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ARTICLE INFO ABSTRACT

Keywords: Nonlinear hydrodynamics play a significant role in accurate prediction of the dynamic responses
Semi-submersible floating wind turbine of floating wind turbines (FWTs), especially near the resonance frequencies. This study in-
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vestigates the use of computational fluid dynamics (CFD) simulations to improve an engineering
model (based on potential flow theory with Morison-type drag) by modifying the second-order
difference-frequency quadratic transfer functions (QTFs) and frequency-dependent added mass
and damping for a semi-submersible FWT. The results from the original and modified engineering

models are compared to experimental data from decay tests and irregular wave tests. In general,
the CFD results based on forced oscillation tests suggest increasing the frequency-depending
added mass and damping at low frequencies compared to first order potential flow theory. The
modified engineering model predicts natural periods close to the experimental results in decay
tests (within 5%), and the underprediction of the damping is reduced compared to the original
engineering model. The motions, mooring line tensions and tower-base loads in the low-
frequency response to an irregular wave are underestimated using the original engineering
model. The additional linear damping increases this underestimation, while the modified QTFs
based on CFD simulations of a fixed floater in bichromatic waves result in larger difference-
frequency wave loads. The combined modifications give improved agreement with experi-
mental data in terms of damage equivalent loads for the mooring lines and tower base.

1. Introduction

One of the challenges facing the development of floating wind turbines (FWTSs) is to accurately predict the global responses due to
nonlinear hydrodynamic loads on the floater [1-5]. In the present work, the focus is on a semi-submersible FWT, known as
“DeepCWind”, which consists of four cylindrical columns linked with a set of braces, defined by Robertson et al. [6,7].

Numerous investigations [8-12] have used potential flow theory, typically combined with a Morison-type viscous drag model, to
predict the hydrodynamic loads on various semi-submersible FWTs. The second-order sum- and difference-frequency wave-excitation
loads have been shown to excite eigenfrequencies of semi-submersible floating systems, leading to larger low-frequency motions that
strain the mooring system [9] or to structural vibrations [12]. The use of the full QTF instead of Newman’s approximation is known to
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better simulate the dynamic responses of semi-submersible FWTs [12]. Gueydon et al. [10] concluded that the second-order differ-
ence-frequency loads have significant effects on the dynamic responses of semi-submersible FWTs, while sum-frequency loads have
negligible contributions to the motions. Additionally, Xu et al. [13] found the effect of difference-frequency wave loads on the re-
sponses of FWTs was more significant as the water depth decreased. Furthermore, Luan et al. [14] illustrated the importance of the
viscous drag force from Morison’s equation, especially related to the excitation and damping of resonant motions. Correctly choosing
the drag coefficient often requires model tests or higher fidelity numerical models.

In the present work, an approach with first and second order potential flow theory combined with Morison-type drag will be
referred to as an “engineering model”. In the international collaboration project known as OC5 (Phase II) [4], Robertson et al. found
that engineering models severely underpredicted the low-frequency nonlinear wave loads and dynamic responses of a
semi-submersible FWT because these models limit hydrodynamic modeling to linear or weakly nonlinear models. In the OC5 project
[4], all of the participants who used a combination of potential flow and Morison-type drag underestimated both the extreme tower
base loads and damage equivalent loads in a wave-only condition by 10-40% compared to the experimental results. The main
underprediction was attributed to the responses at the pitch natural frequency. On the other hand, Wang et al. [15] and Benitz et al.
[16,17] demonstrated that computational fluid dynamics (CFD) methods have the potential ability to more precisely predict nonlinear
difference-frequency wave loads and capture shadowing effects and transverse forces from vortex shedding, but at a significantly
higher computational cost.

In addition to the nonlinear wave loads, hydrodynamic coefficients, such as added mass or damping coefficients, also significantly
affect the dynamic responses of a semi-submersible FWT when using engineering models. For example, Wei et al. [5] found the heave
plates of a semi-submersible FWT provide additional added mass and enhance the flow separation and vortex shedding processes. The
existence of heave plates (see the left subplot of Fig. 1) together with the interactions between columns and braces generate more
stringent requirements for the fidelity of simulation tools. Compared to CFD methods, Lopez-Pavon et al. [18] and Bozonnet et al. [19]
found potential flow theory did not predict the increased added mass due to the edge of heave plates and underestimated the added
mass for a platform with heave plates. In addition, CFD methods found the added mass and damping were largely dependent on the
motion amplitude and viscous effects were predominant in the damping term, both of which are incompatible with the assumptions of
linear potential flow theory. Some studies [19-21] extracted the damping coefficients from CFD simulations of free decay motions of a
semi-submersible FWT and demonstrated that CFD methods can better quantify the viscous damping characteristics.

Dynamic responses of FWTs to regular waves have been simulated and compared by the engineering models and CFD methods
[22-25]. When nonlinear phenomenon were not dominant, the results obtained by the engineering models and CFD methods showed
reasonable agreement, while larger discrepancies occurred for highly nonlinear regular waves.

In the current study, the difference-frequency surge force and pitch moment QTFs from second-order potential flow theory are
modified based on the estimated difference-frequency wave loads on a restrained floater subjected to bichromatic waves in the CFD
simulations. The frequency-dependent added mass and damping coefficients from the first-order potential flow theory are modified
based on the calculated linearized added mass and damping coefficients from CFD simulations of forced oscillations around the surge,
heave and pitch natural periods. The engineering tool with modified QTFs and added mass and damping coefficients is then validated
against the free decay motions in surge, heave, and pitch (from both CFD simulations and experiments), and responses in irregular
waves (from experiments). Furthermore, the consequences of the modifications on the estimation of short-term extreme response
statistics and damage equivalent loads of mooring lines and tower base are investigated.

The organization of this paper is as follows. Section 2 describes the experimental setups. The modifications of QTFs and added mass
and damping coefficients are presented in Section 3 together with the introduction of engineering model and the methodology for
analyzing the results. The surge, heave and pitch decay are examined in Section 4.1, while the dynamic responses and damage
equivalent loads under irregular waves are analyzed in Section 4.2. Conclusions are drawn in Section 5.

