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ABSTRACT 

 

This study analyzes the air-gap response of a floating wind turbine 

platform under extreme focused waves. Numerical simulations show that 

the air gap systematically decreases with increasing wave height. The 

global minimum consistently occurs in front of the lower right column, 

forming a high-risk zone for slamming. This phenomenon is attributed 

to the coupling between platform heave and pitch-roll motions. The 

research reveals the evolution mechanism of the air gap under coupled 

dynamic effects. It provides a basis for the freeboard design and local 

reinforcement of floating wind turbines. 

 

KEY WORDS:  Floating wind turbine; focused wave actions; 15MW; 

FEWT-SJTU; motion response.  

 

INTRODUCTION 

 

Floating offshore structures, especially floating offshore wind turbine 

(FOWT) platforms of 15MW and above, are key equipment for 

harnessing deep-sea wind energy resources. A core parameter for their 

structural safety is the "air gap", defined as the minimum vertical 

distance between the underside of the platform and the wave surface. 

This parameter is critical for assessing a platform's ability to withstand 

extreme sea states. A negative air gap directly leads to deck slamming, 

which can cause local damage and even platform instability. (Kaiser et 

al., 2009; Zhang et al., 2024) Among various extreme sea conditions, 

freak waves are a primary factor inducing the most hazardous air gap 

conditions and the largest wave impact loads. This is due to their 

characteristics of sudden occurrence, enormous wave amplitude, and 

highly concentrated energy. Unlike regular waves, freak waves can form 

an exceptionally large crest within a short time, exerting a powerful 

transient impact on the structure. More importantly, for large FOWT 

platforms, the occurrence of the most critical air gap is not caused 

directly by a single wave crest alone. Instead, it results from the nonlinear 

superposition and dynamic coupling of three factors: the large amplitude 

of the freak wave, the platform's own complex multi-degree-of-freedom 

coupled motions, and the instantaneous wave surface profile. Therefore, 

systematically investigating the mechanism of how freak wave 

amplitude variations influence the spatiotemporal distribution of the air 

gap response around the platform is of significant importance. This 

research is crucial for ensuring the safe operation of large floating wind 

turbines under extreme sea conditions. 

 

Numerous scholars have conducted research on the dynamic response of 

floating wind turbine platforms under extreme wave actions. Early 

studies primarily focused on the distribution characteristics of the air gap 

under regular waves. For instance, Zhu et al. (2022) experimentally 

investigated the slamming characteristics of breaking regular and 

irregular waves on a monopile offshore wind turbine. Zhang et al. (2017) 

performed a global hydrodynamic analysis of a semi-submersible 

floating production unit. Their work revealed that wave directionality 

significantly affects the air gap, with short-crested waves leading to a 

more uniform air gap distribution. However, this study did not address 

the extreme nonlinear effects of freak waves. Liu et al. (2022) further 

utilized an OpenFOAM-based numerical wave tank. They demonstrated 

that wave reflection and energy locking between columns cause an 

uneven distribution of wave run-up height. This effect can be amplified 

in focused wave scenarios, increasing the slamming pressure to 46.59 

MPa. This highlights the structural risk associated with an insufficient 

air gap. Freak waves, characterized by a sudden increase in wave height 

and concentrated energy, have a more pronounced transient compression 

effect on the air gap. Huo et al. (2021) conducted a combined CFD and 

experimental study. They found that freak waves significantly amplify 

the slamming pressure on a semi-submersible platform. The maximum 

pressure near the base of the column reached 137.2 kPa, which is 287.68% 

of the value under normal conditions. Furthermore, the slamming 

pressure on the rear columns was 192% to 220% higher than on the front 

columns. This was accompanied by negative air gaps and significant 

wave run-up, highlighting strong nonlinear interactions. Further research 

by Huo et al. (2023) indicated that the slamming pressure under freak 

waves exhibits a double-peak characteristic and decreases along the 

structural height. The secondary impact pressure reached 88.6 kPa, 

doubling the risk of deck impact when the air gap is insufficient. 

