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The paper presents the towing tests of CENTEC-TLP, a state-of-the-art free-float capable tension leg
platform supporting a 10 MW wind turbine. The platform's design process and the overall dynamic
behaviour was previously described in the literature. This work focuses on the platform's transportation
stage, which is designed to have a shallow draft and certain characteristics resembling blunt bodies such
as barges. The hydrodynamic behavior of this hull form in calm water and waves is investigated
experimentally. The results are compared with similar relevant data available in the literature. As for
added resistance in waves, the influence of wave characteristics and speed are evaluated. It is found that
some of the cases display a reduction of average resistance in waves compared to calm water. Finally, the
dynamic behaviour of the system in two relevant sea states is assessed with reference to risk of excessive
motions during transport.
1. Introduction

There is a growing interest from the electric power generation
sector in floating wind turbines (FWT) stemming from the large
water depths characterising regions suitable for offshore wind
energy generation in many European locations (e.g., the coast of
Norway and the Mediterranean) and Japan. Thus, the current sit-
uation of the sector that is very much based on fixed bottom
offshorewind in shallowwater is expanding [1]. A series of recently
launched units in a quasi-industrial scale confirms this interest and
the ongoing process of moving to deeper waters, (see e.g. Equinor
[2]; Rodrigues et al. [3]; Vieira et al. [4] and SBM Offshore [5].

For semi-submersibles and TLPs, towing to the installation site
by standard tug boats is considered to be the most economical
option. Using tugs reduces the operation costs significantly
compared to specialized barges and large transport vessels such as
the SAIPEM 7000 in Hywind [6] and Netherlands's Dockwise
Shipping projects. Examples of towing manoeuvres with tugs are
glesias).
the installation and decommissioning of the WindFloat platform
(Fig. 1, left panel) and the towing of the Spanish ESTEYCO's ELICAN
platform [7] (Fig. 1, right panel), using auxiliary floaters. Alternative
approaches include the transport and installation of IBERDROLA's
TLPWIND concept that is moved with a specialized barge [8,9] and
GICON's TLP [10] that relies on a gravity anchor that is lowered
when the structure reaches to position. These studies show the
overall interest in towing processes with the tower and the turbine
installed, which mostly relates to the difficulty in installing them
offshore. Therefore, the methods of moving the structure into po-
sition with the turbine installed in dock are evaluated.

To cover these operations, it is desirable for engineers to know
themotion dynamics and have an early estimate of the number and
power of the tug units necessary to transport the turbines to the
installation site. Along with the number of tugs, knowing the sea
states inwhich the operationwill be feasible with admissible risk of
excessive motions is also necessary for the global cost estimation of
the project. Kim and wan Kim [11] and Castro-Santos and Diaz-
Casas [12] detail this type of cost estimation processes. It should
also be noted that unlike the oil and gas sector where a single
platform is sufficient for a chosen site, wind turbines are installed in
1
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arrays. Therefore, the tow operation needs to be repeated multiple geometries dealt with are radically different from the present

Fig. 1. Towing maneuver of WindFloat unit, left (credits to Recharge, Oslo, Norway) and ESTEYCO's ELICAN, right (credits to ESTEYCO).
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times. Accordingly, having a good understanding of the towing
operations becomes essential for the progression of offshore wind.

The next section provides an in-depth look at the recent de-
velopments in the topics introduced above. The following sections
focus on the CENTEC-TLP. It is a free-float capable TLP (FTLP) for
which the details, design methodology, and numerical motion dy-
namics are available in Refs. [13,14]. A summary of the floater and
the turbine (i.e., DTU 10 MW [15]) precede the experimental setup
and test matrices. Subsequently, the results regarding trans-
portation dynamics and resistance in waves of this hull form are
examined. An interesting aspect of the floater is that in some cases
it displays a reduction of average resistance in waves compared to
calm water. This phenomenon is also discussed. The work closes
with the conclusions and future work proposals.
2. State-of-the-art and the methodology

3. Description of the prototype platform, tower, and the
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Experiments with FWTs have been crucial for the conceptual
development, and to validate the numerical models necessary to
face their design. In particular, the Offshore Code Comparison (OC)
and DeepCwind initiatives, involving experiments in MARIN (see,
among others, Gueydon and Weller [16]; Robertson et al. [17] have
been significant for this aim. However, these experiments have
referred to the moored conditions, whereas the focus of this study
is on towing operations, with possible presence of waves.

Regarding towing dynamics, the most relevant aspect is to
assess resistance and motions. In towing conditions it is also
important to pay attention to the possibility of instability of in-line
towing and to the possibility of occurrence of fishtailing (e.g.
Refs. [18e22].

As for resistance of blunt bodies, the literature is limited. Blight
and Dai [23] conducted a systematic experimental research with
barges. Apart from the hull geometric similarity with a quasi-
prismatic platform, they share similar draft-length ratios, which
becomes important when a floating wind turbine is designed to be
towed from standard harbors that usually impose draft limitations.
Other important references are the ones that model the resistance
due to bow waves. Dagan and Tulin [24,25] created a model for the
contribution to resistance due to two-dimensional bow waves,
providing estimates of the added drag for high Froude numbers
(based on the draft). A more general approach in terms of the bow
geometry was developed by Trinh and Chapman [26], but they did
not provide estimates of the added drag. An additional set of
relevant references are those dealing with added resistance in
waves of blunt bodies. Ohkusu [27] modeled the added resistance
of blunt bow ships in very short waves. Their research is interesting,
but restricted to that kind of waves, compared to longer ones in
present study. There are other works on this topic [28,29], but the
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platform, which makes their results inapplicable. Accordingly,
presently available literature does not seem to provide sufficient
information with reference to the floating structure addressed in
the present study.

