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ABSTRACT
During single blade installation in offshore wind farms, rel-

ative motion between nacelle and blade root due to wind and
wave excitation pose a significant challenge. Wave excitation
can be modelled considerably well by employing state-of-the-
art simulation tools and can, therefore, be included in installa-
tion planning. Other phenomena, such as flow-induced vibra-
tions are hard to capture and hence challenging to account for
when defining installation procedures and limitations. Here, we
present measurements conducted during the installation of an
offshore wind farm consisting of multi-megawatt turbines in-

∗Address all correspondence to this author.

stalled on monopile foundations in the North Sea. A custom-
built sensor capturing linear & angular acceleration and GPS-
data was deployed atop the nacelle. Both partially and fully
assembled turbines displayed complex oscillation orbits, swiftly
changing amplitude and direction. Mean nacelle deflection cor-
related strongly with significant wave height as well as mean
wind speed. As wind speed and significant wave height showed
a strong correlation as well, it is difficult to discern which load
drives the observed relative motions. While wind loads are sig-
nificantly smaller than wave loads on partially assembled tur-
bines under installation conditions, additional momentum in-
duced by vortex shedding may prove sufficient to cause the ob-
served effects.
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INTRODUCTION
The increasing demand for electricity coinciding with the

transformation towards a carbon-neutral energy supply as well
as the mature state of wind energy conversion technology has
spurred an increase in offshore wind turbine (OWT) installation
and subsequently resulted in ever growing OWTs. Larger wind
turbines convert more energy per unit rotation as well as per in-
stalled turbine and thus are the main drivers to reduce the lev-
elised cost of electricity (LCoE).

However, increasing turbines in size and mass as well as
placing them offshore comes at a cost: Most OWTs are installed
by jack up vessels or barges, commonly referred to as instal-
lation jack-up units (IJUs). Prior to installation the turbines or
their components are loaded onto the IJU. Larger turbines re-
quire more vessel traffic between installation site and base port
per installed offshore wind farm as with an increase in size, less
turbines fit on one IJU. Additionally, the increase in size (mainly
rotor diameter) complicates offshore installation. Except for rare
concept cases, where the complete OWT is pre-assembled on-
shore and then transported as a whole to the installation site,
OWTs are usually installed consecutively. Upon arrival at the
installation site, the IJU jacks up, connects to the already in-
stalled transition piece (TP) and begins the installation by lifting
the tower onto the TP. After tower installation, the nacelle, con-
taining the drive train of the turbine is installed. Depending on
the size of the OWT different options are possible for blade in-
stallation. For a rotor star installation, blades are pre-assembled
with the rotor hub in the base port and, once the nacelle has been
installed, the blade-hub assembly is lifted to nacelle height and
installed. A derivative of the rotor-star installation is the bunny
ear installation. Here, only two blades are pre-assembled with
the hub and once the hub has been installed, the third blade fol-
lows. For larger turbines, these processes are no longer feasible.
Instead, installations are carried out in a single blade installation
process, where the hub is pre-installed on the nacelle and the
blades are consecutively lifted and installed to the hub.

The combination of tower, nacelle and hub is sometimes re-
ferred to as a hammer configuration. Within the scope of this
paper, the acronym TNH (tower-nacelle-hub-assembly) will be
used to address the partially installed OWT.

While single blade installation allows for almost arbitrarily
large blades, the installation process is sensitive to relative mo-
tion between rotor hub and the blade root. The large number
of bolts that connect the blade to the hub require precise move-
ments of the blade root during the mating process. Uncontrolled
relative motions can severely disturb these operations, leading
in turn to heavy delays and may thus increase installation costs
significantly.

Relative motion between blade root and the rotor hub can
have multiple causes:

- wave induced oscillations of the TNH

- wind induced oscillations of the TNH
- wind induced movements of the blade lifting device
- crane or human induced movements of the blade and the

blade lifting device

Wave induced loads and thus deflections of the TNH make
up the larger part of overall loads and thus are to be expected to
cause most of the oscillations experienced by the TNH. In wave
loads, the two most important parameters are the significant wave
height HS and a parameter that describes wave periods, for ex-
ample the wave peak period TP. In soft-hard OWTs, the first
eigenfrequency and TP are in close vicinity. Wave loads can be
modelled fairly accurately by using potential theory, a variety of
wave models and the Morison equation [1].

