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Abstract

This article presents an investigation of the relative importance of key design parameters of a HAWT blade. CFD is used as
the main tool, after validation against experimental data of the NREL/NASA-Ames Phase VI wind tunnel campaign. Tip and
root sections, blade aspect ratio and pitch angle are analysed and all CFD calculations were performed using a compressible
Reynolds-averaged Navier-Stokes solver. The selected case corresponds to 7 m/s upwind wind turbine at 0° of yaw angle and
a rotational speed of 72 rpm. Various root and tip configurations were considered and the obtained results indicate that the
exact representation of the root and tip geometry of a HAWT has an small but finite effect in the thrust and torque levels at
working conditions. This effect is however secondary to the effects of aspect ratio and blade pitch.

1 Introduction

In order to maximise power output at minimum cost, a trend is been established to increase the aspect ratio of wind turbine
blades. This objective comes with the requirement to improve the aerodynamic performance of wind turbines blades and
optimise their aerodynamics at design conditions. Betz’s theory marks the maximum output of a wind turbine aerodynamic
extraction and modern wind turbine designs reach the 48% as maximum and 25% when nominal power output is reached [1].
In addition, as the size of wind turbines increases manufacturers go away from their knowledge base (the largest blade in
production is 61.5 m long) and there are no working examples to use as prototypes or starting points for design. Prediction
of HAWT performance based on CFD is therefore of significant practical interest.

Regarding the prediction of the aerodynamic performance of wind turbines, CFD is a valid option for two reasons; i) cost
and ii) difficulties in applying scaling laws to wind-tunnel data. These issues are related to the difficulties in achieving, in
a wind tunnel during the same experiment, the same Reynolds and Mach numbers, and operational parameters of a full size
wind turbine. Regardless of the success of CFD in several areas, CFD solvers still need validation against experimental data
or field data. Since most Blade Element Momentum (BEM) analyses have difficulties to quantify the aerodynamic effect of
the tip and root sections of the blade, due to the complex 3D nature of the flow, tip and root effect are the focus of this paper.
Wind tunnel data will be used for validation so that confidence on the obtained results can be established. The comprehensive
paper of Vermeer [2] presents in systematic way all experiments related to wind turbines measurements. Based on Vermeer’s
work, the NASA-Ames NREL Phase VI was selected due to its popularity, availability of surface pressure measurements at a
survey, range of conditions, and lack of scaling, since a small-size wind turbine was used. This dataset has been the subject of
many works in the international community and was made available to many researches. Finally, the experimental campaign
was carried with CFD validation in mind.

Wind turbine CFD is primary carried out using incompressible solvers, due to the flow speeds encountered near the tips of
the blades. The incompressible solver used in the majority of published papers related to the wind turbines is EllipSys3D [3],
developed at Risg National Laboratory and Danmarks Tekniske Universitet (DTU). Other incompressible solvers including
CFX [4, 5] from AEA Technologies, AVL SWIFT [6] from AVL and CFD-ACE [7] developed by Yang and Chang were
also used for wind turbine computations. Furthermore, solvers designed for helicopter CFD or general-purpose were also
employed for the analysis of HAWT. These are compressible solvers, for much faster flows. Overflow-D2 [8] is one of them,
which was developed by NASA and is used for rotorcraft research in the USA. Other compressible CFD solvers used for wind
turbines are elsA [9] developed by ONERA and CERFACS, Euranus [10] from VUB and FOI, and Flower [11] from DLR.
As the trend towards higher blade tip speeds continues for the growing offshore installations, compressible flow effects must
be accounted for. Morris [12], also mentions compressibility as a key asset of a solver, if acro-acoustics is to be considered.
The CFD mesh sizes employed in the literature range from 1 to 12 million cells for the cases mentioned above. Multi-blocks
structured grids were mainly used. There is also one exceptional case where LES was carried out on a grid of 300 million
cells [13] for the analysis of a small wind turbine.

Despite most of the calculations performed with the above mentioned solvers concern isolated rotor cases [11, 14, 15], some
researchers have also considered the effect of the tower [16, 17] and studied the interactions between the tower and blades
as well as its effect on the turbine performance. Other works focused on the effect of the wind tunnel walls [14], while oth-
ers have analysed the tip flow region [13, 18] in terms of vortex generation or aero-acoustics and the root section influence [9].

