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Abstract

:

Commercial scale tidal stream turbines (TST) are expected to be deployed in shallow water where the depth varies from 1.5 to 3 turbine diameters. In this study, numerical simulation is conducted at realistic hydrodynamic conditions of potential tidal sites using the stationary actuator disc method at ambient turbulence varying from 5% to 20%, a range of rotor realistic rotor thrust coefficient from 0.64 to 0.98 and a rotor-diameter-to-depth ratio of 20% to 60%. The result shows that the TST wake is affected by the rotor-diameter-to-depth ratio, ambient turbulence, and thrust coefficient. The new empirical model is in accordance with the numerical simulation of a full-scale turbine and is validated with the TST experiment at different rotor-diameter-to-depth ratios with reasonable results in the far wake. This low computational model can benefit the investigation of tidal turbine parks at different configurations where the far wake is pertinent.
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1. Introduction


Tidal currents are caused by the gravitational forces of the sun and the moon and are particularly concentrated in narrow straits. With an estimation of 800–1200 TWh [1], tidal energy will contribute to the much anticipated green energy transition. The mean hydrodynamic conditions of potential sites in Table 1 fall within sub-class B and C of the marine energy classification system [2]. As the energetic tidal sites are limited by size, depth, and shipping routes, the task remains to obtain the best approach to exploit this renewable energy. Several technologies have been proposed to harness tidal energy but the most promising technology so far is the tidal stream turbine (TST). The first-generation TSTs are usually sited in shallow water (predominantly below 50 m) where the depth varies from 1.5 and 3 turbine diameter [3].



Over the last decade, the tidal energy industry has recorded successful deployment and testing of full-scale TST at dedicated test sites and commercial project locations [17,18]. Commercial-scale tidal energy production requires a cluster network of TST in energetic sites. Recently, the Normandie Région in France has consented to the development of two pilot farm projects in the Alderney Race; the 11 MW Normandie Hydrolienne and the 17.5 MW Flowatt project [19]. A cluster network of turbine arrays can reduce costs by sharing infrastructure and collective maintenance. However, turbine interaction in the park affects the turbine performance in the form of the wake [20]. A wake can be simply defined as a zone perturbed flow behind the turbine. The two predominant wake features are the velocity deficit and the increased turbulence. The velocity deficit significantly reduces the available power for the turbine downstream while the increased turbulence induces fatigue load on the downstream turbine. The poor understanding of TST in realistic conditions has resulted in system failures after deployment causing reluctance on the part of investors due to the perceived risk of device failure [21]. This limited availability of full-scale turbine data remains among the challenges of the promising tidal energy industry, which inevitably leads researchers to resort to flume experiments and CFD simulations to investigate the hydrodynamics of tidal turbines.



Experimental studies using both porous discs [22] and the tidal turbine were conducted to investigate the turbine performance [23] and the wake effect in single and multiple turbine layouts. The experimental study [24] found the wake shape, length, and strength are significantly affected by the ambient turbulence but slightly affect the performance parameters. Reference [25] also found the ambient turbulence and the integral length scale affects the drag coefficient of the rotor. However, [26] suggests that though ambient turbulence significantly affects the wake, the turbulence length scale is insignificant. Chen et al. [27] studied the effects of rotor-diameter-to-depth ratios. The results show the increased rotor-diameter-to-depth ratio is comparable to an increase in thrust coefficient. Also, [28] investigate the hydrodynamics of wake at three different rotor-diameter-to-depth ratio. The results show the shear layer at a high rotor-diameter-to-depth ratio is elliptical as reported by [23] as a result of the wake compression due to the limited channel depth.



Similarly, numerical models are used to investigate the performance of both reduced and full-scale tidal turbines. The geometric resolved model is the most accurate model that provides realistic turbine loading [29]; however, it is computationally expensive. The Actuator Line Model (ALM) is an extension of the Blade Element Model (BEM) that accounts for the non-uniform loading on the turbine blades and provides a good representation of both near and far wakes [30]. There also exists the Actuator Disk Model (ADM) that represents the turbine as a porous disc; this model neglects the turbulence generated at the blade’s tip but has a good representation in the far wake. The ADM is widely used in large farms due to its low computational cost [31]. In addition to isolated turbines, an investigation of wake interaction in the tidal park has been carried out by several authors [3,32,33].



Moreover, empirical models are developed based on self-similar profiles of the turbine wake using the conservation law of mass and momentum. Over the last decade, empirical models for tidal turbines were developed to estimate the velocity deficit of tidal turbine wake. These models are developed mainly by calibrating wind turbine models to account for either the ambient turbulence [34] and/or the thrust coefficient [35] but do not take into account the diameter-to-depth ratio. The analytical models of velocity deficit and turbulence intensity of wind turbines require calibration to have a reasonable estimation of turbine wake. Unlike wind turbines, first-generation tidal turbines are located in shallow water limited by the depth which affects wake development.



