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Abstract. Characteristics of a turbulence wind model control the magnitude and frequency distribution of
wind loading on floating offshore wind turbines (FOWTSs), and adeth understanding of how wind
spectral characteristics affect the responses, and ultintheelglesign cost of system components, is in
shortage in the offshore wind industry. Wind spectrum models as well as turbulence intensity curves
recommended by the International Electrotechnical Commission (IEC) have characteristics derived from
land-basedsites, and have been widely adopted in offshore wind projects (in the absencespécifie
offshore data) without sufficient assessment of design implications. In this paper, effects of wind spectra and
turbulence intensities on the strength or extreesponses of a 5 MW floating offshore wind turbine are
investigated. The impact of different wind spectral parameters on the extreme blade loads, nacelle
accelerations, towertop motions, towerbase loads, platform motions and accelerations, and mmoring lin
tensions are presented and discussed. Results highlight the need to consider the appropriateness of a wind
spectral model implemented in the strength design of FOWT structures.

Keywords: floating wind; turbine turbulenceintensity srength aerodynamigcoupling nonlinear

1. Introduction
1.1 Introduction

Spectral models of dynamic wind are used to characterize the energy distribution of wind as a
function of frequency. Fatigue and strength failures are the critical modes for wind turbine
structures, and they are both highly sensitive to the characteatigsd loading on the structure.

In addition to hydrodynamic effegtaerodynamic impacts dhe blades, tower, hull structure and
mooring systenare importantThus, there is a strong need for the offshore wind industaggess
the characteristics oind spectral models (associated with turbulence intensity) applititeto
design of FOWTs and their effects on responses of tilades,tower, platform and mooring
system.
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1.2 Previous research

Kaimal et al. (1972 1976) developed what is now widely called the Kaimal spectrum with
coherence, by studying the behavior of spectra and cospectra of turbulence in the sygface la
using wind velocity and temperature, within the framework of similarity thediyeir work
utilized experimental data obtained at specified elevations over a flat os#ieofemathematical
expression of the Kaimal spectrum is presented in Eq. (1).

The Froya turbulence wind model is derived based on wind turbulence data obtained at exposed
sites along the western coast of Nay (Anderson and Lovse®006, 1992). Unlike the Kaimal
model, the Froya spectrum is more suited for neutral atmospheric condifiodsrgon and
Lovseth 2006), and may be inadequate in modeling sites that have signitaaspheric
instability regimes. Eq(2) is a mathematical expression of the Froya wind model. For offshore
engineering applications, DNRP-C205 (DNV, 2007) recommends the application of Froya
spectrum over Kaimal, stating that the low frequency enesgyeiter estimated by the Froya
spectrum.

Udoh and Zou (2016) and Udddt al. (2016) studied the effect of wind turbulence on the
responses of a TLBpe and a Sensubmersibldype floating wind turbine; system responses
were assessed mainly via respospectra comparisons, and the Froya wind spectrum was not
considered. Furthermore, wave loads were included in analysis, and attention was not given to the
empirical distribution of extreme wind velocities and resulting responses.

1.3 Problem statement

Although Kaimalet al. (1972) show some correlation with data developed over water, this study
considers the Kaimal spectrum as a good representation elbdesed wind spectra, and the Froya
model to generally represent offshdrased wind spec. Ultimately, the analysis of offshore wind
turbines will in many cases depend on numerical models of these spectrum types, rather than
site-specific spectral model#cknowledging the gaps between experimental observations and
numerical modeling, it igritical to model and interpret wind effects corhgcto minimize the
probability of erroneous or overly conservative designs.

Current industry interests indicate that the focus in wind energy development is intensely shifting
from onshore to offshore tes. Methods and theories often used in onshore wind engineering
analysis tend to be adapted as the norm in offshore wind analysis due to the lack of models and
methods specifically developed for offshore wind applications. At a minimum, the design
conseqances of assuming onshardated models for offshore wind analysis should be assessed
and understood. A fundamental understanding of the impact of spectral formulations on offshore
wind turbine responses is lacking in the industry, and should be devetspalished and adopted
by authorities. Such understanding is needed to address the following queries:

1 To what extent does the choice of one spectral model affect the low frequency and high
frequency responses of different components in a floating offshore wind turbine?
1 What characteristics of wind spectreodelsdrive differences in the response paranster
and how do these vary between models?
1 What response interactions are most affected in the different frequency regimes, with
changes to spectral parameters?
To address these ques, a quantitativeind systematiassessment of coupled analysis respoise
carried out This paper focuses on extreme winduced effects for strength design; therefore, wave
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and current loads are intentionally omitted. Wind spectra effects on fatigue design of floating wind
turbines will be addressed in a sequel (Udohzmdl in preparation) to this paper.

