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Characterization of Three-
Dimensional Effects for the
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This paper addresses three-dimensional effects which are pertinent to wind turbine aero-
dynamics. Two computational models were applied to the National Renewable Energy
Laboratory Phase VI Rotor under rotating and parked conditions, a vortex line method
using a prescribed wake, and a parallelized coupled Navier-Stokes/vortex-panel solver
(PCS). The linking of the spanwise distribution of bound circulation between both models
enabled the quantification of three-dimensional effects with PCS. For the rotating turbine
under fully attached flow conditions, the effects of the vortex sheet dissipation and re-
placement by a rolled-up vortex on the computed radial force coefficients were investi-
gated. A quantitative analysis of both radial pumping and Coriolis effect, known as the
Himmelskamp effect, was performed for viscous as well as inviscid flow. For the parked
turbine, both models were applied at various pitch angles corresponding to fully attached
as well as stalled flow. For partially stalled flow, computed results revealed a vortical
structure trailing from the blade’s upper surface close to the 40% radial station. This
trailing vortex was documented as a highly unsteady flow structure in an earlier detached
eddy simulation by another group, however, it was not directly observed experimentally
but only inferred. Computed results show very good agreement with measured wind
tunnel data for the PCS model. Finally, a new method for extracting three-dimensional
airfoil data is proposed that is particularly well suited for highly stalled flow
conditions. �DOI: 10.1115/1.2349548�

Keywords: CFD, Navier-Stokes, vortex method, prescribed wake, coupling, NREL phase
VI rotor, three-dimensional effects, three-dimensional polar data
Introduction
The Phase VI Unsteady Aerodynamics Experiment �UAE� con-

ucted by the National Renewable Energy Laboratory �NREL� in
he NASA Ames �80 ft�120 ft� Wind Tunnel is an excellent da-
abase that provides researchers and modelers with valuable
atasets �1,2�. The Blind Comparison study �3� clearly demon-
trated that researchers using computational tools still face many
hallenges in predicting wind turbine aerodynamics. Modelers
ere surprised by the large scatter among their various predictions
f the Phase VI Rotor performance even under the simplest pos-
ible case of zero yaw, steady-state, and no-stall conditions �3�,
orresponding to a wind speed of U�=7 m/s. For this case, rotor
ower predictions ranged from 25% to 175% of measured with
ne computational fluid dynamics �CFD� code by Sorensen et al.
4� showing best results. Since then, a number of CFD models
ave been applied to the Phase VI Rotor; Xu and Sankar �5� and
enjanirat and Sankar �6� applied a hybrid method; Duque et al.

7� performed a full domain Navier-Stokes �NS� analysis; Le Pape
nd Lecanu �8� used a full domain NS solver and also investigated
he effect of the pitch shaft section on local loads; Schmitz and
hattot �9,10� applied a parallelized coupled Navier-Stokes/
ortex-panel methodology �PCS� to the Phase VI Rotor at wind
peeds surrounding peak power; Langtry et al. �11� recently stud-
ed the influence of a transition model within a full domain NS
nalysis of the Phase VI Rotor. Although the models mentioned

Contributed by the Solar Energy Division of ASME for publication in the JOUR-

AL OF SOLAR ENERGY ENGINEERING. Manuscript received February 24, 2006; final
anuscript received July 16, 2006. Review conducted by Patrick Moriarty. Paper

resented at the 25th ASME Wind Energy Symposium/44th AIAA Aerospace Sci-

nces Meeting and Exhibit, Reno, NV, 2006.

ournal of Solar Energy Engineering Copyright © 20
above are quite sophisticated and computationally expensive, the
predicted power still deviated by 20% from the measured power
�3�. Less complex prescribed wake models of Tangler �12�, lifting
surface prescribed wake code �LSWT�, or Chattot �13,14�, vortex
line method �VLM�, showed improved accuracy relative to the
computationally expensive codes at a wind speed of U�=7 m/s,
however at a much lower computational cost. The question arises
as to why wake models can generally predict low-speed rotor
performance very well, while sophisticated CFD models still ex-
hibit a significant 20% discrepancy in the predicted power. For a
case of fully attached flow along the entire blade, it was found that
local blade loads do not significantly depend on the turbulence
model used �10�. Furthermore, all CFD models are assumed to
have suitable grid spacing at leading and trailing edges in the case
of fully attached flow. However, a three-dimensional �3D� grid
convergence study or a change in discretization scheme is seldom
performed in order to quantify the effect of artificial dissipation on
local blade loads.

In general, NS codes suffer from rapid artificial dissipation of
vortical structures in the wake. Nevertheless, Fig. 1�a� reveals that
the experimentally observed trailing vortex sheet is present far
downstream. Even an extensive overset grid refinement down-
stream of the blade performed by Duque et al. �7� with more than
11,000,000 grid points in the NS zone can only convect the trail-
ing vortex sheet for a few revolutions, until it is fully artificially
dissipated. In contrast to CFD models, the nature of wake models
allows the convection of shed and trailed vorticity far downstream
into the wake with very little or no dissipation. The PCS solver
�10� combines a near field NS analysis with a prescribed wake
model in the far field, and thus we were able to investigate the

influence of the vortical wake on results obtained. The comparison
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f the 3D PCS model with VLM, which uses an uncorrected two-
imensional �2D� polar of the S809 airfoil, enabled the quantifi-
ation of 3D aerodynamics such as radial pumping and Coriolis
ffect. It was found that these 3D effects differ for viscous and
nviscid flow. Furthermore, the effect of the vortex sheet rollup
nto a single vortex was investigated with the limiting case of a tip
ortex model �5,6�.

