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Figure 8. Main dimensions of monopile and scour protection of Egmond aan Zee.

Figure 9. Main dimensions of monopile and scour protection of Horns Rev phase 1.

Figure 10. Main dimensions of monopile and scour protection of Princess Amalia.
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Figure 11. Main dimensions of monopile and scour protection of Scroby Sands.

5. Results

In order to check and validate each of the results obtained in the practical application, auxiliary
calculations are performed to determine the orbital velocities at seabed level due to waves. Non-linear
wave theories (e.g., stream function) are recommended to be applied in function of the zoning resulting
from each of the study cases, for instance for the shallow water case study (Arklow Bank phase 1) high
order Stokes’ theory is inappropriate.

Only to note that wave velocity at seabed level has been calculated in all the cases according
Airy wave theory as simplification, corresponding to the maximum horizontal velocity associated to
the wave climate parameters related to 50 years return period. Table 6 includes the marine current,
bottom orbital and design velocities.

Table 6. Marine current, bottom orbital, and design velocities of offshore wind farm case studies.

Offshore Wind Farms
Metocean Characteristics Arklow Bank Egmond Aan  Horns Rev  Princess Scroby
Phase 1 Zee Phase 1 Amalia Sands
Marine current velocity (U¢) (m/s): 2.00 0.60 117 1.30 1.68
Bottom orbital velocity (Um) (m/s) 2.70 0.73 1.15 1.61 1.08
Design velocity 4.70 1.33 232 291 2.76

Based on the input data corresponding to the case studies, mainly metocean ones, the results of
the application Isbash (1936), Soulsby (1997), and De Vos (2012) are included in Table 7. For De Vos,
Ssp has taken as 1, and the number of waves as 2000.

Table 7. Results of the application of the three equations to the five case studies.

Case Study Isbash ;Y;:flosl()l;g) De Vos Real Weight (kg)
Arklow Bank 1 1,497.97 142,439.86 7,912.86 192.60
Egmond aan Zee 0.77 1.79 1.03 179.20
Horns Rev 1 21.44 662.54 11.27 432.60
Princess Amalia 84.34 1,330.58 78.95 350.00
Scroby Sands 61.43 1,464.54 50.44 236.90
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Table 7 shows the results obtained after applying the three design formulations selected in the five
case studies, with notable differences among them, which may be due to the fact that each researcher
has proposed a different methodology in their application. The real average weight of the stones used
for scour protection in each of the case studies has been included in the table in the right-hand column.

Likewise, it is highlighted as the most influential variable in each formulation the velocity of
the flow at seabed level, defined as orbital velocity as it can be observed in the different equations,
with which its results have an important sensitivity to any variation of the velocities of the flow,
obtaining very different results. In order to calculate the design velocity of the current, it has been
chosen to consider that waves follow the same direction as currents, this being the most unfavorable
situation for the stability of the foundation against scour. It should be mentioned that there are other
combinations of wave and currents actions such as waves opposite currents, alternate current such as
those induced by tides, etc. However, these have not been the object of the research carried out. In all
the cases, it has been considered mild slope and wave breaking coefficient in around of 0.7 referred to
the mean sea level.

6. Discussion

The practical application allows to compare and determine differences existing between the two
weights analyzed, on the one hand the result of applying the formulations and, on the other hand the
one identified in the characterization of the case studies, the real projects, quantifying their difference
by means of three different methodologies:

(a) Ranges relationship represented by the value of the difference between the real and the
calculated weights.

(b) Relative error ratio represented by the absolute value of the difference between real and calculated
weights divided by the real weight.

(c) Step factor relationship defined as the square root of the division between the real and the
calculated weights.

All this made possible to detect that the results are very different, specifically using Soulsby
equation, designed for the flow produced by the waves on the seabed without taking into account the
interaction with the current.

Furthermore, it was observed that the velocities in the case studies are between 1 and 5 m/s,
the value of the riprap protection is very related to the velocity. In case of higher velocities, bigger riprap
dimensions, being clearly the highest dimension for Arklow Bank, with 4.7 m/s of velocity at sea
bottom. Lowest values correspond to Egmond aan Zee, with 1.33 m/s of velocity at sea bottom.

Next table (Table 8) shows the results obtained after comparing these calculated weights using
the three methodologies mentioned for each of the case studies, Arklow Bank phase 1 (Ireland),
Edmond aan Zee (Netherlands), Horns Rev phase 1 (Denmark), Princess Amalia (Netherlands) and
Scroby Sands (United Kingdom).

In the case of Arklow Bank phase 1, the weights obtained are very conservative with values
between 10 and 1000 times higher than those placed in reality, with dispersion ratios between 0.001
and 0.13; the values obtained by means of Soulsby equation are very striking 10 times higher than
those obtained by means of the other two equations. This is because the value of the combined velocity
(waves and current) is also the highest of all case studies with a high value (4.70 m/s).

191



J. Mar. Sci. Eng. 2019, 7, 440

Table 8. Comparison between calculated and real weights in offshore wind farm case studies.

Case Study Whso (kg)
Isbash Soulsby De Vos
Calculated weight 1,497.97 142,439.86 7,912.86
Arklow Bank Ranges relationship 1,305.37 142,247.26 7,720.26
Phase 1 Relative error 6.78 738,56 40.08
Step factor relationship 0.36 0.03 0.14
Calculated weight 0.77 1.79 1.03
Egmond aan Zee Ranges relationship 178.43 177.41 178.17
Relative error 1.00 0.99 0.99
Step factor relationship 15.25 10.005 13.19
Calculated weight 21.44 662.54 11.27
Ranges relationship 411.16 229.94 421.33
Horns Rev Phase 1
Relative error 0.95 0.53 0.97
Step factor relationship 4.49 0.81 6.19
Calculated weight 84.34 1,330.58 78.95
. . Ranges relationship 265.66 980.58 271.05
Princess Amalia
Relative error 0.76 2.80 0.77
Step factor relationship 2.04 0.51 2.10
Calculated weight 61.43 1,464.54 50.44
Scroby Sands Ranges relationship 175.47 1,227.64 186.46
Relative error 0.74 5.18 0.79
Step factor relationship 1.96 0.40 2.18

In the case of Egmond aan Zee, the three equations give a result with the same order of magnitude,
and representing between 0.4% and 1% of the weight actually placed. In this case, the value of the
velocity considered in the calculation is the lowest of all (1.33 m/s).

In the rest of cases, the combined current-wave speed considered is between 2 and 3 m/s. Soulsby
equation gives very high values of the weight of the stones between 1.5 and 6.2 times the weight of the
stones placed, and with values of the ratios one order of magnitude lower than those obtained with
the other formulas. On the other hand, the values of the ratios for the Isbash and De Vos formulas
are similar. Differences can also be observed with respect to the weights placed. In the case of the
Princess Amalia and Scroby Sands parks, the value obtained represents around 25% of the weight
placed, while in Horns Rev, it is 3.5%.

It shows that in case of high velocity values at sea bottom, it can be interesting to carry out
laboratory tests to try to save money, because in that offshore wind farm, there is important differences
between calculated and real weight values using any of the three selected equations. Egmond aan Zee
has some important differences between calculated and real weight. In fact, the comparison of the
values in the case of the highest and lowest velocity value at sea bottom gives worst results than in
case with intermediate values.

For De Vos formula, the expected value of parameter Sgp, for the diameters of the existing stones
in the scour protections has been analyzed. The results obtained are the following: for Arklow Bank
phase 1 the value is 3.95, for Egmond aan Zee the value is 0, for Horns Rev phase 1 and for Scroby
Sands it is 0.20, for Princess Amalia it was 0.26 is obtained. In view of the values obtained, it follows
that all installations, except for Arklow Bank phase 1 and Egmond aan Zee, are in the range of values
posed for the equation (0.2-1.0). Therefore, it can be deduced that in Horns Rev phase 1, Princess
Amalia and Scroby Sands, the stone sizes placed would be a little smaller than those obtained with the

192



J. Mar. Sci. Eng. 2019, 7, 440

static approximation. In Arklow Bank phase 1, the stone size placed is much smaller than the result of
the static approach and in Egmond aan Zee it will be close to the result of the static approach.

Considering the relative error ratio, it is observed that the Isbash and De Vos formulae give
very similar values, lower than 1.00, in all cases except for Arklow Bank phase 1. On the other hand,
Soulsby’s formula gives the best value of the relative error ratio for Horns Rev phase 1 (0.53), and a
value of this ratio very similar to those of the other two formulas in Egmond aan Zee.

According Table 9 [46], the D5 can be obtained knowing the velocity at seabed level. For instance,
in Princess Amalia, the design velocity is 2.91 m/s, and according the table the minimum Dsg
recommended is 0.40 m for the scour protection armour. D5y = 0.40 m corresponds to W5y = 173 kg,
considering 2800 kg/rn3 of density, Dy50 is 0.84 multiplied by Dsj, and if the same relationship is applied
to Wpsp and Wiy, the coefficient is 0.593. So, W5p = 173 kg is converted to W59 = 103 kg. This value is
in the magnitude order established in the Table 9 in the case of Isbash, and De Vos equations, although
Table 9 is more conservative than the use of the equation. So, it can be used for estimate values.

Table 9. Stone size according the velocity of the flow. Adapted from [46].

"Ub Do (m)
1 0.05
2 0.20
3 0.40
4 0.70
5 1.10
6 1.60

7. Conclusions

It is concluded that there is a very small number of formulas applicable for the design of the
foundation protection systems of offshore wind turbines. Furthermore, it has been observed that the
formulas are not very clear, not allowing a rapid determination, because most of them have not been
applied or contrasted for offshore wind farms, having been only verified for coastal structures or in
hydraulic channels. An additional uncertainty has to be taken into account, regarding the dimensions
used in these structures; these dimensions are completely different to the usual ones included in coastal
and offshore engineering.

A high degree of confidentiality is imposed in the offshore wind sector, as a result of which
the utilities do not share the information, taking care of their know-how. Anyway, not sharing the
information, mainly the failures, make the industry advances slower than in the case of looking for
synergies to solve the problems and the uncertainties.

Tt is also verified that when applying the formulations of scour protections, both for continuous
and oscillatory regime, their results presented important inconsistencies, because in general these are
thought for depths of the order of 5 m, and not for usual depth of offshore wind facilities, more than
15-20 m depth.

With respect to the comparisons of the weights, in the case of Arklow Bank phase 1, the weights
obtained are very conservative with values between 10 and 1000 times higher than those placed in
reality, with step factor relationships between 0.03 and 0.36. It shows that in case of high velocity
values at sea bottom, it can be interesting to carry our laboratory test to try to save money, because
in that offshore wind farm, there is important differences between calculated and real weight values
using any of the three selected equations

From the comparison of the results obtained with the different formulas selected, it can be deduced
that the Soulsby formula is not applicable because it gives the highest values of the weights of the
stones to be placed. Only in the case of the Egmond aan Zee offshore wind farm, the value obtained is
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close to those of the other two formulas, which can be interpreted as meaning that it can be used in
locations with a low speed range, less than 2 m/s.

On the other hand, it can be observed that the values obtained by the Isbash, and De Vos equations
are similar in parks whose bottom velocities are between 2 and 3 m/s. Differences can also be observed
with respect to the weights placed. In the case of the Princess Amalia and Scroby Sands parks, the value
obtained represents around 25% of the weight placed, while in Horns Rev, it is 3.5%.

For the De Vos formula, the expected value of parameter S3p for the diameters of the existing
stones in the scour protections has been analyzed. In view of the values obtained, it follows that all
installations, except for Arklow Bank phase 1, and Egmond aan Zee, are in the range of values posed
for the equation (0.2-1.0). Therefore, it can be deduced that in Horns Rev phase 1, Princess Amalia,
and Scroby Sands, the stone sizes placed would be a little smaller than those obtained with the static
approximation. In Arklow Bank phase 1, the stone size placed is much smaller than the result of the
static approach and in Egmond aan Zee it will be close to the result of the static approach.

Considering the relative error ratio, it is observed that the Isbash and De Vos formulae give
very similar values, lower than 1.00, in all cases except for Arklow Bank phase 1. On the other hand,
Soulsby’s formula gives the best value of the relative error ratio for Horns Rev phase 1 (0.53), and a
value of this ratio very similar to those of the other two formulas in Egmond aan Zee.

Evidently, although with the Isbash formula similar results to the De Vos formula have been
obtained in all the facilities analyzed except for Arklow Bank phase 1, this last formula has better
possibilities of adjustment to the conditions of this type of foundations when considering more factors,
not only the velocity of the current at the bottom, so that it can offer a better result of the average
weight of the stones to be placed in the scour protection systems.

For a rapid estimation, Table 9 can be used because it gives conservative values ad it is very easy
to use. Anyway, it is first estimate, and more calculations and possible laboratory test should be done
to design the riprap protection.

This makes it essential to continue the research about the scour, for which it would be appropriate
to have real data on offshore wind farms in operation, mainly based on monitoring the scour around
the structures along the time with field campaign with multibeam echosounders.
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Abstract: Renewable energies are the future, and offshore wind is undoubtedly one of the renewable
energy sources for the future. Foundations of offshore wind turbines are essential for its right
development. There are several types: monopiles, gravity-based structures, jackets, tripods, floating
support, etc., being the first ones that are most used up to now. This manuscript begins with a
review of the offshore wind power installed around the world and the exposition of the different
types of foundations in the industry. For that, a database has been created, and all the data are being
processed to be exposed in clear graphic summarizing the current use of the different foundation
types, considering mainly distance to the coast and water depth. Later, the paper includes an analysis
of the evolution and parameters of the design of monopiles, including wind turbine and monopile
characteristics. Some monomials are considered in this specific analysis and also the soil type. So,
a general view of the current state of monopile foundations is achieved, based on a database with the
offshore wind farms in operation.

Keywords: offshore wind farm; support structure; monopile; jacket; GBS; tripod; floating

1. Introduction

Wind energy can be considered nowadays a main participant in the energy market and power
generation [1,2]. In 2016, it overtook coal as the second-largest form of generation capacity in Europe,
only being overpassed by gas, and showing the highest development rate of every source considered [3].
Although the offshore wind energy sector is still far from the stage of maturity of its older brother
(onshore wind) [4], the similarities between both have allowed offshore wind turbines [5] to become
efficient and commercial-ready in a relatively short time [6]. During 2018, a total of 4496 MW were
installed in six different countries [7]. China became the largest investor of this field (1800 MW),
overtaking the United Kingdom for the first time (1312 MW), who had led the market during the past
years. Germany (969 MW), Belgium (309 MW), Denmark (61 MW) and South Korea (35 MW) were the
other participants.