2. Wind spectra models
2.1 Kaimal wind spectrum

The Kaimal wind spectrum is one of the mustely appliedwind models in offshore wind
projects. Its popularitin offshore wind analyses gerhapenhanced by guidance providedthg
International Electrotechnical Commission (IHG) its application As expressed itEC 614001
(2005) anondimensional form of power spectralrdties for the Kaimal model is

j
j

D

f is the frequency in ertz

K denotes indices of the longitudin&t(Q), lateral k=2) and verticalk=3) components of wind
velocities

S, isthe singlesided velocity component spectrum

S Is the velocity component standard deviation

L, is the velocity component integral scale parameter
The associated turbulence spectral paramdate&§14001, 2005)applicable to the Kaimal model
arepresentedn Table 1, in whichL is the longitudinal turbulence scale parameter.

2.2 Froya wind spectrum

The Froyamodel as expressed in DNRP-C205 (DNV, 2007) is given in Eqg. (2). The
turbulence intensity associated with the Froya model is implicitly embedded in the formulation,
such that it is a function of the wind speed used in analysis. The relationship baivbedence
intensities of the longitudinal, lateral and vertical components of wind velocities applied in
analysis with the Froya spectrum is the same as in the Kaimal spegtrumr@&, and

Table 1Spectral Parameters of Kaimal Model

Velocity Component Index
u v W

Standard Deviation, S S, 0.8s, 0.5s,
Integral Scale, Ly 8.1L 2.7L 0.66L

Parameter




Ikpoto E. Udohand Jun Zou

8

YQ o¢F— @)

“Y'Q is the spectrabr energydensity function for frequencyQ
"Y is the thr meanwind speed at0 melevationabove the mean sea level
& is theheight abovehe mean sea level in meters

8
Q pxXQ— — is a nordimensional frequency
n = 0.468 isanondimensional coefficient

2.3 Spectral parameter considerations and wind modeling

Turbulence intensities applied in analysis with Kaimal wind spectrum are based on higher (A),
medium (B) and lower (C) turbulence classes defined in IEC 614(2005), where the
corresponding values are 16%, 14% and 12% respectively, for a mean windtp8éeui/s. For
clarity, it is noteworthy that actual FOWT projects require the use ofsgéeific turbulence
intensities as recommended by IEC 6180®owever, it is common to encounter scenarios where
site-specific turbulence data is unavailable, atadlies from IEC 6140Q (intended for onshore
applications) are resorted to. The Froya wind spectrum applied in analysis has a turbulence intensity
of 10.4% for a mean wind speed of 50 m/s, and this prompted the consideration of an additional
Kaimal spectum with turbulence intensity of 10.4% for an eghakis comparison (regarding
turbulence intensities) with the Froya model. The IEC curves presented in IECBW08 traced
as shown in Fig. 1, which also shows the Froya turbulence intensity curviiagtian of wind
speedIt should be noted that the turbulence intensity trend for the Froya model (Fig. 1) is consistent
with site data and turbulence intensity models reported by Andersen and Lovseth (2006), for which
turbulence intensity increases wittference wind speed. At typical operational wind speeds (~4 to
20 m/s), the disparity between IEC Class and Froya turbulence intensities is obvious and significant.
Subsequent impacts on fatigue design are anticipated, but these results will be prasénted
discussed in a sequel paper as mentioned in Section 1. For wind speeds greater than 25 m/s, the
turbulence intensity curves tend towards convergence, with much lower differences between IEC
Class values and Froya. The differences observed betweerottzead IEC curves underscore the
need for this study.

A comparison of longitudinal wind velocity spectral densities of Kaimal and Froya models (Fig.
2) shows that Froya has more energy in the low frequency region (0.01 Hz and lower), while
Kaimal has more energy in other frequency regions. An empirical distribution function (defined in
Eq. (3)) is used to represent the cumulative distribution of the extreme values. For each value of a
variable @ the empirical cumulative distribution functio® , gives the fraction of the data less
than or equal tan for ¢ observations in a dataset. The dynamic extreme tail distributions of
horizontal wind velocities are compared in Fig. 3. Positive peaks of wind velocity timeseries form
the upper tail, ad negative peaks form the lower tail distributions. The left vertical axis and
bottom horizontal axis of Fig. 3 relate to the upper tail distributions, while the right vertical axis
and upper horizontal axis relate to the lower tail distributions. Therléawl distributions of Vy
show that the extreme wind velocities from the Froya model exceed those of Haid@ and
Kaimal-C. For the Kaimal models, the dynamic extreme wind velocities trend consistently with
turbulence intensities.
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The empirical distribution function is expressed with the Hidnson estimator (Elsayed

2012) as

0w —B td &

where 1 is an indicator function with conditions: @& @ is1if ® « and O otherwise.

