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Abstract. In the present paper the dynamic response of tall offshore monopile steel wind
turbine towers under wind, wave and current during the erection stage is studied. In particu-
lar, in the present paper the effect of current-wave-wind interaction as dynamic loading on
the dynamic response of offshore wind turbine towers is for first time studied experimentally.
A statistical analysis of the dynamic displacements of the model is conducted to study the ef-
fect of various loading states on the respective dynamic response. As outcome of the present
study it was confirmed that the current field strongly affects the dynamic response of offshore
monopoles and in particular, more significantly than the wave field. In the final part, an ad-
vanced finite element model is proposed for the efficient study of the structural response of
the tower model during erection under current, wave and wind interaction.
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1 INTRODUCTION

In marine environment there are more complicated environmental actions on offshore wind
turbine towers (e.g. wind, wave and current loadings) than on the onshore ones. In engineer-
ing practice, the wind turbine towers as monopiles need to be constructed during the erection
stage in marine environments where current and waves interact. Several researchers have
studied the structural characteristics of wind turbine towers during the erection stage by using
numerical simulation methods. Tziavos et al. [1, 2] studied current practice in terms of engi-
neering methods used for the determination of loads acting on monopile offshore towers and
the numerical methods used for the investigation of its structural behaviour. With respect to
hydrodynamic loads on monopile wind turbines, the popular linear wave theory along with
the Morison equation can be used to model normal sea states, whereas higher-order wave
models are necessary to investigate severe events such as wave breaking. Offshore monopile
wind turbine towers during the construction stage in marine environment have to resist wind,
waves and currents. In this paper the effect of the current action on the dynamic behavior of
offshore monopile wind turbine towers is first considered experimentally and then, an appro-
priate numerical model to study the respective structural dynamic response of the tower is
proposed.

2  EXPERIMENTAL SETUP

2.1 Test facility

The experiment of a monopile subjected to wind, waves and current was performed at the
Wind Tunnel and Circulating Water Channel Lab, Shanghai Jiao Tong University in China.
The Lab consists of two large-scale facilities, the multifunctional wind tunnel and the circulat-
ing water channel with the capability to create an environment of currents, waves and sea
wind. In particular, the channel is able to simulate various marine environments including cur-
rent, waves, sea wind and stratified flow. For the specific experimental setup, wind field and
current field at a uniform velocity along the tower height and periodic regular wave was pro-
vided.

A Test Section
B. Wave Maker

C. Wave Absorber E. Water Filter System
D. Water Height Regulator  F. Driven System (4 Impellers)
a. A full image b. Actual test section

Figure 1. The facilities at the Wind Tunnel and Circulating Water Channel Lab, SJTU.

2.2 Description of the tower model

The prototype monopile structure is a 75m height offshore wind turbine tower during the
erection stage. Figure 2 depictes that experimental measurement setup and the dimensions of
the tower model. The experimental model is installed in the Wind Tunnel and Circulating Wa-
ter Tank as shown in Figure 2. The prototype is located at a site with a water depth of 23m, its
external radius on the base is 7m and that on the top is 3.75m. The monopile is fixed in the
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seabed, whilst the model was manufactured with a geometrical scaling of 1:75. The dimen-
sions of the tower model are displayed in Figure 2b. The height of the scaled down tower is
1.3m, 1.0m height above the water surface level and 0.3m height under water depth respec-
tively. The diameter of the tower model varies linearly along its height from 190mm at the
bottom to 100mm at the top as shown in Figure 2b. The thickness of the tower model is
0.5mm and the tower is fixed by four @12 bolts. As is well-known in an actual wind tunnel or
water tank test to balance Froude and Reynolds numbers is a hard task and to this end, the
Froude laws of similitude had been used for the physical modelling of the properties of the
tower model.

The monopile response was measured by using one accelerometer at 90cm height of point
B on the leeside of the tower model in x-axis direction and one sensor head at the 80cm height
of the point C in cross section direction in z-axis direction and the other one at the 90cm
height of the point A in cross section direction to measure the velocity values in z-axis direc-
tion. All the transducers were connected with their corresponding data acquisition instruments.
The wave gauge is employed to measure the wave elevation when applying wave loads in the
Circulating Water Tank.
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a. Actualexperiment setup b. Dimensions of the tower model (in mm)
Figure 2. Experimental setup and dimension of tower model
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2.3 Loading states

In the experiment various loading cases were considered to study the effect of wind, waves
and current loadings on the dynamic response of offshore wind turbine towers. For the wind
loading, the wind speed was gradually increased from 5m/s to 28m/s in the wind tunnel. For
the current loading, its velocity with a stepwise increase was performed in the range of 0.3m/s
to 2m/s. For wave loading, as wave elevation was ranged from 20mm to 50mm for wave peri-
ods from 0.5s to 1.25s in the water tank, the corresponding wave heights at the wave periods
of 0.5s, 0.75s, 1s and 1.25s being respectively 44mm, 32mm, 25mm and 22mm. The wave
shape was the most stable one when wave maker was initially launched, then the new wave
was taken to break gradually due to the reflection of the previous wave in the water tank, and
therefore, the experimental results should be tested in the beginning of the step of wave gen-
eration for the loading states that involve waves.