As already established in the literature, the wake behind a tidal turbine is influenced by at least three parameters; the flow condition, the turbine itself, and the site configuration. The objective of this study is to propose a low computation empirical model to estimate the velocity deficit and turbulence intensity in tidal turbine wake accounting for the variation in ambient turbulence, thrust coefficient and rotor-diameter-to-depth ratio. This should be used in conjunction with an optimization algorithm to find out the position of the turbines regarding the power afterwards. The study at different rotor-diameter-to-depth ratios is significant as the water depth varies with the tidal cycle. A first attempt to estimate the added turbulence in the wake of the full-scale tidal turbine is reported by the authors [36]. This paper is part of a project intended to develop a generic model to optimize electricity production in a tidal turbine park.



The rest of the paper is organized as follows. Section 2 describes the existing analytical model for wind and tidal turbine applications. Section 3 presents the methodology to set up the numerical model using the actuator disk method and the development of the empirical model. The result of the developed empirical model for the velocity deficit and turbulence model is developed and validated with experimental data in Section 4. Lastly, the discussion and conclusion are presented in Section 5 and Section 6, respectively.




2. Analytical Modelling


2.1. Velocity Deficit Models


The far wake behind a disc is approximately Gaussian with the minimum velocity at the turbine core [37]. The wake velocity behind a turbine is a product of a stream function and a shape function. The velocity deficit in the wake of the turbine is expressed as Equation (1):


    Δ U   U ∞   =    U ∞  −  U w    U ∞    



(1)




where   U ∞   is the upstream velocity and   U w   is the wake velocity. The classical models for velocity deficit in the wake of wind and tidal turbines are briefly discussed below.



2.1.1. Jensen Model


The analytical model of velocity deficit of wind turbines developed by Jensen [38] and modified by Katic et al. [39] is based on momentum balance behind the turbine. The velocity deficit is uniformly distributed using the top-hat shape function and assumes a linear wake expansion. This model neglects the near wake and is extensively used in wind farm commercial codes like WAsP, WindSim, and WindPRO. The Jensen velocity deficit is expressed as Equation (2):


    Δ U   U ∞   =   1 −   1 −  C T       1 +   α x   r 0    2    



(2)




where   r 0   is the turbine radius,   C T   is the thrust coefficient, x is the downstream distance, and  α  is the rate of wake expansion coefficient. Suggested values for  α  are 0.075 for onshore and 0.05 for off-shore turbines [40].




2.1.2. Bastankhah and Porté–Agel Model


The Bastankhah–Porté Agel (BP) model [41] of velocity deficit is based on the mass and momentum conservation equation. The model uses a Gaussian shape function and assumes also a linear expansion of wind turbine wake downstream. The velocity deficit model is expressed as Equation (3):


       Δ U   U ∞   =     1 −   1 −   C T   8    k *  x /  d 0  + 0.2  β   2               × exp  −  1  2    k *  x /  d 0  + 0.2  β   2         z −  z h    d 0    2  +    y  d 0    2        



(3)




y and z are spanwise and vertical coordinates, respectively.   k *   and  β  are empirical constants depending on the turbulent intensity and thrust coefficient, respectively.




2.1.3. Lam and Chen Model


This is potentially the first analytical model developed for the tidal turbine application. The model is developed from the wake distribution of a propeller ship with a Gaussian distribution. The velocity deficit of Lam and Chen’s model [42] is expressed as Equation (4):


    Δ U   U ∞   =   (  U ∞  −  U  min   )   U ∞   × exp  −     r w  + 0.081 x +  r 0   2   2   0.081 x  2      



(4)








2.1.4. Lo Brutto Model


Lo Brutto et al. [34] express the wake of a tidal turbine as a function of turbulent intensity and thrust coefficient. The proposed model is based on exponential wake expansion and a top-hat shape function developed by Jensen [38]. The model is used to simulate a small tidal park at different turbulent intensities but is limited to a low rotor-diameter-to-depth ratio (20%). The wake expansion according to exponential law depends on ambient turbulent intensity. The velocity deficit is expressed as Equation (5):


       Δ U   U ∞   =   1 −   1 −  C T         r w   r 0    2          r w  = c  (  I 0  )   [ 5.58  ( 1 −  e  − 0.051  x D    )  + 1.2 ]        c  (  I 0  )  = − 15.542  I  0  2  + 21.361  I 0  + 0.2184     



(5)




where   r w   is the wake radius,   r 0   is the rotor radius,   x / D   is the normalized distance downstream,   c (  I 0  )   is a quadratic function of the ambient turbulence.



