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Abstract

:

Velocity profiles in tidal channels cause cyclic oscillations in hydrodynamic loads due to the dependence of relative velocity on angular position, which can lead to fatigue damage. Therefore, the effect of velocity profile on the load variation and fatigue life of large-scale tidal turbines is quantified here. This is accomplished using Fluid Structure Interaction (FSI) simulations created using the ANSYS Workbench software, which couples the fluid solver ANSYS CFX to the structural solver ANSYS transient structural. While these load oscillations only minimally impact power and thrust fluctuation for rotors, they can significantly impact the load variations on individual rotor blades. To evaluate these loadings, a tidal turbine within a channel with a representative flow that follows a 1/7th power velocity profile and an onset turbulence intensity of 5% is simulated. This velocity profile increases the thrust coefficient variation from mean cycle value of an individual blade from 2.8% to 9% and the variation in flap wise bending moment coefficient is increased from 4.9% to 19%. Similarly, the variation from the mean cycle value for blade deformation and stress of 2.5% and 2.8% increased to 9.8% and 10.3%, respectively. Due to the effect of velocity profile, the mean stress is decreased, whereas, the range and variation of stress are considerably increased.
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1. Introduction


Hydrodynamic conditions in actual marine environments are site-specific and vary considerably from site to site [1,2]. Every hydrodynamic condition has different effects on the performance and structural integrity of a tidal turbine [3]. Amongst the various hydrodynamic conditions, the inflow velocity [4], wave-current interaction [5,6], turbulence [7,8] and velocity shear [9,10] have been identified as having substantial effects on the turbine performance. These hydrodynamic conditions will also significantly impact the structural load encountered by tidal turbine blades. The hydrodynamic condition of velocity shear is caused by the sea bed friction, which reduces the current velocity such that its value at the bed is effectively zero. The height of the water column influenced by the sea bed friction is generally known as boundary layer thickness [11]. In relatively shallow waters with a depth range of 25–50 m, the boundary layer generally influences the entire water column. First generation tidal devices operate in shallow water and therefore experience the effect of a boundary layer [12,13], which is typically referred to as the velocity profile. In a tidal channel flow, environment turbine blades are exposed to velocity variations which are a function of blade length and rotational position when a velocity profile exists. Therefore, the turbine power coefficient CP fluctuates during a rotational cycle, with its mean cycle value dropping from its designed value [14]. Similarly, blade loads (i.e., thrust force and flap wise bending moment) are also functions of flow velocity, fluctuating due to the effect of velocity profile during a rotation cycle [15,16]. Since blade fatigue is primarily a function of the load fluctuations on the individual blades, therefore, the velocity profile may significantly impact blade failures. First-generation tidal energy devices are primarily rigidly fixed to the sea bed, and it has already been established that the effect of bottom fixed-support structures on the turbine performance and downstream wake is significant [17]. Just like other hydrodynamic conditions, the effect of velocity profile on the performance of tidal turbines has been established, but its effect on the structural loads encountered by a tidal turbine has not been quantified in detail. Quantifying these impacts is an important step towards ensuring the reliability of these turbines and avoiding sudden structural failures such that long term structural integrity is ensured. Additionally, hydrodynamic conditions will impart unsteady loads to the rotating turbine blades. Due to the rotation of the turbine and periodic nature of hydrodynamic forces the turbines may be prone to fatigue failure [18,19]. Therefore, detailed knowledge about the behavior and magnitude of load variations and the effects of these load variations on the fatigue life of blades will improve the reliability of turbines against structural failures.



Experimental testing of scale models has thus far been the preferred approach for investigating the effect of hydrodynamic conditions on turbine performance. During such tests [20,21], various hydrodynamic conditions are artificially created in the circulating water. A similar approach of scaled model experimental testing has been adopted by the tidal turbine research community for investigating the effect of hydrodynamic conditions on the structural response of turbine blades. The experimental tests have successfully demonstrated the effect of marine conditions like wave-current interaction [22,23,24] and onset turbulence [25,26,27] on the behavior of structural loads encountered by tidal turbine blades. Unlike other hydrodynamic condition, velocity profiles similar to real tidal flows are difficult to represent in an experimental channel. Therefore, experimental data, which are primarily collected in experimental channels, do not provide adequate validation for simulations run using realistic velocity profiles. Some efforts have been made to create velocity profiles in a circulating water channel that are similar to tidal energy sites by inserting grids of parallel rods with varying spacing [16,28]. However, the success achieved using this approach was somewhat limited. Additionally, it is very difficult to manufacture small scale turbine blades representing real blade designs. Therefore, validation of tidal turbine structural response using experimental data is not possible. These challenges are exacerbated as experimental results are also subjected to scaling issues, blockage corrections, and lack the required detail for understanding the complex fluid structure interaction [29]. Numerical models, on the other hand, are capable of modeling more realistic marine environments at the full scale. Although these models have their own limitations and complexities, their intelligent use can greatly reduce the volume of experimental work.



