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Abstract: The presented work was realized within the framework of the AQUILO project, aiming to create the base of knowledge for pro-
spective future investments in offshore wind energy on the Baltic Sea. The presented part of the work is focused on the expe-
rimental validation of numerical method of evaluation of the wave-induced forces on the bottom-mounted support structure
of the offshore wind turbine. The experimental setup and measurement equipment, including in-house developed 6-DOF (six
freedom) dynamometer, are described. Comparison of performance of different methods of evaluation of wave loads for wide
range of parameters is presented. The results of experiments and numerical analyses are consistent; the largest discrepancy
occurred at lowest wave frequencies, i.e., largest wave lengths. This may result from increased relative error of measurements
for long waves in a relatively short tank.
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Streszczenie: Prezentowana praca zostata wykonana w ramach projektu AQUILO, majacego na celu stworzenie bazy wiedzy dla przysztych,
potencjalnych inwestycji w energetyke wiatrowa na akwenach Morza Battyckiego. W prezentowanej pracy wykonano em-
piryczng walidacje numerycznej metody wyznaczania obcigzen falowych dziatajgcych na konstrukcje wsporczg morskiej
elektrowni wiatrowej. Przedstawiono i opisano fizyczny model doswiadczalny oraz urzadzenia pomiarowe, wtgcznie z wyko-
nanym dla tego zadania dynamometrem o szesciu stopniach swobody (6 DOF). Zaprezentowano poréwnanie wynikéw ob-
cigzen wywotanych falowaniem, otrzymanych r6znymi metodami, dla szerokiego zakresu zmiennosci parametrow falowania.
Wyniki uzyskane z przeprowadzonych doswiadczen oraz wyniki otrzymane z modelu numerycznego wykazujg zadowalajaca
zgodnos¢; najwieksze rozbieznosci wystapity dla czestotliwosci najnizszych, tj. dla fal najdtuzszych. Przyczyne tych rozbiezno-
Sci mozna ttumaczy¢ wzrostem wzglednego btedu pomiarowego dla bardzo dtugich fal w stosunkowo krétkim basenie

Stowa kluczowe: petnomorskie konstrukcje wsporcze, obcigzenia falowe, eksperymenty w basenie modelowym

Introduction bines (OWTs) may seem straightforward due to simplicity of

shape of analysed structure and simple experimental setup.
Experimental evaluation of the wave-induced forces on the However, interpretation of the results of experimental analy-
support structures of bottom-mounted offshore wind tur- ses, although free from simplifications of the mathematical
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flow models, can be problematic due to unrecognized scale
effect. A simple semi-empirical method for evaluation of wave
loads, based on Morison equation [1], is still the most common
and most reliable method for evaluation of wave loads. The
unquestionable advantage of the experiment is, however, the
possibility of validation of numerical models.

In this paper, the applicability of diffraction theory for evalu-
ation of wave loads on the bottom-mounted OWT support
structure of tripod type was verified. The importance of diffrac-
tion effects for this structure is not obvious. Considering the
accepted criterion for using the diffraction theory (mD/L>0.5,
where D is the member diameter and L is the wave length,
[2]), single members of the structure fall into this category
for shorter harmonics of the wind wave spectra (in presented
analysis, the value of this factor varied between 0.05 and 0.7).
However, in Fig.1 and Fig.2, it can be seen that reducing the
bottom part of the structure to independent slender members
is too crude. The flow model based on diffraction theory does
not consider the viscous drag, which makes it invalid for some
cases; moreover, the scale effects does not occur in the results.
The presented analysis allows checking the validity of diffrac-
tion theory for predictions of wave loads on selected type of
support structure and assesses the importance of viscous ef-
fects.

The comparative experimental analyses in the paper included
the measurements for both regular and irregular waves. As a
summary, complete comparative analysis is presented.

