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Abstract

This paper focuses on the effect of water depth on the hydrodynamics of floating offshore wind turbines with open-hole 
anti-heave devices. The three-floating-body wind turbine platform is used as the primary research object in this paper. The 
effect of water depth on the reduction of the heave motion of a floating platform with anti-heave devices is systematically 
investigated through a series of experiments and numerical simulations. The results show high agreement between the 
test results and simulations, with larger values of heave motion in deep water. A wind turbine platform with anti-heave 
devices can effectively reduce the lifting and sinking motions when the wave period is large.

Keywords: anti-heave device; hydrodynamic analysis; different water depths

INTRODUCTION

Wind energy is a non-polluting, high retention and high 
potential renewable energy source, which has good prospects 
for development and application. Wind speed at sea is more 
stable and stronger than that on land because of its higher 
energy yield. By the end of 2020, offshore wind power’s installed 
capacity surpassed 30 GW [1]. In areas of shallow water, there 
is considerable potential for bottom-fixed foundations, such as 
gravity and monopile types, which are limited to a maximum 
water depth of 15 and 30 m, respectively [2]. However, most of 
the offshore wind potential is located at sites with water depths 
of more than 60 m, where there is a greater advantage over the 
fixed type [3]. Floating offshore wind turbine (FOWT) platforms 
are more versatile in deep-sea applications [4]. In addition, 
semi-FOWTs can be efficiently used in a wide range of water 
depths [4]. Therefore, it is of great significance to study the 
platform’s dynamic characteristics of semi-FOWTs at different 
water depths.

Many scholars have investigated the performance of FOWTs. 
Nematbakhsh et al. [6][7] investigated the dynamic response 
characteristics of TLP-type floating wind turbine systems and 
Spar-type floating wind turbine systems by using the CFD 
method and simplifying the turbines at a constant thrust. 
Hu et al. [8] investigated the dynamic response of a semi-
submersible FOWT system under various excitations. The 
structural loading, in the case of emergency shutdown, has 
a stronger dynamic response. Abou-Rayan et al. [9] investigated 
the dynamic responses of triangular, square and pentagonal 
TLP configurations under multidirectional regular and random 
waves. Barrera et al. [10] explored the role of spectral wave 
characteristics and wave time histories in estimating extreme 
mooring loads for a floating offshore wind turbine. Zhao et al.
[11] investigated the analysis of a kinematic fully-coupled time-
domain simulation of a DTU10MW, comparing the motion 
response of DTU10MW with NREL5MW. The conclusions 
showed that the wind and waves had a more pronounced 
excitation effect on the DTU10MW wind turbine. Alkarem 
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et al. [12] investigated the effect of wave irregularities on the 
hydrodynamic response of a floating offshore wind turbine 
for FOWT at different water depths. Bae et al. [13] combined 
CHARM3D and FAST software to calculate the TPL floating 
wind turbine under different operating conditions and operating 
at water depths of 80 m and 200 m, carrying out numerical 
simulations in time domain analyses. Bayati et al. [14] analysed 
the effects of water depth on a semi-submersible type FOWT, 
where the water depth ranged from 30-200 m. It is claimed that 
water depths influence heave motion more than surge motion, 
when water depth decreases from 200 m to 30 m. Chen et al. 
[15] analysed the motion response of a wind turbine support 
platform, considering water depth effects. It is claimed that the 
effects of water depth mainly happen at shallower water depths. 
From a structural safety point of view, water depth effects need 
to be considered during the design process and the motion 
analysis of floating wind turbines. Le C et al. [16] proposed 
a new submerged offshore wind turbine aimed at operating in 
intermediate water depths between 20 and 200 m. Feasibility 
studies concerned different environmental conditions, tether 
length, tether pretension, and tether failure scenarios. Zhang 
et al. [17] studied the fully coupled analysis of the V-shaped 
floating wind turbine platform at different water depths; the 
mooring tension characteristics were analysed under different 
load conditions, yielding possible mooring schemes for different 
water depths. Studies have shown that surge, heave, and pitch 
motions are more stable at medium water depths. Lin [18] 
conducted a study of the impact of water depth (ranging from 
200-300 m) on the performance of a floating offshore wind 
turbine. The results indicated that, as the water depth increases, 
the platform’s heave motion tends to noticeably increase with 
mooring configuration. 

In the design of FOWTs, water depth is considered as a design 
factor that must be addressed. In most of the research into 
reducing platform motion for improved stability, most of the tests 
are only conducted for a single water depth, ignoring the effect of 
water depth on platform motion. The ‘deepCwind’ platform base 
is taken as the research object in this paper. The hydrodynamic 
performance of a model with a chamfered perforated anti-heave 
device is systematically investigated through experiments with 
different water depth variations. Then, the models tested are 
compared and validated by full-scale numerical simulations. 
Finally, the effect of water depth variation on the reduction of 
heave motion is analysed by numerical simulation.

