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PREFACE
The importance of accurate wake models has increased rapidly over the last years as larger and
larger wind farms are being installed.
There is still a lack of knowledge and many challenging questions that remain when it comes to
the flow behind rotors, i.e., the wake. Therefore, there is still a lot of research needed to get a full
understanding of wake dynamics.
Today, there are a number of universities and research institutes involved in research projects
aimed for a better understanding of wakes, both with respect to their modeling, simulations and
measurements.
This conference gathers researchers from universities, institutes and industries in the field. Our aim
is to improve the international communication and information sharing of ongoing activities. Hopefully this results in fruitful meetings in the nice surrounding of Visby.

Associate Professor Stefan Ivanell, Gotland University &
Professor Jens N. Sørensen, Technical University of Denmark / Gotland University
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Spatio-temporal development of the pairing instability in helical vortices
Hadrien Bolnot, Stéphane Le Dizès, Thomas Leweke
Institut de Recherche sur les Phénomènes Hors Equilibre (IRPHE)
CNRS / Universités Aix-Marseille / Ecole Centrale
49 rue F. Joliot-Curie, B.P. 146, F-13384 Marseille Cedex 13, France

The stability properties of helical vortices are of interest for applications such as helicopter or wind
turbine wakes. In this work, we consider the particular instability that leads to vortex pairing and
propose that global transitions observed in the wake of rotors could be associated with the change
of nature from convective to absolute of this instability. Numerical simulations have shown that the
pairing instability plays an important role in helicopter as well as wind turbine wakes [1,2]. However,
a systematic analysis of the absolute/convective nature of this phenomenon in a helical vortex
wake has not been performed so far.
In order to focus only on the development of the pairing instability, and to filter out other potential
(three-dimensional) instabilities, the helical wake is represented by an array of axisymmetric vortex
rings. Figure 1 shows that, for small helix pitches h/R, the distributions of azimuthal vorticity for
these two cases are nearly identical.

Figure 1. Sketches and azimuthal vorticity contours of a helical vortex (left) and of a vortex ring array (right).
The initial conditions in both cases involve vortices with Gaussian vorticity distributions (core radius ao), no
axial core flow, R/ao = 16, h/ao = 8 and Re = 500 (based on circulation); the flow then relaxes to the shown
distribution. Helical symmetry [3] and axisymmetry were imposed, respectively.

The linearized Navier-Stokes equations for the perturbations of the ring vortex array are discretized
by means of a spectral method, in order to describe the spatio-temporal evolution of the wave
packet generated by a localized initial perturbation. The temporal growth rate of the pairing
instability is calculated for portions of the wake seen by an observer (corresponding to the rotor)
moving at different speeds along the array, for the different parameters combinations (ao/R, ao/h,
Re) of the system. This information allows an identification of the configurations in which the
pairing instability is able to trigger a global transition of the wake of a rotor in a given outer flow.
In parallel with this theoretical approach, experiments were carried out with a rotor in a water
channel. Results from dye visualizations and three-dimensional flow field measurements using
Stereo Particle Image Velocimetry are presented.
This work is supported by EUROCOPTER S.A.S. through a doctoral grant (contract no. IPEC
0187N/2009).
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[1]
[2]
[3]

Leishman J. G., Bhagwat, M. J, Ananthan, S.: The vortex ring state as a spatially and temporally developing wake
instability. J. Am. Helicopter Soc. 49, 160-175 (2004)
Ivanell, S., Mikkelsen, R., Sørensen, J. N., Henningson, D.: Stability analysis of the tip vortices of a wind turbine,
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Abstract
The methods used to model atmospheric wind shear and turbulence by distributed volume forces
in the EllipSys3D actuator line model are evaluated based on their capability to generate and
maintain realistic turbulence distribution under normal operational conditions. Their performance
is verified by extracting turbulence intensities and spectral distributions of the turbulent energy at
several downstream cross-sections in the flow. The cross-sections are located 20 to 1340 meter
behind the turbulence plane where the fluctuations were imposed. The conclusion of the
investigation is that the distributed volume force methods work satisfactorily as long as
reasonable model settings are applied. Based on the investigation the recommendations for user
settings are:
1. Use a power law shear coefficient equal to desired turbulence intensity, i.e. α = 0.10 gives
an equilibrium turbulence intensity of 10%.
2. Use a numerical turbulence amplification factor of 1.15.
3. Impose the turbulent fluctuations at least 260 meters upstream of the turbine position to
allow the imported turbulence to fully develop.

Introduction
The EllipSys3D [1] actuator line is a complex high-fidelity CFD model used to investigate the
flow field and loads of wind turbines operating in realistic ambient conditions. The model was
first put forward by Sørensen and Shen [2] in 2002 and later implemented in the in-house flow
solver Ellipsys 3D by Mikkelsen [3]. The basic idea is to combine a three-dimensional flow
solution based on LES filtered Navier-Stokes equations with a volume force representation of the
wind turbine blades found via tabulated two-dimensional airfoil data. The use of airfoil data
means that the boundary layer on the blades does not need to be resolved to find the correct
forces. This results in a model with high detail of the wake dynamics while still maintaining a
reasonable computational effort. Two major contributions to the model, in terms of ability to
simulate realistic ambient conditions in an economical manner, were added in 2007. Mikkelsen et
al. [4] added the capability to model an arbitrary wind shear profile by distributed volume forces
found by running fast pre-cursor calculations, and Troldborg et al. [5] implemented an
inexpensive method for adding synthetic atmospheric turbulence by imposing fluctuating volume
forces in a plane close to the rotor.
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Until now most investigations carried out with the actuator line model have been conducted in
academia. However, through the combination of the volume force approach to find the rotor
induction and the ability to economically model atmospheric shear and turbulence, the current
formulation of the actuator line model could be feasible for wake investigations in industry. An
important issue as the user group changes from researchers to engineers is to validate the model
performance for general cases (as opposed to specific field cases), and to create guidelines for
reasonable model settings. The main objective of this work is to investigate the capability to
model wind shear and atmospheric turbulence in the actuator line according to the
implementation presented in [3] and [4]. The investigated factors are: the balance between
turbulence level and wind shear, the distance required for the imported Mann turbulence [6] to
reach equilibrium conditions as well as the spectral changes in the realized turbulence in the CFD
calculations compared to the imported turbulence.

Atmospheric wind shear and turbulence method
As mentioned above, both the mean vertical wind shear and the ambient atmospheric turbulence
are modelled by distributed momentum sources in the calculation domain. The method for
modelling wind shear can be described as an immersed boundary technique, where volume forces
are distributed in the entire domain to give a prescribed arbitrary wind shear profile. The desired
wind shear profile may be given in tabulated form including wind veer or as is most common, by
a power law coefficient, α, reference wind speed, u0, and a reference height, hhub, eq. 1.

(1)

Where, c1 and c2 are model coefficients to control the near wall treatment below Δ, which is
usually taken to be 0.4 rotor radius. The actual turbulent wall boundary layer is not resolved as
would be typical for wall bounded flows. Instead, equidistant mesh is preserved near the wall and
the velocity profile is prescribed using a numerically well posed parabolic fit. A pre-cursor
calculation is performed over an empty domain to find the force field which yields the right
velocity distribution. The force field is stored and later used in the actuator line calculations to
include effects of wind shear.
The atmospheric turbulence is modelled by imposing fluctuating volume forces in a plane located
a few radii upstream of the rotor. The forces are found via prescribed three-dimensional velocity
fluctuations, generated with a Mann turbulence model. The velocity fluctuations are recalculated
into volume forces according to 1D momentum theory, eq. 2.
(2)
To maintain numerical stability, the forces need to be introduced into the CFD calculations in a
smooth manner. The forces are therefore distributed in the flow direction by a one dimensional
Gaussian smoothing function. This smoothing function requires a regulatory distributions
parameter, ε, which governs the width of the force distribution (ε = √2 *σGaussian). In these
simulations an ε equivalent to two grid cells (or 3.52meter) has been used.
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Description of investigation
A set of EllipSys3D calculations covering the range of the most common operational conditions
for wind turbines, wind speeds of 5, 10 and 15 m/s and turbulence intensities of 6, 10 and 14%,
were conducted to analyse the performance of the synthetic turbulence and shear approach. The
methods are evaluated based on the ability to find and maintain equilibrium between the vertical
shear profile and turbulent fluctuations as the air is transported downstream. The main parameters
to investigate are the logarithmic shear coefficient and its balance with the generated turbulence,
as well as the “turbulence amplification factor”, which is a model coefficient included to yield
the right amount of turbulence in the simulations. Results were extracted in cross-sections 20 to
1340 meters downstream of the turbulence plane used to introduce the fluctuations. The technique
used to quantify the results includes both observing the distribution of turbulence intensity and an
investigation of the turbulent energy spectra for all three velocity components.

Numerical settings
In order to isolate the atmospheric turbulence, the computations are performed over an empty
rectangular domain of 400×1200×2080 meter, in width, height and flow direction respectively. A
refined mesh domain ranging from 120-280×0-160×600-2080 meter was included to resolve the
wake region, the inner black box in fig. 1. The element size used in the refined region is
1.6×1.6×1.76 meters, i.e. square elements that are stretched by 10% in flow direction. Outside the
refined region elements are stretched towards the domain boundaries. In total the mesh consists of
162 blocks of 48×48×48 yielding a total mesh count of close to 18 million cells.

Figure 1,overview of the computational domain. The left figure is a X-Y plane showing the cross
section of the domain seen from upwind, and the right figure is a X-Z plane showing the domain
from above. The outer solid box represents the computational domain. The dashed line/box
indicates where the turbulent fluctuations are applied and the inner solid box shows the refined
region.
A dimensionless simulation time step of 0.01 (normalized by a fictitious rotor radius of 40 meter
and divided by the ambient wind speed) is used in the calculations. With the specified mesh
resolution this yield a CFL number of around 0.25. The convective terms are discretized by using
a hybrid scheme consisting of 10% 3rd order accurate QUICK scheme and 90% 4th order accurate
central difference scheme. The hybrid scheme ensures numerical stability while maintaining low
numerical diffusion in the solution. Pressure-velocity coupling is obtained by using the SIMPLE
algorithm and the mixed scale model was used to model the unresolved turbulent length scales
(SGS) in the simulation, Cavar [7].
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The turbulence fluctuations are introduced into the calculating domain via a plane covering the
area described by the coordinates 40-360, 16-196, 620 meter, dashed line/box in figure 1. The
nodes in the turbulence plane contain time dependent forces in all directions, calculated using the
Mann turbulence model and the procedure described above. The resolution in the Mann
turbulence box should be courser in than in EllipSys3D as the turbulent fluctuations are read into
the nodes by interpolation. If a finer resolution is used in the Mann calculations some energy in
the smaller length scales will not be resolved in the CFD calculations. The in-plane resolution of
the Mann turbulence box for this work is 5x5 meters, compared to 1.6x1.6 in the Ellipsys model.

Results and discussion
The development of the turbulence intensity in the Ellipsys3D model follows a clear trend
throughout the investigation. First the imposed turbulence requires some time to develop.
Secondly the realised turbulence in EllipSys3D continues to develop until equilibrium between
wind shear and turbulence is reached, see fig. 2.

Figure 2, characteristic development of turbulence intensity in EllipSys3D.
At the location where turbulence is imposed (z=0), the turbulence lies below the prescribed level.
Initially it increases with downstream distance. It takes about 200m for the imposed turbulence to
develop to the level specified by the input turbulence and turbulence amplification factor, i.e. still
“independent” of vertical shear. This initial increase of turbulence can not be attributed
interacting with the vertical shear profile, as it increases too rapidly and the effect is seen also at
very low vertical shear levels. After the imposed turbulence has been fully developed (z ≈200),
the realised turbulence in EllipSys3D continues to develop towards the equilibrium level based
on the mean flow properties, thick dashed line in fig. 2. In our case the equilibrium level is
dictated by the wind shear alone, as no buoyancy effects are included. A consequence of this
“two-step” development pattern is that reasonable parameter values are required to ensure that the
fully developed imposed turbulence reaches a level close to the desired equilibrium turbulence
level. This is important in order to reach fully developed turbulence in the simulations as close to
the turbulence plane as possible.
In the first investigation the turbulence amplification factor was maintained constant and various
wind shear coefficients were tested. This resulted in the conclusion that the shear power law
coefficient should be given a value equal to the desired turbulence intensity level, i.e. α =0.10
yields fully developed far wake TI = 10%. In the subsequent investigation the influence of the
turbulence amplification factor was tested at levels 1, 1.15 and 1.30, see fig. 3. It can be seen that
the middle figure, representing a turbulence amplification factor of 1.15, requires less distance to
reach an equilibrium state compared to the other cases. Further less variation in turbulence level
is seen before fully developed turbulence is reached, which means that the errors due to turbulent
wake diffusion associated with placing the turbulence plane to close to the turbine location would
be minimized. The same general trend is seen throughout the study and it is therefore concluded
that a turbulence correction factor of 1.15 should be applied.
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Figure 3, the development on mean turbulence intensity as a function of height at several
downstream cross-sections for three different turbulence amplification factors, 1.00, 1.15 and
1.30 from left to right. The turbulence intently in the flow field requires the least distance to reach
a steady level with a turbulence amplification factor of 1.15.
The development of the turbulent energy spectra in streamwise direction are shown in fig. 4. It
can be seen that when the Mann turbulence is imposed into Ellipsys3D some of the turbulence
content in the smaller scales are lost, compare blue line (Ellipsys3D at 20 meter) to black line
(ref. Mann spectra) in the left figure. The spectral distribution recovers with downstream
transport in Ellipsys3D due to the energy cascade. After 140meter the turbulence distribution
down to the cut-off eddy length scale are correct compared to the Mann spectra, even though the
overall turbulence level keeps increasing slightly in this case.

Figure 4, turbulence spectra for the streamwise velocity component at various downstream crosssections for the 10m/s, 14% turbulence intensity flow case. The left figure shows the development
of the turbulence spectra down to 380meters, the right figure shows the turbulent spectra between
380 to 1340meters. Both figures have the “-5/3” reference curve (dashed yellow line) and the
input Mann turbulence spectra (black line)
Using the recommended setting for shear coefficient and turbulence amplification factor, the
target turbulence intensities are reached after about 260meters for most cases, see table 1. The
long transport distance required for the “5m/s, 14% TI” case is probably related to the low
realised input turbulence (9.52% when 14% is desired).

17

Table 1, shows the development of turbulence intensity at hub height as a function of downstream distance.
Downstream WS 5m/s WS 5 m/s WS 10m/s WS 10m/s WS 10m/s WS 15m/s WS 15m/s
distance
TI 6%
TI 14%
TI 6%
TI 10%
TI 14%
TI 6%
TI 14%
20m
4.54%
9.52%
5.63%
10.04%
12.51%
4.46%
11.12%
140m
5.03%
10.41%
6.36%
11.91%
14.17%
5.09%
12.62%
260m
5.47%
11.18%
6.29%
11.68%
14.44%
5.27%
12.76%
380m
6.14%
13.10%
6.29%
11.54%
14.73%
5.33%
12.78%
620m
5.84%
14.20%
6.43%
11.55%
15.25%
5.32%
13.10%
860m
5.57%
13.73%
6.42%
11.64%
14.81%
5.23%
12.43%

Conclusions
With an appropriate selection of parameter values the implemented methods for synthetic
turbulence and wind shear yield satisfactory results. Based on the conducted numerical
investigations the main findings are:
•
•
•
•

•

The logarithmic shear coefficient should be selected to have a value close to the desired
turbulence intensity, i.e. α = 0.10 for TI = 0.10, in order to yield correct turbulence levels
if the far wake.
The best value of the turbulence amplification factor was found to be 1.15. The basis for
the evaluation was the distance required for the imposed turbulence to reach the desired
turbulence intensity level.
With the setting suggested above, equilibrium between turbulence and wind shear was
achieved after about 260 meter behind the turbulence plane.
At the location where the turbulent fluctuations are introduced, a reduced amount of
energy is seen in the smaller turbulent length scales. As the flow develops this imbalance
is corrected by the turbulence balance in the Ellipsys model and a correct energy
spectrum is seen at 140 meter behind the turbulence plane.
With the recommended settings, the relative error between desired and realised
turbulence levels lies within 10%, except for the “10m/s, 10% TI” case which has a
higher realised turbulence.
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ABSTRACT
Wind power technology continues to be one of the fastest growing sources of clean energy. Generated
wakes of a single wind turbine and interaction among wakes of wind turbines in a wind farm is an
issue
studied by researchers using newly developed techniques. The overall goal is to reduce cost through
optimizing the efciency of wind farms. In order to do so, detailed knowledge of the development of
unsteady wake structures is needed.
The flow behind the Tjaereborg wind turbine rotor is simulated using the EllipSys3D code, a general
purpose 3D Navier-Stokes solver developed by N.N Srensen and J.A. Michelsen[1-2]. The numerical
model is based on Large Eddy Simulation (LES) of the Navier-Stokes equations using the actuator line
method.
Koopman mode decomposition is utilized for analysis of the wind turbine near wake. This method
allows
for extraction of certain coherent structures from the flow, leading to an improved understanding of
the flow physics and the wake complexity. Koopman modes are spatial coherent structures that
oscillate
at a given frequency, and the method computes these structures and their corresponding frequencies,
ranked by their relative importance. The results reveal the spatial structure and the frequencies of the
instabilities that cause breakdown of the wake vortices.
REFERENCES
[1] Sørensen NN. General Perpose Flow Solver Applied to Flow over Hills., PhD thesis Ris
National Laboratory, Roskilde, 1995.
[2] Michelsen JA. Block structured multigrid solution of 2d and 3d elliptic pde., Technical
Report AFM 94-06, Department of Fluid Mechanics, Technical University of Denmark, DTU, 1994.
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ABSTRACT
In large wind farms, both onshore and offshore, the individual wind turbines will operate in the wake
of upstream turbines. As wind farms gets bigger, there is an increased demand for detailed knowledge
and understanding of the interaction between wakes in order to optimize the layout of the wind farm to
increase power production and decrease fatique loading.
Numerical simulations are performed using EllipSys3D, a finite-volume, multi-block general purpose
Navier-Stokes solver, see Michelsen[1] and Sørensen[2]. A large eddy simulation(LES) turbulence
model and the actuator line technique(ACL) is applied and combined with Flex5, an aeroelastic code
for calculating loads on wind turbines developed by Stig Øye at DTU. The wind turbine is modelled as
the three bladed NM80 turbine, also known as the Tjæreborg turbine, which has a blade length of 40m.
The Navier-Stokes based actuator disc method was initially introduced by Sørensen and Myken[3] to
simulate axisymmetric flows around wind turbines. An extension to full 3-dimensional flows was later
introduced as the actuator line technique developed by Sørensen and Shen[4], and implemented by
Mikkelsen[5]. The actuator line introduces body forces derived from airfoil data into the flow, thereby
avoiding to resolve the flow within the boundary layer over the blades with Direct Numerical
Simulation method. Troldborg[6] and Ivanell[7] have previously applied the actuator disc and actuator
line methods to simulate single and multiple wind turbines clustered in wind farms.
The wake interaction is examined in an idealized case generated by the wind turbines alone, i.e.
uniform inflow with no atmospheric boundary layer and no ambient turbulence. The cyclic boundary
conditions essentially constitute a model of a wind turbine located in the middle of an infinitely long
row of wind turbines. The turbine induce turbulence into the flow for each turnaround, until the
turbulence properties have converged, thereby making it possible to study the inherent turbulence of
the turbines. As the turbulent properties have converged, a large number of vertical slices of the three
velocity components are extracted immediately upstream the wind turbine.
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The extracted velocity components in the slices are Fourier transformed both in time and in the
azimuthal direction, since it can be assumed that the flow is continuous if the extracted time serie is
sufficiently large. A Proper Orthogonal Decomposition (POD) is applied to the complex double
transformed Fourier coefficients in order to build a low order model of the most energetic features of
the wake.
Applying the POD essentially converts the flow into a number of POD components, sorted by
variance, i.e. energy content in this case. Thereby, enabling the construction of a low order model by
only choosing the most energetic POD modes to reconstruct the flow through a double inverse Fourier
transform in the azimuthal and time direction.
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AN EXPERIMENTAL STUDY ON WAKE EVOLUTION AND
TRAILING VORTEX INSTABILITIES
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ABSTRACT
The production losses and inhomogeneous loads of wind power turbines placed in the wake of another
turbine is a well-known problem when building new wind power farms, and a subject of intensive
research. The present work aims at developing an increased understanding of the behaviour of turbine
wakes, with special regard to wake evolution and the stability of the trailing vortices.
The evolution of the wake behind a small-scale model turbine was investigated experimentally in the
Minimum Turbulence Level (MTL) wind tunnel at the Royal Institute of Technology (KTH), by
performing velocity measurements with hot-wire anemometry (HWA). The set-up was monitored by
also measuring the thrust, power output and rotational frequency of the model. The width and
extension of the wake were measured for different free-stream velocities and different tip speed ratios,
and compared to previous measurements.
The stability of the trailing vortices was studied by applying small disturbances at the end of the
nacelle, introduced through two orifices perpendicular to the main flow. This was done with a highpressure accumulator tank and two fast-switching valves, with the possibility to trigger both varicose
and sinusoidal modes. The results for different disturbance frequencies as well as the evolution of the
vortices will be presented.
Figure 1 shows the streamwise evolution of the mean velocity in the wake of the model, here
displayed as 1 ! U/U" where U" denotes the free-stream velocity. Figure 2 shows the time signal at
the location of a tip vortex, one diameter downstream of the model.

Figure 1: The streamwise evolution of the mean velocity profile behind a small-scale model turbine.
The data is from hot-wire measurements. The spanwise distance z, and the streamwise distance x are
scaled with the rotor diameter D.
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Figure 2: The time series at the location of a tip vortex, one diameter downstream of the model.
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Abstract. Modelling of wake losses is an important part of the production estimation for wind
farms. The eddy viscosity model is widely adapted by industry for wind farm wake calculations
and energy output predictions 1 . Their practical implementations for linear wind resource grid
generation tools and their ability to provide better accuracy in non-linear terms and turbulence
terms 1,2,3,4 created easy market penetration. As a result, the eddy viscosity wake models and
their variants have found wide spread application in commercial wind farm design softwares.
Compared to algebraic wake models, eddy viscosity model has intermediate complexity in
physics. The referred model can be derived by simplification of Reynolds Averaged Navier-Stokes
equations. This derivation reduces the complexity of the model compared to full CFD models 5 .
The eddy viscosity model is derived by employing velocity deficit field using the thin shear layer
approximation in axi-symmetric coordinates.
In this work, eddy-viscosity will be benchmarked to non-linear models such as actuator disc
model in atmospheric turbulence modelling setting. This gives us further insight into the application envelope of the eddy viscosity model and its other variants derived from RANS 5,6 for
different turbulence settings such as different canopy 11,12 . The impact of different parameters
on velocity deficit and turbulence approaches are investigated.
Computationally efficient mathematical models that can simulate the canopy turbulence accurately are very important for accurate energy calculations for wind farms.

1

EDDY VISCOSITY MODEL

For a Newtonian two dimensional incompressible fluid in cylindrical coordinates, the
following equations:
mass :
r−momentum :

∂
1 ∂
(ρrur ) +
(ρuz ) = 0
r!
∂r
∂z "
∂ur
∂ur
ρ ur
+ uz
=
∂r
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define the mathematical model for fluid physics. Herein uz , ur , µ,ρ defines axial, radial
velocity components, viscosity and density respectively. This equation lacks the turbulence terms and has the Reynolds stress. After dropping the radial equation, Reynolds
stresses and time dimension, the steady equations can be solved. Similarly instead of
taking Navier Stokes equation, if the Reynolds averaged Navier Stokes (RANS) is simplified in the following manner in addition to dropping also the viscous terms, simplified
RANS system with the similar divergence term of turbulence term, can be derived as
eddy viscosity equations for wakes.

mass :
z−momentum :

1 ∂
∂
(ρrUr ) +
(ρUz ) = 0
r!
∂r
∂z "
∂Uz
∂Uz
ρ Ur
+ Uz
=
∂r
∂z
#
!
"$
1 ∂
∂uz ur
#
r
r ∂r
∂r

(4)
(5)

Here # is the eddy viscosity term that defines the Reynolds stresses. Even though the
equation 5 shows similarity with the equation 3, the Uz , Ur defines averaged mean flow
equations and uz ur defines the fluctuations of RANS in the flow field that defines Reynolds
stresses.
2 NUMERICAL SOLUTION

For eddy viscosity model, central finite differencing in radial direction, Crank Nicholson
in the axial direction was used [5]. Symmetry of the problem has been exploited and
Dirichlet boundary condition for free stream and Neumann boundary condition for axial
direction was used.
WindSim CFD software solves the non-linear transport equations for mass, momentum
and energy by the means of finite volume method. At it’s core, it uses Phoenics software
that is customized for the wind industry. The software was initially developed by Vector
AS which was founded in 1993 in Tonsberg, Norway.

27

2.1

Boundary conditions, field conditions and closure for eddy viscosity

For eddy-viscosity model boundary conditions The Uz boundary conditions are
chosen as Uo which is free stream boundary condition at the radial direction. As result of
the symmetry, the gradient of the Uz will equal to zero at the center line. The boundary
condition for Ur is equal to zero at the boundary.
For eddy-viscosity model initial conditions which is for a single turbine configuration; inlet or initial center line velocity deficit field is a Gaussian curve
%

r2

D = Uz /Uo = Uo 1 − Dm e(−3.56 b2 )

&

(6)

that employs the following semi-empirical relation [5, 1, 2]: This function at the initial
iteration Dm = Dmi has the following definition for velocity deficit [5, 1, 2]:
Io
= Uz /Uo
(7)
1000
Herein Io is the ambient turbulence intensity which is defined in percentage. Through
this relationship a semi empirical closure for eddy viscosity can be obtained [5, 1, 2]:
Dmi = Ct − 0.05 − (16 Ct − 0.5)

# = F K1 b Dm Uo + F KM

(8)

The parameters F, K1 , b,κ are filter coefficients, dimensionless constant based on experimental data and wake width b and von Karman constant κ respectively. Wake width b is
defined as
b=

'

and F term for the filter is defined as

3.56 Ct
8 Dm (1 − 0.5 Dm )

F −z > 5.5 :
F −x < 5.5 :
2.2

F = 1.0
%
&
x − 4.5 1/3
F =
23.32

(9)

(10)
(11)
(12)

Calculation of KM coefficient

Computationally efficient mathematical models that can simulate the canopy turbulence accurately are very important for accurate energy calculations for wind farms. Here
KM coefficients can be calculated with different K − # setting by solving a K − # model.
The details of these formulation can be found in reference [11, 12].
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The reduced equations for a neutrally stratified, planar homogeneous, steady state
within a dense and extensive canopy are integrated into eddy viscosity models. Following
standard K − # closure assumptions, turbulent kinetic energy dissipation rate, the basic
transport equations for the mean momentum and turbulent kinetic energy are defined as
in reference [11, 12].
3

RESULTS

The benchmarking of eddy viscosity wake model results show clear dependence on
ambient turbulence intensity parameters and Reynolds stresses. This is validated through
comparison of different turbulence intensities, filtering parameters compared to RNG kepsilon results of Windsim commercial software, reference [8]. Some of the parameters
used in Eddy viscosity model of Ainslie [5] are not openly controlled or simply not
employed. Windsim software employs actuator disc model to generate wakes [6]. For
benchmarking purposes, Windsim simulation parameters were fixed and eddy-viscosity
wake models were benchmarked to the single turbine simulation setting.
Wind turbine; Vestas 90 wind turbine technology with 90m rotor diameter was chosen
for validation purposes. Single wind speed of downstream velocity component of Uo =
8.7078m/s was chosen. The thrust coefficient of Ct = 0.808 is given for downstream
velocity of Uo = 8.7078m/s at a density of ρ = 1.225 for this technology. There are
differences in both downstream and cross stream profiles as expected. Based on these
input parameters that were fixed, the rest of the model parameters were systematically
varied for comparison. In comparison, a uniform mesh was generated for eddy-viscosity
model.
3.1

Computational Domain

The computational domain was designed to have a 4000m to 6000m size with turbine
placed at 1500m downstream. Based on the previous convergence studies conducted, this
was a reasonable choice to validate the results.
3.2

Effects of KM on the profile

The Reynold stress parameter KM has significant effect on eddy viscosity calculations.
The turbulence of the canopy influences the eddy viscosity calculation through the eddy
viscosity term. The incident turbulence intensity at each turbine in the eddy viscosity
wake calculation is taken to be the canopy turbulence intensity. This value is used for the
entire downstream wake calculation. The effect of ambient canopy turbulence intensity
and sensitivity of the calculations in effect can be clearly observed in Figure 1.
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4

CONCLUSION

Ambient and canopy turbulence has significant effect on eddy viscosity calculations.
The turbulence intensity influences the eddy viscosity calculation through the eddy viscosity term. The eddy viscosity model was not benchmarked to non-linear model in the
very near wake, However eddy viscosity showed some difference already at 2.5 rotor diameter distance. The effect of ambient canopy turbulence intensity and sensitivity of the
calculations in effect can be clearly observed in Figure 1.
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Figure 1: Reynold stress parameter KM through canopy turbulence intensity effect wake; Here TI defines
an equivalent turbulence intensity for the canopy turbulence a) Downstream profile b) Cross stream
profile at rotor diameter distance 2.5 c) Cross stream profile at rotor diameter distance 5 d) Cross stream
profile at rotor diameter distance 10
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Actuator surface numerical model for simulation of wind turbine wakes
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In this paper, a hybrid model based on the actuator surface is studied. The objective is
to evaluate feasibility of the model to represents the wake downstream of a wind turbine
rotor. The rotor is simplified and the blades are replaced with thin surfaces. On these
actuator surfaces, a pressure discontinuity is applied. Compared to previous models, it is
also applied the tangential force acting along the blade chord. This permits to create a
velocity field similar to that around a real blade section with the same normal and tangential
force coefficient. Thus, the initial conditions of the wake development are improved.
To obtain the data needed for the evaluation of the hybrid model, an experiment is
carried out in the wind tunnel, fig 1. By means of the PIV, the flow downstream of the model
wind turbine with low hub/rotor ratio is obtained, fig. 2. The results of the experiment show
that the numerical simulation reproduced satisfactorily the wake downstream the rotor.
Hence, the proposed model can be applied as part of wind farm studies.

