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The heave motion of a new cylindrical floating drilling production storage and offloading system (FDPSO) with extended cylinder, anti-motion structure and a gap between the extended cylinder and anti-motion structure under high sea conditions was investigated by implementing numerical simulations for its reduced-scale laminar flow model (1:77.8) using the CFD software STAR-CCM+. The effect of changing the width (10 [image: The image shows text on a dark gray background that reads "November Rain". The font is serif-style with slight fading, giving a vintage or weathered appearance.] 15 m) and height (10 [image: A large group of people is tightly packed in a crowd, raising their hands in the air. They are outdoors, facing in the same direction, conveying a sense of unity and excitement.] 15 m) of the anti-motion structure on the heave motion of the new cylindrical FDPSO were analyzed. The results show that increasing the width and height of the anti-motion structure increases the natural period of the structural heave motion, making it far away from the main energy period of the wave, and has a certain inhibitory effect on the heave motion of the FDPSO. Comparing the variation of vortex field around the structures of different sizes, it is concluded that the vortex generation and vortex shedding around the highwidth anti-motion structure model is significantly strengthened compared with the low-width anti-motion structure model. The variation of the vortex generation and vortex shedding due to the change in height is relatively inferior compared to the change in width.
Keywords: cylindrical FDPSO, anti-motion structure, heave motion, CFD, scale sensitivity

1 INTRODUCTION
“Floating Drilling Production Storage and Offloading System (FDPSO)” refers to adding drilling functions to an FPSO. It is a floating container-shaped production system that integrates offshore oil and gas processing, oil storage and offloading, power generation, heating, control, and living functions. FDPSO has many advantages, including low initial investment, short construction period, strong oil storage capacity, adaptable to a wide range of water depths, easy to relocate, and reusable. It is widely used in deep-sea, shallow-sea, and marginal oil fields. Most of the offshore oil and gas fields being developed or about to be developed in China belong to the category of marginal oil fields (Wang and Feng, 2011). The constant wear and corrosion of infrastructure in harsh underwater environments drives up maintenance costs, and these tasks are currently carried out primarily with remotely operated vehicles (ROVs), which often require tethered and human operators, or with autonomous underwater vehicles (AUVs), which are limited in their accessibility and maneuverability. In order to reduce the risk and cost of manual maintenance, underwater bionic robots can be used to check and measure underwater cables, offshore wind farms, electric fields and other underwater infrastructure (Gorma et al., 2021). Therefore, FDPSO is quite suitable for the development of China’s offshore oil and gas fields. After long-term development, a variety of new forms of FDPSO have emerged, including deepwater octagonal FDPSO, hourglass-shaped FDPSO, multicylinder FDPSO, and cylindrical FDPSO. Through motion response analysis of cylindrical FDPSO, it is found that cylindrical FDPSO has advantages such as low investment, low cost, and short construction period, but also has some drawbacks, such as large sway motion amplitude.
A motion response analysis of the cylindrical FDPSO reveals both strengths and weaknesses, with significant heave motion amplitudes as a drawback. To develop an internationally advanced FDPSO, Wang Shisheng (Wang and Zhao, 2014) and others conducted a conceptual design study on the deepwater octagonal FDPSO. They analyzed the impact of different oscillation plate sizes on the inherent characteristics of the octagonal FDPSO and the influence of different floating body diameters on the motion performance. Results indicate that increasing the oscillation plate size significantly alters the inherent period of the floating body. Addressing the poor wave resistance of ship-shaped FPSO, Zhao Zhijuan (Zhao, 2012) innovatively designed a new multi-cylinder FDPSO suitable for operations in the South China Sea. Computational analysis demonstrates that the inherent period of the multi-cylinder FDPSO can stay away from its wave period. Yao Yuxin (Yao and Wang, 2015) proposed a novel hourglass-shaped floating production storage and offloading system, analyzing the effects of oscillatory motion response, viscous damping, and nonlinear stiffness on the heave motion performance of the hourglass-shaped floater. This provides guidelines for the outer shape design of new floating production units. Liu Liqin (Liu and Zhang, 2019), following the SEVEN-type FPSO’s outer shape, modified the oscillation plate structure by removing the slope foot connecting the cylinder and oscillation plate, adding inclined oscillation plates. The study investigates the impact of different sea conditions on the inclination angle of the oscillation plate on its damping characteristics and anti-rolling effects. Research findings indicate that smaller cone angles provide better suppression of structural heave motion, with a 10° cone angle performing well in inhibiting longitudinal sway under various sea conditions. Ji et al., 2022 found a new drive line immersion boundary mixing method for predicting the wake characteristics of horizontal axis wind turbines. Zeng et al., 2024 summarized the research progress of nonlinear fluid dynamics of floating offshore wind turbines. Zeng et al., 2023 studied the high order harmonic load and low frequency resonance response of offshore floating wind turbine under extreme wave group. Zeng et al., 2021 conducted numerical and experimental studies on the wave breaking power of a single pile offshore wind turbine. Li et al., 2023a conducted a numerical simulation of scour waves generated by ship movement over an uneven seafloor. Li et al., 2023b studied the waves produced when a ship passes through a change in depth. Li et al., 2023c studied the interference effect of upstream waves generated by depth changes in catamarans. Li et al., 2023d conducted a time domain numerical simulation of positive speed motion of multiple ships in waves. Li et al., 2019 studied stable hydrodynamic interactions between human swimmers.
This paper conducts CFD (Computational Fluid Dynamics) numerical simulation analysis on the heave motion of a cylindrical FDPSO equipped with extended cylindrical bodies and a box-type motion reduction structure. Various height and width conditions of the motion reduction structure are considered to investigate their impact on the heave motion of the cylindrical FDPSO. The numerical simulation provides heave motion and vertical force time history curves, enabling an analysis of the influence of the motion reduction structure’s width and height. Additionally, the study elucidates the physical mechanisms behind how the dimensions of the motion reduction structure affect the heave motion of the FDPSO, based on the flow field information obtained from numerical simulations.
2 MATHEMATICAL MODELS AND NUMERICAL METHODS
2.1 Governing equations for incompressible viscous fluids
In the numerical simulation of this paper, the hydrodynamic load of the floating drilling production storage and unloading device is obtained by solving the incompressible viscous fluid outside the device. In three dimensions, for a homogeneous incompressible fluid, the density of the fluid remains constant during the motion, then the N−S equations for the three-dimensional incompressible viscous fluid can be expressed as:
[image: Please upload the image or provide a URL so I can generate the alt text for it.]
[image: Fluid dynamics equation showing density times the material derivative of velocity equals density times body force minus gradient of pressure plus dynamic viscosity times the Laplacian of velocity.]
where: [image: It looks like there was an issue with the image upload. Please try uploading the image again, and I'll be happy to help with the alt text.] is the fluid velocity vector; p is the pressure per unit volume of fluid; Fb is the mass force per unit volume; ρ is fluid density; μ is the viscosity coefficient of the fluid. ρ and μ are calculated according to the free surface capture method.
2.2 Free surface capture method
In this paper, the numerical simulation involves the study of water and air two-phase flow. Euler-Euler model is used to describe the two-phase fluid in the calculation domain, and the VOF (Hirt and Nichols, 1981) (Volume of Fluid) method and the variable of phase volume fraction is introduced to track the phase interface in the calculation domain (Guo, 2017).
The fractional function of the VOF model is:
[image: Equation showing three conditions: alpha equals zero for air, zero is less than alpha is less than one for interface, and alpha equals one for water, labeled as equation three.]
The transport equation of the VOF model function follows the convection equation as follows:
[image: Partial differential equation showing \(\frac{\partial \alpha}{\partial t} + \nabla \cdot (U \alpha) + \nabla \cdot (U_{r} (1 - \alpha) \alpha) = 0\). Equation number 4.]
where U is the fluid velocity and Ur is the velocity field used to compress the interface.
The density and viscosity in the continuity equation and momentum equation above are obtained by weighted average of the proportion of the two-phase fluid, and the function is as follows:
[image: Equation for calculating ρ is shown: ρ equals α times ρ_w plus (1 minus α) times ρ_a, labeled as equation 5.]
[image: Mathematical formula depicted as \( \mu = \alpha \mu_w + (1 - \alpha) \mu_a \) with the equation number (6) on the right side.]
where subscript w represents water and subscript [image: It seems like there was an error in your request. Please upload the image or provide more context, and I'll be happy to help with the alt text.] represents air.
2.3 Wave generation and wave parameter setting
JONSWAP was measured and analyzed by the North Sea Wave Joint Project. The spectrum describes irregular waves (Du, 2021). The setting of wave parameters is shown in Table 1.
TABLE 1 | Wave parameters.
[image: Table comparing sea state parameters for actual and scaled states. Parameters include wave spectrum, wind speed (57.2 to 6.48 m/s), significant wave height (12.7 to 0.16 m), spectral peak period (15 to 1.7 seconds), and surface flow rate (2.49 to 0.28 m/s). Wind, wave, and current direction remains at zero degrees. Both states use the JONSWAP spectrum.]2.4 FDPSO motion theory
In the study of CFD numerical simulation, it is very important to solve the motion of floating body in fluid. In the case that only the single freedom motion of the floating body is considered, the motion equation of FDPSO can be established based on the direct equilibrium method of D ‘Alembert’s principle:
[image: Equation showing a second-order linear differential equation: \( m\ddot{y} + c\dot{y} + ky = F \), where \( m \), \( c \), and \( k \) are constants, and \( F \) is a forcing function.]
Where: m is the mass of the floating body; y is the displacement of the floating body in the direction of motion; c is the viscous damping coefficient; k is the stiffness coefficient; F is the exciting force on the floating body in the direction of motion.
When FDPSO does heave motion, the force F consists of the hydrodynamic force Fv and the additional mass inertial force Fa caused by the heave additional mass, i. e:
[image: Mathematical equation depicting force, where total force \( F \) is the sum of viscous force \( F_v \) and inertial force \( F_n \), labeled as equation (8).]
[image: A mathematical equation depicting Newton's second law of motion for a falling object: \( F_g = -m g \), where \( F_g \) is the gravitational force, \( m \) is the mass, and \( g \) is the acceleration due to gravity.]
By substituting equations (8) and (9) into Equation 7, the equation of FDPSO heave motion can be obtained:
[image: Equation of motion for a system: \((m + m_a)\ddot{y} + c\dot{y} + ky = F_v\), labeled as equation \(10\).]
The inherent period of FDPSO is:
[image: Equation showing the relationship between period and frequency: \( T = \frac{1}{f} = 2\pi \sqrt{\frac{m + m_a}{k}} \), labeled as equation 11.]
In order to reduce the heave performance of FDPSO, the natural period of the platform heave motion can be increased by increasing the additional mass of the structure, so that the natural period of the platform heave motion can be further away from its wave period.
3 PHYSICAL MODEL
Based on the actual size of the platform in Table 2, the model was established according to the scale ratio of 1:77.8. The 3D geometric model profile of the platform established based on SolidWorks is shown in Figure 1.
TABLE 2 | Physical parameters.
[image: Table comparing platform parameters, actual FDPSO dimensions, and scale FDPSO size with a scale ratio of 1:77.8. Parameters include cylinder diameter (76m, 0.9768), reduced structure height (10m, 0.1285), external diameter of reduced structure (98m, 1.2600), extended cylinder height (15m, 0.1928), depth of barrel body (35m, 0.4500), draft (40m, 0.5141), reduced structural clearance (1m, 0.0129), and lunar pool diameter at apex (12m, 0.1542) and extremitas inferior (18m, 0.2314).][image: Diagram consisting of two parts. A: Geometric diagram showing main and extension cylinders with a moon pool and damping structure. B: 3D geometric model profile of similar structures, highlighting the main and extension cylinders.]FIGURE 1 | Schematic diagram of the geometric model. (A) Geometric diagram. (B) Geometric model profile.
4 NUMERICAL SIMULATION AND RESULTS DISCUSSION
4.1 Computational domain settings and meshing
The model used in this paper is an axisymmetric structure, so half of the model is used for calculation domain setting and grid division. The dimensions of the computational domain are 8 [image: Please upload the image or provide a URL, and I can help generate alt text for it.]*2 [image: Please upload the image or provide a URL, and I can assist you with generating the alt text.]*2.5 [image: It seems like you attempted to upload an image or describe an image content. Please try uploading the image again, or provide a description so I can assist you in generating alternate text.] ([image: Please upload the image or provide a URL so I can generate the alt text for you.] is the wavelength), and 8 [image: If you have an image to share, please upload it, and I can help generate alternate text for it. If you have a specific description or context in mind for the image, feel free to include that as well!], 2 [image: It seems there was no image uploaded. Please upload the image or provide a URL, and I will create the alt text for you.], and 2.5 [image: It seems like there was a mistake in uploading the image or providing a URL. Please try uploading the image again or provide a URL for it.] correspond to the length, width, and height of the computational domain respectively. The boundary conditions for Inlet, Back, Bottom, and Top are adopted for velocity inlet, symmetric plane boundary conditions for Front, and pressure Outlet boundary conditions for outlet. In order to prevent the wave reflection phenomenon when the incident wave propagates to the exit, a wave dissipation area is provided at the distance from the exit, and the wave dissipation area adopts damping wave dissipation. The calculation domain sketch is shown in Figure 2. The position of the waterline and the gap between the subtracting structure and the extended cylinder are encrypted by a three-layer grid, as shown in Figure 3. They are the global grid of the computational domain, the gap out grid and the model surrounding grid.
[image: Diagram of a wave propagation model showing a rectangular box with labeled sides and dimensions. The side labeled "Inlet" shows an incidence wave entering. The opposite side is labeled "Outlet" with a marked relaxation zone. Key measurements include dimensions of two point five A for the height and eight A for the length.]FIGURE 2 | Computational domain sketch.
[image: Four diagrams labeled A to D display different grid configurations. A shows a horizontal grid labeled "Computational domain grid." B displays an L-shaped grid labeled "Gap grid." C features a square grid with a circular inset, labeled "Top model around grid." D depicts a vertical arrangement with a central gap, labeled "Model surrounding grid."]FIGURE 3 | Fluid mesh. (A) Computational domaingrid. (B) Gap grid. (C) Top model around grid. (D) Model surrounding grid.
4.2 Grid convergence verification
In order to conduct convergence analysis on the number of grids, this paper considers the heave attenuation in still water (Bai and Li, 2020), and generates three different numbers of grids when the width and height of the structure with a gap are both 10 m. According to the different number of grids, grid 1, grid 2 and grid 3 are divided, as shown in Table 3.
TABLE 3 | Mesh convergence verification numerical value of cylindrical FDPSO example.
[image: Table displaying data on grids. Three grids labeled Grid1, Grid2, and Grid3 are listed. Grid1 has a base mesh size of 0.35 meters with 1.50 times ten to the sixth power grids. Grid2 has a base mesh size of 0.3 meters with 2.00 times ten to the sixth power grids. Grid3 has a base mesh size of 0.26 meters with 2.83 times ten to the sixth power grids.]Three different mesh density models of 1.5 million, 2 million and 2.83 million were used to calculate the heave free attenuation curve, as shown in Figure 4.
[image: Graph showing three wave graphs labeled \(150\text{Hz}\), \(200\text{Hz}\), and \(250\text{Hz}\), with displacement on the y-axis and time \(t\) in seconds on the x-axis. The graph depicts an oscillating pattern. An inset highlights a section of the waves, with a peak marked, showing the curvature. Legends and axes are clearly labeled.]FIGURE 4 | Heave free attenuation motion curve of models with different mesh densities.
Using three different grid density models (1.5 million, 2 million, and 2.83 million cells), the study calculates heave free decay curves for the cylindrical FDPSO with a gap motion reduction structure having widths and heights of 10 m, as depicted in Figure 4. The results obtained using 2 million grid cells closely match those obtained using 2.83 million grid cells, while the results from 1.5 million grid cells show slight discrepancies. Considering computational efficiency, subsequent calculations will use the 2 million grid cells.
4.3 Result analysis
The cylindrical FDPSO used in this study has extended cylindrical bodies and a motion reduction structure. Analyzing the sensitivity of heave motion suppression in the cylindrical FDPSO with varying dimensions of the motion reduction structure, the study investigates different scenarios for the width (10–15 m) and height (10–15 m) of the motion reduction structure, while keeping the other dimension fixed at 10 m. Simulation results for heave motion under different scenarios are presented, and the effect of the motion reduction structure dimensions on the FDPSO’s heave motion is analyzed. The study explores multiple numerical cases considering various widths and heights of the motion reduction structure, presenting the displacement values for different scenarios in Table 4.
TABLE 4 | Drainage weight of each size model of anti-motion structure.
[image: Table comparing width and height in meters with actual drained weight and scale drainage weight in kilograms. Data ranges from width and height 10 to 15 meters, showing corresponding weights. Values display scientific notation for actual weights and precise values for scale weights.]4.3.1 Effect of reduced structure width on model heave motion
The heave time history curves for models with widths of 10, 12, and 15 m are simulated and presented in Figure 5. Performing a fast Fourier transform on selected data points, the amplitude-frequency curves shown in Figure 5 demonstrate that increasing the width of the motion reduction structure leads to a gradual reduction in the floater’s amplitude.
[image: Two graphs are displayed side by side. The left graph shows a plot of position (x) over time (t) with multiple wavy lines, labeled as different equations. The right graph shows amplitude against frequency (Hz) with a prominent peak at a low frequency, also featuring varied line styles for different equations. Legends identify the lines as equations (10a), (11a), (12a), and (10b), (11b), (12b).]FIGURE 5 | Motion amplitudes of different widths of heave plate.
Statistical analysis of the heave time history curves for different widths yields the inherent periods of heave motion for models with varying motion reduction structure widths, as shown in Table 5. The data indicates that increasing the width of the motion reduction structure results in a larger inherent period of heave motion for the cylindrical FDPSO. Compared to the model with a motion reduction structure width of 10 m, models with wider structures exhibit increased inherent periods of 4.93%, 12.32%, and 19.21% for widths of 11, 12, and 13 m, respectively.
TABLE 5 | Heave natural period of different anti-motion structure width.
[image: Table showing data on reduced structure width in meters, heave natural period in seconds, and natural period increase percentage. Widths: 10, 11, 12, 13 meters. Corresponding natural periods: 2.03, 2.13, 2.28, 2.42 seconds. Period increases by 0%, 4.93%, 12.32%, and 19.21% respectively.]Table 6 compares the maximum and minimum values of heave motion for motion reduction structure widths of 10 m and 15 m. The results show that, when considering only floater heave motion, increasing the motion reduction structure width from 10 m to 15 m leads to a decrease in the amplitude of vertical forces, reducing the heave motion of the platform. The heave motion for the platform with a motion reduction structure width of 15 m is reduced by 47.7% compared to the structure with a width of 10 m.
TABLE 6 | Comparison of heave motion between 10 m and 15 m width.
[image: Table displaying heave movement patterns. For a reduced structure of 10 meters wide, max heave is 1.599 and min is -2.645. For 15 meters wide, max heave is 0.955 and min is -1.266. Percentage difference is -47.7%.]The floating body heave motion is numerically simulated by CFD method. The vorticity of the model with the same height (10 m) and width of 11 m and 14 m in the fifth motion cycle is shown in Figure 6. As can be seen from Figure 6, during the floating body’s movement, vortices are generated at the sharp edges and gaps of the reducing structure and the extended cylinder. When FDPSO moves downward from the equilibrium position to the lowest position (5–5.25T), vortices in an upward direction are generated at the top sharp corner of the reducing structure, vortices generated at the bottom sharp corner of the reducing structure form accumulation at the bottom of the floating body, and vortices at the gap move upward. When FDPSO moves upward from the lowest position to the equilibrium position (5.25–5.5T), during the upward movement, the vortices gradually start to fall off, and the vortices falling off at the sharp corners above the reducing structure gradually pile up above the reducing structure, and the vortices falling off at the sharp corners below the reducing structure move backward, and new vortices will be generated at the sharp corners and gaps of the reducing structure. When FDPSO moves upward from the equilibrium position to a higher position (5.5–5.75T), a downward vortex is generated at the outer sharp corner of the reduced structure. When FDPSO moves downward from the highest position to the equilibrium position (5.75–6.0T), an upward vortex is generated at the sharp corner of the reducing structure, and the vortex gradually falls off with the increase of time. The vortex shed in the early stage continues to move away from the cylindrical FDPSO and gradually dissipates in the surrounding flow field. On the whole, the vortex structure generated by sharp edges and gaps in the process of motion presents a tendency of dissipation and propagation to the surrounding flow field (Bai and Li, 2020). The vorticity generation and dissipation of models with large widths are increased compared with those with small widths.
[image: Four panels (A, B, C, D) showing MRI scans with varying parameters: each has two images side by side. Panel A is labeled t=5.0T (6.0T), B as t=5.25T, C as t=5.5T, and D as t=5.75T. Differences in brightness and fluid presence are visible between them.]FIGURE 6 | The vortex field distribution of different anti-motion structure width. (A) t=5.0T (6.0T). (B) t = 5.25T. (C) t = 5.5T. (D) t = 5.75T.
[image: Graph showing wave height over time for different depths. The x-axis represents time in seconds, ranging from 0 to 20. The y-axis represents wave height in meters, from -100 to 100. Three lines indicate wave behavior at depths of 11 meters, 14 meters, and 15 meters, with distinct line styles for each.]FIGURE 7 | Vertical stress time curve of different decreasing structure widths.
In summary, the increase of the width of the cylindrical FDPSO damping structure increases the natural period of the heave motion of the structure, making it far away from the range of the main energy period of the wave, and can effectively slow down the heave motion of the platform.
4.3.2 Effect of reduced structure height on model heave motion
Through numerical simulation of the heave motion of the model with a height of 10, 11, 12, 13, 14 and 15 m of the reduced structure, the heave time curve is obtained. Figure 8 shows the heave time curve of the model with a height of 13 and 15 m. Take some data for fast Fourier transform and draw the amplitude-frequency curve as shown in Figure 8. As can be seen from Figure 8, the height of the subtractive structure increases, while the floating body amplitude gradually decreases.
[image: Two line graphs are displayed. The left graph shows heave versus time in seconds for three datasets, with a prominent peak around 0.5 seconds. The right graph depicts amplitude versus frequency in hertz for two datasets, both exhibiting fluctuating patterns across the frequency range.]FIGURE 8 | Motion amplitudes of different widths of heave plate.
According to the statistics of the heave time curve of the different height of the subtraction structure, the natural heave period of the model with different height of the subtraction structure can be obtained, as shown in Table 7. The natural period of the real scale platform movement is obtained by scaling ratio conversion. When the height of the subtraction structure is 10 m, its heave natural period is 17.91 s. When the height is 13 m, the natural period is 18.52 s. When the height is 15 m, the natural period is 19.23 s. The data in Table 7 show that the natural period of heave motion of cylindrical FDPSO increases with the increase of the height of the subtraction structure. Compared with the model with a height of 10 m, the natural period of other height models increases by 3.45% and 7.93%, respectively.
TABLE 7 | Sag natural period of different height of subtraction structure.
[image: Table showing the relationship between reduced structural height, proper periods, and natural period increase percentage. Heights of 10, 13, and 15 meters correlate with proper periods of 2.03, 2.10, and 2.18 seconds, and period increases of 0%, 3.45%, and 7.39%, respectively.]Table 8 compares the maximum and minimum values of heave motion of a subtractive structure with a height of 13 m and a height of 15 m. It can be seen that when only the heave motion of the floating body is considered, when the height of the decreasing structure increases from 13 m to 15 m, the amplitude of the vertical force of the floating body decreases, which reduces the heave motion of the platform. The heave motion of the platform with the height of the decreasing structure is 43.1% lower than that of the platform with the height of the decreasing structure is 13 m.
TABLE 8 | Comparison of heave motion between 13 m and 15 m heights.
[image: Table comparing movement patterns for a reduced structure. Columns include Movement pattern (Heave/m), values for the structure width of 13 m (Max: 2.376, Min: -3.206), 15 m (Max: 1.281, Min: -1.894), and Percentage Difference (-43.1%).]The vorticity diagram of the model with constant width (10 m) and height of 12 m and 15 m in the sixth motion cycle is shown in Figure 9. It can be seen that vortices are generated in the sharp edges and gaps of the reducing structure and the extended cylinder during the floating body’s movement. When FDPSO moves downward from the equilibrium position to the lowest position (6–6.25T), vortices in the upward direction are generated at the top sharp corner of the reducing structure, vortices generated at the bottom sharp corner of the reducing structure form accumulation at the bottom of the floating body, and vortices at the gap move upward. When FDPSO moves upward from the lowest position to the equilibrium position (6.25–6.5T), the vortices gradually start to fall off during the upward movement, and the vortices falling off at the sharp corners above the reducing structure gradually pile up above the reducing structure, and the vortices falling off at the sharp corners below the reducing structure move backward, and new vortices will be generated at the sharp corners and gaps of the reducing structure. When FDPSO moves upward from the equilibrium position to a higher position (6.5–6.75T), a downward vortex is generated at the outer sharp corner of the structure. When the FDPSO moves downward from the highest position to the equilibrium position (6.75–7.0T), an upward vortex is generated at the sharp corner of the reducing structure, and the vortex gradually falls off with the increase of time. The vortex shed in the early stage continues to move away from the cylindrical FDPSO and gradually dissipates in the surrounding flow field. On the whole, the vortex structure generated by edge sharp corners and gaps in the process of motion shows a tendency to dissipate and propagate to the surrounding flow field. The vorticity generation and dissipation increase with the increase of height, but the vorticity change is not obvious compared with that with the increase of width.
[image: Four panels labeled A, B, C, and D showing grayscale visualizations of an object in a fluid flow simulation. Panels A and B display flow at time t equals 6.0T and 6.25T, respectively. Panels C and D depict time t equals 6.5T and 6.75T. Each panel features two similar visualizations, illustrating fluid dynamics over time.]FIGURE 9 | The vortex field distribution of different anti-motion structure height. (A) t=6.0T (7.0T). (B) t = 6.25T. (C) t = 6.5T. (D) t = 6.75T.
Figure 10 shows the time history curve of the vertical force of the model with different height of the subtraction structure. In this paper, the effect of fluid viscosity is considered in the research process. The viscosity of liquid will produce resistance to objects in motion, that is, the viscous pressure resistance. Relative movement will cause the pressure difference between the front and back of the reduced structure. The vertical stress amplitude of the floating production unit is reduced, but the change of the height of the damping structure has little effect on the viscous pressure difference.
[image: Graph illustrating force over time. The x-axis represents time in seconds, ranging from 0 to 20, and the y-axis represents force in newtons, ranging from -80 to 100. Two lines are shown: a solid line labeled G10 m and a dotted line labeled G13 m, both depicting oscillating force patterns.]FIGURE 10 | Time-history curves of vertical force with different height of anti-motion structure.
In summary, the natural period of heave motion can be increased with the increase of height of cylindrical FDPSO, but the increase of natural period caused by the increase of height is smaller than that caused by the increase of width.
5 CONCLUSION
In this paper, STAR-CCM+, a computational fluid dynamics software, is used to numerically simulate the heave motion of a new cylindrical FDPSO with different widths and heights under the action of irregular waves. According to the calculation results, the following conclusions are drawn:
	(1) under the condition of fixed height of the subtraction structure, increasing the width of the subtraction structure can effectively increase the natural period of the heave motion of the new cylindrical FDPSO, making it far away from the cycle range of the main energy of the wave, that is, increasing the width can inhibit the heave motion of the floating production unit.
	(2) Under the condition that the width of the reduced structure is fixed, the increase of the height of the reduced structure also increases the natural period of the heave motion of the new cylinder type FDPSO to a certain extent, which has an inhibiting effect on its heave motion.
	(3) During the movement of the new cylinder type FDPSO, vortices are generated at the sharp edges of the extended cylinder and the reducing structure, especially at the gap between the reducing structure and the extended cylinder.
	(4) The generation and shedding of vortices around the high-width subtraction structure model is significantly increased compared with that of the low-width subtraction structure model, resulting in an increase in the friction resistance of the subtraction structure; Compared with the width change, the generation and shedding of the vortex caused by the change of height is relatively weak, and the increase of height leads to the increase of friction resistance of the structure.
	(5) The increase of the size of the subtraction structure can inhibit its sag motion. And compared to the height increasing the suppression effect on floating platform, increasing the width of the platform more obvious suppression effect.
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Introduction: The study presents an integrated system comprising a central platform and four wave-energy converters, with a focus on investigating their coupled motions induced by ocean waves. The interaction between the buoys and the central platform is achieved through the implementation of spring components. The power take-off system is simulated by incorporating damping coefficients and stiffness into these spring components, enabling a detailed analysis of the energy conversion of such system.
Methods: Numerical simulations based on the continuity equation and the Reynolds-Averaged Navier-Stokes (RANS) equations, coupled with the realizable [image: I'm sorry, I can't view the image directly. Please upload the image file or provide a URL, and I will help generate the alternate text for it.] turbulence model, are conducted. The two-phase flow model employs the Volume of Fluid (VOF) method to accurately capture free surface elevations. Additionally, frequency-domain predictions, based on the linearized velocity potential flow theory, are provided for a single central platform and buoy for comparative purposes.
Results: Detailed results regarding the effects of wave frequency and the damping coefficient of the power take-off system are presented.
Discussion: The results reveal that while both the platform’s motion and the relative motions between buoys and the platform are suppressed, the absolute motion of buoys varies depending on their respective locations within the system and ocean waves. This variation is deeply influenced by the interaction between incident, reflected and diffracted waves within the system.
Keywords: wave energy converter, coupled motion, PLATFORM, combined system, energy conversion