TOWING TANK EXPERIMENT

Floating body with anti-heave devices  

Heave plates have the advantage of increasing the damping 
and additional mass coefficients in floating platforms, which 
can effectively increase the resistance of the platform and 
enhance stability. Wang et al. [19] studied the effect of opening 
holes on the pendulum plate, with chamfering angles of the 
holes from 0-35°, through a large number of experiments and 
numerical simulations. Among these, the 35° chamfered holes 

of the three-floating-body wind turbine platforms have the 
best effect on heave reduction. This paper selected a baseline 
offshore wind turbine designed by NREL 5 MW [20]. The data 
for the floating wind turbine platform with anti-heave devices 
are shown in Table 1. The single pontoon model, cross-section 
of the anti-heave device, and model of the platform with an 
anti-heave device are shown in Fig. 1.

Tab. 1 Overall parameters of floating offshore wind turbine

Parameters of wind turbine Values

Rated power [MW] 5

Rotor diameter [m] 126

Cut in/Rated wind speed [m/s] 3/11.4

Cut in/Rated rotor speed [rpm] 6.9/12.1

Parameters of single floating body Values

Height [m] 32

Diameter [m] 12

Diameter of anti-heave device [m] 24

Height of central column [m] 6

Number of perforations 10

Chamfer angle [deg] 35

Overall parameter Values

Total mass [kg] 1.37 × 107

Fig 1. Anti heave device model

Design of experiments

Selection of scale ratio
According to the purpose of the test and the overall response 

characteristics of the floating wind turbine, it is necessary to 
satisfy the geometric similarity, kinematic similarity, and 
dynamic similarity [22]. At the same time according to the 
aerodynamic properties of the blade rotation, the TSR (tip speed 
ratio) was ensured to be similar [23]. In order to achieve similar 
overall load and wind turbine rotational effects, similar criteria 
were used in the equations:

LS
Lm

 = λ                (1)

Vm

√дLm
 = VS

√дLS
              (2)
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VS = λ1
2 Vm            (3)

RTS = ΩS RS
US

 = Ωm Rm
Um

        (4)

RS = λ– 12 Rm            (5)

L is the length of the object feature, λ is the reduction ratio, 
V is the average velocity of the object with respect to the flow 
field, Ω is the rotational velocity of the impeller, R is the radius 
of the blades, and U is the average wind speed.

Based on the master scale, the scaling ratio was chosen as 
λ = 60. Table 2 shows the factors used to model the physical 
quantity conversion relationships:

Tab. 2. Relationship between model and actual physical quantity conversions
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Experimental arrangement
Wave conditions were realised by the towing tank at Zhejiang 

Ocean University, which can control wave frequency and wave 
height to create stable regular waves.

Fig. 2. Floating body model device and experimental arrangement diagram

The experiments included the acceleration of the platform 
motion, the 3-way accelerometer (Range: ±4g; Accuracy: 
0.1%FS) at the top of the tower, by arranging the accelerometers, 
and the ULD2000 wave monitoring (Range: 0~0.5 m; Accuracy: 
0.1%FS) and wind monitoring (Range: 0~40 m/s; Accuracy: 
±0.5g + 2% FS). The pedestal model was obtained by 3D 

printing, which ensured smoothness and water tightness. The 
total mass of the model was 63.5 kg (including bulk) and the 
draft was 0.34 m. The mooring line (Fig. 2(a)) consisted of 
a 6.2 mm diameter steel wire rope (13.5 kg per 100 m) with 
a mass of 0.158 kg/m per unit length as the mooring cable; 
a 10 kg block was used in the towing tank as the mooring 
weight to fix the position of the mooring line. The experimental 
arrangement is shown in Fig. 2(b), consisting of a wind turbine 
blade and a float. The overall layout of the experiment and the 
environmental conditions are shown in Fig. 2 (c), which has 
three main components: the wave generation system, the wind 
generation system, and the wave dissipation system. The float 
model had a false bottom with adjustable depth, to control the 
water depth.

Due to the purpose of the experiment and the limited 
experimental conditions, this experiment was mainly carried 
out to study the heave motion response of the floating platform 
and the effect of the 35° chamfered holes on the heave motion 
of the anti-heave devices.

Contents of the model test

Hydrostatic decay tests
The hydrostatic decay test allows for obtaining the intrinsic 

period of the whole turbine system. For the hydrostatic free decay 
test, the upper turbine was set to stop and then adjusted so that 
the azimuth of one of the blades equals 0° (vertically upwards).

