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1. Overview 

As the global floating wind industry matures, there is increasing emphasis on the installation and operational phases 

rather than the design and development stages. It is clear that a significant portion of the lifecycle costs of a floating 

wind farm comes from the marine operations needed for installation, O&M, and decommissioning phases [1]. It is 

important to perform these operations in a safe and environmentally friendly manner to avoid loss of life as well as 

reducing the impact on the environment. Many marine operations are required during the lifetime of a floating wind 

farm, but irrespective of the floater type, one marine operation is required for the construction of all floating wind 

farms – towing. During decommissioning also, towing operations play a major role. Optimising towing operations is 

required for the efficient utilisation of the available weather windows and thereby reducing the costs, which will play 

a role in reducing the levelized cost of energy. This report focusses on the towing operations and the methods to 

analyse and optimise them which would make floating wind farm construction cheaper and efficient. The results are 

explained in detailed in two published research articles: 

1. A study of the towing characteristics of a semi-submersible floating offshore wind platform [2] 

DOI 10.1088/1742-6596/2626/1/012043  

2. Towing Analysis and Validation of a Fully Assembled Floating Offshore Wind Turbine Based on an 

Experimental Study [3] 

https://doi.org/10.3390/jmse12040689  

2. Abstract 

Towing operations are critical to installation, O&M and decommissioning phases of floating wind farms. During 

construction, towing is essential for transporting fully assembled floating offshore wind turbines from the construction 

site to their designated locations in the ocean. This process demands precise hydrodynamic analysis and robust 

towing strategies to ensure the safety and stability of the structures while minimising transit time and costs. Effective 

towing operations also facilitate the deployment of multiple turbines in a timely manner, thereby accelerating the 

overall project timeline. Regular maintenance is essential to ensure the optimal performance and longevity of the 

turbines. This often necessitates towing the turbines back to shore or to specialised maintenance facilities for 

comprehensive inspections, repairs, or upgrades. The ability to efficiently tow these massive structures ensures 

minimal downtime and helps maintain the continuous operation of the wind farm, which is crucial for meeting energy 

production targets and financial viability. Moreover, in the event of unexpected failures or extreme weather conditions, 

rapid and safe towing operations are vital for protecting the assets and ensuring the safety of the maintenance crew. 

Thus, optimizing towing operations for O&M activities not only enhances the reliability and efficiency of floating wind 

farms but also contributes to their overall cost-effectiveness and resilience. During decommissioning, the safe and 

https://doi.org/10.3390/jmse12040689
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efficient retrieval of these turbines back to shore is paramount. This involves carefully planned towing routes and 

methodologies to mitigate environmental impacts and ensure compliance with regulatory requirements.  

The optimization of towing operations, therefore, plays a pivotal role in the lifecycle management of floating wind 

farms, ensuring operational efficiency, safety, and environmental sustainability. Marine operations represent a 

significant portion of the Levelized Cost of Energy (LCOE) for offshore wind. Hiring vessels for performing such 

marine operations is often costly and depending on the type of floater, specialized vessels might also be required. 

Even though many of the technologies and technical know-how can be transferred from O & G (Oil and Gas) and 

bottom-fixed wind turbine industries, specialised solutions for the floating wind industry are also needed to be 

developed because of numerous reasons. Many FOWTs offer easy towing and can be completely constructed 

onshore and towed to the farm location. During major repair and decommissioning operations, they can also be 

towed from the farm location to the port. FOWTs can also be deployed in arrays which is a major advantage compared 

to other offshore structures. 

In the report, the towing operations are analysed from a hydrodynamics point of view. Particularly, the motions 

of the towed platform and towing loads are given importance. The methodology that can be adopted for optimising 

the towing operations is explained. Since the hydrodynamic analysis of the towed platform is of paramount 

importance, analysis methods are carefully studied. An experimental study was conducted to validate the developed 

numerical models. A comparison of these experimental results with the numerical models have been also performed. 

The results can be found in the mentioned publications [2] [3]. 

3. Objectives 

This report identifies and discusses the role of towing operations and the methods for analysing them for fast and 

safe execution of floating wind farm installation, O&M and decommissioning. The main objectives are: 

 

1. Analysis of the importance of towing operations and providing a methodology for optimising them. 

2. Developing numerical models for the analysis of floater motions and towing loads 

3. Experimental validation of the developed models 

Detailed discussions of these topics can be found in the publications mentioned in the report and the reader is invited 

to read and analyse these publications. 

4. Conclusions 

This research work has explored the critical aspects of towing operations for floating offshore wind turbines (FOWTs), 

providing both experimental and numerical insights into this essential phase of floating wind farm lifecycle. Through 
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comprehensive analysis, several key findings and contributions have been made to the field, addressing gaps in 

existing research and offering practical solutions for industry application. 

1. Significance of Towing Operations: 

Towing operations are integral to the successful deployment, maintenance, and decommissioning of FOWTs. 

The research highlights the complexity and importance of these operations, underscoring the need for 

detailed analysis and planning to ensure efficiency and safety. Towing operations for FOWTs are different 

from the towing operations of an O&G platform as the latter is a one-off process, while FOWTs are designed 

for farm-scale deployment. 

2. Framework for Analysis: 

The various factors that affect the towing operation of floating wind turbines have been analysed and 

reported. A comprehensive framework for analysing towing operations was developed, incorporating 

hydrodynamic motion, towing limits, and optimization strategies. This framework serves as a foundation for 

future research and practical applications in floating wind farm projects. The hydrodynamic features of the 

towing operation have been analysed and a case study has been performed. 

3. Experimental Validation: 

The experimental campaign conducted using the DeepCwind platform carrying the NREL 5 MW wind turbine 

provided valuable empirical data. This data is crucial for validating numerical models and enhancing their 

accuracy, thereby improving the reliability of towing operation predictions. 

4. Numerical Modelling Approaches: 

Two numerical models were developed and assessed, demonstrating their effectiveness in analysing the 

hydrodynamic response of FOWTs during towing. The integration of potential flow methods with Morison 

elements has proven effective, especially when validated against experimental results. 

5. Hydrodynamic and Environmental Considerations: 

The research underscores the importance of understanding the hydrodynamic behaviour of FOWTs in 

various sea states. Calculating RAOs and assessing the impact of towing speed and wave conditions are 

essential for optimising towing routes and ensuring platform stability. 

6. Bollard Pull and Operational Limits: 

Accurately estimating bollard pull requirements and identifying operational limits, such as maximum 

allowable sea states, are critical for the planning and execution of towing operations. These considerations 

help in selecting appropriate tugs and ensuring safe transit. 

In conclusion, this report provides a thorough examination of towing operations for floating wind turbines, offering 

significant contributions to both academia and industry. The findings and methodologies presented will aid in the 

efficient and safe deployment of floating wind farms, supporting the growth and development of this emerging 

renewable energy sector. 
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Abstract. A robust pipeline of floating wind energy has emerged with a general trend of
projects becoming larger, further from shore, and placed in increasingly energetic seas. The
installation process for these farms involves the pre-assembly of components onshore or in
sheltered waters before towing the platform to the operational location using tugs. It can be
expected that such marine operations will be repeated in reverse at the time of decommissioning.
The cost and safety of these operations will be influenced by the tugs used, towing speed, the
local metocean conditions, the platform/turbine characteristics and other factors. This paper
investigates the hydrodynamic characteristics of a large semi-submersible floating offshore wind
turbine (FOWT) under tow. The motions of the FOWT are analysed using a numerical tool
and validated using a towing test. A framework is proposed for the assessment of FOWT towing
operations. Various limiting factors have been identified and the hydrodynamic performance of
the system has been evaluated using the framework.

1. Introduction
Towing operations represent a critical phase of the floating offshore wind farms (FOWFs)
construction process. They were required during the installation of the existing FOWFs such as
the Hywind Scotland, Kincardine and Windfloat Atlantic projects [1]. Despite the importance of
these activities, the planning of towing operations currently primarily relies on the experience of
the captain of the towing vessel whilst any of the modelling and planning tools for these critical
operations usually rely on the general recommendations and standards developed for offshore
structures [2]. When numerical models are used to assist with this process, they are typically
not optimised for the very large, top-heavy FOWTs. Since many floater designs that vary in
size and geometry have been developed, it is important to analyse the towing behaviour of
these FOWTs individually, until FOWT-specific rules of thumb or standard industry practices
are developed. This need for bespoke towing planning and optimisation tools for FOWFs is
increasing in importance as they will roll out with large-scale deployments which are further from
shore, and in areas where weather windows are likely to be reduced, compared to traditional
bottom-fixed offshore wind farms.
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This paper presents a framework that can be used to analyse the towing operations of fully-
assembled FOWTs. A sequential approach, influencing and restricting factors and guidelines for
FOWT towing are explained with the help of the presented framework. An experimental study
and results that were used for the analysis of a basic towing operation are also presented.

2. Framework for analysing the towing characteristics of a floating offshore wind
turbine
FOWTs vary in shape and size and the geometry of the platform will affect the towability of
the fully-assembled FOWT system. Therefore, it is important to analyse each floater separately
before commencing towing operations. In this section, a framework is presented to analyse the
towing operation of a FOWT (see Figure 1). This framework can be used to check the feasibility
of towing a FOWT at a particular draught and speed.