When it comes to the transport and towing of floating wind
turbines, the literature is scarce. Bachynski and Moan [30]
remarked that one of the presented alternatives in their work had
the static stability to allow for its tow-out to the installation site.
Myland et al. [10] succinctly documented the resistance in calm
water and waves of one of the versions of the GICON concept, also a
TLP floater. Amate et al. [9] discussed the use of an auxiliary system
for transporting the TLPWIND (see Ref. [31]) design. Both Myland
et al. [10] and Amate et al. [9] provided sufficient information to
perform some quantitative comparisons with the present concept,
a task that aims at providing a wider perspective about the hy-
drodynamics of the TLP concept studied in this work. Recently,
Cardoso et al. [32] have conducted a computational analysis of the
transport phase of a free-float capable innovative design for
offshore wind turbines.

Concerning the added resistance in waves, discussions are
available on topics such as the scaling of the results and methods of
defining testmatrices (see, e.g. Ref. [33]), but none specifically focus
on blunt bodies such as FWTs. Finally, risk of excessive motions
associated with the dynamic stability issues while towing in waves
is another critical topic that is not addressed in the present litera-
ture. This problem will be also treated herein by measuring the
motions of the platform during tests carried out in relevant wave
conditions for the towing operation.

Considering the discussion above, this paper will investigate
resistance in calm water and in waves, as well as motions, for a
floating offshore wind turbine platform during towing operations.

The study presented in the paper addresses a free-float capable
TLP intended to support a state-of-the-art 10 MW turbine on the
basis of a series of experimental tests. The study provides infor-
mation on resistance in calm water and in waves, as well as com-
parisons with similar results from the, actually limited, existing
literature on the subject. Tests inwaves are also carried out in order
to assess platform motions in different sea states.
turbine assembly

The details of CENTEC-TLP with the 10 MW Turbine were pre-
sented in Uzunoglu and Guedes Soares [13], and detailed infor-
mation regarding the design methodology is available in Uzunoglu
and Guedes Soares [34,35]. A summary of these works, including
the turbine and the tower is provided below.

The upwind three-bladed turbine was designed by DTU



(Technical University of Denmark) as a 10 MWunit [15] that results

advantageous and the tower's flexibility lengthens the period [35],

4. Test matrices and experimental setup

Table 2
Mass details of the tower model and the moments of inertia about its centre of
gravity.

Parameter Value Units

Tower mass 628442 [kg]
Ixx 6.52Eþ08 [kg ,m2]
Iyy 6.52Eþ08 [kg ,m2]
Izz 7.84Eþ06 [kg ,m2]
Centre of gravity [0, 0, 57.5] [m, m, m]

Table 3
Mass details of the rotor nacelle assembly.

Parameter Value Units

Total mass 673998 [kg]
Centre of gravity [0.61, 0, 131.56] [m, m, m]

Table 4
Mass details of the tower, rotor, and the nacelle combination.

Parameter Value Units

Total mass 1302440 [kg]
Centre of gravity [0.32, 0, 85.9] [m, m, m]
Inertia about the X axis 2.43Eþ09 [kg ,m2]
Inertia about the Y axis 2.45Eþ09 [kg ,m2]
Inertia about the Z axis 2.24Eþ07 [kg ,m2]
1st fore-aft natural period 4.00 [s]

Table 5
Platform's design variables.

Parameter Value Units

Height, L (from keel to nacelle top) 149.0 [m]
Overall length beam, B 49.0 [m]
Pontoon side length 4.0 [m]
Lower column corner radius 2.1 [m]
Lower column height 7.5 [m]
Lower column side length 10.5 [m]
Height of the central column above the waterline 10.0 [m]
Distance between the keel and the pontoons 1 [m]
Installation depth 132 [m]
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from a revised up-scaling of NREL's 5 MW reference turbine [36].
The main particulars of the wind turbine are reported in Table 1.

The tower's details and the rotor nacelle assembly are in Tables 2
and 3. Combining them results in the mass data in Table 4 and
places the structure's center of gravity at 85.9 m above the water
level. These are the most relevant data for the towing tests since
they affect the overall dynamic behavior of the structure. The
presence of the rotor also causes a 32 cm offset in of the center of
gravity in the longitudinal direction.

Table 5 lists the sizes of the platform components. Some fun-
damentals on the terminology regarding offshore platforms may
help to understand the geometry better. As shown in Fig. 2, pon-
toons are the horizontal components (e.g., a cylindrical pontoon
resembles a tree log in water). When vertical, they are termed
“columns” as in the definition of semisubmersibles (i.e., a column-
stabilised unit as in Ref. [37]). For example, heaving cylindrical
columns have their waterplane area constant while it varies for
cylindrical pontoons.

The CENTEC-TLP is designed to float on its pontoons in a manner
similar to a semisubmersible in transport. Its waterplane area is
designed to have large moment of inertia to increase the meta-
centric radius and, thus, provide stability. The overall length and
the beam of the platform are 49 m, with the lower columns having
10.5 m sides. The lower and upper columns are prismatic and
feature rounded corners using a diameter close to D/6, where D is
the prismatic column's side length. According to Chakrabarti [38],
arrangements close to this corner radius do not lead to any disad-
vantages compared to cylindrical structures regarding hydrody-
namics. The lower and upper columns follow that
recommendation. The pontoons, on the other hand, are arranged to
be rectangular. This pontoon geometry has an advantage over cy-
lindrical alternatives: the waterplane area stays constant as the
structure heaves. Therefore, they are adjusted to aid in the overall
stability of the platform. The mass data of this configuration is in
Table 6.

In its free-floating condition, the platform has a GM value of
27.76m, at a mean draft of 3.85 m. The shallow draft is deliberate; it
allows towing the platform without being concerned with shore-
side depth limits. Floaters with higher drafts have issues similar
to spar platforms: although they are stable, they cannot be towed to
location. When free-floating, there is a static inclination angle
resulting from the longitudinal offset in the turbine and tower's
center of gravity. Numerically, this value corresponds to a 0.22-
degree static pitch.

