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Abstract. During extreme tropical cyclones such as hurricanes and typhoons, although off-
shore wind turbines (OWTSs) are parked and feathered to mitigate loads on the turbine blades,
failures may happen to OWTs due to hurricane induced environmental loads or errors of the
control systems. In this study, attempts are made to investigate the spatial distributed charac-
teristics of hurricane induced response of OWTs considering the influence of the misalign-
ment between local wind and wave. The dynamic responses of the jacket supported OWT are
computed via implementing coupled aero-servo-hydro elastic analysis based on the hurri-
cane-related wind and wave fields. Parametric models are adopted to simulate the spatial de-
pendent turbulent wind fields and uni-directional irregular wave fields induced by hurricanes.
Based on a series of coupled aero-servo-hydro elastic analyses, the spatial distributed char-
acteristics of dynamic response such as tower-top and platform displacement, structural
stress in tower and substructure and axial force on cross-section of the legs are investigated
by comparing their maximum, mean and standard deviation values. In addition, focusing on
the points where maximum responses occur, the time history curves of response are obtained
and analyzed to illustrate their temporal characteristics.
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1 INTRODUCTION

As a widely concerned renewable energy, offshore wind energy undoubtedly provides a
solution to the environmental problems encountered in the process of energy utilization.
However, the harvest of wind resource is companied with potential risks due to extreme tropi-
cal cyclones such as typhoons and hurricanes. In southeast coastal area of China where many
offshore wind farms are located, there is a high risk that OWTs are exposed by tropical cy-
clones. From 2003 to 2008, a number of wind turbine failure cases during tropical cyclone
activities were reported and attracted the attention of some scholars [1-3]. These failure events
all happened to onshore wind turbines in the Asia-Pacific region and can be characterize as
structural failure and blade failure. According to Li’s study [3], the cause of the failures dur-
ing hurricane events are correlated with extreme wind speed, drastic change of wind direction,
intense turbulence in the inflow wind and fail of control system. During hurricane events, ex-
treme wind and waves are generated causing the bearing loads more complicated than that on
onshore wind turbines, which may lead to failures of OWTs although there is no record of
these events.

Based on the above considerations, environmental loads due to hurricanes should be con-
sidered in the design future turbines. One of the major problems in analyzing the characteris-
tics of OWT response caused by hurricanes is modelling spatio-temporal correlated wind and
wave fields. In the past few decades, some sophisticated numerical models such as
WAVEWATCH III, UMCM and SWAN [4-6] have been used to predict the wind and wave
within hurricanes based on the physics of wave generation. However, due to the high compu-
tational cost and limited resolution, these numerical models are not appreciable for the dy-
namic analysis of OWTs. To this end, some parametric models were proposed to characterize
hurricane generated wind and waves. For hurricane wind field model, Holland model [7] has
been extensively used to characterize the hurricane radial profiles due to its simplicity and
effectiveness. Some other parametric models for hurricane winds have been proposed taking
into account the effect of surface friction and storm translation [8-11]. Attempts have also
been made to provide parametric wave models generated by hurricanes [12-19]. The spatial
distributed characteristic of significant wave height and local wave directions are investigated
in these works.

Inspired by the failure cases of wind turbines reported before (although these failure events
all happened to onshore wind turbines), the control system, turbine parking strategy and blade
azimuthal configuration have vital influence on the aerodynamic load of a wind turbine. Kim
and Manuel [5] investigated the hurricane induced loads on a monopole supported 5-MW
OWT with considerations for nacelle yaw and blade pitch control and validated the most un-
favorable yaw angle during hurricanes. For OWTs supported by substructures such as jackets
and tripods, the structural bearing capacities are different when being loaded in different di-
rections. Wei et al [20] investigated the bearing capacities of a jacket supported OWT in dif-

ferent directions. The lowest loading capacity at 45° is verified based on a static nonlinear
pushover analysis of the jacket structure under wind and wave loads. Furthermore, attentions
have been paid to hurricane risk assessment of OWTs and directional effects of environmental
loads on OWTs [21-23].

