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a b s t r a c t

An experimental study focusing on the change of the aerodynamic performance of a wind turbine with
the employment of trailing-edge serrations is presented. The design procedure which starts from the
serration design, together with the experimental wind tunnel testing and the installation in an already
operating wind turbine is discussed. A prediction methodology to estimate the aerodynamic perfor-
mance change of the machine with the blade add-on is validated by in-field measurements. Wind tunnel
experiments for the validation of the original serration design have been carried out on a Nordex ADO30
airfoil with a relative thickness of 30% and on a NACA643418 airfoil with 18% thickness. The two airfoils
are respectively used in this study due to their peculiar characteristics. While the first has been designed
for relatively high Cl/Cd performance versus structural integrity (i.e. relatively high thickness), the sec-
ond one is a typical reference airfoil used in wind turbines for its interesting Cl/Cd performance in both
laminar and rough conditions. Clean and rough conditions have been tested in order to prepare a
database for the analysis of the full turbine in several wind conditions. Aerodynamic forces with the
serrated trailing-edge extensions are measured for different angles of attack and serration flap angles.
The results are further discussed and employed for the analysis of the full rotor. Results already show that
an increase in the flap angle is typically associated with an increment in lift, but not necessarily in drag.
This has a beneficial effect on the operational regime of the machine when taken into account. The
influence of the trailing-edge serrations on an operating wind turbine has been quantified in terms of
total loads and energy production. The power curves with and without the trailing-edge installations are
further analyzed and compared with the theoretical predictions.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The use of trailing-edge serrations for mitigating the airfoil
self-noise emitted by wind turbine blades has become very pop-
ular in the wind energy industry. Its efficacy in reducing the most
important aeroacoustic component originated by the interaction
of the airfoil turbulent boundary-layer with the blade trailing-
edge has been proven in many studies, theoretically [1,2],
numerically [3] and experimentally [4e6]. While the physical
principle behind the noise reduction was already elucidated by
Howe's work [1], predicting the magnitude of the noise reduction
and its frequency range is not an easy task. The main effect of the
serrated edge is to effectively reduce the spanwise length of the
trailing-edge that contributes to noise generation [1]. Since the
lorente).
first study from Howe, a large number of experimental studies on
trailing-edge serrations have focused on applications such as 2D
airfoils and wind turbine blades. Amongst many, Jones et al. [3]
performed DNS simulations over the NACA-0012 airfoil with a
flat-plate trailing-edge with and without serrations, to investigate
the link between flow structures, aerodynamic performance and
noise reduction capabilities. Gruber et al. [5] in their experimental
work presented noise reductions up to 7 dB on a NACA651-210
airfoil at Reynolds number between 2 and 8.3$105 at low fre-
quencies and an increase in noise level at high frequencies. Oer-
lemans et al. [6] analyzed the influence of the trailing-edge
serrations on a real wind turbine blade of 94m of rotor diameter
and a noise reduction of 3.2 dB was achieved with the use of these
devices. However, only recently it has been demonstrated that the
practical realization of the serration design alters the flow
streamlines at the roots of the teethes, with severe repercussions
on the aeroacoustic and aerodynamic performance of the device
[7,8]. Although the mechanism behind the noise reductions due to

mailto:ellorente@nordex-online.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2019.08.128&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2019.08.128
https://doi.org/10.1016/j.renene.2019.08.128
https://doi.org/10.1016/j.renene.2019.08.128


