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Abstract

:

A pile–net enclosure aquaculture facility, deployed in inshore waters, is a sustainable and ecological aquaculture pattern for rearing fish and other aquatic animals of economic value in China. It is essential to study the maximum force on and deformation of the net system of a pile–net enclosure facility to prevent its failure, since successful aquaculture is highly dependent on the longevity of the net system. In this study, a pile-net enclosure aquaculture facility with a gapped pile-net configuration was numerically investigated based on the lumped mass model. A Newton’s second-law-based motion equation was solved using Euler’s method. Finally, MATLAB was used to visualize the results. The results highlight that the force of a net system significantly increases with ocean loads, and the load of the entire net is mainly from the top half of the net. Moreover, the maximum force of the vertical rope occurs at the connection of the top channel steel. The maximum force of the horizontal rope and net twine occur in the rope near the still-water level and at the connection of the top channel steel, respectively. Thus, the net at those positions should be reinforced to prevent its failure.
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1. Introduction


Net enclosure aquaculture originated in Japan around the 1920s [1]. Initially, gravel was used to build dams at the bayou of a river to farm shrimp, and this developed into the use of nets and fences to cultivate commercial fish in these waters [2]. Around the 1950s, the enclosure mode of aquaculture was introduced into China, and then it gradually expanded to nearby coastal areas [3]. With this developmental trend of switching from inland waters to the ocean, net enclosure aquaculture facilities, such as the floating–rope and pile–net types (shown in Figure 1), gradually began to advance further outwards into deep sea waters, which feature with good water quality but harsh loads. Although the long-term use of net enclosure facilities may have a certain impact on the benthic environment of the sea area, the net enclosure aquaculture facility (especially pile–net type) has become a rapidly developing ecological aquaculture model in China over the past few years. This is because of the advantages of: (1) its larger space and (2) natural-like environment, where fish can have access to the seafloor or even areas along the coastline. In addition, the vast aquaculture space allows for a sufficient range of activities for the farmed fish, and the quality of the farmed fish is significantly improved over other traditional farming modes, such as net cages, which are only enclosed water columns with no substances of the seafloor. The development of pile–net enclosure facilities is still in the early stages, and research on the extreme ocean load resistance of aquaculture facilities is insufficient. In particular, there is no such structural design theory or standard specifications for pile–net enclosure design and installation, and there are relatively few research reports on its safety assessment. As displayed in Figure 2, the existing practical pile–net enclosure facilities have different levels of structural damages (breakage of pile–net joint points, nets, and piles). Therefore, safety performance evaluations of pile–net enclosure aqua-culture facilities have become a crucial area of research.



Regarding the safety of pile–net enclosure facilities, piles and nets are the two most important components that must be considered during the stages of design and installation. For piles, the “Code for Pile Foundation of Harbor Engineering” or the “Technical code for building pile foundation” [4,5] can be referred for pile design. In this study, we primarily focused on the hydrodynamic characteristics of nets.



In recent years, great progress has been made in research on the hydrodynamic characteristics of net cages, and the relevant research results have provided a good foundation for research on the hydrodynamic characteristics of pile–net enclosure facilities. Scholars have carried out plenty of studies on the deformation of nets and the distribution of the flow field around nets and the environmental force through model experiments, sea field tests, and numerical simulations. Fredriksson et al. [6,7] used both a model experiment and a numerical model, and the results of the physical test clearly showed mooring rope tilt resonance, while the numerical model also predicted mooring rope tension. Tsukrov et al. [8] proposed a numerical simulation of finite element analysis to model the hydrodynamic response of net panels to environmental loading, and this new modeling technique has been applied to evaluate the performance of tension leg fish cages in open ocean environments. Moe et al. [9] used a numerical simulation method to show that the results can be applied to estimate deformations and loads acting on a net. Lee et al. [10] used the mass-spring model to describe the behavior of a fish cage system, and simulations can be used to evaluate the safety of large-scale, moored cage structures exposed to diverse environmental forces. Zhao et al. [11] conducted a numerical simulation of a gravity cage to investigate force, movement, and the damage to the net, floating frame, counterweight, and anchor structure under the action of waves and currents. Dong et al. [12] measured the drag force, cage deformation, and flow field inside and around a scaled net cage model, and the study can be used for optimal net cage designs. Qu et al. [13] used model experiments to study the performance of fish cages with different netting materials, mesh types, and cage depths in a uniform flow. Liu et al. [14] used the numerical simulation method to calculate the net cage mooring force under waves and current conditions. Their results can be used in the study of the connection of mooring ropes, stress concentration of collars, and fatigue analysis of the mooring material. In addition to this, physical experiments and numerical simulations have been conducted to study the fluid–structure interactions of the net structures [15]. Related studies on the flow field and hydrodynamic properties around net cages in recent years can also be found in [16,17,18]. In previous studies, research on net systems and the mooring ropes of net cages mainly adopted the lumped mass method, under the assumption of spring elements for calculation [19,20,21].