While being towed and when installed, the structure needs to
avoid ending inwave resonance. DNVGL recommends avoiding 5 to
25-s wave excitation ranges [39]. However, waves above 20 s
generally reflect conditions that correspond to storms and harsh
weather. Since towing operations are carried out only where the
weather window allows it, limiting this range to 5e20 s (i.e.,
omitting severe weather conditions) is possible. The platform
natural periods are 4.8 s for heave, and 22.3 s for pitch, where
pitching is more of a concern in terms of stability. The elasticity of
the tower was not considered in the numerical model's initial
estimation. Since a pitching period that goes beyond 20 s is
Table 1
Specifications of the DTU 10 MW turbine.

Parameter Value Units

Rated power 10 [MW]
Hub height 129 [m]
Rotor mass 227962 [kg]
Nacelle mass 446036 [kg]
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this conservative approach was used in the design process of the
platform. Accordingly, it is highly probable that the experimental
pitching natural frequency stays outside the chosenwave excitation
margins since a tower is unlikely to be completely rigid in an
experimental setup. Table 7 summarizes these details.
3

4.1. Test matrices

The experimental program included multiple speeds and wave
conditions in two towing configurations. With regards to the calm
water resistance tests, while towing offshore structures may result
in directional instabilities and, consequently, side to side oscilla-
tions (fishtailing), lateral displacements were not observed during
present experimental campaign. Additionally, some screening ex-
periments with initial lateral offsets were carried out, and the
rectilinear path was quickly established. As a consequence, though
thematter deserves a further study of various factors (e.g., the cable
length), these variations were not considered a priority at this stage
and were left for future work.

Tests were carried out both in regular and irregular waves



(Table 8). The 3 m significant wave height (Hs) was considered as an

Fig. 2. The platform components and the reference system.

Table 6
Platform's mass data.

Parameter Value Units

Mass 2208.6 [t]
Centre of gravity measured from the baseline [0, 0, 8.36] [m]
Roll inertia 6.90Eþ08 [kg ,m2]
Pitch inertia 6.90Eþ08 [kg ,m2]
Yaw inertia 1.04Eþ09 [kg ,m2]

Table 7
Free-floating condition specifications.

Parameter Value Units

GM 27.76 [m]
Mean draft (T) 3.85 [m]
Displacement volume (V) 3422.4 [m3]
Static pitch angle (x5) 0.22 [deg]
Freeboard of the pontoons 1.20 [m]
Wetted surface (SBH) 2563.2 [m2]
Projected frontal area, frontal tow (AP) 162.5 [m2]
Projected frontal area, diagonal tow 230.4 [m2]
Waterplane area, AW 1127.3 [m2]
Heave natural period (T3) 4.70 [s]
Pitch natural period (T5) 22.3 [s]

Table 8
Wave conditions: single harmonic values for regular waves and significant wave
height and peak period for irregular waves.

Wave Set H/Hs T/Tp

[�] [m] [s]

1 1 7
2 3 10
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upper limit where towing operations can be safely undertaken. This
value coincides with the discussion in Santos et al. [40], who
evaluated the possibility of raising the limit to 3 m from 1.5 m for
personnel and equipment transfer to offshore wind turbines. The
significant wave height of 1 m was taken as the second test
condition.

[41,42] present several scatter diagrams for areas around the
Iberian peninsula for which the Levelized Cost of Energy (LCOE) has
been found to be good [43,44]. Out of this data, Galicia was selected
as the testing environment where the most probable spectral peak
periods (Tp) for the two selected significant wave heights (i.e, 1 m
and 3 m) approximately correspond to 7 and 10 s. The same wave
height (H) and period (T) combinations were also selected to test
regular waves (i.e., 1 m at 7 s and 3 m at 10 s). This information is
Table 9
Experimental test matrix.

Set id. Wave condition Speed [kn] Tow config. Tow pts. Wave setup

1 Calm water 1 frontal 2 [�]
2 Calm water 2 frontal 2 [�]
3 Calm water 3 frontal 2 [�]
4 Regular waves 2 frontal 2 1, 2
5 Irregular waves 2 frontal 2 2
6 Irregular waves 3 frontal 2 1
7 Calm water 1 diagonal 1, 2 [�]
8 Calm water 2 diagonal 1, 2 [�]
9 Calm water 3 diagonal 1, 2 [�]
10 Calm water 4 diagonal 1, 2 [�]
11 Calm water 5 diagonal 1, 2 [�]
12 Calm water 6 diagonal 1, 2 [�]
13 Regular waves 2 diagonal 1, 2 1, 2
14 Regular waves 5 diagonal 1, 2 1, 2
15 Irregular waves 2 diagonal 1, 2 2
16 Irregular waves 3 diagonal 1, 2 1
17 Irregular waves 5 diagonal 1, 2 1, 2

4



summarized in Table 8. The wave conditions are examined in 6 and no specific recommendations are given for inertiae other than

5. Results
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speeds, describing 12 encounter frequencies.
The complete set of experiments are summarized in Table 9,

listing speeds up to 6 knots on various environmental and towing
scenarios. The wave sets and the speeds are self-explanatory. The
towing configuration defines whether the platform was pulled
from one or two towing line connection points. The wave setup
relates to the information in Table 8. Similar setups are grouped
into sets to keep the table concise. For instance set number 14
describes four tests. The platform is towed in regular waves, at 5
knots, using the 45-degree configuration. This setup is repeated
using one and two towing points, for both wave definitions (i.e., 1
and 2) given in the previous Table 8, in a total of four tests.

The connection points were selected so that the towing cables
do not intersect the platform's components (e.g., a connection at
the upper columnsmay cause the towing lines to connect to the tug
at an angle that will cause friction at the edges of the lower col-
umns) and stay parallel to the water. Furthermore, the cables
should do not get submerged into the water during the towing
operation. These are issues commonly taken into consideration by
tugboat masters. The single-point and two-point configurations are
shown in Fig. 3. Along with the zero degree towing case where the
pontoons encounter the waves at a right angle, a second configu-
ration rotates the platform 45 deg so that one of the lower columns
face the incoming waves. This case is examined to clarify if that
configuration is advantageous.
4.2. Experimental setup of the model

5.1. Towing tests in calm water
Themodel represented in Fig. 4 was built in composite materials
at a 1:60 scale. Since tests with the moored configuration were
envisaged, the scaling factor was selected based on the depth of the
planned installation site. For the tower, a commercial aluminum
bar was chosen, which, together with a weight at the top, allowed
to scale the mass, inertia and the first bending mode frequency. A
detail of the clamp between the tower and the floater is presented
in Fig. 4 and a picture of the entire structure is shown in Fig. 5.
Model deviations with respect to prototype are presented in
Table 10. The mass deviation is, in reality, a volume error as fixing
draft was given priority over the mass value.

