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I. Introduction

N 2005, global wind-power capacity surpassed the S0-GW mark.

Since 1990, the wind industry is the fastest growing energy source
in the world, with an average annual growth rate of more than 26%
[1]. The success of wind power as an alternate energy source is
closely related to the economics of wind-power production. An
improved understanding of the aerodynamics underlying wind
turbines will optimize blade design and maximize power output.

In April 2000, the National Renewable Energy Laboratory
(NREL) conducted the phase 6 experiment in the NASA Ames
Research Center’s 80 x 120 ft wind tunnel [2]; see Fig. la. The
NREL phase 6 rotor is a two-bladed, stall-controlled wind turbine
equipped with the S809 airfoil [3,4]. Measured rotor torque vs wind
speed is shown in Fig. 1b. As opposed to pitch-controlled wind
turbines, stall-controlled wind turbines such as the NREL phase 6
rotor achieve a passive power control by allowing local airfoil
sections to stall. For the NREL phase 6 rotor and 9 m/s<
Vwina < 20 m/s, the balance between increasing available wind
power and increased drag due to sectional airfoil stall achieves a
nearly constant power output. Stall that is initiated inboard,
progresses outboard along the blade span, causing decreased lift and
increased drag. Strong 3-D effects are present, which are difficult to
predict with computational models.

During the course of the phase 6 experiment, NREL invited
aerodynamic modelers to participate in a blind comparison study to
compare and validate state-of-the-art computational models. Four
different classes of models participated (i.e., performance codes,
wake codes, aeroelastic codes, and CFD codes). In December 2000,
predictions were presented and compared with measured wind-
tunnel data [5]. Large discrepancies between predictions and
measurements were found. Modelers were indeed disappointed that
predictions for a typical wind turbine operating condition (no-yaw,
steady-state, and no-stall) at V¢ = 7 m/s ranged from 25-175%
of measured data. At higher wind speeds of Vy;,q > 9 m/s, power
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predictions ranged from 30-275% and deviated even more from
measured data. Participants attributed discrepancies observed to
different modeler assumptions on how to use the 2-D airfoil data [3]
to account for rotational and 3-D effects. One full-domain CFD
analysis gave the best predictions over the entire power range among
all other computational models [6]. However, this code was
numerically very expensive (greater than 3.0 x 10° nodes) and still
failed to accurately predict the peak power aerodynamics of the
NREL phase 6 rotor at Vy;,g = 9 m/s. Leishman [7] has discussed
fundamental limits in all computational models and how this still
challenges the understanding of wind turbine flow physics today.

This paper focuses on the 3-D flow phenomena of the NREL
phase 6 rotor occurring at wind speeds close to peak power and peak
torque at Vi, = 9 m/s (Fig. 1b). Here, the blade operates just at the
onset of radial pumping, stall delay, and spiral separation. Recently,
the flow physics of such 3-D vortical flows that lead to force
amplification and delayed stall has been revisited by Schreck and
Robinson [8] and Tangler [9] analyzing NREL measurements. In this
work, two computational models are compared: a vortex line model
(VLM) and a parallelized coupled solver (PCS) consisting of a
Navier—Stokes (NS) zone in the near field and a vortex method in the
far field. It is found that the PCS method gives insight into the peak
power aerodynamics of stall-controlled wind turbines, at an
affordable computational expense. This makes PCS a potential
method for future development and design of stall-controlled wind
turbines.

IL.
A. Vortex Line Model

This model consists of a lifting line and a rigid wake; see Chattot
[10] for a detailed description. The rigid wake is formed by a
helicoidal vortex sheet for which the pitch is determined such that the
wake is in equilibrium, in the sense that the absorbed power in the far
wake matches the rotor power. The high sectional Reynolds numbers
of 10°-10° along the blade ensure that vortical structures are indeed
convected far downstream behind the rotor blade (see Fig. 1a). The
roll-up of the vortex sheet and increase in stream tube diameter
behind the rotor are not accounted for. For slowly rotating wind
turbines and small yaw angles, both are second-order effects that do
not alter the total vorticity content but only redistribute it slightly in
space. Good results are obtained for fully attached and moderately
separated flow. However, VLM evaluates local lift and drag
coefficients C; ; and Cp ; at each radial section j from a single 2-D
viscous polar. Thus, it does not account for spanwise flow gradients
such as those associated with 3-D effects in large separated regions.