®3)
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3. Methods

3.1 System characteristics

The PaireeColumn SemiSubmersible Floating Wind FoundationPFWF) comprises of six
columns (three inboard and three outboard). Inboard column dimensions and spacing can be
efficiently optimized to support the tower and Rotor Nacelle Assembly (RNA¢ stadl dynamic
loads, while the outboard columns and spacing can be optimized for stability. Inner and outer
column dimensions and spacing, as well as pontoon shape can be tuned to specific metocean
criteria to yield the best performance of the wind tugbidrimary characteristics of the system are
shown in Table 2, and the complete system is illustrated in Fig. 4. The 5 MW reference wind
turbine developed by the National Renewable Energy Laboratory (NREL), USA, is implemented
in analysis.

Natural period®of the platform, and modal periods of the tower and blades are shown in Table
3. The tower flexural properties are optimized to avoid resonance responses at the blade rotational
and passing frequencies. In calculating the tower eigen periods, the RNAsniaglsided as a
point mass at the towertop. Blade eigen modes are based on the distributed blade properties of the
NREL 5 MW turbine (Jonkmaat al 2009).
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Fig. 4 PGFWF Full View (left) and Mesh View of Hull (right)

Table 2Key Figures of a 5 MW PEWF

Item Unit Value
Principal Dimensions
Draft (In-place} [m] 16.0
Outer Column Size [m] X7
Number of Outer Columns [-] 3
Inner Column Size [m] 6x7
Number of Inner Columns [-] 3
Column Freeboard [m] 15.0
Tower TopDiameter [m] 3.87
Tower Base Diameter [m] 6.50
Hub Diameter [m] 3.0
Rotor Diameter [m] 126.0
Hub Height (w.r.t. MLW) [m] 90.0
Weight Data
Displacement [te] 10,650
RNA Mass [mt] 350
Tower Mass [mt] 425
Vertical Center of Gravity, VCG (w.r.t. Keél) [m] 11.72
Roll Radius of Gyration [m] 28.79
Pitch Radius of Gyration [m] 28.74
Yaw Radius of Gyration [m] 24.83

1. Reference point of draft is platform keel.
2.VCG Reportedricludes free surface correction
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Table 3Natural / Eigen Periods éflatform, Tower and Blades

Platform Natl.”al Eig_en Eigen Period
Mode Period Tower Mode Period Blade Mode
[sec] [sec] [sec]
Surge 69.5 ForeAft mode 1 2.23 Flapwise mode 1 1.48
Sway 68.0 Sideto-Side mode 1 2.27 Edgewise mode 1 0.90
Heave 20.0 ForeAft mode 2 0.37 Flapwise mode 2 0.52
Roll 24.5 Sideto-Side mode 2 0.46 Edgewise mode 2 0.25
Pitch 24.5 Twist mode 1 0.56
Yaw 56.3

3.2 Equations of dynamic analysis

Dynamics of a FOWT system can be represented ©b
have been clearly detailed in Jonkman (2007). A simplified version of the linearized equations of
motion (EOM) for a constrained FOWT platform is expressed in Eq. (4), which shows the
components applicable to analysis performed in this research. By expressing the EOM in this form,
the hydrodynamics are dmupled from the body dynamics. Hydrodynamic compaehiEqg. (4)
include the first order diffraction forc&®® , as well as added mass and radiation damping
coefficients, &> and & , respectively. The diffraction forcis linearly proportional tancident
wave amplitudes. Sino@ave and currenibads are ignored inoupledanalysis, the only active
force driving the motions of the system is wind foraad "O is ignored The process used in
deriving the EOMSs used in coupled analysis, axplessions of the generalized active and inertia
forcesare discusseth Jonkman (2007 Ba gb an c i (2011) expresses Jonkr
equations per system componéntub, nacelle, blades and tower, detailing the contributions of
partial velocities and local accelerations to the forces actingach. For the tower and blades,
flexural properties (e.glinear density and stiffness) contribute significantly to their dynamics and
overall system responses.