1 INTRODUCTION
Climate change is prompting governments worldwide to accelerate energy transitions. Oceans, covering 71% of the Earth’s surface, are rich in solar, wind and wave energy. Consequently, developing offshore floating energy harvesting is expected to contribute significantly to net zero. So far, there have been many attempts to generate electricity by floating offshore ocean structures. However, the complex marine environment poses technical challenges to these activities, resulting in high costs and threatening equipment operations. The development of new floating platform solutions for hybrid renewable energy harvesting is expected to help reduce costs and improve safety.
An example of ocean-floating hybrid clean energy platform is developed by SINN Power. This innovative platform integrates various renewable energy sources, including solar, wind, and wave energy. Photovoltaic panels and small wind turbines are securely fixed to the truss structure of the floating platform. While prototype of hybrid power system is still scarce, extensive theoretical studies and experimental endeavours have been conducted. Sun et al. (2021) delved into the exploration of an array of heaving buoys encircling an A-shaped platform, employing both numerical simulations and experimental methods. They derived an optimization model by fine-tuning the spacing and arrangement of the buoys. Zheng and Zhang (2020) scrutinized the power performance, as well as the motion and pressure responses of a hybrid wave farm, incorporating oscillating water columns and point absorbers, utilizing a semi-analytical model. Their findings provided insights into the mooring type of oscillating water column (OWC), wave conditions, and the overall configuration of the farm. Cheng et al. (2022a) introduced a hybrid semi-submersible floating platform integrated with a flap-type wave energy converter and two oscillating buoys. Cheng et al. (2022b) proposed a novel concept: a hybrid wave energy conversion (WEC) and breakwater system combining an OWC and an oscillating buoy. Both experimental work and numerical simulations were conducted, and the results indicated a preference for the hybrid WEC concept, not only due to higher energy conversion but also for more robust wave attenuation. Further endeavours in this line of thought, including the combination of breakwater, oscillating buoy, and OWC, are being pursued by Lei et al. (2022), Cheng et al. (2022c) and Cheng et al. (2024). Cui et al. (2021) suggested a hybrid design featuring a cylindrical half-opening oscillating water column and a hinged oscillating buoy. Their research demonstrated that the hybrid system generally outperforms single OWC or single oscillating buoy in both frequency bandwidth and incident wave angle band. Nguyen and Wang (2020) utilized a linear power take-off system to connect a pontoon-type very large floating structure (VLFS) to the seabed. The wave energy is absorbed by the power take-off system through the motion of VLFS, achieving both wave energy extraction and a reduction in the hydroelastic response of the VLFS. Additionally, various studies explore energy extraction from the motion of VLFS, such as those by Nguyen et al. (2019) using a raft attachment, and Zhang et al. (2019) and Ren et al. (2019) by installing PTO systems between VLFS modules for extracting wave energy. Zhou et al. (2023a) contemplated a hybrid system involving a heaving cylindrical wave energy converter positioned in front of a parabolic breakwater. Furthermore, Zhou et al. (2023b) and Jin et al. (2023) delved into the wind-wave hybrid system, incorporating a floating offshore wind turbine alongside wave energy converters.
Numerical and experimental investigations into hybrid systems comprising platforms and wave energy converters are flourishing. However, the coupling between these components is not fully addressed in numerical analysis. Many studies focus on the coupling effect through hydrodynamic forces, accounting for the effects of both the motion of converters and the platforms. However, the power take-off system is typically applied solely to the wave energy converters, neglecting its direct impact on the platform. In offshore engineering, these components are interconnected rather than isolated. In the current work, we address this by incorporating spring components to establish a connection between the platform and oscillating buoys. The PTO system is simulated by introducing damping coefficients and stiffness to the springs. This approach allows the interaction force between the platform and oscillating buoys to be transmitted through the springs, with power being extracted accordingly. The spring force, in turn, depends on the relative motion between the platform and the spring. This nuanced understanding of coupling dynamics provides a more comprehensive insight into the interaction between platforms and wave energy converters in offshore engineering applications.
2 ANALYSIS OF ENERGY HARVESTING SYSTEM
2.1 Configuration
Figure 1 illustrates a comprehensive floating energy system, featuring a floating semi-submersible platform with a concave wall, where the top surface can be mounted with solar photovoltaic panels, in addition to four spherical oscillating buoys around it. Each heaving buoy is linked to the central platform through two spring components, allowing for the utilization of suitable power take-off mechanisms to extract energy and convert it into electricity. The floating platform and heaving buoys are motivated by ocean waves, with their mutual dependence realized through the springs connecting them. In this study, we focus solely on analysing the heaving motions of the platform and four buoys, as well as their coupling effects through the spring components.
[image: A floating wooden table and two chairs appear to be submerged in a vibrant blue pool, creating an unusual and surreal scene.]FIGURE 1 | Visualization of the integrated energy system in the ocean.
To better describe the integrated system, a Cartesian coordinate system is established with the origin O at the mass centre of the platform, also coinciding with the undisturbed water surface. The x-axis is along the direction of wave propagation, while the y-axis is perpendicular to it. The z-axis points upwards. The semi-submersible platform is featured as a solid of revolution with a concave wall. The illustration of the generatrix for the central platform is displayed in Figure 2. It has a radius [image: It seems there was an error with the image upload. Please try uploading the image again or provide a URL. You can also add a caption for additional context if you wish.] at the top and the bottom, and at the waterline, the radius is [image: It appears you've shared part of a mathematical notation rather than an image. Please upload the image or provide more context, and I’ll help create the alternate text for it.]. The curved part is a minor arc of a circle. This design approach enables the achievement of a compact waterplane, while also ensures sufficient space for the placement of components such as springs and buoys. In addition, the mean draught, equalling to the half-height of the platform, is denoted as D.
[image: Diagram labeled "A" and "B" depicting a Fermi model for an elliptical working zone. "A" shows a green semicircular area within a rectangular boundary, denoting radii R_{KZ} and R_{P1}, and height Z_1. "B" illustrates the elliptical working zone with points J_1 to J_5, a gray shaded working zone, and yellow side bars labeled water absorbing pads. The bottom section labeled "broken zone" shows a central position with forces F_K exerted.]FIGURE 2 | The illustration of (A) the generatrix for the central platform and (B) the top view and side view of the integrated system.
Four spheroid buoys with same geometry, denoted as [image: Mathematical expression showing \( B_i \) for \( i = 1, 2, 3, 4 \), indicating a sequence or series of elements labeled with subscript \( i \), where \( i \) takes values from one to four.], are positioned with their average centres evenly spaced on a circle with radius [image: It seems there might have been an error in uploading the image. Please try uploading the image again, or if you have a description or caption, feel free to provide that for additional context.] on the water surface, or [image: I'm unable to view the image directly. Please upload the image file for assistance with generating alt text.], [image: It seems there might be an error in your message. If you have an image to describe, please upload it or provide more context.], [image: It seems like you provided a mathematical expression instead of an image. If you have an image to upload, please do so, and I can generate the alternate text for it.] and [image: Please upload the image or provide a URL for me to generate the alternate text.], respectively. The equation of these spheroid is given as [image: Mathematical equation depicting an ellipsoid: \((x^2 + y^2)/R_L^2 + z^2/R_H^2 = 1\).], where [image: It seems that you've provided a mathematical expression rather than an image. Please upload the image or provide a URL for me to generate the appropriate alt text.] and [image: It seems there might have been an error in uploading the image. Please try uploading the image again, or ensure the URL is correct. You can also add a caption for additional context.] are the equatorial radius of the spheroid and the distance from the centre to the pole along the symmetry axis, respectively. The upper and lower spring components connected to [image: Please upload the image or provide a URL so I can generate the alternative text for it.] are denoted as [image: Please upload the image or provide a URL for me to generate the alt text.] and [image: To help generate the alternate text, please provide the image or a URL linking to it. If additional context is needed, feel free to include a caption.], respectively, where the subscripts [image: Please upload the image or provide a URL, and I will help generate the alternate text for it.] and [image: It seems there was an issue with receiving the image. Please try uploading it again, and I will assist you in generating the alternate text.] refer to upper and lower. The seabed is assumed to be flat, and the average water depth is denoted as [image: It seems there might have been an error in uploading the image. Please ensure the image is correctly uploaded or provide a URL. You can also add any context or caption for additional clarity.].
2.2 Motion and energy extraction of the system
The motions of the heaving buoys [image: Sorry, I cannot generate alternate text for the image without seeing it. Please upload the image, and I will create the alt text for you.] and the central platform are coupled through the forces due to the spring components, denoted as [image: Mathematical expression showing \( F_{s,i} (i = 1, 2, 3, 4) \), representing a sequence or series where \( i \) takes values from one to four.], and hydrodynamic forces. For each [image: Please upload the image you'd like me to generate alternate text for, or provide a URL to the image.], it includes the forces due to the upper spring [image: Please upload the image or provide a URL, and I'll help you generate the alternate text.] and that of the lower spring [image: Please upload the image or provide a URL for me to generate the alternate text.], which can be written as
[image: Equation showing \( F_{sJ} = -(b_{u1} + b_{IJ})(h_{i} - \bar{h}_{I}) - (k_{u1} + k_{IJ})(h_{1} - h_{J}) \), labeled as equation (1).]
where [image: It seems there was a mistake in uploading the image. Please try uploading the image again or provide a URL. Optionally, you can add a caption for additional context.] are the damping coefficients of the upper springs, and [image: Please upload the image or provide a URL so I can generate the alt text for you.] are those of the lower springs, and [image: Mathematical expression showing the variable \( k_{u,i} \), typically representing an element in a matrix or a specific value in an equation, indexed by \( u \) and \( i \).] and [image: Mathematical expression displaying \( k_{l,i} \) in italic font, showing a variable with subscripts \( l \) and \( i \).] are the stiffnesses of the upper and lower springs respectively. [image: The expression shows the mathematical symbol for a variable 'h' with a subscript 'i'.] and [image: Mathematical notation featuring the lowercase letter "h" with a subscript "p".] are the vertical displacement of buoy [image: It seems like there is no image provided. Please upload an image or provide a link, and I would be happy to help generate the alternate text for it.] and the central platform respectively, the dot above [image: Mathematical notation showing the variable \( h \) with a subscript \( i \), typically used to denote a specific element in a sequence or series.] and [image: The image displays a mathematical expression consisting of the letter 'h' followed by a subscript 'p'.] denotes the time derivative. Considering the effect of spring systems, the motion equation for each buoy [image: Please upload the image or provide a URL so I can generate the alternate text for you.] can be written as
[image: Mathematical equation: \( m_i \ddot{h}_i + (b_{wi} + b_{bi})(\dot{h}_i - \dot{h}_p) + (k_{wi} + k_{bi})(h_i - h_p) = F_i \), where \( i = 1 \text{ to } 4 \). Equation number 2.]
where [image: The text "m subscript i" written in italic font.] is the mass of the buoy [image: If you upload an image or provide a URL, I can help generate the alt text for it.], and [image: Please upload the image or provide a URL for me to generate alternate text.] is the hydrodynamic force exerted to the buoy [image: Please upload the image or provide a URL, and I will generate the alternate text for you.]. The motion of the central platform can be written as
[image: Mathematical equation showing \( m_p \ddot{h}_p + \sum_{i=1}^{n} \left( (b_{wi} + b_{bi})(\dot{h}_p - \dot{h}_i) + (k_{wi} + k_{bi})(h_p - h_i) \right) = F_p \), labeled as equation (3).]
where [image: The image shows the mathematical notation for "m" with a subscript "p", likely representing a variable or parameter in an equation or formula.] is the mass of the platform, and [image: Please upload the image or provide the URL for me to generate the alt text.] is the fluid force exerted to the platform. Eqs (2) and (3) provide five equations in total, and they should be solved together to obtain the motions of four buoys and the central platform. In the coupling system, the average energy absorbed by one spring component may be expressed as
[image: Equation representing energy, \(E_i = \frac{(b_{\text{w}\_i} + b_{\text{u}\_i})}{mT} \times \int_{t}^{t+\text{m}T} (\dot{h}_i - \dot{h}_p)^2 \, dt\), labeled as equation four.]
where [image: Please upload the image or provide a URL for me to generate the alt text.] is positive integer and [image: Please upload the image, and I will be happy to help you with the alternate text.] refers to the period.
We further assume that the motion becomes sinusoidal with time with frequency [image: Please upload an image or provide a URL for me to generate the alternate text.], we may express [image: \( h_i - h_p = \text{Re}(\beta_i e^{i \omega t}) \).], where [image: The equation shows \( i = \sqrt{-1} \), representing the imaginary unit in complex numbers.] and [image: It appears there might be an issue with the image upload. Please try uploading the image again, or provide a URL or caption for more context.] is complex. From (4), we have
[image: Mathematical equation: \( E_i = \frac{1}{2}(b_{u,i} + b_{i})\omega^2 \xi_{i-p}^2 \). It is labeled as equation (5).]
Here, [image: The equation displays the mathematical expression: \(\xi_{i-p} = |\beta_i|\).] is the average amplitude of the difference between the instantaneous motions of buoys and platform when the motion becomes stable. Here, we define [image: The image shows the Greek letter lowercase xi followed by a subscript lowercase i.] and [image: A mathematical symbol xi subscript p is shown, where xi is represented by the Greek letter ξ and p is in subscript.] respectively as the motion amplitude of buoy [image: It appears there was an error in uploading the image. Please upload the image file, and I will generate the alternate text for you.] and the platform, we should note that [image: The mathematical expression shows the Greek letter xi with subscript i minus p.] is unequal to [image: Mathematical expression showing a subtraction between variables. The variable xi subscript i is being subtracted by variable xi subscript p.] due to phase difference of buoys and platform.
Due to the coupling of the motion of buoys and the platform, directly determining the optimal damping coefficients of the springs is challenging. However, these coefficients are crucial for identifying the most effective operational state of the comprehensive system. To address this, we simplify the scenario by using a system comprising one buoy and a spring pair to estimate the optimal damping coefficients for the spring components. In this simplified set-up, the upper and lower ends of the springs, initially connected to the platform, are assumed to be fixed in space. Meanwhile, we allow the single buoy with two springs to move in response to waves. This leads to [image: The image displays the mathematical expression \( h_p = 0 \).] in Eq. (2), and the motion equation of a single buoy becomes
[image: Equation showing mass times acceleration plus the sum of two damping coefficients times velocity plus the sum of two spring constants times displacement equals force.]
where [image: Please upload the image for which you would like me to generate alternate text.] refers to the vertical displacement of a single buoy, and [image: Please upload an image or provide a link so I can generate the alternate text for it.] is the external force from the fluid. Based on linearized velocity potential flow theory, [image: It seems there is no image provided. Please upload the image or provide a URL to it so I can generate the alternate text for you.] in (6) comprises wave exciting force [image: I can't generate alt text without seeing the image. Please upload the image or provide a URL for me to assist you better.], wave radiation force and restoring force. Removing the radiation and restoring force terms to the left-hand side of Eq. 6, we have
[image: Equation expressing dynamics: \((m + m_s)\ddot{h} + (b_a + b_v + b_h)\dot{h} + (k_a + k_u + k_h)h = f_s\), labeled as equation 7.]
in which [image: Please upload the image or provide a URL for me to generate the alternate text.] and [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] are added mass coefficient and damping coefficient due to wave radiation, respectively. The parameter [image: Equation for \( k_a \) showing \( k_a = \rho_w g \pi R_{p_2}^2 \), where \( \rho_w \) is density, \( g \) is gravitational acceleration, \( \pi \) is pi, and \( R_{p_2}^2 \) is the squared radius.] refers to the coefficient of restoring force of the buoy, in which [image: It seems there is an issue with the image upload. Please try uploading the image again or provide a URL. If you like, you can also add a caption for additional context.] is the acceleration due to gravity. Similarly, we rewrite [image: \( h = \text{Re}(\beta e^{i\omega t}) \) represents a mathematical expression where \( h \) is defined as the real part of the complex exponential function \( \beta e^{i\omega t} \).] and [image: Mathematical expression depicting a real part of a complex function: \( f = \text{Re}(f_0 e^{i \omega t}) \).], where [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] and [image: Please upload the image or provide its URL to generate the alternate text.] are the complex amplitudes of motion of the buoy and wave exciting force respectively. Substituting these into Eq. 7, the motion amplitude [image: I'm sorry, I can't see or analyze images directly. Please upload the image or provide a detailed description for assistance.] of the single buoy can be obtained as
[image: Equation showing the value of \(\xi\) equals the absolute value of \(\beta\) as the magnitude of \(f_0\) over the square root of \([(m + m_a)\omega^2 - (k_a + k_u + k_i)]^2 + (b_a + b_u + b_i)^2\omega^2\), labeled as equation \(8\).]
From (8), the natural frequency [image: Please upload the image or provide a URL, and I can help generate the alt text for it.] can be obtained as
[image: Formula for natural frequency \(\omega_n = \sqrt{\frac{k_a + k_w + k_l}{m + m_a}}\) labeled as equation \(9\).]
Therefore, the mechanical energy [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] absorbed by the buoy per second takes the form of
[image: Equation labeled as 10, expressing E as the square of \( b | f_0 | \) divided by twice the sum of \([ (m + m_a) \omega - \frac{(k_a + k_e) k_b}{\omega} ]^2\) and \( (b_a + b_e)^2 \).]
where [image: Mathematical equation showing \( b = b_u + b_l \).]. Applying [image: Partial derivative of E with respect to b is equal to zero.], the optimal damping coefficient [image: The text depicts "b" with the subscript "opt", indicating the variable "b" optimized for a given context.] can be obtained as
[image: Equation showing \( b_{\text{eq}} = \sqrt{\frac{[(m + m_a)\omega^2 - (k_s + k_u + k_i)]^2}{\omega^2} + b_x^2} \), labeled as equation 11.]
3 NUMERICAL MODEL
To obtain the values of hydrodynamic variables mentioned in Section 2.2, the interaction between ocean waves and the comprehensive floating energy harvesting system is examined in the numerical tank. The continuity equation and RANS equations for an incompressible Newtonian fluid can be expressed in the Einstein notation in Cartesian coordinate system as follows
[image: The image shows a mathematical equation: the partial derivative of \(\bar{u}_i\) with respect to \(x_i\) equals zero, denoted as equation (12).]
[image: Partial differential equation involving temporal and spatial derivatives. It includes terms for velocity, pressure gradient, external forces, and viscosity effects, represented by symbols like \(\bar{u}_i\), \(p\), \(f_j\), and \(\mu\).]
where t is time, ρ is the density of the fluid, [image: To provide alternate text, please upload the image or provide its URL.] is the dynamic viscosity of fluid, the overbar means the time average. Both subscript indexes [image: It seems you tried to upload an image, but it did not come through. Please try uploading it again or provide a URL to the image.] and [image: Please upload the image or provide a URL so I can help generate the alt text for it.] correspond to the directions of (x, y, z). [image: Please upload the image or provide a URL so I can generate the alternate text for you.] are the velocity components and [image: Please upload the image or provide a URL for me to generate the alternate text.] are mass forces. [image: Please upload the image or provide a URL, and I will generate the alternate text for you.] is the pressure of the viscous flow. A realizable [image: Mathematical expression displaying "k minus epsilon".] model (Shih et al., 1995a; Shih et al., 1995b) is used to establish the relationship between the Reynolds stress and average velocity. A volume of fluid (VOF) method is used to capture the free surface elevation in the two-phase flow model, and the volume fraction [image: It seems like there's no image uploaded. Please try uploading the image again or provide a URL.] is described as the ratio of the water volume to the total volume in a cell. Then density of two-phase fluid including air and water can be expressed as
[image: The formula shows the density \(\rho\) as a weighted average: \(\rho = \rho_w \alpha + \rho_a (1 - \alpha)\), labeled as equation (14). Here, \(\rho_w\) and \(\rho_a\) represent different densities, and \(\alpha\) is a weighting factor.]
The use of Eq. 14 can transform the equation of [image: Please upload the image or provide a URL, and I will generate the alternate text for you.] to that with respect to fraction [image: Please upload the image or provide a URL for me to generate the alt text.]. When [image: Please upload the image for which you would like the alt text generated.] is obtained, the free surface would be captured.
As displayed in Figure 2B, the numerical tank is divided into two kinds of zones: the working zone and the wave-absorbing zone. Boundary conditions in the 3D computational domain are configured as follows: the left-hand side boundary is specified as a velocity inlet, generating the fifth-order Stokes incident waves. The right-hand side boundary is set as a pressure outlet. Tank lateral surfaces are designated as symmetry boundaries, and the bottom is modelled as a wall boundary. On the domain’s top, a velocity inlet boundary condition is used. To mitigate reflected and diffracted waves propagating to the inlet and outlet, a forcing method is employed in wave-absorbing zone.
4 RESULTS AND ANALYSIS
4.1 The shape of heaving buoy
To select the appropriate geometric shape for the buoy, we may utilize Eqs. 10 and (11) for an approximate estimation. In these equations, the hydrodynamic coefficients such as the added mass [image: Please upload the image so I can generate the alternate text for you.], damping coefficient [image: Please upload the image or provide a link to it, and I can help generate the alt text for you.], and the amplitude of wave exciting force [image: Please upload the image or provide a URL so I can generate the alternate text for it.] can be obtained through linear analysis using software ANSYS-AQWA. Three spheroids of different parameters are chosen and displayed in Table 1, respectively correspond to an oblate spheroid, a sphere, and a prolate spheroid.
TABLE 1 | Spheroid types with different parameters.
[image: Table comparing spheroid types with corresponding measurements \( R_H \) and \( R_L \) in meters. Oblate spheroid: \( R_H = 0.228 \), \( R_L = 0.456 \). Sphere: \( R_H = R_L = 0.372 \). Prolate spheroid: \( R_H = 0.574 \), \( R_L = 0.287 \).]They have the same mass, which is [image: Mathematical expression of mass, denoted as \( m \), equals ninety-nine point one two nine kilograms.]. For simplification, the properties of the spring systems are assumed the same. The damping coefficients of the upper and lower springs are set as [image: Mathematical expression showing "b underscore u equals b underscore l equals 0.5 b subscript opt".], where [image: The text "b" with a subscript "opt" in italics.] can be calculated from Eq. 11. The stiffnesses of the upper and lower springs are [image: Sorry, I cannot display or interpret images directly, but it looks like you're referring to a formula or equation involving spring constants, denoted as \(k_u = k_l = 500 \, \text{N/m}\). If you have an image to upload or need further help, please let me know how I can assist!]. For these three spheroids, the motion amplitude per wave amplitude and absorbed energy capacity, defined as energy absorbed per second per body mass per wave amplitude, are respectively plotted against wave frequencies in Figures 3, 4, 5 for an oblate spheroid, a sphere and a prolate spheroid. In these three cases, the added mass [image: Please upload the image you would like me to generate alternate text for.] are calculated through linear hydrodynamic analysis and substituted into Eq. 9 to work out the natural frequency [image: It seems there was a formatting issue with your request. Please upload the image or provide a link so I can assist you with creating alternate text.], namely, [image: Text displaying "ω_n ≈ 6.03 rad/s, 6.05 rad/s" suggesting two approximate values of natural frequency in radians per second.] and [image: Text displaying "5.48 rad/s", representing angular velocity in radians per second.] respectively for the oblate spheroid, sphere and prolate spheroid, as marked by the red dashed vertical lines in Figures 3–5.
[image: Two graphs are shown. Graph A plots \( E/A \) against \(\omega\) (rad/s) with various \(b\) values, depicting decreasing trends. Graph B plots \( E/m_p A \) (W/kg·m) against \(\omega\) (rad/s), showing peak values. Both include a vertical line at \(\omega = 6.03\) and use distinct color-coded symbols for different \(b\) values.]FIGURE 3 | Frequency-domain analysis for an oblate spheroid: (A) motion amplitude per wave amplitude and (B) absorbed energy per second per body mass per wave amplitude.
[image: Two graphs labeled A and B. Graph A shows the ratio \(E_x/A\) plotted against angular frequency \(\omega\) in radians per second. Different line styles represent various \(b\) values: \(0.25b_{opt}\), \(0.5b_{opt}\), \(b_{opt}\), \(2b_{opt}\), and \(4b_{opt}\). Graph B displays energy per mass per frequency (\(E/m\omega\)) versus \(\omega\), with similar \(b\) value distinctions. Both graphs have a vertical red dashed line at \(\omega = 6.05\), labeled \(\alpha_c = 6.05\).]FIGURE 4 | Frequency-domain analysis for a sphere: (A) motion amplitude per wave amplitude and (B) absorbed energy per second per mass per wave amplitude.
[image: Two graphs compare different parameters against angular velocity (ω) in radians per second. Graph A shows ξ/Λ with multiple lines representing different b values, marked with distinct symbols, peaking around ω = 5.5. Graph B displays E/mWΛ in a similar fashion, with a noticeable peak near the same ω value. Both graphs highlight a vertical red-dashed line at ω = 5.48.]FIGURE 5 | Frequency-domain analysis for a prolate spheroid: (A) motion amplitude per wave amplitude and (B) absorbed energy per second per mass per wave amplitude.
We may investigate these curves further. According to Eq. 8, it can be observed that if the term [image: Mathematical expression showing \((b_a + b_u + b_l)^2 \omega^2\).], which relates to the damping force of the spring, is negligible, the motion amplitude [image: It seems like there might have been an issue with uploading the image. Please try uploading it again and I can help create the alternate text for you.] would reach its maximum when the wave frequency is equal to the natural frequency, indicating resonance. This is evident in the sphere and prolate spheroid cases, as shown in Figure 4A and 5A, where the greatest motion amplitude is observed near [image: The image contains the mathematical equation omega equals omega subscript n.]. In addition, as shown in Figure 5B, the maximum energy capacity is also concentrated at the resonance frequency for the prolate spheroid case. However, in the case of the sphere, as illustrated in Figure 4B, there is only a minor energy peak near [image: Mathematical expression showing omega equals omega sub n, where omega is represented by the Greek letter.], while the significant peak appears at [image: Equation showing angular velocity, denoted by omega, approximately equal to two point five radians per second.]. This can also be elucidated by Eq. 10, where if the term [image: Mathematical expression showing the squared quantity of \((m + m_a)\omega - \frac{(k_a + k_u + k_i)}{\omega}\).] and the hydrodynamic damping coefficient [image: Please upload the image or provide a URL so I can generate the alternate text for you.] are both small, then the energy [image: Please upload the image you would like me to generate alternate text for.] primarily depends on [image: The mathematical expression shows the absolute value of \( f_0 \) squared divided by \( b_{\text{opt}} \).]. For the sphere, the peak of [image: The formula displays the expression of the squared magnitude of f sub zero divided by b sub opt.] occurs at [image: Circular diagram illustrating rotational motion with angular velocity denoted as omega approximately equal to 2.8 radians per second. Arrows indicate the direction of rotation.], thus the largest energy capacity is observed near this frequency.
For the oblate spheroid case, as the damping force of spring is noticeably important than other force components, the energy peak mainly depends on the peak of [image: The mathematical expression shown is the absolute value of f sub zero squared, divided by b sub opt.], the largest energy is at [image: The image presents an equation showing angular velocity approximately equal to 2.5 radians per second.], and the effect of resonance is not prominent in this case, as illustrated in Figure 3. It may be worth noting that, in practice, high absorbed energy in lower wave frequency is expected, and this is for a more energy would be absorbed from the wave with a larger wavelength relative to the size of body. Thus, in the following work, we use the oblate spheroid, with the coefficients [image: The image shows the equation \( R_H = 0.228 \, \text{m} \).] and [image: Sorry, I cannot view the image. Please try uploading it again or provide a description of the image.], to consider the coupling effect of the combined system.
4.2 Nonlinear numerical setup and convergence study
The time-domain simulation of wave interaction with the integrated system is conducted. Four oblate spheroid buoys with identical geometries, as outlined in Table 1, along with a floating platform with dimensions [image: Equation showing \( R_{p1} = 3m \), likely representing the resistance or a parameter in a physics or engineering context, with units of meters.], [image: The image contains a mathematical expression showing \( R_{p2} = 0.95m \).] and [image: Mathematical notation showing "D equals 2.5 meters" in a serif font.]. The radius of the concave wall of the platform is set as 2.55 m. A cubic computational domain is adopted for the simulation. For each wave frequency, the length of the computational domain is set at [image: Please provide the image or a URL so I can help generate alternative text for it.], and the length of the wave-absorbing zone at both ends of the domain is configured to be [image: Please upload the image you'd like me to generate alternate text for.]. In addition, the domain width is fixed at 16m, and the water depth at 10 m.
The convergence study is conducted based on a case study where the circular radian frequency [image: Please upload the image you'd like me to provide alternate text for.] of the incident wave is set at 2.512 [image: Text reading "rad/s", indicating radians per second.], and the corresponding wavelength, denoted as [image: Please upload the image or provide a link so I can generate the alternate text for you.], is 9.8 m. The wave height is fixed at [image: The formula \( H_w = 0.15 \, \text{m} \) is shown, indicating a variable \( H_w \) with a value of 0.15 meters.]. The damping coefficients of the springs are set as [image: Equation showing \( b_u = b_l = b_{opt}/2 \).]. In the present case, [image: Formula indicating optimal damping coefficient, denoted as \(b_{\text{opt}}\), equals \(2169\) Newton-seconds per meter.]. The stiffnesses of the upper and lower springs are set to [image: I'm here to help with alt text for images. Please upload the image or provide a URL for me to generate a description.], as in Section 4.1.
Trimmed meshes are used to discretize the entire computational domain. To account for the motion of bodies, an overset mesh approach is employed. Within the overset domain, the finer mesh relative to the body size is utilized. To enhance numerical efficiency, a multi-block grid has been used. Finer meshes are adopted to regions within the overset domain and in close proximity to the free surface. For example, the region close to the free surface is encrypted four times in z direction. The remaining domain is divided into four subdomains, as illustrated in Figure 6. Mesh sizes within subdomain 1, 2, 3 and 4 are established as [image: Mathematical expression showing "2 I subscript 0".], [image: Certainly! Please upload the image or provide a URL for it so I can generate the alt text accordingly.], [image: If you'd like to generate alternate text for an image, please upload the image or provide a URL, and I would be happy to help!], and [image: It seems there is no image provided. Please upload an image or provide a URL so I can assist you with generating alt text.], respectively. For mesh convergence analysis, two sets of grid lengths are considered as basis, namely, [image: The image shows a mathematical expression with a lowercase letter "l" followed by a subscript zero and an equal sign.] 0.05 m and 0.1m, respectively.
[image: Diagram showing a grid layout divided into four labeled subdomains. A central H-shaped figure is highlighted in Subdomain 1. Surrounding areas are labeled as Subdomain 2, Subdomain 3, and Subdomain 4, each outlined with smaller grid squares.]FIGURE 6 | Trimmed mesh for the computational domain.
In addition, time step (dt) is set at 0.005s and 0.0025s, respectively. Figure 7 presents the studies of the mesh convergence and time step convergence for the vertical motion of platform in the integrated system, while Figure 8 depicts those for buoy 1. Similar convergence results are observed for Buoys 2 to 4 and hence only the results of buoy 1 are provided. The good agreement seen in Figure 7 and 8 verifies that the present procedure is dependent of both time and mesh. Subsequently, simulations were conducted using [image: Please upload the image or provide a URL to generate the alternate text.] and [image: I'm sorry, I can't generate alt text for an image based on this description alone. Please upload the image or provide a URL, and I can assist you further.] in the following sections.
[image: Two graphs, labeled A and B, show oscillating waveforms. Graph A has a black line for \(l_0 = 0.05\) and a red dashed line for \(l_0 = 0.1\). Graph B shows a black line for \(dr = 0.0025\) and a red dashed line for \(dr = 0.005\). The horizontal axis is labeled \(t/T\), and the vertical axis is labeled \(\xi_{\text{P}}/A\). Both graphs display similar patterns of oscillations.]FIGURE 7 | Convergence study for the motion amplitude of the central platform with respect to (A) mesh and (B) time step.
[image: Two graphs labeled A and B show oscillatory behavior. Graph A compares plots for \( l_{D}=0.05 \) and \( l_{D}=0.1 \), while graph B compares \( dr=0.0025 \) and \( dr=0.005 \). Both graphs plot \( \xi_{1}/A \) against \( v/T \), with visible oscillations from approximately \( 10 \) to \( 20 \).]FIGURE 8 | Convergence study for the motion amplitude of the buoy [image: A mathematical notation showing the symbol "B" with a subscript "1".] with respect to (A) mesh and (B) time step.
4.3 The effect of incident wave frequencies
In this section, we explore the impact of incident wave frequencies. The parameters of the buoys and the central platform remain consistent with those utilized in the convergency study, despite being subjected to varying wave frequencies. Specifically, six wave frequencies are selected as 0.628 [image: Text displaying "rad per s to the power of negative one."], 1.256 [image: Mathematical notation showing "rad per second" with the exponent negative one, representing angular velocity units.], 1.884 [image: Text displaying the unit "rad per s^1" in a mathematical or scientific context, representing radians per second.], 2.512 [image: Text displaying "rad per s to the power of negative one," representing a unit of angular velocity in physics.], 3.14 [image: Text showing "rad/s⁻¹", representing radians per second squared.] and 3.768 [image: "rad/s" raised to the power of negative one, indicating the inverse of radians per second.], with a fixed wave height of [image: I'm unable to view or analyze images directly. Please upload the image file or provide a URL for further assistance.].
The optimal damping coefficient, [image: It looks like you attached or described part of an equation, specifically the notation \( b_{\text{opt}} \). If you meant to upload an image for a specific alt text description, please try uploading it again.], varying with the wave frequency [image: Please upload the image you want me to generate alternate text for. You can do this by clicking the image upload button.], is calculated using Eq. 9. In the present numerical simulation, the setting of [image: I'm unable to view the image you referenced. To help, please upload the image or provide a URL.] can be achieved by setting the damping coefficients of the two spring pairs corresponding to [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] as [image: Mathematical expression depicting the relationship \( b_{u,i} = b_{l,i} = b_{opt}/2 \).]. The stiffness of the springs should be set as positive constants, reflecting the capacity to restore energy. In Eq. 13, it is evident that increasing the stiffness raises the natural frequency of the system, which does not favour the absorption of energy in the low frequency region. Therefore, we assign a smaller value to the stiffness, setting [image: Equation with variables \( k_{u,i} \) and \( k_{p,i} \), both equal to 500 Newtons per meter.].
Figure 9A illustrates a comparison of the prediction of the motion amplitudes between a single platform analysed in the frequency domain using linearized potential flow theory and the platform coupled with springs and buoys in the integrated system, as analysed in the time domain simulation based on Reynolds-Averaged Navier-Stokes (RANS) equations. The latter one is obtained through a long-time simulation to achieve its steady state. It is observed that the motion amplitudes of platform in the integrated system are generally smaller than those of a single platform in the frequency-domain simulation. This discrepancy may be attributed to several factors. First, the inclusion of buoys alters the mass of the entire system, along with added mass and wave-exciting forces. In addition, a portion of the wave energy is absorbed by the wave energy converters surrounding the platform, leading to a reduction in platform motion. As the wave frequency increases, the motion amplitudes for both cases gradually diminish. It is expected that as the wavelength becomes very short, numerous wave elements will surround the bodies, potentially resulting in the cancellation of the hydrodynamic effects.
[image: Side-by-side graphs labeled A and B show frequency and time domain results plotted against angular frequency in radians per second (ω). Graph A compares frequency domain results (black line) and time domain results (red line) marked with circles. Graph B displays frequency domain results (black line) along with additional curves ξ₁/A (blue triangles), ξ₂/A (red circles), and ξ₃/A (green inverted triangles). Trends indicate decreasing values over the frequency range from zero point five to four radians per second.]FIGURE 9 | (A) The motion of platform and (B) absolute motion amplitudes [image: Please upload the image or provide a URL, and I will help you create the alternate text.] of buoys at different wave frequencies [image: It seems like there's an issue with the image upload. Please try uploading the image again or provide a URL if it's available online. If you have a caption or specific context for the image, feel free to include that as well.].
In addition to the central platform, Figure 9B illustrates the motion amplitudes of the four buoys in the coupled system, along with the motion amplitude of the single buoy in frequency domain based on linearized analysis. As the symmetry of the positions of [image: It seems there was an error with the image upload. Please try uploading the image again or provide a detailed description of it.] and [image: Please upload the image or provide a URL to the image for me to generate the alt text.] corresponding to the incident waves and the central platform, their results coincide with each other. From the figure, we can observe that for wave frequencies other than [image: The mathematical expression depicts angular velocity as omega equals two point five one two radians per second.] and 3.14 [image: The text "rad/s" is shown, representing radians per second, a unit of angular velocity.], the motion amplitude of [image: It seems you tried to upload an image, but it did not come through. Please try uploading the image again or describing it for assistance.], situated at the upstream side of the platform, is the largest. Those at the two sides are smaller but still larger than that in the frequency-domain prediction, and the one at the downstream. However, at [image: The image contains the equation for angular velocity, represented as omega equals two point five one two radians per second.] and 3.14 [image: The image shows the notation "rad/s" which stands for radians per second, a unit of angular velocity in physics and engineering.], the motion amplitude of the single buoy in the frequency-domain prediction is the largest. The motion of the buoy [image: Please upload the image or provide a URL so I can help generate the alt text for it.] is smaller than the buoys at the two sides, and at [image: Angular velocity is represented by the symbol ω and is equal to 3.14 radians per second.], it is even smaller than that of [image: It seems there's a technical issue with the image upload. Please try re-uploading the image, and I'll be happy to help create the alt text for it.] at the downstream side.
This observation appears to contradict the intuition that the motion amplitude of buoy [image: Please upload the image or provide a URL so I can generate the alternate text for you.] should be largest, as it directly faces the incoming waves, thus experiencing the direct impact of wave energy. While this holds true in many cases, it is important to notice that waves can also be reflected by the central platform. If the incident wave interacts with the reflected wave, the wave energy or wave height in front of the central platform may diminish. Consequently, a significant portion of energy may either propagate to the back through bypassing the platform or forming diffracted waves. Thus, we could see the motion of [image: Please upload the image or provide a URL so I can help generate the alt text for you.] is smallest at [image: The expression \( \omega = 3.14 \, \text{rad/s} \) represents angular velocity, where omega, \( \omega \), equals 3.14 radians per second.]. Below [image: The image contains the mathematical expression for angular velocity: omega equals 2.512 radians per second.], the motion amplitudes of buoys [image: Please upload the image so I can generate the alt text for you. If you have any additional context or a caption, feel free to include it.], [image: Please provide the image or a URL for me to generate the alternate text. You can also include a caption for additional context if needed.] and [image: Please upload the image or provide a URL so I can generate the alt text for you.] are larger than those of frequency domain, the reason for this is because among these frequencies, the reflected wave and incident wave are not fully cancelled by each other, they both take positive effects on the motion of buoys.
From the previous analysis and Eq. 5, it becomes evident that the relative motion between the platform and buoy [image: It seems you've entered some text or mathematical notation instead of uploading an image. Please upload the image you want described, and I will generate the alternate text for it.], or [image: Greek letter xi with subscript "i minus p".] ([image: It seems there was an error in your request. Please upload the image or provide a description, and I can help generate the alternate text for it.]), is crucial for energy absorption. Consequently, Figure 10 illustrates [image: The expression consists of the Greek letter xi subscripted with \(i-p\).] and the corresponding energy capacities, defined as energy absorbed per body mass per wave amplitude, for each buoy [image: Please provide the image by uploading it or sharing a URL to ensure accurate alternate text creation.]. In the four wave frequencies other than [image: I'm unable to see the image you referred to. Please upload the image or provide a URL so I can generate the alt text for it.] and [image: The text reads "3.14 rad/s," indicating a rotational speed of 3.14 radians per second.], the relative motion of [image: Please upload the image or provide a URL so I can help generate the alt text for it.] corresponding to the central platform is larger than that of the other buoys. It remains to be smaller than the motion of the single uncoupled buoy in the frequency-domain prediction. It might be worth noting that [image: I can't view the image. Please upload the image or provide a URL, and I will create the alt text for you.] exhibits significant differences compared to [image: Sure, please upload the image for which you need the alternate text.] in these wave frequencies, while [image: Greek letter xi with subscript three minus p.] appears close to [image: Mathematical expression depicting the Greek letter xi, subscript two, with a minus sign followed by the letter p.] as shown in Figure 10A. This disparity can be attributed to the phase difference among the buoys.
[image: Two line graphs comparing frequency domain results. Graph A plots \(\xi_s/A\) versus \(\omega\) with red, blue, and green lines, peaking around \(2.5\) rad/s. Graph B plots \(E_i/m\beta\) versus \(\omega\) with similar colored lines, also peaking near \(2.5\) rad/s. Both graphs show \(\omega\) values from \(0.5\) to \(4.0\) rad/s.]FIGURE 10 | (A) Relative motion of buoys and (B) absorbed energy of the combined system at different wave frequencies.
At [image: Equation showing angular velocity denoted by the Greek letter omega equals 2.512 radians per second.] and [image: The text "3.14 rad/s" is shown, indicating a rotational speed of 3.14 radians per second.], the relative motion of [image: Please upload the image, and I'll help generate the alternate text for it.], or [image: Mathematical expression displaying the Greek letter xi with a subscript of one minus p.], is no longer the largest. This can be due to the offset between the incident wave and the reflected wave. Overall, the differences in relative motions among buoys are much smaller than those in absolute motions. In other words, while each buoy in the integrated system shows distinct motion characteristics, their motions relative to the central platform are closer due to the coupling effect of the system. The absorbed energy, directly related to the relative motion, follows a similar variation trend. Both relative amplitude and absorbed energy are smaller than the results of a single uncoupled buoy in the frequency domain. This reduction in absorbed energy can be attributed to the change of wave energy distribution caused by the platform within the coupled system.
4.4 The effect of damping coefficient
Figure 11 presents the results obtained with different damping coefficients. Specifically, [image: It seems there was an issue displaying the image. Please upload the image file or provide a URL to generate the alt text.] is varied as 0, [image: The mathematical expression shows "b subscript opt divided by three" in italic font.], [image: Mathematical expression showing "2b subscript opt divided by 3".] and [image: It seems like there was an error in your request, as I cannot see the image. Please upload the image file or provide a URL, and ensure it is properly formatted for me to help generate the alternate text.], which can also be achieved by simply setting [image: Equation displaying \( b_{u,j} = b_{l,i} = b_{pto}/2 \).]. In the present study case, we maintain [image: Equation showing the stiffness constants \( k_{u,i} \) and \( k_{p,i} \) both equal to 500 Newtons per meter.], with a wave frequency of [image: The mathematical expression shows the angular velocity represented by the Greek letter omega, with a value of 1.256 radians per second.] and a wave height of [image: Can't generate alt text without seeing the image. Please upload the image, and I'll help you with the alt text!].
[image: Two graphs labeled A and B showing results of damping force density versus \(b_{\text{pol}} (Ns/m)\). Graph A compares frequency domain (black squares) and time domain results (red circles). Both datasets show a slight decrease as \(b_{\text{pol}}\) increases. Graph B presents frequency domain results and three other datasets labeled \(\xi_{1A}\), \(\xi_{2A}\), and \(\xi_{3A}\), with the values decreasing more notably across the \(b_{\text{pol}}\) range.]FIGURE 11 | (A) The motion of platform and (B) absolute motion amplitudes [image: Please upload the image or provide a URL, and I can help generate the alternate text for it. If there is specific context you would like included, feel free to add that as well.] of buoys at different damping coefficients [image: Italic lowercase letter "b" followed by the subscript letters "p" and "t" in a slightly blurred font.].
Figure 11A illustrates the motion of the platform in the frequency-domain analysis without buoys and the time-domain analysis integrated system coupled with buoys, with the latter exhibiting smaller motion response compared to the former. One reason for this discrepancy is the absorption of wave energy by the surrounding buoys, while another factor is the alteration of the system’s dynamic performance due to the increased mass, added mass etc. However, it is noteworthy that the variation in platform motion with changes in the springs’ damping coefficient is not significant. Therefore, we can conclude that the variation in the dynamic performance of the system exerts more profound effects on the motion of the platform. Figure 11B displays the absolute motion amplitudes of the buoys, and the frequency-domain prediction of a single buoy is also displayed for comparison. Among the buoys, [image: It seems like you're referring to an image with mathematical or symbolic notation, but no image was uploaded. Please upload the image for me to generate the alternate text.] exhibits the largest motion, followed by [image: It looks like you're trying to upload an image, but I can't view it. Please try uploading the image again or provide a URL. If you have additional context or instructions, feel free to include them.] and [image: It looks like you're trying to illustrate a mathematical symbol. If you have an image to upload, please do so, and I can help generate the alternate text for it.], and [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] with the smallest motion. The frequency-domain prediction results for the single buoy fall between [image: Please upload the image or provide a URL for me to generate the alt text.] and [image: It seems there was an issue with uploading the image. Please try uploading it again, and I will help generate the alternate text.] or [image: Please upload the image you would like me to generate alternate text for.]. These variations can be due to the interaction between incident waves, radiation waves, and diffracted wave, as previously discussed.
The relative motion results are illustrated in Figure 12A, with [image: I'm unable to see the image you referenced. Please upload the image or provide a URL, and I can help create alt text for it.], [image: It seems you've included only a snippet or symbol. If you intended to upload an image, please try again by attaching the file directly, or providing more context to help generate suitable alt text.] and [image: Please upload the image or provide a URL for me to generate the alt text. You can also add a caption for additional context if needed.] closely aligned, while [image: Please upload the image you would like me to describe.] exhibits greater movement. This trend is mirrored in the energy distribution displayed in Figure 12B. As the value of [image: The expression shows the letter "b" with a subscript "p" and a superscript "to".] increases, both absolute motion and relative motion decrease, while the absorbed energy increases. At [image: The equation shows \( b_{pto} = b_{opt} \).], the energy reaches the peak. This suggests that the optimal damping coefficient obtained from the single buoy based on the frequency-domain analysis can be used to the prediction of the optimal damping coefficient for the integrated system.
[image: Two graphs labeled A and B show frequency domain results. Graph A displays values of \(E_t/m_yA\) against \(b_{\text{plot}}\) in \(\text{Ns/m}\), with red circles, blue triangles, and green diamonds for different measurements. Graph B shows \(E_t/m_yA\) in \(\text{(W/kg m)}\) with similar markers. Both graphs suggest trends with varying \(b_{\text{plot}}\) values.]FIGURE 12 | (A) Relative motion of buoys and (B) absorbed energy of the combined system at different damping coefficients [image: Italicized lowercase letter "b" followed by the subscript notation "pto".].
5 CONCLUSION
A coupled energy harvesting system including the central platform, oscillating buoys and spring components are proposed in present work. Specifically, the power take-off system is simulated by introducing damping coefficients and elastic coefficients to the spring components. The Reynolds-Averaged Navier-Stokes (RANS) equation and realizable [image: It seems like there might be an issue with the image upload. Please try uploading the image again or provide a URL. If you have a particular caption or context, feel free to include it.] model are used for the problem, and following conclusions are drawn.
	(1) The motion of the platform in the coupled system is lower than that of a single platform. It can be explained that the addition of buoys alters the dynamic performance of the system, such as increasing mass, added mass and wave exciting force. Additionally, a portion of wave energy would be absorbed by the buoys surrounding the platform.
	(2) The variation in platform motion across different damping coefficients in the coupled system is not significant. This implies that the changes in the dynamic performance of the system have a more noticeable effect on the motion of platform than the energy absorption of buoys.
	(3) The absolute motion of buoys is primarily influenced by the interaction of incident, reflected and diffracted waves, when the incident wave and reflected wave are cancelled at the front of the platform, the motion amplitude of buoy at this location will drop, while when most of waves are diffracted around the platform, the buoys at two sides and the back will undertake larger motions.
	(4) In the couple system, the relative motions between buoys are closer than absolute motions. The absorbed energy, which is directly related to the relative motion, also shows a similar variation trend.
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The new regulations on ship energy efficiency proposed by the International Maritime Organization have had a significant impact on the shipping and shipbuilding industries. Improving the speed performance of ships was an effective approach to meet the requirements of energy conservation and emission reduction, reduce ship energy consumption and operating costs, and strengthen the market competitiveness of the ship enterprises. One method to improve ship speed performance was by mainly reducing the ship’s resistance. The main aim was to optimize the principal dimensions and hull lines of ships. Taking the research and development of a ship as an example, the application of the fully parametric optimization method in the optimization of ship hull lines was described in detail. The parent ship was selected from the ship database, which has excellent speed performance. The parent ship was simply transformed to meet the requirements of the target ship. The traditional optimization method was used to optimize the hull lines to reduce the hull resistance as much as possible, and a hull line with the best resistance performance was obtained. Based on the initial hull lines that met the requirements, the fully parametric model of the hull was established, and the fully parametric optimization method was used to optimize the hull with the best resistance performance. Experiments were carried out in the towing tank, and the resistance results of the two types of ships were found. The simulation of computational fluid dynamics (CFD) and model test had good consistency, and it was found that the hull lines optimized by the fully parameterization method had better performance than those optimized by the traditional method. The fully parametric hull line optimization method was effective in optimizing hull lines, and it could also reduce the excessive dependence of research personnel on the parent ship and design experience.
Keywords: hull line optimization, traditional method, fully parametric method, computational fluid dynamics simulations, model test, green ship, saving energy

1 INTRODUCTION
The purpose of hull line optimization was to improve the speed performance of ships, which means getting a hull form with low resistance and high propulsion efficiency. Based on the excellent parent ship, the traditional optimization method was used to optimize and modify the target ship’s lines to meet the specification requirements through the methods of experience design and model tests.
The traditional hull optimization process was as follows: the first step was to get the geometry. In the database, there were a large number of ships with perfect speed performance. A similar ship was chosen as the parent ship for further optimization. The similar ship must meet the following three requirements: 1) the parameters of the ship, such as Lpp/B, B/T, and CB, must approximate to those of the target ship. 2) The ship must be tested in the towing tank, and test results must be obtained. 3) The speed performance of the parent hull must be perfect. This means that the residuary resistance coefficient (Cr) must be very low, and the propulsion efficiency must be very high. In addition, in NAPA systems, the parent ship was changed to the target ship, called the initial lines. The second step was to optimize and modify the target ship’s lines through several optimization methods in the optimization process, such as displacement distribution optimization, bulbous bow optimization, stern optimization, optimization of the fore-body and aft-body, and transom height optimization. When the fore-body was optimized, the wave resistance was focused. When the aft-body was optimized, the viscous resistance and propulsion efficiency were paid attention to. The last and most important step was to check the speed performance of the final ship using commercial software STARCCM+. The traditional optimization method was often characterized by low efficiency, and it was difficult to achieve the best speed performance. However, this kind of optimization method is the mainstream design method at present.
Scholars have conducted a lot of research work on global hull optimization.
Harries (1998); Harries et al. (2004); Harries et al. (2001); Valdenazzi et al., (2002) used the Lackenby method to optimize the hull lines using the scientific optimization algorithm, taking resistance and seakeeping performance as the objective functions for the first time in 1998. The optimization of hull lines achieved good performance in the engineering design. Markov and Suzuki (2001) used the B-spline patch to complete the global hull deformation, and a scientific optimization algorithm was used to optimize the hull lines with wave-making resistance coefficient as the objective function, and good results were obtained. Based on NURBS surfaces, Campana et al. (2016); Campana et al. (2009); Campana et al. (2006); Campana et al. (2015); Diez et al. (2017); Leotardi et al. (2015); Peri and Campana (2003); Peri and Campana (2003); Valorani et al. (2003) optimized many engineering ships using the scientific optimization algorithm, taking wave-making resistance and seakeeping as objective functions. In the model tests, good results were achieved. Grigoropoulos. (2004) optimized the peak value of the RAO curve and vertical acceleration in the wave using the S-T-F method and three-dimensional potential flow method, adopting an evolutionary algorithm, and taking seakeeping performance as the objective function. Huang etal. (2014); Huang etal. (2015); Kim et al. (2017); Kim et al. (2010); Wang et al. (2014); Yang and Huang (2016) proposed the translation method to change the longitudinal displacement distribution of the ship and the RBF method to accurately control the local deformation of the ship. Optimization was carried out on the DTMB 5415, KCS, and 5,279 ship models as well as S60 using the artificial ant colony algorithm, taking wave-making resistance as the objective function.
Based on a pure car and truck carrier, Chen et al. (2012) adopted the traditional optimization method to change the hull lines and finally obtained an optimized hull line using the scientific optimization algorithm, taking wave resistance as the objective function. A corresponding model test indicates that an approximately 2% reduction in total resistance can be achieved for the optimized lines in comparison with the prototype. QIAN et al. (2012) adopted the Lackenby transform method to reach the purpose of global hull deformation. The total resistance of the final optimization hull line was reduced by 9.42% using a combination of traditional and intelligent optimization algorithms. Based on the operation profile, Yi and Chen (2018) conducted research to optimize the resistance of a 2500 TEU container vessel under multiple operating conditions using a scientific optimization algorithm, taking total resistance as the objective function, and finally obtained design hull lines with excellent speed performance.
Scholars also used this theory to optimize parts of the hull.
Through the BEZIER PATCH methods, Peri et al. (2001) completed the optimization of the bulbous bow of an oil tanker using various traditional optimization algorithms, taking the total resistance as the objective function. The hull lines were optimized and verified by a model test. The resistance was reduced by approximately 3%. Tahara and Kobayashi, (2013); Tahara et al. (2008); Tahara and Tohyama, (2001) optimized the bow profile of a high-speed ship using the free deformation method, adopting a multi-objective genetic algorithm with hydrodynamic performance as the objective function. In the model tests, it was found that the hydrodynamic performance of the optimized ship was better than that of the parent ship. Compana et al. (2006) optimized the bulbous bow of the naval vessels by applying the NURBS modeling technology, using the scientific optimization algorithm, and taking the total resistance as the objective function with the help of the computational fluid dynamics (CFD) solution. The optimization effect was very good. Hochkirch and Bertram (2009) built the bulbous bow model in Friendship software and carried out optimization with eleven characteristic variables using a science optimization algorithm and taking the resistance as the objective function. The final resistance was reduced by 2.5% compared to that of the parent hull. According to the sensibility analysis of the objective function, Han et al. (2012) selected the proper characteristic variables for the full parametric model of the fore-body of the LNG ship. The science optimization algorithm was adopted to take the total resistance as the objective function. The final optimization reduced the total resistance by 5.7% at the scantling draught. Tampier and Salas (2014) optimized the bulbous bow of a ship in actual sailing conditions using the scientific optimization algorithm, taking calm water resistance and wave resistance as the objective functions, and applying OpenFOAM software. Based on the parameter model with four characteristic variables, Chrismianto and Kim, 2014; Kim et al. (2010) optimized the bulbous bow of a container vessel using commercial CFX software, taking the total resistance coefficient as the objective function. The results showed that the performance of the optimized bulbous bow was very good at all speeds.
Shan et al. (2017); Wang et al. (2014) took a medium-sized cruise ship as an example to carry out local optimization of its bulbous bow. The parametric method was applied to achieve bulbous bow deformation, and a scientific optimization algorithm was adopted to obtain a bulbous bow scheme with good resistance performance by taking wave-making resistance and total resistance as objective functions. Finally, the model test for the optimized lines was carried out in a towing tank at CSSRC, and the model test results showed that the optimized lines exhibited good resistance performance. Chao Wang et al. (2022) adopted the shape transformation method to transform the bulbous bow area of an inland container ship using the scientific optimization algorithm and taking wave-making resistance as the objective function. The optimized wave-making resistance of the hull was decreased significantly, and the total resistance was also decreased.
To address the shortcomings of the traditional optimization method, a fully parametric method was introduced. First, a full-parametric model, which was under the control of characteristic variables, was established. Under the constraints of wet surface area, volume, center of buoyancy, and others, the resistance or self-propulsion simulations were carried out by CFD using scientific optimization algorithms such as the exhaustive search method and uniform random sequence search method. Finally, the hull lines with the best speed performance were automatically optimized.
In this paper, the research and development of a ship were taken as examples. First, the hull line with excellent speed performance was selected as the parent ship in the database, and the initial hull line that met the requirements of the new main dimensions was obtained after transformation. Then, the traditional optimization method was applied to fully optimize the hull line, reduce the hull resistance as much as possible, and obtain the hull line with the best resistance performance. Next, based on the initial hull line obtained from the parent ship, a full-parametric hull model was established, and important characteristic variables were set. Taking the ship resistance performance as the objective function, the hull line with the best resistance performance was obtained using the scientific optimization algorithm. Finally, the model tests were carried out in the towing tank to verify the difference in the resistance performance of the two types of vessels, which verifies the optimization design of the fully parametric model.
2 MAIN DIMENSIONS OF THE SHIP
Based on a ship, this paper studied the effects of the traditional optimization method and fully parametric optimization method on hull resistance performance. The scale ratio of the ship model was 1/27.328, and the main dimensions of the ship model are shown in Table 1.
TABLE 1 | Main dimensions of a ship.
[image: Table displaying measurements: Length between perpendiculars (Lpp) is 169.0 meters, Breadth (B) is 28.4 meters, Design draft (Td) is 8.5 meters, and Block coefficient (CB) is 0.655.]3 ANALYSIS BASED ON THE TRADITIONAL OPTIMIZATION METHOD
Traditional optimization methods included the following: displacement distribution optimization, bulbous bow optimization, stern optimization, UV degree optimization of the fore-body and aft-body, transom height optimization, appendage and energy-saving device optimization, and so on. Due to space limitations, in this paper, two typical optimization methods in the traditional optimization method were introduced, namely, displacement distribution optimization and UV degree optimization of the fore-body. Numerical simulation conditions were as follows: design draft Td was 8.5 m, calculation speed Vm was 1.821 m/s, corresponding Froude number Fr was 0.232, and real ship speed Vs. was 18.5 kn.
3.1 Optimization of displacement distribution
The Lackenby method was one of the classic methods in commercial software CAESES. The Lackenby method could change the longitudinal distribution of ship displacement by changing parameters such as the longitudinal position of the center of buoyancy and the amount of displacement. Then, commercial CFD software SHIPFLOW was used to calculate the wave resistance of each case, and the hull lines with good resistance performance were selected, as shown in Figure 1. This method was generally used 2–3 times in the whole optimization process.
[image: Technical interface showing a software simulation with a mechanical component design and its parameters listed on the left. The right side displays a 3D model with a curved handle-like structure above a detailed base.]FIGURE 1 | Lackenby optimization settings.
By optimizing the center of buoyancy position, widest transverse section position, and starting and ending angles of the widest transverse section position, a total of 400 design cases were generated, which were taken as the horizontal coordinate named run. The potential flow module of commercial CFD software SHIPFLOW was used to calculate the wave-making resistance CWTWC for each case, which was taken as the vertical coordinate. The calculation results are shown in Figure 2.
[image: Scatter plot showing a distribution of blue data points over a grid with horizontal and vertical axes labeled "x" and "CRYPTO.1.0," respectively. The plot is labeled "Best case" in two locations along the horizontal axis. Gridlines mark the plot, with some clustered points.]FIGURE 2 | Calculation results of wave-making resistance of each case.
From the 400 cases, the case with the lowest wave-making resistance coefficient was selected, which is called the best case. The numerical calculation results indicated that the best case exhibited a noticeable reduction in the wave-making resistance compared to the initial case. Figure 3 shows the comparison of the wave pattern of the free surface between the best and initial cases. Figure 4 shows the longitudinal distribution of wave height on the side of 0.2 Lpp. From the comparison wave pattern, it could be seen that all the wave peak amplitudes of the best case had a certain amount of decrease, while the wave trough amplitudes had a certain amount of increase, and the wave pattern was flatter than that of the initial case, which was reflected in the reduction of wave-making resistance coefficient from 0.539 × 10−3 to 0.402 × 10−3.
[image: Simulation showing fluid dynamics around an object with color gradients from green to red. The object in the center influences flow patterns, labeled "best case" and "initial case," illustrating changes in the fluid's behavior.]FIGURE 3 | Comparison of free-surface wave patterns.
[image: Line graph comparing wave heights at different positions. The horizontal axis represents position in terms of length between perpendiculars, and the vertical axis represents wave height. Two lines are shown: cyan for the best case and magenta for the initial case, both starting at position 0 and displaying oscillations up to position 2.]FIGURE 4 | Comparison of longitudinal distribution of wave height at the side y = 0.2 Lpp.
Figure 5 shows the comparison of the partial hull lines before and after Lackenby optimization. At the fore-body, the waterlines were narrower for the best case than the initial case before station no.16, but they were opposite from station no.10 to 16. At the aft-body, the waterlines were wider from station no.2 to 10, but they were opposite from the transom to station no.2. In order to verify the resistance performance of the best case, commercial CFD software STAR-CCM+ was used to calculate the total resistance in calm water for the initial and best cases. The results showed that at the model scale, the total resistance decreased by approximately 1.05% for the best case compared to the initial case in Lackenby optimization. This was mainly because the inlet angle became smaller and the water flow became smoother when the waterlines of the fore-body were narrower. The middle part of the hull became wider, and that meant the displacement increased, which could facilitate the general arrangement. Perhaps pressure distribution at the fore-body was more reasonable, leading to reduced resistance. The waterlines of the aft-body were narrower, which reduced the low-pressure area of the aft-body, so the viscous pressure resistance was reduced.
[image: Contour plot showing comparison between best case and initial case scenarios. The plot has two main sections, each with curved lines representing different contour levels. Labels indicate numerical values on the axes.]FIGURE 5 | Hull line comparison before and after optimization.
3.2 UV degree optimization of the fore-body
Lackenby optimization using CAESES software improved the longitudinal distribution of displacement to be more reasonable, but the vertical distribution of displacement was not fully considered. Therefore, in order to obtain the hull lines with better performance, surface delta shift was used in this paper to optimize the vertical distribution of the displacement, called the UV degree optimization of the fore-body, as shown in Figure 6. This method was generally applied 2–3 times in the whole hull line optimization process.
[image: Screenshot of an engineering software interface showing a beam model. The left panel lists project properties and settings, while the right side displays the beam with gradient coloring. Various input parameters and validations are highlighted with red indicators.]FIGURE 6 | UV degree optimization settings.
The shape of the fore-body was changed through variable settings in software CAESES, where the vertical distribution of hull displacement was changed and a total of 400 design cases were generated, which were named run in the horizontal coordinate. The potential flow module of commercial CFD software SHIPFLOW was used to calculate the wave-making resistance CWTWC in each case, which was the longitudinal coordinate, which is shown in Figure 7.
[image: Scatter plot showing data points for CTTC values over multiple runs from 0 to 430 on the x-axis. Y-axis ranges from 0.387 to 0.473. Initial and best cases are indicated on the bottom axis.]FIGURE 7 | Wave resistance results.
The case with the lowest wave-making resistance coefficient was selected from 400 cases, which was called the best case. From the numerical calculation results, the best case had a certain degree of reduction in the wave-making resistance compared to the initial case. Figure 8 shows the comparison of the free surface wave pattern of the best and initial cases. It could be seen that the amplitude of the first wave peak in the best case had a certain amount of reduction, and the wave in the middle and aft was flatter than that in the initial case, which was also reflected in the numerical value as the wave-making resistance coefficient decreased from 0.423 × 10−3 to 0.374 × 10−3. Figure 9 shows the longitudinal distribution of wave height at the position that offset the middle line plane by 0.2 Lpp, and it could be seen that the wave height of the best case was flatter than that of the initial case.
[image: Simulation showing fluid dynamics with pressure contours in different colors. Includes labels "Best case" and "Initial case," indicating two scenarios. The background is green, with variations in blue, red, and yellow illustrating pressure changes.]FIGURE 8 | Comparison of free surface wave patterns.
[image: Line graph showing wave height versus position. The blue line represents the best case \( y = 0.2 \, L_{PP} \); the pink line represents the initial case \( y = 0.2 \, L_{PP} \). Both lines show oscillating patterns from position 0 to 2.0, with varying amplitudes.]FIGURE 9 | Comparison of longitudinal distribution of wave height at the side y = 0.2 Lpp.
Figure 10 shows the comparison of the partial hull lines before and after UV degree optimization. Compared with the initial case, the best case was narrower near the design draft and wider at the bilge. In order to verify the resistance performance of the best case, commercial CFD software STAR-CCM+ was used to calculate the total resistance of the initial case and the best case in calm water. The results showed that at the model scale, the total resistance decreased by approximately 0.95% for the best case compared to the initial case in UV degree optimization. The main reason was that the waterlines near the design draft at the fore-body were narrowed, the wave generated by the front part of the hull and the wave generated by the invisible bulbous bow produced more beneficial mutual interference, and the wave-making resistance was reduced. The lines of the bilge at the fore-body were wider, so the pressure distribution on the bilge was more uniform, and the viscous pressure resistance was reduced.
[image: Contour plot displaying comparison between a best case and an initial case scenario. Curved lines represent levels of a certain quantity. The x-axis features labeled points from A to M, and the y-axis ranges from 0 to 12000 in increments of 1000.]FIGURE 10 | Comparison of hull lines before and after UV degree optimization.
3.3 Summary of hull line optimization by traditional methods
Based on the excellent parent ship, hull lines were transformed and met the requirements of the target ship. Then, the hull lines were optimized more than 20 times. In the optimization process, various optimization methods were used, such as displacement distribution optimization, bulbous bow optimization, stern optimization, UV degree optimization of the fore-body and aft-body, and transom height optimization. When the fore-body was optimized, the wave resistance was focused. When the aft-body was optimized, the viscous resistance and propulsion efficiency were paid attention to. In the optimization process, the resistance of each case was checked using STARCCM+, and the initial lines that met the requirements were obtained through the transformation in the NAPA system. Compared with the total resistance of the initial case, the total resistance of the final optimization case was reduced by 3.6% under the design draft of 8.5 m and the service speed of 18.5 kn, and the wake of the final lines was more uniform. In the traditional hull line optimization process, various methods were generally used 2–3 times. A good design case could be captured, but these methods continued to be used, and it was difficult to get a better design case. The final hull lines optimized based on the traditional method are shown in Figure 18. It usually took 6–7 weeks to optimize the hull lines based on the traditional optimization method.
4 ANALYSIS BASED ON THE FULLY PARAMETRIC OPTIMIZATION METHOD
4.1 Establishment of the fully parametric model
Using the initial hull lines, which were the same as in the traditional optimization method, the fully parametric model was established. Several characteristic curves were obtained, which were the transverse section area curve, design waterline, flat edge line, flat bottom line, deck top line, mid line, tangential angle of design waterline, tangential angle of flat bottom line, and tangential angle of deck top line. They were used as the input conditions of the fully parameterized model. Figure 11 shows the sectional area curve (SAC) of the fully parametric model and the SAC of the initial hull lines. Other characteristic curves could be established one by one according to this method and used in the construction of the fully parametric hull surface, as shown in Figure 12. The characteristic curve of the fully parametric model tried to approximate the characteristic curve of the parent ship as much as possible, and there would still be some deviation, but it did not affect the optimization results because the fully parametric model established by approximating the characteristic curve of the parent ship was the initial model for optimization, and the final hull lines were the model with the best resistance performance after optimization.
[image: Cross-sectional view of a ship hull with a superimposed graph comparing two models: SAC Parent model and SAC Fully parametric model. The graph shows curvature lines extending over the hull.]FIGURE 11 | Comparison of SAC of the fully parametric model with SAC of the parent ship.
[image: Computer-generated simulation showing airflow around a streamlined, elongated object resembling a vessel hull. The model displays fluid dynamics with contour lines indicating flow direction and speed, emphasizing aerodynamic properties.]FIGURE 12 | Fully parametric model.
Based on the set characteristic curves, the meta-surface function was used to establish the hull surface, the shape of which can be controlled by various relevant characteristic parameters, as shown in Figure 12.
4.2 Determination of characteristic variables, range, and constraints
The characteristic parameters were used to control the characteristic curves, and the characteristic curves formed the hull geometry. Then, the characteristic parameters could be used as the design variables of hull line optimization, and the hull resistance performance was taken as the objective function to conduct numerical simulation. Then, the important characteristic parameters affecting hull resistance performance were found through sensitivity research. To achieve the purpose of improving design quality, reducing design calculation, and improving design speed, the scope of the design variables was narrowed. In general, the characteristic parameters of the hull included the length between perpendiculars, breadth, design draft, bilge rise, bilge radius, the height of the propeller shaft, transom height, inlet angle of the design waterline at fore-body, fullness of the design waterline at fore-body, tangential angle of the design waterline at fore-body, area curve of the design waterline at fore-body, outlet angle of the stern design waterline, fullness of the stern design waterline, tangential angle of the stern design waterline, and area curve of the stern design waterline. There were more than 60 related control characteristic parameters for the fully parametric model. However, according to the design requirements and general arrangement, most of the characteristic parameters do not need to be changed, such as the length between the perpendiculars, breadth, design draft, displacement, and height of the propeller shaft. According to previous experience and sensitivity research, many characteristic variables, such as bilge rise, bilge radius, and stem rise, were not sensitive to the objective function, so characteristic variables could be reduced as much as possible to improve optimization efficiency. Finally, considering the design period and design experience, in this optimization, only eight characteristic variables were selected, which were essentially sufficient to meet the optimization requirements, as shown in Table 2.
TABLE 2 | Hull characteristic variables.
[image: Table showing parameters related to waterline design in a fore-body and aft-body context. Each row lists the parameter number, symbol, variable name, initial value, and range of variation. Examples include "Dwl-Entry Angle" with an initial value of 6 and range 1–10, and "FlareDwl" with an initial value of 35.6 and range 30–40.]The main constraint conditions were that the displacement should not be less than 26,719 m3 and the change in the center of buoyancy should be limited by ±1%. Considering the requirements of the general arrangement and hard points, the appropriate value range of each characteristic variable was finally determined, as shown in Table 2.
4.3 Optimization algorithm
Eight characteristic variables were selected for hull line optimization based on the fully parametric model. First, the SOBOL algorithm, a random sequence algorithm with good convergence, was adopted. Under the given range of variables and the total number of models, a random orthogonal algorithm was adopted for uniform sampling. Finally, the best candidate case could be found by CFD simulation. Considering that there were only eight characteristic variables in this optimization, the software program recommended that 500 calculation cases were sufficient. After the best case was obtained in the SOBOL method, the tangent search method was used for a local search to get a better case, as shown in Figure 13. The tangent search method, a direct search method, was used to find the minimum value of any problem with more than one design variable and subject to nonlinear constraints of any equality or inequality.
[image: Spreadsheet interface showing columns labeled with channel names and data associated with various parameters. Columns include values in yellow-highlighted cells. The interface features folder navigation and icons for data management.]FIGURE 13 | Schematic diagram of the optimization algorithm of the fully parametric model.
4.4 Numerical calculation and result analysis
After the fully parametric model was established and the characteristic variables were determined, the numerical simulation and optimization based on CFD could be carried out. The CFD numerical calculation used the SHIPFLOW full viscous flow solver, which was integrated using CAESES software. The speed Vm for the numerical simulation of each case was 1.821 m/s, and the total resistance coefficient (CT) of 500 cases was calculated, which took approximately 1 week, as shown in Figure 14.
[image: Scatter plot displaying data points with values for CTX on the vertical axis, ranging from 0 to 5.0, against an unspecified horizontal axis. Two cases, "Initial" and "Best," are highlighted on the x-axis. Blue dots represent data points spread across the plot.]FIGURE 14 | Calculation results of total resistance coefficient of each case.
From the 500 calculation results, the case with the lowest total resistance coefficient was selected as the best case, and it was the final hull line in the fully parameter model optimization. From the numerical calculation results, the total resistance of the best case was reduced by a certain extent compared to that of the initial case, which was reflected in the numerical value of the total resistance coefficient, which was reduced from 4.32 × 10−3 to 4.06 × 10−3. Figure 15 shows the comparison of the free surface wave pattern of the best and initial cases. It could be seen from the comparison wave pattern that at the fore-body, the range of the high-pressure area of the best case decreased, and the range of the low-pressure area of the free surface near station 19 also decreased. At the aft-body region, the low-pressure region of the best case was significantly reduced, and the high-pressure region was also significantly reduced. It can be seen that the wave pattern at the aft-body of the best case was flatter than that of the initial scheme. Figure 16 shows the pressure distribution of the hull surface. The low-pressure range at the stem of the best case was small, and the pressure distribution at the stern was more uniform. STARCCM+ was used to check the resistance of the initial and best cases. Under the design draft of 8.5 m and a service speed of 18.5 kn, the total resistance of the final optimized case was reduced by 6.6%, and its wake was also improved to a great extent.
[image: Simulation of a boat hull moving through water, showing flow patterns and pressure distribution. The image features colored contours with blue indicating lower pressure and red indicating higher pressure.]FIGURE 15 | Comparison of free surface wave pattern.
[image: Abstract digital artwork featuring a symmetrical, elongated shape with a central turquoise circle. Surrounding patterns blend shades of blue, green, and yellow, creating a sense of depth and dynamic movement.]FIGURE 16 | Comparison of pressure distribution on hull surface (top: optimal scheme; bottom: initial scheme).
4.5 Comparison of hull lines
The final hull lines optimized by the traditional method and the fully parametric method are shown in Figure 17. The comparison of the two hull lines showed that the fore-body before station no.17 was narrower near the design draft hull lines optimized by the fully parametric method than those optimized by the traditional method, and at the bilge, it was the opposite. At the aft-body, hull lines optimized by the fully parametric method were narrower those that optimized by the traditional method. So, the displacement remained the same. In order to verify that the resistance performance of the hull lines optimized based on the fully parametric model method was better than that of the traditional method, commercial CFD software STAR-CCM+ was used to calculate the full viscous flow of the calm water resistance of the ship at a design draft of 8.5 m and a service speed of 18.5 kn. The results showed that at the model scale, the resistance of the best case optimized by the fully parametric method was approximately 3.0% lower than that of the best case optimized by the traditional method. This was mainly due to the narrow waterlines near the design draft of the bow, which made the shoulder and the water flow smoother, and the widening of the bilge of hull lines, which made the pressure distribution on the bilge more reasonable and the viscous pressure resistance lower. After the aft-body was narrowed, the range of the low-pressure area was decreased, and the resistance was reduced. In summary, based on the same initial hull lines, the resistance of the ship optimized by the fully parametric optimization method was reduced by approximately 3.0% compared with that of the traditional optimization method, which fully reflected the superiority of the hull optimization based on the fully parametric model.
[image: Graph comparing "Fully parametric method" and "Traditional method" with contour lines. The vertical axis represents numbers ranging from 2000 to 14000 in increments of 1000. The horizontal axis has labels from H to M. The left section depicts curved contours, while the right section shows more pronounced, sloped contours.]FIGURE 17 | Comparison of optimized hull lines based on the traditional method and the fully parametric method.
4.6 Advantages and disadvantages of the two optimization methods
In the process of studing traditional optimization methods and the fully parametric method, we can find the following:
	(1) With regard to the fully parametric method, it took time to establish the fully parametric model. In general, it took 1–2 days. However, for the traditional optimization method, the model could be obtained quickly.
	(2) It took 3–4 weeks to complete the optimization task with the fully parametric method. However, the traditional optimization method required the cooperation of various methods that were repeatedly applied and strived to capture the best solution. Generally, it took approximately 6–7 weeks to complete the optimization task.
	(3) Hull optimization based on the fully parametric model required no manual intervention in the CFD optimization calculation process, and the final calculation results of all cases could be uniformly analyzed. However, in the process of using traditional optimization methods, all kinds of optimization methods need to cooperate with manual analysis to carry out the next optimization, and during that period, it also needs to rely on the experience of designers to get the expected good results.
	(4) According to the CFD calculation and model test results, the hull line obtained by the hull optimization based on the fully parametric model had better resistance performance than that obtained by the traditional optimization method. Advantages and disadvantages for the two optimization methods are summarized in Table 3.

