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The industrial integration of offshore wind power and marine ranches has been actively explored and developed in many countries. This emerging industrial synergy can significantly improve the ecological friendliness of offshore wind power and contribute to the development of the marine economy in the region. This industrial synergy is an important development direction for future offshore engineering. Artificial reefs (ARs) are critical components of marine ranches and are widely placed around offshore wind foundations (OWFs). The ARs can block the water flow and form a complex wake region behind it, which changes the original turbulence structure and reduces scour around the OWF. Therefore, determining the arrangement of ARs for scour protection around an OWF is of great engineering significance. In this study, a three-dimensional numerical model is established using a prototype of the first offshore wind power-marine ranch demonstration project in China. The turbulent change and sediment movement between the OWF and ARs are solved using the Reynolds-averaged Navier-Stokes (RANS) and sediment transport equations. Moreover, the variations in the maximum scour depth and scour volume around the OWF at different arrangements of ARs are explored. The results demonstrate that the arrangement of ARs weakens the horseshoe vortices in front of the OWF and destroys the vortex shedding behind the OWF, thereby producing a beneficial scour protection effect. Various arrangements of ARs have different effects on scour results around the OWF. Increasing the height of the AR could significantly reduce the scour results around the OWF and play an effective role in scour protection, followed by the tandem arrangement of ARs, whereas the parallel arrangement of ARs will produce negative scour effects. This study will serve a vital guiding role in the arrangement of ARs and practical significance for scouring protection around the OWF.
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1 Introduction

The sustainable development of marine fisheries has emerged as a major global concern because of the increasing degradation of the marine environment and the global reduction of fishing resources. In many sea regions, a novel fisheries development model known as “marine ranching” is used to increase marine fisheries resources, restore ecosystem functions, and ultimately achieve sustainable use of fisheries resources (Fang et al., 2021). Alternatively, many nations are actively pursuing the development of renewable energy sources to address climate change and the increase in electricity consumption. Since wind energy has great potential as a renewable and clean energy source, offshore wind power has rapidly expanded globally over the past 20 years (Bilgili et al., 2011; Chen and Lin, 2022). However, the widespread expansion of offshore wind power and marine ranching will result in sea space overlap, which will eventually generate issues such as conflicting sea usage (Chu et al., 2022). To address this problem, Europe was the first to propose an integrated development of offshore wind facilities and marine ranching facilities. An emerging industrial synergy that significantly improves the ecological friendliness of offshore wind power and contributes to the development of the marine economy in the region is a crucial new development direction for the future (Yang et al., 2019), as shown in Figure 1A. Preliminary research has been conducted on the integrated design of offshore wind foundation (OWF) and aquaculture cages in marine ranching (Lei et al., 2021; Huang et al., 2022; Zhang et al., 2022). Artificial reefs (ARs) are vital fishery facilities in marine ranches. ARs can produce significant flow-field effects through their structures, which play a pivotal role in protecting and increasing fishery resources (Komyakova et al., 2019). Simultaneously, the change in flow around the ARs will impact the sediment movement around the OWF and ultimately affect the stability of the OWF. In order to reasonably arrange ARs to avoid aggravating the scour around the OWF, it is necessary to explore the challenges of ARs arrangement around the OWF. Therefore, scientifically arranging ARs around the OWF is of great engineering significance.




Figure 1 | Combination of marine ranching and offshore wind power: (A) combination of OWFs and ARs (Yang et al., 2019) (B) characteristics of turbulent motion around an OWF and ARs.



The scour around marine structures is an established engineering problem that results from interactions between currents, structures, and sediments. Large-diameter monopile foundations (abbreviated as “pile”) are the most commonly used foundation form of OWFs. However, their embedded depth is reduced by sediment scour, which can significantly affect OWF safety and service life (Dai et al., 2021). When the fluid flows through the pile, a horseshoe vortex is formed in front of the pile, fluid compression acceleration occurs on both sides of the pile, and vortex shedding occurs behind the pile. These vortex structures with high turbulent kinetic energy enhance the sediment transport capacity and eventually produce scour and deposition around the pile. In the past decades, many experimental and theoretical studies have been conducted on the scour phenomenon around piles under various conditions. They include (1) the scour mechanism due to diverse vortex systems (Sumer et al., 1992; Sumer and Fredsøe, 2001; Roulund et al., 2005; Jenkins et al., 2007; Baykal et al., 2015), (2) the scour development process over time and prediction of the scour balance time (McGovern et al., 2014; Ma et al., 2018; Schendel et al., 2018; Lu et al., 2022), and (3) the main factors affecting the scour results and characteristics (Zhao et al., 2010; Yao et al., 2018; Gautam et al., 2021; Chen et al., 2022; Yang Q. et al., 2022).