Figure 1. Framework for analysing towing of FOWTs

The first step is to check the intact stability of the FOWT at the given draught of interest.
Collu et al. [3] have defined the stability requirements of FOWTs during towing operations. A
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minimum GM (metacentric height) of 2 m is recommended during tow-out. The static range of
stability should not be less than 15 degrees and the area under the righting moment curve is to
be 1.4 times more than the area under the wind overturning moment for safe towing [4]. The
towing point should be positioned in such a way that the heeling moments are minimised. The
maximum inclination angle, under total heeling moment, should remain below 5 degrees and
under half-towline pull, should remain below 2 degrees. Furthermore, the distance between the
maximum static draught and minimum water depth should be higher than 2 m or 10% of the
static draught (whichever is lesser).

Det Norske Veritas (DNV) has set the limiting conditions for motions and accelerations in
DNV-ST-N001, standards for marine operations [2]. Wind turbine OEMs (Original Equipment
Manufacturers) have defined acceleration limits at the nacelle for operation and survival
conditions. There should be sufficient freeboard at the bow to minimise damage from slamming
and green water loads [5]. For long tow durations, fatigue checks should be performed for
the platform as well as the wind turbines. Local areas prone to fatigue damage should be
identified prior to towing and fatigue life should be assessed. The fatigue life should be higher
than the entire tow duration including waiting times. For offshore structures like FPSOs
(Floating Production Storage and Offloading), the hull girder strength, structural connections,
local plating strength etc. are recommended to be checked [5] and this can be adopted for
FOWTs also. The fatigue damage check of the structural connection between the topside and
hull is also recommended by DNV [2], similarly, the connection between the tower and transition
piece/platform should be checked in the case of FOWTs.

Vortex-induced motions and vibrations (VIM&VIV) are also phenomena that can affect
towing operations, especially spar-type platforms and semi-submersibles with cylindrical
columns [6]. These phenomena have been observed on slender oil & gas structures and were
studied extensively in the past decades and this knowledge is transferable to FOWT towing
operations also. VIM&VIV are strongly non-linear phenomena and no well-established analysis
methods exist, but fair predictions and analyses can be made using CFD (Computational Fluid
Dynamics) and model testing [6]. One of the factors that trigger VIV is the Reynold’s number [6],
which is a function of speed, so towing speeds that can induce VIV should be avoided. Fishtailing
is another phenomenon which should be considered while choosing the towing configuration.

A numerical/analytical model built using a suitable available hydrodynamic tool can be used
to test the response of the FOWT system under various metocean conditions like significant
wave height, peak period, wind speed, current speed etc. The limiting values associated with
the various limiting factors and phenomena should be identified and the towing operation should
be analysed numerically to find if those values are exceeded during towing in those metocean
conditions. Two approaches can be followed to determine the performance of the system during
the voyage:

- Scatter diagram approach: In this approach, for each environmental condition in
a scatter diagram, the towability is determined. Based on the seasonal probability of
occurrence of each entry in the scatter diagram, the feasibility of the tow can be determined.
This approach is justifiable for short-distance tows.

- Voyage approach: In this approach, the environmental conditions along the route are
derived from a hindcast time series. The above-mentioned evaluation is applied for each
condition during the voyage. This reveals whether the voyage is feasible or not depending
on the starting date/time of the year in the hindcast time series.

A systematic iteration of different draughts and speeds using the framework can be used to
find the optimum towing draught, speed and bollard pull for a towing operation. This process
requires numerous iterations to find the optimum towing characteristics, which is a lengthy and
complex procedure. This method consists of:
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• Determination of the least draught at which the FOWT system is statically stable. The
lightweight draught (zero ballast) is the least possible draught and this is to be taken as a
starting point.

• Once the draught is calculated, the towing speed is to be determined. Initially, a low towing
speed (eg: 0.5 kn (knot)) is applied and then slowly raised to higher speeds.

• The various limiting factors and the permissible values are identified.

• A numerical/analytical model is built using a suitable hydrodynamic tool and the system
is tested in various metocean conditions.

• If the limiting values are not exceeded during the voyage, the bollard pull can be calculated
and suitable tug(s), towing line and towing arrangement can be selected. Special care
should be given to check towing stability and chances of fishtailing.

To demonstrate the usage of the framework an experimental study with a high draught and
speed was performed and analysed. Focus is given to testing a particular towing speed and
draught and assessing the bollard pull requirements rather than using the complete framework,
which is a complex process as mentioned before. A simplified numerical model using a
hydrodynamic analysis tool is used to calculate the motions and accelerations of the platform
and is validated using the experimental results. Using the model, the performance of the system
in various wave headings and irregular wave conditions is derived.

3. Model, experimental setup and testing procedure
The platform used for the study was a semi-submersible floater designed by CENER, Spain, as
part of the INNWIND Project [7]. The platform is coupled with an NREL 5MW wind turbine
[8]. The aluminium model was constructed at a scale of 1/50. The geometry details (see Figure
2) and main particulars (see Table 1) of the FOWT system are described below:

Figure 2. Main dimensions of the floater and towing arrangement

The experiments were performed in the ocean basin at the Lir NOTF (National Ocean Test
Facility), University College Cork, Ireland [9]. The operational draught of 18 m is applied in the
tests since the primary focus of the original test campaign was on operational conditions at zero
speed. This draught is not the minimum towing draught but was adopted in the simulations
because of available model test results for validation. The model was first towed at various
speeds in calm water to ascertain the drag and thereby the required bollard pull. Then the
system was towed in an irregular sea state. The towing line was attached to columns C1 and C3
(see Figure 2) of the model and was towed using a PI-controlled winch-motor system [10]. The
tension on the winch cable was dynamically controlled to give constant speed to the model. A
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Table 1. Main particulars of the model in the towing configuration

Main Particulars Model Scale Full Scale

Total mass 167.3 kg 20,912.5 ton
KG 0.17 m 8.5 m
GM 0.295 m 14.75 m
Draught 0.36 m 18 m
Roll moment of inertia 72.481 kg m2 2.26E07 ton m2

Pitch moment of inertia 73.413 kg m2 2.29E07 ton m2

Yaw moment of inertia 88.849 kg m2 2.78E07 ton m2

Tn Heave 2.8 s 19.8 s
Tn Roll 2.9 s 20.5 s
Tn Pitch 2.9 s 20.5 s

spring (to absorb snap loads) and a loadcell were mounted on the winch wire and a wave probe
mounted off the instruments bridge was used to record wave elevations. A rope was tied to the
stern of the model to pull it back to its start position after each test. Any potential extra drag
caused by the retrieving wire was mitigated using the PI controller. The response of the FOWT
system was recorded using a Qualisys motion tracking system. The tow-out operation is usually
carried out at low speeds (1.5 – 3 kn) [4], but since the ambitions are to tow at higher speeds a
towing speed of 5 knots is used in the experiment as well as in the numerical calculations. Table
2 shows the details of the tests performed. The model scale and prototype values (in brackets)
are shown.

Table 2. Test matrix

Description Towing speed (m/s) Wave height (m) Remarks

Calm water 0.07(0.5), 0.22(1.56), - Head-sea
0.36(2.54)

Irregular waves 0.36(2.54) Hs =0.06(3) m, Head-sea
Tp=1.13(8) s

4. Hydrodynamics of the FOWT system
4.1. Limiting motion criteria and conditions
According to the default motion criteria set by DNV, the maximum permissible roll and pitch
amplitude must be 5 degrees and heave acceleration must be 0.1g [5]. The limits vary according
to the duration of towing, but as a starting point, the towing is assumed to be a weather-
restricted operation in benign conditions. A total acceleration (vector sum) limit of 1 m/s2 for
the NREL 5 MW wind turbine is chosen based on previous studies [11]. The identified limits
are mentioned in Table 3. This list is not exhaustive, and it is possible that other limiting
factors which are not yet identified may exist and require dedicated research for identifying
them. The limiting values can also be varied depending on the floater design and the wind
turbine machinery.
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Table 3. Limiting factors and values

Limiting factor Limiting value (maximum)

Roll motion 5 degrees
Pitch motion 5 degrees
Heave acceleration 0.1 g
Total acceleration at the nacelle 1 m/s2

4.2. Motions and accelerations
The motion response of the FOWT system recorded during the tank testing is presented in this
section. The RAOs (Response Amplitude Operators) of the heave, roll and pitch motions were
derived by analysing the data obtained from the Qualisys motion tracking system. All the results
were converted into full-scale values. In parallel, a numerical model was set up using MARIN’s
(Maritime Research Institute, Netherlands) in-house hydrodynamic seakeeping code SEACAL.
SEACAL can perform hydrodynamic analyses of bodies with forward speed. Viscous effects
were neglected for the calculations. It is assumed that the wind turbine is in parked-feathered
condition during towing. This would reduce the wind forces on the turbine during towing.
The effect of wind and current would need a dedicated analysis but is neglected for this study.
The commercial hydrodynamic software suite Ansys-Aqwa [12] was also used for the analysis
as an additional tool and the option for analysing bodies with forward speed was utilised for
analyses. The natural frequencies of the system in heave, roll and pitch have been determined
experimentally in decay tests at the experimental facility. Figure 3 shows the validation of the
numerical model using the test results. The towing speed was 5 knots, in head waves.

Figure 3. Comparison of motion RAOs

The resonance frequency has been correctly captured by the model and the motions at
higher frequencies are in good agreement with the experimental results for pitch and heave.
For frequencies lower than the resonance frequency the tests still show significant RAOs. Even
though the roll motion is observed to be very low in head-sea conditions, some roll motion was
observed during the experiments. This requires further investigation to check if this happened
due to model asymmetry, wave reflections from the tank or unforeseen physical phenomena.

4.3. Motions of the system in various headings
In realistic sea conditions, the FOWT will encounter waves from different directions during
towing. It is important to investigate the hydrodynamic performance of the system in various
headings and to understand the effect of the direction of the incident waves on the motions
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of the system. In this section, the effect of the incident wave headings on the motions and
accelerations of the FOWT system is presented using the validated SEACAL numerical model.
Figure 4 shows the motion RAOs and acceleration transfer functions of the FOWT system under
various wave encounter directions.