Wind induced loads are naturally much lower as densities of
air and water differ roughly by a factor of 800. When designing
OWTs, wind loads are usually split into two components: static
loads and an additional dynamic component. However transient,
aerodynamically induced vibrations are fairly complex and hard
to account for as they are notoriously non-linear and dependent
on a multitude of parameters, such as surface roughness, turbu-
lence intensity, Reynolds number and mechanical properties of
the structures involved. Vortex-induced vibrations are associated
with a lock-in state, where the oscillation frequency and the vor-
tex shedding frequency align, leading to large harmonic oscillat-
ing forces perpendicular to wind direction. This effect gained
popularity as it caused the collapse of multiple large structures.
Galloping and buffeting are both phenomena associated with ad-
ditional transient forces with both lateral and streamwise compo-
nents. While vortex-induced vibrations usually occur over longer
periods of time (minutes to hours), buffeting and galloping can
occur on smaller time scales. Standards and guidelines, such as
EN-1991-1:2005 [2] account for these phenomena by two differ-
ent engineering models, which can be used to account for vortex-
induced vibrations when designing structures. However, these
models are limited in their ability to predict these phenomena. It
remains a key challenge to adequately capture these effects over
a broad range of engineering applications.

While structures such as circular towers (in many cases sim-
ple cylinders even with a constant diameter) are prone to vortex-
induced vibrations, blades and blade-lifting devices do not neces-
sarily exhibit comparable phenomena during installation. How-
ever, due to complex geometries involved and the blade-lifting
device being in essence a chaotic pendulum dangling from the
crane, it is equally hard to correctly predict the behaviour during
installation under wind loading. A few efforts have been under-
taken to tackle this, e.g. [3–7].

Crane operations are conducted by humans and are thus sub-
ject to overcompensation and miscommunications between crane
operator and installation crew. In installation planning this is usu-
ally accounted for by assuming a certain learning curve of per-
sonnel involved and thus an increased speed in installation time
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Figure 1: SET UP OF A TYPICAL OFFSHORE WIND TURBINE INSTALLATION AND THE DIFFERENT FORCES INVOLVED.
BLD = BLADE LIFTING DEVICE. TP = TRANSITION PIECE.

per OWT.

A number of approaches have been developed to reduce
oscillations occurring in OWTs both theoretically as well as
tested in the field. Aerodynamic means include various forms of
strakes and fairings. To mitigate oscillations mechanically, vari-
ous forms of damping devices have been investigated [8–16].

Within this paper we present measurements of TNH oscilla-
tions, captured during installation operations of an offshore wind
farm in the North Sea. Using a custom build measuring device,
we recorded oscillations over a broad range of metocean con-
ditions. We give a first description of oscillations encountered.
This contribution is meant to be a starting point for tackling chal-
lenges arising from oscillations of offshore wind turbines during
installation.

DATA AND METHODS

The offshore wind turbines are multi-megawatt upwind tur-
bines, installed in the North Sea. A total of 14 OWTs installa-
tions were monitored using the measuring device. The OWTs are
of soft-hard type, resulting in eigenfrequency and wave peak pe-
riod TP being in close vicinity. The hub height is approximately
35 rT , monopile diameter is 2 rT and rotor radius is approxi-

mately 51 rT , where rT is the tower radius 1. The eigenfrequency
of the TNH is approximately fE = 0.23 Hz depending on water
depth. The structural damping of the turbines is approximately
0.3%. Installation was carried out by utilizing a jack up vessel
with a crane and storage capabilities for numerous offshore wind
turbines. Foundations and transition pieces of the OWT were in-
stalled prior to OWT installation. Each installation includes in
a consecutive manner the tower, the nacelle-hub assembly and
each of the three blades. For each component specialized lifting
devices are used. The blade lifting device has an overall length
of 38 m, weighs approximately 60 t (without the blade) and in-
cludes hydraulics to securely grab the blade. For each blade, the
blade lifting device is hooked to the crane of the IJU, directed to
the blade rack to pick up a blade and finally lifted to hub height.
Tuglines attached to the blade lifting device are used to carefully
steer the blade root into the hub flange. A guiding pin is used to
help the mating of blade root and flange. After a minimum num-
ber of bolts are secured, the blade lifting device is disengaged
from the blade and returned to its grillage.