The pile–net enclosure facility is a newly-developed farming mode in China, and the related research is not systematic. Gui et al. [22] and Chen et al. [23] used the lumped mass method to study the force and displacement of the nets in pile–net structures under different wave heights and directions. Martin et al. [24,25] proposed a new coupling model based on a Lagrangian–Eulerian model and developed a new model for the simulation of large motions of porous tensile structures and their interaction with the surrounding fluid. Both are generally efficient and broadly applicable for calculating aquaculture net hydrodynamics. Yang et al. [26] proposed a one-way fluid–structure coupling model to demonstrate the influence of structural forms, flow incidence angles, and different pile–net distances on the flow-field characteristics of pile–net systems and the drag coefficient of the piles. Zhao et al. [27] used numerical simulation method to analyze the hydrodynamic loads of a trestle-netting enclosure aquaculture facility that integrates an offshore steel trestle with netting.



According to the literature, it can be found that the hydrodynamic behaviors and dynamic responses of net cages have been well investigated. However, the design of the pile–net enclosure facility relies more on the experience of local fishermen and lacks reliable theoretical techniques and valuable supporting data. Thus, seeking theoretical techniques and valuable supporting data is the primary task of this paper. Research on net cages can only provide technical support for pile–net enclosures. In this work, the net system of a pile–net enclosure aquaculture facility in use was comprehensively investigated through numerical simulations. The force distribution and deformation of the net system of the pile–net enclosure was analyzed and studied in detail, which can provide theoretical basis for the design, installation, and reinforcement of such kind of aquaculture facilities.



The remainder of this study is organized as follows. Section 2 outlines a brief overview of the numerical model and the numerical framework of this study. The mathematical formulations and numerical implementations are also included. Section 3 provides the results of the force of the net system. The water particle velocity at different depths and a comparison of the results of three conditions and net material and biofouling are discussed in Section 4. The influences of waves, pure currents, and combined waves and currents on the hydrodynamic forces are specifically analyzed. Finally, the concluding remarks are summarized in Section 5.




2. Methodology


2.1. Pile–Net-Gapped Enclosure Aquaculture Facility


A schematic diagram and photo of the pile–net-gapped enclosure facility studied in this paper are shown in Figure 3a,b. It can be seen that the left and right edges of the net were not directly tied to the piles but were connected to the piles through a horizontal rope, which is called a pile–net-gapped enclosure facility. A direct pile–net configuration means that the nets are directly fixed to the piles (Figure 3c), which has been studied by Chen et al. [23] and Yang et al. [26]. This connection method has issues, such as damage to the net twine. Thus, in this paper, the net was not directly connected to the pile; this assembly has initially been shown to be superior to the direct pile–net configuration. It is a new mode of pile–net connection that aims to prevent the net twine from breaking and to protect the net by making full use of the buffer of the vertical ropes at the vertical edges of the net. In practice, the left and right edges of the net are usually 0.2 m away from the corresponding piles. A wing net is installed to prevent fish from escaping through the gap between the net and the pile. Moreover, to avoid the farmed fish from escaping at the bottom of the net, an iron chain is attached to the bottom rope and anchored to the seabed. The distance between the adjacent horizontal ropes and that of the vertical ropes were 1.0 and 2.1 m, respectively.




2.2. Numerical Method


The rope and net twine are flexible structures, and their movements show small-scale, multiple degrees of freedom. This flexibility makes the net have a large deformation. The lumped mass model can be used to obtain the force and movement of the flexible net under ocean loads. The lumped mass points of the model are located at the ends of each net twine, and each lump mass contains one node and two net twines [11]. The net can be modeled as a series of lumped mass points that are interconnected with massless springs, as shown in Figure 4. The shape of the net is determined by calculating the displacement of these lumped mass points under waves or currents.



The forces on the lumped mass points of a net mainly include gravity, buoyancy, the tension of the net twine, and drag and inertial forces. Since the net twine of a net is a small-scale structure compared to wave lengths, the wave force acting on it can be calculated based on the Morison equation [28]. According to the structural characteristics of the net, it was assumed that the net knots at both ends of the net twine were spherical. Since the projected area of the sphere in all directions was equal, the hydrodynamic coefficient took a constant value in the direction of its motion when calculating the wave force. The twine was regarded as a cylindrical rod. During the movement of the rods, the projections in all directions are different. Therefore, when calculating the wave force, the relationship between the wave incident direction and the angle of the net twine were considered. A local coordinate system (i.e., ξ, η, and τ) was established at each net twine: the direction of τ was along the direction of the net twine; the ξ axis was perpendicular to τ in the plane composed of τ and the relative velocity of the water quality; and the η axis was in the plane composed of ξ and the water quality point, perpendicular to each other [29,30], as illustrated in Figure 5.



