18th Australasian Fluid Mechanics Conference
Launceston, Australia
3-7 December 2012

”Blind test” predictions of the performance and wake development for a model wind turbine
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Abstract

This is a summary of the results from the ”Blind test” Workshop
on wind turbine wake modeling where a number of researchers
were invited to predict the performance and the wake development behind a wind turbine. Contributions were received from
eight different groups using a large range of methods, from standard Blade Element Momentum (BEM) methods to advanced
fully resolved Computational Fluid Dynamics (CFD) and Large
Eddy Simulation (LES) models. The range of results submitted
was large, but the overall trend is that the current methods predict the power generation as well as the thrust force reasonably
well, at least near the design operating conditions. But there is
considerable uncertainty in the prediction of the velocity defect
behind the turbine and the turbulent kinetic energy distribution
in the wake.
Introduction

As part of the joint research programs denoted Nowitech and
Norcowe a model experiment was performed to be used as a
data base when testing turbulence models or developing new
design tools. Together Nowitech and Norcowe are involved in
research on most aspects of offshore wind turbine technology
and have about 35 PhD members. Before the data was released
an open blind test comparison was organized to find out how
the current models used would perform if only the turbine geometry was known. The participants were asked to predict the
turbine performance over a large range of operating conditions,
as well as the wake development behind the turbine. The participants were asked to demonstrate that the solutions were gridindependent. The methods used ranged from basic Blade Element Momentum methods (BEM) to Large Eddy Simulations
(LES) and calculations using RANS solvers (RANS). The predictions were then compared to the measurements at a workshop organized in Bergen, Norway, in October 2011. Some results from this test will be reported here.
The wind turbine model used for these tests was designed in
2008 with the specific aim to form a test case for prediction
methods. This led to the design shown in figure 1 which has
a design tip speed ratio of TSR=6. The model was tested in a
wind tunnel with a test section 12m long, 2.7m wide and about
2m heigh. For details, see one of the references, Adaramola &
Krogstad [1] or Krogstad & Eriksen [2]. The rotor diameter is D
= 0.894m and the centre of the rotor is located z = 0.817m above
the floor level. In order to test the Reynolds number dependence
of the flow, the performance of the turbine was measured over a
wide tip speed range for reference velocities ranging from about
Ure f = 7 to 15m/s. The power and thrust coefficients were found
to be independent of Reynolds numbers for Ure f > 9m/s (see
e.g. Krogstad & Adaramola [3]). For the blind test experiment,
the model was operated at 10m/s.
Results
Predicted performance

The power coefficient is shown in figure 2(a) and the thrust co-

Figure 1: Model in the wind tunnel
efficient in figure 2(b). The symbols used will be the same in
all figures with measurements presented as the large black dots
to distinguish them from the predictions. The completely filled
triangles represent predictions that resolve the boundary layer
flow over the blades in detail, instead of relying in the BEM
methods to evaluate the forces. These three methods (denoted
Hansen k − ω SST, Kvalvik and Manger k − ω SST) do not
appear to give any advantage in predicting the turbine performance, but should be superior in setting the initial conditions
for the wake calculations. All the remaining predictions use
some sort of BEM methods for the predictions. The spread in
the power predictions (figure 2(a)) is surprisingly large, considering that most of the predictions use the same Blade Element
Momentum theory as the basis.
Previous studies (Krogstad & Lund [4]) have shown that the first
signs of stall occur around TSR=4 and it was therefore expected
that the first departures from the measurements would be found
here. But except for the predictions denoted Kvalvik, none of
the methods appear to have special problems here. As the stall
deepens, however, (at TSR=3 the blades are fully stalled) the
spread becomes larger. But for the deep stall region for TSR
< 3, all methods behave well. This suggests that the predictions of the airfoil data, that has to be performed before a BEM
calculation can be made, have been successful for most participants, possibly with some inaccuracies in the transition region
from the first signs of separation until the profile is completely
stalled.
The fully resolved predictions denoted Hansen k − ω SST and
Manger k − ω SST, performed using the commercial software
packages STAR CCM+ and Ansys Fluent v.13-0, respectively,
do in general perform well. At design TSR they predict virtually
identical CP which are only marginally higher than the measurements. The Hansen k − ω SST method does not appear to have
any problems in the fully stalled region either (TSR < 4), but
the computations of Manger k − ω SST tend to over-predict CP
here. At high TSR the two methods predict the correct trend,
but while one is consistently producing slightly high data, the

grid points as Manger k −ω SST, and the turbulence model used
is the same, this may suggest that Manger has distributed the
points more wisely.

