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Abstract:

 The objective of this study is to illustrate the unsteady aerodynamic effects of a floating offshore wind turbine experiencing the prescribed pitching motion of a supporting floating platform as a sine function. The three-dimensional, unsteady Reynolds Averaged Navier-Stokes equations with the shear-stress transport (SST) k-ω turbulence model were applied. Moreover, an overset grid approach was used to model the rigid body motion of a wind turbine blade. The current simulation results are compared to various approaches from previous studies. The unsteady aerodynamic loads of the blade were demonstrated to change drastically with respect to the frequency and amplitude of platform motion.
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1. Introduction

The flow field around a wind turbine is often modeled as a steady, uniform, axial wind. In reality, the flow around a turbine blade is a more complex process that includes misalignments, wind shear, turbulence and dynamic winds. For a floating offshore horizontal axis wind turbine (HAWT), this process becomes more complex than for an onshore or fixed offshore system. Because of the motion of floating wind turbine, which includes three translational components (heavy in the vertical, sway in the lateral and surge in the axial) and rotational components (yaw about the vertical axis, pitch about the lateral, and roll about the axial) as shown in Figure 1, the additional effect of the contribution of a wind is accounted for in the turbine system. In those motions, platform pitching and yawing motion primarily lead to a non-uniform or skewed flow on a rotor turbine and may cause significant effects on the flow field around the rotor blade [1,2,3,4]. As an example, a typical floating HAWT (Figure 2, from left to right) shows a flow field around a rotor blade during spar-buoy pitching. As the rotor blade begins to pitch back, it interacts with its own wake which develops turbulence region. At several points, a toroidal recirculation is generated that flows normal to the rotor blade. This transitional aerodynamic phenomenon is called the vortex ring state, or settling with power [5]. The pitching motion intermediately causes a transient flow condition which is one of the potential operating and the simulation problems for a floating wind turbine. In particular, the pitching and yawing motion may cause more power in a floating offshore HAWT system because of the above issues [4,6,7].

Figure 1. Degrees of freedom for an offshore floating wind turbine platform.
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Figure 2. Platform pitching motion and its effects on the surrounding flow-field.
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The major objective of the present work is to show the different predictions among traditional blade element momentum, general dynamic wake and advanced computational fluid dynamics approach for a floating offshore wind turbine (FOWT). In this study, Phase IV of the IEA Annex XXIII Offshore Code Comparison Collaboration (OC3) [8], which considered the spar-buoy concept, was chosen to show the critical effects of unsteady aerodynamic loads because of platform motion. The computational fluid dynamics (CFD) analysis of a three-dimensional unsteady flow analysis of a 5-MW floating offshore wind turbine was performed to consider the effects of the pitching degrees of freedom (DOF) motion of the support platform. Using computational fluid dynamics, the Reynolds Averaged Navier-Stokes equation with the shear-stress transport (SST) k-ω turbulence model was applied. This model has the potential to provide consistent and physical simulations of the complex flow field around a wind turbine blade [9,10,11]. The meshes are used to discretize a computational domain that contains several different meshes that overlap each other in an arbitrary manner. Rigid Body Motion (RBM) was used to model the rotor blades in which the computational domain is changing with time because of motion on the blade surface boundaries. The superposing motions technique that allows you to add more rigid rotations to translation and rotation motions was applied herein. In the present study, blade rotation motion was added to the platform pitching motion that was defined as a sine function. Superposing motion can be simultaneously applied for one or more arbitrary motions. The current results are also compared to a developed in-house code based on the unsteady blade element momentum (UBEM) theory with the direct local relative velocity method (DLRM) that was constructed in a previous study [12]. We also proposed the equivalent averaged velocity method (EqAM) that can simplifies the relative velocity calculations on a rotating blade due to the platform pitching motion as the relative velocity at a hub instead of calculating the direct local velocity at each blade segment. Using EqAM, both in-house UBEM and FAST (Fatigue, Aerodynamics, Structures, and Turbulence) code with AeroDyn module of routines developed by the National Renewable Energy Laboratory (NREL) were applied to evaluate the accuracy of results. This in-house code performed well for a NREL 5-MW baseline wind turbine [13]. It can be concluded that three approaches, including CFD, UBEM, and FAST, displayed good correlations in the unsteady aerodynamic analysis of a FOWT undergoing periodic pitching.