2. Experiment setup

In the present work, in order to validate the engineering model with modified nonlinear hydrodynamics from CFD and investigate
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Fig. 1. DeepCwind semi-submersible FWT (left: Geometry of FWT [26], right: Mooring system).
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the resulting dynamic responses due to nonlinear hydrodynamic loads, two sets of experimental data are considered. In Phase I of the
Offshore Code Comparison Collaboration, Continued, with Correlation, and unCertainty (OC6), the semi-submersible was subjected to
wave loads in a narrow towing tank. A linear mooring system was applied, and tower base loads were not measured. In Phase IT of the
Offshore Code Comparison Collaboration, Continued, with Correlation (OC5) project, the same floater geometry (left subplot of Fig. 1)
was tested in an ocean basin, with a catenary mooring system, and with an instrumented flexible tower. Both sets of experiments were
conducted at the Maritime Research Institute Netherlands (MARIN) for the same OC5-DeepCwind semi-submersible floater [7] at 1:50
scale. A summary of floater geometry is given in Table 1. The right-handed coordinate system used here originates at the center of the
floater at the still water line, with positive y towards the starboard column, and z upward. All data and results are given at full scale in
this paper, except when explicitly mentioned.

For the configuration of OC6 project shown in the right subplot of Fig. 1, the wind turbine was removed, but the inertial properties
of the floater with tower correspond to the total inertial properties of system in the OC5 Project. Considering the limitation of basin
width (Table 2), the mooring system in the OC6 project consisted of 3 taut-spring-lines to reproduce the equivalent linear stiffness of
the catenary system in the OC5 project. Robertson et al. [7,26] provide the dimensions and structural properties of the system in the
0OC5 and OC6 projects. The global motions, such as surge (x-displacement), heave (z-displacement) and pitch (y-rotation), the mooring
line tensions, and tower base loads were measured. Table 2 also compares the water depth and the parameters of the selected irregular
wave following the JONSWAP wave spectrum in the OC5 and OC6 projects which are nearly identical.

3. Methodology

The CFD simulations to estimate the difference-frequency QTFs (section 3.2) and frequency-dependent added mass and damping
(section 3.3) were performed with the open-source CFD toolbox OpenFoam [27] where the two-phase incompressible Navier-Stokes
equations were solved. The Volume-Of-Fluid method [28] was used to capture the free surface and a six-degree of freedom solver was
coupled to solved the flow-dependent motions [22]. The k — @ SST turbulence model was applied. See previous works [29,30] for
additional details.

3.1. Time-domain analysis

The time-domain analysis is performed using the engineering model SIMA (SIMO-RIFLEX) [31,32] which is developed by SINTEF
Ocean. The floater and the rotor-nacelle-assembly (RNA) are modelled as rigid bodies, while the mooring lines and tower are rep-
resented as nonlinear bar or beam elements, respectively. The first-order wave-excitation forces and second-order sum-frequency wave
forces on the floater are estimated based on the potential flow theory [33]. However, the added mass, damping and second-order
difference-frequency wave forces are modified based on the CFD simulations. In addition, viscous effects are considered by
applying drag forces of Morison’s equation to the columns and cross braces. A constant drag coefficient in the normal direction (0.774,
based on towing tests [26]) is applied for each part of the floater and a drag coefficient in the axial direction (2.48, based on previous
comparisons of a similar engineering tool with experimental data from the DeepCwind test campaign [6]) is applied for the heave
plates of the floater.

The added mass and damping are applied as radiation forces in time domain using the convolution technique [34], and the motions
of the floater can be represented as:

[M + A (c0)J%(t) + / K(t—1)x(t)dt 4+ Cx(t) =F" + F@ 4 F®) 4 F® 1)

—o0

where M is the mass of the floater, A(c) is the infinite-frequency added mass, x,x,and x are the acceleration, velocity and
displacement of the floater, respectively. K(t —7) is the retardation function which represents the fluid memory and is calculated from
the frequency-dependent damping. C is the hydrostatic restoring, F!) is the first-order wave excitation force, F® is the second-order
mean, rapidly varying and slowly varying wave drift force, F(®) is Morison drag force and F® are the forces from RIFLEX elements,
such as mooring lines and tower.

Different combinations of modifications based on CFD are considered in the SIMA simulations, ranging from none (SIMA-W) to all
(SIMA-C), as summarized in Table 3. All SIMA models include automatically added linear damping to ensure that cutting-off the
retardation function does not result in negative damping. In addition, extra linear damping (Table 3) which is determined by matching
the calculated free decay motions of the floater from the CFD simulations is included in SIMA-WL. When comparing with experimental

Table 1
OC5-DeepCwind semi-submersible floater geometry.
Total draft 20.0 m
Diameter of main column 6.5m
Diameter of offset (upper) column 12.0 m
Diameter of heave plate 24.0 m

Center-center distance between two offset columns 50.0 m
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Table 2
Water depth, basin width and irregular wave conditions from the OC5 and OC6 projects.
OC5 project 0OC6 project
Water depth (m) 200.0 180.0
Basin width (m) 36.0 4.0
Significant wave height (m) 7.1 7.4
Peak period (s) 12.1 12.0
Peak enhancement factor (—) 2.2 3.3

results, for all SIMA models, the wave is obtained by filtering the experimentally measured wave elevation at the origin by a high-pass
filter with a 0.005 Hz cut-off frequency. All irregular wave components are treated as linear, and assumed to travel in the positive x-
direction. In addition, a series of irregular waves with significant wave height H; = 7.1 m, peak period T, = 12.1 s and different wave
seeds are selected to predict the short-term extreme values. These irregular waves are generated in SIMA based on the JONSWAP
spectrum with the peak enhancement factor equal to 3.3.

3.2. Hydrodynamic added mass and damping with CFD simulations

To estimate the hydrodynamic added mass and damping near the resonance frequencies, several forced oscillations around the
surge, heave and pitch natural periods were performed using CFD model [29]. The first harmonic component of the hydrodynamic
wave load was extracted and decomposed into in-phase and out-of-phase components to find the added mass and linearized damping.
The pitch moment from forced oscillations in surge and the surge force from forced oscillations in pitch are used to calculate cross
terms (pitch-surge/surge-pitch).

The first-order radiation solution is used to calculate the added mass and damping in potential flow theory. However, the
assumption of inviscid flow requires the potential flow solutions to be augmented with viscous effects by including Morison-type drag.
In WAMIT [33], the results include the frequency-dependent added mass and damping from the columns, the frequency-independent
added mass of the braces calculated by applying the inertial term of Morison’s equation (the added mass coefficient is 1.0) and
linearized damping of the columns and braces obtained from the drag term of Morison’s equation applying the Fourier-averaged
approach.