0.6
0.5
0.4

Wake data

CP

0.3
0.2

Measured
Hansen k-ω SST
Kono LES
Kvalvik
Lund k-ω SST
Manger k-ω SST
Melheim et al. k-ε
Sørensen & Mikkelsen BEM-nocorr
Sørensen & Mikkelsen BEM-wtcorr
Sørensen & Mikkelsen LES
Suja & Thomassen (BEM)

0.1
0
-0.1

0

2

4

6

8

10

12

TSR

(a)
1.4
1.2
1

CT

0.8
0.6

Measured
Hansen k-ω SST
Kono LES
Kvalvik
Lund k-ω SST
Manger k-ω SST
Melheim et al. k-ε
Sørensen & Mikkelsen BEM-nocorr
Sørensen & Mikkelsen BEM-wtcorr
Sørensen & Mikkelsen LES
Suja & Thomassen (BEM)

0.4
0.2

Seven sets of predictions were submitted for the wake predictions. As mentioned above, Hansen and Manger provided data
from commercial codes with a resolution down to the boundary
layer on the blades. Both used the k − ω SST turbulence model.
The same model was used by Karlsen who used OpenFoam
software with initial conditions set by means of an actuator disk
model. The OpenFoam software and actuator disk model were
also used by Kalvik who used a k − ε turbulence model. Melheim, Sælen & Khalil used a solver called FLACS −Wind, developed by GexCon, with an actuator disk model for the initial
conditions, and they also used a k − ε turbulence model. Finally
the results labelled Sørensen & Mikkelsen and Kono were generated using LES, where Sørensen & Mikkelsen used an actuator line model to simulate the rotating blades, while Kono applied an actuator disk model. Hence we have three predictions
using k − ω SST, two k − ε computations and two LES models.
Ideally this should produce three groups of predictions, where
the differences are due to the application of different the turbulence solvers. But as will be evident, the skill of the operator in
applying the methods is much more critical than the choice of
models.

Figure 2: Turbine performance. (a) Power coefficient, (b)
Thrust coefficient.

The participants were asked to provide predictions of the spatial distribution across the wake at zero angle of yaw for three
positions downstream of the rotor plane, at X/D = 1, 3 and 5
for three operating conditions, TSR = 3, 6 and 10. Here we restrict the presentation to some examples of mean velocity and
turbulent kinetic energy profiles along a horizontal line.

other set is correspondingly low. These predictions were set up
in the same way that the experiment was performed, i.e. with
a rotating rotor in a square channel. BEM methods assume infinite flow domains and axisymmetry. Therefore the possible
blocking effects of the tunnel walls are not included. Only one
group (denoted Sørensen & Mikkelsen BEM-wtcorr) incorporated tunnel wall corrections to their BEM infinite domain predictions (denoted Sørensen & Mikkelsen BEM-nocorr) using an
analytical correction scheme. It appears that the method overcompensated the CP predictions for TSR = 4 and 5, where the
uncorrected data agree well with the measurements.

The simplest case should be the wake behind the turbine when
it operates at its design condition, because the geometry was
laid out to produce an almost constant pressure drop across the
rotor. Hence one might expect the initial wake profile to be
more or less top hat shaped and the turbulent stresses to be small
except for a thin region near the tip and root. The first station for
which data was requested was at X/D=1. Here X is the distance
measured from the plane of the rotor. The profiles from the
participants at this station are compared with the measurements
in figure 3(a).
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There is considerable disagreement about the thrust coefficient,
CT (figure 2(b)) for high TSR. The scatter does not appear to
be a systematic trend with respect to prediction methods in the
sense that the BEM and CFD methods all appear to be distributed over the entire range of predicted values. While the
Sørensen & Mikkelsen BEM-nocorr method predicts the lowest
CT values for TSR > 5, this cannot be because it does not include the restrictions caused by the wind tunnel walls. The Suja
& Thomassen BEM method, which also assumes infinite flow
domain, is one of the best performers for TSR higher than the
design condition. The fully resolved simulations of the Kvalvik
method, which used the Spalart-Allmaras turbulence model for
the boundary layer, gives excellent CT predictions over the entire range of operations. This is remarkable since the predicted
CP was not particularly good. The predictions of Hansen k − ω
SST and Manger k − ω SST are in close agreement over the
full range of TSR. At high TSR the Manger k − ω SST method
performs slightly better than the one by Hansen k − ω SST in
predicting CT , suggesting that the latter method slightly underpredicts the airfoil performance at low angles of attack. Since
the Hansen k −ω SST simulations used about five times as many

