1.94 

 
 

Table 7. Maximum values of the mooring lines tensions 
 

 TLP SB  

Test Case T1 
(N) 

T2 
(N) 

T3 
(N) 

T4 
(N) 

T1 
(N) 

T2 
(N) 

T3 
(N) 

T1 137.99 132.87 141.24 126.73 14.48 14.03 13.25 
T2 152.56 130.68 109.21 124.35 19.85 11.58 11.64 
T3 133.25 130.16 128.13 128.00 14.97 14.29 13.47 
T4 149.31 129.81 103.79 128.22 20.38 13.96 13.19 
T5 154.43 128.99 169.35 130.55 14.81 14.25 13.42 
T6 160.03 132.49 127.52 123.01 20.27 11.71 11.77 
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Table 8. Maximum values of surge, sway and heave displacements and roll, pitch and yaw rotations 

 
TLP 

Test Case  
Surge 
(cm) 

Sway 
(cm) 

Heave 
(cm) 

Roll 
(deg) 

Pitch 
(deg) 

Yaw 
(deg) 

T1  6.9 4.6 -3.2 1.69 6.70 -55.77 
T2  25.9 5.7 -3.5 3.42 8.14 -63.76 
T3  15.1 4.7 -3.3 1.43 6.26 -58.82 
T4  34.1 6.1 -3.7 1.43 8.07 -61.87 
T5  13.4 4.5 -3.5 1.59 7.51 -61.13 
T6  33.5 6.1 -3.9 3.19 8.39 -64.70 

SB 
T1  -6.3 17.9 -3.5 3.95 5.45 -68.70 
T2  106.3 30.3 -3.5 -3.39 38.35 46.55 
T3  -13.9 18.0 -4.6 4.28 7.19 -179.60 
T4  113.7 29.9 -4.7 -4.87 40.42 -149.28 
T5  -11.5 17.9 -4.2 4.28 7.38 -81.93 
T6  114.2 30.3 -4.2 -4.92 41.34 68.19 

 
The discussion of the maximum values of Fx and Mx at the force gauge below the nacelle and the 
tensions at the mooring lines determines the following preliminary comments. Figure 2 shows the 
adopted reference systems for Fx, Fy, displacements and rotations.  
 

 
(a) 

 
(b) 

 
Figure 2. Sketch of the adopted reference system for Fx and Fy (a)  

and for displacements and rotations (b)     
 
At the nacelle base, for both the TLP and SB, a larger value of H determines larger values of Fx; Mx 
results not depending on H. The rotation condition determines larger values of Fx and Mx. In 
particular, for the TLP case, the rotation induces a change in the Fx direction, from positive to 
negative; with regard to the Mx values, they remain constant through both the no rotation and rotation 
tests.   
For the TLP case, a larger value of H determines larger values of T1 and T3 (Figure 3). The peak 
tension value at the mooring lines, at rotation and no rotation conditions, is equal to about 170 N. For 
the SB case, maximum values appear at the front line and it occurs an influence of rotation on the 
maximum values of T1 (Figure 3). The TLP case presents one order of magnitude larger maximum 
values of the tensions at the mooring lines in comparison with the values measured for the SB case.    
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For both the TLP and SB, a larger value of H or the rotation condition determines a larger surge; in 
particular, for the SB case, one order of magnitude larger values respect to the no rotation have been 
observed. In addition, for the SB case solely, sway and pitch larger values are determined by the rotor 
movement. 
 

 
(a) 

 
(b) 

 
Figure 3. Sketch of the orientation of the mooring lines for the TLP (a) and SB (b) models, 

respectively, with reference to the wave generator 
 

6. CONCLUSIONS    
Based on the observed data from the TLP and SB models, it has been possible to individuate the 
maximum attained values of the induced horizontal forces and moments components, Fx and Mx, 
respectively, at the nacelle base, the mooring lines tensions, Ti, the surge, sway and heave 
displacements and the roll, pitch and yaw rotations. At the nacelle base, for both the TLP and SB, a 
larger value of H determines larger values of Fx. The rotation condition determines larger values of Fx 
and Mx. With regard to the attained maximum values of the tensions at the mooring lines, the TLP case 
presents one order of magnitude larger values of Ti in comparison with the values measured in the SB 
case. For both the TLP and SB, a larger value of H or the rotation condition determines a larger surge. 
In addition, for the SB case solely, the sway and the pitch larger values are determined by the rotor 
movement. 
The merit of the selected experimental set-up is that the complex hydrodynamic interaction, the 
mooring system and gyroscopic couplings are correctly modeled, while the wind effects are kept at a 
simple level from the experimental implementation point of view. As disadvantages, the turbulent 
wind effects are not taken into account, neither the wind dampening effects. Furthermore, the wind 
turbine model is rigid, in practice, since it was not in the project objectives to model the flexible 
modes. The flexible structural responses are important for fatigue studies, but they do not influence the 
global motions of the platform, neither the mooring line loads. 
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