The parked Phase VI Rotor shown in Fig. 1�b� serves as a good
est case for the performance prediction of computational models
nder stalled conditions excluding rotational effects. Recently,
upta and Leishman �15� used a 2D static stall model based on

he Leishman-Beddoes model �16� for the S809 airfoil within a
D Weissinger-L type of blade model �17� to predict the stall
nset and aerodynamic coefficients in the deep stall regime. More
ccurate results than those of this study �15� were obtained earlier
y Johansen and Sorensen �18� who applied their NS code to the
arked Phase VI Rotor. They found that a detached-eddy simula-
ion �DES� did not particularly improve the results under stalled
onditions. However, their simulations showed considerably more
D flow structures compared to conventional two-equation Rey-
olds averaged Navier-stokes �RANS� turbulence models, e.g.,
-� shear stress transport �SST�. At one particular pitch angle in
he stall regime, they also found a highly unsteady and unstable
railing vortex at the 47% radial station, which only occurred in
he DES computations. This vortex was also observed in an ac-
ompanying work by Sorensen �19� for the rotating turbine and
as attributed to the specific blade design. Schmitz and Chattot

9,10� as well as Tangler �12� recently documented again the pos-
ibility of this vortex for the rotating turbine by means of the
panwise distribution of bound circulation. The trailing vortex is
ue to the complex interaction between local stall and spiral sepa-
ation. However, it has not been directly observed in the experi-
ents but only inferred. The present paper shows the trailing vor-

ex in a stable form using the PCS model and a conventional
wo-equation k-� SST turbulence model by Menter �20�. Further-
ore, the effect of the pitch shaft section on local blade loads was

nalyzed, which to date has only been modeled by Le Pape and
ecanu �8� for the rotating turbine.
The performance predictions of wake models and blade element
odels �BEM� strongly depend on the polar data used, particu-

arly for stalled flow. In many cases, experimental 2D polars are
odified to account for 3D effects. Among the most widely used

orrection models are those of Snel et al. �21�, Du and Selig �22�,
haviaropoulos and Hansen �23�, and recently van Rooij and
chepers �24�. The main problem associated with this procedure is

hat the models are generally tuned to specific airfoils and are
herefore not applicable to blade designs equipped with different
irfoils. Using CFD codes for the extraction of 3D polar data from
particular blade design and using these data in computationally
ore efficient wake models or BEMs results in a more efficient

esign process. However, the extraction of 3D polar data is not
traightforward, as local effective angles of attack are initially
nknown in a CFD code. Bak et al. �25� and Bjork et al. �26�
tilized an inverse BEM method based on rotor geometry, wind

ig. 1 NREL Phase VI Rotor in the NASA Ames „80 ftÃ120 ft…
ind tunnel „Photographs by L. J. Fingersh, NREL…
peed, and force coefficients computed by the CFD code to extract

46 / Vol. 128, NOVEMBER 2006
airfoil polars. Unfortunately, the results were not promising and
showed deviations even in the linear region of the airfoil data.
Sorensen �19� generated a stagnation point location versus angle
of attack curve for the S809 airfoil from 2D computations. Using
this curve along with the stagnation point location obtained from
the 3D pressure distribution, he was able to estimate a correspond-
ing 2D angle of attack. However, the method was questionable
when strong 3D effects were present. Furthermore, a set of differ-
ent stagnation point versus angle of attack curves are required, if
the blade is equipped with multiple airfoils. The same method to
extract 3D polar data was later used by Le Pape and Lecanu �8�
who reported the same difficulties. Recently, Johansen and So-
rensen �27� presented a reduced axial velocity method to extract
3D airfoil characteristics from existing CFD computations based
on an earlier idea by Hansen et al. �28�. In this method, an average
wind speed at the rotor plane from CFD results is used to evaluate
the local flow angle. The local angle of attack is then obtained by
subtracting the local pitch angle. The present paper proposes a
novel approach for extracting 3D airfoil data. This approach is
particularly suited for separated and stalled flow conditions.

2 Numerical Methods

Vortex Line Method (VLM). This model �13,14� consists of a
lifting line and a rigid wake, which is formed by a helicoidal
vortex sheet for the rotating turbine and a plane vortex sheet for
the parked turbine. The VLM code uses a cosine distribution of
discretization points along the lifting line, which is linked to the
infinite series solution of Prandtl’s fundamental equation of lifting
line theory �29�. The advantage of this method is its convection of
trailing vorticity into the wake without dissipation. The rollup of
the vortex sheet and increase in stream tube diameter behind the
rotor are not accounted for. Both are second order effects with
respect to the local induced angle of attack, as the total vorticity
content is not changed but only distributed slightly differently.
The main ingredients of this method are comprised in Eq. �1�.

