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This paper aims to understand the drag coefficient discrepancy between the equivalent-twine and twisted-twine nets based on their wake and turbulence characteristics. To that end, we conduct unsteady Reynolds-averaged Navier-Stokes (URANS) and the second-moment (Reynolds stress, RSM) simulations at a Reynolds number, Re=4.5×103, based on the effective diameter of the net twine, which corresponds to the subcritical flow regime. Then, the vortex structures and the turbulence statistics are assessed at AOA=90°. The results highlight that the wake interactions for the twisted-twine net are relatively strong compared to the equivalent-twine net, due to the disturbance of the helixes on the twisted twines. In comparison to the classical Karman vortex, the overall vortex shedding of these two nets is well organized. Symmetric vortices form behind the equivalent-twine net, while single vortices form behind the twisted-twine net. Moreover, the Reynolds normal and shear stresses show symmetric and anti-symmetric profiles. The addition of helixes to smooth circular cylinders changes the flow development, leading to a decrease of turbulence kinetic energy. With this understanding, engineers need to be carefully select the net type for preliminary design of marine aquaculture cages to avoid over- or underestimation of the drag forces.
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Introduction

Aquaculture farming is a sustainable method that provides food to the increasing world population. Aquaculture farms are growing in size and open-ocean farming is becoming more favorable. However, the harsh oceanic conditions in the open ocean place significant demands on the farming-system designs. Aquaculture cages must be designed to withstand harsh conditions and to provide a dependable habitat for the farmed fish. As such, it is vital to understand the hydrodynamic interactions between ocean environmental loads, for this will help improve the design of aquaculture nets/systems.

According to (Xu and Qin, 2020), physical model tests and field measurements have been conducted to understand hydrodynamic behaviors of net panels and aquaculture systems in steady flow (Bi et al., 2013; DeCew et al., 2013; Klebert and Su, 2020; Tang et al., 2021), oscillating flow (Liu et al., 2012) and waves (Fredriksson et al., 2003; Fredriksson et al., 2004; Lader et al., 2007; Zhao et al., 2008; Park et al., 2021). Many experimental tests examined the biofouling effects on net panels (Swift et al., 2006; Bi et al., 2018; Bi et al., 2020). These experimental studies evaluate hydrodynamic behaviors of net panels based on the angle of attack, α, the solidity ratio, Sn, and the Reynolds number, Re. The physical model approach requires wave basins, instruments and certain similarity principles. The opposing numerical approach was used to analyze the hydrodynamic performances of net panels and aquaculture cages in current and waves. These include the finite element method (Tsukrov et al., 2000; Tsukrov et al., 2003; Tsukrov et al., 2005; Fredriksson et al., 2007; Fredriksson et al., 2014; Cheng et al., 2021; Su et al., 2021), the computational fluid dynamics method (Patursson et al., 2010; Zhao et al., 2013a; Zhao et al., 2013b; Chen and Christensen, 2016; Bi et al., 2018) and the coupled fluid-structure interactions (FSI) method (Bi et al., 2014a; Chen and Christensen, 2017; Martin et al., 2020).

In the finite element method (FEM) framework, the net is modeled with triangular/truss elements or mass-spring systems. Priour (2003) developed a triangular element model to calculate the fluid forces acting on net panels. The results revealed that the triangular element model presented a reasonable representation for the net deformation. Tsukrov et al. (2003) modeled the net panel using an equivalent truss element method. When applied to a tension-leg cage, the extreme environmental loading caused large deformations but moderate tensions. Lader and Fredheim (2006) studied the dynamic properties of a flexible net panel when exposed to waves and current using a screen model. Their results highlighted that the slack caused by floater motion led to large dynamic forces in the bottom of the net structure. Zhao et al. (2008) used a lumped-mass model to approximate the net panels under current and waves. The results showed that the lumped-mass model could accurately predict the hydrodynamic behavior of the net panels in waves. The FEM-based models are computationally efficient, because they use a grouping mesh method. However, due to the absent interference of the flow field these FEM models overestimated the drag force of the net.

In order to examine the flow field and velocity distribution around and inside the net cages, the CFD-based porous media model was developed. For instance, Patursson et al. (2010) studied the fluid characteristics of a net panel under steady flow. A mean normalized absolute error of 6.2% between measured and modeled data was discovered. Zhao et al. (2013a); Zhao et al. (2013b) investigated the flow field around net panels using the porous media model. Their results showed that, when the number of net panels reached five, the velocity reduction from the downstream net panel was 42%. To examine the fluid forces and wave attenuation of the biofouling net cages, the porous media model was used (Bi et al., 2018). Their results revealed that the biofouling accumulation led to 10 times the hydrodynamic loads on nets. The porous media model was used to study the porous resistance coefficients of fishing net cages (Chen and Christensen, 2016). The relevant achievements have been applied to a floater-net system under both waves and current conditions (Chen and Christensen, 2018).