Apart from the tower mode, to be later discussed, and the yaw
inertia, all deviations are below 5%. ITTC recommendations for free-
running tests [45] indicate that GM accuracy should be within 5%
(3.6% in this case). Their recommendations for seakeeping tests [46]
require displacement deviations to be below 1% (0.6% in this case),
Fig. 3. Towing tests

2162
adjusting them as best as possible. In this case, deviations in the roll
and pitch radii of inertia are below that in the GM.

Regarding the deviation in yaw inertia, the lower columns of the
model had to be reinforced due to structural integrity issues,
resulting in higher mass in those zones. This deviation in yaw
inertia did not represent a hindrance for the current objective since
yawing is negligible for the planned experiments. Moreover, as the
present campaign and the one with mooring were aimed at
providing data for calibrating the numerical model, these modified
characteristics of the floater were incorporated as input for the
numerical model.

As discussed in section 3, the turbine and blades’weight induces
an offset in the x position of the gravity centre (5 mm offset at
model scale), which was not considered in the experimental model.
However, the associated static tilt angle will still be accounted for
when establishing the operational limits inwaves later in the paper.

The tower's bending behavior was measured using free decay
tests after fixing it to a stable base, and the motions were obtained
with several Optitrack markers. An image of the tower bending
shape and a PSD of the time history of the tip displacements are
provided in Fig. 6. It is seen that the first mode is dominant for
which the full scale target period of 4.02s resulted in a 4.72s actual
value. This outcome was accepted as modifications of this setup
would cause larger errors on the mass, KG, and inertial values.
Section 4.1 listed the experimental sets, which comprised calm
water conditions along with regular and irregular waves in various
towing speeds. The results are provided and discussed in the
following sections, and comparisons are given with other TLP
transport concepts when applicable. The assessment of towing data
for other TLP concepts allows a rapid assessment and comparison of
the hydrodynamic performance of the design evaluated in this
paper.

In this section, results of calm water and regular waves are
discussed first since they provide the main characteristics of the
towing resistance and together allow to estimate the added resis-
tance in wave conditions.
Since the towing operation is expected to occur in smooth to
moderate sea states, resistance tests in calm water are specially
configurations.
5



important in present research from the quantitative point of view. carried out of each test. The values were normalized using the

Fig. 4. Model of the floater and detail of the tower base clamp.
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For this reason, attention has been paid to assess the uncertainty of
the resistance tests in calm water. Experimental uncertainties are
estimated following the principles and notation of the ITTC General
Guideline for Uncertainty Analysis in Resistance Tests [47], taking
also into account the example application from Ref. [48]. In order
for the narrative of the paper to be kept fluent, such analysis has
been included for the interested reader in a dedicated appendix
(Appendix A).

A qualitative assessment of the flow around the floater can be
appreciated in Fig. 7, for towing speeds equal to 3 and 5 knots for
the configuration with diagonal towing from one point (see Fig. 3).
The figure is also relevant since the test setup, including the car-
riage and the towing line, can be appreciated.

When inspecting the free surface downstream of the floater, it is
not possible to identify the usual Kelvin wake. A focused view is
available in Fig. 8, attesting the presence of a highly non-uniform
wake behind the floater.

A disturbance of the free surface due to the presence of a bow
wave can be also appreciated with some effort in Fig. 7, with a
focused view in Fig. 9. The free surface pattern for the configuration
with frontal tow is also characterized by the presence of bow
waves, as well as localized disturbances close to the base of the
columns (see Fig. 10).

To better understand the effects related to the physical phe-
nomena observed in Fig. 7, Fig. 11 provides a comparison of the
experimental drag coefficients, CD, for different towing tests speeds
(i.e., 1, 2, 3, 4, 5 and 6 knots) and configurations (frontal and diag-
onal with one and two towing points). The included error bars were
obtained through the uncertainty analysis described in Appendix A.
Drag coefficient notation is used instead of resistance coefficient
due to the fact that resistance is mostly due to flow separation:

CD ¼ Rcw
1
2 rAPV2

: (1)

In Eq. (1) Rcw is the total resistance, r is thewater density, V is the
speed, and AP is the projected frontal area (see Table 7), used
instead of the wetted surface, as it is customary when the main
contribution to the total resistance is the form drag.

The results included in this figure correspond to the averaged
forces measured during the towing tests and the three realizations
2163
frontal area of the floater up to the transport draft (see Table 7). The
frontal tow configuration projected area was used for all compari-
sons so that the comparisons in the graphs are useful for selecting
among the three options. However, for the sake of completeness,
projected frontal areas in both configurations have also been
included in Table 7.

Fig. 11 shows that the frontal configuration stands as the one
that presents the smallest equivalent CD for all tested speeds. The
results also attests that there appears to be little dependence be-
tween the equivalent CD and speed, indicating almost quadratic
dependence of resistance on speed. It is therefore reasonable to
assume that the towing resistance of this structure is mainly due to
form drag induced by flow separation.

Considering this point, the behavior of the platform is far from
that of the barges described by Blight and Dai [23]; whose hydro-
dynamics shows higher similarity to standard seagoing vessels.

A qualitative comparison of these results with the values pro-
posed in Ref. [49] is relevant. The rounded square section in a
frontal flow with reduced corner radius around 0.2 renders
CD z 1.15 in Ref. [49]. The diamond with rounded corners (type 6
geometry in Ref. [49]) renders CD z 1.07 after projecting it on its
side (equivalent to using the same projected frontal area in Fig. 11).
Both values are similar to the ones obtained in this research for the
CENTEC-TLP. The reference values become smaller if they are
considered in 3D (~ 0.7) [50], an effect that may be explained here
by the large additional wetted surface, which leads to friction and
some additional form drag due to the downstream rows of pon-
toons and lower columns (see Fig. 2).

