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Experimental Results for Tension-Leg-Buoy Offshore Wind Turbine Platforms
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Several simulation tools for analysis of offshore wind turbine dynamics are under development. However, there are limited
experimental data available for validation. This paper presents wave trials for three different Tension-Leg-Buoy (TLB) systems
at scale 1:40. The presented results include decay tests, plus regular and irregular wave trials. Data are displayed using
Response Amplitudes Operators (RAO). Both the model geometries and test setup are described in detail. The time series of
the results will be made available to the offshore wind community in order to contribute to further development and validation
of offshore wind turbine simulation tools.

INTRODUCTION

The application of bottom-fixed turbines is currently moving
from the test phase, where turbines are counted by the tens, into
large-scale deployment by the hundreds. Floating offshore turbines
have yet to move from the prototype stage and into large-scale
deployment, but several types of platforms are currently in different
stages of development. Sufficient stability to support the wind
turbine can typically be achieved by ballast, buoyancy, mooring lines,
or by a combination thereof. Examples include Hywind, a full-scale
2.3 MW spar buoy, WindFloat, which features a semisubmersible
platform active ballast system, the 1:6 prototype Sway, and several
different Tension-Leg-Platform (TLP) and Tension-Leg-Buoy (TLB)
systems, as discussed by Robertson and Jonkman (2011), Weinstein
and Roddier (2010), Copple and Capanoglu (2012), Myhr and
Nygaard (2012), and Jonkman and Matha (2011).

To investigate the potential for large-scale deployment of offshore
wind turbines, Simulation Tools (STs) capable of predicting the
dynamic performance of the various concepts are needed. Extensive
work has been performed in order to develop both existing and new
STs for this purpose in the IEA project Offshore Code Comparison
Collaboration (OC3) (Jonkman et al., 2010) and the follow up
project OC4 (Popko et al., 2014). However, the approach in OC3
and OC4 has so far been verification through comparison in order to
perform a stepwise approach, but also due to lack of experimental
data. Recent validation of the code FAST for a TLP (Stewart et al.,
2012) illustrates the need for experimental data to validate the STs.
Validation of the STs should ultimately be performed on full-scale
systems. However, wave tank trials in confined basins are attractive
due to several aspects: the controlled environment, lower costs, and
the opportunity to test different concepts under similar conditions.

The mooring-stabilized TLB systems are known for their low
steel mass and stiffness-controlled dynamic response. The TLB was
first introduced as a platform for wind turbines under the name MIT
Double Taut Leg by Professor Sclavounos of the Massachusetts
Institute of Technology (Butterfield et al., 2007; Sclavounos et al.,
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2010). Taut axial mooring lines are utilized to stabilize the turbine
and to control the eigen periods, which are all to be less than 4–5 s,
while also avoiding the rotor periods and other relevant periodic
loading. Tension in the six mooring lines is achieved through
excess buoyancy in the floater, and safe operation is dependent on
tension in all of the mooring lines at all times to avoid snap loads.
Therefore, design of TLB systems is dependent on accurate STs
capable of computing the complex dynamic response of an elastic
body subjected to irregular loading from both wind and waves.
Subsequent work on the TLB systems includes application examples
(Nygaard et al., 2009; Sclavounos et al., 2010; Tsouroukdissian et
al., 2011), comparisons between a wave tank test and computations
(Myhr et al., 2011), and optimization of TLB systems (Myhr and
Nygaard, 2012).

APPROACH

The experiment had two main goals: (1) To further investigate
the dynamic performance of TLB systems, and (2) to obtain and
share high quality data on scaled floating offshore wind turbines
for further development of simulation tools. Three geometries
were selected and designed (Fig. 1) to cover both inertia- and
drag-dominated loading, as well as aspects related to measures for
reduced wave loading.