The focus of research has shifted to effectively protecting the seabed around the OWF from scouring as the basic theory of scour has been gradually refined. The scour protection measures of OWF are classified into active and passive protection methods. Active scour protection involves the addition of structures at the bottom of the OWF, such as collars and anchor branches (Pandey et al., 2020; Yu et al., 2020; Zhang et al., 2021). These methods can change the flow pattern at the bottom of the OWF and strengthen the ability to protect the seabed, thereby further reducing sediment transport at the junction (Yang et al., 2020; Yang F. et al., 2021; Deng et al., 2022). Active scour protection structures, such as skirted mudmat foundations, multi-bucket jacket foundations, composite bucket foundations, and skirted caisson foundations, have also been designed to solve scour damage under various complex conditions (Yu et al., 2019; Yao et al., 2020; Li et al., 2022; Lian et al., 2022; Wei et al., 2022). Passive scour protection changes the flow movement mode and seabed composition without changing the structure of the OWF, such as by placing a stone protection layer covering the sediments. This is the most widely used scour protection measure in practical engineering applications. It was found that the number of stone layers is a critical factor affecting scour results (Yang Q. et al., 2021). The scour depth decreases with an increasing number of stone layers because more layers will generate more pores to consume turbulence. Therefore, determining the size of the stone and the scope and thickness of the stone protection layer are key to achieving effective scour protection (Nielsen et al., 2013; Ma and Chen, 2021). However, some field surveys of offshore wind power around the world found that the arrangement range and thickness of stone layers are difficult to implement due to the uneven size of stones in practical engineering applications. These conditions lead to the second scour around the stone protection layer, and scours at the stone’s edge result in stone deformation, subsidence, and scour protection failure (Raaijmakers et al., 2010; Whitehouse et al., 2011). Another type of passive scour protection is the installation of several smaller diameter piles around the OWF, known as sacrificial piles, to reduce the flow velocity and shear stress around the OWFs. Research has found that the protective effect of sacrificial piles depends mainly on their number and arrangement (Wang et al., 2017; Nazari-Sharabian et al., 2020; Li et al., 2022). In the context of integration of marine ranching and offshore wind power, ARs play a similar role to sacrificial piles when placed around the OWF. Compared to other passive scour protection, using ARs as passive scour protection has significant advantages. Firstly, Each AR can be accurately placed around the OWF based on coordinates, quantitative research on the arrangement of multiple ARs can identify the optimal flow field effect to significantly protect from scour around the OWF (Liu and Su, 2013). Secondly, optimizing the structure of ARs can avoid their own scour and increase efficiency (Tang et al., 2022; Yang M. et al., 2022; Zhao et al., 2022). Besides, ARs are not “sacrificial” because they can improve the marine ecosystem around the OWF through the generated flow field effects and promote ecological benefits, such as sustainable use of species and habitats.

Combining OWFs with ARs to mitigate sediment scour is a pressing issue for future engineering endeavors (Pan et al., 2022), and no existing literature addresses this specific issue. There are two main theoretical justifications for using ARs as passive scour-protection structures for OWF. First, previous research demonstrated that ARs could effectively reduce wave and current energy, block sediment, and prevent erosion when used in conjunction with traditional breakwaters. These properties make ARs well-suited for addressing local scour and erosion issues in traditional underwater breakwaters (Srisuwan and Rattanamanee, 2015; López et al., 2016; Almeida, 2017; Kim et al., 2020; Ghiasian et al., 2021; Marin-Diaz et al., 2021; Kim et al., 2022). It is evident that ARs can attenuate waves and mitigate sediment transport. Second, the interaction of water with ARs creates a wake region that generates vortexes and contributes to the development of a recirculating water flow (Jung et al., 2022). The wake region behind ARs is widely regarded as an important habitat for fish, as it provides opportunities for shelter, feeding, spawning, and inhabitation. The ability of ARs to create these habitat areas is an essential aspect of their ecological functions. Previous research has used both experimental and numerical simulation techniques to quantify the size and range of wake regions behind ARs (Kim et al., 2016; Kim et al., 2019; Kim et al., 2021). These studies examined the relationship between the wake region range and various reef structure characteristics, including opening design, roughness, complexity, arrangement, and combination of ARs (Liu and Su, 2013; Jiang et al., 2016; Wang et al., 2018; Jiang et al., 2020; Wang et al., 2021; Jung et al., 2022; Zhou et al., 2022; Kim et al., 2022). When ARs are arranged around the OWF, the wake region can converge with the horseshoe vortex at the bottom of the OWF and disrupt the turbulent structure, reducing the transport capacity of the horseshoe vortex for sediment and providing scour protection, as shown in Figure 1B. However, no published literature has studied the interaction between ARs and the OWF, such as hydrodynamic interactions, sediment transport processes, and other engineering issues. Therefore, several issues require further investigation and analysis, such as the optimal spacing between ARs and the OWF for maximum scour protection effectiveness and the relationship between scour protection efficacy and the combination mode of multiple ARs.

It is essential to examine the impact of ARs on sediment scour in the vicinity of an OWF. In this study, a numerical model based on the first demonstration project of marine ranching and offshore wind power integration in China was developed using the computation fluid dynamics (CFD) method was used to investigate the effect of AR arrangement spacing and combination under steady flow on the turbulent structure, and sediment scours around the OWF. Section 2 presents the construction of the numerical model and related control equations, and verifies the accuracy of the numerical model. Section 3 discusses the results of simulation cases involving different parameter settings and describes the hydrodynamic characteristics and sediment transport processes between the AR and the OWF. The conclusions are given in Section 4. This research aims to fill a gap in the literature on the combination of ARs and OWF, provide valuable engineering guidance for arranging ARs around OWF, and suggest new approaches for scour protection in marine engineering.




2 Material and methods



2.1 Numerical methods

In the present study, a numerical analysis of the local scour between the OWF and ARs is conducted using the commercial CFD code FLOW-3D. The CFD code fully solved the three-dimensional transient Navier-Stokes governing equations using the Finite Difference Method (FDM) in a fixed Eulerian mesh. Automatic time-step adjustment is used to ensure the stability and convergence of the simulation. A first-order numerical scheme is used to discretize each term in the momentum equation. The Generalized Minimal Residual (GMRES) algorithm is selected to iteratively solve the linear system of pressure equations, which effectively improved the convergence of the simulation and significantly reduced the calculation time. A brief introduction to the theoretical model is provided, as described by some scholars (Nielsen et al., 2013; Zhang et al., 2017).



2.1.1 Governing equations of the flow

The Reynolds-averaged Navier-Stokes (RANS) equations closed with the renormalization group (RNG) turbulence model are regarded as the governing equations for the incompressible viscous fluid motion around the OWF and ARs. The governing equations of the flow can be divided into continuous and motion equations as follows:

 

 

	

	

where u, v, and w are the velocity components in x, y, and z directions, respectively. Ax, Ay and Az represent the area fractions open to the flow in x, y and z directions, respectively. Gx, Gy, and Gz denote the body accelerations, whereas fx, fy, and fz are the viscous accelerations in the respective directions x, y, and z. VF denotes the fractional volume open to flow, p is the average hydrodynamic pressure, and ρ is the fluid density.




