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Abstract. A model for Quick Load Analysis, QULA, of an offshore wind ime substructure is presented. The aerodynamic
rotor loads and damping are precomputed for a load-basdjacation. The dynamic structural response is represditdiae

first global fore-aft mode only and is computed in the fregquyetiomain using the equation of motion. The model is compared
to the state of the art aeroelastic code, Flex5. Both bagttilifie fatigue and extreme loads are considered in the casopar

In general there is good similarity between the two modedsn& deviation for the sectional forces are explained in $esfn
the model simplifications. The difference in the sectionahments are found to be within 14% for the fatigue load case and
10% for the extreme load condition.

1 Introduction

In order to ensure cost-efficient offshore wind farms, itésessary to optimize the design. Particularly the substres are
expensive and can, according to Offshore Wind Project Cafitéa»k Win (2014), account for 20 % of the total cost of energy

It is often different companies who design the substrucame the wind turbine of an offshore wind turbine. The iterati
process where the design suppliers of the wind turbine amduhstructure send design loads back and forth slows tigndes
process down.

The process is already time-consuming since extensivedase simulations have to be made where different wind speed
and wave climates are combined. If instead a fully integratsulation of the foundation and wind turbine is used, tegigh
process will be faster and the number of uncertainties indd&gn will be reduced. However this approach is not always
possible because the wind turbine manufactures often devaot to share information about their wind turbines. Indtea
in the preliminary design phase, the integrated simuladioth optimization can be achived and accelerated with a Bietpl
description of the loading from wind and a simple but fastaiyic model. This allows for optimization of the foundation i
an early stage of the design.

Van der Tempel et al. (2005) presented a simple approachwridispeed up the fatigue load calculations by dividing the
offshore wind turbine in a turbine clamped at hub height wittsupport structure dynamics and a support structureh&iutie

analysis was linearized and made in frequency domain by fusarsfer functions, which according to Van der Tempel et al
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(2005) is how the offshore oil and gas industry usually dalas the fatigue loads. The fatigue damage compares well to
fatigue damage calculated in a time domain in the aeroelasil Bladed with a difference of approximately 8 %.

Smilden et al. (2016), also presented a simple model, butemine focus was to improve the performance of the control
system. The model therefore also includes a wind modeledrain, controller possessing the main features of the wirbine
control system besides the mode shape based structural. mode

In the present paper a model fQuick L oadAnalysis, QULA, is presented. This is a fast model for cakioteof dynamic
loads of an offshore wind turbine tower and foundation. TheMoads are applied in a similar manner as Van der Tempé! et a
(2005) while the structural model is based on a single modpeshCompared to the above two models, the wave kinematics
are described in more details without linearization anduiding wave nonlinearity for extreme load cases. The moslel i
therefore suitable both for fatigue and ultimate limit sta@ompared to Van der Tempel et al. (2005) the aerodynamipitia
is included as function of mean wind speed, instead of beimgtant independent of the wind speed.

In the present paper the foundation is bottom fixed, howeudr/AOhas been applied to a floating wind turbine too, see
Lemmer et al. (2015) for preliminary results. The 10MW DTUerence wind turbine Bak et al. (2013) is considered and
the foundation is the Mono Bucket foundation of Universalir@ation (http://universal-foundation.com/). The MonacRet
consists of a shaft and a bucket as shown in figure 1. Comparadronopile, the Mono Bucket has the advantage of very
small noise impact during installation, reduced scourgutidn, and no need for a transition piece. So far a Vestas3/@MwW
offshore wind turbine has been erected on a Mono Bucket fatiorin November 2002 in Frederikshavn harbour, Denmark.
Besides, a met mast foundation for the Horns Rev 2 site wédled in March 2009 and decommissioned successfully 5201
and two other met mast foundations were installed at For¥a/Dogger Bank offshore wind site in September 2013. Inorde
to make the Mono Bucket foundation commercial an industagibn and production evolution is needed. A fast numérica
model to calculate the dynamic loads of the foundation isadrike tools applied in that process.

This paper investigates how well QULA performs by compathgymodel against the aeroelastic code Flex5, @ye (1996).
The paper opens with a presentation of QULA. Further, “tviiei@int methods to include the aerodynamic damping is dis-
cussed. Hereafter the metocean data and the three loadcmasgdered in the analysis is presented. Finally, the ceati
inline force and overturning moment in different sectiomstie Mono Bucket and tower are considered for the load casks a
both life time fatigue and extreme loads are analysed. Tigesa difference of 30% are found for the sectional inlineéan
the bottom of the Mono Bucket foundation, while the overtimgrmoments compare well in most parts of the tower and Mono
Bucket foundation with the largest difference being 5% . @asign of the Mono Bucket foundation is confidential. Theref
in this paper the results of the sectional forces and monamtsesponse spectra are presented in normalized form.