In the global coordinate system, the force of the nodes and the twine contained in each lumped mass point were accumulated and distributed to the lumped mass points. The motion equation of the lumped mass can be expressed by:


   (  M + Δ M  )     ∂ 2  R   ∂  t 2    =  F D  +  F I  + W + B + T  
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  W = ρ g ∀  



(6)




where  M  and   Δ M   represent the mass and added mass of the point, respectively;  W  is the gravity vector;  B  is the buoyancy vector; R is the trajectory of the mass point; T is the tension vector;    F D    and    F I    are the velocity force and inertiall force vectors, respectively;    ρ w    is the water density;  ρ  is the density of the mass point;    C m    is the added mass coefficient;    C M    is the inertial force coefficient;  ∀  is the volume of the point;  d  is the diameter of net twine;    C 1    and    C 2    are the elastic coefficients, respectively;    l 0    is the length of each side of the net twine; l is the length after deformation;    C D    is the drag coefficient; A is the projected area of the net panel;    C M    is the added mass coefficient;    V R    is the relative velocity between the water particle and the mass point; and  V  is the velocity vector of the water particle.



In this study, polyethylene material [31] was used. The study mainly focused on the pile–net-gapped enclosure site at Taohua Island, Zhoushan City, Zhejiang Province, China. Therefore, the relevant parameters were taken from the site. In order to improve the calculation efficiency, the net model for the numerical simulation in this study was simplified by the “8 × 8 mesh grouping” method. The parameters used in the numerical calculation are given in Table 1. Parameters in the numerical calculation. For the PE material, C1 = 345.3 × 106 and C2 = 1.0121. The hanging angle of the net was 48°. For the hydrodynamic coefficient part, Cd was set at 1.45. According to a study by Bessonneau et al. [32], the added mass coefficient was set as a constant for each knot and net twine; in this paper,    C m    was set to 1.45, accordingly. For the inertial force coefficient,    C  M      = 1 +     C m   .



The wave and current conditions are listed in Table 2, and a total of 16 groups of loads are investigated. The wave height and periods of the waves varied from 3 to 6 m and 4.72–7.27 s, respectively. The variation range of the current was 0.8–1.5 m/s. The wave steepness under all loads was 1/12. According to Mehaute et al. [33], the sea conditions in this research are all suitable for the scope of Stokes 3rd-order wave theory (i.e., 0.0086   ≤  H  g  T 2    ≤    0.0196 and 0.01   ≤  d  g  T 2    ≤    0.4). Thus, Stokes 3rd-order wave theory was used to calculate the water particle velocity and acceleration.



This study uses Fortran software for programming calculations, and the motion equation was solved using Euler’s method. The displacement, velocity, and acceleration of particle motion were analyzed, and the corresponding results were visualized using MATLAB.



The movement of the net was three-dimensional, and the direction of the movement was in the y–z plane. Furthermore, the incident direction of the wave was perpendicular to the net. Due to the addition of iron chains at the bottom of the net, the bottom of the net was embedded in the seabed soil, and almost no displacement occurred. Thus, the lower end was fixed during the simulation process. The wing nets had a wider distance than the gaps, with smaller gaps relative to the overall net that were stitched and fastened to the rope and pile, creating less force on the overall net at the edges. Therefore, the wing net was not involved in the calculation during the simulation process.




2.3. Model Validation


This study adopted the lumped mass method, which is consistent with the numerical simulation method developed by Gui et al. [22], Zhao et al. [11], and Chen et al. [23]. In order to verify the feasibility and validity of the numerical model, the physical model experiment was carried out in the towing tank at Zhejiang Ocean University, Zhoushan, China. The towing tank had a length of 130 m, a width of 6 m, and a depth of 3.44 m. The size of the PE net used in this study was 0.64 × 0.20 m. The experimental water depth was 0.7 m. The wave height and period were 0.050–0.250 m and 1.6 s, respectively. The experiment gave the calculation results of the maximum force of the net under wave conditions, as shown in Figure 6. The maximum relative deviation was 4.9%, which was less than ± 10%, indicating that the present numerical results matched well with the experimental measurements.





3. Results


The pile–net-gapped enclosure aquaculture facility deployed in inshore waters was affected by ocean loads. The force distribution and deformation of the net system were the two contributing key factors considered regarding its longevity in the study. We address three issues in this section: (1) how waves influence the net system; (2) how currents influence the net system; and (3) how the combined action of waves and currents influence the net system.



3.1. Influence of Waves on the Net System of a Pile–Net-Gapped Enclosure Aquaculture Facility


Figure 7 exhibits the force distribution of rope and net twine of the net in a pile–net-gapped enclosure aquaculture facility under wave loads. The results of the force distribution were obtained by numerical simulations. Since the force of the rope was much greater than that of the net twine, the force of the whole net system with the same color system could not easily be displayed. In order to make it easier to distinguish, we finally used the same colormap to represent the force of the rope and net twine. From Figure 7, we can see that the maximum force of the horizontal rope decreased with the increase in the distance from the water surface. The maximum force of the horizontal rope and vertical rope occurred near the still-water level and at the connection of the top channel steel, respectively. In addition, because most of the displacement of the net was restrained by the two vertical ropes at the connection of the top channel steel, the force was much greater than those in other positions of the ropes. However, since net twines here were pulled by these two vertical ropes, the maximum force of the net twine also occurred here. Even under the different wave loads, the maximum force positions did not change with wave loads. Thus, the net at those positions should be strengthened to prevent its failure.