2.1.2 Turbulence model

The RNG k-ϵ turbulent model is adopted in this study to investigate the local scour around the OWF and ARs because the RNG model is capable of accurately capturing the flow field recirculation and is widely used to predict turbulent motion around various offshore structures. The k and ϵ equations in the RNG model are expressed as follows:

 



where PT denotes the turbulent kinetic energy production, kT represents the specific kinetic energy associated with turbulent velocity fluctuations, GT is the turbulent energy generated by buoyancy, ϵT is the dissipation rate of the turbulent energy, Diffϵ and DiffkT are terms related to diffusion, and CDIS1, CDIS2 and CDIS3 are dimensionless parameters.




2.1.3 Sediment transport model

The sediment scour model involves two parts: setting up sediment types and their related properties, including the grain size, mass density, and angle of repose. The other is to estimate the motion of sediment (suspended sediment transport, settling, entrainment, and bed load transport) by predicting sediment erosion, advection, and deposition.

(1) Sediment starting

The entrainment lift velocity of sediment is computed as:

 

where αi represents the entrainment parameter, d* is a dimensionless parameter, and di is the diameter of the sediment. ns is the outward pointing normal to the packed-bed interface. ρi is the density of the sediment, ρf is the fluid density, and |g| is the magnitude of the acceleration of gravity g. θi indicates the local Shields parameter, θcr,i is the critical Shields parameter and computed by

 

(2) Entrainment and deposition

The equation of the settling velocity (usetting,i) and the bedload transport model proposed by Soulsby (1997) are used in the present study:

 

where vf is the kinematic viscosity of the fluid. The model introduced by Meyer-Peter (1948) is used to calculate bedload motion.

 

where Φi denotes the dimensionless bedload transport rate, whileβm is a coefficient generally set to 8.0.

(3) Suspended sediment concentration

The suspended sediment concentration is calculated by solving its own transport equation:

 

Here, Cs,i denotes the suspended sediment mass concentration, which is defined as the sediment mass per volume of the fluid-sediment mixture; Df is the diffusivity; and us,i indicates the velocity of suspended sediment.

(4) Sea bed deformation tracking

The fractional area-volume obstacle representation (FAVOR) method is used in the CFD code, which uses the volume fraction of solids within each grid to determine the surface of the solids. In the computational domain, the sand content in each grid is calculated using Equations (5)-(9). FAVOR method is used in the sediment transport model to accurately describe the shape of the seabed by calculating the area and volume fraction parameters of accumulated sediment in each grid throughout the entire scouring process.





2.2 Computational domain and meshing

This research is based on the first demonstration project on integrating offshore wind power and marine ranches in China. The offshore wind power plant is located in Laizhou Bay, Shandong Province, China, where the water depth is approximately 10 m. The sea area is a tidal current with a maximum flow velocity of approximately 0.6 m/s. A constant flow velocity of 0.6 m/s is used as the simulated flow condition, as the scour results obtained under this flow condition can be approximated as the results of tidal current (Schendel et al., 2018). The seabed sediment mainly consisted of silty clay with a median diameter (d50) of approximately 0.5 mm. The diameter of the OWF (D) is 5 m. The type of AR selected for the arrangement is shown in Figure 2A, which is widely used in the marine ranch of China, with a side length (L) of 2 m and a positive octagonal opening. The flow characteristics and scour process of this AR are fully investigated in our previous study, and the ideal design of this AR is derived and applied in this study.




Figure 2 | Mesh independence analysis: (A) distribution of the flow velocity contour near the seabed around the OWFs (B) distribution of scour depth on both sides of OWFs.



The dimensions of the computational domain are 70 m in length, 20 m in width, and 10 m in height Figure 2A, including the OWF located in the center of the domain, and a 70 m×20 m×2 m sandy seabed composed of sediment with a median diameter of 0.5 mm. The parameter settings for the simulations are listed in Table 1.


Table 1 | Numerical calculation of scouring conditions.



An appropriate mesh size is crucial to the accuracy and efficiency of numerical simulations. The independence of the mesh is investigated to find a mesh strategy with reasonable accuracy and high efficiency. As shown in Figure 3, the computational domain is discretized using a uniformly spaced structured mesh system. A nested mesh is created around the OWF and ARs to encrypt the mesh size. According to the relevant literature, the size of the nested cell is usually set between 0.03 D and 0.05 D of the OWFs, and the external cell size is usually twice the size of the nested cell. Therefore, three mesh sizes (the global mesh/nested mesh) are set to analyze the mesh independent test as follows: 0.3 m/0.15 m, 0.24 m/0.12 m, and 0.22 m/0.11 m, respectively Figure 2B. Numerical calculations of the OWF scour process are performed for the model divided by three mesh sizes at a water depth of 10 m and a flow velocity of 0.6 m/s. The calculation time is 7000 s.




Figure 3 | Calculation model and mesh strategy (A) calculation domain settings and boundary conditions (B) three different mesh sizes.



Figure 3A shows the flow velocity distribution around the OWF for three mesh sizes. It can be observed that the acceleration of the fluid on both sides of the OWF and the shedding of the vortex street behind the OWF are almost identical for the three mesh sizes. However, a smaller mesh size will produce a more detailed description of the flow separation. The scour depth distribution of the cross-section of the OWF central axis for the three mesh sizes is shown in Figure 3B. It can be seen that the scour depth generated by mesh 0.22 m/0.11 m on both sides away from the OWF is slightly greater than the other two mesh sizes. However, the scour depths generated by the three mesh sizes are nearly identical near both sides of the OWF. These three mesh sizes can precisely simulate the turbulence characteristics and sediment scours around the OWF because they are within the range of the optimal mesh size settings. Therefore, to ensure the accuracy of the calculation results and the calculation efficiency, the subsequent research and discussion will select the middle size mesh (0.24 m/0.12 m) as the mesh parameter for the calculation.




