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ABSTRACT

Traditional Blade Element Momentum (BEM) methods based on 2-dimensional data
are unable to accurately predict blade forces and thus are unreliable when used in actuator
discs to predict wind turbine wake profiles. This can be circumvented by extracting relevant
force and velocity data from direct modeling simulations or experiments, which are almost
certainly used in the design process of a wind turbine.
Methods developed by Bak et al to extract cross-sectional aerodynamic data from
wind turbines (Bak, Fuglsang, Sorensen, Madsen, Shen, & Sorensen, 1999), included one
based on an inverse BEM method, by using blade force data to find the axial and rotational
induction factors of the blade element, and an actuator disc-based method, which used the
exact pressure drop for each specific wind speed to create a model of pressure drop against
local velocities.
The present work will thus investigate the accuracy of actuator disc models based on
direct rotor modeling data, by creating actuator discs through extraction of the induction
factors using the methods described earlier, for the NREL Phase VI rotor. The wake
parameters from these models will then be compared with traditional BEM-based actuator
discs and a direct rotor model simulation. The two present methods used were found to
possess similarly high accuracies in wake prediction in comparison to the direct rotor model,
and displayed the ineffectiveness of an actuator disc model based on a traditional BEM
algorithm using 2-dimensional airfoil data. It is thus proven that extraction of aerodynamic
force data from direct modeling simulations or experiments can be done in a manner useful
for the prediction of the performance of a wind farm.
1. INTRODUCTION
Wind farms often operate at an efficiency lower than that of a single wind turbine, due to
the fact that downstream turbines operate within the wakes of upstream ones. For example,
(Neustadter & Spera, 1985) found that the power output for three turbines, each separated by
7 rotor diameters was reduced by 10%. Another problem inherent in wind farms is the
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decrease in lifespan of the rotors due to an increase in turbulence intensity in the wake.
(Sanderse, Aerodynamics of Wind Turbine Wakes, 2009)
Effective computational aerodynamic simulation of a wind turbine, and by extension, a
wind farm, is an elusive goal for many aerodynamicists. Of particular interest from
computational simulations of wind turbines are the aerodynamics of the wakes. Three
particular tasks were listed by(Sanderse, Aerodynamics of Wind Turbine Wakes, 2009) with
regard to the simulation of wind turbine wakes:
1. Calculating rotor performance and wind farm efficiency, requiring time-averaged
velocity profiles behind the turbines,
2. Calculating the blade loading of the turbines in the wakes of other turbines and
fluctuations in electrical energy output, requiring turbulence fluctuations and intensity
of the wake,
3. And calculating wake meandering, requiring large atmospheric eddies being taken
into account.
However, there are inherent difficulties associated with computations of wind farms,
including high computational costs due to the turbulent nature of the wind turbine wakes as
well as the rotation of the rotor, resulting in difficulties creating a suitable computational
mesh. (Sanderse, Aerodynamics of Wind Turbine Wakes, 2009)
To reduce the computational requirements of simulating wind turbines, several
models, generally classified as generalized actuator disk models, have been created to
accurately simulate the wind turbine, or the aerodynamic or aeroelastic effects of the wind
turbine, while keeping computational costs low. In these models, the aerodynamic properties
of the wind turbine are traditionally derived using momentum theory. While momentum
theory can be used as part of an initial design stage of wind turbines, it is not highly accurate,
resulting in a flawed actuator disc design to begin with.
However, the design process of modern wind turbines involves experiments and direct
rotor modeling in computational fluid dynamics (CFD). These produce highly accurate and
reliable results, from which useful data can be extracted and used in the planning and
simulation process of wind farms employing these turbines. Bak et al used several methods to
extract this data from direct rotor modeling simulations. (Bak, Fuglsang, Sorensen, Madsen,
Shen, & Sorensen, Airfoil Characteristics for Wind Turbines, 1999). These included an
actuator disc-based as well as an inverse BEM-based approach. The results of these were
found to be in close agreement and simple to obtain.
Of the generalized actuator disc models, it is still found that only the actuator disc
model allows for a simulation of a wind farm since the others are still too computationally
demanding (Sanderse, van der Pijl, & Koren, Review of CFD for wind-turbine wake
aerodynamics, 2011).
It shall thus be the purpose of this research to develop a methodology through which
accurate actuator disc models can be generated using aerodynamic data extracted from direct

modeling of wind turbines, then comparing this methodology to conventional momentum
theory-based actuator disc models. The present study will only simulate axial flows, with no
rotational component added to the ADMs.
2. COMPUTATIONAL METHODOLOGY
The simulations were run on ANSYS Fluent 6.3.26. Fluent is an Eulerian, finitevolumes based CFD software. Fluent comes packaged with the grid generation software,
Gambit, which was used to model the computational meshes for this project.
2.1