Referring to the total installed capacity, the United Kingdom is still far ahead of any other
country, covering 35.0% of the total power. Germany and China stay behind, accounting for 27.3% and
19.6%, respectively. Denmark, Sweden and the Netherlands, who started designing and testing these
installations in the 90s, are still playing an important role as industry manufacturers and technology
developers; however, the capacity installed in these countries has not gone up to that scale. Table 1
gives some details of the picture at the end of 2018.
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Table 1. Capacity installed by country at the end of 2018 (UK: United Kingdom; GER: Germany; CHI:
China; DEN: Denmark; BEL: Belgium; NET: Netherlands; SWE: Sweden; VIE: Vietnam; JAP: Japan;
KOR: Korea; FIN: Finland; USA: United States of America; IRE: Ireland; SPA: Spain; NOR: Norway;
FRA: France) (Own elaboration based on [3,7]).

Power % Total Turbines Average Wind Average
Country Wind Farms Installed Power Installed Farm Power Turbine
(MW) Installed (MW) Capacity (MW)

UK 37 8184 35.0% 1920 221.2 43
GER 23 6375 27.3% 1314 277.2 49
CHI 36 4581 19.6% 1224 127.3 3.7
DEN 14 1327 5.7% 514 94.8 2.6
BEL 8 1187 5.1% 274 1484 4.3
NET 6 1118 4.8% 365 186.3 3.1
SWE 5 201 0.9% 86 40.2 2.3
VIE 2 99 0.4% 62 49.5 1.6
JAP 11 84 0.4% 35 7.6 2.4
KOR 3 71 0.3% 24 23.7 3.0
FIN 3 68 0.3% 24 22.7 2.8
USA 1 30 0.1% 5 30.0 6.0
IRE 1 25 0.1% 7 25.0 3.6
SPA 2 10 0.0% 2 5.0 5.0
NOR 1 2 0.0% 1 2.0 2.0
FRA 1 2 0.0% 1 2.0 2.0

According to [8-15], the main advantages of offshore wind farms over onshore ones can be briefly
described as follows:

e  The existing wind resource in the sea is higher than in nearby coasts.

e Due to its location offshore, the visual and acoustic impact is lower than wind farms on land,
which allows better use of the existing wind resource, with larger turbines and the use of more
efficient blade geometries. Likewise, the lower surface roughness in the sea favors the use of
lower tower heights.

e It provides a bigger creation of employment in the phases of construction, assembly and
maintenance, due to the greater complexity during installation and exploitation.

e  DPossibility of integration in mixed marine complexes.

e  Spaciousness of the environment.

e  More constant and stable energy generated.

However, these marine facilities also have significant disadvantages with respect to terrestrial ones,
which are limiting their development: non-existence of electrical infrastructures close to the location;
more severe environmental conditions; evaluation of wind resource more complex and expensive;
and above all, its higher investment ratios and operating expenses, needing specific technologies for
construction and foundations, transport and assembly at sea, laying of electrical networks underwater
and operation and maintenance tasks [16,17]. Furthermore, there is some research emphasizing the
advantages of harnessing wind and waves at the same facility [18-20].

In order to face the investment costs and become more productive and, therefore, more attractive
to the market investors, offshore wind farms must generate as much power as possible with the lowest
construction and installation costs [21-23]. Developing more and more efficient turbines has become
the greatest challenge of the sector from the early years, while the costs of foundations and electric
installations remain stable [24,25]. During the last 25 years, the average power capacity of the turbines
has increased by 1500% (Figure 1), evolving from the first Vestas and Nordtrank used in 1995, with a
capacity of 500 kW (Figure 2), to the 7-8 MW turbines that are already being used on some of the largest
and newest projects these days [26]. The European Offshore Wind Deployment Centre in Scotland, and
Horns Rev 3 in Denmark, are currently using Vestas V164-8.4 MW turbines, the most powerful turbines
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nowadays for commercial power generation. Currently, the industry is talking about exceeding 10 MW
unit power [27,28].
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Figure 1. Average offshore wind turbine power installed every year.

2. Typologies of Foundations

Located in such a dynamic and extremely powerful element as the sea is, foundations become one

of the main elements of these projects, receiving over one-third of the total cost [29-32]. As they must
support the wind turbines, absorbing all the forces and loads and providing a safe and stable base,
defining the right typology of foundation can have a huge impact both on the economic and technical
sides, becoming especially vital these last years as wind farms are being located further from the coast,
and every element must be designed and optimized in detail, to avoid performance problems and

reduce maintenance works.

As was previously discussed in the article, offshore wind farms, even nowadays, are placed

in a few selected locations. There are several conditions that limit the range of use of this type of
installations [33-36]:

The depth is vital when defining installation costs. Greater depths associates higher costs and
the use of more complex and specialised technologies, something that is reflected in the final
investment of the wind farm, reducing its profitability. Closed seas, located within continental
platforms, have an average depth significantly lower than oceans and open seas, being more
convenient for this type of project [37].

Meteocean climate, in particular, wave height values [38—40]. Sea zones with high wave heights
make installation and maintenance work more complicated, requiring more workload and
economic resources, in addition to damaging the foundations and causing phenomena such as
to scour the seabed [41-45], which weakens the structure and requires closer surveillance and
maintenance work.

The distance to coast [46]. In order to have a higher intensity wind and less impact on the
landscape and the coast, in the location of this type of facilities, it is sought to distance them as far
as possible from the coastline, since this also allows the use of turbines of greater nominal size
and power. However, as it has been discussed before, this usually leads to an increase in depth,
with the inconveniences that this entails. Therefore, the optimal location for a wind farm is the
one that is placed as far from the coastline as possible while keeping a low depth.

Spontaneous or unexpected phenomena such as earthquakes, tsunamis or extreme meteorological
offshore events. Additional information from location, ground composition and soil-foundation
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interactions become much more relevant at regions where these events appear more
frequently [47-49].

Other factors to consider are the typology of the stratum of the seabed on which engineers support
the foundations [50], possible impacts to shipping routes or other offshore installations, and sea climate.
Furthermore, it is important taking into account that there are still some uncertainties for the design of
the foundations of these facilities [51].

As wave height is a dynamic value that may vary in a significant way for every wind turbine inside
each farm, depending on several different factors, the paper is focused on the other main conditioners:
the depth of the seabed and the distance from the coast. The development of new technologies and
manufacturing and construction procedures [52], together with the increase in the size of wind farms
and turbines and the increase in society’s awareness of visual and environmental impacts [53,54], has
led to the displacement of these installations further from the coastline, as it can be seen in Figure 2
(the size of the bubbles represents the capacity installed).
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Figure 2. Offshore wind farms in operation classified by depth and distance from the coast at the end
of 2018 (the size of the bubbles represents the capacity installed).

Table 2 shows the average depth and distance to coast in different locations and also the ratio
depth/distance. In the case of lower depth and distance to coast, the more convenient and cost-efficient
the construction project of the wind farm will be [55].

Regarding the wind farms operating these days, low-depth seas belonging to the continental
platforms are the optimal location for these installations, where the ratio between the seabed depth
and the distance is under or close to 1 m/km.

In Europe, the North Sea, Baltic Sea and Irish Sea stand as the best spots and mostly the first that
have lead the sector since the beginning of the century. In the case of Asia, seas such as Eastern China,
Southern China and the Yellow Sea provide an even better ratio, which can undoubtedly be a reason to
explain the fast development and huge interest that this sector has brought to this continent.
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Table 2. Average depth and distance conditions of installed farms by location at the end of 2018.

. . Power Installed Power Distance to Ratio
Location Wind Farms (MW) Installed (%) Depth (m) Coast (km) Depth/Distance
North Sea 61 12,933 55.4% 23.4 30.0 0.78
Irish Sea 15 2938 12.6% 13.1 10.1 1.29
Eastern o
China Sea 16 2574 11.0% 53 16.7 0.32
Baltic Sea 20 2186 9.4% 12.4 10.9 1.14
Yellow Sea 13 1365 5.8% 75 11.3 0.66
South China 10 777 3.3% 65 83 078
Sea
English o
Channel 1 400 1.7% 29.0 13.0 2.23
Japan Sea 6 66 0.3% 13.4 15 8.94
Philippines 7 53 0.2% 39.9 6.3 6.34
Sea
Atlantic 4 ) 0.2% 214 73 2.95
Ocean
Lake Vanern 1 30 0.1% 9.5 4.0 2.38

Depending on the depth of the seabed, as well as the surrounding conditions and sea climate,

different solutions have been used since the first offshore wind turbines were designed. Some of the
most important typologies of foundations are defined as follows [55-59]:

Gravity-based structure (GBS): concrete-based structure which can be constructed with or without
small steel or concrete skirts. The base width can be adjusted to suit the actual soil conditions.
The proposed design includes a central steel or concrete shaft for transition to the wind turbine
tower [60,61].

Monopile: the monopile support structure is a simple design by which the tower is supported by
the monopile, either directly or through a transition piece, which is a transitional section between
the tower and the monopile. The monopile continues down into the soil. The structure is made of
cylindrical steel tubes [62,63].

Tripod: three-leg structure made of cylindrical steel tubes. The central steel shaft of the tripod
makes the transition to the wind turbine tower. The tripod can have either vertical or inclined pile
sleeves. Inclined pile sleeves are used when the structure is to be installed with a jack-up drilling
rig. The base width and pile penetration depth can be adjusted to suit the actual environmental
and soil conditions [64].

Jacket: similar to the tripods described above, with the difference of having four piles instead
of three. These metal piles are linked together thanks to a lattice that provides strength and
stability to the whole structure. They have dimensions similar to the tripods but given their
greater adaptability to diverse conditions and stability, they are more widespread than these, until
being the second most used typology only behind the monopiles [65,66].

Floating: The floating support structure consists of a floating platform and a platform anchoring
system. The platform has a transition piece to install the tower on top of that. The platform can
have several typologies: spar, semisubmersible and tension leg platform (TLP) [67,68].

Besides the previously mentioned types of foundations, there are others in development to be

used in the offshore wind industry. One of the most known is the suction caisson being used in oil and
gas with very good results [69-71]. This typology provides a stable and light base, whose strength
comes directly, not from its weight or depth, but from the compaction of the supporting soil through
the suction of the water. Suction caissons work very well in soft soils such as clays [72,73].

The seabed depth has often been used as the main conditioner to choose the most convenient

typology for a project. Various articles and reports have attempted to settle the range of employment,
establishing approximate parameters based on the behavior that each one of them experiences when
facing sea climates. Table 3 includes some of the most accepted criteria [74,75].
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Table 3. Range of use of typology by seabed depth.

Foundation Ashuri and Zaaijer, 2007 DNV, 2013 Iberdrola, 2017
GBS 0-10 m 0-25 m 0-30 m
Monopile 0-30 m 0-25m 0-15m
Tripod/Jacket >20m 20-50 m >30 m
Floating >50 m >50 m >50 m

However, the depth of the seabed is not the only condition to be considered. Other factors such as
the availability of resources [76] and technology and experience in a certain type over the others make
different markets bet on different solutions in similar environments.

Figures 3 and 4 show the comparison of the typologies in Europe and in Asia according to the
parameters of depth and distance to the coast.
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Figure 3. Typologies of foundations in Europe at the end of 2018 according to the parameters of depth
and distance to the coast.

The maturity of the sector in Europe has allowed the installation of wind farms in remote areas
not yet considered in Asia, both in distance and depth. The best example is the Global Tech I Park, in
Germany (400 MW, 115 Km from the coast, 80 x 5 MW turbines, AREVA M5000 wind turbine, situated
in the German Exclusive Economic Zone (EEZ), 180km away from the Bremerhaven Emden in the
north-west, Germany). In Europe, monopile foundations after decades of experience and acquired
knowledge, present a high percentage of use compared to the other typologies in Europe (77%).
The specialisation in their design and manufacturing makes them, due to cost and range of aptitude,
the most appropriate alternative in most wind farms located in shallow and intermediate depths.

Meanwhile in Asia, the arrival of offshore wind energy in a continent without tradition in facilities
of this type has led to the use of various solutions. On the other hand, the optimal conditions of
some Asian seas with shallow depths at great distances, explains the use of simple and inexpensive
typologies such as pile cap concrete foundations. Wind farms with several different typologies are also
common, mainly pile cap foundations and monopile or jacket structures.
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Figure 4. Typologies of foundations in Asia at the end of 2018 according to the parameters of depth
and distance to the coast.

Although floating foundations have not been represented in the previous graphs, to facilitate
the visualisation of the data, they will be analysed separately. As it can be extracted from previous
text, all the conventional typologies present problems or a high degree of uncertainty when depths
are greater than 50 meters. However, it is in these regions where the wind resource is the strongest
and most stable, and the distance to the coastline minimises the impact on the environment and the
landscape. Due to these reasons, many market participants started to investigate and develop new
solutions that allow the installation and operation of wind farms at greater depths and distances,
without compromising the safety of wind turbines or requiring huge installation and maintenance
costs. Some of the advantages that floating platforms can offer compared to the other types are:

e  Allowing the installation of wind farms in regions with great potential in the production of wind
energy but which cannot be supported with current typologies.

e They offer a competitive alternative in medium depths (30-50 m), since they do not require a
preparation of the seabed nor is it necessary to carry out works in the large-scale environment.
Therefore, the impact on the ecosystem is lower.

e They allow countries without a continental platform and great depths at a short distance from the
coast (America, Southern Europe, among others), to step forward in the market to which they
barely had access to a few years ago.

The biggest disadvantage of this type of project is the need for research and development until it
is viable and used in real installations, together with the enormous associated cost involved. Despite
all this, several demonstrations and pilot projects have already been carried out, and the behaviour
and profitability of this type of proposal are currently being analysed. Table 4 includes the floating
projects already operating.
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Table 4. Floating projects in operation at the end of 2018 (JAP: Japan; NOR: Norway; UK: United
Kingdom; FRA: France).