In summary, the wind fields and wave fields induced by hurricanes are spatial distributed
due to the characteristics of hurricane wind and physical mechanism of wave generation.
Therefore both the amplitude and the direction of environmental loads vary with the spatial
location. Despite the studies above, limited studies have been conducted on characteristics of
hurricane induced dynamic response of jacket supported OWTs focusing on the spatial corre-
lated wind and wave fields generated by hurricanes.

2135



Bowen Jiang, Qingshan Yang, Guoqing Huang and Min Liu

2 MODELING OF WIND AND WAVE INDUCED BY HURRICANES

The dynamic responses of OWTs depend on the environmental loading which is remarka-
bly correlated with the wind fields and wave fields induced by hurricanes. However, due to
the movement and intensity variation of storm, the hurricane induced wind fields and wave
fields evolve over time. Therefore, the wind speed or the wave elevation at any specified point
can be modeled as non-stationary processes. Despite the time-varying characteristics, the
wind speed or the wave elevation can be characterized by stationary processes during a short
interval (10 min) based on the slow-change characteristic of hurricane wind fields. Thus, par-
ametric models are adopted to simulate the spatial dependent wind field and wave field during
hurricanes.

2.1 Modeling of hurricane wind

The near-surface hurricane wind field, namely the mean wind speed at height of 10 m can
be decomposed into an axisymmetric component of the storm vortex and an axially asymmet-
ric component of the surface background wind [11]. The schematic for calculation of the near-
surface hurricane wind at any specified point is shown in Figure 1. As is defined in Figure 1,
storm track is assumed to be aligned with the horizontal axis and the storm center is fixed to
the coordinate origin. r and ¢ are radial distance from storm center to observation point P

and azimuth of vector OP which is defined counter-clockwise from the horizontal axis. The
coordinate of the observation point P is (XP,YP), where Y, represents the offset distance of
point P from the storm track; X, represents the horizontal distance of point P from the storm

center O. The near-surface hurricane wind speed equals the vector sum of the component of
the storm vortex and the component of the surface background wind. Meanwhile, a decelera-
tion effect and a rotational effect are caused by the surface friction therefore the gradient wind

and background wind should be modified by reduction factor (&, and ¢, ) and rotation angle

(a and p).
U=aV +aV, (1)

Where U is the mean wind speed at height of 10 m; @, and ¢, are surface wind reduction
factor (SWRF) of gradient wind speed V, and background wind speed V,.

In the present study, the gradient wind and the background wind are converted to the sur-
face level with SWRF «, = 0.8 and ¢, =0.5. The rotation angle of background wind £ =20°

while the rotation angle of gradient wind « is given by the National Weather Service’s ex-
pression [8]

10°(1+r1/R,,),0<r <R,
a=120"+25(r/R, ~1),R, <r <1.2R, 2)
25°,r>1.2R,

Where R, is radius to maximum wind.

The value of the axisymmetric component of the storm vortex can be calculated based on
the Holland model [7].
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Where p is air density; f, =2Qsin® is the Coriolis parameter, in which Q=7.292x107

and @ is lattice; AP is central pressure deficit; B is the Holland parameter which is deter-
mined as

B VZep+ fV R ep
100AP

“4)

Where e is base of natural logarithms; V,_ is maximum mean wind speed.
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Figure 1: Schematic for calculation of the near-surface ~ Figure 2: Contour of hurricane wind field at height of

hurricane wind at any specified point 10 m
Parameters values
Latitude 30.8 deg
Storm central pressure deficit 52 mb
Radius to maximum winds 74 km
Forward movement speed 4.5 m/s
Air density 1.15 kg/m’

Table 1: Parameters of a measured hurricane

Using the hurricane wind model mentioned above, the spatial distribution of mean wind
speed at height of 10 m can be simulated according to the parameters of a measured hurricane
listed in Table 1. The contour of hurricane wind field at height of 10 m is shown in Figure 2.
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As is shown in Figure 2, due to the background wind, a peak occurs at the point where r =R
and ¢ =270".