Direct rotor modeling

The NREL Phase VI wind turbine(Hand, et al., 2001) was simulated in the present study.
The turbine consists of a two-bladed rotor, and was simulated for wind speeds of 7, 10, 15, 20
and 25m/s, with the rotational speed of the turbine at 72 rpm. A multiple reference frames
(MRF) approach was used in a periodic simulation, utilizing a mesh that consisted of 7.8
million cells. The domain extended 10 rotor diameters upstream and 10 rotor diameters
downstream of the turbine, and the cross section was sized to match the NASA Ames wind
tunnel in which the experiment was conducted. The cell size ranged from 4cm adjacent to the
rotor surface to 73.8cm at the boundaries. A purely tetrahedral unstructured mesh was used,
with no boundary layer. The k-ω SST turbulence model (without transitional flows option)
(Menter, 1994)was utilized, with a rotor y+ of about 30-300. The velocity inlet and outflow
conditions were used for the inlet and outlet respectively. The wind tunnel walls were
modeled using the wall boundary condition.

Figure 1 Computational grid intersecting the rotor

Figure 2 Computational grid adjacent to the rotor

At the wind speeds of 7 and 10m/s, a pseudo steady-state approach was used for the
simulation, with the time step equivalent to 1 rotation of the rotor. This allowed for a rather
steady-state output, and the results at every 10 revolutions from the 250th to 400th revolution
were taken and averaged. However, at the higher, post-stall wind speeds, this method was no
longer accurate and an unsteady simulation was used, with a time step corresponding to a 2°
rotation of the rotor. In the unsteady simulations, the rotor performance was averaged over a
whole rotation.
The computed torques and thrusts were compared to experimental values, and found to
be in good agreement, as seen in Figures 3 and 4. In addition, local distributions of
coefficients of pressure were compared for wind speeds of 7 and 25m/s and found to be in
good agreement, as seen in Figures 5 and 6, providing a more robust validation of the
simulation.
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Figure 3 Comparison of computed and experimental torques
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Figure 4 Comparison of computed and experimental thrusts

Figure 5 Comparison of coefficient of pressure distribution at 7m/s

Figure 6 Comparison of coefficient of pressure distribution at 25m/s

2.2

Blade Element Momentum Method

The Blade element momentum computations of the NREL Phase VI wind turbine were
done using the WT_perf research code by NWTC. This is an iterative algorithm that allowed
the quick computation of the turbine performance, as shown in Figure 7.

Figure 7 BEM algorithm for WT_perf design code (Maniaci, 2011)

The axial, a, and rotational, a’, induction factors are corrected using Prandtl’s tip loss
factor and a Glauert correction, given by (Hibbs & Radkey, 1982):
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Where Cnis the component of the force coefficient normal to the rotor plane, Ct is the
component of the force coefficient tangential to the turbine plane, CT is the coefficient of
thrust of the rotor, and F is given by:
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B is the number of blades, R is the radius of the rotor, r is the local radius of the annular
control volume, and φ is the local flow angle
The performance of the rotor was computed using 2-dimensional blade data of the
S809 airfoil, but dividing the rotor into 16 equal sections, and a 0.2m radius hub. The BEMcomputed torques and thrusts were compared to the CFD predictions as seen in Figures 8 and
9.
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Figure 8 Comparison of computed torques for CFD and BEM theory
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Figure 9 Comparison of computed thrusts for CFD and BEM theory

Large deviations from the experimental values can be seen at post-stall wind speeds,
with BEM-computed thrusts especially inaccurate. This is indicative of inaccuracies of BEMgenerated ADMs, which will be further quantified and qualified in this study.

