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Abstract:



In addition to the many typical failure mechanisms that afflict wind turbines, units in Taiwan are also susceptible to catastrophic failure from typhoon-induced extreme loads. A key component of the strategy to prevent such failures is a fast, accurate aerodynamic analysis tool through which a fuller understanding of aerodynamic loads acting on the units may be derived. To this end, a viscous-coupled 3D panel method is herewith proposed, which introduces a novel approach to simulating the severe flow separation so prevalent around wind turbine rotors. The validity of the current method’s results was assessed by code-to-code comparison with RANS data for a commercial 2 MW wind turbine rotor. Along the outboard and inboard regions of the rotor, pressure distributions predicted by the current method showed excellent agreement with the RANS data, while pressure data along the midspan region were slightly more conservative. The power curve predicted by the current method was also more conservative than that predicted by the RANS solver, but correlated very well with that provided by the turbine manufacturer. Taking into account the high degree of comparability with the more sophisticated RANS solver, the excellent agreement with the official data, and the considerably reduced computational expense, the author believes the proposed method could be a powerful standalone tool for the design and analysis of wind turbine blades, or could be applied to the emerging field of wind farm layout design by providing accurate body force input to actuator line rotors within full Navier-Stokes models of multi-unit wind farms.
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1. Introduction


The Pacific island nation of Taiwan, having abundant wind energy resources, stable wind speed and direction, and shallow water depth, is listed by 4C Offshore Limited as one of the world’s best offshore wind farm locations [1]. Taiwan has duly “pledged to boost [its] offshore wind industry by investing NT$ 88 billion (US$ 2.9 billion) by 2020 and NT$ 670 billion (US$ 21.7 billion) by 2030” [2]. The island, however, being located in the northwestern Pacific tropical cyclone basin, is struck by an average of four typhoons per year, resulting in average annual total losses of NT$ 15 billion [3]. In August, 2015, Typhoon Soudelor alone destroyed eight wind turbines, causing “an estimated NT$ 560 million (US$ 18.2 million) in damages” [4]. The proposed wind farm units, in addition to the many typical failure mechanisms that afflict wind turbines in wind farms, such as exacerbated fatigue loading due to unsteady wind farm wake effects [5], will, therefore, also have to withstand typhoon-induced extreme loads.



To better design for the wide range of loading conditions facing Taiwan’s wind turbines, a fast, versatile CFD tool is desired, one which is able to handle the many challenges associated with the aerodynamic analysis of wind turbines, such as rotor rotation, rotor-tower interaction, wind shear, fluctuations in wind speed and direction, both ambient and self-generated (in-farm), aeroelasticity, and flow separation, which is unavoidable close to the blade root where:

	(1)

	
aerodynamic efficiency is sacrificed in favour of greater structural integrity; and




	(2)

	
local tip speed ratios decrease with decreasing radial distance, resulting in higher angles of relative wind, and, typically, higher angles of attack.









The CFD analysis of these detached flow problems is especially troublesome, necessitating a solution of the viscous boundary layer, which is achieved, in Reynolds-averaged Navier-Stokes (RANS) solvers, by very fine and therefore computationally expensive mesh resolutions near the wall, or, in potential flow solvers (panel methods), through empirical viscous corrections. RANS solvers, however, “with their long computation times, which are typically in the order of hours [or even days for more complicated flow problems], are usually relegated to the post-design analysis of fluid dynamic problems, [while the] fast computation times of panel methods—in the order of seconds—make them an excellent CFD tool at the preliminary design stage” [6]. A further advantage of panel methods over RANS solvers is that with the latter, a significant amount of time is typically required for preprocessing, such as mesh generation, watertightness testing, the clean-up process for which can involve considerable manual effort, and mesh independence testing. On the other hand, “discretisation [in panel methods] is confined to the object’s surface, allowing for fast, convenient modification of geometric parameters” [6]. Finally, the speed and code-openness of panel methods allow for ease of coupling for such applications as aeroelastic problems, optimisation algorithms, and actuator line models, in which the reaction forces of the rotor on the fluid (equal and opposite to the calculated aerodynamic loads) are imposed on RANS [7,8,9,10] or large eddy simulation (LES) [11,12,13,14,15,16,17] models of the entire computational domain of a wind farm. This actuator line approach allows researchers to investigate the unsteady flow field throughout a wind farm without the associated computational expense of resolving the Navier-Stokes equations around the individual wind turbine units. Such actuator line models usually rely on 2D airfoil characteristics at discrete blade elements for their input body forces, but Dobrev et al. [18] observed “larger deviations [from measured data] at high velocities where the flow field is detached”. The success of the current method in quickly and accurately modelling such detached flows makes it an ideal candidate for these actuator line models.