2.2 Modeling of hurricane wave

In early studies, wind generated seas are characterized by wave spectra based on measured
data which are related with the steady wind speed over the sea [24, 25]. However, during me-
teorological forcing events such as tropical clones, hurricanes and typhoons, destructive
waves are generated by time-varying wind fields correlated with the vortex structure. To this
end, the concept of an extended fetch was proposed by Young [12-14] to reflect to the rela-
tionship between significant wave height, maximum wind velocity in the storm and velocity
of the forward movement of the storm. More recently, fetch- or duration-limited wave growth
functions [16-19] have been proposed according to the datasets from the National Aeronautics
and Space Administration (NASA) and National Oceanic and Atmospheric Administration
(NOAA) combined hurricane hunter missions during Bonnie 1998 [15, 26] and Ivan 2004
[27]. The fetch-limited wave growth function can be expressed as:

H, =8-10X104U1‘619x3~405 )
Tp =9.28x 10—2U106526X0.237

@

Where Hy is significant wave height; T, is spectral peak wave period; U, is mean wind

speed at height of 10 m; X, and x,, are effective fetch corresponding to H and T, respec-

tively.
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Figure 3: Schematic of azimuthal dependent wave di- Figure 4: Contour of significant wave height
rection

In this model, the variables X, and X, in fetch-limited wave growth function as well as the

angle between wave direction and tangential direction ¢, are azimuthal dependent as is

shown in Figure 3. In Figure 3, the storm track is assumed to be aligned with the horizontal
axis and the storm center is fixed to the coordinate origin. The detailed method to determine
these variables can be found in Hwang’s studies [18, 19]. In present study, Hwang’s model
was adopted to simulate hurricane wave field according to the hurricane wind field presented
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in Section 2.1. The spatial distributed significant wave height, spectral peak wave period and

directions of wind and waves are shown in Figures 4-6.
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Figure 6: Azimuthal dependent wind and wave direc-
tions

Figure 5: Contour of spectral peak wave period

3 NUMERICAL SIMULATION

3.1 Modeling of OC4-jacket OWT

In this study, a jacket design, namely OC4-jacket is considered to support the NREL 5-
MW baseline turbine [28, 29]. The main dimensions and properties of OC4-jacket and NREL
5-MW baseline turbine are listed in Table 2. The schematic of the OC4-jacket support struc-
ture is shown in Figure 7. As shown in Figure 7, the supporting structural system of OC4-
jacket is designed to be deployed in the site with 50-m water depth with the rotor-nacelle as-
sembly (RNA) being mounted 90 m above mean sea level (MSL). In order to realize the rigid
connection between tower and substructure, a rigid platform is employed. Moreover, the ef-
fect of nonlinear soil-pile interaction is neglected, in other words, the 4 legs of the jacket are
assumed clamped at the seabed.

To simulate the parked wind turbine during hurricanes, the turbine blades were pitched to
90 and the RNA was yawed to be aligned with the local wind direction (shown in Figure 8).
As a compromise of save computing cost, the wind turbine was assumed to be located within

the range of 0.5R ~3.0R  from the storm center.
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Figure 7: Schematic of an OC4-jacket OWT Figure 8: Schematic of nacelle yaw angle
Properties values
Rated power 5 MW
Cut in wind speed, rated wind speed, cut out wind speed 3 m/s, 11.3 m/s, 25 m/s
Rotor diameter, hub diameter 126 m, 3 m
Hub height above MSL 90 m
Deck height above MSL 16 m
Tower length 68 m
Transition-piece length 4 m
Tower-base outer diameter 6 m
Tower-base thickness 0.032m
Tower-top outer diameter 4 m
Tower-top thickness 0.03 m
RNA mass 350000 kg
Jacket mass 581256 kg
Transition piece mass 666000 kg
Tower mass 229812 kg
Structural damping ratio 1%