To examine the interactions between steady flow and the flexible nets the structural model (e.g., lumped-mass model) was used in conjunction with the porous media model (Bi et al., 2014a). Their coupled FSI model assumed that the steady-state condition was satisfied at each iteration. Chen and Christensen (2017) conducted the FSI analysis of an aquaculture net under steady flow. The FSI model coupled the porous media model and the lumped-mass structural model. Tu et al. (2020) examined the fluid-structure interaction of a net panel under current using the lattice Boltzmann method. The results indicated that the flow-velocity attenuation was mainly dependent on the net solidity. Martin et al. (2020) developed a Lagrangian approach for the coupled simulation of fixed net panels in a Eulerian fluid model. In contrast to the porous media model, the net was represented by the Lagrangian points. The Reynolds-averaged Navier-Stokes equations were solved in a Eulerian fluid domain. Most recently, a coupled fluid-structure partitioned scheme was used to examine the wake characteristics induced by the net deformation (Xu et al., 2022).

The finite element model, the porous media model and the FSI model have all significantly advanced the numerical modeling for aquaculture systems. However, there remains several issues that still need to be resolved. These are:

	(1) Almost all the aquaculture nets/cages in numerical simulations are approximated by a system of equivalent cylinders. Hence, they neglect the helixes of the net twines. However, it still remains unclear how these helixes influence the general wake and turbulence characteristics of a net/cage.

	(2) The use of the porous media model to approximate the aquaculture nets/cages risks influencing results so that they tend to a constant pressure zone, rather than a natural pressure drop. Also, the specific flow field of the individual net twines is missing. These drawbacks of the porous media model should be resolved, and the specific flow field of the individual net twines requires further explorations.

	(3) During the CFD simulations, the Boussinesq hypothesis-based two-equation turbulence models, namely the k - ε and k - ω models, have been used to ascertain the underlying turbulence mechanisms of the aquaculture nets/cages. However, the selection of the turbulence models seems random.



Having considered these issues, we decided to model a piece of the aquaculture net using the natural helical net twines rather than approximations, as shown in Figure 1. The use of a representative net panel, could reduce the computational cost without losing the physical properties of the cage. For the purposes of this study the net modeled by the natural helical net twines is referred to as the twisted-twine net, and the equivalent-twine net means the net is approximated by a system of smooth cylinders. A subcritical Reynolds number Re = 4.5 × 103 is selected based on the effective diameter of the net twine (McKenna et al., 2004; Evans and Ridge, 2005; Lader et al., 2015). The effects of helixes on the wake and turbulence characteristics of the nets, the specific flow field of the net twines, and the comparison of the turbulence models are all assessed.




Figure 1 | The representatives of the net panels, (A) the equivalent-twine net and (B) the twisted-twine net.



The remainder of this paper is organized as follows. Firstly, we summarize the turbulence models used for evaluating flow characteristics of aquaculture nets/cages in Section 2. The strengths and weaknesses of each two-equation turbulence model are evaluated and compared. In Section 3 the governing equations and numerical solutions for the present study are outlined. Section 4 elaborates on the verifications of the present numerical method. The drag force, the second-order turbulence statistics are verified for both smooth and twisted bodies. Section 5 presents the numerical results regarding the effects of the helixes of net twines. Finally, the conclusions of this paper are presented in Section 6.



Review of turbulence models applied to flow through aquaculture nets/cages

Previously, all turbulence models used for evaluating flow characteristics of aquaculture nets/cages have been based on the Reynolds-averaged Navier-Stokes (RANS) framework. The primary purpose of turbulence modeling in RANS is to prompt equations that anticipate the time-averaged variables without calculating the complete turbulent flow as a function of time. Two groups of turbulence models, namely the k - ε models (Patursson et al., 2010; Zhao et al., 2013a; Zhao et al., 2013b; Bi et al., 2014a; Bi et al., 2014b; Winthereig-Rasmussen et al., 2016; Yao et al., 2016; Bui et al., 2020) and k - ω models (Tang et al., 2017), have been used for the preliminary estimation of flow around and inside aquaculture cages. However, for evaluating the flow field of aquaculture nets/cages, there is no such criterion to distinguish the applications of these turbulence models. Therefore, it is essential to compare these turbulence models to predict flow characteristics of aquaculture net structures precisely. We summarize the turbulence models applied to flow through aquaculture nets/cages in Table 1.