Figure 4. Motion and acceleration RAOs showing the influence of wave direction

The direction of the incident waves has a considerable impact on the motions and accelerations
of the FOWT system. In beam and quartering seas, the pitch and roll motions are severe. The
chances of exceeding the permissible motion limits are high in such sea-states.

4.4. Motions of the floater system in irregular waves
It is important to analyse the motion of the FOWT system during towing in irregular seaways
as significant wave height (Hs) and peak period (Tp) impact the motions of the towed system.
Moving out into deeper waters will be required in the near future to meet the energy supply
demands [1]. Eventually, towing operations have to be performed in rougher seas and analysing
the hydrodynamic behaviour of the floaters in rough seas is of paramount importance. Using
SEACAL, the FOWT system is analysed and the results are plotted. JONSWAP (Joint North
Sea Wave Project) spectrum is used for the analyses and the expected maximum values are
calculated for roll motion, pitch motion, heave acceleration and nacelle acceleration. These
values are plotted for various Tp conditions. From the previous numerical analyses, it was
evident that the wave headings have a significant impact on the motions of the floater. So, the
maximum values are plotted for various headings assuming a towing speed of 5 kn. The range
of peak periods to be analysed for towing operations is given by [4]:

√
13Hs ≤ Tp ≤

√
30Hs

The range of Tp values (3.6s – 15.5s) is calculated assuming a maximum Hs of 8 m given by
the above equation. Figure 5 shows the maximum values calculated for roll and pitch motions
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Figure 5. Maximum values of roll and pitch motions in various wave headings

and Figure 6 shows the maximum values calculated for heave acceleration and acceleration at
the nacelle for the system at a Hs of 1 m.

In Figure 5, it can be observed that the FOWT system experiences maximum roll motions
in stern-quartering waves. As the Tp value increases, the roll motion amplitude comes closer to
1 degree at a Tp value of 14 s. For Tp values between 7 s and 11 s, the roll amplitude remains
slightly below 0.4 degrees. Pitch motion is severe in following sea conditions. At a Tp value of
15.5 s the maximum pitch amplitude is 2.5 degrees. For Tp values between 7 s and 11 s, the
pitch amplitude remains slightly below 0.5 degrees.

Figure 6. Maximum values of heave acceleration and acceleration at nacelle in various wave
headings

In Figure 6, the heave acceleration exceeds the limiting value of 0.1g close to a Tp value
of 12.5 s in the following-sea condition. For Tp values ranging from 7 s to 11 s, the heave
acceleration remains below 0.5 m/s2. Acceleration at the nacelle gets closer to the limiting value
of 1 m/s2 around a Tp value of 15.5 s. Assuming the motions and accelerations vary linearly
with respect to Hs, the limiting Hs values can be calculated. The Hs and Tp at which the
motions and accelerations remain under the permissible limits for the chosen limiting factors are
shown in Figure 7. It can be observed that the acceleration at the nacelle is the strictest limiting
factor and determines the towing characteristics. The wave conditions (Hs, Tp) at which the
towing operation is feasible fall into the green area in Figure 7.
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Figure 7. Hs,Tp limits for various limiting factors (left) Hs,Tp limits for the strictest limiting
factor (right)

4.5. Bollard pull
The tension on the cable while towing was recorded and these values indicate the bollard pull for
towing the FOWT system. The bollard pull for various speeds was derived from the experiment
results for calm water and calculated using the numerical model for irregular waves. Figure 8
shows the variation of the required bollard pulls with respect to towing speed in calm waters
and irregular waves under head-sea tow.

Figure 8. Required bollard pull vs towing speed (left) Bollard pull requirement in various
sea-states (right)

Figure 8 only shows the calm water bollard pull at even keel of the FOWT. The bollard pull
will increase due to wave added resistance, wind loads, trim etc. The bollard pull requirement
increases quadratically as the towing speed increases. Figure 8 shows that a maximum bollard
pull of around 800 tons is required for towing the FOWT with the mentioned draught and speed
in irregular waves. A tug efficiency factor of 1 is assumed for the calculation, but in reality, the
value is 0.75 for ocean towing [2], which raises the bollard pull requirement even higher.
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5. Conclusions and further research
This paper has provided a general framework for the assessment of the hydrodynamic
performance of a fully assembled FOWT system in different draught, wave and towing speed
conditions. For the semi-submersible platform considered, the motions of the system remain
under acceptable limits for many wave conditions, but the acceleration at the nacelle is the
strictest limiting factor here and hence determines the limiting environmental conditions and
hence the towing characteristics. A Hs of around 1.5 m is a realistic significant wave height
at the mentioned draught and speed for safe towing in all the sea-states analysed in the study.
Identifying the strictest limiting factors and raising the limiting value by improving the design
of the component in the FOWT system will help raise this Hs limit.

The towing speed and draught analysed in this study are not optimised and a systematic
iterative study using various towing draughts and speeds can improve the towing characteristics.
A basic analysis revealed that the bollard pull increases quadratically when the towing speed
increases. If the required bollard pull is more than that can be handled by a single tug, multiple
tugs can be used, but this increases costs.

To date, FOWTs have generally been towed by AHTSs (Anchor Handling Tug Supply) during
installation. Some AHTSs have up to 300 ton bollard pull but higher bollard pulls are rare [4].
Detailed dedicated analyses are required for checking the effect of wind and current also before
commencing towing operations for large floating offshore wind turbines. Further research is
required for the development of the method using a voyage-analysis approach. In this approach
the environmental conditions along the route are derived from a hindcast time series. Checking
the towability at every time step reveals the towability of the complete voyage. Additionally,
involuntary or voluntary speed or course changes can be applied for long towing operations.
The effect of wind, trim of the floater and VIM should also be included in the studies. For long
tows, the directional stability of the FOWT system should also be checked for course-keeping.
As the FOWTs get larger, large ocean-worthy tugs with high bollard pulls might be required in
the near future for the installation, major repairs and decommissioning of such FOWTs.
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Abstract: The offshore wind sector is moving into deep waters and using floating platforms to
harness the higher wind speeds in exposed locations. There are various floating platform types
currently in development, but semi-submersibles are considered the most prominent early movers.
Such floaters need to be towed to and from wind farm locations for installation, special cases of
repair and decommissioning. As with any other offshore activity, metocean limits exist for towing
operations which can impact the development of a wind farm. It is important to calculate the
motion and loads of the platform before commencing the towing operations and to check whether
they exceed the defined limits to enable safe execution. In this paper, two approaches using two
different numerical tools to predict the motion of a fully assembled floating wind platform under
tow are presented and compared. A potential flow-based method derived from a low forward
speed approach and a hybrid approach combining potential flow and Morison equation methods are
investigated, and the numerical predictions are compared and validated against experimental results.
Both methods demonstrate accurate predictions, depending on the wave condition and towing speed,
albeit differing in execution time and the simplicity of the simulation setup. The first method was
found to provide good predictions of the motion in low-speed (0.514–1.543 m/s) towing conditions.
The second method provides better results for all the towing speeds and wave heights. As the wave
height and towing speed increase, deviations from experiments were observed, signifying non-linear
phenomena that are difficult to analyse using the mentioned potential-flow-based methods.

Keywords: floating offshore wind turbine; marine operations; towing

1. Introduction

The harnessing of wind energy from deepwater sites is the next stage of the commer-
cialisation of offshore wind. Several pilot-scale floating wind farms are already operational
worldwide, with larger-scale deployments in planning. Floating Offshore Wind Turbines
(FOWTs) are specifically engineered to harness higher wind speeds in deep waters, present-
ing unique challenges compared to fixed-bottom wind turbines. Numerous investigations
focusing on the development of floating wind turbine designs, operation conditions and
numerical analysis methodologies have been developing in recent years [1]. A significant
challenge involves the installation of these structures, typically accomplished by towing
the FOWTs to their designated farm locations using large ocean-going vessels. The FOWT
system is susceptible to various metocean factors, including wind, waves and currents,
which significantly influence towing operations. As wind farms venture into deeper waters,
environmental conditions generally become more extreme, amplifying the complexity of
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the marine operations necessary for installation, operation, maintenance and decommis-
sioning. It is imperative to thoroughly investigate the impact of these environmental factors
on an FOWT when planning the construction of large wind farms. This comprehensive
understanding will facilitate the identification of optimal weather windows and enable
more reliable year-round planning for floating wind farm construction.

The installation methodology employed varies, based on the type of floater utilised
to support the wind turbine. FOWTs offer a distinctive opportunity for complete con-
struction and assembly in sheltered waters or at quaysides. Irrespective of the floater
type, the installation process necessitates a crucial marine operation—towing. Following
construction, the primary challenge entails transporting the fully assembled FOWT system
to the designated installation site, where it is connected to preinstalled mooring lines. This
task is typically accomplished using towing tugs capable of towing the system from the
quayside to the wind farm site. This marine operation poses notable challenges due to
often adverse sea conditions, which may subject the turbine to significant loading due to
platform motion.

Semi-submersible FOWTs, which can be fully constructed at quaysides and subse-
quently towed to the farm location, are a popular choice for platform technology developers.
As these platforms are susceptible to significant wave-induced motion [2], it is imperative to
analyse the motion characteristics of fully assembled semi-submersible FOWTs under tow.
This will allow an assessment of vessel requirements, turbine loading, weather windows,
safety and ultimately the viability of towing these significant structures in deep waters, far
from shore, where weather conditions can change rapidly. Given the sensitive nature of
wind turbine structures to motion, maintaining acceptable values of motion and accelera-
tion is essential to prevent damage to components and to maintain the high standards of
Safety of Life at Sea (SOLAS).