2. Methodology

The objective of the present study is to apply and analyse a computational fluid dynamic model. The three-dimensional, unsteady Reynolds-averaged Navier-Stokes equations with k-ω SST turbulence model were executed in the CD-Adapco STAR-CCM+ software package (Melville, NY, USA). This commercial code that is based on a finite volume approach allows researchers to perform fluid dynamic formulations, solutions algorithms, meshing schemes and post-processing.


2.1. Computational Fluid Dynamic Approach

A segregated flow model solves the flow equations (one for each component of velocity, and one for pressure) in a segregated, or uncoupled, manner. All current simulations employed a semi-implicit method to solve the pressure-linked equations (SIMPLE) in which the linkage between the momentum and continuity equation is achieved through a predictor-corrector approach [14]. The second-order upwind scheme was applied for the convection term. This method has been shown to be an efficient means of solving the incompressible Reynolds-averaged Navier-Stokes (RANS) equations. In unsteady simulations, a second-order central difference scheme was used for temporal discretization. To obtain the aerodynamic power and thrust of unsteady simulations of the wind turbine blade and hub, a special original user field function has been developed. A similar approach to the user field function was adopted to extract the aerodynamic blade root load during the simulation of the pitching motion of a wind turbine. A simple user field function was also created to define the simple pitching motion of an offshore wind turbine platform. Rigid Body Motion (RBM) is applied to define the real motion of a wind turbine blade under each specific motion. The superposing motions technique was applied to define the sine function of the pitching motion of a platform.



2.2. Overset Mesh Methods

Overset meshes, which are sometimes also referred to as overlapping or chimera grids, are composed of a series of finite grid-volume meshes that overlap each other to form a single computational domain. The main advantages of this method are its ability to handle the complex geometries and the relative motion of bodies in dynamic simulations. Therefore, optimization studies can be performed. A detailed discussion of the overset mesh methodologies in STAR-CCM+ was presented by Hadzic [15]. In general, the computational domain is composed of a background grid and one or more small overset grid domains. The simulations can be employed by interpolating the active, inactive or acceptor cells depending on their position inside the computational domain. Whereas the discretized governing equations are simultaneously solved in active cells, no solution is computed for inactive cells. The fluxes through the cell face between the last active cell and the acceptor cell are approximated in an identical way as between two active cells. Acceptor cells are located between active and inactive cells of a given region. The tight coupling of the overset and background regions allows for a solution that is within an arbitrary low level of iteration errors. The rate of convergence of the iterative solution method is therefore similar to that of a single mesh of an identical resolution.

As we mentioned above, dynamic moving overset grids is one of the methods that allow for computation of bodies with relative motions, particularly the rotating motion of wind turbine blades. Several authors have performed CFD computations of wind turbines using the overset grids method. Li et al. [16] and Zahle et al. [17] computed the NREL Phase VI turbine at different wind speeds and yaw angles using the finite volume solver CFD Ship-Iowa and EllipSys3D, respectively. The 3-D aerodynamic effects for wind turbine blade plus tower and nacelle were investigated. These fully viscous, incompressible RANS flow solvers with overset grid showed a good agreement with experiment. For a large scale wind turbine as NREL 5-MW baseline wind turbine, OVERFLOW2 [18] and EllipSys3D [19] solver were applied to characterize the aerodynamic performance. Using the overset grids approach, Chow et al. [18] examined the aerodynamic characteristics of various passive geometric modifications at the inboard blade region of the wind turbine blade. It should be noted that most studies consider the rotation of the turbine blade of onshore or fixed-bottom wind turbines. The CFD simulation of floating offshore wind turbine blades is still challenge because of the coupled wind-wave condition that often leads to a highly unsteady flow condition. Under the coupling of wind and wave conditions [20], a FOWT should solve the interaction between fluid flow including the air-flow and sea water and wind turbine structures. Therefore, the fluid-structure interaction simulation for a full FOWT should be constructed in order to take the high unsteadiness into account. Generally, a similar strategy for this simulation can be referred from Hou et al. [21] and Viré et al. [22]. Applying the simulation of fluid-structure interaction, a full FOWT is expected to accurately and practically predict the aerodynamic loads under the harsh environmental conditions of an offshore area.