Returning to the bow wave, its resulting additional contribution
to resistance may help to explain the small relative differences
between the coefficients obtained for towing speeds higher than 3
kn compared to those for lower speeds (see Fig. 11) for the diagonal
configurations. In a different context (two-dimensional flow, high
Froude number based on the draft and low based on length) [24,25]
showed the bow wave induced drag coefficient to have a slow
growth, being proportional to the 2/3 power of the Froude number
based on the length. The physics is herein more complex, but this
result may give an idea of the effects in place.

To extrapolate the value to full scale, the drag coefficient will be
assumed to be equal to the model scale. This approach is justified
on the basis that the drag is the sum of form drag, which scales with
6



the square of the velocity, and the bow wave resistance, whose

Fig. 12. The data shown in this figure corresponds to the set of

Fig. 5. Model with the tower.

Table 10
Model parameters and deviations. rx, ry, rz are the inertia radii in the respective axes
(see Fig. 2).

Parameter Prototype Model deviation [%]

Mass [kg] 3511040 16.160 0.6
[XG, YG, ZG]/B [0.006, 0, 0.581] [0,0,0.56] [-,0,3.6]
GM/B 0.527 0.504 3.60
rx/D 0.445 0.432 2.92
ry/D 0.446 0.433 2.91
rz/B 0.353 0.406 14.91
1st fore-aft natural period [s] 4.00 0.61 18.0
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force coefficient is a function of the Froude number (equal for the
model and the prototype).

Considering this point, results regarding the estimated full scale
resistance per unit designed wind turbine power are provided in

2

experiments 1e3 and 7e12 in Table 9.
Fig. 12 also includes the results obtained using the transport

concepts for FWTs provided in Refs. [9,10]. The towing resistances
of these concepts are referred in the figure as 2.3 MW-TLP and
5 MW-TLP, respectively. The results obtained for the 2.3 MW-TLP
include the towing configuration. This figure includes the error bars
for the results of the present concept, but they can not be observed
in the actual figure as the absolute value of the related uncertainties
is negligible.

The data shows that the concept assessed during the current
experimental campaign stands as a solutionwith lower normalized
towing resistance than the ones provided in the literature for the
2.3 MW-TLP and 5 MW-TLP designs. Considering the geometry of
the 2.3 MW-TLP floater (a number of separated low diameter ver-
tical cylinders), and the combined form of the 5 MW-TLP platform
and barge, a possible explanation is that their larger towing



resistance, when compared to the present design, may be related to 5.2. Towing tests with waves

Fig. 6. Tower bending test. Deformed shapes (left) and tip motion spectrum (right).

Fig. 7. Diagonal towing from one point (see Fig. 3): free surface patterns for towing speeds equal to 3 knots (top) and 5 knots (bottom).
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a substantially larger form drag.
The relevance of this comparison, in the context of this work, is

not limited to the assessment of the hydrodynamic performance of
the present design within the existing results in the literature, but
also provides a background for the development of models to es-
timate the Levelized Cost of Energy (LCOE) of offshore wind farms
(see e.g. Feng and Shen [51] and Lerch et al. [52]. These models aim
to provide an estimation of the capital cost of the project per
installed kilowatt and they stand a research topic that has received
increasing attention over the last years. This complementary eval-
uation is also provided for the estimated towing resistance inwaves
in the following sections.
2165
5.2.1. Added resistance in regular waves
The normalized added resistance in waves for the CENTEC-TLP

and 2.3 MW-TLP concepts is given in Fig. 13 and Fig. 14 for the
towing configurations. The averaged added resistance inwaves was
obtained by subtracting the measured resistance in calm water
conditions from the total towing resistance measured in waves.
Vertical axes of these figures provide the added resistance inwaves,
normalized by the turbine power and the square of wave ampli-
tude, and the x-axis presents the wave period.

Added resistance in waves for the diagonal towing is signifi-
cantly lower than for the frontal towing. Moreover, negative results



for the normalized added resistance in waves were obtained with accounting for estimated experimental uncertainty.

Fig. 8. Diagonal towing from one point (see Fig. 3): wake for towing speed equal to 5kn.

Fig. 9. Diagonal towing from one point (see Fig. 3): bow wave for towing speed equal to 5kn.
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9

the CENTEC-TLP in several cases. This is a result for which no
reference in the literature has been found. The hypothesis formu-
lated here is that, in these encounter frequencies, the harmonic
pressure field resulting from thewavesmay reduce separation, and,
eventually, the total resistance component associated to separation
effects. Also, an additional effect may arise from the interaction of
the incident wave with the moonpool-type opening that exists
between the inner and the ring pontoons of the platform base (see
Fig. 2). Considering the peculiarity of the observed phenomenon, a
dedicated appendix (Appendix B) has been included presenting a
repeatability analysis, aiming at assessing the obtained results
2166
Overall, the negative added resistance in waves measured in the
diagonal towing configuration results in a lower total towing
resistance when compared with the frontal towing configuration.
The cases with low Tu (see Fig. 14) present larger variability be-
tween 1 and 2 points towing if compared with the case with
Tu ¼ 10s, which displays similar added resistance for both diagonal
towing configurations.

Results in Fig. 13 show that, for the frontal towing configuration,
the added resistance in waves is significantly lower than for the
2.3 MW-TLP concept, even though a more detailed comparison,
with the same speeds, would be necessary. Results for the diagonal



towing configuration (with comparable speeds), seem to confirm
For the sake of illustration of the magnitude of the added

5.3. Motions in waves

Fig. 10. Frontal tow from one point (see Fig. 3): bow wave for towing speed equal to 3kn.

Fig. 11. CD for towing speeds equal to 1, 2, 3, 4, 5 and 6 knots and three different
towing configurations.

Fig. 12. Comparison of the total towing resistance in transport of different FWT
concepts.
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this trend.