Other authors [35,43,44] use the CFD results of the tidal turbines to calibrate the velocity deficit models of wind turbines. These calibrated models are extended for application in a simple tidal park [45,46]. Table 2 presents a summary of the existing velocity deficit models with the proposed model.





2.2. Turbulence Intensity Model


Turbulence intensity is defined by [51] as the ratio of the standard deviation of fluctuating velocity   (  U  rms   )   to the mean speed   (  U ¯  )   expressed as Equation (6):


  I =   U rms   U ¯    



(6)







The turbulent intensity in the wake of a turbine is the contribution of ambient turbulence in the flow and the added turbulence generated by the turbine expressed by [52] as Equation (7):


   I  w    =    I  amb  2  +  I  +  2    0.5    



(7)




where   I w   is the total turbulence in the wake,   I  amb    is the ambient turbulence and   I +   is the added turbulence by the rotor. The added turbulence is the additional turbulent kinetic energy induced by the turbine and the shear layer developed at the tip of the blade. The empirical models were developed to estimate the added turbulence for wind turbine applications [49,53,54]. These models are outlined in the previous work of the authors [55].





3. Methodology


3.1. Numerical Method


Numerical simulation is performed with open-source code OpenFOAMwith the turbine represented as a porous disc using the actuator disc method (ADM). The ADM applies a uniform thrust force along the disc surface to replicate the pressure jump across the turbine during the energy extraction. Though the ADM underestimates the wake in the initial near wake, it provides acceptable results in the far wake region [56]. The ADM is widely used in wind and tidal farm applications [57]. The uniform thrust force is evaluated as Equation (8):


  T =  1 2  ρ  C T  S  U  ∞  2   



(8)




where  ρ  is the fluid density, S is the rotor cross-sectional area,   U ∞   is the upstream velocity and   C T   is the thrust coefficient. For multiple turbines, the use of the upstream velocity is debatable due to the wake effect. Therefore, the thrust force is evaluated with the local velocity at the disc location as Equation (9):


  T =  1 2  ρ K S  U  d  2   



(9)




where   U d   is the velocity at the disc and K is the resistance coefficient which relates to the thrust coefficient as    C T  =  K   1 +  1 4  K  2    . The thrust force is added as a source term to the momentum equation and solved along with the continuity equation. A standard   κ − ϵ   turbulence model is used for Reynold’s stress closure with a turbulence correction to compliment the turbine-generated turbulence as suggested by [58,59,60]. The   κ − ω   SST turbulence model is shown to provide good results because of its ability to represent the near wall and free stream. Nevertheless, it is the same in the vicinity of an actuator disk with   κ − ϵ  , as shown by [56], who studied different turbulence models for actuator disks. The results from the work of [56] indicated that the use of standard   κ − ϵ   for an actuator disk is sufficient to provide a good representation of the wake without the use of turbulence source term. For this reason, subsequent studies on this project use the   κ − ϵ   turbulence model.



The model is validated in the previous work of the authors [55].



Case Set-Up


A full-scale turbine is located 10 D (D is turbine diameter) from the inlet, the length of the domain is 50 D, the channel width is 20 D and four channel depths (H) are considered: 10 m, 25 m, 35 m, and  50 m, representing the tidal straits depth as shown in Table 1. In each case, the rotor is situated at the mid-depth of the channel. Three rotor-diameter-to-depth ratios (DH) were studied in a channel with realistic flow conditions. For simplicity, the three cases are labeled as DH20, DH40, and DH60 representing the diameter-to-depth ratios of 20%, 40%, and 60%, respectively. The rotor diameter corresponding to each channel configuration is presented in Table 3. The numerical domain has a low blockage ratio for all the configurations with 2.36% for the DH60. The blockage ratio is defined as the ratio of the actuator disc to the total cross-sectional area of the domain. A low blockage ratio does not affect the flow, and therefore, does not require a correction term [61]. Figure 1 shows the different diameter-to-depth ratios of the three configurations.



The numerical domain is discretized by structured grid cells with refinement close to the turbine. In the previous work of the authors [55], grid sensitivity was carried out at different mesh and cells per diameter (CPD). In total, 25 CPDs across the disc surface for the   Δ y   (transverse) and   Δ z   (depthwise) were chosen as the result independent from mesh. This mesh based on 25 CPDs is used for the different rotor diameters presented in Table 3. The CPDs along the   Δ x   (streamwise) direction representing the thickness of the disc are 4. The region far away from the disc is represented by a coarse mesh with a geometric growth rate of 1.2. This numerical model has been validated previously [55], with a three-bladed experiment by Mycek et al. [24].