TABLE 3 | Advantages and disadvantages for the two optimization methods.
[image: Table comparing traditional and fully parametric methods across four items: establishing model time is quicker using the fully parametric method at one to two days versus quickly; optimization time is longer at six to seven weeks versus three to four weeks; manual intervention is little versus plenty; and resistance performance is better versus normal.]5 MODEL TEST VERIFICATION
Based on the traditional method and fully parametric method, the resistance performance of the two optimized types was verified by model tests. Model tests were carried out by Hilmar (2020), who was in charge of the model tests. The scale of the models was the same as that of the CFD numerical simulation, which was 1:27.328. The model A optimized by the traditional method and the model B optimized by the fully parametric method are shown in Figure 18.
[image: Two yellow merlin racing hulls with black vertical stripes, labeled A and B, are displayed on wooden stands in a workshop setting. Both hulls feature blue text and numbered markings.]FIGURE 18 | Ship models. (A) Optimized by the traditional method. (B) Optimized by the fully parametric method.
According to the test results, the resistance values under the model scale of the two ships were obtained, as shown in Figure 19. The resistance reduction ratio was obtained, as shown in Figure 20. The calculated formula was as follows: resistance reduction value/Δ = (Rt (fully parameterized method)/Rt (traditional method) −1)*100%. It could be seen that compared with the hull line optimized by the traditional method, the resistance of the hull optimized by the fully parametric method had a certain amount of reduction at different speeds, with an average reduction of approximately 2.66%. When the service speed was 18.5 kn, the resistance was reduced by 2.54%. Compared with the STARCCM + numerical simulation results shown in Section 3.6, the deviation was approximately 0.5%. So, the results had good trend consistency. Figures 21, 22 show the wave pattern of the two types of ships at a design draft of 8.5 m and a service speed of 18.5 kn. It could be seen that the hull lines optimized by the traditional method had a lower trough at the 14th station than the hull lines optimized by the fully parametric method. The hull lines optimized by the traditional method had obvious troughs at the fourth station at the aft-body, and the ship wave pattern obtained by the full parametric optimization was flatter.
[image: Line graph comparing two methods: fully parametric and traditional, showing power \(P_{D}\) in kilowatts versus velocity \(V\) in kilometers per hour. Both methods show an upward trend, with the fully parametric method slightly higher across the velocity range of 16.5 to 20 kilometers per hour.]FIGURE 19 | Comparison of resistance between he two types of ships.
[image: Bar chart showing percentage changes on the y-axis from 0.0% to -4.0% for different values on the x-axis: 17.0, 17.5, 18.0, 18.5, 19.0, 19.5. Each bar represents a negative percentage change, decreasing from left to right.]FIGURE 20 | Resistance reduction.
[image: Model of a yellow battleship with detailed components, placed on a reflective black surface. The ship features black circular markings, possibly indicating specific areas of interest or measurement points.]FIGURE 21 | Wave pattern of the model optimized by the traditional method.
[image: A train carriage painted with a yellow and black abstract design. Two black circles are marked on the side, possibly for inspection or emphasis. The letters "HS6" are visible above.]FIGURE 22 | Wave pattern of the model optimized by the fully parametric method.
6 CONCLUSION
Taking hull lines of a ship research and development as examples, the application of the traditional method and fully parametric method in hull line optimization was described in detail. The research showed that the application of the hull optimization technology based on the fully parametric model was helpful in improving the optimization quality and design efficiency of the hull lines, and it also mitigated the excessive reliance of the research personnel on the parent ship and design experience so that an excellent ship form could be developed to meet market demand. The following conclusions could be drawn:
	(1) After the establishment of the model, the hull line optimization based on the fully parametric method, through the scientific optimization algorithm and the application of CFD technology, could get the best hull lines without repeated iteration. Generally, it took 3–4 weeks to complete the optimization task. However, the traditional optimization method required the cooperation of various methods that were repeatedly applied and strived to capture the best solution. Generally, it took approximately 6–7 weeks to complete the optimization task. Therefore, the hull optimization based on the fully parametric model was more advanced, practical, and time-saving than the traditional optimization method.
	(2) The hull optimization based on the fully parametric model required no manual intervention in the CFD optimization calculation process, and the final calculation results of all cases could be uniformly analyzed. However, in the process of using traditional optimization methods, all kinds of optimization methods need to cooperate with manual analysis to carry out the next optimization, and during that period, it also needs to rely on the experience of designers to get the expected good results. Therefore, the hull optimization based on the fully parametric model was more scientific and economical than the traditional optimization method, with less manual intervention and more saving of human resources.
	(3) According to the CFD calculation results and model test results, the hull line obtained by the hull optimization based on the fully parametric model had better resistance performance than that obtained by the traditional optimization method, and the performance was improved by approximately 3%.
	(4) The CFD numerical simulation results were in good agreement with the model test results, indicating that CFD numerical simulation could indicate the optimization direction for hull line design and meet the actual needs of engineering design.

In summary, the application of the hull optimization technology based on the fully parametric model was helpful in improving the optimization quality and design efficiency of the hull lines and shortening the design time.
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This paper establishes a high-fidelity and efficient Computational Fluid Dynamics (CFD) numerical method (AL-LDS-Ωnew) for wind turbine wake by combining the actuator line (AL), the localized dynamic Smagorinsky (LDS) sub-grid scale (SGS), and the new generation Ωnew vortex identification method under the framework of large eddy simulation. The model advantages are encouraging: 1) In terms of turbine modeling, the AL model is adopted to replace the traditional three-dimensional solid model, which avoids solving the boundary layer on the blade surface and improves computational efficiency; 2) In terms of wake simulation, the LDS SGS model is used to model turbulence, reducing vortex dissipation and further improving the refinement of turbine wake; 3) In terms of vortex identification, the new generation Ωnew vortex identification method avoids the difficult threshold selection in previous vortex identification and captures more refined vortex structures. The accuracy of the model is validated against published data of a NREL 5 MW wind turbine, and then extended to simulate the wake interference of tandem twin-rotor turbines by changing the pitch angle of the upstream wind turbine (WT1). The influence mechanisms between array wake interference and energy conversion efficiency under the pitch strategy are explored, demonstrating the AL-LDS-Ωnew coupling method is computationally accurate and efficient for simulating the complex wake interference. From analyses, the pitch strategy can effectively suppress the wake effect of the upstream turbine (WT1) and increase the power output of the downstream turbine (WT2), thus improving the overall output power of the array farm. Compared with the non-pitch condition (0 pitch angle), a pitch angle of (2°) maximizes the global energy conversion efficiency of the twin-rotor array: power augmentation by 0.29%, and thrust reduction by 5%. This optimal state reduces the fatigue load of the turbine and is more conducive to long-term operation. The findings, whilst preliminary, encourage the use of turbine pitch strategies in the wind farm planning and operation.
Keywords: wind turbine, actuator line, localized dynamic Smagorinsky, Ωnew vortex identification method, pitch strategy, array effect

1 INTRODUCTION
Wind energy occupies an important proportion in developing renewable energy sector (Li et al., 2023; Boadu and Otoo, 2024; Zeng et al., 2024) owing to experience, economic efficiency, and eco-friendly impact. With the rapid growth of the wind power industry, the wind farm design is gradually evolving towards array and clustering (Yuan et al., 2017; Sun et al., 2021). In the array optimization layout, reducing rotor spacing can increase the power density per unit area of the wind farm (Ji et al., 2018; Yuan et al., 2021) and as well the commercial efficiency. However, the velocity deficit and high turbulence intensity in the wake of the front turbine WT1, changes the inflow conditions of the posterior turbine (WT2) thus decreasing its output power and augmenting the experienced fatigue loads (Zeng et al., 2023; Liu et al., 2024). This not only reduces the utilization rate of wind energy, but also wastes land resources. Therefore, exploring the turbine wake flow mechanism, especially applying an effective wake control strategy to the upstream turbine in the wind farm, will be of great significance for optimizing the layout of the wind farm and improving the overall power output of the wind farm (Mühle et al., 2024).
In terms of the single-rotor turbine, some scholars (Zhang, 2014; Hu et al., 2016; Zeng et al., 2021a; Zeng et al., 2021b) have studied the wake characteristics of the wind turbine under different inflow conditions by using the combination of the body-fitted mesh and RANS model. The body-fitted mesh method consumes multiple computational resources, so the results only account for the velocity deficit of the wake and not for the vortex visualization. In order to improve the wake refinement, other scholars (Shen et al., 2015; Qian et al., 2018) have explored the effect of yaw angle on the wake characteristics of the wind turbine based on DES or LES methods. The discussion on vortex visualization has been added to the results using the first-generation Vorticity vortex identification method. Consequently, it may identify the rough vortex surface shape but not the complete blade vortex system (tip vortex and root vortex). In order to improve computational efficiency and vortex capture accuracy, some scholars (Gao et al., 2021; Ji et al., 2022) have conducted numerical studies on the wind turbine based on the AL-LES coupling method. In the results, the second-generation Q vortex identification method has been used, clearly identifying the blade vortex system; the only major disadvantage is the uncertainty of the threshold selection. With the development of vortex identification methods, Huang et al. (2021) studied the wake characteristics of the floating wind turbine based on the AL-RANS coupling method. The latest third-generation Ωnew vortex identification method was introduced in the results, and a fixed threshold was used to clearly capture the development and fragmentation of the blade vortex system.
In terms of the multi-rotor turbines, Zhang (Zhang, 2018) explored the wake interference of tandem multi-rotor turbines based on the combination of the body-fitted mesh and DES model. The results only analyzed the wake velocity deficit, lacking discussion on the velocity contour and vortex structure. Meanwhile, it was also pointed out that the body-fitted mesh method is unsuitable for the numerical simulation of the large-scale wind farm. To increase computational efficiency, Hornung et al. (2015) conducted research on tandem multi-rotor turbines based on the coupling method of actuator disk (AD) and RANS. However, the AD model could not consider the rotor rotation effect, and thus, the blade vortex system. In other words, the relationship between wake vortex interference and wind farm output power was not analyzed from the mechanistic perspective. Considering that the AL method can balance computational accuracy and efficiency, some scholars (Fleming et al., 2015; Wang et al., 2019; Zhang et al., 2022) have studied the wake interference of tandem twin-rotor turbines based on the AL-LES coupling method, adopting the standard Smagorinsky sub-grid scale model (turbulence treatment). In these studies, different control strategies [yaw (Fleming et al., 2015), precone (Zhang et al., 2022), tilt (Wang et al., 2019), etc.] were applied to the WT1 in an attempt to reduce the WT1 wake effect, so as to improve the overall power output of the wind farm. The results indicated that (different) control strategies modify the wind farm output power to a certain extent. However, the analysis of the results mainly focused on wake velocity deficit, lacking an explanation of the influence mechanism between wake interference and energy conversion efficiency.
In summary, the shortcomings can be divided into three topics:
	(1) Research methods: (a) Some scholars (Zhang, 2014; Hu et al., 2016; Qian et al., 2018; Zhang, 2018; Zeng et al., 2021a; Zeng et al., 2021b) have used the body-fitted mesh method to model the wind turbine, requiring substantial computational resources to solve the blade boundary layer. At present, this method is not suitable for the refined numerical simulation of the large-scale wind farm. From another perspective, (b) other scholars (Fleming et al., 2015; Wang et al., 2019; Gao et al., 2021; Huang et al., 2021; Ji et al., 2022; Zhang et al., 2022) have adopted the actuator models (AD or AL) to improve the computational efficiency, but the turbulence modeling was mainly based on RANS, DES and LES (standard Smagorinsky SGS model) methods, all of which had the problem of insufficient precision of wake simulation.
	(2) Results discussion: The current research has mainly focused on the wake velocity distribution. The insufficient precision of wake simulation and the influence of grid viscosity that the turbine wake vortex dissipates rapidly when it propagates downstream, leads to a lack of analysis of vortex visualization, wake interference, and flow mechanism.
	(3) Wake vortex identification: Many studies have mainly adopted the previous vortex identification methods (1st generation Vorticity, 2nd generation Q), both of which have limitations: (a) The first-generation Vorticity method can only identify the rough vortex surface shape and cannot capture the blade vortex system, resulting in inaccurate display (Ren et al., 2020); (b) The threshold selection of the second-generation Q method is difficult, and different cases or even different moments of the same case require human experience to adjust the threshold repeatedly. Furthermore, it cannot display strong and weak vortexes simultaneously (Zhao and Wan, 2021); (c) The third-generation Ωnew method has been applied to a small number of fields in ocean engineering (Zhao et al., 2020), but this method is still in the exploratory stage and has not yet been validated for its universality in all flow problems.

The present study aims to apply a certain control strategy to the front turbines to augment the overall power output due to its relevance in large-scale wind farm deployment (Liu, 2023). Firstly, this paper combines the AL model with the LES method. In order to further improve the precision of wake simulation, a localized dynamic Smagorinsky (LDS) sub-grid scale (SGS) model is used for turbulence modeling (Piomelli and Liu, 1995; Wang and Bergstrom, 2005), and the new generation Ωnew vortex identification method is coupled to establish a set of high-fidelity numerical simulation method (AL-LDS-Ωnew) for the wind turbine wake. Secondly, tandem twin-rotor turbines are selected as the research objects, and the pitch strategy is introduced for the WT1 to explore the wake interference and overall power output characteristics of the twin-rotor array under different pitch angles. In addition, the latest third-generation Ωnew vortex identification method is successfully applied to the wake vortex visualization of the twin-rotor array under pitch strategy. The applicability and advantages of the third-generation Ωnew vortex identification method are validated against other vortex identification methods (1st generation Vorticity, 2nd generation Q). The influence mechanism of the WT1 wake vortex structure on the WT2 is further revealed, providing a reference for improving the overall output power of the wind farm.
2 MATHEMATICAL MODEL
2.1 Governing equations
The grid-filtered Navier-Stokes (N-S) equations for the incompressible LES are as follows:
[image: Partial derivative of u sub i with respect to x sub i equals zero, labeled as equation one.]
[image: Partial differential equation showing fluid dynamics. Symbols include velocity \( u_i \), time \( t \), and spatial coordinates \( x_j \). Terms on the right represent pressure, viscosity, and additional forces. Equation is labeled (2).]
where ui represents the velocity vector component in the i-direction, and the overbar indicates grid-scale filtered variables. The fε represents the body force source term applied by the wind turbine to the flow field, whereas the τij is the sub-grid stress term defined by the tensor, a variable that needs to be closed by modeling as:
[image: The equation shows \( \tau_{ij} = \overline{u_i u_j} - \overline{u_i} \, \overline{u_j} \) with reference number (3) on the right side.]
The construction of sub-grid scale (SGS) models has always been a key issue in the LES research. The function of SGS models is to close the sub-grid stress tensor τij in Equation 3. There are differences in the accuracy of different SGS models and their applicability to different physical problems. Currently, several classic SGS models can be roughly divided into: standard Smagorinsky (SS) SGS, average dynamic Smagorinsky (ADS) SGS, and localized dynamic Smagorinsky (LDS) SGS model. The coefficients in the SS SGS model are constant and remain unchanged throughout the numerical simulation process. This model cannot capture the temporal and local effects of the flow field. Although the coefficients in the ADS SGS model vary dynamically, they can only take the same value at each time step; namely, the average value of the entire flow field, which can only reflect the time effect of the flow field. In comparison, the LDS SGS model can dynamically adjust the values of coefficients in the entire flow field based on changes in the turbulent structure of the flow field. They can capture the instantaneous fluctuation characteristics of the high-fidelity flow field.
In the framework of large eddy simulation, this paper ultimately implants a localized dynamic Smagorinsky (LDS) sub-grid scale (SGS) model, further improving the refinement of wind turbine wake simulation from the perspective of turbulence simulation. The discretization of the governing equations (Equations 1, 2) in the paper adopts the collocated finite volume method (CFVM), and the momentum equation is solved using the transient PISO algorithm (Issa, 1986). In terms of time progression, the second-order bounded semi-implicit Crank-Nicholson (CN 1.0) scheme is used. The second-order QUICK scheme is used for the convection term, and the second-order unbounded Gaussian linear scheme of the central difference method is used for the other terms. The linear equation system for pressure p is calculated using the PCG (Preconditioned Conjugate Gradient) solver based on the GAME (Geometric-Algebraic Multi-Grid) method, while the linear equation system for velocity u is calculated using the PBiCG (Preconditioned Bi-Conjugate Gradient) solver.
2.2 Actuator line model
The actuator line (AL) model is a fully three-dimensional (3D) transient aerodynamic model for the horizontal-axis wind turbine, first proposed by Sørensen and Shen (Sorensen and Shen, 2002). The core idea of the AL model is to simplify the wind turbine blades into virtual lines distributed along the radial direction in the flow field. Each actuator element on the AL is defined as the actuator point, as shown in Figure 1. A body (load) force at the actuator point simulates the obstruction effect of the wind turbine on the flow field, whereas the aerodynamic characteristics of the turbine wake are obtained by solving the N-S equation. Therefore, the 3D solid blades are unnecessary to avoid solving the boundary layer on the blade surface. Moreover, there is no need to use the grid rotation strategy (moving-grid, sliding-grid or overset-grid) to realize wind turbine rotation, which will significantly reduce the time of each time step cycle iteration in the simulation process (Ji et al., 2019; Yu et al., 2020).
[image: Diagram illustrating a blade dispersion and body force projection. The image shows a three-bladed turbine and its transformation into an actuator point with dashed lines. An arrow indicates blade dispersion, leading to a circular projection labeled "Body force projection."]FIGURE 1 | The schematic diagram of the AL model.
Based on the rotational angular velocity ω of the wind turbine, all actuator points update their positions at the end of each time step. Figure 2 shows the velocity triangle of the airfoil section at the radial position of the blade. According to the velocity on the grid element near the actuator point, the local axial velocity Ux and tangential velocity Ur at the actuator point can be obtained through linear interpolation. According to the vector relationship in the velocity triangle, the relative inflow velocity Urel at the actuator point can be calculated using Equation 4.
[image: The formula shown is \( U_{\text{rel}} = \sqrt{U_x^2 + (\omega r - U_r)^2} \), labeled as equation (4).]
[image: Diagram of an airfoil showing aerodynamic forces. The rotor plane and chord line are labeled. Vectors indicate lift (L) and drag (D) forces. Angles alpha (α), phi (φ), and gamma (γ) are marked. Velocity components \(U_{\infty}\) and \(U_{rel}\) are shown, along with rotational motion \(-\omega r\). Vector components \(F_x\) and \(F_z\) are represented.]FIGURE 2 | The velocity triangle of the airfoil section at the actuator point.
The local angle of attack α is defined as the angle between the airfoil chord at the actuator point and the relative inflow velocity Urel, which can be calculated using Equation 5.
[image: It seems like there was a mistake or a technical issue with your image upload or description. Could you please try uploading the image again? If you have a URL, you can share it here. If you want to add context with a caption, feel free to include that as well.]
where γ and φ represent the pitch and inflow angle of the airfoil section at the actuator point, which can be determined by the included angle between the rotation plane of the wind turbine and the relative inflow velocity Urel. The inflow angle is defined as Equation 6: They are expressed as Equations 7, 8:
[image: ϕ equals the arctangent of the fraction U subscript x over U subscript r minus ωr, labeled as equation six.]
The lift L and drag D of the wind turbine at each actuator point are determined by the relative inflow velocity Urel and local angle of attack α.They are expressed as:
[image: Equation showing lift \( L = \frac{1}{2} \rho w U_{\infty}^2 C_L (\alpha, Re) \) with reference number (7), where \( \rho \) is density, \( w \) is width, \( U_{\infty} \) is velocity, \( C_L \) is lift coefficient, \( \alpha \) is angle of attack, and \( Re \) is Reynolds number.]
[image: Equation for drag force: D equals one-half times rho times wc times U reference squared times C sub D as a function of alpha and Re sub c, equation eight.]
where w and c are respectively the blade element thickness and local chord length at the actuator point. The CL and CD denote the lift and drag coefficients respectively, which are only related to the local angle of attack α and the local chord length Reynolds number Rec. The lift and drag coefficients can be obtained by experiments, CFD simulations, table look-up, XFOIL software, etc. (Ji et al., 2022).
In general, the blade tip loss correction Ftip needs to be considered in the lift-drag calculation, which can be calculated by Equations 9, 10.
[image: Equation labeled (9) shows the mathematical expression \(\vec{F}_{2D} = \left(\vec{L}_{E1} + \vec{D}_{ED}\right) \cdot F_{tip}\).]
[image: Equation for \( F_{\text{tip}} \) is shown:   \[  F_{\text{tip}} = \frac{2}{\pi} \arccos \left[ \exp \left( \frac{N_{\text{blade}}(R-r)}{2r \sin \varphi} \right) \right]  \]   It is labeled as equation (10).]
where [image: Please upload the image you would like me to create alternate text for, and I will be happy to help.] and [image: It seems like the text provided refers to a mathematical expression rather than an actual image. If you have an image you would like me to describe, please upload it, and I will generate the alternate text for you.] respectively represent the unit vectors in the direction of lift and drag. Nblade is the number of blades, and R is the radius of the wind turbine.
In addition, in order to prevent numerical oscillation (Sorensen and Shen, 2002), the body force source term representing the wind turbine usually needs to be smoothed by introducing a kernel function before solving the flow field. This paper selects the Gaussian kernel function [image: Italic style lowercase letter "n" followed by subscript Greek letter epsilon, then in parentheses, lowercase letter "d".] for body force smoothing, and the specific expressions are shown in Equations 10, 11.
[image: Formula for turbulent friction: \(\vec{F}_{\text{turbine}} = \vec{F}_{\text{3D}} \cdot \eta(d)\), equation (11).]
[image: Mathematical formula representing \( \eta_\varepsilon(d) = \frac{1}{\varepsilon^2 \pi^{3/2}} \exp\left(\frac{d^2}{\varepsilon^2}\right) \) with equation number (12).]
where the Gaussian projection width ε is a parameter that adjusts the intensity of the body force projection. The d represents the distance from the center of the actuator point to the center of the grid element applied by the body force.
In summary, the key to using the AL model is to smoothly load the body force onto the grid elements near the wind turbine to characterize the turbine’s effect on the flow field. The solving procedure for the AL model can be summarized with the following steps:
	(1) According to the current time step, locate all actuator points in each partition of the flow field.
	(2) According to Equation 4, calculate the local relative inflow velocity Urel at the location of each actuator point.
	(3) According to Equations 9, 10, calculate the body force at all actuator points.
	(4) According to Equations 11, 12, the body force is smoothly distributed by the Gaussian projection.
	(5) According to Equations 1, 2, solve the flow field.
	(6) Rotate the blades.
	(7) Execute the next time step.

2.3 Vortex identification method
There are a large number of vortex structures with different intensities and scales in the wind turbine wake, and the vortex plays a crucial role in the generation and maintenance of turbulence. By clearly capturing the vortex structure, the wake flow mechanism can be deeply analyzed, which is significant for studying turbulence problems. However, no unified conclusion exists on the wake vortex’s identification and definition. The vortex identification methods have been developed for three generations, mainly including: 1) the first (Vorticity, etc.); 2) the second (Q, λ2, λci, Δ, etc.); 3) and third-generation (Ωnew, etc.).
The first-generation vortex identification method is based on the Vorticity, which is calculated using Equation 13, where the Vorticity is defined as the curl of the velocity vector.
[image: Equation for vorticity is shown as "Vorticity equals the curl of vector U", where ∇× signifies the curl operator.]
Although the mathematical definition of the Vorticity is clear, its physical meaning is somewhat unclear (Wang et al., 2020). Many researchers (Shen et al., 2015; Qian et al., 2018; Ren et al., 2020) have found that using the first-generation Vorticity vortex identification method cannot accurately characterize the vortex structure of the flow field. It can only identify a rough vortex surface profile but fails to capture strong and weak vortexes, vortex shedding, and overall vortex development process.
Because the results of the first-generation vortex identification method (Vorticity) are not satisfactory, researchers have proposed the second-generation vortex identification methods (Q, λ2, λci, Δ, etc.). Although their theoretical foundations vary, the Q and λ2 methods can be understood as a correction to the first-generation method. The λci and Δ methods are derived from the influence of velocity gradient tensor [image: Mathematical expression showing the gradient of a scalar function \( U \), represented by \( \nabla U \).] on local instantaneous streamline (Wang et al., 2020).
In the subsequent post-processing of this paper, the Q-criterion, which is the most commonly used in the second-generation vortex identification methods, is selected to visualize the wake vortex structure of the wind turbine. The Q-criterion method was proposed by Hunt (Hunt et al., 1988), and the specific calculation formula is shown in Equation 14.
[image: Equation labeled as 14 shows \( Q = \frac{1}{2} \left( B_{i}^{2} - A_{i}^{2} \right) \), where \( B_{i}^{2} \) and \( A_{i}^{2} \) are squared terms.]
where A and B represent the symmetric and antisymmetric parts of the velocity gradient tensor, respectively.
The second Galilean invariant Q > 0 of the velocity gradient tensor [image: Symbol representing the gradient of a scalar potential \( U \), typically used in vector calculus to denote the rate and direction of change of \( U \).] is used to characterize the vortex structure. However, in the second-generation Q-criterion method, it is usually necessary to manually specify a threshold. In different grids, different cases, and even at different times within the same case, it is necessary to repeatedly adjust the threshold to achieve a clear display of the wake vortex structure. Inconveniently, the second-generation Q-criterion method fails to display both strong and weak vortexes simultaneously.
Based on the above issues, Liu (Liu et al., 2016) conducted original works on the vortex identification methods and proposed a new generation (third-generation) vortex identification method (Ωnew). Its calculation formula is shown in Equation 15, where ε is a small positive number that prevents division by zero.
[image: The equation shows \(\Omega_{\text{new}} = \frac{B_{F}^{2}}{A_{E}^{2} + B_{E}^{2} + \varepsilon}\), labeled as equation (15).]
Obviously, the value of Ωnew ranges from 0 to 1, which can be understood as the concentration of vorticity. The Ωnew represents the rigidity of fluid motion. When Ωnew = 1, the fluid rotates rigidly, whereas if Ωnew > 0.5, the antisymmetric tensor B is dominant over the symmetric tensor A. In practical applications, a Ωnew = 0.52 is usually recommended as a fixed threshold to identify vortex structures (Liu et al., 2016; Ren et al., 2020; Zhao et al., 2020).
Compared with the second-generation vortex identification methods, the Ωnew method has the following advantages: (a) Clear physical meaning; (b) Easiness to implement in programs; (c) simultaneous visualization of strong vortex and weak vortexes, especially more broken weak vortex can be captured (Wang et al., 2020; Zhao et al., 2020); (d) Normalization (the value ranges from 0 to 1), without significantly adjusting the threshold.
In the subsequent analysis of the wind turbine wake vortex in this paper, three different vortex identification methods (1st generation Vorticity, 2nd generation Q, 3rd generation Ωnew) are used to visualize the wake vortex structure of tandem wind turbines, in order to explore the applicability of the latest 3rd generation vortex identification method under pitch strategy of the upstream turbine. This will help further understand the complex wake vortex mechanism of wind turbines.
3 VALIDATION
To validate the calculation accuracy of the (AL-LDS-Ωnew) model, a NREL 5 MW wind turbine model is selected as the research object, with main parameters shown in Table 1. The aerodynamic loads (thrust and power) under different wind speeds are calculated, and the specific case settings are summarized in Tables 2, 3 summarizes the basic numerical methods adopted by this paper and other similar studies.
TABLE 1 | The NREL 5 MW wind turbine model parameters.
[image: Table listing wind turbine specifications. Parameters and their values: Blades number: 3, Diameter: 126 meters, Cut in wind speed: 3 meters per second, Rated wind speed: 11.4 meters per second, Cut out wind speed: 25 meters per second, Cut in rotational speed: 6.9 revolutions per minute, Rated rotational speed: 12.1 revolutions per minute, Rated output power: 5.29 megawatts.]TABLE 2 | Case settings of the wind turbine based on the AL-LDS-Ωnew coupling method.
[image: Table listing cases with columns for inflow wind speed in meters per second, rotation speed in revolutions per minute, rotation angle at each time step in degrees, time step in seconds, and method. Each case shows an increasing progression in wind speed from 3 to 11.4, corresponding rotation speeds, consistent rotation angle of one degree, decreasing time steps, and a consistent method labeled AL-LDS-Ω_new.]TABLE 3 | Comparison of the basic numerical methods in this paper and other scholars.
[image: Table comparing various studies on blade modeling methods, turbulence models, software, and abbreviations. Affiliations include JUST, HEU, SJTU, and UCAS. Blade modeling methods listed are AL, BFM, and BEM. Turbulence models include LES: LDS, DES, RANS: SST k-ω, and Spalart-Allmaras. Software used comprises JUSTFoam-Turbine, STAR-CCM+, naoe-FOAM-SJTU, FOWT-UALM-SJTU, Fluent, and Bladed. Corresponding abbreviations are noted. A footnote explains the affiliations and acronyms.]Figure 3 compares the calculation results of the newly established AL-LDS-Ωnew coupling method, against the published by the NREL and other scholars. Regarding power, the results of the AL-LDS-Ωnew coupling method and most scholars agree with the NREL benchmark value, however, some scholars’ results have a certain deviation near the rated wind speed. Regarding thrust, the AL-LDS-Ωnew coupling method has a consistent trend with the scholars’ results but is smaller than the NREL benchmark value. The possible reason is that the NREL benchmark value is calculated by the FAST software based on the blade element momentum (BEM) theory, which cannot consider the viscous effect of the fluid and must employ empirical correction models (three-dimensional effect, dynamic stall, rotation effect, blade tip loss, etc.). In comparison, this paper and most scholars use the viscous CFD method. In summary, the calculation accuracy of the newly established AL-LDS-Ωnew coupling method is validated by selecting the NREL 5 MW wind turbine benchmark value and other scholars’ research results, which lays the foundation for the following study on wake effects of multi-rotor wind turbines under the pitch strategy.
[image: Two graphs showing performance metrics against wind speed. Graph A plots power (P) in kilowatts against wind speed (U) in meters per second. Graph B plots thrust force (F) in kilonewtons against the same wind speed range. Each graph includes multiple data series represented by different colored lines and markers, with a legend indicating the source or method for each series. The series labeled "This paper" is highlighted in red. Both graphs show a general upward trend as wind speed increases.]FIGURE 3 | Performance comparison between calculation results of different scholars under different wind speeds and NREL benchmark values. (A) Power (B) Thrust.
4 CASE CONFIGURATION
The NREL 5 MW wind turbine model is still used in the numerical simulation of the wind farm. Figure 4 is the schematic diagram of the calculation domain, where D represents the wind turbine diameter. The x direction of the computational domain is the direction of air flow, with a total length of 18D. The lateral (y) and vertical (z) directions (same as gravity) both measure 6D. Two wind turbines (WT1 and WT2) are arranged in series, with WT1 being 3D away from the inlet and 6D away from WT2.
[image: Diagram of a 3D rectangular grid labeled with dimensions and sides. The box is marked with "top," "bottom," "side1," "side2," "inlet," and "outlet." Two labeled turbines, WT1 and WT2, are positioned inside. Dimensions include 6D height, and a total length of 18D, with arrows indicating 3D and 6D within. Coordinate axes x, y, and z are shown.]FIGURE 4 | Wind farm calculation domain.
The advantage of the actuator line model is that the Cartesian grid is used to discretize the whole computational domain. There is no need to carry out three-dimensional solid modeling for the wind turbine, which significantly improves computing efficiency. As shown in Figure 5, the mesh adopts a three-layer step-by-step refinement scheme. The minimum grid requirement applies to ensure that the number of grids in the blade diameter direction is 60–80 (Yu et al., 2020; Ji et al., 2022), where the total number of grids is approximately 11 million. The recommended time step selection ensures that the courant number (CFL condition) is less than 0.5. The total calculation time is recommended to circulate the flow field 3–4 times, and the wind speed from the inlet to the outlet is counted as one time. This configuration scheme can clearly capture the blade vortex system (tip and root vortexes) (Sorensen and Shen, 2002).
[image: Illustration of mesh refinement regions on an x-y plane and a y-z plane. The x-y plane shows sections NT1 and NT2 with specific refinement regions. The y-z plane displays a square area with marked refinement. Axes labels are provided in blue.]FIGURE 5 | Step-by-step mesh refinement.
In the simulations, the upstream wind turbine (WT1) is equipped with 11 different pitch angles, ranging from −10 to 10, using an interval of 2. However, the pitch angle of the downstream wind turbine (WT2) remains at 0. The case settings are summarized in Table 4. The two wind turbines (WT1 and WT2) in the series are facing the direction of the incoming flow, with the inlet set at the rated wind speed of 11.4 m/s. The outlet and top are pressure outlet boundaries, whereas the bottom is a slip boundary, and the left and right are symmetrical boundaries.
TABLE 4 | Case settings of tandem twin-rotor turbines under pitch strategy.
[image: Table displaying wind turbine test cases with columns for case number, pitch strategy for WT1 and WT2, inflow wind speed at 11.4 meters per second, rotation speed at 12.08 RPM, and method titled AL-LDS-Omega new. Cases range from 11 to 21, with WT1 pitch strategy varying from negative ten to ten, while WT2 remains zero.]5 RESULTS
5.1 Power output characteristics
The wind turbine’s power and thrust employ the average of the instantaneous last three cycles (stable state) results. Figure 6 shows the numerical performance (power left, and thrust right) of the tandem twin-rotor turbines under the pitch strategy, in terms of single (green bar for WT2 and red bar for WT1) and overall output (black bars). In addition, the ratio of the power of each wind turbine to the power of WT1 without pitch is defined as the power output ratio η, as shown in Table 5.
[image: Bar charts labeled A and B show the relationship between pitch angle and power output, and pitch angle and thrust, respectively, for wind turbines WT1, WT2, and both combined (WT1+WT2). Chart A displays power in megawatts with optimal pitch angle highlighted at around 6 degrees, showing the highest power for WT1+WT2. Chart B presents thrust in kilonewtons, also indicating the optimal pitch angle at approximately 6 degrees, with the highest thrust for WT1+WT2. Different colors represent WT1, WT2, and their combination.]FIGURE 6 | Output power and thrust of tandem twin-rotor turbines. (A) Output power (B) Thrust.
TABLE 5 | Power output ratio η of each wind turbine in the twin-rotor array under pitch strategy.
[image: Table showing power output ratios of two wind turbines (WT1 and WT2) at different pitch angles. Negative angles: At 0 degrees, WT1 is 100.00% and WT2 is 18.49%. For −10 degrees, WT1 is 44.47%, WT2 is 23.82%. Positive angles: At 0 degrees, WT1 is 100.00% and WT2 is 18.49%. For 10 degrees, WT1 is 26.75%, WT2 is 76.96%.]By analyzing Figure 6; Table 5, it can be seen that.
	(1) When the pitch angle of WT1 increases from −10° to 10° using an interval of 2°, the output power of WT1 and WT2 changes obviously. WT1 shows a trend of first increasing and then decreasing, while WT2 shows the opposite trend. When the pitch angle of WT1 is −2, the power of WT1 is a maximum at 5.53 MW, while WT2’s is a minimum at 0.674 MW. However, the combined output power is not the highest among the cases.
	(2) When the pitch angle of WT1 increases from negative to zero pitch angles (−10° ∼ 0°), the change of power WT1 is significant. However, it can be seen from Table 5 that the maximum power output ratio η of WT2 is always less than 24%, so WT2 is always in a low-power state. This indicates that although the negative pitch angle reduces the power output of WT1, it still leads to a strong wake state for downstream turbines. Therefore, the negative pitch angle should be avoided in wind farm engineering.
	(3) When the pitch angle of WT1 changes increases from zero to positive pitch angles (0° ∼ 10°), the power of WT1 gradually decreases, while the power of WT2 gradually increases. Table 5 shows that the maximum power output ratio η of WT2 is close to 77%. The above indicates that the positive pitch angle reduces the power and wake output of the WT1, improving the inflow conditions of downstream turbines and as well the WT2 power. Therefore, the front wind turbines can find an optimal positive pitch angle.
	(4) The overall maximum output power of the tandem twin-rotor array occurs at a pitch angle of 2°, with a maximum power value of 6.4648 MW, compared to a slightly lower power reduction (0.29%) of 6.4463 MW using 0 pitch angle. However the thrust in the maximum power state is lower: 5% in combined and 14.13% in the front mode (WT1) This not only reduces the fatigue load, but also benefits the long-term operation of the wind turbine.
	(5) The overall minimum output power of the tandem twin-rotor array occurs at a pitch angle of −10°, with a minimum power value of 3.7162 MW. Compared with the results at the optimal pitch angle of 2, the overall output power decreases by 42.5%, while the overall thrust increases by 27.4%, further indicating that the wind turbine should avoid the occurrence of the negative pitch angle.