1To comply with OEM IP restrictions on turbine design, no units on the tur-
bine’s dimensions are given.
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Metocean Data
Environmental data was gathered by two different means:

Aboard the IJU, a state-of-the-art Light detection and ranging
device (LIDAR; WindCube, Leosphere, Orsay, France) system
measured wind velocity at different heights, providing detailed
wind field measurements. The measuring frequency of the LI-
DAR was 1 Hz. A wave buoy (Datawell Waverider, Datawell
BV, Haarlem, The Netherlands), placed in the vicinity of the in-
stallation site (distance < 5 km, sampling frequency 5.12 Hz)
recorded the sea state and provided sea state statistics for periods
of 30 minutes. The wave buoy directly reported metocean pa-
rameters, such as wave peak period TP, significant wave height
HS and wave spreading S, the wave directional divergence angle
at the peak frequency ( fP = T−1

P ). To enable data comparison,
data was re-sampled to a period of 10 minutes. Wave data re-
sampling (up-sampling as the wave buoy sample return periods
were the longest) was done by employing a forward-fill method,
replacing missing values from preceding sea states. For down-
sampling an arithmetic mean of a sampling window of 10 min-
utes was used. All parameters denoted with a subscript of 10 -
for example HS10 or TP10 - refer to the 10 minute mean of the
corresponding parameter.

As the wave buoy only delivers discreetly modelled values
for the wave peak period TP, the wave zero up-crossing period TZ
is used to calculate TP. Under the assumption of a JONSWAP-
spectrum and a peak enhancement factor of 3.3, TP can be calcu-
lated by:

TP = 1.28 ·TZ . (1)

Measurements
Measurements were conducted by installing a measuring de-

vice on the helicopter hoist platform of each nacelle during the
offshore wind farm installation.

The measuring device was custom built to ensure the re-
quired sensitivity and to allow for different types of sensors; lin-
ear acceleration, linear angular momentum and magnetic field
were captured by a 9-degrees-of-freedom inertial measurement
unit (LSM9DF1, STMicroelectronics) at a sampling frequency
of 30 Hz. Resolution of the linear acceleration sensor was set
to ± 8 g, where g corresponds to earth’s gravitational accelera-
tion. A GPS Sensor (GP-20U7) allowed for accurate temporal
time-stamping as well as tracking of crane operations via GPS
altitude and coordinates. Figure 2 shows the device installed on
the nacelle as well as a close up with the device open.

A microcontroller (ESP32, running a custom firmware)
fused the incoming data and using the GPS signal as well as the
microprocessors internal real time clock, millisecond accuracy
of measurements was achieved. Data was stored on a regular

Figure 2: THE MEASURING DEVICE. LEFT HAND SIDE:
ATOP THE NACELLE, STRAPPED TO THE HELICOPTER
HOISTING PLATFORM. RIGHT HAND SIDE: DEVICE
WITH LID OPEN, EXPOSING BATTERY AND ELECTRON-
ICS.

Figure 3: EXEMPLARY TIME SERIES RECORDED WITH
THE MEASURING DEVICE FOR THE X (FORE-AFT) AND
Z (SIDE-SIDE) COMPONENTS. BLUE LINES: RAW DATA.
ORANGE LINES: RESAMPLED AND FILTERED DATA.

micro-SD card and between each installation, data was secured
and stored on a server.

Post-Processing, Integration and Data availability
In order to calculate the occurring deflections due to tower

oscillations, accelerations were integrated twice. To ensure nu-
merical stability, accelerations were first re-sampled to a con-
stant time interval of 33 ms by employing forward-fill method,
where preceding values are interpolated to a constant time step-
ping. This is necessary, as operations on the microcontroller of
the measurement device caused minuscule time delays and thus
could lead to non-constant time steps in the order of millisec-
onds in the data. We used a butterworth bandpass filter of 3rd
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(a) (b)

Figure 4: EXAMPLE OF AN OSCILLATION ORBIT IN THE FORE-AFT-LATERAL PLANE OF THE OWT (a). THE INSTAN-
TANEOUS DEFLECTION D IS SHOWN BY THE RED ARROW IN (a) AND CORRESPONDS TO THE MAGNITUDE OF THE
INSTANTANEOUS POSITION VECTOR. PLOTTING DEFLECTION OVER TIME YIELDS FIGURE (b).

order with lower and upper cut off frequencies set to 0.1 Hz and
1 Hz respectively. The cut off frequencies were chosen as it is
assumed, that occurring oscillations would coinciding with the
TNH eigenfrequency of approximately 0.23 Hz. Filtered accel-
erations were then integrated twice by applying the second order
trapezoidal rule. Filtering was necessary, as very low and very
high frequency signal components lead to instabilities in the nu-
merical integration. All numerical operations were implemented
in python3 utilizing the numerical library numpy as well as the
data science framework pandas.