The panel method adopted in the present study is an open-source version of the Hess-Smith panel method [19], which was released by Filkovic [20], and was based on the Fortran code published by Katz and Plotkin [21]. This panel method, which discretises the target body surface into a number of quadrilateral source and doublet distributions, was adapted for the analysis of a full wind turbine rotor by imposing on the free stream wind a rotational component, defined in cylindrical coordinates, and modelling the wake as a sheet of doublet panels extending helically downstream (Figure 1).


Figure 1. Wind turbine rotor with trailing helical wake, showing quadrilateral panels.
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Finally, the onset of flow separation, which is unavoidable close to the non-aerodynamic blade root, and may extend along the entire length of the rotor blades at supra-nominal wind speeds, was predicted by a classic integral boundary layer analysis, with the separated wake resolved via the proposed “thick wake” method, which is described in Section 2.3.2.



In the present study, this approach was applied to the aerodynamic analysis of a commercial 2 MW wind turbine rotor under normal operating conditions. Predicted pressure distributions around airfoil sections at several radial locations were compared with RANS data—the model specifications are summarised in Section 3, with detailed discussion to be found in [22]—as well as with Xfoil data for identical 2D airfoils in uniform flow. A predicted output power curve at normal operating wind speeds was compared with the RANS data and with official data provided by the wind turbine manufacturer [23].




2. Numerical Formulation


2.1. Potential Flow


Potential flow theory assumes an inviscid, incompressible ([image: there is no content]), irrotational ([image: there is no content]) fluid flow [image: there is no content], which may, due to irrotationality, be expressed as the gradient of a scalar, i.e., [image: there is no content]. This scalar, called velocity potential, is substituted into the continuity equation [image: there is no content] to give us the Laplace equation,


[image: there is no content]



(1)







This is the governing equation for potential flow, and two of its solutions are:


[image: there is no content]



(2)






[image: there is no content]



(3)




which are the potentials for a source σ and a doublet μ. Panel methods are able to simulate the flow fields around arbitrary bodies by exploiting the velocity fields induced by distributions (panels) of such solutions. The perturbation potential at each panel’s centroid is obtained by summing the influences of all body and wake panels:


[image: there is no content]



(4)







Differentiating doublet strengths with respect to local coordinates gives the induced velocity field on the body surface, Equation (5), which is then used to obtain the pressure field, Equation (6):


[image: there is no content]



(5)






[image: there is no content]



(6)




where [image: there is no content] is the undisturbed relative flow velocity.




2.2. The Boundary Layer


Within the boundary layer, an order of magnitude analysis may be applied to the 2D Navier-Stokes equations to obtain Equations (7) and (8). These two equations, together with the 2D continuity equation, Equation (9), comprise the Prandtl boundary layer equations.


[image: there is no content]



(7)






[image: there is no content]



(8)






[image: there is no content]



(9)




where x is measured parallel to the body surface streamwise, and [image: there is no content] normal to it.



A few extra parameters which are integral to the description of the boundary layer are the boundary layer displacement thickness [image: there is no content], Equation (10), and momentum thickness θ, Equation (11), defined as the distances by which the inviscid surface streamline must be displaced to compensate for, respectively, the reductions in flow rate and total momentum in the boundary layer. The shear stress and skin friction coefficient are defined by Equations (12) and (13),


[image: there is no content]



(10)
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(11)






[image: there is no content]



(12)






[image: there is no content]



(13)




where [image: there is no content] is the flow speed outside the boundary layer, predicted by the inviscid analysis, and τw is the shear stress at the body surface.



Substituting Equations (10)–(13) into Equations (7)–(9) gives the von Kármán momentum integral equation:


[image: there is no content]



(14)




where [image: there is no content] is a shape factor. The separation point may be determined by supplementing Equation (14) with additional relations. For the computation of the laminar and turbulent separation points, the present study adopts Thwaites’s [24] and Head’s methods [25], respectively.