0 & 0o O Od wd O (4)
In Eq. (4),0 , &, ® andy are the "@Q components of the inertia mass, added mass,

radiation damping and hydrostatic stiffness matrices, respectively, & and & are
displacement, velocity and acceleration of the floating platform™@nis$ the net external force on
the platform due to wind, mooring system, tower, nacelle, hub and blade dynamics.

3.3 Identification of tower T RNA coupled modes

Interactionsbetween the tower and RNA are inevitable in floating offshore wind turbines.
Frequencies at which these interactions occur must be identified, and any overlap in structural and
global responses at such frequencies must be avoided. Such interactions émvepbeted to
increase peak responses of the tower top significafiitpg 2010). The extent to which the



Wind spectral characteristics on strength design of floating offshore wind turbines

coupling or interactions amplify system responses depend on specific seastate parameters and
loading (i.e. operational or parked) conditions of tivbine.

Eigen frequencies of the toWw&NA responses are investigated by applying impulsive forces
t hr ough ¢ hBhephetfornd is restrainedsfrom having significant translations or rotations
using strings. The blades are feathered to a 90 ddyanitt the nacelle is yawed 90 deg. To isolate
and identify effects of strings, the 6no | oadd
forces are applied at the RNA (hub height) to excite the syisté¢ie global X, Y and Z directions
(Xg, Yg and Zg, k. 6). The impulsive force (of 10,000 kN in Xg, and 5,000 kN in Yg and Zg) is
applied after 100 secs (to allow sufficient decay of the initial dynamics of the system). The nacelle
accelerations are recorded in each test.

In Fig. 5, timet r ai ns of ino | oad ,dmwdtbtniimpgl| $§ nveX Ido
direcinonboad and string in Y directiond and A
displayed at the top panes (a, b, ¢, d) while the corresponding spectra are illustthéebtbiver
panes (e, f, g, h). In each spectrum plot, the blue line represents response spectrum in X direction
and corresponding magnitudes are on the left vertical axis, while maroon lines represent the
spectrum of Ydirection response with correspondimgagnitudes on the right vertical axis.
Responses in Z direction are not presented in Fig. 5.

Impulsive excitation of the RNA induces narrd&nded coupled responses of the Ridver
assembly at distinct spectral peak®.52, 0.54 and 0.56 Hz, as obsehie the horizontal nacelle
accelerations. When the RNA is excited horizontally, the dominant frequency of coupled nacelle
accelerations in X and Y axes is 0.52 Hz. The response peaks at 0.54 and 0.56 Hz are found to be
associated with transverse (when i&t@n is perpendicular to the rotor plane) and vertical
accelerations (not shown) of the nacelle, and these two peaks are strongly ¢alffiedgh their
overall spectral energies are an order of magnitude less than those observed at 0.52 Hz.

3.4 Coordinate systems and heading definitions

The origin of the global coordinate system Xg, Yg and Zg is located at the center of the tower
in the horizontal plane, and at theean water level (MWLjn the vertical plane, as shown in Fig.
6. Wind headings simulated in analysis are also shown in@&ig.wind inflow at O deg is
perpendicular to the rotor plane during which the nacelle and wind are aligned, while at 90 deg the
wind is parallel to the ator plane (i.e.perpendicular to the long side of the nacelle). Wind
headings specified are with respect to the Xg axis, so that the wind headiwgysequal to the
nacellewind misalignment, and the nacelle is always aligned with the Xg axis a1 shadwvig. 6.
Local origins of the towerbase, nacelle and shaft coordinate systems used in analysis are shown in
Fig. 7(@). Nacelle accelerations are calculated in the shaft coordinate systsg ), and nacelle
yaw is calculated in the nacelle coardie system XV, Z,). The towerbase loads are calculated
in the towerbase coordinate system Yx z).