Fig. 1 Test bench

Fig. 2 Flow in near wake, PIV
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INTRODUCTION
Most wind farm wake CFD models are based on the actuator disc [9] (AD) or the actuator line [5,
11, 14] (AL) models to estimate the influence of the wind turbine on the atmospheric flows, while
full rotor (FR) computations Zahle [15] are usually used to estimate accurately the loads and power
production of wind turbines. The assumption made in many models is that after a few rotor diameters the details of the wind turbine rotor geometry become irrelevant to the flow behavior. However,
it is important to know how much physics is lost in the near wake when using "simpler" models like
actuator line and actuator disc in comparison with full rotor computation. To address this question,
a comparison campaign of the three different types of wind turbine models has started. This paper
presents the preliminary results from the campaign where the three methods is used to simulate
the NREL 5MW turbine in uniform inflow and their predictions of the near wake region is compared
to each other.
The Methods section briefly introduces the flow solver, EllipSys, and the different wind turbine
models used in this work. The results show an overall good agreement in term of pressure and
axial and tangential velocity distribution in the close wake region, while the intermediary wake
region presents a difference between the full rotor and the actuator disc and line. This difference
can be explain by the much higher turbulent kinetic energy (TKE) and the eddy-viscosity compared
to the full rotor simulation.

METHODS
EllipSys Flow Solver
EllipSys is an in-house incompressible finite volume Reynolds Averaged Navier-Stokes (RANS)
flow solver developed at Risø-DTU [12] and DTU-MEK [4]. The flow variables are collocated in
the mesh to facilitate complex mesh geometries. The SIMPLE algorithm [6] is used to solve the
Navier-Stokes equations. The convective terms are discretized using the QUICK scheme [2]. The
pressure equation is solved using a modified Rhie-Chow algorithm to avoid odd/even pressure
decoupling with body forces [7, 8, 10], and is accelerated by a multigrid technique [12]. The system
is parallelized in a multiblock structure, where the blocks can be solved on a different processor.
The communication of the block ghost cells between each processor is done through the MPI
libraries. The turbulence model used in this paper is Menter’s k-ω SST [3].
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The Full Rotor with Overset Grid Method in EllipSys
To handle the relative motion between the rotor and the terrain, the overset grid method is used
(see Zahle [15]). Each group of simply connected blocks is solved using boundary conditions
on the overlapping interfaces based on interpolated values of velocity from neighbouring grids
using trilinear interpolation. An explicit correction of the conservation error associated with the
non-conservative interpolation is implemented, since a divergence free field is required to solve the
pressure-correction equation. The correction is placed in internal cells along the overset boundaries
and is distributed proportionally to the local mass flux. The solution of the pressure is obtained on
the basis of the mass fluxes calculated from the momentum equations.
The Actuator Disc Model in EllipSys
The actuator disc model is based on the actuator shape model described in [9]. The shape grid is
a coplanar polar disc of 34 radial and 180 angular elements. The force vector associated to each
of the disc cells are found by annularly spreading the forces distribution obtain from the Full Rotor
simulation.
The Actuator Line Model in EllipSys
The actuator line model [5, 11] originally developed for Cartesian meshes is generalized for running
over arbitrary curvilinear meshes. Each blade are composed of 33 force elements obtained from
the Full Rotor simulation. The body forces are smeared in a 3D Gaussian manner using a smearing
parameter corresponding to 2 cells to avoid a pressure-velocity decoupling [14].

Numerical Setup
Rotor Properties
The NREL 5 MW Reference turbine used in this work has a rotor diameter of 126 m and has a hub
height of 90 m. The rotor is modelled without tower, nacelle and spinner and the simulations do not
include any elastic deformation of the rotor [1]. At 8 m/s the rotational speed of the rotor is 0.964
rad/s or 9.2 RPM.
Computational Meshes
The simulation with a fully resolved geometry was carried out using overset grids. The grid consisted of a total of four overlapping block groups, one body-fitted grid around the rotor and three
background grids to resolve the wake and farfield. The surface mesh around each blade of the
rotor had 256 cells in the chordwise direction and 128 cells in the spanwise direction and was
grown outwards using HypGrid3D [13] to form an O-O topology. The first cell in the boundary layer
had a height of 1×10−6 m corresponding to a y+ of less than 2. This mesh was grown outwards
approximately 7 m using 64 cells. This was embedded in a cylindrical mesh with a radius of 78
m and length of 34 m consisting of 96 blocks of 323 . The third block group covered the wake and
had a radius of 88 m and extended 1.25 rotor diameters downstream and contained 80 blocks of
323 . The outermost block group was semi-cylindrical and extended 8 rotor diameters away from
the rotor in three directions, with a symmetry plane corresponding to the ground bounadry. This
block group consisted of 52 blocks of 323 . The total grid assembly contained 15×106 cells. fig.1
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shows a front- and sideview of the mesh. The boundary condition on the rotor surface are taken as
no-slip, and zero gradient at the ground surface.
The simulations with the actuator line and actuator disc methods used the same background
mesh as the fully resolved simulations. The mesh resolving the rotor area and near wake (within
1D downstream) was thus coarser in the AD and AL simulations since the refined near-wake grid
used in the fully resolved simulations was not included.
Simulation Setup
The same inflow parameters for both the mean velocity and the turbulence are used in all simulations. The resolved rotor simulations were run for a total of 50 revolutions to ensure a fully
developed wake. The blade forces (both pressure and viscous) from the resolved rotor simulation
were extracted and prescribed in the AD and AL simulations using all three force components (axial, tangential and radial). The flow solver is run transient with a time step of Δt = 0.025s for the FR
and AL simulations. The AD simulation is run in steady state mode.

RESULTS
fig.2-3 illustrate the comparison between the three wind turbine models. fig.2 shows the horizontal plane distribution of the Normalized axial and tangential velocity, the vorticity, the normalized
relative pressure, the eddyviscosity and the turbulent kinetic energy (TKE). fig.3 illustrates cross
sections at three different locations downstream of the wind turbine (z/D ∈ [0.5, 1, 2]) of the axial
and tangential velocity, the pressure and the turbulent kinetic energy.

DISCUSSION
The axial velocity of the actuator disc and actuator line are very close to each other. However,
there is a visible difference in term of wake deficit in the cross-sectional plots (fig.3). Moreover,
there is a significant increase of the wake to free-flow interface at the edge of the wake that is
visible in the contour plots and that explains the significant difference in the cross-sectional plot at
z/D = 2.0. This result is in contrast with a previous similar comparison between a steady state
full rotor simulation and the same actuator disc model [9]. In this study, a much closer agreement
was observed between the axial velocity predictd by the two models, especially in the region of the
wake to free flow interface.
The tangential velocity and pressure show trends which are in very close agreement in-between
the three models, though with some variation in the near wake region, at the position of the tip
vorticies, that are not propagated in the far wake region (see both contour plots and cross-section
plots).
It appears that the small structures of the full rotor have a significant impact on building turbulence, and eddy-viscosity in the close wake region. The actuator line and disc are not able to
capture accurately this effect. A possible remedy to this difference could be to introduce a source
of turbulence at the rotor disc position.
This study, however, do not have an inflow turbulence, which would also add some atmospheric
turbulence at various scales. It remains therefore to be seen if the rotor-induced small scale turbulence continues to play a significant role on the wake development under atmospheric inflow
condition.
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Figure 1: Background, sideview and frontview of the mesh around the UpWind 5MW reference turbine generated with a hub height of 90
m.

Figure 2: Top-left:Normalized axial velocity. Top-middle:Normalized tangential velocity. Top-right: Vorticity. Bottom-left:Normalized
pressure P/0.5ρU 2CT . Bottom-middle: Log of eddy-viscosity. Bottom-right: Log of turbulent kinetic energy (TKE).
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Figure 3: Comparison of the axial W-velocity, the tangential velocity, the pressure and the turbulent kinetic energy (TKE) of the full rotor,
actuator line and actuator disc simulation at three cross sections.
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CONCLUSION AND FUTURE WORK
The NREL 5 MW reference wind turbine has been used as a test case to compare the flow features
of the near wake of three wind turbine models. The results presented are still at their preliminary
stage, and more test cases should be compared to obtain more information about that types of
comparison. In general the three models give a close agreement on the axial velocity, tangential
velocity and pressure values. The turbulence characteristics are however quite different between
the full rotor computation on one hand and the actuator disc and line on the other hand. This
difference of the TKE and the eddy-viscosity can explain the spreading of the full rotor axial velocity
wake interface that happens at a faster rate than the actuator disc and actuator line. It remains to be
determined if this effect is still significant in atmospheric inflow, with added shear and turbulence.
If it is, it might be necessary to add a source term of turbulence at the position of the rotor in the
actuator disc and actuator line models to account for this effect.
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ABSTRACT
In the future a substantial part of new wind turbine installations are foreseen to be erected in big wind
farms. This fact makes the loading and reliability of turbines operating under such conditions of
particular interest. Today, the siting of wind turbines within a wind farm is based on a simplified
optimisation considering the power output as the objective, whereas the load aspect is treated in a
rudimentary manner only. However, a complete wind farm optimization requires both loading- and
production aspects to be included in a realistic framework.
The TOPFARM optimisation platform offers a through topology optimization of wind farms on a
rational basis. More specifically, the optimal wind farm layout in this context reflects the optimal
economical performance as seen over the lifetime of the wind farm. This requires the internal instationary wake affected wind farm wind field simulated in sufficient detail as to provide the basis for
subsequent detailed aeroelastic modelling of loads and power production of each individual wind
turbine. In addition various cost models describing wind farm financial costs (i.e. grid infrastructure,
foundation etc.) and wind farm operational costs (e.g. O&M and costs of wind turbine fatigue
degradation) are required. All these sub-elements are to be synthesised in the in the objective function
defining the optimization problem, which in case of the TOPFARM platform is conveniently
formulated in economical terms.
The optimization module finds the optimal balance between capital costs, operation and maintenance
costs, fatigue lifetime consumption and power output on a rational background within the design space
in an iterative manner. Consequently, computational speed is of utmost importance, and this challenge
has been met on all levels ranging from the wind farm wind field simulation to the aeroelastic
simulation and the optimization strategy itself.
SUB-MODELS
The key sub-models can be classified into three groups – 1) a model for the internal wind farm wind
climate; 2) an aeroelastic model and 3) a class of cost models with the basic aim of price setting
electricity production; fatigue loading; wind farm operational costs; and financial costs associated with
the establishment of the wind farm.
Based on a priory knowledge of the undisturbed ambient wind climate on the site of interest, the
internal wind farm wind climate model provides detailed information of the inflow wind field to each
individual wind turbine in the wind farm. For this purpose the Dynamic Wake Meandering (DWM)
model is used [1]. This model has been successfully verified against both full-scale measurements [2]
and against detailed CFD LES actuator line (ACL) computations [3].
The core of the model is a split of scales in the wake flow field, with large scales being responsible for
stochastic wake meandering, and small scales being responsible for wake attenuation and expansion in
the meandering frame of reference as caused by turbulent mixing. The model contains 3 basic
elements – a meandering model, a model of wake induced turbulence (i.e. mechanically generated
turbulence originating from the wake shear field as well as from the break down of organized flow
structures such as tip- and root vortices), and a model for the (mean) wake deficit. This model has
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proved to be sufficiently fast as to allow for an optimization application and, at the same time,
sufficient detailed for achieving reliable and consistent predictions of power production and wind
turbine loads, as based on aero-elastic simulations [4].
In the present context the aeroelastic code HAWC2 [5] has been used. HAWC2 is a state-of-the-art
finite element multi body based aeroelastic code with all essential non-linearities taken into account,
including aerodynamic-, structural- and control related non-linearities. With the simulated wind farm
wind climate as input, HAWC2 determines the production and fatigue loading of each individual wind
turbine in the wind farm.
When aiming at an economic optimization of the wind farm topology, cost models becomes essential
to establish the optimization objective function. With the goal of an optimal economical performance
as seen over the lifetime of the wind farm, we need cost models for the wind farm production, the
wind farm fatigue degradation costs, the wind farm operational costs and the wind farm financial
costs. Without imposing any restrictions, we have in the present context chosen to simplify the
problem by considering only costs that depend on wind farm topology. This philosophy and the
developed models are described in detail in [6]. With this setting the objective function has been
formulated in terms of the developed cost models and two financial parameters – the rate of inflation,
ri and the interest rate that the wind farm consortium has to pay for loans (i.e. price of money in banks
or by other investors), rc1, as

& & r ' r ##
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% % NL ""
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,

(1)

in which WPn denotes the net value of the power production, C denotes the variable part of the total
wind farm investment costs, NL is the number of times interests of loans has to be paid times a year,
and X is the wind farm life time in years. The net value of the power production is here defined as

WPn ) WP ' CD ' CM ,

(2)

where WP is value of the wind farm power production over the wind farm lifetime, CD is the
accumulated components degradation (i.e. the cost of fatigue driven turbine degradation within this
span of time), and CM is the cost of overall maintenance. The financial costs is here defined as

C ) CF ( CG ,

(3)

with CF being the costs of foundation and CG being electrical infra structure costs (i.e. cables
connecting the individual turbines to the wind farm transformer).
OPTIMIZATION SYNTHESIS
Through the optimization objective function formulated in equation (1) all developed sub-models are
synthesized in the optimization algorithm(s). A proper optimization approach is essential for
successfully carrying out of the defined optimization problem. This is not a trivial task. One aspect is
the choice of optimization algorithm(s) among global (i.e. generic) methods and gradient based
methods, where the likelihood of arriving in a local minimum needs to be traded off against rate of
convergence and total computational costs. Another aspect is the clever mapping of the wind farm
layout design variables using as few variables as possible and how to include constraints on the wind
farm performance characteristics (e.g. power fluctuations, space used). The TOPFARM optimization
approach is described in detail in [7], [8].
Two different approaches have been used for the mapping of the wind farm layout into design
variables. The first approach uses the unstructured turbine x and y coordinates directly as design
variables, resulting in a design space spanned by two design variables for every turbine. The second
approach uses a structured grid based on a transformation of the wind farm x-y domain into a single
parameter for each turbine, thus reducing the dimension of the design spece with a factor of ½.
Besides the reduction in design space dimension, this has the derived advantage that turbines cannot

41

end up outside of the domain, and consequently it is not necessary to define constraints to make sure
that turbines stay in the feasible region.
As for the optimization approach, a mixture of two algorithms, representing both the global- and the
gradient type of algorithms, were selected to achieve the benefits of both algorithm classes and at the
same time to minimize the inherent draw-backs of each of those. The Simple Genetic Algorithm
(SGA) based on Goldberg [9] were selected as the global method, and the Sequential Linear
Programming (SLP) method [10] were selected as the gradient based method. The SGA algorithm is
applied with the structured grid, whereas the SLP algorithm is applied with the unstructured grid. It is
noted that the SGA method, and other native unconstrained methods, will benefit from the selected
type of structured mapping by avoiding the use of a penalty function, which inevitably reduces the rate
of convergence.
In order to further speed up the optimization a multi-fidelity approach was moreover chosen. For the
present purpose, the basic idea is to use the global optimization algorithm on simplified cost functions
over a coarse discretization of both the domain, the wind direction distribution and the wind speed
distribution considered; and subsequently to refine the resulting layout by increasing gradually the
complexity of the cost functions and the resolution of the discretization using the gradient based
optimization algorithm.
As a proof-of-concept, the TOPFARM topology optimization platform has been used to determine the
optimal layout of two existing wind farms – the offshore Middelgrunden wind farm in Denmark and
the U.K. on-shore wind farm Stags Holt /Coldham.
OFFSHORE DEMONSTRATION EXAMPLE
The Middelgrunden offshore wind farm is located at a close distance from the coast of Copenhagen,
and it consists of 20 Bonus B80, 2MW wind turbines with a rotor diameter of 76 m and a hub height
of 64 m. The ambient wind climate at Middelgrunden – quantified in terms of wind direction
distribution and wind speed- as well turbulence intensity (TI) distributions conditioned on the wind
direction – is available from [11].
In the original layout, the wind turbines are arranged in a beautiful arc with 2.3D turbine spacing (see
Figure 1). The wind farm is located on an area elevated relatively to the averaged surrounding water
depth of this location. The limits of the area where wind turbines are allowed to be erected are
following closely the limits of the elevated area of the site (see Figure 1).

Figure 1: Original layout of Middelgrunden (blue) with the allowable area indicated (red).
The first level of optimization used SGA for 1000 iterations, and the second level ran SLP for 20 more
iterations. Further iterations could not improve the objective function. The initial SGA run resulted in
an improvement of the objective function of 0.6 M€, whereas the SLP warm start resulted in a total
improvement of the objective function of 2.1 M€ compared with the baseline.
Figure 2 shows the optimized wind farm layout along with the relative cost distribution normalized
with the objective function associated with the original wind farm layout.

42

Figure 2: Optimum wind farm layout (left) and objective function cost elements relative to baseline
design (right).
When looking at the solution for the Middelgrunden test case in Figure 2, it is fundamentally different
from the baseline layout, as the turbines are no longer arranged on line with a limited spacing between
turbines. The resulting layout makes use of the entire feasible domain, and the turbines are not placed
in a regular pattern. A closer look into the objective function decomposition changes in Figure 2 shows
that the foundation costs have not been increased, because the turbines have been placed at shallow
water. The major changes involve energy production and electrical grid costs.The Middelgrunden test
case emphasizes that the trade-off between electrical grid costs, the energy production, the degradation
and the O&M costs is decisive for the optimization result. The resulting improvement of the objective
function of 2.1 M€ originates from a very large increase in the value of the energy production of 9.3
M€ counterbalanced mainly by increased electrical grid costs.
ON-SHORE DEMONSTRATION EXAMPLE
The Stags Holt /Coldham wind farm is composed of 17 Vestas V80 wind turbines with 80 m rotor
diameter and a hub height of 60 m. It is an U.K. on-shore farm located in Cambridgeshire. The layout
and the boundary enclosing the area restriction of the optimisation are shown in Figure 3.

Figure 3: Stags Holt / Coldham layout and allowed area for wind turbine locations [12].
The wind farm is located on land at flat and homogeneous terrain. Foundation costs are therefore not
relevant to the optimization problem and consequently omitted from the objective function. Detailed
information about the wind climate of Stags Holt/Coldham including the full description of the wind
climate can be found in a technical report [12].
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The first level of optimization ran SGA for 1000 iterations, and subsequently the second level ran SLP
for 30 more iterations. Further iterations could not improve the objective function. The initial SGA run
resulted in an improvement of the objective function of 1.5 M€, and the SLP warm start resulted in a
total improvement of objective function of 3.1 M€ compared to the baseline.
Figure 4 shows the resulting wind farm layout together with the changes to the objective function
caused by the optimization. The solution is not fundamentally different from the baseline layout. The
turbines are, however, not as regularly laid out but rather on different connecting strings, which seems
to utilize the electrical grid costs better and even allow for improving energy production. The objective
function illustrated in Figure 4 shows that the total improvement of the objective function is
contributed to by all components (except the excluded foundations costs) including turbine
degradation and O&M.

Figure 4: Optimum wind farm layout (left) and financial balance cost distribution relative to baseline
design (right).
CONCLUSIONS AND OUTLOOK
A wind farm optimization platform has been presented, and as a proof-of-concept this platform has
succesfully been used to determine the optimal layout of two existing wind farms – one offshore and
one on-shore. The results give interesting insights on the pros and cons of various design choices.
They show in particular that the inclusion of the fatigue loads degradation costs offers some additional
details in comparison with pure power output based optimization.
The multi-fidelity approach is found necessary and attractive to limit the computational costs of the
optimization. Further improvement of the code, such as parallelizing the optimization process is
expected to increase dramatically the computational speed. This is attractive as it could pave the way
for further refiments of the involved sub-models, including introduction of atmospheric stability
effects on the wind farm wind climate and much more detailed cost models of the electrical grid
infrastructure. Finally, having an aeroelastic wind farm wake model in closed loop with a wind farm
layout optimization will potentially open the possibility of an integrated optimization of individual
turbines components, turbine control algorithms, wind farm control and the wind farm layout.
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ABSTRACT
Accurate modeling of wake effects is key to predicting the performance of wind farms as a whole and
is thus critical in the wind farm planning process. Given this importance, wake modeling has been a
focus of research for decades and the range of available models for the prediction of downstream
velocity deficits is broad (see [1,2]): from empirically derived algebraic expressions to full large-eddy
simulation. For homogeneous boundary layers, simplified approaches may be sufficient, depending on
the application. However, in complex terrain, non-linear effects due to variable topography are
important features of the flow and generally preclude the use of such methods. Unfortunately, the size
of wind farms and the range of turbulent length scales involved make LES (presently) intractable. It is
in this light that we turn to intermediate methods which, while imperfect, are nonetheless capable of
capturing the main features of the flow. Despite some fundamental problems which afflict
RANS/two-equation closure schemes due to their reliance on the eddy viscosity assumption [3] (which
for wind energy purposes may manifest as poorly predicted separation/recirculation zones and
turbulent wake properties [4]), several such models are evaluated herein for the singular purpose of
predicting the energy yield.
To this end, model predictions of normalized power production of a wind farm located in moderately
complex terrain are compared with measurements. The park is situated on a relatively flat plateau with
an abrupt upstream step change in elevation. As the scale of the problem is quite large, many
simplifying assumptions must be made. Most notably, the interaction between the rotor and the wind is
modeled using an actuator disk approach whereby the influence of the rotor is exerted through volume
forces distributed over the swept area and based on a local reference velocity and the turbine thrust
curve. Reference velocities are established by carrying out the simulations semi-parabolically in
space, or “row-by-row”. Several turbulence closure models are tested: standard k-ε [5], RNG k-ε [6,7],
El Kasmi and Masson corrected k-ε [8], and a Reynolds stress transport model [9].
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Farm F low: model description
ECN developed a software tool to calculate the wind turbine wake effects in offshore wind farms: the
reduction of the wind speed and the added turbulence behind the wind turbines. The ECN tool is called
‘FarmFlow’ and is an effective compromise between models based on empirical formula and very
complex and time consuming flow solvers. The validated FarmFlow model accurately predicts the
wake losses and turbulence levels in offshore wind farms. In various validation exercises the accuracy
of the FarmFlow software has been proven.
FarmFlow is based on a three-dimensional CFD model that solves the parabolized Navier-Stokes
equations. Turbulence is modeled by means of the k-ε turbulence model. Since the wake model is
three-dimensional, it is applicable in the atmospheric boundary layer. The basic flow field parameters
(wind rose) and wind turbine properties (cp and ct curves) are used as input. Due to the parabolization
of the Navier-Stokes equations, axial pressure gradients in the wakes are neglected. This is a plausible
assumption at some distance away from the wind turbines and allows for a fast numerical solution.
However, in the near wake region pressure gradients are eminent, since in this region the wake
expands and the flow decelerates. Therefore FarmFlow uses a hybrid method that models the wake
expansion and flow deceleration directly through prescribed axial pressure gradients in the near wake.
The wake of a wind turbine is divided in a near wake, an intermediate wake, and a far wake. The near
wake is the region where the wake expands as a result of the increasing pressure in flow direction,
which as stated above originates from a free vortex wake model. The near wake ends a few rotor
diameters downstream the rotor plane, where the maximum velocity deficit at the centerline is reached
and the pressure equals the free stream value. In the near wake region, which is dominated by inviscid
processes, the maximum wake deficit and wake expansion is attained. In the intermediate wake
region, the turbulent mixing is still concentrated in an annular shaped shear layer. The far-wake region
is the region that is best modeled by the k-ε turbulence model. ECN has improved the turbulence
modeling in the near wake region.

Figure 1: The division of the wake in near, intermediate and far wake regions.

48

Farm F low: comparison with measured wake losses
The tool FarmFlow is the result of many years of development of wake models dedicated to offshore
farm modeling (since 1993). Over the years, the underlying model has been validated against a varyity
of measurements. Here the comparison of the FarmFlow calculations with measurements from Horns
Rev wind farm are presented. The comparison was part of the European Upwind project [1], and the
data used here have been obtained from publications [2]. An earlier example of comparison is [3, 4].
In fig.2 the relative power levels at the various wind turbines in the Horns Rev offshore wind farm are
plotted averaged over the sector from 252.5-287.5 degrees. It is clear that the FarmFlow model is
capable to model correctly the losses in the offshore wind farm. In fig.3, the computational domain is
indicated. The left figure is a snapshot of the flow field just behind the turbine, the colors indicate
wind speed. Clearly visible is the wake directly behind the turbine (blue). The yellow area indicated
the wake of other upwind turbines. Note that a large domain above the wind farm is calculated. This
ensures that the exhaust of energy above the wind farm due to mixing with the wakes is included in the
model.

Horns Rev, 10 m/s
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Figure 2. Power levels relative to the first turbine in the row are plotted for the sector of 252.5-287.5°.

Figure 3. A visualization of the computational domain. Colors indicate wind speed.
Left is indicated a snapshot of the calculation presented on the right.
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Farm F low: comparison with measured turbulence levels
FarmFlow is capable of calculating the farm losses as well as the turbulence levels within offshore
wind farms at the same time: it is an integral part of the underlying CFD model. For the comparison of
turbulence levels calculated with FarmFlow with measurements from offshore wind farms, the Dutch
offshore wind farm Egmond aan Zee (OWEZ) has been used [5]. In this wind farm, a measurement
and evaluation program (MEP) has been executed. Part of the MEP is the installation and operation of
a meteo mast, which was installed in the summer of 2005. The turbines were erected in the last part of
2006. Some data are available from internet [5] and a description of the metmast is reported in [6,7].
For all three heights at the meteo mast a wind speed and a wind direction has been defined for which
the mast influences are minimised [6]. The wind speed and wind direction measurements at 70m
height (hubheight of the turbines) are used in the analysis.
The analysis of turbulence level in the offshore wind farm has been performed as follows. The wind
speed and wind direction is measured at the mast. When the wind direction is from the turbine to the
mast, the mast is in the wake of the turbine. These measurements are used and the dataset is divided by
measurements where the turbine was operational and when the turbine was either not yet installed or
not operational. The difference in turbulence level is then attributed to the wake of the turbine.

Figure 4: The lay-out of the Offshore Wind farm Egmond aan Zee (OWEZ) with wake indication.
The wind farm consists of Vestas V90 turbines.
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Figure 5: The measured turbulence levels at the metmast when turbine was on compared to turbine off.
A limited dependency on wind speed has been observed.
To investigate to what extend the turbulence intensity depends on the wind speed, turbine T9 is
considered. This turbine is located at a distance of 10.2D (916m) from the meteo mast and at direction
of 340°. A wind direction window of 5° is chosen. With respect to the meteo mast, T9 produces a
single wake when T9 is active, see fig.5.
The measured turbulence at the metmast is plotted in two groups; one (blue) where the turbine was
operational and the other (red) where the turbine was not operational. For the latter, remember that
there was a year of measurements before the turbines were installed. The data are shown in fig.5, and a
clear difference is observed between the two turbulence levels. It is observed that the added turbulence
level is slightly depending on wind speed. That means that the uncertainty due to lack of measurement
of the ambient wind speed to the analysis of turbulence is limited.
Fig.6 shows the measured turbulence levels at the metmast for various distances to the turbines
(measured in rotor diameters). The upper plot indicates the measured turbulence intensity, the lower
plot indicates the added turbulence due to the presence of the wake. The analysis has been performed
for various wind speed intervals indicated by color.
A more detailed analysis is performed and shown in Fig.7. Here the wind directions around 102° are
used. In that sector turbine T7 is located at a distance of 6.0D (543m) from the metmast and turbine
T17 is located at a distance of 24.2D (2174m). Data have been selected where the wind direction is
between 92 degrees and 112 degrees and wind speeds above 4m/s. Fig.7 shows the binned values
where a bin size of 2.5 degrees is chosen. The uncertainty bars are the standard deviation of the mean
bin values. The different colours stand for different combinations of turbines being on and off.
The comparison with results from FarmFlow show that the software tool is capable to accurately
predict the turbulence level in offshore wind farms.
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Figure 6: The measured turbulence levels at the metmast for various distances to the turbines. The
upper plot indicates the measured turbulence intensity, the lower plot indicates the added turbulence
due to the presence of the wake. The colors indicate wind speed intervals.