Numerical integration yielded both velocity V(t) and posi-
tion X(t) of the measuring device. Plotting the instantaneous po-
sition of the measuring device in the fore-aft and side-side plane
results in an orbit of the tower oscillation. Figure 4a depicts an
exemplary orbit. As an indicator for the intensity of TNH oscil-
lation, the magnitude D of the instantaneous position X(t) pro-
jected onto the oscillation plane was calculated (see Figure 4 for
a graphical representation):

D(t) =
√

x(t)2 + z(t)2 (2)

where x(t) and z(t) are the instantaneous positions in the
fore-aft and side-side direction, respectively. The y-component
of the positional vector was neglected as it is rather small and the
reduction in hub height due to the component is negligible. D(t)
corresponds to the absolute distance the nacelle sways from it’s
original position independent of direction. Applying a temporal
average over a time window of 10 minutes and applying normal-
isation by tower radius r results in the parameter d10, such that:

d10 =
D10

rT
(3)

where D10 is the 10 minute mean of the instantaneous deflec-
tion X and r is the mean tower radius of the OWT. As a means to
reduce parameter dependency, linear regressions were calculated
for d10 as functions of significant wave height HS and wind speed
(U) respectively:

d10 = a1 +b1 ·HS (4)

d10 = a2 +b2 ·U (5)

where a1, b1, a2 and b2 are estimated using linear regression.
Plotting this ratio over other parameters, such as wind veloc-

ity U or peak period TP yields an estimate as to which parameters
might have additional influence onto tower deflection and thus
causing non-linear behaviour.

Approximately 53 days and 19 hours of data were recorded,
amounting to 1.53 × 108 datapoints which result in 1.1 × 106

recorded oscillation cycles. To account for unknown effects due
to the added mass, aerodynamic damping or excitation of the
blades only data between the finished installation of the nacelle
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Figure 5: METOCEAN DATA FOR THE RECORDED DATA.

and the beginning of the first blade installation was selected from
the raw data. This resulted in a total of 11 days and 10 hours
(8.1 ·107 data points and 5.91 ·105 oscillation cycles) of data.

RESULTS
Figure 5a shows the sea states for the recorded installation

times while Figure 5b depicts a scatter diagram for wind speed
and wave height. Here a linear function is fitted using linear
regression as well.

To gain insight into the behaviour of the turbines during in-
stallation, scatter diagrams are shown in Figure 6. A clear corre-
lation between the 10 minute mean deflection (d10, unit % tower
radius rT ) and significant wave height (HS10) can be observed
(Figure 6a). Even for shallow waves (HS10 < 0.75 m) mean de-
flections reach values slightly below 4 % tower radius. Experi-
ence gained throughout the installation of the offshore wind farm
showed, that blade installation becomes significantly harder to
accomplish at sustained values of d10 > 2.5 %. For significant
wave heights HS10 > 2 m, all measured mean deflections were
larger than 2.5 %. The maximum observed deflection of 7.3 %
occurred at a significant wave height of HS10 = 1.9 m, a peak pe-
riod of TP10 = 6 s and a wind speed of U10 = 14.4 m/s. However,
most observed values of d10 remained below 6 % of tower ra-
dius, even for significant wave heights exceeding 4 m. Applying
a linear regression, yields the following result:

d10(HS) = 1.436+1.088 ·HS (6)

The regression coefficient amounts to r2 = 0.72.

Plotting mean deflection over wind velocity, a similar pat-
tern emerges (Figure 6c). For wind speeds in excess of 15 m/s,
all observed values for d10 remain above 2.5 % tower radius, thus
reducing the likelihood of successful blade installation signifi-
cantly. At wind speeds of 6.8 m/s a sudden increase in mean
deflection can be observed. For wind speed below 6.8 m/s, min-
imum deflections remain constant at approximately 0.5 % tower
radius. Fitting a linear function to the data set reveals the follow-
ing relation:

d10(U) = 1.243+0.189 ·U (7)

with a regression coefficient of r2 = 0.69
Wave spreading, the deviation of the waves present in a sea

state from their mean direction, has no real influence onto ob-
served mean deflections. This is depicted in Figure 6e. Observed
values for the wave spread span an interval from 10 deg to > 50
deg.