Model experiments under combined wind and wave action
According to the NERL-5MW wind turbine rating and the 

experimental wind and wave conditions, the scale conversion 
from Table 2 was used to select a constant wind speed of 1.30 m/s 
for this experiment; the waves were selected from the 15 sets of 
conditions, in Table 3, for the experimental conditions under 
combined wind and wave action. 

Tab. 3. Experimental working conditions of the model under 
combined wind and wave action

Condition
Number

Wave Frequency 
[Hz]

Wave Height 
[m]

Water Deep
[m]

1 0.40 0.15 1.2

2 0.50 0.15 1.2

3 0.65 0.15 1.2

4 0.40 0.15 1.5

5 0.50 0.15 1.5

6 0.65 0.15 1.5

7 0.40 0.15 2.0

8 0.50 0.15 2.0

9 0.65 0.15 2.0

10 0.40 0.15 2.5

11 0.50 0.15 2.5

12 0.65 0.15 2.5

13 0.40 0.15 3.0

14 0.50 0.15 3.0

15 0.65 0.15 3.0
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the effective dynamic viscosity of fluid, in which n and are the 
kinematic and eddy viscosity, respectively; and fσ is a source 
term due to surface tension, which only takes effect at the free 
surface and equals zero elsewhere.

In order to capture the interface or free surface between 
air and water in a FOWT, the volume of fluid (VOF) method 
was used [25]. In the volumetric fluid method, the surface 
configuration was realised by the volume fraction, which varied 
between 0 and 1, depending on the percentage of the water 
phase in the cell volume. α = 1 for the water cell, α = 0 for the 
air cell and 0 < α < 1 for the air-water interface. The advection 
equation for a volume fraction is:

дα
дt  + 

Δ

 · (Uα) +  

Δ

 · [Urα (1–α)] = 0      (8)

A bounded compression technique was adopted to better 
capture the free surface, introducing an additional third 
compression term on the left-hand side of the transport 
equation, where Ur is a velocity field used to compress the 
interface. 

Computational domains  
and physical models

The fluid domain range was selected to be -200 to 1000 m 
in the X direction, 200 m in the Y direction, and -160 to 300 m 
in the Z direction of the platform. 

The front of the computational domain was set as the velocity 
inlet and the velocity was controlled by the velocity of the 
first-order VOF wave. The back of the computational domain 
was set as the pressure outlet and the pressure controlled by 
the hydrostatic pressure of the first-order VOF wave[26]. In 
addition, concerning the physical conditions of the model 
tested, a wave-damping zone was set up, considering the wave 
reflection near the outlet boundary; it minimised the effect of 
wave reflection on the far downstream outlet boundary[27].

The mooring system was set up in the form of three 
suspension chain lines, each with an angle of 120°, connected to 
three cable guide holes located at the bottom of the pontoon and 
a cable guide anchor located at the bottom of the computational 
domain[28].

Towing tank experiment resultS

This experiment was conducted to measure the acceleration 
of a wind turbine platform with anti-heave devices. However, 
the actual process can interfere with the acceleration and 
the interference needs to be processed [24]. Integrating the 
processed acceleration twice gives the range of motion of the 
platform. The heave responses at different frequencies for each 
water depth are represented in Fig. 3. 

The amplitude of the heave increases with the increase in 
water depth; the heave slowly increases when the water depth 
is 2-3 m.

Numerical simulation and 
experimentAL Comparison of wind 

turbine platformS AT different 
water depthS

In this paper, a complete numerical simulation of a semi-
submersible floating platform and NREL 5-MW wind turbine 
model was analysed using commercial CFD software STAR-
CCM+ (17.02). The coupled response of the floating platform 
with anti-heave devices was specifically analysed under 
combined wind and wave conditions.

Numerical methods

For transient, incompressible, and viscous fluids, the flow 
is governed by the continuity and Navier-Stokes equations:

Δ

 · u = 0              (6)

дρU
дt  + 

Δ

 · (ρ(U–Uд) U) = –

Δ

Pd –д · x 

Δ

ρ +

 

Δ

 · (μeff 

Δ

U) + ( 

Δ

U) · 

Δ

μeff + fσ        (7)

U and Ug represent the velocity of the flow field and grid 
nodes; Pd is the dynamic pressure of the low field (from 
subtracting the hydrostatic part from total pressure p); g is the 
gravity acceleration vector; r is the fluid density; eff denotes 

Fig. 3. Heave response of the floating body at different wave frequencies
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mesh

The convergence of the numerical simulation was verified 
by comparing three different grid numbers: 1.31  ×  107, 
1.08 × 107, and 7.8 × 106. Fig. 4 represents the heave motion of 
the deepCwind turbine platform with different computational 
domain sizes under the same wave height and wave frequency, 
under the action of the floating-body heave.