2 Thenumerical model, QULA

In QULA, only the Mono Bucket foundation and wind turbine &vare considered and described as a simple Euler beam. On
top of the beam a top mas&/;,,, representing the rotor and nacelle is added. The top masaded in same height as the
center of mass in the nacelley, 2.75 m above the tower topyr, as illustrated in figure 2. The foundation is only considere
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down to the sea bed and the stiffness of the soil and lid antl skthe bucket is described by a coupled translational and
rotational springK;. The dynamic structural response is represented by theéitstal mode only and the equation of motion
is solved in the frequency domain.

The philosophy behind the model is to pre-calculate theddegramic forces in an aeroelastic model with a stiff founafati
and tower for all considered wind speeds. Also the aerodymdamping is pre-calculated for all considered wind speeds
The aerodynamic forces and damping are subsequently resesedal times in QULA for different tower and substructure

configurations.
X
Maero%\
F,aerolz. "['Qp"-XN
= XTT
f, o
aero > E g
S ‘5
Shaft
Foindeon [ | XSWIL
| FL1
> o
fwave =
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Figure 1. Mono Bucket foundation. Figure2. Left: Sketch of the beam and the external forces. Right: The extendahgernal forces

which contribute to sectional forcé], and moment)\/.

2.1 Theexternal forces

The external forces are the distributed wave force and ttmient wind force as seen in figure 2. The pre-calculateolrrot
shaft loads are applied as a time varying point foi¢g,., and overturning momeni\/,..., at the top of the tower. The force
from the wind on the tower is also included and is calculateside QuLA by the power law from IEC61400-3 IEC61400-3
(2009)

2

A
faero(x7t) - %paODaD <<x> W(t)> ) (1)

n

with A = 0.14 in load case 1.2 and load case 1.4 and 0.11 in load case 6.1. Herg, = 1.225 kg/m?® is the density of air,
Cp. = 0.6 is the drag coefficient)(x) is the diameter of the tower afi@l is the turbulent wind speed at the nacelle.
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The wave kinematics and hydrodynamic force are also catiiaside QULA. To enable fast calculations of the struadtur
response no stretching of the wave kinematics is appliedtaaave kinematics are therefore only defined up to stilewat
level, SW L.

In situations where fatigue loads are considered, linearewtheory is often sufficient to describe the wave kinematics
Schlger et al. (2016). An irregular wave realization is eletarised by the significant wave height and the peak wave
periodT,. The linear irregular wave kinematics are calculated inftequency domain and afterwards transformed to the
time domain using inverse Fast Fourier transformation. dis&ibuted hydrodynamic load on the structure is cal@ddiy

Morison’s equation

1
Fuwave (¥,1) =pCrm Al + pAti+ 5 pCp Dulul )

Herep = 1025 kg/nd is the density of waterd(z) is the cross sectional area of the pile didr) is the diameter of the pile. The
horizontal particle velocity and acceleration are denateshdd = %- The coefficientsC'p andC,,, are the drag and added
mass coefficients, witl'y; = 1+ C,,, being the inertia coefficient. The coefficients are funatiohthe Keulegan-Carpenter
number, KC, and Reynolds numbeRe, and are calculated following the recommendations in DNSA101 (2010). For

irregular wave realization& C and Re can, according to Sumer and Fredsge (2006), be calculatectiie standard deviation
of the horizontal velocity at still water level and the meaave period.

The hydrodynamic damping due to the structural motion isimred small and neglected. Therefore, it is not the weati
accelerations and the relative velocities, which are amred in the added mass and drag force, first and third ter@)jn (
respectively.

The added mass coefficielit,,, is corrected for diffraction effects by the theory of Mao@aFuchs, MacCamy and Fuchs
(1954), which is valid for linear waves. The correction igmontant for waves withD /L > 0.2, whereL is the wave length.
In a water depth of 50m it corresponds to wave frequenciggtdahan approximately > 0.19 Hz. To include the diffraction
effect, the added mass force is calculated in the frequeomath and afterwards transformed to the time domain.

In order to simultaneously include both the effect of wavegdularity and wave nonlinearity in the structural anaysi
IEC61400-3 IEC61400-3 (2009) suggests to embed a largeneamlstream function wave in the linear irregular wave time
series to represent extreme waves. This is done in sitisatitiere ultimate loads (ULS) are considered. Following thekw
of Rainey, Rainey (1989) and Rainey (1995), the Morisonisagign is extended by the axial divergence correction term

fRainey (xa t) :PAmemU’ (3)

which according to Manners and Rainey, Manners and Rair@32(] corrects for the assumption that the cylinder is stend

in the vertical direction. Here the vertical particle vétgés denotedw and index " means that the variable is differentiated
with respect tac.
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Finally a point force should according to Rainey Rainey @38 added at the intersection with the water level
1
Fi(t)= —§pACmnzu2. @ 4)

Heren, is the slope of the free surface elevation and representhtrge of the free surface elevation along the pile-diamete
This force can be seen as a slamming force.

The Rainey terms, (3) and (4), are nonlinear contributiorthé Morison force and therefore they should only be added to
the Morison’s equation (2) in situations where a nonlingagls wave event is embedded in the irregular linear waviezegan
in the ULS-analysis.