E. Llorente, D. Ragni / Renewable Energy 147 (2020) 437e446438
the presence of trailing-edge serrations is both experimentally
and numerically well documented (e.g. Refs. [9,10]), the aero-
dynamic influence of these devices onwind turbine performances
has not been thoroughly studied. One of the most interesting
studies on the aerodynamic performance of these passive treat-
ments is presented by Liu et al. [11]. In their work, a detailed
analysis of the aerodynamic performance, wake development and
turbulence level of airfoils with trailing-edge serrations has been
carried out in order to better understand the noise reduction
mechanism. This has motivated a detailed analytic study of the
aerodynamic performance change of airfoils with trailing-edge
serrations by the authors [12]. In their previous study, a simple
prediction law for the changes in lift coefficient of an airfoil with
serrations has been proposed downstream of a detailed analysis of
the aerodynamic performance of an airfoil with and without add-
ons. In this manuscript, the analysis of the change in performance
is extended to an already operating wind turbine. The manuscript
starts with an experimental analysis of an airfoil with and without
serrations, carried out in the low-speed low-turbulence wind
tunnel of TU Delft. The aerodynamic performance of two different
airfoils extensively used in wind turbine blades with and without
trailing-edge serrations are measured under clean and rough
conditions. The influence of the flap angle (the angle between the
chord of the airfoil and the trailing-edge extensions) has also been
measured during the campaign. The experimental data validate
the law derived by Llorente et al. [12] for predicting the lift co-
efficient of an airfoil with trailing-edge serrations from the orig-
inal lift of the clean airfoil. The manuscript continues by extending
the formula to a prediction methodology to evaluate the influence
of the serrations on the different airfoils that form a wind turbine
blade. With this information, the influence of the trailing-edge
serrations on the loads and power production of a real wind tur-
bine can be quantified. The theoretical power production has been
compared with the experimental data from Nordex wind turbines
with and without trailing-edge serrations operating in the same
wind farm.

2. Design and testing of the serrated devices

2.1. Wind tunnel facility

The low-speed low-turbulencewind tunnel of TU Delft was used
to first test the serrated edge designed for twowind turbine airfoils.
The atmospheric closed-loop wind tunnel has a test section 1.80 m
wide, 1.25m high and 2.60m long. The 2.9m diameter six-bladed
fan engine, driven by a 525 kW DC motor, delivers the flow
through a contraction of 17.8 to the test section at a maximum
velocity of 120m/s. The free-stream turbulence level in the test
section varies from 0.02% at 25m/s to 0.07% at 75m/s. Electrically
actuated turntables flushed with the test-section top and bottom
wall provide positioning and attachment of several two-
dimensional models, which can be operated at several angles of
attack. The centre of rotation for all the models is set at half chord
distance. The free-streamvelocity is monitored by evaluation of the
free-stream dynamic pressure q0 through a calibration curve from
the tunnel contraction control pressure Dpb, measured as the dif-
ference between the settling chamber total-pressure and the wall
(static) pressure at a station about half-way in the contraction. The
static pressure at the contraction is evaluated as the average of 4
static-pressure taps distributed at the circumference of the tunnel.
In this facility, lift and drag are typically measured with a six-
degrees of freedom multi-component balance connected to the
model. In this particular study, the aerodynamic forces and pres-
sure distribution could be easily obtained from pressure ports
distributed on the pressure and suction side of the models (see
following section). The pressure tabs features a 13-degrees offset in
span-wise direction to avoid mutual pressure orifices interference.
The lift coefficient is calculated from the pressure ports using the
following Equation (1).

Cl ¼ Cn cos a� Ct sin a (1)

The drag of the airfoil is instead obtained from integration of the
measurements from a wake rake of Pitot tubes installed at a dis-
tance of half meter downstream the airfoil. The free-stream total-
pressure is calculated as an average of all the wake-rake total-
pressures outside the wake of the airfoil. Finally the free-stream
static-pressure is calculated as the difference between the total
pressure from the wake rake and the dynamic pressure from the
tunnel controller. Using Equation (2) the drag coefficient could be
calculated from the wake-rake information.

Cd ¼ 2
ðb

a

� ffiffiffiffiffi
q2
q1

r
� q2
q1

�
(2)

In Fig. 1 the layout of the low speed low turbulence wind tunnel
is displayed.

2.2. Experimental model and serrations

Two different airfoils have been tested in this first part of the
study. The first model is a cambered Nordex ADO30 airfoil with
30% of relative thickness typically used inwind turbine blades (the
airfoil profile of the model is protected by non-disclosure agree-
ment). The profile has been manufactured into a straight wing of
600mm chord and 1225mm span and installed in the LTT test-
section. The wing was manufactured in glass-fiber and resine by
the company Streifeneder (https://www.streifeneder.com/) and
instrumented with 90 pressure ports, 45 on the suction side and
45 on the pressure side of the airfoil. The second tested model
corresponds to a NACA643418 airfoil, built into an aluminumwing
with 250mm chord and a span of 1225mm. Due to the relatively
smaller chord, a reduced amount of pressure ports (50 pressure,
25 on each side) was used for its instrumentation. Serrations were
designed based on the boundary layer information of the different
studied airfoils. According to Gruber et al. [10] there is a critical
value of 2h

d
� 0:5 or 2h

l
� 1 above which significant noise re-

ductions occur. Increasing this value, noise in low and medium
frequencies is reduced but penalties are found at high frequencies.
An average between these two values has been selected. The
resulting serrations length for the ADO30 airfoil model with the
computed boundary layer thickness is 2h¼ 112mm with l

