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Abstract

Large eddy simulations of the
Navier-Stokes equations are performed
to simulate the Horns Rev off shore
wind farm 15 km outside the Danish
west coast. The aim is to achieve a bet-
ter understanding of the wake interac-
tion inside the farm. The simulations
are performed by combining the in-
house developed computer code Ellip-
Sys3D with the actuator-disc method-
ology. In the actuator-disc method
the blades are represented by a disc
at which body forces representing the
aerodynamic loading are introduced.
The body forces are determined by
computing local angles of attack and
tabulated aerofoil coefficients. The ad-
vantage of using the actuator-disc tech-
nique is that it is not necessary to re-
solve blade boundary layers since the
computational resources are devoted to
simulating the dynamics of the flow
structures.

In the present study approximately
13.6 million mesh points are used to
resolve the wake structure in the park.

The results from the CFD simu-
lations are evaluated and the down-
stream evolution of the velocity field
is depicted. Special interest is given
to what extent the production is de-
pendent on the inflow angle and tur-
bulence level.

The study shows that the applied
method captures the main production
variation within the wind farm. The
result further demonstrates that lev-
els of production correlate well with
measurements. However, in some cases
the variation of the measurement data
is caused by variation of measurement
conditions with inflow angles.

The study also shows that the wind
veer has a significant impact on the
wake interaction and power losses of
downstream turbine positions.
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1 Introduction

Today, the trend is to build wind tur-
bines in large clusters, both on-shore
and off-shore. In both cases this means
that the turbines operate in the wakes
of each other and, depending on the
wind direction, they can be subject to
inflow conditions dominated by vorti-
cal structures created by upstream tur-
bines. This reduces the power perfor-
mance for the individual wind turbine
as well as decreasing the life time of
the rotors. Hence, there is a need for
understanding and modelling the wake
behaviour of wind turbines.

Wakes behind wind turbines can
be distinctly divided into near and far
wake regions. The study of near wake
aerodynamics concerns the description
of the vortices in the wake and their
relationship to the blade loading and
inflow conditions. The near wake is fol-
lowed by the far wake where the focus
is put on the influence of wind turbines
in a farm situation where the modelling
of the actual rotor is less important. In
the far wake, turbulence, wake interac-
tion and topographic effects are of pri-
mary interest.

The present work deals with nu-
merical simulation of a cluster of up to
20 turbines. Earlier studies by Ivanell
et al., [7], [6], using actuator line tech-
niques have been performed to study
the details of the near wake of a sin-
gle turbine. Whereas the actuator line
method is computationally expensive,
the use of actuator discs may capture
the main aerodynamic effects of power,
thrust and deficit at a much reduced
computational cost. Thus the actuator
discs are used with poorer but satisfac-
tory resolution in order to capture the
flow through and between the turbines.

Earlier work in this area has been
performed e.g. by Ammara et al., [1]
and by Mikkelsen, Troldborg et al.,
[16], [25]. Ammara et al. performed
two-row periodic wind farm simula-

tions using an actuator disc approach
combined with RANS. Comparisons
with measurements showed that the
numerical results indeed reached an ac-
ceptable level of accuracy in terms of
velocity predictions and park perfor-
mance. They also suggest that their
study demonstrates that an appro-
priately designed wind farm arrange-
ment can produce energy at levels sim-
ilar to those of a sparse arrangement.
Mikkelsen, Troldborg et al. performed
wind turbine farm simulations with
three turbines using the actuator line
technique, where body forces are dis-
tributed along lines representing each
blade. In the present study we follow
up on earlier work by Ivanell et al., [5],
where the influence of atmospheric tur-
bulence was studied.

In the present work the wind field
inside the Horns Rev wind farm 15 km
outside the Danish west coast is simu-
lated. The main emphasis is to deter-
mine the variation in production inside
the farm as a function of turbulence
intensity and wind direction. The sim-
ulation results are compared to mea-
surements from the site. In the simula-
tions a neutral boundary layer is used.

2 Numerical model

All simulations are performed using
the EllipSys3D code developed at
DTU/Risø. The EllipSys3D code is
a general purpose 3D solver devel-
oped by N.N. Sørensen and Michelsen,
[23], [13], [14]. The flow solver is
based on a finite volume discretiza-
tion of the Navier-Stokes equations in
general curvilinear coordinates using
multi-block topology using MPI. The
code is formulated in primitive vari-
ables, i.e., pressure and velocity vari-
ables, in a collocated storage arrange-
ment. Rhie/Chow interpolation is
used to avoid odd/even pressure de-
coupling and the main solver is based



on multi-grid techniques. The pres-
sure correction equation is based on
the SIMPLE algorithm.