3. Simulation Conditions


3.1. Computational Modeling of a Wind Turbine Blade

The NREL 5-MW baseline wind turbine [23] model is a representative utility-scale wind turbine that is a suitable floating offshore wind turbine. The diameter of the rotor is 126 m. The cross sections of the rotor blade are composed of series of DU (Delft University) and NACA (National Advisory Committee for Aeronautics) 64xxx airfoils from the hub to the tip of the out-board section. Related airfoil data can be found in Bazilevs et al. [24]. A full three-bladed rotor with overset Cartesian grid topology is explicitly modeled as shown in Figure 3. The hexahedral computational domain is applied with dimension of 1000 m × 600 m × 370 m (L × W × H), and extends 5- and 11-times the rotor radius in the negative (upstream) and positive (downstream) x-direction, respectively.

Figure 3. (a) Illustration of the computational mesh domain; (b) Zoon-in refine overset grid area; (c) A view of layer grid adjustment blade surface; and (d) Blade surface tip area.
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Refine mesh was generated behind the wind turbine rotor to capture wake behaviour. For blade surfaces, a refine grid is generated at the leading edge with a maximum and minimum grid size. The different sizes on the wind turbine surface led to a large variation of the amount of elements on the present computational domain as shown in Table 1. Near the rotor surface, we generated 10 layers of refined mesh; the total thickness of these layers was 2 cm, and the progression factor was 1.2. This mesh structure for the rotor surface and adjacent mesh layer can be determined [24]. The total number of cell in the numerical grid was illustrated in Table 1, and the numerical grid consisted of the overset grid and background grid.

Table 1. The number of elements depending on the mesh size of wind turbine blade surface.


	CFD Mesh Type
	Case 1
	Case 2
	Case 3
	Case 4





	Maximum size (m)
	0.030
	0.024
	0.015
	0.012



	Maximum size (m)
	0.090
	0.072
	0.045
	0.036



	Total number of elements (Million)
	6.8
	9.7
	16.9
	23.7












3.2. Boundary Condition

At the upstream boundary of the inlet, the velocity of a uniform axial flow was specified, and at the downstream boundary outlet, the static pressure was assumed to be at sea level pressures. On the surface of blades, a non-slip condition was defined. The symmetric boundary condition was imposed on the far field region of the computational domain. The Rigid Body Motion (RBM) technique was utilized to simulate moving rotor blade. To impose a pitching platform motion as a sine function in Equation (1) and Figure 4, superimposed motion is employed. The rotating center of the pitching motion was assumed to be 90 m below the hub center in the z-direction. However, in different real-platform designs, this center can be located at different positions. Additionally, the shear-stress transport (SST) k-ω turbulence model was applied to account for turbulence flow effects. All computations considered a freestream velocity of 11 m/s, a constant rotating speed of 12 rpm and, and a constant blade pitch angle of 0°:

Figure 4. Platform pitching angle profile (Amp = 4.0 deg, Freq = 0.1 Hz).
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θpitch = Amp ∙ sin(2π ∙ Frep ∙ t)



(1)




The steady state computation was first performed for approximately 1000 iterations to have a convergence below 10−3, and then the unsteady computation used the steady state flow solution as the initial condition. The blade completed one cycle of revolution in 5 s with a time step size of 0.02778 s that corresponded to a blade rotation of 2.0°. All computations were effectively performed on a personal clustered of parallel machines that had 6-CPU Intel i7 processor, and 64 GB of RAM. For 10 sub-iterations of each global time step, the computation approximately required 3 min of 12 CPU parallel processing time.