��yj� ⇒ ��yj� Biot-Savart law

��yj� = ��yj� − ��/2 − ��yj�� ⇒ Cl�yj�,Cd�yj� 2D polar data

��yj� = −
1

2
Cl�yj� · U��yj� · c�yj� Kutta-Joukowski lift theorem

�1�
A rigid vortex structure is assumed with a spanwise distribution

of bound circulation ��yj�. The local flow angle ��yj� at the lift-
ing line is obtained by using the Biot-Savart law. Then, the local
effective angle of attack ��yj� is determined by using the local
flow angle ��yj� and the local blade twist angle ��yj�. The local
angle of attack ��yj� is used to find sectional coefficients of lift
and drag, Cl and Cd, from a single 2D polar. Finally, the spanwise
distribution of bound circulation ��yj� is updated using the Kutta-
Joukowski lift theorem. This loop is repeated, until ��yj� is fully
converged.

It should be emphasized that a single 2D polar was used in the
VLM code without any 3D correction. The effect of using 3D
corrected polar data in VLM code simulations was not examined
in this study. Instead, the objective was to illustrate the discrep-
ancies observed between VLM and PCS and thus to characterize
3D effects for the rotating and parked NREL Phase VI Rotor by
comparison with measured wind tunnel data. The 2D polars dif-
fered for the rotating and parked cases, as the governing flow
conditions were essentially different, see Sec. 1. For the rotating
case, fully attached viscous and inviscid flow was considered,

while for the parked case, blade loads were predicted for condi-
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ions ranging from attached to stalled flow.

“Rotating” NREL Phase VI Turbine (S—Sequence, U�

7 m/s). A total number of 41 discretization points along the
ifting line was sufficient to obtain consistent results for fully at-
ached flow. Two-dimensional polars for the S809 airfoil were
reated with XFOIL �30� for inviscid flow as well as viscous flow at
Reynolds number of Re=106. XFOIL was utilized because of its

apability of building an inviscid profile polar. Figure 2 shows the
D polars including the operating points of the VLM code.

“Parked” NREL Phase VI Turbine (L—Sequence, U�

20.1 m/s). The blade was discretized with 81 points along the
ifting line in order to obtain improved resolution of the separated
nd stalled flow regions, which were not investigated for the ro-
ating turbine. Wind tunnel measurements of the S809 airfoil ob-
ained at Colorado State University �CSU� �31� at a Reynolds
umber of Re=6.5�105 were used as 2D polar data in the VLM
ode. Figure 3 shows the 2D polar including the operating points
f the VLM code for the limits being investigated in this work,
.e., attached flow and stalled flow.

Parallelized Coupled Navier-Stokes/Vortex-Panel Solver
PCS). The objective of the PCS method �9,10� is to combine the
dvantages of both NS and vortex methods while maintaining
omputational efficiency. Navier-Stokes analysis is mandatory in
he vicinity of the blade in order to capture complex 3D flow
henomena. The vortex method accounts for the far field and en-
ures that vortical structures are convected downstream of the
otor without dissipation. It is important to emphasize that the
elatively small size of the NS zone reduces the computational
ost to a fraction of that of a full domain NS analysis. The PCS
ethod uses a commercial NS code CFX 5.7 for the analysis of the

Fig. 2 2D polar data for the S809 airfoil an
rotating, S-sequence, U�=7 m/s…

Fig. 3 2D polar data for the S809 airfoil an

parked, L-sequence, U�=20.1 m/s…

ournal of Solar Energy Engineering
near field and the in-house VLM code for the far field.
The spanwise circulation ��yj� is distributed along a bound

vortex and the change 	��yj� along the rigid wake; the wake
model uses a discrete form of the Biot-Savart law and imposes
induced velocities on the outer boundary of the NS zone. The
boundary conditions between the NS and wake zones are enforced
every ten iterations of the NS solver until full convergence is
achieved. The methodology of the coupled solver along with de-
tails on its mathematical formulation was described in a previous
paper �10�. The spanwise distribution of bound circulation is the
main component of the coupling methodology. It is determined by
Stokes’ theorem at each radial station according to

��yj� =�
Lj

vds =�
Aj

� �dA �2�

where the contour line Lj includes all sources of vorticity, namely,
the boundary layer and separated flow regions. Figure 4 shows
vorticity contours for the parked turbine at the 90% radial station
at a pitch angle corresponding to �47=33.50 deg. The upper air-
foil surface exhibits leading edge stall, while the flow is fully
attached along the lower surface. It can be seen that the far field is
essentially inviscid and irrotational. Note that the sectional Rey-
nolds numbers range between 460,000
Re
960,000 for the
parked turbine. In order for the method to be accurate, the contour
line Lj must encompass all the vorticity produced on the airfoil.
One restriction to the shape of the contour line Lj is that it has to
be orthogonal to the incoming flow direction and pass through the
trailing edge, see Fig. 4, as no additional vorticity is produced
downstream of the trailing edge. The contour line Lj is closed
around the airfoil with a fourth order polynomial. It has a total of

LM operating points „NREL Phase VI Rotor,

LM operating points „NREL Phase VI Rotor,
d V
d V
NOVEMBER 2006, Vol. 128 / 447
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pproximately 500 discretization points along its contour in order
o ensure an accuracy of ��yj� on the order of 10−5 m2/s. Nodal
alues are interpolated along the contour line Lj. The application
f Stokes’ theorem in Eq. �2� ensures correct determination of the
panwise bound circulation ��yj�.