It is worth noting that all the existing floating wind farms across the globe have utilised
towing operations during their installation phases. The Windfloat Atlantic, Hywind Scot-
land, Kincardine and Hywind Tampen projects utilised towing vessels and operations
during their construction [3,4]. Tow-to-port and tow-to-shallow operations are planned
for major maintenance activities for Kincardine and Hywind Scotland wind farms, respec-
tively [5]. During a heavy maintenance campaign at the Kincardine wind farm, one of the
platforms was detached from the mooring system and towed to a maintenance port and
subsequently towed back to the wind farm location after necessary repairs [6].

Thus, towing operations remain crucial for significant repairs and decommissioning
processes also, reinforcing their status as one of the most vital marine operations throughout
the entire life cycle of a floating wind farm.

Numerous factors influence the towing operation of an FOWT system. Some of these
concern the motion that affects the survivability and course-keeping of the platform, whilst
others deal with the forces and acceleration limits on the structure. These factors collectively
ensure the secure, safe and efficient transit of the fully assembled FOWT system to its wind
farm destination. Throughout the towing process, the platform contends with various
metocean elements such as wind, waves and currents. It is important to avoid severe
motion and acceleration and phenomena like fishtailing while towing. While FOWTs are
engineered for stability at high draughts with mooring lines in place, the towing phase often
necessitates the transportation of deballasted platforms at lower draughts and without the
support of mooring lines. Consequently, dedicated research into platform motion during
towing is imperative to facilitate safe towing operations.

Towing operations have been the subject of research in the context of Oil and Gas
platforms over the past few decades, primarily during the exploration phase. Existing
ocean towing practices are guided by established general rules and guidelines for marine
operations [2,7,8]. In recent years, there have been emerging efforts to analyse towing
operations specific to FOWTs. A critical aspect contributing to the safety of towing opera-
tions is the stability of the platform during transit. While dedicated rules and guidelines
for assessing the intact stability of FOWT systems are currently lacking, certain principles
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can be adapted from the extensively developed standards within the oil and gas industry,
which have been in use for an extended period. Collu et al. [9] conducted research in this
area, proposing stability guidelines for fully assembled FOWTs during the transportation
and installation phases. Furthermore, there has been a growing interest in investigating
the motion dynamics of platforms during towing operations. Ding et al. [10] conducted a
numerical analysis of the towing operation involving a submerged Tension Leg Platform
(TLP) wind turbine, employing a multi-body approach to examine the impact of environ-
mental factors (e.g., wind and waves), bollard pull and towing point height on the towing
process. Their study involved modelling and analysing a multi-body system comprising
a tug, a towing line and an FOWT, encompassing various environmental conditions and
identifying limiting factors. It showed that the platform exhibited stability up to significant
wave heights of 5 m and wind speeds of 17 m/s while being towed at speeds of up to
2.8 m/s.

Buttner et al. [11] conducted an experimental investigation to examine the towing
process of the Orthospar platform while subjecting it to waves propagating from different
directions. Concurrently, they assessed the loading experienced due to the towing line
during these experiments. In a separate study, Mas-Soler et al. [12] carried out experiments
involving a Tension Leg Platform (TLP) to determine the platform’s towing characteris-
tics across various towing configurations, both in calm waters and under diverse wave
conditions. Le et al. [13] analysed the towing performance of two submerged floating off-
shore wind turbines, evaluating platform motion under varying sea conditions. The study
involved calculating maximum values for the heave, pitch and roll and using these to
establish limits for towing these platforms based on significant wave height. Additionally,
the study derived the bollard pull requirements for different towing scenarios. In an-
other study, Hyland et al. [14] conducted towing tests, assessing the drag prerequisites
of the GICON TLP under various operational and towing conditions, and they observed
Vortex-Induced Motion (VIM) while towing in calm water.

Many of the mentioned investigations focused on towing in specific metocean con-
ditions, depending on the type of floater and installation sites. Previous experimental
investigations outlined the observations and motion characteristics recorded during the
experiments, but numerical analysis methodologies have rarely been mentioned. FOWTs
are usually planned for farm-scale deployments with multiple repeated towing operations
compared to the towing of an oil and gas floating platform, which is usually a one-off pro-
cess. Finding the optimised towing speed and ascertaining the metocean limits is crucial to
enabling safe, efficient and cost-effective towing operations [3]. A comprehensive, system-
atic study focusing on various towing speeds and wave heights and their effects on FOWT
motion and towing loads is lacking. This paper aims to fill this gap in knowledge, and
it provides an ’industry-ready’ approach to understanding and analysing FOWT towing
operations. It also aims to create an experimental database for studying semi-submersible
towing operations and fuelling further research.

This paper presents and analyses an experimental investigation conducted to under-
stand the towing characteristics of a semi-submersible platform under various conditions,
including different speeds, physical configurations and wave conditions. The study placed
particular emphasis on the hydrodynamic drag and motion that the platform exhibited
during the towing operation. The motion was simulated numerically using two distinct
approaches. In the first approach, the platform was represented as a body in motion
at a small forward speed, and the motion was simulated using potential-flow-based ap-
proaches. This is an analysis methodology commonly used for the hydrodynamic analysis
of ships moving with a small forward speed. The forward speed can have a considerable
impact on the wave forces acting on a body, especially the second-order drift forces [15].
Grue et al. [16] studied this problem and found that a forward speed of 1 m/s can increase
the drift forces by up to 50% compared to a body at zero speed. Later, Grue et al. [17]
extended the numerical approach to analysing bodies in waters of a restricted depth also.
This paper presents a novel investigation into the applicability of this approach across a
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large range of speeds and wave heights, attempting to predict the dynamic response of a
towed semi-submersible FOWT by incorporating quadratic damping coefficients, derived
from decay tests, to accurately ascertain the impact of viscosity. The second approach
involves modelling the platform under zero-speed conditions, with towing simulated by
restraining the platform using towing lines and applying a current equivalent to the towing
speed. Second-order drift forces play a major role here, and a similar problem was analysed
by Emmerhoff et al. [18] to understand the slow-drift motion of vertical cylinders moving
with a low speed (or a slow current). An explicit solution for the analysis of a single cylinder
was derived and extended to analyse a rectangular arrangement of cylinders. Negative
damping was observed over frequency intervals in which the wave interactions were
significant. Kinoshita et al. [19] developed a semi-analytical solution to analyse cylindrical
bodies oscillating in the presence of waves and a slight current. The effects of draughts and
water depth were also studied. This solution worked well for cylinders moored to the sea
bottom but was lacking while analysing freely oscillating cylinders. In the presented study,
the motion was simulated using a hybrid approach, i.e., a combination of potential flow and
Morison-equation-based methods. The obtained results were subjected to a comprehensive
analysis, allowing for a comparative assessment of the advantages and disadvantages
inherent to both methods.

While designing new floaters, it is crucial to investigate and establish installation
methodologies that align with the specific requirements and operational demands of the
floaters [3]. If wet towing is imperative, the methodologies discussed in this paper offer
designers and developers an opportunity to assess the seaworthiness and towability of
forthcoming FOWTs, thereby enabling them to refine their decision-making process during
the project’s initial phases itself. These methods are applicable to any floater design and can
be employed to calculate the motion and towing loads of the platform, and depending on
the availability of resources, a suitable method can be chosen. The paper stimulates further
innovation and refinement in analysis techniques, including various non-linear phenomena,
flexible platforms, additional limiting factors, etc., leading to improved methodologies in
the future.

In Section 2, the details of the experimental campaign are discussed. The geometric
details of the platform, the model and the towing line are outlined in this section. The mea-
surements, dimensions, speeds and numerical simulation results provided in the paper
are presented at full-scale, and the corresponding model-scale values can be derived by
applying the appropriate scaling factors. Section 3 discusses the numerical approaches
used for the calculations. The results obtained from the numerical simulations are validated
against the experimental results. Some of these comparisons are shown in this section, and
the rest are presented in Appendices B and C. Subsequently, the following section criti-
cally analyses and interprets the obtained results from the experiments and the numerical
simulations presented in the previous section. In the following section, the major insights
and informed conclusions from the presented study are presented The potential avenues
for future research, highlighting areas where further exploration and investigation could
enhance our understanding of the subject matter, are also discussed there.

2. Platform Configuration and Characteristics
2.1. The DeepCwind Semi-Submersible Platform

In this research, the DeepCwind semi-submersible platform [20] was used. The plat-
form consists of a central column and three outer columns arranged in a triangular con-
figuration (see Figure 1). The platform is designed to support a 5 MW wind turbine.
The original design of the platform had an installation draught of 20 m. This draught
is impractical for towing because, as the draught increases, it leads to a rise in the fluid
drag acting on the platform, consequently necessitating a higher bollard pull to tow the
FOWT. It is important to calculate the towing draught accurately in order to reduce the
drag while towing. As the draught decreases, the drag reduces, but the motion of the body
may become severe. The optimum towing draught is a balance between stability and the
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motion of the platform [3]. The geometry of the platform also plays a role in deciding the
towing draught of the platform. For platforms like DeepCwind with large heave plates,
care should be taken to ensure that the heave plates do not emerge out of the water during
towing in order to avoid non-linear phenomena like slamming and green water loads.
Similarly, for platforms featuring large pontoons for buoyancy, attention must also be paid
to these phenomena.

Figure 1. Platform geometry.