Although interactional aerodynamics, between blade and tower, ground or other turbines is important and influences the
performance of wind turbines, for new designs the acrodynamics of an isolated blade must first be considered at working
conditions. This is presently done using BEM and wind tunnel data. However, simple methods (BEM) have difficulties to
account for root and tip effects and for this reason CFD based on a compressible flow solver will be employed in this paper to
quantify the effect of the root and the tip on the overall acrodynamics of a wind turbine at design conditions. Several different
HAWT configurations are to be analysed to account for tip and root section influences. For the selected cases the root part of
the blade is either included or not in the CFD while flat, rounded and extended tips have been considered. The obtained CFD
results are compared with the experiments from NASA-Ames Phase VI [19].



2 CFD method and grid generation

A compressible CFD method capable of solving the URANS compressible flow equations on multi-block structured grids
using a cell-centred finite-volume method for spatial discretisation was employed in this work. The work on the WMB (Wind
Multi-Block) CFD solver, which is suitable for the analysis of wind turbine blades is fuelled by the established trend towards
large-diameter off-shore wind turbines operating at high tip speeds. This results in relatively high tip Mach numbers (of the
order of 0.3 at sea-level conditions and even higher in the suction side [12]) and consequently compressibility effects can
not be neglected. Although several alternatives to compressible flow solvers are available, compressible solvers offer more
flexibility for the CFD developers and practitioners and can operate at a wide range of conditions. The present solver is
designed to account for the relative motion of the blades, structural deformation and turbulent flow. An implicit method [20]
is employed, and the resulting linear system of equations is solved using a pre-conditioned Generalised Conjugate Gradient
method. For unsteady simulations, implicit dual-time stepping is used, which is based on Jameson’s pseudo-time integration
approach [21]. From the beginning, the solver was designed with parallel execution in mind and for this reason a divide-and-
conquer approach was used to allow for multi-block grids to be computed on distributed-memory machines and especially
low-cost Beowulf clusters of personal computers. Variants of this method for many aerospace applications have been detailed
in references [22,23], amongst others.

Multi-block grids have several advantages over single-block ones. One of the advantages is the flexibility in representing
geometry, which allows the assessment of very complicated wind turbine configurations (see Figure 1a). A second advantage
is that they can be optimised for parallel computing by minimising communication between the processors and balancing
their work load. The grids for the present work were generated with the ICEM-Hexa grid generation software. The multi-
block topologies employed for this work, start from a C-topology around the blade in order to resolve the suction-peak on
each aerofoil section and capture its wake. In addition, the current topology allows for variations of the pitch angles without
reducing the quality near the blades for the same grid. The near-blade blocks can be seen in Figure 1b and these can be kept
undeformed during pitch changes. This technique is detailed in [20] reference. The current blocking uses extruded blocks
from the blade tip towards the far-field boundary in a true multi-block fashion. The same topology is used from the blade root
to the spinner for cases where a root section is not present.

The multi-block topologies described above were used for generating several grids, as shown in Table 1. The grids were
further subdivided in blocks, in order to facilitate load balancing during parallel computations. The load balance for 24 and
48 processors is shown, for all computed cases, in Table 1.

In order to asses the sensitivity of the solution on the location of far-field boundaries, two different far-field geometries were
constructed. Figures 1c and 1d highlights the differences between them and their grid characteristics are summarised in Table
1 (Cases 2Ia & 2Ib). The baseline geometry has a cylindrical shape with 8 radii of the blade as diameter in the rotor plane,
4 radii of the blade towards the inflow and another 8 towards the outflow. The modified far-field geometry is also cylindrical
and has 16 blade radii as diameter in the rotor plane, 8 radii towards inflow and 16 radii towards the outflow boundary (see
Figures 1c & 1d). For calculations, all grids were normalised using the maximum chord of the blade as the characteristic
length. For this case was 0.737 m (1 blade radius = 6.824 chords).

3 Results and discussion
3.1 Validation data and test cases

The experiments carried out in the NASA-Ames wind tunnel Phase VI [19] are extensively used in the literature [5, 14,24]
for the reasons mentioned in the introduction. The main measured quantity is the pressure distribution along the blade chord
at five span-wise sections, with 22 pressure taps placed in each section. The data set number S0700000 corresponds to 7m/s
free stream wind and 72 rpm rotational speed and is used in this paper to present a working condition of the wind turbine.
The geometric characteristics of the two bladed upwind rotor include 3° pitch at the tip, 0° of cone angle and 0° of yaw angle.
The S809 aerofoil section was used from 25% of the span to the tip. Unfortunately, there are not any wake measurements,
which could further enhance the value of this experiment and the fidelity of the CFD validation.

The definition of the geometry for the Phase VI experiments provides the blade twist and the coordinates of the S809 aerofoil
section, however, the tip and root sections are not defined in an unique way. For this reason, four different attempts were
made in order to quantify the relevance of these sections on the overall performance. The planform of these geometries is
shown in Figures 2a to 2d and the details of the root and tip sections in Figures 3a to 3d.