2.2 Thestructural model

The structural dynamic deflection of the Mono Bucket and moweis represented by a shape functignand a generalized
coordinatex asu = «(t)¢(x). Shape functions are often introduced when the equationatiom of a system is solved to
decrease the number of degrees of freedom in the system arabyhthe computational time. Only one shape function is
considered in QULA. While this may not provide an accurateaggntation of the full deformation, it is here used for the
purpose of approximating the associated inertia loadhséctional forces, see (13)-(14). The shape functionrendatural
angular frequencyyy are found by considering a standard eigenvalue problem,

Méyp +Kap =0, where o= exp(iwpt) < (5a)
—Muwip+Kp=0=wip =M "Kp. (5b)

The stiffness and mass matrix is calculated by the finite efegmmethod. Stiffness elements representing the stiffinessthe
soil-structure interactions; in figure 2, is calculated in the geotechnical software tdakiB, Brinkgreve et al. (2016) and is
added to the stiffness matrix in the bottom of the pile. Thernmass and mass moment of inertia around the naggkeif),
I, are added to the mass matrix in the top of the pile. To getdhect first natural frequency it is important to defihg,,
and 7 in same height as the center of mass in the nacefle,

The structural dynamics are calculated by the equation efomo

aGM +aGK +aGD =GF. (6)
In order for the model to be fast the equation of motion is edlin frequency domain, since the solutiercan then be
solved at once for all time steps. In frequency domain thegdized coordinate can be expressed as
Ny

@Zdj exp(iw;t) + c.c., )

j=1
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wherew; is the smallest angular frequency in the time seriescands the complex conjugate. The equation of motion
GF

—w’GMé+iwGD& +GKa=GF & a =
w'GMa+iwGDa+GKa=GF & a —w2GM +iwGD + GK X

then solves the linear response in frequency domain andeealily be transposed to the time domain by inverse FFT.
The generalized mas§,M, and stiffness(: K, can be obtained from (5a) by left-multiplicationof or are given as

5 GM = [ mpla)dot Mioyplan ) + Irga (o)’ ©)
=0

GK = /Elgpw(x)zdaj. (20)
=0

Herem(z) is the distributed mass of the tower and Mono Bucket foundais,. is the angular deflection of the shape function
andy,.,. is the curvature of the shape function. The stiffness fastgiven by the modulus of elasticity;, and the moment of
inertial. Further, the damping; D, and force GF, are given as

2GK

10 GD=¢ + Daero, (11)
wo
TSWL rrT
GF - / (waavedx + Fs + Faero@(xTT) + Maera‘pz (xTT) + / Lpfaerodxa (12)
=0 TSWL

The damping(, is the damping ratio representing structural damping dsonping and hydrodynamic radiation damping and
D,ero the aerodynamic damping.
After the equation of motion is solved, the sectional formed moments can be calculated. The external and interrea<pr

15 which contribute to the sectional forces and moments argslifigure 2 and the forces and moments are calculated as
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T TSWL

(z*,1) *fa/mw —&Mopp(zn) + / Swavedx + Fg + Fyero

T*

/faerod-r"i'athop(Pw(xN +ag/m<)01 )d @

M(z*t) =—a / me(z)[x — a*|de — &Mopp(zn)[zn — %] — ddres (TN)

TswL
+ / f?t)ave[x_z*]dI+Fe[mSWL _I*} +Maero+Faero[$TT_$*]

x*

/faerox X }dx"‘raMtopg[ (.%'N ]+ag/m xTT 50( )]dl‘,

whereg is the gravity. The first two terms in both equations are thatrdoution from the dynamics of the structure. When
the equation of motion is solved the Mono Bucket and towetraaed as an Euler beam, where the deflections are assumed

WIND
ENERGY
SCIENCE

(13)

(14)

small and only lateral loads are considered. Second-oatgributions from the bending of the beam are thereforeaugtl

in the solution in order for the model to be fast. Howeverhia $ectional forces and moment the contribution from gyalie

to the bending of the beam is included as stated in the lastawmos in both equations. While this approach thus represent a

difference in the forces applied for dynamics and sectitads, it was found to improve the sectional Io@

2.3 Shapefunction and eigenfrequency

The complete shape function of both the tower and bucketdation in Flex5 is compared to the shape function of QuULA in

figure 3. The shape functions are close to being identica.deviation between the first natural frequency of the twoetod

is 1%. The difference is caused by differences in the modielglex5 the gravity’s contribution to the bending of theepié

included in the equation of motion, which gives a larger motrd inertia and therefore a smaller frequency. In QULA the

contribution of the gravity is only included in the sectibf@ces calculated after the equation of motion is solved.

2.4 The aerodynamic damping

As the structural dynamics is included in QuLA, it is also e&sary to include the aerodynamic damping. If the structura

motion is in same direction as the wind velocity, the rekatrelocity which the aerodynamic forces are a function ofyeleses

and thereby also the forces. Since the aerodynamic foredas@uded as point forces in QULA, it is necessary to singjilie

aerodynamic damping and add the damping to the equation ibmas a viscous linear damping force, where the damping

coefficient is a function of the mean wind speed.