The Deep Wave Basin of 12.5 m by 50.0 m at the IFREMER
facilities in Brest was made available for two weeks to conduct the
wave trials. The depth range was 10 to 20 m with maximum wave
height (Hmax5, crest-to-trough, of up to 0.5 m. Recent works and
optimization shown by Nygaard et al. (2009), Myhr et al. (2011),
and Myhr and Nygaard (2012) on the TLB systems indicate that an
angle between 35 and 50 degrees between the upper mooring lines
and the seabed is optimal. Together with the need for absolute
control of the mooring points, it was decided to use a surface-
mounted, pre-tensioned structure with a small footprint in order
to fix the mooring lines at a significantly shallower and more
accessible depth of a few meters.

This allowed for high-precision load cells (FLINTEC Type SB6)
to be mounted above water, and the axial loads of all the mooring
lines could be measured in the vertical direction after passing
through a pulley system at the desired mooring point. The vertical
mounting was also necessary to practically mount precision linear
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prototype actuators, based on the LINAK LA23, to remotely control
the pre-tension of each mooring line. Each mooring line ran from
the floater down to the anchor point pulley and vertically upward
to a special coil spring concept with adjustable stiffness. The
spring/load-cell actuator system allowed convenient manipulation
of the stiffness in each mooring line. Both the load cells and the
actuators should ideally be located within the model for full-scale
systems, but to increase the model accuracy, it was moved to the
opposite, static end of the mooring lines. The in-house Qualisys
motion tracking system was used to capture motions at the top of
each model.

The models selected for the test, TLB B and TLB X3 (Fig. 1),
are based on previous development by Myhr and Nygaard (2012)
and optimized for a site in harsh weather conditions. However, the
mooring line configuration was adapted on-site to ease the experi-
mental setup with regards to the available facilities at IFREMER.
Therefore, the dynamic response shown in this experiment does not
represent a well-designed full-scale system, but should nevertheless
be suitable for STs validation. To increase model accuracy and
ease fabrication, some modifications and simplifications were made
on the original designs. In addition, a simplified reference model,
the TLB S, was introduced. It consists of a uniform rigid cylinder
with draft and mooring points similar to TLB B and TLB X3. It
can be represented in STs with little effort.

Previous testing by Myhr et al. (2011) revealed that the scale
1:100 was challenging due to the elastic behavior and the relatively
small motions of the TLB systems. Due to the low mass of the full-
scale systems, accurate 1:100 models were also fragile, expensive
to fabricate, and cumbersome to represent in STs. Therefore, it
was decided that the models should be as large as possible and
fabrication methods should favor easy modeling in the simulation
tools for increased accuracy. The upper limit was determined by the
extent of the basin and its wave-making capabilities. Larger models
would include a wider and deeper mooring setup and a lowering of
the relative wave height, thus reducing the forces acting on the
model. As a compromise, the scale was set to 1:40.

Digital signal data from the Qualisys system and analog signal
data from the load and wave sensors were recorded at 100 Hz
by Labview. The central tracking and reference point is located
157 mm above the top level of each model. The mass of the
optical tracking system was measured at 82 g and is assumed to
be evenly distributed from the top level of the model down to
the reference tracking height. Tuning of the models in the basin
was done prior to the tests. This included tuning of the mooring
system to ensure correct neutral position, buoyancy, orientation,
mooring line stiffness, and pre-tension. The mooring line stiffness
was tuned based on eigen-period computations performed by Myhr
and Nygaard (2012), but deviating somewhat due to discrepancies
in mooring radius. Verification that the longest of the eigen periods
corresponds to 5 seconds in full-scale was performed to ensure
when we could provoke resonant behavior during the trials.

The results for the wave trials are presented by the use of
Response Amplitude Operators (RAO). Additionally, video was
recorded by a high definition (HD) camera mounted at the side of
the basin, close to the top height of TLB B and TLB X3. A second
video feed from a submerged camera somewhat downstream was
also recorded. Wave gauges were placed both upstream and to the
side of the models.