Figure 7: Turbulence levels at the metmast for the sector 90-110 degrees, where T7 and T17 are either
operational or not. Left are measurements, right are calculated results from FarmFlow.
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C O N C L USI O NS
ECN developed a software tool to calculate the wind turbine wake effects in offshore wind farms: the
reduction of the wind speed and the added turbulence behind the wind turbines. The ECN tool is called
‘FarmFlow’ and is an effective compromise between models based on empirical formula and very
complex and time consuming flow solvers. The validated FarmFlow model accurately predicts the
wake losses and turbulence levels in offshore wind farms.
The emphasis in this paper is the added turbulence in offshore wind farms. It has been shown that
turbulence levels increase to large distances behind the turbines and that FarmFlow can accurately
predict the added turbulence due to the wakes in offshore wind farms. The model will benefit the
further development of wind farm optimization using farm control for which ECN developed several
concepts: Heat&Flux and Controlling Wind.
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ABSTRACT
Software for practical use in designing commercial wind farms needs not only to give accurate
predictions of energy yield and turbulence levels, but also run fast enough to allow many different
layout options to be explored on an efficient time-scale. This consideration is especially pertinent for
very large wind farms, both offshore and onshore, where more sophisticated array modelling than the
standard wake models may prove necessary.
The presentation will give an overview of wake models used in GL Garrad Hassan´s WindFarmer
software and their application to real wind farms. This will include extensions to the modelling for the
analysis of very large offshore wind farms, using a boundary layer approach to predict changes in the
ambient wind conditions, and recovery techniques to predict the effects experienced by neighbouring
wind farms.
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A BST R A C T
Merging wakes is a fundamental process in every wind farm, and it is important to be able to describe
and model this accurately in order to compute the power of the turbines as well as the loading. In the
Dynamic Wake Meandering modelling framework, meandering of the velocity deficit is the major
cause of the increased loading [1],[2]. In the past two common and simple engineering models for
wakes have been widely used - the Jensen wake model [3] (based on momentum conservation) and
the Larsen model [4] (satisfying continuity as well as momentum equations). These models are
basically single wake models, and merging wakes have been approximated using e.g. a linear
perturbation approach. The advances in CFD modelling of wakes and in particular the actuator line
(ACL) model in combination with modelling of atmospheric turbulence [5] have provided new insight
into the mechanism of merging wakes and a number of merging wakes test cases were presented
recently by Troldborg et al. [6] . This has provided an excellent basis for further development of the
more simple engineering approaches, which due to their much lower computational requirements
(seconds or minutes compared to hours or days for an ACL model) are suited for use in design and
optimization studies of wind farms.
Recently two new engineering models for merging wakes were developed within the TOPFARM
project [7] . The first model [8] is a simple engineering receipt for combining two or more wakes.
Based on simplifying assumptions, the suggested approach results in a simple closed form formulation
satisfying both continuity and momentum balance. It can furthermore be shown that the suggested
model, in the limit of small velocity deficits, reduces to a simple linear perturbation approach.
The second model is based on the boundary layer equations (BLE) for an axis symmetric (AS) and a
2D velocity deficit, respectively. The basic concept in the model is to use the 2D-BLE in a horizontal
plane to simulate the merging wakes and then couple with an AS-BLE solution for the individual
wakes in vertical direction. The computation is advancing in the streamwise direction starting from upstream of all the turbines. Every time a new turbine is passed the deficit from this turbine is inserted
into the actual 2D horizontal velocity profile. Additionally in the vertical direction a new AS-BLE
solution is initiated to develop the vertical velocity profile from this turbine downstream. A coupling
procedure is applied to force the two solutions to give approximately the same velocity in their
intersection point at the hub centre. The coupling mechanism is based on two coupling factors k c 2 D
and k c  AS which are multiplied on the eddy viscosity in the 2D-BLE and the AS-BLE, respectively.
A brif description of the two engineering models are presented below and initial results from the
simulations with the AS-2D-BLE model are shown next. At the oral presentation at the wake
conference more results from comparison of the different models will be shown.
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A coupled axisymmetric and two dimensional boundary layer model for merging wakes
In the DWM model [2] the initial deficit behind a turbine is computed on basis of wake velocities from
the Blade Element Momentum model in combination with continuity considerations on the individual
stream tubes from upstream the rotor to the wake. The wake development downstream caused by
turbulent mixing is then computed with a axissymetric boundary layer equation (AS-BLE) model.
With the AS-BLE model it is possible to model merging wakes when the the wind direction is aligned
with row of turbines as shown in fig. 1.

Figure:1 Merging wakes computed with the AS-BLE model. To the left is the inflow velocity profile
to the individual turbine in the row and to the right is shown the relative power production for the
individual turbines in the row for two different turbine spacings.
Two extend the approach to arbitrary wind directions relative to the direction of turbine rows it is now
proposed to use a 2D version of the boundary layer equation model in the horizontal plane and then
couple to an AS-BLE solution for each of the turbine s for the vertical wake deficit.
The equations for the 2D-BLE model are:
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and the eddy viscosity  T :

 T  1 b  U max  U min 

(3)

U and V are velocity components in the flow direction x and in the lateral direction y , respectively.
b is the wake width and U max  U min is the maximum of the velocity deficit within the wake. Finally,
the coupling of the AS-BLE and 2D-BLE solutions are applied by coupling factors k c  AS and k c 2 D
on the viscosity in the AS and 2D model, respectively. The coupling enforces the two solutions to give
almost the same velocity at the rotor center which is the only intersection point for the two solutions.
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The coupling factors are derived from monitoring the error between the two velocities at the roter
center and contain both an integral and a differential part.

A simple engineering merging wake approach
A simple engineering approach, which extends the application of the Dynamic Wake Meandering
(DWM) philosophy [1] from wake fields behind solitary rotors to wakes in wind farms in general, has
been developed [8].
The simplest possible procedure for superposition of upstream emitted wakes is a strictly linear
superposition, thus implicitly assuming only small wake induced perturbations on a mean flow
condition. Assuming incompressible flow conditions, such a procedure satisfies the continuity
equation but violates, however, the momentum equation. The error committed depends on the
magnitudes of the wake perturbations.
Momentum conservation is considered of particular importance in relation to wind turbine wind field
loading, because the aerodynamic loads depends on the (relative) wind speed squared. Therefore, the
proposed approach aims at satisfying not only the continuity equation but also the momentum balance,
however, based on simplifying assumptions that in turn allow for a simple closed form formulation of
merging wakes. The approach is described in detail in [8].
The model is based on a pragmatic approximate engineering approach, which in principle is an
extension of the DWM philosophy for solitary wakes. We will thus basically assume that the wind
farm flow field can be approximately modeled by considering wakes as perturbations on a mean flow.
This procedure implicitly implies a linearity assumption allowing for a simple linear superposition of
the site ambient mean flow and the relevant wake contributions consisting of both quasi-steady mean
components and stochastic turbulence contributions. However, in analogy with the solitary wake
approach, the simulation of the individual wake structures (which may be a single wake; subsidiary
wake structures consisting of two or more interacting wakes) will in general though include non-linear
terms.
In the model, we will distinguish between two different scenarios. The first scenario relates to the
situation where individually created wakes merge at some downstream location (i.e. the wake
interaction does not involve the rotor inflow). We will in the following denote this scenario the “wakewake interaction” case. The second scenario relates to the situation where one or more upstream
emitted wakes interacts directly with a downstream rotor – i.e. the inflow field of the downstream
rotor is directly affected by upstream emitted wakes. We will in the following denote this scenario the
“wake-rotor interaction” case.
W ake-wake interaction
The basic idea is to describe the merger of two wakes into a compound wake structure under
somewhat idealized flow conditions (i.e. uniform ambient flow conditions), and then subsequently
apply the resulting merged wake structure also under more general flow conditions (i.e. non-uniform
ambient conditions), knowing that momentum balance is not completely satisfied under such
circumstances. The computation of the merged wake structures may involve non-linear terms in
analogy with the solitary wake modeling [2], but these wake structures are subsequently embedded
linearly into the ambient flow field according to the linear perturbation assumption taken.
To obtain a simple closed form solution for the resulting wake structure we base our analysis on a
strongly idealized mixing process that basically is a linear superposition, except for the overlapping
part of the interacting wake deficit regimes. The flow conditions associated with the overlapping
regime are adjusted compared to linear superposition in a way that the compound wake structure as a
whole satisfies both continuity and momentum balance for a uniform ambient flow situation. Under
the described assumptions, the wake deficit in the overlapping region, U m  y, z  , is given by

U m  y, z  

Ua 
C  y, z  
1  1  4
 ,
2 
U a2 
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(4)

with C  y, z  defined as

C  y, z   U a U w1  y, z   U a U w2  y, z   U w21  y, z   U w22  y, z  ,

(5)

where U a , U w1  y, z  , and U w2  y, z  are the ambient mean wind speed and the two involved wake
deficit profiles, respectively, and where y and z are the lateral- and vertical Cartesian coordinates.

W ake rotor interaction
In DWM, the computation of solitary wake deficits is based on the BL approximation in its
rotationally symmetric form, using a Blade Element Momentum (BEM) based deficit computation as
initial condition for solving these equations [2]. The basic idea for the rotor-wake interaction is simply
to include the wake affected part of the rotor inflow in the BEM computation, and then subsequently
to approximate the resulting wake flow field at the rotor plane with an azimuthally averaged field. This
averaged field is then used as initial condition for the numerical solution of the BLE equations. In line
with solitary version of the DWM approach, as well as with the approach described for the wake-wake
interaction above, the resulting wake flow field is finally linearly superimposed on the ambient flow
field.

Results from the AS-2D-B L E model
The model is demonstrated on a case where one rectangular velocity deficit is released close to a
similar deficit at 3D upstream distance, fig.2.

Figure 2: Computation with the AS-2D-BLE model of two merging deficits with lateral center
positions at 10 and 14. The deficit at 14 is released 3D downstream the first deficit.
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In fig. 3, the development of the center velocities as function of downstream position is shown for the
case that turbine 1 is the only turbine in the wind farm and for the case as described above with two
merging wakes. The influence of the wake from turbine 2 is clear resulting in a lower centerline
velocity. The coupling of the two sub-models is also demonstrated as the centerline velocity for both
sub models are close to each other except at a region close behind turbine 2.

Figure 3: Development of the centerline velocity for the case with turbine 1 as the only turbine in the
wind farm and for the case with two turbines with merging wakes as illustrated in fig.2.
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Abstract.
The inflow conditions and loads on a 2MW wind turbine operating partially in the wake of
another wind turbine are analyzed from field measurements as well as from numerical
simulations using an actuator line technique combined with LES and predictions of an aero
elastic engineering wake model.
1. Introduction
The inflow and load conditions on a turbine, which is operating in the wake of one or more turbines,
deviate significantly from that of an isolated turbine. Typically a wake inflow causes increased fatigue
loads, and in particular yaw loads, especially when the turbine is in partial wake operation. However,
even when the wind direction is such that a turbine on average is operating fully in the wake of another
turbine, large scale meandering of the wake causes the wake operating turbine to continuously
experiencing part wake operation. For this reason wake meandering may significantly contribute to
increased fatigue loads and this including this effect is of crucial importance when simulating turbines
in wind farms. Even though a large body of work exists on wakes and wake operation, modeling
partial wake situations as well as other cases with extreme shear over the rotor disc is a very
challenging task, which even advanced state-of-the-art models has difficulties to handle as outlined by
Madsen et al. [1]
The objective of this paper is to present an analysis of the structure and dynamics of a wake based on
Pitot tube measurements obtained along the blade of a modern wind turbine. Furthermore, to
investigate how a turbine is loaded when it is partially exposed to wake flow. Finally, to investigate
the ability of the actuator line method and an advanced aero-elastic engineering model to modeling the
complex phenomenon of wake operation through a comparison with the measurements.

2. The DAN-AERO experiment
The used experimental data were obtained as a part of the DAN-AERO MW project [2-3], in which
one blade of a NM80 2MW wind turbine was heavily instrumented with various measuring equipment
including e.g.:
4!64 surface pressure taps at four radial stations r=13 m, 19 m, 30 m and 37 m. In this way
pressure distributions were obtained and integrating the pressure distributions resulted in
normal forces and tangential forces normal to and parallel with the chord length, respectively.
4 five-hole Pitot tubes at the radial stations 14.5 m, 20.3 m, 31 m and 36 m. From these tubes
the relative velocity, the inflow angle and slip angle can be determined.
Strain gauges at 10 different radial stations. From these strain gauges the flap and edge
moment can be determined. For the present analysis only the strain gauge located at the radial
station 3 m was used. This sensor represents the flap root moment.
The instrumented turbine has a diameter of 80 m and is situated in a wind farm at the flat Tjæreborg
Enge site. The wind farm is sketched in fig.1 and consists of 8 turbines organized in two rows. The
turbines in the southern row and WT3 are all of the NM80 type, while the others are Vestas V80’s.
The met mast denoted M1, which is located between WT2 and WT4, provides measurements of
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respectively wind speed, wind direction, pressure and temperature at various heights above ground. As
indicated in the figure, for a wind direction of 201° the instrumented turbine WT3 operates fully in the
wake of turbine WT4.

Figure 1: Layout of the Tjæreborg wind farm including meteorological mast (M1). The instrumented
turbine is denoted WT3.

3. Computational methods
3.1 The actuator line simulations and atmospheric boundary layer modeling
The numerical simulations are carried out with the three-dimensional Navier-Stokes solver EllipSys3D
together with an actuator line [4] representation of the wind turbine blades. The atmospheric boundary
layer is modeled using a technique [5] where body forces, applied to the entire computational domain,
are used to impose a given steady wind shear profile, while free-stream turbulence is modeled by
introducing synthetic turbulent velocity fluctuations to the mean flow in a predefined cross-section
upstream of the first rotor [6]. The numerical set-up is as described in [7].

3.2 Aeroelastic simulations
The aero elastic simulations are conducted using the HAWC2 model combined with the dynamic wake
meandering (DWM) model [8] for representing the wake dynamics.

4. Results and discussion

st

The present analysis is based on two datasets measured on September 1 2009. The two datasets were
chosen because they combine partial wake operation with well defined operational conditions, i.e.
constant rotor speed, pitch and yaw position. The overall conditions during the two selected dataset are
summarized in table 1. The two cases represent approximately half wake and 2/3 wake operation.
Case
1
2
Date
01-09-2009 (12:30) 01-09-2009 (13:30)
Wind speed (57 m)
13.2 m/s
13.4 m/s
Turbulence intensity
7.5%
6.8%
Shear coefficient
0.26
0.19
Wind direction (17 m)
187°
195°
Wind direction (57 m)
187°
195°
Wind direction (90 m)
190°
199°
Yaw position
165°
182°
Yaw error
22°
13°
Rotor speed
16.2 RPM
16.2 RPM
Pitch
-4.75°
-1.25
Table 1: Operational conditions in the two selected cases
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4.1 Inflow conditions
In order to give an impression of the inflow experienced by the instrumented turbine figs.2-3 show
polar plots of respectively the measured and computed inflow angle at the radial station r = 31 m for
each of the two cases. The corresponding results for the relative velocity are shown in Figs.4-5. The
error bars included in the plots show the standard deviation of the predicted curves, while the green
and red curves show respectively the maximum and minimum predictions in the datasets. Note that
azimuth angle equal to 0c corresponds to the blade pointing upwards.

Figure 2: Azimuthal variation of the inflow angle at r=31 m in case 1. From left to right:
Measurements, actuator line simulations and HAWC2 simulations.

Figure 3: Azimuthal variation of the inflow angle at r=31 m in case 2. From left to right:
Measurements, actuator line simulations and HAWC2 simulations.

Figure 4: Azimuthal variation of the relative velocity at section 8 (r=31 m) in case 1. From left to
right: Measurements, actuator line simulations and HAWC2 simulations.
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Figure 5: Azimuthal variation of the relative velocity at section 8 (r=31 m) in case 2. From left to
right: Measurements, actuator line simulations and HAWC2 simulations.
Qualitatively, the agreement between actuator line and HAWC2 simulations are fairly good. However,
when compared to measurements there are many differences. The most apparent is the inflow angle,
which in the measurements, in both cases, is shifted compared to the simulations. It is difficult to
explain the reason for this behavior in the measurements. One should rather expect a behavior as
predicted by the two simulations where the inflow angle maximizes at azimuth angles between 45° and
90° where the blade is expected to be outside of the wake and at the same time is moving with the
wind. Despite these differences both measurements and simulations predicts the same overall
behavior in the standard deviation: In case 1 the standard deviation of the inflow angle is clearly
lowest for azimuth positions where the blade is outside the wake, where the opposite is true in case 2.
The reason that the standard deviation in case 2 apparently is larger where at least parts of the blade on
average should be outside of the wake is probably due to wake meandering.
The overall behavior of the relative velocity predicted by both actuator line and HAWC2 simulations
seem to agree fairly well with the measurements, though there are differences in the magnitude.
However, since the measured values are at the position at the Pitot tube and the computed results are
on the blade itself, one should not expect quantitative good agreement.
The meandering effect mentioned above is clearly seen in fig.6, which shows a representative time
trace of the inflow angle at r = 31 m in case 1. The large peaks in the inflow angle occur whenever the
blade rotates outside of the wake. The large variation in the magnitude of these peaks is evidently a
sign of a meandering inflow wake. Furthermore, it is interesting to notice how abrupt the peaks in the
inflow angle occur. This behavior indicates that the incoming wake in a meandering frame of
reference has very sharp edges.

Figure 6: Time trace of inflow angle at r=31 m in case 1.
4.2 Aerodynamic blade loading
Fig. 7 shows the measured and simulated azimuth variation of the flap root moment in the two cases,
respectively. Note that the shown flap root moments have been normalized with the maximum value
of the HAWC2 simulation. The numerical methods predict lower flap root moments than measured by
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the strain gauge. In case 1 the computed shape of the flap root moment deviates significantly from the
measured curve. In the simulations the influence of the wake is clearly seen to reduce the flap root
moment over approximately half of a rotor revolution, whereas it in the measurements only is reduced
over approximately 1/4 of the rotor revolution. In case 2 there is a good agreement between actuator
line simulations and HAWC2 simulations. In this case the overall shape of the flap root moment also
compare rather well with the measurements. Fig.8 compares the measured and simulated loading
tangential and normal to the chord. The loading has in all cases been normalized with the maximum
normal load predicted by the HAWC2 simulation at r=30m. Note that there are only measurements
available at the two inner sections because the pressure measurements on the two outer sections on this
date were corrupted. In case 1 there are significant differences between measurements and simulations.
Again the measured values indicate that this may not be a half wake case because the measured loads
for azimuth angles between 0° and 90° are larger than in the simulations. In case 2 there is generally a
much better agreement between measurements and simulations. However, again the simulations
predict lower tangential loading at azimuth angles between 0° and 90°.

Figure 7: Scaled flap root moment as a function of azimuth position in case 1 (left) and 2 (right).

Figure 8: Scaled flap root moment, tangential and normal loading as a function of azimuth position in
case 2. Circles: Measurements; Full line: actuator line; Dashed line: Hawc2. Color code in legend.
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4.3 Influence flexible blades
In the comparisons shown in the previous section only the aerodynamic loading was considered in the
simulations. In order to study the influence of the structure dynamics including flexible blades and the
mass of the blade the two cases were simulated again using HAWC2 with an aeroelastic model
included. Fig.9 compares the aerodynamic flap root moment predicted with flexible and stiff blades.
Also included in the plot is the structural moment. As seen accounting for the structure dynamics
significantly improves the comparison with the measurements both in terms of shape and magnitude.

Figure 9: Scaled flap root moment with and without flexible blades in comparison with measurements.

5, Conclusion
The inflow and loads on a wind turbine operating partially in the wake of another turbine has been
analyzed from measurements and two different computational methods. A comparison of measured
and computed values revealed fair qualitative agreement but also significant differences. Further
investigations have to be made to determine what is causing the observed differences. The analysis
showed that the inflow angle can be used to separate the blade azimuth positions where the blade is
inside the wake from those where it is outside and hence enables derivation of statistics of e.g. angle of
attack variations both inside and outside the wake. Furthermore, it was shown that despite the ambient
flow being turbulent the wake as seen in a meandering frame of reference is well defined with a sharp
edge at the wake boundary. Finally, it was shown that including the structure dynamics of the blade in
the aeroelastic simulations significantly improved the agreement with measured flap root moments.
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The wakes induced by the wind turbines are modeled with the finite-volume code WindSim, based
on the solving of the Reynolds Averaged Navier-Stokes (RANS) equations of an Atmospheric
Boundary Layer. The RANS equations of an uncompressible flow are solved with a multigrid
coupled solver (MIGAL); turbulence is closed with the RNG k-ε model. The rotor of a wind turbine
is modeled by an actuator disc providing a resistive force which is calculated from the thrust
coefficient curve of wind turbine. The axial thrust can be distributed over the swept area in three
different manners: by a uniform, parabolic or a polynomial distribution.
A wake is therefore generated downstream of each turbine with wake deficit and induced
turbulence.
When using the actuator disk technique it is also interesting to observe how the wake-wake,
wake-terrain interactions are predicted; moreover, also simulations with actuator disks and flows
with thermal effects can be carried out.
In this work we present first a series of simulations over a single turbine for a grid sensitivity study,
in the second part a validation against production data from the offshore wind farm Horns Rev is
presented.
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Abstract
In this paper wake effects on load and power production is investigated using the Dynamic Wake Meander
(DWM) model as it is implemented in the aeroelastic code HAWC2, based on the most recent calibration
from the european TOPFARM project. In this model the wake is modeled as a wind speed deficit transported
downstream using a meandering process based on the low frequent cross wind turbulence components.
Simulated and measured loads are compared for the Dutch Egmond aan Zee wind farm consisting of 36
Vestas V90 turbine located outside the coast of the Netherlands. The load is compared for two distinct wind
direction, a free wind situation from the dominating south-west and a full wake situation from north-west
where the observed turbine is operating in wake from a row of turbines with 7D spacing. The measurements
have a very high quality allowing for comparison of both fatigue and mean loads for blade root flap, tower
yaw and tower bottom bending. The power production is also compared.
The V90 turbine has been modeled based on structural and aerodynamic data delivered by Vestas. The
controller was however not a part of this delivery and a general pitch, variable speed controller was tuned for
the turbine. The agreement between measurement and simulation is excellent regarding power production in
the free sector and a fine agreement is seen for the load comparison too. In the wake sector it is more
difficult to match the measurement and simulation, but through a thorough examination and interpretation of
the measurements using an outer placed turbine as wind speed observer and taking the variation of wind
direction of the used +-5deg sector into consideration, a very fine agreement is obtained for the load
comparison in the wake sector. The comparison of power production is also fine even though the simulated
power level is slightly lower than observed.
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Introduction
The wake of wind turbines is strongly affected by the shape of the tip vortices. Unfortunately the
preservation of the tip vortices in numerical CFD models is very cost intensive. To study the impact of
tip vortex resolution the RANS based block structured flow solver FLOWer is used, which is
developed by the German Aerospace Center (DLR) [1]. The simulations were performed on the rotor
of the European MEXICO project [2]. During this project the wake of a generic 4.5m diameter wind
turbine was measured in detail with a PIV tracking system. The performed unsteady RANS
simulations are characterized by highly resolved blade meshes and a wake adapted background mesh
[3] [4]. This document describes two different approaches used at the IAG to improve tip vortex
preservation, namely the use of an additional wake refinement mesh and a numerical approach which
uses higher order methods for the flux calculation. Therefore the vortices will be analyzed by strength
and size.

Wind turbine wake simulations
Tip vortices occur because of the flow circulation around the tip region of a blade, caused by pressure
difference between the upper and lower side. These vortices do affect the shape of the wake. In CFD
models the vortex transport is highly affected by numerical dissipation. If the shape of the wake is of
interest it is important to reduce numerical dissipation to provide better vortex preservation. In doing
so two different approaches have been used in the present study. In the first approach the number of
cells around the estimated tip vortex trajectory is increased. This results in a better resolution of the
vortices and thus reduces numerical dissipation [3]. In addition to this a higher order method was
implemented for the flux calculation. The use of this higher order method for vortex preservation
defines the second approach.
Mesh refinement (Approach I)
The trajectory refinement uses an additional structured mesh in the tip region. This mesh is cylindrical
and covers the vortex trajectory (fig. 1). The aspect ratio of the cells is approx. 1 with a skewness
angle of approx. 90°. This high quality mesh reduces the dissipation of low order numerical methods.
As a result the preservation of the tip vortices is increased (figs. 2(a) and (b)). In the present study
different resolutions of the tip vortex mesh were examined. The tip vortices of these simulations are
analyzed by using a vortex macro developed at the IAG [3]. The results of the vortex evaluation are
put in reference to the number of cells in the tip mesh and will be part of the presentation.
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Figure 1: Tip vortex mesh covering the tip vortex trajectory for better vortex preservation

(b) with wake block

(a) without wake block

Figure 2: CFD results of the wake of the MEXICO rotor with and without an additional wake block
(approach I); U∞=15 m/s [3]
Numerical improvement (Approach II)
Another method to provide better tip vortex preservation is the use of higher order schemes for the
flux calculation. The standard FLOWer code uses 2nd order schemes for the calculation of the fluxes
which are quite fast but produce a lot of numerical dissipation. Therefore a fifth order WENO scheme
[5] for the convective fluxes was added to FLOWer. This higher order scheme can be used in addition
to approach I. Therefore it was used for the flux calculation in the additional wake blocks. As shown
in fig. 3(a) and fig. 3(b) this yields to a significant improvement of the strength in the core of the
vortex. The comparison of the vortices in detail will be part of the presentation.

(b) WENO scheme (higher order)

(a) 2nd order scheme (low order)

Figure 3: Vorticity of two vortices simulated by using two different schemes for the computation
ot the convective fluxes
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ABSTRACT
In the paper the Actuator Line/Navier-Stokes model has been used to simulate flows past the yawed
MEXICO rotor. The computed loads as well as the velocity field behind the yawed rotor are compared
to detailed pressure and PIV measurements which were carried out in the EU funded MEXICO
project. The computed loading follows in general the experimental counterpart in a period of rotation
with a slight overprediction on the mean loading which probably is caused by the inaccuracy of the
airfoil data. The predicted wake velocity agrees well with the experiments in the near wake region.
Computations with the DNW wind tunnel for the yawed rotor are also performed and show that the
tunnel effects are very small in the loading and in the near wake field behind the rotor whereas in the
far wake region (>1D) the influence becomes important.

1. INTRODUCTION
In order to precisely predict the performance of wind turbines in wind farms, it is required to have a
detailed knowledge on the inflow conditions in front of the turbines which are usually created by the
atmospheric turbulence, the ground and the upstream turbines. To compute such complex flows, using
a standard CFD code, which solves both the boundary layer on the blades and the wake, is too
expensive. In order to reduce computing costs, the Actuator Line/Navier-Stokes technique [1] was
developed at Technical University of Denmark (DTU) such that the procedure of solving the boundary
layer is skipped and the loading on the rotor blades is represented by using body forces. This enables
more mesh points to be used in the wake region or in the flow regions between the turbines. The
Actuator line model has been further developed by including the atmospheric turbulence and the wind
shear by using the immersed boundary technique for flows past two wind turbines [2, 3]. In order to
include the influence of landscape, a hybrid Actuator Line/Navier-Stokes model has been developed
where the rotor is solved with the Actuator Line model and the ground is solved with a standard
Navier-Stokes solver for Very Large Eddy Simulation (VLES). The flow past a wind turbine on a hill
was recently simulated in [4].
To validate computational models in the case of a real wind turbine, NREL [5] made its two-bladed
Phase VI turbine with a diameter of 10 m and tested it in the NASA/Ames 80ftx120ft wind tunnel. The
obtained results were used by the wind turbine research community to validate computational codes.
As in wind farms wind turbines are clustered in array, one wind turbine may be located in the wake of
another wind turbine. This means that the wake created from the front turbine has big influences on
the performance of the wind turbine in wake. Therefore the ability of predicting a correct wake
structure is very important for an aerodynamic model. In the NREL experiments, detailed flow
measurements using techniques such as hotwires, Laser Doppler Anemometry (LDA) or Particle
Image Velocimetry (PIV) were not present and the predicted wake structure behind the wind turbine
could not be validated. Under this circumstance, the MEXICO (Model Experiments in Controlled
Conditions) project [6, 7] funded by the European Commission was created. The MEXICO rotor with
a diameter of 4.5 m was constructed during the project. It has three blades composed of a cylinder
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from 0% to 4.4%, the DU91-W2-250 airfoil from 11.8% to 40% span, the RISOE-A1-21 airfoil from
50% to 62% span and the NACA 64-418 airfoil from 72% to 100% span, and three transitional zones
between the airfoils. The rotor has a diameter of 4.5 m and was tested in the DNW German-Dutch
wind tunnel with an open cross-section of 9.5x9.5 m2 where both measurements using pressure taps
and PIV were carried out.
An important check is whether the AL/NS technique can predict correctly the loads on the blades
and the wake behind the turbines. In the first part of the MexNext project [8], the AL/NS technique
has been validated against detailed measurements for the MEXICO rotor in standard conditions [9,
10]. Results showed that the model can predict the loading and the wake with good accuracy.
For a wind turbine, the wind direction is not perpendicular to its rotor plane in most of its
operations even a yaw control is active. Therefore the prediction of a yawed wind turbine is rather
important for studying wind turbine aerodynamics in wind farms. In this paper, the validation of the
AL/NS technique for flows past the yawed MEXICO rotor is carried out.

2. NUMERICAL METHODS
The numerical method used in the paper is the actuator line/Navier-Stokes model which has been
developed in [1-4, 9-10]. For more details about the methodology, the reader is referred to these
papers.

3. RESULTS
3.1 Computations without tunnel
Computations for flows past the MEXICO rotor at a rotational speed of 424 rpm, a pitch angle of -2.3
deg, wind speeds of 10, 15, 24 m/s and yaw angle of 15o, 30o and 45o were carried out by employing
the AL/NS model on a Cartesian mesh consisting of 11.8 M mesh points in a domain of [-16R,
16R]![-16R, 16R]![-16R, 16R], with the finest mesh size of R/30 where R is the rotor radius. Two
sets of airfoil data: original airfoil data (OAD) and modified airfoil data (MAD) are used for flows past
the yawed MEXICO rotor. For more information about the airfoil data, the reader is referred to [10].
To validate the computations (with MAD), the force distributions during one revolution are compared
to the DNW measurements in Figs. 1 and 2. Fig. 1 shows the loading at a wind speed of 10 m/s and a
yaw angle of 30o. The normal force at radial positions of 35%, 60%, 82% r/R follows quite well the
experiments while at 92% r/R a phase shift occurs between the computations and the experiments. The
variation of the computed tangential force agrees in general with the measurements with slight overpredictions of the mean tangential force. In Fig. 2, the force distribution at a wind speed of 15 m/s and
a yaw angle of 45o is plotted. From the figure, good agreements for both normal and tangential force
are seen between the computations and the measurements.

Figure 1: Comparison between computations and experimental data for flows past the MEXICO 25
kW rotor at a wind speed of 10 m/s and a yaw angle of 30o (solid line: experiment; dashed line:
computation with MAD).
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Figure 2: Comparison between computations and experimental data for flows past the MEXICO 25
kW rotor at a wind speed of 15 m/s and a yaw angle of 45o (solid line: experiment; dashed line:
computation with MAD).
In order to validate the flow field behind the yawed rotor, the velocity field along two lines in the
flow direction at 9 o’clock and two positions of x=1.377 m and x=1.848 m in the tunnel coordinates is
extracted. In Fig. 3, the velocity components at x=1.377 m in the tunnel coordinates are compared to
the experiments for flows past the Mexico rotor at -30 deg yaw and a wind speed of 15 m/s. From the
figure, computations with both sets of airfoil data agree well with experiments. The most remarkable
difference is seen for the horizontal velocity in which the MAD computations over-predict slightly the
values. It is worthwhile notating that the velocity in computation has smaller fluctuations than in
experiment. This is caused by the too coarse mesh used in the computations at 15 m/s. The situation
becomes much better for a wind speed of 24 m/s [10]. The velocity components at x=1.848 m for
flows past the yawed rotor at 30 deg yaw and a wind speed of 15 m/s are shown in Fig. 4.
Qualitatively good agreements are seen for computations with both airfoil data.