Because Morison drag forces on the columns and braces are calculated separately in the time domain analysis, the linearized
damping from Morison-type drag should be deducted from the damping of CFD simulations when modifying the damping from
WAMIT. The added mass and damping near the resonance frequencies are replaced with CFD results. To obtain coefficients for fre-
quencies without CFD results available, for the regions below the resonance frequencies, the gradient remains constant. When the
frequency is larger than the resonance frequencies, the gradient varies to ensure a smooth transition from CFD results to WAMIT results
(dashed line in Fig. 2). Because the pitch-surge results are equal to the surge-pitch results, only surge (11), heave (33), pitch (55) and
pitch-surge (51) added mass (A) and damping (B) are presented in Fig. 2. The other terms are calculated in WAMIT and not shown in
this paper. In SIMA, the retardation function is obtained based on the modified frequency-dependent damping. The infinite-frequency
added mass is then modified to give the best match between the added mass calculated from the retardation function and the input
(modified) frequency-dependent added mass.

The results in Fig. 2 show that the potential flow theory underestimates the amplitude of the added mass at low frequencies by over
10%. A possible explanation is that flow separation and the formation of eddies at the edge of the heave plates change the phase of the
pressure relative to the floater motion. Based on the comparisons of damping, the quadratic damping from Morison drag force un-
derestimates the nonlinear viscous damping. The difference depends on the selected drag coefficient (See Sec. 3.1).

3.3. Difference-frequency quadratic transfer functions with CFD simulations

In previous work, CFD simulations were used to calculate the difference-frequency wave loads on a restrained semi-submersible
FWT subjected to 24 pairs of bichromatic waves [30]. The bichromatic waves were generated by adding together two regular
waves with different wave frequencies. The first order components of bichromatic waves were close to the peak periods of the irregular
wave while the difference frequency aligned with either the surge or pitch natural frequency of the FWT where the largest
wave-induced responses can be excited in irregular waves [35]. The wave amplitudes (around 1.75 m) of wave component were
determined by making the calculated maximum wave height when two waves are added linearly close to the wave height of the

Table 3
Overview of different settings for time-domain simulations in SIMA.

Label Difference-frequency QTF Added mass and damping Additional linear damping
SIMA-W Potential flow theory Potential flow theory X
SIMA-WL Potential flow theory Potential flow theory v
SIMA-CA Potential flow theory CFD (forced oscillations) X
SIMA-CQ CFD (bichromatic waves) Potential flow theory X
SIMA-C CFD (bichromatic waves) CFD (forced oscillations) X
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Fig. 2. Comparisons of the added mass and damping between CFD and WAMIT ("+” represents the CFD results from forced oscillation simulations).
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irregular-wave (7.1 m) [35]. However, wave amplitudes decreased for shorter wave periods due to the occurrence of significant wave
damping in the CFD simulations. The amplitudes and phases of difference-frequency wave loads and each harmonic component of the
bichromatic waves were calculated by fitting a second order expansion model to the steady-state part of the numerical time signal with
a least squares procedure. Then the values of the QTFs for each of the 24 frequency combinations were calculated by comparing the
amplitudes and phases between difference-frequency wave loads and incident waves.

The second-order potential flow theory approximates the nonlinear free-surface boundary condition and wave-body interaction,
including the quadratic interaction of first-order quantities. Hence, the second-order wave loads are computed by sum of quadratic
contributions from the first-order solution, as well as contributions given by the solution of the second-order velocity potential. See
Pinkster [36] for details. WAMIT [33] can completely calculate the second-order velocity potential by including the contributions of
incoming wave, diffracted and radiated wave and is used in the current research.

In the CFD simulations, the floater was restrained. The QTFs for the fixed condition (QTFcpp giceq) Were estimated by subtracting the
contributions of the Morison drag and the difference-frequency wave components. However, the contributions due to the first-order
motions were not included in the CFD results. Because the first-order motion is predicted well by the first-order potential flow solution,
it is assumed that the contribution due to the first-order motion can be accurately estimated by the difference of QTFs for the fixed and
floating floater in WAMIT. Hence, the QTF values based on CFD simulations for the floating condition are expressed as:

OTF crp fioating = QTF crp fivea + (QTF WAMIT floating — QTF WAMIT,ﬁxed)- 2)

Taking advantage of symmetry relations, we consider the upper-left-half (f, > f; in the left subplot of Fig. 3) when discussing how
the QTF from potential flow is modified. The diagonal of the difference-frequency QTF matrix (f» = f1) represents the mean drift force,
which only depends on first order information and is not modified. The amplitudes and phases of QTFs from WAMIT along the surge
and pitch natural frequencies are replaced with the available results from CFD simulations. To propagate the correction to other parts
of the QTFs, the WAMIT magnitudes or phases with the same f, are extracted and corrected based on the results from CFD model. There
are two different cases: in case (1), regions with only one value from CFD model, the gradient is maintained to be the same before and
after modification; in case (2), regions with two values from CFD model or one value from CFD and one value from WAMIT, the
gradient varies linearly between CFD values or CFD and WAMIT values. An example is shown in the right subplot of Fig. 3. The
modified QTF is referred to as ‘New QTF’. ‘Old QTF’ is the QTF estimated in WAMIT. Additional details regarding the bichromatic
wave simulations and modification procedure for the fixed structure can be found in the previous publication [30].

The magnitudes and phases of the old and new surge force QTF for the floating semi-submersible are presented in Fig. 4. Close to the
surge natural frequency, the magnitudes of the new QTF are close to the magnitudes of the old QTF for lower wave frequencies
(0.05-0.09 Hz). At higher wave frequencies, the new QTF has higher magnitudes, especially around the pitch natural frequency. The
phases of the new QTF follow a similar patten as the old QTF, but differ in value.

The new and old pitch moment QTFs are compared in Fig. 5. Compared to the QTF from potential flow theory, the new magnitudes
have similar pattern and values except for the larger moments at the higher wave frequencies. The phase of the new QTF is similar to
the old QTF, but big differences occur at the lower wave frequencies between surge and pitch natural frequency.

3.4. Damage equivalent loads

Engineering global analysis models can be used to obtain time series of loads in certain FWT components, such as the tower or
mooring lines [37,38]. When comparing against experimental results in irregular waves, the damage equivalent loads can provide a
useful metric for comparing results. For a given time series of loads from experiments or simulations, the total damage (D) can be
determined based on Miner’s rule by linearly accumulating the damage from each stress or tension level:
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D= 21”7 3

where n; is the number of cycles at the ith stress or tension range in the time series and Nj is the number of cycles to failure at the same
stress or tension range according to the S-N curve. In the present work, damage equivalent loads, calculated using a Matlab-based tool
(MLife [39]) are used as a metric to quantify the damage. The S-N curve is given as

O.ulz _ ‘O'MF| m
Ni=(—7%— 4
( 1/20; ) @

where ; is the ith stress or tension range. 6% is the ultimate design stress or tension of the material, 6" is the fixed mean stress or
tension value in the time series and m is the Wohler exponent. The rainflow counting method [40] is applied to count the cycles. The
damage equivalent load 6F is a constant-amplitude damage-load at a fixed frequency that produces equivalent damage as the variable
loads.

nk
D :]W (5)
nf=fE.T (6)
- 6ult_|0.MF‘ m
NE = (W) )

where nf is the total equivalent damage counts in the time series, f% is the frequency of the damage equivalent load, T is the elapsed
time of time series and oF is found by forcing Eq. (5) to be equal to Eq. (3).

