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1 Abstract

For modern rotor bladeswith their very large aspect ratio, the blade tip is a very
limited part of the overall rotor, and as such of limited importance for the overall
aerodynamics of the rotor. Even though they may not be very important for the
overall power production, the tip noisecan be very important for the acousticsof
the rotor [15], and the blade tips can as well be important for the aerodynamic
damping properties of the rotor blades[13]. Unfortunately, not many options ex-
ists for predicting the aerodynamic behavior of blade tips using computational
methods. Experimentally it is di±cult to perform detailed measurements in the
form of pressureand velocity measurements in natural wind conditions on modern
large scaleturbines due to the inherent unsteadinessin the natural wind.

The present study describes the application of four di®erent Navier-Stokes
solvers to tip shape studies, and shows that these codes are well suited to study
the °ow around di®erent tip shape geometries,and can predict the pressuredis-
tributions at the blade tip quite accurately.

2 Ris¿-R-1495(rev)(EN)



Con ten ts

1 Abstract 2

2 In tro duction 5

3 Metho ds 6
3.1 Navier-StokesSolvers 6

4 Geometrys and
computational meshes 8

4.1 Surfacegeneration 8
4.2 Volume Mesh Generation 8
4.3 Boundary Conditions 8

5 Results, STORK 5.0 WPX 11

6 Conclusion: STORK 5.0 WPX 17

7 Results LM8.2 26

8 Conclusion LM8.2 blades 28

9 Conclusion 45

10 Ac kno wledgemen t 45

Ris¿-R-1495(rev)(EN) 3



4 Ris¿-R-1495(rev)(EN)



2 In tro duction

The present work is madeduring the KNOW-BLADE EC project (contract num-
ber: ENK6-CT-2001-00503)in which nine partners are involved. Theseare:

Ris¿ National Laboratory, Roskilde Denmark, RISOE (Coordinator)
Centre for Renewable Energy Sources,Greece, CRES
DeutchesZentrum fuer Luft- und Raumfahrt, Germany DLR
Danmarks Tekniske Universitet, Denmark DTU
Swedish DefenceResearch Agency, Sweden, FOI
National Technical University of Athens, Greece NTUA
Vrije Universiteit Brussels,Belgium VUB
Foundation of Research and Technology, Greece FORTH
LM Glas¯b er A/S, Denmark LMG

The main objective of the project is through research activities to ¯ll in impor-
tant knowledge gaps in the wind turbine communit y by applying Navier-Stokes
(NS) solvers to a seriesof unsolved aerodynamic and aeroelastic problems. The
present report describes the work carried out in work package WP3: Tip shape
studies in which DLR, DTU, FOI, RISOE, VUB are involved.

For modern rotor blades with their very large aspect ratio, the blade tip is a
very limited part of the overall rotor, and as such of limited importance for the
overall aerodynamics of the rotor. Even though they may not be very important
for the power production, tip noise can be very important for the acoustics of
the rotor [15], and the blade tips can as well be important for the aerodynamic
damping properties of the rotor blades[13]. Unfortunately, not many options exist
for predicting the aerodynamic behaviour of blade tips. Standard Blade Element
Momentum methods and lifting line models usedin wind turbine industry do not
o®ermuch information about the aerodynamics of the blade tips. Experimentally ,
it is di±cult to perform detailed measurements in the form of pressureand velocity
measurements in natural wind conditions on modern largescaleturbines dueto the
inherent unsteadinessin the natural wind, the few measurements that exist lack
detailed °ow information [7]. For modern turbines, wind tunnel measurements are
not an option, and the data that exists are all for smaller turbines [3, 16, 5]. One
possible option to study di®erent tip shapes is the application of Navier-Stokes
solvers,and in the present study a seriesof Computational Fluid Dynamics (CFD)
Navier-Stokes solvers are applied to the this problem. First a validation study is
carried out on turbine with STORK 5.0 WPX blades,where measurements exist
from a wind tunnel. Following this validation study, a parametric study of four
tips corresponding to an existing experiment on a Tellus turbine equipped with
LM8.2 bladeswith di®erent tip shapes is carried out.
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3 Metho ds

In the present work a seriesof di®erent Navier-Stokes solvers both compressible
and incompressibleare applied to rotor computations with speci¯c focus on the
°ow around the blade tips. Below a short description is given of the individual
solvers and how they were used for the present applications. Originally it was
planned to investigate the possibility of performing rotating and non-rotating
computations respectively. As the non-rotating results proved to be unsuited to
evaluate the tips during rotations, these results will not be discussedfurther in
this report.