Figure 3: Spanwise, vertical and horizontal velocity in tunnel coordinates at r=1.377 m for flows past
the MEXICO rotor at a wind speed of 15 m/s and a yaw angle of -30o.

Figure 4: Spanwise, vertical and horizontal velocity in tunnel coordinates at r=1.848 m for flows past
the MEXICO rotor at a wind speed of 15 m/s and a yaw angle of 30o.
The radial, tangential and axial velocity components in the rotor coordinates are also plotted. In
Fig. 5, the velocity at 0.15 m before the rotor is compared to measurement. From the figure, good
agreements are seen. The velocity at 0.15 m after the rotor is also plotted and compared to experiment
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in Fig. 6. Excellent agreements are seen. It is worth noting that in the tip region big velocity changes
are seen in the experiments where a smooth transition occurs in the computations. This is probably
caused by the too coarse mesh used in the computations.

Figure 5: Radial, tangential and axial velocity at 0.15 m before the rotor for flows past the MEXICO
rotor at a wind speed of 15 m/s and a yaw angle of 30o.

Figure 6: Radial, tangential and axial velocity at 0.15 m after the rotor for flows past the MEXICO
rotor at a wind speed of 15 m/s and a yaw angle of 30o.
In order to show the structure behind a yawed rotor, iso-vorticity is plotted in Fig. 7. The structure
shows that the wake develops first in the axial direction, and then bends to a direction with an angle
which is slightly negative (below the wind direction).

Figure 7: Iso-vorticity surface plot for flows past the MEXICO rotor at a wind speed of 15 m/s and a
yaw angle of 30o.

3.2 Computations with the DNW tunnel
In order to check the influence of the DNW tunnel on the performance of the MEXICO rotor in yaw,
computations with the DNW tunnel are also performed. The detailed dimensions of the DNW tunnel
can be found in [6]. To make the computations, a nearly Cartesian mesh of 100 blocks with 26.2 M
mesh points is used. 36 blocks are used in the open tunnel with a cross-section of 9.5x9.5 m2 and 64
blocks are used in the room outside of the open tunnel. The finest mesh is located near the rotor plane
with a cell size of R/30. In Fig. 8, the normal and tangential forces for flows past the MEXICO rotor at
a wind speed of 15 m/s and a yaw angle of 30o are plotted against the measurements. From the figure,
it is seen that the force computed with the tunnel (dotted lines) is only slightly bigger than that in free
air but the differences are quite small. The spanwise, vertical and horizontal velocity components in
the tunnel coordinates are also compared to the measurements and the computations in free air in Fig.
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9. For the spanwise velocity, the computation with tunnel agrees better with measurements especially
in the wake region. The same tendency is also seen for the vertical velocity. Concerning the horizontal
velocity, the changes are not significant. Remark that the experimental horizontal velocity drops quite
a lot at a distance of about one diameter after the rotor. This drop cannot be predicted from our
computations.

Figure 8: Comparison between computations and experimental data for flows past the MEXICO rotor
at a wind speed of 15 m/s and a yaw angle of 30o(solid line: experiment; dashed line: computation with
MAD in free air; dotted line: computation with MAD with tunnel).

Figure 9: Spanwise, vertical and horizontal velocity in tunnel coordinates at r=1.377 m for flows past
the MEXICO rotor at a wind speed of 15 m/s and a yaw angle of 30o.

3. CONCLUSION
The Actuator Line / Navier-Stokes model has been validated for both loading and velocity field
against the MEXICO measurements for flows past the yawed MEXICO rotor. In general, the model
can predict correctly the force changes during a revolution. The velocity behind the rotor can also be
predicted correctly in the near field. Computations with the DNW tunnel can improve the velocity
prediction in the far wake. From the study we can conclude that the AL/NS model is ready to simulate
flows past a wind turbine in yaw and to simulate complex flows in wind farms.
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Abstract
The present paper describes recent work on CFD prediction of the near-wake behind a rotor in
axial and yawed flow conditions. During the last 10 years there has been an increasing focus
on the capability to predict the wake behavior in large scale wind turbine parks. An essential
component to wake predictions within wind turbine parks, is the ability to correctly predict the
near-wake development as function of the rotor loads. A recent review addressing wind turbine
wake aerodynamics can be found in the review paper of Vermeer et al. [1], where both the
experimental and general computational approaches are being discussed, while the more recent
review of Sanderse et al. [2] addresses typical CFD approachs to wake prediction. As a CFD
prediction only requires information about the rotor geometry and the operational conditions,
it has the potential to provide valuable information for engineering wake models and for the
simplified rotor descriptions as used in the actuator line and actuator disc models, that are typically
used for full scale park computations. The present paper aims at establishing the quality of such
CFD simulation, based on comparison with actual measurements.

Code description
The in-house flow solver EllipSys3D is used for both axial and yaw computations. The code is
developed in co-operation between the Department of Mechanical Engineering at the Technical
University of Denmark and The Department of Wind Energy at Risø National Laboratory, see
[3, 4] and [5]. The EllipSys3D code is a multi-block finite volume discretization of the incompressible Reynolds Averaged Navier-Stokes (RANS) equations in general curvilinear coordinates.
For the yaw computations unsteady the solutions are advanced in time using a 2nd order iterative time-stepping (or dual time-stepping) method, with a time step of 1 × 10−4 seconds or
approximately 1400 time steps per revolution. For the axial flow cases steady state computations
are used, here the global time-step is set to infinity and dual time stepping is not used, this corresponds to the use of local time stepping. The convective terms are discretized using a third order
Quadratic Upstream Interpolation for Convective Kinematics (QUICK) upwind scheme, central
differences are used for the viscous terms.
All solutions in the present work are obtained using a moving mesh methodology. In the
present simulations the moving mesh option is used even for the steady state case were the
special ’Steady state moving mesh algorithm’ is used, see Sørensen [6]. In the present work,
the turbulence in the boundary layer is modeled by the k-ω Shear Stress Transport (SST) eddy
viscosity model [7] using both fully turbulent and transitional settings. The equations for the
turbulence model are solved after the momentum and pressure correction equations in every subiteration/pseudo time step.
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Figure 1: Left figure shows the computational domain with the inflow part of the boundary in red,
the rotor at the center of the domain in grey looking through the outlet part of the outer boundary.
The right figure shows a close up of the rotor only geometry used in the computations.

Computational grid
The full three bladed rotor is modeled in order to use the same mesh for both axial and yawed
conditions. The mesh is a O-O-topology where the individual blades are meshed with 256 cells
around the blade chord, 128 cells in the spanwise direction and a 64 × 64 block at the blade tip. In
normal direction, 256 cells are used with high concentration of cells within the first 1-2 diameters
away from the rotor. The height of the cells at the wall is ∼ 5 × 10−6 meter in order to resolved
the boundary layers and keep y+ around 1, and the outer boundary of the domain is located ∼ 40
meters from the rotor center or approximately 10 rotor diameters away. The grid generation is
performed with the 3D enhanced hyperbolic grid generation program HypGrid3D which is a 3D
version of the 2D hyperbolic grid generator described in [8].The total number of cells used is
28.3 million cells.
Inlet conditions corresponding to the described cases are specified at the upstream part of the
outer boundary, see Figure 1, while outlet conditions corresponding to fully develop assumption
are used at the downstream part of the outer domain boundary. No-slip conditions are applied at
the rotor surface.

Present Study
In the present study the incompressible Navier-Stokes solver EllipSys3D, is applied to a series
of cases from the MEXICO experiment [9, 10] selected within the IEA-Annex MexNext. The
present study is based on rotor only computations, neglecting the influence of tower, nacelle and
eventual wind tunnel interference. The rotor blade geometry is based on the original theoretical
rotor design, as the measured geometry of the built blade is not available. The three bladed rotor
has a diameter of 4.5 [m], with blades constructed from a combination of DU-91-W2-250 at the
inner part, Risø-A21 at the central part and NACA-64418 on the outer part. In the MexNext
Annex under IEA, three axial cases [10, 15, 24] [m/s] were computed, while two yaw cases were
studied at 15 [m/s] with yaw angle [15, 30] [degrees]. For all cases, the rotor pitch was set at
-2.3 degrees turning the leading edge away from the incoming wind. The rotational speed was
fixed at 424.5 rpm. The focus is on the development of the wake flow, here exemplified by the 15
[m/s] case in axial and yawed conditions. The measured loads in the MEXICO experiment has
been subject to a substantial discussion. The measured loads shown below are based on the the
five radial pressure sections measured during the experiment. As can be seen, there is a relatively
large discrepancy between measurements and computations even at low wind speed.
2
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Table 1: Comparison of measured and integral rotor loads for the three axial flow cases.

Velocity [m/s]
10
15
24

Meas.
Thrust [N]
854.0
1516.8
2173.2

Comp.
Thrust [N]
1007
1742
2392

Meas.
Torque [Nm]
61.1
284.6
695.0

Comp.
Torque [Nm]
73
327
735

Top View

Rotor Axis

Ytunnel
Yrotor

Xrotor
Xtunnel

Yaw Angle

Figure 2: The figure shows a sketch of the tunnel setup for the yaw computations, indicating both
the tunnel and rotor coordinate system. Zero azimuth is when blade one is pointing vertically up,
with the rotational direction clockwise when seen in along the rotor axis.

Discussion
Irrespectively of the bad agreement of the measured integral loads estimated from the sparse pressure distributions and the computed integral loads integrated from the detailed pressure distribution on the blades, the following comparison shows that the wake velocities are well predicted.
Comparing the axial profiles of the velocities, all profiles are extracted corresponding to 90
degrees after the blade has passed the horizontal plan. The axial extraction lines are indicated on
Figure 2.
For the zero yaw case, the measurements and computations show good agreement. The agreement is not perfect, and upstream of the rotor the computations predict slightly higher axial velocity compared to the measurements, see Figure 3 top left and right.
For the yaw case, a good agreement is seen for the axial traverse passing through the retreating
part of the rotor cycle, until the wake has traveled a distance equal one rotor diameter downstream
of the rotor plane, see Figure 3 center left and right pictures. Beyond this point, the comparison
may be influenced by the collector of the wind tunnel and the coarsening of the computational
mesh in the CFD simulation. For the advancing part of the blade cycle, where the blade is more
heavily loaded the agreement is worse than for the retreating part of the cycle, see Figure 3
bottom left and right. Here, the inboard station (y=-1.37 [m]) in the measurements has velocities
close to zero at a distance equal to half a rotor diameter downstream of the rotor plane. This
induction pattern is not reproduced in the CFD computations. For the outboard station (y=-1.84
[m]), the induction is lower and the agreement between the computations and the measurements
3
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Figure 3: Comparison of measured and computed U-velocity in the horizontal plan for the 15
[m/s] axial flow case top row, the case of the retreating blade in the center row, and the advancing
blade in the bottom row. The left column show the inner most line y=+/-1.37 [m] while the right
column show the outermost line y=+/-1.83 [m].

is improved compared to the inboard station.
In Figure 4 examples of radial profiles of the axial velocity component are shown for the 15
[m/s] 30 degrees yaw case. The left column in the figure show the profiles just upstream of the rotor at x=-0.15 [m] and immediately downstream of the rotor at x=0.15 [m]. The overall agreement
is good for both the up and down-stream profiles, where the computed profiles accurately captures
the higher deficit on the advancing part of the rotor and the lower deficit on the retreating part.
The upstream profiles are smooth, as these are generated solely by the induction of the rotor disc.
The downstream profiles feature more distinct discontinuities connected to the passage of the tip
vortex or vortex sheet, as clearly seen in the top right picture around a radial position of 2.5 [m]
and at the bottom right figure at the radial location equal to -2.5 [m]. For the two remaining flow
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components, V and W which are not shown here, similar agreement and behavior is observed.
For the 80 degrees azimuth position, the downstream measured profile features a jump in
velocity profiles (also seen in the V and W component, which are not shown here) that is not
seen in the computed profiles. At the moment this discrepancy is not explained, and could be
connected to a deviation between the actual blade geometry used for the measurements and the
theoretical blade geometry used for the computations. The additional complication of using three
airfoils of very different family along the rotor may add to this problem.

Conclusion
Generally, the computations agree well with the measured velocity profiles both for the extraction in axial and radial direction. Even for the yaw case the radial profiles right upstream and
downstream of the rotor disc show a remarkably good agreement. The axial development of
the wake in the advancing half of the rotor plane are not very well predicted, but for this case
the measurements reports zero axial velocity, and the flow must be expected to be reversed and
highly unsteady. For the retreating part the agreement is good and similar in quality to the axial
flow case. The agreement between measurements and computations are encouraging, but further
detailed measurements would be desirable for verification.
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Figure 4: Comparison radial profiles of measured and computed U-velocity (axial velocity) in
the horizontal plan for the 15 [m/s] axial flow case left and the 15 [m/s] yaw case right. The left
column show the radial profiles 0.15 [m] upstream of the rotor while the right column show radial
profiles 0.15 [m] downstream of the rotor. The rotor is positioned with one blade at zero azimuth
position, pointing vertically upward.
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ABSTRACT
In this work, the rotor of the three-bladed, 4.5-m diameter MEXICO (Model Experiments Under
Controlled Conditions) wind turbine is modeled using the actuator surface (AS) method, wherein the
blades are represented by singular surfaces of velocity and pressure discontinuities. PIV measurements
collected from the MEXICO wind tunnel tests are used to evaluate the ability of the AS method to
correctly model vorticity evolution and conservation in the wake of the MEXICO rotor. Full CFD
computations are also used for comparison purposes. In order to isolate this vortex analysis problem,
the bound vorticity that is attached to the ASs is fixed to values determined from experiment. The
evolution of the vorticity as predicted by the AS method is then studied and compared respectively
with what is observed experimentally, and predicted by the full CFD simulations. This study is done in
terms of the position, size, and strength of the vortices, which are determined using three different
analytical methods. Comparison with experimental results will help in determining how realistic the
predictions from the AS model are, while comparison with full CFD computations will allow to study
the diffusion predicted by the AS and full CFD methods, and to shed light on the pros and cons of the
AS method in comparison with full CFD computations.
The MEXICO [1] experiments were performed on a three-bladed, 4.5-m diameter wind turbine in
Europe’s largest wind tunnel. The blades were equipped with Kulite pressure sensors, distributed
around the airfoil section at five radial positions, namely at r/R=0.25,0.35,0.60,0.82, and 0.92, with r
the spanwise position, and R the radius of the blade. 25 to 28 of these transducers were distributed
around the airfoil section at these positions, with a finer distribution near the leading edge of the blade,
in order to better capture the complex aerodynamics occurring near this position. Loads on the blades
were calculated by integrating the pressure forces around the airfoil section. The pitch of the blades
and rotational velocity for the tests under consideration here were fixed at -2.3 degrees and 424.5 rpm.
In this study, only cases of zero yaw will be studied as the assumption of steady flow in the rotating
system of coordinates attached to the rotor blades is then valid. Three kinds of Particle Image
Velocimetry (PIV) measurements were performed in these tests, for three incoming wind velocities,
i.e., 10, 15 and 24m/s. The third set of experiments, referred to as vortex search, is used here. It
involved the measurement of the velocity field for one azimuthal angle of the reference blade, namely
30 degrees, in downstream windows normal to the rotor and distributed axially at positions assumed to
correspond more or less to the position of the tip vortex, in order to track the latter in the wake of the
turbine. The rotational direction is clockwise when viewed from upstream, with 0 degree azimuth
angle corresponding to a blade in an upward position. The measurement planes were always located at
an azimuthal angle of 270 degrees.
The actuator surface is a model that was introduced by Sibuet Watters and Masson [2] to model the
aerodynamics of a lifting device. The AS is a porous vortex sheet that can be described by a vorticity
vector ! which measures the integral sum of vorticity over the thickness of the sheet, if vorticity were
spread over a finite thickness. In practice, for a wind turbine, using an AS to model the rotor consists
of using an infinitely thin surface whose shape corresponds to the blade planform area. Velocity and
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pressure discontinuities resulting from the ASs, together with the associated system of forces (which is
the force exerted by the AS on the flow per unit area of the AS), fully represent the action of the AS on
the flow governed by the Navier-Stokes equations in the general form, or the Euler equations in this
particular case. In this work, bound vorticity values at the five spanwise positions where pressure was
measured are imposed on the ASs. A cubic spline interpolation is used to determine the circulation
values at other spanwise positions on the AS, and a zero circulation is imposed at the root and tip of
the AS. In this work, a simple parabolic distribution is assumed to specify the !v distribution along the
chord of the blade. To solve the set of partial differential equations describing the flow evolution (the
Navier-Stokes equations in their incompressible, steady-state form), the 3D Control-Volume FiniteElement Method (CVFEM) of Saabas & Baliga [3] is used with second order diffusion and convection
schemes.
The full CFD method used in this work is called WMB (Wind Multi-Block) [4] and was developed by
the University of Liverpool in collaboration with CENER. This CFD method is capable of solving the
compressible unsteady Reynolds-averaged Navier-Stokes (URANS) flow equations on multi-block
structured grids using a cell-centred finite-volume method for spatial discretization. This solver is
designed to account for the motion of the blades, their structural deformation as well as turbulent flow
conditions, although no deformation was allowed for the present computations. A second-order
implicit method is employed, and the resulting linear system of equations is solved using a preconditioned generalized conjugate gradient (GCG) method. For unsteady simulations, a dual-time
stepping method was employed, where the time derivative was approximated by a second-order
backward difference and is based on Jameson's pseudo-time integration approach. The resulting
nonlinear system of equations was solved by integration in pseudo-time using first order backward
differences. In each pseudotime step, a linearization is used to obtain a system of equations, which is
solved using a generalized conjugate gradient method with a block incomplete lower-upper BILU
preconditioner. From the beginning, the solver was designed with parallel execution in mind and for
this reason, a divide and-conquer approach was used to allow for multiblock grids to be computed on
distributed-memory machines and especially low-cost Beowulf clusters of personal computers.
Two methods are used to determine the bound vorticity from the MEXICO experiments to be used to
fix the bound vorticity in the AS simulations. In the first method, we use directly the measured
pressure values as well as Bernoulli equation. The second method to determine the bound circulation
from experimental data makes used of the measured forces and Kutta-Joukowski relation. For
comparison purposes, the bound vorticity along the blade is also determined from full CFD calculation
results.
Once the AS simulations are performed with bound vorticity values fixed to experimental values, the
desired study of vorticity can be performed. Evolution of the tip vortices in terms of position, size and
strength is studied, where comparisons are made between results produced by the AS method, full
CFD simulations and experimental results. For this study, vorticity is analyzed in planes positioned
normal to the rotor plane, which corresponds to the position of the PIV windows in the MEXICO
experiments. Indeed, as mentioned above, PIV sheets in the MEXICO experiments are located in a
plane normal to the rotor plane, as is the plane that can be seen in Fig. 1(left), attached to the blade 1
and normal to it (as the PIV sheets are located at an azimuth angle of 270 degrees, this figure
illustrates a situation where the reference blade is at 30 degrees).
Three different methods are used to analyze the experimental and simulated vortices in such a plane.
The first method inspires itself from a preliminary study performed by Montgomerie on the MEXICO
data [1], where contour integrals of the tangential velocity are made along a circle of a certain radius
surrounding each grid point in the plane of interest, which result in a circulation value corresponding
to the amount of circulation contained inside the given circle. This results in a figure of isocirculation,
whose maximum is chosen as the position of the center of the vortex to be studied. Once the center of
the vortex has been determined, contour integrals of increasing radius, centered on the vortex center,
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are performed. Once the vortex under consideration is totally included in a given circle, the circulation
as a function of the radius of the circle should reach an asymptote, indicating the radius of the vortex.
The second method, that we will refer to as the vorticity-based method, relies on the calculation of the
vorticity vector, !, in the plane of interest, located perpendicular to the rotational plane as seen. The
maximum of the norm of this vector is considered to indicate the center of a given vortex [5]. In order
to find the vortex strength, the vorticity vectors are integrated over an area A corresponding to the
extent of the vortex cross section in the plane of interest. To determine the area A on which the integral
is to be performed, an arbitrary cutoff criterion based on the maximum norm of ! is used [6]. Here this
cutoff is chosen as 20 % of the maximum norm, i.e., when the norm of a given vorticity vector is
above 20 % of the maximum norm, this vorticity vector is included in the area A, and is to contribute
to the vortex circulation strength. This criterion, although arbitrary, makes comparison possible
between the different cases, and allows to track the vortices in the wake. The extent of the vortical
region was determined by performing a quadratic average of the distances from the center of the
vortex to the points at the limit of the region covered by the vortex according to the criterion specified
above. The third method applied here, referred to as the !2 method, is, according to [7], seen by many
fluid-mechanics engineers as a very effective and reliable method to detect vortices in incompressible
flows. It stems from the application of the gradient operator to the Navier-Stokes equation [6]. This
leads to the search for the Eigenvalues !2 of the tensor M = S2 + "2, where S and " are respectively the
symmetric and antisymmetric components of the velocity gradient tensor, with S the strain tensor and
the vorticity tensor. M is a symmetric matrix and has three real eigenvalues !1 " !2 " !3. The criterion
established by Jeong and Hussain [6] identifies a vortical region as a region within which two of the
above three eigenvalues are below zero, which is equivalent to saying that !2 < 0. !2 is calculated as in
[8]. The center of the vortex is identified with the condition that !2 reaches a peak in the center of the
vortex [8]. The strength associated with a given vortex is then calculated by integrating the vorticity
vector on the area covered by the vortical region as just determined, with the same integration scheme
as described in the vorticity-based method. The extent of the vortical region is determined in a similar
way as in the vorticity method, i.e. by performing a quadratic average of the distances from the center
of the vortex to the points at the limit of the region where !2 < 0.
To discretize the domain in the AS calculations, 385×141×141 points are used, with local refinement
in the rotor plane. The rotor is represented by three rectangular ASs, each containing 290 nodes, and
located in a 2D plane of dimension 4D×4D oriented normally to the incoming flow, with D the
diameter of the rotor. A 3D grid is obtained by extending this 2D plane certain distances upwind and
downwind from the rotor plane inversely proportional to the tip speed ratio. For example, for a tip
speed ratio of 4.2 (which corresponds to V0=24m/s), the 2D plane is extended 21.5R upwind and
10.3R downwind from the rotor plane.
The URANS computations presented at this work were done in a 25 million cell grid that includes the
three blades of the rotor, solving the flow for every degree of rotation and with the k-# SST turbulence
method [9]. Around the blade section were located 234 cells, and covering the spanwise direction of
the blade, another 164. The presented solutions were obtained after 16, 11 and 8 full revolutions for
the 10, 15 and 24m/s cases on a grid with the boundaries located at 3R inflow, 6R outflow and 4R
towards the farfield.
Fig. 1 to the right shows bound vorticity values extracted from the experimental results using the two
methods outlined above, for the incoming wind velocities at which PIV measurements were
performed. Results obtained from using the two methods on the experimental results are very similar
at the lowest wind velocity of 10m/s, where most of the flow is expected to be attached to the blade.
This is a good indication of the consistency of the two methods under attached flow. Differences
appear with increasing wind speed, mostly near the root, where stall is more important due to higher
angles of attack near this position. From the center of the blade and outwards towards the tip, the
difference remains negligible. It is difficult to choose which of the two methods used is expected to be
the most reliable under these conditions, as each of the method is limited in the presence of stall. In
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this work, the average of the results obtained from the two methods is used to determine the
experimental bound vorticity values to impose to the AS method. Fig. 1 also shows, for comparison
purposes, results extracted from full CFD results for the bound vorticity using the same methods. The
values determined from the two methods from the full CFD results are once again quite close together,
the largest differences being observed at 10m/s. These values are shown to be generally similar to
values extracted from the experimental results, although generally slightly larger on the extent of the
blade. The bound vorticity values determined from full CFD computations are considered to be close
enough to the values determined from experiments in order to make comparisons on a common ground
of the vorticity in the wake as predicted by the AS and full CFD results, and measured experimentally.
Fig. 2 to the left illustrates isocontours of circulation corrresponding to results obtained using the first
analysis methods outlined above, for the second vortex in the wake of the MEXICO turbine, at
V0=24m/s. Results are shown only at 24m/s due to a lack of space. Let us mention that the vortices,
that are trailed from different blades, are numbered from one for the first vortex trailing from the rotor,
to two for the second vortex being observed in the wake, and so on as one moves throughout the wake
downstream of the rotor. Results are shown for the experimental vortex as well as the vortex predicted
by the AS and full CFD computations. One can note that the simulated vortices seem larger than the
experimental ones. The experimental vortices appear to have a shape which is more circular than the
simulated vortices, as well as a sharper appearance. As one moves downstream in the wake, the
vortices simulated with the AS were actually observed to stretch in the observation plane and become
more and more inclined, in a way already seen in Fig. 2 to the left for the second vortex, while the
experimental vortices were seen to conserve a more circular shape. The vortices simulated with the
full CFD computations also saw their form changing in the plane of observation, inclining themselves
and stretching in the axial direction. More details are found below where each of the vortices in the
wake is compared.
Fig 2 (on the right) compares, for an incoming velocity of 24m/s, the position, radius and strength of
the experimental and simulated vortices in the wake of the MEXICO turbine, as determined by the
three analysis methods described above. All three methods predict very similar positions for
respectively the simulated and experimental vortices, although differences are seen when comparing
the experimental and simulated vortices. One can see that the position of the vortices predicted by the
full CFD method is not shown in the figures as far in wake as for the experimental and AS-simulated
vortices. This is due to the fact that from a certain position downstream of the rotor these vortices
became too diffused in order for a position to be determined for their center. Indeed, the different
vortices then began to mix together, rendering the identification of discrete vortices impossible. This
phenomenon happened earlier for the full CFD vortices than the ones predicted by the AS method,
which means more diffusion in the former case, expected to be due mainly to a coarsening of the grid
with increasing downstream distance. Overall, the axial positions of the vortices whose position could
be determined seem to agree satisfactorily when comparing the experimental vortices with the ones
simulated from the AS and full CFD computations. Agreement in the radial position was not as
satisfactory. Wake expansion is indeed observed to be more pronounced in the experimental case,
where the vortices are also found to be located more outwards. It is to be mentioned that the first
vortex was difficult to characterize in both the simulated and experimental cases, and the
corresponding results have to be considered with care. In the experimental case, it is due to the fact
that the vortex was measured very close to the blade, which resulted in a vortex whose shape was not
clearly circular, but corresponded to a structure trailing away from the blade. In the simulated cases, it
implied analyzing a vortex sitting directly on the planar surface of the actuator surface, or around a
plane being interpolated on a grid passing through the modelled turbine blade which made the analysis
methods described above difficult to apply.
Looking at Fig. 2 (to the right), it is seen that the radius of the vortices as well as vortex strength differ
depending on the method used to analyze the vortices. In some cases, the vortex strength and position
could not be determined by some of the analysis methods used here. This happened when vortices
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became too mixed together to be distinguished from one another. This always happened earlier for the
full CFD results where diffusion was observed to be more important than in the two other studied
cases. The fact that at some point in the wake the simulated vortices became too diffused and smeared
out to be distinguished from one another indicates that diffusion plays a significant role in the
simulations. In the AS simulations, this diffusion is expected to be numerical in nature, as turbulent
viscosity is not modelled in the calculations. In the CFD calculations, it is expected to partly consist in
numerical diffusion, due mainly to a coarsening of the grid, that conserved the momentum, but not the
structure, and partly in turbulent diffusion resulting from the inherent turbulent k-# SST turbulence
model. The fact that this model predicts more diffusion than observed experimentally might in part be
due to its turbulence model predicting too much diffusion in the wake. This model might be well
adapted to predict viscosity formation in the boundary layer at the surface of the blade, but might be
less so when it comes to predicting vorticity evolution in the wake. This will have to be investigated
further.
The three methods used to analyze the vortices in the wake produce very interesting information
concerning the formation and evolution of vortices in the wake, allowing to make comparisons
between experimental and simulated vortices. They were more straightforward to apply on the
experimental data, which were available on a finer grid than the simulation results, whose grid
resolution was limited due to computing time. The second and third methods were more useful when it
came to characterizing vortices of non circular shape.
The AS method, although it models the blades as simple surfaces of velocity and pressure
discontinuities, is shown to be satisfactorily capable of predicting vorticity formation and evolution.
An advantage of the full CFD method was that it seemed to better predict the radial positions of the
vortices than the AS method, for which larger differences were always seen between the radial
positions it predicted and those observed experimentally. The fact that the AS method predicts
vorticity satisfactorily in the wake of the turbine is a great incentive to use it to model wind turbines,
where great savings in computational costs can be made by not having to describe the perfect
geometry of the blade as needed in full CFD computations. This might especially be useful when
having to predict the wake formation and evolution behind several wind turbines within a wind farm.
More information regarding this analysis will be found in a journal version of this article.
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ABSTRACT
With the large increase of the wind turbine plants installed in recent years, the areas available for new
wind turbines are less and less optimal. New turbines are often placed in more complex terrains and
there is a need to understand the influence of the landscape on the flow entraining the rotor. Also, for
an optimal design of wind turbine parks, the interaction of wind turbines with wakes generated
upstream has to be understood. For these reasons, there is a need for scientific tools the predict the
flow in such situations, already in the design phase.
CFD computations are used more and more frequently for such purposes, reviews of wind turbine
related flow computations can be found e.g. in [4, 9, 5]. With the increase of the computational power,
Large Eddy Simulations can now be used to study the three dimensional time dependent flow field
generated by a wind turbine. A major difficulty for the modeling is the presence of both stationary and
moving surfaces in the domain. To account for the effect of the rotor blades, the Actuator Disc or the
Actuator Line methods can be used, where the effect of the solid objects are accounted for by
imposing equivalent forces on the area of the rotor disc, or along lines located at the blade positions,
respectively (see e.g. [8, 1, 2]).
Here, we propose a slightly different approach, the solid surfaces are modeled using the Immersed
Boundary Method which consists in the addition of momentumsource terms in solid wall regions to
force the velocity to converge to the ’target’ velocity of the solid object (zero for the tower and
determined by the angular speed of the blade for the rotor). The advantage of this method is that it
does not require a priori knowledge of the aerodynamic behavior of the blades and it can be easily
adapted to include objects with complex shapes (e.g. terrain) in the computations. The major drawback
is that it needs finer resolution than the above-mentioned methods, since the influence of the solid
objects on the flow is accounted for explicitly. This method has been applied previously to study the
flow around single [6] and tandem[7] model wind turbines giving qualitatively reasonable results.
For quantitative evaluations, the solver needs to be validated first. The experimental database collected
during the MEXICO experiments [3] is chosen for validation since it contains both pressure and
velocity (PIV) measurements in controlled conditions. In the final paper LES calculations will be
compared to experimental measurements in the near wake region to asses the possibilities and
limitations of the method to predict the flow field.
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1. INTRODUCTION
The near wake aerodynamics of a single turbine, i.e., the MEXICO rotor, is one of the fields which are
analyzed in depth in the IEA Wind task 29.
In this study, which is a part of task 29, the data extracted from the MEXICO rotor is used to validate
numerical simulations using the EllipSys3D code with an actuator line method (described in section
2). This part identifies the tip vortex trajectory behind the MEXICO rotor is using data from PIV
measurements. The tip vortex trajectory provides a picture of how the wake expands and propagates in
space. The aim of this study is to analyze whether or not the EllipSys3D code using the actuator line
can reproduce the tip vortex trajectory from measurements.
In order to analyze the PIV data, one needs to have some kind of operator which can identify vortices
in the flow fields extracted from the PIV measurements. The literature suggest three different flow
field operators (described in section 3). The aim with this part of the study is to determine which one
of the flow field operators that are the most suitable to identify vortices in the MEXICO data. As a last
step the axial induction factor will be calculated and analyzed (described in section 4).
2. EXPERIMENTAL AND NUMERICAL MODELS
The MEXICO rotor is a three bladed HAWT (Horizontal-Axis Wind Turbine) with a diameter of 4.5
meter. The measurements was conducted in the Large Low-speed Facility of the German-Dutch wind
tunnel DNW which measures 9.5x9.5 meters. The anlysis in this paper is based on measurements from
five different flow situations, see Table 1, where either the tip speed ratio or the yaw angle is varied.
Free stream velocity [m/s]
Tip speed ratio [-]
Yaw angle [deg]
10
10
0
15
6.67
0
24
4.2
0
15
6.67
30
15
6.67
-30
Table 1: The different flow situations.
As stated, the measurement data used in this study are taken from PIV (Particle Image Velocimetry)
measurements. For each tip vortex 100 pairs of photos of the flow fields are taken. Out of the PIV
photos the horizontal velocities (u and v) at different coordinates (x and y) can be extracted. The
average of these 100 pairs of photos has been used in this paper. Each tip vortex core is therefore to be
considered as fix in both time and space. Each PIV photo is taken at the azimuthal angle of 270
degrees where 0 degrees is in the north direction and the positive azimuthal direction is the in the
clockwise direction. Furthermore, the PIV equipment can be moved both in the axial and in the radial
directions in order to capture a number of tip vortices and thus determine the vortex trajectory. The
physical limitations of the PIV equipment are however a traverse distance of 4 m in axial direction and