Computational Fluid Dynamics (CFD) based numerical models can be used for the investigation of structural loads in turbine blades. Among the various CFD approaches, the Reynolds Averaged Navier Stokes (RANS) models are most commonly used because they are computationally less expensive. However, these models cannot accurately resolve the turbine near wake region due to its anisotropic nature and large scale turbulence structures [30]. Alternately, Large Eddy Simulations (LES) models solve the spatially averaged Navier-Stokes equations and directly resolve large turbulence structures (eddies). LES models can represent the full spectral distribution of blade bending moments [31,32,33]. However, LES models are computationally expensive and require greater mesh accuracy. For modeling flow situations, where the effect of large-scale turbulence structures is not important (e.g., velocity profile, waves), RANS models may be the preferred approach. CFD based numerical models inherently do not account for the elastic behavior of structures. In reality, tidal turbine blades are flexible and deform due to the onset flow [34]. The hydrodynamic and structural response of a deformed turbine blade is expected to be different than from an undeformed rigid blade, if the blade deformation is significant. Therefore, the elastic behavior of the blade should be accounted for when evaluating the hydrodynamics and structural dynamics of a tidal turbine. Additionally, the CFD-based numerical models only solve the fluid field and are unable to describe the structural field in terms of structural stresses and deformations. Alternately, coupled FSI models are capable of taking the elastic behavior of the structures into account when modeling the dynamics of flow and structure simultaneously by explicitly solving both fields. The use of coupled FSI models in tidal turbine research has thus far been very limited due to the associated computational cost. However, their use is growing due to advancement in the numerical models, computational capabilities, and greater access to the necessary computers. Some efforts have been made to develop FSI models for the investigation of tidal turbine performance and blade deflection [35,36]. These models utilized a single turbine blade and simplified fluid dynamic solvers. A full 3D FSI analysis has also been executed for horizontal axis tidal turbine [37]. However, the focus of the study was solely on the hydrodynamic performance of the turbine under the effect of wave-current interaction. We developed a similar full 3D FSI analysis methodology requiring a shorter computational time for a small scale tidal turbine rotor [38]. While our study reported the load variation during a rotation cycle, the turbine design was a scale model, the support structure/tower was not included, and the blade design was simplified. Additionally, the effect of load variation was not translated into its effect on the fatigue life of turbine blades. Nevertheless, these studies provided a good foundation for executing more robust and higher fidelity coupled FSI models capable of simulating the hydrodynamics and structural dynamics of a full-scale tidal turbine design.



In this paper, we extend our earlier developed [38] coupled FSI analysis procedure to evaluate the effects of velocity profile on the structural loads encountered by rotating tidal turbine blades. To accomplish this, we used a more realistic full-scale complete twin bladed turbine design with hub, nacelle and support tower. The magnitude and behavior of load variation are quantified in the presence of support structure, which is translated into its effect on the fatigue life of turbine blades. The turbine design is based on the non-proprietary open source design (RM1) developed by the U.S. Department of Energy. The large scale turbine has a 20 m rotor diameter and the support structure is a 28 m long steel tubular monopile with a diameter of 2 m. Experimental performance measurements of the University of Minnesota’s St. Anthony Falls Laboratory [39] have been used for the validation of the utilized CFD method. The paper is structured into 6 sections. Section 2 describes the simulation conditions and evaluated parameters. Section 3 presents the computational method, with Section 3.1 outlining the CFD method, Section 3.2 providing the details of coupled FSI model and Section 3.3 describes the computational mesh. The verification and validation of the utilized computational method are provided in Section 4. Section 5 presents results and discussion, with the effect of velocity profile on load variation is presented in Section 5.1 and the variation of stresses and its implication to fatigue failure of the blades is presented in Section 5.2. Finally, major conclusions of this study are presented in Section 6.




2. Simulation Conditions and Load Parameters


Two sets of operational conditions are utilized in this study. These operating conditions are (1) uniform velocity and (2) a velocity profile following the 1/7th power law, which are used as the inlet velocity conditions to model the fluid and structural dynamics of the tidal turbine. Tidal turbine rotor blades are typically nearly neutrally buoyant. In this case, the buoyant forces and gravitational forces approximately balance and therefore the gravitational/buoyant effects are ignored in the simulation. The turbine is considered to be fixed pitched with neutrally buoyant blades. The density of water is assumed to be constant (1000 Kg/m3), and that the flow was free of cavitation. Therefore, the effects of cavitation are also not considered in the simulations. The turbine is simulated at the peak power condition of Tip Speed Ratio (TSR) 4.87 corresponding to the turbine rotational rate of 0.7 rad/s. This operational condition is selected because the largest bending moments occur when the turbine operates near peak power [32]. For the uniform velocity case, mean free stream velocity is set at 1.5 m/s, with a turbulence intensity of 5% and viscosity ratio of 10. For the velocity profile case, it is assumed that the velocity profile follows the 1/7th power law. While velocity profiles vary considerably from site to site depending on the local bathymetric conditions, these velocity profiles can typically be approximated using power laws. The 1/7th and 1/10th power laws have been used to estimate the velocity profiles for EPRI North American tidal in stream power feasibility demonstration project [40] and other previous research works [14,38]. The flow is assumed to only vary along the depth, and stays uniform across the width of the domain. The velocity profile is estimated using a simple 1/7th power law equation (Vy=V0×(yi/yD)17). Here, V0 is the velocity at the surface of fluid domain, yi  is the depth at position i and yD  is the total domain depth. To enable direct comparison with the uniform velocity case, the velocity is distributed such that velocity at the hub height is 1.5 m/s. The mean velocity above the hub height is therefore greater than this value, while the velocity below the hub is smaller. The average velocity across the turbine swept area is 1.496 m/s, and the turbine rotational velocity is calculated using this velocity for an estimate of the optimum TSR. A plot of the mean velocity profile used at the inlet condition in this paper is provided in Figure 1. This velocity profile changes once the flow passes the turbine. The velocity profile at different downstream locations can be clearly visualized in the results and discussion section of this paper.



