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ABSTRACT 
Dynamically scaled experiments and numerical analyses are 

performed to study the effects of the wake from an upstream 
wind turbine on the aerodynamics and performance of a 
downstream wind turbine. The experiments are carried out in 
the dynamically-scaled wind turbine test facility at ETH Zurich. 
A 5-hole steady-state probe is used to characterize the cross-
sectional distribution of velocity at different locations 
downstream of the wake-generating turbine. The performance 
of the downstream wind turbine is measured with an in-line 
torquemeter. The velocity field in the wind turbine wake is 
found to differ significantly from the velocity field assumed in 
numerical wake models. The velocity at hub-height does not 
increase monotonically up to the freestream velocity with 
downstream distance in the wake. Furthermore, the flowfield is 
found to vary significantly radially and azimuthally. The 
application of wake models that assume a constant axial 
velocity profile in the wake based on the measured hub-height 
velocity can lead to errors in Annual Energy Production 
predictions of the order of 5% for typical wind farms. The 
application of wake models that assume an axisymmetric 
Gaussian velocity profile could lead to prediction errors of the 
order of 20%. Thus modeling wind turbine wakes more 
accurately, in particular by accounting for radial variations 
correctly, could increase the accuracy of Annual Energy 
Production predictions by 5-20%. 

NOMENCLATURE 
 
Arotor Rotor area     [m2] 
Achannel Channel cross-sectional area  [m2] 
CP Power coefficient     

D Rotor diameter     [m] 
Re Reynolds number (3/4 chord)   
Trotor Rotor torque     [Nm] 
V0 Inflow velocity    [m/s] 
Vx Axial velocity    [m/s] 
Vθ Azimuthal velocity   [m/s]  
Vr Radial velocity    [m/s] 
 
Ψ Yaw angle    [o] 
ϑ Pitch angle    [o] 
θ Azimuth angle    [o] 
ρ Fluid density    [kg/m3] 
ω Rotor rotational speed   [rad/s] 
ωz Vorticity component in axial direction [s-1] 

1. INTRODUCTION 
 
Wind energy is the world’s fastest growing source of 

electricity production; 160 GW of installed capacity was 
reached in 2009, an increase of 33% over 2008. In order for this 
growth to continue, wind energy projects must effectively take 
advantage of wind-rich sites. Limitations on available space 
mean that it is advantageous to develop wind farms with 
turbines spaced as closely as possible. However, a wind turbine 
produces a turbulent wake region downstream of its rotor, 
which can adversely affect the performance and lifetime of 
downstream wind turbines. Thus, a compromise to maximize 
the benefits due to economies of scale and minimize the losses 
due to wake interactions must be reached. This has led to 
international standards [1] that recommend an axial separation 
of adjacent wind turbines within a wind farm of 8-10 rotor 
diameters (8-10D). Power losses due to wake effects are 
expected to be of the order of 5-15% of the entire wind farm 
power generation [2]. 
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Significant research has been undertaken in order to 
develop numerical models that predict wake effects for any 
given wind farm. Wind farm developers use these models in 
their initial site assessment to predict the Annual Energy 
Production (AEP).   Accounting for wake effects increases the 
accuracy of AEP predictions and reduces investment risks and 
costs. Numerical wake models used in industry include the 
Jensen model [3], the Risoe engineering model [4], the Risoe 
WAsP model [5] and the ECN Wakefarm model [6,7]. For a 
more detailed description of these models, see [8]. One 
consideration in the development of the models is a 
compromise between computational load and accuracy of 
prediction such that the models are practical for industrial 
applications.  

The models mentioned above are based on a two-
dimensional inviscid analysis, where the wind turbine is 
modeled as a flat disc that reduces the velocity of the wind. The 
models focus on predicting the velocity deficit and wake 
expansion downstream of a wind turbine rotor, as these are 
considered to be the key factors related to wind farm 
performance. The wake is assumed to be circular and axi-
symmetric and, except for the ECN model, the velocity profile 
is assumed to be constant in a radial direction. The predicted 
development of axial velocity in the wake, normalized with the 
freestream velocity, is shown in Fig. 1(a) for three models 
(Jensen, Frandsen and WAsP) at the same operating conditions. 
The curves differ slightly in shape, but all show a monotonic 
increase towards the freestream velocity. The ECN model 
predicts a Gaussian velocity profile at a downstream distance of 
2.25D based on experimental data measured on a sub-scale 
model in a wind tunnel, as shown in Fig. 1(b) [6]. This profile 
then develops downstream of the rotor, with a distribution that 
is tuned to experimental measurements at hub-height in the 
same experiment, as shown in Fig. 1(c). These measurements 
were made on a 0.36 m diameter wind turbine in a wind tunnel. 
It can be seen that this model predicts a significantly larger 
velocity deficit than the other models, and that this is most 
pronounced from 2D to 4D downstream.  