94

2 m in the radial direction seen from the tip of the rotor blade. Therefore, depending on the tip speed
ratio, the number of identified tip vortex cores varies from 5 to 8 for the different cases. In order to get
comparable results for the cases, the same tip speed ratios and yaw angles are used in the numerical
model as in the measurements. In this case the numerical simulations are conducted without modeling
the wind tunnel. Studies made by W.Z. Shen et al. [1] show however that the influence of the tunnel
has very little effects on the flow.
For the numerical simulations the EllipSys3D code has been used. The EllipSys3D code is a general
purpose 3D solver developed by N.N. Sørensen and Michelsen, [2]. The flow solver is based on a
finite volume discretization of the Navier-Stokes equations in general curvilinear coordinates using
multi-block topology. The simulations have been performed as Large Eddy Simulations (LES) using a
mixed sub-grid model developed by Ta Phouc, [3]. EllipSys3D is parallelized and uses MPI (Message
Passing Interface). Instead of running simulations using the full geometry of the blades, an actuator
line method is employed. The blades of the turbine are in the actuator line method modeled as body
forces which are calculated from drag and lift data, which are tabulated as a function of the local angle
of attack at the blade. The benefit with this model is that one can preserve computational power to
compute the flow field behind the turbine instead of resolving the boundary layer at each blade. The
drawbacks are connected to the quality of the tabulated data, [4].
3. FLOW FIELD OPERATORS AND VELOCITY GRADIENTS
The PIV sheet contains a 2-dimensional grid mesh where each grid point contains information of the
position of the point, x and y and corresponding velocities, u and v. In order to detect vortices in the
PIV photos, one uses a so called flow field operator which basically is an indicator of a vortex. The
assumption here is that the flow field operator should show an extreme value in the core of the vortex.
The literature suggest three different methods which all use velocity gradients to detect vortices; ω
(vorticity), Q (or swirling strength) and λ2, [5].
The mathematical definition of these operators are:
𝜕𝑢 𝜕𝑤
𝜔=# −
*,2
𝜕𝑧 𝜕𝑥
𝜕𝑢 𝜕𝑤 1
0
. +
𝜕𝑤 𝜕𝑢 𝜕𝑢 𝜕𝑤
𝑄 = 𝜕𝑥 𝜕𝑧 +
−
4
𝜕𝑥 𝜕𝑧 𝜕𝑥 𝜕𝑧
𝜕𝑤 1
𝜕𝑢 1
. 0 +. 0
𝜕𝑧 + 𝜕𝑤 𝜕𝑢
λ1 = 𝜕𝑥
2
𝜕𝑥 𝜕𝑧
where the velocity gradients are defined as:
𝜕𝑢 𝑢456,8 − 𝑢4,8
=
,
𝜕𝑥 𝑥456,8 − 𝑥4,8

𝜕𝑢 𝑢4,856 − 𝑢4,8
=
𝜕𝑧 𝑧4,856 − 𝑧4,8

𝜕𝑤 𝑤456,8 − 𝑤4,8
=
,
𝑥456,8 − 𝑥4,8
𝜕𝑥

𝜕𝑤 𝑤4,856 − 𝑤4,8
=
𝑧4,856 − 𝑧4,8
𝜕𝑧

95

4. DETERMINATION OF AXIAL INDUCTION FACTOR
The thrust versus tip speed ratio curve of the MEXICO rotor has been established by A. Bechmann et
al. [6]. Out from this curve the axial induction factor, a, can be extracted with the following equation:
𝐶: = 4𝑎(1 − 𝑎)
Where 𝐶: is the thrust coefficient extracted from the trust curve.
The axial induction factor can also be calculated from the following set of equations, [7]:
tan(𝜑) =

1−𝑎
λ

tan(𝜑) =

𝐿
2πR

Where 𝜑 is the relative wind angle, L is the distance between two adjacent vortex cores in the spiral
and R is the radius of the rotor. The two different induction factors, which ideally should have the
same value, is compared in a last step in this study.
5. RESULTS
The vorticity operator fails at identifying distinct vortices at the case when the tip speed ratio (λ) is
equal to 4.2. This is assumed to be related to the high wind speed in this case. Therefore, this operator,
as it is defined in this paper, cannot be used in the MEXICO rotor case. When comparing the
remaining two operators, λ1 and Q, λ1 shows slightly smaller core radius for all the evaluted vortex
cores for a certain threshold value. This gives an indication that using the λ1 criterion, the tip vortices
are less smeared than in the Q case. However, the maximum value of λ1 and Q does not differ for the
different cores nor does the position of this maximum value. Overall, in the MEXICO case the choice
of the operator does not influence the identification. The choice of operator λ1 is therefore done
according to suggestions in the literature. The simulation results are extracted as 2-dimensional sheets
which in their format are similar to the PIV sheets from the measurements. These can hence be post
processed in with similar routines as the PIV data. This study shows that in the MEXICO case the λ1
flow field operator is best suited in order to identify distinct tip vortices from the PIV measurements.
Figure 1 shows a tip vortex core identified with the λ1 criterion.

Figure 1: A tip vortex core identified with the λ1 criterion.
Figure 2 shows plots for both measurements and simulations when all the tip vortices for the tip speed
ratio equal to 6.67, are combined. From this plot it can be concluded that the vortices are more
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smeared out in the simulation case and that the maximum absolute value of the flow field operator is
much larger for the measurements. Figure 3 shows the 3-dimensional tip vortex trajectory which is
estimated by considering the wake expansion and the distances between the cores. Since the turbine is
three bladed there are three tip vortex trajectories, one from each blade. The tip speed ratio in this case
is also equal to 6.67.

Figure 2: The tip vortices of measurements (upper) and simulations (lower).

Figure 3: The tip vortex trajectory from the three blades when λ=6.67.
In order to be able to compare the tip vortex trajectory from the measurement with the one from the
simulations it is crucial that the different sets of data are extracted from exactly the same position. In
order to avoid differences due to this, each set of vortex cores will be moved so that the first core
center is at the tip of the blade. This applies to both measurements and simulations and for all the flow
cases. Figure 4 shows a 2-dimensional cross section cut of the tip vortex trajectory of the three non
yawed cases and figure 5 shows the same thing for the two yawed cases. It is worth noting that for all
flow cases the general tip vortex trajectory is well captured.
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Figure 4: The tip vortex trajectory of the three cases without yaw.

Figure 5: The tip vortex trajectory for the two cases with yaw.
In a last step the axial induction factor, a, is determined from both the thrust curve and by using the
relative wind angle. The comparison is shown in Table 2. The designed tip speed ratio for the
MEXICO rotor is 6.67. Ideally the induction factor in this case case should be close to 1/3. However,
the best fit of the two different induction factors is achieved when the tip speed ratio is 10. This is also
the case when the turbine is closest to 𝑎=1/3. This deviation is probably due to the quality of the
tabulated blade data which were used in the design process of the blades.
Tip speed ratio, λ
10
6.67
4.2

Thrust coeff., 𝐶:
Rel. wind angle, 𝜑
0.95
3.56
0.76
6.81
0.41
12.34
Table 2: The induction factors.
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𝑎GH
0.388
0.255
0.116

𝑎I
0.382
0.212
0.092

6. CONCLUSIONS
In the MEXICO case the λ1 flow field operator is found the most suitable for identifying tip vortices.
Furthermore, the EllipSys3D code using an actuator line method is validated against measurement data
extracted from the MEXICO rotor. The results shows that the actuator line method predicts the tip
vortex trajectory well both in cases with varying tip speed ratio but also when the turbine is yawed.
The axial induction factor calculated from the relative wind angle is close to factor calculated from the
thrust coefficient.
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ABSTRACT
A comprehensive measurement program of near wake characteristics has been performed on a
variable speed, pitch regulated, 2 MW, 80 m wind turbine. The analysis has focused on the
dependence of the wake deficit and on turbulence characteristics and the operational conditions of the
wake generating rotor. The operational condition of the wind turbine includes power production
ranging from 5% to 65% of rated power.
The measurement setup consists of a 93 m meteorological mast instrumented with cup and sonic
anemometers, combined with a horizontally shooting LiDAR mounted at the rear end of the wind
turbine nacelle, cf. Figure 1.
The instruments on the meteorological mast are scanned with 10Hz and used to identify the
undisturbed inflow conditions including the vertical mean wind shear and ambient turbulence
intensity. The turbulence intensity is determined as based on the wind speed and the wind speed
standard deviation at hub height.
The LiDAR measures the wake affected wind speed field in a lateral cross section behind the turbine,
where the sector size depends on the specified focus distance as demonstrated in Figure 2. The
scanning is performed in a Cartesian coordinate system fixed to the wind turbine hub with the centre at
hub height. Being fixed to the hub, the coordinate system yaws with the turbine. The campaign
resulted in more than 1000 hours of LiDAR measurements recorded with a sampling rate of 349 Hz
and representing different ambient flow conditions. The operational condition of the wind turbine
depends on factors as ambient wind speed, ambient turbulence, atmospheric stability, and mixing
wakes from nearby turbines.
After eliminating the undisturbed ambient mean wind field, the wake deficit centre is tracked for each
measurement sweep (i.e. each instantaneous cross sectional wake wind field scan), as illustrated in
Figure 2. Each sweep period is approximately 2 seconds, thus represented by 700 – 800 wind speed
observations. The wake deficit centre movement is used to transform the observations to a meandering
frame of reference (MFR) – i.e. a Cartesian coordinate system following the meandering of the
individually observed wakes at different times.
The data analysis has been performed in the meandering frame of reference as described in [2], where
also the motivation for this choice can be found. The horizontal speed fields obtained from the LiDAR
recordings have been spatially averaged with reference to 10 x 5 m grid cells, and subsequently
normalized with the ambient mean wind speed at hub height. Figure 3 shows the resulting lateral wake
deficit- and wake turbulence intensity profiles at hub height 200m (~2½D) behind the rotor. These
results are thus based on a 200 x 5m rectangular section as illustrated by the yellow regime in Figure
2.
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The average wake deficit distribution in Figure 3a is symmetric around y’=0, where y’ denotes the
lateral coordinate axis in MFR. This indicates both that the wind turbine is operating with a very
limited yaw misalignment, and that there is no influence from nearby wind turbine wakes. The
averaged turbulence intensity, Figure 3b outside the wake (i.e. y’>80m) corresponds to the ambient
turbulence intensity, while the turbulence peak locations corresponds the flow regime where large
deficit gradients are observed, and where the turbulence production therefore as expected is large.
The lateral flow deficit profile has been analyzed for 5 different operational situations ranging from 3
– 65% rated power, corresponding to an inverse tip speed ratio (λ=V/Vtip) of 0.10-0.14, where the
wind speed has been derived from the wind turbine power signal and power curve. Each deficit profile
represents 200 seconds of measurements with rather constant power production.
Figure 4 shows the dependence of the deficit profiles with the wind turbine loading and the ambient
turbulence. The maximum deficit of 0.59 is obtained 2D behind the rotor at very low ambient
turbulence level (TI<5%) and low inverse tip speed ratio (λ=0.10). Increasing inverse tip speed ratio
results in decreasing deficit and increased wake size (λ=0.14). The deficit is highly dependent on the
wind turbine loading and local turbulence level.

Figure 1: Near wake measurement setup based on a 93m mast and a nacelle mounted
LiDAR with 5 distinct focus distances ranging from 40 to 200 m.
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Figure 2: LiDAR scanning pattern (blue circles) across the wind turbine wake (large red circle). The
lateral speed deficit at hub height is determined in a yellow rectangular flow section (5 x 200 m).

Figure 3: Lateral wake deficit- and wake turbulence intensity profiles
based on 200 seconds of operation at 9.1 m/s.
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Figure 4: Lateral deficit 160-200m behind an operation wind turbine with a diameter of 80m. The
profile demonstrates the sensitivity of the speed deficit to the ambient turbulence, which corresponds
well with the correlation between maximum power deficit and the ambient turbulence from previous
wind farm flow analysis [3].
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A BST R A C T
An experimental campaign was undertaken to investigate the near wake structure behind a
geometrically scaled model of the Tjæreborg wind turbine. The interaction and evolution of this
multiple vortex system was of primary interest. Tip and root vortex characteristics such as circulation
and core radius are examined in the near wake. The phase averaged experimental data reveal the tip
vortices are present through the entire measurement domain (x/R<1.8) for the single tip speed ratio to
be presented here λ=4. The root vortices on the other hand subside much closer to the rotor plane. It is
postulated, the complex flow structures the nacelle generates influences the diffusion of the root
vortices significantly.
To investigate the influence of the nacelle further, numerical simulations are performed with the
Navier-Stokes solver, EllipSys3D , combined with an actuator line technique. The nacelle is explicitly
included in the mesh geometry. The simulations are undertaken on a 120° wedge with periodicity
enforced in the azimuthal direction. The vorticity created within the nacelle boundary layer is shed
into the wake and cross annihilation occurs.

INTRODUC TION
The near wake of a horizontal axis wind turbine contains N tip and root vortices shed from each of the
N blades. Turbines in wind farms may be subjected to these coherent structures if the cluster density is
too large. These vortical structures are important from a wind farm planning viewpoint as they can
induce increased fatigue loading which is difficult to predict.
It is thus important to investigate the vortical structures in the near wake of horizontal axis wind
turbines to determine their interaction and evolution. Field measurement campaigns whilst desired,
are difficult from both a logistical and financial viewpoint. Small scale studies are thus undertaken in
controlled conditions to investigate the helical vortex filaments in a wind turbine wake. Here we
present data of a geometrically scaled turbine and highlight the short comings of the turbine design at
the low Reynolds number.
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E XPE RI M E N T A L D A T A
The experiments were conducted in a free surface water channel with freestream turbulence levels of
≤1\%. A scale model of the Tjæreborg wind turbine was constructed for the experiments. The original
3 blade upwind HAWT had a rotor diameter of 61m and blades with both linear taper and twist
(1°/3m). The geometrically scaled model turbine on the other hand has a diameter of 230mm. The
turbine is synchronised with the data acquisition system through an optical encoder allowing phase
averaged data. A single tip speed ratio, λ = 4 ± 0.1, will be presented, providing insight into
a lightly loaded full scale rotor. The Reynolds number, based on the tip chord and the relative velocity
for the λ = 4 was 1900.
The experimental model is not fitted with a method to directly measure the loading on the rotor. BEM
predictions are thus used to estimate turbine loading under the experimental conditions. The Tjæreborg
turbine blades were constructed from the NACA44XX family, with the experimental model turbine
limited to NACA4412 for ease of construction. Tabulated airfoil data at such low Reynolds numbers is
sparse. Sunada and Kawaichi documented the lift and drag properties of a cambered airfoil, the
Wortmann FX63-137 at a Reynolds number of Rec= 4*10·3 for an angle of attack range -20° ≤ α ≤
20°[2]. This airfoil data is patched together with flat plate data for α ≥ 40° and α ≤ 40°. The magnitude
of the flat plate data is reduced to match those obtained by Sunada and Kawaichi [2]. The cambered
airfoil data in the Sunada and Kawaichi study is taken as a representative sample for the NACA4412 at
such low Reynolds numbers. The hybrid data set was used as the tabulated airfoil data in the
simulations and with a standard BEM method to predict the model turbine loading.
Quantitative wake field information about the tip and root vortices was obtained from two component
planar particle image velocimetry (PIV). The radial and axial velocity components were captured
allowing the rotational motion in the image plane to be characterised. The sectional velocity data was
not corrected for the helix angle the helices intersect the PIV plane. From the sectional velocity data,
vortical wake properties such as vortex radius and the circulation for both the tip and root vortices
were deduced. Measurements were phase averaged with one of the blades aligned with the tower
structure and thus within the measurement plane. Due to hardware constraints and to avoid the tower
wake vortical structures contaminating the phase averaged data, only the top half of the wake was
measured.
The two dimensional (2D) sectional velocity data that result from planar PIV reveal the characteristic
signature of both the tip and root vortices. The vortex core positions were identified by Galilean
invariant local analysis techniques applied to the 2D velocity gradient tensor. The parameter used here
is the swirling strength (λci2 ) criteria formulated by Zhou[3]. The method is able to discern between
regions of shear and vortical motions and λci2 is a measure of the `swirling strength' of a vortex [3].

NU M E RI C A L M E T H O D
The numerical simulations used the Navier-Stokes solver Ellipsys3D in conjunction with the actuator
line method of Sørensen and Shen[2]. In this method, the aerodynamic forces generated by the turbine
blades are distributed along actuator lines and included in the governing equations as body forces. In
using such a method, the large mesh resolution which would be required to resolve the blade boundary
layer is avoided and can be utilized elsewhere more efficiently, in this instance, within the nacelle
boundary layer and along the actuator line. The nacelle geometry is based on the experimental model
and can be described as a cylinder with hemispherical ends.
The structured mesh contains three blocks in the radial (r) direction, five in the axial (z) direction and
three in the azimuthal (θ) direction. The mesh extends to 10R in all three directions. This gives 54
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blocks and a total number of node points as 7.9*10·6. The full 3D mesh geometry is shown on the left
and a detailed view of the nacelle blocks on the right in figure 1.

Figure 1: Three dimensional mesh containing 54 blocks and a detailed view (outer blocks in the r
direction not shown for clarity) of the nacelle blocks. Mesh contains 7.9*10·6 node points.
Solid wall boundary conditions are utilized at the nacelle surface. Sufficient resolution in the nacelle
boundary layer is accomplished via hyperbolic node spacing. The first cell has a height of 1*10·-4R,
increasing until 0.0125R at the top of the boundary layer block, where R is the rotor radius. The
computations are undertaken on a Linux PC cluster at the Technical University of Denmark (DTU).

R ESU L TS
A phase averaged out of plane vorticity, ωθ, field obtained from the experimental data is shown in
figure 2. An instantaneous, ωθ field obtained from the numerical simulations is shown in figure 3. In
both figures, the freestream flow is from left to right. The dominant vortical structures are visible at
the unit radius and close to the nacelle surface. In figure 2, three tip vortices (`+`) and a single root
vortex (`-') are visible whereas the root vortices in figure 3 persist further into the wake. This can be
attributed in part to the phase averaging technique and the presence of turbulence in the experimental
conditions.
In figure 3, blade wakes exist between the tip and root vortices. The blade wakes are less prominent in
the experimental data of figure 2 due to the phase averaging technique. The swirling strength
parameter reveals the blades wakes primarily consist of shear rather than swirling (vortical) motion.
There is good agreement concerning general wake structure between the experimental and numerically
derived data. It is evident from figures 2 and 3 that there is minimal wake expansion due to the low
rotor loading. There is also good agreement between the pitch of the helical wake.

108

Figure 2: Phase averaged vorticity field of the near wake of the model Tjæreborg turbine derived from
experimental data, λ = 4, Rec=1900.

Figure 3: Instantaneous vorticity field of the near wake of the Tjæreborg turbine derived from the
numerical simulations, λ = 4, Rec=1900.
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N A C E L L E A F F E C TS
It is postulated that the nacelle geometry plays an important role in disturbing the root vortices.
Vorticity forms on the nacelle surface within the nacelle boundary layer. The vorticity within the
boundary layer and subsequent shear layer which forms downstream of the nacelle body is of opposite
sign to the coherent root vortex structures shed by the blades into the wake. The root vortices interact
with the vorticity created in the nacelle boundary layer which will see cross annihilation occur. The
swirling strength parameter reveals small scale vortices are also shed from the nacelle surface.

C O N C L USI O NS
A numerical and experimental campaign is underway on a geometrically scaled field turbine at a low
Reynolds number. The experimental data and numerical simulations highlight the minimal circulation
created by the model turbine blades at the low Reynolds number. Preliminary comparisons indicate
good agreement between helix properties such as pitch and wake expansion. More detailed analysis is
currently underway. The phase averaged PIV results reveal the tip vortex structures persist further into
the wake compared to the root vortex structures. It is postulated the vorticity within the nacelle
boundary layer plays an important role in the breakdown process of the root vortices.
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Wake measurement using PIV on a scaled Glauert optimal turbine rotor in a
water flume
*

Robert Mikkelsen *, Clara Velte , Igor Naumov †

Abstract. The flow past a model scale wind turbine rotor is investigated experimentally in a water
flume using Particle Image Velocimetry, PIV. Turbine wakes are presently being studied intensively
by numerical, analytical and experimental means, largely due to lack of precise knowledge needed for
windfarm performance predictions. Large scale wind tunnel measurements using PIV has been carried
out in the MEXICO 1 project with the main focus on the tip vorticies and the outer part of the rotor
wake. Field measurements programmes using LIDAR 2 are also being conducted although there the
resolution mainly allows capture of mean wake characteristics and large scale dynamics and so far,
not what could be considered as the entire wake of large turbines. The study carried out here involves
a three bladed model turbine designed using classical Glauert optimal rotor theory i.e. axial and
tangential momentum theory and using the Prandtl’s correction for tip loss. The wake generated by
the model rotor is governed by the blade geometry, the tip-speed-ratio λ=ΩR/V and the rotor
Reynolds number Re=ρΩR/μ. A realistic obtainable Re in the used flume allows a diameter of
D=0.35m, a water speed of approximately 1m/s resulting in a optimal design tip-speed-ratio of about
λ=5, due to a relative lower L/D ratio of the chosen profile section. In this perspective the ‘model
scale’ refers to similarity of the produced mean wake characteristics rather then geometrical scaled
blades as typically would be the case in model experiments. With the Re allowed in the setup the later
is generally not applicable e.g. considering charts by Lissaman et al. or Manwell 3 on optimal turbine
rotor performance.
Initially, flow visualization was conducted using flourescein in order to capture the development of
the near wake dynamics. The PIV setup used, performs stereoscopic capture of the velocity field
measured one diameter upstream and approximately two diameters downstream.

Figure 1 Flourescein visulization of tipvortex structures (left) and phase average PIV of the axial velocity with streamlines
(right).

Thus, the near wake characteristics, the onset of initial disturbances and the early development of the
wake transition are the focus of the present investigation. The near wake development of expansion,
tip vortex position, deficit and rotation have been measured and mapped thoroughly for the present
rotor geometry. The transitional regime, generally characterized as in between the regime governed by
stable organized vortical structures and the fully turbulent wake, develops from disturbances of the tip
and root vorticies through vortex paring and further complex behaviour towards the fully turbulent
wake. The mechanism governing these processes is although not fully understood yet. The
measurement campaign here reports on the onset of instabilities as first obtained with PIV. A general
evaluation of the experimental setup is also reported on.
1
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Vortex particle-mesh methods with immersed lifting lines applied to
the Large Eddy Simulation of wind turbine wakes
Philippe Chatelain∗, Laurent Bricteux, Stéphane Backaert, Grégoire Winckelmans
Institute of Mechanics, Materials and Civil Engineering, Université catholique de Louvain, B-1348
Louvain-la-Neuve, Belgium
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Petros Koumoutsakos
Chair of Computational Science, ETH Zurich, CH-8092 Zurich, Switzerland

Abstract
We present the coupling of a vortex particle-mesh method with immersed lifting lines. The
method relies on the Lagrangian discretization of the Navier-Stokes equations in vorticityvelocity formulation. Advection is handled by the particles while the mesh allows the evaluation of the differential operators and the use of fast Poisson solvers. We use a Fourier-based
fast Poisson solver which simultaneously allows unbounded directions and inlet/outlet boundaries.
A lifting line approach models the vorticity sources in the flow. Its immersed treatment
efficiently captures the development of vorticity from thin sheets into a three-dimensional
field. We apply this approach to the simulation of a wind turbine wake at very high Reynolds
number. The combined use of particles and multiscale subgrid models allows the capture of
wake dynamics with minimal spurious diffusion and dispersion, while being computationally
efficient.

1. Introduction
The development of offshore wind energy, and the associated size increase of wind farms,
will pose several technical challenges in the near- to mid- term. Among these, a most fundamental issue is the interaction between the wind turbines and the wakes of generators lying
upstream, an issue aggravated by the trend toward higher power densities and the limited
∗
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space of concessions.
The prediction of wake dynamics over large distances will thus be crucial in several aspects of
future wind farms: the optimization of their layout and control, the design of wake alleviation
schemes, etc.
Numerical investigations of wind turbine wakes have relied on several techniques. Free
wake Vortex Lattice methods offer an affordable means of evaluating the dynamics of the
vortex shedding and the near wake; they cannot however handle the dissipation of this sheet
and its transition into a three-dimensional fully turbulent flow. We mention here the coupling
of these techniques to an off-the-shelf Reynolds-Average Navier-Stokes solvers for the nearblade region [9]. More recently, the actuator line techniques have proposed the inclusion of a
body force term that accounts for the blade loading into a Navier-Stokes solver [10, 6].
Vortex methods can be seen to combine the aspects of the two classes of methods mentioned above. Based on a vorticity formulation, they exploit the compactness of that quantity
and allow the shedding of fine vortical structures following potential flow theory. At the same
time, they allow these flow structures to evolve into a fully turbulent flow. Yet, surprisingly,
these methods have seldom been applied to wind turbine wakes, see [12] for their application
to the stability of helical vortices.
The present work aims at the application of a state-of-the-art variant of vortex methods
to wind turbine wakes. Recent developments have indeed produced an approach involving
both particles and a mesh. The particles are used solely for the advection, thereby waiving
classical time stability constraints, while the mesh handles all the other computationally
intensive tasks [1, 3]. The result is a method that is accurate, computationally efficient, and
scalable to massively parallel frameworks.
Sources of vorticity are accounted for through a lifting line approach. This line handles the
attached and shed vorticity contributions in a Lagrangian manner.
We verify our approach on a wind turbine configuration studied in [11], for an imposed
circulation distribution. We then discuss our ongoing work and perspectives.
2. Vortex Particle-Mesh method and immersed lifting lines
We consider a three dimensional incompressible flow and the Navier-Stokes equations in
its velocity (u)-vorticity (ω = ∇ × u) form :
Dω
= (ω · ∇) u + ν∇2 ω
Dt

(1)

∇·u = 0

(2)

D
∂
= ∂t
+ u · ∇ denotes the Lagrangian derivative and ν is the kinematic viscosity.
where Dt
Vortex methods discretize the vorticity
field with particles, characterized by a position xp , a
!
volume Vp and a strength αp = Vp ωdx. Particles are convected by the flow field and their
strength is modified to account for vortex stretching and diffusion.

Using the definition of vorticity and the incompressibility constraint the velocity field is
computed by solving the Poisson equation (or Biot-Savart law)
∇2 u = −∇ × ω .
2
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(3)

This equation is solved on a grid using a Fourier solver that allows for mixed unbounded
directions (along x and y) and inlet-outlet directions (along z). We use remeshing[4, 13] in
order to remedy the loss of accuracy due to Lagrangian distortion. Remeshing consists in
the periodic regularization onto a grid of the particle set via high order interpolation. In
the present work, remeshing is performed at the end of each time step and uses the third
order accurate M4" interpolation formula of [8]. The grid/mesh allows for additional advances:
differential operators (such as those for stretching and diffusion) are evaluated on the mesh
using fourth order finite differences and the Poisson equation (Eq. 3) is solved on the grid.
The results of these calculations on the grid are then interpolated back onto the particles.
We refer to [1, 2] for details on the parallel implementation and the Poisson solver.
The sources of vorticity are modeled through a lifting line model, in a fashion similar
to a Vortex Lattice technique. If the blade circulation distributionΓ( r, t) is known, the
configuration of the shed vortex sheet can be calculated from the solenoidal property of
vorticity and the Kutta condition. In our particle-mesh setting, this shed vortical structure
is actually an incremental change to an already three-dimensional vorticity field, see Fig. 1.
Particles are used to discretize the bound vortex and the shed structures due to spatial
and temporal variations of the circulation (Fig. 1(a)). These two components can then be
interpolated onto the mesh independently: both at the same time, when we need to solve
Eq. 3; the shed vorticity alone, when we increment the free vorticity at the end of a time step
(Fig. 1(b)).