Figure 2a presents an isolated blade, where no root section was taken into account, starting the blade at 25% of radius
distance with the flat inboard and outboard ends. A long cylinder running between the inflow to the outflow boundaries is
used to model the root attachment to the spinner. The blade tip is 5.4% longer than the experimental one. This was done so
that influence of the tip at outboard stations characteristics can be quantified as given by Hand’s Technical Report [19]. The
difference between the configurations of Figures 2b and 2a is in the spinner. A streamlined spinner was introduced to avoid
massive flow separation and for comparison with the tube configuration of Figure 2a. Figure 2c¢ is closer to the experiments,
since it has the correct aspect ratio of the blade, however, a flat tip, is used. This was done to analyse the differences between
round and flat tip-caps due to the different pressure distribution they induce near the tip. The root section is also closer to
the experimental since a blended section is added (see Figure 3b). The planform for Case 4 is shown in Figure 2d. This case
is identical to Case 3 apart from the shape of the tip. The tip is now rounded using the camber line at the 98% of the span
of the blade. The details of the sections are shown in Figures 3¢ and 3d. The four configurations discussed in the previous
paragraphs are detailed in Table 1.



3.2 CFD Results

The case S0700000 from the NREL database was selected for this study. This case was also been studied by other authors
[3,5,14,15,17,24-28] but studies of influence of the root and tip sections are brief. Test cases at higher wind speeds have
been analysed by many authors [14, 24] but since these appear to have stalled flow regions they were not considered for the
analysis in this paper. At the selected wind speed of the wind the blades are loaded with 575 N each on average. To date,
there is just one tip shape investigation, related to acrodynamics, published [18] and another one mentioning root section [9].
As a first step, grid convergence was investigated. For this purpose the grids 21, 211 and 2111 of Table 1 were used. The CFD
results, shown in Figures 4a and 4b, indicate little differences between the fine and medium grids. However, differences do
exist between the coarse and medium grids near the suction peak and the suction side of the section. The coarseness of the
grid is evident even on the pressure side of the blade. A mismatch there is usually an indication of a poorly resolved flow
resulting in incorrect flow angle. Based on these results, the medium grid can be used for computing this test case without
significant deterioration of the obtained results, as far as the pressure field is concerned.

Once the grid density was established, the effect of the time step used for unsteady computations was investigated. The
solution on grid 211l was computed using steps of 1 degree in azimuth while solutions on the 21 and 211 grids were obtained
using steps of 0.25 degrees. The results shown in Figures 4a and 4b indicate that 0.25 degree steps are adequate for resolving
this flow case.

Finally, the effect of the far-field location was investigated. Two grids were used as discussed in the previous section (see
Figures 1c and 1d). The three components of the velocity vector obtained on the two grids are plotted in Figure 5a to 5c. The
contours are taken at half radii downwind of the wind turbine (see schematic in Figure 5d). The flow area near the blade is
not significantly affected by the location of the far-field boundary. Since this work focuses on the blade area, the boundaries
of the grid 21a were selected for subsequent computations.

For comparison against experiments, the CFD data had to be probed at the location of the pressure taps. Then, the highest
value of pressure had to be found and used as the reference for computing the surface pressure coefficient exactly as reported
in [19]. For the calculation of integrated loads, readings from 22 pressure taps, located exactly like the experiment, where
extracted from the CFD and integrated. This was needed in order to have the same accuracy of integration, as for the
experiments, in the comparisons.

3.2.1 Root section

The effect of the root section was then quantified using Cases 1, 2 and 3. Cases 1 and 2 have no root section though Case 3
has. Furthermore, Cases 2 and 3 have a spinner while Case 1 has an infinite tube as inner boundary. The planform of these
cases is shown in Figures 2a, 2b and 2c¢, and the detailed view of the root sections in Figures 3a and 3b.

The root section added to the isolated rotor (Case 3) improves the results as expected. This can be seen analysing the pressure
coefficients (Cp) at 30% station of the blade, which is shown in Figure 6b. The results for the pressure side indicated that
a different incidence angle is experienced for Cases 2 and 3 due to the difference of the root vortex configurations. Case
3 shows the best comparison against experiments. The suction peak was also well captured for Case 3, while this was not
the case for Cases 1 and 2. Despite this, an over-prediction of suction is observed for Case 3, which can be due to the
geometrical differences with the experimental blade root section. The exact shape of this section is not precisely known. As
expected, the differences are more pronounced at the inboard stations. Figure 6a presents a comparison at 27% R. There are
no significant differences between Cases 1 and 2 (infinite tube and spinner) as shown in previous two figures. The stations at
46.6% and 63.3% are shown in Figures 6¢ and 6d and no differences are observed between the three Cp predictions for the
three configurations, indicating that the effect of the root section dismissed as inboard stations are approached.