As far as the NS solver is concerned, CFX 5.7 uses a finite-
olume higher order discretization technique combined with an
lgebraic multigrid method. In this work, the flow was assumed to
e steady and fully turbulent. The k-� SST turbulence model by
enter �20� was used for all computations. The rotor blade was
eshed with 120 points along its contour, 50 points in the near
ake, and 40 points distributed along the blade span with a maxi-
um grid expansion factor of 1.1. A grid independence study was

erformed for 2D flow �10� around the S809 airfoil and revealed
hat the normal and chordwise grids are well suited. A similar
ndependence study of the spanwise NS grid was not performed.
owever, the number of points along the blade span was found to
e adequate in the vortex model for calculating induced velocities
o an accuracy of 2% of their values �10�. Figures 5 and 6 exhibit
ome grid details for the rotating and parked turbine. At this stage,
he pitch shaft section was not modeled for the rotating case, see
ig. 5�a�, but was considered for the parked case. The NS grid in
ig. 5 contains a total of 800,000 nodes, while the grid in Fig. 6
ontains a total of 1,300,000 nodes. To distribute the computa-
ional load, these grids were partitioned on a cluster of seven
rocessors. A larger domain size was chosen for the parked tur-
ine, as highly stalled flow was investigated. As far as the grid
opologies in Figs. 5 and 6 are concerned, C-type meshes were
uilt upon different wake surfaces originating from the blade’s
railing edge. For the rotating turbine, the wake surface was

ig. 4 Vorticity contours and contour line at r /R=0.90 „Parked,
-sequence, U�=20.1 m/s, �47=33.50 deg…

ig. 5 Decomposition of computational grid into near field and

ar field, rotating

48 / Vol. 128, NOVEMBER 2006
aligned with the first 60 deg of azimuth of the helicoidal vortex
sheet created by the vortex model such that vortex filaments in
Fig. 5�c� pass between nodes of the NS zone in Fig. 5�b�. This
complex grid topology ensured that trailing vorticity was captured
in the best possible way. For further details, consult Ref. �10�. For
the parked turbine, blade pitch angles of up to 30 deg were con-
sidered. Figures 5�c� and 6�c� reveal that the second blade was
modeled by symmetry in the vortex method. It should be noted
that blade-tower interaction was not accounted for in this study.

Near-wall treatment was handled by scalable wall functions.
The advantage of the scalable wall function approach is that the
surface of the blade coincides with the edge of the viscous sub-
layer at y+=11. Thus, computed values for the nondimensional
wall distance y+ are not allowed to fall below this limit, which
eliminates fine grid inconsistencies of traditional wall functions,
see Grotjans and Menter �32�. The CFX-5.7.1 USER MANUAL �33�
recommends 20
y+
100 using wall functions. Computed values
for y+ stayed below 100 for all cases. The solution converged at a
residual of 10−6 Pa for the pressure. The NS solver, CFX 5.7, uses
an “alternate rotation model” for the advection term of the Cori-
olis force in the momentum equations. The original advection
term is modified to involve the absolute frame velocity instead of
the relative frame velocity, which was found to reduce numerical
errors. Details on the “alternate rotation model” are given in �33�.

Extraction of 3D Polar Data from PCS Results. The normal
and tangential force coefficients, CN�yj� and CT�yj�, are deter-
mined from the NS code solution through local integration of
pressure and shear stresses. Figure 7 illustrates the convention
used for sectional airfoil force coefficients of the NREL Phase VI
Rotor �1�. The aerodynamic force coefficients, Cl�yj� and Cd�yj�,
are determined by a coordinate transformation

Cl = CN · cos��� + CT · sin��� �3a�

Cd = CN · sin��� − CT · cos��� �3b�

assuming the local incidence ��yj� is known. However, ��yj� is
initially unknown in the fully converged solution of the NS code.
To obtain the local incidence angle, the converged spanwise dis-
tribution of bound circulation ��yj� is first obtained by integrating
along closed contour lines such as in Fig. 4, and then the Kutta-
Joukowski lift theorem is used to determine the spanwise lift co-
efficients Cl�yj� �10�. Note that for a parked turbine, the local free

Fig. 6 Decomposition of computational grid into near field and
far field, parked
Fig. 7 Sectional airfoil force coefficients „courtesy of NREL…
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tream wind speed U��yj� used in Eq. �1� is equivalent to the wind
peed U�., while for a rotating turbine, U��yj� is obtained from
he wind speed and the rotor speed. Using the integrated quantities

N�yj� and CT�yj�, the local angle of attack ��yj� can then be
ound by using Eq. �3a�, and the local drag coefficient Cd�yj� by
sing Eq. �3b�.

At small local incidences ��yj�
5 deg, the drag coefficient

d�yj� is two orders of magnitude smaller than the lift coefficient

l�yj�. Consequently, the drag coefficient Cd�yj� is very sensitive
o any uncertainty in ��yj�, Cl�yj� and ��yj�. However, the sensi-
ivity is less for larger incidences in stalled flow, because the
elative magnitude of Cd�yj� increases substantially.