5.2 Wake velocity contour
Figure 7 shows the wake velocity contour of the tandem twin-rotor array at hub height with varying WT1’s pitch angles. The following can be conclude:
(1) When WT1 rotates directly against the inflow direction, a wake velocity deficit region is formed behind WT1. Meanwhile, a backward flow propagation expands the stream tube, which is slightly larger than the diameter of the wind turbine. When the wake develops to the downstream turbine position, a severe secondary velocity deficit occurs, affecting the downstream turbine’s output power and increasing the power fluctuation and fatigue load.
(2) When the pitch angle is negative (Pitch < 0°), the wake velocity deficit of WT1 is more severe, indicating that although the output power of WT1 is reduced due to the negative pitch angle, the wake effect of WT1 is not weakened and WT2 is still in a strong wake state (consistent with the conclusion of the previous section). In addition, the length of the near wake under the negative pitch angle is shorter, and the wake’s expansion trend and meandering phenomenon are more obvious. The instability of the wake increases, and WT2 stays completely in the mixing region of the wake, which increases its fatigue stress; it is not conducive to the long-term operation of the wind turbine.
(3) When the pitch angle is positive (Pitch > 0°), the wake velocity deficit of WT1 is reduced compared with a negative pitch angle, which improves the inflow conditions of WT2 and leads to an increase in WT2 output power (consistent with the conclusion in the previous section). Meanwhile, under the positive pitch angle, the near wake length becomes longer, whereas the wake expansion trend is weaker and the wake propagates more stably downstream. That is to say, the downstream turbine is in the stable region of the wake. Therefore, in order to achieve global optimization, the optimal positive pitch angle must be found in the wind farm layout. In addition, as the positive pitch angle further increases, the meandering phenomenon of the wake disappears.
[image: Velocity flow simulation images show a body at various pitches from -10° to 10°. Each image displays velocity variations using a color gradient, with purple indicating low speed and yellow indicating high speed. Labels like WT1 and WT2 mark locations in the first image. A legend in the bottom right correlates colors with velocity values.]FIGURE 7 | Wake velocity contour of the tandem twin-rotor array.
5.3 Wake vortex structures
In order to deeply understand the influence mechanism of upstream turbine wake vortex structure on downstream wake, the third-generation vortex identification method (Ωnew) is applied to the wake vortex identification of wind turbine under pitch strategy for the first time. In the wake analysis, only the optimal pitch angle of 2° is selected. By comparing the differences in wake vortex visualization among three different vortex identification methods (1st generation Vorticity, 2nd generation Q, and 3rd generation Ωnew), the applicability of the latest third-generation Ωnew method in turbine wake vortex identification under pitch strategy is investigated, and the advantages of this method compared with the previous generation methods are discussed.
The first-generation vortex identification method (Vorticity) is used to visualize the vortex structure by selecting five different thresholds, as shown in Figure 8. The following can be seen.
	(1) The displayed vortex structure rapidly decreases with threshold value.
	(2) The downstream development of the wake vortex structure of WT1 is reasonably captured using Vorticity = 0.2, which in turn affects the inflow condition of WT2.
	(3) After repeated debugging of the thresholds, it is found that the first-generation vortex identification method (Vorticity) displays defects. It can only identify a rough outline of the vortex surface but not the root, tip, strong and weak vortex, in addition to the vortex shedding and development.

[image: Series of six 3D visualizations depict fluid flow with varying vorticity levels (0.2 to 0.6) showing changes in flow pattern complexity. A color scale indicates velocity, and the pitch is noted as 2 degrees.]FIGURE 8 | Under the optimal pitch angle of 2, the first-generation vortex identification method (Vorticity) visualizes the wake vortex structure of the wind turbine.
Secondly, by using the second-generation vortex identification method (Figure 9) the following can be concluded:
(1) It is also necessary to repeatedly adjust different thresholds to visualize the wake vortex structure, relying significantly on experience. Likewise, the displayed vortex structure gradually decreases with threshold.
	(2) A Q = 0.0001 leads to a better capture of the blade tip vortex developing downstream and gradually merging into vortex surfaces, thereby affecting downstream turbines.
	(3) Only the strong vortex structure can be captured as the weak vortex structure after the vortex surface is broken.

[image: Simulation images showing airflow around a cylindrical object with varying flow rates (Q values: 0.0001, 0.001, 0.005, 0.01, 0.02) and a pitch angle of 2 degrees. Airflow streams are color-coded from purple to red, indicating velocity from low to high.]FIGURE 9 | Under the optimal pitch angle of 2, the second-generation vortex identification method (Q) visualizes the wake vortex structure of the wind turbine.
Finally, Figure 10 explores the applicability of Ωnew by selecting five thresholds near Ωnew = 0.52. It can be stated that.
	(1) Visualization of the wake vortex structure does not rely on the selection of thresholds.
	(2) The recommended value (Ωnew = 0.52) is also applicable under a pitch strategy (Liu et al., 2016).
	(3) The process of the blade vortex system developing downstream and gradually dissipating can be clearly captured.
	(4) The Ωnew method can capture both strong and weak vortexes simultaneously. The wake vortex of WT1 gradually develops downstream and interacts with WT2, threby separating the upstream wake vortex into several (broken) weak vortexes. This phenomenon cannot be captured by adjusting the threshold using other methods.

[image: Five 3D renderings depict vortices around a mechanical component with varying NewOmega values from 0.51 to 0.55. Each image highlights a strong vortex in red and a weak vortex in blue. A velocity scale from zero to nineteen point five, with colors ranging from purple to yellow, is shown below. The images are labeled with "Pitch = 2 degrees."]FIGURE 10 | Under the optimal pitch angle of 2, the third-generation vortex identification method (Ωnew) visualizes the wake vortex structure of the wind turbine.
In summary, a comparison of the three different vortex identification methods reveals the AL-LDS-Ωnew coupling method provides a more refined vortex structure (strong and weak vortexes) at a fixed threshold. It is due to the coupling the high-accuracy dynamic sub-grid scale (SGS) model and the new-generation vortex identification method (Ωnew). This provides a new approach for the future refined numerical simulation of the wind farm.
6 CONCLUSION
In this paper, a refined numerical simulation method (AL-LDS-Ωnew) for the wind turbine wake is developed by coupling the AL with a high-accuracy localized dynamic SGS and the third-generation Ωnew method. The overall wake and performance characteristics (power and thrust) of the tandem twin-rotor array are explored by changing the pitch angle of the front turbine WT1 (−10° ∼ 10°). The following can be concluded:
(1) When the WT1 is at a negative pitch angle, its power and not the wake effect decreases. The velocity deficit becomes more severe and WT2 stays in a strong wake state. Therefore, the negative pitch angle should be avoided in wind farm engineering.
	(2) Under a negative pitch angle state, the near wake length of WT1 is shorter, and the wake’s expansion trend and meandering phenomenon are more obvious. The instability of the wake increases, and WT2 stays completely in the mixing region of the wake, increasing its fatigue stress.
	(3) When WT1 is at a positive pitch angle, its wake and power output decreases, improving the inflow conditions of WT2. In engineering applications, the optimal positive pitch angle should be selected to reduce farm costs.
	(4) At a positive pitch angle state, the near wake length of WT1 increases, whereas the expansion shortens yet the downstream development is stable. In other words, the rear turbine WT2 stays in the stable region of the WT1’s wake. As the positive pitch angle further increases, the meandering phenomenon of the wake disappears.
	(5) The overall maximum output power of the tandem twin-rotor array occurs at a pitch angle of 2. Compared to the no-pitch case, the overall output power increases by 0.29%, and the thrust decreases: 5% in combined and 14.13% in single (WT1) state. This reduces the fatigue load of the turbine and is more conducive to the long-term operation of the turbine.
	(6) Regarding the vortex structure, the first-generation method (Vorticity) captures a rough vortex surface profile, incorrectly characterizing the environmental flow impact. The second-generation method (Q) is able to capture the blade vortex system development and dissipation, but threshold selection remains difficult. By contrast, the threshold of the third-generation method (Ωnew) is fixed, thus capturing strong and broken weak vortexes due to interaction with rear downstream turbines; this cannot be captured by other vortex identification methods.

In general, the applicability and advantages of the third-generation method (Ωnew) in visualizing the wake vortex of the tandem twin-rotor array are validated using a simple turbine pitch optimization. Future work should concentrate in wake and performance optimization, using front and rear pitch-controlled turbines, as a continuous incentive for pitch control systems in the wind farm layouts.
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The energy conversion capacity of wave energy conversion devices highly depends on the hydrodynamic characteristics of the energy-harvesting structure. To investigate the effect of hydrodynamic performance on the power conversion characteristics, a twin-buoy wave energy converter (WEC) was investigated by using a three-dimensional numerical wave pool based on the Computational Fluid Dynamics (CFD) method. Several factors are examined, including the elasticity coefficient of the anchor chain, the bottom configuration of the floating body, and the power take-off (PTO) damping coefficient. The heave displacement, heave velocity, and heave force of the converter are calculated under specific wave parameters, and the flow field cloud diagram during the heave motion is analyzed. The results indicate that a wave energy converter with a hemispherical floating body exhibits the best kinematic performance. The influence of the mechanical damping coefficient on the energy conversion performance of the device is studied. By appropriately reducing the mechanical damping coefficient, the energy capturing capability of the device can be increased to a certain extent. These findings can serve as a theoretical basis for the application of deep-water wave energy conversion in engineering and the optimization of future WEC designs.
Keywords: wave energy, coaxial twin-buoy, computational fluid mechanics, bottom configuration, power take-off

1 INTRODUCTION
When considering the impact of viscosity, it adds complexity to the overall solution of fluid motion problems. In cases where viscosity has little effect, the fluid is often treated as an ideal, non-viscous fluid. However, for problems where viscosity plays a significant role, idealizing the fluid is no longer possible, and viscosity must be considered in calculations. The study of fluid viscosity, known as viscous fluid mechanics, is closely related to practical engineering applications (Yeung and Jiang, 2014; Zhang et al., 2009; Bubbar et al., 2018; Caskey, 2014). Advancements in scientific research have led to significant progress in the field of viscous fluid mechanics, with the use of CFD software becoming a prevalent approach (Devolder et al., 2018; Zhou et al., 2021).
In light of the current concerns about energy depletion, the development and utilization of wave energy as a clean and renewable energy source have garnered considerable attention (Murai et al., 2020; Cheng et al., 2021). The global potential for wave energy is estimated to be 2.5 billion kW, twice the current global installed power generation capacity. A wave energy converter is a device that transforms the kinetic and potential energy of waves into electrical energy. It consists of two main components: the wave energy acquisition part and the energy transfer and conversion part. The latter serves as the energy generation device, converting the mechanical energy from secondary conversion into electrical energy using a generator. Wave energy, present in seawater, represents a hidden source of renewable energy. Compared to other forms of marine energy, wave energy offers the advantages of convenient development and cost-effective, compact devices (Tay and Wei, 2020; Sheng and Lewis, 2016; Rezanejad and Guedes Soares, 2018; Eriksson et al., 2005). Various wave energy acquisition devices exist, including oscillating water column type, point suction type, and pendulum type (Cheng et al., 2019a; Cheng et al., 2019b). The conversion of wave energy occurs in three stages: the first stage involves acquiring and converting wave energy into other forms of energy. The secondary conversion helps direct, increase speed, and stabilize the energy. Finally, the third stage converts mechanical energy into electrical energy.
For scholars both domestically and internationally, the hydrodynamic performance of wave energy converters has emerged as a prominent research area. In a study by Eriksson et al. (Eriksson et al., 2005), the hydrodynamic characteristics of a wave energy converter were examined using potential flow theory, which disregards the impact of fluid viscosity. Yu et al. (Yu and Li, 2013) employed the Reynolds-average Navier Stokes equations to numerically model a point absorber wave energy converter with a carrier, necessitating significant computational resources. Guanche et al. (Guanche et al., 2013) utilized Simulink to conduct a partly nonlinear time-domain numerical simulation of a specific type of WEC. They investigated its sensitivity to various factors such as motor damping, WEC diameter, water depth, bearing friction coefficient, vertical drag force coefficient, wave height, and wave period. Mohammed et al. (Zullah and Lee, 2013) employed CFD techniques to simulate a Savonius rotor wave energy converter in a numerical wave pool, using CFX software. Similarly, Liu et al. (Liu et al., 2012) used CFD software to study the overtopping wave energy converter in a two-dimensional numerical wave pool. However, these studies primarily focused on two-dimensional simulations, which involve less computation but may not fully represent real-world conditions as compared to three-dimensional simulations.
Research on wave energy devices, both nationally and internationally, often relies on potential flow theory and frequency domain linear wave theory while neglecting the impact of fluid viscosity (Chen, 2018; Guo et al., 2018; Guo et al., 2014; Zhang et al., 2015). In this study, we apply a CFD approach that considers fluid viscosity and enables the simulation of floating devices with complex shapes and multiple degrees of freedom in the time domain. This approach provides a more intuitive representation of the temporal changes in physical quantities as the float moves and allows for the calculation of flow field information at each time step within the computational domain (Drew et al., 2009; Falcão, 2010; Muliawan et al., 2013). In our investigation, we use the CFD method along with STAR-CCM + software to simulate a specific point absorber wave energy converter. The simulation involves generating linear waves in a three-dimensional numerical wave pool, reducing the computational time without sacrificing accuracy (Falcão and Henriques, 2015; Sheng et al., 2015; Zhong and Yeung, 2019). To better reflect real-world conditions, we incorporate external mechanical damping into the device. Furthermore, we explore the theoretical movement response of the floating body under the influence of external mechanical damping, specifically examining displacement, velocity, and force under various wave conditions (Zhang et al., 2020; Michele and Renzi, 2019).
2 THEORETICAL ANALYSIS
2.1 Numerical model
The two-buoy wave energy converter comprises a float and a column, with this article introducing a novel damping plate onto the column. The floating bodies typically exhibit a cylindrical shape that is relatively flat, resulting in a larger waterline surface area. Conversely, the column exhibits a slender cylindrical shape with a comparatively smaller waterline surface area. The two-buoy wave energy converter is illustrated in Figure 1.
[image: Diagram showing a wave tank with incident waves approaching from the left, moving through water of height \(h\). A damping plate with dimensions \(d1\) and \(d2\) is installed along with parameters \(R1\) and \(R2\). The wave elimination zone is on the right.]FIGURE 1 | Schematic diagram of twin-buoy wave energy converter model.
The Equations 1–3 for the heave force acting on the floating body can be expressed as follows.
[image: Equation depicting the formula \( F_{a1} - F_{bp} = m \ddot{z_1} \).]
[image: The image shows a mathematical equation: \( F_{z1} = F_{b1} - (\lambda \dot{z}_{1} + C_{1} \dot{z}_{1}) - \rho g S z_{1} \). It is labeled as equation (2).]
[image: Equation notation showing \( F_{\text{bp}} = CV_{\text{r}} = C(\dot{z}_1 - \dot{z}_2) \), labeled as equation (3).]
The Equations 4–6 for the heave force acting on the cylindrical floating body are as follows.
[image: The image shows the equation \(F_{z1} - F_{cp} - Kz_{2} = m_{1}\ddot{z_{2}}\), labeled as equation number 4.]
[image: Equation showing \( F_{z1} = F_{n} - (\lambda \dot{z_{1}} + C_{z} \dot{z_{2}}) - \rho g S_{z} z_{1} \), labeled as equation (5).]
[image: Mathematical equation depicting force. The equation shows \( F_{\varphi} = -C V_{\varphi} = C (\dot{z}_{2} - \dot{z}_{1}) \), labeled as equation (6).]
Where, [image: Please upload the image or provide a URL so I can generate the alternate text for you.] and [image: Please upload the image or provide a URL for me to generate the alternate text.] are the heave force of the fluid acting on the floating body and the damping plate respectively; [image: It seems like there was an issue with the image upload. Please make sure to upload the image file directly, and I will be able to assist you in generating the alternate text.] and [image: Please upload the image you would like me to describe, and I'll generate the alternate text for you.] are the PTO damping force acting on the floating body and the damping plate respectively, which are equal in magnitude and opposite in direction; [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] and [image: Please upload the image or provide a URL, and optionally add a caption for context. This will help me generate the most accurate alt text for you.] are physical quantities that can be directly obtained in STAR-CCM+ (Financial fluid mechanics software); [image: It seems there is an issue with the image. Please upload the image again or provide a URL to it, along with any additional context or captions if you have them.] and [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] are the wave exciting force acting on the floating body and the damping plate; [image: The image shows the mathematical symbol for mass, represented as the lowercase letter "m" with the subscript "1", indicating a specific mass in a series or system.] and [image: The image shows the mathematical notation "m" followed by the subscript "2".] are the mass of floating body and damping plate respectively; [image: Please upload the image or provide a URL so I can generate the alt text for you.] and [image: Please upload the image or provide a URL, and if you like, you can include a caption for additional context.] are the displacements of the floating body and the damping plate respectively; [image: A stylized lowercase letter "z" with a dot above it, followed by the subscript number "1".] and [image: Please upload the image so I can generate appropriate alt text for it.] are that heave velocity of the floating body and the damping plate, respectively; [image: The image shows a mathematical expression: a lowercase letter "z" with two dots above it, followed by the subscript "1".] and [image: A mathematical expression showing the letter "z" with a subscript "2" and two dots above, representing the second derivative or acceleration in mathematical or physics contexts.] are the heave acceleration of the floating body and the damping plate, respectively; [image: It seems like you've provided a mathematical symbol rather than an image. Please upload the image or provide a URL for it, and I can help generate the alt text.] and [image: Please provide the image you would like me to generate alt text for by uploading it or sharing a URL.] are the additional masses of the floating body and the damping plate, respectively; [image: Please upload the image or provide a URL for me to generate the alternate text.] and [image: Please upload the image or provide a URL so I can help create the alternate text for it.] are the wave radiation damping coefficients of the floating body and the damping plate respectively; [image: Please provide the image by uploading it, and I will generate the alternate text for you.] is PTO damping coefficient; [image: It seems there is an issue with viewing your image. Please upload the image file directly, and I will help generate the alternate text for it.] and [image: Please upload the image you'd like me to generate alt text for.] are the waterline areas of the floating body and the damping plate; [image: Please upload the image for which you would like me to generate alternate text.] is mooring elastic coefficient; [image: Please upload the image so I can generate the appropriate alt text for it.] is the speed of the floating body relative to the damping plate; [image: I'm unable to view the image you're referencing. Please upload the image or provide a link so I can assist you with generating the alternate text.] is anchor chain force; [image: Please upload the image you would like me to generate alt text for.] is the gravity acceleration. In this study, the mechanical model of the anchor chain is simplified as a spring, and the influence of mooring elasticity change is not considered. [image: Please upload the image so I can generate the alternate text for you.] is a constant, and its size is [image: Please upload the image or provide a URL so I can help generate the alt text for it.], which means that the anchor chain studied in this paper is regarded as a spring with a constant stiffness coefficient.
The floating body heave RAO is [image: If you provide an image or a URL, I can help generate the alternate text for it. Please upload the image you need assistance with.], that is Equation 7
[image: Mathematical equation displayed: Phi equals \( y_{\text{max}} \) divided by \( A \), referenced as equation number 7.]
Where, [image: It seems like you've referenced a text snippet rather than an image. Please upload the image or provide a URL for which you need the alternate text.] is heave motion amplitude; [image: Please upload the image or provide a URL for me to generate the alternate text.] is the regular wave amplitude. The capture width ratio [image: Handwritten lowercase Greek letter eta.] of the float in regular waves is calculated in Equation 8
[image: Efficiency (\(\eta\)) is given by \(P_a / P_t\). The absorbed power (\(P_a\)) is the integral of \(C V_r^2 dt\) divided by \((t_2 - t_1)\). The theoretical power (\(P_t\)) is \(\rho g^2 H^2 TD / (32 \pi)\), approximately \(981 H^2 TD\).]
Where, [image: It seems there's a technical issue with displaying the image. Please upload the image file or provide a URL so I can generate the alternate text for you.] is the floating body average absorbed power; [image: It seems there was a formatting issue or the image did not upload correctly. Please try uploading the image again, and I will be happy to help with the alternate text.] is the average wave power within the width of the float; [image: It seems there is an error in providing the image. Please upload the image file directly or provide a URL link.] is the float movement time; [image: Please upload the image you would like me to generate alternate text for.] is the damping coefficient of wave energy converter; [image: Please upload the image or provide a URL, and I would be happy to help generate the alt text for it.] is the wave height; [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.] is the wave period; [image: Please upload the image, and I will help you generate the alternate text for it.] is the float diameter; [image: If you upload an image or provide a URL, I can help generate the alternate text for it. Please try again!] is the float heave speed.
2.2 Basic theory
To address the wave load resulting from regular waves interacting with the surface of a dual floating wave energy device, the wave field must be solved initially. This article employs the CFD method to solve for regular wave fields. The approach follows three fundamental equations: the continuity equation, momentum equation, and Navier-Stokes (N-S) equation. Within the continuity equation, also referred to as the mass conservation equation, the differential form is expressed in Equation 9 as follows for a viscous incompressible fluid.
[image: The equation shown is a partial derivative: ∂uᵢ/∂xᵢ = 0, labeled as equation (9).]
Where, [image: It seems there is no image uploaded. Please try uploading the image again or provide a URL. If you have a caption for additional context, feel free to add it.] is speed; [image: Please upload the image you'd like me to generate the alternate text for.] is the displacement. The essence of the momentum equation is to satisfy Newton’s second law, and the expression is Equation 10
[image: The image shows an equation related to fluid dynamics: ρ ∂uᵢ/∂t + ρuᵢ ∂uᵢ/∂xⱼ = fᵢ - ∂pᵢ/∂xᵢ + μ ∂²uᵢ/∂xⱼ∂xⱼ, labeled as equation (10).]
Where, [image: Please upload the image or provide the URL for me to generate the alt text.] is mass and [image: Please upload the image you'd like me to generate alternate text for. You can also add a caption for context if you wish.] is pressure; [image: Please upload the image, and I can help generate the alternate text for it.] is the kinetic viscosity coefficient.
The aforementioned equation can also be applied to turbulence. Turbulent motion can be seen as comprising two components: time-averaged flow and instantaneous pulsating flow. Therefore, the instantaneous value of the dependent variable in the flow field can be expressed in Equation 11
[image: Variables are expressed as the sum of two components: \(u = \bar{u} + u'\), \(v = \bar{v} + v'\), \(w = \bar{w} + w'\), \(p = \bar{p} + p'\), and \(f = \bar{f} + f'\).]
Where [image: It seems like there is no image provided. Please upload an image or provide a URL, and I can help create alternate text for it.] usually does not pulse with time, so [image: Please upload the image or provide a URL so I can generate the alternate text for you.]. Substituting the instantaneous expressions of the above physical quantities into Equations 9, 10, and averaging the time, the basic equation of instantaneous flow is obtained as follows:
[image: Mathematical equations showing fluid dynamics. The first equation is the divergence of velocity components. The second equation includes terms for density, velocity, force, pressure gradient, and viscosity, contributing to fluid momentum conservation.]
The above Equation 12 is the Reynolds-averaged Navier-Stokes equation, where [image: Please upload the image you'd like described, and I can generate the alt text for you.] is pressure.
3 NUMERICAL CALCULATIONS
This paper employs the CFD method to investigate and analyze the hydrodynamic performance of the wave energy converter in the time domain. The computational model comprises the floating body, column, and damping plate. The model simulates a single-degree-of-freedom heave motion. The structural schematic diagram of the twin floating body model can be seen in Figures 1, 2.
[image: Diagram illustrating wave propagation over varying seafloor topography. It shows incident waves and sections with changing depths: R1 for reductions, R for rises. Depths are marked as d1, d2, and d3, with a maximum height labeled h.]FIGURE 2 | Schematic diagram of three different shapes of float models.
The half-sectional views of the buoys are shown in Figure 2. To ensure consistency in the inner and outer radii and displacement of the buoys, the conical and hemispherical floats have cylindrical surfaces with a height of d. The relevant data parameters in the model are shown in Table 1.
TABLE 1 | Model parameters of three different shapes of floats.
[image: Table displaying measurements for three models: column, cone, and hemisphere. Variables include R (0.5 m), R1 (1.05 m), R2 (0.4875 m), R3 (0.975 m), d (0.6 or 0.19 m), d1 (0.6, 1.12, 0.74 m), d2 (2.5 m), h (12 m), and mass (1603 kg).]In this example, a regular wave with a 0.1 m wave height, 1.9s period, and 5.65 m wavelength is selected. The three-dimensional numerical wave flume model established in this study is depicted in Figure 3, with the X-axis representing the transverse direction of the wavelength, the Y-axis representing the longitudinal direction, and the Z-axis representing the vertical direction. Based on the wavelength size, the calculation domain dimensions are determined. The length of the pool is 40m, approximately seven times the wavelength, the width is 10m, the height is 14m, and the water depth is 12 m to ensure deep-water wave conditions. The velocity entrance boundary is located at the left end of the calculation domain, and the pressure exit boundary is set at the right end. To mitigate reflected waves during propagation, the VOF wave damping method is employed, with a damping length of twice the wavelength set at the end of the calculation domain. The standard K-Epsilon turbulence model is used in this study, employing Eulerian multi-phase flow to simulate gas-liquid phase change, and the VOF method to track the free liquid surface variations.
[image: Color-coded imagery depicts a centroid Z grayscale map, illustrating sinusoidal ion wave movement. The horizontal gradient ranges from blue to red, indicating altitude variations. A 3D coordinate axis is located in the bottom-left.]FIGURE 3 | Schematic diagram of wave distribution.
3.1 Convergence verification
The quality and quantity of grid division play a crucial role in the accuracy and efficiency of the calculations. Using too many grids can significantly increase computation time, while using too few grids may lead to inaccurate results. Based on practical experience, it has been determined that selecting a reference value of approximately 1/20 of the wavelength strikes a balance between result accuracy and computational time. Since the waves are concentrated at the free surface, it is necessary to employ a refined grid resolution to accurately simulate the wave’s height and wavelength direction. In this study, to ensure the accuracy of wave transmission in terms of height and wavelength direction, five layers of encrypted regions have been created at the free liquid surface. The grid size at the free liquid surface is determined using an empirical formula [image: ΔZ: ΔX = 1:4, depicting a ratio of change in Z to change in X.]. The Table 2 below displays the main grid parameters set in this article. The study focuses on defining four reference values for the grid and generating four different grid models based on these values. The table provides information on the grid sizes for wave height and wavelength at different reference values, as well as the corresponding total number of grids.
TABLE 2 | Numerical wave flume grid settings parameters.
[image: Table showing four cases with varying parameters. Case 1: Reference value 0.4 meters, 10 grids, ΔX 0.1 meters, ΔZ 0.025 meters. Case 2: Reference value 0.3 meters, 20 grids, ΔX 0.075 meters, ΔZ 0.01875 meters. Case 3: Reference value 0.2 meters, 55 grids, ΔX 0.05 meters, ΔZ 0.0125 meters. Case 4: Reference value 0.1 meters, 336 grids, ΔX 0.025 meters, ΔZ 0.00625 meters.]The Figure 4 presented below showcases the wave time history curves collected four different grid sizes. Through a comparison of the curves within the figure, it becomes evident that the wave time history curves for the four grid sizes generally exhibit consistency in both wave height and phase. Overall, the results obtained from simulating waves in numerical flumes using four different grid numbers do not display significant discrepancies. Upon zooming in on the data plot, it is observed that there is not a significant difference in wave amplitude among the four grid sizes. Case 2 exhibits the largest amplitude, while Case 3 has the smallest amplitude. The phase values for Case 2 and case 3 are relatively similar. However, there is a considerable difference in phase between Case 1 and case 4. With the aim of ensuring accurate calculations while considering computational efficiency, Case 3 has been chosen as the final parameter for the calculations.
[image: Graph depicting oscillating waveforms from four different cases over time, labeled as red, blue, black, and magenta. The x-axis represents time in seconds from twenty to thirty, and the y-axis represents height in meters from negative zero point zero eight to positive zero point zero eight. A zoomed-in area highlights the differences between case lines at approximately twenty-six seconds.]FIGURE 4 | Comparison of wave time history curves with different grid numbers.
3.2 Accuracy verification
This article primarily chose on the experimental research conducted on the heave buoy wave energy converter developed by Tianjin University (Zang et al., 2018). Specifically, the experiment uses a cylindrical model, exploring its heave motion response and wave energy conversion efficiency under varying PTO damping conditions. The main objective of this article is to assess the accuracy of the wave-structure interaction through the analysis of data extracted from the conducted experiment. The experimental model possesses a displacement of 17.45 kg and a draft depth of 0.11 m. The experiment is conducted with a wave period of 1.5s and a wave height of 0.1738 m. This article aims to validate the convergence of the overlapping region grids under these conditions, while also comparing the numerical simulation results with the experimental findings.
Based on the depicted Figure 5, it is evident that there is small disparity between the heave data obtained from numerical simulations and the experimental results. Therefore, we are confident that this wave-object coupling adequately fulfills the research requirements outlined in this article.
[image: Two graphs compare experimental and calculated data over time. The left graph shows relative displacement in meters, while the right depicts relative velocity in meters per second. Both graphs illustrate a sinusoidal pattern with close alignment between experimental (solid black lines) and calculated data (dashed blue lines). Time is represented on the x-axis in seconds.]FIGURE 5 | Heave displacement (Left) and velocity (Right).
4 MOTION AND POWER ABSORPTION CHARACTERISTICS
4.1 Mooring line stiffness
This section aims to investigate the impact of anchor chain elasticity coefficient on the motion and force of floating bodies, specifically focusing on a cylindrical floating body. Three distinct anchor chain elastic coefficients, namely, 0N/m, 3000N/m, and infinite anchor chain elastic coefficients, have been selected for this study. The effect of changes in the elasticity coefficient of anchor chains under three different periods on the motion response of the device, as shown in Figure 6. The heave displacement and velocity of the floating body are lower when the damping plate is in motion compared to when it is fixed. When the anchor chain’s elasticity coefficient is 3000N/m, the heave displacement and heave velocity of the damping plate are notably smaller than when the elasticity coefficient is 0N/m. There is no significant difference between the relative heave velocity and the curve value of the floating body’s heave velocity. However, the heave displacement and velocity of the damping plate with an anchor chain elasticity coefficient of 3000N/m are notably higher compared to the damping plate in free heave motion.
[image: Graphs depicting relative heave displacement and velocity. The top row shows displacement, and the bottom shows velocity. Each graph compares three scenarios labeled \(K=0\), \(K=3000\) N/m, and \(K=\infty\), represented by black, blue, and red lines respectively. Axis labels indicate time and respective measurement values.]FIGURE 6 | The relative heave displacement (A) and (B) velocity with different wave period is 1.7s (Left), 1.9s (Middle) and 2.1s (Right).
Observing the effect of changes in the elasticity coefficient of anchor chain on the heave forces experienced by the float and damping plate when the wave period is 1.9 s. When the damping plate is fixed, the heave force on the floating body is slightly greater than the other two motion states. However, when the anchor chain elastic coefficient is 0N/m and 3000N/m, the amplitude of the heave force on the floating body is not significantly different. When the heave force on the damping plate is locally amplified, it is found that the damping plate experiences the maximum heave force when the anchor chain elastic coefficient is 3000N/m. When the damping plate performs free heave motion, the heave force on the damping plate tends to zero. It can be inferred that the larger the anchor chain elastic coefficient, the smaller the heave force on the damping plate.
Observing the effect of changes in the anchor chain elasticity coefficient on the velocity field and vorticity field of the device when the wave period is 1.9 s. The floating body of the device undergoes heave motion, while the damping plate is fixed through the use of an anchor chain to facilitate heave motion. Figure 7 illustrate the velocity fields of the floating body at four distinct locations and how the heave motion of the floating body affects the heave motion of the damping plate. When the floating body is in its equilibrium position, it attains maximum velocity, influencing the motion of surrounding fluid. When the floating body is above its equilibrium position in terms of velocity, the fluid velocity below the floating body is directed vertically upwards. Conversely, when the floating body is below its equilibrium position in terms of velocity, the fluid velocity below the floating body is directed vertically downwards. At the highest and lowest points of the floating body’s motion, its velocity approaches zero, and the fluid velocity beneath the floating body’s bottom surface is parallel to it. The figure clearly demonstrates that when the damping plate is fixed, the floating body reaches its maximum velocity. Conversely, when the elastic coefficient of the anchor chain is 3000N/m, the floating body exhibits the smallest velocity. In the case of the fixed damping plate, the fluid velocity at the side wall of the column is the greatest due to the significant influence of the floating body’s heave motion on the flow field near the column.
[image: Fluid dynamics simulation comparing velocity distributions in three scenarios with varying spring stiffness coefficients: infinite, three thousand, and zero Newtons per meter. Each subplot demonstrates velocity changes with colors ranging from blue (0.16 m/s) to red (0.8 m/s), depicting the flow impact on structures.]FIGURE 7 | The velocity field of the WEC with different spring stiffness coefficients (A) infinite (B) 3000 N/m and (C) 0 N/m for different motion states. From left to right are rock bottom, speed up, culmination and speed down.
When the damping plate is fixed, vortices are present on the side wall of the column. As the floating body perform upward heave motion from its lowest point, the vortices on the side wall gradually diminish until they disappear. Meanwhile, the dissipation of vortices at the gap between the floating body and the column gradually increases. Figure 8 shows that when the damping plate also performing heave motion, vortex clusters primarily from around the bottom surface of the floating body. These vortex clusters are mainly concentrated at the gap between the floating body’s bottom surface and the side wall of the column. This is because the floating body and the damping plate undergo relative heave motion. Additionally, due to the small gap between the inner wall of the floating body’s opening and the column, vortex clusters form at the connection between the side wall of the column and the floating body’s bottom surface. The size and distribution of the vortex clusters vary depending on the location of the floating body. Vortex clusters are present on the outer wall of the floating body when it is in the equilibrium position (velocity downward) and at its lowest point. This can be attributed to the dissipation of vortices at the outer wall of the floating body as a result of fluid viscosity during downward heave motion. By analyzing the temporal and spatial evolution of these vortices and their dissipation rates, we inferred that the observed behavior of the floating body during downward motion can be attributed, at least partially, to the dissipation of vortices at its outer walls. This conclusion is supported by numerical simulations, which show a consistent correlation between vortex dissipation and changes in the hydrodynamic response of the floating body. Conversely, when the elastic coefficient of the anchor chain is 0N/m and the floating body is in the equilibrium position (velocity upward) and at its highest point, the vortex transfers from the outer wall to the bottom of the outer edge of the float. This is because energy dissipation occurs at the bottom of the floating body’s outer edge due to the influence of fluid viscosity during upward heave motion.
[image: Simulation of vorticity magnitude across three rows showing changes due to spring stiffness coefficients. The top row depicts infinite stiffness, the middle shows 3000 newtons per meter, and the bottom shows zero stiffness. Each row has four frames illustrating fluid dynamics around a T-shaped obstacle, with color gradients from blue to red indicating vorticity levels.]FIGURE 8 | The vorticity field of the WEC with different spring stiffness coefficients (A) infinite (B) 3000 N/m and (C) 0 N/m for different motion states. From left to right are rock bottom, speed up, culmination and speed down.
The vortex distribution at the damping plate remains relatively consistent regardless of the floating body’s position, indicating that the heave motion of the floating body does not affect the energy loss of the damping plate. When the damping plate is fixed, there is a minor dissipation of vortices at the damping plate. However, when the damping plate undergoes heave motion, there is no energy dissipation at the damping plate. This suggests that the damping plate does not generate vortex dissipation during heave motion.
4.2 Bottom configuration
Select three wave periods of 1.7s, 1.9s, and 2.1s to separately study the effect of changes in the bottom configuration of the float on the motion response of the dual-float wave energy device. At this time, both the float and supporting columns are set to undergo free heave motion. From the Figure 9, it can be observed that when the wave period is short, specifically at 1.7s, with a cylindrical bottom configuration float, its float heave displacement is comparatively unstable compared to the other two bottom configurations. However, the heave displacement motion of the corresponding supporting column is the most stable among the three bottom configuration floats, with the supporting column’s heave motion almost stationary.
[image: Five line graphs display wave patterns for cylindrical, conical, and hemispherical shapes. The top row illustrates relative heave displacement, while the bottom row shows relative heave velocity. Each graph contains three colored lines: blue for cylindrical, red for conical, and black for hemispherical. The graphs reveal variations in displacement and velocity over time, highlighting differences between the shapes.]FIGURE 9 | The relative heave displacement (A) and (B) velocity with different wave period is 1.7s (Left), 1.9s (Middle) and 2.1s (Right).
With different wave periods and bottom configurations of the float, the heave displacement also varies. For a wave period of 1.7s, the bottom configuration with a conical float exhibits the largest heave displacement, while for a wave period of 1.9s, the bottom configuration with a hemispherical float shows the largest heave displacement. On the other hand, for a wave period of 2.1s, the bottom configuration with a cylindrical float has the largest heave displacement. This indicates that both the bottom configuration of the float and the change in wave period influence the heave motion response of the device. The variation in wave period has little effect on the heave motion of the supporting columns with a cylindrical bottom configuration float, as their heave motion remains relatively stable.
Observing the effect of changes in the elasticity coefficient of anchor chain on the velocity field and vorticity field of the device when the wave period is 1.9 s. The floating body and damping plate in the device undergo free heave motion. The velocity field of the floating body at four different positions is depicted in Figure 10. The heave motion of the floating body influences the flow of the surrounding fluid. When the floating body is in its equilibrium position, it exhibits maximum velocity. When the floating body moves upward from its equilibrium position, the fluid velocity below the floating body is directed vertically from the bottom of the floating body upwards. Conversely, when the floating body moves downward from its equilibrium position, the fluid velocity below the floating body is directed vertically from the bottom of the floating body downwards. At the highest and lowest points of the floating body, its velocity becomes virtually zero, and the fluid velocity beneath the floating body is parallel to its bottom surface.
[image: Velocity contour plots depicting fluid flow around three types of floating buoys: (a) cylindrical, (b) conical, and (c) hemispherical. The color gradient from blue to red represents velocity magnitude, with annotations detailing the distinct flow patterns around each buoy shape.]FIGURE 10 | The velocity field of the WEC with different different floating buoys (A) cylindrical (B) conical and (C) hemispherical for different motion states. From left to right are rock bottom, speed up, culmination and speed down.
The hemispherical and conical floating bodies achieve significantly higher speeds compared to the cylindrical floating bodies. The velocity of the damping plate is virtually zero at various locations, indicating that the heave motion of the floating body has little impact on the velocity field in the damping plate region. Additionally, the shape of the floating body has little effect on the velocity field in the damping plate region, as the velocity of the damping plate remains virtually zero regardless of the shape of the floating body.
Figure 11 illustrates that the vortex blob is primarily concentrated in the gaps between the bottom of the floating body and the side wall of the column during heave motion. This occurs due to the presence of a small gap between the inner wall of the floating body opening and the column, which hinders fluid motion. The floating body’s heave motion, driven by its heave motion, also contributes to the formation of the vortex blob in this gap. The dissipation of vortices is more pronounced in the wave-facing area compared to the wave-backing area. When the floating body perform heaves downward, the vortex blob transfers to the outer wall of the floating body. It is worth noting that with a hemispherical floating body, vortex dissipation occurs in the surrounding fluid due to the influence of the heave motion. The dissipation of vortices around the floating body gradually increases as it heaves upward from the lowest point to the equilibrium point. However, as the floating body continues to heave from the equilibrium point to the highest point and back to the equilibrium point, the dissipation of fluid around the floating body gradually decreases. This indicates that the heave motion of a hemispherical floating body significantly affects the surrounding fluid. In summary, the heave motion of a hemispherical floating body has the most disturbance to the surrounding fluid and the greatest energy dissipation. The heave motion of the floating body does not affect the energy dissipation of the damping plate, regardless of the shape of the floating body.
[image: Simulation results display vorticity magnitude around different floating buoys. The first row shows cylindrical buoys, the second row shows conical buoys, and the third row shows hemispherical buoys. Colors range from blue to red, indicating vorticity magnitude from negative five to five per second.]FIGURE 11 | The vorticity field of the WEC with different different floating buoys (A) cylindrical (B) conical and (C) hemispherical for different motion states. From left to right are rock bottom, speed up, culmination and speed down.
4.3 PTO damping
Observing the effects of changes in the damping coefficient on the device’s motion response under three different periods. In this section, the objective is to investigate the influence of PTO damping coefficient changes on the performance of a dual pontoon device. Three different PTO damping coefficients are utilized for this purpose, with the anchor chain’s elastic coefficient set to zero. This section specifically focuses on utilizing a hemispherical floating body configuration. The primary focus of the study is to analyze the impact of varying PTO damping coefficients on the motion and force characteristics of the dual pontoon device.
Figure 12 clearly demonstrate that higher damping coefficients result in a deceleration of the heave motion of the floating body. As the damping coefficient gradually increases, both the heave displacement and velocity of the floating body progressively decrease. When the wave period is short, the oscillatory motion of the damping plate is hardly affected by the damping coefficient. However, when the wave period is 2.1 s, the larger the damping coefficient, the smaller the amplitude of oscillatory displacement and velocity of the damping plate.
[image: Five line graphs showing relative heave displacement and velocity over time with different damping coefficients. Two graphs are labeled (a) for displacement, and three are labeled (b) for velocity. Each graph compares three colored lines representing various coefficients, showing oscillations with different amplitudes and frequencies.]FIGURE 12 | The relative heave displacement (A) and (B) velocity with different wave period is 1.7s (Left), 1.9s (Middle) and 2.1s (Right).
When the wave period is short, the change in damping coefficient has a minimal impact on the damping force experienced by the float. When the wave period is 2.1 s, with an increase in damping coefficient, the damping force on the float initially increases and then decreases. It can be observed from Figure 13 that the PTO force does not vary linearly with the damping coefficient. In this paper, for the given wave periods 1.7, 1.9 and 2.1s, the middle PTO coefficient 10 kNs/m has the maximum PTO damping force. It means that there will be an optimum PTO damping coefficient for different wave periods and bottom configuration of the oscillating buoy.
[image: Three line graphs compare data sets (blue, red, black lines) with similar oscillating patterns over various intervals, labeled Fxp and N. The graphs show overlapping, out-of-phase sinusoidal waves with slight variations.]FIGURE 13 | The PTO damping force with different wave periods. 1.7s (Left), 1.9s (Middle) and 2.1s (Right).
From the result of capture width ratio in Figure 14, it is found that among the given three PTO damping coefficients, the smallest damping corresponds to the largest capture width ratio. A smaller damping coefficient results in a larger capture width ratio for the device, so reducing the damping coefficient can enhance the device’s wave energy capture capability. As the calculation progresses, the capture width ratio increases rapidly at first, but gradually flattens out later. When the damping coefficient is 5 kN/m, it even reaches a stable value.
[image: Three line graphs display the crevice width ratio over time for different tests. Each graph compares results at 30 minutes, 40 minutes, and 50 minutes with corresponding color-coded lines: black, red, and blue. The vertical axis measures the crevice width ratio, while the horizontal axis represents time, labeled at intervals.]FIGURE 14 | Capture width ratio with different wave periods. 1.7s (Left), 1.9s (Middle) and 2.1s (Right).
5 CONCLUSION

	(1) Changes in the elastic coefficient of the anchor chain have a direct impact on the motion state of the damping plate, which in turn affects the motion of the floating body. Specifically, when the damping plate undergoes heave motion, the heave displacement of the floating body becomes smaller compared to when the damping plate is fixed. This indicates that the motion of the damping plate does indeed influence the motion of the floating body to a certain degree.
	(2) Changes in the bottom configuration of the float and wave period have little impact on the wave loads experienced by the supporting columns. The wave loads on the supporting columns are almost negligible. However, with different wave periods and bottom configurations of the float, the heave displacement of the device varies. This indicates that not only the bottom configuration of the float affects the heave displacement of the device, but also the change in wave period influences the heave motion response of the device. The variation in wave period has little effect on the heave motion of the supporting columns with cylindrical bottom configuration floats, as their heave motion remains relatively stable.
	(3) When the wave period is relatively large, increasing the PTO damping coefficient will reduce the heave displacement and amplitude of the heave velocity curve for the float and damping plate. In order to enhance the wave energy capture capability of the device, it is advisable to reduce the damping coefficient appropriately.
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This paper investigates the relationship between unsteady flow and radiated noise in the near wake of a wind turbine tower due to the blade tower interaction (BTI) in Wind tunnel experiments. The two-dimensional hot-wire probe is used to collect the instantaneous velocity field in the BTI region, and the microphone sensor is used to collect sound field information. The effects of Reynolds stress and turbulent kinetic energy on BTI noise are further analyzed based on the instantaneous velocity field. The results show that the blade’s passing effect causes irregular velocity distribution and vortex migration and mixing in the near wake of the tower, resulting in the most significant difference in Reynolds shear stress at the 0.71R position of the blade during the blade’s transition from an azimuthal angle of 180°–210°(upward). Furthermore, a strong correlation is identified between the peak turbulent kinetic energy and the peak acoustic pressure value measured during the rotational cycle when the blade ran up to 210° azimuth angle. It is deduced that the aerodynamic noise at the rear of the tower is attributed to the increase in momentum exchange caused by fluid doping and bursting, which are driven by Reynolds shear stress. Momentum exchange induces an increase in turbulent kinetic energy, which results in fluid velocity pulsations, pressure pulsations, and, thus, noise. The reduction in fluid mixing and the reduction in pressure pulsation subsequently lead to a reduction in the noise generated by the tower. Therefore, a viable approach to reducing BTI noise involves minimizing momentum exchange.
Keywords: wind turbine, hot-wire anemometry, blade-tower interaction noise, reynolds stresses, turbulent kinetic energy