Normal and tangential coefficients (Cy & Cr) are shown in Table 2 for Cases 1 to 3 and these are compared with the
experimental values. The maximum and minimum values of the experimental Cn and Cr corresponds to the experimental
values at 0° azimuthal angle over 35 cycles. At 30% R the suction over-prediction of the Case 3 resulted in higher C than
the experiment, however, at outboard stations (46.6% and 63.3%) results for Case 3 are closer to the experimental values than
the other two cases.

The thrust and torque of the wind turbine blade were also calculated and they are shown in Figures 8a to 8d. Figures 8a and 8b
represent thrust and torque variations for a full revolution. On the other hand, Figures 8c and 8d represent the averaged thrust
and torque for CFD and experiments (azimuthal angles between 150° and 210° were excluded for the averaging because an
isolated rotor was considered in the CFD computations). Thrust and torque are over-predicted for Cases 1 and 2. This is due
to their higher aspect ratio blades used for the computations. Although there are differences for the Cp at 27% R and 30% R,
due to the low rotational speed, this has a small effect on the overall loading of the blade.

Flow visualisation of the root region, using iso-surfaces of turbulent Reynolds number (Re7) and coloured with pressure level
are shown in Figures 9a and 9b for Cases 2 and 3, respectively. These cases show a different behaviour due to the presence
of root attachement section (Figure 9b). For this configuration, shedding of vorticity is present near the root but there is
no discrete vortex formed. Further outboard where an abrupt change of the blade geometry takes place, a smaller vortex is
formed.

3.2.2 Tip section

Comparisons between three different blade tips were then considered. Cases 2, 3 and 4 were analysed for that purpose. Cases
2 and 3 have a flat tip while Case 4 has a rounded tip constructed by revolving the camberline at the 98% R station of the
blade. On the other hand, the blades for Cases 3 and 4 have the same aspect ratio as experimental blades while Case 2 was
5.4% longer in radius. The configuration of Case 4 is the closest to the geometry used for the set of the experiments.

The aspect ratio variation has found to have significant influence towards the tip of the blade. This is shown at stations from
90% R to 98% R of the blade (Figures 7a to 7d). As can be seen, there are differences between Cases 2 and 3 concentrated
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on the suction side. The higher aspect ratio blade of Case 2 has a reduced downwash and this results in differences in flow
incidence. The Cy values given in Table 3 show more than 20% differences in Cy between configurations 2 and 3 and 40%
in Cy. As consequence, there are also differences in the thrust and torque shown in Figures 8a and 8b. These differences
highlight the lesser influence of the root section in turbine thrust and torque despite the addition of the root section adds
unsteadiness into the flow.

There are also some differences between Case 3 (flat tip) and Case 4 (rounded tip). The Cp comparisons shown in Figures 7a
to 7d indicate that the outer stations are influenced by this small change of blade shape. The tip vortex develops in a different
way for flat and for rounded tips, and its influence slightly reaches the 90% R and 92% R stations. At 95% R (Figure 7¢) this
difference is significant. Despite Cases 3 and 4 being quite close to the experimental configuration, the Cp is not perfectly
captured. This is probably due to the under-prediction of suction peak at outboard stations. Again, as mentioned before
and as was the case with the root section, the tip geometry is not fully defined in the literature. The tangential and normal
coefficients from the Table 3 highlight these differences at 95% R station. The inboards stations are almost identical between
Cases 3 and 4. The thrust for each blade from Figure 8a is in agreement with the experimental results, with differences in
the range of 1.5-2% with Case 3 and 1 % with Case 4 (although the thrust prediction for Case 4 is within the maximum
variations of experiments as can be seen in Figure 8c). The torque, in general, is under-predicted for these cases and can be
due to the few points used for the calculation. The flow visualisation around the tip sections is shown in Figures 9c¢ to 9d.
These two figures correspond to Cases 2 and 3. The tip vortex as visualised with iso-surfaces of turbulence Reynolds number
(Rer) looks similar but has larger expansion for Case 2. This is due to the slightly higher tip speed for this case. The tip
vortex generated with configuration 4 is different as show the Figure 9d and is formed further towards the trailing edge of the
founded tip.