The numerical method uses a blend
of third order QUICK (10%) and
fourth order CDS (90%) difference
schemes for the convective terms and
a 2nd order central difference scheme
for the remaining terms. This is a
compromise between avoiding the non-
physical numerical wiggles occurring
when using forth order CDS and limit-
ing numerical diffusion due to the up-
winding nature of the QUICK method.

2.1 Actuator disc method

In the simulations we employ an ex-
tension of the Froude Actuator Disc
(ACD) method. In this technique load-
ing and actual geometry of the rotor
blades are replaced by body forces that
are distributed on an actuator disc.
The forces are based on the local flow
condition across the disc using tabu-
lated aerofoil data and distributed in
the computational domain in the di-
rection normal to the disc.

An axis-symmetric actuator disc
concept was developed, among others,
by Sørensen and colleagues, [20], [19],
[22]. A 3D approach was developed,
among others, by Madsen, [8], [9]. The
3D method used here was implemented
into the EllipSys3D code by Mikkelsen,
[15].

The main idea with the actuator
disc concept is to solve the flow past
a rotor without resolving the bound-
ary layer on the blades. With the ACD
method, the number of node points at
the blades is greatly reduced. Instead
the focus is put on the resolution of the
wake behind the turbines making the
grid design easier and more efficient.
The drawback, on the other hand, is
that the method is based on tabulated
aerofoil data, i.e. lift and drag coef-
ficients, CL and CD, as a function of
Reynolds number and angle of attack.
As a consequence, the accuracy of the
computed loading of the rotor depends
on the quality of the applied data.

2.2 LES method

The computations are carried out as
large eddy simulations (LES) employ-
ing the mixed sub-grid-scale model de-
veloped by Ta Phuoc, [24]. This model
exploits the advantage of a closure
combining vorticity and turbulent ki-
netic energy. In this model the vor-
ticity is derived directly from the fil-
tered variables whereas the turbulent
kinetic energy is determined by use of
a test-filter that is twice as coarse as
the computational grid. For more de-
tails about the mixed scale model we
refer to the text book by Sagaut, [18].

Using the coordinate directions (x1,
x2, x3), the Navier-Stokes equations
are formulated as:
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where ui is the velocity vector, p is
the pressure, t is time, ρ is the density
of air, fbody represents the forces acting
on the blades, fc the corriolis force, ν
is the kinematic viscosity and νt is the
eddy viscosity that is modelled through

the sub-grid-scale model.

When using the ACD method how-
ever, this viscosity parameter does not
need to be exactly equal to the vis-
cosity of air. Using the actual vis-
cosity would leave us with a Reynolds



number, based on inflow velocity and
rotor radius of several million, which
would not be possible to compute on
present day computer configurations.
As a compromise between computer
requirements and numerical resolution
of the wake structures, the computa-
tions are carried out with an effective
Reynolds number of 20,000, based on
rotor radius and wind speed, on a mesh
consisting of about 14 million mesh
points. Since the flow we are consider-
ing is not wall-bounded it is not nec-
essary to perform the simulations at
the exact Reynolds number. Earlier
computations, [21], [4], have demon-
strated that the main dynamics are
captured, provided that a certain min-
imum Reynolds number is utilized.

In order to avoid singular be-
haviour the body forces are smeared
among neighbouring node points using
a Gaussian distribution. The influence
of that smearing parameter has been
studied in a separate technical report,
[4], and will therefore not be presented
in detail here.

2.3 Wind shear

The averaged wind shear conditions
that the turbines operates in are im-
posed at the inflow boundary. How-
ever, the numerical ability of flow
solvers generally does not preserve the
wind shear profile through the entire
domain. In order to impose any wind
shear profile, which may include di-
rectional change with height, the flow
field is initially generated applying mo-
mentum sources everywhere in the do-
main, see Mikkelsen et al., [17]. The
magnitude of the computed momen-
tum sources is generally very small. In
practice, an initial steady computation
without the wind turbines included is
performed in order to establish the
force field required to obtain the de-
sired mean wind shear profile. The re-
sulting steady force field is stored and

used in unsteady simulations with the
wind turbines included. A power law
wind shear profile with an exponent of
α is chosen according to:

w(y) =











w0·(c2y
2 + c1y) y ≤ ∆

w0·

(

y

hhub

)α

y > ∆

(2)
where y is the height above the sea
level, hhub the hub height, w0, c1 and
c2 are parameters defining the profile
from the sea level to a certain height
∆. α is set to 0.15 in the present sim-
ulations and defines the profile above
∆, which is set to 0.4 R.