5.2.2. Added resistance in irregular waves
Fig. 15 shows the normalized added resistance in irregular wave

conditions. The normalized values were obtained with the same
approach used for regular waves, but substituting A with Hs/2 and
taking Tu equal to the peak period of each sea condition.

Frontal towing configurations show similar behavior in both
regular and irregular wave conditions, with positive added re-
sistances. Results provided in Fig. 15 also attest that the added
resistance in irregular waves is characterized by negative values in
some cases, when the diagonal configuration is adopted.

Similarly to regular waves (see Fig. 14), in irregular waves
(Fig. 15) one can observe that for the sea conditions with peak
period equal to 10s, the resistance obtained for both towing con-
figurations (i.e. 1 and 2 points) shows similar normalized added
resistances.

2

resistance in waves, assume that the CENTEC-TLP platform is being
towed at a speed equal to 2 kn in a sea state characterised with a
peak period corresponding to 10s and significant wave height of
3m. From the results provided in Fig. 15, it is possible to estimate
that the added resistance in waves is equal to 77 kN, while the
resistance measured for this towing condition in calm water con-
ditions is equivalent to 100 kN (see Fig. 12). Therefore, the added
resistance is of the same order of magnitude as the resistance
measured in calm water conditions (i.e. it corresponds to approxi-
mately 44% of the total resistance measured in waves). The tugboat
necessary for this operation would be of the 20 tonnes range, a
quite affordable one.
5.3.1. Motions in waves during transport
The motion responses RMS values provided in Figs. 16 and 17



illustrate the dynamic behaviour of the floater in waves during

Fig. 13. Added resistance in regular waves measured with the frontal towing
configuration.

Fig. 14. Added resistance in regular waves measured with the diagonal towing
configuration.

Fig. 15. Added resistance in irregular waves measured with the diagonal towing
configuration.

Fig. 16. Measured Heave RMS values.

Fig. 17. Measured Pitch RMS values. Maximum static tilt angle equal to 10deg.
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transport. The heave responses in the sea conditions tested are
characterized by remarkable low RMS values.

Pitch motions are also characterized by small RMS values, in this
case of the order of 0.7 deg. Therefore, if the static tilt angle is taken
into account (0.2 deg) the platform always shows lower responses
than the maximum admissible static angle of 10 deg. Similar dy-
namic behaviour of the pitch motions is expected for both towing
conditions and, therefore, it results in limited differences between
the measured RMS pitch responses.

Observing the results of the two sea states studied, one can
estimate the maximum expected value for the pitch angle to be
around 2.25 deg (4 times the RMS times 0.93), for sea states with Hs

less or equal than 3m and Tp less or equal than 10s, and for the three
towing configurations. This value is relatively far from the
maximum admissible tilt angle (equal to 10deg). According to the
scatter diagram in Refs. [41,42], used to design this platform, the
selected peak periods correspond to the most probable ones for
Hs ¼ 1m and Hs ¼ 3m. However, a better characterization of the
pitch dynamics is necessary for a rigorous extrapolation to a com-
plete wave scatter diagram for the location of the transport oper-
ation. Additionally, other limits such as personnel and tugboat
capabilities will also be of concern despite being outside the scope



of this study. motions. In this figure, the graphs on the left show the time series
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5.3.2. Free floating: decay tests
An additional brief discussion regarding the decay tests is

included, since they provide information about the natural fre-
quencies of the motions as well as damping characteristics of the
system, the latter being crucial information for the numerical
modelling of this type of floaters. For each discussed motion (i.e.
heave, roll and pitch), tests with different initial amplitudes were
carried out.

Damping effects close to the resonance periods of the motions
assessed in this study are usually governed by non-linearities. This
case is mainly due to the fact that these systems are subjected to
weak potential damping effects. Therefore, it is expected that large
motionsmay appear when the resonances of the system are excited
and, under these conditions, non-linearities dominate the re-
sponses. In this work, damping was quantified following the
approach provided in Faltinsen [53]; which involves the linearisa-
tion of the non-linear drag effects.

Fig. 18 provides some illustrative results for pitch, roll and heave
Fig. 18. Decay time series and linear damping ratio for pi
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for the pitch, roll and heave motions, respectively. The graphs on
the right show the estimated linear damping ratio values for
different motions amplitudes.

The mean natural periods for the pitch and roll motion show, as
expected, a very close agreement (Tpitch ¼ 27.8s and Troll ¼ 27.7s).
These results are larger than the ones estimated numerically, which
are provided in Table 7. Longer experimental pitch periods were
expected as the numerical model did not take the elasticity of the
tower into account, leading to a stiffer structure (see main dynamic
characteristics included in section 3). The slight differences be-
tween the measured periods of the pitch and roll motions are
related to the experimental uncertainties.

Towing operation of the platformwill be carried out in calm sea
states, which present small amounts of energy close the resonances
of the pitch and roll motions. Therefore, a representative value
equal to 1% of the critical damping can be adopted for these degrees
of freedom (DOFs). Decay tests for the heave motion show that the
heave undamped natural period is equal to 4.49s (full scale).
Assuming, small amplitude heave responses and taking into
tch (top), roll (middle) and heave (bottom) motions.
12



account the decay measurements for the heave motions, the
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Table 11
Natural periods and linear damping ratios measured for the heave, roll and pitch
motions.

Mode Model Period [s] z [%]

Heave 4.49 2%
Roll 27.73 1%
Pitch 27.80 1%
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damping coefficient can be set equal to 2% of the critical damping.
Table 11 summarizes the estimated natural period for the heave,

roll, and pitch motions as well as the equivalent linear damping
ratio, z. Estimated experimental linear damping values are in
accordance with the predicted estimations provided in Ref. [35].