Table 1 | Summary of turbulence models applied to flow through aquaculture nets/cages.



Reynolds numbers, illustrated in Table 1, reveal that the flow behind the nets is developed as turbulent flow (Zdravkovich, 1997). The turbulence kinetic energy k and the dissipation rate ε/ω shown in Table 1 are directly given by values (Patursson et al., 2010; Zhao et al., 2013a; Zhao et al., 2013b; Winthereig-Rasmussen et al., 2016), or they can be dependent on empirical formulae (Bi et al., 2014a; Bi et al., 2014b; Yao et al., 2016; Tang et al., 2017; Bui et al., 2020). I and lτ are the turbulence intensity and the turbulence length scale. These are denoted as (ANSYS, 2017)

 

where ReD is the Reynolds number based on the hydraulic diameter of the domain, LC is the characteristic length of the object. The turbulence intensity is dependent on the Reynolds number, and it significantly affects the turbulence kinetic energy k. However, the Boussinesq hypothesis assumes that the fluctuation velocity is isotropic, and the turbulence intensity is specified (Wilcox, 1998).

When using the medium turbulence parameters for k and ε, it was found that CFD simulations underestimated the drag coefficients and the velocity deficit much more than experiments did. These discrepancies could be attributed to the turbulence parameters used in the simulations. However, this could also be due to the resistance coefficients of the porous media. Despite the discrepancies, comparable results between CFD predictions and experimental measurements were obtained using values between the high and medium turbulence parameters. The coupled FSI models slightly underestimated the drag coefficients and velocity reductions of the nets. The turbulence parameters were calculated based on empirical formulae (Bi et al., 2014a; Bi et al., 2014b; Yao et al., 2016). Higher turbulence intensities should be responsible for underestimating hydrodynamic forces since the turbulence intensity from Table 1 is in a range of 2.2%−8%. In order to avoid over- or under-estimations it is recommended that the turbulence parameters, k and ε/ω should be selected based on field measurements.

The turbulence models have been used to resolve conditions such as transition in wake and transition in shear layers. According to (Wilcox, 1998), the equation of ε in the standard k - ε model is postulated, and it is not feasible for no-slip wall conditions along net twines. The realizable k - ε model was improved to modify the equation for ε, by introducing the effect of the mean flow distortion on turbulence dissipation. However, the difficulty has also been encountered when solving the epsilon equation. To accurately model the near-wall interaction the standard k - ω model was developed. This model performs better than the k - ε model in predicting the near-wall interactions. However, the model over-predicts shear stress and has issues with free stream flows. In addition, it is also susceptible to inlet boundary conditions. In comparison to the k - ε model, the standard k - ω model is more challenging to reach convergence. The shear stress transport (SST) k - ω model has gained popularity due to its excellent ability to predict separation and reattachment. This is achieved through the use of a blended function based on wall distance. The SST k - ω model works like k - ε model in the far field and like the standard k - ω model in the near-wall region. The wall damping effect that has been considered in (Tang et al., 2017) increased the grid number and left the turbulence intensity effect uncertain. As a result, the SST k - ω model overestimated the drag coefficients by 6.82% compared to the experimental data.

Furthermore, the CFD simulation results can also be affected by the near-wall treatment. The near-wall treatment can be attended with either the wall function or the near-wall model approaches. However, this is dependent on whether the wall function has been used or not. The use of the wall function reduces the computational cost, but the boundary layer profiles are assumed to be near equilibrium. In contrast, the near-wall model approach abandons the wall function, instead it modifies the wall with refined grids to capture transitions within the near-wall region. The near-wall model approach significantly improves the accuracy but raises a lower computational efficiency. A significant number of the studies in Table 1 use standard wall function, this makes the turbulent quantities less accurate. It is recommended that one should carefully select the wall functions to avoid resolving the near-wall layer and losing accuracy. In addition, the near-wall model approach is recommended if the computational resources are affordable. This paper uses the near-wall model approach with refined grids in the near-wall region.

It can be concluded that (1) The k - ε model underestimated the drag coefficients and the velocity reduction, while the SST k - ω model overestimated the drag coefficients. (2) Boussinesq hypothesis-based two-equations turbulence models lose accuracy due to assumption. Consequently, the accuracy may be improved if the turbulence parameters of k and ε/ω could be selected based on field measurements. (3) The near-wall treatment or other advanced techniques should be addressed to resolve the near-wall region and gain accurate results.