2.3 Boundary condition

First, a velocity vector of 0.6 m/s is specified at the inlet boundary. The scour model is not active, and a sufficiently long numerical channel is used to develop the flow field fully. When the boundary layer of the seabed is fully formed, it can be regarded as a fluid that has completely developed on a rough seabed. The velocity profile is intercepted as the Neumann boundary condition at the velocity inlet of the calculation domain.

At the top, the pressure is specified as standard atmospheric pressure and zero gradients. The symmetry boundary condition is adopted on the sides of the model, where the normal velocity and all gradients in the normal direction are zero. A pressure boundary condition is adopted at the outlet, where the fluid level is specified during the entire calculation period. The surfaces of the OWF and ARs are treated as no-slip wall boundaries Figure 2A.




2.4 Validation of numerical models

In the present study, the effect of the flow field changes between the ARs and OWF on the scour results is investigated. To validate the CFD models, the velocity distribution around the AR and the scour of the pile between the present simulation results and the published data are compared.



2.4.1 Validation of velocity distribution around AR

Wang et al. (2021) conducted particle image velocimetry (PIV) experiments on a symmetrical cubic porous AR model in a tank to explore the changes of flow characteristics around the AR. The velocity distribution around the AR is validated by comparing the experimental data and the present simulation results.

Figure 4A shows the velocity vector distribution of fluid flow around the AR. It can be seen that the present simulation results are in good agreement with the experimental data, and a large wake region is formed behind the AR, which is crucial for present studies. The velocity distribution along y = 0.06 m, 0.1 m, and 0.15 m are represented in Figure 4B. Slight deviations arise because of turbulent motion at locations close to the AR. In general, the comparison between the PIV experimental data and the simulated results shows good agreement, and the present numerical model can accurately simulate the flow characteristics around the AR.




Figure 4 | Numerical model calculation and verification about the flow of an AR: (A) streamline distribution around the AR (B) the velocity curve along y = 0.06 m, y = 0.1 m and y = 0.15 m respectively.






2.4.2 Validation of scour around pile

Further validation is performed by comparing the scour around a pile between the numerical results of the present study and published experimental data (Zhao et al., 2010). For comparison, the present simulations are conducted at a water depth of 0.5 m and a velocity of 0.441 m/s. The diameter of the pile is 0.1m, and the median particle size of the sediment is 0.4 mm.

A comparison of the scour depth between the present numerical simulations and the measured data is shown in Figure 5A, and the three-dimensional morphology is shown in Figure 5B. It can be seen that the numerical model can predict the maximum scour depth around the pile. The maximum scour depth generated is at the 45° side of the pile, where the flow compression acceleration causes the increase of seabed shear stress. Subsequently, the scour area starts to develop towards the front and both sides of the pile, forming a spoon-shaped scour hole. The simulated scour depths on both sides and in front of the pile are in excellent agreement with the measured data but slightly underestimated the scour range behind the pile. The variation in the maximum scour depth with time is illustrated in Figure 5C. It can be seen that a rapid scour phase occurred first for about 2000 s, then the scour rate decreases and reaches the scouring equilibrium phase at about 7000 s, with almost constant scour depth. The process produced by the numerical simulation is almost identical to the published experimental data. Although the scour depths calculated numerically in the early stages are slightly underestimated, they yield almost identical maximum scour depths, with an error of no more than 5%. As this study mainly investigates the impact of different layout parameters of ARs on the development of scour around the OWF, the present deviation value is within the acceptable range. Therefore, it is feasible and accurate to establish a three-dimensional numerical scour model to study scour around an OWF.




Figure 5 | Comparison of the present results and experimental data from (Zhao et al., 2010): (A) contour of SID at 10000 s (B) scour shapes at 10000 s (C) time development of the maximum scour depth.



After validating the velocity distribution around the AR and the scour around a pile, it can be concluded that this numerical model can capture the flow characteristics around the AR structure and accurately predict the pile scour process. The present CFD model can be applied for later investigations.





2.5 Numerical simulation group setting

The numerical simulations are divided into four groups to investigate the effects of the AR arrangement on the maximum scour depth and scour volume around the OWF, in addition to flow characteristics and scour mechanism between the ARs and OWF. First, the scouring process of a single OWF (control) is simulated, and its results are compared and analyzed with the results of subsequent studies. As shown in Figure 6, in Group I, the AR is placed at different locations on the central axis of the OWF, and the normalized distances of the ARs from the OWF (G/D) are − -1.0, -0.5, 0.5, 1.0, 2.0, and 4.0, respectively. In Groups II and III, two ARs are set in front of the OWF, and the distance between the OWF center cross section and ARs is fixed at 1.0 D. In Group II, the spacing direction of two ARs is perpendicular to the flow direction, and the normalized distance between the ARs (P/L) is set from 0 to 5.0, with an interval of 1.0. In Group III, the spacing direction of two ARs are along the flow direction with normalized spaces (T/L) of 0, 0.5, 1.0, and 2.0. In Group IV, the distance between the AR and OWF is fixed at 1.0 D, and the normalized heights of the ARs (H/L) are 1.0, 1.5, and 2.0. The specific numerical case conditions and parameter settings are shown in Figure 6 and Table 2, where G is the distance between the AR and OWF, and P and T are the horizontal and vertical spacing between the two ARs, respectively.




Figure 6 | Group of numerical calculation.




Table 2 | Parameters used in the numerical calculations.