It can be seen that the force distribution of the net is different under the action of waves. In order to investigate the force distribution of net, the net was divided into 42 rectangles by the ropes (see Figure 7), which were labeled as regions 1–42 from left to right and from top to bottom. The wave loads from H = 3 m to H = 4 m, force regions, and distribution showed apparent differences. The comparison between H = 3 m and H = 4 m showed a greater force position of the net changes from regions 1–regions 1–15. In addition, the greater force positions of the net under different wave loads of H = 5 and H = 6 m were distributed in regions 1–18 and regions 1–21, respectively. Regions 1–2 m above the still-water level. The corresponding distances from the water surface of regions 7–21 and 22–42 were 0–(−5) and (−5)–(−12) m, respectively. Regions 1–6 accounted for more than 27% of the force of the entire net under wave loads. From the view of the entire net, regions 1–12 were the positions with a greater force, and these regions accounted for more than 60% of the force under wave loads. The number of labeled regions changed with the increase in wave loads, but the greater force positions of the net were key factors for monitoring the failure of the net. Wave energy was attenuated with the change in the distance from the water surface under wave loads, resulting in a smaller force change in regions 22–42, which accounted for 19% of the force of the entire net.



The deformation of the net under the action of waves is shown in Figure 8. The distance to the initial plane after the maximum net deformation is defined as the maximum displacement. The maximum displacement of the bottom net increased, and the shape changed from the original approximate triangle to an ellipse. The position of the nets above the still-water level had a larger displacement. This was caused by the movement of waves from the trough to the crest, and the distance between the first and second horizontal ropes decreased. In addition, the velocity at the crest of the wave was large, and the wave force was large. Thus, the net will rush through the ropes under the action of waves. In general, near the still-water level, the elongation of the horizontal rope was longer (indicated by the black boxes in Figure 8). For vertical ropes, the maximum stretched length occurred at the top connecting channel. Since the net in these positions undertook more force and, therefore, had greater movement and deformation, these positions were also the most vulnerable areas of the net. When H = 3 and 4 m, the maximum displacement occurred in region 9 (represented by the solid, red circles in Figure 7). When H = 5 and 6 m, the maximum displacement position of the net changed from region 9 to region 14. It can be found that the region of the maximum displacement of the net moved downward as the wave increased.



When H = 3, 4, 5, and 6 m, the corresponding maximum displacements of the net were 0.45, 0.51, 0.56, and 0.60 m, respectively. Compared to H = 3 m, the maximum net displacements of H = 4, 5, and 6 m increased by 11.76%, 19.64%, and 25.00%, respectively. The displacement of the net increased with the increase in wave loads.



The maximum force magnitude of the rope and net twine under the action of waves is depicted in Figure 9. It can be seen from the figure that the maximum force of the ropes and net twine increased with the increase in wave loads. The maximum force of the ropes under the different wave heights of H = 3, 4, 5, and 6 m were 1786.22, 2671.44, 3279.75, and 3666.60 N, respectively. In addition, the maximum force of net twine under the different wave heights of H = 3, 4, 5, and 6 m were 315.81, 448.81, 528.03, and 587.80 N, respectively. In general, the maximum force of the rope was usually 6–7 times larger than that of the net twine under the same wave conditions.



The point in the pile where the net twines and ropes are fixed is called the joint point. The sum of the vector force of the ropes and the net twines acting on this point is called the force of the joint point. The distribution of the maximum force of the joint point with the distance from the water surface under the wave loads is illustrated in Figure 10. Above the still-water level, it gradually decreased with the increase in height. The maximum force of the joint point occurred at the still-water level. The maximum force of the joint point near the still-water level rapidly changed with the increase in wave loads, while the change to a deeper distance from the water surface had little influence with the increase in wave loads.



In summary, with increasing distance from the water surface, the velocity and acceleration of water particles were attenuated, and the wave force acting on the net system decreases accordingly, resulting in a decrease in the load of the whole system and a decrease in the deformation of the net system. The horizontal ropes and net twines were subjected to a greater force near the still-water level. Thus, the net at this position should be reinforced to prevent failure of the net system. Most of the force on the ropes were caused by the net twines, which was mainly transmitted by the nodules. The fixed points of the ropes were connected to the piles or the top channel steel and did not move with the movement of the wave loads. The net twines connected here will move with the action of the waves, thereby causing net twines and ropes to separate so that the force of the net twines becomes larger at the positions of the joint points. The maximum force of the joint point was found to be 0–1 m below the horizontal surface, indicating that the force of the ropes and net twines near the still-water level were greater than other positions. Thus, rope and net twine with a break load several times larger than the abovementioned force magnitude were recommended to reduce the fatigue probability during harsher ocean environments. From the view of displacement, the result reminds us that the net should avoid obstacles during practical engineering; otherwise, it will cause the net to be worn. From the view of the entire net, regions 1–12 were the positions with a greater force.