The ADM produced using the traditional BEM algorithm was modeled using 16
concentric pressure drops, and the hub modeled as a wall. The ADM was simulated using the
same domain size as the direct rotor model, using the same boundary conditions and a
periodic simulation. All the actuator disc models produced in the present study consisted of
tetrahedral unstructured grids, with 112000 cells.
2.3

Actuator disc-based ADM

In this approach, the blade forces are extracted, time-averaged over the whole rotor plane,
and then used in actuator discs with fixed pressure drops. The blades are radially discretized
into 20 segments, as shown in Figure 10, and the thrust force for each averaged over the
blade segment. These actuator discs were run and the axial induction factors at the radial
center of the segments were taken. These were used to form a 4th order polynomial of axial
velocity at the rotor plane against pressure drop, as described by equation 5.
(5)

∆
Where C is a coefficient, and v is the axial velocity at the rotor plane.

Figure 10 Radial discretization of actuator discs

The polynomial is used to model a general ADM, which is simulated for the wind
speeds again.
2.4

Inverse BEM-based ADM

In this approach, the blade forces are extracted from the direct rotor model then
placed in a modified BEM algorithm, using the same equations as the WT_perf code, without
referring to 2-dimensional airfoil data, as shown in Figure 11.

Figure 11 Inverse BEM algorithm

The resulting axial induction factors were used to create a 4th order polynomial for
pressure drop against axial velocity at rotor plane (Equation 5). These were used to form an
ADM, which was simulated using the same conditions as the direct rotor model.
3. RESULTS AND DISCUSSION
3.1
Axial velocity
The contours of axial velocity were plotted (Figures 12 and 13), for the direct rotor
model (DRM), actuator disc-based actuator disc model (ADM-AD), inverse BEM-based
actuator disc model (ADM-IB) and BEM-based actuator disc model (ADM-BEM).
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Figure 13 Contour
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plot of
o axial velocity
y for wind speed of 20m/s
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Figure 14 Vertical profiless of axial veloccity for wind sp
peed of 10m/s

Figure 15 Vertical profiless of axial veloccity for wind sp
peed of 20m/s
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3.2

Turbuleence intensiity

Contour plots of turbuulence intennsity in the wake are shown
s
for eeach wind speed
s
in
Figuress 16 and 17,, for the direect rotor moodel (DRM), actuator disc-based
d
aactuator dissc model
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Figure 16 Con
ntour plot of tu
urbulence inten
nsity for wind speed of 10m/ss

Figure 17 Con
ntour plot of tu
urbulence inten
nsity for wind speed of 20m/ss
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Figure
18 Vertiical profiles of turbulence inttensity for wind speed of 10m
m/s

F
Figure
19 Vertiical profiles of turbulence inttensity for wind speed of 20m
m/s
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Results showed little difference between the results of the ADM-AD and ADM-IB
methods. This was to be expected, since previous work by Bak et al (Bak, Fuglsang,
Sorensen, Madsen, Shen, & Sorensen, 1999) showed good agreement between similar two
methods for formulating airfoil lift and drag coefficients. More significant was the high
accuracy of prediction of axial velocity in the wake, even at large distances downstream of
the rotor, in comparison to the direct rotor model (DRM). In addition, this accuracy was
significantly higher than for the actuator disc constructed using a traditional BEM method
(ADM-BEM). This shows that the availability of direct rotor modeling results, or detailed
experimental results both of which would likely be produced at a design stage of a
commercial wind turbine, can increase the accuracy in which wind farm simulations are
conducted. This can allow for far more efficient placement of wind turbines in wind farms, as
well as accurate prediction of blade aeroelastic loads for a more cost-effective maintenance
schedule.
However, prediction of turbulence intensity in both the ADM-AD and ADM-IB
models were highly inaccurate. This is due to the fact that the actuator disc forms only a
pressure discontinuity, and has no physical presence in the flow. These low turbulence
intensities from the ADM-AD and ADM-IB models may have been compounded by the fact
that the present study did not include rotational flows. Rotational flows may increase the
shear in the wake to a level that increases the turbulence intensity. From previous literature, it
can be concluded that this is unlikely to be enough, and turbulence source terms would be
needed in the actuator disc to improve accuracy. However Sanderse et al noted in their review
of wind turbine wake aerodynamics that in the case of an atmospheric boundary layer, the
turbine-generated turbulence would be insignificant compared to atmospheric turbulence
(Sanderse, van der Pijl, & Koren, Review of CFD for wind-turbine wake aerodynamics,
2011). This needs to be investigated with present models using atmospheric boundary layers.
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