The scour depth S and scour volume Vs are two important indicators for determining the scour results around the OWF, and are dimensionless using the diameter D and volume Vc of the OWF, respectively. S is obtained by extracting the maximum scour depth around the OWF. Vs is obtained by using MATLAB programming to fit all scour points around the OWF to a surface (Figure 7) The calculation range is 7.5 m × 20.0 m × 2.0 m, which almost contains the main scour area. The simulation time of the scour process selected is 7000 s because the purpose of this study is to examine the influence of the arrangement distance and method of ARs on scour characteristics around an OWF. This means that there may be a state where the scour equilibrium condition is not reached in some simulation cases. Further research is needed on the scour phenomenon after reaching the equilibrium conditions.




Figure 7 | Scour volume calculation process.







3 Numerical results and discussion



3.1 Influence of G/D

Figure 8A depicts the seabed surface elevation around the OWF for different distances between the AR and the OWF at the last moment. In the control case, it can be seen from the figure that the scour started at 45° on both sides of the OWF and gradually developed towards the front of the OWF. The main deposition area is located behind the scour hole and OWF and gradually expanded downstream. At G/D = -0.5, it can be observed that there is no impact on the scour results in front of and on both sides of the OWF, and only the deposition area behind the OWF extends backward. However, it can be observed that the sediment movement in front of the OWF becomes stable, and the scour pit does not extend downstream with G/D = -1.0. When the AR is located in front of the OWF (G/D = 0.5, 1.0, 2.0, and 4.0), an obvious fault phenomenon of the scour depth occurred in the scour area. The scour depth on both sides near the OWF is relatively larger than that on both sides far away from the OWF, and an obvious spoon-shaped scour hole is finally formed around the OWF. In addition, the fault phenomenon of the scour depth becomes increasingly serious as the distance between the OWF and AR increases.

The time evolutions of the scour depth and scour volume around the OWF in the control case and Group I are shown in Figures 8B, C. It can be seen from the figure that the existence of AR can effectively reduce the scour depth and scour volume around the OWF, and the change of scour depth has the following rules: G/D = 0.5< G/D = -1.0< G/D = 1.0< G/D = 2.0 = G/D = 4.0< G/D = -0.5< control. Compared with the control case, G/D = 0.5 provides the most effective scour protection, which results in a 27% reduction in scour depth. The change of scour volume around the OWF has the following rules: G/D = -1.0< G/D = 0.5< G/D = 2.0< G/D = 1.0< G/D = 4.0< G/D = -0.5< control. It can be found that the scour volume around the OWF decreases by 26% when the AR is arranged at a distance of 1.0 D directly behind the OWF. Moreover, the scour depth around the OWF changes with time owing to the AR arrangement.

The scouring process of traditional pile structure can be divided into three processes: fast scouring, slow scouring, and scour balance, similar to the scouring process of the control case in Figure 8B. However, it can be observed in Figure 8B that only G/D = 0.5 followed this process, and the other cases reached a transient scour balance at approximately 3000s, and then the scour depth began to increase gradually. However, the physical mechanism of this phenomenon requires further investigation. It can be seen from Figure 8C that the scour volume increases rapidly in the 0–2000s, and then slowly increases. The equilibrium stage is not reached because the scour volume is the calculation of the large-scale scour area around the OWF and the scour range and scour depth are always changing. Figure 8D illustrates the variation in the normalized scour depth (S/SC) and normalized scour volume (V/VC) around the OWF with the distance from the AR, where SC and VC are the scour depth and scour volume of the control case, respectively. It can be seen that the variations in the scour depth and scour volume with distance change slightly. When G/D is -1.0, the effect of the AR on reducing the scour volume around the OWF is significantly greater than the effect on the scour depth. After G/D > 1.0, the effect of AR on the scour results around the OWF became stable. In general, placing a single AR directly in front of or behind an OWF provides effective scour protection. Different distances provide different scour protection, which requires further analysis and discussion.




Figure 8 | Scour calculation results of the Group I: (A) seabed surface elevation change around the OWF (B) time evolution of the scour depth around the OWF (C) time evolution of the scour volume around the OWF (D) standardization of scour depth and scour volume.



To clarify the physical mechanism by which the presence of the AR can reduce the scour depth and scour volume around the OWF. The reasons for the different scour results caused by the different distances between the AR and the OWF are obtained. The flow velocity variation, streamline motion, turbulence intensity, vortex shedding, and shear stress distribution of the fluid around the OWF are visualized and analyzed.

Figure 9 compares the distribution of the flow velocity contour near the seabed around the OWF for the control case and Group I at the beginning of the scour. The figure shows that the flow velocity in front of the OWF decreases owing to the blocking effect of the OWF, and then the flow accelerates around the two sides of the OWF. The two sides of the OWF formed an arc-shaped fluid acceleration area. At the same time, a large slow-flow area is formed behind the OWF, and a vortex is formed in this area. However, when the AR is arranged at G/D > 0, it produces a wake region with a slower flow velocity at the interval between the OWF and AR. The wake region expands the scope of the slow flow area in front of the OWF, which eventually affects the scope of the acceleration area and the acceleration magnitude of the fluid on both sides of the OWF. The magnitude and range of fluid acceleration on both sides of the OWF are significantly reduced due to the presence of AR at G/D = 0.5, G/D = 1.0, and G/D = 2.0. However, this effect gradually decreased with increasing distance. When G/D = 4.0, the range of the acceleration region on both sides of the OWF is almost the same as that of the control case. It can be considered that under this distance condition, the effect of AR on the flow field around the OWF is not obvious. However, when G/D< 0, the effect of AR on the flow field around the OWF cannot be observed in the current view, and a more comprehensive analysis is needed in these two cases.




Figure 9 | Distribution of the flow velocity contour near the seabed around the OWF in Group I.