To discuss results in this paper, the following non-dimensional performance and load parameters are used:


TSR = ωR/U∞



(1)






CP = P/0.5ρAU∞3



(2)






CT = T/0.5ρAU∞2



(3)






CBM = Bending Moment/0.5ρAU∞2R



(4)






Cθ = Torque/0.5ρAU∞2R



(5)







In these equations, CP is the power coefficient, CT is the thrust coefficient, CBM is the bending moment coefficient of the turbine, U∞ (m/s) represent the free stream velocity, ω (rad/s) the angular speed of the rotor (assumed constant for the simulations conducted in this paper), R (m) the radius of the rotor, A (m2) the swept area of the rotor, P (watts) the total power available in the flow stream, T (N) is the stream-wise (thrust) force on the rotor, and Bending Moment (Nm) is the flap-wise bending moments caused by the moment of thrust force and acts along the chord line.




3. Computational Method


3.1. Computational Fluid Dynamics Model


ANSYS CFX within the ANSYS Workbench 18.2 is used to solve the fluid field of the coupled FSI analysis. One of the major issues with coupled FSI simulations is the requirement of higher computational time, partly due to the simultaneous solution of two independent physics fields of fluid dynamics and structural dynamics at every time step and the data transfer between the two fields. Secondly, these solutions are required to be run for enough rotor rotations to achieve a stable solution. In order to run the simulations for lesser number of rotor rotations while still obtaining a stable solution, an uncoupled steady state CFD solution of the fluid field is first obtained. This solution is used to provide initial values to another uncoupled transient CFD simulation of the fluid field, and this solution is then used to provide initial values to the fluid solver participating in the coupled FSI simulations. This approach provides fast and improved convergence of the coupled FSI simulations. The fluid region is meshed such that it is decomposed into a finite number of control volumes. The general conservation equation for continuity and momentum are then solved on this set of control volumes. The flow domain is subdivided into a stationary rectangular domain and a rotating cylindrical domain to initially set up a steady state model using a Multiple Frame of Reference (MFR) approach. Details of the turbine and fluid domain are shown in Figure 2.



The stationary domain of rectangular shape used a domain that is 3D deep, 4D, wide and has a length of 10D to represent the flow channel in the CFD model. The cylindrical rotational domain uses a diameter of 1.2D and width 0.3D to enclose the turbine blades and hub for modeling the rotation at turbine angular velocity. The domain reference (x, y, z) = (0, 0, 0) is set at the center of the back face of turbine hub. The steady state model is used to initialize a transient simulation to model the rotating turbine. For the transient simulations, Transient Rotor Stator (TRS) frame change model is used to simulate the relative motion between the components on each side of the interface. While this approach more accurately models the relative motion between moving and stationary domains, it does require significant computational resources [41]. The Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations are then solved, and the inner cylindrical domain containing the rotor is physically rotated using a sliding mesh approach every time step. Mesh deformation is enabled for the rotating zone, with the region of motion specified using the displacement relative to previous mesh. Closure of the Navier-Stokes equations is obtained using the Shear Stress Transport (SST) model. The SST model combines the K−ω model for use near walls and the standard K−ε model away from walls using a blending function, and the eddy viscosity formulation is modified to account for the transport effects of principle turbulent shear stress. This model has the capability of gradually changing from the standard K−ω model in the inner region of the boundary layer flow to a high Reynolds-number version of the K−ε model in the outer part of the boundary layer so that advantages of both models can be utilized. The SST model is known to predict the onset and amount of flow separation under adverse pressure gradient with better convergence [42] and has been successfully used to model the near wake of tidal turbines [43,44,45]. An SST model with automatic wall function is also utilized for the work presented in this paper. Details about the values of y+ considered for the simulations are available in Section 3.3. The wall functions are used to determine the near wall profiles, rather than actually resolving the profile with a very fine mesh. A turbulence intensity of 5% is used and a viscosity ratio 10 is specified at the inlet for all simulations. Velocity specified inlets intended for incompressible flows are predominantly used for regions where inflow is expected. To make the boundary condition robust, the outlet of the flow channel is specified as a pressure outlet, with a relative static pressure of 0 Pa [41]. No-slip wall boundary condition is assigned to the bottom and two sides of rectangular channel domain, as well as to the turbine blades, hub, nacelle and tower surfaces. In a no-slip wall boundary condition, the velocity of the fluid immediately next to the wall is zero. The top of the rectangular channel is assigned a free slip wall boundary condition, specifying that the velocity of fluid immediately next to the wall is not retarded by wall friction effect. The free surface deformation is neglected, although this omission could have an effect on the predicted turbine performance. However, this effect depends upon the clearance between the blade tip and top surface. Several previous studies [20,46,47] have established that a clearance of 1D is large enough to make the free surface effects negligible, and our simulation results show that this assumption is reasonable for the simulation conditions utilized in this paper. Three mesh interfaces are specified at the three connecting surfaces between the cylindrical and rectangular domains. These interfaces are essential for connecting the two domains, as well as to model the changes in reference frame between domains. For the interfaces defined in simulation a general connection interface model is used and the meshes are connected through a General Grid Interface (GGI) method. The interface models and mesh connection method control the way data are transferred across the interfaces. The total time of simulation is set to 25.86 s, corresponding to three complete rotations at angular speed of 0.7 rad/s (TSR 4.87). The time step for simulation is taken as 0.144 s, and this corresponds to six degrees rotation of the turbine. A time step study is conducted to establish the adequacy of this time step value in view of the computational expense, accuracy, and system memory requirements.