Wind Farm Country Power (MW) Turbines Depth (m)  Distance (Km) Year
Fukushima Floating -2 JAP 12.0 2 122.5 20 2018
Fukushima Floating -1 JAP 2.0 1 1225 20 2013

Sakiyama Wind Turbine JAP 2.0 1 40.0 5 2016
Hywind NOR 2.0 1 220.0 10 2009
Hywing Scotland UK 30.0 5 103.0 25 2018
Floatgen Project Demo FRA 2.0 1 30.0 22 2018

With a total of 154 offshore wind farms classified and analysed using all the data set created
for this research, it has been limited to the range of use of each one of the considered typologies,
establishing both the areas of frequent use and the singular projects that are outside these limits, and
which is interesting to mention since they establish the limits of these foundations in the future (Table 5,
Figure 5).

Table 5. Typologies of foundations by range of use (1995-2018).

Typology Depth (m) Distance (Km) Max. Depth (m) Max Distance (Km)
Pile Cap 0-15 0-15 15 15
Combined 0-15 0-30 30 35
GBS 0-20 0-15 30 30
Monopile 0-30 0-60 40 100
Jacket 5-50 5-60 50 70
Tripod 25-50 40-120 40 120
Floating >50 5-25 220 25
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Figure 5. Typologies of foundations by depth and distance to coast (1995-2018).

In Figure 5, the areas inside the solid lines represent the regions where each typology has been
used various times, while the areas outside the solid lines but inside the dashed ones represent the
regions where these typologies have been used for single projects. Those dashed-line areas can be of
interest, as they set the possibilities of these different solutions in the short and medium-term.
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As it can be seen from the Table 5 and Figure 5, there are three differentiated zones for which
different solutions are used, depending mainly on the depth of the seabed but also on the distance to
the coast and location of the wind farm:

e Inshallow depths (0-20 m), the typologies used differ depending on the continent. In Europe,
GBS and monopile foundations have been the most frequent option, with the former being used
at distances less than 15-20 km from the coast, and the latter at greater distances. In Asia, on
the other hand, the pile cap foundations and the combined wind farms (mainly pile cap and
monopiles) have been chosen for practically all the foundations.

e At medium depths (20-40 m), the most commonly used foundations are monopile and jacket
typologies. The main difference between the two is the use of the second ones in depths from
35-40 m. It is in these depths when the monopiles begin to experience buckling and instability
phenomena, being necessary to resort to more stable structures with better behavior under severe
marine conditions. Bac Lieu wind farm, the first one in Vietnam, stands as one of the examples of
pile cap foundations [77].

e On the other hand, it is important to highlight the use of tripod foundations. Although there are
currently only three wind farms with this typology, their excellent behavior in areas far from the
coast makes them a competitive alternative at medium-high depths and large distances, these
regions being potentially the most demanded for installation of wind farms in Europe during the
coming years.

e At greater depths (>50 m) floating foundations are the only typology that has been used to date.
It can, therefore, be assumed that above this depth these typologies are those that a priori can be
considered as the only possible alternative, although in particular conditions other typologies
(usually tripod or jacket) may be used as well.

3. Monopiles: Evolution and Parameters of Design

As has been explained previously, if there is a typology that stands out above the others, both in
frequency and range of use, it is the monopile typology. Considered an alternative since the first years
of development of this sector, it has several characteristics that explain its popularity and widespread
use:

e  Simplicity: a simple and easily standardised design allows it to be manufactured in series without
the need for cutting-edge technology, shortening construction and installation times and, therefore,
reducing costs without compromising the safety and operability of the installation.

e  Adaptability: linked to the previous point. Its simple design makes it possible to adapt to different
dimensions and characteristics, without excessive complications to external conditions, avoiding
the need for a large amount of field data, providing competitive solutions in shallow depths as
well as in larger ones.

e  Behavior: possibly the main strength of this typology. Able to stand favourably against external
forces without increasing installation and maintenance costs. Mainly in high distances and
average depths (25-35 m) where typologies such as GBS and HRPC (High Rise Pile Cap) are not
competitive, and the use of jacket and tripod foundations can greatly increase the cost of the
project, monopiles are considered the best alternative, even nowadays.

Monopiles began to be used mainly in 2002 when offshore wind was considered for the first time
a competitive alternative in some parts of Europe, and the first relevant projects came up (Horns Rev 1,
160 MW, Denmark, Vestas V80-2.0 MW, North Sea, Denmark). These large wind parks needed to
move away from the coast to minimise environmental and social impact, in addition to seeking a more
powerful and stable wind resource. GBS foundations could not compete at intermediate depths and
jacket structures were not economically viable.

During the next years, this typology experienced a great development (marked in green in
Figure 6), as more resources were invested to reduce manufacturing costs while improving the building
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processes. Some companies, collecting the knowledge obtained from each project, soon became solid
specialised brands who developed new solutions and techniques, spreading the use of monopiles out
of their initial range. At the top of its popularity in 2014, monopile foundations were used in 76.7% of
the total wind turbines operating in the world by that time (Figure 6).

Accumulated share of Monopile foundations (2003-2018)
20%

76,6% 76,7%

75%

T0%

65%

60%

55%

50%

€002
002
g00z
900¢
L00Z
800¢
6002
ot1o0z
1102
10z
€102
102
(074
9102
2102
8102

Figure 6. Accumulated share of monopile foundations (2003-2018).

The decreasing period takes place as of 2014 (highlighted in red), and presents a decreasing trend
from the 77% existing in that year to the current 65%. To explain this fact, two facts must be considered.

On the one hand, the tendency to move wind farms away from the coast towards greater depths
favours the use of more solid and stable typologies (jacket, tripod), with a better performance in the
face of more severe marine climates.

On the other hand, the development of the sector in the Asian countries with different
environmental conditions and technical solutions, has favoured the decrease of this quota. However,
as it has been already seen, turbines have barely been installed at intermediate depths in Asia and
when they begin to do so, monopiles will be considered again.

In order to adapt to the needs of each wind farm, monopiles have evolved over the years. Its main
dimensions, diameter and length have increased to be able to support increasingly high and heavy
turbines and greater depths. If it is analysed, these changes during the last 10 years in which 90% of all
existing monopiles have been installed, the results are exposed in Table 6.

Table 6. Monopiles characteristics (2009-2018).

Power Turbines Average Average Average Average Average
Year Installed Installed Turbine Power,  Diameter, Length, L Depth, d Distance to

(MW) Pn (MW) o (m) (m) (m) Coast, DC (Km)
2009 457 127 3.6 4.85 37.8 7.6 5.7
2010 862 311 2.8 4.26 404 11.7 20.2
2011 232 72 3.2 5.00 43.0 19.3 15.0
2012 184 51 3.6 6.00 55.0 27.0 22.0
2013 2149 599 3.6 513 47.8 13.1 15.7
2014 1063 317 3.4 5.48 58.8 19.2 244
2015 2072 564 3.7 5.47 55.4 17.9 27.8
2016 698 191 3.7 5.68 62.2 9.5 16.5
2017 3144 609 52 6.83 69.0 23.6 46.1
2018 3598 608 59 7.26 69.1 224 27.4
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As can be seen, both the length and the diameter of the piles have evolved proportionally to the
power of the turbines, maintaining constant ratios. However, in order to analyse the relationship
of these dimensions with the average depth and distance to the coast, it is seen that the ratio is not
constant and there are relevant deviations.

In order to study these correlations more carefully, some monomials from the previous table are
shown in Table 7.

Table 7. Monopiles monomials (2009-2018).

Year o/L o/Pn L/Pn o/d L/d o/DC L/DC d/DC
(m/m) (m/KW)  (m/KW) (m/m) (m/m) (m/Km) (m/Km) (m/Km)
2009 0.13 1.35 10.5 0.64 5.0 0.85 6.6 1.33
2010 0.11 1.54 14.6 0.36 35 0.21 2.0 0.58
2011 0.12 1.55 13.3 0.26 2.2 0.33 29 1.29
2012 0.11 1.66 15.2 0.22 2.0 0.27 25 1.23
2013 0.11 1.43 13.3 0.39 3.6 0.33 3.0 0.83
2014 0.09 1.63 175 0.29 3.1 0.22 24 0.79
2015 0.10 1.49 15.1 0.31 3.1 0.20 2.0 0.64
2016 0.09 1.55 17.0 0.60 6.5 0.34 3.8 0.58
2017 0.10 1.32 13.4 0.29 29 0.15 1.5 0.51
2018 0.11 1.23 11.7 0.32 3.1 0.26 25 0.82
Average 0.11 1.48 14.2 0.37 35 0.32 2.92 0.86

The monomial with the lowest variation is the ratio Diameter/Length of the monopile, staying
close to 0.10-0.11 during the last years. This parameter can be helpful at the time of designing the right
length of the pile based on the diameter of the wind turbine.

Although the other coefficients show a higher variability, in order to obtain a valid correlation for
wind farms with the current characteristics and conditions, those obtained from the data corresponding
to the last years will be more useful for this study. With these parameters, engineers can make
estimations of the dimensions of the foundations, considering both the conditions of the environment
and the power of the chosen turbines.

Other parameters that may be of interest are the hub height and blade length of the turbines,
which directly affect the electrical production capacity. In Table 8 and Figure 7, it can be seen how
they have evolved their average values over the years, and their relationship with the length of the
monopile foundations.

Table 8. Hub and blade heights of monopile wind farms by year (1996-2018).

PN Hub Total Blade Monopile Ratio . .
Year (MW)  Height(m) Height(m) Length (m) Lengthp(m) Blade/Hub  Momopile/Hub  Monopile/Blade
199 0.61 50.0 715 215 19.0 043 027 0.88
1998 0.60 45 60.0 185 210 0.45 0.35 114
2000 143 65.0 100.5 35.5 32.5 0.55 0.32 0.92
2002 2.00 70.0 110.0 400 30.0 057 027 0.75
2003 230 61.0 10222 412 450 0.68 0.44 1.09
2004 2.16 67.0 110.3 43.3 40.0 0.65 0.36 0.92
2005 3.00 70.0 115.0 450 410 0.64 0.36 091
2006 3.00 75.0 120.0 450 490 0.60 041 109
2007 3.25 76.8 126.0 49.3 48.5 0.64 0.38 0.98
2008 2.00 59.0 9.0 400 540 0.68 055 135
2009 3.60 78.8 1323 535 378 0.68 0.29 071
2010 2.77 70.0 114.3 44.3 40.4 0.63 0.35 0.91
2011 322 753 1253 50.0 4.0 0.66 034 0.86
2012 361 902 150.2 60.1 55.0 0.67 037 0.92
2013 3.59 79.6 1349 55.3 47.8 0.69 0.35 0.86
2014 3.35 832 1397 56.5 58.8 0.68 0.42 1.04
2015 367 87.0 145.8 58.8 5.4 0.68 0.38 0.94
2016 3.65 91.3 152.3 61.0 62.3 0.67 0.41 1.02
2017 5.16 97.5 167.7 70.2 69.0 0.72 0.41 0.98
2018 5.92 998 1742 744 69.1 0.75 0.40 0.93
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Monopile Length, Hub Height and Total Height (1996-2018)
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Figure 7. Evolution of Hub Height, Blade Length and Monopile Length (1996-2018).

Some interesting monomials can be extracted, like the ratios of Monopile Length/Blade Height,
and Monopile Length/Hub Height, which have remained constant through the years (0.3-0.4 for the
first one, and 0.9-1.0 for the second one). However, the monomial that shows a higher variation is
the ratio Blade Length/Hub Height, from 0.43 in 1996 to 0.75 in 2018. Bigger blades lead to more
efficient turbines and higher productions, and the location of offshore wind farms far from any affect
on humans, and the lower surface roughness of the sea allows this ratio to keep growing.

Finally, some data on the predominant soil composition in each of these wind farms have also
been included. In the same way as in previous sections, several monomials have been obtained. Table 9
includes some important figures related to the soil type, including the percentage considering the
power installed and some of the monomials previously used.

Table 9. Soil composition on monopile wind farms.

% Type of Average

Power) (m)
Sand/Clay 1582 10.3% 35 8 11.8 5.0 52.0 0.10 4.40
Sand/Bedrock 135 0.9% 2.0 4 9.3 3.6 32.1 0.11 347
Sand 9199 60.1% 4.2 39 179 5.6 57.8 0.10 3.23
Clay 2191 14.3% 4.1 10 14.8 54 48.5 0.11 3.28
Sand/Gravel 775 5.1% 35 3 12.0 5.1 40.7 0.13 3.39
Sand/Chalk 97 0.6% 3.6 1 9.0 - 34.0 3.78
Clay/Gravel 165 1.1% 3.0 1 16.0 45 55.0 0.08 3.44
Clay/Bedrock 576 3.8% 3.6 1 20.0 5.0 55.0 0.09 2.75
Chalk 595 3.9% 6.3 2 20.8 7.3 70.5 0.10 3.40

208



J. Mar. Sci. Eng. 2019, 7, 441

Placing our data on a graphic similar to Figure 5, it is shown in Figure 8 how monopile wind farms
are located depending on average depth and distance to the coast for every different soil composition.

Soil composition by Depth and Distance to Coast
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Figure 8. Soil composition of monopile windfarms by depth and distance to the coast.
4. Discussion of Results

The offshore wind sector awaits great potential both in the short and long term. The development
of technology, the increase of competitiveness, reduction in costs and the interest by companies and
institutions have motivated the development of a growing number of new projects year after year.
In those areas where these wind facilities were already consolidated, that is, the regions surrounding
the North Sea in Europe (Germany, the United Kingdom, the Netherlands, Denmark and Belgium), and
China in Asia, this development has favoured the arrival of the first “megaprojects”, installations of
high power capacity carried out with the objective of not only supplying a significant quota of energy
demand but with the ambitious objective of leading the production of electricity of their respective
countries in not too long a space of time.

Regarding the countries that had not taken part in this sector yet, the consolidation of these projects
together with the increase in the profitability of these facilities and the good results demonstrated, has
led to the entry of new participants. A large number of European countries with access to the coast
have already begun to analyze the viability and consent to the drafting of projects of this type, or in
other cases, to carry out experimentation and analysis facilities that may favour the development of
new wind farms in the future. Similarly, both the United States and various Asian countries have
started to develop projects of this type over the past few years, some of which are already operating.