Two different methods to calculate the damping are pregdméow and compared for load case 1.2 in section 4.1.
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Figure 3. The shape function.

2.4.1 Standard deviation of pile displacement

In this approach the target is to have the same standardtidevat the pile displacement in the top of the tower. Therefo

the tower top displacement has to be calculated in advan&éekb or another aeroelastic model for all considered cases

In QULA, when the equation of motion is solved, a loop is idd, where the aerodynamic damping is increased until the
5 standard deviation is the same for Flex5 and QuLA. The standiviation is calculated as

o= \/;Zﬁ(xNN)QAf, (15)

whereti(z vy ) is the tower top displacement in frequency domain.
In figure 4-5 the tower top displacements calculated in FEn®QuLA forlW = 4.16m/s andlW = 14.55m/s are shown for
load case 1.2. For the small wind speed the two models compayavell, however as the wind increases differences batwee
10 the two models are seen. This is due to differences in how titeehis solved. In Flex5 the aerodynamic damping is a functio
of time, while in QULA it is represented by a constant valuegach wind speed. Further, in QULA only one degree of freedom

is used and the gravity’s contribution to the deflection isincluded in QULA as mentioned in section 2.3.
2.4.2 Decay tests

The amount of damping, which should be included, is caledlah Flex5 by decay tests. To calculated the damping both

15 turbulent and steady wind speeds are considered. For bs#ls tao simulations are run. One where a starting velocithief
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Figure 4. Tower top displacement fdi” = 4.16 m/s. Figure 5. Tower top displacement fdi/ = 14.55 m/s.

wind turbine tower and foundation is applied and one sinmutatvithout a starting velocity. Afterwords the two simudats
are subtracted before the damping is calculated.

All degrees of freedom are activg, however the rotor spe&dps constant and the pitch angle and rotational speed of the
blades are given initial values in accordance with the winelesls considered. According to Salzmann and Van der Tempel
(2005) this method works well for constant speed wind tuebiand compares well with other simple methods as the Garrad
method Freris and Freris (1990), Kihn’s closed-form modéitk(2001) or van der Tempels method, Van Der Tempel (2006).
However, for a pitch regulated wind turbine with varyingaospeed, which is the case for the DTU 10MW wind turbine, such
simple methods can not be applied to find the accurate dangtioge rated wind speed, where the pitch regulation begins.
However, the damping in Qula can only be represented by desiadue as function of the mean wind speed. Therefore, the
damping above rated wind speed is still found by keeping itod and rotor speed constant, since it is a very simple ntetho
which can be reused several times as long as the wind turbthe same. @

The logarithmic decrement damping is calculated as

1 .
6 = —log (CH) , Where j=2.3..., (16)
J a;

wherea, is the first peak considered in the time series apds the j'th amplitude followinga,. The relation between the
logarithmic decrement, damping rattoand the damping which is used in the dynamic analykis,

2m€
o= \/17_7527 a7)
Dyero = (2VGM GK, (18)

whereGM andG K are the generalised stiffness and mass, cf. section 2.2.
In figure 6-7 the decay tests for a steady and turbulent wieddpf 14 m/s are shown. In the top figures the displacements
in the top of the tower are shown both for the case where thertbas an initial velocity of/;,,;; ~ 1.1m/s and the one without
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an initial velocity and in the bottom the subtracted displaents are shown. The logarithmic decrement is the averfabe o
four peaks following the largest peak, and is calculateddh the negative and positive peaks.
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Figure 6. Decay test for a steady wind of 14 m/s. Figure 7. Decay test for a turbulent wind of 14 m/s.

In figure 8 the damping ratios as function of both steady artsitant wind speed are shown for three initial tower velesit

In the figure the average of the six curves is also seen. leis 8&t the damping ratio is very similar across the initater
5 velocities.

0.15 I I I
* steady, U_{init}~1.1 m/s
* turbulent, U_{init}~1.1 m/s
4 steady, U_{init}~3.6 m/s
< turbulent, U_{init}~3.6 m/s
o steady, U_{init}~7.3 m/s
—~ 0.1+ o turbulent, U_{init}~7.3 m/s}
z Average
g
S
0.051
)
0 I I I I I I I I T
0 5 10 15 20 25 30 35 40

Figure 8. The damping ratio as function of wind speed for different decay-tests.

2.4.3 Comparison of the damping

In figure 9 the damping ratio as function of the wind speed frariin to cut-out wind speed is shown for the two different
methods to calculate the damping. It is seen that the danhgisgd on decay tests is larger than when it is based on tldastin

10
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deviation of the tower displacement except¥6r~ 17 m/s, where the damping based on the tower top displacemiangest.
However, the trend is similar for both damping curves.

The damping is constant for small wind speeds with a valuevdsen 7-8 % for the decay tests and 2 % for the tower top
displacements but starts to increase before rated windispee

For the decay tests the largest damping ratio of 10.5 % ideshfor a wind speed of 12 m/s. Above rated wind speed, the
damping decreases and is approximately 9% for a wind spe2sl iof's.