Computational model and numerical approach


Model description

In this paper we consider two diamond-mesh net panels with the dimension of 0.6m (length)×0.4m (height), as shown in Figure 2. The flow field and the drag force on a net panel are influenced by three parameters. These are the angle of attack, α, the solidity ratio, Sn, and the Reynolds number, Re. For the diamond-mesh nets, the solidity ratio represented by the hang ratios, E1 and E2, is defined as (Fredheim, 2005).

 




Figure 2 | Geometric description of the net panel. (A) The overall geometry and (B) twisted twine and its cross-section. The effective diameter of the twisted twine is the diameter of the circumcircle (McKenna et al., 2004; Evans and Ridge, 2005; Lader et al., 2015).



Here, Ap and A are the projected and the outline areas of a net panel. dw is the diameter of the net twine, lw represents the length of the mesh bar. The hang ratios, E1 and E2, represent the diamond shape of a mesh and are functions of the mesh opening angle, 2θ, they can be denoted as (Fredheim, 2005)

 

 

Where L and H represent the length and height of the net panel, NH and Nv are mesh numbers in horizontal and vertical directions.

As shown in Figure 2, the effective twine diameter dw is 3mm. The hang ratios E1 and E2 can be adjusted by changing the mesh opening angle. In this manner, the hydrodynamic behaviors of diamond-mesh net panels can be examined in either a tensive or a loose condition. In this paper, 2θ = 45°, corresponds to solidity of 0.16, and was specifically selected for the numerical studies.



Governing equations and turbulence modeling

This paper conducts incompressible unsteady Reynolds-averaged Navier-Stokes (URANS) simulations using ANSYS Fluent (ANSYS, 2017). To effectively capture the unsteady flow effect induced by the wall-shear stress with respect to free stream velocity, the boundary layer needs to be resolved. The low Reynolds number near-wall turbulence modeling (e.g., URANS) seems suitable for this purpose (Palkin et al., 2016). On the other hand, as a physics-based low-fidelity simulation model, URANS is a computationally cheap representation of the high-fidelity such as large eddy simulations (LES). For the incompressible, viscous flow, the URANS equations regarding the conservation of mass and momentum are

 

 

where   represents the time-dependent mean velocity, ρ is the fluid density, v is the kinematic viscosity of the fluid,   is the pressure,   is the fluctuation velocity, i, j=1, 2, 3 (x, y, z),   is the Reynolds stress.

The Reynolds stress turbulence model (Versteeg and Malalasekera, 2005), which is beyond the Boussinesq hypothesis, is used to resolve the six independent Reynolds stresses concerning the Reynolds stress transport equation and the dissipation rate of the turbulent kinetic energy as follows,

 

where  , the production Pij is expressed as

 

Here, The lower case ‘k’ signifies the turbulent kinetic energy, and   is fluctuating velocity related to the turbulent kinetic energy, xk is the position in the local coordinate system of the eddy. σk is the turbulent Prandtl number, σk = 1.0, C1 = 1.8 and C2 = 0.52 are constants that specified for the present case (Pope, 2001; Versteeg and Malalasekera, 2005).

The dissipation rate of the turbulent kinetic energy ε is calculated by

 

where the constants are σϵ = 1.3,Cϵ1 = 1.44 and Cϵ2=1.92.

The Reynolds stress turbulence model (RSM) is particularly successful in reproducing the growth rate of the turbulence kinetic energy in the initial shear layer. As RSM naturally accounts for the stress anisotropy and phase lag between the stress and strain eigenvectors (Palkin et al., 2016). It has been used to predict the separation-induced transitions (Versteeg and Malalasekera, 2005; Yu and Yuan, 2014). The present study does not use wall functions because the RSM is free from any surface topography (Palkin et al., 2016).

Two non-dimensional parameters relevant to the present flow problems are given as follows:

 

 

Here, U∞ is the free stream velocity, CD represents the mean drag coefficient of the net panel, and Ap is the projected area. The Reynolds number calculated in Eq. (10) is based on the effective diameter of the net twine, as can be seen in Figure 2.

This work uses the non-dimensional computational domain with hexahedral grids. As exhibited in Figure 3, this domain uses the symmetry of the problem and is set as 2000dw (length) × 1000dw (width) × 1000 dw (height) for the model (Lange et al., 1998; Bi et al., 2014a; Bi et al., 2017), dw is the effective diameter of the net twine, which can be found in Figure 2 or from (McKenna et al., 2004; Evans and Ridge, 2005; Lader et al., 2015). We set the left and right sides of the domain as velocity inlet and pressure outlet. The pressure condition is set as zero normal pressure gradient at the inlet boundary. At the outlet boundary, the velocity condition is specified as zero normal gradient boundary conditions. Top, bottom, front and back sides are implemented as symmetry boundaries. To model an undisturbed flow channel slip, no slip walls are imposed on the net panel.