Bed shear stress refers to the shear drag force of the bottom flow on the bed, which is the main factor affecting the scour and deposition of the bed. The greater the shear stress, the stronger the scour capacity of the fluid on the bed surface (Yang M. et al., 2022). The shear stress distribution on both sides of the axial plane in the OWF is shown in Figure 10 for scour times of 3000 s and 7000 s. The bed shear stress on both sides of the OWF is significantly lower than that of the control case when G/D = 1.0, which indicates that AR can effectively reduce the bed shear stress around the OWF and reduce the scour depth at this distance. The shear stress on both sides of the OWF is mainly influenced by the accelerating flow that bypassed the OWF. As analyzed in the previous section, when G/D< 0, AR cannot affect the flow acceleration on either side of the OWF. Therefore, at the initial time of scour, the shear stress on both sides of the OWF at G/D = -1.0 and in the control case is almost the same. However, at the end of the scour, the shear stress and scour depths on both sides of the OWF at G/D = -1.0 are significantly less than those in the control case, which indicates that at G/D= -1.0 and G/D= 1.0, indicating the mechanism of the reduction of the scour depth is different. Therefore, the mechanism of scour protection is analyzed separately for G/D > 0 and G/D< 0 in the following section. Finally, when G/D = 4.0, the shear stress on both sides of the OWF decreased only slightly compared with the control case. This also confirms the previous conclusion that the effect of the AR on the flow field around the OWF gradually decreases with increasing distance.




Figure 10 | Shear stress distribution on both sides of the OWF in Group I.



The streamline distribution around the OWF at G/D = 0.5, G/D = 1.0, and G/D = 2.0 compared to the control case are shown in Figure 11. It can be clearly seen from the figure that the horseshoe vortex in front of the OWF and a streamlined compression at the OWF side lead to an increase in the bed shear stress, which is the main reason for the sediment scour around the OWF. In addition, the wake vortex behind the OWF developed rapidly and moved downstream, which is also the cause of scour. Significantly, the AR disrupted the horseshoe vortex system in front of the OWF, and a wake region is formed behind the ARs. This reduces the strength and size of the horseshoe vortex. This reduces the bed area controlled by the horseshoe vortex, and the AR eventually acts as scour protection for the sediments around the OWF.




Figure 11 | Streamline distribution around the OWF in Group I.



Moreover, it can also be found that as the AR gradually moves farther away from the OWF, the strength of the horseshoe vortex becomes the dominant effect. Therefore, the scour depth and volume around the OWF increase with an increase in G/D. The turbulence intensity is a dimensionless physical quantity that represents the ratio of turbulent fluctuating velocity to the average velocity. Typically, turbulence intensities greater than 10 are considered high turbulence intensity, and the high turbulence intensities around the OWF and ARs are shown in Figure 12A. The turbulence intensity on both sides of the OWF gradually increased with G/D; therefore, the scour is more violent.




Figure 12 | Turbulence structure and streamline distribution around the OWF: (A) turbulence intensity around the OWF (B) vorticity around the OWF (under Q-Criterion) (C) streamline distribution behind the OWF.



A comparison of the vortex fields of the control and G/D< 0 cases are shown in Figure 12B. The vortex alternately forms near the bed behind the OWF and sheds downstream. The vortex is broken by the AR but continued to shed when the AR is located at G/D = -0.5. However, the vortex is almost completely broken after passing through AR. When AR is located at G/D = -1.0, it does not continue to be shed due to the broken vortex, thus causing the flow behind the OWF to become more stable and the scour intensity to be reduced, which eventually has a significant scour protection effect. This phenomenon not only explains the mechanism by which ARs can effectively reduce scour depth and scour volume when G/D< 0 but also clarifies why the AR at G/D = -1.0 are more effective in reducing scour intensity than at G/D = -0.5. The streamlined distribution of the rear of the OWF in the three cases are shown in Figure 12C. The top and bottom behind the OWF formed large-scale vortex shedding in the control case. Large-scale vortex shedding causes more sediment to roll up and be transported, resulting in serious scour. The AR significantly reduced the vortex formation with the OWF and broke the vortex behind, successfully destroying the original vortex system behind the OWF and playing a significant role in scour protection.




3.2 Influence of P/L

Figure 13A shows the seabed surface elevation around the OWF under different P/L values at the last moment. Regular semicircular scour holes formed on each side of the OWF and developed in front of and behind the OWF when P/L = 0. From a previous study (Yang M. et al., 2022), it is known that the sides of the AR in the flow field form a fluid compression and accelerate the movement to the rear. At this time, the width of the AR in the present case is slightly less than the D of the OWF, which accelerates from the outer side of the AR to the two sides of the OWF. Thus, it mixes with the flow on both sides of the OWF, and accelerates the flow, resulting in the flow and scour around the two sides of the OWF being more intense. In addition, the extent of the scour hole cannot develop to the rear of the OWF with a gradual increase in P/L, but to the inner side of the two ARs, and finally form an M-shaped scour hole. The reason for this phenomenon is that with an increase in P/L, the fluid acceleration area on the inner side of the ARs starts to form gradually and converges with the acceleration area on both sides of the OWF. This causes turbulence fluctuations between the inner side of the ARs and the OWF, which eventually leads to a larger scour area.




Figure 13 | Scour calculation results of Group II: (A) seabed surface elevation change around the OWF (B) time evolution of the scour depth (C) time evolution of the scour volume (D) standardization of scour depth and scour volume.