For wind speeds between 10 and 17 m/s, the damping ratio laste tower top displacements increases from 2-10.3% ,
where after it decreases and is 7% for a wind speed of 25 m/s.

0.15

T
—e— Decay tests
—e— Standard deviation

0_1, B ,

W (m /s)
0]

0.05f i

0 1 1 1 1
0 5 10 15 20 25

Figure 9. The damping ratio as function of wind speed for the two methods to calcultathping.

Both methods require some preliminary work to calculateviseous damping, to be used in QULA. Either decay tests have
to be made or the displacement in the top of the tower has talbalated in an aeroelastic tool. However, as the foundasio
very stiff, it is not believed that the foundation contriesitsignificant to the damping. Therefore, the preliminarykwean be
made for a land based wind turbine, and the aerodynamic demeused several times as long as the wind turbine and tower
is not changed.

How the different damping curves influence the performaric@ui_A is investigated in section 4.1.

3 Metocean data and structure

The load cases in the present analysis are based on the arettata from the artificial site K13 Deepwater Site™ frohet
Upwind-project Fischer et al. (2010). The water depth is 50m. Three load cases are studied, load case 1.2 which consider
the fatigue limit state (FLS) and load case 1.3 and 6.1 whaisicler the ultimate limit state (ULS). The time series aftea
wind and sea state is 1 hour long which corresponds to sixssee600 s. In load case 1.2 the wind turbine operates, and

11
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the wind speed ranges from 4m/s to 25 m/s with an interval os2ming a normal turbulence model. The already lumped
sea states presented in Fischer et al. (2010) is used togathehe wind speeds. Since fatigue loads are consideeed/iind
speeds probability of occurrence is taken into account.

The wind speeds and the corresponding probability of oecwe,P,., turbulence intensity/, and sea states are stated in
table 1.

In load case 1.3 the wind turbine also operates and the wigeldsare the same as load case 1.2, but the turbulence iptensit
is now based on an extreme turbulence model. The significave: Wweight is the expected wave height conditioned on thd win

speed

Hs :E[HS‘thb] :ZHs,iPreh (19)

whereP,.; is the relative probability of occurrence of each signifioaave height conditioned on the considered wind speed.
The range of peak wave periods appropriate to dédg¢lshould be taken into account and the one resulting in thesatgad
should be used in the ULS-analysis. Further, if the peak waviod corresponding to the first natural frequenGy= 1/7p
is inside the considered range this wave period should asmbsidered. The same applies to higher hormonics of the wav
peak period, i.e. multiple of the peak wave frequegy, and3 f,, as this will cause a a larger excitation of the structuréhén
present analysis , the largest and smallest wave peak pehioth occur, are considered. The wind speed, turbulenhgitie
and corresponding/, and7), values are stated in table 2. Also the periods in betweemtiadlesst and largest,-value, h
frequency or its multiples are equal to the first natural ety are considered. However, do to confidential desiggeth
frequencies are not written in the table, but @ndicates for which wind speeds they occur.

In load case 6.1 the wind turbine is parked and the wind spedd.D3 m/s. The corresponding sea state has a significant
wave height off/, = 9.40m and a peak period df, = 10.87s.

In ULS situations a irregular linear wave time series is firsated. For every 600 s the largest wave in the intervapiaced
with a nonlinear regular stream function wave with a wavegheof H = 1.86H,, IEC61400-3 (2009). The corresponding
wave period should according to IEC61400-3 (2009), be ahasdhe period in the interval

11.1\/Hs /g <T < 14.3\/H/g, (20)

which results in the largest load. For the present strudhaeis7 = 11.1/H,/g = 10.87s in load case 6.1. In load case 1.3
the same ratid]’ = 11.11/H,/g is used.

The wind turbine is the 10 MW DTU reference wind turbine, Bakle (2013). The first natural frequency of the structure
is in between the 1P and 3P frequency interval of the windinerf1P=0.115-0.159 Hz). The Mono Bucket foundation is
designed to withstand the extreme static forces stateceiregport of the DTU 10 MW wind turbine Bak et al. (2013). In both
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w P, 1 Hg  Tp
(ms) | O O (m (s
416 | 011 029 110 588
623 | 014 023 118 576
831 | 016 020 131 567
10.39 | 0.15 0.8 148 574
12.47 | 013 017 170 588
1455 | 011 016 191 6.07
1662 | 008 015 219 6.37
1870 | 0.05 0.15 247 671
2078 | 003 014 276 6.99
2256 | 002 014 309 7.40
2494 | 001 014 342 7.80

WIND

e WE\ ENERGY

european academy of wind energy S C I E N C E

Table 1. The wind speeds and the corresponding probability of occurrendeilémce intensity and sea states and for load case 1.2.

w I Hs Ty min Tpmaa Tpfor T, for
fi= fi=
1/Tp 2/Tp

(m/s) () ) (m) (s) (s) (s)