It must be highlighted the extensive use of monopiles, used in mostly all types of depths and
environments. About this typology, it will be spoken of in more detail in the next lines. In addition, it
can be observed the different trends and ranges of use for each of the foundations analysed. In shallow
depths (0-15 m), it can be mainly found with foundations by gravity or GBS and pile cap foundations
in Asia. These typologies have been progressively abandoned as wind turbines moved away from the
coast and other typologies that needed less competent strata appeared. In the case of pile caps, they are
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still used in Asia in wind farms that are close to the coast. GBS foundations have been included in recent
projects where the depth and sea conditions are a priori not convenient for them. At medium depths,
it can be found the most used typologies today, the monopiles, and the jacket and tripod structures.
Monopile foundations are currently used in more than 60% of wind turbines operating worldwide.

With regards to the analysis of the technical characteristics, the appearance of a constant value
throughout all the foundations carried out from the beginning of these projects to the present, is the
Diameter/Length ratio, which has remained unchanged for 20 years, always close to 0.10-0.11 and that
seems to be the limit from which the phenomena of instability, vibration and deflection may appear.

Regarding the blade and hub heights, once more of this typology has evolved to be able to support
bigger structures and turbines and maintain a constant ratio with both blade length and hub heights.
If we look at the soil composition, we observe than this typology can adapt to different environments
while keeping similar parameters and dimensions, proving it as a convenient and cost-effective solution
even on heterogeneous locations.

For the jacket structures, their adaptability and excellent behavior in adverse conditions make
them the best option in medium-high depths (20-40 m), especially in those areas where the monopiles
can be instable and show deflection and bulking. On the contrary, its design and manufacturing
complexity, unique for each wind turbine, and the cost associated with it has prevented its usual use
until just a few years ago (2014-2015). However, since then its use quota has been increasing year after
year, and as the technology on this typology becomes generalised and its own costs decrease, so will its
expansion. As for the tripod foundations, although theoretically their features and benefits are at an
intermediate point between monopiles and jacket structures, analysing the operational wind farms at
present, it can be seen that their use is concentrated in the same area and in very similar conditions:
high depths (3040 m) and great distances to the coast (50-100 km).

5. Conclusions
The main conclusions of this research are:

e  Offshore wind energy is experiencing constant growth in recent years, consolidating itself as one
of the fields with more potential. For this form of energy generation to be competitive, several
years of research and development have been necessary.

e Monopiles are the most used foundations in shallow (0-15 m) and intermediate depths (15-30 m).
The simplicity of designing and manufacturing, together with a vast knowledge inherited from
experience, especially in Europe, has led this typology to be the first option in more than 60% of
the world’s offshore wind foundations nowadays.

e Jacket and tripod structures remain as strong competitors to monopiles when the seabed depth is
higher than 30 m. Floating solutions, which are beginning to be used for real energy production,
are supposed to take the market by storm in the near future, bringing this sector to places that
remain unavailable nowadays.

e Monopiles evolution has been studied according the following monomials: diameter/length,
diameter/turbine power, length/turbine power, diameter/water depth, length/diameter,
dimeter/distance to the coast, length/distance to the coast, and water depth/ distance to the
coast, with the following average values: 0.11; 1.48; 14.2; 0.37; 3.5; 0.32; 2.92; 0.86.

e  The Diameter/Length monomial has the lowest variation, staying close to 0.10-0.11 during the last
years, so it can be used for a first and fast figure of the length of the pile.

e The other coefficient with a higher variability can be used for the first estimate in case of using the
monomials value obtained in last years, the most current ones.
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Abstract: As a result of the large-scale trend of offshore wind turbines, wind shear and turbulent wind
conditions cause significant fluctuations of the wind turbine’s torque and thrust, which significantly
affect the service life of the wind turbine gearbox and the power output stability. The use of a
trailing-edge flap is proposed as a supplement to the pitch control to mitigate the load fluctuations of
large-scale offshore wind turbines. A wind turbine rotor model with a trailing-edge flap is established
by using the free vortex wake (FVW) model. The effects of the deflection angle of the trailing-edge
flap on the load distribution of the blades and wake flow field of the offshore wind turbine are
analyzed. The wind turbine load response under the control of the trailing-edge flap is obtained by
simulating shear wind and turbulent wind conditions. The results show that a better control effect
can be achieved in the high wind speed condition because the average angle of attack of the blade
profile is small. The trailing-edge flap significantly changes the load distribution of the blade and the
wake field and mitigates the low-frequency torque and thrust fluctuations of the turbine rotor under
the action of wind shear and turbulent wind.

Keywords: offshore wind turbine; trailing-edge flap; load mitigation; free vortex wake

1. Introduction

Wind energy systems, especially those offshore, face difficult competition from traditional
carbon-based energy sources with respect to cost competitiveness per kilowatt hour. To counter this
problem, many energy systems have increased in size and power in order to achieve utility-scale
production and to access higher winds aloft [1,2]. Recently, the large-scale offshore wind turbine has
had more than 5 MW of the power and more than 80 m of the blade length. However, unsteady factors
such as wind shear and turbulent wind have more negative effects on the stable operation of large wind
turbines. The stability of the load and the output power has become significant issues in large-scale
offshore wind turbines. There are many cases of fatigue failure of bearings and gearboxes prior to the
end of the design life, which indicates the necessity of load mitigation control [3]. As the blade inertia
of large-scale offshore machines is very large, traditional pitch control methods are unable to handle
the fast-changing aerodynamic load fluctuations [4]. A new load control system has to be developed.

Investigations into the load mitigation of large wind turbines has mainly focused on two aspects.
One aspect is research on advanced transmission systems [5]. The flexible coupled tower and blade [6]
was investigated for the absorption of the instantaneous change in the torque and the reduction
of the impact load of the gearbox and generator. An advanced hydraulic torque converter [7,8]
is also an efficient transmission control structure. It absorbs the impact load caused by turbulent
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wind, and accurately adjusts the speed of the output shaft; this results in efficient speed control of
the permanent magnet synchronous generator unit and even cancels the frequency converter. The
VESTAS Company has successfully applied hydraulic torque converters to its wind turbines. The
other aspect is research on smart rotors [4]. Smart rotors control the amount of wind energy absorption
by the wind turbine using flow control technology, including passive or active flow control devices,
to reduce the load fluctuation of the wind turbine at the source. Smart rotors not only reduce load
fluctuations but also the swing amplitude of the blade and the noise level. Active flow control
equipment is an efficient control mode and with quick response to airload can be achieved in complex
and unsteady conditions. Passive flow control devices are simple and stable, and can be implemented
by performing only minor modifications to the existing blade structure [9]. Hansen and Madsen [10]
reviewed both types of devices, including deformable trailing-edge, microtabs, morphing, active
twist, synthetic jets, active vortex generators, and plasma actuators. In these flow control devices,
deformable trailing-edge flaps have been investigated by many scholars due to their simple structure
and considerable adjustability [11,12]. Although, trailing-edge flaps are still in the research stage, this
technology is the most likely approach to be put into practical application of the large-scale blade first.

Bak et al. [13] conducted a wind tunnel test of the wind turbine airfoil Rise-B1-18 equipped with
an active trailing edge flap. Steady-state and dynamic tests were performed with certain deflections
of the active trailing edge flap. The steady-state tests showed that deflecting the flap towards the
pressure side resulted in higher lift values and deflecting the flap towards the suction side provided
lower lift values. Lee and Su [14] analyzed joint trailing-edge flaps and obtained the basic aerodynamic
characteristics of two-dimensional airfoils with flaps. Lu et al. [15] examined and optimized the flexible
variable camber trailing-edge flap. Lackner and Kuik [16] investigated the load reduction capabilities
of trailing edge flaps of a 5 MW wind turbine. The results showed that the use of trailing-edge flaps
and the proposed feedback control approach were effective in reducing the fatigue loads of the blades
relative to the baseline. Xu et al. [17] studied the trailing-edge flap control of large-scale floating wind
turbines and found that the trailing-edge flap exhibited excellent power fluctuation mitigation of large
floating wind turbines. Recent publications indicate that there are relatively few studies on the effect of
the flap motion on the load fluctuation of wind turbine blades under unsteady conditions.

In this study, the free vortex wake (FVW) method [18] is used to analyze the influence of the
deflection angle of the flaps on the wind turbine blade aerodynamic load and wake flow field and
is described and validated firstly. Subsequently, the aerodynamic performance of the airfoil, with
the trailing-edge flap, as well as the influence of the trailing-edge flap on the blade aerodynamic
load and the wake flow field, are analyzed in detail. Finally we elaborate on the trailing-edge flap
control strategy, which is proposed by Xu et al. [17], used for an offshore wind turbine and the control
performance under different wind conditions.

2. FVW Model and Validation

Figure 1 shows the structural model of the wind turbine. The red parts in the figure are the
trailing-edge flaps. The influence of the tower on the aerodynamic performance, which is much
smaller than that of unsteady wind conditions due to the upwind structure [19], is neglected in the
calculation. In this study, the FVW method is used to simulate the aerodynamic performance of the
wind turbine with trailing flaps. The FVW method simulates the aerodynamic characteristics of the
blades by attaching vortices on 1/4 chord lines. Because the gradient of the attachment of the vortices is
non-uniform, the blades are discretized into a finite number of micro-segments by using the arc-cosine
method. Finally, the whole blade is simulated as a Weissinger-L model [20]. The load distribution of
the blade is obtained by calculating the velocities induced by the vortices in the wake.
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Figure 1. Wind turbine model with trailing-edge flap used in the free vortex wake (FVW) method.

The boundary of the blade element is defined by the following relationship,

(r); = (ro); = %cos_l(l - %) (1)
where N is the number of blade elements (N = 30 in this study) and i is the element boundary number
(I=2,...,Ng +1). Consequently, there are N element control points and (Ng + 1) boundary points.
The details of the FVW method for wind turbine aerodynamic calculations can be found in Ref. [18]
and Ref. [21].

In order to verify the accuracy of the FVW method, we use it to model the NREL 5-MW wind
turbine [22] and calculate the power and thrust of the rotor under stable wind conditions of 6 m/s to 18
m/s. The results are shown in Figure 2 and indicate that the calculated values (RotPwr result, RotThust
result) are close to the calculated values obtained with the FAST software (RotPwr, RotThust) [22] at
almost all wind speeds. Furthermore, some more validations of the FVW model comparing with the
experimental results under the unsteady conditions including pitching case and yawed case can be
found in Ref. [18]. Therefore, it is evident that the FVW model can be used to calculate the power and
thrust of the wind turbine and that the calculation accuracy meets the research requirements.
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Figure 2. Power and thrust outputs of the NREL 5-MW wind turbine as a function of wind speed.
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3. Aerodynamic Performance of Trailing-Edge Flap

The radial location of the trailing-edge flap should be close to the blade tip because of longer arm
of force and smaller angle of attack at the outer part of the blade. Moreover, this layout can provide
good control efficiency. The flap width should be appropriate to avoid damaging the blade structure.
The size of the trailing-edge flaps of the NREL 5-MW wind turbine has been investigated in Ref. [17].
Here we also use the NREL 5-MW wind turbine as an example and the same size trailing-edge flaps as
were described in Ref. [17], as shown in Figure 3. The flap width is 20% of the chord length; the radial
flap length is 14 m in the radial direction of the blade, which is shown in red in the figure. The outboard
location of the flap is 1.2 m from the blade tip. The thickness baseline of the profile with the flap was
18% and the NACA64-218 airfoil was used. The lift and drag coefficients of the NACA64-218 airfoil are
calculated by the CFD (computational fluid dynamics) method [23]. The lift coefficient and lift-drag
ratio of the NACA64-218 airfoil are shown in Figure 4. It is evident that the lift coefficient of the airfoil
increases with the increase in the flap deflection angle at the same angle of attack. The larger the angle
of attack, the larger the lift coefficient at the same flap deflection angle, but the rate of increase in the
lift coefficient decreases with increasing angle of attack. It is noteworthy that when the angle of attack
is greater than 8°, the lift coefficient of the airfoil does not increase or even decreases when the flap
deflection angle is greater than 15°. According to the aerodynamic analysis of the trailing-edge flap by
Zhang et al. [24], a stall of the trailing-edge will occur when the flap deflection angle is too large. This
will result in a drop in the lift coefficient and an increase in drag. The lift-to-drag ratio of the airfoil
increases first and then decreases with the increase in the flap deflection angle. The larger the angle of
attack of the airfoil, the smaller the rate of increase is and the smaller the flap deflection angle of the
maximum lift-drag ratio is. When the flap deflection angle is greater than 10°, the lift-to-drag ratios
cease to increase or even decrease.

A-A Flap deflection angle o,

\ Angle of attack «
v ) A \ _________ )1 _____
b “\\1,‘“ ol

oyt
\

Figure 3. Blade structure with trailing-edge flap.
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Figure 4. Aerodynamic performance of the airfoil NACA 64-218 with a trailing-edge flap. (a) Lift
coefficient; (b) Lift-to-drag ratio.

4. Aerodynamic Characteristics of Trailing Flaps at Different Deflection Angles and Wind Speeds

Generally, the angle of attack has a large influence on the lift coefficient and lift-to-drag ratio of
the airfoil with a flap. Therefore, it is necessary to know the angle of attack of the blade profile with
the trailing-edge flap and its influence. Table 1 shows the rotor speed, blade pitch angle, and average
angle of attack of the profile equipped with the trailing-edge flap of the NREL 5 MW wind turbine at
different wind speeds. When the wind speed is less than the rated wind speed, the pitch angle is 0 and
the rotor speed varies with the change in the wind speed. The average angle of attack of the selected
profile increases slowly from 7.27° to 8.39°. When the wind speed is higher than the rated wind speed,
the pitch angle increases, whereas the speed of the rotor does not change and the average angle of
attack of the selected profile decreases gradually. As seen in Figure 4, the effect of the flap deflection
angle on the aerodynamic performance differs for different angles of attack. Therefore, the effect of the
flap deflection angle on the aerodynamic performance of the blade has to be determined.