3.2. Coupled Fluid Structure Interaction Model


The coupled FSI simulations performed in this paper only considered the elastic behavior of turbine blades, while the support tower is considered rigid. The transient structural analysis system is coupled through system coupling with CFX in ANSYS Workbench 18.2 to perform coupled simulations with two-way data transfer. This is a loosely coupled modular independent domain approach. The fluid and structural domain are solved explicitly in their respective domain without any modification to the CFD or Finite Element Analysis (FEA) code. The coupling code acts as a black box and communicates information between the two solvers by establishing a data transfer mechanism. The individual physics of the fluid and structural field are solved separately and then coupled by passing information across the fluid-solid interfaces. The FSI simulations utilized the same geometric model as that used in the CFD simulations. The FEA, CFD, and system coupling setups are performed sequentially starting with the FEA system. The FEA system only requires the solid parts and therefore the fluid domain is suppressed. The turbine blades, hub, nacelle and tower are all assumed to be made from structural steel. The use of steel material for the FEA model reduces the model complexities as compared to the composite material. In addition, the carbon steel is amongst the prospective materials for turbine blades and intended to be used for one of the two types of turbines planned for the world first commercial array project [48]. Material properties of the utilized steel material are as in Table 1.



Time settings for the FSI simulation are kept similar to the uncoupled CFD model, and the turbine operation is modeled for three complete rotations. Throughout this paper the data has been presented for only two rotations, because the data from the first few time steps during the first rotation is not stable. This is an acceptable behavior normally associated with CFD and FSI simulations. The turbine rotor is assigned an angular velocity of 0.7 rad/s, corresponding to the turbine TSR of 4.87. A remote displacement support is assigned at the turbine hub center and the turbine is fixed with two fix supports at the nacelle tower connection and tower base. Two fluid-solid interfaces are defined at the two blades to receive force data and transfer displacement data to the CFX solver. ANSYS system coupling has the capability to solve each physics in serial or parallel mode. In this paper, the FEA solution is performed with a shared memory parallel solver distribution utilizing 18 CPU cores and GPU acceleration. The transient fluid (CFX) system of coupled analysis is set with similar settings as those employed in the uncoupled CFD simulations except that the blades are set to receive mesh motion from the system coupling. The CFX solver is set to run in a shared memory local parallel mode utilizing 72 CPU cores and the solution is initialized with an already completed uncoupled transient CFD simulation. For the system coupling setting, the analysis type parameters are set to Transient. The coupling duration definition is set to end time and similar time settings as those employed in the transient structural and CFX systems are employed. To communicate information between the two solvers, two data transfers are created for each blade. One of the data transfers will transfer incremental displacement from the FEA system as mesh displacement to the CFD system. Whereas the other data transfer will transfer force from the CFD system as force to the FEA system. The RMS convergence target for all data transfers are set to 0.1, and no ramping is employed for the data transfer. The simulation is executed such that the FEA system will be solved first.




3.3. Computational Mesh


Selective body meshing technique is used with a patch confirming method to set up a tetrahedral mesh starting from the turbine blades in the mesh component system of ANSYS Workbench 18.2. The geometric model is converted into a single part consisting of multiple bodies to obtain a matching conformal mesh on the shared faces between bodies. The mesh used in these simulations is shown in Figure 3.



Tetrahedral mesh elements are used to generate mesh on blades with an element size of 60 mm, hub and nacelle with 150 mm and rest of the cylindrical domain with 260 mm. Prism layer elements are generated around the blade surfaces to capture the boundary layer flow. The distance of the first node away from the wall (blade surface) is set to 0.18 mm, with a growth rate of 1.2 and the total number of layers is 11. This mesh setup ensured that the value of y+ is within the prescribed range of 2≤y+≤300 for the SST turbulence model and the minimum number of nodes is greater than 10 to take full advantage of the automatic wall function switch [41]. The value of y+ on the lower and higher-pressure surfaces of the blade is monitored throughout the solution process by creating user function through expression. The value of y+ was 31≤y+≤43 for the steady state and transient CFD simulations, which is within the prescribed range of y+ values required for the optimal performance of SST turbulence model. For the cylindrical domain, the total mesh count is 3.1 × 106 elements (7.6 × 105 nodes). The stationary rectangular domain is meshed with an element size of 2900 mm except the surface of the monopile support tower that is meshed with an element size of 100 mm. The total mesh count for the rectangular domain is 1.4 × 106 elements (2.7 × 105 nodes). For the structural analysis system in the coupled FSI simulations, the turbine model is meshed with a patch confirming the tetrahedral method. The turbine blades are meshed with a body sizing of 60 mm, hub and nacelle 300 mm, and tower 200 mm. For blades, the mesh size function is set to the curvature to properly resolve the leading edge. The hub, nacelle and tower had a uniform size function. The FEA model has a total mesh count of 4.4 × 105 elements (7.1 × 105 nodes), of which 67% of the elements are at the turbine blades.