Design conditions, TSR=6

All predictions show the same shape with a dip in the centre.
This is partly due to the flow acceleration caused by the displacement effect of the nacelle and partly because the blades do
not extend all the way in to the nacelle, so there is no energy
extraction here.
The Sørensen & Mikkelsen LES method performs well over
most of the rotor plane, but predicts virtually no velocity reduction behind the nacelle. The same is the case for the predictions
of Melheim et al. k − ε, but their wake strength is less than that
measured, in agreement with low estimates for CP and CT . It
is interesting to observe that the STAR CCM+ predictions by
Hansen, using the k − ω SST turbulence model, produce almost
identical results to the LES predictions at this station. And so
does the predictions by Lund k − ω SST, who uses a different
solver but the same turbulence model. In fact these methods
give a better collapse with the LES of Sørensen & Mikkelsen
than the LES of Kono does. Kono reports that his data is based
on 60 seconds averaging, but it is not known how long the averaging time used by Sørensen & Mikkelsen is, so it is difficult to
determine if this is the main cause for difference. Kalvig k − ε
used a simplified version of the actuator disk with a uniform
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Figure 3: Mean velocity profiles along a horizontal diagonal for
T SR=6. (a) X/D = 1, (b) X/D = 3.

Figure 4: Turbulent kinetic energy profiles for T SR=6. (a)
X/D = 1, (b) X/D = 3. (Note logarithmic ordinate axes!)

load across the blade and can therefore not capture the details
of the wake and predicts a rounded top hat profile.

viously happened considerably faster in the wind tunnel experiment than in most of the predictions, which are now much closer
to the experimental data. In particular, the methods of Sørensen
& Mikkelsen LES and by Melheim et al. k − ε are performing
very well here. Considering that the ordinate axis is logarithmic,
the general impression is still that most methods under-predict
the turbulence level, and sometimes rather odd distributions. It
appears that this is not a question of one turbulence model performing better or worse than the others, since the variation between the three methods that incorporate the k − ω SST turbulence model is about the same as the spread in the predictions
from the other models.

The wake profiles obtained at X/D = 3 are shown in figure 3(b).
The same comments that were made for X/D = 1 apply here.
There is no disagreement about the growth rate for the wake, as
all methods appear to give about the same wake width. Again
the predictions of Lund k − ω SST and of Hansen k − ω SST
are in very good agreement with the LES result of Sørensen
& Mikkelsen, except that the wake width predicted by Hansen
k − ω SST is somewhat smaller. Using the width where the
velocity defect has been reduced to half the peak value, the
measurements and all prediction methods (with the exception
of those of Hansen k − ω SST), indicate that the wake has only
expanded by about 10% of the diameter of the rotor.
The normalized turbulent kinetic energy along the horizontal diagonal at X/D = 1 is shown in figur 4(a). The turbulent kinetic
energy distribution is characterized by strong peaks generated
by the tip vortices from the blades. These peaks are captured by
the predictions of Melheim et al. k − ε, Kalvig k − ε, Lund k − ω
SST, and by Sørensen & Mikkelsen LES, although the levels are
one order of magnitude lower than in the measurements. It is
surprising that the LES of Kono gave so different turbulent energy from the LES predictions of Sørensen & Mikkelsen along
the outer half of the wake. The profiles of Hansen k − ω SST
have the correct shape, but the peak near the tip is more than
two orders of magnitude too low. The measurements also indicate a high turbulence level behind the hub which could only
be captured by the predictions where the hub of the model was
included, i.e. by the predictions of Kono LES, by Manger k − ω
SST and those of Hansen k − ω SST.
Moving downstream to X/D = 3 (figure 4(b)) it may be seen
that the turbulent energy distribution across the wake has been
smoothed considerably by the spanwise turbulent diffusion and
the peaks generated by the tip vortices are now less distinct.
The decay of turbulent energy from X/D = 1 to X/D = 3 ob-

It is hard to select a best method or turbulence model from the
presented wake and turbulence distributions due to the large
variations in the results. However, most predictions are at least
able to predict the general shape of the velocity defect profiles as
well as the location of the tip vortices and how they grow downstream. Overall it appears that the LES method of Sørensen
& Mikkelsen is producing the most consistent results, but this
comes at considerable computational cost.
Off-design operation