3.1 Navier-Stok es Solvers
The Ris¿/DTU EllipSys3D code is developed in co-operation between the De-
partment of Mechanical Engineering at DTU and The Department of Wind En-
ergy at Ris¿ National Laboratory, seeMichelsen[10, 11] and S¿rensen[18]. The
EllipSys3D code is a multiblo ck ¯nite volume discretization of the incompress-
ible Reynolds Averaged Navier-Stokes (RANS) equations in general curvilinear
coordinates. As the code solvesthe incompressible°ow equations,no equation of
state exists for the pressure,and the PISO algorithm of Issa [8], [9] is used to
enforcethe pressure/velocity coupling. The solution of the Poissonsystemarising
from the pressurecorrection equation is acceleratedusing a multigrid method.
The solution is advanced in time using a 2nd order iterativ e time-stepping (or
dual time-stepping) method. In each global time-step the equations are solved in
an iterativ e manner, using underrelaxation. The convective terms are discretized
using a third order upwind scheme, implemented using the deferred correction
approach ¯rst suggestedby Khosla and Rubine [14]. Central di®erencesare used
for the viscous terms. In each sub-iteration only the normal terms are treated
fully implicit, while the terms from non-orthogonality and the variable viscosity
terms are treated explicitly . For the present application a non-inertial reference
frame attached to the rotor blades is used, and extra terms accounting for the
Coriolis and centrip etal forces are added to the equations. Polar velocities are
used to allow simple treatment of periodic boundary conditions in the azimuthal
direction[19, 12]. The turbulence in the boundary layer is modeledby the k-! SST
eddy viscosity model of Menter [21]. The EllipSys3D code is parallelized with MPI
for execution on distributed memory machines, using a non-overlapping domain
decomposition technique.

The NTUA code is solving the steady RANS equations within the Finite Vol-
ume Method context. The core of the computation considersa C-type grid that
surrounds the blade. Then there is the option to either embed this grid to a cylin-
drical grid extending both upwind and downstream representing the RANS-RANS
option, or couplethe RANS solver with a free-wake vortex particle °ow solver rep-
resenting the RANS-VORTEX option. The coupling of the separateblocks in the
RANS-RANS option is done using the chimera strategy. The coupling of the two
methods in the RANS-VORTEX method is done by matching the velocity at the
boundary of the RANS domain. The RANS-RANS option is more expensive com-
pared to the RANS-VORTEX which is suitable for systematic runs. Otherwise,
the RANS solver is using staggeredtopology and the SIMPLE algorithm for de-
termining the pressure¯eld. As regardsturbulence closure,there are two options:
the k ¡ ! SST and the Spalart-Allmaras eddy viscosity models.

The FOI EDGE solver, is a °ow solver for unstructured grids of arbitrary ele-
ments, see [20]. EDGE solvesthe ReynoldsAveragedNavier-Stokescompressible
equationsin either a steady frame of referenceor in a frame with systemrotation.
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Turbulence can be modelled with di®erential eddy viscosity models or explicit al-
gebraicReynoldsstressmodels. The solver is basedon an edge-basedformulation
and usesa node-centered ¯nite-v olume technique to solve the governing equations.
The control volumesare non-overlapping and are formed by a dual grid obtained
from the control surfacesfor each edge.All elements are connectedthrough match-
ing faces.The governing equations are integrated explicitly towards steady state
with Runge- Kutta time integration. The convergenceis acceleratedwith agglom-
eration multigrid and implicit residual smoothing. EDGE contains di®erent spatial
discretizations for the mean °ow as well as the turbulence, di®erent gas models,
steady state and time accurate time integration, low speed preconditioning etc.
The turbulence in the boundary layer is modeledby the original k-! eddy viscosity
model of Wilcox [4], and the Wallin and Johanssonexplicit Algebraic StressModel
basedon the Wilcox k-! model [25]. For the present computations the central
di®erenceschemewith arti¯cial dissipation is usedfor the convective terms.