It is evident that predictions of velocity in the wake, whilst 
qualitatively similar, differ significantly quantitatively. This 
could lead to significantly different predictions of AEP for a 
given wind farm. A more detailed understanding of the wake’s 
flowfield is required in order to improve these models and 
thereby to reduce wind farm investment risks and costs. This is 
achieved in the present work with a unique combination of 
experimental and numerical studies. This approach facilitates 
(a) making a direct link between the flowfield and the 
performance of a wind turbine placed in the wake to be made 
and (b) quantification of the impact of the assumptions made in 
wake models on the AEP prediction of a wind farm. This work 
is part of a broader effort at ETH Zurich that also involves field 
experiments and CFD modeling and which are reported 
elsewhere [9,10,11]. The experimental part of the present work 
was carried out using controlled measurements at the ETH 
Zurich dynamically-scaled wind turbine test facility. This is 
equipped with performance measurement and flowfield 

measurement capabilities as described in the next section. The 
numerical work was carried out using the in-house ETH Zurich 
unsteady Blade Element Momentum (BEM) tool, which allows 
the input of any three-dimensional flowfields at the rotor inlet 
plane.  

 
Fig. 1 (a) Normalized axial velocity in the wake for 

Jensen, Frandsen and WAsP models; (b) ECN model 
velocity profile compared to measurements; (c) ECN 
model showing development of velocity in the wake 

compared to measurements [6]. 
 

2. SET-UP 

2.1. The ETH Zurich Dynamically-Scaled Wind Turbine 
Test Facility 

The experimental part of this work was carried out in the 
dynamically-scaled wind turbine test facility at the Laboratory 
for Energy Conversion (LEC) of ETH Zurich (Fig. 2(a)). The 
facility is described in a previous paper [12], but its salient 
features are detailed here for completeness. 
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Tandem turbine arrangement 
In this work, the facility was operated with two wind 

turbine models in a tandem arrangement as shown in Fig. 2(b). 
The convention for axial separation between the two wind 
turbines (x) is marked on the figure. In the facility, the two 0.3 
m diameter wind turbine models can be mounted either 
separately or in a tandem arrangement on a carriage that moves 
above a 40 m long, 1 m wide and 1 m deep channel of water. 
The velocity of the carriage can be specified to up to 3 m/s (± 
1%). The water temperature was 19 oC ± 0.5 oC throughout the 
measurement campaign. The turbulence intensity of the flow 
was zero. Both rotors were placed in the center of the channel 
and the blockage ratio (Arotor/Achannel) of each rotor was 7.1%, 
which is less than the upper limit of 7.5% required for blockage 
corrections [13]. The Froude number of the channel ranges 
from 0.03 up to 0.92 for the maximum velocity of 3 m/s; thus 
surface and blockage effects are negligible [12]. 

 

 

 
 

Fig. 2. ETH Zurich dynamically-scaled wind turbine test 
facility: (a) Schematic diagram; (b) Tandem turbine 

arrangement. 
 
The blade geometry of the three-bladed wind turbines 

matches the National Renewable Energy Laboratories (NREL) 
Phase VI rotor from 25% to 100% span [14]. From the hub to 
25% span the blade profile was modified in order to improve 
the structural rigidity. The blades of both wind turbines are 
interchangeable and the pitch angle can be set with an accuracy 
of ±1o. For the current tests the blade pitch of both turbines was 
set to 0o following systematic tests to find the pitch giving the 
optimal power coefficient curve. The rotational speeds of both 
wind turbines are controlled by DC motors. The desired tip 
speed ratio of the wind turbine can thus be accurately specified. 
In this study, the maximum turbine rotational speed was 800 
rpm (± 3 rpm), which avoided cavitation. 