4.16 0.82 5.88 4 11 + +

6.23 0.90 5.76 4 11.5 + +

8.31 1.05 5.67 4 11.5 + +

10.39 1.23 5.74 4 11. + +
12.47 1.46 5.88 5 9
14.55 1.72 6.07 5 8
16.62 2.07 6.37 5 9
18.70 2.38 6.71 5 10 +
20.78 2.80 6.90 5 8
22.56 3.13 7.40 7 9
24.94 3.58 7.80 7 10 - +

Table 2. The wind speeds and the corresponding probability of occurrendeilémce intensity and sea states and for load case 1.3

Flex5 and QuLA a logarithmic damping 6f= 27¢ = 6% is included as viscous damping to represent soil dampinggtsiral

damping of the Mono Bucket and tower and hydrodynamic radiatamping.

4 Results

In order for QULA to be a useful tool in the design-process,ittodel has to be faster than a more advanced aeroelasti¢. mode

Before QULA can be used it is necessary to precalculate twhastic point loadsky,..., and M,..., and the aerodynamic

damping. Though, once they are calculated they can be upedtszlly in the design process.

To calculate a single wind and sea state on a Microsoft Wisdmachine with a clock rate of 2.30 GHz QuLA is 40 times

faster than Flex5, while on a Linux cluster machine with aklmate of 1.9 GHz QuLA is 3.3 times faster. It is belived thast

13
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can be speeded up to similar performance as at the Windowssinea®QuLA is further parallelised, and can on a HPC-cluster
calculate in parallel all 11 wind and sea states of load casaBpproximately 45s.

4.1 Fatiguelimit state

Load case 1.2 considers the fatigue limit state during djmeraFor this load case the different methods to calculage t
aerodynamic damping are compared.

In figure 10-11 the probability of exceedande, of the positive peaks in the 1 hour time series of the seatiforces
and moments in five sections of the Mono Bucket and tower aveistor the case with” = 10.39m/s, H, = 1.48 m and
T,=5.74s.

Considering the force peaks in the tower QULA compares loeBlex5 when the damping is based on decay tests (figure
10), while in the Mono Bucket it is when the damping is basedtmdard deviation of the tower top displacements (figure
11). For both methods the difference between QULA and Fleldrgest in the Mono Bucket. Comparing the moments, the two
models are very similar with largest difference at the seh bae difference in the damping is easy to see in the exceedan
probability curves of the moment peaks. Compared to FlegShtbment peaks of QULA are smallest when the damping is
based on decay tests, while the opposite is seen when thardgimpased on standard deviation of the tower top displacém

x=-50m
x=-16.1m|
x=0m

x=23m
x=115.6m | [

0.4

0.1

vADO#*O0O

Q“ 0.02

0.005

h
\
o.

Figure 10. Probability of exceedance of the positive peaks in the time series of ttiersddorces and moments for load case 1.2. Aerody-
namic damping based on decay tests. Blue: Flex5. Red: QULA

0.4

0.1
Q“ 0.02

0.005

Figure 11. Probability of exceedance of the positive peaks in the time series of thersddorces and moments for load case 1.2. Aerody-
namic damping based on standard deviation of tower top displacement Au8. Red: QULA
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In fatigue analysis, equivalent loads,,, can be used as a reference loading and represents one hogovieue that for
a certain number of cyclesy., = 10 - 10, results in the same damage level as the history of investifatigue loads. It is
calculated as

L= {3 (Z NNSm> Pyl (21)

Here N, ; is the number of occurrences of each stress rasigéor the considered wind and sea stgteThe equivalent loads
are calculated for the sectional forces and moments using ldénéxponent oin = 4 and taking the wind and sea states
probability of occurrence into account.

In figure 12-13 the ratio of the equivalent forces and momeh®uLA to those of Flex5 (QuLAFlex5) throughout the
tower and Mono Bucket are shown, both when the damping isdbesedecay tests and standard devitation of tower top
displacements.

The variation in the ratios in the tower and Mono Bucket isghme for the two damping methods, but it is clear that the
damping based on the decay tests compare best to Flex@adratbaving @s around 1 in most part of the structurectvhi
is seen when the damping is based on decay tests, the rasipprisximately 1.15, when the damping is based on tower top
displacements. However, with both damping methods therdiffce between the equivalent forces of QULA to those of BLex
increases down through the Mono Bucket. Near the sea bedftbeedce between the equivalent forces of QULA to those of
Flex5 is 0.7. The largest difference is here for the dampameld on decay tests.

This change from the tower to the monopile can be explaineddmgidering a sequence of the time series and response
amplitude spectra of the 1 hour time series of the secti@mmaét at the intersection between the Mono Bucket foundlatial
tower (26 m above SWL) and at the sea bed as seen in figures Thé¢Flamping are from the decay tests. The forces are
based on the wind and sea state with a wind speed of 10.39m¢s, this is found to contribute the most to the equivalent
loads.