The time evolutions of the scour depth and scour volume around the OWF in the control case and Group II are shown in Figures 13B, C. For the scour depth, it can be clearly found that the scour depth gradually decreases with the increase of P/L. When P/L< 4.0, the scour depth around OWF is greater than that of the Control case. This indicates that, within this arrangement, ARs have a negative effect on the scour depth around the OWF. The maximum scour depth occurred at P/L = 0, which is approximately 28% greater than that of the control case. When P/L = 4.0 or P/L = 5.0, the scour depth around the OWF is almost the same as that of the control case, with a difference of no more than 3%. From the development process of scour depth with time, the time to reach scour equilibrium is longer than that of the control case when P/L = 0 and P/L = 1.0. The development of the scour depth around the OWF is similar at P/L = 2.0 and P/L = 3.0. After 5000s, the scour rate decreased and gradually equilibrated. The scour development process is almost identical when P/L = 4.0 and P/L = 5.0. The difference in the final scour depth between them and the control case is no more than 3%, which indicates that when P/L > 3.0, the negative impact of ARs on the scour depth around the OWF disappears. However, the scour volume also decreased gradually with an increase in P/L. It is worth noting that except for the scour volume when P/L = 0, which is the same as that of the control case, the scour volume of the remaining five cases is less than that of the control case. The lowest scour volume is reduced by 31% compared with the control case when P/L = 5.0. This result indicates that, although the parallel arrangement of the ARs will have a negative effect on increasing the maximum scour depth around the OWF, it will positively affect the overall volume of scour occurring around the OWF. Figure 13D illustrates the variation in scour depth and scour volume around the OWF in Group II, where the scour depth and scour volume are normalized by the control case. It can be seen from the figure that the change rate of scour depth and scour volume gradually approaches 0 with the increase in P/L, indicating that at G/D = 1.0. Moreover, the P/L between the two ARs should be greater than 3.0 to avoid aggravating the maximum scour depth around the OWF.

The streamlined distribution around the OWF in Group II compared to the control case are shown in Figure 14. It can be seen that an accelerated upwelling is formed above the contact surface of the two ARs. When P/L = 0, the upwelling causes turbulent fluctuations in front of the OWF. The streamlines are compressed and accelerated on both sides of the OWF, which are the flow motion characteristics that cause severe scour. It can also be observed that with an increase in P/L, the turbulent fluctuations in front of the OWF gradually stabilize and disappear. The streamline distribution on both sides is gradually uniform, which is the reason why the scour depth decreases with an increase in P/L. In addition, the flow velocity behind the AR is low because the wake region is formed at the rear of each AR, and the bed shear stress is lower than the critical shear stress of the sediment. Therefore, it can be clearly seen that AR effectively prevents the expansion of the scour hole. However, the vortex shedding behind the OWF gradually becomes regular with an increase in P/L. These two physical phenomena led to a gradual decrease in scour volume with an increase in P/L.




Figure 14 | Streamline distribution around the OWF in Group II.






3.3 Influence of the T/L

Figure 15A depicts the seabed surface elevation around the OWF under different T/L values between the AR values at the last moment. As the wake region of the ARs increases with increasing T/L (Liu and Su, 2013), the scope of the slow-flow area between the OWF and ARs also increases. This finally leads to an expansion of the extent of sediment deposition in front of the OWF with an increase in T/L. The sediment scour pattern around the OWF is almost identical in these four cases. However, it can be found that the scour depth in the outer area of the scour hole decreases with increasing T/L.




Figure 15 | Scour calculation results of the Group III: (A) seabed surface elevation change around the OWF (B) time evolution of the scour depth around the OWF (C) time evolution of the scour volume around the OWF (D) standardization of scour depth and scour volume.



The time evolution of the scour depth and scour volume around the OWF in the control case and Group III are shown in Figures 15B, C. In this Group, ARs reduce the maximum scour depth and volume around the OWF and play an effective role in scour protection. It has the following rules for scour depth: T/L = 0< T/L = 0.5 ≈ T/L = 2.0< T/L = 1.0< control. Compared with the Control case, the minimum scour depth occurred at T/L = 0, which is approximately 21% less than the control case and reached the scour equilibrium stage at 5000s. The scour development process and final scour depth of T/L = 0.5, and T/L = 2.0 are almost the same, approximately 10% more than the control case. The maximum scour depth occurred when T/L = 1.0, which is approximately 2% less than that of the control case. However, the scour volume in Group III is noteworthy. In these four cases of Group III, the change process of the scour volume and the value at the last moment are almost the same, and the maximum difference is no more than 3%. Compared with the Control case, the scour volume around the OWF decreased by 24% (T/L = 0), 22% (T/L = 0.5), 21% (T/L = 1.0), and 23% (T/L = 2.0). However, under the condition of G/D = 1 in Group I, the scour volume is only 13% less than that in the control case. The present results show that the tandem arrangement of the ARs can significantly reduce the scour volume around the OWF, but changes in the spacing between the ARs have little effect on the scour volume, as shown in Figure 15D.

The streamlined distribution around the OWF in Group III are shown in Figure 16A. The area controlled by the horseshoe vortex in front of the OWF is similar when T/L = 0 and T/L = 0.5. The horseshoe range in front of the OWF is significantly expanded when T/L = 1.0 and T/L = 2.0. However, the scour depth around the OWF at T/L = 2.0 is lower than that at T/L = 1.0. To explore the reasons for this result, the high turbulence intensity around the OWF and Ars, when T/L = 1.0 and T/L = 2.0, are shown in Figure 16B. From the figure, it can be seen that the momentum transfer of intense turbulence occurs between the two ARs when T/L = 1.0, resulting in a higher turbulent kinetic energy of the fluids around the OWF, and ultimately, more sediment is scoured away. However, when T/L = 2.0, it can be clearly seen that the momentum transfer of turbulence between the two ARs is reduced. This also affects the kinetic energy of turbulence moving from the AR to the OWF and finally results in a lower turbulence kinetic energy around the OWF at T/L = 2.0 and a lower scour depth compared to T/L = 1.0.




Figure 16 | Flow velocity characteristics around the OWF in the Group III: (A) streamline distribution around the OWF (B) turbulence intensity around the OWF.