Table 2: Main properties of OC4-jacket and NREL 5-MW baseline turbine
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3.2 Environmental loads

The inflow wind can cause aerodynamic load on OWTs including drag and lift force on
blades and drag force on towers. With the hurricane wind field determined in Section 2.1, the
Freya wind profile and spectral model [30] were adopted to calculate the time series of inflow
wind speed at different locations. The Freoya wind profile is expressed as

0(2)=U,y (1+0.0573,1+U, )n(2/H ) (6)

— M ref

Where T (z) is mean wind speed at height z ; U, is the 1-hour mean wind speed at H
H, =10m.

The Froya spectral model was developed for neutral conditions over water in the Norwe-

gian Sea. It can be expressed as
U 2 045
320(1'0”j (120)
(f)=

ref >

S, — (7
(1+ f”)3“
Where n=0.468 and
£ Z » Uref o
f=172f| = 8)
10 10

In practice, blade element momentum (BEM) theory is one of most commonly used meth-
ods for calculating aerodynamic load on wind turbine blades. According to this method, two-
dimensional airfoil tables of lift and drag coefficient are included as a function of the angle of
attack, thus a set of equations can be iteratively solved for the induced velocities on each
blade element. For parked turbines, the rotor wake/induction effects can be ignored. Thus, the
aerodynamic load on blades and tower can be directly calculated based on the tables of lift
and drag coefficient and instantaneous inflow wind speed.

The hydrodynamic load on OWTs is related to local wave kinematics. The linear Airy
wave theory [31] is used to predict the kinematics of two-dimensional waves of small height
in deep water. In order to reflect the stochasticity of sea states, irregular waves can be mod-
elled as the linear superposition of sinusoidal wave components. Thus, the distribution of
wave energy at different frequencies is characterized by specifying a wave spectrum. For a
developing sea, the JONSWAP (the Joint North Sea Wave Project) spectrum was proposed
and adopted by IEC standard [25, 32]. The IEC JONSWAP spectrum is expressed as

[:1}2

- ~ exp —OASPT

(1) t)

S5 (1)=03125HIT, | — | exp| 125\ — | |(1-0287Iny)y ©)
p p

Where Sy (f) is IEC JONSWAP spectrum; f
f,=1/T,; 0=0.07 for f <f

p b

o is spectral peak wave frequency,

o> 0=0.09 for f>f ; y is peak-shape parameter:
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Based on the wave kinematics determined by JONSWAP spectrum as a function of signifi-
cant wave height H and spectral peak wave period T, the wave force on slender members

can be calculated by Morison’s equation [33]

D? du D?
D (e, -1)p, "

f,="f,+f =%CD,0WD(UX—)'<)|UX—X|+CM,0W X (1)

Where f,, is hydrodynamic force of a small size cylinder per unit length; f, and f, are
the inertia force and drag force per unit length; C,, and C, are the inertia coefficient and
drag coefficient; u, is the horizontal velocity component of water particle; p,, is water densi-
ty; D is the diameter of cylinder; du, /dt is the horizontal acceleration component of water

particle; X and X are the horizontal velocity component and horizontal acceleration compo-
nent of the cylinder.

3.3 Dynamic analysis

The structural response of OWTs subjected to simultaneous wind and wave is nonlinear
and influenced by the interaction of aerodynamic, hydrodynamic, structural, operational, and
geotechnical effects. The open-source software for turbine dynamic simulation, FAST [34],
developed at National Renewable Energy Laboratory (NREL) are used in calculating the
structural response of OWTs subjected to simultaneous wind and wave, where aerodynamic
load and hydrodynamic load are obtained as described in previous steps. In this case, six 700-
s simulations were conducted assuming that the OWT is located in different positions within
the range of 0.5R ~3.0R from the storm center with the first 100 s of dynamic responses
removed.