Overview of the analyses

The evaluation of wave loads was carried out for the bottom-
mounted offshore wind turbine of tripod type, presented in
Fig.1. The design water depth is 60 m. The geometry does not
represent an existing structure; it was designed for the AQUI-
LO project, considering typical shapes of existing tripods and
feasibility of manufacturing the physical model. Because the
wave loads and wind loads are not coupled in case of bottom-
mounted OWT support structures, it is possible to analyse the
hydrodynamic loads separately. For that reason, the OWT ro-
tor was not present in the analyses.

Experimental analyses

Measurements of the wave loads for the tripod were carried
out in the auxiliary towing tank of Centrum Techniki Okre-
towej S.A. (65 m x 7 m x 3 m) for three wave directions (Fig.
5). The wave direction was changed by rotating the analysed
structure. The model scale was 1:40, i.e., the design water
depth in model scale is 1.5 m. For each direction, the following
cases were analysed:

+ series of regular waves of 3 cm height, covering entire ran-

ge of frequency possible to achieve in the towing tank;
+ series of regular waves of 1cm, the same frequencies;

Fig.1. Complete OWT
—scheme

Fig.2. OWT supporting tripod —side view

¢+ three irregular waves corresponding to storms in Baltic
Sea of the return period of 1 year, 10 years, and 50 years,
respectively.

The selection of wave heights for experimental analyses re-
quired a trade-off between the agreement with linear wave
theory and signal-to-noise ratio. Two wave heights were used;
the higher one gets closer to Stokes waves at higher frequen-
cies, while for the smaller one, the results were expected to be
somewhat noisy due to low values of measured forces. Execut-
ing the measurements for two wave heights allowed for im-
proved control of the reliability of the results.

Although the auxiliary towing tank allows for changing the
water depth from o to 3 m, in case of measurements in waves,
the water depth must be set to optimum value from the point
of view of wave maker capability (about 3 m). The water depth
in the measurements does not correspond exactly to the de-
sign water depth.

The measured quantities were:
¢ reaction of the support structure foundation - 6 compo-
nents (in this study, only the horizontal force in the wave
direction was analysed);
+ wave elevation near the analysed structure

Numerical analyses

The computational analyses were carried out with AN-
SYS AQWA software, based on diffraction theory ([4], [5]).
The computations in AQWA were done for three depths of
water, corresponding to design depth, infinite depth, and
the depth corresponding exactly to the measurement con-
ditions in the towing tank. Two directions of waves were
considered -1 and 2, according to Fig. 5. The computations
based on diffraction theory were carried out only in fre-
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quency domain, which corresponds to measurements for
series of regular waves.

Environmental conditions

The predictions of wave loads for the tripod were done for
storm conditions in the Baltic Sea; three significant wave
heights were considered, corresponding to the storm return
period of 1 year, 10 years, and 50 years, respectively [6]. For the
experiment, the wave conditions are idealised by assuming
JONSWAP energy spectra. Parameters of the idealised wave
spectra are listed in Tab. 1. Comparison of the experimental re-
sults with numerical results for irregular waves was done only
for the highest wave, i.e., 50-year storm.

The spectral density of the wave energy for three considered
conditions is presented in Fig. 3.

The analysis in regular waves was carried out to evaluate the
transfer functions; this means the wave height must be mini-
mized so as not to maintain the validity of the assumptions of
linear wave theory. However, the wave height should be large
enough to achieve sufficient signal to noise ratio. It was decid-
ed to use two heights of regular waves -3 cm and1cm.

Experimental setup
Installation

The depth of the towing tank does not correspond to actual
design water depth for the analysed structure due to limita-
tions of the wavemaker operability (the towing tank depth
is 3 m, while the scaled design water depth for the tripod is
1.5 m). Location of the model relative to the free surface was
then adjusted by using additional support structure mounted
to the bottom of the towing tank (Fig. 4). Difference in water
depth results in incorrect modelling of the wave kinematics;
the proposed method of model tests is a necessary compro-
mise, resulting from the limitations of the testing facility. To
minimize the vertical motion of water particles near the tri-
pod foundation, a circular flat plate was mounted below the
model. The model is in the middle of the towing tank length.
Analysed wave directions are presented in Fig. 5.