2.2. Determination of Towing Draught

The draught was determined using a basic intact stability study. The GM (metacentric
height) values which influence the stability of the platform were calculated at different
draughts. The righting arm (GZ) at various draughts (T) was calculated using an open-
source tool called BEMRosetta [21,22]. These values are plotted in Figure 2. As mentioned
before, the stability rules applicable to FOWTs are still not fully developed, and in the pre-
sented study, stability checks were performed using the general IMO stability criteria [8,23]
and the MODU (Mobile Offshore Drilling Units) rules [9,24]. The wind turbine was as-
sumed to be kept in a parked–feathered condition to minimise the wind loads on the
structure [25]. Even in this turbine configuration, the wind loads could be significant,
depending on the wind speed, but it takes dedicated research to understand the effect of
wind, which is beyond the scope of this paper.



J. Mar. Sci. Eng. 2024, 12, 689 6 of 32

Figure 2. Righting lever (GZ) curve for various platform draughts.

The stability criteria were provided by [8,9,23,24] as follows:

• The initial GM or metacentric height should not be less than 1 m.
• The righting moment curve is to be positive over the entire range of angles from

upright to the second intercept (if a wind heeling moment is included in the stability
analysis).

• The maximum inclination under the total heeling moment should not exceed 15°.
• The righting lever GZ should be at least 0.2 m, and the angle of heel θ ≥ 30°.
• The maximum righting lever should occur at the heel, θ > 30° preferably, but not less

than 25°.
• The area of the GZ curve should be at least as follows:

– 0.055 m radian up to θ = 30°.
– 0.090 m radian up to θ = 40°.
– 0.03 m radian between 30 and 40 or between 30 and the angle of the down

flooding.

• The maximum righting arm should occur at an angle of heel preferably exceeding 30°
but not less than 25°.

• The static range of stability should not be less than 15° at the draught during towing.

For the selected draughts mentioned in Figure 2, 3.072 m (zero-ballast) and 5 m did
not pass the stability tests and were, hence, considered unsuitable for towing. All the
other draughts (see Figure 2) satisfied the criteria for stability. While planning towing
operations in rough seas, the draught should be high enough so that the heave plates or
pontoons remain sufficiently immersed and, hence, green water and slamming loads can be
avoided. The immersion is determined via various factors like the wave steepness and the
significant wave height, etc., of the waves expected along the towing route [26]. Increasing
the draught reduces the air gap in the case of platforms with a deck. This may lead to
increased wet-deck slamming, and care should be taken to avoid green-water loads on the
top of the cylindrical columns. The thickness of the heave plate of the DeepCwind platform
is 6 m, and choosing a draught of 7.5 m corresponds to a distance of 1.5 m between the
water surface and the top of the heave plate, while opting for a 10 m draught provides
a distance of 4 m. A higher draught reduces the probability of the heave plate surfacing
during the towing process [25], but it also increases the fluid drag on the hull. Consequently,
the draught was chosen at 10 m for the experiments. Further refinements in the calculation
of the towing draught are possible, but they are beyond the scope of the presented study.

3. Experimental Configuration
3.1. Test Facility

The tests were conducted in the freshwater Concept Basin at the Maritime Research
Institute Netherlands (MARIN). The Concept Basin has a length of 220 m, a width of 4 m
and a depth of 3.6 m. The basin is equipped with a stiff carriage which has a maximum
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speed of 10 m/s. The details of the model can be found in Figure 3. Waves were generated
from a wave generator on one end of the basin, and the other end employed a beach to
absorb the waves.

Figure 3. Concept Basin.

3.2. Platform Model, Towing Setup and Configurations

A 1:50 scale model of the DeepCwind semi-submersible platform was used for the tests.
The model represents the towed FOWT system (platform + NREL 5 MW wind turbine),
and its geometry and characteristics can be found in Figure 4 and Table 1, respectively.
The Froude number and Reynolds number are presented in Table 2. The diameter of the
outer column was taken as the characteristic length for the calculation [27,28].

Figure 4. Platform model.
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Table 1. Comparison of platform and model properties.

Property Unit Target Realised

Mass [ton] 10,357.1 10,410.3
L [m] 67.3 67.3

LCG [m] −0.009 −0.01
TCG [m] 0.017 0.02
VCG [m] 12.159 12.09

Kxx about COG [m] 33.854 30.54
Kyy about COG [m] 34.073 31.01
Kzz about COG [m] 36.326 31.13
Ixx about COG [tm2] 1.19 × 107 9.71 × 106

Iyy about COG [tm2] 1.20 × 107 1.00 × 107

Izz about COG [tm2] 1.37 × 107 1.01 × 107

Table 2. Towing speeds and corresponding Froude and Reynolds numbers of the model (model-scale).

Speed (m/s) Speed (m/s) (Full-Scale) Froude Number Reynolds Number

0.073 0.514 0.047 1.75 × 104

0.145 1.029 0.095 3.49 × 104

0.218 1.543 0.142 5.24 × 104

0.291 2.058 0.190 6.98 × 104

0.364 2.572 0.237 8.73 × 104

0.436 3.086 0.284 1.05 × 105

The platform was placed in the basin, and the towing lines with/without a bridle were
attached to the platform. The other end of the main towing cable was attached to a spring
which represented the stiffness of the towing line (ref. Table 3). The towing line was then
attached to a stiff rod which was connected to the carriage. A load cell was connected to
the towing line to record the tension on the towing line. The motion of the platform was
recorded using an optical tracking camera. Wave measurements at various towing speeds
were performed prior to the tests to obtain the calibration data required for calculations.
Figure 5 shows the test setup used for the experiments.

Figure 5. Towing test setup.
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Table 3. Towing line properties.

Property Value

Length 900 m
Modulus of elasticity 9.16 × 1010 Pa

Rope diameter 0.09 m
Stiffness 647.5 KN/m

Two configurations/towing setups were tested during the experiments. In configura-
tion 1, a bridle was used for towing. The angle formed at the apex of the bridle, as specified
in reference [25], could range between 45 and 60 degrees. For this configuration, a selec-
tion of 60 degrees was made. In configuration 2, the towing line was directly connected
to the platform. The towing configurations tested during the campaign are shown in
Figures 6 and 7. In both configurations, the towing point/points were at the same level as
the centre of gravity of the platform, as this was essential to avoid unbalanced moments
due to the towline pull.

Figure 6. Towing test configuration 1.

Figure 7. Towing test configuration 2.

3.3. Towing Line

The towing line was selected according to the Maritime Safety Committee-MSC/Circular
884-Guidelines for Safe Ocean Towing [8]. The length of the towing line is determined
using the following formula:

Towline Length = (BP/BL)1800 (1)

When the Bollard Pull (BP) is higher than 883 KN (90 tons), the Breaking Load (BL) is
approximately half of the bollard pull [7]. The stiffness of the towing line is determined
based on DNV-RP-H103 [7]:

Towline Sti f f ness = (EA/Lr)1800 (2)
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where E is the modulus of elasticity, A is the cross-sectional area and Lr is the length of
the rope. The rope diameter and elasticity are determined according to ISO 2307:2010 [29].
The calculated towline properties are shown in Table 3.

An available spring with the nearest stiffness value, K = 718.23 KN/m, was used for
the towing tests. The tow line length of 900 m would scale to 17 m in the basin. For practical
purposes in the basin, the tow line length was reduced to 135 m.

3.4. Test Campaign

Towing tests were performed for both configurations with various towing speeds
and wave conditions. The model was placed in the basin, and the measurement devices
were connected to the carriage. Comprehensive checks were performed to ensure the
model’s unobstructed movement. The initial stage involved conducting decay tests to
determine the natural frequencies of motion, specifically in heave, roll and pitch. The calm
water towing tests for speeds ranging from 0.514 m/s to 3.086 m/s were performed for
both configurations then to ascertain the drag and, thereby, the bollard pull required for
towing in calm water. Fewer tests were carried out for configuration 2, primarily because
configuration 1, which employs a bridle, is the most widely employed and recommended
towing setup in the offshore industry [25].

Following the calm water tests, towing tests were conducted under various regular
wave conditions. The primary objective was to determine the platform’s motion responses
and the associated drag, which are vital for calculating added resistance in waves of varying
frequencies. Detailed test specifications are provided in Table 4, encompassing tests at
speeds of 1.029, 2.058 and 2.572 m/s with seven wave periods spanning from 6.26 s to 20.94
s. Given the focus on assessing the performance with high waves, the majority of the tests
were conducted under high wave conditions.

Table 4. Test cases—regular waves.

Configuration Speed (m/s) Wave Height (m) Wave Period (s) Case

Configuration 1

1.029
1 6.28 1
2 6.98 2
4 8.38, 10.47, 15.71, 18, 20.94 3–7

2.058
1 6.28 8
2 6.98 9
4 8.38, 10.47, 15.71, 18, 20.94 10–14

2.572
1 6.28 15
2 6.98 16
4 8.38, 10.47, 15.71, 18, 20.94 17–21

Configuration 2

1.029
1 6.28 22
2 6.98 23
4 8.38, 10.47, 15.71, 18, 20.94 24–28

2.058
1 6.28 29
2 6.98 30
4 8.38, 10.47, 15.71, 18, 20.94 31–35

Subsequent to the assessments under regular wave conditions, tests were conducted in-
volving white noise waves, with the primary aim being the determination of the platform’s
Response Amplitude Operators (RAOs) for motion. Refer to Table 5 for detailed informa-
tion. The tests covered a range of towing speeds—0.514, 1.543, 2.572 and 3.086 m/s—and
encompassed significant wave heights of 1, 2, 4 and 6 m. For higher speeds, tests were
conducted for significant wave heights of 1, 2 and 4 m only.
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Table 5. Test cases—irregular waves.