Results and Discussion

“Rotating” NREL Phase VI Turbine (S-Sequence, U�

7 m/s). Figure 8 shows the spanwise distribution of bound cir-
ulation ��yj� for VLM and PCS, for viscous as well as inviscid
ow, including the Coriolis acceleration within the PCS model.
he comparison between VLM and PCS in Fig. 8 illustrates 3D

nviscid, 3D boundary layer, and Coriolis effects on the NREL
hase VI Rotor for fully attached flow by means of the spanwise
istribution of bound circulation. The fact that VLM uses a pure
D polar without 3D correction allowed researchers to quantify
D effects. It can be seen that the magnitude of the circulation
�yj� is larger overall for inviscid flow, as friction/pressure drag
nd lift losses associated with boundary layer displacement are
xcluded. It is very interesting to note that both computational
odels predicted similar strengths of root and tip vortices, al-

hough the spanwise grid and the mathematical models were dif-
erent, as described above. Figure 8�b� illustrates 3D effects for
nviscid flow, observed in differences between VLM-inv and PCS-
nv for 0.35
r /R
0.70. Radial flow acceleration results in a lift
enefit for PCS-inv and that cannot be attained with VLM-inv
here radial flow was not modeled. Including viscous forces, as in
ig. 8�a�, results in more pronounced differences between VLM-
isc and PCS-visc than for the inviscid case. It is possible that
adial forces, or radial pumping, acting on the viscous boundary
ayer alter the local flow direction more than for inviscid flow, as
elocities inside the boundary layer are smaller than the local free
tream speed. Again, this is a 3D boundary layer effect that cannot
e captured with VLM, because this method is based on strip
heory and does not account for spanwise gradients. The Coriolis
erms alter the distribution of bound circulation particularly at the
lade root, as seen in Fig. 8. Its effect seems to be similar for
iscous and inviscid flow on an absolute scale. Radial pumping
nd Coriolis acceleration combined, known as the Himmelskamp
ffect �34,35�, were studied in many applications. Unlike radial
umping, which is generally directed toward the blade tip, the

Fig. 8 Distribution of bound circulation „N
oriolis acceleration acts in the chordwise direction. Due to the

ournal of Solar Energy Engineering
nature of the radial flow associated with the trailing root vortex on
the upper blade surface, the Coriolis force acts toward the trailing
edge at the blade root. This was also observed by Du and Selig
�36� who studied the Himmelskamp effect on a rotating wind
turbine blade using a 3D momentum integral formulation. Thus,
the Coriolis force reduces the adverse pressure gradient close to
the blade root resulting in a lift benefit on the upper blade surface.
At higher wind speeds, the reduction of the adverse pressure gra-
dient delays stall close to the blade root, see again Himmelskamp
�34� and Du and Selig �36�. For the NREL Phase VI Rotor and
flow conditions in Fig. 8, the radial pumping seems to be more
significant than the Coriolis forces, as seen when comparing VLM
with PCS. It has to be kept in mind that the Coriolis acceleration
is proportional to the angular speed, which equals �=72 rpm for
the NREL Phase VI Rotor. Therefore, the Coriolis effect is ex-
pected to be several orders of magnitude smaller than for a fast
rotating propeller such as in Himmelskamp’s original experiments
�34�.

As mentioned in Sec. 1, Navier-Stokes codes dissipate vortical
structures in the wake behind rotating lifting bodies after a few
revolutions, which is unphysical considering high Reynolds num-
ber applications such as wind turbines. The effect of artificial
dissipation was simulated in the PCS method by allowing the rigid
wake to convect to the far field for either 1 or 20 full revolutions,
see also Fig. 5�c�. Here, 1 revolution is used to model a much
larger amount of artificial dissipation than 20 revolutions. Results
obtained for the spanwise distribution of bound circulation ��yj�
can be seen in Fig. 9. Magnitudes for ��yj� are higher overall for
rapid dissipation of the vortex sheet after 1 revolution. This is
attributed to the velocities on the outer boundary of the NS zone
in Fig. 5�b�, which are determined by the wind speed, the rotor
speed, and induced velocities of the vortical wake through the

L Phase VI Rotor, S-sequence, U�=7 m/s…

Fig. 9 Effect of vortex sheet dissipation and rollup on bound
circulation for 1 and 20 revo modeled in wake „NREL Phase VI
RE
Rotor, S-sequence, U�=7 m/s…

NOVEMBER 2006, Vol. 128 / 449
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iot-Savart law. The effect of rapid artificial dissipation can be
een as a lack of vortex sheet induction, which results in higher
ocal angles of attack and bound circulation ��yj� in Fig. 9.