Figure 3 | The schematics of the computational domain and the hexahedral grids. (A) The overall computational domain, (B) and (C) zoom-in views and prism layers around the net twines.



The domain is divided into the background and the refined regions. The refined region signifies the net panel and is surrounded by the background region. The prism captures the near-wall turbulent flow characteristics around net twines. For the equivalent-twine net, the height of the first prism layer, is dependent on the flow velocity (Reynolds number), is set as 3 × 10-3dw, dw = 3 × 10-3m. Whereas, for the twisted-twine net, the height of the first prism layer is 2 × 10-3dw. With 15 prism layers being applied to each net, the total grid numbers of the computational domain are maximally 13.6 million for the equivalent-twine net and 19.9 million for the twisted-twine net.



Boundary conditions and discretization

We use the finite volume method (FVM) with structured grids to discretize the governing equations. The coupled scheme is implemented for pressure-velocity coupling. The discretization of the convective terms is conducted by the semi-implicit method for pressure-linked equations (SIMPLE) scheme. The spatial discretization of the pressure and momentum is conducted via second-order and second-order upwind differencing schemes. The specific dissipation rate and Reynolds stresses are discretized using the first-order upwind scheme. The time step is 5 × 10-3dw, dw~O(10-3) to the Reynolds number. We begin with some low inflow turbulence to initialize the turbulence equations. For instance, the initial turbulence intensity of 2.2% and vt/v ≈ 5 are used in the present study (Wilcox, 1998; Pope, 2001; Palkin et al., 2016). Once the turbulence field (e.g., eddy viscosity or turbulent stresses) is well established, the inflow turbulence is then switched off.




Verifications

This section conducts URANS and RSM simulations at subcritical Reynolds to verify the present flow solver. Two cases have been examined; these are (1) flow past a circular cylinder, (2) grid independence studies for equivalent- and twisted-twine nets. The specific physical questions raised in this section are:

	What is the suitable grid strategy for flow past the aquaculture net?

	What are the dynamics of the shear layer and how does it affect the very near wake?

	How does the coherent motion affect the mean flow and the Reynolds stresses?



To address these questions, hydrodynamic characteristics and turbulence statistics of these structures are reported. Particularly, comparisons are conducted between smooth and twisted structures to gain insights into the first- and second-order turbulence statistics.


Flow past a circular cylinder

Flow past a smooth circular cylinder (referred to as flow past a circular cylinder) has been considered a classical problem in flow mechanics for centuries (Zdravkovich, 1997). There has been a surge in the numerical modeling of flow past a circular cylinder using various numerical simulations with the rapid growth of computing power. The purposes of investigating flow past a circular cylinder including (Jiang and Cheng, 2021)

	(1) Resolving fundamental flow behaviors, e.g., flow structures, wake characteristics, turbulence statistics and hydrodynamic forces.

	(2) Guiding practical applications, e.g., flow control (Choi et al., 2008; Yan et al., 2018), vortex-induced vibration (Williamson and Govardhan, 2004; Gsell et al., 2018).

	(3) Testing the accuracy and robustness of new numerical methods and schemes.



The most well-studied case among different Re values is Re=3900, where flow characteristics and numerical findings have been reported extensively (Jiang and Cheng, 2021). It is worth mentioning that Parnaudeau et al. (2008) studied the flow past a circular cylinder at Re=3900 based on PIV experiments and LES. The experimental results suggested that the wake recirculation length, Lr, serves as the best indicator for determining the accuracy of the numerical simulation. Therefore, the present numerical results have been compared against the experimental results from (Parnaudeau et al., 2008); these include the hydrodynamic characteristics and the turbulence statistics. Three different grids based on the rectangle computational domains (Figure 4) are used in the present study for flow past circular cylinder to study the grid independence, as shown in Table 2.




Figure 4 | Computational domain and the prism layers for circular and twisted cylinders.




Table 2 | Grid independence study of flow past a circular cylinder at Re = 3900.



In the present study, the rectangle computational domain is (30D) length × (20D) width × (20D) height, as shown in Figure 4. The grid numbers for three different domains are 1.8million, 2.6 million and 3.3 million, respectively. From Table 2, we see that the overall drag coefficient is smaller than the experimental measurement (e.g., ⪅2.7% variation in CD), but the Strouhal number and the wake recirculation length is larger than the experimental measurement (e.g., ⪅1.4% variation in St and ⪅6.6% variation in Lr). The hydrodynamic forces and wake recirculation length show that the flow solver is not sensitive to the grids. We use a Medium grid to further examine the second-order turbulence statistics along the wake centerline at three typical locations of x/D = 1.06, 1.54 and 2.02, as exhibited in Figure 5. Considering the computing efficiency and convergence, statistics are acquired throughout 30 vortex shedding cycles.