The damage equivalent load of mooring line is estimated based on the tension and the damage equivalent load at the tower base is
calculated based on the axial stress. The frequency f* is taken as 1 Hz and a Wohler exponent m = 3 is used. The tower base coordinate
system is illustrated in Fig. 6. Since the wave propagates along x-axis in this paper, it is sufficient to take the point B as an example for
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Fig. 6. Coordinate system of tower base (top view).

the damage analysis. Ignoring the cross-section deformation after the loads are exerted, the axial stress is equal to the nominal axial
stress:

N, M,-r
=f4 8
Op=—+ L ®

where N; is the axial force, A is the nominal cross-sectional area, My, I, are the moments and sectional moments of the area about the
local y-axis, respectively, and r is the cross section radius.
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3.5. Short-term extreme value prediction

The extreme value of a random stochastic process X(t) within a given time duration is defined as the maximum value from a
sequence of individual local maxima and minima.

Xe = maX{Xmaxl 9 Xmax2x, seey Xmaxn. ‘Xminl |1 |Xmin2 ‘7 |Xminn ‘ } (9)

where X, represents the extreme value and Xpaxi, Xmini are the individual local maxima and minima, respectively. Based on the
assumption that all individual local maxima and minima are independent and identically distributed with a common distribution
function Fx(x), the distribution of X, can be expressed as:

Fy, (x) =Prob{X, <x} = [Fx(x)]"" (10

When the number of samples 2n is large enough, the extreme value distribution (Eq. (10)) will converge towards one of three types
of distributions: Gumbel, Fréchet and Weibull distributions. Among them, the Gumbel distribution is the most recommended model for
marine structures subjected to wave loads [41] and implemented in the current research. The cumulative distribution probability Fy,
can be written as:

Fy, =exp( — exp( — a(x—p)) an

where «a is the scale parameter and y is the location parameter.
4. Results and discussions

In this section, the results of the dynamic simulations are presented and discussed for free decay tests and freely floating motions
under the irregular waves. The variations in the SIMA model are used to separate the effects of the modifications of the difference-
frequency QTFs and added mass and damping.

4.1. Free decay tests

Free decay tests in still water are carried out to establish the natural periods and damping of the rigid body modes of motions. Free
decay tests in surge, heave and pitch (Table 1) were carried out experimentally in the OC6 project and using all variations of the
engineering model (Table 3) as well as CFD [29].

Damped natural periods are determined as the mean duration between two consecutive peaks or troughs of motion. Damping
values are presented as a function of the amplitude of motion. The damping ratio (£) relative to the critical damping is calculated
based on the logarithmic decrement (§) for each cycle:

X,
S=In-" (12)
Xnt1
where x, and x,;; are two consecutive peaks or troughs. The damping ratio is then computed as:
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Fig. 7. Surge decay (left: decaying surge motion, right: surge damping ratio).
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Both linear (given by the intercept) and quadratic (given by the slope) damping coefficients of the FWT can be estimated in this
way. However, in some cases, especially for small motion amplitudes, there are large variations in the damping level.

4.1.1. Surge decay

The surge decay motions are compared in Fig. 7. All numerical models underestimate the damping compared to the experiment.
However, the underestimation in the damping ratio in the CFD model is around 30%, while the original potential flow theory model
(SIMA-W) underpredicts by approximately 70%. The upturning tail at small surge amplitudes in the experiment is likely due to me-
chanical friction [26]. This friction leads to a constant Coulomb-friction-type damping. In addition, the hydrodynamic linear damping
(given by the intercept) dominates over the quadratic (given by the slope) in the experiment and all numerical models.

The modified difference-frequency surge force QTF has no effect on the free-decay surge motion (SIMA-W vs. SIMA-CQ, or SIMA-CA
vs. SIMA-C). When the modified damping is used, the predicted damping in the engineering tool (SIMA-CA, SIMA-C) increases sharply
and is quite close to the results in the CFD model. Similarly, after adding additional linear damping, SIMA-WL also shows similar
damping as the CFD model.

All numerical models overestimate the surge natural period by around 4% compared to the experiment, as shown in Table 4. One
possible reason is related to the uncertainty of mooring stiffness (about 10%) in the experiment [42] which reduces the surge natural
period to around 105 s based on the analytical solution. However, the mooring stiffness has little influence on the damping [43]. The
larger added mass in the modified model slightly increases the natural period (SIMA-W vs. SIMA-CA), as does the increased linear
damping (SIMA-W vs SIMA-WL), but these effects are minor.

4.1.2. Heave decay

Fig. 8 shows the free decay in heave. The difference-frequency heave force QTF is not modified in the current research, only the
added mass and damping are adjusted in SIMA-C. The motion amplitudes between experiment and all numerical models are in close
proximity of each other, except the original potential flow theory model (SIMA-W). Compared to the experiment, the CFD model
captures more linear damping (given by the intercept) and less quadratic damping (given by the slope). The original potential flow
theory model (SIMA-W) severely underestimates the damping compared to the experiment and CFD model. However, due to the
implementation of Morison-type drag, SIMA-W has similar quadratic damping (given by the slope) as the CFD model, and the dif-
ference between them comes from the linear damping. Hence, when adding linear damping, SIMA-WL captures similar damping as the
CFD model. Because the frequency-dependent damping is modified based on the calculated linearized damping in the CFD simulations,
the predicted damping in SIMA-C is close to the result in SIMA-WL.

Despite the difference in damping, all numerical models agree well with the experiment regarding the heave natural period (within
0.81%) as presented in Table 4.

4.1.3. Pitch decay

For the pitch decay, interaction between pitch and surge motions was observed in the experimental measurement due to the initial
condition in the decay test. No such interaction was found in the CFD simulation. Hence, motions at the surge natural frequency are
removed from the experimental signal by a high-pass filter with a 0.015 Hz cut-off frequency. The filtered experimental pitch motion is
presented in Fig. 9 together with the results in all numerical models. All numerical models capture the damping well except for the
underestimation in the SIMA-W and SIMA-CQ. Linear damping dominates the pitch damping, although the overall damping level in the
experiment shows large variations.