As the lower edge of the air outlet of the wind tunnel is 10cm higher than the still water
level in the water tank, current field and wave field could not be affected individually by wind
field when wind tunnel is running stably (Figure 2a). For wind-current, wind-wave and wave-
current loading states, the three loading states can be performed by combining wind loading
and current loading, wind loading and wave loading, wave and current loading. For the wind-
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current-wave loading states, the wind field should be first flow in the velocity range of 7.5m/s
to 20m/s until a stable state, then, current field is adjusted in the speed range of 0.3m/s to
0.8m/s up to its steady stage and finally wave field is provided in the periods of 0.5s, 0.75s
and 1.0s.

3 EXPERIMENTAL RESULTS

Aiming to investigate the effect of various marine loadings on the dynamic characteristics
of offshore wind turbine towers during construction, during the present experimental test the
following loading states had been separated into four groups a) wind-wave; b) wind-current; c)
wind-wave-current; d) wave-current.

3.1 Wind, wave and current

For the loading states of wind only, wind-wave, wind-current and wind-wave-current, the
wind speed was gradually increased in the range of Sm/s to 28m/s. In each case, the velocity,
acceleration and displacement at points A, B and C were respectively measured in the steady
wind field. For the current only, its speed is set in a uniform speed at one loading state vary-
ing from 0.3m/s to 2m/s. For wave only, the still water level was 30cm. For each loading case,
the period of wave maker is first determined at 0.4s, 0.5s, 0.75s, 1s and 1.25s, and then the
wave height had been monitored by wave gauge. Figure 3 shows time histories of wave eleva-
tions and displacement responses when wave period is 0.75s and wave height is 28mm. Ac-

cording to Figure 3a, for wave height 28mm, the wave period is 1s. According to Figure 3b, it
can be observed that as there are two peaks and one valley within each second, the time histo-
ries of displacement response exhibit periodicity and the respective periods are equal to the

input period of the wave maker.
195 i

—Period 1s Wave hei l28mm : -Period 1s Wave heigt 28mm|
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a. Time histories of wave elevations b. Time histories of displacement responses

Figure 3 Time histories of wave elevations and displacement response of the model under wave only at period
of 1s and at wave height of 28mm

The displacement response of the tower model at point C under various loading states is
depicted in Figure 4. According to Figure 4, there is regular dynamic response of the tower
under wind speeds of 11m/s in the four loading states. Specifically, for the loading states of
wind only, the regular dynamic response of the tower at point C exists only at wind speed
11m/s. For the loading of wind-wave and wind-current, the regular dynamic response of the
tower under low current speeds and low wave periods respectively are depicted in Figures 4b
and 5c, where the dynamic response of the tower becomes irregular gradually as soon as the
current speed and the wave period increase. For the loading states of wind-wave-current, the
regular dynamic response of the tower under the combination of low current speed and low
wave period still occur, they however disappear as soon as current speed and wave period in-
crease. For the loading states of wave only and current only, the dynamic responses of the
tower were both irregular in the present experiment.
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Figure 4 Displacement response of the tower model at point C under various loading states

105 10.1

For the wind-wave loading cases, wind loading was chosen at wind speeds of 7.5m/s,
11m/s, 20m/s and 25m/s and the wave maker produced wave loadings at the periods of 0.5s,
0.75s, 1s and 1.25s with wave heights 44mm, 32mm, 28mm and 22mm respectively. Figure 5
shows the standard deviation of the displacement of the tower model at various wind speeds
under wind only, wave only and wind-wave at various periods of 0.5s, 0.75s, 1s and 1.25s.
According to Figure 5a, the standard deviation of the displacement of the tower model de-
clines when wind speed increases from Om/s to 7.5m/s, and the standard deviations of the dis-
placement of the tower model are less than that of tower model under wave only. Then the
standard deviation of displacement of tower model rises with wind speed increasing being
greater than that of the tower model under wave only. Therefore, it is concluded that wave
loading dominates the structural responses of tower model at a low wind speed loading state,
whilst wind loading controls the structural responses of tower model at a high wind speed.
Figure 5b provides the standard deviation of the displacement of the tower model under vari-
ous loading states at wind speeds 7.5m/s and 20m/s and at periods 0.5s, 0.75s, 1s and 1.25s.
Thus, for the 7.5m/s wind loading case, wave significantly affects the dynamic responses,
whilst for the 20m/s wind loading case, wind predominantly controls the dynamic response of
the monopile with the wave period varying. For the loading case of wind-current, a similar
tendency can be observed where current only affects the dynamic response of the tower at low
wind speed, whilst wind controls the dynamic response of the tower in the case that wind
speed increases.
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Figure 5 Standard deviation of the model displacements under wind only, wave only and wind-wave