2.4 Wind veer

The wind veer is defined as the change
in wind direction as function of height.
It has been shown that wind veer does
exist in typical wind situations and in
this study a wind veer distribution is
added to identify to what extent wind
veer affects the wake interaction. A
wind veer of 2, 5 and 10 degrees across
the disc area has been used in this
study.

2.5 Aerofoil data

The actuator disc method uses tabu-
lated aerofoil data taken from 2D mea-
surements and modified for 3D and ro-
tational effects. Data from the Tjaere-
borg and the Vestas V80 turbine have
been used for all simulations in this
project. The Tjaereborg rotor con-
sists of NACA 4412-43 aerofoil sections
and has a blade length of 29 m, giv-
ing a rotor diameter of 61 metres. The
chord length was 0.9 m at the tip, in-
creasing linearly to 3.3 m at hub ra-
dius 6 metres. The blades are twisted
1◦ per 3 metres. The tip speed was
70.7 m/s and the rotor solidity was
5.9 percent. The V80 blades have a



length of 39 m giving a rotor diame-
ter of 80 metres. The Tjaereborg tur-
bine is included into the analysis in
order to compare results from differ-
ent turbines. The turbines actually
used at the Horns Rev are the Ves-
tas V80, and the simulations with V80
should be used as basis for the mea-
surement comparisons. The objective
of the correlation is to distinguish how
large an impact the blade data has on
the wake interaction. In the present

work all variables are made dimension-
less such that the actual rotor con-
figuration merely serves to produce a
realistic load distribution. It should
also be stated, that no active control
of the turbines has been used in the
simulations. At all times each turbine
uses the tip speed ratio designed for a
free stream velocity equal to the undis-
turbed wind speed. The V80 turbine
in reality controls both tip speed ratio
and blade pitch angles continuously.

Figure 1: Layout of Horns Rev Wind Farm.

2.6 Atmospheric boundary

layer

The influence of atmospheric turbu-
lence is simulated by using a technique
where turbulent fluctuations are im-
ported in a 2D plane upstream the ro-
tor from a pre-generated field which
the flow solver then convects down-
stream toward the actuator discs. All
pre-generated turbulent fields are gen-
erated by the Mann model, [11], [10],
[12]. The simulations assume sea con-
ditions defined by Charnock’s relation,
[2]. The turbulence intensity (u′/U) is
set in the range of 2-5 percent. The
use of the imposed atmospheric tur-
bulence by introducing time-varying

body forces in combination with the
EllipSys3D code was recently imple-
mented by Troldborg et al., [26].

The Mann model is based on
the spectral tensor. The method
models the spectral tensor (three-
dimensional spectrum) using rapid dis-
tortion theory, implying a lineariza-
tion of the Navier-Stokes equations,
combined with an assumption of lin-
ear shear and a model for the eddy
lifetime. The Mann model is capable
of simulating all three velocity com-
ponents of a three-dimensional incom-
pressible turbulence field. The turbu-
lent field is homogeneous, Gaussian,
anisotropic and has the same second
order statistics as the atmosphere.



The output is a spatial equidis-
tantly spaced box where each down-
stream position corresponds to a time-
step via Taylor´s frozen turbulence hy-
pothesis.

When applying turbulent fluctua-
tions from a pre-generated turbulent
field, these are usually superimposed
as velocity fluctuations to the mean
velocities at the inlet. Troldborg et.
al., [26], however, advocate a new ap-
proach where the turbulent field is in-
troduced in a plane upstream the rotor,
instead of introducing it at the inlet.
Furthermore, instead of adding turbu-
lent fluctuations directly to the mean
flow, they propose to use unsteady
concentrated body forces for generat-
ing the prescribed turbulent fluctua-
tions. For numerical reasons, the load-
ing at the plane upstream the rotor is
smeared in a Gaussian manner. The
body force can be expressed as:

f′ = ṁu′

m + ρε
∂u′

m

∂t
(3)

where ṁ is the mass flow, ε a parame-
ter that serves to adjust the smearing
of the forces in a 1-D manner perpen-
dicular to the plane and um is defined
from the Mann turbulence box. This
is done in similar manner as earlier de-
scribed in the actuator line/actuator
disc methods, [4]. In the present study
ε is set equal to the size of a grid cell.