Numerical Methods

B. Parallelized Coupled Solver

PCS has been developed [11] to reduce both numerical dissipation
of vortical structures and computational cost compared with a full-
domain NS analysis. The near field is solved with a commercial NS
solver (CFX-5.6 by ANSYS, Inc.), assuming steady and fully
turbulent conditions using the k- two-equation turbulence model.
The steady flow assumption is supported by NREL measurements at
zero yaw [2] and previous steady results of a full-domain NS analysis
[6]; the fully turbulent flow assumption currently limits the PCS
method from accurately predicting the local onset and amount of
separation and stall at higher wind speeds. The far field is predicted
with arigid wake model, VLM. An illustration is given in Fig. 2. The



244

Rotor Torque [Nm]

b)

J. PROPULSION, VOL. 23, NO. I:

-
In
[=]
(=]

1200
1000
800
600
400,
200

Wind Speed [m/s]

Fig. 1 NREL phase 6 rotor (courtesy of NREL).
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Fig. 2 Parallelized coupled solver.

TECHNICAL NOTES

NS solver is parallelized on a cluster of four processors. Near-wall
treatment is handled by scalable wall functions in CFX-5.6, with
20 < y* < 90 for all cases. The NREL phase 6 rotor blade is meshed
with 120 points along its contour and 40 points in the spanwise
direction. A grid-independence study was performed in 2-D for the
S809 airfoil, showing consistent results [12]. The actual tip shapes of
the NREL phase 6 rotor [2] are not modeled. Blunt blade tips are
meshed with an unstructured Delaunay surface mesher and extruded
as prisms to the boundaries of the NS zone. A critical feature of the
present method is that the wake surface is aligned with the first 60 deg
of azimuth of the vortex sheet created by VLM, such that vortex
filaments in Fig. 2 pass between nodes. This allows for an efficient
capture of the NS wake and ensures that induced velocities obtained
by VLM are smooth along the boundary of the NS zone by avoiding
the close proximity of boundary nodes to vortex filament
singularities. The NS zone extends to 1-3 reference chord lengths
around the blade and 3-6 reference chord lengths into the wake (see
also Fig. 2). The hybrid mesh inside the NS zone contains a total of
approximately 880,000 nodes.

The coupling methodology of PCS is shown in Fig. 2. Starting
with an undisturbed flow consisting of wind speed and blade rotation
entrainment speed, the NS code solves for the flowfield around the
wind turbine blade. Inside the NS region, the circulation at each
radial station is determined by performing a closed line integral with
the contour L;, including all sources of vorticity according to
Stokes’s theorem. The vortex method distributes I'; along a bound
vortex and distributes the trailing vorticity 8I"; along a rigid wake,
using a symmetry condition for two rotor blades. Induced velocities
are calculated by a discrete form of the Biot—Savart law and are
imposed as boundary conditions to the NS region for the next
coupling step. Coupling is performed after each 10-20 accumulated
time steps of the NS solver. The coupling is considered to be
converged if the change in I'; is less than 1073, This is usually
achieved after 3-5 coupling steps [11,12].

III. Results and Discussion

Results presented in this work correspond to an upwind case (S
sequence) of the NREL phase 6 experiment with the rotor being in
steady and no-yaw conditions at a blade pitch of ¢ =3 deg [2].
VLM and PCS were applied for wind speeds surrounding peak
torque in Fig. 1b. Results obtained for the integrated rotor torque are
shown in Fig. 3. Very good agreement is found between experiment
and computations for fully attached flow, Vy;,q =7 m/s. Both
computational models underpredict peak power and torque at
Vwina = 9 m/s by approximately 10%. For Vy;,q > 9 m/s, the rotor
torque predictions start to follow different trends, with the VLM code
overpredicting post-peak torque.