Γ(r + h, t)
Γ(r, t)

(a) Particle discretization of the bound and shed vor- (b) Interpolation onto the mesh of the distinct bound
ticities
and shed components
Figure 1: Vorticity sources modeled through a lifting line approach and its interaction with the grid

3. Results
We assess our methodology on the Tjaereborg wind turbine as this has been the benchmark in several works [6, 11]. We use the configuration at 10m/s and a tip-speed ratio
λ = 7.07. The circulation distribution, in particular, is prescribed as the one found by the
authors of [11]. The effect of incoming turbulence is modeled as a perturbation to this base
distribution, both in space and time, with a white noise of amplitude 2.5%.
The computational domain covers eight rotor diameters, with the wind turbine placed
one diameter from the inlet boundary. The transverse directions are unbounded and there
3
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are no other effects such as shear. The spatial resolution amounts to 64 points per blade,
leading to a problem size of 256 × 256 × 1024. This resolution evidently imposes the use of a
subgrid scale model, in the present case a high-order hyperviscosity models which leaves the
dynamics of the large scales unaltered. This particular simulation covers 50 dimensionless
times D/U∞ and used 1024 cores for 48 hours.
Figure 2 shows the main features of this flow. Tip vortices are shed, interact with each
other, leading to oscillations, reconnections, and further downstream the transition to a
turbulent flow. The hub region is less visible and will be discussed below.

Figure 2: Tjaereborg wind turbine at λ = 7.07: volume rendering of the vorticity norm and streamlines

Averaged statistics are presented in Fig. 3. They show the qualitative and quantitative
agreement of our calculation with the reference. The most prominent differences concern
the smearing of the averaged flow structures: in the reference work, the slipstream remains
sharper and the hub jet remains stable a bit longer. A closer inspection shows that this
cannot be reduced to a difference in numerical dissipation. This is rather consistent with
the vortex method accurately transporting vorticity and capturing the growth of subsequent
instabilities. This breakdown of the hub jet is confirmed in the turbulent kinetic profiles at
z/R = 6 − 8.
4. Conclusions and perspectives
We have implemented a lifting line technique within a vortex particle-mesh method. Our
approach relies on the Lagrangian representation of the vorticity components bound to the
blade and shed over a time step. This treatment is consistent with a particle-mesh method,
as these two components can then be interpolated onto the grid at will, e.g. when we need
to solve the Biot-Savart law.
We have applied our approach to a benchmark wind turbine wake problem. Our results
indicate an excellent agreement with previous results and confirm that a vortex particle-mesh
method is particularly well-suited for the problem at hand. It indeed exploits the compact
4
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support of vorticity: particles are only needed where vorticity is non-zero. Likewise, the
grid of the unbounded Poisson solver tracks the support of vorticity and grows or shrinks
accordingly in the transverse directions. Finally, the method exhibits accuracy, robustness
and relaxed stability properties for advection[5].
Topics of ongoing work include the coupling of our immersed lifting line to a blade aerodynamic model. This extension will allow the study of complex configurations, such as yawed
rotors or even vertical axis wind turbines. In particular, our code scalability allows us to
envision very large scale simulations of multiple wind turbines, effectively bridging the gap
between blade and farm-level aerodynamics. These efforts are paralleled by other developments on the vortex particle-mesh method, such as mesh-refinement techniques [7].
5. Acknowledgments
The simulation of Section 3 was run on the Cray XT5 of the Swiss Supercomputing
Center (CSCS). Development work and preparatory runs were carried out on the cluster at
GE Global Research Munich.
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A contribution to wind turbine wake dynamics algorithms – Abstract
Björn Montgomerie, Division of Fluid Dynamics, Dept. of Applied Mechanics
Chalmers University of Technology SE-412 96 Gothenburg, Sweden

Wind turbines are subject to aerodynamic forces and gravity. Both contribute to the external loading of the total structure.
Only the aerodynamic aspects of external loading, on the blades of the rotor, are treated in this paper. More precisely the
influence, of the wake characteristics, is addressed.
In wind turbine aerodynamics the loads on the blades are partly dictated by the makeup of the wake. This has dominantly
been treated in models using the Blade Element Momentum (BEM) method, where the blades are represented by blade
elements. An important output from the method is the reduction of the undisturbed natural wind at the rotor plane.
There is, however, one competing method, where concentrated vortices from the blades are modeled as active agents
causing the reduction of the inflow velocity into the rotor plane. This method is also based on a model where the blades
are represented by blade elements. This combination of methods can suitably be called the Blade Element Induction
(BEI) method.
In the BEI model the word “induction” is used to describe the fact that, where a vortex exists in a fluid medium, there is a
velocity field associated with it. If the strength of the vortex (circulation) and the details of its geometry are known the
velocity field can be calculated. It is furthermore assumed that the velocity, caused by the vortices, can be superimposed
upon the natural wind velocity field.
The technique used is to apply the Biot-Savart law (BS) to relate the vorticity to the velocity field. In practical application
the induced velocity is calculated at any point in 3D space, e.g. on the rotor. But, it must be emphasized that the form of
the participating vortices and the vortex filament core thickness must be correctly modeled.
Vortices normally trail from the tips and the root of the blades. Since the blades rotate and the wind makes them drift
downstream they are given a spiral shape. The geometry of the vortices can therefore be characterized in terms of four
quantities. They are initial radial starting position on the blade, radius, pitch, and the ratio rotorRadius/vortexCoreRadius.
The first is a function of the aerodynamic load distribution. The latter three vary with the tip speed ratio and the
downstream distance from the rotor. Also time has an independent influence on the radius ratio.
As mentioned above the velocity field can be calculated using the BS law only. There is, however, an exception. If a point
of evaluation of the velocity, associated with the vortex, is chosen to be on the vortex itself, i.e. on the center of the vortex
core, the BS velocity there might be thought of as also being the transport velocity of the vortex in that point. That is not
true. In fact the BS velocity contribution at that point is only about half of the true vortex core transport velocity. The cure
of that deficiency, of the BS method, is at the core of the present investigation.
The paper is thus focused on the additional correctional speed vector, which supplements the BS 3D velocity, such that
the model mimics the true behavior of a curved vortex line. It is argued that a vortex ring can serve as the base, from
which the correction term can be derived. One reason is that vortex rings have been exhaustively studied by many
authors. This offers a rich source of knowledge in the support of a correction term model. More support was derived from
some numerical experimentation with the BS formula applied to the vortex ring, which was carried out by this author.
The collective result from the described model development is generalized to be valid for arbitrarily curved vortex
filaments. The total method thus created is proposed as a valid model for the vortex filament transportation velocity in the
wake of a wind turbine. This velocity is a determining contribution to the vortex spiral geometry, which in turn leads to a
correct induction velocity on the blades. In a simulation each time step generates a new geometry of the spirals by use of
a segment train representation of the spirals. The segments are connected in points called “nodes”. The transport velocity
is calculated at the nodes only. No iteration is necessary with the time marching scheme required.
In the future the idea will be supplemented with formulae for the development of the vortex core radius, which is a
contributing determinant for the vortex filament transport speed, which is a determinant for the spiral geometry, which is
a determinant for a correct assessment of the resulting local wind velocity on the blade elements.
The ultimate driving thought, behind this piece of work, is that there are good reasons to believe that the BEI method
offers a higher accuracy than the BEM method. Furthermore, BEI is a natural tool to model dynamic effects such as
variable speed inflow, from the natural wind, yawing and e.g. pitching of the blade angles.
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The ideal wake of an ideal actuator disc
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EXTENDED ABSTRACT
1 Introduction
The concept of the actuator disc as a representation of rotor has been the topic of investigation by the
author, giving rise to some questions about the consistency [1] and about the relation between the
actuator disc force field and the generation of vorticity [2]. So far, this research has delivered
qualitative results. A numerical assessment of the actuator disc flow is required for quantitative
conclusions. The momentum theory gives results for the expansion of the far wake and the velocity
through the disc, but not for the exact shape of the wake and the streamlines. In the past these have
been calculated by, among others, Øye [3] and Mikkelsen [4] with a vorticity method and Sørensen et
al. [5] with a CFD method. Both methods have their drawbacks (e.g. a cut-off of the far wake,
distributed wake boundary vorticity instead of an infinitely thin vortex sheet), so the challenge is still
there to develop a calculation method that comes as close as possible to the ideal actuator disc flow.
2 The numerical model
The wake has 2 components:
 The cylindrical vortex sheet up to 30 Rwake downstream is discretized using vortex rings, like in the
model of Øye. The kernel radius is 0.002 Rwake, the number of rings N is several thousands. The
distribution of rings is not equidistant:  () = (1 − cos(/())) where c and p are constants
tuned to make a smooth transition to the second component. The expressions for the flow field
induced by a ring are given Yoon & Heijster [6]. Evaluation of these expressions includes the use
of the complete elliptic integrals of the 1st and 2nd kind.
 The far wake, starting at  = 30 , is a semi-infinite cylindrical vortex tube with constant
strength and radius. An analytical solution has been derived for the axial velocity induced by this
semi-infinite tube, see the appendix:
 
 =
Ω
(1)
4

where Ω is the solid angle (3D, in units of steradians (sr)) that the tube opening subtends to the
position where  is to be known. Expressions for the solid angle are given by Paxton [7].
Evaluation of these expressions includes the use of the complete elliptic integrals of the 3rd kind.
The radial velocity is calculated using the continuity equation.
The calculation starts with all vortex rings having the diameter and strength (per unit length) of the far
wake tube. This creates a semi-infinite vortex tube 0 ≤  ≤ ∞ consisting of a discretized part (up to
 = 30 ) and a continuous part. The vortex tube strength is given by the velocity jump across the
tube boundary in the far wake: for a thrust coefficient &' = −8/9 the velocity in the wake is / *+ =
1/3 so  /*+ = 2/3. In each convergence step the discretized part is adapted to the two boundary
conditions:
A: the kinematical condition of zero cross flow through the sheet, - − - = 0
B: the dynamical condition of zero pressure jump across the vortex sheet, ./ = &' /2
which are implemented as:
2-134 − -5678 9
(2)
∆1 =
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and
∆ =

&'
:
2

(3)

where d is the damping in the convergence steps, with d = 0.05.

Figure 1: streamlines for a semi-infinite vortex tube in parallel flow

3 The accuracy of the model
The initial configuration is the semi-infinite vortex tube with constant strength and diameter placed in
a parallel flow U0, for which analytical results are known by considerations of symmetry and at
infinity. Fig. 1 shows the streamlines for the tube with   = −2/3. The tube surface experiences
cross-flow, so carries Kutta-Joukowsky loads. After integration this gives an axial thrust Tx and a
perpendicular component Ty. The latter is defined as the resultant force perpendicular to the meridian
plane. Fig. 2 shows the meridian plane and x-y system, as well as the control volume CV for the
balances of mass, x- and y-momentum. The CV is bounded by the meridian plane, the planes x = ±RC
and the surface r = RC, where RC is the radius of the far wake. For the balances and some other
quantities Table 1 shows the error of the calculations, defined as Q/Qref - 1 where Q is the calculated
result, and Qref the reference value. The maximum error is 0.6% for the Xmom balance at RC = 20. The
conclusion is that the method is accurate up to 0.6%.

Axial velocity at the tube entrance
Mass flow through tube surface
Max error in ; at centerline
Max error in ; at x=0
CV momentum balance in X / Y direction
CV mass balance
For RC / Rwake =

5
10
15
20
25

Error in o/o
0.03
0.20
0.11
0.02

Mass
0.001
0.008
0.026
0.041
0.045

Xmom
0.302
0.300
0.373
0.624
0.314

Reference value
U0+γtube /2
0.5 (U0+γtube )R2wake
eq. (A6)
U0+0.5γtube
Tx
(U0+γtube )R2wake
Ymom
0.095
0.050
0.044
0.038
0.055

Table 1: accuracy of the method, for a semi-infinite vortex tube in a parallel flow.
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Figure 2: the control volume (CV) for the momentum and mass balances
4 The actuator disc with CT = - 8/9
After more than 300 steps, the position and strength of the vortex rings are adapted meet both
boundary conditions, yielding the result predicted by the grandfathers of rotor aerodynamics, Betz and
Joukowsky [8]. Fig. 3 shows the streamline and isobar plots, and Table 2 the accuracy of the results.
Tpressure at stream tube indicates the axial component of the load resulting from the pressure at the surface of
the stream tube passing through the disc edge. Since Rwake /Rdisc = √2 the maximum CV radius
RC/Rwake= 15 is equivalent to RC /Rdisc= 21. At this downstream distance all wake data like radial
position, vorticity strength, Ψ and ∆p deviate less than 0.5% of the ultimate wake data.
The numerical iteration is driven by the 2 boundary conditions. These are very well satisfied, with an
error ≤ 0.1%, and reproduce accurately the results for the power coefficient and wake expansion that
are well-known from the classical momentum theory. The momentum balances are not as expected
and the axial velocity distribution at the disc is not uniform as predicted by Xiros & Xiros [9].

Power coefficient
Wake expansion
Average ; at x=0
Deviation from uniform ; at x=0
Max error in ∆p at stream tube
Max error in Ψ at stream tube
Tpressure at stream tube for -15 <=
< 15

CV momentum balance X & Y dir.
CV mass balance
For RC / Rwake =

3
6
9
12
15

Error in o/o
0.002
0.04
0.02
2.71
0.1
0.02
0.001

Mass
-0.083
-0.631
0.518
-0.576
-0.242

Xmom
0.183
2.691
-2.260
3.028
0.947

Reference value
16/27 = 0.59259
Rwake/Rdisc= √2
2 uwake = 2/3
2 uwake = 2/3
∆pdisc= CT/2 = - 0.444
Ψ wake = 0.5uwake R2wake
∆pdiscπR2disc
∆pdiscπR2disc
uwake πR2wake
Ymom
-0.486
-1.000
-1.207
-2.053
-1.991

Table 2: Numerical results for the disc flow with CT = - 8/9
In order to locate the source of this deviation, the control volume is adapted. In fig. 4 three CV’s are
shown, defined by -0.25 <>_ ⁄@  < 0.25 and >_B ⁄@  between 0-0.5, 0.5-1.0 and 1.0-1.5
for CV1, CV2, CV3 respectively. Table 3 shows the results, with the reference value for the
momentum balances chosen as ∆pdiscπR2disc/2 being the thrust contained in CV1 and CV2. Furthermore
the control volume defined by the surface of the streamtube passing the disc, meridian plane and
inlet/exit of the streamtube for  ⁄  = C 15 is used for the X- and Y-momentum balance. All
balances are satisfied well within the accuracy of the method.
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Figure 3a : isobars, ∆pisobar/ ∆pdisc = 0.1, of the disc flow with CT = - 8/9

Figure 3b : streamlines, ∆Ψ/Ψwake = 0.2, of the disc flow with CT = - 8/9

Figure 4: Control Volumes 1, 2 and 3
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Error in o/o for
momentum balance X direction
momentum balance Y direction
mass balance

CV1 CV2
CV3 streamtube
- 0.0856 - 0.1912 0.0000 0.04
0.0242 - 0.1062 0.0002 0.1
0.0000 0.0000 0.0000 0.02

Reference value
∆pdiscπR2disc/2
∆pdiscπR2disc/2
uwake πR2wake

Table 3: momentum and mass balances for CV1, 2, 3 and the streamtube - control volume, CT = - 8/9
5 Evaluation of the results
The numerical exercise gives the basis for two conclusions:
• The method calculates the ideal actuator disc flow as resulting from the one-dimensional
momentum theory. The power coefficient and wake expansion deviate less than 0.5 % from the
theoretical values. The vortex tube satisfies the dynamic and kinematical boundary conditions at
all positions with an accuracy of 0.1%.
• Despite this accuracy, some deviations from the results of the momentum theory are present.
- The axial velocity through the disc is not constant as Xiros & Xiros [9] expect it to be.
- The axial and radial momentum balances enclosing the stream tube deviate up to 3%
depending on the size of the control volume. Small control volumes enclosing (a part of) the
disc do not show these deviations.
The argument of Xiros & Xiros is that all streamlines have an point of inflection at the disc, leading to
(D )/D = 0 at  = 0 and, consequently, to D /D1 = 0 following from the vorticity being zero.
However, Mikkelsen [10] showed that the inflection point may not be at x = 0 so this was checked for
the present calculations. Fig. 5 shows that the assumption of Xiros & Xiros is not true indeed: the
inflection points are slightly upstream of the disc, and D /D1 at x = 0 may be non-zero.

Figure 5: Inflection points of the streamlines passing the disc
The deviation in the momentum balances in Table 2 can be explained by analytical evaluation of the
balances, with the flow outside the wake at large distance . from the origin modeled as the summation
of a parallel flow U and a sink flow v. The pressure and momentum expressions contain terms with U2,
v2 and mixed terms Uvx and Uvy. All quadratic terms vanish for large . since v2 vanishes faster than
1/.G which is the measure for the control volume surface. The mixed terms cancel each other after
integration on the control volume (outside of the wake). This implies that the momentum balance
contains a subtraction of large quantities, with an equivalent absolute error. When scaled by the disc
load, the error is given in Table 2; when scaled by the large quantity, the error is approximately 1/3th
of this, which is in the range of the other accuracies. This explanation is supported by the balances of
the tube flow, see Table 1, which are much better satisfied since the velocities induced by the tube are
exactly (anti-) symmetric in x because of eq. (1). The balances in the small control volumes shown in
Table 3 do not suffer from the inaccuracy due to the subtraction of large quantities.
The conclusion is that the flow satisfies all boundary conditions and balances, and confirms the results
of the actuator disc momentum theory.

131

REFERENCES
[1] van Kuik, G.A.M. 2003 An inconsistency in the actuator disc momentum theory, Wind Energy, 7, pp. 9-19
[2] van Kuik, GA.M., van Zuylen, A.H. On actuator disc force fields generating wake vorticity, Euromech Colloquium 508
Wind Turbine Wakes, 20-22 October 2009, Madrid
[3] Øye, S. 1990 A simple vortex model, Proceedings of the third IEA symposium on the aero-dynamics of wind turbines,
ETSU, Harwell, p. 4.1-5.15.
[4] Mikkelsen, R., Øye, S, Sőrensen J.N., Madsen H.A., Shen, W.Z. 2009 Analysis of wake expansion and induction near
the tip, Proc. EWEC09, Marseille, France.
[5] Sőrensen, J.N., Shen, W.Z., Munduate, X. 1998, Analysis of wake states by a full-field actuator disc model, Wind
Energy, 1, 73-88.
[6] Yoon, S.S., Heister, S.D. 2004 Analytical formulas for the velocity field induced by an infinitely thin vortex ring, Int. J.
Numer. Meth. Fluids, 44, 665-762
[7] Paxton, F. 1959 Solid angle calculation for a circular disk, The review of scientific instruments, 30, 4, pp. 254-258.
[8] Okulov, V.L., van Kuik, G.A.M. 2011 The Betz--Joukowsky limit: on the contribution to rotor aerodynamics by the
British, German and Russian scientific schools, Wind Energy, online April 2011
[9] Xiros, M.I., Xiros, N.I., 2007 Remarks on wind turbine power absorption increase by including the axial force due to the
radial pressure gradient in the general momentum theory, Wind Energy, 10, 99-102
[10] Mikkelsen, R. personal communication, June 2011
[11] Saffman, P.G. 1992 Vortex Dynamics, Cambridge Monographs on Mechanics and Applied Mathematics, Cambridge
University Press.

APPENDIX
Analytical solution for the axial velocity induced by a semi-infinite vortex tube
Saffman [11, p. 35] gives the expression for the velocity field H induced by a closed vortex line Γ :
H=−

Γ
JΩ
4

(K1)

in which Ω is the solid angle subtended by the closed line at the position of evaluation of H. For an
axisymmetric tube extending from  = + to  = ∞, having radius R and constant strength , this
becomes:
O

or, omitting (, 1), (+ , ):

γ
N JΩ (+ , , Q):Q
H(, 1) = −
4
P

O

(K2)

γ
∂Ω(Q)
γ
 = −
N
:Q =
2Ω(+ ) − Ω(∞)9
4
D
4

(K3)

γ
Ω
4

(K4)

Since Ω(∞) = 0 this becomes:

P

 =

where Ω is the solid angle subtended by the entrance of the vortex tube. The radial velocity is:
O

γ ∂
 = −
N Ω(Q) :Q
4 D1
P

(K5)

Paxton [5] gives the expressions for the solid angle subtended by a ring, expressed in complete elliptic
integrals. At the centerline of the ring this becomes an analytical formula, resulting in:

 − +
,T+ = U1 +
X
2
W( − + )G +  G
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Simulating Wake Interactions of
Vertical-Axis Wind Turbines
Frank Scheurich∗

Andreu Passola Parcerissa†

1. Introduction
Increasing interest is being shown in the application
of vertical-axis wind turbines for decentralised electricity generation within cities. Most efficient use of
the available space within the built environment may
be achieved by the construction of clusters that consist
of several individual turbines, as shown in Figure 1.
Such clustering might, under certain wind directions,
cause any one of the turbines to operate within the
wake of another turbine. Little is known about the
aerodynamic effect of wake impingement on the blade
aerodynamic loading and performance of a verticalaxis wind turbine, and hence there is little information
available that can help planners decide on optimal layout of multiple turbines in any given scenario.

Richard E. Brown‡

the computational gird or higher-order discretisation
of the governing equations. Yet the very large number of cells that is necessary to model accurately the
aerodynamic interaction between two or more rotors
usually results in very high computational costs. The
accurate prediction of the dynamics of the wake that
is produced by a vertical-axis turbine is essential if
the aerodynamic interference between two rotors, and
in particular the effect of wake impingement on rotor
performance, is to be properly captured in numerical
simulations. One of the prime features of the Vorticity
Transport Model (VTM), developed by Brown [1] and
extended by Brown and Line [2], is its ability to portray accurately the evolution of the turbine wake as it
develops well downstream of its origin on the blades
of the rotor. The VTM has thus been used to produce
a fully three-dimensional unsteady calculation of the
performance of a vertical-axis wind turbine when it
is operated in the wake that is produced by another
turbine that is located upwind of it.

2. Computational Aerodynamics
Figure 1: Arrangement of urban vertical-axis wind turbines at two different urban sites in the United Kingdom.
(Courtesy of Quiet Revolution Ltd.)
According to the authors’ knowledge, there have
been no publications in the literature in which the full
three-dimensional flow field surrounding two verticalaxis wind turbines has been modelled accurately from
first principles. This is most likely because many
CFD-based techniques suffer from the adverse effects
of numerical dissipation, rendering these computations very difficult for the following reason. Numerical
dissipation is an inherent feature of many computational approaches that are based on the primitive variable formulation of the Navier-Stokes equation. As a
result, the vorticity within the wake dissipates ‘artificially’ rather than through the proper physical process of vortical instability. Several methods can be
used to alleviate the adverse effects of numerical dissipation in these computations, such as refinement of
∗
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The VTM enables the simulation of wind turbine
aerodynamics and performance by providing a highfidelity representation of the dynamics of the wake
that is generated by the rotor. The VTM consists
of an outer model in which the dynamics of the wake
that is generated by the rotor are calculated based on
basic fluid dynamics principles and an inner, liftingline-type, blade aerodynamic model in which the aerodynamic loads on the blades of the rotor are determined. The outer wake model is based on the
vorticity-velocity form of the unsteady incompressible
Navier-Stokes equation
∂
ω + u · ∇ω − ω · ∇u = S + ν∇2 ω
∂t

(1)

where ω is the vorticity field, u is the velocity field, S
is the vorticity source and ν is the kinematic viscosity.
In the Vorticity Transport Model, Equation (1) is
discretised in finite-volume form using a structured
Cartesian mesh within a domain that encloses the turbine rotor, and then advanced through time using an
operator-splitting technique. The numerical diffusion
of vorticity within the flow field surrounding the wind
turbine is kept at a very low level by using a Riemann problem technique based on the Weighted Average Flux method developed by Toro [3] to advance

the vorticity convection term in Equation (1) through
time. This approach permits many rotor revolutions
to be captured without significant spatial smearing
of the wake structure and at a very low computational cost compared with those techniques that are
based on the pressure-velocity-density formulation of
the Navier-Stokes equations. Dissipation of the wake
does still occur, however, through the proper physical
process of natural vortical instability.
The lifting-line approach within the inner model
has been modified appropriately by the use of twodimensional experimental data in order to represent
the real performance of any given aerofoil. The effect
of dynamic stall on the aerodynamic performance of
the blades is accounted for in the VTM by using a
semi-empirical dynamic stall model that is based on
the method that was proposed by Leishman and Beddoes [4].
Scheurich et al. [5] have validated VTM predictions
against the experimental measurements of the blade
aerodynamic loading on a straight-bladed vertical-axis
turbine that were made by Strickland et al. [6]. Furthermore, Scheurich and Brown [7] have compared
VTM predictions with experimental measurements
that were made by Penna [8] of the performance of a
commercial vertical-axis wind turbine that has blades
that are helically twisted around the rotational axis
of its rotor. Scheurich et al. [9] have also used the
VTM to study the influence of blade curvature and
helical blade twist on the performance of vertical-axis
wind turbines. These works have shown the VTM
to be an effective tool for modelling the aerodynamic
performance and wake dynamics of vertical axis wind
turbines.

3. Turbine Model
The performance of two vertical-axis wind turbines
is studied when they are operated in an upwinddownwind arrangement, in other words when they
are separated from each other in the streamwise and
crosswind directions, as shown in Figure 2. Each
rotor has three straight blades with a NACA 0015
aerofoil section. The design of the turbine and parameters of the rotor are described in more detail in
Ref. 9. All the rotors have the same rotational direction (counter-clockwise when viewed from above in all
cases) and were operated at a blade Reynolds number Re = 800, 000 and at a tip speed ratio of 3.5.
The reference blades of the rotors were at identical
azimuth positions at all times - in other words all the
rotors were in phase. The distance between the rotors
is defined as the distance between their axes of rotation. The definition is made that the reference blade
of each rotor is located at 0◦ azimuth when the aerofoil
chord is aligned with the wind vector and the leading
edge of the blade faces the wind. VTM predictions are
also presented below for an isolated, single rotor - this
rotor is used as a reference rotor against which the
performance of the rotors in the various interacting
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configurations is compared.

Figure 2: Relative locations of the vertical-axis wind turbines.

4. Aerodynamic Interference between
two Vertical-Axis Rotors
Figure 3 shows the ratio of the power coefficients
that are produced by the downwind rotor to the power
coefficient that is produced by the single, isolated reference rotor. It is clear that the downwind rotor,
when it is fully immersed within the wake that is generated by the upwind rotor, produces a much lower
power coefficient (squares in Figure 3) than that of
the reference rotor. This is most likely simply because of the reduced effective wind velocity that is
encountered by the downwind turbine in this arrangement. Figure 4 shows the flow fields surrounding the
two straight-bladed turbines when they are aligned
with the wind vector and at two different streamwise
separations. The flow fields are visualised by plotting a surface within the flow on which the vorticity
has constant magnitude. Figure 4(a) shows the wake
that impinges on the downwind turbine, when it is
a small distance downstream of the upwind rotor, to
consist of a system of structured, interwoven vortex
filaments. The wake that impinges on the downwind
turbine, when it is a large distance downstream of the
the upwind rotor, comprises a much larger number of
small regions of clumped and disordered vorticity, as
shown in Figure 4(b), rather than a system of densely
intermeshed vortical structures as in the case when
the streamwise separation between the rotors is small.
This is simply because the self-induced velocity of the
trailed and shed vorticity produced by the rotor blades
of the upwind rotor act to distort and break up the
individual vortical filaments as the wake convects further downstream. The dissipation of the wake due to
this inherent natural instability of the vortices results
in a recovery of the velocity, and thus of the power
coefficient produced by the downwind turbine, as the
distance to the upwind turbine is increased. A similar
trend in the variation of power coefficient of the downwind turbine with streamwise separation between the

upwind and downwind rotors is apparent when the
downwind rotor is operated only partially within the
wake that is produced by the upwind rotor (circles in
Figure 3).
1.4
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Figure 3: VTM-predicted ratio of the power coefficient
that is produced by the downwind rotor to the power coefficient that is produced by one of the rotors when operated
in isolation.

Higher power coefficients are produced by the downwind turbine when it is only partially immersed within
the wake that is generated by the upwind turbine compared to the situation when it is fully immersed within
the wake of the upwind rotor. Importantly, the power
coefficient that is produced by the downwind turbine,
despite whether it is fully or partially immersed within
the wake that is produced by the upwind rotor, is always smaller than that which is produced by the single, isolated reference rotor. By contrast, the downwind turbine can produce a higher power coefficient
than the reference rotor when it is separated from the
upwind turbine by one rotor diameter in the crosswind direction (triangles in Figure 3). The most likely
cause of this phenomenon is that the downwind turbine encounters a somewhat higher effective local velocity outside of the wake of the upwind turbine in this
configuration. This effect is thus comparable to that
created when a single vertical-axis rotor is operated
close to the walls of a wind tunnel or a tow tank, as
described by Alidadi and Calisal [10], amongst others,
or when a vertical-axis rotor is operated within a duct.
Indeed, Figure 5(b) shows the somewhat contracted
wake of the upstream rotor that is constrained in its
lateral expansion when it is in vicinity of the downwind rotor. This suggests that a higher local velocity
than the undisturbed free stream velocity is present in
this region of the flow field. It can therefore be concluded that a higher power coefficient can be produced
by the downwind turbine when the crosswind separation between the two turbines is sufficiently large to
avoid direct impingement on the downwind turbine of
the wake that is produced by the upwind rotor.
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(b) streamwise separation : 12R

Figure 4: VTM-predicted flow fields surrounding the turbines when they are aligned with the wind vector (no crosswind separation), visualised by plotting an isosurface of
vorticity.