EXPERIMENTAL SETUP

The structure supporting the mooring system, sensor equipment,
and actuators was based on extruded square aluminium lattice
profiles of 0.2 m by 0.2 m-type Mast 4420 from Lattix AS. The

Number X [m] Y [m] Z [m]

Lower lines
1 30835 00030 −10868
2 −10891 −30336 −10868
3 −10943 30306 −10868

Upper lines
4 30835 −00030 −10868
5 −10943 −30306 −10868
6 −10891 30336 −10868

Table 1 An overview of the final mooring point location

selected towers feature high transparency, resulting in low wave
reflection. Three towers were used, one for each pair of mooring
lines spaced every 120 degrees around the model, with one located
directly downstream. To maintain the correct position of the anchor
points, three distance-wires were secured in the horizontal plane
between the anchor points. The distance-wires were pre-tensioned
by connecting two additional wires at each tower, inline with
the distancing wires, and fixating them at the surface. The final
mooring point positions are shown in Table 1, with the x-axis
in the wave direction. The lines are distributed in a clockwise

Fig. 1 Individual sections of the geometries for (a) TLB B, (b) TLB
X3, and (c) TLB S. The reference system has origin in the center-
line at the still water level.
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direction from the bottom up with lines 1 and 4 downstream on the
tower.

Models

To increase the quality of the recorded data, a significant effort
was made to simplify the TLB conceptual original models developed
by Myhr and Nygaard (2012), which, in turn, were based on the
NREL 5MW reference turbine developed by NREL (Jonkman
et al., 2009). Several compromises were made to achieve robust,
durable, and predictable models with a reasonable distribution
of stiffness and masses, while retaining solutions that could be
implemented in the simulation models with ease and high accuracy.
The RNA was simplified by the use of a lump mass, and the center
of mass was located along the central axis of the turbine. This
allowed for module-based, precision-engineered, multi-material
models, where TLB B and TLB X3 share the same tower to reduce
model discrepancy. Polycarbonate, polyvinyl chloride (PVC), and
various aluminium compounds were chosen for the main structure.
Data supplied are based on product sheets. A detailed overview of
the models is shown in Figs. 1a, 1b, and 1c with corresponding
section descriptions in Tables 2, 3, and 4, respectively.

Section 1 replaces the total mass of the NREL 5MW RNA
assembly, but yaw inertia is not preserved, as there is no physical
rotor attached. Sections 1 to 4 for TLB B and TLB X3 are
identical, as they utilize the same tower. The tower was fitted to the
floater by tightly fitted, fine-threaded connectors. The remaining
connections were glued with appropriate epoxy-based adhesives or
cyanoacrylate upon receiving a thick coat of water-resistant paint.
Glued connections overlapped by 10 to 20 mm to ensure sufficient
surface area for the glue to achieve a safe transition.

Mooring Lines

Three mooring lines, spaced at 120 degrees in the horizontal
plane, were attached at each mooring height. The axial stiffness
was significantly higher than the scaled mooring line stiffness
in order to accommodate compliance from transition changes,
mooring line terminals, and connectors. In addition, it was also
convenient to have some room for final tuning of the spring system.
One-millimeter multistring stainless steel wire was used for the
mooring line. Tuning of the mooring lines was done by using the
actuators to enforce known displacements while monitoring the

TLB B Length D outer Thickness Mass E-mod
Item [mm] [mm] [mm] [g] [Mpa]

1 8307 16205 8103 4681 69000
2 2000 15000 7500 832 69000
3 178000 15000 400 3922 2380
4 2000 15000 900 170 69000
5 500 16000 1700 120 69000
6 2000 16000 1000 159 69000
7 84300 16000 500 3174 3275
8 2000 16000 800 154 69000
9 12300 NA 405 1201 69000
10 1800 29803 505 276 69000
11 58200 29803 205 3877 69000
12 1000 29803 505 102 69000
13 700 29700 14805 745 69000
14 3300 36000 126
15 121700
16 64600 21000 66

Table 2 Geometry description of TLB B

TLB X3 H D outer Thickness Mass E-mod
Item [mm] [mm] [mm] [g] [Mpa]

1 8307 16205 8103 4681 69000
2 2000 15000 7500 832 69000
3 178000 15000 400 3922 2380
4 2000 15000 1208 213 69000
5 400 20000 3708 640 69000
6 57600 2200 300 837* 69000
7 500 26005 13003 1021 69000
8 800 26100 405 96 69000
9 102500 26100 205 5959 69000
10 800 26100 405 88 69000
11 500 26005 13003 577 69000
14 3500 32100 66
15 121700
16 64500 21000 66