Numerical simulations by Xu et al. (2024) showed that freak waves can 

amplify the surge, heave, and pitch motions by 191.22%, 116.86%, and 

106.14%, respectively, compared to random waves. The motion energy 

is concentrated at the wave focusing moment. This change in platform 

attitude indirectly compresses the air gap. Similarly, Meng et al. (2025) 

studied a 15MW semi-submersible floating wind turbine. Their research 
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confirmed that freak waves increase the pitch response by 94%. Wavelet 

energy was concentrated at the wave frequency and the structure's natural 

frequency, lasting for about 20 wave periods. This exacerbates the 

dynamic fluctuation of the air gap. Zeng et al. (2023) discovered that 

freak waves amplify motion amplitudes (surge +44%, pitch +94%). This 

leads to a 41% increase in nacelle acceleration peak, affecting power 

generation stability. This indirectly reflects how sudden air gap changes 

affect the superstructure. Liu and Yu (2024) focused on the coupled 

scenario of freak waves and mooring line failure. They pointed out that 

the peak surge response increases by 191%, and mooring tension rises 

by 220%. Such large-amplitude motions may further deteriorate air gap 

conditions through platform drift. 

 

Currently, numerous studies have analyzed wave loads or platform 

motion responses through numerical simulations or model tests. 

However, research on floating platforms suitable for 15-MW-class large-

scale wind turbines still has limitations. Specifically, how the variation 

in amplitude of focused waves, which can accurately simulate extreme 

wave events, systematically affects the spatial distribution pattern and 

evolution process of the air gap for such large platforms has not been 

thoroughly investigated. This study aims to systematically explore how 

changes in the coupled dynamic response of the platform and the 

surrounding transient flow field determine the degradation pattern of the 

minimum air gap, its spatial distribution characteristics, and the 

formation mechanism of local high-risk zones. 

 

This study takes a typical semi-submersible floating offshore wind 

turbine platform as the object. A pure wind condition and a series of 

focused wave conditions with different amplitudes are set. The structure 

of this paper is as follows: Section 2 details the numerical calculation 

model and the air gap calculation method. Section 3 introduces the main 

parameters of the platform and the condition settings. Section 4 presents 

and analyzes the results of air gap response, platform motion response, 

and flow field details under different conditions. A comprehensive 

discussion is provided, explaining the potential hazardous areas and their 

causes. 

 

METHODOLOGY 
 

This study is based on the open-source software OpenFOAM, and 

the CFD numerical simulations are performed using the self-

developed aero-hydro-mooring coupled solver FEWT-SJTU. The 

aerodynamic module employs an unsteady actuator line model, 

the hydrodynamic module is derived from the in-house solver 

naoe-FOAM-SJTU for solving the six-degree-of-freedom motion 

of the platform, and the mooring module is based on the 

piecewise extrapolation method for the analysis of mooring 

chains. The self-developed solver used for motion response 

calculations has been validated in prior studies (Cheng et al., 2019). 

Therefore, a separate validation is not presented here, allowing 

the focus to remain on the new application and results. 

 

Governing Equation 
 

To solve for unsteady incompressible viscous flow, the governing 

equations employed are the incompressible two-phase Navier–Stokes 

equations: 
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where 𝑼 is the velocity field; 𝜌 is the density of the liquid or gas; 𝑡 is 

time; 𝑝𝑑 is the dynamic pressure, defined as the total pressure minus the 

hydrostatic pressure; 𝒈 is the gravitational acceleration vector; 𝒙 is the 

position vector; 𝜇𝑒𝑓𝑓  is the effective dynamic viscosity, expressed as 

𝜇𝑒𝑓𝑓   =  𝜌(𝜈  +  𝜈𝑡), in which 𝜈  and  𝜈𝑡 are the kinematic viscosity and 

turbulent eddy viscosity, respectively, with  𝜈𝑡 obtained from a 

turbulence model; 𝒇𝜎 is the surface tension source term, which acts only 

at the gas–liquid interface; 𝒇𝑠 is the wave damping source term, active 

only within the wave damping zone; and  𝒇𝜀 is the wind-turbine body 

force source term, resulting from the projection of aerodynamic forces 

from the turbine blades onto the flow field. In the full-scale simulations 

considered here, the effect of surface tension is secondary; it is retained 

primarily for the physical completeness of the model and the numerical 

stability of the interface capture. The turbulence closure is provided by 

the SST k–ω model. 

 

 

Coupled strategy 
 

The coupling among the wind turbine, floating platform, and mooring 

system is achieved through the transfer of forces, displacements, and 

velocities. The aerodynamic loads are calculated based on the unsteady 

actuator line model, which accounts for variations in blade position and 

incoming wind speed caused by platform motion. The six-degree-of-

freedom motion equations of the floating platform are solved with 

consideration of the impact from the aerodynamic loads of the wind 

turbine. Simultaneously, the platform motion response provides 

positional input for the mooring attachments in the mooring system 

solution, and the resulting mooring tensions are also fed back into the 

platform motion equations. Fig. 1 outlines the coupled computational 

approach integrating the hydrodynamic performance of the floating 

platform and mooring system with the aerodynamic performance of the 

wind turbine. 