As for the surge decay motion, the modified difference-frequency pitch moment QTF has no effect on the free-decay. When the
modified damping (SIMA-CA, SIMA-C) or the added linear damping (SIMA-WL) is implemented, the predicted damping ratio in the
engineering tools increases by around 75%.

Compared to the experiment, all numerical models slightly underpredict the pitch natural periods by up to 2.01% (Table 4). As in
the analysis of the surge and heave natural periods, the larger added mass and damping in the CFD and modified SIMA models (SIMA-
WL, SIMA-CA and SIMA-C) increase the pitch natural period, but the influence is quite small.

In conclusion, through modifying the added mass and damping based on the forced oscillations in CFD simulations, the engineering
tools can capture similar damping as the CFD model in the free decay. Despite the difference in added mass and damping, the dif-
ferences of predicted natural periods among the experiments and all numerical models are quite small.

Table 4
Natural periods obtained from experiments and numerical simulations.
Surge (s) Difference (%) Heave (s) Difference (%) Pitch (s) Difference (%)
Experiment 104.1 0 17.32 0 31.29 0
CFD 108.4 4.13 17.39 0.40 31.07 0.70
SIMA-W 108.1 3.84 17.18 0.81 30.66 2.01
SIMA-WL 108.2 3.94 17.19 0.75 30.67 1.98
SIMA-CA 109.1 4.80 N/A N/A 30.96 1.05
SIMA-CQ 108.1 3.84 N/A N/A 30.66 2.01
SIMA-C 109.1 4.80 17.33 0.058 30.96 1.05
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4.2. Irregular wave cases

In order to assess the performance of the engineering model with modified hydrodynamics based on CFD simulations, numerical
results in irregular waves are compared against experimental measurements (Table 2). All SIMA simulations are carried out for at least
12,600 s and the transient phase during the first 1800 s is eliminated to obtain a 3-h simulation. A response metric (referred to as ‘PSD
sum’ [26]) is adopted to measure the dynamic responses both within and outside the wave frequency range. The power-spectral
density (PSD) sum is an integration of the one-sided, discrete power density functions of the response in the frequency range of in-
terest. The frequency ranges are shown in Table 5. These are determined based on the ranges over which the wave spectra were defined
and natural frequencies in surge, pitch and heave motions.

The numerically calculated irregular waves in all SIMA models are compared to the experimentally measured irregular waves in the
OC6 project in Fig. 10 and Table 6. There is good agreement between the numerical model and experiment except for small differences
in the distribution of the largest wave elevations (>6 m) and the mean value. The PSD sums in low-frequency ranges are less than 1% of
the energy from the wave frequency range.

Only one realization was generated in the experiment. Meanwhile, 20 different random seeds of irregular waves were simulated
numerically. The corresponding probability distribution for the 3-h maximum wave elevation based on these 20 numerical simulations
is shown in Fig. 11. Most simulations have similar maximum wave elevation ranging from 7 m to 7.5 m, while two of them predict

larger maxima.

Table 5
Frequency limits for PSD sum.

The lowest frequency (Hz)

The highest frequency (Hz)

Surge natural frequency

Pitch natural frequency

Heave natural frequency
Wave frequency

0.006
0.029
0.054
0.072

0.012
0.035
0.060
0.092
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Fig. 10. Irregular wave in the OC6 project (left: PSD, right: probability of exceedance of all local maxima and minima).

Table 6
Statistical results and PSD sums for irregular wave elevation in the OC6 project.
Mean (m) Standard deviation (m) Wave PSD sum (m?)
Experiment —1.50E-3 1.908 2.015
SIMA 8.75E-4 1.907 2.011
10° ‘ .

O sIMA
—— SIMA-Gumbel

Probability of exceedance

I L . I
6 6.5 7 7.5 8 8.5
Wave elevation (m)

Fig. 11. Three-hour maximum irregular wave elevation (H; = 7.1m, T, = 12.15s).

4.2.1. Floater motions

Due to the symmetry of the model, and the fact that the waves travel along an axis of symmetry (Fig. 1), sway, roll and yaw motions
are negligible. Therefore, the floater motions in surge, heave and pitch are selected as critical responses.

The numerically estimated surge motions are compared against the experimental data in Fig. 12 and Table 7. Surge resonance
dominates surge motion with very little contribution from wave frequency response (Surge PSD sum vs Wave PSD sum in Table 7).
Therefore, only the responses around the surge natural frequency are compared (left subplot in Fig. 11). The surge natural frequency is
outside the linear wave-excitation range, and must be excited by some nonlinear force. Compared with potential flow theory, CFD can
more accurately calculate the difference-frequency wave forces: the modified difference-frequency surge force QTF greatly increases
the response (SIMA-CQ, SIMA-C). The maxima and standard deviation of surge motion increase by about 15% and 20% respectively in
SIMA-CQ and SIMA-C. The modified frequency-dependent damping (SIMA-CA) or the additional linear damping (SIMA-WL) reduce
the surge resonance. However, the effect of different low-frequency damping on the local maxima and standard deviation of surge
motion is minor (SIMA-W vs SIMA-WL vs SIMA-CA). The mean value and the wave PSD sum are related to the first-order potential flow
solution, and a slight difference (within 10%) is observed in all SIMA models compared to the experimental measurements. The best
correspondence with the experiment is found in SIMA-C model with the modified surge force QTF and added mass and damping with
CFD simulations.

Applying the modified models with numerically generated realizations of the same sea state results in the 3-h maxima distribution

12
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Fig. 12. Surge motion in the OC6 project (left: PSD, right: probability of exceedance of all local maxima and minima).

Table 7
Statistical results and PSD sums for surge motion in the OC6 project.

Mean (m) Diff. (%) Standard deviation (m) Diff. (%) Surge PSD sum (mz) Diff. (%) Wave PSD sum (mz) Diff. (%)

Experiment 1.397 0 2.156 0 2.75 0 0.763 0
SIMA-W 1.329 4.87 1.858 13.82 1.995 27.45 0.686 10.09
SIMA-WL 1.323 5.30 1.745 19.06 1.605 41.64 0.686 10.09
SIMA-CA 1.326 5.08 1.768 18.00 1.655 39.82 0.699 8.39
SIMA-CQ 1.472 5.34 2.138 0.83 2.922 6.25 0.695 8.91
SIMA-C 1.468 5.08 2.019 6.35 2.419 12.04 0.708 7.21

for the surge motion in Fig. 13. The solid line shows a fitted Gumbel distribution while the maxima from each simulation with different
wave seeds are shown as markers. For all SIMA models, the numerical data are well-described by the Gumbel function. Generally, the
predicted maxima for an exceedance level of 90% in the model with modified surge force QTF increases by 9.3% compared to the result
from potential flow solutions, while the modified damping reduces the predicted maxima by up to 3.5%.