The numerical model is based on a realistic hydrodynamic condition of the Alderney Race [4]. At the channel inlet, a logarithmic velocity, a constant turbulent kinetic energy (TKE), and dissipation are defined as expressed in Equation (10). Where the friction velocity    U *  = 0.1109   m/s, the mean inlet velocity   U = 2.7   m/s is similar to the mean velocity in the Alderney Race [4]. In the study, the bottom roughness of the channel is not considered. Instead, we set a no-slip condition on the bottom wall, as well as a symmetry condition on the top and lateral walls. An outlet condition corresponding to atmospheric pressure is set on the domain.


  U =   U *  κ  ln   z  z 0    ,  k =  3 2   I 2   U 2  ,  ϵ =  C  μ   3 4     k  3 2   L   



(10)







To propose a generic model, the ambient turbulent intensity ranging from 5% to 20% is considered, providing a global representation of turbulence at potential tidal sites (see Table 1). Similarly, a set of turbine thrust coefficients   C T   allowing application at different configurations is used as presented in Table 4. In the case of a full-scale tidal turbine, there are no experimental results available for adjusting the parameters for the turbulence source term to account for turbine effects; therefore, a standard   κ − ϵ   is used instead. Empirical models, however, require a defined value of the turbulent intensity upstream of the turbine. Due to the turbulence dissipation downstream, especially at high turbulence intensity, this value may be uncertain at the turbine position in the simulation. Therefore, the upstream region is kept stable by maintaining the inlet turbulence condition. This means that a turbulence source region is set upstream from the inlet to the turbine location to maintain the same turbulence intensity and dissipation at the inlet. This will ensure a constant turbulence perceived by the rotor as the inlet condition neglecting the decay in channel flow. This is analogous to the turbulence source term used for wind turbines by El Kasmi and Masson [58].





3.2. Empirical Method


The proposed model is derived using the numerical results as the reference data using a curve fitting tool in Matlab. The empirical parameters are derived from a nonlinear least square solver lsqnonlin in Matlab. For instance, to obtain the empirical model for the added turbulence, the numerical data at different ambient turbulences, thrust coefficients and rotor-diameter-to-depth ratios are combined in a single matrix with the first and second column representing the downstream distance X and numerical added turbulence, respectively. For each data set, a corresponding value of ambient turbulence, thrust coefficient and rotor-diameter-to-depth ratio is set as defined in the numerical setup in columns three, four and five, respectively. An objective function defined in curve fitting is used in the lsqnonlin optimization. The non linear least square optimization in Matlab is expressed as Equation (11).


    min  x    | | f  ( x )  | |  2 2  =   min  x   ( f   ( x )  2  )   



(11)




where   f ( x )   is expressed as power law in Equation (13) subjected to constraints defined by Equation (12) as:


     0.05 ≤ I o ≤ 0.2       0.64 ≤ C T ≤ 0.98       0.2 ≤ D H ≤ 0.6     



(12)









4. Results


4.1. Added Turbulent Intensity Model


Turbulence intensity in the wake is the square sum of ambient and added turbulence expressed in Equation (7). Added turbulent intensity is the contribution of the shear and turbine-generated turbulence. The ambient turbulence, shown in Figure 2, is the turbulence close to the lateral wall and stable in the flow; therefore, it is sufficient to propose a model for added turbulence to estimate the turbulence in the wake of the tidal turbine. However, in numerical simulation, there is a continuous decay in turbulence in channel flow in the absence of turbulence source term. Consequently, the turbulence along the lateral wall with decay is used as ambient turbulence to ensure good comparison between the numerical and empirical model. In a previous study by the authors [55], the centreline added turbulence intensity of a single turbine for a 20 m diameter at the best theoretical thrust coefficient (Betz limit) is developed using curve fitting in Matlab. The approach is generalized to accommodate a range of rotor thrust coefficients, DH ratios, and different ambient turbulent intensities. The generalized added turbulence model is expressed as Equation (13):


      I +  = a     X −  X 0   D    − b   × exp  −      y 0  − y  2  +    z 0  − z  2    r w 2          a = 0.407   D H    C T  4.83   + 0.179 ,  b = 0.681  I  eff   + 0.472     