The hub and nacelle geometry of the upstream turbine 
match that of the NREL Experiment [14]. The hub of the 
downstream turbine was increased slightly from 14% to 18% of 

the rotor radius to allow measurement of the torque as 
described below.  

 The Reynolds number based on mean chord at the optimal 
tip speed ratio of 6.0 is 1.5 × 105 for both turbines. As a 
comparison, the same size model in a wind tunnel with the 
same freestream flow conditions would have a Reynolds 
number of 10,000. Many full-scale wind turbines reach a 
Reynolds number of the order of 5.0 × 106. It is evident that the 
full-scale non-dimensional parameters are more closely reached 
in the ETH Zurich facility than in a wind tunnel. 

Performance measurements 
In this work, the performance of the downstream wind 

turbine was measured in the wake of the upstream wind turbine. 
This was done using an in-line, contactless miniature 
torquemeter installed on the shaft, as described in more detail in 
[12]. The measurement range is 0-5 Nm (accuracy ± 0.1%). The 
power coefficient (CP) is determined as follows: 

 

� 

CP =
Trotorω

1
2
ρV0

3Arotor

 

 
where Trotor is the rotor torque (Nm), ω the rotor rotational 
speed (rad/s), Arotor the cross-sectional area of the rotor (m2), V0 
the inflow velocity (m/s) and ρ the fluid density (kg/m3). The 
relative errors of the CP and tip speed ratio measurements arise 
from the errors in the translational velocity (±1%), rotational 
velocity (±0.4%), torque (±0.1%) and water temperature 
(±0.2%).  The worst-case relative errors were found to be 0.4% 
in power, 3.0% in CP and 1.1% in tip speed ratio.   

The CP vs. tip speed ratio curve for the downstream wind 
turbine in freestream flow is shown in Fig. 3. Typical behavior 
for a wind turbine with a peak in power coefficient of 0.42 is 
seen at a tip speed ratio of 6.28.  

 

 
Fig. 3. CP vs. tip speed ratio curve for the downstream 

wind turbine in freestream conditions. 

Flowfield measurements 
Flowfield measurements in the wake of the upstream wind 

turbine without the downstream wind turbine were made with a 
5-hole steady-state pressure probe (5H-SSP). The probe has a 
head diameter of 5.5 mm and geometry as shown in Fig. 4(a). 

(1) 
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The conventions for the flow angles, pitch (ϑ) and yaw (Ψ), are 
also shown on the figure. The aerodynamic calibration of the 
probe was carried out in the fully automated free-jet calibration 
facility at the Laboratory for Energy Conversion, ETH Zurich 
(see [15] for a full description of the facility). In this facility, 
the probe is installed on a three-axis traversing system (lateral 
motion, yaw angle and pitch angle motion) in order to rotate the 
probe relative to the fixed jet. The automatic calibration 
procedure follows a pre-defined measurement grid for different 
probe yaw and pitch angles. For this probe, the set of 
calibration data was taken on a homogenous grid that covered 
±20° in yaw and pitch angles, for a Mach number of 0.13, 
matching the Reynolds number in the wind turbine test facility. 
Local static pressure, total pressure and pitch and yaw angles 
are derived from coefficients that are calculated directly from 
local pressure measurements at the five holes of the probe. 
These coefficients are then used to calculate the static pressure, 
total pressure and pitch and yaw angles for each measurement 
made in the wind turbine test facility. The total velocity can 
then be computed from the static and total pressure values [16]. 
The calibration curves of the 5H-SSP are shown in Fig. 4(b). 
 

 
 

Fig. 4. (a) Head geometry of 5H-SSP; (b) Aero calibration 
coefficients. 

 
The five flowfield pressures are independently measured 

using five Keller Series 35X relative pressure transducers, 
referenced to an absolute pressure transducer. Purging of air 
was carried out before each measurement campaign and the 
signals were monitored in real time to avoid measurement 

errors due to leakage. Each measurement was made over a 
period of 5 seconds. 

A series of measurements in the freestream (without the 
wind turbines) over 72 points in a measurement plane the size 
of half the rotor (semi-circular radius 0.15 m) verified that the 
inflow velocity matched the desired carriage velocity within 
±4%. The pitch and yaw angles remained in the range ±1o. 
Preceding each measurement campaign, the freestream velocity 
in the center of the channel was measured three times, and all 
subsequent measurements were referenced to the average of 
these measurements. This resulted in flowfield measurements 
that were repeatable to ±1%. 