Through numerical calculation, the maximum, mean, and standard deviation values of dy-
namic responses in key components were extracted. To reveal spatial distributed characteris-
tics of dynamic response, the contour of maximum dynamic responses with respect to
normalized spatial coordinates X /R, and Y/R, were obtained and analyzed.

Assuming that the storm intensity and the forward movement speed of the storm remains
constant, the spatial distributed hurricane wind and wave field can be converted to time vary-
ing hurricane wind and wave field. As the storm track is aligned with the horizontal axis and
the storm center is fixed to the coordinate origin, the observation point P moves in the nega-
tive direction of the horizontal axis with an offset distance Y, . Thus, the time series of mean

wind speed, significant wave height and maximum value of dynamic response can be ob-
tained by extracting points from contours of dynamic response on line Y =Y, It should be

noticed that Y is offset distance of the point where maximum response occurs (Fig 9 (a)).

Pmax *

P max
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4 RESULTS AND ANALYSIS

4.1 Tower-top and platform displacement

Figure 9 shows contours of maximum, mean and standard deviation value of tower-top
displacement and platform displacement. In Figs 9 (a-f), d d Orgrp > d
d and d,gp stand for maximum tower-top displacement, mean tower-top displacement,
standard deviation of tower-top displacement, maximum platform displacement, mean plat-
form displacement and standard deviation of platform displacement respectively. As is shown
in Figure 9 (c-d), being the reflection of hurricane wind field, d; . and d have almost
dTSTD > d

similar characteristic in spatial distribution: the maximum value locates at the same point

Tmax ° T mean ° Pmax °

P mean

P mean

the same characteristic in spatial distribution. In addition, d and d, have

T max ° Pmax >

where r=R_ and ¢ =255". The point of maximum displacement has an offset distance
YPmax

displacement and platform displacement. Apart from the mean response determined by mean
wind load, the azimuth of the maximum response is affected by dynamic response which is
related to dynamic loads and structural resistance.

The time history of normalized mean wind speed U

=—71.48 . This is mainly because aerodynamic load has dominant effect on tower-top

10> significant wave height H and

maximum displacement d__ at the point of maximum displacement are shown in Figure 10.

X

From Figure 10, the maximum displacement occurs near the eyewall after the wind speed
reaches the peak value. In addition, similar to the time history curve of mean wind speed, the
time history curve of maximum displacement shows unimodal characteristic. However, even
if the aerodynamic load has dominant effect on tower-top displacement and platform dis-
placement, the time history curve of maximum displacement is asymmetric while the time
history curve of mean wind speed is of high symmetry due to the low forward movement
speed of the storm. This phenomenon is correlated with non-axisymmetry of supporting sub-
structure and temporal correlated wind-wave misalignment angle.
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Figure 9: Contours of maximum, mean and standard deviation value of tower-top displacement and platform
displacement
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Figure 10: Time history of normalized mean wind speed, significant wave height and maximum displacement

4.2  Stress in tower and substructure
Contours of maximum normal stress and maximum shear stress in tower and substructure
are shown in Figure 11 (a-d). In Figure 11 (a-d), 070> Onymax> Ostmax aNd Oy, Stand for

maximum tower normal stress, maximum normal stress in substructure, maximum tower
shear stress, maximum shear stress in substructure respectively. From Figure 11 (a-d), the dis-
tribution characteristic of o, . and o . are similar to those of d; . . However, o, .

T max

and oy, ., show different characteristic in spatial distribution. The maximum value of oy ..

and oy, . can be found at the point where r =R and ¢ =285". This point is almost coinci-

dent with the point where maximum significant wave height occurs. Meanwhile, another peak
of oy, and oy, .. locates near the point where maximum value of d; , occurs. Therefore,

conclusion can be made that the maximum values of o, .. and o, . should be attributed
to hydrodynamic load while the maximum values of o; .. and og .. should be attributed
to aecrodynamic load.