4. Results and Discussion

In this study, the unsteady simulation has performed using a computational fluid dynamic with multiple reference frames (CFD-MRF) model. This approach was conducted using the commercial ANSYS FLUENT version 14.0 software [13]. The Multiple Reference Frames (MRF) approach was applied to define the virtual blade rotation about its axis whereas the dynamic mesh and remeshing technique was used to prescribe the pitching motion of the floating platform. On the contrary, the computational fluid dynamic with rigid body motion (CFD–RBM) approach was applied to define the real blade rotation. Using the CFD-RBM approach, the flow unsteadiness due to wakes among wind turbine blades can be taken into account. To impose the pitching motion of the floating platform, a superimposing motion was also used in the commercial STAR-CCM+ software package. Figure 5 shows a computational road map using both the unsteady CFD-MRF and CFD-RBM approaches. The right hand side blocks of each road map indicate that the unsteady computational simulation was solved by the commercial solvers, whereas other computational blocks are developed by user-defined functions that were simultaneously incorporated in the commercial software. The main purpose of user-defined functions is to calculate the rotating center and rotating axis of wind turbine blades. Additionally, the axis vectors of the blade coordinate system were also calculated using the standard 3-2-1 Euler angle so that the force components on each blade root were estimated during the unsteady CFD simulation.

Figure 5. Computational flowchart for computational fluid dynamic (CFD) approaches. (a) Computational fluid dynamic with multiple reference frames (CFD-MRF); and (b) Computational fluid dynamic with rigid body motion (CFD-RBM).
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Generally, numerical solutions obtained by the CFD technique can be somewhat different depending on the discretization resolution of the computational domain. By limiting a maximum and minimum size of the elements on a wind turbine blade in Table 1, further refinement of the mesh over the computational domain was achieved in the present study. In order to show the numerical convergence of the present solution, the aerodynamic power and thrust over a range of an amount of elements are compared with those by the FAST code considering both blade element momentum (BEM) and generalized dynamic wake (GDW) models. As shown in Figure 6, the present CFD-RBM results show overall good correlations with those obtained by the FAST code.

Figure 6. Mesh convergence study for the grid size on NREL 5-MW wind turbine surface. (a) Aerodynamic Power; and (b) Aerodynamic Thrust.
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The present CFD approach tends to somewhat under predict since the mesh quality of the CFD method is very fine compared to the FAST code approach. It can be found that there are about 2.6% and 6.9% differences in the predicted aerodynamic thrust and power between the present CFD method and the FAST code, respectively, whereas, differences of aerodynamic power and thrust between FAST with BEM and GDW are about 4.7% and 2.7%, respectively. Based on this mesh convergence test and fundamental comparisons we conducted more high level computations considering the pitching motion of a FOWT model. It should be emphasized here that flow unsteadiness for the condition of pitching motion for rotating blades must be higher than that of the previous comparison case. Thus, the computational grid of case 3 in Table 1 is chosen for the unsteady simulation of rotating wind turbine blades with platform pitching motion in order to accurately capture complex wake effect behind the rotating blades. The refinement grid on a part of the trailing edge of wind turbine blade can be seen in Figure 3d. Figure 7 and Figure 8 show the comparison of the unsteady aerodynamic power and thrust responses among the CFD, UBEM and FAST solvers for the pitching motion with a frequency (Freq) of 0.1 Hz and the amplitude (Amp) of 1° and 4°. These frequencies and amplitudes for the pitching motion may exist under normal wind and wave conditions experienced by the floating wind turbine. The aerodynamic power and thrust respond as a sine function. Figure 7 and Figure 8 show that the predicted aerodynamic responses are similar to the frequency of the pitching motion of a FOWT which periodically moves with a frequency of 0.1 Hz. For the initial platform pitching motion, a numerical error exists because of quickly changing wind conditions. After this initial time, the dynamic responses regularize in all of the considered numerical approaches. During the 1/4T and 3/4T period of the pitching motion, the angular velocity decreases as shown in Figure 4. Therefore, this lower angular velocity decreases the contribution of additional velocity on a given rotor blade and increases the non-axial angle of the wind turbine. By contrast, during the 2/4T and 4/4T time of the pitching motion, additional velocity contributions tend to increase, whereas the non-axial (yaw/pitch) angle error decreases. The decrease and increase of the additional velocity contribution and non-axial angle are present in both the downstream and upstream regimes of the rotor blade. As shown in Figure 7 and Figure 8, increasing the additional velocity contribution and decreasing the non-axial angle increase the aerodynamic power and thrust for the 1/4T time of pitching motion. However, this response reverses during the 3/4T time. The wind turbine blades substantially move in the wake regime (downstream) during the 1/4T time whereas there exists a wake zone during the 3/4T time. Alteration in the additional velocity contribution and the strong interaction between the rotor blade and wake regime significantly affect the aerodynamic performance of a wind turbine. During the 1/4T time, the aerodynamic power and thrust tend to increase because of increases on the additional velocity contribution and the strong interaction between the rotor blades and wake regime. However, a similar behavior is not exhibited during the 4/4T time while additional velocity contribution decreases and strong interaction between rotor blades and wake regime remains. Therefore, increasing the additional velocity contribution (and not wake interference) significantly affects the performance during the 1/4T time, and the reverse is true during the 4/4T time. For weak wake interactions between the rotor blades and its wake during the 2/4T and 3/4T time, the additional velocity contribution and non-axial angle maintain a key role in the aerodynamic performance. The increasing or decreasing in additional velocity contribution increases or decreases the aerodynamic thrust and power, respectively.