Figure 6 shows the variation with azimuth of the
aerodynamic angle of attack and the tangential force
along the blades of the downwind and reference rotors,
when the turbines are operated at a streamwise separation of 7R. The angle of attack and the associated
force are shown at two different locations along the
reference blade: at the mid-span, denoted z/b = 0.5,
and close to the tip of the blade, denoted z/b = 0.045.
At a crosswind separation of 2R, the aerodynamic angle of attack and the loading on the blade are higher
than on the blade of the reference rotor, as shown in
Figures 6(a) and (b). This increase in angle of attack,
and the associated increase in blade aerodynamic loading, is a direct consequence of the increased effective
flow velocity that is induced by the wake of the upstream rotor, and thus of the decreased effective tip
speed ratio that is experienced by the downwind turbine. This observation is important since it suggests
that the increase in efficiency of the downwind rotor
when it is operated close to the wake that is produced
by the upwind rotor is a result of two interrelated effects. Firstly, the downwind rotor operates - at least

partially - in a flow with higher local velocity, and thus
in a flow with higher kinetic energy content, than that
of the free stream. Secondly, the velocity component
that is induced by the presence of the wake of another rotor results in an increase in angle of attack
on the blades, and consequently in an increase in the
non-dimensional forces on the blades and thus in the
blade aerodynamic loading.

(a) crosswind separation : 0R

(b) crosswind separation : 2R

Figure 5: VTM-predicted flow fields surrounding the
straight-bladed turbines when they are operated at a streamwise separation of 7R, represented using contours of vorticity on a horizontal plane that is perpendicular to the
axes of rotation of the turbines.
Compared to the situation at the isolated reference
rotor, it is clear that the angle of attack and the blade
aerodynamic loading that are produced on the blades
of the downwind rotor are significantly reduced when
the downwind turbine is fully immersed within the
wake of the upwind rotor, as shown in Figures 6(c)
and (d). Interestingly, these figures also indicate that
the blade tips of the downwind rotor experience higher
angles of attack, and thus generate higher tangential
forces, than the mid-span of the blade. This suggests
that a region of concentrated vorticity is apparent
close to the centre of the downwind rotor, whereas
the influence of the wake produced by the upwind rotor on the blade tips of the downwind rotor is weak,
by comparison. Indeed, Scheurich et al. [5] showed
that the vorticity that is trailed from the blades of
a straight-bladed turbine convects towards the centreline of its rotor. The vorticity is thus distributed
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inhomogeneously within the rotor wake - with an apparent concentration of vorticity in the region close
to the horizontal centreline of the rotor. When the
wake that is produced by the upwind rotor impinges
on the downwind rotor, it has thus a stronger effect
on the mid-span of the blade of the downwind rotor
than on its tips. This observation is important since it
emphasises the need for a three-dimensional representation of the flow field if the aerodynamic interference
between vertical-axis wind turbines is to be modelled
with any degree of fidelity.
Figure 7 shows the variations with time of the power
coefficients that are produced by the reference and the
downwind rotors. The variation of the power coefficient is presented for five complete rotor revolutions
in order to show the small variability from revolution
to revolution of the power coefficient that is produced
by the downwind turbine, particularly when it is fully
immersed within the wake that is produced by the
upwind rotor. This small variability is caused by the
impingement of the unsteady and asymmetric vortical structures within the wake that is produced by
the upwind rotor.
When the downwind rotor is fully immersed within
the wake that is produced by the upwind rotor, not
only its mean power coefficient, but also the variation
in power coefficient in each rotor revolution, is significantly reduced, compared to that of the reference
rotor, as shown in Figure 7(a). By contrast, the variation with azimuth of the power coefficient that is produced by the downwind turbine is increased when the
upwind and downwind turbines are not aligned parallel with the wind direction, as shown in Figure 7(b).
Scheurich et al. [9] compared different vertical-axis
wind turbine configurations with straight, curved and
helically twisted blades and showed that the significant unsteady component of the power coefficient is
an inherent feature of vertical-axis wind turbines that
have blades that are not twisted around the rotational
axis of the rotor. Unsteadiness in the power coefficient, and thus in the associated blade aerodynamic
loading, can cause fatigue and is thus detrimental to
the design life of the turbine. Importantly, however,
the variation of the power coefficient that is caused by
the inherent continuous change in angle of attack on
the blades as they revolve is far more significant than
the additional variation that is induced by the full
or partial impingement of the wake on the turbine.
This is in distinct contrast to the aerodynamic behaviour of a horizontal-axis turbine. Indeed, Fletcher
and Brown [11] investigated the aerodynamic interference of horizontal-axis wind turbines, using the VTM,
and showed that the power coefficient of a horizontalaxis turbine features a significant unsteady component when it is operated within the wake of another
turbine. They also showed, however, that the variation with rotor revolution of the power coefficient that
is produced by a single, isolated horizontal-axis wind
turbine is very smooth, by comparison.

In contrast to the situation for a vertical-axis wind
turbine, the variation with azimuth of the power coefficient that is produced by a horizontal-axis configuration is thus considerably different when the horizontalaxis rotor is operated in off-design conditions compared to when it is operated in isolation.
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and the reference rotors, when the turbines are operated
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The Vorticity Transport Model has been used
to investigate the aerodynamic performance of two
vertical-axis wind turbines when they are operated
in an upwind-downwind arrangement, in other words
when they are separated from each other in the
streamwise and crosswind directions. Not surprisingly, the downwind rotor, when it is fully immersed
within the wake that is generated by the upwind rotor, produces a much lower power coefficient than that
of a turbine that is operated in the undisturbed free
stream. This is most likely simply because of the reduced effective wind velocity that is encountered by
the downwind turbine in this arrangement.
A vertical-axis wind turbine that is operated downwind of another turbine can generate a higher power
coefficient, than that which is produced by a single,
isolated turbine, when the crosswind separation between the two turbines is sufficiently large to avoid
direct impingement on the downwind turbine of the

wake that is produced by the upwind rotor. This is
because the presence of the wake that is generated by
the upwind rotor constrains the lateral expansion of
the wake that is produced by the downwind turbine.
The increase in efficiency of the downwind rotor when
it is operated in this configuration is a result of two
interrelated effects. Firstly, the downwind rotor operates - at least partially - in a flow with higher local
velocity, and thus in a flow with higher kinetic energy
content, than that of the free stream. Secondly, the
velocity component that is induced by the presence
of the wake of another rotor results in an increase in
angle of attack on the blades, and consequently in an
increase in the non-dimensional forces on the blades
and thus in the blade aerodynamic loading.
The temporal variation of the power coefficient that
is produced by the downwind rotor is somewhat increased compared to that produced by a single, isolated rotor, except when it is fully immersed within
the wake that is produced by the upwind rotor. Importantly, however, the variation of the power coefficient that is caused by the inherent continuous change
in angle of attack on the blades as they revolve is far
more significant than the additional variation that is
induced by the full or partial impingement of the wake
on the turbine.

Nomenclature
A
b
c
CP
CP,downwind
CP,ref
Ft
P
Re
R
S
u
V∞
z
α
λ
ν
ψ
ρ
ω
Ω

swept area of the rotor
blade span
blade chord
3
power coefficient, P/ 21 ρAV∞
power coefficient of the downwind rotor
power coefficient of the reference rotor
sectional force - tangential to the chord
power
blade Reynolds number, Re = ΩRc/ν
turbine radius
vorticity source
flow velocity
wind speed
coordinate; z-axis aligned with rotor axis
aerodynamic angle of attack
tip speed ratio,Ω R/V∞
kinematic viscosity
azimuth angle
density
vorticity, ∇ × u
angular velocity of the rotor
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ABSTRACT
Improving the aerodynamics of vertical axis wind turbines requires understanding its fundamental
processes, and how to manipulate them to obtain the desired performance. The energy conversion by a
Vertical Axis Wind Turbine (VAWT) occurs in 2D. The wake thus generated is composed of shedding
vorticity, a result of the temporal/azimuthal variation of bound circulation on the blade, following
Kelvin's theorem.
The authors present an evaluation of the aerodynamics of the VAWT, focusing on the wake
generation, bound circulation and its breakdown into the different contributions of perceived velocity
and the relation between the wake and Kelvin's theorem. Simão Ferreira [1] hypothesised that adding a
constant amount of bound circulation, either by blade pitch or camber, would, in potential flow, have
an almost zero net effect on the power conversion, but would result in a load shift between upwind and
downwind regions of the rotation; this would result in a phase shift between loads an power, with a
large impact in the design space, especially when accounting for viscous effects.
The authors formulate a constant bound circulation hypothesis that separates instant loading and power
conversion, and has significant impact in viscous flow design. We test the hypothesis by two
independently developed models of the VAWT: a 2D Lagrangian formulation potential flow panel
code and a method that is based on the vorticity-velocity formulation of the Navier-Stokes Equations.

COMPUTATIONAL AERODYNAMICS

2D Panel Code
The panel/vortex model used for the calculations presented in this work is a conventional 2D panel
code developed by Simão Ferreira [1], following the unsteady formulation presented in the work of
Katz and Plotkin [2]. The aerofoils are represented by a 2D distribution of source and doublet panels
over the aerofoil’s surface.
The Kutta condition is imposed at the trailing edge and the near-wake is modelled with doublets, with
the mid and far wake modelled with vortex points. The strength of the sources and doublets is
determined by setting a Dirichlet boundary condition of uniform potential inside the aerofoil. The
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aerofoil experiences a perceived velocity/potential varying over the surface as a result of the relative
motion of the blade, the incoming wind and the potential induced by the wake and the other aerofoils
(blades). A simple cut-off radius is applied to overcome the singularity at the vortex core. A second
order differentiation is used for calculation of the blade’s displacement.

Vorticity Transport Model
The Vorticity Transport Model (VTM), developed by Brown [3], and extended by Brown and Line [4]
enables the simulation of wind turbine aerodynamics and performance by providing a high-fidelity
representation of the dynamics of the wake that is generated by the rotor. The VTM consists of an
outer model in which the dynamics of the wake that is generated by the rotor are calculated based on
basic fluid dynamics principles and an inner, lifting-line-type, blade aerodynamic model in which the
aerodynamic loads on the blades of the rotor are determined.
In contrast to more conventional CFD techniques in which the flow variables are pressure, velocity
and density, the VTM is based on the vorticity-velocity form of the unsteady incompressible NavierStokes equation. The lifting-line approach has been applied using a potential flow flat plate
formulation.
Scheurich et al [5] have validated VTM predictions against the experimental measurements of the
blade aerodynamic loading on a straight-bladed vertical axis turbine that were made by Strickland et al
[6]. Furthermore, Scheurich et al [7] have compared VTM predictions with experimental
measurements that were made by Penna [8] of the performance of a commercial vertical axis wind
turbine that has blades that are helically twisted around the rotational axis of its rotor. Scheurich et al
[9] have also used the VTM to study the influence of blade curvature and helical blade twist on the
performance of vertical-axis wind turbines. These works have shown the VTM to be an effective tool
for resolving the effects of blade geometry, aerofoil performance and wake dynamics on the behaviour
of vertical axis wind turbines.

TURBINE MODEL
A vertical axis wind turbine that has three straight blades with a chord-to-radius ratio of c/R=0.115
was analysed when it was operated at tip speed ratios !=4.0 and !=6.0. These tip speed ratios are
equivalent to low, moderate and high tip speed ratios within the range at which lift-driven VAWTs
typically operate. The orientation of the blades and specification of the azimuth angle of the turbine
with respect to the reference blade (blade 1) is shown in fig.1. In order to prove the hypothesis stated
above, simulations were carried out for three different geometric blade pitch angles: 0o, -3o and +3 o;
see fig.2 for the definition of positive and negative pitch angles.

ANALYSIS IN POTENTIAL FLOW
The panel model (PM) was used to produce a 2D unsteady calculation of the flow. The VTM has been
used to produce a 3D unsteady calculation of the performance of the turbine with a blade aspect ratio
of 26; the sectional forces at the mid-span of the reference blade are presented, as these are the least
affected by three-dimensional aerodynamic effects, and thus provides the closest comparison with the
results that are obtained by the 2D panel model PM.
The results of the PM and VTM simulations are performed with a potential flow aerofoil
representation, based on the relationship
and
0.
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Figure 1 : Diagram showing the wind direction, the definition of azimuth and direction of normal and
tangential forces for a blade with zero pitch angle, as well as the relative positions of the rotor blades.

Figure 2 : Diagram showing the definition of positive tangential force and pitch angle.

Effect on induction
The hypothesis of Simão Ferreira [1], following on the work of Coene [10] and Wilson [11] states that
the contribution of a finite (and small) constant bound circulation will not significantly change the
generation and evolution of the wake, and thus not change the induction experienced by the rotor. The
change of fixed pitch aims to simulate a constant bound circulation variation; this is not absolutely
correct due to the variation over the rotation of the perceived velocity, but it is an acceptable approach.
Fig.3 and 4 show the perceived angle of attack for the three fixed pitch cases, calculated by the PM
and VTM models. The angle of attack is in relation to the direction tangential to the rotor (chord of the
0o pitch case), thus shifted by the pitch angle.
Differences between the PM and VTM results can be attributed to both the different formulations of
the models; however, the two models are in good agreement and both confirm the hypothesis that as
the induction field doe s not change, the perceived angle of attack (shifted for pitch) will be the same
for all pitch cases.

Effect on loads
Fig.5 shows the tangential force calculated by both models. As shown by Simão Ferreira [1], changing
the fixed pitch transfers torque between the upwind and downwind side; it does however, not change
significantly the power conversion. This can be seen in Table 1, which shows the power coefficient
non-dimensionalized by the zero pitch case, for each model.
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Figure 3 : Perceived angle of attack for the three fixed pitch cases, PM and VTM, !=4.

Figure 4 : Perceived angle of attack for the three fixed pitch cases, PM and VTM, !=6.
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Figure 5 : Tangential force for the three fixed pitch cases, calculated by the PM and VTM, !=4.
Table 1 - Non-dimensionalized power coefficient for different fixed pitch cases, PM and VTM.
PM
VTM
-3o
+3o

0.9853
1.0024

0.9613
0.9394

CONCLUSIONS
The two models have given the same results for the different fixed pitch cases, confirming the
hypothesis that, by changing the bounded circulation on the aerofoil by a constant, it is possible to
shift loading between the upwind and downwind side of the rotation, without impacting average
power.
This result has an important impact in viscous flow. As the results demonstrated, it is possible to shift
the range of angle of attack of the aerofoil for the same power in potential flow; in viscous flow, this
will represent one more degree of freedom on the optimization of the aerofoil, allowing for a more
symmetric range of angles of attack.
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NOMENCLATURE
c
Cl
Cd
CP
Ft
R
Re
S
u
V"
#
!
$
%
&
'
(

blade chord, m
sectional lift coefficient
sectional drag coefficient
power coefficient
sectional force - tangential to the circle of the VAWT, N/m
turbine radius, m
blade Reynolds number, Re " #Rc / !
vorticity source
flow velocity, m/s
wind speed, m/s
aerodynamic angle of attack, o
tip speed ratio, $ " #R / V%
kinematic viscosity, m2/s
azimuth angle, o
density, kg/m3
vorticity, & ' V
angular velocity of the rotor, rad/s

REFERENCES
[1] Simao Ferreira C.J. The near wake of the VAWT: 2D and 3D views of the VAWT aerodynamics,
PhD thesis, Delft University of Technology, 2009
[2] Katz, J. and Plotkin, A. Low-Speed Aerodynamics - 2nd Edition. Cambridge Aerospace Series
(No. 13). Cambridge University Press, 2000
[3] Brown RE. Rotor wake modelling for flight dynamic simulation of helicopters. AIAA Journal ,
Vol. 38, No. 1, pp. 57-63, 2000.
[4] Brown RE, Line AJ. Efficient high-resolution wake modelling using the vorticity transport
equation. AIAA Journal , Vol. 43, No. 7, pp. 1434-1443, 2005.
[5] Scheurich F, Fletcher TM, Brown RE. Simulating the aerodynamic performance and wake
dynamics of a vertical axis wind turbine. Wind Energy, Vol. 14, No. 2, pp. 159-177, 2011. DOI:
10.1002/we.409
[6] Strickland JH, Smith T, and Sun K. A vortex model of the Darrieus turbine: an analytical and
experimental study. Sandia National Laboratories, USA, SAND81-7017, 1981.
[7] Scheurich F, Brown RE. Effect of dynamic stall on the aerodynamics of vertical-axis wind
turbines. AIAA Journal , in print, accepted for publication in February 2011.
[8] Penna PJ. Wind tunnel tests of the Quiet Revolution Ltd. QR5 vertical axis wind turbine. Institute
for Aerospace Research, National Research Council Canada, Canada, LTR-AL-2008-0004, 2008.
[9] Scheurich F, Fletcher TM, Brown RE. Effect of blade geometry on the aerodynamic loads
produced by Vertical Axis Wind Turbines. Proceedings of the Institution of Mechanical Engineers,
Part A, Journal of Power and Energy, in print, accepted for publication in October 2010.
[10] Coene, R. . Elements of the aerodynamic theory of cyclogyro wing systems with concentrator
effects. Technical Report LR-338, Delft University of Technology- Aerospace faculty, 1983
[11] Wilson, R. Vortex sheet analysis of the giromill. Journal of Fluids Engineering, 100 (3):340–342,
1978

144

POSTER SESSION
Abstract

145

Wake Conference 2011

June 8-9, 2011,Visby

Prediction of wake effects on wind farm power
production using a RANS approach. Part II. Offshore: Case studies from
the UPWIND project
D. Cabezon1, J. Sumner2, A. Crespo3
1

2

Wind Energy Department, National Renewable Energy Centre (CENER), Madrid (Spain)
e-mail: dcabezon@cener.com

Department of Mechanical Engineering, École de Technologie Supérieure (ÉTS), Montreal (Canada)
e-mail: jonathon.sumner.1@ens.etsmtl.ca
2

Departamento de Ingeniería Energética y Fluidomecánica, Escuela Técnica Superior de Ingenieros
Industriales, Universidad Politécnica de Madrid (UPM), Madrid (Spain)
e-mail: antonio.crespo@upm.es

ABSTRACT
Clearly, the estimation of power losses due to wind turbine wakes is crucial to understanding overall
wind farm economics. This is especially true for large o_shore wind farms, as it represents the primary
source of losses in available power. With respect to onshore installations, wake e_ects have relatively
greater importance here given the regular arrange-ment of rotors, their generally larger diameter, and
the lower ambient turbulence level, all of which conspire to dramatically a_ect wake expansion and,
consequently, the power deficit.
Simulation of wake e_ects in o_shore wind farms (in reasonable computational time) is currently
feasible using CFD tools. An elliptic CFD model based on the actuator disk method and various
RANS turbulence closure schemes is tested and validated using power ratios extracted from Horns
Rev and Nysted wind farms, collected as part of the EU-funded UPWIND project.
The primary focus of the present work is on turbulence modeling, as turbulent mixing is the main
mechanism for ow recovery inside wind farms. Higher-order approaches, including an anisotropic
RSM model, are tested to better take into account the imbalance in the length scales inside and outside
of the wake, this not being well reproduced by current two-equation closure schemes.
A second focus involves the method by which the reference wind speed is determined, as this has been
shown to have an impact on predicted power deficits.

REFERENCES
1. Vermeer L.J. et. al., 2003, "Wind turbine wake aerodynamics". Prog. Aerosp. Sci. 39, 467-510
2. Crespo A., Hernández J., Frandsen S., "A survey of modelling methods for wind-turbine wakes
and wind farms", Wind Energy 2 (1999) 1–24.
3. Barthelmie, R.J., Frandsen, S.T., Rathmann, O., Politis, E., Prospathopoulos, J., Rados, K., Hansen
K., Cabezón D., Schlez W., Phillips, J., Neubert, A., van der Pijl, S. and Schepers, G., “Flow and
wakes in large wind farms in complex terrain and offshore”. European Wind Energy Conference,
Brussels, March 2008 (Scientific track)
4. Réthoré P., Sørensen N., Zahle F., Bechmann A., "Study of the wake turbulence of a CFD actuator
disk model compared with a full rotor CFD model", Proceedings of the European Wind Energy
Conference 2009, Marseille (France)

146

5. Cabezón D., Sanz J., Martí I., Crespo A., "CFD modelling of the interaction between the Surface
Boundary Layer and rotor wake. Comparison of results obtained with different turbulence models
and mesh strategies". European Wind Energy Conference and Exhibition 2009, Marseille, March
2009.
6. Gibson M.M. and Launder B. E. “Ground Effects on Pressure Fluctuations in the Atmospheric
Boundary Layer” J. Fluid Mech., 86:491–511, 1978
7. Crespo A., Chacón L., Hernández J., Manuel F., Grau J.C., "UPMPARK: a parabolic 3D code to
model wind farms", Proceedings of EWEC’94, Thessaloniki, Greece, 1994. p. 454–9.
8. Gómez-Elvira R., et.al., "Anisotropiy of turbulence in wind turbine wakes", J. Wind Engineering
and Industrial Aerodynamics, Vol. 93, pp 797-814, 2003
9. Crespo A., Manuel F., and Hernández J., "Numerical modelling of wind turbine wakes". European
Community Wind Energy Conference, Proceedings, Madrid, September 1990
10. Jimenez A., Crespo A., et. al., "Large-eddy simulation of a wind turbine wake", Proceedings of the
European Academy of Wind Energy Seminar, October 2007, Pamplona (Spain)
11. Barthelmie, R.J., Hansen, K, Frandsen, S.T., Rathmann, O., Schepers, J.G., Schlez, W., Phillips,
J., Rados, K., Zervos, A., Politis, E.S., and Chaviaropoulos, P.K., “Modelling and Measuring Flow
and Wind Turbine Wakes in Large Wind Farms Offshore”, Wind Energy, Vol. 12, No. 5, pp. 431444, 2009
12. Ammara I., Leclerc C., Masson C., "A viscous three-dimensional differential/actuator-disk method
for the aerodynamic analysis of wind farms", J. Solar Energy Engineering, Vol. 124, pp. 345-256,
2002

147

Wake Conference 2011

June 8-9, 2011,Visby

NEAR WAKE SIMULATION OF MEXICO ROTOR IN AXIAL AND
YAWED FLOW CONDITIONS WITH LIFTING LINE FREE WAKE
CODE
F. Grasso1, A. van Garrel2
1

Energy research Centre of the Netherlands (ECN), Rotor and Wind Farm Aerodynamics,
Westerduinweg 3, 1755LE Petten, the Netherlands,
e-mail: grasso@ecn.nl

2

Energy research Centre of the Netherlands (ECN), Rotor and Wind Farm Aerodynamics,
Westerduinweg 3, 1755LE Petten, the Netherlands,
e-mail: vangarrel@ecn.nl

ABSTRACT
The scope of the present work is to have a better understanding of the accuracy in numerical
simulations of the wake generated by wind turbine rotors. Due to the extensive measurements
performed in near wake, MEXICO project has been used as reference for this investigation. A code
based on lifting line theory and coupled with a free wake method has been used during the analyses
and the results have been compared to the experimental data.

NUMERICAL MODEL
A code, named AWSM, based on generalized lifting line theory in combination with a free vortex
wake method has been developed at ECN by van Garrel [1]. Validation tests can be found in [2].
The main assumption in the lifting line theory is that the extension of the geometry in span-wise
direction is predominant compared to the ones in chord and thickness direction; because of this, the
real geometry is represented by a line passing through the quarter chord point of each cross section and
all the flow field in chord-wise direction is concentrated in that point.
In the AWSM flow model, the vorticity is shed from the trailing edge of the surface and convected
downstream as time advances. The blade geometry consists of one or more strips that carry a vortex
ring whose bound vortices are located at the quarter chord position and at the trailing edge. The vortex
strengths Γ of these vortex rings are to be determined. Each timestep Δt, new vortex rings with these
strengths are shed from the trailing edge (TE) and joined with the older vortex rings. These vortex
rings together will form a vortex lattice. The position of the first shed free spanwise vortex behind the
TE lies at some fraction between the current TE position and the wind-convected TE position from the
previous timestep. In accordance with vortex-lattice practice this fraction is chosen to be 25 percent of
the chord. Upstream of this position, the vortex rings have a strength equal to the corresponding vortex
ring at the configuration. The position of the downstream part of the wake is determined each timestep
by convection of the wake vortex-lattice nodes. This convection is applied in two separate steps;
convection by the onset wind velocity and convection by the "induced velocity" of all bound and
trailing. The wake shed vortices are formed by the adjoining sides of two vortex rings from successive
timesteps. This means that they cancel each other in case the vortex ring strengths are identical. For
steady flows therefore only the trailing vortices are active.

MEXICO PROJECT
Within the framework of the EU FP5 project MEXICO [3], a sophisticated aerodynamic experiment
was designed, and executed in the Large Scale Low Speed Facility (LLF) of the German Dutch Wind
tunnel Organization (DNW). The principal objective of this project was to significantly reduce these
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uncertainties by providing an experimental database, measured in a large wind tunnel under controlled
and hence known conditions and by using the increased physical insight resulting from the
experiments in engineering design methods.
Part of the MEXICO measurements was dedicated to determine the three-dimensional flow field
around the wind turbine in detailed quantitative way. To do this, PIV technique was used and both the
upstream and downstream regions of the turbine were explored.

NEAR WAKE SIMULATIONS
The induced velocity in points of the external domain can be calculated in AWSM [4], so comparisons
with experimental data coming from PIV measurements have been performed. Both, axial and yawed
conditions have been considered. The calculation were performed considering 13 rotations (in order to
have steady flow conditions [5]) and the wake partially free to rollup.
For axial condition, three values of wind speed have been used and all three components of velocity
computed for axial traverse and radial traverse measurements (Figure. 1-Figure. 4).

Figure. 1 Numerical-experimental comparison; upstream radial traverse, u, v and w components (axial,
in-plane horizontal and vertical components) at 10, 15 and 24 m/s wind speed.

149

The simulations were performed at 0.3m upstream and downstream for radial traverse, and at 1.38m
and 1.8m radius for axial traverse. The u component denotes the axial component, v and w
components denote the in-plan horizontal and vertical components.

Figure. 2 Numerical-experimental comparison; downstream radial traverse, u, v and w components
(axial, in-plan horizontal and vertical components) at 10, 15 and 24 m/s wind speed.
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Figure. 3 Numerical-experimental comparison; axial traverse at 1.4m radial position, u (axial)
component at 10, 15 and 24 m/s wind speed.

Figure. 4 Numerical-experimental comparison; axial traverse at 1.8m radial position, u (axial)
component at 10, 15 and 24 m/s wind speed.
Following the test case definitions in MEXNEXT [6] project, four axial traverse stations (at 1.38m and
1.8m radius both sides of the rotor centre) have been take into account for the yawed condition
(30degrees). The value of 15m/s for the wind speed is considered.










 

 
































































  











































Figure. 5 Numerical-experimental comparison 30 degrees yaw; axial traverse at 1.37 m radial position,
u, v and w components at 15 m/s wind speed.










































































  





 

 








































Figure. 6 Numerical-experimental comparison 30 degrees yaw; axial traverse at 1.8 m radial position,
u, v and w components at 15 m/s wind speed
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Figure. 7 Numerical-experimental comparison 30 degrees yaw; axial traverse at -1.37 m radial
position, u, v and w components at 15 m/s wind speed























































  

  




  























































Figure. 8 Numerical-experimental comparison 30 degrees yaw; axial traverse at -1.8 m radial position,
u, v and w components at 15 m/s wind speed
Looking at the comparisons, a general very good agreement is found both in axial and yawed
conditions.
In axial condition, the most evident difference is in the axial component of the axial traverse for 10m/s
wind speed, where numerical simulations predict a reverse speed area downstream the rotor plane. The
reason of this difference with the experiments is still not clear and more on going investigations are
focused on this aspect. However, it can be related also to the relative low wind speed.
For yawed condition, the differences are concentrated for one side of the axial traverse stations. Due to
the yaw angle, the flow is catching the nacelle and the axial induced velocity goes to zero (fig. 5). In
AWSM the nacelle is not modeled. Comparing the axial traverse stations, on one side, the axial
induced velocity is increasing downstream the turbine, due to the wake that crosses the PIV
measurement locations. This deviation is also well taken by AWSM (fig.6). It should be noticed also
the good agreement for the other induced velocity components.