Table 1. Rotor speed, blade pitch angle, and average angle of attack of the profile with the trailing-edge
flap at different wind speeds.

Wind Speed (m/s) Rotor Speed (rpm) Pitch Angle (°) Average Angle of Attack (°)

8 9.16 0.00 7.27
9 10.37 0.00 7.60
10 11.48 0.00 7.69

114 12.1 0.00 8.39
12 12.1 3.83 5.07
14 121 8.70 1.91
16 12.1 12.06 0.28
18 12.1 14.92 -0.85

The wind turbine torque and thrust for different flap deflection angles at three stable wind speeds
of 8 m/s, 11.4 m/s, and 16 m/s are shown in Figure 5. The trends of the torque curves are similar at 8
m/s and 11.4 m/s. In the flap deflection angle range of —20°-0°, the torque increases with the increase
in the flap deflection angle but it only increases slightly in the range of 0°-5° and even decreases in the
range of 5°-10°. The torque values at 16 m/s increase in the range of —20°-10° and the slope of the
curve decreases only when approaching 10°. The thrust curves are also similar at 8 m/s and 11.4 m/s.
When the flap deflection angle is greater than 0°, the rate of increase in the thrust values is relatively
small at these wind speeds, whereas the rate of increase in the thrust values at 16 m/s is greater. The
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control performance of the flap is related to the angle of attack of the profile. At high wind speeds, the
smaller the angle of attack of the profile, the better the control performance is; this result is consistent
with the results shown in Figure 4.
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Figure 5. Effect of the trailing-edge flap deflection angle on the torque and thrust of the NREL 5-MW
wind turbine rotor. (a) Low speed shaft torque, (b) Rotor thrust.

The FVW model simplifies the blade surface load to a series of centralized loads at the blade
element control points. By analyzing the changes in the centralized loads, the influence of the flap
deflection on the blade aerodynamic load distribution can be determined. Figures 6-8 show the
aerodynamic load distributions of the blade control points at three wind speeds of 8 m/s, 11.4 m/s, and
16 m/s, respectively. It is evident that the curves exhibit a similar trend at 8 m/s and 11.4 m/s although
the values in the two figures are different. At wind speeds of 8 m/s and 11.4 m/s, the tangential and
normal forces of the tip flaps increase with the increase in the flap deflection angle. The deflection of
flap only has a significant effect especially on the loads that are generated in the radial distribution
of the flaps, but has little effect on the other position of the blade. It is worth noting that when the
deflection angle of the flaps is equal to 5°, the tangential force of the flaps increases slightly and
the normal force of the flaps increases considerably. However, the tangential force and the normal
force of the other parts decrease slightly. When the wind speed is 16 m/s, the flap deflection also
causes significant changes in the tangential force and normal force of the blade tip flaps and also has
a considerable impact on the forces at the position near the flaps. The influence range is more than
20% of the blade length. A comparison of Figures 6-8 indicates that the smaller the angle of attack
of the profile, the greater the change in the blade’s aerodynamic force is when the flap deflection
angle changes.

These results indicate that the adjustability of the trailing-edge flap is directly related to the angle
of attack of the profile and when the wind speed is less than the rated wind speed of 11.4 m/s, the
angle of attack of the profile is larger and there is little change. Therefore, in order to analyze the effect
of the flap deflection on the operation of the wind turbine, only the wind speeds of 11.4 m/s and 16 m/s
wind speeds (high angle of attack and small angle of attack) need to be considered.

Figures 9 and 10 show the distribution of the axial wind speed in the front and the back of the
rotor of the wind turbine with a trailing-edge flap at 11.4 m/s, and 16 m/s, respectively, as determined
by the FVW method. The deflection of the flaps has had little effect on the structure of the wake flow
field, but still changes the axial velocity distribution near the blade. At a wind speed of 11.4 m/s, the
axial velocity of the front and rear blades increases significantly with the decrease in the flap deflection
angle, especially at the tip flaps. In contrast, the wind speed in the low wind speed region of the tip
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vortex is increasing. At a wind speed of 16 m/s, the distance between the tip vortices is larger and the
decrease in the axial wind speed at the tip vortices does not change significantly with a change in the
deflection angle of the flaps. As the flap deflection angle decreases, the change in the distribution of
the axial wind speed at the tip flaps becomes more apparent but the change in the other parts of the
blades is not significant.
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Figure 6. Aerodynamic force distribution of the blade control points for U = 8 m/s. (a) Tangential force
to the rotor disc, (b) Normal force to the rotor disc.
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Figure 7. Aerodynamic force distribution of the blade control points for U = 11.4 m/s. (a) Tangential
force to the rotor disc, (b) Normal force to the rotor disc.
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Figure 8. Aerodynamic force distribution of the blade control points for U = 16 m/s. (a) Tangential
force to the rotor disc, (b) Normal force to the rotor disc.
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Figure 9. Axial velocity distribution on the plane with a 0° wake angle for U = 11.4 m/s. (Position:
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Figure 10. Axial velocity distribution on the plane with a 0° wake angle for U = 16 m/s. (Position:
Axial direction from —0.2 R to 3 R, radial direction from 0 to 1.25 R). (a) &¢ = 5°, (b) ¢ = 0°, (c) s = =5°,
(d) oe = =10°.

5. Unsteady Wind Conditions

The trailing-edge flap is used to control the load fluctuation caused by unsteady wind conditions.
The unsteady wind field of the wind turbines near the ground mainly includes wind shear and
turbulent wind.

5.1. Wind Shear

Wind shear exists in the atmosphere near the ground and is affected by the thickness of the surface
boundary layer. Common wind shear models are the exponential model and logarithmic model [25].
Here we choose the exponential model because the prediction of the exponential model agrees better
with the measured value than that of the logarithmic model. The boundary layer wind speed is
defined as,

uh) = U(ho)(%ub)a (2

where U(h) is the wind speed at a height of & and U(hy) is the wind speed at the reference height
Iyup- The power law exponent a is usually in the range of 0.1-0.25. Figure 11 shows the wind shear
distribution near the ground where the wind turbine is located. Generally, 0.2 is used on land and 0.1
is used over the ocean [26]. In this study, 0.1 is used.
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Figure 11. Atmospheric boundary layer profiles.

5.2. Turbulent Wind

Turbulent wind has a complex spatial distribution and in actual wind data, the turbulent intensity
is rarely uniform. Therefore, we use the Blade 4.3 software [27] to generate turbulent wind data. The
wavelet inverse transformation method [28] is used to create the turbulent wind field according to the
advanced von Karman power density spectrum [27]. The surface roughness is 0.01 and the turbulent
intensity is 9.58%. Figure 12a,b shows the data of the axial turbulent wind speed at the hub of the wind
turbine at wind speeds of 11.4 m/s, and 16 m/s, respectively. Turbulent wind is unevenly distributed in
the plane of the wind turbine but it is difficult to quickly measure the wind speed at different coordinate
points and analyze the data using existing wind turbine measuring equipment. Therefore, the wind
speed data at the hub should be simplified to determine the wind speed change in the entire plane of
the wind turbine.
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Figure 12. Axial velocities in turbulent conditions with a turbulence intensity of 9.58%. (a) The average
wind velocity equals 11.4 m/s; (b) the average wind velocity equals 16 m/s.

6. The Trailing-Edge Flap Control Strategy

In Sections 3 and 4, the influence of the flaps on the aerodynamic load and wake flow field of the
wind turbine was analyzed. The control performance of the flaps is related not only to the aerodynamic
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characteristics of the flaps but also to the control of the flaps. Here we adopt the flap control strategy
proposed by Xu et al. [17]. This method is simple and efficient.

Under wind shear, the minimum wind speed occurs at the lowest point of the wind turbine
(¢ = 90°) and the maximum wind speed occurs at the highest point of the wind turbine (¢ = 270°).
The control of wind shear is based on the azimuth angle of the blades. The three blades of the wind
turbine are controlled by three separate control units to deal with the load deviation at their respective
locations. The control strategy of a single blade is defined as,

. Upyp — Usip Upyp — Usip
|Uhub - uminl |uhub - uminl

as(t) 3)

where 4 is the flap control factor of the wind shear, Uy, is the wind speed at the hub, U,,;, is the
minimum value of Uy, and Uy, is the wind speed at the blade tip, which is defined as,
Npp — Rsi “

b — Rsinyp ) @)

ufil’ = uhub( Tt
u

where hy,;, is the height of the hub, R is the blade length, 1 is the blade azimuth angle, and the power
law exponent « is the same as in Equation (2).

The control of turbulent wind is based on the average wind speed within one second. Since
the sampling period of the turbulent wind speed data in this study is 0.25 s, the control strategy of
turbulent wind can be described as follows,

ar(t) = b- (U-1y) ©®)

where b is the control factor of the turbulence, U is the instantaneous wind speed, U; is the average
wind speed within one second prior to the time, which is expressed as.

Ut + U025 + Ut—05 + Ut—0.75 + Us—1

Uy = 5

(6)

where 1, is the wind speed at current time, 1;_¢ 25, 110 5, Ut—0.75 and u¢_g 1 are the wind speed at times
0f 0.25s,0.5s,0.75s, and 1 s before u;.

The control factors @ and b are essential to the effect of load mitigation and are dependent on the
design of the wind turbine [17]. The control strategy engineers need to go through lots of debugging to
obtain the appropriate values. In the following, the influence of value changes of factors a and b will be
analyzed and the specific values for the NREL 5-MW wind turbine will be proposed.

7. Result and Discussion

7.1. Calculation Results of Wind Shear

Figure 11 shows that there are considerable differences in the wind speed in the vertical direction
when the wind turbine tower is high and the blades are long. Figure 13 shows the tangential and
normal forces at the control points for different blade azimuths on the NREL 5-MW wind turbine
blades under wind shear with a hub wind speed of 11.4 m/s. It is evident that the aerodynamic load
is considerably different for different blade azimuths due to the presence of wind shear. For every
rotation cycle of the blade, this load change causes fluctuations in the blade’s torque and thrust. The
force change with the azimuth angle at the outer part of the blade, except the blade tip, which is mainly
focused on noise abatement, appears more obvious than at the inner part.
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Figure 13. Tangential force and normal force at the control points in wind shear conditions. (a) Tangential
force; (b) Normal force.

Figure 14 shows the results of different control factors under wind shear for Uy, = 11.4 m/s. The
results of 2 = 0 are these which were conducted without using control strategies but at a constant flap
angle of 0°. Although, the analysis of the blade’s aerodynamic load distribution shows that wind
shear has a large influence on the load distribution of the blades, it is observed in Figure 14 that the
fluctuations of the torque and thrust (2 = 0) of the rotor are not very large and are mainly attributed to
the superposition of the three blades of the rotor. The torque and thrust (a2 = 0) fluctuations of a single
blade are relatively large as shown in Figure 15.
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Figure 14. Torque and thrust response of the wind turbine rotor under wind shear conditions for Upy,
=11.4 m/s. (a) Torque response; (b) thrust response.
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Figure 15. Torque and thrust response of a single blade under wind shear conditions for Uy, = 11.4
m/s. (a) Torque response; (b) thrust response.

Different values of the control factors also have different effects. As shown in Figure 14, a change
in the value of the flap control factor a significantly changes the amplitude of the torque and power
fluctuations. It is noteworthy that the torque curve of the wind turbine has the smallest fluctuation
range at a = 0.8 but the adjustment of the thrust has overshoot under this condition; the thrust curve
has the smallest fluctuation range at 2 = 0.4. Whereas, the torque fluctuation is large at this value.
Figure 15 shows that under this wind condition, the effect of the flaps on the torque fluctuation of a
single blade is considerably less than that on the thrust fluctuation and the effect on the curve’s crest is
less than that on the trough. This is also the reason why the optimal control factors (a) of the torque
and thrust of the wind turbine are different under this condition.

When the wind speed is higher than the rated wind speed, the control system limits an additional
increase in the power of the wind turbine by increasing the pitch angle. Increasing the pitch angle
will reduce the blade’s aerodynamic angle of attack and the aerodynamic characteristics of the flaps
(Section 4) show that the flaps with a smaller angle of attack have a larger and more stable adjustment
range, which improves the ability of the trailing-edge flaps to control the load.

Because the origin of the flap’s deflection angle is —5°, the torque and thrust of the wind turbine
will be significantly less than the original thrust and torque of the NREL 5-MW wind turbine at high
wind speeds. When the wind speed is greater than 11.4 m/s, the original pitch angle should be reduced
by one unit in order to maintain the wind turbine power stable at around 5 MW, which is a necessary
operation in the pitch control system after the trailing-edge flaps are installed. The results at Upp
=16 m/s are calculated to observe the effect of the controller at a small angle of attack of the flap. A
number of tests and data analyses indicate that modifying the original pitch angle of 12.06° to 10.5°
ensures that the power of the wind turbine can be maintained at around 5 MW. The result is shown
in Figure 16. It is observed that the torque and thrust responses are synchronous. When a = 0.6, the
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fluctuations of the thrust curve and torque curve are very small. Compared with Figure 15, high wind
speed and small angle of attack are suitable when using trailing-edge flaps.
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3580

Thrust [kN]

Figure 16. Torque and thrust response of the wind turbine rotor under wind shear conditions for Upy,
=16 m/s and 0, = 10.5. (a) Torque response; (b) Thrust response.

7.2. Calculation Results of Turbulent Wind

The performance of the flaps under turbulent wind conditions is an important index to test their
load mitigation ability. Figure 17 shows the thrust and torque responses for Umean = 11.4 m/s and
Figure 18 shows the thrust and torque responses for Umean = 16 m/s. The simulation time is 200 s. For
the convenience of observation, the figures show the first 100 s. The value range of b is 0-15. The
results of b = 0 are these which were conducted without using control strategies but at a constant
flap angle of 0°. It is evident that an appropriate control factor can mitigate the load fluctuations of
the wind turbine, especially for low-frequency fluctuations. For high-frequency fluctuations near the
average value, the effect is very small. As shown in Figure 17, when b equals the maximum value of 15,
the thrust curve fluctuates in a small range above and below the constant wind curve, while there is a
small deviation between the torque curve and the constant curve. At the same turbulence intensity,
the turbulence fluctuation amplitude at the average wind speed of 16 m/s is larger than that at the
average wind speed of 11.4 m/s. Therefore, the amplitudes of the torque and thrust are larger at 16 m/s
than at 11.4 m/s and the performance of the flap is better for the same control factor (see Figure 18).
When b equals the maximum value of 15, the torque curves and thrust curves remain near the average
value and their amplitudes remain low. This is in agreement with our finding that the trailing-edge
flap performs better at high wind speeds and a small angle of attack.
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8. Conclusions

In this study, the effect of a trailing-edge flap on load mitigation in a large-scale offshore NREL
5-MW wind turbine was analyzed by using the FVW model.