2h
¼ 0.75. While for the NACA643418 model, the resulting trailing-
edge serrations geometry is 2h¼ 75mm with l

2h ¼ 0.75. Three
different flap angles (b) are measured 0�, 5� and 10�. For the
second model, the length of the serrations is 2h¼ 75mm with l

2h
¼ 0.75. The same three different flap angles have been tested. The
trailing-edge serrations for both models have been manufactured
in aluminum and have been installed at the pressure side of the
models with a 50mm plate ensuring a smooth transition between
the model and the attachment of the trailing-edge extensions. In
Fig. 2 and Fig. 3 the reader can find two simple schematics of the
serration geometry as well as pictures of both tested models.
Boundary layer transition in turbulent conditions is forced by
means of a zig-zag tape of 0.4mm height, and 6mm length and
6mmwidth, placed at 10% of the chord in the pressure side and at
5% of the chord in the suction side. The effectiveness and unifor-
mity of the boundary-layer forcing device was verified by com-
bined use of a remote stethoscope probe and a thermal camera
visualization along the wing span.

https://www.streifeneder.com/


Fig. 1. TU-Delft low speed low turbulence wind tunnel layout.

Fig. 2. Schematics of the principal parameters of the serrations geometry.

Fig. 3. Two different airfoil models tested with and without trailing-edge serrations.
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3. Wind tunnel results

The aerodynamic results from the wind tunnel tests are used for
the prediction of the changes in performance due to serration
installation which will be used in the full wind turbine study.
Aerodynamic forces have been measured for both the NACA643418
and the ADO30 with and without trailing-edge serrations in an
angle of attack range between �20 and 20�. The wind tunnel is
operated at a speed of 75m/s, respectively corresponding to a
chord-based Reynolds number of Rec ¼ 1,106 for the NACA643418
and of Rec ¼ 3,106 for the ADO30. The designed serrations are
tested in the range of flap angles: b ¼ 0+; 5+; 10+. As already
mentioned, measurements with free and force boundary-layer
conditions have been conducted.



Fig. 5. Aerodynamic coefficients measured for the Nordex ADO30 airfoil under forced
boundary-layer transition with and without trailing-edge serrations at different flap
angles. Flap convention: positive, pitching towards the pressure side.
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3.1. Nordex ADO30 results

The aerodynamic coefficients for the clean configuration of the
ADO30 airfoil at Rec ¼ 3,106 have been measured and presented in
Fig. 4 for different serration flap angles. From analysis of the lift
curves, the trailing-edge serrations are found to behave as a flap of a
reduced serration length [12], causing a significant increment of lift
in the range of investigated angles of attack. A drag increase of
about 20% due to the presence of the extensions is appreciated with
respect to the baseline configuration. For the baseline airfoil, while
the Cl/Cd performance decrease at high serration flap angle
(cambering of the airfoil) for angles of attack in the linear Cl range,
the max Cl/Cd performance increase instead. This is due to a
beneficial camber increase with the flap angle, which increases the
max lift produced for the same stall angle of attack. As can be seen
in fact from Fig. 4, the stall angle of the airfoil is independent of the
presence of the trailing-edge extensions and of the flap angle. This
is perhaps due to the loading optimization with which the airfoil
profile was obtained.