CONCLUSIONS
An extensive investigation has been performed on the near wake generated by a wind turbine.
MEXICO rotor has been used as reference case. The very good agreement between experiments and
numerical predictions, obtained by using a lifting line code coupled with free wake method, clearly
show the level of accuracy that can be generally reached with this model and indicate that, at the least
for near wake investigations, such tool can be suitable, also in yawed conditions.
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Abstract
In this poster the outline and some first results of a PhD project titled ”Wake effects of large offshore
wind farms - a study of mesoscale atmosphere and ocean feedbacks” started in October 2010 will be
presented.
The PhD project objectives are to investigate and develop methods for prediction of wind resources,
including wake effects and atmospheric feedbacks at mesoscale, for scenarios where large portions of
the sea are covered with wind farms such that a significant feedback to the wind climate must be
expected. At present there exist a range of models for calculating the wake from turbines singly and as
part of a wind farm, however these are not yet incorporated in mesoscale models, which simulate the
atmosphere circulation and physics at the regional scale (2 - 30km). The aim of the first part of the
project will be to develop a physically justified parameterisation of a wind-farm and to implement it in
a mesoscale model (WRF). First results using a selfpreserving assumption are given.
In the second part of the project the wind-farm description will be used to investigate eventual climate
impacts due to large wind-farms. It will address to what extent the wind climate and the surface ocean
circulation are affected by large wind farms. Furthermore it will develop techniques for upscaling the
effects simulated by turbine and wind farm wake models into mesoscale atmospheric planetary
boundary layer (PBL) parameterisations and perform simulations using these parameterisations to
understand the feedbacks between the wind farms and the regional wind climate. The work will extend
the current knowledge about wake effects from observations and small-scale models to the feedbacks
that could occur in the atmospheric boundary layer, the atmosphere and the upper ocean.
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ABSTRACT
Wake losses account for 10-20% of an average wind park’s potential power output [1]. Thus, to
maximize wind energy production, wake effects must be accurately understood and accounted for. To
accomplish this, many wake modeling methods have been developed. These models vary in
complexity from simple empirical models to detailed computational-fluid-dynamics (CFD) methods.
Some of the more common commercial wake evaluation codes use simplified empiric/analytic
methods, such as Jensen’s linear expansion model [2] or Ainslie’s eddy viscosity model [3]. These
methods are computationally very efficient, but highly dependent on empirical data, do not truly
model the wake physics, and consequently, are of questionable accuracy for untested conditions and
large wind turbine arrays where wake interactions occur. On the other end of the spectrum, are CFD
simulations that attempt to account for all wake characteristics, from the blade aerodynamics to the
atmospheric boundary layer dynamics, without any major simplifications or reliance on empirical data.
CFD models that solve the fully resolved, three-dimensional, unsteady Navier-Stokes equations, even
for a single wind turbine though, are extremely computationally demanding, and are not an option for
wind park investigations. A computationally less demanding alternative is to use CFD without fully
resolving the blade geometry. Wake models of this type include the actuator-disk (AD), actuator-line
(AL), and actuator-surface (AS) methods. Using the AD method, the rotor is replaced by volume or
surface forces that act on a permeable axisymmetric actuator-disk or -cone; using the AL method, the
aerodynamic loads are distributed along actuator-lines representing the blades; and using the AS
method, the aerodynamic loads are distributed along the actuator-surfaces created by the average
surface of blade. This introduces the need for approximations of the aerodynamic loads at the rotor
plane, however, this may be accomplish by coupling the CFD code to a blade-element-momentum
(BEM) algorithm. With this methodology, the majority of the wake physics are retained,
computational resources are considerably less than fully resolved CFD, and the methodology has
shown considerable potential for wind park wake evaluations. The present study is a continuation of
the development and evaluation of 3DWind, a CFD algorithm, to accurately and efficiently model
wind turbine wakes. In a previous study [4], a simple AD model was implemented in 3DWind, and
qualitatively compared to published experimental single wake data from the Vindeby wind farm.
Based on these initial comparisons, further development of the AD model was deemed beneficial. In
the current study, several improvements to the AD model are implemented and the 3DWind-AD model
is, again, validated with Vindeby wake data, including single, double, quintuple, and entire wind park
wakes.
As stated previously, the CFD algorithm used is 3DWind [5]. 3DWind is a finite volume, threedimensional, incompressible, RANS (Reynolds-averaged-Navier-Stokes) flow solver that is explicit in
time. Several turbulence models are available in 3DWind, including a mixing length model, Prandtl’s
one-equation k-l model, and a k-! model. In the initial study, only the k-l model was used. In the
present study, the k-! model is also investigated to see if it improves the accuracy of the wake results.
The effect of a wind turbine on a boundary layer has been modeled in 3DWind as a momentum sink in
the form of an AD. The basic concept of this formulation is an extension of one-dimensional
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momentum theory for an ideal wind turbine: T = CT(1/2)"#u#2A. Where, T is the axial thrust, CT is the
thrust coefficient, u# is the freestream velocity, "# is the freestream density, and A is the rotor area. In
the initial AD implementation, CT was a user specified constant, a single AD was assumed to be in the
y-z plane and the freestream flow direction was assumed to be in the +x direction, there were no
rotational or hub effects, and there were no prespecified postprocessing/visualization capabilities. In
this study, several improvements are made, including a variable CT, multiple ADs at any angle to the
incoming flow, rotational and hub effects, as well as postprocessing/visualization capabilities with
Tecplot. The thrust coefficient is now specified via a user supplied thrust coefficient curve - that is, CT
as a function of u#, rather than a simple constant. This curve may be obtained experimentally, or if
such data are unavailable, approximated with a standard BEM code. In the current implementation u#
is defined as the wind speed one rotor diameter upwind, at hub level. Multiple ADs at any angle to the
incoming flow may now also be specified, each with the location of the hub, (xh, yh, zh), the disk
radius, R, and, assuming that the default orientation of the disk is in the y-z plane, the rotation of the
disk around the y-axis, $, and then the z axis, %. The default AD surface has an upwind unit normal of
n̂ = -i, thus, the rotated AD normal is given by nˆ % $cos"cos!i $ sin!j # sin"cos!k . The axial thrust
force per unit volume, f % $CT &1 2 '* ) &u) ( nˆ ' &dA ( nˆ dV ' , is then applied as an additional
source/sink term in the momentum equation to the grid cells that are intersected by the AD. In addition
to the thrust force, a simplified rotational component of the wake has been added to the AD model.
This requires the user to specify the approximate rotor RPM. The local rotational speed of the wake is
given by C, % 2a ' +r [6]. Where a’ is the tangential induction factor, & is the angular velocity, and r is
the local radial position. For small angles-of-attack the ratios between the induced and freestream
velocities may be approximated with a ' +r au ) % &1 $ a 'u ) &1 # a ''+r [6]. Where a % 1 $ u AD / u ) is
the axial induction factor. a is numerically calculated in the 3DWind-AD code, then using the induced
to freestream velocity ratios, a’ is determined, and from a’, the local rotational speed of the wake, C',
is calculated. C' is applied as another source term in the momentum equation, in the tangential
!
direction, C ! % C, &nˆ - r ' n - r , to the grid cells that are intersected by the AD. The grid employed by
3DWind is terrain following, meaning that for offshore sites in which wave roughness is simply
modeled with the roughness length, z0, the grid is orthogonal. The grid is non-uniform, with cell
stretching, such that the computational focus is at the grid origin. Initial conditions and inlet boundary
conditions for three-dimensional simulations are typically obtained from a one-dimension simulation
that is run beforehand. At the surface boundary, the velocity is evaluated as function of z0, using the
logarithmic velocity law, where z0 is user specified. At the upper boundary, the geostrophic velocities
are specified. For a given freestream velocity and turbulence intensity at hub level, z0 and the
geostrophic velocities must be iterated on until the desired hub level values are obtained. In these
studies, the lateral boundary conditions are modeled as periodic, and the outlet is modeled with a zero
Neumann boundary condition. The criteria used to establish that the simulation has converged to
steady state, are residuals less than 1 x 10-3 for all flow variables. Timesteps, or iterations in these
simulations, since variable time stepping is used to accelerate convergence to steady-state, are
accomplished with a second-order, explicit, three-stage Runge-Kutta method.
2

The data selected to validate the numerical model are those of [7, 8], for the Vindeby offshore wind
farm. These data include measured wake and freestream velocity and turbulence intensity profiles for a
single wake, two double wakes, and a quintuple wake, as illustrated in Fig. 1. The AD results are also
validated by comparison to Jensen’s linear expansion model [2]. Using this model, the wake shape is
specified with a linear expansion of the wake diameter, such that the normalized velocity deficit, as
defined in Eq. (1), is obtained as a function of the thrust coefficient, CT, the rotor diameter, D, the
distance downstream the hub, x, and the wake decay coefficient, kw. To calculate the combined
velocity deficit of multiple wakes the sum-of-the-squares of the velocity deficit is used, as shown in
Eq. (2), where n is the number of upstream turbines. Each of the wake cases numerically simulated
with the 3DWind-AD model are summarized in Table 1.
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Turbines
Spacing
Control
Rotor diameter
Hub diameter
Hub height
Rotor speed
Tilt

11 x Bonus 450 kW
300 m (8.6D
D) rows, ~336 m (9.6D) diagonals
stall regulatted
35 m
3m
38 m
35.2 RPM
4°

!

Figure 1: Vindeby wind farm parameters annd layout (turrbines - filled
d circles, maasts - empty circles).
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deescribing thee numerical wake
w
cases.
Table 1: Parameters
Case
e

Turbines

1
2
3
4
5
6
7
8
9

single
single
single
single
double
quintuple
farm
farm
farm

u!, z=38m
(m/s)
7.5
7.5
15.0
5.0
7.5
7.5
7.5
7.5
7.5

I!, z=338m
(%)
6.00
8.00
8.00
6.00
8.00
8.00
8.00
8.00
8.00

Grid dimen
nsions
(m)
750 x 300 x 188
750 x 300 x 188
750 x 300 x 188
750 x 300 x 188
1086 x 300 x 188
1950 x 300 x 188
1800 x 2100 x 188
2118 x 2056 x 188
2372 x 194
42 x 188

Cellls

C
Cells/D

250 x 74 x 62
250 x 74 x 62
250 x 74 x 62
250 x 74 x 62
362 x 74 x 62
650 x 74 x 62
293 x 250 x 39
293 x 250 x 39
293 x 250 x 39

~~17
~~17
~~17
~~17
~~17
~~17
~~7
~~7
~~7

The firstt three singlle wake cases were alsoo evaluated in the previious 3DWindd-AD study [4], and
consequeently, providde a good baasis to assesss any improv
vements to th
he 3DWind-A
AD model as
a well as
effects oof the k-! tuurbulence model.
m
Normaalized veloccity deficit profiles,
p
(U(z
(z/D), and tu
urbulence
intensityy profiles, I(zz/D), are com
mpared for C
Cases 1-3 in
n Figs. 2, 3, and 4, respeectively. Thee average
error forr the freestreeam (U(z/D) compared to experimeental values is ~2%, forr all models, and the
average error for thee freestream I(z/D), for aall models, iss on the ordeer of 0.5%. A
At 9.6D dow
wnstream,
the (U(zz/D) error is ~3% for thee k-l modelss and ~2% fo
or the k-! model, howevver the averaage I(z/D)
error is ~1.8% forr the k-l models
m
and ~
~3.3% for the k-! mo
odel. Becausse the k-l model
m
is
computaationally much quicker than
t
the k-! model, and the k-! mod
del does nott appear to offer any
substantiial improvem
ments, only the k-l modell is used in th
he remaining
g cases. kw vaalues are obttained for
each casse as the valuue of kw thatt results in thhe best fit of Eq. (1) to the numericaal data. Usin
ng the k-l
model, kw = 0.070, 0.079, and 0.0
066 for Casees 1-3, respecctively. Expeerimentally oobserved kw values
v
for
offshore and mixed land/water conditions aare ~0.05., while kw vaalues of 0.1 and higher are only
expectedd for forest and
a city terraains. Compaared to these expected vaalues, all of the models appear to
over predict kw someewhat. The measured
m
andd predicted hub
h level horrizontal wakee profile for Case 4 is
given in Fig. 5. The average erro
or between tthe measured
d and numerical data is 22.16%, the maximum
m
error, at 23°, is 6.277%, howeverr ~1% of thhe error is du
ue to flow blockage
b
effe
fects in the numerical
n
model. T
The data pressented in Fig
g. 5 brings upp a significaant point - thee measured vvertical wakee profiles
are staticcally averagged values fo
or the wind direction ±5
5°. As can be
b seen in Fiig. 5, there is a 10%
differencce between the
t measured
d velocity deeficit from 23
3° to 18° or 28°,
2 and thiss potential errror range
should bbe kept in minnd when com
mparing the nnumerical an
nd measured data.
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Figure 2: Experimenntal vs. numerical a) veloccity deficits and b) turbulence intensiities for Casee 1.

Figure 3: Experimenntal vs. numerical a) veloccity deficits and b) turbulence intensiities for Casee 2.

Figure 44: Experimenntal vs. numerical a) veloccity deficits and b) turbulence intensiities for Casee 3.

Fiigure 5: Expeerimental vs . numerical velocity
v
deficits for Casee 4.
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Case 5 iss a double wake
w
simulation. As show
wn previously
y in Fig. 1, th
here are two ppossible dou
uble wake
configurrations, one for
f a wind diirection of 223° and one for
f a wind diirection of 774°. As plotteed in Fig.
6, the avverage error for the AD
D (U(z/D) coompared to the
t 74° data is 1.68%, aand the averrage error
compareed to the 23° data is 2.94%
%. This is exxcellent agreement for the 74° data, w
while for the 23° data,
the errorr is comparaable to the siingle wake ccases. kw valu
ues that bestt fit the num
merical data are
a 0.087
and 0.0773 for the firrst and secon
nd wakes, resspectively. Compared
C
to
o the equivaleent single wake
w
case,
Case 2 w
where kw = 0.079, the dissipation of tthe first wakee is accelerated by the prresence of th
he second
wake, w
while the secoond wake disssipates at a slower rate due
d to the up
pstream wakke. The wakee loss due
to this cconfigurationn, calculated as the totall power loss compared to the powerr output calcculated in
Case 2, iis 8.4%.

mental vs. num
merical veloocity
Figuree 6: Experim
deficcits for Case 5.

Fig
gure 7: Experrimental vs. nnumerical veelocity
deeficits for Caase 6.

The quinntuple wake case, Case 6,
6 is of particcular interestt in this study
y, since it m
models five wakes
w
in a
series, annd the accurrate predictio
on of wake loosses for mu
ultiple rows of
o wakes is tthe most releevant and
challengging goal of offshore
o
wak
ke modeling today. The average
a
errorr for the AD (U(z/D) com
mpared to
the expeerimental datta is 7.6%, ass illustrated iin Fig. 7. Th
his error initially seems soomewhat hig
gh, but as
illustrateed in Fig. 7 the
t numericaal results are actually com
mparable or even better tthan other models.
m
kw
values thhat best fit thhe numericall data are 0.0086 and 0.071, 0.067, 0.0
065, 0.065, fo
for wakes onee through
five, resppectively. Thhe first two kw are nearlyy identical to the double wake
w
case, w
which is interresting to
note, sinnce this meaans that bey
yond two waakes, additio
onal downstrream wakes do not sign
nificantly
change tthe upstream
m wake behav
vior and diss ipation. Furtther, the wak
ke dissipationn decreases with
w each
of the fiirst four wakkes, but by th
he fifth wakke appears to
o have becom
me constant,, which indiccates that
large muulti-row windd farms may
y potentially be numericaally approxim
mated as an iinfinite array
y, thereby
substantiially decreassing the com
mputational deemands, whiile retaining some accuraacy in the sim
mulation.
Compareed to the pow
wer output off Case 2, the wake loss associated witth this configguration is 21.42%.
The finaal three casess, Cases 7-9, are simulattions of the entire Vindeeby wind farrm for three different
wind dirrections, 2288.5°, 214.46°°, and 201.933°, respectiv
vely. Due to the large are
rea simulated
d in these
cases, thhe grid resoolution utilizzed is very low, and as
a such, the results are not expectted to be
quantitattively accuraate, and consequently, onnly trends in the wake lossses are exam
mined. Within Case 9,
as illustrrated in the laast contour plot
p of Fig. 88, there is an equivalent single wake ccase, which should
s
be
comparaable to Case 2, and five double wakke cases, wh
hich should be comparabble to Case 5. When
comparinng the kw vaalues of the wind
w
farm too the higher resolution single and doouble wake cases,
c
the
wind farrm kw are rooughly ~0.03
3 higher thann the equivaalent higher resolution ccases. This additional
a
wake difffusion is duue to numericcal diffusionn, caused by the low grid
d resolution, rrather than true
t
wake
effects. H
However, ass reported earlier, the douuble wake lo
oss for Case 5 is 8.4% w
while the dou
uble wake
loss for the center most
m
double wake in Caase 9 is 8.8%
%, which in
ndicates that despite the low grid
resolutioon the relativve wake losses are still oof the correctt magnitude. The total w
wind farm waake losses
for Casees 7, 8, and 9 are 3.52%, 4.95%,
4
and 66.55%, respeectively.
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Figure 8: Normalizeed velocity deficits for Caase 7, 8, and 9 (the colorb
bar range is --0.2 to 0.6).
In summ
mary, this study
s
docum
ments the ccontinuing development
d
and evaluaation of 3D
DWind to
accurately and efficiiently modell wind turbinne wakes. In
n a previouss study, a sim
mple AD model
m
was
Wind, and quaalitatively coompared to single
s
wake data
d from thee Vindeby wind
w
farm.
implemeented in 3DW
Based onn this initiall evaluation, several impprovements to
t the AD model
m
appearred to be wo
orthwhile,
includingg a variablee thrust coeefficient, muultiple ADs, ADs at an
ny angle to the incomiing flow,
rotationaal and hub efffects, utilizaation of the kk-! turbulencce model rath
her than the kk-l turbulencce model,
and a m
more efficiennt visualizattion processs. In this study, each of
o these moodifications has been
implemeented. Follow
wing these modifications,
m
, the 3DWind
d-AD model is, again, vaalidated with
h Vindeby
wake daata, this time including do
ouble, quintuuple, and win
nd park wakes. For all thhe single, do
ouble, and
quintuple wake cases examined, the predicteed data are within
w
10% of
o the measurred data, wh
hich is the
approxim
mate error raange of the measured daata anyway. The wake configuration
c
ns simulated
d indicate
that the Vindeby wind
w
farm wake
w
losses m
may range from ~3.52--21.42% deppending on the wind
directionn. In general,, results of th
his study shoow that the 3D
DWind-AD model
m
is cappable of predicting the
general ttrends and magnitudes
m
of
o steady staate wind turb
bine far wak
ke generationn and decay,, for both
single annd multiple turbines. Fu
urther improovements to the 3DWind
d-AD model will likely focus on
improvinng the modeel’s accuracy
y for 1-2 wakkes by coupling it to a BEM
B
methoddology, such
h that the
rotor cann potentiallyy be modeleed in more ddetail with an
a AL or AS methodoloogy. For larrger wind
turbine aarrays, a com
mputationally
y more efficieent CFD algo
orithm and methodology
m
y will be soug
ght.
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LARGE EDDY SIMULATION OF FLOW IN
OFFSHORE WIND FARMS
H. Sarlak1, J. N. Sørensen1, R. Mikkelsen1
1

Technical University of Denmark, Department of Mechanical Engineering, 2800 Kgs. Lyngby,
Denmark,
e-mail: hsar@mek.dtu.dk, jns@mek.dtu.dk, rm@mek.dtu.dk

ABSTRACT
Interaction of wind farm turbulence and atmospheric flows based on large eddy simulation of NavierStokes equations is the aim of this project. Wind turbines are modeled as equivalent actuator disks. On
each actuator disk, body forces (i:e:, aerodynamic loads) based on calculated angle of attack, are
determined from tabulated aerodynamic lift and drag coefficients. The actuator disk technique is a
very powerful method for this type of computations because resolving blade boundary layers can be
prevented, and therefore it demands much less computational effort than direct simulation, while
preserving the accuracy and resolution of simulations satisfactorily. Modifications of the current
actuator disc is being done so that it can be controlled to operate more realistically in all kinds of
operational conditions. The focus on ambient flow will be on modeling different atmospheric
turbulence scenarios such as stable, thermally stratified and unstable boundary layers.

INTRODUCTION
Simulation of flow around wind turbines and in wind farms have been carried out recently (see
references [1- 5]). The current project, however, aims at modeling large scale interactions between
neighboring wind farms taking into account different atmospheric turbulence scenarios. This kind of
simulation enables to predict the effect of wind farms in terms of velocity deficit and turbulent
recovery length and may lead to an optimized placement of wind farms in high potential sites. “fig 1”
shows the very famous photo illustrating wake effects generated behind wind turbines in Danish
offshore wind farm Horns Rev 1.
Simulations are performed in 3D general purpose CFD package Ellipsys3D, developed by Technical
University of Denmark and Risø-DTU. “fig. 2” shows two different grids used by Ellipsys for
simulations of wind turbines.
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Figure 1: Horns Rev 1 wake effects. [Photographer Christian Steiness]

Figure 2: Mesh structure used by Ellipsys: (Left) Wind shear type block structure (2 superblocks of 33
blocks), (Right) Infinite mesh showing velocity iso-surface downstream rotor

For each simulation, the following set of equations (1: Continuity) (2: Momentum) and (3: Heat) are to
be solved:
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Here ~ represents spatial averaging, ~∗ is modified pressure and u and Ө represent velocity and
temperature fields. With
and
being sub-grid scale momentum and heat flux,
coriolis
forcing,
turbine loading, and
external forces (wind etc.).

SIMULATIONS
Simulations of vorticity iso-surfaces downstream of 3 rotors as an example is shown in “fig. 3” using
actuator dics modeling in Ellipsys3D.

Figure 3: of vorticity iso-surfaces downstream rotor using laminar inflow
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Fitting wind farm wake models to data with high temporal resolution
U. V. Poulsen1, J. Scholz1, E. Hedevang1,2, M. Greiner1
1
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Aarhus School of Engineering, Aarhus University,
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Siemens Wind Power A/S, Borupvej 16, 7330 Brande, Denmark

ABSTRACT
We investigate how well simple wind farm wake models can describe the production differences
among the turbines in individual periods of one to ten minutes duration. The models were originally
designed for static situations and highly averaged data sets, but we apply them to a couple of months
of temporally fine-resolved data from the Nysted wind farm and quantify how well they can be made
to fit.
By varying parameters of the models, the temporal resolution of the data and the temporal reference
frame, we evaluate simple extensions to improve the agreement between model and data. In particular,
we suggest a relatively simple way to extract self-consistent co-moving (Lagrange) frame of reference
for the wind field inside the farm.
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Simulation of measurements of wake dynamics
with nacelle and ground based lidar wind scanners
D. Trabucchi, J.J. Trujillo, G. Steinfeld, J. Schneemann, M. Kühn
ForWind - University of Oldenburg, Ammerländer Heerstraße 136, 26129 Oldenburg, Germany
email: davide.trabucchi@uni-oldenburg.de

A BST R A C T
In this paper the performance of a wake tracking technique based on lidar wake measurements is
assessed by means of numerical simulation. A ground based long-range lidar system is compared to a
nacelle based lidar under different mean wind directions. The meandering captured in the near wake
by the systems shows comparable results even for large misalignment angles.
IN TRO DUC TI O N
Large scale dynamics of wind turbine wakes are relevant for unsteady wind turbine performance in
wind farms. At present the calculation of the actual dynamic effects on wind turbines operating in
wake is done with flow models which range from simplified [1], [2] to very detailed [3]. In most of the
cases the validation of these models takes place in an indirect manner. The measurement of the full
inflow wind field is very difficult with standard anemometry. This problem is being coped with new
measurement techniques based on lidar. Mainly, the measured wind fields are analyzed in order to
estimate the bulk wake position in time at particular downstream distances. The technique has been
already tested in the full field with nacelle mounted lidar systems on wind turbines of different size
ranging from 100 kW to 5 MW [4], [5], [6]. Furthermore, the inflow and far-wake have been measured
simultaneously with a long-range lidar with a scanner with a limited angular view [7].
At present new mid-range and long-range systems with more flexible scanning capabilities are being
offered by lidar manufacturers. In this paper the feasibility of wake tracking with one type of these
systems is assessed by means of numerical simulation. Several operational situations of a single longrange lidar system are simulated and the accuracy on the estimation of meandering is assessed. The
research concentrates on the differences in performance with respect to wake tracking between a
nacelle and a ground based measurement approach. Single lidar devices measure the wind along the
laser beam direction, therefore a good alignment with the wind is desired to achieve reliable
measurements. Assuming minimal errors in the yaw control of the turbine, a nacelle mounted lidar
should reduce the uncertainty of the wake tracking. However, ground based lidar are nowadays the
most common solution and the misalignment between the laser beam and the wind direction must be
considered.

SI M U L A T I O N M E T H O D
The LIdar SCanner SIMulator (LiXim) developed by ForWind - University of Oldenburg is used to
evaluate the performance of a long-range wind lidar with a flexible scanner. LiXim includes simplified
physics of the lidar measurement, scanner kinematics as well as data processing. The interaction of
wind shear and lidar volumetric measurement plays an important role in the estimation of the wind
speed in wake. Mainly, a bias can be seen in flows with high shear in the length scales comparable to
the size of the lidar measurement volume. LiXim includes capabilities to assess this interaction.
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Comparisons of simulations with LiXim and a more detailed model of the lidar manufacturer
Leosphere have shown good agreement in this respect [8].
The kinematics of the scanner have been implemented as an all-sky scanner with two rotational
degrees of freedom. The maximum accelerations and speeds reachable by the scanner have been set to
values in the same range of lidar wind scanners available nowadays in the market. The control of the
scanner is set to follow flexible trajectories where discrete measurement points are set. At each of
these points the speed is reduced shortly to zero, while the movement between points is performed
continuously as fast as possible. To run the simulations, unsteady wind fields are calculated with
PALM [9], a LES model optimized for parallelized computing. The ACtuator Line (ACL) approach
proposed by Troldborg [10] is also included to simulate the wind turbine and to generate its wake [11].
The procedure used to track the wake position is an enhanced version of the one presented by Trujillo
et al. [6]. First, it consists on measuring the wake wind speed on planes perpendicular to the wake axis.
Afterwards the two-dimensional wake deficit is extracted and a bivariate Gaussian function is fitted to
this deficit. Finally, the center of the fitted Gaussian function is associated to the deficit position and
therefore to the wake position. The process is applied to consecutive two-dimensional snapshots of the
wake wind field and in this way the large scale dynamics of the wake are estimated.

E X PE R I M E N T
Simulations are performed for a 2MW Tjareborg wind turbine with a rotor diameter ( D ) of 62 m and a
hub height of 61 m. Results are presented for two lidar systems, one installed on the nacelle and
another on the ground. Both systems scan as fast as possible the same two-dimensional trajectory
parallel to the rotor plane, centered behind the turbine at 90 m height ~2.5 D downstream. In this
experiment the trajectory follows a Lissajous figure on a 7x7 points rectangular grid as proposed by
Rettenmeier et al. [12] with dimensions 3 D x 2 D (fig.1). The wake of the wind turbine is calculated
with the LES model for a mean inflow wind speed and turbulence intensity at hub height of 9 m/s and
10% respectively, and under neutral stability conditions. In this experiment lidars scan a full threedimensional ten minutes wind field with dimensions x, y, z of about 400, 1000 and 265 m respectively,
generated on a 4 m resolved grid with a temporal resolution of 0.4 s. The lidar at the nacelle has to
follow the largest movements of the scanner head compared to the lidar situated far away. This implies
that the time needed for scanning of each snapshot is different for each of the lidar systems. Therefore
the nacelle mounted system dictates the slowest snapshot (trajectory) repetition rate, equivalent to one
trajectory every 31 s while for the ground based lidar the time required by a trajectory is almost
halved.
The simulations are performed for different angles of misalignment between the mean wind direction
and the line between the ground based lidar system and the wind turbine. Initially the ground based
system is aligned with the mean wind direction and positioned 450 m in front of the turbine.
Afterwards, misalignments of 20°, 40°, 50° and 60° are simulated by moving the lidar along a line
perpendicular to the wind turbine axis (see fig.1). This setup is chosen to study the effects of changes
in the wind direction occurring during a measuring campaign. Eventually, the error in the wake
tracking is determined for the nacelle and the ground based system with respect to the reference wake
wind field. For this purpose, two-dimensional wind fields are obtained by averaging every 2 s the full
wake wind field in the plane of the measurement trajectory. Finally, the wake tracking procedure is
applied and the reference meandering is compared to the meandering based on the lidar measurements.
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Figure 1: Left: Experimental setup with positions of lidar systems Lxx (ground based), LN (nacelle
lidar) and downstream distance of target plane. Right: Scanning trajectory as suggested by [12].
The marker
in trajectory indicates the position of the rotor axis.

A N A L YSIS O F R ESU L TS
A first consideration is that placing the lidar on the ground combined with the ability to measure at far
distances allows setting the lidar far from the target area. This setup reduces the bias due to the vertical
shear sensed in the probe volume [8].
In fig.2 it is possible to see the horizontal position of the wake evaluated from different simulations in
comparison with its position directly evaluated from the wind field. In the graphic on the left the wake
tracking performed with the lidar on the turbine (LN, diamond) and the lidar on the ground without
misalignment (L0, circle) are considered. On the right side a detail shows the filter effect given by
“averaging” over a trajectory. The tracking line of LN and L0 cannot always follow every oscillation
found using the reference wind field which was averaged every 2 s, anyway the ground based lidar
performs better thanks to the higher trajectory repetition rate.
The comparison between different misalignment conditions for the ground based lidar is shown in
fig.3. From the graphic on the left it can be stated that globally the misalignment plays a minor role for
what concerns the wake dynamics. However, it must also be observed from the graphic on the right
that, while by 20° of misalignment there is an almost perfect agreement with L0, some differences
occur for an increasing misalignment. The confirmation of this qualitative observation is given by
fig.4. Here it is possible to quantify the deviation between the wake tracking of the lidar on the ground
and derived directly from the wind field for different degrees of misalignment. In the graphic on the
left, the temporal deviation of the considered trackings is shown for the lidars on the ground. In the
graphic on the right the relative statistics are presented for each case of misalignment. It is possible to
notice that, while for the lidar aligned with the turbine (L0) there is no average deviation, in the nonaligned cases there is an off-set that increases with the degree of misalignment up to almost 1%.
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Figure 2: Horizontal wake meandering. Left: comparison of the position of the wake center evaluated
from the wind field (WF), the nacelle mounted lidar (LN) and the ground based lidar without
misalignment (L0). Right detail showing the filter effect of the trajectory averaging

Figure 3: Horizontal wake meandering measured from the ground with different wind directions.
Left: Effect of 0°, 40° and 60° of misalignment with the wind direction for the ground based lidars.
Right: detail showing the similarity in the tracking from the couples L0 and L20 in contrast to the
different behaviors of L40 and L60.

Figure 4: Deviation of the wake meandering tracking performed with a ground based lidar for different
alignment condition in relation to the wake position evaluated directly from the LES wind field.
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C O N C L USI O NS
The horizontal tracking of the wake of a wind turbine was tested for different lidar approaches and
different wind directions by means of a numerical experiment. A near wake wind field of ten minutes,
calculated with an LES model, has been scanned with different virtual lidar systems. The results show
that both nacelle mounted and ground based lidars are suitable to track the wake position directly
using the line-of-sight wind component without any correction. Concerning the misalignment of a
ground based lidar with respect to the wind direction, the wake tracking method seems to be robust.
However, the results suggest that errors may increase with increasing misalignment angles up to 1%
by 60°. A quantification of the absolute error needs more simulations in order to perform statistics of
different operational conditions of the wind turbine. This however, is rather computationally intensive
due to the detailed LES simulations of the wake flow.
This research was made in the framework of the German joint project BALTIC I. The project is
supported by The German Federal Environment Ministry (Contract No 0325215A).
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