Figure 7. Unsteady aerodynamic comparison using the UBEM, CFD and FAST (NREL) methods for a platform pitching motion with an amplitude of 1° and a frequency of 0.1 Hz. (a) Aerodynamic Power; and (b) Aerodynamic Thrust.
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Figure 8. Unsteady aerodynamic comparison using the UBEM, CFD and FAST (NREL) methods for a platform pitching motion with an amplitude of 4° and a frequency of 0.1 Hz. (a) Aerodynamic Power; (b) Aerodynamic Thrust.
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As shown in Figure 7 and Figure 8, the current numerical approaches predicted a good trend for the aerodynamic power and thrust of a FOWT under pitching conditions. The UBEM approach over-predicted these values more than the other approaches. The FAST with BEM tends to underestimate the aerodynamic power and thrust compared to the FAST with GDW, especially the peak area of additional velocity contribution as shown in Figure 9. The results obtained by the CFD-RBM approach displays a difference in the maximum peak area in which the pitching motion achieves a maximum motion velocity. Additionally, the maximum power occurs at a 4° motion amplitude. At that amplitude, the relative wind velocity contribution also achieves a maximum magnitude. The UBEM code did not account for the effects of wake interference between the rotor blade and windmill in present study, whereas FAST solver can account for wake dynamics, particularly the GDW aerodynamic theory. Both the axial and tangential induction factor will be simultaneously applied by the AeroDyn of FAST solver.

Figure 9. Aerodynamic comparisons using the UBEM, CFD and FAST (NREL) methods for different pitching amplitudes of a FOWT (Freq = 0.1 Hz).
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The GDW aerodynamic theory, which is based on a potential flow solution to Laplace’s equation, can be modeled with more flow states and a fully nonlinear implementation to account for the turbulence in and spatial variation of the inflow [25]. However, the unsteady CFD can effectively predict the aerodynamic wake effect better than other numerical approaches. This method completely considers the viscous effect and vortex wake at the interference regime between the rotor blade and windmill. Particularly, an unsteady CFD-RBM approach that models real blade rotation about a hub center can accurately account for the flow field interaction between the blades and wake regime. Therefore, the unsteady CFD-RBM approach is expected to produce the lowest estimation of aerodynamic power and thrust responses because these values are over-predicted by the UBEM solver and other models.

As shown in Figure 9, the aerodynamic power and thrust will increase with increasing amplitude of the pitching motion. At the maximum peak of aerodynamic power curves, the unsteady CFD-RBM predicted 5.7 MW and 10.0 MW of power for the different motion amplitudes of 1° and 4°, respectively. Compared to normal operating conditions for the wind turbine without wave effects, the aerodynamic power increased by approximately 14% and 100% for these respective amplitudes. This is a significant increase for a large wind turbine system. However, the aerodynamic thrusts obtained by unsteady CFD-RBM at maximum peak zone tend to slightly differ for 1° of amplitude pitching motion. The thrust increases to approximately 30% for a 4° amplitude pitching motion. In the UBEM simulation, a large variation in the aerodynamic load responses also appears for the different amplitudes. The aerodynamic power and thrust responses are therefore dominated by the frequency motion of the FOWT.

Figure 4 shows a typical pitching amplitude of the platform motion with reference to time or the azimuth angle of the rotor blade. The turbine rotor instantaneous position because of this pitching motion is illustrated in Figure 10.