Configuration Speed (m/s) Wave Height (m) Wave Period (s)

Configuration 1

0.514

1 5–25
2 5–25
4 5–25
6 5–25

1.543

1 5–25
2 5–25
4 5–25
6 5–25

2.572

1 5–25
2 5–25
4 5–25

3.086

1 5–25
2 5–25
4 5–25

Configuration 2

0.514 1 5–25
2 5–25

1.543 1 5–25
2 5–25

2.572 1 5–25
2 5–25

3.5. Observations

The platform motion was checked and observed throughout the experimental cam-
paign for interesting and unexpected phenomena. Since the motion of the platform was of
interest, it was measured during towing. The roll motion was found to be very minimal
during the towing process, which was expected because only head waves were used in the
experiment. Sprays and splashes were also observed during many of the tests (Figure 8).
As the significant wave height increased, the motion became severe compared to the
lesser wave heights.

Figure 8. Platform motion during towing.
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An additional significant observation pertained to the Fluid-Induced Motion (FIM) of
the platform during the towing process. A comparative analysis of the platform’s motion in
configurations 1 and 2 was conducted, and the outcomes are examined in the next section.
It was evident that configuration 1, involving the use of a bridle, exhibited reduced FIM.

3.5.1. Fluid-Induced Motion (FIM)

As mentioned before, some oscillatory motion was observed during towing in calm
water. To check for VIM, which is a special kind of FIM, the nominal A/D values which
represent the amplitude of the motion [30] were calculated and plotted (Figure 9) for both
configurations. The nominal A/D value is determined as follows:

(A/D)nom =
√

2
σy

D
(3)

where D is the projected column diameter, and σy is the standard deviation of the mo-
tion in the direction perpendicular to the incoming flow (sway). It was shown that con-
figuration 1 exhibits a lower nominal A/D value at the tested speeds, which indicates
better course-keeping.

Figure 9. Nominal A/D values for both configurations.

3.5.2. Drag and Bollard Pull

The recorded tension on the towing line during calm water tests is presented and
analysed here. This measurement shows the required bollard pull to tow the system at
different speeds, and it shows that this value fluctuates according to the speed of towing.
The maximum, minimum and mean towing forces were calculated, and they are presented
in Table 6. As the speed increased, it was observed that the variation of the towing force
also increased. The statistical properties of the values are plotted (Figure 10).

Table 6. Towing force (N) and bollard pull (tons) (in brackets).

Speed (m/s) Minimum (N) Maximum (N) Mean (N)

0.514 7.56 × 104 (8) 8.85 × 104 (9) 8.17 × 104 (8)
1.029 2.67 × 105 (27) 3.14 × 105 (32) 2.90 × 105 (30)
1.543 5.75 × 105 (59) 6.93 × 105 (71) 6.37 × 105 (65)
2.058 1.02 × 106 (104) 1.35 × 106 (138) 1.18 × 106 (120)
2.572 1.73 × 106 (176) 2.23 × 106 (228) 1.93 × 106 (197)
3.086 2.63 × 106 (268) 3.29 × 106 (336) 2.93 × 106 (299)
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Figure 10. Variation in towing force.

4. Numerical Validation

Two distinct methods were employed to conduct a comparative analysis of the results.
In the first method, the platform was presumed to be in forward motion at a speed equiva-
lent to the platform’s towing speed. Utilising SEACAL [31], in-house seakeeping software
developed at MARIN, based on 3D potential flow methods, the platform’s motion was
simulated in the frequency domain. An inherent challenge in this method lies in accurately
determining the damping coefficients governing heave, roll and pitch motion, which is
influenced by various types of nonlinearities. The precise calculation of these damping
coefficients is crucial to accurately simulate this motion. The damping values were derived
from the decay tests, which yielded damping values at the natural frequency. This value
was then incorporated as additional damping, and simulations were executed to calculate
the Response Amplitude Operators (RAOs).

In the second method, the platform was modelled in OrcaFlex [32] as a stationary
body (zero-speed), while a current matching the towing speed was imposed on the body.
The platform was constrained using towing lines, and its motion in various wave conditions
and current speeds was simulated. Firstly, the platform was modelled as a 3D panel mesh,
and a frequency-domain hydrodynamic analysis was executed utilising Orcawave [33].
The second-order drift forces play a major role in the motion of bodies moving with a slow
speed (or small current velocities), and it is important to calculate them accurately. A mesh
convergence study based on the second-order heave and pitch drift loads was performed,
and it is presented in Appendix A. No additional damping was used here for the frequency-
domain analysis. Subsequently, this model and its associated hydrodynamic properties
were imported into OrcaFlex for the purpose of performing time-domain simulations.
The towing system modelling and following analyses were conducted within the OrcaFlex
environment. To account for viscous effects, Morison elements were integrated into the
model along the columns, braces and pontoons of the platform. The details of the Morison
elements were obtained from the example cases provided by Orcina [34], and they are listed
in Table 7. Only drag was considered while using the Morison elements in the version of
OrcaFlex used for the analyses. In this approach, motion was simulated in the time domain,
and RAOs were determined through subsequent analysis. The RAOs obtained from both
calculations were then compared with the results obtained from the experiment, facilitating
a comprehensive evaluation of the simulated and observed behaviours of the platform.
The details of the numerical tools and the setup used for the simulations are outlined in
Appendix A.

SEACAL is based on zero-speed green functions with a correction for forward speed,
depending on the encounter frequency. Low-speed approximations were used while
modelling the hydrodynamic motion of the platform. It was assumed that the flow was
uniform and equal to the platform’s speed everywhere around the platform. The radiated
and diffracted waves were calculated independently of the forward speed; i.e., for all
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speeds, they were propagating in circles around the platform at zero speed. This method
generally gives good predictions for small forward speeds (Fn < 0.25). However, a forward
speed of 3.086 m/s (Fn = 0.284) was also investigated, given its slight Froude number
proximity to 0.25, to explore the code’s performance at a higher speed. The low-speed
approximations hold true only for low values (<0.25) of the Strouhal number (also known
as the Brard number), τ, determined via τ = ωeU/g [15,35]. While modelling waves and
the current together, Orcaflex employs the conventional super-positioning of waves and the
current, and it does not take the wave–current interaction into consideration [36]. The effect
of the current on a structure is similar to the effect of the forward speed on a vessel [16,35],
but in practice, this applies to conditions under which Strouhal numbers are sufficiently low
(τ < 0.25) . This is a limiting condition that applies to both the methods employed in this
study. A Strouhal number check was performed to ascertain the frequencies and forward
speeds at which the limiting value was exceeded (τ > 0.25). This threshold was surpassed
when the encountering frequencies were greater than or equal to 1.2 rad/s, 1 rad/s and
0.8 rad/s for forward speeds of 2.056 m/s, 2.572 m/s and 3.082 m/s, respectively. This
signifies that the simulation results using these methods may not be accurate for analysing
these towing conditions. However, the results are presented from a curiosity perspective
and to check how much they deviate from the experimental results.

Table 7. Morison element details.

Member Diameter (m)
Drag Coefficients (Cd)

X Y Z

Upper columns 12 0.61 0 0
Lower column 24 0.68 0 4.8
Central column 6.5 0.56 0 0

Braces and pontoons 1.6 0.63 0 0

4.1. Decay Tests

Decay tests play a vital role in discerning the natural frequencies and facilitating the
computation of damping coefficients. In this context, specific decay tests were executed
to ascertain the natural frequencies of heave, roll and pitch motion while simultaneously
allowing for the calculation of damping coefficients required for the simulations. The damp-
ing values are quadratic in nature and are dependent on the motion amplitudes, and these
values were calculated and are listed in Table 8. These values were provided as an input
for SEACAL, and the damping values at various motion amplitudes were interpolated via
the software during the simulations.

Table 8. Damping coefficients calculated from decay test.

Total Damping at 0 m, deg Total Damping at 20 m, deg

Heave 0.3 kNs/m 3.24 × 107 kNs/m
Roll 3.55 × 104 kNs/rad 8.80 × 106 kNs/rad
Pitch 3.03 × 104 kNs/rad 7.61 × 106 kNs/rad

The decay tests themselves were simulated using OrcaFlex, with the resulting out-
comes subjected to a thorough comparative analysis. The time-domain simulation results
exhibited a strong alignment with the experimental findings for heave and pitch mo-
tion, though they marginally underestimated the results for roll motion (see Appendix A,
Figures A7–A9). The natural frequencies were also derived from the RAO simulations
performed using SEACAL. A comparative analysis of the natural periods, derived from
both the experimental measurements and simulations, is presented in Table 9.
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Table 9. Natural periods.

Experiment OrcaFlex SEACAL

Heave 17.11 s 17.13 s 19.04 s
Roll 34.53 s 32.86 s 33.07 s
Pitch 35.08 s 34.81 s 33.14 s

4.2. Towing in Regular Waves

FOWTs are usually towed from ports which have calm sea conditions into more
exposed open seas. Depending on the location of the wind farm, the sea conditions get
harsher, and the FOWT system starts to encounter waves of varying physical properties.
In order to quantify the maximum allowable limits, it is vital to understand the response of
the FOWT system in regular waves. In this section, the response of the platform during
towing operations under various wave conditions is studied. Its motion and the added
resistance that the system encountered are the main focus.