 

 
 

Fig. 1 Fluid-structure coupling calculation of wind turbine blades 

 

Methodology for Airgap Calculation 

 

The instantaneous position of point A is updated in real time based on 

the initial center of gravity G of the entire floating wind turbine structure, 

the initial position C of the rotor disc plane, and the initial position A of 

the highest point on the floating structure column. According to the six-

degree-of-freedom rigid-body motion theory, the updating formula for 

the coordinates of point A is obtained as: 
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where 𝑑 and 𝜃 denote the translational and rotational displacements of 

the floating wind turbine, respectively; 𝜑 represents the tilt angle of the 

rotor disc at the initial time, which accounts for its influence on 

calculating the position coordinates of point A; and 𝑟 is the rotor radius. 

The formula for calculating the air gap is: 

 

( , , ) ( , , ) ( , , )a x y t A x y t x y t= −                         (5) 

 

where 𝑎(𝑥, 𝑦, 𝑡) denotes the air gap at any spatial point near the wind 

turbine foundation platform. Based on the time history of the position 

coordinates of the highest point 𝐴(𝑥, 𝑦, 𝑡)  on the floating structure 

column and the wave surface elevation 𝜂(𝑥, 𝑦, 𝑡) at the corresponding 

location, the time history of the air gap 𝑎(𝑥, 𝑦, 𝑡) at any point near the 

wind turbine foundation platform can be obtained. 

 

 

NUMERICAL SETUP 
 

Wind turbine 
 

The wind turbine employed in this study is the IEA 15 MW reference 

model, which features three blades with a rotor diameter of 240 meters. 

It operates with a rated wind speed of 10.59 m/s, a hub height of 150 

meters, and a rated rotational speed of 7.56 revolutions per minute. 

Further details and a full set of parameters can be found in Gaertner et al. 

(2020). 

 

 

Computational domain and mesh 
 

The computational domain is illustrated in Fig. 2, with dimensions of 

1200 meters in length, 702 meters in width, and 590 meters in height. 

The wind turbine is situated 240 meters downstream from the inlet 

boundary. The top boundary and the bottom boundary is set as a slip 

condition, and the left and right sides are defined by symmetry boundary 

conditions. The incoming wind is introduced by specifying a velocity 

inlet boundary condition at the domain inlet. 

 
 

Fig. 2 Computational domain 

 

The computational domain grid is depicted in Fig. 3, with grids 

uniformly distributed in the x, y, and z directions. To ensure accurate 

capture of flow field changes near the wind turbine and within the wake 

region while minimizing computational load, we initially performed grid 

refinement over a larger area and subsequently conducted further 

refinement in a finer area. The total number of grids utilized is 3.22 

million. The simulation duration is set at 300 seconds, with a time step 

of 0.01 seconds selected for the calculations. 

 

 
(a) xy plane 

 
(b) yz plane 

 

Fig. 3 Computational meshes 

 

Condition parameter setting 
 

Four operational cases are defined in this study, as shown in Table 1, to 

investigate the influence of different wave heights on the wind turbine 

response under identical wind and wave-focusing conditions. The wind 

speed is kept constant at the rated wind speed of 10.59 m/s in all cases. 

The wave focal point is set at the coordinate origin (0, 0, 0), which 

corresponds to the center column of the platform, and the focal time is 

150 s. The wave conditions are configured as follows: no waves in Case1, 

a significant wave height of 3.8 m in Case2, 5.4 m in Case3, and 7.6 m 

in Case4. 

 

Table 1. Specifications for simulation cases  

 

Margins wind speed 

(m/s) 

wave 

height (m) 

Focusing 

location 
Focusing 

time 
Case1 10.59 / / / 

Case2 10.59 3.8 (0, 0, 0) 150s 

Case3 10.59 5.4 (0, 0, 0) 150s 

Case4 10.59 7.6 (0, 0, 0) 150s 

 
Based on the dimensions of the floating platform, a regular array of 

measurement points is arranged within a square domain that encloses the 

main structure of the platform. Centered on the platform, a square region 

with a side length of 100 meters is defined, which fully covers the 
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platform and its surrounding flow-critical areas. Inside this region, 

measurement points are uniformly distributed with a spacing of 4 meters 

in both longitudinal and transverse directions, forming a structured 

equally spaced grid. In total, 676 measurement points are arranged, 

enabling a systematic acquisition of the spatial distribution of the air gap 

around the platform. The layout of the measurement points is illustrated 

in Fig. 4. 