By rearranging the von Kármán momentum integral equation, Equation (14), Thwaites showed that θ2 is very well approximated by:


[image: there is no content]



(15)




He then introduced a new parameter [image: there is no content], which may be calculated via (15), and went on to show that laminar-to-turbulent flow transition occurs at λ < −0.09.



Concerning the turbulent boundary layer, Head considered the entrainment of fluid from the free stream into the turbulent boundary layer, where the entrainment velocity E may be written in terms of the displacement thickness, Equation (16), via a turbulent shape factor, [image: there is no content]:


[image: there is no content]



(16)




The dimensionless entrainment velocity [image: there is no content] may then be calculated via the following empirical formulae, as fit by Cebeci and Bradshaw [26]:


[image: there is no content]



(17)






where H1=3.3+0.8234(H−1.1)−1.287 for H≤1.6and H1=3.3+1.5501(H−0.6778)−3.064 for H>1.6



(18)







To solve for cf, Head adopted the Ludwieg-Tillman skin-friction law:


[image: there is no content]



(19)






[image: there is no content]



(20)




and ordinary differential Equations (15) and (17) are solved for θ and H1 via a 2nd order Runge-Kutta method. Turbulent separation is assumed to occur when H1 falls below 3.3 [27].




2.3. The Separated Wake


2.3.1. The Double Wake Method


In the late 1970s, Maskew and Dvorak [28] developed a 2D panel method to calculate the flow field around airfoils for angles of attack up to and beyond stall. They treated the separated wake as a region of “constant total pressure bounded by [a pair of] free shear layers” [29]; ergo, this method is typically referred to in the literature as the “double wake” method. Because “the position of the vortex sheets representing the free shear layers is not known a priori” [30], the initial wake shape is “represented by parabolic curves passing from the separation points to a common point [...] on the mean wake line, distance WL downstream from the wake midpoint” [31] (Figure 2). WL, the wake length, is based on a wake length factor, WF ≡ 0.081 × c/t + 1.1 [32], which follows an empirical relationship between the extent of separation (represented as “wake height”) and the thickness-to- chord ratio. The wake panels are then iteratively reoriented until the normal velocities on all wake panels converge to within a tolerance of “1% of the free stream velocity” [29]. However, this approach is complicated by the laborious solution of the off-body induced velocity field and the pressure jump in the separated wake. These extraneous calculations are not necessary within the current method and are therefore not covered in the present paper.


Figure 2. Description of separated wake [6].
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2.3.2. The Thick Wake Method (Current Method)


Much like the above “double wake” method, the proposed “thick wake” method treats the separated wake as a region of constant total pressure, “such that the pressure along the section of the airfoil’s surface between the separation point and the trailing edge, henceforth referred to as the separation region, equals that along the streamlines bounding the wake, henceforth referred to as separation streamlines” [6].



We now recall the “displacement body” model, which is a well-established method of computing the viscous flow field around a body by offsetting the inviscid surface streamline. The current method extends this “displacement body” approach to include the separated wake, by “treating the separation streamlines bounding the separated wake as an extension of the displacement body streamline” [6]. The configuration of these separation streamlines is iteratively adjusted until the desired constant pressure distribution is achieved. By treating the separated wake as “an extension of the displacement body”, the current method is able to model the “thickness” of the separated wake as per that of the body, namely, by employing source distributions, thereby forgoing the extraneous calculations required by the double wake method for the “off-body induced velocity field” and the “pressure jump in the separated wake”.



The separation points are determined via the 2D boundary layer analysis of Section 2.2, applied in the axial and tangential directions. The thick wake method then adopts the initial wake geometry illustrated in Figure 2, transformed to cylindrical coordinates, such that the undisturbed relative flow velocity [image: there is no content] is equal to the vector sum of the free stream velocity [image: there is no content] and the rotor’s local rotational velocity –ωri (Figure 3), and the wake length WL is a helical arc aligned with the relative flow. The wake shape, which is constrained in the ξ- (parallel with [image: there is no content]) and η- (spanwise) directions, is then adjusted according to the local pressure values, Equation (6), by moving the ith wake panel vertex in the ζ-direction (perpendicular to [image: there is no content]) from position [image: there is no content] to [image: there is no content], as calculated by the nth iteration of the following Quasi-Newton method:


[image: there is no content]



(21)




where [image: there is no content] is the difference between the pressure coefficients at the separation point and the ith wake panel. Convergence is achieved when all predicted pressure values in the separated wake are within 5% of the pressure at the separation point, which is typically very close to zero, such that a 5% tolerance along the separated wake corresponds to tolerances from as low as 0.1% to no more than 1% in terms of peak-to-trough pressure differentials.