4. Verification and Validation of the Numerical Method


The accuracy of coupled FSI simulations depends largely on the constituent fluid and structural dynamic models. If the spatial and temporal discretization of the constituent fluid and structural dynamic models are verified then the other parameter that can possibly affect the accuracy of the coupled simulation is the mapping error in data transfer. In this paper, a mesh sensitivity is performed to verify that the fluid dynamic model is providing a mesh independent solution. For this purpose, the steady state CFD (MFR) model is utilized on four different grids generated with almost a similar mesh scheme but having different grid densities in the rotating and stationary domains (Table 2).



The meshing strategy is to use 70% or more elements in the rotating domain and keep the number of inflation layers and y+ value nearly constant for all the grids utilized in the mesh sensitivity study. The MFR model is selected to eliminate the uncertainties associated with temporal discretization at this stage. The simulations are conducted at uniform velocity of 1.5 m/s and turbulence intensity of 5% with a viscosity ratio of 10 for the turbine operating at optimum TSR of 4.87. The value of torque on a single blade is a direct output of the CFD simulation and is used to evaluate the effect of grid density on the simulation results. Figure 4 shows that increasing the grid density monotonically increases the predicted torque value. The difference in the predicted values of torque for a single blade is only about 0.5% between the last two grids (Table 2). Therefore, the grid with 4.5 × 106 elements (Grid 3) is selected for further simulations. To establish the temporal accuracy of the fluid dynamic model a time step sensitivity study is performed by utilizing the transient CFD model described in Section 3.1 with selected Grid 3. Three simulations at time steps corresponding to 2°, 4° and 6° of turbine rotations and total time corresponding to three turbine rotations are conducted at the optimum TSR 4.87 and each simulation is initialized by the steady flow solution. The difference between the torque values with respect to the 2° case is 0.08% and 0.32% for the 4° and 6° case respectively. The value of predicted torque is found to be less sensitive to the size of the time step. This observation is similar to the findings in other similar studies [47,49] and supported by the fact that ANSYS CFX is an implicit solver and does not require very small Courant numbers for stability [42]. Thus, a time step corresponding to 6° of turbine rotation is selected to ensure computational efficiency is achieved without compromising the accuracy and stability of the numerical solution.



To further validate the utilized numerical methods, power coefficients predicted by the steady state, transient analysis and coupled FSI analysis of the full-scale model are compared with model scale experimental data [39] in Figure 5 and Table 3.



All the numerical models predicted similar values to those measured in the experiment for the turbine power coefficient (Cp) at the optimum TSR. Experimental values for turbine thrust coefficient (CT) are not available. However, all the numerical models predicted similar values of thrust coefficient (CT). The turbine diameter-based Reynold number (ReD=U∞×D/ν) for the utilized turbine design in this study is 3 × 107, whereas the turbine in the experiment has a Reynold number of 5.2 × 105. But still the performance coefficients of full-scale model matched well with the scaled model experimental data. This observation is consistent with the findings in Reference [9] and supports the fact that performance in terms of non-dimensional parameters is independent of Reynold number beyond a critical value. To ensure the proper execution of data transfer between the fluid and structural dynamic models, the expert parameter “DumpInterfaceMeshes” in the FSI model setup is set to the CFD post. A summary of the data transfer report displayed on the solver run window of the coupled simulation and contour plot of “DumpInterfaceMeshes” showed that 100% of node data were successfully transmitted between the solvers.




5. Results and Discussion


5.1. Effect of Velocity Profile on Variation of Structural Loads


Performance coefficients of the whole rotor, obtained from the FSI simulations, for a uniform inlet velocity and velocity profile are presented in Figure 6.



The mean cycle values of power and thrust coefficient have decreased by about 0.69% and 0.38%, respectively, due to the effect of velocity profile. The percentage drop in power and thrust coefficient is considerably small compared to Mason-Jones et al. [14]. This is mainly because of the velocity profile employed in this study. Two maxima and minima per cycle are evident in Figure 6, which are due to the effect of two blades passing the tower. When any of the turbine blade passes the tower, the whole rotor power and thrust drops below its mean value due to the tower effect. The whole rotor power and thrust coefficients vary from its mean value by 2.31% and 1.25% respectively due to the sole effect of tower. For a combined effect of velocity profile and tower the variation in power and thrust coefficients is 2.73% and 1.42% respectively. Although, it seems that velocity profile will complement the tower shadow effect in reducing the rotor power and thrust. Because when a blade passes the tower it is also operating in the lower part of the water column. However, Figure 6 shows that the combined effect of velocity profile and tower on the whole rotor power and thrust is not much different than the sole effect of tower. This finding is in accordance to similar studies for wind turbines [50,51]. This is because the rotor achieves its peak value near the horizontal position (θ=90°−270°) (Figure 7). At this position, the effect of velocity profile is not prominent and the onset velocity is almost equal to the hub height velocity of the uniform velocity case. Therefore, the effect of velocity profile is almost negligible. Similarly, the rotor achieves minimum power when it is aligned vertically with the tower (θ=0°−180°). At this position the lower blade experiences the maximum effect from tower and velocity profile. However, at the same time the upper blade is almost free from the effect of tower and operates in the maximum velocity region in the water column. Therefore, the cumulative effect balances out and the resultant combined effect of tower and velocity profile on the whole rotor power coefficient is not much extravagant. Contrarily, in the case of a single blade, the extreme values of the blade wise torque coefficient Cθ (Figure 8) occur when a blade is aligned to the tower either at θ=0° or θ=180°.