4.2.1. Towing Forces and Added Resistance in Waves

It is crucial to calculate the total towing force required to tow the system in different
wave systems in order to find the required bollard pull and a suitable tug for towing. One
phenomenon is the added resistance in waves experienced by the floater in regular waves.
Added resistance is a second-order phenomenon, and it contributes to the bollard pull
requirements of tugs to tow a fully assembled platform in various sea conditions. Once
the added resistance in waves is obtained for different wave conditions, the mean added
resistance in an irregular seaway can be obtained using the following formula [37]:

RAW = 2
∫ ∞

0
S(ωe)

Raw(ωe)

ζ2 dωe (4)

Here, ωe represents the wave encounter frequency, S(ω e) is the energy spectrum of
the irregular sea, and ζ is the wave amplitude.

The added resistance was calculated for various speeds from the experimental data by
subtracting the mean towing force in calm water from the mean towing force in the wave
system. Since the added resistance is proportional to the square of the wave amplitude,
the obtained added resistance values were normalised by the square of the corresponding
wave amplitude. The mean towing force and mean added resistance in waves were
simulated using OrcaFlex and compared with the experiments in Figures 11–13. The mean
added resistance in waves for various speeds is plotted against the λ/L, where λ is the
wavelength and L is the length of the floater (see Figures 11–13).

Figure 11. Towing forces (left) and added resistance in waves (right), Towing speed = 1.029 m/s,
experiment vs. simulation.



J. Mar. Sci. Eng. 2024, 12, 689 16 of 32

Figure 12. Towing forces (left) and added resistance in waves (right), Towing speed = 2.058 m/s,
experiment vs. simulation.

Figure 13. Towing forces (left) and added resistance in waves (right), Towing speed = 2.572 m/s,
experiment vs. simulation.

4.2.2. Motion of the Platform

The primary motion of interest here was heave and pitch, with the roll motion observed
to be negligible when towing against head waves. The same model employed to conduct
decay tests was also utilised in the towing simulation. Additionally, the modelling process
incorporated the towing lines, including the bridle configuration, within the OrcaFlex
framework (Figure 14). For wave modelling, the wave encounter frequency was utilised,
while the effect of forward speed was introduced by applying a current matching the
towing speed. This approach allowed for the calculation of the platform’s time-domain
response in the presence of waves, with the simulation results subsequently subjected to
validation against experimental data (see Appendix C, Figures A10–A12 for examples).
The modelling of the bridle system was done while ensuring that the overall stiffness of
the system equated to the stiffness of the spring. OrcaFlex was employed to compute the
tension in the main towing line, consequently yielding the total towing force required to
tow the system in various wave conditions directly. The RAOs were also calculated using
SEACAL for comparison.

The time-domain comparison was performed as shown in Appendix B. OrcaFlex was
able to simulate the results with reasonable accuracy, and it agreed with the experimental
results in most cases. The heave and pitch amplitude was calculated for all the test cases
mentioned in Table 4. The simulation results demonstrate a commendable alignment with
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the experimental data. The mean amplitude of the heave and pitch motion calculated from
all the test cases was compared against the simulations (see Figures 15–17).

Figure 14. Towing setup in OrcaFlex.

Figure 15. RAOs: Towing speed = 1.029 m/s, experiment vs. simulation.

Figure 16. RAOs: Towing speed = 2.058 m/s, experiment vs. simulation.
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Figure 17. RAOs: Towing speed = 2.572 m/s, experiment vs. simulation.

4.3. Towing in Irregular Waves

The platform was towed in the white-noise wave conditions shown in Table 5, and
RAOs were calculated using spectral approaches. The RAOs were simulated using SEACAL
at the tested towing speeds. These calculations incorporated the determined damping
values to enhance the accuracy of the platform’s motion predictions. Using OrcaFlex,
time-domain simulations were performed for numerous wave frequencies for all the tested
regular wave conditions. From these simulations, the RAOs were obtained by calculating
the amplitudes of the pitch and heave motion. Subsequently, RAOs for heave and pitch are
graphically presented in the next section (Figures 18–21 and Appendix C). The outcomes
from both approaches are plotted in Appendix C, facilitating a comprehensive comparison
between the two sets of results.

Motion of the Platform

Figures 18–21 show the calculated RAOs for a towing speed of 0.514 m/s and its com-
parison with the simulations performed using both approaches (OrcaFlex and SEACAL).
The RAOs corresponding to the other tested towing speeds are presented in Appendix C,
arranged according to the towing speed.

Figure 18. RAOs: towing speed = 0.514 m/s, Hs = 1 m.
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Figure 19. RAOs: towing speed = 0.514 m/s, Hs = 2 m.

Figure 20. RAOs: towing speed = 0.514 m/s, Hs = 4 m.

Figure 21. RAOs: towing speed = 0.514 m/s, Hs = 6 m.

5. Discussion

This study presents a comprehensive towing analysis of a semi-submersible FOWT
system with various wave conditions, towing speeds and towing configurations. Determin-
ing the ideal towing draught plays an important role when planning towing operations.
The optimum towing draught is often set as a balancing point between the intact stability
and hydrodynamic motion of the floating body. However, it is equally important to exercise
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caution and account for various non-linear phenomena like FIMs, green water shipping
and wave run-ups on the columns, as observed in towing tests, while determining the
towing draught.

In Figure 10, it can be observed that the drag on the platform varies quadratically
with respect to the towing speed. This agrees with the observations from previous towing
experiments using the INNWIND semi-submersible platform [3]. This is important, as
this value provides an idea about the towing in calm water or calm sea states. This plays
an important role in calculating the bollard pull and the selection of the tugs for towing.
Tug vessels with a maximum bollard pull of around 228 tons and 336 tons are required to
tow the platform at 2.57 m/s (5 knots) and 3.09 m/s (6 knots), respectively. Some large
tug vessels with bollard pulls of 300 tons exist but are rare [25]. During a major repair
campaign of the Kincardine wind farm, tug vessels with a bollard pull higher than 200 tons
were chartered at record-high rates for over a decade [6]. These elevated rates were due to
the construction of the Hywind Tampen project, which was taking place at the same period
in Norway. This signifies that, for towing at high speeds, vessels with high bollard pulls
are required, which can have a direct impact on costs.

The precise prediction of the FOWT motion and towing loads in a seaway is a chal-
lenging task. Two numerical approaches were applied: a frequency-domain potential flow
approach (SEACAL), including a slow forward speed and linearised damping, and a hybrid
time-domain approach (OrcaFlex), employing potential-flow calculations and Morison
elements to account for viscous effects. The hybrid approach slightly under-predicted the
mean towing force but was able to predict it with a mean absolute percentage error of 5.9%,
8.4% and 9.5% for test cases with towing speeds of 1.029 m/s, 2.058 m/s and 2.572 m/s,
respectively. The added resistance was not properly predicted, but a rough prediction
was possible, and it requires further investigation to improve the predictions. The highest
added resistance occurs when λ/L is close to 1, i.e., when the length of the encountering
wave is equal to the length of the platform, and this was properly captured using the model.

The heave RAOs calculated using the hybrid approach are in good agreement with
the experimental results for all significant wave heights (Figures 18–21 and Appendix C).
In the case of pitch motion, the predictions are in good agreement with the experiments
at a low significant wave height of 1 m but show deviation from the experimental results
as the significant wave height increases. The deviation occurs at encounter frequencies
(0.2–0.4 rad/s) close to the natural frequency of the pitch (0.18 rad/s) for which viscous
effects dominate. This shows the presence of highly non-linear damping or other physical
phenomena which cannot be predicted using potential-flow-based methods. At higher
encounter frequencies (0.4–1.5 rad/s), the simulations are in good agreement with the
experimental results. This method enables the modelling of different towing line con-
figurations, encompassing both bridle and non-bridle setups, facilitating an analysis of
the tension experienced by the main line, the bridle and the bridle legs. Even though
reasonable predictions are possible, this method is very time-consuming and laborious,
as it involves simulations of various combinations of different wave frequencies, wave
heights and towing speeds in the time domain and their post-processing.

It can be observed that the simple potential-flow-based method with a correction for
viscous effects is effective for low-speed (0.514–1.543 m/s) towing simulations. Heave
RAOs were observed to be under-predicted at encounter frequencies close to the natural
frequency of the heave (0.37 rad/s) in all test conditions. The prediction of the pitch was
reasonable only in low speeds (0.514–1.543 m/s) with an error up to 35% for encounter
frequencies higher than the natural frequency (0.4–1.5 rad/s) of the pitch (0.18 rad/s)
(see Appendix C, Figures A13–A16). As the towing speed increases, the pitch motion
predictions deviate considerably from the experiments (see Figures A17–A22). This may
occur due to the inaccuracy of the damping coefficient values used for the correction or
other non-linear phenomena. With accurate calculations of damping coefficients for various
speeds and wave heights, better simulations may be feasible, but it is a challenging task.
This method is faster, as it involves the direct calculation of frequency-domain RAOs in
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a single simulation compared to the calculation of RAOs from the time-domain results
using the previous method. At higher speeds (2.572 m/s and 3.086 m/s), the Strouhal
number threshold is exceeded as the encounter frequency increases, and a deviation from
the experimental results is observed. This is expected, and better numerical tools (e.g., the
Rankine source method [38]) are required to improve both heave and pitch predictions.

6. Conclusions and Further Work

Accurate predictions of the motion of an FOWT system hinge upon a thorough un-
derstanding and estimation of the various non-linearities inherent to the fluid dynamics
concerning the platform motion. Among these factors, damping assumes a pivotal role,
particularly in forecasting the pitch, roll and heave motion of the platform. The precise
determination of damping coefficients is imperative to ensure the accuracy of system mo-
tion predictions. A hybrid approach, combining potential flow principles and the Morison
equation, offers a reasonably accurate means of estimating platform motion. However,
it is important to note that this method may not be fast, as it demands substantial time
to simulate time-domain results and derive RAOs from them. When relying solely on
potential flow methodologies, accurate damping calculations become crucial. This might
be challenging, given the necessity of estimating damping across a range of frequencies
and wave amplitudes—a task that can prove difficult to execute. Damping estimation at
natural frequencies, as obtained from decay tests, can offer reliable predictions, particularly
in scenarios where damping is primarily influenced due to viscous effects.