Firstly, the variation of airfoil aerodynamic performance due to the trailing edge flap deflection is
obvious. The deflection of flap has a significant effect especially on the loads that are generated in the
radial distribution of the flaps. The smaller the angle of attack of the profile, the greater the change in
the blade’s aerodynamic force is when the flap deflection angle changes. Besides, the deflection of flap
has a significant effect on the axial velocity of wake especially in the near wake of the outer part of
the blade.

Secondly, control strategies of the trailing-edge flap for the shear wind and turbulent wind
conditions were developed. The application of the trailing-edge flap control strategy can mitigate the
fluctuation of load (torque and thrust) well in above unsteady conditions. The proposed control factor
values of a = 0.6 and b = 15 were obtained for the NREL 5-MW wind turbine.

In a word, the control factors a and b are essential to the effect of load mitigation and are dependent
on the design of the wind turbine. Some practical applications will be conducted in the future.
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Abstract: This paper describes model testing of a Tension Leg Platform Wind Turbine (TLPWT)
with non-rotating blades to better understand its motion and tendon responses when subjected to
combined wind and unidirectional regular wave conditions. The TLPWT structure is closely based
on the National Renewable Energy Laboratory (NREL) 5 MW concept. Multiple free decay tests
were performed to evaluate the natural periods of the model in the key degrees of freedom, whilst
Response Amplitude Operators (RAOs) were derived to show the motion and tendon characteristics.
The natural periods in surge and pitch motions evaluated from the decay tests had a relatively close
agreement to the theoretical values. Overall, the tested TLPWT model exhibited typical motion
responses to that of a generalised TLP with significant surge offsets along with stiff heave and pitch
motions. The maximum magnitudes for the RAOs of surge motion and all tendons occurred at the
longest wave period of 1.23 s (~13.0 s at full-scale) tested in this study. From the attained results,
there was evidence that static wind loading on the turbine structure had some impact on the motions
and tendon response, particularly in the heave direction, with an average increase of 13.1% in motion
amplitude for the tested wind conditions. The wind had a negligible effect on the surge motion
and slightly decreased the tendon tensions in all tendons. The results also showed the set-down
magnitudes amounting to approximately 2-5% of the offset. Furthermore, the waves are the dominant
factor contributing to the set-down of the TLPWT, with a minimal contribution from the static wind
loading. The results of this study could be used for calibrating numerical tools such as CFD codes.

Keywords: offshore wind; tension leg platforms; loads and response; model testing

1. Introduction

There is an increasing demand worldwide for renewable energy generation, largely due to the
increasing awareness of climate change and limited fossil fuel resources [1]. The total capacity of
offshore wind has increased considerably in the last decade, with global capacity reaching a recorded
19.27 gigawatts (GW) in 2017, up from only 1.44 GW in 2008 [2]. Many major countries are continuing
to develop offshore wind technology. The current rate of development is only set to increase, with
predictions of up to 120 GW to be installed by 2030 [3].

Wind energy is considered a potential solution to cope with increasing energy demand, but
development has largely been limited to onshore applications. This is particularly evident with 88% of
the global offshore wind energy generation capacity located in European shallow waters as of the end
of 2016 [4]. A major reason for this is the increased complexity of offshore turbine support structures,
combined with additional factors from the maritime environment [5]. Typically, support structures
include gravity bases, monopole and jacket structures, with monopoles being the most common, based
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on competitive fabrication and installation costs [6-8]. However, with space fast becoming a limiting
factor for land-based wind power generation, significant research and development has been directed
towards alternatives better suited for deeper waters [9]. In some cases, nearshore developments are
undesirable due to their visual impact, further supporting these developments. For deeper water,
floating structures appear to be a viable alternative to the restrictions of piled and jacket-based designs.
However, floating structures are more challenging to design, based upon considerations of coupling
between the turbine and support structure. Other factors such as mooring configurations and sea state
conditions are likely to have a greater effect on the performance of the structure [10].

Currently, there has only been one full-scale Floating Offshore Wind Turbine (FOWT) commercial
project commissioned. The Hywind project off the coast of Peterhead, Scotland began commercial
generation in October 2017 and consists of five 6 MW turbines supported by spar-buoy floating
structures. With the implementation of the first FOWTs, there is potential for FOWTs to play a more
prominent role in the offshore wind industry [11]. This is most likely to be evident for larger countries
such as the United States, China, Japan and Norway, which are limited in the amount of shallow water
areas to place turbines [9].

One proposal for FOWT developments is the concept of Tension Leg Platforms (TLPs). TLPs have
long been utilised in the offshore oil and gas industry, with the potential for this expertise to be applied
to offshore renewable energy technology [1,12,13]. TLPs are a promising option for intermediate water
depths due to the limited motions of the platform, allowing for the reduction of turbine motions and
loads [14]. TLPs may also prove more effective for the relatively light topside conditions.

TLPs consist of a floating structure that uses a vertical tether system connected to the seafloor
to achieve its required stability [15]. There are a wide range of TLP structure arrangements that
have been developed for the different purposes they serve. These different types can be categorised
into mono-column and conventional multi-column TLPs [16]. Up until the late 1990s, most oil and
gas production platforms consisted of square four-column configurations. However, as time has
progressed, more unique designs have been developed such as the single-column SeaStar TLP and the
extended pontoon TLP [17].

The intact tendon system provides sufficient righting moments in response to small deformations
due to the high vertical tension. This is unique compared to ships or other offshore structures that use
conventional mooring systems [16]. This limits the structural loadings on the topside without the need
of a deep draft or spread mooring system [14]. The design of the tendons has significant influence over
the motion response of TLP structures. The stiff mooring system significantly limits the motions in
the heave, pitch, and roll directions when subjected to environmental forces [18]. The tendons also
assist in ensuring the natural periods of the structure are outside the typical range of appreciable ocean
waves of 6-20 s [19]. However, because of the high axial tension, higher order resonant responses
from second order waves can occur in low and high frequency regimes due to the random nature
of the sea state [20]. An investigation by Srinivasan et al. [21] has analysed non-linear phenomena
such as ringing and springing responses [12,22] that have been observed in TLPs under impact and
non-impact wave conditions. These phenomena can pose a threat to platform stability and can result
in the eventual fatigue failure of the tendons [21,23].

According to Nihei et al. [24], typical turbine structures of around 450 tonnes total weight could
allow for a reduction of a total water plane area and overall hull displacement. These alterations could
lead to a reduction in cost and spatial requirements whilst also potentially leading to less tendon
tension requirements. There can be major differences in the requirements of the support structure based
on the size and rated output of the turbine. Over recent decades, the rated output of wind turbines has
substantially increased from 75 kW to the largest current concepts ranging from 5-10 MW [4]. As a way
of supporting research and development into TLPWTs, the NREL concept is based on a 5 MW turbine
to represent the current technology for typical three-blade designs [25]. This turbine has been used in
model experiments and numerical simulations such as Kimball et al. [26] and Koo et al. [10]. This has
been applied in a conceptual NREL-MIT TLPWT design developed by Tracy [27].
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There are variants of mono-column TLPWTs that have been examined in a parametric study by
Bachynski and Moan [14], with five different structures having been investigated that include different
hull arrangements and different sizes of submerged pontoons. Up until now, numerical simulations
and codes such as FAST, Bladed or FLEX have been used to perform dynamic analysis [9,11,23,28-30].
Nevertheless, any numerical simulation techniques can only be trusted by the industry if their results
have been thoroughly validated against experimental data first. To date there have been limited scaled
model tests performed for FOWTs, particularly with TLPWTs [24,28,31-33]. The main purpose of this
study is to fill this gap by conducting an experimental study into the hydrodynamic performance
of a generic TLPWT model. The outcome of this study can serve as preliminary work to better
understanding the motion and tendon responses under the influence of waves and wind forcing.
Furthermore, the study aims at providing valuable data to verify/validate the results of numerical
simulations to be conducted in future. In order to easily identify the effect of the wind loading on the
global loads and responses of the TLPWT model, the wind turbine structure was modelled without
considering the turbine thrust generated by spinning blades.

The main scope of this study is to investigate a conceptual TLPWT with a static rotor (i.e.,
non-rotating blades) using experimental tests at a scale of 1:112 with emphasis on the global
hydrodynamic performance under combined wave and wind conditions. The scaled TLP model
was based on a generic TLPWT derived from concept designs developed by Matha [9] and Bachynski
and Moan [14]. Whilst the wind turbine structure was closely based on the NREL 5 MW turbine to
represent the current technology used in the offshore wind industry [4]. To better understand the
motion and tendon responses, the model was subjected to several wind and unidirectional regular
wave conditions derived from Bachynski and Moan [14]. The study presents the differences in the
platform wave-induced motions and tendon response with and without wind acting on the structure.
An analysis of how offset and set-down correlate under changing wind and wave conditions was
also performed. The materials of this paper are set out as follows: Section 2 describes the TLPWT
model, instrumentations and the experimental setup. Furthermore, the wave and wind conditions
selected for this study are included in Section 2. Section 3 introduces the results of free decay tests
in different degrees of freedom and introduces the results of the uncertainty analyses. Section 4
discusses the obtained results of the model’s dynamic response and tendon tensions and response
amplitude operators.

2. Materials and Methods

2.1. TLP Model Description

The TLPWT model used for the testing has been closely based in the NREL concept developed by
Matha [9], from an initial investigation from Tracy [27]. This TLPWT concept has been used as a basis
for experimental testing, including investigations by Nihei et al. [24] and Zamora-Rodriguez et al. [34].
The primary motivation behind using a similar hull and turbine arrangement allows for the close
comparison of similarities and differences in results from this set of testing to previous experiments.
This arrangement also represents a potential concept that could be used for full scale commercial
development in the future.

Froude scaling law was applied to the TLP structure and turbine model to achieve the best possible
scaled geometrical and mass properties for the TLPWT model. This methodology is commonly used
for offshore structures for experimental testing in wave tanks [19,35,36]. To capture and measure the
hydrodynamic behaviour of the model, an appropriate and practical scale of 1:112 was chosen. Based
on the platform column diameter and the tested wave conditions discussed thereafter, the Reynolds
number was estimated to be in the range of 1.69 x 10%-2.90 x 10* (2.00 x 107-3.43 x 107 at full-scale).
This scale was chosen due to laboratory and wind/wave generation constraints. However, such
a selection does have implications for the scaling of the water depth, as the maximum achievable depth
in the testing facility was limited to 900 mm which corresponded to a full-scale water depth of 100.8 m.
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This approach is considered acceptable since this study aims at investigating the hydrodynamic and
wind loads of a generic TLPWT platform rather than the response of a specific TLPWT to be installed
at a specific water depth. It is worth mentioning that the 1:112 model scale of the experiment is outside
the typically chosen scale range (1:30-1:100) for hydrodynamic model testing [36] which might affect
the quality of obtained data. Not only are smaller scales rarely used due to increased uncertainties
and less repeatability in the modelling, but also due to scaling effects [36]. However, Hansen et al. [35]
constructed and tested a floating TLP wind turbine at 1:200 scale to analyse its dynamic response
experimentally in co-directional wind and waves. The authors concluded that their experiments have
demonstrated the potential of the model scale floating wind turbine and the measurement set-up to
provide data and insight into the dynamic response of a floating wind turbine in different mooring
and weather conditions.

The scaled and ‘as-constructed” parameters for the TLPWT hull are shown in Table 1, with
reference to the literature and concept designs to which it is based. A combination of interpretations of
this concept design from Matha [9] and Bachynski and Moan [14] were used as a basis for the full-scale
parameters. The TLP model was constructed by Chia [37], with the structural geometry remaining the
same for this experiment. Some changes were made based on construction and facility limitations,
most notably the column height, freeboard and draft. The mass of the structure is greater which
resulted in a higher pre-tension, however this proved beneficial for obtaining more reliable tendon
tension data during the model testing. Although these changes increase the full-scale footprint and
mass of the structure, the general hydrodynamic behaviour will still provide meaningful relationships
and trends for the hydrodynamic performance of the model.

Table 1. “‘As constructed’ parameters of TLP hull.

Parameter Planned Tested Reference for Planned
Full-Scale Model-Scale Model-Scale Full-Scale Values
Hull column diameter 18.00 m 160.71 mm 160.00 mm Bachynski and Moan [14]
Hull column height 52.60 m 469.64 mm 600.00 mm Bachynski and Moan [14]
Draft 47.89 m 427.59 mm 500.00 mm Matha [9]
Freeboard 5.00 m 44.64 mm 100.00 mm Matha [9]
Pontoon length 18.00 m 160.71 mm 160.00 mm Bachynski and Moan [14]
Pontoon width 240 m 21.42 mm 21.70 mm Bachynski and Moan [14]
Pontoon height 2.40m 21.42 mm 21.70 mm Bachynski and Moan [14]
Hull structural mass - - 2.63 kg -
Ballast mass - - 1.82 kg -
Total pre-tension 5.11kg

Volumetric displacement ~ 11.80 x 10’ m®  8.44 x 10 mm®  1.04 x 107 mm? Bachynski and Moan [14]
Water depth 150.00 m 1.34m 0.90m Bachynski and Moan [14]

2.2. Turbine Model Description

The turbine model was scaled using the same factor as that used for the TLP hull, to ensure
similarity for both components. The turbine was constructed as a fixed structure so that only static
wind loading would be experienced on the structure. PLA plastic was used for the turbine assembly,
which was created using a 3D printer. As can be seen in Table 2, all the geometrical parameters were
able to be represented with a high accuracy. However, due to limitations with 3D printing and the
scaling of the turbine blades, the weight of the blades was slightly higher compared to the intended
scaled value. The turbine blade twist was also neglected, whilst the nacelle dimensions were chosen
such that the nacelle mass was scaled appropriately.
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Table 2. “As constructed” parameters of the scaled NREL 5 MW turbine.