The variation in mean cycle values of the thrust coefficient for the whole rotor is smaller than the power coefficient (Table 4). This observation is significant for the useful life of turbine shaft, bearings, seals and other associated components. It was anticipated that a two-bladed rotor would exhibit larger power and thrust coefficient variation compared to a tri-bladed rotor due to the effect of velocity profile and support tower. However, for a tri-bladed device [31] the mean cycle values of power coefficient varied by about 10% with three maxima and minima per cycle. The two-bladed device in this study and another similar study [16] showed a much lower variation in power coefficient of 2.73% and 5.72%, respectively, with two maxima and minima per cycle. However, since these studies utilized different turbine design and tidal conditions therefore, this conflict may be resolved by utilizing similar turbine design with different number of blades operating in similar flow conditions.



Flap wise bending moment at the blade root is considered a critical design load for causing blade failures [32]. Flap wise bending moment is caused by the moment of thrust force and acts along the chord line. The peak rotor loads predominantly come from the thrust characteristics of turbine. The thrust behavior of a single blade is similar to the flap wise blade bending moment but has not been shown here for brevity. Contrary to the total rotor loads, the velocity profile has a significant effect on the variation of individual blade loads (Figure 9).



Detailed quantitative evaluation of load variation on a single blade and whole rotor is provided in Table 4. This table clearly shows that the sole effect of tower on load variation on an individual blade is about twice the load variation on whole rotor. Due to the combined effect of velocity profile and tower, the variation in thrust coefficient from the mean cycle value of an individual blade increases from 2.8% to 9%. Whereas, for flap wise bending moment the addition of velocity profile increases the load variation on a single blade from 4.9% to 19%. The change in both these loads variation is quite significant and indicative of the importance of considering the velocity profile as a possible source of fatigue failure. For the uniform velocity case, the rotor thrust reduced by about 1.3% due to the tower shadow effect. A similar reduction in thrust of 1–2% due to tower shadow has been reported for wind turbines [50,51]. The mean value of the blade wise thrust decreases due to the combined effect of tower and velocity profile compared to the tower only effect (Table 4). But the peak and range of blade wise thrust increases resulting in increasing the variation. The thrust behavior between the two cases is significantly different from each other and can have serious consequences for the fatigue life of turbine components. For the sole effect of tower, both the blade will almost contribute a similar value of thrust that will be transferred to the shaft and associated components. The thrust force can be expected to act almost along the center line of the shaft. For the combined effect of tower and velocity profile the upper blade will contribute significantly more to the rotor thrust compared to the lower blade. The thrust force in this case will not act in axisymmetric manner and will affect the life of shaft, bearings, seals and other associated components. Moreover, the significant variation in flap wise bending moment reasserts its position as the most dominant and critical design load consideration for tidal turbine blade. Torque as a moment (edge-wise bending moment) and torsional bending moment are less critical and their contribution towards causing blade failure is not significant. Therefore, they are not discussed here in details. The torque variation is more relevant for the representation of power fluctuations and has been represented in terms of power coefficient variations in the earlier part of this discussion. The results presented so far in this paper are purely based on simulations and are not compared with full-scale experimental data due to the unavailability of required details. Nevertheless, this study is important as a preliminary step upon which future studies can be based. Additionally, we have selected the peak power operating condition because the largest bending moments will occur at this TSR [32].



Apart from load variations, the constituent fluid dynamic component of the coupled FSI analysis is capable to provide a very good visualization of the turbine flow field. Figure 10 shows that for uniform velocity case the wake is axisymmetric. The addition of velocity profile has shifted the wake upwards and velocity in the lower part of the wake has decreased. To further quantify this effect, velocity variation along the depth of the channel at different downstream locations is provided in Figure 11. The inflow velocity is unaffected up to a distance of 2D upstream (x/D = −2) in both cases. At the turbine location (x/D = 0) and 1D downstream (x/D = 1), the velocity variation is almost similar between the two cases. However, further downstream at (x/D = 3) and beyond that the wake has clearly shifted upwards. For the velocity profile case, the velocity in the upper bypass region of the wake has increased.



Figure 12 shows that for the uniform velocity case at 1D above and below the turbine, the velocity deficit gradually reduces along the channel length with almost a similar velocity recovery. However, for the velocity profile, at 1D above turbine the velocity deficit is negative throughout the length of the channel. This indicates that higher velocity than the mean free stream velocity is available at this height. This finding can be utilized for the future array designs as the power out of turbine is a function of the cube of velocity. In an axial array layout, if the downstream devices are positioned successively higher than the upstream devices, this higher velocity can be utilized to obtain higher power outputs. However, there are several other complications and site constraints that need to be further analyzed.




5.2. Effect of Velocity Profile on Variation of Stresses and Implications to Fatigue Life


The coupled FSI model provides a detailed insight into the structural response of turbine components against the imposed fluid loads by providing all the results that are possible from a standalone FEA analysis. The maximum blade deformation in the evaluated cases is relatively small about 40.9 mm for the uniform velocity case and 41.9 mm for the velocity profile (Figure 13). The maximum equivalent stress for the uniform velocity and velocity profile is 118 MPa and 121 MPa respectively (Figure 14). The maximum stress occurs near the root of the blade and it is clearly evident that this area would require additional reinforcement.