In the following paragraph, it is interesting to evaluate the effect
of boundary-layer forcing with respect to the particular airfoil
shape. Boundary-layer forcing is obtained by use of the zig-zag tape
as reported in the experimental-setup paragraph. The aerodynamic
coefficients measured under forced turbulence conditions are re-
ported in Fig. 5. This configuration shows a considerable difference
from the clean case for all tested models. A reduction of 50% on
maximum lift coefficient for the non-serrated model is measured
with respect to the clean configuration. For the serrated shapes the
drop in lift coefficient is still significant but the tendency of lift
increase with the flap angle is maintained. At negative angles of
attack the flow remains attached and all the curves collapse to
similar values. From medium to high angles of attack, between 5+

and 20+, the lift coefficient shows a big increase between the
serrated and the non-serrated cases. For the serrated models with
flap angles of 5+ and 10+, similar drag coefficient values are
measured and slight increments in lift coefficient were achieved.
Fig. 4. Aerodynamic coefficients measured for the Nordex ADO30 clean airfoil with
and without trailing-edge serrations at different flap angles. Flap convention: positive,
pitching towards the pressure side.
These experiments show that the sensitivity of these airfoil to
roughness is important and a notable loss of performance is
measured for all the cases, with and without trailing-edge
serrations.
3.2. NACA643418 airfoil

The aerodynamic coefficients for this model, measured without
and with trailing-edge serrations at different flap angles are pre-
sented in Fig. 6. One of the most important aspects for the
repeatability of the measurements for this airfoil, is the proper
installation of the serrated edges. The relatively lower model chord
with respect to the ADO30 requires a careful installation of the
serrated devices and a small manufacturing adaptation of the plate
for ensuring that 0� flap actually corresponds to the actual camber-
line. Important differences between the original airfoil and the
serrated configurations are here as well observed. The most sig-
nificant increments in lift coefficients were achieved in the range of
attached flow at angles of attack between 5+ and 15+. From analysis
of the drag curves, the NACA643418 seems to have a lower sensi-
tivity to the flap angle change of the serration. Lift and drag co-
efficients increase indeed with the flap angle, but for this airfoil the
increase in Cl/Cd performance is more uniform in the entire angle
of attack regime. The serrated trailing-edge with flap angle of 5+

seems to be the most effective extension. At angles of attack near
the maximum lift the efficiency of the airfoil is again the most
significantly amplified by the presence of trailing-edge serrations.
Interestingly, the hysteresis loop at positive and negative angles of
attack is muchmore pronounced for this airfoil than for the ADO30.
The max difference in lift and drag coefficients when approaching
the stall angle of attack from two different sides is of about 60%.
This hysteresis is typically consequence of the presence of a laminar
separation bubble, which abruptly separates the flow at a specific
chord-wise location. The hysteresis cycle is typically not affected by
the trailing-edge extension (additionally confirmed in this study),



Fig. 6. Aerodynamic coefficients measured for the NACA643418 clean airfoil with and
without trailing-edge serrations at different flap angles. Flap convention: positive,
pitching towards the pressure side.

Fig. 7. Aerodynamic coefficients measured for the NACA643418 under forced
boundary-layer transition conditions with and without trailing-edge serrations at
different flap angles. Flap convention: positive, pitching towards the pressure side.
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due to the sensitivity of the bubble to the peak pressure gradient in
proximity of the nose (cfr. Fig. 6). Another peculiar characteristics of
this laminar airfoil is the dependence of the stall angle to the airfoil
camber. This is a peculiarity of the NACA6-digit airfoils which are
based on a particular curvature line which is designed to maintain
the flow laminar for most of the airfoil surface [13]. Modification of
the camber for this airfoil by extension with a trailing-edge flaps
delays therefore the stall angle, but does not substantially change
the max lift performance.

In the following, the performances of the NACA643418 have
been evaluated under forced boundary-layer conditions with the
use of a zig-zag tape as explained in the experimental-setup sec-
tion. In Fig. 7 the aerodynamic coefficients are presented for the
airfoil with and without trailing-edge serrations. Oppositely to the
ADO30, the NACA643418 is much less sensitive to the boundary-
layer transition location. The maximum differences in lift coeffi-
cient for the baseline airfoil under free and forced boundary layer
conditions are within 15%. Also the effect of the trailing-edge ser-
rations is, therefore, remarkably similar to the clean case. A sig-
nificant increase in lift coefficient is achieved for the investigated
flap angles, this timewithout affecting the drag coefficient. This is a
peculiarity of the particular airfoil which favours attached flow for
most of the surface extension. The effectiveness of the airfoil with
serrated extensions is muchmore pronounced for positive angles of
attack than for negative ones. In the stall region, as in the clean
configuration, the presence of serrated extensions increases the
stall angle of attack and the hysteresis loop. The increase in the flap
angle does not affect the airfoil hysteresis.
4. Trailing-edge serrations aerodynamic modelling and
validation