The DLR TAU-code, developed in the MEGAFLO W project[17], is a 3D un-
structured ¯nite-v olume CFD software package for the numerical simulation of
a wide range of aerodynamic °ows using the compressibleEuler or Reynolds-
averagedNavier-Stokes equations. It utilizes an edgebaseddata structure, also
referred to asa dual grid approach, which servesto improve the memory e±ciency
of the solver and allows arbitrarily shaped mesh elements to be used. Various
schemesare available for the discretization of the convective terms, including Roe-
or AUSM-typesecondorder upwind schemesaswell ascentral di®erencingschemes
coupled with scalar or matrix dissipation. The viscous°uxes are discretized with
a central scheme. For steady state computations an explicit multi-stage Runge-
Kutta schemeis employed for the temporal integration of the governing equations,
while for time-accurate computations the dual time-stepping approach is used.
Acceleration of convergenceis accomplishedusing residual smoothing, local time-
stepping and multigrid techniques.Among the turbulence models implemented in
TAU are the one-equation Spalart-Allmaras [22] and the two-equation Menter-
SST model. The simulation of multi-b ody geometriesin relative motion is made
possiblein the TAU-code through the Chimera grid technique [2, 1]. Furthermore,
the DLR-T AU code o®erssolution basedgrid adaptation both through addition as
well as the redistribution of grid nodesasrequired to improve resolution of impor-
tant aerodynamic °ow features.For the tip shape studiespresented here the TAU
code was run using a central discretization of the convective °uxes with scalar
dissipation, a 3V-multigrid cycle and the Spalart-Allmaras turbulence model. A
steady-state computation was possible due to the °ow being steady in the grid
frame which rotates along with the blade.

Ris¿-R-1495(rev)(EN) 7



4 Geometrys and
computational meshes

For the computations described in the present report, a common mesh was con-
structed for each caseby RISOE. The NTUA code using orthogonal meshescould
not usethesecommonmeshesand NTUA constructed meshesspeci¯cally for their
solver. A short description of how the mesheswhere generatedis given below.

4.1 Surface generation
Basedon the sectional information digital surfacegeometrydescriptionsweregen-
erated. The last few percent of the span, where the surface is double curved, a
NURBS surfacegenerator is used.For the main part of the bladesinhouseRISOE
software was used to construct surface meshesbased on the digitized surfaces,
while the outermost 5 % of the blade near the tip, where the surface is strongly
double curved, either the MEGA CADS program by DLR or an inhouse hyper-
bolic surface generator by RISOE was used. The surface mesh has 256 cells in
the chordwise direction, 64 cells in the spanwise direction, and one extra block to
resolve the blade tip.

4.2 Volume Mesh Generation
Generating the volume meshfor the di®erent rotors, respectively the 120 and the
80 degreesperiodicit y of the rotor, are exploited by only meshingone blade. The
remaining blades are included in the computations through the use of periodic
boundary conditions. In the following the construction of the volume mesh for
the 120 degreessection is described, the two bladed meshis generatein a similar
fashion. Basedon the 5 block surfacemesh, an O-O-mesh is constructed around
the blade using the Ris¿ HypGrid3D hyperbolic meshgeneration code. The O-O-
topology extendsapproximately one rotor radius up and downstream of the rotor
disc,and span120degreesin the rotation direction. The cellsat the wall hasa y+ »
2 to resolve the laminar sublayer, and the points aredistributed in normal direction
using a hyperbolic tangent function. To take the far¯eld boundary approximately
5 rotor diametersaway from the rotor, an outer 3 block O-con¯guration wasadded
on top of the inner O-O-con¯guration. The total meshhas around 2 million cells,
seeFig. 1.

Two meshesare constructed for the computations of the two bladed STORK
rotor, one used for the free computations seeFig. 2 and one used for the tunnel
con¯guration seeFig. 3. As seenfrom the ¯gure the tunnel is approximated using
a cylindrical crosssection with an area equal to 144 [m2]. The inner part of the
two meshescloseto the rotor bladesare identical, while the outer part is changed
in order to model either the free or the tunnel con¯guration.

4.3 Boundary Conditions
The following boundary conditions are usedin the computations. For the spherical
'free' mesheson the upstream part of the outer spherical part of the domain, the
part of the outer boundary visible in Fig. 1 the undisturb ed velocity is speci¯ed.
On the downstream part of the outer boundary fully developed conditions are
assumed.On the inner cylindrical boundary along the rotational axis Euler/Slip
conditions are speci¯ed, while no-slip conditions are speci¯ed on the blade of the
surface. Finally fully implicit periodic conditions are speci¯ed on the two 120
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