During the experiments, significant pitch and heave motion was observed, with the
heave plates emerging from the water at specific wave frequencies near the natural frequen-
cies of heave and pitch motion. This phenomenon is highly nonlinear, and its impact on
the platform’s motion cannot be adequately analysed using potential-flow-based methods.
Additionally, phenomena like vortex shedding can influence motion and warrant dedicated
research. It was observed that the Reynolds number exceeded a value of 1 × 105 (see
Table 2 as the towing speed increased to 0.436 m/s (6 kn) and entered the sub-critical
flow regime [39] characterised by the slow transition of laminar vortices into turbulent
vortex shedding. Similar phenomena are expected during towing in waves, affecting the
platform’s motion and potentially contributing to the observed deviations between the Or-
caFlex and SEACAL simulations and the experimental results under high-wave, high-speed
and low-frequency conditions. Addressing these phenomena requires dedicated research
using high-fidelity methods such as Computational Fluid Dynamics (CFD) or Smooth
Particle Hydrodynamics (SPH). Investigations by Rongé et al. [40] have demonstrated that
CFD methods can provide better predictions of second-order and third-order wave loads
compared to strip-theory methods and potential-flow methods. This could potentially en-
hance predictions of Response Amplitude Operators (RAOs) and towing loads, warranting
further investigation. SEACAL can also use the Rankine source method to analyse higher
towing speeds and improve the results (τ > 0.25). This approach necessitates discretizing
both the hull and the water surface to accurately calculate the waves generated from the
floating body. However, it is computationally demanding and requires further optimisation
to be applicable to the analysis of semi-submersible platforms.

In the presented study, the focus was solely on headseas. The emphasis was placed on
heave and pitch motion, as well as the corresponding assessment of damping coefficients,
which are of primary importance. However, in different heading conditions, roll motion
can also become significant, necessitating the estimation of roll damping for precise motion
predictions. It is safe to assume that roll predictions could also be possible using the
approaches mentioned in the paper. The accuracy of these motion predictions is paramount
due to the established motion limits during towing stipulated by classification societies.
The estimation of viscous damping is crucial during numerical simulations because, in its
absence, motion limits are surpassed even in calmer sea conditions, subsequently shrinking
the available weather windows for towing operations.
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Another important factor is the drag on the platform that influences the selection
of tugs and towing lines for towing operations. In certain wave conditions, the added
resistance in waves increases dramatically, hence the bollard pull requirement for towing.
The mean added resistance in waves should be estimated before commencing towing
operations. This also plays a role in the selection of towing ropes/cables. Towing using
a bridle is advantageous over towing without a bridle, as it reduces the chances of fluid-
induced motion.

The further assessment of non-linear effects such as VIM/fishtailing, galloping and
pitch-induced wave run-up are some of the non-linear phenomena expected while towing,
and some of them were observed during the towing tests. These phenomena will lead to
downtime and should be avoided either via a better understanding or via mitigation. It
requires dedicated research to understand their effects on the towing system and develop
numerical models so that precautions can be taken to avoid them. The effects of wind and
current on the parked turbine during transit should also be studied to understand and
predict the motion and loads on the FOWT system. It is important to analyse the towing
route using statistical approaches to perform voyage simulations in order to determine the
operability (uptime/downtime) during wet towing.
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Appendix A. Numerical Validation Tools and Setup

Appendix A.1. OrcaFlex

OrcaFlex (version 11.0) [32] is a software tool designed for the analysis and simulation
of offshore systems, particularly those involving flexible structures and marine operations.
Developed by Orcina Ltd. (Ulverston, UK).

OrcaFlex offers a comprehensive platform for the modelling and simulation of dynamic
behaviour in various marine environments. Its applications extend to the analysis of floating
structures, such as offshore wind turbines, floating production systems and moored vessels.
OrcaFlex can simulate the complex interactions between structures, environmental forces
(waves and currents) and dynamic components like cables and risers.

Towing simulations were performed in OrcaFlex using its capability to model the
platform along with the towing cable and bridle. A 3D model of the platform was developed
in the Rhinoceros [41] modelling software first. This model was then exported as a .gdf
file and provided as an input for Orcawave [33], the diffraction analysis tool provided by
Orcina. A diffraction analysis was performed, and the results were exported into OrcaFlex
to set up the towing simulations. The Morison elements were incorporated into the model
first. Subsequently, the towing lines were modelled as ’links’ [42], and the bridle was
modelled as a ’3D-buoy’ [43]. As mentioned before, towing was simulated by constraining
the platform using the towing lines and applying a current equal to the speed of towing.
A Python script was developed to create a batch file that contains the simulation conditions
combining various wave frequencies, wave heights and current speeds. Using this file,
batch simulations were executed in series using OrcaFlex. The results were then post-
processed using the Python interface of OrcaFlex, and the motion and towing loads were
generated. Mesh convergence checks were performed, and the simulations were performed
on a normal desktop. See Table A1 for mesh details and simulation conditions.
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Table A1. Numerical simulation setup.

Numerical Tool Number of Elements Range of Frequencies (Steps)

OrcaFlex 3072 0.1 (0.01) 0.35
0.355 (0.005) 0.545

0.55 (0.05) 1.5

SEACAL 10,020 0.1 (0.005) 0.22
0.23 (0.01) 0.4
0.45 (0.05) 1
1.1 (0.1) 1.5

Appendix A.2. SEACAL

SEACAL (version 7.2.0) is an in-house potential 3D panel code developed at MARIN
for the calculation of ship behaviour in waves. It can be used to calculate the response
to waves for various vessels at arbitrary speeds and headings. SEACAL consists of three
main programs:

• HYDMES divides the hull into a number of quadrilateral panels, up to the undisturbed
free-surface. Hydrostatic calculations are performed, and the flexural modes are
determined.

• HYDCAL solves the linearised boundary value problem and uses a simplified, zero-
speed, free-surface condition. The forward speed is included by means of the wave
encounter frequency according to the following equation:

−ωe
2ϕ + g

∂ϕ

∂z
= 0 (A1)

• RESCAL computes the dynamic response of the vessel. Since viscous damping may
be of importance in determining the magnitude of the resonant response, empirical
formulas based on experimental results are used in addition to those determined from
linearised potential flow theory. After the equations of motion are solved, internal
loads and RAOs are calculated.

The 3D geometry of the platform was modelled in Rhinoceros [41] and exported into
SEACAL as a .vtk file. Only the underwater surface was modelled for the calculations. Lid
meshes were used to close the open surfaces at the waterplane to suppress the irregular
frequencies during the simulations. The simulations were performed on an HPC (High-
Performance Cluster).

As mentioned before, an accurate determination of the second-order drift loads is
required for the precise calculations of motion and wave loads on large marine structures.
A mesh convergence study based on the heave and pitch mean second-order drift loads is
presented here. The zero-speed cases used in SEACAL and Orcawave were analysed to
find the optimum mesh count. A cross-comparison of the drift load calculated in SEACAL
and Orcawave was also performed. For Orcawave, since both medium and fine meshes
yielded comparable results, the medium mesh (N = 3072) was chosen because the Orcaflex
simulations were faster compared to simulations using the fine mesh, which often made
the computer freeze and took too long. SEACAL simulations can be performed on an HPC;
hence, a high mesh count (N = 10,020) was chosen. See Table A1 for the final mesh details
and simulation conditions.
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Figure A1. SEACAL mesh convergence—mean heave drift loads.

Figure A2. SEACAL mesh convergence—mean pitch drift loads.

Figure A3. Orcawave mesh convergence—mean heave drift loads.
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Figure A4. Orcawave mesh convergence—mean pitch drift loads.

Figure A5. Mean heave drift loads—Orcawave vs. SEACAL.

Figure A6. Mean pitch drift loads—Orcawave vs. SEACAL.
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Appendix B. Validation of Decay Tests and Examples of Motion in Regular Waves Using
the Hybrid Approach (Orcaflex)

Figure A7. Heave decay.

Figure A8. Roll decay.

Figure A9. Pitch decay.
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Figure A10. Configuration 1: speed = 1.029 m/s, H = 4 m, period = 8.38 s.

Figure A11. Configuration 1: speed = 2.058 m/s, H = 4 m, period = 8.38 s.

Figure A12. Configuration 1: speed = 1.029 m/s, H = 4 m, period = 15.71 s.
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Appendix C. Validation of RAOs Calculated from White-Noise Waves Using SEACAL
and OrcaFlex

Figure A13. RAOs: towing speed = 1.543 m/s, Hs = 1 m.

Figure A14. RAOs: towing speed = 1.543 m/s, Hs = 2 m.

Figure A15. RAOs: towing speed = 1.543 m/s, Hs = 4 m.
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Figure A16. RAOs: towing speed = 1.543 m/s, Hs = 6 m.

Figure A17. RAOs: towing speed = 2.572 m/s, Hs = 1 m.

Figure A18. RAOs: towing speed = 2.572 m/s, Hs = 2 m.
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Figure A19. RAOs: towing speed = 2.572 m/s, Hs = 4 m.

Figure A20. RAOs: towing speed = 3.086 m/s, Hs = 1 m.

Figure A21. RAOs: towing speed = 3.086 m/s, Hs = 2 m.
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Figure A22. RAOs: towing speed = 3.086 m/s, Hs = 4 m.
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