 

 
 

Fig. 4 Layout of measurement points 

 

 

RESULTS AND DISSCUSSIONS 

 

 

Airgap response 
 

Fig. 5 presents the distribution of the minimum air gap around the 

platform under different operating conditions. Overall, the air gap level 

decreases systematically as wave intensity increases. Under pure wind 

conditions, the air gap distribution is relatively uniform, ranging from 

9.75 m to 19.75 m. The air gap decreases steadily along the incoming 

flow direction. This is due to the turbine tilting caused by the moment 

generated between the rotor thrust and the center of gravity. When 

focused waves are introduced and their amplitude increases, the overall 

air gap range is significantly compressed. For wave amplitudes of 4 m, 

6 m, and 8 m, the lowest air gap occurs near the right-side column of the 

platform, with minimum values dropping to approximately 8 m, 6.8 m, 

and 5.2 m, respectively. This indicates that the average distance between 

the structure and the wave surface is reduced, and the overall probability 

of wave impact increases. 

 

Secondly, the distribution pattern of the air gap shifts from a uniform 

gradient to a complex, multi-extremum form. Without waves, the 

contour lines of the air gap response are sparse and gradual. Under wave 

action, the spatial distribution of the minimum air gap exhibits steep 

gradients and multiple local extreme regions. At a wave amplitude of 4 

m, isolated low-gap areas have already appeared. As the wave amplitude 

increases to 6 m and 8 m, the extent of these local low-gap areas expands, 

the air gap values decrease further, and they coalesce into larger 

continuous low-gap zones in the figure. Concurrently, the location of the 

minimum air gap shifts as the wave amplitude changes. 

 

As the wave amplitude increases, the feature that the minimum air gap 

consistently occurs in the region in front of the lower-right column of the 

platform becomes more pronounced. This characteristic is primarily 

induced by wave loads: under pure wind conditions without waves, no 

distinct localized minimum appears in this area. However, once waves 

are introduced, as the wave amplitude increases from 4 m to 6 m and 8 

m, the air gap at this location decreases progressively to approximately 

9.2 m, 8 m, and 6.4 m, respectively. This indicates that the area in front 

of the lower-right column is the most sensitive region of the structure 

under wave-induced dynamic response and should be regarded as a 

critical zone for wave impact risk assessment and structural 

reinforcement design. 

 

 
(a) H = 0m 

 
(b) H = 3.8m 

 
(c) H = 5.4m 
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(d) H = 7.6m 

 

 

Fig. 5 Temporal and spatial distribution of the local attack angle under 

different amplitudes 

 

 

Motion response 
 

Fig. 6 presents the time-history comparisons of the platform's heave, 

pitch, and roll motion responses under four different operational 

conditions. During the critical period when the focused wave passes the 

platform (around 150 seconds), the motion patterns can be summarized 

as follows, which explains the previously observed changes in air gap. 

 

The amplitude of the heave response increases systematically with the 

wave amplitude. The statistical values of the heave motion response are 

summarized in Table 2. Its motion amplitude increases significantly from 

4.25 m for Case 1 to 8.78 m for Case 4. The increase in heave amplitude 

directly reduces the clearance between the lower part of the structure and 

the still water level, which is the primary reason for the overall decrease 

in the air gap. 

 

The platform maintains a certain pitch angle under all operational 

conditions, indicating a fixed inclined attitude of approximately 5°–7°. 

This is caused by the wind thrust moment. When large-amplitude waves 

pass, distinct periodic fluctuations in the pitch angle occur around 150 

seconds. The dynamic pitch motion induced by the waves intensifies this 

attitude. The statistical values of the pitch motion response are shown in 

Table 2. The amplitude of the dynamic pitch increases sharply from a 

negligible 0.07° for Case 1 to 6.73° for Case 4. Furthermore, the motion 

range is essentially symmetric about zero for Cases 2 to 4, confirming 

the periodic pitching oscillation induced by the passing waves. 

 

The platform exhibits a small roll angle, with an equilibrium position of 

approximately 0.5 degrees. This roll angle is primarily induced by 

asymmetrical loading. The wind load not only generates a pitching 

moment but, if its point of action has a slight lateral offset relative to the 

line connecting the platform's center of gravity and center of buoyancy, 

also produces a steady heeling moment component. When waves pass, 

the dynamic pitch response superimposes periodic fluctuations on this 

inclined attitude, causing the column in the lower right area to sink 

further. This makes the column in the lower right area a combined region 

of the static lowest point and dynamic sinking. Consequently, the global 

minimum air gap consistently occurs at this location, and its value 

decreases significantly as the wave amplitude increases. 