The energy around the first natural frequency is capturethy&)ulL A. Using Flex5 a big amount of energy is also found at
the second natural frequency of the tower and Mono Buckepaiticular at the sea bed. Since QULA only have one degree of
freedom, no energy is observed in QULA at this frequency.mba part of the modal energy of the second natural frequency
is distributed in the Mono Bucket, which explains why thdafiénce between the two models at the second natural freguen
is largest at the sea bed and why the ratio of the equivalecg¢$dan figures 12-13 decreases thoughout the Mono Bucket.

The difference between the equivalent moments in the maoic&et varies.

Considering the ratios when the dampng in QULA is based oaydissts, the ratio changes from 1 to 1.05 from still water
level to approximately 20 m above the sea bed, where afterghiwalent loads of QULA at the sea bed again becomes sinalles
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Figure 12. The ratio of the equivalent loads of QULA to those of Flex5 for load caganlall sections in the tower and Mono Bucket.
Aerodynamic damping based on decay tests.
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Figure 13. The ratio of the equivalent loads of QULA to those of Flex5 for load cagarlall sections in the tower and Mono Bucket.
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Aerodynamic damping based on standard deviation of tower top disptedem

with a ratio of 0.93 to those of Flex5. The same trend is seeenvthe damping is based on tower top displacements, but a

WIND
ENERGY
SCIENCE

factor of 0.15 approximately should be added to the ratibe. fEason there is such a difference between the equivaleesf

and moments is that the moments not only depend on the sikhe olverlying forces but also on the size of the moment arm.

The different results obtained with the two methods to datetthe damping, must be because the decay tests only @& bas
on Flex5 results, while the method with the tower top disptaents are based on the assumption that Flex5 and QULA can
give the same tower deflections, which does not hold for alidngpeeds. In the ULS analysis in next section, the damping
therefore is based on the decay tests.
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Figure 14. Sectional force 26 m above SWL for load case 1.2. @
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Figure 15. Sectional force at sea bed for load case 1.2.

In the comparison of the equivalent loads of QULA and Flekis, important to ngt that instead of the equivalent loadorati
the damage ratio could also be considered which differs ftmrequivalent load ratio by the power of the Wohler exponent,
m. Thus, the difference between the models is larger Withr’dwsur@

4.2 Ultimatelimit state

Load case 1.3 and 6.1 consider the ultimate load state, Ut 8al€ulate the ultimate loads the 1 hour time series of theefo
and moments for each wind and sea state in the load case ateddinto 6x600s intervals. In each interval the largestl lisa
found and the average of these six loads calculated.

421 Loadcasel.3

In load case 1.3 the wind turbine operates.

In figure 16 the probability of exceedande, of the positive force peaks and moment peaks in the 1 howr $ienies with
W =12.5m/s,H, = 1.46m and7},, = 9s in five sections of the Mono Bucket and tower are shown. Indver the forces and
moments compare well. In the Monobucket a large differerste/den the forces is seen, which is due to the excitationeof th
second structural frequency in Flex5 as was seen for loagl s The difference in the forces also influence the morrants
the sea bed, where Flex5 has the largest moment.

Considering the ratios of the ultimate loads of QULA to tho$d-lex5 in figure 17, the same is seen. In the tower, the
differences between the ultimate sectional forces and mtswé QULA and Flex5 are not more then 2% and 4%, respectively
Flex5 has the largest ulimate moments in all sections, vihéeaultimate sectional forces, of Flex5 are largest in tipeafothe
tower and the ultimate sectional forces of QULA are largeghée bottom of the tower. In the Mono Bucket FLex5 has the
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Figure 16. Probability of exceedance of the positive peaks in the time series of thiersddorces and moments for load case 1.3. Blue:
Flex5. Red: QuLA

largest ultimate forces due to the excitation of the secatdral frequency. The difference between the models iseefiom
the top to the bottom of the Mono Bucket and at the sea bed tizeis®.85. The effect of the second natural frequency is als
visible in ultimate moments, but the effect is not as straggce the forces in the tower still contribute more to monarhe

sea bed, where the ratio between the two models is 0.95.

160 EEEEE R 160
140 1401
120 120
— 100 100 ]
N 80
"
60 60
40 40
20 201
0 0
0 07085 1 1.15 0 07085 1 1.15
F (QuLA /Flex5) M (QuLA /Flexb)

Figure 17. The ratio of the ultimate loads of QULA to those of Flex5 for load case 1.3 sealions in the tower and Mono Bucket.

5 4.2.2 Loadcase6.1

Load case 6.1 considers a storm condition. The wind turlsilearefore parked, and the aerodynamic force and dampéng ar
therefore small. The contribution from the wave force igéiiere expected to be significant.
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In figure 18 the probability of exceedande, of the positive peaks in the 1 hour time series of the sealitorces and
moments in five sections of the Mono Bucket and tower are seen.

x=-50m
x=-16.1m|}
x=0m

x=23m
x=115.6m | |

041 VR QW@

vADO*O0

(EEERE | U

0.024:-+ _ TR : P N b

0.005

Figure 18. Probability of exceedance of the positive peaks in the time series of thiersddorces and moments for load case 6.1. Blue:
Flex5. Red: QULA

QULA has the largest force peaks for high probability of @dance while Flex5 has the largest force peaks for low proba-
bility of exceedance, however in the tower the probabilityhe force peaks are quite equal. At still water level thera large
difference between the curves of the two models, in padicidr P < 0.03. The peaks of Flex5 is largest, which is caused
by the Wheeler stretching in Flex5, which stretches the waverkatics up to the free surface elevation instead of onitygoe
defined to still water level as in QULA. In the Mono Bucket 26 boee the sea bed, the difference between the two models is
still significant but smaller. At the sea bed the force-cargkthe two models are again quite equal.