Figure 5 | Normal and shear Reynolds stress component profiles for circular cylinders at Re=3900. (a) The variance of the streamwise velocity fluctuations ¯(u'u')/U_∞2. (b) Variance of the transverse velocity fluctuations ¯(v'v')/U_∞2. (c) Covariance of the velocity fluctuations ¯(u'v')/U_∞2. The solid red curve represents the present URANS simulation; empty black circles are experimental data reproduced from (Parnaudeau et al., 2008).



Figure 5 shows the present mean velocities and fluctuations at Re = 3900 in comparison with the experimental results from (Parnaudeau et al., 2008) at three x-locations in the very near wake (x/D≤3). The   profiles in Figure 5A show a typical double-peak shape, mostly caused by the symmetrical shear layer transition. The present study has the same shape as the experiments of (Parnaudeau et al., 2008) at three selected positions. The peak values of   at x/D = 1.06 and 1.54 are slightly lower than the experiments of (Parnaudeau et al., 2008), while a perfect match is found at x/D = 2.02. The   profiles approach peak values at y/D = 0 as shown in Figure 5B, and the peak value increases alongside the downstream distance. The discrepancy exists between the present numerical simulations and experiments from (Parnaudeau et al., 2008). This discrepancy is mainly attributed to the transition of the shear layer. The   show anti-symmetric profiles and the present numerical results are close to the experiments from (Parnaudeau et al., 2008). Overall, the present numerical results show a good agreement with the experiments of (Parnaudeau et al., 2008), demonstrating the accuracy and robustness of the present URANS approach in simulating flow past a circular cylinder. In particular, the present numerical approach has sufficient accuracy for predicting the first-order statistics at Re = 3900.



Grid independence study for equivalent-twine and twisted-twine nets

The equivalent-twine and twisted-twine nets characterized with the twine diameter dw=3mm and Sn = 0.16 are selected to evaluate the grid sensitivity and numerical accuracy. This study examines different computational domains and y+, as illustrated in Table 3. The domain dimension increases exponentially with a factor of  , and the values of y+ are adjusted around 1.0. The testing free stream velocity remains 1m/s, and the corresponding Reynolds number is 3000. CD represents the mean drag coefficient and is calculated based on Eq. (11).


Table 3 | Grid independent study at different domains and y+.



The numbers in the parentheses represent the grid numbers for twisted nets. Table 3 shows that the effect of domain dimension on the drag coefficient seems insignificant. However, a higher CD has been witnessed when using D1 as the computational domain. This indicates that CD could be slightly overestimated if the domain is relatively small. CD is obtained to verify the grid sensitivity at the near-wall region (e.g., y+). The results show that the grids in the near-wall region affect the CD; thus, the grids in the near-wall region should be resolved carefully. Overall, the grid convergence is satisfied after the comparison of drag coefficients.

We see that the drag coefficients for twisted-twine nets (i.e., CD-twisted) are larger than that of the equivalent-twine nets (i.e., CD -smooth); this is also evident from (Tsukrov et al., 2011 and Wang et al., 2021). Eventually, the D2 domain and y+ = 1 are used to verify the present numerical solver. The numerical predictions are compared with the experimental results of a yellow brass Chain-link diamond netting from (Tsukrov et al., 2011) and a four-strand braided diamond netting (i.e., ultra-cross knotless netting) from (Zhou et al., 2015). The twine diameter and the solidity of the yellow brass Chain-link diamond netting are 4 mm and Sn = 0.18; for the four-strand braided diamond netting, the solidity is 0.16. The samples of the netting are shown in Figure 6, and the comparisons of the drag coefficients for equivalent-twine and twisted-twine nets are exhibited in Figure 7.




Figure 6 | The samples of the netting. (A) The yellow brass ChainLink diamond netting, reproduced from (Tsukrov et al., 2011). (B) The four-strand braided diamond netting, reproduced from (Zhou et al., 2015).






Figure 7 | The dependence of drag coefficient on the Reynolds number. (A) Drag coefficients of the yellow brass ChainLink diamond netting. (B) Drag coefficients of four-strand braided diamond netting.