As far as the inboard vortex sheet is concerned, its effect was
nvestigated by reducing the entire vortex sheet to one single tip
ortex filament, whose strength equals the maximum bound cir-
ulation on the blade. This tip vortex model has been applied
everal times in a hybrid approach by another group �5,6�. In the
resent case, the tip vortex filament was convected for 20 revolu-
ions into the wake. Results for ��yj� are also shown in Fig. 9 and
xhibit a distinct underprediction compared to the case of the full
ortex sheet, particularly close to the blade root. Spanwise normal
nd tangential force coefficients in Fig. 10 reveal that the refer-
nce case of 20 vortex sheet revolutions performs best in compari-
on with measured data except for the r /R=0.30 station, which is
oorly predicted in all cases. This is attributed to the fact that the
ctual pitch shaft section of the NREL Phase VI Rotor was not
odeled, as seen in Fig. 5�a�. Values for the measured and com-

uted rotor torque are presented in Table 1. The reference case of
0 vortex sheet revolutions results in a computed rotor torque
ithin 3.5% of the measured value. It is interesting to note that

apid dissipation of the vortex sheet after 1 revolution �1 vortex
heet� overpredicts rotor torque by 8%, while the case of a
olled-up tip vortex filament �20 tip vortex� underpredicts rotor
orque by 12% compared to the reference case.

The PCS method presents encouraging results and is believed
o be an improved flow physical model through its NS solution of
he near wake and the convection of vorticity to the far field
ithout dissipation. Furthermore, the relatively small size of the
S zone makes this method computationally more efficient than a

ull domain NS analysis. Results revealed that rapid vortex sheet
issipation and roll-up amount to a 20% scatter in computed rotor
orque under zero yaw and attached flow conditions.

“Parked” NREL Phase VI Turbine (L-Sequence, U�

20.1 m/s). The L-sequence was designed to investigate the 3D
lade response at static angles of attack in the absence of rota-
ional influences �1�. The rotor was parked with the instrumented
lade locked at 0 deg azimuth, see Fig. 1�b�. All data were col-
ected at zero yaw; the blade pitch was stepped in increments of

Fig. 10 Normal and tangential force coeffici
Phase VI Rotor, S-sequence, U�=7 m/s…

able 1 Comparison of measured and computed rotor torque
Nm… for 1 and 20 rev modeled in wake „NREL Phase VI Rotor,
-sequence, U�=7 m/s…

REL
PCS visc

�20-vortex sheet�
PCS visc

�1-vortex sheet�
PCS visc

�20-tip vortex�

05.34 775.86 840.04 681.88
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5 deg allowing the flow to stabilize around the blade. In the
present study, some blade pitch angles were selected ranging from
fully attached to almost fully stalled flow. The local blade pitch
angle at the 47% radial station �47 was chosen as a reference.
Computed cases for VLM and PCS are listed in Table 2. The local
blade pitch angle was measured with respect to the tunnel center
line. Due to blade twist of the NREL Phase VI Rotor �1�, local
blade pitch angles differed from the reference angle at the 47%
radial station.

Results obtained for the normal and tangential force coefficients
are shown in Figs. 11 and 12 for PCS and VLM compared to
measured NREL data. Both methods show good agreement with
NREL data at �47=3.53 deg where the flow was fully attached
along the entire blade, see also Fig. 13 comparing PCS computed
to measured pressure coefficients. For PCS, the maximum dis-
crepancy between measured and computed values for the normal
force coefficient CN was 0.05 for attached and 0.13 for stalled
flow, while the tangential force coefficient CT deviated from mea-
sured data by less than 0.006 for attached and 0.08 for stalled
flow. VLM underpredicts normal force coefficients in Fig. 11 at
moderate pitch angles and overpredicts at high pitch angles. In
Fig. 12, the onset of stall at each radial station is captured fairly
well. However, PCS is observed to overpredict tangential force
coefficients at the onset of stall as well as in stalled flow, while
VLM gives good results in stalled flow at the outboard stations,
see Figs. 12�c�–12�e�. It should be recalled that PCS assumed
fully turbulent flow. Consequently, the laminar leading edge stall
observed at high blade pitch angles in the Phase VI experiment
could not be predicted by this method. Figure 14 shows local
pressure coefficients at a blade pitch angle of �47=33.50 deg and
illustrates the presence of the suction peak in the PCS results at
r /R=0.63,0.80,0.95. It is this suction peak that is responsible for
the overprediction of tangential force coefficients in the stalled
flow regime. Furthermore, Fig. 14 reveals that the 47% radial
station is not well predicted on the upper blade surface. The mea-
sured surface pressure topology shown in Fig. 14�b� was analyzed
by Schreck and Robinson �37–39� in more detail. It was identified
as shear layer impingement where a complex flow region due to
laminar leading edge separation reattaches to the suction surface.
This complex flow phenomenon could not be attained using the

s for 1 and 20 revo modeled in wake „NREL

Table 2 Blade pitch angles at r /R=0.47 for simulations per-
formed „NREL Phase VI Rotor, L-sequence, U�=20.1 m/s…

�47 �deg� −1.48 3.53 8.54 13.46 23.49 28.50 33.50

VLM X X X X X X X
PCS — X — X X — X
ent
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-� SST turbulence model within the PCS method.
Figures 13 and 14 also show the effect of the pitch shaft section

n results obtained. For fully attached flow along the entire blade,
ig. 13, it can be seen that PCS results show less agreement with
easured data at r /R=0.30, if the pitch shaft section of the NREL
hase VI Rotor was not modeled. For the partially stalled blade,
ig. 14, a distinct difference from not including the root section is
gain solely found at r /R=0.30. However, the accuracy of the
rediction at r /R=0.30 on the upper surface is only mildly influ-
nced by the presence of the pitch shaft section. This is attributed
o the neighboring 47% radial station, which was difficult to pre-
ict accurately because of the underlying flow separation.