Figure 3. Illustration of airfoil and separated wake in cylindrical coordinate system.
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Finally, by treating the separated wake as an extension of the blade surface, the trailing edge of the “body” is now located at the intersection of the thick and thin wakes. (This separated wake “trailing edge” is visible in Figure 4, which also shows the separated “thick wakes”, as predicted by the current method, and helical thin wakes, aligned with the local flow, trailing behind several airfoil sections of one of the wind turbine’s rotor blades.) Manipulating the pressure around the “trailing edge” allows us to impose the Morino Kutta condition without having to implement an iterative pressure correction, as is common practice where strong 3D effects exist.


Figure 4. Single rotor blade showing airfoil sections, separated “thick” wake, and helical thin wake, with “trailing edge” highlighted at root and tip.
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2.4. Viscous-Inviscid Coupling


The current method employs a very straightforward and intuitive method of coupling the inviscid and viscous solvers, by adopting the inviscid solution as an input for the viscous solver, and in turn incorporating a viscous correction, in this case a displacement of the inviscid surface streamline, back into the inviscid solver. However, these directly coupled models usually break down at separation due to the well-known Goldstein singularity, which is caused by a breakdown in the inviscid-viscous hierarchy, where the inviscid solution is no longer dominant.



Drela [33] overcame these hierarchal problems via computationally expensive merging of the viscous and inviscid equations into a large system of non-linear equations to be simultaneously solved by a global Newton-Raphson method. Veldman [34], to reduce this high computational cost, introduced the concept of an interaction law, which approximates the inviscid flow field. The interaction law and the viscous equations are solved simultaneously, and this solution is in turn input into the inviscid solver. Simultaneously coupled inviscid-viscous solvers, employing the “double wake” method, have more recently been applied to 2D yacht sails [35], unsteady pitching airfoils in stall conditions [36], and the quasi-3D (2D with rotational effects) analysis of rotating airfoils [37] and wind turbine rotors [38], while most of the recent work on the quasi-simultaneous approach has focused on deriving suitable interaction laws [39,40,41,42].



Notwithstanding the aforementioned convergence problems associated with direct coupling of the inviscid and viscous solvers, the current method was able to accurately simulate the severely separated flow around a rotating wind turbine rotor. “By modelling the separated wake as an extension of the displacement body, the thick wake model is able to avoid the Goldstein singularity, allowing for a fast, robust CFD tool, for which the computational expense of simultaneously solving the inviscid and boundary layer equations is no longer necessary” [6]. Furthermore, the speed and code-openness of the current method allow for ease of coupling for aeroelastic problems, optimisation algorithms, and actuator line models, all of which have recently found application in the modelling of full wind farms [43,44].





3. Results


In order to assess the validity of the current method’s results, pressure distribution data was computed at a number of radial locations and compared with RANS predicted pressure data, solved in Fluent 6.2.16 via the SIMPLEC algorithm and one-equation Spalart-Allmaras turbulence model (a more detailed description of the model may be found in [22]), for a commercial 2 MW wind turbine rotor under normal operating conditions. Also included for comparison are 2D pressure data computed around identical airfoils in uniform flow using Xfoil [45], a 2D viscous-coupled panel method which is very popular for airfoil analysis, and is finding more use in wind turbine applications. The considered rotor blade is divided into a cylindrical section at the root, a transitional section, a so-called “aerodynamic” section, and a tip section. The rotor airfoil sections considered for analysis, as well as their non-dimensionalised radial locations and thickness-to-chord ratios, are summarised in Table 1 and Figure 5.


Figure 5. Wind turbine rotor blade airfoil sections.
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Table 1. Wind turbine rotor blade airfoil sections.