1 INTRODUCTION
With the increasing installation of wind turbines, the problem of noise pollution caused by wind turbines has also become more serious (Michaud et al., 2016). Shepherd et al. (2011) studied the health-related quality of life (HRQOL) of individuals living near wind farms in the form of a questionnaire. They have indicated that the acoustic properties of wind turbine noise tend to disrupt the sleep of people exposed to the noise. The characteristics of wind turbine noise were defined by periodicity, amplitude modulation, and high low-frequency energy, which contributed to its status as a particularly bothersome auditory phenomenon (Lee et al., 2011). By employing road traffic noise as a reference point, Fredianelli et al. (2019) established a dose-response relationship for disparate sound sources at an equivalent level of annoyance. The WTN (Wind Turbine Noise) caused a higher level of annoyance than the traffic noise for the same level of noise. In addition to the problem of noise pollution from onshore wind turbines, offshore wind turbines disturb the underwater acoustic environment, particularly by creating low-frequency noise (Zhou and Guo, 2023) that can harm sound-sensitive marine organisms (Huang, 2022). The generation of low-frequency noise is attributed to the BTI(blade-tower interaction) (Yang et al., 2018). Wang et al. (2022) showed a strong correlation (0.95) between the underwater noise from offshore wind turbines and the vibration signals of the tower. To minimize the impact of wind turbine noise emissions on people living near wind farms and on marine life, noise abatement measures must be developed to reduce the level of wind turbine noise pollution. A prerequisite for the development of noise mitigation measures was the testing and analysis of wind turbine sound and flow field data (Paterson et al., 1975). Single-microphone measurements and acoustic array measurements are the two most common methods for testing wind turbine sound fields (Hansen et al., 2017). The former was typically used to determine if noise exceeds specified levels, while the latter could locate significant noise sources. However, acoustic array measurements usually require the cooperation of detection algorithms, so single-microphone measurements remain the industry standard (Raman et al., 2016). It is challenging to separate ambient noise from WTN in wind farm noise assessments, and wind turbine model noise measurements are often made in wind tunnels for better observation and understanding (Gallo et al., 2016). This is because wind tunnel testing can eliminate certain complications associated with atmospheric conditions, thereby improving the signal-to-noise ratio. The principal methodologies employed for the assessment of fluid flow are the hot-wire anemometer technique (Bruun and H, 1996) and the particle image velocity (PIV) technique (Raffel et al., 2018). To illustrate, Koca et al. (2018) employed a hot-wire anemometer to ascertain data regarding vortex shedding resulting from laminar flow separation bubbles (LSBs) on the surface of an airfoil and from flow separation at the trailing edge. Their findings revealed that a reduction in vortex shedding frequency and increased vortexes around a wind turbine blade were associated with elevated vibration and noise levels on wind turbine blades. Ya (2009) employed the PIV technique to ascertain information regarding the flow field within the axial fan and the air guide and demonstrated that the aerodynamic noise of the low-speed isentropic flow is predominantly attributable to the stretching and rupture of the vortex system within the flow field. Although both techniques, hot-wire anemometry and PIV, are capable of obtaining velocity field information, the hot-wire anemometer is more suitable for studying the flow details in turbulent motion, which is more helpful for exploring the causes of BTI noise due to its advantages of small size, high resolution, and the fact that it does not require laser equipment.
Earlier research has shown that the BTI is the main cause of low-frequency noise (Timmerman, 2013). In addition to generating noise, BTI can adversely affect the operational performance and safety of wind turbines (Leishman and Bi, 1989) and the structural integrity of the tower (Pedersen et al., 2012). BTI noise is generated by transient changes in surface pressure acting on the blades and towers. The generation of sound pressure is related to the rate of change in surface pressure (Zhao et al., 2019). Further studies have shown that tower shadow (Abraham et al., 2019) and blade passing effects (Lorber and Egolf, 1990) cause BTI noise. The shadow effect of the tower reduces the average wind speed in front of the tower compared to the incoming wind speed. As the blade passes through the tower, the blade’s angle of attack changes unsteadily. This unsteady change affects the axial induction factor, reducing the thrust of the blade and creating the stress reversal phenomenon (Thoft-Christensen et al., 2009; Munduate et al., 2004). Zhang et al. (2022) studied the shadow effect of the tower blade and divided the interaction area between the blade and the tower into significantly disturbed and undisturbed areas. Lei found that the initial position of the blade was vertically upward. The azimuthal region of the rotation of the wind turbine is between 144° and 216°, which was the influence interval of the shadow effect of the tower (Leishman, 2010). In studying the blade passage effect, Leishman and Bi (1989) found that the blade passage effect leads to large pressure fluctuations on the obstacle, so the blade passage effect leads to pressure fluctuations on the tower surface and generates BTI noise. Zajamšek et al. (2019) then confirmed this hypothesis using a numerical simulation, which showed that the wind turbine tower was the main source of sound in BTI noise, with the sound pressure level emitted by the tower being approximately twice as high as that of the blades in the BTI noise. This also indicates that the pressure pulsation on the tower surface caused by blade-tower interference will become an important source of low-frequency underwater noise. Therefore, to reduce the underwater noise emitted by the tower, it is essential to study the sound generation mechanism of the BTI noise.
In the analytical study of the blade-tower interaction and the sound generation mechanism, Con estimated the time scale of the blade-tower interaction using the potential flow theory (Doolan, 2011) and the Curle theory (Curle, 1955) and found that the strength of the blade-tower noise source can be calculated by the time derivative of the blade lift force, and obtained a first-order dimensionless quantization model to estimate the strength of the blade-tower noise source. Yauwenas et al. (2017) observed that as the blade gets closer to the tower, the air in front of the blade spreads outward in a radial pattern. The tower blocks Some of the air, causing the pressure on the front side of the tower to increase. At the same time, some of the air around the blade is forced to speed up as the blade moves towards the area directly beneath the tower, leading to a decrease in pressure on the windward side. Li et al. (2020) researched blades’ aerodynamic and aeroelastic properties in the context of the BTI effect. The study revealed that the angle of attack decreases significantly as the blades move directly under the tower. Zajamšek et al. (2019) identified the tower’s contribution as the primary source of BTI noise. As a result, Shkara et al. (2018) utilized numerical simulations to analyze the velocity and vortex fields near the tower. In the region impacted by the blades, the frequency of vortex shedding behind the tower varies. The separation points on each side of the tower are shifted, and the airflow acceleration is different. The stationing point is closer to the side with the highest acceleration. By analyzing the correlation between pressure fluctuations and acoustic pressure fluctuations, Oguma et al. (2013) discovered that the sides and rear of the tower had the highest correlation coefficients. This was because the recirculation vortex near the tail stream hit the rear wall of the tower, creating a distinct and thicker region of the dipole source.
The study above primarily concentrates on the dynamic response of the blade portion of the blade-tower interaction noise and the mechanism of sound generation. In contrast, the study of the tower portion solely concerns itself with the flow field in front of the tower and the aerodynamic loads. The noise produced by the tower is related to the noise from the circular cylinder. However, the tower’s shadow effect and the impact of the blades passing through make the airflow around the wind turbine and the near-wake trajectory near the tower more complex. The flow characteristics are more complicated, necessitating a hot wire anemometer to capture the instantaneous flow field in the near-wall region of the tower leeward within the range of the tower shadow effect. The flow characteristics help to identify the leading cause of the pressure pulsations on the leeward side of the tower due to the BTI effect. In this study, the first rule of variation of the velocity field behind the tower is analyzed with the operation of the wind turbine blades at different azimuthal angles. Secondly, the Reynolds stress and turbulent kinetic energy on the tower surface are calculated when the wind turbine rotates at different azimuthal angles under rated operating conditions. Finally, a theoretical and experimental analysis was conducted to reveal the mechanism of sound generation for tower leeward near-wall noise. A practical method to reduce tower noise was also proposed.
2 EXPERIMENTAL EQUIPMENT AND METHODS
2.1 Experimental equipment
The experiments took place in the B1/K2 wind tunnel. We used an S-wing fixed pitch 3-bladed horizontal axis wind turbine with the following specifications: Wind turbine half warp R is 0.7 m, Generator rated poweris is 450 W, Rated wind speed is 10 m/s, Rated tip speed ratio [image: Please upload the image or provide a URL, and optionally add a caption for additional context, so I can generate the alt text for it.] is 5.5, Tower diameter is 0.089 m. The total length of the wind tunnel was 24.59 m, and the experiments were conducted in a closed section with a diameter of 2.04 m. Wind speed was controlled by a digital variable frequency converter capable of providing a maximum stable wind speed of 20 m/s. The intensity of the exit turbulence was 0.4%.
The dynamic parameters in the flow field are recorded using a thermostatic hot-wire anemometer with a maximum sampling frequency of 250 kHz. Its working principle is shown in Figure 1, which generally consists of a probe, a probe support frame, a connecting cable line, a chassis, and an A/D converter device and a computer. In the measurement process, the probe is placed in the area of the flow field to be measured, and the output voltage of the bridge circuit and operational amplifier is utilized to represent the flow velocity of the fluid, and the output voltage is input to the control computer through A/D conversion, and the output voltage is converted to the actual velocity of the fluid according to the relationship between the voltage-velocity calibrated by the probe.The hot wire probe is a type 55R63 2D X fiber sensor probe (Figure 2A). It is made of quartz, covering its surface with a nickel film layer. The diameter of the hot wire is 4.2 [image: It looks like there might have been an issue uploading your image. Please try uploading it again, and I'll help create the alternate text for it.], and the length of the filament is 1.58 mm. The length-to-diameter ratio of the probe is 200, which has a small and negligible effect on the interaction of the flow field (Hutchins et al., 2009). To ensure accurate measurements, the velocity and direction calibration of the hot wire probe must be done using a velocity calibrator (Figure 2B). The appropriate fixing clip can then be selected based on the shape of the probe (Figure 2C). There are four types of exit nozzle, and the parameters are shown in Table 1.
[image: Diagram illustrating the components of a hot-wire anemometry system. It includes a probe, probe support, and probe cable, connecting to the CTA module with a servo bridge loop. This is followed by a signal conditioner with filter and gain controls, a connector box, and an A/D board. The system interfaces with a computer running CTA application software, displaying data as a waveform.]FIGURE 1 | Working mode of hot-wire anemometer.
[image: Panel A shows a plastic cup with a liquid, labeled "Dantec." Panel B displays a close-up of a device with a Dantec label. Panel C features the upper part of a mechanical apparatus with a flat circular component above a Dantec-labeled box.]FIGURE 2 | Hot wire calibration system: (A) 2D hot wire probe, (B) calibrator and (C) calibrator holder.
TABLE 1 | Outlet nozzle parameters.
[image: Table listing nozzle specifications with three columns: nozzle serial number, outlet diameter in millimeters, and speed range in meters per second. Nozzle 1 has a diameter of 42 mm and speed range of 0.02 to 0.5 m/s. Nozzle 2 has a diameter of 12 mm and speed range of 0.5 to 60 m/s. Nozzle 3 has a diameter of 8.7 mm and speed range of 5 to 120 m/s. Nozzle 4 has a diameter of 5 mm and speed range of 5 to over 300 m/s.]The three-dimensional coordinate frame (Figure 3A)allows for three-dimensional translation along the X, Y, and Z-axes. This is achieved through a ball screw drive, precision linear slide guide, and stepping motor drive. The travel of all axes is 410 mm, with a resolution of 0.001 mm. The hot-wire probes are fixed in a three-dimensional coordinate frame when experimenting. The controller of the coordinate frame (Figure 3B) can quickly position the probe spatially. Acquiring sound pressure signals involves using a 1/4 inch 4,958 microphone with a sensitivity of 12.5 mV/pa. It has a dynamic response range of 28–140 dB, measurable frequency range of 10–20 kHz, and can operate within the temperature range of -10°C–55°C, meeting the required performance for the experiment.
[image: A control device with a digital display and buttons, accompanied by a cord, is shown in image A. Image B features a vertical measurement instrument with a sliding mechanism.]FIGURE 3 | Probe control system: (A) 3D coordinate frame and (B) coordinate frame controller.
2.2 Experimental methods
2.2.1 Hot wire calibration
Calibration of a hot-wire probe involves determining the relationship between air velocity and the output voltage (E) of a hot-wire anemometer in a specific environment. The particular method is as follows: Set a known airflow velocity [image: Please upload the image or provide a URL for me to generate the alternate text.] to calibrate the output voltage of the probe and record the corresponding output voltage E. Fit the curve of [image: It appears there was an issue with the image upload. Please try uploading the image again or provide a URL if applicable. If you have additional context or a caption, feel free to include it.] and determine the transfer function. The hot-wire probe should be calibrated in the same environment as the experimental measurements. If the calibration environment differs from the experimental setting, using Equation 1 (Zhang et al., 2021) to adjust the temperature accordingly. The calibrated velocity range must include the velocity range of the measured flow field. A Type No.2 nozzle was selected based on the nominal air velocity of the experimental fan, which was 10 m/s. Nitrogen was used as the calibration gas source and filtered before being fed into the calibrator. When calibrating, it is important to ensure that the gas flow is maintained at a minimum of 400 L/min and that the gas pressure is kept between 0.75 MPa and 0.95 MPa. The calibration experiment was conducted at a temperature between 290 and 300 K. The superheat rate of the hot wire was set at 0.8. The calibration speed range was set from 0.5 to 15.5 m/s, and 15 speed values were chosen within this range to establish the relationship between the measured voltage of the hot wire probe and the calibration speed (Figure 4A). A fourth-degree polynomial equation (Equation 2) was used to curve-fit the output voltage to the airflow speed, yielding the final output voltage. The relationship between output voltage and airflow velocity is given by Equation 3 and Equation 4, where [image: It seems like you've provided a snippet of mathematical text or an equation rather than an image. If you have an image you'd like me to generate alt text for, please upload it or provide a URL.] is the airflow velocity and [image: Mathematical expression showing the relationship between \( C_0 \) and \( C_4 \), indicating similarity or equivalence with the tilde symbol (\(\sim\)) between them.]is the calibration constant.
[image: Mathematical equation showing E sub c equals E sub e equals the fraction of T sub w minus T sub zero over T sub w minus T sub i, raised to the power of 0.5.]
where [image: Please upload the image or provide a URL so I can help generate the alternate text for you.] is the corrected output voltage; [image: Character "E" with subscript "a" in italic font, commonly representing activation energy in scientific contexts.] is actual measured output voltage; [image: It seems there is no image uploaded. Please provide an image or a URL for me to generate the alternate text.] is the reference temperature; [image: Please upload the image or provide a URL so I can generate the alternate text for you.] is the calibrated ambient airflow temperature; [image: If you upload the image or provide a URL, I can help generate the alternate text for it.] is the experimental ambient airflow temperature.
[image: Mathematical equation displaying a polynomial expression where \(W_{\text{vel}}\) equals \(C_0 + C_1 E + C_2 E^2 + C_3 E^3 + C_4 E^4\), with a reference to equation number two in parentheses.]
[image: A mathematical expression is displayed: \( W_{\text{end}} = -34.75 + 114.48E_z - 136.66E_z^2 + 67.27E_z^3 - 9.96E_z^4 \). This equation appears to be a polynomial used to model or calculate a value based on the variable \( E_z \).]
[image: Mathematical equation for \(V_{mth}\) showing a polynomial function: \(V_{mth} = -51.47 + 164.49E_{g} - 191.74E_{g}^2 + 93.21E_{g}^3 - 14.15E_{g}^4\), labeled as equation (4).]
The 2D X-probe is calibrated not only for velocity but also for orientation. By combining the calibrated velocities [image: It appears there might be a misunderstanding, as I'm unable to view images directly. Please upload the image you want me to describe.] and [image: Please upload or provide a URL for the image you would like me to describe.] from the 2D X probe into U and V velocity components requiring the yaw coefficients [image: Please upload the image so I can help generate the alternate text for it.] and [image: Please upload the image or provide a URL for me to generate the alternate text.], as follows: First, velocities [image: Mathematical notation showing the letter "U" with a subscript "2".] (Equation 7) and [image: Please upload the image or provide a URL for me to generate the alternate text. If you want to provide additional context, feel free to add a caption.] (Equation 8) are calculated in the probe coordinate system according to the equations Equation 5 and Equation 6.
[image: Mathematical equation with sigma subscript c, e times U sub one squared plus U sub two squared equals one-half times one plus k squared times U sub cal one squared, followed by equation number five in parentheses.]
[image: Equation showing the relationship: \( U_2^2 + k_3 U_3^2 = \frac{1}{2} (1 + k_3) U_{\text{cal},3}^2 \).]
[image: Mathematical equation labeled as equation seven. It reads: \(U_z = \frac{\sqrt{2}}{2} \sqrt{(1+k_3^2)U_{\text{cal}3}^2 - k_3^2 U_{\text{cal}2}^2}\).]
[image: Equation eight represents \( U_s = \frac{\sqrt{2}}{2} \sqrt{(1+k_3^2) U_{\text{cal}2}^2 - k_2^2 U_{\text{cal}3}^2} \).]
Then the velocity U (Equation 9) and V (Equation 10) are calculated in the XY coordinate system:
[image: Equation showing \( U = \frac{\sqrt{2}}{2} U_2 + \frac{\sqrt{2}}{2} U_3 \), labeled as equation nine.]
[image: Equation showing \( V = \frac{\sqrt{2}}{2} U_2 - \frac{\sqrt{2}}{2} U_3 \), labeled as equation ten.]
Orientation calibration requires the probe to be able to rotate in the X plan (Figure 5A), and the probe is fixed on the rotating bracket; the specific installation is shown in Figure 5B. In the direction calibration of −40°-40°, 9 points are selected for direction calibration, and the direction calibration curve is shown in Figure 4B.
[image: Two graphs are displayed. Graph A shows the voltage versus velocity for two wires, with voltage increasing as velocity increases. Wire1 in red and Wire2 in blue follow an upward curve. Graph B presents voltage versus angle, with Wire1 decreasing and Wire2 increasing as angle changes.]FIGURE 4 | 55R63 hot wire probe calibration curve: (A) Speed calibration and (B) Direction calibration.
[image: Diagram A shows a vector representation with labeled angles, two wires, and axes U and V. Diagram B features an X-array probe with two wires, labeled wire 1 and wire 2, and axes U, V, and X. The SensorID is marked.]FIGURE 5 | X-probe orientation calibration method: (A) X-probe co-ordinate system and (B) 2D probe installation method.
2.2.2 Measurement point design
The wind turbine’s rotating plane is positioned at 0.5D (where D is the diameter of the turbine) downstream of the open-jet tunnel. The rotating wind turbine’s center aligns with the wind tunnel’s center. Define the center of the rotation plane of the wind turbine as the origin O, as shown in Figure 6A. The acoustic test arrangement is shown in Figure 6B. The flow field region for this experiment is determined to be a plane parallel to the rotating surface of the wind turbine at a distance of 20 mm (x/2d = 0.75) (Yang et al., 2019) from the rear of the tower to ensure the safety of the experiment (Figure 7A). The test area is a 300 mm[image: Please upload the image you'd like me to generate alternate text for.] 210 mm rectangle. The upper edge of the rectangle is located 300 mm in the negative direction of the Z-axis, and the left and right edges of the rectangle are symmetrical on the Z-axis. In the rectangular area, there are a total of 7 rows and 31 columns of measurement points. The spacing between each measurement point is 10 mm in the Y-axis direction and 35 mm in the Z-axis direction. The arrangement of the flow field measurement points in (Figure 7B). The phase angle of the main relies on the trigger sensor and RPM sensor (Figure 6C), with a phase angle of 0° for the trigger position. By keeping the trigger position and the speed data time aligned, the speed value of a different phase angle position on the test plane is intercepted.The acoustic pressure signal was first acquired. Then, the X-probe was fixed on a 3D coordinate frame, and the probe position was moved by the coordinate frame controller to start the measurement from measurement point 1. The probe position was then moved to the next measurement point by the coordinate frame controller to collect the data. This process was repeated until the last position of the measurement point. The probe sampling rate was 6,400 Hz and the sampling time was 10 s. The X-type probe was placed horizontally and vertically at each measurement point (see Figure 8) to obtain the velocity distribution of the flow field in the YZ plane.
[image: Panel A shows a wind turbine with three blades inside a large wind tunnel. Panel B provides a closer view of the turbine blades labeled "MEC." Panel C highlights two sensors, labeled as "Trigger Sensor" and "RPM Sensor," connected to the equipment.]FIGURE 6 | Schematic diagram of wind tunnel test: (A) Flow field signal acquisition, (B) Acoustic pressure signal acquisition and (C) Trigger and RPM Measurement.
[image: Diagram A shows a side view of a wind turbine blade configuration with labeled components: airflow, blade, tower, and wind direction. Diagram B presents a grid layout of measurement points on the blade surface, with coordinates in millimeters along the Z and Y axes.]FIGURE 7 | Schematic diagram of measurement point arrangement: (A) Schematic of the test plan and (B) Scheme for the placement of measurement points.
[image: Panel A shows a microscopic needle in an upright position. Panel B displays the needle tilted horizontally with a close-up view, highlighting its fine tip.]FIGURE 8 | Probe arrangement: (A) Vertical installation and (B) horizontal installation.
2.2.3 Analysis of experimental errors
The experiment’s error is the flow field test error, which encompasses wind tunnel calibration errors, hot wire velocity calibration curve fitting errors, hot wire direction calibration errors, and temperature deviation correction errors. The velocity calibration curve fitting error, using a fourth-order polynomial, is very small and almost negligible. Due to the calibration error of the hot wire and the temperature deviation, the system error is about 1[image: Please upload the image or provide a URL so I can generate the alternate text for you.]. For example, for an incoming flow with a wind speed of 10 m/s, the distribution of the incoming wind speed and turbulence along the R radius of the wind wheel at the exit r of the wind tunnel is shown in Figure 9. The measurement error is about 4[image: Please upload the image or provide a URL, and I will generate the alternate text for you.], the validity of the data is 96[image: Please upload the image or provide a URL for me to generate the alternate text.], and the background turbulence is less than 0.5[image: Please upload the image you would like me to generate alt text for.] when r/R[image: Please upload the image so I can help generate the appropriate alternate text for it.]1, which meets the requirements of the aerodynamic experiments for the wind turbine (Zhao et al., 2023).
[image: Line graph showing inflow velocity and turbulence intensity over the radial position (r/R). The orange line with squares indicates inflow velocity, fluctuating slightly around 9.9 meters per second. The blue line with circles represents inflow turbulence intensity, remaining relatively stable around 0.24. The x-axis ranges from 0.0 to 1.0, and the y-axis includes dual scales for the two variables. Legends are included for clarity.]FIGURE 9 | Distribution of mean wind speed and turbulence along the horizontal radius at the exit of the wind tunnel.
3 RESULTS AND ANALYSES
3.1 Velocity field analysis
Based on the velocity distribution shown in Figure 10, it is clear that there is a velocity band structure with opposing directions in the flow field behind the tower. This structure represents a two-dimensional profile of the three-dimensional flow in the disturbed region around the tower. Noticeably, the velocity field in the area behind the tower is not evenly distributed on both sides of Y/d = 0. Still, instead, it moves in a negative direction towards Y. This phenomenon is likely associated with the blade-passing effect. The blade-passing effect impacts the direction of the inflow velocity to the tower. In wind turbine research, the direction of the induced velocity in the turbine wake is opposite to the direction of rotation of the blades. This is because Newton’s third law describes the relationship between forces and reaction forces (Fischer et al., 2017). The induced effect influences the direction of migration of the wake vortex, with the migration speed being positively correlated to the rotational speed of the wind turbine (Danmei and Jingqun, 2018). The velocity band on the left side of the tower moves towards Z+, while the velocity band on the right side moves towards Z-. The induced effect alters the direction of the velocity wake development behind the tower. This wake is an area of relatively low velocity in the flow direction. The lobe-tower interference effect causes this low-velocity zone to deflect in the Y-direction, resulting in the relatively high-velocity zone on the Y+ side of the tower’s wake moving towards the center of the tower. This aligns with the findings of the study (Regodeseves and Morros, 2021). The area between the high- and low-velocity bands experiences momentum exchange as a result of the difference in momentum. This causes a shift of the pressure pulsation area towards the Y+ direction. The change in the location of the pressure pulsation also indicates a change in the location and directivity of the aerodynamic sound source on the surface of the tower.
[image: Four contour plots labeled A, B, C, and D with color gradients from blue to red, representing different values of φ/r². Each plot shows a pattern with variations in color distribution. A rectangle and annotations “Tower diameter”, “Induced direction”, and “Rotating direction” are marked in plot A. Axes are labeled as z/R and V/d. Color bar ranges from -0.31 to 0.825.]FIGURE 10 | Instantaneous velocity field in the Y-direction of the test plane: (A) [image: Please upload the image, and I will assist you in generating the alt text.] = 120°, (B)[image: If you have an image to upload, please do so, and I can help generate the alternate text for it. If you're describing a particular symbol or graphic, please provide more context or upload the image directly.] = 150°, (C) [image: Please upload the image or provide a URL, and I will generate the alternate text for you.] = 180° and (D) [image: Please upload the image you would like me to generate alternate text for.] = 210°.
3.2 Reynolds stress analysis
The interaction between the blade and the tower causes periodic disturbances in the fluid, accelerating the incoming velocity on both sides of the tower. This generates a fluid vortex near the tower, injecting energy periodically and maintaining the vortex system, allowing it to generate, migrate, develop, and mix (Fischer et al., 2017). Reynolds stress [image: The mathematical expression shows negative rho multiplied by the product of v prime sub i and v prime sub j, with a bar over the entire expression.] constitutes a second-order symmetric tensor (Equation 11):
[image: Equation showing a matrix representation of turbulent stress tensor: \(-\overline{\rho v_i' v_j'}\) equals a three-by-three matrix with elements \(-\rho \overline{u' u'}\), \(-\rho \overline{u' v'}\), \(-\rho \overline{u' w'}\); \(-\rho \overline{v' u'}\), \(-\rho \overline{v' v'}\), \(-\rho \overline{v' w'}\); \(-\rho \overline{w' u'}\), \(-\rho \overline{w' v'}\), \(-\rho \overline{w' w'}\). Equation number eleven.]
For the flow field in the YZ plane near the wall behind the tower, the Reynolds stresses, since only the [image: It seems like there might have been an issue with uploading the image. Could you please try uploading it again? Make sure to add any relevant context or caption for clarification if needed.] and [image: Please upload the image or provide a link to it, and I will help generate the alternate text for you.] velocity components are simplified as Equation 12:
[image: Matrix equation showing \(-p v_{i,j}^{\prime}\) equals a two-by-two matrix with elements \(-p v^{\prime} v^{\prime}\), \(-p v^{\prime} w^{\prime}\), \(-p w^{\prime} v^{\prime}\), and \(-p w^{\prime} w^{\prime}\), labeled as equation 12.]
Where [image: The image displays the mathematical expression: negative rho v prime v prime, where rho is the Greek letter representing density, and v prime indicates a velocity fluctuation.] and [image: Equation representing turbulent shear stress with the variables: negative rho v prime w prime, where rho is density, and v prime and w prime are velocity fluctuations.] are the Reynolds positive stresses, which are the velocity variance and represent the intensity of turbulence in the Y and Z directions, the energy component of turbulent pulsations. [image: Mathematical equation showing negative rho times v prime w prime equals negative rho times w prime v prime, with the first terms of each expression underlined.] is the Reynolds shear stress, which is the variance of velocity covariance, representing the fluid momentum transport flux in turbulence, and is positively correlated with the velocity gradient [image: Mathematical expression showing the derivative of \( u_y \) with respect to \( z \), multiplied by \( \mu \).] under conventional boundary laminar flow conditions. The interaction between the blade and the tower causes periodic disturbances in the fluid, accelerating the incoming velocity on both sides of the tower. This generates a fluid vortex near the tower, injecting energy periodically and maintaining the vortex system, allowing it to generate, migrate, develop, and mix (Fischer et al., 2017). Reynolds shear stress is crucial in reducing shear layer turning losses (Simoni et al., 2012). Indicates the level of momentum exchange between flow layers at varying velocities. Furthermore, it serves as the primary force that drives fluid mixing, helping to identify the main regions where mixing takes place (Effendy et al., 2019). The Figure 11A–E is the contour of Reynolds stress variation with azimuth angle. Figure 11F is the Reynolds shear stress distribution in the Y-direction of the tower at position 0.71R, and it shows that the difference in Reynolds shear stress is maximum between 150 and 210 azimuths, close to 0.71R in region I. Due to the high-pressure area on the leading edge of the blade approaching the tower (Figure 12A), and the low-pressure area on the suction surface of the blade at an azimuthal angle of 180 (Figure 12B), there is a change in the Reynolds shear stresses from positive to negative. This change results in a transient force on the tower in the opposite direction of the incoming flow at that moment. The change in force causes the fluctuation coefficient of the normal force on the surface of the tower to change from positive to negative (Yauwenas et al., 2021). During the process of 180°–210° (Figure 12C), the low-pressure area on the suction surface of the blade is distant from the tower, while the tower gradually enters the high-pressure area at the trailing edge of the blade, leading to an increase in the force coefficient. Therefore, Reynolds shear stresses with similar values and opposite phases are observed at 0.71R in region I at azimuths of 150° and 210°, indicating a more intense momentum exchange between fluid microclusters at this location.
[image: Six charts labeled A to F. Charts A to E are heatmaps with varying color intensities, showing data distribution on Vd and Xm axes, using a color scale from red to blue. Chart F is a line graph displaying multiple datasets with a legend. Both types indicate variations in data over specific parameters.]FIGURE 11 | The contour of Reynolds stress variation with azimuth angle: (A) [image: Please upload the image for which you need the alternate text, or provide a URL.] = 120°, (B) [image: It seems there was an issue with the image upload. Please try uploading the image again, and make sure to include any relevant context or description if needed.] = 150°, (C) [image: Please upload the image or provide a URL for me to generate the alternate text.] = 180°, (D) [image: Please upload the image or provide a URL so I can generate the appropriate alt text for you.] = 210°, (E) [image: It seems the image was not uploaded. Please try uploading the image again or provide a URL. If you have additional context or a caption, feel free to include that as well.] = 240° and (F) Reynolds shear stress distribution in the Y-direction of the tower at position 0.71R.
[image: Three diagrams labeled A, B, and C illustrate fluid dynamics around a cylindrical object with an attached flat plate. Each shows different tilt and flow patterns. Diagram B highlights pressure zones with labels for "high" and "low" pressure, indicating areas influenced by flow direction and object orientation, while red and blue shading visualizes pressure differences.]FIGURE 12 | Velocity induction of leaf-tower interaction process and pressure zone variation schematic (Yauwenas et al., 2017; Zajamšek et al., 2019): (A) blade downward, (B) blade is directly underneath and (C) blade upward.
3.3 Turbulent energy analysis
The root mean square of fluid velocity pulsation can be used to describe the statistical characteristics of fluid velocity over time (Zhang et al., 2021). Its value indicates the strength of turbulence, which is an important parameter for assessing flow stability. It also depicts the level of energy exchange between vortex systems, as expressed in Equation 13.
[image: Formula for standard deviation of a sample: \( s = \sqrt{1/(n-1) \sum_{i=1}^{n} (V_i - V_{\text{avg}})^2} \) and is labeled as equation (13).]
In the above equation, n is the number of instantaneous velocities; [image: Please upload the image or provide a URL for me to generate the alternate text.] is the instantaneous velocity; and [image: Mathematical equation representing the variable \( V \) subscripted with "arg" in italics, typically used in mathematical or scientific contexts.] is the time-averaged velocity. In fluid mechanics, turbulent kinetic energy (TKE) is the average kinetic energy per unit mass of fluid relative to a turbulent vortex, reflecting the fluid pulsation magnitude. Defined as half the product of the turbulent velocity rise and fall variance and the fluid mass. Since a two-dimensional hot-wire probe is used for velocity measurements, an approximate formula for the turbulent kinetic energy as shown in Equation 14 can be obtained by combining the assumption of pseudo-isotropy (De Mitri et al., 2023).
[image: Equation showing turbulent kinetic energy (TKE) is given by: TKE equals one-half of the sum of v squared plus w squared, plus one-half of the parentheses v squared plus w squared, equals three-fourths of the parentheses v squared plus w squared.]
Where, TKE is the turbulent kinetic energy; [image: It seems like there might have been an error in displaying the image. Could you please try uploading the image again or provide a URL? If you have additional context, feel free to include it.] is the root mean square of the pulsating velocity of the Y-axis component of the velocity; [image: Please upload the image or provide a URL, and I can help generate the alternate text for you.] is the root mean square of the pulsating velocity of the Z-axis component of the velocity.
Zhang et al. (2021) and Adrian (2007) stated that the turbulent burst phenomenon is a significant source of turbulent energy generation. Figure 13A–E is the contour of turbulent kinetic energy variation with azimuthal angle. The turbulent kinetic energy at the near-wall surface of the rear of the tower goes through a dynamic process of increasing, decreasing, and then increasing again, as shown in Figure 13F. At the moment when the blade is directly below the tower, the average turbulent kinetic energy is the lowest. This is because the fluid discharged from the leading edge of the blade is blocked by the tower (Figure 12B), reducing the incoming energy from the tower near the wall surface due to the Reynolds. The reduced shear stress leads to insufficient driving force for momentum exchange between the fluids, resulting in lower turbulent kinetic energy. Figure 13F, it is observed that the turbulent kinetic energy reaches its maximum value as the blade runs from 180° to 210° azimuthal angle. This suggests that there is a higher likelihood of turbulent bursts occurring during the blade’s upward motion. Furthermore, the sound pressure, measured with the phase angle behind the tower (Figure 14), peaks near the phase angle of 210°, indicating that the blade has a significant impact on the flow field pulsation behind the tower during the upward motion.
[image: Five heatmap graphs labeled A to E show varying intensity patterns across coordinates with colors ranging from blue to red, indicating low to high values. Graph F is a line graph displaying data trends across azimuth angles on the x-axis from 120 to 240 degrees, showing peaks and troughs.]FIGURE 13 | The contour of turbulent kinetic energy variation with azimuthal angle: (A) [image: If you have an image you'd like me to generate alt text for, please upload it, and I'll assist you with that.] = 120°, (B) [image: Please upload the image or provide a URL for me to generate the alt text.] = 150°, (C)[image: It seems you've included a symbol, but there's no image attached. Please upload the image or provide a URL, and I can help generate the alternate text.] = 180°, (D) [image: It seems there's no image uploaded. Please provide an image or a URL, and I can help generate the alternate text for it.] = 210°, (E) [image: It seems like you're referring to an image, but I can't visualize or analyze it without an upload. Please provide the image or its URL, and I can help generate the alt text for it.] = 240° and (F) Mean TKE versus azimuth curve.
[image: Graph showing sound pressure in decibels versus azimuth degrees from 0 to 360. The line fluctuates with three prominent peaks around 100, 200, and 300 degrees, and valleys near 50, 150, and 250 degrees.]FIGURE 14 | Variation of sound pressure with azimuthal angle.
4 CONCLUSION
This paper investigates the causes of aerodynamic noise generation behind the tower during leaf-tower interaction, employing hot-wire anemometer velocimetry. The following conclusions are drawn from the findings.
	1. The trailing velocity field at the cross-section near the wall of the tower under the effect of blade-tower interaction shows a non-uniform velocity strip structure. Due to the induced effect of the blade wake, the tower experiences a wake in the Y-direction. Near the downward side of the blade, the velocity is higher and moves toward Z+, while on the upward side of the blade, the velocity is lower and moves towards Z-. The blade’s cross-sectional velocity field experiences an increasing deflection In the region of significant influence of the BTI. Gleichzeitig, the wake deflection causes the high-speed area, previously located on the outside of the tower, to shift towards the center of the tower. This affects the location and directivity of the noise generated by pressure fluctuation on the tower’s surface.
	2. The mean turbulent kinetic energy of the blade, as it continues upward past the tower, is correlated with the radiated sound pressure in the interval of the significant influence of the BTI effect. As a result, it has been determined that the production of aerodynamic noise behind the tower is caused by the interfluid mixing and bursting driven by Reynolds shear stress. This leads to increased momentum exchange, which in turn increases the turbulence energy and fluid velocity pulsation, and ultimately produces acoustic waves through pressure pulsation.
	3. To reduce noise generated by fluid momentum exchange, spoiler bars can be arranged on one side of the tower at the tower (d). This arrangement helps to advance flow separation, increasing the distance of the separation vortex from the back of the tower and reducing the contact area between shedding vortices. By decreasing the probability of kinetic energy exchange, noise can be reduced. Additionally, advancing the separation point allows the flow to move away from the tower wall, creating a smoother and less turbulent flow. Another method to reduce momentum difference within the wake is to increase the roughness of the tower surface near the blade’s upward side, which enhances flow resistance and weakens the incoming velocity of the high-speed zone.
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Offshore wind energy is characterized by its clean and renewable nature, leading to rapid growth in the industry. However, the incidence of ship collisions with offshore wind turbines has also risen with the increasing number of offshore wind farms, particularly in commercial shipping lanes. To gain a thorough understanding of dynamic response between wind turbines and vessels, this paper extensively reviews studies related to wind turbine–ship collisions over the past 2 decades to cover four key aspects: (i) the fundamental requirements and background of collision analysis study, (ii) the analysis of dynamic response and collision characteristics of the fixed-bottom and floating offshore wind turbines (OWTs) subjected to ship collision forces, (iii) the influence of key collision factors that include impact positions, initial ship kinetic energy, and soil–structure interaction on the structural response for the wind turbines, and (iv) a discussion of protection measures to mitigate the collision damage to the substructure. The limitations in the existing studies are discussed, and future research directions are suggested.
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1 INTRODUCTION
As traditional resources like coal and carbon diminish, renewable energy resources such as wave, tidal, and wind energy have become more popular due to the abundant reserves and the advantage of being pollution-free. Among them, offshore wind energy has garnered widespread global attention due to its minimal land use, cleanliness, renewability, and the stable availability of wind resources since the 20th century. The wind industry has rapidly developed, achieving a mature industry scale and advanced technological foundation (Li et al., 2020). As depicted in Figure 1, the additional capacity installed in 2023 was approximately 117 GW, according to the “Global Wind Report 2024” presented by GWEC, representing 11% of the total installed capacity of wind turbines (Liu et al., 2024).
[image: Bar chart depicting wind capacity growth from 1997 to 2022. Orange bars represent accumulated installations, showing a consistent upward trend. Blue bars indicate new installations, varying annually but increasing overall. Capacity is measured in gigawatts.]FIGURE 1 | New and accumulated installations of global wind capacity from 1997 to 2023 reported by GWEC 2024.
Currently, the main types of fixed offshore wind power foundations are gravity base, monopile, high-pile cap, jacket, tripod, and suction bucket foundations (Guo Y. et al., 2022). The gravity base, monopile, tripod, and jacket foundation have been widely and extensively used in engineering applications, as shown in Figure 2. Each form has its benefits and drawbacks. Specifically, the monopile foundation has strong construction supporting capability, a simple fabrication process, and low costs. It is commonly found in shallow water. The gravity base has better stability and easy construction, with high geological command. The jacket foundation has stability in complicated wind and wave conditions; however, it has higher establishment and maintenance costs. The tripod has a large bearing capacity and is suitable in deep-sea areas but requires complicated and high-cost construction.
[image: Four types of offshore wind turbine foundations are illustrated: (a) gravity base, (b) monopile, (c) tripod, and (d) jacket. Each foundation is positioned underwater, supporting a wind turbine above the surface.]FIGURE 2 | Most popular foundation types of the fixed-bottom OWTs: (A) gravity base, (B) monopile, (C) tripod, and (D) jacket.
However, because fixed-bottom OWTs are commonly used in nearshore areas, the trend for future wind farm development is to move “from shallow to deep” and “from nearshore to offshore.” This trend will lead to increasing installation and construction costs as water depth increases. Therefore, installing wind turbines on floating platforms is an effective and economical solution to enhance the economic benefits of wind turbines in deep-sea areas. At present, common floating wind platforms include spar, tension leg, semi-submersible, and barge-type foundations (Jahani et al., 2022), as shown in Figure 3. These wind turbine platforms have various advantages and disadvantages. Particularly, the design of a spar-type platform is simple and straightforward, facilitating easy manufacturing and maintenance; however, the installation and maintenance costs are high. Tension leg platforms (TLPs) exhibit excellent stability and can perform well under complex environmental conditions, but their construction costs are relatively high. Barges are characterized by a large square. Although they are more sensitive to wave responses, the construction process is relatively simple and low-cost. A semi-submersible platform offers satisfactory stability, but the fabrication and maintenance are difficult and expensive.
[image: Illustration of five types of offshore wind turbine platforms labeled A to E, each with different anchoring systems to the seabed: A is a floating platform with multiple anchors, B is a spar-buoy, C is a tension-leg platform, D is a semi-submersible, and E is a monopile foundation. All turbines are above water with cables securing them to the ocean floor.]FIGURE 3 | Most popular foundation types of floating offshore wind turbines (FOWTs): (A) barge, (B) semi-submersible, (C) TLP, and (D, E) spar.
Therefore, the number of floating offshore wind turbines (FOWTs) has significantly increased with the rapid development of the offshore wind energy industry. However, they have substantially elevated the risk of ship collisions with wind turbines, as most are employed in busy shipping lanes. Thevenet (2021) proposed that collisions may occur due to technical errors, navigation failure of the vessel, or heavy water. As the number of wind turbines has increased, the navigable space available for vessels has decreased with increasing traffic density. In addition, the number of maintenance workers required to complete operations on the wind turbine has increased. These workers require transportation on service vessels, which will increase safety risks (Yan et al., 2023). Moreover, a vessel–turbine collision can cause significant damage to both wind turbines and vessel structures, with a consequence of oil leaks, collapse of the wind turbine, and even sinking of the vessel (Yu et al., 2020).
OWTs are characterized by slender, tall, and concentrated mass structures at the top that make them highly susceptible to damage in the event of a collision. Severe collisions can cause significant structural damage or even collapse. Major components such as the blades, nacelle, and hub fall toward the vessel under the effects of gravity, inertia, and collision forces. Irreversible damage is likely to take place.
Collisions between FOWTs and vessels cause entanglement risks to mooring systems in floater drift areas. The mooring system is a critical component of the FOWTs for station-keeping under complicated environmental conditions in deep-sea areas. However, the length and mass of mooring lines have dramatically increased as the water depth increases. The larger radius of the mooring system will obstruct ship navigation, thereby increasing the likelihood of collisions between vessels, drift floaters, and wind turbines that may cause damage to mooring systems (Yang et al., 2022). Additionally, variations in wave fluctuations, water depth, and vessel draft can lead to different collision scenarios with wind turbines (Christensen et al., 2001).
Therefore, researching proactive vessel avoidance strategies for wind turbines can play a significant role in mitigating the risks associated with ship collisions and has substantial practical significance and societal value. It is also meaningful and necessary to study the dynamic behavior of vessel–turbine collisions, thus improving the characteristics of the crashworthy measures to better protect vessels and wind turbines.
The paper is divided into four aspects. First, a brief introduction to the meaning of collision analysis of OWTs subjected to vessel impacts will be presented. Second, an overview of studies in structural response and collision characteristics on the fixed-bottom– and floating OWT–ship collisions over the last few years will be discussed. Then, a discussion of representative impact factors that would play a significant role in collisions between OWTs and vessels will be summarized. Finally, the current anti-collision measures and some proposals to mitigate the negative effect of collisions found in the literature during the past 2 decades will be addressed.
2 SHIP–FIXED WIND TURBINE COLLISIONS
Traditionally, ship collisions have been a major concern for bridge structures over navigable waterways, offshore oil and gas platforms, and even other ships. As the offshore wind energy industry expands, there is a growing focus on ensuring the safety of wind turbines against ship collisions. Research has predominantly focused on the ship impact forces and the associated structural damage. As shown in Figure 2, the main types of fixed-bottom OWTs used in engineering are monopile, gravity base, tripod, and jacket OWTs. Much attention has been paid to the dynamic response and damage impact of the OWTs by collision of vessels in the previous research related to ship–OWT collisions. Table 1 describes some representative collision scenarios between the fixed-bottom OWTs and some types of vessels using various simulation tools.
TABLE 1 | Some representative studies of collisions between fixed wind turbines and vessels.
[image: A table listing references, foundation types, vessel types, and analysis methods. Each row provides specific details such as monopile and jacket offshore wind turbines (OWTs), various vessel types like drifting and supply ships, and methodologies including LS-DYNA and finite element analysis.]2.1 Monopile OWTs
Suzuki et al. (2013) estimated the collision risk in wind farms comprising bottom fixed-type wind turbines caused by 6788 GT drifting ships. Li et al. (2013) and Li et al. (2014) developed a numerical model of the monopile wind turbine and vessel through a proposed external dynamic link library (DLL) under various incident wave conditions. The shielding effects of the vessel were considered. They found that wave directions and length made a difference in impact behaviors for the wind turbine and the structural response of the vessel.
The transient response and damage of grouted connections in monopile-supported OWTs subjected to ship impacts were analyzed using LS-DYNA by Mo et al. (2018), as shown in Figure 4. A finite element model simulating a 2000-ton vessel colliding with a 5 MW monopile OWT was developed, considering the nonlinear behavior of structural materials. They found that significant damage could be caused even at a low impact velocity of 2 m/s, with the strain rate effect notably influencing the response and damage of the grouted connection.
[image: Diagram illustrating a monopile offshore wind turbine (OWT) with a vessel nearby. The wind turbine is embedded in the seabed, with marked positions for mean water level (MWL) and seabed depth. The vessel is approaching with a velocity labeled \(V_g\).]FIGURE 4 | Vessel–monopile OWT collision system.
Niklas and Bera (2022) examined the impact collision performance between a monopile wind turbine and an offshore supply vessel to investigate the effect of adopted strain-based failure criteria on damage. It was demonstrated that a six-fold underestimation of the ship damage was due to the strain failure standard. Ladeira et al. (2022) evaluated the low-energy impacts between monopile wind turbines and service ships using the proposed semi-analytical methodology. The validation of this method was achieved by comparison with nonlinear finite element method (FEM) code LS-DYNA.
2.2 Gravity base OWTs
Hamann et al. (2013) analyzed the collision behavior between a fully loaded single-hull tanker and a 6 MW gravity-base foundation wind turbine using the FEM tool. The calculated contact forces were compared with a simplified approach. The impacts of water depth, foundation diameter, and seabed embedment were also evaluated. The FEM tool effectively optimized the gravity base foundation designs for ship collisions in a cost-effective method. Osthoff and Grabe (2015) analyzed the collision characteristics between a double-hull tanker and a gravity base foundation wind turbine using the FEM code under various water levels. The effect of swell on the collision performance of the FOWT and damage to the tanker was also examined and discussed. Presencia and Shafiee (2018) developed a methodology to minimize the collision risks of multiple kinds of vessels used for maintenance with OWTs with a gravity base foundation. It was found that the collision risks were significantly subjected to the maintenance of those under a corrective replacement. Alerechi et al. (2018) analyzed the dynamic response of a reinforced concrete gravity platform exposed to crash loads from an offshore transporting vessel using ANSYS EXPLICIT DYNAMICS. Finite element analysis (FEA) was employed to evaluate the structural integrity of the offshore platform under collision scenarios with impacting velocities of 5 m/s, 10 m/s, 16 m/s, 50 m/s, and 100 m/s. The results revealed that increasing velocity was able to proportionally upgrade deformation.
2.3 Tripod OWTs
Biehl and Lehmann (2006) utilized numerical crash tests to compare multiple wind turbines colliding with vessels under various scenarios. They determined that the monopile foundation was the most reliable. Tripod and jacket OWTs must be examined in detail before being rated. The nacelle impacts and collision modes of the whole structures were examined. Lee (2013) investigated the dynamic response of a tripod wind turbine during boat collisions and compared the damage to that of a turbine protected by a rubber fender. Figure 5 shows the collision scenarios between the vessel and a tripod wind turbine. The results demonstrated that the rubber fender system using a high Mooney–Rivlin coefficient provided the most effective collision protection for the substructure. Additionally, a minimum fender thickness was found to reduce adverse effects on the wind turbine structure.
[image: Diagram showing a tripod offshore wind turbine (OWT) with three support legs anchored to the seabed. A ship floats nearby on the water's surface. The water depth is labeled "d".]FIGURE 5 | Vessel–tripod OWT collision system.
2.4 Jacket OWTs
Widjaja et al. (2013) assessed the impact energy and structural response of wind turbines based on the jacket platforms under extreme states in the Vietnamese water area. It was found that the maximum value of vessel impact energy could be decreased by adjusting structural design standards and offshore operations. Zhang et al. (2014) evaluated the collision behavior and dynamic response of a wind turbine with a jacket foundation using the automatic dynamic incremental nonlinear analysis (ADINA) method. In addition, the ship velocity, joint thickness, and impact points were calculated and compared. Hsieh (2015) proposed a simplified analytical method to accurately and efficiently estimate the impact load and structural response of the jacket foundation after a collision with a vessel based on the super-element concept. Travanca and Hao (2015) explored the dynamic response and energy dissipation of a wind turbine after collisions with ships based on the finite element (FE) framework. The effects of ship sizes, platform layout, and even ship–structure interactions were also extensively considered and examined. The data showed that plastic deformation mechanisms were more suitable for high-energy ship collision analysis on the jacket OWTs. Moulas et al. (2017) studied the damage to wind turbine foundations based on monopile and jacket structures by collisions with 4000-ton support vessels using a nonlinear finite element analysis (NLFEA) approach. They identified various collision scenarios, analyzed damage extent, evaluated reinforcement effects, and offered insights for designing more collision-resistant wind turbine foundations.
Hao and Liu (2017) evaluated the anti-impact performance of monopile, tripod, and jacket foundations for wind turbines using LS-DYNA. The FE model of the vessel and wind turbine is shown in Figure 6. Maximum collision forces, damage areas, bending moments, steel consumption, and nacelle accelerations were analyzed, revealing that jacket foundations exhibited the lowest collision forces and damage, along with moderate bending moments and steel use. It was concluded that jackets provided the best overall anti-impact performance under low-energy collisions.
[image: Illustration showing two structural models: (a) a jacket, featuring a truss framework with a broad base narrowing at the top; (b) a vessel, presented as a stack of layered, curved surfaces in a cylindrical shape.]FIGURE 6 | FE model of a jacket and vessel: (A) jacket and (B) vessel.
Pire et al. (2018) evaluated the crashworthiness of the jacket base OWTs for each deformation mode based on the analytical formulations. A good accordance was shown between the data and the numerical results calculated by the nonlinear finite element tool. A simplified analytical method was introduced for estimating the anti-collision ability of an oblique cylinder for the jacket OWTs impacted by the stem of a striking ship by Buldgen et al. (2014) and Ladeira et al. (2023a). The collision angles were compared and examined. Closed-form solutions were derived for horizontal and vertical cylinders using the upper-bound method, and an interpolation formula was proposed for various angles. The numerical data were validated with those simulated by LS-DYNA. Although there was a high agreement, the model was limited to high-impact energy.
Although many studies have been carried out on the dynamic response of fixed-bottom offshore wind turbines to ship collisions, most calculations have used simplified models, which have a negative impact on the accuracy of the results. Additionally, soil–structure interaction effects have not been fully accounted for in these studies and need further consideration.
3 SHIP–FLOATING WIND TURBINE COLLISIONS
Previous research has primarily investigated impacts between fixed-bottom OWTs and ships, with fewer studies examining collisions with FOWTs. This is because currently, fixed-bottom offshore wind farms are more widely and extensively operated than floating offshore wind farms. However, it is essential and valuable to study the collision impacts for all wind turbines subjected to ship impacts and develop related crashworthy measures, as the number of FOWTs is expected to increase to capture more clean energy. Some representative studies of FOWT–ship collision impacts over the last 20 years follow. The studies are summarized in Table 2.
TABLE 2 | Some representative studies of collisions between floating wind turbines and vessels.
[image: Table comparing various studies on floating offshore wind turbines (FOWTs). Columns include Reference, Foundation type, Vessel type, and Analysis method. Studies mentioned: Echeverry et al. (2019), Yu and Bo (2021), Guo et al. (2022a), Yu et al. (2022, 2024), Zong et al. (2023), and Márquez et al. (2022). Foundation types range from spar-type to semi-submersible, and vessel types include 5000-ton to 20,000-ton ships. Analysis methods listed are LS-DYNA, OrcaFlex, USFOS, and ABAQUS.]3.1 Spar-type OWTs
Echeverry et al. (2019) analyzed the anti-collision performance between a spar-type platform and a 5000-ton vessel using LS-DYNA under various collision scenarios. The effect of properties such as nacelle mass, hydrodynamic forces, and mooring line tension of the FOWT were also investigated.
Ren et al. (2022) investigated the collision performance between a spar-type platform and a ship using a nonlinear FEM framework, as shown in Figure 7. The displacement, acceleration, collision forces, and incurred structural damage of a FOWT under various impact speeds were examined and discussed. It was found that the collision does more damage to the spar-type platform than the whole wind turbine.
[image: Diagram of a floating offshore wind turbine (FOWT), divided into sections (a) to (e), with components such as mooring system and damping forces. Insets (f), (g), and (h) illustrate linear springs and dampers used in the simulation of mooring, viscous damping, and added viscous damping forces.]FIGURE 7 | FE model of spar-type FOWTs.
A theoretical model was developed by Zhang et al. (2021), Zhang and Hu (2021), and Zhang and Hu (2022) to analyze the dynamic responses of an OC3-Hywind spar-type offshore floating wind turbine subjected to ship impacts, considering a collision duration of 0.5 s and an impact force of 2000 kN. The model integrated hydrodynamic effects using an added mass matrix and applied rigid body impact principles to derive expressions for energy dissipation and other kinetic parameters. A time-domain analytical program was developed to evaluate dynamic responses with parametric case studies revealing sensitivity to variables such as collision force and wave conditions. The surge and pitch motions of the wind turbine under ship collision with various impact velocities are shown in Figure 8. In addition, the effect of impact speed and tower flexibility of the FOWT, as well as the deformability of the ship, were studied under various wind-wave combined loading cases.
[image: Two line graphs depict motion responses after a collision. Graph (a) shows pitch motion response over time, with oscillating lines representing various velocities (0.1, 0.2, 0.3, 0.5 meters per second). Graph (b) illustrates surge motion response over time, also with lines for different velocities. Both graphs use similar color coding to differentiate velocities.]FIGURE 8 | Comparison of motion between collision scenarios under various collision speeds: (A) pitch motion response after a collision and (B) surge motion response after a collision.
Ha and Kim (2022) investigated the dynamic response and impact characteristics of a 5 MW spar-type platform with ship collision using ABAQUS. The results were validated by comparing them to experimental data. It was found that the residual strength of the FOWT was reduced by 4.1% reduction after collision with a ship with a velocity of 3 m/s.
3.2 TLP OWTs
Yu and Bo (2021) studied the collision performance between a DTU Wind 10 MW wind turbine with an OO-STAR semi-submersible platform and an 8800-ton vessel under parked and operating conditions using LS-DYNA and OrcaFlex. The results simulated by LS-DYNA showed that a ship striking at 2.5 m/s could destroy 0.5 m concrete walls, while a ship moving at 10 m/s could damage 1 m concrete walls. In addition, the OrcaFlex calculations showed that nacelle accelerations generally exceeded safety limits, with tower stress and mooring forces also potentially surpassing thresholds, particularly under operating conditions. Guo J. et al. (2022) studied the collision between a vessel and tension leg platform wind turbines (TLPWTs) by LS-DYNA based on the fluid–structure interaction method and constant added mass. It was demonstrated that all tension legs were not slack during ship–TLPWT collisions due to prestress.
3.3 Semi-submersible OWTs
Yu and Amdahl (2021) and Yu et al. (2022) investigated the motion response and energy absorption of the OO-STAR semi-submersible wind turbine colliding with 7500-ton service and large passing vessels under parked and typical operating conditions using the nonlinear finite element code USFOS. With an initial kinetic energy of 420 MJ, the platform exhibited significant displacements and rotations. In addition, the floating wind turbines were more resistant to ship collision impact than the fixed wind turbines.
Zong et al. (2023) studied the dynamic response and collision performance of the OC4 wind turbine struck by a vessel under combined wind–wave–mooring loads based on Star-CCM+ and ABAQUS. The time-domain results, including during and after collisions, are shown in Figure 9. It was found that the collision on the side of the turbine caused a more significant effect on the structural response of the wind turbine.
[image: Two line graphs compare turbine surge displacement and pitch angles. Graph (a), "During collisions," shows the turbine with larger surge displacement and variable pitch motion over time. Graph (b), "After collisions," depicts reduced surge displacement and steady yawing motion. Both graphs plot time in seconds on the x-axis.]FIGURE 9 | Motions of the OO-STAR floating wind turbine during and after tanker collisions: (A) during collisions and (B) after collisions.
Yu et al. (2024) studied the collision impact between the 15 MW UMaine VolturnUS-S wind turbines and ships, including service operation vessels, multi-purpose vessels, and anchor-handling tug ships, using ABAQUS. The influence of collision speed, displacement, angle, and ship shapes was examined and discussed based on the internal stiffener arrangement.
3.4 Barge-type OWTs
Márquez et al. (2022) proposed a mechanical model (MM) composed of an NREL 5 MW wind turbine, an ITI Energy barge-type platform, and a ship to evaluate the collision impact between the ship and the FOWT. In addition, the influence of wall thickness, collision location, and impact energy on the dynamic response of the FOWT were parametrically analyzed. The data showed that the developed model MM could precisely investigate the structural response and collision impact of both structures, as shown in Figure 10.
[image: Nine-panel grid showing three sets of graphs. Each set includes plots for energy balance, contact force, and penetrations over time, labeled with different energy levels: 1.01 MJ, 1.57 MJ, and 3.08 MJ. Curves in different colors represent analytical and numerical models, displaying behavior of energy, force, and penetration across varying conditions. Each graph includes legend and axis labels.]FIGURE 10 | Energy balance, contact force, and penetration histories for different initial impact velocities.
Currently, research on collisions between floating wind turbines and ships remains limited and underdeveloped. In addition, research on collision behavior under extreme weather conditions is also inadequate. However, with the ongoing trend of installation in deep water, the number of floating wind turbines is expected to increase, increasing the risk of ship collisions. Therefore, future studies on ship collisions with floating wind turbines should receive more attention to enhance the operational safety of wind turbines in the presence of passing vessels.
4 INFLUENCE OF COLLISION FACTORS
As offshore wind farms expand and their distance from the coast increases, the safe operation of vessels has become more crucial. However, the risk of collisions between vessels and OWTs is influenced by various factors, including wind loads, impact velocity, collision angles, and even soil properties. Therefore, it is important to study these key collision factors to thoroughly and extensively investigate the dynamic response and impact performance of OWT–ship collisions. Thus far, numerical studies have been conducted to analyze the effects of these critical collision factors, as shown in Table 3.
TABLE 3 | Some representative collision factors.
[image: A table with two columns titled "Reference" and "Collision factor." It lists various studies on collision factors, including elements like impact speed, water depth, ship structure, wind force, and collision scenarios involving ships and wind turbines. Each study is associated with specific collision factors, such as impact locations or joint strength.]4.1 Collision velocity
Biehl (2004) investigated the collision resistance characteristics of monopile and tripod foundations for OWTs. The structural damage characteristics and energy dissipation curves of the monopile tripod foundation and the impact of vessel collision velocity on the results were elucidated and analyzed. Amdahl and Holmas (2011) analyzed the dynamic response of a jacket-supported wind turbine struck by a high-energy ship collision with 2 m/s impact speed. It was found that the water depth and jacket layout played an important role in the collapse mode. Ramberg (2011) analyzed the local buckling characteristics of the connection points between the jacket-supported wind turbines and US. The structural response of the wind turbine after collisions at various impact locations on the jacket was considered. Ding et al. (2014) studied the dynamic response of the FOWT subjected to the collision effect of a 5000-ton ship in the front point under various speeds based on the finite element code ABAQUS/Explicit. A significant inertial force was observed at the top of the tower, while the damage in the ship bow was relatively slight.
Travanca and Hao (2014) conducted a comprehensive numerical simulation of ship impacts on offshore jacket leg structures. The effects of impact velocity, bow stiffness, and pipe dimensions on ship collisions on the collision performance were also investigated. The impact velocity analysis with and without strain rate effects is shown in Figure 11. The vessel model comprised the range of 2000–5000-ton displacement.
[image: Two line charts compare force dynamics during an event. Chart (a) shows force versus time with strain rate effects, while chart (b) depicts force against bow crushing distance without strain rate effects. Each chart includes multiple lines representing different conditions, all following varied paths, indicating differences in force behavior under these conditions.]FIGURE 11 | Impact velocity analysis with and without strain rate effects: (A) with strain rate effects and (B) without strain rate effects.
Moulas et al. (2017) analyzed the collision damage that occurred when wind turbine foundations were struck by a 4000-ton ship. The monopile and jacket structures in shallow and deep water were adopted in that study. It indicated that collision energy, vessel height, and collision position were significant factors influencing the impacts between monopile OWTs and vessels. Prabowoputra et al. (2020) showed that OWT–ship collisions were affected by velocity, types of vessels, impact direction, collision angle, and so on. It used the factorial design method to reveal that velocity and collision direction were the most significant factors.
4.2 Soil impact
Ramberg (2011) studied the impact of collisions between monopile wind turbines and vessels. The correct selection of soil parameters and the consideration of soil–structure interaction had a significant impact on the collision performance. Sourne et al. (2015) investigated the dynamic response of the wind turbine to a collision with a ship to optimize the design of the main aspects. Particularly, the impact of foundation soil characteristics, like site conditions, on the dynamic response of the wind turbine was studied. In addition, two vessel drift speeds, 2 m/s and 5 m/s, were adopted to distinguish the impact energy absorbed by the foundation. Bela et al. (2015) studied the nacelle dynamics and crushing behavior of the monopile wind turbine subjected to a ship collision. The effects of multiple properties like ship location, soil stiffness, and deformability of the striking ship were also presented. Han et al. (2019) and Han et al. (2020) investigated the anti-collision performance of a 4 MW tripod wind turbine that used fenders subjected to the collision impact of the 2500-ton ship using ANSYS/LS-DYNA. In addition, the collision impact of the wind turbine from a 5000-ton ship was discussed. They also considered various material properties and thickness of the fender as well as the influence of soil–structure interaction. It was found that more effective anti-collision performance would be achieved when the thickness of the fender surpassed 1.1 m.
4.3 Environmental load
Zhang et al. (2014) studied the dynamic response of a FOWT to ship collision scenarios under multiple environmental conditions. It was found that the surge and pitch motions of the platform were dramatically affected in still water, as was the mooring system, while the yaw response would be increased under combined wind-wave conditions. Song et al. (2021) evaluated the dynamic response of a 5 MW monopile wind turbine to a collision with a 4600-ton vessel under various collision scenarios. The influences of aerodynamic damping, mean wind velocity, and ship impact speed were examined and compared using numerical and analytical methods. It demonstrated that the difference between those methods was 5% and 7% under impact speeds of 1 m/s and 3 m/s, respectively.
4.4 Collision position
Kroondijk (2012) examined the collision performance of the jacket OWTs after a collision with a 160,000-ton oil tanker under loaded and unloaded conditions. Failures and overall structural damage to the jacket foundation were revealed. Dai et al. (2013) proposed a new framework to assess collision risks and key impact factors. The results indicated that low-speed collisions could potentially cause structural damage to wind turbines. In addition, seven collision scenarios, including head-on, maneuvering, and drifting collisions between the ship and wind turbine, were examined and compared. The results showed that the most significant damage would be caused if a ship directly struck the wind turbine. Hao and Liu (2017) investigated the foundation damage after a maximum collision force of a ship against a wind turbine. The impact factors, such as ship mass, velocity, and collision position, were compared.
A comprehensive evaluation of the anti-collision measures of various wind turbine platforms was conducted using the FEM tool LS-DYNA. The most optimum crashworthy performance was achieved by the jacket under low-energy collisions. Bela et al. (2017) conducted numerical simulations of vessel impacts on monopile foundation wind turbines. The effects of impact velocity, position, wind loads, and soil–structure interaction of dynamic responses of the tower structure for the wind turbine were studied. Gao and Zhang (2021) investigated the dynamic response of the jacket foundation for a 3 MW wind turbine after a collision with a 3000-ton cargo vessel. The impact of collision position and joint strength were distinguished and discussed. Liu et al. (2022) analyzed the collision performance of the wind turbine with a jacket foundation to identify the most vulnerable part and dangerous impaction point during a collision by vessels. The influence of impact points, collision directions, and angles were compared. The results showed that the eccentric impact would cause less severe local deformation than a centric collision impact, as depicted in Figure 12.
[image: Bar chart displaying internal energy values for jacket ships JAC0, JAC15, JAC30, and JAC45. The chart shows energy distribution among impacted leg, other legs, and ship, with higher values for impacted legs in all cases. JAC0 and JAC15 have similar energy for the ship, while JAC30 and JAC45 show increased ship energy.]FIGURE 12 | Comparison of energy distributions between jacket foundation and striking ship under four different centric impacts (IAC0-IAC45).
Mehreganian et al. (2024) studied two scenarios of blast phenomena and impact loads on wind turbines caused by collision with commercial ships. The impact of wind velocity, collision angle, and gravity loads have also been considered.
In conclusion, various studies have examined the significant impact factors on the dynamic response of the wind turbines subjected to a vessel collision. The parametrical analysis of the collision has a dramatic effect. However, the soil–structure interaction is so complicated that little research has addressed this component. In addition, the study of collision mechanics and structural response between wind turbines and ships is still insufficiently extensive.
5 ANTI-COLLISION MEASURES
As the risks of collisions between ships and wind turbines increase, it is crucial and valuable to take measures to reduce the negative influence of such collisions. To mitigate the damage to wind turbines and ships caused by collisions, several protective measures have been proposed, including crashworthy devices and anti-collision prediction systems, as well as analyzing and predicting the OWT–ship collision risks. However, most of these measures are still in the study phase. Table 4 presents some crashworthy measures implemented during the last 2 decades.
TABLE 4 | Some representative anti-collision measures.
[image: A table detailing references and their associated crashworthiness innovations. It includes various studies from 2009 to 2024, featuring designs like torus-shaped adaptive inflatable structures, rubber fenders, honeycomb anti-collision structures, S355 grade steel, and methods for collision analysis.]5.1 Crashworthy devices
Cezary Graczykowski et al. Yue et al. (2021a) introduced a torus-shaped adaptive inflatable structure featuring multiple distinct air chambers with mechanisms for rapid inflation and pressure release and validated the effectiveness of the device through finite element simulations of ship–OWT collisions. Ren and Ou (2009), Graczykowski and Holnicki-Szulc (2009) investigated the dynamic response of the typical 3 MW wind turbine with a monopile foundation damaged by the collision of a simplified 2000-ton class ship model using LS-DYNA. A novel conceptual steel sphere ring aluminum foam pad for wind turbines has been proposed. Additionally, a spherical layout of the crashworthy device could deflect the ship from the main wind turbine substructure, thus minimizing the impact of the damage from the ship. The dynamic responses of a wind turbine subjected to vessel collisions under varying vessel velocities, rubber material, and fender thickness were considered and optimized using the FEM tool LS-DYNA by Lee and Park (2012) (Ren and Ou, 2009). In addition, they proposed a framework to mitigate the impact on tripod-type wind turbine substructures struck by ships. The materials, such as natural rubber, neoprene, and composite, were selected to optimize the anti-collision effect. The result has shown that a rubber fender with a relatively lower thickness played a significant role in mitigating the collision impact from a ship. The impact between the ship and the tripod wind turbine substructure is complicated. Liu et al. (2015), Lee and Park (2012) proposed a novel crashworthy device comprising an outer steel shell and a rubber blanket to decrease the damage of monopile wind turbines by ship collision. It was able to significantly decrease the maximum collision force and nacelle acceleration for vessels with smaller initial kinetic energy. Ren et al. (2022), Liu et al. (2015) carried out an experimental study on the dynamic response of a 4 MW monopile wind turbine with a collision by a vessel. The effect of the crashworthy device on the anti-collision performance of the wind turbine was investigated. The protected device was capable of effectively reducing the top nacelle acceleration and the ship impact force.
Han et al. (2019) investigated the anti-collision performance of various fenders for wind turbine tripods during collisions with 2500-ton ships through ANSYS/LS-DYNA. The installation position and shape of the fender are shown in Figure 13. Four fender types made from two materials and combined in different configurations were evaluated based on collision force, energy absorption, maximum bending moment, and plastic strain. The results indicated that aluminum foam fenders performed best in protection, and the coefficient of restitution (COR) provided further insights into fender longevity.
[image: Diagram of an offshore wind turbine structure. Labels indicate the main column, upper and lower parts, diagonal brace, and lateral brace. Two steel pipe columns are shown separately, each with layers marked as steel and concrete.]FIGURE 13 | Fender shapes and installation positions.
Yue et al. (2021b) developed a fender for a tripod wind turbine to mitigate collision impact by ship. The effects of external diameter and various orders on the anti-collision impact on the wind turbine were examined using LS-DYNA. It was found that the structure of the first-order fractal pores played a significant role in absorbing more collision energy and enhancing the anti-collision performance of the fender. A literature review of analytical, numerical, and experimental methods for assessing the structural response of OWTs during ship collisions was presented by Ladeira et al. (2023b). Various energy transfer mechanisms and common procedures for evaluating wind load effects, soil–structure interactions, and hydrodynamic coupling were examined. Internal mechanics and hydrodynamic coupling schemes have also been surveyed, and the limitations of current models are discussed with recommendations for future research. Sun and Fang (2023) proposed a floating composite honeycomb anti-collision structure to mitigate the damage from ship–OWT high-energy collisions under typical scenarios. The anti-collision performance and dynamic response of a wind turbine with crashworthy structures were examined and compared to that without protection. The results showed that the structure was capable of absorbing 80% of the initial kinetic energy, dramatically decreasing the negative dynamic response of the wind turbine. Niklas et al. (2023) studied the collision characteristics between a 15 MW monopile wind turbine and a 6500-ton displacement supply offshore vessel. It was found that utilizing S355 grade steel could dramatically mitigate collision impact by 50% during a head-on sliding collision. Nie et al. (2024) proposed a novel fender employed on the monopile foundation wind turbine to mitigate the collision impact by ship. A viscoelastic fender with high initial stiffness achieved the most significant reductions in collision metrics, with maximum collision force decreasing by approximately 46.5% and acceleration by 54.8%.
5.2 Anti-collision systems
Hirokawa et al. (2015) assessed the risk of mooring failure in FOWTs caused by collisions with drifting ships. A simulator was developed to replicate the collision process and drifting scenarios to establish a risk evaluation framework. The results indicated that the risk was primarily influenced by the potential for large ships to displace turbines, with additional risk depending on the arrangement of the wind farms. Copping et al. (2016) utilized the automatic identification system (AIS) system to mitigate the collision risk between ships and wind turbines, improving navigation safety. Mujeeb-Ahmed et al. (2018) developed a comprehensive and intelligible collision-risk method for OWTs exposed to ship collision impact through an AIS database. The statistical distribution of ship traffic and straightforward probabilistic methods were established to effectively predict the impact energy and collision risks for multiple types of vessels.
Kim et al. (2021) focused on the collision risks of wind turbine installation vessels (WTIVs) that are widely operated in offshore wind farms. A method for analyzing WTIV collision frequency was developed and compared with the existing methods. The study underscored the importance of considering the operational characteristics of WTIVs and discussed the implications for analyzing the collision frequency between wind turbines and vessels. The proposed method considered the design accidental load (DAL), while other methods only evaluated WTIVs as a fixed platform. Sen and Song (2021) examined the crashworthiness of the wind turbine against the collision by vessels based on the No.6 offshore wind farm project in Zhoushan Putuo, in eastern China. The data highlighted the demand for unified criteria so as to meet ocean challenges like channel distance, emergency management, and collision prevention. Xue and Qian (2023) proposed an anti-collision mechanism based on improved swarm intelligence. An adaptive brain storm optimization (ABSO) with variational inference-based expectation maximization was established to avoid collision impact. In addition, the algorithm precisely and effectively improved navigation safety near offshore wind farms by optimizing turning amplitudes and route distances in tests.
Although numerical methods have been investigated to mitigate the negative influence of ship collisions with wind turbines, such as installing fenders and adaptive devices on the wind turbines, there is still limited application to engineering practice. Additionally, methods to reduce collision-risk coefficients using computer algorithms remain underdeveloped due to the current measures only making differences after collision. Advanced technologies like automated warning systems and intelligent navigation prediction frameworks are still limited in anti-collision applications. Research on reducing collision risk factors between ships and wind turbines is becoming increasingly important with the rapid development of the wind industry.
6 CONCLUSION
This paper provides an in-depth overview of research on the dynamic analysis of OWTs subjected to ship impacts, including the associated impact factors. Additionally, it summarizes the crashworthy measures developed over the past 20 years to counteract the negative effects of collision impacts on wind turbines and vessels. The paper concludes with a review of the latest advancements in wind turbine collision analysis.
	(1) With the rapid expansion of offshore wind farms, vessel–turbine collisions have become increasingly common. These incidents not only cause damage to the wind turbines but also increase the risks to navigation safety for the vessels. This collision risk will influence maritime navigation safety and significantly hamper the advancement of the offshore wind energy industry.
	(2) Several studies have extensively investigated the dynamic response and damage impact of fixed OWTs subjected to vessel collision. However, most of these studies have only used simplified vessel models during simulation. Because the collisions are inherently complicated, the use of simplified vessel models may influence the accuracy of calculation results.
	(3) Little attention has been paid to vessel–FOWT collisions. Even existing studies are limited to the spar-type platform, ignoring TLP, barge, and semi-submersible FOWTs. However, floating wind turbines are more suitable for deep-sea areas than the fixed OWTs. Additional analyses of FOWT–vessel collisions are needed due to the rapid development of floating wind turbines.
	(4) Because OWT–vessel collisions are significantly complex, a variety of factors would affect the collision performance. Some research has analyzed the predominant impact factors, such as wind load, collision angle, impact velocity, and so on. However, the understanding of the effect of soil–structure interaction on the OWT–vessel collision still has limitations.
	(5) Research on collisions between vessels and wind turbines primarily focuses on the dynamic response under various collision scenarios. Most studies emphasize physical protective measures, such as equipping fenders and adaptive devices, to reduce the damage sustained by wind turbines from vessel collisions.