Figure 7A reveals that the comparative results of drag coefficients for the yellow brass Chain-link diamond netting are close to each other (e.g., ⪅12.7% variation in CD). However, the drag coefficients obtained from the present numerical simulations are overall smaller than that in (Zhou et al., 2015), as shown in Figure 7B. It is worth mentioning that in their study, Zhou et al. (2015) examined a four-strand twisted netting, which is slightly different from what we study in the present work, because in our study a three-strand netting is used. In addition, Zhou et al. (2015) also claimed that two-strand netting showed a lower drag coefficient in comparison to that of the three-strand, even though the two-strand netting owns a larger solidity. Hence, it is reasonably established in Figure 7B that the drag coefficient of the present three-strand twisted netting is lower than that of the four-strand from (Zhou et al., 2015). In summary, alongside the angle of attack, the Reynolds number and the solidity, structure patterns such as woven type of the net twines also significantly affect the drag coefficient of the netting.

Verifications in this section demonstrate that the present URANS framework is valid in predicting flow past smooth and twisted bodies regarding cylinders and nets. Particularly, it is more compatible in predicting second-order turbulence statistics. Next, we will provide specific wake and turbulence characteristics of the target nets since the verifications have been extensively exhibited.




Results and discussion

To examine the effects of helixes on the vortex formations in the wake, Figure 8 exhibits the comparison of the instantaneous vortex structures of the equivalent-twine and twisted-twine nets at Re = 4500 and AOA = 90°. The three-dimensional vortex structures are visualized based on the Q-criterion and it is defined as Q = - (Sij-Sij-ΩijΩij)/2, where Sij is the strain rate and Ωij is the rotation rate tensor (Hunt et al., 1988). The Q-criterion is colored by iso-contours of the streamwise velocity.




Figure 8 | Instantaneous vortex structures and detailed shear layers of the individual twines at Re = 4500. (A) Equivalent-twine net and (B) twisted-twine net.



The fully turbulent effect is established with the observation of small-scale vortex structures in the instantaneous field of the wake. Vortex shedding overall is well-organized but not as regular as the classical Karman vortex. There is little wake interference between net twines under a certain net solidity of 0.16, but vortex interaction does exist when flow passes through the net twines. The vortex structures of the twisted-twine net are much smaller than that of the equivalent-twine net. As the inner shear layer of the twisted-twine net is disturbed by the helixes. Furthermore, small-scale vortices are observed to be attached in the turbulent boundary layer of the twisted-twine net, and the shear layer seems to be suppressed by the helixes. Consequently, the separated shear layer at subcritical Reynolds is turbulent, represented by small-scale vortices. As a result, the fluctuating velocity and the Reynolds normal stress components in the shear layer decrease.

Three selected horizontal planes perpendicular to the net are used to present the two-dimensional instantaneous streamlines of the individual net twines. These horizontal planes are defined as z = 0 (Middle) and z = ± 0.14m (Top and Bottom), based on the net height. Two-dimensional instantaneous streamlines of the net twines in these three selected planes are depicted in Figure 9 to provide close-up views of the turbulence characteristics. The vortex structures generated by the flow separation show distinct features. Symmetric vortices form behind the equivalent net twine and single vortices appear behind the twisted twines. The vortices behind the twisted twines show wall-attached characteristics after the separation point. The recirculation length, Lr, of the equivalent net twine is around 2.2 dw, which is longer than that of the twisted twine (1.6dw).




Figure 9 | Streamlines around the equivalent net twines (left column) and the twisted net twines (right column) at different planes of the nets for Re = 4500.



The unsteady flow velocity fluctuations caused by the vortex shedding give rise to the Reynolds stresses in the near wake. Moreover, the transition to turbulence in the laminar shear layer also contributes to the Reynolds stresses. Therefore, to better understand the turbulence characteristics in the wake, it is vitally important to examine the Reynolds stresses. Figure 10 depicts the normal and shear Reynolds stresses in the near and far wake regions of the equivalent-twine and the twisted-twine nets. The Reynolds normal stresses  ,   and   show symmetric profiles while the Reynolds shear stress   has an anti-symmetric profile. Moreover, the amplitude of Reynolds stress fluctuations for the equivalent-twine net is higher than that of the twisted-twine net.




Figure 10 | Profiles of the normal and shear Reynolds stress components in the near- and far-wake regions “*” means the dimensionlessization of y. y*=y(m)/1(m) ,”m” means Unit of length – meter.



Of all the Reynolds stresses,   show the highest fluctuations. The maximum value is found to be 0.13   in the near wake of the equivalent-twine net. In comparison to the equivalent-twine net, there is a conspicuous reduction in the fluctuation magnitude of the   for the twisted-twine net. In particular, a nearly 23% reduction in the   is evident between the two nets. This significant reduction is caused by the decrease in streamwise velocity fluctuations in the near wake. The Reynolds normal stress   is also related to the vortex formation (Williamson, 1996). The location of the maximum   closely follows the extent of the recirculation zone. This causes the vortex formation length to decrease.