Fig. 14 and Table 8 compare the heave motions between the experiment and all SIMA models. Like heave decay, in SIMA-C model,
the difference-frequency heave force QTF is not modified, considering the minor effect on the motions and relatively high heave
resonance frequency (which is likely to be excited by first-order waves). Heave resonance contributes equally as the wave frequency
component to the total heave motion. Better agreement between the experimental and numerical results occurs in the wave-frequency
region. The potential flow solution (SIMA-W) significantly overestimates the heave resonance due to the lack of low-frequency
damping. The overestimation of heave resonance reduces by almost 50% with consideration of the additional linear damping
(SIMA-WL) or the modified frequency-dependent damping (SIMA-C). However, the low-frequency damping has minor influence on the
local maxima and standard deviation of heave motion (within 6%). Additionally, the heave resonance frequencies in the numerical
results slightly deviate from the measured frequency, and the frequency in SIMA-C with larger added mass shifts towards the
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Fig. 13. Three-hour maximum surge motion in the OC6 project.
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Fig. 14. Heave motion in the OC6 project (left: PSD, right: probability of exceedance of all local maxima and minima).

Table 8
Statistical results and PSD sums for heave motion in the OC6 project.

Mean (m) Diff. (%) Standard deviation (m) Diff. (%) Heave PSD sum (m?) Diff. (%) Wave PSD sum (m?) Diff. (%)

Experiment 0.035 0 0.543 0 0.040 0 0.171 0
SIMA-W 0.046 23.91 0.541 0.37 0.060 50.0 0.156 8.77
SIMA-WL 0.046 23.91 0.510 6.08 0.036 10.0 0.153 10.53
SIMA-C 0.031 11.42 0.531 2.21 0.043 7.5 0.163 4.68

experimental result. There are two possible explanations: one is the uncertainty of mooring stiffness (about 10%) in the experiment
[42], another is the underestimation of the added mass in the numerical models. The mean heave motions are close to zero, which leads
to a large apparent relative variation among different numerical models. Among all numerical models, SIMA-C performs best in
simulating the heave motions both in the heave resonant frequency and wave frequency range.

Fig. 15 compare the 3-h maximum heave motions in different SIMA models. Due to the lack of low-frequency damping, SIMA-W
predicts the largest maxima for a given exceedance probability, while the predicted maxima in SIMA-WL and SIMA-C are close to each
other. The Gumbel function fits well for most of the original maximum values, but differs in larger values due to the outliers over 2.8 m.
These outliers are related to the same large wave events as in Fig. 11.

The pitch motions are compared in Fig. 16 and Table 9. The main contribution to pitch motions comes from the pitch resonance,
shown in the left subplot of Fig. 16. The wave-frequency response is relatively small. There is also a small response around the surge
natural frequency due to coupling between pitch and surge motions, which is also compared in the PSD sums of Table 9.

The numerically estimated pitch resonant frequency is overpredicted by about 6% compared to the measured frequency. The
uncertainty in the vertical center of mass (0.21 m) [42] contributes significantly to the uncertainty of the pitch resonance frequency
(about 3%). The response at the pitch resonance frequency is mainly affected by the difference-frequency pitch moment QTF, which
increases when modified based on CFD simulations. There is a corresponding increase in the maxima and in the standard deviation of
pitch motion in SIMA-CQ and SIMA-C.

Fig. 16 shows that the SIMA-CQ and SIMA-C models each have one very large extreme value (close to 9 deg), which corresponds to a
particularly large wave event at around 3230 s, as shown in Fig. 17. The reason for this overprediction may be related to the highly
nonlinear wave elevation (left subplot of Fig. 17), which is treated as a linear input in SIMA. The modification of the QTF results in a
changes in the phase of the second order force. For this event, the difference-frequency pitch excitation has an additive phasing effect
for the modified QTF, while the original QTF results in a subtractive phasing effect.

The nearly identical pitch resonant frequency in the numerical results illustrates that the effect of changed added mass on the pitch
resonant frequency is negligible. The larger damping in SIMA-CA or SIMA-WL reduces the pitch resonance and standard deviation of
pitch motion, but has limited influence on the maxima. The mean value and wave frequency responses can be captured well in all SIMA
models. The combination of the modified pitch moment QTF and added mass and damping gives the best agreement with the
experiment for the low-frequency pitch motion.

The 3-h maximum pitch motions are compared in Fig. 18. The maxima of pitch motion over an exceedance level of 90% increases
by over 35% with the modified difference-frequency pitch moment QTF. The effect of low-frequency damping is less significant. In
addition, all maxima in the models with modified QTFs (SIMA-CQ, SIMA-C) fit with Gumbel function well, while larger differences can
be found in the other three SIMA models due to the outliers (around 6.5 deg) which correspond to the realizations with largest
maximum wave elevation (8.35 m in Fig. 11).

4.2.2. Mooring line tension
Considering symmetry, the mooring line tension on the starboard side (Mooring line 2, right subplot of Fig. 1) should be equal to the
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Fig. 15. Three-hour maximum heave motion in the OC6 project.
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Table 9
Statistical results and PSD sums for pitch motion in the OC6 project.
Mean Diff. Standard Diff. Surge PSD sum Diff. Pitch PSD sum Diff. Wave PSD sum Diff.
(deg) (%) deviation (deg) (%) (deg? (%) (deg?) (%) (deg?) (%)
Experiment 0.060 0 1.22 0 0.020 0 0.768 0 0.251 0
SIMA-W 0.057 5.0 111 9.02 0.004 80.0 0.595 22.53 0.237 5.58
SIMA-WL 0.057 5.0 1.04 14.75 0.004 80.0 0.460 40.10 0.237 5.58
SIMA-CA 0.056 6.67 1.05 13.93 0.005 75.0 0.487 36.59 0.238 5.18
SIMA-CQ 0.062 3.33 1.49 22.13 0.015 25.0 1.281 66.80 0.225 10.36
SIMA-C 0.061 1.67 1.38 13.11 0.016 20.0 1.026 33.59 0.227 9.56

tension on the port side (Mooring line 3, right subplot of Fig. 1). Therefore, only the tension of mooring line 1 and 2 (ML1 and ML2) are
presented in this section. In addition, the pretension is subtracted from presented results. The mooring line tension is compared for the
linear mooring system with 3 taut-spring-lines that was used in the OC6 project.