The Gaussian smearing is done by
taking the convolution of the computed
load f′ and the regularization kernel ηε.

f′ε = f′ ∗ ηε (4)

where f′ε is the loading in each point
introducing atmospheric velocity vari-
ations and the regularization kernel is
defined as:

ηε(z) =
1

επ1/2
e−(p/ε)2 (5)

where p is the normal distance between
a grid point and the plane where tur-
bulent fluctuations are imposed.

The resolution of the turbulence
box is a factor 2 less than for the grid.
Therefore both spatial and temporal
interpolation is required to reach the
velocity in each point and time.

2.7 Grid and boundary

conditions

The main limitation of using the actu-
ator disc method as compared to the
previously used actuator line method,
[4], [6], [7], is that individual tip vor-
tices are not part of the flow. The
size of the simulation does however
require a simplification to be able to
handle the number of turbines. By
using the actuator disc method there
is still need for further simplifications
since a computation with all 80 tur-
bines is beyond the available compu-
tational capacity. Therefore the two
most central rows of turbines are sim-
ulated with periodic boundary condi-
tions on the lateral boundaries. Ac-
cordingly, an infinitely wide farm is
used. The Horns Rev wind farm con-
tains 8 times 10 turbines. In the simu-
lations, columns 4 and 5 are simulated
with periodic conditions assuming an
infinitely wide wind farm, see figure
1. This is a good approximation when
the inflow angle is small compared to
the direction of the rows. When the
wind direction increases, contributions
from non existing turbines outside the
farm will be present. In this study
we concentrate on wind directions in
the range of plus/minus 15 degrees.
Therefore the error from this approx-
imation will be small since the ”non-
existing” turbines outside the farm are
located approximately 18 degrees from
the north boundary and 35 degrees
from the south boundary to the tur-
bines in the two centre lines that will
be affected first, see figure 1. The inlet
and the top surface are both set ac-
cording to the wind shear profile dis-
cussed in section 2.3. The ground sur-



face is set with a wall condition. The
outlet is set to convective conditions
enabling vortices to cross. The mesh
is designed by 52 blocks, allowing sim-
ulations to run on up to 52 proces-

sors simultaneously using MPI. Figure
2 shows the mesh design. There are
64 nodes on each block side, i.e., 643

nodes in each block giving a total num-
ber of nodes to 13.6 · 106.

Figure 2: Block structure used for simulations of Horns Rev.

2.8 Time step and averag-

ing

A typical time scale for the setup is in
the order τ = 7D/U∞, corresponding
to the distance between the turbines.

Full development of wake interac-
tion will occur at about 10 τ since there
are 10 turbines in each row.

A turbulent box according to the
definition in section 2.6 is generated.
The size of the turbulence box is 28R ·

5R · 224R, where 28R corresponds to
the width of the setup, 5R to the height
of the turbulence box, where R is the
rotor radius. The turbulence box, with
a length of 224R, will pass one turbine
in 896 physical seconds, sph, when the
wind speed is 10 metres/second corre-
sponding in time about 15 minutes.

∆z ≈ ∆x ≈ ∆ =
28R

64 · 4
=

28R

256
≈ 0.1R

(6)
where ∆ corresponds to a typical mesh
size. The polar grid representing the
ACD consists of 21 nodes along the ra-
dius and 81 nodes during one revolu-
tion in azimuthal direction, i.e., about
twice the resolution of the global grid.
∆t is then set according to ∆. A nu-
merical sensitivity study showed that:

∆t ≈ α
∆x

U
(7)

where U = 1 in computational space
gives result in the linear asymptotic in-
dependent range when α is set to 0.25.