(13)




where a and b are the functions depending on   D H  ,   C T   and the   I  eff   .   I  eff    is the effective turbulence intensity which is the root-square sum of the added turbulence and the local ambient turbulence   I  amb    with decay along the lateral wall in a single turbine. The turbulence intensity in the wake is reconstructed using Equation (7) and compared with the tidal turbine experiment of Mycek et al. [24] at DH35 and Stallard et al. [3] at DH60. Figure 3 shows the model provides reasonable results in comparison to the experimental data, especially in the far wake region. It is noted that the model does not provide good approximation in the near wake region (i.e.,   X / D < 5  ). However, in the far wake, (i.e.,   X / D > 5  ), the turbulence intensity obtained with the proposed model has a good fit with the experimental data. In our study, there is a limitation in the near wake region as the actuator disk underestimates the near wake region as reported by Lo Brutto et al. [34]. In a turbine array, the turbines are usually positioned in the far wake region where the wake recovery is high to achieve more power and reduce fatigue loading. Therefore, the low accuracy of the model in the near wake is not consequential.




4.2. Velocity Deficit Model


The velocity deficit is the sum of the stream function and the shape function. To estimate the centerline wake velocity of the tidal turbine, the wake radius model is substituted in the Jensen model presented in Equation (2). The top-hat shape profile of the Jensen model estimates the average velocity in the wake, while the numerical data provide the minimum wake velocity in the form of a Gaussian profile, as shown in the Appendix A. Assuming the velocity deficit in a lateral plane is Gaussian shape, Lo Brutto et al. [34] proposed a relation for maximum velocity deficit for the Jensen model as Equation (14):


  Δ  U  def , max   = Δ  U  def , aver        r w  σ   2   



(14)




where   σ =  r w  / 2.59   is the standard deviation. The maximum velocity deficit   Δ  U  def , max    , henceforth   Δ  U  def    , can now be compared with the minimum velocity along the centreline in numerical data. In the present model, we propose directly using a Gaussian model and then directly estimating the velocity deficit in the wake without using a correction coefficient. The velocity deficit is then expressed as Equation (15):


    Δ U   U ∞   =    1 −   1 −  C T         r w   r 0    2    × exp  −      y 0  − y  2  +   z 0    − z )  2     r w 2     



(15)




where   C T   is the thrust coefficient,   r w   is the wake radius downstream and   r 0   is the rotor radius. The exponential function provides the Gaussian shape profile along the lateral plane. The proposed velocity deficit model is compared with the tidal turbine experiment of Stallard et al. [3] and Mycek et al. [24] as shown in Figure 4. The model is in good agreement with experimental data in the far wake region (  X / D > 5  ), which is the objective of this study. However, the model is less accurate in the near wake due to the underestimation of the wake using a stationary ADM. High-fidelity numerical results are necessary to obtain accurate results in the near wake. This is computationally expensive for a large data set to propose a generic model.



Velocity Deficit Wake Radius


The classical theory of turbulence shows the far wake behind a disc is axisymmetric and self-similar in a free shear flow. However, in a tidal stream, the wake is also regarded as self-similar but transmutes from axisymmetric to 2D Gaussian due to the depth constraint [62]. Figure 5 shows the variation in the wake profile along the centerline (i.e., mid-surface MS) and the free surface FS at different rotor-diameter-to-depth ratios at 3 D downstream. At a low diameter-to-depth ratio (i.e., DH20), the normalized lateral wake profile is Gaussian along the centerline (MS); however, the wake effect is insignificant along the free surface. This indicates the wake is axisymmetric at 3 D downstream at a low diameter-to-depth ratio. As the DH ratio increases (i.e., Figure 5, DH40 and DH60), the wake along the free surface (FS) begins to develop into a 2D Gaussian profile. In addition, ref. [34] reported that an increase in ambient turbulence intensity also increases the transition from axisymmetric to a 2D Gaussian profile at a given rotor diameter to depth ratio.



The wake radius is estimated at   3 σ   using the full-width half maximum approach reported by the authors [55] (see Appendix A). The velocity deficit radius expands higher at DH20 because the expands in all directions to a great distance downstream before reaching the channel depth limit. As the DH increases the wake expansion is limited in the vertical plane creating an elliptical wake due to the wake compression, as shown in Figure 6a. The turbine wake expansion is reported to increase with turbulence intensity [34,55] due to enhanced mixing but is insensitive to the thrust coefficient as shown in Figure 6b. The empirical wake radius based on power law is expressed as Equation (16):


      r w  = c     X −  X 0   D   d      



(16)






        c = 2.15    D H    − 0.283   ,     d = 0.29     for    I  eff   < 8 % ;       c = 2.36 + 1.834   I  eff    D / H   ,     d = 0.27    D H    − 0.275       for   10 % ≤  I  eff   < 20 %        








where c and d are functions depending on the DH,   C T   and   I  eff   , respectively. The difference in the parameters c and d at low and high turbulence might be due to the difference in wake structure. The wake expansion is less at low ambient flow resulting in the largely axisymmetric wake while at high turbulence intensity, the wake expands faster to reach the vertical boundaries modifying the structure to a 2D Gaussian wake.