The   and the   are related to the transverse velocity, contributing to the fluctuating kinetic energy in the wake (Ma et al., 2000; Zhu et al., 2020). The magnitudes of the Reynolds stresses   and   show their maximum values due to the vortices formed in the shear layers. For the equivalent-twine net, the maximum   and   are found to be 0.11   and 0.10   in the near wake. For the twisted-twine net, the fluctuation amplitudes of   and   decrease compared to the equivalent-twine net.

The Reynolds shear stress   contributes to the momentum transport in the wake of the net (Matsumura and Antonia, 1993). The Reynolds shear stresses show anti-symmetric profiles mostly because the anti-symmetric vortex shedding dominates the wake. For the equivalent-twine net, the maximum   is found to be 0.01  . The magnitude of   decreases significantly due to the addition of the helixes on the twisted twines.

Figures 11, 12 depict the turbulence kinetic energy (TKE) contours and statistics for both equivalent-twine and twisted-twine nets. The TKE is associated with momentum, heat transport and turbulence intensity (Matsumura and Antonia, 1993; Pope, 2001). In addition, the TKE can be used to approximate turbulence diffusion. Thus, the TKE is one of the most critical variables in a turbulent flow. Understanding the turbulence fluctuations (usually the fluctuating velocity) is instructive to examine the TKE. This study follows the definition of (Wilcox, 1998) in which TKE is half the trace of the Reynolds stress tensor, and it is defined as  .




Figure 11 | Comparison of the turbulent kinetic energy contours by the URANS model at AOA = 90°.






Figure 12 | Comparison of the turbulent kinetic energy along the transverse direction of the equivalent-twine and the twisted-twine nets.



Figure 11 shows that the TKE of the equivalent-twine net is larger than that of the twisted-twine net. This is due to the helixes on the twisted twines which hinder the development of the flow. This then results in less fluctuating velocities in the near wake. Consequently, the wider turbulent region appears in the wake of the equivalent-twine net, while the twisted-twine net shows a narrower turbulent region. The observation from Figure 11 has also been confirmed by Figure 12, where the statistics show detailed profiles for these two different nets. The average difference of the TKE for these two different nets is 16%. Which means at least 3.3% of the fluctuating velocity is lost due to the effect of the helixes. Furthermore, the energy in the wake of the twisted-twine net is relatively low because of the galloping response induced by the helixes. It can be concluded that the helixes could cause a decrease in turbulent kinetic energy.



Conclusions

In this paper, two diamond-mesh net panels, namely the equivalent-twine and the twisted-twine nets with the dimension of 0.6m (length)×0.4m (height), are numerically examined to understand the wake and turbulence characteristics of the aquaculture nets. To capture the unsteady flow effect induced by the wall-shear stress regarding the free stream velocity, Unsteady Reynolds-averaged Navier-Stokes (URANS) simulations are conducted. The subcritical Reynolds number Re = 4.5 ×103 is selected for all simulation cases based on the effective diameter of the net twine. The Reynolds stress model (RSM) is used to resolve the separation-induced transition problems.

The overall vortex shedding for these two nets is well organized but not as regular as the classical Karman vortex. Due to the helixes the vortex structures of the twisted-twine net are smaller compared to the equivalent-twine. Two-dimensional close-up views show that symmetric vortices form behind the equivalent net twine and single vortices appear behind the twisted twines. The recirculation length of the equivalent twine is longer than that of the twisted twine. Similar to the mean velocity profiles, the Reynolds normal and shear stresses show symmetric and anti-symmetric profiles, respectively.   causes the decrease of the vortex formation length,   and   provide the most contribution to the fluctuating kinetic energy, and   contributes to the momentum transport in the wake. Compared to the other Reynolds stress components,   shows the highest fluctuations and the maximum value is 0.13   in the near wake of the equivalent-twine net. The turbulent regions and the statistics clearly show that the helixes on the twisted twines lead to decreased turbulence kinetic energy.

This study provides insight into understanding the drag coefficient discrepancy between the equivalent-twine and the twisted-twine nets based on their wake and turbulent mechanisms. Engineers need to properly identify the net type for preliminary design of marine aquaculture cages to avoid over- or under-estimating the drag forces. Future studies should focus on wake and turbulent characteristics of three-dimensional net cages to better guide the design of marine aquaculture systems.
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different sets of the turbulence kinetic energy k and the dissipation rate €. The medium turbulence parameters were based on empirical values. While the high turbulence parameters were

reproduced from field measurements.
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