In this work, flowfield measurements were made with the 
5H-SSP at 109 points according to the cylindrical grid shown in 
Fig. 5 (view from behind) in two planes at 2D and 11D 
downstream of the upstream wind turbine (without the presence 
of the downstream wind turbine). The lines making up the grid 
have an azimuthal separation of 30o and variable radial spacing. 
The rotor and hub positions are marked as circles on the figure 
and the tower position is marked as a rectangle.  

 
 

Fig. 5. Grid for plane measurements. 

2.2. ETH Zurich Unsteady BEM Code  
The numerical part of this work was carried out with the 

in-house unsteady Blade Element Method (BEM) code of ETH 
Zurich [17]. BEM theory involves analysis of a rotor in annular 
segments, followed by a summation of the resulting forces over 
all of the segments to find the total forces acting on the rotor. It 
is based on the assumption that the flow at a given annulus does 
not affect the flow at adjacent annuli. A flow-chart for this 
process is shown in Fig. 6. 

The BEM code includes Prandtl’s tip loss factor and 
Glauert’s correction for high axial induction factors [18]. A 
three-dimensional velocity field can be specified at the inflow 
plane. This velocity field is then linearly interpolated for each 
given blade section and azimuth position. The BEM code has 
been validated by comparison with NREL’s PROPID code [14] 
using two-dimensional airfoil data for the S809 airfoil at Re = 1 
× 106 [19] as shown in Fig. 7. This airfoil configuration is 
representative of the NREL experimental set-up [14]. The 
differences between the BEM and PROPID codes at low tip 
speed ratio (< 4.5) are due to a lack of airfoil data at high angles 
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of attack. For the remainder of the work, airfoil data was taken 
for the S809 profile at Re = 300,000 to match the experimental 
conditions as closely as possible [20] and the rotor dimensions 
were specified to match the experimental set-up. 

 

 
 
Fig. 6. Flow-chart of the unsteady BEM method. 

 

 
Fig. 7. Unsteady BEM code predictions compared to 
NREL PROPID for (a) Power vs. velocity; (b) Power 

coefficient vs. tip speed ratio. 

3. RESULTS AND DISCUSSION 

3.1. Wind Turbine Performance 
In order to represent wind farm conditions in the ETH 

Zurich dynamically-scaled wind turbine test facility, the 
performance of a wind turbine in the wake of an upstream wind 
turbine was examined at a range of axial separations. For fixed-

speed operation, the presence of the upstream wind turbine is 
seen to have a significant effect on the performance of the 
downstream turbine, as shown in Fig. 8. The power of the 
downstream wind turbine is in the range of 20-40% of the 
freestream power up to a separation of 9D. For larger axial 
separations, the power starts to rapidly increase towards 100% 
of freestream. Thus, even if a downstream wind turbine were 
placed at an axial separation distance of 10D, as recommended 
in [1], power losses of the order of 50-60% of the freestream 
power would be expected for wind farms sited in locations with 
very low turbulence intensity.  

In order to examine variable-speed operation, both wind 
turbines were set to operate at rotational speeds corresponding 
to their optimal tip speed ratio. The optimal rotational speed for 
the downstream wind turbine was calculated from the measured 
velocity at hub-height as seen by the downstream wind turbine 
(without the presence of the downstream wind turbine). This 
corresponds to the operational mode of most variable speed 
turbines. The measured evolution of normalized hub-height 
axial velocity in the wind turbine wake is shown in Fig. 9, 
compared to two of the wake models discussed in the 
introduction. The wake models all under-predict the velocity 
deficit at hub-height compared to the experiments. The 
measured velocity decreases up to 7D downstream; further 
downstream the velocity increases rapidly towards the 
freestream value. At 7D downstream, the shear mixing layer 
has reached the center line and transfers higher velocity flow 
towards the center. This mixing process should be considered in 
order to improve the accuracy of numerical wake models. The 
reader is referred to a previous paper by the author [21] for 
more details. 