*The summarized mass of the three rods used in the space frame

Table 3 Geometry description of TLB X3

TLB S H D outer Thickness Mass E-mod
Item [mm] [mm] [mm] [g] [Mpa]

1 300 25000 12500 216 2380
2 500 25000 12500 237 2380
3 182400 25000 500 7956 2380
4 500 25000 12500 240 2380
5 300 25000 12500 218 2380
14 4000 31000 90
15 105400
16 71700 31000 90

Table 4 Geometry description of TLB S

loads and adjusting the springs. The resulting line stiffness for each
mooring line is shown in Table 5.

Calibration of the lines was performed by arresting the end of
each mooring line while connected to the pre-tensioned towers and
pulley system, and with all the connectors and terminals installed.
Thus, any stiffness compliance from the installation rig should be
included. The pre-tension in the mooring lines is shown in Table 6.
Sufficient pre-tension in each mooring line is essential in order to
achieve correct neutral position and to avoid snap loads.

During the installation of TLB B, one of the mooring lines failed.
There was no visible damage to the equipment, but a recalibration
of the load sensors post-experiment indicated a slight offset in the
zero level in one of the sensors. The results have been updated

1 2 3 4 5 6

TLB B & S 2.899 2.842 2.870 2.341 2.320 2.299
TLB X3 2.494 2.479 2.425 2.312 2.325 2.234

Table 5 Showing line stiffness calibration values in N/mm

Line 1 Line 2 Line 3 Line 4 Line 5 Line 6

TLB B 164.80 164.10 159.70 188.89 184.26 178.66
TLB S 200.73 195.14 197.14 184.79 177.58 179.66
TLB X3 149.51 147.99 142.60 185.55 180.19 173.26

Table 6 List of initial mooring line forces in Newton
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LC 1 LC 2 LC 3 LC 4 LC 5*

Tp [s] 3.04 1.58 3.04 2.53 1.26
Hs [m] 0.28 0.13 0.28 0.28 0.08
Gamma 1.05 2.87 1.05 2 1.05

*LC only run on TLB X3

Table 7 An overview of the irregular wave load cases where
JONSWAP spectrums were used

H [m] Period [s]

0.95 1.26 1.58 1.8 2.5 2.8*

0.13 LC 6 LC 7 LC 9 LC 11 - LC 15
0.3 - LC 8 LC 10 LC 12 - LC 16
0.5 - - - LC 13 LC 14 LC 17

* LC only run on TLB X3

Table 8 An overview of the regular wave load conditions

with the re-calibrated values, but it resulted in a slight offset in the
initial position of TLB B, as obtaining the vertical orientation of
the turbines was done by evaluating the mooring line forces.

Load Cases

Each load case (LC) was run for 60 and 300 seconds for regular
and irregular runs, respectively. A compromise between maximum
wave height and diversity of wave periods was made to ensure
good quality waves and maximum wave loading to reduce the
relative error. The LCs are shown in Tables 7 and 8. Seawater was
utilized in the basin, and the corresponding density was assumed to
be 1025 kg/m3.

Figure 2 shows the corresponding measured wave spectrum for
each of the irregular load cases in Table 7, as recorded by the side
wave gauge. LC 1 and LC 3 are identical in order to verify whether
different realizations of the wave fields have repeatable spectrums.

RESULTS

Decay Tests

The eigenmodes of stiffness-controlled platforms are fundamen-
tally different from floaters with catenary mooring lines, where the

Fig. 2 Wave spectrums computed from the data recorded by the
side-mounted wave height sensor