The wake radius model comprising the DH ratio and ambient turbulence provides good results in comparison to the numerical data as shown in Figure 6. In Figure 6a, the increase in a trade-off exists between an increased wake radius at high turbulence and a decreased wake radius at a high DH ratio. The increase in wake expansion at high turbulence is due to enhanced mixing and diffusion while the decrease at high DH is due to the limited channel depth.






5. Discussions


5.1. Effect of the Channel Depth


Four different channel depths of the potential commercial tidal site are studied under the same hydrodynamic conditions. Figure 7 shows the center-line velocity deficit and turbulence intensity for different channel depths. Irrespective of the diameter or the channel depth under consideration given in Table 3, the hydrodynamics of the flow is the same for a given diameter-to-depth ratio. For each case studied, the boundary condition and the model setup are identical. As the tidal turbine is bounded by limited depth, the notable parameter should be emphasized and considered in the hydrodynamics of the flow. Thus, to propose a generic model, a particular channel depth with a different rotor-diameter-to-depth ratio is sufficient to provide a generic representation of the channel size. The variation in DH ratio (dimensionless) provides different wake scenarios in the domain to develop a generic model. The wake expansion along the lateral plane is presented for several diameter-to-depth ration Figure 8.




5.2. Effect of the Rotor Diameter to Depth (DH) Ratio


The DH ratio is the area the rotor covers along the vertical plane. The rotor wake recovery is affected by the bypass flow. Bypass flow is a region around the turbine with ambient flow conditions. The momentum exchange by the rotor reduces the velocity of flow creating a wake that propagates downstream. At a low rotor-diameter-to-depth ratio (i.e., DH20), the wake recovery process is faster as the flow in the bypass region is sufficient to cause mixing between the low velocity at the rotor’s core and the ambient flow in the bypass region. However, at a high DH ratio (i.e., DH60), the velocity deficit along the rotor is substantial compared to the free stream flow in the bypass region, therefore lagging the wake recovery to the upstream condition. The lower bypass flow region is associated with high turbulence and low velocity (bottom wall effect) while the upper bypass flow region has higher velocity and low turbulence effect (free surface effect). This causes the drift of the wake upward in a high rotor-diameter-to-depth ratio as shown in Figure 9. Experimental studies reported the drifting of vertical profile [27] and the DH ratio is interpreted as an increase in the thrust coefficient.



The mean shear layer exists at the interface of the low velocity at the rotor core and high ambient flow (by-pass flow region). The mean shear expands from the rotor tip until finally reaches the center line. The shear layer expansion occurs in the transverse and vertical direction at a low rotor-diameter-to-depth ratio. However, an experimental investigation of the high rotor-diameter-to-depth ratio (DH60) by Stallard et al. [23] shows about 1.5 times the expansion rate higher in the transverse direction than in the vertical plane due to the limited channel depth. A similar compression of the radius and shear layer thickness has also been reported in similar studies by Zhang et al. [28], forming a slightly elliptical profile by virtue of proximity to vertical boundaries. Figure 10 supports experimental studies that show an incomplete vertical development of wake at rotor-diameter-to-depth ratio due to the limited channel depth.



As for all bluff bodies in a flow, the presence of the turbine generates a wake that propagates behind the turbine. The wake of the turbine in free shear flow is approximately axisymmetric [37]. However, in shallow water depths, the structure of the wake can be affected by the limited depth. Olczak et al. [62] show the wake transmute from axisymmetric to transverse Gaussian profile. The transition to the 2D Gaussian profile is accelerated by the rotor-diameter-to-depth ratio as shown in Figure 5. The normalized lateral profile close to the free surfaces becomes Gaussian similar to the centerline profile as the rotor diameter to depth increases. The wake transit from axisymmetric to 2D Gaussian due to the limited depth at DH60. The wake expansion along the lateral plane is limited at a high DH ratio as shown in Figure 8.



In addition, the effect of DH at   C T   = 0.89 and 10% turbulence intensity is presented in Figure 11. The normalized velocity is substantially affected by the DH ratio due to the wake expansion but the turbulent intensity variation at different DH ratios is minimal. The flow recovery at high DH is lessened due to the weak mixing between the low-velocity flow at the rotor core and the high-velocity bypass flow.