3.4 Influence of the H/L

Figure 17A depicts the seabed surface elevation around the OWF under different H/L values between the AR values at the last moment. The depth of the scour holes on both sides of the OWF decreased with an increase in the AR height. The higher the height of the AR, the lower the slope of the scour holes. In addition, the scour range in front of the OWF also increased with an increase in the height of the AR, as can be seen from the figure that the scour depth of the scour area outside the scour pit gradually deepened with increasing height.




Figure 17 | Scour calculation results of the Group IV: (A) seabed surface elevation change around the OWF (B) time evolution of the scour depth around the OWF (C) time evolution of the scour volume around the OWF (D) standardization of scour depth and scour volume.



The time evolutions of the scour depth and scour volume around the OWF in the control case and Group IV are shown in Figures 17B, C. The maximum scour depth around the OWF decreased gradually with increasing AR height. The minimum scour depth occurred at H/L = 2.0, which is 33% less than that of the control case.

An increase in AR height could improve the scour protection ability around the OWF. It is found that the scour depth reached the equilibrium stage at H/L = 1.5 and H/L = 2.0. In terms of scour volume, all three cases significantly reduced the scour volume of the terrain surrounding the OWF, and the results for H/L = 1.5 and H/L = 2.0 are comparable, with reductions of 32% and 31%, respectively, compared to the control case. Furthermore, no more calculation cases for the height of the AR have been set to study because of the limitation of calculation resources. However, it is still possible to find a significant decrease in the rate of change of scour depth and scour volume with height change Figure 17D. The scour depth and scour volume of H/L = 1.5 are 20% and 22% less than those of H/L = 1.0, respectively. However, the difference in scour results between H/L = 1.5 and H/L = 2.0 did not exceed 5%. In contrast, the differences in scour depth and scour volume between H/L = 1.5 and H/L = 2.0 are only 5% and 2%, respectively. The results demonstrate that although the increase in height effectively reduces scour around the OWF, there is a threshold value for the height of the AR beyond which the gain in scour protection from an increase in height is less.

Figure 18 compares the distribution of the flow velocity near the seabed around the OWF for the control case and Group IV at the beginning of the scour. The figure shows that the extent of the high-flow area on both sides of the OWF regularly decreases with an increase in the AR height. The increase in the height of the ARs will increase the height range of the wake region, and the change in the height of the wake region will affect the interaction with the horseshoe vortex (Li X. et al., 2022). The wake vortex behind the higher AR is at a higher elevation, merging with the horseshoe vortex and weakening it (Figure 19). This eventually leads to a slower flow around the OWF, lower bed shear stress, and weaker scour around the OWF as the height of the ARs increases. In the future, more cases need to be simulated to explore and obtain the optimal AR height considering both the construction cost and the effectiveness of scour protection.




Figure 18 | Distribution of the flow velocity contour near the seabed around the OWF in Group IV.






Figure 19 | Streamline distribution around the OWF in Group IV.







4 Conclusion

In this study, the potential of scour protection for OWF using ARs inspired by the mechanism of passive scour protection is evaluated numerically. A numerical model using the RANS method with the RNG k-ϵ turbulence model and sediment transport model is conducted to investigate the effects of various distances between individual AR and the OWF on flow characteristics and sediment scour changes around the OWF. Based on this, the impact of various AR arrangements on the scour process around the OWF is also analyzed. Based on the numerical results, the following conclusions are drawn.

	AR significantly reduced the scour depth and scour volume around the OWF and played a role in scour protection. The horseshoe vortex in front of the OWF is weakened by the AR and the range of fluid acceleration areas on both sides of the OWF. The shear stress on the seabed is reduced due to the effect of AR, which is the mechanism for the AR to provide a scour protection when G/D > 0. Finally, the scour depth and scour volume are reduced. G/D = 0.5 provided the most effective scour protection, which resulted in a 27.0% reduction in scour depth. The wake vortex shedding after the OWF is destroyed by the AR, which is the mechanism by which the AR provided scour protection when G/D< 0. G/D = -1.0 provided the most effective scour protection, which resulted in a 26% reduction in scour volume.

	The parallel arrangement of the ARs had a negative impact on the maximum scour depth around the OWF due to the momentum transfer and acceleration of the fluid on the inner sides of the ARs and both sides of the OWF. However, this negative effect gradually decreased with increasing P/L, and when P/L > 3.0, the negative effects completely disappeared. The parallel arrangement of ARs had a positive role in the maximum scour volume around the OWF because the range of the wake region generated by ARs increased with an increase in the P/L. P/L = 5.0 provided the most effective scour protection, which resulted in a 31% reduction in scour volume.

	The tandem arrangement of ARs effectively reduced the scour depth and scour volume around the OWF, because this arrangement affected the horseshoe vortex and reduced the turbulence intensity on both sides of the OWF. T/L = 0 provided the most effective scour protection, resulting in a 21% reduction in the scour depth. In addition, the tandem arrangement of ARs significantly reduced the scour volume around the OWF compared with a single AR. However, the change in T/L had almost no effect on the reduction in scour volume. The four current T/L cases had almost the same scour protection effect, which resulted in approximately 21%–24% of the scour volume.

	The increase in the height of the AR provided the most significant scour protection at a fixed distance from the OWF, as a higher AR produced a higher wake region and interacted more intensely with the horseshoe vortex in height. H/L = 2.0 provided the most effective scour protection, which resulted in a 33% reduction in the scour depth. There is a limit for the effect of scour protection by increasing the height of the AR, beyond which the effect of scour protection did not change.



The scour results obtained in this study can provide guidance not only for the arrangement method of ARs with OWFs, but also be applied to the arrangement method of ARs with other offshore pile structures such as submerged cage and marine ranching platforms. It also provides an innovative and more ecologically effective passive scour protection method for the traditional pile scour problem.
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