Fig. 3 Plot of heave motion during the decay tests for TLB B,
TLB X3, and TLB S

couplings between the rigid body surge, sway, heave, roll, pitch,
and yaw modes are weak. The taut mooring lines introduce strong
couplings interacting with the elasticity of the platform, except in
heave. Heave was introduced by adding a mass to the top of the
model and quickly removing it again. For one of the pitch-surge
modes, the tower top horizontal deflections in the downstream direc-
tion due to platform pitch rotation and surge motions were in phase.
For this pitch-surge mode, the motion was introduced by exerting
force in the upstream direction on the very top of each turbine, rim
of nacelle for TLB B and TLB X3, and top lid for TLB S. A clean
yaw rotation of the platform should only couple with heave. Yaw
was introduced by exerting force on the upper mooring point. This
introduced some pitch and surge, and even slight heave motions.
Computations of these combined modes are perhaps best achieved
in the time domain by replicating the experiment rather than per-
forming an eigenanalysis only. The results of the heave, pitch-surge,
and yaw decay tests are shown in Figs. 3, 4, and 5, respectively.

The heave eigenfrequencies in the experiment for TLB S, TLB B,
and TLB X3 are estimated to be 2.9, 1.7, and 1.7 Hz, respectively.
The corresponding damping ratios, looking at the decrements, are
estimated to be 8%, 6%, and 4% of critical, respectively. TLB X3
experiences a temporary increase in the heave decay amplitude
after 6 to 7 cycles. This is likely the result of influence from an
observed pitch and roll motion after 4 to 5 seconds, and is caused
by the selected method of applying the initial displacement.

The pitch-surge decays for TLB S and TLB X3 are clean with
limited coupling to other modes. The surge-pitch eigenfrequencies

Fig. 4 Surge motions during pitch-surge decay tests
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Fig. 5 Plot of rotation during yaw tests

are estimated to be 2.34, 1.34, and 1.35 Hz for TLB S, TLB B,
and TLB X3, respectively. The corresponding damping ratios are
calculated to be 8%, 3%, and 1% of critical, respectively. However,
for TLB S, the pitch-surge decay is complex with interaction
between the flexibility of the floater and the mooring lines. This is
due to the combination of a stiff mooring system and a floater with
low mass. TLB S posed similar challenges in yaw, but data with
reasonable quality were captured. The yaw eigenfrequencies are
calculated to be 4.8, 6.0, and 4.6 Hz for TLB B, TLB S, and TLB
X3, respectively.

Wave Trials

The RAO for both regular and irregular load cases are obtained
by the absolute value of the Fourier amplitude of the response
divided by the absolute value of the Fourier amplitude of the wave
elevation (side wave gauge) at the same frequency. The RAO plots
summarize all the load cases for the three platforms. In order to
reduce noise, the plotted frequencies are collected from a limited
range, depending on LC. For LCs 1 to 5, the intervals used are
0.2–0.8, 0.5–1.7, 0.2–0.8, 0.3–0.8, and 0.6–1.7 Hz, respectively.

Tower Top Translation and Rotations

Recordings of surge, heave, and pitch relative to the tracking
point are presented in Figs. 6, 7, and 8, respectively. Minor motions
in sway, roll, and yaw are not analyzed in this work. TLB X3 is
showing significantly higher RAO than TLB B and TLB S in the
heave direction. The dynamic pressure on top of the floater and the

Fig. 6 Tower top surge motions where dots are regular LCs

Fig. 7 Tower top heave motion where dots are regular LCs

Fig. 8 Top pitch rotation where dots are regular LCs

lower water plane area are the main contributors to this difference.
Increased variation can be observed for higher frequencies where
both the excitations and responses are low.

The eigenfrequencies identified in the decay tests correspond
well to the peaks in Figs. 6, 7, and 8. The RAO obtained for TLB
X3 differ somewhat between the LCs beyond 1 Hz. This is probably
due to complex nonlinear fluid dynamics phenomena occurring at
the sharp transition between the floater and the space-frame, as
shown in Fig. 1 and Fig. 15. Figure 15 shows air bubbles originating
from a pocket of air behind the floater. At lower frequencies, some
deviation is observed for LC 2 and LC 5 as a result of the wave
distribution being focused at higher frequencies for these LCs.