5.3. Effect of Ambient Turbulence


Figure 12 presents the normalized velocity and turbulent intensity at DH40 and   C T   of 0.89. The velocity deficit and turbulence intensity recovery are faster at high ambient turbulence. The turbulence in the wake recovers at 15 D and 9 D for 10% and 15% inflow turbulence, respectively. Other experimental [24,25,63] and numerical [64] studies of the wake effect illustrate the reduction in velocity deficit and quick flow recovery at high turbulent flow. The proposed model provides reasonable results compared to the numerical data, especially in the far wake region.



The wake of turbulent intensity recovers at 5 D when the ambient turbulence is 20%. For 15% ambient turbulence, the wake recovery is achieved around 10 D downstream and 15 D for 10% ambient turbulence. At low ambient turbulence, the centerline turbulent intensity does not fully recover due to slow mixing and diffusion of the wake. The contour of normalized velocity and turbulent intensity is presented in Figure 13.




5.4. Effect of Thrust Coefficient


Similarly, the effect of the thrust coefficient at 10% ambient turbulence is shown in Figure 14. An increase in   C T   can also be interpreted as increasing the drag force that causes the momentum exchange across the disc. High   C T   creates a large velocity deficit close to the rotor producing high turbulence in the near wake. The increased thrust coefficient is largely effective in the near wake region. This variation due to the thrust coefficient is well represented by the proposed model in the near wake. However, far away from the rotor, the effect of   C T   is less significant as the flow is largely homogeneous, thus reaching the recovery state.





6. Conclusions


The objective of this study is to develop a general empirical model to estimate the far wake behind a tidal turbine. Numerical simulations were conducted at realistic hydrodynamic conditions and channel configurations. From the numerical results obtained, we conclude that:




	
The ADM underestimates the velocity deficit and turbulence intensity in the near wake; howver, it provides acceptable results in the far wake.



	
For a given DH ratio, the center-line velocity deficit and turbulence intensity are identical irrespective of the turbine diameter.



	
The bottom and surface effect can affect the wake when the rotor-diameter-to-depth ratio is high.








In general, the following conclusions are obtained:




	4.

	
The TST wake is not affected by the channel depth but rather by the rotor-diameter-to-depth ratio.




	5.

	
The DH ratio affects the wake expansion due to the limited depth in shallow water causing compression in the mean shear layer in the vertical direction




	6.

	
Increasing ambient turbulence facilitates wake recovery due to the enhanced mixing process.




	7.

	
A simple empirical model is developed to estimate the velocity deficit and turbulence intensity in the far wake of TST in realistic tidal stream conditions.




	8.

	
The model is validated with TST experiments with reasonable results in the far wake region.




	9.

	
The wake of the tidal turbine is affected by the inflow turbulence, the rotor-diameter-to-depth ratio, and the thrust coefficient.









In conclusion, to develop commercial-scale tidal energy, both velocity deficit, and turbulence intensity need to be considered to optimize the turbine spacing in the park. The next step is to investigate the applicability of the model in tidal farms to account for the turbine-wake interaction. Further investigation on fluid–structure interaction is required to quantify the fatigue loading on the turbine.
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	Diameter to depth
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Appendix A. Wake Radius