The previous discussion on sectional normal and tangential
orce coefficients showed the improved aerodynamic load predic-
ion of PCS compared to VLM. The spanwise distribution of
ound circulation ��yj� is illustrated for both methods in Fig. 15
t various blade pitch angles. Note that PCS did account for the
itch shaft section within its embedded vortex model. Therefore,
he bound circulation ��yj� starts at the actual blade root of r /R
0.18 as opposed to r /R=0.25 for VLM. Figure 15�a� corre-

ponds to fully attached flow. It can be seen that VLM predicts
maller absolute values for ��yj� than PCS for most of the blade.
his is again attributed to 3D effects, which are less pronounced

han for the rotating turbine in Fig. 9. An associated isovorticity
urface is shown in Fig. 16�a�.

Increasing the blade pitch angle to �47=13.46 deg, the curva-
ure in the bound circulation ��yj� and gradient 	��yj� in Fig.
5�b� indicate flow separation on the outboard part of the blade
etween 0.70
r /R
0.95. It is assumed here that any gradient in
he spanwise bound circulation 	��yj� is associated with trailing
orticity. This separated flow region is also illustrated in Fig.
6�b� by means of an isovorticity surface. Differences between
CS and VLM are also apparent along the entire blade. The nor-
al force coefficients in Fig. 11 reveal the improved performance

ig. 11 Normal force coefficient, parked „L-sequence, U�

20.1 m/s…
rediction of PCS compared to VLM. The very good agreement of

ournal of Solar Energy Engineering
PCS results with experimental normal force coefficients in Fig. 11
supports the physical correctness of the 3D bound circulation
��yj� determined by Stokes’ theorem in Eq. �2�.

At �47=23.49 deg in Fig. 15�c�, small gradients 	��yj� for

Fig. 12 Tangential force coefficient, parked „L-sequence, U�

=20.1 m/s…

Fig. 13 Pressure coefficient, parked „L-sequence, U�
=20.1 m/s, �47=3.53 deg…
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/R�0.50 provide evidence for the presence of stalled flow in
his region. The inboard part of the blade, r /R
0.35, is highly
oaded in the PCS results. The transition between the inboard and
utboard flow regimes is formed by concentrated trailing vorticity
bout r /R=0.40 whose absolute strength 
� is nearly that of the
ip vortex. This region of concentrated vorticity can be interpreted
s a trailing vortex about r /R=0.40 that originates from the
lade’s upper surface and is counter-rotating to the neighboring
oot vortex. Its 3D effect can be observed as a downwash inboard
f the trailing vortex that results in a stall delay and an upwash
utboard of it that enhances stall. This highly 3D flow feature
ould not be captured with VLM, as this method only matches
lade axial and azimuthal flow conditions with 2D data. The PCS
redictions of normal force coefficients in Fig. 11 are good for this
ase. However, some difficulties were observed in the chordwise

ig. 14 Pressure coefficient, parked „L-sequence, U�

20.1 m/s, �47=23.49 deg…
Fig. 16 Iso-vorticity surface behind NREL Phase VI Bl

52 / Vol. 128, NOVEMBER 2006
pressure coefficients in Fig. 14. Figure 16�c� illustrates the pres-
ence of the trailing vortex in an iso-vorticity surface. The trailing
vortex is seen to be stable and attached to the stalled flow regime.
This trailing vortex seems to be particular to the NREL Phase VI
Rotor, as first postulated by Johansen and Sorensen �18� using
DES simulation. There is also evidence of a trailing vortex occur-
ring in the rotating case, as observed by Tangler �12� and Schmitz
and Chattot �9,10�. However, the trailing vortex is located more
outboard at r /R=0.47, which is attributed to rotational effects that
further delay the stall inboard and thus shift the vortex to a more
outboard position.

A further increase in blade pitch angle to �47=33.50 deg, see
Fig. 15�d�, shows that the stalled flow regime progressed inboard
for the PCS results. The concentrated vorticity that formed the
trailing vortex at a lower blade pitch angle disappeared, see also
Fig. 16�d�. In Fig. 15�d�, the VLM results for the bound circula-
tion ��yj� show a distinct increase in absolute value compared to
the lower pitch angle of �47=23.49 deg, while the PCS circulation
results behave differently. But, as seen in Fig. 11, the PCS com-
puted normal force coefficients CN show closer agreement with

Fig. 15 Distribution of bound circulation, parked „L-sequence,
U�=20.1 m/s…

−1
ade „�=19 s …, parked „L-sequence, U�=20.1 m/s…
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REL data. Given these large differences and agreement with
easured data, the advantage of PCS compared to VLM becomes

vident when larger separated regions with strong 3D effects are
resent.