For the wind-wave-current loading state, wind loadings correspond to wind speeds of
7.5m/s, 11m/s and 20m/s, current loadings are set at current velocities of 0.3m/s, 0.5m/s and
0.8m/s, wave loadings are provided at wave periods of 0.5s, 0.75s and 1s. The wind field first
runs at a stable state and then, current field is stabilized and at a final stage the wave field is
made by using wave maker. Acceleration response of model under wind-wave-current and
wave-current loading states at wind speed of 7.5m/s, 11m/s and 20m/s when current speed is
0.3m/s and wave period is 0.5s is depicted in Figure 6.
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Figure 6 Accelerations of the tower model under wind-wave-current and wave-current loading states
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It was found that the combination of wave and current action only affects the dynamic re-
sponse of the model in a low and medium wind speed; for a strong wind speed, wind still con-
trols the dynamic responses of the tower.

3.2 Wave and current

With reference to the loading states of wave and current, loading states including wave only,
current only and wave-current were considered to study the effect of wave and current on the
dynamic response of the model. In this loading case, the current speed was 0.3m/s, 0.5m/s,
0.8m/s and 1.1m/s respectively and wave periods were set at 0.5s, 0.75s, 1s and 1.25s.

3000 1.5 3000 _ 0.1
Frequency - wave current Frequency - wave current
> Frequency - current only 5. Frequency - current only
22000 1 —PDF - wave current 1, € 2000 —PDF - wave current i
(5] : --PDF - current only 59 l --PDF - current only 0.05 O
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£ 1000 05 21000)
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Figure 7 Probability characteristics of the displacements at point C under current speeds of 0.3m/s and 1.1m/s
(wave period=0.5s) and wave periods of 0.5s and 1.25s (current speed=0.3m/s)

The probability characteristics of the displacements at point C under current speeds of
0.3m/s and 1.1m/s and wave period of 0.5s and 1.25s appear at Figure 7. The frequency in
these figures is the number of any displacement value of the tower under various loading
states. For the loading case at current speed of 0.3m/s, the probability function of displace-
ment of the model under wave-current ranges in a wider displacement amplitude than that of
the tower model under current only (shown in Figure 7a), which means that the wave domi-
nates the structural response of the tower at this low current speed.

For the loading case at current speed of 1.1m/s, displacement amplitudes under wave-
current and current only increase whilst probability functions move closer in the sense that
current field principally controls the dynamic response of the monopile at current speed of
1.1m/s. According to Figures 7c¢ and 7d, the value of displacements of the tower under wave
only can always surpass that of the tower model under current-wave with the wave period in-
creasing from 0.5s to 1.25s, the two PDFs only move slightly each other which indicate that
wave period increase could not affect very significantly the dynamic response of the tower
model under wave-current loading state.

4 NUMERICAL SIMULATION

4.1 Loadings

In marine environment the offshore monopile wind turbine towers during the erection stage
are subjected to wind, current and wave loadings.
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4.1.1 Wind and current loading

Wind loading can be applied to the tower wall as pressure around the tower cross section.
The wind flow created at the wind tunnel is a uniform wind field at different wind speeds and
the wind pressure on the tower model is related to the wind speed based on the Bernoulli
equation as follows:

P, = 0.5p,v2 (1)
where Py is the wind pressure, p, is the air density (1.25kg/m?) and Va is the wind speed.
According to EN 1991-1- 4 [3], the external wind pressure corresponds to different profiles

with reference to the circular cylinder. Reynolds number are respectively given by the equa-
tion:

Re=vD/v )
where Re is the Reynolds number, Vv is the fluid speed, D is the diameter of the tower and v/

is the kinematic viscosity of fluid.

With reference to the current loading, this is transferred into pressure according to the Ber-
noulli equation:

P. = 0.5p,,v; 3)
where Pcis the current pressure, p, is the water density (1000kg/m?) and V¢ is the current

speed.