Based on the results presented above, it is evident that the positions of the maximum force of the net system occurred at the top half of the net under the wave loads. If we design and install the top half of the net with special materials or replace it frequently, and once the positions of the maximum force of the rope and net twine are reinforced, the failure of the net system will be greatly reduced.




3.2. Influence of Currents on the Net System of the Pile–Net-Gapped Enclosure Aquaculture Facility


Figure 11 presents the force distribution of the rope and net twine of the net of a pile–net-gapped enclosure aquaculture facility under current loads. It can be seen from the figure that the maximum force of the vertical rope at the connection of the top channel steel was greater than those in other positions of the ropes. Compared with the wave loads, the force of the net twines was relatively uniform under the still-water level. The force did not decrease with the change in the distance from the water surface, and it was subjected to significant force below the still-water level. In general, the force of the rope and net twine increased with the increase in current loads. However, the maximum force positions of the rope and net twine did not change with the increase in the current loads. Regions 7–42 are positions where the force was the same, and these regions account for more than 89% of the force of the entire net under current loads.



As shown in Figure 12, the deformation of the net under the action of currents was studied. The deformation from below the still-water level was relatively uniform. Compared with the wave loads, the deformation showed a great difference. In general, the deformation of the net was shown as a semi-ellipse. For the horizontal ropes, the maximum force corresponding to the maximum stretch length occurred at the position of (−1)–(−10) m under the still-water level (represented by the black boxes in Figure 12). The maximum stretched length of the vertical ropes was the same as the wave loads. Due to the uniform force, the positions of the maximum displacement occurred in regions 17, 20, 23, 26, 29, and 32, respectively. The positions of the maximum displacement did not change with the increase in the current loads. When v = 0.8, 1.0, 1.2, and 1.5 m/s, the corresponding maximum displacements were 0.38, 0.43, 0.49, and 0.56 m, respectively. Compared with v = 0.8 m/s, the maximum net displacement of v = 1.0, 1.2, and 1.5 m/s increases by 11.62%, 22.44%, and 33.22%, respectively.



The maximum force magnitude of the rope and net twine under the action of currents is shown in Figure 13. It can be seen that the rates of increase in the maximum force of the rope and the net twine were the same with the increase in the current loads. When v = 0.8, 1.0, 1.2, and 1.5 m/s, the corresponding maximum force of the ropes were 943.40, 1279.60, 1639.70, and 2225.42 N, respectively. For the net twines, the corresponding maximum forces were 121.66, 170.44, 222.59, and 306.34 N, respectively.



The maximum force of the joint point varied with the distance from the water surface under different currents, as illustrated in Figure 14. Above the still-water level, it gradually decreased with the increase in height. The maximum force of the joint point was almost the same at a distance from the water surface of (−2)–(−10) m below the still-water level, and only the joint points close to the seabed were less forced due to the fixed bottom.



Compared with the wave loads, the deformation and maximum force of the net system were different. Under the still-water level, the hydrodynamic properties of rope and net twine were the same. This was because the energy did not decrease with the increase in the distance from the water surface, and the force of the net was uniform. In this study, the maximum displacement of the net and the joint point increased with the increase in current loads.



In summary, under the current loads, the maximum deformation and force of the net system occurred below the still-water level, and the net will move to a certain position to maintain an equilibrium state. In practical engineering, if there is a sea condition where the current is the dominant ocean load (e.g., tide current), we only need to measure the maximum current and select the materials with a break load several times larger than the abovementioned force to avoid the failure of the net system.




3.3. Influence of Combined Action of Waves and Currents on the Net System of Pile–Net-Gapped Enclosure Aquaculture Facility


In the open sea, waves generally co-exist with currents, which is called the combined action of waves and currents. Figure 15 depicts the force distribution of the rope and net twine of the net of the pile–net-gapped enclosure aquaculture facility under the combined action of waves and currents. It was found that the positions of the maximum force of the rope and net twine were similar to pure wave loads. The maximum force of the horizontal rope occurred near the still-water level, and the maximum force of the vertical rope occurred at the connection of the top channel steel. The maximum force of the net twine above the still-water level occurred at the connection of the top channel steel, and the maximum force of the net twine below the still-water level occurred near an elevation of (−0.5)–(−2) m. These results suggest that reinforcement of the rope and net twine at these positions should be given a lot of attention.