Parameter Planned Tested Reference for Planned
Full-Scale Model-Scale Model-Scale Full-Scale Values
Tower height 90.00 m 803.00 mm 800.00 mm
Tower bottom diameter 6.00 m 53.50 mm 53.30 mm
Tower top diameter 3.87m 34.50 mm 34.50 mm
Hub height 90.00 m 803.00 mm 800.00 mm
Rotor hub diameter 3.00m 26.70 mm 35.00 mm
Rotor diameter 126.00 m 1.12m 1.13m Matha [9]
Overhang 5.00 m 44.60 mm 45.00 mm
Blade length 61.50 m 549.00 mm 550.00 mm
Tower mass 347 x 10° kg 247.00 g 246.00 g
Nacelle mass 2.40 x 10° kg 171.00 g 170.00 g
Rotor mass 1.10 x 10° kg 7820 g 160.00 g

2.3. TLPWT Model Construction

The constructed TLPWT model is shown in Figure 1A. The materials that were used for each
component of the model are also shown in Table 3, with their respective weights. To ensure the model
was water-tight for the testing, silicon sealant and waterproof tape were applied to the model. These
have not been explicitly stated but have been accounted for in the total weight of the model.

Figure 2 shows the arrangement of the tendons and equipment within them. Each of the tendon
lines consisted of 7-strand, coated steel wire, each with a spring (spring constant of 16.8 N/mm) and
load cell attached to record the tendon tension data. Two different types of load cells (LCs) were
used during the experiment, with the forward and aft pontoons using Futek LCs, whilst the port and
starboard pontoons consisted of X-Trans LCs. The induced tension on the forward and aft pontoons
was increased to account for the variance in weight between the two LC models. To achieve the
required draft, a tension load of 1.28 kg was induced into each line, then threaded through eyelets on
the base-plate sitting on the floor of the basin.

(A)

Figure 1. Constructed TLPWT model (A), experimental setup (B).
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Table 3. Summary of component materials and masses.

Model Component Material Mass (g)
Hull cylinder Polyvinyl Chloride (PVC) 1890
External pontoons Timber 72.00 (each)
Bottom and top caps Polyvinyl Chloride (PVC) 173.00 (each)
Ballast Lead 1866.00
Turbine PLA plastic 576.00
Qualisys probes - 50.00
Tendon lines 7-Strand, coated steel wire -
(A) (B)
Incoming Wind
and Waves L
y 3 Hull v
® Cylinder
160 mm
X
A

Pontoon
[ Spring = 65 mm
- | h 2 Load Cell O 65mm
1‘7 171.5 mm

20 mm

; Base Plate [ o 355 mm

Figure 2. Plan view of external pontoon configuration (A) and profile view of tendon arrangement (B).

Before the experiment was conducted, the vertical centre of gravity was verified experimentally.
The TLP model and turbine topside were placed on a metal bar to measure the point of equilibrium,
with the distance from the keel of the model to the point of equilibrium forming the KG. A computerised
model of the physical TLPWT model was developed to determine the mass moments of inertia for the
model, and the obtained results are presented in Table 4.

Table 4. Summary of mass and inertia parameters of the TLPWT model.

Parameter Value Unit
Vertical Centre of Gravity (KG) 0.29 m
Vertical Centre of Buoyancy (KB) 0.24 m
Mass Moment of Inertia about x-axis, Ly 9.71 x 10°  kg-mm?
Mass Moment of Inertia about y-axis, Iy 9.79 x 10° kg-mm?
Mass Moment of Inertia about z-axis, I 3.26 x 10*  kg-mm?

2.4. Experimental Setup and Test Matrix

The model testing was carried out in the Model Test Basin (MTB) at the Australian Maritime
College (AMC). The MTB is 35 m long x 12 m wide (Figure 3), with a water depth of 0.9 m being
consistent across all tests. This allowed for the best possible scaling of the model parameters and
tendons considering the facility limitations. The model was placed at a distance of 5.8 m from the
wave-maker such that the fan and motion capture system could be appropriately placed. Wave tank
model tests may exhibit large experimental scatter due to wall interaction [19]. As such the centreline of
the model’s column was positioned at approximately 3 m from the side of the basin which yields 18.75
times the column diameter. The fans were placed 2 m in front of the model to obtain the best possible
air-flow, however this was not optimised for this experiment. While the TLPWT was in the basin, two
wave probes (WP) placed along the side of the tank approximately 0.6 m from the wall, 2.8 m (WP1)
and 5.8 m (WP2) away from the wavemaker, and 0.6 m off the basin wall were used to measure the
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wave elevations along the basin. As the wave height depends on the location of the wave probes, WP1
was employed for the wavemaker calibration whereas WP2 (in-line with the model) was employed
to derive response amplitude operators. It is worth mentioning that the aspect of wave evolution
along the physical wave tank is beyond the scope of this study. Several studies have recently been
conducted on experimental waves generated in the model test basin of AMC and the quality of such
waves along the basin has been documented in [13,38,39]. A digital Qualisys motion tracking system
was used to measure all model motion response in six degrees of freedom [40]. The system consists
of 8 cameras located around the test basin which provide the reference coordinates of the Qualisys
markers placed on the model’s tower by picking up reflections of the markers from an infra-red signal.
The coordinates are plotted in relation to the model’s VCG and accurately capture all motions during
wave testing. A sampling frequency of 200 Hz was used in the data acquisition system.
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Figure 3. Plan view of TLPWT experimental setup (not to scale).

The basis for the testing program was derived from the Bachynski and Moan [14] environmental
condition 3 (EC3); representative of operational wind and wave conditions, with a significant wave
height of 4.4 m, peak period of 10.6 s, and mean wind speed of 18.0 m/s at the turbine hub (Table 5).
According to Bachynski and Moan [14], the EC3 represents an above-rated condition where the
generator is operational. At model scale, this translated to a wave height of 0.039 m, peak period of 1's
and wind speed of 1.70 m/s. The test matrix for the model testing involved a series of regular wave
runs, both with varying wave height and frequency conditions, to be repeated for conditions with
and without wind present. The use of regular waves in model testing has been common in practice,
as it provides a practical starting point towards more complex conditions such as testing in irregular
waves. As seen in Table 6, test conditions 1-10 of the experiment involved changing the wave period
(for T/ T, from 0.777 to 1.23) for ‘wind” and ‘no-wind’ conditions, whilst conditions 11-20 analysed
increasing wave height at the peak period of the EC3 wave spectrum (for H/H; form 0.0.641 to 1.795).
The corresponding values of wave length (L) estimated based on the dispersion relationship [36] yields
ad/L range of 0.39 to 0.95 (i.e., intermediate to deep water conditions) and a D/L range of 0.07 to 0.17.
As the D/L ratio (column diameter to wave length ratio) is below 0.2 (i.e., the limit of small structures),
wave diffraction and reflection effects due to the model presence can be neglected [36,41]. As such the
model was placed at a closer distance (5.8 m) from the wave-maker which was controlled by the wind
quality that could be produced at the MTB.

Table 5. Environmental condition to be tested.

Parameter Full-Scale Model-Scale
Significant wave height, Hs (m) 4.40 0.039
Peak wave period, Tj (s) 10.60 1.00
Mean wind speed at hub, U (m/s) 18.00 1.70
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Table 6. Experimental test matrix for regular waves.

Condition H (m) T(s) Condition H(@m) H/Hs(-) T(s)

1 1230 11 0025 0641
2 1147 12 0030 0769
3 1115 13 0035 0897
4 1078 14 0040  1.026
5 1043 15 0045 1154
6 00391 000 16 0050 1282 100
7 0.963 17 0055 1410
8 0.935 18 0060 1539
9 0.905 19 0065 1667
10 0777 20 0070 1795

3. Model Calibrations

3.1. Wave Calibration

The wave probes used in the experiment were calibrated on daily basis by positioning them
at identified heights in a still water condition and fitting a linear relationship to the corresponding
measured voltage. Without the TLPWT being in the basin, the change in wave height across the basin
was investigated using two wave probes, WP2 (0.6 m from the basin side wall) and the other one at
the model’s virtual location (3.0 m from the basin side wall). As seen in Figure 4, the wave height
measured across the tank at these two points was quite consistent; the deviation in data started at
H > 60 mm. This reveals that the effects of the tank walls have negligible implications on the estimation
of RAOs which were obtained using H ~ 40 mm (refer to Table 6). In comparison with wave theory,
Figure 5 shows an example of a time-history of the waves for condition 5 as recorded by WP2 (0.6 m
from the basin side wall). The Power Spectral Density (PSD) graph was generated from this time-series
which shows a peak wave frequency of 0.959 Hz (T = 1.043 s). Upon comparing the obtained wave
elevation to the Airy and Stokes 2nd grder wave theories, as expected the measured waves exhibited
more and less as Stokes 2" order, with slight differences in the magnitudes of the peaks and troughs
as shown in Figure 5C.

H at 3.0 m from the side wall (mm)

1 1 1 1 1 1
30 40 50 60 70 80 90
H at 0.6 m from the side wall (mm)

Figure 4. Wave height data measured at 5.8 m away from the wavemaker and at different distances
from the basin side wall.
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Figure 5. Measured wave elevation time history at WP2 (A), PSD for wave elevation time history (B)
and comparisons with wave theory (C).

3.2. Wind Calibration

The wind generation was performed by using an array of fans placed 2 m in front of the model.
For this experiment, a single wind speed was tested to understand the differences in model motion
compared to a ‘no-wind’ condition. As already mentioned, the tested wind speed was based on the
environmental condition 3 (EC3) from Bachynski and Moan [14] as a representative operational wind
condition. The wind speed was scaled in line with the model scaling, resulting in an input wind
speed of 1.70 m/s. To measure the mean wind speed, a hand-held anemometer was used to assist in
calibrating the fans to achieve the best possible representation of the scaled wind speed. Figure 6 shows
the different recording locations for wind speed, whilst Figure 7 shows the recorded wind speeds at
each location, after a three-minute period of monitoring. It should be noted that the anemometer used
for the testing did not have time-series data collection capabilities, thus the recorded range is based on
visual observations of the wind speed reading. From Figure 7 the calibrated wind speed was closest to
the target wind speed (U) of 1.70 m/s at the recording points located near the turbine hub (locations
#4-9). Further away from the hub, the wind speed was not as accurate, however this had less bearing
on the results due to less impact on the structure.

3.3. Free Decay Tests

Decay tests were performed on the TLPWT model in the heave, pitch, surge, and yaw directions
to estimate the natural periods of the structure. The surge and yaw directions (Figure 8A,B) were
obtained from the motion capture, whilst the heave and pitch natural periods (Figure 8C,D) were
found using the dynamic tension in the tendon load cells. A single impact load on the model allowed
for the most accurate measurement in each direction. The logarithmic decrement method was used
for the most consistent signal for each test, checked against the spectral method using a Fast Fourier
Transform (FFT). From these tests, it was found that the heave and pitch natural periods of 0.256 s and
0.260 s were very similar. The full-scale surge and pitch natural periods were consistent with the results
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of Oguz et al. [28] despite the difference in the tested water depths. The full-scale values obtained for
surge, heave and pitch were all outside the typically experienced wave periods of 6-20 s [19], whilst
yaw fell inside this range. The evaluation for yaw is significant in the selection process for TLPWTs.
For full-scale turbines, yaw control of the nacelle is typically used to orient the turbine towards the
predominant wind direction, which could lead to an increase in yaw motion if excited by wave motion.

IZ +550 mm omm -550 mm
Y

+1450 mm - 2 2

+900 mm 4 6,

+475 mm i7; 8 9,

+50 mm 10 [ | 12
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Figure 6. Anemometer recording locations for wind speed calibration.
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Figure 7. Recorded wind speeds for each test location.
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Figure 8. Free decay test results for surge motion (A), yaw motion (B), heave motion (C) and pitch
motion (D).

The natural periods evaluated from the decay tests have a relatively close agreement to the
theoretical values using equations from DNV-RP-C205 [36] and Naess and Moan [42]. It was found
that the heave and yaw errors were the most significant at 20.2% and 15.2% exactly, whilst surge and
pitch were more accurate with 1.68% and 6.99% error, respectively (Table 7).

Table 7. Comparison between theoretical and obtained natural periods, with full-scale equivalent values.

Degree of Freedom Predicted T}, (s) Measured Ty, (s)  Full-Scale Equivalent T, (s)

Surge 2.113 2.078 21.99

Heave 0.213 0.256 2.71

Pitch 0.243 0.260 2.75
Yaw 0.675 0.586 6.20

3.4. Data Analysis

The time series of the data was collected with a sample frequency of 200 Hz for a collection period
of 40 s. Due to the disturbance caused by the start-up condition of the wavemaker (the initial transient
periods in Figure 9) and reflected waves travelling back up the tank, a steady state period of fully
developed waves was selected for analysis in each run. The steady state period to be analysed was
first determined by examining and trimming the phase wave probe data (WP2), and subsequently
trimming the motion data relative to the trimmed WP2 data. An example of this process in presented
in Figure 9 where the vertical lines represent the range of data to be trimmed.

According to DNV-RP-C205 [36], the repeatability analysis of tank measurements should be
documented. A repeatability analysis was performed across all data recording platforms to understand
the variability of results from run to run. The generated wave data, load cell data, and motion response
data for condition 5 were compared for five repeated runs with identical input wave parameters with
and without wind. For the motion response data, the surge motion (denoted by X) was analysed, as it
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experienced the most significant motions of any direction. Figure 10A,C,E show the time-series data
for wave elevation, dynamic tendon tension (i.e., the pretension was subtracted from the total tension),
and surge motion for the wave only condition, whilst Figure 10B,D,F show the runs inclusive of wind.

50 T

40 -

30 selected time window

20

10

Wave elevation [mm]
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-40 -
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Figure 9. Time history of wave elevation at WP2 and the selected time window for data analysis.