Figure 10. Visualisation of instantaneous computed vortices for unsteady pitching of a FOWT simulation represented by an isosurface of vorticity (Amp = 4°, Freq = 0.1 Hz). (a) Downstream zone (Top: T1 → T6) and (b) Upstream zone (Bottom: T7 → T12).
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The computed iso-surfaces show the presence of instantaneous vortices beyond the wind turbine rotor during prescribed pitching motion. A side-view of the vortices is visualized. The blade tip vortices are strong and stable. Strong vortices also detach from the roots of the blades at which the geometry changes quickly from a DU40 airfoil profile to cylindrical posts attached to the hub. The vortical structures dissipate rapidly away from the regions covered by the grid refinements, (downstream of the rotor plane below 1 blade length as shown in Figure 3). This complex physical flow can only be captured in the advanced CFD method. In the downstream region, the rotor blades deeply move in the wake zone, and they subsequently break off. The gaps among tip vortices showed that a strong interaction among the rotor blades and wake regimes appeared in the current study. The break-off of wake from the rotor blade and the increasing additional velocity contribution minimized vortices behind the rotor blade. The magnitude of wake also decreases as shown in the vortices view of the downstream zone. Similar behaviors in the wake pattern exist when rotor blades move in upstream regions. The gaps among tip vortices continue to increase because plane rotation still moves forward. Subsequently, the gaps decrease because rotor blades move downward. In this case, the wake magnitude increases as shown in the vortices view of the upstream zone. The unsteady CFD simulation tool is one of the best methods that can most accurately analyze the complex flow around the FOWT. The physical flow patterns can also be captured and visualized using the unsteady CFD method for physical investigation. It seems from the results that the conventional blade element momentum (BEM) theory needs to be additionally improved to account for the complex effect of induced velocity due to the free motion of the floating wind turbine. Typical integrated-aerodynamic loads on each wind turbine blade at the blade root are shown in Figure 11. Blade #1 is located at 0 o’clock position on a clock since the wind turbine rotor initiates in pitching motion. To calculate the blade load based on the blade coordinate system, a special user field function has been originally developed based on the multiple reference frames algorithm. As shown in Figure 11, all aerodynamic blade loads on each of the wind turbine blades varies as a sine function with a similar frequency of pitching motion. Because of blade position has the longest distance between the pitching rotating center and the local span position of the rotor blade, blade #1 is predicted to have the highest aerodynamic load due to highest additional velocity contributions, which is directly proportional to the angular velocity and distance.

Figure 11. Unsteady aerodynamic load on the blade coordinate system by the CFD–RBM approach (Amp = 4°, Freq = 0.1 Hz).
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5. Conclusions

The unsteady flow field analysis around the rotating blades of a floating offshore wind turbine is a complex process that is simultaneously influenced by aerodynamics, ocean waves, sea current, hydrodynamics, and other factors because the support platform of the wind turbine system has six degrees of freedom motion. Aerodynamic processes greatly affect the floating wind turbine and to a lesser extent, the floating motions of the support platform, because the tower is tall. In this study, a complex unsteady aerodynamic analysis on the rotating rotor blades of a floating support platform with the motion of the supporting offshore platform has been successfully conducted using computational fluid dynamics including rigid body motion and overset grid techniques. Aerodynamic loads on the blade are greatly altered because of its floating motion. This flotation can also lead to substantial variation in the generated power by the wind turbine. Although, the present study primarily showed the periodic pitch motion of the support platform of the floating wind turbine system, the present method can be applied to conduct accurate analysis of a generic horizontal and vertical-axis FOWT models. It is practically shown that the proposed equivalent averaged velocity method (EqAM) agreed well with the direct local relative velocity method (DLRM). Three numerical approaches, including UBEM, FAST with BEM and GDW, have been used for the numerical comparisons. All numerical tools show good agreement over the results of the aerodynamic power and thrust for small pitching motion amplitudes. The differences in the predictions of UBEM, FAST with BEM and GDW are moderately increased for an increased oscillating amplitude of 4°. These traditional numerical approaches have several limitations because their assumptions over-predict when compared to the unsteady CFD approaches. Thus the present numerical method has a strong potential to more accurately predict unsteady aerodynamic loads for the typical offshore wind turbine blades, even with arbitrary motions of a floating support platform.
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