Fig. 4. Verification of the convergence of the calculation 
results by the number of grids

Comparing the three different calculation mesh quantities, 
the heave motion value of the three-floating-body wind turbine 
platform changes less when the calculation domain is small, 
and the Z-direction displacements of the DeepCwind platform 
are closer to each other as the calculation domain keeps 
increasing. Considering the number of grids, computational 
time consumption, and reliability of the results, 1.08 × 107 grids 
and 0.1 s time steps were selected for the related numerical 
analysis. The grid layout is shown in Fig. 5.

Fig. 5. Computational domain and mesh

Results and discussion

The main results discussed in this section include ‘free decay’ 
and ‘kinematic response’. Numerical analyses were performed 
on the full-size model and the results scaled, as in Table 2.

Comparison of hydrostatic  
decay experiments

The free decay motion of heave and pitch is illustrated in 
Fig. 6. On the free decay curve, the time interval between 
two adjacent peaks or troughs is one oscillation period. The 
corresponding intrinsic period of the free decay motion can 
be obtained by randomly selecting multiple neighbouring 
peaks (troughs) and calculating the average value of multiple 
oscillation periods.

Fig. 6. Free decaying motion

Tab. 4. Natural periodicity of wind turbine platforms with damping devices

Parameters Model  
Value [s]

Simulation 
Values [s]

Difference
[%]

Heave period 16.78 17.67 5.0%

Pitch period 26.45 25.61 3.2%

The platform heave and pitch motions between hydrostatic 
attenuation test results and values were compared. The 
experimental and numerical simulation values differ between 
5.0% and 3.2%. These discrepancies could arise from various 
sources, including model simplifications, scaling effects, and 
experimental errors.

Comparison of numerical simulation and 
experimentAL RESULTS

Numerical simulations of a real-scale wind turbine platform 
were carried out by experimental working conditions. The 
numerical simulation included the analysis of the water depth 
on the wind turbine platform with anti-heave devices and the 
original model [20]. The reliability of the numerical simulation 
was verified through experiments and the analysis of the heave 
motion in the model with anti-heave devices, as well as the 
original model.

By simulating the five water depths for the working conditions 
and comparing them with the experimental results, the time 
domain curves for different cases are shown in Fig. 7.

Fig. 7. Numerical and experimental results in the different  
water depth conditions.
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The numerical simulation data were converted to a particular 
scale and compared with the experimental data. As seen in Fig. 7, 
the numerical simulation and experimental results can maintain 
the same heave trend in the same cycle and the motion amplitude 
of the experiment is larger than that of the numerical simulation. 
It can be seen that, the larger the period, the better the match. 
At wave period 15.49 s, the difference between the experimental 
and simulated values for each water depth is minimal. The error 
may be due to the constraints of the pedestal in the numerical 
simulation, the difference in the conduit material, and the error 
of the experimental equipment when capturing the motion. 
The average amplitudes of the experimental and numerical 
simulation results are shown in Table 5.

As shown in Table 5, the average amplitude of the heave 
motion in the numerical simulation and testing kept the same 
change rule. For the same frequency, the deeper the water depth, 
the greater the amplitude of the floating body movement when 
the water depth position was more than 2 m (the actual value 
was 120 m). When the movement amplitude grows slowly and 
tends to be stable, at this time, the water depth tends towards 
the infinite; however, at the same water depth position, the wave 
period is large, the amplitude of the floating body movement 
increases, and the numerical simulation results are in better 
agreement with the experimental results. The anti-heave 
device with 35° chamfered holes has a similar change in the 
response of the heave motion to the original model. In most 
working conditions, the heave motion reduction effect of the 
35° chamfered perforation model is obvious.

Conclusions

In this study, the experimental and numerical methods are 
used to investigate the kinematic response of a floating wind 
turbine platform with chamfered holes and anti-heave devices. 

The following conclusions were obtained by analysing the heave 
motion at different water depths and wave periods. 

(1) �When the water depth becomes deeper, the amplitude 
of the heave motion of the three-floating-body wind 
turbine platform increases. At depths greater than 120 m 
(deep water) the amplitude of the heave motion increases 
slowly and stabilises.

(2) �The anti-heave effect of the three-floating-body wind 
turbine platform is affected by different waves. In most 
working conditions, the heave motion reduction effect 
of the wind turbine platform with anti-heave devices is 
obvious.

(3) �The effect of heave reduction of the wind turbine platform 
with anti-heave devices is more evident when the water 
depth increases. The smaller the wave period, the more 
obvious the effects of the reducing heave. 
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