Considering the current state of research and the practical demands in this field, analysis of turbine–vessel collision issues could be further studied in the following areas:
(1) Existing studies have focused on the dynamic behavior of ship collisions with wind turbines. However, most studies use simplified collision models, which do not accurately reflect the actual dynamic responses during collisions. Additionally, the complex and variable environmental loads of wind, waves, and currents are difficult to comprehensively consider, and extreme conditions especially lack attention.
(2) The current research has primarily focused on fixed wind turbines, neglecting the FOWTs. Given the significant growth of the wind energy industry in recent years and the increasing installed capacity of floating wind turbines, it is crucial to investigate the collision impact between the vessels and floating wind turbines.
(3) Various studies related to key impact factors of vessel–turbine collisions limit the influence of soil–structure interaction during a collision. However, soil–structure interaction significantly influences the dynamic response of fixed wind turbines subjected to vessel collision, particularly in terms of force transmission and energy dissipation. Additional research would help optimize structural design, enhance collision resistance, and reduce potential damage.
(4) Although there has been some research into proposed anti-collision measures to protect wind turbines, this area remains relatively unexplored. Current protective measures could be improved by optimizing size or material properties to limit risk mitigation using artificial intelligence databases. In addition, existing protective designs are ineffective in protecting wind turbines during high-energy impacts. Future research in this field is expected to become increasingly comprehensive and advanced.
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Introduction: Floating wind power is the important path for the development of offshore wind energy, and the performance of the mooring system of floating wind turbines (FOWTs) significantly affects their economic viability, safety, and sustainability.Methods: This paper systematically analyses the positioning performance, mooring line extreme loads, and fatigue response of a FOWT equipped with both single segment and multi-segment mooring systems, based on the IEA 15 MW large turbine and a floating platform. The hydrodynamic performance of the floating platform is calculated, and the platform’s motion-sensitive directions are analysed through Response Amplitude Operators (RAOs). The natural periods of the platform are validated by free decay tests. The six degrees of freedom (DOFs) motion response and the mooring line peak tensions are analysed under normal and extreme conditions.Results: The results show that both mooring systems provide good motion performance and stable tilt angles for the platform. Under ALS (single-line failure) condition, the multi-segment mooring system demonstrates a notable capacity to resist impact loads, with comparatively minor fluctuations in mooring line tension. In the multi-segment system, fatigue damage primarily occurs in the upper mooring chain, with damage approximately 4.5 times greater than that of the bottom chain over a 1-year period. The effects of mooring line spread angles and lengths on performance are also analysed. The results indicate that the mooring line spread angle has slight impact on platform motion response and mooring line tension, while mooring line length significantly affects the extreme tension of the lines.Discussion: The findings of this study can provide some references in the design of mooring systems for future FOWTs.Keywords: floating wind turbine, mooring line, mooring system, floating platform, chain
1 INTRODUCTION
In light of global climate change and the looming energy crisis, the development of clean energy has become a pivotal area of scientific inquiry. Wind energy, as one of the most promising renewable energy sources, is favoured by many countries due to its abundant reserves and widespread distribution (IEA, 2020). Among these, offshore wind power is gradually becoming the focal point of wind energy development, due to a number of advantages, including higher average wind speeds, large wind energy reserves, minimal environmental noise pollution, and no land use requirements (Musial et al., 2022). Nevertheless, offshore wind resources in nearshore areas are confronted with a lot of challenges, such as potential conflicts with traditional nearshore aquaculture, fishing activities, shipping routes, and the saturation of resource development. Consequently, the expansion of the offshore wind power into deeper and more distant waters is an unavoidable trend (GWEC, 2019; WFO, 2022). Furthermore, as offshore wind power transitions from nearshore to deepwater, the costs and construction challenges associated with fixed-foundation turbines increase significantly. Therefore, floating wind power has become the inevitable choice for the development of deepwater wind energy resources (Rui et al., 2024b). DNV (2020) projects that by 2050, the installed capacity of floating wind power will reach to 250 GW, representing over 20% of the offshore wind power market, and constituting 2% of the global electricity supply.
A FOWT system typically comprises three main components: the wind turbine itself, the floating foundation and mooring/anchor facilities. Regarding the turbine, it is evident that there is a tendency towards an increase in the power output of the mainframe. While much of the existing research in this field mainly has concentrated on the NREL 5 MW reference turbine (Jonkman, 2009) including numerical modelling and basin tests such as the NREL OC3 Hywind Spar Buoy (Jonkman, 2010) and the NREL OC4 DeepCwind (Robertson et al., 2014), some studies have also considered the larger-scale reference turbines. For instance, the 10 MW turbine developed by the DTU (Bak et al., 2013) has been the subject of study with both a semi-submersible platform (Azcona et al., 2017) and a TLP platform (Pegalajar-Jurado et al., 2016). Additionally, the 15 MW turbine, developed by the IEA, has also been analyzed for a semi-submersible platform (Pillai et al., 2022). In fact, commercial floating wind farms have begun to adopt higher-capacity turbines on a gradual basis. For example, in 2020, Principle Power installed three 8.3 MW Vestas V164 turbines on the WindFloat platform in Portugal, and a 9.5 MW turbine at the Kincardine site in Scotland. Moreover, turbine manufacturers such as Vestas, Siemens-Gamesa, and Mingyang are developing and deploying FOWT prototypes with capacities of at least 10 MW (Spearman et al., 2020; Vestas, 2021). As a result, it is imperative for researchers to undertake preliminary studies on the performance of ultra-large FOWTs. However, research in this field is still in progress.
The floating platform provides support for the upper wind turbine structure, thereby ensuring buoyancy and facilitating maintenance of the system. As FOWT technology has continued to evolve, new foundation concepts have emerged. These can be categorized based on their static stability principles into four types: semi-submersible, spar, tension-leg platform, and barge. Each corresponds to a different operational water depth (Xu et al., 2024a; Rui et al., 2024a). In China, the semi-submersible type of floating foundation is currently the most widely studied and applied foundation for FOWT systems due to the relatively shallow continental shelf along its coastal regions. This type is suitable for a wide range of water depths and generates a notable variation in waterplane area through its distributed pontoon structure, which in turn produces restoring moments to resist platform tilting.
The mooring system, which serves as the load transfer mechanism connecting the seabed anchors to the floating structure, plays a pivotal role in FOWT technology. However, deep-sea FOWTs face considerable challenges due to intricate component coupling and punitive operating environments, thereby subjecting the mooring system to rigorous scrutiny. On the one hand, the mooring system must satisfy the requisite positioning and safety standards. As documented in the literature, an average of 7.5 tropical cyclones make landfall in China each year (Wang et al., 2023; Li et al., 2023). To ensure reliance in the face of extreme conditions and accidental limit states (ALS), it is essential to incorporate redundancy into the mooring system design for FOWTs. On the other hand, the design of the mooring system must also consider economic factors. The widespread commercialization of floating wind power is impeded by the significant costs associated with mooring/anchor systems, which account for over 27% of the total cost, surpassing that of the wind turbine equipment itself (Stehly et al., 2020). This underscores the necessity for further optimization and analysis of the mooring system design.
The diverse force characteristics of mooring lines have led to the classification of mooring positioning systems into two main categories: traditional catenary mooring and taut or semi-taut mooring systems (Wang et al., 2020; Rui et al., 2023b). The static stability characteristics of semi-submersible floating platforms render the catenary mooring system is an effective mooring method (Xu et al., 2024a; Rui et al., 2024a). In catenary systems, the ratio of mooring line length to water depth is typically considerable, resulting in a portion of the mooring line lying on the flat seabed. The restoring force for the motion of the floater in such a mooring system is mainly provided by the weight of the cable and changes in the shape of the mooring line (Smith and MacFarlane, 2001). Due to the presence of a lying chain, the uplift angle at the seabed contact point remains zero throughout the service life, and only horizontal tension acts at the touchpoint. Consequently, the mooring anchor is only required to resist horizontal forces.
Chains are the most commonly utilized material in catenary mooring systems due to their high tensile strength and resistance to wear (Guo et al., 2024; Rui et al., 2024c). However, their substantial weight makes them costly when employed as standalone mooring lines. In recent years, multi-segment mooring systems have been widely used in the construction of floating platforms. The multi-segment mooring system was first effectively applied in the positioning and stabilization of deep-sea floating production storage and offloading units (FPSOs), semi-submersible platforms, drilling ships, and other floating marine platforms. In the past decade, with the rapid development of offshore wind energy, these related technologies have also been utilized to reduce costs and improve efficiency in FOWT platforms (Pham, 2024; Civier et al., 2024). In such applications, specific sections of the mooring line are substituted with alternative chains or materials, thereby facilitating construction and reducing costs (Qiao et al., 2013; Xie et al., 2015; Hermawan and Furukawa, 2020). The impact of multi-segment mooring systems on floating platforms has been the subject of study by several researchers (Ja’e et al., 2022). For example, Ha (2011) investigated the effects of multi-segment mooring systems on FSPOs, finding that while these systems are capable of enduring extreme sea conditions, they significantly reduce the vertical loads on the tensioned mooring lines. Ghafari and Dardel (2018) investigated the effect of mooring line length on the dynamic response of semi-submersible platforms with multi-segment mooring systems and indicated that increasing mooring line length reduces platform motion but accompanying increases mooring line tension. Neisi et al. (2022) analysed the influence of multi-segment mooring systems on the 5 MW OC4-DeepCwind semi-submersible platform, and found that the addition of buoy and clump weight significantly affects platform heave and pitch motions. However, there is still a lack of research on the effects of multi-segment mooring systems on the positioning performance and tension characteristics of large FOWTs. Although multi-segment mooring systems demonstrate good performance in terms of cost-effectiveness and horizontal restoring force, they also have certain limitations. These include compatibility between different materials, adaptability to marine environments (such as marine corrosion, low temperatures, and ultraviolet radiation exposure), and the complexity of connector designs (Bastos and Silva, 2020; Del Vecchio et al., 2024). When selecting and designing a mooring system, it is essential to consider factors such as the operational environment, technological capabilities, economic benefits, and safety to ensure the system’s reliability and performance (Rui et al., 2024a).
The performance of mooring systems is also influenced by various factors, such as the number of mooring lines, spread angles, lengths, materials, and configurations (Paredes et al., 2016; Hsu et al., 2017; Rui et al., 2023c). Pillai et al. (2022) examined the effect of different mooring footprint and wind-wave incidence angles on the anchor loads of a 15 MW turbine in the context of shallow water mooring conditions. The findings demonstrated that augmenting the mooring radius can diminish peak anchor loads by 56%, and varying wind and wave directions significantly affect the load magnitude. Zhang et al. (2024) conducted an optimization on the single-point mooring system, and the results suggested that changes in mooring line length have minimal impact on the dynamic response of the platform and mooring system while the addition of appropriate buoys or sinkers can reduce the motion response and the mooring line tension. Yu et al. (2024) made an optimal design of asymmetrically arranged moorings for floating production system considering the mooring radius, azimuth, spread angle, number of lines and three segment lengths, and found that the offset of the floating platform was reduced by 8.29% via the asymmetrical mooring pattern. The primary objectives of these analyses of mooring design parameters are to control the motion of the floating platform, ensure safety, and maintain cost-effectiveness. Furthermore, for permanent mooring design, it is essential to consider not only extreme strength design but also the implications of fatigue under conditions of combined loading (API RP 2SK).
To this end, this paper aims to evaluate the performance of the muti-segment mooring system of a 15 MW FOWT under normal and extreme conditions, including the positioning performance of the mooring system, the fatigue performance of the mooring line, and the influence of the mooring arrangement parameters (mooring line spread angle, mooring line length, etc.), etc., by means of an integrated model through numerical analysis. The findings of this study can provide some guidance in the design of mooring systems for future FOWTs.
2 MODELLING OF A 15 MW FOWT
2.1 Reference turbine
A suitable 15 MW wind turbine developed by IEA that is well-described in literature is utilised for numerical modelling (Gaertner et al., 2020). In comparison to the previously widely used NREL 5 MW baseline turbine (Jonkman, 2009) and the DTU 10 MW referenced turbine (Bak et al., 2013), the IEA-15–240-RWT employs a more sophisticated blade construction and control system, thereby facilitating enhanced power generation and attitude control technologies (Pillai et al., 2022).
2.2 Floating support structure
After the preliminary investigation of the FOWT installation region, the average water depth of the target field is about 60 m, and the semi-submersible type floating platform is designed to support the 15 MW turbine. The floater is primarily constituted by four external and central columns, four bottom and top plates and a multitude of diagonal struts. The turbine is situated at the pinnacle of the central column and plate. The centre point of the reference coordinate system is established as the base of the central column. The x-axis is oriented in a direction extending from the farthest outer column, with positive values extending away from the centre point. The z-axis is oriented in a direction extending upward from the centre point, while the y-axis is oriented in a direction extending from the centre point in a manner consistent with the right-hand rule. The principal geometric and dimensional parameters are illustrated in Figure 1 and given in Table 1.
[image: Three diagrams depict structural engineering models. Panel (a) shows a colorful 3D model with labeled components, highlighting different geometry groups with a key. Panel (b) presents a 2D top view of the model with main structural outlines. Panel (c) displays a side view, emphasizing vertical and horizontal elements. Each panel includes axis indicators for orientation.]FIGURE 1 | Definition of floating platform: (A) compositions of the platform, (B) coordinate definition-top view, (C) coordinate definition-elevation view.
TABLE 1 | Main parameters of the floating platform.
[image: Table listing parameters with units and values, relevant to a marine structure. Key details: Water depth is 60 meters, operational draft is 15 meters, displacement is 18,624 tonnes, VCG is 16.94 meters, and various diameters and heights for plates and columns. Ballast inertia values include roll at 5.58e9, pitch at 1.28e10, and yaw at 1.16e10 kg-m².]2.3 Mooring system configuration
The configuration of the mooring system for the FOWT is shown in Figure 2A. The mooring system was originally designed to consist of six identical 100 mm R3 studdles chains (with mass and geometric properties listed in Table 2). Each chain has a length of 490 m long and spreads out symmetrically from the platform’s three external columns along the centroid, which is located 3 m below the stationary water level. The horizontal spread angle of each chain on the same column was 3° along the x-axis, and the mooring footprint for each mooring line was 476 m, which is approximately eight times the water depth.
[image: Diagram of a mooring system with two parts: (a) top view shows six mooring lines labeled one to six arranged around a central anchor point with marked angles; (b) side view illustrates the vertical arrangement of the mooring line with sections labeled bottom chain, upper chain, and fairlead, positioned 60 meters above the seabed, crossing the sea water level (SWL).]FIGURE 2 | Mooring system configuration. (A) top view, (B) elevation view.
TABLE 2 | Definition of the mooring system.
[image: Table comparing two segments, "Upper" and "Bottom," across four columns: Nominal diameter (Upper: 76 mm, Bottom: 100 mm), Mass per unit length (Upper: 113.4 kg, Bottom: 219.0 kg), Axial stiffness (Upper: 7.54 × 10^5 kN, Bottom: 1.0 × 10^6 kN), and Break strength (Upper: 4,884 kN, Bottom: 8,028 kN).]In consideration of the water depth conditions and the pertinent economic factors within the target area, the mooring lines were optimized through the implementation of a multi-segment mooring system without any alteration to the mooring radius or line length. Each mooring line consists of two sections, as shown in Figure 2B. The upper segment, located in the splash zone, is composed of R3S-grade chain with a diameter of 76 mm and a length of 180 m, directly connected to the winch. The bottom-resting catenary segment is consisting of R3-grade chain with a diameter of 100 mm and a length of 310 m. The incorporation of a thicker chain in the bottom section serves to increase its weight, thereby ensuring that the bottom portion remains in contact with the seabed. This prevents the chain from being pulled taut, which could otherwise result in the generation of uplift forces on the anchor. The pretension at the top of each mooring line is approximately 52 t, and the main parameters of two sections are listed below in Table 2.
2.4 Integrated analysis model
The widespread NREL simulation software OpenFAST, is employed for integrated analysis of the 15 MW FOWT, which contains the various coupled modules including aerodynamics, servo-control, elasticity, hydrodynamics, and mooring (Xu et al., 2024b). The referenced IEA 15 MW wind turbine model, has been built and validated during the OC6 project (Allen et al., 2020). Based on this model, the input files for the structural dynamics, aerodynamics, hydrodynamics, and mooring modules were modified to align with the specifications of the floating platform utilized in this study. The hydrodynamics module was initially analysed in the frequency domain using the hydrodynamic analysis software AQWA (ANSYS, 2019), and the results were then converted to WAMIT format for use as input files in OpenFAST. It is important to note that since the calculation principles of AQWA are based on potential flow theory and Morison’s equation, which do not account for viscous damping, and because it is challenging to determine the drag force and added mass coefficients for the floating structure’s members, an overall system damping correction of 8% of the critical damping was applied in this analysis (Xu et al., 2023). A portion of the critical damping can be considered as equivalent viscous damping and the formula for the critical damping can be expressed as Equation 1:
[image: Mathematical equation displaying beta sub zero equals two multiplied by the square root of the sum of M and M sub alpha multiplied by C sub i.]
where M is the mass or moment of inertia of the structure; Ma is the additional mass or additional moment of inertia, and Ci is the hydrostatic restoring force stiffness. Equation 1 does not consider the coupling effect of the structure in different directions of motion, and since the hydrostatic stiffness is 0 in sway, surge and yaw, the viscous damping is only considered in the three DOFs, such as heave, pitch and roll (Roddier et al., 2011). The control module was not modified, so the standard industrial controller was still used as a reference (Abbas et al., 2022).
3 LOAD CONDITIONS
The extreme value and fatigue analysis of the mooring lines in this study considered multiple wind-wave combinations and their probability distributions over the service life of the turbine, as summarized in Table 3 (Asen et al., 2017; Krathe and Kaynia, 2017). The data presented in the table are derived from a 22-year environmental parameter monitoring campaign at an offshore wind farm observation site in the North Sea. All data were statistically integrated and categorized into 17 different load conditions. The Kaimal spectrum and JONSWAP spectrum are used to simulate the wind turbulence and random nature of wave, respectively (Zha et al., 2023). For load cases LC 2–12, the average hub wind speed falls between the turbine’s cut-in (3 m/s) and cut-out (25 m/s) speeds, meaning the turbine is in normal operation. In the cases of LC 1 (below the cut-in wind speed) and LC 13–17 (above the cut-out wind speed), the turbine is in a state of parked condition with feathered blades and idle rotation. Based on the available data for the target site, LC6 was approximately set as the rated design condition with largest thrust force (DLC1.2b), and LC19 is additionally considered as the 50-year return extreme design condition (DLC6.1a). In the following analysis, the simulation time for each case is 700 s, with the initial 100 s excluded to ensure the stability of the data. The rotor hubs are set always face the wind, meaning there is no yaw error.
TABLE 3 | Load conditions for fatigue and extreme analysis.
[image: Table listing load conditions with corresponding wind speeds, significant wave heights, periods, occurrence probabilities, and running states. Wind speeds range from 2 to 50 meters per second. Significant wave heights range from 1.07 to 10.3 meters. Periods range from 5.67 to 14.1 seconds. Occurrence probabilities decrease from 14.654 to 0.019 percent. The running states are "Parked" for LC1-LC5, "Normal" for LC6-LC14, and "Parked" for LC15-LC18.]4 RESULTS AND DISCUSSION
4.1 RAOS of platform
The Response Amplitude Operators (RAOs) for the floating platform under different wave incidence angles are shown in Figure 3. In the absence of mooring forces, the RAO values for heave and sway motions decrease with increasing frequency. When the waves act in the direction of heave and sway motions, the RAOs for these motions are relatively high. The heave RAO shows significant variation when the wave frequency ranges from 0 to 0.75 rad/s, peaking around 0.28 rad/s. The RAOs for different wave directions are generally similar, indicating that the impact of different wave directions on heave amplitude is relatively small. At a wave frequency of 0.276 rad/s, both pitch and roll reach their maximum values simultaneously. A comparison of the peak values reveals that the pitch RAO peak is slightly lower than the roll RAO peak, which can be attributed to minor geometric asymmetries in the structure for which the moment of inertia is larger in the pitch direction, and therefore the pitch direction exhibits a better restoring stability under wave action. From the overall RAO curves, it is evident that the platform is particularly sensitive to wave directions of 0° and 90°. Under extreme conditions, it is essential to carefully assess the platform’s motion response and mooring tension in relation to wave directions of 0° and 90°.
[image: Six line graphs labeled A to F, each displaying RAO in meters against frequency in radians per second. Data is plotted for angles ranging from zero to one hundred and eighty degrees, differentiated by color. The trends show varying amplitudes and frequency responses.]FIGURE 3 | RAOs of platform 6 DOFs: (A) surge, (B) sway, (C) heave, (D) roll, (E) pitch, (F) yaw.
4.2 Free decay test
Prior to conducting a time domain analysis, it is necessary to perform a free decay test on the floater to ensure the accuracy of the results. By applying an initial displacement to the FOWT in still water, the natural periods of the platform can be obtained through Fast Fourier Transform (FFT) analysis of the time history curves. Figure 4 presents a comparison between the natural periods of the platform used in this study and those of the VolturnUS-S Platform (Allen et al., 2020). It can be observed that the heave and pitch periods of both platforms are almost identical. However, due to slight geometric asymmetry, the roll period of the platform in this study is observed to be slightly lower than the pitch period. Both periods exceed 20 s, thereby avoiding the main wave period range and meeting the regulatory requirements.
[image: Bar chart comparing natural periods in seconds across three motions: Heave, Roll, and Pitch. Red bars represent this study, with Heave at approximately 20 seconds, and Roll and Pitch both around 27 seconds. Blue bars for UMaine VolturnUS-S are slightly higher for the same categories.]FIGURE 4 | Results of the natural period.
4.3 Effects of multi-segment mooring lines
4.3.1 Normal condition
In a normal operating condition (LC6), where the wind speed is close to the rated speed of the turbine, the rotor thrust is at its maximum, and the turbine operates in its least stable state. Under this condition, the main focus is to assess the extent of the platform’s motion amplitude. From the aforementioned frequency domain analysis, it is noted that the motion of this FOWT is more sensitive under 0° and 90° incidence directions. Accordingly, this section primarily analyses the platform’s motion under both incidence conditions, comparing the effects of single-segment and multi-segment mooring systems.
The time-history curves for each DOF are shown in Figure 5. Under normal conditions, the platform displaces in the direction of the applied load, with the maximum surge displacement for the two mooring systems being 1.2 m and 2.0 m, respectively, neither exceeding 10% of the water depth (6 m). In the case of a 0° wind and wave incident angle, the platform experiences a larger surge motion, with maximum values of 8.63 m and 8.17 m, respectively. The vertical motion is relatively small under normal condition, with the maximum heave displacements of 0.84 m and 0.49 m. The maximum platform tilt occurs under the 0° incident condition with a roll angle of 1.3°, which is well within the regulatory limit of 5° (DNVGL-ST-0119). Overall, the difference in motion between the single-segment and multi-segment mooring systems under normal conditions is small, and the platform exhibits good motion performance.
[image: Six graphs display various measurements over time, with each showing differently colored lines representing 0-degree and 90-degree single-segment and multi-segment data. The graphs are labeled Surge, Sway, Heave, Roll, Pitch, and Yaw, each with time on the horizontal axis and specific measurements on the vertical axis. The Surge graph indicates a maximum of 8.63 meters, while Yaw shows angles up to 5.82 degrees. Key data points are marked on each graph.]FIGURE 5 | 6-DOF motions of the platform: (A) surge, (B) sway, (C) heave, (D) roll, (E) pitch, (F) yaw.
4.3.2 Extreme condition
Extreme conditions serve as the control cases for platform motion and mooring line tension. Table 4 and Figure 6 respectively show the platform motion amplitude and fairlead tension time history curves for single-segment and multi-segment mooring systems under extreme conditions and at 0° and 90° incidence angles.
TABLE 4 | Platform motion under extreme condition.
[image: Table showing incidence angles of zero and ninety degrees, detailing degrees of freedom (DOF) including surge, sway, heave, roll, pitch, and yaw. Each DOF has minimum and maximum values for both single and multi-segment scenarios.][image: Seven line graphs labeled A to G display different time series analyses of kinetic energy or thrust (measured in kilonewtons) over time (x-axis). Each graph compares single-segment and multi-segment data, marked with different colors and noted for peak values. Variations in the intensity and frequency of the peaks across graphs show differences in energy or force exerted in each scenario. Annotations note specific peak values.]FIGURE 6 | Mooring line tensions under extreme condition: (A) line #1, (B) line #2, (C) line #3, (D) line #4, (E) line #5, (F) line #6, (G) uplift force at anchor point of line #6 for 90° incidence angle.
As illustrated in Table 4, the platform experiences a certain drift in the windward direction as a consequence of wind and waves at 0° and 90°. The surge amplitude occurs at the 0° incidence angle, with absolute values of 7.60 m and 9.15 m for the single-segment and multi-segment mooring systems, respectively. The sway amplitude occurs at the 90° incidence angle, with values of 12.05 m and 13.92 m, respectively. In extreme conditions, the platform displacements in both directions under the single-segment mooring system do not exceed 20% of the water depth (12 m). The multi-segment mooring system shows slightly more drift in the surge direction, mainly due to its lower mooring stiffness and smaller restoring force. However, the platform’s overall drift remains acceptable in both mooring systems under extreme conditions. In the heave direction, the maximum values are 4.72 m and 4.70 m, with the multi-segment mooring system showing slightly better vertical displacement performance.
Under the 0° and 90° wind-wave incidence angles, the main rotational motions of the FOWT are pitch and roll. The direction of the rotational amplitude for both mooring systems is contingent upon the incidence angle. The pitch amplitude occurs at the 0°, while the roll amplitude occurs at the 90°. The distinction between pitch and roll is particularly evident at the 90° angle, indicating that rotational motion is more pronounced at this angle and therefore merits particular attention in the design process. Due to the asymmetric load incidence, the yaw angle is greater in the multi-segment mooring system at the 90°. In general, under extreme conditions, the maximum in-plane rotational angles for the platform in both mooring systems are 8.48° and 8.8°, respectively, both within the 10° limit specified by regulations (DNVGL-ST-0119).
Figure 6 shows that, under extreme conditions, the maximum mooring tension at 0° wave incidence of two mooring system occurs in mooring lines #2, with values of 2275 kN and 2717 kN, respectively. At 90° wave incidence, the maximum mooring tension occurs in mooring lines #6, with values of 4,583 kN and 3,383 kN, respectively. The maximum mooring tension at 0° is significantly lower than that at 90°, but in both cases, the tension does not exceed the mooring line’s breaking strength. Under the 90° load incidence angle, the fairlead tension in the multi-segment mooring system is about 26% lower than that of the single-segment mooring system. Furthermore, the vertical tension component at the anchor in the multi-segment system is quite small, meaning almost no uplift force is generated, which helps fully utilize the horizontal bearing capacity of the anchor foundation (e.g., suction anchors, pile anchors).
Additionally, under extreme conditions, the API RP 2SK standards require further single-line failure analysis of the mooring lines (ALS conditions). Figure 7 compares the calculated remaining mooring line tensions at the fairleads after the failure of mooring lines #6 in both single-segment and multi-segment mooring systems, under a load incident angle of 90°. It is observed that after a mooring line failure, the platform experiences displacement, resulting in the redistribution of tension among the remaining mooring lines. The tension in adjacent lines increases, making it the most disadvantage mooring lines. In the single-segment mooring system, the tension in the adjacent mooring line spikes to 9,301 kN, an increase of 103%. However, in the multi-segment mooring system, the peak load only increases by 20% (from 3,383 kN to 4,073 kN). This is because the upper segment of the mooring chain has lower stiffness, providing better elasticity and elongation under load, thus mitigating the impact of environmental forces on the mooring system following a line failure (Xu et al., 2023), and enhancing the overall safety of the system. The ALS conditions highlight the superiority and importance of the multi-segment mooring system.
[image: Line graph showing tension of line in kilonewtons (kN) over time in seconds (s). The graph compares ninety-degree multi-segment and single-segment lines, with single-segment peaking at 9301 kN and multi-segment at 4073 kN.]FIGURE 7 | Line #6 tension under ALS condition for 90° incidence angle.
4.3.3 Fatigue analysis
This section evaluates the annual fatigue damage of each mooring line in both mooring system under 17 sea states with a 90° incident angle. In the fatigue analysis of mooring lines, the T-N curve recommended by API RP 2SK is generally used, i.e., only the fatigue generated by tension is considered, and other factors such as bending and torsion are not taken into account. The T-N curve represents the relationship between the fatigue strength and fatigue life of a standard specimen under specific cyclic conditions. The basic form is as Equation 2:
[image: Mathematical equation written in a serif font: \( NR^M = K \).]
Where R is the ratio of tension amplitude to reference failure strength, which is typically replaced by the minimum breaking strength. M and K are the fitting parameters of the material’s T-N curve, representing the slope and intercept, respectively. For studdles chains, M is taken as 3.0, and K is taken as 316 (API RP 2SK).
For any fatigue condition listed in Table 5, the dynamic response of the mooring lines is calculated to obtain the time history of the tension. The rainflow counting method (Matsuishi and Endo, 1968) is then used to statistically determine the number of cycles n corresponding to different tension amplitude ratios R. According to the Miner-Palmgren linear fatigue damage accumulation theory, the fatigue damage caused by each stress amplitude is independent and can be linearly superimposed. The long-term sea state in which the mooring line is located is discretised into a series of short-term sea states i = 1, 2, ., k, and the annual fatigue damage of a mooring line under short-term sea state k is given by Equation 3:
[image: Equation showing the calculation of \( D_k = P_k - \frac{t_k}{T} \sum_j \frac{N_{j,k}}{N_j} \), labeled as equation three.]
TABLE 5 | Fatigue damage of mooring line.
[image: Table showing fatigue damage per year under different load conditions. For six lines, single segment values range from 5.76E-11 to 5.19E-10. Multi-segment values are divided into upper and bottom chains, ranging from 6.20E-10 to 8.45E-10 for upper chain and 1.40E-10 to 1.90E-10 for bottom chain.]Where pk is the probability of occurrence of short-term sea state k in the long-term sea states; t is the duration of 1 year, taken as 3.15576 × 107 s; tk is the duration of short-term sea state k; nj,k is the number of occurrences of the jth tension cycle under short-term sea state k; and Nj is the number of cycles required for the segment to fail due to fatigue at the jth tension. D is the fatigue damage, usually D < 1 means that the structure has not reached the fatigue limit; D ≥ 1 means that the structure has been fatigued.
It can be observed that in the multi-segment mooring system from Table 5, the majority of fatigue damage occurs in the upper segment, with significantly higher fatigue damage in the upper chain compared to the bottom chain. Over 1 year of long-term sea conditions, the fatigue damage in the upper chain is approximately 4.5 times greater than that in the bottom chain. It is therefore recommended that particular attention be paid to the maintenance of the upper mooring chain in practical engineering applications.
The fatigue damage of chains in a single-segment mooring system is greater than that of a same chain in a multi-segment system, with the maximum damage increasing by approximately 2.7 times. This is because in a catenary mooring system, the restoring force of the floater is mainly provided by the weight of the mooring line and changes in the mooring line configuration. For multi-segment mooring systems, the heavier mooring chain in the bottom part increases the length of the laid section, better limiting the range of motion of the floater and thus reducing the magnitude of the mooring tension cyclic amplitude. Figure 8 depicts the fatigue damage of the upper mooring chain in a multi-segment system under different conditions (excluding probability considerations). It can be observed that under low wind speed conditions, the fatigue damage of the chain in conjunction with an increase in wind speed and wave height. However, once the wind speed exceeds the cut-out wind speed, the fatigue damage of the chain decreases significantly, as the freewheeling control of the wind turbine effectively reduces environmental loads. Nevertheless, as the wind speed continues to increase, wave and tower wind loads gradually become dominant, causing a renewed increase in mooring chain fatigue damage.
[image: Line graph displaying fatigue damage under various load conditions. The x-axis represents load conditions from two to seventeen, and the y-axis shows fatigue damage multiplied by ten to the power of negative six. The graph shows a significant increase, especially from load condition thirteen onwards, peaking at condition seventeen.]FIGURE 8 | Fatigue damage under different load conditions of upper chain for muti-segment mooring system.
4.4 Effects of mooring line spread angle
Throughout the service life of a FOWT, it is subjected to environmental loads from different directions, and the mooring line spread angles may also influence the platform’s mooring performance. In addition to the 3° mooring spread angle, this section additionally compares the motion of the FOWT and mooring line tensions under three different mooring angles: 4°, 5°, and 6°. Figure 9 presents the maximum displacement, rotation, and the most critical mooring line tension under extreme conditions with a 90° incident angle for different mooring spread angles.
[image: Four bar charts labeled A, B, C, and D showing data variations. A displays sway in meters with values ranging from approximately -13.92 m to -14.15 m. B shows heave in meters, ranging from 4.09 m to 4.10 m. C illustrates roll in degrees, from 8.80 to 8.97 degrees. D presents fairlead tension in kilonewtons for lines #5 and #6, with values around 4012 kN and 3676 kN. Max values are shown in red and min in blue.]FIGURE 9 | Effects of mooring line spread angle of incidence angle of 90° under extreme condition: (A) sway, (B) heave, (C) roll, (D) fairlead tension.
As shown in the Figure 9, the platform’s displacements and rotations are not sensitive to changes in the mooring line spread angle. As the angle increases, there is virtually no change, indicating that the change in this angle has a minimal impact on the platform’s horizontal and vertical displacement stability, and only a minor improvement in tilt performance. As the angle increases, the peak tension in the most disadvantage line decreases, but the overall reduction is limited (with a maximum decrease of less than 10%). This indicates that alterations in the mooring spread angle have a small effect on fairlead tension. Therefore, while increasing the mooring line spread angle may slightly improve the safety factor of the lines, considering the practical feasibility of construction (such as the installation of mooring chains and anchors), selecting a slightly smaller mooring line spread angle may be more appropriate.
4.5 Effects of mooring line length
It is suggested in some studies that unstretched mooring line length also play a crucial role in mooring safety (Liang et al., 2022; Xu et al., 2024a). This section analyses the impact of different mooring line lengths on the reliability of multi-segment mooring lines under extreme conditions with a 90° wave incidence angle. Specifically, without altering the mooring radius or other parameters, the total mooring line length was adjusted by modifying the length of the bottom chain, with three additional cases considered: total mooring line lengths of 480 m, 485 m and 495 m. It is important to note that the dynamic response of the mooring line is a stochastic process, and determining extreme loads and failure probabilities requires statistical methods (IEC 61400–1, DNV RP-C205). The most commonly employed extrapolation techniques for extreme loads include the Gumbel distribution and log-normal distribution predictions. The probability density functions are expressed as Equations 4, 5:
[image: Equation showing a probability density function: \(f(x, \mu, \sigma) = \frac{1}{\beta} e^{-\left(\frac{|x - \mu|}{\beta} + e^{-\frac{|x - \mu|}{\beta}}\right)}\), labeled as equation (4).]
[image: Formula for the normal distribution function: \( f(x, \mu, \sigma) = \frac{1}{x\sigma\sqrt{2\pi}}e^{-\frac{(\ln(x) - \mu)^2}{2\sigma^2}} \).]
where x is random variable, μ is mean of the distribution, β is scale parameter, σ is the standard deviation.
Figure 10 shows the predictions for different mooring line lengths and segments employing Gumbel and log-normal distribution methods, respectively. In accordance with DNV regulations (DNV OS-E301) pertaining to the extreme dynamic analysis of mooring lines, the minimum requirement of safety factor is 1.3 (3,812 kN for the upper chain and 6175 kN for the bottom chain). It can be observed that mooring line length has a significant impact on the failure probability. Particularly, under the log-normal prediction, reducing the mooring line length from 480 m to 485 m, just a 1% decrease, results in an increase in failure probability of over 30%. And increasing mooring line length from 490 m to 495 m leads nearly negligible occurrents of failure. This is mainly due to the fact that at 480 m and 485 m, the bottom segment of the mooring line has a reduced laid length, causing the mooring line to approach full tension due to its higher axial stiffness. In shallow water mooring systems, this geometric nonlinearity makes the fairlead tension highly sensitive to platform displacement. Therefore, for muti-segment mooring systems, appropriately increasing the initial length of the bottom resting segment can enhance mooring safety under extreme conditions.
[image: Graph A and B show the exceedance probability versus mooring line tension in kilonewtons for different mooring lengths using Gumbel and Lognormal distributions. Both graphs have curves for 480 meters, 485 meters, 490 meters, and 495 meters. Key points are marked at 3812 kilonewtons and 6175 kilonewtons on each graph.]FIGURE 10 | Exceedance probability of mooring tension with different mooring line length: (A) Gumbel, (B) lognormal.
5 CONCLUSION
This paper establishes an integrated analysis model of a 15 MW floating offshore wind turbine (FOWT) and conducts a hydrodynamic performance analysis of the floating platform. Furthermore, it compares the performance of single-segment and multi-segment mooring systems in terms of platform positioning, mooring line extreme loads, and fatigue response. The impact of various factors, including wind and wave incident angle, mooring line spread angle, and mooring line length, on mooring performance and safety was investigated. The main conclusions are as follows:
	1. The natural periods of the DOFs for the floating platform used in this study are similar to those of the VolturnUS-S platform, and the RAOs are more sensitive to wave directions of 0° and 90°. Under normal conditions, the motion differences between the single-segment and multi-segment mooring systems are minimal, and the platform demonstrates good motion performance. Under extreme conditions, the platform experiences greater drift in the multi-segment mooring system due to its lower mooring stiffness. In all conditions, the platform maintains good stability, with a maximum tilt angle of 8.8°.
	2. Under extreme conditions, the multi-segment mooring system has a certain impact on the peak tension of the mooring lines, especially under the ALS condition (single-line failure). The multi-segment mooring system significantly reduces the impact loads on the mooring lines, highlighting its advantages. In the multi-segment system, fatigue damage mainly occurs in the upper chain, with approximately 4.5 times greater than that of the bottom chain over a 1-year period. In the single-segment system, the fatigue damage of the same chain is greater than that in the multi-segment system, with the maximum damage increasing by approximately 2.7 times.
	3. The platform’s displacement and rotation response are not sensitive to changes in the mooring line spread angle, and the peak tension in the most disadvantage line slightly decreases as the angle increases. The mooring line length has the most significant impact on the fairlead tension, for reducing the length of the bottom section of the chain greatly decreases the safety factor of the mooring system. Therefore, in practical engineering applications, special evaluations should be conducted on the length of the bottom chain section.
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Floating offshore wind turbines (FOWTs) often operate under turbulent wind conditions. However, to enhance computational efficiency, steady wind is sometimes used as an alternative to turbulent wind, potentially resulting in conservative estimates. Assessing FOWT motion and fatigue performance under both steady and turbulent wind conditions is therefore crucial. This study focuses on an enhanced steel semi-submersible FOWT, adapted from the LIFES50+ OO-Star concrete design. The FOWT is modeled using OPENFAST software under various load scenarios, including steady and turbulent winds with irregular waves, for time-domain analysis. The results reveal that the FOWT experiences reduce motion, tension response, blade root loads, and tower-top loads under steady winds combined with irregular waves, compared to turbulent winds with irregular waves. The blade root and tower top loads are lower under steady winds with irregular waves, indicating that steady wind analysis may yield unfavorable outcomes for FOWTs. The findings in this study offer valuable theoretical insights and technical support for the design and evaluation of FOWTs.
Keywords: floating offshore wind turbine (FOWT), turbulent wind, steady wind, motion, mooring tension