In this section the measurements performed in the LTT wind
tunnel have been used for validating the prediction-law proposed
by the authors [12]. The particular law, once experimentally
validated for the changes in lift coefficient for the airfoil, can be
used as an analytic input in the load and power performance output
estimation of a full wind turbine. The law easily modifies the
original airfoil data by considering the serrations main geometric
parameters (length and flap angle) and the lift coefficient of the
original airfoil at zero angle of attack for predicting the effect on lift
coefficient of an airfoil with trailing-edge serrations. The formula
can be implemented for different airfoil sections along the wind
turbine blade. 3D effects along the span on the change of serration
performances can be easily neglected given that: 1) serrations are
typically applied at the most outboard region of the blade due to
the dependence of the sound produced to the 5e6th power of the
relative flow speed on the airfoil section [6]; 2) the serration
extension is typically contained within 20% of the airfoil chord to
avoid flap angle deflections and for reducing maintenance issues.
The formulation of the equation used in this manuscript is the one
from the authors [12] and presented in Equation (3):

Clas ¼ 2pað1þ ls=cÞ þ 2pbls=cþ Cl0 (3)

Starting with the ADO30 airfoil model and using the ls of the
tested trailing-edge serrations, the chord of the model, c and Cl0
information obtained from the experiments of the airfoil without
trailing-edge extensions in the previous prediction law (Equation
(4)), the lift coefficient for the different tested flap angles can be
calculated and compared to the experimental results. In Fig. 8 the
predicted and measured lift coefficient for this model with trailing-
edge serrations varying its flap angle have been displayed. A rela-
tively good agreement is found between the predicted and
measured lift coefficient for this configuration for the indicated flap
angle till the stall region. The simple linear model is not taking into
account the flow separation region in fact.

In Fig. 9 the comparison is extended to the NACA643418 ge-
ometry with Equation (4). As in the previous case a good agreement
between the measured and the predicted lift coefficient is obtained
for all the different flap angles.



Fig. 8. Comparison between the predicted and measured lift coefficient for the ADO30
airfoil with serrations at varying flap angles.

Fig. 9. Comparison between the predicted and measured lift coefficient for the
NACA643418 airfoil with trailing-edge serrations varying the flap angle.

Fig. 10. Difference in electrical power between the serrated and the original wind
turbine configuration.

E. Llorente, D. Ragni / Renewable Energy 147 (2020) 437e446442
With Equation (4) it has been proven that the lift coefficient of
an airfoil with trailing-edge serrations can be predicted from the
data of the original airfoil. This equation is also valid for obtaining
the lift coefficient under forced boundary-layer conditions
although a flap angle correction should be included due to the
camber change caused by the forced turbulent conditions. Using
this information in the following paragraph a load and power
production calculation is performed to evaluate the effect of the
serrations in the aerodynamic efficiency of a wind turbine.

5. Trailing-edge serrations effect on the behaviour of a wind
turbine

In order to extend the formulation used for the airfoil section to
the full blade analysis, the code Bladed [14] has been used. The
particular code in the last decades has been extensively used in
many industrial standards, since able to provide with an aero-
elastic design tool, which still takes into account the machine and
its environment. For this study a real wind turbine fromNordex has
been simulated. In particular, the AW125/3000 IEC IIIb [15] is a
3MW machine operating with blades of 61.2m length and a con-
crete tower of 120m. The blades have been designed using similar
airfoils than the studied in this manuscript. Serrations have been
installed in the last 40% of the blade length, and the polar data of
the airfoils have been used in the performance evaluation. Two
analysis have been carried out in the following sections: a first
evaluation of the serrations influence on the power production of
the wind turbine and a study of the serrations impact on the wind
turbine loads.