Combining mean deflection, wave peak period and signifi-
cant wave height leads to Figure 6f. For peak periods below 4
s mean deflections are below 4 % for all observed data points.
At 4 s peak period a sudden increase in mean deflection occurs,
leading to mean deflections of d10 > 5 %. Color mapping the ob-
served mean deflection to the significant wave height shows, that
the waves coinciding with the sudden increase in mean deflec-
tions do not exceed significant wave heights of 2 m. Increasing
wave peak period coincides with higher significant wave height
while the non-linear spreading of mean deflection steadily de-
creases. For HS10 > 3.5 m, all mean deflections are above 4 %.
Only a few data points exist for waves with a long peak period
TP ≈ 8 s and significant wave heights HS ≤ 2 m. These waves are
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assumed to be swell. The largest value for d10 = 7.3 % coincides
with a peak period of TP = 6.3 s. A similar mean deflection is
observed at TP = 9 s, coinciding with large waves (HS > 3.5 m).

Assuming that the mean deflection is linearly dependent on
the significant wave height and wind speed, combining Equa-
tion 4 and Equation 6 as well as Equation 5 and Equation 7
provides means to assess this assumption. If d10/d10(HS) or
d10/d10(HS) respectively deviate from unity, a non-linear in-
crease in mean deflection is observed. Values smaller than unity
correspond to a non-linear decrease. The latter can be the case
for low wind speeds at wave peak periods > 5.5 s (Figure 6b):
here the ratio drops to values below 0.5. For wave peak periods
TP < 6.5 s and wind speed U > 6.8 m s−1, a sudden increase of
the ratio occurs - from d10 ≈ 0.25 to d10 > 0.5 with the excep-
tion of a few outliers. With increasing wind speed, the deviations
from unity of the ratio decrease. Even though long peak peri-
ods usually coincide with high values for significant wave height,
deviations from the linear model are significantly reduced. For
wind speeds between 5 m s−1 and 10 m s−1 increases in the ratio
can exceed a value of 2 leading to more than the two-fold in-
crease in mean deflection for a given significant wave height and
wind speed. However, the spreading of the ratio in the given in-
terval shows no clear correlation. Additionally, it has to be noted,
that the highest increase in the ratio coincides with wave peak pe-
riods between 3.5 s < TP < 5 s; with a period of TE = f−1

E ≈ 4.3
s, where fE is the eigenfrequency of the TNH. Within this inter-
val a dynamic response of the OWT to the wave peak period is
to be expected.

A comparable pattern emerges when swapping abscissa and
color-mapping in Figure 6d. A clear peak - with reduced width
when comparing to the previous figure - can be observed for 4
s < TP < 5 s, which is again in alignement with the eigenperiod
of the OWT. Significant wave heights within this peak are lim-
ited to HS10 ≈ 1 m. Again, as in the previous figure, the ratio
between observed mean deflection and predicted linear mean de-
flection can exceed 2. Additionally, with increasing significant
wave height and peak periods the ratio seems to converge to-
wards unity, however, spreading remains larger when compared
to Figure 6b.

DISCUSSION & CONCLUSIONS
Data and Methods

The results presented in this paper are based upon a mea-
surement device which has a number of shortcomings: sensors
are sensitive to thermal changes in the environment, which can
cause non-linear drift. However, no indicators for non-linear
noise have been identified in the data. Applying a narrow band-
pass filter to the accelerations might lead to the suppression of
low-frequency, wind-induced structural responses. But, as the
accelerations of these low-frequency wind loads are small, they
are assumed to be masked by noise in the acceleration signals

and are therefore hard to capture with MEMS-based accelera-
tion measurements. Future sensor devices could capture these
low-frequency accelerations by utilizing differential GPS, which
yields the respective spatial resolution. Additionally, it has to
be noted, that the sensor device has not undergone any certifica-
tion. Applying more advanced data fusion algorithms, such as
a Kalmann-Filter, should allow for an increase in accuracy and
more detailed data, such as heading, pitch and yaw of the device.
Simultaneous measurements at different positions during OWT
installations are needed in order to capture the behaviour of all
components involved (e.g. crane, ship, nacelle, hub, transition
piece and lifting devices). LIDAR data with a sample frequency
of 1 Hz proved to be sufficient, as this represents approximately 4
measurements per oscillation cycle. Wave data on the other hand
had to be up-sampled to match the time-averaging window of 10
minutes. As the waves have a significant impact on oscillations,
more detailed wave measurements should be conducted in future
studies. Additionally, while the LIDAR was installed aboard the
IJU during installation, the wave buoy was situated farther away.
In future experiments the wave buoy should be moved with the
IJU from installation site to installation site.