2.9 Measurements

2.9.1 Turbulence intensity

The turbulence level at the site was
measured before the erection of the
wind farm. The measurements were
made at a height of 62 m, [3]. The
turbulence intensity is defined as:

TI ≡
u′

U
(8)

where u′ is the rms value of the tur-
bulent fluctuations and U is the mean
velocity.

u′
≡

√

1

3
(u′2

x + u′2
y + u′2

z) =

√

2

3
k

(9)

U ≡

√

(U2
x + U2

y + U2
z ) (10)

where k is the turbulent energy.
Within the analysed sectors, 255-

285 degrees, the turbulence intensity
varies between 6.0% and 7.5% with a
mean value of 6.9 percent. This value
could be regarded as a high turbulence
intensity when considering that there
is open water in the westerly direction,
which is the principal wind direction.
When comparing these results with the
Nysted wind farm on the east coast
of Denmark, and its pricipally western
winds over limited open water, there is
significand difference in the turbulence
of about 5%, [3]. The main reason for
this is probably that the North Sea has
greater wave heights compared to the
site of the Nysted wind farm. Experi-
ence from these farms also shows that

the turbulence intensity increases with
increasing wind speed and wave height,
[3]. The Charnock formula was used
when simulating the turbulence field in
the Horns Rev wind site, [2]. There-
fore the turbulence intensity used in
the simulations will be compensated
for the effect of the wave height.

Figure 3 shows the result of the
measurements at Horns Rev site be-
fore the erection of the wind farm.
The result demonstrates that the tur-
bulence level increases when the wind
turns toward the south direction. The
result also indicates that the turbu-
lence intensity is higher for lower wind
speeds. When analysing data for all
wind speeds summarized from all wind
directions (not shown in figure), it is
evident that the turbulence intensity
decreases up to 10 m/s, thereafter the
turbulence intensity starts to increase
linearly up to about 9 % at a wind
speed of 26 metres/second, [3]. At 6
m/s and 8 m/s the mean turbulence
intensity is about 8% and 6.8% respec-
tively. Therefore, a windspeed of 10
m/s seems to result in the lowest tur-
bulence intensity.

Using Charnock´s formula to gen-
erate the atmospheric turbulence, the
turbulence intensity is reached accord-
ing to the definition in section 2.9.1,
equation 8, where the wind speed in
this case only is used in the Mann
model to create a realistic turbulent
field using the Charnock formula with
different wave heights. Therefore the
wind speed set in the Mann model only
serves as a parameter when setting the
turbulence level.



U∞[m/s] 6.0 8.0 10.0
TI[−] 2.14 3.10 4.9

Table 1: Turbulence intensity related to free stream velocity.
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Figure 3: Measured turbulence intensity at Horns Rev wind farm at 62 m height.
May 1999 to November 2002.

2.9.2 Production data

The production data were averaged for
each wind sector between 255−285 de-
grees and wind speeds from 6− 10 me-
tres/second. The production data were
averaged according to .

Each sector has been defined as the
analysed inflow angle ±2.5◦ and the
wind speed to the analysed wind speed
±0.5 metres/second. No filtering has
been applied for the atmospheric sta-
bility and all data, taken in the pe-
riod, May 1999 - November 2002, were
included in the analysis. The follow-
ing results show mean values of the
fourth and fifth columns, both for mea-
surement and simulations, except for
figures 4 and 6 where results from
columns four and five are separated.

Figure 4 shows the averaged pro-
duction from the sectors with an inflow
angle of 255 and 270 degrees. The re-
sult is only depicted for columns 4 and
5, i.e., the two most central columns in

the farm. These two columns therefore
correspond to an infinitely wide farm
according to the discussion in section
2.7. The values have been normalized
for the production of the first turbine.
It is evident that the relative produc-
tion decay in the farm does not depend
on the wind speed. The 270 degree
case corresponds to full wake interac-
tion and the 255 degree case to the 15
degree inflow angle of the turbine col-
umn alignment. This corresponds to a
case where wake interaction occurs at
about the fourth turbine. In the fig-
ure, one can see that the local produc-
tion decreases rapidly in the 270 degree
case, while the production drop for the
255 degree inflow case occurs much fur-
ther downstream. It is also apparent
that, due to the higher turbulence in-
tensity for the lower wind speeds, the
wake interaction results in a lower pro-
duction deficit.

Figure 5 illustrates the measured
production at 10±0.5 m/s for different



U∞[m/s] Sec. 255[◦] Sec. 260[◦] ... Sec. 280[◦] Sec. 285[◦]
U∞ = 6 ± 0.5 255 ± 2.5◦ 260 ± 2.5◦ ... 280 ± 2.5◦ 285 ± 2.5◦

U∞ = 8 ± 0.5 255 ± 2.5◦ 260 ± 2.5◦ ... 280 ± 2.5◦ 285 ± 2.5◦

U∞ = 10 ± 0.5 255 ± 2.5◦ 260 ± 2.5◦ ... 280 ± 2.5◦ 285 ± 2.5◦

Table 2: Definition of sectors.

inflow angles. The black curves illus-
trate inflow of ±15◦, the blue curves in-
flow angles of ±10◦ and the red curves
inflow angles of ±5◦. The green curve
shows the case with full wake interac-
tion, i.e., zero degree inflow angle to
the row alignment.