Figure 15 clearly shows that blade deformation and stress vary with the blade angular position during a rotation cycle. The blade deformation and stress vary by about 2.5% and 2.8%, respectively, from its mean cycle value during a rotation cycle due to the sole effect of the tower. The variation in blade deformation and equivalent stress are significantly increased to 9.8% and 10.3%, respectively, due to the added effect of velocity profile. The velocity profile augments the tower effect resulting in increased variation in blade deformation and stress. It is however interesting to note that the mean cycle value of deformation and stress decreases with the added effect of velocity profile (Table 5). Because, when a blade comes in front of the tower along its rotation cycle, at this moment it is in the lower velocity region of the water column. Therefore, the minimum value of thrust force is further reduced due to the combined effect of tower and velocity profile. Contrarily, when a blade is at the top, it is free from the tower effects and operates in the higher velocity region of the water column. Therefore, the maximum value of thrust force further increases due to the combined effect of tower and velocity profile. This reduction in the minimum value of thrust and increase in the maximum value of thrust causes a reduction in the mean value of stress due to the added effect of velocity profile. On the contrary, the values of range and variation are considerably increased. The mean stress and stress range (alternating stress) are the two important parameters with prominent effects on the fatigue life of turbine blade. The fatigue strength of the blade will decrease with increase in the mean stress and or stress range and vice versa. The fatigue strength under an axial load is decreased due to increase in the tensile mean stress. However, in case of torsion, the fatigue strength is unaffected by the increase or decrease in mean stress. For the case study presented in this paper, the mean stress decreases by a very little margin however, the stress range (alternating stress) increases considerably by more than three times due to the added effect of velocity profile. The stress response of the blade (Figure 15) shows a repeating cyclic behavior indicating the possibility of fatigue failure.



To further investigate the fatigue behavior of the rotating turbine blade, fatigue analysis was performed using a stress life fatigue model. The stress life fatigue model determines the total fatigue life and does not differentiate between crack initiation and propagation. The stress life fatigue model is based on S-N curve and deals with high cycle fatigue. A constant amplitude proportional loading was assumed because the principal stress axis does not change over time. A stress ratio, (R = σMin/σMax) of 0.97 and 0.90 is used for the uniform velocity and velocity profile case respectively. Fatigue S-N curves for materials are mostly generated from fully reversed constant amplitude experimental tests. For in service application such loading condition is very rare and mostly a mean stress will exist that must be accounted for in the fatigue analysis. In the stress life fatigue model of the ANSYS fatigue module the mean stress effect can be taken into account through direct interpolation between experimental S-N data. But such experimental data is usually not available due to the cost of experimental tests. Empirical relations like Goodman, Soderberg and Gerber theories can be used as an alternative to the experimental data. These empirical relations use the static material properties together with the S-N data to account for the mean stress effects. The experimental data generally lies between the Goodman and Gerber relation. For brittle materials, the Goodman relation is considered as a better choice whereas for the ductile materials the Gerber relation is often preferred. The turbine blades for the current study are made from structural steel and therefore a Gerber equation is selected. Equivalent (VonMises) stress was used as the stress component for the fatigue analysis to convert from a multiaxial stress state obtained from FE analysis to the uniaxial stress state of the experimental fatigue data.



Figure 16 shows the stress state of the blade for uniform velocity and velocity profile. The green color corresponds to a biaxiality indication of (0) indicating a uniaxial stress state at a majority of the blade. The blue color with a biaxiality indication of (−1) indicates a pure shear and red with a biaxiality indication of (1) represent a pure biaxial state. The contour plot clearly shows that the major portion of the blade is in a uniaxial stress state (green color) and S-N data for torsional loading is not required for the fatigue analysis of turbine blades. Figure 17 shows that for the uniform velocity the fatigue factor of safety is 3.8. The additional effect of velocity profile has reduced the fatigue factor of safety by about 8% to a value of 3.5. It is important to note that although this study utilized a near to real turbine design but only the hydrodynamic conditions of velocity profile is modeled with contribution to the fatigue failure of blades. But other important contributors, like turbulence and waves, etc., will also contribute to deciding the final fatigue life of the blade.