5.1. Wind turbine power production

To analyze the influence of the serrated blade on the power
production of the wind turbine a dynamic power curve based on
the IEC 61400e12 Ed. 1.0 guidelines [16] has been performed.
Several cases for each wind speed from 3.5m/s to 25m/s each
0.5m/s using different wind seeds have been simulated in normal
operation. For the original and the serrated cases the same wind
turbine control has been used. In Fig. 10 the differences between
the electrical power of the original and the serrated rotors for
different wind speed are displayed. In this picture increments
above 1.5% between serrated and non serrated configurations are
obtained, these deviations caused an increase in annual energy
production (AEP) around 1% for the serrated configuration.

5.2. Wind turbine loads

To evaluate the influence of the serrations on the loads of the
AW125/3000 IEC IIIb wind turbine the IEC 61400e1 Ed. 2.0
guideline [17] has been used. This guideline is the reference stan-
dard for wind turbine load calculations and it accounts for several
loading typologies, including: aerodynamic forces, weight of the
components, inertial forces (e.g centrifugal and gyroscopic forces
on the rotor) and additional loading for the wind turbine control
system: pitch, torque, yaw and brakes. In this guideline, the pro-
cedure for the load evaluation is differentiated between ultimate
and fatigue loading. In the present manuscript a numerical analysis
will be carried out on the original design of the AW125/3000 IEC
IIIb [15] turbine including the effect of serrations.



Fig. 11. Wind turbine axis.

Table 1
Ultimate loading comparison: serrated vs. original configurations, positive numbers
pertain to an increase in loading with the serrated configuration.

Load Blade root Hub fixed Hub rotating Tower base Tower top

Mx 1.38% 0.39% 0.39% 5.91% 1.59%
My 2.07% 3.05% 6.10% 13.95% 2.29%
Mz 15.63% 5.09% 8.32% 5.05% 5.04%
Fx 1.72% 3.31% 3.31% 0.39% 5.36%
Fy 1.31% 7.07% 1.79% 4.38% 14.57%
Fz 1.21% 0.64% �0.54% 0.02% 0.11%
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� Ultimate loads: this group includes different combinations of
loads under operative wind turbine conditions. The resulting
loading is derived from the baseline one, once the aero-elastic
aspects during design operation of the wind turbine is taken
into account. Additional sources as gusts and extreme wind
events can be added in conjunction with normal control oper-
ations in those geographical locations where necessary. Extra
modules of the guidelines allow to treat additional specific
control failures, which typically are not intended to simulta-
neously occur. The complete description of these cases that
should be simulated for wind turbine components structural
verification are included in the IEC 61400e1 Ed. 2.0 guideline
[17].

� Fatigue loads: under this field are included different aspects of
the cyclic loading which leads to the turbine failure. One of the
most known source of cyclic loading is the gravitational 1P
imbalance caused by gravity. Wind turbulence is also accounted
as a statistical source of random fluctuations on the design
loading of the turbine, mainly associated out of rotor-plane
loading. The atmospheric boundary layer additionally causes
an asymmetric inflow speed with respect to the rotor plane, that
is source of a cyclic loading on the blade, which cannot be cor-
rected by yaw control. Furthermore, extra components derived
from the upstream effect of the stagnation point on the tower
are also considered in this particular category. As for the pre-
vious group the IEC 61400e1 Ed. 2.0 guideline [17] gives infor-
mation on how to model each one of the discussed
contributions.

The estimation of the impact of the serrations in the full loading
of the wind turbine follows from application of the previous
methodology (including both ultimate and fatigue aspects) on the
AW125/3000 IEC IIIb [15] machine. These loads, once included the
serrations components, could be iteratively used for the optimi-
zation of the wind turbine design and for the analysis of the single
components such as wind turbine, gear-box, tower, blades, hub in
the manufacturing phase. In this manuscript a correction on the
wind turbine operation to account for the extra loading due to
serration is proposed.

5.2.1. Ultimate loads
As explained in the previous paragraph different combinations

of wind conditions and control modes have been calculated for the
IEC 61400e1 Ed. 2.0 guideline [17]. For the analysis of this ultimate
loads five different groups have been distinguished, blade root,
stationary hub, rotating hub, tower base and tower top. Each group
is generally used for the design of a specific part of thewind turbine
(e.g. the blade root for the hub design, rotating and stationary hub
for the rotating components, nacelle and tower base and top for the
tower). Fig. 11 shows the wind turbine axis for the different groups
(blade root, hub and tower).