Measurement equipment

The wave elevation during the experiment was measured with
a standard resistance wave probe.

To measure the foundation reaction, a specialized waterproof
6-DOF dynamometer was designed and manufactured in CTO
S.A. It was theoretically possible to use three separate compo-
nent load cells under each leg of the tripod and then calculate
global reaction. However, such an approach has substantial
drawbacks, i.e., individual setup for each analysed structure

Tab. I. Wave spectra parameters

SIGNIFICANT WAVE

—— :LA[\SI]E PEAK PERIOD
RETURN PERIOD HS [M] ‘8’1‘_‘;"‘
Full Model Full Model
scale scale
1year 4.08 0.102 7.0 1.107 5.00
10years 8.15 0.204 10.4 1.644 4.76
50years 9.23 0.231 1.3 1.787 4.36
%

o 5] %

Spectral density, [m>s]

=

Fig. 4. Model installation in the towing tank

and very complex procedure of processing the results with
high risk of errors. The 6-DOF dynamometer was designed to
allow easy setup of the measurement stand, while maintain-
ing compact size and high versatility of the device. This was
achieved at the cost of a complex calibration procedure, re-
sulting from coupling between all components of the meas-
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Wave direction

Fig.5. Analysed wave directions

ured force (the construction of the dynamometer includes 6
load cells, and it is not possible to measure the reaction com-
ponents separately - each component of the reaction is com-
puted based on signals from all 6 load cells). The calibration
procedure can be briefly described as follows:

+ avariety of known load cases (708 in described case) was
predefined and applied to the dynamometer;

¢ at each load case, the electric signal from each load cell
was registered;

+ thein-house software, developed based on mathematical
models presented in [3], was used to evaluate the calibra-
tion matrix, i.e., a matrix of coefficients allowing for recal-
culation of the vector of load cell signals to the vector of six
components of the load.

The dependency between the load vector and the vector of
load cell signals, involving the calibration matrix, has the fol-
lowing form:

F, a, a, a a a; Ga H,
F, a, a, a, a, ay a, ||H,
F, |4 a4y ay ay as 4 H,
My 4y Ay a3 4, 4y d4 "
M, a; ay as ay as ag v,
(M, | |as az ag as as ag || V3]

where ', - M , are six components of the load (forces and
moments), [, - V; are thesignals from load cells (horizontal
and vertical ones), and a; are scalar coefficients.

Verification of the calibration procedure consists in comparing
the force components for known load cases with force values
computed using the evaluated calibration matrix. In the pre-
sented case, the calibration error did not exceed 1% in 95% load
cases and 2% in 98% load cases. For single case, it reached up to
3.5%. The dynamometer is presented in Fig. 6 (design) and Fig.7
(actual device). The load cells in Fig.6 —three vertical and three
horizontal ones—are marked with red.

Computational setup - diffraction theory

Due to neglecting the viscous forces in the computations
based on diffraction theory (potential flow), the scale effect
does not occur. The computations of wave loads were carried
out at full scale, for three water depths:

+ 60 m (design depth for the tripod);

¢ 120 m (corresponding to the depth of towing tank-3 m at

model scale);
¢ 1000 m (approximation of infinitely deep water conditions).

Repeating the analysis for different depths allows estimating the
quantitative influence of changes in wave kinematics resulting
from the change in water depth, which is important from the point
of view of simplifications used in model tests and described above.

The mesh of app. 3000 elements was used; the computational
model is presented in Fig. 8. The computations were carried
out in frequency domain, i.e., for series of regular waves.