The upwind mooring line (ML1) tension is shown in Fig. 19 and Table 10. The largest contribution to the ML1 tension comes from
the surge natural frequency (as shown in the left subplot of Fig. 19), while two smaller peaks are observed at the pitch natural fre-
quency and wave frequency. Similar to surge motion, the tension around the surge natural frequency increases by about 45% in the
models with the modified difference-frequency QTFs (SIMA-CQ, SIMA-C) and decreases in the model with the modified damping
(SIMA-CA) or the additional damping (SIMA-WL). The effects of modifying the added mass are not significant. The maximum tension
increases by around 15% when the modified QTFs are used, but no obvious difference is found for different levels of damping. All
numerical models overestimate the wave-frequency responses by over 20%. The uncertainty of wave-frequency PSD sum is about 20%
due to the uncertainty of mooring line axial stiffness (10%) in the experiment [42]. From the comparisons, SIMA-C with modified QTFs
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and added mass and damping captures the upwind mooring line tension best.
The 3-h maximum tensions of the upwind mooring line (ML1) are shown in Fig. 20. As for surge, the Gumbel function fits with the
numerical data well in all SIMA models. The model with modified QTFs predicts about 15% larger maxima than the model with
potential flow solutions for an exceedance level of 90%, while the modified damping has a smaller influence on the predicted maxima.
Similar to the upwind mooring line (ML1), the tensions of mooring line on the starboard side (ML2) are dominated by responses
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Table 10
Statistical results and PSD sums for mooring line tension of ML1 in the OC6 project (after subtracting pretension).
Mean Diff. Standard Diff. Surge PSD sum Diff. Pitch PSD sum Diff. Wave PSD sum Diff.
(kN) (%) deviation (kN) (%) (kN?) (%) (kN?) (%) (kN?) (%)
Experiment 55.51 0 84.87 0 4338 0 221.1 0 824.5 0
SIMA-W 56.57 1.91 76.74 9.58 3267 24.69 184.5 16.55 1024 24.20
SIMA-WL 56.20 1.24 71.62 15.61 2637 39.21 145.4 34.24 995.5 20.74
SIMA-CA 56.34 1.50 72.61 14.44 2712 37.48 156.4 29.26 1020 23.71
SIMA-CQ 62.58 12.74 88.27 4.01 4738 9.22 311.2 40.75 1024 24.20
SIMA-C 62.24 12.12 82.83 2.40 3923 9.57 246.0 11.23 1019 23.59

around the surge natural frequency which are shown in Fig. 21. A difference is that there is a smaller response around the heave natural
frequency besides the pitch natural frequency and wave frequency, all of which are shown in Table 11. The modified QTFs and added
mass and damping have the same effect on the tension of ML2 as on ML1, and SIMA-C is also the best model to capture the tension of
ML2 compared to the experiment measurements. Due to the positive mean surge motion, the mean value of the dynamic tension of ML2
is negative. It can be noted that the 3-h maximum tension of ML2 (Fig. 22) has similar variation in different SIMA models as tension of
ML1 (Fig. 20).

The damage equivalent loads for the mooring lines are shown in Fig. 23. The percentage on each bar represents the difference
compared to the experimental results. The potential flow solution (SIMA-W) underestimates the damage equivalent load, and the
additional damping in SIMA-WL increases this underestimation. It can be seen the damage equivalent loads are fairly consistent for
models with similar damping (SIMA-WL vs SIMA-CA). The modified difference-frequency QTFs (SIMA-CQ) increase the damage
equivalent load, resulting in an overestimation (4.74%). The overestimation is reduced and the best agreement with the experimental
results is achieved when the QTFs, added mass and damping are modified (SIMA-C) together.

4.2.3. Tower base load

In this section, the experimental data are from the OC5 project. The tower bending natural frequency is about 0.32 Hz [4], which is
larger than the wave frequency (0.0826 Hz) of irregular wave and can be excited by the sum-frequency wave loads. Meanwhile, the
low-frequency wave loads also contribute to the tower base load for a semi-submersible FWT [4]. An example of tower base fore-aft
moment (M, in Fig. 6) is shown in Fig. 24. The PSD of fore-aft moment shows three distinct frequencies: the pitch natural frequency at
0.03 Hz, the linear wave excitation around 0.14 Hz and the tower-bending natural frequency about 0.32 Hz. The motion of floater
related to the irregular wave creates a larger response around 0.14 Hz occurring away from the wave peak frequency. SIMA with either
sum-frequency (‘SF’ in Fig. 24) or difference-frequency (‘DF’ in Fig. 24) QTFs underestimates the low-frequency or high-frequency
responses, respectively. Therefore, all SIMA models presented in this section consider both QTFs. An example (SIMA-C) is shown in
Fig. 24 where both low-frequency and high-frequency responses are captured well.

The largest contribution to the stress on the leading edge of tower base (Point B in Fig. 6) comes from the fore-aft moment which is
considered in Fig. 25 and Table 12. The sum-frequency QTFs from potential flow solution are implemented for all numerical models.
The other settings in different SIMA models follow the descriptions in Table 3. The ranges of frequency for calculating the PSD sum are
shown in Fig. 24. The wave-frequency responses are underpredicted by more than 12% (Table 12). However, all SIMA models
overpredict the responses around tower-bending natural frequency by over 60% which not only depend on the potential flow solution,
but also relate to the motions which are compared in Fig. 26. A larger overprediction up to 101% is seen when the difference-frequency
QTF from potential flow solutions (SIMA-W, SIMA-WL, SIMA-CA) is applied. In addition, the modified difference-frequency QTFs
(SIMA-CQ, SIMA-C) reduce the underprediction of low-frequency responses in the potential flow solutions (left subplot of Fig. 25) and
predict larger bending moments (by about 6%) down to the probability of 0.5% (right subplot of Fig. 25). For even smaller proba-
bilities, the models with potential flow solution (SIMA-W, SIMA-WL,SIMA-CA) predict larger moments, which depend on the high
frequency responses (right subplot of Fig. 27). However, these larger values disappear in the short-term extreme value analysis
(Fig. 28) when using numerically generated irregular waves. Additionally, the time when the maxima occurs (around 2940 s) in the
model with potential flow solution (SIMA-W) does not cohere with the experimental data (around 710 s). Hence, it is not fair to declare
that the potential flow solution has a better performance in predicting the maximum fore-aft moment, as shown in the right subplot of
Fig. 25. Furthermore, the effect of low-frequency damping on the maxima is negligible.