For the post-processing of the ultimate loads an statistical
analysis of all the simulated cases was done. From this analysis the
maximum load (in absolute value) of all the ultimate loads cases is
obtained for each group. It is assumed that this maximum load
causes the most important damage on each part of the wind tur-
bine. In Table 1 a comparison between the maximum loads for each
group obtained with the serrated and the original configuration has
been presented.

Analysis of the ultimate loading Table 1 shows that the serrated
devices might cause force variations of about 10e15%. The out-of
plane rotor momentum (Mz) is the most affected by the presence
of the serrations. Focusing on the tower, this effect has been caused
by a power production extreme load case. In this design situation, a
wind turbine is running and connected to the electric load but the
impact of a gust with loss of electrical connection is simulated.
When the grid loss is detected the safety system of the machine
increases the pitch angle of the blades to reduce the torque carrying
the wind turbine to a controlled stop. This situation causes a rela-
tively increase in the My component at the tower base due to the
presence of the trailing-edge serrations that amplify the effect of
the gust. This aspect is particularly important in the design phase of
the wind turbine. For the blade root, the maximum increments are
caused by a different load case, a power production plus occurrence
of faults in the protection or internal electrical systems. In this case
the out-of-plane and the in-plane aerodynamic loads are higher in
the serrated case due to the relatively higher lift produced, which
determines a relatively higher blade deflection.
5.2.2. Fatigue loads
The fatigue loading is assessed by simulating a 10-min opera-

tion. The aero-elastic components of the loading is taken into ac-
count. The wind turbine model is fed with a turbulent synthetic
wind file that accomplishes a frequency spectra. The load signals in
different wind turbine locations are accumulated in the fatigue-
cycle count. The Rainflow Counting represents a family of meth-
odologies to transform the loading spectrum into fatigue cycles
[18]. Besides, a damage equivalent load on the basis of the
Palmgren-Minermethod [17] is adopted as the range of a sinusoidal
load of constant frequency which would produce the same fatigue
damage as the original signal. In Table 2 a comparison between the



Table 2
Fatigue loads differences between the serrated and the original configurations.

Load Blade root Hub fixed Hub rotating Tower base Tower top

Mx 0.03% 0.99% 0.99% 1.92% 0.78%
My 2.09% 1.28% 1.81% 1.03% 1.81%
Mz 5.34% 2.63% 1.43% 2.20% 2.20%
Fx 1.33% 3.78% 3.78% 2.77% 1.32%
Fy 0.03% 2.92% 0.02% 1.86% 2.86%
Fz �0.04% 0.02% 0.06% 1.04% 1.04%
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serrated and the original wind turbine fatigue loads is shown, as in
the previous case, five different load groups have been distin-
guished, blade root, hub fixed, hub rotating, tower base and tower
top.

As in the extreme cases, the fatigue loads are increased due to
the presence of trailing-edge serrations. Bigger chords and higher
lift coefficients compared to the original configuration have a direct
impact on the fatigue loads. The wind turbines are normally design
for resisting 20 years of operation, increasing the fatigue loads due
to the presence of trailing-edge serrations derive in a component
life reduction that should be take into consideration.

6. In-field measurements, validation of the IEC 61400e12 Ed.
1.0 guideline

In this section an analysis of the impact of installing trailing-
edge serrations in a real wind turbine has been performed. Two
AW125/3000 IEC IIIb wind turbines have been analyzed, one with
trailing-edge serrations and another without these devices. Both
wind turbines are sited in the same wind farm, in Fig. 12 a photo of
the real wind turbines and a shematic of the wind farm layout are
displayed. The distance between wind turbines is 1.6 times the
rotor diameter and both wind turbines are sited in the same line of
Fig. 12. Studied wind turbines a
the wind farm. The VI-04 wind turbine is the one in which the
serrations have been installed (serrated wind turbine) and the VI-
06 wind turbine is the machine with the original configuration
(control wind turbine) using for control purposes. Both wind tur-
bines have been studied for a period of one year. The VI-04 wind
turbine has been operating for 6 months with the same configu-
ration of the VI-06 and after this period the serrations have been
installed in the VI-04 wind turbine and another 6 months for both
wind turbines have been analyzed. After the serrations installation
no changes in the control of the VI-04 wind turbine have been
introduced so both wind turbines have been operating with the
same controller for the whole period of one year. All the data have
been filtered using the valid wind sector (from 60� to 110�).