The participants were also requested to predict the wake development at two off-design operating conditions, i.e. at tip
speed ratios TSR = 3 and 10. Space limitations only allows
us to present data for TSR = 3, which was chosen because the
turbine here operates in an almost fully stalled mode. Results at
X/D = 3 (figure 5) are presented as examples on how the prediction methods perform at off-design conditions. The information
that may be extracted at this station is typical for the results that
were also obtained at X/D = 1 and 5.
When comparing these results with those at X/D = 3 for TSR
= 6 (figures 3(b)) it is apparent that the methods have considerable problems predicting the wake distribution correctly in this
case. For TSR = 3 (figure 5), the LES method of Sørensen &
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Figure 6: Turbulent kinetic energy profiles for X/D = 3 and
T SR=3.

Figure 5: Mean velocity profiles at X/D = 3 and T SR=3.
Mikkelsen, and the k − ω method of Lund predict a wake that
loses its strength as r increases, in the same way as observed
in the measurements, while Melheim et al. k − ε suggests that
the wake strength is highest near the rotor tip. Only the two
methods that have included the tower, i.e. Manger’s k − ω SST
method and the LES of Kono, have been able predict the strong
defect near the centre.
Figure 6 shows the turbulent kinetic energy data for x/D = 3 and
TSR=3. Here the profile, as evidenced by the measurements, is
characterized by an almost uniform turbulent kinetic energy distribution. This is because the boundary layer is separated over
most of the radius, which throws large amounts of turbulent energy into the flow. The turbulence from the tip vortices actually
shows up as a reduction in kinetic energy, rather than as the high
peak seen at design condition (see figure 4(b)).
These features are captured by the prediction of Hansen k −
ω SST, although the reduction in tip vortex energy is overestimated. The predictions by Manger k − ω SST and by
Sørensen & Mikkelsen LES reproduce the shape of the experimental distribution reasonably well, although the turbulence
level across the rotor is low by a factor 4 or 5. The Melheim
et al. k − ε method produces a virtually constant kinetic energy
level across the wake, but generates some low turbulence level
pockets over the centre part of the blades. Kono’s LES also generates a high energy level near the centre, but the energy near
the tip of the blade is much too low. The turbulent kinetic energy predicted by Lund k − ω SST is extremely low all the way
across the wake, being almost two orders of magnitude lower
than the results from the LES of Sørensen & Mikkelsen, and
close to three orders below the measurements in the central region.
Concluding remarks

The performance of a model turbine and the wake formed by the
rotor has been predicted by eight individual groups, delivering
a total of eleven different simulations. The methods comprised
all levels of sophistication that are being used today, ranging
in complexity from simple standard Blade Element Momentum
methods to Large Eddy Simulations.
In most studies reported in the literature, where the aim is to
sort out the best turbulence model to be used, the same operator
uses the same program and grid distribution while incorporating different models in an attempt to best reproduce a reference
distribution. This could be obtained from experimental results
or other reliable references. A blind test such as the one reported here takes away the target and therefore opens up for the

uncertainty connected with the operator. This, of course, makes
it difficult to objectively sort out a best prediction method but
gives valuable information about the state of the art of the computations that are routinely made for wind turbines.
Three predictions were submitted that include fully resolved
simulations of the flow over the turbine blades. Unfortunately
it is not possible to say that these predictions are superior to the
BEM methods. Two performed quite well, while the other produced the lowest estimate of CP in the normal operating range
(4 < TSR < 8). Curiously, the same method was by far the best
in predicting the thrust coefficient. In general CT was underestimated by all methods and at TSR = 10 the span in predicted
values was 0.80 < CT < 1.15, which is quite wide.
To compute the wake flow, two methods used a standard k − ε
model, three used the k − ω SST model and two produced large
eddy simulations, which only models the small scale turbulence.
There is no obvious winner when it comes to the turbulence
model used. There is as much variation within the group using
the k − ω SST model as there is between these and the other
models.
The blind test reported here demonstrates that the most reliable
predictions are obtained using large eddy simulations. However, this must be combined with detailed blade loading estimates as initial conditions, such as actuator line or some other
time resolved method. If steady state area averaged initial conditions are used, such as actuator disks, the present blind test
exercise has demonstrated that the large eddy simulations perform no better than the methods that solve the Reynolds averaged Navier-Stokes equations.
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