1 INTRODUCTION
Wind energy is a highly promising clean renewable energy resource, with offshore wind power gaining significant attention for its high wind energy density and consistent wind speeds. According to a report by the Global Wind Energy Council (Author Anonymous, 2024), offshore wind is projected to grow at a compound annual growth rate of 28% over the next 5 years. Offshore wind capacity of 138 GW is anticipated globally within 2024–2028. Offshore wind installations are expected to triple between 2023 and 2028, thereby increasing the share of offshore wind from 9% to 20% in the overall global capacity by 2028. The advancement of floating offshore wind turbines (FOWTs) minimizes land use, enhances energy industry structure, and mitigates energy supply challenges, playing a pivotal role in the optimization of the energy industry.
Wind loads are a critical design factor for FOWT. Three methods currently exist to simulate wind loads on FOWTs: 1) Using static wind force based on the rotor thrust curve; 2) Applying steady wind in the form of a time-domain to the rotor; 3) Simulating turbulent wind in the form of a time-domain according to the operational conditions outlined in IEC 61400–3. In engineering practice, the first two methods are relatively simple to use, while the third one is more complex and time-consuming. However, the last approach is ideal for detailed investigations and certification calculations during the final design process when sufficient design data are available. Nonetheless, the specified approach is incompatible with the iterative nature of early design stages. Therefore, substituting steady wind with turbulent wind is more practical for FOWT design analysis in the early stages. This study aims to compare the response characteristics of FOWTs and their mooring system under both turbulent and steady wind conditions, offering insights into the design of floating offshore wind turbine.
The strong inhomogeneity of the wind makes it crucial to consider the impact of turbulent wind on the kinematics and mooring fatigue performance of FOWTs. Neglecting this factor could lead to premature damage before reaching the maximum design wind speeds and service life. Consequently, it is crucial to investigate the motion and fatigue performance of FOWTs under high and sudden wind speed fluctuations. Previous scholars have explored FOWT motion and fatigue performance under various loads using numerical simulation tools. Yang et al. (2020) examined the effects of wind–wave coupling impacts and decoupling methods on platform motion and mooring cable fatigue, concluding that neglecting coupling effects would overestimate the fatigue damage and that the surge, pitch, and yaw motions of the platform were more sensitive to aerodynamic and hydrodynamic loads. Kvittem and Moan (2015) examined the loading conditions leading to significant fatigue damage in FOWTs, identifying blade resonance and longitudinal platform motion as major contributors to short-term fatigue. Accurately capturing resonant responses is critical when selecting load cases for fatigue analysis. It is also essential to choose load cases that minimize fatigue damage for a more realistic estimation of fatigue life. Bachynski and Eliassen (2019) analyzed the response differences of three 5 MW FOWT types, namely, semi-submersible, spar, and TLP, under Mann and Kaimal turbulent wind fields. The study revealed that floating wind turbines were more sensitive to low-frequency variations than bottom-fixed offshore wind turbines, with the most significant differences in motion response and mooring cable occurring at low frequencies below wave frequency. Antonutti et al. (2016) examined the coupling effects caused by changes in the hydrodynamic behavior of a floating wind turbine under a significant inclination angle due to wind loading. Time-domain simulations reveal that both the geometrically non-linear effects of the floater and the variations in viscous hydrodynamics considerably influence the dynamics of typical floating wind turbines in wave conditions. Li H. et al. (2024), Li Y. et al. (2024) studied the transient deformations of the tower and blades of a spar-type floating wind turbine in extreme wave conditions.
Taking a simulation time wind series length of 600 s as an example, For turbulent wind, it will take 15 min. For steady wind, it only need 50 s, less than 1 min. The simulation time required for turbulent wind is 18 times that for steady wind in one case. In engineering design, thousands of total cases need to be considered. Therefore, the total calculation time for turbulent wind is much longer than that for steady wind. However, at the early of the design process, a lot of parameters need to be iterative and optimized. In such situations it would be convenient to replace the steady wind with turbulent wind to carry out the parameter optimization and iteration. This will save a lot of time. Based on this, we studied Influence of Steady and turbulent wind on the motions, mooring tension and fatigue performance of floating offshore wind turbine.
This study introduces a novel methodology for load selection in the design and optimization of floating platforms and mooring systems for offshore wind turbines. Numerical simulations are conducted using the OpenFast software. The study examines the impact of steady and turbulent winds on the motion and fatigue performance of a new floating wind turbine, featuring an enhanced steel semi-submersible with a LIFES50+ OO-Star concrete structure, offering valuable theoretical guidance and technical support for the calculations of floating wind turbine design (Wang Shuaishuai et al., 2023).
The remainder of this paper is organized as follows. Section 2 presents the methodology. Section 3 discusses the research objective. Section 4 presents the results and discussion. Finally, Section 5 concludes the study.
2 METHODOLOGY
2.1 Numerical simulation tool
Recently, the National Renewable Energy Laboratory (NREL) has developed OpenFAST, a fully coupled aerodynamic-hydrodynamic-servoelastic tool, that utilizes the boundary element method and potential flow theory (Jonkman J. M., 2009). Figure 1 illustrates the time-domain coupling process of OpenFAST. In this study, the hydrodynamic coefficients of the platform were derived using ANSYS/AQWA, while the inflow wind module was used to derive the wind loads. The HydroDyn module calculates instantaneous substructure displacements based on the buoyancy at each time step. This module directly captures the hydrostatic restoring forces using strip theory, eliminating the need for an additional stiffness matrix (Jonkman et al., 2014). The Reference Open Source Controller (ROSCO), developed by Delft University of Technology, was selected as the control system (Abbas et al., 2020). Aerodynamic efficiency was optimized by adjusting the pitch angle. Within the wind speed range between the cut-in and rated wind speeds, the wind turbine operates at peak aerodynamic efficiency. Above the rated wind speed, the turbine limits output to the rated power to protect the blade structure.
[image: Diagram with an offshore wind turbine on the left and a flowchart on the right. The flowchart includes sections for External Conditions, Applied Loads, and Wind Turbine. It details components like AeroDyn, HydroDyn, Control System, Rotor Dynamics, Nacelle Dynamics, and others, indicating interactions between systems like power generation and dynamics.]FIGURE 1 | Summary of the OpenFAST architecture and its modules.
2.2 Time domain equation of motion
FOWTs are commonly exposed to complex environmental loads, including wind, hydrodynamic, and mooring system loads. The time-domain coupled dynamic analysis model can be expressed in Equation 1:
[image: Equation showing a summation from one to six of terms involving matrices and vectors: \(\sum_{k=1}^{6} [M_{jk} + A_{jk00}]\ddot{x}_k + B_{jk}\dot{x}_k + C_{jk}x_k = F_j\).]
where [image: Mathematical notation showing three variables: \( x_k \), the first derivative \(\dot{x}_k\), and the second derivative \(\ddot{x}_k\).] refer to the position, velocity and acceleration vectors, respectively; [image: Please upload the image or provide a URL for me to generate the alternate text.] implies the overall mass matrix of the floating turbine; [image: Mathematical expression showing \( A_{jk, \infty} \).] denotes the additional mass matrix of the floating body at the infinity frequency; [image: It seems there was an issue with uploading the image. Please try uploading it again, or provide a description of the image so I can assist you better.] signifies the damping matrix of the floating turbine; [image: Please upload the image or provide a URL so that I can generate the appropriate alt text for it.] indicates the stiffness matrix of the floating turbine; [image: Please upload the image or provide a URL so I can generate the alternate text for it.] represents the wind, wave, mooring, and gravity loads, respectively, acting along the [image: Please upload the image or provide a URL, and I will help generate the alternate text for it.] degree of freedom to which the floating turbine is subjected, and [image: If you upload an image or provide a URL, I can help generate the alt text for it.] signify the ranks in the matrix, ranging from 1 to 6, respectively.
2.3 Fatigue damage calculation
The impact of loading on fatigue damage was evaluated by calculating short-term fatigue damage, focusing on specific load components, including blades, towers, and mooring cables. A MATLAB-based program developed by NREL was used to compute the short-term fatigue damage equivalent load (DEL) for each component under various environmental conditions.
DEL represents a constant-amplitude fatigue load with a fixed mean and frequency, causing damage equivalent to variable-spectrum loading. MLife calculates short-term DELs for each input time series using the S–N curve method. The rainflow-counting algorithm identifies cycle counts for different mean loads and load ranges. Short-term DELs are determined in Equations 2–5 (Hayman, 2012):
[image: Equation displaying \( D_{j}^{ST} = \Sigma \frac{n_{ji}}{N_{ji}} = \frac{n_{j}^{STeq}}{N_{j}^{STeq}} \) labeled as equation (2).]
[image: Equation showing \( n_j^{\text{seq}} = f^{\infty} T_j \) labeled as equation three.]
[image: Equation showing \(N_j^{req}\) equals \((\frac{{L^{init} - |L^{MF}|}}{{\frac{1}{2}DEL_j^{STF}}})^m\), labeled as equation \(4\).]
[image: The image shows an equation for calculating the DEL subscript j superscript STF, involving a summation of n subscript i j multiplied by parentheses of L subscript i j superscript RF to the power of m, divided by n subscript j superscript STEq, raised to the power of one over m. The equation is labeled as number five.]
where [image: If you upload an image or provide a URL, I can create alt text for it. If you have any additional context or a specific description you're looking for, feel free to include that as well.] refers to the extrapolated damage over the design lifetime due to the [image: Please upload the image or provide a URL for which you want the alternate text generated.] time-series; [image: Please upload an image or provide a URL for me to generate the alt text.] implies the extrapolated cycle counts; [image: A mathematical notation showing "N" with subscript "ji".] represents the cycles to failure; [image: Please upload the image or provide a URL so I can generate the alternate text.] signifies the DEL frequency; [image: It seems there might be an error with the input as it doesn't appear to include an actual image or link to one. Please upload the image or provide a URL, along with any additional context if needed, so I can generate accurate alt text for you.] indicates the elapsed time of j time-series; [image: Mathematical notation showing a subscript equation with "j, n sub j" and a superscript "ST eq".] denotes the total equivalent fatigue counts for j time-series; [image: Mathematical expression with subscript notation, "j," followed by "DEL" in uppercase with a superscript "STF," and a subscript "j."] indicates the DEL for j time-series around a fixed mean; and [image: The expression displays the mathematical notation for \( N_j^{eq} \).] signifies the equivalent number of cycles until failure for j time-series, and solving for [image: Mathematical expression showing "DEL" with a subscript "j" and a superscript "STF".] yields the desired result.
3 RESEARCH OBJECTIVE
3.1 Wind turbine parameters
DTU, in collaboration with Vestas, developed a reference 10 MW wind turbine as part of the Light Rotor project (Bak et al., 2012). The specifications for the DTU 10 MW wind turbine are summarized in Table 1.
TABLE 1 | Details of the of DTU 10 MW wind turbine specifications.
[image: Table displaying specifications for a wind turbine. Properties include wind speeds at cut-in, rated, and cut-out levels in meters per second; rotor hub diameter in meters; hub height in meters; rotor, nacelle, and tower mass in tonnes; maximum tip speed in meters per second; and maximum and minimum rotor speed in revolutions per minute. Values range from specific numbers like four, eleven point four, and twenty-five for wind speeds, to six and nine point six for rotor speed.]3.2 Platform parameters
This study discusses a modified steel semi-submersible floating foundation, with a concrete structure, based on the LIFES50+ OO-Star design. The sketch and key dimensions of the 10 MW steel semi-submersible platform are shown in Figure 2 (Berthelsen, 2015), with detailed parameters of the platform provided in Table 2. The natural period of the platform is listed in Table 3.
[image: Diagram showing a platform with labeled directional axes: surge (x, red), sway (y, green), and heave (z, blue). Rotational movements are labeled: roll, pitch, and yaw. Below, technical drawings detail parts with measurements annotated, indicating dimensions and structural details. A black arrow points right, labeled "Zero degree waves."]FIGURE 2 | Overview and key dimensions of the 10 MW steel based on semi-submersible platform (Wang S. et al., 2023).
TABLE 2 | The main properties of the main properties platforms.
[image: Table displaying various parameters and their values: Water depth is 130 meters, draft is 22 meters, and tower-base interface above mean sea level is 11 meters. Displacement is 24,158 x 1,000 kg, overall gravity with ballast is 21,709 x 1,000 kg. Roll and pitch inertia is 1.4462e + 10 kg·m², yaw inertia is 1.63e + 10 kg·m². Center of gravity height below sea level is 15.23 meters, center of buoyancy height below sea level is 14.236 meters.]TABLE 3 | Natural frequencies of the 10-MW wind turbine system supported on the steel platform.
[image: Table showing four columns labeled Surge, Heave, Pitch, and Yaw. Surge is 0.0061 hertz and 165 seconds. Heave is 0.0495 hertz and 20.2 seconds. Pitch is 0.0333 hertz and 30 seconds. Yaw is 0.0117 hertz and 85.5 seconds.]3.3 Mooring system parameters
Figure 3 illustrates the mooring system layout, which includes three chains arranged at a horizontal angle of 120°. The blocks were attached to each line, dividing it into two segments. Both sections, lying above and below the bundled mass, have identical chain parameters, with the upper section connected to the cable guide, measuring 160 m long. The lower section measures 543 m. Key mooring system parameters are summarized in Table 4.
[image: Diagram showing a three-blade wind turbine setup. The left side illustrates the blades labeled A, B, and C with a 120-degree angle between them. Wind direction is indicated. The right side shows a side view with measurements: tower height is 30 meters, cable distance from base is 9.5 meters, and a clump weight at 4.4 meters from the base.]FIGURE 3 | View from the top (left) and lateral (right), showing the mooring cable configuration.
TABLE 4 | Properties of the mooring system for a 10 MW steel wind platform.
[image: Table detailing various engineering properties related to mooring lines. It includes units, such as meters, Newtons, kilograms, and more, alongside corresponding values. Specific properties include number of lines, angle between lines, unstretched mooring line lengths, positions relative to mean sea level, radii, pre-tension, soil stiffness and damping, mass and weight per length, extensibility and hydrodynamic coefficients, and chain diameter. For example, the equivalent total mass in water of the clump mass is fifty thousand kilograms, and the pre-tension is one point six seven times ten to the power of six Newtons.]3.4 Environmental conditions
Table 5 presents the representative set of conditions based on the sea state in the Gulf of Maine, demonstrating the numerical model, with the wind turbulence set to level C (Pegalajar-Jurado et al., 2018). LC1–LC7 represent the FOWT operating conditions, while LC8 denotes the parked state.
TABLE 5 | Environmental conditions.
[image: Table listing eight load cases under JONSWAP wave type, with columns for wind speed in meters per second, significant wave height (Hs) in meters, and peak wave period (Tp) in seconds. Values range from 7.1 to 44.0 m/s for wind speed, 1.67 to 10.90 meters for Hs, and 8.0 to 16.0 seconds for Tp.]The three-dimensional (3D) turbulent wind field was generated in TurbSim using IEC Kaimal spectra (Jonkman B. J., 2009). This model, outlined in IEC 61400–1 s (Author Anonymous, 1999) and third (Author Anonymous, 2005) editions, defines the wind components in three directions, represented by K = u, v, and w, in Equation 6:
[image: Formula representing \( S_k(f) \) as \(\left(\frac{4\sigma_k^2 L_k}{\overline{u}_{hub}^2}\right) \div \left(1 + \frac{6f L_k}{\overline{u}_{hub}}\right)^{5/3}\), labeled as equation (6).]
where [image: Please upload the image or provide a URL so I can generate the alt text for you.] refers to the angular frequency; [image: It seems like there is no image provided. Please upload the image or provide a URL, and I will help generate the alternate text for it.] signifies the standard deviation (STD); [image: It seems like there was an error in uploading the image. Please try uploading it again so I can help generate the alt text.] denotes the integral scale parameter; and [image: Please upload the image or provide a URL for me to generate the alt text.] indicates the wind speed at the nacelle height. The IEC 61400–1 standard defines the integral scale parameter in Equation 7:
[image: Equation for \( L_k \) with three cases: \( 8.10\Lambda_u \) when \( K = u \), \( 2.70\Lambda_v \) when \( K = v \), and \( 0.66\Lambda_w \) when \( K = w \). It is labeled as equation (7).]
where [image: Certainly! Please upload the image, and I'll help generate the alternate text for it.] indicates the turbulence scale parameter, which is expressed in Equation 8:
[image: The equation `ΔV = 0.7 min(60 m, H_hub)` is presented, with a numerical label (8) on the right.]
The relationships between the STDs are defined in Equation 9:
[image: The image shows equations for standard deviations: sigma_v equals 0.8 times sigma_u, and sigma_w equals 0.5 times sigma_u, labeled as equation 9.]
where [image: It seems there's no visible image to provide alt text for. Please upload the image or provide a URL for me to assist you. Optionally, you can add a caption for context.] denotes the STD of [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.], [image: Please upload the image or provide a URL to generate alternate text. If you have a caption for additional context, you can include that too.] implies the STD of [image: Please upload the image or provide a URL, and I can generate the alternate text for it.], and the [image: Please upload the image so I can generate the appropriate alternate text for it.] indicates the STD of [image: Please upload the image or provide a URL, and I will help generate the alternate text for it.].
We present a 3D representation of the wind field time history at Uref = 11.4 m/s to highlight wind field variations, as depicted in Figure 4. The figures provided in this section offer essential insights for analyzing platform motion and load.
[image: Three-dimensional plot displaying data variation over time, with colors transitioning from blue at the bottom to red at the top, indicating increasing values. Axes represent time, horizontal position, and peak values. The color gradient signifies data magnitude, with a red peak indicating the highest value.]FIGURE 4 | Variations in the wind field at Uref = 11.4 m/s.
The irregular waves used for the calculations were based on JONSWAP wave spectra. The wave heights and spectral peak periods for different wind speeds and sea states are provided in Table 5.
4 RESULTS AND DISCUSSION
4.1 Effect of different load coupling on FOWT motion
This section examines the influence of wave loads, turbulent wind, and steady wind loads on the motion of a floating platform. The specified platform is defined by the movement and rotation around its center of mass.
With a load incidence angle of 0° and platform symmetry, only the power spectral densities of heave, surge, and pitch are evaluated. Figure 5 presents the power spectral density response of the heave under turbulent, steady, and no wind conditions for all LCs in Table 5. As illustrated in Figure 5, the power spectral density peaks around 0.1 Hz, aligning with the wave frequency. The low-frequency response is concentrated near 0.05 Hz, corresponding to the heave natural frequency.
[image: Eight graphs labeled LC1 to LC8 show power spectral density (PSD) across frequencies for scenarios with no wind, steady wind, and turbulent wind. Each graph plots frequency (hertz) on the x-axis versus PSD (deciBel/hertz) on the y-axis. Distinct patterns are observed, with varying peaks across the different conditions for each load case.]FIGURE 5 | Power spectral distribution of the platform’s heave motion. (A) LC1. (B) LC2. (C) LC3. (D) LC4. (E) LC5. (F) LC6. (G) LC7. (H) LC8.
For all LCs, the power spectral density amplitude is predominantly influenced by the wave loads. Consequently, the heave motion of FOWT is largely governed by wave loads, with minimal influence from wind loads.
Figure 6 presents the power spectral density response of the platform surge motion under steady, turbulent, and no wind conditions. For LC5–LC8, the surge motion exhibits multiple peaks, corresponding to both wind and wave frequencies.
[image: Eight graphs display Surge PSD over Frequency for different loading conditions labeled LC1 to LC8. Each plot compares data for three conditions: turbulent wind, steady wind, and no wind. Frequency ranges from 0 to 0.15 Hz, with Surge PSD values varying across graphs. Distinct peaks and patterns are visible, illustrating the effects of each wind condition on surge responses.]FIGURE 6 | Power spectral distribution of the platform’s surge motion. (A) LC1. (B) LC2. (C) LC3. (D) LC4. (E) LC5. (F) LC6. (G) LC7. (H) LC8.
The surge motion is primarily driven by the wind and wave load. The power density spectrum under turbulent wind spans 0.0001–0.012 Hz, reflecting the low-frequency nature of turbulent wind. This phenomenon leads to an increased low-frequency response and an amplified response at the natural frequency of the platform. In the parked condition (LC8), the power density spectrum of the platform motion under the steady wind is similar to that under the no-wind condition. The coupling effect of turbulent wind and waves enhances the platform’s response at its natural frequency.
Figure 7 displays the pitch power density spectra under steady, turbulent, and no wind conditions, each exhibiting different characteristics. For LC1–LC5, the low-frequency response predominates, with wave frequency having minimal impact. In contrast, for LC8, wave frequency, corresponding to 0.0625 Hz, is the dominant factor. For LC6 and LC7, multi-peaks indicate that the pitch of FOWT is influenced by both wind and wave loads. Overall, turbulent wind has a more significant effect on the pitch of FOWT than that of steady wind.
[image: Eight line graphs labeled LC1 through LC8 show the power spectral density (PSD) against frequency for different wind conditions: turbulent wind, steady wind, and no wind. Most graphs display peaks with turbulent wind, lower values with steady wind, and minimal or no peaks for no wind. Each graph has a unique frequency scale and PSD range but consistently illustrates higher PSD values for turbulent conditions.]FIGURE 7 | Power spectral distribution of the platform’s pitch motion. (A) LC1. (B) LC2. (C) LC3. (D) LC4. (E) LC5. (F) LC6. (G) LC7. (H) LC8.
Tables 6–8 present the statistical values—maximum, mean, and variance—of the platform’s heave, surge, and pitch motions. Table 6 highlights that the maximum, mean, and STD of the heave motions are similar under turbulent and steady winds. This observation supports the conclusion depicted in Figure 5 that wave loads primarily govern heave motion. Tables 7 and 8 reveal that the maximum values of surge and pitch motions under turbulent winds occur at rated wind speeds. As low-frequency winds, turbulent winds cause variations in the maximum values and STDs of the platform motions, consistent with the power density spectral responses illustrated in Figures 6, 7. The mean surge and pitch values show minimal variations between turbulent and steady winds. Therefore, non-zero mean drift values of surge and pitch under wind–wave coupling can be derived using steady wind.
TABLE 6 | Heave motion statistics.
[image: Table of statistical values for different wind and wave types across load cases LC1 to LC8. The table shows Maximum, Mean, and Standard Deviation (STD) for Steady and Turbulent wind with Irregular and Regular wave types. Values are provided in meters, showing variation in conditions such as maximum for Steady Irregular at LC7 is 2.95, while Mean for Steady Regular at LC8 is 2.76.]TABLE 7 | Surge motion statistics.
[image: Table showing various values categorized by wind type (steady, turbulent) and wave type (irregular, regular) across eight conditions (LC1 to LC8). Maximum, mean, and standard deviation (STD) values are provided, with maximum values ranging from 8.79 to 27.23, mean values from -4.32 to 20.55, and STD values from 0.13 to 3.45 across different scenarios.]TABLE 8 | Pitch motion statistics.
[image: Table comparing wave statistics across different load cases (LC1 to LC8) with wind types (steady and turbulent) and wave types (irregular and regular). Values are categorized by maximum, mean, and standard deviation.]4.2 Effect of different load coupling on mooring line tension and fatigue performance
The layout of the mooring system is symmetrically aligned with the wind and wave directions, placing mooring line 1 upwind and mooring lines 2 and 3 downwind. These results indicate that mooring line 1 experiences greater tension than lines 2 and 3 under wind and wave conditions, exhibiting the greatest maximum and average tension values. Therefore, this study emphasizes the tension and fatigue performance of mooring line 1.
Wang and Xing (Li H. et al., 2024) found that the mean values of platform mooring line tension were nearly identical, while the STDs varied under different environmental conditions. This finding aligns with the conclusion reached in Figure 8. The study investigates the effects of turbulent and steady winds, coupled with waves, on the new FOWT mooring system. The tension in mooring line 1 was compared between steady and turbulent winds, both coupled with waves.
[image: Bar chart comparing measuring line tension in newtons for different conditions across eight cases, LC1 to LC8. Red bars represent turbulent wind with irregular waves, blue for steady wind with irregular waves, and green for steady wind with regular waves. Tensions range from approximately 2.5x10^4 to 3.5x10^4 N.]FIGURE 8 | Average mooring tension with error bars based on STD.
Table 9 presents the maximum and STD values of mooring tension under various operating conditions. For LC1–LC5, using steady winds for FOWT mooring analysis yields overly conservative results, with the maximum tension reduced by 2%–26%, and the STD of tension atop the mooring cable decreased by 22%–88%. This discrepancy significantly impacts the fatigue life of the mooring system. Figures 8, 9 presents the short-term DELs of the mooring system under various operating conditions to examine the impact of both load types on fatigue life. Under operating conditions, the short-term DELs derived from the steady wind analysis are 7%–76% lower, whereas under parked conditions, they are higher. When evaluating the fatigue life of the mooring system, steady state wind analysis under operating conditions presents a dangerous estimate, while steady wind analysis under parked conditions ensures higher safety levels.
TABLE 9 | Mooring tension statistics.
[image: A table displays values related to wind and wave types under different load conditions (LC1 to LC8). It compares maximum and standard deviation (STD) values for combinations of steady or turbulent wind with irregular or regular waves. The maximum values range from 2.08E6 to 3.76E6, and STD values range from 7.34E3 to 9.15E4.][image: Bar chart comparing mooring line DEL (damage equivalent load) under different wind and wave conditions. Red bars show turbulent wind with irregular waves, blue bars show steady wind with irregular waves, and green bars show steady wind with regular waves. The x-axis represents various load cases from LC1 to LC8, and the y-axis indicates the DEL in newtons. Data shows varying impacts across the conditions, with turbulent winds generally resulting in higher DEL.]FIGURE 9 | Comparison of DEL for mooring line 1.
4.3 Effect of different load coupling on the load and fatigue properties of blade roots and tower-top/yaw bearing
Tables 10 and 11 display the statistical values of the mean and STD of the edgewise and flapwise moments at the blade root. Figure 10 illustrates the maximum bending moment at the blade root. The maximum values of the edgewise and flapwise moments at the blade root, under turbulent winds, occur at rated wind speeds. The low-frequency response of turbulent winds causes variations in both the maximum values and STDs of these moments, significantly affecting the fatigue life of the blade root. Figure 11 presents the short-term DELs under different operating conditions to assess the impact of these load types affecting the blade root’s fatigue life. Under operating conditions, short-term DELs derived from steady wind analysis are 10%–27% lower, whereas they are higher under parked conditions. This finding indicates that when analyzing the fatigue life of the blade root, the steady wind analysis under operating conditions suggests a higher risk to fatigue life, while the steady wind analysis under parked conditions offers greater safety. The mean values of the blade root moment show no significant differences between turbulent and steady winds. This observation suggests that, although turbulent winds increase peak moments and variability, the overall average load remains unchanged across both wind conditions. Resultantly, the average load values of the blade root under wind–wave coupling can be derived using steady wind conditions.
TABLE 10 | Blade 1 edgewise moment at the blade root.
[image: Table showing mean and standard deviation values in kilonewton-meters across different load cases labeled LC1 to LC8. The table lists results for steady and turbulent wind types combined with irregular and regular wave types. Mean values range from negative four hundred eighty-one to three thousand three hundred twenty-two, and standard deviations range from eight hundred twenty-nine to seven thousand five hundred eighty-two.]TABLE 11 | Blade 1 flapwise moment at the blade root.
[image: Table displaying mean and standard deviation values in kilonewton-meters for different conditions of wind and wave types across eight load cases. Wind types include steady and turbulent. Wave types include irregular and regular. Values vary across load cases LC1 to LC8, showing both mean and standard deviation under specified conditions.][image: Bar charts displaying bending and torsional moments at the root of blade one under varying conditions. Chart (a) shows flapwise bending moments, while chart (b) displays edgewise torsional moments. Each chart includes data for turbulent wind with irregular waves, steady wind with irregular waves, and steady wind with regular waves represented in red, blue, and green bars respectively. Values on the Y-axes represent the moments in Newton-meters (N.m), and the X-axes list different cases, from LC1 to LC9.]FIGURE 10 | Peak moment at the root of blade 1. (A) The bending moment in the flapwise direction at the root of blade 1. (B) The torsional moment in the edgewise direction at the root of blade 1.
[image: Bar chart showing the peak moment at the root of blade 1 under different wind and wave conditions across 10 load cases (LC1 to LC10). Red bars represent turbulent wind with irregular waves, blue for steady wind with irregular waves, and green for steady wind with regular waves. Turbulent wind consistently results in the highest peak moments, with substantial variation among load cases.]FIGURE 11 | Comparison of the short-term DEL at the blade root.
Tables 12 and 13 display the mean and STD of the roll and pitch moments at the tower top/yaw bearing. Figures 11, 12 shows the maximum bending moments at the tower top/yaw bearing for both roll and pitch. Under operating conditions, the maximum and STD values vary due to directional shifts of turbulent winds, significantly impacting the fatigue life of the tower top/yaw bearing. Figures 13–15 presents the short-term DELs under different conditions to assess the impact of these two load types on the fatigue life of the tower top/yaw bearing. During operation, the short-term DEL obtained from steady wind analysis is 70%–80% lower, while under parked conditions, it is higher. The mean moments at the tower top/yaw bearing exhibit no significant difference between turbulent and steady wind conditions. This observation suggests that, while turbulent winds increase peak moments and variability, the overall average load remains unchanged across both wind conditions. Consequently, steady winds can be used to determine the overall average load on the tower top/yaw bearing under wind–wave coupling conditions.
TABLE 12 | Tower-top/yaw bearing roll moment.
[image: Table showing values in kN·m for mean and standard deviation (STD) based on different wind and wave types, across load cases LC1 to LC8. Mean values under steady and turbulent wind with irregular and regular waves range from 1.72 to 10,816. STD values vary significantly, with turbulent winds showing higher deviations.]TABLE 13 | Tower-top/yaw bearing pitch moment.
[image: Table displaying different wind and wave types affecting load conditions. It includes mean and standard deviation values (kN·m) for conditions LC1 to LC8. Data shows variations under steady and turbulent wind, with irregular and regular waves.][image: Two bar charts depict roll and pitch moments at the tower top/yaw bearing under different wind and wave conditions. Chart (a) shows roll moments, while chart (b) shows pitch moments. Each chart includes three conditions: turbulent wind with irregular waves, steady wind with irregular waves, and steady wind with regular waves, distinguished by red, blue, and green bars, respectively. The x-axes list labels IC1 to IC6, and the y-axes measure moment magnitude. Red bars are consistently higher across both charts.]FIGURE 12 | Peak moment at the top of the tower/yaw bearing. (A) Roll moment at the tower top/yaw bearing. (B) Pitch moment at the tower top/yaw bearing.
[image: Bar chart showing peak moments at the top of the tower/yaw bearing for eight load cases (LC1 to LC8). Red bars represent turbulent wind with irregular waves, blue bars represent steady wind with irregular waves, and green bars represent steady wind with regular waves. The red bars are consistently higher across all load cases.]FIGURE 13 | Comparison of short-term DEL at the tower top.
[image: Two bar charts compare the tower-top/yaw bearing moments under turbulent and steady wind conditions. Chart (a) shows roll bending moments, and chart (b) displays pitch bending moments across eight load cases. Red bars represent turbulent wind, and blue bars represent steady wind. In both charts, turbulent wind moments are generally higher than steady wind moments, with significant differences observed in certain load cases.]FIGURE 14 | Peak bending moment at the tower-top/yaw bearing. (A) Roll bending moment at the tower-top/yaw bearing. (B) Pitch bending moment at the tower-top/yaw bearing.
[image: Bar graph comparing tower top short-time DEL for turbulent and steady wind across seven categories (labeled C1 to C7). Turbulent wind, shown in red, consistently exhibits higher DEL values than steady wind, shown in blue.]FIGURE 15 | Comparison of the short-term DEL at the tower top under turbulent and constant wind conditions.
5 CONCLUSION
This study presents a fully coupled simulation of a 10 MW floating wind turbine subjected to varying wind and wave loads. The study examines the platform motion, dynamic response, and fatigue loading of the mooring system and blade root under turbulent and steady wind conditions. The key conclusions are as follows:
The mean motions of the FOWT, derived from steady winds, and the dynamic response of the mooring system do not significantly differ from those under turbulent winds. For LC1–LC5, using steady winds to analyze the floating wind turbine motion and mooring system dynamics reveals notable differences, with maximum tension reduced by 2%–26% and the STD decreased by 22%–88%. This discrepancy highlights the significant impact of turbulent winds on the motion performance and mooring tension of FOWTs.
The average values of blade root and tower-top/yaw bearing calculated under steady wind conditions exhibit little variation when compared to those computed under turbulent wind conditions. However, under operational conditions, the analysis of steady wind reveals significant differences between the maximum values and the STD of moments at both the blade root and the tower top. Consequently, the fatigue loads at the blade root and tower top are decreased by 10%–27% and 70%–80%, respectively. In contrast, under parked conditions, short-term fatigue loads at both the blade root and tower top increase, highlighting the significant effect of turbulent wind on fatigue durability. However, for the preliminary design phase, it is suggested to use steady wind simulations to improve computational efficiency.
Considering the requirements of practical design work, it is recommended to adopt different approaches for the design of floating wind turbine mooring systems at various design stages. During the initial design stage, the steady wind method can be employed to enhance efficiency. At the detail design stage, a turbulent wind model should be used to review critical operating conditions and adjust the design parameters accordingly.
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Introduction: This study investigates the hydrodynamic and aerodynamic performance of a barge-type floating offshore wind turbine (FOWT) equipped with four moonpools and horizontal springs as mooring lines. The integration of moonpools enhances the platform’s hydrodynamic performance by increasing the moment of inertia, recovery torque, and damping effects, while the horizontal springs mitigate the tilt angle caused by wind-induced thrust moments.Methods: Numerical simulations are conducted using viscous flow theory, the Finite Volume Method (FVM), and the Volume of Fluid (VOF) method to model the fluid domain under varying wind and wave conditions.Results: The motion responses and the wind thrust at different wave periods and wind speeds are provided.Discussion: The results demonstrate that the springs effectively reduce the tilt angle and restrain heave motion across different wind speeds and waves.Keywords: floating wind turbine, barge, moonpool, viscous flow, computational fluid dynamics
1 INTRODUCTION
Energy has become a critical factor constraining social and economic development. With an increasing focus on sustainable development, the robust advancement of green energy, particularly wind energy, has become a key component of national development strategies (Shi et al., 2023). Offshore wind farms, compared to their onshore counterparts, benefit from vast areas and higher wind speeds, making them ideal for wind power generation. Additionally, the absence of terrain restrictions allows for extensive installation of wind power infrastructure (Breton and Moe, 2009).
Several types of Floating Offshore Wind Turbines (FOWT) exist, including Spar-type, tension leg platform type, semi-submersible type, and barge-type platforms. Among these, the barge-type platform, exemplified by Ideol, exhibits significant application potential because of its shallow draft, straightforward design, and ease of installation and maintenance (Ikoma et al., 2021).
Various studies have been conducted on barge-type platforms. For instance, Beyer et al. (2015) and Borisade et al. (2016) explored the motion response characteristics of the Ideol-Floatgen FOWT utilizing computational fluid dynamics (CFD) and model testing. Mayilvahanan and Selvam (2011) investigated barge-type foundations with differing aspect ratios and found that the longitudinal pitch response amplitude operator (RAO) is minimized when the aspect ratio is 1. Yang et al. (2022) and Chuang et al. (2021) optimized the principal dimensions of barge-type FOWT, assessing motion response and mooring loads through pool experiments and numerical simulations. Ikoma et al. (2019) demonstrated through numerical simulations that increasing the number of moonpools significantly enhances the hydrodynamic performance of the platform compared to using a single moonpool. Although Ikoma investigated the motion characteristics of the four moonpools floating offshore wind turbine (FOWT) equipped with a vertical axis wind turbine (VAWT), the performance of the four moonpools FOWT with a horizontal axis wind turbine (HAWT) remains uncertain. Additionally, Ikoma’s study did not account for the effects of wind.
When applying multiple moonpools, the interactions between the vibrations of water in different moonpools may affect the resonance characteristics (Lu et al., 2010; Ning et al., 2015). Tan et al. (2021) examined a barge-type platform with four moonpools to analyze the effect of the number of openings in the moonpools on the average second-order drift force that the platform experiences. Additionally, Zhai et al. (2024) and Vijay et al. (2016) combined the barge-type FOWT with aquaculture cages and wave energy devices, thereby enhancing the applicability of floating platforms.
In the study of floating wind turbines, the theoretical framework is primarily based on linear potential flow theory. While this approach simplifies the problem by disregarding the effects of fluid viscosity and nonlinear terms, such factors become critical when analyzing floating structures with a moon pool. Consequently, we utilize viscous flow theory along with the finite volume method (FVM) and volume of fluid (VOF) method to simulate the behavior of a barge-type floating wind turbine (FOWT) equipped with a moonpool under varying wind and wave conditions. Under the effect of the wind, the rotation of the turbine blades generates a thrust moment, which can lead to significant tilt of the FOWT. One important method to reduce the tilt is adding moorings to the platform, in present work we used horizontal springs to replace the moorings, and hydrodynamic and aerodynamics performance of a barge-type wind turbine are investigated systematically.
In Section 2, we introduce the physical models of the wind turbine and the barge-type floating structure. In Section 3, we outline the governing equations employed, including the RANS equations, continuity equation, VOF method, and motion equations. In Section 4, we first present the configuration for simulating the wave environment, followed by a convergence analysis, and subsequently analyze the numerical results of the motion response with respect to the effects of wind and waves.
2 DESCRIPTION OF THE SYSTEM
Figure 1 illustrates a barge-type floating wind turbine featuring four moonpools within a marine environment and some of geometric dimensions of the floating structure. Figure 2 provides a side view of the platform. The structure measures 54 m in length, 24 m in width, 9.6 m in overall height, and has a draft of 3.72 m. Within this structure, there are four moonpools, each with dimensions of 18 m in length and 6 m in width. A 5 MW wind turbine, sourced from the National Renewable Energy Laboratory (NREL), is centrally installed within the structure, as depicted in Figure 1, with the turbine’s specifications detailed in Table 1. In Figure 2, the origin of the Cartesian coordinate system is positioned at the still water surface: the x-axis is aligned with the direction of wave and wind propagation, the z-axis is perpendicular to the x-axis and oriented upward, while the y-axis is perpendicular to both the x-axis and z-axis. The total mass of the floating offshore wind turbine (FOWT) including the rotor, tower, and floating structure—is 3,198,960 kg, with the center of mass situated at the coordinates (0, 0, 2.28). Two springs have been implemented to provide mooring force, each measuring 200 m in length and exhibiting a stiffness of [image: I'm unable to view or describe the image directly from the provided formula. To assist you better, please upload the image or provide its URL, along with any relevant context or caption you'd like to include.] N/m, and are positioned parallel to the x-axis at a height of 2.28 m above the water surface,the initial tension is zero. Three degrees of freedom are accounted for in the motion: surge along the x-axis, heave along the z-axis, and pitch about the y-axis, with the center of rotation aligned with the center of mass. Under the effects of wind, the tower will deviate from the vertical position, forming a tilt angle between the tower and the vertical line.
[image: Illustration of a floating offshore wind turbine with a rectangular platform on the ocean's surface. The turbine features three blades extending from its center, casting a subtle shadow on the water.]FIGURE 1 | Visualization of a barge-type floating offshore wind turbine in the ocean.
[image: Diagram of a floating wind turbine with labeled measurements. The turbine is 87.6 meters tall, and it floats above a water depth of 320 meters. Anchor lines extend from the base to the seabed. Wind direction is indicated by arrows.]FIGURE 2 | Side view of wind turbine supported by a four-moonpool barge-type floating foundation.
TABLE 1 | Main parameters of the NREL 5 MW wind turbine.
[image: Table showing the configuration details for a three-bladed structure. Blade diameter to hub diameter is one hundred twenty-six to three meters. Tower height is eighty-seven point six meters. Diameter of the tower bottom is six meters, and the top is three point eight seven meters. Rated wind speed is eleven point four meters per second.]3 MATHEMATICAL EQUATIONS
A numerical model for incompressible fluids is established based on viscous flow theory. The computational domain is discretized using the Finite Volume Method (FVM), while the capturing of the free surface is achieved through the Volume of Fluid (VOF) method. Fluid flow is governed by the Reynolds-Averaged Navier-Stokes (RANS) equations and the continuity equation. RANS are derived from the Navier-Stokes equations by separating the flow variables into mean and fluctuating components and then averaging the resulting equations over time. For an incompressible fluid, the time averaged continuity equation and RANS can be expressed in a tensor form:
[image: Partial derivative equation showing partial derivative of rho u_i with respect to x_i equals zero, labeled as equation one.]
[image: Partial differential equation representing fluid motion dynamics. It includes time and spatial derivatives of velocity components, pressure gradient, density, and viscosity terms. The equation is numbered (2).]
where [image: Please upload the image you'd like me to describe.] is the fluid density, [image: Please upload an image or provide a URL for me to generate the alternate text. You can also add a caption if you like.] is the fluid viscosity, [image: It seems like there might be an error with the image upload or link. Please try uploading the image again or provide a URL. If there's context or a caption you'd like to add, feel free to include that as well.] is mean pressure, [image: The image shows a mathematical expression with a variable \( u \) subscripted by \( i \).], [image: It seems there was an error in displaying the image. Please try uploading the image again or provide a URL to it. If there is additional information or a caption, feel free to include that as well.] indicates the component of the average velocity, and the subscript specifies the direction (x, y, z), [image: Please upload the image or provide a URL so I can generate the alternate text for it.] is defined as the average mass force, which typically refers to gravitational acceleration within a gravitational field. The direct solution of Equations 1, 2 is particularly challenging due to the presence of Reynolds stress terms. To address this issue, the SST [image: In order to generate alt text for an image, please upload the image or provide a URL. If you have additional context or a caption, feel free to include that as well.] turbulence model (Menter, 1994) is employed to close the system of equations. The Volume of Fluid (VOF) method is used to approximate the free liquid surface.
The equations of motion including surge, heave and pitch can be written as the following Equation 3
[image: A mathematical equation showing a matrix operation. The left side is a three-by-three matrix multiplied by a four-by-one vector. The matrix entries are \( m, m, -m(z_m-z_c) \) in the first row, \( m, m, -m(x_m-x_c) \) in the second row, and \( -m(z_m-z_c), -m(x_m-x_c), I \) in the third row. The vector contains \( \frac{dv_x}{dt}, \frac{dv_z}{dt}, \frac{d\omega}{dt} \). The right side of the equation is a three-by-one vector with \( f_x, f_z, n \). Equation is labeled as \( (3) \).]
where [image: The image shows the mathematical symbol for velocity in the x-direction, denoted as "v" with a subscript "x".] and [image: It seems like there might be a formatting issue or a missing image. Please upload the image or provide a URL so I can help generate the alternate text.] are the translational velocities in x and z direction and ω is the pitch velocity with respect to y-axis of the floating body. m and I represent the total mass and rotational inertia, respectively, accounting for the contribution from the floating foundation, tower and rotor. [image: It seems there was an attempt to provide an image, but it's displaying as a mathematical equation "x subscript m minus x subscript c." If you have an image to upload, please try doing so again. You can also add a caption for additional context if needed.] and [image: Mathematical expression showing two variables: \( z_m - z_c \).] are the horizontal distance and vertical distance respectively between the mass center and rotational center. [image: It seems there was an error in uploading the image. Please try uploading the image file again or provide a URL. If you have a caption or any additional context, feel free to include that as well.] and [image: Please upload the image or provide a URL so I can generate the appropriate alt text for it.] and [image: Please upload the image or provide a URL, and I can help generate the alt text for it.] are the resultant force in the x and z direction and the resultant moment about the y-axis, respectively, including the effects of buoyancy, gravity, wave forces, and the thrust of the wind turbine.
Using a linear spring as the mooring force, the expression for the spring restoring force takes the form of Equation 4
[image: It seems you've provided a mathematical expression, not an image. Here’s a description for the expression:  The expression shows two functions: \( f_1(x) = k(x - x_0) \) and \( f_2(x) = -f_1(x) \).]
where [image: It seems there's a misunderstanding. I cannot see or analyze images directly. You can upload an image or provide a URL for me to generate alt text.] is the resilience at the first endpoint, [image: I'm sorry, I cannot see the image. Please upload the image, and I will generate the alternate text for you.] is the resilience at the second endpoint, [image: Please upload the image or provide a URL so I can generate the alternate text for you.] is the stiffness of spring, [image: Please upload the image, and I will help you generate the alt text for it.] is the distance between the two endpoints of the spring, and [image: Please upload the image you would like me to generate alt text for.] is the length of the spring in its relaxed state.
4 NUMERICAL RESULTS AND DISCUSSIONS
The Star CCM + solver is used to resolve the fluid control and motion equations. The specifications of the computational domain include a length of 900 m (along the x-axis, representing the wave propagation direction), a width of 180 m (along the y-axis), and a total height of 370 m, with 120 m beneath the mean water surface, while the remainder is air. To mitigate the effects of reflective waves from the body, damping zones are implemented on both the left and right sides of the basin, utilizing wave force techniques. Furthermore, a wind field is established at a speed of 11.4 m/s, with its propagation direction aligning with that of the waves, allowing the wind turbine to achieve its rated speed of 12 rpm.
4.1 The set of mesh and time step and comparison
This section addresses the convergence of the grid and time step. The mesh grid for the simulation is shown in Figure 3, the entire simulation area employs a cut-cell grid generator. The cut-cell grid is produced under size constraints using a hexagonal cuboid grid template, which is subsequently refined by removing the excess grid based on the surface of the input object, thereby creating the object grid. The rotational motion of the wind turbine blades is facilitated through sliding grids, while the movement of the FOWT is executed using overlapping grids. The range of the overlapping domain is at [image: Graph showing the sine function. The x-axis ranges from negative thirty to seventy, and the y-axis represents the sine values. The curve oscillates smoothly, passing through zero at regular intervals, with peaks and troughs at approximately one and negative one.], [image: Mathematical expression illustrating a variable \( y \) within the open interval from negative seventy to seventy, denoted as \( y \in (-70, 70) \).], [image: The text "z is an element of the interval (-20, 181)" is displayed.], two grid sizes (l = 1 m and l = 0.5 m) were employed in the overlapping region. Beyond the overlapping domain, the mesh size decreases gradually, and the largest mesh size is [image: Certainly! Please upload the image you want the alt text for, and I will generate it for you.]. The free surface ranging from z = −2.1 to z = 2.1 m is gradually encrypted 16 times in x direction and 64 times in z direction relative to the smallest mesh size.
[image: Diagram of a plunger in a narrow shaft surrounded by a grid-like texture. The plunger consists of a vertical rod with a square base, and it is set within a dark rectangular area at the center.]FIGURE 3 | Sketch of grids for the calculation.
To verify time step convergence, two time steps, Δt = 0.01 s and Δt = 0.005 s, are considered. The wave period is 8.13 s, and the wave height is 4.2 m. The spring parameters can be found in Section 2. The motion curves of heave and pitch for the different grid sizes and time steps are presented in Figures 4, 5. Analysis of these figures shows that the motion curves are in a good agreement, confirming that both the grid sizes and time steps are convergent. Consequently, to minimize computational time costs, a grid size of l = 1 m and a time step of Δt = 0.01 s were selected for subsequent analysis.
[image: Two line graphs are shown. The left graph plots energy versus time, displaying a decaying oscillation. The right graph plots position versus time, showing damped oscillations decreasing over time. Both graphs have labeled axes and indicate the parameter \(\gamma = 0.5\).]FIGURE 4 | Mesh convergence study.
[image: Two line graphs display data over time. The left graph shows wave heights from negative two to three units, with two lines representing time steps Δt=0.01 (solid black) and Δt=0.005 (dashed red). The right graph plots the peak values ranging from zero to twelve under the same conditions. Both graphs share a time axis from zero to seventy units.]FIGURE 5 | Time step convergence study.
4.2 Barge-type floating foundation with moonpools and springs for mooring lines
Under the effects of wind, a significant tilt angle poses considerable risks for FOWT, adding mooring lines is an effective method to decrease the tilt angle, in present work we use the horizontal springs to realize the effect of mooring lines. Under the effects of wave, the body will undertake periodic motion in three degrees of freedom, namely, surge, heave, pitch, and moonpools will exert important effects in reducing them. The wind speed is maintained at 11.4 m/s, the rotor speed at 12 rpm, and the regular wave period T and wave height H are set as 10 s and 4.2 m, respectively.
Figure 6 illustrates the time histories of motion responses and aerodynamic thrust with and without springs. For the case with springs, surge along x direction is released, while without springs, surge is fixed. It can be found that heave motion in Figure 6A is less affected by the springs, and this is also true for the amplitude of wind thrust in Figure 6C. The tilt angle with spring in Figure 6B is noticeably smaller than that without spring, this is because the spring provide additional restoring force.
[image: Three graphs comparing values with and without a spring. (A) Force versus time shows smoother oscillations with a spring (red) than without. (B) Peak displacement over time shows reduced fluctuations with a spring. (C) Break force versus time shows a lower, consistent force with a spring compared to without.]FIGURE 6 | Time histories of motion responses of the platform and thrust of wind turbine: (A) heave, (B) pitch and (C) thrust.
Figure 7 illustrates the mean values and amplitudes of heave under different wave periods (T), while Figures 8, 9 depict the pitch and thrust values, respectively. The wave height for these conditions is consistently maintained at 4.2 m. In Figure 7A, the order of mean value of heave is 10−2, and the effect of the spring is not prominent. In Figure 7B, the amplitude of heave with spring becomes smaller, the reason for this is the spring provides additional restoring force in heave direction. The spring will provide larger restoring force in rotational direction, directly reducing the tilt angle prominently, and this can be found in Figure 8A. But this is not true for the pitch amplitude in 8(B), which is also affected by the wave force, and both effects lead to larger pitch amplitude under smaller wave periods and smaller pitch amplitude at larger wave periods. The tilt angle in 8(A) becomes noticeably smaller with the spring, but the thrust with spring whereas becomes slightly larger, and this is because the effective inlet area of the fan becomes larger when tilt angle becomes smaller. The thrust amplitude in 9(B) is larger under smaller wave periods and smaller under larger wave periods with spring.
[image: Two line graphs show data over time. Graph (A) on the left plots mean value of force (meters) against time (seconds), with two lines: "without spring" (black) and "with spring" (red), both increasing gradually. Graph (B) on the right shows amplitude of force (seconds) against time, with lines "without spring" (black) and "with spring" (red), displaying more variation and a general downward trend.]FIGURE 7 | (A) Mean values and (B) amplitudes of heave at different wave periods.
[image: Two line graphs labeled (A) and (B) show the effects of time (hours) on two variables for conditions 'without spring' and 'spring.' Graph (A) compares yaw angle in degrees, with both lines showing slight changes over time. Graph (B) shows amplitude of pitch in degrees, where the 'without spring' line increases and the 'spring' line decreases over time.]FIGURE 8 | (A) Tilt angles and (B) amplitudes of pitch at different wave periods.
[image: Two line graphs comparing vibration absorption with and without springs. Graph (a) shows mean value of thrust decreasing over time in seconds, with a red line for springs and a black line without. Graph (b) displays amplitude of thrust, with similar trends.]FIGURE 9 | (A) Mean values and (B) amplitudes of thrust at different wave periods.
4.3 Barge-type floating foundation with moonpools with different wind speed
Figure 10 provides the time histories of motion responses of the platform and the thrust of the wind turbine at different wind speeds, respectively at v = 11.4 m/s, 10 m/s, 8 m/s, 6 m/s and 4 m/s, the surge degree is released through connecting two springs, and the spring parameters are the same as the above case. As the wind speed decreases, the heave in 10(A) is less affected, but both the pitch angle and aerodynamic thrust exhibit a markable decline, as illustrated in Figures 10B, D, and this is because the thrust is approximately proportional to the square of the wind speed, and directly affect the pitch angle. It is of great interest to see that the surge motion in Figure 10D actually increases at lower wind speeds, this is because at the higher wind, the tension of the spring at the windward side becomes larger, and it will restrain the surge motion of the platform.
[image: Four graphs display sinusoidal wave patterns with varying parameters. (A) shows a harmon(n) graph, (B) a patch(q) graph, (C) a spectral(n) graph, and (D) a theta(q) graph. Different colored lines represent multiple datasets: black, blue, red, purple, and orange, each labeled with different \( \alpha \) values in the legend. The x-axis represents time (t) from 0 to 70, and y-axes vary per graph, indicating different magnitudes or measures.]FIGURE 10 | The time histories of motion responses and thrust of wind turbine at different wind speeds: (A) heave, (B) pitch, (C) surge and (D) thrust.
Figures 11–13 depict the heave, pitch, and aerodynamic thrust values across varying wind speeds, with a wave period (T) of 10 s and a wave height (H) of 4.2 m. In Figure 11A, it is evident that as the wind speed increases, the mean heave values are on the order of [image: "10 raised to the power of negative 2, written as superscript."], significantly smaller than the heave amplitudes shown in Figure 11B. The heave amplitude in Figure 11B is notably smaller for the case with springs compared to that without springs. This difference arises because the springs provide an additional restoring force. As the wind speed increases, the heave amplitude without springs grows with wind speed, while only minor changes are observed for the case with springs. This demonstrates that the springs effectively restrain heave motion across varying wind speeds. In Figure 12A, the tilt angle increases with wind speed for both cases, with and without springs. This is directly attributed to the thrust being proportional to the square of the wind speed, as illustrated in Figure 13A. However, under the influence of the spring force, the tilt angle with springs is smaller than that without springs, and this difference becomes more pronounced at higher wind speeds. This indicates that the spring’s inhibitory effect on tilt becomes increasingly significant under stronger wind conditions. Although the springs reduce the platform’s tilt, they amplify the pitch amplitude and thrust amplitude. This occurs because the periodic wave force plays a more dominant role when the tilt angle is smaller.
[image: Two line graphs compare mean value and amplitude of wave with and without spring as velocity (v) increases. Graph (A) shows mean value decreases without spring and stays constant with spring. Graph (B) shows amplitude increases without spring and stays nearly constant with spring. Both graphs use red for 'with spring' and black for 'without spring'.]FIGURE 11 | (A) Mean values and (B) amplitudes of heave at different wind speeds.
[image: Two line graphs comparing tilt angle and pitch amplitude with and without a spring. Graph (a) shows tilt angle increasing with velocity, with both lines ascending, the spring line lower. Graph (b) shows pitch amplitude fluctuating, with the spring line peaking higher. Both graphs have velocity (v) on the x-axis.]FIGURE 12 | (A) Tilt angles and (B) pitch amplitudes at different wind speeds.
[image: Two line graphs compare the effect of using a spring. The left graph shows thrust value in newtons versus velocity, with a steeper increase when a spring is used. The right graph shows thrust amplitude in newtons versus velocity, also with a steeper increase when a spring is used. Both graphs use red lines for data with a spring and black lines for data without.]FIGURE 13 | (A) Mean values and (B) amplitudes of thrust at different wind speeds.
5 CONCLUSION
This study comprehensively analyzed the hydrodynamic and aerodynamic performance of a barge-type floating wind turbine equipped with four moonpools and horizontal springs as mooring lines. The work is beneficial for the choice of mooring system and vibration damping design in the real-word offshore wind farm installations.
The key findings are summarized as follows:
	(1) Because the spring provides additional restoring force, the heave amplitude becomes slightly smaller under various wave periods and wind speeds, and the mean position of heave is less affected.
	(2) Under the influence of the spring force, the tilt angles with springs are noticeably smaller than those without springs at various wave periods, and due to the thrust being proportional to the square of the wind speed, the difference of the tilt angle with and without spring becomes more pronounced at higher wind speeds. But for the amplitude of pitch, the effect of spring, wave period and wind speed all take noticeable effects.
	(3) When considering the spring, the mean value of thrust becomes slightly larger, and this is because the effective inlet area of the fan becomes larger at smaller tilt angle.
	(4) The surge motion may be larger at lower wind speeds, this is because at the higher wind, the tension force of the spring at the windward side becomes larger to withstand the tilt of the platform, and it will restrain the surge motion of the platform more tightly.
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Prabowoputra et al. (2015) Ship location, soil stiffness, and deformability
Sourne etal. (2015) Collision scenarios, the acrodynamic damping, mean wind velocity, and ship impact speed
Belactal. (2015) Fully loaded and empty conditions
Han etal. (2019) Soil-structure interaction
Zhang et al. (2014) Ship speed, impact locations, and joint thickness
Song et al. (2021) Seven collision scenarios that included head-on, maneuvering, and drifting collisions between the ship and wind turbine
Kroondijk etal. (2012) Ship mass, speed, and damage area
Dai L etal. (2013) Impact velocity, impact location, wind loads, and boundary conditions
Hao and Liu (2017) Collision position and joint strength
Bela etal. (2017) Impact locations, collision angles, and impact velocities
Gao and Zhang (2021) Gravity loads, wind velocity, attack angle, and initial momentum
Liuetal. (2022) Impact locations, collision angles, and impact velocities
Mehreganian etal. (2024) Two scenarios of impact and blast phenomena
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Load condition Fatigue damage per year