Table 11
Statistical results and PSD sums for mooring line tension of ML2 in the OC6 project (after subtracting pretension).
Mean Diff Standard Diff. Surge PSD Diff. Pitch PSD Diff. Heave PSD Diff. Wave PSD  Diff.
(kN) (%) deviation (%) sum (kN?) (%) sum (kN?) (%) sum (kN?) (%) sum (kN?) (%)
(kN)

Experiment —27.06 0 41.90 0 1032 0 52.12 0 26.48 0 254.9 0
SIMA-W —24.06 11.1 37.17 11.3 735.8 28.7 56.62 8.64 32.44 22.5 273.5 7.30
SIMA-WL —24.07 11.0 34.88 16.8 592.2 42.6 43.06 17.4 17.17 35.2 283.5 11.2
SIMA-CA —27.09 111 35.41 15.5 609.1 41.0 46.01 11.7 18.14 31.5 293.3 15.1
SIMA-CQ —26.81 0.92 42.64 1.77 1052 1.94 88.32 69.5 38.76 46.4 287.1 12.6
SIMA-C —26.89 0.63 40.21 4.03 866.5 16.0 70.51 35.3 23.34 11.9 307.4 20.6
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The 3-h maxima for the tower base fore-aft bending moment are compared in Fig. 26. The effect of modified difference-frequency
QTFs is dominant and increases the maxima over an exceedance level of 90% by 8.5%. The modified damping has minor influence.
The damage equivalent loads for the tower base are shown in Fig. 29 with the difference compared to the experimental results.
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Table 12

Statistical results and PSD sums for tower base fore-aft moment in the OC5 project.
Mean Diff. Standard Diff. Pitch PSD sum Diff. Wave PSD sum Diff. Tower bending PSD Diff.
(kNm) (%) deviation (kNm) (%) (mNm?) (%) (mNm?) (%) sum (mNm?) (%)

Experiment —495.1 0 2345 0 81.29 0 246.0 0 89.04 0

SIMA-W —415.3 16.1 2354 0.38 53.17 52.9 216.0 12.19 179.1 101
SIMA-WL —415.3 16.1 2310 1.49 43.28 46.8 215.7 12.32 170.5 90.9
SIMA-CA —423.2 14.5 2326 0.81 45.99 43.4 214.8 12.68 175.8 97.4
SIMA-CQ —489.2 1.19 2490 6.18 118.2 42.4 211.6 13.98 146.8 64.9
SIMA-C —496.0 0.18 2443 4.18 101.6 24.9 210.6 14.39 145.0 62.8

Probability of exceedance
Probability of exceedance

i L i i L
0 0.5 1 1.5 2 235 3 35 4 4.5
Surge (m) Pitch (deg)

Fig. 26. Probability of exceedance for surge (left) and pitch (right) motions in the OC5 project.
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Fig. 27. Different time series of tower base fore-aft moment in the OC5 project.

Different SIMA models predict similar wave-frequency responses, but differ in estimating the low- and high-frequency responses.
Considering the longer period for the low-frequency responses, the effect on the fatigue is limited. Even so, the more low-frequency
responses the model can capture, the better agreement the estimated damage equivalent load is with the experimental data. This is
consistent with the finding in the OC5 project that the tower base loads around pitch natural frequency have an significant effect on the
damage-equivalent load [4].

5. Conclusions

This study investigates the dynamic responses of a semi-submersible FWT based on modifying the difference-frequency QTF and
frequency-dependent added mass and damping from potential flow theory using CFD simulations. Decay tests in still water and
irregular wave tests are considered to compare the numerically estimated results against experimentally measured data.

The QTF values estimated by the difference-frequency forces on a restrained FWT in the CFD simulations have been corrected for
the floating condition based on the assumption that the contributions of the first-order motion can be accurately estimated in the
potential flow theory. The modified QTFs have larger magnitudes, especially at higher wave frequencies. The frequency-dependent
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Fig. 29. Damage equivalent load for the leading edge (Point B in Fig. 5) of tower base in the OC5 project.

added mass and damping are modified by the estimated added mass and linearized damping from forced oscillation tests in the CFD
simulations. The potential flow theory underestimates the amplitude of added mass by over 10%. The quadratic damping in Morison
drag force also underestimates the nonlinear viscous damping. This depends on the selected drag coefficients.

In the free decay tests, there is no effect of modified difference-frequency QTFs. After modifying the frequency-dependent added
mass and damping based on the CFD forced oscillation simulations, the underestimation of damping in the potential flow solution
reduces and the engineering tool can capture similar damping as the CFD model. Although there are differences in the added mass and
damping, the predicted natural periods in all numerical models are close to the experimental results (within 5%).

The natural frequencies of the floater motions are outside the linear wave-excitation range, and must be excited by some nonlinear
forces. The largest contribution to the motions comes from the resonant frequency, except for the heave motion with equal contri-
butions from the resonant and wave frequencies. The difference-frequency QTFs from the potential flow theory result in underesti-
mation of the responses at resonant frequencies. The additional linear damping for matching calculated free decay motions from the
CFD simulations increases this underestimation. However, when the difference-frequency QTFs are modified based on CFD simulations
with a restrained floater, the motions are overestimated compared to the experimental data. The overestimation can be reduced by
adjusting the frequency-dependent damping at the same time. There is a good agreement between experiment and engineering tools
with modified QTFs and added mass and damping. The same trend is also valid for the exceedance probability distribution, standard
deviation and extreme values of motions.

Considering symmetry, only the tensions of upwind mooring line and mooring line on the starboard side are investigated. The
tension is mainly influenced by the surge resonance. Therefore, the difference-frequency QTFs and added mass and damping influence
the tension in the same way as the surge motion. The damage-equivalent tension in the mooring line increases when more difference-
frequency wave loads are captured and decreases with increasing damping.

For the tower base fore-aft moment, there are three significant contributions: the pitch natural frequency, wave frequency and
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tower bending natural frequency. The modified hydrodynamics from the CFD simulations influence the responses around pitch natural
frequency and tower bending natural frequency. Although the low-frequency moments have a longer period, the more low-frequency
responses the model can capture, the better agreement the estimated damage equivalent load of tower base is with the experimental
data.

In conclusion, more accurate estimation of nonlinear hydrodynamics on the floater in the CFD simulations reduces the under-
prediction of the low-frequency dynamic responses of a semi-submersible FWT in the potential flow solutions and show the best
agreement with the experimental measurements.
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