6. Conclusions

Results of towing tests of a state-of-the-art tension leg platform
(CENTEC-TLP) supporting a 10 MW floating wind turbine in calm
water and waves have been presented and discussed. Regarding the
similarities between the present floating wind turbine and a barge
or blunt bow type vessel in terms of towing resistance, it has been
found that the behavior is radically different due to the prevalence
of form drag in the present case compared to friction drag for the
latter. In what respects to the similarity, in terms of towing resis-
tance, between the present case study and other floating wind
turbine designs available in literature, the present design performs
significantly better in calmwater resistance and comparably well in
terms of added resistance in waves. The data corresponding to
resistance coefficients and normalized added resistance in waves
are provided so that they can serve as reference for future designs.
A remarkable outcome of present research is that negative added
resistance in waves has been obtained in some of the tests. While
this finding deserves further research, the authors hypothesize that
the presence of incident waves may partially mitigate separation
phenomena. The observed behavior of resistance in waves poses
some conceptual difficulties in using standard spectral techniques
for estimating added resistance in irregular waves starting from
regular sea results. A comprehensive study of this topic would
therefore be an interesting continuation of the presented research.
For the chosen representative sea states (significant wave height
and peak period) and towing speeds, measured responses attest
that the pitch motions are always significantly lower than the
maximum admissible static angle. Heave responses also show
remarkable low RMS values for all towing tests configurations
assessed.

It is hoped that this research could be useful for studies on the
hydrodynamics of transport operations of novel floating wind
turbine designs. In addition, the obtained results may hopefully set
the grounds for further investigations on specific aspects of
particular interest, such as the observed negative added resistance
in waves, and, more generally, the complex hydrodynamics of bluff
bodies advancing in waves.
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water tests

Uncertainty studies in experimental hydrodynamics of floating
wind turbines are scarce. Robertson et al. [54] did a referential work
on the topic, focusing on assessing whether the uncertainty of the
second order effects measured in experiments for moored config-
urations could explain the deviations with respect to a number of
numerical models. This work had as precursor a previous one co-
authored by these authors [55], in which the main sources of un-
certainty in this type of campaigns had been identified. Another
important reference in the field is due to Desmond et al. [56], who
investigated the impact on experimental uncertainty of introducing
aerodynamic and rotor gyroscopic loading on a model multirotor
floating wind energy platform during physical testing.

The present work deals with the free-floating configuration not
in moored condition but during the transport phase, being there-
fore more connected to the ITTC works on uncertainty of resistance
tests than to the previously referred works. Indeed, the analysis is
herein conducted in accordance to the ITTC recommendations as
presented in the general principles in Ref. [57] and the example
corresponding to the total resistance coefficient documented in
Ref. [58].

It has been shown in the bulk of the paper that resistance is
mostly due to separation. For this reason, the resistance coefficient
has been referred as the drag coefficient (eq. (1)) and its uncertainty
is assessed to define the size of the error bars in Fig. 11.

Following the ITTC general principles [57], the uncertainty in CD
is obtained by propagating that of the variables involved in its data
reduction formula, with the proportionality coefficients being the
partial derivatives with respect the corresponding variable, i.e:
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The contribution of density is neglected, as its own uncertainty,
including its corresponding factor, is negligible (see Refs. [48,58] for
comparable examples in which this is the case).

In order to better understand the procedure to estimate these
terms, consider the particular case of the lowest speed (1kn) and
the frontal tow as an example.

Regarding the uncertainties in the forces, they are classified as A
(repetition related) and B (calibration) types, and assumed inde-
pendent, leading to:

u2ðRcwÞ ¼ u2AðRcwÞ þ u2BðRcwÞ: (A.2)

The A-type uncertainty is obtained from analyzing the repeat-
ability of the experiments, estimated from repeated measurements
using the expression [47]:

uAðRcwÞ ¼
sffiffiffiffiffiffiffiffiffi
Ncw

p ; (A.3)

with s being the standard deviation of mean resistance obtained
from each repeated test, and Ncw the number of repeated calm
water tests. Even though the estimate for s is poor with low Ncw, in
our particular case we decided to have three tests for all cases with
V � 3kn, instead of a particular case with a larger number of rep-
etitions. This procedure has the advantage of having estimates for s
for a larger number of cases. The values obtained for s are in any
case tiny, indicating high repeatability and therefore removing
concerns in regards to this approach.

Following [47], the standard deviation is obtained using the
classic unbiased discrete estimator:

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
Ncw � 1

XNcw

j¼1

�
Rcw � R̂

j
cw

�2
vuut ; (A.4)

with R̂
j
cw obtained with the mean value (in time) of the resistance,

and Rcw is the mean value of those R̂
j
cw.

In the particular case of the proposed example, Rcw ¼ 0.116 N,
s ¼ 1.25 , 10�4 N, N ¼ 3, and therefore uA(Rcw) ¼ 7.2 , 10�5 N.

As for the B-type uncertainty for the resistance, a one compo-
nent load-cell was used for the measurements, whose calibration
was verified prior to the tests. The standard deviation of the re-
siduals is taken as the uB(Rcw) uncertainty:

uBðRcwÞ ¼ 0:0053N: (A.5)

Therefore, applying Eq. (A.2), one gets u(Rcw)¼ 0.0053 N, indicating
that calibration is the dominant factor.

Regarding the uncertainty due to speed, the control system of
the carriage renders average velocity values within ± 1 mm/s ab-
solute precision, which, assuming a uniform distribution leads to:
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uBðVÞ ¼ ffiffiffi
3

p ¼ 5:8,10�4 m s; (A.6)

with uA(V) ¼ 5.2 , 10�6 m/s, obtained analogously to uA(Rcw),
leading to u(V) ¼ 5.8 , 10�4 m/s, with calibration being the main
factor.

As for the geometry, the related uncertainty is accounted for
through its effect on the projected area, and such uncertainty is
obtained from the deviation in volume, V, proportional to that of
mass in Table 10. In order to propagate the volume uncertainty on
to the projected area's, their dependence on the draft is used (see
Tables 5 and 7 for the meaning of the variables involved):

uðAPÞ ¼
����vAP

vV

���� uðVÞ ¼
����vAP=vT
vV=vT

���� uðVÞ ¼ B
AW

uðVÞ ¼ 0:82
0:3131

,0:006,0:0163 ¼ 2:54,10�4m2: (A.7)

This uncertainty aims at accounting for the impact of the devi-
ation (which is unknownwithin that precision) between the design
IGES file and the actual specimen, due to the manufacture
tolerances.