For the analysis, as no meteorological mast data are available,
the wind speed coming from the nacelle anemometer has been
used. The power data of the control and the serrated wind turbines
have been analyzed distinguishing to different time-lines: before
the serrations installation (Timeline 1) and after serrations instal-
lation (Timeline 2). For the calculation of the measured power
curve the ‘method of bins’ have been applied [16] using 0.5m/s bins
by calculation of themean values of thewind speed and power data
for each wind speed bin according to the Equation (5):

Vi ¼ 1=Ni

XNi

j¼1
Vn;i;j

Pi ¼ 1=Ni

XNi

j¼1
Pn;i;j

(4)

where Vi is the averaged wind speed in bin i, Vn;i;j is the wind speed
of data set j in bin i, Pi is the averaged power output in bin i, Pn;i;j is
the power output of data set j in bin i andNi is the number of 10min
data sets in bin i. In Fig. 13 the power curves of the control and the
serrated wind turbine distinguishing the two different time-lines
are depicted. The graph of the control wind turbine shows small
nd layout of the wind farm.



Fig. 13. Power curve for the control and serrated wind turbines before and after the
serrations installation.
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differences in power curve between both time-lines, these slight
differences that show higher power curve for the time-line 2 are
due to the change of the environmental conditions of the campaign
as now changes in the wind turbine configuration have been made.
In the serrated power curve higher differences are observed for the
time-line 2 (after serrations installation), part of these changes are
due to he environmental conditions, as it is shown for the control
wind turbine, but it is clear that the serrations generate an incre-
ment in the power curve significantly higher than expected by the
theoretical calculations. The annual energy production (AEP) is
estimated by applying the measured power curve to different
reference wind speed frequency distributions. A Rayleigh distri-
bution, which is identical to a Weibull distribution with a shape
factor of 2, has been used [16]. The AEP estimation have been made
for a hub height annual average wind speed of 7.6m/s which is the
value of this wind farm. With these conditions, the AEP difference
between both time-lines of the serrated wind turbine is around 9%
while for the control wind turbine the difference between both
time-lines is around 3%. Analyzing the measurement uncertainties
it can be obtained that the AEP uncertainties of this power mea-
surements are around 6% for this annual average wind speed, this
value agrees with the typical uncertainty for these campaigns
documented in different experimental studies [19,20].
7. Conclusions

A complete analysis of the influence of the trailing-edge serra-
tions on a real wind turbine has been performed starting from the
airfoil and serration design and testing. An experimental analysis of
two different airfoils extensively used in wind turbines (and for the
tested turbines AW125/3000 IEC IIIb) has been carried out to
analyze the impact of the trailing-edge serrations on the airfoils
behaviour. Aerodynamic coefficients of the airfoil with trailing-
edge serrations have been compared to the results of the original
airfoil in clean and rough conditions. For both airfoils, the lift co-
efficient is always increased by the presence of these extensions
mainly in the maximum lift region. The drag is negligibly increased
together with the lift, so the efficiency of the airfoil is overall
improved. The stall angle is not influenced by the presence of the
devices in any case. Analyzing the influence of the serrations flap
angle the lift and drag coefficients increase also in clean and rough
conditions. Using the lift prediction law the influence of the ser-
rations can be extended to the rest of the airfoils of a blade and the
impact of installing these devices in a real wind turbine has been
studied. The loads and the power curve of a wind turbine with
trailing-edge serrations have been calculated and compared to the
original configuration. An increase on loads and power curve have
been obtained due to the presence of these trailing-edge exten-
sions, which is balanced by an increase of the fatigue cycle. The
effect of serrations is quantified within 5% in mean loading and
within 1% in power variation with respect to the original configu-
ration. The analysis of the experimental data on a real wind turbine
shows higher power curve due to the presence of the trailing-edge
serrations that consequently give more production than theoreti-
cally expected. This significant power increment will cause higher
loads on the wind turbine that reduce its lifetime. A more detailed
study on real wind turbines focusing on load analysis at different
parts of the machine should be done to clarify the impact of the
trailing-edge serrations on the loads and lifetime of a real wind
turbine.
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