Forces in the Mooring Lines

Tension for the lower mooring lines, denoted as lines 1 to 3 with
line 1 located downstream, is shown in Figs. 9, 10, and 11. Lines 2
and 3 should produce the same results due to symmetry. Until
eigenfrequencies are encountered at around 1.4 Hz, mooring lines 2
and 3 for TLB S and TLB X3 have similar results, although some
discrepancy can be observed for TLB B. Studying the full dataset,
one can see that TLB B experiences somewhat more yawing motion
in frequencies at and above 1 Hz. Simulations suggest some yawing
is to be expected due to a small asymmetry in the mooring line
stiffness. Unfavorable distribution of friction in the pulley system
has the possibility to further enhance the effect, but coherent results
for all of the irregular cases suggest that the influence is relatively
small. Line 1 is aligned with the waves and has a higher response
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Fig. 9 Axial force of line 1 where dots are regular LCs

Fig. 10 Axial force of line 2 where dots are regular LCs

than lines 2 and 3. An interesting effect, where the forces decrease
when approaching the range of 0.7 to 1.3 Hz, is due to partial
cancellation of the lower fairleads motions due to surge and pitch.
The TLB S has less mass than TLB B and TLB X3, and the center
of mass is located close to the center of buoyancy. This explains
why TLB S does not benefit significantly from the cancellation
effect.

Fig. 11 Axial force of line 3 where dots are regular LCs

Fig. 12 Axial force of line 4 where dots are regular LCs

Fig. 13 Axial force of line 5 where dots are regular LCs

Plots for the upper lines, numbers 4 to 6 where line 4 is located
downstream, are shown in Figs. 12, 13, and 14. At the lower
fairleads, the motions due to surge and pitch add up rather than
cancel, and we do not get the lower response in the range of 0.8 to
1.2 Hz, as seen for the lower lines. The RAO peaks of TLB B and
TLB X3 are less distinct, especially for TLB X3. This is assumed
to be from the same disturbance caused by the end cap lids, as
previously mentioned. There is also a discrepancy between lines 2

Fig. 14 Axial force of line 6 where dots are regular LCs
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Fig. 15 Photo showing low pressure effects over the top lid on the
floater body while relatively large waves are passing

and 3 for TLB B in the upper lines, but opposite of that observed
for the lower lines. This indicates an offset between the lower and
upper mooring line orientations in yaw, which, in this case, would
introduce a yawing motion under horizontal loading. Overall, the
mooring line force amplitude responses are as expected. The total
variations are assumed to be small, and the results for both regular
and irregular runs are taken as consistent and reliable.

Other Aspects

Multi-harmonics were observed visually during the tests. Both
first and second bending modes of the model structure were
observed. The stiffness of the scaled models is not far from what is
expected for similar full-scale systems. The observation of these
effects illustrates the importance of simulation tools that are capable
of capturing the internal elastic behavior when simulating slim
complex systems such as floating wind turbines.

The RAO results are noisy below 0.4 Hz and above 1.0 Hz.
The selected JONSWAP spectrums for some of the LCs have
low energy outside this range. One could increase the run-time
to reduce the noise, but this would also increase the transversal
wave motion in the basin. Despite the noise, these frequencies are
included in the results for completeness.

Decent resolution for both high and low frequencies was achieved
through the selected irregular load cases. However, for comparison
with simulations, it would be preferable to select a limited range of
frequencies around the specified wave period of each irregular LC.
When comparing the irregular LCs, it is apparent that the range
between 0.4 and approximately 1.2 Hz is of the best quality with
respect to resolution and wave distribution. Overall, the regular
LCs are in agreement with the irregular wave trials.

SOURCES OF ERROR

Error types, such as wave train irregularities, signal noise, or
other sources suitable for filtering, may be documented and possibly
eliminated by statistical methods based on a high number of load
cases. However, for this experiment, the wave tank was only
available for a limited amount of time (two weeks). Analyzing
three different floaters was deemed more important than the number
of load cases at this stage. This was based on the assumption
that controlled variation in geometries would lead to fewer errors
when comparing the full set of results to a simulation code. Using
different geometries also gave further possibilities of validation, as
they address different challenges with respect to development of
the simulation codes.