One can clearly see that for the
cases with +(5, 10 and 15) degrees (’�’
in plot) inflow angle, the production is
higher than for the cases with nega-
tive (’∗’ in plot) inflow angle. When
comparing this with figure 3 one can
reach the conclusion that a higher tur-
bulence level will create more mixing
between the wake and the ambient at-
mospheric flow, and thus provide a net
transport of high-energetic flow to the
turbines. There is also a geometrical
aspect to the difference between the
positive or negative inflow angles in re-
lation to the row alignment. The tur-
bines are located closer together when
the wind direction is from south-west
compared to a north-westerly wind due
to the 7.2 degree tilt of the entire farm
layout. The relationship between the
size of these three different effects are
however very difficult to distinguish.

Figure 6 shows the averaged data
described in section 2.9.2 compared
with a short time series where the con-
ditions of the atmospheric boundary
layer can be identified by the temper-
ature variation with height. In the
measurement series, the temperature
is available at three different heights;
one below the sea surface at -3 m, and
two above the sea surface at 16 and 64

m height. The figures show 10 minute
average values from two different times
with a mean wind speed of 8 m/s and
an inflow angle of 255 and 260 degrees.
It is evident that there is a large vari-
ation between annular averaged val-
ues and shorter time series. Within
the yearly averaged data, the bound-
ary layer can be stable, non-stable or
neutral to different extents depending
on the different wind directions and ve-
locities. When comparing simulation
results with the yearly averaged data
one must be careful about source valid-
ity of comparison values. No effort has
been made to distinguish to what ex-
tent the boundary layer is neutral, sta-
ble or non-stable in the different wind
sectors and wind speed intervals.

2.9.3 Wind veer

Measurement from the Horn Rev site
has shown that wind veer exists and
is in the order of 2-5 degrees across
the disc, see figure 7. The figure il-
lustrates wind veer probability as func-
tion of stability conditions, where s is
stable, n neutral and u unstable. The
results show the wind veer across half
of the rotor disc, therefore, the wind
veer across the entire rotor should be
multiplied by a factor 2. The measure-
ments indicate that during stable con-
ditions, wind veer is most probably not
present but large veer angles can occur.
During unstable conditions there is a
high probability that about 2-5 degrees
of wind veer across the disc is present.
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Figure 4: Experimental data from Horns Rev. The figures show the production
at two inflow angles, 255 and 270 degrees. The solid lines represents the results
for column number 4, and the dotted lines the results for column number 5.
The result is depicted for three different wind speeds.

3 Results

3.1 Flow charactersitics

Figure 8 shows the flow at hub height
for the three first turbines in column
5 at three different inflow angles, 265◦,
270◦ and 285◦, i.e., +5◦, 0◦, −15◦ to
the column alignment. The wake in-
teraction can be seen and it is obvious
that the downstream turbines experi-
ence different flow features in the three
cases depicted here.

One can clearly identify a stable
vortex sheet from both the tip and root
region of the disc. Note, however, that
there is no distinct tip or root vortex
since the actuator disc method is used.
The sheet is clearly defined up to about
one diameter downstream of the tur-
bines in all cases in figure 8. In case
(a) and (b) it is only present at the first

turbine. In case (c) it is however seen
at all turbines due to the large inflow
angle.

3.2 Sensitivity

A sensitivity study is performed to
identify the sensitivity of small changes
of the inflow angle. This is espe-
cially interesting when analyzing the
full wake case of an inflow angle of 270
degrees since the simulations with an
inflow of that angle overestimates the
deficit due to wake interaction when
comparing with measurements. How-
ever, the measurements are based on
a sector ±2.5◦, that is a 267.5-272.5
degree inflow angle, whereas the simu-
lation inflow angle is exactly 270◦ and
therefore to a greater extent fulfills the
full wake criteria.
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Figure 5: Experimental data from Horns Rev.

The result, see figure 9, shows that
the production drop from the first to
the second row decreases to a great ex-
tent when looking at inflow angles of
271-272 degrees.