4.2.2 Wave loading

For the wave loading, this is obtained by the Morrison’s equation as the offshore monopile
is a slender cylindrical structure fixed in the seabed. According to Morrison’s equation [4],

nD? Pw
dF :prdzCMa+7CDDdz|u|u 4)
where wave moves along the x-direction as shown in Figure 2, a and U is the acceleration
and the velocity of undisturbed wave in x-direction, respectively. Cm and Cp are respectively
the mass and the drag coefficient for a smooth tubular section (respectively 2.0 and 1.2 in this

experiment). For the situation of finite water depth, U and a can be obtained as the equations
(5) and (6) [5]:

9 . coshk(y+h)

a=wA WCOS(&E — kx) %)
cos + -
u= wAThkgsm (wt — kx) (6)
T
A= f—nthanhTh (7

where 0=27/T, k=2z//, T is the period of the wave, A is the wave length, A is the amplitude
of the wave, t is the time, X is the wave motion direction, Y is the vertical coordinate and its
positive direction is upwards from water level to the tower top, h is the water depth in the wa-
ter tank equal to 1.6m in this experiment and g is the gravitational acceleration.

4.2 Validation of the numerical model

The wind turbine tower model was created by the finite element software ABAQUS using
the S4R shell element [6]. The tower was considered as fixed at its bottom and manufactured
by Q235 steel. Its density and elastic modulus were respectively 7.85g/cm® and 206GPa and
the Poisson’s rate is 0.3. Wind, current and wave loading profiles of the offshore wind turbine
tower are shown in Figure 8. In this model, as wind and current loadings are applied as uni-
form velocity on the slender cylindrical tower structure for each loading state, according to
the equations (1, 3), the wind loading can be simplified in accordance to the inventory data [3,
7] and the current loading can be simplified as shown in Figure 8. In the tests the wind speed
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was kept in the range of 7.5m/s to 20m/s, therefore, the Reynolds number of wind field varies
from 0.5 X 10° to 1.5 X 10° being less than 2.0 x 10°. The current speeds were varying from

0.3m/s to 2m/s in the Circulating Water Tank during the test. According to equation (2), the
Reynolds numbers of current range from 0.3 x 10° to 2 X 10°. Therefore, according to the in-
ventory data [3, 4, 5], the distributions of wind and current load coefficients around the cir-
cumference can be divided into four parts. The angles of the wind pressure and current
pressure around the circumference of the tower cross section were respectively decided to be
60°, 85°, 130° and 85° in this loading states as shown in Figure 8. The wind pressure had been
simplified into uniform pressure along the tower height over the water level as wind field is
applied as one constant velocity in a stepwise way whilst the current pressure was considered
as uniform pressure along the tower height under the water level. For the wave loading, it had
been considered as a periodic compressive loading applied on the half section of the tower
wall under the water level as shown in Figure 8.

T

300

K3

850

Wave loadi
Wind loading ave loadings
Current loadings Z

Figure 8 Wind, current and wave loading profile of offshore wind turbine tower

For the loading states of wind speed of 11m/s, current speed of 0.3m/s and wave periods of
0.5s and wave elevation of 44mm, the corresponding wind pressure, current pressure and
wave force are calculated by the equations (1)-(7), and therefore, the displacement response at
point C of the tower model under wind, current and wave loadings can be obtained from the
numerical model. Figure 9 depicts the laboratory test and the numerical results with reference

to the displacements at point C of the tower. It is noted that a good agreement between numer-
ical and experimental results had been achieved.

Mumerical
Experimental

Displpacement (pm)
: (=]
1

Time (s)
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Figure 9 Comparison of time histories of displacement responses of the tower model at point C

5 CONCLUSIONS

In the present paper a Wind Tunnel and Circulating Water Channel was employed to study
the dynamic response of offshore wind turbine tower during the erection stage in a marine en-
vironment. In this experiment, the loading states of wind-wave, wind-current, wave-current
and wind-wave-current were applied to explore their effect on the dynamic response of the
offshore tower model. To this end, the later with a geometrical scaling of 1:75 was manufac-
tured and tested under wind, wave and current loadings. Three points A, B and C had been
chosen to measure the velocity, displacement and acceleration respectively under the afore-
mentioned selected loading cases. The numerical model of the monopile under wind, wave
and current was validated by comparing its results with the experimental ones.

According to the laboratory test results, for the wave loading at low periods and current
loading at low speeds, the dynamic response of the monopile under wind-wave, wind-current
still occurs regularly, and the dynamic response of the tower is only slightly affected by the
wave loading at high periods and current loading at high speeds under the wind speed of
11m/s. For the wind-wave-current loading case, the effect of combination of wave and current
on the dynamic response of the tower is significant as displacements of the tower happen ir-
regularly with the wave period and current speed increase. The loading states of wind-wave,
wind-current, wind-wave-current and wind only control the dynamic response of the tower as
soon as the wind speed increases. For the loading states of wave-current, the effect of the cur-
rent loading is more significant than that of wave loading on the dynamic response of the
tower. Therefore, current loading should not be ignored when the dynamic response of off-
shore towers in the marine environment is investigated.
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