For variable-speed operation, the normalized power of the 
downstream turbine is shown in Fig. 8 compared to the results 
for a fixed-speed turbine. Operating at variable speed can result 
in up to a 15% increase in freestream power compared to 
operating at fixed speed. This is due to the increased power 
coefficient caused by optimizing the tip speed ratio. However, 
this increase reduces to almost zero as the axial separation 
increases from 7D to 11D. This is due to the fairly flat shape of 
the CP vs. tip speed ratio curve for this wind turbine: as the 
axial separation increases from 7D to 11D, the inflow velocity 
increases and the tip speed ratio decreases correspondingly. As 
the inflow velocity is smaller than the design inflow velocity, 
the downstream wind turbine is operating on the right-hand side 
of the power coefficient curve, at tip speed ratios larger than the 
optimal value. Thus increasing the axial separation from 7D to 
11D involves climbing up the right-hand side of the curve in 
Fig. 3 from right to left. The curve flattens out close to the 
optimal point, and therefore the losses between fixed- and 
variable-speed operation approach zero.  

Even though a power increase can be achieved by 
operating at variable speed, losses of up to 60% of freestream 
power are nevertheless observed. This reduction corresponds 
well with power measurements on turbines within the Danish 
Horns Rev wind farm [22]. For higher freestream turbulence 
levels, this reduction in power is expected to be smaller, due to 
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accelerated mixing in the wake. This should, however, be 
investigated in more detail. The aerodynamics relating to these 
losses are investigated further in the subsequent sections of this 
paper. 

 
Fig. 8. Normalized power vs. axial downstream distance 
in the wake of the upstream wind turbine for fixed-speed 
compared to variable-speed downstream wind turbines. 

 

 
Fig. 9. Normalized velocity vs. axial downstream distance 

in the wake of the upstream wind turbine. 
 

3.2. Examination of Aerodynamics 
Figure 10(a) shows the measured axial velocity in the 

plane 2D downstream of the upstream turbine. The observer’s 
view is upstream (so that the rotor rotates in a clockwise 
direction) and velocity is normalized with the freestream 
velocity. The flowfield is clearly radially and azimuthally non-
uniform. Figure 10(b) shows the variation in velocity with the 
radial position at θ = 0o, 30o and 90o. It can be seen that the 
minimum axial velocity is located at approximately 40-60% 
span. This offset occurs as the flow accelerates around the 
slower wake of the nacelle. Comparison of these three velocity 
profiles also highlights the asymmetry of the flow due to the 
tower in the bottom half of the rotor, especially in the tip region 
from 80% span outwards. This region is not symmetric about 
the tower, but is skewed by approximately 10o in the direction 
of rotor rotation. The low-pressure wake region behind the 
tower draws the flow inwards and results in a speed-up around 
the tower wake periphery. The speed-up region outside the 
wake is also seen in Fig. 10(b), and the speed-up reaches a 
magnitude of up to 5% of the freestream velocity. The Gaussian 

profile predicted by the ECN model  [7], given the performance 
characteristics and dimensions of the present wind turbine, is 
also shown in Fig. 10(b). Although the predicted hub-height 
velocity matches well with the measurements, the predicted 
velocities over the mid-span range (0.3 < r/R < 0.8) are clearly 
very different. The impact of this assumed Gaussian profile is 
assessed in a subsequent section of this work. 

 

 
 

Fig. 10. (a) Normalized axial velocity for a plane 2D 
downstream; (b) Variation with radial position at 0o, 30o 

and 90o. 
 
Fig. 11(a) shows the normalized axial velocity in the plane 

11D downstream of the upstream turbine. It is clear that the 
flow has mixed out more compared to the more upstream 
measurement at 2D (Fig. 10); however, there is still a 
significant influence of the rotor on the flow. The flowfield is 
still radially and azimuthally non-uniform. The region of slow-
moving flow in the wake has mixed out, elongated and become 
skewed by an angle of approximately 30o in a direction 
opposite to the rotor rotation.  In Fig. 11(b), the variation in 
velocity with the radial position is shown at θ = 0o, 30o and 90o. 
The large fluctuations present in the profiles highlight the loss 
of flow structure due to mixing.  
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Fig. 11. (a) Normalized axial velocity for a plane 11D 
downstream; (b) Variation with radial position at 0o, 30o 

and 90o. 
 

The pitch and yaw angles range between –6o & 8o, and 
between -7o & 4o, respectively, for 2D. For 11D, the pitch and 
yaw angles range between –2o & 3o, and between -5o & 5o, 
respectively. The normalized radial and azimuthal velocities 
derived from these flow angles for 2D and 11D are shown in 
Fig. 12(a) and 12(b). A positive radial velocity refers to flow 
moving outwards from the rotor center, whereas a positive 
azimuthal velocity refers to an anticlockwise motion; that is, in 
the opposite direction to the rotor rotation.  