3.3 Correlation with mea-

surements

Figure 9 shows both measured and
simulated results. The measured data
are depicted in the same manner as
in figure 5. The simulated results are
plotted in the same colour as the mea-
sured data. The simulated cases with
an inflow angle of -(5, 10 and 15) de-
grees are here plotted with a dotted
line. Corresponding measured data are

plotted with a ’∗’. The simulated cases
with an inflow angle of +(5, 10 and 15)
degrees are plotted with a solid line.
Corresponding measured data are plot-
ted with a ’�’. The case corresponding
to full wake interaction, i.e., 270 de-
grees or 0 inflow angle to the column
alignment, is here depicted with a solid
green curve. The dotted and dashed
curves correspond to inflow angles of
+1 and +2 degrees, also discussed in
section 3.2. All values have here been
normalized with the production of the
first turbine in the wind direction.
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Figure 6: Experimental data from Horns Rev.
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Figure 7: The figure shows the probability function of wind veer in Horns Rev.
The data has been captured at 70 meters height in the time period 2003-2005.
The data are captured from a wind direction from 0 to 210 degrees (according to
the definition in figure 1) from a met mast outside the farm. (210-360 degrees
has been left out because of interference from the wind farm.) Wind speeds
between 5.5 and 10.5 m/s has been used.

Figure 10 shows the wake interac-
tion of the different cases. Consider-

ing the case with an inflow angle of
285 degrees it is possible to identify



(a)

(b)

(c)

Figure 8: Vorticity at hub height. The figures illustrate different flow directions.
The flow direction is identified by a number of stream-lines. (a) 265◦, (b) 270◦,
(c) 285◦.



how the wake interaction starts to be
clearly noticeable at the fourth row of
turbines. When comparing with fig-
ure 10, this corresponds to the position
where the wake of the first turbine is
getting close to a down-stream turbine.
When looking further downstream, the
production clearly drops essentially to
the next row, i.e., the fifth row. When
comparing with figure 10, this corre-
sponds to where full wake interaction
occurs. Further downstream the pro-
duction levels out for about three tur-
bines, after which the production again
drops. The lowest production occurs
at the ninth row, which corresponds to
where the full wake interaction takes
place for the second time.

When conducting the same analy-
sis for the case with 280 degree of in-
flow angles, one can note similar be-
haviour. But now the essential drop of
production occurs further downstream.
When comparing with figure 10, one
can observe that the wake from the
first turbine passes the fifth turbine at
a greater distance than the wake from
the first turbine in the 285 degree case
was to the fourth turbine. Therefore,
the production drop for the fifth tur-
bine is less than the drop for the fourth
turbine in the 285 degree case. It is
also obvious that the production for
the sixth turbine, in the 280 degree
case, is higher than the production of
the fifth turbine in the 285 degree case.
This is because in the 280 degree case,
there is not a full wake interaction,
compare with figure 10. When com-
paring these two cases with measure-
ments the simulations underestimate
the wake interaction until full wake in-
teraction occurs and overestimate the
wake interaction after the point of the
first full wake interaction. However, it
is important to remember that mea-
surement data are based on a sector of
± 2.5 degrees while the simulations are
performed at one exact wind direction.

When considering the cases with an

inflow angle of ± 5 degrees, i.e., the 265
and 275 cases, it is noted that both re-
sults are between the measured data
at rows one to four. When looking at
figure 10 it is also evident that an in-
flow angle of ± 5 degrees could not af-
fect the measured data to the extent as
plotted in figure 9 where they deviate
about 10 % compared to the produc-
tion of the first turbine. Therefore one
must conclude that the circumstances
of the measuring peroid for the cases
with ± 5 degrees inflow angle are differ-
ent due to reasons earlier discussed in
section 2.9. The simulated results are
however in the same order as the mea-
sured data which should verify that the
levels of the simulated production are
well predicted. Further downstream
the case with -5 degree of inflow an-
gle results in slghtly higher values com-
pared to the case with an inflow an-
gle of +5 degrees. That could be ex-
plained by the geometry of the farm.
The cases with north inflow angles ex-
perience a longer distance to the next
turbine of the south column compared
to a case where the wind is coming
from the south, and the distance to
the next turbine in the north column
is shorter. Full wake interaction would
occur at about the eleventh row, how-
ever this case has only 10 rows so the
effect will be small. The last drop in
the -5 degree case, i.e., between the
ninth and tenth row, may however be
influenced by the wake from the first
turbine.