Single segment Muti-segment
Upper chain Bottom chain
Line #1 5.19E-10 7.97E-10 1.79E-10
Line #2 5.15E-10 845E-10 1.90E-10
Line #3 241E-10 6.20E-10 140E-10
Line #4 2.52E-10 674E-10 1.52E-10
Line #5 6.10E-11 .‘ 7.63E-10 172E-10
Line #6 5.76E-11 7.63E-10 1.72E-10






OPS/images/fenrg-12-1439062/math_10.gif
a1
hFrrra

0





OPS/images/fenrg-12-1502684/fenrg-12-1502684-t004.jpg
Incidence angle

90°

Minimum Maximum
Single segment i-segment Single segment
Surge/m -7.60 -9.15 348 271
Sway/m -1.04 -1.09 080 082
Heave/m -472 -4.70 363 388
Roll/(°) -0.54 -0.56 058 058
Pitch/(*) =55 -5.58 080 075
Yaw/(%) -0.35 -0.61 045 056
Surge/m -3.62 -6.12 379 220
Sway/m -12.05 -13.92 081 -0.35
Heave/m -4.01 -3.99 381 410
Roll/(°) 848 -1.25 -1.49 88
Pitch/() -23 -251 085 094
Yaw/(%) 9.18 110 7.85 1253
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Load condition ~ Wind speed V (m/s) Significant wave Period T, (s) Occurrence Running state

height (m) probability f (%)
Lcl 2 107 603 6.071 Parked
7o) 4 L1 5.88 8911
Lc3 6 118 576 14.048
LC4 8 131 567 13.923
LC5 10 148 574 14.654
LC6 12 170 588 14272
Lc7 14 191 607 8381 Normal
LC8 16 219 637 8316
LCY 18 247 6.71 4.186
LC10 20 276 699 3480
L 2 3.09 740 1534
e 2 342 780 0.974
LC13 2 376 814 0510
en 28 417 849 0.202
LCI5 | 30 446 886 | 0,09 Parked
LC16 32 479 9.12 0.050
Lc17 42 490 943 0.019
LC18 50 103 141 - Parked
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Segment Nominal diameter/(mm) Mass per unit length/(kg) Axial stiffness/(kN) Break strength/(kN)

Upper 76 134 7.54%10° 4,884

Bottom 100 2190 1.0 % 10° 8,028
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Parameters
Water depth m 60
Operational draft m 15
Displacement t 18,624
VCG m 1694
Diameter of bottom plate m 195
height of bottom plate m 5
Diameter of top plate m 1
height of top plate m 5
Length between external columns m 775
Diameter of external columns m 12
Height of external columns m 15
Diameter of centre columns m 8
Height of centre columns m 15
Ballast roll inertia about COG kgm?® 5.58¢9
Ballast pitch inertia about COG kgm?® 1.28¢10
Ballast yaw inertia about COG kgm?® 1.16e10
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Load cases
L1
Lc2

plec)

LCs

Lc7

Wave type

JONSWAP

Wind speed (m/s)

74 167 8.0
103 220 8.0
1.4 304 8.0
139 304 95
17.9 429 100
21 620 120
25.0 831 120
4.0 1090 160






OPS/images/fenrg-12-1449454/fenrg-12-1449454-g009.gif
= —
@ ... QY oz pipar






OPS/images/fenrg-12-1449817/fenrg-12-1449817-t001.jpg
Nozzle serial

Outlet diameter

Speed range

number (mm) (m/s)
No. 1 42 0.02-0.5
No. 2 12 0.5-60
No.3 87 5-120
No.4 5 5->300
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Property Unit
Number of lines ]
Angle between adjacent lines [deg] 120
Equivalent total mass in water of the clump mass [kgl 50,000
Unstretched mooring line length, upper part [m] 18
Unstretched mooring line length, lower part [m] 585
Vertical position of fairleads above MSL [m] 95
Radius to anchors from platform centreline [m] 691
Anchor position below MSL [m] 1300
Radius to fairleads from platform centreline [m] 4
Initial vertical position of clump mass below MSL [m] 9045
Initial radius to lump mass from centreline 1486
Pre tension N] L67E + 06
Soil stiffness [Pa/m] | 3.0E+06
Soil damping. [PaS/m] 30E+05
Equivalent mass per length in air [kg/m] 375.38
Equivalent weight per length in water [N/m] 3,200.6
Extensional stiffess EA N] 1506E + 09
Hydrodynamic added mass coefficient [l 08
Hydrodynamic drag coefficient [l 20
Effective hydraulic diameter of the chain [m] 0246
Physcial chain diameter [m] 0137






OPS/images/fenrg-12-1449454/fenrg-12-1449454-g008.gif
- Vorticity=02 - Vorticity=0.3 ' Vorticity=0.4

(]

Vorticity=0.6






OPS/images/fenrg-12-1449817/fenrg-12-1449817-g014.gif





OPS/images/fenrg-12-1505538/fenrg-12-1505538-t003.jpg
urge eave Pi Yaw
00061 Hz 00495 Hz 00333 Hz 00117 HZ ‘

1655 2025 30s 85.55 ‘






OPS/images/fenrg-12-1449454/fenrg-12-1449454-g007.gif
Piteh=-10* Pitch=-8° Pitch=-6"
Pithed® Pitche2” Pith=0"
Pichedt Pich6

O e

Pitch=10°

r






OPS/images/fenrg-12-1449817/fenrg-12-1449817-g013.gif





OPS/images/fenrg-12-1505538/fenrg-12-1505538-t002.jpg
Paramet: Value

Water depth(m) 130

Draft(m) 2

The tower-base interface above mean sea lever (m) 11
Displacement (x1,000 kg) 24,158
Overall gravity, including ballast (x1,000 kg) 21,709

Roll and pitch inertia about the centre of gravity (kg:m?) 1.4462¢ + 10
Yaw inertia about the centre of gravity (kg?m?) 1.63e+10

Center of gravity height below mean sea level (m) 1523
Center of buoyancy height below mean sea level (m) 14236
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Properties

\ Wind speeds at cut-in, rated, and cut-out levels (mls) 4,114,25
‘ Rotor hub diameter (m) 56,1783
Hub height (m) 19
Rotor, nacelle, and tower mass ® 229, 446, 433
Maximum tip speed (m/s) 90
Maximum and minimum rotor speed (rpm) 696
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Affili

ion Blade modeling bulence Software Abbrevi

JUST (This paper) AL LES: LDS JUSTFoam-Turbine JUST (AL-LDS-Qe.)
HEU (Yu, 2018) BEM DES [ STAR-CCM+ HEU(BEM-DES)
HEU (Zou et al, 2018) | BEM RANS: SST k-w STAR-CCM+ HEU(BEM-RANS)
SJTU (Zhao and Wan, 2015) BEM RANS: ST k-w naoe-FOAM-SJTU STU(BEM-RANS)
SJTU (Li et al, 2015) [ AL RANS: ST k-w FOWT-UALM-SJTU SJTU (AL-RANS)
UCAS (Liu, 2014) BEM RANS: Spalart-Allmaras Fluent Fluent (BEM-RANS)
UCAS (Liu et al, 2012) BEM None [ Bladed Bladed (BEM-None)

Note: (HEU, harbin engineering university; JUST, jiangsu university of science and technology; SJTU, shanghai jiao tong university; UCAS, university of chinese academy of sciences; AL,
actuator line; BEM, Body-Fitted Mesh; BEM, Blade Element Momentum).
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Case Inflow wind speed (m/s) Rotation speed (rp! le at each time step () Time step (s)  Method

Casel 3 6.93 1 0.024 AL-LDS-
Qoo
Case2 4 7.23 1 0.023 AL-LDS-
DQnew
Case3 5 7.52 1 0.022 AL-LDS-
DQnery
Cased 6 7.92 1 0.021 AL-LDS-
Qe
Cases 7 852 1 0.020 AL-LDS-
Qnew
Case6 8 921 1 0.018 AL-LDS-
Qoo
Case7 9 1030 1 0.016 AL-LDS-
Qners
Case$ 10 1149 1 0.015 AL-LDS-
Qpews
Case9 11 11.88 1 0.014 AL-LDS-
Qnew
Casel0 114 12.08 i 0.014 AL-LDS-
Qpery
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meters Values

Blades number 3

Diameter 126 m
Cut in wind speed 3mis

» Rated wind speed 114 m/s
Cut out wind speed 25 mis

Cut in rotational speed 69 rpm

Rated rotational speed 121 rpm

Rated output power 529 MW






OPS/images/fenrg-12-1449817/inline_10.gif
Th





OPS/images/fenrg-12-1505538/fenrg-12-1505538-t006.jpg
Value/m

Maximum

STD

Wind type Wave type C1 7 LGS LC4
Steady Irregular 0.064 0.096 069 050 094 222 295 426
Turbulent Irregular 0.073 o1 0129 052 096 225 29 301
Steady Regular ~0034 ~0.043 ~0014 0227 0441 1059 1486 276
Steady Irregular 014 018 -021 016 -0.14 -0.13 011 ~0.11
Turbulent Irregular -0.14 -0.18 -0.19 -0.16 ~0.14 -0.13 011 -0.09
Steady Regular -0.13 018 -020 -015 013 010 -0.06 0.8
Steady Irregular 0.055 0072 0099 0164 0255 053 068 125
turbulent Irregular 0.055 0076 ol 0165 0256 053 068 0568
Steady Regular 007 010 013 027 041 082 110 181
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Value/kN

Mean

STD

Wind type Wave type LG LC6
Steady Irregular ~1944 1,020 3636 4631 5,760
Turbulent Irregular -1929 755 3,610 4510 5883
Steady Regular ~1947 1,017 3642 4657 5,327
Steady Irregular 372 530 1297 1715 2045
Turbulent Irregular 2082 2961 5,168 5,530 1446
Steady Regular 450 655 1,595 2237 3,510
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Value/kN-m

Mean

STD

Wind type Wave type (5} 8
Steady Trregular 4274 9,384 10,816 10,814 10,821 10814 10,797 172
Turbulent Irregular 4329 9,077 10,185 10801 10805 10816 10773 0395
Steady Regular 4275 9,386 10,815 10813 10,820 10814 10,798 485
Steady Irregular 89.04 70 30,66 37.77 58.64 8448 1015 4578
Turbulent Irregular 1229 1511 1,087 33596 | 43677 | 55916 692.12 57.13
Steady Regular 1220 902 334 405 682 1069 1292 390
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Value/kN-m Wind type Wave type LC1

Mean Steady Trregular 13,221 24,595 30432 19,639 13,738 10,248 8532 0.83
Turbulent [ Irregular | 13,355 24,371 25,365 19,663 13,607 10,032 [ 8320 | 0.08

Steady Regular 7 13,221 24,600 | 30429 19,358 13,331 I 9,719 I 7,904 71873

STD Steady Trregular 456.96 85033 1,0108 2,1027 31505 39747 4,4949 | 355
Turbulent Trregular 2,488 4,898 5,492 4,597 4522 5,505 6,109 425

Steady Regular 504.17 906.97 1,097 1,648 2,600 3,852 4,548 1976
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Power output ratio

Pitch angle (°)

Power output ratio ;

WT1 (%) WT2 (%) WT1 (%) WT2 (%)
0 100.00 1849 0 100.00 1849
-2 10155 1238 2 9281 2589
-4 100.26 1345 4 8105 3505
-6 93.36 19.82 6 66.03 4781
-8 7529 2387 8 4799 6193
-10 44.47 2382 10 2675 76.96
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Value kN-m

Mean

STD

Wind type Wave type LC2 @S 4 (€15 C6
Steady Irregular 1306 2,880 3322 240 -324 -306 157 481
Turbulent Irregular 1323 2,648 2,380 4422 -230 -240 48 —414
Steady Regular 1,306 2879 3316 3204 3254 3,197 3155 259
Steady Irregular 7,540 7,506 7,468 7436 7232 6997 6,830 1174
Turbulent Irregular 7,569 7,579 7,599 7,463 7,46 7,045 6924 829
Steady Regu.lax 7,541 7,507 7,469 7,582 7,517 7,365 7219 18.1
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Pitch strategy (°)

Inflow wind speed (m/s)

Rotation speed (rpm)

WT1 WT2
Casell -10 0 114 12.08 AL-LDS-Qyery
Casel2 -8 0 114 12.08 AL-LDS-Qper
Casel3 -6 0 114 12.08 AL-LDS-Qyery
Caseld -4 0 114 12.08 AL-LDS-Q,e,
Casel5 -2 0 114 12.08 AL-LDS-Qyery
Casel6 0 0 114 1208 AL-LDS-Qpe,,
Casel7 2 0 114 12.08 AL-LDS-Qper
Casel8 4 0 114 12.08 AL-LDS-Qye,,
Casel9 6 0 114 12.08 AL-LDS-Qpen
Case20 8 0 114 12.08 AL-LDS-Qye,
Case21 10 0 114 12.08 AL-LDS-Qpen
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Value/N

Maximum

STD

Wind type Wave type LG ECS
Steady Irregular 21586 2736 31266 2.56E6 2.50E6 2.98E6 366E6 | 2.15E6
Turbulent Irregular 265E6 3.68E6 3.76E6 3.35E6 2.56E6 2.98E6 360E6 | 265E6
Steady Regular 208E6 2.59E6 2.89E6 241E6 2256 2.18E6 2.18E6 15386
Steady Irregular 1.74E4 3.56E4 6.41E4 3.96E4 5.33E4 9.15E4 1.58E5 1.74E4
Turbulent Irregular 129E5 289E5 3.01E5 163E5 6.82E4 948E4 158E5 1295
Steady Regular 7.34E3 1.73E4 3.26E4 4.21E4 5.99E4 1.27E5 2.14E5 L71E5
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Value/®

Maximum

Mean

STD

Wind type Wave type el C4 LG5 7
Steady lrmgu.‘ar 221 445 5.56 378 322 415 4.81 6.19
Turbulent Irregular 358 727 807 765 51 424 488 237
Steady Regular 2089 4275 5393 3.464 2.69 2.851 3.057 3.809
Steady Irregular 20 416 525 342 267 243 234 0097
Turbulent Irregular 199 403 4374 3432 265 239 2.305 -025
Steady Regular 199 415 523 342 266 238 229 137
Steady Irregular 0051 0072 0116 009 0.148 033 047 121
Turbulent Irregular 048 101 125 112 056 043 052 052
Steady Regular 006 008 011 003 0.02 034 055 187
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Value/

Maximum

Mean

STD

Wind type Wave type Gl LC3

Steady Irregular 1162 1882 2131 1734 164 17.45

Turbulent Irregular 1938 2723 2605 2381 17.26 1693 1933 879
Steady Regular 1099 1801 2088 1625 1451 1434 1495 0021
Steady Irregular 1082 1778 2027 1593 1414 1338 1433 108

Turbulent lrntgll]ar 107 17.11 179 15.78 14.05 13.26 14.21 279
Steady Regular 1080 17.76 2055 1566 1361 1244 12.39 -432
Steady Irregular 027 033 048 045 069 101 14 23

Turbulent Irregular 247 345 344 217 092 108 145 155
Steady Regular 013 017 023 040 063 133 1.80 306
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di/m d>/m h/m

column 05 105 04875 0.975 06 06 25 12 1,603

cone 05 1.05 04875 0.975 019 112 25 12 1,603

hemisphere 05 l 1.05 04875 0.975 019 074 25 12 1,603
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\[e} Symbols riable name Initial value Range of variation

1 Dwl-Entry Angel Design waterline entry angle at fore-body 6 1-10

2 Dwl-Fullness Design waterline fullness at fore-body 053 048-058

3 FlareDwl Tangential angle of design waterline at fore-body 356 30-40

4 Fore-Sac Section area curve at fore-body 088 085-092

5 Transom Height Transom height parameter 953 9.1-99

6 Diag-Fullness Design waterline fullness at aft-body 065 058-070

7 ‘TanAtDiag-Fullness Design waterline tangential angle at aft-body 058 05-065

8 Aft-Sac Section area curve at aft-body 092 09-0.94






OPS/images/fenrg-12-1399784/inline_21.gif





OPS/images/fenrg-12-1359957/fenrg-12-1359957-t001.jpg
Item

Length between perpendiculars/Lpp

Value

169.0

Breadth/B
Design draft/Td

Black coefficient/CB

28.4

85

0.655






OPS/images/fenrg-12-1399784/inline_202.gif





OPS/images/fenrg-12-1359957/fenrg-12-1359957-g022.gif





OPS/images/fenrg-12-1399784/inline_201.gif





OPS/images/fenrg-12-1359957/fenrg-12-1359957-g021.gif





OPS/images/fenrg-12-1399784/inline_29.gif