The spanwise lift coefficients Cl�yj� in Fig. 17 were derived
rom the Kutta-Joukowski lift theorem for both methods and are
roportional to the bound circulation ��yj� in Fig. 15. Figures
7�a� and 17�b� reveal that VLM predicts smaller lift coefficients
or moderate blade pitch angles than PCS, however strongly over-
redicts lift coefficients for stalled flow in Fig. 17�d� at �47
33.50 deg. The fact that PCS shows good agreement with mea-

ured data in Fig. 11 supports that this model accurately predicts
he bound circulation in Fig. 15 and lift coefficients in Fig. 17.
he blade operating points of VLM are shown in Fig. 3 for �47
33.50 deg. It can be seen that VLM mainly operates in the post-

tall regime of the experimental CSU S809 polar �30�. The com-
lex 3D flow arising in the post-stall regime cannot be captured
ith the VLM strip theory approach.
The spanwise drag coefficients Cd�yj� as well as the local

ngles of attack ��yj� are shown in Fig. 18 for the cases with large
eparated flow regions. For the PCS results, local angles of attack
�yj� were determined via lift coefficients Cl�yj� through the ex-

raction method presented in Sec. 2. Only local angles of attack
�yj��20 deg were considered, as no consistent results were

ound for smaller angles due to the uncertainties described in Sec.
. Values for the drag coefficients Cd�yj� are shown in Fig. 18�a�
or �47=23.49 deg. A distinct drag jump can be observed close to
he 40% radial station. This jump is associated with the trailing
ortex in Fig. 16�c�, which was also reported by Tangler �12� for
he rotating case close to peak power. The difference between
LM and PCS is emphasized in this region due to the 3D char-

cter of the flow. The three dimensionality of the flow is even
ore pronounced for the local angles of attack ��yj� in Fig. 18�c�.
ere, PCS predicts larger incidences than VLM in the stalled flow

egime. Similar behavior is found in Figs. 18�b� and 18�d� for
47=33.50 deg. It seems that vortex methods such as VLM un-
erpredict the local angles of attack ��yj� in stalled flow. Note that
CS predicted normal force coefficients CN show good agreement
ith experimental data in Fig. 11, while tangential force coeffi-

ig. 17 Spanwise lift coefficient Cl, parked „L-sequence, U�

20.1 m/s…
ients CT are overpredicted in Fig. 12 for large incidences.

ournal of Solar Energy Engineering
4 Conclusions
This work validated a coupled Navier-Stokes/vortex-panel

methodology �PCS� against measured data for the NREL Phase VI
Rotor under rotating and parked conditions. A comparison be-
tween PCS and a vortex line method �VLM�, which is based on
strip theory and a single 2D polar, enabled the rigorous quantifi-
cation of 3D effects for the Phase VI Rotor under attached and
stalled flow conditions. The effect of radial flow, Coriolis accel-
eration, vortex sheet reduction to a single vortex, and vortex sheet
dissipation was investigated at zero yaw for fully attached flow
along the entire blade. It was found that the predicted rotor torque
varied by 20%, with the PCS case showing closest agreement with
NREL data when including the entire vortex sheet for up to 20
revolutions. The parked Phase VI Rotor was studied for fully at-
tached and stalled flow. The effect of the pitch shaft section on
local pressure coefficients was investigated with PCS. Results ob-
tained by PCS showed good agreement with measured data even
under highly stalled flow conditions; results obtained by VLM
showed good agreement with measured data for fully attached
flow. A trailing vortex at the 40% radial station was detected by
means of the spanwise distribution of bound circulation. A novel
approach was used to extract the local lift and drag coefficients at
high angles of attack using the spanwise distribution of bound
circulation determined by Stokes’ theorem. This method of ex-
tracting 3D airfoil characteristics can be applied to any NS solu-
tion and any airfoil cross section. It can also be utilized in future
investigations of complex 3D wind turbine flow phenomena.

The PCS solver combines the strengths of two methods, the
resolution of 3D effects within the near field NS zone and the
dissipation-free convection of trailing vorticity to the far field by
means of a vortex model. This method is computationally much
more efficient than a full domain NS analysis due to the relatively
small size of the NS zone.
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omenclature
A � area, m2

c � local chord length, m
Cd � drag coefficient
Cl � lift coefficient

CN � normal force coefficient
CP � pressure coefficient
CT � tangential force coefficient

k � turbulent kinetic energy, kg m2 s−2

L � contour line, m
r � local radius, m
R � rotor radius, m

U� � wind speed, m s−1

v � velocity vector, m s−1

y � spanwise Cartesian coordinate, m
y+ � nondimensional wall distance
� � local angle of attack, deg

�47 � blade pitch angle at the 47% radial station, deg
� � blade twist angle, deg
� � spanwise circulation, m2 s−1

	� � local vortex strength, m2 s−1

� � local flow angle, deg
� � angular rotor speed, rev/min
� � vorticity vector, s−1

bbreviations
BEM � blade element model
CFD � computational fluid dynamics
CSU � Colorado State University
DES � detached eddy simulation

LSWT � lifting surface prescribed wake code
NREL � National Renewable Energy Laboratory

NS � Navier-Stokes
PCS � parallelized coupled solver

RANS � Reynolds averaged Navier-Stokes equations
SST � shear-stress transport

UAE � unsteady aerodynamics experiment
VLM � vortex line method
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