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I. INTRODUCTION



A computational research program is underway at Georgia Tech in the area of horizontal-axis wind turbine aerodynamics. The research focuses on understanding the flow mechanisms that affect the performance of wind turbines in non-axial and non-uniform inflow, and the development of modern, efficient computational techniques that complement existing combined blade element-momentum theory.


The computational effort is based on the extension of a 3-D hybrid Navier-Stokes/potential flow solver that has been developed at Georgia Tech for helicopter rotor and propeller applications to horizontal axis wind turbines. In this approach three-dimensional unsteady compressible Navier-Stokes equations are solved in a small region, on a body-fitted grid surrounding the rotor blade. Away from the blades, the potential flow equation is solved.  The vorticity shed by the blades as a result of dynamic stall, and the spanwise and azimuthal variations of circulation are captured using vortex filaments.  These filaments are freely convected by the local flow. Since the costly Navier-Stokes calculations are done only in regions close to the wind turbine blades, and because much of the vorticity is tracked using Lagrangean techniques, this method is an order of magnitude more efficient than full blown Navier-Stokes methods. 

The specific objectives of this research project during the period May 1, 2001 – April 30, 2002 are:

1) Improve the viscous separated flow modeling accuracy  by replacing or augmenting the zero-equation and one-equation turbulence models in the analysis with higher order two-equation models,

2) Improve the load predictions in the blade root region,

3) Validate the analysis through a simulation of the NREL Phase VI rotor under yaw conditions.

SUMMARY OF ACTIVITIES DURING THE RESEARCH PERIOD

During this reporting period, the following work was completed:
1. Work on the development of advanced turbulence models (e.g. k-) continued. No numerical results are available for this model at this time.
2. Work began on the validation of the hybrid analysis for yaw conditions. Calculations have been done for the NREL Phase VI rotor for a wind speed of 10 m/s, at 10 degrees yaw. These simulations have been done using hybrid flow analysis. The calculations are, in general, good agreement with experiments.
Figure 1 shows the variation of the low speed torque with the azimuthal position of the reference blade, and comparison with measurements. The time averaged value of the predictions is around 1600 Newton-meters in the above case, where as the experiment predicts a mean value around 1450 Newton-meters, a 10% difference. There are also comparable differences in the higher harmonic contents of the torque. Work is in progress to identify the sources of these discrepancies.
Figure 2 shows the variation of the tangential force CT with radial location on the blade at a typical azimuthal location. The tangential (drag-like) force is difficult to predict accurately. It appears the present simulations do a good job of predicting this quantity.    There are, however, large discrepancies at the root region. It is anticipated that the use of an inboard vortex model and improved turbulence models will improve the prediction at the inboard regions well. Fortunately, the discrepancies at the root do not translate into large errors in integrated quantities such as torque and power, owing to the low dynamic pressure at the inboard stations.

3. Work also began on validating the Navier-Stokes solver for the Phase VI rotor. Navier-Stokes simulations are needed, whenever there are large separated flow regions. Figures 3 and 4 show typical radial variations of the normal and tangential forces at a typical azimuthal location, for the 10 m/sec wind, 30 degree yaw case.  

The fact that both the hybrid method (which does not have a root vortex model), and the Navier-Stokes method (which models root and tip vortices as distributed vorticity fields) both do a poor job of predicting in board loads suggests that there may be other factors (e.g. grid spacing near the root) that need to be looked at. Work is being done to understand the reasons behind the discrepancy at the root locations. 
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Figure 1. Variation of the Low Speed Torque for the NREL Phase VI Rotor as a Function of Blade Azimuth, 10 m/s Wind, 10 degrees Yaw.
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Figure 2. Variation of the Sectional Tangential Force Coefficient with Radial location at Zero degree Azimuth
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Navier-Stokes Simulations

10 m/sec wind, 30 degree yaw.
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Figure 3. Variation of the Sectional Normal Force Coefficient with Radial location at 210 degree Azimuth. 10 m/sec wind, 30 degree yaw.
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Navier-Stokes Simulations

10 m/sec wind, 30 degree yaw.
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Figure 4. Variation of the Sectional Tangential Force Coefficient with Radial location at 210 degree Azimuth. 10 m/sec wind, 30 degree yaw.
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