The probability curves of the moments of the two models areerequal in all five sections. Particularly the largest morsien
which are important in ULS, compare well. To compare the dyica of the two models a sequence of the time series and
response amplitude spectra of the 1 hour time series of timsal forces and moments at the intersection betweerothert
and Mono Bucket and at the sea bed are considered, figure8.194he tower, the energy of the force and moment is located
around the first natural frequency, however QULA containserenergy at this frequency. In the time series, the response
dampens faster in Flex5. At the sea bed, the energy is lobathdt the wave peak frequency and at the first natural frexyue
The energy distribution of the force is very similar in theotmodels, while for the moments QULA contains most energy. In
the time series the forces of the two models are very simileama stream function wave is embedded into the wave rdalizat
- indicated with an arrow in the figure. However, for the chiosequence of the time series the moments are not largest when
the stream function wave is embedded. Instead the momentargest in the beginning of the time sequence where the wave
kinematics are described by linear wave theory. This mdaaisfor the stiffness and natural frequency of this fouratgti
the linear wave kinematics can also result in the largest emsn In other part of time series, though, the embeddedrstre
function wave results in the largest overturning momenhatsea bed. Still, this shows that the dynamic forces caugséukeb
structural motion - and not only the static forces, are ingoarin ULS.
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Figure 20. Sectional force and moment at sea bed for load case 6.1.

The ratios of the ultimate loads of QULA to those of Flex5 aersin figure 21. In the top of the tower the ultimate sectional
forces in QULA are largest with a ratio of 1.04 while just abatill water level the two models result in the same ultimate
sectional force. Around still water level there is an inseén the difference between the two models and the ratioef th
ultimate sectional forces of QULA to those of Flex5 reduae8.¥. This is due to Wheeler stretching not applied in QULA.

5 However, the difference between the models decreases dwaugh the Mono Bucket and at the sea bed the models are very
close to each other with a ratio of 0.99. This is expectedesthe wave force in load case 6.1 is the largest contribattrea
sectional force, and the force at the seabed are the sum digtibuted force, which is calculated in same way in the two
models, though not distributed equally.

With a ratio of approximately 1.02 the difference betweenuhimate sectional moments of the two models is more or less

10 constant in all sections in the tower, with those of QULA lgeliargest. In the Mono Bucket the difference between the two
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Figure 21. The ratio of the ultimate loads of QULA to those of Flex5 for load case 6.1 sealions in the tower and Mono Bucket.

models increases a little just below still water level du¢h® missing Wheeler stretching in QULA. However, at the seh be
the ratio is 0.99.

5 Conclusion

A model, QULA, to make fast linear response calculationseffoundation and tower of an offshore wind turbine has been
presented. The model solves the equation of motion in tlgriéecy domain and uses precalculated aerodynamic forces an
damping as function of the wind speed. Two methods to caietie aerodynamic damping to be used in QULA were presented.
One based on decay tests calculated in Flex5 and one whetargle¢ was to have the same standard deviation of the tower
top displacement in Flex5 and QuLA. The damping based onydests gave the most correct results.

To investiagte the performance of QULA the model was contbir&lex5. The shape function and the first natural frequency
of the two models are very close to be identical.

In the fatigue analysis for the tower, the ratio of the eqginaforces of QULA to those of Flex5 was found to be 0.95, whil
the excitation of the second structural frequency in Fleedults in larger difference in the Mono Bucket. At the sea thed
equivalent forces of QULA are smallest with a ratio of 0.7n€idering the equivalent moments, which is often more irgray
the values of QULA varies with a ratio between 0.95 and 1.GBdse of Flex5.

In the ultimate load analysis, the ratio of both ultimatecEs and moments varies between 0.98 and 1.04 in most sections
This difference is due to differences in the dynamic respaighe two models and shows that for ULS not only the extreme
waves but also the dynamics of the structure is importar®WL, though, the missing Wheeler stretching in QULA, resuits i
much smaller ultimate forces. This difference could be iopd by including Wheeler stretching in the model, which tjiou

would decrease the computational speed of the model.
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The proposed model of this paper presents a fast model witld gocuracy, especially for the sectional moments. The
analysis indicates that in the early stage of the designgphasimple dynamic model can be used in the iterative process
to make a preliminary design of the foundation and wind tuebiower. After this, a full aeroelastic model can be used to
verify the design and optimize it further. Combined use adist ind an accurate model might even be applied to enhasce thi

5 optimization further.
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