Loads at the blade root consist ofgitane and oubf-plane shear forces and bending moments.
Out-of-plane shear forces act along the; axis shown in Fig. (b), while in-plane shear forces
act along thew axis. The oubf-plane and irplane bending moments are caused by the
out-of-plane and irplane shear forces, respectively. It is noteworthy that the blade coordinate
system pitche with the blades, so for a 90 deg blade pitch, the dominant shear for a 0 deg wind
should be expected in the-jilane axis, and the dominant moment will be that caused by the
in-plane shear force.
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Fig. 5 RNA-Tower Coupling Frequencies

3.5 Load cases

Since strength design is the focus of this paper, only one extreme mean wind speed is
considered, with a variation on the wind headings from 0 to 90 deg at 3nhckegnents.
Characteristics of the cases are summarized in Table 4. For all cageblAhe aligned with the
Xg axisregardless ofvind headingas shown in Fig. 6The blade pitch angle is set to 90 deg for
cases in 0, 30 and 60 deg wind headings.drBthdeg wind heading cases, the blade pitch is set to
75 deg to avoid initial instabilities in the simulations. An idling state of the turbine is modeled in
all cases, so the rotor experiences minor revolutions typically between 1 to 2 rpm.

Table4 Load Case Characteristics

Hub Height  Platform Wind Speec  Wind Spectral Turbulence Wind Heading
Wind Speed at 10m above MWL Model Intensity
[m/s] [m/s] [-] [%] [deg]
Froya 104
Kaimal10.4 104
50.0 37.1 KaimalC 12.0 0, 30, 60, 90
KaimalB 14.0

Kaimal-A 16.0
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Fig. 7 RNA and Tower Coordinate SysteinsFAST
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3.6 Coupled analysis and computer programs

Time domain coupled analysis is implemented to simulate the dynamic responses of the system.
FAST (Jonkman and Buhl 2005) and OrcaFlex (Ortitth) are the two main programs used in
the time domain simulations, with a dynamic link library called FASTLink (Orcina, Maseiala
2011) used to instantaneously exchange data between them. Aerodynamigysema and
elastic effects on the tower and blades, and dynamics of the platform are calculated inHH&ST
dynamic responses of the mooring system are calculated in Orcéfirlesach timestep, FAST
combines the hydrodynamic loads received from OrcaFlex with aerodynamic loads calculated in
FAST, to determine the instantaneous global motions, and dynamics of the tower, nacelle, blades
and turbine components. Once that is congaleFAST transfers the resulting platform positions
and velocities from the previous tirséep to OrcaFlex for the next calculation of platform loads,
and the process is repeated until the target simulation time is reached.

The tower eigen modes implemetitn analysis are determined using BMODES (BX)7).
Hydrodynamic added mass and radiation damping are calculated by WAMIT (WAMIZQ@6.

Line dynamics of the mooring system are obtaine
forces and momés are estimated by WINDOS (MARIN, 2007) which is a program widely used
in estimating wind loads on offshore structures.

Viscous damping is applied in coupled analysis as a percentage of critical damping in the
system, in each respective mode of platfoasponse. The percentages applied are derived from
model test correlation analysis for similar floating structures, and are applied consistently for all
types of wind spectra in analysis.

Turbsim Jonkman and Kilcher 20)2s appliedin generating fulffield turbulentwinds The
program has been widelgnplementedwith commonspectral modelsuch aKaimal and Froya
(known in Turbsim as the APl modeatjodels A grid size of 160 m x 300 m is used for all wind
fields. It is noteworthyhat in Turbsim, a target turbulence intensity can be specified and achieved
for IEC models (such as Kaimal) using scaling parameters, but the program does not consider such
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scaling for the Froya modelherefore, in Turbsim, turbulence intensity for A&C models is
largely dependent on, and sensitive to grid resolution.

In a previous project, a 5 MW NREL stock turbine was maested, and correlated WINDOS
models for RNA and tower were established. The hull as illustrated in Fig. 4 is modeled in the
correlated WINDOS model to generate resultant wind load coefficients which are presented in Fig.
8.

4. Result observations

Although four headings are simulated in analysis, graphical results are mostly shown for O deg
wind heading for brevity. Statistics of selected responses for all wind headings simulated are
discussed in Section 4.9. Empirical distribution functions for each response parameter are used to
assess the influence of each wind spectra type on the extempenses. The probabilities of
exceedance are not the focus for comparing the responses (since they are quite close at the tails),
rather the dynamic extreme values are assessed for comparisons. Bar charts of the statistics are
reported for each respongmrameter. In some cases, romansquare (RMS) and dynamic
extreme results are reported as ratios, where the response from the Froya wind model is used to
normalize all responses such that the Froya response ratio is always 1.0. However, bar charts of
the total and extreme factor values (calculated as the ratio of dynamic extreme to RMS) show the
actual values and not ratios, to provide a delineation of the relative magnitudes of the different
response components. Magnitudes of the extreme factorsaoftarderstanding of the linearity (or
nonlinearity) of the responses.