The spanwise bound circulation I'; is the basic quantity for the
VLM code and the coupling methodology in PCS (see Fig. 2).
Results obtained for I"; are shown in Figs. 4a and 4c. Note that §I°; is
associated with trailing vorticity that is attached to filament j. In

1600

1400

1200

1000

Rotor Torque [Nm]
feed
o
o

600

400

gk

900 N N TS S T N N

(NREL Phase 6 Rotor, S-Sequence)
Fig. 3 Measured and computed rotor torque.
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Figs. 4a and 4c, the root vortex shows §I"; <0 and the tip vortex For Viying = 7 m/s, comparison between VLM and PCS in Fig. 4
8I'; > 0. In Fig. 4b, values for the PCS computed coefficient of lift with respect to I"; and Cy ; reveals the presence of 3-D boundary-
C,; were obtained using the Kutta—Joukowski lift theorem as layer effects for attached flow [11]. For Vyy,q > 7 m/s, Fig. 4a
Cp;=—2T;/(Uy, - c;), where c; is the local blade chord and U,,, ; illustrates a region of &I"; >0 between 0.4 <r/R <0.5 that

is the local freestream speed obtained from the ambient pressure p .,
and the local stagnation pressure pg,, ; using the incompressible
Bernoulli equation.
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Fig. 4 Spanwise circulation and lift coefficient (PCS and VLM). Fig. 5 Velocity v in spanwise direction behind the rotor blade (PCS).
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increases both in radial extent and value for increasing wind speed.
This cannot be observed for VLM results in Fig. 4c. As far as local
values for the coefficient of lift C; ; are concerned, they are shown in
Fig. 4b for the PCS runs and in Fig. 4d for the VLM runs. Figures 4b
and 4d illustrate that the 2-D maximum C, ; of approximately 1.1 is
far exceeded [3] in the 3-D PCS runs for Vy;,q>7 m/s.
Furthermore, PCS results for C; ; show a rapid drop following its
peak, indicating separated and stalled flow along the blade. The VLM
code is limited to a single 2-D viscous polar, which cannot predict
such 3-D stall delay effects. The large discrepancies in spanwise
circulation I'; between VLM and PCS give rise to further
investigation of the flow physics. In particular, the §I"; > O region
between 0.4 < r/R < 0.5 indicates the presence of a vortex that
causes separation on the upper surface of the blade. This vortex is first
initiated by increased radial flow in a small separated region prior to
peak power at Vyq =9 m/s. Figure 5 illustrates the spanwise
velocity component v in a plane located between 5-10% of the
average chord downstream of the blade’s trailing edge. The view is of
the upper blade surface, with the blade root on the left and the blade
tip on the right. Note that the large §I°; in Fig. 4a can be illustrated in
Fig. 5 by means of the spanwise velocity component v. Figure 5d
shows a vortex associated with concentrated trailing vorticity 617;
rotating in opposite sense to the root vortex. The 3-D effect can be
observed as a downwash inboard of the vortex that results in a stall
delay and an upwash outboard of it that enhances stall. The balance
between these two effects achieves a nearly constant rotor power for
9 m/s < Viina < 14 m/s. This highly 3-D flow feature cannot be
captured with VLM, because this method only matches blade axial
and azimuthal flow conditions with 2-D airfoil data. Recently, the
authors also detected the vortex in the absence of rotational
influences by applying the PCS method to the parked phase 6 rotor
[13] athigh pitch angles. However, the vortex was seen more inboard
at r/R = 0.40. As for the PCS results in the present work under
rotating conditions, the Coriolis force acts toward the upper-surface
trailing edge at the blade root [14] (Himmelskamp effect) and thus
decreases the adverse pressure gradient, which further delays stall
inboard of the vortex. Therefore, the vortex is located more outboard
for the rotating case. The PCS method yields the correct 3-D bound
circulation I'; as required by Stokes’s theorem.

IV. Conclusions

A parallelized coupled solver has been applied to the stall-
controlled NREL phase 6 rotor near peak power for assessing the
effect of 3-D physical phenomena. Comparison of PCS results with a
vortex line method showed major discrepancies in the spanwise
bound circulation I'"; and local lift coefficient C; ;. A vortex forming
on the upper blade surface affects the distribution of bound
circulation and creates an area of concentrated vorticity traceable
with the spanwise velocity component v. The PCS method has
proven its potential for delineating the 3-D vortical flow phenomena
occurring near peak power/torque of the NREL phase 6 rotor. The
coupling of anear-field NS solver with a far-field wake model proved
to be a useful predictive tool for future analysis of wind turbine

aerodynamics and the design of stall-controlled wind turbines.
Furthermore, it is computationally more efficient than a conventional
full-domain NS analysis. In addition, it significantly reduces the
numerical dissipation associated with the presence of vortical
structures.
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