Comparing pure wave and combined wave and current loads, the positional difference of the force region was small, because the latter increased the current loads. When the current of the different wave loads (H = 3, 4, 5, and 6 m) was v = 1.0 m/s, the corresponding maximum force regions were 1–15, 1–18, 1–21, and 1–24, respectively. Compared with the pure wave load (H = 3 m), the position where the net was subjected to the greater force changed from regions 1–12 to 1–15 under the combined action of the waves and current (H = 3 m, v = 1.0 m/s). Regions 1–6 accounted for more than 25% of the force of the entire net under the combined action of the wave and current loads. In addition, regions 1–15 are the positions where the force is relatively large, and these regions account for more than 64% of the force of the entire net. Regions 22–42 account for more than 26% of the force of the entire net due to the increased current load. Combined with the above analysis, the maximum force and force regions of the net are increased under the action combined of waves and currents.



As illustrated in Figure 16, the deformation of the net under the combined action of waves and currents are studied. The main positions for the maximum displacement of the net are region 11 and 14. The deformation of the net increases with the increase of wave loads when the current is 1.0 m/s or 1.2 m/s, respectively. It can be found that for the horizontal ropes, the maximum stretched length occurs near the still-water level. When v = 1.0 m/s, the maximum number of horizontal rope forces is changed from the original 3 to 5 ropes with the increase of wave loads (indicated by a black box in Figure 16). In addition, when H = 5 and 6 m, the maximum number of horizontal ropes shifts from near the still-water level to below the water level. Compared to v = 1.2 m/s, the corresponding maximum number of horizontal ropes is changed from 5 to 6 ropes.



The change of the maximum force magnitude of the rope and net twine under the combined action of the waves and currents is displayed in Figure 17. When the current (v = 1.2 m/s) was coupled with different wave heights (i.e., H = 3, 4, 5, and 6 m), the corresponding maximum force of the ropes was 4993.20, 6259.60, 6975.60, and 7440.90 N, resulting in an increase of 11.91%, 10.39%, 9.55%, and 9.09% compared with that of v = 1.0 m/s; similarly, the corresponding maximum force of the net twines was 728.88, 896.28, 990.84, and 1059.70 N, resulting in an increase of 11.15%, 9.96%, 9.20%, and 8.77% under the abovementioned same conditions. Compared with pure wave loads (H = 3, 4, 5, and 6 m), the maximum force of the ropes increases by 59.39%, 52.37%, 48.10%, and 45.80%, and that of the net twines increases by 56.67%, 49.92%, 46.71%, and 44.53%, respectively. The slope of the increase in the force on the rope is greater than that on the net twines. The study revealed that with the increase in wave loads, the increased rate of the maximum force of the net twine gradually slowed down, indicating that the net of the pile–net-gapped enclosure aquaculture facility had a better ability to protect the net twine in extreme ocean loads.



The variations in the maximum force of the joint points related to the distance from the water surface under the combined action of waves and currents is illustrated in Figure 18. Above the still-water level, the maximum force of the joint points gradually decreased with the increase in height. Under the still-water level, the maximum force of the joint points gradually decreased with the increase in the distance from the water surface. The maximum force of the joint points occurs at about 0–2 m below the still-water level. When the current (v = 1.2 m/s) is coupled with different distances from the water surface (depth = 0, −1, and −2 m), the corresponding maximum force of the joint points was 3487.52, 3746.56, and 3666.48 N, resulting in an increase of 10.57%, 11.45%, and 12.29% compared with that of v = 1.0 m/s. Compared with pure wave loads (i.e., H = 3, 4, 5, and 6 m), the maximum force of the joint points increased by 57.4%, 62.34%, and 66.35%, respectively. Compared with Figure 10, it can be seen that the shape of the maximum force was consistent with the shape of the pure wave loads.



In summary, compared with the action of pure waves and currents, the combined action of waves and currents had a great influence on the force of the net. The position of the maximum force of the rope and net twine need to be strengthened in practical engineering. The results show that with the increase in wave loads, the increase rate of the maximum force of the net twine gradually slows down. Thus, it can be found that the pile–net-gapped enclosure aquaculture facility showed better performance in extreme ocean loads. Affected by the combined action of waves and currents, the maximum force of the joint points shifted to below the still-water level compared with the pure wave loads and occurred at an elevation of approximately –2 m. In addition, regions 1–15 were the positions where the force was relatively large.



Similarly, the positions of the maximum force of the net occurred at the top half of the net under the combined action of waves and currents. To prevent occurrences of the net system’s failure, the careful selection of materials, or replacement or reinforcement of them, should be considered. Based on the results presented above, the present study provides insights into understanding the hydrodynamic behavior of pile–net-gapped enclosure aquaculture facilities in practical engineering, which is more beneficial to ensure the safety of the pile–net-gapped enclosure aquaculture facility.





4. Discussion


4.1. Effect of Water Particle Velocity at Different Depths on the Dynamics of the Net System of a Pile–Net-Gapped Enclosure Aquaculture Facility


In this study, the hydrodynamic characteristics of the net system of a pile–net-gapped enclosure aquaculture facility under three typical conditions were examined. In order to show the force distribution of the net and to avoid data repetition, we provided five groups of water particle velocities at different depths (Figure 19). From Figure 19, we can see that the water particle velocity decreased with the increase in the distance from the water surface, and it changed periodically. According to hydrodynamics, the velocity force (   F D   ) and inertiall force (   F I   ) increase when the water particle velocity ( V ) increases, which will cause the net to deform more at this position. It is easy to understand that the force of the horizontal ropes and net twines decreased with the increase in the distance from the water surface.