The most important sources of errors are: (1) friction in the
mooring system due to the pulleys, (2) alignment of the tracking
system, (3) accuracy in model construction, (4) signal noise,
(5) model orientation, and (6) exact stiffness in the mooring lines.

For issue 1, the friction in only two of the six pulleys was tested
in detail. For the pulley systems that were investigated, it was
noted, based on simple tests, that the static friction under a load
of 200 N was less than 0.25%; thus, the total contribution of
error to the experimental results is assumed to be low, at least
for low frequencies. However, simulations show that modeling
the hysteresis friction in the mooring line pulleys is crucial for a
realistic damping of responses at the pitch-surge eigenfrequencies.

During the installation of the models, the nacelle with the
tracking system had to be attached prior to the final position of
the model, resulting in issue 2. The alignment with respect to
yaw angle was only visually confirmed. A pure pitch motion may
therefore be recorded as a coupling between pitch and roll motion.
From visual inspections, it was assumed that the total yaw offset
was less than 1 degree, and therefore the total contribution to the
recorded pitch values was close to none.

With respect to issue 3, uncertainty regarding material properties
is considered most influential. Glued and threaded connections
are assumed to be rigid. Material properties, as specified by the
producer, are used without further verification at this point. With
regards to the description of the geometries, the mass of the glue is
not accounted for directly in the transitions. Also, a coat of paint
was applied to the physical model for waterproofing. The amount
of paint and glue was calculated by measuring mass pre- and
post-application. Assuming an even distribution, the density of
each part is adjusted accordingly.

For the issue of signal noise, we experienced an overall low
influence and variation of both white noise and irregularities. This
can be identified during calm water, prior to each case. Minor
offsets in mooring line pre-tension were observed upon pre-tuning
the models, typically in the range of ±0–3%. This is a possible
indicator of an offset in the horizontal neutral position. This is
likely a sum of errors in mooring line length, final placement of
mooring points on models and rigging, friction, yaw offset between
upper and lower mooring points, and overall model geometry
imperfections. The yaw offset is assumed to be less than 3 degrees.
The largest difference was found for TLB X3, which has the most
complex geometry, while almost perfect equilibrium was found for
TLB S. It is assumed that offsets of the magnitude mentioned are
of less importance with respect to the quality of the dataset, as they
are likely to have little to no effect on the overall load amplitudes.

None of the sources of errors discussed above are taken into
account in the presented results. Issue 6 represents the main
contribution to the extent of errors in the results. The stiffness
of the spring system was calibrated without the mooring lines to
ease the operation. Numerous mooring lines were tested to find an
acceptable combination of axial stiffness and low bending stiffness
to reduce the energy lost in the pulley system. A 1-mm steel wire
was the final choice. Robust wire clamps and carbine hooks were
used as connection terminals. A single terminal was tested and
found to give no relevant compliance contribution. However, this
was not true for a complete mooring line and spring setup, as it
was discovered that there was a significant compliance influencing
the total line stiffness. A post-trial stiffness control calibration
was performed on TLB X3. Each load sensor was connected to
only one unique mooring line that was used for all the models
successively. Mooring line stiffnesses for TLB S and TLB B were
adjusted based on the findings from the control performed on
TLB X3. When performing the control mooring, line 5 accidentally
broke. No data were collected for this line, and an average of the
remaining lines was used for its compliance contribution.



224 Experimental Results for Tension-Leg-Buoy Offshore Wind Turbine Platforms

CONCLUSIONS

The experimental data agree well with previous experience
and simulations presented earlier for TLB systems. The scaled
models and the experimental setup performed up to specification
and expectations. The quality of the results should therefore be
suitable for further verification of simulation codes. Three different
geometries were tested under similar scale and conditions to further
document the effects of geometry changes in the wave-action zone.
This is intended to support the further development of simulation
codes to handle different and more complex geometries. From
the results we can also conclude that the TLB design is robust
and reliable, even when severe changes are made to the initial
conditions, such as altering the mooring line radius.

Further work in a separate paper will include: computations,
detailed comparisons with the experimental data, and identification
of model weaknesses. Time series of the experimental data will
eventually be available for other research groups.
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