 

Flow Field Details 

 

Fig. 7 presents a comparison of wave surface elevation and morphology 

near the platform under different operating conditions. Changes in wave 

surface elevation directly explain the increase in heave motion and the 

overall reduction in air gap. As wave amplitude increases, the height 

difference between wave crests and troughs becomes significantly larger, 

leading to greater heave motion amplitude of the platform. This reduces 

the vertical distance between the lower surface of the platform and the 

still water level. 

 

Table 2. Statistical Value of Heave Motion  

 

Margins Maximum 

(m) 

Minimum 

(m) 
Mean (m) Amplitude 

(m) 
Case1 23.76 19.51 22.39 4.25 

Case2 25.26 20.14 22.52 5.11 

Case3 26.58 19.87 22.76 6.71 

Case4 28.24 19.46 23.25 8.78 

 

Table 3. Statistical Value of Pitch Motion  

 

Margins Maximum 

(m) 

Minimum 

(m) 
Mean (m) Amplitude 

(m) 
Case1 -0.12 -0.19 -0.16 0.07 

Case2 1.60 -1.67 -0.06 3.27 

Case3 2.49 -2.48 0.00 4.97 

Case4 3.38 -3.35 0.07 6.73 

 

 

Under wave-free conditions, the platform has developed a static pitch 

inclination due to wind loads. The flow field diagrams show that the 

wave morphology is visibly asymmetric between the front and rear of the 

platform. As wave amplitude increases, the difference in water surface 

height between the front and rear becomes more pronounced. This 

creates an imbalance in wave forces acting on the front and rear of the 

platform, which excites dynamic pitch motion. This motion causes the 

aft of the platform to sink further, resulting in the minimum air gap 

consistently occurring on that side. 

Furthermore, wave-structure interaction complicates the distribution of 

air gap. In Cases 3 and 4, as waves pass the columns, the water surface 

morphology becomes highly complex and irregular due to diffraction, 

reflection, and local run-up, leading to noticeable fluctuations around the 

columns. Therefore, the instantaneous wave surface under the platform 

is not planar but exhibits a complex three-dimensional shape. This results 

in a gradient distribution of air gap and multiple local extreme values in 

space. 

 

 
(a) Heave motion 
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(b) Pitch motion 

 
(c) Roll motion 

 

 

Fig. 6 The heave, pitch, and roll motion responses of the platform. 

 

 
(a) H = 0m 

 
(b) H = 3.8m 

 
(c) H = 5.4m 

 
(d) H = 7.6m 

 

 

Fig. 7 Free-Surface Elevation and Flow Field at the Focusing Instant 

 

 

CONCLUSIONS 

 

This study analyzes the air-gap response of an offshore structure under 

focused wave action. By integrating the analysis of air-gap distribution, 

platform motion, and flow field, three main conclusions are drawn. 

 

First, the air gap decreases systematically with increasing wave 

amplitude. Its distribution shifts from uniform to a complex pattern 

featuring gradients and gradually expanding low-air-gap zones. More 

importantly, the global minimum air gap consistently occurs in front of 

the lower-right column of the platform. Its value decreases as the wave 

amplitude increases, dropping to approximately 6.4 m at a wave 

amplitude of 7.6 m. This indicates that this area is a high-risk zone for 

wave impact. Second, the reduction in air gap is caused by the coupled 

effects of platform motion. The increase in wave height leads to a greater 

heave amplitude, which is the main reason for the overall decrease in air 

gap. The static inclination of the platform (pitch ~5°–7°, roll ~0.5°) 

combined with the wave-induced dynamic pitch motion particularly 

exacerbates the sinking on the right side of the structure. This motion 

coupling explains why the location of the minimum air gap consistently 

appears there. Finally, the flow field analysis verifies the above 

mechanisms. The wave asymmetry in front of and behind the platform 

creates an unbalanced force couple, exciting the dynamic pitch motion. 

The complex interaction between the waves and the structure results in a 

highly irregular instantaneous wave surface. This directly causes the 

gradients and local extremes in the air-gap distribution. 

 

In summary, the risk of wave impact increases with wave amplitude due 

to the amplification of platform motion. The area around the lower-right 
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column is the most vulnerable due to the combined static and dynamic 

tilt. Structural design and assessment must consider such coupled 

dynamic effects, and local reinforcement should be applied to this critical 

area. Future work will involve focused wave analysis from other 

directions, such as beam and oblique seas. Additionally, the effects of air 

compressibility during wave-impact events will be considered, to more 

comprehensively evaluate the platform's survivability under multi-

directional extreme wave conditions. 
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