	
Section Label

	
(f)

	
(e)

	
(d)

	
(c)

	
(b)

	
(a)






	
Section type

	
cylindrical

	
transitional

	
aerodynamic

	
aerodynamic

	
aerodynamic

	
tip




	
Radial location

	
ri/R = 0.045

	
ri/R = 0.107

	
ri/R = 0.193

	
ri/R = 0.395

	
ri/R = 0.677

	
ri/R = 0.977




	
Thickness/chord

	
ti/ci = 1.0

	
ti/ci = 0.8

	
ti/ci = 0.4

	
ti/ci = 0.285

	
ti/ci = 0.225

	
ti/ci = 0.17










The combined airfoil-wake geometries, as predicted by the current method, are shown on the left hand side (LHS) of Figure 6, with the airfoils’ separation regions highlighted in red, and the undisturbed relative flow velocity vectors given as the vector sums of the free stream velocity [image: there is no content] and the rotor’s local rotational velocities −ωri. The right hand side (RHS) of Figure 6 shows the pressure data predicted by the current method, with the constant pressure distributions assumed to exist throughout the separation regions also highlighted in red, and the compared RANS and Xfoil data.


Figure 6. Airfoil and wake geometries (LHS), and predicted −Cp distributions (RHS).
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Along the outboard region of the rotor, namely at the rotor tip (Figure 6a) and at the outermost of the three considered “aerodynamic” sections (Figure 6b), the predicted separation regions extend over 26% of the suction surfaces, but the thickness of the separated wakes appears almost negligible. It is perhaps interesting to note that the orientation of the thick wake at these outboard sections appears to initially be more closely aligned with rotor’s plane of rotation, but, further downstream, is observed to veer away towards [image: there is no content]. The pressure data predicted by the current method show excellent agreement with the RANS data, with suction-side-minimum to pressure-side-maximum pressure differentials respectively 8% and 6% greater than those predicted by RANS, while Xfoil was found to significantly overpredict the suction peaks, with pressure differentials respectively 42% and 69% greater than those predicted by RANS.



At midspan (Figure 6c), the separation point was predicted to have advanced further towards the leading edge, with a predicted separation region of 31%. The separated wake is also noticeably thicker, and appears to undergo a slight undulation. The predicted pressure data at this section is slightly more conservative than that predicted by RANS, with a 19% greater pressure differential, while Xfoil’s predicted pressure differential exceeds that of the RANS data by 42%.



Finally, along the structural inboard region of the rotor, the flow has completely separated, with predicted separation regions at the innermost aerodynamic section (Figure 6d), transitional section (Figure 6e), and cylindrical section (Figure 6f) of 77%, 78.5%, and 84%, respectively, and an apparently proportional increase in the thickness of the separated wakes. At these inboard sections, the thick wakes appear to be well aligned with [image: there is no content], although any variations in wake orientation are far less prominent due to the substantial thickness of the wakes. Despite the severe flow separation, the current method’s predicted pressure data is still highly comparable with the RANS data, with a slightly conservative 19% greater pressure differential at the innermost aerodynamic section, compared with Xfoil’s 46%, and just 4% and 2% greater pressure differentials at the transitional and cylindrical sections, respectively, at which Xfoil was unable to produce converged solutions.



As an additional validation, the output power was computed for a range of wind speeds and wind turbine rotational speeds, from cut-in to nominal. (Nominal wind speed and rotational speed for the target turbine are, respectively, 13 m/s and 20 rpm. Due to a lack of data, a linear relationship was assumed between the wind speed and rotational speed.) The wind speed–power curve predicted by the current method was found to be more conservative than that predicted by the commercial RANS solver, but marginally lower than that provided by the turbine manufacturer, with just a 3% difference between output power at nominal wind speed and rotational speed, compared with the RANS solver’s 13% lower output power at the same conditions (See Figure 7 and Table 2).


Figure 7. Compared wind power curves.
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Table 2. Wind power data.







	
Velocity (m/s)

	
Power (kW)

	
Error (%)




	
Official Data

	
Current Method

	
RANS

	
[image: there is no content]

	
[image: there is no content]






	
3

	
4

	
10

	
25

	
150.0

	
525.0




	
4

	
32

	
66

	
59

	
106.3

	
84.4




	
5

	
103

	
125

	
114

	
21.4

	
10.7




	
6

	
219

	
219

	
194

	
0.0

	
-11.4




	
7

	
373

	
346

	
308

	
−7.2

	
−17.4




	
8

	
570

	
512

	
452

	
−10.2

	
−20.7




	
9

	
816

	
721

	
628

	
−11.6

	
−23.0




	
10

	
1110

	
991

	
879

	
−10.7

	
−20.8




	
11

	
1430

	
1323

	
1111

	
−7.5

	
−22.3




	
12

	
1770

	
1716

	
1539

	
−3.1

	
−13.1











4. Discussion


Along the outboard region of the wind turbine rotor, the rotor blade airfoils are better aligned with the undisturbed relative flow, and flow separation, although present to a lesser extent, does not significantly affect aerodynamic performance. The strong correlation between the current method and the RANS data in this flow-aligned region is thus not surprising. The significantly overpredicted data from the compared 2D panel method is most likely due to the inability of the method to account for tip losses; such 2D methods being restricted to the analysis of infinite wings in uniform flow.