By referring to the details of data variances shown in Tables 8 and 9, it can be appreciated that
the wave elevation and surge motion variation between each run was within expected limits, with
amaximum coefficient of variance (CV) and a maximum Normalised Root Mean Square Error (NRMSE)
of 0.99 and 0.91%, respectively. Furthermore, a cross-correlation R? was obtained for the collected time
series data in which the minimum R? was 0.9745 for the tendon tensions of LC3. The load cell data
encountered slightly more noise, particularly for the wind assisted conditions with a maximum CV of
5.23% (4.97% NRMSE) for the minimum tension values. The minimum tension demonstrated a large
variability, which could be caused by the dynamic response in the tendons [43]. Overall, the maximum
and minimum tensions were consistent between wave peaks and runs, resulting in usable data for
analysis. These findings were also supported by a previous work [12,38,43,44] conducted at a smaller
scale (1:125) which has indicated that good qualitative repeatability can be achieved among multiple
repeated runs for all wave probes, Qualisys system and load cells used in their model tests such that
lower values of CV were obtained during model calibrations.
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Figure 10. Cont.
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Figure 10. Time history of wave elevations, dynamic tensions and surge motions for five repeated runs.

Table 8. Results of repeatability analysis for wave only runs.

WP2 (mm) LC3 (N) Qualisys, X (mm)
Run Max Min Max Min Max Min
Run 1 2224 —20.73 141 —1.33 16.14 —18.19
Run 2 22.26 —20.77 1.44 —1.36 16.46 —18.23
Run 3 2247 —20.75 142 —1.33 16.34 —18.23
Run 4 22.50 —20.75 142 -1.37 16.39 —18.14
Run 5 22.36 —20.86 1.44 —1.38 16.18 —18.48
Mean, m 22.37 —20.77 143 —1.35 16.30 —18.25
Standard deviation, o 0.12 0.05 0.01 0.02 0.14 0.13
CV (%) 0.54 0.24 0.70 1.48 0.86 0.71
NRMSE (%) 0.47 0.22 0.88 1.55 0.75 0.65
R2(-) 0.9926 0.9745 0.9978

Table 9. Results of repeatability analysis for wave with wind runs.

WP2 (mm) LC3 (N) Qualisys, X (mm)
Run Max Min Max Min Max Min
Run 1 22.61 —20.64 1.36 —1.46 15.38 —18.92
Run 2 2252 —20.55 1.39 —1.56 15.29 —19.29
Run 3 22.33 —20.75 1.38 —1.48 15.33 —19.29
Run 4 22.63 —20.57 1.43 —1.66 15.11 —18.90
Run 5 2248 —20.50 1.36 —1.49 15.33 —19.18
Mean, m 22.55 —20.60 1.38 —1.53 15.28 —19.12
Standard deviation, o 0.12 0.10 0.03 0.08 0.10 0.19
CV (%) 0.53 0.49 2.17 5.23 0.65 0.99
NRMSE (%) 0.50 0.42 1.89 4.79 0.61 091
R2 () 0.9997 0.9993 0.9994
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4. Results and Discussion

4.1. Time Series of Motion and Tendon Responses

Figure 11 shows the steady state motions of the model observed in condition 3 (no wind action).
Overall, the tested TLPWT model exhibited typical motion responses to that of a generalised TLP
with significant surge offsets along with stiff heave and pitch motions [41,43]. Moreover, there was
an evidence of a potential coupling between multiple DOFs, particularly for heave and surge motions.
This could be attributed to the relationship of offset and set-down for TLPs, based on their tethered
nature [45]. Such a relationship will be discussed in detail thereafter in Section 4.3. There are larger surge
motions in the positive direction as the model was constantly subjected to waves, which did not allow
for even amplitude in both directions. This observation was also noticeable for the heave motion, with
the magnitude of the downward motion proving to be more significant compared to the upward motion
of the model. The pitch angles experienced were consistent, with the amplitude in the positive direction
only slightly greater than that in the negative direction. Such observations in motion nonlinearities were
anticipated as the nature of the physical wave was nonlinear as well. As expected, the magnitude of
sway, roll and yaw motions was negligible in this case, as tests were only performed in head seas [35].

Figure 12 shows the time-series data of the dynamic tendon tension from each of the load cells
using an example from condition 3 (no wind action). These graphs clearly show the excitation in the
tendons from the model motions, with the forward (up-wave) tendon (LC3) experiencing the highest
magnitudes for dynamic tension. The port and starboard tendons (LC1 and LC4) experienced almost
similar magnitudes of tension; the variation among them can be attributed to the yaw motion of the
model (Figure 11D). The aft (down-wave) tendon (LC2) experienced higher tension when compared to
the port and starboard tendons, which showed relatively consistent tension fluctuations.
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Figure 11. Time history of model motions recorded for condition 3: surge motion (A), sway motion (B),
heave motion (C), yaw motion (D), pitch motion (E) and roll motion (F).
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Figure 12. Time history of dynamic tendon tension measured by load cells for condition 3: LC1 and
LC4 (A) and LC2 and LC3 (B).

4.2. Response Amplitude Operators (RAOs)

Wave frequency Response Amplitude Operators (RAOs) of motion and tendon responses are
discussed in this section. Figure 13 A—C show the translational RAOs for surge, sway and heave,
respectively, whilst Figure 13 D-F show the rotational RAOs for roll, pitch, and yaw. FFT analysis
was used for each run to find the RAOs at each wave frequency. As already mentioned, the wave and
wind conditions tested for the analysis of the RAOs are based on EC3 [14] to represent an operational
case. For the key motions of surge, heave, and pitch, there were some clear trends apparent from
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the ‘wave only” and wind assisted runs. By studying the effect of wind, the magnitude of heave
motion was found to increase due to wind forcing with an average increase of 13.1% for the tested
conditions. The effects of natural periods on the motion amplitudes cannot be identified as the results
obtained in Table 7 fall out of the tested range of 0.777-1.230. Furthermore, it should be stressed that it
is unlikely that the maximum motions of the model were captured during these tests conducted in
this study. A clearer picture would likely be obtained with further testing in a survivability sea state
(Hmax ~ 1.86 Hs corresponding to the design return period) [36]. Analysing similar tests performed by
Zamora-Rodriguez et al. [34], trends in surge results were basically comparable, with only minimal
variation between each wind condition. An increase in heave motions with wind was also found to be
similar, albeit to a different magnitude. The variations experienced in pitch were minimal, however
were in a similar range when compared to Zamora-Rodriguez et al. [34].
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Figure 13. Motion response amplitude operators for each degree of freedom: Surge RAO (A), sway
RAO (B), heave RAO (C), roll RAO (D), pitch RAO (E) and yaw RAO (F).
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The tendon RAOs were also evaluated for the same wind and wave conditions as the motion
RAOs (Figure 14). Each LC was analysed for the maximum dynamic tension for each of the different
wave periods, with clear trends being observed. Overall, it is noted that the dynamic tension in
all tendons was lower for most of the wind assisted runs, whilst the largest dynamic tensions were
experienced with the lower frequency waves. As expected, the RAOs of the port and starboard tendons
(LC1 and LC4) were quite similar due to symmetry. Likewise, the maximum dynamic tensions of
the model’s tendons were captured during these tests for a mild to moderate sea state. A testing in
a survivability sea state test would likely provide such information. It should be noted that the RAOs
of the surge motion and all tendon tensions follow a similar trend with a larger magnitude response
to larger wave periods. However, these responses are also a function of tendon length and stiffness
which should be considered when optimising and designing a mooring arrangement. The maximum
magnitudes for these RAOs occurred at the longest wave period of 1.23 s tested (~ 13.0 s at full-scale)
with Table 10 outlining the values. As can be seen the wind had a negligible effect on the surge motion
and slightly decreased the tendon tensions in all tendons except the forward/up-wave tendon (LC3).
These findings were consistent with the results of Nihei and Fujioka [31] who stated that the wind
effect decreases the dynamic response of the tendons in waves and wind coexisting field.
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Figure 14. Dynamic tendon tension response amplitude operators for each tendon: LC1 RAO (A), LC2

RAO (B), LC3 RAO (C), LC4 RAO (D).
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Table 10. Maximum RAO values of the TLPWT model at T =1.23 s.

RAO Parameter Max RAO (Wave Only) ~ Max RAO (Wave and Wind) Wind Effect

Surge motion 1.091 mm/mm 1.102 mm/mm 1.0%
LC1 0.167 N/mm 0.158 N/mm —6.0%
LC2 0.298 N/mm 0.292 N/mm —2.0%
LC3 0.320 N/mm 0.340 N/mm 6.0%
LC4 0.169 N/mm 0.168 N/mm —1.0%

4.3. Model’s Offset Versus Set-Down

An analysis of how offset and set-down correlate under changing wind and wave conditions
was performed. For a TLP, the kinematic coupling between the horizontal surge/sway motions and
the vertical heave motions results in the so-called platform set-down [46]. The set-down refers to the
vertical downward movement of the hull when the platform moves in its compliant modes (surge,
sway and yaw). The relationship between offset and set-down changes depending on the input wave
frequency, whilst wind loading can also have an effect. In this case, a mathematical formula developed
by Demirbilek [45] can be used to evaluate the set-down based on the offset experienced by the model
and the length of the tendons. By referring to the definition sketch shown in Figure 15, this relationship
is given in equation (1) where L, is the initial tendon length and X(t) is the surge motion time-series:

Z(t) = Lo —\/ (L2 — X(t)*) (1)

This was done with the assumption of zero pitch rotational motion while the platform is moving
in the x-direction and neglecting the elongation in the tendon [43]. The magnitude of the set-down
fluctuated during this set of tests as the model was moving back and forth. Overall, the magnitude of
the set-down was minimal, likely due to the high stiffness of the tendons as discussed in Section 3.3.
Figure 16A shows the set-down motion in the following wave direction i.e., wave travelling direction
being greater than that in the opposite direction. This is due to the impact of the waves not allowing
the structure to move equally in the opposite direction. Furthermore, the effect of wind was more
pronounced in in the following wave direction than in the in the opposite direction. Figure 16B
illustrates the differences experienced with and without wind acting on the structure as a function of
wave period. The set-down followed the same trend as the surge motion with low frequency waves
(long waves) inducing the most offset and contributing to the most set-down experienced by the model.
By comparing the magnitudes of the offset and set-down (Figures 13A and 16B), the ratio of Z/X was
found to be 2-5%. Such findings can be useful in the calculation of tendon forces and in the calculation
of responses in power take-off cables as well as the evaluation of the air gap of an FOWT system in
accordance with the DNVGL-ST-0119 standard [46].
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Figure 15. Definition sketch for offset and set-down relationship.
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Figure 16. Comparison of set-down time history for condition 3 (A) and maximum set-down
experienced for all conditions (B).

5. Conclusions and Recommendations

This paper describes model testing of a TLPWT model with non-rotating blades to better

understand its motion and tendon responses when subjected to combined wind and unidirectional
regular wave conditions. The turbine structure of the TLPWT model was closely based on the NREL
5 MW concept. The analysis of the measurements and observations of the model response enabled
several general conclusions to be drawn as follows:

1.

Several free decay tests were performed to evaluate the natural periods of the model in the
key degrees of freedom including surge, heave, pitch, and yaw. The natural periods in the
surge and pitch motions evaluated from the decay tests had a relatively close agreement to the
theoretical values. Furthermore, the natural periods in the surge, heave, and pitch degrees of
freedom were all outside the range of 6-20 s, whilst the yaw natural period fell inside this range.
As the yaw control of the nacelle is typically used to orient the turbine towards the predominant
wind direction, such a situation could lead to an increase in the yaw motion if excited by waves.
Therefore, it is recommended to investigate the effect of yaw motion on the performance of
a TLPWT.

The tested TLPWT model showed typical motion responses to that of generalised TLP systems
with significant surge offsets along with stiff heave and pitch motions. The maximum magnitudes
for the RAOs of surge motion and all tendons occurred at the longest wave period of 1.23 s (~13.0's
at full-scale) tested in this study.

There was evidence that static wind loading on the turbine structure had some impact on the
motions and tendon response, particularly in the heave direction, with an average increase of
13.1% in motion magnitude for the tested wind conditions. The wind had a negligible effect on
the surge motion and slightly decreased the tendon tensions in all tendons.

The results also showed the set-down magnitudes amounting to approximately 2-5% of the offset.
Furthermore, the waves are the dominant factor contributing to the set-down of the TLPWT, with
a minimal contribution from the static wind forcing.

As the environmental condition tested in this study is considered a mild to moderate sea state,
it should be stressed that it is unlikely that the maximum motions and loads of the model were
captured during these tests. A testing in a survivability sea state condition would likely provide
such information. It is therefore recommended that further testing into the survivability of the
TLPWT should be performed. Furthermore, the use of a drag plate instead of the static rotor
tested in this study can be investigated in future studies, as the thrust distribution would be more
uniform. The results of this study could be used for calibrating numerical tools such as CFD
codes which can then be used for further investigations.
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Abbreviations and Notations

AMC Australian Maritime College

CFD Computational Fluid Dynamics

cv Coefficient of Variation (%)

D Column diameter (m)

d Water depth (m)

EC Environmental Condition

FAST Fatigue, Aerodynamics, Structures, and Turbulence
FFT Fast Fourier Transform

FOWT Floating Offshore Wind Turbine

H Wave height (m)

Hipax Maximum wave height (m)

H; Significant wave height (m)

Ly Mass Moment of Inertia about x-axis (kg-mmz)
Ly Mass Moment of Inertia about y-axis (kg‘mmz)
KB Vertical distance measured from the model’s keel to the centre of buoyancy (m)
KG Vertical distance measured from the model’s keel to the VCG (m)
L Wave length (m)

LC Load Cell

Lo Original tendon length (m)

m Mean value (vary)

MIT Massachusetts Institute of Technology

MTB Model Test Basin

MW Mega Watt

NREL National Renewable Energy Laboratory
NRMSE Normalised Root Mean Square Error

PSD Power Spectral Density (m?/Hz)

R? Correlation coefficient (-)

RAO Response Amplitude Operator

t Time (s)

T Wave period (s)

TLP Tension Leg Platform

Ty Natural period (s)

Ty Peak period (s)

u Mean wind speed (m/s)

VCG Vertical Centre of Gravity

WP Wave Probe

X Horizontal offset (m)

V4 Set-down (m)

o Standard deviation (vary)
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