These velocity components have a maximum magnitude of 
one-tenth of the total velocity. For 2D, distinct flow structures 
can be seen; the flow is being entrained towards the center 
between θ = 0o and 90o and between θ = 180o and 270o. In the 
other sections of the plane, the flow is being driven outwards. 
This flow structure suggests vortical behavior, which will be 
further examined. For 11D, these distinct structures have mixed 
out, and the magnitude of the radial and azimuthal velocity has 
reduced to approximately half the magnitude of the 2D case. 
 

 

 
Fig. 12. Normalized radial and azimuthal velocity 

components at (a) 2D and (b) 11D downstream in the 
wake. 
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The flow structures described above are examined in more 
detail in Fig. 13, which shows the velocity vectors based on the 
radial and azimuthal velocity components at the measurement 
planes x = 2D and 11D. The maximum vector length has a 
magnitude of 15% of the freestream velocity. Coherent flow 
structures can be clearly seen. At 2D, two regions of counter-
rotating fluid can be observed; one region moving downwards 
in the area of the tower and one moving upwards and to the left. 
By 11D, these regions are weaker and have rotated 
approximately 30o in the opposite direction to the rotor rotation. 
This is indicative of low frequency meandering of the wake, 
and should be further investigated. 

 
 

Fig. 13. Radial and azimuthal velocity components at (a) 
2D and (b) 11D downstream in the wake. 

 
The structures in the wake at 2D and 11D are further 

investigated by calculating the component of vorticity in the 
axial direction (ωz): 

 

� 

ωz =
1
r
∂ rVθ( )
∂r

−
1
r
∂Vr

∂θ
                 (2) 

 
where Vθ = azimuthal velocity (m/s) and Vr = radial 

velocity (m/s). Figure 14 shows that there are two regions 
where counter-rotating vortices occur in the 2D plane. The first 
region is downstream of the nacelle, where a counter-rotating 
vortex is formed downstream of the square-ended nacelle. The 
second region is downstream of the tower, where a horseshoe 
vortex can be seen at either side of the tower. Such a horseshoe 
vortex is expected to be formed downstream of a truncated 

cylinder, as shown in the time-averaged schematic diagram in 
Fig. 15 [23]. In the measurements undertaken in this paper, the 
cylindrical wind turbine tower is truncated by an airfoil-shaped 
profile attached to the tower. This prevents vortex shedding and 
other water surface effects in the experimental facility, which 
would not be present in reality. At 11D, this horseshoe vortex 
has disappeared, but the counter-rotating vortices in the center 
due to the nacelle remain (but with reduced magnitude). The 
presence of these vortical structures implies that are losses that 
may have an impact on the performance of a downstream wind 
turbine. 

The impact of these measured flowfields on the 
performance of a downstream wind turbine is examined in the 
next section. 

 
Fig. 14. Vorticity components in the axial direction at (a) 

2D and (b) 11D downstream in the wake. 
 

 
Fig. 15. Schematic diagram of time-averaged flow over 

truncated cylinder [23]. 



 9 Copyright © 2011 by ASME 

3.3. Impact of Flow Non-Uniformity on Performance 
An examination of the aerodynamics in the previous 

section has shown that the flowfield in a wind turbine wake is 
different from the flowfield assumed in wake models. The main 
features observed in the measured flowfield that are absent in 
assumed flowfields of wake models are summarized as follows: 

 
A. The wake velocity field contains in-plane components and 

coherent vortical structures that may not be negligible; 
B. The measured wake velocity profile is not constant; 
C. The measured wake velocity profile is not Gaussian; 
D. The wake velocity field is not axisymmetric. 

 
In this section, the BEM code is applied in order to 

examine the impact of these differences on the predicted wind 
turbine performance. This allows for quantification of potential 
improvements that could be made to wake models by basing 
the velocity profiles on more detailed experimental 
measurements such as the ones made in the present work. For 
each prediction, the rotational velocity of the wind turbine was 
set to give the optimal tip speed ratio based on the hub-height 
velocity. 