The velocity deficit profile along the lateral plan in Figure A1 is approximately Gaussian. The   r  1 / 2    of the velocity deficit profile is evaluated using the full-width half maximum relation of the standard Gaussian function at    2 ln ( 2 )    σ . The wake radius is evaluated at   3 σ   shown as the shaded region in Figure A1. The wake radius is computed at an interval of   1 D   downstream. Below   1 D  , is a region close to the nacelle and tower where the wake begins to develop. The wake model is inapplicable in this region as the model assumes a hyperbolic growth when      X −  X 0   D   → 0  .
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Figure A1. Normalized velocity deficit profile along the lateral plane at 10D showing the wake radius in the shaded region. 
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Figure 1. Schematic representation of the channel showing different rotor-diameter-to-depth ratio D is the rotor diameter presented in Table 3. The gray, blue and red disk represent DH20, DH40 and DH60 cases, respectively. 
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Figure 2. Schematic of the lateral plane showing the location of ambient and wake turbulence in the channel. 
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Figure 3. Comparison of the proposed turbulent intensity model with tidal turbine experimental data. (a) Stallard et al. [3] experiment at DH60. (b) Mycek et al. [24] experiment at DH35. 
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Figure 4. Comparison of the proposed velocity deficit model with tidal turbine experimental data. (a) Stallard et al. [3] experiment at DH60. (b) Mycek et al. [24] at DH35. 
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Figure 5. Normalized velocity deficit at X/D = 3 showing the transition from axisymmetric to Gaussian profile at different DH ratios at 10% turbulence intensity. 
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Figure 6. Comparison of normalized numerical velocity deficit radius and the empirical model showing the wake expansion at 10 % turbulence showing wake expansion at different (a) rotor-diameter-to-depth ratios and (b) thrust coefficients. 
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Figure 7. Center-line velocity deficit (left) and turbulent intensity (right) at 10% ambient turbulence showing the effect of channel depth at different rotor-diameter-to-depth ratios (a) DH20, (b) DH40, and (c) DH60. 
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Figure 8. Normalized velocity contour showing the wake expansion at different rotor diameter to depth ratio. 
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Figure 9. Schematic of the vertical plane showing the effect of rotor diameter to depth ratio. 
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Figure 10. Velocity contour at 10% ambient turbulence showing the wake profile at 1D (left) and 2D (right) for different rotor-diameter-to-depth ratios of (a) DH20, (b) DH40, and (c) DH60. 
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Figure 11. Comparison of a numerical and proposed empirical model for the (a) normalized velocity and (b) turbulent intensity showing the effect of rotor-diameter-to-depth ratio along the centreline. 
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Figure 12. Comparison of a numerical and proposed empirical model for the (a) normalized velocity and (b) turbulent intensity showing the effect of ambient turbulence along the centreline. 
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Figure 13. Contours of normalized velocity (left) and turbulent intensity (right) using the empirical model at different ambient turbulence intensities at DH40. 
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Figure 14. Comparison of a numerical and proposed empirical model for the (a) normalized velocity and (b) turbulent intensity showing the effect of thrust coefficient along the centreline. 
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Table 1. Mean hydrodynamics metrics at tidal channel sites around the world.
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	Location
	Method
	U (m/s)
	TI (%)
	H (m)
	Ref.





	Alderney Race, France
	ADCP
	1.5–4.0
	8–14
	35
	[4]



	East River, NY
	ADV
	2.0
	15
	9.2
	[5]



	East River, NY
	ADCP
	1.5–2.3
	16–24
	9.2
	[6]



	Puget Sound, USA
	AWAC
	2.0–3.2
	8–11
	56
	[7]



	Sound of Islay, UK
	ADV
	2.0–2.5
	11–13
	55
	[8]



	Strangford Lough, UK
	ECM
	1.5–3.5
	4–9
	24
	[9]



	EMEC Orkney, UK
	ADCP
	1.9–3.0
	11–16
	43
	[10]



	Uldolmok Strait, South Korea
	ADCP
	2.0–2.7
	10–18
	20
	[11]



	Cook Inlet, USA
	ADCP
	2.0
	14
	34
	[12]



	Bank Strait, Australia
	ADCP
	1.2–2.2
	10–16
	60
	[13]



	Clarence Strait, Australia
	ADCP
	1.4–2.5
	10–20
	40
	[13]



	Ramsey Sound, UK
	ADCP
	1.2–3.0
	8–16
	40
	[14]



	Paimpol-Bréhat, France
	ADCP
	1.0–3.0
	-
	30
	[15]



	Fromveur Strait, France
	ADCP
	2.0–2.5
	-
	50
	[16]










 





Table 2. Comparison between the proposed model and the previous wake models.
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	Model
	Principles
	Profile
	Wake Expansion Law
	Added Turb.
	Application





	Jensen [38]
	MC
	top-hat
	linear
	–
	wind turbines



	Frandsen [47]
	MC & MT
	top-hat
	non-linear
	–
	wind turbines



	B-P [41]
	MT
	Gaussian
	linear
	–
	wind turbines



	Zhang [48]
	MC & MT
	Cosine
	non-linear
	Yes
	wind turbines



	Ishihara [49]
	MT
	Gaussian
	linear
	–
	wind turbines



	Lam [50]
	MT
	Gaussian
	linear
	–
	tidal turbines



	Lo Brutto [34]
	MC
	top-hat
	non-linear
	–
	tidal turbines



	Proposed
	MC
	Gaussian
	non-linear
	Yes
	tidal turbines







MC: mass conservation; MT: momentum theory.













 





Table 3. Rotor size at a different diameter-to-depth ratio.
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D/H

	
20%

	
40%

	
60%




	
H (m)

	




	
10

	
2

	
4

	
6




	
25

	
5

	
10

	
15




	
35

	
7

	
14
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Table 4. Corresponding values of   C P   and   C T   for resistance coefficient K.
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	K
	    C T    
	    C P    





	1
	0.64
	0.51



	2
	0.89
	0.59



	3
	0.98
	0.56
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