3.2.3 Blade pitch angle

In order to determine the sensitivity of the obtained loads on the blade pitch angle, comparisons between two different blades
were considered. Case 4 was used as a baseline configuration, which had 3° of pitch angle at the tip. A modified version was
then produced which had 3.5° of pitch and the flow was computed again at 7 m/s. The change in twist has an effect though
out the flow since it decreases the local incidence. Thrust was found to be 5.5% lower than the original Case 4 as can be seen
in Figure 8a. On the other hand, despite that the torque was also under-predicted, its value is not far from the Case 4, being
1.4% higher than Case 4’s. This is a strong visible effect and highlight the importance of correct twist values when CFD
computations are considered.

4 Conclusion

Various root and tip variations of the NREL Phase VI S0700000 case were computed to quantify the relative importance of
the exact geometry of these on the aerodynamic performance of a wind turbine blade. The largest differences were found
in the root section, where the variation of the normal coefficient and tangential coefficients could be bigger than 10% if root
section is added or the spinner is used instead of infinite tube like boundary. Despite these differences, the overall agreement
with the experiments is much more influenced by the blade radius. And in this case the variation of the loads affects directly
the variation in the overall agreements. To conclude, for preliminary design of wind turbine blades, first calculations can be
preformed with approximate root and tip shapes while the twist distribution and aspect ratio must be precisely specified.
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4p: Blade pitch angle 0.5° higher than the rest of the Cases. I: Inflow. O: Outflow. FF: Far-field.

Table 1: Different configurations and their properties (half domains are used due to the symmetry except for the load balance,
where full configuration was considered).

Stations 30 % 46.6% 63.3% 30 % 46.6% 63.3%

Table 2: Blade loads for the root section at experimental blade azimuth angle of 0°.

Stations 63.3% 80% 95% 63.3% 80% 95%

Table 3: Blade loads for the tip section at experimental blade azimuth angle of 0°.
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Figure 1: Multi-block topology and the far-field boundaries for the CFD analysis of HAWT. (a) The volume edges are shown.
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Figure 2: Four different configurations used to analyse the influence of root, tip and aspect ratio influence.
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Figure 3: Tip and root details for the different configurations employed in this work. Top view of the tip and root (see a,b,d
& e). Side view of the blade (see ¢ & f).

85T T T T T T BT T T T T T

A6.6 % === Coarse | -25[F: 633% — Coarse 7
25k RC— - Medium ] T e Medium
) 21 % Fine A

(a) 46.6 %. (b) 63.3 %.

Figure 4: Grid size dependence for Case 2, where the rotor blades had larger aspect ratio and no root section. The half grid
sizes and the azimuthal variation in degrees per time step are: Coarse (660,644 & 0.25°) dashed green, Medium (1,693,586
& 0.25°) dash-dot-dot blue and Fine (2,276,152 & 1°) solid red.
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Figure 5: Effect of far-field. Solid red line represents Case 21a (standard far-field) from Table 1 while 2Ib (double distance of
the boundaries) is presented as dashed green lines. The two blades are represented as a thick black line and the spinner as a
black circle.

35T T T T T T 85T T T T T 85T T T T T T
BE 979, —---- Case 1 8 _t 30 % -  EXPUs) 1 BfF l 466% °  EXP(US) ] E
A e Case2 ] El . EXP(LS) 4 L 4 EXP{LS) |
3 Case 3-4 23 é}\ Error a8 Error 7
o O i casel 1 SRV 0000 ----- Casel 4
‘\ b?\ 77777 Case 2 ‘;\ ————— Case 2 g
15F LN 4 15F % Case34 4 A5F 9 Case3-4

(a) 27%. (b) 30%. (c) 46.6%. (d) 63.3%.

Figure 6: Blade pressure coefficients extracted at span-wise station between the root and middle radius of the blade. Com-
parisons are shown for four different root configurations (Cases 1-4) at experimental blade azimuth angle of 0°.
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Figure 7: Blade pressure coefficients extracted at span-wise station near the tip of the rotor. Comparisons are shown for the
flat (Cases 1-3) and rounded (Case 4) tips at experimental blade azimuth angle of 0°.
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Figure 8: Single blade thrust and torque for five different cases. The CFD calculations were performed for an isolated rotor,
so they did not take into account the effect of the tower that can be appreciated between 120° and 240° on the experimental
data. The unsteadiness of the calculations is shown in the CFD results despite three full revolutions were computed for each
Case. Figures c-d are averaged thrust and torque results from experiments and CFD computations.

(a) Case 2. (b) Cases 3-4. (c) Cases 1-2. (d) Case 4.

Figure 9: Flow visualisation: Reynolds Turbulent number iso-surfaces with Pressure contours around the tip for the four
analysed cases.