4.2. Comparison of the Results of the Pure Waves, Pure Currents, and Combined Action of Waves and Currents


In order to analyze the contribution of the load factors, pure waves, pure currents, and the combined action of wave and current conditions were considered for the net system. Figure 20 shows: (a) the ratio of the maximum force of the net twine in the combined action of waves and currents and the pure waves; and (b) the ratio of the maximum force of the net twine in the combined action of waves and currents and the pure currents. From Figure 20a, we can see that the force ratio decreased with the increase in wave loads when the current was 1.0 or 1.2 m/s. When the current (v = 1.2 m/s) was coupled with the wave height (H = 3 m), the maximum force ratio of the net twine was 820.37 N/315.81 N = 2.60 (with a pure wave load of H = 3 m, the maximum force of the net twine was 315.81 N). As can be seen from Figure 20b, the force ratio of the net twine increased with the increase in wave loads when the current was the same, and the minimum ratio of the net twine was 820.37 N/222.59 N = 3.68 (H = 3 m, v = 1.2 m/s), which was quite significant compared with the maximum force ratio magnitude in the combined action of waves and currents and the pure waves (as shown in Figure 20a). The results indicate that the maximum force of the net system was most significantly affected by the combined action of the waves and currents, and the contribution of the pure waves was larger than the pure currents.



In order to analyze the contribution of the load factor to the displacement, Figure 21 illustrates the change in the maximum displacement values of the net with pure waves, pure currents, and the combined wave and current conditions. When the current (v = 1.0 m/s) was coupled with different wave heights (i.e., H = 3, 4, 5, and 6 m), the corresponding maximum displacements of the net were 0.6812, 0.7396, 0.7868, and 0.8178 m, respectively. Compared with the pure wave heights (i.e., H = 3, 4, 5, and 6 m), the maximum displacement increased by 32.64%, 29.81%, 27.62%, and 25.96%, respectively. In general, at the same wave heights, the maximum displacement of the net increased with the increase in current loads. Compared with the pure wave and pure current loads, the displacement of the net under the combined influence of waves and currents was the largest. The results show that the combined action of waves and currents also had the greatest influence on the displacement of the net.




4.3. Future Prospects


There are many commonly-used materials for pile–net-gapped enclosure nets, mainly PE nets, chain-link wire nets [34], and copper alloy nets [35], etc. Copper alloy nets have the characteristics of high self-cleaning and the potential benefits associated with reduced biofouling. Due to the fact of its smooth surface, it also exhibits significantly lower resistance to currents, which corresponds to lower values of drag coefficient [36]. Figure 22 shows the practical application of a copper alloy net in pile–net-gapped enclosure engineering, which can be found at Dachen Island, China. Similar to the copper alloy net, the PE net had larger    C D    values than that of the chain-link wire net [34]. In China, pile–net-gapped enclosures mainly use PE materials, which is attributed to its low price and better fatigue resistance. The research in this paper mainly focused on PE materials; the results of other materials will be further explored in the future.



For PE materials, with the increase in the use time, the biofouling phenomenon will become increasingly serious. Due to the presence of biological fouling, the effective flow area of the mesh will reduce or even become blocked, resulting in a larger hydrodynamic load on the pile–net-gapped enclosure. According to a study by Swift et al. [37], they presented that drag of biofouling nets may be over three times that of clean nets. In a recent study, Nobakht-Kolur et al. [38] compared one clean cage and two fouled cages of different fouling lengths, and the results showed that the surge force amplitude increased the fouling by up to 72%, but the sway force amplitude decreased by up to 26%. In general, the influence of the hydrodynamic performance induced by marine biofouling attachment has a non-negligible effect on the force of nets. In addition, here, our study only discussed PE nets, which is also important for external conditions such as the impact of sediment (silt) movement on aquaculture facilities. These are all studies that need to be examined in the future.





5. Conclusions


In this paper, the hydrodynamic characteristics of the net of a pile–net-gapped enclosure aquaculture facility were studied numerically using the lumped mass method. The main conclusions are as follows:




	(i)

	
The force of the net increased rapidly with the increase in wave loads, while the changes in the force regions were quite different: with an increase in wave loads, the greater the force positions of the net changed from regions 1–12 (H = 3 m) to regions 1–21 (H = 6 m). Regions 1–12 were the positions where the force was the greatest, and these regions accounted for more than 60% of the force of the entire net under wave loads;




	(ii)

	
For pure current loads, the force of the net was uniform, since the energy did not decrease with the increase in water depth. The rope and net twine showed the same mechanical properties below the still-water level. The force and displacement of the net increased at the same rate under the currents that increased uniformly;




	(iii)