4.1 Nacelle accelerations

Fig. 9 shows extreme distributions of translational accelerations of the nacelle in O deg wind
heading. Translational accelerations of the nacelle indieatelittle variation per spectra type in
the dominant component, but show clear variations in the weaker component of response. In 0 deg
wind, nacelle Ax is the dominant translational acceleration, and its spectra (not shown) as well as
upper and lower taempirical distributions (Fig. 9) of all considered wind spectral models are
very similar in magnitude. Magnitudes of nacelle Ay responses are lower than Ax, and responses
of Kaimal model generally trend with turbulence intensity. The dynamic extremver(kail) of
the Froya nacelle Ax response exceeds that of the Kdithdland KaimaA models, though the
difference is practically insignificant. Lower tail distributions of nacelle Ax exceed upper tail
distributions by around 10%, indicating a mildlyrakinear response. Low frequency and high
frequency (at 0.52 Hz) accelerations are observed in nacelle Ax, with more energy in the low
frequency region.

Magnitudes of rotational accelerations (not shown) of the nacelle in 0 deg are consistent with
their caresponding translational accelerations. With Ax being the dominant translational response,
pitch acceleration (which is associated with Ax) is higher than roll accelerations. Dynamic
extremes of pitch accelerations from the different wind spectra difféeds than 10%, and their
spectral densities show no significant differences in low and high frequency regions. Roll
accelerations however indicate a strong variation (over 40% difference between -Kaiaf4l
and KaimalA) in dynamic extremes and spectdansities for the Kaimal models, which are quite
consistent with turbulence intensities of the wind spectra.



Ikpoto E. Udohand Jun Zou

Nacelle Ax, 0 deg L-Tail Dyn. Extreme [m/s?]

Probability of Exceedance

ance

y of Exceed

=
©
o
o

2
NS

Nacelle Ay, 0 deg L-Tail Dyn. Extreme [mis?]

1.5 1 0.5 ]
—7 107
Frova, U-Tail Froya, L-Tail
& Kainal-10.4%, U-Tail Kairmal-10.4%, L. Tai
Waimal-C., Ll-Tail Kaimal-C, L-Tail
Kainal-B, U-Tall Kaimal-B, L-Tail
*  Kainal-#, U-Tail Kaimal-A, L-Tail
1107
1102
J 10
P
A & .
af’f
- - - -
i L i 10_4
0.5 1 1.5 2

Nacelle Ay, 0 deg Dynamic Extreme jm.-'szj

Fig. 9 Nacelle Translational Accelerations in 0 deg Wind
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Fig. 10 Statistics of Nacelle Accelerations in 0 deg Wind




Wind spectral characteristics on strength design of floating offshore wind turbines

Statistics of translational nacelle accelerations are compared for 0 deg wind heading in Fig. 10.
Comparisons show that the extreme factors are not strictly correlated with turbulence intensity,
and that the weaker responses in this case (nacelle Ay and) Are mostly nodinear, with
extreme factors of Kaimah up to 5.3 and 5.8 for Ay and-foll, respectively. Ratios of RMS
values show consistency with turbulence intensity among the Kaimal models, for nacelle Ay and
A-roll accelerations, and practitaho variation in Ax and Apitch accelerations. RMS ratios also
indicate that the Froya model has more spectral energy in nacelle Ay-eoly éompared to
Kaimal10.4% and KaimaC. Empirical distributions of the extreme wind velocities (Fig. 3) in Xg
and Yg directions indicate that the Froya upper and lower tail extremes of Vy, and the lower tail
extreme of Vx exceed those of Kairid.4%, which has the same turbulence intensity as the
Froya wind field. Essentially, the tail distribution of the Froyadeiddiffers from that of Kaimal
models. Interestingly, not only do the Froya Ax total nacelle accelerations exceed those of
Kaimal10.4%, they exceed those of all other Kaimal spectra with higher turbulence inténsities
but the differences are marginal.

4.2 Blade root loads

In-plane shear forces and bending moments are the dominant loads at the blade root. Only the 0
deg blade root results are discussed here, because the timeseries data for blade root responses in 30,
60 and 90 de@re quite erratic when the blades are loaded from oblique directions resulting in
significant changes in the mean loads. For such data, the empirical distributions functions are
discontinuous, making the determination of dynamic extremes inconsistefative to smooth
trends as shown for O deg wind in Fig. 11.

Fig. 11 Blade Root Shear Forces in 0 deg Wind