Moving inward toward the root, however, ωri decreases with decreasing ri, as is clearly illustrated by the velocity vectors in Figure 6, resulting in higher angles of attack, and, consequently, more severe separation. Furthermore, the increased angles of attack combined with increased thickness-to-chord ratios result in a thicker separated wake, and, therefore, a more marked transition from displacement body streamline to separation streamline, which further exacerbates the adverse pressure gradient responsible for flow separation. The slight discrepancy between the pressure data predicted by the current method and that predicted by the RANS solver highlights the difficulty of numerically simulating a separated flow behind a rotating body. Of course, it is important to note that, despite a vast body of work on the accuracy and limitations of the RANS equations closed by appropriate turbulence models for the resolution of the turbulent boundary layer along wind turbine rotor blades, without corroborating experimental data, we cannot comment on the real-world accuracy of the compared RANS data, which therefore serve merely as code-to-code comparison. With this in mind, the current method’s predictions are considered highly satisfactory, especially in light of the substantial reduction in computational expense afforded by the current method, which employed around 2000 quadrilateral panels compared to the one million polyhedral cells employed by the RANS model.



Finally, along the inboard region of the rotor blade, aerodynamic efficiency has been sacrificed in favour of greater structural integrity, which has been achieved by very high thickness-to-chord ratios ranging from 0.4 at the innermost aerodynamic section to 1.0 at the cylindrical root section. Due to the combination of high thickness-to-chord ratios and supercritical angles of attack, the flow has completely separated from the suction surface of this section of the rotor blade. However, despite such severe flow separation, the current method’s predicted pressure data is still highly comparable with the RANS data, especially at the transitional and cylindrical sections. In addition to accuracy and speed, this also illustrates the robustness of the current panel method in modelling severely separated flows behind rotating bodies, considering that the compared 2D panel method was unable to produce converged results for these sections in uniform flow.



A brief comment on the predicted wind speed-power curve is that, due to a lack of data, the wind speed and rotational speed were assumed to have a linear relationship. This should explain the slight discrepancy between the power curve predicted by the current method and the official power data at sub-nominal wind speeds and rotational speeds. None the less, a maximum discrepancy between the two data sets of 11.6% at U = 9 m/s and a minimum discrepancy of just 3% at nominal conditions attest to the accuracy of the current method. On the other hand, the RANS data showed a maximum discrepancy 23% at U = 9 m/s and a minimum discrepancy of 13% at nominal conditions.




5. Conclusions


The flow field around a commercial 2 MW wind turbine rotor has been calculated using the proposed viscous-coupled 3D panel method. The validity of the results was assessed through code-to-code comparison with numerical data from a commercial RANS solver and a popular open-source 2D viscous-coupled panel method, as well as with data provided by the manufacturer. Along the outboard and inboard regions of the rotor, pressure data predicted by the current method show excellent agreement with the RANS data, while pressure data predicted along the midspan region were found to be slightly more conservative. The power curve predicted by the current method is also more conservative than that predicted by the commercial RANS solver, but lies just marginally below that provided by the turbine manufacturer, with just a 3% difference between output power at nominal wind speed and rotational speed, compared with the RANS solver’s 13% lower output power at the same conditions.



Taking into account the high degree of comparability with the more sophisticated RANS solver, the excellent agreement with the official wind turbine data, the considerably reduced computational expense afforded by the current method, which employed around 2000 quadrilateral panels compared to the one million polyhedral cells employed by the RANS model, not to mention the mesh generation and verification (watertightness and mesh independence testing) time saved by reducing the dimensionality of the discretisation, the author believes that this could be a powerful standalone tool for the design and analysis of wind turbine blades, or could be applied to the emerging field of wind farm layout design, by providing accurate body force input to actuator line rotors within full Navier-Stokes finite volume models of multi-unit wind farms.
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