Results of primary analysis

The presented analysis is focused only on global axial force
exerted by the waves on the tripod. The results are presented
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Fig. 6. 6-DOF dynamometer—design drawings

Fig.7. 6-DOF dynamometer

primarily in graphs, showing the transfer functions (analyses
in regular waves) and response spectra (analyses in irregular
waves). Comparison of the predictions of significant ampli-
tudes of the response is presented in a table. All values are
presented for full scale structure, i.e., the experimental val-
ues were scaled according to Froude scaling law.
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Results of experimental analyses in regular
waves

Figure 9 shows the results of wave load measurements in regular
waves, forwave directions1and 2. Fig.10 shows the results for both
wave directions. The results are presented in transfer functions,
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Fig. 8. Computational model—diffraction theory
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Fig. 9. Transfer functions - experiment, two wave heights, direction 1 (left) and direction 2 (right)

i.e., amplitude of axial force for unit wave amplitude vs. wave fre-
quency. The values of transfer functions are obtained by dividing
the double amplitude of resulting force by actual measured wave
height. The measurements were carried out for two wave heights-
3cmandicm, to check the influence of wave heighton the results.
The results show minor differences in transfer functions evaluat-
ed for different wave heights. For high frequencies, the differences
are negligible and may result mainly from interpretation of the
results - the measured signals are not perfectly periodic, and se-
lection of the best sample of the signal requires arbitrary decision.
For lower frequencies (i.e., longer waves), larger differences are
observed. Because the waves of larger height are closer to linear
wave theory for low frequencies than for high frequencies (lower
height to length ratio), the results for 3 cm wave should be more
reliable due to larger absolute values of measured signals. The
differences in wave loads for two considered wave directions are
also small and result mainly from uncertainty of measurements
and processing.

Results of numerical analyses - diffraction
theory, regular waves

The computations carried out with ANSYS AQWA software show
there is virtually no difference between the results for different
wave directions. Only the results for direction 1 are presented here.
Three water depths were considered to check its influence on re-
sulting wave force: 1000 m (approximation of infinite depth), 60
m (design water depth) and 120 m (actual depth of the towing
tank). Summary of the results is presented in Figure 11.

The results show the difference between tank depth and deep
water conditions is small and virtually negligible from the
point of view of prediction accuracy; however, large difference
between the forces imposed by deep water waves and shallow
water waves at low frequencies is visible. This confirms the
need for adjusting the experimental conditions close to actual
depth conditions; in the presented case, it was realized by ap-
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Fig.10. Transfer functions —experiment, two wave directions
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Fig.11. Transfer functions—diffraction theory, different water depths
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Fig.12. Transfer functions - all methods

plying the flat plate below the analysed structure, at the level
of actual seabed location.

Comparison of results for regular waves -
experiment and diffraction theory

Fig. 12 shows the comparison of results for regular waves,
obtained from all methods, i.e., experiment and diffraction
theory.

The results obtained from AQWA (diffraction theory) are quite
consistent with experimental results within analysed wave fre-
quency range. Largest discrepancies were observed for lowest
frequencies, at which the curve obtained from the experiment
loses its monotonic character and tends to oscillate. The expected
reason for that is the increase of relative error of measurements
at low wave frequency, resulting mainly from increased influence
of reflected wave in case when the wave length becomes compa-
rable with the tank length. The presented comparison of trans-
fer functions obtained from the experiment and from numerical
analysis confirm the validity of the applied numerical model for
evaluation of wave loads on analysed structure.

Summary

In Table 2, the results obtained from experiment and numeri-
cal methods are summarized by comparing one characteristic
parameter - the root mean square (RMS) of the force imposed
by the wave on the tripod. The presented analysis yields the
following general conclusions:

Tab. Il. Summary of the results

DESCRIPTION FORCE RMS [KN]
Irregular waves —experiment 2650
Regular waves —experiment 2541
Diffraction theory 2368

¢ Largestdiscrepancy between diffraction theory and expe-
riment occurred at lowest wave frequencies, which can re-
sult from lower accuracy of experimental predictions for
largest wave lengths;

¢ The prediction based on diffraction theory is sufficien-
tly close to experimental results, which reveals low
contribution of viscous forces to total forces in the ana-
lyzed case;

¢ Taking the above into account, it can be expected that
the wave load prediction based on both diffraction
theory and direct Froude scaling of the experimental
results at model scale can be close approximation of
actual full scale load.
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