(@Maximum value (MPa) (@Maximum value (MPa)
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Figure 11: Contours of maximum normal stress and maximum shear stress in tower and substructure

According to the same method above, we can obtain the time history curves of normalized
maximum normal stress o, and normalized maximum shear stress oy, . at the points
where maximum values occur (shown in Figures 12-13). It should be noted that the maximum
normal stress and maximum shear stress do not locate at the same point. Thus, the time histo-
ry curves of normalized mean wind speed U, and significant wave height H, at correspond-
ing points are shown in Figures 12-13. As Figures 12-13 show, the time history curves of
normalized maximum normal stress o, and normalized maximum shear stress o, are
bimodal with the maximum values occur before the arrival of minimum distance to storm cen-

ter. With the intensity of hydrodynamic loads at their maximum values, the points of maxi-
mum response coincide with the points of maximum significant wave height.
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Figure 12: Time history of normalized mean wind speed, significant wave height and maximum normal stress
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Figure 13: Time history of normalized mean wind speed, significant wave height and maximum shear stress

4.3  Uplift and downward axial force on legs

A part from the failure induced by excessive displacement and structural stress, the ulti-
mate limit state of an OWT can also be determined by foundation uplift and yielding of un-
derlying soil. Therefore, the contours of maximum uplift axial force N, . and downward
axial force N on legs were checked (shown in Figure 14). From Figure 14 (a-b), the dis-

D max
tribution characteristic of N, . and N, . are same as those of o, and o, . except
that the maximum values of N, and N _  locate at the same point.
@Maximum value (kN) (@Maximum value (kN)
3 R 5 S 5000 3 =
13000
i 12000
L 11000
Ll 10000
1000 i
o 8000
-1000 7000
-2000

(a) N (b) N

U max D max

Figure 14: Contours of maximum uplift axial force and downward axial force on legs

The time history of normalized maximum uplift axial force N, and downward axial
force N, .. atthe points where maximum values occur are shown in Figure 15. From Figure
15, the time history of normalized maximum uplift axial force N, and downward axial
force N, .. are bimodal in shape with the maximum values occur before the arrival of mini-
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mum distance to storm center. Except for the specific value, the time history curve of N
shows the same trend as that of N

U max

U max *

e
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<
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L 1 | | 1 1 | I 1
O'0 2 4 6 8 10 12 14 16 18 20

Time (h)

Figure 15: Time history of normalized mean wind speed, significant wave height, maximum uplift axial force
and maximum downward axial force

5 CONCLUSIONS

In this paper, a series of coupled aero-servo-hydro elastic analyses have been conducted to
investigate the spatial distributed characteristics of hurricane induced response of OWTs , by
checking the tower-top and tower base displacement, normal stress and shear stress in tower
and substructure , uplift and downward axial force of legs, etc. From this study, the following
conclusions can be drawn:

(1) As tower-top and platform displacement are dominated by aerodynamic load, the spa-
tial distribution and time history curve of maximum displacement show similar character-
istics as mean wind speed. The maximum displacement occurs near the eyewall where the
time history curve of maximum displacement shows unimodal characteristic. Moreover, time
history curve shows that the maximum displacement occurs before the arrival of minimum
distance to storm center.

(2) For structural stress, the spatial distributions of maximum normal stress and shear stress
in tower show different characteristics from those in substructure. The spatial distributions of
maximum normal stress and shear stress in tower are similar to those of maximum tower-top
displacement while the maximum normal stress and shear stress in substructure can be found
at the point near the point of maximum significant wave height. Besides, even if the time his-
tory curves of mean wind speed and significant wave height are unimodal in shape, the time
history curves of normalized maximum normal stress and normalized maximum shear stress
are bimodal with the maximum values occur before the arrival of minimum distance to storm
center

(3) Being dominantly affected by hydrodynamic load, the spatial distributions of maxi-
mum uplift axial force and downward axial force share the same characteristic with those of
maximum normal stress and shear stress in substructure. In addition, the time history curves
of normalized maximum uplift axial force and downward axial force are bimodal in shape
with the maximum values occur before the arrival of minimum distance to storm center.
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