When considering the full wake
case, i.e., the 270 degree case where full
wake interaction occurs since the wake
from the upstream turbine fully hits
the downstream turbine, it is clear that
the simulation overestimates the wake
interaction. However, when consider-
ing that the measured data are based
on a sector of ± 2.5 degrees and com-
paring also with a simulation using in-
flow angles of +1 and +2 degrees, the
overestimation does not appear to be



as large as first predicted.
The variation of the measurement

data are in some cases caused by
variation of measurement conditions
with inflow angle. The linear wake
model correlates well with the simula-
tion results. It is, however, important
to remember that the simulations are
based on a simplified model performed
with one exact wind direction and one
boundary layer profile. In reality the
boundary layer profile, as has been
shown, will vary in time depending on
temperature but also most probably
on wind direction. The wind direction
used here is also a 10 minutes average
value that does not quantify the dis-
tribution of the wind direction change.
Therefore, the non correlating data
might be explained by this. For ex-
ample, in the ± 10 degrees cases where
the measurements show a large deficit
at the position of the second turbine
while the simulations show no deficit,
a change in wind direction could result
in wake interaction at the second tur-
bine.

Figure 11 shows the influence of
wind veer. When adding two degrees of
wind veer across the rotor disc, the full
wake interaction agree very well with
measurements. When adding five de-
grees of wind weer, to the full wake
case, the simulation underestimates

the wake interaction compared to mea-
surements. When considering the 275
degree case, the simulations without
wind veer agree better with measure-
ment. In this case the production is
also decreased compared to the simu-
lation without wind veer. That differ
from the full wake case, where the pro-
duction instead is increased. Generally
one should expect a reduction in pro-
duction since the wind veer decreases
the wind speed orthogonal to the rotor
disc. However, when wake interaction
occurs, the wind veer might decrease
the wake interaction effect and there-
fore increase the production. The re-
sults indicates realistic results. How-
ever, this complicated flow situation is
highly dependent of parameters in the
measurements, such as stability wind
direction distribution etc.

The results in figure 11 clearly in-
dicates that wind veer has a signifi-
cant impact on the flow inside the wind
farm. When considering the case with
2 degrees wind veer across the disc
area, simulations of the full wake inter-
action case (270 degrees) corresponds
to measured results to a great extent.
This, therefore, illustrates that when
also considering wind veer in the simu-
lation, very complicated flow situations
can be described by this method.

4 Conclusions

Large eddy simulations of the Navier-
Stokes equations are performed to sim-
ulate the Horns Rev off shore wind
farm, which is situated 15 km outside
the Danish west coast. The aim is to
achieve a better understanding of the
wake interaction inside the farm. The
simulations are performed by combin-
ing the in-house developed computer
code EllipSys3D with the actuator-disc

methodology.

In the present study approximately
13.6 million mesh points are used to
resolve the wake structure in the park
that contains 80 turbines. The two
central columns of turbines have been
simulated with periodic boundary con-
ditions. This corresponds to simulat-
ing an infinitely wide farm with 10 tur-
bines in a downstream direction. Sim-
ulations have been performed within



0 7 14 21 28 35 42 49 56 63

0.4

0.5

0.6

0.7

0.8

0.9

1

[D]

P
/P

T
ur

bi
ne

 1

 

 
exp255
exp260
exp265
exp270
exp275
exp280
exp285
sim255
sim260
sim265
sim270
sim271
sim272
sim275
sim280
sim285

Figure 9: Simulation results compared with measurements. Results from both
simulations and measurements are shown for inflow angles between 255 and 285
degrees, i.e., ± 15 degrees from the westerly direction.

Figure 10: Wake interaction model of the linear extent of the wake due to
different wind directions.

plus/minus 15 degrees of the turbine
alignment.

The study shows that the method
used captures the main production
variation within the wind farm. The
result further demonstrates that levels
of production correlate well with mea-
surements.

Seen in the light of the big un-

certainties, the computations showed
very good correlation with the mea-
surements.

The study also shows that the wind
veer has a significant impact on the
wake interaction.

Future work will especially concen-
trate on wind veer.
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Figure 11: Simulation results compared with measurements. Results from both
simulations and measurements are shown for inflow angles between 270 and 275
degrees. Results without wind veer are compared with results including wind
veer.
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