Incorporating all individual uncertainties into Eq. (A.1), one gets
for the example that u(CD) ¼ 0.0582, with CD ¼ 1.1827, with the
main contributor being the uncertainty on the calm water
resistance.

The uncertainty u(CD) is multiplied by a coverage factor k ¼ 2
[57], leading to the expanded uncertainty, U(CD) ¼ 0.1164, used to
define the size of the error bars in Fig. 11, as indicated at the
beginning of this appendix.

The expanded relative uncertainty is therefore.

U0ðCDÞ ¼
UðCDÞ
CD

¼ 0:098z10%; (A.8)

for the example at hand. This relative uncertainty is directly
translated to the predicted full scale calmwater resistance in Fig.12.
It is noted, however, that this does not account for uncertainties
associated to extrapolation to full scale based on the assumption of
equal drag coefficient between model scale and full scale.

The same methodology is applied to every tested speed, leading
to the corresponding error bars displayed in Figs. 11 and 12. For the
speeds with no repetitions (4e6 knots in diagonal towing), the
error bars have been set with the same relative size as those of 3
knots, in principle a conservative value as quantified uncertainties
for the considered case tend to reduce as the speed increases, as can
be appreciated in Fig. 11 for the cases between 1 and 3 knots.
resistance in waves

In order to get more confidence in the obtained results
regarding reduction of resistance in waves, an additional experi-
mental campaignwas conducted some time (months) after the one
discussed in the paper. In between the two campaigns, the model
was taken out of the water, and campaigns with other models and
objectives were carried out in the tank.

It was decided to focus on the case with diagonal towing from
one point, with speed equal to 5kn, regular waves with period
T ¼ 7s, wave height H ¼ 1m, for which Radd/(A2 Power)¼ �20.3 kN/
14



(m2 ,MW) (see Fig. 14). This point belongs to the set 14 in Table 9.
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In order to assess the consistency of the results, repeatability
was also analyzed for a case with positive added resistance in
waves. To this aim, the other point with diagonal tow from one
point in set 14, i.e., speed equal to 5 kn, T ¼ 10s, H ¼ 3m, for which
Radd/(A2 Power) ¼ 8.2 kN/(m2 ,MW) (see Fig. 14) is also studied.

The results of the repeated tests can be seen in Fig. B.19. As can be
clearly appreciated, on the one hand, the case with Hz 1m presents
a consistent reduction in the total resistance when compared the
calmwater test (H ¼ 0), thus suggesting that the added resistance in
waves is negative. On the other hand, the case with Hz 3m shows a
consistent larger value than the calm water tests.

Making use of the repetitions in Fig. B.19, an uncertainty
assessment can be carried out, aimed at establishing whether one
can be confident on the observed negative variation of resistance,
taking into account uncertainty bounds. It is noted that uncertainty
aspects of measurement of added resistance in waves is a topic for
which literature is scarce (see Ref. [59]).

First, as discussed in section 5.2.1, added resistance Radd is
defined as:

Radd ¼ RTw � Rcw; (B.1)

where RTw is the total resistance in waves and Rcw is the calmwater
one at the considered speed. If one assumes that the uncertainties
in the calmwater and wave tests are uncorrelated, one could write:

u2ðRaddÞ ¼ u2ðRTwÞ þ u2ðRcwÞ (B.2)

The total uncertainty of RTw and Rcw can be split in their A and B type
components [57], as done in appendix Appendix A. However, the B-
type uncertainty, due to load-cell calibration is the same for both
measurements, i.e. uBðRTwÞ ¼ uBðRcwÞ (defined in Eq. (A.5)), which
implies that one can write Eq. (B.2) as:

u2ðRaddÞ ¼ u2AðRTwÞ þ u2AðRcwÞ þ 2 u2BðRcwÞ; (B.3)

where uAðRcwÞ and uAðRTwÞ for the data available are obtained with
the same procedure followed in appendix Appendix A.

With these ideas plus the data in Fig. B.19, one can obtain the
terms in Eq. (B.3), to close this appendix reporting uðRaddÞ for the
two cases considered.

Intermediate and final data are included in Tabs. B.12-B.14, all at
model scale.
Table B.12
Uncertainty of calm water resistance for data in Fig. B.19.

Rcw [N] uAðRcwÞ [N] uBðRcwÞ [N] uðRcwÞ [N] UðRcwÞ [N]
3.564 0.013 0.0053 0.014 0.028

Table B.13
Uncertainty of total resistance in waves for data in Fig. B.19

T [s] RTw [N] uAðRTwÞ [N] uBðRTwÞ [N] uðRTwÞ [N] UðRTwÞ [N]
7 3.413 0.0220 0.0053 0.023 0.045
10 4.484 0.0101 0.0053 0.011 0.023

Table B.14
Uncertainty of added resistance in waves for data in Fig. B.19. Units for forces are
Newtons.

T [s] RTw [N] Rcw [N] Radd [N] UðRTwÞ [N] UðRcwÞ [N] UðRaddÞ [N]
7 3.413 3.564 �0.151 0.045 0.028 0.053
10 4.484 3.564 0.920 0.023 0.028 0.036
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As one can appreciate, the expanded uncertainty, UðRaddÞ, for
the negative added resistance in wave case is approximately
0.053N, which is smaller in absolute terms than the added resis-
tance inwaves for the referred case (z� 0.15N). This provides some
confidence that there is actually a reduction of resistance in waves
compared to calm water, taking into account both the obtained
average results as well as the estimated level of uncertainty, and
this topic would deserve a further dedicated research, which is out
of the scope of the present one. Similar considerations apply to the
case showing a positive added resistance in waves.

Figure B.19. Model scale total resistance: selected cases in calm water and regular
waves with the diagonal towing configuration (towing from one point). V ¼ 5kn for all
cases presented.
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