	
The combined action of waves and currents had a great influence on the force of the net. Regions 1–15 were the positions where the force was the greatest, and these regions accounted for more than 64% of the force of the entire net. Compared with a pure wave load (H = 3 m), the maximum force of the rope and net twine increased by 59.39% and 56.67% (H = 3 m, v = 1.0 m/s), respectively. This study reveals that with the strengthening of the wave loads, the increased rate of the maximum force of the net twine gradually slows down and that pile–net-gapped enclosure aquaculture facilities show better performance in extreme ocean loads;




	(iv)

	
In practical engineering, the vertical rope and horizontal rope need to be reinforced at the connection of the top channel steel and near the still-water level, respectively. The net twine needs to be reinforced at the connection of the top channel steel and near an elevation of (−0.5)–(−2) m.
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Figure 1. Photos of different net enclosure facilities: (a) floating–rope enclosure linked to the shore; (b) pile–net enclosure away from the shore; (c) pile–net enclosure linked to the shore. 
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Figure 2. Photos of damaged pile–net enclosure facilities: (a) net breakage; (b) breakage of joint points; and (c) pile breakage. 
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Figure 3. (a) Schematic diagram of a pile–net-gapped enclosure aquaculture facility (cm); (b) photo showing the details of a pile–net-gapped enclosure aquaculture facility; (c) schematic diagram of a directed pile–net configuration. 
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Figure 4. Schematic diagram of the lumped mass model. 
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Figure 5. The local coordinate system (i.e., ξ, η, and τ) used for calculating the force of net twine bars. 
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Figure 6. (a) Photo of the wave tank experiment; (b) comparison of the maximum force of the net between the numerical results and experimental results under different wave heights. 
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Figure 7. The maximum force distribution of the net system under the action of waves (the solid, red circles indicate the maximum displacement of the net system). 
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Figure 8. The maximum deformation of the net system under the action of waves (the black boxes indicate the longer length of horizontal ropes and the red boxes indicate the maximum displacement of the net system). 
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Figure 9. The maximum force of the rope and net twine under the action of waves. 
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Figure 10. The maximum force of the joint point under the action of waves. 
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Figure 11. The maximum force distribution of the net system under the action of currents (the solid, red circles indicate the maximum displacement of the net system). 
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Figure 12. The maximum deformation of the net system under the action of currents (the black boxes indicate the longer length of the horizontal ropes and the red boxes indicate the maximum displacement of the net system). 
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Figure 13. The maximum force of the rope and net twine under the action of currents. 
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Figure 14. The maximum force of the joint points under the action of currents. 
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Figure 15. The maximum force distribution of the net system under the combined action of waves and currents (the solid, red circles indicate the maximum displacement of the net system). 
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Figure 16. The maximum deformation of the net system under the combined action of waves and currents (the black boxes indicate the longer length of the horizontal ropes and the red boxes indicate the maximum displacement of the net system). 
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Figure 17. The maximum force of the rope and net twine under the combined action of waves and currents. 
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Figure 18. The maximum force of the joint points under the combined action of waves and currents. 
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Figure 19. Variations in the water particle velocity at different distances from the water surface. 
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Figure 20. (a) Force ratio of the net twine at the same wave heights with different current loads; (b) force ratio of the net twine at the same currents with different wave loads. 
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Figure 21. Maximum displacement values of the net system under the pure waves, pure currents, and the combined wave and current conditions. 
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Figure 22. Photos of a copper alloy net used in pile–net enclosure facility. 
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Table 1. Parameters in the numerical calculation.
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Component

	
Parameter

	
Value






	
Rope

	
Material

	
Polyethylene




	
Diameter

	
18 mm




	
Net

	
Material

	
Polyethylene




	
Diameter

	
3.5 mm




	
Twine length

	
80 mm




	
Shrinkage coefficient (horizontal)

	
0.66




	
Shrinkage coefficient (vertical)

	
0.75




	
Net height

	
13.44 m




	
Net width

	
6.736 m




	
Nodule

	
Material

	
Polyethylene




	
Diameter

	
10.99 mm
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Table 2. The wave and current conditions.
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Case

	
Wave Height

H (m)

	
Current

v (m/s)

	
Wave Period

T (s)

	
Note






	
1

	
3

	
0

	
4.72

	
Pure wave




	
2

	
4

	
0

	
5.58




	
3

	
5

	
0

	
6.43




	
4

	
6

	
0

	
7.27




	
5

	
0

	
0.8

	
0

	
Pure current




	
6

	
0

	
1.0

	
0




	
7

	
0

	
1.2

	
0




	
8

	
0

	
1.5

	
0




	
9

	
3

	
1.0

	
4.72

	
Wave + current




	
10

	
4

	
5.58




	
11

	
5

	
6.43




	
12

	
6

	
7.27




	
13

	
3

	
1.2

	
4.72

	
Wave + current




	
14

	
4

	
5.58




	
15

	
5

	
6.43




	
16

	
6

	
7.27
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