6. Conclusions and Prospects


3D Transient coupled FSI simulations have been performed using ANSYS Workbench 18.2 to quantify the effect of velocity profile on load variations for a large scale two-bladed complete tidal turbine. The utilized simulation method was validated with experimental data, and its spatial and temporal accuracy has been quantified. The turbine hydrodynamics and structural dynamics are simulated for two different inflow conditions, one representing a uniform inlet velocity and the other a velocity profile based on 1/7th power law. Results show that mean cycle values of both the power and thrust coefficient are 0.69% and 0.38% less for the velocity profile. In the case of uniform inlet velocity, the rotor power and thrust coefficients varied from their mean values by 2.31% and 1.25% respectively. This variation is caused by the turbine blades passing the support tower. For a combined effect of velocity profile and tower the variation in power and thrust coefficients increased to 2.73% and 1.42%, respectively. Therefore, the effect of velocity profile on the turbine power and thrust fluctuation is not significant for the evaluated turbine design and hydrodynamic conditions. Conversely, the velocity profile had a significant effect on the variation of individual blade loads. Due to the added effect of velocity profile, the variation in thrust coefficient of an individual blade increased from 2.8% to 9%. Additionally, for the flap-wise bending moment the velocity profile increased the variation on a single blade from 4.9% to 19%. The increase in loads variation is quite significant and indicative of the importance of considering the velocity profile as a possible source of fatigue failure. The thrust behavior between the two cases is significantly different from each other. For the sole effect of the tower, both blades contribute similar values of thrust that is transferred to the shaft and associated components. In this case, the thrust force is expected to act almost along the center line of the shaft. However, for the combined effect of tower and velocity profiles, the upper blade contributes significantly more to the rotor thrust than the lower blade. The thrust force, in this case, will not act in an axisymmetric manner and will affect the life of shaft, bearings, seals, and other associated components. Moreover, flap-wise bending moment has been found to have the highest variation, reasserting its position as the most dominant and critical design load consideration for turbine blade fatigue life. The blade deformation and stress varied by about 2.5% and 2.8%, respectively, from the mean cycle value during a rotation cycle due to the sole effect of the tower. The variation in blade deformation and equivalent stress are increased to a value of 9.8% and 10.3%, respectively, due to the added effect of the velocity profile. The stress response of blades showed a repeating cyclic behavior indicating the possibility of fatigue failure. The mean cycle value of deformation and stress decreases with the added effect of velocity profile. However, the range and variation are considerably increased. The added effect of velocity profile has reduced the fatigue factor of safety by 8% for the evaluated cases. An axisymmetric wake was observed for the uniform velocity case that was shifted upwards due to the effect of velocity profile. At 1D above the turbine, the velocity deficit is negative throughout the length of the channel in case of velocity profile. This indicates that higher velocity than the mean free stream velocity is available at this height. This finding can be utilized for future array designs as the power output of the turbine is a function of the cube of velocity. In an axial array layout, if the downstream devices are positioned successively higher than the upstream devices, this higher velocity can be utilized to obtain higher power outputs.



In this study, the effect of tower elasticity and wave action was not considered. In future studies, the addition of wave-current interaction with different velocity profiles and onset turbulence levels typically found in tidal flows may be considered. Future investigations may cover the entire range of TSR and should not be limited to the TSR of maximum blade load. Different fatigue models like strain life fatigue model and or a fracture mechanics-based fatigue model may be useful to uncover other aspects of the fatigue behavior of a tidal turbine blade.
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Figure 1. Velocity profile based on 1/7th power law (dashed lines represent turbine location). 
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Figure 2. Dimensions of the (a) Fluid domain; (b) Turbine. 
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Figure 3. Mesh used for the simulations (a) CFD Mesh; (b) FEA Mesh. 
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Figure 4. Variation of blade torque with grid density. 
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Figure 5. Comparison of experimental and simulated performance curves. 
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Figure 6. Rotor (a) power coefficient; (b) thrust coefficient. 
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Figure 7. Rotor angular positions for the presentation of results. 
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Figure 8. Variation of torque coefficient Cθ for Blade 1 during two rotation cycles. 
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Figure 9. Flap-wise bending moment (normalized by cycle mean) for Blade 1 during two rotations. 
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Figure 10. Axial velocity (normalized by the free stream velocity) contour for (a) uniform inlet velocity; (b) velocity profile. 
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Figure 11. Velocity variation along depth of the channel at different downstream location for (a) uniform velocity; (b) velocity profile (the red dash dotted line represent location of turbine hub center and the black dashed lines represent the extent of blade tips). 
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Figure 12. Velocity deficit along the length of the channel at different channel depths for (a) uniform velocity; (b) velocity profile. 






Figure 12. Velocity deficit along the length of the channel at different channel depths for (a) uniform velocity; (b) velocity profile.



[image: Energies 12 02217 g012]







[image: Energies 12 02217 g013 550]





Figure 13. Contour plot of blade deformation for (a) uniform velocity; (b) velocity profile. 
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Figure 14. Contour plot of blade equivalent stress for (a) uniform velocity; (b) velocity profile. 
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Figure 15. Variation of Blade 1 (a) deformation; (b) equivalent stress during two rotation cycles. 
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Figure 16. Biaxiality indication for the blade in uniform velocity and velocity profiles. 
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Figure 17. Fatigue factor of safety for blade (a) uniform velocity; (b) Velocity profile. 
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Table 1. Properties of the utilized structural steel material.
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	Density
	7850
	Kg/m3





	Young Modulus
	2 × 1011
	Pa



	Poisson’s Ratio
	0.3
	(-)



	Tensile Yield Strength
	2.5 × 108
	Pa



	Compressive Yield Strength
	2.5 × 108
	Pa



	Tensile Ultimate Strength
	4.60 × 108
	Pa
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Table 2. Mesh details for sensitivity analysis.
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Grid

	
No. of Elements (× 106)

	
Torque Difference 1




	
Inner Domain

	
Outer Domain

	
Total

	
(%)






	
1

	
1.34

	
0.72

	
2.07

	
−3.2




	
2

	
2.23

	
1.07

	
3.30

	
−1.1




	
3

	
3.10

	
1.40

	
4.50

	
−0.5




	
4

	
5.02

	
2.39

	
7.42

	
-








1 % Torque difference denotes the difference of predicted torque value from each grid with respect to Grid 4.
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