Physical Interpretation of Mean Deflection and the Im-
plications for Single Blade Installation

Experience from offshore personnel involved in the instal-
lation suggests, that single blade installation at mean deflections
d10 > 2.5 % becomes unfeasible. This is, however, a mere ob-
servation and not supported by any experimental evidence. Nev-
ertheless, a installation limit of d10 < 2.5 % would correspond
to a mean significant wave height of HS10 ≈ 1 m and a mean
wind speed of U10 ≈ 7.5 m s−1, which in turn corresponds to a
harsh installation limit for single blade installation. As waiting
times of the installation vessel cause additional costs, more work
is needed to investigate installation limits during single blade in-
stallation. Assuming a linear relation between mean deflection
and significant wave height may be an oversimplification. Never-
theless, for mean deflections caused by significant wave heights
greater than 3 m this seems to be a good estimate. Fitting a lin-
ear function to the mean deflection and mean wind speed shows
a comparable agreement. This is, of course, due to the fact that
wave height and wind speed exhibit a strong linear relationship
as well (see linear fit in Figure 5b). Swell waves can be ob-
served in Figure 6f and Figure 5a as a cluster of data points at a
value of TP10 ≈ 8 s and 1 m < HS10 < 1.5 m. The strong corre-
lation between wind speed and significant wave height make it
extremely difficult to discern between wind and wave loads with
the data presented here and further research is needed. These
should include correlations between deflection direction, wind
and wave directions as well as correlations between structural
response spectra and the spectra of metocean data to yield fur-
ther insight into the main environmental load causing the relative
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(c) (d)

(e) (f)

Figure 6: VISUALISATIONS OF THE MAIN PARAMETERS USED TO DESCRIBE THE PHENOMENON OF TNH OSCILLA-
TIONS: WAVE PEAK PERIOD TP10, SIGNIFICANT WAVE HEIGHT HS10, WIND SPEED U10, WAVE SPREADING S10 AND
MEAN DEFLECTION d10.
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Figure 7: SCATTER DIAGRAM FOR MEAN DEFLECTION
d10 NORMALISED BY THE LINEAR FIT d10(HS) OVER
WIND SPEED (AS Figure 6b) BUT WITH WAVE PEAK PE-
RIODS TP10 > 6 s REMOVED.

motions.
Dividing the mean deflection by linear functions fitted to

match all observed mean deflections to wind speed or significant
wave height eliminates the linear influence of the correspond-
ing parameter, allowing for deviations from the linear model to
emerge (Figure 6d and Figure 6b). Peak deviation from the linear
models is most prominent for peak periods between 4 s and 5.5
s and wind speeds between 5 m s−1 and 10 m s−1. However, the
presence of this combination does not necessarily lead to non-
linear increases in mean deflection. In future analysis, all three
parameters, U , HS and Tp should be regarded, as the data pre-
sented here shows a certain response of TNH deflection to peak
periods.

The abrupt - albeit small - increase of the deflection ratio
d10/d10(HS10) at wind speeds U10 > 7 m s−1 could indicate aero-
dynamic effects, even though the effect is masked by a few out-
liers. To emphasize this, Figure 7 shows the mean deflection
normalised with d10(HS) but with peak periods of TP10 > 6 s re-
moved as a few waves with long periods otherwise mask this
jump.

Assuming a Strouhal number of St = 0.2 and by using the
OWT tower diameter as a characteristic length and a wind speed
of 7 m s−1 as velocity, the estimated vortex shedding frequency
aligns with OWT eigenfrequency. This could amplify aerody-
namic effects on tower oscillation at these intermediate wind
speeds. The sudden increase in mean deflection observed in Fig-
ure 6b for relatively low significant wave heights and values of 4
s < TP10 < 5.5 s could explain why even at favourable metocean
conditions for single blade installation, installation attempts can
fail.

In future analysis, measurements from the complete instal-

lation cycle should be accounted for to answer questions such as:
how does the additional mass of the blades as well as the aerody-
namic behaviour influence oscillations and consequently relative
motion during installation? Additional excitation may occur if
for example during the installation of the second blade, the al-
ready installed blade experiences vortex shedding at an adverse
frequency. A special focus should be put onto what is causing the
failure of the single blade installation: is it simply the mean de-
flection of the TNH at hub height itself, which cannot be matched
by the blade lifting device and the crane and thus leads to failing
attempts? And, consequently, if the phenomena are understood,
what are feasible and safe ways to reduce oscillations and thus
lead to the overall reduction in LCoE for offshore wind energy?
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