The power production is first predicted using the measured 
axial velocity flowfields as inputs to the BEM code. The 
predicted power is compared with the measured power in Table 
1. The predicted and measured values differ by 1-2%. These 
differences are within the repeatability of the flowfield 
measurements. In Fig. 16, the predicted variation of the 
incidence across the span is shown. The incidence is averaged 
over one revolution. The reduction in incidence by up to 2o 
from 20% to 80% span from 11D to 2D explains the lower 
power production at 2D. 
 
Table 1. Predicted power compared to measured power. 

 
 Power relative to freestream power  

x/D Measured Predicted % Difference 
2 43 45 2 

11 59 58 1 
 

 
Fig. 16. Average incidence over rotor for one revolution: 

2D compared to 11D. 

The impact of assumptions A to D on the power prediction 
was calculated in each case by entering a new velocity field 
into the BEM code corresponding to each assumption. The 
resulting power production was then compared with the power 
production predicted for the measured flowfield. 

The impact of assumption A on the predicted wind turbine 
performance was tested by predicting the power with the radial 
and azimuthal velocity components included. This assumption 
was found to have a negligible impact on the power production 
(±0.5%). The impact of assumption B on the predicted wind 
turbine performance was tested by creating a flowfield of 
constant velocity equal to that measured at hub-height. This 
assumption was found to over-estimate the power by 7% for 2D 
and 3% for 11D. The impact of assumption C on the predicted 
wind turbine performance was tested by creating an 
axisymmetric Gaussian distribution flowfield as specified in the 
ECN model for 2D only, as this flowfield is only defined for 
2.25D [7]. This assumption was found to over-predict the 
power by 30%. The impact of assumption D on the predicted 
wind turbine performance was tested by creating axisymmetric 
flowfields by averaging the measured data at each radial 
location azimuthally over a full rotation. This assumption was 
found to over-predict the power by 0.3% for 2D and under-
predict the power by 0.5% for 11D. Thus, the assumption of 
axisymmetry itself has a negligible impact on performance 
prediction. 

The percentage differences between the predicted power 
for each assumption and the predicted power for the measured 
axial velocity field are summarized in Table 2 for 2D and 11D.  

 
Table 2. Percentage variation from measurements for 

assumptions A to D. 
 

% variation from measurements Case 
2D 11D 

A +0.5 -0.5 
B +7 +3 
C +30 N/A 
D +0.3 +0.5 

 
These results are converted into uncertainties for the 

prediction of AEP for a typical wind farm of 8 columns by 10 
rows of wind turbines (matching the layout of the Danish 
offshore wind farm, Horns Rev [22]) in Fig. 17. This assumes 
no additional effects from the further overlapping of two or 
more wakes. The uncertainty for AEP prediction is lower than 
that of the power prediction of a single wind turbine due to the 
fact that the wind farm has 8 of its 80 wind turbines exposed to 
the freestream and which are not affected by upstream wakes. 
Note that the “constant inflow” and “axisymmetric” 
assumptions apply for axial separations between 2D and 11D, 
whereas the “Gaussian” assumption only applies for an axial 
separation of 2D.  

It is clear that the assumptions made in many commonly-
used wake models could have a significant negative impact on 
the accuracy of AEP predictions for a wind farm and thus on 
project costs and risks. It is thus important to model these 
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flowfields more accurately. This is the subject of ongoing work 
at the ETH Zurich dynamically-scaled wind turbine test facility. 

 

 
Fig. 17. Summary of errors in magnitudes of power and 
Annual Energy Productions predictions due to common 

wake model assumptions. 

4. CONCLUSIONS 
 

• The velocity field in wind turbine wakes differs 
significantly from the velocity field assumed in numerical 
wake models. The main differences between the measured 
and modeled velocity fields are that (a) the velocity at hub-
height does not increase monotonically up to the 
freestream velocity with downstream distance in the wake 
and (b) the flowfield varies radially and azimuthally. 
 

• The application of wake models that assume a constant 
axial velocity profile in the wake based on the measured 
hub-height velocity can lead to errors in Annual Energy 
Production predictions of the order of 5% for typical wind 
farms. The application of wake models that assume an 
axisymmetric Gaussian velocity profile could lead to 
prediction errors of the order of 20%. Thus modeling wind 
turbine wakes more accurately, in particular by accounting 
for radial variations correctly, could increase the accuracy 
of Annual Energy Production predictions by 5-20%. 
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